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HOBBI METO/ T'PYIIIIAPOBKHA HNEPEMEHHBIX JUUIA 3AJAY IMAPAMETPUYECKOW
ONITUMU3ALIMU BOJBIIOU PASMEPHOCTH

A. B. BaXHI/IH*, E. A. Comnos

Cubupckuii rocyapCTBEHHBIH YHUBEPCUTET HAYKU M TEXHOJIOTMH UMeHHM akajnemuka M. @. PemerneBa
Poccuiickas ®enepanms, 660037, r. KpacHosipck, npocn. uM. ra3. «KpacHospckuii pabounii», 31
* . .
E-mail: alexeyvah@gmail.com

CnosicHocmy U pasmMepHoCmb NPUKIAOHBIX 3a0ay 2100ATbHOU NAPAMEMPUYECKOU ONMUMUZAYUU CIMPEMUMENbHO
VEEIUUUBAIOMCSL ¢ KAACObIM 2000M. Croum ommemumsy, 4mo npaKmuyeckue 3a0a4u ONMmuMU3ayuu si8usiomcst CLodic-
HbIMU U 3a4ACIYI0 PACCMAMPUBAIOMCSL KAK MOOETb «YEPHO20 SUUKA» NO NPUYUHE MO20, YMO UCHePNbIAIOWUl AHAIU3
npobemvl 3ampyoHer Ul He8O3MONCEH, d YaACMUuYHas uHgopmayus o npodieme peoko A6semcs noie3nou. Igpgex-
MUBHBIM UHCMPYMEHMOM ONisl peuleHuss 3a0ai ONMUMU3AYUU MUNA «YepHblll AWUK» AGTAIOMCA I8PUCTHUYECKUE
aAneOpUMMbL NPAMO20 noucka. B nociednue decamunemus ucciedogamenu paspadomany MHOICECMEO IBPUCTHUYECKUX
aAneopummos 0Jis peuteHus 3a0a4 2100a1bHOU ORMUMUZAYUU OOTLULOU PASMEPHOCTIU.

Ipeonooicen nogwlil n00x00, komopwiii nonyuun nazeanue DECC-RAG. Aneopumm DECC-RAG 6asupyemcs Ha opu-
CUHATILHOM Memooe ZPYNRUPOBKU NEPEMEHHbIX (CIVYauHAs a0anmueHas epynnuposKa) Oasi NpUMeHeHus mMemood
KOONepamugHoul Kodeomoyuu. B ocnoge npednosicennozo memooa epynnuposKu nepemeHHbIX Jencum ciedyiowas uoes:
nocie 3a0aHHO20 KOMUUeCMEad 6bIYUCIEeHUL YeLe6ol (PYHKYUU, RPUMEHSISL CIPYKIYPY KOONEPAMUSGHOU KOIBOMOYUU Ois
ancopumma SaNSDE, naxooumcs noioguna cyoKOMROHEHmMO8 ¢ XyOuumMy 3HA4eHUsIMU npueoOHocmell, 8 OAHHbIX CYO-
KOMNOHEHMAax npoucxooum ciyyatinoe nepemeuueanie UHOeKCo8 nepemMeHHbIX.

Ippexmusnocms arcopumma DECC-RAG npogepsinaco na 20 smanounulx mecmoswvix 3adayax uz navopa LSGO
CEC’2010 u 15 3a0auax u3z nabopa LSGO CEC’2013. Pasmepnocmo 3a0au pasusiace 1000. Pesynbmamul 4ucieHHvix
IKCNEPUMEHmMOo8 nokasviearom, umo npeonodicennvii areopumm (DECC-RAG) npesocxodum Hexomopbvle Opyaue co-
8peMeHHble IBONOYUOHHBIE ANOPUMMbL HA 3A0ayax 2100anbHou onmumusayuu 6oavwiol pasmepuocmu usz LSGO
CEC’2010 u LSGO CEC’2013.

Kmrouesvie crosa: onmumu3ayus, bonvuias PA3MEPHOCMb, I60JIVYUOHHbIE AICOPUMMbL, KOONEPAMUBHAS KOIBOIIOYUA.

A NEW METHOD OF GROUPING VARIABLES FOR LARGE-SCALE GLOBAL
OPTIMIZATION PROBLEMS

A. V. Vakhnin', E. A. Sopov

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
“E-mail: alexeyvah@gmail.com

Complexity and dimensionality of real-world optimization problems are rapidly increasing year by year. A lot of
real-world optimization problems are complex, thus researchers consider these problems as ‘black box’ models due to
the fact that the analysis of the problem is complicated or completely impossible, and partial information about the
problem is rarely useful. Heuristic search algorithms have become an effective tool for solving such ‘black box’ optimi-
zation problems. In recent decades, many researchers have designed a lot of heuristic algorithms for solving large-
scale global optimization (LSGO) problems.

In this paper, we proposed an innovative approach, which is called DECC-RAG. The approach is based on an
original method of grouping variables (random adaptive grouping (RAG)) for cooperative cooperation framework. The
RAG method uses the following idea: after a specified number of fitness evaluation in the cooperative coevolution with
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the SaNSDE algorithm, we choose a half of subcomponents with the worst fitness values and randomly mix indices of

variables in these subcomponents.

We have evaluated the DECC-RAG algorithm with 20 LSGO benchmark problems from the IEEE CEC’2010 and on
15 LSGO benchmark problems from the IEEE CEC’2013 competitions. The dimensionality of benchmark problems was
equal to 1000. The experimental results have shown that the proposed method of optimization (DECC-RAG) outper-
forms some well-known algorithms on the large-scale global optimization problems from LSGO CEC’2010 and LSGO

CEC’2013.

Keywords: optimization, large-scale, evolution algorithms, cooperative coevolution.

BBenenne. [Ipuknagnpie 3agauyd TII0O0ATHLHOW OMNTH-
MHU3aIMA C KaXIBIM TOJOM CTAHOBSTCA BCE CIIOJKHEE.
BoNBIIMHCTBO peanbHBIX 3aad ONTUMH3AIMUA HUMCIOT
OOJIBIIYIO0 Pa3MEPHOCTh. JlaHHBIN THIT 33734 CIOKCH IS
pEIICHUS IO PsiIy IPUYHH: MPOCTPAHCTBO MOUCKA YBEIIU-
YMBAETCS IKCIOHCHIMAIBLHO 110 MEPE YBEIUYCHUS KOIH-
YecTBa IEPEMEHHBIX, CBOMCTBA MPOCTPAHCTBA IOKMCKA
MOTYT MCHSITBHCS, 3a49aCTYI0 CTOUMOCTD OIICHKH PCIICHHS
Bbicoka. B 2002 rogy NASA omy0OimkoBano crateio [1],
rae ObUTH MPOAEMOHCTPHUPOBAHBI TEHICHIIMM POCTa pas-
MEPHOCTH pEaJbHBIX 3a1ad TJI00AIBHOW ONTHMH3AINH.
Ecnu panbpmie Gosbiasi pa3MepHOCTh B 3a/1adax rio0atb-
HOW ONTHMM3AIMN O3HAadajia Iapy IECATKOB MEPEMECHHBIX,
TO ceroaHs ux Oonee Thicsun. CyIIeCTBYET MHOMXKECTBO
pobeM rao0anbHON ONTUMU3AIMK OOJBIION pa3MepHO-
CTH U3 pa3HbIX oOnactei [2—5]: datamining, uHXeHEpHs,
HeliponHopMaTrka, xumus u Ap. CTout 00paTuTh BHUMA-
HHUE Ha TO, YTO OOJBIIMHCTBO PEANBHBIX 3a/1a4 ONTHMU3a-
LMK OTHOCSITCS K THITy «4epHbIi smuk» (Black-Box (BB)).
OCO0EHHOCTh JTaHHOT'O THMA 33Ja4 3aKII0YaeTCsl B TOM,
9TO MBI HE UMeeM HH(OpPMAIIMK O CBOHCTBAX perraeMoi
3a[a4i, KOTOPBIE MOTYT OBITh MCIIOJIb30BaHBI IIPH ITOMCKE
r7100aIBHOTO SKCTPEMYyMa, MBI MOJKEM TOIYYHUTH TOJBKO

3HaYeHMs LeeBoi Gpyukuun f(X) ams Toukn X U3 mpo-

cTpaHCTBa HOMCKa. [Ipu pemeHnn 3agad TUIa «4EepHBINA
SIIIMK» CBOIO 3((EKTUBHOCTD MPOAEMOHCTPUPOBAIIH 3BO-
JronroHHbIe anroputMsl (DA) [6; 7].

Kiaccuyeckas 3ajaya onTHMU3aUKU B OOLIEM ciIydae
MOXeT OBbITh c(OPMYJTUpPOBaHa CIIAYIONIMM 00pa3om [8]:

f(f):f(xl,xz,...,xn)—)mig/g)l}qax, (1)
xl.Lle.le.U,izl,_n, (2)
gj(xlaxzan'axn)goﬂj:l:_m’ (3)

B (X0 %y50000%,) = 0,k = 1,1 . 4)

B ypaBuenuu (1) f o6o3HauaeT neneByr GyHknuo, X
SIBIISICTCS JOITyCTUMBIM MHOKECTBOM PEIICHHUH, /1 — IIeJI0e
grcio, o0o3Hayaromee pasMepHOCTh 3aJaddl ONTHMH3a-
wun. B ypasuenun (2) x° u x;Y 0603HaUAIOT HUKHIOW
1 BEPXHIOIO IPaHMIly MHTEpBaJa IOMCKa COOTBETCTBEHHO.
VpaBuenus (3) u (4) o003HAYarOT OrpaHUYECHUS THIA
HEpaBEHCTBA M PAaBEHCTBA COOTBETCTBEHHO. B nmaHHOMU
CTaThe PAacCMaTPHUBAIOTCS 331a4M OE3yCIIOBHOW ONTHMH-
3alid, HA KOTOpbIE HE HAKJIAIBIBAIOTCS OTPaHHYCHHS
tumna (3) u (4).

3amaun T100aNbHON MapaMeTPHYECKON ONTUMHU3AINH
MoJieNell THIIa «9EPHBIH AMINK», B KOTOPBIX YHCIIO Tepe-
MeHHBIX paBHO 1000 m Gonee, MPUHATO Ha3bIBATh 3a]a-
gaMH TJIOO0ATLHOW ONTHMH3AIMK OOJBIION pa3MEepHOCTH
(Large-Scale Global Optimization (LSGO)). B [9] nmoka-
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3aHO, YTO HAWJIy4IIHe pe3yiabTarhl Juisd 3anad LSGO noc-
TUTAIOTCS B KJIacce OMOHWYECKUX aTOPUTMOB IIPSIMOTO
noucka. B wactHOCTH, BBICOKYIO 3(ppeKTHBHOCTD JIEMOH-
CTPHUPYIOT pa3jINuHbIE YBOIIOLMOHHBIEC AJITOPUTMBI.

Hoaxoapl k pewmenuro 3agayu LSGO Ha ocHoBe
IBOJTIONHOHHBIX AJITOPUTMOB

1. Anddepennmansuas spomonust (Differential Evo-
lution). Storn u Price mpeacraBuiaM OpuUrMHAIBHBIA MOA-
XOJl JUIA TapamMeTpudeckor ontumusanuu B 1995 roxy,
oH mosryaun HazBaHue Differential Evolution (DE) [10].
DE sBnsieTcd pPasHOBUAHOCTBIO HBOJIOLMOHHOTO allro-
pUTMa, ITO3TOMY B XOJe €ro paboThl MCIIOIB3YyEeTCS HTe-
pamMoHHasI TpoUenypa, KOTOpas COCTOUT W3 MOBTOPSIO-
IIETOCS TPUMEHEHHUS OIEepaTOpOB MYyTallMH, CKpEIInBa-
HUSI, celleKIMu. bonee peTanbHO © TaHHBIM aITrOPUTMOM
MOYKHO O3HAKOMHUTbHCS B [11].

2. CamoHacTpauBatommasicst auddepeHnuanbaas Bo-
Jronys ¢ mouckoM B okpectHocty (Self-adaptive differen-
tial evolution with neighborhood search (SaNSDE)).
SaNSDE — camonactpanBaromasicss nuddepeHunansHas
IBOJIIONIMSI C TOMCKOM B okpectHocTH [12]. Ha ocHoBe
knaccudeckoro anroputma DE B 2008 romy Obuia mpen-
JoXKeHa ero Moaudukanus. JJaHHBIH anropuT™M OBUT BBI-
OpaH 1o TO¥ MpUYHMHE, YTO B HEM IPHUCYTCTBYET CaMOHa-
CTpoliKa ero mMmapaMmeTpoB B Xo0jae paboThl. DTO OYEHb
Ba)KHO, TaK Kak 3(QQeKTUBHOCTH paboThl Jtoboro DA Ha-
NpsSIMYIO 3aBUCHUT OT BbIOpaHHBIX mapamerpoB. [ns DE
OCHOBHBIMHM IIapaMeTpaMH SIBJISIOTCS THIT MYTalLlUH,
F, CR. F — napaMmeTp, XapaKTepU3yrOIUI MaKCUMaIbHO
BO3MOXKHOE PacCTOSHUE, Ha KOTOPOE MOXKET paclIUpUTh-
cs1 00J1aCTh MOUCKA ONTHUMYMa IO OJHOW IEpEeMEHHON 3a
OJIMH IIIar 3BOJIONHHU. 3a4acTyi0 3HA4YeHHUS mapamerpa F
HaxoasaTcs B mHTepBane [0; 2]. CR — mapametp, OTBe-
YarOIIUil 32 YacCTOTY CKpEIIMBAaHUSI: Y€M BBIIIE €ro 3Ha-
4eHue, TeM OOJbIle MepEeMEHHBIX PeIeHus: OymIyT 3aMe-
IICHBl HOBBIMH MYTaHTHBIMH 3HAa4CHUAMH, 3HaueHUs CR
Haxojsatcs B nHTepBase [0; 1]. OcoGeHHOCTh anropuTMa
SaNSDE 3akitodaeTcst B TOM, 4TO aJrOPUTM (PUKCHPYET
YCIIEIIHOE M HEYCIEIIHOE NMPUMEHEHHE TOTO MM HHOTO
TUNA MyTalluu, 3HaueHus mapamerpos F, CR, mocne om-
PEleNICHHOTO KOJIMYECTBAa IIOKOJICHWH MepecYUTHIBAET
BEPOSITHOCTH BHIOOpA THIA MyTauuu, 3HadyeHus: CR u 3Ha-
yeHus F.

3. KooneparuBHas ko3pomronus (Cooperative Coevo-
lution). OgauM U3 Hanboyiee U3BECTHBIX W YaCcTO TpPUMeE-
HAEMBIX MOOXOMOB [UIA pEHmICHHWS 3amad  OOJBIION
Pa3MEpHOCTH SABISIETCS AEKOMIIO3HINS HAa OCHOBE METO/Ia
KOOIIEpaTUBHON KO3BOJIIOLIUH.

Kooneparusnas kossomrouusi (Cooperative Coevolu-
tion (CC)) siBisieTcs 3BOIOLMOHHON CTPYKTYpOii (puc. 1),
KOTOpasi ISTUT BEKTOP 3aJaull ONTUMH3ALUH Ha HECKOJIb-
KO CYOKOMIIOHEHTOB M ONTUMH3HMPYET WX HE3aBHCUMO
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¢ moMoIIsio0 DA (10 MOMEHTa KOOTIEpaIliH) ISl PEIICHUS
3aJa4M ONTHUMM3AIMK. BriepBble TaHHBIA METO] MpeJyIo-
xuiu Potter u De Jong [13] npuMeHHUTENBHO K T€HETHYE-
ckomy amroput™my. CC Ha CEerofHALIHUNA AEHb SBIACTCA
(G (QEKTUBHBIM HHCTPYMEHTOM IIPH pEIICHHN cerapa-
OeNbHBIX 33/1a4 ONTHMHU3ALUU OOJBIION pPa3MEpHOCTH.
Huxe mpencraBineH NCEBAOKOA KOONEPATUBHOM KOIBO-
JIFOLINH:

Ilce600K00 KOOnEepamugHoIl K0I60a1I0UUU
1: Ilpoussecmu dexomnosuyuio yeneeozo eekmopa Ha m cyo-
KOMNOHENNO08 MeHbuell pasMepHOCL;,
2: I[Ipuceoums i = 1 u Hauamv HOBLIL YUK,
3: Onmumusuposama i-10 cyOKOMnOHEHMY ¢ NOMOWbio DA,
4: Ecui < m, i = i+1 u nepetimu x wazy 3, unaue x wiae 3;
5: Ocmanosumuv aneopumm, ecau yciogue OCMAHOBKU Gbl-
noaHeno, unaye nepeliimu K wazy 2 015 ciedyiowe2o yukid.

CToHT 3aMETUTh, YTO HA CETOMHSLIHUN JICHb CYIIECT-
BYET MHOKECTBO HOJXOJIOB, HANIPABJICHHBIX HA PEIICHHE
3aa4 ONTHMH3ALUU OOJBIIOW pa3sMepHOCTH. JlaHHBIC
MOJIXOAbI MOXHO Pa3[elUTh HAa JBE TPYIIIbL: HOIXOJbI
¢ ucrnosb3oBanneM CC W TOIXOIBI, HE HCIIOJIB3YIOIINE
JIEKOMITO3UITHIO BEKTOpA perieHus. bombiryio ¢ dekTnB-
HOCTh MMEIOT T€ METOJbI, KOTOpble ucnoib3ytoT CC mis
pemenns 3agaun ontumusanud. [Ipu ncnons3oBannu CC
MOSIBJISIIOTCSI CIIEYIOIINE HOBBIC 3a7a4yu: BHIOOP KOJIHYe-
CTBa CyOKOMITOHEHTOB (Ha CKOJBKO YacCTEeH JEIHUTH BEK-
TOp PELICHUs), BEIOOpP pa3Mepa KaKIOH CyOKOMIOHEHTHI
U Kakue TepeMeHHbIC 00BCAMHATh B OJIHY TpymIly. B cBsi3u
C 3TUM CETOJHS MOMYJSPHBI CICAYIOIIUE TPYIITHPOBKH,

ucrnonbdyembie B CC: TpynmupoBKa, Te 3apaHee 3a1aeT-
Csl yCIIOBHE, 110 KOTOPOMY HPOHCXOJHUT TPYIIIHPOBKA
(static grouping) [14], auHamuveckast ciy4aidHas Trpym-
mupoBKa nepeMeHHbIX (random dynamic grouping) [15],
anantuBHas rpynnupoBka (learning dynamic grouping)
[16], rne mpoBoAUTCS cepus IKCIEPHUMEHTOB MO MpUpa-
LICHUIO 3HAYEHUH KaKJO0M NMEpEeMEeHHOH, Ha OCHOBaHUU
MTOJTyYCHHBIX PE3YJIbTATOB IIEPEMEHHBIC TPYIIITUPYIOTCS.

DECC-RAG aaroputrm. CBeneHusi, HU3JIOKEHHBIC
BBIIIIE, TIOCTY>KUJIM OCHOBOHW I pa3pabOTKH HOBOTO DA
JUIA pPeIIeHHs 3a1ad ONTUMHU3AIMH OOJBIIOW pa3MepHO-
ctu. ['1aBHas wmes anropuTMa 3aKII09aeTcs B MCIIOJIB30-
BaHUHM OPUTHHAIBHOTO METOJa TPYIIIMPOBKH IEPEMCH-
HBIX JUISL DBOJIIOIIMOHHON cTpyKTyphl CC ¢ camoHacTpau-
Batomumcst DA (SaNSDE). CamoHnacTpoiika HeoOxoanma,
TaK KaK pemiacMas 3ajada ONTHMHU3AI[UHM IPEICTaBJICHA
B BHJIC MOJICITU «YEPHBIN SIIUK», MBI HE 3HaeM (DYHKIIHO-
HaJIbHOM 3aBHCUMOCTH MEXIy NEPEMEHHBIMH, CIIC0Ba-
TENBbHO, MapaMeTPhl AOJDKHBI aalTHPOBAaTHCS BO BpeMS
paboTHI aNropuTMa.

[Moaxon CC sBuseTcss 3¢pQGEKTUBHBIM, HO TOJBKO
B TOM CITy4ae, eCJIM MPaBHIHHO CIPYNITHPOBATH ITEPEMEH-
HBIE. BBIJIO pemieHo, 9To B OCHOBE METOJa TPYHIIMPOBKH
MIEPEMEHHBIX JO0JDKHA MPHCYTCTBOBATh CIYYalHOCTH, TaK
KaK TpU UCIOJIb30BAaHUM TPYIIHPOBKH THMa learning
dynamic grouping He Bceraa ypmaeTcsl pasleiHuTh Iepe-
MCHHBIC Ha HCTUHHOE KOJIMYECTBO CyOKOMIOHEHT [16],
HO TIpH 3TOM OYZET 3aTpauyeHo OO0JIbIOE KOJINYECTBO pe-
CypcoB (BblUMCIICHHE (YHKIHMM TNPHUTOAHOCTH) B XOAE
BBIJIEJICHUS] CyOKOMIIOHEHTOB.
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Fig. 1. Schematic representation of cooperative coevolution
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[ToMuMO 3TOTO, MOKET CITyYUTHCS TaK, YTO IEPEMEH-
HBIC CTPYIIHUPYIOTCS BEPHO, HO OCTABIICECS KOJIUYECTBO
BBIUUCIICHUIH (PYHKIUU OCTAHETCS MAJIBIM — BHYIIUTEIIb-
Hasl 4acTh OFOJDKETA BBIYMCIICHHUN YXOJHT HA IPYIIHAPOBKY
nepeMeHHbIX. KOMM4ecTBO TpyNImupyeMbIX MMEePeMEHHBIX
JIOJDKHO OBITh OJMHAKOBBIM ISl KAXKIIOW CYyOKOMITOHEH-
ThI, JAHHOE PEIHICHUC OBUIO NMPHUHSATO MO MPUYHHE TOTO,
YTO MHA4Ye MPUAETCS PELIaTh CIEAYIOUINE TOTIOJHUTEIh-
HBIC 3a0a4H:

1. Bwibop pa3muyHOrO KOJWUYECTBA WHIUBHUIOB.
Hampumep, mns DA, ONTUMUZHPYIOIIETO CYOKOMITOHEHTHI
BEKTOpa peIICHUS, COCTOSIIIHE W3 5 TepeMEeHHBIX
u 500 mepeMeHHBIX, HEOOXOIUMO Pa3HOE KOJIUYECTBO
WHIWBUJIOB B momylsiiuu. [lonydaeTcss HepaBHOMEPHOE
pacrpesieieHue pecypcoB aaropuTMa.

2. MuHUMaNbHOE ¥ MaKCUMAIIbHOE KOJIMYECTBO TPYII-
MUPYEMBIX TEpPEeMEHHBIX. Kak ymOMHHAIOCh HEOIHO-
KpaTHO BBINIE, 33J]ada TJ00AbHONW ONTUMH3AIMU TPE-
CTaBlicHa B BHUAE MOJETH THUMA «UEPHBIA SITUK», T. €.
HEM3BECTHO, KaKOe 3HAUCHHE BHIOMPATH B KadeCTBE MHU-
HUMAaJFHOTO 1 MAKCUMAJIFHOTO pa3Mepa IPYIIIIHL.

IIpennosxeHHbI OPUTHHATBHBIN METOJ TPYNIHUPOBKHU
Random Adaptive Grouping (RAG) paboraer ciemyro-
UM 00pa3oM: D-MEpHBII BEKTOp pelieHus pa3oruBaeTcs
Ha m S-MEpHBIX cyOkommoHeHT. Cry4aiiHO, MO paBHO-
MEPHOMY 3aKOHY paclpeesiCHUs] TPYIIUPyeM IepeMeH-
HBIC B OJMHAKOBBIC IPYMIBI. Tak KaKk Mbl H3HAYAIBHO HE
3HaeM, HACKOJBKO XOPOIIO ce0s MoKa3aia Ta WIH UHas
IPYNIUPOBKA, HEOOXOIUMO MPOBECTU OMPEICICHHOE KO-
JIUYECTBO BBIYMCICHUN PyHKIMEN npurogHoctu 1 (3amyc-
TUTH paboTy DA Ha KaxIoi CyOKOMITOHEHTE), TIOCie de-
ro HaWTH m/2 CyOKOMIOHEHT C XYAUIUMH 3HAaYCHUSIMH
(YHKINN TIPUTOTHOCTH WHAWBHIOB-TIPEACTABUTEICH, 1O
PaBHOMEPHOMY 3aKOHY pacIpeieieHus CilydaifHo mepe-
TPYNIINPOBaTh NEpEMEHHbIE B NAHHBIX Tpymmax. Jlamee
HY)KHO TPOU3BECTH cOpOC mapameTpoB DA B XyIIIUX
m/2 CyOKOMIIOHEHTaX TIIOCJIe IEePEerpyIIUPOBKH Tepe-
MEHHBIX, 3TO JICIAeTCs M3-3a TOrO0, YTO IOCIIE Teperpyi-
MMUPOBKU IEPEMEHHBIX KOHKPETHOMY DA HE00X0AUMO
OyZeT yxe pemarb COBEpIICHHO APYTryro 3anauy. JlanHbId
METOJ TPYIIUPOBKU IEPEMCHHBIX IIOJYYMI Ha3BaHHE
RAG, a amroput™m, pa3paboTaHHBIH Ha €ro OCHOBE —
DECC-RAG. TlceBnokon anroputma DECC-RAG mpen-
CTaBJICH HAXKE:

Ilcesookod anzopumma DECC-RAG
1: 3a0amv FEV global, T, FEV local = 0;
2: n-MepHblll  Yenegou  GeKMOp  CIVYAUHO  pa30enums
Ha m S-MepHbIX CYOKOMNOHEHM,
3: Cyuaiino nepemewtams UHOEKCbI BCEX NEPEMEHHBIX;
5: 4: i = I; Deonoyuonuposams i-10 CYOKOMNOHEHMY, UC-
nonwvsys SaNSDE;
6: Ecnu i < m, mo i++ u nepetimu x wazy 5, unave — K waey 7,
7: Hatimu best _solution; 0nis kas#cooil cyOKOMNOHeHmb;
8: Ecnu (FEV local < T), mo nepetimu x waey 4, unaue —
K waey 9;
9: Hatimu m/2 cybkomMnonenm ¢ Xyouumu 3Ha4eHusmMu yeie-
80U (DYHKYUU U CAYHAUHO NepeMewams UHOEKCbl nepemeH-
HbIX 8 OGHHBIX CYOKOMNOHEHMAx, 0OHOBUMb 3HAUEHUs Napa-
mempos  SaNSDE 6 Oanmvix m/2  cybOkomMnonenmax,
FEV local = 0,
10: Ecau (FEV > (), mo nepetimu x wazy 4, unave —x waey 11,
11: Ilpoussecmu 6o3epam nyuuieco0 HANUOEHHO20 3HAYEHUS
(best_solution).
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FEV local n FEV global — cueT4nku Ui OICHKH
(YHKIHUU TPUTOIHOCTUA BHYTPH aJalTAlHOHHOTO MEPUO-
Jla ¥ JUId BCEro alropuTMa COOTBETCTBEHHO. B Hamem
cilyyae MBI MCHOJIB30BAJIM CJICAYIOIIME 3HA4YeHUs Hapa-
MeTpoB amroputma: NP 50 (pasmep mnomymIsLUMA
IUTS KaXJoW cyOkommoHeHthl), m = 10, T = 3 x 10°.
T — napameTp, KOTOPBIi IPEACTABISET COOOH KOJIMYECTBO
FEVs (onieHOK (GyHKIUI) TIepe]] CIIyYaiHbIM TepeMenn-
BaHHEM XYIIIIHX 71/2 CyOKOMITOHEHT.

Onucanue 3TAJOHHBIX TECTOBBIX 3aa4 U KpHUTe-
pueB oneHku 3PppexTuBHOCTH ajgroputmoB LSGO.
Anropurmbl DE, SaNSDE u DECC-RAG TtectupoBanich
Ha 20 TecTOBBIX (YHKIMSIX OOJBLION pasMEpPHOCTH W3
nabopa IEEE (The Institute of Electrical and Electronic
Engineers) LSGO (Large-Scale Global Optimization)
CEC’2010 (Congress on Evolutionary Computation) [17]
n 15 TecToBBIX (YHKIMAX OONBIION pa3MepHOCTH M3 Ha-
6opa IEEE LSGO CEC’2013 [18]. [laHHbIe TeCTOBBIC
(GYHKIMN cHennaitbHO OBUTH HaleIeHBI CBOMCTBaMU, KO-
TOpbIE TIPUCYIIHM peaNbHBIM 3a/Ja4aM  ONTHMH3ALUU
0OJIBIIION pa3MEepPHOCTH.

[Moydennsie pe3ynabTaThl padoTel anroputMoB (DE,
SaNSDE, DECC-RAG) na 3amagax LSGO CEC’2010 u
LSGO CEC’2013 cpaBHuBanu c pe3yinbraramu pabOoThI
U3BECTHBIX anroputMoB ontumusamuu (DMS-L-PSO
[19], DECC-G [15], MLCC [20], DECC-DG [16])
Juisl 3a7a4 OoNbIIOi pa3mepHocTH. Pesyibrarel paboThl
DMS-L-PSO, DECC-G, MLCC, DECC-DG Ha 3amauax
u3 LSGO CEC’2010 u LSGO CEC’2013 ObuUtH B3ATHI
u3 [21].

Jns mpoBeneHHsS SKCIIEPUMEHTOB HCIOJIH30BAIICH
npaBmwia copesroBanns LSGO CEC’2010 u LSGO
CEC’2013, a umeHHO:
pPa3MepHOCTh
D =1000;
KOJINYECTBO HE3aBHCUMBIX 3aIyCKOB aJlr'OpUTMa
JUTsL KQKJI0H TeCTOBOM 3a/1auu paBHO 25;

KOJIMYECTBO BBIYHCICHUN (PYHKIUH MPUTOTHOCTU
B KQK/IOM HE3aBHCHMOM 3amycke 3 x 10°;

IOCJIE TIPOBE/ICHUS 25 HE3aBUCHMBIX 3aIIyCKOB IS
TECTOBOW (YHKIWH BBIYHUCISIETCS MEOMAHHOE 3HAUYCHUE
(Median) u cpemHekBagpaTndeckoe oTkiaonenue (Std).

[Iporpammuas  peanusamus  anroputMoB  (DE,
SaNSDE u DECC-RAG) ocymecTBisiach B cpene pas-
pabotku mpunoxxenuit Visual Studio — 2015 Ha s3bIke
nporpammupoBanus C++. B Xoje npoBeaeHHs dKCTIEPH-
MCHTOB 3HAYHMTCIILHOC BPEMsl TPATUTCS HA BBIYUCICHHE
¢byHKIMHA mpuroxHocTH. TecTHpoBaHKHEe AITOPUTMOB IPO-
BOJIMJIOCH C HCIIOJIb30BAaHHEM IapajljIeJIbHBIX BBIUHCIIC-
HU# ¢ momo1kto TexHonoruu OpenMP.

Pe3ynbTaThl YnC/IEeHHBIX IKCIEPHMEHTOB. B Tadn. 1, 2
TIPUBEICHO BpeMs (B CEKyHIIaxX), 3aTpaueHHOE Ha BBIYHC-
nerne 10 000 pa3 manHOU TecToBOM (pyHKIMU HA 1 MOTOKE
Ha mporieccope AMD Ryzen 71700x. ITpu mpoBenenun
AKCIIEPUMEHTOB HCITOJIb30BAJICS 1 6-TTOTOYHBIN MPOIIECCOp
JUIA  pacmapaUIeTIMBaHUs AKCICPUMEHTOB Kaxxias
TecToBass (QYHKIMS BBIYHCISUIACH HA OTICIBFHOM ITOTOKE.
Eciu He wmcrnonb30BaTh NAHHBIN MPHEM, TO TOJBKO Ha
paspeleHHOe NMpaBUJIaMHi KOHKYpca KOJIMYECTBO BBIUMC-
JICHUH (DYHKIMU MPUTOTHOCTH B PaMKax TAHHON paOOTHI
notrpeboBanock Okl mopsiaka 847,6 1 (35,5 must).

TECTOBBIX 3aJad OINTUMHU3AIIUU



Cubupcrkuii scypnan nayku u mexnonoauu. Tom 19, Ne 3

B Hamewm cirydae Bpemst yaanoch cokpaTuthb 1o 80,3 4.
B Ttabmn. 3, 4 npoeMOHCTPUPOBAHBI PE3yJIbTaThl pabo-
TBI QJITOPUTMOB Ha TECTOBBIX QyHKIMAX U3 Habopa LSGO
CEC’2010 u LSGO CEC’2013 coorBercTBeHHO. I1epBbiif
cronber; 0003HAYaeT HOMEP TECTOBOW ()YHKIIMH, MOCIC-

JYIOIIHE CTONOIBI — pe3yiabTaThl PabOTHI TOTO WM UHOTO
anroput™a. B kaxxnoi suelike TaONHIBI comepxKaTcs IBa
3HaYEHUS] — MEIMAHHOE U CPEIHEKBAIPATHYECKOE OTKJIIO-
HEHHUE, KOTOpbIe MOJIY4YEHbI MO pe3yjbTaTaMm 25 HE3aBU-

CHUMBIX 3aITyCKOB.

Tabruya 1
Bpems Bpruncienus 10 000 ¢pyHKuuii NpUroIHOCTH B CeKyHAaX Ha 3ajadax u3 Hadopa LSGO CEC’2010
Func. Ne F1 F2 F3 F4 F5 F6 F7 F8 F9 F10
Bpems 0,396 0,209 0,21 0,52 0,334 0,34 0,309 0,307 1,312 1,134
Func. Ne F11 F12 F13 F14 F15 F16 F17 F18 F19 F20
Bpewms 1,139 0,112 0,126 2,219 2,016 2,04 0,077 0,133 0,072 0,1
Tabauya 2
Bpems Bpruncienus 10 000 ¢pyHkuuii npUroJHOCTH B CeKyHAaX Ha 3asadax u3 Ha6opa LSGO CEC’2013
Func. Ne F1 F2 F3 F4 F5 F6 F7 F8 F9 F10
Bpems 7,76 8,08 8,1 8,36 8,76 8,88 3,19 10,17 10,59 10,62
Func. Ne F11 F12 F13 F14 F15 - - - - -
Bpems 10,1 0,126 10,04 10,03 7,71 — — - - -
Tabauya 3
Pe3yabTaThl YHCIEHHBIX IKCIEPUMEHTOB AJITOpUTMOB Ha 3aaadax (F1-F20) u3 nadopa LSGO CEC’2010, D =1000
Ne func DECC-RAG DE SaNSDE DMS-L-PSO DECC-G MLCC DECC-DG
F1 2,69E-18 4,19E+08 2,00E+04 1,61E+07 3,53E-07 1,66E-14 1,42E+02
5,10E-18 2,75E+08 2,04E+06 1,41E+06 1,44E-07 2,97E-12 4,66E+04
F2 7,33E+02 7,38E+03 2,80E+03 5,53E+03 1,32E+03 2,43E+00 4,46E+03
7,52E+01 3,02E+02 1,67E+02 5,38E+02 2,55E+01 1,52E+00 1,87E+02
F3 1,64E+00 1,95E+01 1,47E+01 1,56E+01 1,14E+00 6,24E-10 1,66E+01
1,77E-01 8,60E-02 4,31E-01 1,08E-01 3,35E-01 1,12E-06 3,02E-01
F4 9,50E+11 8,78E+12 2,82E+12 4,32E+11 2,46E+13 1,78E+13 5,08E+12
3,50E+11 3,43E+12 1,01E+12 8,05E+10 8,14E+12 5,47E+12 1,89E+12
F5 1,54E+08 7,96E+07 9,00E+07 9,35E+07 2,50E+08 5,11E+08 1,52E+08
4,41E+07 2,12E+07 8,22E+06 9,04E+06 6,84E+07 1,07E+08 2,15E+07
F6 2,04E+01 2,09E+01 1,27E+06 3,66E+01 4,71E+06 1,97E+07 1,64E+01
5,75E+06 6,84E+06 8,12E+05 1,21E+01 1,03E+06 4,37E+06 3,45E-01
F7 2,90E+02 3,08E+08 1,90E+05 3,47E+06 6,57E+08 1,15E+08 9,20E+03
8,22E+02 1,76E+08 6,18E+04 1,16E+05 5,40E+08 1,45E+08 1,26E+04
F8 1,78E+07 2,53E+08 8,16E+06 2,02E+07 9,06E+07 8,82E+07 1,62E+07
7,43E+08 3,88E+08 2,22E+07 1,88E+06 2,64E+07 3,40E+07 2,63E+07
F9 6,17E+07 5,56E+08 2,31E+08 2,08E+07 4,35E+08 2,48E+08 5,52E+07
8,72E+06 8,20E+07 9,95E+07 1,58E+06 4,87E+07 2,16E+07 6,45E+06
F10 3,25E+03 7,72E+03 9,40E+03 5,09E+03 1,02E+04 3,97E+03 4,47E+03
1,88E+02 2,47E+02 2,82E+02 4,26E+02 3,13E+02 1,45E+03 1,29E+02
F11 2,16E+02 1,88E+02 1,74E+02 1,68E+02 2,59E+01 1,98E+02 1,02E+01
1,31E+01 6,40E+00 1,51E+01 1,90E+00 1,73E+00 1,12E+00 8,71E-01
F12 8,88E+03 5,59E+05 4,03E+05 2,83E+01 9,69E+04 1,01E+05 2,58E+03
1,15E+03 6,91E+04 4,83E+04 9,88E+00 9,55E+03 1,57E+04 1,08E+03
F13 1,56E+03 1,01E+09 2,52E+04 1,03E+05 4,59E+03 2,12E+03 5,06E+03
3,81E+03 6,79E+08 1,61E+05 6,18E+04 4,16E+03 4,70E+03 3,65E+03
F14 2,01E+08 1,60E+09 7,78E+08 1,25E+07 9,72E+08 5,71E+08 3,46E+08
2,07E+07 1,52E+08 1,28E+08 1,62E+06 7,52E+07 5,50E+07 2,42E+07
F15 5,16E+03 7,75E+03 1,06E+04 5,48E+03 1,24E+04 8,67E+03 5,86E+03
3,60E+02 2,55E+02 4,34E+02 3,46E+02 8,24E+02 2,07E+03 1,05E+02
F16 4,13E+02 3,77E+02 3,73E+02 3,18E+02 6,92E+01 3,96E+02 7,50E-13
3,05E+01 4,32E+00 1,12E+01 2,04E+00 6,43E+00 5,76E+01 6,25E-14
F17 1,68E+05 1,04E+06 8,68E+05 4,75E+01 3,11E+05 3,47E+05 4,02E+04
1,17E+04 7,94E+04 6,84E+04 1,15E+01 2,24E+04 3,11E+04 2,29E+03
F18 4,96E+03 4,15E+10 5,83E+05 2,50E+04 3,54E+04 1,59E+04 1,47E+10
6,35E+03 1,70E+10 1,81E+08 1,10E+04 1,53E+04 9,48E+03 2,03E+09
F19 2,23E+06 2,96E+06 1,93E+06 2,03E+06 1,14E+06 2,04E+06 1,75E+06
1,93E+05 4,01E+05 1,89E+05 1,41E+05 6,23E+04 1,42E+05 1,10E+05
F20 1,84E+03 5,25E+10 2,80E+05 9,82E+02 4,34E+03 2,27E+03 6,53E+10
5,04E+02 1,58E+10 1,37E+07 1,40E+01 8,25E+02 2,26E+02 6,97E+09
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Tabruya 4
Pe3yabTaThl YHCIEHHBIX IKCIEPUMEHTOB AJITOpuTMOB Ha 3aaadax (F1-F15) n3 nadopa LSGO CEC’2013, D =1000

Ne func DECC-RAG DE SaNSDE DMS-L-PSO DECC-G MLCC DECC-DG
F1 1,88E-16 5,28E+08 8,53E+05 1,97E+09 2,06E-06 9,07E-14 6,03E+02
3,11E-16 2,92E+08 8,25E+06 1,27E+08 4,27E-06 4,38E-09 1,81E+04

F2 1,40E+03 2,46E+04 2,06E+04 8,61E+03 1,30E+03 3,57E+00 1,28E+04
1,39E+02 1,72E+03 8,50E+02 4,88E+02 3,63E+01 1,73E+00 7,20E+02

F3 2,03E+01 2,16E+01 2,10E+01 2,08E+01 2,02E+01 2,00E+01 2,14E+01
2,33E-02 6,07E-03 8,05E-02 1,66E-01 6,18E-03 2,76E-04 1,45E-02

F4 1,11E+10 I,L11E+11 2,93E+10 2,97E+11 2,00E+11 1,99E+11 7,33E+10
7,50E+09 3,43E+10 1,13E+10 7,25E+10 1,22E+11 1,26E+11 2,82E+10

F5 3,50E+06 4,62E+06 4,88E+06 3,92E+06 8,44E+06 1,17E+07 5,81E+06
7,09E+05 7,57E+05 5,29E+05 5,82E+05 1,14E+06 3,46E+06 3,83E+05

F6 1,06E+06 1,06E+06 1,06E+06 9,98E+05 1,06E+06 1,05E+06 1,06E+06
8,62E+02 1,36E+03 1,34E+03 5,20E+03 1,84E+03 4,13E+03 1,07E+03

F7 2,40E+08 1,04E+09 2,20E+08 1,22E+09 1,04E+09 1,15E+09 4,25E+08
3,68E+08 6,95E+08 1,88E+08 7,64E+08 4,48E+08 1,07E+09 1,92E+08

F8 4,76E+14 2,15E+15 2,26E+14 1,68E+14 7,90E+15 8,18E+15 2,89E+15
1,89E+14 1,04E+15 1,32E+14 5,09E+14 3,18E+15 6,18E+15 1,85E+15

F9 2,32E+08 4,27E+08 4,81E+08 3,50E+08 5,86E+08 8,85E+08 4,95E+08
5,21E+07 6,45E+07 4,69E+07 4,61E+07 9,76E+07 2,92E+08 3,18E+07

F10 9,42E+07 9,42E+07 9,40E+07 9,11E+07 9,30E+07 9,27E+07 9,45E+07
5,91E+05 1,85E+05 2,51E+05 1,06E+06 6,16E+05 6,07E+05 2,46E+05

F11 3,45E+09 2,50E+11 3,18E+09 9,44E+10 1,26E+11 1,90E+11 3,81E+10
6,42E+10 1,95E+11 1,12E+10 7,53E+10 7,15E+10 1,53E+11 4,33E+10

F12 1,82E+03 4,64E+10 1,49E+07 5,22E+04 4,19E+03 2,36E+03 1,68E+11
3,85E+02 1,61E+10 3,79E+08 5,52E+04 7,83E+02 7,51E+02 2,24E+10

F13 7,19E+09 1,52E+10 6,92E+09 1,32E+10 8,67E+09 9,94E+09 2,08E+10
4,77E+09 4,47E+09 3,15E+09 6,58E+09 2,78E+09 3,73E+09 5,53E+09

F14 3,80E+10 3,42E+11 5,27E+10 2,21E+11 1,28E+11 2,06E+11 1,56E+10
6,70E+10 1,54E+11 3,39E+10 1,26E+11 5,86E+10 8,54E+10 1,44E+10

F15 1,59E+07 7,32E+09 6,12E+07 1,54E+07 1,13E+07 1,57E+07 9,52E+06
4,50E+07 2,13E+11 4,13E+07 3,45E+06 1,26E+06 1,90E+06 2,30E+06

[IpousBeaemM nomapHOE CpaBHEHHE HE3aBUCHMBIX BBI-
00poK (JIy4IIMX HAWJICHHBIX 3HAYCHHUN B 25 HE3aBUCUMBIX
3aIycKax), UCHOJb3ys KpuTepuil YUIKOKCOHAa — Hemapa-
METPUYECKUN CTATUCTUUECKUI TECT, UCHOIb3YEMBbIH I
NIPOBEPKH CTATHCTUYECKUX PA3IMYMHA MEXIy ABYMs He-
3aBUCHMBIMH BbIOOpKamH. B Tabi. 5, 6 3aHeceHb! pe3yiib-
TaThl TECTa CTATUCTUYECKON 3HAYMMOCTHU PA3IMUUN MEXIY
pesynbratamu pabotsl anroputMoB DECC-RAG vs DE
n DECC-RAG vs SaNSDE Ha TecTOBBIX (DYHKIHSX W3
Habopa LSGO CEC’2010 cootBerctBenHo. B Tabm. 7, 8
3aHECEHBI Pe3yNbTaThl TECTa HA CTATUCTHYECKYIO 3HAYH-
MOCTh Pa3NIMUUil MEXIy pe3yabTaTaMu paboTHl alTropuT-
MoB DECC-RAG vs DE u DECC-RAG vs SaNSDE Ha
TecToBbIX (yHKIMsIX n3 Habopa LSGO CEC’2013 coor-
BeTcTBeHHO. Ecii B cooTBeTCTBYIOIICH stuetike (Tabm. 5-8)
CTOMT 3HAK «+», TO 3TO O3HAYAET, YTO PE3yNbTaThl pado-
Thl AJITOPUTMOB CTAaTUCTUYECKH pa3IMYHBl M JIydllee
HallleHHOe MeIMaHHOE pellleHHE — y NEPBOT0 allrOpUTMa,
€CJIH CTOUT 3HaK «—», TO 3TO O3HAYAET, YTO PE3yJIbTATHI
paboTHI aNTOPUTMOB CTATUCTHYECCKH PA3IIMYHBI U JTydIIee
HalileHHOe MeIMaHHOE PeIIeHHE — Y BTOPOTO aJiTOPUTMAa,
€CJIA CTOUT 3HaK «<» — PE3yNbTaThl pabOTHl aJTOPUTMOB
CTaTUCTUYECKH HE Pa3IM4YalOTCs] Ha JAHHOM TECTOBOM
¢GbyHKINN.

Ha puc. 2-4 nponeMoHCTpUpOBaHbI TpaduKH, HA KO-
TOPBIX OTPAKEHBl YCPEJHEHHBIC pPE3YNbTaThl pPabOThI
anroputMoB DE, SaNSDE u DECC-RAG Ha HEKOTOpBIX
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(1, 2, 9, 12, 14, 18) TecToBBIX (PYHKIHUIX M3 Habopa
LSGO CEC’2010: o ocu abcuucc — KOJIMYECTBO BBIUUC-
JieHUH (QYHKIMH MPUTOTHOCTH, IO OCH OPAHMHAT — CPEJ-
Hee 3HayeHune (yHKuuM npuroxHoctu. Ha puc. 5 n 6
MIPOJAEMOHCTPUPOBAHBI PE3yIbTAThl PAOOTHI AITOPUTMOB
DE, SaNSDE u DECC-RAG Ha HEKOTOPBIX TECTOBBIX
¢ynkmmsx (1, 2, 3, 12) u3 nabopa LSGO CEC’2013. Ha
puc. 7 m 8 B BHIE CTOJOYATHIX IUArpaMM OTOOpakeH
CpeIHHIA PaHT AITOPUTMOB IO BCEM TECTOBBIM (DYHKITHSIM
n3 ostanoHHeix HabopoB LSGO CEC’2010 m LSGO
CEC’2013 cooTBETCTBEHHO. PaHT BBIYHCIISIICS II0 MEIH-
aHHBIM pe3yibTaTaM W3 Tabs. 3 u 4 B 3aBUCHMOCTH OT
MECTa, KOTOPOE 3aHsUI AITOPUTM Ha TOW WM UHOH (DYHK-
LUU: YeM MCHbBIIE MCIUAHHOE 3HAYCHHE, TEM MCHBIIC
3Ha4YeHUEe paHra. Ha JQByX STallOHHBIX HAOOpax MpeJyio-
xeHHpl anroput™ DECC-RAG umeer HaumeHbLINi
CpEeIHUH PaHT.

AHanu3upysi TOJyYCHHBIC YHCJICHHBIC PE3yIbTATHI
pabotsr anroputMa DECC-RAG (puc. 7, 8), MoxHO 3a-
KIIFOYHUTh, YTO OH IPEBOCXOAWUT HEKOTOPHIC HM3BECTHHIC
aJTOPUTMBI TJI00ATFHOW ONTHMHU3AINA OOJIBIION pazmep-
Hoctu (DMS-L-PSO, DECC-G, MLCC, DECC-DG) na
20 sTanoHHBIX TeCTOBHIX (GyHKmMAx u3 Habopa LSGO
CEC’2010 u 15 stamonnsix QyHKIusax u3 Habopa LSGO
CEC’2013.

CTaTUCTUYECKOW 3HAYUMOCTU  Pa3IU4YUil  MEXIy
pe3yiabTataMu  pabOThl aNrOPUTMOB HE HAOIIOAAeTCs
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Ha Fg m3 LSGO CEC’2010 y DECC-RAG vs SaNSDE, na
F¢ y DECC-RAG vs DE u na F,;, Fy, F;; u3 LSGO

Ha Bcex ocTambHBIX TECTOBBIX Cl)yHKHI/IHX Ha6moz[aeT-
Cia CTAaTUCTHUYCCKaAsA 3HAYUMOCTH pasnnqnﬁ MEKAY pe-

CEC’2013. 3yJIbTaTaMu paboThI aITOPUTMOB.
Tabauya 5
CrarucTuyeckasi 3Ha4MMOCTh padoTsl aaroputmos (DECC-RAG vs DE)
Ha 20 tecroBbIX pyHknuax LSGO CEC’2010
F F, F; F, Fs Fs F; Fs Fo Fio
+ + + + — + + + + +
Fyy Fi Fis Fiq Fis Fis Fi7 Fis Fio Fa
— + + + + + + + + +
Tabauya 6
Crarucruyeckas 3Ha4MMOCcTb padoTsl aaroputmos (DECC-RAG vs SaNSDE)
Ha 20 tecroBbIX pyHknuax LSGO CEC’2010
F F, F; F, Fs Fs F; Fs Fo Fio
+ + + + - = + — + +
Fi Fip Fis Fi4 Fis Fis Fi7 Fig Fiy Fao
+ + + + + - + + — +
Tabruya 7
CrarucTuyeckasi 3Ha4MMOocTh padoTsl aaroputmos (DECC-RAG vs DE)
Ha 15 TecroBbIx dpynknuax LSGO CEC’2013
+ + + + + ~ + +
Fy Fio Fi Fip Fis Fiq Fis -
+ + + + + + + -
Tabauya 8
Crarucruyeckas 3Ha4MMOCTb padoTsl aaroputmos (DECC-RAG vs SaNSDE)
Ha 15 TecroBbIX pyHkuusax LSGO CEC’2013
+ + + + + + ~ -
Fy Fio Fi Fip Fis Fiq Fis -
+ =~ = + - + + —
Function N1 LSGO CEC'2010 Function N2 LSGO CEC'2010
T T T [ Ifl‘. T T T T
].|.']“:: ‘‘‘‘‘‘ T T n|rn|‘rllllnnnnm
I 10“5 ------------------------------ E
z - “":E E o \
\Z: JES L ] E
‘}\‘J 1.]{-_;: ] {.: l-'Iﬂ."
O = ! +++ DE
1107 5=~ SaNSDE --- SaNSDE
= DECC-RAG — DECC-RAG
1 1 1 1 L I L L

20

40

a0

Fitness Evaluations

20 40

60

Fitness Evaluations

100

x30000

Puc. 2. Cxomumocts DE, SaNSDE u DECC-RAG na 3agauax (Ne 1, 2) n3 mvabopa LSGO CEC’2010

Fig. 2. The convergence graphs of DE, SaNSDE and DECC-RAG applied to Fy, F, from LSGO CEC’2010
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Fig. 3. The convergence graphs of DE, SaNSDE and DECC-RAG applied to Fo, F}, from LSGO CEC’2010
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Fig. 4. The convergence graphs of DE, SaNSDE and DECC-RAG applied to F4, Fi5 from LSGO CEC’2010
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Puc. 5. Cxomumocts DE, SaNSDE u DECC-RAG na 3agagax (Ne 1, 2) u3 nabopa LSGO CEC’2013

Fig. 5. The convergence graphs of DE, SaNSDE and DECC-RAG applied to Fy, F, from LSGO CEC’2013
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Fig. 6. The convergence graphs of DE, SaNSDE and DECC-RAG applied to F3, F, from LSGO CEC’2013
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3akiiouenne. B maHHOM cTaThe mpemIaraeTcsl HOBBIH
9BOJIIOLIMOHHBIN anroput™, Ha3BaHHbIH DECC-RAG, mns
3a7a4 MI00ANBHOM ONTUMH3ALNUU OOJBIION Pa3MEPHOCTH.
B ocHoBe mpeniokeHHOro aNropuTMa JEXKHUT cilydyalHas
aJlalTUBHASL TPYIIUPOBKA MEPEMEHHBIX UIS CTPYKTYPBI
KOOIIEpaTUBHON Ko3Bomouuu. B kauectBe DA, KOTOpBIi
ONTUMU3UPYET KAKIYIO CyOKOMIIOHCHTY, MBI IIPUMCHIITH
3¢ pexTHBHBIH CcaMOHACTPAUBAIONIUICS JBOJIOIMOHHBIN
anroput™ SaNSDE.

TectupoBanue s¢pdextuBHoctn DECC-RAG mposo-
IUJIOCh Ha JTAJIOHHBIX 3amadax u3 HabopoB LSGO
CEC’2010 u LSGO CEC’2013. Anroputm DECC-RAG
MIPEB301IeT HEKOTOPbIE U3BECTHBIE aJrOPUTMBI, KOTOPHIE
CHCIHANTBHO pa3pabaThIBANKMCh Ui 3a1ad [II0OATBHOM
ontuMu3anuu 0oJbLION pasMepHOCcTH. B nmanmpHeHmmx
paboTax OyAeT CTaBUTHCSA BOIPOC 00 ymydmeHuu dhhek-
TUBHOCTH mpenoxkeHHoro anroputMa DECC-RAG mns
3a7a4 rI00abHON ONTHMHU3ALUHN OOJIBIION Pa3MEPHOCTH.

Baaronapuocru. Pabora noxnepxana Munucrepcr-
BOM oOpa3oBaHus W Hayku Poccuiickoit ®Deneparum,
Ne 2.1676.2017/114.
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SIMULATION OF METAL LAYERS THICKNESS INFLUENCE ON PHASE VELOCITIES
OF ACOUSTIC WAVES IN THE PIEZOELECTRIC PLATES
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The research work presents the results of computer simulation of mass loading influence represented by two metal
layers on variations in the dispersion modes of the Lamb and SH elastic waves phase velocity in the piezoelectric lay-
ered structures Me/ZnO/Me and Me/AIN/Me depending on the elastic wave frequency and the ratio of the metal layer
thickness to the piezoelectric layer thickness. The studied materials of the piezoelectric layers have a set of such sig-
nificant properties as large values of the electromechanical coupling coefficient for piezoelectrics and significant val-
ues of phase velocities for bulk waves and surface acoustic waves. Aluminum (Al) and molybdenum (Mo) are consid-
ered as metal layer materials, which are most often used in the manufacturing of acoustic electronic devices. For both
types of structures it was revealed that only the Lamb elastic wave modes have localized maxima of S sensitivity. It was
found that the value of changing in the elastic wave phase velocity depends on the ratio of the metal layer acoustic im-
pedance and the piezoelectric plate material. The maximum sensitivity values of elastic wave modes are achieved with
AIl/AIN/AI configuration, i.e., in a system with low acoustic impedance values of the bulk longitudinal wave for the layer
and piezoelectric plate materials. The results of the simulation can be used in the development of various acousto-
electronic devices, including some components of the rocket and space technology electronic base.

Keywords: piezoelectric plate, Lamb wave, SH-wave, mass loading, computer simulation.

MOJAEJIUPOBAHUE BJIUAHUA METAJIVIMYECKHUX CJIOEB
HA ®A30BBIE CKOPOCTHU AKYCTHYECKHUX BOJIH
B IBE3O2JIEKTPUYECKHUX IINTACTHHAX

O. I1. 3omoroea'", C. Y1. Bypkos®

1CPI6PIpCKPIﬁ TOCYJIapCTBEHHBIM YHUBEPCUTET HAYKH U TEXHOJIOTHI UMeHHU akajgemuka M. @. PemerHeBa
Poccutickas ®@eneparnus, 660037, r. KpacHosipek, mpoctr. uMm. ra3. «KpacHosipckuii padoumniiy, 3 1
*Cubupckuii (penepaabHbIi YHHBEPCHTET
Poccuiickas @enepanus, 660041, r. KpacHospck, npocn. CBo6oaHEIH, 79
*E-mail: zolotova@sibsau.ru

C nomowbio KOMNLIOMEPHO20 MOOETUPOBAHUS NPOAHATUZUPOBAHO GIUSHUE MACCOBOU HASPY3KU 8 8UOe 08YX Memal-
JUYECKUX C0e8 HA UBMEHEeHUe (a3080U CKOPOCMU OUCHEPCUOHHBIX MOO ynpy2otl 6oansl JIomba u SH-6onnbl 6 cmpyk-
mypax euoa Me/ZnO/Me u Me/AIN/Me 6 3asucumocmu om uacmomsl YApYy2ou OJHbL U OMHOUEHUS MOTUWUH CTIOE8
Memania u nve3odniekmpura. Mcciedyemvie Mamepuabl nbe3031eKmpuieckux cioes 061adarm makumy ceoucmeamu,
Kax 6onvuiue 3HaueHust Kodghguyuenma 31eKmpoMexanuyeckoli Ces3u i 3HaYUmenbHvle 6eIUYUHbL (ha308bIX CKOPOCMEN
00bEMHBIX U NOBEPXHOCMHBIX AKYCMUYECKUX 80NH. B kauecmee mamepuanog memaniuyecko2o ciosi UCHOIb308AIUCH
amomunuti (Al) u moauboen (Mo), wacmo npumensOWUECs NPU U320MOBTEHUU AKYCOIIEKMPOHHBIX Ycmpolicms. s
000UX MUNO8 CIMPYKMYP 0OHAPYIHCEHO, UMO MOAbKO MOObL Ynpyeol 8oaHbl JIomba obradarom n0KAIU308AHHLIMU MAK-
cumymamu yyecmeumenvnocmu S. OOHAPYHCeHO, YUMo GeUUUHA USMEHEHUs (PA3080U CKOPOCIU YRPY2Oll 80NIHbL 346U~
CUM OM COOMHOUWLEHUS] AKYCINUYECKO20 UMNEOAHCa MEMALIUYECKO20 CNOs U Mamepuana 36yKonpogooa. Makcumainb-

396



Hnghopmamuxa, epruuciumenvhas mexHuxka u ynpasienue

Hble 3HAYEHUs. YYBCMGUMEIbHOCMU MOO YAPY2OU 60AHbL OOCMUAIOMCA NPU KOHQU2Yypayuu CIOUCMOU CUcmembl
AI/AIN/AL m. e. 8 cucmeme ¢ HUBKUMU 3HAYEHUSAMU AKYCIUYECKUX UMNEOAHCO8 00BEMHOU NPOOObHOU BOIHbL OISl MA-
MePUAnog Cloe6 U Nbe302NeKMPULEecKo20 36YKONposood. Pe3yibmamol GbINOIHEHHO20 MOOEIUPOSAHU MO2Ym Oblmb
UCNONBL308AHBL NPU PA3PAOOMKE PASIUUHBIX AKYCMOINEKMPOHHBIX YCMPOCME, 8 MOM YUCIe UCNOTb3YEMbIX @ Kauecmeae
KOMNOHEHMOB 3JIeKMPOHHOU 6a3bl PAKEMHO-KOCMUYECKOU MEXHUKU.

Knroueswvie crosa: nbe3031eKmpuqecKas niacmuna, 60JHA ./73/14661, SH—GOJZHG, maccoesas Hacpy3ka, KOMnviomepHoe

Modenuposanie.

Introduction. At the present time the properties of the
elastic waves propagating in the thin plate which thick-
ness has the same order as longitudinal and transverse
waves lengths in the considered material are studied quite
explicitly [1]. There is a large number of pilot and theo-
retical studies of characteristics of various Lamb elastic
waves and SH waves modes in plates from isotropic, pie-
zoelectric and composite materials [2—4].

Metal layer application (metallization) on piezoelec-
tric plates surfaces leading to the electric short circuit of a
surface, as a rule, decreases the velocity of acoustic
waves propagation [5; 6].

Acoustic waves in piezoelectric plates are a perspec-
tive object for the development of microwave resonators
and sensors of the next generation. Due to high interest in
this issue there appeared many pilot and theoretical stud-
ies of acousto-electronic devices on the basis of the pie-
zoelectric plates operating at various modes of elastic
waves [7-10]. As a rule, for of elastic waves in devices
electrodes (interdigitated transducers, IDT) placed on
a plate surface are used.

In devices created on the basis of a single-layer or a
multilayer piezoelectric structure, the thickness of elec-
trodes can be comparable to the acoustic line plate thick-
ness. At the same time the precious metals, such as gold
or platinum which are often used in sensors for various
biochemical applications, have essential values of an
acoustic impedance [11].

Therefore, metal layers thickness and mass cannot be
neglected. Thus, considering the impact of metal layers on
the change of dispersion characteristics of various modes
of an elastic wave in the piezoelectric plate is important
for the improvement of devices characteristics on similar
structures [12].

In this work the computer simulation of load influence
in the form of two metal layers on dispersion characteris-
tics of Lamb elastic wave modes in zincum oxide
plates (Me/ZnO/Me structure) and aluminum nitride
(Me/AIN/Me structure) was executed. These piezoelec-
tric materials have great values of the electromechanical
coupling coefficient and considerable values of phase
velocities for bulk and surface acoustic waves. Thanks to
these properties the considered materials are actively ap-
plied when developing various acousto-electronic devices.
Aluminum and molybdenum in the form of the thin
metalizing film were used as materials for metal layers,
that is the metals which are often applied at electrodes
production [13]. The choice of two metals with various
acoustic impedances also allows to analyse how the ma-
terial layer acoustic impedance influences the change of
phase velocity of various elastic wave modes in an acous-
tic line.
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The executed simulation results can be used when de-
veloping various acousto-electronic devices including
those used as components of the rocket and space
technology electronic base.

Theoretical bases of elastic waves propagation in
layered piezoelectric medium. Let us consider the
propagation of small amplitude elastic waves in unper-
turbed by external influences piezoelectric crystal. The
motion equation, the electrostatics equation and the state
of piezoelectric medium equations have the following
form [14]:

PV =Tup5s Dypr =0;
_ .k .
Tp = CapepNep — s Ears (1
_ N
Dy =eyyEy +eypMups

where p, — crystal density in an undeformed state; U, —
vector of dynamic elastic displacements; 1,3 — tensor of
thermodynamic stresses; D), — electric induction vector;

Nep — tensor of small deformations; ¢, ,e,s > Eln—

elastic, piezoelectric and dielectric constants of the second
order.

For elastic displacements and electric potential in the
form of plane monochrome waves of small amplitude
the set of equations (1) is recorded as Green-Christoffel
equation which has to be solved for each layered struc-
ture medium [15].

Let axis X; be directed along an outward normal to the
layer surface in a working orthogonal system of coordi-
nates and axis X coincide with the wave propagation
direction (fig. 1, a). The elastic wave propagation in such
system has to meet the corresponding boundary condi-
tions.

