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NPUMEHEHME METOJOB HETAPAMETPUYECKOI'O MOJAEJINPOBAHUA
B PEHIEHUU 3AJAY SKOJOI'MYECKOI'O MOHUTOPHUHI' A

E. H. Benbckas', A. B. Measenes!, E. J1. MI/IXOBZ*, 0. B. Taceiiko'

'Cubupckuit rocy1apcTBEHHBII a3pPOKOCMHUYCCKIH YHHBEPCUTET HMEHH akagemuka M. ®. PemetHeBa
Poccwuiickas @enepaunst, 660037, r. KpacHosipck, npocrr. uM. ra3. «KpacHosipckuit pabounii», 31
*Cubupckuit heaepaabHblil yHUBEPCHTET
Poccuiickas @enepanus, 660041, r. KpacHosipck, mpocn. CBoOOmHBIH, 79
"E-mail: edmihov(@mail.ru

Paccmompenvt ocHogHble 3a0auu IKONOUMECKO20 MOHUMOPUH2A, 8 MOM YUCIe peuaemvle ¢ UCNOTb308AHUEM
CRYMHUKOBLIX OAHHBIX OUCMAHYUOHHO20 30HOUposanusi. IIposeden ananuz sxonoeuveckol cumyayuu ¢ Poccuu, cywe-
CMBYIOWUX MeMOO08 pasMeujeHusl NYHKMO8 HAOIIOO0eHUs. 8 CUCIEMAaX KOHMPOJsL AMMOCHepHo20 8030yXa U NPOSPAMM
Habmodenutl. Oxapakmepuzosana cucmema 3Kon02udeckoco monumopunea 6 Kpacnospcke u neobxooumocms npume-
HeHUsL MEMOO08 MOOETUPOBAHUSL NPU OYEHKe IKONOSUYECKOU 0OCMAHOBKU C Yelbl0 KOMIIEKCHO20 YYema MHO2UX Gax-
mopoe (napamempbl UCTHOYHUKOS 8bIOPOCO8, MEKYUjee MEMEOPOI0SULECKOe COCMOSIHUE amMOcdepbl, YCI08UsL pacceu-
8aHUs 0151 OAHHOU MECIMHOCIU, C8OUCBA MOOEIUPYEeMbIX Gelyecms U op.).

Hccnedosana npobrema cozoanus mooenu sxono2uyeckoli obcmanosku 6 2. Kpacnospcke 6 konmexcme H-mooeneil.
THoxazana neobxo0uUMoCms UCNONBL30BAHUSL COOMBEMCMBYIOWUX HENAPAMEMPUYECKUX UHOUKAMOPOS NPU NOCIPOEHUU
00yYarOWUXC NApAMempU4ecKux Mooenel « mpyouamuixy npoyeccos.

Ipoananuzuposan onpoc udeHmu@uKayuy 8 Y3KoM U Wupokom cmuicie. Paccmompen cmandapmmubtii cnoco6 mo-
0eUPOBAHUsL IKOIOZUYECKOU O0OCMAHOBKU, ONUCAHBL CLOACHOCMU, BOZHUKAIOWUE NPU MOOCIUPOSAHUU HPOYECCOs,
UMEIOWUX «mpYyOuamyio» CmpyKmypy, RapamempudecKumy Memooami.

Ipedcmagnena modenv npozcnosza sxonozudeckoll cumyayuu 8 2. Kpacnosipcke, paspabomannas memooamu Hena-
PAMEMPUYECK020 MOOETUPOBAHUS C UCNONIb308AHUEM SIOEPHBIX OYEHOK HA OCHOBE OAHHBIX HAOIIOOEHUT 20CY0apCmEeH-
HOU cemu MOHUMOPUH2d, NPUGEOEHbL PE3YIbMAanbl MOOEIUPOSAHUsL NPOCMPAHCIMBEHHO20 PACHpedeNe s OKUCY Veie-
pooa.

Obochosana HeobXo0UMoCms NPUMEHeHUsT OAHHO20 N0O0X00d 8 NPUHAMULU YNPAGICHYECKUX PEeUleHU, Pe2yiupyio-
WUX IKONO2UHECKYI0 OOCMAHOBKY 8 pedcuMe peaibHo20 epeMenu. B ceasu ¢ neobxooumocmvio passumus pecuonans-
HbIX cemeti MOHUMOPUH2A, 3a0a4l 6b100pa NYHKMOE HAONI0O0EeHUs. U ONMUMUSAYUU NPOSPAMMbL MOHUMOPUHEA KAYeCm-
680 AMMOCPeEPHO20 8030YXA AGNAIOMC HAUOONEe AKMYATIbHbIMU, 8 UX PeUuleHUU He0OXO0UMO KOMIIEKCHOE paccmMompe-
Hue 8cell COBOKYNHOCMU (DAKMOPO8 U Y2PO3, d MAKI’CE UCNONb306AHUE HOBCUULUX MEXHON02UTL (8 MOM HUCTe NPUMEHE-
HUe a3poKOCMUYECKUX (OUCMAHYUOHHBIX) MeMOo008 IKOI02UHEeCKO20 MOHUmMopurea). Ilpednosicentulii n00xo0 no3eo-
JIUM  ONMUMU3UPOSAMb NPOYeOYPY NPUHAMUSL PeuleHull 6 00Iacmu YNPAGIeHUs. KA4eCmeomM OKpyjicaoujeil cpeobi.
B Oanvueiimem 603M02CcHO pacuupenue MoOenu, 4mo NO38OJUM PACCUUMbBIGAMb PACHPOCMPAHEHUE 302PA3HEHUS.
He MOIbKO 8 NPOCMPAHCMEE, HO U 60 BPEMEHU U YEeIUYUMb MOYHOCHb NPOZHO308.

Kniouesvie cnosa: modenuposanue sxonouteckoil 00CmanosKy, Henapamempuieckoe mooenupoganue, H-npoyeccul,
3aepssHenue ammocgepnozo 6030yxa 20pood, CHYMHUKOBbIE CHUMKU.

Vestnik SibGAU
Vol. 17, No. 1, P. 10-18

APPLICATION OF NON-PARAMETRIC MODELING
IN SOLVING PROBLEMS OF ENVIRONMENTAL MONITORING

E.N. Bel’skayal, A. V. Medvedev', E. D. Mikhov*", O. V. Taseiko'

'Reshetnev Siberian State Aerospace University
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
*Siberian Federal University
79, Svobodny Av., Krasnoyarsk, 660041, Russian Federation
"E-mail: edmihov@mail.ru

The analysis of the air quality in Russia showed the invalidity of existing methods of the air control and observation

systems. The analysis of the main objectives of environmental monitoring can be solved by using satellite remote
sensing data. The system of environmental monitoring in Krasnoyarsk city is developing. But nowadays it is important
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to apply modeling techniques in the evaluation of the envirommental situation to integrate a number of factors
(parameters of the emissions sources, current meteorological situation, the air dispersion conditions, the pollutant
properties and others.).

This paper shows the availability of H-models using for creating a model of ecological situation in Krasnoyarsk
city. The using of appropriate non-parametric indicators is necessary to construct the parametric models with using
“tubular’ processes.

This research analyses the issue of identification in the “narrow” and “broad” sense. Also, this paper discusses the
standard way of modeling the environmental situation and describes the complexities in the modeling process with
“tubular” structure by using of parametric methods.

The model of the environmental situation forecast in Krasnoyarsk city was developed with using the methods of non-
parametric modeling by the help of nuclear grade. The results of modeling characterize the spatial distribution
of carbon monoxide.

The using of this approach is efficient for the environment management in real time. The necessity of development
of regional monitoring networks demands to solve the problem of choosing observation points and optimization
program of air quality monitoring. For this purpose it is necessary to consider all influencing factors in totality, and
also to use new technologies (including the remote environmental monitoring methods).

The proposed approach will optimize the decision-making procedure in the field of environmental management.
The improvement of the model can be connected with calculating of the time and space distribution of pollutants, and
increasing of the accuracy of environmental quality forecasts.

Keywords: environmental situation modeling, nonparametric modeling, H-processes, urban air pollution, satellite
view.

Beenenne. B Hamm 1HM OHONM W3 INIAaBHBIX 3a00T  HE OTBEYAOT TPEOOBAHMSAM HKOJOTHYECKON Oe3omacHo-
YeJIOBEUEeCTBa cTajla SKOJIOorus. MHorue Mepsl o 6opsbe ¢t [2].
C DKOJIOTHUECKUMH IPOOJIEMaMH YK€ MPHUHSITHI MHPOBBIM Ha ceropusmHWiA IEHH COXPAHACTCS HENPHEMIECMO
COOOIIECTBOM, MOIKIIOYAIOTCS M COBPEMEHHBIC BBICOKO-  BBICOKHH PHCK JUIS HACENEHUS U SKOCHUCTEM. DKOJIOTHYe-
TEXHOJIOTHYHBIE Pa3pabOTKH, OJJHON M3 KOTOPBIX SIBISIETC  CKUIl MOHHTOPHHI, OOBEKTaMH KOTOPOTO B MEPBYIO OYe-
KOCMUYECKHI MOHUTOPHHT. pelb SBIAI0TCA aTMocdepa, HOBEPXHOCTHBIE BOJBI CYILH,
MOHHTOPHHT IIPOLECCOB, MPOUCXOAAIIMX Ha 3emie, OKEaHOB M MOpeH, IToA3eMHbIe BOABI, KpHocdepa, ABIIeT-
OCYILECTBIIIEMBII U3 KOCMOCA, IOMOTaeT OBICTPO pearu- ¢ HeOOXOAUMBIM 3BEHOM 00ECIEUeHHMs 3KOJIOIUYecKoro
poBaTh Ha IPOUCXOAAINUE H3MEHEHHs. A’pokocMuue-  OanaHca Ha 3emie.
CKHE (IUCTAaHIMOHHBIE) METOJBI SKOJOIMYEeCKOT0 MOHH- B cTpyKTypy 5KO0JIOrH4eCKOro MOHUTOPHHIA BKIIOYE-
TOPHHTA, BKJIIOYAIOIINE CHCTEMY HaOIOJCHUS TP [TIOMO-  HBI HE TOJBKO HAOJIONEHMS M OIEeHKa (pakTHUECKOTo co-
I CAMOJIETHBIX, adPOCTAaTHBIX CPEACTB, CIIyTHUKOB  CTOSHHS aHaJIU3UPYEMOH Cpenbl, HO U MPOTHO3 COCTOA-
U CIlyTHHKOBBIX CHCTEM, a TaKke CHCTeMy OOpaOOTKM  HUs, OIEHKa IPOTHO3MPYEMOTO COCTOSHHS M PEryJIUpo-
JaHHBIX IUCTAHIMOHHOTO 30HIWPOBAHMS, IO3BOJIOT  BaHME KauecTBa CPEIbI.
OTIEPAaTHBHO BBISABIIATH OYard M XapakTep M3MEHECHHH HaOmonenne 3a COCTOSHHEM TIPHPOAHOW CPEZIbI
OKpY’Kalomeil cpenapl, MPOCIeKUBATh MHTEHCHUBHOCTh U IPOMCXOMAIIMMH B HEH IpoIeccaMu IIOJ BIMSTHHEM
MIPOLIECCOB U aMILUIUTY (bl 3KOJOTMYECKUX CIBHUIOB, U3y-  ()aKTOPOB AHTPOIOTEHHOTO BO3JAEHCTBUA TpeOyeT Hc-

YaTh B3aMMOJAEHCTBHE TEXHOTCHHBIX cucteM [1]. HOJIb30BAaHUS PA3HOCTOPOHHEH M JeTalnbHON HH(opMa-
JlaHHBIE AUCTAHIMOHHOTO 30HAMPOBAHUS IO3BOJIAIOT  IIMH O €€ COCTOSHHMHU.

pemars MHOXKECTBO 3aJad KOHTPOJISI COCTOSIHUSL OKpY- Penpe3eHTaTUBHOCTH HAOJIIOICHUH 32 COCTOSHHUEM 3a-

xaromeit cpensl [1]: rpsi3HEHUs] aTMocdepbl B TOPOZIE 3aBHCUT OT IPaBUIBHO-

— OIpeeNieHne METEOPOIOTHUECKUX XapaKTEPUCTHK:  CTH PaclojoXKEHHs IMyHKTOB 0TOOpa mpob Ha obciemye-
BEpTUKAJIbHbIE MPOQUIM TEMIEpaTypbl, MHTETpajbHbIE  MOU TeppuTopuu [3; 4].

XapaKTEePUCTHKH BIAKHOCTH, XapaKTep 00JIAYHOCTH U T. 11.; AHanu3 ONMCaHHBIX B JIUTEPAType METOJOB pa3Me-
— KOHTPOJIb TMHAMHKH aTMOC(EpHBIX (POHTOB, ypa-  LICHUS IYHKTOB HAONIOAEHHS B CHCTEMax KOHTPOISA
TaHOB, TIOJ[yYeHUE KapT KPYNHBIX CTUXUHHBIX O€ICTBHI; aTMoc(hepHOTO BO3IyXa IO3BOJISIET CAENATh BBIBOJ, UTO,

— OmpeeNicHHue TeMITepaTypsl MOACTHIIAOICH IOBEpX-  BO-TIEPBEIX, BO BCEX PACCMOTPEHHBIX paboTax OTCYTCTBYET
HOCTH, ONIEPATHBHBIN KOHTPOJIb U KiacCu(HKAlMs 3arpsi3-  €AWHBIN TOAXOJ, BO-BTOPBIX, CO3J[aHUE YHHBEPCAIbHOU

HEHHH MOYBBI U BOJHOI MMOBEPXHOCTH; METOAMKH TPOCTPAHCTBEHHOTO pPa3MELIeHUs CTaHIIUU
— oOHapyXeHHEe KPYIHBIX WIHM IIOCTOSIHHBIX BBIOpO-  SIBIAETCS CJIOKHOW 3amavell B CHIy XapakTepa pacrojio-
COB MPOMBIIIEHHBIX TPEINPUATHH; JKEHHsI TOPOJIOB, CBOEOOpa3Msi MCTOYHHKOB BBIOPOCOB,

— KOHTpOJIb AMHAMUKHU CHEXHBIX TIOKPOBOB U 3arpsi3-  0coOEHHOCTEeH 3acTpoiku M T. . PemieHue ee cyriect-
HEHHUH CHEXHOTO TIOKPOBAa B 30HaX BIMSHUS NMPOMBIINI-  BEHHO 3aBHCUT OT (DYHKIMH, KOTOpBIE JOJDKHA BBITIOJN-
JICHHBIX OPEANPHITUN. HATH cucTeMa MoHuTOpuHTa [5; 6]. Ilporpammer HabI0-

Okonoruyeckast curyanus B Poccuiickoit @enepanyun  geHuid GOpMUPYIOTCS 10 MIPHUHIMILY BBIOOpa MPHOPUTET-
YXYyIIIAeTCs] C KaXKABIM TOAOM: MO O(HIMAIBbHBIM AaH-  HBIX (MOUIEKAIIMX TIEPBOOYEPEIHOMY OIPEACTICHHIO)
HeIM 15 % teppuropun (310 EBpomeiickas wdacte P®D,  3arpsA3HSIONIMX BEIIECTB M MHTETPATBHBIX (OTPaskaroIINX
IToBomxkbe, VYpan), rae mpoxusaeT 60 % HaceneHHs, TPYIILY SBICHMH, IPOLECCOB, BEIIECTB) XapAKTEPUCTHK.
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BosbIIMHCTBO METOIMK HOCHT CKOpee PEeKOMEHIa-
TENBHBIA M 00IeOncaTeIbHBIH XapaKTep, YeM aHaJIUTH-
YEeCKHii, aeT O0IIne PeKOMEHIAINH IPH BEIOOpE ITyHK-
TOB HAOJIONEHHS C YYETOM IUIAaHHPOBKH M 3aCTPOUKH
paiioHOB ropojia, MECTOIOIOKEHNSI HCTOYHUKOB 3arpsis-
HEHUs " penbeda MECTHOCTH, YTOOBI OTOMpaeMblie TIPOOBI
BO3/IyXa XapaKTepH30BAJIM HE JIOKaJbHOE, a obmiee 3a-
rpsi3HEHHe Bo3aymiHoro OacceiiHa ropopaa. HekoTopsie
METOAUKHU HUCIOJIb3YIOT CTaTUCTHUYECKUN aHaIU3 pe3yib-
TaTOB HaOMIOJCHUH, HA OCHOBAaHMM KOTOPOTO OIpene-
JISieTCsl PaliOHAJIbHOE PACCTOSHHE MEXIY CTAaHIHSIMHU,
KOJINYECTBO CTAaHIMH Ha €IUHUILY TUIOMAAHN U T. 1.

Ha ceromusmrauii ners B KpacHosipcke cymecTByIoT 8
CTAIlIOHAPHBIX ITyHKTOB MOHHUTOpPHHTa (heaepantbHON
HaOmromaTteapbHOW ceTd — J1Ba B JIeHWHCKOM paiioHe
1 IO OJJHOMY BO BCEX OCTanbHBIX. HecMoTpst Ha TO, 4TO
B TIOCJICIHME TOJBI CTAIN TOSIBISTHCS JIONOJHUTEIbHBIE
MoCTHl HaOoAeH!st (Tereph ux yxe 5) [7], mecTa st ux
pa3MeIeHns BBIOUPAIOT B COOTBETCTBHHU C TEMH K€ HOP-
MaTHBHBIMH JOKYMEHTaMH, 4TO 1 115 (peaepanabHOi ceTH.
OcHoBHBIE TpeOOBaHUsS K pa3MELICHUIO MOCTOB HaOIIIo-
JleHus1 pa3paboTaHbl B 60-X IT. MPOILIOTO BeKa, U HOBBIX
JI0 CHX TIOp HE CYIIECTBYET.

CnoxHbIN penbed) MECTHOCTH, KOJUYECTBO M pa3Me-
LIEHUE OCHOBHBIX MPOMBIIUICHHBIX U TPAHCHOPTHBIX HC-
TOYHHKOB, a TaKXKE METEOPOJIOTMYECKHE YCIOBHS MOTYT
3HAYUTEJbHO TOBIHATh HA paclpeesieHne KOHIIEHTpa-
MM MOJUTIOTAHTOB B MpeJiesiaX paccMaTpUBaeMON 30HBI
U CIeNaTh €ro CyIIECTBEHHO HepaBHOMEpHBIM. [lns pe-
LIEHUs] 3THX 3a/ad HPOBOIAT MATEMaTHYECKOE MOJIEIH-
pOBaHHE PACIpPOCTPaHEHUs IPUMECEH, KOTOPOE TTO3BOJISIET
OLICHUTh CTEIEHb 3arpsi3HEHUsI aTtMoc(epsl B 3aJaHHON
TOYKE MECTHOCTH, HE NIPOBO/IS B HEW HATYPHBIX M3MEPEHHUIL.

MopenupoBanue TpeOyeT KOMIUIEKCHOTO y4eTa MHO-
rux (aKToOpoB, TAKMX KaK MapaMeTpbl MCTOYHHUKOB BbI-
OpOCOB M TEKYLIETO METEOPOJIOTHYECKOT0 COCTOSHHUS
aTMoc(epsl, YCIOBHS PacCeHBaHMs ISl JaHHOM MECTHO-
CTH, CBOWMCTBa MOJIETUPYEMBIX BellecTB U 1p. [8]. B mo-
clleflHee BpeMsl HapacTaeT TEHJCHLUS HCIOIb30BaHUs
METOJIOB HEMapaMeTPHYECKOr0 MOJIETUPOBAHHS ISl pe-
LIeHUs] 0JJ00HOTrO poja 3axad. B cratee mpeacrtabieHa
MOJIENb, TOCTPOCHHASI MPH IOMOIIM METOAA SICPHOTO
CIJIaXXMBAHMS, — OTHOTO M3 HENapaMeTPUUECKHX METOIO0B
MOJIEITHPOBaHHUSI.

Hnentndukanus B y3KOM H HIHPOKOM CMbICIe.
[Tpn mMonmenupoBaHuM pa3HOOOPA3HBIX JUCKPETHO-HEIpe-
PBIBHBIX IIPOLIECCOB B HACTOAIIEE BPEMS OMHHUPYET
Teopusl WACHTU(DUKAIINHA B y3KOM cMbIcie. OCHOBHas ee
nzest COCTOHUT B TOM, YTO Ha IIEPBOM 3Talle ¢ HCIOIb30Ba-
HUEM HWMEIOUICHCS arnpuOpHOM HH(pOpPMAIMU Olpee-
JSIETCS TTapaMETPHYECKHil Kilacc oreparopa oobekta A%
HalpuMep:

o () = A% (u(®),0) , )

rne A* — mapameTpudeckas CTPyKTypa MOJIENH; O, — BEK-
TOp IapaMeTpOB.
Ha BTOpOoM 3Tame ocymiecTBiseTCsl OLEHKA ITapaMeT-

POB 0. Ha OCHOBE HMEIOIIEHCs BBIOOpKH {X;,u;,i =1,5};
s — 00BbeM BBIOOPKH. YCIeX pelieHus 3a1aun naeHTu(u-

Kallikd B 3TOM CIydYae CYIIECTBEHHO 3aBUCUT OT TOrO,
HACKOJIBKO «yJa4qHOy ompereinicH omneparop (1).
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TpasuIMOHHO TIPH OLIEHUBAHUH 3KOJIOTHYECKOH 00-
CTaHOBKHM HWCHOJB3YIOT ONpe/eNeHne HICHTH(UKamn
B y3KOM cMBIce [9].

Wpentuduxanus B MIUPOKOM CMBICIE MpPEANoIaraet
OTCYTCTBHE 3Tama BbIOOpA IMApaMETPUYECKOro Kiacca
ornepaTtopa. YacTo oka3plBaeTCsl 3HAYUTENBHO TMPOIIE OIl-
peleuTh KilacC OIepaTopoB Ha OCHOBE CBEICHUIl Kaue-
CTBEHHOI'0 XapakTepa, Halnpumep, JIMHEWHOCTH Tpolecca
WIN THIA HEIWHEWHOCTH, OJJHO3HAYHOCTH JIMOO HEOIHO-
3HAYHOCTH | JAp. B aTOM ciyuyae 3aiava uaeHtudukanmum
COCTOMT B OIIEHKE JIaHHOT'O OIlepaTropa Ha OCHOBE BHIOOD-
ku {x;,u;,i =1,s} [10; 11].

IMpu uaeHTUUKAMKA B HIKPOKOM CMBICIIE XOpOIIee
Ka4yecTBO BBIOOPKH MMeeT 0co0yro 3HaumMocTh. [lof ka-
YEeCTBOM 3/IECh MOAPa3yMeBaeTCs M TOYHOCTh H3Mepsie-
MBIX JJAHHBIX, 1 PABHOMEPHOCTb pacrpe/eiieHus BO Bpe-
MeHHu (o BekTopy u(?)). KauecTBo naHHBIX UMEET Hau-
OOJBIIYyI0 3HAYMMOCTh, TaK Kak 0e3 MapaMeTpu4yecKoro
KJIacca oreparopa OleHKa OyAeT OCYIIECTBISATHCS TOIBKO
M0 JIaHHBIM, COOTBETCTBEHHO MOJIeNIb Oy/eT mpeacTaBe-
Ha cIeayromuM oopasom (2):

X, (1) = Ay (u(0), X, 4;)

TAC X, = (X, Xy, w0, X ) 0 = (U, Uy, ylly)

2
— BEKTODHI,

3aBUCAIINEC OT BpeMeHHOﬁ HepeMeHHOﬁ. OHCHKa oriepa-
TOpa As MOKET OBITH BEIIOJHEHA CpeacTBaMn Hemapa-

METPHYECKOH CTaTUCTUKH Oe3 BBIOOpa MapaMeTpuyecKon
cTpykTyphl [12; 13]. D10 mo3BondeT yTBEp)KAAaTh, YTO
naeHTH(UKALNS TaKoro poja (BapHaHT MACHTH(UKAIMN
B IIMPOKOM CMBICTIE) ABJIsIeTCS OoJiee aJleKBaTHOW peajlb-
HBIM 3a7[a4aM MPAKTHUKH.

OcHOBHBIE CBeleHUSl 0 «TPy0YaThIX» mpoueccax
(H-npoueccsl). [Ipy MonennpoBaHuu pa3HOro poja mnpo-
IIECCOB YaCTO BO3ZHHUKACT CHUTYAIlHs, KOTJa BXOIHBIE BO3-
NEHCTBUS CTOXAaCTHYECKH 3aBUCHMBI, IPUYEM XapaKTep
9TOM 3aBHCHMOCTH dHalle Bcero HeusBecTeH. [lomoGHas
CUTyalllsi TUIHWYHA U1 AUCKPETHO-HEIPEPHIBHBIX MPO-
L[ECCOB, IOMHHHPYIOUIMX B METAJUIypruH, YTOJbHOM
MPOMBINICHHOCTH, CTPOMUHIYCTPUA U MHOTHX IPYTHX.
MopenupoBaHue JUCKPETHO-HENPEPHIBHBIX IPOIECCOB
NpU  HEMoJHOM WH(OpMaluK TPOJOIKAET OCTaBaATHCS
OTHOW W3 aKTyaJIbHEHINNX MPOOJeM TEOPUH UIACHTU(DU-
kanuu. Cirydaif, Korna BXOJHBEIC ITEpEeMEHHBIC OKa3hIBa-
IOTCSI CTOXaCTHYECKN 3aBUCHMBIMH, MPEICTABIIET CIIEIH-
ANBHBIA MHTEPEC W MOXKET OBITh OTHECEH K KaTeTOpHH
HOBBIX 3ajmad wuaeHTH(ukanuu. [locmemHee mPUBOIUT
K TOMY, YTO HCCIEIyEeMBIH IpoIlecC B IPOCTPAHCTBE
BXOJHBIX-BBIXOJHBIX TEPEMEHHBIX MPOTEKaeT HE TOJBKO
B MHOTOMEPHOM Ky0Oe, HO B HEKOTOPOH ero mojo0iacTu,
uMeroniell «tpyouatyro» cTpykrypy. [lomobHbie npomec-
chl ObUTM Ha3BaHbl H-tiporieccamu [14; 15].

Henapamerpudeckast Teopusi B OTJIMYHE OT Iapamer-
pPHYECKOM TpennonaraeT, 4To M3BECTHBI TOJNBKO KadecT-
BEHHBIE XapaKTEPHCTHKH IIporiecca. Vcnonb3oBanue He-
IapaMeTPUYECKON TEOPHUH II03BOJISIET IOJHOCTHIO YHTH
OT BOMpOCA OIPEIEIICHUS MapaMeTPUICCKON CTPYKTYPHI
oOBeKTa.

1. PaccmoTpuM 3amady HACHTH(UKAINH, MIPEICTaB-
JIEHHYIO Ha pHC. 1, rae mpuHATE 0003HAYeHUS: U(t) — OTO
BEKTOpP BXOIHBIX YIPABIAEMBIX IEPEMEHHBIX B MOMEHT
BpeMeHHU #; W(f) — BEKTOp BXOAHBIX HEYNPaBISEMBIX
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MEPEMEHHBIX B MOMEHT BpeMeHH f, x(f + T) — BEKTOp
BBIXOJIHBIX TMEPEMEHHBIX B MOMEHT BpeMmeHu (¢ + T);
T — 3ana3pIBaHue; &(f) — IIOMeXH, IEHCTBYIOIINE HAa OOBEKT;
R'(6), K'(f), h'(t) — nomexu B KaHanmax cBs3u;, u = (uy,
Uy, ..., up,) € Qu)c R,V u; € [a, b]],a x € [c, d].
[Ipu ucciaemoBaHiK PeaIbHBIX IPOIIECCOB 3HAYCHUS KOI(-
¢bunuentos {a;, b, ¢, d}, i=(1, ..., k) Bceraa n3BecTHBHI.

TpaauIMOHHON JJisi OMUCAHUS TTOA00HBIX MPOIIECCOB
SIBIISIETCSI CIIEAYIOILAsi MOJICTIb:

X, (1) = A, ((®), 1W(0), ). 3)

IIpu cToxXacTUYeCKH 3aBHCHUMBIX BXOIHBIX BO3JICHCTBUAX
Ha OOBEKT TPOIECC HMEET «TPYOUaTyro» CTPYKTYpYy
(H-mporecc).

Touka A Ha puc. 2 IpU BXOJIHBIX 3HAYEHUSIX u = (U,
Uy, ..., uy) € (u) COOTBETCTBYET BEIUYMHE BBIXOJIHOM
MEPEMEHHON U3 00JIacTH QH(ul, uy, x). Takum oOpazom,
npu u = (uy, Uy, ..., U;) € QH(u) 00BEKT UMEET 3HAUCHUS
BbIXOza 13 o0mactu Q(uy, 1y, x). Touka B — Touka, KoTopas
TIPYU BXOJAHBIX 3HAYEHUSX u = (uy, Ua, ..., Uy) € Qu),
Ho He npuHamiexut QY(u, wu,, x), xors HaxomHTCA
B mpenenax Q(uy, up, X). ITO MPOUCXOAUT IOTOMY, UTO
u=(uy, y, ..., uy) & Q(u). Ho mpu omucaHHbIX clydasx

IIPOLIECC HE BBIXOAUT 3a paMku Q(uy, Uy, x). [Ipn ananmze
toukn C OYEBHIHO, 4TO u = (uy, Uy, ..., ) € Qu),
HO X & Quy, Uy, X).

OcobeHHocTh mpu pabore ¢ H-mpoueccamu 3aKiio-
YyaeTcs B CIEHYIOUIEM: MpPU MOMBITKE IOCTPOCHUS
napaMeTpUYecKOd MOJEeNu Il 3THX Hpoleccos, 0e3
ydera TOTO, YTO OHH SBIAIOTCA «TPyO4YaTbIMH», OYAyT
UCIIONIB30BaThCS TOJBKO T€ TOYKH, KOTOpBIC IpHHAMJIE-
xat Q(u, x). B 4acTHOM cilyuae, eCIIH PEJCTABHUTh cebe
MPSMYIO B TPOCTPAHCTBE, TO MOZEIEH TaKOro Iporecca
B BUJE IUIOCKOCTH MOXET OBITh CKOJNb YTOJHO MHOTO,
MTOCKOJIBKY 4epe3 MPSAMYI0 B MPOCTPAHCTBE MOXKHO IPO-
BeCTH OECKOHEYHOEe YHCIo IuockocTel (puc. 3). B cmy-
yae, €clid 3aBUCHUMOCTb HOCUT HEJIMHEWHBbIH Xapakrtep,
M0 Pa3UYHBIM MCXOAHBIM IaHHBIM BOCCTAHABIMBAaEMbIX
MOBEPXHOCTEH MOXKET OBITh TAK)KE€ CKOJIb YTOJHO MHOTO.

Ha puc. 4 npencraBieHsl OCHOBHBIE CIIOKHOCTH, KO-
TOpBIE MOTYT BO3HHMKHYTH IIPU TIOTBITKE IPOTHO3MPOBA-
Hus H-npouecca. PaccmMoTpuM Touky A, B KOTOpOH u
v, € Qu), Ho u; v u; ¢ QY(u). C ucnons3opanuem
H-mopenn mporHosbl MOTYT OBITH (DU3MUECKH HEpeallb-
HbIMH [16].

2
u(r)
- X(7)
u(f) O0bexT (A) -
ii#m_ H hser) - i e -

Puc. 1. Uccnenyemslit mpouecc

Puc. 2. «TpyOuatsiit» mporecc
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IMTapameTpHYeckan
MOIenb

H - nponece

Puc. 3. [TapameTpudeckue MOJIEIN «TPYyOUATHIX» MpoLieccoB (H-mporiecc)

H-mp o11ecc

TI0 PerTiaMeHTy

H-mp o1recca
e /

hMogens
AlakamansHO

Puc. 4. Ilporno3zupoBanue H-nporeccos

Jnst onucanHusi MOJOOHBIX MPOLIECCOB B CYILECTBYIO-
11y Mozens (3) HeoOX0AUMO BKIIOYUTh HHIHKATOPHYIO

(ynicumio [u(), w(1)):
£, (6) = A, (@), 1(0), ) @0, 1)), @)

rac

1(u(?), (1)) =

14

OueBHIHO, YTO €CIIM UCCIIETyeMbIi MPOoIecC He SBISCT-
cs1 H-pouieccoM, To MHAMKATOpHas (yHKIMs OyzieT Bceraa
uMeTh 3HadeHue 1, u Mozeb (4) Oyznetr umerts Bup (3).

Takum oOpazom, H-Mozenb BKIIIOYaeT B ceds CTaH-
JIAPTHYIO MOJENb WACHTU(UKALUK, 8 HAJIMYUE WIH OT-
CYTCTBHE 3aBUCHMOCTH MEXK]y BXOJIHBIMHU NEPEMEHHBIMU
HE BJIMSET Ha TOYHOCTH IIOCTPOCHHOM OIICHKH.

OcobenHocTH 00padaTbiBaeMbIX JaHHBIX. B padorte
MPOBOIUTCA MOJACTHPOBAHUE HKOJOTHUECKONW CHUTYAINH
B . KpacHosipcke ¢ UCIONIb30BaHUEM AJTOPUTMA AIEPHON
ammpokcuManuu [17]. OMHAM U3 OCHOBHEIX MapaMeTpPOB
B JAHHOM aJTOPHUTME SBJISICTCS BEKTOP KO3 dHIMCHTA
pa3MbITOCTH siipa. TOYHOCTH MOCTPOCHHOW MOJENU Ha-
MPSMYIO 3aBHCUT OT KayecTBa HACTPOMKHM JAHHOTO BEK-
Topa. OnTuMu3anus BeKTopa KodpduireHTa pasMbpITOCTH
sapa (ero HacTpoiKa) BBHIIOJHEHA MPH MOMOIIM alro-
putMma Hennepa—Munna [18; 19].

Jannrpie 00 3Koiormyeckoit oocraHoBKe B T. Kpac-
HOSIPCKE TIOJYEHBI C IIOCTOB HaOJIIOZEHUS 3a 3arpsi3He-
HueM armocgepsl Cpennecndbupckoro YI'MC, pacnpene-
JIEHHWE KOTOPBIX Ha TEPPUTOPHH TOPOJa OTMEUCHO Ha CITyT-
HHUKOBOM CHHUMKE (puc. 5).
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Puc. 5. Pacnonoxenne mocTos Ha6J'IIOHeHI/I$I 3a 3arpsi3HEHUEM aTMOC(i)epBI BT. KpaCHOHpCKe

Ha nocrax BBINOJHSIOTCS M3MEPEHHsS KOHIECHTpaIWi
crenyronmx BemecTs: SO,, cymbdar, CO, NO,, NO, H,S,
CS,, penoin, HF, Cl,, HCI, NH3, 6eH3011, KCHITON, TOIYOT,
STIIIOEH30IL. TaKKe ONMpeAeNIoTCs TeMIlepaTypa U BIax-
HOCTH BO3[lyXa, HAaIpaBICHHE U CKOPOCTH Berpa. OTOOp
mpob ocymecTBIsieTcs 4 pa3a B CyTKH B YCTaHOBIICHHOE
Bpemst: 01.00, 07.00, 13.00 u 19.00.

JlaHHBIE MOHUTOPHUHIA COCTOSIHUS OKPYKArOIIeH cpe-
Ibl, K COXAaJICHHIO, He Bceraa moiHbl. CymecTBYIOT Mpo-
MYCKH JaHHBIX KakK M0 3HAYCHUSIM METEOapaMeTpoB, TaK
U 110 3HAYCHHUSIM KOHICHTPAIMI BPEIHBIX BeliecTB. MHO-
T'He MOCTHl UMEIOT OOJIBIIYIO YAAIEHHOCTh APYT OT Apyra
(puc. 5). YBenuueHue yacToTsl 0TOOpa Mpod He MpHUBEAET
K YBEIIMYCHUIO 00ydYaroIeii BRIOOpKH (B €€ CTaHIapTHOM
HHTEPIPETALHH), TAK KaK H3MEPEHHS MPOBOJIATCS B OTHHUX
U TeX )K€ TOYKax.

BcenenctBue BBIICONECAaHHONW MPOOJIEMBI TIPH  HC-
MOJIB30BaHUU CTaHAAPTHOTO SIpa MHOTHE TOYKH OymyT
UMeTh HyJICBOH BEC, YTO HEAOMYCTUMO IIPU TaKOM 00be-
Me BbIOOpKH. J[iis MCKITIOUeHHsT 3TOW MPOOJIEMbl UCTIONb-
30BaJIOCh FAyCCOBO PO, KOTOpOe 3amaeTcs GopMyIIon

2
0 (6)=(2n) 72 exp % . (6)

[Tpn nomomnm nanHoro sAApa OyAyT onpenereHs! Beca
TaKUM BXOJHBIM IapaMeTpaM, Kak MIMpOoTa M JOJroTa.
Jpyrue BXOHbIE MapaMeTphl JaHHOH 3a/1auu He MOBEp-
JKEHBI BIMSHHIO BBIILICONMMCAHHON TPOOIIEMBI, BCIICCTBHIE
9TOrO VIS MX y4eTa OyJeT UCIOJIb30BaThCsl CTAHAAPTHOES
TpEyroibHOE SIPO.

Takum o0pa3oM, Momenb OyHeT MMETh CIEAYIOIINN
BUIL:

S
A (U= ) A (U osy—Uy: ) A L., —L
s+~ U, s+l "W,
leol S i, Ol S i, 02 s+t
~ ¢ c
_ = 1 2 G
S Upg =y | A (U=l ) A (L —F @)
Zol 8 oA, O1 s . 02
i=1 q ) G

Te Uy ; — JONTOTa TOUYKU U3MEPEHHS; U, ; — MINPOTA TOUKH
W3MEpeHHsl; #; — BpeMs u3MepeHust; i =1..5— HoMep u3-
Mmepenusi; @, — rayccoso sapo (6); @, — TpeyronpHoe
spo (8):
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®)

HanpasieHnue 1 ckopocTb BeTpa TakKe YUUTHIBAIOTCS.
Wzmensist koa(pUIMEHTHl pPa3MBITOCTH SIAEP ¢ U Ca,
MOXHO MEHATh (POPMY «KOJIOKOJIa», ITOJl KOTOPBIH OyIyT
HoNajaTh TOYKU AN HOCTpoeHust Mmojenu. Hampumep,
€ro MOXKHO BBITSIHYTb BJIOJIb OCEH u| WIH U, B 3aBUCHMO-
CTH OT CKOPOCTH BeTpa. Hampasnenue y4urteiBaeTcs mpo-
CTBIM ITOBOPOTOM KOOPJMHATHON CETKH HA HYXXHBIHA yTOII,
TOrZla KOOPJIMHATHI ITYHKTOB HAOIIONEHMS IMEPECUUTHI-
BAIOTCSA 110 ceAyomuM (Gopmynam:

u, ' =u; *cos(0) + u, *sin(0),

)

u, '=u, *cos(0) —u, *sin(0), (10)

rac ul’ nu uz' — KOOpJAWHAThl TOYEK B CUCTCMC KOOpAH-

Hart, IOBEPHYTOH Ha yroi 0.

PesyabraTrsl mMoaeaupoBanus. C NMoMOUIBIO TIpe-
JIO)KEHHOM MOJIeNi OBUTH BBINOJHEHB! CLIEHAPHBIE pacue-
Thl coxepxkanust CO B atmocdepHoM Bozayxe r. Kpac-
Hosipcka. Oxcnp yriaepoga Haubosee 9acTo MCIIOJB3YIOT
B Ka4yeCTBE NPOTHO3UPYEMOro IapamMeTpa B MOAEIIX Ka-
YecTBa BO3AyXa B CHIY €r0 XMMHYECKOH HWHEPTHOCTH.
Bpewms HaxoxIeHHS B BO3LyXe 3TOTO BELIECTBA 03 BCTY-
IJIEHUSI B XMMHUYECKHE peakuuu aocturaer 5 aHeul. Pac-
npeneneHue koHuentpamuii CO mo teppuropun r. Kpac-
HOSIPCKa B pa3Hble MEPHOABI 110 PE3yIbTaTaM MaTeMaTH-
YECKOro MOJICIIMPOBAHUS MIPEACTABICHO Ha puc. 6-9.

CoracHO BBINIOJIHEHHBIM pacueTaMm (puc. 6, 7), Hau-
OonblIMe YPOBHM 3arps3HEHHs HAOJIONAIOTCS B LIEH-
TpaJbHOM paiioHe ropoja, YTo 0OBACHIETCS HAanOObIIeH
IUIOTHOCTBIO B LIEHTPE TOpoJia aBTOTPAHCIIOPTHBIX ITOTO-
KOB, SIBIIIIOIIMXCS OCHOBHBIM HCTOYHHKOM BBIOPOCOB
OKCHZA yTJiepoja IMpH OIaronpHsATHBIX METEOYCIOBHIX
(OTCYTCTBHIE TeMIIEpaTypHBIX HHBEPCHUH).

Ha ceBepo-BoCcTOKE TOpOAa ypOBEHb 3arpsi3HEHUS
MOXET IMOBBIILIATHCS 3a cueT BbiOpocoB TOI u amomu-
HHUEBOro 3aBoja (puc. 7).
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Puc. 6. IlpoctpanctBenHoe pacnpeanenenue CO B r. KpacHosipcke
14.01.2004 r., 13.00 4 (pacuyeTHbIC TaHHbBIC)

IlHpoTa

Hoarora

Puc. 7. IlpoctpanctBennoe pacnpexneneaue CO B r. KpacHosipcke
10.02.2004 1., 13.00 4 (pacueTHBIC TaHHBIE)

Puc. 8. [IpoctpanctBennoe pacnpexnenenue CO B r. KpacHosipcke
08.05.2004 r., 13.00 4 (pacueTHbIe JaHHBIC)

Puc. 9. IlpoctpanctBenHoe pacnpeaenenue CO B r. KpacHosipcke
15.01.2004 r., 19.00 4 (pacueTHbIC TaHHbBIC)
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Ha puc. 8 oTpakeHa cutyanus, npu KOTOPOH YPOBEHb
3arpsi3HEHUS YBEIIMUMBACTCS 38 CUET PErHOHAJIBHOTO Iie-
peHoca.

B memom, pe3ynbTaThl pacyeToB COTIACYIOTCS C JaH-
HBIMU HATYyPHBIX HAOMIOICHUH.

BcnenctBue Toro, 4To MojeNb SABISIETCS HEMapaMeT-
pHUdYecKoil, e€ MOCTPOCHNE CBOAUTCS K HMPOCTBIM BBIYHC-
JICHUSIM, @ YYUTBIBAsI TOT (DAKT, 4TO JAHHBIX Uil pacuyera
HEMHOro (8 TOueK B €IUHUIYy BPEMEHH), €€ pacueT Ipo-
HCXOIUT MeHee ueM 3a 1 c. Takast ckopocTh MOZEIHpoBa-
HUSI TI03BOJISIET HMCIOJIB30BATh JaHHBIN METOJl B PEKUME
peaJIbHOrO BPEMEHH.

Taxke CTOHUT yIeNUTh OT/IEIbHOE BHUMAaHUE BO3MOXK-
HOCTH TIPUMEHEHUS JAHHBIX CITyTHHKOBBIX CHCTEM JUIS
YTOYHEHUS ITOCTPOSHHON MOZENH IKOIOTHIECKOH oOcTa-
HOBKH (B TOM YHCEJNl CKOPOCTb M HAIIPaBIICHHE BETPOBOTO
MMOTOKAa, BEPTHUKAJbHBIE MPOMWIA TeMIIEpaTyphl, HHTE-
rpajJbHbIC XapaKTEPUCTUKU BIAXKHOCTH, XapakTep obiay-
HOCTH, penbed MecTHOCTH). JlaybHeiiee yCOBEPIICHCT-
BOBAHME MOJCIH BO3MOXKHO C NPHUMEHEHHEM a3pPOCHUM-
KOB ¥ IM(POBBIX JaHHBIX, MOIYYaeMbIX B XOJIE JUCTaH-
IIMOHHOTO 30HJAUPOBAHUI, C YUCTOM HX OOJBIION 0030p-
HOCTH M OJIHOMOMEHTHOCTH, BO3MOXXHOCTH JaBaTh WH-
TETPUPOBAHHOE M BMECTE C TEM I'€HEPaJIM30BaHHOE H30-
OpakeHHEe BCEX DJIEMEHTOB 3€MHOW ITOBEPXHOCTH, UYTO
TIO3BOJISICT BHIIETh MX CTPYKTYPY H CBSI3H, BOZMOXKHOCTH
(uKkcaIm coCTOSHUS 0OBEKTOB B pa3HBIE MOMEHTHI Bpe-
MEHH M BO3MOXXHOCTH TPOCICKHBAHUA WX JIUHAMHUKHI
[20]. B xadecTBe JOMONMHUTEIBHBIX BXOJHBIX TAPaMETPOB
MOJKET OBITh HCIIOJIb30BaHa HHGOPMAIKS CO CITyTHUKO-
BBIX CHUMKOB B MH()PAKPaCHOM CIIEKTpe, TaK KaK pacrpe-
JIeJIeHne TeMIepaTypbl MOBEPXHOCTEH HMMEET CHIIBHYIO
3aBUCHMOCTbH C IMHAMHUKOMN IPUMECE B BO3/IyXe.

3akaouenune. B pabore mpemiokeHa Mopaenb Ipo-
THO3a 9KOJIOTMYECKOW cutyaruu B T. KpacHosipcke, npu-
BEZICHBI PE3yJIbTAThl MOJICITUPOBAHMS [IPOCTPAHCTBEHHOT'O
pacripefielieHust OKUCH yriepoaa. Mojenb MOXeT OBITh
HCIOJB30BaHA U JIIOOBIX NPYTUX 3arps3HAIONINX Be-
miecTB (IIpU pacdeTax CoACPIKaHUSI XUMHUIECKH aKTUBHBIX
BemecTB €€ HEOOXOAMMO JOTONHATH OJOKOM, YYHTHI-
BAIOIIKUM TpaHC(OpMaIU B aTMOC(EPHOM BO3IyXe ropo-
na). B nanpHeleM BO3MOXKHO pacliupeHue MOJIENH, YTO
MIO3BOJIUT PACCUUTHIBATH PACIPOCTPAHEHHE 3arps3HEHHs
HE TOJIBKO B ITPOCTPAHCTBE, HO U BO BPEMEHH U YBEIUYUT
TOYHOCTB IIPOTHO30B.

OueBumHa HEOOXOIMMOCTh TIPUMEHEHHSI JaHHOTO
MOJX0Ja B NPUHATUYU YIPAaBICHYECKUX PEUICHUH, pery-
JUPYIOMIMX 5KOJOTUYECKYI0 OOCTAHOBKY, B PEKHME pe-
anpHOTO BpeMeHH. Hambosee akTyanbHOW MO-TIPEKHEMY
ocTaeTcs 3a/avya BHIOOpA ITyHKTOB HAOIIOJCHUS W OITH-
MH3aIUH TIPOTPaMMbl MOHUTOPHHTA KadecTBa aTMocdep-
HOTO BO3/yXa B CBSI3M C HEOOXOJUMOCTBIO PAa3BUTHS pe-
THOHAJIBHBIX CeTe MOHUTOPHHIA, a TaKXKe HCIIOJIb30Ba-
HUSI HOBEHIIMX TEXHOJOTHH (B TOM HYHCIIE MPUMEHEHHS
JMCTaHIIMOHHBIX METOJIOB 3KOJIOTUYECKOTO MOHUTOPHHTA).
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BBEJEHHME ITPOCTPAHCTBA L,, ITPH ITIOCTPOEHNN
IMPOEKIIMOHHOU OEHKHU IIVIOTHOCTHU BEPOATHOCTHU

B. B. bpanuitu

Cubupckuii TOCyIapCTBEHHBIN a3pOKOCMUUYECKUN YHUBEPCUTET MMEeHU akanemuka M. @. PenreTnéBa
Poccwuiickas @enepannst, 660037, r. Kpacnosipck, npoc. uM. ra3. «KpacHosipckuit pabounii», 31
E-mail: branishti-v-v@yandex.ru

Paccmampusaemces 3a0aua soccmarnosnenus Heuzgecmuoll OyHKyuy NIOMHOCMU EPOIMHOCMU HENPEPBIBHOU CITy-
YAUHOU GeUYUHbL NO KOHEYHOU He3agucumoll evlbopke. Hccnedyemes nocmpoeHue npoekyuoHHOU OYeHKU DyHKyuu
NJIOMHOCIMU 8ePOSIMHOCIU 8 Cyyae, Ko20a Keaopam (QyHkyuu niomuocmu fx) we cymmupyemcs, m. e. pyHkyus fx)
He npuHaonexcum QyHKYyuOHAIbHOMY 2uibbepmogy npocmpancmay L,. B smom ciyuae He @vlnonusaemcs yciogue cxo-
OUMOCIU OYeHKU K UCMUHHOU WIOMHOCMU 0ddce Npu UCHOAb308AHUU ONMUMANbHLIX KO3 duyuenmos. Pyukyuu
NJIOMHOCINU 8EPOAMHOCMU, He npuHadnedxcaujue L, ecmpeuaromcs yce y MOOeNbHbIX pacnpedeneHull, Hanpumep,
y pacnpeoeneHusi Xu-keaopam ¢ 4uciom cmeneteli ceoboowvl k= 1. s pewenus smoti 3a0auu 6600UmMcs QyHKyuo-
Hanvroe npocmpancmeo L, ,,, aensioweeca pacuupenuem npocmpancmea Ly. Hccnedyromes ceoticmea 6600UumMo20 npo-
cmpancmaa. Ilokazano, umo 01 110601 NOI0ACUMENLHOU UZMepUMOot no Jlebezy ghynxyuu w(x) oHo makoice A611emcs
eunvbepmogvim. Kpome mozo, npu pacwupenuu Ly 0o L,,, coxpansemes paznudumocms diemenmos. Joxaszano ym-
6epoIcOeHUe 0 MOM, Ymo NIOMHOCHb 8EPOMHOCIU 000U HENpepblGHOT CYYAUHOU 6EIUNUHBI NPUHAONEHCUN HEKO-
mopomy npocmpancmeay Ly ,,. IIpu 9mom oKkazanoce 8ajcHviM yCmMaHosums cenapadenbHoCmy 6600UMO20 NPOCMPAH-
cmea, mak KaK 1uuib 8 IMOoM Cydae noCie008amebHOCHb NPOEKYUOHHBIX OYEHOK CXOOUMCsl K OYeHUBAeMOU (yHKYul.
Hoxazano, umo noboe npocmpancmeo euoa L,,,, cooepacawee L, sgisiemcs cenapabenvhviM, ymo 0aém 803MOdiC-
HOCMb CIPOUMb NPOEKYUOHHYIO OYEHKY YHKYUU NIOMHOCMU EPOAMHOCMU 8 SMOM NPOCMPAHCMee. YcmaHoesneH ble
meopemuyecKue pe3yibmamsl ObLIU NPOBEPEHbl HA Cepull YUCIEHHbIX IKCnepuMeHmos. B cmamuro exitouenvt pesyins-
mamovl OYeHUBAHUsS. NIOMHOCIU 8EPOAMHOCIU CYHAUHOU 8eIUYUHbL, NOOYUHEHHOU 3aKOHY pacnpeoesieHUs Xu-Keaopam,
a makdice CRyYauHoU BeUYUHDL, Y KOMOPOL NIOMHOCHb 8ePOSMHOCIU He NpuHaonedxicum L, u cooepaicum 0se mouKu,
6 Komopuvix Qyukyus cmpemumcs K +oo. Pezyremamel pacuémog nosgonsrom coenams 861600 0 MOM, YmMo npeoso-
JHCEHHBIL MEMOO MOdcem bbb UCNONL308AH NPU OYEHUBAHUU (DYHKYUU NIOMHOCMU 8EPOSIMHOCIU 0dice 8 CIYYAsX,
Koeda oHa He npunaoaexcum L.

Knroueswie cnosa: ¢yHKL/1/l}l NJIOMHOCMU 6€POAMHOCMU, NPOEKYUOHHAS OYEeHKA, 214./1b6€pm060 npocmpancmeo, cena-
pa6€ﬂbH06‘mb, cmamucmu4deckoe oyeHuesaHue.
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INTRODUCING THE L,,, SPACE FOR BUILDING THE PROJECTIVE ESTIMATION
OF PROBABILITY DENSITY FUNCTION

V. V. Branishti

Reshetnev Siberian State Aerospace University
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
E-mail: branishti-v-v@yandex.ru

The task of recovering probability density function of continuous random variable from finite independent sample is
considered in the paper. The author investigates the building of projective estimation of probability density function in
the case when probability density f(x) is not square integrable, i. e. function f(x) is outside of the functional Hilbert
space Ly. In this case a convergence condition of density estimation to true density doesn’t hold even with using optimal
coefficients. Probability density functions, which is outside the L, space, occurs even in model distributions, for
example, in chi-square distribution with number of freedom k = 1. For solving this task one introduces an L,,,
functional space, which is expansion of the L, space. Properties of the introduced space are investigated in the paper.
One shows that for any positive Lebesgue measurable function w(x) it is also Hilbert. Moreover, discernibility
of elements remains true in expansion from L, to L,,. A statement that probability density function of any continuous
random variable belongs to some L,,, space is proved. Besides, establishing separability of the introducing space

is found important, because only in this case sequence of projective estimations converges to true density. The author
proved that any space of L,,, kind, which contains Ly, is separable, so it is possible to build projective estimation
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of probability density function in this space. Obtained theoretical results were tested on series of numerical
experiments. Results are included in the paper. This paper contains the results which are about estimating of
probability density function of chi-square distributed random variable and also variate which has probability density
that is outside L, and contains two points where it converges to +. The results let us make a conclusion that suggested
method can be used in probability density function estimating even in cases when that density is outside L,.

Keywords: probability density function, projective estimation, Hilbert space, separability, statistical estimation.

BBenenmne. Jlyig pemeHus 3amad  KiacCU(pUKAILUH,
pacro3HaBaHUs, AUATHOCTUKKA TEXHUYECKUX CHUCTEM U [Ip.,
BO3HHMKAIOIIUX B TOM YHCJIE B @9POKOCMHUYECKON OTpaciH,
OoJibIIOE 3HAUCHHWE MMEET KauecTBO BOCCTAHOBIICHUS
HEHM3BECTHOM (PYHKIMHM TIJIOTHOCTH BEPOSTHOCTH HEIpe-
PBIBHBIX CIy4aiHBIX BENIWYMH. 3a4acTyi0 3aKOH pacmpe-
JIETICHUSI HCCIICAYyEeMBIX CIIyJalHBIX BEIMYUH HMEET
CIIOKHYIO CTPYKTYPY: IUIOTHOCTD BEPOSTHOCTH pa3phIBHA,
MHOTOPKCTpEMallbHa M T. A. B TaKkmX YCIOBHSAX YacTo
MIPUMEHSIOTCS] HeTIapaMeTPUIeCKAE METOIbl OIICHUBAHUS
(YHKIMH TNIOTHOCTH BEPOSITHOCTH, OCHOBAHHBIE HA OLICH-
kax M. PozenoOnarra u 3. Ilap3zena [1-3]. Takxe 60b-
10€ PaclpoCTpaHEeHUE MMOTyYHIa MPOSKIIMOHHAs OLICHKA,
npegnoxxenHass H. H. YennoBeim [4]. Ilpeamonaraercs,
YTO oleHHBaeMas (YHKIHS [UIOTHOCTH BEPOSTHOCTH f{X)
TIPUHAJUIC)KUT THILOEPTOBY MPOCTPAaHCTBY L, (DyHKLWIA,
HHTErpupyeMbIx 1o Jlebery ¢ kBagpaToM Ha BCEH YHCIIO-
BOIl mpsimoii [5]. B aTtom ciywae dyakmms fx) npexacra-
BHMa B BUJIE

J(x) = ap@g (X) + oy (x) + 0,9y () + ... (D

rae {Q;} — moyiHas OpPTOHOpPMaJbHas cucteMa (QYHKIHI
(6a3uc) mpoctpancTBa Ly; kodhHUIIUEHTHI O HAXOIATCS
o opmyiie:

Oy :(f,(Pk)Z _[ S ()0, (x)dx .

[IpoexunonHas oueHka fy(x) GyHKIHMHU f{X) IpencTaBs-
nseT co0oit N-10 gacTruHyto cymmy psaa (1):

S (%) = 0g@g (%) + 0P (X) +...+ Ay Py (X) . 2

Ecimu BoccranaBnmuBaeMmas GyHkuus f € L,, TO npu
HEOrPaHUYEHHOM yBeandeHun N oreHka (2) cXxomutcs
K UCTUHHOM IIOTHOCTH f{x) B CpeTHEM KBAJAPATHUHOM:

tim 7, /=0

B [6] yka3aHo, uTO eciu, KpoMe TOro, GyHkmms f{x)
SIBJISIETCSl HENPEPBIBHOM M MMEET OrpaHUueHHOE M3MEHe-
HUe, TO oleHKa (2) cxoauTcst paBHOMepHO. Tam ke pac-
cMaTrpuBaeTcsl oleHKa (2), B KOTOpoil B KauecTBe (yHK-
Ui @4(x) B3ATHl MHOrOWIeHbl DpmuTa. Pabora [6] Obuia
BBITNOHEHA NIPH OAepKKe areHTCTBa NASA.

B paborax [7; 8] paccMoTpeHBI HEKOTOpBIE 0000TIIe-
HUSI OLIEHKH (2), IMEIoIre BU

B N
fN(x):ijaj(Pj(x) >
=0

rae BecoBble KO3Gh(UIUEHTH! A; BEIOUpPAIOTCA U3 JOMOM-
HUTEIBHBIX COOOpaKeHUI.

Onnako TpeboBaHue f € L, He BBINOTHIETCS yKe A
HEKOTOPBIX MOJICTIBFHBIX 3aKOHOB pacrpenmencHus. Hampu-
Mep, pacrhpeieicHue X2 C YHCJIOM CTEeNeHeil cBoboanl 1
(T. e. pacmpenencHUE CIyYalHOW BEIHYHMHEI, MPEICTaB-
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Jstomel coboi KBaApaT HOPMAIbHO pacnpeacaEéHHOM
cIyd4aifHOH BenMuuHBI ¢ mapamerpamu L=0 m oc=1)
MMeEET TUIOTHOCTh BEPOSTHOCTH [9]

l - =z
——x 2e 2?2, x>0,
S =1{2n A3)
0, &+l
ITpu sTom
+o0 +00
1 dx
jfz(x)dxz—j — =+,
o 2m ) xe’
T. e. f& L, CcllenoBaTelbHO, NPOCKUHOHHAS OIICHKA

TUIOTHOCTH BEPOSTHOCTH HE CXOAHTCA K f{xX) B METpHKE
MIPOCTpaHCTBA L.

B pabote mpemraraercss mocTpoeHne cemapadenbHBIX
THIbOEPTOBBIX MPOCTPAHCTB, SIBISIOIIUXCS PaCIIUPEHUS-
MH TPOCTPAHCTBA L;, B KOTOPBIX MMEETCS] BO3MOKHOCTb
CTPOUThH IPOEKIMOHHBIE OLEHKM (YHKIMH ITIOTHOCTH
BEPOSITHOCTH, HE BXOJSIIHX B L.

Omnpenenenne U OCHOBHbIE CBOWCTBA NMPOCTPAHCT-
Ba L, . Ilycts w(x) — monoxxurenbHas u3MepumMas QpyHK-
nust. OnpenenuM NpocTpaHcTBo L, ,, KaKk MHOXKECTBO JIei-
CTBHUTENILHBIX (QYHKIMH, U1 KOTOPBIX

T F2(x)w(x)dx <+ .. )

st moObIx nByX QYHKIWH f, g € L, ,, ONpeneeHo Yucio

+00
(f:8)y = [ FOgEIW(x)dx . (5)
JleficTBUTENBHO, AJISL NEUCTBUTENBHBIX (pyHKUIMit f{x)

1 g(X) BBIIIOTHSAETCA HEPABEHCTBO

£ (g ()| w(x) < %(fz @)w(x)+ &> ()w(x)).

[TosTomy u3 (4) cnenyer, 4ro uHTErpai B (5) MPUHU-
MaeT KoHeyHoe 3HaueHWe. O4YeBWIHO, JIBYXMECTHBIN
¢yHKIMOHAN (5) yHOBIETBOPSIET aKCHOMaM CKAaJSPHOTO
npousBenenus. [Ipnuém ycnosue (4) o3HayaeT KOHEY-
HOCTh HOPMBI (YHKIHMH f, WHAYIUPOBAHHON 3TUM CKa-
JSIPHBIM Tipou3BereHreM. ClieJoBaTeNbHO, IPOCTPAHCTBO
L,,, sBnseTcs TunpbepToBeIM. [Ipu w(x) = 1 mpocTtpaHcr-
BO L,,, COBMagaeT ¢ mpocTpaHcTBoM L,. [logbupas pas-
maHbIe QYHKIMH W(xX), TOTYIAM Pa3IdIHbIE TPOCTPAaH-
cTBa L,,, NpUYEM CIpPaBEAIHBO CIENYIOIEe YTBEpXKIe-
HHE.

Ymeepiwcoenue 1. Ecu wi(x) < wy(x), TO

L2,W2 < L2,Wl .

B uvactHocTH, ipH W(x) < 1 mpocTpaHCTBO L,,, BKIIO-
qaeT B ce0sl MPOCTPaHCTBO L.
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Hoxazamenvcmeo. YTBEpKIEeHHE CIEIYeT U3 TOTO, YTO
eciu 1151 pyHKIMM f{X) BBIITOIHEHO yCIOBHE

T f? (xX)w, (x)dx < +oo,

—00

TO
T 2w (x)dx < T (X)W, (x)dx < +o0,

Ymeepicoenue 2. Ecnn mis pyHKImn wi(x) 1 wy(x)
CYILIECTBYIOT TaKH€ KOHCTAHTHI m U M, 4TO

w;(x)

wH (X

Vx € (—0;40), 0<m< <M <+,

TO POCTPAHCTBA PaBHBI

L, =L

2, 2wy *

Joxazamenvcmao. VI3 ycnoBusi TEOPEMBI CIIEAYET, UTO
1
w(x) < Mw, (x), w,(x) < ;Wl (x).

Tornma

Tf%mmnwsf}%wm%wa

=M [ f? (0w, (x)dk, (6)
[ P @medes [ 1205w (e =
w s m
=L [ om0 ™
m—oo
U3 (6) cmenyer skmouenue L, <L, , us (7) -

BKJIIOUYEHHE L c L . YTBep)KﬂeHI/Ie JOKa3aHo.

2,m 2,wy
s YTBEPKIACHUA 2 CJICAYCT, YTO A q)aKTI/I‘IeCKOFO

pacumiMpeHust mpoctpanctsa (T. e. mut L, <L, )

HEO0O0XOIUMO, YTOOBI

. aw(x
inf 1() =0,
* wy(x
WM, YTO TO XK€ CAMOE,
w, (x
sup 2(0 _ o0,
x w(x)

3aMeTHM painee, 4YTO TPH TAKOM PACIIUPEHHH COXpa-
HSIETCSl Pa3MUUMOCTh JJIEMEHTOB, KaK IIOKa3bIBAeT Clie-
JyIoIllee yTBEPKICHHE.

Ymeepicoenue 3. Tlycte wi(x) u wy(x) — nBe m3Me-
pHUMBIe TIOJOXUTENbHBIE PYHKINH, f — QYHKINSA, IPUHA-
nexaias odonm npocrpancrsam L, u L, . Torna

171, >0 =1, >0.

Hoxazamenvcmeo. I1ycTb, HAPOTHB, IPH HEKOTOPBIX

wi(x) u  wy(x) cymectByeT Takas  (yHKUUA
fe LZ,wl N Lz,wz , VIS KOTOPOM
171, >o0. )

21

HO
171, =0

Torma
Tfaun%uyh=o

Tak kak mompIHTErpajbHas (YHKLIUS HEOTpULATEIb-
Ha, TO OTCIOJla CJIeAyeT, YTO OHa paBHa ( MOYTH BCIOAY.
Ho w,(x) Bcrogy monoxuTenabHa, MO3TOMY HOYTH BCIOLY
paBHa 0 QyHKIMs f*(X), U3 YEro CIEAYET, 4TO

[ 7 m@d=o.

[Momygaem npotuBopeune ¢ (8), 9TO TOKA3BIBACT yT-
Bep)KICHHE.

N3 ytBepxneHus 3 ciienyer, B YaCTHOCTH, YTO €CIIU
JBe GyHKIMU f{x) 1 g(x) IprHAAIekKAT 000UM MPOCTPaH-
crBam L, wu L,, , TO OHM B 3THX IIPOCTPAHCTBAX

OJIHOBPEMEHHO PA3NIUYAIOTCS UM HET:
|7-gl,, >0=]r-gl,, >0

OkazbIBaeTcs, 11 000 (QyHKINK IIOTHOCTH BEPOSIT-
HOCTH f{X) MOXXHO IIOCTPOUTb TaKO€ paclIupeHue L,,,
HpOCTpaHcTBa Ly, KoTopoe OyzaeT conepskarh GyHKIHIO f(X).

Ymeepowcoenue 4. Ilycts f(x) — GyHKIUS MIOTHOCTH
BEPOSATHOCTH HEKOTOPON HENPEPHIBHON CIy4alHOW BEu-
ynHBL. Toraa cymiecTBYeT Takasl MOJIOKHUTENbHAS H3Me-
pumas GYHKIHSA w(X), 9TO BBIITOIHAETCS BKIFOUCHUE

feLz,W.

Hoxazamenvcmeo. Kak (hyHKUMSI TUNIOTHOCTH BEPOSIT-
HOCTH, f(X) MHTErpupyemMa Ha BCEH YHCIOBOH IPSIMOM,
NpuYEM

T f(x)dx=1.

Torma cymecTByeT (KOHEUHBIH WM OECKOHEUHBIN)
MHTErpai

[sz%@ﬁ.

ITpu atom eciu I < +oo, T0 f € L,,, ipnt w(x) = 1. Ecin
I=+c0, To QyHKIHIO W(X) MOXXHO IOCTPOMTH CIEIyIO-
M 00pazoMm:

wx) =1 f(x)’
15

S)>1,
VACIRSD

B cuny msmepumocTu ¢pyHkimu f{x) MHOXKECTBa
X, ={xeR|f(x)>1} u X, ={xeR| f(x)<1}

&)

M3MEPHUMBI, TI03TOMY U3MEpPHMa U TOCTPOCHHAs! (DyHKIIUS
w(x). Kpome Toro,

jf%mm@ﬁ+

X

T}%mmmw=

+ [ S2ewde = [ feode+ [ 2 (x)ds;

Xy X X
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j F(x)dx < jw F(x)dx=1;
X —oo

j F(x)dx < j F(x)dx < j F(x)de=1.
Xy Xy —00
Takum 006pa3om, oIy94aeM, 94To
I f2 (X)w(x)dx < +o,

mnosTomy f € L,,,. YTBEpKACHHE HOKa3aHO.

IMocTpoenne GyHKIMU TJIOTHOCTH BEPOSITHOCTH,
He NMPHHAMJIeKaLIeill JaHHOMY NpocTpaHcTBY L, . Kak
NOKa3bIBaeT yTBEpkKAeHUE 4, [UIsl JIH000H (YHKIMHU IUIOT-
HOCTH BEPOATHOCTH f{X) MOXHO IOCTPOMTH COAEprKallee
e€ ruIb0epTOBO MPOCTPaHCTBO L, .. BriOupas BcE MeHb-
mre GYHKOUHA w(X), MOXKHO TOJy4yarh BcE Oojee mmpo-
KHe mpocTpaHcTBa L,,. OIHAKO HE CYyIIECTBYeT IIpo-
cTpaHcTBa L;,, KOTOPOE COAECPKAIO ObI BCE MHOXECTBO
(YHKIIMIA TUIOTHOCTH BEPOSTHOCTH JIFOOBIX HETIPEPBIBHBIX
CITlyJalHBIX BeJMYMH. J[efiCTBUTENIBHO, CIIPABEIUINBO CIie-
JyIOIIee yTBEPXKACHHE.

Ymeepicoenue 5. Ilycte w(x) — MOMOKUTETBHAS W3-
Mmepumas ¢ynkiua. Torma cymiecTByeT HeNpephIBHAS
cllydyaiiHasi BEIMYMHA, Yy KOTOPOW (YHKIHMS IUIOTHOCTH
BEPOSTHOCTH f{X) TaKOBa, 4TO

T 2 (x)w(x)dx = +o0.

Hoxazamenvcmeo. IlycTb w(x) yZOBIETBOpSET yCIIO-
BHIO YTBepxKAeHUs. Toraa cymecTByeT Takoe € > 0, 4ro
MHOXKECTBO

A={xeR|w(x)>¢}

UMeeT MOJ0KUTENbHYI0 Mepy. OnpenenuM Ha 3TOM MHO-
xecTBe PYHKIUIO ((x), 00JIaJaroly 0 CBOMCTBAMU:

[o@)dr <+, [ ()dx =+
4 4

3aMeTHM, YTO MHOXKECTBO A MOXET HMETh BeEChMa
CIIOKHYIO CTPYKTYpPY, B TOM YHCIIe ObITh HHUIJ/IE HEIUIOT-
HbeIM [10].

Tak kak cucTeMa U3MEPUMBIX MHOXKECTB MPOCTPAHCT-

Ba JCHCTBUTEIbHBIX YHucel R sABISCTCA G-aareOpoi,

TO I000E MHOXKECTBO TOJOKUTCIIEHOW MEPHI M3 3TOM
CUCTEMBI MOXKHO TIPS/ICTAaBUTH B BHUJAC OOBCIMHCHUS
CU€THOTO MHOXKECTBA IOMAPHO HEINEePECEKAIONUXCS €ro
MOJIMHOKECTB TOJIOKHUTENbHONH Mepbl. B yacTtHOoCTH, [UIst
MHOKeCcTBa A UMeeM

00

A=\4,

i=1

ua, >0, 4,NA; =D npui=j.

Psn, cocraBieHHBII W3 MEp MHOXECTB A, OYEBHIHO,
CXOOUTCS, IPUIEM

S, =

n=1

(10)

O6o3HaunM uepe3 v, octatok psga (10) mocme n-ro
YJIeHa:

0
5w,
k=n+1

Tak kak pan (10) MOMOXUTENBHBIN, TO COTIACHO pe-
syabraty Y. Junu [11, c. 319] pan
© L
z H‘Anyngl
n=l1

CXOOUTCA, B TO BpEMA KaK psAq
o0
2 AT,
“AHYn—l
n=1

pacxomutcsa. Mcmoms3yst 3TO CBOWCTBO, IS KaXIOTO
MHOXECTBA A,, TOCTPOUM (YHKITHIO

1
Volis
0, x¢ A,

9,(x) = xed,

U onpeaenuM (QyHKIHIO ((X) CICAYIONIIM 00pa3oM:
o(x) =D @, (x).
n=1
ITpu sToM

hmw 3 [ o =

nlA

. . 1
= [0, (0dv =Y 14y, < +o;
n=1

n

j&ww=if¢mm=
A

n=1 4,

ZMHYn 1= = +0.

n=l1

ij%mm

Oynuknuio f{x) Oymem ucKaTh B BUIC

o(x)
kfw(x)’
0, x ¢ A,

xe A,
S(x)=

rae ko3 UIMeHT k onpeaeanM 13 yCI0BUS HOPMUPOBKH:

j F(x)dx=— j \/@

3aMCTI/IM, YTO HUHTCIrpal B MOCICAHEM BBIPAKCHUU
CXOJHUTCs, TaK KaK

J \/(% j@(x)dx < 400,
Torna nomydaem
[0

A\/w(x

Takum oOpazom, ¢ynkums f{x) sBiasercs (QyHKIMEH
IUTOTHOCTH BEPOSTHOCTH HEKOTOPOW CITy4alHOW BEJHYH-
HbL. [Ipu aTOM
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¢ (x)
w(x)

1
_2_[@2 (x)dx = +oo.
k=

J oty == [ S e -

VYTBepKIeHUE T0Ka3aHO.

Cenapa6eabHocTh MpocTpancTBa L, ,,. Kak nokassi-
BaeT YTBEPXKJAEHHE 5, HE CYIIECTBYET HEKOEro yHHBEp-
CAJILHOTO THWJIBOEPTOBA MPOCTPAHCTBA, MPUTOIHOTO IS
OIICHUBAHMS JIFOOOH MBICIUMON (YHKIMHA TUIOTHOCTH
BeposATHOCTH. Kpome TOro, mpu paccMOTPEHHH IIPO-
cTpaHCTBa L, OYCHb Ba)XKHBIM SIBIISCTCS yCTaHOBIICHHE
ero cemapabelbHOCTH, TaK KaK B ATOM ClIydae y 3TOTO
MPOCTPAHCTBA TapPaHTHPOBAHO CYIICCTBOBAHUE CUETHOTO
0a3rca ¥ BOSMOXKHOCTh TPEACTABJICHHUS JIFOOOTO AJIeMeH-
Ta mpoctpanctBa B Buzae (1). Takum obpasom, ecmu
(YHKIHA TIOTHOCTH BEPOSTHOCTH MPHHAIIIC)KAT cerapa-
0eIbHOMY IIPOCTPAHCTBY L, ,,, TO €€ MPOEKIHOHHAS OLICH-
Ka CXOAUTCS K HeW. PaccMoTpuM ciieyronryro Teopemy.

Teopema. 1lycts L, L, . Torna mpocTpancTeo L2
IUIOTHO B IPOCTPAHCTBE L, .

Jns nokasaTenseTBa 3TOH TEOpeMbl CHOPMYIIHpYeM
CIEIYIOILYIO JIEMMY.

Jemma. Ilycte h(x) — u3mepumasi QyHKIHS, OPTOrO-
HaJbHasi IPOCTPAHCTBY Ly:

Vfel, (f.h)=0.

Torna A(x) paBHa 0 mo4tyu BCroy.

Hoxazamenvcmeo. Ilycts, Hampotus, h(x) oproro-
HaJllbHa MPOCTPAHCTBY L, U oTin4Ha OT 0 Ha HEKOTOPOM
MHOXeCTBE A TOJI0KUTEIBLHOH MEphIL:

pd =fx e R| h(x) = 0} > 0.
Pa306béM MHOKECTBO A Ha ABa MOAMHOXKECTBA
4 ={xeR|h(x)>0},
A, ={xeR|h(x)<0}.

Od4eBUAHO, YTO Mepa XOTs Obl OJHOTO W3 HHUX IOJO-
skutenbHa. Torma u3 A; wim A, MOXHO BBIJIEIUTh OTpa-
HUYCHHOE MTOJIMHOXECTBO TMOJIOKHUTEIBHON Mephl. 0003-
HA4YUM 3TO TOJMHOXKECTBO 4yepe3 B. OueBHIHO, HA MHO-
xkectBe B ¢yHkuusa A(x) coxpanser 3Hak. Omnpeneaum
¢dynkmro f{x) ciaenyromum o0pazoMm:

x€B,

15
SO=10 Lep

0,
OyHkips f{x) NpUHAIUIEKUT IIPOCTPAHCTBY L, U, KpoMe
TOrO,

(f,h)= jw F(xX)h(x)dx = j h(x)dx # 0.
e %

[Nomyyaem mpoTHBOpeYHEe ¢ OPTOrOHAILHOCTHIO (PYHK-
uH A(x) mpocTpaHcTBY L,. JleMma noka3zana.

Joxazamenvbcmeo meopemsi. Ilycts, Hamnpotus, L,
HE SBJIAETCS IUIOTHBIM B L,,,. M3BeCTHO, 4TO HJIA TOTO,
4TOOBI JIMHEWHOEe MHOrooOpasme M ObUT0 IUIOTHBIM
B I'MJIbOEPTOBOM IPOCTPaHCTBE H, HEOOXOIUMO H J0CTa-
TOYHO, YTOObl B [ HE CYIIECTBOBAJIO HEHYJIEBOTO 3Jic-
MEHTa, OPTOTOHAJILHOTO BCeM dyeMeHnTaM u3 M [12]. Ot-
crofla ClelyeT, 4To B L,, CyIIECTBYET HEHYJIEBOM de-
MEHT g, OPTOrOHaJIbHBIN MPOCTPAHCTBY L,:

23

Vfel, (f.9),= [ f(x)gl)wx)dx=0.

W3 noka3aHHOW JEMMBI MPUMEHUTEIBHO K A(x) =
= g(x)w(x) cnenyer, uro ¢pyHKIust g(x)w(x) pasHa 0 moy-
TH Bcroay. Tak xak w(x) >0, To moutu Bcromy paBHa 0
(hyHKIHA g(X), 9TO MPOTHBOPEUHUT TOMY, UTO g — HEHYJIe-
BOI1 2JIEMEHT IIPOCTpaHCTBA L, ,,. TeopeMa nokasaHa.

W3 noka3zaHHOM TEOpPEMBI CIENYET, UTO IIPOCTPAHCTBO
L, IIOTHO B J11000M COZEPIKAILEM ero IPOCTPAHCTBE Ly .
Torma u3 cemapabenbHOCTH L) ciaeayeT cenapadbeabHOCTh
mo0oro Takoro L,,,. B coBokynHocTH ¢ yTBep)IeHHeM 4
MOJIy4aeM, YTO Ul J1000H (DYHKIUH IUIOTHOCTU BEPOSIT-
HOCTH MOXXHO IIOCTPOMTH IPOEKUHOHHYIO OICHKY, CXO-
JISIIYIOCS. B HEKOTOPOM MPOCTPAHCTBE Ly .

Pe3yabTaThl YMC/IEHHBIX 3KcniepuMeHToB. [TocTpo-
UM TPOEKLIMOHHYIO OLEHKY IUIOTHOCTH BEPOSTHOCTH
HEKOTOPBIX CIyYailHBIX BEIWYMH, HE MNPUHAIICHKAIINX
MpoCcTpaHcTBY L,. Jmsa sToro ¢ momomisio Gopmyisr (9)
MMOCTPOMM BECOBYI0 (DYHKIIMIO W(X) W OIS COOTBETCT-
BYIOILLIETO IPOCTpaHCTBA L), MOCTPOMM OPTOHOPMHUPO-
BaHHBIA 0a3WC METOJOM OpTOroHagu3aiuu I pamMma—
Mmuara [13]. KoaddummenTs! o B BeIpakeHUH (2) orle-
HUM 110 Gopmyrte [14]

ay :%Zl:(\ok(xi)w(xi)' (11)

Jnuny pszna N nosydyuM MUHUMU3aLUER 3HAa4ECHUs

o N
WN—;Z(:)

N
2 2
So. —I;)m$k, k=0, ..,N, (12)

riae
1 n
m, =a, =;Z<pk<xi>w<xi),
i=1

2 1§

S = —
Pk
n—=133

(o Cewix) —my, ),

KOTOpOE sIBJISETCS (C TOYHOCTHIO /IO TMOCTOSIHHOTO Clia-
raeMoro) HeCMEIIEHHON OIIEHKOH (pyHKITMOHAIA Ka4ecTBa

o{f}-m{i-[|

OIICHKH TUIOTHOCTH BepOsTHOCTH [15].

ITpumep 1. JTns pyuxumu (3) TUIOTHOCTH BEPOSITHO-
CTU Cy4yailHOW BEJWYMHBI, MOJYMHEHHON 3aKOHY pac-
TpeaeaeHIsI Xz’ GbyHKIHS W(X) IMeeT BT

2mxe”, x€(0;0,139),

r

1 ¢ir+l.

w(x) =

Ouenky Oyzem crpouth Ha syue [0; +o0), mist 4ero
B KauecTBE CUCTEMbI JIMHEHHO HE3aBHUCUMBIX (YHKIHN
BO3BMEM I10CIIEI0BATEIBHOCTD

—X —X

e, xe —

n_—x
,Xe 7, ., x"e ..

[Mocne mpumenenns nporecca ['pamma—IlImunra Oput
MOCTpOeH 0a3uc, HECKOIBKO IEPBBIX 3JIEMEHTOB KOTOPO-
IO UMEIOT BUJL

Qo(x) ~1,482¢™", @;(x) = (-1,611+2,954x)e™",
©,(x) = (1,73-6,138x +2,945x%)e ™,
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O1eHKa IUIOTHOCTH BEPOATHOCTH CTPOMIIACH IO He3a-
BUCHMOW BBIOOpKE CIy4aiHOIl BenMuMHBI 00BEMA
n=300. Ouenku a; K03PPHUINEHTOB, a TAK)KE HX OITH-
MaJIbHBIE 3HAUYCHHMS 3aHECCHBI B Ta0MI. 1.

B tab6un. 2 mpusenens! 3HaueHus W), .

A

N3 Tabn. 2 BUIHO, YTO MUHUMAJIbHOE 3HaueHue W,

Ksampar stoéi QpyHKIIME HE CyMMHpPYyEeM B OKPECTHO-
cti nByX Touek x =0 u x=1, cienoBatensHo, [ ¢ L,.
[Moctpoum comepxkaimee 3Ty (YHKIHAIO TPOCTPAHCTBO
L, .. 1ns aTOor0 BBEEM BECOBYIO (DYHKIIHIO

4\/;, xe(O;Lj,
16

nocruraercs npu N = 15. I'paduk coorBercTByromien 17
OLICHKH MPUBEIEH Ha pHC. 1. w(x)={4x-1, xe I;E 8
KauecTBo o11eHMBaHUS MIPU 3TOM COCTABIIAET
1, &ir.

- =00

Ilpumep 2. PaccMOTpUM HENPEPBHIBHYIO CIy4aliHYIO
BEIMUYUHY, 33[aHHYIO CIEAYIOIIEeH IUIOTHOCTBIO BEPOAT-
HOCTHU:

[TocTponM NPOEKIIMOHHYIO OLEHKY (YHKIMH IUIOTHO-
ctu BeposiTHocTH B mHTepBasie (0; 2). nst moctpoeHus
6a3nca BO3bMEM JIMHEIHO HE3aBHCHUMYIO CHCTEMY

1 T nmn
s O0<x<l, 1, cos—x, cosmx, .., COS—X,
4x 2 2
f(x)= 1 l<x<? (13) U TI0 HE3aBHCUMOH BBIOOPKE 3TOH CiTyyailHOW BEJIMYHHBI
44/x -1 00béMa n = 300 TOCTPOMM MPOEKIMOHHYIO OLIEHKY ILIOT-
oo HOCTU BEPOSITHOCTH. Pe3ysbTaT 4YHCIIEHHOTO SKCIEpH-
0, cif=l. MEeHTa OpUBEIEH Ha pHC. 2.
Tabnuya 1
Ouenku (11) k03¢pPUIHEHTOB ¥ UX ONTHMAJIbHbIE 3HAYEHUS
MPH BOCCTAHOBJIEHUYU MJIOTHOCTH BeposiTHOCTH (3)
k 0 1 2 3 4 5 6 7 8 9
a 0,633 -0,135 0,166 0,117 0,104 0,097 0,085 -0,066 0,051 -0,038
ol 0,636 —0,133 0,148 -0,1 0,088 —-0,075 0,067 —0,061 0,056 —0,052
k 10 11 12 13 14 15 16 17 18 19
ax 0,033 -0,034 0,034 0,031 0,028 0,025 0,023 -0,029 -0,029 -0,03
o 0,048 —0,045 0,042 —0,04 0,038 —0,036 0,034 0,043 0,043 20,043
Tabnuya 2
3uavenns ounenkn (12) pyHKIUOHAIA KaYeCTBA
NPH BOCCTAHOBJICHUH IJIOTHOCTH BEPOATHOCTH (3)
N 1 2 3 4 5 6 7 8 9
WN -0,416492 | —0,442569 | —0,455039 | —0,464734 | —0,473139 | —0,479536 | —0,483056 | —0,484753 | —0,485328
N 10 11 12 13 14 15 16 17 18
WN -0,485565 | —0,485918 | —0,486332 | —0,486598 | —0,486696 | —0,486703 | —0,48666 | —0,48659 | —0,486517
¥
[
0sf|
!
06|}
'_||I|I __'.:sz[.-‘f:l
- I'II' -~
041 — y=fx)
Y
L A
021 .
L E ,‘m‘_.} . B
1 A } —_— e ¥
2 4 6

Puc. 1. Pe3ym>TaT BOCCTaHOBJICHUA (i)yHKL[I/II/I TIJIOTHOCTHU BEPOSATHOCTHU cnyqafz'moﬁ BCJINYUHBEI,

. 2
TIOAYMHEHHOH 3aKOHY pactpenesieHus y~ npu k = 1

24



Mamemamuxa, mexanuxa, ungpopmamuxa

v
l 1
|
_.II .
[l I
- [ i
1.5 :I || |
L I
K I-'| \
| 1 —_— e = } —_—
l|_| |I Ill \ Y= f(le
1.0 : "I'I I| l| lII R
| . —
[ [ ] — yv= f(x)
L 'I'\ [
[ |
L s o~ .
05 L . f VRSO
L \_ ~ - -..,-__}__.__ N \/ \ ja— .__‘1:{_.'_ _"; _
i P i \ 'II I'.
1 |F 1 1 |F 1 F _'lc
0.5 1.0 1.5

Puc. 2. Pe3yibTaT BOCCTaHOBIICHUS (DYHKIMHU IUIOTHOCTH BEPOSITHOCTH CIIy9ailHON BEJIMIHHBI,
MOTYMHEHHON 3aKOHY pactpeneneHus (13)

KauecTtBo OLICHHUBAHUSA IIPU 3TOM COCTABUIIO

Hamnume paspsiBa BTOpOro poja BHYTpH 00JIaCTH
OLICHUBAHMA 3HAYUTENIFHO YXYIIIMIO Ka4eCTBO AmIpOK-
CHMAIIH 110 CPABHEHUIO C IPIMEPOM 1.

3akirouenue. V3 10ka3aHHbIX CBOMCTB MIPOCTPAHCTBA
L,,, caenyer, 4To Ui (HYHKIMH INIOTHOCTH BEPOSTHOCTH
000 HENpPEepBIBHON CIyYalHOW BETMYWHBI MOXKHO IIO-
CTPOUTH NPOCKIMOHHYIO OLEHKY, CXOJSIIYyIOCS B 3TOM
MIPOCTPAaHCTBE IPU ONpENeIEHHOM BBIOOpE BECOBOU
¢bysxoun w(x). YucaeHHbIe SKCIEPUMEHTHI TOATBEPAMIIH,
YTO MPEATIOKEHHBIH CII0OCO0 OIEHWBAHUS IUIOTHOCTH
BEPOSITHOCTH MOXKET OBITh HCIOJIB30BaH B CIIy4asx, KOTaa
KBaJpaT OIICHUBAacMOW (YHKIHHU f(X) HE CYyMMHPYETCS,
T. €. f & Lz.

2
~ 0,102.
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MULTI-OBJECTIVE GENETIC ALGORITHMS AS AN EFFECTIVE TOOL
FOR FEATURE SELECTION IN THE SPEECH-BASED EMOTION RECOGNITION PROBLEM
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Feature selection is a quite important step in data analysis. Extracting relevant attributes may not only decrease the
dimensionality of the dataset and, consequently, reduce time costs spent on the next stages, but also contribute to the
quality of the final solution. In this paper we demonstrate some positive effects of the usage of a heuristic feature selec-
tion scheme which is based on a two-criterion optimization model. The approach proposed is applied to the speech-
based emotion recognition problem, which is currently one of the most important issues in human-machine interactions.
A number of high-dimensional multilingual (English, German, Japanese) databases are involved to investigate the ef-
fectiveness of the technique presented. Three different multi-objective genetic algorithms and their cooperative modifi-
cations are applied as optimizers in combination with classification models such as a Multilayer Perceptron, a Support
Vector Machine and Logistic Regression. In most cases we may observe not only a dimensionality reduction, but also
an improvement in the recognition quality. To avoid choosing the most effective multi-objective genetic algorithm and
the best classifier, we suggest applying a heterogeneous genetic algorithm based on several heuristics and an ensemble
of diverse classification models.

Keywords: feature selection, multi-objective genetic algorithm, island model, speech-based emotion recognition.
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IFEHETUYECKHE AJIT'OPUTMbI MHOTI'OKPUTEPUAJIBHON ONITUMM3ALIMA
KAK 39®®EKTUBHbIM MHCTPYMEHT OTBOPA IPU3HAKOB
B 3AJJAYE PACITIO3HABAHHWS DOMOIIUU 110 PEYHN

K. 10. Bpecrep'’, O. 3. Cemenkuna', M. 0. Cumopos’

'Cubupckuii rocyIapcTBEHHbIH a3POKOCMHUUYECKHI YHHBEPCHTET HMeHH akafemuka M. @. Pemernépa
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Y IbMCKHil yHHBEPCHTET
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Ombop uHGOPMAMUBHBIX NPUSHAKOS ABNACTCA OOHUM U3 BANCHLIX dMAN08 aHanu3a Oannvix. H3eneuenue pene-
BAHMHBIX AMPUOYINOE MONCEM He MONbKO CHU3UMb PASMEPHOCb HAOOpa OAHHBIX, d Ce008AMenbHO, COKPAMuUmy
speMeHHble 3ampamul Ha NOCIEOYIOWUX CIMAOUAX, HO U YIYHUUMb KAYeCmeo QuUHANbHO20 peutenus. [emoncmpupyiom-
cAl nONodCUMeENbHbIE IPPeKmbl UCNONLI0BAHUS ISPUCIMUYECKOL CXeMbl 0MOOpaA UHPOPMAMUBHBIX NPUSHAKOS, OCHO-
BAHHOU HA 0BYXKPUMEPUATLHOU ONMUMUsayuontol mooenu. Ilpednazaemviii NOOX00 NPUMEHAEMCA K 3a0aye pacno3Ha-
BaHUS IMOYUTI YET0BEKA NO Peyl, YMO 8 HACMOAUjee 8PeMs AGIAEMCs OOHUM U3 KIIOUEEblX 60NPOCO8 8 Chepe Uelo8eKo-
MAWUHHBIX KOMMYHUKayuil. [isa uccie0osanus 3¢h@GexmugHocmu npeocmasienHotl mexHoio2uu ovliu npusiedervl oa-
361 OAHHBIX BbICOKOU PASMEPHOCHIU. OHU COOEPIHCAM aKyCIMUYecKue XapaKmepucimuki 2010C08blX 3anucell Ha aHenuil-
CKOM, HeMeYKOM U ANOHCKOM A3bIKaX. Tpu pasnuyHbIX 2eHeMmuyeCcKux aneopumma MHO2OKpUMepUAnbHOU ONMUMU3AYUL
U ux KoonepamugHsie MOOupuKayuy ObLIU UCNOIL30BAHbL 8 COYEMAHUU C PAOOM KIACCUDUKAMOPO8 (NOIHOCBA3HbIN
nepcenmpoH, MAauiiHbl ONOPHLIX 8eKMOPO8, No2UcmuyecKas pezpeccus). B bomvuuncmee ciyyaes MoxicHO 0OHapy-
HCUMD He MONBLKO COKPAUeHUe pasmMepHoCTn 8eKMopa NPUSHAKOS, HO U YIyHuleHue Kayecmed pacno3HagaHus IMoyuil.
Ymobwt usbesxcams evibopa Haubonee IhPekmusHo2o ceHemu4eckoeo aneopumma u Kiaccupukamopa, npeoiazaemcs
UCNOTBL308AMb 2€MEPOLEHHBII KOONEPAMUBHBIT AN2OPUIMM, COYeMAalowull HeCKONIbKO I8PUCTUK, U AHCAMOTbL K1accu-
Gurxamopos paznuuHoll npUpPoobsL.

Knioueswvie cnosa: 0m60p NPU3HAKOE, 2eHemu4ecKull aineopumm MHoeoxpumepuaﬂbHozZ onmumuzayuu, ocCmpoeHas
MO()@Jlb, pacnosnasanue 9M01/[uuv no pedu.

27



Becmuux Cubl’'AY. Tom 17, Ne 1

Introduction. Nowadays due to the tremendous
capacity of data storage it has become possible to collect
a huge amount of information. But the crucial question
which needs to be answered by researchers is how to use
all this data in an effective way? In the international
scientific community there are plenty of discussions about
proper solutions. Generally, two common directions
might be distinguished. The first way is extensive, which
implies a constant increase in computer power and
the usage of as much data as possible. The second one
is intensive, which is based on the subtle methodology
of choosing the most relevant data such as instance
or feature selection. From our perspective, the intensive
approach seems to be more preferable because it refers
to the thorough pre-processing of the source data which is
considered to be an essential stage before the application
of any mathematical model.

In this paper we discuss one of the possible ap-
proaches for selecting informative attributes from datasets
in the framework of classification problems. We propose
a heuristic feature selection scheme based on a two-
criterion optimization model as an alternative to conven-
tional methods (Principal Component Analysis (PCA) or
Factor Analysis). Various multi-objective genetic algo-
rithms (MOGASs) and their modifications are used as
optimizers; a Multilayer Perceptron, a Support Vector
Machine and Logistic Regression are involved as classifi-
cation models.

In the human-machine communication sphere lots of
high-dimensional feature sets are gathered too. Speech
records are now used to train machines to reveal the
speaker state: there is a wide spectrum of different classi-
fication problems such as gender, age or emotion recogni-
tion. However, the number of acoustic characteristics
which might be extracted from the speech signal varies
from several hundred to thousands. Therefore, it is neces-
sary to select a subsystem of informative features related
to each problem. And in this study we investigate the ef-
fectiveness of the approach proposed on the emotion rec-
ognition problem using a set of multilingual corpora
(English, German, and Japanese).

The rest of the paper is organized as follows: the next
section contains a brief description of the approach pro-
posed. Then, some details of MOGAs and their modifica-
tions are presented. Further, we introduce the speech-
based emotion recognition problem and the corpora used.
Next, we continue with the experiments conducted and
the results obtained. The conclusion includes some infer-
ences and future plans.

Heuristic feature selection. Previously, it was dem-
onstrated [1] that for the speech-based emotion recogni-
tion problem selecting informative features with the con-
ventional PCA led to a tremendous decrease in the classi-
fier performance. Therefore, based on the experimental
results [2], we highlight the necessity of developing some
effective alternative methods.

In recent times there has been a growing interest in the
sphere of Evolutionary Machine Learning. The integra-
tion of an evolutionary search into the machine learning
field allows researchers to develop more universal algo-
rithmic schemes which might be applied for high-
dimensional problems with different types of variables in
the dynamic environment. Taking into account these posi-
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tive effects, we decided to engage genetic algorithms
(GAs) in the feature selection procedure.

Firstly, a two-criterion optimization model was de-
signed based on the feature selection scheme called filter
[3]. This approach is referred to the pre-processing stage
because it uses information extracted from datasets and
reduces the number of attributes, taking into consideration
such measures as consistency, dependency and distance.
Possible criteria which characterize the dataset relevance
are Attribute Class Correlation, Inter- and Intra- Class
Distances, Laplasian Score, Representation Entropy and
the Inconsistent Example Pair measure [4]. We should
also emphasize that in the framework of this approach the
information about classifier performance and a learning
algorithm is ignored totally, therefore, feature selection
procedures based on the filter scheme might be effectively
used in combination with an ensemble of diverse classifi-
ers, which is quite reasonable in such a case when we do
not know one particular reliable and effective model.

The two-criterion model, which we propose using,
contains the Intra-class distance (IA) and the Inter-class
distance (IE) as optimized criteria:

1 && , .
IA:;ZZd(pj,pr)amm, )
r=1 j=1
k
IE :land(p,,p) — max, 2
nI:1

where p; is the j-th example from the r-th class; p is the

central example of the dataset; d(..., ...) denotes the

Euclidian distance; p, and n, represent the central exam-
ple and the number of examples in the r-th class.

To define possible solutions, we suggest applying a
MOGA which operates with binary strings, where unit
and zero correspond to a relevant attribute and an irrele-
vant one respectively. In contrast to one-criterion GAs,
the outcome of MOGAs is a set of non-dominated points
which form the Pareto set approximation. Non-dominated
candidate-solutions cannot be preferred to each other and,
taking into account this fact, we propose a way to derive
the final solution based on all the points from the Pareto
set (fig. 1).

In the experiments the sample should be divided into
the training and test parts. It is assumed that the outcome
of a MOGA, which is executed on the training examples,
is N binary strings (the set of non-dominated solutions).
Each chromosome should be decoded into reduced data-
bases (training and test parts), according to the rule: if
a gene is equal to ‘0’ then eliminate the corresponding
attribute, and if a gene is equal to ‘1’ then include the
respective feature in the reduced database. In short, we
obtain N different sets of features and train N various
classifiers based on this data. For each test example the
engaged models vote for different classes according to
their own predictions. The final decision is defined as
a collective choice based on the majority rule.

Taking into consideration the predictions of several
classifiers is a good alternative to choosing one particular
solution from the set of non-dominated points. In fact,
candidates, which demonstrate high effectiveness on the
training data, might often be the worst on the test data.
Therefore, to avoid such cases, we use the scheme de-
scribed.
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Fig. 1. The general scheme of the approach proposed

In most cases the quality of the final solution, found
with a MOGA, depends on the algorithm settings. For the
problem considered the effectiveness of different heuris-
tics might vary significantly. Therefore, in this study we
apply a number of MOGAs which are based on diverse
heuristic mechanisms. Moreover, we are also trying to
improve the performance of conventional MOGAs by
implementing their cooperative modifications. The next
section provides a concise description of the algorithms
used.

Multi-objective genetic algorithms and their coop-
erative modifications. The common scheme of any
MOGA includes the same steps as any conventional one-
criterion GA:

Generate the initial population
Evaluate criteria values
While (stop-criterion!=true), do:
{Estimate fitness-values;
Choose the most appropriate individuals with
the mating selection operator based on their
fitness-values;
Produce new candidate solutions with
recombination;
Modify the obtained individuals with mutation;
Evaluate criteria values for new candidate
solutions;
Compose the new population (environmental
selection);

}
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Designing a MOGA, researchers are faced with some
issues which are related to fitness assignment strategies,
diversity preservation techniques and ways of elitism im-
plementation. Therefore, in this paper we investigate the
effectiveness of MOGAs, which are based on various
heuristics, from the perspective of the feature selection
procedure. Non-Sorting Genetic Algorithm Il (NSGA-1I)
[5], Preference-Inspired Co-Evolutionary Algorithm with
goal vectors (PICEA-g) [6] and Strength Pareto Evolu-
tionary Algorithm 2 (SPEA2) [7] are used as tools to op-
timize the introduced criteria (1), (2). In tab. 1 there are
the basic features of each method.

However, it is almost impossible to know in advance
which algorithm is the most effective for the current prob-
lem. On the one hand, a series of experiments might be
conducted to find the best MOGA, which is quite a time-
consuming way. On the other hand, different algorithms
might be combined in a cooperation to avoid the choice of
the most effective one. Actually, this kind of modification
is easily implemented based on an island model.

The island model [8] of a GA implies the parallel work
of several algorithms: they might be the same or different.
The initial number of individuals M is spread across L
subpopulations: M; = M/L,i =1, ..., L. At each T-th gen-
eration algorithms exchange the best solutions (migration).
There are two parameters: migration size, the number of
candidates for migration, and migration interval, the num-
ber of generations between migrations. It is also necessary
to define the island model topology, in other words, the
scheme of migration. We use the fully connected topology
that means each island shares its best solutions with all
other islands included in the model. This multi-agent
model is expected to preserve a higher level of genetic
diversity.
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Table 1
Basic features of the MOGA used

MOGA Fitness Assignment Diversity Preservation Elitism

Pareto-dominance (niching mechanism) and . . Combination of the previous popu-
NSGA-IL diversity estimation (crowding distance) Crowding distance lation and the offspring

. . . . The archive set and combination

PICEA-g Pareto-dominance (with generating goal vec- Nearest neighbour tech- of the previous population and the

tors) nique .

offspring
Pareto-dominance (niching mechanism) and .
SPEA2 density estimation (the distance to the k-th II:Iie:zr:st neighbour  tech- The archive set
nearest neighbour in the objective space) d

Firstly, conventional NSGA-II, PICEA-g, and SPEA2
have been implemented to be used as optimizers in the
feature selection procedure.

Secondly, we have achieved a number of homogeneous
cooperative algorithms: in each case the island model has
the same three components: they are NSGA-II, PICEA-g
or SPEA2. In addition to diversity preservation, another
benefit of this model is the possibility to reduce the com-
putational time due to the parallel work of islands.

Finally, a heterogeneous cooperative algorithm has
been developed. Three different MOGAs (NSGA-II,
PICEA-g and SPEA?2) have been included in this model as
its components at once. The benefits of the particular algo-
rithm (NSGA-II, PICEA-g or SPEA2) could be advanta-
geous at different stages of optimization [9].

To sum up, there are three main categories of MOGAs
which are used in this study and they are portrayed in fig. 2.

Speech-based emotion recognition and corpora de-
scription. One of the obvious ways to improve the intel-
lectual abilities of spoken dialogue systems is related to
their personalization. While communicating, machines
should perceive the qualities of the user (as people usually
do) such as age, gender and emotions to adapt their an-
swers for the particular speaker.

In this paper we consider one particular aspect of the
personalization process that is speech-based emotion rec-
ognition. Generally, any approach used to solve this rec-
ognition problem consists of three main stages.

At first, it is necessary to extract acoustic characteris-
tics from the collected utterances. At the “INTERSPEECH
2009 Emotion Challenge” an appropriate set of acoustic
characteristics representing any speech signals was intro-
duced. This set of features includes attributes such
as power, mean, root mean square, jitter, shimmer, 12
MFCCs and 5 formants. The mean, minimum, maximum,
range and deviation of the following features are also
used: pitch, intensity and harmonicity. The number of
characteristics is 384. To get the conventional feature set
introduced at INTERSPEECH 2009, the Praat [10] or
OpenSMILE [11] systems might be used. Secondly, all
extracted attributes or the most relevant of them should be
involved in the supervised learning process to adjust
a classifier. At the final stage, the signal that has to be ana-
lysed is transformed into an unlabelled feature vector (also
with the usage of the Praat or OpenSMILE systems) and
then the trained classification model receives it as the input
data to make a prediction.
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In the study a number of multilingual speech data-
bases have been used and here we provide their brief
description.

The Emo-DB emotional database (German) [12] was
recorded at the Technical University of Berlin and con-
sists of labelled emotional German utterances which were
spoken by 10 actors (5 female). Each utterance has one of
the following emotional labels: neutral, anger, fear, joy,
sadness, boredom or disgust.

The SAVEE (Surrey Audio-Visual Expressed Emo-
tion) corpus (English) [13] was recorded as a part of an
investigation into audio-visual emotion classification
from four native English male speakers. The emotional
label for each utterance is one of the standard set of emo-
tions (anger, disgust, fear, happiness, sadness, surprise
and neutral).

The UUDB (The Utsunomiya University Spoken Dia-
logue Database for Paralinguistic Information Studies)
database (Japanese) [14] consists of spontaneous Japanese
human-human speech. The task-oriented dialogue pro-
duced by seven pairs of speakers (12 female) resulted
in 4.737 utterances in total. Emotional labels for each
utterance were created by three annotators on a five-
dimensional emotional basis (interest, credibility, domi-
nance, arousal and pleasantness). For this work, only the
pleasantness and arousal axes are used. The correspond-
ing quadrant (anticlockwise, starting in the positive quad-
rant, and assuming arousal as abscissa) can also be as-
signed emotional labels: happy-exciting, angry-anxious,
sad-bored and relaxed-serene.

There is a statistical description of the used corpora
in tab. 2.

Performance assessment. The effectiveness of the
proposed feature selection technique was estimated
in combination with three classification models [15]:

1. Support Vector Machine (SMO). To design a hy-
perplane separating sets of examples Sequential Minimal
Optimization (SMO) is used for solving the large scale
quadratic programming problem.

2. Multilayer Perceptron (MLP). A feedforward
neural network with one hidden layer is trained with the
error backpropagation algorithm (BP).

3. Linear Logistic Regression (Logit). This linear
model describes the relationship between labels and inde-
pendent variables using probability scores.
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Table 2
Statistical description of the used corpora
File level durati
Database Language Full lgngth Numb.er e eve: curation Notes
(min) of emotions Mean (sec) Std. (sec)

Emo-DB German 24.7 7 2.7 1.02 Acted
SAVEE English 30.7 7 3.8 1.07 Acted
UUDB Japanese 113.4 4 1.4 1.7 Non-acted

In all experiments the F-score metric [16] was as-
sessed to compare the quality of classification (the more
effective the classifier used, the higher F-score value ob-
tained). To derive more statistically significant results, the
6-fold cross-validation procedure was implemented for
each database.

Firstly, all these classifiers were applied without any
feature selection procedure at all. We obtained their pre-
dictions separately to assess the F-score value for each
model. Then these classifiers were included in the ensem-
ble of models and the final prediction was formed based
on the majority rule.

Secondly, conventional MOGAs were engaged for
feature selection. All algorithms were provided with the
same amount of resources (90 generations and 150 indi-
viduals in populations). For each MOGA the following
settings were defined: binary tournament selection,
uniform recombination and the mutation probability
pm = 1/n, where n is the length of the chromosome. In the
final set of non-dominated points we had 30 binary
strings. After the feature selection stage all of the classifi-
ers mentioned above and their ensembles were applied.

In this paper we do not compare the proposed feature
selection technique with some conventional methods be-
cause the main purpose is to accomplish the thorough
investigation of MOGAs and their cooperative modifica-
tions as optimizers in the framework of the discussed ap-
proach. Some results related to the comparison with a
number of conventional feature selection techniques
might be found in [2].
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Then, in the next experiments we used cooperative
modifications of MOGAs to select informative features.
We applied three homogeneous algorithms (NSGA-II —
NSGA-II — NSGA-II; PICEA-g — PICEA-g — PICEA-g;
SPEA2 — SPEA2 — SPEA2) and the heterogeneous one
(NSGA-II — PICEA-g — SPEA2). For each MOGA all is-
lands had an equal amount of resources (90 generations
and 150/3 = 50 individuals in populations), the migration
size was equal to 10 (in total each island got 20 points
from two others), and the migration interval was equal
to 10 generations. The genetic operators were the same
as in the previous experiment.

The results obtained are presented below in the dia-
grams (fig. 3-5).

Firstly, these diagrams demonstrate that on full data-
sets the most effective classifiers for EMO-DB, SAVEE
and UUDB are not the same (when they are applied sepa-
rately). Moreover, we may find that the ensemble of clas-
sifiers (SMO, MLP, and LOGIT) outperforms any of
these models for all of the corpora. Therefore, the prob-
lem of choosing the most effective model might be solved
with the application of classifier ensembles.

Predominantly for EMO-DB and SAVEE the usage
of MOGAs for selecting informative features leads to an
improvement in F-score values. For UUDB in some cases
we may observe a minor decrease in this metric, but it is
not statistically significant (a t-test with a significance
level p = 0.05).
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Fig. 3. The experimental results for the EMO-DB database
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Fig. 4. The experimental results for the SAVEE database
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Fig. 5. The experimental results for the UUDB database

Talking about various categories of MOGAs (conven-
tional, homogeneous and heterogeneous), we may note:

— for different corpora various combinations of clas-
sifiers (SMO, MLP, LOGIT) and conventional MOGAs
are the best;

— the homogeneous modification of a MOGA often
demonstrates worse results in terms of F-score in com-
parison with the same conventional MOGA. However,
due to the parallel structure, these algorithms require less
time spent on their execution. On average, for all of the
corpora time costs for feature selection are decreased
roughly by a factor of 2.55 (the additional time is spent on
the migration process);

— the heterogeneous MOGA might be effectively
used in combination with the ensemble of classifiers,
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which allows us to avoid the choice of the most effective
MOGA and the best classification model for the problem
considered. For each corpus we compared the F-score
value achieved by the heterogeneous MOGA and the en-
semble of classifiers with the best value of this metric
obtained with any MOGA and any classifier. As a result,
we revealed that this difference is not significant statisti-
cally (a t-test with a significance level p = 0.05).

Generally, for diverse MOGAs the average number of
selected features in the reduced databases varies: for
EMO-DB from 159.5 to 180.9, for SAVEE from 162.0 to
186.1, for UUDB from 139.1 to 167.5 (initially there are
384 features).

Conclusion. Based on the results obtained, we may
conclude that the proposed feature selection technique is
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an effective alternative to the conventional PCA because
in most cases the application of any MOGA leads to an
improvement in the classifier performance and a signifi-
cant dimensionality reduction.

We investigated the effectiveness of different MOGAs
and their modifications in the framework of the approach
presented and found that it was reasonable to use the het-
erogencous MOGA and the ensemble of classifiers to
eliminate the choice of the most effective heuristic algo-
rithm and the best model without detriment to the classifi-
cation quality.

In comparison with conventional MOGAs, homoge-
neous modifications are often preferable only in the sense
of time costs, whereas the heterogeneous one shows high
F-score values, especially in combination with the ensem-
ble of classifiers.

Finally, the promising results prove that the proposed
algorithmic scheme might be applied to solve some other
problems related to the speech-based recognition of hu-
man qualities such as gender or speaker identification.
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JAACTAHIHMOHHOE 30HANPOBAHUE B PELIEHUH
IKOJOI'NMYECKHUX IMTPOBJIEM JIECHOU PEKYJIbTUBALIN
HA YI'OJIBHBIX KAPBEPAX CUBUPU

H. B. 3eHbk0B

Cubupckuii rocy1apcTBEHHBI a9pOKOCMHUYECKUI yHUBEPCUTET UMEHH akaaemuka M. @. PemernéBa
Poccwuiickas @enepaunst, 660037, r. KpacHosipck, npocrr. uM. ra3. «KpacHosipckuit pabounii», 31
CrenyanbHOe KOHCTPYKTOPCKO-TeXHonorudeckoe 6ropo «Hayka»

Poccuiickas denepanus, 660049, r. Kpacnospck, npocn. Mupa, 53
E-mail: zenkoviv@mail.ru

Ha meppumopuu Kpacnosapckoeo kpas u Hpxymckoii obnacmu ¢ Poccuu npousgooumes 000b14a yeisi OmKpulimbim
cnocobom. B smux pecuonax na smauumenvuou niowadu oeticmeyrom 13 KpynHwix yeonbHbix Kapbepos. OmKpvimyle
20pHbIe pabombl HAHOCAM 3HAYUMETbHDLU YPOH OKpYdcaioweli npupooHoll cpede. Boccmanosnenue sxonocuu 6 mecmax
000b14U yersi NPOU3BO0AM Nymem Npou3soocmea pabom no pekyibmusayuu HapyuleHHvlx 3emens. 1Iposooums KoH-
MpOTb 3a USMEHEHUEM COCTOAHUSA NPUPOOHBIX TAHOWADMO8 8 Mecmax 000bIHU Y2l MOHCHO OOCMAMOYHO I pexmus-
HO ¢ UCNONb308aHUEM CPeOCmE OUCTNAHYUOHHO20 30HOUposanus 3emnu. Ilo pezynbmamam OUCMAHYUOHHO2O 30HOUPO-
8aHUA YCINAHOBIEHbL 00N208PEMEHHbIE MPEHObL 8 MPAHCHOPMAYUU TOKATLHBIX IKOCUCEM HA OMPADOMAHHBIX YUaACH-
kax Hpwa-bopoounckozo u Aseiickoeo yeonvhvix mecmopodcoenuii. [lonyuennvie pe3yiomamul 2060pam 0 MOM, Yo
UcKyccmeentbvle 1eConocaoku 8 Xooe NecHoll peKyIbmusayuy NOCIMeneHHo nepexo0am 6 Kame2opuio CMewanHo2o aecd,
8 opMuUpOBaHUU KOMOPO2O NpuHUMaiom yuacmue 6epeza, manvHuxk u op. Ilpedcmasnenvl pe3ynbmamsl 1eCHOU pe-
KYIbmMusayuy Ha NOPOOHbIX 0meanax, oopazoeantuvix npu ompabomxe Hpuia-bopoounckoeo u Azeiickozo 6ypoyeons-
HbIX Mecmopodicoerull. Ha udeanvHo cnaanuposanHbix NOBEPXHOCHAX NOPOOHBIX OMEAN08 NPOUCXOOUM 00pa306aHue
08pazo8, KOMopwvle Npu PacuupeHull Ux pasmepos YacmuiHO YHUUIMONCAIOM pe3yIbmamyl pabom no NecHoll peKyibimu-
sayuu. C ucnonv3osanuem pe3yromamos OUCMAHYUOHHO20 30HOUPOBAHUSA UCCIEO08AHbBL 8000COOPHbBIE NIOWAOU 0bpa-
308aHHBIX OEUCBYIOUWUX 08PA208, A MAKICE YCMAHOBNEHbl HaubOIee 6cmpedarwuecs ceomempuyeckue Qopmvl 06pa-
208 6 nnane. B yenom pesyivmamuvl OUCMAHYUOHHO20 30HOUPOBAHUS U NOAEEbIX UCCIeO08AHUTI 208OPAN O MOM, YO
cumyayus ¢ 1ecHoll peKyIbmusayuel 8 Uccieoyemvlx paonax 6 yeaom 61a2onpuamHasn u A6is1emcs coOanancupo8anHoll
6 niame opMuposanus 1eCHbIX IKOCUCEM HA OMPADOMAHHBIX MEPPUMOPUAX Y2ONbHBIX MeCmopodcoenuil. Bumecme
¢ mem 6 X00e 20pHO-IKON02UHECKO20 MOHUMOPUHSA OMMeYeHa HeONaeonPUAMHAA CUMYayus, CéA3AHHAsA ¢ 8030elicm-
8uUeM 600HOL IPO3UU HA peNbeqh Y4ACmKO8 ¢ JIeCOHACANCOSHUAMU, YMO 8 Umoze npUsoOUn K 00pazo8anuio 08pa#CHo-
OANOUHBIX CUCEM C NOCMOSHHO PACUUPSIOUUMUCS PAZMEPAMU.

Kniouegvie crnosa: omkpeimoeie 2oprvie pabompl, NOPoOHbIE OMBANbL, JIECHAS PEKYIbMUBAYUS, OUCAHYUOHHOE 30H-
Oouposanue 3emnu, IKoI02UYeCKUe NOKA3AMENl, Y2oibHble paspessl, hopmuposanue 08pazos.
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REMOTE SENSING IN THE DECISION OF ENVIRONMENTAL PROBLEMS
OF FOREST REMEDIATION AT COAL STRIP MINES IN SIBERIA

1. V. Zenkov

Reshetnev Siberian State Aerospace University
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
Special Designing and Technological Bureau “Nauka”
53, Mira Av., Krasnoyarsk, 660049, Russian Federation
E-mail: zenkoviv@mail.ru

On the territory of Krasnoyarsk region and Irkutsk region in Russia the extraction of coal by opencast methods is
produced. In these regions there are 13 large coal pits. Open-pit mining causes significant damage to the environment.
Ecological restoration in areas of coal pit is produced through the production of work on recultivation of disturbed
lands. Carrying out monitoring of the changing state of natural landscapes in areas of coal mining can be quite
effective with the use of remote sensing of the Earth. According to the results of remote sensing, long-term trends in the
transformation of local ecosystems on the waste sections of the Irsha-Borodino and Azejskiy coal deposits have been
built. The results show that the artificial forest plantations in the forestry reclamation gradually pass into the category
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of mixed forest with birches, willows, etc. The paper presents the results of forest reclamation on spoil piles formed
during the mining of the Irsha-Borodino lignite and Azejskiy coal deposits. On the perfectly-planned surfaces of spoil
dumps, the formation of gullies partially destroys the results of work on forest reclamation. With the use of remote-
sensing results, catchment of educated, active gullies are investigated, the most common geometric shape of the ravines
in the plan is observed. Overall, the results of remote sensing and field studies suggest that the situation with forest
intensive reclamation in the studied areas is generally favorable and is balanced in shaping forest ecosystems at
abandoned areas of coal deposits. However, in the course of mining-ecological monitoring untoward conditions
involving the water erosion on the relief areas with forestation have been marked, which ultimately leads to the
formation of gully systems, with ever-expanding dimensions.

Keywords: open pit mining, waste dumps, forest reclamation, remote sensing, environmental performance, coal

mines, forming ravines.

Beenenune. Hamu mccienoBanus BBITOJIHEHB B COOT-
BETCTBUH C OCHOBHBIMH TTOJIOXKEHUSIMU TOCYAApPCTBCHHON
monuTHKH Poccuiickoit denepanyu B 00JIaCTH KOCMHYeE-
CKOM nesitenpbHOCTH Ha mepuon 0 2030 r. u JanbHEeHIIyo
MEepCIEeKTUBY, yTBepkaeHHbIMU IIpe3sunentom Poccuii-
ckoit @eneparum ot 19 anpenst 2013 1., Ne IIp-906. Cre-
Jysl peallu3alii U PECypCHOMY 00ECIEUCHUI0 MEPOIIPHSI-
tuil I'ocnporpammel «Kocmuueckast aesrenbHocTs Poc-
cuu Ha 2013-2020 ronpl», ompenessioniel Cnoib30Ba-
HUE KOCMHUYECKHX CPEJCTB AWCTAHIIMOHHOTO 30HIAMPOBa-
HUsL 3eMJIM B 3KOJIOTHYECKOM MOHHMTOPHHIE, a TaKXke
B COOTBETCTBHU ¢ ['ocynmapcTBeHHON mporpammoit Poc-
cuiickoil @enepanun «Pa3BUTUE JECHOTO XO35MCTBA Ha
2013-2020 rogs», B paMKax OCHOBHOTO MEPOIPUSITHS 110
JIECOBOCCTAHOBJICHHIO ~ TIPEJIIONAraeTcss BCECTOPOHHEE
COZICUCTBUE €CTECTBEHHOMY BOCCTAHOBJICHHIO JIECOB,
a TaKKe JIECCHOW PEeKyIbTHBALUM HA JAErpaJidpOBaHHbIX
TEPPUTOPHUAX, B TOM YHUCIIE U MOCIE 3aBEPUICHHUS OTKPbI-
TBIX TOPHBIX paboT MpH pa3paboTKe MECTOPOXKICHUH pa3-
JIMYHBIX TTOJIE3HBIX HCKOTIAeMBbIX.

B nacrosiee Bpemsa KpacHospckuii kpait u Mpkyt-
CKast 00JacTh SIBJIAIOTCSI PErHOHAaMM CO 3HAYUTENBHOMN
TEXHOT'€HHOM Harpy3Koi, ¥ K TOMY K€ MM IPHHAUICKHUT
ocobast posib JUICPOB B SKOHOMHYECKOM pa3BUTHH Pd.
Ha nam B3misia, 3TUM TEPPUTOPHAM JOJDKEH OBITh OTIAAH
MIPUOPHUTET B pa3paboTKe MPOMBIIUICHHBIX TEXHOJIOTHUH,
HalpaBJICHHBIX HA CHIDKCHHE TEXHOTCHHON HArpy3KH Ha
OKpYXKaIolIyl0 NpUpoJHYyIo cpeny. Ha Tepputopun 3THX
PETHOHOB pa3MeIleHbl 13 yroNbHBIX KapbhepoB.

BoccTaHoB/leHHe TOPHONPOMBILIIEHHBIX JIAH/-
madToB Ha yroJbHBIX Kapbepax. Crienuanucram B 00-
JIACTH SKOJIOTUM TOPHOTO THPOU3BOJCTBA TPYIBl POCCHMA-
CKHMX YYEHBIX JIOCTaTOYHO HM3BECTHBI, U OCTAHABIMBATHCS
Ha 0030pe 3THX TPYAOB HE UMeeT cMbIcia. Jlpyroe aeno —
TPyZIbl 3apyOeKHBIX HCCIIeoBaTeNeH-9K0IoroB. Pemenns
AKTyaJIbHBIX SKOJOTUIECKUX MPoOIIeM B 00JIaCTH COXpaHe-
HUS OMOpa3sHOOOpa3ws, PEKYIBTHBAIIMKA TOPHOIIPOMBIII-
JICHHBIX JaHMMAa(TOB MpPH BEICHHHM OTKPBITBIX TOPHBIX
paboT comepxaTcs B MHOTOYMCIICHHBIX HAy4HBIX TpyAax
3apyOexHbIx uccienonarencii [1-23]. Taxke uMeroTCs
TPyAbl B OOJIACTH peEIICHUS DKOJOTHYECKUX TMpolieM
C HCHOJIb30BaHUEM CPEJICTB AWCTAHLHOHHOTO 30HIMPOBa-
nusg 3emmu [24-27]. Ho, HecMOTpst Ha OoubIION 00BEM
Hay4YHbIX pPadoT, MO-TIPEKHEMY CYILIECTBYIOT pPE3epBBI
B TOBBIIICHUM SKOJOTH3AIMN OTKPBITHIX TOPHBIX pPadoT
IIPU pa3pabOTKE YTOJBHBIX MECTOPOXKACHHI Ha TEPPHUTO-
pun LenTpansroit 1 Boctounoii Cnbupw, a UMEHHO, 110 CHX
IOp HE pEUIeHBl JKOJOTHYECKUE IPOOJIEMBI B JIECHOM
PEKyIBTUBALIN.
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B Poccuiickoit ®denepanii OCHOBHBIE MOIIHOCTU
M0 A00BIYe YIS OTKPBITHIM CIIOCOOOM COCPEIOTOYCHBI
B permonax Cubmpu. B Kyzbacce exeromHo moObIBaroT
150 MutH T YT7I Ha YTONBHBIX pa3pe3ax Pa3iIndHoi MOI-
Hoctu (ot 0,5 10 10 mutH T B roj). B KpacHosipckom kpae
€JIMHUYHASI MOIIHOCTh pa3pe3oB u3mensiercst ot 200 ThIC. T
no 17 maa T B roa. B UpkyTckoii o6mactu B ABYX paii-
OHax BOMU3U ropoaoB TynyH u UepeMXOBO pacIoioxkKe-
HBI KPYIIHBIE YTOJBbHBIE Pa3pe3bl CyMMapHOH MOIIHOCTBIO
no no6erae yras 12,0 maa 1. B 3aBUCHMOCTH OT rOpHO-
TEOJIOTHYECKUX YCIOBHH 3aJIeTaHHsl YTOJIBHBIX IIJIaCTOB
OTBJIBI BCKPBIIIHEIX ITOPOJ] Pa3MEIIAIOT Kak B BBIpa0do-
TAHHOM HPOCTPAHCTBE Kapbepa, TaK M 3a IpeleslaMu
KaphepHOH BEIEMKH. B mr060M cirydae Ha oTBajaX IMpoBO-
JIT PeKyIbTUBANNIO, NCXOS U3 YCIOBUH MPEABAPUTEID-
HbIX JOTOBOPEHHOCTEH C aJMHUHUCTpAIUSIMU PpPailiOHOB,
Ha YbMX TEPPUTOPUAX MIPOU3BOAUTCSA pa3paboTKa MECTO-
POXKICHUS YIS

K HacrosimeMy BpeMEHM Ha YrOJBHBIX pa3pe3ax
HaKOIUIEH OOJNBIION ONBIT B pealu3alud  Pa3IMYHBIX
HanpaBjCHUH pPEKyJbTUBAIIMM HApPYLICHHBIX 3€MEJb.
Hecmotpst Ha mMeromuecs MOJOKHUTENBHBIE PE3yJIbTaThI
B 3TOH 00JaCTH, B JIECHOH PEKYJIbTHBALUH HUMEET MECTO
Pl DKOJOTMYECKHX MpoOJieM, KOTOpble HEoOXO0anMO
CBOEBPEMEHHO pEIIaTh, HCIIOIB3YS ITONyYCHHBIH OTIBIT.
IIpu BBIOOpE OOBEKTOB WCCIEAOBAHHUS HCIOIH30BAHBI
CJIEAYIONINE KPUTEPHH: BO3PACT pas3pesa, IUIOIMaab Hapy-
IIEHHBIX 3€Mellb, TPOU3BOJICTBO PAOOT IO JIECHOH PEKYIIb-
TUBAIlUHU. B 91011 CcBA3M MBI OCTAHOBWJIMChH Ha JBYX TEP-
PUTOPHSAX OTPaOOTaHHBIX OYpPOYrOJBHBIX MECTOPOXK]IE-
Huii: Mpma-bopoanHckoe (yronbHblii paspe3 «bopoxns-
ckuit», KpacHosipckuii kpail) u Azelickoe OypoyrojibHOe
MecTopoxeHue (Bocrounee T. TymnyHa, MpkyTckas o0i.,
yronbHbIe paspesbl « TyiyHCKHi» 1 «Aselickui) (puc. 1, 2).

Hapymenus 3eMHOW NMOBEPXHOCTH Ha HCCIEIYyeMbIX
tepputopusix coctasmwin 4000 u 6527 ra COOTBETCTBEHHO
s paspe3a «bopommackmity (1949 1) M paspesor
«Tymyrackuit» (1946 1.) n «Aseiickuit» (1972 r.). B uc-
CJIEZIOBAHUSIX MBI HCIOJIB30BAIM PE3yNbTaThl AUCTAHIH-
OHHOT'O 30HAMPOBAHUS 3E€MIHM, ITOJyYCHHBIE B Pa3HOE
BpeMSl ¢ KOCMHYECKHUX JIeTaTeNbHBIX ammapaTtoB (1987—
2014 rr.), a TaKXKe pe3yIbTaThI MOJIEBBIX KCIIEIUIIHH.

OTMETHM TOPHO-T€0JIOTHYECKOE CTPOCHUE ITHX Me-
CTOPO’KIEHHI KaK MPOCTOE — TOPH30HTAIBHO 3alleraro-
M€ yroJbHBIC IUIACTHI C HE3HAYMTEIFHON MO0 MOITHOCTH
TOJIIEH BCKPBIIIHBIX HOPOA. DTO 0OCTOSTENHCTBO JIETIIO
B OCHOBY IIPHMEHEHUS OJTHOOOPTOBBIX CHCTEM Pa3padoT-
KI C TIEPEBAIKOI BCKPBIIIN HETTOCPEICTBEHHO B BBIpa0d0-
TAHHOE IIPOCTPAHCTBO Ha A3EHCKOM MECTOPOKACHUN
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1 C BBIBO3KOH BCKPBIIIN C MCHOJIB30BAaHUEM JKEJIE3HOJIO-
poxHoro TpaHcrnopra Ha Hpmra-Boponunckom mecropo-
XKICHUU. YTOJBHBIEC IUIACTBI OTPAOATHIBAIOT POTOPHBIMHU
(BP-1250, DPII-2500) 1 OTHOKOBIIOBEIMU SKCKaBaTOpa-
mu OKI-4y ¢ morpyskoil mx B 3a00€ B KEIIE3HOIOPOXK-
HbII TpaHcnopT. IIpon3BoACTBEHHAss MOIIHOCTbL pa3pesa
OIIpeZIeTIsIETCSl PHIHOYHBIM CIIPOCOM Ha yroib. B xoxe
otpabotku Mectopoxkaeruii ¢ 1970 r. mo 2014 rr. mposo-
JMJIM KOMIUIEKC paboT MO CelnbCKOXO3SWCTBEHHOH, BOJ-
HoW (0oOycrpoiicTBO OeperoB Bojgoema Ha A3zelcKoM
MECTOPOXKJICHNH) U JIECHOH PEeKYJIbTHBALIH.

PaboTsl 10 JIeCHOM peKyIbTHUBALMK Ha paspese «bopo-
nuHCcKui» npousBoauau ¢ 2000 roxa, u ¢ 1970 roma —
Ha paspesax «TymyHckuii» u «Aseiickuit». Ha Bcex pas-
pe3ax TakXKe MPOBOAWIN CEIbCKOXO3AHCTBEHHYIO pe-
KyJIPTHBAINIO, KOTOpast, KaK M3BECTHO, OKA3aJIach HE BOC-
TpeOOBAaHHOW CO CTOPOHBI MPEANPHUATHN arpompOMBIII-
JICHHOT'O KOMILJIEKCa.

)  —
Samewacn JecHbil pexy Ik

MACTI M BOCTOLOM COKTOPE BHYTPCHINX 110

B Hammx mccienoBaHusX TEPPUTOPHS OTPAOOTaHHBIX
MECTOPOXKJCHUH, TIe NMPOBOJAWINCH PadOTHI MO JICCHOU
PEKYJNBTHBAILMH, YCJIOBHO pa3TpaHUUYCHA CIIEAYFOLINM
obpazoM. Ha BHyTpeHHHX IOpPOAHBIX OTBaJax pas3pesa
«bOpOAMHCKMID BBIAENIEHBI 3allaHbIA CEKTOP, LICHTPaJIb-
Has 4acThb ¥ BOCTOYHBIN cexTop. Teppurtopust Azelckoro
MECTOPOXKJEHUsI BOCTOYHee I. TyidyHa Oblia yCIOBHO
pasziesieHa Ha TPU y4acTKa: IIEHTPAIbHbIH CEKTOp C MaK-
CUMaJIbHOM IUIOIIA/IbI0 — HAXOAUTCS BocTo4Hee T. Tymy-
Ha, CeBepHasl MyJIbla C TpPeMs BbE3IHBIMH TPaHIIESIMU
W Y4aCTOK COBPEMEHHBIX TOPHBIX PadoT.

Ha paspese «bopoauHCckuil» miomagu Mox JECHOU
peKyIbTUBanuel (TOPU30HTANBHBIC YYACTKH) COCTABHIIN
113, 55 n 30 ra Ha TEepPUTOPHH 3aIIaTHOTO CEKTOpa,
B IEHTPAJIBHON YaCTH M BOCTOYHOM CEKTOpPE BHYTPEHHHX
OTBAJIOB COOTBETCTBEHHO. KpoMe TOro, BhICaXKEHBI TOIO-
Js1 ¥ KJIEHBl Ha OTKOcax OTBaJoB Ha Iuiomanu 1,1 ra.

a/iHoM celcrope, W e paiisnaii
O IHLIX OTEADDE

Puc. 1. YuacTku necHOH peKynbTUBALUYU HA IIOPOJHBIX OTBAJIAX
YTOJIBHOTO pa3spesa «bopoauHcKuiny

Crpepiiam Ay,

TR painki
CCKTOR

Conpescinne
ropinie palorhl

Puc. 2. ®parMeHT KOCMUYECKOTO CHUMKA TEPPUTOPUH Pa3pabOTKU OTKPHITHIM
criocoboM Aseiickoro GypoyroibsHoro Mectopoxaenus (Mpkyrckas o6nacts, PD)

Puc. 3. ®parmeHTsI IECHOM PEeKyJIbTHBALINH Ha pa3pe3e «bopoanHCKuin»



Mamemamuxa, mexanuxa, ungpopmamuxa

Ha paspese «bopoauHCKuii» MpakTHYECKH MTOBCEME-
CTHO OTMEYEHA CHUTYallMs Iepexo/ia HCKyCCTBEHHO Ioca-
JKEHHOTO COCHOBOTO Jieca B CMeIIaHHEIH Jec. B ¢opmu-
POBaHUU TIOCIICAHETO AKTHBHO NMPHUHUMAIOT ydacThe Oe-
pe3a, obnenrxa, TaIbHIK (BepOa), 9T0 OTMEUCHO Ha puc. 3.
[To nammM uccnepoBanwsM k 2015 r. mpumepro 60 %
(118 ra) mmomaan y4acTKOB C JIECHOM PEKyJIbTHUBAIHEH
TepelUIn B KaTETOPUIO «CMEIIAaHHbIN Jiec». B u3menenuu
IUTONIA/T! YYaCTKOB, HAa KOTOPBIX MPOM3pPAcTaeT CMEIIaH-
HBIH JIeC, OTMEYEH BO3PACTAIOIINI TPEH, T. €. €XKEroIHO
yIeNBHBII BEC CMENIaHHOro Jieca Ha IUIOMIAAN BCEX yda-
CTKOB C MCKYCCTBEHHBIMH I10CAJJKaMU COCHBI YBEIIMUHBaA-
eTcs, a IUIoNagb YUCTOTO COCHOBOTO Jieca, HaoOOpOT,
COKpaIaeTcsl.

B menTpampHOM cekTope oTpaboTaHHOTO A3eHCKOro
MECTOPOXKICHHS HAa TOPHU3OHTAIBHBIX Y4YacTKax B XOJe
JIECHOM pEKyJIbTUBALMM BBICA)KUBAJIU COCHbl. MMEHHO
B 3TOM CEKTOpE HAXOIATCA MCKYCCTBEHHBIE YHCTBIE COC-
HOBBIE OOpHI B Bo3pacte 18-20 (u Gonee) et 6e3 3aceie-
HUS WX TPEACTaBUTEISIMH JIMCTBEHHOTO Jieca 3TOTO Ieo-
rpaduveckoro paiioHa — 6epe3bl, OCUHBI U T. II. (puc. 4).

a)

Puc. 4. ®parmMeHTsI JIeCHOW pacTUTEIBHOCTH Ha MOPOJI-
HBIX OTBajJlaX OTPaOOTAaHHOW 4YacTH A3EHCKOro yroib-
HOTO MECTOPOX/ECHHUs B LIEHTPAILHOM CEKTOpe: a — ec-
TECTBEHHOE 3aCEJICHHE CMEIIaHHBIM JIECOM; 6 — JIeCHas
PeKyIbpTUBANHS (COCHOBBIH 60p)

Ha puc. 4, a cmemanHslii Jilec popMupyeTcs 3a cyer
MIepeHoca CeMsIH JIePEBbEB, CHAOKEHHBIX KPBUIOM — JIUCT-
BEHHHIA, Oepe3a, ocuHa, cocHa u 1p. [lociennue sSBIIOT-
Csl TUOWYHBIMU MPEACTABUTEISIMUA CMELIAHHBIX JIECOB,
HaXOJSIINXCS BOJIHM3HM TOPOJHBIX OTBAJIOB W BHE 30HBI
BEJICHUS TOpHBIX pabor. ['ycroTa jecHOro moxpoBa sB-
JISIeTCs BIIOJIHE a/IeKBATHOW €CTECTBEHHOMY 3apacTaHUIO.
CocHoBblii 00p 0€3 3aceeHust ero NPeICTaBUTEISIMU JIH-
CTBEHHOIO JIeCa Ha CETrOJHSIIHUI JeHb MMEEeT ABa SIBHO
BBIDOKEHHBIX spyca: BepXHUM (NEepBBIA) — B3pocias
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COCHA W XOpOUIO Pa3BUTHIA HIDKHWH, YETBEPTHIH, PacTH-
TENBHEIN spyc (puc. 4, 6).

Ha teppuropun ceBepHOW MyJbAbl B XOJA€ JIECHOM
PEKYIBTHBALMH OBIIH BBICAXKEHBI MOJIOABIE COCHBI, KOTO-
peie B OONBIIMHCTBE CBOEM MOTHONHA. DTO MPOU3OILIO,
Ha Hall B3IV, O IPUYMHE BECEHHETO I0XkKapa, BO3HUK-
IIEro B pe3ysbTaTe MOAXKora cyxoi Tpasbl. CekTop Hmpo-
M3BOZACTBA TOPHBIX pabOT IPAaKTHYECKH HE 3aceleH pac-
TUTEJIBHOCTBIO, M 3TO BIOJHE HOPMAIBHO, MOCKOIBKY
BPEMEHHOW OTpe30K aisl (OPMHUPOBAHUS yCTOWYHMBOU
JKOCHUCTEMBI BechbMa Maj. BMmecre ¢ TeM B BOCTOYHOMU
YacTH CBEXKEOTCHIITAHHBIX MOPOAHBIX OTBAJIOB B MEIIKHX
CKIafKax penbeda HAOIIONAECTCS IOCEJICHHE JIPEBECHO-
KyCTapHHKOBOW pacTUTEIbHOCTH.

Pe3yabTaThl THCTAHIMOHHOTO 30HIHPOBAHHUS COCTOSI-
HHS JleCHOM peKyJbTHBauuM. Hamm KoJIeKTUBbI pas-
BUBAIOT HOBOE HAIPABJICHHE B T€OAKOJIOTUH TOPHOJO0bI-
Barouieil mpoMeblluieHHOCTH P® ¢ ucnosiab30BaHUEM pe-
3yJBTAaTOB TUCTAHIIMOHHOTO 30HANpOoBaHu 3emmu (/133).
B 3T0i1 CBSI3M MBI MPEICTaBUIIN BBIOOPOYHO PE3yJIbTATHI
00paboTKM KOCMOCHHUMKOB C (pparMeHTaMH OTpadaThl-
BaeMbIX MeCTOpokaeHuid. HeoOxoaumMo ObUIO MONTYyYUTH
pe3ynbTaThl paboT 110 OCHOBHBIM HAlPaBJICHUSIM PEKYJIb-
TUBAlMM: JWHAMHUKY IUIOIAJM HCKYCCTBEHHBIX JIECOHA-
CaKAECHHH, BO3MOXHOE (POPMUPOBAHUE CMELIAHHOTO Jieca
Ha TEPPUTOPHUM JIECHOW PEKyJbTUBAaLUMU U Jp. B crarbe
MBI TIPEJICTABWIN OTIPaBHYIO (HAdalo WCCIEIOBAHMUIA)
1 3aBEpPUIAIONIYI0 TOYKY B MOHHTOPHHIE C IPHMEHEHUEM
cpenct 1133 — 1987 u 2014 rr. (puc. 5).

Puc. 5. ®parmMeHThl KOCMOCHUMKOB
C BBIJICJICHUEM BUJI0B DKOCHUCTEMBI:
a,6—B81987r.;6,2—82014T.

Ha puc. 5, 6, 2 COOTBETCTBYIOIIMMHU LIBETAMU U OTTEH-
KaM{ II0Ka3aHbl TOpPHBIC BBIPAOOTKH 0€3 3aceieHHs
UX PaCTUTEIBHOCTHIO, 3€PKAN0 TEXHOI€HHBIX BOJIOEMOB,
00pa3oBaHHBIX B CKJIQJIKaX HCKYCCTBEHHOro peibeda
(Bbe3aHBIE TpaHIIEH, OCTATOYHAsi KapbepHas BHIEMKA),
TPaBSIHUCTO-KyCTAPHUKOBAs PACTHTCIBHOCTh, CMEIIaH-
HBIH JIeC ¥ JIeCHast PEKyJIbTHBAIIUS.

HanbGonee 3¢dexTuBHO NecHasi peKyJIbTHBAIMS IPO-
BE/ICHA YTOJIbHBIMH pa3pe3aMy B IIEHTPAILHOM CEKTOpE.
Ha teppuropuu ceBepHoit Mympasl 10 1987 r. Haxommics
CMEIIaHHbII JieC, U Mocie ee 0TPabOTKU pa3pe3oM MpoBe-
JieHa Maod(ddeKxTrBHas JiecHas: peKyJbTuBanys. [lo cocros-
Huro Ha 2014 1. B3pocibie AepeBbs HE MPOCMATPUBAIOTCA,
K TOMY >K€ Ha 3HAUNTEIbHON IUIONIAIH COCHOBBIN O0p MiH



Becmuux Cubl’'AY. Tom 17, Ne 1

CMELIaHHBIH JIeC IPOCTO OTCYTCTBYET. B HacTosimiee Bpe-
Ms Ha TEpPUTOPUH MTOPOIHBIX OTBAJIOB CEBEPHOM MYJIbJIBI
MIPOM3pacTacT HEYNpPaBIIEMOE COOOMIECTBO — TPABSHU-
CTO-KyCTapHUKOBAasl pacTUTENbHOCTh. Ha Tteppuropun
y4acTka, T B HACTOSAIIES BPEMsI IMPOU3BOISITCSA OTKPHI-
Thle TOpHbIE PalOTHI, paHee IPOU3PACTAT CMeEIIaHHBINA
Jiec, KOTOphI ObUT mosnHOCThI0 yHHuToXkeH. K 2014 r.
MIOPOJHbIE OTBAJIBI CTOAT Oe3 pactuTensHocTH. Hamr mpo-
THO3 TI0 3TOMY y4YacTKy — HE0OX0JMM BPEMEHHON TIEpHO.T
nopsiaka 7—-10 JeT ays BOCCTAHOBJIEGHHUS JIECHOH IKOCH-
CTEMBI.

Urak, B xome obOpaborku pesymbratoB J[33 artoro
paiioHa IrosydeHa JUHAMHMKA KaueCTBEHHBIX M KOJIMYECT-
BEHHBIX XapaKTEPUCTHK (POPMUPYEMOTO B pasHbIC TOJIBI
TOPHOIIPOMBIIICHHOTO JaHAmadTa Ha TEPPUTOPUH OT-
paboTaHHOI gacTH A3eHCKOro OypOyroJbHOTO MECTOPO-
xKaeHus (puc. 6).

UucThIii COCHOBBIN Jiec (COCHOBBIN OOp) COCTaBISET
Bcero 197 ra. CMemIalHHbld JIeC HAaXOAUTCS HA IUIOIIAINA
636 ra, B TOM YHCIIE€ M HA y4acTKaX JIECHOW peKyJIbTHBA-
uuu. Ecnu ydecTs, 4TO JiecHasi peKyJIbTUBALIUS MIPOBEJIe-
Ha Ha momaan 809 ra (1o JaHHBIM pa3pes3a), K HacTos-
IIeMy BPEMEHH CMELIaHHBIA jJec HaxoauTcs Ha 75 %
TUTOIIAI BCEX YYAaCTKOB C JICCHOW PEeKyJIbTHBALUEH. ITO
TOBOPHT O TOM, YTO HaxXOJIIIHECs PsIOM CMEIIaHHBIC
jeca B IPUPOJHOM HETPOHYTOM COCTOSIHUHM OKa3bIBAIOT
caMoe HEIOCPEACTBCHHOE BIMSHME Ha (hopMHpOBaHHE

HCKYCCTBEHHBIE JICCOIIOCAIKH, ITOCKOJIBKY CEMEHa Jie-
PEBBEB OCHOBHBIX IIPEICTABUTENCH STHX JIECOB, CHAO-
JKEHHBIE KPBUIOM, Pa3HOCITCSA BETPOM BecbMa 3(h(eKTrB-
HO Ha Oonpmme paccrosaus. OOmamast XOpomen MpHKH-
BaeMOCTBIO, CEMEHA JAIOT JKM3Hb JICPEBLAM Ha TEPPHUTO-
pPUH yYacCTKOB C JIECHOH pekyibTuBanuei. Takum oGpa-
30M, IPOUCXOJUT IIEPEXOJ YYAaCTKOB C HCKYCCTBEHHOM
JIECOIIOCAIKOHM B CMEIIIaHHBIH JIeC.

B Hacrosiiee BpeMsi Ha 4acTH MECTOPOXKICHUH IUIO-
manpio 990 ra, riae Npous3BOIATCS OTKPBITHIE TOPHBIE Pa-
00TbI, HAaOJIIOJAETCSI BSJIOE CAMOBOCCTAHOBJICHUE JIECHOU
9KOCHCTEMBI Ha IIOPOHBIX OTBaJIaX, OTCHIIAHHBIX 5—7 JieT
Hazal.

CrpykTypa chOpMHUPOBAaHHOH K HACTOSIIEMY BpeMe-
HU MOJIOIOM HAa3eMHOW HKOCHUCTEMBI IpEACTABIICHA
Ha puc. 7. Hauboupmryio miomanb 3aHUMaeT TPaBIHUCTO-
KyCTapHHKOBasl pacCTUTENBLHOCTh — 59 % ruromanu Hapy-
IEeHHBIX 3eMenb. CMemaHHbl Jec — Oepes3a, COCHA,
JIMCTBEHHUIIA, OCHHA U JIp. — 3aHUMAeT 1uomans 9,8 %,
B TOM YHCJIE M Ha TEPPUTOPHU JIECHON PEKYJIbTHBALHH.
[Tnomaas TeXHOreHHBIX BOJIOEMOB 3aHKMaeT 9,5 %. UucThbii
COCHOBBIN 00p Haxonutces Ha momaay 3 %. [To Hamemy
MHEHHUIO, COBEPIICHHO HEBaKHBIM SBISETCS TO, UYTO
Ha OoJibIIEH TEPPUTOPUH C JIECHOH pEKyJIbTHBALMEH
IIpOM3pacTaeT CMENIaHHBIN JIeC, a He YUCTHIH COCHOBBIN
6op. B curyamum ¢ necoBoccTaHOBIEHHEM OoJiee 3HAYH-
MO HE JONYCTUTh BECEHHUH MOKOI CYyXOW TpaBbl, YTO

JICCHBIX JKOCHCTEM, MPEACTABIAIOIINX  HU3HAYAJIBHO MOXKET CBECTH HA HET YCHUJIUA pa3pesa.
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Puc. 6. Mi3MeHeHne IonIaqi y4acTKOB BOJAHOW, pACTUTENBHON U JIECHON 3KOCHCTEM
Ha 0TpaboTaHHOH YacTH A3efickoro OypoyroIbHOTO MECTOPOXKACHHUS
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Puc. 7. CtpykTypa 5KOCHCTEMBI Ha OTPa0OTaHHON YacTH A3EHCKOT0 MECTOPOXKICHUS
10 TaHHBIM KOCMHUYECKOro 30HAupoBanus B 2014 r.



Mamemamuxa, mexanuxa, ungpopmamuxa

BoisiBJleHHE JKOJOTHYeCKHX MNpodjieM B JieCHOH
PEKYJIbTHBAILMUA ¢ MPHUMeHEHHEM CPeACTB JMCTAHIHU-
OHHOro 3oHAMpoBaHus 3emin. OTpaboTaHHAs dYacTh
Wpma-boponuHckoro OypoyroibHOTO  MECTOPOXKIICHUS
c FCOI'Pa(I)I/I‘ICCKI/IMI/I KOOpZIHHATaMH [IEHTPAITEHOW YaCTH
55°51" 54" c.; 94° 54’ 44’ B., KOTOpOW B HAITUX HCCIEMIO-
BaHMAX OBUIO YHENEHO caMoe IMPHUCTAIbHOC BHUMAHUE,
nMmeet pazmepsl 7200x4200 m. JlecHas peKyTbTHBANNS Ha
paspes3e IpOBOAMIACH B TPEX CEKTOpax BHYTPEHHHX IIO-
POIHBIX OTBAJIOB: B 3allagfHOM CEKTOpEe, IICHTPAJIHHOMN
YacTH U B BOCTOYHOM CEKTOPE BHYTPEHHHMX ITOPOIHBIX
OTB&JIOB. B 3amajHOM CEKTOpe OTBaJOB PacIOJOKEHBI
TIOCaJIKU COCHBI B Bo3pacte 14-15 ner. Pembed moBepxHo-
CTH OTBAJIOB B 3TOM CEKTOPE CIHOKOWHBIN C TUIABHBIMH JIO-
KaITGHBIMA TIOHIKCHISIMHA W BO3BBIIICHHOCTSME C HEOOJb-
muM yKJIOHOM B 3°—40°. Temmbl pocTa COCHBI Ha 3TOM
Y4acTKe COCTaBIAOT OT 22 10 60 cM y OTAEIBHBIX OCO-
Oeif 1 B cpemHeM paBHEI 38 cm/ron. B Hacrosmiee Bpems
IUIOMIAh JIECOIOCAIOK cocTaBisieT mpuMepHo 100 ra.

B xome moneBBIX 3KCHEAUIMM OBIIIO OTMEYEHO, YTO
B JIECHOW PEKyJbTUBAIIMA MMEIOT MECTO IKOJOTHYCCKUE
Mpo6JIeMBl, 1 B OCHOBHOM 3TO KacaeTcsl pa3pyIleHus Lie-
JIOCTHOCTH pelibed)a FOPHOIPOMBIIIUICHHBIX JIAHIIA(PTOB.
K BakHEHIINM W3 HUX MOXKHO OTHECTU HaJIMYHE TOBEPX-
HOCTHBIX BOJJOTOKOB, BBI3BIBAIOIINX BOJHYIO 3PO3HUIO TO-
PHU30HTAIBHBIX YYaCTKOB M OTKOCOB MOPOJIHBIX OTBAJOB.
B pesympTare B IEHTpPANLHOW YacTH OTBAJIOB B MECTaxX
MpPOCeNaHus WX CIUIAHUPOBAHHOW ITOBEPXHOCTH C He-
OOJIBIIMM YKJIOHOM C 3aIlajia Ha BOCTOK B CTOPOHY €ro
MTOBBIMICHUS TIPOU3OILIN CO BPEMEHEM YCaJOYHBIE IIPO-
LIECCHI B TeJie OTBajla. DTO MPOW3OILIO KpaliHe HEepaBHO-
MEpHO, MOCKOJBKY TeJI0 OTBajla CIOXEHO TOPHBIMHU IIO-
pomamMu pa3iudHOi Mopdoaoruu. [ JIMHUCTBIE MOPOIBI
SIBIIIOTCS. IUIACTUYHBIMH M 00JIaal0T CHOCOOHOCTBIO
K M3MCHEHHUIO T'€OMETPHYCCKON (DOPMBI MOI JACHCTBHEM
BHEIIHUX (haKTOpOB (BHELIHEE JaBJICHHE, HACBIIICHHE
Bozod u jp.). Ilecyansle mMopoabl NpU W3OBITOYHOM YB-
JIa)KHEHUH M HACBIIIEHUU BJIAroil mpruoOpeTaroT CBOWCTBa
TekydecTH. KpymHOOOIOMOYHEI Matepuai, COCTOSIIUN
U3 KPEIKUX alIeBPOJIUTOB M aPTWLTUTOB, MIPAKTUICCKU CO
BPEMEHEM HE YIUIOTHACTCS, YTO MPHUBOAUT K TOMY, YTO
B MECTax YKJIAAKH KPEMKHX IOPOJI OTBaJ HE IMPOCAXKHU-
BAeTCH, U B 3THX MeCTax (OPMHUPYIOTCS BoMoTOKH. Hawa
JBIDKEHUE IO HAKIIOHHOMY OCHOBAaHMIO, BOJa MepeMerna-
eTcs 10 HeMy, OCTUTas MPH ATOM TeX Y4acTKOB, KOTO-
pBI€ CIIOKEHBI YeTBEPTHYHBIMU MOPOAAMH, IIPH ITOM Ha-
YHHAETCSl X Pa3MbIB. Tak B 9TOM MecTe MOSIBISIETCS OB-
par, pa3Mepbl KOTOPOrO CO BPEMEHEM HauyMHAIOT YBEIH-
YUBaThCA. Pe3ysbTaThl BOJHOH 3po3uu — JAEHCTBYOLIHE
OBpard — XOpoIIO MPOCMATPHUBAIOTCS HA KOCMOCHUMKAX,
MPEICTaBIICHHBIX Ha puc. 8, 9.

Bomoc6opHeie miomany uMeroT pasmeps 2,2, 1,54 u
2,35 ra coorBeTcTBeHHO 11t oBparoB Ne 1, 2 u 3 (puc. 8).
[Ipu MomHOCTH cHEXHOTO MOKpoBa oT 30 mo 50 cm macca
BOJIBI, IIPOXOJAINAS IO OBparaM, MOXeT COCTaBIATh 600—
1000 T 3a mepuon ot 7 mo 12 nHel B 3aBUCHMOCTH OT
TeMIepaTypsl okpyxaromieil cpensl. Ha puc. 8 B HikHel
YacTH TOKa3aHbl KOHTYpPHI BBIHECEHHBIX M3 Tela OTBajia
ropusix nopoa. Takas cuTyauusi, Kak ObUTO IPEICTABICHO
B paHHHX pa0boTax, MPUBOJIUT K COKPALICHUIO PEKYJIbTH-
BHUPOBAHHBIX 3eMeJb Ha HIKHEM sIpyce OTBaa, a TaKxke K
COKpAIIEHHIO IIIOIAAN 3eMeNb, Ha KOTOPBIX MPOM3BEE-
HBI TTOCAJIKU COCHBI U SJIH.
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AmHanoruyHasi KapTHHa HaOJIOAeTCsl U Ha TIOPOTHBIX
OTBaJIax paspe3a «A3eMcKkuil», rie B LEHTPaJbHOU ero
yacTu uMmeercs ydacTok pasmepoMm 480x480 M, nentp
KOTOPOTo MMeeT reorpadyuueckue KoopauHatsl 54° 2901"¢c.;
100° 41/ 25" s. (puc. 9). Ha Tepputopuu 3TOro y4acrtka
XOpOIIO TPOCMATPUBAIOTCS 13 IEHCTBYIOIUX OBPAaroB.
Takast cuTyanms OOBACHSETCA IUIAHUPOBKOW ITOBEPXHO-
CTH OTBaJIa C TIOCTOSIHHBIM YKJIIOHOM C BBICOTHOW OTMETKH
542 m go otmetku 506 M, a TaKKe YKIaIKOW BCKPBIITHBIX
HOpOJ pa3HOil MOpGOJIOTMH B TEJIO OTBana, KOTOPhIE
UMEIOT Pa3JINYHYI0 CTEIIEHb YIUNIOTHEHHUS.

Puc. 8. dparMeHT ydacTka JIECHOH pEeKyIbTUBALUU
B IICHTPAJBHOM CEKTOpPE BHYTPEHHHUX IOPOIHBIX
OTBaJIOB pazpe3a «bopoIuHCKui»

Puc. 9. ®parmeHT ydacTka JIECHOH peKyJIbTHBALIU
u  QopMHpyIOIIMXCAd OBparoB Ha BHYTPEHHEM
MIOPOJTHOM OTBaJIe pa3zpe3a «A3eHCKuii»

[Tpn mpoBeeHNN TONEBBIX SKCIEAUIIUNA Ha TIOPOIHBIX
orBanax paspesa «bopomuuckuit» B mepuonx c¢ 2000
no 2015 rr. ycTaHOBJIECHBI reoMeTpuiecKre GopMbl eii-
cTByromnmx oBparoB (puc. 10). Beero 0su10 BBIsIBICHO 43
OBpara pa3IUIHON MPOTSDKEHHOCTH U TIIyOWHBL. Bce oHH
CHCTEMaTH4YECKH U 0€30CTaHOBOYHO BO BPEMEHHU YBEIH-
YHBAIOTCA B pa3Mepax, MOCKOJIBKY HMPUPOAHBIE (aKTOPHI
(cHeroBble W JOXKIEBbIE OCAIKH, YEPEIOBAHUE OTPULIA-
TEJIbHBIX U TIOJIOKHUTENIBHBIX TEMIEpaTyp U Jp.) JeHCT-
BYIOT KPYTJIOTOAUYHO.

Ogparu Ha puc. 10, @ o pazmepam HeOoJbIINE U 32
HCKJIIOUEHHEM OBpara Ha oTBaie «3alajHblil» dalie Bce-
ro umeroT miowaas 0,5 ra. OBparu mwiomaneo ot 0,5 ra
1o 1 ra popmupyrotes mo cxemam Ha puc. 10, 6, 2. OBparu
Ha puc. 10, 6, pa3BeTBICHHbIC B IIaHE, UMEIOT IIJIOIIAIb
6oxee 1 ra. K HacTosmemy BpeMeHH KOJIHYECTBO OBPAroB
Ha MOPOJHBIX OTBanax paspe3a «bopommHCckui» cocras-
nseT 29, 7, 2 1 5 COOTBETCTBEHHO ISl cxeM Ha puc. 10.
BonocGopHble mIomanyd OBpParoB KOPPECIOHIUPYIOTCS
¢ ux popMamuy, T. €. caMble MaKCHMaJIbHbIE BOJOCOOPHBIE
Iom@aay y opparos Ha puc. 10, 6, 2, 6 1 camble MUHH-
ManbHble — y OBparoB Ha puc. 10, a. ®parMeHTs! AeHCT-
BYIOIIIX OBParoB, B XO/I€ Pa3BUTHUSI KOTOPHIX YHHYTOXKa-
I0TCSL PE3yNbTaThl JECHON PEKYJIbTUBALUK, BHIOOPOYHO
ImpeAcTaBIeHsl Ha puc. 11, 12.
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Wi

Puc. 10. Cxemsl 0BparoB, c()OpMHPOBaHHBIX HA MOPOIHBIX OTBANAX: g — JIMHEHHas Gopma;
0 — OTHOCTOPOHHEE OTBETBIICHUE; 6 — JIBYCTOPOHHEE OTBETBIICHHUE; 2 — BUJIOYHAsA Gopma

Ha puc. 11 Ha nHe oBpara HaxomATCS MOJOABIC Je-
peBua (cocHa, e1b), KOTOpBIE IIPH Pa3BUTHUH OBpara OkKa-
3aJIMCh B 30HE NOBEPXHOCTHBIX BOJOTOKOB. B mrore onun
CO BpEMEHEM IepeHeCcyTCsl BOJONH B HMXHMHA CEKTOp OB-
para ¢ KpynHOOOJIOMOYHBIM MaTepUalioM, I/ie OCTETEH-

HO YCOXHYT Y IOTHOHYT.

Puc. 12. ®dparMeHTH 0BparoB THHEHHON (HOPMBI

B IMMPOCKTAax Ha PEKYJbTHUBALIUIO NIPUHUMAKOTCA B OC-
HOBHOM BBICAaJJKa CAXCHLECB B PSJbI. Paccrosiane MCKIY
paaaMu onpeacIsieTCs B 3 u 4 m. KomndgecTtBo JACPEBLEB

IIPU UX BBICAJKE MO MPAMOYTOJIBHOW ceTke 3x4, 4x4 wm,
KOTOpbIEe IOINaaloT B KOHTYPHI OBpara, IpelcTaBIeHbI

Ha rpaduke (puc. 13).
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——OCAIKD ICPEERCE 110 coTre 4%3 M

Puc. 13. KommuecTBO BBICAXKEHHBIX IIPU PEKyJIHTHBA-
UM JIePeBbEB, YHHUTOXKAEMBIX IpU (HOPMUPOBAHHU
¥ pa3BUTHH OBPAroB Ha IIOPOIHBIX OTBATAX

CTOMMOCTh JIECHOM pEeKyJIbTHBALMM B 3aBUCHUMOCTHU
OT KOJINYECTBA BBICA)KEHHBIX COCEH Ha €MHUILY IUIOIAIH
oTBaja mpejcTaBieHa Ha puc. 14. IIpu onpenenenun 3a-
TpaT Ha JIECHYIO PEKYJIbTHUBALUIO YUUTHIBAIUCH CIICIYIO-
IIMEe €€ COCTABISIOIINE: LIEHA CAXKEHIEB B JIECONMUTOMHU-
KaX, CTOMMOCTh X JOCTaBKM M3 MUTOMHHUKA 10 00BEKTa
PEKYJIBTHBALNH, 3aTPAThl HA TIOCAJKY Ca’KCHIIEB, 3aTPATHI
Ha YXOJ 3a Ca)XKCHIIaMH B T€UCHHE 2—3 JIeT MOCIe UX BHI-

CaJIKHu.
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Puc. 14. VI3meHeHne CTOMMOCTH JIECHOW PEKyIbTHBALIIH
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JUISL TIPOBE/ICHMS JIECHOM PEKyJIbTHBAlMK JOJDKEH obec-
neuuBath 3(QQPEKTUBHOE HCIIOIb30BAaHUE MEXaHHU3UPO-
BaHHOH KoyiecHOW TexHMKH. [locie mimaHnpoBKH MMOBEPX-
HOCTb OTBaJIa HE JIOJDKHA COZAEPKaTh JIOKAJIBHBIX ITOHU-
skeHuil. Ilpy npoBeneHny MOJIEBBIX UCCAEA0BAaHUN PacTH-
TEJIFHOTO MHpa Ha IOBEPXHOCTH OTBAja BBISBICHBI OCO-
OCHHOCTH JIOKAJIFHOTO (UTOIeHO3a. B mepByro odepenp
HE0OX0AMMO ObUIO BBIWIEHUTh U3 BCETO BUIOBOTO Pa3HO-
o0pa3us kapkac ¢uroneHosa. Ero cocrasmsgromue cie-
JyIOIIUE: U3 TPaBSIHUCTBIX pacTeHHWN MpeoOiIajaroT IIbl-
peit momsyunii (elytrigia repens), MOJBIHE OOBIKHOBCHHAS
(artemisia vulgaris), ocot (sonchus), nuxma 0OBIKHOBEH-
Has (tanacetum vulgare), U3 ApeBECHO-KYCTAPHUKOBBIX —
TOIOJb YepHBIH (populus nigra), odnenuxa KPyIIMHOBH-
Has (hippophae rhamnoides), Tansank (uBa, Salix).

Ocot npowuspacraet cemeiictBamu ot 2—3 10 3040 ex
1 CEINTCS B OCHOBHOM Ha y4JacTKax C COAEpKaHHEM Ty-
Mmyca 6omnee 3 %. IIbIpeii mom3yunii obpasyer rycromepe-
IUIETEHHBIE CTeOJIeBbIe W KOPHEBUIIHBIC 3apOCIH TaKXkKe
Ha Y4YacTKaX, OTCBHIIAHHBIX NPEUMYIIECTBEHHO 4eTBEp-
THUYHBIMH OTJIOKEHUSIMU. [10JIbIHb OOBIKHOBEHHAS CENUT-
Csl OTAENBHBIMHU MOJIIHAMHM Iuiomanpio ot 0,5 go 2-3 Mz,
a TaKk)Ke MPOU3PACTaeT B COYETAHHUHM CO BCEMH BHIaMHU
MMMOHEpHOTO (uTOLEeH03a. bbU0 0O0HApyKEHO W TO, YTO
Ha OTBaJIe NIPOM3PACTAIOT JIEKAPCTBEHHBIE TPaBbl OT/EIb-
HBIMH 0COOSIMH: TBHICSIYSIIUCTHHK, IIIABENb KOHCKUH U T. TI.
Obnenmxa BcTpedaeTcs 4Yamie B 2-3 paza Ha CKIIOHAX,
0OpallleHHBIX Ha CeBEp, YeM Ha FOKHBIX CKJIOHaX. Tomouss
IIPOM3pacTacT PeIKO ¥ PAaBHOMEPHO Ha BCEH TEPPUTOPHU
00CJIEMOBAaHHBIX OTBAJIOB.

IIpoyKTUBHOCTH 3THUX BUJOB PAacCTEHUU IO BECy Hal-
36MHON YacTH y Bcex ocoOell pa3Has, HO UMEHHO Tepe-
THUBIINE OCTATKU SIBJIAIOTCSI UCTOYHUKOM IUTAHUSI KOp-
HEBBIX CHCTEM JEPEBbEB, BBICAKCHHBIX B XOAE JIECHOMN
PEKYJIbTHBALMK Ha TOPOAHBIC OTBAJIBI.

Pe3ynbTaThl MOJEBBIX SKCHEIULNI MO MCCIEIOBAHUIO
PE3YJIbTaTOB JIECHOW PEKYJIbTHUBALMK Ha OTPaOOTaHHBIX
tepputopusix Upma-bopoaunckoro n A3eiickoro yrosb-
HBIX MECTOPOXKIEHHH MO3BOJISIOT CIEaTh CIIeIyIoNe
BBIBOJIBI: JTOCTOBEPHO JOKa3aHo, 4To (opma penbeda
MIOPOAHOTO OTBajla B BUAE HICATBHO CIUIAHNPOBAHHON
MIOBEPXHOCTH CIIOCOOCTBYET BO3HHKHOBEHHIO OBpAaros,
MIPOPE3AIONINX KaK TOPU30HTAJIbHBIE NTOBEPXHOCTH, TaK
U OTKOChI 0TBasIoB. DopMupyrOIIHEecs OBparu, UMEoLINe
TEHJCHIUIO K YBEIHUYCHUIO pPa3MEpOB, YaCTUYHO YHHY-
TOXAIOT Pe3yJbTaThl paboT MO JIECHOH peKyJIbTHBALUH,
MIPUBOJAT K COKPALICHHUIO IUIOLIAJH PEKYJIbTHBHPYEMBIX
OTBAJIOB, & TaK)Xe CIIOCOOCTBYIOT YHUUTOXKEHHIO JI€PEBb-
€B, BBICAKCHHBIX B XO/i¢ paboT IO JISCHOW pEeKyJIbTHBaA-
nun. B aTol CBSA3M BO3HMKAeT HEOOXOJMMOCTH B pa3pa-
60TKe TexHOJIOTHH (OPMUPOBaHUS penbeda MOPOTHBIX
OTBAJIOB JUIS JICCHOW PEKYJIbTHBALMH, TPAKTHUECKas pea-
MU3aIysl KOTOpPOH OyaeT crocoOCTBOBATH YIYUIICHUIO
€€ Pe3yJIbTaTOB.

B nmHelike MeCTOpPOXIEHW 3TOro Tuma (TOPU30H-
TaJIbHOE 3aJIETAHUE YTOJBHBIX IIACTOB — MECTOPOKACHUS
Kpacnosipckoro kpas, Hpkyrckas obnacth, 3abaiikaib-
CKWI Kpail) IoKa3aTeny JIECHOW PEeKYJIbTHUBALUHM Ha I0-
POIHBIX OTBaJaX HMCCIENLYEMBIX Pa3pe30B MOTYT UCIIOJb-
30BaThCsl KaKk MHAMKATOPHBIC, T. €. MOKa3aTelIbHbIC IS
JPYTHX YTOJNBHBIX pa3pe3oB CO CXOAHBIMH TOPHO-
reoJOrM4eCKUMH yCIoBusAMH, Bxoasmux B TOK P®.
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3akaouenune. Pa3zpaGotaHHoe  WHQOpMaNMOHHOE
obecrieueHne pe3ysibTaToB paboT MO JECHOH peKyIbTHBA-
IIUH, & TAKKE MOJICBBIC UCCIICIOBAHUS TOBOPAT O TOM, UTO
CUTyaIlWsi C JICCHOW PEKYJIbTHUBAIlUCH B HCCICAYEMBIX
paiioHax B IEJIOM ONarompusTHasl U SBISCTCA cOalaHCH-
POBaHHOM B IIaHEe (POPMUPOBAHUS JIECHBIX SKOCHCTEM Ha
0TpabOTaHHBIX TEPPUTOPHUSAX YTOJIBHBIX MECTOPOKICHUI.
B 3akmiodeHne OTMETHM, YTO K HACTOSIIEMY BPEMEHH
Ha TEPPUTOPUU TOPOAHBIX OTBAJOB, PACIOJIOKEHHBIX
B BbIpaboTaHHOM TIpocTpaHcTBe Mpima-boponuHckoro
1 A3zeiickoro OypoyrojbHBIX MECTOPOXKIEHUH Ha ydacT-
Kax C JISCHOW peKyJbTUBanueil (GopMHPYIOTCS CMEIIaH-
HBIE Jieca, KapKac KOTOPBIX COCTaBIISIIOT UCKYCCTBEHHBIE
neconocaaku. Taxke B X0Je IKOJOTHMUECKOrO0 MOHHUTO-
pUHTa OTMeUeHa HEOIAarOnpUsATHAS CUTYAIHs, CBSI3aHHAS
C BO3JICHCTBMEM BOJHOM 3pO3MM Ha peibed YIaCTKOB
C JICCOHACAKIICHUSIMU, YTO B UTOTE MPHUBOIHUT K 00pa3o-
BaHUIO OBPAYKHO-OATOYHBIX CHCTEM C ITOCTOSHHO PACIIIH-
pSIOImUMUCS pa3MepaMu. Bmecte ¢ 5THM, Ha HaIl B3I,
pu pa3padoTKe HKOIOTHIECKON CTPATETHH MPEIIPUSTHIA
(yromeHble pa3pesbl «boponuHCKMi» U «A3eiickuii») He-
obxonuMa onTUMH3AIKs B 00JaCTH JIECHOW PEKyJIbTHUBA-
IIUM HAPYIICHHBIX 3€Mellb, IIOCKOJIBKY HE BCE, UTO Jerna-
eTCsl Ha pa3pese ¢ MO3MLUHU 3KOJOTHH, B UTOre (Io mpo-
IIECTBUU HEKOTOPOTO BPEMEHHM) BBITVIAAMT TaK, KaK 3TO
MpeAnoJiaraloch W3Ha4aJlbHO, IO KpaiHEeW Mmepe, B Ipo-
ektax. Hammm npetoskeHust o ONTUMH3AIAN YKOJIOTHYe-
CKOM MOJINTHKY MPEANIPHUATHS B O0JIACTH BOCCTAHOBIICHHS
HapyIICHHBIX 3eMeNb OYAyT, MpH HEOOXOIWMOCTH, Ha-
TIPaBIICHBI Ha CYIIECTBEHHOE CHIDKCHUE 3aTPaT Ha MPOM3-
BOJICTBO paboT 10 JIECHOW PEKYJIbTUBAIIMH 3eMENb C Of-
HOBPEMEHHBIM TIONYYEHHEM DKOJIOTHYECKUX pe3yJbTa-
TOB, CXOXHX C TIOKa3aTelsAMU YK€ BOCCTAaHOBJIEHHBIX
TOPHOIPOMBIIICHHBIX JaHAIIA(TOB.
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MULTI-OBJECTIVE BASED FEATURE SELECTION AND NEURAL NETWORKS ENSEMBLE
METHOD FOR SOLVING EMOTION RECOGNITION PROBLEM

I. A. Ivanov

Reshetnev Siberian State Aerospace University
31 Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
E-mail: ilyaiv92@gmail.com

In this paper we apply multi-objective optimization approach to find a Pareto optimal ensemble of neural network
classifiers, which is used for solving the emotion recognition problem. Pareto set of neural networks is found by opti-
mizing two conflicting criteria: maximizing emotion classification rate and minimizing the number of neural network
neurons. We implemented several ensemble fusion schemes — voting, averaging class probabilities and adding auxiliary
meta-classification layer. The number of audio and video features extracted from raw video sequences for analysis is
quite large, so we also applied multi-objective approach in order to find the optimal subset of features. The optimized
criteria in this case are maximizing classification rate and minimizing the number of features. The multi-objective ap-
proach to neural network parameter optimization and to feature selection was compared to the classic single-objective
optimization approach on several datasets. According to experimental results, multi-objective approach to neural net
optimization provided on average 7.1 % higher emotion classification rate than single-objective optimization. Applying
multi-objective approach to feature selection as well helped to improve the classification rate by 2.8 % compared to
single-objective approach, by 5.4 % compared to using principal components analysis, and by 13.9 % compared to not
using dimensionality reduction at all. Taking into account the obtained results, we suggest using multi-objective ap-
proach to machine learning algorithms optimization and feature selection in further research connected with emotion
recognition problem and other complex classification tasks.

Keywords: ensemble, neural network, multi-objective optimization, emotion recognition.
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MHOFOKPﬂTEPHAﬂLHLIﬁMETOﬂ OTBOPA ITPU3HAKOB U TIOCTPOEHUSI KOJUVIEKTHBA
HEWPOHHBIX CETEHU J1JIAA PEHTEHUA 3AJJAYA PACITIO3HABAHUA S5MOIIUA

H. A. Hsanos

Cubupckuii rocy1apcTBEHHBIN a9pOKOCMHUYECKUI yHUBEPCUTET UMeHH akanemuka M. @. PemerHeBa
Poccuiickas @enepanus, 660037, r. KpacHospck, npocn. um. ra3. «KpacHospckuii pabounii», 31
E-mail: ilyaiv92@gmail.com

Ipumenen no0xo0 MHOLOKpUMEPUATbHOU ONMUMU3AYUY, YMOOBI HAUMU NAPEemo-ONMUMATbHbII KOIEKMUS Heli-
POHHBIX cemell, UCNOIb3YeMbIX OIS peuleHus 3a0ayu pacnosiasarus smoyuil. Ilouck napemo-muodcecmesa Hetipocemeti
gedemcs nymem ONMUMUAYUU OBYX NPOMUBOPEYUBHIX KPUMEPUEB: MAKCUMUSUPYEMCS MOYHOCMb PACNO3HABAHUS
IMOYUU U MUHUMUBUPYEMCS YUCTIO HelUpoHo8 cemu. Peanuzoeano Heckonbko memooos CusaHus Kiaccugpukamopos
8 KOJleKmuge. 20710C08anue, yCpeoHeHue 6eposmHocmell Kiaccos, 000asieHue 6CHOMOSAMENbHO20 ClOsSi MEMAKIACCU-
Quxayuu. Tax Kax Koauyecmeo usgieueHHvIX ONid aHanu3a ayouo- U 6UOeonpPUsHAKO8 OOCIMAMOYHO 6eUKO, AKHCe
npuMeHen MHO2OKPUMEPUATbHBIN NOOX00 OJisl HAXOJICOEHUsT ONMUMATbHO20 NOOMHOdCECMBa NpusHaxkos. B oannom
cnyuae onmMuMUUpYIOmcsa ciedyroujue Kpumepuu: MaKkcuMusupyemcs mo4HoCmy KiacCu@ukayuu u MuHUMUsupyemcsl
KOIU4ecmeo npusHaxos. MHo2okpumepuansHulli n00X00 K ONMuUMU3ayuy napamempos Helipocemeil u Kk omoopy npu-
3HAKO8 Dbl CPABHEH ¢ KIACCUHECKUM OOHOKPUMEPUATbHBIM NOOXO0OM HA HeCKONbKUX 8vlbopkax. Co2nacuo nonyue-
HbIM 9KCNEPUMEHMANLHBIM Pe3YTbmMamam, ¢ NOMOWbI0 MHO20KPUMEPUATbHO20 Memood ONMuMu3ayuy HeupoHHuIX
cemetl y0anocb 0ocmudd 8 cpednem Ha 7,1 % nyuweis moyHocmu Kiaccuurayuu dIMoyuil, 4em ¢ nOMOwb0 0OHOKPU-
mepuansHozo Mmemooda. IIpumenenue MHO2OKPUMEPUATLHO20 MeMoOd K 0mOOpy UHDOPMAMUEBHBIX NPUSHAKOE MAKICe
NO360AUNO YIAVHUUMG MOYHOCHb Kiaccudukayuu Ha 2,8 % no cpagHeHuto ¢ 0OHOKPUMEPUANbHbIM Memodom, Ha 5,4 %
1O CPABHEHUIO C UCNONb3OBAHUEM MemoOa 2aasHblx Komnonenm u Ha 13,9 % no cpasnenuio ¢ ucnonvsosanuem ecex
npusHaKos, 6e3 npoyedypul CHudicenus pasmepHocmu. bepsa 6o enumanue nonyuennvie pes3ynbmamel, peKoMeHOO08AHO
UCNONB308aMbd MHO2OKPUMEPUATbHBII N00X00 051 ONMUMUAYUU ANCOPUMMO8 MAUUHHO20 00yYeHus u 011 ombopa
UHGDOPMAMUBHBIX NPUSHAKOS 8 OQIbHEMUX UCCTIe008AHUSX, CEA3AHHBIX C 3a0ayell pacno3HASAHUSL IMOYUL U OpPYUMU
CTIONHCHBVIMU 3A0a4amMu KAAcCUpuKayuu.

Knioueswvie cnosa: xonnexmus maccud)ukamopoe, H@ﬁpOHHaﬂ cemb, MHOCOKpUmepuaibHas Onmumusayusl, pacno-
3HAsAaHue 3MOL/LII;.
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Introduction. The problem of configuring machine
learning algorithms is crucial for finding effective solu-
tions to practical machine learning and data analysis prob-
lems. There has been much research done on developing
the algorithms for configuring machine learning algo-
rithms parameters and structure. In this work we apply
multi-objective optimization method to neural networks
parameter optimization and compare it to the single-
objective optimization method. The emotion recognition
problem by audio-visual features serves as a benchmark
problem. There are to conflicting optimized criteria: emo-
tion classification rate (maximized) and the number of
neural network neurons (minimized). In such optimization
formulation we end up with finding a Pareto optimal set
of neural networks, some of which may naturally have
a complex structure (more neurons) and a better classifi-
cation rate on a train set (overfitting), while some may
have a simpler structure and worse classification rate, but
at the same time have a lower generalization error (under-
fitting). The idea proposed in this work is to combine
such diverse Pareto optimal neural networks into an en-
semble, that would, hopefully, yield a better classification
rate on the test set.

Another important step performed in machine learning
is the feature space dimensionality reduction. In this work
we also apply multi-objective optimization method to find
the optimal subset of features. The optimized criteria are:
emotion classification rate (maximized) and the total
number of features chosen for further analysis (mini-
mized). The proposed multi-objective optimization ap-
proach to feature selection is compared to single-objective
optimization approach and to principal components analy-
sis (PCA).

The problem of emotion recognition is a part of
a more global problem of human-machine interaction
(HMI). The systems that provide means of HMI are called
dialogue systems (DS). Dialogue systems consist of sev-
eral modules: speech analysis, intelligence gathering, tak-
ing actions. The gathered intelligence includes person’s
gender, age, emotional state, ethnicity and other informa-
tion that might be valuable for making decision about the
actions. In this work we focus on the problem of person
emotional state classification by the available audio and
video information of person’s face.

Significant related work. The paper by Rashid et al. [1]
explores the problem of human emotion recognition and
proposes the solution of combining audio and visual fea-
tures. First, the audio stream is separated from the video
stream. Feature detection and 3D patch extraction are
applied to video streams and the dimensionality of video
features is reduced by applying PCA. From audio streams
prosodic and mel-frequency cepstrum coefficients
(MFCC) are extracted. After feature extraction the authors
construct separate codebooks for audio and video modali-
ties by applying the K-means algorithm in Euclidean
space. Finally, multiclass support vector machine (SVM)
classifiers are applied to audio and video data, and deci-
sion-level data fusion is performed by applying Bayes
sum rule. By building the classifier on audio features the
authors received an average accuracy of 67.39 %, using
video features gave anaccuracy of 74.15 %, while com-
bining audio and visual features on the decision level im-
proved the accuracy to 80.27 %.
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Kahou et al. [2] described the approach they used for
submission to the 2013 Emotion Recognition in the Wild
Challenge. The approach combined multiple deep neural
networks including deep convolutional neural networks
(CNNs) for analyzing facial expressions in video frames,
deep belief net (DBN) to capture audio information,deep
autoencoder to model the spatio-temporal information
produced by the human actions, and shallow network ar-
chitecture focused on theextracted features of the mouth
of the primary human subject in the scene. The authors
used the Toronto Face Dataset, containing 4.178 images
labelled with basic emotions and with only fully frontal
facing poses, and a dataset harvested from Google image
search which consisted of 35.887 images with seven
expression classes. All images were turned to grayscale of
size 48x48. Several decision-level data integration tech-
niques were used: averaged predictions, SVM and multi-
layer perceptron (MLP) aggregation techniques,and ran-
dom search for weighting models. The best accuracy they
achieved on the competition testing set was 41.03 %.

In the work by Cruz et al. [3] the concept of modelling
the change in features is used, rather than their simple
combination. First, the faces are extracted from the origi-
nal images, and Local Phase Quantization (LPQ) histo-
grams are extracted in each n X n local region. The histo-
grams are concatenated to form afeature vector. The de-
rivative of features is computed by two methods: convolu-
tion with the difference of Gaussians (DoG) filter and
thedifference of feature histograms. A linear SVM
is trained to output posterior probabilities and the changes
are modelled with a hidden Markov model. The proposed
method was tested on theAudio/Visual Emotion Chal-
lenge 2011 dataset, which consists of 63 videos of 13 dif-
ferent individuals, where frontal face videos are taken
during an interview where the subject is engaged in
a conversation. The authors claim thatthey increased the
classification rate on the data by 13 %.

In [4] the authors exploit the idea of using electroen-
cephalogram, pupillary response and gaze distance to
classify the arousal of a subject as either calm, medium
aroused, or activated and valence as either unpleasant,
neutral, or pleasant. The data consists of 20 video clips
with emotional content from movies. The valence classi-
fication accuracy achieved is 68.5 %, and thearousal clas-
sification accuracy is 76.4 %.

Busso et al. [5] researched the idea of acoustic and fa-
cial expression information fusion. They used a database
recorded from an actress reading 258 sentences express-
ing emotions.Separate classifiers based on acoustic data
and facial expressions were built, with classification accu-
racies of 70.9 % and 85 % respectively. Facial expression
features include 5 areas: forechead, eyebrow, low eye,
right and left cheeks. The authors covered two data fusion
approaches: decision level and feature level integration.
On the feature level,audio and facial expression features
were combined to build one classifier, giving 90 % accu-
racy. On the decision level, several criteria were used to
combine posterior probabilities of the unimodal systems:
maximum — theemotion withthe greatest posterior prob-
ability in both modalities is selected; average — theposte-
rior probability of each modalityis equally weighted and
the maximum is selected; product — posterior probabilities
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are multiplied and the maximum is selected; weight —
different weights are applied to the different unimodal
systems. The accuracies of decision-level integration bi-
modal classifiers range from 84 % to 89 %, product com-
bining being the most efficient.

Methodology. The process of solving the emotion
recognition problem, as well as any other classification
problem. consists of the following steps:

1. Raw data gathering, in our case obtaining the data-
base of labeled video recordings with emotional content.

2. Feature extraction, in order to perform quantitative
analysis, we need quantitative features to base upon.

3. Dimensionality reduction, performed when the
number of features is too large, for higher generalizability
and lower computational costs.

4. Training classifier, using the train set.

5. Making predictions, using the test set.

Completion of each step is crucial for successful clas-
sification problem solving. While gathering valuable data
and using the right technique for feature extraction are the
most important and time consuming steps, usually it turns
out that researchers do not have the ability to collect their
own data, or are forced to work with the data that was
provided to them. In such cases what really matters, are
steps 3 and 4, that are actually about taking as much as
you can from available data and implementing the right
classifier in order to make accurate predictions. In this
work we focus on achieving these two goals.

But let us begin from the beginning. We are using
SAVEE emotional database [6] as a data source for our
analysis. It contains 480 video recordings of 4 male indi-
viduals reading a set of sentences expressing 7 basic emo-
tions: anger, happiness, disgust, neutral, fear, surprise,
sadness. We apply openSMILE software [7] for extracting
audio features, and 3 video feature extraction methods:

1) Quantized Local Zernike Moments (QLZM) [8];

2) Local Binary Patterns (LBP) [9];

3) Local Binary Patterns on Three Orthogonal Planes

(LBP-TOP) [10].

After that goes dimensionality reduction step, which
can be performed in several ways. There are two groups
of algorithms used for dimensionality reduction:

1. Feature transformation methods, that take the large
number of features and transform them to less number of
more informative features. Principal components analysis
(PCA) is a popular method of this group.

2. Feature selection methods, that take the large num-
ber of features and select the optimal (in some sense) sub-
set of features.

The classic approach in feature selection is to use sin-
gle-objective optimization algorithms for finding the op-
timal features that, when used with a proper classifier,
would provide the highest classification rate. We went
further and applied multi-objective optimization algo-
rithms for solving this problem. The first optimized objec-
tive is the same as in single-objective formulation, the
classification rate, which is defined as follows:

R=(N,/N)-100 %, (1)

where N. is the number of correctly classified instances;
N is the total number of dataset instances; R is the classi-
fication rate. The second objective is the minimization of
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the number of selected features, because this is the es-
sence of dimensionality reduction step:

| F |- min,

2

where F is the subset of selected features. Support vector
machine (SVM) algorithm was used for classification
purposes. Other objectives may be used for optimization
during feature selection procedure, like intra-class and
inter-class distances [11].

The next step, training the classifier, involves choos-
ing the classification algorithm and adjusting its parame-
ters. We chose feed-forward single-layer neural network
algorithm with sigmoid activation function. The popular
approach to neural network parameter adjustment is based
on using the optimization algorithms for finding the opti-
mal neural net parameter values. In our optimization for-
mulation, the input variables include the overall number
of network neurons and the number of iterations for net-
work training. The input variables vary in the following
borders. Number of network neurons N, =2:50, number

of network training iterations N, =2:200.

We applied the multi-objective optimization approach
to neural network parameter optimization. The optimized
criteria are as follows: maximizing the classification rate
and minimizing the number of network neurons. As
a result of multi-objective optimization, we obtain
a Pareto optimal set of neural networks. In order to make
possible the comparison of single and multi-objective
approaches, we combine Pareto optimal neural network
classifiers into an ensemble, fusing the outputs of multiple
neural networks by several techniques:

1. Voting, the class that was predicted by the majority
of neural nets is chosen as a final prediction.

2. Averaging the class probabilities over all networks,
posterior class probabilities for each class are averaged
over all neural networks in the ensemble.

3. Adding auxiliary meta-classification layer, training
dataset is divided into two parts, the first part is used to
train the ensemble classifiers. The output posterior class
probabilities of all ensemble classifiers are treated as
input variables, and the second part of the training dataset
is used to train an auxiliary SVM meta-classifier, which
outputs the resulting class prediction.

The class of genetic algorithms was chosen for solving
the optimization tasks described above. We used
Co-evolutionary Genetic algorithm for single-objective
optimization, and several algorithms for multi-objective
optimization: Strength Pareto Evolutionary algorithm
(SPEA) [12], Non-dominated Sorting Genetic algorithm
(NSGA-2) [13], Vector Evaluated Genetic algorithm
(VEGA) [14] and Self-configuring Co-evolutionary
Multi-objective Genetic algorithm (SelfCOMOGA) [15].

Experimental results. We performed a series of ex-
periments on using the proposed multi-objective optimi-
zation approach to feature selection and neural networks
parameter optimization. The experiments were conducted
on 5 different datasets, including audio features dataset,
3 video features datasets, namely QLZM, LBP and LBP-
TOP datasets, and audio-visual dataset that is merely
a combination of the audio and 3 video features datasets.



Becmuux Cubl’'AY. Tom 17, Ne 1

Emotion classification rate, as well as the reduced
number of features obtained by different dimensionality
reduction techniques can be found in tab. 1. As can be
observed, multi-objective approach to feature selection
provides the highest classification rate on 4 out of 5 data-
sets, leaving the second place to single-objective approach
to feature selection, and the third one to PCA. The highest
achieved emotion classification rate is 45.7 %.

Tab. 2 contains results on the comparison of single
and multi-objective approaches to neural network parame-
ter optimization. Different ensemble fusion schemes and
multi-objective  optimization algorithms were tried.
According to the results, multi-objective optimization
approach outperformed single-objective optimization ap-
proach on all 5 datasets. The highest achieved emotion

classification rate is 39.8 %, which is still high enough for
such a complex problem, taking into account that the
baseline model, that is, always predicting the most fre-
quently observed class label from the train set, would
yield the 25 % accuracy.

Conclusion. In this work we addressed two crucial
steps of building an emotion recognition system — dimen-
sionality reduction and classifier training. We applied the
multi-objective optimization approach to these two steps,
which helped to achieve the 45.7 % classification rate.

As a result of our research, we defined that the pro-
posed approach proved to be useful in both feature selec-
tion and neural network parameter optimization proce-
dures, so we recommend using it in further research con-
nected with emotion recognition.

Table 1
Emotion classification rate (%), dimensionality reduction approaches comparison
Dataset Audio QLZM LBP Lep-Top | Audio*
video
Initial number of features 991 656 59 177 1883
All features 28.542 10.506 20.486 22.847 19.732
Principal components analysis 35923 /131 | 21.458/36 | 23.75/4 |32.017/10|31.718/180
Emotion classifica- . —
tion rate / reduced Single-objective | 3¢ 495/ 476 | 20.208 /301 | 25.972 /33 | 40.278 /77 | 33.661 /902
number of features Feature optimization
selection it
Multi-objective |39 705/ 484 | 24.911/319 | 25.694/31 | 45.694 /90 | 35.893/ 885
optimization
Table 2
Emotion classification rate (%), neural networks optimization and ensemble forming
Optimization Ensemble Classifiers Dataset
Algorithm (number Output Fusion
of objectives) Scheme Audio QLZM LBP LBP-TOP Audio + video
Co-evolutionary
GA (1) - 35.923 21.458 23.75 32917 31.718
Voting 31.012 16.319 16.667 34.167 27.292
SPEA (2) Average class 16.994 10.903 16.458 39.583 14.256
probabilities
SVM meta-classifier 28.631 16.042 18.264 34.583 25.06
Voting 29.226 21.181 19.236 33.403 24.554
NSGA-2(2) Average class 29.435 14.722 16.667 17.639 23.571
probabilities
SVM meta-classifier 39.762 11.528 17.5 38.125 34.94
Voting 33.839 17.5 24.514 32.639 22.5
VEGA (2) Average class 27.262 24306 20.069 21.042 15.119
probabilities
SVM meta-classifier 38.899 13.958 29.167 36.736 37.292
Voting 26.577 20.347 33.125 36.25 19.94
SelfCOMOGA (2) Average class 23.244 15.935 25.417 22.708 17.768
probabilities
SVM meta-classifier 36.518 26.756 38.333 36.319 29.405
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MOJIX0/1 K CO3JAHUIO HHTET PUPOBAHHOM HH@OPMAHHOHHQﬁ CUCTEMBI YIIPABJIEHUS
HA IPEAITPUATUAX PAKETHO-KOCMHUYECKOU OTPACJIN

A. C. Kapramsimes' , A. B. Mypbirun’

'AO «H(pOpMAIIHOHHbIE CITYTHUKOBBIE CHCTEMBI» HMEHH akanemuka M. @. PeurerHeBay
Poccwuiickas ®@eneparnus, 662972, r. XKeneznoropck KpacHosipckoro kpas, yi. Jleanna 52
*Cubupckuii rocy1apCTBEHHbIH a3POKOCMUUECKHIl YHHBEPCHTET MMEHH akaneMuka M. @. PemerHena
Poccwuiickas @enepaunsi, 660037, r. KpacHosipck, npocri. uM. ra3. «KpacHosipckuit padounii», 31
“E-mail: kartam@iss-reshetnev.ru

Packpuvieatomces npuyunsl 03HUKHOBEHUS NOMPEOHOCMU 8 UHMESPAYUU UHPOPMAYUOHHBIX CUCIEM, UCNOb3YEMbIX
Ha npeonpusmusx pakemHo-Kocmudeckou ompaciu. IIpueooames 0CHOBHbIe UHCMPYMEHMbL YAPAGNEHUSL ICUSHEHHBIM
YUKIIOM NPOOYKYUU U UHPOPMAYUOHHbIE CUCmeMbl, NpeOHasHayeHHble 05l obwezo ynpasienus npeonpusmuem. Obo-
3HAYAIOMCA UCMOYHUKU He2aMmUGHO20 GIUAHUSL HA KAYeCm80 YNPABIeHYeCKUXx peakyuil, u Qopmyaupyemcs peuwetue,
nozeonsaouwee nosvicums d¢dexmusHocms  ynpaeienus. Ilpednazaemcs nooxo0 K CO30aHUIO UHMESPUPOBAHHOU
uHGpoOpMayuoHHOU cucmemvl ynpasienus u onucvieaemca e2o cymv. Onpedensemcs odwas cocmasiawas 60 écex
DYHKYUOHATLHBIX UHCTIPYMEHMAX ONid NpeOCmagieHus ee 8 6ude CEA3KU MeHcOy PATUYHLIMU UHPOPMAYUOHHBIMU
cucmemamu. OnucvlBaemcs 603MOACHOCHb CO30AHUA HO8020 ADCMPAKMHO20 YPOBHA 01 UHMEZPayuu yepe3 He2o pas-
JUYHBIX QYHKYUOHATLHBIX UHGOPMAYUOHHBIX CUCTNEM, UCHOTb3YEMbIX HA Npeonpusmuy, 20e 8 Kavecmee 102u4ecKoll
UHMeSpayuoHHoU ceA3U npednazaemcs nouamue padomol. QOBACHAEMCA NONOACUMENbHBLI IPGheKkm npednazaemozo
nooxooa K unmezpayuu UHGOPMAYUOHHBIX CUCmeM ynpaeieHus npeonpusmuem. Ha npumepe memoouyeckux Ooxy-
menmog AO «HMCCy» paccmampusaemcsi 03MOACHOCHb KIACCUPUKAYUU BCEX 8bINOTHAEMBIX pabOm Ha NPeOnpusmuu
1O NPUHAONEIHCHOCHU K OCHOBHBIM CIMAOUSM NpOU3800Cmed Npooykyuu u cocmasy uzoenus. Ilpusoodsmcs npumepwvl
KAaccu@ukamopos, paspabomanHulx Ha 0CHOBaAHUYU HopmamueHvix dokymenmos AO «UCCy, u obvsacuaemcs npeumy-
wecmeo om ux UCnONL3068anus. AKyenmupyemcsa GHUMAHUE HA HeOOX0OUMOCIU pACUUPEHUs QYHKYUOHANA CUCTEMbl
YApasneHuss npoeKmamu, cmosueli 8o 2inage npeonazaemoz0 UHCMPYMeHma, caydlcauezo 6azou Ois uHmezpayuu uc-
NONbL3YEMbIX HA NPEONPUAMUY UHDOPMAayUOHHbIX cucmem. 1 08opumcs 0 nonodcumensHom 3¢pgexme, docmueaemom
npu yesaske KOHMPAKMHbIX IMAN0E HA 6ePXHEM YPOGHe YNpasieHus: ¢ pabomamu UCHOTHUMENEl, a MAKICe 0 603MOiC-
HOCMU UCHONIb306AHUS HAKONIEHHBIX OAHHBIX OISl YMOYHEHUS. U 0OOCHOBAHUS XAPAKMEPUCIUK NPOEKma Ha dmane 3d-
KII0UeHUs KOHmpakmos. [lenaromcs 66186006l 0 yenecooOpasHOCmu npuMeHeHUs npedaazaemozo nooxood K uHmezpayuu
cucmem ynpasnenus Ha npeonpusmuu.

Kniouegvie crosa: unmezpayusi un@opmayuoHuvlx cucmem, cUcmemsl YnpasieHus npeonpusmuem, eouHoe uH@pop-
MayuoHHOe noie, ynpagieHue npoeKmamil, HCUSHEHHbIU YUK U30eUsL.
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APPROACH FOR DEVELOPMENT OF INTEGRATED INFORMATION CONTROL SYSTEM
ON AEROSPACE ENTERPRISES

A. S. Kartamyshev'", A. V. Murygin®

'JSC “Information satellite systems” named after academician M. F. Reshetnev”
52, Lenin Str., Zheleznogorsk Krasnoyarsk region, 662972, Russian Federation
*Reshetnev Siberian State Aerospace University
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
"E-mail: kartam@iss-reshetnev.ru

In this article we develop causes of occurrence of integration necessity for information systems used on aerospace
enterprises. We also show the main tools of product life cycle control and information systems for general enterprise
administration. Moreover we define sources of negative influence on administrative reactions quality and represent the
decision which can increase control efficiency. The approach to design of the integrated information control system is
suggested and its core is described. General aspect of all functional tools is defined to represent it as a link between
different information systems. Possibility of development of a new abstract level is described to integrate through it
different functional information systems used on the enterprise where the term of work is proposed as a logical
integration link. A positive effect of suggested approach for integration of information control system is illustrated.
Possibility of classification of all enterprise perform activities by the main manufacturing phases and product structure

50



Mamemamuxa, mexanuxa, ungpopmamuxa

belonging is considered by the example of ISS methodical documents.

The examples of classifiers developed on the

base of ISS normative documents are given and their advantages are explained. Necessity to expanse functional of the
project control system which heads the suggested tool which is the base for integration of information systems used on
the enterprise is pointed out. A positive effect reached by the contact phase coordination at the top control level with
performer activities is discussed and the possibility of accumulated data usage to specify and justify project
characteristics at the contract award stage is defined. Conclusions about usage practicability of suggested approach to

enterprise control system integration are made.

Keywords: information system integration, enterprise control systems, uniform information field, project control,

product life cycle.

Beenenmne. [Ipennpuarus pakeTHO-KOCMHYECKOH OT-
pacou (PKO) ortnnyaroTcst OT NpeanpHuaTHiA, TPOU3BOIs-
LIMX TPOJYKIHIO MacCOBOTO CIpPOCa, PAIOM XapaKTepH-
ctuk [1]. Bombimoii o0beM Hay4YHO-HCCIIEIOBATEIHCKUX
U ONBITHO-KOHCTPYKTOPCKHUX PabOT, €JUHUYHOE IPOM3-
BOJICTBO, BO MHOTHX CIyYasX OTCYTCTBHE CTaHIAPTHBIX
TEXIIPOLIECCOB U TPYAHO HOPMHpPYEMBIE PaOOTHI MHTEIN-
JIEKTYaIbHOTO XapakTepa He ITO3BOJIIOT HCIOIB30BaTh
B VIpaBJICHUH TPEANPHUATHEM IIpeiaracMble Ha PHIHKE
rOTOBble MH(OPMAIMOHHBIE CHCTEMbl KOMIUIEKCHOM
apToMaTm3anuud. CoBpeMEHHbIE POCCHHCKHE MpPEeIIpusi-
tusg PKO sBAsI0TCS KOHKYPEHTOCTIOCOOHBIMH BO MHOTOM
3a c4eT COOCTBEHHOM MOJEIM YIpaBieHUs, pa3padaTbl-
BacMOW BHYTPH CaMuX mpeanpuatuii. MHCTpyMeHTamu
Ke, MOJJIEPKUBAIOIIMMH ITPUHSITYIO MOJIENb yIIPaBICHUs,
SIBILTIOTCSL aJallTUPOBAaHHBIC MO Hee (DYHKIMOHAIBHBIC
WH(POPMAIIMOHHEIE CUCTEMEI, KOTOPBIC C Pa3BUTHEM TEX-
HUYECKUX BO3MOXKHOCTEH MOCTOSHHO MOJAEPHU3UPYIOTCS,
¥ BO MHOTHX CITy4asX HE3aBHCHUMO JIPYT OT apyra. B HEI-
HEIIHUX peausaX, C TOBCEMECTHBIM COKpPAIICeHHEM 3aTpaT
U TepexoJ0M K TPHUHIHIAM YIPaBICHUS OEpPEeKIHBBHIM
MIPOU3BOJICTBOM, TPeOYyeTCs] MOCTOSHHOE HANIWYHE aKTy-
QIBHOW M HENPOTHBOPEUYHMBOIM MHGOPMALIUK O COCTOSHHH
BCEX MPOXOJAIIMX Ha MPEANPUATHH TporieccoB [2]. Jlms
3TOr0 HEOOXOAUMO pa3pabaThIBaTh CIIOCOOBI U MOIXOMIBI
K MHTETrpaluy pa3iMuHbIX UHCTPYMEHTOB Ui (POPMUPO-
BaHMs €IMHOT0 UH(QOPMALIMOHHOTO MTPOCTPAHCTBA.

IIpeanocblikM CcO31aHUSI KOMILIEKCHON HHpopma-
HMOHHOM cHCTeMbl YNpaBJeHHUS TNpeANpPUATHEM.
B ynpaBieHWH COBpeMEHHBIM TNPEANIPHATHEM PaKETHO-
KOCMHMYECKON OTpaciu 3aleiiCTBOBAHO MHOXECTBO
WH(POPMAMOHHBIX CUCTEM, OPHEHTUPOBAHHBIX Ha COIPO-
BOXKICHHE OIIPEJEIEHHBIX BHJIOB JIEATENBHOCTH. YacTo
STH CHCTEMBI CYIIECTBYIOT HAa Ppa3IHMYHBIX YPOBHSAX
YIOPaBICHUS U HE UMEIOT MEXIy COO0H MHTErpalliOHHBIX
CBs3el, a WCIOJHHUTEIH, pPabOTaIUue B HHUX, BBOAS
U TOAJEP)KUBasi TOJIBKO CBOIO MH(OpMaluio, HE 3HAIOT
U HE YYUTHIBAIOT BIMSAIOMMX (DAKTOPOB M3 APYTHX HH-
(hOpMaIIMOHHBIX WCTOYHUKOB. (DYHKIMOHAIBHAS CTPYK-
Typa yIpaBIICHUS CHOCOOCTBYET Pa3BUTHIO Ha IMPEIIpH-
SITASAX Pa3IMYHBIX WHCTPYMEHTOB, TOJAICPKUBAONINX Ha
MIPUEMJIEMOM YPOBHE AJISi KOHKPETHOTO Mporecca Heob-
XOOUMEIH 00beM mHpopmanuu. Kak mpaBmio, 5TH WH-
(hopMaroHHBIE CHCTEMBI paboTal0T aBTOHOMHO, CO CBO-
el HOpMaTHUBHOM W CIPABOYHON HMH(OpMAIKEH U co3/a-
HBI C TIPUMEHEHUEM Pa3JINYHBIX TEXHOJIOTHUH B CrOcO00B
xpaHeHus gaHHbIx [3]. Eciu B mH(pOpMAIMOHHOHN cucTe-
Me, MOJJIep)KUBAIOIIel KakoW-mubo mpouece, Tpedyercs
uHbOpMaIHS U3 IPYTUX YICTHBIX CHCTEM, TO, KaK MpaBH-
JIO, IS WX WHTErpallid HCHOJB3YIOTCS pPa3iIM4yHbIe
OTYETHBIC (DOPMBI, TOJTOTOBJICHHBIC B MIPEIBIAYIIHX TIPO-
meccax. OTH BXOIHBIC JAHHEBIC 3arpy’kKaloTcs BPYYHYIO
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nbo yepe3 mporpamMMbl-3arpy3uuku. [lpu Takoit TexHo-
Joruu paboTel ¢ HH(opMalued 3aTpyIHEHbI, a B HEKOTO-
PBIX CIy4asXx HEBO3MOXKHO BIMATH Ha MpeAlIecTBYIONUE
MIPOLIECCHI, MPOTEKAIOUINE B JPYroM HH(GOPMAIMOHHOM
1oJIe W TOAJEP)KUBaeMble APYTMMH (PyHKIMOHAIBHBIMA
nojapaszaeseHusamu [4].

OCHOBHBIM MHCTPYMEHTOM JUIsl pa3paboTKu KOocMHYe-
ckoil TexHuku Ha npeanpuitusix PKO sisrores cucrtembl
aBTOMaTu3npoBaHHoro mnpoektupoBanus (CAIIP), rme
cozmaercst UQpOBas MOJENb W3NS, COCTOSIIAs U3
OTPOMHOTO KOJIMYECTBA JeTaneil COOPOYHBIX EAMHHIL.
BBugy mnOBBIICHHONW CIOXHOCTH (DyHKIMOHANA TaKUX
CHCTEM, OHM SBIIIFOTCSI MOKYIHBIMH, M KakK MpPaBUJIO —
Yy HMHOCTpaHHBIX IpousBomutenel. Ilocie npoextuposa-
HUS JeTayield, y3ioB odopmisierca pabodas NOKyMeHTa-
LHsI, KOTOpasi XpaHUTCS ONpe/ieIeHHBIM 00pa3oM B CHUC-
TeMax 3JIEKTPOHHOTO apXuBa M MEpPeAaeTcss B CUCTEMY
YIpaBJIEHUS NPOU3BOACTBOM JJIS IUIAHUPOBAHUS IpoIiec-
ca M3TOTOBJICHUS] MarepuanbHoil yactu. Ilomumo cober-
BEHHOT'O MPOU3BOACTBA MIPU CO3JAHUU KOCMHUYECKOH TeX-
HUKH 33JeHCTBOBAHBl MHOTOYHCIICHHBIE KOHTPAarcHTHI,
BBITTOJHAIONINE JUTS MIPEATIPUATHS ONPECICHHbBIE YCIYTH,
a TaKoKe MOCTABLIMKY MaTEPHAJIOB M TOKYITHBIX M3EIIHH.
Jlns ynpaBieHus] STUMH IPOLIECCaMH HCIIONB3YIOTCA YXKe
CHCTEMbI CKJI3JCKOIO Yyd4eTa, YIpaBlICHHUs 3aKyNKaMH,
B3aUMOOTHOILIEHUSIMH C KOHTpareHTamH u T. 1. Ilepeunc-
JeHHble HMH(OPMALOHHBIE CHCTEMBI, IpeCTaBICHHbIE
Ha puc. 1, OTHOCATCSI K HEMOCPEICTBEHHOI pa3paboTke
U CO3JJaHHIO0 TOTOBOTrO M3aenus Ha mpennpustusx PKO,
HUX MOXXHO OTHECTH K ypoBHIO ucrnonsuteneil. Ilo HuM
OTCJIC)KUBACTCS KM3HEHHBIH IIUKJI IPOAYKIIHH.

[ToMuMO YIOMSIHYTBIX BBIIIE HHCTPYMEHTOB, IJIST 00-
LIETO YNpaBJICHUS MNPENNPUATHEM HCHOIB3YIOTCA WH-
(hopMaIOHHBIE CHCTEMBI HKOHOMHYECKOTO IUIAaHHPOBA-
HUSL ¥ OIO/DKETUPOBAHMSA, yIIPABICHUS (UHAHCAMH, ydeTa
U TIOJATOTOBKH KaJpOB, YIPABICHHUS PUCKAMH U T. TI. [5].
YuutbiBas no3aka3Hbli{, 4aCTO LITYYHBIA, TUI MPOU3BO-
CTBa M OCOOEHHOCTH pPacCMaTPHBAEMBIX MNPEINPHUATHH,
HEOOXOANMBIM SIBIISIETCS] HCIIOJIb30BAHUE CUCTEMBI YIIPaB-
JICHUS] IPOEKTaMU ¢ (QYHKIMSIMH pacrpeneeHusl pecyp-
COB, a TaK)K€ CBSI3aHHOH ¢ He CUCTeMBbI KOHTPOJIS U UC-
MOJTHEHUs IopyuyeHui. B cBoro ouepenb, xo3sicTBEHHAs
JIESITEJIFHOCTD JIF000TO MPENpPUATHS YIUTHIBACTCS B CHC-
TeMe OyXTalTepCKOro y4eTa, KOTOPHIA SBIIETCS OCHOBA-
HHEM JUIsl BCceX ()OPM OTUETHOCTH M YIUIATHl 00s3aTellb-
HBIX IUIaTEKEH BO BCE TOCYAAPCTBEHHBIC CTPYKTYPHI
Takoli HaOOp OCHOBHBIX HWH(OPMAIMOHHBIX CHCTEM
3a[IeICTBOBAaH B IMPOLIECCE YNPABICHUS POCCUICKUMU
npennpuatuamu PKO. Paznnunas ¢yHKunMoHaNbHAs NpH-
HaJUICKHOCTh 3THUX CHCTEM, Pa3IWYHbIE OOBEKTHI yuera
B HHX, OTCYTCTBHE YHU(UIMPOBAHHOTO MOAXO/A K aHAM3Y
nH(pOpMalMY HETaTUBHO BIMSIOT HAa KadeCTBO YIpaB-
JICHYECKUX PELICHUH Ha BCEX YPOBHAX PYKOBOJCTBA.
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Jns noBbIIeHHst KayecTBa U 3 dexkTHBHOCTH omepa-
THUBHOT'O YIPaBJICHUS MPEINPHUATHEM TPeOYIOTCsl aBTOMa-
THU3UPOBAaHHBIE MH(OPMAIIIOHHBIE CHCTEMBI YIPaBIICHUS
TEXHOJIOTUYECKUMH TIPOLIECCaMH, MTO3BOJISIONINE OPraHu-
30BBIBaTh ITOCIIEAOBATEIbHYIO UX YBS3KY 10 Hepapxuye-
CKHM YPOBHSIM C BO3MOXHOCTBIO HAKAIUIMBAaTh W aHAJIH-
3UpOBaTh MHPOPMAIIHIO B €AMHON cucTeMe cbopa u oOpa-
60TKM MaHHBIX. /|11 ONTHMABHBIX W B3BELICHHBIX pelle-
HUH HEOOXOAMMO UMETh eIMHOE MH()OPMAIIMOHHOE I0JIe
CTPYKTYPHUPOBAHHBIX JIaHHBIX, KOTOpBIE MOXHO OyZIeT
AHAIM3UPOBAThH C Pa3IUYHBIX TOUEK 3peHus [6]. IlepBrim
n HauboJjee MPOCThIM PEUIEHHEM OIHMCaHHOW MPoOIeMBbI
OyZleT MOKyNKa WM CO3[JaHue MpPOIYKTa KOMILICKCHOW
ABTOMATH3alluK, B KOTOPOM YYTCHBI BCE HIOAHCHI JKU3HE-
JeATENIFHOCTU TIPEINPHATHSL. DTOT CIIOCO0 TEOPETHYECKN
IIPOCT, HO NPAKTHYECKH ISl POCCHHUCKUX MPEATPUSTHH
PKO BBHAy ux ocoOeHHOCTEH TOYTH HEBO3MOXeH [7].
BropsM crioco6oM MOXKET CTaTh HHTETPAls CYIIEeCT-
BYIOIHX HWH()OPMAIIMOHHBIX CHCTEM MEXIy Co0oit
1 yIopsAoYNBaHNe MH(YOPMALUH 10 HEOOXOIUMBIM KpH-
TepusiM [6].

IMoaxoa k co31aHUI0 UHTErPUPOBAHHOM MHGOpPMa-
HHOHHOW CHCTeMBbI ympaBjeHHsi npeanpusitueM. /s
OpraHM3alli €JUHOTO MCTOYHMKA WHPOpMAlWHU C aKTy-
QIPHBIMHA M HENIPOTUBOPEYMBBIMU JaHHBIMH HEOOXOIMMO

OTIPEIETINTh OOIIYI0 COCTABIIONIYI0 BO BCEX (YHKIIHO-
HaJIbHBIX MHCTPYMEHTAX U IPEJICTaBUTD €€ B BUIE CBA3KU
MEXAY Ppa3InYHbIMH HH(OPMAIIOHHBIMH CHCTEMaMH.
Omnpenenus JOTUYECKYI0 MHTETPALIMOHHYIO CBS3b, MOSIB-
JSIeTCS BO3MOYKHOCTB CO3J1aTh HOBBIM aOCTPaKTHBIN ypo-
B€Hb, CIIyXKallU{ AJS1 MHTETPAllMU 4Yepe3 HEro IOTOBBIX
MH(OPMAIMOHHBIX CUCTEM, HCIOIB3yeMbIX Ha MpeIIpH-
situn [8]. s mpeanpustuit PKO B kauecTBe Takoil wH-
TErpalliOHHOM COCTaBJIAIONIEH MOXXHO HCIOJIb30BaTh
MOHSTHE PabOTHl WIM 3a/lauH, BHIOIHAEMOMN UCIIOIHUTE-
JeM Uil TIOJydeHHUs Kakoro-To pesynbrara. [loHsTue
«paboTa» MOKeT 00J1alaTb MHOYKECTBOM XapaKTEPUCTHK,
HEKOTOpbIE M3 KOTOPBIX, HEOOXOAMMBIE JUIS MOCIEAYIO-
IIEro aHanu3a, OyIyT yHOpsSAOYMBATHECS B €IUHOM Xpa-
HUIHUIE 0a3bl TaHHBIX, & PE3ybTaThl padoOT W MOIMyTHAs
nHpopManus 0 e€ CBOWCTBaxX OyIyT JOCTYIHEI B CBOUX
(hyHKIIMOHANBHBIX cucTeMax. IIpu Takoil opranuzaimu
JaHHBIX Ha HOBOM YpOBHE aOCTpakuuu (GopMupyeTcs
MOJTOTOBJIEHHOE K BCECTOPOHHEMY aHanu3y HHpopma-
LIMOHHOE T0JIe, a eCNIU TpPeOyeTcsl JOMOIHHUTENbHAsS WH-
dhopmMarmst 06 00BEKTE UCCICIOBAHUS, €€ MOXKHO JTOOBITH
M0 OPraHW30BaHHOHN CCBHUIKE M3 COOTBETCTBYIOLIMX HC-
TOYHHKOB [6; 8; 9]. LleHTpanbHbIi y3en MH(OPMAIMOH-
HOHM CHCTEMBI NPEJICTaBIICH Ha PHC. 2.

TTpoexTHpoEame
Pabouan Texmponecc
AOKYMEHT N TTonroToeka Crnamckoi yaer
IMEXTPOHELIH aPXME | NPOHIEONICTER 3afEKa Ha KOHKYpPC
Otnanxa Brbop nocTaEmmKa
Hzrotoenewmie
ToroEOp. OIIATA
Matdact A °P-
TlocTaeka, npimon

Puc. 1. OcHOBHBIE HHCTPYMEHTBI YIIPABICHUS KU3HEHHBIM IIUKJIOM CO3/aHUS MTPOTYKIHN

MpoeKTbl
PUHaHCBI
CAMNP
)
L MnaHMpoEaHWe W KOHTPOAB
baza
- pabBota l e
el FHOHULU ‘
Npounzeop sk Byxyuer
cTEO - paboTtan
P AHanuz n
ecypchl e epcoHan

Puc. 2. LlenTpanbHblil y3en1 HHGOPMAIMOHHOH CHCTEMBI MPeIIPHSTHS
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Kak npaBuno, 3agaHusi U HNOpy4YeHHs Uil OTAEIOB
ucnonauTenell Ha mupeanpusatusx PKO  ¢opmupyrores
Ha BEPXHEM YPOBHE YIIPaBICHHUA, a B3aMMOJCHCTBHE
C WCHOJHUTEISAMHI OCYILIECTBIACTCA depe3 «OyMasKHBII»
JIOKYMEHTOOOOPOT: 3TO pabouue IIIaHBI, CIIy>KeOHEBIE 3a-
IIUCKHY, ONEepaTHBHbIE 3aJaHus U T. I. IIpu ucnomnb3oBa-
HUM B MEHEMKMEHTE NPEANpUATHH HHPOPMALIMOHHBIX
CHCTEM IO YMPABJICHUIO NPOEKTAMU HECBA3aHHBIX IPO-
IrpaMMHBIM 00pa3oM C WHCTPYMEHTaMH HCIIOJHHTEIEH,
OTCYTCTBYE€T BO3MOYKHOCTh aBTOMAaTHUYECKH NOIy4aTb
JIAaHHBIE O XOJ€ BBIITOJHEHHs paboT ¢ HIKHUX YPOBHEH,
BO3HHMKAIOT WH(OPMAaNMOHHBIE Pa3pHIBBI, NPUBOISIIINE
K CHIDKEHHUIO KauecTBa U CBOEBPEMEHHOCTH YIIpaBIICHYE-
ckux pemenui [10]. Ilepeuncnennsie mpobieMs! mociy-
XKHWJIM TOMYKOM K pa3paboTKe HOBOTO MOAXOAA K CO3/a-
HUIO MH()OPMAIMOHHON CHCTEMBI YIIPABICHHS IPEIIpH-
SITHEM, CYThb KOTOPOTO 3aKJIIOYaeTCs B CO3JaHUHU a0CT-
PAaKTHOTO YPOBHsI CTPYKTYpPHPOBaHHBIX M HENPOTHBOpPE-
YMBBIX JAHHBIX O PaboTax WM Ipoleccax, MOAINCPIKHU-
BAIOIUXCSI B CBOMCTBEHHBIX UM (YHKIMOHAIBHBIX CHC-
TeMax.

Jlns moruyeckoit yBsi3ku paboT MEXIy pa3IHdIHBIMHU
MH(OPMALIMOHHBIMA CHUCTEMaMHU YIpaBJICHUS Ipeisia-
raeTcsi HCIOJb30BAaTh OTPAcieBBIC CHPAaBOYHUKH. Tak,
s npeanpustuii PKO Bce OCHOBHBIE pa0OTHI MOXKHO
KJIacCU(UIIMPOBATh HA OCHOBHBIC JTAllbl IO CO3aHHUIO
KOCMHYECKOW TEXHHKH, OIMpPEICICHHBIC B COOCTBEHHBIX
MeToauueckux nokyMmeHTtax. Hanpumep, mia AO «ACCy
B METOJUYCCKUX JOKYMEHTAaX YYTCHBI BCE CTAIUU MPOM3-
BOJICTBA, OT OOIIET0 MEHEKMEHTA U MPOCKTUPOBAHUS JI0
yTumm3anun rotooro maemis [11; 12]. B tabn. 1 npencras-
JIeH TpuMep, AEMOHCTPUPYIOIINA CYTh CIPAaBOYHHUKA OC-
HOBHBIX CTaWi BRIIOMHEHNUA padoT mst npeanpusituii PKO.

CaMo u3/eIre MOKHO JeTaJu3HpOBaTh Ha CTaHAAPT-
HBIC WIX NIPUPABHEHHBIE K HUM COCTAaBHBIC YacTH, YIOPS-
JIOYUB MX TaKUM OOpa3oM IO JEPEeBY COCTaBa W3ICIUS.
CaM CIpaBOYHHK COCTaBa HU3JCIUS MOXET OBITh 0000-
IIAONIUM JUIS MHOTHX Pa3HOBHUIHOCTECH BBITYCKaeMOM
MPOAYKIIUK U UMETh HEOOXOJUMYIO JUIsl aHAJTN3a MHOMKE-
CTBa padoT, C YIETOM OTPACIICBOH CITCITU(HKH, JICTaTH3a-
nuto [11; 12]. IIpumep, AEMOHCTPUPYIOLINH CYyTh OpraHu-
3alli¥ CIPABOYHIKA 00OOIIEHHOTO COCTaBa CITYTHHKOBOM
CHCTEMBI, TIPEACTABICH B Ta0I. 2.

Tabnuya 1
Cranuu BbINOJTHEHHs PadoT
Kopg O6o3HaueHnE HanmeHnoBanue
01 M MeHeKMEeHT
01.01 M.TP BBIIyCcK TeXHHYECKUX PELICHHH, IaH-TPpaMKOB, IPUKA30B, ONIEPATUBHBIX 33AaHHUH U JIp.
01.02 M.J 3axI04eHHe JOTOBOPOB, TOMOJHUTEIBHBIX COTTAICHUI
01.03 M.TC [IpoBeneHre TEXHUYECKUX COBEIIAHUNA Pa3IMYHOIO YPOBHS
02 HUP HayuHo-nccnenoBarensckue padboTsl
02.01 HUP.MJ Berimyck ucxonHbIX JaHHBIX Ha npoBenenue HIP
02.02 HUP.IIIT Brimyck nnan-npocnekra otueta no HUP, nposenenne HUP
02.03 HHP.O Brimyck otuera mo HUP
03 AIl ABaHNIPOCKT (TEXHUYECKOE MPEIOKCHHUE)
04 Ol OCKU3HBIN IPOEKT
05 PJ1 Pa3paboTka paboueil JOKyMEHTAIIMH Ha OTBITHBIC M3/ICJIUs, MAKEThI
06 MU H3roroBneHre MaKeTOB M OMBITHBIX M3
06.01 MULTIIII TexHomorn4eckast MoAroTOBKa MPOM3BOJCTBA
07 on M3roroBaeHue ONbITHBIX U3AEIMNA U KoppekTupoBka PJI
08 JI JleTHble HCIBITAHUS
09 A IToaroroBka JOKyMEHTALUH Ha M3J€JIHsI CEpUITHOro NpOU3BOACTBA
10 (0341 [ToaroroBka U OCBOEGHHE CEPUUHOIO MPOU3BOJICTBA
10.01 CHULIIIT IlonroroBka NpoM3BOACTBA CEPUHHBIX U3AETHI
10.02 CH.OIT OcBoeHHE IPOU3BOICTBA CEPUMHBIX M3ACIUI
10.03 CHU.13 M3roropieHue cepuilHbIX u3nenuil
10.04 Cu.n1 VcnbITanus cepuiiHbIX U31enuil
10.05 CU.KJ KoppexkTupoBka JOKyMEHTallUU CEPUHHBIX H3AENUi
11 11 BBoza B 3KcIuTyaTanuo
12 12 DKcIuTyaTanus
13 13 VTunuzamnus
Tabauya 2
O0001IeHHBII COCTAB CIYTHUKOBOMH CHCTEMBbI
Kon OG6o3HaueHue HanmenoBanue

1 CcC CryTHHKOBas CHCTEMa
1.1 KC Kocmuueckuii cermeHt
1.1.1 PKK PakeTHO-KOCMMYECKUI KOMILIEKC
1.1.1.01 PH Pakera-HocuTens
1.1.1.02 Pb Pa3zronnsIii 610K
1.1.1.03 KA Kocmugecknii ammapar
1.1.1.03.01 KA.ITH Ilonesnas Harpyska
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Oxkonyanue maon. 2

Kon 0O0603HaucHNE HaumeHnoBanme
1.1.1.03.01.01 KA.ITH.BPTP BopTtoBoii perpancisarop
1.1.1.03.01.01.01 KA.ITH.BPTP.LTA Lenesas anmapatypa
1.1.1.03.01.01 .... KA.ITH.BPTP ....
1.1.1.03.01.02 KA.IIH. A®Y AHTEHHO-(pHIEpPHBIE YCTPOHCTBA
1.1.1.03.01.02.01 KA.ITH. A®Y.Cb ADY B cbope
1.1.1.03.02 KA.CC CryxeOHbIe CHCTEMBI
1.1.1.03.02.01 KA.CC.BKY BopToBo#i KOMIUIEKC YIIpaBIEHUs

CrpaBOYHMKH OpraHU30BaHbI B APEBOBHIHON (hopme,
YTO MPEJOCTABISIET BO3MOKHOCTh aHAM3UPOBAThH CO3JIa-
BaeMblii 00beM pabOT MO Pa3HBIM YPOBHSM JIETaIN3ALIN
cocTaBa M3JICIHS, a TAKKE Pa3fesaTh padOTHI 10 UX IPU-
HAJIS)KHOCTH K PAa3IMYHBIM BUIaM W TOABHIAM. MapKu-
pys paboOTBI B ILEHTPATGHOM HWH(POPMAIMOHHOM Y3IIe
CCBUIKAMH Ha COCTaB M CTAagUIO PadoOT, MOSBISETCS BO3-
MOJKHOCTBH OIIEPAaTHBHO W C BBICOKOH CTEIIEHBIO YBEpEH-
HOCTH YTPABIATH KaK JKU3HEHHBIM LUKIOM MPOXYKIIUH
10 KOHKPETHBIM IIPOEKTaM, TaK U 3arpy3Koil Bcero mpen-
IOPUATHS C yYETOM OrpaHHMYEHHOCTH B pecypcax. MHCT-
PYMEHT yIpaBJiCHUS IMPOEKTaMHU B OMHCHIBAEMOM IIOAXO-
JIe UTpaeT MepBOOYEPEHYIO POJIb, TAK KAK UMEHHO B HEM,
Ha BEpXHEM YpPOBHE MEHEIKMEHTa, POXKIalTcs 0000-
miatomye paboThl € MPUBSA3KOH K OIMCAHHBIM CIIPaBOY-
Hukam [13]. B mampHeimem, Ha pabodnx MeECTax HCITOI-
HUTENCH OHM JETATM3HPYIOTCA M YTOYHSIOTCS IO CHpa-
BOYHOW KJIacCH(UKAINH, TEM CaMbIM BBICTpauBas Jepe-
BB Pa0OT MO pa3IHMIHBIM dJIEMEHTAM COCTaBa M3/ICTIHS.

CTOMMOCTHBIE TIOKa3aTelIH PadOT CTAHOBATCS OCHO-
BaHWEM IS CHCTEM SKOHOMHYECKOTO IDIAHWPOBAHUS
u OrwmketupoBanust [14—16], 4yTo maeT BO3MOXHOCTH
OpraHu3alli Ha MPEJNPUSTHH TOYHOI'O LENEeBOro (u-
HAHCUPOBAHUsI, TPEOYEMOTr0 OCHOBHBIMH TOCYIapCTBEH-
HBIMH 3aKa34yMKaMHd. YBs3Ka pabOT OT KOHTPAaKTHOI'O 3Ta-
Ia 0 HETOCPEICTBEHHOT0 MCIIOIHUTENS IO3BOJIUT HAXO-
JIUTH OTBETHI Ha JIOOBIE BOIIPOCHI YIPABJISIOINX OpraHH-
3a0Uii W 3aKa3YMKOB. BOBICUECHHOCTh HCIIONHUTENEH
B IIAHUPOBAaHUEC M KOHTPOIb PabdOT MO3BOJSET COCTaB-
JATh OoJiee TOUHBIe pabodre IUIaHbI, OTIEPATUBHO BIIHATH
Ha U3MEHEHMs KaK BHEIIHEW, TaK U BHYTPEHHEW CpEIbl,
TEM CaMbIM IIOBBIMIAS KAa4eCTBO YIPABICHUS MPEATIPH-
arueM. HakomieHHas CTaTUCTHKA C 3alaHHOM JeTain3a-
oMeil MOXXET HCIIONB30BaThCA I pacdyera TEXHHKO-
SKOHOMHYECKOTO0 OOOCHOBAaHMS Ha JTamax 3aKII0ueHUs
KOHTPAKTOB.

3akiaouenne. [IpeuiokeHHBIIT B cTaThe MOAXO]
K CO3JJaHWI0 HMHTETPUPOBAHHON WH(OPMAIMOHHOW CHUC-
TEMBI TO3BOJSCT IIOIIATOBO, HE W3MCHSSI TPUBBIYHEBIC
WHCTPYMEHTHI Pa0OTBHl HUCIIONHUTENCH, CO3/1aTh HOBYIO
MHQOPMAIMOHHYIO CHCTEMY B KadecTBE LEHTPAIBHOTO
y371a, CBSI3aHHOTO CO BCEMH YUCTHBIMU CHCTEMaMH B €IH-
HOM WH(POPMAIMOHHOM IpPOCTpaHCTBe. BHenpeHme 3Toit
CHCTEMBI TIOBBICHT MPO3PAaYHOCTh B IUIAHUPOBAHUH H
KOHTpOJIe HaJa paboTaMu, a TaKke KauyecTBO U 3 (EKTHB-
HOCTb B cpepe yIpaBiIeHHs NPEAPUITHEM.
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STOCHASTIC NETWORK EQUILIBRIUM SEARCH WITH APPLICATIONS
IN THE GAS TRANSPORTATION MODEL OF RUSSIA

A. V. Kolosnitsyn

Melentiev Energy Systems Institute SB RAS
130, Lermontov Str., Irkutsk, 664033, Russian Federation
E-mail: ankolos25@mail.ru

We suggest an equilibrium search methodology under uncertainty conditions using the example of gas transporta-
tion model of Russia. This model includes gas producers and consumers that are joined by the network. Two-stage
approach to finding the network equilibrium is described in details. For the first stage we investigate the method of de-
mand and supply functions forming for gas consumers and producers that let us to find the equilibrium price as well
as production and consumption volumes of gas. On the second stage we formulate a problem of finding the optimal plan
of gas transportation with the network constraints. Then we add to our model the case of demand uncertainty and state
a problem of finding the stochastic equilibrium in the gas transportation model. Gas production volume and price
which provide demand satisfaction with specified probability is determined in our model. Described method of finding
the stochastic equilibrium is applied to the gas transportation model of Russia. Results of numerical calculations are
also given in this paper.

Keywords: stochastic equilibrium, network model, chance constraints convex optimization problem.

Bectauk Cubl’'AY
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IMOUCK TPAHCIHHOPTHOI'O CTOXACTHYECKOI'O PABHOBECHA
C MPMJIO)KEHUSMHU B TA3OTPAHCIIOPTHOM MO/JIEJIA POCCUA

A. B. Konocuunpsia

Wuctutyt cucrem snepretuku um. JI. A. MenentseBa CO PAH
Poccuiickas ®enepanus, 664033, r. Upkytck, yi. Jlepmonrosa, 130
E-mail: ankolos25@mail.ru

Paccmampusaemcest nouck pasnogecusi 8 Yciogusix HeonpedeieHHOCHU Ha npumMepe Cemegoil 2a30mpaHcnopmHol
modenu Poccuu. Mooenwv sxniouaem 6 cebsi nocmasuukos u nompedoumerneii nNpupoOHO20 2a3d, 00beOUHEHHbIX Cembio
mpancnopmuwix aurnui. Iloopobno onucwvieaemcs 08yxXamantulil N0OX00 K NOUCKY Cemesozo pasHosecus. [lna nepeoco
omana pazdoupaemcsi cnocobd Gopmuposanusi PYHKYULl cnpoca u npednodicenus Ois nompebumeneli U nOCMASUUKOS
2asa, a makaice NOUCK pagHOBECHOU YeHbl, 00beM08 npou3eoocmsa u nompebnenus eaza. Ha emopom smane cmasumcs
3a0aya onpedeienus ONMUMAIbHO20 NIAHA MPAHCNOPMUPOBOK 2A3d C YHemoM Cemesblx oepanuyenui. Paccmampusa-
emcsl cayyaill HeonpeOdeieHHOCMU CHpocd, U CIMABUMCs 3a0aia NOUCKA CMOXACIUYECKO20 PAGHOBECUsl 8 2A30MPAHC-
nopmuoii mooenu. Onpedensromcsi 00veMbl NPOU3BOOCMEA U YeHa Ha 2a3, KOMopbvle 06ecnevusaiom y006iemeopeHue
cnpoca ¢ 3a0anHoil geposmHocmvio. ONUCAHHAS MemOOUKA NOUCKA CMOXACMUYECKO20 PABHOBECUs NPUMEHemcs
K 2azompancnopmuot moodenu Poccuu. IIpusoosmest pe3yivmamvl YUCIEHHbIX PACYEmMO8.

Kniouesvie cnosa: cmoxacmuueckoe paesHoeecue, cemeesds Moaeflb, 3adaua 6bll’lyl<’./2011 onmumuzayuu ¢ oepaHude-
HUAMU NO 6€POAMHOCTU.

Introduction. We consider a gas network system distributions. Different approaches are used for studying
in conditions of deregulated operation. This means that games with stochastic uncertainty. In [3] authors base
we have to take into account different (not necessarily  their investigations on Markov chains and stochastic
antagonistic) aims of the participants of the system. The dynamic programming. Random variational inequalities
below suggested model is based on game-theoretical are used for finding the Wardrop traffic equilibria in [4].
approach (see also [1]). The key point is consideration of  Among other interesting and relevant topics the following
stochastic gas demand uncertainty. In general, uncertainty can be mentioned: stochastic differential equations [5],
is one of the main problems in energy system modelling  stochastic Stackelberg games [6], generalization of the
[2]. We assume that uncertainty has stochastic nature, i. . maxmin strategy [7; 8], stochastic Cournot models [9],
all uncertain parameters are random variables with known  two-stage stochastic programming model [10]. In our
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approach we use standard stochastic programming tech-
nique [11; 12] and basic knowledge of probability theory
[13]. Recent investigation concerning the paper topic can
be found in [14] and [15].

The standard transportation model that joins gas pro-
ducers and consumers and takes into account network
constraints is considered. Minimizing total network costs,
we obtain optimal gas transportation plan as a solution of
the following mathematical programming problem:

min{icj(xj), Ax =b, —dﬁxﬁd} (N
j=1

Here A is an m*n incidence matrix, which defines
relations between m nodes and » transportation lines; x; —
volume of the gas, transporting on the line j; ci(x;) — trans-
portation costs; b; — volume of the gas production or con-
sumption in the node 7; d; — capacity of the line j.

Two stage approach to finding the network equi-
librium. We assume that the considering model reflects
operation in the market conditions. It means that supply
and demand functions are given in every production and
consumption node respectively. Having that data, we can
build total demand and supply functions that let us to find
an equilibrium price, production and consumption vol-
umes of gas in corresponding nodes.

Let 7, be node set of producers, /. — node set of con-
sumers, /y — set of the branching nodes. Production costs
have nonlinear structure in general and for our purposes
we represent it as the quadratic functions that practically
appropriate:

z;(b)= o6} +Bb+v;, iel

p°

2
where a; >0, B, >0, y; >0, i e/, —specified constants.
Consumption linearly depends on market price p:

bi(p)_ki

=k —nrp, i€l

where k; >0, >0, iel, — specified constants. The

following explanation can be given here to make justifica-
tion to introduced functions representations. Production
cost form is our assumption as the model designer,
whereas consumption function form is standard assump-
tion that reflects inverse dependency of the consumption
volume from the price level.

In the branch nodes we have b, =0, i< [,,.

One can naturally suppose that producers maximize
their profit:
2
pb, —ob; —B;b; —y; — max,

b <b<b, iel,,

3)

where p — market price on the product. Then using (2), (3)
we can build supply function of every producer:

b, p<2o0;b+B;,

* p_Bi e

bi (p)= Tu,’ 2(X,iz+[3i$p<20(,ibi+p)i, (4)
Fi, pZZocib_i+[3i, iel,.
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Total supply equals to
S(p)= 2.5, (p).

zelp

©)

Total demand function equals to

D(p)= Zbi = Z(ki —Lp)= Zki —Pzrr

iel, iel, iel, iel,

Intersection point of total supply and demand func-
tions defines an equilibrium price p , which is set on the
market of gas production and consumption:

p":8(p")=D(p")- (6)

We consider (6) as the key condition in defining the
state of the network equilibrium in the represented model.
Situation on the market of gas production and consump-
tion in which total volume of production equals to the
total volume of consumption taking into account network
constraints will be understood to be the network equilib-
rium.

Note that considering market conditions it is quite rea-
sonable to divide searching the network equilibrium into
two stages. On the first stage we find equilibrium market
price and also equilibrium volumes of gas production and
consumption. To do this we need to implement next se-
quence of steps:

1. Considering gas production costs build supply
function of each gas producer in the form of (4).

2. Build total supply function S(p).

3. Build total demand function D(p).

4. Using the relation (6) find the equilibrium price p".

5. Determine equilibrium volumes of gas production
for each provider:

b =b(p'), iel,

6. Determine equilibrium volumes of gas demand for
each consumer:

b =k -rp, icl,.

On the second stage we optimize gas transportation
volumes considering throughput of each transport line and
demand satisfaction in every consumption node. We can
represent mathematical model of this problem in the next
form:
¢(x) — min,
ax=b, iel,,
i

X
ax=-b,,

1

iel, N
aix:O, iel,,

—-d<x<d,

where b;, i=1, ...,m — equilibrium volumes of gas pro-
duction and consumption that were obtained on the first
stage. Solution of the problem (7) is optimal plan of gas
transportation in the market conditions with network con-
straints.

Network equilibrium with demand uncertainty.
Sometimes we can come across the difficulty in determi-
nation of consumers demand functions. In this case we
can consider its uncertainty.
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In our model demand functions have the form
b, =k, —rp, iel, . Now let the parameters k; and 7, be
random variables with normal distribution and known
expectations and variances. Hence, b;(p), i€/, and
D(p) become random variables as well with normal dis-

tribution. This representation of demand function includes
a particular case, when parameters , =0, i</, . Then

demand value of each consumer will be determined by the
random variable k;, i € /, with normal distribution.

In the uncertainty conditions we can set the problem
of searching such price and corresponding gas production
volumes that provide satisfaction gas consumption with
the probability not less than given positive constant §.
It means that we move to finding stochastic equilibrium in
our model. We can write this condition formally in the
next form:

P{S(p)—D(p) 20} 23. ®)

We can rewrite (8) as F(S(p)) =26, where F(S(p)) —
is the distribution function of the random variable D(p)

with fixed price.
It is well known that the probability of random vari-
able realization from the interval (0,x) can be found us-

ing Laplace function [13]:

D(x) = 124

1 X
—Je
V21

To use Laplace function we need to normalize the
random variable D(p), that is count expression

(S(p)=MI[D(p)])/JAID(p)], where M[D(p)] and

A[D(p)] — are expectation and variance of the random

]25,

S(p)—M[D(p)] = Ss/ALD(p)],
or S(p) = M[D(p)]+Ss+/ALD(p)],

variable D(p) accordingly.
Using Laplace function we have

S(p)—M[D(p)]

)
A[D(p)]

‘D(S(p))_q)[

transform the expression (9):

where Sy : F(S5)=20.
Total demand will be entirely satisfied with the
probability not less then & with the price

P:8(p)=M[D(p)]+ SsyAD(P)] -

Following the two stage approach of finding the sto-
chastic equilibrium in describing model, now we need to
solve gas transportation problem, using the obtained price
and gas production volume. For this purpose it is quite
convenient to use statement of the convex programming
problem with chance constraints [11; 12]:
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> (85 - S, )2 — min,

iel,

ax=b(p), iel,,

Pl-dx=b(p)} 28, iel,, 5 (0,1, (10)
adx=0, ie I,
—-y—-d<x<y+d,
y20.
Here on the one hand, expressions

P{—a’x > bi(]})} 290;, iel, — are chance constraints,

reflecting the requirement of demand satisfaction in each
consumption node with the determine probabilities §,,

iel, and with fixed price p. On the other hand, this
constraints may be considered as distribution functions of
the random variables b, (p), iel,.

It is important to note that for each consumption node
the probability of demand satisfaction differs from the
probability which is set on the first stage problem. It is
related with weaker condition of demand satisfaction for
whole model in general in comparison with the condition
of demand satisfaction for each consumption node with
the same probability. In order to find probabilities of de-
mand satisfaction in every consumption node, we con-
sider §;, i€, to be the variables, that we try to ap-

proximate to the probability of demand satisfaction of the
first stage problem as close as possible. Note that
throughput constraints may prevent us from obtaining the
solution of the problem (10), that is why we add variables
Y;» J=1 ...n, which give us the possibility to broaden

throughput of transport lines if it is necessary.
After determination of the values §;, i€, , we can

use the Laplace function for moving to the determine
equivalent in the next form:

n n
2.¢;(x;)+ 2 hyy; — min,
= =

dx=b(p), iel

p’

an

—aixZE, iel,,
ax=0, iel,
—-y—d<x<y+d,
y20,

where b; = M{[b,(p)]+8Ss,/A[:(P)]. i€, . Constants

hj , j=1, ..,n — are capital costs for broaden transport

line j. Solution of the problem (11) is the optimal plan
of gas transportation in the market conditions with the
demand uncertainty.

Stochastic network equilibrium in the gas trans-
portation model of Russia. Described approach to find-
ing the stochastic equilibrium was applied to gas transpor-
tation model of Russia, which includes 70 transport lines
and 51 nodes. There are 9 of these nodes that contain gas
producers, 41 nodes with consumers and 4 branch nodes

(fig. 1).
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Gas transportation system of Russia

=
[) Saint Petersburg

N
Pskov
Valday Gryazovets
l22.0 l100.0
100,0
1000 £x) 2
Smolensk Tk » Yaroslavl
50.2 182 342
== 160 18.0 3 D
Bryansk Kaluga M d
153 3a.7 50.4
Orel - Algasovo
132 D 208.0 2 2 &
e
L D) 1180 Elec
[R5:3]
13.2
6 Novopskov @)
Belgorod
Frolovo
I Rostov on Don
s> |22
214
Maikap Astrachan
= [ )Nevinnomysskaya
27.2
35.0
Viadikavkaz L) Mozdok
D 6.2 ik

[) Machachkala
[Ex]

G
100.0 CEo>
Ukhta L2222 Surgut
g
Igrim
Pl E5>

T 445.0 [T00 |22

3! 2700 Vemkos
Pomary Tyumen 182
o = Kungurskaya -
Proskokovo ()
; e N VS
Polyanskay: (140 7]
D
= : [)Z@  Omsk  Novosibirsk N
3 Dolgaderevyanskay
0 D
Dsterlitamak Barnaul
D)
Orenburg

02>

4 J=— Name of the node

Maximum flows of gas transportation system, billion m*

16.0
Volume of gas extraction, billion m?

Volume of gas consumption, billion m?

Fig. 1. Gas transportation system of Russia

Basic data of the model let us to set the production
cost in the form (2) for every gas producer and build sup-
ply functions and total supply function in the form (5).