Boundary conditions, in particular, for the three-
layered structure ,,metal/piezoelectric/metal are: equality
to zero of normal component of a stress tensor on the
»metal/vacuum* interface; equality of normal component
of a stress tensor, equality of displacement vectors and
equality to zero of the electric potential wave on the
,.metal/piezoelectric interface [16]:

T(;J) x3=d e
W =1® @0 ;0Y=07 ;
x3=h x3=h i i x3=h B
=] e 0V =07
rfj) o= 0.

Here d,, d, and h — thickness of metal overlayer,
sublayer and piezoelectric layer respectively.
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In this work the d, =d, condition is met, i.e. metal
overlayer and sublayer thicknesses are equal.

Substituting the elastic wave equation in the form of
linear combinations of partial waves in boundary condi-
tions:

U =Y C"af"exp [i(klx1 +h, ", — (ot)] ,
’ 3)
@=).C"alexp [i(klx1 +k"x, — (ot)] ,

where the superscript # is equal to the number of partial
waves in the corresponding layer, we will recieve a linear
equation system - boundary conditions. Equality to zero
of boundary conditions matrix continuant (2) which di-
mension in this case is 20x20 elements allows to calculate
phase velocities of the symmetric and antisymmetric
modes of the Lamb wave and SH-wave.

Variations of boundary conditions (2) define all types
of elastic waves propagating in the three-layered plate.
When using isotropic metals and piezoelectric materials
of a symmetry group 6 mm for the considered layered
structures Me/ZnO/Me and Me/AIN/Me, a set of equa-
tions describing boundary conditions (2) is divided into
two independent parts: a set of equations for the Lamb
wave modes and a set of equations for SH-modes of the
elastic wave.

The computing experiment was carried out with the
use of the software developed by authors.

Analysis of mass load influence on waves velocities
in three-layered plates. There are several determinations
of piezoelectric structure sensitivity parameter to mass
loading [17; 18]. In particular, S mass sensitivity of the
multilayer resonator can be defined as the displacement
of the relative resonator frequency normalized to the mass
density surface [18]. However the disadvantage of this
approach is that at great values of frequency f'the changes
of phase velocity at increase in thickness of a metal layer
are smoothed.

In this work the following formula was used for mass
sensitivity of elastic wave determination:

1 (Av
i

where Av=v—v, . — the change of an elastic wave phase

velocity when metallizating with a bulk density p; d —

the total thickness of metal layers. Velocities displace-
ment is calculated concerning the elastic wave v velocity
when metallizating with infinitely thin layer which does
not change mechanical boundary conditions [19].

Let us note that this condition, as the computer ex-
periment revealed, is carried out at a layer thickness less
than 1 nanometer. Also the condition (4) levels the influ-
ence of the piezoelectric effect and, therefore, parameter S
will not depend on the piezoelectric layer type.

The schematic representation of the studied layered
structures is presented in fig. 1, a. Phase velocities disper-
sion dependences of the Lamb wave fundamental modes
and fundamental and first modes of SH-wave on value of
the /Axf parameter (piezoelectric thickness x frequency)
for the layered structure of Me/ZnO/Me type with orienta-
tion of the layer [100] (001) are presented in fig. 1, b,
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similar dependences for the layered structure
Me/AIN/Me with orientation of the layer [100] (001) are
presented in fig. 1, ¢. As a metal layer (Me) Al and Mo
having various values of acoustic impedance Z = pv were
used. The acoustic impedances calculated for bulk longi-
tudinal waves of all considered materials relate as
Zal < Zan < Zzno < Zyo. The values of the material con-
stants for aluminum and molybdenum are taken in [13],
ZnO — in [20], AIN — in [21]. The change range of phase
velocities of the elastic wave running modes in the struc-
ture Me/ZnO/Me at metallization with infinitely thin lay-
ers is ranging from values of a longitudinal wave phase
velocity in ZnO crystal (v = 6084.14 m/s) or from zero
(4o mode) to the phase velocity of the Rayleigh wave in
ZnO at the metallized surfaces (v =2677.6 m/s). It should
be noted that due to ,,switching off* of the piezoelectric
effect at metallization of plate both surfaces the phase
velocity of SHy mode coincides with the velocity of a fast
shear wave in ZnO crystal.

In Me/AIN/Me structure phase velocities of elastic
wave running modes also change from the longitudinal
wave phase velocity values in AIN film (v = 10287.28 m/s)
or from zero (mode A,) to the phase velocity of the
Rayleigh wave in AIN at metallized surfaces (v = 5485 n/s).
Unlike Me/ZnO/Me structure with the maximal value
of the parameter /Axf=10000 m/s for calculation
of Me/AIN/Me structure the range of change of the pa-
rameter Ahxf to 20000 m/s was increased due to the fact
that phase velocities values of all elastic wave modes
significantly increased.

Calculation of elastic wave phase velocities modes
change was made at the ratio of a metal layer thickness to
piezoelectric material thickness d/h = 0.001; 0.005; 0.01;
0.05; 0.1. Solid lines in fig. 1, b, ¢ designated phase ve-
locities modes of the Lamb elastic wave and SH-modes
at metallization of a piezoelectric layer above and below
by two infinitely metal layers which are not violating me-
chanical boundary conditions are shown with solid lines
in fig.1, b, c. Dashed lines in fig. 1, b, ¢ correspond to the
piezoelectric material layer d/h = 0.1. In absolute values
the presented values of phase velocities can be received at
piezoelectric material thickness layers % = 1 mkm and
each of metal layers d = 0.1 mkm at frequency change
from 1 MHz to 10 GHz (20 GHz for AIN).

Metal use in a multilayer plate can considerably affect
wave elastic energy redistribution due to acoustic proper-
ties of layers and also an interference between elastic
wave modes falling and reflected from borders
of layers. For example, in AI/AIN/AI structure at values
hxf increase and metal layers of maximal thickness
(d/h = 0.1) use phase velocities of elastic wave modes
tend to the value of phase velocity of the bulk shear wave
in aluminum (fig. 1, ¢). The similar situation occurs also
when used other metals in multilayer structure. At the
same time it is noted that in Me/AIN/Me structure elastic
wave modes velocities at identical type of metal and the
parameter value hxf decrease more significantly than in
Me/ZnO/Me structure.

When comparing identical structures with metal layers
different thickness it was revealed that the increase in
metal layer thickness, as a rule, reduces the velocities of
propagation of the first and the higher orders acoustic
waves.
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In fig. 2 the graph of sensitivity S calculated by
formula (4) for fundamental A4, S, modes, the first
modes A4, S; of the Lamb wave and also fundamental
and the two first modes of SH-wave depending
on the parameter ixf in Al/ZnO/Al structure providing
d/h =0.001 is presented.

It is possible to note that on modes dispersion
dependences Sy, 4, S; of the Lamb wave the expressed
S maxima are observed. The maximal value of
S =251 sq.m/kg for S, mode at Axf=2500 m/s , for
A; mode S = 248 sq.m/kg at Axf = 4700 m / s, for
S1mode S =249 sq.m/kg at Axf =7000 m/s (fig. 2).

7 9,103 m/s v,103m/s
6
X3
Vacuum  \feta] 5
—4 —
s . .
~h1 |Piezoelectric | Xy
]
0 Vacuum 3
2
hxf, 103 m/s hxf, 103 m/s
a b c

Fig. 1. Dispersive dependence of phase velocities on the product 4xf for the layered structure Al/Piezoelectric/Al:
a — the scheme of the layered structure; b — fundamental and first modes of Lamb and SH-wave in the structure Al/ZnO/Al;
¢ — fundamental and first modes of Lamb and SH-wave in the structure AI/AIN/AL Solid lines — mode velocities for infinitely
thin metal layers, dash lines — mode velocities for metal layers thickness d/h = 0.1

Puc. 1. lucriepcuoHHbIe 3aBUCUMOCTH (a30BBIX CKOpOCTEil OT Mpou3BeeH s ixf s cinouctoii crpykTypbl Al/nbe3osnexTpuk/Al:
a — cXeMa CIIONCTOH CTPYKTYpHI; 6 — (yHIaMeHTaJIbHBIE U IepBbIe MOJbI BOJHEI JIam6a u SH-BonHEI B cTpykType Al/ZnO/Al;
6 — QyHamMeHTanbHbIe U IepBble MOIbI BosHbI JIamba 1 SH-BonHb! B cTpykType Al/AIN/AL; critonisblie THHIN —
CKOPOCTH MOJ{ IIPU OECKOHEYHO TOHKHX CJIOSX METaJlla, TOYCUHbIE JINHUH — CKOPOCTH IIPH OTHOCUTEIIBHOI
TOJIIMHE MeTa/uIa u ciiost d/h = 0,1
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Fig. 2. Dispersive dependence of the sensitivity S for Lamb and SH-modes
of an elastic wave on the product 4xf for the layered structure Al/ZnO/Al
Ratio of the metal layers and piezoelectric d/h = 0.001

Puc. 2. lucniepcuoHHBIE 3aBUCUMOCTH 4yBCTBUTEIBHOCTHU S MO/ YIIPYron

BOJIHBI JIaM0a u SH-BOJIHBI OT NPOU3BEACHUS /1Xf 1151 CIIOUCTOI CTPYKTYPBI
Al/ZnO/Al pu OTHOIIEHUH TOJIIMH METAIIa U Ibe30eKTpuka d/h = 0,001
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Therefore, at metallization of a plate from above and
from below by two metal thin layers the modes of an elas-
tic Lamb wave above the zero order (except for mode 4,)
have the sensitivity maxima occurring practically through
identical intervals of the parameter sxf values.

S value maxima are revealed only for the Lamb wave
modes 4; and S;. They are explained by the condition of
Jresonance® reflection of these waves from a piezoelectric
boundary with metal layers realization, what leads to the
emergence of local maxima in values of S (fig. 2). The
graphs of sensitivity S fundamental mode of an antisym-
metric wave A, and SH-mode with shear-horizontal and
horizontal polarization on the studied frequency range
have no peculiarities. Only the apparent dependence of
the module S decrease at the increase of the parameter 4xf’
is characteristic for them. It is possible to note that the
decrease (on module) of S values is connected with grad-
ual mode A4, velocity increase at the values of the parame-
ter hxf increase. At the same time the velocity of this
mode remains the minimal of all considered elastic wave
modes velocities. The decrease in S values for transversal
and horizontal polarization modes is connected with the
same gradual decrease of these modes velocities at the
increase of the parameter 4xf values. Further in this work
only features of acting of S sensitivity curves for the
Lamb elastic wave mode having maxima on the consid-
ered range of the parameter /xf values are being de-
scribed.

In fig. 3 the graphs of S sensitivity of S, fundamental
mode and the first modes 4, u S, of the Lamb wave de-
pending on the metal layer material, the ratio of d/4 and
hxf parameter in Me/ZnO/Me structure are presented. The
maximal values of S parameter for S, mode are reached at
hxf=2400-2500 m / s and the ratio of d/A = 0.001 where
condition 2 = 2)\/3 is satisfied, i. e. a piezoelectric layer
thickness is equal to two thirds of the elastic wave S,
length (fig. 3, a, d). When using Al and Mo layers the
value of parameter S = 251 sq.m/kg and S = 246 sq.m/kg,
respectively. Essential decrease of S sensitivity for the
considered elastic wave modes is particularly evident at
d/h > 0.05. This decrease of S values at d/h increase is
especially observed when using Mo — the metal with high
acoustic impedance value. Numerical values of § maxima
for both types of metal differ only at the considerable
thicknesses of layers, for example, in Al/ZnO/Al structure
at d/h = 0.1 the value of sensitivity of S = 200 sq.m/kg
at Axf = 2300 m / s, and in Mo/ZnO/Mo structure
S=155 sq.m/kg at hxf=2100 m /s (tab. 1). The maximal
values of § parameter for 4, mode of the Lamb elastic
wave are reached at ixf'= 4700 m / s and d/h = 0.001
where the condition 7 = A is satisfied, i. e. thickness
of a piezoelectric layer is equal to 4, elastic wave length
(fig. 3, b, e). The maximal values of S parameter for S,
mode of the Lamb clastic wave are reached at ixf= 7000
m / s and d/h = 0,001 where the condition # = 3\/2
is satisfied, i. e. the piezoelectric layer thickness is equal
to one and a half length of S; elastic wave (fig. 3, ¢, f).
At the same time it was also revealed that application
of Mo layers leads to more considerable decrease of the S
maximal sensitivity value than when using Al.
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According to the graphs in fig. 3 and to the data
in tab. 1 it is noted that the increase in a metal layer thick-
ness (d/h) always leads to wave frequency displacement
in the S maximum to more low-frequency area.

In fig. 4 the graphs of S sensitivity of the Lamb wave
fundamental and first modes depending on the metal layer
type, the ratio of d/h and the Axf parameter in Me/AIN/Me
structure are shown.

The maximal values of S parameter for Sy mode are
reached at ~xf= 5200 m /s and d/h = 0.001 on the condi-
tion when /2 = 2A/3, as well as in the previous structure for
the similar mode (fig. 4, @, d). When using Al and Mo
layers at S = 502 sq.m/kg and S = 493 sq.m/kg, respec-
tively. Essential decrease of S sensitivity for the consid-
ered elastic wave modes is shown at d/2>0.05, in par-
ticular when using Mo. S maxima numerical values for
both types of metal differ only at the considerable thick-
nesses of layers, for example, in AI/AIN/AIl structure
at d/h = 0.1 the sensitivity value of § = 432 sq.m/kg
at hxf = 4800 m / s, and in Mo/AIN/Mo structure
S§'=239 sq.m/kg at hxf'=4200 m /s (tab. 2). The maximal
values of S parameter for 4; mode of the Lamb elastic
wave are reached at ixf = 9600 m / s and the ratio of
d/h = 0.001 where 4 = A condition is satisfied (fig. 4, b, e).
The maximal values of S parameter for 4; mode of the
Lamb elastic wave are reached at /xf'= 13800-14000 m / s
and d/h = 0,001 where A = 3A/2 condition is satisfied
(fig. 4, ¢, /).

The values of S parameter in maxima exceed similar
values by 1.5-2 times for Me/ZnO/Me structure, at the
same time the increase in thickness of a metal layer also
leads to the wave frequency displacement in maxima of S
parameter values.

At the same time unlike Me/ZnO/Me structure for the
considered Sy, 4;, S} modes of the Lamb elastic wave the
essential increase in values of S sensitivity when using
thick layers of Al is noted. In this case S at great values of
the parameter Axf can be comparable or even exceed the
values in the local maximum (fig. 4, a). At the same time
it is also possible, for example, for A; mode when the
maximal value of sensitivity is noted at the moment of
wave emergence, further the local minimum is observed
and then S becomes almost dispersionless (fig. 4, b).

In general the nature of parameter S changes in
Me/AIN/Me structure is similar to changes of S in the
three-layered plate of Me/ZnO/Me.

Features of S sensitivity curves of Lamb and SH
waves in Me/ZnO/Me and Me/AIN/Me structures.
For both structures the characteristic feature is that only
So, A1 and S; modes of the Lamb elastic wave possess the
localized by maxima S values. Other modes — antisym-
metric fundamental 4, with the lowest propagation veloc-
ity and the mode with shear-horizontal polarization of
SH,, SH, SH, — have no apparent features of sensitivity
curves on the studied frequency range.

Metal layers thicknesses increase results in the dis-
placement of S sensitivity values maxima to the low-
frequency area. At the same time S curve peaks amplitude
and width with the increase in metal thickness for
Me/ZnO/Me plate depend on the type of metal and the
parameter /xf less than for Me/AIN/Me.
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When comparing various structures of crease of S sensitivity for the considered elastic wave
Me/Piezoelectric/Me type it is revealed that sensitivity = modes at d/a > 0.05, in particular when using Mo, can
values the Lamb elastic wave modes at d/A = 0.001; limit metals layers of the considerable thickness appli-
0.005; 0.01 differ insignificantly. The essential de- cation in sensor devices.

j— 2.2 —_ 2 2
3 78, 102 m%/kg 3 118, 102 m¥/kg

—_— dh=0.001 2
-------- d/h=0.005

------ d/h=0.01

——— d/h=0.05

dlh=0.1

hxf, 103 m/s hxf, 103 m/s hxf, 103 m/s
a b c

— — 3 2 12
3 =15, 102 m2/kg 3 718, 102 m2/kg S, 10 m?/kg

hxf, 103 m/s hixf, 10° m/s hxf, 103 m/s
d e f

Fig. 3. Dispersive dependence of the sensitivity for Sy, 4; 1.S; modes on the product Axf for the layered structure Me/ZnO/Me:
a—c — aluninium; d—f— molybdenum. Ratio of the metal layers and piezoelectric d/h: 0.001, 0.005; 0.01; 0.05; 0.1

Puc. 3. [lucniepcHOHHBIC 3aBHCUMOCTH 1yBCTBUTEIBHOCTH MOJT So, A M .S] OT IPOU3BEACHUS /XS
IUTSL CIIOUCTOM cTpyKTYpbl Me/ZnO/Me:
a—6 — AMOMUHNIL; e—e — MonOaeH. OTHOLIGHHE TOJIIIMH MeTallia U nbe3odnekrpuka d/h: 0,001, 0,005; 0,01; 0,05; 0,1

Table 1
MaxcumanbHble 3Ha4YeHUsl YyBCTBUTEILHOCTH S B cTpyKTYpe Me/ZnO/Me
The maximum sensitivity values of S in the Me/ZnO/Me structure
d/h Mode S A, S
Metal Al Mo Al Mo Al Mo
0.001 S, m’/kg 251 246 248 247 249 248
hxf, m/s 2500 2400 4700 4700 7000 7000
0.005 S, m*/kg 248 244 246 242 248 243
hxf, m/s 2500 2400 4700 4700 6700 7000
0.01 S, m’kgr 246 240 244 237 245 237
hxf, m/s 2400 2400 4700 4600 6900 6900
0.05 S, m*/kg 225 199 231 190 233 177
hxf, m/s 2400 2300 4400 4400 6700 6500
0.1 S, m*/kg 200 155 212 141 227 124
hxf, m/s 2300 2100 4300 4100 6500 6300
Mean value of Axf'in 2420 + 104 2320+ 162 4560 =114 4500 + 149 6760 + 114 6740 + 188
maximum S, m/s
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10 78, 10> m%/kg S, 102 m?/kg S, 102 m2/kg
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Fig. 4. Dispersive dependence of the sensitivity for Sy, 4; u.S; modes on the product /xf for the layered structure Me/AIN/Me:
a—c — aluninium; d—f— molybdenum. Ratio of the metal layers and piezoelectric d/h: 0.001, 0.005; 0.01; 0.05; 0.1

Puc. 4. [lucniepcroHHbIE 3aBUCHMOCTH 4yBCTBUTEIBHOCTH MOJ Sy, A| 1 S| OT npou3BeaeHus /ixf

JUISL cIoucTol cTpykTypsl Me/AIN/Me:

a—6 — aIFOMUHMUIA; e—e— MoJOieH. OTHOILICHHE TOJIIMH METallia U mbe3oanekrpuka d/h: 0,001, 0,005; 0,01; 0,05; 0,1

Table 2
MaxkcumaJjibHble 3HAYeHHsl BeJTUYUHBI S B cTpykType Me/AIN/Me
The maximum sensitivity values of .S in the Me/AIN/Me structure
d/h Mode S, A, M
Metal Al Mo Al Mo Al Mo
0.001 S, m*/kg 502 493 329 327 323 321
hxf, m/s 5200 5200 9600 9600 14000 13800
0.005 S, m’kgr 500 489 327 318 321 312
hxf, m/s 5200 5000 9600 9400 13800 13600
0.01 S, m’kgr 497 479 324 306 319 302
hxf, m/s 5200 5000 9400 9200 13800 13400
0.05 S, m’kg 476 349 313 229 364 264
hxf, m/s 5000 4600 9000 7600 12000 11800
0.1 S, m*/kg 432 239 349 178 714 193
hxf, msc 4800 4200 7600 7400 12400 11200
Mean value of 2xfin 5080 +222 4800 =497 9040 £ 1046 | 8640+ 1309 | 13200+ 1153 12760 + 1465
maximum S, m/s

wave phase velocity when metalizing, can increase
(fig. 2, fig. 3, a, d).

For Me/AIN/Me layered structure this effect is not ob-
served.

The feature of the elastic wave Sy mode propaga-
tion in Me/ZnO/Me layered structure is the emergence
of S parameter negative values when using both Al
and Mo metal layers, that is the value of the elastic
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Conclusion. The influence of mass loading in the
form of two metal layers (simulating the upper and lower
electrode) on S sensitivity of elastic wave dispersion
modes in piezoelectric layered structures Me/ZnO/Me and
Me/AIN/Me change according to the frequency and d/h
depends on the ratio of the metal layer acoustic imped-
ance and acoustic line material. It is noted that the maxi-
mal values of elastic wave modes sensitivity are reached
at the layered AI/AIN/AI system configuration, that is in
the system with low values of acoustic impedances of a
bulk longitudinal wave for layers and piezoelectric acous-
tic line materials. It is revealed that the maximal values of
S sensitivity in all structures are observed in cases when a
metal layer thickness is 2/3, 1, 3/2 of the corresponding
Lamb elastic wave length. The results received during
computer simulation can be useful when developing
acoustic electronic devices on the Lamb waves and the
SH-waves.
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TO NONPARAMETRIC IDENTIFICATION OF DYNAMIC SYSTEMS
UNDER NORMAL OPERATION

M. E. Kornet, A. V. Shishkina*

Siberian Federal University
Space and Information Technology Institute
26b, Kirensky Str., Krasnoyarsk, 660074, Russian Federation
*E-mail: nastya.shishkina9666@mail.ru

The problem of nonparametric identification of linear dynamic objects is being investigated. In contrast with para-
metric identification, the case is analyzed when equations describing a dynamic object are not specified according to
the parameters. Moreover, the identification problem is analyzed under normal object operation, opposite to the previ-
ously known nonparametric approach based on Heaviside function input to the object and further Duhamel integral
application. An arbitrary signal is inputted to the object during normal operation and weight function realizations are
represented by observations of input-output object variables measured with random interferences. As a result, we have
a sample of input-output variables. As linear dynamical system can be described by the Duhamel integral, with known
input and output object variables, corresponding values of the weight function can be found. This is achieved by dis-
crete representation of the latter. Having such realization, nonparametric estimate of the weight function in the form of
the nonparametric Nadaraya—Watson estimate is used later. Substituting this into the Duhamel integral, we obtain a
nonparametric model of a linear dynamical system of unknown order.

The article also describes the case of nonparametric model constructing when a delta-shaped function is inputted
to the object. It was interesting to find out how delta-shaped function might differ from the delta function. The weight
function was determined in the class of nonparametric Nadaraya—Watson estimates. Nonparametric models were
investigated by means of statistical modeling. In general, nonparametric models have shown sufficient efficiency in
terms of accuracy prediction by nonparametric model in relation to the actually measured output of the object. Evi-
dentally, the accuracy of nonparametric models reduces with the growing influence of interference from the meas-
urement of input-output variables or the discreteness of their measurement. Previously proposed nonparametric al-
gorithms consider the case when Heaviside function was applied to the object, which narrows the scope of nonpara-
metric identification practical use. It is important to construct nonparametric model of a dynamic object in condi-
tions of normal operation.

Keywords: duhamel integral, transient function, weight function, delta-shaped input, Nadarya—Watson estimate,
nonparametric model.

O HEMAPAMETPUYECKOM UJIEHTU®UKAIIUN JTUHAMUYECKAX CUCTEM
B YCJIOBUAX HOPMAJIBHOT'O ®YHKIIMOHUPOBAHUA

M. E. Kopser, A. B. Ilnmknaa”

Cubupckuit henepanbHblil YHUBEPCUTET
WHCTUTYT KOCMUYECKUX U HH(POPMAIIOHHBIX TEXHOIOTHH
Poccwuiickas ®enepamnus, 660074, r. KpacHosipek, yi. Axagemuka Kuperckoro, 260
*E-mail: nastya.shishkina9666@mail.ru

Paccmampusaemces 3a0aua nenapamempuieckol uOeHmu@uKayuy TUHEeUHbIX OUHAMUYeCcKux 0ovexmos. B omauuue
om napamempuieckol uoeHmupurayuu, U0 ypasHeHUs, ONUCLIBAIOuec0 OUHAMUYeCKUll 00beKm, He 3a0an ¢ MOYHO-
cmvio 0o napamempos. bonee mozo, 3a0aua uoenmugurayuu paccmampueaemcs 6 YCio8UsIX HOPMAIbHO20 DYHKYUO-
HUpOGanus 06vbeKma, 6 OMAUYUE OM panee U3BECHHO20 HEeNnapamempuyeckozo nooxood, 0CHOBAHHO20 HA Nooaye Ha
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6x00 0O0vekma Gynkyuu Xegucaiioa u oanbHeliulem npumerenuu unmezpana Jfroamens. B yciosuax nopmanviozo Qynx-
YUOHUPOBAHUSL HA 6X00 00BEKMA NOOAIOM CUSHAL NPOU3B0IbHO20 6uda. TIpu smom Ha evixode obvekma Habmooaemcs
coomseemcemayrowui omxaux. Ciedyem samemumy, 4mo usmMepeHusi 6X0OHOU U 8bIXOOHOU NEPEMEHHBIX OCYUeCmeis-
I0omcs co  CayYaumviMu nomexamu. B umoce, umeem peanuzayuio (6b160pKy) 6X0OHbIX-8bIXOOHBIX NEPEMEHHDIX.
Tockonvky nunennas OUHAMUYEeCKds CUCHeMA Modcem Oblmb Onucana unmezpanrom /ioamens, mo npu uU36ecmuvix
BXOOHDIX U BLIXOOHLIX NEPEMEHHBIX 00BEKMA MO2Yym ObIMb HANIOEHbI COOMBEMCMBYIOWUE 3HAYEHUS BeCO80U (QYHKYUU.
Omo docmueaemcs npu Ouckpemuot 3anucu nocieonezo. Pacnonazas nooobnoil peanuzayuetl, 6 oanvhetiuem Ucnoib-
3Yemcst Henapamempuieckasi OYeHKa 8ecosol yHkyuu 6 eude Henapamempuyeckou oyenku Haoapas—Bamcona. I1oo-
cmagnss ee ¢ unmeepan [fioamens, HOIyYaeM mem CAMbIM — HEnapaMempudecKkylo Mooeib JUHEUHOU OUHAMUYECKOU
cucmeMmbl Heu38ecmHo20 NOPsIOKdA.

Tlpuseden maxoice cnyuail nNOCMpoeHUs HeNaApPaMempu4ecKol Mooeiu npu noodave Ha 6xo0 0elbmooOPasHoOU QyHK-
yuu. Bvlno unmepecHo 6blsACHUMb, HACKOILKO 0elbmMo0OpA3HAs (OYHKYUSL MOJCEm OMIUYAMbCS OM OelbMma-(YHKYUU.
Oyenka 6eco8oll QyHKYuU u 6 3MoM clyuae onpedensinacy 8 Kidacce Henapamempuieckux oyenox Haoapas—Bamcona.
Ilpeonooicennvie nenapamempuueckue mooenu 6l NOOPOOHO UCCIEO08AHBL CPEOCMEAMU CMAMUCIUYECKO20 MOOeTU-
posanus. B ocnoenom nenapamempuueckue mMooenu nokazanu 00CMamoyHo GblCOKYIO I GekmusHocms ¢ mouKku 3pe-
HUSL MOYHOCMU NPOSHO3Ad HENAPAMEMPUHECKOU MOOelU N0 OMHOUEHUIO K PedabHO UMEPEHHOM) BbiXx00y 00beKma.
Ecmecmeenno, mounocms nenapamempuyeckux mooened YMeHbWAemcs u3-3a pocma GIUAHUS NOMeX U3MepeHUs.
BXOOHBIX-BLIXOOHBIX NEPEMEHHbIX UMU OUCKPeMHOCMU UX usmepenusi. Panee Oviiu npednosicenvl Henapamempuieckue
aneopummbvl uoeHmuurayuu 015 cayuas, Ko20a Ha 6x00 0bvekma nodasanacv @yukyus Xesucailoa, 00HAKO Mo He-
CKOILKO CyHcaem pamKi NpaKmuiecko20 UCNoab308aHUsL CAMOTL udeu Henapamempuieckou udenmupurxayuu. Ecmecm-
6EHHO, BAJICHBIM SIGNAEMCS CYUAL NOCMPOEHUs. HeNAPAMEMPUYECKOll MOOeNU OUHAMUYECKO20 00beKma, HaX00aue20cs
8 YCNOBUSX HOPMATLHOU IKCRIYyAmMmayuu. Ima 0cobeHHoCcmy A6Is1emcsi Hauboee 8adCHON U3 PACCMAMPUBAEMbIX NpUE-
MO8 uOeHmMudUKayuL 8 YCio8UsxX Henapamempuieckoi HeonpeoeIeHHOC.

Kouesvie cnosa: unmeepan [lroamens, nepexoonas @yHkyus, 6ecogas QyHKyus, 0e1vmoodpasHoe 6Xx00Hoe 8030eli-
cmeue, oyenka Haoapas—Bamcona, Henapamempuueckas mMooens.

Introduction. The main objective of identification
theory is the model construction based on input and out-
put process variables’ observations while the data about
the object is incomplete [1-3]. The article is devoted
to dynamic objects identification under nonparametric
uncertainty [4; 5], when the dynamical model cannot
be identified up to parameters vector due to the lack
of priori data. In this case receiving of transient response
and following estimation of an object weight function are
reasonable.

The basis of this paper is Duhamel integral use, due to
the principle of superposition [6; 7]. Identification algo-
rithms of the object in normal operation conditions are
described. Three methods of obtaining weight function
estimation using Heaviside function [8; 9], delta-shaped
input and arbitrary input are analyzed.

Problem formulation. Suppose that object is a dy-
namic system and described by the equation [1]
x, = f(x_,x_,,u,), where f(-) — is unknown function;

u, — control input variable; x, — output variable.

In fig. 1, a block diagram of the dynamic process is il-
lustrated [2], with following notations: X, — output of

model; u, — control variable; (¢) — continuous time; ¢ —
discrete time; &, — random noise acting on the object

and output variable measuring channel, with zero mathe-
matical expectation and limited dispersion.

Variables control is carried out through time inter-
val At . Thus, it is possible to obtain initial input — output

variables sample {x,,u,,i =1,s}, where s — sample size.

Non-parametric identification algorithm when
standard signals can be inputted to the object. Suppose
that the object is described by a linear differential equa-
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tion of unknown order. In this case, for zero initial condi-
tions, x(¢) is found as

x(1) :jh(t—'c)u(r)dr, (1)

where A(t—1) — weight function, that is derivative of
transition function A(t) =k'(¢) .

- . iF)
x.. Object X(t)
R(U x
by . hlr
h'{
u! xn
‘ Model %

Fig. 1. Identification scheme

Puc. 1. brok-cxema cucteMsl HACHTUDUKALUT

This problem reduces to the weight function estima-
tion, so, firstly, it is needed to obtain the transition func-
tion.

As it was mentioned, weight function can be obtained
by various means.

First case. Suppose that the object is described by lin-
ear differential equation of unknown order. In zero initial
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conditions, x(¢) is found as (1). Transition function is an

object reaction on input impact, namely as Heaviside
function u(¢) =1(¢) .

() = 0,u(t) <0, 5
= Lu(t) = 0. @)

After obtaining transition function, it is needed to find
its nonparametric estimation [10; 11]:

ZkH[ ) (3)

_510

k(n)=
where k, — transition function estimate; k, — transition
function; ¢, — discrete time of measurements; s — sample
size; ¢, — kernel smoothing; H — kernel function; 7' — time
observation period [2].
We note that kernel function and kernel smoothing
satisfy the following terms [10; 11]:

B e

—cp(t)H(tctho, @)

s

¢, >0, lim sc, > oo,limc, — 0,

¢ §—0

where ¢(¢;) — an arbitrary function.
In particular, kernel function would be considered as
Sobolev function (5):
0,)t—t|>c,

(t-1,)? _
()827 [(r tt)t ] |t t|<c (5)

c

s

H =

Since weight function %(7) is derivative of transition
function £(#), then

Z(r)— ZkH[ ] (6)

510

Second case. The weight function could be obtained
when a delta-shaped function is inputted. It has a step
function type (7), Af— discretization interval (fig. 2):

SA(t):{i,teAt, (7)

where At
At=t"—1t"

Identification algorithm under normal object op-
eration. Constructing an adaptive object model often re-
quires identification of measuring channels under normal
object operation [2; 12]. This means that inputted impacts
must be small enough so that the effect on production
would be minimal. This is necessary for keeping the proc-
ess in acceptable limits [8].

Thus, the third case has the priority in solving the
problem of nonparametric identification [4; 6]. The fol-
lowing algorithm when input impact has sinusoidal type
function (as an example) is analyzed below.

for example, is an equation At=¢-0, or

A

10 + 1 =
At

3 4+

& +

4 L

2 4

¢ g iy 1 ~
T T e
0 At 5 [

Fig. 2. Delta-shaped function example

Puc. 2. Ilpumep nenpTo06pa3HOro BXOAHOTO BO3AEHCTBUS
Third case. If control action and object output are

known, weight function may be described by (1).
In a discrete form:

h, =xt—[iuiAr+ZslhoJ,i=l,_s, (8)
i=1 i=1

where s — sample size; At — variables control time inter-

val; u; — control variable; x, — object output; s, — value
of the weight function on previous iteration steps.
Thus, nonparametric process model is following:
X (t):—jZkH ( ]u(r)dr
g 0 i=l

or

T (<

x,(6)=— [ > hu(v)dx, 9)

C 0 =l
where k, — transition function; %, — weight function;
¢, — kernel smoothing; s — sample size; T — observation

period.

Computer experiment. Suppose that dynamical ob-
ject is described by third-order differential equation. It
can be represented as:

x,=0.5x,_5—x_, +x,_,—0.5u,. (10)

Let us note that the equation (10) is used for obtaining
sampling points. Nonparametric algorithm does not as-
sume the known form of the differential equation, only
information on the linearity of an object is known, in con-
trast with [13; 14].

The first method of obtaining weight function is to
take the derivative of transition function (fig. 3), if
Heaviside function is submitted to the object, then object
output is a transitional feature: x(¢) =k(¢), further it is

necessary to find the value of transition function and
weight function according to formulas (3) and (6):

In fig. 3: k(¢t)— transition function, A(f) — weight
function.

Put known values of transition and weight functions
into Duhamel integral (1) and get an object model, fig. 4.
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b

()]
2 ik
1.0 4+
08 |
N6 1+
04 L

0,2 4+ [\
0,0

(7

=

(1)

42 4

0.4 | |
0 10 20

S
T T -

30 40 {

Fig. 3. Weight and transition response when u(f) = 1(7)

Puc. 3. BecoBas 1 nepexoHas XapakTepHcTHKa nporuecca npu u(f) = 1(¢)

M i(?)

Fig. 4. Weight response when input is a delta-shaped function

Puc. 4. BecoBas xapakTepucTHKa Mpoliecca Ipu nojaue
Ha BXOJ] 00BEKTa ICNbTO00Pa3HOTr0 BXOAHOTO BO3/ICHCTBUS

Let us change the order of differential equation
that describes the object and conduct computer experi-
ments.

Suppose that the object is described by differential

equation of the second order represented as follows:
x,=0.25x,_,-0.33x,_, +0.33u, . (11)

Suppose the integral of delta-shaped function differs
from 1.
Fig. 5 illustrates the experiment when the integral of

delta-shaped 8*(¢) equals 1, u(t):it delta-shaped in-
A

put, x(t) — object output, Af — discretization interval,
X(¢) — output object model.
Note that when At €[0.1;1] Are[0.1;1], input u(¢)

takes values from 1 to 10, it can conform to the techno-
logical requirements.

Consider the case when delta-shaped function integral
8*(¢t) differs from 1. As a result, delta-shaped function

becomes “pseudo-delta-shaped”, in particular integral of
delta function does not equal 1 (fig. 6).
Fig. 5 illustrates discretization interval A¢ = 0.1, inte-

gral of delta-shaped function &"(¢) equals 1, recovery
error w=4.2 %.

In fig. 6 discretization interval At = 0.1, integral of
delta-shaped function 3*(¢) > 1, recovery error w = 40 %.

Hence, in order to construct the appropriate model, the
following term should be kept — integral of delta-shaped
function must be equal 1.

In conditions of normal object operation as an arbi-
trary input signal we take the following function:

u,=t—t/2—A*sin (0.5¢),

where 4 — oscillation amplitude.

(12)
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(01
104 il
8 +
5 1
(1)
4+
2 L x(1)
R w*—'—*‘-— —
I I f f I f >
H 2 4 G g 10 t
Fig. 5. Algorithm work with delta-shaped input
Puc. 5. Pe3ynbpraT paboTs! anropurma
TIpU IeTT000Pa3HOM BXOJHOM BO3AeHCTBHI
x(7)
300 (o
S| i)
100 4
x(1)
’ S
: : : : : : : >
0 2 4 g g 10 12 t

Fig. 6. Algorithm work with “pseudo-delta-shaped” input

Puc. 6. Pesynprar paboTs! aaropurma
HPH «IICEBAOEIBTO0OPA3HOMY BXOJHOM BO3/EHCTBUM

Let us add a random noise that arising in the channel
of output signal measurement x(¢)
h =Ix¢E,,

where &, e[-1;1] , noise level / =5 %,10 % .
Calculate the recovery error — w according to the for-
1

(13)

th — arithmetical mean, X(¢) —

i=1

mula (14), where X

object model output:

s

Z'xt _)et |

i=1

s b
Z' X -x |
i=1

Fig. 7 appeals to the following definitions: u(¢) — in-

(14)

w=

put impact, x(f) — object output, X(¢) — model output.
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Noise level =5 %, recovery error w — 0.067, according to
the chart and recovery error, this model could be consid-
ered as satisfactory.

Thus, table illustrates that lowering oscillation ampli-
tude leads to model accuracy decreasing.

Dependence between recovery error
and oscillation amplitude

A w
10.5 0.5 %
3.5 1.4 %
2.5 2%
1.5 33%
1 4.9 %
0.5 9.8 %
0.1 53.4%
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W

Fig. 7. Object output when input is an arbitrary signal

Puc. 7. PeSyIIbTaTbI BbIXOJa o0bekTa 1Ipu MPOU3BOJIBHOM BXO/THOM BO3Z[eﬁCTBPIPI

Let us change the input signal and answer the question
of how the quality of constructed model depends on the
oscillation amplitude:

u, = A*sin(0.1¢) ,

where 4 — oscillation amplitude.

We conduct computer experiments, in table following
descriptions are analyzed A — oscillation amplitude,
W — recovery error.

Conclusion. The problem of nonparametric identifica-
tion of linear dynamical objects in conditions of incom-
plete data is analyzed. The main result of this paper is
resolving of identification problem in an object’s normal
operation conditions. The nonparametric linear dynamical
system models that based on Duhamel integral estimation
by means of Nadaraya—Watson statistics are submitted.

The main conclusions that could be made on the basis
of extensive numerical research of nonparametric models
are as follows: although in practice delta function cannot
be submitted to the object input, sometimes it is possible
to submit delta-shaped input signal and then construct a
satisfactory model. Certainly, noise increase in input-
output variables measurement and increase in discreteness
of input-output variables control, in natural way, worsen
accuracy of nonparametric models [15-17].

In addition, it is important to note that the algorithm
does not require particular object equation and known
differential equation order, all equations that have been
described are analyzed as the examples. Thus, algorithm
is not dependent on the type of input impact, the main
condition is observance of the superposition principle.

(14)
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HCCJIETOBAHUE CETEBBIX AHOMAJIMI KOPIIOPATUBHOM CETH
KPACHOSAPCKOI'O HAYYHOI'O HEHTPA
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HuctuTyT BeraucauTensHoro moaenupoanus CO PAH
Poccutickas @enepanust, 660036, r. KpacHosipck, AkaneMropoiox, 50/44
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Pewaemcs 3a0aua obecneuenuss 6e30nacHoCmu KOPROPAMUBHOU CEMU HAYUHO-UCCEO08AMENbCKOU OP2AHUAYUU.
ObocHosana akmyanibHOCmMb NOOOEPIHCKU NPEGEHMUBHBIX MEP 3aujUmbl Cemesblx pecypcos OJis Opeanu3ayull, 6bIno-
HAIOWUX HAYUHYIO NOOOEPIHCKY BbICOKOMEXHOIOZUUHO20 NPOU3E0OCMEA, NPOBEOeHUsl KOCMUYECKUX UCCIe008ANUL U CO3-
O0aHUsi HaAyKoemKo20 000py008aHusl, 20e Nomepsi KOHMOUOCHYUATbHbIX OAHHBIX NPU HECAHKYUOHUPOBAHHLIX GHEULHUX
6030€liCMBUSIX MOJICEM NPUBECIU K CYWECTNBEHHbIM NOCIeOCmEUsM. [l peuteHust 3a0a4u npeonojtceHo npoeoounts
AHANU3 AHOMATUL CEMeBo20 Mpaghura, KOMopvle MO2YH CBUOEMENbCNBO8AMb 0 B03HUKHOBEHUU KUOEPY2PO3.

Bowinonnen 0630p cyuecmeyouux memooos u npocpaAMMHbIX NPOOYKMO8, NPEOHAZHAYEHHbIX OISl AHANU3A CeMEBbIX
anomanuil. Ha ux ocnose npednosicen cobcmeennvlil OpuSUHAIbHbIIU NPOSPAMMHBLIL UHCMPYMEHM, N0360SLIOWUL AGMO-
Mamudecky 6bINOIHAMb OOHAPYJICEHUe AHOMATUL U NPOBOOUMb NOCAEOVIOWULL OeMATbHbIIL AHAIU3 JCYPHATIO8 CEMesbix
CIyoHch O BbIOPAHHBIM AOMUHUCTIPAMOPOM Mempuram. 1Ipoepammmbitl uHCMpyMenm paspaboman 6 6UOe 8eO-NPUIONCEHUSL,
UHMEZPUPOBAHHO2O 8 OCUCBYIOWYIO UHMPACMPYKMYPY KOPROPAMUGHOU cemu Hay4HOoUu opeanusayuu. Bredpenue 6eo6-
NPUTOACEHUS NOKA3ANIO AKMYATILHOCTb U 60CMPEOOBAHHOCMb PA3GUINUS CUCEMbL OOHAPYICEHUS. AHOMATUIL.

Jns Oanvheliuieco pacwiupenusi Memooos 3awumsl KOPROPAMUGHOU cemu paspadbomano NoAHODYHKYUOHATbHOE
npocpammuoe obecneuenue — A6MOHOMHAS CUCTNEMA AHAU3A JHCYPHANO8, KOMOPAsL 6bINONHAEM A6MOMAMUYECKULl aHa-
JU3 U acpe2ayuro OAHHbIX CeMesblX CYAHCO U NPedoCmasisenm UHMepaKkmueHvle CpeOCmad U3yatu3ayull pe3yibmamos.
Cucmema umeem y0oouwill epagpuyeckuti unmepghelic, NO360AOWUN HALTISLOHO OYEHUBAMb CIMATHUCMUKY 0OHADYIHCEH-
HbIX anomanutl. TIpu nomowu npoepamMMHO20 UHCIMPYMERMA AOMUHUCIPAMOD MOJICEN BbIAGNSMb HauboLee Kpumuy-
Hble UHYUOEHMbL U NPeceKamp Ux 6 OdIbHeluleM, U3MeHsIsl KOHPU2YPayuio akmueHbIX CUCIEM 3AUUmbl.

Ipoepammmnoe obecneuerue cooepicum UHCMPYMeHmbl sk HOCMPOEHUsT OUASPAMM, OMOBPANCATOUUX KOTUYECBO
aHOMAIUL 30 NEPUOObL BPEMeHU, UX pacnpedenetue no HabIo0aeMblM CEPEUCam, UcmouHuxam yepos. Ono nokaszvleaem
OaHHbIE NO AKMUBHBIM KIUECHMAM, NOOBEPIHCEHHbIM Y2PO3aM, YACHOMY 3anpoco8 O GblOPAHHLIM NPOMOKOLAM, O~
caexcueaem npesblierue Nopo2osblx 3HA4eHUN U np.

Ipumenenue pazpabomanno20 NPOSPAMMHOZO 0becnedeHus No360en BbINOIHAMbG KOHPU2YPAYUI0 Nepeoll TUHUU
3auumel Om cemesvix amakx, nOGblULAen: ONEPAMUBHOCHb Peasupo8anus U dPHeKmusHocns npedomspaujeruss 6mop-
JHCEHUTL 34 CUem GblAGLEHUS NPONYWEHHBIX CIAHOAPMHbLIMU CPEOCTNBAMU 3AUUMbL UHYUOEHMOB.

Kniouesvie cnosa: cemegvie anomanuu, kubepbe30nacHocms, cucmema OOHAPYIHCEHUS AHOMANUU, cucmema oOHa-
PYIICEHUS BMOPIHCEHUIL.
INVESTIGATION OF THE NETWORK ANOMALIES OF THE CORPORATE NETWORK
OF KRASNOYARSK SCIENTIFIC CENTER
N. V. Kulyasov*, S. V. Isaev
Institute of Computational Modelling SB RAS
50/44, Academgorodok, Krasnoyarsk, 660036, Russian Federation

*E-mail: razor@icm.krasn.ru

The problem of securing the corporate network of a research organization is being solved. The urgency of support-

ing preventive measures for protecting network resources for the organizations performing scientific support of high-
tech production, conducting space researches and creating high-tech equipment is grounded, where the loss of confi-
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dential data with unauthorized external influence can lead to significant consequences. To solve the problem, it is sug-
gested to analyze the anomalies of network traffic, which can indicate the occurrence of cyberthreats.

The paper reviews the existing methods and software products designed to analyze anomalies. On their basis,
we propose our own original software tool that allows automatic detection of anomalies and subsequent detailed
analysis of network service logs according to the metrics chosen by the administrator. The sofiware tool is designed
as a web application integrated into the existing infrastructure of the corporate network of a scientific organization.
The implementation of the web application showed topicality and relevance of the development of an anomaly detection
system.

To further expand the methods of protecting the corporate network, full-featured software has been developed
(Autonomous Log Analysis System) that performs automatic analysis and aggregation of network services data and
provides interactive means of visualizing results. The system has a convenient graphical interface that allows you to
visually evaluate the statistics of detected anomalies. With the help of a software tool, the administrator can identify the
most critical incidents and suppress them in the future, changing the configuration of active protection systems.

The software contains tools for constructing diagrams that show the number of anomalies over time periods, their
distribution by observable services, sources of threats. It shows data on active clients exposed to threats, frequency of
requests for selected protocols, monitors the exceeding of thresholds.

The application of the developed software allows the configuration of the first line of protection against network
attacks, improves responsiveness and the effectiveness of intrusion prevention by detecting missed by standard means
of protection of incidents.

Keywords: network anomalies, cybersecurity, anomaly detection system, intrusion detection system.

BBenenne. Pazpurie COBpeMEHHBIX WH(OPMALMOH-  BIJIBHOTO WM HOpManbHOTO. [lox ceTeBBIMH aHOMANHs-
HBIX TEXHOJIOTUH TPUBOJUT K TOBBIIICHAIO YPOBHS MU IMOHUMAIOTCS OTKJIOHCHHUS B UCIOJIb30BAHUH CETEBBIX
«uu(pOBU3ALUN» U TMEPEBOAY B KHOCPIPOCTPAHCTBO HA-  PECYPCOB, JOCTYI K KOTOPBIM MPEIOCTABISACTCS IMOCPE-
YYHBIX W TPOU3BOJICTBEHHBIX IPOLECCOB. [I00ANBHBIE  CTBOM BEO-CEPBHCOB U CETCBBIX MPUIIOKCHUH.
KOMIBIOTEPHBIC CETH TIYOOKO HMHTCTPHPOBaHBI B Jics- OOHapyKCHUE AHOMAJMKA Ha CETOMHSIIHUN JICHb 5B-
TENBHOCTh PA3IMYHBIX OpeanpusTuid. ONepaTUBHOCTh  JISICTCS OJHUM K3 aKTHBHO Pa3BHBAOILIMXCS HAMPABICHUM
JIOCTyTa K WHPOPMALUU CIIOCOOCTBYET COKPAIICHUIO U3- B o0yacTu obecrnedeHus KubepOe30macHoCTH. JTO CBsi3a-
JIEpKEK TPOM3BOJICTBA, IOBBIIIAET A(PGEKTUBHOCTF M HO C TE€M, YTO aHOMAJIHWH B OOJBIIMHCTBE CIy4aeB SIBII-
peHTabenbHOCTh KoMManwmid. C ApYyroil CTOpOHBI, Takas  IOTCS HadaJdbHOW CTaJMeH CETEBBIX aTak, KOTOPhIE MOTYT
MHTETPAIlUsl MOXET TPUBECTH K BO3HHUKHOBEHHIO MPO-  TOBJEYHh KaK HETaTHBHBIC HEMaTepHAbHBIC TIOCIEICTBHSA,
O6meM u moTepe KOH(QHUISHIMAIHHOCTH TAHHBIX IPH HE-  TaK M (PMHAHCOBBIC YOBITKH JAJISI OPTaHU3AINA, HMEIOIINX
CaHKIIMOHMPOBAHHBIX BHEIIHUX BO3MeHCTBHAX. OcoOeH-  CYIIeCTBEHHOE TPEACTABUTEIHCTBO B KHOEPIPOCTPAHCT-
HO aKTyalbHAa Takas mpoOyieMa Uil BBICOKOTEXHOJOTW4-  Be. Kak mpaBmito, Takue aHOMAJIMH SIBIIAIOTCS pe3yJIbTa-
HBIX MPOU3BOJCTB, TAKMX KaK KOCMHUYECCKHE HCCICIOBAa- TOM pAa3BEIKH MU «IpOOOH CHIIBI» s JalbHEHIIEro
TEJNBCKHUE MPOCKTHI, JUIsl KOTOPBIX oOecrieucHUe Oe30mac-  UCIHONB30BaHUS OOHApPYXKCHHBIX MPOOJIEM B CHCTEME
HOCTH JIaHHBIX SIBJISICTCS ONHOW W3 MPUOPHUTETHHIX 3a/lad  OE30MAaCHOCTHU C LEJIBI0 MOJYYCHUS KOMMEPUYECKOM BBITO-
COXpaHCHHMS KOHKYPCHTOCIIOCOOHOCTH OTCYECTBEHHBIX  Jbl. BhIsBiIeHUE H Kiaccu(UKAIUs aHOMAJMHA Mpenoia-
KOCMHYECKHX DPa3pab0OTOK. B 3TOl CBs3M MOBBIMIACTCS  TaeT HEMPEPHIBHBIA IMPOLECC MOHHTOPUHIA COOBITHI
Harpy3Ka Ha KOPIIOpPAaTHBHBIC CHCTEMBI 0€30IIACHOCTH KaK B KOMIBIOTEPHBIX CHCTEMaxX M CETAX, B CBA3H C HYEM
MPEANPUATHH KOCMHUYECKOW OTpacid, Tak W Hay4dyHO-  Tpedyercs oOpaboTka OOIBIIMX 00BEMOB NaHHBIX, TEHE-
HCCIICAOBATENIFCKUX HHCTUTYTOB, BEAYIIMX IIHPOKYI0  PHPYEMBIX OSTUMH HCTOYHHKamu. Jlig STux wnemei
HAyYHYIO paboOTy ¢ TaKUMH MpEeIIpUATHsIMA. HampuMep,  HCIONB3YIOTCS aBTOMAaTH3UPOBAHHBIE CHCTEMBI OOHApy-
B (enmepanbHOM HccienoBaTebeckoM IeHTpe «KpacHosip-  skeHms BropkeHuid [2]. CymecTBYIOT KOMMEpYECKHE
ckuii HaydHBIH meHTp CuOupckoro otmenenus Poccwii-  TporpaMMHBIE MPOIYKTHI, KOTOPBIC MO3BOJISIOT aHATN3HU-
CKOIl akaJeMHH HAayK» Ha MPOTSHKCHUU MHOTHX JIET NOJ-  POBaTh TPa(UK HA MPEAMET aHOMAITUIA U yIPO3 B PEATLHOM
JIEPKUBACTCS. TECHOE COTPYIHUUYECTBO MEKIY HAYYHBIMH  BpeMeHH. OrpaHHYMBAOIUMHU (HaKTOpaMH HCIIOJIb30Ba-
MOJPA3CIICHUSIMA ¥ TPEANPUITHAMUA KOCMHYECKOW OT-  HHsI TaKHX CHCTEM SBJISICTCS BBICOKAs CTOMMOCTH H 3a-
paciu. AHaNIH3 CETEBBIX YrpO3 KOPIOPATUBHOW CETH HA-  KPBITas apXUTCKTYpa, YTO 3aTPYTHICT UX aJalTaI|Eo IO/
y4HOrO IeHTpa [1] u obecrieyeHre 3alIUThI CETEBBIX pe-  UH(PPACTPYKTYpPY OpraHU3aLUH.

CypCOB OT HECAaHKIMOHHWPOBAaHHBIX BMEIIATEIHCTB SIBIIA- MeTtomaM aHanm3a aHOMAaJIMHA CeTeBOro Tpaduka mo-
€TCS aKTyaJIbHOU 3a/1auei. CBSIIIEH IIEJIBINA Psii COBPEMEHHBIX HAy4YHBIX HCCJIEIOBA-

B nmanHO# cTaThe MpeANOKEHBI METOIBI OOHApYKeHNsT ~ HuAH. OMUCHIBAIOTCS COBPEMEHHBIC THITBI CHCTEM OOHa-
CETEeBBIX YIPO3 M OINMCAHO MPOTPpaMMHOE OOECIeYeHHe, PYKEHUS M pa3INdHble TEXHUKH JCTCKTHPOBAHUS CETe-
MpegHa3HauYeHHOe s (OPMHUPOBAHMS MPEBEHTHBHBIX  BBIX aTaK M NEPCICKTHBHBIC HAIPABICHUS UX Pa3BUTHA
Mep II0 3alIuTe KOPIIOpaTHBHOM ceTn HaydHOro meHTpa. [3]. HemoctaTkamu CymecTBYIOMHMX CHCTEM TaKKe SBIISA-
Paborta ocHOBaHa Ha WCCIICIOBAHHHM AHOMAJHIA CETEBOTO  IOTCS BBICOKUI YPOBEHB JIOKHBIX CPAOAThIBAHUI U CIOXK-
Tpaduka. AHOMAIUS — 3TO OTCTYIUICHHE WM YKIOHGHUE  HOCTh CO3laHMs oOydaromiei BbIOOpku. Mcmosb3oBaHue
OT OOILICTIPUHSTHIX HOPM, IMO3TOMY AHOMAIBHBIM Ha3bl-  000OIIEHHON Kiaccupukanuu [4] MO3BOJIAECT YACTHIYHO
BalOT BCE OTCTYMHAIOIICE WM YKIOHSIOMIEECS OT IMpa-  KOMIICHCHPOBATh MEPBBIH HEAOCTATOK, MPEIOCTABIIASL
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Mpo3payHblii  HAOOp TMPHU3HAKOB JUIS HIASCHTHU(PHUKAIIAN
aHoManuu. Jlns TOYHOro OOHApPY)KECHUS aHOMAJUH WC-
MOJIL3YIOTCS  PA3NIUYHBIC AHATUTHYCCKUE aITOPUTMEL.
Hanpumep, MeTon KackagHOW KiIacTepu3aluu B 00beIu-
HEHUU C JIEPEBbLIMU pelIeHui [S] mo3BOJIET AOCTUraTh
BBICOKOW TOYHOCTH Ha IKCICPUMCHTANBHBIX JaHHBIX C
ypOoBHEM OOHapyxeHHs: aHoMaiuid Bbime 90 %. I'mbpua-
HBIE METOIBI OOHApY)XCHHS aHOMAJHA, OCHOBaHHBIC Ha
HEHPOHEYETKNX WU MMMYHHBIX KiaccudukaTopax [6], mo-
3BOJITIOT HAHTH KOMITPOMICCHOE PEIICHHE MEXITy TOYHO-
CThIO OOHApYKEHHSI aHOMAJTUil M TOMCKOM HEHW3BECTHBIX
TUTIOB yTpo3. MeToasl MynbTH(HaKTOPHOTO aHAJH3a Bpe-
MEHHBIX PAJIOB 3arpy>KEHHOCTH Tpoueccopa [7] He moka-
3aJIM BBICOKHX PE3yJbTAaTOB U TPEOYIOT TOYHOrO 1moadopa
napameTpoB it aHaiu3a. B padote [8] mpumensuics me-
TOJ KJIACTEPHU3aLMH, UCIIOJIb3YIOMINI OLEHKY INIOTHOCTH
B TPOCTPAHCTBE XapaKTepUCTUK coObIThid. [locTpoeHHas
(YHKIUS TUIOTHOCTU TO3BOJIMJIA BBLICIATH 00JacTH Kia-
CTEPOB HOPMAJILHBIX COOBITHH, U B CITydae, €CIIM COOBITHE
HE YIOBJIETBOPSET HH OJHOMY KIIACTEpy, TO Kiacchupu-
UPOBATh €ro Kak aHoMalbHOe. BOoNBIIMHCTBO paccMoT-
PEHHBIX pabOT UMEIOT TEOPETHYECKYIO HAIPABICHHOCTh U
BBICOKM ypPOBEHB CJIOXHOCTH pealn3alliil Ipejajarae-
MBIX METOJIOB M aJTOPUTMOB, YTO HAKJIAJBIBACT CYIIECT-
BEHHBIC OrPAHUYCHUS TPU PEHICHUU C WX I[OMOIIBIO
MPAaKTUYCCKUX 3amau olecneueHus WHPOPMAIMOHHON
0€3011aCHOCTH.

B 3710ii craThe MpeIoKEHBI MPOTPaMMHBIC CPEICTBA
JUTA BEITIONTHEHUS TIEPBUYHOM aBTOMATHYECKOW KIIACCH-
(¢uKanKu MO MCTOYHWKAM BO3HHKHOBCHHS aHOMAIIUN U
HHCTPYMEHTHI U1 JACTANBHOTO aHajh3a IO 3aJaHHBIM
MerpukaMm. Takoil moxxoxa morpeGoBanl pa3paboTKu BeO-
TIPWJIOKCHUST aHalu3a J>KypHAJOB CETEeBBIX CIYyXO0 [9],
HMHTECTPUPOBAHHOTO B JCUCTBYIOUIYIO HH(PACTPYKTypy
KOPIIOPAaTHBHOM CETH HAyYHOTO LEHTpa W 00ecreynBaro-
mero paboTy ¢ MHHHUMAIBHBIMU 3aTpaTaMd PECYpPCOB.
[Toctpoenne BeO-IPUIOKEHHUS aHANH3a JKypHAJIOB H
MPUMCHCHHE €r0 Ha PEaNbHBIX JAaHHBIX MMOKA3aJI0 aKTy-
aTbHOCTh Pa3BHTHUSA TIONOOHBIX CPEICTB OOeCTIeueHUs
Be0-0e301macHOCTH B KOPIIOpaTUBHOM ceTH. PasBuriem
JMAHHOTO TIOAXOJa CTAl0 MOJTHO(PYHKIHOHAIBHOE IIPO-
rpaMMHOE OOecriedeHre — aBTOHOMHAsI CHCTEMa aHaJIn3a
JKypHAJIOB ceTeBhIX clIyk0. HoBoe mporpammHoe obecrtie-
YEHHE pacUIMpsieT CYLIECTBYIOIINE CpPEACTBa obecreye-
HUS 0€30MaCHOCTH AOMOJIHUTEIEHBIMA CEPBUCAMH, MIPE.-
HA3HAYCHHBIMU JIJIS BBISBIICHHS aHOMAJHU HA TPAHHUYHBIX
yJacTkax WHPPACTPYKTYpHl KOPIOpaTuBHOW cern. Mc-
MOJIb30BAHUE ITON CHCTEMBI MO3BOJSCT BBIOIHATH KOH-
¢uryparyio nepBoi JTMHUA 3alIUTHl OT CETEBBIX aTak 3a
CYCT BBISABICHHS MPOMYIICHHBIX CTAHIAPTHBIMU CPEICT-
BaMU 3alIUTHl MHIMACHTOB, YTO MOBHIMIACT KA4EeCTBO €€
paboTHI U OTIEPATUBHOCTH PEArUPOBAHUS.

HMHCTpyMEHT aHA/IM3a KYPHAJOB CEeTEeBBIX CJIYHkKO.
OCHOBO¥ A1 CO37aHUsl BEO-TPUIIOKEHUS aHATU3a KYp-
HAJIOB CETEBBIX CIIY)KO CIY)KUT [OTOJIHCHHAS MOJENb
obecrieuennsi nHGoOpMaMOHHOW Oe3omacHOCTH (puc. 1).
Mopgenb pacuiMpsieT CyIIECTBYIONIYIO MOJeNb HH(popma-
IUOHHON 0€30TaCHOCTH HAyYHOTO IIEHTpPA 3a CYET BKIIIO-
YCHUSI CHUCTEMBI 00Pa0OTKU XKYPHAJIOB CETEBBIX CITYKO,
MIpeIHa3HAYEHHOW ISl OOHAPY)KCHHUSI AHOMAJIMA U BBISB-
JICHHS UX UCTOYHUKOB.
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3amaua obecrnieueHns WHOOPMAIMOHHON Oe30rmacHo-
CTH TpeOYyeT yYUTHIBATh OTPAHUYCHUS, OCHOBAHHBIC Ha
MOJIUTHKE Oe3omacHocTH opranu3anuu [10], e€ TexHuye-
CKHX CpEICTBaX W (DPUHAHCOBBIX OTpPaHMYCHUAX. Bxon-
HBIM MMapaMETPOM JaHHOU MOJCIH CIYXKHUT B3aUMOJICHUCT-
BHC TOJB30BATENS C CETCBBIMHU CITY>)KOAMHU OpTaHU3aIUH,
KOTOpPOE JOKYMEHTHPYETCS B IKypHaJIaX oOOpallecHHi
(yror-¢aiinax). B cBoio ouepenp WCIOJHUTEISIMH BBICTY-
MaloT aJMHHUCTPATOPHI CIyXO0, y)XKe HMHTEIpPHPOBAHHEIC
CHCTEMBI OTIPENICIICHUS/IPEAOTBPAIICHUSI BTOPXKCHAN H
npeanaraeMasi cucreMa oOpabdOTKH JKYPHAJIOB CETEBBIX
cayx6. B pesynaprare MbI monmydaem crmcok IP-agpecos
HCTOYHMKOB QHOMAIMil M MOTCHIMATBHBIX Yrpo3 0e30-
MACHOCTH.

Peanusanus Monenu HHGOPMAMOHHON 0€30MacHOCTH
BBITIOJIHEHA B BHUJIE CEPBHCHOTO IIPOrPaMMHOr0 obecrie-
YCHUS WHCTPYMEHTA aHaJM3a >KYPHAJIOB CETEBBIX
cinyx6. [IporpaMMHBIf HHCTPYMEHT BBITIOJHSCT aHAIIN3
MTOBEJICHUS TI0JIb30BATENIC CETEeBBIX PECypcoB Ha COOT-
BETCTBHE CYIICCTBYIOIINM JIETUTUMHEIM ciieHapusM. Oc-
HOBOIIOJIATAIONIAM TpeOoBaHMEM K pa3padaThIBaeMOMY
HHCTPYMEHTY SIBIISUIACH COBMECTHMOCTB C MPOTPaMMHBIM
obecriedeHreM, UCIOJb3YeMbIM B HHAQPACTPYKType KOp-
MOpaTHBHOW ceTH KpacHOSIPCKOro HAy4YHOTO LIEHTpa, B
YaCTHOCTH, OlepalroHHbIe cucteMbl Unix u BeO-cepBep
Apache. [I51s IOCTpOCHUS NMPUIIOKEHUS ObLIa MPEIOKe-
HAa MOJeNb (PYHKIMOHUPOBAHWS WHCTPYMCHTA aHAIH3a
KYpPHAJIOB CETEBBIX CIIyXk0 (puc. 2).