The demand functions were set for each consumer in
two variants. In the first variant we set the deterministic
parameters of the demand functions and then we obtained
and solved deterministic problem of the finding the net-
work equilibrium. In this case demand functions were
formed automatically with using special technique de-
scribed in [16] by means of solving next mathematical
programming problem:

Z ob? +PB,b, +y, — min,
ielp

dx=b iel 2>

dx=b iel, (12)
dx=b iel,,
—-d<x<d.

We can define dual variables for equalities a'x =5, ,
i=1, ...,m from the solution of the problem (12). These

variables or shadow prices reflect the resource value for
producers and consumers and equal for them out of the
problem properties (matrix A is the incidence matrix).
Denote this price as p. We can assume that the demand

elasticity e =—-0.07 is known (almost inelastic demand).
Moreover we know the desirable consumption level from

basic data of the model, denote it as l;i , iel, . To set the
consumption functions in the form b, (p)=k -rp,
iel,, we need to find parameters &, and 7, i€/, from
the following equations system:
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b(p) =k —r(p)=b,, iel

P _p

dp b(p)
For instance we need to deliver 27 units of gas to
Tyumen, elasticity of demand equals —0.07 and shadow

price obtained from problem (12) equals 44.3 conven-
tional units. Use the system (13):

b (44.3) =k, — 4431, =27,
1P

-0.07 =—31
k —rp

co

(13)

Finally we get k; =28.89 and 7, =0.043. Consump-

tion function in Tyumen equals to b;(p) = 28.89 — 0.043p.

Second variant of our gas system modeling included
stochastic uncertainty of the demand functions that led to
another solution of the stochastic network equilibrium
problem. Both variants of problems were solved using
program complex GAMS [17], the results are demon-
strated in the fig. 2, where it is showed how demand un-
certainty influence the main parameters of our model.

We obtained the following results for deterministic
model: S(p)=D(p)=354.3 billions m’, price for billion

m’ of gas equals to 33.9 conventional units. For stochastic
model we set the level of demand satisfaction with the
probability equals to 90 % and we got S(p)=370.4 bil-

lions m® and price equals to 36.7 conventional units. As
we can see, considering demand uncertainty increase the
price, supply of the gas and the network load in the trans-
port model. We received 4.5 % of the price growth, 8.3 %
of the supply volume growth and 37.5 % of the network
load growth under uncertainty conditions with the 90 %
of demand satisfaction probability (fig. 2).
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How demand uncertainty influence price of the product

How demand uncertainty influence the total supply of the
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Fig. 2. How demand uncertainty influence the main parameters of the model

Conclusion. We represented the methodology of the
finding of stochastic network equilibrium with specified
probability level for natural gas demand volumes. Our
approach consists of two stages. On the first stage we
defined the equilibrium volumes of natural gas consump-
tion and supply and equilibrium price. On the second
stage we obtained the optimal plan of gas transportation.
To consider the gas consumption uncertainty we modified
our two-stage approach to finding the network equilib-
rium and obtained problem statement for finding the sto-
chastic network equilibrium that included convex pro-
gramming problem with chance constraints. This problem
was solved by program complex GAMS. Our method of
finding the stochastic network equilibrium was success-
fully applied to the gas transportation model of Russia.
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CAD SYSTEM FOR PERSPECTIVE POWER SUPPLY NETWORK DEVELOPMENT
TASK SOLUTION

I. A. Kuzmina
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E-mail: kuzminainna@yandex.ru

The process of urban power supply network development is connected with need calculation and accounting a large
number of parameters, possible development ways and complexity of their assessment. These circumstances require the
introduction of new technologies for solving specified task.

Declaration of author’s developed computer-aided design system (CAD system) ELNET for the task solution auto-
mation of perspective urban power supply network development is presented in article. Description of models, methods
and algorithms based in the CAD system are given.

CAD allows to create, correct, calculate parameters, look through and print models of urban power supply net-
works. ELNET consists of six connected modules: graphic module, control module (dispatcher), input/output module,
solutions module, calculations module, reference data base. System possesses the friendly graphical interface allowing
ease using.

In CAD ELNET mathematical basis puts designed by author mathematical model of urban power supply network
presentation as directed weighted graph and two methods of solving urban power supply network development task: the
reduction method to the set of enclosed global minimization tasks and decomposition method. Both methods suggest
dividing a given task into three subtasks of smaller dimension: 1. Subtask of definition the number and locations of new
substations. 2. Subtask of definition the connection way of new consumers to network. 3. Subtask of definition the opti-
mum connection way of new substations to the existing network.

The optimization algorithms of subtasks solution are realized by the author. For solving subtask 1 three algorithms
are designed and realized: algorithm based on the k-averages method; algorithm realizing the method of dividing clus-
tering; heuristic algorithm. For solving subtask 3 three algorithms are also offered: heuristic algorithm of the reduced
enumeration; genetic algorithm; algorithm based on constructing Voronoi diagrams. To solve subtask 3 the genetic
algorithm is applied.

Technical solutions represented in the article allow reducing time of design and increasing the quality of design
decisions.

Keywords: CAD system, modeling, reduction method, decomposition method, urban power distribution network,
perspective power supply network development task.
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CUCTEMA ABTOMATU3ALUA ITPOEKTUPOBAHUSI T'OPOJICKOM
PACHPEJEJUTEJIBHOU CETHU 3JIEKTPOCHABKEHUSA

H. A. Ky3pmuna

MockoBcKuii rocynapcTBEHHBIH TexHrIecknid yHuBepeutet uM. H. O. baymana
Poccutickas ®enepanms, 105005, r. Mocksa, yi. 2-1 baymanckas, 5, ctp. 1
E-mail: kuzminainna@yandex.ru

IIpoyecc npoexmupoganus 20poOCKUX pacnpeoenumenbHblx cemeti INeKmpOoCHaAbICEHUs CEA3AH C HEOOX0OUMOCHIbIO
pacyema u yuema 6016u020 YUCIa NapamMempos, G03MOICHBIX 6APUAHINOE PA3GUMUA U CIOICHOCMbIO UX OyeHKu. an-
Hble 0bcmoamenscmea mpebyiom HeOpenus HO8blX MEXHON02UT 018 peuleHus YKa3auHol 3a0a4u.

Ilpeocmasneno onucanue pazpabomanHoil A8MOPOM CUCHEMbL ABMOMAMuU3Upo8anto2o npoexmuposarusi (CAIIP)
ELNET, peanusyioweii peuwiernue 3a0a4u nepcnekmugHoc0 pazeumusi 20poOCKoll pacnpedeumenvHol cemu 21eKmpo-
cnaboicenusa. CAIIP nossonsiem cozoasamv, KOPpeKMUpO8amv, paccuumvléams napamempbsl, HpoCMampusams, nedd-
mame Mooenu cemetl anekmpocrabicenus. Cmpykmypa ELNET cocmoum u3 wecmu 63aumocea3anHbix Mooyiei. epa-
Quueckuit MoOyib, MOOYIb YNpagieHus, MOOYIb pacuema, MOOYIb peuieHls, MOOYIb 6600d U 8bl600d OAHHbIX, Oa3a
Oannwix cnpasounol ungopmayuu. Cucmema obnadaem OpyHceCMEEHHbIM epaguueckum unmepgeticom 0ns 1e2Kou
pabomul nonvb306amens.
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B ocnoey mamemamuueckoeo annapama CAIIP ELNET 3anooicenst paspabomarivie agmopom mMamemamuieckas
MOoOenb npedCmagieHus cemu 2NeKmMpOCHAOINCEHUs 8 8UOe HANPABIEHHO20 836eUIeHH020 2pagha u 08a Memood peulenus
3a0auu NepcneKmuBHO20 pazeumusi 20poO0CKoll pacnpedenrumenbHoll cemu 2NeKmpOCHADIHCEHUA: MemoO pedyKyuu 3a-
oauu 8 COBOKYNHOCHMU 3a0ad MeHbuiell pasmMepHocmu u Memoo oekomnosuyuu. Oba memooa npeononazaiom pazoeie-
HUe UCXOOHOIl 3a0au Ha N003a0ayu MeHbuell pazMepHOCmU: noo3adaia onpedesieHus Yucia u Mecma cmpoumenbCm-
6a HOGbIX NOOCMAHYUIl, NO03a0aya onpeoeneHus 6apuanma NOOKNIOYEHUs HOGLIX nompedbumenei K cemu 371eKmpo-
cHaboicenus; nod3adaia onpeoeieHus ONMUMAaiIbHO20 6APUAHMA BKIIOYEHUs NOOCMAHYUL 6 CYWeCmEYIOuYI0 CMpPYK-
mypy cemu.

s pewenus noozadau agmopom paspabomanvl ONMUMU3aYUOHHble aneopummul. [ns peuwenus noozadayu 1 pas-
pabomansl U peanu308aHbl MpU AN2OPUMMA: AN2OPUMM, OCHOBAHHBII HA MEMooe KNacmepu3ayui; aneopumm, oCHO-
BAHHBLIL HA MemoOe pa30eumebHOl KIacmepu3ayuu, 36pucmuyeckull aneopumm. s noozadayu 2 makoice npeono-
JICEHBL MPU ANCOPUMMA: IBPUCIULECKUL ANCOPUMM 02PAHUYEHHO20 Nepedopa,; 2eHemudecKull aneopumm, an2opumm,
OCHOBAHHbIL HA nocmpoeruu ouazpamm Boponoeo. /[na pewenus noodzadauu 3 npumensemcs ceHemudecKull aneo-
pumm.

Ilpedcmasnennvie 6 pabome mexuuueckue pewieHus NO3GOJAIOM CHUSUMb 8PeMSA NPOEKMUPOBAHUS U NOBbLICUMb
Kauecmeo npuHUMAaemblx npoeKmHbIX peuleHu.

Knrouesvie cnosa: CAIIP, modenuposanue, Memoo pedyKyuu, Memoo 0eKoOMNo3uyuu, 20poOCKas pacnpeoenumeib-
Hasi cemv 3J1eKMPOCHAOICEHUSL, 3a0a4a NEPCREKMUBHO20 PA3EGUMUSL DNEKMPOCEm.

Introduction. Urban power distribution network elements as objects geographical coordinates, CL length
(UPDN) of megalopolis is a difficult system of non- and section, required power of consumers, etc.
uniform structure. It represents a set of distributive and The UPDN fragment model is presented in fig. 1.
step-down substations, feeders and distribution lines, cur-
rent-using equipment. UPDNs cover all city consumers,
including industrial enterprises, electric transport etc.

Now UPDNSs consist of elements which are tens of
thousands and which differ in their purpose and character-
istics. Considering modern rates of city development, the
economic and reliable UPDN building problem is now
especially current. Thus, the process of such networks
design is connected with need of accounting and calculat-
ing a large number of parameters, possible development
ways and complexity of their assessment [1; 2].

Thus, the necessity of introducing new technologies
for the specified task solution is obvious [3]. The author
has developed the computer-aided design system (CAD
system) “ELNET” for the task solution automation of
perspective  power supply network development

Fig. 1. The UPDN fragment model:

(PPSND).
UPDN model. The mathematical PPSND task formu- . ~DS; O -TS; /- CL; {3 - consumer
lation is represented in the article [4].
UPDNSs contain two types of objects united with cable UPDN design problem. The PPCND task lies in de-

lines (CL, type L): a transformer substation (TS, type T)  fining such way of UPDN development, where a high
and a distributive substation (DS, type D). Upon solving  level of power supply rellal?lllty ar}d transferred electric
the PPSND task a great number of electric power con-  power quality will be provided with the smallest costs

sumers connected to UPDN is set. of construction and operation of its elements.
The original UPDN with the supplied load (all con- Defining a way of the UPDN development means:

sumers connected to it) represents the directed graph - to Qeﬁne the number and locations of new electrical

G=(R,T,L) power objects (TS, DS); to define the way and parameters
i o ) of their inclusion into the existing UPDN;

where D, T, L are the given UPDN set assemblies of D, T — to define the connection way of new consumers

and L types respectively. The elements of sets D, T are o UPDN.

the graph points, elements of set L correspond to its arcs. The vector of the task varied parameters is presented as

Many of all consumers connected to UPDN define the
set N = N"8" U™  where N"%" N are sets of con-
sumers connected to UPDN at the voltage levels of 10 kV ~ where X is an unknown number of DS/TS, which a con-
and 0,4 kV respectively. sumer Nl- will be connected to; X1;, X2, are the num-

Objects of each type are characterized by a set . . '
of parameters. The vector varied parameters structure bers of DS/TS, which TS T} is connected to; (x, y;)

is expanded. It contains such characteristics of UPDN  are the geographical coordinates of new DS/TS;

X:(Xi » X1, Xz,,', (x> i), XiRié’ XiTié)’
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XF., x, are the numbers of new DS and TS, construc-
tion of which should be for connection of all new con-

sumers (set N ) to UPDN.
The values of the parameters X;, X1 IB X2 ; are ele-

ments of a discrete set of unique numbers DS and TS; the
coordinates (x,, y,) are chosen out of the final value set

of possible new DS/TS construction place. The variables
XR  xI . are integral valued. Thus, the UPDN task

belongs to the discrete programming tasks class.

Basic (obligatory) and user (additional) restrictions are
imposed upon a number of parameters of UPDN objects
of R, T, L types. They are like equalities and inequalities
which define basic D 5 and user D, areas of admissible

varied parameters vector values.
Partial criteria of the UPDN development optimality

Z(X):(Zl(X), Zy(X), ... Z‘Z‘(X)) are defined. Criteria

restrictions are imposed upon the first |Z| . They forming

an area of admissible varied parameters D, vector values.

Represent the PPCND task in the form
ZX) = min Z(X) ,

where X' is optimum values of the varied parameters vec-
tor components; D=D, "D, "D, is a total set of the

vector admissible values.

PPCND task solving. The PPCND task belongs to the
class of structural and parametrical synthesis problems.
The task also differs in big dimension: thus, for calcula-
tion UPDN of a megalopolis district the vector dimension
X can reach 3000-5000. In case each element of the vec-
tor takes one or the other possible value, the number

of the task solution versions will be 23°° —2%% Thys, the
specified task solution with complete enumeration method
is not possible and it demands the development of effec-
tive approximate methods of its solution [5; 6].

Two methods for solving the PPCND task are devel-
oped by author:

— the reduction method to the set of enclosed global
minimization tasks (the reduction method) [7];

— the decomposition method [8].

The detailed description of the specified methods
is provided in the article [9].

Both methods suggest dividing a given task into three
subtasks of smaller dimension:

Subtask 1. The number and locations of new TS and
DS definition.

Subtask 2. The connection way of new consumers
to UPDN definition.

Subtask 3. The optimum connection way of new TS
to the existing UPDN definition.

In the reduction method it is the consecutive solution
of subtasks 1-3. At that, the solution of each subsequent
subtask is executed on the dragged area of admissible
varied parameters vector values which are received
by fixation of solution values of previous subtasks.

The second method — a decomposition method — as-
sumes dividing of the PPCND optimization task into the
same three subtasks and the coordination task. The coor-
dination task carries out calculating coordination parame-
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ters, defining the subtasks solution sequence and the cal-
culating end moment. We carry out the coordination of
subtasks by means of vectors of limiting and stimulating
parameters. The two-dimensional vector of limiting coor-
dination parameters is considered in the article. Compo-
nents of this vector make sense of the minimum numbers
of TS, DS which have to be constructed. The vector di-
mension of stimulating parameters is equal to the number
of possible TS, DS construction sites. The vector compo-
nents of stimulating parameters make sense of “useful-
ness” of constructing new TS, DS in the specified places.

For the solution of subtasks 1-3 various optimization
algorithms and various iteration end conditions can be
used.

The following solution algorithms of subtasks 1-3 are
realized by author.

Subtask 1. The given data for a subtask is the great
number of consumers for whom there are no connection
options to UPDN. The result solution of a subtask is many
TS and DS, which construction needs to be for connection
of all consumers to UPDN.

Algorithm based on the k-averages method. 1t realizes
the clustered k-averages method the main idea of which is
a task of some given dividing of new consumers into clus-
ters with the subsequent change of cluster centers (sup-
posed DS/TS construction sites) and redistribution of new
consumers [10].

Algorithm realizing the method of dividing clustering.
The algorithm basis is the hierarchical clustering method
which advantage, in comparison with the k-averages
method, is no need of defining the number of clusters.
The main algorithm idea is that at the first solution task
stage all new consumers are located in one cluster which
consistently divides into subclusters before fulfillment of
the dividing end conditions.

Heuristic algorithm. The idea of the approach applied
in it is consecutive singling groups out of many new con-
sumers connected to UPDN including the greatest possi-
ble number of consumers for whom DS/TS can be con-
structed [11].

Subtask 2. The given data for a subtask are data
on initial UPDN topology and connected consumers, and
many TS and DS defined in the course of the solution
of subtask 1.

Heuristic algorithm of the reduced enumeration.
The basic algorithm principle is to add the first possible
connection way of a consumer with sorting in accordance
with the decreasing order of connection costs. This algo-
rithm can be referred to the so-called “greedy” algorithms
class of solving optimizing tasks.

Genetic Algorithm (GA). We associate one chromo-
some gene with each connected consumer. The gene
value (allele) is the number of DS/TS, which a consumer
will be connected to. The chromosome length is equal to
the number of connected consumers [12].

Algorithm based on constructing Voronoi diagrams.
The algorithm is reduced to consecutive constructing
Voronoi diagrams for all TS of UPDN with subsequent
connection attempts of all consumers who are in the TS
area. At the next stages of constructing Voronoi diagrams
TS 1is excluded, the connection of consumers to them is
not possible [13].
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Subtask 3. The given data for a subtask is the TS set,
constructed in the course of solution of subtask 1. To find
a connection way of new TS to UPDN is required.

To solve subtask 3 the genetic algorithm is applied.
In it each new TS corresponds to two chromosome genes
which define the numbers of TS/DS to which it is neces-
sary to connect a new TS. Beforehand a set of such possi-
ble ways is given for each new TS.

CAD system ELNET. ELNET allows to create, cor-
rect, look through and print UPDN models. The system
also allows to make calculation of parameters of UPDN
elements, to find optimum UPDN development ways tak-
ing into account the city development prospects. ELNET
has a friendly interface for a user and the system interac-
tion and the UPDN models visualization system.

Electrotechnical calculations in ELNET are made by
techniques offered in [14; 15] and meet requirements of
Rules for electric equipment.

Decomposition end reduction methods are the basis
for mathematical ELNET apparatus. Optimizing algo-
rithms (algorithm of limited enumeration, genetic algo-
rithm, parallel threshold clustering algorithm, k-averages
clustering algorithm) are developed to solve each subtask.
The analysis of their efficiency is carried out.

ELNET consists of six following modules (fig. 2).

USER
1%

Graphic module

§ Control module

s (dispatcher)

s

3

&

=

S

3 Solutions Calculations
S A— module 7 module

H

Reference data base

Fig. 2. ELNET modules

The graphic module realizes the window interaction
“user and system” interface. This module is also respon-
sible for visualization of the UPDN models. The control
module (dispatcher) is intended for interaction of all sys-
tem modules among themselves. It processes received
orders/requests of modules and coordinates the task solu-
tion process by means of producing operating signals. The
module is also responsible for maintaining the register of
operations and error messages. The input/output module
carries out functions of reading and temporary storage of
the UPDN data.

Besides, after ending the task solution the module
forms the final text file. The solutions module is the main
computing ELNET module which realizes methods and
algorithms of the task solution. The calculations module
is intended for calculating the UPDN parameters, check-
ing fulfillment of restriction conditions, calculating the
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objective function value, etc. In this module all calcula-
tions which are general for the solution methods and algo-
rithms of subtasks are included. The reference data base
contains reference data which are necessary for calculat-
ing UPDN modes, and parameters of the task solution
methods and algorithms.

ELNET possesses the graphic interface allowing to
exercise control and setting of necessary values of calcu-
lation parameters, and to display results of calculations.
The ELNET screen form consists of three main areas: the
control field consisting of a toolbar and setup panel of
calculation parameters,; the network model display area
and the calculations results display area (fig. 3).

__— Toolbar Z‘E‘zn’:‘;ﬂrﬁr’:‘:de’r
Control field piay
‘ {. T &)
Set ‘ = X
etup T B o T e

panel \

Crpnen
Resmane ]

Calculation results display area

Fig. 3. ELNET main screen form

Conclusion. The ELNET application for the PPCND
task solution will allow to reduce time of receiving and
comparison of network development ways significantly
and, therefore, gives a chance of obtaining the optimum
solution in the course of an acceptable time limit.
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ENSEMBLES OF NEURAL NETWORKS
WITH APPLICATION OF MULTI-OBJECTIVE SELF-CONFIGURABLE GENETIC PROGRAMMING

E.D. Loseva’, L. V. Lipinsky

Reshetnev Siberian State Aerospace University
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
E-mail: rabota lena 19@mail.ru

In this article the integrated approach for automatic formation ensembles of neural networks is proposed. The ap-
plying multi-criteria “Self-configurable” genetic programming is described. To each new generated network the most
efficient (“best”) network is added, which by two criteria were estimated on the first stage of the algorithm. Thus
a population of neural network ensembles is created. The criterion of effectiveness of new networks is the third criterion —
the effectiveness of ensemble decision, which includes in this network ensemble. The final ensemble with selected net-
works by third criteria is created. Also in this article the approach for formation of ensemble decision using the deci-
sions of an added neural networks — Scheme EDI is applied. Proposed method on different tasks with different amount
of inputs and outputs signals (neurons) in ANN was tested. In the result this method shows high efficiency.

Keywords: forecasting problems, ensembles of artificial neural networks, self-configurable multi-criteria genetic
programming.
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AHCAMBJIA HEMPOCETEBBIX MOJIEJIE C TIPUMEHEHUEM MHOTOKPUTEPHAJIBHOI'O
CAMOKOHOUT'YPUPYEMOI'O T'EHETHYECKOI'O TIPOI'PAMMUMUPOBAHUSA

E. J1. Jlocesa', J1. B. Jlunusckuii

Cubupckuii rocy1apcTBEHHBI a9pOKOCMHUYECKUI yHUBEPCUTET NMEHH akanemuka M. @. PemerHeBa
Poccuiickas @eneparnms, 660037, r. KpacHospck, npocn. uM. ra3. «Kpacnospckuit pabounii», 31
E-mail: rabota lena 19@mail.ru

Paccmampusaemcest komnaekcHulii n00xX00 0Jisi A8MOMAMUUPOSAHHO20 NPOEKMUPOBAHUsL aHcambell Helpoceme-
6bix moodeneil. IIpednacaemcs npumenenue MHO2OKPUMEPUATLHO2O CAMOKOHMUSYPUPYEMO20 2EHEMUUECK020 NPOcPam-
muposanus. K kasicootl HO8oll ceenepuposantoll cemu 0odagnaiomces Haubonee s¢pghexmusnuie (“nyymue’”) cemu, oye-
HeHHble N0 08YM KPUMEPUsIM HA NEpeoM smane ancopumma. Taxum obpazom cozdoaemcs nonyisyus ancamonei. Ycno-
suUeM 0moOOpPa HOBbIX C2EHEPUPOBAHHBIX Cemell SIGNAEMCs IPPEKMUBHOCTND peuleHUst 8ce20 aHCamOIs, 8 KOmopblll 6X0-
oum sma cemv, — mpemuti kpumepuii. [locie okonuanus 360I0YUOHHOT NPOYEOYPbl 8 (DUHANbHBIN aHCAMOb NONAOa-
fom cemu, omobpannvle no mpemvemy Kpumeputo. Taxoice npeonodicen nooxoo0 K GopmMuposanuto pewenus ancamons
Ha OCHOBe peuteHull 6xo0auux 6 Heeo cemeil — cxema Scheme EDI. IIpeonooicentviti Memoo Obll npomecmupoeaH
HA 3a0a4ax npocHO3UPOSAHUSL C PAZTUYHBIM KOJUYECTNBOM BXOOHIX U GbIXOOHBIX CUSHAN08 (HelipoHo8) & cemu. Pesynb-
mamul HOOMBEPIHCOAOM BbICOKYVIO 3P heKmusHoCmb.

Kniouegvie cnosa: npoenosuposanue, ancambnu Heupocemegwvix Mooeneill, CaMOKOHQUIypupyemoe 2eHemuieckoe
npoSpamMmuposanue.

Introduction. At the present time, data analysis sys- One of them is forecasting task. The relevance of fore-
tems based on the Intelligent Information Technologies casting problems in modern world is the quite high. The
(IIT) became more popular in many sectors of human quality of their decisions have greatly influence to a deci-
activity. Therefore became more urgent question of the sion in various fields (in the sphere of economy, industry,
development methods for automatic design and adaptation  etc.). The approach to improve the efficiency of systems
IIT for specific tasks. Such methods could allow eliminate ~ based on the neural networks is the using of neural net-
expensive design IIT and reduce the time, which is re-  work ensembles (ENN) [3; 4]. Using ENN is a good way
quired for the development of intelligent systems. One of  to counteract the networks retraining and to improve their
the most perspective and popular technology is an artifi-  ability to generalize. Important question is design optimal
cial neural networks (ANN) (fig. 1). The range of tasks = ENN by different criteria of the efficiency with minimum
which are solved by artificial neural networks is wide [1; 2].  architecture, high precision of the forecasting and the
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optimal network parameters [5-7]. To satisfy these
requirements in this paper a multi-criteria [8] “Self-
configuring” genetic programming was used. Genetic
programming (GP) [9] have been successfully used in
solving a lot of real tasks. Genetic programming is look-
ing for a solution in the space of trees. The using “Self-
configuring” technique allows to find “best” combination
of evolutionary operators automatically. It allows to re-
duce computationally resources and requires to the end
users. The description of proposed approach stages
(SelfCGP algorithm) below is described.

Formation ANN by genetic programming. For ap-
plying GP technique is necessary to encoding ANN in the
form of the tree [10; 11]. The tree is a directed graph
which consists of nodes and end vertices (leaves). In the
leaves is one operator from the multiplicity 7" {IN;, IN,,
IN3, ..., IN, — the input neurons; Fy, F,, ..., Fiy — activation
functions (neurons)} and in the nodes is one operator
from multiplicity F{+,<}. Signs from multiplicity F are
indicators what is necessary to perform during the
formation of the ANN. Sign “+” means formation all
neurons in one layer and “<” means formation all layers
in one ANN [12; 13]. The amount of input and output
neurons in ANN consists of the task. Example for encod-
ing ANN in the form of the tree on fig. 2 is shown.

The first stage of SelfCGP algorithm: automated
ANN design. The automated design of ANN using the
SelfCGP algorithm works as follows:

Step 1. Generation a population of individuals — trees.
Each individual is a ANN.

Step 2. An important step is the optimization of the
neural network weighting factors. In this research the
Backpropagation method was used. The criterion for

Input Nenrons

-,

Svynapses

Hidded Lavers .

stopping the optimization process is the minimization
of the prediction error.

Step 3. Setting the equal probabilities for all confi-
guration options for each type of operator (except
selection operator). Initial probability for all operators,
except crossing, are defined as follows [14]:

B=—, 1)

Vi= l,_3 , where Z, — amount of operators i-th type, P —

probability for using i-th type of the operator.

Step 4. Choosing operators for recombination (one-
point, two-point) and mutation (strong, week). The operator
for selection is the elite.

Step 5. Selection parents for recombination.

Step 6. Estimation of each individual in population
according to two criteria:

1. The first criteria is the error of the forecasting. The
minimum error value can be investigate by minimization
of deviation between the reference and calculated (cur-
rent) output values of ANN. Evaluation is carried out
according to the fitness function, which is calculated
by the formula (3):

=1
Z| yi =¥l
[ A—

E — min, 2
N 2
. 1
Fitl = —— — max, 3)
I+ E

where N — the amount of output values; y* — the refe-
rence values; y — current output values of ANN or of an
ensemble.

|+~ Meurons

Fig. 1. Type of ANN

Input layer

('- Im1, 21 o

Input blocks (.

C_:_'*{"' C=D 1 =
{' D o=

The location of neurons in each laver at the tree structure

Fig. 2. Endoding ANN into the tree structure
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2. The second criteria is complexity of the ANN
structure. Evaluation is carried out according to the fitness
function, which is equal to (4):

L1
Fit2=n-N,+ Y N,
i=1

N,

i+l

+N, -1, “)

where n — amount of input neurons in the first layer;
N; — amount of neurons in the i-th layer; I — number of
hided layer; L — the amount of hided layers in neural
network; / — the amount of neurons on the last layer.

Selection of trees with the minimal value by two
criteria according to the following scheme is realized. The
fitness values calculated by the first criterion from
minimum to maximum are sorted. The difference between
two values through pairwise is looked. Checking the
condition for selection one individual from the pair:

— if the difference between two values exceeds the
threshold An >50 %, need to choose an individual
whose fitness value is minimum;

— if the threshold An <50 %, need to choose one
individual from the pair by the second fitness function
with minimum value of complexity.

Step 7. Recombinantion of selected individuals (parents).

Step 8. Mutation of a descendant.

Step 9. Evaluation of a new descendant.

Step 10. Updating the probabilities for operators using
the average fitness of offspring obtained by the operator.
Check the values of probabilities by these conditions:

B=P|R<F+ (5)
Zl .
and
P>P| B>F+— (©)
z;-N
for V k :I,_N, / :1,_3. Further the probabilities will
change on:
- 1
Bnew :Plold | Plnew :P[ ‘ P]new — P]old _ (7)
z*N
where P = for z;,— amount of operators i-th type,

10-z

k= I,_N , N — amount of generations.

Choose operator with the highest value of fitness for
all individuals on each iteration calculated by this formula (8):

> (Fit_1} +Fit_2})
i 8
i Zlk ®

i

where k = I,_N , N — amount of generations, Fit_1,,,
Fit_2,, — fitness value of n-th individual on k-generation,

1— amount of operators i-th type on k-generation.

Step 11. If the algorithm reached the predetermined
value of accuracy or exhausted the computational
resources — go to step 12, otherwise go to step 2.

Step 12. Selection the “best” individual (ANN). For K
“best” ANN described procedure is carried out K times
(steps 1-12).
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The second stage of SelfCGP algorithm: formation
ensembles of ANN. In the second stage of SelfCGP algo-
rithm the selection of effectiveness ANN in the final
ensemble (SelfCGP + ENN) is realized. The third
criterion is the error of a ensemble decision. The
ensemble decision by Scheme ED1 (Scheme for creation
an Ensemble Decision 1) is created. The second part of
algorithm works as follows:

Step 1. Generation new population of individuals.
Each individual is an ensemble. Ensemble with one
randomly generated individual and the “best” individuals
is formed. The amount of the additional “best” individuals
in ensemble may be different, each of them is found by
the first stage of algorithm (steps 1-12).

Step 2. The optimization of the neural network weight-
ing factors. In this research Backpropagation method was
used. The criterion for stopping the process of selecting
the parameters is also the minimization of the prediction
error.

Step 3. Setting the equal probabilities for all
configuration options for each type of operator (except
selection operator). Initial probability for all operators,
except crossing, are defined by the formula (1).

Step 4. Choosing operation for recombination (one-
point, two-point) and mutation (strong, week). The
selection operator is the elite.

Step 5. Estimation new population by third criteria.
The third criteria is the precision of an ensemble
(individual) forecasting in which the solutions of its indi-
vidual members are considered. The fitness function is
calculated by the formula (3). The Scheme EDI1 for
creation a ensemble decision below is described:

1. Applying the train inputs for each model in the en-
semble. To calculate the deviation between received and
reference outputs to search for minimum value between
outputs. If the minimum is found, then to determinate
number of the model in the ensemble, which was re-
ceived.

2. Applying the test inputs for each model in ensem-
ble to determinate output values. To calculate the devia-
tion between received and reference outputs to search for
the minimum value between them. If the minimum is
found, then to determinate number of the point (position)
where it was received.

3. Creation new data base. This data base consists of
the test values (results) from each models in ensemble.
But in this data base are only certain values, which were
defined by information about the number of model and
the number of point for determination the placement of
that value. The number of model is found in step 1, the
number of point in step 2 is found.

Step 6. Recombination of two individuals (parents).

Step 7. Mutation of a descendent.

Step 8. Evaluation of a new descendant.

Step 9. Updating the probabilities for operators using
the average fitness of offspring obtained by the operator.
Check the values of probabilities by the formulas (5), (6).
Further the probabilities will change and new probabili-
ties are calculated by the formula (7). Choose operator
with the highest value of fitness for all individuals on
each iteration by the formula (8).
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Step 10. If the algorithm reached the predetermined
value of accuracy or exhausted the computational
resources — go to step 11, otherwise go to step 2.

Step 11. Selection the most effectiveness K individuals
for the final ensemble.

Data bases description. The proposed multi-criteria
genetic programming for formation ANN ensembles with
“Self-configurable” procedure (SelfCGP + ENN) on two
data bases was tested. For the first task in tab. 1 is data set
with the figures of the turbine state. The first 11 meas-
urements in the data set — the process parameters that are
expected to be related to vibration signals. Next 12 meas-
urements — vibration signals in the different parts of the
turbine were measured. The data base has 1000 values.

For the second task the electricity consumption data
base of the Siberian Federal Region of the 2012-2014
years was used, with the figures: every month, every day
and every hour of the day, payment for electricity con-
sumption, etc. The features available in the database:
electricity consumption of the region, of the district, of
the city. The data base has 8000 values [15].

Results of the study. The initial settings for
optimization procedure by the evolutionary algorithm are
following: the amount neurons is 8; the maximum amount
of layers — 8. Each data bases were divided into two parts.
There are train and test values in proportion 80 % / 20 %
accordingly. Each result is the minimum error value after
20 runs for each type of initial settings.

The error of ensemble forecasting in the percentage
ratio by the formula (9) are converted:

Error = — 100 %, &)
(™ =™
where E is a value, which by formula (2) was calculated;

Amax

expression ( v —)3“““) is a deference between maxi-

mum and minimum values of an ensemble decision
(output values).

The final ensemble consists of the tree “best” neural
network model. The results of the forecasting precision
(error) in tab. 2, 3 with different amount of “best” ANN
and individuals for both task accordantly are represented.

Table 1
Data of the turbine state*
A L a m
PP1.1 pPP1.11 VP11 VP1.12
PP1400.1 PP1400.11 VD1400.1 VDi1400.12
*pp;, j —j-th process parameter in the i-th data set (i =1, ..., 1000; j = 1, ..., 11), vp; ; — j-th vibration signal in the i-th data set (i = 1, ...,
1000; =1, ..., 12).
Table 2
Minimum error values for the first task with different amount of additional “best” ANN-individuals
on the second stage (step 1) of Self CGP + ENN algorithm were calculated
Amount of output neurons in ANN
é o Error, % 1 2 3 4 5 6 7 8 9 10 11 12
o <
ﬁ *g 2 1 1.5 54 9.2 6.2 10 1.2 1.4 2.2 33 32 2.9 2.4
fo ¥ .g 2 2.6 5.7 8.3 6.7 9.7 1.4 1.1 2.5 2.6 2.6 2.39 2.6
= § E 3 1.8 5.4 8.4 5.8 11 0.9 2.2 2.2 2.1 3.7 3.2 3.1
g2 % 4 2.4 5.4 8.1 6.5 10 1 1.1 2.8 2.7 3.1 3.83 2.9
E < 5 2.9 6 8.1 6.6 10 1.4 1.2 2.6 3.7 2.9 3 2.6
Table 3

Minimum error values for the second task with different amount of additional “best” ANN-individuals
on the second stage (step 1) of Self CGP + ENN algorithm and with different amount of individuals were calculated

Amount of individuals 80 160 240
Amount of additional ANN-individuals : 1
The average value Number of Layers 5 6 8
of ANN models
complexity in ensemble Number of Neurons 7 7 5
Error, % 2.19 241 3.58
Amount of additional ANN-individuals : 2
The average value Number of Layers 6 6 7
ofAI.\IN.models Number of Neurons 6 5 6
complexity in ensemble
Error, % 3.46 3.7 2.13
Amount of additional ANN-individuals : 3
The average value Number of Layers 4 5 5
OfANN. models Number of Neurons 7 8 6
complexity in ensemble
Error, % 2.44 2.1 2.8
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End tab. 3
Amount of individuals | 80 | 160 | 240
Amount of additional ANN-individuals : 4
The average value Number of Layers 6 5 7
of ANN models
complexity in ensemble Number of Neurons 6 5 4
Error, % 2.53 1.88 2.68
Amount of additional ANN-individuals : 5
The average value
of ANN models Number of Layers 6 7 7
.complexny Number of Neurons 7 5 5
in ensemble
Error, % 4.04 1.95 3.24

The algorithm with Visual Studio C# program was re-
alized and on a laptop with 1 terabyte of memory was
tested with the four-core processor Intel Core i5-2410
(2.10 GHz).

Conclusion. The results of statistical studies show that
offers a comprehensive approach for the design of neural
network ensembles is demonstrated high efficiency for all
used test tasks. In the result can conclude that the pro-
posed method is not less effective than the widely used
method based on the genetic algorithm. The advantage of
the proposed method is reducing the cost of the solution
by automatically choosing evolutionary operators, also
find compact neural networks structure with height preci-
sion: the average modeling error in the range 1-6 % for
the first task with 12 outputs, and in the rage 2-5 % for
the second task with one output. According to the results
the greatest deviation is in the fifth exit for the first task
(tab. 2). It means that the result directly depends on the
level of variation in the inputs data sets. In the fifths out-
put the variation value is sufficiently high. After testing
notice, that increasing number of inputs and outputs de-
crease the speed of the data processing, also necessary
to optimize more parameters and increasing the number
of iterations. But the positive dynamic is the reduction
of complexity of neural network models: the reduction
is in average for neurons — 30 % and for layers — 20 %
if to compare with the initially sets, also the precision
rates for two tasks are satisfactory in average are about 6 %.
The proposed approach can effectively automatically
generate ensembles of neural networks. Therefore, this
approach may be used to improve the efficiency to solve
complex applications tasks.
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MPEJEJILHBIE TE®OPMAIIUUA TEPMOYIIPYTHMX IIOCKUX KOHCTPYKIIUI
C KPUBOJIMHEHHBIM APMAPOBAHUEM

10. B. Hemuposckwii', H. A. ®enoposa’

'MHCTHTYT TeopeTHuecKoi 1 npukIaaHoil Mexanuku uM. C. A. Xpuctuanosuua CO PAH
Poccwmiickas ®eneparms, 630090, r. HoBocubupck, yi. Uacturyrekast, 4/1
*Cubupckuii deepanbHbli yHHBEPCHTET
Poccuiickas ®enepamus, 660074, r. Kpacnosipek, yn. Kupenckoro, 26
"E-mail: feodorova.natalia@mail.ru

IIpeocmasnena paspabomra HOB020 HAYYHO-MEMOOONO2ULECKO20 NOOX00A 6 CO30AHUU NIOCKUX ABUAYUOHHBIX KOHCHI-
PYKYUll nymem apMUupoSaHusi cemelcmeamu KpUBOIUHEUHbIX BOJOKOH. Mamemamuueckoe Mooenuposanue GvinoaHeHO
Ha OCHOBe CIPYKMYPHOU MOOeny KOMNO3UMA 8 PAMKAX NIOCKOU HeOOHOPOOHOU TUHEUHOU 3a0ayu mepmMoynpy2ocmu
8 Kpusoaumeliinoll cucmeme xoopounam. llonyuena paspewaiowasn cucmema ougpgepenyuanvuvix ypasuenui. Ha ee
OCHO8e CMABUMCA KAK NPAMAA, MAaK u oopamuas 3a0a4a apmuposannoii cpedwl. Cihopmynuposanvl kpaesuvle yCiogus
8 KpUSONUHENHOU cucmeme Koopounam. B ocecummempuueckoii nocmanoske 3a0aqu noayueHa paspeuarowas cucme-
Ma 00bLIKHOBEHHBIX OUPPepeHyuanbHbiX ypagHeHuti OMHOCUMENbHO PAOUATLHO20 U OKPYICHO20 nepemeujeruti. dma
cucmema ABNAEMC CUCEMOU OuppepenyuansHblX ypasHeHuil 6mopo2o NOpaoKd, He paspeuieHHbIX OMHOCUMENbHO
cmaputeti npouseoonou. Ilocmpoen 3¢ghexmusHblil YUCIEHHBIT MEeMO0, YYUMbIBarWuil 0COOEHHOCMU paspeuaiowel
cucmemvl 071 ApMUPOBAHHOU cpedbl. B pamkax npsmoil 3a0auu 8 yciogusix ocecummempuieckoii deghopmayuu niocko
KOHCIMPYKYUU PAcCMOmMpenbl KOMOUHAYUY 08YX CeMelice KpUOIUHelHbIX mpaekmopuil. B kauecmee npumepa maxux
cemelicme npueedenbl cemelicmed 102apu@dMuieckux cnupaneti U UM U3020HANbHbIX MPAeKmMopull, cemMelicimgeo cnupa-
netl Apxumeoa u cemelicmeo mpaeKmopuli «CHUYblL 8e10KOIeCAy, CeMelCma0 102apUuhMudecKux cnupanei U cemeicmeo
«cnuyvl senokoaecay. Paccmompenvr aghpexmusnvie u payuonanvHvie cmpykmypvl apmuposanus. HumencusHocmy
apmMupoGanus pacCMompena npu HAaN0HCeHuu OONOIHUMENbHBIX YCI0GUL NOCMOSHCIMEA CeYeHUll B0JIOKOH, YMO COOM-
8emcmeyem Ycio8usaM mexHono2uiecko2o npoyecca. Beedena unmezpanvhas xapakmepucmura 3¢hpexmusnocmu ap-
MUposanus — pacxood apmamypul. [Ipoananusuposamnsvl ceoticmea pacxooa apmamypuvl 6 3a8UCUMOCHIU O HAYATbHBIX
CMaoull MexHoN0eU4ecKo20 npoyecca Oid PasiuyHblX KPUSOTUHEHBIX MPAeKMOPULl apMUpOSanus 08yMa cemelicmea-
MU KpugoauHelinvix 6010koH. Ilocmasnena obpammnas 3adaua Ona CUMMEMPUHECKOU OMHOCUMENbHO CPEeOUHHOU
nogepxnocmu naacmunul. Ilnacmuna cocmoum uz npocioex cea3yiowe2o u npocioex apmamypol. Ilpocioiiku monkue,
8 nmiacmume peanu3yemcs nI0CKoe HanpsadiceHHoe cocmosiHue. Temnepamypa NOCMOAHHAS NO MONWUHE NAACMUHBL.
Ipocnoiiku ca3y10ue20 bINOIHEHbl U3 UZOMPONHO20 MAMEPUANA, HA HUX HALOHCEHO OONOTHUMENbHOE YCI08UE PABHOL
MpewUHOCMOUKOCU.

Kniouesvie crosa: apmuposanue, cmpykmypHas Mooeib, KpUSOIUHEHble mpaeKmopul, mepmoynpy20Cmo, mpeujiu-
HOCMOUKOCMb, npedeibHbvle depopmayuu.
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BREAKING STRAINS OF PLANAR THERMOELASTIC CONSTRUCTIONS REINFORCED
BY CURVILINEAR STRUCTURES

Y. V. Nemirovsky', N. A. Feodorova®*

'Khristianovich Institute of Theoretical and Applied Mechanics SB RAS
4/1, Institutskaya Str., Novosibirsk, 630090, Russian Federation
*Siberian Federal University
26, Kirenskogo Str., Krasnoyarsk, 660074, Russian Federation
"E-mail: feodorova.natalia@mail.ru

This paper describes a new methodological approach to development of planar aeronautical constructions
reinforced by curvilinear fibers sets. The structural model of composite in terms of the planar non-homogeneous
thermoelasticity problem in the case of curvilinear coordinates is used to simulate the problem. The resolving system of
differential equations is obtained. The direct problem and the inverse problem of a material reinforcement are stated on
the basis of this system. The boundary conditions are defined for curvilinear coordinates. The resolving system of
differential equations with radial and circular movement’s variables is obtained for an axisymmetric problem. This
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system is a second-order differential equations system, highest derivatives of which are not isolated. The effective
numerical method which takes into account the factors of the resolving system for a reinforced material is designed.
Different mixed configurations of two sets of curvilinear trajectories are considered for the direct problem when
a planar construction is under conditions of axisymmetric strain. The following examples are described: the
logarithmic spiral trajectories set and the set of trajectories isogonal to it (to logarithmic spiral), the Archimedean
spiral trajectories set and the “wheel spokes” trajectories set, the logarithmic spiral trajectories set and the “wheel
spokes” trajectories set. Effective reinforcement structures and reasonable reinforcement structures are studied. The
reinforcement power is considered with subject to additional conditions of fibers cross-sections constancy.
It corresponds to the industrial process conditions. The reinforcement effectiveness integral characteristic is defined.
It is called an “armature spending”. Its properties are studied for different initial states of an industrial process and for
different curvilinear trajectories of reinforcement by two curvilinear fibers sets. The inverse problem for a plate which
is symmetric with respect to its median surface is stated. A plate consists of a binding material layer and an armature
layer. Layers are thin. A plate has a plain stress condition. The temperature is constant across a plate cross-section.
A binding material layer is isotropic and equal cracking resistant.

Keywords: reinforcement, structural model, curvilinear trajectories, thermoelastic, cracking resistance, breaking
strains.

Beenenne. CoBpeMEeHHBIE BOJIOKHUCTHIE KOMIIO3UTHI  HHEBBIX, TATAHOBBIX W MAarHUEBBIX CIUIABOB MPAKTUYECCKU
ABIISIIOTCSI HEOJAHOPOIHBIMH aHHM30TPONHBIMH MaTepua-  HCUEpIaHbl, U MO3TOMY UIA 3HAYUTEIHHOTO YIyYIICHUS
JlaMd. YTIPYrocTh M HEYNPYroCTh BOJIOKHHUCTBIX KOMIIO-  TEXHHYECKHX IapaMeTpOB B OOBEKTaX OTBETCTBEHHOTO
3UTOB OIPEIENISIETCS THUIIOM apMaTypsl (cTekio-, 00po-,  Ha3Ha4YeHUs HEOOXOAMMO HCIOJB30BAaTh Pa3HOOOPa3HBIN
yriie- U OpraHoBOJIOKHA) U MaTpull (MOJIMMEPHBIX, Yriie-  CHEKTP COBPEMEHHBIX KOMIIO3UTHBIX MaTepHalioB, cOoye-
POJHBIX, METAUINYECKUX, KEPAMUUYECKHX), CTCICHBIO  TAIOIIMX BBICOKYIO YIEIbHYIO HMPOYHOCTH M YKECTKOCTB
UX B3aMMOJICHCTBHS B KOMIIO3UTE, a TAKXKE YIJIOM Harpy- ¢ APYTMMH IIEHHBIMH Ka4eCTBaMHU: BBICOKOH TEXHOJIOIWY-
JKCHHS OTHOCHUTENBEHO HAIPaBICHUN apMUpoBaHMs. KOM-  HOCTBIO M3TOTOBICHHS KOHCTPYKIIMH W3 HUX, TOBBIIICH-
MTO3UTHI 00TAaAI0T ABYMS YPOBHSIMH HEOTHOPOMHOCTH —  HOM CTOMKOCTBIO K arpeCCHBHEIM CpeliaM.
MHUKPOHEOTHOPOAHOCTEIO  (MOHOCTIOH,  COCTaBIICHHBIH B coBpeMeHHOI a3pOKOCMUYECKON MPOMBIIIIEHHOCTH
13 BOJIOKOH M CBSI3YIOLIETr0) M MaKpOHEOTHOPOAHOCTBIO  IIHPOKO HCIIONB3YIOTCS TOHKOCTCHHBIE JIEMEHTHI U3 BO-
(cmoucTast CTPYKTypa, COCTaBIE€HHAas W3 MOHOCIIOEB, JIOKHHCTBIX KOMIIO3UTHBIX MaTepuajioB. BomokHucToe
C TIPOM3BOJIBHOM YKIaIKOH 1Mo TonmmHe nakera). OTCIoga  apMHPOBAaHUE IO3BOJSET NPUMEHSTh HOBBIE HPUHITUITEI
JIBa HampaBJIeHHs B MeEXaHHKE KOMIIO3UTOB: MHKPO-  IPOEKTUPOBAHHS W M3TOTOBJICHUS H3JIENUi, OCHOBAaHHBIC
u MakpomexaHnka. CoueTaHUI0 MUKPO- U MAaKPOCTPYKTYp ~ Ha TOM, YTO MaTepHal W W3JeNUe CO3/Al0TCs OIHOBpE-
KOMITIO3MTa B 33j1a4ye ONTHMHU3AIMU TIOCBSIICHA HEJIaBHAST ~ MEHHO B paMKax €IMHOTr0 TEXHOJIOTHYECKOro mpolecca.
pabora koyuteKTHBa 3apyOexHBIX aBTopoB [1]. [nst 3apy- B pesynbraTte mosrydaercst u3jiesiie ¢ HOBBIMH YHUKaIIb-
OEXHOW JIUTEpaTypbl XapaKTepHO HaJMyhe OOJBIIOrO  HBIMM JKCIUTyaTallMOHHBIMHM KadecTBamH. J[o HenaBHero
KOJIMYeCTBa paboT 110 KOMITO3UTaM, OITMCHIBAIONIMX THIIEP-  BPEMEHH apMHUPOBAHUE OCYMIECTBISUIOCH IPEHMYIIECT-
YOPYTroCcTh TP  YCIOBHM KOHEYHHIX JaedopMmarnmii, BEHHO IMPSIMONUHEHHBIMA BOJIOKHAMH. Takue CTPYKTYPHI
Hanpumep [2; 3]. CTpyKTypHO-HEOZHOpPOIHAS Cpeia MO0  apMUPOBAHHUA HE MOTYT OBITh d(P(PEeKTUBHBI I KOHCT-
cBOEMY (PH3UKO-MEXaHHMYECKOMY IMTOBEICHHUIO 3HAYUTEIh-  PYKIHUHA ¢ OONBIIMMHU TPagueHTaMHU TOJeH HampspKeHUi
HO Ooraye OJHOPOAHOIO Marepuayia. PasHooOpasue Bo3- U jaedopmMaluii B 30HE OTBEPCTHIl U IEPEXOIHBIX dJIEMEH-
MOXHBIX CHUTyallui B mpoiiecce AeGopMHUpOBaHMs U pa3-  TOB, YacTO BCTPEYAIONIMXCS MPU CO3AaHHHM pPEaIbHBIX
pYLICHHS KOMIIO3WTOB JleaeT M3y4YeHHE ITHX Marepua-  00BEeKTOB. B 3ToM ciydae HE0OOXOAMMO CO3JaBaTh KOHCT-
JIOB HPUBJICKATCIIBHBIM JJIA CHEIUAJIMCTOB U3 Pa3HbIX pPyKyu CoO creuuajlbHbIMA KpHBOHHHeﬂHbIMH CTPYKTY-
oOacTell MexaHUKH TBepIOro Tena. Hanpumep, B BOJIOK-  paMu apMHPOBaHHMsI, COTJIACOBAHHBIMH C PEabHBIMU Tpe-
HHUCTBIX KOMITO3UTaX Ha yPOBHE apMUPYIOLIUX JIEMEHTOB  OOBaHMSMHM HKCILTyaTallid COOTBETCTBYIOIINX M3/ICIHH.
BCETIa UMCIOTCS MHUKPOAEC(EKTH — TpPEIUHBI, 00YyCIOB- MocTanoBka 3amauun. B padotax [5; 6] chopmymupo-
JCHHbIE HE TOJBKO HECOBEPIICHCTBOM TEXHOJIOTHH, BaHA IUIOCKAs 3aja4a apMHPOBAHHOW CpPEIbl B KPHUBOJIH-
HO M OTCTYIUICHHEM OT WMJEAIM3MPOBAHHOW MOJENM Ma-  HEHHBIX OPTOrOHANLHBIX KoopauHarax (&,m), KoTopas
Tepruana. L[eHTpaTbHBIM MOMEHTOM B MEXaHHKE BOJIOK-
HUCTBIX KOMITO3UTOB SIBIISICTCS CYIIECTBEHHBIN ydeT
CTPYKTYpPBI MaTepHajia Ha YPOBHE apMHUPYIOIINX AJIEMEH-
TOB — OOCTOSITENILCTBO, HE XapaKTEpHOE IS Kiacchude-
CKOM MexaHUKH TBepAoro Tena. Ha ypoBHe apMmupyrommx
JJIEMEHTOB CO3/AIOTCS MEXaHHUYeCKHe CBONCTBa Mare-
puaina; ynpasisisi YKJIaAKOH BOJOKOH, MOXHO B OIpelie-
JICHHBIX TIpe/iesiaX YIpaBIIsTh HOJSMH CONPOTHBIICHHS
MaTepuana, «IoJICTpauBasy MX 0] ACHCTBYIOUIUE YCH-
qust. OOIMI MOAXOJ MOCTPOSHHS MEXAaHUKH BOJIOKHH-
CTBIX KOMIIO3UTOB TIPEJICTAaBICH B MOHOTpaduu [4].

B macrosmee BpemMs BO3MOKHOCTH CYIIECTBEHHOTO
MIPUPOCTA MPOYHOCTHBIX XapaKTEPUCTUK CTaJCH, alfOMU-

BKITIOYAaeT YpaBHEHHs PaBHOBECHS, OOOOMICHHBIH 3aKOH
Hroamens—HeiiMaHa B yCIIOBUSAX TEPMOYIPYTOro aHU30TPOII-
HOro aedopmupoBanus [7—9], COOTHOLICHHS IS HAps-
KEHHUI B BOJIOKHE Ha OCHOBE CTpyKTypHO# mozmenu [10].
IIycte apMupoBaHUE BBITOTHEHO k CEMEWCTBAMH BOJIO-
KOH, (0, — YIJIBI apMUPOBAHHS 7-M CEMEHCTBOM BOJIOKOH
(m=1, ..,k), SBISAIOTCS HENPEPHIBHBIME (QYHKIIHASIMA
KOOPJWHAT, &, —AeQOopMaIusi B BOJIOKHE, (,, — HHTCHCHB-
HOCTh apMHUPOBAHUSI M-M CEMEUCTBOM BOJIOKOH. [[edhopma-
IIUH B BOJIOKHE OTIPE/IEIMM IO CTPYKTypHOU Mozenu [10]
2 2 0

+eplyy +epl, L =¢,, (1)

-
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a
m

rae [, =coso,, [,, =sin@,,, o, — KodQOHUIHEHT JIH-

HEIHOro TeMIIEepaTypHOro pacIlUpeHusl MaTepuana m-ro
ceMelcTBa BOJIOKOH; 7' — 3aJlaHHasi MOCTOSHHAs TeMIlepa-
Typa. HampsbxeHue B BOJIOKHE G, HAXOIUM 110 (popmyIte

o, =E,(g, cos’ Q,, +€x sin’ 0, + @)

+¢€, €089, sinQ,,)+ GZ,;,
rae E,, — moayns FOHra martepuana m-ro cemeicTBa BO-
nokon; o. =E, 0T . Cea3b HANpskenuii o; u aedop-

Marui Ejj JJI1 HCOAHOPOAHOI'0 apMUPOBAHHOI'O Martce-

k
C
puana samuiieM B Buae O; =d0; + ZGm@mlm,-lmj,
m=1

C
[Jle HATIPsDKEHKs B CBs3ytomeM O omnpenenum no ¢op-

MyJIaM € Y4€TOM IoJis Temmeparyp [7]:

o’ L(aﬁ +ve; —of (1+V)T),

1 =
1-v?)
. E
(s . . .
o =——g,;, j=3-1,i=1, 2,
T () T o
rae E,V,OLC — COOTBETCTBEHHO Moayib FOHra, K03(-

¢unment Ilyaccora m Kod3QQUINEHT THHEHHOTO TeMIe-

paTypHOTO  pacIIMpeHHs  CBSA3YIOIIETO  MaTepuaa;

k
a= 1 - z (’Om — yAC/bHAd HWHTCHCHUBHOCTL IIPOCJIOCK
m=1

CBS3YIOIETO MEX/y apMHpPYIOIINMH CIosiMA. Hampsokenus
C Y4ETOM CTPYKTYPHBIX XapaKTEPUCTHK UMEIOT BUJ [5; 6]
O11 = 11811 T a1p€yy a8, T ayy,

O = a8y T a8y +ap3815 T ay,, 3)
Oy =a38)) Tap8) +d338, +d3y.
Hpusenem xoodpduuments B (3) a;, i =13, =14,

YUHUTHIBAIOIIE BCE CTPYKTYPHBIC XapaKTEPUCTUKHU W BIISI-
HUE I10JI TEMIIEPATyp:

m* 4
a, =m+ ZEmmm cos” @,,,
m=1

m
_ -2 2
a;p =vm + Z Emwm sm- @, Cos (pm’

m=1

*
m
3 .
ap = Z E, 0, cos’ ¢, sing,,
m=1
. 4)

m
_ 4
ayy =my + z E,o,sin"¢,,
m=1

*
m
— i3
ayy = Z E, 0, cose,sin” ¢,
m=1

m
_ 22 2
Q33 =y + Z Em('om sm- @, Cos” Q,,,

m=1

— T, T 2
ay =-mL +0,0, cos”@,,

_ T, T L2
ay, =-mL +oc,0,sin"@,,
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_ T T .
ay =-mL +o,0,sing, cose,,,

m =a my, =a—

P s
2 1+v

' =a“(1+Vv)T.
HpI/I HaAJIOKEHUU OOIMNOJHUTCIIbHBIX YCJ'IOBI/Iﬁ
SAHCTBaA ceqeﬂnﬁ BOJIOKOH, YTO COOTBETCTBYCT YCJIOBUAM

IMOCTO-

TEXHOJIOTUYECKOTO Tpollecca, MHTEHCUBHOCTh apMHUpOBa-
HHS (,, YAOBJIETBOPSET CICAYFOMINM COOTHOMIEHHAM [11]

L (Hy, c059,) +—(H0, 5in0,) =0.  (5)
% on

HHTeHcUBHOCTh ®,, ompenessercs u3 (5) mocie Bbl-

YHCJICHUS YTJIOB apMUPOBAHUS TPH 3aJaHUN ypaBHEHHN
KOHKPETHBIX TPAGKTOPHH apMUpPOBAHUS M HadalbHbBIX
yCIIOBHiA BBIXOna apMmaTypbl. B pabote [12] mocTpoeHs
W30TOHAJIbHbIE TPAEKTOPUU K JaHHBIM CEMEHCTBaM ILIO-
CKUX KPUBBIX, YTO paclIUpseT MHOrooOpas3ue HempepbiB-
HBIX KPUBOJIMHEHHBIX TPACKTOPHUIl.

B pamkax mpsimoii 3amauu (M3BECTHa CTPYKTypa ap-
MHUPOBaHHs) 3aMKHYTasl pazpeuiaromas cucrema (Gpopmy-
JUpYeTCs. OTHOCHTENILHO KOMIIOHEHT TeH30pa Jedopma-
IIMH, TIOCTaBJIeHa KpaeBas 337ada B KPHBOJMHEHHBIX KO-
opauHarax [5; 6]. KoadduuuenTs! cucreMsl U KpaeBbIX
YCIIOBUII cozmepXaT Bce CTPYKTYpHBIE XapaKTEpPHCTHKU
KOMITO3MTA: 3aJaHHBIC YIJIBI ApMHUPOBAHWSA, HWHTCHCHB-
HOCTh apMHPOBAHUS, MEXaHWYECKHE XapaKTEPUCTHKU
MaTepralioB CBS3YIOUIETO W apMmarypsl. B cmydae oce-
CHMMETPHUYECKON 3amadun (KOHIIEHTPHUYECKOE KOJBIIO)
apMHpOBaHHE IPOBOIUTCSA OJHUM, IBYMS M TpeMs ce-
MeHCTBaMH BOJIOKOH, MpEICTaBILIIOMUX coboil anre6-
pavdeckue CHUpajdd ¥ UM H30TOHAIbHBIE TPACKTOPHU
[12]. Pa3pemaromiast cucreMa GopMyIupyercs B mepeme-
IIEHUSIX W TPUBOJUT K KPaeBOW 3ajave JJIsl CHCTEMBI
OOBIKHOBEHHBIX IH((epeHINATBHBIX ypaBHEHHH OTHO-
CHTEJIFHO PaJHAIBHOTO M OKPYXXHOTO IepeMEeIeHHH.
OCO0EHHOCTD TIOTYYCHHOW CHCTEMBI COCTOHUT B TOM, UTO
OHa SIBJISIETCSI CUCTEMOMW, HEPa3pPEIIEHHON OTHOCUTEIBHO
cTapeii npom3BogHOH. Ha ocHOBe MOoHOTpaduu [13] mis
TaKOW CHCTeMBbl pa3paboTaH HOBbIH 3(P(EKTHBHBIN UHMC-
JICHHBI METOJ, YYHTBHIBAIOIINN OCOOCHHOCTH apMHpPO-
BaHHOW Cpeibl W YMEHBIIAIOUINHA OIIMOKH YHCICHHOTO
cyeta [14]. Takoil moaxoa MO3BOJIAET pewiaTh 3aJayd O
KPHBOJIMHEHHO apMHUpPOBaHHBIX BPALIAIOIINXCS [HCKaX,
SIBJISIFOLIIMXCS 3JIEMEHTaMH KOHCTPYKIMH OTBETCTBEHHOTO
Ha3HadyeHus [15].

AHaJu3 NPU3HAKA «PACXO0A apMaTypbb». [ aHa-
m3a 3 (HEeKTUBHOCTH KOHCTPYKLMH BBOJHTCS XapakKTe-
pUCTHKa apMHUpOBaHUSA — pacxon apMmaTypsl [11]. O6o-
3HaYUM €€ CUMBOJIOM B. [l apMupoBaHHs KOJIbLIEBON
IUTACTHUHBI JIByMs CeMeiicTBaMH BOJOKOH B IIOJIIPHOMN
cHCTeME KOOPIHMHAT Pacxol apMaTypsl OIpeaenseTcs Mo
thopmyne

Ry
B= [R(e (R)+,(R)dR,

|
rae R — nuHeWHBIM pa3mep IJIaCTUHBL, Re[Rl,Rz];

®] — UHTCHCUBHOCTbL apMHUPOBAaHUs IIEPBLIM CeMEICTBOM



Becmuux Cubl’'AY. Tom 17, Ne 1

BOJIOKOH, (0, — HMHTCHCHBHOCTH APMHUPOBAHHS BTOPHIM
ceMeiicTBOM BOJIOKOH. ITpOBOANTCS aHANN3 3aBUCUMOCTH
B ot nauanbHbIX cTaguii TeXHONIOrMYECKOro mpouecca —
HAYaJIbHBIX WHTEHCUBHOCTEH apMHUPOBAHHUSI JByMs Ce-
MEHCTBAMU apMUPYIOIIMX BOJOKOH ISl  Pa3THYHBIX
CTPYKTYP apMHUPOBaHHUS.

WHTEHCHBHOCTH apMHUPOBAHUS VIS AAHHBIX CTPYKTYP
HaliIleHbl B QHAINTHYECKOM BHJE KaK pEIIeHUE 3a/1a4u
Komm nuddepeHumansHpix ypaBHEHHH, IMPEACTaBIISIO-
IUX YCJIOBHSI TOCTOSHCTBA ce4eHUU BOJOKOH (5). OHu
OIIPEIETISIOTCS TI0 CIEAYIONMM (GopMysaM it apMHUPO-
BaHHs CEMEHCTBOM JIOrapu(PMHUUECKHX CIHpale U ce-
MEWCTBOM «CITHIIBI BEIOKOJIECa»:

o _‘910\/?1
TR
R
1
mzox/ﬁ(Rf — (R sin6, )’ )4
—.

\/RT(Rz —(R,sin®, )2 )Z

Jnst apMupoBaHUA BIOJIb TPaeKTOPU cemeicTBa

w, =

cupanu  Apxumena UHTEHCHUBHOCTh  HMMEET  BHUJ
o3\ R + Rtg’ g, .
03 = , IUTS TPaeKTOPH, M30TOHAIb-
R\/1+tg2(p0
HBIX K CEMEHCTBY Jiorapu(pMUYeCKuX Crupaied, WHTEH-
CHUBHOCTb apMUPOBaHUSA 3amaercs thopmynoit

,TIE 0,0y, M3,0, — HAYANLHBIE HH-

4

_ 0’40\/171
JR

TEHCUBHOCTH apMHUpPOBAaHUS CeMEHUCTBaMU
0,, ¢, — HauaJIbHbIE YIJIbl BBIXOJa apMaTyPhl.

BOJIOKOH;

Ha PUCYHKE B OCAX HHTESHCHUBHOCTEH apMUPOBAHUA
®;, O, IIOKa3aHO BJIMAHUC BLI6paHHI>IX HayaJIbHbIX

YCIIOBHM TEXHOJOTUYECKOTO Mporecca (B COOTBETCTBUU
¢ TabnuIlei) Ha IPU3HAK B «pacxoJl apMaTypb» Ui pas-
JINYHBIX KPUBOJIUHEHHBIX CTPYKTYP apMUPOBAHUS.

Pa3BuBaeMblii MOAX0A B pamMKax €IMHON BBIUYKCIH-
TENBHOW CXEMBI TO3BOJIICT YIPABIATH CBOHCTBAMH BO-
JIOKHHACTOT'O KOMITO3UTA, CO37aBaTh Y(PQPEKTUBHEIC U pa-
[MUOHANBHBIC TPOEKTHI U IUIOCKUX KOHCTPYKIHH Kak
2JIEMEHTOB KOHCTPYKIINI OTBETCTBEHHOTO HA3HAYCHHUSI.

CdopmynupoBaHHas TUIOCKas 3ajada apMHPOBAHHOU
cpensl B KPUBOJIMHEHHBIX OPTOTOHAJIBHBIX KOOPIMHATAX
MTO3BOJISIET PelIaTh U 0OpaTHYIO 3aady MO ONpEeAeTICHUIO
3 QEeKTUBHOI palMOHATIBHOW CTPYKTYpBI, €CIIM K Hel
J100aBUTH TpeOOBaHMsI paBHOAS(HOPMUPYEMOCTH BOJIOKOH
WA PaBHOTPEIIMHOCTOMKOCTH B CBSI3YIOIIEM IO KpHTE-
puto bananauna [16].

IocTtaHoBKa 3a7a4un 00 apMHUPOBAHHON MJacTHHE
C PpaBHOW TPeIIMHOCTONKOCTHIO cBsi3ylomero. Pac-
CMaTpHUBacTCs IDIACTHHA, MOJyYeHHas W3 Habopa mpoc-
JIOCK CBS3YIOIIETO W TPOCIOCK apMaTyphbl, CHMMETPUY-
HBIX OTHOCHTEIIFHO CPEAMHHOW TMOBEpXHOCTH. [Ipocioii-
KU TOHKHE, TI03TOMY PEaN3yeTcs IUIOCKOe HAIPSHKCHHOE
coctosinue. [lycte Temmneparypa 7 =const MOCTOSHHAs
IO TOJIIMHE IUTACTUHEIL.

Sanuiiem moaHeie aedopmarmu €115 €22> €12 B ge-
KapTOBOM CHCTEME KOOPAMHAT KaK CYMMY MEXaHUYEeCKUX
U TEIUIOBBIX JehOopMaliuii:

mech

meeh L o°T, ), = e +afT.

mech | T, €3y =Eny

€ =€

l'[apaMeprI TEXHOJIOH4YEeCKOro nmpouecca

() — Ha4aJIbHAsi MHTEHCHBHOCTh apMH- (), — Ha4aIbHAsi HHTEHCUBHOCTh apMH- 0, — HavaBHEIHA yroJ BEIXOIA
POBaHHUS [IEPBOrO CEMEHCTBA BOJIOKOH pOBaHHs BTOPOTO CEMEHCTBa BOJIOKOH CEeMECTBA «CITHIIBI BEJIOKOJIECa»
0,3 0,3 /4
0,05 0,376 n/12
0,1 0318 S5n/4
0,51 0,18 Tr/ 4

a

Pacxox apmatypsl B (0Ch amIuIuKaT) IJIsl: @ — CTPYKTYPhI apMUPOBAHUS «CEMEHCTBO JTOrapu(pMUIECKIX
Crmpaeii» U «CIHUIBI BETOKOIeCcay, O — CTPYKTYPhI «CeMEHCTBO crpalielt ApXumMesia» U «CIIHIBI BEJIO-
KOJIeca»; @ — CeMEHCTBa JOTapU(PMIUECKIX CIIUpaiel U MM H30TOHAIBHBIX TPAeKTOPHUH



Mamemamuxa, mexanuka, uHgpopmamura

HOTCHHI/IaJ'ILHaSI OHEprus B npocnoﬁkax H30TPOIMHOI'O
CBA3YIOLICTO paBHA

mech

mech h ¢
+201,€,

_ mec
W =08

C
+0382
IJie HApsKEHHs B CBA3YIONIEM 3aJaHbl COOTHOIICHUAMU

c _ mech mech __
oy =dpg; +dpey

c
=dy g +djpey —(d) +dp)a'T,
mech

C —
Gy =dj i€y

=d\ &), +d) 89 —(dy +dpp)AT,

mech __
+dpe =

(6)
c p—
o1y = 38y,
C ydetom (6) mOTEeHIHATBHAS SHEPTH 3aMHUIICTCS KaK
2 2 2
W =by&1) + by, +biseip + by 8y + )

+bys€); +bjg€yy +b; =W, =const.

Koa¢pduuuentsr B (7) At M30TPOMHOTO CBS3YIOIIETO
HUMEIOT BHU]

E E

b :b = N = .
TR 2014
2VE 20°TVE

by = bs=—"75,
4= T s -2
or\2

2E0°T 2((1 T) E

big =~ 2 17_—1—\/ :

VYcnoBue coBMecTHOCTH AedopMaliii B JeKapTOBOH
crcTeMe KOOpANHAT MMEET BUJT

2 2 2
0%g;,  0°&y Oy
* ' oxdy
IIycth 2/ — ToMMHA TUIACTHHEL, §; — TONIIUHA apMHU-
pyromero CJjiosg nepBoro HarpaBJICHUA (¢ € HHTCHCUBHO-
CTBIO APMHPOBaHHUA ®;, O, — TOJIIMHA APMHUPYIOIIETO

CJIOSL BTOPOTO HAIIPaBICHUS (, C MHTCHCHBHOCTBIO ap-
MHPOBaHHA (,. Toraa yCHius 3anuileM B BUAE

Nyy =2(h=38, =8,)0f, +28, [ (1= ), + 0] |

(®)

x cos” @, +23, [(1 —®,)0], +®,05 J cos” @,
Ny = 2(h =8, =8,)5, +28,[ (1= )05, + 0,0 |x
xsin® @, + 28, [(1 - ®,)0%, + ®,65 ] sin” @,
Nyp =2(h=38, =8,)o1, +28, [(1 - )0}, + 0} J X
xsin @, cos @, +23, [(1 —®,)0], + 0,05 J sin @, cos @,,

rie o) ,05 — HalpsDKEHHs B BOJIOKHAX apMaTypbl [EPBO-
ro M BTOPOI'O CEMEWCTBAa COOTBETCTBEHHO. VX 3aBucH-
MOCTb OT TEMIIEPATYPhI 33Ja€TCsI B BUJIE

a a a a

o) = E (g, —oyT), o) = Ey (g, —a37),

rze reopMalyi B BOJIOKHAX OINpEeIsIoTes 1o opmysie
(1). YpaBHeHUS paBHOBECHS B YCIIIHAX 3AIHIITYTCS KaK

ON|, . ON,, ON,, . ON,,

>
Ox oy Ox oy

BBonurcs ycnoBHE IMOCTOSHCTBA CEUYEHUN BOJIOKOH
(5) B mexapToBOI crcTeMe KOOPIUHAT, 2 UIMCHHO:

=0 =0.

)

77

i(031 cos @) +i(0)1 sing;) =0,
Ox oy

(10)

0 0 .
a(co2 cosq)2)+5(o)2 sing,) =0.

CoBokynHocTh ypaBHeHudd (7)—(10) mo3Bosisier pe-
IINTH 33/1a9y O HAaXOXK/ICHWU HalpaBICHUH apMUPYIOIIIX
CJIOEB PAacCMaTPUBAEMON IUIACTHHBI B YCIOBHUSX TEPMO-
ynpyroro nehOpMHpPOBAHHSA, T. €. PEIIHTH OOPaTHYIO
3a7ady C JONOJHHUTEIBHBIM YCIOBHEM PaBHOW TPEIIMHO-
cTolKocTH cBsa3ytouiero. llpu BBeeHMHM HavalbHBIX
YCIOBUIl Ha WMHTEHCHBHOCTH apMHUPOBAHUS M KpPacBBIX
YCIOBUII Ha BHEIIHEM KOHTYpE IOJIy4aeM 3aMKHYTYIO
CHCTEMY IO OIIPEEICHUIO TPACKTOPUIT apMUPOBAHMUSL.

3akJ/ouenune. Pa3zBuBaeMblii TIOIX0J B paMKax €au-
HOW BBIYMCIMTENIBHOM CXEMbl II03BOJISIET YIPaBIATH
CBOWCTBaMHM BOJIOKHHCTOI'O KOMIIO3UTa, CO3JaBaTh 3(-
(heKTHBHBIC ¥ pallOHAIBHBIC POCKTHI JUIS TUIOCKUX KOH-
CTPYKLIMH Kak 3J€MEHTOB KOHCTPYKIMH OTBETCTBEHHOTO
Ha3HAYEHMUSL.
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A MATHEMATICAL MODEL OF OIL PRICE ASSESSMENT
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The article deals with the development of the mathematical model of oil price assessment. The methodological
foundation is determined for developing the mathematical model: two axioms stating the unique properties of oil as
a commodity. The first one claims that oil is a commodity being determined at auctions and is not related to its value as
a measure of abstract labor invested, the second axiom states that the markdown in oil price will not cause the increase
in the demand for it, as the demand is determined only by the economy state of the demander. Among the factors of oil
pricing an imbalance of oil supply and demand in the world market is chosen to be the dominant factor. The
mathematical model is represented in two models. The first one assumes that for any excess of supply over demand, the
price of oil tends to zero, i. e. for a sufficiently large number of auctions it becomes lower than any predefined level.
The second theorem states that in the case of the excess of demand over supply oil price tends to infinity (a finite
number of sessions exceeds any predefined level) in case of the dominance of imbalance. The most likely forecast
resulting from the hypothesis that the developed mathematical model is correct is the trend of the price decrease
reaching its extremely low level and a further transition into a long-term period characterized by the price increase
trend.

Keywords: the price of oil, a mathematical model, the unique properties of the oil trade, the dominant factor
in pricing, supply and demand imbalance.
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O MATEMATHUYECKOM MOJIEJIA ®OPMUPOBAHUS LIEHBI HA HE®Th
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Paspabomana mamemamuueckas mooenb QoOpmMuposanus yeuvl Ha Hegpmo. [ nOCMpoeHus mMamemamuiecko
Mooenu onpeodeieHbl Memooono2uiecKue OCHO8AHUA: 08e AKCUOMBI, YCMAaHaenusaiowue cneyuguieckue ceolicmed
Hegmu xax mosapa. Ilepsas ymeepacoaem, ymo Hepmbv A6NAEMCA MOBAPOM, YeHA KOMOPO2O ONpedensiemcs Ha ayK-
YUOHAX U He CBA3AHA C €20 CHOUMOCTbIO KAK MePOll GlOJNCEHHO20 abCMpaKmMHO20 mpyoa, 6mopas akCuoma ymeep-
arcoaem, Umo CHUdICeHUe YeHvl Ha Hepmb He Gbl3bleaen NOGbIUEHUS CNPOCa HA Heé, NOCKOIbKY CIPOC ONpedensiemcs
MU cCOCmOosiHUueM dKkonomuku noxkynameis. Cpeou ¢pakxmopos yenoobpazoeanusa negpmu 6biOpan nepeocmeneHmbil,
OomuHupyrowuil hakmop — OUcOananHc Npeonodxicenus U cnpoca Ha Hedpmv Ha MUpoeom pwiHke. Mamemamuyeckas
MoOenb npeocmagieHa 6 08yx meopemax. Ilepsas ymeepoicoaem, umo npu ar000M NpegvluleHUuU NpeodiodceHUus HAo
CHPOCOM YeHa Hegpmu CImpemMumcs K Hyaio, m. e. 3a 00CIMamoyHo 001buoe KOTU4ecmao aykyuoHO08 CIMAHOBUMCS HUXMCe
1106020 3a0ann020 yposHs. Bmopaa meopema ymeepacoaem, umo npu ycioguu npegviuteHus cnpoca Hao npeoaoHcet-
eM yena Heghmu cmpemumcst K 6eCKOHeuHoCcmu (3a KOHEeUHOe YUCIO CecCuil npesvlicum Jiobotl 3a0anHblil YPOEeHb) npu
yenosuu domunuposanus oucoananca. Haubonee eepoamuvim npocHO30M, GbIMEKAIOWUM U3 SUNOME3bL O THOM, YO
NOCMPOEHHAS. MAMEMAMUYECcKas MOOeb 6epHa, AGNIAEMCA MPeHO HA CHUNCEHUE YeHbl 00 NPedelbHO20, IKCMPEMATbHO
HU3K020 3HAYeHUs, a 3ameM nepexoo0 K ONUMeNbHOMY Nepuody, KOmopblil XapaKkmepu3yemcs, mpeHoOOM POcmd YeHbl.

Kniouesvie crosa: yena na negpmo, mamemamuyeckas Mooeib, YHUKAIbHbIE MOBAPHblEe CEOUCMEA Hedhmu, OOMUHU-
pyrowuil akmop yenoobpazoeanust, OUCOANAHC NPedIONCEHUS U CNPOCd.
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Introduction. In the middle of 2014 the process of a
markdown in oil price commenced. It became in the focus
of public attention as the value of oil prices for the
economies of oil-producing countries is very large [1-10].
When estimating, experts talk about a “fair” price level at
which the markdown may stop. Initially the levels of $90,
$80 and $60 per Brent oil barrel were mentioned,
gradually $50 and $40 were spoken of, currently
a possibility of $30 and even lower prices are predicted.

The forecasts of upcoming price increase or at least its
pegging given by media are positively received by the
society. Meanwhile, the markdown is running on, which
actualizes the search of a reasonable and, finally, well-
thought-out model of oil price forming describing the
current state of affairs from the middle of 2014 to the
present day. The feasibility of such models will allow
to hope that the forecasting subsequent upon these models
is likely to come true.

Needless to say, the public are aware of the range
of factors currently encouraging the markdown. The
following factors are unanimously claimed to work
in such a way: excess of oil supply over demand on the
world market, the change in values of the US dollar due to
the actions of The Federal Reserve System of the USA,
different steps taken by OPEC members, current oil
reserves information, the number of drilling rigs in the
USA, weather forecasts, etc.

Nevertheless, the lack of holistic comprehension
of oil price forming process model in the media is
acknowledged. In fact, under the conditions of
progressing markdown factors, it is desirable to
understand what the reasons, frequently mentioned by the
experts, for upcoming price increase to any “fair” level are.

At least judging by the information presented in the
media, it makes sense to speak about the fact that the
contribution of each markdown factor is not differentiated
enough; its importance is not fairly appreciated.

As a result, the majority of people interested in oil
price as a factor affecting social policy of oil-producing
countries expect positive course of events in the nearest
future and the issue of excess of oil supply over demand
seems to them quite solvable. Many people, for example,
think that if oil supply exceeds demand by 5 %, the price
will soon consequently reduce by 5 % and, as a result,
a new “fair” price making 95 % of the previous one will
be set which will eliminate the problem.

Of course, it is not so. Anticipating, we should note
that 5 % excess of supply over demand will lead to
longtime sequential multiple-stage markdown. As a result,
at least theoretically, it may make 5 % of the staring price,
so the reduction may make 95 % — the price will
be decreased by 20 times! This is, as we will ensure, the
mechanism of oil price forming.

Coming back to the feasibility of forecasting, we state
that one of the ways of adequate understanding of current
state of affairs is to develop a mathematical model of oil
price forming.

The mathematical model should reasonably describe
the markdown since the middle of 2014, explain its causes
and forecast further price forming. Naturally, the model
actuality should be viewed approximately, as a trend.
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The aim of this article is developing and analysis of
the mathematical model of oil price forming.

Developing the mathematical model of oil price
forming. It should be noted that mathematical model
method is a general-purpose and powerful instrument of
human perception, especially efficacious in the cases
when experiment conduction is impossible. Mathematical
model method allows to study a phenomenon basing on
the development and analysis of its mathematical model —
an approximate description in mathematical parlance [11].

Mathematical model development implies a certain
simplification of a complex phenomenon, its particular
idealization basing on the identification of major factors
which characterize the evolvement of the phenomenon
and on neglecting minor, less important factors [12—15].

Neglecting minor factors allows developing the
mathematical model basing on major dominant factors
and hereafter it is sufficient to study the model
thoroughly. As a result, the model response is determined
approximately, as a trend fixed by major factors; the trend
presumes inconspicuous movements caused by the
influence of minor factors.

Mathematical modeling normally
following range of stages:

Development of the mathematical model of the
phenomenon based on its simplification, identification of
dominant factors which cause this phenomenon;
Exploration of the model by means of
mathematical methods, gaining the information which
describes the further evolvement of the phenomenon;
Comparing of the theoretically forecast model
response with what will actually occur;

Specification and correcting of the mathematical
model in case there is a difference between theoretical
and practical aspects;

Exploration of the specified model, description
of its response;

Repeated correcting of the mathematical model
basing on the comparison of theory and practice etc.

It should be realized that mathematical model
development is to be relied on solid methodological
foundation, well-proven facts and information. In our case
such a foundation can be represented by the unique
properties of oil as a commodity which make it different
from many other commodities. It seems reasonable to
associate oil price behavior with its specific commodity
properties as many other commodity prices, unlike oil
price, do not show sustained drop.

What are the unique properties of such a commodity
as oil, or, to be more precise, the specific properties of its
price forming which can be used as a methodological
foundation of the prospective mathematical model?

In fact, these commodity properties of oil are well-
known, however, it is essential to see their true value. We
suggest using these properties as the following prime
postulates which act as the axioms describing oil price
forming principles.

The following two statements are suggested as such
axioms.

Axiom 1. Oil is a commodity which price is
determined at auction sellings on several fixed venues and
is not directly related to its cost as a measure of abstract

includes the
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labor invested and to the market price of other
commodities which, unlike oil price, are determined
by millions of market transactions.

The essence of axiom 1 seems to be well-known.
We pay attention to the fact that it underlines the weak
connection of a forming oil price with its actual cost
which is determined by average production expenses.
Thus, the possibility of a considerable gap between
the price and the cost, both downward and upward,
is postulated.

Axiom 2. Oil price markdown does not trigger
increase in demand, as it is determined by the economy
state of a demander; increase in demand is possible only
at a low price for oil reservation purposes, however, the
extra demand exists only provided that oil price is low
and reduces as soon as the price rises.

The content of Axiom 2 is also well-known. We will
note that this property of oil differs from many other
commodities, cheapening of which leads to expansion
of consumption.

The emphasis is laid on the fact that these statements
are empiric basing on the experience of human activity
related to oil extraction and marketing, they have been
proved through practice over decades, they are axioms
from the logical point of view and require no further
proof.

The aggregate of these two simple axioms is almost
sufficient for understanding the main trends in price
forming. The missing link for developing the
mathematical model of oil price forming is, as it was
mentioned before, the identification of major and minor
price-forming factors.

In our opinion, the major foremost factor of oil price
change is the imbalance of supply and demand, the value
of this factors significantly prevails over all the other
ones, making it dominant.

In case market oil supply exceeds demand, this very
factor becomes the basic one leading to the markdown;
in case supply is lower than demand, the main trend
shows price increase.

Relying on Axioms 1 and 2 and considering the
imbalance of supply and demand to be dominant,
we obtain the mathematical model of oil price forming
by two basic theorems.

The first one corresponds to the current state of affairs
of exceeding supply over demand, namely, the following
theorem describing the main trend in price forming is fair:

Theorem 1. If oil market supply exceeds demand for
any arbitrarily small value A; > 0, realized by market
participants, in the process of repeated auction selling
oil price tends to zero, i. e. in finite number of steps
it becomes lower than any predefined level.

In case demand exceeds supply, price forming
is described by the following theorem.

Theorem 2. If oil market demand exceeds supply for
any arbitrarily small value A, > 0, realized by market
participants, in the process of repeated auction selling oil
price tends to infinity, i. e. in finite number of steps it will
exceed any predefined level becoming nonproportionally
high in relation to the cost of other commodities.

Naturally, these theorems are provable. The proof of
theorem 1. As supply exceeds demand, the auction
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participants are forced to agree on the price lowering by a
certain value, for example, by $0.5 in order to sell their oil
volumes. According to axiom 1, both demanders and
suppliers, determining oil price at the next session of
auction selling, will see that, according to Axiom 2, the
demand does not increase, which still means A; > 0,
leading suppliers to the necessity of reducing the price by
$0.5. As a result of the iterative process, in finite number
of steps the oil price will arbitrarily tend to zero.

The prove to theorem 2. If supply is lower than
demand, the demanders at auction selling agree on
a certain price increase, say, at $0.5 in order to purchase
required amounts of oil. In compliance with axiom 1, both
demanders and suppliers, determining oil price at the next
session of auction selling, will see that the demand does
not reduce, which still means A, > 0, leading demanders
to the necessity of agreeing on a $0.5 price increase again.
As a result of repeating auctions, in a finite number
of trading sessions oil price may exceed, at least
theoretically, any predefined level.

We should underline the fact that, firstly, oil price is
determined by the results of auctions that is why these
results depend mainly on supply and demand balance. For
example, if milk price were determined in the same way,
it would differ from the one we see in shops, it could take
on surprising values.

Secondly, the theorems say about the supply
and demand im/balance value ‘“realized by market
participants”. We imply that market participants realize
and weigh all the aggregate of factors affecting the price
including oil reserves information, the number of drilling
rigs in the USA, Chinese economy state information,
geopolitical events, weather forecasts, etc. Evaluation of
excess supply over demand is conducted with regard to all
the minor factors and definitely includes emotional
component.

Analysis of the developed mathematical model. We
will show what conclusions can be drawn when analyzing
the developed mathematical model. Relating to the
current state of events, the price forming mechanism
described by theorem 1 results in the following
statements.

Firstly, it is not correct to speak about, as it occurs
sometimes, oil price slump; the price lowers quite
smoothly, without leaps, which proves once again that the
main reason is quite explainable and is the excess
of supply over demand.

Secondly, there is no a priori certain fair price. Being
launched due to certain conditions (excess of supply over
demand), price reduction process cannot cease on its own
accord while the condition is fulfilled. The cease can
occur only when supply and demand are balanced and the
price formed under such a condition can be considered
fair.

Thirdly, the current market situation is characterized
by a significant steady excess of supply over demand. As
it becomes clear, there is no use expecting the price to
stop as a result of imbalance elimination. As the result of
decrease process the price may reach an extremely low
level and stop just right after it because further decrease
is impossible. In practice this level may be about $10
(for oil price it is a “physical” zero, further decrease bears
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no sense). To some extent, it would be the fair price
corresponding to the situation. Reaching this level may
occur in a relatively short period of time, for example,
within half-year.

When experts say that the fair price is $40 or $50, they
surreptitiously compare the price with minimal production
expenses, i. e. with the cost which, as we see, has nothing
to do with oil price.

Fourthly, price decrease process can be controlled
only by decreasing oil supply on the world market.

Fifthly, the most important conclusion is related to the
answer to the key question: what will happen when the
price reaches “zero level”, but supply still exceeds
demand?

Theorem 1 cannot be applied in this case as the price
can no longer decrease. There is also no reason to forecast
a small price bounce and further retrieval to the zero
level. It seems that such a situation should be described
within a framework of a special mathematical model
which is beyond the scope of this article.

Anyway, logical and practical way out of the situation
of reaching a rock bottom price level may be to
acknowledge one of the scenarios: either supply stops
exceeding demand, or supply excess ceases being
a dominant factor, which has been mentioned above, and
another factor becomes dominant.

In the first case, when supply reduces, the conditions
of theorem 2 will start acting, according to which the
price will start increasing unrestrictedly.

In the second case other dominant factors will appear.
Basing on the hypothesis that this mathematical model is
correct, market participants are very likely to change the
behavior. Indeed, black marketers play an important role
making profit on oil price changes. The situation in which
they are not able to move down will lead to their necessity
to gain profit from the realization of price increase
sustained trend. Thus, in both cases the commence of
unrestricted price increase process is most likely to
happen. According to the developed theory and the
standing practice it can be forecast that the maximum
markdown and moving to increase period is possible in
the period from six months to one year.

The increase period duration, as it can be assumed,
will be sufficient enough for the price to reach a high
level stage by stage.

Sixthly, the represented mathematical model allows to
derive a range of conclusions, for example, that longtime
pricing at the level of approximately $50 under the
condition of imbalance is impossible for a long period of
time, say, one year. At the same time it should be noted
that the average price for this period can be quite high
due to the fact that a significant markdown can be
compensated by a considerable increase.

Conclusion. This article presents and works out the
problem of developing the mathematical model of oil
price forming.

The methodological foundation is determined for
the development of such a mathematical model. The
two axioms stating the unique properties of oil as
a commodity are chosen as the basis. The first axiom says
that oil is the commodity which price is determined
at auctions on 2-3 world venues and is not directly related
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to its cost as a measure of abstract labor invested and the
prices of other commodities which are determined as
a result of a great number of market transactions.

The weak connection of the forming oil price with its
actual cost which is objectively determined by average
market production expenses postulates the possibility of
a considerable gap between the price and the cost, both
downward and upward.

The second axiom states that the markdown in oil
prices involves no demand increase for it, as the demand
is determined by the economy state of a demander;
market demand increase is possible at a lower price
as a part of demanders can purchase oil for reservation
purposes, however, extra demand exists only under
condition of a low price and it vanishes if the price
increases. This commodity property of oil is essential as it
differs oil from the majority of commodities, cheapening
of which leads to a significant increase of consumption.

These statements are empirical basing on the long-
term experience of oil extracting and marketing and are
axiomatic from the logical point of view.

Among the factors that determine oil price the
imbalance of supply and demand on the world market
is chosen as a major dominant factor.

Neglecting multiple minor factors allows to develop
the mathematical model basing on the mentioned
dominant factor and to analyze it. As a result, the
mathematical model response is described approximately,
presuming inconspicuous movements which are generated
by the influence of minor factors.

The mathematical model is presented in two theorems.
The essence of the first one is that oil price becomes
lower than any predefined level in a considerable number
of auctions under every excess of supply over demand.

The second theory claims that oil price will exceed
any predefined level in a finite number of trading sessions
under the condition of exceeding demand over supply.

The developed mathematical model, as it must be,
provides a certain simplification, idealization of oil price
forming process. Nevertheless, it is simple, it has a clear
reasoning and is practically confirmed: it is the only
model to adequately describe the current state of events
on the oil market.

The most likely forecast resulting from the developed
mathematical model is the decrease of the price reaching
its extremely low level and a further transition into a long-
term multiple-stage period of its increase.

Of course, if the oil supply will be limited and become
lower than its demand, price markdown will cease and,
according to theorem 2, the price will be increasing.
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HUMAN-HUMAN TASK-ORIENTED CONVERSATIONS CORPUS
FOR INTERACTION QUALITY MODELING
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Speech is the main modality for human communication. It can tell a lot about its owner: their emotions, intelligence,
age, psychological portrait and others properties. Such information can be useful in different fields: in call centres for
improvement in the quality of service, in designing Spoken Dialogue Systems for better adaptation of a system to users’
behaviour, in the automatization of some processes for analysing people’s psychological state in a situation with a high
level of responsibility, for example, in a space programme. One such characteristic is the Interaction Quality. The
Interaction Quality is a quality metric, which is used in the field of Spoken Dialogue Systems to evaluate the quality
of human-computer interaction. As well as in Spoken Dialogue Systems, the Interaction Quality can be applied for esti-
mating the quality of human-human conversations. As with any investigation in the field of speech analytics, for model-
ling the Interaction Quality for human-human conversations a specific corpus of task-oriented dialogues is required.
Although there is a large number of speech corpora, for some tasks, as, for example, for Interaction Quality modelling,
it is still difficult to find appropriate specific corpora. That is why we decided to generate our own corpus based
on dialogues between the customers and agents of one company. In this paper we describe the current state of this cor-
pus. It contains 53 dialogues, corresponding to 1165 exchanges. It includes audio features, paralinguistic information
and experts’ labels. We plan to extend this corpus both in the feature set and in the observations.

Keywords: interaction quality, human-human conversation, speech analysis, speech corpus.
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Peuw signsiemesi 0cHogHbIM cnOcoOOM KOMMYHUKayuu 05 yenogexa. OHa Modicem MHO20e paccKazams 0 C0eM 6Jid-
denbye: dIMOYUU, YPOSeHb UHMENIEKMA, 803PACTH, NCUXOL02UHeCKUll nopmpem u He monvko. Takas ungopmayusi mo-
Jicem Oblmb NOJNE3HA 8 PAZIUYHBIX 00ACMSAX: 8 KOJUI-YeHmpax OJis YAVHUleHUs. Kauecmeda 0OCHyHCU8anusl, npu Npoex-
MUPOBAHUU PEHeBblX OUANO208bIX CUCTEM OJisl IyYiell aoanmayuu CUCMeMbl K N08e0eHUI0 NOIb308amels, 8 asmomd-
mu3ayuy HeKOMopslX NPOYECCO8 aHANU3A NCUXOTIOZUYECK020 COCMOSIHUSL 00l 8 CUMYayuu ¢ GbLCOKUM YPOGHEM O~
6EMCMEEHHOCIU, HANPUMED, 8 KOCMudeckux npozpavmax. OOHoll u3 makux xapakmepucmux sensemcst Interaction
Quality. Interaction Quality — 5mo mempuxa kavecmea, KOmopas NPUMEHAemcst 6 001acmu NPOEKMUPOBAHUSL PEYEBbIX
QUANO208bIX cUCmeM OJisi OYEeHKU Kauyecmea 83auMOo0eicmels Mexicoy KOMnblomepom u denogekom. Kax u 6 peuegvix
ouanozoevix cucmemax, Interaction Quality moocem npumenamsbcss O OYeHKU Kayecmed OUuanoea mexcoy arobMu.
Kaxk u ons mi0b0oeo uccnedosanus uz obracmu peuesoll ananumuku, npu mooeauposanuu Interaction Quality ons ouano-
208 Medncoy n00bMU mMpebyemcsi peuegoil KOpnyc 3a0ayeopueHmuposaHtblx Ouano208 muna «4el08eK—ueno8exKy.
Hecmompsi na mo, umo cywecmeyem 60Jbuloe KOIUYECBO Pedesblx KOPNycos, O/ HeKOMOPbIX 3a0ay, MAaKux Kdk,
Hanpumep, mooenuposanue Interaction Quality, eéce ewe mpyoHno Hatmu nooxodswuil pedesoli kopnyc. Mmenno
HOSMOMY Mbl peUiunu co30ams COOCMEEHHbII Peyuesoli KOPNYC HA OCHOBe OUAN0208 MENCOY KAUSHMAMU U a2eHmamu
00HOTl KOMRaHUu. Jlamcsi onucanue 6epcuu 9mozo Kopnyca Ha mekywuti momenm epemenu. On codepoicum 53 duanoaa,
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Komopvim coomgemcmeyrom 1165 obmenos pennuxamu. Jaunwlii Kopnyc ekmouaem 6 cebs ayouoxapakmepucmuki,
nApanuH2EUCMU4ecKylo UHGopmMayulo u oyeHKy IKcnepmos. B oanvhetiuem Mol nianupyem pacutupums 5mom KOpnuyc
nymem y@eaudeHus. KOIu4ecmea XapaKkmepucmux i Koauiecmea Haomo0eHu.

Knioueswvie cnosa: xauecmso 63GUMO()€ﬁcm6uﬂ, ouanoz muna «yejnoeek—uenoeexKy, pedeead aHAlUMUKA, peqeeoﬁ

Kopnyc.
1. Introduction

Speech analytics is applied to extract different infor-
mation from speech data. Human speech can tell a lot
about a person: their emotions, intelligence, age, psycho-
logical portrait and other properties. On the dialogue level
it can determine for example cooperativeness between
speakers, the involvement of each speaker in the dialogue
and the topic of the discussion.

Speech analytics is useful for call centres in such tasks
as estimating customer satisfaction and detecting prob-
lems in the agent’s work. Moreover, such characteristics
as customer satisfaction, emotions, Interaction Quality
(IQ) and others are important for designing Spoken Dia-
logue Systems (SDS) for better adaptation of such sys-
tems to user behaviour through the dialogue. Besides,
these characteristics can be used for the automatic assess-
ing of relationships between people using speech. It is
especially it is important for different space programmes,
where the crew members spend a lot of time in a small
space inside the space station.

The IQ is a quality metric, which is used in the field of
SDS to evaluate the quality of human-computer (HC)
interaction. The IQ metric was proposed by Schmitt et al.
in [1]. This metric can be useful not only for measuring
the quality of the interaction between humans and com-
puters, but for human-human (HH) dialogues as well. The
model of the IQ for HH task-oriented conversations can
help then make SDS more flexible, more human-like and
friendlier.

As for each investigation in the field of speech ana-
lytics, for modelling the 1Q for HH conversations a spe-
cific corpus of task-oriented dialogues is required. Such a
corpus can be developed based on calls from call centers
offering support, information or help services. It is diffi-
cult to get access to such a database of calls as these calls
contain the private information of speakers.

This is why we tried to develop the speech corpus
based on a call database. This corpus consists of the calls
between company workers and customers. In this paper
we present a first overview on this corpus.

This paper is organized as follows. A brief description
of related work (existing HH task-oriented conversation
corpora) is presented in Section 2. Section 3 gives infor-
mation about the developed HH task-oriented conversa-
tion corpus for the IQ modelling for HH dialogues. Sec-
tion 4 introduces a description of manually annotated
variables in the corpus and presents a comparison of the
rules for annotating the IQ for HC and HH task-oriented
spoken dialogues. In section 5 we describe future work
for extending this corpus both in terms of variables
and observations. Finally we present our conclusion in
Section 6.

2. Related work: existing corpora

Such organisations as ERLA (European Language Re-
sources Association) [2] and LDC (Linguistic Data Con-
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sortium) [3] offer huge corpora databases for different
purposes in the field of speech analytics such as:

— emotion recognition;

— speech recognition;

— language identification;

— speaker identification;

— speaker segmentation;

— speaker verification;

— topic detection and others.

Although there is a huge number of corpora, some re-
searchers are forced to develop specific corpora for their
research.

DECODA is a call centre human-human spoken con-
versation corpus consisting of dialogues from the call
centre of the Paris public transport authority. It consists
of 1514 dialogues, corresponding to about 74 hours
of speech [4].

The corpus described in [5; 6] consists of 213 manu-
ally transcribed conversations of a help desk call centre in
the banking domain. Unfortunately it includes text data
without audio files.

Another example of a task-oriented corpus is de-
scribed in [7]. The EDF (French power supply company)
CallSurf corpus consists of almost 5800 calls (620 hours)
between customers and operators of an EDF Pro call centre.

There are many other corpora, which are described in
different papers, but some of them are difficult to find or
to get access to. Some existing corpora in the field of HH
task-oriented conversations are not appropriate for our
task of IQ modelling for different reasons and some
of them are not accessible.

The main reasons, which forced us to design our own
corpus are as follows:
such corpora as DECODA and CallSurf are
in French, which makes the labelling process difficult
without knowing French;
some corpora, such as the corpus described in [5; 6],
do not include audio files, which leads to a loss in infor-
mation enclosed in audio features;
some corpora, unfortunately, are not accessible
to the public because the content is private information.

3. Corpus description

The current state of the corpus consists of 53 task-
oriented dialogues in English between the customers and
agents of one company, corresponding to about 87 min-
utes of signal. The raw audio data was presented in mono
audio format. The average duration of a dialogue
is 99.051 seconds. The distribution of dialogue duration
is presented in fig. 1.

First of all it was required to perform speaker diariza-
tion. Speaker diarization consists of speaker segmentation
and speaker clustering, in other words, it helps to under-
stand who speaks in each speech fragment. We tried
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to implement such open-source diarization toolkits
as LIUM [8] and SHoUT [9]. Unfortunately, the results of
diarization were not suitable for us, because we needed
diarization without errors. That is why the diarization was
performed manually with the help of the Audacity com-
puter software application, a free open source, cross-
platform software for recording and editing sounds [10].
Then the audio files were split by FFmpeg, a free soft-
ware project, which includes libraries for working with
multimedia data [11]. Thus 1791 audio-file fragments,
which contain the speech of customers or agents or each
overlapping, were extracted. In this stage such informa-
tion as gender, type of speaker (customer, agent) and
overlapping speech was extracted manually, although it
could be done automatically, but with some error.

204 17 17
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Fig. 1. Distribution of the dialogues
by their duration

In the next stage all these fragments were manually
joined into exchanges. Each exchange consists of the
turns of a customer and an agent. All fragment concatena-
tions can be divided into three groups: sequential, chain
and mixed.

For example, we can have such a scheme of a dia-
logue: ACACAC, where A is the agent’s turn and C is the
customer’s turn. The sequential type of concatenation will
look like this: AC-AC-AC. If we speak about the chain
type of concatenation, it will be like this: AC-CA-AC-
CA-AC. An example of the mixed type of concatenation
can be like this: AC-CA-CA-AC.

To concatenate turns into exchanges we applied the
mixed type. Thus we retrieved 1165 exchanges.

For extracting features for the IQ modelling for HH
conversation we used the three different parameter levels
described in [12]. This approach consists of the three levels:

— exchange level, containing information about
the current exchange;

— window level, containing information about
the last » exchanges;

— dialogue level, containing information from the
beginning of the dialogue up to the current exchange.

The scheme of the three different parameter levels
is depicted in fig. 2.

On the exchange level there are four blocks of fea-
tures:

— features, describing an exchange on the whole;

— features, describing the speech of the agent in this
exchange;

— features, describing the speech of the customer
in this exchange;

— features, describing overlapping speech in this
exchange.

The list of the features on the exchange level is pre-
sented in tab. 1.

The list of the features on the window level and dia-
logue level is the same and is presented in tab. 2. The
difference remains only in the number of exchanges in the
computation.

=== Exchange level parameters
o el oo Lo [ ] s
': o window level parameters: {#], [Mean], ete.
[ ! i
I____ ecmceeeeecm—mnut,p dialogue level paramerers: £, Mean, etc.
J' []
| . :
Fig. 2. This figure from [12] represents three parameter levels
Table 1
Features on the exchange level
Feature | Description

Features, describing an exchange on the whole

Agent_speech

Is there an agent’s speech in the exchange?

Customer_speech

Is there a customer’s speech in the exchange?

Overlapping Is there overlapping speech in the exchange?

{#} overlapping exchange Number of overlapping speech moments in the exchange

Start_time The time elapsed from the beginning of the dialogue before the start of the exchange
First_speaker Who starts the exchange?

Duration Duration of the exchange

First exchange

Is the exchange first in the dialogue?

Pause duration

Total duration of the pauses between a customer’s and agent’s speech in the exchange

{%} pause_duration

The percentage of the total pauses duration in the exchange
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End tab. 1

Feature

Description

Type of turns concatenation

{1 , if the previous exchange intersect the current exchange by the time

0, otherwise

Pause before duration

Duration of the pause between the current and previous exchanges

Features, describing agent speech/customer speech/overlapping speech

Audio features

All audio features were extracted by OpenSMILE (Speech & Music Interpretation by Large
Space Extraction), an open source features extraction utility for automatic speech, music, para-
linguistic recognition research [13]. For extracting features we have applied the openSMILE
configuration emo_IS09.conf. It contains 384 features, as a result of applying statistical func-

tionals to 16 low-level descriptor contours

Split_duration

Duration of the agent’s/customer’s/overlapping speech in the exchange

Split_overlapping

Is there overlapping speech in the speech of an agent or customer

Start_time_split

The time elapsed from the beginning of the
agent’s/customer’s/overlapping speech

dialogue before the start of the

{%} duration

The percentage of agent’s/customer’s/overlapping speech duration in the exchange

Gender

Gender of the agent and customer

Table 2

Features on window/exchange level

Feature

Description

Total duration

Total duration of exchanges

Mean_duration

Mean duration of exchange

A_duration,
C_duration,
O _duration

Total duration of the agent’s/customer’s/overlapping speech

Pauses_duration

Total duration of the pauses between customer’s and agent’s speech in the exchanges

A mean_duration,
C_mean_duration,
O _mean_duration

Mean duration of the agent’s/customer’s/overlapping speech

Pause_mean_duration

Mean duration of the pause between customer’s and agent’s speech in the exchanges

A _percent_duration,
C_ percent _duration,
O_ percent _duration

The percentage of the agent’s/customer’s/overlapping speech duration

Pauses_percent_duration

Percentage of the pause duration between customer’s and agent’s speech

#A_start_dialogue,
#C_ start_dialogue,
#0O_start dialogue

Number of exchanges where the first speech is agent’s/customer’s/overlapping speech

#overlapping

Number of the fragments with overlapping speech

Mean_num_overlapping

Mean number of the overlaps

Pauses_between exchanges duration

Total duration of pauses between exchanges

The manually annotated variables, such as emotions
and the IQ will be discussed in the next section.

4. Annotation (Target variables)

The corpus has been manually annotated with a num-
ber of target variables, such as emotions and IQ score.

Emotions. Three sets of emotion categories were
selected from [14]. The first set consists of: angry (1), sad
(2), neutral (3) and happy (4). The second set includes
such emotions as anxiety (1), anger (2), sadness (3), dis-
gust (4), boredom (5), neutral (6) and happiness (7). The
third set contains fear (1), anger (2), sadness (3), disgust
(4), neutral (5), surprise (6) and happiness (7). All audio
fragments were annotated by one expert rater. The distri-
bution of the emotion labels for each set is presented
in fig. 3.
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For emotion labelling a web form was designed. This
form is presented in fig. 4.

The web form depicted above has also been used to
join split audio fragments into an exchange. For visualiz-
ing diarization results we used Flotr2, a library for draw-
ing HTMLS5 charts and graphs [15].

1Q labels. For IQ score annotation we used adopted
rater guidelines from [1]. Due to the fact that for HC in-
teraction 1Q labelling always starts with “5” and for HH
conversations it can lead to a loss of useful information,
we add the scale of IQ changes, which mirror the value of
the change between the previous and current exchange.
The rater guidelines both for the absolute scale and for the
scale of changes is described in tab. 3.

All exchanges were annotated with IQ scores by one
expert rater. For 1Q labelling we designed the web form
depicted in fig. 5.
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Fig. 3. Distributions of the emotion label for three sets of emotions
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Fig. 4. The web form for emotion annotation and manually joining agent/customer turns into an exchange

Table 3
Rater guidelines for annotating the IQ in the absolute scale and in the scale of changes
Ne The absolute scale The scale of changes
1 The rater should try to assess the interaction on the whole as objectively as possible, but pay more attention to the customer
point of view in the interaction
2 An exchange consists of the agent and the customer turns
The 1Q score is defined on a 5-point scale with “1=bad”, | The IQ score is defined on a 6-point scale with “-27, “~1”,
“2=poor”, “3=fair”, “4=good” and “S5=excellent” “07, “17, “2” and “abs 1”. The first five points of the scale
3 reflect changes in the IQ from the previous exchange to the
current exchange. “abs 1” means “l=bad” in the absolute
scale
4 The IQ is to be rated for each exchange in the dialogue. The history of the dialogue should be kept in mind when assigning
the score. For example, a dialogue that has proceeded fairly poorly for a long time should require some time to recover
5 A dialogue always starts with an 1Q score of “5” A dialogue always starts with an 1Q score of “0”
6 | In general, the score from one exchange to the following exchange is increased or decreased by one point at the most
7 Exceptions, where the score can be decreased by two points are e. g. hot anger or sudden frustration. The rater’s perception

is decisive here
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End tab. 3

Ne The absolute scale The scale of changes

Also, if the dialogue obviously collapses due to agent or | Also, if the dialogue obviously collapses due to agent or
3 customer behaviour, the score can be set to “1” immediately. | customer behaviour, the score can be set to “abs 1 imme-

An example therefore is a reasonable frustrated sudden | diately. An example therefore is a reasonable frustrated

hang-up sudden hang-up
9 Anger does not need to influence the score, but can. The rater should try to figure out whether anger was caused by the

dialogue behaviour or not

In the case of a customer realizing that he should adapt his dialogue strategy to obtain the desired result or information and
10 | succeeded that way, the IQ score can be raised up to two points per turn. In other words, the customer realizes that he

caused the poor IQ by himself

If a dialogue consists of several independent queries, the quality of each query is to be rated independently. The former
11 | dialogue history should not be considered when a new query begins. However, the score provided for the first exchange

should be equal to the last label of the previous query

If a dialogue proceeds fairly poorly for a long time, the rater should consider increasing the score more slowly if the dia-
12 p - . "

logue starts to recover. Also, in general, he should observe the remaining dialogue more critically
13 | If a constantly low-quality dialogue finishes with a reasonable result, the IQ can be increased

v
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Fig. 5.The web form for annotating the 1Q in absolute scale and scale of changes by the expert rater
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Fig. 6. Distributions of the IQ score

Then we converted the scale of changes into the abso-
lute scale. The distributions of IQ score for both scale
(absolute scale and absolute scale, converted from the
scale of changes) are presented in fig. 6.

5. Future work
We plan to extend this corpus both in the feature set

and in observations. The feature set will be extended, for
example, by adding some audio features, such as schim-
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mer, jitter, formants and others, computed in openSMILE
or PRAAT [16], by adding manually annotated features
as task completion. Moreover, we plan to apply automatic
speech recognition software to our audio files.

The use of two scales (absolute scale and scale of
changes) has revealed that applying the method of IQ
estimation starting with “5” for HH conversations can
lead to a possible loss of information in the modelling
process. An example of such a situation is depicted
in fig. 7.
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Fig. 7. An example of possible loss of information due to IQ estimations starting with “5”

In HH task-oriented conversations, for example, in
call centres, there are a number of reasons why the dia-
logue cannot start with the 1Q label “5”: the great waiting
time, customer claims against the company with custom-
ers’ aggressive behaviour due to which the 1Q initially
cannot be good.

Moreover, in the form presented above the 1Q is a very
subjective estimation. That is why we plan to change the
rater guidelines for the IQ annotation: describe all possible
situations in each category of the IQ and transitions from
one category to another. It helps to decrease subjectivity
in the assessment of the 1Q. Also for decreasing subjectiv-
ity we plan to increase the number of expert raters.

6. Conclusion

Although there are a large number of speech corpora,
for some tasks from speech analysis, such as the IQ mod-
elling for HH task-oriented conversations, it is still diffi-
cult to find appropriate specific corpora. In this paper we
described the current version of the corpus for the 1Q
modelling for HH task-oriented conversations. In spite of
some drawbacks it can be useful for investigations.

Extension of this corpus helps to design a more accu-
rate model for the IQ, which in turn can help to improve
the quality of service in the call centres, to make SDS
friendlier, more flexible and more human-like, and to
automatize some processes of analysing the psychological
state of people in a situation with a high level of responsi-
bility, for example, in different space programmes.
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LOCAL SEARCH IN BILINEAR TWO-PERSON GAME
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We consider an approach that allows reducing Nash equilibrium problem to a minimax problem for rather wide
class of games using the so-called Nikaido—Isoda function. One can reformulate minimax problem as an optimization
problem with nonconvex and implicitly defined objective function in general case. In other words, the set of Nash equi-
libria of the game is coincide with the set of global solutions of derived optimization problem. In present paper we in-
vestigate such an approach as applied to bilinear two-person game with quadratic loss functions and independent
strategy spaces in view of an assumption that loss functions are strictly convex with respect to own players’ variables.
In this case we suggest to replace “inner” optimization problem in minimax problem by Lagrange dual one. Such a way
leads to presentation of the objective function as a difference of two convex functions (d.c-decomposition of the objec-
tive function). The very function in d.c-decomposition, that forms concave part, is defined implicitly as well as the ob-
Jective function. We propose a method for linearization of concave term. That allows using the well-known local search
method for d.c-functions, where the next iteration point is a solution of convex optimization problem with the objective
function, which gained from initial objective by linearization of concave term in d.c-decomposition. Since the concerned
problem is nonconvex, we offer to use local search in combination with multistart. The results of computational experi-
ment are provided in the paper.

Keywords: Nash equilibrium, Nikaido-Isoda function, d.c-decomposition.
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JIOKAJIbHBIN NIOUCK B BUWJIMHENHOWM UT'PE IBYX JIMI]
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Poccwuiickas ®enepanus, 664033, r. UpkyTck, yia. JlepmonTosa, 130
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Paccmampusaemces nooxoo, nossonsarowuti ¢ nomowvio ynkyuu Huxatioo—Hcoda ceecmu 3a0auy noucka pagrose-

cust no Hawty k munumaxcuoii 3a0ave 011 00CmMamovHo wupoxkozo kiacca uep. Ipu smom munumaxcuas 3aoava mo-
Jicem Oblmb 3aNUCAHA KaK 3a0a4a ONMUMU3ayuu ¢, 6000uje 2080psi, HEGbLINYKIOU U HEABHO 3A0AHHOU Yenedoll (pyHKYU-
eti. Takum obpazom, mMHOdCecmeo pagHosecull no Hiuty ucxoOHou uepvl coenadaem ¢ MHOJNCECMBOM 210OANLHBIX
peuieHull NoIyYeHHoU 3a0auy onmumusayuu. [Jns OUTuHelHou uepsl 08yX iUy ¢ K8AOPAMUYHbIMU QYHKYUAMU NOMepPb
U He3a8UCUMBIMU MHOXMCECEAMU CIMpamezuti 0eraemcs npeonoiodicerHte 0 Cmpo2oll 8bINYKIOCmU (QYHKYUli nomepsb
no cobCMBEHHbIM NepeMeHHbIM USPOKO8, U 3ameM 8 MUHUMAKCHOI 3a0ayie «8HYMPEeHHAA» IKCMPEeMANbHAas GbINYKIA
3a0aua samensiemcs 0soticmeennoll no Jlaepamnsicy 3adauei. Takum obpazom, yenesas (QyHKYus npeodCmasisemcs
6 8uOe pasHOCMuU 08YX 6bINYKIbIX YHKYUL (d.c-pasnodicenue yenesotll QyHKyul), 00HA U3 KOMOPLIX, 00pasylowas 60-
SHYmMYIO Yacmy, no-npedicHemy 3aoana HesasHo. [lpednazaemces cnocob nuneapusayuu 602HymMo20 Ciazaemozo u, Ha oc-
HOBe 9MO020, NPUMEHEHUEe U38ECTNHO20 UMEPAMUBHO20 Memodd JOKANbHO20 Noucka ons d.c-pyukyui. B dannom memo-
0e JIOKANbHO20 NOUCKA 04epednas moyuKd 8blOupaemcs KaKk peuleHue 6bINYKIOU 3a0auu ONMmuMu3ayuu, 6 Komopou
yenesas (yHKYusi NOAYYAEMCs U3 UCXOOHOU Yenesoll (OYHKyuu nymém JUuHeapusayuu 602HYMo2o cl1azaemozo 8 d.c-
paznodicenuu. B cuny nesvinyxnocmu paccmampusaemoil Hamu 3a0ayu, Npediazaemcst UCHOIb308aMb JTOKATbHBILI NOUCK
6 couemanuu ¢ Mynomucmapmom. B zasepuwienue npedcmaenenvi pezyromamul YucieHHO20 IKCHePUMEHMA.

Knioueswvie cnosa: pasrosecue no Hauwy, gpynkyus Hukaiioo—Hcooa, d.c-paznosicenue.
Introduction. In present paper we consider bilinear ables. Bilinear games represent a rather wide class, which
games in the sense of the definition given in [1]. It means includes in particular mixed extension of bimatrix games

that we investigate bilinear games with loss functions, as well as of polymatrix games (see for details and more
which are quadratic with respect to own players’ vari- examples [2]). A lot of investigations were devoted
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to computing mixed Nash equilibrium in bimatrix games
and related topics (see, for example [3]). Another ap-
proach can be found in [4]. In [5] one can find method for
solving mixed extension of finite games with three play-
ers. Research in [2] is devoted to existence and construct-
ing of polynomial time algorithms for bilinear games with
fixed rank of the sum of player’s payoff (loss) matrices.
In what follows we assume that the loss function of each
player is strictly convex with respect to its strategy.
Hence, by the well-known facts from game theory there
exists a solution of the game. However, even under these
assumptions we have a very difficult computational prob-
lem. The bimatrix game is a particular case of the game
considered in our paper. In [6] it was shown that bimatrix
game could have an exponential number of equilibrium
points.

Problem statement. Let us consider bilinear two-
person game [1]

K (xl,xz)ler (Clx2 +d1)+

1 .
+Ex1Tle1 —min, x € X',
X

(D
Fy(x,x,) = x5 (Cyxy +dy)+

1 .
+—x2TBzx2 —min, x, e X?,
2 X

2
where X' and X* are non-empty, compact, convex sets
of form

be :{xl € R™ | Ax, Sbl},
X* :{xz € R™ | 4,x, sz}.

Here d, e R™, d, e R™, b € R", b, € R” and ma-
trices Cy, Gy, By, By, 41, A; have sizes m; xm, , m, xm,
myxXmy, m,Xm,, q,xXm, q,xm, respectively. Without

loss of generality, we suppose By and B, to be symmetric
matrices. R is a set of real numbers. In contrast to the
game statement in [2], we add quadratic part to the each
loss function and do not make any assumptions about
rank of matrices in bilinear part.

Reduction and algorithm. Consider a function

(D(xhxz,)’pyz) :E(x1»y2)+F2 ()’pxz)

and denote x =(x;,x,), y=(»,»,). Let us introduce the
Nikaido—Isoda function [7; 8]

Y(x,y)=@(y,y)-®(x,y),
which is real-valued function defined on the Cartesian

product X x X , where X = X'x X?2.
Theorem [6]. The point y € X is a Nash equilibrium

in the game (1) if and only if

y e Argminmax ¥ (x,y) and max¥(x,$)=0.
yeX xeX xeX

From theorem equivalent optimization problem for
Nash equilibrium problem (1) immediately follows:

2

P(y) =max ¥ (x,y) — min.
xeX yeX
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The function P is nonconvex in general case; there-
fore, search of equilibrium in original game is reduced to
search of a global minimum of P. Problem (2) was intro-
duced in [9] and [10] for mixed extension of bimatrix
games and then used, for example, in [2; 3]. In [4] the
statement (2) is used for computing equilibrium points as
well. Reduction of polymatrix games to optimization
problem of form (2) was discussed in [11]. In these papers
the inner problem in (2) (maximization ¥ in x) can be
solved analytically, i. e. we can get an explicit form of the
function P.

Another example of equilibrium problems, which ad-
mit reducing to optimization problem with explicit objec-
tive function, represents the so-called potential games
[12]. In this case we also obtain an explicit global optimi-
zation problem. Investigations of potential equilibrium
problems in the frame of the Cournot model with noncon-
vexities were performed in [13; 14]. In [15] it was pointed
out that in the general case one can use auxiliary support
nonlinear functions, which always are available in explicit
forms. Within such approach implicit problem (2) is ap-
proximated by a sequence of auxiliary (still nonconvex)
explicit problems. More detailed description of noncon-
vex optimization with nonlinear support functions is
given in [16].

Note that equivalence of reduction of game (1) to
problem (2) is correct only for games, where each
player’s strategy set is independent of other players’
choices. In games with coupled strategy sets, Nash equi-
libria might exist, which are not solutions for (2) (see ex-
ample 7 in [8]). However, such kind of games is not in the
scope of our present examination.

By definition, P(y)>0 forany y € X . Hence, if
inequality

ryxg)r(1P(y)>0

holds, it means that game (1) has no Nash equilibrium
points. On the other hand, the set of global minimizers
for P, where P equals to zero, coincides with the set

of Nash equilibria for (1).
B, d,
b B = b d = b
G 0 0 B, d,

Denote
4 0 b
A= ,b= .
0 4, b,

Then problem (2) for the game (1) has the form

(0 ¢ 0

C

P(y)=yT (Cy+d)+lyTBy+
’ 3)

— min,
yeX

+max
xeX

{—xT (Cy+d)—%xTBx}

where X:{xeRm|Abe} and m=m, +m, .

Now we claim for strict convexity of players’ loss
functions F, and F, on X' and X? respectively. It is
equivalent to the condition that matrices B; and B, are
positive definite. From positive definiteness of B; and B,
immediately follows positive definiteness of matrix B. In
other words, our assumption implies strict concavity of
“inner” maximization problem in (3):
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o(x) =—x" (Cy+d)—%xTBx — max
xeX

for some fixed yeX.

Moreover, taking into account non-emptiness, com-
pactness, and convexity of strategy spaces X' and X* one
can conclude that equilibrium point of game (1) always
exists due to Kakutani’s fixed point theorem. It means

that min P(y)=0.
yeX

Since ¢ is strictly concave function and set X is de-
fined by linear constraints, we have

max ¢(x) = minmax L(x,A) forany yeJX,
xeX A20 yep™

where A e R?

q9=¢ +4,,and

is a vector of Lagrange multipliers,

L(x,A)=—x" (Cy+d)—%xTBx—?»T(Ax—b)

is Lagrange function. Obviously, L attains its maximum

over R" in the point, where the first derivative with
respect to variable x equals to zero. Then in view of non-
singularity of matrix B, which is ensured by its positive

definiteness, we have x* =—B~" (Cy +d+ ATK) such as

max @(x) =min L(x",A) forany ye X. €]
xeX A0
Executing substitution, we get:
L) =2 (Cyrd) B (Cyrd)+
’ 5)

+(Cy+d) B AT +%kTAB’1ATk +17b.
Then equalities (4) and (5) imply

ma)?((p(x) :%(Cy+d)T B! (Cy+d)+

+I{11£1[(Cy +d) B AT +%kTAB’1ATX + ka} (6)
>
Vye X.
With respect to (6) the problem (3) may be rewritten
as
P(y)=g(»)-h(y)—> min, ()
ye

where

g =" (C+%B+%CTB’IC));+

+y"(C"Bd +d) +%dTB'1d,
h(v) = —mi A 8
() =-miny (».}), (8)

y(y)= XTAB’ICy+%XTAB’1ATk+

Y (b+ AB"ld).

Next, we formulate the statement that allows us to
proceed to numerical method for solving (7).
Statement. Functions g and / are convex.

93

Proof. Using the symmetry of matrix B and denoting
z=(B+C)y, quadratic part of g can be easily repre-
sented as

T 1 1 T p-1 j
C+—B+-C' B C|y=
y ( > > y

- %yT (B+C) B (B+C)y= %ZTB“Z.

Since B is positive definite, then z’ B™'z>0 for any
non-zero z and z(y)TB_lz(y)ZO for any y. Hence, g
is convex. Function v is linear with respect to y then 4
is convex too.

Thus, we represent P as a difference of two convex
functions (d.c-decomposition). Our further suggestion is
to use for solving problem (7) the well-known iterative
local search d.c. algorithm [17]. Its main idea is a lineari-
zation of concave term of objective in current iteration
point and solving derived convex optimization problem.
In such a way, original nonconvex problem reduces
to series of convex problems. Next, we describe the steps
of that algorithm as it applies to (7). The main difficulty
lies in implicit definiteness of objective function. How-
ever, we can realize linearization of concave implicit term
using the fact that y is linear with respect to variable y.
In this case, linearization naturally arises.

Algorithm.

Step 0. Set k=0. Choose numbers ¢ >0, g, >0

and initial point yk eX.

Step 1. Get A*! as a solution of convex minimization
problem:

A = argr{1>i(r)1\y(yk,7u).

Step 2. Get ykJr1 as a solution of convex linearized

problem:

k

P :argr}l,lei}(l[g(y)"'\l/(yﬂbk”ﬂ.

Step 3. If P(y**')<g, then STOP: y**' is a global
solution for (7) and is a Nash equilibrium for (1). Else if
“ yk+1 - yk “ <¢g, then STOP: y¥*! is a local solution and
is not an equilibrium for (1). Otherwise, set k =k +1 and
go to the step 1.

Next, we place a simple numerical example with dem-
onstration of algorithm’s iterations.

Illustrative example. Let us consider example of bi-
linear game with scalar variables of each player, and loss

functions £ (x,,x,)=5xx, +0.5x7, and F,(x,x,)=
=—6x,x, +0.5x; . Strategy sets are similar for each

player, and represent closed intervals X'=X?=
=[-10, 10]. Therefore, parameters of the problem are as

follows:
5 10
’B 9
TR
0 1 =10 oY
?A: 9
0 0 0 1 -1

b=(10 10 10 10)".

0

C

d
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Substitution to (8) gives us g(y) =18.5 yl2 +13 y? -y,

and
0 5
0 -5
A) =T +
v(»1) 6 ol
6 0
1 -1 0 0 10
-1 0 0 10
. L+l )
0 0 1 -1 10
0 0 -1 1 10

Following the steps of the algorithm from initial point
y* = (10, 10), we obtain results, which are placed to the
tab. 1. Here k& denotes a number of iteration, A* is a vector
of Lagrange multipliers that solves optimization problem
on the step 1 of the algorithm, (y,, ,) is a current itera-

tion point that solves problem on the step 2, and P is an
objective value for (7) in current iteration point. It is easy
to see, that the algorithm finishes its work in equilibrium
point y* = (0, 0).

Computational experiment. In the final part of our
paper, we present computational results based on ran-
domly generated problems. For all the problems we set
the following general presumptions: players have the
same number of variables, i. e. m; =m, =m /2, and set X

has the form

X ={xeR"|-10<x <10, i=1, ...,m|.

Also we set g =¢, =10"*. Local search algorithm

was joined with multistart with randomly generated initial
points from X. Program was composed in GAMS [18].
Quadratic convex optimization problems on steps 1 and 2

were handled by CPLEX solver. Also note, that steps 1
and 2 of the algorithm were parallelized by standard
GAMS grid facilities with respect to multistart. Experi-
ment was conducted on the PC with AMD FX-8350 4.00
GHz CPU.

Results are gathered in the tab. 2, where every row
corresponds to a single particular problem. Notation in the
tab. 1 is as follows: MS — number of algorithm’s starts;
Lver — average number of iterations for single algorithm’s
start; NE — number of starts gained Nash equilibria
(where objective P equals to zero); LOC — number of
starts, which gives ‘“non-equilibrium” local minima
(where objective P has strictly positive value); NE;q —
number of unique Nash equilibria obtained by the
multistart; LOC,yq — number of unique “non-equilibrium”
local minima obtained by the multistart; Time — overall
time spent for all starts for one problem (h:min:sec).

Conclusions. Present paper gives an approach for
finding Nash equilibria in bilinear two-person game with
strictly convex players’ losses using versatile Nikaido—
Isoda function and local search based on d.c-decompo-
sition of objective function. Moreover, it is not difficult to
see that such an approach can be generalized to games
with an arbitrary number of players (see also [2; 7]).

Computational experiment with several random prob-
lems shows that proposed local search algorithm in com-
bination with multistart allows finding more than one
unique equilibrium point. The time of computation con-
siderably depends on the given problem’s parameters as
well as on chosen initial point. At this time, the algorithm
is capable to handle only small dimension games and it is
in need of further improving. Finally should be noted that,
of course, there is no guarantee that local search necessar-
ily gain at least one equilibrium. The task of such a kind
needs global search techniques.

Table 1
Iterations of the algorithm

k A* 1) P

1 (0, 40.00, 50.00, 0) (8.32,8.01) 900.05

2 (0, 30.06, 39.95, 0) (6.64, 6.04) 700.30

3 (0, 20.18, 29.85, 0) (4.95,4.07) 500.72

4 (0, 10.36, 19.70, 0) (3.25,2.12) 301.29

5 (0,0.59,9.51,0) (1.55,0.17) 101.99

6 (0,0, 0,0) (0.00, 0.00) 0.00

Table 2
Computational results

m MS Lover NE LOC NE iq LOCiq Time
2 20 1 20 0 1 0:00:02
2 40 2 40 0 1 0:00:08
4 10 14 10 0 1 0:00:40
4 10 4 10 0 1 0:00:05
4 20 8 20 0 1 0:00:19
4 40 18 36 4 1 0:01:24
6 10 18 10 0 1 0:00:30
6 10 864 10 0 2 0:31:58
6 10 102 10 0 3 0:03:50
6 10 6 9 1 1 0:00:14
6 20 214 20 0 1 0:08:34
8 5 425 5 0 3 0:10:48
8 10 522 6 4 3 0:04:23
8 10 266 2 8 1 0:02:55
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End tab. 2
m MS Luver NE LOC NE g LOC g Time

8 10 814 10 0 1 - 0:07:04
10 5 188 1 4 1 2 0:04:32
10 10 391 7 3 4 2 0:15:13
10 10 3521 2 8 1 3 1:29:08
12 5 1090 3 2 1 2 0:41:47
12 10 1053 5 5 2 5 0:44:12
14 5 4088 1 4 1 2 2:05:48
16 5 516 3 2 3 2 0:11:20
18 10 1293 2 8 2 6 0:48:43
20 15 3013 13 2 3 1 1:11:01
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The paper describes the problem of finding an optimal control strategy for the manpower control system. The equi-
librium condition for the strict hierarchical manpower system control is stated which enables development of optimal
strategy algorithm for one state example. Based on the equilibrium condition, the novel approach to the determination
of optimal control in such system is described. Optimal tracking algorithm is described by example, which is imple-
mented in Mathematica™. The tracking algorithm is able to find the optimal values of the transition coefficients, so that
the system achieves the desired value in one step. For the case when the desired value is not achievable in one step due
to the boundary conditions, additional two algorithms are considered which bring state values to the desired ones in
several steps. Two variants of the algorithm are considered, when the desired value is lower or greater than the initial
value.

Keywords: manpower system, equilibrium condition.
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Paccmampusaemcs 3a0aua onpedenenus onmuManbHol cmpame2uu Oisk CUCIeMbl YAPABTIeHUs! Yel08e4eCKUMU pe-
cypcamu. Dopmynupyemcst yciosue pasHoGecusi Olsi Cmpo20 UEPAPXUYECKOU CUCTNEMbL YNPAGIEHUsl Y4el08eHeCKUMU
pecypcamu, no3eosoujee peanu3osams aieopumm HOUCKA ONMUMATbHOU cmpame2uu 015l CIy4asl ¢ OOHUM PAH2OM.
Ha ocnosanuu smoeo ycnosus pagrnosecusi OnUCbIBAemcst HO8blll N00X00 OJis1 ONpPedeNeHUs. ONMUMATbHO20 YAPAGICHUSL
6 n00o6HbIX cucmemax. OnMUMAaIbHLLI OMCIEANCUBAIOWULL ANCOPUMM YAPABIICHUSL ONUCAH NPUMEPOM, PEANU308aAHHbIM
6 cpeoe Mathematica™. Omcnexcusarowutl aneopumm cnocober Haumu ONnMmuMAalbHble 3HAYeHUs: Kodpouyuenmos
nepexooa, mak 4mo cucmema 00Cmueaenm JHceraemMo20 3HaveHus 3a 00Ut wae. [l cayuas, Koeoa jxceiaemoe 3HayeHue
HeOOCUIICUMO 3d OOUH WdA2 U3-3a SPAHUYHBIX YCIL08Ul, PACCMAMPUBAIOMCS 084 OONOIHUMENbHBIX Al20PUmMMd, KOmo-
pble nPUBOOAm 3HAYEHUsL PAH208 K JICelaeMbIM 3d HECKOIbKO uwaeos. Paccmompenst 0sa eapuanma aneopumma, koeoa
Jlcenaemoe sHaueHue Menbule Uiy OonbuLe, Yem HayaibHoe 3HayeHue.

Kuiouesvle crosa: cucmema ynpagiienus 4enogeueckumu pecypcam, Yeiogue pagHo8ecls.
Introduction. Panning the human resource management  ing modeling and simulation methods, which have shown

process affects the whole organizational structure. The  promising results. In our work the System Dynamics
common way of addressing such kind of problems is us- Methodology [1; 2] was used. In [3] the resource assignment
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language has been proposed, providing automatic answers
to the problem of resource management at a given time
period. In [4] the problem of workspace scheduling,
taking into consideration employee’s preferences for retail
stores was considered, and the mixed integer program-
ming model was successfully used to solve this problem.
The stochastic modeling has also been applied to deter-
mine the most appropriate promotion time in [5]. This
research also considered the survival rates in different
classes, varying the class sizes and considering the main
goal the main goal to be the time until the next promotion.
However, the main obstacles which appear during the
restructuring process appear to be the organization barri-
ers, which were considered in [6]. This research shows
that the technological factors have less importance than
the organizational ones.

In our previous research in the field of hierarchical
manpower system control [7; 8] the system was defined
as x(k+1)=Ax(k)+Bu(k) [7] which is convenient for

the simulation examination [9]. State vector x represents
the number of men in particular rank whereas matrix of
coefficients A represents promotion factors » and wastage
factors f'which are combined. Recruitment as the input to
the system is represented by the Bu(k) term in the discrete
state space.

Approaches with the evolutionary and biologically in-
spired algorithms [10-13] have been promising however,
understanding of the procedure of how to determine opti-
mal solution [14] might contribute to development of
more efficient heuristic algorithms. When considering
such system in terms of optimality the “curse of complex-
ity” soon arises. By careful examination of optimal solu-
tion determination algorithm, several propositions can be
included in optimal trajectory heuristic search.

Methodology consideration. Strict hierarchical man-
power system represents a delay chain where elements
depend on previous states. Structure of the system can be
best represented graphically as in fig. 1. The system in our
case consists of eight state elements which are intercon-
nected with flows (Rates). First rate element on the left
side of fig. 1 represents recruitment and is the only input
to the system. From each state the fluctuations are possible,
i. e. the case that a person leaves the system (wastage).
Between the ranks the promotions are represented with
the flows. In the last element on the right side of fig. 1 the
retirement is represented by the last flow element. Each
transition is determined by the parameter, whether
parameter of fluctuation or parameter of promotion or
retirement.

_PP F_Po

For the system in fig. 1 the equilibrium condition is
dependent on the Lower and Upper parameter Boundary
which can be stated as:

R
< (l Sl”” +fn > (1)
X UB UB

r, + <
LB f LB
n

where Vot is Lower Boundary for coefficient of promo-

tion for rank n; f, 'is Lower Boundary for coefficient

of fluctuation for rank n; R,is Recruitment; X is de-

sired value of state n; 7, ~ is Upper Boundary for coeffi-

cient of promotion for rank »; f, is Upper Boundary

nyp
for coefficient of fluctuation for rank ».

Eq. (1) is mandatory condition if one would like to
achieve equilibrium in all states i.e. that the desired values
for all states are achieved and structure is constant, X =0 .

The Recruitment R, should be therefore bonded by

the interval:

X:(r +

nLp

s) SRy S X, (+ S ) )
or stated differently:
[Ro,;Ro,, 1€ [X;(r,,w + foss ),X;(rnUB + fous )] )

The equilibrium conditions determine, whether the
system could be put into the stable condition at the end of
transition. If there is no sufficient recruitment available
and the boundary conditions are too stiff, the desired val-
ues in particular states could not be achieved. The interval
stated by Eq. (3) should be considered at the policy design.

Development of Algorithm and Results. When de-
veloping the optimal solution algorithm the backward
computation approach of Bellman dynamic programming
was applied. The algorithm was developed on the tracking
example for one state element. In our case, the initial
value on the state element was set to 4 then peaks to 14
and settles back again at approximate value of 4. If the
system should behave optimally the difference between
the desired and actual values should always be 0. By that
consideration we compute the solutions for the transition
coefficient » from the final time to the initial time 0. At
the determination of the optimal strategy we consider, that
the recruitment should be put as low as possible. The
backward computation is performed by the following
equation:

X,k +1) = X, (k) + A Ry (k) —
=K ()X, (k) — f,(k) X, (k)].

SecondLie Lieutenant

Recruitment

K_iz_P_v_N K_iz_N_v_S

K.iz.S v.M

K.iz_M_v_P

LieutColonel Colonel

K_iz_PP_v_Po K_iz_Po_v_B

K_iz_B_v_GM

K_iz_GM_v_pokoj

Fig. 1. Example of strict hierarchical system of eight ranks
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In the next frame the developed algorithm is shown ent optimal solutions since the criterion is zero deviation
which provides optimal solution. There are several differ-  between desired and actual trajectory:

Lz={4,11,13,14,13,11,10,9,8,6,4} Vector of desired values
rROLB={1,1,1,1,1,1,1,1,1,1,1} LowerBoundary Recruitment vector
rROUB={10,10,10,10,10,10,10,10,10,10,10} UpperBoundary Recruitment vector

rliB ={0,0,0,0,0,0,0,0,0,0,0} LowerBoundary Transition coefficient vector
rlUB={0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5} UB Transition coefficient v.
f11.B={0.05,0.05,0.05,0.05,0.05,0.05,0.05,0.05,0.05,0.05,0.05} LB fluctuation v.
f1uB={0.15,0.15,0.15,0.15,0.15,0.15,0.15,0.15,0.15,0.15,0.15} UB fluctuation v.
t={0,1,2,3,4,5,6,7,8,9,10} Time vector

Do[
a=Lz[[ii+1l]]; In optimum values of state equal desired values
b=Lz[[ii]]; We take two adjacent points
R=ROLB[[ii]]; Recruitment is set to lowest possible value, i.e. LB
f1=f1UB[[ii]]; Fluctuation is set to maximum possible value, i.e. UB
H=Solve[allb+R-rl*b-£f1*b, {rl}]; Solve in order to get transition coeff.
Here we use two adjacent time points
xx=H[[Al11l,1,2]]; Get values
While[
Until r=xx[[1]] less than 0, i.e. negative, we increase recruitment for 1
(R++) until we reach positive value
xx[[1]1]<0,
R++; Increase recruitment for 1
H=Solve[allb+R-rl*b-fl*b, {rl}]; Another solution of the system
xx=H[[All,1,2]]; Extract the value

1;

AppendTo[RO,R]; Gather the results
AppendTo[S,xx] Extract values

4
{ii,10,1,-1} Perform backward computation

However, if one considers that the input to the system, Fig. 2 shows the results of the response of the system
1. e. recruitment should be kept as low as possible, promo- ~ when optimal algorithm is applied as described. The rec-
tions should be kept as low as possible too and the fluc-  tangles represent the desired values of the state and the

tuations should be kept as high as possible, the unique,  diamonds represent the actual values. In our case, the dif-
optimal solution is determined by the algorithm in tracking  ference for all time points was 0.

mode. This means, that the trajectory is changing in time.

rank
14 - n n
12+ n

o )
10

ry
(V)

0 2 4 6 8 10

time

Fig. 2. Tracking the desired value — optimal solution example,
error equals zero (square — desired, diamond — response)
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If the tracking case, the backward computation yields
optimal solution. However, in the case, that the system
state is too far from the desired value, the system cannot
be in optimal state, i. e. the deviation is not 0. For the
case, where the desired value is higher than the current
state the algorithm was developed which is printed out in

the next frame. If the needed value of recruitment is
higher than upper boundary value for recruitment, we set
the recruitment value to the upper boundary and proceed
to the next step. Notice, that in this case, the solution goes
forward in time:

Do[

b=L[[ii]];

If [CcC> ROUB[[ii]],

]

14

]

a=Lz[[ii+1l]]; Next value as desired value
Initial value as the state value (L)

r=rlLB[[ii]]; Transitions are set to LowerBoundary LB

f1=f1LB[[ii]]; Fluctuation is set to the lowest possible value i.e. LB
CC=a-b+r*b+£f1*b; Calculation of needed recruitment

If the needed value of recruitment is higher than ROUB[i]
we set RO on UpperBoundary UB

L[[1ii+1]]=L[[ii]]+1* (ROUB[[ii]]-r*b-£f1*Db) ;
AppendTo[RO,ROUB[[ii]]]; Adding to recruitment result vector
AppendTo[rr,r]; Adding transition coefficients r
AppendTo[ff,fl] Adding fluctuation coefficients £

L[[ii+1]]=L[[ii]]+1*(CC-r*b-f1l*b) ; On other case, calculated CC is used for
RO,
AppendTo[RO,CC]; Collecting Recruitment data
AppendTo[rr,r]; Colleccting transition coefficients data
AppendTo[ff,£f1] Collecting fluctuation coefficients data

{ii,1,10,1} Computing from time 1 onward

Calculation of state

i.e. input recruitment

Fig. 3 shows the results of the response of the system
when described optimal algorithm is applied. The rectan-
gles represent the desired values of the state and the dia-
monds represent the actual values. In our case, the differ-

4
4

15

ence for all time points is not 0. At the first part of the
response, the difference between actual and desired state
is significant. This is due to the boundaries of the parame-
ters which do not allow to approach the goal faster.

6 8 10

Fig. 3. Tracking the desired value which is higher than initial state
(square — desired, diamond — response)
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The algorithm for the case, where the desired value  value for recruitment in particular step, we set recruitment
is below the initial state value is shown in the next frame. equal to LB (i. e. we cannot go lower than the state

In the loop, we calculate the needed value for recruitment ~ LowerBoundary for the parameter):
R and if calculated recruitment is lower than the boundary

Do[

a=Lz[[ii+1l]]; Value in next time step equals to desired value

b=L[[ii]]; Initial value is taken out of state vector

r=rlUB[[ii]]; Transition coefficient is set to LB

f1=f1UB[[ii]]; Fluctuation coefficient is set to the lowest value i.e. UB
CC=a-b+r*b+£fl*b; Calculate the needed value for recruitment RO

If [CC<K ROLB[[ii]], If we indicate, that the recruitment must be lower than

LB then we set RO equal to LB

L[[ii+1]]=L[[ii]]+1*(ROLB[[ii]]-r*b-f1*Db); Calcualte the next state value
AppendTo[RO,ROLB[[ii]]]; Collect the results for recruitment
AppendTo[rr,r]; Collect the results for transition coefficients
AppendTo[ff,f1] Collect the results for fluctuation coefficients

14

L[[ii+1]]=L[[ii]]+1*(CC-r*b-fl*b) ; In other case, we use previously
computed value CC for RO (recruitment)

AppendTo[R0O,CC]; Collecting Recruitment data

AppendTo[rr,r]; Colleccting transition coefficients data

AppendTo[ff,fl] Collecting fluctuation coefficients data

]

{i1i,1,10,1} Computing from time 1 onward

]

Fig. 4 shows the results of the response of the system the difference between actual and desired state is also
when above, optimal algorithm is applied. The rectangles  significant. This is, again, due to the boundaries of the
represent the desired values of the state and the diamonds  parameters which do not allow to approach the goal

represent the actual values. In our case, the difference for faster.
all time points is not 0. At the first part of the response,

@

*
20 WM B B B B 8 g 8 8 2

10+

Fig. 4. Tracking the desired value which is lower than initial state
(square — desired, diamond — response)

In case if there are two ranks, the system becomes that for two states, there can be 9 different variants of
more complex, and another algorithm for finding the op-  initial situations, i. e. for each of the states there can be 3
timal strategy should be developed. The problem here is  different situations, when the desired value is greater,
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equal or less than the initial value, resulting in 9 different
variants. For larger number of states the number of vari-
ants increases exponentially.

The most important feature of the system with the
number of states larger than 2 is that the states become
depended on each other, i. e. to optimize the value in state
2 we must change the output from state 1, which also
changes the value in state 1.

Conclusion. Knowing the system optimal solution
[15] is important for the development of heuristic algo-
rithms and might contribute to the more efficient algo-
rithm design. In our case, we have successfully developed
optimal control algorithm for one state element case.
The approach of backward computation was appropriate
for the optimal strategy determination. In the case of the
desired values which are not achievable in one step or fall
outside the system reach due to the parameter limitations,
the development of algorithm is more challenging.

In further development the combinatorial approach should
be considered in connection to the interval limitations of
parameters.
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Bo mnozux 3a0auax nenunetinoco onmumanbHO20 yNpasieHus npoyeccom menionepeoayll Yacmo nPuxooumcst yuu-
muleams 8CNOMO2AMENbHbIE JIeMeHmbl, 6e3 KOMOPbIX HeBO3MOJICHO YRPAGIAMb UCCAEOYeMbIM Npoyeccom. dmu sie-
MeHmbl 00bIYHO UMeom cocpedomoyeHHble napamempul. Tlosedenue makux cucmem 8 obugem ciydde onucbi8aemcs
COBOKYNHOCMbIO HETUHENHbIX O00bIKHOBEHHLIX OUD@EPEeHYUATbHbIX YPABHeHUl U NapaboIuyecKux ypasHeHuu npu
HAYanbHblX U SPAHUYHBIX YC08UAX. HI3yueHsbl 60NpOChl aHANUMUYECKO20 U NPUOTUNCEHHO2O PeueHUs NOOBUNHCHOU MO-
YeyHoll 3a0auu HeNUHelIH020 ONMUMANbHO20 YNpaeieHUs 07 OOHOU CUCeMbl ¢ NApaboOIUYecKumM U 0ObIKHOBEHHBIM
oudepenyuanvubiMu YpasHEHUIMU NPU HATUYUU HECKOAbKUX NOOBUNCHBIX ucmounukos. Ilpu smom napabonruueckoe
VPAGHEHUEe PACCMOMPEHO C HAYATbHO-HENIOKANbHBIMU YCA08UAMU, d 0ObIKHOBeHHOe Judhepenyuanvhoe ypasHenue —
¢ HayanbHwbiM ycrosuem. OmaudumenvHol Yepmoil OaHHOU pabombvl SIGIAEMCA MO, YMO 3d0aHUe HETOKAIbHBIX 2PAHUY-
HObIX YCI08UT OMHOCUMENbHO MOPOLl NEPEMEHHOT 8 NapabOIUIeCcKoOM YPAsHeHUU Ynpoujaem npoyeoypy npumeHenus
memooda Dypve pazdenerus nepemennvix. QYHKYUOHAN KAHeCmea umeem HelUHeluHbll 6U0 U OONOJHUMENbHO 3a8UCUM
om keaopama peuteHusi 00bIKHO8eHH020 Jupghepenyuanvrnozo ypaswenus. Cuauana 00Ka3aHo, Ymo QyHKYus cocmosi-
HUsl npuHaodaedcum Kiaccy cobonesckux @yukyuil. Ha ocnoge npunyuna maxcumyma cgpopmyauposansl Heobxooumvle
YCogust HenuHelHol onmumansHocmu ynpasienusi. Onpedenenue ONMUMAlbHOU Ynpasiaowel QYHKyuu c6edeHo
K CIOMNCHOMY (DYHKYUOHATbHO-UHMESPATbHOMY YPABHEHUIO, peuleHte KOMopo20 COCTMOUM U3 PeueHUs OMOelbHO 835-
MBIX 08YX YPAGHEHUIl. HeTUHEUHbIX YHKYUOHATbHBIX YPABHEHUL U HEeTUHENIHbIX UHMe2panibHbIX ypagHeHull. Ilpu doka-
3amenbcmee 0OHO3HAUHOU PA3PeUUMOCU UHMESPAIbHbIX YPABHEeHUU NPpUMEHeH Memoo NOC1e008amebHblX npuoau-
JHCEHUTI 8 COYEAHUU €20 C MEeMOOOM CHCUMArOWUX omobpadcenuli. B kauecmee umepayuii 83am umepayuoHnHulil npo-
yecc Huxapa. [lonyyena popmyna onst NPUOTUNICEHHOZ0 BLIYUCTEHUSL NOOBUICHOZO HENUHELIHO020 ONMUMATBHO20 YNPAG-
JeHUsL U OYeHKa OJisl OONYCKAEMOU NOZPEUHOCIU N0 ONMUMATbHOMY ynpasienuio. Tlpusedenvt ghopmynvt 0nsi npubau-
JHCEHHO20 GLIYUCTEHUS HETUHENHO20 ONMUMANTBLHOZO NPOYecca U MUHUMANbHO2O0 3HAYEHUs (DYHKYUOHALA Kadecmed.
THonyuennvie pesynomamvl moz2ym Haiimu OanbHellulee NpUMeHeHUe 6 pa3eumuy MamemMamuieckol meopuu
HEUHENH020 ONMUMANLHO20 YUPAGIEHUsL CUCTNEMAMU C PACTPEOeSIeHHbIMU NAPAMEMPAMYU NPU HATUYUY NOOBUICHBIX
UCTOYHUKOS.

Kniouesvie cnosa: napabonuueckoe ypasnenue, noOGUICHASL MOYEYHAS 3a0aud, HEOOX0OUMbLE YCI08UL ONMUMATb-
HOCIMU YNpagieHus, HeTUHEHOCb YIPAGIeHUs, MUHUMU3AYUSA QYHKYUOHANA.
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In studying many problems of nonlinear optimal control for heat conduction often we have to take into account the
auxiliary elements, without which it is impossible to control the studying process. These elements have usually lumped
parameters. The behavior of such systems is generally described by a set of nonlinear ordinary differential equations
and parabolic equations with initial value and boundary value conditions. It is studied the questions of analytical and
approximation solving the nonlinear dot mobile point problem of nonlinear optimal control for a system with parabolic
and ordinary differential equations in the case of presence of several dot mobile sources. At that time, the parabolic
equation is considered with initial-nonlocal conditions, while ordinary differential equation is considered with initial
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value condition. A distinctive feature of this work is that nonlocal boundary conditions with respect to the second
variable in the parabolic equation is simplified the application of the Fourier method of separation of variables.
Functional of quality has nonlinear type and it additionally depends from the square of solution of the given ordinary
differential equation. First, it is proved that the function of the state belongs to the class of Sobolev functions. On the
base of maximum principle it is formulated the necessary conditions for nonlinear optimal control. Determination of the
optimal control function is reduced to the complex functional-integral equation, the solving process of which is
composed of solutions of two different equations: nonlinear functional equations and nonlinear integral equations.
In the proof of the one-valued solvability of integral equations the method of successive approximations in combination
it with the method of compressing mapping is applied. As iterations the Picard iterative process is taken. The formula
for approximation calculating the dot mobile nonlinear optimal control and the estimate for the permissible error with
respect to optimal control are obtained. The formulas for approximation calculating the nonlinear optimal process and
the minimum value of the functional of quality are given. The results obtained in this work can find further application
in the development of the mathematical theory of nonlinear optimal control of distributed parameter systems in the
presence of mobile sources.

Keywords: Parabolic equation, dot mobile point problem, necessary conditions for optimal control, nonlinearity
of control, functional minimization.

Beeaenne. MaremaTuueckoe MOIEIMPOBAHUE MHOIMX B naHHOI paboTe paccMaTpUBAKOTCS BOIIPOCHI aHAIH-
HPOLECCOB, IPOMCXOIALIMX B PEAJbHOM MHpPE, IPUBOJUT  THYECKOTO W MNPHOIMKEHHOIO pEIIEHHs HeIUMHEHHOM
K M3y4EHMIO NPAMBIX M OOPaTHBIX 3ajad JUId YPaBHEHMH  3a7auM ONTUMAIbHOIO YIOpaBJIEHUSI 711 OAHON CHUCTEMBI
B YaCTHbIX MPOU3BO/IHBIX, HC MMCIOLIMX aHAJIOTOB B KJIaC- ¢ mapabGoIH4ecKUM U OOBIKHOBEHHBIM AuddepeHImas-
CHYECKOH MareMaTHyecKoil Gusuke. Teopust CMEIIaHHBIX  gpivu YPaBHEHMAMH HOPU CMEIIAHHBIX M HAYaIbHOM
3ajaq Uit YP{BHCHHﬁ B HaCTHBIX IIPOU3BOIAHBIX B CHILY  ycioBHSIX M C KBAJPATUYHBIM KPUTEPHEM ONTUMATLHOCTH.
ee MPUKIATHON BKHOCTH B HACTOAIICE BPEMS SBISCTCA  [[py 5ToM MPEAIONAraeTcsl CylECTBOBAHHE HECKOIBKHX
OTHUM W3 BaXHCUIIMX pPa3/IeioB TeopuH IudepeHIH- IOBHKHBIX TOYCUHBIX HCTOYHHKOB,

AIBHBIX YPABHEHHH B HACTHBIX IPOU3BOAHBIX. IocranoBka 3agaum. PaccMotpuM B o6mactu D

OnmHUM M3 KIIaccoB Ka9eCTBCHHO HOBBIX 3a18 AW  poiyyeiinvio sajauy yOpABIEHHS TPOIECCOM PACIIPO-
muddepeHINaNBHBIX YPaBHEHWH B YaCTHBIX IPOU3BOI- o
CTpaHEHMs TeIUIa 110 CTEP)KHIO KOHEYHOM JJTHHBI
HBIX SIBJSIFOTCSL HEJOKaJlbHblE 3agaud. HenokanabHble

3aj1a4¥ B BHJIC MHTETPANIbHBIX yCIOBUIA BCTpEYaroTes mpu  Ou(t,x) 0 2u(t,x) N i S(x - (t)) ! (t (t)) 1)
MaTeMaTH4YeCKOM MOJICIMPOBAHUU SABJICHUHN pa3ivMuHON ot a2 & k k\L Pk
MIPUPOJIBL, B CiIydyae, KOTJa rpaHuIa 00JIaCTH MPOTEKaHUs

npolecca HEAOCTYIIHA JAJsl HENMOCPEACTBEHHBIX H3Mepe- — IIPU HadalbHOM

Huil. IlpuMepoM MOTYT CIyXHTh 3aJa4yl, BOSHHUKAIOIIUE u (¢, x)\t:o =0 (x) 2
Ipu MccnenoBaHuu Tuddy3un gacTuil B TypOyneHTHOH
I1asMe, MPOLIECCOB PACHpPOCTPaHEHUs TeIla, Ipolecca
BIIArONEPEHOCA B KAMWIISIPHO-IIOPUCTBIX Cpeaax.

C nmpyroit CTOpOHBI, TEOPUS ONTUMAILHOTO yIpaBIIe-
HUS JUIA CHCTEM C pacIpelesieHHBIMEI HapaMeTpaMH I10- )
nyunna OypHoe passutie. K cucremam c¢ pacmpenened- rtae f, (f,p, ) €N(D;xQ) — QyHKIMU BHENIHEro
HBIMHU TTapaMeTpaMU OTHOCSTCSA 3a/1a4M a3pora30JHHaMU-
KM, XUMHYCCKHUX peakuuid, nuddy3uu, GrisTparuu, mpo-
LICCCOB TOPEHHsI, Harpesa u T. . [1-7]. k= I,_m ; u(t,x) — QYHKIUS COCTOSIHHS YIPaBJISIEMOTO

PaspabatriBatorcst 3 heKTUBHBIC YHCIEHHBIE METOIBI
U IIpOrpaMMHBIE CPEJICTBA JUIsl peIlieHus 3a1a4 AUHAMUKHI
U ynpasnenus. [Ipy NpUONMKEHHOM pEIICHMH 3a1a4 10 CTPEXKHIO B HAYAIbHBIN MOMEHT BPEMEHH, (P(X)‘Fo =0,
ONTUMAJILHOTO YTPABJIEHUs] CUCTEMAMHU C PaCHpeeieH- 3
HBIMU MapaMeTpaMU HCHOJb3YETCSl HIMPOKHH CIIEKTP ¢(x)eN"(D)); S(x — G (f)) —  JenbTa-QyHKIHs

pa3HbIX MeTo0B (cM. [8—15]). . _ 3 .
OmHrM W3 HamnpaBIeHHH TEOPHUH ONTHMAIHHOTO Awpaxa, k=1,m; D = Dr x D, Dy Z[O’T]’

YIPaBICHUSA CHUCTEMAMHU C PACIPEICICHHBIMH TapaMeT- QE[O, M*J’ 0<M" <w; D, E[O, l]; 0<T< oo,
pamu sBiIsieTcsl pa3paboTKa METOJOB PEIICHHUS 3a/ad Ol-
TUMaJIBHOTO YNPABICHUS MPU HAJIWYUHM MOABHXKHBIX MC- 0</<o0.
TOYHUKOB [16]. Bo MHOrMX 3amayax HETUHEWHOTO ONTH-
MaJIbHOTO YINIPaBJIECHUs IPOLECCOM TEILIONEpPEadud 4acTo
NIPUXOAUTCA YUUTHIBATh BCIIOMOraTCIIBHBIC 3JIEMEHThI,  I0JOKEHUSA MOABMKHBIX TOYCHHBIX HCTOYHHUKOB B IIPENC-
0e3 KOTOPBIX HEBO3MOXKHO YIIPABIATH HpoleccoM. OTu  JIaX OT HYJSA 0 [ u ompenensloTCs Kak peIleHHE Clie-
3JIEMEHTBI OOBIYHO UMEIOT COCPEOTOYCHHBIEC TapaMeTphl.  Ayromiei 3anayn Komm:
[ToBenenune Takux cuCTEM B OOLIEM CiTydae OIHMCHIBACTCS 0

. Y o' (0=4, (1.6, (1)), 6, (0)=0) =const,  (4)
COBOKYIIHOCTBIO HEJIMHEHHBIX OOBIKHOBEHHBIX JIu(de-
PCHIMATBHBIX YPaBHEHUH M MapaOOINYecKUX ypaBHEHUH —

e ¢, (t,6,)eC” (D xD)), k=1,m.

IIPY HaYaIbHBIX ¥ TPAHUYIHBIX YCIOBHUSIX.

1 HEJIOKAJIBHBIX YCIOBUAX

)
u(t,%)| g =0, ju(t,y)dyzo, 3)
0

UCTOYHUKA; p, (f)€ N(D r) — ynpasisomue (GyHKLIUH,

nporecca; ©(x) — GYHKOUS pacmpeieNieHus] Tera

Oyukuun 6, (1) € C(D;) ONUCHIBAIOT H3MEHEHHs
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Mamemamuxa, mexanuxa, ungpopmamuxa

B nanHOI paboTe mpu GUKCHPOBAHHBIX YIIPABICHUSIX
d, (t) ucnosb3yercss METOJ| pa3feseHus INEePEMEHHBIX,

OCHOBaHHbIM Ha IOMCKE PEUIEHHs] CMELIaHHOM 3aJayuu
(1)—(3) B Bume psma Oypoe

u(t.x) =S (1) by ().

i=1

)

rne b, (x) = %sinkix, xizll”, i=1,2,..

3adaua. Haiitu takue ynpasstomniye GpyHKIUU
Pe (P :| B |<M" k=Lm, te Dy}

U COOTBETCTBYIOIIEE UM COCTOSIHUE # (f,X) — peEILICHHE

cMmerrannol 3amgaun (1)—(3), 4To MOCTaBISAIOT MUHUMYM
(byHKIHOHATY

/

pl=[[u @ »-e0 ] dy+
r

{

— 3ajaHHas OGyHKIMA Takas, 4ro &(x)=

(6)
m T
pidi+BY [} ()d1,

k=1

m
+ay

k=

—_

e &(x)
© 1l

=Eb,(x), & =[Emb,(»dy, E0)=0, 0 < aq,
i=1 0

B = const.

B pabore Ha ocHOBe NMpHHIMIA MakCUMyma (GopMy-
JUPYIOTCS HEOOXOAWMBIE YCIIOBHSL  ONTHUMAJIBHOCTH,
BBIYHCISIIOTCSL  yIpaBisgone (QyHKIMM W penraercs
cooTBeTcTBYyIomas cMmemannas 3amada (1)—(3). Hdannas
paboTa sBIseTCs HadbHEHIIM pa3BuTHEM padoThI [17].

Cmemannas 3aaava (1)—(3).

O0603HaunM

Cl? (D)= {u (t,x):uecC (D),

1
u(t,0)=0, ju(t,y)dy =o}.
0

3aMbIKaHHE 3TOr0 MPOCTPAHCTBA I10 HOPME
1

T 5 B
"u"H(D):{J‘|u(t,x)| dt} <
0

o6o3uaunm H (D).

I[J'IH YUCJIOBOM MOCEA0BATEIHHOCTH ¢; B IPOCTpaH-
crtBe /[ », HCIIOJIB3YCTCs CJICAYIOIas HOpMa:

1
Lol {z o] } .

Kpome Toro, B pgaHHOW paboTe HCHOIB3YIOTCA
cienyronme obo3Hauenus. Kiace GyHKIui, orpaHryYeH-
HBIX 10 HOpMe umciaoM M, ob6o3Haumm depe3 Bnd (M).

Krnacc ¢pyskumii, ynoBieTBopsiomux yciaoButo Jlnmmmia
0 MEPEMEHHBIM #,3,... ¢ ko3¢ durieaToM N, 0003Ha-

9UM 4epe3 Lip{N B 9""}. A nnst GyHKUM OIHOM Tepe-

MEHHOU MHJIEKC OIyCKaeTCs.
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Kak u B pabore [13], MOXHO yOEIUTHCS, UTO PEIICHHE
cmenranHo# 3anauu (1)—(3) npu PukcHpOBaHHBIX 3Haye-
HUSX yIpaBlieHWH ¢ momomipio psiga @ypee (5) mpen-
CTaBJISIETCSI B CIIEYIOIIEM BHJIE:

u (t,x):i{(oi )+

i=1

‘ ” (7
+_([G,. (t,s)kzz;bi(ck () (5. 24 (s))ds}-b,. (x),

!
32 2 2(es
rie o (1) = g1’ Gi(t,8) =5 @, = [ @b, ()ely.
0

byHKIHN
I (t, D (t)) YAOBIETBOPSIOT CIACAYIOMINM YCIOBUIM:

[Ipennonoxum, qTO HEJIMHENHEBIE

fi (t:px () €Bnd(M{), 0< M =const;  (8)
Fip(ts P (@) %0 ©)

filtope®)

rIe fkp(t,pk(t)) (aT k=1,m.
Teopema 1. Ilyctb ¢(x)eL,(D;) n byHkuun

Jr (t, Dk (t)), k=1,m YIIOBIIETBOPSIOT yCIoBHsM (8), (9).

Torna s Gynxuuu (7) cnipasetuso u(f,x)e H (D) .
Jloxazamenbcmeo. JIeUCTBUTENBHO, UMEEM

ﬁuz(t,y)dydts
00

s

1

{mi () +IGi (t,s)ibi (04 (9))
0 k=1

2
X fr (S’Pk (S))ds]bi (J/)} dydt <

% ik

2
G, (15350, 9) /¢ (5.1.()d }

k=1

1
2

2| 3 [0,0)]

i=l

™Ms

<2

I
!

S

o] o

i=1

, 2
XZ +

—_

)

i=1

G (t, S)Zb ck (s)

k=1

2
)i (5. P (5))d } dt <

<2TM P +42T2Y MMM, M, +
k=1
2
} <o,
1

© 5 P
{z max 0, 0) } o],

iM,?MzM

+ 4T3[
k=1

rae
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M, :"G(I’S)"B T)°

M, —H Gk(t)

=1,m.

By(T)’

Ortciona cienyet yTBepxaeHne TeopeMsl. U mpu aTom
HETPYAHO YOEIUTHCS, YTO IPH BBINOJHEHHH YCIOBHH
sToii Teopembl GyHKumA (7) SBIAETCS €OUHCTBEHHBIM
0000IIeHHBIM pemieHreM cMemannoi 3aaaqn (1)—(3) mpu
¢dbuKcUpoBaHHBIX 3HaueHMAX (yHkuuit p, (1), o, (?),

k=1,m.
IMocTpoenne ONTHMAJIBLHOrO YynpasieHus. IlycTsb
D (f) ABIAIOTCS ONTUMANBHBIMHU YIPABICHHAMHE

AT [Py |=J[ P O+AP, () |-J [P |20

e By ()+ AP (e H(Dy), k=1,m.

HerpynHo mnoka3arh, 4YTO INPUMEHEHHME IPHUHIIMIIA
MaKCHMMyMa NPUBOAMT K CIEAYIOIIUM HEOOXOJUMBIM
YCIOBHUSAM ONTUMAJIBHOCTH [4]:

86,0, ) fip (1 Pr (D) =2 0P () =0,

8.6, () fipy (6 Pr(®) -2 0<0, k=1,m, (11)
rae 9(¢,x) — 000OIICHHOE PEIICHUE CIICAYIOIICH 3a/1a4H:

9, (t,x)+9,,(,x)=0, (t,x)e D,
3(,x) :—Z[u(T, x)—§&(x) ],

(10)

!
9(1,0)=0, [8(y)dy=0,
0

conpspkeHHOH ¢ 3amaueit (1)+(3), u onpenensercs mo ¢op-
MyIe

9, x)——ZZ{(o (T) + J'G(T S)Zb 6,(5))x
k=1
(12)
><fk(s,pk(s))a’s—E_\i}Gi(T,t)bi(x).

C yuerom ycnoBuii (8), (9) ycnoBus oNTHUMaNIbHOCTH
(10), (11) mepenumieM B cieayroleM Bue:

20 p, () fi,(t, Py (1)) =9(t,5, (1)), (13)
(1)
fi )| —222— | >0, k=1m. (14)
P (fk,,(r,pk(r))l "

C yuetom (14) u3 (12) u (13) momyuaem
apy (0) [yt py (D) +

+ZJG<T 0 Gy(T, s)Zb 0 (5)) fi (5. i (5)) s

i=1
:Z( (Di(T)"‘E_,,‘)Gi(Tst)bi(Gk(t))
i=1
501058

m T
oap (1) fip (P (D) + Y[ O(1,9) fi (5, py () ds = F (1), (15)

k=1¢

rac

0(t,5)= 3 G/(T.1) G,(T.5)b X(0 (5)).

i=1

F(t)= Z(m(T)+E_, )GAT. )b, (0,(1)), k=1,m.

i=l

B ypaBuenue (15) nonoxxum

ap (1) f (b p(0) = g (0, k=1,m,
rae g, (f) — moka Heu3BECTHBIC (YHKIMH, HO MBI IS
Havaja TPEAINONIOKNM, YTO OHH 3aJaHbl. Torma mmeem
crenyonye GyHKIMOHAIbHBIC YPAaBHEHUSL:

gk()

Pe() === f, (&, P (D), k (16)

IlycTh BBINIOJIHAETCS CENYIOLIEE YCIOBUE:
Jip (620 ) eBrd (M)A Lip{ N, |,
kzl,_m s 0<]V1, ]\711 =const.

Torma ¢yHkumoHanbHble ypaBHeHust (16) umeror
€IMHCTBEHHOE pElICHUE, KOTOpoe Ha oTpe3ke Dr Haxo-
JATCS U3 CIIEAYIOLET0 UTEPAlIMOHHOTO IpoLecca:

o t
7ol ) = 8k )fkp(t L), k=Lm, n=1, 2,... (17)
D10 peleHre 0003HAYNM TaK:

PO =hy (g, (1), k=1m. (18)

Teneps a1 onpenenenus GyHKuun g, (f), MOJICTaB-

aag (18) B (15), momyyaem HWHTErpanbHBIC YPaBHEHUS
®penroiabma

m T _
g0+ .[05) £, (5. (5,8(9))) ds = F (1), k=1,m. (19)
k=10

B kauectBe HOpPMBI [JIs TIPOM3BOJNEHOW (YHKIHU
y () € C(D;) ucnonb3yeM eBKIMIOBY HOPMY

hv@l = max|y @)

Teopema 2. ITycts:
1) Bemonnstorest ycnosus Teopemsl 1 u ycnosue (14);

2) &(x)eLy(D));

3) by (rg (t))eBnd(Mkl)mLip{Nngk},

0< Ny, M, =const;

4 £ (6h (1)) € Brd (M) A Lip{N 13, |

0<N,,, M, =const;

2 m
5) p=(MyMy ) TY Ny Ny, <1.
k=1
Torna HenMMHENHHBIE UHTETpaIbHbIE YpaBHEHUS Dpen-
roabMa BTOporo poza (19) umeroT eqUHCTBEHHOE pelie-
Hue g, (1) e C(D ).



Mamemamuxa, mexanuxa, ungpopmamuxa

Jlokazamenvcmeo. CHadana 3amMeTuM, 9TO (QYyHKIHH
Q(t,s) u F(t) orpaHu4eHbI

<

0¢.9/<Y |6, @[ |b, w0
=1
< g:ggﬂGi (T,t)|2 X
0)
2
;)" <o

& 2
x; ggﬂb,. (o ()] =(MyM.

|F(t)| S\/%i |COi (T)+§i||Gi (T,t)| <

Bl grooar ),
S\/?(M1+||§||/2)M2<oo.

C yuerom orenok (20) u (21) paccmMoTpuM cleayro-
LW UTSPAIIMOHHBINA TIPOIIECC:

m T
gi 0+ [0(t.5) £ (5.5 (5,0))ds = F (1),

k=1¢

0+ 3]0 1, (5.5 (81 ®)))ds = F0), 22)

k=1¢
n=1, 2,...

B cuity ycnoBwmii Teopemsl u3 (22) modydaeM CIeayro-
LIMe OLECHKU:

<

Jei ], <

m T
F(0) = [0.9) fi (5.7 (5,0))d s
k=10

c

2 m
< \/;(Ml +||§||[2 )Mz +(M2M3)2 ZMsz <oo; (23)

T
flo.s)
0

gl (-g; @) <

k=1

~ (s (5.0 @) ds<

Jr (S’hk (s,g,?(s)))—

<

< (M2M3)2 TéNkz “ hy (SagZ(S))—hk (s,g/’i’l(s))” c

n n-1
0-gi" ),
U3 onenok (23) m (24) cmemyer, 4TO HEIMHEHWHBIC

UHTEerpallbHbIe ypaBHeHHs PpearosbMa BTOPOro pona
(19) umeror enmuncrBenHHoe pemenue g, (7)€ C(D;),

24)

<plei-gi" 0] <

k =1,m. Teopema nokasana.

Kpome Toro, u3 (19) u (22) ananoruuno (23) u (24)
MOJKHO MOJIY4YHTh, YTO CIPABECJINBA OI[CHKA
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lec)-gi0)] . <
<P

1—p{\E(M +[el,, )M +(MyM,) ZMM }

Ortcroaa ¢ yueroM (18) u BTOpOro ycioBus TeOpeMbl 2
JUIsl TIOTPEIIHOCTH MPHOJIMIKEHHOTO BBIYUCIICHUS YIIpaB-
JSroIMX (pyHKIUH MoTyvaeM OLEHKY

lpc-pi @), <

2
< 1—% (4 +el,, ) Mz +
M )ZZMHT}ZN“.
k=1 k=1

IMocTpoeHue ONTUMANIBLHOIO MPOIECCA U BbIYHCIIE-
HHEe MHHUMAJbHOr0 3HaYeHns pynkmuonasa. Coriac-
HO (7) OnTHMANBHEINA TPOIecC HAXOIUM 10 (popMyiie

u(t,x)= Z{
% fi (5:54(5))d s} b, (x).

OntuManbHbId Tporiece (26) MOXKHO MPUOIMIKEHHO
HaWTH C MOMOIIBIO HTEPAIMOHHOTO Tporecca [Tukapa

u"(t,x) =i{wi )+ ij.Gi (t,5)b, (GZ (s)) x
i=1 k=19
x f, (s,ﬁ;j(s))ds} b, (x).

MuHuManbpHOE 3HAa4YeHHE (YHKIHOHANA, COTJIACHO
thopmynam (6) u (26), HaxXOaUTCS U3 CIEAYIOLIEH (OPMYJIBL:

[1%]

f
2
X fr (S’ﬁk (s))ds_ai}'bi (J’):| dy+

<P 25)

o (z)+ZjG(r $)b, (0, (5)) %

et (26)

@7

m T
0, ()+ Y[ G (T,5)b;(c (5))x

k=10

JIPy]
i=1

m T
(15,{(1))2 dt+BZI(Gk(t))2 dt

k=1

m
+a),

k=1

(28)

S —

U3 pabotsr [18], B wacTHOCTH, CIEOyeT, YTO 3agada
Koy (4) mpu BEITOTHEHUH YCIOBUS

4, (1o, 0 )eBrd(M)NLip{N |,
k=l,_m, 0<M,, N, =const

uMeeT eqUHCTBeHHoe pemienue 6, (1) e C(D ), k = I,_m .

Teopema 3. IlycTb BBINOMHAIOTCS YCIOBUS TEOPEMSBI 2.
Tornma ¢pyakunonan (28) mpuHUMaeT KOHEYHOE 3HAYCHHE.

Hoxazamenvcmeo. YUUTBIBas 10KA3aTELCTBA TEOPEM
1 u 2, u3 (28) morygaem

2
J[ﬁk]gz(Mﬁ”é;”M) +

X T ) WH AT
k=1
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2
n 2
+27° | Y MMMy | + oT (mM™) "+ BTm*1* <co.
k=1

Otcrona crexyer, uro QyHKImoHan (28) mpuHUMaeT
KOHeyHoe 3HauyeHue. Teopema pokazaHa.
[TpubnkeHHoe 3HaUeHUE (YHKIMOHAIA BBIYUCIIACT-
Csl IO CIIEAYIOLIEMY UTEePallMOHHOMY IIPOIIEeCCy:
/ n m T
JIB11=[| 0,0+ [Gi(T,9),(of ()
0| i=l k=10
2

Xf(s,ﬁZ(S))ds—éi}'b,-(y) dy+

m T

+ aZj

k=10

(;3;;(:))2 di+py (1) dr, n=1,2.3,..; 29)

k=

S

—

c,(?), k=1,m onpenenserca u3 CIEAYIOLIEr0 HTEpa-
LOHHOT0 Iporecca:

t
o'ty =o' +qu (S,GZ (s) )ds, k=1m. (30)
0

3akaouenne. B paborte mnpemiaraercss MeETOIUKA
peueHusi OHON TOYEUHOM MOABIKHOM 3a/1a4ydl HETUHEH-
HOrO0 ONTHMAJBHOTO YIPABIEHUS OIS OJHOM CUCTEMEI
C MMapaboJINYeCKM W OOBIKHOBEHHBIM au(QepeHIratb-
HBIMA YypaBHCHHUSMH TIPH CMCIIAHHBIX HEJIOKATBHBIX
W HavyagbHOM ycioBusax. CHadama HCIOIB3YeTCS METOH
®ypre pazpencHus nepeMeHHblXx. Ha ocHoBe mpuHuuna
MakcuMyMa (QOpMYyITHPYIOTCS HEOOXOAMMBIE YCIOBHS
ONTUMAJIFHOCTH YIIPABICHUN MPHU KBAJAPATUYHBIX KPUTE-
pusix. JlokaspIBaeTcs OJHO3HAYHAS Pa3peUIMMOCTh ONTH-
MaJibHbIX yrpaBieHui. [Ipu 3ToM Hcmonb3yercss MeToq
MOCIIEI0BATENbHBIX IPUOIIKEHHH B COYETAaHWH €ro
C METOJIOM CXXHMMarommx orobpaxeHuid. Iloxyuaercs
(dopmyna Uit TPUOIMIKEHHOTO BBIYMCICHUS MOBIKHBIX
ONITUMAJIBHBIX YIPABICHUH M OLEHKA IS JOIyCKaeMon
MOTPEITHOCTH 110 ONTHMAJILHBIM YyHpaBiieHusM. [IpuBo-
JIATCS (OPMYIBI UL MPHOMMKCHHOTO BBIYMCICHHS OIl-
TUMAaIFHOTO TIpoIlecca 1 MUHUMAIBHOTO 3Ha4eHUS (PyHK-
nuoHana. [Ipu 3TOM HCMONB3YIOTCA MTEPAMOHHBIE TIPO-
meccrl (17), (22), (27), (29) u (30). Ioxy4ueHHBIC pe3yib-
TaTBl MOTYT HAWTH JajbHeHIee IPUMEHEHNE B Pa3BUTHHI
MaTeMaTU4eCKO TEOpUU HEIMHEHHOTro ONTHUMAalIbHOTO
YIOpaBIEHUS CHUCTEMaMHU C paCIpeieICHHBIMU IapaMeT-
pamu 1pH HaJIMYHMH TTO/IBUKHBIX HCTOUHHKOB.
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0 BOCCTAHOBJIEHUU AHAJTUTUYECKON ®YHKIIUW B CITMPAJILHOM 3BE3/IE
MUTTAT-JIEO@DJIEPA 110 3HAYEHUAM HA MHOKECTBE EJMHCTBEHHOCTHA

E. U. SxoBieB

Cubupckuii rocy1apcTBEHHBIN a9pOKOCMHUYECKUIT yHUBEPCUTET NMeHH akanemuka M. @. PemerHeBa
Poccuiickas @eneparnms, 660037, r. KpacHospck, npocn. uM. ra3. «KpacHospckuit pabounii», 31
E-mail:yei@nm.ru

B cryuae 001020 KOMNIEKCHO20 NEPeMEHHO20 MPAOUYUOHHBIM MHONCECTNBOM eOUHCIMEEHHOCIU 8 KIACCe aHANUMU-
YeCKUX QQYHKYull A6IAEMCA MHONMCECMB0, codepicawee npedensvHylo mouky. Haubonee usgecmuviv mHodmcecmeom
OUHCMBEHHOCU 8 MHO2OMEPHOM CIyiae AGIACMCA «8eUjeCmBEeHHAAY» OKPECIHOCHb MOYKU. [{na onpedeneHHo2o Kac-
ca obnacmeil MHOMCECBO eOUHCTNEEHHOCU 8 MHO2OMEPHOM Clyyae Modxcem Obimb ymeHvuteHo. Hanpumep, 6 pabo-
max C. B. 3namenckoeo ykasvigaemcs cuemnoe NOOMHONCECMEO HA OCMO8e NONUOUCKA, NO 3HAYEHUIO HA KOMOPOM
20710MOPDHASA PYHKYUA BOCCMANABTUBACTNCS 80 8CEM NOTUOUCKE.

Huoeoa gynrxyus mosicem bvimo npodondicena u 6 b6orvutyto oonacme. Tax, ¢ pabomax XK. Aoamapa, I. Mummae-
Jeggpnrepa, Jle Pya, Jlunoenepa Ovinu npednosicenvt Memoovl CyMMUPOBAHUS, Oaroujue Xopouiue pesyibmamvl O
AHATUMUYECKO20 NPOOOIICEHUSI CIMENEeHHO20 PAdd 6 CIyyae 36e30HbIX 0baacmetl KOMNIEKCHOU niockocmu. B danehet-
wem, 0 00HOMepHo20 cayyas 6 pabomax H. V. Apaxensana 6vin npednodicen memoo 60ccmano8ieHus aHarumu4ecKo-
20 3N1eMEeHMA ¢ NOMOWBIO YHUBEPCATLHBIX MAMPUYHBIX MEMO008 CYMMUPOBAHUSA 8 KNACCe CNUPATbHBIX 00aacmel.

Hacmoswas paboma noceawena 60ccman061eHuio ananumuieckoll GyHKYuu, 3a0anHOl Ha CYEMHOM MHONCECEe
e0UHCIMBEHHOCMU 0CMOB8A NOIUOUCKA, 8 MAKCUMAILHYIO CRUPATbHYI0 001acmb, Hazvleaemyro (m,a)-38e300t Mummae-
Jlegppnepa oannoii ghynkyuu. Boccmarnosnenue npou3gooumcs ¢ UCnoib308aHUeM MHO2OMEPHBIX MAMPUYHBIX MEMO008
CYMMUPOBAHUSA KPATHO20 CMENEHHO20 PAOd, KOMOpble CMPOSAMCA ¢ NOMOWbIO 0OHOMEPHBIX MAMPUYHBIX MemO008
CyMMuposanus cmenennozo paoa. Ilpu smom anpobayus NOCMPOEHHbLIX MHO2OMEPHBIX MAMPUUHBIX METNO008 CYMMU-
POBAHUA KPAMHO20 CIENeHHO20 PA0a NPOSOOUMCSL C NOMOUYbIO OOHOMEPHOL 2eOMEMPUYECKOll NPOSPECCUMU.

Kniouesvie cnosa: kpammwitli cmenenHoil psio, MHOJNCeCmE0 eduHcmeeHHocmu, 36e30a Mummae-Jlegpghnepa, enasnas
36€30d, AHAIUMUYECKOe NPOOOIIICEHUE, CYMMUPOBAHUE KPAMHO20 CMENeHHO20 psiod, MampuyHble Memoobl CYMMUPO-
6aHUsl, CRUPATbHbIE 00aaCmU, 001acmu 3PHEeKMUBHOU CYyMMUPYEMOCI.

Vestnik SibGAU
Vol. 17, No. 1,P. 110-115

ABOUT RESTORY OF ANALYTIC FUNCTIONS IN THE MITTAG-LEFFLER’S SPIRAL STAR
BY THE VALUES ON A SET OF UNIQUENESS

E. I. Yakovlev

Reshetnev Siberian State Aerospace University
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
E-mail: yei@nm.ru

In the case of one complex variable, many traditional set of uniqueness in the class of analytic functions is the set
containing the limit point. The most famous variety of uniqueness in the multivariate case is a “real” neighborhood of
a point. For a certain class of many domains of uniqueness in the multidimensional case can be reduced. For example,
in the works of S. V. Znamenskii a countable subset on the skeleton of polydisc, the value of a holomorphic function
is restored throughout polydisc are specified.

Perhaps the function can be continued in a larger area. In the works of J. Hadamard, G. Mittag-Lefler, Le Roy, Lin-
delof the so-called summation methods that give good results for analytic continuation of a power series in the case
of star fields of the complex plane have been proposed. Further, for the one-dimensional case, in the works of
N. At. Arakelyan the restoration of the analytical element using the universal matrix methods of summation in class
helical regions was obtained.

The present work is devoted to the restoration of analytic functions defined on a countable set of uniqueness skele-
ton of polydisc, in the helical region, called (m,a) is the star of the Mittag-Lefler of this function. Recovery is carried
out using multidimensional matrix methods of summation of multiple power series, which are constructed using
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one-dimensional matrix methods of summation of power series. While testing a multivariate matrix methods of summa-
tion of multiple power series are performed using a one-dimensional exponentially.

Keywords: multiple power series, a lot of uniqueness, the star of the Mittag-Leffler, the main star, analytic continua-
tion, summation of multiple power series matrix methods of summation, spiral region, the area effective summability.

Beenenmne. IIpumepHO COTHIO JIET Ha3aj ydeHble Ha-
YaJii UCIOJIb30BaTh TEOPUIO (PYHKIMIT KOMILJIEKCHBIX Iie-
PEMEHHBIX JJIs ONUCAHUS HEPAaBHOMEPHBIX IOJIEH, JUIs
MO/JIETIMPOBAHUS CJIOXKHBIX TOTOKOB, JUIS ONHMCAHUS Bpa-
IIAIOMINXCS TTOJIEH M CTANN ITOJy9aTh MOJIETH KOMIUICKC-
HBIX TIEPEMEHHBIX, KOTOPHIE 3HAYMTEIHFHO MPOIIE ONHUCHI-
BalOT CJIOXHBIE OOBEKTHI W SBJICHUS, HEXETH MOIEIH
JNEHCTBUTENBHBIX TEPEMEHHBIX. 3aadd THAPOJANHAMUKH
U Ta30BOM THHAMHUKHU, aBHACTPOCHHE, CAaMOJIETOCTPOCHHE
U PaKeTOCTPOCHUE HCIOIB3YIOT KOMIUIEKCHBIC IEepeMEH-
Hble KaK OCHOBHOM MaTeMaTH4eCKUN HMHCTPYMEHT MOje-
npoBaHus. Hanpumep, Teopust MoJbeMHOM CHIIBI KpbLia
caMoJieTa OITMPAeTCsi Ha IIOCTPOCHHE aHAJMTUYECKON
(YHKIMH, KOTOpas HOCUT MM <«JIeIyLUIKH» pPYyCCKOU
aBuanuu JKykoBckoro. Teopema €IMHCTBEHHOCTH OIIpe-
JIeTSIET OJHO W3 KJIACCHYECKUX CBOMCTB aHAIMTHYECKUX
¢ynkimid. Ecnu u3 oOpameHns: aHanuTHYeCKOH QyHKIMN
HAa MHOJKECTBE CIIEyeT €€ TOXKICCTBEHHOE PaBEHCTBO
HYIIO, TO OOBIYHO TaKO€ MHOKECTBO HA3BIBAIOT MHOXKeE-
CTBOM €IMHCTBEHHOCTH.

B cityyae n-MepHOro KOMILIEKCHOTO mpocTpancTea C”
MHO>KECTBOM E€IMHCTBEHHOCTH SIBJISIETCSI «BEIECTBEH-
Has» OKpPECTHOCTh TOUKH. B 3aBHCcHMOCTH OT BH1a o6Jiac-
TH Pa3MEpPHOCTh MHOXKECTBA EIUHCTBEHHOCTH MOXET
ObITh yMmeHbleHa. OOBIYHO 3TO HaOmomaeTcs A Tex
ob6nacreit B C", y koropsix rpanuna IllumoBa obmactu
SIBIISIETCS] COOCTBEHHOHN YaCThIO TPaHUIBI cCaMOi 00J1acTH.
Oco0OeHHO HArJIAHO 3TO IOJyYaeTcs B ciydae IOJINIH-
muHapa. Knaccnueckas gopmyna Komm BoccranaBnmmnBaeT
3HaueHWe (QYHKIUH, TOIOMOP(HOW B TOIHUIUCKE,
10 €€ 3HaYCHMSAM Ha OCTOBE MoJjmaucka. B padorax [1; 2]
C. B. 3HaMeHCKOT0 yKa3bIBaeTCsl CYETHOE TTOJIMHOKECTBO
Ha OCTOBE TOJIMANCKA, [0 3HAYCHUIO Ha KOTOPOM TOJIO-
MopdHas (QyHKIHS BOCCTAaHABIMBAETCS BO BCEM IIOJIHU-
JIICKE.

B HekoTophIX ciydasx (QYHKIHS MOXET OBITh HpO-
JIOJDKEeHa B 00JbIyt0 o0nacTs. Borpocam aHanuTHYeCKO-
IO NPOJOJDKEHHSI CTETIEHHOTO pPsAla, B YaCTHOCTH IIyTEM
MIepepa3IoKeHNsl psifa, B CIydae OJHOTO IEPEMEHHOTO
mocBsieHa MoHorpadus [3], comepkamias COOTBETCT-
Bytomyto oubmmorpaduto. B nanpreiinieMm, 6omee s dex-
TUBHBIE METOJBI CYMMHPOBAHHUS CTEIIEHHOTO psna (aHa-
JUTAYECKOTO TIPOJODKEHUS C TIOMOIIBI0 MATPUYHBIX
METOJIOB) ObLIM TpeioxkeHsl Murtar-Jleddnepom, JIun-
nenepom, Jle Pya u apyrumu maremMaThkamu (CM., Ha-
npumep, [3-5]). Ans » = 1 B ciydae 3Be3IHBIX oOyacTeit
JIOCTAaTOYHO MOJpoOHas Ooubimorpadus umeercs B [6-8],
JUId cllyyasl CHUpanbHbEIX obnacteit — B [9]. B nanbHei-
meM, ApakensHy [9] ynanoch nokasaTb, 9YTO aHAIUTHYE-
CKO€ TIPOAOJDKEHHE OJHOKPATHOTO CTENEHHOTro psija
C TIOMOIIbI0 MAaTPUYHBIX METOAOB CYMMHPOBAHHS BO3-
MOJKHO TOJIBKO B CIIPAIIbHBIC OOJIACTH.

B ciaywae mHOrmx mepeMeHHBIX B pabortax [10-13]
TIpeIararoTCs Pa3InIHbIe METOIABI CYMMHPOBAHHUS KpaT-
HOTO CTEMEHHOTO psAa JUIsl 3Be3MHBIX obOyacteil. B [14]
IPEUIOKEH METOJ, IMO3BOJIIOMNN CYMMHpPOBATh KpaT-
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HBII CTENEHHOH psil B ciydae napaboJIMuecKH 3BE3THBIX
obnacreit (cm. Huxke onpenenenue 1, mpu o = (0, ..., 0)).
B pabore [15] mpemnararoTcsi METOABI CyMMHPOBAHHS
KpPaTHOTO CTETICHHOTO Ps/ia, O3BOJIIOIINE CYMMHPOBATh
9TOT psif B Kiacce obmacreit B C”, eCTeCTBEHHBIM 00pa-
30M 0000IIAFOIIIX KaK CIIUPATIBbHBIC, TAK U 3BE3/IHBIC.

Ucnons3ysa ¢popmyny u3 [1; 2], BoccTaHABIMBAIONIYIO
AHAJMTUYECKYI0 (DYHKIHUIO B IMHUYHOM TOJUAUCKE MO
CUYETHOMY MHOXECTBY €JMHCTBEHHOCTH Ha OCTOBE IOJIH-
JIICKa, B HACTOSIIEH paboTe Mo 3HAuYCHUSAM (QYHKIHMU Ha
JIICKPETHOM MHOYECTBE €IMHCTBEHHOCTH, PaCIIOJIOXKEH-
HOM Ha OCTOBE MOJHIUCKA, (YHKIHsI BOCCTaHABIMBACTCS
B MPOM3BOJILHOW CITUpaibHOI 3Be3ne Muttar-Jleddiepa
o cxeMe, MpeasiokeHHo B [15].

OcHoBHbIe 0003HaYeHHs1 U (opmyaupoBku. O60-
3HAYHUM z = (2}, ..., Z,) — TOYKHA N-MEPHOTO KOMIUIEKCHOTO

npoctpanctea C", R! = {xe R";x, >0, ...,x, > O},

r, ={ZEC" : zj| =;fi}; k=(k, ....,k,) — mynsTHMHzEKCHL,
\k|=k +..+k,, kl=k!'.k,\, zF=z.._2z,
U, =U"(5, ...,r,,):{zeC" :|zj|<rj}, U=U"(, .1,

m

Q. =<—:mneN

n

IIycth
f(zy, nz,) = Z aklmknzlkl...znk” - )]

[Ikl[=0

M-KPATHBIM CTENEHHOW Psii, KOTOPBIM CXOOUTCS B HEKO-
topoMm mosuaucke U, B C". ®yHKUMH, ronomMopHbIe

B U, u HenpepbIBHbIE BIUIOTh 10 3aMmblkanui U, , 060-
sHauuM A(U,) . Jna Takux ¢yskuuil xiaccudyeckas ¢op-
Mmyna Komm mno3Bomser BOcCTaHAaBIMBaTH WX 3HAYCHUS
BHYTpH MOJUIUCKA MO 3HAYCHUSIM (DYHKIIUH Ha OCTOBE.

B [1; 2] pemaercst 3aja4a BOCCTAHOBICHUS (DYHKIIMU
n3 A(U) mo 3Ha4eHHsM 3TOH (QYHKIMH Ha ITUCKPETHOM
MHO)KECTBE €IMHCTBEHHOCTH, PacIiojIO)KEHHOM Ha OCTOBE
eauHUYHOrO monuaucka U . IlycTh TOJOXHUTENbHEIC
yucna by, ...,b, BBIOpaHBI Tak, 4TO BEJUYMHBI In by, ...

.., Inb,
HaJ KOJIBIIOM HENBIX YHCEN,
i\ * v v

B={o"} _ ={a", .5
BOM EAMHCTBEHHOCTH JuIl (QYHKIHUH, TojoMopdHON
B €QUHWYHOM nonuaucke U U HenpepblBHOW BILIOThH
Jio ero octoBa. dopmysia, BoccraHaBiMBaroIas QYHKIUIO f
no Habopy P, anoncuposana C. B. 3namenckum B [1], ee
NoJpoOHOE J0Ka3aTeNnbCTBO M3okeHo B [2]. IlpuBenem
MOJHYO0 (POPMYJIMPOBKY T€OpEMBI U3 [2].

Teopema A ([2], c. 47, Teopema 1). Ilycts f € A(U).

BMECTE€ C YHCIOM T JIMHCHHO HE3aBHUCHMBI

Torga Habop ToOdYEK
o0

SABISICTCAA  MHOXKCECT-

y=—00

Torga npu z € U
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f(z,

m

z,)=
~ lim /(")
o 2 o, (2 ) (1

2)

20y )

TJIe TOCIIEA0BATEILHOCTE O(k) onpenensercs BEIOopoM f3.

pu 8(k) =—ik dopmymna BepHa msi Bcex z €U .
3ameuanue 1. opmyna (2) BoccTaHaBIMBaeT (PyHK-

o f(z) B 3aMBIKAHUH CIWHUYHOTO TIOJIMIMCKA

[0 JUCKPETHOMY MHOXECTBY [5, MOCIIEI0BATEIHLHOCTh
d(k) onpenensiercst BeibopoMm PB. [yt BHYTpEHHHUX TOUYEK
MTONMTUANCKAa MOXHO B3ATh O(k) = —ik . [losToMy B naib-
HedmeM Oynem cuntath O(k) = —ik .

3ameuanue 2. ®opmyny (2) ¢ IOMOIIBIO 3aMEHBI He-
CIIO)KHO BBIMKCATh JUI  [POM3BOJILHOTO  MOJHIAMCKA

U, =U0"(n, ...r,) cpamaycamu (7, ...,r,):

f(z,.2,) =
1

f ™)
= lim —
m%wEmk_Z:m(l B I (R L)

m

3ajaya aHAIMTHYECKOTO MPOJOIDKCHUS (YHKIHH,
3aJJaHHOM KpaTHBIM CTEIICHHBIM PSJIOM, B CIHPAIbHYIO
00J1acTh ¢ TOMOIIBIO OJHOMEPHBIX MATPHYHBIX METOJOB
pemreHa B [15]. Jnst ¢popMyIHpPOBKH OCHOBHOTO PE3YIb-
TaTa HACTOAIICH pabOoTHl MPUBELEM ONpeleieHne Kiacca
obmacreit u3 [15].

Onpeoenenue 1. lycte xeRZ, o e R" . Muoxecr-

Bo G B C" wHazoBeM (X, O)-CIUPATBHBIM OTHOCHTEIBHO
Hayajla KOOPJMUHAT, €CIM BMECTe C KaXJIOW TOYKOM

0 0
=(z, oo
OTPE30K

0
z,) B MHOXectBe G comepxurcs (x, )-

L(zx’“) ={zeC":z = zotxl(l”“l),

nz, =20 1 0,1]} € G

Ecmn ¢ynkmus f(z) ronomoppHa B HEKOTOPOH OKpe-
CTHOCTH Hadvana KoopauHaT B C", TO MaKCHMAIBHYIO

(x, o)-cnmpanbHyto obnactb Gy, B KOTOpYIH roimo-

>

MOP(HO MOKHO MPOIOIDKHUTH (PYHKIHIO f, HA30BEM (X, 0)-
cimpaibHON 3Be3noit Murtar-Jledduepa dynkum f, nmm
mpocTo (X, o)-3Be3M0i. MakcuManbHas 3Be3HAsI 00JIaCTh
G, B KoTOpyr ToJoMOppHO mpomomkaercs psx (1),
Ha3bpIBaeTcs 3Be3noil Murrar-Jleddepa (wimum TiIaBHOM
3Be3noM) psana (1) wiu pyakunu fz).

[Monsitue (x, o)-cnupaibHOi 3Be3ab1 Mutrar-Jleddae-
pa mmpe noHsTus 3Be3asl Murrar-Jledgnepa. CoorBer-
CTByIOLIME NpuMepsl umerorcs B [13-15]. [na n 1
Kimacc (X, 0)-COUPATBHBIX OO0JIACTEH MEPEXOAUT B CIH-
paybHBIe 00OmacTH (cM. [3], ¢. 40 u [9], c. 38).

Lens HacTosmelt paboTHI, ONMpPasich Ha IpeCTaBICHIE
(YHKIIMM B €AMHUYHOM monumucke u3 [2], dopmyry (2)
n pesynbTaTel U3 [15], — nokaszate GopMyity, TO3BOJISIO-
LIyI0 BOCCTAaHOBUTh GQyHKIUIO f B ee (X, ...,X,;

no
o) -3Be31e Muttar-Jleddiepa mo 3HauCHUAM 3TOH

o, ..y
(YHKIIMM Ha AMCKPETHOM MHOKECTBE CIMHCTBEHHOCTH,
pAacIIoNoXKeHHOM Ha OCTOBE €IMHWYHOro moiugucka U.
OCHOBHBIM pE3YyJbTAaTOM PabOThHI SBIAETCS CIEIYIOIas
Teopema.
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Teopema 1. Tlyctes f € AU), xeQ!. Torma mus
ze G}x’“) crpaBeuBa GopmyIia
f(z, .z, =
=1 li blk bik bik (3)
im 1m— Z f( )(Mw)(zl 1y e 2,000,

p—py m—>0 mk T
I7ie METOJl CYMMHPOBAHUS T(m) MOCTPOCH IO OJTHOMEp-

HoMy MeTody T, u3 Knacca S mo dopmyne (6).
Cneocmeue 1. @opmyna JUid MPOU3BOJIBHOTO TIOJHU-

IMCKa ¢ paguycamu r = (F, ...,7,) AIMEET B
4f(zla ...,Zn) =
=1 1 blk T Z bik Zy bik
im 1m—z S gy | — b1 5 =D,
p—py Mm—0 ka 14 .

3ameuanue 3. Eciu Obl MOXHO OBIJIO TEpPECTaBUTH
MecTaMH Tpefeisl (a 3TO 3aBeJOMO MOXKHO CleaTh
BHYTpPHU TOJHMIKMCKA) ¥ MEPEUTH K IMpeAeiay Mo p, TO MBI
noy4ywiy Osl popmyity (2) Iu1st HOUIUCKA U3 TEOpeMBI A.

[TpuBenemM HEOOXOAMMBIE JUIS TOKAa3aTELCTBA TEOPE-
MBI 1 popMynupoBKY 1 OHATHS 13 [15].

Ilycts P = {p} — MHO’KECTBO Ha BEIIECTBECHHOHN OCH,

UMeEIolee NPEAENIBbHYI0O TOUKY Py TaKylo, 4To P, & P,

M IIYCTh
k ki k,
T.(2)= D Pz = D ¢ P2z ()
[|k[[=0 |/k||>0
CTCTICHHOU psA, KO3((UIMEHTHI KOTOPOTO 3aBUCIT

OT MPOM3BOJIBHOTO p € P, cxomsuiuiics B C".
Onpedenenue 2. Bynem TOBOPHUTH, YTO MaTpHUIla
T = {ck (p)} = {ckl...kn (p)} WM MAaTPUYHBIN MeToa T cym-
mupyet psin (1) B oonactu Q(f € H(Q)), ecnu:
1) xommozumus Agamapa psagos (1) u (4)

T*f(2)= Y (Mg =Y ¢ 1P inzt' -

(1[I0 [|[I>0

k, n
Zn

(6))

npu (GUKCUPOBAHHOM p € P aOCOJIIOTHO CXOAUTCS B He-

KOTOPO# MOJIHOM, JIorapu()MUUECKH BBITYKJIOH, 001aCTH,
conepxkaie Q;

2) JIOKANBHO paBHOMEpPHO B () (paBHOMEPHO Ha JIFO-
00M KomIakTe u3 ()) BBITOTHACTCS PABEHCTBO

f(2)=1m T *f(z), VzeQ.
P—=Po

3ameuanue 4. MOXXHO paccMaTpuBaTh KJIaCC MaTpHU-
HBIX METOOB 7, KOTOpBIE NP p € P HE 3aJai0T IENyIo

(yHKIMIO, HO BBITIONHSETCS ycioBue 1. DTO CcylecTBeH-
HO PpaCHIMpPUT KJIAacC pacCMaTpUBaeMbIX METOJIOB,
HO BBI30BET OIpPEJEIICHHBIE TPYIHOCTH TIPH IIPOBEpPKE
ycnoust 1. Ecim psin (1) cxoguTest B HEMyCcTO# OKpecT-
HoctH 0 ¥ MaTpUuHBIA MeToa 7 mpu p € P 3a1aeT 1eNyto

(dhyaKOmI0, TOrma ycioBue | He TpeOyeT MpOBEpKH, OHO
BBITIOJIHAETCS aBTOMAaTHYecKd. YTO W Tmperonaraercs
B HacTosIIIeH padore.

Jlns omHomepHoro ciydas teopema Oxazna [6; 9] mo-
3BOJISIET anpoOMPOBATh Kbl M3 MAaTPHYHBIX METOJIOB
JIMIIb HA TeOMETpUYecKor nporpeccuu. Ecian maTpudHbIi



Mamemamuxa, mexanuxa, ungpopmamuxa

METOJ CYMMHpPYET TI'€OMETPHUYECKYI0 IPOTPECcCHIO B ee
a-crMpajbHON 3Be3ne Murrar-Jleddiepa, To 3TOT MeTox
CyMMUpYeT 00y (GYHKIHIO B €€ O-CIIHPATFHON 3BE37e
Murtrar-Jlepdnepa. s MHOTOMEPHOTO CiTy4asi BapHaHT
Teopembl OKkama IUIs ciaydas 3BE3OHBIX oOxacTeil mpen-
noxkeH B [13].

OmnuiieM Knacc OJHOMEPHBIX METOJOB CyMMHUpPOBa-
HUsI, HEOOXOIUMBIX Ul MOCTPOCHUS MHOTOMEPHBIX Me-
TOJIOB, UCIIOJIL3yEMBbIX B TeopeMe 1.

Onpeoenenue 3. O003HauuM vepe3 S KIlacc OqHOMEp-
HBIX METOJIOB CYMMHpPOBaHHMs (TIOJIyHEIPEPBIBHBIX MaT-

pHYHBIX MeTONIOB) T, = {Tk“ (p),pe P} CO CBOMCTBaMU:

1. Oynkua O (A) = Z Vi (p)M* sBastercs menoit
k=0
JUTA IPON3BONIBHOTO pe P, A e C .
2. Marpuunslii Mmetoa 7, CyMMHpYET reoMeTpuue-

ckyto mporpecento g(A)=(1-A)" Bcrony B ee a-crm-

panpHOI 3Bezne Murrar-Jleddaepa (Olt—X)’l' To ects
JIOKaJIbHO PAaBHOMEPHO BBITIONHAETCS PaBEHCTBO
A-0)"'=Hm T *(1-2)", VAeG* .
T (1=2)

[Ipon3BonsHOMY MaTpUYHOMY METOAYy U3 Kiacca S
U Vx € Q! MOXHO IIOCTaBUTh B COOTBETCTBUE MHOTOMEP-

HbIIA MaTPUYHBIA METOJ IO MPABUITY
T(x;ot) = {T<O;c,m> (P):P € P} >

rae m=(my, ..,m,)

(6)

nepBasd LEJIOYUCICHHAsd TOYKa

C TIOJIOKUTETBHBIMU KOOpIMHATAMH, JIekKallas Ha Jyde,
BBIXOJISIIIEM M3 HYJIS U MIPOXOAIIeM depe3 Touky x. Jlis
JABHEHINET0 HW3J0XKCHUS HaM HEoOXoauma TeopeMa
00 aHATUTUYECKOM MPOJODKECHHH C TIOMOIIBI0 MaTpUY-
HBIX MeTO/OB. [IpuBeneM ee MOJHYIO (HOPMYITHUPOBKY H3
[15] B ymoOHOM aJist TabHEHIIETO MCTIOE30BAHMS BUIC.
Teopema B. Ilycte GyHKIMA f 3aaHa KpaTHBIM CTe-
meHHBIM psgoM (1), cxomsdmmMcss B OKPECTHOCTH HYJIISA

n X,0
B C", xeQ, Gj(f ) e (X, o
cnupaibHas 3Be3na Mutrtar-Jleddiepa 1 MHOroMepHsId

meron 7., MOCTPOCH IO OJHOMEpHOMY Mmerony T,

a, ...,o) -

no

u3 knacca S no gpopmyie (6). Torna Bcrony B G}x’“) Me-

1011 T{y.¢) TOKATBHO PABHOMEPHO CyMMHPYET (DYHKIHUIO f.
To ecth cripaBeinBa Gopmyia

f(2)= lim Fy (), VzeG&, %)
P—Po X

race Fv(fc;oc) (Z) = Z T<(>;c,m> (p)akl... knzlk1 ann yTE P -
[Ik[=0
kommo3umusa Anamapa psnga (1) u psaga
To(@ = D TS (P)z...z," ,peP.
[I[z0

C moMoIpo TeopeMbl YI00HO KOHCTPYHPOBAaTh MHO-
TOMEpHBIE MaTPUYHBIE METOABI 1O ogHOMepHBIM. K co-
JKAJIEHUIO, CYMMHPOBAaTh TaKUE€ METOJBI MOTYT KpaTHBIE
CTCTICHHBIC PSAJBI B CIHPAIBHBIX 3BE37aX TOJBKO C KOTe-
PEHTHOM MHMMOM 4aCTBIO, T. €. TIPH O =...= 0, = O .
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OcHoBHbIE J0Ka3aTeabcTBa. Teopema B mo3Bosser
BOCCTAaHABJIMBATh (DYHKIHMIO II0 €€ 3HAa4eHHsSM Ha J10CTa-
TOYHO «TOHKHX» U Ja)xe IUCKPETHBIX MHOXECTBaX BO
BCel cnmpanbHOM 3Be3ne Mutrar-Jledduepa. s noka-
3aTeNbCTBA TEOpEeMBI 1 HaMm moTpedyercs JieMMa.

Jdemma. Tlyers x€QL, fe AU,), G}x’a) - ee
(X, .0y X5 O, ...,0L)- cllpabHad 3Be3na Muttar-Jleddue-
pa u MHOromepHsIii MeTont T}, TOCTPOEH MO OJHOMEp-
HoMy Metonty 7, u3 kinacca S 1o ¢opmyie (6). Toraa Bcro-
Iy B G}x’a) crnpaBeyiuBa Gopmyia

f(z, ...z,)
[ FOT o)

Fl“

dg

>

S

= lim 1 ®)
p—po (27i)"

(x,a)
z e Gf .

(x,2)
®opmyna crnpaBemIMBa A BCEX TOYEK B Gf

(X, vy X5 O, ..., O, )- 3BE37E f- 30€CH O =...=0, = .
3ameuanue 4. JleMma TIOKa3bIBaeT, 9TO (HYHKIIHIO
MOXXHO BOCCTaHOBUTH B CIHpPAJbHOW 3BE3/ie MO 3HAue-
HUSM Ha OCTOBE Moymancka. Eciu Ob1 MOKHO OBLIO TIepe-
CTaBUTh MECTaMU TIpelie]l U UHTErPaj, TO MbI MOIYYHIN
ObI HHTErpaNIbHOE NpecTaBieHne Koy 1uist momuaucka.
Hoxazamenvcmeo nemmot. [ BHyTPEHHOCTU TMOJH-

JHUCKa Ur (1)OpMyJ'Ia JAO0Ka3bIBACTCA MMPOCTBIM PAa3JIOKCHU-

€M B PSABI MOJBIHTErPABHBIX (DYHKIMH C OCIIETYFOIIM
X TIEPEMHOXCHHEM M TOYICHHBIM HHTETPUPOBAHUEM.
Jist Todek, mpuHamnexamux (X, ...,x,; o, ...,0) -3B€37¢ f,
cleqyeT BOCHONb30BaThCs TeopeMoil B u3 cratem [15]
0 CyMMHPOBAaHMH MAaTPUYHBIMH METOAAMH B CHHMPAJIHHO-
KOTEpEHTHOH 00J1acTH.

PaccmoTrpum mHTErpan B mpaBoi yactu Gopmydsl (8)
U Pa3I0XKMUM HOABIHTETPATBHOE BBIPAKCHNE B CTCIICHHBIC
PpsLIBL:

1 z )dg
—— | O T upy| = |— =
(27'Cl)n1:[ (x;a,p)
= 1. n I Z aklmankl"-
2ni)" g, k=0
K k, :
z z dg
"'anﬂ C kn(p) o — -
W«\%o 1 51 Sn/) S

B noapiHTErpasbHOM BBIPAKEHUM TEPBBIA psili CXO-
JIITCsT aDCOJIFOTHO, & BTOPOI MPENCTABIIET eIy (GyHK-
IIUI0, TIOATOMY HX IMOYWIEHHOE MPOM3BEACHUE NPE/ICTaB-
JISICT CTETICHHOMN PsiMI, CXOISIIUICS PaBHOMEPHO U abco-
JIIOTHO TO NEPEMEHHBIM G Ha OCTOBE MOJUJAUCKA MpU

npou3BobHOM z € C” . CiieoBarebHo, psi, MOJTy4eH-
HBI IPOU3BEICHHEM YKa3aHHBIX PSANOB, MOXHO IOWICH-
HO TPOMHTETPUPOBATh IO OCTOBY MOJHIUCKA. Bocmoib-
3yeMcsl U3BeCTHOHU (opMyioit

1 J< Lk, k)= (=1, 1),
@ni)" ¢ 0, (kyy k) # (=1, ..., —1).

k

b ndg=

noocee

)

WuTerpupys, moryqnM mpaByro 9acts Gopmyisl (7):

ki
T*f(D)= Y a(@Paz = ¢  Pay 4 7'z
[I[I=0 [I&[I=0
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B cuny dopmynst (7) Teopemsr B
- i (x,a)
f(z)=lim T, * f(2), Vze G;"™.
P—>Po

Jlemma nokasana.

Joxa3zarenbcTBo Teopembl 1. Crenys iemme, npen-
craBuM (yHKIH0 f{z) mo dopmyne (8), 34eCh MOTUAUCK
I', KOMIIaKTHO JISKUT BHYTPH €IMHUYHOTO IIOJMIHCKA.

ITo3TOMY MOABIHTErPANBHYIO (HDYHKIHIO MOXKHO 3aMEHHUTH
o ¢opmyiie (2) U3 Teopembl A:

Zy, ey z,) = lim X
/& ) p—po (27i)"
(") d
x| lim — ivf vy (x:0.p) Q
k%w 20,25 (A-6,hY)...(-C,67) G S

Tak kak cymMMa IpH KaXIOM V KOHEYHa, IOJIBIHTE-
rpaJIbHOE BBIPR)KEHHE HENPEPHIBHO 3aBHUCHUT OT V, UHTE-
rpajl CXOANUTCS PAaBHOMEPHO M aOCOJIIOTHO, a TaKKe Iie-
PEMEHHbIC MHTETPHPOBAHMS HE 3aBHCAT OT IPEACIBHOTO
nepexo/a Mpy MPOM3BOIBHOM Z W3 HEKOTOPOT'O KOMITaK-
Ta, TO MOXKHO 3HAaK TIpeJesia ¥ CyMMBl BBIHECTH 32 3HAK
UHTETpaa:

z, . = 11m hm— b
S 2= e om &, <2 iy
XI iv 1 iv TEVO‘P)[ jdg
r, (A-C,b")..(A=-C,b,) ¢/ 6

B MOABIHTEIPAJIBHOM BBIPAKCHUU HepBLIﬁ COMHOXHU-
TE€JIb MOXHO PA3JIOKUTH IO CTCIICHAM G, U HOJ'Iy‘IeHHHf/'I

CTETICHHON psix OyIeT CXOMUTHCS aOCOJIOTHO M PaBHO-
MEPHO Ha OCcToBe nonuaucka I', . Bropol coMHOXuTEND

MIPEACTAaBASET LENyl0 (YyHKOMIO HO MEPEeMEHHBIM G

Ha OCTOBE 3TOrO MOJUIMCKA NP NPOU3BOJILHOM z € C”

[TounenHoe Mpou3BeeHNE ITHX ABYX PAIOB MPEICTABIA-
€T CTETICHHOM PsIJI, CXOISALTNICS PaBHOMEPHO U abCOIIOT-
HO TIO TIEPEMEHHBIM G Ha OCTOBE IOJIMANCKA TP MPOU3-

BOJLHOM z € C". OmHaKo CleyeT 3aMeTHTh, 4TO MO-

JIBIHTETpaJbHOE BBIpakeHHE OyneT paBHOMEPHO OTpaHU-

(x,0)

YEHO JIUIIb MPU Z € G . CnenoBarenbHO, psf, MOJY-

YCHHBII MPOM3BEICHUEM YKA3aHHBIX PSIIOB, MOXHO
HNOYWICHHO MNPOWHTErPHUPOBaTh IO OCTOBY IOJHIMCKA.
Bocnone3yemcst popmyioit (9). Ilociae uHTErpUpOBaHUs
s z € U, mpaBas 4acTb, O4EBHJHO, OYAET CTPEMUTbCS

K f(z).B cuny Teopemsl B, s Beex z € Gfﬁ"“) npasast

YyacTh OyleT paBHOMEPHO OrpaHHYeHa IPH IHPOU3BOJIb-
HBIX p U A. Onmpasce Ha TeopeMy MoHTens (IPUHIMIT
KOMITAaKTHOCTH aHAJTMTUYECKUX (PYHKINH), ITOIYyIUM

f(zl, v Zy) =
Pli)rgo }}lj)l;lo_ Z f(blv) xa,p)(zl livy eeey nb;;v)y
ze G}x’“).

Teopema 1 gokaszana.
3akmouenne. C nomomnrpio hopmyist (3) u3 Teopemsr |
MOKHO BOCCTAHABJIUBAThH TOJOMOPQHYIO0 (QYHKIHIO BHYT-
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pu cimpanbHO 3Be3nbl Muttar-Jledduepa, 3Has ee 3Ha-
YEHHs Ha CUETHOM MHOXKECTBE €IMHCTBEHHOCTH, PacIo-
JIO)KEHHOM Ha OCTOBE €JMHMYHOrO monuaucka. Crenct-
BUE | MO3BOJIAET MEPEHTH K TIOJUANCKY C MPOU3BOJIBHbI-
MH paIyCcaMH.
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HNEPCHEKTUBHBIE YHU®UIIUPOBAHHBIE IIJIAT®OPMbI MAJIOT'O KJIACCA
n. n. 3I/IMI/IH*, M. B. Banos, A.B. SIxoBiieB

AO «MHpopManOHHBIE CIYTHIUKOBEIE CHCTEMBD» HMEHH akagemuka M. @. PermetHeBay
Poccuiickas ®enepanus, 662972, r. XKenesnoropck KpacHosipckoro kpas, yi. Jlenuna, 52
*. . . . . .
E-mail: i.zimin@iss-reshetnev.ru

Paccmompenvr pezynomamul paspabomku nepcheKmusHvlX nAAmM@Gopm Manoeo Kiacca, d makyice manvie Kocmuye-
ckue annapamvi (MKA), coz0asaemvie na ux daze. Llenvio pabomul agniemcs cozoanue cepuu yYHUGUYUPOSAHHBIX
naam@opm, 8 NOAHOU Mepe OMEeUarux MUpPOGbIM MEeHOCHYUAM PA38UMUa KOCMUYECKOU MEXHUKU U CO8PEeMEHHbIM
mexHuyeckumM mpebosanusm. YHupuyuposannvie niamgopmvl npedHaznaienvl 0 0aibHelimel YCMaHosKu U adan-
mayuy Ha HUX NONE3HOT HaspY3KU U 0becneyeHus eé 6cemu YC1o8UAMU O WMAMHO20 PYHKYUOHUPOBAHUS U GbINOIHE-
Hus nocmaenennvix neped MKA 3aoau. Ilpoexmuposanue MKA na 6aze nepcneKkmusHwvlX YHUDUYUPOSAHHBIX NAAM-
dopm, obnadarowux onpedenréHHol CmeneHbl0 YHUBEPCANbHOCMU, 8 COCMA8 KOMOPbIX 8X00Um HeusMeHHas 6az08as
KOHCMPYKyus. u ompabomanuas annapamypa 00pmoswlx obecneuusaoujux cucmem, 6e0em K COKpAueHur0 epemeHi
Paspabomyu U CHUMNCEHUIO CIOUMOCIu u320mosnenus u 3anycka MKA.

Cepus 6azosvix yHuguyuposantnvlx niamgopm pazpabameisaemes AO « MCCy» cosmecmuo ¢ OO0 «HIIL] « MKA»
u sxmouaem 6 cebsi mpu yHuguyuposantvie niamgopmer: HT-50, HT-100 u HT-400. Kascoas uz niamgopm cemeli-
cmea HT omnuuaemcs 6b1cOKUMU MEXHUYECKUMU XAPAKMEPUCMUKAMU U HOBBIMU KOHCHPYKMUBHO-KOMNOHOBOUHBIMU
pewenuamu. Cepusi nepcneKmMusHbIX He2epMEeMUIHbIX NIAM@OpM npedHasHavena 0ns coO30anus Ha ux baze HOBeuuux
MKA pasnuunozo yenesoco nasmavenus, makux xax MKA ceasu, /]33, HayuHo-sKcnepumeHmanvHuvle u mexHoaio2uye-
ckue MKA. Bopmoeguie cucmemsl niamgopm nocmpoensl Ha npubopax u obopyodosanuu, npouzsedennvix 8 Poccuiickoii
Deoepayuu. MKA na 6ase nnameopm cemeiicmea HT cmozym 8b18600umuvcst Ha HUZKYIO KPYy2o8yio opoumy QyHKYuoHu-
POBAHUA KAK OOUHOYHBIM 3aNYCKOM (8 MOM Yucie u NONYMHbIM), MAK U SPYNNOGbIM 3aNyCKOM 6 cocmaee OnoKa
u3 neckonvkux MKA.

Kiouesvie cnosa: manviit kocmuyeckuti annapam, MKA, kocmuueckas niamgopma, niamegpopma.

Vestnik SibGAU
Vol. 17, No. 1, P. 118-124

ADVANCED UNIFIED MICRO SERIES PLATFORMS
L. 1. Zimin", M. V. Valov, A. V. Yakovlev

JSC “Information satellite systems” named after academician M. F. Reshetnev”
52, Lenin Str., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation
E-mail: i.zimin@jiss-reshetnev.ru

The paper presents the results of designing the advanced micro series space platforms and the small satellites
created on their basis. The objective of this scientific work is creation of the series unified space platforms, which will
Sfully comply with the world trends of space technology progress and the current technical requirements. The unified
platforms are intended to subsequent payload mounting and adaptation on them and providing all conditions for the
payload required for operation and performance of the small satellite objectives. The small satellites designing based
on advanced unified platforms featuring the certain versatility, which includes the permanent-type basic design and the
proven equipment of on-board subsystems, results in reducing development time and cost of manufacturing and launch
of the small satellite.

Series of basic unified space platforms is developed in JSC “Information satellite systems” named after
academician M. F. Reshetnev” in common with R&P Small Satellites Center LLC and includes three unified platforms
— NT-50, NT-100 and NT-400. Each platform from NT series features the high technical performances and the new
engineering solutions. Series of advanced unpressurized space platforms is intended to creation of the new small
satellites for different purposes on their basis, such as communication small satellites, the Earth remote sensing small
satellites, research and development and technological small satellites. Space platform on-board subsystems are based
on devices and equipment manufactured in the Russian Federation. The small satellites based on platforms from NT
series could be launched into low circular operational orbit by single launch (including concurrent launch), as well as
by tandem launch as part of several small satellites unit.

Keywords: small satellite, spacecraft, space platform.
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Beenenune. B Hactosmee BpeMsi KOCMHYECKHE TEXHO-
JIOTHX HaxoIsIT Bce Ooliee MMPOKOE MIPUMEHEHHE BO BCEX
00JIaCTSIX YeIOBEUECKOM AeATeIbHOCTH. PacTymme moTpes-
HOCTH B HCIIOJIb30BaHAHA KOCMHYECKOH TEXHHKH B pas-
JUYHBIX cdepax TpeOyroT co3maHUs Bce Ooliee coBep-
MEeHHBIX KocMmuueckuxX ammapatoB (KA), cmocoOHBIX
pemaTh BCEBO3MOXKHBIE 3a/1a4H.

Oco0eHHO aKTyaJlbHBIM B TIOCTIETHEE BPEMS CTalo CO3-
JlaHWe MaJIbIX KocMuueckux anmapatoB (MKA), ato cBsizaH-
HO ¢ psgoM npeumytectB MKA nepen 6onbimvu KA.

C ToukM 3peHusi pa3pabOTKH, CO3JaHMS W 3aIycKa
CIIyTHHKa MaJiasi Macca 00eCIeunBaeT psijl NPEHMYIIECTB
SKOHOMHYECKOTO XapakTepa.

OnHUM W3 3THX NPEUMYIIECTB SIBISETCS PEHTAOENb-
HBII 3aryck. BeIBos ciyTHHKA Ha opOUTy TpeOyeT 3HauH-
TEJNBHOW YacTH CPENCTB OT OOIIeH CTOMMOCTH IIPOEKTA.
Lena paccunThIBaeTCs, HCXOS U3 BHICOTH OPOUTEHI, Beca
CIIyTHHKA, CTOUMOCTH PaKETBI-HOCUTENS (3TOT mapameTp
3aBHCHUT HE TOJIBKO OT KJlacca — TsDKEJbIe, CPEJHHE U JIeT-
ke PH, HO 1 OT CTpaHBI-U3rOTOBUTEIIA).

BriBog ammapaToB Masioif Macchl OCYHIECTBISIETCS
Ha HU3KHE OpPOMTHI C IOMOIIBIO OoJiee JIEIIEeBbIX CPEICTB
JIETKOTO WJIM CPEIHETO KJacca, B TOM YHCIE POCCHHCKUX
KOHBEPCHOHHBIX PaKeT, MPeIHA3HAYCHHBIX JUTS YTIIH3a-
LMK IyTEeM 3alycKa ¢ 1mosie3Hoi Harpyskoil. Kpome Toro,
YacTO Majble CIIyTHHKH 3aIlyCKaroTCS HE MOOJWHOYKE,
a IeNoi TpyImoi B cocTaBe OJ0Ka u3 HECKOTbKIX MKA,
YTO yIeHeBIIeT ceOECTOMMOCTh 3aIlycKa OIHOTO aria-
pata. Takke BO3MOYKEH «IOMYTHBIM 3allyCcK» B KayecTBE
COITyTCTBYIOLICH HArPy3KH K OOJBIIOMY CITyTHHUKY.

Eme ogaum npeumymiectBom MKA niepes 601bpmmMu
KA sBnstorcs cxaTsle cpoku cozganud (1-3 roga BMecTo
5-10 net). CokpallleHHE TPOU3BOJACTBEHHOTO IMKJIA CBsI-
3aHO C Y3KOH cnenuanu3anueil CmyTHUKA, UCIOIb30BaHU-
€M CEpHUHBIX KOMIIOHCHTOB, YHH(DHIIMPOBAHHBIX IIIAT-
($opM, TPaUIIMOHHBIX KOHCTPYKTOPCKUX U TEXHOJIOTHYE-
CKMX TpeOoBaHMII K pa3paboTKe, CO3IAaHUIO, 3aIlyCKy
1 skcroryaramun. CaTble CPOKH CO3JaHHS CIHOCOOCTBYIOT
CKOpeiileMy BO3BpaTy HHBECTULIUM.

Eme onnum mmocom MKA sBnsercs 1ieHoBas Npu-
BJIEKaTeNbHOCTh. [Iporiecc co3maHus Majoro CIIyTHHKA,
IPEIHA3HAYCHHOTO UISI PEIIeHHs] CEephe3HBIX NPHKIAL-
HBIX 3aja4, Takux Kak J[33, Henmb3s Ha3BaTh JEIIEBBIM,
B JIaHHOM CJIy4ae B Ha3BaHMU KOHLIEIIUH YMECTHO 3aMe-
HUTh TEPMHUH <«JICHIEBLII» Ha «Henoporoiy». Tem He MeHee,
LICHa aHAJOTMYHOTO OOJBIIOr0 CITyTHHKA OKAa3bIBACTCS
B pasbl Ooutklire.

B HacTosmiee BpeMst TpeHA pa3BUTHSA OOJBIINX CITYT-
HUKOB HJET IO MyTH pean3aliii MaKCUMaJIbHBIX Xapak-
TEPUCTHK TI0 OCHOBHEIM ITOTPEOUTEIIHCKAM IapamMeTpam
omHoBpemeHHO. [lms maneix KA paspabotumkmé He cTpe-
MSTCSI peajiN30BaTh NpeAeibHbIC XapaKTEPUCTHKH Cpa3y
10 BCEM HAIIpaBJICHUSIM, a COCPEIOTOYMBAIOTCS HA OJTHOM
WM HECKOJBKHUX W3 ATUX IapaMeTpoB, peam3ys KoMMep-
YeCKH IpHBJIEeKaTeNbHbIN i otpedureneit MKA [1; 2].

Jnst co3maHMsi COBPEMEHHBIX MaJlbIX KOCMHYECKHX
annapaToB Pa3IMYHOTO IIEJIEBOT0 HAa3HAYEHUS B JIOCTa-
TOYHO CXKaTbleé CPOKH LeNecooOpa3sHo HCHONb30BaTh
yHHUHUIMpoBaHHBIE KocMuueckue miatgopmsl (YKII).

IIpoexTupoBanue cryTHUKa ¢ ucnoiab3oBanuem YKII,
oOnagaromeii onpenenéHHON CTENECHBI0 YHUBEPCAIBHO-
CTH, B COCTaB KOTOPOW BXOJUT HEM3MEHHas 06a30Basi KOH-
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CTPYKIVSI U OTpabOTaHHAs ammaparypa OOpToBBIX obec-
MEYMBAIONINX CHUCTEM, BEJCT K COKPAMICHUIO BPEMCHH
Pa3paboTKA M CHIDKEHHIO CTOMMOCTH M3TOTOBJICHHSI 1 3aITyC-
ka MKA.

VKII npennaznadena ais JalbHEMIIEH YCTaHOBKHU
Y ajanTanuu Ha Heil none3noi Harpysku (ITH) u oGecme-
YeHUsI €€ BCEMHU YCIIOBHSMH JUIS IITATHOTO (DyHKIUOHH-
pOBaHHMS W BBITIOJHEHHWS TOCTaBiIeHHBIX mepen MKA
3aaa4 [3-9].

CeMeHCTBO MEePCIeKTUBHBIX KOCMHUCCKUX IIaT(hopM
HErepMETUYHOT0 KOHCTPYKTHBHOTO HCIIOJHEHHS oOecrie-
YUT CO3JIaHME Ha WX 0a3e MaJbIX KOCMHYECKUX arapa-
TOB Pa3UYHOTO IIEJICBOTO HA3HAYCHHS CO CTapTOBOI
Mmaccoit ot 40 xr (Ha 6a3e mrardopmer HT-50) no 400 kr
(ma O6aze mrardpopmsel HT-400). BoproBble CcHCTEMBI
w1athopM TOCTPOCHBI Ha MpHOOpax W 00OPYIOBaHUM,
npousBeneHHbIX B Poccuiickoit denepanuu.

Cewmeiicto miardopm HT paspabateiBactess AO «CC»
B koomepammmu ¢ OOO «HII] «MKA - Cubl'AVY»
U BKJIIOYAET B ce0sl TP BUa KOCMHYECKUX IUIATPOPM —
HT-50, HT-100 nu HT-400.

Kaxnas n3 BbllIENepeYHCIEHHBIX MIaT(GOPM MOIXO0-
JAT JUTA co3anust Ha ee 6aze MKA pa3mu4HOro meineBoro
HasHadyeHus. Jlasee paccCMOTPUM NOAPOOHO KaXKIyIo
wratgopmy u3 cemeiictea HT, a Takke HepCHCKTHBHEIC
MKA Ha ux Ga3ze.

Kocmuueckasi nnargopma HT-50. Yaudumuposan-
Hasi KOCMHYECKas IuiaT¢popMa HErepMETHYHOTO KOHCT-
pyktuBHoro ucronHerus HT-50 ciyxuT mns co3maHus
Ha ee 6aze MKA co craptoBoii Maccoit ot 40 mo 80 kr.
Jaunas matdopma moaxomut s cozaanuss MKA HaydHo-
OKCIIEPUMEHTAIBHOTO U TEXHOJOTMYECKOro Ha3HAYeHHS.
[Tnatdopma nmeer B cBoeM cocraBe IpyOyI0 TPEXOCHYIO
cucreMy opueHrtanuu u crabmwmmanuu (COC) Ha 06a3e
MarHUTOMETpa W TPeX 3SJICKTPOMATHUTHBIX YCTPOHCTB,
CHocoOHyI0 o0ecrieunBaTh TOYHOCTh OPUEHTAUH T10 Ka-
XKpoi n3 oceit £10°. Mcmonp3oBaHHe TaKOTO IMOCTPOSHUS
COC 3HaYUTETHPHO YMEHBIIAET CTOMMOCTH IUTAT(QOPMEL.
Kocmmueckast mnardopma HT-50 moaxomur muis mpoBe-
JIEHUS HAYYHBIX DKCIIEPHUMEHTOB, OTPaOOTKH HOBEHIIEH
anmapaTypbl, KBaTU(HUKAIIMKA MIEPCIEKTUBHBIX MPHOOPOB,
a Takxke JyIs oOpazoBarenbHBIX meneit [10—12].

Kpome Toro, mpocTora mocTpoeHHs, Majblii Bec
U CKaTble CPOKHM CO3aHHs IUIaTGOPMBI JENaloT ee MpH-
BJICKATEIbHON [UIS HEOONBIINX YaCTHBIX OpTaHU3aINiA
1 00pa30BaTEIbHBIX YUPEIKICHHH.

OCHOBHBIC TEXHHYECCKHE XaPaKTEPUCTHKH ILIATPOp-
Mmer HT-50 nokasassr B Tabm. 1.

B nacrosmee Bpems Ha 0aze matdopmel HT-50 cos-
JlaeTcsl Majblii KocMuueckuil anmapar. B 3amaun MKA
OyzeT BXOJIUTh MPOBEAEHUE Psijia dKCIIEPUMEHTOB, 00ec-
MeYCHUE JICTHON KBaM(UKAIMK 1aTHOPMBI U OTPabOT-
Ka MepCHeKTUBHBIX IpubopoB. 3amyck MKA 3amranupo-
BaH B 2017 .

Buemnuii Bupn miargopmer HT-50 nokasan Ha puc. 1.

Kocmnueckass miargopma HT-100. Kocmuueckas
wiatgopma HT-100 npennasHadeHa Juist coO3qaHus Ha ee
0aze MKA wmaccoit or 130 mo 220 kr. B mannoil miat-
(hopMe IpUMEHEHa aKTHBHAS TPEXOCHAs CHCTEMa OpHEH-
TaIu ¥ CTaOWIM3alni, OCHOBHOM KOHTYpP KOTOpPOH TO-
CTpoeH Ha 0a3e 3BE3NHBIX JATYMKOB W YIPABIIAIOIINX
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JBUTaTeNIeii-MaxoBUKOB. Takoe TEXHHYECKOE peIIeHHe
MO3BOJIIET ~ HMCHOJIB30BaTh ~ KOCMHYECKHE  alllapaThl
Ha Oaze mmatdopmer HT-100 mst permenus 3amad BEICO-
KOTOYHOH CBEMKH IOBEPXHOCTH 3€MIIM B Pa3INYHBIX

ONTUYECKHUX W PaTUOMana3oHax, a TaKXkKe MPOU3BOIUTH,
B CIlydyac HEOOXOTUMOCTH, TEPCHAICIIMBAHIE CITyTHHKA
JUIsl ChEMKH OOBEKTOB, HE OXBAThIBAEMbIX MOJICIYTHUKO-
BOI1 mToocoit 0630pa [13-14].

Tabnuya 1
OcHOBHBIC TeXHHYeCKHe XapaKkTepucTuku miatgopmer HT-50
XapakTepHcTHKa 3HayeHue
Macca mnathopmsl, KT 30
Macca, BeliensieMast 4715 OJI€3HOH Harpy3Kku, Kr o 50
IIukoBas MOIIHOCTE, BT 90
CpenHeBUTKOBAs MOIIIHOCTB, BT 30
KoHCTpyKTHBHOE HCIIONHEHUE Herepmernunoe

CucrteMa OpUeHTAINH U CTaOMIN3aIiN:
THUI OPHEHTALHN

TpeXOCHaSI aKTHBHas

TOYHOCTh OPUEHTAIIUH TI0 TPEM OCSIM, TP +10
Cucrema 3JIeKTpOITUTaHHS:

HarnpspDKeHHe MUTaHus 00pTOBOH anmapatypsl, B 27,0+£0,5
BopTtoBble paxuonHum:

KUC, x6ut/c 2,5

CPJI (S-band), xk6ut/c 2x32
CAC KA =a 6a3e mnatopmsl, JeT 1-3

CpencTsa BBIBEICHUS

BriBenenne na mobom tune PH, B Tom
YHCJIe ¥ TOIyTHON Harpy3Kkon

Puc. 1. Kocmuueckas miarpopma HT-50
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B cocras mnargopmsl Bxogur CTP Ha 6asze TemIoBbIX
Tpy0® M 3mekTpooborpesareneii, KOTOpas MpeaHa3HayeHa
JUTS TIOJ/IepKaHUs B TpeOyeMBIX Anana3oHax TeMIIepaTy-
PBI PACIIONOKEHHBIX B MPHOOPHBIX OTCEKaxX OJIOKOB CITy-
KeOHOW W IIeNleBoi OOPTOBOW ammmaparypsl, a TaKkKe It
o0ecreueHnsl TEIUIOBOTO PEXUMa pAna NpUOOpOB, ycCT-
POMCTB U 3JIEMEHTOB KOHCTPYKIIUH, PACIIOIOKECHHBIX BHE
IPUOOPHBIX OTCEKOB, Ha BCEX dTanax (yHKIHOHUPOBAHMUSL

B cocraB cucremsl anekrponuranus (COII) Bxomst
apceHuJ-ranueBsle  (oTonpeoOpa3oBaTeny,  JIUTHH-
WOHHas aKkKyMmyqsiTopHas Oatapes (AB) m aBTOMarmka
COIl. Cucrema 3neKTponuTaHus OOecIieuMBaeT HEIpe-

pbIBHOE muTaHue OoproBoii ammapatypsl MKA Ha Oase
IATGOPMBI ITOCTOSHHBIM TOKOM Ha BCEX JTamax (yHK-
IMOHUPOBAHUS.

Taxoke rmaTgopma UMEET B CBOEM COCTaBE CHCTEMY
KOppeKIuH Ha 0a3e TePMOKATAIUTHYECKON ABUTATEIHHOMN
YCTaHOBKH, 4TO mo3BoJjsier obecneunts CAC anmapaTtoB
Ha 0Oa3ze m1aTopMbl HE MEHee 5 JIeT Ha HU3KOW KPyroBoi
op6uTte BrICOTOM 450 KM.

OCHOBHBIE TEXHHYECKHE XapaKTEpPUCTHKH Iutatdop-
MBI TI0Ka3aHbl B Ta0I. 2.

Buemnuii Bun tatdopmsr HT-100 B craproBom
1 paboYeM IOJIOKEHUH MTOKa3aH Ha pHcC. 2.

Tabruya 2
OcHOBHbIe TeXHUYECKHe XapaKkTepucTuku miatgopmer HT-100
XapakTepucTHKa 3HayeHne
Macca mnatopmsl, KT 120
Macca, BbliensieMas Ui IOJIC3HOM Harpy3Ku, KT 100
[1ukoBasi MOUTHOCTb, BbIIEIIsIeMas JUIs [OJIE3HOM HAarpy3ku, BT 120
KoHCTpyKTHBHOE HCIIONHEHUE HerepmeTtnunoe

CucrteMa OpUeHTANH U CTaOMIN3aIiN:
THUI OPHEHTALHN
TOYHOCTH OPUEHTALIUH, Tpas;

TpexocHas akTUBHas

— KpeH +0,08

— TaHTaX +0,08

— pBICKaHUe +0,08

TOYHOCTb CTaOMJIN3ALMHU C IOTPELIHOCTHIO 10 KXKA0U U3 Oceid, rpaj/c

0,0004

CucreMa 3JeKTPOIHTAHHS: 27+0,5
HanpspKeHHe NUTaHus OOpTOBOM ammapaTypsl, B
Cucrema KOppeKIun
Tun Y TepmoxkaTanuTHueckas
THII TOIUIMBA I'mppazun
Macca TOIUTHBa 8 kr
boptoBele paguonHuu:
KOMaHHas 10 M6wur/c
eneBas 2x120 Mbut/c
CAC KA =a 6a3e mnatopMsl, JeT 5

CpenctBa BbIBeICHUS

PKH «Crapr-1»,
PH «Coro03-2 1B»,
PH «Amnrapa-1.2»

Puc. 2. Kocmugeckast mmatgopma HT-100
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Kocvuueckas naardopma HT-400. Yaudumupo-
BaHHas Kocmuueckas matpopma HT-400 cosmaercs
C IETbI0 TIOCTPOCHUS Ha ee 0a3e MajbIX KOCMHUYECKHX
ammapatoB Maccoit 1o 400 Kr, cITOCOOHBIX pemaTh MUpo-
KHH CIIEKTp 3a]ay:
obecrieueHne pa3IndHbIX BUIOB CBSI3H;
HaOJIOIeHNEe TIOBEPXHOCTH 3eMiIH, cOOp JaHHBIX
0 KOCMHUYECKOM IIPOCTPAHCTBE;

MPOBE/ICHNE HAYYHBIX U 3KCIIEPHMEHTAIBHBIX Pa0oT;
BBINIOJIHEHHE BCEBO3MOMKHBIX 3a/ad B MHTEpecax
MuHucTepcTBa 000POHBI.

B ocHOBY pa3paboTKy 1m1aThopMbl MOJT0XKEH TPUHIIHAT
MaKCHMaJIHOHM MPEeeMCTBEHHOCTH ¢ Oojiee paHHUMH pas-
pabotkamu miarpopm AO «MCC» B yacTH KMCHOJIB30Ba-
HUSI IPUOOPOB M KOHCTPYKTHUBHBIX PEIICHHH.

Boproseie cucrems! miatdopmsel HT-400 moctpoeHs
Ha mpubopax M 00OpyHOBaHWM, NPOU3BEAECHHBIX B Poc-
cuiickoit @enepammu. [Inmardopma obecrieunBaeT co3na-
HHE KOCMHMYECKHUX amlIapaToB CO CTapTOBOM Maccoi
1o 400 kT, Ipy 3TOM Macca MOJIEe3HOH Harpy3KH COCTaB-
et He meHee 50 % orT oOmeli Macchl CIyTHHKA, YTO
MIOJTHOCTBIO COOTBETCTBYET MUPOBBIM aHAJIOTaM.

B mnatdopme mpuMeHeHa aKTHBHAs TPEXOCHAs CHUC-
TEeMa OpPHEHTALMH W CTa0WIM3allK, OCHOBHOH KOHTYP
KOTOPOH IOCTpOeH Ha 0a3e 3BE3JHBIX AATYMKOB M YIpaB-
JISIIOIUX JIBUTATeNel-MaxoBUKOB. Takoe TeXHHYECKOe
pelIeHne MOo3BOJISIET UCIONb30BaTh KOCMHYECKHE arapa-
Thl Ha Oaze mardopmel HT-400 nns perieHus 3a1ad BbI-
COKOTOYHOH CHEMKH ITOBEPXHOCTH 3EMIIH, a TaKKe Ipo-
M3BOJUTH, B CIydac HEOOXOIMMOCTH, IEpPEHAICIHBAHNE
CIIyTHHKA AJSI CbEMKH OOBEKTOB, HE OXBATBIBAEMBIX HOA-
CIIyTHHKOBOH ITOJI0CO# 0030pa.