Mopenb conepXut OJIOKH NpeaoOpadOTKH JaHHbBIX,
TPYIITUPOBKY IO apecaM B CBEPKH MapaMeTPOB CETEBBIX
aHOMaJIMH C MapaMeTpaMH BBLACICHHBIX TPYHIL, KOTOPHIE
JIOJDKEH OOHapy)XMBaTh WHCTPYMEHT aHanmm3a. Ha Bxon
MOJIENN TIOCTYTAIOT JKypHAIIBI B€O-CEpBUCOB, a pe3ybTa-
TOM paboTBl MPOTPAMMHOTO HHCTPYMEHTa SBISIOTCS
IP-agpeca nposaiinepos anomanuil. UHCTpyMeHT aHanu3a
aJanTUPOBAH Uil OOpabOTKU >KypHAJIOB BeO-cepBepa
Apache. Vmena nns jnocryna K Qaiiam KypHaloB Ha
JIOKaJbHOM MaAIllMHE YKa3bIBAIOTCI B BeO-UHTEpeiice,
TakuM 00pa3oM MOXHO AaHaJIM3HPOBATh JKYPHAJIBI HE-
CKOJIBKHX BHPTYQJIbHBIX XOCTOB, Pa3MCIIEHHBIX HA OJTHOM
BeO-cepBepe. 3amnucH KypHAJIOB cepBepa IPYHITHPYIOTCS
no npusHaky «IP-ampec ucTtounuka» u B JanbHEHIIEM
MIPOXOMAT CBEPKY C 3aJaHHBIMH aIMHHHACTPATOPOM MeET-
pUKaMH, M3MEHSIEMBIMU B HHTepdeiice. B ciydae ecnu
TpyIIa YAOBIETBOPSET ONMHMCAHHON METpHKE, OHAa TOMe-
gaeTcs Kak TpymIa pyucka u oToOpakaeTcs B mHTepderice.
Wurepdeiic nporpamMmHOro obecrnedeHuss IOKazaH Ha
puc. 3.

Pa3paboTaHHBIi MHCTPYMEHT YCICIIHO MOKa3an cels
HA PEaJbHBIX JAHHBIX JXYPHAJIOB KOPIOPATUBHOW CETH.
Bbutn ycrienHo BBISBJICHBI MOMBITKU probe, xss, r21 yrpos
[11], a Takxke BBIIENEHA TpyNma pUCKa ¢ MCTOYHUKAMH
yrpo3 (puc. 4).

[lomy4yeHHbIE pe3yabTATHI IOATBEPIMIIA aKTyallb-
HOCTh Pa3BUTHS Mojenu obecrieueHus kubepOe3omnacHo-
CTH KOpriopaTuBHOM ceTu KpacHospckoro Hay4HOro 1eH-
Tpa U HEOOXOAMMOCTh TPOBEICHHUSA AAIbHEUIINX HCCIIe-
JIOBaHUU B JAHHOM HAIIPABJICHHUU. Pe3ynbTaToM pa3BUTHS
MoJieni 0€30MacHOCTH CTaja aBTOHOMHasl cucTeMa oOHa-
PYKCHHS aHOMAITUH.
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___ nonb3oBaTenen Kk
MHOPMaLMOHHbBIM
pecypcam

CucTema 06paboT KM KypHanoB

®uHacosble orpaHu4yeHuAa

ObecneyeHue
o IP-appeca
MHPOPMaALMNOHHOU
éb pmat, nposaingepos—»
e30MNaCHOCTKn aHoOMamin
AO
AAMUHUCTPATOP

CoB/CnB
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Fig. 1. The model of information security with a system of processing logs
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Puc. 2. Mozenb GpyHKIMOHNPOBAHHUS MHCTPYMEHTA aHAJIN3a )KYPHAJIOB CETEBBIX CIIYXKO

Fig. 2. The model of the functioning of the tool for analyzing the logs of network services

Ananus 10r-QailyIoB Ha NPeAMET HHICPHET-YIPO3

[TapameTpsr:

Beeante nma ¢)ai‘ma JIora IMOCEWIEHHA: iIcm-access.log

Beeaute uma daitna jora ommbok: icm-error log

Hoctym k Admin:

BeeanTte BpeMeHHOI HHTEpBal IPYIIIIHPOBKH: 2

Beeanre KomIHM4YeCTBO 3arpocos: 5

[MapameTps! ana DOS:
BpemeHHON nHTepBan

- KonnyecTso 3anpocos

Puc. 3. UHCTpyMEHT aHanu3a )ypHAaIOB CETEBBIX CITYKO
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Fig. 3. Network Services Log Analysis Tool
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BpESMEHHOM OTREe3OK
Haydago:

Sat Dec 01 1B:31:08 2012
count 10U

BpeMaHHOR oTpe3ak
Haxdamso:

Sat Dec 01 1B:37:58 2012
count 32

BoeMEHHOM OTDEeE3IOK
Hasdamzo:

ZBat Dec 01 18:4%9:44 2012
count 42

T'pyIona pHMCcKa:
202.152.218.98
195191 551494

Puc. 4. Pe3ynbraTsl aHamu3a )KypHAJIOB CETEBBIX CIYX0

Fig. 4. Results of the analysis of network service logs

MonnTtuka 6esonacHoCcTM

AKTMBHaA
3anyck cuctema
COrnacHo Tabnuua koHourypaumm B B/]
pacnucaHuio J
£ Hactp.
cuctema
MonydyeHue
Cepeepl/ OC ' KoHUrypauum
¥ MonydeHne JaHHble AnAa aHanmsa
YpHaNoB u _
npepobpaboTka 1 pymmer
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cucTema aHanmsa Ot6op no
YCTaHOBNEHHbIM Cnucok
o KpuTepuam aHoOManui
3anuch

0BHapYEeHHbIX

3| aHomanwit 8 B4,

Puc. 5. Monens GyHKIMOHUPOBaHUS CHCTEMBI

Fig. 5. Model of the system functioning

ABTOHOMHAsl CHCTeMa OOHApPYKeHUS AHOMAJIHUIA.
KiroueBbMH 3a7auaMu CO34aHHUST aBTOHOMHOM CHUCTEMBbI
0OHapy>KEHUS] aHOMAJIMH SBISTIOTCS:

1) aBTOMaTH3aIMs MPOIECCOB aHAN3a JKYPHAJIOB Ce-
TEBBIX CITYXkO;

2) arperaiysi JaHHBIX C HECKOJIBKHX CETEBBIX CIYXKO U
CCPBHCOB;

3) co3maHWe MHTEPaKTUBHOIO HHTepdeiica Uis 0To-
OpaXCHUs TaHHBIX U PE3yJbTATOB aHAJIH3A.

Pemenne mocTaBiIeHHBIX 3a/1a4 MO3BOJIIET TOCTPOUTH
CHCTEMY, aHAJIOTUYHYIO M0 (YHKIIMOHATY Y3JOBBIM CHC-
TeMaM OOHapykeHus BTopxkenwuid [ 12]. st oOHapykeHus
U aHaJIHM3a yrpo3 PacCMATPHBAIOTCS >KYPHANbBI CETEBBIX
cmyx0 — BeO-cepBepa, ftp-cepBepa u daiiepBona (Mexce-
TEBOT'0 IKpaHa).

[pemnoxena Monenb (yHKIMOHUPOBAHKUS AaBTOHOMHOM
CHCTEMBI OOHAPY>KEHHS aHOMAJIHI, TIPE/ICTABIICHHAS Ha PUC. 5.

Moens onmuchiBaeT GyHKITMOHATBHBIC OJIOKH, OTBET-
CTBEHHBIC 32 aBTOMATU3AINIO, TIOJIyYeHIE KOHPUTYpaIIH
cuctemsbl ananusa u3 CYBJI, moiydenue, npenoOopaboTKy
U aHalu3 JaHHBIX, 3aIHCh OOHAPY)KCHHBIX AHOMAJIHIA
B Tabmuny CYB/I.

IonnepxxuBaeTcst KpocciuiaThOpMeHHAs Pealn3anus
MPOrPAMMHOTO O0ECICUCHUsI JUIS €ro IajJbHEUIIero uc-
MOJIb30BAHUS TIOJ] YIPABICHUEM OICPALUOHHBIX CHCTEM
cemeiictBa Windows u Unix. XpaHeHUe JaHHBIX CHCTEMBI
BBITIONHSAETCS B Kpoccutargopmennoit CYBJ] MySQL.

ABTomatu3anusi. [ aBTOMaTU3alUU UCIOJb3YIOT-
Cs YTHIUTHI yrpasieHus 3agadamu cron [13] (ams Unix)
nin «IImaaupoBiiuk 3aaanuin» (s Windows). DTu 1ura-
HUPOBIIUKHA MHTETPUPOBAHBI B OOJBIIWHCTBE AHUCTPUOY-
THBOB OICPAIUOHHBIX cHCTeM. OHHU IMO3BOJIIOT THOKO
3aJaBaTh PaclHCaHKE 3aIyCKa MPUIOKCHUS, MUHUMH3U-
pOBaTh Y4acTHE IMOJBH30BATENSI B IPOILECCE BBIMOITHCHUS
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MIPOTPAMMEI TIOCIIE €€ YCTAHOBKH M HACTPOWKHU M TEM ca-
MBIM 00€ECIeUMBaIOT TpeOyeMyl0 aBTOMATH3alHI0 MHpO-
LIECCOB 00PaOOTKHU TaHHBIX.

MMonyuyenne xkonpurypamun. B xondurypaunonHoi
Tabnuue 6a3bl JAHHBIX COJEPXKATCS CIEAYIONIME Mapa-
MeTpbl paboThl cucrtemsl: [P-anpec Habmoxaemoro ysia,
uUMsl cepBHca, YYETHBIC JaHHBIC JUISl MOJYYEHHs KypHa-
JIOB CEPBHCA, PACIIOJIOKEHHE KYPHAJIOB B (ailIoBOM CHC-
TeMe, MMEHA XXYPHAJOB BeO-cepBepa, MMEHA JKypHAJIOB
ftp-cepBepa, nums xypHana ¢aipBona, THI UCHOIB3yEMO-
r0 IPOTPaMMHOTO OOEeCTIeYeHHs, apaMeTpsl aHOMAIHii,
XapakTepHBIE JJIS JTaHHOTO CEPBHCA, CITUCOK JOITYCTUMBIX
aJipecoB, OMNpEeleNCHHBIX aaMuHucTpaTopoM. Kondwury-
PHPOBAHHE CHCTEMBI IIPOU3BOJUTCS Yepe3 JOMOIHUTEIb-
HYIO CTpaHuIly BeO-uHTepdeiica (puc. 6).

IHony4eHue KypHaJIOB U Mpe00padoTKa AAHHBIX.
IMocne 3amycka npuinoxenue obpaiaercst kK 6aze 3a cIu-
CKOM MCTOYHHUKOB C MOCJIEAYIOINM IOIy4eHUEM KypHa-
J0B 10 mipoTtokouy ftp. IIpu momydernn ogHOTO U3 XKYyp-
HaJIOB B ()OHOBOM PEKHME 3aITyCKaeTCsl MpOoTrpamMMa ero
aHaJIN3a U BBIMTOHACTCS MEPEX0] K CIEAYIOMEeMY KypHa-
Ty B CITUCKE KOHHUrypamuu. TakuM oOpa3oM, IpH MOIy-
YeHWU /1 KYPHAJOB BBHIITOTHACTCA /1 PAaOOTAIONINX K3EM-
IUISIPOB TIPMIJIOKEHUS, KOTOPHIE IMO3BOJIIIOT 00ECIIEUNThH
napajuieNibHyl0 00paboTKy JAaHHBIX, TEM CAMBIM YCKOPHUB
npoLecc aHann3a U (QyHKIHOHUPOBAHHS CHCTEMBI B Iie-
JIOM.

I'pynnupoBka JaHHBIX IO agpecaM H 0TOOP IO yc-
TAHOBJIEHHBIM KPHUTEpPHsIM. I rpyIIUpPOBKH JaHHBIX
[0 33aJ]AHHBIM KPUTCPHUSM BBIMOTHICTCA MX (DUIbTpaIus
IIPY TIOMOIIH YTHIUTH grep [14]. OunbTpanus BHITOTH-
ercss mo IP-ampecam NOKanbHBIX CIY)KO OpTraHU3AINH,
KOTOPBIE BXOST B CHHCOK IOIYCTHMBIX aJpPECOB, OIpe-
JIeJIEHHBIX angMUHHECTpaTopoM. Kpome Toro, Moryr 3ama-
BaThCS TEPHOABI BPEMEHH JIi BHIOOpa MaHHBIX JKypHa-
noB. [locie ¢uipTpanmu B JOKaJIBHON Komuu daiina
XKypHaJla OCTAIOTCS TOJIBKO 3aIlUCH TPeOyeMoro rnepuoja,

17216.% % datamask photo-access.log apa
17216 %% datamask professors-occess.log apa
172.16.%#% datamask tcmp-access.log apa
172.16.%*% datamask lem-access.log apa
17216.%% /Jvarflog/* mail-occess.log apa
172.16.% % datamask modernproblems-access.log apa
17216.%% /Svar/flog/*** tcmp-access.log apa
172.16.%% flog/ web.log 155

3a KOTOPBIA HEOOXOAMMO TPOW3BeCTH aHanmu3. Ha cie-
JIYIOILEM JTAIle 3aMUCH TPYMIIUPYIOTCS MO aIpecy UCTOY-
HUKA U CBEPSIOTCS C YCTAHOBJICHHBIMH B KOH(UTypaIiu
METpUKaMH aHoManuid. B citydae, eciu rpymnmna 3ampocoB
YIOBJICTBOPSICT WJIM MPEBBINIACT YCTAHOBJICHHBIC 3HAYe-
HUs, TO €€ UCTOYHHK OTMCYACTCS KaK MCTOYHUK aHOMATHUU
U TPOU3BOJIUTCS COOTBETCTBYIOINAS 3allUCh B TaOJIHILY
aHomannid. Tabnuia aHoManuii obecrednBacT XpaHEeHHE
nHpopManuu 00 OOHAPYKCHHBIX HHIMIEHTaX W COIEp-
XKUT caepyromue nois: [P-anpec MCTOUHHMKA aHOMAaNIMH,
TUT aHOMaJINH, HAa3BaHHE CEPBHCA, HA KOTOPOM OOHApy-
JKCHa aHOMAaJIUs, JaTa W BpeMs Hadaja aHOMalbHOU aK-
TUBHOCTH, KOJIMYECTBO MPEBHIMICHUI MOPOTa, KOJIUIESCTBO
3aMpOCOB K CEPBUCY U MPOJODKUTEIHLHOCTh aHOMAIBHOM
aKTUBHOCTH. Pe3ynbpTaThl aHallM3a aHOMAaJHWid O0TOoOpaxka-
10TCs B mHTEep(elice mporpaMMHOT0 00ECICUCHHS.

OnucaHHbIC BBIIIE MPOIECCHI MO3BOJSIIOT JOCTHYD ar-
peranuu JaHHBIX C HECKOJBKUX CETCBBIX CITY)KO U CEpBU-
COB.

Pa3padoTrka unHTepdeiica mporpaMMHOro odecme-
yenust. [lpu peanmzanmm wHTEpdeEiica HCIOITb30BAHBI
CIIeyIoNINe TPOrpaMMHbIE MHCTPYMEHTHI: si3biku HTML,
CSS, IS, PHP u OubOnnoTexu it B3aMMOJENHCTBHS C JaH-
HeIMH — Jquery, D3.js, DC.js. Pa3zpaboTanHoe mporpamm-
Hoe obecnieueHne umeer BeO-uHTepdeiic [15] n moxer
BCTPauBaThCsS B CYNICCTBYIOIIME WH(POPMAIMOHHBIC Cep-
BHCBI KOPIIOPATHBHOM CETH.

Jnst obecniedeHuss 0€30MACHOCTH CHCTEMbI M TIOJ-
JIEPHKKHU [EIOCTHOCTH COOPAHHBIX JAHHBIX MPOU3BOIUTCS
9KCTIOpT 3amnuceil B dailn ¢popmara csv. UHTepdeiic npo-
TpaMMHOTO O0ecIieYeHHs] B3aMMOJICHCTBYET C JaHHBIMH,
MIPECTAaBICHHBIMH B (haiiyie csv.

C nomornrsio HHCTpyMeHTOB Onbmmotek d3, dc.js pea-
JN30BaHBl WHTCPAKTHBHBIC TUATPAMMBI, OTOOpaKaromIue
KOJIMYECTBO OOHAPY)KCHHBIX aHOMAJIMH 3a MEPHOIBI Bpe-
MCHH, a TaK)Ke TUarpaMMbl PacHpEACICHUS HCTOYHHKOB
yrpo3. [Ipumepsr AuarpamMm rmoka3aHel Ha puc. 7.

= 60 10

60 200

&0 500

system.log ipfw 60 500

dFTRlog pure - 60 350
sys.log ufw 60 600

60 300

ftp.log wic securitylog win 60 200

Puc. 6. [Ipumep unTepdeiica KOHGUTypHPOBAHHS CHCTEMBI

Fig. 6. Example of the system configuration interface
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Puc. 7. [lpumeps! quarpaMM KOJUYECTBA OOHAPYKEHHBIX aHOMAITHH

Fig. 7. Examples of diagrams of the number of detected anomalies
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Puc. 8. Ilpumep rucrorpaMMbl aHOMaIH Ha HAOMIOJaeMBIX CEpBUCAX

Fig. 8. An example of an anomaly histogram on the monitored services
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Puc. 9. Ilpumep rpaduka pacnpeneneHus aHOMaINH HA BpeMEHHOM OTpe3Ke

Fig. 9. An example of the distribution of anomalies in a time interval

ITocTpoeHsl rUCTOrpaMMbl 10 KOJUYECTBY AHOMAJIMM
Ha HaOJIFOIaeMBIX CepBHCAX M IT0 THITY aHOMaHii (puc. 8).

[TporpammHOe obOecrieueHre Mo3BOISIET CTPOUTH Ipa-
GUKH pacrpefesieHns] aKTUBHOCTH aHOMAJIUH 110 IIepHO-
nam Bpemenu. [Ipumep rpaduka 3a nepuox ¢ 2016 roga
10 TEKYLIMH MOMEHT IT0Ka3aH Ha puc. 9.

HawuGomnbIiee 4nciio aHalIn3upyeMbIX JTAHHBIX COAEP-
JKUTCSL B KypHallax (aiiepBoia, mosTomMy Ul aHaiIM3a
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9TUX JAaHHBIX IPOrpaMMHOE obecreyeHne Npe0CTaBIIseT
JOIIOJIHATEIbHBIE BO3MOXKHOCTH. Pe3ynbraTel aHaimza
KypHaJIOB (aifepBosia OTOOpa)xkaloTCsT HAa OTACIbHOU
cTpaHune wuHTep(eiica NPOrpaMMHOTO OOecIeUeHHs,
KOTOpasi COIEPXKUT Pa3BEPHYTYIO CTATUCTHKY C BO3MOXK-
HOCTBIO CPaBHCHHUSI HECKOJBKHX I[OKa3aTeNeil, a Takxke
HHCTPYMEHT JOTIOJHUTEIBHBIX CTATUCTUYECKUX HUCCIIEI0-
BaHuii. J{ns obOecrnieueHus paboOTHI ¢ OONBIIMM 00BEMOM
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JMAaHHBIX peal30BaHa BO3MOKHOCTH BbIOOpa TEpHoOIa
00paboTku, Onaromaps yemy WHTEp(EHC COXpaHseT JI0-
MYCTHUMYIO CKOPOCTh OTKJIMKA W MOIJICPKUBAET KOM-
(OPTHOCTH B3aUMO/ICHCTBUSI C MOJI30BATEISIMU.

Cucrema BU3yalH3UPYET CTATUCTUKY aHAIIN3A JKypHA-
JIOB 3a BBIOpaHHBIN BpeMeHHOW mnepuoi. Ilonb3oBarens
MOXET H3MEHSATh MapaMeTphl OTOOpaKeHUs, BBHIOMpas
BENMUMHY, OTHOCHTENIFHO KOTOPOW OYIyT CTPOHTHCS
rpaduKu: KOJMWYECTBO TPEBBIIICHA MOPOTOBOTO 3HAYe-
HUS WIM CyMMapHOE KOJHYECTBO OOpalieHuii 3a Mepro
uHIEaeHTa. CTATHCTHKA MO CAMBIM aKTHBHBIM KIIMEHTaM,

- e

MOJIBEP’KECHHBIM yIp03aM, IIOKa3bIBACTCS B BUJE CTOJIOUA-
TBIX nuarpamM. Jleranuzanust ”HOPMAIMU BBIOIHACTCS
IIPY HABEACHUH Kypcopa Ha cTooen auarpamMmel (puc. 10).

[IporpammHoe obecniedyeHHEe MO3BOJSIET paccMaTpH-
BaTh AMArpaMMbl CTATUCTUKU aKTUBHOCTH areHTOB YIpo3
Ha ropTax cereBoro MHTepdeiica. [Ipumep nuarpammel,
nokassiBatoriei 20 Hanboee HarpyXEHHBIX MOPTOB, I10-
ka3aH Ha puc. 11. [Iporpamma mo3BonseT BEIONPATH IaH-
HBIE 110 OTACTHHBIM KireHTaM U3 30 Hanboyee akKTUBHBIX
u oOpamatscst K cepBucy Whois Ui OydeHus IeTajb-
HOW MHPOpMAaUN 00 UCTOYHHNKAX aHOMani [16].
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Puc. 10. I'paduxu pactpesesieHust aHOMaJIUH 0 BpEMEHHOMY OTPE3KY, XOCTaM U KIIMEHTaM

Fig. 10. Graphs of the distribution of anomalies by time interval, hosts and clients
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Fig. 12. Graph of correlation between services
Ko duunenr uHeiiHol Koppeasiiuy 1151 OTAeIbHBIX CEePBHCOB
HTTP | HTTPS | Telnet | HTTPa SIP RDP SSH mSQL | Radmin | MySQL
HTTP 1 0,957 -0,2 0,016 -0,104 0,202 -0,072 -0,114 -0,06 -0,017
HTTPS 0,957 |1 -0,189 -0,036 -0,086 0,208 -0,03 -0,115 -0,06 0,054
Telnet -0,2 -0,189 |1 -0,17 0,179 -0,191 0,067 0,367 0,027 -0,163
HTTPa 0,016 -0,036 -0,17 |1 0,134 -0,031 0,607 -0,351 0,295 0,468
SIP -0,104 -0,086 0,179 0,134 |1 0,464 0,27 0,386 0.4 0,174
RDP 0,202 0,208 -0,191 -0,031 0464 |1 0,279 -0,036 0,241 0,153
SSH -0,072 -0,03 0,067 0,607 0,27 0279 |1 0,286 0,191 0,618
mSQL -0,114 -0,115 0,367 -0,351 0,386 -0,036 0,286 |1 0,014 -0,204
Radmin -0,06 -0,06 0,027 0,295 04 0,241 0,191 0,014 |1 -0,06
MySQL -0,017 0,054 -0,163 0,468 0,174 0,153 0,618 -0,204 -006 |1

JIyist BBISIBIIEHUST BO3MOXKHBIX B3aMMOCBSI3€H COOBITHI
Ha Pa3IMYHBIX MOPTAX CETCBBIX MHTEP(EHUCOB BBITOIHSI-
eTcst pacuér K03 UINEHTOB KOPPEISLMH M OCTPOSHHE
rpadukoB 1151 BEIOpaHHBIX MOPTOB (puc. 12). CobObiTHeM
IIPU 3TOM CYHTACTCS KOJIMYECTBO 3a(UKCHPOBAHHBIX IT0-
IIBITOK JOCTYTIA K MTOPTY 3a MEPHOJ BPEMEHH JIHO0 KOIH-
YEeCTBO IMPEBHIINICHUH YCTaHOBICHHOTO B KOH(HUTYpaIHH
mopora.

Jns pacimmpeHHOTO aHanmu3a PacCMOTPEHBI CEPBHCHI,
HauOosee MOABEP)KEHHBIE yYrpo3aM, W BBIMOJIHEH pacder
3aBUCHMOCTEH Mexly HUMHU (K03()(UIHMEHTOB JITMHEHHON
koppemsiuuu [Iupcona). Pesynbrarel mpuBeneHsl B Tao-
JMLe.

Hcxonst w3 pe3ynbTaToB IPOBEACHHOIO aHAJM3a,
MOYKHO C/IeNIaTh BBIBOJIBI O CYIECTBOBAHMH B3aMMOCBS3U
COOBITHIT MEXITy CIIETYIONMH HHTEPHET-CEPBUCAMU:

— HTTP-HTTPS - oOHapyxeHHEe BeO-CEpPBEPOB IO
OTKPBITOMY M 3aIuIeHHOMY coenuHeHuro (0,957);

— SSH-HTTPa — cornacoBaHHBIC TOMBITKH OOHApY-
KCHHS CEPBHUCOB yNAICHHOTO BXOJa M MPOKCH-CEPBEPOB
(0,607);
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— MySQL-SSH — cornacoBaHHbIC NONBITKH OOHApY-
KEHUsI CeTeBOM 0a3bl MaHHBIX M BX0Ja Ha YyIAJICHHBIN
cepsep (0,618).

Takum 00pazoM, CyIIeCTBYET CHIIbHAS CBSI3b MEKIY
CEeTEBBIMH CIIY)kK0aMH, pabOTaIONUMH IO IMPOTOKOJIAM
HTTP-HTTPS, u npu obpariernn K OJHOW U3 HUX BEJIH-
Ka BEpOSITHOCTh TMOMBITKK JOCTyMa KO BTOpoil. B cBoro
odepens, AOCTYI MO 3TUM IPOTOKOJIAM HE KOPpEIUpyeT
C OCTaJIbHBIMH TIPOTOKOJIAMH, W MOXXHO CJIENaTh BBIBOJ
0 CYIIECTBEHHO pa3IMUHBIX HCTOYHMKAX yrpos. Cpean
OCTaJIbHBIX CEPBHCOB HauOoJjee IOKa3aTeNbHBIM 110 I10-
nbITKaM Joctyna sisisiercs: npotokost SSH (Secure Shell),
JIOCTYI K KOTOPOMY MOXET CIY)XUTb WHIMKATOPOM II0-
IBITOK  OOHapykeHMsi ciIa0O03alIMIIEHHBIX CEPBUCOB
n3 Bropo# rpyms! (SSH, MYSQL, HTTPa, SMTP).

[lomyyeHHass ¢ TIOMOILIBIO CHCTEMBI HH(pOpPMALUA
1 BEIBOJBI Ha OCHOBE €€ JalbHEHINero aHain3a MOTYT
OBITH MCIIOJIB30BaHBI TSI KOPPEKTHPOBKH KOHPHUTyparun
aKTHBHBIX CHCTEM HWH(POPMAIMOHHON 0e30macHOCTH
W IS TPEJOTBPALICHHS B JNalbHEHIIEM WHIHICHTOB,
XapaKTePU3YIONTNXCS TTOTOOHBIMU COOBITHSIMHU.
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3akiioueHnue. B craTbe MpoBeAEeHO HCCIIEIOBaHUE Ce-
TEBBIX aHOMAJIMU JUIS J)KypHAJIOB UHTEepHET-cIyxk0. [Ipen-
JIOXKCHAa MOJIU(PUIIMPOBAHHAS MOJICIh OOCCICUCHUS HH-
(opMaIMOHHOW 0E30MACHOCTH KOPIIOPATHBHON CETH.
Peanuzanus Mozmenu B BHIC BEO-NPIIIOKCHHS TTO3BOJIHIA
MIPOBECTH aHAJHU3 YIPO3 U BBIABUTH aKTyalbHOCTh Pa3BU-
THSL CHCTEM aHajH3a aHOMAJIWH W MHTCTPALMU WX B HH-
(bpacTpyKTypy OpraHU3aIum.

PesynbTaTroM paboTHI CTano IMOJHOPYHKIIMOHATIHHOE
IporpaMMHOE oOecrieueHne — aBTOHOMHAs CHCTeMa aHa-
JM3a JKYypHAJOB CeTeBBIX Ciyxk0. Cucrema pacmmpuia
CYIIECTBYIOIIME CpeIcTBa obOecredeHuss 0e30MacHOCTH
KOPIIOPATHBHOM CETH JOMOJHHUTCIBHBIMUA CEPBHUCAMH,
MpeHA3HAYCHHBIMH JIJIsl BBISIBIICHHSI CETEBBIX aHOMAJIHIMA
HA IPAHUYHBIX YYaCTKaX HHPPACTPYKTYPHI.

PaspaboTanHasi cucTeMa COICPKHUT aHAIUTUYCCKHC
HHCTPYMEHTHI JIIsl OOHAPYKCHUS W U3yYCHHS MOTCHIU-
aJBHO OMACHBIX CETEBBIX aHOManuii. OHa MO3BOJSCT BEI-
MOJHATH TPYNIAPOBKY M arperanuio JaHHBIX, CTPOUTH
IUarpaMMBl CTaTHCTHKH AaKTHBHOCTH AareHTOB Yrpos,
BBIUUCIIATh 3aBUCHMOCTH MEXAY COOBITHSAMHU BO3HHKHO-
BEHHS AaHOMaJWMi W pPacCUUTHIBATh KOIPPHUITUSHTHI
JIMHEWHOW KOPPEJSIUU ISl OTIEIbHBIX CEpBHUCOB. AHa-
JTUTHYECKHE (QYHKINH, PeaIrn30BaHHbIE B HHTEPAKTHBHOM
uHTEepdeiice MPOrpaMMHOr0 00ECICUCHHS, MO3BOJISIOT
MoJy4yaTh ACTAIBHOE MPEICTaBICHHE 00 MCCICIyeMO
aHOMAaJIMM B PEXKHUME pealbHOro BpemeHu. Co3JaHHBIC
MPOrPAaMMHBIC KOMITOHCHTHI TOBBIMIAKOT 3PPEKTHBHOCTD
HCTOJB30BaHUS  CTAHAAPTHBIX CHCTEM OOHApYKCHHS
U TPEIOTBPAINCHHUS BTOPKCHUI 3a CUYCT BBISBICHUS
M y4eTa HOBBIX HECTAaHOAPTHBHIX (DAaKTOPOB W 3aBUCHMO-
cTei.

BrimonHena ampoOarusi W BHEIPEHWE aBTOHOMHOM
CHCTEMBI aHaW3a JXypHAJIOB CETEBBIX CIIy>kO B MH(}pa-
CTPYKTYpY KoprnopatuBHo cetn KpacHosipckoro Hayu-
HOro IeHTpa. Ee mpuMEeHEHUE MO3BOIMIO MPOU3BECTH
KOH(UTypaIHio NePBOil JTMHUU 3alUTHl OT CETEBBIX aTak
C YYETOM BBISBJICHHBIX HHIUJICHTOB U UCTOYHUKOB YIpO3,
paHee HE pacCMaTPUBACMBIX B CTaHAAPTHBIX CPEIACTBAX
3aIIUTHL, YTO MOBBICKIJIO ONICPATHBHOCTh PEarMpOBaHUs Ha
BO3HUKAIOIIKAE YIPO3Bl M YPOBEHb KHOCPOE30MACHOCTH
OpTaHM3AIUH B [IEJIOM.

Budauorpaguyeckue cCbLIKH

1. Hcaer C. B. Kubep6e30macHOCTb HAYTHOTO yUpe-
JKICHHUS — aKTHBBI U yrpo3sl // HbOopMaTH3anus u CBsI3b.
2015. Ne 1. C. 53-57.

2. Papadaki M. IDS or IPS: what is best? // Network
Security. 2004. Vol. 7. P. 15-19.

3. Koro B. [I., BacunseB B. 1. CoBpemennoe co-
CTOSIHHE TIPOOJIeMbl OOHAPY>KEHNUS CETEBBIX BTOP)KEHUH //
Bectauk YT'ATY. 2012. Ne 3(48). C. 198-204.

4. Muxoga C. 10., Omansko B. C., Hecrepenko M. A.
IMomxom x kmaccudukay aHOMAJIMA CETEBOTO Tpaduka //
WNunoBamumonnas Hayka. 2015. Ne 11-2. C. 78-80.

5. Muniyandi A. P. Network Anomaly Detection by
Cascading K-Means Clustering and C4.5 decision
Tree algorithm // Procedia Engineering. 2012. Vol. 30.
P. 174-182.

6. bpannnxuii A. A., Korenko U. B. O6napyxenune
CETEBBIX aTaK Ha OCHOBE KOMILICKCUPOBAHUS HCHPOHHBIX,

421

AMMYHHBIX W HeHpoHEYeTKHX kiaccudukatopos // WH-
(opmanonHo-ynpasisitomue cucremsl. 2015. Ne 4 (77).
C. 69-77.

7. bacapab M. A., CrporanoB U. C. O6HapyxeHne
aHoMainuii B HMH(pOPMAIMOHHBIX NpolieccaX Ha OCHOBE
MyJbTH(paKTaIbHOro aHanusa // Bompocsl kubepbeso-
nacHocth. 2014. Ne 4 (7). C. 30-40.

8. Hectepenko B. A. IlocTpoeHne u HCIOJIL30BaHUE
(YHKINHU TUIOTHOCTH B POCTPAHCTBE XapPaKTEPUCTHK IS
BEISIBIICHUSI aHOMAaJbHBIX coObiTHil / M3Bectus HODY.
Texamueckne Hayku. 2008. Ne 8. C. 130-134.

9. Kononos /I. JI. Kputepuu oneHku acrekToB 06e30-
MIACHOCTH NpH pa3paboTke BeO-NpHiIoKeHui / PenieTHeB-
ckue yreHus : mMarepuansl XXI MexayHap. Hayd. KOH(.
(8-10 Ho516. 2017, r. KpacHosipck) : B 2 4. / moj o0, pej.
0. 1O. Jlorunosa ; Cub. roc. aspokocmud. yH-T. KpacHo-
apck, 2017. C. 413-414.

10. IMoxkopeiToB JI. A. Moaenb MONMUTHKH Oe3o0rmac-
HOCTH BBIYHCIUTENbHBIX cucTeM // WHpopmamnoHHO-
ynpasisromue cuctemsl. 2004, Ne 1. C. 41-49.

11.ba6enko I'. B. AHanu3 coBpeMeHHBIX yrpo3 0e30-
MMACHOCTH WH(GOpPMAINY, BO3HHKAIOIIUX IIPH CETEBOM
B3aumoeiicTeum // Bectauk AI'TY. Cep. «Ympasienue,
BBIYHCITUTENIbHAS TeXHUKa ¥ uHpopMaTrkay. 2010. Ne 2.
C. 149-152.

12.KotoB B. JI., BacunbeB B. 1. CoBpemenHoe co-
CTOSIHHE TIPOOJIeMbl OOHAPY>KEHNUS CETEBBIX BTOPXKEHUH //
Becrauk YI'ATY. 2012. Ne 3(48). C. 198-204.

13. Tpy6auéra W. C. Ilouemy Linux u cucremsl pe-
anpHoro Bpemenu? // Bectuuk BYuT. 2015. Ne 2(24).
C. 99-106.

14.leneneB A. H., BykaroB A. A., ITeixanoB A. B.
AHanu3 TOIXOIOB U CPEICTB OOPaOOTKH CEPBUCHBIX
xypuaios // UBJI. 2013. Ne 4(27). C. 15-29.

15. WBanoB A. H., Kosuos /I. B., Tepkrees M. I'. Mo-
JIeTMpoBaHue MHTepdelica NoIHOPYHKINOHAIBHBIX Web-
NIPWIOKEHUH, MHTCHCUBHO DPa0OTAIOIMX C JaHHBIMH //
Bectauk CIIOI'Y. Cep. 10. IlpuxianHas mareMaTHKA.
Wndopmaruka. IIponeccst ympasiaenus. 2009. Ne 3.
C. 189-204.

16. Chaudri A. Internet domain names and interaction
with intellectual property / Computer Law & Security
Review. 2007. Vol. 23(1). P. 62-66.

References

1. Isaev S. V. [Cybersecurity of a scientific institu-
tion — assets and threats]. Informatizatsiya i svyaz. 2015,
No. 1, P. 53-57 (In Russ.).

2. Papadaki M. IDS or IPS: what is best? Network Se-
curity. 2004, No. 7, P. 15-19.

3. Kotov V. D., Vasilev V. I. [The current state of the
problem of detecting network intrusions]. Vestnik
UGATU. 2012, No. 3(48), P. 198-204 (In Russ.).

4. Mikova S. Y., Oladko V. S., Nesterenko M. A.
[Approach to the classification of network traffic anoma-
lies]. Innovatsionnaya nauka. 2015, No. 11-2, P. 78-80
(In Russ.).

5. Muniyandi A. P. Network Anomaly Detection
by Cascading K-Means Clustering and C4.5 Decision
Tree algorithm. Procedia Engineering. 2012, No. 30,
P. 174-182.



Cubupcrkuii scypnan nayku u mexnonoauu. Tom 19, Ne 3

6. Branickij A. A., Kotenko I. V. [Detection of net-
work attacks based on the integration of neural, immune

and  neuron-fuzzy  classifiers]. Informatsionno-
upravlyayushchie sistemy. 2015, No. 4 (77), P. 69-77
(In Russ.).

7. Basarab M. A. Stroganov I. S. [Detection of anoma-
lies in information processes based on multifractal
analysis]. Voprosy kiberbezopasnosti. 2014, No. 4 (7),
P. 30-40 (In Russ.).

8. Nesterenko V. A. [Construction and use of the den-
sity function in the characteristic space to detect abnormal
events]. Izvestiva YuFU. Tekhnicheskie nauki. 2008,
No. 8, P. 130-134 (In Russ.).

9. Kononov D. D. [Criteria for assessing security as-
pects in the development of Web applications]. Materialy
XXI Mezhdunar. nauch. konf. “Reshetnevskie chteniya”
[Materials XXI Intern. Scientific. Conf ‘“Reshetnev
readings”]. Krasnoyarsk, 2017, P. 413—414 (In Russ.).

10. Podkorytov D. A. [The Computer Systems Secu-
rity Policy Model]. Informatsionno-upravlyayushchie
sistemy. 2004, No. 1, P. 41-49 (In Russ.).

11. Babenko G. V. [Analysis of current threats to in-
formation security arising from network interaction].

Vestnik AGTU. Seriya: Upravlenie, vyichislitelnaya
tekhnika i informatika. 2010, No. 2, P. 149-152
(In Russ.).

12. Kotov V. D., Vasilev V. L. [The current state of the
problem of detecting network intrusions]. Vestnik
UGATU. 2012, No. 3(48), P. 198-204 (In Russ.).

13. Trubachova I. S. [Why Linux and real-time sys-
tems?]. Vestnik VUIT. 2015, No. 2(24), P. 99-106
(In Russ.).

14. Shepelev A. N., Bukatov A. A., Pyihalov A. V.
[Analysis of approaches and tools for processing service
logs]. IVD. 2013, No. 4(27), P. 15-29 (In Russ.).

15.Ivanov A. N., Koznov D. V., Tyijgeev M. G.
[Modeling the interface of full-featured Web-based appli-
cations that work intensively with data]. Vestnik SPbGU.

Seriya  10. Prikladnaya matematika. Informatika.
Protsessyi  upravleniya. 2009, No. 3, P. 189-204
(In Russ.).

16. Chaudri A. Internet domain names and interaction
with intellectual property. Computer Law & Security Re-
view. 2007, No. 23(1), P. 62-66.

© Kymnscos H. B., Ucaes C. B., 2018



HHgIJopmamuKa, 8blHUCIUmMENbHAS MEeXHUKA U ynpaejerue

UDC 519.6; 539.3
Doi: 10.31772/2587-6066-2018-19-3-423-431

For citation: Rastorguev G. 1., Grishanov A. N., Matveev A. D. [Efficient method of calculating layered conical
shells with Lagrange multigrid elements use]. Siberian Journal of Science and Technology. 2018, Vol. 19, No. 3,
P. 423-431. Doi: 10.31772/2587-6066-2018-19-3-423-431

Jost mnrupoBanms: Pacropryes I'. U., I'pumanos A. H., MatBeeB A. /1. DddexTuBHBIN MeTO pacueTa CIOUCTHIX
KOHHYECKUX 000JI0OUEK C IPUMEHEHHEM JIarpaH)KEeBBIX MHOTOCETOUYHBIX 3J1eMEHTOB // CHOMPCKUIA KypHaIl HAYKH U TeX-
Hoyoruit. 2018. T. 19, Ne 3. C. 423-431. Doi: 10.31772/2587-6066-2018-19-3-423-431

EFFICIENT METHOD OF CALCULATING LAYERED CONICAL SHELLS
WITH LAGRANGE MULTIGRID ELEMENTS USE

G. L Rastorguevl, A. N. Grishanov 1, A. D. Matveev”

"Novosibirsk State Technical University
20, Karl Marx Av., Novosibirsk, 630073, Russian Federation
“Institute of Computational Modeling SB RAS
50/44, Akademgorodok, Krasnoyarsk, 660036, Russian Federation
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The increased requirements for strength calculations of space-rocket and aviation technology designs cause the
need for the development and improvement of approximate solutions for elasticity theory tasks with small error algo-
rithms.

The article considers the numerical method of calculating elastic layered conical shells (LCS) of various thickness
under static loading which are widely used in space-rocket technology. The suggested method uses three-dimensional
curvilinear Lagrange multigrid finite elements (MGFE). A system of nested grids is used for MGFE constructing. The
fine grid is generated by the basic partition that takes into account MGFE heterogeneous structure. The basic partition
dimensionality is reduced with the help of large grids which leads to the system of linear algebraic equations of the
small dimension finite elements method. Three-dimensional elasticity theory equations use allows to apply MGFE for
calculating LCS of any thickness. Displacements in MGFE are approximated by Lagrange polynomials which, in con-
trast to power polynomials, gives the opportunity to design big size three-dimensional thin shell elements. Lagrange
polynomials nodes coincide in shell thickness with the nodes of MGFE large grids which lie on the shared borders of
multi-module layers.

The efficiency of the presented method is that the suggested MGFE generate small dimension discrete models that
require 10°~107 times less electronic computing machine (ECM) memory than basic models. The suggested law of dis-
crete models grinding generates uniform and fast convergence of numerical solutions which allows to make solutions
with the specified (small) error.

Examples of LCS calculating (whole ones as well as with holes) under axisymmetric and local loading are given.
Comparative analysis of solutions obtained with the help of MGFE, single-grid finite elements and the program com-
plex ANSYS has been conducted.

Keywords: elasticity, conical shell, composites, Lagrange polynomials, multigrid finite elements.

3®PEKTUBHBIA METO/ PACYETA CJIOUCTBIX KOHUUYECKHUX OBOJIOYEK
C IPUMEHEHUEM JIATPAHKEBBIX MHOI'OCETOYHBIX 2JIEMEHTOB

*

I.n. PaCTopryeB1 , A. H. FpI/IH.IaHOB] , A. 1. MaTBeeB ?

1H013001/161/1p01<1/1171 rOCyJIapCTBEHHBIM TEXHUYECKUN YHUBEPCUTET
Poccutickas @enepanust, 630073, r. HoBocubupck, npocn. K. Mapkca, 20
’MucTrTyT BhIMECIHTENBHOTO Moeupoanns CO PAH
Poccuiickas ®eneparnms, 630036, r. KpacHosipck, Akanemropo ok, 50/44
"E-mail: mtv241@mail.ru

Togviuwennvie mpebosanus K HPOUHOCMHLIM PACHEMAM KOHCMPYKYU PAKEMHO-KOCMUYECKOU U ABUAYUOHHOU
MEXHUKU BbI3bIBAIOM HE0OXOOUMOCHb PA3PAOOMKU U COBEPUEHCINBOBAHUS ANCOPUTNMOB NPUOTUNCEHHBIX pelleHUll 3a-
0au meopuu ynpy2ocmu ¢ Maiot nozpeunocmayio.

Paccmampusaemes wucienuviti Memoo pacuema ynpyeux cioucmulx xKonuweckux obonouex (CKO) pasauunou
MOMWYUHBL NPU CMAMUYECKOM HAZPYICEHUU, KOMOPblE WUPOKO APUMEHSIOMCSL 6 DAKEMHO-KOCMUYECKOU MeXHUKe.
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B npeonazaemom memoode ucCnonb3ylOmcs mpexmephvle KpPUBOIUHEUHbIe JIA2PAHIICesble MHO20CEMOYHble KOHEYHble
anemenmol (MuKD). [Ipu nocmpoenuu MuKD ucnons3yemcs cucmema 610d4ceHuvix cemok. Menkas cemxa nopodcoena
06a306biM pazbueHuem, Komopoe yuumsvieaem HeooHopooHylo cmpykmypy MuK3. C nomowpio KpynHuix cemox noHu-
JHCACTCSL PA3MEPHOCMb DA306020 PA3OUEHUs, YO NPUBOOUM K CUCIEMe TUHEUHbIX d2eOpauieckux ypasHeHul Memo-
0a KOHEYHbIX INEeMEHMO8 MAnol pasmepHocmu. Hcnonvsosanue ypasnenuti mpexmephou meopuu ynpy2ocmu no360si-
em npumenamo MuKD ons pacuema CKO nmobot monwunvl. Ilepemewenus 6 MuK3 annpoxcumupyromes noiuHomamu
Jlacpandica, umo 6 omauuue om CmMeneHHvix NOIUHOMOE 0aem 603MONCHOCHIL NPOEKMUPOBAMb MpexmMepHble MOHKUe
060104euHble INeMeHmbl DOTLULUX PA3MePOs. V3avl nonunomos Jlazpansica no moawune 060104KU COGNAOAIOM C Y31d-
Mu KpynHvix cemox MuKD, komopbie nedcam Ha 06uux epanuyax pasHoMoOyIbHbIX COes.

Dppexmusnocms U3N0ACEHHO20 MEMOOA 3AKTIOYAECI 8 MOM, Ymo npedaazsaemvie MuKD nopoaicoarom ouckpem-
Hble MoOenu Manoti pazmeprocmu, Ons komopwix mpebyemes 6 10°—107 pas menviwe o6vema namamu IBM, uem ons
6a306vix modeneil. IIpednoscenuviil 3aKOH UMeNbYeHUsT OUCKDEMHBIX MOOeael NOPoICOaem paHOMEPHYIO U ObICIPYIO
CXOOUMOCIb YUCTEHHBIX PeUleHUl, YUMo NO360em CIPOUMb peuleHust ¢ 3a0aHHOU (MAI0) NOSPEUWHOCBIO.

Ilpuseoenvr npumepwvl pacuemos CKO (yenvnvix u ¢ omeepcmuamu) npu 0CecUMMEmpuyHoM U J0KAIbHOM HA2py-
JrceHusx. Buinonnen cpaenumenvuviii anaiuz pewieHuil, nOayyenHvlx ¢ nomowjblo MuK3, oonocemounvix KoHeuHbix
271eMenmos u npoepammnozo komniexca ANSYS.

Knroueswvie crnosa: ynpysocnib, KOHU4YeCcKas 060.710‘{Ka, KOMNo3umusvle mamepuanisl, NOJIUHOMbL ﬂazpaHofca, MHO2O-

CcemoyvHble KOHeYHble dJIeMEeHmbl.

Introduction. The layered conical shells (LCS) are
widely applied in the space-rocket and aircraft technol-
ogy. Unlike cylindrical shells, LCS geometrical and stiff-
ness properties depend on axial coordinate that creates
great difficulties during analytical and numerical research
of the stress strained state (SSS) of such shells..

Since during shells numerical calculations there is no
unified approach suitable for the entire range of shell
constructions in use, further research in the field of shells
computing mechanics is being continued now. In recent
years new numerical methods for LCS calculation have
been developing and the existing methods have been
improving. The method of differential quadratures
developed for the solution of the linear and non-linear
equations in partial derivatives [1] is applied to the LCS
analysis with the equations of the three-dimensional
elastic theory use in conic coordinates [2]. In works [3-5]
the method of reference surfaces which is used for
calculation of multilayer shells and plates is offered for
homogeneous and layered shells in a spatial setting
calculation. Movements in shell thickness are
approximated by means of Lagrange polynomials, and
movements in reference surfaces are set by functions
which meet boundary conditions. For calculation of
layered conical and cylindrical shells the method of
discrete singular convolution is used [6]. At the same time
only thin shells which deformation submits to Kirkhgofa-
Lyava kinematic hypothesis are considered. The method
of finite element (MFE) is the most widespread numerical
method when calculating shells. The review of works on
calculation of composite shells by means of MFE is
provided in [7]. Various options of finite elements (FE)
are applied to LCS calculation. For example, in work [8] a
curvilinear 4-node FE with 20 degrees of freedom for the
bearing layers of a 3-layer shell is used, and a filler
interlayer is considered in the elastic theory three-
dimensional setting. In work [9] the layered conical
structures of a shell for bends with the use of
isoparametric FE and high order displacement
deformation models are analysed.

The increased requirements to modern shell construc-
tions cause the necessity of algorithms of approximate
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solutions tasks of the elastic theory with the given small
error development and improvement. It is difficult to ap-
ply the known approaches from the theory of materials
strength, or the two-dimensional elastic theory based on
the simplifying hypotheses that often leads to a bigger
error of the achieved results to obtain such solutions. In
this regard there is a need for the development of such FE
in which the deformation of a composite shell is consid-
ered in three-dimensional setting taking into account its
structure without simplifying kinematic and static hy-
potheses introduction. In works [10; 11] the computa-
tional method of composite circular cylindrical shells in a
three-dimensional setting with application of multigrid FE
(MGFE) in which movements are approximated by means
of Lagrange polynomials of various orders is offered.

In this work the numerical computational method of
LCS of various form and thickness at the arbitrary static
loading in which three-dimensional curvilinear shell type
Lagrange MGFE are used is described. The characteristic
feature of the MGFE constructing offered procedure is
that Lagrange polynomials nodes coincide in shell thick-
ness with MGFE large grids nodes lying on the common
borders of multi-module layers. The offered method pro-
vides the uniform and fast convergence of approximate
solutions that allows to make solutions with the specified
(small) error. The effectiveness of the offered MGFE is
that they generate discrete models which dimension is
several orders less than dimensions of basic models. Ex-
amples of calculations are given.

Construction of single-grid FE for conical shell
basic model. We will briefly consider the procedure of
constructing curvilinear homogeneous single-grid FE
(SGFE) construction which create a conic shell basic

discrete model on the example of FE V' of the 1st order

(fig. 1). The procedure of SGFE construction for cylindri-
cal shells at approximation of fields of movements by
degree polynomials is explicitly explained in work [12].
Let us consider that FE order is defined by order of a
degree polynomial or a Lagrange polynomial constructed
on its nodal grid, and the superscript in the symbol
corresponds to the nodal grids quantity in an element.
SGFE represents a part of the conical shell with the
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reference sizes A} (h))xh" x h" located in a local

Cartesian  coordinate  systemO,x,y,z,. In fig. 1

designations are introduced: z,0,y, a plane of
symmetry, cd — a longitudinal axis of a conical shell, a—
— thickness, h;,l)f length
(height), h%)=aR (i=12), R,R,-

bottom face at FE end faces, — shell conicity angle,

FE V" corner angle, A"

radiuses of a shell

nodes in the drawing are noted by points. Movements,
deformations and tension in SGFE V" satisfy to the
equations of the three-dimensional elasticity theory,
recorded in the local Cartesian coordinate system O,x,y,z, .

Taking into account that FE reference sizes are small
for minor basic splits, we use 1st order polynomials

for approximation of movements functions u",v", w"
of element V'
u v W =a +ax +ay, +a,z +agxy, +
+aeZ X, + Ay, Y, + A%, Y1 24 (1

The total potential energy of FE 7" in a matrix form
is the following [13]

H(l) (6(1)) :%J'(ﬁ(l))T (B(l))TDB(l)ﬁ(l)dV _
4

[ N FOar - [ Y atas, @)
Vv S
where B, D — matrixes of deformations and elastic

modules V" ; F, q" — vectors of volume and surface
forces; 8", N — a vector of nodal unknowns and a

matrix of form functions; ¥, § — FE V" area and sur-
face; T — transposition.

From oI (8") /88" =0 condition we find formulas

for calculation of a stiffness matrix K®and a nodal

forces vector P in the local coordinate frame O,x,y,z,

K"=[ B8") DB aV,

v

a

P(l) _ J‘(N(l))TF(l)dV_J(N(l))rq(l)ds ) (3)
14 K

Let us note that the continuity of movements on FE

curvilinear borders V" (fig. 1) is broken. However, as it
is well-known [14], realization of continuity of
movements on borders of curvilinear FE is not a
necessary condition for convergence of numerical solu-
tions to precise and is checked in each case. The carried
out numerical experiments show that at curvilinear

homogeneous FE V' reference sizes decrease numerical
solutions converge to precise.
In (3) we define integrals numerically. Let us present

area V by elementary curvilinear subareas |0
i e. V=ULV", N — total number of subareas. For
V'"area let us introduce designations: Az=h"/m,,
Ay =h}:,” /m,, Aoo=o/m,, Ao — corner angle of area

n.,
vty omy,

N =mm,m, .

m,, m,; — the given integral numbers;

The form of area V" is a part of the truncated conical

shell with thickness /4 (Az=h/cosp), height Ay and
corner angle Ao . Let us note that areas V" (irrespective
of their sizes) geometrically precisely represent FE
V® curvilinear area. Let x/', y/', z/ — area V" gravity
centre coordinates in the local coordinate system
Ox,y,z,. The volume AV, of area V" is defined by the

approximate formula AV, =AzAyAaR,, where R, —

distance from a cone axis to an area V" gravity centre.
Matrix B, which elements are calculated for values

of coordinates x;, y', z', let us designate

B (x!,y/,2') . We approximately find a stiffness matrix

K" by virtue to (3) on a formula

N
K"=% (BYG 0,20 DBV (x, ) 2)AV, . (4)

n=1

]

h'Y

Fig. 1. Homogeneous FE V" (¥") (a), the cross section of the FE plane z0,y, (b)

Puc. 1. Omnopomusiit KD 7V (V1) (a), cevenne KD mnockoctsio z,0,y, (6)

425



Cubupckuii scypnan nayku u mexrnonoaui. Tom 19, Ne 3

The vector of nodal forces P of element ¥ is also
defined numerically.

The differences of the offered curvilinear SGFE ')
construction procedure from isoparametric FE construc-
tion [13] are as follows. Isoparametric FE use is proved
by the necessity of FE stiffness matrix calculation
simplification. Curvilinear coordinates are transformed to
rectilinear (Cartesian) coordinates, and curvilinear FE is
transformed in rectilinear (two — three-dimensional) by
the equivalent transformations. Herewith stiffness matrix
numerical calculation assumes the known quadrature
formulas use [14]. Transformation of curvilinear
coordinates demands calculation of a straight line and an
inverse Jacobi matrix in each calculated point at a
numerical integration.

The offered option of SGFE stiffness matrix
calculation (3), (4) is simpler and has the following
advantages:

— curvilinear FE 7" is projected in the local three-
dimensional Cartesian coordinate system and therefore
there is no need to define a straight line and an inverse
Jacobi matrix [13; 14] that is required when using
isoparametric FE;

— when constructing approximating displacement

functions u" , v, W FE V" we use the known degree

polynomials of the 1st, 2nd and 3rd orders [13] which are
recorded in local Cartesian coordinate systems which do
not contain FE rigid displacement. In case of local curvi-
linear coordinate frames at constructing curvilinear shell
FE application there is a need to construct such approxi-
mating functions of movements in which FE rigid dis-
placements are excluded that is connected with particular
difficulties [15];

— the numerical integration is performed according to

the simplest formula when in each partial area V" the
value of function is chosen constant and equal to the value
of function in a gravity centre of this area. At decrease of

the partial areas sizes the value of a FE V" stiffness ma-
trix in a limit converges to precise value.
Procedures of the 2nd, 3rd order SGFE construction

which geometrically are similar to the FE V" form
(fig. 1) are similar to the above described.

Further we will consider the construction of MGFE
with ideal connections between the heterogeneous
structure  components in case of movements
approximation by Lagrange polynomials on the example
of three-grid FE (TGFE) V. Such element consists
of M two-grid FE (TGFE) V*, (m =1,...,M ), each one
is composed from N SGFE
VO (n=1,.,N).

Construction of two-grid FE for a conical shell. Let
us consider the procedure of multilayer TGFE for a coni-
cal shell construction on the example of tree-layer TGFE

homogeneous

V® of the 3rd order in its thickness which is used when
calculating a 3-layer conical shell in thickness /# with the

reference sizes hiﬁ)(hi?z))xh_iz)xh located in the local

Cartesian coordinate system O,x,y,z, (fig. 2). In case
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of calculating a k-layer conical shell it is necessary to use
k- layer Lagrange TGFE of a k-order in thickness.

Fig. 2. Three-Layer TGFEV® (V)

Puc. 2. Tpexcrnoitupiit J[sKD V' (V)

SGFE nodes V", n=1,..., N, make a fine curvilinear

grid on which TGFE large grid is constructed. Let us note
that large grid nodes on shell thickness lie on the common
borders of TGFE multi-layers which generally have vari-
ous thicknesses. Lagrange polynomials construction in the
local curvilinear coordinate frame O,&ng on TGFE large
grid for cylindrical shells is considered in [10; 11] and can
be applied to LCS calculation. The basic function N, for

node P(i, j,k) (fig. 2) in curvilinear coordinates a,mn,{
iS Nq'jk ((X,, T]aC) = Li (G’)LJ (n)Lk (C) b Where Li ((X,) ’ Lj (n) ’
L, () — Lagrange polynomials:

ny

- a—a, n—-nm,
L= ] ot L= 1] o
- n=lLnzj 'l —

L©= ] 25 . )

n=ln#k ok _C.!n

2)

Using designations u>,v?® ,w® N® for move-

ments and form functions of TGFE i node in the coordi-

nate frame O,x,y,z, , movements functions u‘”,v*,w®
can be given as [13]
) _ N )@ 0 _S yo o
u :ZNi u; , v =ZN,. v,
i=1 i=1
n()
@) _ @0,
w _ZN;' Wi s Ty =iy . (6)
i=1

We will record the functional of the total potential
energy T for basic TGFE V' split as follows
H(Z) _ i(l (8(1))TK(1) 6(1) _ (8(1))T P(l)) (7)
n=1
where K" — stiffness matrix, P, 8 — vectors of
nodal forces and movements of SGFE V"’ which corre-

spond to the coordinate frame O,x,y,z, .
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The use of small splits generates TGFE with a large
number of nodal unknowns. For decrease in TGFE
dimension the following procedure is used. By means of
functions (6) we present the vector of nodal movements

8" of SGFE V", n=1,...,N through the vector of nodal

movements 8% of TGFEV® . As a result, we receive
equality

80 = AP5 ®)

where A'” — a rectangular matrix, n=1,..., N .
Substituting (8) in (7) and, following the principle of
the total potential energy minimum, i. e.
o %*) /08 =0, for TGFE V® we get the ratio
K?8® =P defining its an equilibrium state where
N N

K=Y (APY K AP PP =3 AP PN, ()

n=1 n=1

K® - stiffness matrix, P® — vector of nodal forces
TGFE V.
Procedures of constructing composite Lagrange TGFE

of p — order construction, geometrically similar to TGFE

y® (fig. 2), with application of Lagrange polynoms
of p-order, are similar to the considered procedure.

The calculations show that at increase in dimensions
of TGFE basic splits time expenditure on construction of
matrixes K® and P according to formulas (9)
significantly increases. In this case it is expedient to apply
ThrGFE which constraction requires less time expenditure
and which generate shells discrete models of smaller
dimension, than TGFE.

Construction of three-grid FE for a conical shell.
We will consider the procedure of multilayer ThrGFE for
a conical shell construction we will consider on the

example of 3-layer ThrGFE V' of the 3rd order in its
thickness with the reference sizes hfl)(hfz))th)xh,

disposed in the local Cartesian coordinate system
O,x,y,z,. ThrGFE has the form similar to TGFE shown
in fig. 2. For ThrGFE the order of Lagrange polynomials
on coordinates x,,y, can be arbitrary, different from the
polynomials order on these coordinates in TGFE. ThrGFE
has the 3rd order in its thickness / (coordinate z,) which
is used when calculating 3-layer conical shells. In case of
a m-layer conical shell calculation it is necessary to use a
m-layer Lagrange ThrGFE of m order in thickness.

The ThrGFE area consists of M TGFE V?,
m=1,...,M which geometrically precisely represent the
ThrGFE area. The TGFE nodes, included in ThrGFE,
generate a curvilinear grid on which a ThrGFE large grid
is being constructed. Let us note that ThrGFE large grid
nodes, as well as in case of TGFE lie on the common
borders of multi-layers which generally have various
thickness. The total potential energy II® of ThrGFE

V@ is represented by
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o= ey K 62 - 62 ),

m=1

(10)

K(Z)

m 2

where 8'” — a nodal movements vector; p® -
a stiffness matrix and a nodal forces vector TGFE V”,
which correspond to the coordinate frame O;x,y;z;,
m=1,...,.M .

Movements functions u®,v® w® ThrGFE V©®,

constructed on a large grid by means of Lagrange
polynomials, we will present as

20 20
3) _ 3),,(3) (3) _ (3),,3)
u—EN,.ul., v-EN,vl.,
i=1 i=1

Po
3 3 3
W =3 NI,

i=1

where u® D NO 4@ O WO NO

i i

(11

— move-
ments and an i node form function of a ThrGFE large
grid in the coordinate frame O,x,y,z;; p;,p,,Ps
ThrGFE Lagrange polynomials orders on coordinates
X3,V3,235 Py = P1P2Ps3-

For decrease in number of ThrGFE nodal unknowns
the vector of FE ¥” nodal movements 8" by means of

(11) we present through the FE 7 vector of nodal

movements 8 . As a result, we obtain equality

B AL (12

where AS) — a rectangular matrix, m=1,...M .
Substituting (12) in (10) and, minimizing a functional
1® on movements 8, for ThrGFE V® we receive

a matrix ratio K®8® =P® which corresponds to its
equilibrium state, where

KO = A0V KD AD P =Y @OV P, (13)

m=1 m=1

where K@, P® — a stiffness matrix and a nodal forces
vector of ThrGFE V' .

Remark 1. The dimension of a vector 8% (i. e.

dimension of ThrGFE V) does not depend on TGFE
V”EZ) total number included in ThrGFE. Therefore,

ThrGFE splitting into TGFE V\” and SGFE V" can be
arbitrarily small that allows to consider a complex hetero-

geneous structure and a form of ThrGFE V'®

Remark 2. The quantity of TGFE layers can be less
than the number of shell layers. For example, when con-
structing a 6-layer ThrGFE it is possible to use 3-layer
TGFE (fig. 2) or 2-layer TGFE. As the calculations show,
it leads to decrease in time expenditure with an insignifi-
cant change of solution error.