Kpbuibst conmHeuHBIX Oarapeil MMEIT BO3MOXKHOCTh
H3MEHATh YTOJl OTHOCHTENIBHO KOpITyca IIaT(OPMBL, 4TO

TI03BOJISIET UCIIONIB30BaTh IUIaThopMy Uil cozmanust KA,
paboTaronMx Ha HHM3KHX KPYTOBBIX OpOHMTax ¢ JIHOOBIM
HAKIIOHCHUEM.

Tarkxe uratopmMa UMEET B CBOEM COCTAaBE CHCTEMY
KOPPEeKIIH Ha 06a3e TepMOKATaTUTUICCKOI TBUTATEIHHOM
YCTaHOBKH, 4TO Mo3BossieT obecnieunth CAC ammapaToB
Ha 0Oa3e mIaTGOopMbI HE MEHee 5 JIeT.

Jlns oGecniedeHus: OMEepaTUBHOCTH JTOCTaBKU HHGOP-
Maldd Ha Ha3eMHbIE KOMIUIEKCHl ITpHeMa IuiaTtdopma
HT-400 umeer B CBOeM COCTaBEe MEXCIYTHUKOBYIO
nuHuto cBs3u ¢ KA-petpancnaropom tumna «JIywa».

OCHOBHbBIE TEXHHYECKHE XapaKTEPHCTHKH ILIaTHOp-
MBI TTOKa3aHbl B Tabm. 3 [15].

[Tnatdopma obecrieunBaeT BO3SMOXKHOCTH OJIMHOYHOTO
u rpynmoBoro BeiBeeHHs MKA Ha HH3KHE OpOWTHI
Ha pa3nnuHblx TUnax PH nerkoro, cpenHero u TAKenoro
KJIaCCOB.

Kocmuueckast riargpopma HT-400 mo3BoawT B Makcu-
MallbHO C)XKaThle CPOKH MPH OTHOCHTENILHO HEOOJBIION
CTOMMOCTH co3fiaBaTh MKA pa3nuyHOro IeaeBoro Ha-
3HAYCHHMS:

MKA cBsi3u;

MKA B unTepecax MuHuCTEpCTBa 0OOPOHBL;
MKA JI33 B mHTepecax pa3iIM4HBIX 3aKa3uHMKOB
(Takux Kak MHHHCTEPCTBa M BeigoMmMcTBa P®, ncrmosHu-
TENBbHBIC OPTaHbBI BIACTH B pernoHax P®, ympasisromue
CTPYKTYPHl U CYOBEKTHl 3KOHOMHYECKOH NeATeIFHOCTH,
perHOHANBHBIE MEHTPHl KOCMUYECKUX YCIyT U HH(pOpMa-
UOHHO-aHAJUTUYECKUE LIEHTPHI, MPEIIPUATHS TOPHOJIO-
OBIBAOIIEH MPOMBIIIUIEHHOCTH, CEIBCKOTO, JIECHOTO U PBIO-
HBIX XO3SICTB U T. II.).

Buemnuii Bupg miatgopmser HT-400 B paboyem mosto-
>KEHUU TI0Ka3aH Ha puc. 3.

Tabnuya 3
OcHOBHBIC TeXHUYECKHE XapaKkTepucTukU miaTtdopmbr HT-400

XapakTepucTHKa 3HaucHUe
Macca mnathopmsl, KT 170
Macca, BelensiemMas 715 [0JIe3HOM Harpy3Ku, KT Jlo 230
[IukoBast MOUTHOCTB, BbIACIISIEMast IS [TOJIE3HON Harpy3ku, BT Jlo 385
CobcTBeHHOE CpeTHeBUTKOBOE dHepronoTpednenue Ab mardopmsel, Br 150
KoHCTpyKTHBHOE MICIIOTHEHUE Herepmernunoe
CucTeMa OpHEHTALMU U CTaOWITH3aIuH:
THUII OPUEHTAuI TpexocHas akTHBHas
TOYHOCTH OPHEHTALIUH 10 TPEM OCSM, TPajg 0,05
TOYHOCTH CTaOWIIH3AINH, TPaJI/C:
— TI0 TaHTaXXy ¥ KpeHy 0,0005
— II0 Pa3BOPOTY He 6onee 0,01
CKOPOCTh MepeHAIICIMBaHUS TIATHOPMBI, rpaj/c 2
Cuctema 3JIeKTpONUTaHUA:
HanpspKEeHHe NUTaHus OOpTOBOM ammapaTypsl, B 27,0+ 0,5
CucrteMa KOppeKIUu:
Tan Y TepmokaTanuTuyeckas
THII TOIUIMBA I'unpasun
Macca TOILUIMBA, KT 8
BopTtoBsie paxuonuHum:
KHUC (S-band) 32 xbur/c
CPJI (X-band) 2x150 Mowut/c
MKA — KA P (KA-band) 300 M6ut/c
CAC KA =a 6a3e mnatdopmsl, JeT 5
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Puc. 3. Kocmuueckas mratpopma HT-400 B pabodem monoKeHUN

3akiaouenne. YHUUIMPOBaHHBIE  KOCMHYECKHE
iatgopmel cepur HT Moryt OBbITH HCIIOJIB30BaHbI ISt
CO3JIaHUSI MaJbIX KOCMHYECKHX allllapaToB CTapTOBOU
Maccoit ot 40 mo 400 kr B oOeclieueHUE pEIICHHs BCe-
BO3MOXKHBIX IIEJIEBBIX 3a/ad, TAaKMX KaK 3aJadd CBS3H,
133, Hay4HO-3KCTIEpUMEHTAIILHBIE H HCCIIEI0BATEBCKHUE.
Hcnonp3oBanue mnepcnekTHBHBIX mnatdopm cepum HT
B KauecTBE YHU(HUIIMPOBAHHOW KOCMHYECKOH IIaT(GOpPMBI
CMOXeT COKpaTHUTh BpeMs co3fmanus MKA u cymecTBeH-
HO CHHM3HUTh €T0 CTOMMOCTh. KpoMe Toro, 60pTOBBIE CHC-
Tembl 1wiathopMm cepun HT moctpoeHsr Ha mpubopax
n obopyznoBaHuM, Mpou3BeaeHHBIX B Poccuiickoir ®ene-
pauuy, 4To SIBJISETCS Ba)KHBIM (JAKTOPOM B COBPEMEHHOM
T'€ONOJIUTUYECKON CUTYAIHH.
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PA3PABOTKA BOPTOBOI'O YCTPOMCTBA CIIYTHUKOBOI'O MOHUTOPHUHT A
BO3JAYHIHBIX CYJ10B

A. B. Kanypa, A. P. Axsurutos , A. C. AnnpoHos, [I. E. Ctpokos, P. A. Ak3uruton

Cubupckuii rocy1apcTBEHHBIN a9pOKOCMHUYECKUIT YHUBEPCUTET NMEHH akanemuka M. @. PemerHeBa
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Pazeumue MeucMamuHH020 63AUMOOCUCMEUsL NO 6CEMY MUPY He MO2IL0 HE 3aMpOHYMb ASUAYUOHHYIO OMPACib.
OHO 0CHO8AHO HA 0OMeHe OaHHBIMU MeAHCOY MaUHamu 6e3 yuacmus Yenosekd. Imo 3HAYUMeIbHO YRpoujaem npoyecc
MoHumopunea 06vexkmos. Ipumenenue 6ecnpo8oOHbIX GUA0E C653U NO36ONAEM OCYUWECMEISMb KOHMPOLb YOATEHHbIX
00vexmos, exatoyas noogudcHvle. OOHUM U3 makux 6u0oe ceasu asisemca GSM-ceazv. brazooapsa omuocumensro wiu-
poxomy nokpwimuto ceéa3e GSM ucnonvzyemcs 01 nepedadu OAHHbIX MECHONONONCEHUs U OAMHUUKOB NOOBUNCHO20
obwvexkma. Oonaxo meppumopus Poccuiickoii @edepayuu umeem nenonnwiii oxeam GSM-cesazvio. [na monumopunea
6030YUHBIX CYOO8 8 MAKUX PAUOHAX HE0OXO0UMO 3a0eliCmE806ams CHYMHUKO8YIO c643b. TIpednodiceno ucnonv3oeams
CRYMHUKOBYIO 2PYNNUPOSKY Komnanuu Iridium 0ns obecneuenus 0ocmyna K céa3u 6 mpyoOHOOOCHYNHbIX PANlOHAX NO-
J1emoe 8030yuiHbIX Cy008. Knouesas ocobennocms cnymuukos Iridium, a uMenHo noamwiii 0Xeam 3eMHOI HOGEPXHOCIU,
cmana onpeodensioujeli npu 8blOOpe pe3ePeHO20 Cnocoba ces3u.

Mooyne nepedauu Oanmnvix Iridium 9602 coomeemcmgyem nocmagieHHbIM agmopamu pabomvl mMpedOOBaAHUAM
K ycmpoticmsy. Ilepedaua nakema OanHvix no 340 6aiim nosgonsiem CHU3UMb 3ampamvl HA CHYMHUKOBYIO C6:3b.
C mouku 3peHuss SKOHOMUYECKUX NOKA3ameneil ONMuMaIbHbIM peueHueM cmano pesepsuposanue Oaokom Iridium
GSM-css3u. B nepgyio ouepedb, 5mo C8A3aHO CO CHOUMOCMbIO YCye no npedocmagienuio cessu. Takum obpazom,
npu HeoocmynHom kananre GSM 6yoem 3adeticmeosan kanan Iridium. OcHoBHbIMU dTEeMEHMAaMU IKCNEPUMEHMALLHOZO
yempoucmea  AGNAIOMCS  MUKDOKOHMpOJiep,  Cnymuukoeolii  modem  Iridium 9602, mooyne GSM, mooynw
GPS/I'TIOHACC MGGS2217, svicokouacmomuvie npuemHas u nepedaiowue awmenusl. Pasmewenue ycmpoiticmea
MOHUmMOpuHea Ha 60pmy 6030YUWHO20 CYOHA NO3GONUM C MOYHO YCMAHOGIEHHbIM UHMEPBAIOM NOTYYAMb OdHHblEe Me-
CMORNONOJiCeHUsi U CKOpOCmuU. AHAU3 PblHKA AHAL02UYHBIX YCMPOUCME NOKA3A, YMO OCHOBHOU U eOUHCIMEEHHbIU KAHA
ces3u 6 maxkux onokax — cesa3b GSM. Broku, ocHawennvie MOOYIAMU CHYMHUKOBOU C6513U, Nepedaiom OanHble Yepes
cnymuuxu Inmarsat, cési3b ¢ KOmopvIMu 3ampyOHUMENbHA 8 NPUROIAPHBIX PAUOHAX.

Kniouesvie cnosa: Iridium, ycmpotiicmeo monumopunea, GPS, ITTTIOHACC, GSM.
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DEVELOPMENT OF ONBOARD DEVICE
FOR SATELLITE MONITORING OF AIRCRAFT

A. V. Katsura, A. R. Akzigitov*, A. S. Andronov, D. E. Strokov, R. A. Akzigitov

Reshetnev Siberian State Aerospace University
31, Krasnoyarsky Rabochy Av., Krasnoyarsk 660037, Russian Federation
"E-mail: aakzigitov88@mail.ru

The development of “Machine-to-machine” interaction couldn’t but affect aviation sphere worldwide. It is based
on the data exchange between machines without participation of a person. It considerably simplifies the process
of monitoring of objects. Application of wireless types of communication allows to provide control of remote objects,
including the mobile. One of such types of communication is GSM communication. Thanks to rather wide covering,
communication of GSM is used for the data transmission of location and sensors of mobile object. However the
territory of the Russian Federation has incomplete coverage by GSM communication. For monitoring of aircrafis it is
necessary to involve satellite communication in such areas. It is offered to use satellite group of the Iridium company
for ensuring access to communication in remote areas of flights of aircrafts. The key feature of Iridium satellites, full
coverage of a terrestrial surface, became the communication defining at a choice of a reserve way.

The module of data transmission Iridium 9602 conforms to the requirements put by the authors of work to the
device. Transfer of a package of data on 340 bytes allows to lower costs of satellite communication. From the point
of view of economic indicators, reservation by the communication Iridium of GSM became the optimum decision. First
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of all, it is connected with the cost of services in providing communication. Thus, at the inaccessible GSM channel the
Iridium channel will be involved. Basic elements of the experimental device are: the microcontroller, the satellite
Iridium 9602 modem, the GSM module, the GPS/GLONASS MGGS2217 module, a high-frequency reception and the
transferring antennas. Placement of the device of monitoring onboard the aircraft will allow to receive these locations
and speeds with precisely established interval. The analysis of the market of similar devices showed that the main and
only communication channel in such blocks — communication of GSM. The devices equipped with modules of satellite
communication transmit data through Inmarsat satellites communication with which is difficult in subpolar areas.

Keywords: Iridium, monitoring device, GPS, GLONASS, GSM.

BBenenne. CryTHUKOBBII MOHUTOPHUHT IMOJBHKHBIX
00BEKTOB BCE Hallle HaXOJUT CBOE NPUMEHEHHE y TpaHC-
MOpPTHBIX KommaHwii. OH OCHOBaH Ha aKTUBHO pa3BH-
BaroIeMcs criocode oOMeHa mHpopMaIe Mexay o0b-
eKTaMH MAaIllMHHOM B3amMozercTsum Machine-to-
machine (M2M). [lamHbBIf cnoco® TpUMEHSETCS s
TMOOBIX 0OBEKTOB, CHAOXKEHHBIX YCTPOUCTBAMH, C KOTO-
PBIX HEOOXOMMO TMOYYaTh ONEPATUBHYIO HH(OpMaLHIO.
K Takum ycTpoiicTBaM OTHOCATCS JaTYHKH TEMIIEPATyPHI
OTHAJNEHHBIX OOBEKTOB, CEHCMOJATUMKNA, CYETUYHMKHU OaH-
koMatoB U T. 1. [lo coctosnuto Ha 2010 r., B Mupe uc-
MOJIb30BATUCH MHJUTHAP/IBI YCTPOHCTB, CIIOCOOHBIX BECTH
oOMEH JaHHBEIMH MeXnay coboit [1]. ms MOOWIBHBIX
U OTJANICHHBIX OOBCKTOB MOHHUTOPHHIA TPHUMCHSICTCS
OecrpoBOTHOM cITocod 0OMeHa MaHHBIMH. Takoi crroco0,
KaK TMPaBWJIO, IIOIpa3yMeBaeT wucnoinp3oBanne GSM-
CBSI3W IS TIepelayd JAHHBIX HAa IMYHKT MOHHUTOPHHTA.
Pexe nmpumensieTcst pagnocss3s U cetd Wi-Fi. ['1aBHBIM
MPEUMYIIECTBOM HCIONb30BaHusI GSM-CBS3M Tiepen mo-
CIICITHUMHU SIBJIICTCS IIMPOKOE MOKPHITHE U MPEAOCTaBIIe-
HHE OoInepaTopaMH COTOBOM CBSI3M CIIELIMAIIBHBIX YCIOBUMN
Iu1st mosb3oBaTenei [2]. Uepes kaHan GSM Ha 4acTOTHBIX
nuamazoHax 850/900/1800/1900 MI'y Bo3MokHO Tiepena-
BaTh JaHHBIE O MECTOIOJIOKEHUH YCTPOHCTBA MOHUTO-
pHHTa, pa3MEIIEHHOT0 Ha ITOBM)KHOM oOBekTe. MecTo-
MIOJIO)KEHHE YCTPOWCTBA OIpeAeseTcs MO CHrHaJIaM
cnytaukoB GPS n I'JIOHACC. Koopannatel oObekrta
MIPUBSI3aHBl K TOKA3aHHUAM MAaTIUKOB. TakuM 00pa3zom,
HECKOJIBKAM TOYKaM Ha KapTe, ONpeACIIIOIINM MECTOIIO-
JIOKEHHE TOJIBIKHOTO 00BEKTa, COOTBETCTBYIOT Pa3iid-
HBIE TI0Ka3aHUs NaT4uKOB. [lepenady maHHBIX MO KaHATY
GSM ocymectensitor GSM-Moaynu, UMEIoIUe MUPOKoe
IIpUMEHEeHHEe B coBpeMeHHbIX M2M-cuctemax [3]. Tumno-
Boii GSM-MoOyJib CONCPKUT TOPTHI BBOZA/BBIBOJIA, WH-
tepdeiic SIM-kapTbl, BBIXOJ NUTaHHS, AHTEHHY, BXO.
aHaJOTOBO-IM(POBOTO Ipeodpa3oBaTessl, OTIAJOYHBINH
naTepdeiic. OHAKO I OCYIIECTBICHNS TOJHOLECHHOTO
MOHHMTOpPUHIa BO3AYIIHBIX CyJOB oaHOro yumb GSM-
KaHaja HEJOCTaTOYHO H3-32 OTPAHHYCHHOTO TOKPBITHSL.
Oco0eHHO aKTyalbHOW 3Ta TpobieMa CTaHOBUTCA IS
BOCTOUYHBIX peruoHoB Poccuiickoii ®denepanuu, BKIOYas
pUNoJsipHbIe 30HBI [4]. Hanbonee u3BecTHbIE KOMITAHUN
CiyTHHKOBOH cBsi3m Iridium u Inmarsat mpemocTaBistoT
CBOM yCIryru it cucteM M2M [5; 6]. OTim4ne 3aKiovaeT-
Csl B PacIOJIOKEHUU CITYTHHKOBBIX TpyHmupoBok. Cucre-
Ma Iridium umeer 66 HU3KOOPOUTANBHBIX CITyTHUKOB U 6
JIONIOJIHUTENBHBIX. [lepenada AaHHBIX OCYIIECTBISACTCS
Yyepe3 MEKCITyTHHUKOBBIE CBS3M M HE TpeOyeT MpOMEXKy-
TOYHBIX CTaHIIMA, a OXBAT 36MHOW MOBEPXHOCTH COCTaB-
qser 100 % [7; 8]. Inmarsat umeet 11 reocTauroHapHBIX
CIIyTHHKOB, CBSI3b C KOTOPBIMH CTAHOBUTCS HEIOCTYITHOW
Ha mmporax +85° [9]. CmyrrmkoBas cucrtema Iridium
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OTBEYaeT IMOCTABJICHHBIM IIpH pa3paboTke YCTPOHCTBA
TpeboBaHMAM, 2 UMEHHO, MAaKCUMaJIbHO BO3MOXKHBIH OX-
BaT 36MHOM NOBEPXHOCTH A 3ameleHus cucteMsl GSM
B CIIydae OTCYTCTBHS €€ CHUTHaJa.

Tpancusep Iridium 9602. Tpancusep Iridium 9602
npezacTaBisieT coboit 610k ¢ pazbéMamu it anteHH GPS
u Iridium. ITepenaya qaHHBIX HA MOIYJIb OCYILECTBIIACTCS
Ha mopT RS-232 B cocraBe 20-KOHTAKTHOTO paszbéMa.
OTnenbHO TpaHCHBEp MIPEAHA3HAYCH ISl TPUEeMa ITaKEeTOB
JIAaHHBIX C KOHTpOJUIepa sl Tepelady uepe3 CIyTHHUKO-
Bolif kaHanm Iridium. Kondurypaums oGopynoBanus,
BKJIIOYAIOIIasi MUTaHUE, MUKPOKOHTPOIIJIEP ISl yIpaBiie-
HUSI, aHTEHHY, ONpeeseTcs pa3paboTYNKOM YCTPOKHCTB
Ha 0a3e Mozyusi; 20-KOHTaKTHBIH pa3béM COAEPKHUT BbI-
BOJIBI AJICKTPOCHAOXKEHHSI ITOCTOSTHHBIM TOKOM, YIIpaBJie-
HHUE NHUTaHWeM, uHTep(deiic JaHHbBIX, TOCTYI CETH, HHIIH-
karuto nmutanus [ 10]. OcoOeHHOCTAME MOJTYJISL SIBJISIFOTCSL:
Mauble rabapuTHEIE pa3MepHI;
€JIMHBIN aTFOMUHUEBBINA KOPIIYC;
orcytcTBUue SIM-KapTHI;

MaKCHMaJIbHBIM pa3Mep AAaHHBIX A OTIPAaBKU —
340 OaiiT;
MaKCUMAaJIbHBIM pa3Mep NaHHBIX AJIS MOTyYeHHs —
270 Gaiir.

CrnenuanbHbIA TPOTOKOT COOMPAET JaHHBIE O HECKOJIb-
KUX TOYKaX MECTOIOJIOKEHHsI, KOTOPBIE MPH JOCTHKEHUH
obrema B 340 OaifT oTmpaBisAioTCs MO KaHamy Iridium.
OTO O0OBsICHSAETCS IOCTaTOYHO BBICOKOW CTOMMOCTBHIO
cyTHUKOBoro Ttpadmka [11], kotopas He MO3BOJSET
WCIIOJIb30BaTh MPOTOKOJBI CxKaThs, aHamorudaele GSM,
W OTIpABIATh JAHHBIE C BBICOKOM IEPHOIUYHOCTHIO.
Llenecoobpa3HO ¢ IKOHOMHUYECKOH TOYKH 3pPEHHST UCTIONb-
30BaTh KaHain Iridium s nepeaayn JaHHBIX MECTOMOJO-
JKEHHUSI TOJNIBKO MPU HAXOXKICHUHM YCTPOMCTBA BHE 30HBI
nokpeitus cetu GSM.

Ha puc. 1 u3obpaxena cxema nepenaun SBD (Short
Bust Data) tpaduxka no kanany Iridium [12]. Onua naket
COJICP’KUT MH(POPMAIIHIO O NMOKAa3aHUIX JaTINKOB, IPUBSI-
3aHHBIX K HECKOJIbKUM KoopauHaram. [Ipu goctrmxeHun
pa3mepa makera 340 6alT OCYIIECTBIIACTCS €ro OTIpPaBKa
Ha Ha3zeMHBIA KoMiutekc ynpasinenus (HKY). Takum 06-
pa3oM, IIpH NOIYYSHUN CEPBEPOM JIAHHBIX CO CITyTHHKOB
oHM pacrnakoBbiBatoTcs, 1 Ha HKY mepemaercs uHbpop-
Manus cpasy O HECKOJIBKHMX TOYKaxX Ha Kapre. Takoil me-
TOJ| TIepe/iavyy JIAaHHBIX MTO3BOJISIET CYIIECTBEHHO CHU3HUTH
3aTpaThbl HA OTIIPABKY JaHHBIX.

Hpuemustii mogyas MGGS2217. Mogynms MGGS2217
MPEACTABISIET COOOM MIaTy ¢ OAHOCTOPOHHUM MOHTa)KOM
3aKpBITOTO WCHOJTHEHHS ¢ 28 KOHTAaKTHBIMH IUIOIIAKaMH
[13]. Monyas BemeT mapayiebHBIA IpUeM u 00pabOTKY
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CHTHAJIOB C KOOPAMHATAaMH M CKOPOCTBIO OT CITyTHHKOB
GPS u I''TIOHACC Hna yacrortax 1575-1610 MI'u. Ilepe-
JMada wH(GOpMAIK CO CIOYTHHKOB HAa MHUKPOKOHTPOJLIEP
0 YMOJYaHUIO mpousBoautcs ¢ gactotoit 1 I'm. CoBme-
ctHOe ucnonb3oBanue curHanos GPS/ITJIOHACC ysemnn-
YHBAET TOYHOCTH OIPENENCHUS MECTOIOIOKEHHUS 00BeK-
Ta MoHHTOpUHTa [14-16]. IlpuemM maHHBIX CO CIIyTHHKa
MOXeT 00ecreunBaThCsl 4epe3 MacCUBHYIO U aKTHBHYIO
AQHTEHHBI, MOJKIIIOYaeMble K BBICOKOYACTOTHOMY pazbe-
Mmy. KittoueBbie 0cOOEHHOCTH MOJTYJIS:

— cMeHa pexuMa paboThl 4Yepe3 IepCOHaIbHBIN
KOMITBIOTED;

— 80 xaHanoB B pexxume moucka U 20 — B pexxume
CIICXKCHUS;

— BpeMs OIPENeICHUS MECTOIONOXKEHUS TpPH XO-
JIOTHOM cTapTe — 25 c;

— nanmnune UART-untepdeiica.

YcrpoiicTBO MOHUTOPUHTA. B3sTas 3a OCHOBY KOH-
(urypanusi yctpoiicTBa MOHUTOPHHIA BKJIIOYAaeT B ceOs
aarenny ['JIOHACC/GPS, ympasnsronmii MHUKPOKOH-
Tposuiep u Monysib GSM. JlaHHbIE O MECTOMOJIOXKEHUH
BMECTE C MOKa3aHMSAMH JaTYMKOB mnepenatorcs Ha HKY.
B pabote [17] mans moHWTOpWHTa OECHIIOTHOTO JIETa-
tenpHOTO ammapata (BIIJIA) aBTopamm mpemaraioch
ucnoip3oBathk Iridium 9602 kak OCHOBHOW MOIYJh IUIS
neperayd KOOPAUHAT M BBICOTHO-CKOPOCTHBIX IapaMeT-
poB BIIJIA. OgHako CTOMMOCTH OTHpPaBKH MaKeTOB JaH-
HBIX 4Yepe3 OJIHY TOJIBKO CIIyTHUKOBYIO CBS3b MOXET IO-
CTaBUTH MOJ| BOIIPOC AIKOHOMHYECKYIO LIeJIeCO00pa3HOCTh
nozo6Horo MonuTopuHra [11] npu 60nbLIOH MPOIOIKH-
TeNbHOCTH MOJETOB. [l TpakAaHCKOM aBMaLuU WU
TOCYJapCTBEHHOW aBHMAIMH, B 4acTHocTH aBuanun MUC,
HEOOXOANMO CITyTHUKOBBIA KaHaJ MCIOJIb30BAaTh B Kaye-
cTBe pesepBHOro. Ha puc. 2 m3o0paxkeHa CTpyKTypHas
cxeMa ycTpoiictBa ¢ TpaHcuBepoM Iridium 9602.
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Puc. 3. BHemnuii BUJ M1aThl ycTpoicTBa MOHUTOPUHTA

Jlns mepenauu AaHHBIX O BBICOTE, CKOPOCTU U KOOP-
nuHatax BC MK ¢opmupyer nakersl JaHHBIX, MOJTy4EH-
HBIX ¢ npueMHoro moayiss MGGS 2217. Kaxnpie 5 mu-
HyT MK onpammBaer tpancusep Iridium u monyias GSM.
B ciywae orcyrcrBust GSM-curnana MK ¢opmupyer
MaKeT JaHHBIX pazMepoM 340 OGalWT M OTHpaBIsET €ro
Ha TpaHCHBEP, KOTOPBIH, B CBOIO OdYepeab, IepenaéTt
UX Ha CITyTHHK. Mcnonb3oBaHME BTOPOTO KaHaia TaKXkKe
MIOBBIMIAET HAIECKHOCTH ycrporicTBa [18]. Iluranme ycr-
poiictBa obecreunBaeTcsi OOPTOBOHM CETHIO TTOCTOSHHOTO
ToKa HampspkerrneM 27 B. Ha puc 3 mzobpakeHa rurata
9KCIICPHMEHTATIBHOTO BapHaHTa YCTPOWCTBA, coOpaHHas
Ha 0a3e ycTpoiicTBa MOHUTOPHHIA Ha3eMHOI'O TPAHCIIOP-
ta MUC YTII-M-01-8.004 [19] ¢ gomoJHUTENBHO yCTa-
HOBJICHHBIM aBTOpamu Moayiem Iridium 9602. Ilnara
pasmeniaeTcs B 3aKpbiToM Kopryce. K 1ByM BbIcOKodac-
TOTHBIM pa3beMaM IIOJIKJIIOYAIOTCSl aHTEHHbBIE (UIEpPHI
GPSTJIOHACC wu Iridium. [lannas moxenb cobpana
aBTOPaMH MCKIIIOUUTENBHO B 3KCIEPHMEHTANBHBIX IEIISIX
Ha 6aze MUC u He TOAJICKUT CEPUHHOMY MTPOU3BOJICTBY.

3aximouenne. COBEpIICHCTBOBAaHHE MOHHTOPHHIA
BO3IYIIHBIX CYJIOB CTAJI0 HEW30EKHBIM 0€3 MPIMEHEHHS
CITyTHUKOBBIX CUCTEM CBsI3H. OUeBHIHO, YTO paguycC IeH-
CTBHSI HA36MHBIX CTAHLMI CBSI3M OIPaHUYEH, U HET BO3-
MOXKHOCTH 10 TEXHHMKO-JKOHOMHYECKHM IPHYUHAM pa3-
MECTHUTh MX Ha Bcell moBepxHocTu 3emun [20]. Dxcnepu-
MEHTaJIbHasg MOJENb OJoKa 00beAnHSET B ceOe UCIOIb-
30BaHHe Ha3eMHBIX cTaHui GSM Kak OCHOBHEIX IS
MOHHUTOpPHHTA M B Ka4eCTBE PE3EpPBHOTO KaHana — CIIyT-
HUKOBOHU cBs3d Iridium. B3sToe 3a ocHOBY rotroBoe ycr-
poiicteo YTII-M-01-8.004 mmeno tompko GSM-kaHan
JUIS Tiepeiadn KoopauHat. 1o pesynpTaTtaM MpoBeIEeHHO-
ro JKCIEPHMEHTa, MPH KOTOPOM YCTPOWCTBO pa3Mella-
nock Ha O6opty Bepronera MU-8 MUC, ObUIO BBIIBIICHO,
YTO IIpH NOJIETaX Ha Kpeiicepckoi ckopocTH obOecrednBa-
€TCsl BO3MOXHOCTh Iepefiayd KOOPAUHAT MECTOIOJIONKE-
HUSI HA TUCTIETYEPCKHUIA MYHKT 10 00ouM KaHanam — GSM
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u Iridium. OTiMyne 3aKJIF04aIOCh B TOM, YTO HCIIOIL30-
BaHue KaHana Iridium, kak ¥ 0XHIAJIOCh, MPUBOJIIIO
K Oouiblleil 3a7iep>kke OTIpaBKM JaHHBIX ¢ OGopra BC.
Takum oOpazom, aBTOpamMu pabOTHI MPEAJIOKEH U OIpO-
6oBan Ha BC MeToJ MOHUTOpPHHIAa C HCIOJIb30BaHUEM
cnyTHHKOBOro KaHana Iridium. Cremyrommii sTan paspa-
060TKH ycTpolcTBa TpeOyeT ompoOOBaHUS SKCHEPHMEH-
TanpHOM Mojenu Ha BC ¢ Oombieii kpelicepckoil CKOpo-
CTBI0O M IO pe3yJlbTaTaM »OKCICPHMEHTa — HPHHATHSL
pELICHHS O COBEPIICHCTBOBAHHUH SJICMEHTHOM 0a3bl.
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IJIAT®OPMA ABTOMATHU3AIIMA CUCTEMBI KOMIIEHCAIIMM BECOBOM COCTABJISIOIIEN
JJIAA KPYITHOT'ABAPUTHBIX PE®JIEKTOPOB KOCMHUYECKHUX AIIITAPATOB

. B. KOBaJ'IeBl, 0. O. bananuna®

'CuGupckmii Tocy1apCTBEHHBII a3POKOCMHUYCCKHI YHUBEPCHTET HMEHH akanemuka M. ®. PemeTnéna
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Paccmompeno koncmpyxkmughoe ucnonHeHue u 102uKa packpulmius KpyRHO2abapumHol mpaHc@opmupyemoil am-
mennvl. Bviasnena neobxooumocms KoMneHcayuy 6ecosoli cocmagnaowell npu coOopke u UCHbIMAHUAX KOHCHPYKYUU.
Yuumeieas nocuxy osusicenus anemenmos cunogoi cnuysl, cOeian 8bl800 0 NPUMEHeHUU cledaujeli cucmembl Oisl KOM-
neHcayuu 8ecosoll CoCmagaawell.

IIposeden ananuz umerowezocsi 060py0o8anus u cucmem ynpaeienus. Bovlopan npousgooumens asmomamusupo-
8aHH020 0OOPYO08aNUs, YOOBNEMBOPAIOUE20 NOCMABGIEHHbIM 3a0aiam ynpaesienus u konmpons. Coenan 6618600 0 npo-
eKMUPOBAHULU CUCMEMbl KOMNEHCAYUU 8eCO80U COCMABTIAIWEl Ha OCHO8e CEPEONPUBOA0E, KOHMPOIIEPO8 U CEHCOPOS,
06beOUHEHHBIX NAAMMOPMOT ABMOMAMUZAYUY, YNPAGTAEMOU CNEYUATLHBIM NPOZPAMMHBIM 00ecnedeHUueM.

Paspabomana cmpyxmypa niaamgopmel asmomamuzayui, COOMEEMCMEYIOWAs NPUHAMOMY MEXHOI02UHECKOMY
npoyeccy npogedeHus ucnvimaruil. OnpedeneHvl NPUHYUNBL 83AUMOOEHCMBUS NOOCUCIEM CUCMeMbl KOMUEHCayuu
8ecosoll cocmagnaouell 0 npuéma, oopabomku u KOHMpOJs napamempos npoyecca ucnvimaruil. Coenan 6v1600
0 MOM, YMO NPeONONCEHHAs CUCmeMa Modcem Oblmb UHMEZPUPOBAHA 8 NEPCNEKIMUBHYIO CUCEMY AGIMOMamu3ayuu
U YnpaeneHus MmexHoI02UYeCKUM Npoyeccom nposedenuss UCNbIMAHUL paCKpblmus KPynHo2adapumuuix aHmeHH KOCMU-
YecKux annapamos.

Kniouegvie cnosa: kocmuueckuti annapam, KpynHo2abapumubulii pepuiekmop, agmomamu3ayus, CUcmema KOMnenca-
Yuu 8ecosoll cocmagnaowell, KOHmpoep.
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PLATFORM OF AUTOMATION OF COMPONENT WEIGHT COMPENSATION SYSTEM
FOR LARGE SPACECRAFT REFLECTOR

L. V. Kovalev', J. O. Badanina®”

'Reshetnev Siberian State Aerospace University
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
“Siberian State Technological University
82, Mira Av., Krasnoyarsk, 660049, Russian Federation
"E-mail: secret398@mail.ru

The design and logic of opening large convertible antenna are considered in this article. The necessity of weight
component compensation in the assembly and testing of the design is discovered. Taking into the account the logic of
the movement elements of power spokes, it has been concluded that the use of the tracking system compensates the
weight component.

The analysis of the existing equipment and control systems has been conducted. The selection of the manufacturer of
automated equipment that meets the stated objectives of management and control was made. It is concluded that the
design component of the weight compensation system based on servo controllers and sensors combined platform
automation, controlled by special software.

The structure of the platform automation, consistent workflow testing, has been developed. It defines the principles
of interaction between subsystems of the weight compensation component for receiving, processing and monitoring of
process parameters testing. It is concluded that the proposed system can be integrated into the automation system and
the perspective of process control testing of disclosure of large spacecraft.

Keywords: spacecraft, bulky reflector, automation, system weight component compensation controller.
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Brenenne. B cBs3u ¢ BHEAPEHHUEM MIPH NIPOU3BOJICTBE
KOCMHYECKUX JICTaTeIbHBIX allapaToB KpyIMHOrabapuT-
HBIX MEXaHHYECKHUX CHCTEM BO3HHKJIA HEOOXOIUMOCTH
ITOWCKA HOBBIX, HO TIPH 3TOM JIOCTaTOYHO MPOCTHIX U 3-
(hEeKTUBHBIX CITOCOOOB 00PaOOTKH JAHHBIX MEXaHHYECKUX
CHUCTEM Ha 3Tale Ha3eMHOM 3KCIEPUMEHTAJIBHOM OTpa-
0OTKH, TaKk Kak INPUMEHEHHE TPAJUIUOHHBIX METOIOB
00 HE YHOBJIECTBOPSET MPEIBSIBIIEMBIM TPeOOBAHMUSM,
7100 HEBO3MOXHO HCIIOIB30BATh MX HM3-32 KOHCTPYKTHB-
HBIX 0COOCHHOCTEH.

Ha pasnuunpix kocmudeckux anmaparax (KA) mpose-
JICH PsIi SKCIIEPUMEHTOB IO Pa3BEPTHIBAHHUIO KPYITHOTA-
OapUTHBIX AHTECHHBIX KOHCTPYKIMHA. AHaIHM3 CYIIECT-
BYIOIIIUX HA MHPOBOM DPBIHKE TPAHCHOPMHUPYEMBIX KPYII-
HOrabapuTHBIX PEQICKTOPOB IOKAa3aj, YTO, HECMOTPS
Ha ONpEJCICHHBIC JOCTHKCHUS B 3TOH 00JacTH, JIHIIb
HEMHOTHE U3 HHX CIIOCOOHBI B HEBECOMOCTH O0ECIIEUUTH
TOYHOCTH COOTBETCTBHISI 3alaHHOH (OPMBI U HEOOXOAH-
MYI0 KECTKOCTb KOHCTpyKImH. He Bcerma ymaercst Ho-
OWTBCSA M WX HAIEeKHOTO packpwiTus. [Ipwumnaa B Hapy-
[IEHUHM TEXHOJOTHH Ha JTI000OM U3 CIeAYIONINX JTAroB:
M3TOTOBJICHHE JIeTaJIell U y3JI0B C YIETOM pecypc-
HBIX XapaKTEePUCTHK KOHCTPYKIIHH;

BBICOKOTOYHAs cOOpPKa Ha CTCHIOBOM KOMILICKCE;
CTCH/IOBOC TECTHPOBAHUE AHTCHHBI.

Jlis Bcex CyIIECTBYIOUIMX HA JAHHBI MOMEHT KOC-
MHYECKHX alllapaToB Ha 3Tame OTpabOTKU HEOOXOIMMO
MIPOBOJIUTH PAJ UCTIBITAHUHN, B XOJI¢ KOTOPEIX TpeOyeTcs
o0ecreunTh TUKBUIAIMI0O BECOBOM COCTABISIOIIECH dJie-
MEHTOB KOHCTPYKIMH [UII YCTpaHEHUs ee AedopmMartuu
WIA pa3pylIeHUs] TMOX ACHCTBHEM CHIIBI TDKECTH. [l
BEITIOTHEHUSI JAHHOTO YCJIOBUS TPUMEHSIOTCS CHCTEMBI
KOMIICHCAIIMM BECOBOM cocTaBiIstonieii. JlaHHbIe CHCTEMBI
MOTYT HaWTH CBOE MPUMEHEHHE TPH MPOBEPKH (HYHKINO-
HHUPOBaHUSI MEXaHMYECKHUX CHCTEM, IPU OTPaOOTKE MpPOIec-
COB PACKPBITHS TPaHC(POPMHUPYEMBIX aHTCHH, ()epPMEHHBIX
pediekTopoB pa3HbIX (GOpPM M pa3MEpOB, COJHEYHBIX
Garapeii U JpyriuxX MHOTO3BEHHBIX KOHCTpYKIMH [1-4].

Haznavenne. CrcreMa KOMIIEHCAIIMM BECOBOM COCTaB-
NAIOMIEH TpenHa3HaueHa I KOMIICHCAIMA MOMCHTOB
CWII, NEHCTBYIOIUX OTHOCHUTEIHFHO KOPHEBOTO IIApHHP-
HOTO Y3712, OTHOCHTEJBHO IIPOMEKYTOYHOTO IIAPHUPHOTO
y3J1a, OTHOCHUTEIFHO HIAPHUPHOTO y3JIa TOJKOCA CITHIIBI
OT Beca 3BCHBEB M IOABIKHBIX YacTed pediiekropa,
B TOM YHCJIC OTACIBHO OT (JOpMOOOpa3yrome CTPYKTY-
PBbI, OT JICHT MeXaHHU3Ma PACKPBITHS, CETETIOJIOTHA U JPY-
TUX CYIIECTBCHHBIX KOHCTPYKTHBHBIX 3JIEMEHTOB ped-
JIEKTOpa, HACTPOWKH W TPOBEPKU (YHKIIMOHHPOBAHUS
peduiekropa [5].

CucremMa KOMIIEHCAllMM BECOBOM  COCTaBIISIOIICH
JIOJDKHA o0ecrieynBaTh paboTy ¢ peieKTOpoM, OCHOBHBIM
9JIEMEHTOM Hecyliel KOHCTPYKIUH KOTOPOTO SIBIISIOTCS
CHIIOBBIE CIHAIEI (pHC. 1), KOTOPBIE OMPENEISIIOT Tpedye-
MYI0 CTaOHIBHOCTHh paboueil MOBEpXHOCTH TOJ BO3ICH-
cTBHEM (PaKTOPOB IKCILTyaTaluu. PaccMOTpHM OCHOBHBIE
MPUHIUIE pabOThl CUCTEMBI KOMIIEHCAIIUU BECOBOH CO-
CTaBIIAIONICH Ha MPHMEPE OJHOTO MOy, HEOOXOAMMO-
ro A oOecriedeHus] KOMIIEHCAllMl BECOBOM COCTaBIISIO-
IIeH 2JIEMEHTOB CHIIOBOM CITUIIBI aHTEHHBI.

s obecnieueHust TpeOyEeMbIX TabapUTOB B TPAHCIIOP-
THUPOBOYHOM IIOJIOKCHWH CHJIOBAasl CIMIAa MMEET TPaHC-
(hopMupyeMyr0 KOHCTPYKIHIO M IPUBOIUTCS B pabouee
MIOJIOKEHHE C TIOMOIIBI0 MEXaHW3Ma BBIIBIKHOM MauThl
[6-8]. dns mocTpoeHUs TPaeKTOPHH IBIKCHUS IEHTPOB
Macc BO BPeMs PaCKPBITHS CITHIBI COCTaBIIeHAa TaOIUIIa
o 20-TH TOJOXXEHUSIM 3BEHBEB U MOIKOCAa OTHOCUTEIIBHO
JIpyT OpyTra B IpOIecce pacKphITHSA aHTeHHBL. M3 rpaduka
(puc. 2) cimemyer, 4TO TPACKTOPUHU ABIKCHHS 3BCHHEB
U MOJIKOCa JIOCTATOYHO CJIOXKHBIE, TPEOYyoIe pUMeHe-
HUs cnez[;uueﬁ CHUCTEMBI JIs1 KOMIICHCAllUU BECOBOM CO-
CTaBJSIOLIEH JTUX DJIEMEHTOB B Mpolecce OTpaboTKu
PaCKpBITHSI aHTEHHBI B HA3EMHBIX YCIOBUAX [9-11].

3agaua ynpasieHusi cuctemoii. [l peanuzauuu
KOMITCHCAI[N BECOBOW COCTaBIISIOIICH CHJIOBOM CITMIIBI
BO BpeMs COOPKH WM HCIIBITAHUA HEOOXOIMMO OpPTaHH30-
BaTh TPU TOYKHU CBS3H, HAXOIAIINECS B TCOPETHUCCKUX
[EHTpaxX Macc KOPHEBOTO, KOHIICBOTO M OTKHIHOTO
3BEHBEB C MOJYJIEM CHCTEMBI KOMIICHCAI[H BECOBOM CO-
crapistonie. OpraHu3anus CBSI3UM 3BEHBEB C HCIIOTHU-
TEJIbHBIMH CIIEISIIMMU MEXaHU3MaMHU CHCTEMBI KOMITCH-
calyy BeCOBOI cocTaBIsitolIel OyeT peann3oBaHa yepes
IHOKYIO YCIIOBHO HEPACTSHKUMYIO CTPOITY.

VcnoaHUTENEHBIMA MEXaHU3MaMK CHCTEMBI KOMIICH-
calliy BECOBOM COCTABIAIONICH OYAyT SIBIATBCS TpHU
KapeTKH, MepeMellaonecs o Harpasistoneid n obec-
MIEYMBAIOIINE ONPEACICHHOE 3aJaHHOe OTKIOHEHUE THO-
KOI CTpOIIBI OT BEPTHKAIH, a TAKKe TPH IMPUBOJA HAMOT-
9uKa THOKOHM CTPOIIBI, TO3BOJISIONINE KOMIICHCHPOBATh
W3MEHEHHs MJIMHBI THOKOW CTpOIBI NpU H3MEHEHHH
KOOpAWHAT IIGHTPOB MacC 3BeHBEB. M3 pacmonokeHus
LEHTPOB MAacC 3BE€HbEB U UX TPACKTOPUH CKJIAJBIBAIOTCS
JOIMYCTUMBIC XOAbl KapC€TOK CUCTEMbI KOMIICHCAIIUU BC-
COBO¥ COCTaBJISIIOIICH (CM. TaOJHILY).

[Mo nmaHHBEIM TaOIUIBI TIOCTPOCH TPa(UK IBUKCHUS
neHTpoB Macc (IIM) kopHEBOH CHUIBI, KOHIICBOW CITHIIBI
U mojKoca (puc. 2).

Puc. 1. CunoBas cniuua: / — KOpHEBOE 3B€HO; 2 — KOHIIEBOE 3BEHO; 3 — OTKUAHOE 3BEHO;
4 — IpOMEKYTOUHBIN IAPHUPHBIN y3€Il; 5 — KOPHEBOM IAPHUPHBIN y3el
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TeopeaneCKne mapaMeTpbl KHHEMAaTHKHU ABHKEHUS CITHIBI
U U3MEHEHUS MOJIOKEHUA HEHTPAa MAacC BO BpeMsl PACKPbLITUA CITULbI

YciosHoe VTIIBI pACKPBITHS Crniia KopHeBast Crinna KoHIeBas Tlozkoc
OJIOKEHHE
3BEHBEB CIHIEL ol o2 Y, MM X, MM Y, MM X, MM Y, MM X, MM

1 0 0 2,48 2313,37 167,1 2330,16 271,39 1534,75
2 0 10,247 2,48 2313,37 465,55 2371,19 709,66 1607,02
3 9,024 10,247 365,31 2284,35 831,72 2268,82 952,95 1475,81
4 15,143 20 606,71 22324 1355,26 2180,68 1526,52 1396,96
5 20,827 30 824,85 2161,32 1856,49 2070,93 2086,24 1302,31
6 26,143 40 1021,52 2075,62 2328,41 1948,97 2620,16 1201,69
7 31,043 50 1195,08 1980,78 2768,04 1827,27 3125,07 1108,88
8 35,301 60 1338,88 1886,56 3167,92 1728,72 3595,02 1049,65
9 38,624 70 1445,95 1805,8 3519,72 1685,15 4022,89 1060,35
10 41 80 1519,57 17443 3822,27 1713,52 4403,89 1161

11 42,875 90 1575,84 1693,64 4084,82 1794,79 4738,68 1330,01
12 44,751 100 1630,45 1641,13 4318,52 1894,75 5031,51 1527,03
13 46,902 110 1690,88 1578,8 4529,99 1988,05 5286,52 1721,15
14 49,401 120 1758,12 1503,57 4721,07 2061,81 5505,96 1895,95
15 52,239 130 1830,41 1414,67 4891,15 2110,11 5690,6 2043,4
16 55,518 140 1908,33 1307,66 5043,81 2118,17 5845,57 214591
17 59,556 150 1995,67 1170,04 5189,93 2051,64 5886,04 279727
18 64,682 160 2092,22 987,06 5336,97 1873,35 5967,21 267542
19 71,247 170 2191,29 741,58 5482,94 1543,53 6064,13 2381,61
20 79,906 180 2278 403 5613 991,2 6174,5 1842,6

Ipumeyanue. 0.1 — yroy Mexay OCbI0 MayThl U CIIUIIEH KOPHEBOIL; 02 — yrol MeXXAy cIuIell KOpHEBOW U CIIULIEH KOHIIEBOI.
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Puc. 2. Ipmxenue LIM KopHEBO#l cruiibl, KOHIIEBOH CITULBI U TOAKOCA

Mopynb cuCTeMbl KOMIIEHCAllMM BECOBOW COCTaB-
JISTOMIEN TOJDKEH yIOBIETBOPSATH CIEAYIOMIAM OCHOBHBIM
YCIIOBHSIM: OOecTiedeHre TMONNCpKaHUs 3aJaHHOTO YCH-
U B THOKHMX CTpOmax M €ro KOHTPOJb, OTCIICKHBAHUE
OTKJIOHEHHUSI THOKOW CTPOIIBI OT BEPTUKAIH W KOHTPOJIb
yIia OTKJIOHEHWS Ha BCEW TPAeKTOPWHU ABIDKEHHS IICH-
TpOB MacCC 3BCHLECB. PeaKIJ,I/ISI HCIIOJIHUTCIIBHBIX MEXa-
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HU3MOB CHCTEMBI JOJDKHA OoOecreunBaTh HEOOXOANMYIO
TUHAMUKY B TIPOIECCe PACKPBITHS aHTeHHHI [4; 9].
Mpennaaraemas miatgpopma apromaruzanun. AHa-
JIM3 OTEYECTBEHHOTO U 3apyOeKHOTO PHIHKA aBTOMATHU3H-
pOBaHHOTO 00OPYIOBaHUS MOKAa3aJl, YTO Y OTECUECTBEHHO-
TO MPOU3BOIUTENSA OTCYTCTBYET HEOOXOAMMas HOMEHKIIA-

Typa.
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O6opynoBaHue, yIOBICTBOPSIONICE HEOOXOIUMBIM
YCIIOBUSIM, TIPOM3BOJMTCS TONbKO (upmamu Siemens,
Rockwell Automation u Mitsubishi Electric.

Ananmm3 obopymoBanus GUPMBI Siemens TOKa3bIBaCT,
YTO OHO HE YAOBJICTBOPSCT MaccorabapMTHBIMH Mapa-
MeTpamu 1 MetoaaM noctpoeruss SCADA-cucTeMsl.

Paccmorpeno obopynoBanue ¢upmbl  Rockwell
Automation. JucTpuGpIOTOpPE 3TOr0 000PYIOBAHUA
T'OTOBBI €I'0 IIOCTAaBHUTh, HO HC 3aHUMAKOTC TEeXHUYECKOMN
MOJ/IEPXKKON M COIPOBOKICHHEM ITPOEKTOB.

Ananu3z ob6opynoBaHus simoHckod ¢upmel Mitsubishi
Electric mokasai, 4To OHO COOTBETCTBYET HEOOXOJUMBIM
TpeOOBaHMSM 110 Ta0APUTHBIM MTapaMeTpaM, TEXHHIECKUM
XapaKTEepUCTUKAM M NPOTPAMMHBIM IIPOIYKTaM, CIOCO0-
HBIM pEai30BaTh COOTBETCTBYIOIIYIO CHCTEMY YIpaBlie-
HUSI ¥ IPOTPaMMHYIO O0OJIOUKY OIepaTopa Ui CHCTEMBI
KOMITCHCAITUN BECOBOM cocTaBJstomniei [12].

st peanin3any KOMIIEHCAIlMM BECOBOM COCTABIISO-
mel  mpemiaraeTcs  aBTOMATHU3MPOBAaHHAs — CHCTEMaA
Ha ocHoBe matdopmer apromatu3anun MELSEC System
Q Mitsubishi Electric. ITnardopma Mitsubishi System Q
OCHOBaHa Ha MPOTPECCUBHON MHOTOIPOIIECCOPHOU TEX-
HOJIOTUH: O/IHA CHCTeMa OyJIeT UMETh HECKOJIBKO MpoLiec-
COpOB: TIPOLIECCOpP IPOrPaMMHUPYEMOro KOHTpOJLIepa,
MIPOLIECCOp YIIPABICHHS JBIKEHHEM, MPOLECCOp YIpaB-
nsgromed  mporpamMmel Ha  ocHOBe  SCADA-cucTemsl
C BO3MOKHOCTBIO TOJHOW HMHTETPALMH 3alpocoB II0
YIpaBJICHUIO 1 0OMEHY JaHHBIMH Ha €IWHOW 1aTtdopme.
Kpome Toro, obecnieunBaeTcs BHICOKAsA CTEIICHb TOTOBHO-
CTH CHCTEMBI 3a CYET MCIOJIB30BAHUS PE3CPBUPOBAHMUS
BEAYIIMX YCTPOWCTB B KOMMYHHKAL[MOHHBIX CETSX,
a TaKKe paclio3HaBaHMs OOpbBIBAa JIMHUWA M CIIOCOOHOCTH
K «ropsiyeil 3aMeHe», YTO MO3BOJISET MMPOM3BOAUTH 3aMe-
HY MOAYJIEH NpsSIMO BO BpeMsl pabOTHI CUCTEMBI.

[IpomeccopHblii MOIyJIb yHpaBlICHUS JABHKEHHEM
YIpaBisieT M CHHXPOHU3MPYET MOIKIIIOYEHHbIE K HEMY
CEpBOYCWIINTENH, CEPBOJBHUIAaTEIM M HAaOOp HEoOXOoIu-
MBIX CEHCOpPOB, MHTETPUPOBAHHBIX B CHCTEMY YIpaBlle-
HUSL U (YHKIMH HEIPEPBIBHON BU3YAJIN3aIMU U CIIEKE-
HUS 32 TIO3UIMSMH [IEHTPOB MacC 3BCHHEB CITHII.

i s i

CTpyKTypHasi cxeMa aBTOMAaTH3allM{ MpeACTaBICHA
Ha puc. 3.

Kaxxaprit Mogynp BKITIOWAaeT B ce0sl OTHENBHBIA OJIOK
ynpasienus, cocrosumii u3 IJIK, Monyns ympasneHus
JIBIDKCHUEM, MOJYJIS aHAJOTOBBIX BXOIOB, MOIYJNS LU(]-
POBBIX BXOJOB, MOAYJIS BBIXOJOB, MCTOYHHKA MUTaHUSA
U CEPBOYCHIINTEIIEH, PACIIONIOKEHHBIX Ha 6a30BOM IIACCH.
Bce monynu coenuHeHbI ¢ 6a30BOil ynpasisromeii craH-
et cpencreamu Ethernet. ba3zoBas yrmpapisitorias craH-
must cocrout u3 IJIK, momyns MES-untepdetica, kom-
MyTanuoHHoro moxayns Ethernet m mepconanbHOro KoM-
IIBIOTEpA C ONEPAIIMOHHOW CHCTEMOH I KOHTPOJIJIEPOB
no3uuuonupoBanust U SCADA-cucTeMsl.

SCADA-cucrema peanmsoBaHa Ha MX4 SCADA -
MOTHO(YHKIIMOHATIFHON CHCTeMe KOHTPOJISA U cOopa IaH-
HBIX, OCHOBaHHOI Ha mHTepdeiice Windows, dro 3HaYH-
TEJIFHO COKpAIIaeT CKOPOCTh OOy4YeHus, JaBas BO3MOXK-
HOCTB ITOJTB30BATENIO OBICTPO MpHCTIOCabIMBaTHCS U pea-
THpOBaTh Ha m3MeHeHus B mporecce. B SCADA-cucteme
3arporpaMMHpPOBaHbl OCHOBHbIC (D)YHKIIUH, BKJIOUast 0110-
KHPOBKY, CHUTHAJHM3alUIO, apXUB HaHHBIX M OTYETHI,
o0ecIieunBaroTCs MPOCThIE, HO BaKHBIE TOTOBBIE PEIICHHS
[12; 13].

Buzyanuzarust paboTsl ¢ yrpaBisioniel mporpaMmMoit
BBHITIOJIHEHA Ha THaHesn omneparopa Mitsubishi Electrical
GOT2000, xoTopast obecriednBaeT 4eIOBEKO-MAITMHHBIHA
uHTepdeiic, MpeaocTaBIieT AOCTYN K TEXHOJIOTHYECKUM
JTAaHHBIM, TIO3BOJISICT OTCIICKUBATH, YNIPABIATH U IO MEpe
HEOOXOAMMOCTH U3MEHATh TMapaMeTphl Ipoliecca
KOMIIEHCAILIMH BECOBOI COCTABIIAIONIEH. ABTOMAaTHYECKOE
yIpaBJCHUE IIPOIIECCOM KOMIIEHCALIUH BECOBOM cOCTaB-
JSFOIIEH MTOCTPOEHO TakUM 00pa3oM, YTO Ha IKpaHe KOM-
MbIOTEpa OTOOpaKaeTCs TJIABHOE MEHIO CHCTEMBI, COZIep-
xKamiee QyHKIIMOHAIbHBIE 30HbI:

— peskuM cCOOpKH;

— PEXHMM HCIIBITaHUI;

— CTaTUCTHUKA,;

— HaCTpoOiiKa ¥ JUarHOCTHKA;

— aKTUBHBIE aBapHH;

— apXuB.
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ABTOMAaTHYECKOE YIIpPaBICHHE KOMIICHCAIUEH Beco-
BOH COCTaBISIONICH 3aKII0OYaeTCsl B KOHTPOJE W MOIICP-
KaHUW TpeOyeMBIX 3HAUYEeHHUI IapamMeTpoB Ipolecca IIy-
TEM YIPaBICHHUS CUCTEMOM, pabOTOW WMCHIOTHHUTEIBEHBIX
MEXaHU3MOB W, TIPM HEOOXOOMMOCTH, B TPUHATHU MIO-
MTOJTHUTEIBHBIX MEP IO YIPABICHUIO POIIECCOM.

[Ipu mTaTHBIX WCOBITAHHSIX CIPOCKTUPOBAHHAS CHC-
TeMa paboTaeT Mo CHOPMHPOBAHHOMY aJTOPUTMY, ITOJ-
ACPKHBasA BCJIUYHMHY OHNPECACICHHOI0 YCWJIUA U BEPTHU-
KaJIbHOE TOJIOXKCHUE THOKOM CBSI3U MO BCEH TPacKTOPUH
PACKPBITHS CITMII aHTCHHBI, @ TAK)KE YUUTHIBACT BIMSHUC
JUHAMUYECKUX PHIBKOB U TPOIMCAHHEBIC aBapUITHBIC CH-
TyaIuy.

Pabora cucteMbl ynpaBieHUs MOCTPOCHA TaKUM 00pa-
30M, 9TO B YIIPABISIOMICH IPOTrpamMMe 3aIal0TCs OCHOBHBIE
mapaMeTpsl Tpolecca KOMIIEHCAIIMA BECOBOM COCTaB-
JISFOIIEH:

BEJIMYUHBI TPeOyeMOro HaTsDKEHUSI THOKHUX CTPOTI,

— HeoO0XOIUMBIE CKOPOCTH (MM 3aKOHBI W3MEHEHHS
CKOPOCTH) CEpBOIBHUraTeNei, OTCIEKHUBAIOIINX BEPTH-
KaJbHOE MOJIOKCHUE THOKOW CTPOTIBI.

CepBOJBUTaTEIIU TO3BOJIIOT YCTAHOBHUTH JIFO0OW W3
W3BECTHBIX 3aKOHOB PETYIUPOBAHWS W 33JaTh JHOOBIC
TapaMeTphl pa3roHa-TOPMOKCHUS, HEOOXOMMBIC JUTS TITaB-
HOTO TPOTAaHUA-OCTAHOBA, OTPAOOTKU CHTHAJIOB C JIATYH-
KOB U3MEPEHIS yTia U BECOU3MEPUTEIBHBIX TICCK.

3akawuenne. [1o pe3ynpraToM HaHHOW CTaThH CIe-
JIaH BBIBOJ O TOM, YTO IPEIUIOKEHHAs CHCTEMa CMOXKET
OBITh MHTETPHPOBAHA B MEPCHEKTHBHYIO CHCTEMY aBTO-
MaTH3aIM{ U YTPaBICHUS TEXHOJIOTUYECKUM IIPOIIECCOM
MIPOBEACHUS UCIBITAHUNA PACKPBITHS KPYMTHOrabapUTHBIX
AQHTEHH KOCMUYECKHUX aIlapaToB.

PaspaboTana cTpykrypa miatdopMbl aBTOMAaTH3AIMU
CHCTEMBl KOMIICHCAIIMUd BECOBOM COCTaBJISAIOIICH, COOT-
BETCTBYIOIIAsT MPHUHATOMY IPOIECCY MPOBEICHUS HWCIIBI-
TaHuii. Pa3paboTaH WHTYHTHUBHO TOHSATHBIN YEIIOBEKO-
MalIMHHBIA WHTEp(EHC ¢ BO3MOXKHOCTHIO JTUCTAHIIMOH-
HOTO yTIPaBJICHUS W KOHTPOJIS 3aJaHHBIX TapaMETPOB.

Hcnonp3oBanne BHIOpaHHOW IUIaT(GOPMBI aBTOMATH-
3N TIO3BOJIUT PEIINTH TOCTABICHHYIO 3a7ady yIIpaB-
JICHHSI CHCTEMOM KOMIICHCAIIMU BECOBOM COCTaBJISAIOIICH,
KOTOpast OBBICHT €€ Haa&KHOCTh, PACIIUPUT (DYHKIIHO-
HAJIBHBIC BO3MOXKHOCTH, OyJIeT yI00HA B UCIOIB30BaHUH,
YBCJIUYUT TMPOU3BOAUTCIIBHOCTD paC‘iéTOB U COKpaTur
YHUCJIO OIIMOOK OIEepPaTopoB, JOCTUTHET TpebdyeMoro
YPOBHSI ONICPATHBHOCTH PabOTHI CHCTEMBI B TesioM. Takast
OIICHKA TI03BOJISICT C YBEPEHHOCTBHIO YTBEPKAATh O Kaye-
CTBCHHOM YITyYIICHUH CHCTEMBI KOMIICHCAIIUN BECOBOM
COCTaBIIAONICH, KOoTOpas OymeT obiagate OoibIIei Tuo-
KOCTBIO, HAJIGKHOCTBIO U 0€30TKa3HOCTHIO.
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MOJEJIUPOBAHUME IMPOLHECCOB TEIIVIOMACCOIIEPEHOCA
B MUKPOKAHAJIBHBIX TEIINTOOBMEHHHUKAX CUCTEM YIIPABJIEHUSI
KOCMHUYECKOU TEXHUKHU

JI. A. Konoanos', H. H. Koxyxos, 1. I. JIpo3noB

Boponexckuii rocy1apcTBEeHHbI TEXHUYECKUNA YHUBEPCUTET
Poccuiickas ®enepanus, 394026, r. Boponexx, MockoBckuii mpocnekt, 14
*. . .
E-mail: dmikonovalov@yandex.ru

IIpeocmasneno ucciedoganue meniomMaccoOMeHa 6 MUKPOKAHANAX HA OCHO8e HUMEBUOHBIX MOHOKDUCTNALIOS
KpeMHUsL Menio0OMEHHbIX 2NEMEHMO8 OJis MeNeKOMMYHUKAYUOHHBIX CUCIEM KOCMUYECKOl MeXHUKU, MOOYiell ynpas-
JeHus Hazemno2o basuposanus. Llenvio nacmosweli pabomul AeNAemMCcA paspabomrka MamemMamudeckux mooenei
U NPoBedeHUe YUCTIEHHO20 MOOEUPOBAHUsL MENIOMACCONEPEHOCA OISl MUKPOKAHAILHO20 MeNnI000OMEeHHUKA 2UOPUOHOT
cucmemuvl Mensiogoll 3awumsl Ha OCHO8e MOHOKpUCMAnio8 kpemuus. Cucmema mennosoil 3auumel 00IHCHA 0becneyu-
6amv cmMabUIbHYIO pabomy 31eKmpOHHO20 000PYO08AHUS 8 WUPOKOM OUANA30He MEMNepamyp OKPYlICarue2o 6030yxd
(om —40 0o +60 °C), a mepmocmamuposanue 001#cHO Haxooumuvcs 6 npederax 0,1 °C. IIpu smom maccozabapum-
Hble XapaKmepucmuKy meniooOMeHHUKA COOMHECEHbL C PA3MePamu 1eKMPOHHBIX KOMNOHenmos. [Ipednooicen sapu-
anm meniooOMeHHUKA HA OCHO8e MAMPUYbL U3 HUMEBUOHBIX KDUCINANN08 KPeMHIUA, KOMOPbLil NO360JAem co30amb pas-
eumyro nosepxrocm, obecneuusas vicokuii mennocvem 0o 100 Bm/cw’. Ilo paspabomannoii mexronozuu npouseede-
Hbl onvimHvle obpasysl. Paspabomana mamemamuieckas Mooenb, Hauboiee NOIHO ONUCHIBAIOWAs NPOYECChl MeNnao-
Macconepenoca 6 MUKPOKAHANbHBIX Menio0OMeHHUKAax, onpedenenvl KOppekmuvle spanuynvle yciosus. IIpogsedeno
YUCTIEHHOe MOOeUposane npoyecco8 menio- u macconeperoca. Ilocmpoenwvl 3asucumocmu nepenada 0agieHus,
memnepamypbvl 0Om pacxooa OXAaoumeins, onpeoeieHvl n00Xo0bl OJisl HAXONCOCHUS 2e0MEMPUEeCKUX XAPAKMEPUCMUK
apghexmusrozo pebpa na ocHose MoHOKpucmanios. Onpedenensvl 3a8UCUMOCHU MEMNEPAYP MOHOKPUCHATIUYECKO20
pebpa om e20 8bicomMbl U NPOCMPAHCIMBEHHO20 pacnonodcerus. Hcciedosanvl Kpumuyeckue pexicumsvl pabomul cucme-
mot. C yenvro onmumuzayuy meniocuopasIudeckux Xapakmepucmux npeoiolceHvl Hogble KOHCPYKYUu meniooomMeH-
HbIX 271IeMEHMO8 U3 MOHOKPUCIANNA KPeMHUS OJisl NPOGeOeHUs OQNbHENUUX UCCTIe008AHUI.

Knioueswvie crnosa: komnakxmuwiil memoo@wermwc, paseumasd no6epxHocms mel’t]lOOdM@Ha, MOHOKpUcmailil KpemMHuUA,
cucmema mepmocmamupoeanusl, menioeds 3awumad.
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MODELING OF PROCESSES OF HEAT AND MASS TRANSFER IN MICROCHANNEL HEAT
EXCHANGERS OF SPACE-SYSTEM ENGINEERING CONTROL SYSTEMS

D. A. Konovalov’, N. N. Kozhukhov, I. G. Drozdov

Voronezh State Technical University
14, Moskovsky prospect, Voronezh, 394026, Russian Federation
“E-mail: dmikonovalov@yandex.ru

The work is devoted to the study of heat transfer in microchannels on the basis of filamentary monocrystals of
silicon of the heat exchange elements for telecommunication systems, space technology, management module land-
based. The aim of this work is to develop mathematical models and conduct numerical modeling of heat and mass
transfer for a microchannel heat exchanger hybrid thermal protection system on the basis of silicon single crystals. The
thermal protection system must ensure stable operation of the electronic equipment in a wide range of ambient
temperatures (from minus 40 to plus 60 °C) and temperature control should be within £0.1 °C. The overall dimensions
of heat exchanger are correlated with the size of electronic components. A variant of the heat exchanger based on the
matrix of filamentary crystals of silicon that allows you to create a large surface area providing high heat removal of
up to 100 W/em’ is offered. By the developed technology prototypes have been produced. The mathematical model that
best describes the processes of heat and mass transfer in microchannel heat exchangers, defined the proper boundary
conditions has been developed. Numerical modeling of heat and mass transfer has been conducted. The dependences
of the differential pressure, temperature, flow cooler, identified approaches for determining geometric characteristics
of effective edge-based single crystals have been built. The dependences of the temperatures of single-crystal fin from
its height and spatial location have been determined. The critical modes of the system have been researched.
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To optimize the thermal and hydraulic characteristics of the proposed new design of heat-exchange elements made of

single crystal silicon for further research has been offered.

Keywords: compact heat exchanger, the extended heat exchange surface, whiskers of silicon, temperature control

system, thermal protection.

BBenenne. B mocienHue roapl akTUBHOE pPa3BUTHE
TaKUX OTpaciel, Kak KOCMHYecKasl TEXHHUKA, YHEPTeTHKA
U DJICKTPOHMKA, MIPUBOAUT K MOBBIIMICHUIO TEIIOBBIX Ha-
IPy30K pa3IM4HBIX 3JIEMEHTOB 00OPYIOBaHUs, BXOIIIE-
0 B COCTaB KOCMHUYCCKHX, YHCPIeTHUCCKUX U TEICKOM-
MYHHKAIIMOHHBIX CUCTEM. B CBSI3M C 3TUM HCCIICIOBaHUEC
CHOCO0OB MHTCHCU(UKAIIMH TEIUIO3HCPIETHYCCKUX TIPO-
IIECCOB SBISCTCA AaKTyallbHOW 3ajadeil TpH CO3MaHUH
CTaOMIBHBIX CHCTEM OTBoJa TemioTel. Ocoboe mecTo
OTBOJUTCS TEPMOCTATUPOBAHHIO, KOTOPOE 3aKITI0YACTCS
B pa3paboOTKe TEXHOIOTHI oOecmeueHusl TeMIepaTyphl
MIPUOOPOB M YCTPOMCTB TEIEKOMMYHHUKAIIMOHHBIX CHCTEM
Ha3eMHOTO 0a3MpoBaHUS C BBHICOKOW TEIUIOBOW CTAaOWIIb-
HocThio (0,1 °C).

IMocTtanoBka 3amaun. [Insd HameKHOTO (YHKIIMOHHU-
poBaHUs 00OPYJOBAaHUS B YCIOBHSX IMOBBIIIEHHOTO TEIl-
JIOBBIJICTICHUS DJIEMEHTOB, a TaKXKE TPHU BBICOKHX TEMIIC-
paTypax OKpY)KaloIero BO31yXa Hapsay C MaCCUBHBIMU
HCIOJB3YIOT AaKTHBHBIC CHUCTEMbI TCIUIOBOM 3allUTHI
C pa3BUTHIMH ITOBEPXHOCTAMHU TeIuiooOMeHa. OmgHuM
3 3((HEKTUBHBIX CIIOCOOOB MHTCHCHU(DHKAIINU TEIUIONe-
peHoca SABJISIETCS WCIOJIh30BAHUE MOPHCTHIX U MUKPOKa-
HAJIBHBIX TEIIOOOMEHHHUKOB. McciemoBaHusIM MpoIeccoB
TEIUIOMACCOTIEPEHOCa B YKa3aHHBIX BBIIIE CHCTEMAax
MOCBAIICHB MHOXECTBEHHBIE pPa0OThI OTEYEeCTBEHHBIX
1 3apyOeXHBIX aBTOpPOB [1; 2].

[Ipn upe3BblUalHO BBICOKHMX TEIJIOBBIX IOTOKAaX,
OOJIBIITNX TEMIIEPATYPHBIX HAIIOPAX, CIOKHON KOHCTPYK-
MU WIA Majod JOCTYITHOCTH IMOBEPXHOCTU IOPUCTOC
U MHKPOKAaHAIBHOE OXJIAXKICHHEC — Haubojee MOIXOIsi-
WA METOJ TEIUIOBOW 3amuThL. [Ipu 3TOM 3adactyro pas-
MEpHl TEIIOOOMEHHHKA JIOJDKHBI OBITH  COM3MEPHMEI
C TEIUTOBBIJCIIONINM 3JIEMEHTOM, YTO BEIET K KECTKUM
TpeOOBaHMAM MacCcOTabapUTHBIX XapaKTEPUCTHK.

Mupokuit muama3oH CTPYKTYPHBIX, TeIDIOhU3NIe-
CKUX, THIPABINYECKUX, XUMUICCKUX, ONTHYCCKUX U JPY-
THX CBOIMCTB HOPHUCTHIX U MUKPOKAHAIBHBIX MaTEPUAJIOB,
BO3MOXHOCTh H3TOTOBJICHHS W3 HHUX JJIEMEHTOB KOHCT-
PYKUU, BBICOKas HHTCHCUBHOCTh TEIUIOOOMEHA — BCE 3TO
JacT BO3MOXKHOCTHh HCIIOJIB30BaTh YKa3aHHBIC TEIIO00-
MCHHBIC JJICMCHTHI B YCJIOBUSX JCHCTBHS BBICOKUX TEII-
JIOBBIX HATPY30K U TEMIEpaTyp, Tam, TJ¢ JAPYTHE BUIBI
OXJIXJICHUS KOHCTPYKIIMHA OKa3bIBarOTCA Manodddek-
TUBHBIMU. Tak, HAPUMEp, B CUCTEMAaX TEIUIOBOW 3alTUTHI
KUJKOCTHBIX PaKeTHBIX JBHUTATENIe, CBEPX3BYKOBBIX
OTHECTPYHHBIX PE3aKOB, IUIA3MOTPOHOB, a TaKke OIIOKOB
MMUTaHAS, MUKPOCXEM, COBPEMEHHBIX MPOIECCOPOB, CTaH-
Ui 0a30BOM, CITyTHUKOBOW M KOCMHUYECKOU CBSI3H, TEIl-
JOBOH MOTOK B KOTOPBIX coctasmsier 100 Br/cv? 1 Bbime
[3-5], Oblmm pa3paboTaHbl M YCHENIHO ampoOHpPOBAHBI
MMOPUCTHIC TEIUIOOOMEHHUKH C MEXKKAHAJIbHON TpaHCIIH-
pauueit oxnagutens [6; 7].

Crnenyer OTMETHTh, YTO Ha MPOIECC TEILIONEpEeHOCca
OKa3bIBaCT HEIMOCPEICTBCHHOE BIHSIHUE HE TOJIHKO KOH-
BEKTHBHAs COCTABJIAIONIAs, HO U TEITO(PH3HIECKIE CBOM-
CTBAa CaMOTO TEIUIOOTBOMAMICTO JJIEMEHTa, a TaKKke
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TEPMHUYECKOE COTIPOTHBIICHUE MEXKIY «TOPSUCD» OBEPX-
HOCTBI0O MW OXJIanuTeNneM. Tak, TpH BETHYHHE KO-
(unreHTa BHYTPUIIOPOBOTO TeII0OOMEHa, paBHOH A, =
= 10°-10"" Br/(M*K), sbbextuHbi KOd(DHIEEHT
TEIJIONPOBOAHOCTH MEIHOH MAaTpHIBl COCTaBIsET
160 B1/(M'K), a ynenbHOE TepMHYECKOE COMPOTHBIICHHUE
MEXAy HarpeTod IMOBEPXHOCTHIO M TEIUIOOOMEHHHUKOM
COCTAaBIISIET TOPSAKA OT 10 no 1072 (m-K)/BT, 9T0 B Iie-
JIOM CBOAWT Ha HeT 3()()EKTHBHOCTH MOPUCTOTO OXIIKICHHS.

OpHUM U3 penIeHU JaHHOM NpOOJIEMBI SBISIETCS HC-
MOJTb30BAaHNE MHKPOKAHANBHBIX 3JEMEHTOB HA OCHOBE
MOHOKPHUCTAIIOB KpeMHUs. [IpuMeHeHe TaHHOM TEXHO-
JIOTHH TIPH M3TOTOBJICHUH YCTPOMCTB OXJIAXKACHUSI TIO3BO-
JISeT CHU3UTH MPAKTHUYECKH A0 HYJS M JaXkKe UCKIIOUUTH
B NPHHLHUIE TEPMHUYECKOE COMPOTHUBICHHE MEXAY MOJ-
JIOKKOH U TEIUIOOOMEHHBIMHU 3JIEMEHTaMH.

Pa3paGorka MakeToB TemiO0OMeHHHMKOB. bruin
pa3paboTaHbl W CO3AaHBbl TEIUNIOOOMEHHBIE aIapaThl
C TEIUTIOOTBOISIIUMHI JI€MEHTAMHU B BHJIC MATPHIIEI HUATE-
BUJHBIX KPHUCTAJUIOB KpPEMHUSI, KOTOpBIC BBIPAIICHEI
Ha TOJJIOXKKE IONYIPOBOJHUKA W O0Pa3yIOT pa3BUTYIO
MMOBEPXHOCTH TeriooOMmena [8]. Permenne o nmpumeHeHNH
B KayecTBE MaTepraja MOHOKPHCTAILIIYECKOTO KPEMHHUS
00yCIIOBIICHO €T0 BBICOKMM KOA((HUIIMEHTOM TETIIONpPO-
BOJHOCTH, a TaKKe IEepPCIEeKTHUBHBIMU pa3paboTKamu
B 00J71aCTH 3NIEKTPOHHUKH B YAaCTH BBIPAIMBAHUS HA OJHOU
CTOpPOHE KPEMHHEBOW TOMJIOKKH SJIEKTPOHHBIX YHIIOB,
a Ha JPYrol CTOPOHE — IIKMIIOB 33JaHHOW KOH(QUTYpAIUH,
MPEACTABISIONINX COO0M CUCTEMY MHKPOKaHaJIOB CHCTe-
MBI TEIJIOBOW 3allMThI, YTO B IEJIOM MO3BOJISIET MCKIIIO-
YUTh TEPMHUYECKOEC KOHTAKTHOE COMPOTUBIICHUEC MEKIY
TEIUI00OMEHHUKOM U HICTOYHHKOM TETIOBBIICICHUS.

OnvH W3 MakeTOB TEIIOOOMEHHHKA C TETIOOTBOMS-
IIMMH 3JIEMEHTAaMH W3 HHUTEBUAHBIX KPUCTAJUIOB KpeM-
HUS, BBIPAIIGHHBIX Ha TOJUIOKKE MOJIYIPOBOTHIKA,
npeacTaBieH Ha puc. 1.

WzroroBneHne MHKPOKAaHAJIBHOTO TEIUIOOOMEHHUKA
Ha OCHOBE MOHOKPHCTAJUIOB KPEMHHUS 3aKII0uaeTcs
B cienyromeM. HuTeBuIHbBIE KPUCTALIBI KPEMHHUS BhIpa-
IIMBAIOTCS HA KPEMHUEBBIX MOHOKPUCTAJUIMICCKHUX TOJI-
JIOKKaX B TEYM C TOPHU3OHTAIBHBIM PACIOJIO0KCHUEM
TpyOUYaTOro KBapIEBOTO PEaKTOpPa B OTKPBITOW XIIOPHI-
HO-BOJIOpOTHOH cpexe. [locie pa3pamuBaHus KPUCTAILIOB
mojiada TeTPaxJIopuia KPEeMHUs B PEaKIHOHHYIO 30HY
MpeKpaIaeTcs, a PeakTop ¢ BHIPAIICHHBIMHE 00pa3amu
HUTEBHIHBIX KPHCTAIUIOB OXJIAXKIACTCA JO KOMHATHOM
TemnepaTypbsl. Mopdosiornueckre nccieoBaHuUs BhIIIOJ-
HSIOTCS] METOJIAMH CKaHUPYIOIIEH 30HI0BOM MUKPOCKOITHH.

Jlns mccnemoBanust ObLTH pa3paboTaHBl M CO3/IaHBI
TETI000MEHHBIE aIaparhl ¢ TEMJI00TBOISIIIMMH dJIeMEH-
Tamu (puc. 2) B BUJC MaTPHUIIbl HUTCBUIHBIX KPUCTAJUIOB
KPEMHHS, KOTOPBIC BBIPAIlEHBl HAa MOJJIOKKE MOIYIpPO-
BOJIHUKa W 00pa3yrT Pa3BUTYIO0 MOBEPXHOCTH TEILIOO00-
MEHA C CHCTEMOH KOJUIEKTOPOB U IPOHHUIAEMEIX TIEpero-
ponox [8].
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Puc. 1. MUKpOKaHAIBHBI TEMIIOOOMEHHHK C TEMIOOTBOISIIIMMHA HUTEBHIHEIMA MOHOKPHCTAIUIAMH KPEMHHUS:
a — obumii BUI; 6 — GpoTorpadus MOATOKKH

Puc. 2. MI/IKpOKaHaIILHI)Ie TECIIOOTBOAAIIMNE 3JIEMEHTBI HA OCHOBE MaTpHUIbl HUTEBUIHBIX MOHOKPUCTAJIJIOB KPEMHUS:
a—c¢C 3I/IF3aF006pa3HHM MPAMOYTOJIBHBIM PAaCHOJIOKECHUEM [ 3I/IF3aFOO6pa3HBIM KIIMHOBUIHBIM PACIIOJIOKEHUEM
6 — CO CIVIOIIHBIM PAcCIIOJIOKECHUEM

B Takom BapmaHTE 3JIEMEHTHl OXJIAXKICHHUS 00pa3yroT
MOHOJIUTHYIO KOHCTPYKIIIO BMECTE€ C TEIUIOBBIICIIIO-
UM DJIEMEHTOM, IMPH 3TOM HCKIIOYAeTCS TEPMHUYECKOE
COIIPOTHBIICHHE, KOTOPOE MPUCYTCTBYET B BapUaHTE IMpH
pa3JeabHOM HCIOJHEHUU TCIIOOOMEHHHMKA M TEIJIOBBI-
JICJISIFOIIETO JIEMEHTA.

MaTtemMaTH4ecKOe MoaeJHpPOBaHWe. B HacTosiiee
BpeMsI MPAaKTUYECKH OTCYTCTBYIOT Pe3yJbTAaThl MaTeMa-
THYECKOTO W YHCIICHHOTO MOJCIHPOBAHUS IPOIECCOB
TEIUIOMACCOIIEPEHOCa B MHKPOKAHAJIBHBIX CTPYKTYpax
monobuoro poma [3; 9; 10]. Ilpumenenne maremaTiye-
CKHUX MOJEJIEH U KPUTEpUAIbHBIX YpPaBHEHUH TEIJIOMac-
CollepeHoca MaKpoMoJelel, B TOM dYHcie OOTeKaHWe
IIyYKOB TPYO B TEINIOOOMEHHMKAX, I OICHKH IIpOIec-
COB B MHKpoMmacimiTabax [aeT HEeyJOBICTBOPUTEIbHBIC
pe3ysbrarsl. Mcnonap30BaHue MOAEIN UI€AIbHON MOpHC-
TOW Cpebl JUIs MPOTHO3UPOBAHUS PabOThl MUKPOKaHAIIb-
HBIX JJIEMCHTOB TAKXKC SBJISCTCS HECOBEPIICHHOW, YTO
3aKIIFOYACTCS B CEPHE3HOM PACXOXKICHUH PE3yIbTaTOB
YUCIICHHOTO M YKCIIEPUMECHTAIEHOTO MOJICITMPOBAHIS.

DTO CBS3aHO C TEM, YTO HEOOXOAHMMO HCCIICIOBAHHE
0COOEHHOCTEH TPOIECCOB THAPOIWHAMHKH H TEILUIO00-
MEHa B MHKpOKaHaJIaX, KOTJa CJIeAyeT YUUTHIBATh IpH-
CTEHOYHbIE TEUEHMS BOJM3M CTCHOK M IIUIIOB, a TAKXKe
pa3BUTHIE Te4eHHUs B cBOOOAHOM mpocTpaHcTBe. Cymect-
BEHHBIN TPaJHECHT TeMIepaTyp MEXIY IIUIOM U OXJIaIu-
TeJleM TakKe€ BHOCHUT CBOM KOPPEKTHUBBI B TOYHOCTH MO-
JICITUPOBAHMS MPOICCCOB THAPOJUHAMUKU, B TOM YHCIIC
U Ha HECTAIMOHAPHBIX peXuMax paboTel. Hekoppekr-
HOCTh CYIIECTBYIOIIMX MOJENEH BEIeT K MOTepe TOYHO-
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CTH B OIICHKE IIPOIIECCOB TEIUIOMACCOIIEPEHOCa B pa3pa-
GaTbIBa€MBIX 3JIEMEHTaX TEIUIOBOM 3aIIUTHI, YTO MOXET
MIPUBECTH K €€ pa3pyLICHUIO MPH KPUTHUYECKUX PeKUMax
paboThl ¥ cO0I0 B paboTe HA3EMHBIX TEIEKOMMYHHKAIIH-
OHHBIX CHCTEM.

Wmetorcst uccnenoBaHus MPOLIECCOB TEIIOMAcCOIe-
peHoca B MUKpOKaHalaX, Ha MOBEPXHOCTIX C peibedom
W3 HAHOYACTWI] NpH Hannmyuu (azoBoro mnepexoia,
HO B OOJpIIeH Y4acTH OHM HMEIOT JKCIICPUMEHTAIbHBIN
XapakTep A KOHKPETHBIX Mozenei [11-13].

[Ipu mocTpoeHNN MaTeMaTHIECKON MOJENN OBLI IPH-
HAT psAn pomymieHuit [14—17]: pabounii areHT cyurTaeTcs
BA3KOW HEC)KUMAeMOil cpemoii (Boma); TEUEHNE TTOTOKA —
TpPEeXMepHOe CTalMOHAPHOE; TeI0(U3UUECKHE CBOWCTBA
MIOTOKA MPUHUMAIOTCS MOCTOSHHBIMU M PaBHBIMH Cpel-
HUM 3HA4YCHUSIM B MCCIIEAYEMOM HHTEpBAlle TEMIIEPaTyp;
Ha BXOJIC B PACUETHYIO 00J1aCTh HMMEETCs TIOJIHOCTBIO pa3-
BUTOE TEUCHHE C U30TPONHON TypOyJIeHTHOCTBIO; TEILIO-
00MEH ¢ OKpy’Kaloleil cpesioif OTCyTCTBYeT (Ha BHEITHEH
CTOpPOHE BBITIOJIHAETCS YCIOBUE aanabaTHOCTH).

Cucrema ypaBHeHudl Hasbe—CTOkca i omnucaHus
TypOYJIEHTHOTO OBIDKEHUS BS3KOW HEC)KHMMAeMOH HBIOTO-
HOBCKOH JKHUIKOCTH TIPH OTCYTCTBUM MACCOBBIX CHII
MIPEJCTaBIICHa B BEKTOPHO-TEH30pHOH (hopMe:

5
V.V =0, (1)

N

R
Z =_Vp+V:|puvv 2
P, j4 u 2
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B ckanmsipHO-TeH30pHOH (hopMe ypaBHEHHUS Hepa3phIB-
HOCTHU U W3MEHEHMS KOJIMYECTBA JIBUKEHUS 3alUCHIBAIOT-
Csl KaKk

ou;
—L= 05 (3)
ox;
% _auk =— 1op lit.k. 4)
ot jox;  pox, pox; !

C yueroMm ypaBHeHHS Hepa3pbeIBHOCTH (3) ypaBHeHue (4)
MOXKET OBITh IIPE/ICTABICHO B BUAE

% 0 (Mjuk) __ 16]7

+_
ot ox; pOox;
B ypaBHenusx (1)—(4) ucmnoyib3yeMbiec HHICKCHI OIpe-
JIENIAIOT HAIpPaBJICHUS JEKapTOBOW CHCTEMBI KOOPAWHAT
X; (Bumecy j=1, 2,3; k=1, 2,3; u,, u; — JICKapTOBbIC

1 0
+__
p Ox;

)

e

COCTaBJISIIOLLIME CKOPOCTH B HAaIPaBICHUU COOTBETCT-
BYIOIIUX OCEH; p — JaBJCHUE; / — BPeMs;, p — IUIOTHOCTb
KUIKOCTH; T, — COCTAaBJISIOIINE TCH30pa BSI3KHX HAIIpsi-

KEHUH; L — KO3()(OUIMEHT IMHAMUYECKON (MOJICKYJIp-

5
HOI) BSI3KOCTH; J/ — BEKTOp MECTHOW CKOPOCTH TOTOKA,

- - -
V =-eiu;; e; — elMHUYHBIE BEKTOPHI, V — omeparop
FamunbroHa; Ouy /Ot — NPOU3BOAHAS IO BPEMCHH;

Ty = u(@uj/axk +6uk/6xj)).

Bomnpocs! 3aMbIkaHHs MOMyYEHHOH CHCTEMBI ypaBHE-
HUH penaloTcs Ha pa3jinuHOM YpOBHE ciioxHocTH. [Ipo-
CTCHIIMIA MyTh — MCIIOJL30BAHUEC IMIUPHUCCKON HHPOP-
MaIi O XapaKTepUCTHKAaX TYypOYJICHTHOCTH, Hamboiee
CJIOYKHBIH ITyTh 3aKJIIOYAETCsl B BBIBOJIE YPAaBHEHHUI OTHO-
CUTEJIbHO PEUHOJIBJCOBBIX HAIIPSKEHUMN.

[Ipu MoJenTMPOBAHUN THIPOJUHAMHUKH TEYCHHS OXJIa-
OUTETsl WCIONB30Balach IByXcioiHas wmopens SST.
EE BbIOOp 00yCIIOBIIEH XOpOIICH CXOAMMOCTBIO IS
3ajiay, rye HeoOXOIUMO YUUTHIBATh KaK YCIOBHS TECUCHHUS
OXJIQINTENIS BO BXOASIIEM MOTOKE, TAK M B TIOTPAHUYHOM
ciioe BOJM3M IIMIOB, oOecreunBas MpH 3TOM HpUeMIIe-
Myl cxoauMmocTh pemieHus [14; 16]. Ona orHOcUTCH
K Mojien ¢ AByMs nuddepeHnnaibHBIMA ypaBHEHHIMH,
YUUTHIBAOIICH TaKKe MOJICIH, Kak kK —® U k —¢, u obec-

<

r tat b %

a

—

MEYMBACT TUIABHBIA MEPEX0] OT MOJENN Kk — B IIpUCTe-
HOYHBIX 00J1aCTAX K MOAETN k — € BIAJIM OT TBEPIBIX CTCHOK.
Cucrema ypaBHEHUH U1 HEU30TEPMUUECKOTO (C TeIIo-
00MEHOM) TeUEHHsI HEC)KUMAEMOM JKHIKOCTH B JIEKapTOBBIX
NPSIMOYTOJIBHBIX KOOpAMHAaTaX OyJoeT coCTOSATh M3 ypaB-
HeHui Hepa3pbIBHOCTH (6), nBrxeHus (7) n sneprui (8):

VU =0, (6)
a—U+(U~V)U=J—lVP+vAU, (7)
ot p

o UV =arT+-2, )
ot pc,

rae J ecTb pe3yibTUPYHOLIMM BEKTOP MAacCOBBIX CHII;
V — KHHEMaTH4ecKasi BA3KOCTb cpefibl (V = [/ p); a — kodd-

(uumeHT TemiepaTyponpoBogHocTy (a =i/ pc,).

B tenzopHBIX 0003HaUeHUAX cructema (6)—(8) BBITI-
JIAT KaK

oU,
—=0, 9
o ©)
8Uk+U)aUk=Jk—lfﬂ+viz-§g&, (10)
ot ox; pox,  ox;| Ox;
6_T+Uja_T:a£ a_T +q_V' (11)
ot 7 Ox; ox; | ox; ) pe,

[Ipu pa3paboTke MaTEeMaTHIECKOH MOJICN M YHCIICH-
HOTO MOJIEIMPOBAHUS TPOIECCOB THAPABIMKH U TEIUIO-
obMeHa B paboTe pacCMOTpEH BapHaHT MAaTpPHUIIBI, H30-
OpakeHHBIN Ha puC. 2, 6. bbia co3nana Mojens 00nacTu
TEUeHUsI OXJIAAUTENs depe3 1/5 4acTh TEIIOOTBOAAILETO
aneMeHTa (puc. 3) ¢ LeNbl0 YCKOPEHHS MPOLIECCOB pacye-
ta. JlanHple Monenu ObLIM cO3laHBl B rpaduieckoM ma-
kere Siemens NX. I'eomeTpuyeckue pa3Mepbl OJHOTO
«mMIoBaHHOTO» pedpa cocraBwm 20x4 mMm. Bricota
mMNoB OblIa npuHsTa 1 MM.
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Puc. 3. Monenb obyiacTi TeYeHHS: @ — IPaHUYHBIE YCIIOBUS; 6 — PACIONIOKEHUE IIUITOB
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Jns MareMaTH4ecKoro MOJIENHPOBAHMS HCIIONB30-
BayIcsl pacueTHbIH Komiieke Ansys Fluent. Mcmonb3oBa-
nmachk nByxcioitHas momens SST, obecmeunmBaromasi, Kak
YK€ yKa3bIBaJIOCh, XOPOIIYI0 CXOAUMOCTb JUIA 3a1ad, Te
HEOOXOZMMO YYHTBHIBATh KaK yCJOBHS TCUCHHS OXJIaIu-
TENsl BO BXOJSIEM IOTOKE, TaK U B MOTPAHHYHOM CIIOE
BOmm3u mmnoB [14]. Ha Bxome B pacyeTHylo o0iacth
3amaBayicsl TOCTOSHHBINA pacxon u Temmeparypa 25 °C.
Pabouwnii areHT cuuTaeTcs BSI3KOH HEC)KMMaeMOl Cpemoit
(Boma), a TeueHHE MOTOKA — TPEXMEPHOE CTaI[OHAPHOE.
[MonBoxa Ternna ObUT 3a7aH TPAaHUYHBIMH YCJIOBHSMHU BTO-
poro pona Ha HWKHEH HMOBEPXHOCTH PacyeTHON MOJEIH
(puc. 3, a). Ha Beixoze u3 pacueTHOil o0nacTu 3a1aroTcs
«MSTKHE» TPaHWYHbIC YCJIOBUS (YCIIOBHE IPOJIODKCHHUS
pemenusi). Ha ocTanbHBIX MOBEPXHOCTAX 3aJ[af0TCS yCIIO-
BUS TIpUIMNaHusa ¥ aguabatHocTh. CTeneHb HavyalnbHON
TypOynentHoctu 5 %, B konne — 10 %. Pacuer mponsso-
JWIICS VIS Pa3lM4YHBIX PEXKHUMOB pabOThI, XapaKTepusye-
MBIX Pa3IMYHBIMU PACXOAaMU OXJIAUTEIS.

TernoBoii MOTOK ObLT BBIOPAH MUCXOJsl U3 TEOMETPUU
TEIUIOHATIPSDKEHHOTO 3JeMeHTa (2x2 C¢M) U COCTaBHI
100 Br/cm®. MccremyeMslii 1HANa30H PacXO0B OXJIaIH-
TEJIsI COCTaBUJI OT 3,0-104 Ji (o) 12,0-104 kr/c. B mepecuere
Ha 1/5 4acTp 37eMeHTa ¢ HUTEBUAHBIMH MOHOKPHCTAJLIa-
MU KpEeMHUS TeIIoBoH notok coctaBui 80 Br.

'eomeTpuueckne pa3sMepbl M CXeMa PACIHOJIOKCHUS
MOHOKPHCTAJUIOB KPEMHHS Ha ITOJUIOKKE OIHOTO W3 pe-
Oep mpeacTaBieHbl Ha puc. 3, 0.

TemnooTBOAALIIME 3JIEMEHTH PACIHONOKCHBl B IIaX-
MaTHOM TIOPSAKE, PACCTOSIHAE MEXIY LEHTPaMH IIMIIOB
IO OCH a0CIHCC M 10 OCH OpauHAT cocTaBmio 600 MKM.
VYka3zaHHOE 3HaUeHHE 11ara IHUI0B 000CHOBAHO TEXHOIO-
ruedl U3roTOBICHUS] MUKPOKAHAIbHBIX JIEMEHTOB Ha OC-
HOBE MOHOKPHCTAJIIIOB KPEMHUSI.

Jnst mpoBeeHUsT MaTeMaTH4ecKoro MOJICIMPOBAHMUS
HCIIOJIb30BAJICS CIIEMAIM3UPOBAHHBIA pacyeTHBI KOM-
wiekc Ansys Fluent v. 15, nmpeaHa3HaueHHBIH JUIs 4uC-
JICHHOTO DENICHHUs YPaBHEHUH JBIKCHHS IKHJIKOCTH
1 TEIUI000MEeHa B HHTEPECYEMOI pacyeTHOH 001acTH, 4TO
MIO3BOJIMIIO CHHM3WUTH TPYIOEMKOCTb W COKPATHUTh IUIH-
TEJIBHOCTH PAacUeTOB.

AnroputMm ucnions3oBanust Ansys Fluent mms pere-
HUSI TIOCTABJICHHOM 3a7ayyl 3aKITI0YAaeTCs B CIEOYIOIIEM.
Ha nepBom sTane ocyiiecTBiaseTcss UMIIOPT IOCTPOEHHOM
3D-mozenu uccnenyemoro oobekTa B pemarensd Fluent;

0,4

65,7
LI

131,1 196,4

Ha BTOPOM — JIGKOMITIO3HIMSI PACUETHOM 00IacTH W T0-
CTPOEHHE CETKH, OIICHMBAETCS €€ KaueCTBO; HA TPETHEM
3Tane HEOOXOAWMO ONPENENUTh TPAHUYHBIE YCIOBHS,
BBIOpaTh MapaMeTphl pacueTa, CBOWCTBA MAaTepHalioB,
BBIOOpP IOTIOJHMTENBHBIX MOZEICH U MOICITMPOBAHMS
TypOYJICHTHOCTH; Ha 4eTBEPTOM IIPOU3BOJMUTCS pPEIICHHE
MocTaBlIeHHOM 3aa4u. C LeNbl0 KOPPEKTHOCTH PacuyeToB
YUUTBHIBAJIOCH BIMSHHUE MOJBOISALIMX U OTBOASIIUX KOJ-
JIEKTOPOB.

Jliist pacueTHON 00nacTH ObUIa CreHEpPUPOBaHA CETKa,
MMeEIONIas CIEAYIONINE [TapaMeTpPhl: THUIT CETKH — TETParo-
HAJBHAS; pa3Mepbl sS4YeeK — min 3,793176'10’17 M,
max 2,098848-10""" m; mapameTp JOCTaTOYHOCTH CETKH
(aspect ratio) — max 20,157.

Pe3yabTaThl YMCIeHHOr0 MoaeaupoBanus. Ilo pe-
3yJIbTaTaM TIPOBEAECHHOTO BBIYHCIUTEIBHOTO 3KCIEPH-
MEHTa OBIIM ITOMY4EHBI KapTHHBI PaclpeAcICHHs aB-
JICHUs, CKOPOCTH U TEMIIepaTypbl OXJIaguTelss A pas-
JUYHBIX O0O0JNacTell ¥ HECKOJBbKHX PEXHUMOB pPabOTHI.
Ha puc. 4-12 npencraBneHsl pe3yiabTaThl A pacxoia
0,00065 kr/c. AHajorn4Hble pe3ynbTaThl OBUIN MTOIYYEHBI
JUI IManasoHa pacxoos ot 3-107 1o 12:107* kr/c.

Pe3ynbTaThl MOKA3bIBAIOT, YTO HAOMIONAETCS CHMMET-
pHYHOE TE€UEHHE OXJIAUTEISI OTHOCHTENIFHO CTeHOK. [Ipn
MaJIBIX Pacxojax T€UYeHHE HOCHUT JAMHUHAPHBIA XapakTep.
ITo mepe pocta pacxoga HaOMIOAAIOTCA OTHACIBHBIC OT-
PBIBHBIE TEUCHUS BOJM3H IIUIIOB, HO B [IEJIOM HE HAOIIO-
JIaeTCsl TIepexosa K TypOyJICHTHOMY TEUEHHIO. Y CTAHOB-
JICHO BO3HUKHOBEHHE IPOTSIKEHHBIX 3aCTOMHBIX 30H Te-
YEeHMs 3a 3aJlHeH IMOBEPXHOCThIO wmuna. [Ipu aTtom ux Be-
JIMYMHA MOXKET JOCTUIaTh PACCTOSIHUS MEXIY IIUIaMH.
CokpamieHre 3acTOiHON 30HBI (mpuMepHO 10 1/2 pac-
CTOSIHHSI MEK/Ty LIMIIAaMH) BO3MOXHO 33 CUET YBEIIUUCHHUS
pacxosa oxJyamurens Ju0o 3a cyerT Oosee yacToW «BbI-
CaJIKW» IIMINOB Ha IOJUIOKKE. Y CTaHOBJIEHO, YTO TEMIIe-
paTypa IIMIIOB CYIIECTBEHHO OTJIMYAETCs OT TeMIlepary-
PBl OXJIQJUTENS, YTO MOXKET HNPUBOINTH K JIOKAIEHOMY
MIEPETPEBY.

Ha puc. 9 mpencrtaBineHsl 3aBHCHMOCTH TIepemnana
JIABJICHNS B TEINIOOOMEHHHKE M CpEeTHEH TeMIIepaTypsl
Kapkaca M TOTOKa OXJaiMTelNs, MpUYeM TemIepaTypa
MOTOKA OXJIAJUTENs ONpPEAeianaach 10 CpeHEeMy 3Haue-
HUIO Ha TUIOLIAaAH BBIXOJA OXJAIMTEINs, a TeMIepaTypa
Kapkaca — 0 CpeJHEMY 3HA4YEeHHIO TeMIIEpaTyphl B €ro
TIOJTHOM 00BeMe.

261,7  327,1 392,4 436,0

), (12

Puc. 4. PactipenieneHue qaBieHus B HOTOKE (B CBEPXY)
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Puc. 7. PactipenencHue TemMneparyp B MOTOKE (BH CIICPE/IN)
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Puc. 8. Pactipenenenue Temmepatyp B Kapkace (BUA Criepeiun)

Jlnst omieHKH «paboTOCIIOCOOHOCTH IIHUIOB U C HENBI0
JaNbHEeHIIeil ONTHMHU3aLUK BBICOTHI LIMIOB OBUIN B3STHI
OTZAENBHO BHIOpAHHBIC IIHITBI, HyMepanus KOTOPBIX Ipel-
craBieHa Ha puc. 10.

Pacmipenenenue TemmnepaTyp BIOJNb LEHTPAIBHOH OCH
LIMIA JUIA OJHOTO M3 PEKUMOB PabOTHI (pacxol oXJaau-
tenst 0,00035 kr/c) npeacrasneno Ha puc. 11.

[IpoBesieHHBIE HCCICAOBAHMS TOKA3aIM, YTO MHKPO-
KaHAJbHbIC TEIUIOOOMEHHUKHA HA OCHOBE HHTECBHIHBIX
MOHOKDPHCTAJUIOB KPEeMHHsSI 00JafatoT OONBIIMM MOTEH-
LHAJIOM TEIJIOCheMa, YeM MX aHAJIOTH Ha OCHOBE MOPHUC-
TBIX TETNIOOOMEHHBIX DJIEMEHTOB.

[NoyyeHHbIe NaHHBIC MOKA3bIBAIOT, YTO yBEIUYCHHUC
pacxona oxiaauTens He Bceraa BeaeT K 3((eKTHBHOMY
OXJIOK/ICHUIO TEIUIOHANPSDKEHHBIX ITOBEPXHOCTEH Teruio-
00OMEHHHUKa, TaK KaK MPOrpeB TEIJIOHOCUTENS UAET TOJb-
KO B HIDKHEH €ro 4acT, 4TO CO34aeT MPEINOCHUIKU JUIs

paspabotku 6onee 3(h(HheKTHBHONW KOHCTPYKIMH TEILI000-
MEHHHUKA, B TOM YHCIE MEPEMEHHOro Iiara IIUIIOB Ha
Pa3Nu4HBIX yyacTKaX. bosblias BRICOTA TEIIOOTBOASIINX
JJIEMEHTOB C YBEJIMYCHHEM PacXojia OXJIAIUTENS TAlIeKO
He Bcerjaa nosbimaeT 3(Q(YEKTUBHOCTh OXJIAXKICHUS,
a 3a4acTyl0 MPHUBOJUT K JONOJHUTENbHBIM 3aTpaTaM Ha
TPaHCIIOPTHPOBKY OXJIAIUTEINS Yepe3 MAaTPUIy MOHOKpH-
CTaJUTOB KPEMHUS.

OueBU/IHO, YTO TPU PacXoliaX OXJIAJMUTEINsl B AMara-
30me ot 3-107 o 12-107 kr/c HabmoAaeTCsl CyIleCTBeH-
HOE pa3IMyie MEKAY TEMIICPATypOH OXJIQJAWUTENS W IIU-
na. B 005macTax ¢ BRICOKHM PacXojiOM, CBBIIIIC 9-107* Kr/c,
TemnepaTypa muna He npesbimaer 100 °C, 4yro nemaer
paboTy PJIEMEHTa OXJTAXACHUS O0JHO(A3HOW U TPUBOIUT
K HaJC)KHOMY oxJaxicHuto. [Ipm 3ToM BenmmvmHA THI-
PAaBIMYECKOTO CONPOTHUBICHUS B a0CONIOTHOM BBIpa-
JKCHUH CTAHOBUTCS CONOCTABUMOH C COMPOTHBICHUEM
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MTOPHUCTHIX TEIUIOOOMEHHBIX 3JIEMEHTOB C MEKKaHaIbHON
TpaHcrupanmeil oxmnaaurens. Pemenne naHHoi mpoOie-
MBI MOXKET OBITH YCTPaHEHO 3a CYET NMPUMEHEHHS TEILIo-
OOMEHHBIX 3JIEMEHTOB C MEKKaHAJIbHOW TpaHCIHpaIen
oxnaauTens (cM. puc. 2).

B obnactu Oosiee HU3KUX PAacXOI0OB HAOIIOAACTCS IO-
BbIIIEHHEe TemrepaTypsl mumna 6onee 100 °C. OuyeBuaHo,
YTO B JAHHOM Cilydae HEOOXOJMMO MOBBIIIATH CTATHYE-

CKOE JIaBJICHHE B CHCTEME JHOO M3MEHSTH I'eOMEeTpHye-
CKOE€ DACIIOJIOKECHUE IIMIIOB BO M30€KaHME JIOKAJIBHOTO
meperpeBa U BO3MOXKHOTO (Pa30BOro mepexoma B obiac-
TAX, Omm3kux K oOmactu Harpesa. [Ipm sTom cpemHss
TeMIlepaTypa IoTOKa He MpPEeBBIMIaeT TeMIepaTypy ¢azo-
BOTO Iepexona. Pacmpeznenenue TemmnepaTypsl oXJaauTe-
JIs 32 IIMITaMHM TTOKa3aHo Ha puc. 12.

£°C 160 | 1200 Ap.Ia
= === T0TOK
140 4 -, s4ss00e KADKAC
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Puc. 9. I'padux 3aBuCcHMOCTEH TemMIlepaTyp 1 Iepenana JaBIeHUH
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Puc. 10. Hymepanus u pacnoyioskeHue uccielyeMbIX HIUIOB
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Puc. 11. 3aBucuMocCTs TeMIepaTypsl IIUIOB OT BHICOTHI
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Puc. 12. 3aBucuMocTs TEMIEpaTyphl OXJIaAUTENs 3a IUIIaMH 110 BEICOTE KaHajla

W3 rpadumka BHIHO, YTO MaKCHMAaJIbHOC W3MCHCHHE
TEMIEPATypPhl OXJATUTENs MPOUCXOTUT TIPU BBICOTE
kanaia ot 0,3 1o 0,7 MM u OoJree.

3aknawuyenne. Takum 00pazoMm, BBICOTa MOHOKPH-
CTaJuImdecKkoro muna cBbime 0,7 MM IMO3BOJSET TEIUIO-
OOMEHHHMKY pPa0OTaTh MpPU OTHOCHTENHHO HEOOIBIIOM
THIPABINYECKOM CONPOTHUBIIEHUH, TIPU 3TOM CYIIECTBEH-
HO HE BJIMSS HA TEIUIONEPEHOC U OTBOAUMBIN TEIIOBOU
motok. Ha HavaibHOM THAPOJUHAMUYCCKOM YYACTKE
BBICOTA IIIUIIA MOXKET OBITh CHIKCHA JI0 BETUYUHBI OT 0,2
10 0,3 MM, YTO MOBBINIACT OOIIYIO 3PHEKTUBHOCTH Pabo-
THI MUKPOKAHATBHOTO TEIIO0OMEHHUKA.

CnumkoM OONBIOION MOMBOAUMBIA TEIUIOBOW ITOTOK
W HEBBICOKAsT CKOPOCTb IBIDKEHHS OXJATUTENsI MOTYT
MIPUBECTH K €T0 3aKUIAHUIO, YTO HEIOIYCTHMO B JTAHHOM
ciydae. B ciaydae ¢a3zoBoro mepexoma B KPUTHUECKUX
pexxumax paboThl KOHCTPYKLUS JIOJDKHA oOecrevnBaTh
HaJIOKHBIH OTBOJ ra3000pa3HOi (a3bl, UCKIFOYAs JIOKAJIb-
HBIE TIEpEerpeBbl. JDTO TAaKXKE CO3JAaeT MPEIIIOCHUIKH IS
JANTbHEHIIEH ONTUMU3aIUi KOHCTPYKIIHH.

Baarogapnocrn. Pabora moxnepxana MuHmCcTEpCT-
BOM oOpa3oBaHus W Hayku Poccuiickoii ®enepanumy,
Ne 14.577.21.0202.
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OBBEKTHUB KAMEPBI COITPOBOXJIEHUA J1JIAA CITYTHUKOBOI'O JIASEPHOI'O JAJIBHOMEPA
OIITUYECKOI'O JUAITA30HA
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Paccmompenwr eapuanmel pacuema KOMOUHUPOBAHHOU ONMUYECKOU CUCIEMbL OIS IA3€PHO20 CNYMHUKOBO20 Odilb-
HoMepa, GKoYarouell pacuupumens 1a3epHo20 HyuKa u 00beKmus Kamepsbl CONPOBOANCOEHUs 8 ONMUYECKOM OUANAa30-
He. Pacuupumens nazeprozo nyuka npedcmasisiem Kamaouonmpuyeckyro cucmemy ouamempom 320 mm, umeroug)io
7-kpamuoe ygeauuenue 0ns oaun 60an om 400 0o 2000 um oudpaxyuonno2o Kavecmea no 6cemy nojio 3peHus besz 0o-
NOHUMENbHOU nepedoKycuposku. B obpamnom xode ayueii pacuiupumens uzpaem poib RUMaroweli OnNMmuKy o0bexmu-
8a 8 onmuyeckom ouanasome. IxeusaneHmuoe QoKycHoe paccmosmue obvekmusa paso 1753 mm. Paccmompenwi 0sa
sapuanma 00veKmusa: ¢ UCHONL308AHUEM ODBIYHBIX MAPOK CMEKIA U C UCNONB306AHUEM CHEKId, umMelouje2o 0cooblil
X00 Oucnepcuu. Ilpusooumcs ananusz u3o0padzceHus moyeyHvlX UCMOYHUKOS U pAacnpedeneHue c8emosoll dHepauu
8 NAMHe paccesHus MoyeuHo20 UCMOYHUKA. B npednoscennoli onmuueckoli cucmeme ucnonvsyemcs goxye Kyoe, no-
360NAIOWUL UCNONB306AMb ANNAPAMYPY, YCMAHOGIEHHYI0 cmayuonapho. [lpu pacueme onmuueckoli cucmemsl paouy-
Cbl KpUBU3HBL BCeX cheputeckux nosepxHocmeti 8blbpanvl U3 paoos suauenutl, pekomenoyemoix I'OCT 1807-75, umo
Yyoeuiegnaem mexHon02uio U320moG1eHUsl.

Knioueswvie cnosa: cnymnukosulii 1azephsiii 0anbHOMeED, 00beKMUS, paculupumeins 1a3epHo20 NyyKd.
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CAMERA LENS FOR A SATELLITE LASER RANGING
FOR VISUAL TARGETTING OPTICAL RANGE

E. G. Lapukhin’, V. M. Vladimirov, L. V. Granitskiy

Reshetnev Siberian State Aerospace University
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
“E-mail: lapukhineg@sibsau.ru

In the article the authors present the result of calculating of combined optical system for a satellite laser ranging
station. The calculated system includes extender of laser rays and lens of control-camera in optical band. The extender
of laser rays is a catadioptric system over 320 millimeters and has sevenfold increase for the lengths of waves from 400
to 2000 nm without refocusing. In reverse the motion of rays the extender of laser of bunch is used as a part of camera
lens in optical band. Equivalent focal length of a lens is 1753 mm. The authors presented two options of a lens
of camera: lens containing usual optical glass and lens containing optical glass with special dispersion path: special
crown (OK4) and special flint (OF1).

The calculated systems can be used for a location of satellites by two laser lengths of waves. This method allows

to define distance from satellite to us more precisely.

In the article the analysis of the RMS spot diameter and radial energy distribution of spot has been shown. In our
optical system we use Coude focus, therefore all equipment is separated from rotator. All surfaces of lenses in system
are spherical. We take radiuses of surfaces from GOST 180775 of the Russian Federation. Due to the chosen radiuses
and glasses from catalogue of the LZOS the cost of production will become less.

Keywords: Satellite Laser Ranging, camera lens, extender of laser.

Brenenne. B Hacrosimiee Bpemsi HAWMOOJBIIYIO TOY-  OMPEACISACTCS BEKTOP COCTOSHHS CIIyTHHKA JUISL Jajlb-
HOCTb B U3MEPEHHUM JAILHOCTH JO KOCMHUYECKOro amma-  Heiliero mporHo3a ero mecromnojoxkexus [1]. B cBoro
para JarT CIyTHHKOBBIE JIa3e€pHBIC JIOKAIMOHHBIE CTaH-  OuYepe/b, HCIOJIb30BaHUE AMCIEPCHOHHOTO METOAA B OI-
ouu (CIYTHUKOBEIC Ja3epHBIC NaimbHOMEpHl). [lo m3Me-  peleNicHHH IMOMPAaBKU CPEIHETO KOA(pPUIMEHTa MPEIOM-
PEHHOI NaNbHOCTH M MOMCHTAaM BpPEMCHH HW3MEPEHUS  JICHHS aTMOC(Ephl, OCHOBAHHOTO Ha OJIHOBPEMCHHOM
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JIOKAallM{ JIa3€pHBIMH HMITYJIbCAMH, PA3HECCHHBIMU
I10 JUTMHE BOJIHBI, TO3BOJISET IIOBBICUTH TOYHOCTH B OIpe-
JIeNICHIH JATBHOCTH CITyTHUKA [2]. [l mpuMeHeHus Iuc-
MIEPCHOHHOTO METOJla HEOOXOOMM pPAacdeT ONTHYECKHX
CHCTEM JaJbHOMEpa, padOTalolIMX OJHOBPEMEHHO Ha
IBYX [UIMHAX BOJIH 03 JOIOJHMUTENIBbHOH mnepedokycu-
POBKH.

Onrtuyeckasi COCTaBIAOIIAS CIyTHUKOBBIX JIa3€PHBIX
JATHOMEPOB BBITIONHSET CIeAylomue 3amaun [3-5]:
a) pacmmpseT (KOJUIMMHPYET) JIa3epHBIN Iy4oK; 0) mpu-
HUMaeT OTPaKCHHBIE OT CIIYTHHKA JIa3€PHBIC UMITYJIbCHI;
B) OCYIIECTBIISIET BU3yaIbHOE COIIPOBOXKICHUE CITyTHHKA.
Jns BBITOSTHEHUS 3THX 337134 BO3MOKHA peasIu3anysi OI-
THYECKHX CHCTEM KaK OTIEIbHBIMHU OJIOKaMH, TaK U KOM-
OuHupoBaHHBIMH. [IprMepoM ™OGIOUHON peaTu3auu
sIBIIsSIeTCA JiazepHblid nansHoMep JIJI-2 [6]. B Hem ontuye-
CKasl COCTaBJISIOIIAS pPEaIM30BaHa B TPEX OTIEIBHBIX
O5oKax: pacuIMpuTeNsb (KOJUIMMATOp) Ja3epHOrOo ITydKa,
nBa peduieKTopa JUIl PETUCTPAIlM 3XO-CHUTHAla U Tele-
CKOII JUIsl BU3yaJbHOI'O COIIPOBOXKICHUS Lienu. B nanbHO-
Mmepe «CaxeHb-TM» pacmmpuTens JTa3epHOro IIydKa,
MIPUEMHAs] ONTHYECKAasl CHCTEMa M OINTHYECKas CHCTeMa
JUISL COPOBO>KACHUS CITyTHHKA BBIITOJTHEHBI B BUJIE OJJHO-
IO ONTHYECKOro OJioka. JluaMerp CHCTEMBbI IPH 3TOM OIl-
penensercs anepTypoll ONTUYECKOW CHUCTEMBI, MPHHU-
MaloIIel OTpaXKeHHBIE OT CITyTHHKA 3X0-CHrHaibL. U oTnens-
HO BBIIIOJIHEH ONTHYECKHH OJIOK THANPOBAHUS, KOTOPBIN
MIO3BOJISIET O SIPKUM 3BE€37aM COOTHECTH MHEPIMAIBHYIO
CHCTEMy KOOpAMHAT C CHCTEMOH KOOpAMHAT JIa3epPHOTIO
JnanbHOMepa [7].

B ontmueckoit cxeme mampHOMepa «Cumens-1873»
Kpsivmckoit actpodmsnueckoll obcepBaTopuH, pacHoio-
eHHoro Ha rope Komika, poib pacmmpuTess J1a3epHOro
IIy4Ka BBINIOJHACT MPUEMHaA ONTHUYECKasA ABYX3CpKaJib-
Has cucreMa amamerpoM 1 m° [8], mpuueM BhIMyKiIoe
BTOPHYHOE 3€PKAJ0 BBHINOJHEHO B BHJIE OTPHULATEILHON
nuH3bl MankeHa. B 1aHHOM panbHOMEpe J1a3epHBIM H3-
JydaTelb C PacCEHBAOIICH JIMH30H M (POTONETEKTOP 3XO0-
CHTHaJa ¢ cOOMparoIIeii JMH30M pacIoyokeHs! B oKyce
Kyne, xotopblii (pMKCHpOBaH B MPOCTPaHCTBE. JTO M03-
BOJISIET WCIIOJIB30BATh amIapaTrypy, yCTAaHOBICHHYIO CTa-
LMOHAPHO.

Pa3paboTka 1 pacdeT ONTHYECKMX KOMOMHHUPOBAHHBIX
CHCTEM JJIS JIa3epHBIX AaJbHOMEPOB, pabOTAIOUINX B IIH-
POKOM [HMana3oHe JIMH BOJIH, IPEICTABISAET IOBOJHHO
HMHTEPECHYIO 3a/]auy, U €€ PElICHHUE TT03BOJISIET YBEIHMUUTh
TOYHOCTb OIPEJCICHUS NaJbHOCTH KOCMHYECKOTO arra-
paTta U MHHUMH3HPOBAaTh rabapHUTHO-MACCOBBIE XapaKTe-
PHUCTHUKH JIa3€pPHOTO CITyTHUKOBOTO JIaIbHOMEpa.

Ienbto pabOThI SBISIICA PaccUyeT KOMOMHUPOBAHHON
OIITHYECKOM CHCTEMBI, KOTOpPasi BKIIOYACT PACIIHMPHUTENb
JIa3epHOTO ITydYKa, ONTHKY NPHEMa 3XO-CHT'Hala U OITH-
YECKYH0 CUCTEMY BU3YalbHOTO CONPOBOXKACHHS IS IIH-
POKOi#i 005IacTH CHEeKTpa.

CrpykrypHasi cxema. [yt 1ocTibkeHns! nenu ObIIO
pELIeHO0 TPOM3BECTH pacyeT ONTHYECKOH CHCTEMBI MO
CTPYKTYpHOM cxeme, mpuBeaeHHoN Ha puc. 1. CTpykTyp-
Has CXeMa IPEJCTaBIsIeT KOMOWHHMPOBAHHYIO OINTHYC-
CKYIO0 CHCTEMY, BKIIIOHYAIOIIYI0 B ceOsl pacIIMpHUTENb Ja-
3€pHOTO My4Ka Jyisl quarnazona gimH BoiH oT 400 10 2000 HM,
JICTEKTOP AXO-CUIHAA ¢ (POKYCHUPYIOLICH JTMH30M U 00BEK-
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TUB KaMepbl COMPOBOKIACHUS JIJIsl ONTUYECKOr0 JUana3o-
Ha 480—-644 nM.