The calculations show that the arrangement of
ThrGFE large grid nodes on borders of multi-layers pro-
vides the uniform and fast convergence of approximate
solutions.
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Using ThrGFE, according to the procedure similar
to p. 3, we construct 4-grid FE, and k -grid FE, k>4.
Let us note that k -grid FE generate discrete models of
conical shells of smaller dimension, than (k—1) -grid FE.
The proposed method can be used for calculation of
multilayer conical shells with layers of various thickness.

Results of numerical experiments

Example 1. Let us consider a 4-layer elastic console
conical shell under the influence of external pressure g
in the Cartesian coordinate system Oxyz, y -axial
coordinate, A — thickness, L — shell length. At y=0 a

shell is rigidly restrained. At shell end faces the radiuses
of a median surface are equal to Rat y=0and r at

y=L, B
homogeneous bodies. Top and bottom layers have
thickness %/6, two internal layers —/4/3. Young’s
modules of 4 layers (starting with internal) are
respectively equal: 10E; 3E; SE; 20E, E— an elastic
module, v— Poisson’s ratio. The reference points B and
C on the external surface of the shell lie on the crossing
of the plane Oyz and transverse sections y= L/2; L. In

— cone angle. Shell layers are isotropic

calculations 1/4 part of the shell is used. Basic discrete
models of the R’ shell consist of the Ist order

homogeneous SGFE V" with the reference sizes

h(l) (h(l) )Xh(,l) ><h(l)

xn, 1 \""xn,2 zn

@O _ M @O _ M [y AC)]
B =h® i, RO =D 0, hD =hY /n,

xn,j x1,j yn

n=1,..5, j=12, (14)

j=1 corresponds to V" size on the circumferential

coordinate at a larger FE end face, j=2-— at a smaller
end face V" . The fine grid dimension of model R’ for
1/4 shell part is determined according to formulas

m\ =324n+1, m> =324n+1,

mi =12n+1,n=1,...,5,

(15)
where m — a grid dimension in the shell tangential direc-
tion, mf — in axial, mz — in radial.

On basic models R°

discrete models of the R, shell which consist of Lagrange
ThrGFE size 81h§_21(h§_22)x81h;}3 xhs. ThrGFE consist
O (H) X9 x .
Lagrange polynomials are used in ThrGFE, which
are defined by formulas (5) which in local coordinates
have the third order in the tangential and axial direction
and the fourth order — in radial that corresponds to quan-
tity of layers in the shell. In discrete models R, TGFE and
ThrGFE large grids nodes lie on the common borders of

heterogeneous layers in shell thickness.
The results of calculations for discrete models R, at

n=1,...,5, we project multigrid

of Lagrange TGFE with sizes

the following values of parameters are given in tab. 1:
L=hy; R=hy; r=0,6h; h=0,06h; g=-0,5,;
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hy=1 m; E=1 h Pa; g,=1 MPa; v=0,3; p=21,8".

Designations are introduced in tab. I:

w,=w,/(qgmnE"), c,=06,/q,, tne w,, o, — the di-

mensionless normal movements and the equivalent
stresses (for the model R, reference points B and C'). We

determine stresses c: according to the 4th theory of

strenght. We get values 6_,(%), 6,,,(%) by the formu-

las
5., (%)=100% x|c, —c,_, |/c,,

o.n
%

5, (%)=100% x|w —w

w,n n

Lwn, n=2,..,5. (16)

The nature of sizesd, ,(%),0,,(%) change shows

fast convergence of stress o, and movements w, . As for
model R, the 5, (%), =0,0049,
8, 4(%)c =0,0232 5,(%), =0,0272,

855(%) =0,007 are small, from the point of view of

values

and values

engineering practice it is possible to consider that
movements  (w;), =-0,82302, (w,).=-0,3879 and

stresses (o;), =17,49340, (o,). =11,6266 in the coni-

cal shell reference points B and C are calculated with a
small error (less than 0,3 %).

The comparison of the results received by means of
ThrGFE (grid1621x1621x61), by means of SGFE
(grid163x163x13) received in the ANSYS program
complex (PC) and by means of FE for a two-dimensional
task of the elasticity theory [13] is given in tab. 2. We will
consider the numerical results received by means of two-
dimensional axisymmetric task statement [13] the most
precise within MFE. The smallest error (less than 0,04 %)
for the field of movements in the reference points B and
C is also provided by ThrGFE. For the equivalent stresses
the error is less than 1,2 % for calculation in PC ANSYS,
and less than 0,4 % when using ThrGFE. SGFE define
movements with an error less than 0,2 % and the stress
with an error about 4 % on the free end of a conical shell.
The grid size for SGFE exhausts the memory capacity
used by electronic computing machine (ECM) that limits
the possibility of constructing sequence of solutions by
means of SGFE.

The basic discrete model R{ dimension (for 1/4 part of

a shell) is 480364020 (approximately 0,48x10° of nodal
unknowns), MFE SLAE film width — 296710. The R,
multigrid model has 54300 nodal unknowns, MFE SLAE
film width is 2775. Realization of MFE for R, multigrid
model reduces the order solved by MFE SLAE in
8,8x10° times and demands in 0,96x10° times less

ECM memory capacity than for the basic model R!in

which only SGFE are used. The quantity of ThrGFE (400
ThrGFE) used for calculation in discrete model R is
14,6 times less than the quantity of FE in PC ANSYS
(5850 FE). Thus, ThrGFE use when calculating SSS

allows to save significantly ECM resources in comparison
with PC ANSYS and when using SGFE.
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Example 2. Let us consider a conical shell with geo-
metrical sizes and physical properties from example 1 in
which two identical cutouts are located symmetrically
relatively the planes Oyzand Oxy , with the length /and

a cone angle a=n/4, 4/— the length of a frustum of
a cone on the generatrix (fig. 3).

Fig. 3. Shell design scheme

Puc. 3. Pacuernast cxema 000JI0UKH

Standard pressure of the distributed load g =-0,5¢,,
q, =1 MPa is enclosed on the area of the shell upper face
0,5L<y<0,75L and a cone angle of a loading area
y=mn/2 symmetrically concerning the plane Oyz. In

calculations we use a half of a shell.

In calculation the same basic discrete models and
Lagrange TGFE and ThrGFE as in example 1 are used.
The results of calculations for discrete models R,

(n=1,..,7) are given in tab. 3. The nature of values
change 3, ,(%), 6,,(%) shows fast convergence of the

equivalent tension &, and normal deflections w, .
As  for R, model  deflections

3,,7(%); =0,025, o, ,(%).=0,030 and values of stre-

ses 8 ,(%), =0,1098, 3 _,(%). =0,0178 are small, it is

values

possible to consider that movements (w;) 5 =—1,07661,
(wy)e =—1,13964 (c3), =10,01830,

(G;) 5 =0,61903 in the reference points B and C of
LCS are calculated with a small error (about 0,03 %

and  stresses

and 0,11 % respectively) that is considered to be an
acceptable result from the point of view of engineering
practice.

Comparison of these results with the results of task
calculation is carried our in PC ANSYS. The

dimensionless values of the equivalent stresses o’ and
normal movements w” in points B and C received in PC

ANSYS are ¢ =9,952, o¥=0,638 andw) =-1,091.
The relative accuracies of a deviation of movements and
stresses values in points B and C received in R, discrete
model when using ThrGFE from the results received in
PC ANSYS are less than 1,2 % for movements and less
than 3 % for stresses.

In fig. 4 distributions on an external surface of a coni-
cal shell of the dimensionless normal movements

(w :w; ) in sections y=L/2; L and the equivalent
stresses (G = cz) in sections y=0;L/2; L depending

on the parameter s" =5/ P, s— distance from an axis Oz
to a point on an external surface of a shell, P — perimeter
of a shell cross section half are shown.

Calculation of SSS is carried out by means of ThGFE
for R, model (solid line) and by means of PC ANSYS
(dashed line). In all chosen sections of the composite shell
construction it is possible to observe the coincidence of
SSS, accepted in engineering calculations, received by
means of ThGFE and PC ANSYS.

Thr basic discrete model R} dimension (for 1/2 of the
shell) is 2460017130 (approximately 2,46x10° nodal

unknowns), the width of MFE SLAE film — 578601. The
multigrid model R, has 199800 nodal unknowns, the

width of MFE SLAE film is equal to 3840. Realization of
MFE for the multigrid model R, reduces the order of the

solved MFE SLAE by 12312 times and demands
1,855x10° times less than CEM memory capacity than
for the basic model R} in which SGFE are used. The
ThGFE quantity used for calculation in discrete model R,

(240 FE) is 35 times less than FE quantity used when cal-
culating in PC ANSYS (8436 FE).

Table 1
The sequence of solutions for a 4-layer conical shell
. (W) 8, (%) ©)); 8., (%),
" ) 8., (%) @) 8,,(%)c
R, —0.82538 17.41062 -
—0.39056 11.69263
R, —0.82341 0.2392 17.46738 0.3249
—0.38867 0.4863 11.64802 0.3830
R, -0.82313 0.0340 17.48087 0.0772
—0.38817 0.1288 11.63100 0.1463
R, —0.82306 0.0085 17.48864 0.0444
—0.38799 0.0464 11.62579 0.0448
R, —0.82302 0.0049 17.49340 0.0272
—0.38790 0.0232 11.62660 0.0070
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Table2
Comparison of calculations results received in different variants of solution
The rnethogl w:; Wi 02 G*C
of task solutuion — —k _-c
8,,(%), 8,,(%), 8,(%0) 5 8¢ (%)c
ThrGFE —0.82302 —0.38790 17.49340 11.62660
0.0255 0.0387 0.3787 0.0119
SGFE -0.82153 —0.38751 17.38464 12.04767
0.1556 0.0619 0.2454 3.6093
PC ANSYS —-0.82329 —0.38871 17.447 11.760
0.0583 0.2476 0.1125 1.1354
[13] —0.82281 —0.38775 17.42740 11.62798
Table 3
The sequence of solutions for a 4-layer conical shell with cutouts
R, R, R, R, R, R, R R,
(w:)B —-1.07084 —1.07250 —-1.07441 —1.07539 —-1.07597 —-1.07634 -1.07661
8‘4,,,,(%)3 - 0.155 0.178 0.091 0.054 0.034 0.025
(w:)c —-1.12031 —1.13299 —1.13632 —1.13782 —1.13865 —1.13918 -1.13954
Swm (%), - 1.119 0.293 0.132 0.073 0.047 0.030
(GZ)B 9.65343 9.82601 9.92132 9.96536 9.99092 10.00730 10.01830
SM(%)B - 1.756 0.607 0.442 0.256 0.164 0.110
(GZ)C 0.69330 0.63057 0.62157 0.61965 0.61926 0.61914 0.61903
86,,1 (%) - 9.948 1.448 0.310 0.063 0.019 0.018
1 = 12
w* y=L N o*
0,5 ﬂ" = t‘@
9 \ =
0 IA/ \\"'“"-—_ \ \4/\\
/y:[jz ¥ 6 \
05 A ¥r9 / \\
3
A 7 N
== y=L b
-1,5 0
0 0,25 0,5 0,75 5% 0 0,25 05 0,75 5% 1
a b

Fig. 4. Distribution of deflections w" (a) and stresses " (b) on the upper surface of the shell in cross sections:
y=L;L/2;0. ThrGFE — solid line, ANSYS— dashed line

* “ * v
Puc. 4. Pactipenenenue mporu6oB w (@) ¥ HanpsDkeHUH G (6) IO BepXHEH MOBEPXHOCTU 000IOUKU
B motiepevHbIX ceueHusx: y = L; L/ 2;0; TpKD — crutomrnas muaust, [TK ANSY'S — mrpuxoBast miuHAS

Thus, ThrFE use when calculating SSS allows to save
significantly CEM resources in comparison with PC
ANSYS and SGFE that considerably expands MFE
possibilities in multigrid simulation option.

Conclusion. In this work the numerical computational
method of elastic layered conical shells of various form
and thickness at arbitrary static loading is offered. In this
method Lagrange MGFE, at construction of which
Lagrange approximations are applied, are used. Lagrange

polynomials allow to design large size three-dimensional
MGFE. Realization of MFE for conical shells multigrid
discrete models demands several orders less ECM mem-
ory than when using SGFE, and allows to make calcula-
tion of SSS with the given small error for movements and
stresses. The given examples show high efficiency of the
proposed method of conical shells calculation using
MGFE which provide small error of solutions and save
ECM resources.
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MOJIEJIUPOBAHUE CJIOWHOMN CTPYKTYPbl BECKOHEUYHBIX I'PYIIII
B. 1. Cenamos'?, J. K. Benos”"

'MucTutyT BRIuncMTeIbHOr0 Moaemuposanus CO PAH
Poccuiickas ®enepanms, 660036, r. KpacHosipck, Akanemropoiok, 50/44
E-mail: senl112home@mail.ru
*Cubupckuit peaepanbHblil yHUBEPCHTET
Poccuiickas ®@enepanuysi, 660041, r. KpacHosipck, npoct. CBoOOIHBIN, 79
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Mamemamuueckoe modenuposanue 6OECKOHEUHbIX OUCKPEMHbIX 00bEKMO8 GO3MONCHO, eClu 3Mmu  O0ObeKnbl
VOO0BIEMBOPSIOM KAKUM-TUOO YCL08UAM KOHeuHocmu. Eciau éce cnou snemenmos 6 6eCKOHeYHOU 2pynne KOHEYHbl,
MO 05l MAKOU 2PYRNbL 603MONCHO (PYHKYUOHATbHOE onucaHue mowHocmu crnoes. Cloem Ha3vblaemcs: MHONCECMBO
6cex DlIeMeHmog Zepynnvl 00HO20 NOpsoKa. Beckoneunvle CHOUHO KOHeuHble 2pYNnbl 6Hepsble UCCAeO08AUCH
C. H. Yepnukoevim cnauana 6e3 Ha36aHusl, a 3amem 8 e20 NOCAeOVIOWUX NYyOIUKaAYUsX 3a HUMU 3AKPEnuioch Ha36anue
COUHO KOHeuHwlx epynn. Haubonee unmencusHvie uUccie008anusi CEOUCME CAOUHO KOHEYHBIX 2PYAN NpPOOOUNU
6 1940-x — 1950-x eooax C. H. Yepnukoes, P. Bap, X. X. Myxammeoocan. [Jaemcsa @hynkyuonanorhoe onucauue Onis
HEeKOMOpbIX CNOUHO KOHeuHvlx epynn. Ilokasano, umo ouenb XOpouio nodoaromces 6U3Vaiu3ayuy npumMapHvle ClotHo
KOHeuHble 2pYNNbl U CIOUHO KOHEeUHble SPYNNbL 8 Cyude 08X NpoCmblX oeaumeneli nopsaoKkos dnemMenmos epynnul. /s
NPUMAPHO2O  CAYYAs YOOOHO UCNOIbL308amb 00bIYHOe epaghuyeckoe npedcmaesienue. B cayuae 08yx npocmuix
Oenumerneli NOPsIOKO8 DNEMEHMOE CJIOUHO KOHEYHOU 2pYynnbl NPOGeOeHa GU3VATU3AYUS PYHKYUT MOWHOCMU CLO€8 Npu
HOMOWU NOBEPXHOCMEl 8 MpPeXMepHOM npocmpancmee. /s 60avuie2o uyucia npocmuvix Oenrumenetl NOpsioKos
INEMEHNO8 NPeOdIoACEH NOOX00 MOOETUPOBAHUS CIOUHOU CIPYKMYPbL NOIHOU CIOUHO KOHEYHOU SPYRNbL NPU NOMOUU
nooepynnoeozo ananusa. Mcciedosanvl ynkyuu MOwHOCMuY c10es OJisi HOTHbIX CLOUHO KOHEYHbIX 2DYRI U HEKOMOPbIX
KOHEUHBIX PACWUPEHUL DMUX 2PYIN, NPOOEMOHCINPUPOBAHbL UX epaduyecKue npeocmasieHus.

Knrouesvie cnosa: ecpynna, CJZOIZ, MOUWHOCMb CJI0A, nopﬂdok, KOHeYHOoe paciiupernue.

MODELING OF THE LAYER STRUCTURE OF INFINTE GROUPS
V. L Senashovl’z, D. K. Belov*’

'Institute of Computational Modelling SB RAS
50/44, Akademgorodok, Krasnoyarsk, 660036, Russian Federation
E-mail: senl112home@mail.ru
*Siberian Federal University
79, Svobodny Av., Krasnoyarsk, 660041, Russian Federation
*E-mail: white94@inbox.ru

Mathematical modeling of infinite discrete objects is possible if these objects satisfy any conditions of finiteness.
If all the layers of elements in the group are finite, a functional description of the power of the layers for such a group
is possible. A layer is a set of all elements of the group of the same order. For the first time the infinite layer-finite
groups were investigated by S. N. Chernikov initially without a title, and then in his subsequent publications the name
of layer-finite groups was fixed. The most intensive studies of the properties of layer-finite groups were carried out
in the 1940s and 1950s by S. N. Chernikov, R. Baer, X. X. Muhammedzhan. The paper gives a functional description for
some layer-finite groups. It is shown that primary layer-finite groups and layer-finite groups can be very well visualized
in the case of two prime divisors of the orders of the elements of the group. For a primary case, it is convenient to use
the usual graphical representation. In the case of two prime divisors of the orders of elements of a layer-finite group,
visualization of the power functions of the layers by means of surfaces in three-dimensional space is carried out. For a
larger number of simple order-divisors, an approach for modeling the layer structure of a complete layer-finite group
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using subgroup analysis is proposed. In this paper, we study the power functions of the layers for complete layer-finite
groups and some finite extensions of these groups, and demonstrate their graphical representations.

Keywords: group, layer, power of layer, order, finite extension.

Beenenne. Panee C. H. UepHMKOBBIM HCCIEAOBAIUCH
OECKOHEYHBIE CJIOHHO KOHEUYHBIE TPYIITbI, KOTOPHIE BIIEPBbIC
MOSIBWIINCH B €r0 paboTax cHadana Oe3 Ha3BaHMS, a 3aTEM
B €0 TOCIEAYIONMX ITyOIUKanusIX 3a HAMH 3aKPETHIoch
Ha3BaHWE CIJIOWHO KOHEYHBIX TIpymil. MbI OymeM Hccieno-
BaTh MOIIHOCTH CJIOEB B HEKOTODPBIX CJIOHO KOHEYHBIX
rpymmax. CoeM Ha3bIBaeTCS] MHOXKECTBO BCEX DJIEMEHTOB
IPYIIBI OHOTO MOPSAKA.

Hanbornee nHTEHCHBHBIE MCCIIEIOBaHMS CBOMCTB CIIOMHO
KOHEUHbIX Ipymn npooguad B 1940-x — 1950-x romax
C. H. Yepnuxos, P. bap, X. X. Myxammemkan. K xoHIy
1950-x roI0B OCHOBHBIE CBOWCTBAa OBUTH YK€ HOJYYECHBI
1 OITyOJNMKOBaHBI B Pa3yIMYHBIX JKypHaiax. B Takom Buze
OHH OCTaBTMCH A0 1980 T., KOrga MOSBUIIACH MOHOTpadHs
C. H. UYepnukoBa [l]. CBoiicTBa CIIOWHO KOHEUYHBIX
U TIOYTH CJIOWHO KOHEYHBIX TPYMIl PAacCMAaTPHBAIOTCS
B pabotax [2—13].

Ecnu Bce cnom 351€MEHTOB B IpyNNe KOHEYHBI, TO IS
TaKOW TPYHIBl BO3MOXHO (DYHKIMOHAIPHOE OIHCAaHUE
MOIIHOCTH CJIOEB.

B cratbe gaercs  QyHKIMOHaIbHOE — OIMCAaHHE
JUISL HEKOTOPBIX CIIOMHO KOHEYHBIX rpymn. [lokasaHo,
YTO TOJJIAIOTCS BU3YaM3allly IIPUMapHbIE CJIOWHO KOHEY-
HBIE TPYIIBI U CIOHHO KOHEYHBIE IPYIMIIBI B CIIy4ac JBYX
MPOCTBIX JIEJIMTENCH TIOPSIIKOB 3JIEMEHTOB Ipynmsl. B ciy-
Yae [BYX MNPOCTBIX NENUTENEH INPOBEICHA BU3yaTM3aLMs
TP TIOMOIIX TIOBEPXHOCTEH B TPEXMEPHOM INPOCTPAHCTBE.
Jlitst GobIIIero Yrcia MPOCThIX JSITUTENEH TPEITOKEH T I-
XOJ MPH TIOMOIIM HOATPYIIIOBOro aHanm3a. Mopenuposa-
HHE CJIOEB B IPYIIIAX P MOMOIIX CIIOWHBIX TpadoB MOKHO
HaiiTi B paborax [14; 15].

OcHoBHoIi pe3ynabTat. CHauana B KauecTBe IpuUMepa
paccCMOTPUM HEKOTOpBIE CJIOHHO KOHEYHBIE p-TPYIIIBI
U UX KOHEYHBIE PAaCIIHPEHUSL.

Haiinem MomiHoCTH CI0€B TPYIITHI C .., roe p —1po-
P
croe ymucio. B rpymme Cpx OIMH JJIEMEHT mnopsiaka 1,

OJIEMCHT  TIOpsAAKa OJICMCHTOB

2
p-1 p. p-p
nopsanka p°, ..., p" —p""' snemenTos mopsaka p”, ...
I'paduk QyHKIMH MOIIHOCTH CJOEB TPYIIIIHI pr

MpeacTaBiIsieT co0oi  TOUKH,
C YpaBHEHHEM:

JIeXKale Ha psSaMou

y=x p , X2 D.

N306pazum 310 Ha rpaduke (puc. 1).

B cnyuae Oosbmiero uuciaa NpsIMBIX MHOKHUTENEH
rpapuk  QyHKOMH ~ MOIIHOCTH  CJIOE€B  TPYIIIBI

C . x---xC , npexacrapnser coOoil TOUKM, JeXKaIlue
p p
\_ﬁf_—/

m
Ha KpUBOY ¢ ypaBHEHUEM
p" -1

m

p

y=x" , X2 p,
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Ta€e M — 4YUCJIO0 KBa3SHLUKIUYECKHUX rpynm B MIpsAMOM
PA3JI0KEHUH TPYIIITBI
C L XeeeX C .
P P

[ ——

m
N306pa3um 310 Ha rpaduke (puc. 2).
IIpn MonmenupoBaHWU KapTHHBI, MPEACTABISIONICH CO-

0Ol MOIIHOCTH CJIOEB IPYIIIbI Cpm X Cpk , OyieM umeTh

JACJI0 C AByMs (l)yHKIII/ISIMI/I, COACPIKAIIUMHU 3HAYCHUA, COOT-
BCTCTBYIOLIIMC MOLIHOCTAM CJIOEB, KOTOPBIC UMCIOT BU/]

p’ -1

2

, mpu p<x<pt,

_x2
y:x(pk —pk’l), npu x > p*.

N306pa3um 310 Ha rpaduke (puc. 3).
I'paduk  QyHKIMEM  MOLIHOCTH

k
C ., x(C ,, Ha4MHAs CO 3HAYCHWs P N0 3HA4YCHUs p ,
P P

CIO€B  TpYMHIBI

npeacTaBJisACT coboit TOYKH, JICKAINIUC Ha napa6one,

k+1 k+m o

uc p- mo p " — TOUKH, JIeKAIME HA TIPSIMOIA.
PaccMOTpuM rpytimmy Cpm X qu ,rae p<q.I'papux
(YHKIMM MOILIHOCTH CJIOEB T'PYIIIIBI pr X qu (puc. 4)

MpEeACTaBISIET coboii TOYKH, JexKaIHe
Ha CerMEHTEe MOBEPXHOCTH BTOPOIO IMOpsiaka ¢ adcuucca-

Ma p, p° ..., p's ..., ¥ OpIMHATAMH ¢, ¢, ...,
q", ..., 3a71aBaeMoil ypaBHEHHEM
-1 -1
Z=xﬁ—w~—nx2nyzq
p q

PaccMoTpuM TpyHIIBI C YHCIIOM TPOCTBIX JICIUTENCH
9NIeMEeHTOB, Oombine nByX. [l mpumepa, paccMOTpUM

rpymiry C2°° X C3w X C3w X C5°° . I300pa3uts ec MOIIHOCTH

CIIOEB  CIOXHO, JUIAi  O3TOro  yaoOHO  paborarh
B YETHIPEXMEPHOM MpOCTpaHCTBE. bynem paboTath ¢ Moj-
rpyImnaMu, OTBEYAIOIIMMHE ape MpocThIX yrcen. Hanpumep,
2, 3, uzo0Opaxas MOIIHOCTH YaCTH CJIOEB, OTBEYAIOLIHE
HOMepaM cJoeB, gemsmuxcs Ha 2 u 3. Iomyuaercs mox-

rpynmna CZ% X C3*‘ X C3%~

DyHKIUS MOIIHOCTH CJIOEB 3TOH MOArpynmbl Oyaet

HUMCTb BHU]|
2

4xy

, X2 P,y 24q.

CrnolfHast KapTHHA B 3TOM cliyyae OyIeT UMeTh BHJ,
NpeACTaBJICHHBIN Ha puc. 5.

BunHo, 4To nonayueHHas WIUTIOCTpaLUs IPeACTaBisieT
TOYKH ¢ abciuccamu 2, 22, 23, ... ¥ OpAHHATamu 3, 32,
33 , ..., JEKAIINE HA CETMEHTE TOBEPXHOCTH.

Eme paccMoTpuM mapy mpocThIX gucen 3, 5, u3obpa-
’Kasi MOIITHOCTH YaCTH CJIOEB, OTBEYAIOIINE HOMEpaM CJI0-
eB, gensmuxcs Ha 3 uw 5. Ilomywaercs mnoarpymnma

Cy X Cy X C5T~
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DyHKITUS MOIIHOCTH CJIOEB 3TOH MOArpyNIbl Oyaet CroifHast KapTHHA B 3TOM Cllydae Moka3zaHa Ha puc. 0.
HAMEThb BU BuaHo, 4TO mMoNyueHHAs WLITIOCTPAIHs IPEACTaBIsIeT
32x2y S S TOYKH ¢ abciuccamu 3, 32, 33, ... U opAMHaTamu 5, 52,
= 4—5,)‘ =2p,y=qg. 5%, ..., Dexallye Ha CerMeHTe MIOBEPXHOCTH.

pn -, pn-l

a_pz
p°—p

Kommuecteo aneMenToE
=

p P p° p

HDPH,EDK IMEMEHTOE

Puc. 1. I'paduk pyHKIIMM MOIIHOCTH CJIOEB TPYIIIIBI pr

Fig. 1. Graph of capacity function of layers of the group pr
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Fig. 2. Graph of capacity function of layers of the group pr XoeeeX pr
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Kommaecteo amemenToR

G

7

[lopanok sneMeHTOR

Puc. 3. Cnoitnas xaptuna rpymmsl C | x C
p p

Fig. 3. A layered picture of the group C | x C ,
p P

pnqrz _ pnqn—l _pn—lqn _pn_lqn_

pqg—p—q+1
g—1
p-1

1

HOLH2NaLE OEL2RHI0N]

qq

HOPHH{}K JNIEMECHTOE

Puc. 4. Cnoiinas xkaptuna rpymnsl C _ x C
P q

Fig. 4. A layered picture of the group C , x C
P q

OcTtanoce paccMOTpeTh cityuyail mapel umcen 2 u 5.
DTOMY CITy4ar0 COOTBETCTBYET MOATPYIITA C2°° X C5°° .

DyHKIUS MOLIHOCTU CJIOEB JTOW Tpymnmel Oyaer
HMETb BUJ]

2xy

z=—
5
CrnoltHast KapTHHA B 3TOM cllyyae OyIeT UMeTh BHJ,
NpeCTaBJICHHBIN Ha puc. 7.
Bunno, 4To nonayyeHHas WIUTIOCTpaLUs IPEACTaBIsieT
TOYKH ¢ abcmuccamu 2, 22, 23, U OpAMHATaMu 3,

xzp,y2q.
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2 3
5%, 5°, ..., Nexalue Ha CerMEHTE IOBEPXHOCTH BTOPOrO
MOPSIIKA.
PaccmarpuBas 3TH TpU HNOArPYIIIBI, MOKHO IPEICTa-
BHTh ce0e, Kak BBINISIAT CIOWHAs KapTHHA TPYIIIBI

sz X C3w X C3w xCSw.

AHaJNOTUYHO PACCMOTPEHHOMY NPHUMEPY MOXKEM pac-
CMaTpHBaTh IPOU3BOJIBHYIO IOJIHYK CIOMHO KOHEUHYIO
rpynmy (Tak Kak IOJHas CIOWHO KOHEYHAas TpyINa sBIs-
€TCSl NPAMBIM IIPOU3BEIECHUEM KOHEUHOIO YUCIA KBa3H-
MUKIMYECKUX TPYII) C YHCIOM JeIUTeNeil MOpsSaKOB
3JIEMEHTOB OOJIBIIE ABYX.
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0

Puc. 5. Crnoitnast kapTHHA ITOTPYIIITBI C2°° X C3°° X C3

Fig. 5. A layered picture of the group sz X C3°° X C3ua

TO0~

600
5004
400
3004

Puc. 6. CrioiiHast KapTUHA NOATPYIIIBI C3°0 X C3°0 X C5

0

Fig. 6. A layered picture of the group C3°° X C3°° X C5“°
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Puc. 7. CnoitHas kapTHHA IOATPYIIIBI C2°° X C5°°

Fig. 7. A layered picture of the group Czw X C5°°
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3akJiiouenne. B crarbe HaiiieHbl QyHKINH, ITO KOTO-
PBIM BBIYUCIIAIOTCS MOLIHOCTHU CJI0€B HEKOTOPBIX ITOJIHBIX
CJIOMHO KOHEYHBIX I'PYII U UX KOHEUHBIX PACIIUPEHUH,
IPOJIEMOHCTPUPOBAHBI MX TpadUuecKue MpeaCTaBICHHUS.
IMoctpoens! rpadmku aast  (QyHKIMH, OMMCHIBAIOIINX
MOIIHOCTH CJIOEB IPUMAPHBIX CIOWHO KOHEYHBIX IPYIIIL
B ciyuae nByX IPOCTBIX ACIUTENIEH MOPAIKOB JJIEMEHTOB
TpYMIIBl IPOBEACHA BU3yaau3allys IIPH MOMOIIU TOBEPX-
HOCTEH B TpexXMepHOM mpocTtpaHcTBe. s OGoipmiero
4Hcaa NPOCTBIX JEIUTENeH MpeANokKeH MOAXO0[ MpPH Io-
MOIIH OATPYNIIOBOTO AHAIH3A.
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MODELING OF PLASTIC FLOW BETWEEN RIGID PLATES APPROACHING
TO A CONSTANT ACCELERATION

S. I. Senashov*, E. V. Filyushina

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
*E-mail sen@sibsau.ru

In this paper we study equations describing a slow plastic flow of material. In this case the material is in the flat
state of stress. The paper presents the equations that can be used to simulate slow plastic material flows compressed
between rigid plates, converging with constant acceleration. In the above equations we neglect convective terms, which
greatly simplifies all calculations. The Lie algebra of point symmetries admitted by these equations is calculated for
reduced equations. It has dimension eight. The optimal system of one-dimensional subalgebras is constructed for this
algebra. It allows to give a view of all the different invariant solutions of rank two. That means such solutions depend
only on two independent variables. To demonstrate this we offer a table of switches of all basis operators, as well as a
table of all internal automorphisms functioning. One of the solutions, which simulates the slow plastic flow of the mate-
rial compressed between rigid plates, converging with constant acceleration, built in. Among the most popular solu-
tions in the flat theory of ideal plasticity is the Prandtl’s solution, which describes the compression of a plastic layer
between rigid plates. In this case, the plates approach at a constant speed. The popularity of the solution is explained by
its simplicity, as well as the fact that it can be used to describe various technological processes. The analogue of such a
solution for the plane stress state cannot be constructed. In general, there are big problems with finding analytical solu-
tions for the plane state of stress. It is caused by the fact that the equations describing this state are quite complex, even
in spite of their linearization. In one of the previous works, one of the authors of the present article managed to find a
solution that describes compression of a plastic layer between rigid plates which converge with constant acceleration.
In this work the analogue of such a solution is found for the plane stress state. The authors hope that the suggested so-
lution can also be used for the analysis of real technological processes.

Keywords: plane stress, the exact solution, non-stationary process.

MOJAEJIUPOBAHUE INIACTHYECKOI'O TEHEHUA MEXAY )KECTKUMU IIVIUTAMMU,
CBJINXKAIOINUMUCSA C TIOCTOAHHBIM YCKOPEHUEM

C. U. Cenamos*, E. B. ®umomHa

Cubupckuii rocy1apCTBSHHBIH YHHBEPCUTET HAYKH U TEXHOJOTHI UMEHH akajemuka M. @. PemerHeBa
Poccutickas ®@eneparnus, 660037, r. KpacHosipek, mpoctr. uMm. ra3. «KpacHosipckuii padounii», 3 1
*E-mail sen@sibsau.ru

H3zyuaiomes ypasHenus, onucvléaiowjie Meoiennble niacmuyeckue meuenus mamepuana. Ilpu smom mamepuan na-
X0OUmMCes 8 NIOCKOM HANPSACEHHOM cocmosinuu. TIpusedenvl ypasHeHust, KOmopble MONCHO UCNOIb306AMb OISl MOOEIU-
POBAHUSL MEONEHHBIX NIACTNUYECKUX TEYeHUll MAMEPUAd, CHCUMACMO20 HCECHMKUMU NAUMAMU, COMUNCAIOWUMUCS C
NOCMOSIHHBIM YCKOpeHuem. B npusedennvix ypasnenusx mvl npenebpezaem KOHEEKMUBHBIMU YleHAMU. DMO NO3601m
3HAYUMENLHO YNPOCMUMb 8ce 8blyucienus. /s ypasrnenuil eviuuciena aneeopa Jlu moueunvix cummempuil, Oonyckae-
mas smumu ypaguenuamu. Ona umeem pasmepHocms 8ocemb. [ 9moil aneedpvl NOCMpoena ONMUMAaibHas cucmema
00HOMepHbIX nodaneebp. Imo no360.sem Npuecmit U0 6CeX PA3IUYHLIX UHBAPUAHMHBIX peuleHuli panea 06d, m. e.
MAKUX peuweHutl, KOmopble 3a8UCIN MObKO OM 08X HE3A8UCUMbIX nepeMeHHbIX. [l 9mo2o npusedena mabauya Kom-
MYymamopog ecex 6a3UCHbIX ONepamopos, a makice MmMabauya 0etucmaus 6cex GHympeHHux asmomoppuszmos. Oono u3
MAKUX pewenutl, Komopoe Mooeiupyem MeojeHHble NAACMUYecKUue meyeHuss Mamepuad, CoHCUMAemMo20 HCeCHMKUMU
NAUMAMUY, COTUNCAIOWUMUCS C NOCMOSIHHBIM YCKOPEHUeM, U nocmpoeno 6 cmamve. Camoe nonyisipHoe peuieHue 8 nio-
CKOU meopuu UdeanbHoU RAACMUYHOCIU — 9Mo peuteHue [Ipanomnus, Komopoe onucvisaem cicamue HAACMUYEcKo20
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cnos scecmrumu naumamu. Ilpu 5mom naumet COIUNCAIOMCS ¢ NOCMOAHHOU ckopocmbio. Tlonyiaprhocms pewienust
00BACHSIEMCA €20 NPOCMOMOl, A MAKNHCe MeM, YMO €20 MONCHO UCHOIb308aNMb Ol ONUCAHUS PAZIUYHBIX MEXHOL02U-
yeckux npoyeccos. Ananoe maxkozo pewienuss Oiig NIOCKO20 HANPANCEHHO20 COCMOAHUSL NOCmMpoums He yoaemcs. [a
U 6006Ue ¢ NOCMPOEHUEM AHATUMUYECKUX PEWeHUll OISl NIOCKO20 HANPSJICEHHO20 COCMOsHUs 6oNbue npooiemyl.
Omo ces3aH0 ¢ mem, YUMo ypaGHeHUs, ONUCHIBAIOUUe MO COCMOsIHIE, DOCIAMOYHO CLOJICHbIE, 0AdNCe HECMOMPSL HA UX
JuHeapuzayuio. B 00HOU u3 npedwvidyuux pabom 00HOMY U3 A8MOPO8 MOU CMAmMvl YOai0Ch NOCMPOUMsb peuieHue,
onucwlearouee cocamue NIACMUYecKo20 Clos HCeCMKUMU HAUMAMU, KOMOpble COMUNCAIOMCS ¢ NOCMOSHHbIM YCKOpe-
Huem. B omoil cmamee ananoe maxo2o peuwieHus nocmpoen u Ofis HAOCK020 HANPANCEHHO20 COCMOSAHUA. Asmopul
HAOIOMCA, YMoO NOCMPOCHHOE PeuleHue Modice YOACMCs UCROIb308amb 0N AHANU3A PedlbHbIX MEXHOA0SUHECKUX

npoyeccos.

Knouesvie cnosa: niockoe HAanpAdCeHHoe cocmosarue, novHoe peuterue, Hecmauuonapnblﬁ npoyecc.

Introduction. The most popular decision in the flat
theory of ideal plasticity is the one of Prandtl which de-
scribes compression of a plastic layer between rigid
plates. At the same time plates approach at a constant
speed. The popularity of the decision is explained by its
simplicity and also by the fact that it can be used for the
description of various technological processes as well as
rocks [1-7]. The analog of such decision for flat tension
state cannot be constructed. It is connected with the fact
that the group of symmetries allowed by equations in case
of flat deformation, differs from group of pure shear yield
stress in case of flat tension [8—15]. In general, there is a
big problem with analytical decisions for flat tension,
which is caused by the fact that equations describing this
state are rather complex, even despite linearization. In
work [8] one of authors managed to find a solution de-
scribing compression of a plastic layer between rigid
plates which approach with continuous acceleration for
the case of flat deformation. In this work the analog of
such solution is also framed for flat tension state. Authors
hope that the solution will be also used for the analysis of
real technological processes.

We will consider the equations describing flat tension
state flat state of stress

ou 0. ot ov ot Oo,
DTy T P (1)
o ox oy o Ox Oy
0.+0,-0,0,+30 =3k%, )
o v v
x __ Oy _Ox Oy 3)
26,-0, 20,-0, 6t

where o,, 6,, T — components of stress tension tensor;
u, v — velocity vector components; k — pure shear yield
stress.

System (1)—(3) is a system of five equations for five
unknown functions.

Applying the ratios (2)—(3), equations (1)-(3) may be
written down only in terms of function u, v.

We obtain

2Gx—6y=7n%, 26, -0 =k@,

y X

x : oy

A @+8_u =61,
oy Ox

+
ox Oy oy Ox
2—2
ou Ov ov Ou 3(0v Ou
12—+ || 2=—+— |+ —+— ,
) e )

ou O A[,Ou Ov O M. Ou Ov
— = 2—+— |+——| 2—+— |, @)
o ox3\ ox oy) oy6\ oy Oox

v 9 k[@u 6\/] d x[ v 6uj

— = —+— |+—=| 2—+—|.

o ox6\dy oOx) oy3\ oy Ox

Group properties of the equations flat state of

stress. We will find the group of point symmetries al-
lowed by the system of flat tension equations. We will
construct the optimum system of one-dimensional subal-
gebras and also give a type of all invariant solutions of
rank one.

Theorem. Equations (4) allow the group of continuous
transformations generated by operators

2 2
A =33k (2@ @j +[2@+a—”j -

x=L x-2 x,-2,
ot Ox Oy
0 0 0 0
Y=—",Y,=—, T=x—-y—,
"o oy x@v yau
Z:y——xi+vi—ui, (5)
ox oy ou Ov
N=t£+xi+yi, M=t—+ui+v—.
ot ox T Oy ot oOu oOv

We will find the optimum system of one-dimensional
subalgebras. For this purpose we will calculate commuta-
tors of operators (5). They are presented in tab. 1.

Automorphism corresponding to X, acting on operator
X; according to formula

A(x)=x e[ xox, T [ [.x, Tk

+ %[Xia[Xf,[Xan]ﬂ +...

Here a — some valid parameter.

It is convenient to collect the influence of automor-
phisms on operators (5) in tab. 2.

Lemma. Operators Xy, X;, Y;, T generate the ideal in
Lie algebra.

Thus, automorphisms A, ..
cients under Z, M, N operators.

., Ag cannot change coeffi-
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Table 1
Commutator table
Xo X X, Y, Y, T Z N M
Xo 0 0 0 0 0 0 0 Xo Xy
X 0 0 0 0 0 ) -X; X 0
X, 0 0 0 0 0 -Y; X, X, 0
Y, 0 0 0 0 0 0 -Y 0 )4
Y, 0 0 0 0 0 0 Y 0 Y,
T 0 -Y, Y 0 0 0 0 -T T
Z 0 X5 -X; Y, =Y 0 0 0 0
N —Xo -X; -X; 0 0 T 0 0 0
M —Xo 0 0 -Y -Y -T 0 0 0
Table 2
Table action of automorphisms
Xo Xy X Y; Y, T Z N M
AO XO Xl Xz Yl Y2 T Z N-a OXO M—a OXO
Al XO X1 Xz Yl Y2 T—a 1Y2 Z+a1X2 N—-a 1X1 M
Az XO Xl Xz Yl Y2 T+a 2Y1 Z—a ZXI N-a 2X2 M
A3 XO X1 Xz Yl Y2 T Z+a3Y2 N M*LI3Y1
A4 XO Xl Xz Yl Y2 T Z—a 4Y1 N M—a 4Y2
A5 XO X1+L15Y2 X27a5Y1 Yl Yz T A N+a5T M*LIST
A6 XO leaGYZ X2+a(,X1 YlfaGYZ Y2+L15Y1 T A N M
A, Xoexpa ; | Xiexpa, | Xyexpa; Y, Y, Texp(—a 7) Z N M
Ag Xoexp a g X, X Yiexpag Yoexpasg Texp ag VA N M
In this respect it is necessary to consider one- Suppose
dimensional subalgebras of four types S, =T+aX,+BY,,i=12.
D, =Z+aM +BN+S, We have
D2=M+0LN+S, A1A2S1=T+OLiXi,
! —
D =N+5. A (T+a X,)=T+aX,,
Suppose

2
where S=Z(ain.+[3in.)+yT+a0Xo; o B, v, o, B —
i=1
constants.
Let us consider subalgebra D, =Z +aM +BN +S .
Under the influence of automorphisms Az, 44, A1, 4
we have

A, Ay, A, A, (D) =Z+o'M +B'N+y'T+op X, .
Here constants with strokes above are received as a re-

sult of action of automorphisms in tab. 2. In this case
there are only two types of disconjugate subalgebras

Z+o(M—-N)+o X, +vT, Z+aM +BN ,

where a, B, oo, Y — arbitrary constants.
We will consider D, = M + aN + S. In this case there
are three disconjugate subalgebras

(M—N)+a0X0+yT , M +aN, M+oX,.

We will consider subalgebra D; = N + S.
After the automorphisms’ influence Ay, 4;, 45, As, A
we obtain not only disconjugate subalgebras

N+BY.
Now we have to make calculations with the ideal.

The X, operator forms the center of the ideal. Therefore it
can be excluded from consideration for now.

S, =X, +oX, +BY,,
A4S, =X, +al,.

The last disconjugate subalgebra from ideal has ap-
pearance Y.

Now, taking into account that X is the centre of the
ideal we will write down the final optimum system of
one-dimensional subalgebras

Z+o(M~-N)+BX,+yT, Z+aM +BN ,
(M—N)+aX0+yT, M+aN, M +oX,, N+ao¥|,
T+oX, +BX,, X, +al;+BX,, ¥ +aX,, X,.

Remark 1. Dissimilar subalgebras correspond to vari-
ous values of constants a, f3, .

Remark 2. With automorphisms A4, 4g, as well as with
external automorphisms of the system (4), the number of
constants in optimum system can be reduced.

1. We will give a type of all invariant solutions of rank
2 which can be constructed on one-dimensional subalge-
bras:

Z+o(M—N)+BX,+7T,
if o #0, then
_ _ 3
u.=r 1f(5_nn)7 Vo =7F 1g(g’n)_;’yr2,
E=PBO—t, ab—Inr=n,
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if =0, then

u, = f(&n), vy=g(&n)-v0, E=po-1, n=r.
Here and further »,0 — polar coordinates; u,,v, — ve-

fagf

locity vector components in polar coordinates;

some differentiable function of two variables.
2. Z+aM +BN,

if B#0, then
Inu, -pO=f(&n), Inv,—BO=g(&m),
E=(a+p)06-Int, n=06-Inr,
if B=0, then
u, = f(&m), vo=g(&n)-1r6,
E=00—-Int, n=06—-Inr.
3. M—N+oX,+yT,
u=r"f(&n), v=r"g(&n)-3r",
E=alnr—t, n=0.

4. M +aN ,
if a#—1, then
~(1+at) f(& n) ~(1+a) (a n) &:%), n:t(lﬂx)x’

if a=-1, then
u=tf (x,y), v=tg(x,y).
5. M+oX,,
u:mx1+f'(x,y), v:ax1+g(x,y).
6. N+alt,

u:—alnt-irf(%a%)’ V:g(%’y/)'

7. T +oX, +BX,,
if o #0, then

u :_X%—i-f(y,ﬁx—(lt), V:_ixz +g(y,[3x—0tt) .

If a=0,#0, then
X +g(xy).

u:—%+f(x,y), v

If =0, B=0, then there are no invariant solutions.
8. X, +aY +BX,,
u:—ocx+f([3x—t,y), v:g(ﬁx—t,y).
9. Y +oX,,
u :—oct+f(x,y), v=g(x,y).

10. X,

u:f(x,y), v=g(x,y).

Solution describing compression of the plastic layer
between rigid plates approaching with continuous ac-
celeration. We will find the system of equations describ-
ing plastic currents with continuous acceleration. These
solutions are invariant to subalgebra

M:tg+ui+v—
ot u

a

nd are written as follows
uztu(x,y), v:tv(x,y). (6)

Inserting (6) in (4) we obtain the system of two equa-

tions in function u, v:

O A[,0u Ov O M Ou Ov
2— 4+ — [+—=| —+—|,
6x3 ox oy) oy6\oy ox ™
on(ou ov) o n[,ov ou)
=——|—+—|[+—=| 2—+— |,
ox6\oy ox) oy3\ oy Ox
where
— 28u+8v G - 8u 2@ ’
30 ox oy ) oy
[6y axj
x:%@k[[z@ @] +[ il a—”]
oy Ox
(®)
_ 26_u 6\/ 6\/ au
ox 8y 8x ax ay ’
2f
d 1 ”?
Y «/g Af
dy 'g +/f12
By differentiating equation (8) at y, we have
’g +/f/2
©))

!

2g'=

dy \/g +/fl2.

Further, for simplicity we take &k =1and enter new

variables
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f'=20(y)cosh(y), g'=o(y)sinh(y).

The system (9) will be written as follows:

20cosh(y)= (cosh(y))" )
o (10)

osinh(y)=(2 sinh(y))nw . .

Dividing the second equation of the system (10) by
the first, we receive

sin(h) :2(sin(h))”.
2cos(h) (cos(h))"

After simple transformations we receive the ordinary
differential equation of the second order which coeffi-
cients do not depend on y:

h"(4cos’ (h)+sin® (h))-3h" cos(h)sin(h)=0.
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After standard replacement p = &', h" = pp’, we obtain Fig. 1 demonstrates dependence of function % on vari-
, . able y.
P _ 3c2s(h)s1r.1 (zh) . Now we calculate the components of the tension ten-
p  4cos’ (h)+sin” (h) sor. The graphs are provided in fig. 2—4.
We have

By integrating the equation, we have i
3 r=—=2kcos(h(y)),

In p = ———arctg/3 cos(h)+c. 21/
p== a3 cos(h) SRV

After the second integration, we have an implicit de- _ .
pendency /& = h(y): o, =2k sm(h(y)) ’

i
CJ‘exp(\/garctg\/g cos(h))dh =y. (11) . 22 —3ci -37’ .
0

Fig. 1. Dependence of function /4 on variable y

Puc. 1. I'paduk 3aBucumoct GYHKUUH /i OT IEPEMEHHOU
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Fig. 2. Dependence of function t on variable y
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Puc. 3. I'paduk 3aBUCIMOCTH G, OT HEPEMEHHOH
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Puc. 4. I'paduk 3aBUCUMOCTH G, OT IIEPEMEHHOM Y

Conclusion. From the graphs and formulas it is clear
that the solution provided can be used to describe com-
pression of a plastic thin layer which is in conditions flat
state of stress. Thickness of the layer does not exceed
0.06, however, the plates which compress the layer with
continuous acceleration are characterized by constant
pressure.
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TWO-DIMENSIONAL THERMAL MODEL OF THE THERMAL CONTROL SYSTEM
FOR NONHERMETIC FORMATION SPACECRAFT

F. V. Tanasienko*, Y. N. Shevchenko, A. V. Delkov, A. A. Kishkin

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
*E-mail: spsp99@mail.ru

Based on the proposed computational model including a two-dimensional system of equations of thermal balance
characteristic of the surface of thermal control system of nonhermetic formation spacecraft the algorithm and the cal-
culation program of the temperature control system are developed. It allows to calculate integrated thermal parameters
and conduct simulations of the system response. We consider the case of a two-dimensional problem, when arising tem-
perature gradients in the transverse direction (Y-axis) and longitudinal direction (X-axis) is taken into account, while
the conductive heat transfer inside the skin along the X-axis of the profile of the liquid circuit of the thermal control
system is neglected. In this case the transverse gradient (along the Y-axis) is formed by Fourier heat conduction equa-
tions through characteristic surfaces, while the longitudinal gradient (along the X-axis) is determined by the heat and
mass transfer processes by the refrigerant flow in the liquid ring circuit. The number of docking thermal balances
(equations) and, accordingly, the determined temperatures are correlated by the constructive elements of the spacecraft
thermal control system: radiation surfaces (N — North, S — South); structural honeycomb panels; heat pipes; liquid
circuit.

Keywords: unpressurized performance spacecraft, radiation surface, liquid circuit, thermal control system, heat
balance equation.

ABYXMEPHAS TEIIVIOBASI MOJEJIb CUCTEMBI TEPMOPEI'YJIMPOBAHUS
KOCMHMYECKHUX AIIIMAPATOB HETEPMETHUYHOI'O HCITIOJIHEHUS

®. B. Tanacuenko*, 0. H. Illeucuko, A. B. [lenkos, A. A. Kumikua

Cubupckuii rocy1apCTBCHHBIH YHHBEPCUTET HAYKH U TEXHOJIOTHI UMEHU akajemuka M. @. PemerneBa
Poccuiickas @enepanus, 660037, r. Kpacnospck, npocn. uM. ra3. «KpacHosipckuit pabounii», 31
*E-mail: spsp99@mail.ru

Ha ocnose npeonodicennoii pacuemnoil mooenu, 8KI0Yaroweli cucmemy ypasHeHull 08yMepHO20 Menaiogozo Oanian-
Ca XapaKmepHvix NOBEPXHOCMEl CUCEMbL MEPMOPESYIUPOBAHUs Kocmudeckoeo annapama (KA) necepmemuunozo
UCNOAHEHUs], PA3PaAboOManbl ANOPUMM U NPOSPAMMA pacyema cucmemvl mepmopeyauposanusi (CTP), noszgonsiowas
paccuumams  00WEUHMESPATbHbIe MENI08ble NAPAMEempsbl U HPOBOOUNDb MOOEIUPOBAHUE PEeaKyutl CUCMEMbL.
Paccmompen cnyuaii 08yxmepHoil 3a0auu, Ko20a yHumvleaomcs 603HUKAIOWUe paouenmovl memMnepamyp 6 nonepey-
Hom (ocv Y) u npodonvhom (ocy X) HanpasieHusx, npu 3mom KOHOYKIMUGHOU menjionepeoayell Hympu 00uusox 800
ocu X npoguns  srcuoxkocmuoeo konmypa CTP npenebpezaem. B smom ciyuae nonepeunvlii epaduenm (80016 ocu Y)
Gopmupyemcs ypasnenusmu menionpogoorocmu Pypve yepes xapaxmepnvle NOBEPXHOCMU, d NPOOObHBIIL 2PAOUEHIN
onpeoensiemcsi menioMaccoOOMEeHHLIMU  NPOYECCAMU 8 HCUOKOCHHOM KOAbYEBOM KOHMYpPE PACX000M X1addzeHmd.
Konuuecmso cmuikogounvix meniosvix 0anaHco8 (YypasHeHuti), a COOMEEMCMEEHHO, U ONpPedessemMblx MeMnepamyp,
Koppenupyemcs koncmpykmusuvimu snememamu CTP KA: paduayuonnvimu nogepxrnocmsamu (N — cesep, S — 102); kon-
CMPYKYUOHHBIMU COMONAHENAMU; MENI0GbIMU MPYOAMU; HCUOKOCTHHBIM KOHMYPOM.

Kniouesvie crosa: xocmuueckue annapamel He2epMemMudHO20 UCNOJIHEHUSA, PAOUAYUOHHbIE NOBEPXHOCHU, HCUOKO-
CMHBII KOHMYP, CUCTHEeMA MePMOPe2YTUPOBAHUs, YPABHEHUA Menjio8020 baianca.
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Introduction. Satellite communication systems are
one of the fastest growing varieties of space information
systems that are widely used in various areas of human
activity [1; 2]. Every year in the world there is an ever
more intensive development of satellite communication
systems for various purposes. Among many, two main
types of systems can be distinguished: connected systems
for civil (commercial) use and military communications
systems. Every year the information flow becomes more
and more and this requires the appropriate development of
communication systems. In this regard, satellite commu-
nication systems have a great future.

One of the indispensable conditions for reliable func-
tioning of the spacecraft, its service systems and payload
equipment is to provide the necessary thermal regime for
all its elements [3; 4].

However, this task under the conditions of outer space
has its own specifics: for the most part of the operational
period, various external radiation heat fluxes (thermal
radiation from the Sun and the Earth), which can vary
over a wide range (in general, the temperature at different
points of the surface of the spacecraft at the same time
can be in the range from —150 to +150 °C), operate on the
spacecraft [4]. In addition, the thermal conditions of the
spacecraft are influenced by the optical properties of the
surface of the apparatus, its orientation in outer space, the
power of the fuel-generating airborne equipment (which,

as a rule, varies depending on the operation modes of the
spacecraft), and the thermal-radiative thermal bonds in the
spacecraft. In connection with this, the thermal load is
nonstationary [5; 6].

At the same time, satellites are equipped with various
equipment and devices that have a strictly limited tem-
perature range of operability, and this raises the problem
of providing this range. Therefore, modern spacecraft is
unthinkable without a special on-board system — a thermal
control system.

Statement of the research task. The thermal regime
of the thermal control system is determined by the
positional heat load from the spacecraft instrumentation,
evenly distributed over the outer skin by the solar heat
flow, by radiation into the open space, and by convective
heat and mass transfer in the liquid loop of the thermal
control system [7]. Fig. 1 shows the calculated two-
dimensional thermal model of the liquid loop of the
thermal control system with N and S (N — North,
S — South) cell panels and liquid circuits embedded in
them. Let us consider the case of a two-dimensional
problem, when the emerging temperature gradients in the
transverse (y-axis) and longitudinal directions (the
x-axis) are taken into account, while conductive heat
transfer inside the skin and along the X axis of the the
liquid loop of the thermal control system profile is
neglected.
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Fig. 1. Calculated two-dimensional thermal model of the thermal control system:
1 — compressor; 2 — heat pipes; 3 — throttle valve; 4 — honeycomb panel

Puc. 1. Pacuetnas nsyxmepHas temioBas monens CTP:
1 — xomnpeccop; 2 — TeIIoBbIe TPYObI; 3 — APOCCENbHBIN BEHTHIb; 4 — COTOIAHEh
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Fig. 2. Isothermal surfaces for the southern honeycomb panel

Puc. 2. M3oTepmMuueckue MOBEPXHOCTH [UIS FOXKHOW COTOIIaHENH

Consider the process of two-dimensional complex
heat transfer in the form of heat balance balance from the
southern panel (Qs), internal heat sources ( 0, ) and heat

release from the northern panel (Qy). The balance is a
particular case of the energy conservation equation

Qs+Qim:QNa (1)

where Qs is the heat flux passing successively through the
isothermal surfaces of the southern panel (fig. 2): 1 — the
outer surface of the southern panel with the temperature
T1; 2 — inner surface of the southern honeycomb panel
with temperature 75; 3 — conditional inner surface of the
liquid circuit with temperature 73; 4 — the surface along
the average cross-section of the channel of the liquid
circuit with the refrigerant temperature 7.

It is obvious that the heat flux Qs, passing through the
surfaces 1-2-3, is accumulated by the mass flow of the
liquid circuit, in series (integrally) along the contact
length /5 of the liquid contour of the southern panel. It
should be noted that surfaces 1-2-3—4 are formed con-
structively by various boundary surfaces, thermodynamic
properties of materials and types of heat transfer. In addi-
tion, the temperatures 77—7 are indicative values, that is,
necessary for comparison with the maximum permissible
values. For example, the temperature of the refrigerant 7,
is necessary to evaluate the cavity supply of the liquid
circuit.

Mathematical model. In the finite-difference form,
the heat transfer at the i-th section of the southern panel
(fig. 2) is determined by the following system of process
equations [8]:

1. The heat flux from the Sun enters the surface 1 of
the panel S:

(+)As- S, -AF}, -sina.,

where Ay is the absorption coefficient of solar radiation;
S, — solar constant, W / m?; F, is the area of the radiation
surface; a is the angle between the normal of the radiation
surface and the direction to the sun.
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This is emitted back into the open space [8]:
(_) £,6,AF, T,

where g; is the degree of blackness of radiation from the
radiation surface; oy = 5.67 - 10® — radiation constant,
W/ m2~grad4; F), is the area of the radiation surface, m’;
T is the temperature of the radiation surface, K.
The heat flow is diverted inside the honeycomb panel
by heat conduction:
AL AF,

() S 121(]~Ii_]~2i)’
12i

where A, is the thermal conductivity of the honeycomb
material; 8;, — distance between surfaces 1-2.
The heat balance for surface 1 will be written as [9]:

Ag - S, AF,, -sino.— g,6,F,, T —
AR, @
5 = (Tli_TZi)=07

12i

formally, the heat flux at the surface element AF,; is de-
termined like this:

AQq, = A, S, -AF,, -sina.—g,6,F,. T, =
_ }\‘ AEZI
)

(Tli _TZi)’ (3)

12i

2. The heat flux from the honeycomb panel is fed to
the isothermal surface 2 by heat conduction

121 ( Tz:‘)7

12i

(+) 5

and is also taken away by the thermal conductivity to the
inner surface (3) (fig. 2) of the liquid circuit

(1) 22551, -1,
6231

where Ay; is the thermal conductivity of the honeycomb
material; 9,3 is the distance between surfaces 2-3.
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The heat balance for surface 2 is expressed by the
equation

AL, AF,

Ay AF,,
Vil VI (Ti,_Tz)

SES(T, ST ) =0 (4)

12i 23i

3. The heat-conducting heat flux considered in (4) is
fed to the surface 3
Ay AF,,,

(12, 1),
23i

and the convective heat flow is already diverted into the
liquid circuit

(_)aiAFMi (T31 T4i) >

where o; is the heat transfer coefficient.
The equation of balance over the surface 3 takes the
form

Ay AF,

5 R (Tzi_Tsi)_aiAFw(Tsi_thi)zo' )
23i

We group the equations of balances on surfaces 1-2—3
into the system:

A+, - "Sina_SIGOEZi];?_
- 2Bl g 1),
12
6
}\‘ AEZI (T T ) }\‘ AF‘Z}: (Tzi_T3i):O’ ( )
12 23i
Ay AF,

5 22 (Tz; _T3i)_ o, AF,, (Tsz _]:w) =0.

It should be noted that (6) at a known coolant tem-
perature at the i-th element T} is completely determined
by the number of unknown variables — Ty, T», T%;, the
system (6) is the basis of the marching algorithm when
integrating along the length of the liquid contour of the
southern panel [10]:

23i

i=4
= Z AQSi,
i=0

The temperature change Ty;, T5;, T3;, Ty; forms the pro-
jection of the temperature gradient on the transverse y(j)
axis (fig. 2). The projection of the temperature gradient on
the longitudinal axis x(7) is formed by the balance of the
thermal power received during the heat transfer through
the lateral surface (3) of the elementary calculated
i-volume (fig. 2) and the difference in the thermal power
of the refrigerant flow through the cross-sections at the
output and input of the liquid circuit elementary calcu-
lated volume in step AX;:

4l+1 ) (7)

AQg; =mC (T,
where m is the mass flow rate of the coolant in the liquid
circuit, and C, is the heat capacity.
In this case, the temperature at the entrance to the next

calculated volume will be determined as
AQ.

QSI + n -
inC
p

]:wrl =
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Given Ty, — at the entrance to the liquid contour of the
southern panel, given the values of thermophysical, geo-
metric and regime determining parameters at the integra-
tion step, we calculate the system (6), (7) with respect to
the unknown temperatures Ty, T5;, T5;, Ty, along the x(i)
(fig. 1) at the length of the thermal contact of the liquid
line with the honeycomb panel /;5. Obviously, the integral
heat output from the southern panel, including radiation
and internal heat sources, is determined from an expres-
sion similar to (7) with regard to (1)

st = Qs + s = me '(Zm _7:10) 5 (®)

where T, is the temperature of the refrigerant at the inlet,
and Ty, is the temperature of the refrigerant at the outlet
of the liquid circuit, O, = O, is the heat from the in-

ternal sources supplied to the liquid circuit along the
length of the thermal contact /;5 (fig. 1) from the southern
panel side, Qg is the radiation component of the heat
input. It should be noted that heat from internal sources of
Q... 1s physically formed from two components:

Ouis = Qe ¥ Cincir. > 9

where Q.4 is the frictional loss in the liquid circuit, turn-
ing into the heat of the coolant; Q,,, yp is the zonal thermal
power transmitted by the heat pipe from the working de-
vices of the spacecraft. The temperature of the heat pipe,
the area of the contact zone and its coordinates along the
length /g are to be determined in the calculation scheme
[11] (position 2 in fig. 1)

Let us consider the zonal heat input from the space-
craft through the heat pipe contact calculation case.

We assume that, as in the case of the radiation con-
stant, the zonal thermal power is given and uniformly
distributed over the contact area of the heat pipe at the
finite length of the liquid loop Alis = Alyp [12], then the
input thermal power at the integration step is defined as:
Aqup AFgs. Let us pay attention that in the design scheme
additional isothermal surfaces modeling heat transfer
in a zone of contact of a heat pipe are entered: surfaces 6
and 5 (fig. 3).

Accordingly the system is supplemented with two
equations:

AgsAF,
Gup - AFgs; — —a (T -T5,)=0;
65i
Ao AF
=8 (T, = T,)) ~ x,AFy,, (T;, = T,)=0.  (10)

65i

The system ((6) and (10)) is completely determined by
the number of unknowns. The zonal internal heat flux at
the integration step is determined by one of the terms
(10), for example:

651 (

65i

AQint.HPi 54: ( ) = Ts;)

or

7\‘ AF'GS: (T
6i

65i

AQy npi = up " AFgs; = -T) (1)
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/

Fig. 3. Zonal heat input from the spacecraft through the heat pipe contact calculation case

Puc. 3. PacuerHslii ciydail ¢ y4eTOM 30HaJABHOIO TEIUIOIPUTOKA
ot npu6opoB KA uepe3 KOHTaKT TEII0BOH TPpyOb!