PN nn

3C + O 3c
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Puc. 1. CrpykrypHas cxema KOMOWHMPOBAHHOM ONTH-

YecKOH CUCTeMBI CITyTHHKOBOTO JIa3€pHOTO JIalbHOMEpa:

1 — pacmpHTeINs Ja3epHOTO My4Ka; 2 — HHTepdepeH-

OUOHHBIN (QUIBTP; 3 — HETEKTOp 3XO-CHTHaja; 4 —

00BbeKTUB Kamepbl conpoBoxaeHus; JII1 — masepHbrit

ny4ox; PJIIT — pacmmpennsiii JIIT; 9C — 3xo-curHam;
OU — onTudueckoe U3IIydeHHe

Jlazepusiii my4ok JIIT (puc. 1) mpoxomut yepe3 pac-
IIMPHUTEND JA3ePHOTO ITy4Ka /, SBISIOMINICS, KaK MPaBHUIIO,
adokanpHON onrTHueckoil cucrtemoi. [Ipu mpoxosxneHnn
yepe3 HEero MPOUCXOAUT yYBEIMUYCHHUE allepTyphl Ja3epHO-
ro Jjydva. PacliupeHHbIi B IUMaMETpe Ja3epHBIA ITy4OK
PJIII nanpaBneH B CTOPOHY CIYTHHKA, HA KOTOPOM YCTa-
HOBJICHBI YTOJIKOBBIC OTPa)KaTeIH ONTHIECKOTO AMAara3o-
Ha. [Tocne orpaxkenus 3xo-curHan DC HampaBlieH B 00-
paTHOM HaNpaBIEeHUH (B CTOPOHY JIA3€PHOTO JAalbHOME-
pa). Manee DC mpoxoauT Yepe3 ONTHYECKYIO CHUCTEMY
pacmpuTens B 00OpaTHOM XOJie JIydel, IPOXOAUT 4Yepe3
nHTepdepeHINOHHbIN GuiIbTp 2 U (UKCHpYeTCs JeTeK-
TOPOM DXO-CHTHana 3, OCTaHaBJIMBasi PU 3TOM CUYETYHK
BpeMeHHBIX uHTepBanoB. Hapany c¢ OC depes onrtuky
pacmmpuTesnst B 00paTHOM XOje Jydel MpUHUMaeTCs OIl-
THaeckoe n3nydeHne OU Bcero onTnieckoro guarna3oHa.
OU, ue mpoiiasg gepe3 GuiabTp 2, HAMpaBIACTCS B 00BEK-
TUB KaMepbl COPOBOXKIACHUS 4.

Pacmiupuress sna3epHoro mydka. B kauectBe pac-
HMIMPUTENST JIA3EPHOTO IIydYKa HCIHOJb3YETCs PacCUUTaH-
HBI HAMH paHee 3epKabHO-TMH30BBIA paciupuTens [9],
KOTOpBIN SIBIISIETCSl  3€PKAJIbHO-TMH30BOM  aoKaIbHOU
ONTUYECKOH cucTeMoii (puc. 2).

Mo

1n

Puc. 2. OnTtuueckas cxema pacUIMPHUTENs JIa3epPHOTO
My4Ka, UCTIOIb3yEMOro B KOMOMHHPOBAHHOH cXeMe Ais
CITyTHHKOBOTO JIA3€pHOT0 JabHOMEpa!

1 — OKyJIIpHBINA TPEXJIMH30BBINA OOK; 2 — IUIOCKOE JHa-
TOHAIBHOE 3epKano; 3 — 3epKanbHOe IMOKPHITHE IeH-
TpanbHOI YacTW amepTypHOTO MEHHCKa; 4 — 3epKajo
MamnkeHa; 5 — 3epKajbHOE MOKpBITHE 3epkaia Mamxe-
Ha; 6 — anepTypHBIA MEHUCK
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JlazepHBIH IY4OK IIOCIIE ITPOXOXICHHS OKYJISIPHOTO
Omoka / HaumHaeT pacxonuTtbes. [locne oTpaxeHHs Ha
3epKkaie 2 HallpaBJICHUE PACXOMSIIETOCS Ja3epHOro ITyd-
ka Mersercs Ha 90° B CTOpOHY amepTypHOH JHH3HI 6,
LEHTPaIbHAs YacTh KOTOPOH MMEET OTPaXKaroImiee MOKpPhI-
tre 3. OTpasuBIIUCh OT TOKPBITUS 3, MPOMS Yepe3 JIUH3Y
MamnkeHna 4 ¥ OTpa3UBIUIMCH OT 3€PKAIIBHOIO MOKPBITUA J,
JIa3epHBIA Jy4 CTaHOBUTCS crlabopacxoasmumcs. [locie
MIPOXOXKJICHUSI Yepe3 anepTypHBbI MEHUCK 6 My4YOK CTa-
HOBHUTCS NapaJuIeNIbHBIM U YBEIMUCHHBIM B THAMETPE.

OCHOBHBIE XapaKTEPUCTUKH PACIIUPUTENS JTa3epHOro
ITy4YKa TPUBEICHBI B Ta0I. 1.

Tabnuya 1
OCHOBHbBIE XapaKTEPUCTHKH PAaCUIMPHUTEJIsI
JIa3epHOro my4Ka

JmaMeTp BXOTHOTO 3padka, MM 42,8
JlnameTp BBIXOJHOIO 3pauka, MM 300
Jlnana3oH JUIMH BOJIH, HM 400-2000
PacxogumocTs sryua

400 uM, pax ~2,5%107

1064 uM, pan ~11,6x107
YBenuuenue, kpaT 7
TTose 3penus, ° 0,4

JlaHHBIM paclpuTens IpU AUAMETpe anepTypHOH
JrH3bI 320 MM M CEMUKPAaTHOM YBEJIWYEHHH B 00paTHOM
XOJIe Ty4del Cy»KaeT CBETOBOM MOTOK /10 auameTrpa 42,8 M.
3TO MO3BOJISET UCIIOIB30BATh €r0 HE TOJHKO KAK MHTAIO-
LIyI0 ONTHKY JUIS JIETEKTOpa 5XO-CHT'HANla, HO W KakK IH-
TAIOIIYI0 ONTHKY AT OOBEKTHBA CONMpOBOXICHUA. Pac-
XOAMMOCTh JIyda JJIsi BCETO OINTHYECKOTO JAWara3oHa
u OmmkHero uH(ppakpacHoro (o 2000 HM) — mudpaKkIHoH-
Hag U He TpeOyeT MOIONHHUTEIbHOU IepedOKyCHPOBKH,
YTO IO3BOJISIET €r0 HCIOJb30BaTh NPHU OJHOBPEMEHHOM
pacIINPEeHHUH JIa3ePHBIX MYYKOB C Pa3HECEHHBIMU AJIMHA-
MU BosH. [Ipy 3TOM Ha BXOje HemapajuIeNbHOCTh Ja3ep-
HOTO Iy4YKa C ONTHYECKOH OChIO paclIMpUTENs B IIpelie-
nax +0,2° He cka3bIBaeTCA Ha €ro pacXOJUMOCTb IIPU BbI-
X0JIe U3 paciiupurens. JluaroHaibHOE 3epKaio 2 Ha puc. 2
BBIHOCUT OKYJISIpHBIH O5ok B (okyc Hecmmura, uro Brmo-
CJIC/ICTBMHU TIO3BOJIUT HCIIONIB30BaTh okyc Kyne B mazep-
HOM JanpHOMepe. B maHHOM pacmmpuTene Bce MOBEPX-
HOCTH JIMH3 W 3€pKal C(epHdecKue 3a HCKIIOYCHUEM
mIockoro 3epkana /I, AnepTypHBIII MEHHCK W 3€pKalio
MasxeHa M3TOTOBIEHBl M3 ONTHYECKOrO CTEKIa MapKu
JIK7, nuH3BI OKyJsipHOTO OJI0Ka — M3 cTekaa Mapok JIK7,
K8, T®10 [10-12].

Otcekareny mapasuTHBIX Jy4eil B BHIE YCEUCHHBIX
KOHYCOB (OOBIYHO YCTAQHABIHMBAIOT B JIBYX3€pPKaJIbHBIX
cHCTeMax THIIa KacCErpeHa) B PACIIMPHTEIIE JIa3ePHOTO
Iy4yKka He TPeOYIOTCS, TaK Kak IUaroHaJbHOE 3epKayio 2
(cM. puc. 2) uMeeT MEHBIINI pa3Mep, 4eM paszMmep cede-
HUSI TCHEBOTO KOHYCa JUIS TTapa3suTHBIX JIydeH.

OO0bekTHB KaMepbl CONPOBOKAeHUs. ABTOpamMu
paccunTaH OOBEKTHUB KaMephl CONPOBOXKICHUS B ABYX
BapuaHTax. OCHOBHOE pa3lW4He BaPHAHTOB ONTHYECKUX
CHCTEM COCTOUT B KOJIMUYECTBE JIH3 B CHCTEME U B Map-
Kax HCIIOJIb3YEeMOTO ONTHYECKOTo CTekia. B mepBom Ba-
pHaHTEe HCIIONB3YIOTCS OOBIUHBIE CTEKJIa, a BO BTOPOM
BapHaHTE COMAepKaTcs JIMH3BI, U3TOTOBICHHBIE U3 CTEKIa
C 0COOBIM XOmOM AucIiepcuu: 0cooObiit ¢yt OD1 [13]
u 0coObit kpoH OK4 [14]. OcHOBHBIC XapaKTEPUCTHKH
00BEKTHBOB, B COCTAaB KOTOPBIX BXOJAUT BHIILICONHCAHHBIN
pacUIMpUTeNh JIa3epPHOTO MTy4YKa B 00paTHOM XOJie JIyueid,
NIpUBENIEHEI B Ta0II. 2.

Ha puc. 3 mpuBeneHsl 1Ba BapuaHTa ONTHYECKHX
CXEM KaMepbl COIPOBOK/ICHHS B ONITHYECKOM JHaIa3oHe.
Pacmmpurens J1azepHOTO IMydYKka B MOJHOM OOBEME Ha
cxeMax He IMOKa3aH, TaK KaK OH PacCMaTPHBAJICS BBHIIIE.
Ha cxemax o0o3HaueHa JUIIb €r0 4YacTh — OKYJSPHBIN
TPEXIUH30BBIN OJIOK /.

[MpuHOMO paboThl PacCYMTAHHBIX OOBEKTHUBOB CJe-
nyrormid. Jlazepueiii ucrounuk JIM renepupyer mnaszep-
Hbli my4ok JIIT, KOTOpBIi ¢ MOMOILIBIO IJIOCKHUX 3epKal
1, u J1, HanpaBiisieTcst B OKYJISIPHBIN TPEXJIMH30BBIN OJIOK
pacmmpuTens Ja3epHOro mydka. JlazepHbI HMIyJIbC T10-
CJIe TIPOXOXKACHUS PACIINPUTENS, OTPAKEHHS OT YTOJIKO-
BBIX OTpakaTelled 3X0-CUTHAJIOM IMPOXOJUT B OOpaTHOM
X0JIe JTy4eH uepe3 pacIIHpHUTeNb, OTPaKaeTcs OT 3epKajia
> ¥ mpoXoauT yepe3 Mpo3paydHblil ISl HETO TUaroHalb-
HbIl GunbTpyromuii aement P, Jlunza 2 hokycupyer
OC Ha pEerucTpUpYOIIEH MOBEPXHOCTH (POTOAETEKTOpA,
KOTOpBIIl JaeT KOMaHIy Ha 3aBeplICHHE CYeTa WHTEepBa-
n0B BpeMeHH. DOKyCHOe paccTOsIHUE JIMH3bI 2 ONpees-
€TCsl KOHCTPYKTHBHBIMHU pa3MepaMH.

OpnoBpemenHo ¢ DC B pacmmpuTesb B 00paTHOM XO-
Jie JIydeil IOCTymaeT ONTHYECKOEe H3IIydeHue, KOTOpoe,
MIPOHISL Yepe3 pacluIMpHTEllb, IIOCTYMAeT Ha IJIOCKOE 3ep-
kano M. OTpa3uBUIMCH OT HEroO U OT moBepxHocTu JDI,
C TIOMOMIBIO JHH3 (POKyCHPYIOMEro OJ0Ka ONMTHIECKOTO
M3IMy4deHUsT 3 ONTHYECKOe HM3IydeHne (PoKycHpyeTcs Ha
PETHCTPUPYIONICH MOBEPXHOCTU TpuOopa C 3apsaoBOM
cBa3bio [13C.

[TosneMeHTHBIE XapakTepPUCTHKU  (POKYCHPYIOIIEro
6stoka 3 (puc. 3) A MEepBOro U BTOPOTO BapHaHTa MPH-
BeJICHBI B Ta01. 3 ¥ 4 COOTBETCTBEHHO. B Tabimiax yka-
3aHBl PAJNyChl KPUBU3HBI IOBEPXHOCTEH, CBETOBOM Jaua-
METp JIMH3 U WX TOJIIIMHA, 3HAYEHHE BO3YIIHBIX IIpOMe-
JKYTKOB MEXTy JHH3aMH M MapKa CTEKJa, M3 KOTOpOro
OHM M3roToBIeHBL. OTCYET HOMEPOB MOBEpPXHOCTEH (o-
KyCHPYIOIIETo OJ0Ka ONTHYECKOTO M3Iy4deHus 3 Ha puc. 3
HA4YMHACTCA C TEPBOI MOBEPXHOCTH OT IHArOHAIEHOTO
dusTpyromero arementa JIMD B HanpasieHnd (GOKATbHOM
IUIOCKOCTU. Pajmyc KpHBHM3HBI Uil Bcex cdepuueckux
noBepxHocTel BeiOpaH u3 ciiucka ['OCT 1807-75 [15].

Tabruya 2
O0mue XapaKTepUCTUKH 00bEKTHBA KaMepbl CONPOBOKICHUS
XapakTepucTika Bapuast
Ne 1 Ne 2
JlaMeTp BXOJHOTO 3payuka, MM 319,5 319,5
DKBHBaJIEHTHOE (POKYCHOE PacCTOSHHE, MM 1752,6 1753,6
DokanpHOE OTHOIIICHUE 5,49 5,49
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Oxkonyanue maon. 2

XapakTepucTHKa Bapuant

Ne 1 Ne 2
MacmTab B GpokaapbHON MIOCKOCTH, MKM / 8,5 8,5
OCHOBHO#1 CIIEKTpaJIbHBII JHana3oH, HM 480—644 480-644
Kpuusna nosns 3penus [TnockocTh IInockocTh
YTII10BOI JUaMeTp MoJist 3peHus], FpaaycChl 0,3 0,3
JIuHelHbI quaMeTp moJis 3peHus, MM 9,2 9,2
3agHuil OTPE30K, MM 117,01 225,12
CpenHeKkBaapaTHYECKUI THAMETP H300paKeHUsI TOUSYHOTO UCTOYHUKA (LICHTP OIS / 75/12.0 55/67
Kpaii moJst), MKM ’ ’ ’ ’
JluameTp 1nsATHA paccesHus, B pegenax koroporo Haxoaurcs 80 % cBeTOBOM sHepruu 8.6/ 14.4 79/78
n300paXKeHNsI TOUSYHOTO MCTOYHMKA (LIEHTP 101t / Kpai 10JIsl), MKM ’ i ’ ’
Tunsl moBepxHOCTEH Coepa Coepa
Kommuectso mmn3 5 4
Mapku BCIoab3yeMbIX CTEKOI Td10, JIK7 Od1, OK4, In. xBap
®DokanbHas IOBEPXHOCTh IInockocTh [TnockocTh

3C + OK A

5

M3C

Puc. 3. OGbeKTHB KaMepbl COTPOBOXKACHHUS:
a — Bapuant Ne 1 ¢ 5-nmuH30BBIM (OKycHpyOmHM O10KOM; 6 — BapHaHT Ne 2 ¢ 4-THH30BBIM (POKYCHPYIOLIIIM OJIOKOM;
1 — OKyJSPHBIN TPEXJIMH30BBII OJIOK PAaCIIMPUTENS Ja3epHOTO Myuka; 2 — GoKycupyromas JIuH3a A 3Xo-curHaia JC;
3 — nuH3H! (okycupyomero 6ioka onrudeckoro m3nydenus OU; JIW — nazepusiif uzmydatens; JIIT — na3epHsIil mydok;
A1, A2 — mnockue 3epkana; JJOD — nuaroHansHeIH GUIBTPYOMUIT 35IeMeHT, npo3padssii it OC; @] — dorogerexrop;

T13C — nmpubop ¢ 3apsa10BOH CBA3BIO

Tabnuya 3
Ilo3/1eMeHTHBIE JaHHBIE (POKYCHPYIOLIEro 6/10Ka JIsl IEPBOro BApHAaHTa 00beKTHBA
Ne mosepxHocTu | Pamuyc xpuBusHbel, MM | CBeTOBOM AnameTp, MM Tonmuua, MM Hanonnenue, marepuan

1 205,10 74,8 7 TD10

2 134,90 73,6 9,2 Bo3nyx

3 126,47 75,6 15 JIK7

4 —281,80 75,1 11,22 Boznyx

5 —136,77 73,0 7 JIK7

6 —168,27 73,1 104,36 Bo3nyx

7 128,23 52,5 10 JIK7

8 444,60 50,4 25 Bo3myx

9 389,00 42,1 5 Td10

10 227,00 40,9 117,11 Bo3myx

11 o0

Tabnuya 4

Ilos1eMenTHBIE JaHHbIe (OKYCHPYIOLIETr0 GJI0KA /ISl BTOPOT0 BAPUAHTA 00bEKTUBA

Ne noBepxHOCTH

Panuyc xpuBH3HBL, MM

CBeToBOIT IHaMeTp, MM

Tonmuaa, MM

HaHOHHeHI/Ie, Marepual

1

143,22

74,9

7,0

Odl1

2

71,12

73,0

2,82

Boznyx
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Oxkonuanue maon. 4

Ne moBepxHocT | Pamumyc kpuBusHbl, MM | CBeTOBOH Auamerp, MM Tonmuza, MM Hanonnenue, marepuan
3 59,16 75,5 8,0 Kgapr .
4 62,52 73,9 4,09 Bo3myx
5 75,86 75,5 25,0 OK4
6 -69,82 73,7 2,49 Boznyx
7 -63,10 71,9 8,0 Kgapu .
8 —216,80 70,6 225,12 Bo3nyx
9 o0
Tabnuya 5
CooTBeTcTBHE MAapPKHU cTeKIa no kaTajuory JI3OC mapkaMm cTek/1a 3apy0esKHbIX MPOU3BOIUTEIEH
Mapka crekna
JI30C IOTT (SCHOTT) OXAPA (OHARA)
JIK7 FK FSL
K8 BK7 BSL7
TP10 - —
Odl KF NSL
OK4 FK FPL

JnuHa 3agHero orpeska (pPaccTOsIHUE OT IMOCIeTHEH
OINITHYECKOM TOBEPXHOCTH A0 TNPHEMHHKA H3ITy4CHHSA)
B 000MX CIIy4asiX JIOCTaTOYHa JUIsl YCTAaHOBKH y3Ja (OKy-
CHPOBKH, CBETO(QMIFTPOB M CaMOT0 (POTOTPHEMHHUKA.

Cucrema 3epkai, cocTosimas u3 3epkana 2 (cM. puc. 2)
u 3epkama I, (cM. puc. 3), MO3BOJISET HCIIOIB30BAThH
¢dokyc Kyne. Touka dokyca B cucteme Kyne HemonBux-
Ha OTHOCHWTENHFHO MOBepxXHOcTH 3emin. M3o0paxkeHue,
MIOCTPOCHHOE ONTHYECKOH CHUCTEMOi B (hOKaIbHOMU IIOC-
KOCTH, NIPETEPIIEBACT BPALICHHE OTHOCHUTEIHHO ONTHYE-
CKOW OCH BO BpeMs CONPOBOXKAEHUs Liesu. Mcnonb3oBa-
Hue ¢oxyca Kyzae mos3Bonser ncrmons3oBaTh CTallHOHAPHO
YCTaHOBIICHHYIO ~aIllaparypy: MAETeKTOp 3XO-CHIHaia
¢ oxycupyromel TMH30H, 00BEKTHB KaMePBI COIPOBOXK-
JeHUsI C (POTONETEKTOPOM ONTHYECKOro H300parkeHHMs
W Ja3epHBIl HCTOYHUK. YCTaHOBKAa OOOPYyIOBaHUSA
Ha CTaHUHE JIA3€PHOI0 JalbHOMEpa CHUXKAET Harpy3Ky Ha
OIOPHO-TIOBOPOTHOE ycTpoiictBo (OITY), uto mo3Bomser
cHu3uTh Bec OITY.

IIpn pacdyere OOBEKTHUBOB HCIOJB30BAJINCH MapKh
crekna JIK7, T®10, OD1, OK4, usroraBiuBacMbie
Ha JIBITKapMHCKOM 3aBOJIE ONTHYECKOTO CTEKJIA, U TIIaB-
neHsiit kBapi. CooTBeTcTBHE cTeKkol mo kaTajory JI30C
MapKaM CTeKJa 3apyOeXHBIX IMPON3BOIUTENEH ITPEaCTaB-
neHo B Tabin. 5 [16]. [Ipu 3ameHe 0TeuecTBEHHBIX CTEKOJ
Ha CTEKJa 3apyOeXHBIX IIPOM3BOJHTENICH BO3MOXHA
HeOobIIasi KOPPEKUHUs TOJIIMH JUH3 M PACCTOSTHHUH
MEXIy HUMH.

AHanu3 #300pa’keHHsl TOYEYHBIX MCTOYHHKOB.
JuarpaMmMbl 0OBEKTHBA /11 TOYEYHBIX NCTOYHHUKOB, Pac-
MOJIOKEHHBIX Ha OCH, Ha YriIoBoM pacctosauu 0,075°
u 0,15° ot ocu, npuBeieHsI Ha puc. 4. B BepxHeM MpaBoM
yriy ykaszan yrod nojst. CropoHa kBazpara paBHa 0,05 mwm.
OO6o3HaueHus JIydei: KpeCTHKH — JUTMHA BOJHBI 479,9914 1M,
KpyT — 546,074 1M, TpeyromsHuKH — 643,8469 HM.

CyMMapHOe pacrpe/iejiCHUE SHEPTHH B U300paKCHUN
TOYEYHOr0 MCTOYHMKA MpHUBEACHO Ha puc. 5. Kpyrieim
MapKepoM 0003HayeHa KpHBas paclpeAesieHHs Ha OCH,
TpeyroibHbIM — Ha pacctostaud 0,075° oT ocH, U KpecTh-
koM — Ha yrie 0,15° ot ocu. B oboux cmyqasx 100 %
CBETOBOI PHEPIHU YKIIAABIBAECTCS B KPYXOK THAMETPOM
~30 MKM.
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®dortonpueMHuk. HasHaueHue (HoTOmpuUEeMHUKA CBO-
IUTCI K TOMY, YTOOBI IpeoOpa3oBaTh H300pakeHUe
B OITHYECKOM JHMana3oHe B TEJCBU3MOHHBIA CHUTHAI
U TepefaTh €ro Ha BHELIHHME YCTPOMCTBAa BbIBOJA JUIS
KOHTPOJISI B DPEAJbHOM BPEMEHHU CJIa00CBETAIIUXCS
00BEKTOB B HOYHOE BPEMsI 1 OOBEKTOB B YCIIOBHSIX HOY-
Horo ocBemleHus. Ilpennonaraercs, 4ro (OTONPUEMHH-
KOM MOTYT CIyuTh MaTpu4Hble [13C-mprueMHuKH ¢ Kaj-
poBeiM nepeHocoM tuna ELCM1079 mnpousBoxactsa
HITIT «2JIAP», Poccus. JlanHblii npueMHUK NpeCTaBIIs-
€T MaTPUYHBIA TPUOOP C 3apsIIOBOI CBSI3BbIO C KaJIPOBBIM
MEPEHOCOM, COICp)KAIMi CEeKIMI0 HakKomieHus 578
CTpOK 10 578 371eMEHTOB pa3MepoM 22 MKM, C KBAHTOBOM
addextuBHOCTBIO 40-55 %, Ha mmuHax BosH 400—700 HM
(maHHBIN CEHCOp CBETOUYBCTBUTEICH B Iuama3oHe oT 250
mo 1000 HM, HO UMEeT MEHBIIYI0 KBaHTOBYIO 3 (eKkTrB-
HOCTh) [17]. Yder TemaoBbIX TOKOB (IIyMOB) BO3MOXEH
npu cTabWIBHON TeMmepaType ceHcopa Omaromapst aie-
MeHTy [lenpThe, KOTOPBIH YCTaHOBJIECH B T'a30HAIOIHECH-
HOW kamepe BMecTe ¢ MarpuuHbIM [I13C-npreMHUKOM.
B nanHOM mpubope BXOJHOE OKHO KaMepbl BBIIIOJIHEHO
W3 ONTHYECKOr0 KBApLEBOI'O CTEKJIa TOJIIMHON 2,8 MM.
JlanHas rutockomnapasuiesbHasl IIIaCTHHA BHOCUT B CHUCTe-
My JIOTOJHHUTENbHYI0 chepuueckyro adepparnmio. C momo-
B0 TIepe(pOKyCHPOBKH BBIOMPACTCS TIOJIOKEHHE OITH-
ManbHOro (okyca. s Bapuanta Ne 1 ciemyer ymeHb-
IIATh PACCTOSIHUSL OT TIOCNENHEeH JMH3BI OOBEKTHBA
JI0 TIEpBOI TIOBEpXHOCTH KBapIieBoro okHa [13C-npremanka
HE Ha BEJIMYMHY TOJIIMHBI KBapIEBOHM IIACTHHBI, a 10O
3HayeHua 115,10 mMm. DTO NO3BOJIMT MOMYYUTH MATHA
paccestHus Ul MHTETPAbHOTO CBETA B IUIOCKOCTH OITH-
MalbHOM (DOKYCHPOBKH IS HYJEBOTO Jyda — 7,4 MKM,
qutst monist 0,075° — 9,5 Mxm 1 Ha kpato ot 0,15° — 11,8 MxM.
JInst BTOporo BapHaHTa pacCTOSHUE OT IMOCIEIHEN IMOBEpX-
HOCTH OOBEKTHBA JI0 OKHA NPHEMHHMKA IOJDKHO COCTaB-
naT1h 223,21 MM. B 3TOM NOJOXEHHU TSTHO paccesHus
oyner mst mons 0° — 6,2 mxM, urst mons 0,75° — 5,6 MkM
u Ha kpato nonsa 0,15° — 5,9 mxm. Ilpu pazmepe nukcens
22 MKM JaHHasi MaTpHla B COYECTAHWU C PACCUYMTAHHBIM
00BEKTUBOM MMeET MacIuTad 2,6 "'/ MUKCENb.
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0,0

0,075 0,15

0,075 0,15

Puc. 4. Todeunsle AUarpaMMbl TOYEYHOTO HCTOYHMKA [UIS JBYX BAPHAHTOB pacyera:
a — TepBbIH BapHaHT pacdeTa 00OBEKTUBA; O — BTOPOH BapHaHT pacdyeTa

1.0 4
0.9
0.8 4
0.7 1
0.6 1
0.5 1
0.4 1

Jlonst cBeTOBOM SHEprUn

0.3 1
021
0.1 1

34

bl

10,0

30,0
6,8

1,7 24,0
27,0

Lo o
JlnaMeTp MsATHA, MKM

0,0

a

34,0

n-“‘/

Jons cBeTOBOM SHEPrUU

3.2

9,5 16,0 22,0
13,0 19,0 25,0
Juametp naTHa, MKM

o

27,0

6,3 32,0

Puc. 5. CymmapHoOe pacmipeneneHrue CBeTOBOH SHEPIHH B H300paKeHUN
TOYEYHOTO HCTOYHUKA CBETa HA OCH U Ha yraoBoM paccrostauu 0,075° u 0,15° ot Hee:
a — pacnpeziesieHie UIsl HepBOro BapuaHTa; 6 — paclpeiesieHHe JUIsl BTOPOro BapHaHTa

[lpu wWcrnonp30BaHUM APYTHX MATPUYHBIX (OTOMpH-
€MHHKOB, B 3aBHCHMOCTH OT TOJIIMHBI ¥ Marepuaia
BXOJHOTO OKHA, CJIEJyeT IIePECUUTHIBATh IOJOKECHUE
IUIOCKOCTH HAWTYYIIEeH (HOKYCHPOBKH.

3akuawouenne. PaccuntanHplc HAMH BapHaHTHl 0OBEK-
THBa COTPOBOXKICHUS JIJIS JIA3EPHOTO JaThbHOMEpA MO3BO-
JISIOT TIOJIYYUTh B KOMOMHHUPOBAHHOHN CXeMe C pacIIvupH-
TEJIEM JIa3ePHOTO ITyYKa M300paKCHNE TOUETHOTO UCTOU-
HUKa Ha OCH pa3MepoM 7,5 MKM (BapHaHT C OOBIYHBIMHU
ONTHYECKUMHU CTEKJIaMH) B 5,5 MKM (BapHaHT ¢ 0COOBIMHU
CTEKJIAMH, HUMCIOIIUMH O0COObI Xom mucmepcuu). Jms
BTOPOTO BapHaHTa Ka4yeCTBO M300paKeHHsI OCTaeTcsi 6e3-
abeppalioHHBIM Ha TOJIOBHHE MO 3peHus. KomMOuHu-
pOBaHHAs ONTHYCCKAs CHCTEMa IMO3BOJISICT MUHHUMHU3HPO-
BaTh rabapuTHBIC U MAaCCOBBIC XapPaKTCPUCTUKH OITHYC-
CKOM COCTaBJISIONICH JIa3ePHOTO CITYTHHKOBOTO JATBHO-
Mepa.
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®okyc Kyne mo3posisieT MCHONb30BaTh CTALMOHAPHO
YCTaHOBJICHHYIO amIapaTrypy, T. €. A Hee MPaKTU4eCKH
HET OrpaHWYeHHs IO Becy.

PaccunranHble CHCTEMBI TO3BOJISIIOT KOJUTMMUPOBATH
na3epHbId my4ok B auanaszone or 400 mo 2000 M Ge3
JIOTIOJTHUTEbHON TepedoKycupoBky. biaromapst stomy
BO3MOJKHO HCIIOJIb30BAaHHUE ABYJYYEBOH JIOKAIIMH KOCMH-
YECKHX aIlllapaToB, YTO MO3BOJIET ONPEAEIHUTh IOIPABKY
B ONpEACTICHUN CPEOHEr0 KOA(pHUIMEHTa MPEIOMICHHS
aTMOC(epbl AUCTICPCHOHHBIM METOJIOM.

VYrpoleHno U yJeLeBICHUIO Tpoliecca U3roToBIIe-
HHS ONTHYECKUX KOMIIOHEHTOB OOBEKTHBA CIIOCOOCTBYET
OTCYTCTBUE ac(epryecKuX IOBEpXHOCTeil; Hauboiee
YIOTpeOUTENBHBIE PAANYChl KPUBH3HBI I ChepuiecKux
nosepxHocteil u3 cnucka 'OCT 1807-75; mapku ontu-
YEeCKOro CTEKJIa JUIsl JIMH3, KOTOPbIe BHIOpAaHBI U3 KaTano-
ra OT€4ECTBEHHOTO IIPOU3BOIUTEIIS.
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6030YUIHO20 GUHMA HA AKYCMUYECKUE XAPAKMEPUCIUKY SUHMOMOMOPHOU cunosol ycmanosku (CY) neckoeo camone-
ma ¢ yeavio onpeodeseHust Memooa CHUNCEHUsSL WyMA HA MECHHOCMU OAHHO20 KIACCA CAMONENO8 3d CYem U3MeHeHUsl
ouamempa 6030yUHO20 BUHMA NPU YCIOBUU COXPAHEHUSL AIPOOUHAMUYECKO20 U 2e0MEemPUecKo20 N0000Usl 6UHMOS
U HeUIMEeHHOCU Yacmomyl 6paujenusi. IKCnepumMenmansHulili Memoo OCHOBAH HA CPABHUMETbHOM AHANU3E UZMEPEH-
HbIX 8 CIMAMUYECKUX YCAOBUSIX AKYCMUYECKUX XAPAKMEPUCIUK CUTOBbIX YCMAHOBOK Ne2KUX BUHMOBBIX CAMOIEMO8
MAH-223M u F30, omauuarowuxcst moavko Ouamempamu UHMOo8 U, COOMEEMCMEEHHO, OKPYICHLIMU CKOPOCHAMU NPU
NOCMOSIHHOT Yacmome epaujeHust 6unmos. Pacuemnas oyenxa basupyemcs na noaysmnupuieckom memooe paciema
WYyMa 8030VUIHBIX 8UHMOS. B pezynvmame 6blnonHeHHbIX UCCIed08aHUTE YCMAHOBNIEHO, YMO HE3HAYUMETbHOE YMEHbULEe-
Hue ouamempa sunma Ha 3,3 % npueooum K CHUNCEHUIO CYMMAPHO20 ULYMA CUTOBOT YCMAHOBKU 1e2KOMOMOPHO20 Ca-
monema Ha 1,5 0B, Ilpu smom oxcudaemoe paciemnoe 3HAHeHUe GeIUUUNbL CHUNCEHUS. 2APMOHUYECKO20 WYMA GUHMA
om aspoouHamudeckol Hazpysku cocmaegisem 1,2 Ob. Pasnuuue pacuemHuix u 5KCNepUMEHMANbHbIX OAHHbIX 00bACHS-
emcsl mem, 4mo npu pacyeme He YYumvlealach COCMABISIOWAs uymMa eunma om evimechenusi. Ha ocnosanuu nonysm-
RUPUYECKOT MOOeIU WYMA 6030YUHO20 SUHMA NOIYHEHO COOMHOUEHUe Ol ONPedeneHUsl GIUSHUL OUuaMempa GUHmMa
HAa 2apMOHUYECKYIO COCMAGTSIOWYIO WYMA GUHMA OM APOOUHAMUYECKOU HASPY3KU NpU YCIOBUU 2€0MEMPULECKO20
U adpOOUHAMUYECKO20 NOO0OUSL BUHMOSB, A MAKJNCE NpU YCI08Uu NOCMOosiHcmea dacmomsl epawenus. CpasHeHue
Ypo8Hel 368YKOBOU MOWHOCIU BbICOKOUACMOMHO20 wupokonoaochozo usnyyenus (1000-5000 Iy) CY camonemos
MAHU-223M u F30, umerowux aspoounamuuecku nodobOHble SUHMbL PA3HO20 OuaMempa, NOKA3al0, YMO paziuyue
6 YPOBHSIX 36YKOGOU MOUWHOCIIU MOJICEm OblMb C8A3AHO HE MONLKO C paziuduemM 6 OUamMempax 6UHmMOG, HO U C HAIUYUEM
OONONIHUMENbHBIX UCMOYHUKOG 2eHEePAaYUU WYMA, CEA3AHHbIX C KOMNOHOGKOU GUHMOMOMOPHOU CUNOBOU YCMAHOBKU
Ha camoneme (8 wacmHocmu, ob6meKaHue UHOYKIMUGHBIM NOMOKOM OM 6UHMA 8030YX03A0OPHUKA MACIOpaouamopa
ogueamens).

Knouesvie cnosa: utym 6030ymH020 eunma, utym SI/IHWZOMOmopHOﬁ CUN0BO1 YCmAaHoeKu, wym J1ecKux 6UHmoeBblx
camoiemoes, iwym camosiema Ha MecmHocmu.
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EVALUATION OF THE INFLUENCE OF DIAMETER PROPELLER
ON THE ACOUSTICS CHARACTERISTIC OF THE POWER PLANT BY THE LIGHT AIRCRAFT

P. A. Moshkov”, V. F. Samokhin

Central Aerohydrodynamic Institute named after N. E. Zhukovsky
1, Zhukovsky Str., Zhukovsky, Moscow Region, 140180, Russian Federation
“E-mail: moshkov89@bk.ru

The article presents the results of the performed computational and experimental studies of the influence of the
propeller diameter on the acoustic characteristics of the power plant (PP) by the light aircraft to determine the method
of community aircraft noise reduction of this class of aircraft by changing the diameter of the propeller while
maintaining the aerodynamic and geometric similarity and propellers invariance of the rotation frequency.
The experimental method is based on a comparative analysis of the measured under static conditions of acoustic
characteristics by the power plants of light propeller aircraft MAI-223M and F30, differing only in the propeller
diameter and thus tip speeds at a constant frequency of rotation propellers. Calculated estimate is based
on semiempirical method for calculating propellers noise. As a result of the research it has been found that a slight
decrease in the diameter of the propellers on the 3.3 % leads to the reduce of the total noise power plant light aircraft
by 1.5 dB. At the same time the estimated value of the expected reduction of tonal loading propeller noise is 1.2 dB.
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The difference between the calculated and experimental data is explained by the fact that the calculation does not take
into account the thickness noise. Based on semiempirical model propeller noise ratio is obtained to determine the effect
of the propeller diameter on the load propeller noise on the condition of the geometric and aerodynamic similarity
propellers, and at a constant rotation frequency. Comparison of sound power levels of high-frequency broadband
radiation (1000-5000 Hz) PP aircraft MAI-223M and F30, with aerodynamically similar propellers of different
diameters, showed that the difference in the sound power level may be related not only to the difference in the diameter
of the propellers but the presence of other sources of noise generation related to the arrangement of the power plant for
propeller aircraft (particularly wrap inductive flow from the propeller the inlet oil cooler of the engine).

Keywords: propeller noise, propeller power plant noise, light propeller aircraft noise, community aircraft noise.

BBenenue. [IpoGiiema yCTaHOBIIGHHSI METOJOB CHH-
JKCHUS IIlyMa Ha MECTHOCTH JIETKOMOTOPHBIX CaMOJIETOB
o0ImIero Ha3HAYCHUS SABISETCA aKTyaJbHOH B CBSI3U C JIEHi-
CTBHEM M IIOCTOSHHBIM Y)KECTOUEHHEM HallMOHAJIbHBIX
U MEXIYHApOIHBIX HOPM Ha NPEIENbHO JOITyCTHMBIC
YPOBHHU IIIyMa TaKUX CaMOJIETOB Ha MecTHocTd [1; 2].
Jlpyroii acrekT akTyanbHOCTH MPOOJIeMbl CHIKEHUS IIIy-
Ma BHHTOMOTOPHBIX CHJIOBBIX YCTaHOBOK 3aKIIOYaeTcs
B CHIDKCHUH CTETIEHH aKyCTHYECKOH 3aMETHOCTH Mallo-
pa3MepHBIX OCCHMIOTHBIX JIETAaTEIBHBIX  AalllapaToB
C BUHTOMOTOPHOI CHJIOBOH yCTAHOBKOH, MCITOJIB3YEMBIX
JUTA PELICHUS 3a/1a4 CIEIaIbHOTO Ha3HAUCHHUS.

B 3apy0exHbIX paboTax Ha CErOJHSNIHNN JIEHb OIy0-
JIMKOBAHBbI CJICAYIONIUEC MPEACTABICHNUA O BJIIMAHUU AUaA-
MeTpa Ha aKyCTHYECKHE XapaKTEPHCTHKH BO3AYIIHBIX
BUHTOB [3-5]. Ilpu yBenuueHnH 1uameTpa BUHTA Harpys3-
Ka Ha JIOMACTH YMEHBIIACTCs, YTO IIPUBOAUT K YMEHBIIIE-
HHUIO TapMOHHYECKOW COCTaBISIOIIEH IIymMa OT a’pojiu-
HamMHu4eckod Harpysku. [losTomy yBenmuenue auamerpa
MNPpUBOAUT K CHWIXCHHUIO IIIyMa Ha B3JICTHOM PEXUME pa-
6oter CY. B To ke BpeMs MpHu HU3KOU OKPYKHOH CKOpO-
cTH cieayer oxumath Oosnee Boicokuid KIIJ] y BuHTa
C YBEJIHUYEHHBIM AMaMETPOM, U MOITOMY AJS 3aJaHHOU
TATH TpeOyeTcss MeHbIIas pacroiaraeMas MOITHOCTh CH-
JIOBOW YCTaHOBKH. YBEJIMYCHHE AMAMETPa BUHTA MOXKET
COYETaThCS ¢ YMEHBIIEHNEM OKPYKHOW CKOPOCTH B KOH-
LIEBOM CEUYCHHUH JIONACTH BUHTA JUIsl O0Jiee CyIeCTBEHHO-
TO CHIDKCHHS IIyMa.

B T0 e Bpemst H000HBIE 3aKIFOUEHHUS CIIPaBEINBBI
IPH CYIIECTBEHHOM W3MCHEHHH BEJIMYUHBI JHaMeTpa
BHHTAa. VIHTEpecHO paccMOTpeTh CUTYallUl0 HEe3Hauu-
TEJIHHOTO YMEHBIIICHVSI FITH YBEIMUCHHS TUaMETpa BHHTA
Ha 3—5 % W OUEHNTH NPH 3TOM BIUSHHE AUAMETPa BUHTA
Ha akyctmdeckoe moie CY mpu ycIOBHHM COXpaHEHHS
3aKOHOB pacIpe/iesIeHus] 0 pa3Maxy JIONMAaCTH OCHOBHBIX
TEOMETPUIECKHX TapaMeTPoB (XOpaa, KPyTKa U TOJIIIHA).
Crenyer OTMETUTD, YTO NPH HE3HAYNUTEIHLHOM yMEHbIIIE-
HUU JUaMeTpa HeoOXOIMMO HE3HAYHTEIFHO YBEIHYUTDH
1iar BUHTA 711 00ecieueHNs] COXpAaHEeHUs! TSTH Ha B3JIET-
HOM pexume paboTsl CY 1Mo cpaBHEHHIO ¢ BUHTOM OOJTb-
IIEro AUaMeTpa.

YciioBusT BBINOJHEHUS OIEHKH BJIUSIHUS THAa-
MeTpa BHHTAa Ha aKycTHYeckue xapakrepucrtuku CY.
OreHKa BIMSHUS HaMETpa Ha aKyCTHUCCKUE XapaKTepH-
CTHKM BHMHTAa B HAacToslIed paboTe BBIMOJHICTCS NpPU
CIICAYIOIINX YCIOBHUSIX CPABHCHHUS:

IIPUHIMUIT paBEHCTBA TATHU CPABHUBACMBIX BUHTOB;
MPHUHIUI COXPAHCHUS adpPOAMHAMHYECKOTO TOI0-
Oust (KBa3WIIOCTOSIHCTBO 4HMciia PeifHosbIca Ha OTHOCH-

TEIHHOM panyce JIOIaCTH r= 0,75 (Reg75));

YCJIOBUEC MOCTOAHCTBA YaCTOTHI BpallICHHS BUHTOB.
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Hwke mpoBoauTCs OIlEeHKa BIMSHUS IMaMeTpa BUHTA
Ha €ro aKyCTHYECKHE XapaKTEPUCTUKHU C TIOMOIIBIO IKC-
MEPUMEHTAIBHOTO M PacyeTHOTO METO/O0B. DKCIEPHMEH-
TQJIBHBII METOJ OCHOBaH Ha CPaBHUTEIHHOM aHAIN3E
W3MEPEHHBIX B CTaTWYECKHX YCIOBHSAX AaKyCTHYECKHX
XapaKTEPUCTHK CIIIOBBIX ycTaHOBOK JIBC, oTnryaromux-
Cs TONBKO JAMaMETpaMH BHHTOB M, COOTBETCTBEHHO,
OKPYHBIMU CKOPOCTSIMH TP MOCTOSIHHOW 4acTOTe Bpa-
eHus BUHTOB. PacueTHas orjeHka 0a3upyercst Ha IOJy-
HMIIMPUYECKOM METOJIE pacyueTa LIymMa BO3AYIIHBIX BHUH-
TOB [6; 7].

IKcnepuMeHTATbHOE HCCIeJ0BAHNe BJIMSIHUS AHa-
MeTpa BHHTa Ha JHepreTHYecKHe XapaKTepHCTHKH
akycTuyeckoro usiaydeHuss CY. CpaBHUTENbHBIN aHa-
JM3 aKyCTHYECKHX XapaKTEPUCTUK BUHTOB Pa3HOTO JWa-
METpa IPOBOAUTCS Ha IPUMEPE CHIIOBBIX YCTAaHOBOK JABYX
JIETKMX BUHTOBEIX camoiieToB MA-223M u F30. O0mmit
BHJI CaMOJIETOB TpeAcTaBieH Ha puc. 1 u 2. Cunosble
yctaHoBKH camoiietoB MAWM-223M u F30 BrimodaroT
B ce0s nopHesble apurartenn ROTAX-912ULS, 3akiro-
YEHHBIE B KalloT, U TAHYILIUE TPEXJIOMACTHBIC BO3IYIIHbIC
BUHTHI (DMKCHPOBAHHOrO Imara npou3BojcTtBa «Kues-
[Ipon» nuamerpamu 1,8 u 1,74 M coorBeTcTBEeHHO [8; 9].
VYMmensiienne auamerpa cocraBiseT = 3,3 %. 3akoHBI
pacmpeseneHus 1Mo pa3Maxy JIONAaCTH OCHOBHBIX T'€OMeET-
PUYECKHX TapaMeTpoB (XOopaa, KPyTKa W TOJIIUHA) SB-
JSIFOTCS] MPAKTHYECKN HEM3MEHHBIMU. ClIelyeT OTMETHTb,
YTO IIAr BUHTA MEHBIIECTO JUAaMETpa MO JaHHBIM pa3pa-
6otunkoB maHHbix camoneToB (OCKBOC MAMU) Bo3poc
1o 1,3 B cpaBHeHuu ¢ 1,25 y BUHTa O0IBIIEr0 AUaMeTpa.
HesnauurensHoe yBenuueHHE Iara BUHTAa HEOOXOIMMO
JULsl 00ecTieyeHHs1 COXpaHEeHUsI HeM3MEHHOM TSATY Ha B3JIET-
HOM pEXUME pabOoTEHI.

AKyCTHYECKHE HCIIBITAaHUS IPOBEJACHBI JUIS LIECTH
Pa3INYHBIX PEKUMOB pabOTHl CHIIOBBIX YCTaHOBOK CaMo-
JIETOB, OINpENesieMbIX YacTOTOM BpalllCHHS KOJICHBAJA
gsurarensd. JlaHHele O peXuMMax pabOThl JBHUTraTess
ROTAX-912ULS npexncraBieHs! B Ta0IHIIE.

PexxuMbl padoThl ABUTraTesIsi BO BpeMsl HCIIBITAHMI

Ne pexxuma YacroTa BpamieHus KojeHBaia, 00/MHH
1 4000
2 4200
3 4400
4 4600
5 4800
6 5000
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Puc. 1. O0muii Bux camonera MAN-223M

Puc. 2. O6muii Bug camoiera F30

sanpafinesue Bempa
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7 L b
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3 g
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ggn

Puc. 3. CxeMa pacronoeHus! TOYeK U3MEPEHHs IIyMa
Ha Iyre OKpY>HOCTHU paxuycoM 30 m

Bo BpeMs ucHBITaHUN HU3MEPSATIOCH 3BYKOBOE JIaBJic-
HUe B 13-TH TOYKaX aKyCTHUYECKOTO TIOJS, PacCIIONIOKEH-
HBIX Ha JyTe OKpy>XKHOCTH pagmycoM 30 M u ¢ mmarom 15°
(puc. 3). LleHTp OKPY>XKHOCTH COBHIAjall C MPOCKIUEH
BTYJIKA BUHTa Ha 3€MHYI0 IoBepxHocTh. Hanpasnenue 0°
COOTBETCTBOBAJIO M3JIYYEHHIO B TEPEIHIOI Moiychepy
B IUIOCKOCTH, IIPOXO/IAIIEH Yepe3 Och BUHTA, a HalpaBlie-
Hue 90° COOTBETCTBOBAJO HAMPABICHUIO H3IIyYEHUS
B IUIOCKOCTH AWCKA BHHTA. V3MepHUTENbHBIC TOYKH pac-
T0JIarajiich Ha YPOBHE 36MHON MOBEPXHOCTH, YTO MO3BO-
JISUTO MICKITIOYHTD BIFSIHAE MHTEP(EPeHINN 3ByKa Ha W3-
MepsieMble YPOBHH IITyMa.

st peructpanumn aKkyCTUUECKUX MU3MEPEHUI U noce-
Jytomieil 00pabOTKM JaHHBIX HCIOJIb30BAllaCh H3MEpH-
tenpHast cucreMa PORTABLE. OcHoBHBIE mapaMeTphbl
PETUCTpAIK CUTHANA Ha IH(PPOBOM MarHUTO(GOHE: Jac-
TOTa KBaHTOBaHUA curHana — 51200 I'n, mpoTsKeHHOCTh
3anKcH Ha OIHOM pexkuMme — 30 ¢, perucTpanys NoJIe3HOro
CHTHaJa OCYLIECTBIISUIACH MapauieibHo ¢ 13-TH u3Mepu-
TENBHBIX KaHanoB. OOpaboTka M3MEPEHHOrO 3BYKOBOTO
JIaBJICHUs] BKJIOYasa B ceOs IMOJydeHHE Y3KOIOJOCHBIX
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CHEKTPOB ¢ MHUpHHON Tojiock 1,56 I'm B auama3one yac-
10T 0—10000 I'1 ¥ TPETHOKTABHBIX CIIEKTPOB 3BYKOBOTO
naBiieHns B guana3zone dactot 16—-10000 I

Bo BpeMs ucnbiTaHu NPOBOAWIOCH M3MEpPEHUE Ia-
pameTpoB atMocdepbl (TeMIepaTyphl, JaBJICHUS U OTHO-
CUTENIbHON BIIQYKHOCTH), a TaKXe CKOPOCTH W HaIlpaBiie-
HUS BETpa.

[TockonbKy IWaMETphl Y pPaccMaTPUBAEMBIX BHUHTOB
pa3HyaroTCs HE3HAYHUTENHFHO (PacXOXJICHUE HE TPCBBI-
maet 3,5 %), To MOKHO OXHJIIaTh, 9TO 0000IICHHBIC TIPO-
CTPaHCTBEHHBIC W CIECKTPAIGHBIC XapaKTEPUCTHKH BUH-
TOB Ha CXOIHBIX peXHMax paboTHI Tarke OymyT OIM3KHU-
Mu. [TosTOMYy HIDKE MPENCTaBICHBI Pe3yIbTAaThl aHAIH3a
BIHMSIHUSA JAMaMeTpa BHHTA TOJBKO HA DHEPreTHYECKHe
XapaKTEPUCTUKH aKyCTUYECKOTO H3IyYCHHUS CHJIOBOM
YCTaHOBKH.

DHEPreTHYCCKUA aHANIU3 aKyCTHYCCKOTO HW3IYYCHUS
CWJIOBOW YCTaHOBKH CaMOJICTa BBITIOJHEH Ha OCHOBaHUH
M3MEPEHHBIX B 13-TH TOYKaX aKyCTUYECKOTO IMOJS TPETh-
OKTaBHBIX U Y3KOIOJOCHBIX CIICKTPOB YPOBHEH 3BYKOBO-
ro mpaBneHuss. CyMMapHBIA YPOBEHb 3BYKOBOW MOIIHOCTH
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CVY, a Takke YpOBHHM 3BYKOBOH MOIIHOCTH OTAEIBHBIX
COCTaBIISIIOLLMX H3JIy4YEHHUs BO3AYLIHOIO BUHTA paccuu-
TBIBAJIMCHh B COOTBETCTBUU C COOTHOIIeHHEM [ 10]:

L, =101g(nR* j 101 sin(g)d), (1)
0

rae R — pacCTOSHHE OT MCTOYHHMKA JIO TOYKU H3MCPCHUS
[IyMa; (@ — yroJl HampaBJICHHUS W3IYYCHUS M COOTBETCT-
BYIOIIAN €My YPOBEHb 3BYKOBOTO JaBIICHHSA L.

Ha puc. 4 nokazaHbl Al CTATUYECKUX YCIIOBUH 3aBU-
CUMOCTH CYMMapHBIX YpPOBHEH 3ByKoBO# MomuOocTH CY
camoineroB MAU-223M c¢ BuHTOM muametrpoM 1,8 M
u F30 ¢ BuaTOM muamerpom 1,74 M OT pexxnma pabOTHI
CY, xapakTepru3yeMoro 4acTOTON BPaIeHAS BO3AYIIIHOTO

BUHTAa. MOXXHO BHUJETh, YTO Ha CXOJCTBEHHBIX PEXKHUMAX
pabotsl CY cyMMapHBIH YpOBEHb 3BYKOBOW MOIIHOCTH
CY c BunaToM amamerpoMm 1,8 M Ha ~1,5 nb BrImIe, yem
CyMMapHBI YpOBEHB 3BYyKOBO# MomHocTH CY ¢ BHHTOM
nuaMeTpoM 1,74 M, i 3TO COOTHOIIICHHE CIPABEIIIMBO IS
BCEX PaccMaTPUBACMBbIX PEKHMOB.

Ha puc. 5 npeacrasieHsl 3aBUCUMOCTU YPOBHEH 3BY-
KOBOW MOIIIHOCTH M3JIyYeHHs Ha 4acTOTaX, KPaTHBIX Yac-
ToTe cienoBanus Jomactet BUHTA (Ly1s, Lyns, Lwss),
a TaKKe ypoBHEH CyMMapHOH 3BYKOBOM MOIIHOCTH IHep-
BBIX INECTH TapMOHHK IIyMa BpaiieHus BHHTA (Lyy_gp)
ot pexxuma pabotel CY mpu pa3nuyHBIX 3HAYCHHUAX THA-
METpa BHUHTA.
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Puc. 4. CHmxeHHne CyMMapHOTO ypOBHsI 3ByKOBOW MOIIIHOCTH BHMHTa
NpH YMEHBILIEHUN €T0 AWAMETpa MpU YCIOBUU COXPAHEHUsS HEM3MEH-
HBIMH TSTU U YaCTOTBI BPALCHUS IIPU Pa3IMYHBIX pexxuMax padotsl CY
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Puc. 5. CHIKeHHE CyMMapHOTO YPOBHS 3BYKOBOI MOIIHOCTH OTAENBHBIX COCTABIISIONINX H3Iy4EHHS BO3-

JIYLUIHOTO BUHTA IIPY YMEHBIICHUYU €r0 JUaMeTpa IIPU YCIOBUU COXPAHCHMS HEU3MEHHBIMU TATH M 9aCTOTHI

BpaIIEHHs NIPH Pa3INIHEIX pexnmax pabotel CY: g — ypoBHH 3BYKOBOW MOITHOCTH H3JIy4eHHs HA 4acTOTe

1-it rapMOHHKH LIyMa BpamieHus BUHTA, Ly, 6 — YPOBHU 3BYKOBOH MOIIHOCTH M3JIy4YeHHs Ha 4acToTe 2-i

TapMOHMKH IIlyMa BpAIllCHUs BUHTA, Lyn,; 6 — YPOBHU 3BYKOBOW MOIIHOCTH M3JIy4EHUsS Ha 4acToTe 3-i rap-

MOHMKH IITyMa BpPAIlEHUs] BUHTA, Ly3,; 2 — YPOBHU CyMMapHOi! 3ByKOBOI MOIIHOCTHU MEPBBIX MIECTU TAPMHHUK
LIyMa BpalleHUsl BUHTA, Ly ¢
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MoxHo BuzeTh (puc. 5, a, 6), YTO NPH JaHHBIX YCIIO-
BUSX CpPaBHEHUS YMCHBIICHHE JHaMeTpa IPUBOJUT
K YMEHBIIEHUIO YPOBHEHW 3BYKOBOM MOIIHOCTU H3IIy4e-
HUS HA 4acTOTE MEPBOM U TPETbe rapMOHMK IIyMa Bpa-
menus Ha 0-2 1 1-5 g1b cOOTBETCTBEHHO, B 3aBUCHMOCTH
ot pexuma padbotel CVY. IIpu 3TOM yMeHbIIEHHUE YPOBHS
3BYKOBOM MOIIHOCTH H3JIyYEHUsT Ha YacTOTe BTOpPOMU
TrapMOHMKU MIyMa BpalleHUs BHHTa cocTaBisieT 4 1b,
U 3TO COOTHOIICHHE CIIPaBEIIMBO BO BCEM JWAla30HE
paccMaTpuBaeMbIX pexXUMOB paboThl (puc. 5, 6). B To xe
BpeMsl YMCHBIIEHHE CYMMapHOTO YpPOBHS 3BYKOBOW
MOIIHOCTH NEPBBIX IIECTH TapMOHMK IIyMa BHHTA
cocraBiusier 1-2 nb (puc. 5, 2), YTO CBHIETENLCTBYET
0 JIOMHHHUPYIOLIEH POJIM MEpBOH TAPMOHUKH B TapMOHH-
YECKOM COCTaBIISIIOIIEH ITyMa BpallleHUsI BUHTA.

Ha puc. 6 paccMoTpeHsl TpauKu W3MEHEHHS ypOB-
Hell 3ByKOBOW MOUTHOCTH IIMPOKONOJIOCHOTO BBICOKOYAC-
TOTHOTO M3dy4deHus B auama3one dactoT 1000-5000 I'u
CHJIOBBIX yCcTaHOBOK camoiyietoB MAM-223M u F30 mpu
pasnuyHbIX pexumax pabotel CY. MOXXHO BHUIEThH, YTO
y camonera AM-223M cymMmapHble YPOBHH 3BYKOBOM
MOIITHOCTH UIMPOKOIIOJIOCHOTO H3JIyYSHHUs! MPEBBIMIAIOT
Ha 1,54 nb cooTBeTcTBYIOUIME YPOBHU 3BYKOBOH MOIII-
Hoctu camounieta F30. Bo3MOXHO, 4TO JOMUHHPYHOIUM
HCTOYHHMKOM HIMPOKOIOJIOCHOTO aKyCTHYECKOTO H3IIyde-
Hus B ciaydae CY camonera MAN-223M sBmnsercs oore-
KaHHE BO31yX03a00pHHWKA PaauaTopa ABUTATEISI WHIYK-
THUBHBIM ITIOTOKOM OT BHHTA, Ta0apUThl KOTOPOTO 3aMETHO
6ombire, yem y camonera F30 (cm. puc. 1 u 2).
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Puc. 6. CHikeHHe CyMMapHOTO YpOBHSI 3BYKOBOW MOIIIHO-

cTH wHpokononocHoro uzmaydenus (1000-5000 I'm) Bo3-

IYIIHOTO BHHTA IPU YMEHBIICHUH €r0 AUaMeTpa MpH ycio-

BUH COXPaHEHHs HEM3MEHHBIMHU TSTH U YaCTOTHI BPAILCHHUS
HPH PA3IUYHBIX pexuMax paboter CY

Panee Opi0 mOKa3ano [11-15], 9To cpean OCHOBHBIX
HCTOYHMKOB ITyMa BO3AYIIHOTO BHHTA BBIAEIACTCS TaK
Ha3bIBaCMBIH IIyM BpAIICHMS, HCTOYHHKOM KOTOPOTO
SIBISIETCS ISMCTBYIOIIAS HA JIONACTh BUHTA a3pOANHAMHU-
yeckasi Harpyska, HIyM, OOYCIIOBICHHBIN BBITECHECHHEM
Cpenbl TEJIOM JIOMACTH, a TaKXkKe LIyM BHXPEBOI'O IPOHC-
XOXKJEHUs, OJHMM U3 HCTOYHHKOB KOTOPOIO SBIIAETCA
TypOyJICHTHBIH ciel 3a JionmacTsMu. B mryme BHHTOMO-
TopHOi CVY camosera, IOMUMO BHHTa U ABUraTessi, Mo-
KET UMETh MECTO JIOTIOJHUTEIILHBIA HCTOYHUK aKyCTHYe-
CKOTO M3JIy49€HHs, CBS3aHHBII C OOTEKaHHWEM HHIYKTHB-
HBIM ITIOTOKOM OT BHUHTA 3JIEMEHTOB KOHCTPYKIMH IIIaHeE-
pa camoiera (Hampumep, OOTEKaHHE BO3AyX03a00pHHUKA
pammnatopa (cM. puc. 1)). CpaBHeHHE ypOBHEH 3BYKOBOU
MOIITHOCTH BBICOKOYACTOTHOT'O IIMPOKOIMOIOCHOTO H3IIy-
geaus (1000-5000 T'm) CY camonetroB MAU-223M
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n F30, uMeronmx a’poArHAMHYECKH IMMOTOOHBIC BHHTHI
pasHOro amameTpa, MoKas3allo, YTO pPa3indyie B YPOBHAX
3BYKOBOW MOIITHOCTH MOXXET OBITH CBS3aHO HE TOJBKO
C pa3nuyieM B TUaMeTpax BUHTOB, HO U C HAJMYUEM JO-
TIOJTHUTETHHBIX MCTOYHNKOB TCHEPAINH IIIyMa, CBSI3aHHBIX
C KOMIIOHOBKOY BUHTOMOTOPHOI CHJIOBOM YCTAHOBKH.
PacueTHasi omeHKa BJIMSIHHSI JMaMeTPa BHHTA Ha
€ro 3BYKOBYK MOINHOCTb. PaHee mpu aHanm3e Moy M-
MUPUIECKON MOZenH myma BuHTa [6; 7; 14] OpU1O ycTa-
HOBJICHO, YTO MOIIHOCTHh aKyCTHYECKOTO H3ITy4CHHUS Ma-
JIOHATPYKEHHOTO BO3IYIIHOTO BHHTA, Y KOTOPOTO TOMH-
HUPYIOIIUMH SBJISIIOTCS HMCTOYHHUKH JUIMOJIBHOTO THUIA
OT a’pPOAMHAMUYECKON Harpy3Kd, IPOINOPIHOHATbHA
gyrciay Maxa XxapakTepHOW CKOPOCTH OOTeKaHHs MPOdUIIs

. <8
JIONIACTH B BOCBMOM CTemeHH E ;.q, KBanpary kooddu-

LIMCHTA TATH BUHTA 0 i K09(MUIMEHTY MOIIHOCTH P

2
[3 Micd 6 48

)2 z3by

, ()

(2nr

I ¢; — IMIUPHYCCKHH KOIDDUIHCHT MPOMOPIIMOHAIE-
HOCTH; d — TUaMeTp BUHTA, M; @ — MAKCHUMAaJIbHas TOJIIIHU-
Ha a’pOJMHAMHYECCKOrO Tpoduis BuHTA Ha 3(P(EKTHB-
HOM paguyce, M; r — OTHOCUTEIBHBIN paJnyc BUHTA,
€y — CKOPOCTB 3ByKa, M/C; z — YUCIIO JIOTIACTEH; b, — Xopaa
nonactd B 3(Q(EKTUBHOM CEUEHHH, M; p — IUIOTHOCTH
BO3/lyXa, KI/M’; 1 — 9aCTOTa BPAICHUS BO3IYIIHOTO BHH-
Ta, 00/c.

OTMeTHUM, YTO BHHTBI pacCMaTPHUBACMBIX CaMOJICTOB
SIBJSIFOTCSL TCOMETPUYECKU M adPOJHHAMHYCCKU MOIOOHBI-
MH, a PEKHMBI X paOOThl COOTBETCTBYIOT aBTOMOJICITb-
HBIM peKUMaM. B 3ToM citydae, Mcnons3ys BeipakeHue (2),
MOJKHO OIICHHTH BIIMSHHE TUAMETPa Ha 3BYKOBYIO MOIII-
HOCTh TaPMOHHYCCKOW COCTABJISIONICH IITymMa BpaIlCHUS
BO3YIIHOTO BUHTA OT a3pOIMHAMHYCCKON HATPY3KH.

OCHOBHBIM  yCIIOBHEM CpPaBHCHHS aKyCTHUYCCKHX
XapaKTEPUCTUK JIBYX BUHTOB SIBJISICTCSI PABEHCTBO MX TST
Ha CXOJICTBEHHBIX PEXKUMAX PabOTHI, T. €.:

0‘2”% d; _

2 44 T
oyn;d,

VY BunTa camosiera F30 mpu MeHblieM auamerpe d,
miar yBenudeH Ha 4 %, H, ClIeZ0BaTeNIbHO, BHIIIE 3HaYe-
HHUe koddduirenTa tiry, T. €. o) > o,. Eciu gomyctuts,
YTO B COOTHOLICHUH (3) yBeIMUYCHNE [Iara BUHTA caMmoJie-
ta F30 Ha 4 % TONHOCTHIO KOMIIEHCHPYETCSI COOTBETCT-
BYIOIIIMM YMEHBIIIEHHEM auameTpa Ha 3,3 %, To mpu pa-
BEHCTBE YacCTOT BpAIEHHS 71, = M; YUCIO0 Maxa OKpyxX-

1. 3)

M,

e camorera F30 raxke

Co

HOM CKOPOCTH BUHTa ¢ =
yMenbuTes Ha 3,3 %. B aTom ciiydae, B COOTBETCTBUH
C COOTHOIIEHUEeM (2), I COCTABIJIAIONICH ITymMa Bparie-
HUS BUHTA OT adPOAWHAMIYECKONW HArpy3KH OTHOIICHHE
MOIITHOCTEH aKyCTHYECKOTO HM3IyYEeHUS BHHTOB CaMoJie-
ToB MAN-223M u F30 Gyner paBHo:

2342 6 78 2,6
W, oaMigomd, dU,

T 23242 648 6"
m o‘1]‘/[”¢<11”’1dl

= 4)
> (

i dl Ul

HpI/I YCJIOBHH, 4YTO MaJloO€ HU3MCHCHHC OHaMETpa
HEe BJEYET 3a cOOOM 3aMETHOr0 M3MEHEHUS TIIPOCTPAHCT-
BCHHBIX MW YaCTOTHBIX XapaKTCPUCTUK aKyCTUYCCKOIO
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M3JIy4eHHs BHHTA, OXKHIAEMOE pPAacyeTHOE HM3MEHEHHE
YPOBHA MHTEHCHBHOCTH IIyMa 3a CYeT W3MEHEHHI Aua-
MeTpa BUHTA U COOTBETCTBYIOLIET0 U3MEHEHHS OKPYKHOH
CKOPOCTH TIPH YCJIOBHHU IOCTOSIHCTBA YacTOTHI BpPAILCHUS
BUHTOB (1] = np) U TATH OyJeT paBHO:
ALy, =Ly, — Ly, :201gi+601g&, 5)
d, U,

rne U, =mndn;, U, =nd,n, — OKpYXHBIE CKOPOCTH
CpaBHMBAaEMbIX BUHTOB.

[Tocne moacTaHOBKYM B BhIpaxkeHue (5) 3HaUEHUH Tra-
METPOB BO3IYIIHBIX BUHTOB camosieToB MAW-223M
(d; = 1,8 M) u F30 (d, = 1,74 M) 11 OKpY>KHBIX CKOpOCTEH
HOMy4YUM, 4TO I pacCMaTpPHBAaEMbIX YCIOBHH CpaBHE-
HUSI 0)KHJaeMOE pacyeTHOE CHM)KEHHE YPOBHS 3ByKOBOH
MOIIIHOCTH COCTABJISFOLICH IIyMa BPAICHUS OT a3pOIUHA-
MHUYECKON Harpys3ku BuHTa camoisieta F30 no cpaBHeHMIO
¢ BuaToM camonieta MAM-223M cocrasisier ~1,2 nb.

D¢ dexT cHUKeHHs IIyMa BpallleHHUs BUHTa OT a’po-
JUHAMHYECKOW HArpy3KH IIpH ITOCTOSHCTBE YacTOTHI
BpalICHUs 33 CUET yMEHBLICHUS JUaMeTpa 3aKI04yaeTcs,
MO-BUMMOMY, B CHIDKCHHHM WHTGHCHBHOCTH MIyMa
HCTOYHHMKOB JUIOJBHOTO THIIA 33 CYET YMEHBIICHHS
OKpPY>KHOW CKOPOCTH (B OOIIEM CIydae MHTEHCHBHOCTBH
[IymMa JUIIOJNIST MPONOPIIMOHANBHA OKPY)KHOH CKOPOCTH
BUHTA B IIECTOH CTETEHH), a TAaKXK€, BO3MOXKHO, 3a CUET
HEKOTOPOTO CMEIIEHUS! TOUKU TPHIIOKEHUsS] PaBHOJECHCT-
BYIOMIEH adpOAMHAMHUYECKON HArpy3KH ONIKe K BTYIKE
BUHTa HEMOCPEJCTBEHHO BCJIEICTBUE YMEHBILIECHHUS Jna-
MeTpa.

OKCHEepUMEHTAIBHO YCTaHOBJIEHHOE CHU)KEHHE CyM-
MapHOTr'0 YPOBHS 3ByKOBOW MOLIHOCTH CHUJIOBOM YCTaHOB-
ku camosnera F30 mo cpaBHEHHIO C BHHTOM camMmoJieTa
MAUN-223M (cm. puc. 4) cocrasiser ~1,5 nb. Pacuetnoe
3HA4YeHHE CHW)KEHMS IIyMa BHHTA 32 CYET YMCHBIICHHS
JaMeTpa M COOTBETCTBYIOLIETO YMEHBIIECHHUS OKPYKHOH
CKOPOCTH HECKOJBKO HMKE TOJIyYEHHOT'O B SKCIIEPUMEH-
Te. JTO, BO3MOXHO, CBA3aHO C TEM, YTO B PACUYETHOU
OLICHKE HE YYMTBHIBAIACh POJIb COCTABISIONICH IIIyMa
BPAIICHUS BUHTA OT «BBITCCHEHUS.

3akJ/roueHne. MOIIHOCTh aKyCTHYECKOTO U3ITyYEeHUS
CVY 7erkoro BHHTOBOTO CaMoJIeTa C TSHYIIMM BHHTOM
3aBUCHUT OT HMHTCHCUBHOCTHU AKYCTHUYCCKOT'O M3JIYyUYCHHA
BUHTA JIBUTATENS M OT ad3POJMHAMHYECKOH KOMIOHOBKH
arperatoB asurarens. s camonera F30 3HaunTtensHoOe
CHI)KEHHE CYMMapHOTO YpPOBHS 3BYKOBOH MOIIHOCTH
CIJIOBOM YCTaHOBKM Mo cpaBHeHHIo ¢ CVY camonera
MAMU-223M na Benuuuny 110 1,5 1b npu npounx paBHbIX
YCIIOBHSAX OOBSACHSCTCS CHIDKCHHEM IIIyMa BUHTA OT a3po-
JMHAMHYeCKOW Harpy3ku. IIpu aToM pacdeTHoe oxumae-
MO€ CHUXEHHME YPOBHS 3BYKOBOIl MOIIIHOCTH FapMOHHUYE-
CKOH COCTaBJISIIOIIEH IIymMa BpaIlleHHs BUHTA OT adpOJH-
HaMU4ECKOW Harpy3KkH, CBA3aHHOH C YMEHBIIEHUEM JIHa-
merpa BuHTa Ha 0,06 M U COOTBETCTBYIOLIUM YMEHBIIIE-
HHEM OKPYHOW CKOPOCTH B KOHIIEBOM CEUCHHUH JIONIACTH
BUHTA, IIPU IIOCTOSHHOM YacTOTe BpAleHUS BHUHTA CO-
crapnser 1,2 nb. HekoTopoe pacxokaeHne pacueTHBIX
1 SKCIIEPUMEHTAIIBHBIX JaHHBIX 00BSICHAETCS, BOZMOXHO,
TEM, 4YTO NpPH paC‘-IeTHOfI OIICHKE HC YYHWUTBIBAJIACh POJIb
COCTAaBJISIONICH IIIyMa BUHTA OT «BBITECHEHUS.
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Takum oOpa3oM, TpUMCHCHHE Ha CcaMoJeTe
MAMUM-223M BO3QyIIHOTO BHHTAa MEHBLIErO JIHaMETpa
[0 CPAaBHEHHIO CO IITaTHBIM MOXKHO paccMaTpHBaTh Kak
KOHCTPYKTUBHBIN CIIOCO0 CHIDKEHUS IIyMa Ha MECTHOCTH
IaHHOTO camodjera. [Ipu 3ToM HEOOXOOMMO YYWUTHIBATH
TaKKe BIUSHUE KOMIIOHOBKM arperaToB JIBUTaTells
Ha TEHEpaIHio IMHUPOKOIOJIOCHOTO aKyCTHUECKOTO U3Iy-
yennst CY B LIeJIOM.

Ha ocHOBaHUM MONyIMOUPUYECKON MOJAETH ILIymMa
BHUHTA TOJYYEHO COOTHOIICHHUE JJIsl ONpEAeTeHUs BIIUS-
HUSl IMaMeTpa BUHTA HA YPOBEHb 3BYKOBOW MOIHOCTH
CY npu ycinoBUU r€OMETPUYECKOr0, a3pOAMHAMUYECKOTO
MOTOOUS BHHTOB W TIOCTOSIHCTBE YaCTOTHI BPAIIICHHS.

Bub6aunorpadguyeckue ccblIKkM

1. Oxpana okpyxaromeil cpeasl. [Ipunoxenue 16
Kk KoHBEHIIMHN 0 MeXIyHapOTHON Ipa)KTaHCKOW aBHAIUH.
T. 1. ABnanmonnslii mym. 6-e uza., MIKAO. 2011.

2. Asuanmonssie [IpaBuna. Yacts AIl-36. Ceprudu-
Kalysi BO3/IyIIHBIX CYOB II0 IIyMY Ha MecTHOCTH / Mex-
rOCy/JapCTBEHHBIN aBUAIMOHHBIHN komuTeT, 2003.

3. Aecroacoustics of flight vehicles: Theory and
Practice. Vol. 1. Noise sources. NASA References
Publication 1258. Vol. 1. WRDC. Technical report
90-3052. 1991.

4. Hanson D. B. Influence of propeller design
parameters on far field harmonic noise in forward flight //
AIAA Journal. 1980. Vol. 18, No. 2. P. 1313-1319.

5. Prediction procedure for near-field and far-field
propeller noise, AIR 1407. Soc. of Automotive Engineers,
Inc., 1977.

6. Camoxun B. ®@. O06 oxHOM moaxone K pacyery
JIATHETO aKyCTHYECKOTO II0JI1 BO3JYLIHOTO BHHTA //
Tpynst HATU. 1988. Bein. 2355. C. 65-75.

7. Camoxun B. @. IlomyaMnupudeckuil METOI Mpo-
THO32a IIlyMa BO3AYIITHOTO BHHTA // MHxeHepHO-(pu3ndec-
kuit )xypHai 2012. T. 85, Ne 5. C. 1064-1072.

8. PyKoBOACTBO MO TEXHUYECKOW SKCIUTyaTallHH
camoneta MAM-223M. M. : MAH, 2013. 138 c.

9. Flight manual. F30 Brio. F. G. model. 147 p.

10. Pacyersl W u3MepeHUs XapaKTEPUCTHK IIyMa,
CO3/1aBa€MOr0 B JIAJIbHEM 3BYKOBOM I10JI€ PEaKTUBHBIMHU
camoneramu / mop. pen. JI. . Copkuna. M. : MammHo-
cTpoenue, 1968. 99 c.

11. Camoxun B. ®., Momkos Il. A. AxycTuueckue
XapaKTEPUCTHUKHU JIETKOTO BUHTOBOTO CaMoJieTa C JIBHTa-
TeJeM BHYTPEHHErO CropaHus [DIeKTpoHHBIN pecypc] //
Tpynet MAUN. 2012. Beim. 57. URL: http://www. mai.ru/
science/trudy/published.php?ID=30715. [lata myOnukarwm
30.06.2012.

12. Camoxun B. @., Momxkos II. A. MccnenoBanue
aKyCTHUYECKHUX XapaKTEPUCTHK JIETKOr0 BUHTOBOTO CaMo-
nera «Bunbera-35A» Ha pexumax TOpPU30HTAJIBHOIO IO-
nera // BecTHnk MOCKOBCKOTO aBUAlIMOHHOTO HHCTUTYTA.
2014.T. 21, Ne 2, C. 55-65.

13. Momxos II. A. HekoTopble pe3yabTaThl JKCIIe-
PUMEHTAIBHOTO HCCIEJOBaHMS aKyCTHUECKHX XapakKTe-
PHCTHK CHJIOBOH YCTAHOBKM CBEpXJEIKOrO CamoJieTa
B CTAaTHYECKHX yCcioBHAX // HaydHO-TeXHHUYECKHi BECT-
HUK [ToBomxbs. 2014. Ne 6. C. 265-270.



Becmuux Cubl’'AY. Tom 17, Ne 1

14. Camoxun B. ®@., Momxkos II. A. Dxcnepumen-
TaJIbHOE HCCIICA0OBAHUE AaKyCTHYECKHX XapaKTEePUCTHK
CHIJIOBOH yCTaHOBKH camojeTa AH-2 B CTATHIECKUX YCIIO-
Busax // Tpymet MAW. 2015. Bem. Ne 82. URL: http:/
www.mai.ru/science/trudy/published.php?ID=58711. [ara
nyonukanuu 26.06.2015.

15. Momkos II. A. Kraccudukaiuss HCTOYHHKOB
IIyMa JIETKHX BHHTOBBIX CaMOJETOB Ha MECTHOCTH //
HayuHno-Texauueckuii BecTHUK IloBomxkes. 2015. Ne 4.
C. 101-106.

References

1. Okhrana okruzhayushchey sredy. Prilozhenie 16
k Konventsii o mezhdunarodnoy grazhdanskoy aviatsii.
Tom 1. Aviatsionnyy shum. [Annex 16 to the Convention
on International Civil Aviation: Environmental
Protection. Vol. I. Aircraft Noise]. 6" ed., ICAO Publ.,
2011.

2. Aviatsionnye Pravila. Chast’ 36. Sertifikatsiya
vozdushnykh sudov po shumu na mestnosti [Aviation
Regulations. Pt. 36. Aircraft noise received on the ground
certification]. Moscow, Interstate Aviation Committee,
Aviaizdat Publ., 2003. 122 p.

3. Aeroacoustics of flight vehicles: Theory and
Practice. Vol. 1: Noise sources. NASA References
Publication 1258, Vol. 1, WRDC, Technical report
90-3052, 1991.

4. Hanson D. B. Influence of propeller design
parameters on far field harmonic noise in forward flight,
1980, AIAA Journal, Vol. 18, No. 2, P. 1313-1319.

5. Prediction procedure for near-field and far-field
propeller noise, AIR 1407, Soc. of Automotive Engineers,
Inc., 1977.

6. Samokhin V. F. [An approach to the calculation
of the far-field propeller noise]. Trudy TsAGI. 1988,
No. 2355, P. 65-75 (In Russ.).

7. Samokhin V. F. Semiempirical method for estimating
the noise of a propeller. Journal of Engineering Physics
and Thermophysics. 2012, Vol. 85, No. 5, P. 1157-1166.

8. Rukovodstvo po  tekhnicheskoy  ekspluatatsii
samoleta “MAI-223M”. [Manual operation of the aircraft
“MAI-223 M”]. 2013, Moscow, MAI Publ., 138 p.

9. Flight manual “F30 Brio”. F. G. model. 147 p.

10. Sorkin L. I. Raschety i izmereniya kharakteristik
shuma, sozdavaemogo v dal’nem zvukovom pole reaktiv-
nymi samoletami. [Calculations and measurements of the
characteristics of the noise generated at the far sound field
by jet aircraft]. Moscow, Mashinostroenie Publ., 1968,
99 p.

11. Samokhin V. F., Moshkov P. A. [Acoustic
characteristics of a light propeller aircraft with internal
combustion engine]. Trudy MAI, 2012, No. 57 (in Russ.).
Available at: http://www.mai.ru/science/trudy/published.
php?ID=30715 (accessed 30.06.2012).

12. Samokhin V. F., Moshkov P. A. [Research
of acoustic characteristics by light propeller aircraft
“Vilga-35A” on the conditions level flight]. Vestnik
Moskovskogo aviatsionnogo instituta, 2014, Vol. 21,
No. 2, P. 55-65 (In Russ.).

13. Moshkov P. A. [Some results of experimental
research of acoustic characteristics by the powerplant
ultralight aircraft in static conditions]. Nauchno-tekhni-
cheskiy vestnik Povolzh’ya. 2014, No. 6, P. 265-270
(In Russ.).

14. Samokhin V. F., Moshkov P. A. [Experimental
study of the acoustic characteristics of the powerplant by
the aircraft An-2 in static conditions]. Trudy MAI, 2015,
No. 82 (In Russ.). Available at: http://www.mai.ru/
science/trudy/published.php?ID=58711 (accessed 26.06.2015).

15. Moshkov P. A. [Classification of community
noise sources by light propeller aircrafts]. Nauchno-
tekhnicheskiy vestnik Povolzh’ya. 2015, No. 4, P. 101-
106 (In Russ.).

© Momxkos I1. A., Camoxun B. @., 2016



ABMGZ//MOHHCI}Z U paKkemHo-KoCMu4ecKkas mexnuka

YIK 629.78.03: 621.472

Bectauk Cubl’'AY
Tom 17, Ne 1. C. 161-169

BbIBOP TEIINIOAKKYMYJIMPYIOLIEI'O MATEPUAJIA
JJI1 COJIHEYHOTI'O TEIIVIOBOI'O PAKETHOI'O IBUT'ATEJIA

C.JL CDI/IHOFGHOB*, A. . KonomeniieB

MocKoBCKU aBUAITMOHHBIN HHCTUTYT
(HaIMOHANBHEINA UCCIIeOBATEIbCKIN yHUBEpcHTeT) “MAIN”
Poccuiickas ®enepanus, 125993, r. Mocksa, A-80, I'CII-3, Bonokonamckoe mocce, 4
"E-mail: sfmai2015@mail.ru

Paccmampusaemcea conneunvlii mennosoti pakemnutii osueamens (CTPk/) ¢ mennosvim akkymynamopom (TA), uc-
nonL3yIoOWUM (hazonepexooHvie 6blCOKOMeMnepamypHvie menioakkymyaupyrowue mamepuanvl (TAM) ¢ evicokoii
VOenbHOU Meniomol niasieHus, 001a0aruue OnpedereHHbIMU IHEPLEMUYECKUMU NPeuMyujecmeamu Hao meepoo-
menvHuIMU  epagpumosvimu  akkymyasmopamy. TA KOHCMPYKMUBHO co8MewjeH ¢ CUcmemoli «KOHYeHmpamop—
npuemnuxy (KII) u npeonasnauen 0na HakonieHus Menioeoll IHepaull Om 3ePKATbHO20 COTHEYHO20 KOHYEHMpPAamopa
8 Nepuoobl NACCUBHO20 O8UNCEHUs. KocMuyeckozo annapama (KA) no nepexoonvim opoumam MHO208UmMKO80U MpaeK-
mopuu evigedenus, npu komopoii exniovenue CTPK/] ocywecmensiemcs 6 ancuoanbHuix 001acmsax opoum 3a cuem men-
106020 paszpsioa TA, nazpesaroweco pabouee meno (6000pod) 00 GbICOKUX memnepamyp, obecneuusas 6biCoKue 3Haye-
HUsL yOenvbHo2o umnyvca. Ilpu smom obecneuusaemcs He3a8UCUMOCIb HPOYECCO8 MOYHOL opueHmayuu cucmemvl KII1
na Connye 6 nepuodsl naccuernozo dgudicenusi KA ons 3apsoa TA u ynpaenenus ekmopom mszu npu paspsoe akkymy-
aamopa. Obracmu exmovenus CTPk/] npu smom He 3asucam om ycrosuii oceewjeHnocmu. Paccmampusaromess maxue
myeonaaskue TAM, kax okcud depunnusa u 6unapHvie semexmuku B*Si u 3BeO*2MgO ¢ memnepamypoii niasnenus
sviute 2000 K u yoenvHoti sHepeoemkocmuio 6onee 2 MIc/ke. Paccmampusaemces 3a0aua mexcopoumanbHol mpauc-
nopmuposku KA ¢ nuskoii cmapmogoii opoumsl Ha eeocmayuoHapHyio opoumy 6 meyenue 60 cymok. B kauecmee kpu-
mepus sgppexmusHocmu 3a0auu gvisedeHuss NPUHAMA macca noaesnoil naepysku (IIH), komopaa makcumusupyemcs
nymem onmumuzayuu peresanmuuix napamempos cucmemvt KII-TA. K maxum napamempam modxicHo omuecmu, 8 ya-
cmuocmu, coomHouerue macc konyenmpamopa u TA u napamemp moynocmu ncegoonapadbonrouOHo20 KOHYeHmpamo-
pa. IIposedena cosmecmuas onmumuzayus peiesaHmubix napamempos, noKAa3ansl Ux yeiecooopasHuvie sHaueHus O
kaocooeo TAM. Iloxazano, umo npu ucnoavsosanuu ¢ TA cnrasa B*Si macca ITH mooicem bdvimv 6oavbuie no cpaghe-
HUIO ¢ OCMANbHBIMU PACCMOMPEHHBIMU MENTOAKKYMYIUPYIowuMY Mamepuaniamu. Yciosus opuenmayuu cucmemol K11
na Connye npu 5mom 00CMAMO4HO COOMBEMCMBYIOM COBPEMEHHBIM MEXHUYECKUM BO3MONCHOCMAM. Boiuepviut 6 mac-
ce ITH mooicem bonee uem 6 1,5 paza npegviuams 3¢pexmusHocms cospemenuvix cpedcms gvigedenus ¢ JKPJ, umo
no3gossAem ucnonv3osams pakemvi-nocumenu (PH) 6onee neekoeo knacca.

Knrouesvie cnosa: conneunsili meniogou pakemmusiil 08ueamenb, meniogol aKkKymyiamop, gazonepexooHvle meno-
AKKYMyaupylowue Mamepuansl, 6blCOKOMEeMNEPamypHas CUCmeMda «KOHYEHMPAMop—npuUeMHUKy, 2e0CmayuoHapHasl
opbuma, macca noie3Hol Hazpy3Ku.
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THE CHOICE OF HEAT-ACCUMULATING MATERIALS FOR SOLAR THERMAL PROPULSION
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Solar thermal propulsion (STP) with thermal energy storage (TES) using high-temperature heat-accumulating
materials (HAM) with high specific heat of fusion is considered. These HAM possess power advantages over solid-state
graphitic accumulators. TES is structurally combined with “concentrator-absorber” system (CAS) and is intended to
accumulation of thermal energy from the mirror-image solar concentrator during the periods of space vehicle motion at
passive legs of multi-burn trajectory. Firings of the STP are realized at apsidal areas of the transfer orbits at the
expense of the thermal discharge of the TES, heating the propulsive mass (hydrogen) up to high temperatures and
providing high specific impulse. Independence of processes of precise orientation of the CAS to the Sun during the

161



Becmuux Cubl’'AY. Tom 17, Ne 1

periods of passive motion of the space vehicle for charge of TES, and thrust vector control is thus provided at
accumulator discharge at active legs of the trajectory. Areas of firings of the STP thus do not depend on illuminance
conditions. Such refractory HAM as beryllium oxide and binary eutectic B*Si and 3BeO*2MgQO with fusion
temperature above 2000 K and specific heat of fusion higher than 2 MJ/kg are considered. The problem of inter-orbital
transfer of space vehicle from LEO to GEO within 60 days is observed. Payload mass as a criterion of efficiency flight
is maximized by optimization of relevant parameters of CAS and TES. It is possible to consider such relevant
parameters as the ratio of masses of the concentrator and the TES and parameter of accuracy of the pseudo-paraboloid
concentrator. Joint optimization of relevant parameters is conducted. Their expedient values for each of the considered
HAM are shown. It is shown that at use of B*Si alloy the payload mass can be higher in comparison with other
considered materials. The CAS tracking conditions to the Sun thus corresponds enough to modern technical
feasibilities. The gain in payload mass can exceeds 1.5 times of efficiency of launchers with the state-of-the-art upper
stages, and allows to use of smaller class launchers.

Keywords: solar thermal propulsion, thermal energy storage, heat-accumulating materials, high-temperature
“concentrator—absorber” system, geostationary orbit, payload mass.

Beenenue. CHIDKEHHE CTOMMOCTH BBIBEACHUS I0JI€3-  JIMBAIOIINE TETIOBYIO SHEPIHIO 33 CUET BBICOKOH YAENb-
HBIX TPY30B Ha BBICOKHE OPOUTHI SIBISIETCA aKTyaldbHOW  HOMW TEIUIOTHI IUTaBlIeHUs [6; 7].
3ama4yeii, pemneHue KOTOpO MOXKET OBITh OCYIIECTBIEHO Pa3paboTku COMHEYHOH 3HEProJBUTAaTEeIbHOW YyCTa-
IyTeM HCIIOJIB30BaHUS paKeT-HOcuTeneil Oosiee nerkoro HOBKHM ¢ TA Ha ocHoBe rpadura mposogsrcs B Llentpe
KJjlacca, OCHAIIEHHBIX SHeprernuecku Oosee adpdextuB- um. Kenppima [3; 4], a take B CHIA (NASA, Boeing
HBIMH, YeM TPaIULMOHHBIE, BEPXHHUMHU CTyHEHsAMH (pa3- U ap. [2]). OTo oObsicHseTcs Oojee MpocToil KOHCTpYKIMeH
TOHHBIMU Onokamu). K Takum cpenctBam BBIBENEHHMS — TBEPAOTENbHBIX TA 10 cpaBHEHHIO C (ha3oINepexo HBIMA
MO)KHO OTHECTH pa3TOHHBIE OJIOKM C JIBUTATENbHBIMU yCTa-  aKKyMmyJsiTopamu. Tem He MeHee, (ha3onepexoqusie TAM
HOBKaMH, MCIIOJIB3YIOIINMH BHELIHNE PECYypChl KOCMHUYe-  00NaaaloT CyIIECTBCHHBIMH SHEPTETHYECKUMH HpPEHMY-
CKOT'O TIPOCTPAHCTBA, B YACTHOCTH, COJHEYHYIO SHEPTUIO  INECTBAMH IO CPaBHEHHUIO C IpaduTOBOH TEIUIOAKKYMY-
KaK HanboJee TOCTYIHYIO. mupyromei Marpuneii (cM., Harpumep, [7; 8]). Caenyer,
Panee Ob10 MOKa3aHO, YTO PAasTOHHBIM OJIOK C COJI-  OJHAKO, OTMETUTH M HEAOCTATKH CaMuX (ha3onepexoJHbIX
HEYHBIM TeTIOBBIM pakeTHhIM fBuratenieM (CTPkJ]) mo- TAM, cBs3aHHBIE C HX KOPPO3WOHHONH aKTUBHOCTHIO
3BOJISICT 3HAYUTEIBHO ([0 ABYX Pa3) MOBBICUTH IONE3HYI0 B PAcCIUIABICHHOM COCTOSHUH, 3HAUMTEIBHBIM U3MEHECHUEM
Harpy3ky (ITH), BelBomuMyto, Hampumep, Ha reocraiuo- o0beMa B LIUKIAX «IUIaBICHHE—3aTBEPACBAaHNEY, HU3KON
HapHyto opb6uty (I'CO) [1; 2]. Bpems BbIBeneHHs NMpH  TEIJIONPOBOMHOCTBIO M HEOIHOPOAHOCTBIO pacrpesesie-
aToM cocTaBisgeT 30-60 CyTOK ¢ HCIOJIb30BaHMEM MHO-  HHs paciulaBa B Kamcyje TA B yCIOBUSX HEBECOMOCTH,
JKECTBEHHBIX MPEPBIBUCTHIX TPACKTOPUII NIPU BKIIOYEHHHM  YTO MOXET NPHUBECTH K IeperpeBy obosouku TA, co-
JIBUTATEJIS TIEPHOIUYECKH B TIEPUTEE KaXKAO0H NEPEeXOJHOH  BMEIICHHOMY C IMPHEMHHKOM KOHIIEHTPHPOBAHHOTO COJI-
OpOUTHI M 3aTeM, nocyie (POPMHUPOBAHUS T'€ONEPEXOJHON  HEYHOTO H3IYy4YEHHUS. DTH BONPOCH TPEOYIOT JOIOJIHH-
opoutsl, npu BkmoueHnn CTPk/] B anoree kKaxziplif pa3  TeIbHOrO M3ydeHHUs. PaboThI B 3TOM HAIlpaBIEHUH BEAYyT-
s popmuposanus ['CO [1-4]. B caywgae ucmomnp3oBa-  cs B ['ocHUUM HITO «JIya», HITO «KBanT» 1 1p. [8; 9].
HUs 00bIKHOBeHHOTO CTPK/] BOSHHKAIOT BOIIPOCH! BBIOO- B mHacrosmeit pabore paccmaTtpuBaercs 3PQeKTuB-
pa TONHOCTHIO OCBEICHHBIX AalCHAANBHBIX AaKTHBHBIX  HOCTh MCIONB30BaHMA (asonepexomHslix TAM kak obia-
YYacTKOB, a TaKkeé HEOOXOJUMOCTh OJHOBPEMEHHOIO  JAIOUIMX BBICOKMMH SHEPreTHYECKUMM IOKa3aTesIMU
yNpaBJIEHUs] BEKTOPOM TATU U JOCTATOYHO TOYHOIO HaBe- U HE MEHSIOUIMX pabouyro TeMIEpaTypy BO BpeMs aKTHB-
JeHHs1 cucteMbl «koHeHTparop—TipueMHuK» (KIT) na Con-  Ho# pabGoTsl aBuraTens mnpu paspsae TA.
HIIE€ B TEYECHHE KaXJO0TO aKTUBHOIO ydacTKa. DTO Mpen- Hcnoanzopanue TA B coctape CTPk/I. [Ipencras-
CTaBJIAET OTHENbHYIO CEPhE3HYI0 TEXHHUYECKYIO MpoOje-  JIeHHble paHee paboThl MO oOleHKe APPEeKTUBHOCTH
My, TpeOylomyro Henoro komiuiekca pocrarouHo cinox-  CTPx/] ¢ TA [5; 10] mokazamm ero BbICOKyIO 3¢hhexTus-
HBIX TEXHHYECKUX PEIICHHH. HOCTbH KaK CPEACTBa MEXOPOUTAIBHON TPAaHCIIOPTUPOBKH.
B paborax [2; 5] paccmorpens!t Bapmantsl CTPxJ[  Takoit nsurarens umeer cucremy KII menbmei pasmep-
¢ cucremoir KII, Bkmroyaromieil TEmaoBOH aKKyMyJSTOp  HOCTH, a IPU €ro BKJIIOUEHUSX I'PAaBUTALUOHHBIE MOTEPU
(TA) B cocTaBe cBETOIIPHEMHHKA, HAKAIUIMBAIONINA TEI-  CKOPOCTH MOTYT CHIKATHCSA IO CPaBHEHHIO ¢ 0a30BBIM
JIOBYIO SHEPIrHI0 Ha OCBEIMICHHBIX MaccuBHBIX ydactkax  CTPk/] 6e3 TA BciencTBue BO3MOXKHOTO OBICTPOTO pas-
KaXIOH IEepexOIHON TPACKTOPHH M OTHAIOMIMK ee pabo-  psiga aKKyMyJisiTopa U OOJBIICH paciojaracMoi TATH.
yeMmy Teny (BOJOPOIY) B MOMEHT BKJIIOUEHHS JBUTATEIS Bwmecte ¢ Tem cymiecTByeT mpobiieMa BeIOOpa Iieseco-
B amncHIANBHBIX 00JacTsx. JTo obecrmeunBaeT ympole- o0pa3Heix TAM kak oOecreunBarOIUX HawIydilee pe-
HUE 3a/1a4 BEIOOpa aKTHUBHBIX YYaCTKOB BHE 3aBUCHMOCTH  ULIEHHE 3aJadyll JIOCTaBKH IIOJIE3HOTO I'py3a Ha BBICOKHE
OT YCJOBHHA OCBEIIEHHOCTH U ympomaer TpeOyemoe  opOuthl. Tak, HeoOxomumo BbiOpath TAM, TemmepaTypa
HaBezaeHue cucteMsl KII Ha ComnHue. TUIABJIEHHUSI KOTOPOTO MPUOJIMKEHa K ONTUMAabHOW TeM-
B kauectBe akkyMmyisTOpa TEIUIa MOTYT OBITh MC-  IepaType HarpeBa BOJOpPOJA, ONPEAEIIEeMOI DOCTYITHON
MIOJIb30BaHbl TaKHe MaTepHajbl, KaK CHIMIMPOBAHHBIH  TOYHOCTBHIO 3€PKAJBHOTO MapabOJOMIHOTO KOHIIEHTPATo-
rpadur Tana MIII'-6, 3anacaromuii Temo 3a cyeT Terio-  pa. [Ipu 3ToM mapamerp ToyHOCTH 3epkana [11] Takxke
€MKOCTH, a TaKXKE BBICOKOTEMIIEPATYPHBIE (a30MEPEXOA-  SBISETCA OAHHUM W3 ONTHMHU3HPYEMBIX I1apaMeTpOB,
HBIE TEIUIOaKKyMyupytomue Matepuaisl (TAM), Hakanm- 0T KOTOPOTO 3aBHCHT Macca IMOJIE3HOTO Ipy3a. Y IenbHas
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Terutota raBieHuss TAM momxkHa OBITH TOCTaTOYHO BBI-
COKOH JUI1 COXpaHCHHUS KOHKYPCHTHBIX MPEHMYIICCTB
takoro CTPk]/] kxak cpencTBa MeKOpPOUTAIBHON TpaHC-
TTOPTHPOBKH TI0 CPAaBHEHHIO C IPYTHMHU MEPCICKTHBHBIMHI
JIBUTATEIIMHA KOCMUYECKOTO Ha3HAYCHUS.

B pa6otax [5; 7; 10; 12] paccmoTrpeHs! Takue ¢a3orne-
pexoHbIe MaTepHallbl, Kak OKCHJ Oepwuiuivs, OuHapHast
sBTekTuka 3BeO*2MgO, wmeraminyeckuit Oepuiuinii,
THIIPHT JIUTHS M IPYTUE MATEPUANTBI C BRICOKOH YACTbHOMN
9HEPrOEMKOCTBIO. XapaKTCPUCTHKH PACCMATPUBACMBIX
B HacTosIed paboTe BbicOKoTeMmnepaTypHbix TAM st
CTPx/ npencTaBicHbI B TAOIHUIIC.

XapaKkTepuCTHKH BHICOKOTEMIIEPATYPHBIX
¢azonepexoaubix TAM

TAM Temnepatypa VaenpHas Teniaora
mwaBneHus, K T1aByIeHus, KJK/kr
3BeO*2MgO 2153 2088
B*Si 2320 2540
BeO 2804 2840
PaccmarpuBaembie  BBICOKOTeMIiepatypHsle TAM

HMMEIOT MPEUMYIIECTBO HAJ MEHEE TYrOIUIABKUMHM BEIIle-
CTBaMH BCJIECTBHE 00JIee BHICOKOIO yAEIbHOIO UMITYJIbCa
CTPk/I, cBETONPHEMHHK-aKKyMYJISITOP KOTOPOro pado-
TaeT NpU TOBBIIIEHHBIX TeMmneparypax. OIHako 3TO
HE O3HAa4yaeT, 4TO 3/IeCh HAXOIUTCS 30HA ONTHMYyMa
Harpesa pabodero Teja, MOCKOJBbKY IPH BBICOKHX TEMIIe-
parypax yBEJMYMBAIOTCS TpeOyemas TOYHOCTh 3epKallb-
HOTO KOHLIEHTPATOpa M ero yjaelbHas Macca, CHIKACTCS
KITZ cuctrembr KII 1, cOOTBETCTBEHHO, BO3pacTaeT ILIO-
b W MOJNHAs Macca 3epKaja, 4TO yMEHBIIAeT Maccy
BBIBOAMMOTIO rpy3a. Kak mokasplBaeT NMpoBEAECHHBIN aHa-
mu3, mouck TAM ¢ ONTHMAaIbHBIMH TeMIepaTypaMu
IUTABJICHHUS CJIEAYEeT IPOU3BOIUTH B OOJACTH MEXIY
BbICOKOTeMIIepaTypHbiIMH TAM Tuma okcuga OepriLIus
U MEHee TYIOIUIaBKUMU BELIECTBAMHU THIA 3BTEKTUKU
3BeO*2MgO. K TakuM BemectBam C MPOMEXYTOYHOU
TEeMITEpaTypOl TUIABJICHUSI M BBICOKOH Y/EIBbHON SHEpro-
€MKOCTBIO MOXET OBITh OTHECEH, B YaCTHOCTH, CIUIaB
6opa c¢ kpemaueM B*Si. [Tostomy B nanHoit pabore pac-
CMaTpUBACTCS BO3MOXKHOCTH MPEUMYIIECTBEHHOTO HCIIONb-
30BaHUS B TOM YHCJIE W 3TOro (ha3olepexopHOr0 Mare-
puana B CTPk/] B cpaBHEHHH ¢ JPYyTUMH BBICOKOTEMIIC-
parypasiMu TAM 1npu BBINIOTHEHHH MEXOPOHTAIBHBIX
MaHEBPOB.

MogaeaupoBanue CTPk/l ¢ TA B cocTaBe KocMuye-
CKOro ammapara. 3ajada BbIOOpa ONTHUMAIBHBIX Tapa-
meTpoB CTPk/] ¢ TA B cocTaBe KOCMHYECKOTO ammapara
(KA) siBnsiercst CUCTEMHOM, YYUTHIBAIOIIEH YacTO MPOTH-
BOpeuuBBIE TPeOOBaHUs K pa3paboTKe JBHUTraTelisi C CUC-
temori KII, TermoBoro akkymyistopa 1 KA (pa3roHHOTo
6710Ka), TIO3TOMY NPABHIBHO BBEIOpATh CXEMYy M IapaMeT-
PBl BO3MOXXHO TOJNBKO IPU HX KOMIUIEKCHOHM ONTHMH3a-
UM KaKk €AWHOH TEXHWYECKOW CHCTEMBI COBMECTHO
¢ QyHKOMSIMH M TIapaMeTpaMiy YIPaBICHMS HA aKTUBHBIX
y4acTKax TPacKTOpHH. B oTIMYMe OT TPaauIIOHHOTO
MEKOPOUTANIBHOTO MEepelieTa, KOraa 3a CUeT UMITYIbCHOM
amnnpoKCUMAallui aKTUBHBIX yYacTKOB B I€PBOM MpPUOIH-
KEHUH BO3MOJKHO HE3aBUCHMOE pacCMOTpPEHHE 3ajau

163

BBIOOpA TPAGKTOPHH M OCHOBHBIX MPOEKTHBIX IIapaMeTPOB
KA [13], npu Haim4uy B cCOCTaBE KOCMUYECKOI0 anmnapa-
ta CTPK/I 5TH 331291 B3aMO3aBUCHMEI [1].

MareMaTnueckas MOJAETh 3aJadd MEKOpOUTaIEHOU
TPAaHCHOPTUPOBKUA C COJHEYHOHM BEPXHEH CTYNEHBIO
BKJIIOUA€T YPaBHEHUS JBIKCHUS, 3aBUCHUMOCTH, CBSI3bI-
Bapomue xapaktepuctuku W mapamerpsl KA, CTPk/]
u TA, a TakxKe COOTBETCTBYIOIIME OTPaHMYECHUS WU Ipa-
HUYHBlE ycioBus. s peunieHust 3agayd HEoOXOAUMO
BBIOpaTh OCHOBHBIE ITpoekTHBIE TapaMeTpsl KA ¢ CTPk/]
U YNpaBJCHUs, ONTUMAIIbHOE COYETaHUE KOTOPHIX obec-
MeYnBaeT HaWIy4lIne IoKa3aTeld 3(PQPEeKTUBHOCTU BbI-
MIOJTHEHHS TPAHCIIOPTHOM 3a1aun. B KauecTBe OCHOBHBIX
IoKazaTeJiel 1oJieTa Ha 3Tare IMOMCKOBBIX MCCIIeIOBAaHUN
paccMaTpuBarOTCSl YHEPTETUIECKHE H MAaCCOBBIC XapaKTe-
puctukn KA ¢ CTPx/l. Tak, Hampmmep, moka3aTeleM
3pPEKTUBHOCTH  MEKOPOUTAIFHOW  TPAHCIOPTHPOBKH
MOXET CIYXHTh Macca 3aTpau€HHOr0 TOIUIMBA MU KO-
HeuHasd Mmacca KA. Opnako gt Gosee HONHON OLEHKH
TPaHCIIOPTHBIX BO3MOXKHOCTeH KA ecTecTBEeHHO HCIOb-
30BaTh B KayecTBe MoOKasaTens 3(G(EKTUBHOCTH Maccy
ITH, nocraBisemMoii Ha LeseByto opouty. B ciydae uncto
BostopoaHoro CTPk/l 3TOT moaxox MOKeT OKazaThes 00-
Jiee TIPaBHIIbHBIM, IOCKOJIBKY 3/1eCh HEOOXOIUMO YUUTHI-
BaTh 3HAYMTEIBHYIO JOJIO KaK BOJOPOAHOrO Oaka, Tak
u TA B xoHeuHoit Mmacce KA u OIleHHBATH BBIBOIUMYIO
Maccy 3a BBIY€TOM MAacChl TOIUIMBHOTO OTCEKA, TEIJIOBOTO
akKymyJssTopa, asurarens ¢ cucreMoil KII u Bcmomora-
TEJIbHBIX CHCTEM M 3JIEMEHTOB KOHCTpykuuu. Cremyer
TaK)Ke y4ecTb, UTO 3alpaBcHHas Macca BOAOPOJa, SABIs-
ACh ONpPENEIAIOIUM IIapaMeTpoM Ul pacdera MacChl
TOIUITMBHOTO OTCEKa, 3aBHCUT OT YAEIBHOIO HMITyJIbCa
CTPx/I, KOTOpBI, B CBOIO OYepe]lb, ONPENENsIeTCs] TeM-
nepatrypoil Harpeea rasza B TA, mMacca KOTOPOTO MOXET
OBITH 3HAUNTEIHHOW. YUHTHIBAsI PACCMOTPEHHbIC TECHBIC
B3aMMOCBSI3U MpoekTHeIX mapameTpoB KA u CTPx/l
¢ TA, BbiOOp B KauecTBe mOKazarens 3(PQPEKTUBHOCTH
nonera Macchl [1H aBisieTcs 1ocTaTOYHO OYEBUIHBIM.

BexkTop BXOAHBIX IapaMeTpPOB MaTEMaTHYECKON MoO-
nmemu CTPk/] B coctaBe KA BritouaeT Ha4ampHYIO Maccy
KA, 1ary CTPx/l win HayadbHYIO TSATOBOOPYKEHHOCTH
KA, ynenpHbI UMIYJIbC, 3aBUCAIINNA OT paboueii Temrie-
parypsl TA, ONTHKO-reOMeTpUYECKUE MapaMeTphbl CUCTe-
Mel KII, yaensHyto Temory miaeineHus TAM, a Taxxke
napaMeTpbl HadalbHOW M KOHedHOoW opbut. Macca ITH
orpesiessieTcsl Kak pasHOCTh MEXIY CTapTOBOM Maccoi
KA Ha ucxomHOW opOHTE M CYMMOM COCTaBIISIOIINX Mac-
cel ToruBa, TA u xoHcTpykimu KA ¢ CTPx. OcHoB-
HbIe coctapisromue Maccel KA ¢ CTPk/ Ha atame mpen-
BApUTEJILHOTO MPOEKTUpPOBaHUs BKiIouyaroT maccy [1H,
MOJHYI0 MAaccy 3alpaBJICHHOTO TOIUIMBA, MACCy TOILTHB-
HOTO OTCEKa C apMaTypoll M CHUCTEMOW MoAadu, Maccy
neuratens ¢ cucremoit KII u TA, Maccy cuctemsl ynpas-
neHust (Moxet pasMeniatbest Ha ITH) m Maccy mpoumx
(HEey4TeHHBIX) CUCTEM.

Crnemyer OTMETHUTh, 4TO cOOCTBeHHO cuctema KII
¢ TA moxer ObITh BKIIOUCHA B Maccy [IH mns sHepro-
cHaO)XeHMs1 Ha opOuTe Ha3HaueHWs. [t 3Toro B cocTaB
TA HeoO0XoquMO BKIIOYHMTH IpeoOpa3oBaTeNy SHEPTHH,
HarpuMep TEPMO3MHUCCHOHHBIE, PabOTaIOINE TIPH BBICO-
KUX Temreparypax. Torma oOmias moneTHas 3¢ ¢eKTHB-
HocTh CTPk/I ¢ TA 3ameTHO BO3pacTeT.
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IIpu ompemeneHWM HKCTpeMyMa IeNeBON (YHKIHA
JUIsl BBIOPaHHOM TPAeKTOPHH I10JIETa BBIIEIISIOTCS OCHOB-
HBIE TIAPaMETPBI ABUTATEISI U IPOBOIUTCS MX COBMECTHAS
ontumMuzanys. OrpezeseHue ONTUMAIBHOIO COYETaHUs
mapametpoB CTPxJl ¢ TA u KA B Hacrosmeit pabore
MPOBOJUTCSI METOJIOM MOKOOpAUHATHOrO ciycka [1; 13].
IIpu omenke sHepromaccoBoil 3ddextuBHOCTH KA
¢ CTPk/] cymecTBeHHBIMU (peleBaHTHBIMHU) TIO0 OTHOIIIC-
HUIO K M3MEHECHUIO KpUTepusl 3PQPEeKTUBHOCTH HapaMeT-
pamu CTPx/] MoryT ObITh BHIOpaHBI, B YaCTHOCTH, Mapa-
METp TOYHOCTH KOHIIEHTPATOpa W OTHOIICHHE MacChl
KOHILIEHTpaTopa K Macce TA mpu 3aJaHHBIX 3HAYECHHUSIX
Temneparypsl niasineHuss TAM u ero ynensHOH 3Hepro-
eMKOCTU. PeneBaHTHBIE MapaMeTpbl AOJKHBI ONTHMH3H-
poBaThcs COBMECTHO. TemmepaTypa HarpeBa pabodero
Tella B CUCTEME «CBETONPUEMHUK—TA» B NaHHOM Cllydae
HE ONTHMU3HpYETCs, a PUKCHpyeTcs Ha YPOBHE TeMIlepa-
Typbl mnaBieHuss kKoHkpetHoro TAM. Tsara CTPx/,
B OTIMYHME OT TPAJAWIMOHHBIX PAKETHBIX IBHUIATEICH,
HE SBJIAETCS ONTUMHU3UPYEMBIM MapamMeTpoM. ITO 00bsC-
HSIETCS. MOHOTOHHO YOBIBAIOIINM XapaKTepOM 3aBHCHUMO-
ctu maccel [TH oT Tru BeneacTsue onepekaroniero poc-
Ta Macchl TA M KOHIIGHTpaTopa 10 CPaBHEHHIO C YMEHb-
IIEHHEM MaccChl paboYyero TOIUTMBA M3-32 CHIDKEHUS Ipa-
BUTAIlMOHHOM COCTaBJIAIONIEH XapaKTEPUCTUYECKOH CKO-
pOCTH TIOJIeTa.

Ouenka 3¢)geKTUBHOCTH MCIOJIb30BAHUS Pa3iuy-
Heix TAM B cocraBe CTPk/. [IpumenuteasHo
Kk CTPx/] cpaBHUM 3HEProakKyMyJUPYIOIIUE MaTepHabl,
oOnajaromme BBICOKOH CKPBITOW TEIUIOTOW TUTABIICHUS
npu temneparypax Bbime 2000 K — okcup Oepusumus,
aBTekTHKY 3BeO*2MgO u 3BTekTrky B*Si (cMm. Tabnmiry).
Bce Bbimenennsie TAM 00agar0T BBICOKOW yAETBHOM
TEIUIOTOM TUIaBJIeHus, HpeBbimaromeii 2 MJDx/kr, 9to
TIOJIOXKUTENILHO CKa3bIBAETCSI HA MaccOora0apHTHBIX Xapak-
Tepuctukax TA ¢ 3TUMH MaTepraaMH.

[Ipu onenke nosnerHoit apdexrusnoctn CTPx/] ¢ TA
B 00meM ciydae pemraeTcsi oOpaTHas MPOEKTHO-0auIn-
CTHYecKas 3a/lauya BBIBEICHMS KOCMHYECKOIO armapara
Ha ['CO, xorma HagampHas Macca CTYIEHHW 3a/aHa. JTo
MOXeT OBITh JIOCTATOYHO ONPAaBJAHHO, MOCKOJbKY HpH-
MEHHUTEIPHO K KOHKPETHOMY HOCHTEII0 W reorpagude-
CKOH TOYKe 3aIlyCcKa Macca armapara Ha OpOuTe BbIBEJIe-
HUs 00BIYHO 3apaHee u3BecTHa. Macca [TH makcumusu-
PYETCA MPpU OI'paHUYCHUN HA BPEMS BBITIOJTHCHUA 3a1a4n
MeXopOuTagpHOrO nepexona. HavanpHas macca pasros-
Horo 6s1oxa ¢ CTPx/] Ha crapToBoii opbuTe B paccMaTpu-
BaeMOil 3a/laue COOTBETCTBYET Macce BEpXHEH CTyINeHH
paketbl-HOCUTeNsT «CoOr03-2» TMpH MyCKe ¢ KOCMOJIPOMa
Kypy.

Bynem paccmatpuBate CTPK/ ¢ III€HOYHBIM KOHIEH-
TPAaTOPOM COJIHEYHOI O3HEprHH, HAlpuMep HaIyBHOTO
THIA, C BO3MOXKHBIM OTBEPXKJICHHEM ITOBEPXHOCTH TIOCTC
ero ¢opmupoBanus Ha opOure. B kadecTBe BapmaHTa
MOJKHO pacCcMaTprBaTh 3€pKaio, BBIOJIHEHHOE W3 ajlfo-
MHHH3UPOBAHHOTO KalTOHA, aPMUPOBAHHOI'O KEBJIAPOM,
WM JIJAMUHATA, COCTOANIETO M3 CKIECHHBIX MEXIY coOOon
CJIOEB  ANIOMHUHU3UPOBAHHOTO KAlTOHA, AJIOMHUHHEBOU
¢doaprm M KanToHa, apMHPOBaHHOTO Kemiapom [14].
VYiaenbHas Macca Takoro KOHIEHTPaTopa JO0CTaTOYHO
MTOJIXOJUT JJISl BBIIOJIHEHHSI KOCMUYECKHUX 3a1a4. YUuThI-
Basi pa3JeJICHHOCTh BO BPEMEHH IPOIECCOB HAKOIUICHHUS
sHepruu M paspsaa TA, Bompocsl aedopManuy KOHIEH-
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TpaTopa INpH 3aIllyCcKe JIBUTaTeIss ¥ BPeMsl BO3BpAILCHHUS
€ro K HCXOJHOW TICEeBIONapadoIouaHoi (opme mpen-
CTaBIISTIOTCS HE CIIUIIKOM KPUTUYHBIMH.

PaccmoTpum 3aBucumocts Macchl IIH ot cooTHowe-
HUS Macc KOHIeHTpaTtopa U TA I BRICOKOTEMITEpaTyp-
HeIx TAM, ompenenseMyo COTJacCHO OIMCAHHOW Mare-
MaTU4eCKOW MOJEIM C TOYHOCTBIO, JIOCTATOYHOM Jyist
MPUHATHS PEeIICHHs 10 BBIOOPY pPAIllOHAIBHBIX albTep-
HAaTUB M MX HOCIenyrouield neTtanbHod npopabotku [1;
13]. Bpems mexopoburansHoro nepexonga va ['CO mpu-
MeM paBHBIM 60 CyTKaMm Kak palioHajJbHOE, YMEHBIICHHE
KOTOPOTO MPHUBOAUT K CHIKeHUIO Macchl [TH, a yBemnmue-
HUE HE NPHUBOJAUT K 3aMeTHOMY ee pocty [l; 5]. Ilpu
YTOYHEHHOM pacdere Macchl [TH Ha 3Tame TeXHHYecKoro
MIPEUIOKEHNSI CIIeyeT JOMOJHUTEIBHO YIUTHIBATh MOTe-
PH yIOSIBHOTO UMITYJIhCa Ha HEPABHOBECHOCTD MCTCUCHUS
u apyrue Buasl noreps [1; 13]. Kak cremgyer u3 puc. 1,
s kaxnoro TAM cymectByer makcumyM maccsl [TH
B OIpEJesIeHHONH 00JacTH OTHOIICHHS MAacChl 3epKaja
k macce TA. Tak, g xommosuiu 3BeO*2MgO omntu-
MYM COOTBETCTBYET OTHOLICHHIO MacChl KOHIIEHTpATOpa
k macce TA B npenenax 20-25 %. C noblimieHneM pabo-
4yel TeMIeparypsl 3TOT ONTHMYM CIBHMIAETCS B CTOPOHY
YBEJIMYEHUSI 3TOr0 COOTHoWeHus, cocraBias 30—-40 %
B ciy4ae 3BTeKTHKH B*Si u mocruras 80-90 % B cimyqae
BBICOKOTEMIIEpaTypHOTO OKcuaa Oepmmims. [Ipemcras-
JICHHBIC PE3YJIbTAaThl MOXXHO OOBSCHHUTH YBEINICHHUEM
TpeOyeMoil TOYHOCTH 3EpKabHOTO KOHIIEHTpATOpa st
3apsnku TA ¢ 6onee tyromiaBkumu TAM, oGnanaroniu-
MM TOBBIIIEHHOMN TEIUIOTOM IUIABJIEHUS U COOTBETCTBYIO-
IIMM POCTOM MaccChl 3epKaja.

BnusiHre ToyHOCTH MapaboJIoMIHOTO KOHIEHTpaTopa
Ha Maccy ITH mokxa3aHo Ha puc. 2, OTKyAa cieryer, 4To
CYHIECTBYIOT 00JIaCTH ONTHMAJBHBIX WM Iiejiecoodpas-
HBIX 3HAYCHUH MMapaMeTpa TOYHOCTH, 3aBUCAIINX OT TEM-
nepatypsl maBieHus koukpetHoro TAM. Ilo mepe yBe-
JUYEHUs] TeMIepaTyps! mnasiaeHus TAM onTUManbHBII
mapaMeTp TOYHOCTH CHIDKAeTCs (TIOBBIIIACTCS ONITUMAITb-
Hasi KOHIIGHTpAIUs COJHEYHOTO WM3NMydeHHs). Tak, eciu
it HBTeKTHKH 3BeO*2MgO onTtuManbHBIA Tapamerp
TouHOCTH cooTBeTcTBYeT 0,6°-0,7°, TO A SBTEKTHUKH
B*Si ontumMyM mapamerpa TOYHOCTH CMEHIACTCS BIICBO
u HaxoxuTcs Ha ypoBHE 0,5°—0,6°. g okcuna 6epmmms
ONTUMAaJIbHAs TOYHOCTh KOHIIGHTPAaTOpa COOTBETCTBYET
0,25°. D10 O0OBACHSETCI TEM, YTO OOJbIIass TOYHOCTH
PE3K0 YBENMYMBACT YACIBbHYI0 MAacCy 3epKajia, CHIDKas
maccy ITH 3a cuer pocta Macchl 1BUraTesIbHOM yCTaHOBKH,
a yMmeHnblienue TouHoctu cHuxkaeT KIIJ cucremsr KII,
4yro TpeOyer OonblIed IUIOMAgM W MacChl 3epKaia
Y TakkKe MpUBOIUT K majaeHuto maccel [TH. Cnenyet ot-
METHTb, YTO MCHBIIEMY 3HAYCHHUIO MapaMeTpa TOYHOCTH
(1. e. OGouspIIEH TOYHOCTH 3epKajla U KOHLEHTPAIMH COJ-
HEYHOT'0 M3JIyYeHHs) COOTBETCTBYIOT MEHBIINE JIOITyCTH-
MBI YTIIBI pasopueHTanuu cuctembl KII mpu cnexeHnn
3a ComaneM. B sToM oTHomeHnu ncnoip3oBanue TAM
c Oonee HHU3KOM TeMIIepaTypod IUTABICHUS ITO3BOJSET
MeHee TouHoe HapeneHue Ha Comume. Tak, mpu onTu-
MaJbHOM MapaMeTpe TOYHOCTH IPHU HCIIOIB30BAaHUU IB-
tektuku B*Si, pasaom 0,5°-0,6°, yron TUHAMHYECKOTO
ciaexenusa 3a COlHIIEM MOXET cOCTaBIATh 1°—1,2°, 4ro
BIIOJTHE BBIMIOJIHUMO COBPEMEHHBIMH TEXHHYECKUMHU
cpenctBamu [11; 12].
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Puc. 2. 3aBucumocts Maccel [1H oT napamerpa To4HOCTH 3epKaia

3aBUCUMOCTH pa3MepoB MapaboIONTHOTO KOHIICHTPA-
Topa OT BpeMeHu BbiBeleHus IIH c HuM3KOU cTapTOoBOM
op6uter Ha ['CO s paccmarpuBaeMbix TAM moka3zaHbl
Ha puc. 3. Kak crieayer u3 rpadukoB, 3TH 3aBUCHMOCTH
ONMM3KH JIpyTr K JpYyry, SBISIACH TPAKTUYECKH SKBHIH-
cTaHTHBIMH. CrieyeT OTMETHTh HECKOJIBKO OoJbline
rabapuTel KOHLEHTpAaTopa B cilydae 3BTEKTHKH B*Si.
OTMeTnM Tarke, 9To Tpedyemasl IIomaab KOHIEHTPaTo-
pa mpu wucrons3oBannd TA B cocraBe CTPx/] 3Haum-
TEJIEHO MEHBIIIE TI0 CpaBHEHMIO ¢ 0ObIKHOBeHHBIM CTPK]]
0€3 TeIIOBOTO aKKyMYIHUPOBAHHSA, YTO OOBICHACTCS Pa3-
JIeIEHHEeM 3TalloB IPOIOJDKUTENBHOrO 3apsina TA u ero
OBICTpOrO pas3psiaa.