The heat influx from internal friction at the integration
step is equivalent to frictional losses [13]:

, Ay 9,
AQ, 5 :AHﬁ "m :7‘/; 77’” (12)

where A is the coefficient of hydraulic friction; Ax; is the
integration step; d; is the hydraulic diameter; 3 ,, is the
average flow refrigerant velocity in the liquid path; m is
the mass flow.

Taking into account (3), (11), (12), the total heat flux
at the integration step is written as

AQy, =AQg +AQ, i + AQ, (13)

Then, as in the case of a simple radiation heat load
(13) from the balance of thermal power

AQ; = mcp (T =Ty) (14)

the temperature at the entrance to the next calculated
(elementary) volume is determined by

AQ,

P

AT, = +T1,;.

Taking into account the fact that the temperature along
the perimeter of the cross-section of the inner surface of
the channel of the liquid circuit is a mean-integral value

[14], the last equation in (10) is replaced by T3; = Ts,, then
the record (10) becomes simpler
Gpp - AFgs; = hgsAFgs; - (T, = T5,) = 05
L =T 15)

Taking into account all the above-mentioned notations
(1...15), we finally write down the heat balance equation
for the southern panel:

. s
Ag - SAF,sino.— -6+ AF,, - T;) ——2—12(T - T,) =0;
12i
AL, AF,
e Vil VI ( )_ 23 231 ( i):();
oy O3
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Ay AF,
—2—2(T,,~T,;) — AR, (T, =T, ) = 0;
8231
T, =T
Grr - AFs; — A AF (T, = Ts,) = 05
AQZS, =AQg + O iri + Cintiivis (16)

AQq, = As- S, AF.sinoc—s-cs-AI"l,.-Tl;l =

A AR
=121 ( T2i);

6121

hesAF,

Oinpi =Gup " AFs; = —— —— (T, T5,);
65i
Q )\‘ Axi Szv .
int.fr.i fr d 2

AQ, = mcﬁ (T —Ty)
AQZS =05+ Qs =mC, (T43" —]130) .

With the known determining parameters and thermo-
physical properties of materials, the set of equations (16)
allows numerical integration over the length /;5 of the
thermal contact of the liquid contour of the southern panel
with the final result AQss (8) and temperature field T
technically accessible for the measurement.

For the northern panel, we will retain all the methodo-
logical approaches and designations associated with con-
structive (isothermal) surfaces: T; is the temperature on
the outer surface of the honeycomb panel; 7, is one on the
inside, etc. Solar radiation decreases (in our calculation
case it is reset). Integration is conducted in the direction
of the average flow rate along the thermal contact line of
the liquid contour A/;y from the side of the north panel.
We perform the necessary inversion of the signs and the
specified additions we transform (16) into the thermal
energy complex of the heat balance on the north panel:
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—&-6-AF,, T+ hoAh “R—i(r, ~T,)=0;
2i 6 1i
12i
}\’ AEZ:( }\‘23AF‘231' (T3i_TZi):0;
12i 8231’
X JAF,
S =BT, - T,) -, AF, (T, - T,) = 0;
23i
T, =T
Grr - AFgs; = A AFs, (T, =Ty, ) = 0;
AQZ Nl AQNI + int.fr.i + int. HPI’ (17)

A, AF,
AQy, =€-6-AF,, Ti? 5 (T, T,,);

12i

AesAF,

Oinpi =Gup " AFgs; = B —— (T T5,);
65i
x 9%
s = gy gy
th,fr,z fri di 2
Osy =mC o (T =Ty );

AQEN = QN +Qim.N = mcp (ENO Ty, )

It is necessary to pay attention to the fact that if exter-
nal heat sources are insignificant, then on the northern
panel there is an unambiguous decrease in temperature.

With the joint integration of heat and power balances
((16) and (17)), a mandatory condition

AQs \ +A0s ¢ =0, (18)

(see the last equations in (16) and (17)) is satisfied when
the temperature differences are equal

Tys, —Tiso = Tino = Tinns

or in another presentation — the temperature of the coolant
at the output of the thermal contact of the liquid circuit of
one panel basically determines the temperature at the in-
put to the other:

T,

4Sn

=T,

4N0’ (19)
clarification is possible with a specific topology of the
hydraulic circuit of the liquid circuit outside the thermal
contact lengths on the panels and hydraulic losses in the
electric pump unit and the control throttle (fig. 1) [15].
Conclusion. The considered system of thermal bal-
ances of the thermal control system of the spacecraft on
the characteristic surfaces of constant temperatures is re-
duced to the form allowing to conduct a numerical solu-
tion: the number of equations corresponds to the number
of detected temperatures along the north and south panels
and is closed through the coolant temperature of the liquid
circuit. The system of equations makes it possible to in-
vestigate the thermal state of the spacecraft of a leaky
design in the stage of preliminary design with varying
mode (the angle of inclination of the radiation surfaces to
the sun, the heat release of the service module and the
payload module, etc.) and the design parameters (the spe-
cific dimensional topology of the object, diameter of pipe
cross-sections, refrigerant flow, etc.), in order to deter-

T:tSO T:th 4
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mine the area of efficiency and the area of optimum per-
formance under certain performance criteria (for example:
the ratio of mass of the thermal control system to power
of diverted heat flow).
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O HEHAPAMETPUYECKOM MOJEJIMPOBAHHUU BE3BIHEPIIMOHHBIX
CHUCTEM C 3AIIA3/IbIBAHUEM

A. B. Tepemmuna, [I. U. fApemenko*

Cubupckuii henepanbHblil YHUBEPCUTET
Poccuiickas ®enepauus, 660074, r. Kpachosipck, yin. Axkanemuka Kupenckoro, 26, kop. 1
*E-mail: YareshenkoDI@yandex.ru

Paccmompeno nocmpoenue 06020 Kiacca mooenei 8 YClo8UsAX HEeNOIHOU ungopmayuu. B oannom ciyuae peuw
novdem 0 MHO2OMEPHbIX OE3bIHEPYUOHHBIX 00bEKMAX, K020d KOMNOHEHNbl GEKMOPA 8bIX00d CMOXACMUYECKU 3A6UCU-
Mbl, HO HNpU 3MOM XAPAKMeEp 3MOU 3A6UCUMOCHU anpuopu HeuzgecmeH. I[locmpoenue moodenu MHO2OMEPHO2O
Oe3bIHEPYUOHHO020 00BEKMA, KO20A BEKMOPbl 6X0008 U 8bIX0008 HeAUHEUNbl, NPUBOOUM K He0OX0OUMOCMU peuleHus
cucmemvl HesigHbIX QyHryull. Takoice cnedyem 3amemumyv, Ymo 6U0 dMUX GYHKYUll ¢ MOYHOCHbIO 00 NAPAMEmpos
HeusgecmeHn. B amoil ceazu eoznukaem HeoOX00umMocmsv 6 ucnoavsosanuu T-modenell, Koeda NPOSHOUPOBAHUE
BbIXOOHBIX NEPEMEHHBIX OCYWECBIIAEMC A NO U3BECMHbIM 6X0OHbIM. TaKum 00paszom, 603HUKAEm cUcmema HeaUHetHbIX
HEABHbIX YPAGHEHUU, U0 KOMOPLIX HA HAYATLHOU CMAOUU NOCMAHOBKU 3a0aYU UOeHMUDUKAYUU Heu38ecmeH, a U3-
6ECINHO TUWLD, YMO MA UIU UHAS KOMROHEHMA 6bIX00a 3A6UCUM OM OpPY2Ux NepemMeHHbIX, ONpeoeisiouux coCmosHue
obvexma.

Hcxo0s u3 ebluieonucaninozo, 603HUKAem 0080IbHO HEMPUBSUATIbHAS CUMYAYUST PEULEHUsI CUCTEMbL HEeSIBHbIX Hell-
HEUHbIX YPABHEHUI 8 YCLOBUSX, KO20d CAMUX YpasHeHutl 8 0ovlunom cmuicie vem. Credosamenvho, Mooeib 00beKma
He Modicem Oblmb NOCMPOEHA ¢ NPUMEHEHUeM CYWecmayioweli meopuu U0eHmupuKayuu us-3a HedoOCmamKkd anpuop-
Houl ungopmayuu. Iloosmomy pewienue 0anHOU cucmemvl Modxcem Oblmb NPeOCMAasieHo 8 Ue HEKOMOPOU NOCIed08a-
MenbHOU anzopummuyeckol yenouku T-modenu.

Inasnou yenvio cmamvu A61s1eMcs peulenue 3a0adu uoeHmupurayuu 0 MHO2OMEPHBIX OE3bIHEPYUOHHBIX 0ObEK-
mos ¢ 3anasovieanuem npu namuduu T-npoyeccos, m. e. nocmpoenue T-mooeneti 8 YCI0GUSIX HENAPAMEMPULECKOU He-
onpedenenHocmu. B smom ciyuae 0as npocHo3uposanus 8bIXOOHbIX NEPEMEHHBIX NO U36ECTHHbIM 6XOOHbIM 803HUKAEM
HeobX00uMOCHsb UCHOIb306AHUSL NOIMANHO20 PEUEHUs PACCMAMPUBAEMOTL 3A0aHU.

Ilpusedenvr nexomopule pacyemsl moderuposanusi T-npoyecca, Komopbule HOKA3bI8AI0M 8bICOKYIO IPPEeKMUBHOCHb
npeonazaemor MexHoa02UU NPOSHO3A 3HAYEHUTI 8bIXOOHBIX NEPEMEHHBIX NO U3BECMHBIM 8XOOHBIM.

Knroueswie cnosa: uoenmugpurayus, mamemamuyeckoe mooerupoganue, T-wodenu, T-npoyeccuol.

ON NONPARAMETRIC MODELING SPINNING SYSTEMS WITH DELAY
A. V. Tereshina, D. I. Yareshchenko*

Siberian Federal University
26/1, Kirensky Str., Krasnoyarsk, 660074, Russian Federation
*E-mail: YareshenkoDI@yandex.ru

This article is devoted to the construction of a new class of models under incomplete information. In this article we
will discuss multidimensional inertial-free objects, where the output vector components are stochastically dependent,
but the nature of this dependence is not known to us. Constructing a model of a multidimensional inertial-free object,
when the input and output vectors are not linear, leads to the necessity to solve the problems of systems of implicit func-
tions. It should also be noted that the form of these functions is unknown up to parameters. So there is a need to use
T-processes, when predicting output variables is carried out by known input. Thus there is a system of nonlinear im-
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plicit equations which form is unknown at the initial stage of the statement of the identification problem, but it is only
known that this or that component of the output depends on other variables that determines the state of the object.

Proceeding from the above, a nontrivial situation arises that solves a system of implicit nonlinear equations under
the conditions when the equations themselves are not in the usual sense. Consequently, the model of the object can not
be constructed using the existing theory of identification because of the lack of a priori information. Therefore, the solu-
tion of this system can be represented in the form of some successive algorithmic chain of the T-model.

The main goal of this paper is to solve the identification problem for multidimensional inertia-free objects with de-
lay, in the presence of T-processes, i.e. construction of T-models under conditions of nonparametric uncertainty. In this
case, to predict the output variables by the known input, it becomes necessary to use a step-by-step solution of the prob-

lem under consideration.

In the article some calculations of the T-process simulation will be presented, which showed the high efficiency
of the proposed technology of forecasting the values of the output variables by the known input.

Keywords: identification, mathematical modeling, T-models, T-processes.

BBenenne. Vnentudukanyus MHOTOMEPHBIX CTOXac-
TUYECKHUX IPOLECCOB SIBJISETCS MOBOJIBHO aKTyaabHOM
npoOIeMOi Ui MHOTHX TEXHOJIOTHYECKHX HMPOHU3BOJICT-
BEHHBIX IPOIIECCOB AMCKPETHO-HETPEPHIBHOTO XapakTe-
pa. B MHOTOYHCIICHHBIX MHOTOMEPHBIX pPEaNbHBIX MpO-
I[eccax BBIXOAHBIC INEPEMEHHBIC JOCTYITHBI H3MEPEHHIO
HE TOJBKO B pa3IMYHbIC MOMEHTHI BPEMEHH, HO W depes
JUTHTENEHOE BPEMHL.

Ha mpakTuke 3T0 4acTo 03HaYaeT, YTO KOHTPOJIb HE-
KOTOPBIX KOMIIOHEHT BEKTOpa BBIXOJHBIX MEPEMEHHBIX
3HAYUTEJIBHO MPEBBIIACT HOCTOSHHYIO BPEMEHN 00BEKTA.
OTO NpUBOIUT K TOMY, YTO JUHAMUYECKHE IO CBOEMY
XapakTepy MpOLEcChl BHIHYKJICHBI PacCMaTpUBATHCS Kak
OEe3bIHEPIIOHHBIC C 3aa3/IbIBAHHEM.

Hacrosiimas ctathsi MOCBSIICHA 3aJa4aM UACHTHU(H-
KaIli¥{ TPOIIECCOB, BEIXOTHBIE MTEPEMEHHBIC KOTOPBIX CTO-
XaCTUYECKH 3aBHCHMBI 3apaHee HEM3BECTHBIM 00pa3oM.
Taxoro pona mpouecchl B JalbHEHIIEM M Ha3bIBAIOTCS
T-nponieccamu [1]. A 3amada uaeHTH(GUKAIMN B JTAaHHOM
cilydae COCTOUT B MOCTPOCHUHU T-Mojiesieii MHOTOMEPHBIX
CTaTUCTUYECKUX 0OBEKTOB.

Crnenyer oOpaTWTh BHHMaHWE Ha TO, YTO TEPMHUH
«IIPOLIECChI» HIDKE PacCMaTpUBACTCS HE KaK MpPOLECCH
BEPOSATHOCTHOI MPUPOABI, HAIPUMED, U3JI0XKEHHBIE B [2],
Takue Kak CTalMOHapHbIE, TayCCOBCKHE, MAapKOBCKUE
u ap. Hmxe peus noitner o 7-npoueccax, peajbHO NMpoTe-
KaIOITNX WIN Pa3BUBAIOIINXCS BO BpeMeHH. B gacTHOCTH,
3TO TEXHOJIOTHYECKUHA TPOIECC, MPOU3BOJCTBEHHBIH,
SKOHOMHYECKHI TPOIEcC, MpOoIecC BBI3AOPOBICHUS Ue-
JIOBEKa M MHOTHE JIPYyTHUE.

JlaaHbIE MpoIeccHl BIEpBBIe ObUTH yIOMSHYTH A. B.
MenseneBsiM [3].

T-mogenu. CucremMa ypaBHEHUH, ONHUCHIBarOIIas
T-miporiecchl, B 00IIEM BHJIC MOXKET OBITh IPEACTaBJICHA
cienyronuM odpazom [4]:

Fy(u(t),x(1))=0, j=1n, (1)
rae u (t) — BEKTODP BXOJHBIX MEPEMEHHBIX; x(t) — Bek-

TOp BBIXOAHBIX IepeMeHHbIX. Ho Ha mpakTHke 4acto
HMMEET MECTO CHUTYyallusi, KOT/ia Ha OCHOBAaHHU alPUOPHON
nH(pOpMaNnK cucTeMa ypaBHeHHH (1) MOXeT OBITh Mpe-
CTaBJIeHa B BUJIE

F.(u<j> (t),x<j> (t)):O, j:l,_n, 2)

J
rae u™” (t),x~7(t) - cocraBubie BekTOpbl. COCTABHOI

BCEKTOP — 3TO BEKTODP, COCTAaBJICHHBIN U3 HCKOTOPBIX KOM-
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MOHCEHT COOTBETCTBYIOLICI'O  BEKTOPA,

X7 (1) = (u, () us (£),%, (¢),x, (¢)) , 60 npyroii HaGop.

[Tpn 3TOM OCHOBHOI OCOOEHHOCTHIO MOAEIHPOBAHUS
nofo0HOro Ipolecca B YCIOBUSX HeIapaMeTpUYecCKOn
HEONPEICICHHOCTH SIBJISIETCS TOT (DAKT, 4TO BUJ (QYHKIMH
(1) neusBecren. B atom ciyuae cucrema ypasaeHui (1)
MOXeET OBITh MIPECTABICHA B CICAYIOIEM BUJIE:

(u<j> (t)’x<j> (t)

— BpEMEHHBIC BEKTOpHI (HaOOp MaHHBIX, TO-

B 4YaCTHOCTH

F} > 'xs > us

)=0. j=Ln, (3

rae XU,
CTYyNMBIIMH K S$-My MOMEHTY BPEMEHM), B YacTHO-

cTy, Xs = (X,

s X )= (X5 Xpgs wves Xigs ceer Xops Xggs oee
Xyo» ey X5X,5, ... X, ), HO M B OJTOM cilyyae
F,(-), j=1,n, IPO/OMKAIOT OCTABATECS HEH3BECTHBIMH.

B Teopun npentndukannu nmogoOHbIE 3a1a4l HE TOJBKO
HE paccMaTpHUBAIOTCS, HO M He cTaBarcsa. Yame Bcero
WAYT 10 ITyTH BBIOOpA MapaMeTpudeckoi cTpykTypsl (1),
HO, K COXKaJICHUIO, IPEOJ0JICHHE ITOr0 ITamna 3aTPyAHEHO
n3-3a HEJOCTaTKa amnpuopHod uHpopmauuu [5; 6],
n TpedyeTcs AIUTENFHOE BpeMsl ISl OIpeiesIeHHs apa-
METPHYECKOH CTPYKTYpHI, T. €. MPEACTABICHUS MOIEIH
B BUJIE

Fy(u™ (£),x7 (1),0) =0, j=1n, )
rie o — BeKTop mapameTpoB. Jlanee cieayeT mpouenypa
OLICHKHU IMapaMeTPOB 1O 3JICMCHTaAM 06y‘IaIOHIGI7[ BLI60pKI/I

u,x;, i=15, c HOCIENYIOUUM PEIICHUEM CHCTEMbI He-

JIMHEHHBIX B3aWMOCBSI3aHHBIX COOTHOIICHWH (4). Ycmex
MOCTPOCHHS MOJICIM B JAHHOM Cilydac OyAeT 3aBHCETh
OT Ka4eCTBEHHOH NapameTpu3anuu cucteMsl (4) [7; 8].

B nanbHelimem paccMOTpUM 3afady IMOCTPOCHHS
T-moneneld B yCIOBUAX HeETapaMeTPUUECKON Heompeje-
JIEHHOCTH, T. €. B YCJIOBHAX, Korma cuctema (3) He W3-
BECTHA C TOYHOCTHIO 10 apaMeTpos [4; 9].

BoeruncauTebHbIi 3KCepUMeHT. {15 BeIUUCIU-
TEJIHHOTO AKCHEPUMEHTa OB B3AT NPOCTOH MHOTO-

MEpHBIH 0O0BEKT C MATHIO BXOJAHBIMH IEPEMEHHBIMU
u(t):(ul(t),u2(t),u3(t),u4(t),u5(t)), MMPUHUMAIOIH -
MU ciydaiinbie 3HaueHus B uHrepsane u(t)e[0;3],
u YETBIPHMS

BbIXOJHBIMH NEepeMEHHBIMU

x(t):(xl(t),x2 (t),x3(t),x4(t)), NPUHAMAIONIIMHU 3Ha-
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4yeHMs B clelylolux uHTepBanmax: x,(f)e[-2; 15],
x,() €[-0,8; 33], x,(¢) €[-0,7; 28], x,(t)e[-12; 47].
Jlst maHHOTO 00BEKTa CHOPMUPYEM BHIOOPKY BXOJHBIX H
BBIXOJTHBIX MEPEMEHHBIX HCXOMS U3 CUCTEMbI YpaBHEHHIA
(YpaBHEHHE BBIOPAHO MPOU3BOJILHO, HO MJISL alIrOPUTMAa

UJIEHTU(DUKAIIMN OHY HEM3BECTHBI):
X, (t)—2u2 (t) +u; (t)—0,3x2 ( ) 0;
X, (t)—ul3 (t)—0,3u3( ) 0,5x, (t)
%, (1) = (£) = fus () 0,2, (1) = 0;
x, (1) —u; +u, (1) 0,4x,(1)=0.

Cuctema ypaBHeHHH (5) He SBIISETCS ONMTUCAHUEM Peatb-
HOTO MpoLecca, OHA MPUHATA TOJBKO B TAHHOM BBIYHCIIHU-
TeNbHOM OJKcriepuMeHTe. JlaHHas CHCTeMa BBOAWTCS
JUISL TOTO, YTOOBI MPOBECTH BBIYUCIUTENIBHBINA IKCIIEPUMEHT
U CPAaBHUTH PE3YJIbTAThl OLEHOK KOMIIOHEHT BEKTOpa BBIXO-
Jla, KOTOPBIC MOJYYaTCsl C MOMOIIBI0 7-MOJENH, C MCTUH-
HBIMH 3HAYCHUSMH, U3BECTHBIMH M3 cHCTeMBI (5). JlaHHas
cUCTeMa MPUBEJCHA TOJBKO Ul UccienoBaHus. Ecnmu Ob
MBI UMEJIH JISJTIO C peabHOM 3a1aueii, To 00yJaromias u Tec-
TOBasi BBIOOPKA ObUTH OBI TIOJYYEHBI P MHOTOYUCICHHBIX
OIIBITAX, MPOBOJIUMBIX C U3y4acMbiM 00beKTOM [10].

Takum oOpasom, pemas cucteMy (5) OTHOCHTEIHHO

x(1)=(x, ()., (£),%,(¢),x,(£)) , nonyunm oSyuaromyro

BBIOOPKY u,,X;, i=1,5. Jlanee HEOOXOIUMO PELIUTH CUC-

)

temy (5). Jlms 3TOro HEOOXOAWMO PEUIUTh €€ OTHOCH-
TeNbHO X(?) NIpH W3BECTHBIX 3HAYCHMsIX u(f), IPU HTOM
3HayeHus u (1) MOryT ObITh CHOPMHPOBAHBI CIlyHaiiHBIM

06pa30M 13 YKAa3aHHBIX BbIIIC UHTCPBAJIOB!:

Fxl(xl(t),xz(t),uz(t),us(t))z();
Fo (3 (0), 3, (1), (2),u5.(1)) = 05
E(um@unu@)=e
Fy(x (1), %, (2),u, ()5 (1)) = 0.

TaKI/IM 06pa30M, HpI/I N3BCCTHBIX 3HAYCHUAX

u(t) = (u1 (t),u2 (t),u3 (t),u4 (t),u5 (t)) HEOOXOANMO [1aTh
OLICHKY 3HAUCHUI BBIXOIHBIX MEPEMEHHBIX. DTO SBISCTCS
OCHOBHBIM HTOTOM pCIICHHS 3aJaudl  HICHTH(HUKAIH.
KoneuHo, xoTenock Obl Ha3BaTh CUCTeMy ypaBHeHHH (5)
MOJIENBIO MICCIIEYEMOTO TIpoLiecca, HO 3TO HE Tak, M0 TOW
MPOCTOM Tpw4uMHE, 4T0 (GYHKIUH F (x) HCU3BECTHBIL
VImeHHO 1O3TOMY B KauecTBE 7-MOEIH BBICTYTIACT IIETIOYKa
COOTBETCTBYIOIINX HEMAPAMETPHUIECKUX CTATHCTUK.

JIyis Havama BBIYUCIIIFOTCSI HEBSI3KH VIS KaXKIOTO KOM-
MTOHEHTa BEKTOPA BBIXOJIA IO CIIeAyIomer hopmyie [4]:

g;(i)=F, (”<j>’x./ (l)) =, (i)~

o
<n> uk [l]

Zx [z]HCD

s <n>

IR

i=1 k=1

(M

U —u 1l [{]

Suy
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roe j=1,n, ,<m> — pa3MepHOCTh COCTABHOTO BEKTOpa

u,, <m>< m, B JaJdbHeHlIeM 3T0 0003HaUCHUE HUC-

NONb3yeTcs U JUIs ,prrI/IX nepeMeHHbIX. KoJI0K011006-
—u,[i]

Csu k

pasuble QyHKIIH D W TIapaMmeTp pa3MBITO-

CTH C,, YIOBJICTBOPSIOT HEKOTOPBIM YCIOBHSAM CXOJH-
MOCTH ¥ 00J1a/1af0T CIISIYIONIMMH CBOHCTBAMU:

d)(-)<oo;

lim,_, c,'® (c;1 (u—u, )) =8(u—-u,);
lim_ ¢ =0, lim_,_ sc =oc [11].

Takke MOXKHO MPEICTAaBUTL HEBSA3KH B BHJIE CJICIYIO-
€A CUCTEMBI:

(1) = Fu (] (0).5 (1) 3 (1).245 (1))
2 (1) = Fo (31 (1).33 (1)1 () 265 (1)) ®
e (1) = Fus (o (0).53 (1) s (1), (1)
AOEACHORAORAGRAG)

CoOTBETCTBEHHO, Kaxass HEBS3KA COOTBETCTBYET KOH-
KPETHOMY BBIXOY OOBEKTa.

Jlinst 1aHHOrO KCIepuMeHTa OyJeM MEHSTh apaMeTp
pasmbiTocTd c,. IlapameTp pasMbITOocTH OyIeT nexaTb
B uHTepBane c, €[0,3;
s =1000. Jnst
xl(t),x2 (t),x3(t),x4 (t) npuBefieM rpa(uKu IPOTHO3-

1,2]. O6wvem BBIOOpKH 3amaguM

KaXXJ0T0 BBIXOJIa o0BbeKTa

HBIX 3HaYEHHH.

Tak xak 00beM BBHIOOPKH OOJIBIION M YTOOBI HATIISTHO
OBLIO BHJIIHO, MPUBEAEM Ha Tpaduke MPOTHO3HBIE 3HAUE-
HUS BBIXOJIa MOJICNIA C YacTOTOM depe3 Kaxubie 50 Todek
BBIOOPKH.

Ha puc. 1-4 Ttoukammu 0003HA4YeH OOBEKT, a KPECTH-
KaMH 0003HaueHa MOJeb OObEKTA.

[puBenennsie puc. 1-4 Moka3bpIBalOT UCTHHHBIC 3HA-
YCHUS BBIXOJHBIX MEPEMCHHBIX M WX MPOTHO3HBIC 3HAYE-
Husi. Kak BUIHO, HCTHHHBIC 3HAYCHHUS U MIPOTHO3HEBIC 3HA-
YCHUsI KOMIIOHEHT BEKTOPA BBIXOJA JAIOT JOBOJILHO TOY-
HBIU Pe3yabTaT. ITO CBHICTEIHCTBYET O BHICOKOI TOYHO-
CTH T-MOJEIIH.

Bropoii skcnepumeHT mposenem ¢ momexoit 10 %.
IIpu sTomM momexa OymeT HaKIaObIBATHCS HA 3HAYCHHS
KOMIIOHEHTHl BEKTOpa BBIXOAa OOBekTa. [lms maHHOTO
SKCIEPUMEHTA, KaK M B IEPBOM cCilydae, OyIeM MeEHSTbH

napaMeTp PasMbITOCTH C, U TNpOLEHT noMexu. O6wvem
BBIOOPKH 3amaamM s =1000 . JIjig kaxa0ro BHIXOJa TPH-
(£)5x5 (1), x, (7).

Ha puc. 5-8 Toukammu 0003HAYeH OOBEKT, a KPECTH-
KaMH 0003HaueHa MOJEIb OObEKTA.

BezieM rpaduku x, (¢), X,
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Puc. 1. IIporHo3 3HayeHuil BBIXOAHOI! IepeMeHHON X, 6e3 momex, npu s =1000 u ¢, =0,3

Fig. 1. Prediction of values of output variable x, , without interference, at s =1000 and ¢, =0,3
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Puc. 2. IIporHo3 3HayeHul BBIXOAHOI NepeMeHHON X, 6e3 momex, npu s =1000 u ¢, =0,3

Fig. 2. Prediction of values of output variable x,, without interference, at s =1000 and ¢, =0,3
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Puc. 3. IIpornos 3HayeHuit BIXOAHOI nepeMeHHoM x3 6e3 nmomex, npu s =1000 u ¢, =0,3

Fig. 3. Prediction of values of output variable x3, without interference, at s =1000 and ¢, =0,3
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Puc. 4. IIpornos 3HayeHuit BBIXOAHOI nepeMeHHOM x4 6e3 momex, npu s =1000 u ¢, =0,3

Fig. 4. Prediction of values of output variable x4, without interference, at s =1000 and ¢, =0,3
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Puc. 5. TIpornos 3nayenuii BbIxoaHo# nepemennoit x; npu s =1000 u ¢, =0,3, nomexa 10 %

Fig. 5. Prediction of values of output variable x,, at s =1000 and ¢, =0,3, interference 10 %
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Puc. 6. IIpornos 3nayenuii BbIX0AHOM nepemMenHoi x, npu s =1000 u ¢, =0,3, nomexa 10 %

Fig. 6. Prediction of values of output variable x,, at s =1000 and ¢, =0,3, interference 10 %

456



HUnghopmamuxa, eeruuciumenvhas mexHuxka u ynpasieHue

1 (1) % (1)
10 L [] # ® " . *

. . L ] ‘:E c
0 WT—%%%M%%—MFH%H—}

100 200 300 400 ¥ 500 600 700 = 800 00 1000
L ]
.
10+ . Obbeut
[ ]
20 1
Monene

30 ' H—‘—_‘_}*

Puc. 7. Ilpornos 3HayeHuil BIXOAHOI nepeMeHHOM x3, ipu s =1000 u ¢, = 0,3, momexa 10 %

Fig. 7. Prediction of values of output variable x3, at s =1000 and ¢, =0,3, interference 10 %
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Puc. 8. [Iporuos 3HaueHuii BHIXOJHON NepeMeHHOM x4, IpH s =1000 u ¢, =0,3, momexa 10 %

Fig. 8. Prediction of values of output variable x4, at s =1000 and ¢, =0,3, interference 10 %

Ha puc. 5-8 moka3aHbl HCTHHHBIC 3HAYCHUS BBIXOJ-
HBIX MEPEMEHHBIX W MPOTHO3HBIC 3HAYCHHS BBIXOJHBIX
nepeMeHHbIX. Kak MOXHO 3aMeTHTh W3 TPauKOB, MpH
momexe 10 % HeKOTOpBIe TOYKH BBHIOOPKH OTKIOHSIOTCS
OT UCTUHHBIX 3HaYeHUH. BO3MOXHO, 3TO IPOUCXOIUT U3-
3a Toro, 4ro HpucyTcTByeT 10 %-s moMexa W Ha BXOX
MOTYT TIOCTYIIaTh HEKOPPEKTHBIE 3HAUCHUSI.

Taxke ans CpaBHEHHS YBEIMYUM OOBEM BBIOOPKH
s =2000. Kak 1 B npepIAyIINX dKCIEpHUMEHTaX, OyaeM
MEHATh NapaMeTp pa3MbITOCTH c,. IlapameTp pa3mbITo-
cTu OyzeT nexxats B uHTepBaie ¢, €[0,3; 1,2].

Taxke A7 HATTAHOCTH JUIS KaXXIOTO BBIXOJA TPH-
BeseM rpaduku X, (1),x,(¢),x;(¢),x,(¢). ¥ 10 xe mpo-

nemaeM ¢ momexor 10 % 11 Ka)KI0ro U3 BEIXOIOB.
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Ha puc. 9-16 Toukamu 0603Ha4eH OOBEKT, a KPECTH-
KaMH 0003HaueHa MOJeIb OObEKTA.

Kak MOXHO 3aMETHTh W3 TPUBCACHHBIX TPa(HKOB,
¢ yBenmueHueM nomexu 1o 10 % OOBEKT OTKIOHSETCS
OT MoOJenu. A TpU YyBEJIMYECHHUHU 0O0BbeMa BBIOOPKH TOY-
HOCTh POTHO32 YBEIHMYHBACTCS.

3akaouyenue. B nanHoii paboTe OpuTa paccMOTpeHa
3anavya uiaeHTHGUKAKE OE3bIHEPIHOHHBIX MHOTOMEP-
HBIX OOBEKTOB C 3ama3/bIBAHHEM MPH HEU3BECTHBIX
CTOXAaCTHYECKUX CBA3SIX KOMIIOHCHT BEKTOpa BBIXOMA
[12-14].

[IpoBencHHBIC BBIYUCIUTEIBHBIE AJKCICPUMEHTHI
MOKa3ajdl BBICOKYIO dddexkTuBHOCTE T-MOACIHUPO-
BaHMs. Takke MPU MOJCIHPOBAHUM OBLIU MPOU3BEIC-
HbI JKCIIEPUMEHTHI C Pa3JIUYHBIM 00BEMOM BBHIOOPKHU
u momexamu [15].
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Puc. 9. I[IporHo3 3Ha4yeHui BBIXOAHOM IepeMeHHON X, Oe3 momex, npu s =2000 u ¢, =0,3

Fig. 9. Prediction of values of output variable x, , without interference, at s =2000 and ¢, =0,3
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Puc. 10. IIporno3 3HaueHuil BBIXOJHOH NEepeMeHHOH X, 6e3 nmomex, npu s =2000 u ¢, =0,3

Fig. 10. Prediction of values of output variable x,, without interference, at s =2000 and ¢, =0,3
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Puc. 11. Ilporxos 3nayeHuii BIXOHOI nepeMenHOM x3 6e3 momex, npu s =2000 u ¢, =0,3

Fig. 11. Prediction of values of output variable x3, without interference, at s =2000 and ¢, =0,3
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Puc. 12. IIporHo3 3HaueHHil BBIXOAHO} IIepeMeHHoOl X, 6e3 nomex, npu s =2000 ¢, =0,3

Fig. 12. Prediction of values of output variable x, , without interference, at ¢, =0,3
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Puc. 13. TIporuos 3HaueHnii BbIX0/{HOM niepeMeHHOM x| ipu s = 2000 u ¢, =0,3, momexa 10 %

Fig.

13. Prediction of values of output variable x;, at s =2000 and ¢, =0,3, interference 10 %
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Puc. 14. TIporuo3 3HaueHnii BBIX0/IHOM NIepeMeHHOM X, ipu s = 2000 u ¢, =0,3, momexa 10 %

Fig. 14. Prediction of values of output variable x,, at s =2000 and ¢, =0,3, interference 10 %
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Puc. 15. Ilporxos 3nayenuit BbIX0aHOI nepemenHoi x3 npu s = 2000 u ¢, =0,3, nomexa 10 %

Fig. 15. Prediction of values of output variable x3, at s =2000 and ¢, =0,3, interference 10 %
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Puc.16. IIpornos 3HaueHuit BEIXOJHOM NepeMeHHOIt x4, ipu s = 2000 u ¢, =0,3, nomexa 10 %

Fig. 16. Prediction of values of output variable x4, at s =2000 and ¢, = 0,3, interference 10 %

bu6auorpaguyeckue cCblIKM

1. Mensenes A. B. Henapamerpuueckue CUCTEMBI
amanTanuu. HoBocubOupck : Hayka, 1983. 174 c.

2. Iyo JIx. JI. BeposTHOCTHBIE mpomecchl. M.
Hnoctp. nut., 1956. 605 c.

3. Mensenes A. B. OCHOBBI TEOPUH aTalITUBHBIX CHC-
TeM : MoHorpadus / Cub. roc. aspokocmud. yH-T. Kpac-
HoOsIpck, 2015. 526 c.

4. Mensenes A. B. OcHOBBI Teopuu HemapaMmeTpude-
cKX cucTteM. VneHTudukanus, ynpaBieHHE, NPHHSATHE
pemenuii : monorpadus / Cubl'Y um. M. ®@. PemierHena.
Kpacnosipck, 2018. 732 c.

5. Diikxopd II. OcHOBBI HIEHTHOUKAUK CHCTEM
ynpasiienus. M. : Mup, 1975. 681 c.

6. CoBpeMeHHBIC METO/AbI WACHTHU()HUKAIMU CHUCTEM :
niep. ¢ anni. / I1. Diikodd [m ap.] ; mox pen. I1. Diikodda.
M. : Mup, 1983. 400 c.

7. Bacunbes B. A., [looposunos A. B., Komkun I'. M.
Henapametpraeckoe oneHuBaHIe (QYHKIIFOHAIOB OT pac-
MpEJCNICHUI  CTAllMOHAPHBIX IOCIENOBATEILHOCTEH /
otB. pea. H. A. Ky3uenos. M. : Hayka, 2004. 508 c.

460

8. JIvtonr JI. Unentuduranus cucrem. M. : Hayka,
1991. 432 c.

9. pmkun . 3. OcHOBBI MHPOPMAITMOHHON TEOpUHU
naeHtudukanuu. M. : Hayka. I'n. u3n-Bo ¢us.-mat. Jur.,
1984. 320 c.

10. AMocoB H. M. MojenupoBaHue CIOXKHBIX CHC-
teM. Kues : HaykoBa mymka, 1968. 81 c.

11. Mensenes A. B. Teopus HemapaMeTpUYeCKHX
cucreM. Ynpasinenue 1 // Bectnux Cu6I'AY. 2010.
Ne 4 (30). C. 4-9.

12. Meronpl KIIacCCUYECKOH M COBPEMEHHON Teopuu
aBTOMaTH4eckoro ympasiuenus. B 5 1. T. 1. MaremaTuye-
CKHE MOJENH, TUHAMUYECKHE XapaKTEPUCTUKH U aHAJIN3
CHCTEM aBTOMAaTH4YeCKOro ympasieHus / mox pen. K. A.
IMynkosa, H. I. Erynosa. M. : M3a-80 MI'TY um. H. D.
baymana, 2004. 656 c.

13. MeTonbl KJIacCCUYECKOH M COBPEMEHHOW TEOpHH
aBTomMarndyeckoro ympasieHnus. B 5 1. T. 2. Cratuctude-
cKas JUHaAMMKa M MJICHTU(QUKALUS CHCTEM aBTOMAaTHYe-
ckoro ynpasnenus / nox pen. K. A. Ilynkosa, H. 1. Ery-
nosa. M. : Uza-8o MI'TY um. H. D. baymana, 2004. 640 c.



HUnghopmamuxa, eeruuciumenvhas mexHuxka u ynpasieHue

14. MeTonpl KJTACCHYECKOW M COBPEMEHHOW TEOpHUHU
aBToMaTtHueckoro ynpasnenus. B 5 1. T. 4. Teopus on-
TUMH3AIAHA CHCTEM aBTOMATHYECKOTO YIPaBIICHUA / TOJ
pen. K. A. Ilynkosa, H. JI. Erynosa. M. : U3a-8o MI'TY
nM. H. D. baymana, 2004. 744 c.

15. Apemenxo H. U. O HemapameTpuueckol UAECHTH-
¢ukammu T-nporieccoB // CHOMpPCKHMA XKypHAT HayKH
u texHosoruit. 2018. T. 19, Ne 1. C. 37 — 44.

References

1. Medvedev A. V. Neparametricheskie sistemy adap-
tacii [Nonparametric adaptation systems]. Novosibirsk,
Nauka Publ., 1983, 174 p.

2. Dub Dzh. L. Veroyatnostnye processy [Probabilis-
tic processes]. Moscow, Iz-vo inostrannoy literatury
Publ., 1956, 605 p.

3. Medvedev A. V. Osnovy teorii adaptivnyh system:
monografiya [Fundamentals of adaptive systems theory].
Krasnoyarsk, SibGAU Publ., 2015, 526 p.

4. Medvedev A. V. Osnovy teorii neparametricheskih
sistem. Identifikaciya, upravlenie, prinyatie reshenij
[Fundamentals of the theory of nonparametric systems.
Identification, management, decision making]. Kras-
noyarsk, SibGAU Publ., 2018, 732 p.

5. Ehjkhoff P. Osnovy identifikacii system upravleniya
[Fundamentals of identification of control systems]. Mos-
cow, Mir Publ., 1975, 681 p.

6. Ehjkhoff P., Vanechek A., Savaragi E., Soehda T.,
Nakamizo T., Akaike H., Rajbman N., Peterka V. Sovre-
mennye metody identifikacii system [Modern methods
of system identification]. Moscow, Mir Publ., 1983, 400 p.

7. Vasilev V. A. Neparametricheskoe ocenivanie
funkcionalov ot raspredeleniy stacionarnyh posledovatel-
nostey [Nonparametric estimation of functionals of distri-
butions of stationary sequences]. Moscow, Nauka Publ.,
2004, 508 p.

8. Lyung L. Identifikaciya system [ldentification
of systems]. Moscow, Nauka Publ., 1991, 432 p.

9. Cypkin Y. Z., Osnovy informacionnoy teorii identi-
fikacii [Fundamentals of Information theory of identifica-
tion]. Nauka Publ., 1984, 320 p.

10. Amosov N. M. Modelirovanie slozhnyh sistem
[Modeling of complex systems]. Kiev, Naukova dumka
Publ., 1968, 81 p.

11. Medvedev A. V. Teoriya neparametricheskih sistem.
Upravlenie 1 [The theory of nonparametric systems. Man-
agement 1]. Vesmik SibGAU. 2010, No. 4 (30), P. 49
(In Russ.).

12. Pupkova K. A., Egupova N. D. Metody klassi-
cheskoy i sovremennoy teorii avtomaticheskogo uprav-
leniya. T. 1: Matematicheskie modeli, dinamicheskie
harakteristikii analiz sistem avtomaticheskogo uprav-
leniya [Methods of classical and modern theory of auto-
matic control. Vol. 1: Mathematical models, dynamic
characteristics and analysis of automatic control systems].
Moscow, Iz-vo MGTU im. N. E. Baumana, 2004, 656 p.

13. Pupkova K. A., Egupova N. D. Metody klassicheskoy
i sovremennoy teorii avtomaticheskogo upravleniya. T. 2:
Statisticheskaya dinamika i identifikaciya sistem av-
tomaticheskogo upravleniya [Methods of classical and mod-
ern theory of automatic control. Vol. 2: Statistical dynamics
and identification of automatic control systems]. Moscow,
Iz-vo MGTU im. N. E. Baumana, 2004, 640 p.

14. Pupkova K. A., Egupova N. D. Metody klassicheskoy
i sovremennoy teorii avtomaticheskogo upravleniya. T. 4:
Teoriya optimizacii sistem avtomaticheskogo upravleniya
[Methods of classical and modern theory of automatic con-
trol. Vol. 4: Theory of optimization of automatic control
systems]. Moscow, I1z-vo MGTU im. N. E. Baumana, 2004,
744 p.

15. Yareshchenko D. 1. O neparametricheskoy identi-
fikacii T-processov [On nonparametric identification
of T-processes]. Siberian Journal of Science and Tech-
nology. 2018, Vol. 1, No. 1, P. 37-44 (In Russ.).

© Tepemuna A. B., Spemenko . ., 2018






PA3nen
PART

ABUNALUMNOHHAA
N PAKETHO-
KOCMWYECKAA TEXHUKA

AVIATION
AND SPACECRAFT
ENGINEERING




Cubupckuii scypnan nayku u mexnonoauu. Tom 19, Ne 3

UDC 621.396.932.1
Doi: 10.31772/2587-6066-2018-19-3-464-468

For citation: Akzigitov A. R., Stacenko N. I., Pisarev N. S., Efimova A. N., Musin R. M. [Implementation of rus-
sian sattelite communication system “Gonets” in aircraft monitoring]. Siberian Journal of Science and Technology.
2018, Vol. 19, No. 3, P. 464-468. Doi: 10.31772/2587-6066-2018-19-3-464-468

Jost uurupoBanns: Axsurutos A. P., Crauenko H. 1., ITucapes H. C., Epumona A. H., Mycun P. M. BHenpenne
OTEYECTBEHHOH CIyTHHKOBOH cucTeMbl cBsizu «['OHEI» B Mpolecc MOHMTOPHMHIA BO3IYIIHBIX CynoB // CuOupckuit
xKypHai Hayku u TexHonoruid. 2018. T. 19, Ne 3. C. 464—468. Doi: 10.31772/2587-6066-2018-19-3-464-468

IMPLEMENTATION OF RUSSIAN SATTELITE COMMUNICATION SYSTEM “GONETS”
IN AIRCRAFT MONITORING

A. R. Akzigitov*, N. I. Stacenko, N. S. Pisarev, A. N. Efimova, R. M. Musin

Reshetnev Siberian State University of Science and Technology
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One of the main problems of air transportation is the problem of continuous aircraft monitoring, which allows to
control every specified flight plan, record deviations from the route, and, in case of a crash or an accident, immediately
perform the aircraft search, location and rescue. This problem can be effectively solved by means of satellite
navigation systems, satellite communication systems and automatic vehicle monitoring systems.

The onboard aircraft satellite telemetric terminal “Gonets D1-M” is a good option for solving the problem, as it was
specially designed for installation in vehicles to record their location, speed and direction. Additionally, it can register
a number of other parameters, such as analog / digital input data and sensor readings, that allows to transfer to the
control center not only the data on aircraft attitude and speed, but also on the status of its operation.

At present, the policy of import substitution is widely implemented on the territory of the Russian Federation, and it
has an influence on all spheres of economic activity. This paper gives a presentation of the home-produced satellite
navigation system “Gonets”, which has a number of advantages in comparison with foreign analogues.

The proposed system is being used in the field of sea transportation and has already established itself as practical;
so there is a prospect of introducing such a system to the aviation sphere.

Keywords: GPS, GLONASS, Iridium, monitoring device, GSM, telemetry data transmission.

BHEJIPEHUE OTEYECTBEHHOM CITYTHUKOBOMW CUCTEMBI CBS3H «IOHEII»
B MPOONECC MOHUTOPHUHI' A BO3JYIIHBIX CYJOB

A. P. Axzurutos*, H. U. Cranenko, H. C. [Tucapes, A. H. Edbumona, P. M. Mycun

Cubupckuii rocy1apCTBCHHBIH YHHBEPCUTET HAYKH U TEXHOJOTHI UMEHU akajemuka M. @. PemerneBa
Poccuiickas @enepanus, 660037, r. Kpacnospek, npocn. uM. ra3. «KpacHosipckuit pabounii», 31
*E-mail: aakzigitov88@mail.ru

OO0HOUl U3 OCHOBHBIX 3a0aY 6 0DecneyeHUl 8030YULHO20 OBUINCEHUS ABTAEMCS NOCMOSHHOE OnpedeleHue Mecmono-
JIOMHCEHUS 8030VUIHBIX CYO08, UMO 0dem 803MONCHOCHb OCYUeCMBIAmMb KOHMPOIb HAO peanuzayuell 3a0aHHO20 NAAHA
nojiema u pecucmpupo8ams OMKIOHEHUs OM MApuwipyma, a Kpome moeo, 8 ciyyae kamacmpogul 1ubo asapuu Hemeo-
JIEHHO 0CYWecmenams Nouck, oOHApyd’ceHue U cnaceHue 8030VuiHbIX cy008. Payuonanvno pewiams 3my npobremy c
npuMeHeHueM CNymHUKOBbIX HABULAYUOHHBIX CUCNEM, CRYMHUKOBLIX CUCMEM C8A3U U CUCIEM a8MOMAmMu4ecKo2o Mo-
HUMOPpUHea MPAHCROPMHBIX CPEOCMS.

Js pewenus noCmasieHvix 3a0ay NpedoACeHO UCNONb308AMb HA 6OPMY B030YUWHO20 CYOHA CHYMHUKOBHIU Me-
nemempuueckuii mepmunan «loney-1My, npednasnauennvlii 015t YCMaHOBKU HA MPAHCROPMHOE CPEOCMBO, Pesuchi-
PUPYIOWULL MECMONONIONCEHUE, CKOPOCMb, HANPABIEHUE OBUICEHUS MPAHCROPMHO20 cpedcmaa. Takace 0ononHumenb-
HO OH CNOCO6EH pecucmpuposams psio Opyeux napamempos, maxKux Kak cCOCMmosHUs aHai0208bIX/OUCKPEMHbIX 6X0008 U
NOKA3aHUs OAMYUKO8, 4MO NO360AUM Nepedasams 6 OUCHeMYepPCKUll NYHKM OaHHble He MOAbKO 0 2e02papuuecKom
HONOACEHUU U CKOPOCTU 8030YULHO20 CYOHA, HO U O COCMOSIHUU €20 pabOmbi.

B nacmoswee spema na meppumopuu Poccuiickoii @edepayuu akmueHo npo8ooumcs NOAUMUKA UmMnopmo3sameuje-
HUA, KOmopas pacnpocmpansemcs Ha 8ce cghepvl OeamenvHocmu. Paccmompena omeuecmeeHHas CNYmMHUKO8ASA
HasueayuonHnasa cucmema «loneyy», komopas obiadaem paoom npeumMywecms 8 CpagHeHUuU ¢ 3apyoedxrCHbIMU aHa-
no2amu.
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Ilpeonazaemasn cucmema ystce aKkmusHO UCNOALIYEMCA 8 Chepe MOPCKO20 MPAHCNOPMA U XOPOUIO cebs 3apeKoMeH-
dosana, a 3Ha4Um, uMeemcs nepCneKmusa gHedpeHuUs NOOOOHOU CUCMEMbL 8 AGUAYUOHHYIO cepy.

Kmiouesvie cnosa: «loneyy, I''TTOHACC, GPS, ycmpoiucmeo monumopunea, GSM, nepedaua menemempuueckux

OQHHBIX.

Introduction. This article deals with the topical
problem of prospects in using the home-produced satellite
navigation system “Gonets” in the field of aviation [1; 2].
The actual satellite system demonstrates certain
advantages compared to such foreign analogues as the
satellite system “Iridium”.

“Gonets”. The satellite communication system
“Gonets” is designed for different modes of global
informational exchange with spacecraft and missiles and
also for supplying relay channels for different purposes.

“Gonets” provides communication in zones which are
out of coverage of the land GSM networks [3-5],
provides communication environment for Russian
coordinate and timing support system  GLONASS
and communication with stationary and mobile
subscribers in regions with limited access to common
means of communication. Transmission of data/message
packets both between the system subscribers and with
users of general communication networks can be
established [6—8]. The equipment and software for
spacecraft and subscriber communication terminals is
designed in such a way that the system operation does not
require continuous subscribers’ location within the
spacecraft radio visibility. When the spacecraft and the
terminal are out of the radio visibility zone they can share,
the message is buffered and transmitted when one of the
system’s spacecraft enters the subscriber’s zone.

At present “Gonets” system can provide such services
as:

— message exchange between the system subscribers
on a global scale;

— transmission of location data for the objects
processed by GLONASS system;

— message exchange between the system subscribers
and users of general networks on a global scale;

— circular message transmission for a group of
subscribers;

— transmission of telemetered data for target objects.

Data are transferred by the system both out of
connection with the ground segment (point-to-point:
subscriber — SC — subscriber) and by employing regional
stations (subscriber — SC — regional station). Regional
stations provide routing of messages as well as
information exchange of subscribers with the Internet
(fig. 1) [9-11].

When both the transmitting and the receiving
terminals are in radio visibility of the same SC, the time
of message transfer is 1-2 minutes. Waiting time for a
communication link of a subscriber on Russian territory
through the system of 12 SC is from 0 (at the northern
borders) to 15 minutes (at the southern borders of Russia).

M2M satellite channel. Channels of mobile satellite
communication terminals “Gonets” are used in the M2M
networks where there is a need of telematic data
transmission from remote places that are out of land
communication networks coverage. From “Gonets”
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satellite M2M data are transmitted to the regional
“Gonets” station, and then to the Internet.

The use of satellite channels of “Gonets” system in
forming M2M networks provides unlimited scalability for
industrial systems where the inspection equipment units
are placed all over an extensive territory with no
communication infrastructure.

Compactness of “Gonets” terminals and antennas is
also an important factor that makes it possible to install
the equipment in different spatial conditions (fig. 2).

The service is provided by a subscriber’s “Gonets”
terminal working in the automatically mode. The terminal
is joined to the user’s system controller and automatically
transmits M2M data through the satellite “Gonets”
network.

“Gonets-D1IM”. The satellite telemetric terminal
“Gonets-D1M” can be used to provide data collection and
transference. “Gonets-DIM” terminal is designed for
installation in vehicles (fig. 3).

The terminal registers location, speed and route of the
vehicle. The navigation can be provided through the
global navigation system GLONASS, the global
positioning system GPS, or through both these systems
simultaneously [12; 13]. The terminal is applicable for
any kind of stationary and mobile platforms and vehicles.
At present the terminal is widely wused in sea
transportation; potentially, it can be effectively used in air
transportation.

The terminal operation principles. The experimental
onboard system will comprise: the satellite terminal
“Gonets-D1M” with satellite and cellular communication
antennas. The power required for operation can always
be supplied by the aircraft electrical direct current system
of 12 V.

When switched on, the terminal performs the search of
GLONASS and GPS satellites, fixes its own location,
speed, time, input voltage, takes sensors’ readings and
connects to the server.

As soon as the connection is made, the terminal starts
to transfer monitoring information to the server at a
specified rate. In zones out of GSM network coverage the
data will be transmitted through the “Iridium” network
SBD channel; these can also be duplicated in case the
GSM signal is received. If connection to the server
becomes problematic, all information is stored in a non-
volatile memory of the terminal and transferred as soon as
the connection is re-established (fig. 4).

The route of the vehicle is recorded in the form of
separate time points at which all the terminal incoming
information from the sensors and the auxiliary equipment
is registered. A concrete route point is stored in memory
if at least of one of the following things happen: a
deviation from the given directional angle; the end of the
lapse of point fixation time (for moving objects); any
event at analog and discrete inputs; change of the device
status.
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Fig. 1. Functioning of satellite communications for the monitoring of aircraft
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Fig. 2. Functional diagram of the terminal operation
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Fig. 4. Terminal “Gonets-D1M”

Puc. 4. Tepmunan “I'onen-{1M”

Satellite systems compared

Gonets Iridium
Maximum data transmission volume V=340 byte =2,72 K V=340 byte =2,72 K
Average data transmission time r=10 K/sec r =20 K/sec
Full packet transmission time T=22sec T=3.8sec

The object’s attitude data and aircraft parameters’ records
are captured and transferred as a packet through GSM or
“Gonets” networks to the control center (see table) [14; 15].

Conclusion. The article gives an analysis of the
advantages of “Gonets” satellite navigation system
implementation in the field of aviation for the purpose of
aircraft monitoring. Compactness of the terminal,
authentication of subscribers when the channel is
accessible, full coverage of the Russian Federation
territory — all these point out the advantages of the
system’s application and its ability to provide economical
personal communication for all kinds of coverage zones.

For effective aircraft monitoring, “Gonets-D1M” can
be implemented as a means of communication, as it is
already being used in sea transportation sphere. This
system is able to provide continuous monitoring of
aircraft throughout the territory of Russia.
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OO0HOIL U3 CLOMHCHBIX 3a0ay NpU paspadomie HCUOKOCMHO20 pakemHnozo osucamens (JKP/) aersiemcsa obecneuenue
€20 HaodéxiCHO20 U cmadbuIbHO20 3anycka. B amom nepuod pabomul dgueamens 8 npoyecce e2o ompabomku Hauboiee
YACMO BO3HUKAIOM AHOMALbHbIE U agapuiible cumyayuu. awe 6ce2o Mo CEA3AHO ¢ GOTLUUM PAZOPOCOM MACCOBO20
pacxoda KOMNOHEHMO8 MONAUBA, NOCMYNAIOWUX 8 2A302eHepamop u Kamepy ceopanus. Ha momenmovl nocmynienus
U 8EAUUUHBL PACX0008 CYUWeCNBEHHOE GIUSHUE OKAZIEAION NPOYECCHl 3ANOIHEHUS C60DOOHBIX 06bEMO8 CMECUMETLHBIX
201060K 2aso2enepamopa u kamepuvl ccopanust. Om cOOMHOUEHUs. KOMROHEHMO8, NOCMYNAIOWUX 8 HUX, 3A8UCUM PA3-
sumue pabouux npoyeccos u, 8 YACMHOCIMU, MeMNEPamypa 2eHepamopro2o 2aza. Om Geluyunbl MeMnepamypbl 3a6u-
cum pabomocnocoOHOCHb CONIOB020 annapama u 10namox mypounsl. Quens 8ax3cCHO 8 NPoOYecce 3anycka O8USAMes.
He 00nycKkams GOIbUUX MEMNEPAMYPHBIX 6CHILECKO8 8 2A302eHepamope, 0CoOeHHo Ol dgueamenell ¢ OKUCIUMENbHO
cxXemoll 2azozenepayuu, Max KaK 6 OKUCTUMENbHOU cpede 60320PAHUe INEMEHMO8 24308020 MPAKMA 803MONCHO NPU
OMHOCUMENLHO HEBLICOKUX MEMNepamypax 2asd.

Paccmampusaemes 6onpoc 3anonHeHuss CMECUMENbHBIX 20JI080K 2A302eHepamopa U IUsHUEe IMo20 Npoyecca Ha
OUHAMUKY DeccmapmepHo20 3anycKa HCUOKOCMHO20 PAKemHo2o 0sueamens. [Ipogodumcs ananus KOHCMpYKyuil 2a3o-
2EHEePAMOPO8 U UX CMECUMENbHBIX 20I080K, PACCMOMPEHbI 0CODEHHOCMU OP2AHU3AYUY PAbOYe20 NPOYecca 8 NOAOCHISX
2asoeenepamopa.

st meopemuuecko2o ananu3a NOCMAGIEHHOU 3a0a4u UCHOAb3YeMCs HeUHeHAs Mamemamuieckas mooeis KP/I.
C eé nomowwio nposederno ucciedosanue 3anycka XXPI[ ¢ yuemom u 6e3 yuema 60y8a 2a3a 6 CMeCUMENbHYIO 20108KY
2asoeenepamopa. Boye eaza — smo 00un u3z cnocob6oé 003uposanus pacxo0a KOMNOHEHMA MONAUBA, CYUeCTNEEHHO YLy~
yarwull pacnvll KOMROHEHMA, NOCMYNaiowe2o 6 301y copenus. IIlpu paccmompenuu npoyecca 3anycka 2azo2enepa-
mopa 6e3 80y6a 2aza UCCLEOVIOMCS PA3IULHbLE DOPMbL PYHKYUL UCEHEHUS 20PI0YEe20 U3 CMECUMEnbHOU 20106Ku. T1o-
Ka3amo, 4mo (hopma QyHKyuu ucmeueHus CyueCmeeHHo 6usem Ha Hauyue u amMnaumyoy memMnepamypHo20 6CnIecKd
6 eazozenepamope.

st moeo umobvl pe3yivmamsl Mamemamuiecko2o mooenuposanus 3anycka JKPI 6vlnu adekeamHvl HAmypHbiM
ucnvimanuam ogucamenetl, HeOOXOOUMO NPOBEOCHUE CNEYUATbHbIX IKCHEPUMEHMO8 NO 3ANOTHEHUI) CMeCUmenbHbIX
20J1080K KAK HA 8bICOKOKUNSAWUX, MAK U HA HUSKOKUNSWUX KOMNOHEHMAX MONIUGd.

Kniouegvie crosa: srcuokocmuulii pakemuwlii 0gueamens, 2a304CUOKOCIHbIE eMKOCIU, KAMePd C2OPAHUs, 2d302eHe-
pamop, cmecumenvbHas 20J106Ka, Mamemamuieckoe mooeauposanue KPJ].

INFLUENCE OF FILLING PROCESSES FOR MIXING HEAD OF GAS GENERATORS
ON DYNAMICS OF LIQUID ROCKET ENGINE WITHOUT STARTER DEVICE

E. N. Belayev, A. G. Vorobyev’

Moscow Aviation Institute (National research university)
Volokolamskoe sh., 4, A-80, Moscow, 125993, Russian Federation
"E-mail: formulal _av@mail.ru

One of the most difficult tasks in the development of a liquid rocket engine is to ensure its reliable and stable igni-
tion. During this period of engine operation, in the process of its development, abnormal and emergency situations very
often appear. It typically happens due to a large range of the mass flow of components entering the gas generator and
combustion chamber. For these moments of entering and the mass flow value, the processes of filling of free volumes
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and mixing heads of the gas generator and the combustion chamber have a significant effect. The mix ratio of the com-
ponents coming into them depends on the evolution of the working processes and, in particular, the temperature of the
generator gas. Its efficiency depends on the working opportunity of the nozzle apparatus and turbine blades. It is very
important, in the process of starting the engine, not to allow large temperature to spike in the gas generator, especially
for engines with an oxidative scheme of gas generation, as in an oxidizing environment, the ignition of elements of the
gas path is possible at relatively low gas temperatures.

The article shows the problem of filling the mixing heads of the gas generator and the effect of this process on the
dynamics of the launch of a liquid rocket engine which does not use special starter devices. The analysis of the designs
of gas generators and their mixing heads is carried out; the features of the organization of the working process in the
volumes of the gas generator are considered.

For a theoretical analysis of the problem a nonlinear mathematical model of a liquid rocket engine is used. With its
help, the study of the launch of a liquid rocket engine with and without taking into account the injection of gas into the
mixing head of the gas generator was made. The injection of gas is one of the methods for metering the mass flow of the
fuel component, which essentially enhances the spray of the component entering the combustion zone. When examining
the start-up process of a gas generator without injection of gas, various forms of the functions of the outflow of fuel
from the mixing head have been studied. It is shown that the shape of the functions of the outflow has a significant effect
on the presence and amplitude of the temperature burst in the gas generator.

In order for the results of mathematical simulation of the launch of a liquid rocket engine to be adequate for full-
scale testing of engines, it is necessary to conduct special experiments to fill the mixing heads on normal-boiling and
cryogenic components of the fuel.

Keywords: liquid rocket engine, gas-liquid volumes, combustor chamber, gas generator, mixing head, mathematical
modeling of LRE.

BBenenne. /lunaMudeckue mMareMaTHYecKue MoOJENM MO W T. 1m.) craprepoB [7; 8; 10]. Ilpu OeccraprepHom
JKP[ mpuMeHSIOTCS Al TEOPETHYCCKOTO HMCCICAOBAHUS — 3allycKe H30BITOYHAsT MOIUIHOCTh Ha TypOHWHE CO3JIacTcs
3amycka, ocraHoBa W perynupoBanus JKPJ[ B mpolecce  COOTBETCTBYIONICH OpraHu3almeil pabouux IpOIECCOB B
pa3pabOTKK, WCHBITAHWA ¥ OKCIUTyaTallid JABHWTraTelsl  ra30r¢HepaTope W KaMepe CrOpaHHs C IMOMOIIBID Pacxo-
[1-4]. Ipu marematuueckoMm MmoxaenupoBanuu KPJ[ on-  10B KOMIIOHEHTOB TOIUIMBA, PEAJU3YIOIIUXCS O] JCHCT-
HOW U3 MpOOJIeM SIBIISICTCS OMKCAHHE TPOILIECCOB 3aloj-  BUEM IEpernaja JaBiICHUS OT BXOJa B ABUraTelb A0 COOT-
HEHHS Ta30)KUIKOCTHBIX 00heMOB B nBurarene. [lox ra-  BETCTBYIOIIETO OTHEBOTO arperara.