Upe3smepHOE CHI)KEHHE pPa3MEpoB KOHIEHTpaTopa
MIPUBOJUT K YBEIWYEHHIO BPEMEHHM aKKyMYJIHPOBAHHS
TeIjla, YTO Ha HAaYaJbHOM OTare BBIBEJCHUS MOXET CO-
MIPOBOXKJATHCSI POCTOM YHUCIIa BUTKOB ITACCUBHOTO IOJIETa
s obecnieuenns momHoro 3apsna TA. Ilporpamma us-
MEHEHHUsI [TOJTHOTO UMITYJIbCa TSATH (yBEIWYEHHE MTPOIOII-
KUTETHHOCTH KAKIOTO IMOCIETYIOMEro akKTHBHOTO yda-
CTKa), SIBJIAIOMIASCS HapsIy CO CTAaTHYSCKIMH IapaMeT-
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pamu ABHUTaTeNsl OOBEKTOM ONTHMM3ALNHU, B HEKOTOPBIX
3aa4ax MOXKET OBITh peaji30BaHa ITyTeM HEIOJIHOTO
pacruiaBiienusi TAM Ha HavanbHBIX dTalax Mmojera.

MoskHo otmeTutb, uTo B CTPK]/] ¢ TA BO3MOXHO HC-
MOJIb30BaHKE OCEBOM cxeMbl mocTpoeHus cucreMsl KII,
MIOCKOJIbKY OHa MOXXET aBTOHOMHO OpPHEHTHPOBATHCS
Ha Connue 6e3 ydera TpeOOBaHHMI K OpPHEHTAIlMH B MO-
MEHT BKJIIOYECHHUS JBUTATENs. OTHM OH OTJIMYAeTCs
ot obsikHOBeHHOTO CTPK/I, IUI1 KOTOPOTO MOXET OBITH
Ooxee menmecooOpa3Ha BHeoceBasi (HampuMep, ABYXKOH-
HeHTpaTopHas) cxema [2; 15; 16].

CyIecTBEeHHOE CHI)KEHHE pa3MepoB 3epKajia C yBe-
JMYEHNEM BpPEMEHH BbIBEIEHHSI, ONPEaeIieMOe pacIoa-
raeMblM BpeMeHeM 3apsina TA, MOXeT CTaTh Ba)KHBIM
(hakTOpOM 7151 BEIOOpA 11€IeCO00pa3HOr0 BPEMEHH I10JIe-
Ta, MOCKOJbKY KOHIIEHTPATOp MpEACTaBIsIeT coO0W OJuH
n3 HaumeHee orpaboTanHbix 31meMeHTOB CTPk/l. Ero
rabapuTbl BO MHOTOM ONPENEJISIIOT TPeOOBaHUS K CHCTe-
Me ciexenus 3a CONHIEM U XapaKTepH3yIOT MHEpPIHOH-
Hele cBoiictBa KA, B dacTHOCTH, TpeOOBaHHS K €ro
YIPaBJICHUIO U OPUEHTALINH.
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PaccmarpuBas 3aBucumoctu maccsl TA OT BpeMeHH
BbIBeleHUs (puc. 4), TakKe MOXXHO OTMETHUTh 3KBHIU-
CTaHTHOCTb KPUBBIX, MOHOTOHHO CHIDKAIOIIUXCS C POC-
TOM MPOJODKUTEIFHOCTH MOJIETa. 31eCh TAKXKE MOXKHO
C/IeNaTh BBHIBOJBI O PallMOHAILHOM BPEMEHH BBIIIOJIHEHUS
TPaHCIIOPTHOW 3aJa4M, YUNUTHIBAsI CYIIECTBEHHOE CHIDKE-
Hue maccbl TA ¢ yBEeIMYEHHEM BPEMEHU BBIBEACHUSA.
Hamubompmras macca TA COOTBETCTBYET HCIIONB30BAHHIO
oxkcuaa OepwIHs, YTO B COYETAaHUH C BBICOKOH Tyro-
MJIaBKOCTBIO JienaeT 3ToT TAM MeHee npuBlieKaTeTbHbBIM
10 CpaBHEHHMIO ¢ ApyruMu. Haubosnee BHINOJHBIM C MO3H-
MM OLUEHKH MAaccOra0apuUTHBIX IIOKa3aTelieil SBiseTcs
TA c ucnons3oBanuem cruiaa B*Si. Crenyer oTMeTnTh,
YTO BOIPOCHI OIPEAETICHHUS] MACCOBBIX XapaKTEPUCTHUK
anemenToB TA (B wacTHOCTH, Macchl KoHTelHepa TA
U ero TEIUIOW3OJSIMK), KaK W BOINPOCHI, Kacarolluecs
TEIJIOBBIX TIPOIIECCOB B AaKKyMYJIATOPE Ha peXHMax
IUTaBlieHUS W 3arBepaeBaHus TAM, TpeOyrOT HOMONHU-
TEIBHOTO M3YYEHHS W MPOBEICHMS HIMPOKOTO KOMILIEKCa
SKCIIEPUMEHTANBHEIX ucciemoBanmii [7; 8; 12]. Tax,
B paborax ['ocHUU HIIO «JIya» (cm., Hampumep, [8])
aHaJIM3 TEIJIOBBIX MpolLeccoB B TA IMpoBOAUTCS C IIOMO-
IIbI0 HECTAI[MOHAPHOM ABYXMEpPHOM TEIUIOTHApaABINYE-
ckoii Mmozenu. Pesynprarbl MonmenupoBaHus OyayT Mc-
NIOJIB30BAHBI ITPY MOCIIEAYIONIeH yriryOneHHo# npopadboT-
ke TA Ha 3Tane TeXHUYECKOTO MPEJIOKEHUS.

PaccmoTpum 3aBucuMocTH BeiBoauMOM Macchl ITH ot
Bpemenn nepernera Ha 'CO (puc. 5). M3 mpuBeaeHHbBIX
rpadUKOB CIIEAyeT, YTO HaWOONbIIeH MaccoBOH 3¢ dek-
TUBHOCTBIO B fuamazoHe 30—-60 cyTok oOnmamaeT pasroH-
e 6mok ¢ CTPk/l, ucnons3yrommii B kadectee TAM
sBTeKTHKY B*Si. Macca ITH npu 3TOM MOXKET COCTaBJISTh
okouio 2400 xr. IIpu ucons3oBanuu coBpeMeHHBIX JKP/]
B paccmaTpuBaeMoi 3amaue macca [IH cocraBmser no
1580 xr [4]. ITo sTomy moKa3zaTello paKeTa-HOCUTENb
cpenHero kiacca Tuna «Coro3-2» ¢ paccMaTpHBaeMbIM
CTPx/] B 3amauye BeiBenenus Ha ['CO mpuOrkaetTcs K
TsDKeIToMy HOocuTenro cepui «[IpoToH» ¢ KUAKOCTHOM
BEPXHEH CTYIICHBIO; CTOMMOCTH BBIBEJCHHUS IPU 3TOM
MOJKET OBITh 3HAUYUTEIHFHO YMEHBIIICHA.

ITo cpaBuenuto c 3BTekTHKON 3BeO*2MgO mpu Bpe-
MEHH BBIBEJICHHS, paBHOM 60 CyTKaM, BEIMTPHIII B Macce
IIH B cinyuae ucmonbs3oBaHus ciiaBa B*Si cocraBisier
cepire 100 kr. Ilpu nanpHe#meM yBeTUYeHUU BPEMEHU
MOJIETa 1IeIeCO00pa3HBIM MOJXKET CTaTh HCIIOJIIB30BaHHE
OKcHa OEpUILIHS, OHAKO BBIUTPHIII 3/1€Ch CIIUIIKOM Mall
JUIL TOTO, YTOOBI paccMaTpvBaTh HCIOJB30BAaHUE 3TOTO
TAM, yuunTbIBast OoJiee KeCTKHUEe TPEOOBaHHS K TOUHOCTH
KOHIICHTpaTopa U, KaK CICICTBUEC, YCIOBUS OPUCHTAINH
cucteMsbl KIT na CoHie.
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Puc. 5. 3aBucumocts Maccol [IH oT BpemeHu BeiBeeHUS

YBennueHne pacroiaraéMoro BPEMEHH BBIBEICHHUS
MPUBOAUT K POCTYy MaccoBoi addextuBHOCcTH CTPK]]
CO BCEMH paccMOTpeHHBIMH TAM, ogHaKo TpW 3TOM
xapaktep pocta Maccel [TH mpubmrmkaercs K aCUMIITOTH-
YecKOMy. YMeEHbBIIIEHHE BPEMEHH BBIBEICHHUS IPUBOIUT
K PE3KOMY CHM)KEHHIO MaccoBOil 3()(eKTHBHOCTH pa3-
rouHoro 0noka ¢ CTPk/], 4yTo 0OBsICHAETCS CyNICCTBEH-
HbIM pocToM Maccel cucteMsl KIT u TA.

Crnenyer Takke y4ecTh, YTO OOJIBIIAM BPEMCHAM BbI-
BezeHus (OT moiyrojga M Oosee) JIydile COOTBETCTBYIOT
JJIEKTPOPAKETHBIC JBHIATENM C MX 3HAYUTEIBHO Oojee
BBICOKUM yAenbHbIM ummynbcoM. Ilostomy CTPx]I 3a-
HUMaeT BpeMeHHyIo Humry B 30—60 cyTok Kak 1enecooo-
pa3HyIo IIpH 3aJaHHBIX OTPAaHUYCHUSAX HA BPEeMs TI0JIeTa.

IlepcnexkTuBbl qanbHeiimux uccaenopanuii CTPk/]
¢ TA. M0XHO BBIIEIUTH CIEIYIOLUIME BO3ZMOMXHBIE 3TaIlbl
nepcrnektuBHbIX nccnenoBanuii CTPkJl ¢ TA. Tak, cTy-
MeHJaTasi CHCTeMa «CBETONPHUEMHHUK—TAy», Hampumep
C IBYMs CTYyNEHSMHU HarpeBa ¢ paznuuHbiMu TAM, mo-
KET NPUBOAUTH K IOBBIICHHUIO OOIIEH 3(pPEeKTUBHOCTH
WCIIONIb30BAaHMS JIBUTaTeNs B 3a/jadyax MEKOpOMTaIbHON
TpancnopTupoBku. IIpumep takoro CTPxJl mnoxazan
B pabore [5]. KIIJ] Takoii cuctembl OyaeT 3aMETHO IO-
BEIIIICH 32 CYET HEOAHOPOIHOCTH HAarpeBa CBETOIPHEM-
HUKa-aKKyMYJIATOpa, YTO TO3BOJIAT HCIIONBE30BaTh KOH-
LIEHTPATOpP C MEHBIIEH TPeOyeMOl TOYHOCTHIO U INIOMIAIBIO.
TpeboBanusi kK opueHTalMK Takoil cuctembl Ha CoJHIe
MOTYT OBITh 3aMETHO YIIPOILEHBI.

3nech ciemyeT oOpaTUTh BHUMaHWE Ha PACUIUPEHUE
HOMEHKJIATyphl (pa30IepexOAHBIX MaTepuajioB, B TOM
YHCJIe YYUTHIBAs BO3MOYKHOCTH MCITOJIb30BAHUS IBTEKTH-
ku B*Si u apyrux nepcrnextuBHeix TAM. Konctpykrop-
CKasl 3a/ladya COCTOMT B OOECICUCHHH HaJeKHOTO TEIUIO-
oOMeHa MeXly paciulaBOM B KaKIOH CTYIIEHH M BOIOPO-
JIOM, TIOCIIEZ0BATEIFHO MPOXOASIINM Yepe3 pasHbIe CTy-
meHn TA, MOCTENeHHO HAarpeBasch 0 KOHEYHOH Temirie-
patypsl. Tpebyer pemrenus 3agada oOecriedeHHUS 3apIIKd
TA npu HEBBICOKHX K03(h(HUIIMEHTaX TETUIONPOBOIHOCTH
TAM B KaXIOW CTyNMeHH. 37eCh MOXKHO TPEIJIOKHUTh
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HCTIOJF30BaHNE METAUTUICCKUAX TEIDIOMPOBOIIIINX pe-
Oep mTH crienuaabHBIX mprcagzok K TAM.

IlepcniexTuBHBIM sBIIA€TCS Ucnoab3oBaHue TAM, ne-
PEerpeThIX CBBINIE TeMIepaTypbl IUIaBleHHUA. s 3TOTO
MOTYT MOJXOAUTH OKCHUJBI JIETKUX METAJIJIOB, YBTCKTHKH
pasnuunbix TAM, wmetamnudeckwii Oepwinuid. Takum
00pa3oM, BO3MOXKHO CO3JaHHE CHCTEMBI «CBETOIPHUEM-
HUK—TA» C HECKONBKUMHU CTYIIEHSMH Harpema, COZIep-
’kamumu coorsercTByronire TAM. Pacnpenenenue tem-
neparyp Harpesa (meperpeBa) crymeHed TA mpu 3ToM
JIOJDKHO COOTBETCTBOBATH 3aKOHY pacIpeelIeHus III0T-
HOCTH ITOTOKA CKOHLICHTPUPOBAHHON COJHEYHON SHEPTHH
Ha MTOBEPXHOCTHU CBETOMPHUEMHHKA, COBMEIICHHOTO C Pa3-
HBIMHU JacTsMu TA. DTo obecrieunBaeT BEICOKYIO CTEIICHb
HEOJHOPOAHOCTH HArpeBa, YTO IIOBBIIIACT >HEPreTHYE-
ckyto addextuBHOCTh cucteMbl KII u ympoimaer Tpedo-
BaHUS K CIC)KEHHUIO KOHIEHTpaTopa 3a CoiHIIEM BO Bpe-
MS TIaCCHBHOTO [BIDKEHHS IO IEpPEeXOAHBIM OpOuTaMm
BO Bpemsi 3apsina TA.

Ienecoobpasno paccmorpenue CTPk/] ¢ TA npu mo-
JKUTAaHUM HarpeToro BOJOPOAA PA3INYHBIMH OKHCIIHTE-
JsiMu, Hampumep kuciopoxom [1; 3; 11; 17], a taxxke
(hTOpOM MM TIEPEKHCHIO BOZOPO/Ia, 00pasyIOIMH C BOJIO-
POZIOM BBICOKOIHEPTETHUYECKIE TOIUTMBHBIE MTAphI ¢ Ooiee
BBICOKAM CTEXHOMETPHUYECKAM COOTHOIICHHEM KOMIIO-
HeHToB [1; 18]. B aTom cmygae macca TA u pa3mep KoOH-
LEHTPATOpa 3HAYUTEIBHO CHIKAIOTCS, YTO MOXKET MpH-
BECTH K YIYYIICHHIO MaccorabapuTHBIX ITOKa3aTesel
CTPxJl u BO3MOXXHOMY TIOBBIIICHHUIO €ro TOJETHON
3¢ GEKTUBHOCTH.

Crnenyer OTMETUTh BO3MOXKHOCTB CO3[aHHUSI BBICOKO-
TEMIIEPAaTYPHBIX CHEKTPaIbHO-CENICKTUBHBIX TTOKPBITHI
CBETONPHEMHHKA-aKKYMYJIATOPa, TI03BOJSIONIMX Oojee
cymectBeHHO noBbeicuTh ero KIIJ, uro ympouiaer co3aa-
HHE KOHIIEHTPATOpa COJHEYHOTO H3ITyYCHHUS, CHIDKAET
ero TpedyeMyr TOYHOCTh M MAacCy M CYIIECTBEHHO YII-
pormaet TpeboOBaHUS K TOYHOCTH ciexkeHms 3a ConHIeM.
Kak moxazano B paborte [11], mapameTp CeneKTHBHOCTH
BO3pAacTaeT ¢ TeMIIepaTypoi HarpeBa TaKUX MOBEPXHOCTEH.
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[TosToMy moTepn Ha oOpaTHOE COOCTBEHHOE H3ITydCHHE
CBETOIPHEMHHUKA 3]IeCh MOTYT OBITH CBEJCHBI K MUHUMY-
My. 3a/1ada Ipu 3TOM COCTOHUT B CO3[JaHUH BBHICOKOTEMIIE-
PaTypHBIX CHEKTPAIbHO-CEIIEKTUBHBIX TOKPBITHHA, CIIO-
COOHBIX COXPAHATH CBOM CBOWCTBA B TEUCHUE JOCTATOYHO
npoaobkuTenbHoro BpeMenu (30—60 cyTok).

3akaoyeHue. YUYUTHIBasi, YTO JUISI COMTHEYHOI'O TeTl-
JIOBOTO PAKETHOI'O IBUTATENs AOCTATOYHO KPUTHUYHBIMHU
SIBIISIFOTCSI PEYKMMBI TIEPHOIMUECKHUX allCHAAIBHBIX BKIIIO-
YEHUH NpH HEOOXOJMMOCTH OJHOBPEMEHHOT'O YIpaBlie-
HUSI BEKTOPOM TSTH U TOYHOTo ciexeHust cucrembl KIT
3a ComHuem, mnenecoobpasno pacemorpenne CTPx/]
C TEIJIOBBIM aKKyMYJISITOPOM, ITO3BOJISIIOIINAM Pa3JeiUTh
3TaIbl NEPHOANIECKOTO HAKOIUICHHSI SHEPTUH Ha TaCCHB-
HBIX YYacTKax MHOTOBUTKOBBIX TIEPEXOIHBIX OpOUT
W BKIIOYCHHWH [JBUTATENsl B AalCHAAJIBHBIX OOJACTAX.
[ockonpky ¢azonepexomabie TAM HMEIOT oIpeeieH-
HBIE SHEPreTUYEeCKHEe NMPEUMYIECTBA Iepe]l TBEPAOTEb-
HeiMd TAM Tunma rpadura, pPacCMOTPEHBI BEIIECTBA
¢ Temmnepatypoil miasnenus Boie 2000 K u ynenbHo#
9HEproeMkocThio 6onee 2 MJxk/kr. TIpeanoxeHbl Takue
TAM, xak BeO wu Owunapuble »5BTekTHKH B*Si
n 3BeO*2MgO. B 3anaue BeiBenenuss KA na I'CO ore-
HUBaeTcs 3PPEKTUBHOCTH HCIOIB30BaHUS PACCMOTpPEH-
Heix TAM npu BeiOope maccsl [TH B kauecTBe kputepus
3¢ PeKTUBHOCTH TMOJETHONH 3aJaduu W OTPAHUUCHUU
Ha BpeMs moneta 10 60 cyTok.

BriOpanbl peneBaHTHBIE MPOEKTHBIC ITapaMeTphl CHC-
teMbl KIT-TA, Kk KOTOphIM MOXHO OTHECTH OTHOIICHHE
Macc KoHLeHTpaTopa U TA, a Taxke mapaMeTp TOYHOCTH
KOHIeHTpaTopa. lIponsBeneHa MX COBMECTHas ONTHUMH-
3alusl M MIPEACTaBICHBI LIeIeco00pa3Hble 3HAYESHUs STHX
napaMmeTpoB. IlokazaHo, YTO B cilyyae HCIIOJIb30BaHUS
TyromiaBkux TAM onTuMalibHblE COOTHOIICHUS Mace
KoHIeHTpaTtopa 1 TA cMmemarorcsi B OOJBIIYI0 CTOPOHY
¢ poctoM paboueil TemrepaTypbl. Tak, 11 KOMIO3UIMN
3BeO*2MgO ontumym cootBerctByeT 20-25 %. C mo-
BEIIICHHEM pabodell TeMIepaTypbl STOT ONTHMYM CIIBU-
raeTcsi B CTOPOHY YBEIHYCHHS 3TOTO COOTHOIICHHSA, CO-
craisist 30—40 % B cioywae »BTekTHKH B*Si m mocturas
80-90 % B cmy4yae BBICOKOTEMIEPATypPHOTO OKCHAA
Oepuyutus.

B oTHOIIEHMHM TOYHOCTH KOHIIEHTpaTropa IT0Ka3aHo,
YTO ONTHMAIBHBIA HapamMeTp TOYHOCTH CHHUKAeTCs
(moBBIIIaETCS ONTHUMaNbHAsE KOHLEHTPALHsI COJHEYHOTO
V3IYYCHHS]) TIPU TIOBBIIICHUU TEMIICPATYPHI ILIABICHUS
TAM. Tak, ecmu mist 3BTekTHKH 3BeO*2MgO omrtu-
MaJIbHBIA MapaMmeTp TOYHOCTU cooTBeTcTByeT 0,6°-0,7°,
TO i 3BTCKTHKH B*Si onTuMyMm cMmemaeTrcs BIIEBO
u HaxonuTcs Ha ypoBHe 0,5°—0,6°. s okcuaa 6epuius
ONTUMaNlbHAas TOYHOCTh KOHIICHTPAaTOpa HE MPEBEIMIACT
0,25°.

Ucnonr3oBanne B kadectBe TAM nsBTekTHkm B*Si
MTO3BOJISIET 00ecednTh MakcuMyM Macchl ITH B paccmorT-
PEeHHOI 3amade IpU HE CIUIIKOM KXECTKHX TPeOOBaHMIX
k TouHocTH cucteMbl KIT u cnexxennst 3a ConHieM.

[Tokazano, uro macca IIH mnpu wucnonas3oBaHuM
CTPk/] ¢ paccmorpennsiMu TAM Gonee yem Ha 50 %
npesbiiaer Maccy [IH npu mcnonb3oBaHuM cOBpeMeH-
HBIX JKUAKOCTHBIX CPEJICTB BbIBeAeHHA. [10 OTHOIICHHMIO
K OCTallbHBIM paccMOTpeHHbIM TAM ucnonb3oBaHue
sBTekTUKN B*Si 3amerHo mossimaer maccy ITH. Takum
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o0pa3oM, pakera-HOCHTENb cpefgHero kiacca «Coroz-2»
¢ paccmarpuBaeMbiM CTPk/| B 3amadye BbIBeIEHUS
Ha ['CO 1o Tpy30mogbeMHOCTH MPHONMKACTCS K TDKe-
JoMy Hocutenro cepuu «IIpoToH» ¢ KUAKOCTHOM Bepx-
Hell cryneHpro. CTOMMOCTD BEIBEICHHSI IIPH 3TOM 3HAYH-
TEJIbHO YMEHBLIAETCS.

[TokazaHbl MEPCHEKTUBBI MOCICAYIOIINX pPa3paboToK
CTPx/I ¢ TA, mo3BOJISIONINE MTOBBICUTH dPPEKTHBHOCTD
cucreMsl KII ¢ TA u yBenuuuts maccy IIH B 3amauax
MEXOpPOUTANBHONW TpaHCHOPTHPOBKH. K HHM MOXHO
OTHECTH HCIIOJIb30BaHHE CTYNEHUYATOMH CHUCTEMBI «CBETO-
npueMHUK—T Ay, noxuranue Harpetoro B TA Bojopona,
a TaKKe HCIOIb30BAHUE CIEKTPAIbHO-CENEKTUBHBIX I10-
BEPXHOCTEH HarpeBa CBETONPHEMHHUKA-aKKyMYJISITOpa.
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KOMIOHEHTbBI BBICOKOTOYHOI'O SJIEKTPOMEXAHUYECKOT' O ITPUBOJA
JJISA CBEPXHU3KUX TEMIIEPATYP (4,2 K) CUCTEMBI AJAIITALIUN
TPAHC®OPMUPYEMOM KOCMHAYECKON KOHCTPYKIIUN

A. B.I0cos", C. A. Kosnos', M. IO. Apxunos?, E. A. Kocrpos®

1000 «ITpuknagHas MEXaHUKa»
Poccuiickas ®enepanus, 105203, r. Mocksa, yi. [TapkoBas 15-1, 5
*OI'BYH ®UAH um. I1. H. Jlebenesa
Poccuiickas @eneparms, 119991, r. Mocksa, npoct. JlennHCKHi, 53
"E-mail: yusov@amech.ru

Ilocmagnena npobaema co30aHUA KPUOLEHHBIX UCHOTHUMENbHBIX MEXAHUIMOS Ol MPAHCHOPMUPYEeMbIX KOCMUYe-
ckux KoHcmpykyuil. Ommeuensvl 0CHO8HbIE BONPOCHI, C8A3AHHBIE ¢ peanusayuell 3a0ayu CO30aHUs ONUCHIBACMBIX YCTN-
poiicms. Ilokazana wupokas o061acms NpUMeHeHUus U 60CmpeDOSAHHOCHb BbICOKOMOUHBIX HUSKOMEMNEPAMYPHbBIX
Mexanuzmos. OmoenvHo ommeyena 80cmpebosaHHOCMb 8 PACCMAMPUBAEMBIX U30ENUAX OMeUeCBEeHHbIX NPOEKINOs,
makux kax «Muinumempony. IIpedcmasnenvt npomomunvl, AGIAIOWUECS OCHOBOU OISl paA3SUMUSL MEMAMUKY, HA UX
npumepe NOKA3aHA NPeemMCcmeeHHOCb Pe3yIbmamos, NO360I0WAs COKPAMUMy U30ePICKU NpU nepexooe K npoeKkmu-
POBAHUIO U NPOU3BOOCINBY ONBIMHBIX 00PA3YO8 UVENUTl ¢ HOBLIMU ceolicmeamu. B kauecmee nepsoeo smana pazeumust
3a56/1eHHOU MEMAMUKU NPeONazaemcs nepepadomKa Xopouio 3apeKomMeH006asuleco cebs u nooxooaue2o no psoy npu-
3HAKOS 08U2AMENSA, NPUMEHABULE20CS PAHee 8 US0TUAX CO CXONCUM HAZHAYEHUEM, HO OpPY2020 MeMnepamypHo20 oua-
nasona. Coobujeno o0 nposedeHHvix pabomax, 6apUAHMAX UCNOTHEHUS ONBIMHBIX 00PA3YO8, O NEPEbIX UCHLIMAHUAX
8 cpede JHCUOKO20 a30ma, nposepke pabomocnocooHocmu.

B npooonscenue uccne0osanuii 8 3aa61€HHOM HANPAGIEHUU COODUEHO O NPOBEOEHHBIX ONBIMAX, NOKA3BIBANOUUX
pabomocnocobHoCmy ONBIMHBIX 00pPA3108 8 YCA08UAX HCUOK02o cenus. Onucana yCcmanosKka, npeocmagiena cxema
U NOCIe008AMENLHOCHIL UCNLIMAHULL 8 YCI08UAX HCUOK020 2enus. TIposedensl cpasHeHus SNeKmpUuiecKux napamempos
06pazyoe 6 pasnom ucnonnenuu. Oba obpasya noKasanu nNepcneKMmueHOCMb NPUHATNBIX NPOEKMHBIX U KOHCMPYKMOp-
CKUX peuteHu.

Ilocmaenena 3a0a4a u onpedeneHvl NePCneKmubl paseumus 6blICOKOMOUYHbIX HUSKOMEMNEPAMYPHBIX 8AKYYMHbIX
JIUHETHBIX JIeKMPOMeXanuieckux npuso0os Ha bnudicaiiuiee 6yoyuyee.

Coobweno o pe3yrbmamax NPOEKMUPOSAHUSL U UCHBIMAHUAX ONLIMHBIX 00PA3YO8 NPU 2eUEBbIX MeMNepamypax
(4,2 K).

Kniouegvie cnosa: nuneiinuiii npueoo, 08uzamenb, CGEPXHUKUE 2eNUEBbIE MEMNEPAMYpPbl, 2eKCanoo.

Vestnik SibGAU
Vol. 17, No. 1, P. 170-175

COMPONENTS OF HIGH-PRECISION ELECTROMECHANICAL ACTUATOR
FOR SYSTEM OF ADAPTATION TRANSFORMABLE SPACE TELESCOPE
FOR ULTRA-LOW TEMPERATURES (4.2 K)

A. V. Jusov'", S. A. Kozlov', M. Ju. Arkhipovz, E. A. Kostrov®

'LLC “Applied mechanics”
5, Parkovaya 15-ya Str., Moscow, 105203, Russian Federation
*P. N. Lebedev Physical Institute of the Russian Academy of Sciences
53, Leninskiy Av., Moscow, 119991, Russian Federation
"E-mail: yusov@amech.ru

The problem was set up of creation of cryogenic actuating mechanisms for transformable space structures. The
main issues were emphasized relating to the implementation of the task to create the described devices. The wide area
of application and the demand for high-accuracy low-temperature mechanisms were demonstrated. The relevance
of the described articles for domestic projects, such as Millimetron, was separately noted. The prototypes forming the
basis for the development of the subject matter were demonstrated, and with their examples the consistency of the
results was illustrated enabling to reduce costs to be incurred at the time of transition to the design and manufacture of
test samples of the product with new properties. As the first stage of development of the claimed subject matter the
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reworking was proposed of a well-proven engine which is suitable in terms of a number of features and had been used
previously in articles with a similar purpose but with a different temperature range. The completed works, the options
of embodiment of test samples, the first test in the liquid nitrogen environment, and the functionality check were

reported.

Further to the research in the claimed area, the conducted experiments showing the functionality of test samples in
the liquid helium environment were reported. The unit was described; the diagram and sequence of tests in the liquid
helium environment were demonstrated. Comparisons were performed between the electric parameters of samples of
different design. Both samples demonstrated the prospective viability of the adopted design and engineering solutions.

The problem was set up and the prospects were defined for the nearest future of development of high-accuracy low-

temperature vacuum linear electromechanical drives.

The results of designing and testing of test samples at helium temperatures (4.2 K) were reported.

Keywords: Electromechanical actuator, ultra-low temperatures (4.2 K).

BBenenue. [lepcriekTuBHBIE KOCMHAYECKHE TPaHCOP-
MHpYyEMbIE KOHCTPYKIINH, PA0OTAIOIINE IPH CBEPXHU3KUX
temnepatypax (4,2 K), TpeOyroT pemieHus menoro psma
CJIOKHBIX MHKEHEPHBIX 3a/1au. KoHLenuus Takux KOHCT-
PYKLUH Moapa3yMeBaeT HaIN4nue KOMIUIEKCa BBICOKOTOY-
HBIX (TIOpsaKa 1 MKM) TUHEHHBIX 3JIEKTPOMEXaHUUECKHUX
MIPUBOJIOB, PabOTAIOIIMX IPHU TEMIEpaTypax >KHIKOTO
TeNHs U COMYTCTBYIOIIUX (DaKTOpaX KOCMHYECKOTO Ipo-
crpanctsa (PKII).

[Ipobnemarnka co3ganust TAKUX MPUBOJOB 3aTparuBa-
€T B MEPBYIO OYepeb BOMPOCH! MIPOCKTUPOBAHUS, KOHCT-
PYUpPOBaHUS, TPOU3BOACTBA, WCIBITAHHS, HAKOIUICHHS
1 iepepaboTKu ombITa. Kirto4eBbIM (PakTopoM yCIIeITHOTO
pelIeHnsT KOMIUIEKCa 3a/ad ABJIETCS OMpEeNICHNE TpH-
OpHTeTa apaMeTPOB TAKOTO MPHBOJA U peaau3alys Npu-
OpHUTEeTa IapaMeTpOB MPU MPOEKTUPOBAHUU U KOHCTPYH-
pOBaHMM MpUBOJA JUId JaHHBIX YycinoBuil. IIpuBbIYHBIE
rapameTpbl, CTOSIIME B MPUOPHUTETE HPHU MPOSKTHPOBA-
HUH TPHUBOJIA JJIsI HOPMAJIbHBIX YCIOBHH WM ISl YCIIO-
Buii BozaeictBus OKII, orxonsat Ha BTopo# rianH. Takxke
HEMAJOBaKHBIMH SIBJISIOTCSI BOIPOCH! CIIEUAIBHOTO Ma-
TepuanoseaeHus [1; 2], NpUMEHUMOCTH U COBMECTHMO-
CTH MaTepualoB, H3Y4YEHHOCTH CBOICTB MaTepHaJIOB.
HeoTrbemnemoil 4acTbio MPOEKTUPOBAHMSI SIBJISETCS YUET
0COOCHHOCTEH PIEKTPOTEXHUKH HU3KUX TEMIIEpaTyp.

O6Jacte mpumeHeHusi. [Ipennoceuikamu K TprMe-
HEHUI0 HHU3KOTEMIIEPATypHBIX BBICOKOTOYHBIX MEXaHM3-
MOB B KPYNHOTaOapUTHBIX TPaHC(HOPMUPYEMBIX KOHCT-
PYKLUMSAX B YaCTHOCTH M KOCMHYECKOH TEXHHKE BOOOILIE
MOCITYKWIIM TPeOOBaHUSI K OCBOSHHIO MHJUIMMETPOBOTO
n uH(]paKpacHOro AMANAa30HOB JIMH BoJH. Ilpu sTom
OJIHOH 13 cep NpHUMEHEHHS HU3KOTEMIICPAaTYPHBIX BBI-
COKOTOYHBIX MEXaHH3MOB SBIIIOTCS HAaydHBIE U TIPH-
KJ1aJ{Hble TIpHOOpPHI 11t HAOMIOJCHUSI B MIJIZIUMETPOBOM
1 wHQpaKpacHOM [Wamna3oHaxX IJIHH BONH. [ IyOokoe
OXJIQKAECHNE NPHUEMHHUKOB U BCIOMOTATEIbHBIX MEXaHH-
YECKUX CHCTEM B JITHX JAWAla3oHaX HEOOXOIUMO Ui
obecrieyeHnss TpeOyeMbIX YpPOBHEH YyBCTBUTEIHHOCTH.
B coctaB npueMHHKOB 4acTO BXOAAT MEXaHUYECKHUE dJIIe-
MEHTBl IOCTHPOBKHM U HACTPOWUKH, KOTOpbIE JIOJKHBI
(YHKIMOHMPOBATh IPU KPUOTEHHBIX TeMmeparypax [3].
B kauecTBe ycnemHoro npoekTa MOKHO MPUBECTH HpH-
Mep KocMmuueckoir obceparopun «lepmiens» (EKA),
UMEBIIEH B COCTaBE TETEPOJUHHOTO TPHEMHHKA JUIS
nanbHero nHdpakpacuoro auanaszona (HIFI) npeunsnon-
HBI KpUOTEHHBIN mepekmovaromuil Mmexanusm [4]. Emie
OJHMM IIPUMEPOM IIPUMEHEHHS NPEHU3NOHHOTO KpPHO-
TEHHOTO MEXaHHW3Ma JUIA MEPCICKTUBHOTO KOCMHYIECKOTO
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teneckona sBisiercss mpoekT SAFARI imaging spectro-
meter [5]. Kpome Toro, BeICOKHE TpeOOBaHUSA K TOYHOCTH
ONTUYECKUX CHUCTEM H3-3a MAalBIX JUIMH BOJNH TPeOyroT
JIOTIOTHUTENBFHON IOCTHUPOBKH OTHAEIBHBIX ONTHYECKHUX
3JIEMEHTOB, COCTABJIAIOMINX OTPAXKAIOUIYI0 MOBEPXHOCTH
TJIaBHOTO 3epKajia, 0COOCHHO B ciiy4yae uX OoJbIIuX rada-
putoB. B yactHocTH, KOcMuueckas obcepBaTopust JWST
(nnaHupyemas nara 3amycka — 2018 r.) uMeeT riaBHOe
3epKkaio rabaputoM 6 M, B COCTaB KOTOPOTO BXOAWT 18
IOCTHPYEMBIX 3JIEMEHTOB, KaX/IbIi 3 KOTOPHIX TpeOyeT 7
MPEM3MOHHBIX KPHOBaKYyYMHBIX MEXaHU3MOB JTMHEHHOTO
nepememieHus [6]. Kpome Toro, eme 6 MexaHW3MOB JH-
HEHHOr0 MEpPEMEILEHUsI BXOISAT B CUCTEMY HACTPOMKHU
(Texcamo]) BTOPUYHOTO 3epKana. KOCTHPOBKY IUTaHUPY-
eTCsl TPOBOAUTH NpU Temieparypax mopsaka 40 K.
B npoekre poccuiickoit obocepBaTopuu « MULUTUMETPOHY
MIPEIIOoNIaraeTcsl UCIIOIb30BaHKE eIle OOIBIIero KOoJHye-
CTBa HM3KOTEMIIEPATYPHBIX BBHICOKOTOYHBIX MEXaHHU3MOB
nuHelHoro nepemenienus [7]. Taxke B kauecTBe MpUMe-
pa aKTyaJbHOCTH paccMaTpHBaeMOl 3aJa4yl MOXHO YIIO-
MSHYTH 00 MCIIOJIb30BAaHUU AKTIOATOPOB B KOHCTPYKIIMIX
CHCTEM TOYHOT'O MO3HUIIOHUPOBAHUS B BHICOKOM BaKyyMe
IIPU KPUOTEHHBIX TEMIIEPATypax, KOTOPbIE IPUMEHSIOTCS
B YCTAHOBKAaX JIA3ePHOTO TEPMOSIEPHOTO CHUHTE3a, HAIPH-
mep B NIF (CHIA) [8], HIPER (EC) [9].

B kauecTBe MCTOYHHKOB IBHKCHUS, HCIIONB3YEMBIX
B KPHOTEHHBIX M BaKyyMHBIX MEXaHH3Max, HauOoJjblee
pacnpocTpaHeHHE IONYYWIH INAroBbIe 3JIEKTPOMOTOPHI
npoussonactBa Phytron Electronik GmbH [10]. Kpome
TOTr'0, UMEIOTCSI MOTOPBI, OCHOBaHHBIE Ha WCIIOJIb30BaHUU
mbe303JIeKTpuueckoro a¢dekra [11; 12].

AKTYaJbHOCTb. AKTYaJIbHOCTb IPOOJIEMBI IIPH pea-
JM3alUK OTEYECTBEHHBIX MPOEKTOB B PAa3JIMYHBIX OOJac-
TSX HAYKNA W TEXHUKU BBICOKas. B cioxuBmmxcs o0CTos-
TENbCTBAX JOCTYHHOCTh HWMIIOPTHOTO OOOPYIOBaHUS
M0 HAYKOEMKUM HaIpPaBICHUSIM COKPATHIIACH. Y CTICTITHAS
peanmu3anus 3amaud pa3pabOTKH, MPOU3BOJICTBA W BHE-
JIPEHUS OTACTBHBIX KOMIIOHEHTOB U 3aKOHUEHHBIX HHU3KO-
TEMIepaTyPHBIX BaKyyMHBIX BBICOKOTOYHBIX MEXaHHU3MOB
MIOMOXXET PEUIUTh YacTh BOIPOCOB HMMIIOPTO3aMEIICHUS
B JIaHHOH 00J1acTy.

MpenmecTByoumii onbIT. [IpodaemaTuka 3a1a4 BbI-
COKOTOYHOT'O NEpeMEIIeHHs B YCIOBHSAX BO3JCHCTBHS
(haKTOpPOB KOCMHYECKOTO MPOCTPAHCTBA CTajla MCCIIEIO-
BaTbCs B KOJUIGKTHBE /ISl pEIM3aldd  MEXaHH3Ma
6-KOOPAMHATHOTO TTO3UIIMOHUPOBAHMS MOJIE3HON HArpys3-
k. Ha maHHOM STare CTainy aKTyalbHBI IPOOIEMBI KOM-
MTOHOBKH, JKECTKOCTH, BEIOOpa MaTepHaloB Hap TpPEHHUS,
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TermoBoro pexuma, croukoctd k DOKII, 3arpssHenus
Bakyyma. Hapsimy ¢ mpoOiemMaMy MEXaHHKH W TEXHOJO-
TUH TIPOW3BOICTBA, MOTPeOOBaIM 0cOOOTO BHUMAaHUS
npoOJIeMBl COTTIACOBAHHOTO YIIPABICHUS LIECTHIO BBICO-
KOTOYHBIMH JIMHEIHBIMH TPHBOJAMH C OTPaHUYCHHBIMU
BO3MOXKHOCTSIMH 0OpaTHbIX cBszed. Panee paspaboran-
HBI B KOJJIEKTMBE MAaTEMAaTHYECKUH anmnapar MeXaHWU3-
MOB MapajuIeJbHOH CTPYKTYphl THIA «TeKcamomy ObuI
aJanTUPOBaH JUISl pealn3alliyd BBICOKMX TOYHOCTEH CO-
IJIACOBAaHHOTO NepeMelleHns. B pesynbrare npoBeneHus
KOMIUIEKCA HCCIIEJOBATEIbCKUX M IPOEKTHO-KOHCTPYK-
TOPCKHX paboT MONYyYWSI peaM3alyi0 MaHUILYJSATOP
6-CTENICHHOH BaKyyMHOTO HCIIOJHEHHUsS paJlalioOHHO
croiikmii «I'ekcanon-IIM-MkMm-3» (puc. 1) [13].

OrbIT, NOJNyYEHHBI NPHU CO3JAaHUM CEPHU BBICOKO-
TOYHBIX MaHUITYJIATOPOB BaKyyMHOTO UCIIOJIHEHUS, B TOM
YHCIIe ONBIT OTPAOOTKH M MPOU3BOACTBA BBICOKOTOYHBIX
JMHEWHBIX HCIIOJHUTENbHBIX MEXaHU3MOB, OIBIT BapbuU-
POBaHU MapaMeTPOB M aJaNTalUM >JICKTPOMAIIMH, II0-
3BOJINI  OOpaTHThCSI K MNpoOJIeMaTHKe BBICOKOTOYHBIX
JNIEKTPOMEXAaHUYECKUX IPHBOJIOB BaKyyMHOI'O HCIIOJIHE-
HUSL JU1s1 CBEPXHU3KUX Temmeparyp (4,2 K).

MocranoBka 3amxaun. [ npenocTaBaeHUs] BO3MOXK-
HOCTH TOTPEOUTENSIM pelleHus] 00JIacTH 3ajad Iepeme-
LIEHUsI, TO3WUIMOHUPOBAHUS, FOCTUPOBKH B YCIIOBHSX
cBepxHM3KUX (mopsinka 4,2 K) temmeparyp, HeoOXoauMo
pa3paboTaTh U M3TOTOBUTH KOMIUIEKC KOMIIOHEHTOB, Me-
XaHU3MOB ¥ CHCTEM YIIPABJICHUS AJIsI JaHHBIX YCIOBHH.

Peanu3zanms. Ha nepBoM srane peanusanuu MOCTaB-
JICHHOH 3a/1auyl peleHO HayaTh C pa3pabOTKU U IPOBEPKH
paboTOCHOCOOHOCTH OMBITHOrO O0pa3sla 3JIEKTPOBHUIra-
Tems (puc. 2) Kak KII0YEBOr0 KOMIIOHEHTA 3JIEKTpOMeXa-
HHYECKOTO NMpHBOAa. B kadecTBe 6Ga30BBIX KOMIIOHEHTOB
MIEPBOTO OIBITHOTO 00pa3la pemeHo MPUMEHSATh YacTh
JNIEKTPOJBUIATENsL, XOPOLIO 3apEeKOMEHAOBABILETO ceds

B YCIIOBHSIX BaKyyMa IIpH pa3paboTKe M MCHBITAHUH W3-
nenus «I'excanona-IIM-mxm-3». KoMIoHeHTH! ABUraTems
BBITIOJTHEHB! M3 MOJXOSIINX MaTEpPHAIOB, KOPIYC BbI-
MIOJTHEH W3 THTaHa, 00Ja/lafomero HU3KUM Ko3(hdumnneH-
TOM JIMHeWHoro TemmneparypHoro pacmupenus: (KJITP),
BaJl — U3 HepxKaBerollel ctanu. Bee npumeHEHHbIE MaTe-
pHaibl CTOMKHE K TeMIIepaTypaM >KUAKOTO Tellus, a H3ro-
TOBJICHHBIE W3 HUX JIE€TAJH IOKAa3aJH YJOBJIECTBOPUTEIb-
HYI0 pab0TOCIIOCOOHOCTb.

B mpomecce mepepaboTKM KOMIIOHEHTOB INTaTHOTO
JIBUTaTes ObUIO TOJyYeHO 2 BapUaHTa JIBUTaTENs C pas-
HBIMH OOMOTKaMy. OOMOTKM OTIMYAINCh OT IUTATHOH
MPUMEHAEMbIMI MaTepHaIaMy H30sAMu. beutn ompobo-
BaHbI 3 TUIA M30JIALUKN Ha OCHOBE MOJIMUMHUA U (HTOpPO-
wiacta. JiMHa M compoTuBIIeHHs] 0OMOTOK OTJINYAINCh
OT IITATHOH W APYT OT Jpyra Ha MPOMEXYTOUHBIX 3Tarax
B 300 pas.

HccnenoBanuchy B Tpolecce IUIABHOTO M yIApHOTO
3aMOpaKMBAHUS B JKUIKOM a30T€ KJeW Al COOpKH CTa-
Topa. VccnenoBannuch BO3MOXKHOCTH OecKiieeBoi COOpKH.
PaccMoTpeHbl Ha OIbITE NPENIIECTBYIONMX 00pa3loB
BO3MOXKHOCTH (DUKCAIlMM 3JICMEHTOB CBapKOH JIa3epoM.
ITo pe3ynbpraTaM IpOBEpKH CBOMCTB IIOCIIE BO3JEHCTBHSA
HHU3KHX TeMIlepaTyp Ha JaHHOM JTare KieeBas cOopka
CTaToOpa OCTAETCS OCHOBHOM.

B kagecTBe OMOPHBIX y3JI0B POTOPA ABHTATEINS HCCIIE-
JIOBINCH TOJIIUITHUKY KaueHHs] U TOALIMITHUKHA CKOJIb-
KEHHS ¢ KOMIICHCAllell paauanbHOro OWeHHs Baja
3a CUeT NOANPYKUHEHHON KOHUYECKON BTYJIKH.

[Tposepsimack pabOTOCIOCOOHOCTH ABHUTATENS B Cpelie
JKMJIKOTO a30Ta I0CJIE MIABHOIO U YJAPHOTO 3aMOpaXKH-
BaHUs. [IpoBepsiack pabOTOCIIOCOOHOCTH TIOCIE MOTPY-
JKeHUS! B JKUJIKMH a30T B aTMoc(epe B YCIOBHAX 0bJere-
HeHus (puc. 3).

Puc. 1. Manumymnarop «[ekcanoa-IIM-mxm-3» OOO «IIpukinagHas MeXaHHKa)»
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Puc. 3. I[BI/Il"aTeJ'IL B IIponecce 06J'IG,I[CHCHI/I${ T10CJIC U3BJICYCHUA
N3 EMKOCTH C )KUJIKUM a30TOM

Ha BTOpoM 3Tane oOpasisl ABUTATENeH MPOBEPSUIHCH
Ha pabOTOCIIOCOOHOCTh B YCIOBHUSX XKHIKOTO Temus. Jlis
OIpeZieIeHUs] HAINYNS IBHO)KEHHS Oblia coOpaHa cucTeMa
KOHTpOJISL BpalleHUs ¢ JyOIMpOBaHUEM KaHAJIOB pa3HbI-
MH METO/IaMH U3MEPEHUSL.

CxeMma 3KCIeprMEHTaIbHON YCTaHOBKY IPEICTaBICHA
Ha pHc. 4. VlcripITaHNs POBOAMIINCH CIIEIYIONM 00pa3oM.

JBuratens / moMemancs B TeIHEBBI 00beM 3 KpHo-
crara KI'300/60. Ilepen HawaaoM HCIBITAHUNA TEIAEBBINA
00bEM 3aroJHsIICS ra3000pa3HbIM I'eJIMeM M MOJCOCIH-
HSUICSL K Ta3rojibJepy. 3aTeM 00beM 5 3aloiHsIICS XKH[-
KHM a30TOM, YTO NPUBOIMIO K MEIUICHHOMY (B TeueHHE
HECKOJIBKUX YacoB) MOHMW)KEHHIO TEMIIEPATyphl JABHUIaTe-
a5 o npubmmsurensHo 100 K 3a cuer TerutooOmena us-
JIy4eHUEM C TETJIOBBIM 9KPAaHOM 4, TIPH 3TOM B I'eJIHEBOM
o0beMe IpH MOMOIIN T'a3rojibepa MO IEPKHUBAIOCH I10-
CTOSIHHOE JIaBJIeHHUE BbIIIe aTMoc(epHoro. [lanHas cxema
OXJIQKIEHUS TTO3BOJIMIIA U30€XKaTh Mmonaaanus atMocdep-
HOTO BO3/(yXa Ha JICTAN JBUTATEIIS], YTO MOTJIO MPUBECTU
K €ro MOBPEXCHUIO MpPU BPAIICHHUH, a Takke n30ekarh
BBICOKOT'O TPaJIn€HTa TEMIIEPATYp HA BHEIIHMX M BHYT-
PEHHHUX 4YacTsIX KOHCTPYKIIMHM 32 CUET MaJOW CKOPOCTH
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oxnaxkaenus. Jlamee remueBblii 00beM 3 3aIlONHSLIICS
JKUJKUM renreM. [ KOHTpOoJIst YPOBHSI JKHIKOTO TeJHs
UCTIOJB30BAJCS YTOJNBHBIH TEPMOMETP COINPOTHUBICHUS
TBO 2 [14] u TemnepaTypHbIi peryasTop Ais KpUOTeH-
HbIX TemriepaTyp Lakeshore 336 [15]. ITocne 3aBepiuenns
UCTIBITAaHUH JIBUTATENb HAXOUJICA B TEJIMEBOI aTMocdepe
JI0 TeX IOop, TMOKa OH HE JOCTUI KOMHATHOH Temmepa-
TYpHI.

HcnbiTanus B cpenie )KUAKOTo renus (110 CPaBHEHHMIO ©
UCIIBITAHUAMH B BaKyyMe) SBIIAIOTCS 0oJiee «MATKMMIDY
JUll JBUTrarenel, IOCKOJNbKY oOecleunBaeTcs >KUAKas
cMa3Ka map TpeHHs], a Takke 0ojice paBHOMEPHBIE TEMIIE-
parypHbIe TIOJIsl B KOHCTPYKIIHH.

KonTpons (yHKIMOHMPOBAHUS OCYLISCTBILSUICS IS
ngeurarens Ne 1 — BakyyMHBIM MarHUTHBIM KOHTAaKTOM
U JIaTYUKOM C CYXUM KOHTAKTOM, JUIs JaBurarens Ne 2 —
TOJIBKO BaKYyMHBIM MarHUTHBIM KOHTAKTOM.

Kaxnapiii nBuratens ycnemHo mnpoumien 4 LHUKIa
3alycKa-ocTaHoBa. B Xo1e ucnbpITaHui KpoMe MPOBEPKU
(yHKIIMOHMPOBAaHUS OBUIM MCCIEAOBAHBI H3MEHEHUS
COTIPOTHUBIICHUS OOMOTOK JABHTATe]eH (CM. TaOIHUILy) P
3aXO0JIa)KUBaHUU.
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Puc. 4. Kpuocrat 11 UCHBITAHUH B )KUIKOM T'eITUH:
clieBa — OOUIMI BUJT YCTAaHOBKH; CIIpaBa — CXeMa HCIIBITAHU

ConpoTuBjieHue 00MOTOK ABUraTeseil, Om

Ynpasnawouwme
]_' CUrHansl

T,K JlBurarens Ne 1 JIBurarens Ne 2
O6motka Ne 1 O6moTtka Ne 2 O6morka Ne 1 O6motka Ne 2
293 309 306 6 6
100 76 74 2,4 2,4
4,5 7,5 6,2 1,2 1,2
4,5 (MOBTOPHBII1 3aIMB TeNHs) 7,5 6,2 1,2 1,2

3axouenne. B paMkax perieHus 3amaq MpoeKTHPO-
BaHMS, KOHCTPYHPOBAHUSA, a TakKe MOATBEPKACHUS pa-
BWIBHOCTH TIPHHSTHIX pPELICHUH, CO3JaHbl ONBITHBIC
00pas3Ipl IArOBBIX ABHTATENCH IS TEIHMEBBIX TEMIIEpa-
Typ C Pa3lNYHBIMH TECTOBBIMU MapaMeTpaMH KOHCTPYK-
1un. KOMIUIEKTBI IPOIIIH MOCIIEI0BATENLHOE NCTIBITAHHE
IIPU a30THBIX TeMIlepaTypax, a BIIOCIEICTBUU U IIPU Te-
nueBbIX Temnepatypax (4,2 K). Jlpuratenn 1 KOMIOHEH-
Thl KOHTpOJISI JBMDKCHHUS TOKa3aJll PabOTOCIIOCOOHOCTD
TIPY 3aJIaHHBIX yCIIOBUSIX.

Takum 06pa3om, onupasich Ha MOJTYUYEHHbIH Pe3yIbTaT
OIIBITHBIX HCIBITAHUM NPU CBEPXHU3KHX TeMIlepaTypax
JIBUTATEJICHl ¥ HA OIBIT IIPOSKTHPOBAHUS BBICOKOTOUHBIX
JMHEHHBIX NPUBOAOB, MOXXHO IUIAHHPOBATH IOIYYUTH
KPHUOBaKyyMHBIN JIMHEUHBIA 3JEKTPOMEXAHUYECKUN MPH-
BOJ U PA3IMYHBIX CHCTEM MEPCIEKTHBHBIX KOCMHYEC-
CKHUX KOHCTPYKLUIL.

Pemenne 3amaun akTyanpHO Kak [Uid Ha3eMHOro [3],
TaK U JUI1 KOCMUYECKOTO UCTIOJIHEHNS [4].
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H3zyuenue ghazoevix cmpyknmypHuIX Npespaujenuil U ux 3auMoCesi3u ¢ MASHUMHBIMU CEOUCMEAMU MEMLIUYECKUX
cucmeMm u ux Cnideos AeiIslemcs OOHOU U3 GANCHBIX 3A0a4 KOCMUYECcko20 Mamepuanogedenus. Kpome gynoamenmains-
HO20 3HAYeHUs: MU UCCIeO08aHUe NO3BOJISIIOM 8 NePCREeKmuge Noayuams Mamepuaibl Co CILONCHLIMU 3A0AHHBIMU MA2-
HumHbiMu ceoticmaeamu. Tlomyuenst u ucciedosanvt monxue niénuku cniaea cucmemvi Co—Pd, konoencuposanuvie npu
PA3IUYHBIX MEMNEPAmypax nooJ0NCeK, UOCHMUPUYUPOBAHbL (A308blil COCMAS U KPUCMAIUYECKUEe Memacmaduibhvie
CMPYKmMypbul, 8O3HUKAlOWUe 6 MIEHKAx O0anHo2o cniasa. Hccnedosanvl HaAMACHUYEHHOCMb HACLIWEHUS, MAZHUMHAS
KpUCMAani02papuyecKkas aHu30mponus, napamemp 0OMeHH020 83aUMO0eliCmeUst, KOHCMAHMAa NEPReHOUKYIAPHOU Mae-
HUMHOU AHU30MPONUYU NOTYYeHHbIX NieHoK. QOHApYJcer ps0 MemacmadulbHblX COCMOSHULL, OMCYMCMBYIOWUX 8 00beM-
Hulx obpazyax. I[losedenue HAMACHUYEHHOCMU HACLIUWEHUS NOKA3bIBACM GNUSHUE MACHUMHO20 NOPSIOKA HA GCIUNUHY
06MenHo20 e3aumoleiicmeus. Temnepamypuas 3a6UCUMOCHb KOHCIAHMbL MAZHUMHOU KPUCMATIOZDAMDUYECKOT aHU3-
MOPOnUU NO360I5EN OMHECIU COCMABbL C DONLULUM COOEPICAHUEM NALIAOUSL K 30HHLIM (eppomaznemuram. [Ipose-
O0eHo meopemuieckoe 060CHO8aAHUE HAONIOOAIOWE20Cs 8bIX00A HAMASHUYEHHOCIU U3 NJIOCKOCMU NIeHKU 8 08YX(DA3HbIX
nanenxax (I'T1Y, I'lIK) cucmemvr Co—Pd. Dma ocobennocms nomeHyuanbHo o3Havaem 603MOACHOCHb OoJiee NIOMHOl
MASHUMHOTU 3aNUCYU UHGOPMAYUU C UCNOTIb308AHUEM IMUX MAMEPUATOS.

Kniouesvie crosa: cnias CO*Pd, MOHKUE NjleHKU, MacHUunHovle ceodcmea, AHU30mMponust, 06yx¢a3Hbl€ cucmemal.
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MAGNETIC PROPERTIES AND PHASE COMPOSITION
OF THE THIN LAYERS OF CO-PD SYSTEM
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One of the most important areas of space material science and metallurgy is studying phase and structural
transitions of the metallic systems and alloys in connection with their magnetic properties. It advances the fundamental
science but also leads to producing materials of desired complex magnetic structure. This paper deals with preparation
and study of the Co—Pd thin films of various stoichiometry, obtained at different substrate temperatures and regimes.
We examined phase composition, crystalline structure and its variation, saturation magnetization, coercive force,
magnetic crystallographic anisotropy, exchange interaction parameter, perpendicular magnetic anisotropy constant of
the films made. The properties of the systems were studied in connection with the conditions and regimes of the film
preparation. The results reveal a number of metastable states which are absent in the bulk samples of the same overall
composition. The saturation magnetization behavior implies a magnetic interactions interplay which affects the
exchange interaction. Magnetic crystalographic anisotropy constant of the films changes with the temperature so that
rich-Pd samples appear to be mostly zone ferromagnetic. We suggest a theoretical model of two-phase Co—Pd system
(with fcc and hep regions). The calculated value of the torque acting upon the film is in agreement with the experiment.
The model explains the effect of the easy magnetization axis becoming perpendicular to the film/substrate plane, which
is the case for films with 0.5-0.55 palladium content. This unusual property favours the possible use of the materials for
high density data recording.

Keywords: Co—Pd alloy, thin films, magnetic properties, anisotropy, two-phase systems.
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BBenenne. N3pectHo, uto crmaB Co—Pd, mHampumep,
9KBHATOMHOTO COCTaBa, UMEIOIINI B MAacCHBHBIX 00pa3-
max Tombko [TIK-pemeTky, B IUIGHOYHBIX 0Opa3max
MoxeT ObITh moiydeH B ITIV- u TI'-momudpukanmsx,
a TakKe B HAHOKPUCTAJUTMICCKOM COCTOSTHHU [1].

B Hacrosieit cratbe OyayT pacCMOTPEHBI H3MCHEHUS
MarHUTHBIX CBOMCTB TOHKHX IUIeHOK ciiaBa Co—Pd mpu
Hepexo/ie ero U3 OHOW MOJU(HUKAINN B IPYTYIO.

CpoiictBa cucrembl Co—Pd. OGnacth cymiecTBoBa-
Hust ['TIY-¢a3el 3HauMTENBEHO paciIMpeHa B IJICHOYHBIX
obpasmax u npoctupaercs oT Co 10 CoyyPdgy o cpaBHe-
HHUIO C MacCHBHBIMH. HU3KHe TeMmeparypsl IIOIOKEK
IIPY HAIIBUICHUH CIIOCOOCTBYIOT oOpazoBanuio ' TIY-¢asbl,
KOTOpasi IpU OTCYTCTBHH Jpyrux (a3 mpu KOMHATHOH
TeMIepaType CYIIECTBYET NOBOJIEHO JIHTEIHHOE BPEMS.
I'TIY-da3a crmaBa, KOHACHCHPYSCh Ha TOMIIOKKH, 00pa-
3yeT TeKCcTypy — 6asucHas mwiockocts (001) mapamnensHa
IUIOCKOCTH TIOAJOXKKH. M3MepeHus HaMarHU4eHHOCTH
Hachienus: M parot npu 20 °C s ogaodasusix I'TIY-
MJIEHOK 9KBHATOMHOTO cocTaBa BenuuuHy 1000 £ 80 I'c.
HamaruudenHocts Haceimenus [ 1[K-omHodasHbix mre-
HOK TOro >xe cocrtaBa paBHa 800 + 50 I'c, yBenuuuBasch
Ipy 00OTaIEeHNN CIUTaBa KoOanbToM. M3BecTHO, 4TO KO-
0aJbT CyIIECTBYET B JIByX MOJMU(HKALMIX B IJICHOYHBIX
obpasnax npu koMHaTHOH Temneparype: ['TIY (a = 0,251 um,
C=10,410 am) u I'lIK (a = 0,355 uM). IX HamMarHu4eH-
HOCTh HaceimeHns paBHa 1420 u 1370 I'c [2] cooTBeTCT-
BeHHO, 1pu 20 °C U3MEHSACH C MOHIKEHUEM TeMIIepaTy-
pw1 10 4,2 K vesnauntensho (1442 u 1390-1420 I'c coot-
BETCTBEHHO, T. €. Ha 2 %).

Pa3Huily B HAMarHMYEHHOCTH HACBHIILCHUST OJHO]A3-

veix ['TIY- u TI'lIK-mieHOK OJHOrOo M TOro K€ cocTaBa
MOXXHO OOBSICHUTH TOJIBKO TEM, YTO JIONOJHUTEIbHBIN
Bkian B HamarunueHHocTh I'TIY- m T'LIK-omHO(a3HBIX
IUIEHOK OJTHOTO M TOTO K€ COCTaBa BHOCSAT aTOMBI Iajlia-
Jqust. Y3 mutepaTypbl U3BECTHO [3], 4TO maymmaguil Haxo-
JIUTCSI HA TPaHU TOTO COCTOSIHMS, B KOTOPOM METaJll CTa-
HOBHUTCA (eppOMArHUTHBIM. B CcBOOOAHBIX aTomax mai-
NajMs BHEIIHHE 3IEKTPOHBI HMEIOT KoHuryparo 4d',
M TOTOMY OHH MarHUTHO-HEHTpaibHBIE (OCHOBHOE CO-
crosirme atoma 1s”). OXHAKO M3 JTHTEPATYPHBIX JAHHBIX
[4] BuaHO, YTO MapaMarHUTHAs BOCIPUUMYHBOCTD MeETaJl-
JIMYeCcKoro naymwiaaus odeHb Benuka (mpu 300 Ky, = 558 %
10%, rae XA — aTOMHas MarHUTHas BOCIHPUUMYHUBOCTH).
3TO IpsAMOE CIEICTBUE MEPEKPHITUS DHEPIETHUECKUX 30H
4d- u 5s-31eKTpoHOB B KpucTayuie namwraaus. CoriaacHo
[4]
B cpeaHeM okojio 0,6 3IIeKTpoHa Ha aTOM MaJUTaNs Iepe-
XOIHUT B 5$-30HYy M COCTaBJISIET CTONBKO K€ BAKAHTHBIX
MecT B 4d-30He. OTH BakaHTHBIE MeCTa (IBIPKH) ¥ BHOCAT
OCHOBHOHM BKJIaJ B MAyJEBCKYI0 MapaMarHUTHYIO BOC-
MIPUUMYHUBOCTh METAJUTMYECKOTO MaJIagusl, MOCKOJIBKY
x(T) = xo/1-A, Te A = TN(Ep); T — OOMEHHBIH YHEpreTHYe-
ckuit mapametp; N(Er) — INIOTHOCTH COCTOSIHUI Ha ypOBHE
Oepmu. [lockonpky mis mamiaaus BenwuuHa TN(Ef)
OnM3Ka K eAMHMIIE, MAarHWTHas BOCIPUUMYHUBOCTH €rO
OYEHb BEJIHMKA.

W3mepennss HaMarHMYEHHOCTH HACHIIIEHHS CIUIAaBOB
cucreMbl Co—Pd [5], koTopble sBisIIOTCS (heppOMarHuT-
HbIMHU yxe 1pu conepxanuu 0,1 % Co, cBHIETETbCTBYET
0 BKJIAJIC aTOMOB TTAJUTAANS B MAarHUTHBIA MOMEHT CIUIABA,
MMOCKOJIBKY TpsiMoe oOMeHHoe B3ammopeiictBue Co—Co

179

IpH Tako HU3KOHN KoHIeHTpauuu Co HeBO3MOXKHO. Mar-
HUTHBIA TOPSIIOK B TAKUX METAIUTMYCCKUX CHUCTEMaX, TIC
IpsIMOl OOMEH MEXIy YAaJICHHBIMU MapaMarHATHBIMH
aTOMaM# TPAKTUIECKH OTCYTCTBYET, OOYCIOBIIEH KOC-
BEHHBIM OOMEHHBIM MEXaHH3MOM, B KOTOPOM aKTHBHOE
y4acTHe MPUHUMAIOT 3JIEKTPOHBI MPOBOAWMOCTH MaTpHU-
npl. KauecTBEHHO 3TO MOKHO OOBSICHATH TEM, YTO 100aB-
neane Co B marpuity Pd yBenmuuBaer mepekpbiTue d-
M S-30H, YTO COOTBETCTBECHHO YBEIUYMBACT KOHIICHTpA-
IIUIO BIPOK B 4d-30HE aToMa Mautajivs, MOHKACT JHEP-
ruro @epmu. [locnenHee BRI3BIBACT MOBHIINICHHUE TIOTHO-
CTH COCTOSIHUI Ha ypoBHe DepMu U MPUBOAMT K MOSBIIC-
HUIO COOCTBEHHOTO MarHMTHOTO MOMEHTa aToMa Iajia-
JIUsl, a TaKXKEe K CIIOHTAHHOW HAMAarHWYCHHOCTH MAaTPHIIBI
3a c4eT KOCBEHHOT0 0OMEHHOTO MeXaHmu3Ma. B crathe [6]
TOBOPUTCS, YTO TIPH yMEHBIIEHHH MEXAaTOMHOTO pac-
CTOSIHUS B TMAaJUIaAWA OOMCHHBIM WHTETPal CTAHOBUTCA
MOJIOKUTETBHBIM, W MaJUIQAUH JOJDKCH MPEeBPATUTHCS
B (peppomarHeTHk. DTO BEpOSTHO, MOXKET HACTYIUTh MPU
KOMHAaTHOW TeMIlepatrype, €cid IIyTeM BCECTOPOHHETro
CKaThsl 00CCIICYUTh OTHOCHUTEIbHOE M3MEHEHUE 00BhemMa
nayuiaans npuoau3uTesnsHo Ha S5 %. Y ogHodasHbIX 1UIe-
HOK Co—Pd skBHaTOMHOTO M OJNM3KHX K HEMY COCTaBOB
napaMeTpsl pemeTku cocTaBmsioT a = 0,258 um, C =
= 0,428 1M, a y ogHo(dazHex ['T[K-ruieHok craBa Toro
ke cocraBa a = 0,376 am. Takum obpa3oM, paccTosHUE
MeXIy Ommkaimmmu cocemsmu Jroboro suma Pd-Pd,
Pd—Co, Co—Co (mockonmeKy B IUIeHKax oboux (a3 mocie
KOH/IGHCAIIUM Ha TOJUIOKKY He HalmromaeTrcs ymopsuo-
YEHHOE pacIoyiokeHue atoMoB B pererke) B [TIY-daze
paBHo 0,258 um, a B I'lIK-daze 0,266 HM. 3aBUCHMOCTH
MarHUTHOT'O MOMCHTa Ha aTOM CIIaBa OT KOHIICHTPAIHH
B ['TTY-oaHO(da3HbIX MIIEHKaxX MMOoKa3aHa Ha pHc. 1.

Co 50 Pd

Puc. 1. 3aBHCHMMOCTP MArHMTHOIO MOMEHTA
HA aToOM CIUIaBa B €IVHUIAX |y B 3aBHUCHMOCTH
ot cocraa (/ — T'IK-da3za, 2 — 'TTY-da3za)

Ecnu cpaBHMTH ee ¢ rpauKoM KOHIICHTpPAIMOHHOMN
3aBHCHMOCTH MarHUTHOro momeHTa Ha atoMm ['TIK-da3zsl,
TO cpenuuii MoMeHT Ha atoM B ['TIY-aze Oonbiue, yem
B 'K B uccnenoBaHHOM HMHTepBane KoHLUEHTpauuil. Eciu
CYNTaTh, YTO MAarHUTHBIH MoMeHT aroma Co B crase
MPAaKTHYECKH HE MEHSETCS B 3aBUCHMOCTH OT KOHIICH-
TpalMy Najulaans ¥ cocTaBisieT 1,7 Up HA aToM, TO yBe-
JUYeHNe HaMarHMYeHHOCTH TuieHok [TIY-¢a3er crmaBa
CBSI3aHO C YBEJIMUYCHHWEM MAarHUTHOIO MOMEHTa aTOMOB
Pd. Kak mokaspiBaeT 3JIeMEHTapHBIN pacder, pa3induve
MarHuTHoro MmomenTa aroma Pd B I'TIY-dase ot TakoBoro
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B ['lIK-¢a3e toro xe cocraBa paBHo 0,5-0,4 ps. Oto,
OYEBHIIHO, CBSI3aHO C M3MEHEHHEM BJICKTPOHHOH KOH(H-
Typaluy aTOMOB NaJUIaAus W3-3a W3MEHEHHS PEIISTKH H,
COOTBETCTBEHHO, CHMMETPHU OKPYXCHUS M PACCTOSHUA
IO OJIVMKAMIINX aTOMOB.

CornacHo AByx30HHOW Momenmn Motra [7] Kauect-
BEHHO OOBSICHUTH OOJBINIYyI0 HamarHmdeHHocTh [TIY-
¢a3el o cpaBHeHHIO ¢ HamarHWmdeHHOCTHIO ['LIK-da3sr
OJJHOTO U TOTO € COCTaBa MOXHO CIIEAYIOLIUM 00pa3oM.
B nepexomupix d-meramiax ypoBeHb PepMu pacioiokeH
HIDKE BepXHel rpaHuIbl d-30HBI, KOTOPas TOJIBKO YacTHY-
Ho 3arnonHeHa. [1Inpuna d-30H61 W ~ 1/a, Tie a — paccrosiHue
MeXAy OnvkalIMMu aToMamH (pajiyc NepBOd KOOPIU-
HaumoHHoH cdepbl). [lockombky a(TUK) > a(T'T1Y),
to W(T'IK) < W(T'TLY).

Takum oOpazom, mepekpbiTue s- U d-30H B aToMax
namanus B [TIY-dasze 6ompme, yem B I'IK, uT0 coor-
BETCTBYET OOJBIIEMY KOIWYECTBY BAKAHTHBIX MECT (IbI-
pox) B d-3ome aroma B I'TIY-¢ase u, cremoBaTensHO,
OoJipIIeMy MarHUTHOMY MOMEHTY TaJutanus B 3Tod Qase
u Oonpleld CyMMapHOW HaMarHMYEHHOCTH HACBIIIECHUS
I'TIY-dassr mo cpaBaenuto ¢ ['I[K-¢pa3oit ogHOro u Toro
e COCTaBa.

HamarHu4eHHOCTh  HacbllleHMs  ABYX(a3HbIX
TMY+TI'OK) naenok. V3Mmepenus HamMarHWYEeHHOCTH
Hacebimenus: aByxgaszupix (ITIY+THK) nneHok ociox-
HSIOTCS TEM, YTO JUISl TOJyYEHHs] YHCIICHHBIX 3HAUYCHHUH
M, xaxmoil ¢as3pl HaO 3HATH KOJMYECTBEHHBIE COOTHO-
meHust ¢a3, MOCKONbKY W3 W3MEPeHHH METOIOM Bpa-
IIAIOMIMX MOMEHTOB MOJydJaeTcs 3HaueHue MV, kotopoe
npeacraeiser cymmy MV, + MV, tne My, M, u V4,
V, — HamMarHn4eHHOCTH HAaCBIIIeHHsT U 00bembl [1IY-
u I'lIK-da3 cooTBeTcTBeHHO. M3-3a TEKCTYPUPOBAHHOCTH
00pasioB u3MepeHus oobeMa (a3 METOZAOM CTATUCTHYEC-
CKOM 00pabOTKH MHUKPOGOTOMETPUPOBAHUS MHKPOGOTO-
rpaguii Jar0T JTOBOJBHO OOJBUIYIO MOTPENIHOCTh, 4YTO
COOTBETCTBEHHO CKa3bIBAETCSl HA TOYHOCTHU OIPEJICIICHUS
HaMarHM4EeHHOCTH HachlieHust ¢as. [losTomy B manHOM
cllydae JIOTHYHO TOBOPUTh HE O HAMarHMYCHHOCTH Ha-
coimenns ['TIY- n TTIK-¢a3, Tem Oonee, yTo u mapamer-
pet 5TX (a3 B aByx(Qa3HOH IUIEHKE OTINYAIOTCS OT Ia-
pametpoB omgHodasHeix [TIY- u I'lIK-mureHOK TOTO XK€
COCTaBa, a O MarHUTHOM MOMEHTE Ha EIUHHUIy oOBbeMa
IUIEHKH CIUIaBa, T. €. 0 HAMArHWYEHHOCTH HACBIIEHUS M,
miueHkd. HaMarHMueHHOCTh HachlEHMs  JBYX(a3HbIX
(TIY+THK) merok TommuHoi 10 1500 A nexur B 06-
JIACTH 3HAYEHHH MEXJy HaMarHMYCHHOCTSIMH HaCBIIIe-
uus ['TIY- u T'IIK-da3 Toro ke cocraBa (Hampumep, s
skBHaTOMHOro cocraBa 900-750 I'c). Bennuuna M, us-
MEHSIETCS OT IUICHKH K IUIEHKE OJHOTO M TOTO e COCTaBa
B Ipefenax, OONBIINX, YeM ommoOKka m3MepeHuid (5 %).
Pa36poc 3nauennii M; MOXXHO OOBSICHUTH pa3HBIM COOT-
HouleHueM (a3 B IJICHKaX OJHOTO M TOTO K€ COCTaBa,
M3MEHEHHEM IMapaMeTpoB pemeTok ¢a3 B AByX(a3HOI
CHCTEME.

HamarHM4eHHOCTh  HAChIIIeHHS]  OJHOG(A3ZHBIX
I'K-menok. I'IK-oaHOMba3HbIC MOJHKPUCTALIHYCCKHE
U MOHOKPUCTAIIIMYECKUE OIHUTAKCHAIbHBIC IUICHKH,
BhIpamienHsie npu 7, 230-260 °C, uMeroT HaMarHu4eH-
HOCTb HACBIIIEHUS] MAaCCUBHBIX 00pa3IOB TOTO )K€ COCTa-
Ba (puc. 1, /). BeicokoTeMmnepaTypHble OTKUTH TaKUX
IUICHOK 5KBHAaTOMHOT'O M OJIN3KMX K HEMY COCTABOB IIO-
3BOJIIIOT MOJIy4YaTh aTOMHO-YHOPSJOYEHHYIO CTPYKTYPY
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¢ TI'-pemerkoit Tuna L1 (a = 0,416 um, C = 0,334 HM,
Cla 0,81). Tlo mepe wmcuesHoBenus ¢aszsl ¢ ['LK-
PCIIETKON TPOMCXOAUT YMCHBIICHHE HaMarHUYCHHOCTH
HacheIeHus o BenuuuHbl M ~ 80 T'c. [TomHOCTRIO asza
¢ T'lIK-pemreTkoll He UCUE3aeT, MOATOMY MAlyl0 Hamar-
HHUYEHHOCTh MOKHO OTHECTH 3a ee cueT. OTCyTCTBHE Ha-
MarHnueHHOCcTH B ¢a3e ¢ TI'L-perrerkoil, BO3MOXKHO,
00ycIoBNIeHO (OPMHUPOBAaHUEM B HEHl CKOMIICHCHPOBAH-
Horo antudeppomaruerusma. Ilapamerpsr a u C TI'1I-
PEIIeTKH CYIIECTBEHHO 3aBUCST OT peXUMa TepMooOpa-
6otk [8]. OtHorrenue C/a MOXKET AOCTUraTh 3HAYCHHS
0,80. Takoe nckaxxeHUE PEIIETKH MOXKET NMPUBECTU K OT-
pHLIATEIFHOMY 3HAaKy KOHCTAHThI OOMEHHOTO B3aUMO/IEH-
CTBHS M K aHTU(EPPOMArHUTHOMY YIOPSIIOYEHHIO.
HaMarHu4eHHOCTh HACBHIIIEHHS] HAHOKPHCTAJLIH-
YecKHX IJIeHOK. VI3 muTepaTypHbIX HCTOYHHUKOB U3BECTHO,
YTO HAMAarHWYEHHOCTh HACBHIIICHUS aMOp(HOTo Marepua-
Jla BeCbMa CJIa00 MEHSETCS IPH €r0 KpucTamiu3anuu [9].
HamaramueHHOCTh HACBHIIICHHUS HAHOKPUCTALTHUYECKUX
ruieHok Co—Pd paBHa wii Heckonbko MeHblie (Ha 6—7 %)
HaMarHMYE€HHOCTH HACBHIICHUS KPUCTAIIIMYECKON TIICHKH
TOr0 € CcoCTaBa. JTO (UKCUPYIOT U3MepeHus M; 1o
U TIOCNIe PEKPUCTAJUIM3ALUU OJHUX U TeX ke 00pa3loB.
Kpome Toro, HaGmomaercs pa3Opoc 3HadeHHH M
OT IUTEHKH K TUICHKE OJTHOTO M TOro ke coctasa (1o 150 I'c).
HaOmonaromutiicst pa3opoc 3HaueHHid A HaHOKpHUCTAJ-
JUYECKUX TUICHOK OJHOTO M TOTO YK€ COCTaBa, OTIIMYHE
9TUX 3HAYEHUH OT M KpUCTANIMYECKUX IUIEHOK MOYHO
OOBSACHUTH OTHOCHUTENHHO OOJIITUM O0BEMOM MEPEXO.I-
HBIX y4YacTKOB Mexay obmactsamu c [TIY- u TTIK-
CHUMMETpPHEN B3aMMHOr0 pacnojokeHus aTtomos. llepe-
XOJ/IHBIE yYaCTKH, OYEBUIHO, XapaKTepU3yloTcs QIIyKTya-
IUSAMH MEKATOMHBIX PACCTOSHHM, YTO MOXKET MPUBOTUTH
K OOMEHHBIM B3aUMOJICHCTBUAM paszHOro 3Haka. Kpome
TOTO, 3TO CBSI3aHO U C Pa3HBIM KOJMYECTBEHHBIM COOT-
HOlIeHHeM 00beMOB camux obnactell. Hacplmenne HaHO-
KPHUCTAJUTNYECKUX IIEHOK MPOUCXoAuT B nossix 100-800 O.
3aBucUMOCTb MapaMeTpa 00OMEHHOr0 B3aMMOJeii-
CTBHUSI OT CTPYKTYPHI IieHok cmiaBa Co—Pd. [l sxe-
MIEPUMEHTAIBHON OIICHKH IapaMeTpa OOMEHHOTO B3aH-
MOJICHCTBUS HaWOOJBIINA MHTEPEC MPEACTABISET UCCIIe-
JIOBaHHE HU3KOTEMIIEPATypHBIX 3aBUCUMOCTEH HaMarHu-
YEHHOCTH HACBIIICHUS, TJle HEMOCPEICTBEHHO BBIMOJI-
HseTcst 3akoH T°°. Jlns pacuera BeNMUMHBI MapameTpa
OOMEHHOTO B3aMMOJEHCTBHS HCIIOJIB30BAJIOCH COOTHO-

menwue [10]
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Ilpu H = 0 F3, cTaHOBUTCS KOHCTAHTOM, HE3aBUCS-
melt ot remmepatypsl: Fi, = £(3/2) = 2,612, tae & — n3e-
Ta-pyHKIU PrMana.

W3mepenns M(T) nmpoBogmnmch B momsax 22 k3. Be-
JMUYMHA HAMAaTrHHYCHHOCTH HACBHIIICHUS OMNpENeIsuiach
SKCTpPANOJSALUEeH TeMIepaTypHOH 3aBUCUMOCTH Hamar-
HudyeHHoctH M ot T3, Ha ock 0 K.

3nanne Bemmunusl B/FY*(T) M HAMATHHYEHHOCTH
HACBIIIICHUS JaeT BO3MOXHOCTHh BBIYHCIHUTH BCIUYHHY
napamerpa obMeHHoro B3aumojercTBus o [10]. Taxue
BBIYMCIIEHUS Ui IUIeHOK, oOmamaromumx ITIY-, T'IK-
¥ HAHOKPHUCTAIUTMYCCKON CTPYKTYpOW, OBLTH MPOICIAaHEI,
¥ Ha pUC. 2 TPUBCICHBI 3HAYCHHUS BBIYMCICHHOTO Tapa-
MeTpa OOMEHHOTO B3aWMOJCHCTBHUS ., TIOXYYCHHBIC IS
mwieHok cmiaBa CosgPdsy. Ilo ocu opamHAT oTIOXKEHA Be-
nuunHa gusoM, T. e. D (ee pasmepHocTh 3B-A?%). Exunn-
1Bl U3MEpEHNs o — cM™. Hepenko HCIons3yioT U ApyTHe
CUCTEMBl EIWHHII, HAIpPUMEP, B CIEKTPOCKOMHYECKUX
U3MEPEHUSAX TMONb3YIOTCS TEPMHUHOM OOMEHHAs MKECT-
KOCTh M = oM, pa3MepHOCTh 3TOTO Mapamerpa eM® 0.
CrnenoBarteibHO, 0, 1| © D OTIMYAIOTCS TOJBKO MOCTOSIH-
HbIMH MHOXHTeNsiMU. Kak BUgHO Ha puc. 2, D yBenu4u-
BaeTCs MPH U3MCHEHUH CTPYKTYPHOTO COCTOSIHHS CILIaBa
CosoPdsy ot I'TIY-ogHO(A3HIX K HAHOKPHUCTALTHYECKO-
My u nanee k ['IK-omHOda3HbpM mmeHKam. M3 kpuBOit
D(X) BugnO, uTOo TpH (Pa3oBOM mepexone MEXIy KpH-
CTAJUIMIECKUMHU TBEPABIMH PacTBOpaMH BelmduHa D Me-
HseTCs B 2,5 pasa.
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Puc. 2. JlnarpamMma cocTosHUS B KOOpAHHATAX
«0OMEH — CTPYKTYpHOE COCTOSIHUEY (a) ¥ 3aBU-

cuMocThb B ot ctpykTypbl CosoPdsg (6)

[Tapamerp oOMeHa MIEHOK ¢ HAHOKPHUCTALTUYECKON
CTPYKTYpoll JeXuT Mexny 3HaueHusMu it ITIY-
u T'TK-kpucTtaquinyeckux TBEPABIX PacTBOPOB. ITOT
(aKT TOBOPUT O TOM, YTO HAHOKPUCTAIIIMYECKAs! CTPYK-
Typa TpPEICTaBJIsET CMECh HAHOKPHCTAJUIMYECKHX 3apo-
mermeit ¢ ['TIY- u T'HK-cumMerpueit Onmkaimero okpy-
JKCHUSI, TTOCKOJIbKY JJIs1 aMOP(HBIX BEIIECTB Iapamerp
oOMeHa, Kak BUAHO u3 nutepaTypsl [10-12], uzmensercs
CKa4KOM IIpH (pa30BOM Iepexoie «KPHUCTaIuT — aMophHOe
COCTOSIHHE», M €T0 3HAYCHUS HE YKIIAIbIBAIOTCA MEXIY
3HAYCHUSAMHU TapaMerpa oOMeHa KPUCTAJUIMYECKUX MO-
nudrKaIuii criaBa.
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MarauTHasi KpHcTaLIorpaguyeckass aHU30TPO-
s mieHok cmiasa Co—Pd. B pa6ore [13] Obuta ucce-
JIOBaHAa MAarHWTHAs KpUCTaJUIorpaduuecKas aHN30TPOIHS
wieHok cruraBa Co—Pd mpu 20 °C Bo Bceil KOHIIGHTpAIH-
OHHOW obOylacTu coctaBoB. b0 mokaszaHo, uto K Jm-
HEWHO CHajaeT ¢ yBEIMUCHHEM KOHLEHTPALMs Maulaans
ot —6-10° spr/cm’ o Hy1s wa mamaaus. B paGore [14]
Obutla McclenoBaHa MarHUTHas KpHcTayutorpaduyeckas
AQHU30TPOIM MOHOKpUCTAILUIOB ciulaBa Co—Pd B koHLEH-
TpanroHHoM uHTepBaje ot 5 1o 30 at. % Co. [Tokazano,
4YTO ee mepBas KOHCTaHTa K| MpH TemIepaTrype Kui-
xoro remus u cocraBa CojoPdgy mocTuraer 3HaucHUA
1,7-10° spr/em® (puc. 3, kpuBast ). 1o m0GYIMIO MPO-
BECTH WCCJICJOBAHMS KOHIEHTPAMOHHON 3aBHCHMOCTH
K, pu Temneparypax sxunkoro azora (77 K) u 300 K xak
Ha MOHOKPHCTAUIMYECKUX IIJICHKAX, BBIPALICHHBIX HAa
nojyoxkax MgO, Tak 1 Ha MOHOKPHCTAJUIMIECKHX TIOITY-
cdepax. VM3mepeHust mepBoil KOHCTaHTHI KPUCTAJIOrpa-
(hrgecKoi aHM30TPOIHMU OCYLIECTBIISUINCH METOAOM Bpa-
IAIOMUX MOMEHTOB. HamnpspkeHHOCTP MarHUTHOTO TIOJIS
IpU U3MepeHusx paBHsiachk 18 k3. Ha puc. 3 npueaeHsl
rpaduku KOHIEHTpalMoHHou 3aBucumoctu K mpu 300 K
(puc. 3, 6) u 77 K (puc. 3, ) 11 MOHOKPUCTALTYECKUX
nonyctep cmaBa Co—Pd. M3MepeHus Ha miieHKax JarOT
HECKOJIBKO JIpyTue 3HaueHus Kj, 4To, OUYEBUIHO, CBA3aHO
C HQJIMYUEM HANPSKEHUH M OJOYHOCTH SIUTAKCHAIb-
HBIX MOHOKPHCTAJUIMYECKHUX IUICHOK. M3 NpuBeaeHHBIX
Ha puc. 3 rpadUKOB BUJHO, YTO TIPH COACPIKAHUH B CILIa-
Be KoOanbTa Ooibie 50 aT. % 3aBUCHUMOCTh K| OT TemiIie-
patypsl cnabas. C yMeHbIIEHHEM COJep)KaHHsl KoOalbTa
Huxe 50 at. % 3aBUcUMOCTB K| OT TeMIepaTyphl pacTer
npumepHo 10 10 ar. % xobanbra. TakuM o0pa3oM, TeM-
neparypHas 3aBucuMocTh K; cmmaBoB Co—Pd cymect-
BEHHBIM 00pa3oM OTJIMYAETCS OT TeMIlEpaTypHOW 3aBH-
CHMOCTH CIUIaBOB «HUKEIb—TIayuaguii» [15].

KoHcTaHTa nepneHauKy/JIAPHO aHU30TPONMH Ijle-
Hok ['IIY-¢a3pl. M3mepenus K, cBekeHaNbUICHHBIX
onnodasueix ['TIY-menok Tommmaol 400—500 A cocra-
BoB Co;_Pd,, rae x = 0,45-0,55, noka3eiBaroT, uro OJIH
OTKJIOHSIETCSI OT TUIOCKOCTH IICHKH, T. €. KPUCTAIOrpa-
(duueckas anuzorpornust I'TIY-da3sr Gosblie, YeM aHU30-
Tporus hOPMBI MUIeHKH, paBHas 2nM’s ~ 6-10° spriem’.
C TedeHueM BpeMeHH (HECKOJBKO CYTOK) XpaHEHHs
B KOMHaTHBIX ycioBusix OJIH ykinagsiBaeTcs B INIOCKOCTb
IUIGHKA. OJTO cBs3aHO ¢ Au((y3nOHHBIMHU MpoIleccaMi,
CHATHEM HAaNpsDKEHUH W BO3ZHMKHOBEHHEM 3apObIIIcH
I'IK-dassr.

MarnutHas anusorponus aAByx¢pasueix (I'TY+I'HK)
niieHok. B Hexoropsix nByxdasueix (TUK+ITIY) ruren-
Kax HaOoaeTcsi MHTEepecHas 0COOEHHOCTh. B rmieHkax
Co;..Pd,, rone x = 0,5-0,55, moMelIeHHbIX B 3a30p 3JICK-
TpoMarHuTa, Habmomaercs Beixox OJIH w3 mmrockoctu
TUICHOK, 3aBHCAIIMI OT BEIMYMHBI NPHIOKEHHOTO Mar-
HUTHOTO moid. Ml pa3snuuHbIX 00pa3LoB IOJIE aHU30-
tporuu (pu kotopoMm OJIH HaxomguTcs B HEYCTOHIHBOM
noJoxeHun) Mensiercst ot 2 1o 14 k3. Ilpupona sddekra
coctouT B cieayromieM. O6paser (IUICHKA) MPEaCTaBIsACT
co0oii reTepoda3HyI0 CHCTEMY, OCH JIETKOTO HaMarHUYH-
BaHUS KaXIoH U3 (a3 KOTOPOH OTIMYAIOTCS CBOEH OpHEH-
Tauuen (puc. 4).
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Puc. 3. MaruuTtHast KpucTautorpagudeckas aHu30TPOITHS
cmaBoB Co—Pd: mo mannsM pabortam [16] (a); 300 K (6); 77 K (8)

| OJTH,

Puc. 4. Cxemarnueckoe uzoopaxkenue apyxdasnoit mienku (I'TIY+T'TK):
kpyru — yactuupl ['TIY-daser; M| — Hamaranuennocts I'LK;
M, — namarauyenHocTs ['TIV-¢a3bl

IIpenebperas >pdexTaMun 0OOMEHHOTO B3aMMOACHCT-
BHA Ha TpaHUIax ¢a3, MarHATHYIO YacTb CBOOOIHOIM
SHEPrur MOXHO 3aIHCaTh B BUIE CYMMEI F' = f| + f5, T1e

£y = MV,H cos ©, + KV, sin* (¥ - 0,),
fo = MyV,H cos©, + K,V sin® (¥ +0,),

M, u M, — HaMarHU4eHHOCTH Hachimenus $a3; Ky u K, —
KOHCTaHThl MArHUTHOM OJJHOOCHOM aHu3oTpornuu; Vi u V; —
WX TapruaibHble 00beMbl; ©) 1 @, — OTKIOHEHHUS BEKTO-
poB M; u M, oT HampaBlieHUSI BHEUIHEr0 MAarHUTHOTO
T10JIs1 HAaIlPSLKEHHOCThIO H.

YpaBHeHUE

L
de,

MTO3BOJISIET 3aMMCATh KPYTAIINE MOMEHTHI (a3 L) u L,:
L =KV sin2(¥-0,),
L, =K,V,sin2(¥ -0,).

Hnst cnywyas M;H >> K; MOXHO OrpaHMYUTHCS JINHEH-
HBIM pa3lioxkeHueM L; mo ©®; u, cyMMHpPYS claracmele,
TOJIYYUTh BBIPQKEHHUE ISl KPYTAIIETO MOMEHTa BCel
CHCTEMEIL:
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1

. KV, K3V, \si
L= (K ~KoPy)sin2% | ZLob 4 222 sind¥

M, M, | H

Kak BHAZHO W3 CONOCTaBIEHHS TEOPETUUECKOU
(crutonIHast TUHUS) U DKCIIEPUMEHTAILHOW (TOYKH) 3aBH-
cumoctu L(H) Ha puc. 5, mpeyioxkeHHass MOJIENb XOPOIIIO
OIMCBHIBAET PE3YJIbTAThl U3MEPEHUIA.

[Tone H', npu kotopoMm B ciy4ae ¢pukcupoaHHoro ¥

KPYTAIIMKA MOMEHT paBeH HYJI0, Ha3BIBAeTCs IOJEM Mar-
HUTHOHM aHU30TPONUH M, KaK MOXKHO MOJYYHTH U3 TIpe-
JIBITYIIETO BBIPAXKEHUS, OTIPEIENIETCS BRIPAKCHUEM

ki K30,
Ml

cos2¥W
2

K -Ky),

H'=

KospuntuBnasa cuna mienok Co—Pd. U3 nurepa-
TYpHBIX JAHHBIX HW3BECTHO, YTO aMOp(HBIC MaTEPHUAIBI
o0xamaroT Manoi BenmumHON H., KOTOpas B HEKOTOPBIX
cIUIaBax JOCTUIAET COThIX Aojeil apcrena. Kpucrannuza-
i noBeimaet H.. Hampumep, croras Co—Pd, mMerommmii
B IUICHOYHBIX 00pa3max B aMOP(GHOM COCTOSIHUU KODPIIHU-
TUBHYIO CHITy OT 2 110 25 D, mocie KpUCTaJl3aliuu MpH-
obperaer H. 300-600 D. HM3mepeHHs KOIPIUTHUBHON
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cuiel wieHok ciaBa Co—Pd nmokaseiBaror, uto H, HAaHOK-
PUCTAJUTMYECKAX IUICHOK YKIIQJBIBAIOTCA B HWHTEpBAJC
or 5 mo 20 O. H, nByx(}a3HbIX U 0JHO(DA3HBIX TUICHOK
Oonpe Ha MOPSAOK U cocTaBistioT 60-400 O. Kpucrai-
TMU3AIMsT HAHOKPUCTAUTMYECKUX IUICHOK YBEIIMYUBACT
KOIPIMTHUBHYIO CUJIYy Ha MOPAIOK W Oojbiie. Bee Bbimie-
U3JI0)KEHHOE TOBOPHUT O TOM, YTO HAHOKPHUCTAJUIMUECKHE
wieakn Co—Pd Onu3ku mo cTpoeHHI0 K aMOp(HBIM 00-
pasuam, T. €. pa3Mepbl CTPYKTYPHBIX U XUMUYECKUX He-
OTHOPOJHOCTEH B HHUX Mallbl U CJIA00 TMPEISITCTBYIOT
npoiieccaM nepeMarHiunBaHusl.

H; HaHOKPHUCTAUINYECKHX TJIEHOK. B Temmeparyp-
HOM uHTepBaiie 20—420 °C ObUIH IPOBECHBI UCCIICAOBA-
HHS TI0JIS TEXHMYECKOro HaMarHW4YuMBaHUS H B IJICHKaX
SKBHATOMHOTO U OJM3KUX K HEMY COCTABOB.

LiotH.en.)

150F

1001

£n
=

W3mepeHus moieit HaChIIEHUS TUICHOK (H) mpou3Bo-
JIATHCH BJIOJIb HOPMAJM K MX IUTOCKOCTSIM. Benmumna Hy
JUISL 3TOTO HAIpaBJICHUS IUICHKH OIpPEIeNsieTcs MpOon3Be-
nennem 4n/®®s. Ha puc. 6 mokasabl rpad¥iki 3aBHCH-
MoOCTH H OT TeMIlepaTypsl U IUIEHOK Pa3HOTO COCTaBa.
I'paduk H; = AT) anst SKBUATOMHOTO CIUIaBa UMEET TIIy-
6okuit MuHUMYM B paiione 340-360 °C. C yBenmueHHEM
B cmiaBe cogepskanus Co rryOnHa MUHMMyMa YMEHbIIA-
ercsa. [Insg crutaBa CoggPds; B 3TOM ke obnacTu Habmoaa-
eTcst HeOoIbIION MakcuMyM H,. 3aMeTHM, 4TO NP KpH-
craumzanuu amopdubeix 1wieHOK CogoPjy HabmromaeTcs
MakcuMyM H;, xortopslii B pabote [17] comocraBisercs
C MaKCHMyMOM Ha KPHBOH TeMIEpaTypHOW 3aBUCUMOCTH
MOCTOSTHHOW oOMeHHoro B3ammoneiictBus A(7), u3Mme-
psBietics meromom CBP.

=50k

-100b

=150

-200p

7B 9 1011 12 13 14
H ka

Puc. 5. OxcnepumenTansHas 3aBUCUMOCTE L(H) (Toukn) mist mieHku CosoPdsg, 820 A:
pacuer (crutotusast tuaus) ¥ = 47°, Vigy — 10 %, Ve — 90 %

H_‘Kt‘)
15k

1 1 |

100 200

300 400 T°C

Puc. 6. 3aBucHMMOCTb 10JIS HACBIIIEHHS OT TEMIIEPaTyphl:

1 — mnenka CosyPds, Tommmnoit 520
; 3 — mrenka CogoPd;; Tommuna 470

toimuaa 600

A; 2 — mtenka CosgPdyy
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IMocnenHuit GakT maeT HaM OCHOBAaHHWC TPEATIOKHUTH
cienyromiee o0bsicHeHue KpuBbiM H(T) HaHOKpUCTAIIH-
yeckux mieHok Co—Pd. BepositHo, BO BpeMs peKpucTall-
Jmszanun wieHkd ciuiaBa CosoPds) B HEM BO3HHMKAIOT OT-
pumaTenbHble OOMEHHBIC B3aUMOJEHCTBUSA, MPUBOIIIINE
K 00pa3oBaHHI0 aHTH()EPPOMATHUTHOTO YIIOPSIOYCHUS
CIIHOB B HEKOTOPBIX JOKAIBHBIX O0NACTSX TUIeHKH. O0-
I MarHUTHBIA MOMEHT J; oOpasma magaer, ModTOMY
o0pasell HachIaeTCs B CPAaBHUTCIHHO MAJbIX BHCIIHUX
monsax. [Ipw panmpHEWIEM TOBBINICHUN TEMIIEPATYpPhI
MPOUCXOTUT CTAOMIU3AIMS KPUCTAIUTMICCKON CTPYKTYPHI
U 3aMCHA OTPHUIATCIBHOIO OOMCHHOTO B3aHMMOACHCTBHS
MONIOKUTENBHBIM. C 3THX MO3MLUI CTAaHOBUTCS MOHSAT-
HBIM, TIoYeMy Tpu OoJsibllioM cozepxaHuu B cruiaBe Co
(68 at. %) Hy(T) nmeet makcumyM. O4eBHIHO, 37€Ch, KaK
1 B CITydae KpUCTaJUTHU3au aMopdHBIX IeHOK CogoPd,,
MIPOUCXOIUT YBEIHMUYCHHUE ITOCTOSHHON MOJOXHUTEIBHOTO
0OMECHHOTO B3aMMO/ICHCTBHSL.

3axmouenne. MeractabunbHas ['TIY-¢daza B rureHkax
Co—Pd uMeeT HaMarHMYEHHOCTh HACHIIICHUS BBIIIC, YEM
HaMarHM4eHHOCTh Hacbhllienust maccuBHoro I'TIK-cruiaBa
TOrO K€ XHUMHYECKOT0 cOCTaBa. ITOT (HaKT OOBICHACTCS
teM, uto atombl Pd B I'TIY-pemierke BHOCAT OOJbIINI
BKJIa B M, ueMm B ['I[K-pemerke.

PaccuntanHble Ha OCHOBE IKCIEPHMEHTAIBHBIX MaH-
HBIX 3HaueHHWs mapamerpoB obmena [TIY- um TIIK-
omHO(A3HBIX IUICHOK, a TaKKe HAHOKPHCTAILTHYCCKUX
IUICHOK, TOBOPSIT O TOM, YTO HAHOKPHUCTAIUTMYCCKAS CHC-
TeMa TIpeACTaBIsIeT co00i CMeCh HaHOKPUCTALTHYCCKUX
sapogsiier ¢ I'TIY- u I'IK-cummerpueii Onmxaiimero
OKpY>KEHHUSI.

YCTaHOBIEHO, YTO C YBEJIMYCHHEM B CIUIaBE COAEP-
xanust Pd ceeime 50 ar. % xapaktep TemmepaTypHOH
3aBHCHMOCTH K| MEHSETCS: OHA IPUOOPETAET YEPTHI TEM-
mepatypHoi 3aBucuMoctd K| Hukens. OTcioma memaercs
BBIBOJ O TOM, uTo Oorarele Pd cmiaBel Co—Pd B 3Hauu-
TEITHHOU CTETICHU SBIIFOTCS 30HHBIMHU (DeppOMarHeTHKaMH.

B nByx¢aznbix mienkax (I'TTY+I'LK) B momsix mo 18 k3
Habmoaaercs 3apucuMocth nojoxenus OJIH ot Benuun-
HBI TIPUJIOKEHHOTO OIS (TIPH ONPEAETICHHBIX 3HAYCHUAX
H OJIH otkyioHsieTCS OT TIOCKOCTH TUIeHKH ). CeaHHbIi
pacdeT Bpamaronero MOMEeHTa, ICHCTBYIOIIETO Ha IICH-
KY B MAarHATHOM TIOJI€, COTJIACYETCSI C IKCIIEPIMEHTOM.

bubauorpaguyeckue cCbIIKH

1. ®azoBbie mpeBpallleHuss B KOOaIbT-Mauia ueBbIX
craBax / E. M. Apremsbes [u ap.] / YOXK. 1984. T. 29,
Ne 3. C. 447-453.

2. bozopt P. ®eppomarnerusm. M. : UHocTp. nuT.,
1956. 784 c.

3. I'ynenad JI. Maraetu3m u XUMHYECKas CBA3b. M. :
Merammyprus, 1968. C. 284.

4. Boncosckuii C. B. Marnerusm. M. : Hayka, 1971.
C. 219-220.

5. Ferromagnetism in Dilute Solutions of Cobalt
in Palladium / R. M. Bozorth [et al.] / Phys.Rev. 1961.
Vol. 122. P. 1157-1160.

6. Kysmenko II. II., 3axapenko H. M. DnextpoHHas
CTPYKTypa W MarHUTHBIE CBOHCTBAa CIUIABOB CHCTEMBI
Co—Pd // Bectauk Kuesckoro yausepcurera. 1977. Ne 18.
C. 51-56.

184

7. Boncosckuit C. B. Marnerusm. M. : Hayka, 1971.
C. 526-527.

8. Matsuo Y. Ordered Alloys in the Co-Pd System //
J. Phys. Soc. of Jap. 1972. Vol. 32, No. 4. P. 972-978.

9. Ams6en P., bymauk [x. U., Kaprumn I'. C. Mar-
HUTHBIC CTPYKTYpPhI // Meramnnueckue crekiaa. M. : Me-
tamtyprus, 1984. C. 235-238.

10. UcxakoB P. C., Ilonos I'. B., Kapmeako M. M.
HuskoremmieparypHblii X0/l HAMarHH4EHHOCTH B aMopd-
HBIX U MMKpOKpHUCTauIM4eckux crutaBax. ®MM. 1983.
T. 56,B. 1. C. 85-93.

11. Hasegawa R., Ray R. Low temperature magnetiza-
tion study of crystalline and glassy Fe-B alloys // Phys.
Rev. 1979. Vol. 20, No. 1. P. 211-214.

12. MarHuTHBIE CBOWCTBA aMOP(HBIX U KPUCTAJUIAIC-
ckux cmaBoB Fe—Zn / P. C. Ucxaxos [u np.] / lpenpusT
N C0-329® / Uncturyt dpusuku CO AH CCCP. Kpac-
HOsIpCK, 1985. 12 c.

13. Bepmmnauna JI. 1. MarHuTHble CBOWCTBa U KpH-
CTAJUTMYECKOE CTPOCHHUE IUICHOK CIUIaBOB KOOAIbT—Iaji-
Jaauy : Uc. ... KaHa. ¢us.-mat. Hayk, KpacHospck, 1979.
144 c.

14. Magnetic Anisotropy of Pd—Rich Pd—Co, -N, and
-Fe alloys / H. Kadomatsu [et al.] // J. Phys. Soc. Japan.
1980. Vol. 49, No. 3. P. 1189-1190.

15. Ily3eit . M., MsnukrynsieB I'., Ixembapos E.
TemneparypHas W 1ojeBas 3aBUCUMOCTb MAarHUTHOH
AHM30TPONNH CIDIABOB HUKENs ¢ mammaaueM // JKOTO.
1981.T. 81, B 6(12). C. 2212-2217.

16. Apremnes E. M., bakmiees H. B., Mymaumos 3. C.
SInepHBIi MarHUTHBIA PE30HAHC B TEKCTYPUPOBAHHBIX
mieHkax kobanpra // ®MM. 1982. T. 53, Ne 6. C. 1224—
1226.

17. UcxaxkoB P. C, baxpuaunoB A. TemmneparypHas
3aBUCHMOCTb OJJIEKTPUYECKHMX M TalbBaHOMAarHUTHBIX
cBoiictB amop¢HbIx cmaBoB Co—P // Ipenpunr UD
C0-126®. Un-t ¢muku CO AH CCCP. KpacHosipck.
1980. 16 c.

References

1. Artem’ev E. M., Vershinina L. 1., Matysin Yu. V.
et al. [Phase transitions in Cobalt-Palladium alloys].
Ukrainskiy fizicheskiy zhurnal. 1984, Vol. 29, No. 3,
P. 447-453 (In Russ.).

2. Bozorth R. M. Ferromagnetizm [Ferromagnetism].
Moscow, Inostrannaya Literatura Publ., 1956, 784 p.

3. Gudenaf D. Magnetizm i khimicheskaya svyaz’
[Magnetism and chemical bond]. Moscow, Metallurgiya
Publ., 1968, P. 284.

4. Vonsovskiy S. V. Magnetizm
Moscow, Nauka Publ., 1971, P. 219-220.

5. Bozorth R. M., Wolff P. A., Davis D. D. et al.
Ferromagnetism in Dilute Solutions of Cobalt
in Palladium. Phys.Rev. 1961, Vol. 122, P. 1157-1160.

6. Kuzmenko P. P., Zakharenko N. I. [Electronic
structure and magnetic properties of CoPd system alloys].
Vestnik Kievskogo Universiteta. 1977, No. 18, P. 51-56
(In Russ.).

7. Vonsovskiy S. V. Magnetizm
Moscow, Nauka Publ., 1971, P. 526-527.

[Magnetism].

[Magnetism].



Texnonocuueckue npoyeccol U mamepuaiiel

8. Matsuo Y. Ordered Alloys in the Co-Pd System. J.
Phys. Soc. of Jap. 1972, Vol. 32, No. 4, P. 972-978.

9. Al’ben R., Budnik Dzh. 1., Kargill G. S. [Magnetic
structures]. Sb. Metallicheskie Stekla, Moscow, Metallur-
giya Publ., 1984, P. 235-238.

10. Iskhakov R. S., Popov G. V., Karpenko M. M.
[Low temperature behavior of the magnetisation
in amorphous and microcrystalline alloys]. Fizika
Metallov i Metallovedenie. 1983, Vol. 56, No. 1, P. 85-93
(In Russ.).

11. Hasegawa R., Ray R. Low temperature
magnetization study of crystalline and glassy Fe-B alloys.
Phys.Rev. B, 1979, Vol. 20, No. 1, P. 211-214.

12. Iskhakov R. S, Brushtunov M. M., Turpanov 1. A.
et al. [Magnetic properties of amorphous and crystalline
Fe-Zn alloys]. Krasnoyarsk, Preprint of Institute of
Physics S0-329F, Institut fiziki SO AN USSR, 1985, 12 p.

13. Vershinina L. 1. Magnitnye svoystva i kristalli-
cheskoe stroenie plenok splavov kobal ’t-palladiy: dis.
kand. fiz.-mat. nauk. [Magnetic properties and crystalline
structure of Cobalt-Palladium alloy films. Dr. phys. and
math. sci. diss.]. Krasnoyarsk, 1979, 144 p.

14. Kadomarsu H., Kamimori T., Tokunaga T. et al.
Magnetic Anisotropy of Pd-Rich Pd—Co, -N, and -Fe
alloys J. Phys. Soc. Japan, 1980, Vol. 49, No. 3, P. 1189—
1190.

15. Puzey 1. M., Myalikgulyev G., Dzhepbarov E.
[Temperature and field dependence of magnetic
anisotropy of Nickel and Palladium alloys]. Zhurnal
Eksperimental'noy i Teoreticheskoy Fiziki. 1981, Vol. 81,
No. 6(12), P. 2212-2217 (In Russ.).

16. Artem’ev E. M., Baksheev N. V., Mushailov E. S.
[Nuclear magnetic resonance in textured Cobalt films].
Fizika Metallov i Metallovedenie. 1982, Vol. 53, No. 6,
P. 1224-1226 (In Russ.).

17. Iskhakov R. S, Bakhridinov A. [Temperature
dependence of electric and galvanomagnetic properties of
amorphous CoP alloys]. Krasnoyarsk, Preprint of Institute
of Physics SO-126F, Institut fiziki SO AN USSR, 1985, 16 p.

© AprembeB E. M., Sxumos JI. E., 2016



Becmuux Cubl’'AY. Tom 17, Ne 1

YIK 62-762.4, 62-762.8, 678

Bectauk Cubl’'AY
Tom 17, Ne 1. C. 186-193

HCCJIEJOBAHUE U3HOCOCTOMKOCTHU Y HATPY30UHOM CIIOCOBHOCTH PE3UH
JJIA HIKUBOB I'PY30IIOABEMHOI'O OBOPYJOBAHUSA

A. A. Ameiunk, B. JI. ITonoHckmit

Cankr-IlerepOyprekuii monurexHudeckuii yausepcuret [lerpa Benmkoro
Poccwuiickas @enepanus, 195251, r. Cankr-IlerepOypr, yin. [lomnrexundeckas, 29
E-mail: aseichik52@mail.ru

B cospementom epy30no00veMHOM 1 MPAHCROPMHOM 000PYO08AHUYU HA NPEONPUSIMUSX AIPOKOCMUYECKOL NPOMbIUL-
JIEHHOCMU WUPOKO NPUMEHSIOMCST NOIUMEPHbLE MPOCL ¢ 2PY30n00beMHOCHbIo 00 60 m. /s coz0anus mpebyemot
ms20601 CHOCOOHOCMU NOBEPXHOCTL CIAILHO20 WIKUGA NPU KOHMAKME C NOTUMEPHBIM MPOCOM UMEem Pe3UHO80e
nokpuimue. Ilpu smom K ceolicmeam pesur O1si NOKPbIMUll NPeObIIsemcsi 00HOBPEMEHHO Yeavllli psd mpedosanuil:
MAKCUMATbHBIL KOIDDuyuenm mpenus (ms2o8as cnocOOHOCMb), 8blCOKASL UBHOCOCMOUKOCHb (001208€HHOCHb NO U3-
HOCY), 8bICOKAsSL HASPY30YHAL CROCOOHOCMb (OMCYymcmeue Kamacmpo@puueckoeo UsHOCA pe3uHvl) U 001208e4HOCNb
NOBEPXHOCIMHO20 CI0sL PE3UHbl (OMCYmCcmeue YCmanoCmHbiX mpeujut 3a 6ecb CpoK caycovl). Paccmampueaemcest Kow-
MAaKkm ¢ pe3uHOBbIM NOKPLIMUEM MpOCd U3 bLCOKOMOOYIbH020 nonusmuiena (HMPE).

DKCnepuMeHmanbHo peutensbl 60NpoCcyl 8blO0PA COCMABO8 Pe3uH OJisi CO30AHUS Pe3UHOBLIX NOKPbIMUll Ha pabouell
NOBEPXHOCIU MSNCELOHALPYIHCEHHBIX UKUBOE 2PY30N00BEMHO20 U MPAHCHOPMHO20 060PYO08AHUSL AIPOKOCMUUECKOU
NPOMBIUACHHOCMU NPU KOHmMaKme ¢ noaumepruvim mpocom. Cocmassl pe3uH OYeHUusanuch no ux mpubonocuiecKum
ceoticmeam u Hazpy30uHol cnocobnocmu. Onucana KOHCMpYKYus CmeHoa 8036pAmHO-NOCTYNAMENbHO20 OBUINCEHUS
U MemoouKa ucciedo8anuil Ko3gguyuenma mpenus u usHoca pesun. Koncmpykyus cmenoa exnouaem KpusoOwWUnHo-
WAMYHHYIO 2DYANY, CUCMEMY HAZPYJICeHUsi obpazyos u cucmemy usmepenus Kodgguyuenma mpenust. Ilpu ucnvima-
HUSIX HA CMEHOe BGO3MOJCHO U3MEHEHUe CKOPOCMU 6036PAMHO-NOCMYNamensHo2o oeudicenusi obpazyos om 0,02
0o 0,5 m/c. B 3asucumocmu om eeca 2py308 u pasmepos odpasyoe OdgieHue Ha NOBEPXHOCMU MpeHus 00pasyos
Mmodicem peaynuposamvcsi 6 ouanazone om 0,2 0o 20 Mlla. Hzmepenue koaghgpuyuenma mpenus npo8oousioch nocpeo-
CMBOM MeH300anKU ¢ MeH300amyuKkamuy. 3HaueHue cueHana ¢ 6blxo0a MeH300anKu USMepPsIoch Yupposbim 3anomu-
Hatowum ocyunnoepagpom PCS-5004, pabomaiowum 6 xomniekme ¢ Komnvlomepom. HM3HOC pezunvl onpedensncs
MEMOOOM UCKYCCMBEHHBIX 0a3.

Tonyuenvt sxcnepumMenmanvhble 3a8UCUMOCIU KOI(DGuyuenma mpenus U UHMEHCUSHOCIU USHAWUBAHUL Om 0A6-
JIeHUst Ha KOHMAaKmMupylowux no8epxHOCmsX pe3unvl u mpoca. OcmMomp noeepxHocmell pe3uHvl NOCie USHAUUBAHUSL
u Habmoodenue 3a X000M IKCNEPUMEHMO8 NOKA3ANU, YO 6 OAHHOM Cllydde NpouUcXooum YCmanoCmHoe UsHAuWUGaHue
PE3UHbL, MO COOMBEMCMBOBANO HAYALY OMOENeHUs. MAKPOYACMUY pe3uHvl. YCMAaHoeleHo, Ymo npu OnpeodeseHHoM
0asneHuu YCmanoBUSULICSA PedCUM USHAUUBAHUS (TUHENIHAs 3A8UCUMOCTG) nepexooum & kamacmpoguueckuii. Onpe-
OefieHbl eNUYUHbL KPUMUYECKUX 0AGIeHUll 05 6CeX UCCIe008AHHbIX Pe3UH.

Hcnonvzosanue memooa KOHEUHbIX 2NEMEHMO8 NO38ONUNO CO30aNb KOHEUHO-3JIeMEHMHYI0 MOOeb KOHMAKmMA mpo-
€a ¢ NOBEPXHOCMbIO PEe3UHO8020 C0sl Ha wiKkuge. Ha ocnosanuu ananusa smoil Mooenu uzyuenvl 001208€4HOCHIb CII0E8
PA3IUYHBIX PE3UH C MOYKU 3PeHUst 00PA3068aHUsl YCMALOCMHBIX MPEWUn U UxX 00J1208€4HOCIb NO USHAUUSAHUIO.

Knioueswvie cnosa: pe3una, mpoc, wKue, UHMeHCUBHOCmMb USHAUUBAHUA, KOBd)d)ML[HEHm mperus, npedeﬂbuoe KOH-
maxKkmHoe 0616]167—!146, MemooO KOHEUHbIX INEeMEHMO8.
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Vol. 17, No. 1, P. 186-193

RESEARCH OF WEAR RESISTANCE AND LOADING ABILITY OF RUBBERS
FOR SHEAVES WITH THE RUBBER COVERING

A. A. Asheichik, V. L. Polonsky
Peter the Great St.-Petersburg polytechnical university
29, Polytechnicheskaya Str., St.-Petersburg, 195251, Russian Federation
E-mail: aseichik52@mail.ru
The polymeric cables with load-carrying capacity to 60 tons are widely applied in the modern lifting and transport

equipment at the enterprises of the aerospace industry. The surface of a steel pulley at contact to a polymeric cable has
a rubber covering for creation of demanded traction ability. Thus we have next requirements to properties of rubbers
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for coverings simultaneously: the maximum value of friction coefficient (tractive ability), high wear resistance (wear
life), high loading ability (absence of catastrophic wear of rubber) and lifetime of a surface layer of rubber (absence of
fatigue cracks for all service life). The contact of rubber and cable made from high modulus polyethylene (HMPE) was
considered in the given article.

Questions of a choice of structures of rubber for creation of rubber coverings on working surface heavy-loaded
pulleys of the lifting and transport equipment of the aerospace industry at contact to a polymeric cable are
experimentally solved. Structures of rubber were estimated on base of them frictional properties and loading ability.
The design of the stand of back-and-forth motion and technique of researches of a friction coefficient and wear
of rubbers is described. The stand design includes crank-and-rod mechanism, loading system of the samples and system
of measurement of friction coefficient. At tests at the stand probably change of speed of back-and-forth motion
of samples from 0.02 to 0.5 m/s. Pressure upon surfaces of a friction of samples can be regulated in a range from 0.2
to 20 Mlla. It depends on weight of cargoes and the sizes of samples. Measurement of friction coefficient was spent
by means of strain-gauge unit. Value of a signal from an exit strain-gauge unit was measured by digital remembering
oscillograph PCS-5004 working complete with the computer. The wear of rubber was defined by the method
of artificial bases.

Experimental dependences of a friction coefficient and intensity of wear process at pressure upon contacting
surfaces of rubber and a cable are received — Survey of surfaces of rubber after wear process and supervision over
a course of experiments have shown that in this case there is a fatigue wear process of rubber that corresponded to the
beginning of separation of rubber macro particles. It is established that at certain pressure the established mode

of wear process (linear dependence) passes in the catastrophic  Sizes of critical pressure for all investigated rubbers
are defined.

Use of a finite elements analysis has allowed creating certainly-element model of contact of a cable with a surface
of a rubber layer on a pulley. On the basis of the analysis of this model are studied durability of layers of various
rubbers from the point of view of formation of fatigue cracks and their durability on wear process.

Keywords: rubber, rope, sheave, wear intensity, coefficient of friction, limit contact pressure, finite element
analysis.

Beenenne. [Tonmmeps! 3aHIMAaIOT OJHO M3 BEAYILIHX KoHcTpykumnsi cTeHga BKIIIOYACT CIEAYIOIINE OCHOB-
MECT Cpey KOHCTPYKIMOHHBIX MAaTepHajoB B MAIIMHO-  HBIC Y3/Ibl: KPHBOIIUITHO-IIATYHHYIO TPYIIy M CHCTEMY
crpoernu. llenecooOpa3HOCTh MX IPHUMEHEHHUS Ompele-  HarpyxeHus oOpasuoB. [IpuBox cTeHAa COCTOMUT U3 AJeK-
JISIETCSL YITydIIEeHHEM MacCOrabapuTHBIX XapaKTEePHUCTHK, TPUUYECKOro JBUTaTedst [, YEpBIYHOrO pexykropa 3
MOBBILIEHHEM JOJITOBEYHOCTH, HAAEKHOCTH U ap. O6macTh M IBYX YNPYTHX BTYJIOYHO-IANbLEBBIX MydT 2, 4. Kpu-
[IPUMEHEHHS IOJMMEPOB B HA3eMHBIX KOHCTPYKLHMSX  BOIIMITHO-TIONI3YHHAsl TpyIa BKJIIOYAeT 3KCHEHTPUK J
A’POKOCMHUUECKOM OTpaciay JOBOILHO INUPOKA: HAE€Tald  C HMOJUIMITHUKOM KadeHUs, paMy 6, ABHXKYILYIOCS B Ha-
MEXaHMUYECKUX Tepead (3youarsie W 4epBAYHBIE Kojleca, IPABISIOIMX /7, M MON3YH 9 Ha HaNPaBIAIOMINX KAUCHHUSI.
NIKKBBI, MOALNIMIHUKYA CKOJNEXKEHHSI ¥ KaueHHs), Hanpas- Ha nonasyHe 9 HENOABMIKHO YCTaHOBJIEH JepkaTens [0
JISIOLINE, YILIOTHEHHS, M3HOCOCTOMKAE M 3alllUTHBIE I10- U HIKHHX 00pasnoB. CHcTeMa HarpyKeHHsl COCTOMT U3
KPHITHS M T. I. B 9acTHOCTH, I TIOBBIIEHHUs Oe3omac- — pbldara /4 ¢ IOABECKOW Iy TPy30B /5, KIMHOBHMIHOIO
HOCTH ¥ HAaJEKHOCTH TPAaHCIOPTUPOBOYHBIX OIepanuii  IUIYHXKepa /3 M onpaBku /2 ¢ yCTaHOBJIEHHBIM B HEM
00BEKTOB a’POKOCMHYECKOr0 Ha3sHAueHMs NMpUMeHsIoTcs  JAepkarenem [/ juis BepxHero obpasua. J{ns ucrbITaHui
e TOJIMMEPHBIE TPOChl U IIKUBBI C PE3MHOBBIM MOKPhI- B XKHIKOi Cpejie yCTaHABIMBACTCSA BaHHA /6.

THEM C LIeJIBIO YBEJIMUeHHsI KO PHULIMEeHTa TPEHHS U CHU- B mponecce ucnbitaHnii BO3MOXHa 3aMEHa JKCICH-
JKEHUs JMHAMUYECKMX Harpy3ok. B naHHOM ciyuyae  TPHKa J, pasMep KOTOPOro OIpaHHYEH TOJIBKO BHYTPCH-
C PEe3HHOH KOHTAKTHPOBAl TPOC M3 BBICOKOMOMYNBLHOTO ~ HHM JMaMETPOM IOJLIMIHKAKA. DTO MO3BOJSICT H3MCHSTH
IOJIUATUJICHA (HMPE), cocrosiui u3 12x12 npsmeﬁ. CKOPOCTb BO3BPATHO-IIOCTYIIATCIIBHOIO ABHMIKCHUSA 06pa3-
Juamerp mkusa 611 paBes 1,9 M. oB ot 0,02 mo 0,5 m/c. B 3aBucHMOCTH OT Beca rpy30B

L{eblo JaHHOM PaGOTH! ABIAUICS BHIGOpP U3 5 cocTaBoB M Pa3MEPOB 00Pa3LOB H3MEHSETCS JABICHHE Ha [OBEPX-
PEe3HH IydlIero COoCTaBa MO KPHTEpHsAM HamOompmiero  HOCTH TpeHus. lIpn MakcHMajbHOM Bece rpysa JaBiICHHE
K03 HIEEHTa TpeHHs (TATOBas CIIOCOOHOCTE), BRICOKOH —~ MOXeT pocturats 20 MIla. Mamepenne ko3 duumenTa
M3HOCOCTOMKOCTH (JIONTOBEYHOCTh MO H3HOCY), Harpy-  TPECHHS NMPOBOIMIOCH MOCPEACTBOM TCH300ANKH &8 C TCH-
3049HO# crmocoOHOCTH (OTCYTCTBHE KaTacTpoduueckoro — 30AaTHHKaMU.

HU3HOCA PE3UHBI) U JOJITOBCYHOCTH MTOBEPXHOCTHOIO CJIOS IInacTMHKM M3 PE3UHBI 3aKPCIUIAINCH B BEPXHEM
pe3nHbl (OTCYTCTBHE YCTaJIOCTHBIX TPEIIMH 3a Bech cpok  Acpxkarene /. B nepxarens /() nomerancss HWKHAR
ciyx06b1). MccnenoBanuch 4 pesuHbl poccuiickux mpous- — 00pasen. OH NpencTaBmsl coOOW IUIACTHHY W3 CTaju
Boautened Mapok PM, JI2-18, JI2-26, 1068 u ogHa HOp-  C HATAHYTHIMM Ha HEW BOJIOKHAMH Tpoca. BonokHa cma-
BeXCKasi pe3uHa Mapku 73979 [1]. YUBAIUCH BOJOU ¢ MOPCKON COnbto. CKOPOCTh CKOJIbKeE-

CTena ansi MccaeJOBaHMII M MeToAMKa HcnbITa-  Husa — 0,08 M/c. Mceaenopaiics quana3oH gaBiieHnl ot 1,5
Hui. Mccnenosanne msHoca um kodpduuuenta TpeHus — mo 10 MITa. Iepes HCIBITAHUAMY KaXIOTO BHAA PE3UHBI
PE3UH NPOBOJMJIOCH HA CTEHJE BO3BPATHO-NOCTYNATENb- M IPU KaKIOM YIEILHOM IaBIEHMH HIDKHMN 00pasell
Horo TpeHusi [1—4]. Cxema creHzna W OOWMI BUA y31a ¢ BOJOKHAMH TPOCa 3aMEHSUICS Ha HOBbINA. Kaxmoe ucIbl-
TpEeHUs IPUBEACHHI Ha puc. | u 2. TaHUEe MMOBTOPSIIOCH TPH pasa.
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Puc. 1. Cxema CTCHIa IJIs HCIIBITAaHUH Ha TPEHUE U U3HALIMBAHUE

Puc. 2. O0mwmii BUJ y371a TpeHUS

B pesynbrare ucnbITaHUR OINpenessiach WHTEHCHUB-
HOCTh M3HamMBaHUA [5—7]. BenmnumHa WHTEHCUBHOCTH
M3HAIIMBAHUS IIOCJIE UCHBITAHUN HAa M3HOC MOXET OBITH
paccuuTana 1o ¢hopmyie

1=Ah/L,, (D

rae Ah — W3HOC PEe3UHBI, MM; L, — TyTh TPEHUS, MM.
ITyTh TpeHUs pacCYUTHIBAIICS 1O POpPMYJIIe

L, =10V, 1, )

rae Vs — CKOpocTh CKONbKeHus Ha cTenze, V= 0,08 m/c;
t, — IPOJIOJDKUTENBHOCTD UCTIBITAaHUH, C.

W3Hoc pe3nHBI ompenensuicss METOJOM HCKYCCTBEH-
HbIX 0a3. [Ipy 3TOM Ha MOBEPXHOCTh PE3MHBI HA CIICIH-
QIPHOM YCTPOWCTBE Hapes3ajach JIyHKa paanycoM R
u mmpuHoit 0,1 MM. JInmuHa JTyHKH O MCOBITAaHUN Ha Tpe-
HHE W 110CJIe HUX W3Mepsulach Ha KOOPJMHATHOM CTOJIMKE
I10J] MUKPOCKOIIOM C 16-KpaTHBIM yBEIHYEHHEM C TOYHO-
crbio 0,01 mMm.

[Ipn sTOM MeTOnme BenMYMHA M3HOCA PE3UHBI B pe-
3yJbTaTe TPEHUS MOXKET OBITh paccUnTaHa 1mo opmyie

N =1} —122)/8R, 3)

rae /; u [, — JUIMHA JyHKH 10 U TIOCJE TPEHUSA, MM;
R — pagunyc pesia, KOTOPBIM Clie/IaHa JIyHKa, MM.
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Pe3ynbTaThl IKCMEPHMEHTAJBHBIX HCCJIETOBAHUIA.
TodHOCTE OmpeseNeHnsT U3HOca MPU 3TOM METOJIE COCTaB-
mser 0,005 mM. Pe3ynbraThl HCOIBITAHUN B BHJAE 3aBHCH-
MOCTH CPEIHUX 3HAYCHHUH MHTEHCUBHOCTH M3HAIIUBAHUA
OT YIENBHOTO JaBJICHHUS Ha MOBEPXHOCTH TPEHUS PE3UHBI
0 pe3yJbTaTaM TPEX UCIBITAaHUN IPUBEACHHI Ha puC. 3.

Jlns mpoBeneHUss JanbHEHIIMX pacyeToOB Ha CTEH[E
OBUTH TIOJYYCHBI TaKkKe KOI(PQPHUIIMEHTH TPSHHS IBIKE-
HUs U BeeX pe3uH (puc. 4). OCMOTp MOBEpXHOCTEH pe-
3MHBI [TOCJIC W3HAIIMBAHU U HAOIIOJICHHUE 32 XOJ0M JKC-
MEPUMEHTOB MMOKA3aJId, YTO B JAHHOM CJIyd4ae IPOUCXO-
JIUT YCTAJIOCTHOE HM3HAIIMBAaHUE Pe3WHBI. [Ipu ycranoct-
HOM HM3HAIIUBAHUH TPOUCXOINUT IMOCTCIICHHOE OT/ICIICHUE
MHOTOKPAaTHOTO Je(QOpMUPOBAHUS MHUKPOOOBEMOB MaTe-
puana. 13 Teopun TpeHUS W U3HAIIMBAHUS W3BECTHO, YTO
WHTCHCUBHOCTh M3HANIMBAHUS MPU YCTAIOCTHOM Xapak-
Tepe M3HOCA 3aBUCHUT OT MHOTHX (haKkTOpoB [6]:

1=K, _a_p(0,4t+1) _E(O,Sz—l) L A0 '(Kz 'M/Go )t @

rae K| — Ko3pPUIHMEHT, 3aBUCAIINA OT TeOMETPUICCKOI
KOH(QUI'Ypallul MUKPOHEPOBHOCTEH TPYIUIMXCS ITOBEPX-
HOCTeH; 0 — KO3(pPUIMEHT TEepeKPHITHS, ONpPeAeIIIeMbIi
KaK OTHOIICHHE MOBEPXHOCTH TPEHUs PE3UHBI K MMOBEPX-
HOCTH TpeHus Tpoca, o = 0,144; p — ynensHOe naBIieHHE
Ha IOBEPXHOCTH TpEHUs; E — MOIyJdb YHpPYIOCTH;
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A — KOMIIJIEKCHAsI XapaKTePUCTHKA IIEPOXOBATOCTH TPY-
mmxcst noepxHocreil; K, — ko3 uuueHT, xapakrepu-
3YIOUIMHA HaNpspDKEHHOE COCTOSHME Ha KOHTAKTe, AJIS BbI-
COKORJIACTHYHBIX MaTepuayioB, K, = 2,5-3,5; p — K03(-
(ULMEHT TPeHUs; Gj, ! — 3HaYCHUE NapaMeTpa (pUKIH-
OHHO-KOHTAKTHOM YCTaJOCTH TpPH TPEHUH B SMIHMpHYE-
CKOM KpuBOH ycTanoctu Bennepa:

N = (GO/G)t , %)

IZie G, Gy — ACHCTBYyIOIIEE M pa3pylIaloliee HaIpsHKeHUEe
IIPY OHOKPATHOM PaCTSHKEHHH.

Henocpenctsennsie pacuetsl o ¢hopmyie (4) 3aTpya-
HEHBI, TaK KaK TPeOYIOT LENOro psja CIOXKHBIX (hu3mue-
CKUX DJKCIIEpHMEHTOB 10 ompexneneHno K, K, f, 0.
Vx BenmumHBI CBA3aHBI C aAr€3MOHHBIMH W JIPYyTUMH
(pU3MKO-MEXaHNYEeCKUMHU CBOMCTBaMH MaTepuana [8—13].
Opnako gopmyna (4) maeT BO3MOKHOCTh IIPOAHATU3UPO-
BaTh BIMSHHE TaKuX (haKTOPOB, KaK yJEJIHOE NaBJICHHUE,
MOJYyJIb YIIPYTOCTH PE3UHBI, KO3(GHUIMEHT TPEHNS U TPOU-
HOCTb PE3MHBI HA HHTCHCHUBHOCTh N3HAIIMBAHUS.

Anamu3 ¢opmyisl (4) MOKa3bIBAaeT, YTO MPU YCTAJIO-
CTHOM XapakTepe M3HOCa CICIYeT OKUAATh CICTYIOUIEro
BIIMSIHUSL YTIPABISIEMBIX (PaKTOPOB:

1. Tlpu yBenmuenmn Kod(pQHUIMEHTa TPSHUS WHTCH-
CHBHOCTb M3HAIINBAHUS PE3KO YBEINIMUBACTCSL:

I~ (). (6)

OTO CBSI3aHO C YBENMUYCHHEM TEMIIEPAaTyphl B 30HE
TpeHus. B naHHOM ciydae mokasarenb (QPUKIMOHHON
YCTaJIOCTH MOXET OBITh ONpPENENCH M3 JKCIEPHMCHTOB

JUIS. OJHOW PE3WHBI TPU PA3IHYHBIX YICITBHBIX JaBJIC-
Husix. OH COCTaBIISIET AJISl UCCIIEJOBAHHBIX pe3uH ¢ = 7-8.

2. Tlpu yBenwmueHHH MOIYJS YIPYTOCTH PE3UHBI MH-
TEHCHBHOCTH W3HAIIMBAHUS YBCIIMIUBACTCS:

[~ EOS, )

3. VBemuueHue YACIBHOI'O JaBJICHUSA Ha HOBCPXHO-
CTH PE3UHBI MPUBOAUT K YBEJIMYCHHUIO €€ UHTCHCUBHOCTH
HU3HalllMBaHUA

I~ p(0,4t+l) (8)

4. YBemumucHUe IMPOYHOCTHBIX XapPaKTECPUCTUK PE3UHBI
MPUBOJUT K CHMIKCHUIO MHTCHCUBHOCTU U3HALIMBAHUA

I~(1/s,)". ©)

Kpome mnepeuncieHHbIX (AKTOPOB ClemyeT Takxke
YUYHTBIBATh, YTO MPH OMpPEEICHHBIX YICIBHBIX TaBICHHUSX
YCTaHOBUBIIMICA MPOLECC W3HAIIMBAHUA MOXKET DPE3KO
MHTEHCU(UIIMPOBATLCS U MEPEHTH B KaTacTpodUuecKuii
npouecc n3HamuBanus. [Ipn katactpodraeckom mporec-
Ce W3HAIIMBAHMA MHKPOOTIEIECHHE YacTHIl 3aMeHAeTCS
o0Opa3oBaHreM MaKpoIe(PEKTOB U OTIEICHHEM MaKpodac-
THIL. DTO CBS3aHO C PE3KHM YBEIIMUEHHEM TEMIIEPaTypPhl B
30HE TPEHUS HPH OIPEeNeNeHHBIX NaBICHHUAX. YAEIbHOE
JIaBJICHWE, TIPH KOTOPOM 3TO MPOWCXOIHT, HAa3bIBAIOT
KPUTHYECKUM. DKCIUTyaTallds y3/la TPeHUs IpH JaBie-
HUSIX BBIIIE KPUTHYECKOTO HE PEKOMEHYEeTCS.

KoadduimueHTsl TpeHUs NBWKCHUSA, HHTCHCUBHOCTEH
W3HAIIMBAHUA W TIPEICTBHBIX KOHTAKTHBIX JaBJICHHI
TIPE/ICTaBIICHBI B TA0JHIIE.

1
1-10 °
1-10
Y1
e
Y2 -5
1-10
==
Y3
Y4 1.0 ¢
—_—— o
Y5
S
1-10
1-10 8

p, MIla
X

Puc. 3. 3aBHCMMOCTH MHTEHCHBHOCTH M3HAIIMBAHUS PE3UH OT JaBJICHUS:
Y1 — HopBexckasa 73975; Y2 — pe3una PM; Y3 — pesuna JI2-18; Y4 — pe3una JI2-26; Y5 — pe3unal 068
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Puc. 4. 3aBucumMocT KO3 GUIMEHTOB TPEHHS JABVIKCHUS OT JABJICHUS:
Y1 — HopBexckast 73975; Y2 —pesuna PM; Y3 — pe3una JI2-18; Y4 — pezuna
JI2-26; Y5 — pe3unal 068

Pe3y.m,TaT1,1 nccnenonannﬁ KOZ)(I)(I)I/IIIHGHTOB TPEHUA U HHTCHCUBHOCTH U3HALIMBAHUA PE3UH

Pe3una Koaddurmenr tpenus, | VHTEHCUBHOCTD M3HALIMBAHMS, [ [IpenenbHoe naBneHue
p=2,5MIla p=44MIla p=25MIla | p=44Mlla Pupes MIla
73975 0,31 0,25 7,810 2,4-10° 3,9
PM 0,39 0,31 3,5:10° 9,9-107 2,8
J12-18 0,28 0,22 431077 7,810 45
J12-26 0,24 0,19 0,48-10"7 1,4-107 10,2
1068 0,27 0,23 2,3-107 1,3:107° 5,9

AHanu3 pe3yNbTaTOB, NPEACTABICHHBIX Ha pHUC. 3
U B TaONHIIE, MOKA3bIBACT, YTO MOTYyYCHHbBIC 3aBHCHMOCTH
WHTEHCUBHOCTH W3HAIIMBAHUS OT Y/ACIBHOTO [ABIICHUS
B LIEJIOM COOTBETCTBYIOT BBILICIIPUBEICHHBIM 3aKOHO-
MEPHOCTSIM:

1) pe3uHbl, UMEIOIINE BBHICOKHN KO3(DQHUIMEHT Tpe-
HUS, M3HAIIMBAIIUCH OBICTpEE;

2) yBeJIWYECHHUE Y/EIBHOTO JaBJICHUs] IPHUBOJNT K YBeE-
JMYCHUIO MHTCHCHBHOCTH M3HAIIMBAHUS;

3) mpu OmpeeieHHOM JaBJICHHH YCTAHOBHBIIMICS
PEeXKHMM W3HAIIMBAHUS (JMHEHHAs 3aBUCHMOCTH) MEPeXo-
JIMT B KaTacTpOPUIECKHii.

BennunHa KpUTHYECKOTO JABICHUS Ul MCCICIOBAH-
HBIX PE3HMH INPHBEICHA B TAaOIHIE, TIC 32 KPHTHYCSCKHE
JaBJICHUS YCIIOBHO OBUIM NPHUHITH JaBICHUS, IPU
KOTOPBIX MHTEHCHBHOCTh WM3HAIIMBAHHsA pocthrama 107,
[To HammM HaAOMIOJEHUSM 3TO COOTBETCTBOBAIO HAYATY
OTJCNICHUs] MaKpO4acTUIl pe3uHbl. CIeayeT OTMETHUTS,
YTO MCIBITAHUS Ha U3HOC B JaHHOM CJIy4ae MPOBOIIIHCH
B 0oJiee CIIOXKHBIX YCIOBHSX, YeM pe3duHa paboTaer
Ha peaJbHOM OOBEKTE.

3TO0 CBA3aHO CO CIEAYIOIIMH OCOOCHHOCTSAMU CTCHIA:

1. HccnenoBanoch BO3BPAaTHO-TIOCTYHATENLHOE IBH-
kKeHue. DTo Ooyiee THKENbI TeMIIEPAaTypHBIA PEXKUM TS
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PE3WHBI, YeM TIPH TIOCTYTAaTeIFHOM JBIDKCHHU. Ha peanb-
HOM 00BEKTe HaOIIOIaeTCs MOCTYIIATeIFHOE IBIKCHIE.

2. TIpoayKThl H3HOCA HE YAAISIOTCA U3 30HBI TPEHUS.
Ha peansHOM 00BEeKTe OHM ymaisttorcs. [IpucyrcTBue
MPOAYKTOB HM3HOCA YCKOpPSIET IMpOIlecC W3HAIIMBAHUS U
HACTYIJICHHE KaTaCTPOPHUIECKOTO PEKUMA M3HALITMBAHUSL.

3. Ckopocth ckombxenus coctasisiia 0,08 m/c, 9ro
MIPUMEPHO Ha TOPSAIOK BEIIIE, YeM Ha pEealbHOM OOBEKTE.
OTO TOXE YCKOPSIIO MPOLIECC M3HAIIMBAHUS U HACTYILJIe-
HHE KaracTpo(UYECKOro peKMMa W3HAIIMBAHUS H3-3a
0oJ1ee )KECTKOTO TEMITEPATypHOTO PEXKMMA B 30HE TPCHUS.

4. Tak kKak MOAYJIM YIPYTrOCTH W IOKA3aTEIU MPOY-
HOCTH WCCJICIOBAHHBIX PE3UH OBLIM MPUMEPHO OJMHAKO-
BHI (KpOME PE3UHBI 3aKa34hKa), TO MX BJIMSHUAC HA MHTCH-
CHUBHOCTh W3HAIIMBAaHUS HE BBIIBJICHO. XOTS pPe3WHA 3a-
Ka3unKa M uMesa 0oJiee BRICOKHE MTPOYHOCTHBIC XapaKTe-
PHUCTHKH, OJTHAKO U3-3a BBICOKOTO KO3 (HUIMCHTa TPSHUSI
OHa wMena OONBIIYI0O WHTCHCUBHOCTh W3HAIMBAHUS
U HHU3KOE TpeeITbHOE TaBICHUE.

5. Kputmueckue naBieHWs Al PE3UH C BBICOKAMH
KO3 pUIMEHTaM: TPEeHUs OueHb Hu3Kue. Hambosee BbI-
COKOW M3HOCOCTOMKOCTBIO M BBEICOKHUM TIPENICITBHBIM JIaB-
JICHHEM 00Janand Pe3uHBl ¢ HU3KAM KO3(PPHUIIHECHTOM
Tpenus JI2-26 u 1068.
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Bce ykazaHHble 0COOEGHHOCTH HIYT B KOI(HUIUEHT
3amaca Mo HM3HOCOCTOMKOCTH IPH YHCICHHOM HCIIOJb-
30BaHUU PE3YJIbTATOB HCIIBITAHWH, MPEICTaBICHHBIX
Ha puc. 3. TommuHa cios pe3uHBI MOXKET OBITH OIpeie-
JIeHa 110 JAaHHBIM Ha pHC. 3 CIEAYIOIUM 00pa3oM:

g =10° -1, L, (10)
II€ Mmin — MHHUMaJbHAs TOJIIMHA CJIOS PE3UHBI, MM;
1, — IHTEHCUBHOCTb U3HAIIMBAHMS IIPU 33JaHHOM JaBJie-
HuH; L, — myTh TpeHus (pecypc) Ais JaHHOTO pexuma
paboTsl, M.

Tak, HarmpuMmep, Wit gasinenus p = 2,5 MIla s pe-
3uHBl 73975 MUHHMaJbHas TONIIMHA CIOS PE3HHBI MPHU
myty Tperust 12500 M cocTaBHT

P =10°-7,8-107-1250 =9, 75 & &.

IIpu sToM K03QUIMEHT 3amaca, yYUTHIBAIOLIUI
HaJlW4Yhe BO3BPAaTHO-IIOCTYHATEIbHOTO IBIDXKEHUS, IPO-
QYKTOB M3HOCA B 30HE TPEHUS U YBEIUYCHHE CKOPOCTH
CKOJIBKEHHMS, HA CTeHe cocTaBuT 1,3—1,5.

Hcnosib30BaHNe MeTOJAa KOHEYHBIX 3JIeMEHTOB.
Hcnonp3oBaHne MeToma KOHEYHBIX 3MeMeHToB (MKD)
[14-16] mo3BoOMMIO cO37MaTh KOHEYHO-3JICMEHTHYIO MO-
JIeNTb KOHTAKTa TPOCca C MOBEPXHOCTHIO PE3MHOBOTO CIIOS
Ha mKkuBe. Ha ocHOBaHMM aHan3a 3TOM MOJENN U3YUYEHBI

Temperature T

5.00000e+00
3.00000e+00
T.00000+00
6.00000e+00
5.00000+00
4.00000e+00
3.00000¢+00
2.00000e+00
1.00000¢+00

max @ 1.02750e+01
min & §.97010e-04

JIOJITOBEYHOCTH CIIOCB PA3JIUYHBIX PE3UH C TOYKU 3PCHUS
00pa30BaHUs YCTAJOCTHBIX TPEIIMH M UX JOJTOBEYHOCTH
0 M3HAIMMBaHUIO. Ha puc. 5 B kauecTBe mpuMepa npuBe-
JIEHO IoJIe TEMIIEpaTyp camopas3orpeBa pe3uHsl JI2-26
[IpHU TOJILIMHE ee ciios 12 MM, a Ha puc. 6 — moJe 0JIro-
BEYHOCTHU 3TOU PE3UHBIL.

Co3znaHHbIe KOHEYHO-3JIEMEHTHBIE MOJIEIH C HCIONb-
3oBaHueM mporpamMmbl STAR KoHTakTa Tpoca ¢ pe3uHOM
IIPU 3aX0Jle TpPOCca Ha LIKMB Ha BHEIIHEM (pHC. 7) U BHYT-
PCHHEM KpasxX IIKWBAa U CXOJAE C HEro IMO3BOJAIOT IPHU
HAJINYHA IKCTICPUMCHTAIBHBIX JTAHHBIX MO KO3 QUIIICH-
TaM TpeHus (CM. puc. 4) U WHTCHCUBHOCTSM H3HAIINBA-
HUS (cM. prc. 3) OIIEHUBATh U3HOC PE3UHBI Yepe3 CIIBUTO-
BbIc Ne)OpMalN CIIOCB M PACCUUTAThH JIOJITOBEYHOCTH
PE3MHOBOTO TOKPHITHSA IIKHBA IS BCEX PE3MH C TOUYKH
3pEHHs] U3HOCOCTOMKOCTH. Y CTAHOBJIEHO TAaKXXE, YTO CKOJIb-
JKEHHsI TPOCca OTHOCHUTENBHO BceX pe3uH HeT. Ilo Bcemy
IIKUBY HaOromaeTcst TpeHue mokos. OJHAKO B MOMEHT
BXOJ]a TPOCa B KOHTAaKT CO INKWBOM W BEIXOZA M3 HETO
OyIeT OTHOCUTEIhHOE CMEIICHHE (YaCTUYHOE TPOCKAITh-
3BIBaHUE PE3WHBI U Tpoca). bynmeT Takke CKOIBKEHUE
B TIONICPEYHOM HarpaBlieHHH. Bce 3TO M BBI30BET M3HOC
PC3UHBL.

Tempersture T

2.97000e+01
2.64000e+01
2.31000e+01
1.93000+01
1.65000e+01
1.32000e+01
9.90000e+00
6.60000e+00
3.30000e+00

max & 3.33660e+01
min ®  $56930e-04

Puc. 5. Ilons remnepatyp camopaszorpesa InpH TOJNLIMHE ¢i10s pe3uHbl J12-26 12 u 26 MM

Lifetime t¢

1.54500e+01
1.47500e+01
1.40500e+01
1.33500e+01
1.26500e+01
1.19500e+01
1.12500e+01
1.05500e+01
$.35000¢+00

max ¥ 1.61390e+01
min &  915030e+00

Litetime tf

1.53600e+01
1.46000e+01
1.38400e+01
1.30300e+01
1.23200e+01
1.15600e+01
1.08000e+01
1.00400e+01
9.28000¢+00

max @ 1.61330e+01
min @  8.518T0e+00

Puc. 6. Ilons gonroBeYHOCTH IpH TOMIIUHE ClIof pe3uHbl J12-26 12 u 26 MM
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Mode number - 205

haterial: Rubber T39T5
Coordinstes ® = -4.58138
v = 10.9664

Deformetions  dx = -4.795% ———— |

dy = -1.8164
Siress o, -4.0534e+00
Stress o, -4.3029e+00
Stress O,y -452T2e-02
Stress O, -3.9756e+00
Siress Oy
Stress 0.

Zx
Iz principal stress Oy

e devigtor stress O gay q
Hydrostatic press O
Max principal strain G
Temperature T
Lifetime ty

Intensity a2

-3.9756e+00
1.349%%e-01
-4 1106e+00
0.0000e+00
0.0000e+00

3.0632e-01

Forces F =10.6630
Fx= 0.0228

Fy: -10.6630

shear

sheat

Puc. 7. MKD-Monens H3HAIIMBAHUS Ha BHEITHEM Kparo IIIKHBA

3akaouenne. TakuM 00pa3oM, S3KCIEpUMEHTAIBHO-
TEOPETHYECKOE HCCIICIOBAHUE H3HOCOCTOMKOCTH W Ha-
IPY304HON CIIOCOOHOCTH Pa3IMYHBIX PE3MHOBHIX MOKPHI-
TH{ Ha OIKHBaxX MMO3BOJIIJIO PEKOMEHI0BATH JUIsl Hanboee
Harpy>KeHHBIX IIKABOB TPY30MOJBEMHOTO U TPAHCIIOPT-
HOTO 00OpPYJOBaHUS A3POKOCMHUYECKOW IMPOMBIIIICHHO-
CTH TIpH IaBIICHHHM Ha TOBEPXHOCTH pe3uHBl 4-9 Mlla
pe3uny JI2-26, XOTs OHa W WMEET HE CaMBIil BBICOKHI
koaddurment tpenus (ke 0,3). s MeHee HarpysxeH-
HBIX IIKMBOB IIPM JABJICHUM Ha IOBEPXHOCTU PE3HHBI
2,54 Mlla moxHO Hucmonk30BaTh pe3uny 1068, koTopas
obecrieuuT pabOTOCHOCOOHOCTh C 33aJaHHBIM PECypcoM
[0 MyTH TPEHUS M NPHU 3TOM JacT OONBIIYIO TATOBYIO
CHoCOOHOCTh, YeM pe3uHa JI2-26, Omaromapst Ooyiee BbI-
cokoMmy Kod(d¢unuenty tpenus. Pesuny 73975 moxkHO
UCIIOIBb30BaTh TONBKO ISl MAaJIOHarpy’KEHHBIX IIKHBOB
pu JaBieHusx Mexee 2,5 MIla.

Jns obecrniedenust 0e30MacCHOCTH B Havaje HKCILTya-
Talli¥ HOBBIX HIKMBOB C PE3WHOM CIIEyeT WM DKCILTya-
THUPOBATh Y3€I IPH HEIOJHOM Harpy>KeHHUH, WIH TPOBEC-
TH CIICLHAIBHYI0 MPHPAOOTKy Iepes HAYalloM JKCILTya-
tanud. [Ipy 3TOM HampspKEHHS MO MIMPUHE IUIOMIAAKA
KOHTaKTa BBIPAaBHUBAIOTCS ¥ JOCTHTHYT MPUMEPHO CPEl-
HUX 3HAYEHUH.
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Onucana npakxmuvecku HOB8As MEXHONO2UA NPOU3BOOCMBA Oemanell 8 NPUNONCEHUU K Oemanim JemamenbHou
annapamypwl, U320MOGISIEMbIX U3 ATIOMUHUEBbIX CHAAB0S8, COYEMAWas KaKk N0020MOBKY pPAcChiasa K AuUmvlo, Max
u cnocob useomosnenusi coocmseenno Ooemanu. Hcciedosanue npogedeHo ma uzgeCmMHOM TUMEUHOM anlOMUHUEBO-
KpemHuesom cniase AK74, wupoxo npumeHsowemcs 8 aspoKoCMuyeckoli ompaciu 0Jis U320moeieHus oemaneil Cuno-
8bIX azcpe2amos, pabomarowux 8 CLONCHOHAZPYICEeHHbIX yeaosusx. [lo0zomoska pacniasa Kk aumvio, Kpome o0wenpu-
HAMBIX NPUEMOS, 3aKIOYALACL B0 66e0eHUl 8 JHCUOKUL MEemaiil neped 3aausKkoll Hamonopoutka kapouoa 6opa B,C,
yacmuybl KOMOPO20 UMEIOM PA3MEPbl HAHOOUANA30HA U OMAUYAIOMCS BbICOKOL MEEPOOCMbIO U MEeMNepamypoil nias-
JIeHUst, 8 C8SI3U C YeM BbINOIHSIOM POJib IPOEKMUSHBIX YeHMPO8 KPUCIAIU3AYUY — MAK HA3bl8AEMbIX MOOUDUKAMO-
pos. Pezyibmamom ux 6eedenusi 6 pacniag sieisiemcs usMeibyeHue CmpyKmypbl CHAA6d NOIYYAeMbIX U30eUtl, 4mo
npUBoOUmM K NOBbIUEHUIO UX MeXaHudeckux ceolicmg. Cnocod nonyuenus demanei U3 MoOUDUYUPOBAHHO20 KapoOuoom
b0pa cniasa 3aKnouaemcst @ NPUMeHeHUY 0I5l MO Yeau MeXHONOSUU HCUOKOU WMAMNOBKU, cymo KOMOpoU 3aK104a-
emcsl 8 3anuKe pacniasa 6 Mampuyy ¢ nociedyiowum npeccoganuem. OCHOBHOLU NOLONCUMENLHOU XAPAKMEPUCTNIUKOU
9mMoeo cnocoba s6nsemcs nooasienue 00pPa308aHUs. 6 KPUCMALIUYIOUEMCSL CHIABe 2a3060-YCAOOYHBIX NYCHON, YMO
makdice Cnocobcmeyem pocmy MexaHuyeckux Ce0lcme npeccoganHvix demaneil. Paboma nposedena na peanvhoii
Odemanu 1emamenbHoll annapamypsl muna «nepexooOHuK» cunogozo azpezama. Ilpu smom 6 pezynvmame covyemanus
MOOUDUYUPOBAHUSL pACNIABA HAHONOPOWKOM Kapbuoa 6opa u nociedyrouezo e2o npecco8anust Obliu NOJy4eHbl 0ema-
U ¢ bolee bICOKUMU MEXAHUHECKUMU C8OUICMEAMU NO CPABHEHUIO CO CIMAHOAPMHOL MEXHON02UEH: 8PEMEHHOe CONPO-
muenenue nogvicunocy na 8,37 %, a nnacmuunocmo — 6 2,1 pasa.

Kurouesvie cnosa: antomunuesslii cniag, MoOUuGuUyuposarue, HaHONOPOULOK, HCUOKAL UMAMNOBKA.

Vestnik SibGAU
Vol. 17, No. 1, P. 194-199

THE MANUFACTURE OF PARTS OF THE VEHICLE BY LIQUID FORGING
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This article describes a new technology for the production of parts in the application to the parts of aircraft equip-
ment, manufactured from aluminum alloys, combining the preparation of the melt to the casting, and a method of manu-
facturing the actual details. The study was conducted on a known casting aluminum-silicon alloy AK74 widely used in
the aerospace industry, for the manufacture of power units parts operating in difficult-loaded conditions. Preparation
of the melt to the casting, in addition to the conventional techniques, was introducing into the molten metal before pour-
ing nanopowder of boron carbide B,C, the particles of which have dimensions of the nano-range and high hardness
melting temperature, and therefore perform the role of an effective crystallization centers — so-called modifiers.
The result of their introduction into the melt is a refinement of the structure of the alloy of the products obtained, which
leads to the improvement of their mechanical properties. The method of obtaining details of the modified boron carbide
alloy is used for this purpose, the technology of liquid forging, the essence of which consists in pouring the melt into
the matrix, followed by pressing. The main positive feature of this method is the suppression of education in the crystal-
lized alloy gas-shrinkage cavities, which also contributes to increase the mechanical properties of the molded parts.
The work has been done on a real part of the aircraft equipment type “adapter” power unit. In the result of a combina-
tion of inoculation of melt nanopowder of boron carbide and its subsequent pressing were the items received with
higher mechanical properties compared to standard technology — temporal resistance increased to 8.37 per cent, and
plasticity —in 2.1 times.

Keywords: aluminum alloy, inoculation, nanopowder, liquid forging.
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Texnonocuueckue npoyeccol U mamepuaiiel

Beenenne. Ou3nko-MeXaHHUYECKHUE CBOMICTBA U JKC-
IUTyaTallMOHHBIE XapaKTEPUCTUKU METAILIOM3/ENUi, I10-
JIy4aeMbIX B pe3ysbTare X (POPMUPOBAHUS M3 JKHJIKOTO
COCTOSIHUS C MIPUMEHEHHEM Pa3JIMYHBIX CIIOCOOOB JUTHS,
OTIPENIENAIOTCS. CTENECHBIO IHCIEPCHOCTH KpPUCTAJUINYe-
CKOM CTPYKTYpHI: YeM MeJbue CTPYKTYpPHBIE COCTaBIIIIO-
€ CIUTaBa B OTJIUTOW JETaH, TEM €€ XapaKTePHUCTHKH
BhIme. OOmenpuHATHIE CIIOCOOBI U CPEACTBa, IPIMEHse-
MBI€ C LIEJIBI0 M3MENbYeHUS (MOAU(UIIMPOBAHNS) CTPYK-
TYpbl OTJIHMBOK, 3aKJIIOYAIOTCS BO BBEJCHHM B paciuIaB
JIOTIOJTHUTENBHBIX [IEHTPOB KPHUCTAJUIM3alMU B BUJE JIHU-
ratyp, MpEACTaBISIONMX COOOW JBOMHBIC MM TPOIHBIC
CIUIaBBl, COCTOSIINE W3 OCHOBHOTO KOMITOHEHTa CILIaBa
(o 90 % u 6ombiie) 1 MoMGHULIMpYIOIIEro cpenactra [1-4].
[TpumensieTcst 60bII0e KOJIUIECTBO BEIIECTB M CIIOCOO0B
MOIU(UIIPOBAHUS, OJHAKO CYTh HX BCEX, B KOHCYHOM
cdeTe, 3aKIIF0YaeTCs BO BBEICHUH B METaUTMUECKUI pac-
IUTaB YacTHIl, KOTOPHIE IO IIEPBOMY MEXaHHU3MY JIHOO
CIIy’KaT CaMOCTOATENLHBIMU IEHTPAaMH KPHCTaJUIU3aIAN
(«npsiMOe» TeTeporeHHOe 3apoAbllieo0pa3oBaHue), MO0
00pa3yIoT TaKOBbIE B pe3yJIbTaTe B3aMMOJICUCTBHS C pac-
IUTaBOM, a II0 BTOPOMY MEXaHU3My OJIOKHPYIOT POCT BO3-
HUKAIONIMX B OXJIXKJIAIOIIEMCS pacIulaBe KpHCTaUInye-
CKuX oOpasoBaHuid. B pesynbrate MOaM(UIUPOBAHUS
m3MebuaeTcs 00 MaKpo3epHO, JHOO CTPYKTYpHEIE
COCTaBIIIONIIE HA MHUKPOYPOBHE (BO3MOXKHO M COYETa-
HHEe 000MX MPOIECCOB), BKIIOYAs U3MEHEHHE T€OMETPHU
BBIJICJICHNH MHTEPMETAJUINYECKHX (a3 ¢ UIiI000pa3Hoii,
CIIOCOOCTBYIOILIEH BO3HUKHOBEHHUIO KOHIIGHTPAIIMN HAIpsi-
JKCHUH ¥ Pa3BUTHUIO TPEIUH, HA TIIOOYJIAPHYIO WK OJIH3-
KYIO K HEH, 4TO IpedOoTBpaIlaeT ONacHOCTh BO3HHUKHOBE-
HUsA TpemuH. PesynpraToM Moau(UITMPOBaHNS METaJUIH-
YEeCKIX KOMITO3UIINIA SBISICTCS YBEIMUCHIE MTPOIHOCTHBIX
1 TUTACTHYECKIX XapaKTEPUCTHUK JINTHIX U3EITHIL.

OpmHako CyIIECTBEHHBIMH HEIOCTATKAMHU JIUTATYp,
KOTOpBIE TPOU3BOISITCS B BHJAE YyHIEK (CIUTKH Maccon
B JIECSITKU KWJIOTPAMM), SIBIISIETCS, BO-TIEPBBIX, MX HACHIIIECH-
HOCTb ra3aMy BBHJY IEperpeBa paciuiaBa MpH UX MPUTo-
TOBJICHUH, BO-BTOPBIX, JOCTATOYHO OOJbLIAS UIATEIb-
HOCTh MX PacCTBOPEHHS B KHJIKOM METaJlIe U, B-TPEThUX,
MIPUCYTCTBUE B HUX MOTEHIMAIBHBIX LIEHTPOB KpPUCTAJ-
nu3anun (0OBIYHO ATO XUMHYECKHE COSAMHEHHS), KOTO-
peie UMeroT OOoNBIION pa30poc Mo pa3MepaM, B CBSI3H
C YeM He BCE U3 HUX MOTYT BBIIIOJIHATH POJIb 3apPOIBIIICH.

HanomonunpuuupoBanue cmiaBoB. B cBs3u ¢ aTuMm
B MOCJIEHUE TOBI pa3padoran 6oiee 3h(heKTHUBHBIN CII0-
co0 MomudumpoBanus [5-7], mpu KOTOPOM B paciuiaB
BBOJITCsl Hanonopouiku (HIT) TyrormaBkux XMMHUYECKUX
coeMHeHUN (HUTPUIBI, OOPHUIBI, KapOUABI U AP. — OIMpPO-
6oBano Oosee 20 coeqUHEHHI), KOTOPBIE MPEACTABISAIOT
co00¥1 CBEPXMEITKO3ePHICTBIC KPUCTAINTNYESCKIE WA aMopd-
Hble 00pa3oBaHUA C pa3MepaMH, HE NPEBBHIIIAIOIINMHI
100 Bm (1 5M = 107 M) [5-7], HOMy4aeMble METOIOM
mnazmoxumuyeckoro cuHtesa [8]. Yactumst HIT mpen-
CTaBIIIOT cO0O0# TOTOBBIC IEHTPHI KpUCTALTU3AIHH [9].

[Tpu 5TOM OKa3asoCh, YTO CYHIECTBYIOIINE CHOCOOBI
BBEICHHS MOPOIIKOOOPa3HBIX 100aBOK B METaJUIMUECKHE
pacIuIaBel He MOTJIH OBITh MPUHATHI IPH MUcToNb30BaHmy HIT
BCIIEAICTBHE UX OCOOBIX CBOICTB IO CpaBHEHHIO C Oojee
KpynHbIMU nopoukaMu. Tak, yactuusl HII nerko «cnu-
MAIOTCS, UX OKUCIICHUE HAYMHAETCS MPH CPaBHHUTEIBHO
HU3KHX TEMIIepaTypax, W, YTO OCOOCHHO BaXKHO IS
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BBITIOJIHEHHS POJIM IIEHTPOB KPUCTAJUIN3AIMN, OHHU TUIOXO
CMa4yMBaIOTCS JKUAKUM MeTauioM. HecmoTpss Ha BbICO-
Kyt mIoTHOCTh (0T 1380 kr/m® — TaN mo 2510 kr/m® —
B4C), HII nerxo oOpa3yloT B BO3IyXe MBUICBHIHYIO
B3BECh, IIPH OIPEICICHHBIX YCIOBHSIX CaMOBO3TOpalo-
IIYIOCS M JasKe B3PBIBOOIIACHYIO. Bee 3To memaeT mpakTu-
YeCKU HEBO3MOXKHBIM npsiMoe BBeaeHue HII B pacmnassl.

Cnocod wu3roroBieHusi HaHoMoAuGHIHpYIOLIEro
npyTka. [lo yka3aHHBIM IpUYMHAM H PSAY IPYTHX MpH-
quH OB pa3padoran [5; 8; 10; 11] cnoco6 BBeaerus HIT
B paciuiaB, 00CCIICYMBAONINIA OCCIPEISITCTBEHHOE MPO-
HUKHOBEHHE YaCTHIl Yepe3 OKMCHYIO TUICHKY Ha MOBEpX-
HOCTH JKHUAKOTO METaJlla, UCKIIOUYEHHE arpernpoBaHus U
KOHTPOJIUPYEMOE JO3UPOBAHUE.

C 9TOH 1enbl0 TPON3BOIMIM IPECCOBAHHE IPYTKOB
nmuamerpom ot 5,0 10 9,5 MM U3 KOMIO3HIINH, COCTOSIIEH
W3 YACTHII ATFOMUHUS WM AJIFOMAHHAEBBIX Ae(OPMHUPYEMBIX
CIUTaBOB (TIOPOIIKH, KPYTKa, TPAHYJNbI, «CeUKa» W3 Mpo-
BostokH) 1 HII, mpuroToBICHHON MyTeM NepeMelInBaHus
B KOHTEHHEpEe C TOPU30HTAIBHOW 3KCUEHTPUYHOU OCHIO
Bpamenus. Cognepxxkanue HII B mpyTkax cocTaBisio
1,5-2,7 mac. %, a npu NpUMEHEHUH IperBapUTENbHON
MEXaHOAKTUBAIU IPECCYeMOi KOMIIO3UIMU B TUIAHE-
TapHOW MENIBHHIIE C IPUMEHEHHEM CTaJIbHBIX HIAPUKOB —
no 7,7 mac. % HII [12], 9ro cBsi3aHO C pa3npodieHueM
OKHMCHOHM IUICHKM Ha YacTHIax aJIOMHHUS, B pe3yjbTaTe
4ero yBenmmumBaeTcs kommdectBo yactur HII, BHempuB-
LINXCS B QTFIOMUHUI.

[Tomy4deHHBIE TAKIM CIIOCOOOM TIPYTKHA MMEIHA TOHKO-
CTEHHYI0 O0O0JIOUKY (HecAThle IONMH MM), BHYTPEHHHH
00BeM KOTOPBIX COCTOSUT M3 TapaJIeIbHBIX BOJOKOH [13]
(puc. 1). Takas cTpykTypa HPYTKOB OOBACHSETCS TEM,
YTO M3-32 HAXOXKICHUS Ha MOBEPXHOCTH YaCTHIl ATIOMH-
Hust yactul HIT B mpouiecce aKCTpy3uH 4acTUIbI ATIOMH-
HUSL 1eOPMHUPOBAINCH HM30JIMPOBAHHO JAPYr OT JIpyra,
Kak Obl B 00os0uke u3 yactur] HII, uTo monTBepkaaercs
pe3ysbTaTaMi MUKPOCKOITMYECKOTO N3yUYEeHHUS [TOBEPXHO-
CTHM KaK YaCTHIl aJFOMHUHHS, TaKk M BOJOKOH. OKa3aiock,
YTO BOJIOKHA TTOJTHOCTBHIO ITOKPBHITH POYHO BHEIPHUBIIN-
Mucsi B uX mnoBepxHocTh udactuuamu HIIL. Ilpu stom
B IIpyTKax & 9,5 MM HacuuthiBaoch ot 1100 mo 1200 Bo-
sokoH ceuerneMm 0,005-0,075 mm2. Pacuer nokasaj, 4To
JUTHHA TaKUX BOJIOKOH B 3aBUCHMOCTH OT pa3Mepa YacTHI]
amoMuHuA Haxoguiaack B guanazone 400-3200 mm. Oue-
BHHO, YTO CyMMapHas IUIOIIa/b BOJOKOH MMEeT 3HauH-
TEJIbHYIO BEJIMYHMHY, 4YTO OOecleuynBaeT paBHOMEPHOE
pacnipenenenue yactun HIT mo Bcemy oObemy mpyTka.
OT pa3MepoB MpeccyeMbIX YacTHIl, T. €. OT IUIOMaAN UX
MIOBEPXHOCTH, 3aBUCHT cozepxanue HII B oObeme mpyT-
Ka. YeM OHHM MeHbIIE, TEM CyMMapHasl IUIOIa b HaXos-
muxcsi B 00beMe KOHTelHepa YacTHIl alIOMUHUS OoJbIIe,
CITeIOBATENBHO, B IPYTKe OyaeT comepxarhbes oombimre HIT.

Bce ompobOoBanHBIE B KadecTBE MOIU(PUKATOPOB
HAHOIIOPOIIKH, ITOJTydeHHBIE KaK METOJOM IUIa3MOXHUMH-
geckoro cuntesa (AIN, ALOs;, B4C, BN, Cr,0;, HfB,,
HfN, LaBg, SiC, SizN4, TaN, TiC,N,, TiC,N,O;, TiN,
TiO,, TisSi;, VC, VCN, ZrB,) [8], Tak 1 MeTOAOM 3JICK-
Tpoayrosoro cunte3a (Al,O3) [14], moka3anu BBICOKYIO
CTETIeHb M3MEJIbYEHHUS! CTPYKTYpHI LIEJIOT0 psija aloMH-
HUEBBIX 1e(hOPMHUPYEMBIX U JTUTCHHBIX CIIABOB, YyTYHOB
u craneu [5-7].



Becmuux Cubl’'AY. Tom 17, Ne 1

Puc. 1. IlpyTkH, OTIpeccoBaHHbIE U3 KOMITO3HUINH «YAaCTHIBI aJIOMUHUS + HAHOIIOPOIIOK)», IPUTOTOBICHHOH IpH

TIepeMeIINBaHUN B KOHTEHHepe ¢ TOPH30HTAIBHON SKCIEHTPUYHOM OChIo BpammeHus: a — & 9,5 mm, L = 4,0 m (uep-

Has MOJIOCKA B HWDKHEH YacTW — JuHE#Ka amuHod 160 MMm); 6, ¢ — mpyTok & 9,5 MM co BCopoToi 060I09KO;

2 — mpyToK & 5,0 MM €O BCIIOPOTO# 0OOJIOHUKOIL, OTIIPECCOBAHHBIH M3 MEXaHOAKTUBUPOBAHHON KOMITO3HIMH «IIOPOIIOK
AIIOMHHHSA + HAaHOTIOPOIIIOK)

IIpu s3ToM nocratounoe koauuecto HIT g nomydenus
MaKCHMaJIbHOTO 3¢ dexta U3MeTbUeHUs! CTPYKTYPBI CIUIa-
BOB U, KaK pe3yJbTar, MOBBIIICHUS MEXaHUYECKUX CBOMCTB
JuThIX m3gemmid cocrasisuio 0,05-0,08 mac. % or Macchl
CIUIaBa, a B OTAENbHBIX ciayyasx naxe mo 0,004 mac. %.
MoHO TmojaraTh, 4TO YHHUBEPCAILHOCTH MOAM(HUIH-
pytomiero BozneiictBuss HII Ha pasnuunble MeTasuibl
U CIUIABBI CBSI3aHA CO CBOWCTBAMH HCIOJIB3yEMBIX B pado-
T€ UL 3TOH IETM HAHOMOPOIIKOB. Bo-mepBBIX, BCe OHU
AMEIOT BBICOKYIO TBEPAOCTb M BBICOKYIO TEMIIEpPaTypy
IUTaBIICHUS, BO-BTOPHIX, OHM HE OOJIALAIOT BBICOKOU pe-
AKIIMOHHOW CIIOCOOHOCTBIO, B-TPETBHUX, OHH OOJIAHAIOT
BBICOKOH CEIMMEHTAlMOHHOM yCTOMYMBOCTBIO B JKMIKO-
cTsx. Eciu 3HadeHne ABYyX MEpBBIX CBOWCTB AOCTaTOYHO
MMOHATHO, TO OTHOCHUTENIFHO TPEThEH XapaKTepUCTHKH
MOXHO CKa3zaTh cieayioniee. Jlaxke eciu BBOJUMBIC
B MCTAJUTMYCCKHE PACIIaBbl M3BECTHHIC MOIU(DUIMPYIO-
LY areHThl 10 U3BECTHOMY HabOpy XapakTepucTHk [1—4]
OTBEYAIOT COOTBETCTBYIONINM TpPEOOBaHUSM, TO HE BO
BCEX CIyYasx OHH paboTalT HOCTaTOYHO 3(PPeKTHBHO
M3-3a OCEeNIaHUs O] ACHCTBUEM CHIIBI TSDHKSCTH. YaCTHIIBI
ke HIT oOmamaroT MCKITFOUMTEIBHO BBICOKOI CeqMMEHTa-
LIMOHHOW YCTOMYMBOCTBIO M3-3a2 CBOUX MAaJbIX PasMEpPOB
U BBICOKOM YJIE€NbHOM MOBEPXHOCTH MO NPUYMHE, yCTa-
HoBJIeHHOH eme B 1905 r. A. DitHmrerinom [15], koTo-
PpBIf MOKa3ai, YTO JUIS YaCTHIl pa3MepoM 10 1 MKM 3Hep-
Uy OPOYHOBCKOTO JIBHIKEHHS JOCTATOYHO JUISl TOTO, YTO-
OBl OHM HAXOJWIKCh B ITOCTOSIHHOM JBM)KCHHH U HE OCE-
JIAJT TIOJ] ACUCTBHEM CHJIBI TsDKECTH. [103TOMY 4YacTHIIBI
HII, moxHO cka3aTh, 00JamalOT JBOHHBIM MOAHM(HUIU-
PYIOIIUM BO3ACHCTBHEM: BO-TICPBBIX, OHHU CIYXaT IICH-
TpaMH KPHUCTAJUTH3AllMH, BO-BTOPHIX, OYyIy4Yd BechMa
MHOTOYHCIICHHBIMH 110 KOJIMYCCTBY ¥ HAXOJSCH JTUTCITh-
HOE BpeMS BO B3BEIICHHOM COCTOSIHUH, OJIOKHPYIOT ITUQ-
(y3UI0 COOTBETCTBYIOIIMX aTOMOB (KJIacTepOB, OJIOKOB)
K 3apOXKIAIOMIMMCS M PacTyIINM KpUCTaJIaM, 49ToO, B KO-
HEYHOM CHYEeTe, U CIIOCOOCTBYET (DOPMHPOBAHUIO MENKO-
KPUCTAJUIMYECKON CTPYKTYpBl JHUTHIX wu3aemuid. Kpome
TOr0, KaK yke ObUI0O HaMHU YCTaHOBJIEHO [16], "acTHIIBI
HIT moryTr ymnpo4HsATh NPHUCYTCTBYIOIIHME B pAacIUIaBax
MHTCPMETAIUTMYCCKUE COCTUHEHUs. Bce 3T 3ddekTh
U BEIYT K TMOBBIIICHUIO MEXaHUYCCKHX CBOWCTB JIMTBIX
H3IETHil.

AKuakas mTaMnoBka jaeraseil U3 HAaHOMOIAUPULM-
poBaHHOTO cmiaBa. OJHAKO, HECMOTPS Ha IMOBBIIICHUE
MIPOYHOCTH MEXaHWYECKUX JINTHIX JIeTalieii B pe3yibraTe
MOIU(UIMPOBAHUS, B TOM YHCJIE€ W HAHOIIOPOIIKAMH,
HE Bcera ynaercs n30exarts BOSHUKHOBEHHUS B OTIIMBKAX
Jne(eKToB yCcagoYHOr0 MPOMCXOXKICHUS, MPHUCYTCTBYIO-
IIMX B BUJC PACCESHHBIX WIM COCPEJOTOUYCHHBIX ITyCTOT,
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YTO CBA3AHO C HEAOCTATKOM MUTAHUS XUAKHIM METaJIOM
3arBepaeBatomiero meramwia [17; 18]. IIpu stom B yca-
JIOYHBIE ITYCTOTBI MOYKET BBIACIATHCA U IPUCYTCTBYIO-
KA B KUIKOM METajule BOJOPOJ, 00pa3ys Tak Ha3blBae-
MbIe Ta30BO-ycaJ04Hble MycTOTHl [19]. B pe3ynbTaTe uero
yMeHbInaercs (akTuueckoe pabouee cedeHHe AeTalei,
YTO CHIDKACT MX MCXAaHWYCCKUE CBOICTBA, a B CIydac
JKCIUTyaTalliy IO/ AaBJICHUEM, HAIIpUMEP B COCTaBE JIBU-
raTeJiei JeTaTebHBIX alnapaToB, — H TePMETHIHOCTD.

B cBs3u ¢ 3TiM Hamu ObLTa pazpaboTaHa TEXHOJOTHS
M3TOTOBIICHHUS AETalel, coueTaromas Kak pe3yibTaT H3-
MeNbYCHHE CTPYKTYPHl C IOMOIIBI0 HAHOMOPOIIKA, TaK
U TIOBBIIIIEHHUE IJIOTHOCTH METaljla C TOMOIIBIO JKUIKOH
mraMnoBku. CyTh Takod TEXHOJIOTHH 3aKJII0YaeTcs, BO-
MepBBIX, BO BBeneHuu B pacmiaB HII (omepanus momu-
(unmpoBaHus), BO-BTOPHIX, B 3aJIMBKE CIUIaBa B MaTPUILY
U TIoCIeyronieM ero npeccoBanuu (puc. 2) [20]. HIT BBo-
I B PacCYMTaHHOW IJIMHE NPYTKa, 00BEM KOTOPOTO
conepxain Tpedyemoe ero koimdectBo — 1o 0,05 mac. %.
[MpuMeHeHWE JKUAKOW INTAMIIOBKH ISl W3TOTOBIICHHS
Jetanei u3BecTHO eme ¢ 50-X IT. MpPOILIOro CTOJETHS
[21], BrutOUast MpUMEHEHHUE TOH TEXHOJOTUH IS TIONy-
YeHHUs JeTalleil U3 Pa3IMYHBIX [BETHBIX METAJUIOB M CIDIa-
BOB [22], B TOM YHCIIE U U3 AIFOMHHHEBO-KPEMHHUEBBIX
craBoB [23; 24]. YCTpoHCTBO TUMUYHOTO IIITaMIla, KOH-
CTPYKIHSI KOTOPOTO AaHAJIOTHYHA HCIIONB3yeMOH B Ha-
crosiieit pabote, mpuBeeHO Ha puc. 3 [24].

OOBEKTOM MCCIIEOBAaHMS CIY)KWIA JeTallb THIA «Ie-
PEXOZHUK» CHJIOBOTO arperara JIeTaTeJIbHOrO armapara
Maccoi 2,5 kr, paboTaromias B YCIOBHSX BBICOKUX Harpy-
30K, JUISI I3TOTOBJICHUSI KOTOPOH NMPUMEHSUTN aJIFOMHHHEBO-
kpemaueBbIii crmaB AK74 (6,0-8,0 % Si; 0,2-0,4 % Mg;
02-0,6 % Mn; oct. — Al), KOTOpBI TOTOBWIN B MHIYKIH-
OHHOM TIeYH B TPaUTOMIaMOTOBOM THTIIE ¢ papUHUpPOBa-
HueM rekcaxiopataHoM C,Cls. Moandumnmposanue mpo-
m3Boamu HIT kapbuma 6opa B,C, moryueHHOTO METOIOM
IUTa3MOXHMHUYECKOro cuHTe3a [8], B pe3ysbTare ero BBe-
JeHus B kuakuit metam (mo 0,5 mac. %) B 00beMe mpen-
BapHUTEIbHO OTIpeccoBaHHOro npyTtka (& 5,0 mm). [Mocie
pacTBOpEHUsI OCHOBBI MPyTKa (AJTIOMHUHUS) CILIaB BbIIEp-
skuBanu 15-20 ¢ 1 3anuBanu ero B Marpuity pu 953-973 K.
3areM HPOW3BOIMIM IITAMIIOBKY JETald MPHU YAEIHHOM

nasiennu 491- 10° MITa.

PesynbraThl MCTIBITAHUI MEXaHWYECKHX CBOWCTB 00-
Pas3IoB, BEIPE3aHHBIX U3 IITAMIIOBOK, TEPMOOOPaOOTaHHBIX
mo pexumy T5, mokaszamu (tabm. 1), 9TO MO CpaBHEHHIO
CO CTaHJapTHOM TEXHOJIOTMEl TMOJIrOTOBKM pacIuiaBa
BPEMEHHOE COIIPOTUBIICHHE G, Momuduiposanuoro B,C
U 3aTeM OTIITaMIIOBaHHOTO CIulaBa Bo3pocio Ha 8,37 %
(c 245,0 no 265,5 MIla), a OTHOCHUTEIBHOE yIJIMHCHHE
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d — B 2,1 paza (c 4,9 mo 10,1 %). Ilpu 3ToM TBEepHOCTH
HB ocranace Ha npexxaem ypoHe — 620 MlIla. ITo TOCT

1583-93 tpebyercst 6, = 210 MIla u & = 2,0 %. U3syue-
HHE MHKPOCTPYKTYpHI mokazaino, yro HIT B,C npuBomut
K CYIIECTBEHHOMY M3MENbYCHHIO IEHAPHTOB IIEPBUIHOTO
O.-TBEPJIOTO PacTBOpa M 3BTEKTHKU. Kpome Toro, mo pe-
3yJIbTaTaM PEHTTEHONPOCBEUNBAHUS U U3yUYeHUs IUTH(OB
TEMIUIETOB, BBIPE3aHHBIX W3 LITAMIIOBOK, MOPHCTOCTH
Y Ta30B0-yCaJ0YHbIC PAKOBHHBI HE BBISBIISIIHCE.

Crenyer mpu 3TOM OTMETHTB, YTO OIPEENICHHBIN
B B 3(dexkr MomumduuupoBaHUs BHOCHT W OKCHI
ATFOMUHUS, TIPUCYTCTBYIOMINI B BUZE IUICHKH HA YaCTH-
[ax aJlOMHUHHSA, KOTOPHIE SBIAIOTCS OCHOBOW KOMIIO3U-
uuu (gactunsl amomuanst + HIT), u3 koTopoit mpeccyrot

MOIU(UIMPYIOIINIT TPYTOK, 4YTO HAaMH YCTAHOBJIEHO
B pabore [25], Hanpumep, IpH MOJTYHENPEPLIBHOM JINThE
cmutkoB & 120 MM u3 craBa {1, korma B JIYHKY KpH-
CTaJIM3aTOpa BBOJWIN OTIPECCOBAHHBINA U3 TPaHYI 3TO-
ro ke cruiaBa npyTok & 9,5 Mm. OTIUTEIE CIUTKH Mpec-
coBanu B NpyTKH & 16 MM. VcnbITaHusT MEXaHHYECKUX
CBOMCTB 3THX NPYTKOB MOKa3aIH (Tadi. 2), 4YTO B pe3yiib-
TaTe BBEJEHMs B pacIUIaB NPYTKa, OTIPECCOBAHHOIO W3
rpaHyn ciiaBa J{1, UX MPOYHOCTHEIE CBOIICTBA OKA3aINCh
BBIIIIE CBOMCTB MPYTKOB, OTIIPECCOBAHHBIX M3 CIUTKOB U3
cruiaBa [[1, B KOTOphIi HE BBOAWIM NPYTKU U3 IpaHyll.
ITpu 5TOM TaK)xe MOBBIIIAETCS U OTHOCUTENBHOE yIUINHE-
HHE, XapaKTepU3yIollee INIaCTUYHOCTD CIJIaBa.

Puc. 2. Cxema nosrydeHus AeTany MITaMIIOBKOH JKHIKOTO METAIIA. ¢ — 3aJIMBKA )KUAKOTO METAJIIa;
6 — IpeccoBaHUE; ¢ — U3BJICUCHHE FOTOBOM Jetanu; / — npecc-popma (Matpuna); 2 — )UIKHNA MeTaLlT;
3 — 3aJIUBOYHBIN KOBIL; 4 — IyaHCOH; J — OTIpeccoBaHHas aetas [20]
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Puc. 3. lltamn 11 M3TOTOBJICHHS ACTAlIed W3 aTIOMUHHUEBBIX CILIa-
BOB CIIOCOOOM >KHIKOHM IITAaMIOBKU: / — BEpXHs IUIWTa mTammna; 2, 8,
13 — BUHTOBBIE OONTHL; 3 — IPOMEXKYTOUHAs IUINTA; 4 — BHEIIHUH ITyaH-
COH; 5 — IyaHCOH; 6, /4 — BHyTpEeHHHE T'MJIb3bI IITAMIIa; 7 — HUKHSISL
IJTUTa IMTamIa; 9 — BRITAJKMBATENb OTIITAMITOBAaHHON netanu; [0 —
YCTaHOBOUHBI 00nT; // — mopmeHs; /2 — ToJIOBKa BBHITAJIKUBATEIIS;
15 — ycraHOBOYHBIH WTHQT; /6 — OCHOBHAS TUTHTA IITAMIIA; OTIIAMIIO-
BaHHAsl JeTajb PacIoIoKeHa MeXAy JeTalsIMU taMna 3, 6, 7, 12 [24]

Tabruya 1

Binsinne HaHoMoIMGpUUMPOBAHUS M KMIKOI IITAMIIOBKH HA MeXaHHYeCKHe CBOHCTBA
neraau u3 cmiasa AK74

TexHosorus TUTHS Bpemennoe conpotuBienue c,, MIla OTtHOcHTeNnpHOE yanuHeHune o, %
Bennunna IIpupoct Benuuuna [Ipupoct
CrangapTHast TEXHOJIOTUs 245,0 — 49 —
Monudunmposanue B,C + xxuakas 1mTaMnoBKa 265,5 8,37 % 10,1 B 2,1 paza
T'OCT 1583-89 210,0 — — —
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Tabnuya 2

MexaHn4ecKHe CBOiCTBa NPYTKOB & 16 MM, 0THpeccOBaHHBIX U3 CIMTKOB & 120 MM,
OTJIUTBIX MOJYHENPEPBIBHbIM CNIOCO00M 13 ciuiaBa /{1, B 3aBUCHMOCTH OT T€XHOJIOTHH BO3/1efiCTBHS HA pacIuiaB

TexHonOrus IUTHA CIUTKA Bpemennoe IIpenen TeKy4ecTH G, OTHOCHTETBHOE
CONPOTHBIICHHE G, yIUIMHEHHE O
Bennuunna, Bennuuna, Bennunna,
MIla/mpupocr, % MITa/mpupocr, % Y%/mpupocr, %
JluThe cauTKa MO CTaHAAPTHOM TEXHOIOTHH 420/— 280/— 12,4/—
465/10,71 335/19,64 13,8/11,11

Mexanusm 3T1oro 3¢ddekra 3aKiovaeTcs B CIEIyIO-
meM. B 0OBIYHBIX yCTIOBUSAX ANMIOMHUHUM, BKIIOYAs M Yac-
THIIBI ATFOMHHUEBBIX CILIABOB, OKPHIT OKUCHOW IJICHKON
ToNMmMHOM Bcero 107 MM, KOTOpas MpeACTaBIsAeT coboil
Haubosee yCTOWYMBYIO (DOPMY OKHUCH QllIOMHHHS —
Momudukanuo o-Al,O3;, TeMiepaTypa IUIaBACHUS KOTO-
poii coctapmsier 2050 °C m koTopas o6iagaeT HCKIIOUYH-
TeNbHO BbIcOKOU TBepAocThiO — 30,2 em HRC nm 1000 MITa
no bpunento, TBepnocth o Moocy — 9 en. IIpu npecco-
BaHUM KOHTEWHEepa ¢ TpaHylaMu B (QmiIbepe mpecca BO3-
HUKAIOT 3HAUYUTEJbHbIC yCHus (110 pacueram Juisi (Quiibe-
pet D 9,5 mm — 300 MIla), yro mpuUBOIUT K pa3apoldiie-
HUIO XPYIIKOW OKUCHOMH TuieHkH o-Al,O; Ha JucnepcHbie
YaCTHIIbI, KOTOPHIE U MOTYT CIIY)KUTbH JIOTIOJHUTEILHBIMU
LEHTpaMH KpHCTaJUIM3alMi. PaBHOMEpHOCTH pacmpene-
JIeHUs! pa3ApoOJeHHBIX YacTHIl 110 00beMy CIHTKa obec-
NIeYnBaeTCsl TYypOYJIEHTHOCTBIO paciulaBa B JIYHKE KpH-
CTAJUTM3aTopa, YTO MOATBEP)KAACTCS CTPYKTYypol mumda
MIPOJOIBHOTO CEUEHHs CIUTKA, Ha KOTOPOM BEIABIIICTCS
YeTKas JUHHSA pa3liena, MOBTOPSIOMas KOHTYpP JIYHKH U
OTIeNAoNas 00beM CIUTKA, B KOTOPBIA BBOJIIN MPYTOK
U KOTOPBIM XapakTepu3zyercs OAHOPOAHOW MEITKOKpH-
CTaJUIMYECKON CTPYKTYpOH MO BCEMY CEUYEHHIO, OT CTPYK-
TYpBI METaJlJIa 10 BBEJICHUS MIPYTKa, KOTOpasi XapaKkTepH-
3yeTcsi OOBIYHBIM JIJIsl CIMTKOB CTPOSHHEM: MPHJIeTatonias
K CTEHKE BOJOOXJIAXIAEMOr0 KpUCTAJUIN3aTOpa Hapyxk-
Hasl 30HA CIIUTKA MMEET MEIKOKPHCTAUINIECKYIO CTPYK-
TYpY, 3aTe€M CleyeT 30Ha CTOJI0YaTON CTPYKTYpbl C Ha-
MIPaBJICHHEM KPUCTAJIOB K LIEHTPY CIHWTKA, U B LEHTpE
CIIUTKA PAcCIIONIaraeTcsi 30Ha KPYIHBIX PaBHOOCHBIX KpH-
CTaJUIOB.

3akiawouyenne. B pesynpraTe BEBIIOIHEHHOTO HCCIe-
JIOBaHUS pa3paboTaHa KOMIUIEKCHAs JBYXdTaIllHasi TEXHO-
JIOTUS TIONyYeHHs AeTaled, KOMIUIEKTYIOIINX H3IeNUs
JIETaTeNbHOM ammaparyphl, 3aKIIOYAIOIIascs Ha IEPBOM
sTane (IPUTOTOBJIEHHE CIIaBa) B MOIU(DUIMPOBAHUU
CIIaBa MyTEM BBEACHHS B KHIKUIA METaJI HAHOMOPOILKA
HUTpHa Oopa, U Ha BTOPOM dTalle — B IPECCOBAHUU U3
9TOTO CIUIaBa JAeTajleld, YTO NMPHUBEJIO K IMOBBIMICHUIO MX
npouHoctH (Ha 8,37 %) u mactuaHocTH (B 2,1 pasa) mo
CpPaBHEHMIO CO CTaHAapTHOW TexHojorueil. Ilpu stom
MIPOYHOCTH OKazaiach Bhimre Tpedbosanuit [OCT 158389
Ha 26,2 %, a mmacTuaHOCTE — B 5,0 pas.
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NPUMEHEHHUE TPEXCJIOMHBIX COTOBBIX KOHCTPYKIIMI
B KOCMHNYECKHUX AIIITAPATAX

H. A. Tectoenos, B. H. Harosuuun, M. FO. ITepmskos”

AO «MHpopManoOHHBIE CITyTHUKOBBIE CUCTEMbD» MMeHH akajnemuka M. ®. PemerneBa»
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B xocmuueckoti mexuuxe Haxooam npumeHenue mpexciolnvle cOmogvle KOHCMPYKYUU ¢ YCMAHOGIEHHbIMU 6 HUX
3aK1a0HbIMU d1emenmamu. Tpexciotinaa (comosasn) KOHCMPYKYUsL COCMOUM U3 08YX MOHKUX 0OWUBOK (Hecyuux cioes),
MedHCOY KOMOPLIMU PA3MEWAemcs OMHOCUMENbHO Ne2KUll U MeHee NPOYHbIIL 3aN0JIHUMENb, 00eCReyusarwull cosme-
cmHylo pabomy Hecywux cioes. 3akiaonvle 21eMeHmbl, YCMAHOGNIEHHbIE 8 MPEXCIOUHYI0 COMOBYI0 KOHCMPYKYUIO,
npeoHasHauenvl 0Jisi YCMAaHOSKU 000py0osanus, Kabenell, 60IHOB0OHBIX Cemell U COCOUHEHUsL COMOBbIX KOHCMPYKYUL
Mmedcoy coboti. Heobxooumo yuumovieams pso (akmopos: bl00p 8blcOmbl COMOB020 NaKemd, MOIUUHbL OOUUBKY,
pasmepa comul u nN00OOP 3aKIAOHO20 INEMEHMA.

B paznuunvix aumepamypHulx UCHIOYHUKAX U HAYYHBIX PAOOMAX KAK POCCUTICKUX, MAK U 3apYOedCHbIX UCCIe008d-
meneti OaHHOT npobieMe NPAKmudecKu He yOensiemest GHUMAaHuUsL, 1UOO0 UCCIe008aHUsL He NPOBOOSIMCIL COBCEM.

s epamomuoeo pewienuss 0aHHO20 8ONPOCA HeoOX00UMO Npogecmu pso UCCIe008aAmMeNbCKUX pabom 8 uacmu uc-
NBIMAHUL COMOBLIX KOHCMPYKYULL ¢ 3aKIAOHBIMU demenmamu. Heobxooumo 6onee noopobHo uzyyume e1uaHue como-
6020 3aNOIHUMENSL, HECYUUX CILOE8, PA3MEPOS 3AKIAOHBIX INEMEHINO08 HA HECYUYIO CNOCODHOCHb MPEXCIOUHOU KOHCHI-
PYKYUl 8 YyelioM, KauecmeeHHo obpabomams OanHble, NOLYYeHHble IKCNEPUMEHMATLHBIM NYMeM U PYUHbIM PACYENOM.

Jlannvie, nonyuennvie 6 pesyiomame npoeOeHHbIX UCCLeO08AHUT, NPUMEHSIIOMCS. NPU NPOEKMUPOSAHUU U U320MO6-
JIeHUU MPEXCAOUHBIX COMOBbIX KOHCMPYKYUL KOCMUYECKUX annapamos.

Knioueswvie crnosa: mpexczloﬁHa}z comoeas KOHCmMpPYKYUst, Ccomoswlil 3anojiHumellb, Hecywue Ciou, 3aKAAOHOI d]le-
MEeHm, UCNbIMAaHUAL.

Vestnik SibGAU
Vol. 17, No. 1, P. 200-211

SPACECRAFT APPLICATION OF THREE LAYER HONEYCOMB STRUCTURES
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Honeycomb structures with potted inserts are extensively applied in various spacecrafts. Three layer honeycomb
structure comprises two thin skins acting as load bearing layers with lightweight and less strong honeycomb core
placed in between supporting the load bearing layers. The inserts potted into the three layer honeycomb structure are
intended for equipment, harness and waveguide integration and panel to panel joints. It is necessary to consider
a number of factors such as proper selection of the core height, skin thickness, core size and the insert itself.

There is either almost no attention paid to this matter in various reference sources and scientific papers both
by Russian and international researchers, or no research is conducted in this area at all.

To acquire a reasonable solution to this matter it is necessary to perform research efforts related to testing the
honeycomb structures with potted inserts. It is necessary to study in detail the effect of the honeycomb core, load
bearing layers, insert dimensions on the load bearing capacity of the three layer structure in general. Also, it is
necessary to perform proper processing of the experimental and estimation results.

The data resulting from this investigation will be employed in spacecraft three layer honeycomb structures design
and manufacturing activities.

Keywords: three layer honeycomb structure, honeycomb, bearing layers, inserts potted, tests.
Beenenune. IoBemenue 3¢dexTHBHOCTH COBpEeMeH- OpHUMH 13 OCHOBHBIX M HamOoJiee Ba)KHBIX Harpas-
HBIX KOCMHYECKHX alllapaTOB HEPa3phIBHO CBS3aHO  JICHWH SBIAETCS NPUMEHEHHE TPEXCIOWHBIX KOHCTPYK-

C TIOMCKOM ¥ peann3alreil HOBBIX KOHCTPYKTHBHO- mHA. TpexciioifHas KOHCTPYKIUS TIPEACTAaBIIET co00it
TEXHOJOTHYECKHUX PEIICHUH. JIBa HECYIIMX CJIOSI ¥ PACTIOJIOKEHHBIN MEXIy HIMH JIETKHH
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3aI0JIHUTENb, HauboJee SIPKUM IPEICTABUTEIEM KOTOPO-
ro sBISETCA COTOBBIH. Hecymue cnoum BOCIPHHUMAIOT
MPOAONBHEIE HATPYy3KH (pacTsHKeHHEe, CHKaTHe, CHBHT)
B CBOEH IUIOCKOCTH 1 MOTIEPEYHBIE M3TMOAIOIINE MOMEHTHI.

I'maBHast 0COOEHHOCTH TPEXCIOWHOW KOHCTPYKIHH
C 3aII0JIHUTEJIEM COCTOUT B TOM, YTO B PE3yJIbTaTe pa3He-
CEHUsI HECYIIUX CJIOEB HAa HEKOTOPOE PAacCTOSHUE APYT OT
Jpyra JOCTHraeTcs Gonbliiee OTHOIICHUE JKECTKOCTH KOH-
CTPYKIMHU K ee Macce. Eciu cpaBHUTB 3TO C OAHOCIOWHON
IUTACTUHOM paBHOM MacChl, TO OTHOIICHHME >KECTKOCTE
Oynet He Menee 3 (Tabu. 1) [1; 2].

Jns mepenaum Harpy3kd HpW KPEIUIEHHMH COTOBBIX
KOHCTPYKIIMH MEXIy COOOH M yCTaHOBKM Ha HHUX MpPUOO-
POB HCHOIB3YIOTCA 3aKilaaHble nieMeHTsl. Ha puc. 1
MIPECTaBIICH OOIIHIA BUA TPEXCIOWHOW KOHCTPYKIINH.

B COTOBBIX KOHCTPYKIHMSAX CYIIECTBYET TE€CHasl CBS3b
MEXIy NPUMEHSIEMBIMH MaTepHalaMd M TEXHOJIOTHEH
n3rotoBieHus. Mi3MeHeHne XoTs Obl OAHOTO U3 MaTepua-
JI0B 6€3 mpeaBapuTeIbHON TEXHOJIOTHYECKON M dKCIIEepH-
MEHTAJILHOH OTpPabOTKH HENOIyCTUMO, TaK KaK MOXET
HOBJIEYb 32 COOOW pe3koe yXYIIIeHHE DKCILTyaTallHOH-
HBIX XapaKTEPUCTUK KOHCTPYKIHH.

Oco0OeHHOCTBIO pacueTa TPEXCIOWHBIX KOHCTPYKIWH
SIBISIETCSL TO, YTO €ro HEoOXOAWMO paseluTh Ha JBa
PaBHO3HAYHBIX 110 B)KHOCTH pacueTa:

BO-TIEPBEIX, pacyeT o0Ieil MPOYHOCTH U YCTONYIH-
BOCTH IAHEIW C BHIOOPOM TONIIMHBI HECYIIHX CJIOEB
1 ONTHMAaJIBHBIX APAaMETPOB COTOBOTO 3ATIOJIHUTEIIS;

BO-BTOPBIX, pacyeT MECTHON IPOYHOCTH U YCTOM-
YMBOCTH, OOYCJIOBICHHBII I'PAHUUYHBIMU YCJIOBUSMH, TH-
TIOM COeIMHEHUs TaHeNel ¥ BUJIOM IIPUJIOKEHUS Harpy3KH.

Ilenpto mocneaHero pacuera SBISIETCS ONpeAeieHue
MECTHOTO YCHJICHUS NIaHeleil, BEIOOp THIIA M ITapaMeTpoB
coenuHenus. K mapamerpam OTHOCSITCSI pa3Mephl 3aKiai-
HBIX DJIEMEHTOB, 30HBI YCHJICHHUS 3aIllOJHUTENS U OOIIH-
BOK [3; 4].

CotoBblii  3amoaHuTeNb. COTOBBIC 3aIOTHATEIN
HUMEIOT PEryJIIPHYIO TPOCTPAHCTBEHHYIO CTPYKTYpy. [Ipn
3TOM pa3Mepsl A9YEeK COTOBBIX 3alOIHUTENEH Maibl
10 CPABHEHHMIO C Pa3MepaMU TPEXCIOIHBIX COTOBBIX KOH-
CTPYKLMHA. DTO MO3BOJIMIO HCCIECNOBATENIM IPUHUMATh
COTOBBII 3aIIOJHUTENb KaK HEKOTOPBIN YCIOBHBIN, OJHO-
POIHEINA 10 00BEMY, aHU30TPOIHBIA MaTepuall, yIpyrue
XapaKTepUCTUKHU KOTOPOTO 3aJaHbl. DTH XapaKTEePUCTHKHI
CTaM Ha3bIBaThCS NPHUBEACHHBIMH. Takas Tuioresa 03-
HayaeT, 4TO Ha IPAKTHKE BBOJHUTCS HEKOTOPBIH YCIIOB-
HBIl CIUIOIIHOM MaTepuai, HaJeJICHHbI BCEMU CBOMCT-
BaMH PEaJbHOTO COTOBOTO 3AIOJIHUTENS M 3aHUMArOLIUN
TOT XK€ 00BEM, UTO 1 CaM 3aroJTHUTENb [5].

Bri6op gopMer coT 3aBUCHT OT HOPMBI TPEXCIOWHOM
KOHCTPYKIMH U BBINOJHAEMOH ero GyHkuu. Mexanude-
CKHE CBOWCTBA COTOBOTO 3aIOJIHUTENS 3aBUCST ITIABHBIM
00pa3oM OT TOJIIHUHEI CTEHOK M pa3Mepa IpaHu siueek [6].

Hecymme cioun. Hecymue cinou KOHCTpyKLM € cO-
TOBBIM 3allOJIHUTECJIIEM MOI'YT 6I)IT]J BBIIIOJIHEHBI U3 ME-
TAIJIMYECKUX M HEMETAJUINYECKUX MaTepuanoB. Tommu-
HBI HECYLIMX CJIOEB MOTYT OBITH OJMHAKOBBIMU HIIM pa3-
HeIMH. ToymMHAa HecymMX cJOeB BBIOMpaeTCsl U3 yCio-
BHH HEOOXOANMON MPOYHOCTH M KECTKOCTH KOHCTPYK-
muu. B KOHCTpyKIMHM Hecylue ciIou MOryT OBITh Iepe-
MEHHOH TONIIUHEI [7].
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B KiieeHbIX KOHCTPYKLMAX C COTOBBIM 3allOJHUTEIEM
HIMPOKO MPUMEHSIOTCS HECYIIHE CIIOW U3 ATIOMHUHUEBBIX
CIIABOB, a TAKXKE U3 KOMITO3UIIMOHHBIX MaTEPHAJIOB.

Komrmo3uimonasie MaTepralisl MPEACTaBISIIOT CO00H
COYCTaHHWE BOJIOKOH M3 BBICOKONPOYHBIX MAaTepHaoB
(371eMeHTBl  apMUPOBAHUS) C PA3IMYHBIMU MAaTpPULAMHU
(cBs3yromuM). B kauecTBe MaTpHIBI HApsIy C SMOKCHA-
HBIMH M JPYTMMH TOJUMEPHBIMU CBSI3YIOIIUMH IIPUME-
HAKOTCA BA3KHEC U INNIACTUYHBLIC MCETAJlJIbl W CILJIaBbI
alroMUHUM, TUTaH U 1p. [IpumeHeHue B kauecTBe apMu-
PYIOIINX 3JIEMEHTOB BOJIOKOH 0Opa M yriepoaa CyliecT-
BEHHO MOBBIIIAIOT JKECTKOCTh KOHCTPYKLUU. MeTannuue-
CKasl MaTpHIa YBEJIMUUBAET IPOYHOCTH Ha caBHUT [8; 9].

XapakTepHOl OCOOEHHOCTBIO KOMIIO3UTHBIX MaTe-
PHAJIOB SBIISETCS CHIIbHAS 3aBUCUMOCTH MX MPOYHOCTHBIX
CBOWMCTB OT TEeXHOJOTMH HU3roToBieHus (puc. 2). Ilytu
MOJTyYeHHs] BBICOKMX M CTAaOWJIBHBIX MEXaHMYECKUX Xa-
PaKTEpPUCTUK M3BECTHBI: 3TO aBTOMATU3aIMs NPOU3BO-
CTBa, HEMNPEPBIBHBI KOHTPOJIb TEXHOJOTHYECKHX MpPO-
L[ECCOB M KayecTBa MPOTyKIHUH.

HauGonpluve 3HaueHMsl Mokaszarelieil MeXaHUYeCKHX
CBOMCTB KOMIIO3UIIMOHHBIC MaTCpHaJibl HMCIOT TIIpU
Harpy>KeHUu BJIOJIb OJHOHANPABICHHBIX BOJOKOH (¢ = 0,
puc. 2, a). [Ipu n3mMeHeHnn yria apMHpOBaHHS XapaKTe-
PHCTHKH MaTepuana MeHstores (puc. 2, 6) [10].

IIpn HarpyXeHHH BHOJIb BOJIOKOH YAENbHBIE IPOU-
HOCTBh ¥l MOAYJIb YIIPYTOCTH KOMITO3MIIMOHHOTO MaTepua-
Jla TIPEBOCXOIAIT aHAJIOTWYHBIE XapaKTEPHCTHKH, HAIpH-
Mep, KOHCTPYKIMOHHBIX aJIFOMUHUEBBIX CIIJIaBOB.

3aknagHoil 37eMeHT. 3aKIagHON 3JIEeMeHT — 3TO
4acTh pa3beMHOr0 (PUKCUPYIOLIEro yCTPOWCTBA, obecre-
YUBAOLIETO COEIMHEHNE MEXIY COTOBBIMU TPEXCIONHBI-
MH KOHCTPYKIMSIMU. 3aKJIaZHOW 3JIeMEHT olecredynBaeT
YCTAHOBKY O00OpYyJOBaHMs, NPHOOPOB, BOJHOBOIHBIX
JMVHUHA 1 Kabeinel. 3axiiafHble 3JIEMEHTHI, IPUMEHSIEMbIE
B KOHCTPYKIHMSAX KOCMHYECKHX AalnapaToB, IEJSATCS
Ha CKBO3HEIE U ogqHOCTOpoHHHE (puc. 3) [11].

CKBO3HOH 3aKJIaAHON DJIEMEHT — JTO JJIEMEHT, CO-
CTOSIINNA M3 METAIUTMYECKON BCTaBKH B (pOpPME KATYIIKH,
KOTOpasl yCTaHABIMUBAETCSI B CKBO3HOE OTBEPCTHUE, IIPOCBEP-
JICHHOE B COTOBOIl TPEXCIOWHOW KOHCTPYKIIUH, M (HUKCH-
pyeTcs BHYTpHU MaHEN! ¢ TTOMONIbIO TeHokoMmayaa [11].

OIHOCTOPOHHMH 3aKJIaJHOM 3JEMEHT — ITO AJIEMEHT,
COCTOSIIIUI M3 METANTMYECKOil BCTaBKU B (hOpMe KaTyl-
KH, KOTOpasi yCTaHABIMBAETCS B IIIyXO€ OTBEPCTHE, MPO-
CBEPJICHHOE C OJHOM CTOPOHBI TPEXCIOMHOM KOHCTPYK-
MK, U QUKCUpyeTcs BHYTPH KOHCTPYKLHUH C HOMOIIBIO
neHokommayxa [11].

3akagHbIe 3JEMEHTHI MOTYT OBITh HM3TOTOBJICHBI U3
TIOMIHNEBBIX U TUTAHOBBIX CIUIaBOB. [IpuMeHeHne 3THX
MaTepHajioB 00YCIOBICHO 00eCIIeYeHNEM MIHUMAIBHOTO
BeCa, KOHCTPYKTUBHON MPOYHOCTBIO U XOPOILIMMH TEXHO-
JIOTUYECKUMHU CcBoicTBamu. Ha puc. 4 mnpencrasieH
001 BUT 3aKITaIHBIX SJIEMEHTOB.

Hecymasi cmoco0HOCTb CKBO3HOIO 3aKJIAJHOIO
3jeMeHTa. MakcumarnbHas Harpyska WM HarpshKeHUe,
KOTOPYIO KOHCTPYKIMS WIIM MaTepuall MOXKET BBIIAEPKaTh
0e3 pa3phIBOB W TOBPEKACHUH, Ha3bIBaeTCs Hecylen
criocobHOCcThIO. [lozmpasymeBaeTcsi, 4TO COCTOSIHUE Ha-
MPSDKEHUST TIPEICTABISIET cO00H OIHOOCHOE PAaCTSKEHHE
WY YUCTBIA CIBHT.
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Tabnuya 1
OTHOLIEHNE MPOYHOCTH U )KECTKOCTH K Macce TPeXCJI0iHOi KOHCTPYKIMH
Bricota
11 -
apamerTp —
I | Tt 2t 41
THOCHUTEIbHAS KECTKOCTh
OTHOCHUTENBHAs JKECTKOC 1 7.0 37
Ha u3rub
OTHOCHTENBHAS TIPOYHOCTD
P 1 3,5 9,2
Ha U3rud
OTHOCHUTEIBHAs Macca 1 1,03 1,06
Hecymmii cnioid (o6mmBka) 4 - 3ax1annol dIeMeHT
CoTOBbIi 3alIOJHUTENL
Hecymwuit cnoit (o0muBKa)
Puc. 1. O0mmii BUJ TPEXCIOWHON KOHCTPYKITUH
E 4
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a o
Puc. 2. 3aBHCHMOCTD XapaKTEPUCTUK KOMITO3UIIHOHHOTO MaTeprasa OT HAPABJICHHS apMUPYIOIIUX BOJIOKOH:
a — pacrojoKeHHE OJHOHAIPABIICHHBIX BOJIOKOH; 6 — BIMAHUE YIJIa () Ha XapaKTEPHUCTUKH apMUPYIONINX BOJOKOH
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Puc. 3. Buasl 3aKi1agHbIX 3JIEMEHTOB
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Puc.4. O0muii BUI 3aKJIaJHBIX JIEMEHTOB

PacuetHoe 3HaueHNE Hecyliel CIOCOOHOCTH CKBO3HO-
rO 3aKJIQJHOTO 3JIEMEHTa NPH OJHOOCHOM pPaCTSDKEHHU
OIIpezenseTcs o cuenyromei Gopmye:

"1y " Otar

F, =2-7t-r}r,6 hetgs kO v

rae F, — Hecymasi ciocOOHOCTb CKBO3ZHOTO 3aKJIaJHOTIO
3JIEMEHTA Ha PACTKEHUE; 7hy — dDDEKTUBHBIN paguyc;
h — BBICOTa COTO3AIOJIHUTENS 0€3 ydeTa OOMINBKY; Teor —
MHHUMaJIbHOE 3HaY€HHWE COTOBOTO 3aIIOJHUTEIISI Ha CIIBHT;
Ooom — HPENeNl TeKYy4eCTH MaTepHaja OOLIMBOK; Oogy —
TOJIIIMHA OOMMBOK; ko — KoddummeHT, onpenenseMbli
ONbITHBIM IyTeM, oT 0,65 o 1,0.

O¢ddexTuBHBINA pagiyc 3aBHCHT OT KOHKPETHOTO pa-
Jyca BCTAaBKH, pa3Mepa STYEHKH COTHI (CTOPOHBI IECTH-
TPaHHUKA COTHI) U IPUHAMAET CBOE MHUHIMAIbHOE 3HaUe-
HHE U1 KOHKPETHOTO IOJOKEHHs LEHTpa 3aK/IaJgHOTO
3JIEMEHTA BHYTPU LIECTUTPAHHOM sAYEHKU. MUHHUMaIbHOE
3HauYeHHUe onpeessercs no popmyne

r+0,6-S,,

ryé =

TZie ¥ — paJuycC 3aKJIaJHOTO AIEMEHTa; S, — pa3Mep CTo-
POHBI IECTUTPAHHNKA COTBHI.

PacuetHoe 3HaueHNE Hecyel CIOCOOHOCTH CKBO3HO-
ro 3aKJaJHOTO 3JIEMEHTa Ha CABUT IPOMCXOAUT H3-32
MOTEpU YCTOWYMBOCTH OOIIUBKH NMpPU (PUKCAIUU BOKPYT
IPUICIUIAEMOrO 3/1eMeHTa. TakuM 00pa3oM, BO3MOXKHO-
CTH HArpy’>K€HHs JaHHOTO COEIMHEHHS OrpaHHYMBAIOTCA
MIPOYHOCTHIO MaTepHraja OOIINBKH.

PacuerHoe 3HaueHue HecyIled ClIOCOOHOCTH CKBO3HO-
ro 3aKJaJHOTO 3JIEMEHTA MIPU OAHOOCHOM pACTSLKEHUH
OIIpezemsieTCs o chenyonieit Gpopmyie:

£, =228 ar )
Hecymasi cnoco0HOCTH OJHOCTOPOHHErO 3aKJaj-

HOI'0O 3JICMEHTA. Hecymaﬂ CITIOCOOHOCTD OIHOCTOPOHHETO
3aKJIaJHOT'O 2JIEMCHTA OIPEACIIACTCA 110 (bOpMy.He

-0

.r.ci

Ty " Otar >

E, =2-n~ryu ~hp “Tan T ko Oaar

rie h, — BeICOTa EHOKoMMayaa (puc. 3).

Coeur WM TpONOibHAs HArpy3ka, IeHCTBYIOIIAs
Ha OJHOCTOPOHHMM 3aKJaJHOM 3JIEMEHT, BO3JEHCTBYET
Ha cpenHuil cioit obmmBku (puc. 5). duamerp D moca-
JIOYHOH MOBEPXHOCTH IPHIIETAIONIETO JIEMEHTa IOJDKEH
ObITh, KAK MUHMMYM, HE MEHbIIEC THIIMYHOI'O JUAMETpa
3aJIUBKH, T. €.
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DZZ-ryé.

DTO HEOOXOAMMO ISl O0eCIeYeHMs] JOCTATOYHOMN
(buKcanuu OJTHOCTOPOHHETO 3aKJIAHOTO dJIEMEHTa U TIpe-
JIOTBPAILCHHS €0 BAABIMBAHUS MO 0OMHBKY (puc. 6).

Hecymias ciocoOHOCTh TIOZ00HOTO COCMHEHUS OTpa-
HUYUBAETCS B OCHOBHOM IPEAEIbHON MMPOYHOCTBIO MaTe-
puana oOIMMBKY, HEOOJBIIAS YacTh HATPY3KH pacrpene-
JSeTCS Ha COTOBBIA 3amOJHHTENH. Takum o0Opas3om, pac-
YEeTHOE 3HAa4€HHE HeCylIeH CIIOCOOHOCTH OJTHOCTOPOHHE-
r0 3aKJIa{HOT0 3JIeMEHTa Ha CIBHUT ONPEICIISIETCS 10 Clie-
IYFOIIEH MOy MIMPUIECKON hopMmyIe:

Fn=8-ryr2~t -9,

T " Oiar -

¥

Kpurnunas cnaBuroBas Harpys3ka KBa3WHE3aBHCHMA
OT BBICOTBI COTOBOT'O 3aIIOJIHUTEIIL.

JKcnepuMeHTaIBLHOE oIpeeleHne Hecylleil cmo-
co0HOCTH TpexcjoiHOH KoHCTpyKuuu. OOBEKTOM HC-
NBITAHUH SIBISUTUCH 00paslibl, U3TOTOBJICHHBIE COTJIACHO
KOHCTPYKTOPCKOHM NokyMeHTauuu. OOpaser] npeacTaBiseT
co00il COTOBYIO IaHENb C BKIECEHHBIM 3aKJIAJHBIM HJIe-
MeHTOM. Pa3mepsr oOpasiia onpenenstores: mapaMmeTpamMu
UCIIBITaTEIBHOTO 000PYIOBAHMS.

AHanmm3 (MCTIBITAaHWS) TPOBOIIIICS Ha oOpa3max ¢ 3a-
KJIaJHBIMHA 3JIEMEHTaMH JIuaMeTpoM 8,5 MM (OIHOCTO-
poHHss 3aknanHas), 20 u 30 MM (CKBO3HBIE 3aKiIaHbIC
3JIEMEHTHI ).

Lenbro ucnpiTaHUM SIBISUIACH:
ompejieNieHne paspylarponieldl Harpy3ku o0pasioB
IPU Pa3IMYHbIX BUAAX CHUJIOBOTO BO3JEHCTBMA (HCIIBITA-
HUSI IPOBOIWIINCH HA PACTSDKEHUE U CIIBUT);
MOJTBEPXKICHUE PACUETHBIX JaHHBIX IO pa3py-
maromel Harpy3ke o0pasLoB IPH Pa3IWYHbIX BHIAX CH-
JIOBOTO BO3JEUCTBHSI.

Paspymaromieit Harpy3koi o0pasia sBIseTCsS Harpys-
Ka, IpU BO3LEHCTBUM KOTOPOM Ha 3JEMEHT B MECTE €ro
YCTAHOBKM HAYMHAIOT BO3HMKATh OCTATOYHBEIE Aedopma-
IINH HECYIIUX CJIOEB WJIM pa3pylIeHHE COCTABHBIX YacTel
obpasia.

KpureprieM NOJIOKUTENBHON OLIGHKH pPE3YJIbTaTOB
UCTIBITAaHUH SIBIISIETCSl TIOJIy4€HHE 3HA4YeHUS Harpy3Ku
3aKJIaTHOTO AJIEMEHTa o0paslia Ha TOYKe Havaja IIacTH-
geckor nedopmanuu (OTKIOHEHHWE IHUArpaMMbl OT TIpS-
MOJIMHEHHOCTH) Ha AMarpaMMe «Harpy3ka—IepeMeIeHIe).
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HcnpiTanyus NpoBOAMINCH Ha YHHBEPCAIbHOM HCIBI-
TaTeNbHON MaluHe Instron.

Instron siBNsieTCSA OTIIMYHBIM M JOCTYIHBIM PEUICHHEM
JUTSA ITUPOKOTO CIIEKTPa COBPEMEHHBIX JTabopaTopuil KOH-
TPOJIS KA9eCTBA KaK B JIETKOW, TaK M B TSHKEIION MPOMBIIII-
JIEHHOCTH. J|aHHBIE pa3pbIBHBIC MAILIMHBI 00J1aal0T Mpo-
CTBIM U MOHSATHBIM UHTEP(HEHCOM YIpaBJICHHs, BHICOKUMHU
SKCIUTYaTallHOHHBIMU TIOKa3aTeNsIMH U TPEBOCXOAHOM
Ha/Ie)XHOCTHI0. KOHCTpYKIMsT paMbl 00ecrieyrBaeT BHICO-
KM€ XapaKTEepUCTHKH )KECTKOCTU U COOCHOCTH, YTO HEMa-
JIOBaYKHO IPU NPOBECHUN UCTIBITaHUI MaTepuanos [12].

Ha puc. 7 mpencraBineHa yHuBepcadbHas HCIbITa-
TenbHas MamuHa Instron.

[Ipn ucnbITaHMAX Ha pacTsDKeHHe oOpaser] ycTaHaB-
JUBAJIA BMECTE C TEXHOJIOTHIECKON OCHACTKOU (pucC. 8).

Dryg
;?u Fe

[~

Puc. 5. OnHOCTOpOHHUIT 3aKIaIHOM 31eMEHT
I0J] CIBUTAIOLIEH HArpy3KoH (yCIOBUS KPEIUICHHs)

Cormnacuo puc. 8, pasmep D (OTBepcTHE B CMEHHOMH
orope) MoJAOUpPACs W3 UMECIONIUXCS B KOMIUICKTS YHU-
BEpCaJIbHOM MCHBITATENbHOM MalIUHbI IJIACTUH. B oTBEp-
CTHE 3aKJIaJHOTO BJIEMEHTA yCTaHABIMBAJICSI COOTBETCT-
BYIOIIMH BHYTPEHHEMY JMaMeTpy OTBEpCTHSI 3aXBaT-
MEPEXOJHUK, OOECHECUNBAIOMINN MPUIOKECHUE YCHIIMS.
JlmameTp oTBEpCTHsI B OCHACTKE ONpeessuics 1Mo (hopMyIie

D=8-S,+2-r.

[Ipu ucneITaHKAX Ha COBUT 00pasell ycTaHAaBIUBAIA
BMECTE C TEXHOJIOTHYEeCKOH ocHacTkoh (puc. 9). Ilepe-
XOMHYIO TATY 3aKpemwin Ha o0pasle, COCTUHHIN TATY
C 3aXBaTOM-TICPEXOHAKOM YHHBEPCAITHHON HCITBITATCIIh-
HOM MaiuHbI Instron.

o

Puc. 6. OnHocTOpOHHUIT 3aKIaHON 3JIEMEHT
MO C/ABUTAOLIeH Harpy3Koii (BIaBirBaHue MO OOLIKMBKY)

T

Puc. 7. YHuBepcanpHas ucIibITaTeNbHas MalyHa Instron

3AEMEHTE HEEMAEHMA CHMEHHOR
ONoPE M OBPA3UOD K OCHOBOHKMIOD

P

D

CrerHoAa onosa

3arkAcaHOR|
INEMEHT

Z0xBOT MNePexROMHWK

MCMETATEAEHOR  MOWKHE
Instrone

OcHoBOHKMe

Puc. 8. Cxema ucnbITaHuii 00pa3IoB Ha PaCTIKEHHE
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JIJIs KaXKa0ro BUIa UCIBITAHUN OBUIO U3TOTOBJIICHO TIO
Tpu obpasua.

B Tabm. 2 mpeacTaBieHo cpaBHEHHE PE3yIbTATOB IKC-
IepUMEHTa M pacdera OoOpas3loB C BBICOTOW COTOBOTO
nakeTa 30 MM, TOMIUHOMN oaHOoM oOmmBkH 0,3 MM (0OITHB-
KA BBITOJTHEHBI Ha OCHOBE AJTFOMHHHEBOTO ciuiaBa B9S)
M COTOBBIM 3anojiHuTeaeM 5056-2,5-2311.

B 1ab6in. 3 npencraBiieHo cpaBHEHHE PE3yIHTaTOB 3KC-
MEpUMEHTa M pacyera o0pas3lloB C BBICOTOH COTOBOI'O
nakera 30 MM, TOJMIMHON otHOM o6umBKY 0,5 MM (0OIIMB-
K{ BBITIOJTHCHBI HA OCHOBE alllOMHHHEBOTO ciutaBa B9S5)
U COTOBBIM 3aroHuTenem 5056-2,5-2311.

B Tabi. 4 npeacTaBieHO CpaBHEHHE PE3yIBTATOB IKC-
MIepUMEHTa M pacyera oOpas3loB C BBICOTOH COTOBOTO
nakeTa 30 MM, TOMIUHON oHOoM oOmmBKH 0,3 MM (0OITHB-
KM BBITIOJTHEHBI Ha OCHOBE aJIOMHHHEBOTO cruiaBa B9S)
H COTOBBIM 3amoianuterneM AMr2-H-2,5-4011.

B 1abin. 5 nmpencraBiieHO cpaBHEHHE Pe3yIHTaTOB 3KC-
NepUMEHTa U pacueTa OOpasllOB C BHICOTOH COTOBOTO
makera 40 MM, TomiuHOM oxHOM oOmuBKH 0,3 MM
(0OmMBKM M3rOTOBJIEHBI M3 YETHIPEX CIIOEB YIJIEPOIHOMN
nentsl Kynon 500/0,07, BbUIOKEHHBIX 101 yriioM 1/0° +
+ 1/90° + 1/90° + 1/0°) ¥ COTOBBIM 3aIOIHUTENEM
5056-2,5-23I1.

Kegrurenn

SaxeaT
NepexoaHnK

MCMBITATE AEHOP
O
Instron

Tara

Oepazey,

JaxeaT
MEREx08HAK
HCMMTATE ALHOR
MALIAHE
Instron

B Ta6in. 6 mpeicTaBieHO CpaBHEHHUE PE3yIbTATOB IKC-
NepUMEHTa M pacyera 00pas3loB C BBICOTOH COTOBOTO
makera 40 MM, TommmMHON omHOoi o6muBKka 0,64 MM
(0OMMBKH M3TOTOBJICHBI W3 TKaHW 3198) M COTOBBIM 3a-
nojaurenem 5056-2,5-2311.

Wcxonst U3 NaHHBIX, MOJYYEHHBIX B PE3yJbTaTe JKC-
nepumeHTa (tabiu. 2—4), cnenyer, 4To B 00pa3uax ofuHa-
KOBOHM BBICOTBI C OJIHUM M TEM K€ COTOBBIM 3aIlOJHUTE-
JeM ¥ MaTepHaJioM HECYIIMX CJIOeB OONIMBKM HeCyIas
crocoOHOCTh 0OJIbIIIE Y TOro 00pasia, y KOToporo oojee
ycwieH Hecymmii ciod. Ilpm onmHakoBbIX rabaputax,
TOIIIIMHE W MaTepuaie OOMMBKH, HO C Pa3IHIHBIM COTO-
BBIM 3aIIOJIHUTENIEM HECYIasi CIOCOOHOCTH BBIIIE Y TOTO
o0pasia, y KOTOPOTO COTOBBIH 3aIl0JHUTENh UMeeT Oojee
BBICOKOE 3HAYEHHE MPOYHOCTH HA CIIBHT.

OO6paser; co CKBO3HBIM 3aKJIQAHBIM 3JIEMEHTOM JHa-
MeTpom 20 MM, OOMIMBKAMH W3 aJIOMHHHEBOTO CIDIaBa
B95 u cotoBbM 3amomHuTeneM 5056-2,5-2311, mporen-
I UCTIBITaHMS, TIpeicTaBieH Ha puc. 10.

O0padoTka pe3yJbTaTOB HcNbITaHUi. CTaTHyecKas
00paboTKa pe3yJIbTATOB HCIBITAHHI OCHOBaHA Ha MpPE-
JIO)KEHHUH, YTO PACCENBAHUE TOJIyYEHHBIX B OJIMHAKOBBIX
YCIIOBHSIX BEJIMYHH TOAYUHACTCS TOMY WJIH WHOMY 3aKO-
HY pacIpeesieHys III0THOCTH BeposiTHOCTH [13].

Puc. 9. Cxema ucnbITanuit 00pa3oB Ha CABHUT

Tabnuya 2

CpaBHeHHe pe3yJIbTATOB IKCIIEPMMEHTA H pacyeTa 00pa3uoB BbIcoToil 30 MM
¢ ATIOMHUHHEBBIMH 00IIMBKAMHM TOJIIHHOMH (0,3 MM H COTOBBIM 3amojHuTeeM 5056-2,5-2311

[Mapametp Oopazern 1 Oopazern 2 Oo6paszen 3
JmameTp 3akiaiHOro IeMeHTa 8,5 20 30
Bup ucnsitanuil Pactsaxenue
Fn(éﬁd’(jﬁr’ﬁj euiify > H 863-1021 2550-2750 3629-3924
Fn(dr’ﬁ+1’ﬁiil’) H 932 2559 3672
max A, % 9,5 7,5 6,9
Bug ucniprtanmi Casur
Fn(éﬁdﬁﬁr’ﬁiémi) ,H 1032-1210 3360-3640 5180-5327
Faiteiriify - H 1125 3496 5244
max A, % 8,3 4,1 1,6
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Tabnuya 3
CpaBHeHHe pe3yJIbTaTOB KCIIEPUMEHTA U pacyeTa o0pa3uoB BbicoToii 30 Mm
¢ AJTIOMHUHHEBBIMH 00IIMBKAMM TOJIIIHHOM (0,5 MM H COTOBBIM 3anojHuTeeM 5056-2,5-2311
[Tapamerp Obpazen 4 Obpasen 5 Obpasen 6
JlnameTp 3aki1aIHOTO dJIeMEHTa 8,5 20 30
Bun ucneitanmit Pactshxenue
Fn(éﬁdﬁﬁjfﬂéﬁiii) ,H 1070-1190 3250-3500 4702-5111
Faendniiiy» H 1106 3416 4902
max A, % 7,6 49 43
Buj ucneiranmii CaBur
Fyagunenieniiy » H 1295-1452 5541-5855 8530-8821
Faeieiniiiy - H 1383 5776 8664
max A, % 6,4 4,1 1,8
Tabnuya 4
CpaBHeHHe pe3yJIbTATOB IKCIIEPHMEHTA H pacyeTa 00pa3nos BbIcoToi 30 MM
¢ AJIIOMMHUEBBIMHU 00IIMBKAMHU TOJIMHOIH 0,3 MM U coToBbIM 3anotHuTe1eM AMr2-H-2,5-4011
[Napametp Obpazen 7 Obpazen 8 Obpazen 9
JuameTp 3aKiIaAHOTO BJIEMEHTa 8,5 20 30
By ucneitanuii Pactsxenue
Fn(éﬁd{jﬁfﬁ[ ciii)» H 1121-1200 3332-3407 4628-4806
Faeadniify - H 1093 3290 4720
max A, % 9,8 4,1 1,6
Bun ucneiranumii Cnsur
Fn(éﬁdﬁ de i i 1) o H 1244-1303 4700-4921 6693-6925
Fn(dr’ﬁ+1’fﬂ ii)» H 1216 4720 6840
max A, % 7,2 43 2,1
Tabnuya 5
CpaBHeHHe pe3yJIbTaTOB KCIIEPUMEHTA U pacyeTa o0pa3uoB BbicoToii 40 Mm
¢ o0mmBKamMu u3 yriepoanoii Jentsl Kyaon 500/0,07 u cotoBbiM 3anorauTesnem 5056-2,5-2311
[Tapametp Obpaszen 10 Obpaszen 11 Oobpaszer 12
JlnameTp 3akiiaiHOro dIEMEHTa 8,5 20 30
Bup ucneiranui PacTsxenne
Fn(éﬁdﬁﬁr’m’émﬂ') ,H 1779-1910 42804592 5037-5581
Fatieiiiih) - H 1742 4181 5578
max A, % 9,6 9,8 9,7
Bun ucnisitanuit CuBur
Fn(éﬁdﬁﬁfﬁjémij) »H 1133-1191 23662644 3451-3962
Faeiniify» H 1239 2550 3825
max A, % 8,6 7,2 9,8
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Tabauya 6
CpaBHeHHe pe3yJIbTATOB IKCIIEPMMEHTA U pacyera 00pa3uoB BbIcOTOi 40 MM
¢ o0muBKaMHu u3 Tkanu 3198 u coToBbIM 3anoanuTeeM 5056-2,5-2311
ITapamerp Oopaser 13 Oopazen 14 Obpasern 15
JuaMeTp 3aKIagHOro 3JIEMEHTa 8,5 20 30
Bupg ucnsiranuit Pactsoxenne
Fn(eﬁdﬁf,fﬁjéum) ,H 1880-2105 6135-6333 86138911
Fyaeneiniiiy» H 1932 6202 8846
max A, % 9,0 2,1 2,6
Bun ucneirannii Cusur
Fn(éﬁd{j il sui i) » H 1493-1654 3465-3971 5399-5601
Fyaeneiniiiy» H 1578 3712 5568
max A, % 5,4 7,0 3,0
-
:-‘ ) wil
4
F\_

a

Puc. 10. O6pazer: a — obmmii Bux obpasua; 6 — paspes odpasia

[Ipn HOpManbHOM 3aKOHE pacIpelelCHUs] SKCIEPH-
MEHTaJIbHBIE JIaHHbIE B YKa3aHHOW CHUCTEME KOOpAMHAT
JOJDKHBI YK/IaAbIBAThCSl HA HPSAMYIO JIMHHIO C YIJIOBBIM
koaddurrenrom. Bo3amoxkHa Takke aHaIUTHYECKas! MPO-
BEpKa COOTBETCTBHS IOJIYYCHHOIO paclpelieNieHus 3KC-
NIEPUMEHTATIBHBIX JaHHBIX HOPMabHOMY 3aKony [13; 14].

[Ipu oOpaboTke 3KCIEpUMEHTANBHBIX JaHHBIX CHaYa-
Jla OTIpeJeNsieTCsl Cpe/lHee 3HAUCHNE HCCIIeAyeMON Belu-
YHHBI

U CpeIHEKBAIPAaTUYHOE OTKIOHEHHUE (WM CPEIHEKBapa-
THUYHAsI OIINOKa):

IZie # — MPHUHATOE AT JAHHOTO MCCIICAOBAHUS YHCIIO 00-
PpasImoBs.

sl OTHOCUTENBHOW OLICHKM DPAaCCEUBaHUSl SKCIEPU-
MEHTIBHBIX JAHHBIX IPUMEHSIOT KOI(Q(HUIMEHT BapHaLliu:

=i100 %.

X

(O]

Yka3aHue OHOTO JIUIIb YUCICHHOTO 3HAYEHUS CPEel-
HEKBaJIpaTHYHOTO OTKJIOHEHWS WM Kod(duimeHra Ba-
pHaLK HEIOCTAaTOYHO, TaK KaK B 3TOM CIydae OCTaeTCA
CTENECHb HAIEKHOCTH PE3YNbTaTOB IKCIepuMeHTa. Ecmm
X — WUCTHMHHOE 3HAa4YE€HUE H3MEpsIeMOil BEIMYHMHBI, X —
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ec cpeHee 3HAUYCHHE, IIOIyUYCHHOE B PE3YJIbTaTe n3Mepe-
HUM, U NOTPEIIHOCTh U3MEPEHUS 3TOM BEIMYMHBI AX, TO
BEPOSITHOCTH TOTO, YTO PE3YJIBTAT U3MEPEHUH OTINIAETCS
OT MCTMHHOIO 3HAY€HMs HA BEIMYMHY, HE IPEBBIIIAO-
mIyio Ax, 3anucheiBaroT B Buze [13]

P(x - Adx<x<x+Ax)=qa.
BepOHTHOCTB 0 C©CTb HOBCPUTCIIbHAA BCPOATHOCTD,
Wi K03QUIUEHT Haae)KHOCTH. VIHTepBal 3HAYCHUIA

OT Xx—Ax 10 X+ Ax Ha3pIBaeTCsA AOBEPUTEIbHBIM UHTEP-
BajoM. CrenoBaTesNbHO, UL TIOJHOW XapaKTepUCTHUKH
BEJIMYMHBI CIy4aiHO#l OmIMOKKM HEO0OXOJMMO 3a]aTh Be-
JIUYUHY CaMOW OIMMOKM W BEIMYHHY JOBEPUTCIHLHOU Be-
postHOCTH. IIpy OOBIYHBIX U3MEPEHUSIX MOXHO OTPaHU-
YUTHCSI TOBEPUTENIBbHON BeposiTHOCThIO 0,9 mnu 0,95, HO
HWHOT/Ia MOXKHO 3aJlaBaTh JIOBCPUTEIHHYIO BEPOSTHOCTH
paBHoi 0,999. JloBepUTENnbHBII UHTEPBAI 3alKACHIBACTCS
B cieaytomiem Buae [13—15]:
x—t L
o,n \/;
3navenne kod3(dumenta CTpIOAEHTA 4, I TPEX U3ME-
peHnii paBHO 5,84.
PesymbraTel craTHCTHYECKO 00pabOTKH 3KCHEpH-
MEHTaJIbHBIX JIaHHBIX MPECTaBJICHbI B Ta0IMI. 7.
CpaBHEHHE PE3yJIbTAaTOB pacyera ¢ HKCIEPUMEHTANb-
HBIMHM 3HAYCHUSIMU JUIsi BCEX OOpa3loB IPENICTABICHBI
Ha puc. 11-15 (pe3yabTaThl NpeACTaBICHBI C YYETOM JI0-
BEPHUTEIIBHBIX HHTEPBAJIOB, MPEICTABICHHBIX B Ta0II. 7).

n

KX <KX+,

:«!o;
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Puc. 14. CpaBHeHue pe3yJIbTaToOB pacyeTa U UCIBITAHU 1711 00pa3noB BeicoToit 40 MM ¢ obumBkamu u3 Kyiona 500/0,07

(tonumHa obmuBku 0,3 MM) 1 cOTOBBIM 3anoiHuTeneM 5056-2,5-2311: a — pacTskeHue; 6 — CABUT
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Puc. 11. CpaBHeHue pe3ysIbTaTOB pacyeTa U UCTIBITaHU T 00pa3uoB BeicoToli 30 MM ¢ obmmBKamu u3 B9S
(tonuuHa obmuBky 0,3 MM) 1 COTOBBIM 3anoiHuTeneM 5056-2,5-2311: a — pacTskeHue; 6 — CABUT
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Puc. 12. CpaBHeHHe pe3ysIbTaTOB pacyeTa ¥ UCTIBITaHU T 00pa3uoB BeicoTol 30 MM ¢ obmmBKamu u3 B9S
(tonuuHa obmuBky 0,5 MM) 1 cOTOBBIM 3anoiHuTeneM 5056-2,5-2311: a — pacTskeHue; 6 — CABUT
| e | wome
e LT . o -
I B
| & |
| | 5000
o | o0
| pooo 1]
| 3000
| 1uamy
| | 1000
! 1] i L & '] L
! B ; - ¥ wh g o 5 10 15 b1 B n e
o
a
Puc. 13. CpaBHeHHe pe3ysIbTaToB pacyeTa U UCTIBITaHUM T 00pa3uoB BeicoTol 30 MM ¢ obmmBKamu u3 B9S
(tonumHa oburBku 0,5 MM) 1 coToBBIM 3anoiauteneM AMr2-H-2,5-4011: a — pactspkeHue; 6 — cIBUT
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Puc. 15. CpaBHeHHe pe3ynbTaToB pacdeTa U UCTIBITAaHUN 1711 00pa3ioB BeIcoToi 40 MM ¢ o0mMBKaMu U3 TKaHU 3198
(TommuHa o0muBKku 0,64 MM) U cOTOBBIM 3amonHuTeneM 5056-2,5-2311: a — pacTspkeHHe; O — CABUT

W3 rpadukos, npencraBieHHBIX Ha puc. 11-15, Bua-
HO, YTO 3HAYEHMs HECyIIeH CIHOCOOHOCTH, MOIyYeHHBIC
SKCHEPUMEHTANbHBIM IyTEM, JEKaT B JOBEPUTEIIBHBIX
WHTEpPBANaX OTHOCHUTENHFHO PACUETHOTO 3HAYCHUS [UIA
BCEX BHJIOB 3aKJIAIHBIX 3JICMEHTOB.

3akawuyenne. B pesynpraTte mMpoBeICHHBIX HCCIENO-
BaHMH MOJTBEPIK/ACHA MPABHJIBHOCTh BBIOPAHHOTO MOJ-
X0/la K pacueTry Hecylleil CHOCOOHOCTH TpPEeXCIOHHOU
COTOBOM KOHCTPYKIMM C 3aKJIaJHBIMH 3JEMEHTaMH DPa3-
JUYHBIX BHUIOB. OmpeneneHsl 3aBUCUMOCTH Hecyluen
CIIOCOOHOCTH OT COTOBOT'O 3aIOJIHUTENSI WM TOJIIMHBI
Hecylux ciioeB oOmuBok. [IpoBeneHo KkayecTBEeHHOE
CpaBHEHHE pE3yIbTaTOB HKCIEPUMEHTA C PACUETHBIMU
3HAYECHUSMU.

JlaHHbBIE, MTOy4YEHHBIE B pe3yibTare paboThl, puMe-
HSIOTCS TP TIPOCKTUPOBAHIH W M3TOTOBJICHUN KOCMHYE-
CKUX almapaToB Pa3IMIHBIX KIIACCOB.

IIpoBeneno uccienoBanue MpPoOIEMbI, HE OCBELICH-
HOU B POCCHUHCKOMN U 3apyOeKHOM IuTeparype.
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