30)KUIKOCTHBIMU €MKOCTSIMH TOHUMAIOT 0OBEMBI B y3lIaX OCo0eHHOCTH KOHCTPYKIMII CMeCUTEJIBHBIX I0J0-
W arperatax JBHUrarelis, B KOTOPbIX OJHOBPEMEHHO MO-  BOK razoretHepatopos. B XXPJ/] B ocHOBHOM HCTIONB3YIOT
KET HaXOIUTHCS KUIKas M ra3osas (aza. JIBa TUNA TOABOAA KOMIIOHEHTA TOIUIMBAa K CMECHTEIb-

B o0meMm citydae Bce ra30KHIKOCTHBIE €MKOCTH yC-  HBIM TOJIOBKaM — IIEHTpalbHBIA U 00KoBO# (puc. 1). Ha-
JIOBHO MOXKHO Pa3JIeNIUTh Ha €MKOCTH C OTCeYeHHbIM ra-  npumep, B JKPJ] P/I-120 u P/I-170 GoxoBoii moaBox ro-
30BBIM 00BEMOM (TOIUIMBHBIE OaKW, pECHBEpHI, JeMI(e-  PIOYEro K CMECHTENIbLHOHM rojoBKe (HampaBlICHHE MOTOKA
pBL U TIp.), C BBITECHAEMBIM T'a30BbIM WM KUAKOCTHBIM  KOMIIOHEHTA TOILIMBA B CMECUTEJILHON TOJIOBKE OT IEpU-
00beMOM (THIPaBINYECKHE MArucTpajid, TPakThl oxiax-  (epuu K ueHrpy) peanusosad B KC. A B I'T" atux nsura-
nennst xamep cropanusi (KC) u razoreneparopoB (I'T)  Teneit O0KOBOH IOABOX K CMECHTEIBHOW I'OJIOBKE MMEET
U TIp.) ¥ EMKOCTH C JIByX(ha3HOI ra30)kKUAKOCTHON Cpelol  OKHCIIHTENb, a LEHTPAIbHBIN — roproyee.

(cmecurenpable ToNoBKU (CI') KC m I'T B mepuoasl ux IIpu oxuCIUTETHLHOW cXeMe Tra3oTreHepaly IeH-
3aI0JIHEHHsI TIPH 3aIyCKE U OMOPOXKHEHHWHU MPH OCTAHOBE  TPAJbHbBII MMOBOJ KOMIIOHEHTA TOILUIMBA B Ta30I€HEPATOP
JIBUTATEIS). nMeeT roprodee, a O0KOBOW — okuciuTenb. [Ipu Boccta-

Cpenn emkocTel ¢ aByx(a3HOW Ta30KHIKOCTHOW  HOBHUTEIBHOHN CXeMe ra3oreHepaliy, Hao0opoT, B CMECH-
cpenoil HanOoJbIINE TPYAHOCTH BO3HHMKAIOT C ONMHCAHH-  TEIbHBIC TOJOBKU Ta30r€HEPATOPOB YEpe3 EHTPATbHBIN
€M TPOLIECCOB 3aMOJHEHH CMECHTENbHBIX ToIoBoK KC 1 moaBox momaeTcss KOMIIOHEHT TOIUIHBA (OKHCIHMTEND),
IT [5; 6] npu 3amycke XKPJ[. D10 cBi3aHO ¢ TeM, 4TO B OTBEYAIOIIMII 32 TeMIlepaTypHbIE PEXUMBI PabOTHI Ta3o-
npouecce 3amycka JKP/l KOMIIOHEHT TOIUIMBA, IOCTy-  TeHepaTropa, a uepe3 OOKOBOW — KOMIIOHEHT (roprouee),
natomuit B CI', pa3nensercss Ha gBa MOTOKAa, OAUH U3 KO-  OTBEYAOLIMI 3a Maccy rasa B HEM U, COOTBETCTBEHHO, 3a
TOpbIX HAeT Ha 3anonHenue CI', a apyroii — ucrekaer n3  pacxox raza. OOwmMH NMPUHIMI — M30BITOYHBIA KOMIIO-
CI', B TOM umcie U 1o AEHCTBHEM CKOPOCTHOTO Halopa.  HEeHT HojaeTcst uepe3 0okoBoi Bxoa. Takue cxembl moj-
Kpome Toro, B ciy4ae HCHONB30BaHUS HU3KOKHILIIUX  BOJA KOMIIOHEHTOB TOIUIMBA K CMECHUTEIBHBIM T'OJIOBKAM
KOMITOHEHTOB TOIUIMBA CYIIECCTBEHHOE BIMSHHE HAa MPO-  IO3BOJIIIOT OOECIEYNTh HEOOXOAMMYIO PacXOJOHAIps-
I[ECC 3aMOTHEHMS OKa3bIBAIOT MPOLECCH HECTAIIMOHAPHO-  XKEHHOCTb, IPOYHOCTHBIE CBOWCTBA KOHCTPYKIHH Ta3ore-
T'O TEII000OMEHa. HEpPaTOpPOB, NX KOMIIAKTHOCTb.

Oco0eHHO BaXXKHO JAOCTOBEPHO ONMCATH MPOILECCHI 3a- B paspabotke I'T' MOXHO BBIAECIHTH IBA HPUHIIUIIH-
MIOJTHEHHUS W OJHOBPEMEHHOTO MCTEYEHMS YacTH KOMIIO-  aIbHO OTIMYHBIX HANPABICHUSI: MHOTO30HHBIE CHCTEMBI
HEHTa TOIUIMBAa M3 CMECHTENIbHBIX TOJIOBOK B ciydae (puc. 2) u onHO30HHBIE cucteMbl (puc. 3, 4) [9]. s
NIPUMEHEHHUs1 OeCCTapTepHOM CXeMBbI 3alycKa ABUIraTelielf, = MHOTO30HHBIX CHCTEM XapaKTEpHO HaJM4YKe MOsCOB (T10s-
korna 3amyck JKPJ] ocymectBnsiercss ©6e3 NpUMEHEHHs — ca) JONOJIHUTEIBHOTO BBOJA YaCTH M30BITOYHOI'O KOMIIO-
CHeLHUaIbHBIX ITyCKOBBIX TYpPOMH WJIM NOPOXOBBIX (ITHEB-  HEHTA TOILIMBA.
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Puc. 1. CmecutensHbIe TOJIOBKH C HEHTPAIBHBIM (a) 1 OOKOBEIM () ITOJBOIOM KOMIIOHEHTA TOILIMBA

Fig. 1. Mixing head with central (a) and side () entrance of component
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Puc. 2. Cxema (@) 1 pucyHOK (6) KOHCTPYKIIMH OKHCIIUTEIHHOTO IBYX30HHOTO ra30reHepaTo-
pa ¢ LeHTpanbsHoii nofaueit roprouero (PJ1-253) (AT + HAMI, K, . = 21,5,
T =780 K, p =230 atm):

1 — ¢nanen; 2 — popcyHOUHBIH 371eMeHT; 3 — BHyTPEHHEE HHUIIE; 4 — CMECHTEINIbHAS TOJIOBKA;
5 — py0artika; 6 — G0KOBOI (prIaHel; 7 — pacIbUINTENb; 8 — KOPITyC; | — 30Ha IpeaBapUTEILHOTO
3axxuranus; 11 — 30Ha GamacTupoBKU

Fig. 2. Scheme (@) and design (b) of construction of oxidizer double-zone gasgenerator with
central fuel entrance (P-253) (AT + UDMH, K, 5 =215, Tgq = 780K, pse =230 atm):

1 —flange; 2 — jets element; 3 — entire bottom; 4 — mixing head; 5 — jacket; 6 — side flange;
7 — spray device; 8 —body; I — zone of preliminary mixing; II — ballasting zone
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[logson I

Puc. 3. KoHCTpyKIHs OKHCITHTENBHOTO OHO30HHOTO Ta30TeHEPaTopa ¢ HEHTPANbHOH pac-
npesenenHoi nonauei roprouero (P1-120) (O, + kep, K, . = 53,8, T\ = 735K,

Prr = 314 atm):

1 — HapyxHOe aHHILIE; 2 — CpeHee AHHIIE; 3 — BHYTpeHHee THHUIIE; 4 — popkamepa;
5 — BrysKka ()OPCYHKHU; 6 — CMECHUTEINIbHAsS TOJIOBKA; 7/ — opcyHKa; 8§ — BHyTpeHHss cTeHka [T
9 — napyxHss crenka ['T; 10 — chepuueckas obonouka [12]

Fig. 3. Design of oxidizer one-zone gasgenerator with central entrance of fuel (P/I-120)
(0, +RP1, K, 5 =953.8, Tgs =735K, pgs =314 atm):
1 — outer bottom; 2 — middle bottom; 3 — inner bottom; 4 — prechamber; 5 — injector bushing;

6 — mixing head; 7 — injector; 8§ — internal wall of GG; 9 — external wall of GG;
10 — spherical body [12]

B 0THO30HHBIX KOHCTPYKIUSX IOJHBIA PACXOJ KOM-
MMOHEHTOB IMOCTYMACT B PEAKIMOHHBIA 00BEM TOJBKO Ye-
pPE3 CMECUTEIBHYIO TOJIOBKY.

Jlnst mepBoro B mupe nsuratens (PJ[-253), Beimod-
HEHHOTO M0 3aMKHYTOW cXeMe Ha CaMOBOCIUIaMEHSIO-
muxcst komnoHenTax tommuBa AT + HIMI, 6but co3nan
cheprdeckuil TByX30HHBI Ta30T€HEPaTOp C pacIbLIU-
TEIHHBIM TIOSICOM pa3dasiieHus (puc. 2). B razoreneparo-
pe ycmemHo Oblia pemieHa mpoOiieMa oOecredeHus
JUHAMUYECKONW MPOYHOCTH PACHBUIUTCIBHBIX 3JICMCH-
TOB, Ta30TCHEPATOPHl TaKOH KOHCTPYKLIHUH YCICIIHO
IKCIUTYaTUPYIOTCS W B HACTOSAIICE BPEMs B COCTaBe
PH «IIpoton-M» [6].

B nmurateme PJI-120 [11], paboraromeM Ha KOMIIO-
HEHTaX <OKUIKAH KHUCIOPOA — KEPOCHH», HCIIONB3YeTCs
OJHO30HHBIN Ta3oreHepatop (puc. 3). OKUCIUTEND MoAa-
€TCsI 110 IBYM MaTpyOKaM B MOJIOCTh MEXKIY CEePHUICCKOM
obomoukoif n BHyTpeHHel crenkoit I'T, a roprouee — ge-
pe3 ULEeHTpadbHBI MOABOJ B TMOJOCTh, OOpa30BaHHYIO
Hapy>XHBIM U CpegHHM AHAIMaMHA. CMecHTeNbHas TOJIOB-
Ka TPEJCTABISACT COOOM MassHyI0 KOHCTPYKIIMIO, COCTOS-
IIYIO M3 HAPYXHOTO, CPEIHET0 W BHYTPEHHETO JHHIIA
37 nBYXKOMIOHEHTHBIX (popcyHok. Kaxnas u3 GpopcyHok
COCTOHMT W3 KOpIyca WM BTYJKH: KOPIYC OOECICUMBACT
MOJIa4y TOPIOYEro, a BTYJKa — IIOABOJ OKHCIHTENIS BO
BHYTPCHHIOIO TOJOCTh (popcyHkm — (opkamepy, riue u
ocymecTBisieTcst roperne. KpoMe 3toro, Ha BTyJIKe nMe-
IOTCSI MeXpeOepHble KaHaIBl U CO3IaHMs KacKanxa Io-
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Jla4¥ OKHCJIMTENS B OTHEBOE IPOCTPAHCTBO T'a30reHEpa-
TOpa C 1eJbi0 0aNIaCTUPOBKU MPOIYKTOB cropanus [12].
3ammra BTYJKH OT IMEPErpeBa OCYIIECTBISAETCS 3a CUCT
MIPOTEKAHUS KUAKOTO KHCIOPOIa B MIPOCTPAHCTBE MEXKILY
JTHUIAMH.

Jns JXKPJI PJI-170 Owinm pa3paboTaH OTHO30HHBIH
OKHCIIMTENbHBINA Ta3oreHeparop (puc. 4). CmecurenpHas
roJoBKa / OCHAIIeHa IBYXKOMIIOHEHTHBIMH M JBYXKAacC-
KaJHBIMHU TI0 OKHCJIHUTEIIO0 (OPCYHKAMH 3, KOHCTPYKIIHS
KOTOPBIX BBIIIOJHCHA C 30HOW ropeHus 9 u 30HOU Oauia-
CTHPOBKH § raza BHyTpH (opcyHOK. DaKTHUECKH KaKaas
(dopcyHka oOpa3yeT BMeCTe C KaHAJIOM TOJCTOCTCHHOTO
OTHEBOI'0 JHUINA 7/, B KOTOPOM OHA PACIIOJIOKEHA, UH]U-
BUYaJIBHBIA JIBYX30HHBIN razoreHeparop. B pesynbrare
obecrieynBaeTcss paBHOMEPHOCTb TEMIIEPATypHOTO ITOJIS
[0 TIOTIEPEYHOMY CEYEHHIO OOIIero Ta30BOrO IOTOKA,
(dopmupyeMoro TakuMu (OpCyHKaMH, IPH BBICOKOH pac-
XOZOHANpPsHDKEHHOCTH. ['oprodee momaercs B GOpPCyHKH 3
Yyepe3 KaTMOpOBaHHBIE KaHAIBI IO TAHTCHIHWAIBHBIM OT-
BepcTusiM. OCHOBHAS YacTh OKHCIUTENS W3 KOJIBLIEBOU
MOJIOCTH 4 MOCTYIAET B MOJIOCTh CMECHTEIBHOM TOJIOBKH,
a ero HeOOINbIAs YacTh WACT B HWJIMHIPUYECKYIO IIO-
soctb oxyaxaenus /0 I'T u B nanbHelnieM cMemnBaeTcs
C OCHOBHBIM IIOTOKOM B KOHIIC 30HBI T'a30TCHEpPAIUH.
Takast KOHCTPYKI[MSI ra3oreHeparopa OOeCIIeYHBACT W3-
MCHCHHE TEMIIEPATypPhl OKUCIUTEIHHOIO T'a3a B IIUPOKOM
muamazoHe oT 190 mo 600 °C, 9TO MO3BOIAET PEryIHpO-
BaTh TATY Asurareis oT 40 no 105 % nommnama [13].
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Puc. 4. Cxema (@) u pucyHOK (6) KOHCTPYKIMH OKHACIUTEIHHOTO OHO30HHOT'O ra30reHeparopa
C LEHTpaJIbHOH pacnpenenenHoil nonaveit roprovero (PA-170) (O, + kep, K, 1 = 54,1,
T =809K, p =527 atm):

1 — cMecuTenbHas TOJIOBKA; 2 — KOPIYC; 3 — AByXKOMIIOHEHTHbIE ()OPCYHKH; 4 — KOJUIEKTOP

OKHCIIUTENS; 5 — OTBEPCTHS NEperycKa; 6 — KaMepa ra3oreHeparopa; 7 — yToJIIIEHHOE OTHEBOE
nHuIe; 8 — 30Ha 0ayIacTHPOBKYU; 9 — 30Ha ropeHust; /(0 — monocTh oxnaxaeHus [12]

Fig. 4. Scheme (@) and design (b) of construction of oxidizer one-zone gasgenerator with central
entrance of fuel (PI-170) (O, +RP1, K, o =54,1, Tgq =809 K, psq =527 atm):
1 — mixing head; 2 — body; 3 — two-propellant jets; 4 — oxidant collector; 5 — bypass holes;
6 — chamber of gas generator; 7 — thickened fire bottom; 8 — ballasting zone; 9 — combustion
zone; 10 — cooling volume [12]
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Pa3Butre KOHCTPYKIMI ra30reHepaTopoB UIAET B Clie-
JIYIOIIMX OCHOBHBIX HampaBieHUsX [1]:

— obecrnieyeHne yCTOMYMBOCTH paboyero mporecca Ha
BCEX PEXHUMax paOOThI, BKIOYAs PEKHUMBI TIIyOOKOTO
JIPOCCEIMPOBAHUS C IMUPOKUMH IUATa30HAMH padouero
mpoIiecca o TeMIeparype MpoAyKTOB CrOPaHHs, 1O JaB-
JICHUI0, CYMMapHOMY pacxofy, Hepemany MaBlIeHHUS Ha
(dbopcyHKax;

— TepexoJ OT IMOJIOCTHBIX K HampaBieHHbIM [T (oT
JIBYX30HHBIX K OJHO30HHBIM KOHCTPYKITHSM): JIOKQJTN3a-
Ul TIPOIIECCOB TOPEHUS B MAJbIX, HE CBS3HBIX MEXKIY
coboii kaHaax — (opkaMmepax, ¢ MOCIeAYIONUM pa3daB-
JICHHEM TPOJyKTOB TOPCHHSI BTOPUYHBIM OKHUCIUTEIEM BO
BHYTPCHHEH YaCTH CMECUTCILHOU T'OJOBKH YIS KYIUPO-
BaHUs KOJeOaTeIbHBIX MPOIIECCOB;

— o0ecrieyeHHE BHICOKOW CTCIICHW COBEPIICHCTBA pa-
0odero mporecca U MPUEMIICMOTO YPOBHS PaBHOMEPHO-
CTH TEMIEpaTypHOro 1moiis Ha Beixoae u3 [T

— pa3paboTKa BBICOKOPACXOIHBIX KHCIOPOA-KEPOCH-
HOBBIX OKHCIUTENBHBIX [T ¢ BBICOKMM IaBIICHHEM [UIS
CXEM C JTO’KUTaHUEM Ta3a;

— OpraHU3aIMs PacIpeIeICHHOTO CMeceo0pa3oBaHUs
IMyTeM depenoBaHUs (OPCYHOK C Pa3sHBIMH XapakKTepH-
CTHKAaMH TIO TUIOIIAJH CMECHUTEIILHON TOJIOBKH.

3anosiHeHHe cMeCHTeJbHBIX r0JI0BOK 0e3 BIyBa ra-
3a nmpu 3amycke KPJI. IIpu matemaTHueckoM MoJenu-
poBanuu 3amycka JKPJ[ Ha BBICOKOKHUIISIIIUX KOMITOHEH-
Tax TOIUIMBA omwucaHue npouecco 3amonHeHus CIT ocy-
LIECTBJISIETCS. C MOMOIIBIO MCIIOB30BAHUS CIICIIUATBHBIX
¢dyakui uctedenus [1; 3]. DT QyHKOIUM pa3neisioT
BXOJHOH MOTOK 71, KOMIIOHEHTa TOIUIMBA HA J[BA MOTO-

K BX

ka. OguH U3 HUX (cM. puc. 1) UAET Ha 3amoIHEHHE TO-
noctu CI' (m, ,), a BTOPOH — HCTEKAaeT U3 3TOH MOJIOCTH
(m ). OT 10CTOBEPHOCTH OMHUCAHMA ATOTO Ipolecca

K BBIX

(COOTBETCTBEHHO BHJAa (PYHKIUH MCTECYCHHUS) BO MHOI'OM
3aBUCHUT TOYHOCTh MOJEIUPOBAHUS 3allyCKa JIBUraTelleH.
Crnenyer 0co00 MOMYEPKHYTh BaXKHOCTh YCTAHOBIICHHS
BHJA ATOW (PYHKIHMH IS CMECUTENbHBIX rojioBok I'T ¢
HEHTPAIFHBIM TOJBOJOM, Yepe3 KOTOPBIA MojaeTcs He-
JOCTAIOMMKA 10 CTEXHOMETPUYECKOTO COOTHOIICHUS
KOMITOHEHT ToIlIMBa. IIpu okucnureabHON cxeme razore-
HEpamy 3TO — Topiodee, MPH BOCCTAHOBUTEIBHOH —
okucnuTensb. OT XapakTepa WX MOCTYIUICHHUS M BEIIMYHHBI
pacxojia 3TOro KOMIIOHEHTa TOIUTHBA (HEJOCTAFOIIETO JI0
CTEXHMOMETPUYECKOTO COOTHOIICHHS) BO MHOT'OM 3aBUCAT
CKOPOCTH Pa3BUTHs MPOLIECCOB TOPEHHS U TOBEACHHUE
TEeMIIEpaTypbl I'a30r€HEPATOPHOTO Ta3a.

ITpn 3anycke JKPJ[ ocobeHHO BaKHO HE JOMYCTHTh
mosiBrieHHs B [T OonmpIIMX TeMIepaTypHBIX BCILIECKOB
(0cOOEHHO TIpH OKHCIIUTENBHOW CXeMe Ta30TeHepaIunn),
KOTOPBIE MOTYT TNPHBECTH K IOBPEKICHHUS COIUIOBOTO
ammapara WiH JIOTaToK TypOuHsl. Ha BenmuunHy Temnepa-
TYpHBIX BcmuieckoB npu 3amycke JKPJI cymecTBeHHOE
BIIMSTHAE OKa3bIBacT B TOM YHCIE W pa3dpoc pacxona He-
JIOCTAIOILIET0 /10 CTEXHMOMETPUYECKOTO COOTHOIICHHUS
KOMITOHEHTa TOIUIMBA, KOTOPBIH, B CBOIO OUEpEb, CBSI3aH
C OTKJIOHEHUSIMU JABJICHUS Ha BXOJE B JIBUraTellb OT €ro
HOMMHAJILHOTO 3HAYCHUSI.
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Ha puc. 5 npuBeneHa mHeBMoOruapaBiIndecKas cxema
MOJICJIEHOTO JBHTATelsl, Al KOTOPOro paspaboraHa Ma-
TeMaTHYeCKasi MOJICNb C ILIEJbI0 HCCIICOBAaHUS ero Oec-
CTapTepHOro 3amycka. J[puraTenb paboTaeT Mo 3aMKHY-
TOMY LUKy, ¢ OOKOBBIM ITOBOJIOM PAacX0ia OKUCIUTEIS U
LEHTPAILHBIM MOJIBOJIOM TOPIOYEro K ra3oreHepaTropy, ¢
perenepatuBHbIM oxnaxaeHuem KC roprouum. ITaeBmo-
THIpaBIMYECKasi CXeMa MOJENBHOTO [IBUTATENs aHAJo-
ruyHa cxeme JKPJI PJ1-120.

MaremMaTrdeckasi MOJENb [BHTATENd MPEACTaBISIET
co00lf EeTepMUHUPOBAHHOE ONHMCAHWE HEITUHEHHBIMU
nuddepeHuaIbHBIME U aNreOpandeckKuMu ypaBHe-
HUSMH Pa3IMYHBIX (QU3UYCCKUX MPOIECCOB, MPOUCXO-
ISAIUX B JBUTaTeliec B Ipolecce ero 0eccrapTepHOro
3amycka [14; 15].

TouHOE TeopeTHYecKoe pelIeHre 3aJaul 3aloTHEHUS
C OJJHOBPEMCHHBIM YaCTUYHBIM UCTCYCHUEM KOMIIOHCHTA
TOIUTUBA U3 CMECHUTCILHBIX FOJIOBOK BECbMa 3aTPyIHCHO.
Ha mpakTuke mpu MaTeMaTHIecKOM MOJCIHUPOBAHHUU Ta-
KHX TIPOIECCOB HCIOIB3YIOT PE3YNbTaThl CIICIHATBHBIX
MIPOJIMBOK CMECHTENBHBIX TOJOBOK, IO pE3ylbTaTaM
KOTOPBIX  TONyJaloT (QYHKIWIO HCTEUEHHUS  BHOA

A (V )m)K w - JTa OYHKIMS YCTaHABIMBAET 3a-

X
BHCHMOCTh pacxojla KOMIIOHEHTa TOIUIMBAa Ha BBIXOJE
W3 CMECHUTEIHLHON TOJOBKH 77l OT OTHOCHTEIILHOM

K BBIX

. 7 *
BEJIMYMHBI €€ 3aloJIHeHHOro oobvema V, =V, / V., u pac-

X0Jla KOMIIOHEHTa Ha BXOJE B CMECUTENBHYIO T'OJOBKY
m, . . 3neck V. — 00beM JKUIKOTO KOMIIOHEHTa B CMe-

v * (v
cuTeNnpHON ronoBke, V. — nonHelil o6kem CI'. Oueua-

Ho, ut0 0<V, <I.

Hcnonp3yto 3Ty (yHKINIO, ypaBHEHHE 3alOIHECHHUS
npeapOPCYHOUHON TMOJIOCTH CMECUTEIBHONH TOJIOBKH
MO>KHO 3aIucaTh Kak

Ve 1
d - = * m)l( BX - m)l( BBIX)' (1)
. pV,
OYHKIMA UCTEUEHHS 71 =1L, / . =f (17),() MO-

KET UMETh pa3nudHblii BHI (puc. 6). [IpakTnka marema-
THYECKOTO MOJCIMPOBAHUS U PE3YJIbTATHI CIEIUATBHBIX
npomuBok CI' mokazamu, uro mis CI' ¢ HeHTpaIbHBIM
MTOJIBOJIOM KOMITOHEHTa TOILTMBA HambOosee Onm3Kue pe-
3yJNbTaTBl MaTEMAaTUYCCKOTO MOJCIHPOBAHUS K HATYp-
HBIM UCIBITAHUSAM JIBUTATENCH NaeT (QYHKIMS UCTCUCHHUS
mina A, a gias1 CI' ¢ OOKOBBIM ITOABOJOM KOMIIOHCHTA
TOILJIMBA — COOTBETCTBEHHO THNa b [3].

Hcnonw3ys a1y dyHkumio, ypasHenue (1) MoxHO 3a-
MMCaTh B BUJIC
m

K BX

P,V

cr

av,

dt

(1—rit).

Bux QyHKIuM ucTeueHHs 7= f (17),() 3aBUCHUT OT

@)

MHOTHX (p)aKTOPOB U B IIEPBYIO OYepeb OT TOro, KaK MOJ-
BOJUTCS KOMIIOHEHT TOTIMBA K CMECUTENIbHOM rOJIOBKE.
Jlis pemeHus 3a1auu HaXOXKACHUS BUIa (DYHKIMA UC-
TEUYCHHUS CTaBATCA CIEIHAIbHBIC SKCIIEPUMEHTH Ha Ha-
TYpHBIX CMECUTEIIBHBIX TOoJIOBKax. O0paboTka pe3ysbTa-
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TOB 3THX OHKCIIEPUMEHTOB IPOBOAUTCS CICIMAIBHBIMH  INPUHHUMAacMbIC B pacueTe, a Ha PUC. 8§ — Pe3yabTaThl MO-
metomamu [1; 10]. JIEINPOBaHMs TeMIEpaTypbl OKHCIMTENbHOTo raza B I'T

Ha puc. 7 npeacrtasieHbl pa3inyHble BUObI QYHKIMKA  IPU OEcCTapTepHOM 3allyCKe OBHUraTels B 3aBUCUMOCTH
HCTCUYCHHUS TOPIOYEro M3 cmecutenpHoil romoBku [T,  oT Buna ¢pyHKUUi HCTeUeHUs.

N

(]

||l_
6 i
e
roney

¢

! 8 imiip AT
Puc. 5. OcHoBHBIE 3anoHsAeMbIe TT0J10CTH (2, 3 1 5) MoaensHoro XKP/I:
1 — peakunonHas nonocts ['T; 2 — nonocts O I'T; 3 — nonocts I' I'T; 4 — razoBox
«rypbuna — CI'’» KC; 5 — nonocts I' CI" KC; 6 — peakunonnas KC

Fig. 5. Main filled volumes (2, 3 and 5) of model of LRE:
1 — combustion volume of gasgenerator; 2 — volume of oxidizer in gasgenerator;
3 — volume of fuel in mixing head of gasgenerator; 4 — gas pipe line turbine — mixing
head of combustion chamber; 5 — volume of fuel of mixing head of combustion chamber;
6 — combustion chamber

=l

\Aa
0 1

Puc. 6. Bo3mMoxxHBIe BUABI (DYHKIUH UCTEUECHUS 11

Fig. 6. Functions of expiration m
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Puc. 7. PacuerHsle BUAbI GYHKUUIT UCTCUCHUS 711

Fig. 7. Functions of expiration 7 for modeling
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Puc. 8. lI3menenue TEMIIEPATYPbl OKUCIUTEIBHOI'O I'a3a B ra30reHepaTope B 3aBUCUMOCTHU

OT Bu/a QYHKIUU UCTCUCHHUS 71

Fig. 8. The temperature of oxidizing gas in gasgenerator depending on functions of expiration 7z

PesynbTarhl MaTeMaTH4eCcKOro MOACTUPOBAHUS OKA-
3BIBAIOT, YTO B 3aBUCHUMOCTH OT BBIOpaHHOW (QyHKIUH
nucreyeHus B okucnurenbHoM I'T B mpouecce 3amycka
JIBUTATENS MOTYT NPOUCXOAUTH OOJBIINE HEIOMYCTUMBIE
TeMIepaTypHble Bcmiecku. CremyeT OTMETHTh, YTO B
MaTeMaTHYeCKOW MOJENH TemIiepaTtypa ra3a cpeJHeMac-
COBas, a B PEANbHBIX YCIOBHAX IPH 3aMyCKE JBHUTATENS
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CymiecTByeT OoJblliasi HEPaBHOMEPHOCTH (paaualibHasl)
TEMIEPATYPHOTO MOJIsL. MeCTHBIC 3HAUCHHSI TEMIIEPaTyPhI
MOTYT OBITh CYIIECTBEHHO OOJbBINE, YeM pPacyeTHOE
(cpenHemaccoBoe) €€ 3HAYCHHE, YTO HEM30EKHO MOMKET
MIPUBECTH K MTOBPEXKICHHUIO COIIOBOTO almapaTa WA JIo-
maTok TypOwWHEL. Ilo3TOMY TIpH OKHMCIHTENEHOW CXeMme
ra3oreHepanyu IOBEICHUI0 Temmeparypsl raza B [T
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B IIpOIIeCCe 3alycKa IBUTaTeNs HY)KHO YIENATH CaMoe
MPUCTAILHOC BHUMAHUC.

3anoJiHeHNEe CMECHTEIBLHBIX TOJIOBOK C BIYBOM ra-
3a npu 3anycke KPJ/I. OnbiT 3KCHIepUMEHTaNbHON OTpa-
6otku MHOrEX JKPJ] M X MaTeMaTHYECKOrOo MOJICIHPO-
BaHUs TOKAa3all, YTO MOCKOJBKY OeCCTapTepHBIN 3amycK
OCYIIECTBIIICTCSI Ha PacxoJaX KOMIIOHCHTOB TOILIHBA,
peam3yIoNIuXCsl TOJ JAEHCTBHEM Iepenana IaBIICHHS,
a BXOIHBIC JABJICHUS KOMIIOHCHTOB TOIUIMBA MMEIOT OII-
peneneHHbIi pa3dpoc, To u 3amyck JKPJI mpoucxomut
C IOCTaTOYHO OOJBIIMM BPEMEHHBIM pa3zdopocoM. Kpome
Toro, nockonbky Ha (opcynkax CI' I'T u KC B Hauanb-
HBIA TMEPHOJ BPEMCHH pPEaIH3yeTCs OYCHb MAaJICHBKHIA
nepenaj JaBJICHUs, TO ¥ PACIbUI KOMIIOHCHTOB TOILIMBA
peanusyercsi KpyNHOAMCIEPCHBIA. A 3TO, B CBOIO OuYe-
penb, HE CHOCOOCTBYET «MSTKOMY» BOCILIAMECHCHUIO
U TUTABHOMY Pa3BHUTHIO MPOIECCa CTOPaHUS KOMIOHCH-
TOB TOIUIMBA. JTOT OOJBIIONW HEJOCTATOK B COBPEMCH-
veix JKPJl pemaercs myrtemM 3MyJabrHpOBaHUS KOMIIO-
HEHTOB TOIUIMBA. OMYJIBIHPOBAHHE — 3TO NPUHYIH-
TeJBHBIM BAYB Taza B Jxunkoct. B XXPJ[ PJI-120,
PI-170, P/I-180 u PJ/I-191 3a cyeT sMyJIbrupoBaHus ro-
prouero, nocrtynatouiero B [T, ymamoce cyiiecTBEeHHO
CTaOMIIM3UPOBATh WX 3aIyCK. DMYJIbTHPOBAaHHE OOecTie-
4yhBaeT CTaOWJIBHOEC BpeMs mpuxona ropirodero B [T
U ero MEJIKOAMCICPCHBIA pPAaCHbLI, YTO OOECIeYHBaACT
«MSITKOE» BOCIIAMCHEHHE U IUTABHOC Pa3BUTHUE IpoOIECcCca
B IT »Tux paBurareneil. OMyIbIMpOBaHUE TOPIOYETO
B MPOLIECCE 3aIlyCKa JBUTATENs BEAETCS 10 ONpeAeIeHHO-
T'0 peXHMMa ero paboThl, OCJIE Yer0 OHO MPEKPAIIACTCs.

[Ipu sMynTBErUpOBaHUH UHTEPBAJ BPEMEHH MEXIY MO-
MEHTaMH TIOCTYIUICHHUsSI KOMIIOHEHTa TOIUIMBA Yepe3 ILeH-
TpaJbHBIE POPCYHKH M TIEpUEPUITHBIE COCTABISAET COTHIC
JIOJIN CEKYHABI, B TO BpeMs Kak 0e3 BAyBa Iraza 3TO BpeMs
OIICHUBACTCA JECATHIMHU JOJSAMH CeKyHIBI. OHO M3 KOH-
CTPYKTHBHBIX PEUICHUM, HATPABICHHBIX HA YMCHbBIICHHE
9TOrO WHTEpBaJia BPEMCHH, — 3TO yYMCHbBIICHHE O00BeMa
npendpopcyHounoit nojoctu [T, Takum 00pa3oM yMeHb-
mraercsi BpeMs npeObiBaHusl KoMnoHeHTa Tornea B CI.
Kpome TOro, ymeHeplicHue oObeMa NpeadopCyHOUHOM
nosoct CI' HeJOCTaromero 10 CTEXHOMETPUYECKOTO
COOTHOIIICHUSI KOMITOHEHTa CIIOCOOCTBYET YMEHBIICHHIO
HMMIIYJIbCa TIOCIENCHCTBHUS IBUTATEIIS.

Crnegyer oTMeTUTh, 9To Tipu uctbiTanusx JKPJ] B Ha-
KJIOHHOM WJIM TOPH30HTAJHHOM IIOJIOKCHHWHU, B CIydae
HEOOJIPIINX JaBIICHU KOMIOHEHTOB TOIIMBA HA BXOJE B
JIBUTATENb W OTCYTCTBHU SMYJIBTUPOBAHHSA, TIPH 3aITyCKe
JIBUTATEIIS 32 CUCT BIMSHUS CHJIBI TSKECTH B CMECUTEIIb-
HBIX TOJIOBKaX ¢ OOKOBBIM IMOJBOJIOM BO3MOXHA CYIIECT-
BEHHAasl pa3HOBPEMCHHOCTh IOSIBICHUS KOMIIOHCHTA TOII-
nuBa w3 rnepudepuiHpIXx (QOPCYHOK, HAXOIAIIMXCS Ha
Pa3HBIX YPOBHIX. DTO MOXET HPUBECTH K CKOIUICHHIO
KOMIIOHEHTa B HWXHUX 30Hax [T u mocnemyromum He-
IITaTHBIM CHTYaITHsIM.

Ha puc. 9 moka3zaHo, Kak MEHSAETCS CTPYKTypa PacIibl-
J1a )KUJAKOCTH Ha BBIXOJIE U3 CMecuTenbHOM rojioBku [T B
3aBHCHUMOCTH OT BEJIMYMHBI pacxo/a BIyBaeMoro raza. Ha
puc. 9 pacxoll JKHUAKOCTH OJHHAKOB, & pacXo]l BIyBaeMO-
ro rasa pasHbelii. BUIHO, Y4TO NpH yBEIHYCHHH pacxoia
BJ[yBaeMOTO T'a3a CTPYKTYpa PacIblia YIIydIIacTcs.

[Ipu WCONB30BaHUK TAKOTO METOJA MOJAYd KOMIIO-
HeHTOB TorumBa B [T cimemyer umerh B BHIY, YTO IpH

477

9MYJIBTUPOBAHUH CYIIECTBCHHO BO3PACTAIOT THAPABIMIC-
CKHE MoTepH JaBiieHus Ha QopcyHkax. Hanpumep, ecnn
Ha HOMHHAJIBHOM pEXHME padOThl JBHUTaTelsl Iepenasn
nasnenust Ha Qopcynkax I'T' cocraBmser ~ 2 Mlla npu
pacxoze roprodero ~ 3,5 Kr/c, To IpH 3aIrycke JBUraTess
W OTCYTCTBUM OMYJIbTUPOBAaHUS IIeperajg JaBJICHUs
Ha QopcyHKax JommkeH cocraButh ~ 0,0315 MIla
mpu pacxoje Ha camoTeke ~ 0,44 kr/c. IlpoBeneHHbBIE
9KCIIEPUMEHTHl TOKa3anu, 4ro eciu B CI' momasaics
TOJBKO Ta3, TO TMEpenaj AABICHUS C YBEIUUCHHEM €Tro
pacxona Ha CI' yBenuuuBaics U COOTBETCTBEHHO COCTa-

Bun: npu m_, = 0,0313 kr/c Ap. = 0,0118 MIla,
opu i, = 0,0439 xr/c Ap, 0,0237 MIla,
opu m,,, = 00857 kr/c  Ap, = 0,098 MlIla,
npu 7, = 0,1632 kr/c Ap. = 0,276 MIla. IIpu Tex xe

pacxoiax BIyBaeMOTO rasa W IOCTOSHHOM pacxojie Mo-
nenpHoM kuakoctu Ha Bxoje B CI' (m = 0,44 xr/c)

nepenan nasineHus Ha CIT ycTaHOBHMIICS, COOTBETCTBEHHO,
paBHbIM Ap, = 0,0473 MIla, Ap, = 0,0867 Mlla,
Ap,, = 0,225 MIla, Ap,, = 0,493 MIla, T. €. Ha OBYX-
(da3HON cMmecH Tepernaj IaBlieHUs Bo3pacTaeT. Kpome
TOTO, TIPOBEJCHHBIC KCIIEPHMEHTHI ITOKA3aJIH, YTO BPEMS
BBIXOJIa HAa YCTAHOBHBINUICS PEXUM HCTCUCHUS IBYX-
¢azuoit cpensl n3 CI' ¢ yBenmueHreM pacxoja BIyBaeMo-
T'0 Ta3a yMEHBIIACTCS.

Ha ocHOBe 3THX SKCHEpUMEHTOB ObLIa pa3paboTaHa
MaTematuueckass wmopenb 3amonHenms CIT ¢ yderom
aMyJbprupoBanus [16]. B ocHOBe MoJnenu ObUIH HCIOJb-
30BaHbl KOPPEISAIMOHHBIC 3aBUCUMOCTH MapTHHEILUTH IS
pacueTa moTepb JaBICHUS:

I/n
+

XK BX

L
o7

. 3

XK
rie O =Ap, [ Ap, QO =Ap, /A, 30, Ap, n Ap,, ~
notepu AaBieHus B CI' COOTBETCTBEHHO MpPH TCUCHHUH
TOJBKO Ta3a, TOJBKO JKHIKOCTH W JABYX(a3HOW CMECH.
Koaddunment n 2 Uil JTAMUHAPHOTO TEUYCHHS,
n =2,375-2,5 nnsg TypOyJIEHTHOTO TEYCHHSI MTPH HUCITOJIb-
30BaHUU KOdPUIMEHTA TpeHus;, n = 2,5-3,5 mist TypOy-
JICHTHOTO TEYEHHUsI, PAacCCUUTBIBAEMOrO M0 TEOPUH IyTH
nepeMeIBanus, u KoddduirenTa 00beMHOr0 Ta3oco-
JIepKAHUS:

, 4)

a=V,,/V" =(1+ X"

)—0,378

rae V., u V" — COOTBETCTBEHHO TEKYIUH 00bEM rasa B
CI' u eé nonuelii 00beM; X — mapamerp MapruHeIUH
[17], noxa3biBarommii, B KakOW CTENEHH IIOBEACHUE
nByx(daszHol cmecn Oimke K JKHAKOCTH, Ye€M K rasy:

Ha puc. 10 u 11 npuBeaeHs! pe3ynbTaThl pacueTa ma-
paMeTpoB OeccTapTepHOrO 3alycKa IPH Pa3HBIX Pacxo-
max rasa (WF ) BOyBaeMOro B MOTOK TOPIOYEro, MOCTY-
matomero B CI'I'T.

Pe3ynbraThl pacueToB IMOKa3bIBAalOT, YTO TpPHU OOJb-
oM pacxojie BayBaemoro rasa (10pF ) mpuxop roproue-
ro B I'T mpoucxoaut odyeHb MHTEHCHBHO, COOTHOILEHHE
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KOMITOHEHTOB B nuamna3oHe 0,4-0,8 ¢ yxoaut B 00iacTsb,
OMM3KYI0 K CTEXHOMETPUYECKOMY COOTHOLIEHHUIO, YTO
MPUBOJIMT K BCIUIECKY TEMIIEPATYPHI rasa.

Ecnmu  BayBaercsi HeGONBIIOE KOJIMYECTBO Tasa
(0,luF ), TO COOTHOIIEHHE KOMIIOHEHTOB IMPOIOJIXKH-

TEIBHOE BpeMs OcTaeTcs OONBIINM, 9TO MOXKET MPUBECTH
K 3aMeJUICHHIO 3amycka Apurareis. OnTHMaIbHbIH BEIOOD

a

WF mozppa3yMeBaeT OTCYTCTBHE OOJBIINX aMIUIATYTHBIX

BCILJIECKOB TEMIIEPATYPHI U MPU 3TOM AOCTATOYHO UHTEH-
CUBHBIN BBIXOJI Ta30T€HEpATOpa Ha PabOUH PEXKHM.

PacueTHble U SKCIIEpUMEHTAJIbHBIE UCCIIEIOBAHUS TO-
Ka3aJu, YTO SMYJIbCUPOBAHUE TOPIOYEr0, MOCTYIAIOLIETO
B [T, sBusercs MOUIHBIM CTAOMIIM3UPYIONINM 3aITyCK
nBurateneii pakropom [18].

1] 8

Puc. 9. Ctpykrypa ucrekaromeii 1Byxdasnoi cmecu u3 CI” razorenepatopa nociie HaCTyIUICHNS! YCTaHOBHUBIIETOCS
pexunma 1o nasienuto B CIT mpu pasnuyHbIX pacxonax BayBaeMoro rasa: 7, = 0,0313 kr/c (a) ;

=0,0857 kr/c (6); m

mra’x BX Ta3 BX

=0,1632 xr/c u nocrosHHOM pacxoje xxuaxoctu B CI' 1 = 0,44 xr/c (6)

Fig. 9. The structure of expiring two-phases flow from mixing head of gasgenerator in steady-state pressure mode in

mixing head at different mass flow of injected gas: m

gas in

=0,1632 kg/sec with steady state mass flow of liquid n,, ;, = 0,44 kg/sec (c)

=0,0313 kg/sec (a); 11,

as in

=0,0857 kg/sec (b);
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Puc. 10. 3meHeHne TeMnepaTypsl OKHCIUTEIBHOTO I'a3a B Fa30T€HEPATOPE MPH 3aITyCKe JBUTATENS
B CXEMe€ C BJlyBOM I'a3a B 3aBUCUMOCTH OT KOJMYECTBA BJlyBaeMOro rasa

Fig. 10. Calculation temperature of oxidant gas of gasgenerator at the engine start-up depending
on injection mass flow of gas
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Puc. 11. U3menenne otHocutenbHoro aasieHus B KC npu 3amycke aBuraresns B cxeme
C B/IyBOM I'a3a B 3aBHCHMOCTH OT KOJMNYECTBA BJlyBaeMOr'o rasa

Fig. 11. Calculation relative pressure of combustion chamber at the engine start-
up depending on injection mass flow of gas

3anoJiHeHHe CMEeCHTEJbHBIX F0JIOBOK € YUeTOM He-
CTAllMOHAPHOTO TenjoooMeHna npu 3anycke KPJI. Emé
Ooee cloXHAA 337a4a MPH MAaTEMaTHYECKOM MOIEIHPO-
BaHUM 3aIOJIHEHUS] CMECHUTENBHBIX TOJOBOK ABHTraTeleH
IpU HUX 3aMyCKE BO3HUKAET B Cllyuyae HUCIOJIb30BaHUS
HU3KOKHIISIIIUX KOMIIOHEHTOB ToruinBa. CTporoe teope-
THYECKOE PEIICHUE TaKOW 3aJjaud HEeBO3MOXKHO 0e3 mpo-
BEJICHUS CICIMAJbHBIX OSKCIICPUMCHTOB HAa HATYPHOM
MaTepUaIbHON YaCTH.

W3 u3BEeCTHBIX MaTeMAaTHYECKUX MOJeNel, KOTOphIe
OTHCHIBAIOT TIPOLECCH HECTAMOHAPHOTO TEII000MEeHa
IIPYU 3aIMOJTHEHUS TOJOCTEH, CIeAyeT BBIICINUTh MOJETb,
paspabortannyio B [IIAMe [19], B ocHOBe KOTOpOIi Jie-
KaT CIIEAYIOIINE TPEATOCHUIKH:
3amoyiHsAeMas MAarucTpaylb PaccMaTpPHBAETCS Kak
nByx(a3Has TUAPOJUHAMUYECKAS CUCTEMA CO B3aUMHBIM
npeoOpa3oBaHUEM JKUAKOW U mapoBod (a3, 4To ompene-
JIileTCSl IOJBOAOM TEIUIa K HUM OT CTEHOK KOHCTPYKIIMH U
YPOBHEM JIaBJICHUS;

— TPOLIECC 3aIOJHECHUS M YaCTUYHOHM ra3uuKaiiu
HAYMHACTCSA TPU JaBICHUH, PABHOM aTMOC(HEpPHOMY, H
3aKaHIMBACTCS TIPH 3HAYCHHAX IABJICHUS, CYIIECTBEHHO
MIPEBBIMIAIOIIAX KPUTHYECKOE IS TAaHHOM KUAKOCTH;

— peXHM TeueHHs ABYX(pa3HOW CpeIbl MPUHUMAETCS
MEPEXOAAIINM OT CTEP)KHEBOTO K CHAPSIHOMY M 3aTeM
CHOBA K CTEPKHEBOMY;;

— TIPOTPEB MAacChl JKUAKOCTH TPOUCXOAUT BO BCEM
o0beMe, U peanusyercss ycloBue p. > por (Per — HaB-

JIEHUE B 3aIoJHAEMOM 00BeMe), IPH KOTOPOM M TIPOUC-
XOJUT OCHOBHOE HCHApPEHUE JKHIKOCTH, M HEKOTOpbIC
JPyTHe JAOMYIICHUSL.

B peanbHbIX YCIOBHSX TPH OTHOCHTEIHHO HH3KHX

TeMIeparypax KMAKOCTH, Koraa p, < p.., UCIapeHHe
KUAKOCTHU B mpoliecce 3anoiHeHus: CI' mpoucxoaur ot eé
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KOHTaKTa C MOBEPXHOCTHhIO CMECHUTENIbHOU royioBKU. [Ipu
9TOM 3a CYEeT KpymHOMAacITabHO# TypOyleHTHOCTH (TIpH
3aIIOTHCHUN CMECHTENIFHOH TOJIOBKH) IPOUCXOAWT IIO-
CTOSIHHBIH CpBIB TapoBou rmieHKH co creHok CI' m eé
YHOC B Maccy MapoXKUAKOCTHON cMmecu. B aTom ciyuae
[IOMHUMO MPHUX0/1a UCTIAPUBIIEHCS KUJKOCTH 32 CUET TOTO,
4TO P, > Per, HY’KHO JOIOIHMUTEIBHO YYUTHIBATH IIPH-

X0 mapa 3a C4ET KOHTAaKTa XKHUJIKOCTHU CO CTCHKaMHU Cr:

F.,AT,V,),

m, . = f(mCT’

rae m u F‘CT — COOTBCTCTBCHHO MacCa M IIJIOIIAaAb

n cr

BHYTpPEHHEU NMOBEPXHOCTU CTEHOK CMECUTEIHHOU T'OJIOB-
ku; AT — pa3HOCTH TEMIEPATyp MEXAY CTEHKOW U >KH]I-
KOCTBIO; ¥, — 00BbEM CMECUTENIbHOM IOJIOBKH, 3aMOJIHEH-

HbI kuakocteio [1; 10]. s monydeHusl Takod Koppe-
JISIMOHHON 3aBUCHMOCTH HY)KHBI JaHHBIC CIICIUAIBHBIX
9KCIICPUMCHTOB Ha HATYPHOM MAaTEpUAILHOW YacTH H
KOMIIOHEHTE WJIH €T0 aHaJIore, HalpuMep, IPH MCIIOIB30-
BaHUM XHUJKOTO a30Ta BMECTO KHCIOPOJA. Y MEHBIICHUIO
BIIVSIHASL TPOIIECCOB HECTAIMOHAPHOTO TEIUIOOOMEHa Ha
crabmpHOCTh 3amosiHeHus: CIT crmocoOCTBYeT OIAATh JKe
yMeHbIIeHne oobema npeadopcynodnoi nomoctu CI.

Tak, napumep, npu ucnbeitanusx KPJ P/1-301, BbI-
[IOJIHEHHOTO TI0 BOCCTAHOBHUTENHHOW CXeMe ra3oreHepa-
UM, Ha KOMIIOHCHTaX TOIUINBA «(PTOp—aMMHUAK», C LICH-
TpanmbHbIM monBoaoM okuciutens k CI' I'T, crabuimsa-
IUs €T 3aIlycka ObLIa JOCTUTHYTA 33 CUYET YMCHBIICHHS
00béma CI' okucnutens [T

3akaouenne. Ha ceromusmuunii neHb MarTeMaTH4e-
CKO€ MOIENHMPOBAaHHE MPOIECCOB, MPOMCXOISIINX
B KPJI, sBnsierca OAHMM M3 TJIABHBIX HHCTPYMEHTOB,
MTO3BOJITIONINX 3alJIIHYTh B Oyaylee pa3padaThiBaéMOTO
JIBUTATEJIS, UCCIIEIOBAaTh OCOOCHHOCTH €ro paboThI, Hall-
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TH HanboJiee pariOHAIIFHOE PEIICHHE BO3HUKAIOMINX TIPHU
pa3pabotke u skcruryaranuu JKP/l npobnem u B mrore
CYIIECTBEHHO COKPATHTh MaTePHAJIbHBIC 3aTPATHL.

OIHHUM W3 CIIOKHBIX BOIPOCOB MaTEeMaTHYECKOTO MO-
JISIUPOBAHMSI SIBIISICTCS, B YACTHOCTH, OMUCAHHE POIIEC-
COB 3aIlOJHEHUS C OJHOBPCMCHHBIM HCTEUYCHUECM YACTH
KOMIIOHCHTA TOIUTUBA U3 CMECHTEIIBHBIX OJIOBOK ra3ore-
HEPaTOPOB M Kamep cropanus. s KOMIUIEKCHOTO perie-
HUS 33724 3al0JTHEHUS CMECHUTENBHBIX TOJIOBOK arpera-
ToB JXPJI HeoOXomuMO MpoBeACHNE CTIEIHAILHO MOCTAaB-
JICHHBIX JKCTIIEPUMEHTOB M 0000IEHNE WX Pe3yJbTaTOB.
OTO, B KOHEYHOM CHYETe, TI03BOJIIET CYIIECTBEHHO
YMEHBIIINTh MaTepHajbHBIC 3aTpaThl W CPOKHA paspa-
6otku XKPJI.

SlpkUM TpPUMEpPOM TAKOrO IMOAXOAa SBUIACH pa3pa-
6otka JKPJ P/I-191 [18]. Ilpu y4yere B MaremMaTHueCKOH
MOJICJIA HECTAIIMOHAPHOTO TEIUIO0OMEHAa MEXIy KOHCT-
PYKIHEH Tra3oreHepaTtopa U HU3KOKHUISIIUMU KOMITOHEH-
TaM¥ TOIUIMBA TPeOyeTcs MPOBEACHNE CHEIUATBHBIX IKC-
MIEPUMEHTOB Ha HATYPHOM MaTepHUabHON YacTH.
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APPLICATION OF THE BOOTSTRAP METHOD FOR STATISTICAL CHARACTERISTICS
ASSESSMENT OF AIRCRAFT COMPONENTS’ SMALL SAMPLES

D. S. Gerasimova*, A. V. Sayapin, A. A. Palukhin, A. V. Katsura

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
*E-mail: Wolhidka@mail.ru

The estimation of adequate service life of aircraft instruments is a factor of great importance in aircraft operation
process. Changing the instrument service interval affects both reliability (shorter intervals make it easier to locate
malfunctions of components and assemblies as early as possible) and economic performance (inducing increase of
operating costs). So, the increasing the service interval without potentially reducing reliability is an economically im-
portant task.

To determine the optimal time to maintenance for aviation components and assemblies, it is necessary to determine
the span of their service life with the highest degree of precision. The problem of calculating such estimates is compli-
cated by the fact that the data on component failures are scattered and incomplete, which makes it difficult to assess
their statistical characteristics accurately.

The purpose of this article is to find an effective method of statistical characteristics assessment for small samples
as the first stage of modeling of the aircraft components and assemblies reliability. It is induced by specific operational
factors of aviation components exchange at small airlines operating Soviet-time aircraft. The article examines two
methods of resampling, bootstrap and jackknife.

There is also an assessment of mean time to failure expectation for fuel gauges, of the variance and root-mean-
square deviation in the article.

The bootstrap method is offered as applicable for statistical characteristics assessment of mean time to failure ex-
pectation for aircraft components and assemblies taken for analysis in small samples (pressure gauges were chosen as
an example of such analysis). The assessments and calculations can be used by airlines to state the nonfailure service
time of a variety of components and assemblies.

Keywords: reliability, statistics, bootstrap, aviation, aircraft components.

BOOTSTRAP-METOJ JJISI OHEHKHA CTATUCTHYECKUX XAPAKTEPUCTHK
MAJIBIX BBIBOPOK ABUALTMOHHBIX ATPETATOB

. C. T'epacumoBa*, A. B. Casnun, A. A. Tlanyxun, A. B. Kamypa

Cubupckuii rocy1apCTBCHHBIH YHHBEPCUTET HAYKH U TEXHOJOTHI UMEHU akajemuka M. @. PemerneBa
Poccuiickas ®enepanus, 660037, r. Kpacnospek, npocn. uM. ra3. «KpacHosipckuit pabounii», 31
*E-mail: Wolhidka@mail.ru

Buibop adexeammnoeo cpoxa cuyscobl a8UAYUOHHBIX NPUOOPOS — BANHCHAA YACb NPOYECca IKCHAYAMAYUU 8030V UL-
HBIX CYy008. VI3MeHeHue CPOKA MeHcCep8UCHO20 UHMep8and 01 npubopos okazvleaem GIUAHUE KAK HA HAOEHCHOCMb
(max Kax ymeHvuleHue 3mMo20 UHMep8aid NPugooUm K B03MONCHOMY BbIAGNIEHUIO NPoOaeM ¢ V3IaMu U azpecamamu
Ha panHel cmaouu), max U HA IKOHOMUYeCKUe NOKA3AMenU, NO8bIuds IKCHIYAMAYUOHHbIe pAcX00bl. Yeenuuenue
MEACCEPBUCHO20 UHMEPBAIA De3 NOMEHYUATTLHOLO CHUICCHUSL HAOEHCHOCIU AGTAEMCSL BANCHOU IKOHOMUUECKOU 3a0aUell.

Jis ymounenus mexccepeucHo2o uHmMepeana asuayUuoHHbIX Y3108 U azpe2amos HeoOX00UMO KAK MOJNCHO ¢ 6oiee
8bICOKOU 00CTNOBEPHOCBIO 3HAMb OYEHKY CPOKA CLyHcObl mex Uy UHBIX V31068 U acpe2amos. 3a0aua GbluucieHus ma-
KUX OYEHOK OCNIOJNCHACTCS MeM, Ymo OaHHble N0 OMKA3AM MAKUX Y3108 U A2pe2amos HOCAM PA3pO3HEHHbIU XapaKmep
U HeBeIUKU No 00beMY, Ymo 3ampyoHsiem KOPPEKMHYIO OYEHKY UX CIMAMUCTIUYECKUX XAPAKIMEPUCTUK.
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Lenv dannoti cmamvu — n000OPaAMb OelCMEEHHbLIL MEMOO 01 OYEeHKU CIAMUCTIUYECKUX XAPAKMePUCMUK MAaibix
8bI00POK 8 Kauecmse nepeoco IMand MoOeIUpOBAHUs HAOEHCHOCU ABUAYUOHHBIX Y3108 U azpeeamos. Takoe yciosue
00yCN061eHO NPOU3BOOCNBEHHBIMU OCOOEHHOCMAMU OOMEHHBIX (POHOO08 ABUAYUOHHBIX A2pe2amo8 HeDOIbUIUX ABUd-
KOMNAHUI, IKCHIYamupylowux cO8emcKyl0 mexHuky. B cmamve svlibupaiomcs 06a memooa nepeouckpemusayuu —
bootstrap u jackknife, nposooumcs uccredosanue sMnUpUYECKUX OAHHBIX.

B pabome oyenusaemcs mamemamuueckoe odxcudanue Hapabomxu Ha OMKA3 MAHOMEMPOS, A MAKICe OUCNEPCUsL
u cpedneksadpamuuroe omrionenue. IIpoussederno cpasrerue memooos bootstrap u jackknife.

Tloxazana nedocmamoynas adexkeamuocmv Mmemooa jackknife, npodemoncmpuposanvi npeumywecmsea memooa
bootstrap. Ilokazana 603MONCHOCHb UCNOTL30BAHUSL MemOOa bootstrap 05t OYeHKU CIMamucmu4ecKux XapaKmepucmux
HapabomKku Ha OMKA3 AGUAYUOHHBIX Y3108 U A2pe2amos 6 Cyyae Mai020 pasmepa GbloopoK O/ aHAIU3A HA NpUMepe

Manomempos.

P€3yﬂbmambl pa6ombl mozym OblMb UCNOTIL30BAHDL aABUAYUOHHBIMU KOMNAHUSAMU ons OYEHKU Hapa60m1<u Ha omkas

PA3NIUYHbIX Y3106 U dcpecamos.

Knroueswvie crosa: Ha()e.)fCHOC'mb, asuayus, asuayuorras mexnuka, bOOtSi’Clp, cmamucmuka.

Introduction. The development of methods and
means to reduce the number of aircraft and helicopter
system failures, as well as flight safety improvement, has
always been a priority task. This is connected with eco-
nomic factors, for example, to some reduction of aircraft
maintenance cost, and accordingly, with the increase of
air transportation economic efficiency [1], and to psycho-
logical factors as well [2].

For increasing the technical reliability of certain
aircraft components, one must use an effective
reliability assessment of the components already
in operation.

The failure of aircraft components and assemblies is a
stochastic process. To adequately model such processes,
one must know their statistical characteristics.

Unfortunately, the collection, accumulation and stor-
age of information on the status and failures of aircraft in
general and of their specific components is not systematic
at the moment [3]. There is an acute lack of information
concerning end-to-end documentation on instruments and
spare parts. It often happens that there are no entries in the
logs about previous failures or repairs of various parts and
components, and there are errors in inaccurate filling of
the forms of these components. Due to all these factors, it
is difficult to collect and process the statistical informa-
tion on aircraft failures and defects; that makes it hard to
assess the components reliability.

Under the circumstances, the methods aimed at statis-
tical analysis of small samples are of particular impor-
tance.

Statistical methods of small sample analysis. Statis-
tics doesn’t have any clear definition of small samples.
Typically, the sample is called small if its volume does
not exceed 30 units [4]. The “criterion of smallness*
of the sample was outlined by D. V. Gaskarov and
V. 1. Shapovalov in the article “Small sample®, which
states that the sample should be considered small when in
processing by means of methods based on data grouping,
the specified accuracy and reliability cannot be attained
[5; 6].

The development of new statistical methods focused
on the processing of a limited number of observations
started out when the use of traditional methods of mathe-
matical statistics proved inapplicable — they aren’t suit-
able for processing samples of such volume. For assess-
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ment of small samples parameters special methods
which extend the characteristics of the sample over
the whole sample population were proposed. They are the
methods of direct recounting or the methods of correction
factors [7], as well as the method of rectangular contribu-
tions, as described in [8] and examined in [9]. The
essence of this method is in assuming that the random
variable is of fluctuating character. It is assumed that x ;
is not the only possible, but just the most probable value
within a certain interval, so when the empirical density
of x; is building, it is just a certain finite density function
called “contribution, but not a real function. The physical
meaning of this construction is the assumption that
the probability density is nonzero not only at the point
of the variant value, but also in its closest vicinity.
The method of reducing the uncertainty, the method
of successive medians [10] and some other methods
were also used, as described in the thesis abstract by
E. B. Gorbunova [11]

Evaluating parameters, in most cases the general
assumption is that the analysed value is distributed
normally. In assessing the reliability of technical systems,
some specific quantities are often regarded as having
the exponential distribution. But this assumption
often serves the purpose of simplification of the further
calculations.

By applying such an approach, the interval estimation
of statistical characteristics become more important then
oint ones.

In the XX century (in the 60-ies), the statistical meth-
ods focused on similar tasks appeared, namely, the jack-
knife method (meaning a knife which can de folded), and
the bootstrap method [12]. These methods are of resam-
pling and randomization groups, that is, they allow to
obtain both point and interval estimates of the original
population characteristics, forming new samples based on
the already available small sample.

These methods had limited application at the time of
their development because of their relatively high compu-
tational complexity and lack of suitable computer equip-
ment. They were given a new life at the end of the 20™
century, when computer technologies became widely ac-
cessible [13]. The advantages of these methods include
relatively high efficiency, while the drawback is the ab-
sence of strong theoretical justification.
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Calculation and processing of the received data was
performed using special PC programs: Python, Pandas,
Numpy and JupyterNotebook

Python is a high-level general-purpose programming
language designed to improve developer’s performance
and code readability. It is widely used in research calcula-
tions.

Pandas is a Python library for data manipulation and
analysis, used, for example, in cases of multivariate tem-
poral series and cross-sectional data sets that are com-
monly found in statistics and outcomes of experiments.

NumPy is an extension of the Python language that
provides additional support for large multidimensional
arrays and matrices, together with a large library of high-
level mathematical functions allowing operations with
these arrays.

JupyterNotebook is a command shell for interactive
computing. This software can be run not only by using
Python, but other programming languages, as Julia, R,
Haskell and Ruby. It is often used for data processing,
statistical modeling and computer-aided learning. [14; 15]

Source data for the analysis. The data selected for
the analysis were the failures of components installed in
the An-24RV aircraft of “KrasAvia” airline. The available
information on the aircraft components and assemblies
was:

— product name;

— product code;

— factory code number;

— date of manufacture;

— date of repair;

— operation time since initial installation (hours);

— operation time since the latest repair (hours).

As far as the reliability of the newly-released aircraft
is concerned, its non- failure operation time becomes the
matter of primary importance, mainly, the non-failure
time since the aircraft was first put in operation.

The available data contained information on various
components and assemblies of aircraft. The selected data
were those on the failures of the aircraft MA-250M pres-
sure gauge (mainly because the amount of data on this
instrument failures was well known).

The available data contained information about 3 in-
stances of the instrument replacement (see table).

Operation time since initial installation

Ne Operation time since initial

installation (hours)

3707

10520

3707

10520

21993

3707

10520

3707

10520

=[O0 AN |~ |WIN|—

21993

Coincidence of the operating time for different pres-
sure gauges depends on the events of their replacement
during the aircraft scheduled maintenance.
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Application of traditional and resampling methods
for estimating aviation systems’ failure rate parame-
ters. Table (above) indicates that there may be not enough
data to make adequate statistical analysis. This statement
can be verified experimentally by constructing statistical
characteristics based on the available data.

Histogram of the original sample and estimates ob-
tained by traditional method (fig. 1).

Mathematical expectation of mean time to failure
is 10 089.40 hours.

Root-mean-square deviation is 6686.35 hours.

The given distribution is not normal. According to the
estimation, 47.5 % of the gauges are installed in aircraft
already being out of order or fail for the first time within
10.000 hours of operation.

The use the of resampling methods solves the prob-
lem.

We take for consideration the jackknife-method — this
is one of resampling methods (linear approximation of
statistical bootstrap); it is used to estimate the statistical
inference error. The method works as follows: the average
sample value is calculated for each element without re-
gard for this element, and then — the average of all thus
obtained values. For a sample from N elements the esti-
mate is obtained by calculating the mean value of the re-
maining N—1 elements.

For assessment of this method there was developed a

function generating sub-samples. Its code is given below:
# build the array of samples to analyze
manoml=1list (manometers.iloc[:,2].tolist ()
importnumpyasnp
means=|]
stds=[]

foriinrange (len (manoml)) :
a=form jack sample (manoml, i)
means.append (np.mean(a))
stds.append (np.std(a))

hist,bins=np.histogram(means,bins=10)
hist s,bins_s=np.histogram(stds,bins=10)

print (np.mean (means))
print (np.std(means))
print (np.mean(stds))
print (np.mean (manom) )
print (np.std (manom) )
print (means)

print (stds)

For the available sample, the same way as in the for-
mer example, statistical characteristics were developed

using the following code:

# build the array of samples to analyze
manom=list (manometers.iloc([:,2].tolist ()
importnumpyasnp

n=10000

means=/[]

stds=[]

foriinrange (n) :

a=form sample (manom)
means.append (np.mean (a
stds.append (np.std(a))

))

hist,bins=np.histogram(means,bins=10)
print (np.mean (means))
print (np.std (means))
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print (np.mean (stds))
print (np.mean (manom))
print (np.std (manom) )

# means

%matplotlib inline
importmatplotlib.pyplotasplt
width=0.7* (bins[1]-bins[0])
center=(bins[:-1]+bins[1:])/2

plt.bar (center,hist,align="center',width=width)
plt.show ()

The resulting distributional histogram is presented
(fig. 2).

Mathematical expectation of mean time to failure with
the use of the jackknife method equaled 10 090 hours.

Root-mean-square deviation was 6298 hours.

200 4
175 4
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125 1
100 4
0.75 -
0.50
025
000 -
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Fig. 1. Histogram of data obtained through traditional calculation
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Fig. 2. Histogram obtained through the jackknife calculation
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Fig. 3. Distribution of mean time to failure

Puc. 3. Pacnpenenenue cpesHero BpeMeHu HapaOOTKU Ha OTKa3

As we see, this method is ineffective for analyzing
such small-sized samples.

Here is the statistical characteristics assessment ob-
tained through the bootstrap method.

Bootstrap method:

Let the sample be (zj, z, ...) it is required to estimate
0 parameter. Doing this requires selecting N pseudosam-
ples to be developed from the elements of the original
sample with replacement. For each pseudosample
(z*l, 75, ...) n=1,2, .., N pseudostatistics 0", is calcu-
lated. Pseudostatistics 07}, 05, ..., 07, are ranged from
minimal to maximal. Quantiles q*M, q*l,m assume values
9*[NM], 6*,, va-x2)+1)- Confidence interval is calculated on
this basis.

10000 pseudosamples were developed for the avail-

able data. The code is given below:
# form the sample from the source data
importrandom

defform sample (source sample) :
sample len=len (source_sample)

res_sample=[source_sample[random.randint (0, sampl
e len-1)]foriinrange (sample len) ]

returnres_sample

# build the array of samples to analyze
manom=list (manometers.iloc([:,2].tolist())
importnumpyasnp

n=10000

means=1[]

stds=[]

foriinrange (n) :

a=form sample (manom)
means.append (np.mean(a))
stds.append (np.std(a))

hist,bins=np.histogram(means,bins=10)
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print (np.mean (means))
print (np.std (means))
print (np.mean (stds))
print (np.mean (manom) )
print (np.std (manom) )

Smatplotlib inline
importmatplotlib.pyplotasplt

width=0.7* (bins[1]-bins[0]
center=(bins[:-1]+bins[1:])/2

plt.bar (center,hist,align="center',width=width)
plt.show ()

The resulting mean operation time equaled
10 106 hours. Root-mean-square deviation for the given
value equaled 2122 hours (values are rounded to inte-
gers).

Provided the given random value is of normal distri-
bution, it could be confirmed that the mean time to failure
is from 5862 to 14 350 hours at the 95 % credible level.
The distribution of this value is shown in fig. 3.

It can be confirmed that mathematical expectation of
mean time to failure is close to 10000 hours (more precise
value cannot be obtained, because bootstrap belongs to
probabilistic methods).

Conclusion. The article examines the methods of sta-
tistical analysis based mainly on computer calculations.
The advantages of these methods comparing to the classi-
cal ones are that there is no need to adopt a hypothesis
about the form of the distribution law of the selected ran-
dom variable. Also, there is the possibility of numerical
analysis for statistical parameters assessment for small
data samples.

The traditional calculation of mathematical expecta-
tion of mean time to failure gives the value of
10 089 hours, which is very close to the value obtained
through the bootstrap method. However, the value
of standard deviation calculated for the original sample
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is 6686 (rounded to integers); that is quite far from the
value obtained through the bootstrap method.

The bootstrap method outcome looks more plausible,
although it requires further verification.

The use of traditional assessments obviously provides
less accuracy: according to this estimate, 47.5 % of the
pressure gauges are installed in aircraft already being out
of order or fail for the first time within 10000 hours of
operation.

Therefore, the bootstrap evaluation method allows to
obtain more adequate estimates.

Among the disadvantages of this method is
its stochastic nature (in particular, this method
doesn’t provide point estimate of the mean time to
failure — it slightly varies from modeling to modeling),
and also the lack of strict demonstrations of its correct-
ness.

It should be noted that further studies are needed to
confirm the applicability of this method for statistical
characteristics assessments concerning reliability of air-
craft components and assemblies.

Currently, a software product that will make wider
application of the methods analyzed in this article possi-
ble is being developed; that can help to solve specific
problems airlines often come across.
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ON THE CONCEPT OF ALL ELECTRIC PROPULSION SPACECRAFT
Yu. M. Yermoshkin*, D. V. Volkov, E. N. Yakimov

JSC “Academician M. F. Reshetnev “Information Satellite Systems”
52, Lenina Str., Zheleznogorsk, Krasnoyarsk Region, 662972, Russian Federation
*E-mail: erm@iss-reshetnev.ru

Over the past several years the concept of the so-called “all electric propulsion spacecraft” has gained popularity
among both customers and developers of geostationary (GEO) spacecraft; this issue is being actively discussed. The
main advantages of the concept are the following: decreasing the mass of spacecraft and increasing its economic effi-
ciency by means of pair orbital injection. There are some illustrative cases of implementation of this concept by Ameri-
can, European and Russian companies. However, specialists interpret the content of the concept in different ways. That
causes the problems connected to the development of the conceptual design of spacecraft. It is therefore very important
to consider the concept in more detail, to compare various points of view in order to form understanding reflecting its
essence the most accurately. At the same time, on the basis of the available examples, it would be feasible to analyze the
advantages and disadvantages of this concept in comparison with other approaches to the construction of propulsion
system of spacecraft. In the article we offer to interpret the concept as “All electric propulsion spacecraft”’. This inter-
pretation allows to understand its content unambiguously by the specialists of both Russian and Western Technical
Schools. We offer to define “All electric propulsion spacecraft” as an apparatus that does not have in its composition an
apogee engine unit that is chemically fuelled. It has to execute manoeuvres on geostationary orbit raising, orbit correc-
tion and momentum wheel unloading by electrical propulsion only. We have shown that with the existing level of excel-
lence of the equipment this concept does not have any advantages over the concept of separate propulsion subsystems
for the correction and orientation by total mass as well as by the level of reliability.

Keywords: all electric propulsion spacecrafi, apogee thruster, propulsion subsystem, electric propulsion engine, or-
bit raising.

O KOHOEINIHUHA NOJHOCTBIO JIEKTPUYECKOI'O KOCMHUYECKOT O ATITITAPATA
0. M. Epmomrkun*, /1. B. Bonkos, E. H. Slkumos

AO «MHpOopMalMOHHBIC CITYTHHKOBBIC CUCTEMbD» UMeHH akanemuka M. @. Pemeruésay
Poccuiickas ®enepauus, 662972, r. XKenesnoropck Kpacnosipckoro kpas, yi. Jlenuna, 52
*E-mail: erm@iss-reshetnev.ru

B nocneonue meckonvko nem cpeou 3aKa3zHUKO8 U pa3pabOmMuUKo8 2eo0CMAYUOHAPHBIX KOCMUYECKUX anna-
pamos (KA) nabpana nonyisapnocms u akmueHo 00CyxHcoaemcsi KOHYenyusi max Hazuleaemo2o NOJHOCMbIO dJleKmpuye-
CcK020 Kocmudeckozo annapama. [loduepkusaromes npeumyuwecmsea OaHHOU KOHYenyuu 6 wacmu cHudxcenust maccol KA
U NOBLIUUEHUSL IKOHOMUHECKOU P heKkmusHocmu 3a cuem napHo20 6vi600a Ha opoumy. Hmeiomces KonkpemHole npume-
Ppbl ee peanusayuil aMepUKaHCKUMY, e8PONECKUMU U POCCULICKUMU KOMAAHUsMU. Bmecme ¢ mem, ee codepoacanue
MPAKmyemcs, CReyuarucmamyu noO-pasHoMy, U3-3ad 4ee0 BO3HUKAIOM NpobieMbl, C8A3aHHble C QOPMUPOBAHUEM
obauxka Kocmuyeckux annapamos. Ilosmomy npedcmaensiemcs GadCHbIM pPAcCMOmpems 3my KOHYenyuro 0Ooiee
noopoOHO, CONOCMABUMb PA3IUYHbIE MOYKU 3PEHUs ¢ mem, 4moovl evlpabomams NOHUMAHUe, Oojllee MOYHO Ompa-
arcarowee ee cymb. OOHOBPEMEHHO HA OCHOBE UMEIOWUXCS NPUMEPOG U NPOEKMHBIX OYEHOK Yelecoo0pasHo nposecmu
AHAU3 NpeuMyujecms U HedoCMamKko8 OAHHOU KOHYeNnYuu No CPAGHEHUI ¢ OpyeumMu nooxooamu K QOopMuposaHuio
odgueamenvhoix cucmem KA. I[Ipednosicena mpakmoeka nousmusi NOJHOCMbIO AEKMPUYECKO20 KOCMUYECKO20 annd-
pama, No36OAANWASL  OOHOSHAYHO NOHUMAMb €20  COOeplHCaHue CReyuamucmamu Kaxk pPOCCUUCKOU, MaK
U 3aNAOHOU MeXHULeCcKoU wKoabl. IIpednodceno onpedeiums NOAHOCMbIO IAEKMPUYECKUL KOCMUYECKULL annapam Kax
annapam, He umMerOwWUll 8 CG0EM COCMABe ANO2eUHOU 08USAMENbHOU YCMAHO8KU HA Xumuyeckom monauee. On 00NCeH
BbINOIHAMb MAHEEPbL N0 00BbIBEOCHUIO HA 2e0CMAYUOHAPHYIO 0pOUMY, KOPPeKyuu opoumol U pasepyske MAaxo8uKos
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cucmembl OpUeHMAaYUl ¢ UCNOIL308AHUEM MOILKO INEKMPOPeaKmuenoll osueamenvroll cucmemsl. Iloxazarno, umo npu
Cywecmayiowem yposHe cogepuencmea obopyoo8anus OAHHAs KOHYENYusi He UMeem npeumyuecmes neped KoHyenyueu
Paz0enbHblX 08ULAMENbHBIX NOOCUCHIEM OISl KOPPEKYUU U OPUEHMAYUU KAK N0 CYMMAPHOU Macce, max u no ypogHio

HAOEHCHOCTNU.

Knroueswvie cnosa: nonHocmuio 3ﬂ€KmpM’{€CKuﬁ Kocmudeckuil annapam, anozetitulil ()GMZClmEJlb, osucamenvHas noo-

cucmema, 3ﬂ€Kmp0p€aKmu6Hbld ()GMZClmEJlb, dosbleedeHue.

Introduction. The appearance of the new concept
of “All electric spacecraft” has caused considerable
controversy among specialists about the benefits and
drawbacks of this concept of constructing spacecraft
propulsion subsystem. The substantive content of these
discussions is often hampered by discrepancies in under-
standing of the term in contrast to the clear-cut concept
of “Propulsion subsystem”. Therefore there is a need to
raise two interdependent issues and respond to them.
The issues are the following: a) clarifying the content
of the concept of “All electric propulsion spacecraft”;
b) assessing the advantages and disadvantages arising
from the use of this concept while designing and operat-
ing GEO spacecraft. The article is devoted the consid-
eration of these issues.

Clarifying the content of the concept of “All elec-
tric propulsion spacecraft”. We can translate the Eng-
lish term “All electric propulsion spacecraft” into Rus-
sian, but the most accurate translation according to the
meaning would be “spacecraft with electro jet propulsion
subsystem solving any tasks”. A simplified version close
to word-for-word translation and the most widespread
is “All electric propulsion spacecraft”. Let’s consider
the meaning of this term that comprises a certain ap-
proach to the construction of propulsion subsystem of
GEO spacecraft.

In considering the issue, it should be noted that his-
torically, there are two different technical schools dealing
with the concept of launching spacecraft into geostation-
ary orbit. The Western School (that some American and
European companies adhered to from the very beginning)
involves initial launching of a satellite into elliptical geo-
transfer orbit with the further raising into geostationary
orbit with the help of the own apogee engine unit of a
satellite. The engine unit of a satellite is called “apogee”
because it produces master impulse at orbit apogee. Spe-
cialists used only two-component systems with rather
high thrust (hundreds of pound feet in order of magni-
tude) that allowed to perform apogee maneuvers at an
optimal point of orbit and to obtain quite acceptable char-
acteristics of engines in terms of economic efficiency
(specific impulse). The main advantage of this approach
was the speed of the execution of manoeuvres. Rather
high engine thrust allowed to perform a manoeuvre during
the limited period of time — not more than several days.
That reduced to the minimum the dose obtained by a sat-
ellite while passing through radiation belts and allowed to
put a satellite into operation as quickly as possible. One
more important competitive advantage of the approach
was the possibility to use launch vehicles of different
types. It helped select the most convenient options with
regard to the price and other points. Thrusters used re-
maining fuel after the completion of manoeuvres for the
orbit correction during operational lifetime of the space-
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craft and for the creation of control moments while main-
taining satellite orientation in space.

While implementing the concept, it is necessary to
place in spacecraft the propulsion subsystem with massive
tanks of oxidizing agent and fuel, with inflation system
and other necessary attributes; in this, the mass of the
fuelled propulsion subsystem unit is 40-50 % of the
launch mass of spacecratft.

In contrast to the Western Technical School, the So-
viet (Russian) school comprised the launch into geosta-
tionary orbit on the so-called “direct” scheme: using a
separate Booster that has some properties of spacecraft
but it is actually a part of a launching vehicle. To some
extent, a Booster may be considered as an upper stage of a
launch vehicle. In such a conception there is no apogee
engine unit as a component of spacecraft. Orbit correction
and the creation of control moments are carried out during
the spacecraft lifetime by on-board subsystems on the
basis of low thrust, both two-component and single-
component electric propulsion thrusters [1]. In this, in the
latter case, developers can significantly reduce the mass
of a fuel due to the high economical efficiency of electric
propulsion that are generally used for correcting the orbit
of spacecraft.

The evolution of the western approach was that spe-
cialists began to apply electric propulsion, in particular,
ion propulsion, for correcting orbits of geostationary
spacecraft in north-south direction (the correction of in-
clination of the orbit or north-south station keeping).

In this, the apogee engine unit in spacecraft was main-
tained, the correction of the longitude (West—East)
and the performance of control moments continued to be
carried out by the two-component liquid-fuelled low
thrusters on the rest of the fuel of the apogee engine
unit. In particular, the spacecraft on 601 HP platform base
with the use of the XIPS-13 thrusters were developed
by Boeing [2]. The development of the concept comprised
the application of more powerful ion thrusters XIPS-25 in
spacecraft on Boeing 702 base platform not only for the
correction of orbital inclination but for the partial per-
formance of the maneuver of orbit raising as well [2; 3].
Four ion thrusters were installed on the revolving plat-
forms that provided thrust in the direction of orbital speed
in the mode of raising, and in the mode of orbital correc-
tion — in the directions “North—South” and “West—East”
(fig. 1). In this, in the mode of orbital raising the engines
operated at maximum power 4.2 kW, and in the mode of
orbital correction — on half-power 2.1 kW. As the engines
were installed on the moving platforms (drives), during
the operation it was possible to generate control moments
in order to unload momentum wheels of orientation sys-
tems. It allowed to considerably save the fuel for the atti-
tude control thrusters that were on board the spacecraft
together with the apogee engine unit.
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Orbit Control
Ion Thrusters

Fig. 1. The location of orbit control thrusters on board spacecraft built
on Boeing 702SP platform base

Puc. 1. Pa3menienue npurareneii koppekiuu Ha KA, noctpoeHHOM
Ha 0aze mratdopmsl Boeing 702SP

The next considerable evolutionary step in the con-
struction of propulsion system of GEO spacecraft was a
complete rejection of the apogee propulsion. In this ver-
sion being implemented in the spacecraft created on Boe-
ing 702SP platform base, the electrical propulsion subsys-
tem took up the challenge of orbital raising [4]. It allowed
to significantly decrease the mass of the fuelled propul-
sion subsystem and the satellite in whole. This, in turn,
gave the possibility to perform pair launches using
one launch vehicle that allowed to considerably reduce
the cost of the injection of spacecraft into orbit. But
it caused the increase of the period of raising operation
to 7-9 months owing to fundamentally low thrust
of an electrical propulsion. However, in the opinion
of western specialists, the advantages of the concept
outweigh the disadvantages. With its help, only for
the European operator EUTELSAT three spacecraft
were manufactured — EUTELSAT 115 West B”
EUTELSAT 117 West B (both on Boeing 702SP platform
base), EUTELSAT 172B (on EUROSTAR-3000 base)
[5]. These satellites were put into operation. The duration
of orbital raising was from 4 to 6 months. On the satellite
called EUTELSAT 172B the Russian-made thrusters
called SPD-140D with a power of 4.5 kW were first used.
The interest in the satellites of this type is increasing in
the world.

We can note that the evolutionary development of the
concept of the apogee engine unit with higher significance
of electric propulsion in solving the problem of orbital
raising led to the qualitative leap — total rejection of the
chemically fuelled apogee propulsion; it generated the
concept of “all electric propulsion spacecraft”. In western
specialists' understanding, the lack of the chemically fu-
elled apogee propulsion is an essential feature of this con-
cept.

There is, however, an additional issue concerning atti-
tude control thrusters. If correction thrusters are installed
on the drives that allow to decline a thrust vector from the
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line passing through the centre of spacecraft masses, there
is every reason to impose the task of creating control
moments to the correction engines as well and to com-
pletely refuse to use attitude control thrusters. In this case
the concept of all electric propulsion spacecraft will be
carried to its logical conclusion, i. e. in this case space-
craft will not have any other thrusters apart from electric
propulsion thrusters, and they will solve two different
functional tasks: moving the center of spacecraft’s mass
of and control its angular position.

However, the following circumstance hinders such ul-
timate realization of the “all electric propulsion space-
craft” conception: there are so called initial attitude modes
of spacecraft and modes of ensuring survivability when
the use of attitude control system with momentum wheels
is difficult or impossible. Attitude control thrusters are
necessary in this case. However, since impeded power
balance is possible for the current modes, the use of elec-
tric propulsion is difficult due to their high energy con-
sumption. Therefore, an additional independent engine
subsystem providing the creation of control moments ar-
ranged along the three axes of spacecraft is necessary for
such cases. The choice of the thruster type for such a sub-
system depends on the preferences of designers and can
be quite broad — from simple nozzles on a cold gas or
heated nozzles to mono-fuel or two-component low-
thrusters.

Generally when speaking about the advantages of the
concept of “all electric propulsion spacecraft” this issue is
neglected and it is considered to be of secondary impor-
tance and not worthy of special attention. It is interesting
to note that if this concept is interpreted in this way, all
spacecraft developed by JSC “ISS” starting from 1982
and equipped with electrically orbit correction propulsion
subsystems and mono-fuel attitude control subsystems
can be considered as “all electric propulsion spacecraft”.
A. Vnukov and his co-authors repeatedly pointed to it in
publications [6].
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The question is, how to interpret the concept
of “all electric propulsion spacecraft” correctly and
unequivocally so that the specialists of both Russian
and Western Technical Schools understand it equally?
The following approach is possible: if we take into
account the fact that the term “all electric propulsion
spacecraft” was invented in the Western Technical
School, the use of the interpretation of the term in the
form in which it was formed in the Western specialists'
view will be logical, i. e. it is logical to mean by this term
a kind of spacecraft with an electrically propulsion
subsystem without chemically fuelled apogee propulsion.
The issue concerning the auxiliary attitude control propul-
sion is not considered. This approach implies the rejection
of the ultimate interpretation of the term “all electric
propulsion spacecraft”, which excludes the presence of
any other engine subsystems on board, except the electri-
cal propulsion subsystem.

If we agree with the proposed definition, the meaning
of the term or the concept of “all electric propulsion
spacecraft” will be unambiguous for everyone. In addi-
tion, there will be freedom in choosing the type of auxil-
iary attitude control propulsion subsystem, which in any
case is necessary on board spacecraft and the fact of its
existence excludes the possibility of applying the ultimate
interpretation of the “all electric propulsion spacecraft”
conception

Evaluating the advantages and disadvantages of
the versions of the concept of “all electric propulsion
spacecraft”. Let us suppose that the proposed interpreta-
tion of the concept “all electric propulsion spacecraft” is
adopted. It is possible to modify it, in this case we give
the auxiliary attitude control subsystem a little more ad-
vanced functions, i. e. we assign to it the tasks of creating
control moments not only in some separate operating
modes of a satellite, but during its entire service life as
well. This approach, in particular, has been applied to all
spacecraft developed by JSC “ISS” [6; 7]. We have
evaluated the advantages and disadvantages of “all elec-
tric propulsion spacecraft” concept in comparison with
the extended version applied on the products of JSC
“ISS”, which have been taken as a base. We have taken
the following baseline data for the assessment:

— the need for the total impulse for various tasks with
respect to the general stock are: orbit raising and orbit
correction — 98 %, orientation during the service life in-
cluding the period of the initial modes and the period of
the modes of ensuring survivability — 2 %;

— the base scheme includes the propulsion subsystem
of orbit raising and correction of the orbit and the attitude
control propulsion subsystem;

— the orbit control and orbit raising propulsion subsys-
tem consists of 6 perspective plasma engines of KM-75
type [8], a modified version of power processing unit
(PPU) suitable for powering two thrusters simultaneously,
a xenon feed unit and a xenon storage unit developed by
JSC “ISS” [9];

— the attitude control propulsion consists of 8 thruster
units with mono-fuel K50-10 thrusters [10], storage and
feed unit.
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In all the versions in which we do not use mono-fuel
thrusters, cold xenon nozzles powered from the common
xenon tank create control moments in the initial modes
and modes of ensuring survivability.

In the version of hard-mounted correction thrusters,
we have increased their number to ten to create control
moments along three axes, taking into account the thrust-
ers of orbit raising. In the version of the correction thrust-
ers installed on rotary devices (drivers), the thrusters are
used both in the mode of orbit raising and in the orbit
correction mode with simultaneous creation of control
moments. We have reduced the number of engines to the
lowest possible — four. We have taken into account the
mass of the rods, drives and its control units.

The main criterion for evaluating the versions is the
total mass of fueled propulsion subsystems. Additional
criteria are operational reliability and easy control. The
mass estimate for different design versions of the propul-
sion subsystems is presented in table.

The results presented in the table show that the base
design version of the satellite propulsion system (consist-
ing of two independent subsystems: orbit control and or-
bit raising subsystems based on plasma thrusters and atti-
tude control subsystem based on a monopropellant thrust-
ers) has a significant advantage over other versions. We
obtained similar results when carrying out project evalua-
tions for other types of plasma engines and other types of
PPU. This result suggests that at the present stage generat-
ing of control moments for the orientation of spacecraft
by plasma orbit control thrusters is possible but it is irra-
tional, since it requires a significant increase in mass in
comparison with the version of two independent propul-
sion subsystems. The results of design estimates are un-
expected as, at first sight, a system based on single, uni-
versal, very economical and reduced to a minimum num-
ber of thrusters must have the lowest mass. However,
many calculations that we have carried out taking into
account the attendant factors, the available data on the
masses of the blocks of propulsion subsystems and proto-
types of new equipment suggest otherwise. The reason is
that in order to implement the versions using the electrical
propulsion in creating control moments, it is necessary to
increase the number of thrusters or install them on drives
and rods, which together with their control units have a
sufficiently large mass. In addition, it is necessary to take
into account the mass of the auxiliary cold gas-reactive
subsystem with the reserve of the fuel mass. We note that
papers [11; 12] demonstrate that the version with fixed
orbit control thrusters on the levers relative to the center
of mass proved to be lighter than the base version, but this
result was received without taking into account the xenon
mass consumption for orbit raising and disturbing torques
compensation at this stage.

We should note that the pessimistic estimates of the
increase in mass for the implementation of versions dif-
ferent from the basic one are characteristic for the current
level of perfection of the design of the equipment being
used. But, if some lighter devices of controlling thrust
vector appear, we can significantly reduce the mass of the
driven version.
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The total mass of geostationary satellite propulsion subsystems for the different design versions

Design version

Difference from the base scheme, kg

The scheme with ten fixed correction units based on KM-75 using modified PPU +32

The scheme with four correction units based on KM-75 on four rods with uniaxial

drives using modified PPU

+71

In order to comprehensively evaluate the feasibility of
applying this or that concept, we have considered other
aspects of the versions of engine subsystem constructions.
Operational reliability of the system is one of the most
important issues. It is necessary to compare the evaluation
of reliability of the system with the combination of func-
tions of orbit and attitude control with the reliability of the
original scheme with separate propulsion subsystems of
ones.

We have determined the reliability of the original sys-
tem of Ryyr, by the following expression:

Rinit= Rep * Race, (D

where Rcp — reliability of the of correction propulsion;
Racp — reliability of the attitude control propulsion.

The reliability of the system with the combination of
the functions R' is similarly defined by the expression:

R’'=Raux " Runi, (2)

where Rayx — reliability of the auxiliary propulsion for
operation in the initial modes and modes of ensuring sur-
vivability; Ryny — reliability of the universal propulsion
subsystem of orbit and attitude control

The reliability of the auxiliary propulsion subsystem
in the first approximation can be comparable (equal to or
slightly higher) with the reliability of the attitude control
propulsion subsystem in the original version. Thus, the
reliability of the system with the combination of functions
depends on the second component — the reliability of the
universal propulsion subsystem. Obviously, its reliability
is lower than the reliability of the orbit control subsystem
in the original version, since the composition of the sub-
system and the structural scheme of reliability are more
complicated. Most likely, the reliability of a system with

the combination of functions is comparable or lower than
the reliability of the original scheme with two independ-
ent engine subsystems.

To confirm this assumption, we have obtained a nu-
merical estimate of the reliability for a specific version of
the propulsion subsystem. It is possible to do it, for ex-
ample, for the scheme with the fixed correction thrusters
on the body of the spacecraft considered in [11]. This
paper considers only the problem of orbit correction with
the simultaneous creation of control moments without
orbit raising. We have chosen the diagonal placement of 4
thrusters (fig. 2) as a base scheme of the orbit control pro-
pulsion subsystem.

Fig. 3 shows the structural scheme of reliability for
this design of the propulsion subsystem.

-

ﬂ

Fig. 2. Coordinate system and nominal thrust directions
of orbit correction thrusters in the base scheme

Puc. 2. Cucrema KoOpMHAT 1 HOMHUHAIIBHEIE
HAaIpaBJICHUS BBIJAYH TATH ABUTATENCH KOPPEKIUH
op6utsl B 0a30B0OI1 cxeme

"] Rees ] Repu Ry Ry N Ryy.y T
Inclination Longitude Longitude
correction correction correction

+Y -Y

Fig. 3. Propulsion subsystem reliability scheme for the base version:

Rgrs — reliability of xenon storage and feed system (storage unit and feed unit); Rppy — reliability of power
processing unit; Ryy.3 — equivalent reliability of a scheme fragment for the correction of orbital inclination
at triple reservation of the thruster units; Ryy.; — equivalent reliability of a scheme fragment for longitude
orbit correction in plus or minus directions at single reservation of the thruster units

Puc. 3. CtpykTypHast cxema HaJJe>KHOCTH HOACHCTEMBI KOPPEKIMH ISl 6a30BOT0O BapHaHTA!
Pcexn— BBP cuctemsl xpaHeHus 1 moJiaun KceHoHa (010K XpaHeHHs 1 OJIOK mogayn KceHoHa); Pery — BBP
cuctemsl npeodpasoBanust U ynpasieHus (CIIY); Prx.; — skBuBanentHas BBP yuacTka cxeMsl mist Koppek-
LMY HaKJIOHEHUsI IPH TPEXKPATHOM PE3epBUPOBAHUHU ABUraTenei Koppekinu; Py | — skBuBaneHTHas BbP
Y4aCTKOB CXEMBbI 111 KOPPEKIIUH J0JITOThl B HAIPABIECHHHU «IUIIOCY UIIH «MUHYC» IIPH OHOKPATHOM pe3ep-

BUPOBaHUHM (IyOIMpPOBaHUM) JBUTaTENEH KOPPEKIMU
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/

- .

Fig. 4. The location of orbit control thrusters using hard attaching on the SC structure

Puc. 4. Pazmelienue neurareneid KOppeKUUU B CXeMe € HETIOABHKHBIM
3aKpeIIeHueM ABurareneil Ha kopnyce KA

R
SES | Rppy - Rppy Rrus | —f Rrus Ry
Inclination Longitude Longitude
correction correction correction
+Y -Y
—1 R [— Rrux [ Rruwy Rruy [ Rruz Rryz

Control moments +My..—My

Fig. 5. The scheme of reliability of propulsion subsystem for the version with the combination of functions:
Rgps — reliability of xenon storage and feed system (storage unit and feed unit); Rppy — reliability of power process-
ing unit; Rry7 — equivalent reliability of a scheme fragment for the correction of orbital inclination at sevenfold res-

ervation of the thruster units; Ryy.3 — equivalent reliability of a scheme fragment for longitude orbit correction in

plus or minus directions at triple reservation of the thruster units; Rru:x...z — equivalent reliability of scheme frag-
ments for control moment creation at series-parallel reservation of thrusters

Puc. 5. CrpykrypHas cxema HaJIe)KHOCTH JIBUTaTEIbHOI OACUCTEMBI C COBMEIICHUEM (YHKLIUI:

Pcxnn — BBP cucrembl xpanenus u nogaun kceHoHa; Peyry — BBP CITV; Pjk.; — sxBuBanentHas BBP yuacTka cxembl
JUIST KOPPEKINH HAKJIOHCHUS TIPU CEMUKPATHOM PE3CPBUPOBAHNN I[BHFaTeHeﬁ KOppEKIHNH; PLlK-S — JDKBHUBAJICHTHAs
BBP Y4aCTKOB CXEMbI JIsI KOPPEKIHUU JOJIT'OTHI B HAIPABJICHUH «IUIKOC» WA «MUHYCH» IIPU TPEXKPATHOM
pe3epBUPOBAHUY JIBUTaTeNel KOppeKunn; Prx:x .z — dkBUBajieHTHbIe BBP yuacTkoB cxeMbl IpH mocienoBaTeabHo-
napasuieIbHOM Pe3epBUPOBAHUY JBUraTeNIei KOPPEKUUH JUIsl CO3/AaHUs YIPABISIOIIMX MOMEHTOB

The article also represents the diagonal placement of
eight engines in pairs with small (approximately 1°) de-
viations of the thrust lines relative to the center of mass to
create control moments (fig. 4).

Engines work in pairs to create “pure” control mo-
ments of a certain sign on a certain axis, while a symmet-
rically located pair duplicates the selected one. Due to the
lack of estimations of the reliability probability of the
PPU for powering two engines, we have applied two simi-
lar PPU with the ability to power one thruster. The esti-
mates of the reliability for such a device are known. If we
take into account our assumptions, the structural scheme
of the reliability of the propulsion subsystem with the
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combination of functions will have the form shown in fig.
5. Obviously, this scheme looks more complicated than
the one shown in fig. 3.

The calculation using the above-mentioned structural
schemes taking into account the known values of the reli-
ability of the constituent elements shows Ryt =~ 0.9775
for the initial scheme, and R’ =~ 0.9769 for the scheme
with the function combination, i. e. the reliability
of the original version with independent propulsion
subsystems is actually slightly higher, although the differ-
ence is observed only in the third decimal place.

For the version with the installation of orbit control
thrusters on the drives, the structural scheme of reliability
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obviously must be different and it must take into account
the reliability of the drives including mechanical compo-
nents, electronic control units and flexible units for xenon
feed. Probably the total reliability for such a scheme will
roughly correspond to the version with fixed installation
of the thrusters, that is, slightly lower than the original
scheme contains.

The above-mentioned formal conclusions about the
reduced reliability of the propulsion subsystem with the
combination of functions are illustrated by using a simple
example: if we assume that the electrical propulsion sub-
system is completely or partially out of order, the problem
of control moments creating is either not solved at all, or
it is solved extremely limitedly by the auxiliary subsys-
tem on a cold gas.

We should note that the inoperability of electrical pro-
pulsion can occur both as a result of internal and external
causes. One of the main external reasons is the limitation
of power consumption. So, in case of the failure in the
orientation of spacecraft, it is actual to create control mo-
ments for its reconstruction. But in the non-orientable
state, the orientation of solar cells is also disturbed, so the
generation of electric power is reduced. The chemical
battery capacity is limited. If in this case we use electrical
propulsion, which are fairly powerful consumers of en-
ergy, for orientation, the problem of ensuring the surviv-
ability of spacecraft becomes very critical. In the case of
the presence of two independent propulsion subsystems,
even in case of disorientation, the thrusters creating con-
trol moments remain operational, since the energy neces-
sary for their operation is enclosed in fuel itself.

Thus, to ensure the operational reliability and surviv-
ability of spacecraft, the concept of two independent pro-
pulsion subsystems (attitude control and orbit control) is
preferable. With a certain arrangement of the attitude con-
trol thrusters, they can also be used to produce an orbit
corrective impulse. In particular, certain SC of JSC “ISS”
after the end of their service life in the presence of a re-
sidual fuel were taken to the disposal orbit by the orienta-
tion thrusters.

Thus, to ensure flexibility in application, the concept
of two independent propulsion subsystems is useful as
well. In this case, the algorithms for their use are com-
pletely separated from each other. That is, the program of
ignition of orbit control thrusters is completely unrelated
to the algorithm of attitude control thruster’s ignition for
momentum wheels unloading. Each correction session
consists of one ignition of a thruster that is selected to
output an impulse in a certain direction. If correction
thrusters are used to create the control moments, the algo-
rithms influence each other, therefore, for example, if the
thrusters are fixed, the number of their ignitions in the
correction session can increase to 6—8 [13; 14]. This com-
plicates planning of corrections, as well as it puts addi-
tional demands on the resource of the thrusters according
to the number of ignitions.

Conclusion. We have examined the essence of the
concept of “all electric propulsion spacecraft”. We can
offer the following definition of this term: a spacecraft
without an apogee propulsion system on chemical fuel,
equipped with an electrical propulsion subsystem. This
definition does not include the presence of any auxiliary
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propulsion subsystem onboard the spacecraft to provide
initial orientation modes after separation from the upper
stage and modes of ensuring survivability. We have
shown that without such an auxiliary subsystem of orien-
tation, the construction of the propulsion system of “all
electric propulsion spacecraft” is impossible, therefore in
its “pure form” with only electrically reactive thrusters
this concept cannot be realized.

We have evaluated the advantages and disadvantages
of the versions of the of “all electric propulsion space-
craft” propulsion subsystems in comparison with the ver-
sion of two independent subsystems — for orbit control
and attitude control of spacecraft. We have demonstrated
that with the existing level of mass perfection of equip-
ment, the concept of two independent propulsion subsys-
tems has the advantage over other versions by total mass,
operational reliability and ensuring survivability of the
spacecraft, as well as for flexibility in application. The
estimates of the mass of competing versions should be
clarified in the development of more advanced thrust vec-
tor control devices.
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INOBBIIEHUE HAJIEZ)KHOCTH CBY-KAHAJIOB MOJIYJEW AKTH
DPAZUPOBAHHOU AHTEHHOUM PEHIETKHA

W. H. Kapuar', E. A. llarrusa®’, T. T. Kucenes®, C. B. Ed)peMﬁ)%
Ay

'CuGupcKuii rocy1apCTBEHHbIH YHHBEPCHTET HAYKH H TEXHOJIOTHil HMEHH aK M. ®. PemerneBa
Poccuiickas @enepanus, 660037, r. Kpacnosipck, npoct. uM. ra3. «Kpacgospckui®pabounii», 31
*AO «H(pOPMALHOHHBIE CITyTHUKOBBIE CHCTEMBbD) HMEHH aKaeM ? © PemnerHeBa»
Poccuiickas ®enepanus, 662972, r. XKenesnoropck KpacHosipckoro . Jlenuna, 52
*I1ITa6 PakeTHbIX BOMCK CTPATErHYECKOrO Ha ﬁ
Poccuiickas @enepanus, 143010, MockoBckast 00:1., OmuHIIOBCKUI p-H, B
*E-mail: kati6230@yandex.ru

cuxa, yn. Mapmana Xykosa, 10

B nacmoswee spemsa 6 mupe gedymes axmueHvie pabomsl no UCCIeO08AHUIO CIMPYKIMYPbL NPUEMONEPedaroueco Mo-
oyna akmusHol gazupogannol anmennou peuwemxu (APAP), a makdce e2o cocmagHvix 1emMeHmos. Yeenuuenue Mouy-
Hocmeti ADAP npu obwell meHOeHYuu YMEHbUIEHUA MACCO2ADAPUMHBIX XAPAKMEPUCTIUK Mpedyem 6HeOPeHUs HOBbIX
KOHCMPYKMUBHO-MEXHOIOSUYECKUX PeleHUll, HanpasieHHbIX Ha CMaduIbHYI0 pabomy ycmpoicms.

Om svibopa cxemvl MHO2OKAHANLHO20 MO0y u ADAP 6 yenom cywecmeenno 3a8Ucam ux nokasamenu Ha0exHCHo-
cmu, c1e008amenvHo, U IKCHAYAMAYUOHHbIE PACXO0bl, KO, BO3MOJCHO ONMUMUZUPOBATL HA DMANe NPOeKMUpo-
8AHUA U MEM CAMBIM MUHUMUSUPOBATNL CIOUMOCTIL IKCHITYA ell cucmembl.

Paccmompeno enuanue cxemuvix pewienuii mooyneii u ocmu Ux QYHKYUOHATLHBIX Y3108 HA HAOEHCHOCHHbIE
xapaxkmepucmuxu A@AP. [lokazano, wmo HaodedxdcHgcm apaxkmepucmuku ADPAP mem Xxyoice, uem Oonvule
CBY-xkananog 6 mooyne, u3 uwezo ciedyem, 4mo oye bIM HYmMeM YAYYULeHUS HAOEHCHOCTNHBIX XAPAKMEPUCTIUK
ADAP ssnsemcs nepexod K 0OHOKAHATLHLIM MOO 00AMCs paciemmuble BeUYUHbI CPEOHE20 8PeMeHl Hapa-
b6omku Ha omkaz ADPAP npu pasnuunbix cyeHapusx 308 JNIEMEHMO8, BXOOAUJUX 8 MOOYIU.

Kniouegvie cnosa: akmusnas gasuposann Has pewemka, omxasvl CBY-kananos, ouaspamma nanpasien-
HOCMU, KOCMUYeCKull annapam.

INCREASE RELI | F ULTRAHIGH-FREQUENCY CHANNELS
OF THE PHASED ARRAY ANTENNA MODULES
an

I.N. san . A. Shanginaz*, G. G. Kiselev’, S. V. Efremova'

Bgev Siberian State University of Science and Technology
ky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
affemician M. F. Reshetnev “Information Satellite Systems”
52, Jagnin Str., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation
*Headquarters of the Strategic Missile Force
10, Marshal ov Str., vil. Vlasikha, dist. Odintsovo, Moscow region, 143010, Russian Federation
*E-mail: kati6230@yandex.ru

Currently iff the active work is underway to study the structure of the transmit-receive module of the active
phased arra na (APAA) as well as its composite elements. Their reliability indicators depend significantly on the
choice of the multi-Channel module and APAA scheme, therefore operational costs that can be optimized at the design
stage, ther izing the cost of living of the entire system, also depend on that.

indicators essentially depend on the choice of the scheme of the multichannel module and APAA
as a the¥efore also operational cost, which can be optimized at the design stage, thereby minimizing the cost of
opgmmting th®entire system.

The iffluence of circuit solutions of modules and reliability of their functional nodes on reliability characteristics of
A isgtonsidered in the article. It is shown that the more ultrahigh-frequency (UHF) channels in the module, the
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worse the reliability characteristics of APAA. It follows that an obvious way to improve the reliability characteristics of
APAA is to switch to single-channel modules. Calculated values of the mean time between failures of APAA are
for various failure scenarios of the elements included in the modules.

hi

Keywords: active phased antenna array, ultrahigh-frequency channel failures, directional pattern, space

Beenenne. Otkaz CBY-kaHamoB akTUBHOW (pasupo-

BaHHOW aHTeHHOW pemetrkn (ADPAP) mpuBoguT
K YMEHBIICHUIO €€ Kod(duinenTa yCuneHus u yBenmde-
HHUIO YpOBHSI OOKOBBIX JiemecTkoB. IIpm stom cuemyer
UMeTh B BUIY, 4TO Uit ADAP cHUXKEHUE BEIUYMHBI €€
HHEPreTUYECKOro MOTEHIMANa Ha Iepelady W Ha MpHeM
3aBUCUT TOJIBKO OT 4Mcia oTkasaBmux CBY-kanaios
1 MaJIo 3aBHCHUT OT UX PACIIOJIOXKEHMS B allepType aHTEHHBI.
IMpu paBHOammMTy I HOM BO30YxAeHun CBY-kaHanoB
pacrmiosio’)keHue Bblmeannx u3 crpos CBY-kaHamoB 1o
PacKkpbIBY BOOOIIE HE CKa3bIBAETCS HA 3HAYCHUU YMEHb-
meHust PG antenHsl. CoBceM MHas KapTHHA MPOMCXOIUT
C M3MEHEHHEM YPOBHsS OOKOBBIX JIETIECTKOB. Yem 00Jb-
mree gmcio oTkazasmmx CBY-kaHanoB coOpaHO B rpymiisl
¢ 3aMeTHBIM unciioM CBY-kaHanoB, TeM O0JbIIe MEHSCT-
cs1 (opma amarpammbl HampasieHHocTH ([JH) B obmactu
OOKOBBIX JICTIECTKOB. B poim Takux rpyrm MOTYT BBICTY-
aTh MHOTOKaHAIbHBIE MOJYJH, MPETEpIEBIINE KaTacT-
poduyeckmii oTka3. [IpuamHAMH TaKMX OTKa30B MOTYT
OBITh WCTOYHWKM MHUTAHUS WIN SYEHKH YIpPaBICHHUSA,
o0cmykuBaroIye MoIyJb B 1ienom [1; 2].

IIpu paccmorpennn BimsHUS oTka3oB CBU-kananoB
Ha JIH ADAP cremyer mMmeTh B BUIY cleAylomue 00-
crostenscTBa. BHyTpm CBU-kaHama Momyss mepenaro-
mas ¥ NpUeMHasl YacTU NMPAKTHYECKH HE3aBHCHUMBI IPYT
OT Apyra. OT0O O3HA4YaeT, YTO paclpeeseHus o pac

KpBI-
BY OTKa3aBIIUX MpUEMHBIX U nepenatomux CBU-kanagos
pasnble. B cuty atoro Oynyr pasueimu 1 ux JIH, B oc

OeHHOCTH B 00J1aCTH OOKOBBEIX JIEIIECTKOB. Y
MOJIOKEHHST YBEIUYMBIINXCS MO YPOBHIO OOKOBBIX
CTKOB OYIyT OTIHYATHCA. DTO O3HAYAET, YTO
B PaIHOJIOKALIMOHHOM pexnMme (Kak Mpou3ss

U1 nepenaromero pexxuma u JAH s np OrONEK -
Ma) B TIOJABJISIIONIEM YHCIIE pPean3anuifgd AMETH
MEHBIIIHE YXYIIMICHUS YPOBHS OOKOBE B, YEM

kaxap1ii n3 CBU-kanaioB B OTAEILHO
Ot BBIOOpAa CXEMBI MHOTO,
u ADAP B 11e/10M CyIIECTBEHHO CAT UX IOKa3aTenlu
Ha/IeKHOCTH, CIICAOBATEIBHO, U DKCIL aI[OHHBIE pac-
xonel. Ha stame mpoexTtupos BO3MOXKHA ONTHMU3a-
LU COOTHOIICHHS Ha4allbH MOCTH amMnaparypsl
U CTOMMOCTH €€ JKCILTyaTaIl csIIel OT Ha/IeKHO-
CTHBIX XapaKTEPHUCTHUK)MGOTOPHIe oOecredaT MUHIMAIb-
HYIO0 CTOUMOCTb 9KCIL N pamuocucTemsl [3-5].
HapexnocrHblie akTepucTukn  ADAP. Pac-
CMOTPHM TIPAMEp BII W CXEMHBIX pEIICHUH MOIyJei
U HaJeKHOCTH OHAJIBHBIX Y3JIOB Ha HAIE)KHO-
CTHBIE Xapak ADAP B memom. B kadectBe
oObekTa uccdlen ns BeioepeM ADAP, Brurogaronryro
B cebs 10 CBUY%aHnanoB, crpynnupoBaHHBIX B MHO-
rokaHanpHEN HOAYme (MKM) ¢ pa3nigHBIM 9UCIIOM WH-
TerpupfleMerXy, CBU-kananoB. ApXHTEKTypa pemeTKa
puc. 1.
me yxe oTMmeuanoch, 4to oTka3sl CBY-kananos
10T BAK HA HYHEPreTUUECKUE XAPaKTEPUCTHKH, TaK U
b OOKOBBIX JierecTkoB JIH. OueHku moKasbl-
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BaIOT, YTO BIMsIHHE OTKa30B CBU-kanan a ypOBeHb
OOKOBBIX JICTIECTKOB 0OJiee KPUTHIHO, YeM Ha HEHUE
DHEPTETHYECKUX XapaKTEPHUCTHUK. ( I
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Puc. 1. HanexHoctHas cxema ADAP:
MKM - MHorokaHaibHbIi Moxyib; [ITIK — npuemo-
nepenatomuii kanain; [1ITKY — npuemo-nepenarommit

KaHaJbHBIA ycunuTens; 1Y — suelika ynpaBlieHus;
WII — uCTOYHUK NMUTAHUS

Fig. 1. Reliability scheme:
multichannel module; a receiving-transmitting channel;
a receiving-transmitting channel amplifier; control cell;
power supply

Bynem cumtate kputepusmu otkaza ADAP m3mene-
HUE €€ DHEPreTUYeCKuX rnapameTpoB Ha —1 ab nmbo u3-
MCHEHHE YPOBHS MAaKCHMAaJbHBIX OOKOBBIX JIETIECTKOB
Ha +3 ab wm +6 gb. M3BecTHO, 4TO CHIM)KEHNE BEIUYNHBI
PG va -1 nb mpomcxomut mpu ortkaze okono 10 %
CBUY-kaHaioB. YBelqndeHHE YPOBHS MaKCHMAIbHBIX 00-
KOBBIX JieniectkoB Ha +3 nb m +6 nb mpoucxomur npu
oTkaze Mmenbluero yucia CBY-kananos [6—10]. Ilpuns-
ThIC AJId I/ICCJIC,HOBaHI/Iﬁ 3Ha4YCHUA CPCAHCIO0 BPCMCHU Ha
OTKa3 MpHUBECHBI B Ta0I. 1.

B pemetky ¢ konuuectBoM aneMmentoB 10 000 Bxonsar
10 000 mpuemo-nepenatonux kaxanos (IIIIK). Ecnu uc-
MI0JIb30BaTh 8-KaHAJIBHBIE MOAYJIH, TO B PEIIETKY BXOIHT
1250 staeex ympaBuernus (AY), 1250 uctounmkoB mura-
aus  (MII), 1250 xkaHANbHBIX YCHJIUTENCH MOIyJeH
(IITIKY). I1pu ykxa3aHHBIX B TaOI. 1| 3HAYCHUSAX CPEITHETO
BpPEMEHM HapaOOTKM Ha OTKa3 Kaxable 10 4acoB OTKa3bl-
BaeT onuH IITIK, kaxnapie 80 yacoB — oana SV, kaxibie
160 uacos — oaud IIIIKY, kaxasie 40 yacos — oaun UII.

B 1abn. 2 mpuBeneHO JOMyCTUMOE KOJHMYECTBO OTKa-
3aBIINX MO}IyJ’IeI\/'I IIpyu pa3pCIICHHBIX YBCIWMYCHUAX MaK-
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CHUMaJbHBIX OOKOBBIX jenecTkoB Ha 3 u 6 nb. Pacders
BeInoJIHEHBI 111 ADAP, cocrosmux u3 1-, 2-, 4- u 8-
KaHaJIbHBIX MOAYJEH.

CootBeTcTBYIOIIME rpadUKH MPENICTABICHBI HA pUC. 2.

W3 mpuBeNEHHBIX Pe3yNbTaTOB MOXHO CHAENaTh Cle-
JIyIoIlle BBIBOABI. B MHOrOKaHaJBHBIX MOJIYJISX BO3MO-
KEH O0TKa3 BceX BXOAduux B Moayids CBY-kananos mpu
OTKasze oOmuX AT HUX DJIEMEHTOB — y37a YHpPaBJICHHSA,
YCHINTENSA-BO30yIUTENsT W HCTOYHMKa mnuTanus. Ilpnm
OTKa3aX TaKMX 3JEMEHTOB JOIYCTHMas JEerpajals Xa-
pakrepuctuk JIH HacTymaeT mpu 3HaYMTENHFHO MEHBIINX
KoJuuyecTBax orkazaBmux CBY-kaHanoB, yeM IpHU HC-
MIOJIb30BAHUU OJHOKAHAJBHBIX MOAYyJeH. DTO O3HauaerT,
YTO HaJIe)KHOCTHBIE XapakTepucTuku ADPAP Tem xyxe,
yem Oosbiie CBU-kananos B moayine [11-13]. Wmmroct-
paumeii aToMy siBisiercst Tabia. 3, B KOTOPO# MPHUBOJATCS
pacueTHbIe BEIWYHHBI CPEJHET0 BpEMEHH HapabOTKH Ha
otka3 (CBHO) ADAP mpu pa3nuuHBIX CIEHapUAX OTKa-
30B 3JIEMEHTOB, BXOAAMINX B MOYJIH.

Pacuersl mpuBeneHbl JUIA  §-KaHAJIBHOTO MOIYJIS.
B kauectBe kpurepus ortkaza ADPAP npu pacuerax,
pe3yNbTaThl KOTOPBHIX TNPHBEACHBHI B TaON. 3, BBHIOpaHO
YBEJIMUYECHNUE YPOBHS MaKCHUMAJIBHBIX OOKOBBIX JICIIECTKOB
Ha +3 nb. [loguepkHeM, 9TO BBIOpaHHBIH KPUTEPHHA MO-
KET OKa3aThCs UYPEe3MEPHO «CYPOBBIM» M HEOIPaBJaH-
HBIM. AHAJIOTHYHBIE pacyeTsl MOTYT OBITh IPOBEACHBI
U ApyTux Kpurepues otkaza ADAP.

B rpage 6 Tabn. 3 mpuBomsarcs 3Hadenns CBHO
ADAP, o0ycloBJIICHHBIE OTKa3aMH TOJBKO OJTHOTO THIIA
3JIEMEHTOB, BXOJAIIUX B MOXyH. B rpade 7 mpusomstcs
3naueHnss CBHO A®AP, o0ycioBieHHbIE COBMECTHBIM

3HaueHus cpej

BIMSIHAEM OTKa30B 3JIEMEHTOB Moayis. 13 tabn. 3 Bua-
HO, 4TO MPHU €CTECTBEHHOM Ipoiecce QyHKIHOHUGIBY
Husi ADAP OZHOBpEMEHHO CITydalomIHecs OTKa3K

THUIIOB 3JIEMEHTOB B COOTBETCTBHH C MPUCYIINMPMMM 3Ng
geansasmMu CBHO mpuBomsT k ToMy, uTO Tipu RICCATD
BaeMol apxutrektype ADAP ee HanexHOCTHpIC agfle

PHUCTHKH KaTacTPO(PUIECKH NeTpaanpyroT
O4eBUIAHBIM IIyTeM YIyYIIEHHUS HAICKHO
paktepuctuk ADAP sBngercs nepexgfl K QIHOKaHAIb-
HBIM MOJYJISIM, BKJIIOYAOUIMM B cels gech HIOp PyHK-
LMOHAJIBHBIX 3JIeMeHTOB. B Tabn. 4 np bl pe3yJib-

taThl pacieta CBHO ADAP u3 BHBIX MOJY-

Jed, conepKamuxX Bce (QYHKUMOMEIHHBIC BIICMEHTEHI.
Kpurepuii otkaza AQAP —y HU®YBJI Ha +3 nb.
Kak BugaO W3 rpadsr 7 . 4, ADAP m3 oxHOKa-
HaJIbHBIX MOAYJIEH nMeeT4CyIe HHO JIy4IIHE HAJeK-
HOCTHBIE XapaKTepUucTU#i, ADAP u3 8-kaHaJIBbHBIX
Monyneit (CBHO 6Gogfme B 756 paszal). Oto mpuBogut
K CHIDKCHHUIO CTOMNCT}H SK@UIyaTaIHOHHBIX PAacXOJOB.
Bwmecrte ¢ TeM, cTQY 00pa OHOKaHAJIBHBIX MOJY-
0Opa BOCBMHKAaHAJIbHBIX MOMY-
CTOMMOCTEH KU3HH JBYX BapHaHTOB
BBIBEJICH B pE3yNbTaTe aHaIH3a
CTOMMOCTHBIX XapaKTepUCTUK KOHKpeTHOH ADAP.
MoxHo paccmarpuBath gpyrue cxemsl ADAP,
nmeromye 6osnee Boicokoe 3HaueHne nx CBHO. Ilokaza-
Ha apxutekTypa ADAP, B K0TOpoil MpUMEHEHBI UCTOY-
HUKU THUTaHUs C PE3EPBUPOBAHUEM U KaHAJbHBIE YCHIIU-
TEJI C pe3epBUPOBAHUEM, HMEIOLIHE CYIIECTBEHHO OoJiee
10 HaJeXKHOCTb, Y€M YCTPOWCTBa 0e3 pe3epBHpO-
s (puc. 3).

IX Xa-

Tabauya 1

BPEMEHH HA 0TKa3

HanmeHoBanne (yHKIIMOHAJIBHOTO 3JI€MEHTa Cpennee Bpemst Hapabotku Ha otka3 (CBHO), 1
[Tpuemo-nepenaromuil KaHan 100 000
Slueiika ynpaBieHus 100 000
IIpuemo-nepearonuii KaHaIbHbIH yCUINTEIb 200 000
HMcTounuk nuranus 50 000

{2

Jonycrumoe ko

Tabruya 2

CCTBO JTKA3aBIINX M0}1y.]'lel71 IPHA paspellieHHbIX YBEJIHYCHUAX
CHMAJILHBIX DOKOBBIX JIEMECTKOB

Uucno CBY-kaHaioB B MOIYI VYBenudeHune ypoBHS OOKOBBIX VBenudeHune ypoBHS OOKOBBIX
nenectkoB (YBJI) va 31b JICTIECTKOB Ha 61b
1 320 650
2 180 410
4 100 210
8 55 110
Tabruya 3
P bl¢ BeJIMYMHBI CPEeJHEr0 BpeMeHH Hapa0oTku Ha 0Tka3 ADAP npu pasininyHbIX
CHEHAPHSAX 0TKA30B 3JIEMEHTOB, BXOAAIUX B MOAYJIH
DneMeH KonutectBo CBHO, Wutepsan Jomnyctumoe CBHO AKKyMYJIMPOBaHHOE
q OTKa30B, 4 KOJINYECTBO OTKA30B ADAP, u CBHO ADAP, u
2 3 4 5 6 7
10 000 100 000 10 320 3200 3200
1250 50 000 40 7 280 257
TITTKS 1250 200 000 160 7 1120 209
Il 1250 50 000 40 7 280 120
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Tabauya 4
PesyabTatel pacdeta CBHO ADAP
CBHO, u Wutepsan Homyctumoe CBHO AKKyMyJIUpOBaHHOE
OTKa30B, 4 KOJIMYECTBO ADAP, u CBHO A®AP, u
OTKa30B
3 4 5 6 7

100 000 10 320 3200 3200

100 000 10 320 3200 1600

200 000 20 320 6400 1280

100 000 10 320 3200 914

500
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Tabauya 5
PesyabTatel pacieta CBHO A®AP ¢ BbI00poM B KayecTBe KpUTepUs 0TKa3a yBeaudenue YBJI
DneMeHT Komnuuectso CBHO, u Wutepsan Jomyctumoe CBHO AKKyMynIHUpOBa
MOJyJIs OTKa30B, 4 KOJIMYECTBO ADAP, u CBHO A®O4P, u
0TKa30B
1 2 3 4 5 6
MK 10 000 100 000 10 650 6500 0
Ay 10 000 100 000 10 650 6500 32

Puc. 3. CrpykrypHas cx
KV — kananbublil ycunurens; PB — pée
PHII — pe3epBupoBaHHbIH JgmguH

Fig. 3. Stru
channel amplifier; t T
multi ne ule; control
Pesynbratsr pacuera CBHO Tgfoii C BEIOOpOM
¢ YBJI na +6 nb

B KaueCTBE KPUTEPUs OTKa3a yBEIH
NIPUBENICHBI B Ta0JI. 5.

U3 rpader 7 Ttabn. 5 By
TYpPHOH CXEMBI U HEKOTOPOE
ADAP npuBomAT K Naj
ADAP B 3,5 paza. K
ADAP nHa ypoBeHsb 0
KaI[HOHHOM peXHnMe 0§ TIOJIOKUTEIBHO BIHUSATH Pa3-
JMYHNE B CTATHC OB TIEpeAaloINX U TMPUEMHBIX

CBY-kananos glony.
Uznoxe Ka3bIBacT, YTO TAKHE BAXKHBIC Xapak-
TEPUCTHUK K UX HaydalbHas CTOMMOCTH, CTOH-

DAP,
MOCTB 3KC U B IpelelaX Ha3HAYEHHOTO CpoKa
cy O] ONPENENAIOTCS KPUTEPUSIMH €€ IapameTpude-
CKHX, OB.

ple BBIIIE pe3yJbTaThl MCCIIEIOBaHUI

UBE]|
cifpaBe BBl Ul CIy4aeB IMOJHOTO (KaTacTpouyecko-
TONQTKag! Moyneit win ux oTneapbHsIx CBU-kaHamos.
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C TIOBBIIIICHHON HAJICKHOCTHIO:

pOBaHHbIH ycunurens; YT — uctounnk nutanus;
riuTanus; MKM — MHOTrOKaHaIBHBIA MOZYJIb;
IIK — npuemo-nepenaromuii kKaHa

of APAA with increased reliability:
v&@l amplifier; power supply; redundant power supply;

cell; a transceiver channel

Ha npaxTtuke Hapsagy ¢ TaKMMH OTKa3aMU HUMEIOT Me-
CTO IapaMeTPHUYECKHE OTKa3bl — CHIDKEHHE K03 UIneH-
TOB yCWIEHHs B mepenaromieM u mnpuemHom CBU-
KaHalax, «3alulaHue» OTACIBHBIX pa3paaoB (as3oBpaia-
TeNel WM aTTeHI0ATOPOB M T. A. Takue OTKa3bl BIUSIIOT
Ha n3meHeHue JIH HecKoIbKo MEHbIIIE.

[IpuBeneHHBIE BHINIE pacyeThl HAICKHOCTH CICIaHBI
B IpEAMNoJIOKeHHH, uTo anmnaparypa ADAP He peMOHTH-
pyeTcs 3a BpeMs 3KcIulyaTauuu. Bo MHOrux paauocuc-
Temax ¢ ADAP, koTopble 00CITyKHMBAIOTCS U B KOTOPBIX
BBILIE/IINE U3 CTPOS OJIOKM M MOJYJHN 3aMEHSIOTCS IpH
periaMeHTHBIX paboTax, MOoKa3aTelnn HaJeKHOCTH CyIle-
CTBEHHO BBIIIIE IPUBEICHHBIX.

YMecTHO cnenarh ciepymolee 3aMmeuyanue. Eciau us-
BECTHBI TpHW3HAaKH OTKa30B B CBU-kanamax wmopmymei
(nx koopauHaTh B packpsiBe ADAP, xapakrep 0TKa3oB),
TO YHCTO TPOTPAMMHBIMH CPEICTBAMH MOJKET OBITh Hac-
THYHO OCYILECTBJIEHA OINEPAalUs YMEHBIICHUS YpPOBHS
BCIUIECKOB OOKOBBIX JIEECTKOB, BBEI3BAHHBIX (pr3nueckon
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nerpagameir CBY-kananos [15]. OdeBumHo, 4TO TIpH
BBHIIIOJTHEHUH TaKOW Omepanud MPOM30MIET JIONOJIHH-
TeNbHOE yXy/IlIeHUe HamnpaBieHHbIX cBoiicTB ADAP. Ho
BBILIIE YK€ OTMEYaJIOCh, YTO UMEHHO YPOBEHb OOKOBBIX
JIETIECTKOB SIBJISIETCSl OoJiee YyBCTBUTEIBHBIM IIapaMeT-
POM II0 OTHOLICHUIO K H3MEHEHHUIO aMILTUTYTHO-(Pa30BbIX
pacnpenenenuil B packpeise ADAP.

3akiaouenue. TakuM oOpazoMm, HalMdWEe B COCTaBe
A®AP n0CTOBEpHOI CHCTEMBI KOHTPOJSI PEANBHOIO CO-
crosiaus CBU-kaHaioB MOAyIell B COYETaHUH C BO3MOXK-
HOCTSIMH CIICI[MAIM3UPOBAHHBIX MPOTPAMMHBIX CPEICTB
ynpaBieHus: kodpounuentamu nepenaun CBY-kanamos
M03BOJIAET CHU3UTh BIMsHUE O0TKa30B Ha YBJI u cymect-
BEHHO YJIY4YIIUTh IOKa3aTenu HajexxHocTn ADAP
32 CyeT TOBBIIICHHS CPEIHEr0 BpPEMEHH HapabOTKU
Ha OTKa3. Peammsanusa Takoro mpuema sBiseTcs HOMOJ-
HHUTEJIBHBIM CPEJICTBOM MOBBINICHUS JKOHOMHUYECKOU
spdexruBHocTn ADAP myreM ycoBepILIEHCTBOBaHHMS ee
APXHUTEKTYPHI.

BaaropapuocTtu. Pabora BhInmosHeHa npH (UHAH-
coBOM mopzmepxke MuHHcTepcTBa  00pasoBaHUs
u Haykn Poccmiickoit @epepanuu (coriameHue
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OPTIMAL CHOICE OF DESIGN PARAMETERS OF THE UMBRELLA-TYPE ANTENNA
SPOKE TO REACH MAXIMAL BENDING STIFFNESS

A. V. Lopatin, M. A. Rutkovskaya*

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
*E-mail: marina_a b@mail.ru

The paper is devoted to cross-section geometrical parameters optimization of thin-walled spokes of large-size, um-
brella-type deployable satellite parabolic antennas with radial spokes. The spokes in the structures mentioned above
must have maximal bending stiffness and minimal mass. Spokes with uniform thickness of walls both in the section and
along their lengths are not optimal to achieve the maximal stiffness while keeping predetermined mass, because they
have the same bending stiffness in any direction.

In the given paper the authors suggest changing the shape of the spoke cross-section by using sections of different
thicknesses. This would allow increasing the bending stiffness of each spoke in the perpendicular to the antenna surface
direction while preserving the same mass of the complete structure. The thickness will be increased stepwise in the
cross-sectional areas of the maximum distance from each other in the bend plane; in the remaining part of the section it
will be reduced.

The main objective of this paper is to obtain analytical dependences for assessment of the bending stiffness of the
cross section of the umbrella-type antenna spoke with a stepwise change in its thickness. Formulas were obtained
within the framework of the beam theory of bending. The obtained analytical dependencies were verified by numerical
simulation in the finite element software Ansys. Verification of the obtained results by numerical simulation showed
good convergence with theoretical conclusions.

The formulas obtained in the paper make it possible to give practical recommendations for design of large deploy-
able space antennas with improved parameters, namely maximum stiffness with minimum mass of the structure.

Keywords: deployable structures, umbrella-type antenna.

BbIBOP TEOMETPUYECKHUX ITAPAMETPOB CIIMIIbI 3OH;1"I/I‘IHOI7[ AHTEHHBI
JJISA OBECIIEYEHUA MAKCUMAJIBHOU U3I'NBHOU ) KECTKOCTH

A. B. Jlonmatun, M. A. PyTkoBckas*

Cubupckuii rocy1apCTBCHHBIH YHHBEPCUTET HAYKH U TEXHOJOTHI UMEHU akajemuka M. @. PemeTHeBa
Poccuiickas @enepanust, 660037, r. Kpacnospcek, npocn. uM. ra3. «KpacHosipckuit pabounii», 31
*E-mail: marina_a b@mail.ru

Paccmompena onmumuzayus 2eomempui NONEPeUHO20 CeYeHusi MOHKOCIMEHHbIX CNUY KPYNHO2A0APUMHBIX PA360-
PauuaemMvix CHYmMHUKOBbIX NAPAOOIULECKUX AHMEHH 30HMUYHO20 MUNA C PAOUATbHBIMU cRuyamu-pebpamu. B nodo6-
HOU KOHCMPYKYUU Cnuybl O0JNCHBL 001a0amb MAKCUMATLHOU U3CUOHOU JHCECMKOCBIO NPU MUHUMATLHOU Mdcce.
Cnuybl ¢ NOCMOSIHHOU MOIWUHOU CIMEHKU KAK 8 OMOEIbHOM CeYeHUU, MAaK U no OIUHe He SAGNIAI0MCS ONMUMATbHbIMU
011 OOCHMUICEHUST MAKCUMATbHOU JCeCmMKOCMU NPpU 3A0AHHOU MdAcce, MAaK KAk UMerom OOUHAKOBYI) HCeCMKOCHb
npu uzeube 8 10OOM HANPAGIEHUU.

Ilpeonazaemcs usmenumo ¢hopmy nonepeunHoco ceueHusi Cnuyvl 3a CHem UCHOJb306AHUS YYACMKOS DPA3NUUHOU
MONWUHBL. DMO NO36OIUM YEENUUUMb U3LUOHYIO HCECMKOCHb CNUYbL 8 HANPAGICeHUU, NePNEeHOUKYISIPHOM NOBEPXHOCMU
AHMEHHbL NPU COXPAHEHUU 3A0AHHOU MACCbl KOHCMpYKyuu. B obnacmsx ceuenuil, MaxcumanibHO YOAniéHHbIX Opye
om Opyea, 8 MIOCKOCMU uU3zeuba moawuna Oyoem CMyneHyamo yGeiuyeHd, 6 OCMAGUICUCS YACU CeYeHUsl —
VMeHbULeHd.

OcCHOB8HOU Yyenvblo OaHHOU pabomul A6UIOCH NOTYYUEeHUe AHATUMUYECKUX 3A6UCUMOCTEL 0151 OYeHKU U3SUOHOU Jice-
CMKOCMU NONEPEeUHO20 CeHeHUsl CRUYbl 30HMUYHOU AHMEHHbL CO CYNEHYaAMbIM U3MeHeHUueM ee monaujunsl. Popmyivl
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Oblu NOJIy4eHbl 6 pamKax banouHot meopuu uzeuoba. HOﬂy’{eHHble aHanumu4ecKue 3a8UucUmMocmu OvlLiu npoeepenvl
YUC/IEHHbIM Modeﬂupoeauuem 6 yHuGepCClﬂbHOIZ npOZpa.MMHOIZ cucmeme KOHEe4YHO-31EMEHMHO020 aHalu3a Ansys. Bepu—
d)uKCllﬂl}l NOJIYYEHHbIX pe3Ylbmamo6 YUCIEeHHbIM Moc)eﬂupoeaHueM nokasana xopoutyro CX00UMOCmb C meopemu4ecKu-

MU 8b18600AMIU.

Tonyuennvie 6 cmamve hopmynvl NO360810M 0AMb NPAKMUYECKUE PEKOMEHOAYUU NO KOHCIPYUPOBAHUIO OOTbUUUX
Pa3eopavu8aemMbix KOCMU4EeCKUX AHMeNH C YIVUUEeHHbIMU NApamMempamu, a UMEeHHO, MAKCUMATbHOU JCeCHKOCHbIO NpU

MUHUMATbHOU Macce KOHCMPYKYUU.

Kniouesvie cnosa: mpauc¢opMupyeMble KOHCMPYKYUU, 30HMUYHAA AHMERHA.

Introduction. Large deployable parabolic antennas
are widely used in satellite communication systems. Um-
brella-type constructions with radial spokes-ribs con-
nected at one end to the base are the most widespread
among such systems (fig. 1).

Spokes are the main supporting elements of an um-
brella-type antenna. They must have bending stiffness
sufficient to open the antenna and to tense the netting both
during the orbital operation and during ground testing of
the structure. There are several approaches to the design
of the spokes of the umbrella-type antenna [1-14]. Wind-
ing is the most technologically feasible method for manu-
facturing a thin-walled spoke. In the process of winding a
strip of unidirectional composite material is laid layer by
layer on a cylindrical mandrel at the angle +o to the lon-
gitudinal axis (fig. 2). With a large number of thin, alter-
nating layers with angles +¢ and —¢, the structure of a
spoke wall can be considered homogeneous and
orthotropic.

The main types of spoke deformation are bending in
the zoy plane and bending in the zox plane. Bending in the
zoy plane occurs when the spoke is loaded with forces that
arise during the process of membrane tension. The mem-
brane tension is the main load case for the umbrella-
type antenna's spoke. Therefore, the stiffness of the spoke
bending in the zoy plane should be greater than the stiff-
ness of the spoke bending in the zox plane. Cross section

of constant thickness is not optimal for achieving maxi-
mum stiffness with a given mass.

Optimization of the cross-section geometric pa-
rameters of the umbrella-type antenna’s spoke. The
authors propose to change the shape of the spoke cross-
section by using sections of different thicknesses to in-
crease the bending stiffness of the thin-walled spoke of
the umbrella-type antenna while maintaining the specified
design mass (fig. 3). An important circumstance is the
fact that such a design is technologically feasible.

We connect the longitudinal axis of the spoke passing
through the centers of the cross sections with the coordi-
nate z counted from the base (fig. 2) and assign the cross-
section of the spoke to the coordinate system xoy (fig. 4).
To maintain the specified mass of the structure, it is nec-
essary to ensure the equality of the cross-sectional areas
of the spokes in question (fig. 4, 5), which can be
achieved by using the cross-section shown in fig 4, 5.
Formulas are obtained that allow estimating the bending
stiffness of the spoke cross section in the case when the
thickness varies stepwise (fig. 5).

Let us define the bending stiffness of the cross section
of the spoke. Calculation of a thin-walled rod with a
closed cross-sectional contour is carried out on the basis
of the hypotheses of the beam theory, according to which
the cross section is not deformed and turns like a hard
disk when bending.

Fig. 1. An umbrella-type antenna with spokes with a circular cross section:
a — an antenna in the deployed position; b — the start position of an antenna

Puc. 1. 3oHTHYHAs aHTEHHA CO CIIULAMHU C KPYTJIBIM MOMEPEUHBIM CEUECHUEM:!
a — B Pa3BEPHYTOM I1OJI0)KEHHHU; O — B CTAPTOBOM I10JI0)KEHUN
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Fig. 2. A cantilever thin walled spoke with a round cross-section

Puc. 2. KoHconpHast TOHKOCTEHHAs! CIMI[A C KPYTJIBIM MOTIEPEUHBIM CEUEHUEM

Fig. 3. An isometric view of the spoke with variable thickness

Puc. 3. OOmumii BUJ CITUIIBI C TIEPEMEHHBIM CEUYCHUEM

Fig. 4. A thin-walled round spoke with
constant thickness in the cross section

Puc. 4. Cniuna ¢ riragkum
MONEPEYHBIM CEYCHUEM
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Fig. 5. A thin-walled round spoke with variable
thickness in the cross section

Puc. 5. Cninua ¢ nepeMeHHBIM
HOIIEPEYHBIM CEUCHUEM
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Within the framework of the beam theory [15], the
bending stiffness of the cross-section in the planes zoy
and zox are defined as follows:

D, =§B,y’ds, D, =§Bx’ds. (1)

Here s is the contour coordinate, which is calculated
from the formula s = Rp, respectively ds = Rdp. The value
By denotes the stiffness of the spoke wall when stretched
or compressed in the axial direction.

x=Rsinf, y=Rcosp. 2)

Substituting (2) into (1), we obtain the following ex-
pressions:

D, = @BHRZ cos’ BRAP = R%JSBH cos’ Bdp,
D, =§B,R sin* pAPRAB = R*P B, sin’ BdB.  (3)

The rigidity of a spoke with a smooth cross-section
will be expressed with the following form:

D=nB,R® =4 iR’ . (4)

For a spoke with a complex cross-section (fig. 5), the
expression for the bending stiffness of the cross section in
the zoy plane takes the form:

|31 B B,
D, =2R*| 4, jcos BdB+ A, t, j cos’Bdp+

B
s %)
+[3 +
cos BdBJ

+ Allt1

where B, = n—B;.

After some transformations (5) we obtain the follow-
ing expression:

D, =4, ,R*(t,(B, +sinB,) +1,(n— (B, +sinB,)).  (6)

Taking into account the equality of the cross-sectional
areas of the two spokes under consideration, we obtain
expressions for the bending stiffness of a spoke with a
smooth cross-section:

D= A11R3t2(7t+[31(0‘ -1, @)

and a cross-section with variable thickness:
D = A11R3t2 (o =D)(B, +sinfB,) +m), (8)

where a = t,/t,.

The bending stiffness relations can be written in the
following form:

D, 1 sin 3, .
D '31 +L
o-1

The results of the calculations are shown in the graph
(fig. 6) for different thickness ratios a. Here a; = 1.5,
o, =2.0,03 =3.0, 04 =4.0, a5 =5.0.

As it can be seen from the graph, the maximum stiff-
ness is achieved when the ratio of the thicknesses of the
spoke with the variable cross-section is 5 and the angle B,
is equal to 62°.

Modal analysis of the spokes by the finite element
method was carried out (fig. 7) to verify the results. The
spokes are made of CFRP (Carbon Fiber Reinforced
Polymer) with the following characteristics: modulus

n= ©)

of elasticity is 100 hPa, Poisson’s ratio is 0.3, and density
is 1500 kg / m’. The internal diameter of the spoke
is 200 mm, the length is 6 m, the thickness of the smooth
cross-section is # =2 mm.

P1

o] 10 20 30 40

50 &0 70 80 90

Fig. 6. The dependence of the stiffness parameter on the angle B, at different thickness ratios

Puc. 6. 3aBUCHMOCTD )KECTKOCTHOTO ApaMeTpa OT yriia 3 P Pa3HbIX COOTHOLICHUSX TOJILIHH
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Fig. 7. The modal analysis of a spoke with a variable cross-section

Puc. 7. MOZ[aHLHLIﬁ aHaJIn3 CIUIbI C IEPEMECHHLIM ITOIIEPCUHBIM CEYECHUEM

Taking into account the equality of the areas of the
two cross-sections, we obtain the parameters for a spoke
with a variable cross-section: the angle By is 60°,
the thickness #{ = 4 mm and # = 1 mm. With these
geometric parameters, the masses of the spokes are prac-
tically equal.

The first frequency of a spoke with a smooth cross-
section is 8.69 Hz, and that of a spoke with a variable
cross-section is 10.64 Hz. As a result of the calculation it
can be seen that the stiffness of a spoke with a variable
cross-section significantly increased in comparison with
a spoke with a smooth cross-section. The ratio of stiffness
obtained numerically is 1.47.

The conclusion. Substituting the calculated parame-
ters of the spokes into expression (9), we obtain 1; =1.41.
Verification of the results obtained showed good conver-
gence with theoretical conclusions.

Thus, the formulas obtained make it possible to esti-
mate the bending stiffness of the cross-section of the um-
brella-type antenna spoke when its thickness varies step-
wise and give practical recommendations for the design
of large expandable space antennas with improved
parameters, namely, maximum stiffness with a minimum
mass of the structure.
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ORGANIZATION OF COMPLEX TESTING OF
THE SPACECRAFT COMMAND AND MEASURING SYSTEM

L. F. Nozhenkova, O. S. Isaeva, A. Yu. Koldyrev*

Institute of Computational Modelling SB RAS
50/44, Akademgorodok, Krasnoyarsk, 660036, Russian Federation
*E-mail: raventus@icm.krasn.ru

In this article, we present the sofiware for organization of complex testing of a spacecraft’s command and measur-
ing system. The command and measuring system is responsible for communication of a spacecraft with the ground con-
trol complex. The developed software is designed for the support of interaction between the automated testing complex
of a spacecraft and test and control equipment of the command and measuring system. Complex tests include testing of
all or a part of conjugate elements of a spacecraft, united in a single system, with simulation of regular and possible
non-standard modes of operation. Complex tests of the command and measuring system are carried out using an auto-
mated testing complex, the main task of which is transferring of the control commands to the test and control equipment
of the command and measuring system. The automated testing complex also receives packages from the test and control
equipment containing telemetric information about the state of the on-board systems of a spacecraft. During complex
tests of the command and measuring system, the developed software supports the exchange of command and telemetry
packages between the automated testing complex and test and control equipment.

The developed software is built in the software of the test and control equipment as a subsystem for organizing of
complex testing. The subsystem receives commands from the automated testing complex, identifies and sends them to
the test and control equipment, in the form of a structure that is understandable to the command and measuring system.
For each command, the subsystem produces a receipt of successful identification or of an error if it occurs. The subsys-
tem receives telemetry from the command and measuring system, converts it in accordance with the protocols of inter-
action and sends it to the automated testing complex. In addition to the command and measuring system’s telemetry, the
telemetry of the test and control equipment is sent to the automated testing complex. It contains the parameters of the
sensors of various equipment that are part of the hardware and software complex, as well as the parameters required
for transmission channels’ settings between the test and control equipment, command and measuring system and other
systems of a spacecraft. All actions occurring during the process of complex testing are recorded in the test report. All
protocols of tests are saved and can be replayed.

Keywords: spacecraft, command and measuring system, complex testing, test and control equipment, telecommands,
telemetry.

OPTAHM3AIIMSA KOMILJIEKCHBIX HCHIBITAHUA KOMAHTHO-U3MEPUTEJIBbHOM CUCTEMBI
KOCMMYECKOI'O AIIITAPATA

JI. ®. Hoxenxkosa, O. C. Ucaesa, A. 10. Konz[preB;'=

HHucTuTyT BhraucauTensHoro moaenuposanus CO PAH
Poccuiickas @enepanms, 660036, r. KpacHosipck, Akagemropoiok, 50/44
*E-mail: raventus@icm.krasn.ru

Ilpedcmasneno npoepammuoe obecnevenue 0st NPOBEOEHUs KOMNIEKCHbIX UCHbIMANUL KOMAHOHO-USMEPUMENbHOU
cucmemsl Kocmuieckoeo annapama. Komanono-usmepumenvras cucmema omeevaem 3a KOMMYHUKAYUIO KOCMUYECKO20
annapama ¢ Ha3eMHviM KOMHIIEKcOM ynpasnenus. Paspabomannoe npoepammuoe obecneyenue npeoHazHavyeHo O07s
N000ePIHCKU 83AUMOOeiCBUsL A8INOMAMUSUPOBAHHO20 UCHBINAMENIbHO20 KOMNIEKCd KOCMUYECK020 annapama u KoH-
MPOALHO-NPOBEPOUHOU ANNAPAMYPbI KOMAHOHO-UMepUmMenbHoU cucmemsl. Komnnexcrole ucnvimanus npeocmasisom
€000l mecmuposanue 8cex Uil YaACMuU CONPANCEHHBIX INEMEeHMO8 KOCMUYeCKo20 annapamd, 00beOUHeHHbIX 8 eOUHYIO
cucmemy, ¢ umumayuel WmMamHslx U 803MONCHBIX HEUMAMHBIX PENCUMO8 QYHKYUOHUposaHus. KomniekcHoie ucnboi-

510



AQMLZMMOHHCUI U pakemHo-KoCmMu4ecKas mexnHuxKka

MAHUSL KOMAHOHO-UZMEPUMENbHOU CUCTEMbL HPOBOOSIMCSL C UCTIONb30BAHUEM AGMOMAMUSUPOBAHHO20 UCHBIMAMETbHO-
20 KOMNJIEKCd, OCHOBHOU 3a0dauell KOmopo2o A6NAemcs nepedaid KOMano YRpagieHus Ha KOHMPOAbHO-NPOBEPOUHYIO
annapamypy KOMAaHOHO-USMEPUMENbHOU cucmemsl. A6MomMamusuposanHtblil UCHbIMAMENbHbLL KOMIIEKC MakKjce npu-
HUMaem om KOHMPOJIbHO-NPOBEPOUHOU Annapamypvl nakemvl meiemempuieckol ungopmayuy o cocmosHuu 60pmo-
8bIx cucmem. Bo epems nposedenus KoOMNAEKCHBIX UCNLIMAHUL KOMAHOHO-USMEPUMENbHOU CUCTHEMbL pa3pabomanHoe
npoepammuoe obecneuerue noo00epIcUsaen 0OMeH NaKemamu KOMano u meaemempuu Mexrcoy agmomMamu3upo8aHHbIM
UCNBIMAMENLHLIM KOMNJIEKCOM U KOHMPOTbHO-NPOBEPOUHOU annapamypoi.

Paspabomannoe npoepammnoe obecneuenue 6HeOPEHO 6 NPOSPAMMHOE ODecneyenue KOHMPOLbHO-NPOBEPOUHOL
annapamypel Kak NOOCUCHEMA Op2aHU3AYUU NPOGedeHUst KOMNIEKCHbIX ucnvimanutl. [loocucmema npunumaem Ko-
MAaHObL OM AGMOMAMUZUPOBAHHOL0 UCHBIMAMENLHO20 KOMNLEKCA, UOSHMUGUYUpyem u Omnpasisiem ux Ha KOHmpoib-
HO-NPOGEPOUHYIO ANnapamypy, npedsapumenbHo npeodpas’oeas 8 NOHAMHYIO KOMAHOHO-UBMEPUMENbHOU Cucmeme
cmpykmypy. Ha xasxcoyo xomandy noocucmema omnpaesisem Keumanyuo oo ycnewHnou uoenmugurayuu aubo ¢ Ko-
dom npousowedutel owubxu. Iloocucmema npunumaem om KOMAHOHO-USMEPUMENbHOU CUCEMbL MeeMempuio, npe-
obpasyem eé co2nacHo NPoMOKOIAM B3aUMOOEUCMEUs U OMNPABIAem HA A8MOMAMUSUPOBAHHII UCHbIMAMETbHbI
xomnuexc. Ilomumo menemempuu KOMAHOHO-USMEPUMENLHOU CUCTEMbl HA AGMOMAMUSUPOBAHHBIL UCHBIMAMETbHbLU
KOMNJIEKC NOCHLIAEMC s MeleMempusi KOHMPOLbHO-NPOBEPOUHOL annapamypbl, KOMopas co0epicum napamempsi 0am-
YUKOB PAZIUUHO20 000PYO0BAHUS, 6X00AWE20 8 ee COCMAB, d MaKdice napamempsbi, HeobXooumvle Osi HACMPOUKU Ka-
HA08 nepeoauu medxicoy KOHMpOIbHO-NPOBEPOUHOL annapamypoll, KOMAHOHO-USMEPUMENbHOU CUCTNEMOU U OpyeUMU
cucmemMamu KOCMu4ecko2o annapama. Bce Oeilicmeus, npoucxoosiwyue 6 npoyecce KOMNJIEKCHbIX UCIbIMAHUN KOMAHO-
HO-UBMEPUMENbHO CUCTNEMbL, (DUKCUPYIOMCSL 8 NPOMOKONEe UCHbIMAaHull. Bce npomokonvl npou0eHHblX UCTIbImMaHUL
COXPAHSIOMCS, UMEEMCsl BO3MONCHOCHIb UX BOCNPOU3BEOCHUSL.

Kniouesvie cnosa: kocmuyeckuil annapam, KOMAHOHO-USMEPUMENbHAA CUCMEMA, KOMNIEKCHble UCHbIMAHUSA, KOH-
MPONLHO-NPOBEPOUHASA ANNAPATYDA, MELEKOMAHObL, MeJleMempusl.

Introduction. Ground tests are one of the most impor-  ing system the special hardware and software complex —
tant stages of the spacecraft systems development life test and control equipment is used.
cycle [1]. Tests let to determine the compliance of on- Test and control equipment of the command and
board systems to the specified requirements, and thereby = measuring system solves the problem of autonomous testing.
enhance their resiliency and lifespan [2; 3]. The high cost  Test and control equipment software (TCE SOFTWARE)
and complexity of repairs after the spacecraft is put into  provides users with the functions of forming a test
operation increase the importance of ground tests [4].  script, provides it with the value of the controlled
There are autonomous and complex ground tests. variables in a user-friendly form, and also solves a num-
Autonomous testing involves testing a fully assembled ber of other tasks when conducting autonomous tests
unit (system) to determine its readiness to participate in  [11-13].
further tests or to stand-alone operation without connect- The article presents a software subsystem that pro-
ing paired systems [5]. Complex tests are testing of all or  vides testing of the spacecraft command and measuring
part of the conjugate elements of the spacecraft, united in  system, ensuring the interaction of the automated test
a single system, with simulation of regular and possible = complex and test and control equipment.
non-standard modes of operation of the spacecraft [6]. Research objective. Complex tests are carried out
Each checked system, for carrying out autonomous and  with the help of an automated test complex (ATC), which
complex tests, has a specialized hardware and software = works as a simulator of the ground control complex. The
complex- test and control equipment [7]. The use of com-  main task of the automated test complex is the transfer of
puter technology can improve the quality, reduce the costs  control commands to the control and testing equipment of
and the time of testing [2]. Test and control equipment the spacecraft systems, as well as the reception of teleme-
(TCE) software is responsible for the collection, storage try packets about the state of the onboard systems and test
and convenient presentation of information about the sys-  and control equipment.
tems tests of the spacecraft [8]. The automated test complex should interact with the

The command and measuring system is responsible test and control equipment of the command and measur-
for the communication of the spacecraft with the ground ing system according with the transport and information
control system. Communication takes place through the protocol. The transport protocol defines the logic of inter-
exchange of data packets. The command and measuring action between the automated test complex and the soft-
system receives telecommand packages from the ground  ware of the test and control equipment on the issues of
control complex, identifies them and sends them to the network interaction, imposes the requirements for the
appropriate onboard systems of the spacecraft. Also, the hardware of the test and control equipment and the SNTP
command and measuring system transmits telemetry (Simple Network Time Protocol) [14], describes the struc-
packets containing information about the state of the on-  tures and types of packets for data transmission. The in-
board systems of the spacecraft to the ground control  formation protocol defines the procedures of information
complex. The structure of the telecommand packages and  exchange between the software complex of test and con-
telemetry are set by standards ESA PSS-04-107 [9] and  trol equipment and the automated test complex, sets the
ESA PSS-04-106 [10], respectively. For carrying out logic of information exchange and specific types of data
autonomous and complex tests of command and measur-  packets.
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Information exchange is the transfer of data packets of
different types between the automated test complex and
the software of test and control equipment.

The transport protocol of interaction of the automated
test complex and the test and control equipment software
of the command and measuring system defines six types
of data packets. An automated test system may send the
software checkout equipment control commands packages
and arrays of command and program information (CPI).
Software test and control equipment sends to an auto-
mated test system acknowledgement for the used com-
mands, address and positional telemetry, and various
messages to the test protocol (fig. 1).

The control command is a data package on which the
equipment must perform certain actions. There are three
types of commands: commands for test and control
equipment, commands for command and measuring sys-
tem and commands for the control unit of the onboard
control complex. The command type determines which
hardware the command is addressed to. An array of com-
mand and program information is a package containing
the necessary data for the control unit of the on-board
control complex.

In response to the control command, the test and con-
trol equipment software sends an acknowledgement
(ACK) to the automated test complex with the informa-
tion about the execution of the command or with the error
code. All error codes are described in the communication
information protocol. The ACK is necessary for synchro-
nization of work and prevention of a situation when
commands are not identified by the test and control
equipment.

Telemetry packets sent to the automated test complex
provide information about the values of certain measured
parameters that need to be monitored. There are two types
of telemetry packets: address and positional. Address te-
lemetry contains the parameters of the test and control
equipment, and the positional parameters of onboard sys-
tems. At the beginning of the tests, the automated test
complex expects a packet of address telemetry with the
value of all the parameters of the test and control equip-
ment, then once a second receives a telemetry packet con-
taining only the changed parameters. Positional telemetry
packets are transmitted to the automated test complex as
they are received from the command and measuring system.

Control command

Array of CPl

The protocol provides for the possibility of issuing
messages to the automated test complex in the test proto-
col. Such messages are used, for example, to diagnose
malfunctions or to comment on the test and control equip-
ment operators.

For the organization of interaction between the auto-
mated test complex and the control and test equipment the
software subsystem of the organization of carrying out
complex tests was created.

Subsystem of organization of carrying out complex
tests. The main purpose of the subsystem of the organiza-
tion of complex tests is to support the interaction between
the automated test complex and the test and control
equipment of the command and measuring system during
complex tests according to the protocols of transport and
information interaction. The main functions of the subsys-
tem:

— reception from the automated test complex sent
control commands and arrays of command and program
information;

— transfer to the automated test complex of the ACK
on control commands about their successful performance
or with the code of the received error;

— conversion of automated test complex packages
into a format acceptable for the command and measuring
system and vice versa;

— recording of package exchange between the auto-
mated test complex and the command and measuring sys-
tem in the test protocol;

— 1implementation of the possibility of entering into
the test protocol messages from the test and control equip-
ment operator;

— checking of the tests carried out.

Interface of the complex test subsystem (fig. 2).

The subsystem of complex tests contains the follow-
ing windows: “Commands to CMS”, “Commands
from ATC”, “Log”, “Messages to ATC”, “Parameters
of address telemetry”, “Telemetry monitor”.

The “Log” window contains information about the
processes that take place during complex tests: receiving
commands and arrays of command and software informa-
tion from the automated test complex, sending acknowl-
edgements, address and position telemetry to the auto-
mated test complex, and description of other actions that
need to be recorded in the protocol.

Automated test complex

Adidress and positional
telemetiy

acknoviledsement

Test and control equipment
software

IMessage to the protocol

Fig. 1. Information exchange

Puc. 1. Undopmanmonssiii o0OMeH
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Fig. 3. Messages to the automated testing complex

Puc. 3. CoobuieHus Ha aBTOMaTU3UPOBAHHBINA HCIIBITATEIbHBIA KOMIUIEKC

“Messages to ATC” window displays messages gen-
erated automatically or created by the operator in the
process of testing (fig. 3).

“Parameters of address telemetry” window contains
the values of test and control equipment parameters. The
parameters of the test and control equipment are divided
into two types: the parameters of the state of the equip-
ment and the parameters, the value of which determines
the various settings of the transmission channel between
the test and control equipment and the command and
measuring system, as well as between the command and
measuring system and other onboard systems of the
spacecraft.

The status parameters of the test and control equip-
ment are the values of the sensors of various devices that
are part of the test and control equipment, for example,
the value of the humidity sensor of the rack control unit or
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the alarm flag of the first power distributor. Subsystem
receives these values through a survey of the equipment
in multi-threaded mode using the SNMP protocol [15].

The parameters responsible for the data channels spec-
ify certain settings necessary for tests, such as the mode
of exchange with the board or the address of the decoder.
The value of the parameters of this type is set by
commands for test and control equipment, and has
a default value. The default value is required to avoid
setting of each of the parameters at the beginning
of complex tests.

“Telemetry monitor” window displays the telemetry
transmitted by the monitored object. The length of the
telemetry frame according to the ESA PSS-04-106 stan-
dard is 508 bytes. The software allows viewing any te-
lemetry package that needs to be transferred to an auto-
mated test complex.
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“Commands to CMS”, “Commands from ATC” win-
dows display commands and arrays of control program
data transmitted from the automated test complex. The
“Commands from ATC” window contains all the pack-
ages received from the automated test complex, and
clearly displays their structure, provided by the transport
interaction protocol. The “Commands to CMS” window
displays the packets to be sent to the command and meas-
uring system and displays their structure, provided by the
international standard ESA PSS-04-107 (fig. 4).

The structure of the package transferred to the com-
mand and measuring system differs from the structure of
the package transferred from the automated test complex.
To convert the package structure and insert the necessary
data, the values of which are contained in the address pa-
rameters of the test and control equipment, the subsystem
“Data packet editor” is used (fig. 5).

The “Data packet editor” subsystem allows creating a
tree-structured packet, consisting of elements that are
represented by other structures. An address parameter for
each item can defined. The value of this parameter will be
inserted into the associated element when the packet is
transferred to the object of control. It is also possible to
set a default value for each element.

In the data packet editor, structures of all types of data
packets were created according to the ESA PSS-04-106
and ESA PSS-04-107 standards and the protocol of trans-
port interaction of the automated test complex and the test
and control equipment software. Elements are defined for
structures, the value of which must correspond to certain
address parameters during the transmission of the packet
to the command and measuring system. When a command
packet is received, the subsystem identifies the command

type.
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Fig. 4. The structure of the packet transmitted to the command and measuring system

Puc. 4. CprKTypa Takera, repeiaBa€Moro Ha KOMaHAHO-U3MCPUTCIIbHYIO CUCTEMY

P .
7 o

2 AAKTHPOBATE | | CO30aTh NakeT Wunopr
one JARHEN
Mnpagnerme CTPYETYDt AdHHb [axetsl gatitise |
ThoMOK (ol gle
Hazganme HaisaHne Annna Tun nena JHBUSHME N0 ¥MOA,., | KeHTpoakpyemoe., | Tun3s
7 T Cipykrypa naxeta PK BY BKY 2 |» =H Crpykypa naketa PK KAC 16 Gar 000000000000 - 000000 000000 16 £
2 TS Croykypa nakera P KWC (5 3aroneeok kaspa S Bair 00 0D £0 00 00 00 00 00 00 00 16
U BuiBop pexima Bolgaum T.. = |
I . Homep sepae 2 Bur e} 0ad 2
e - BHIBOp pexia Boigaum T...
5, Beibop bewin Bogati T dnar ofxeaa i Dnar KY 2 Ewr 00 0a 2 |
Ha Boibop pewima Bngaum T... PesepBrpoBaHHoe nane A 2 Bur o0 00 2
e BLIBOD pexima Buigaud T.. WA Homep K& 10 Bur 0000000000 0000300000 2
L E . n
g BriBop pexima soiaaum T. W1 HOMEPa BMPTYARKHOND KaHa .. & Eur 000000 000000 )
Yu  BratoueHme MKO 8 0CHOBH... |
," PesepBmpoBatnoe nose B 2 Bur 0 0a 2
Ula BrmoueHme MKO & pesepe..
Su  BrnroueHie SpW B OCHOBH.., Annua kanpa oA s % ki
s Brarouerve SEW B peseps.. Homep NoCABL0BATENBHOCTH Ka... 1 Bair e 0a 16
Y | Omkatouetise MKO 1 SpW 8. = Thone dzHHbE kanpa [Cermest TK) 9. ba#r 00 Q0 00 00 00 00 QoD o00000 Q.. | 16
Sia Omesiouesie MKO w SpW e.. (=] Jaroncsok cermenTa 1 Eawr oo 0o 16
Y Switching on the CCU tele.., 1
.l_ reching er © Dnark NoCNesoBaTENEHOITH 2 Bur o oo 2
Uls BrarueHwe reseparopa Te..
I Mpwztax MAP 6 bur 000030 030000
<in  BLIKHUBHIE rEHEPATOpa T, }
1=] Mone gannbi cermesTa 000D Q0000000 16 W

» BEIKAMIUEHWE rEHEPATOPA T...

o Halitnankezo ynaszmsna © sy

00 00 00 00 00 00

Fig. 5. The “Data packet editor” subsystem
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Fig. 6. Reproduction of passed tests

Puc. 6. BocipousBeienue npoijeHHbIX UCTIBITAHUN

If a command needs to be sent to the command and
measuring system, the subsystem determines the list of
address parameters required to configure the command.
Then there is the formation of a command packet to be
sent to the command and measuring system and the inser-
tion of address parameters in the corresponding fields of
the generated packet. After that, the received packet is
sent to the test and control equipment for further sending
to the command and measuring system.

After conducting complex tests, it is necessary to be
able to analyze them. For this purpose the problem of
preservation of tests and realization of functions of repro-
duction of earlier carried out tests was solved. Reproduc-
tion of passed tests is shown in fig. 6.

Visualization of the tests is performed using a time-
line. Using the timeline, you can reproduce complex
tests from any point in time in real-time or accelerated
mode, showing all actions that have occurred by that
moment.

Conclusion. The developed subsystem is imple-
mented in the software and hardware complex of test and
control equipment of the command and measuring system
and provides support for the application of the command
and measuring system in complex tests of the spacecraft.
The subsystem interacts with the automated test complex
according to the protocols of transport and information
interaction. The subsystem receives commands and exe-
cutes them if they belong to the test and control equip-
ment or transfers them to the object of control, having
previously converted them into a clear command and
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measuring system structure. For each command, the sub-
system sends an acknowledgement of correct identifica-
tion, or with an error code according to the information
exchange protocol.

The subsystem receives telemetry from the command
and measuring system, converts it according to the trans-
port interaction protocol and sends it to the automated test
complex. In addition to the telemetry of the object of con-
trol, the subsystem sends to the automated test complex
telemetry of test and control equipment, which contains
the parameters of sensors of various equipment of control
and testing equipment, as well as the parameters neces-
sary to config ure the transmission channel between the
test and control equipment and the command and measur-
ing system or between the command and measuring sys-
tem and other systems of the spacecraft.

All the process of complex tests is recorded in the test
protocol. The subsystem has the ability to record mes-
sages from the operator of test and control equipment. All
tests are saved and it is possible to reproduce them for
analysis. The subsystem solves the task of the interaction
of automated test complex and test and control equipment
for complex tests of command-measuring system of the
spacecraft.
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mseu. B ceaszu co snayumenvhoim yeenuvenuem nauanbhoi maccol KA neobxooumo ucnoivzosams cpedcmeso evigede-
Hust bonee msdcénozo kiacca. Illosmomy 6 nacmosiuuil MOMeHm OONOIHUMENbHO PACCMAMPUBATOMCSL 6APUAHNDL BblEE-
Oenus ¢ nomowvio pakem-rnocumeneti «Aneapa-A5» u «Coioz-5» («Cymxapy) ¢ pazeounvimu oaoxamu «AM» u « Dpe-
2am-CBY» ¢ kocmodpomos Bocmounwiii u batikonyp coomeéemcemeaenno. Cpox akmugHo2o cyuecmeosanusi annapanmos
007191CeH NPEBLIULAMb CeMb Jlem, 3d KOMOPbIl Q0INCHO ObIMb 00CMUcHYMo HakloHeHue bonee 25°.

Ilpusedeno onucanue OONOTHUMENLHOL0 8APUAHMA OBULAMENLHOU YCNAHOBKU C NPUMEHEHUEM 8 COCMABe 08YXKOM-
noxnewmuwix osueameneti npouzeoocmea HUHUMaw (e. Huocnsas Canoa) u yKazanvl OCHOGHbIE XAPAKMEPUCTIUKU CXEM
noaéma 08yx KA. Paspabomannas cxema nonéma nepeozo KA npeononazaem cmapm 6 aszycme 2026 2o0a. Conuoice-
Hue ¢ Connyem Ha muHumanwHoe paccmosivue 61,5 paouyca Connya npoucxooum uepes 6 nem nocie cmapma. Ilocne
nocneonezo, 60CbM020, 2pasUMayuonHo2o Manéepa yepes 8,3 cooa nocie cmapma KA oocmueaem eenuoyenmpuueckoi
wupomvwt 33,1°. Tpaexmopus emopoco KA npeononracaem cmapm 6 anpene 2028 cooa. On makaice uepes 6 nem nocie
cmapma coauacaemes ¢ Coanyem 00 npumepro makxozo dxce paccmosanus — 63,0 paouyca Coanya. Ilocredyowumu
epasmanéspamu y Benepwl annapam docmueaem eenuoyenmpudeckoul wupomuot 29,1°.

Ilpedcmaenennviii npoekmublll 0OIUK XUMUYECKOU 0BUCAMENbHOU YCIMAHOBKU C NpUMeHenuem osueameneti Manol
msi2u no3607sem 00CMudb 3a0aHHbIX napamempos opoumel Connya U GbINOIHUMb HAYYHYIO NPOSPAMMY 6 MeyeHue
3a0aHHO20 CPOKA AKMUBHO20 cyujecmeosanus 08yx KA.

Kniouesvie cnosa: xocmuueckuii annapam, 08uU2amenbHdas YCMAHOBKA, CXeMd NOJEMA, MeNCNJIAHeMHbL nepeiem,
Connye.

DESIGN OF A LOW THRAST PROPULSION SYSTEM AND THE TRAJECTORIES
OF SPASECRAFT TO THE CENTRE OF THE SOLAR SYSTEM

I. V. Platov*, A. V. Simonov

Lavochkin Association
24, Leningradskaya Str., Khimki, Moscow region, 141400, Russian Federation
* E-mail: aia@laspace.ru

The article is devoted to the peculiarities of the flight trajectories design to the centre of the Solar system for two
perspective Russian spacecrafts. A scientific goal of the project is to study the near-solar space from close distances
(60—80 solar radii) and non-ecliptic inclinations. As part of the draft project, management decided to create two space-
crafts (SC), where an option with a “chemical” propulsion system based on low-thrust engines is offered as a march.
In connection with a significant increase in the initial mass of the spacecrafft, it is necessary to use means of deducing a
heavier class. Therefore, now options are being considered for launching at “Angara-A5"" and “Soyuz-5"" (“Sumkar”)
with “DM” and “Fregat-SBU” upper stages from the Vostochny and Baikonur launch sites. The active life of the SC
should exceed seven years, for which an inclination of more than 25 ° must be achieved.
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The article describes the additional version of the propulsion system with the use of two-component engines, pro-
duced by NiIMash (Nizhnyaya Salda), and the main characteristics of the flight schemes for two spacecrafts are indi-
cated. The developed scheme of the first spacecraft flight assumes the launch in August 2026. Convergence with the Sun
at a minimum distance of 61.5 solar radii occurs 6 years after the start. After the last, the eighth, gravitational maneu-
ver, 8.3 years after launching the spacecraft reaches heliocentric latitude of 33.1°. The trajectory of the second space-
craft assumes the launch in April 2028. Six years after the start it also approaches the Sun to approximately the same
distance 63.0 solar radii. The spacecraft reaches the heliocentric latitude of 29.1° with the help of subsequent gravity-

assists at Venus.

The presented design appearance of the ‘chemical’ propulsion system with the use of low-thrust engines makes
it possible to achieve the specified parameters of the Sun orbit and to execute the scientific program within the given

period of active existence of two spacecrafis.

Keywords: spacecraft, propulsion system, flight scheme, interplanetary transfer, Sun.

BBenenne. B crathe [1] ObUIM PHUBEICHBI OMUCAHUS
TpEX BAapPHAHTOB KOHCTPYKIMU KOCMHYCCKOIO armapara
(KA), ocHaIIeHHOTO JBUraTeIbHBIMU YCTaHOBKaMU ([IY):
OJIMH BapuaHT ¢ Xxumuieckor 1Y u 1Ba BapraHTa KOMOH-
HUPOBAaHHBIX CHCTEM C JJIeKTpopakeTHoit JIY Ha Oase
RIT-22 u CII[I-140/1. Ha aTame 3CKH3HOTO MPOEKTHUPO-
BaHUS I STHX BApPHMAHTOB OBUIH pa3palbOTaHBI CXEMBI
moJIéTa, TIO3BOJIIONINE JOCTaBUThL KA 3a BpeMs aKTHBHO-
IO CYIIECTBOBAaHHS Ha TEIHOLEHTPHUUECKYIO OpOHTY C
pamuycoMm niepurenust 60—70 pagnycoB CoHIIA U HAKIIO-
nerneM 25°-30° k mmockocty sxmunTHKA. [t pabouero
MPOEKTHPOBaHUs ObLT MPUHAT BapuaHT KA ¢ KOMOWHU-
poBanHoi 1Y (¢ HMCHOJIB30BAHUEM OJHOKOMIIOHCHTHBIX
XHUMHUYCCKUX W AJIEKTPOPAKCTHBIX JBUTATENICH MPOU3BO/I-
ctBa OKb «®aken»), KOTOPBIN MO3BOJISIET AOCTUYb 3a-
JIAHHBIX MapaMeTpoB opOuThl COJIHIIA W BBITOJIHHUTH Ha-
YYHYIO IPOTpaMMy B TCUCHHE 3aJaHHOTO CPOKa aKTUBHO-
ro cymecTtBoBaHusI KA.

B mporiecce paboThl Hax MPOEKTOM BBHISBUJIACH HEOO-
XOIMMOCTB B PEIICHHUH 3a/1a4, CBA3aHHBIX TJIaBHBIM 00pa-
30M C IOSIBIICHHEM B COCTaBE KOCMHUYECKOTO KOMILIEKCa
nByX KA ¢ cCOOTBETCTBYIOIIMM HAOOPOM CITY>KEOHBIX CHC-
TeM. OIMH W3 MyHKTOB C(HOPMHUPOBAHHBIX HCXOIHBIX
JAHHBIX [UIS pa3pabOTKH COOTBETCTBYIOIIEIO KOMILIEKCA
[Ipe1yCMaTpUBaeT PacCMOTPEHUE BO3MOXKHOCTH HCIIOJIb-
30BaHMS B JBUTATCILHOW YCTAHOBKE JBYXKOMITOHCHTHBIX
KHUJIKOCTHBIX PaKCTHBIX ABHrartencit manon Tsru (XKPJI
MT), npu sTom nByxKoMnoHeHTHast /1Y noimkHa obecre-
YUBaTh HE TOJBKO CTAOWIM3alNIo U opueHTanuio KA, HO
U TIPOBEACHUE KOPPEKIUH €ro TpaeKkTopuH. Tem He Me-
Hee, COXPaHSIOTCS YCIoBUs, 9T0 KA momkeH cOMM3UThCS
¢ ComanieM 10 pacctosiHuit B 60—80 COTHEYHBIX pagnyCcoB
U TIOCTETIEHHO HAaKJOHATH IJIOCKOCTH CBOEH OpOWTHI K
IUTOCKOCTH AKJIMIITHKH, YTO TMO3BOJHMT pEaln30BaTh HO-
BbIC HAOJIIOJICHHUS U WU3MEPCHUsS, HEOOXOAMMBIC VIS pe-
IICHUS HAYYHBIX 3a7a4 U JOCTH)KCHUS OCHOBHBIX IIEJICH
muccuu [2; 3].

[Mpoekr nomken ObLI OBITH pa3paboTaH, UCXOAS M3
3anycka KA ¢ kocmoapoma Baiikonyp ¢ momouisio pake-
teI-HOCcuTeNs (PH) «Coto3-2» ¢ pasronasiM 6sokoM (PB)
«®Dperar» [4]. OgHAKO B CBS3HM CO 3HAYUTEIHHBIM yBEIH-
YeHHeM HadainbHOUW Macchl KA, kak B BapuaHTe ¢ KOMOH-
aupoBanHoit 1Y, tak u B Bapuante ¢ XXPJl MT, neo6xo-
JIUMO HCTIOJIB30BATh CPEJACTBO BEIBEIEHUS Ooee TSHKENI0-
ro kimacca. [loaTomy B HacTOSIIMIT MOMEHT JOTOJIHU-
TENBHO PACCMATPHUBAIOTCS BAPUAHTHI BBIBEACHUS C IIO-
momeio PH «Amnrapa-AS» ¢ Pb «JIM» ¢ xocmoapoma
Bocrounsiit 1 PH «Coro3-5» («Cymxkap») ¢ Pb «®perat-
CBY» [5] ¢ xocmozpoma baiikonyp. Cpok akTUBHOTO
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cymectBoBanusi (CAC) anmapara IOJDKEH IIPEBBIIIAThH
CEeMb JIET, 32 KOTOPbIH JOJDKHO OBITh IOCTHI'HYTO HAaKJIO-
HeHue Oouee 25°.

Ipennaraemas xoncrpyknus Y KA. Jns peanu-
3alMH MTOCTABJICHHBIX 3aJad MpeIaraeTcsi KOHCTPYKIIHS
J1Y, npencraiennas Ha puc. 1. Ilpu paspabotke AY
MIPEIIOIaraeTcsl HCIOJIB30BAHAE BYXKOMITOHCHTHBIX
JKPJI MT, npoussoactsa HNMarmu (r. Hwkasas Canga),
KOTOPBIE COOTBETCTBYIOT 33aJaHHBIM MTapaMeTpaMm.

Konctpyktusao JIY mpencraBisieT coboil TepMocTa-
ommsuposanHyto nanens (TCII), Ha koTopoii mocpenct-
BOM KpPOHIUTEHHOB M IPOCTABOK pa3MEILEHa OCHOBHAs
4acTh €€ COCTaBJSIOIIMX: TOIUIMBHBIC Oaku, OayIOHBI
BBICOKOTO JaBIICHHS, IMHPOKIAMAHBI, KJIAMaHbl 3JICKTPU-
YECKHE W TPEIOXPAHUTCIBbHBIN, NATYUKU HaBICHHUS H
Temrepatypsl, Tpyborposoasl 1 COTP. Hecymueit koHCT-
pykuuent mais montaxa TCII, manenm arperatoB (Ha KO-
TOPOH pa3MEemIeHbI PeIyKTOp, 3aIPaBOYHBIC H TIPOBEPOU-
HBIE KJIATIAHBI) ¥ YETHIPEX NMIIOHOB JBHUTATEIBHBIX OJI0-
koB Ha KA CIIy)kHT BOCBMHUTPaHHBIM pPaMHBIA KOPIIYC,
o0mUTHINA coTONaHe s IMU. Ha KaxaoM MuioHe 3aKperuieH
OJIOK NBHUTATEJIeH MaJIOW TATH, COCTOSIINN W3 KPOHINTEH-
HA, HA KOTOPOM yCTaHABIUBAIOTCS MO TPH JABHUraTEls Ma-
JIOW TATH: ABa ABUratens cradbwnuszanuu 17]1583® u
onuH asurarens 11J1457®, BeinoaHsIOMUN PoJIb KOPPEK-
TUPYIOLIETO.

KpoHmireitn uMeeT nocajo4Hoe MeCTO ISt KPEIIeHus
K MWIOHY M 00ecreYnBacT HEOOXOIMMYI0 OPHUEHTALUIO
neurareneit otHocutenbHo oceit KA. Tlogo6nas cucrema
YCTaHOBKHM [BUTaTeleld NpPUMEHSETCS Ha Iiathopme
«Haswuratop» [6; 7].

TorumBHBIE 6aKK UMEIOT 00BEM BHYTPEHHEH MOJIOCTH
195,4 mutpa KakIpiit: ouH Oak IUIS XpaHSHUS! TOPIOYEro —
HECHMMETPHUYHOTO AWMETIITHApPA3WHA U OOUH Oak I
OKHCIIUTENSl — aMWIMHA. bak cocTouT M3 IMIMHApHYE-
cKoll oOeyaikM, K KOTOPOH C JIByX CTOPOH IPHBApEHBI
nonychepbl. Kaxplii TOIUIMBHBIA 0aK yCTaHABIMBACTCS
Ha TCII yepe3 cnenuanpsHOE OAHIAKHOE KOJBIO TAKHM
00pa3zoM, YTO BEPXHsIA M HIKHSSA HOoyc(hephl TOILTMBHO-
ro 6aka okaspIBatoTcs 1Mo pasHbie cropoHsl TCII. Ha Gake
KpETISITCS HarpeBaTeNd M JaTYWKH Temreparypsl. Ha mo-
BEPXHOCTH, OOpAIIEHHYI0 B KOCMHYECKOE MPOCTPAHCTBO,
YCTaHOBIICHA ITPOTHBOMETEOPHAS 3aIIUTA.

B marepmanax mpoekTa paccMaTpHBAIOTCS IBA BapH-
aHTa KOHCTPYKIIUHU TOTUTUBHOTO OaKa:

C METANIMYECKOH pa3JenuTesbHOl auadparmon,
pazznesnsronieil 0ak Ha TOILUIMBHYIO M HaLyBHYIO I1OJIOCTH;

C BHYTpPHUOAKOBBIM YCTPOHCTBOM KalMJUIIPHOTO
tuna (BBY KT).
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Mertammaeckas quadparma seisiercs Oonee oTpabo-
TaHHBIM KOHCTPYKTHBHBIM BAapUAHTOM CPEIU BBITCCHU-
TENBHBIX YCTPOWCTB MOJA4Yd KOMIIOHCHTOB PAaKETHOTO
toruuBa oTHocutenbHo BBY KT. Tloareepxaenue co-
XpaHeHuss paboToCocoOHOCTH AuadparMbl B TCUCHHE
CeMH JIeT B yclioBusx paboTel KA Ha OKOJIOCONHEYHOM
opOuTe MPU TEPMOIUKINPOBAHUH U TEIJIOBOM pacIIkpe-
Hun KommoHeHTOB TommmBa (KT) sBusercs HOBOIBHO
TPYAOEMKHM H TEXHHUYECKH CJIOXKHBIM TIPOIECCOM
¢ OompIIMM KOJMYECTBOM JomymieHnd. KoHCTpyKims
0aka ¢ BBY KT He nmeeT MOABMXHBIX MEXAHHYECKHX
gacteil 1 obecneunBaeT noxgadyy KT B TOmIMBHBIE Maru-
cTpanu 0e3 ra30BbIX BKIFOUCHUI. B KOHCTPYKIMHU Mpeiia-
raemoro tormBHOro 0aka ¢ BBY KT wactudnO Mcnons3o-
BaHbl MaTepHaIbl, M3JI0KCHHBIC B 3asBKC HAa M300pCTCHUC
Ne 2016137327 «TomnuBHBII 0ak U ero 3a00pHOE yCTPOW-
ctBo». B cocra BBY KT Bxomsr daszopa3nenurenpHOE yCT-
POMCTBO M 3eMeHTH! Jokaim3auun KT BOmmM3u 3ab0pHOIM
MOBEpXHOCTH. J[ms1 moBBIIIeHNs 3((PEKTUBHOCTH PaOOTHI
BBY KT 6omnpmras 9acTb €ro 3JeMEHTOB U y3JI0B BBITIOTHE-
Ha W3 KaMUTBIPHO-TIOPUCTHIX CETYATHIX MAaTEPHAIIOB.

Br16op ogHOTO M3 BapHAaHTOB MCIIOJHEHHS TOIUTHBHO-
ro 0aka B OIpeeNeHHON 1 He3HAYUTEIHHON Mepe BIUSIET
Ha MacCOBYIO CBOJAKY M COCTaB ITHEBMOTHIIPABINIECKON
cxemsbl JIY.

Cxembl nosaéra KA. Iloner Bo BHYTPEHHIOIO 4YacTh
CoOJIHEYHO!W TIUIAHETHOW CHUCTEMBI C TPUOIIKCHUEM
k Connuy Ha paccrosaue 60-70 ero paauycoB
(o 40-50 mutH kM) TpeOyeT OueHb OOJBINIUX SHEPreTHYC-
ckux 3arpar. g mpsiMoro mosera oT 3eMid B 3Ty 00-
macte Tpebyercs pazorHath KA 10 acHMITOTHYECKOi
ckopocTu ipumepro 10,5 km/c, B TO BpeMst Kak sl 1moJie-
Ta K Mapcy unu Benepe nocrarouno 3 km/c, a k FOnure-
py — 6 km/c [8].

IloaTomMy mia peanuzauuu npoekrta «MHTeprenuno-
30HI» TPEUIOKEHA JUIMTEIbHAs CXeMa IoJIeTa C I'paBH-
TanroHHbIME MaHeBpamu (I'M) B cdepe nevicTBus 3emiy,
a TaKk)Ke ¢ MHOTOKPaTHBIMHU IpaBMaHeBpaMu B cdepe nieii-
ctBus Benepsr [9-12].

Cxema nonéra KA BKiIIOUaeT cleAyrolliue OCHOBHBIE
STaIbI:

1) BeiBenerne KA Ha oTieTHy0 OoT 3eMJIH TpPaeKTO-
pwro, 3aBeparonieecs oraencHneM KA;

2) nepenet KA 1Mo TeIHONCHTPHYECKON TPAEKTOPHH C
geTeIppMs I'M o mapmpyty «Benepa — 3emis — 3emuts —
Benepay;

3) mocienoBaTENbHOCTh IACCHBHBIX T'PaBUTAIMOH-
HBIX MaHEBpPOB y BeHephl ¢ BBIXOJOM IOCIE Ka)I0Tro
U3 HUX HA TEJIUOLEHTPHUYECKUE OPOUTHI C YMEHBIICH-
HBIM PajnyCcOM IEPUTEIUs] MU YBEIMYEHHBIM HaKJO-
Henuewm [13].

Bropoii yuactok nozera ot crapra 10 I'M4 y Benepsl,
Ha KoTopoM opbuta KA mpakThdeckn He BBIXOIUT W3
IUIOCKOCTH SKIIMIITHKH, UMEHyeTCs SKIUNTHIecKuM. OH
IpeAHa3sHaYeH U1 (OPMHUPOBAHUS TEINOLEHTPHIECKON
TPaeKTOPUH, TTO3BOJISIOLICH 1OCIe TPaBMaHeBpa y 3eMin
noajeTeTb K BeHepe ¢ BEIMYMHON acHUMITOTHYECKON
CKOPOCTH, AOCTATOYHOH JUIS TMOCIEAYIOIET0 (OpMHUPO-
BaHMs paboueil OpOMTHI C MaibiM PajnyCOM IIEPUTEIHs
(60-80 pamuycor CoiHIa) WM CO CPAaBHHUTEIHEHO BBICO-
KM HaKJIOHEHHEM K IUIOCKOCTH SKIIMIITHKH.

Y KA umeer manblii 3a1ac SHEPreTUKUA U UCIIOJIb3Y-
€TCsl TOJBKO JJIsl KOPPEKIMU TPACKTOPHH U, TIPH BO3MOXK-
HOCTH, JJIsI pEICHMs 3ajad YIpaBJICHHUS OpHEHTalUen
(pasrpy3Ku KMHETHYECKOTO MOMEHTA YIPAaBIAIOMINX Ma-
XOBHKOB). B cBfI3M C 3TUM acUMITOTHYECKash CKOPOCTb
momiérta Kk Benepe MokeT OBITH yBemMYEHa TOIBKO 3a
CYET rPaBUTALIMOHHBIX MAHEBPOB.

Puc. 1. O0wmuii BHI JBUraTeIbHON YCTAHOBKY Ha 0a3€ KMIKOCTHBIX PAKETHBIX JBUIATEISIX MAJIOH TATH:
1 — nunoH aeurarensHoro 6inoka; 2 — TCII; 3 — pama BocbMurpanHo# Gpopmsl;
4 — maHeNp arperaToB; 5 — KPOHIITEHH OJI0Ka JIBUraTeNeii MaJloN TATH

Fig. 1. General view of propulsion system based on low-thrust engines:
1 —pilon of the engines block; 2 — heat stabilized panel; 3 — frame of the octahedral form;
4 — the panel of units; 5 — arm of the block of low-thrust engines
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Puc. 2. Cxema 3KJIMNTHYECKOTO ydacTKa

Fig. 2. Scheme of ecliptic phase

Op6uTa 3emnu

MoaTanHoe noBbILLEHWE
HaKMOHeHUsi opoUThI
npu NoMoLLm
natm M y BeHepebl

Puc. 3. Cxema BHEIKIIMOTHYECKOTO Y4acTKa

Fig. 3. Scheme of non-ecliptic phase

OnmnHako npsimoit niepenéT k Benepe ¢ GonbIion Beu-
YUHOW aCHMIITOTHYECKON CKOpPOCTH TOoMIETa (OKOJIO
17 xm/c [14]) TpeOyeT 3HAYHMTEIBHBIX JHEPTETHUECKU
3arpaT Ha BeiBeneHne KA Ha oTNETHYIO OT 3eMiId Tpaek-
topuro. [Toaromy B cxemy monéra it «pasroHay KA u
MOCTPOEHHS TPeOYEeMOI TPAaeKTOPUH BBEJICHBI JOIOJIHH-
TenbHble TpaBMaHEBpel y Benepsl u 3emnu. B wurore,
cXeMa JKJIHMITUYCCKOro y4acTka (puc. 2) BBITISIUT Clic-
JIYIOIIIM 00pa3oMm:

1) nepenér «3emust — Benepa» ¢ HeOouIbIION 11O Be-
JIUYUHE ACUMIITOTHICCKON CKOPOCTHIO OTIIETA;

2) o6nét Benepsl (IM1) u epenér oOpaTHO K 3eMite;

3) nposeaerne M2 nu I'M3 y 3emnu ¢ ¢popmupoBa-
HHEM MIPOMEKYTOUYHOW OPOUTEL;

4) «KOpOTKHil» (OKOJIO TONyTOpa MECSAIEB) TEPEneT
«3emist — Benepa» mns nposenenus M4 ¢ Tpebyemoit
ACHUMNTOTUYECKOU CKOPOCTHIO.

B xozxe nanbneimero monéra KA minockocts ero op-
OWUTBHl BBIBOAUTCS W3 IUIOCKOCTH JKIMNTHKH. [loaTomy
9TOT YYaCTOK HAa3bIBACTCS BHEIKIUNTHYCCKHM. [locie-
IYIOIUE TPABUTALIMOHHBIC MAHEBPBI HPOBOJIATCS C Iie-
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JBI0 TIOATAITHOTO W3MEHEHHS pajnyca MEpUTeNus W Ha-
KIOHeHUs. [[mg peann3amuy CepuH IIOCIIEAOBATEIHHBIX
rpaBUTALIMOHHBIX MaHEBPOB Y BeHepsl mociie kaxaoro eé
o6n€ra KA 10mKeH BBIBOJUTHCS Ha TEIHOIEHTPHIECKYIO
OopOUTY, HAXOIAMIYIOCS C TUIAHETOW B OPOUTAIILHOM PE30-
Hance m/k [15-18]. Ha takoii opbure KA comepiaer k
obopoToB Bokpyr CoiiHIa 3a BpeMsi, KOTOpoe HyXHO Be-
Hepe, 4ToOBl COBEpIINTH 71 000poTOB BOKpyr CoiHua
(opOuTanbHbeIil mepuox BeHepbl NPUMEPHO COCTABHUT
224,7 cyTtok). s MUHUMHU3ALHUU ATUTEIIbHOCTH BbIBE/IE-
HUSI HEOOXOAMMO HCII0Ib30BaTh OPOUTAIBHBIC PE30HAHCHI
Majoro mopsnka. PaccMmarpuBaeMble  TPaeKTOPHUH
HCTIONB3YIOT OpOWTaibHBIe pe3oHaHchl 1:1, 2:3 u 3:4.
B pesympTaTe mociegHETro0 TPaBUTAIIMOHHOTO MaHEBpa
y Benepst KA nepeBoauTcs Ha HEPE30HAHCHYIO TEJIHO-
HEHTPUUECKYI0O OpOUTY ¢ MaKCHMalbHO BO3MOKHBIM Ha-
KiIoHeHHeM. CxemMa BHEOKIIMITHYECKOTO yJacTKa MoKa3a-
Ha Ha puc. 3.

3anyck nepBoro KA mnaHupyercs OCyLIECTBUTh
B 2026 rony. Crapt BrOoporo KA mnpeanonaraercst npous-
Bectu B 2028 roxy.
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JmutensHocth nonéra KA ot crapra nmo mocnegHero
IPaBUTAIMOHHOTO MaHeBpa cocTaBiuser 8,3 roja.
Hcnonp3yroress 5 TpaBUTAIIMOHHBIX MaHEBPOB Y BeHepsr
U CJeIyromas MOCIe0BATEILHOCTh PE30HAHCOB Pab0odnX
opbur: 1:1, 3:4, 2:3, 2:3 (OTHOIICHWE YHUCIIA BUTKOB
Beneps! k unciy ButrkoB KA). Ilocie nsaroro obnéra Be-
HEPBI JOCTHTACTCs HAKIIOHCHUE K TIOCKOCTH JKJIMITHKH,
paBHoe 25,9°, u k akBaTopy Connna — 33,1°. TpeboBanus
10 BEJIMYMHE PATUYCOB TEPUTENHS pabdOdInX OpOUT BBI-
noyHstoTea. Pamuyc mepurenus Ha TpeThed paboueit op-
oute paseH 61,5 paguyca Connma. Ha stoii opobure KA
nenaer 3 obopora Bokpyr CoilHIIA, YTO JA€T BO3MOXK-
HOCTb, HaunHag ¢ urong 2032 roga, T. €. uepe3 6 JeT mo-
clie 3aImycka, 3 pasa ¢ HHTEPBAJIOM IpUMEpHO 4,9 Mecsa
npoiitu okono CoJHIA HAa JOIMYCTHMO OJM3KOM pPaccTosi-
Huu. [Ipu 3TOM TakKe UMEETCsl BO3MOXKHOCTh HAa0JII01aTh
Ha KaXJIOM BUTKE MoJisipHbie oOnactu COJHIA ¢ IKIUIM-
THUYECKHUX LIMPOT Oostee 16°.

OcHOBHBIE XapaKTepUCTHKHU Tpaekropun KA1 mpuse-
JIeHBI B Ta0JI. 1, ryie UCIONB3YIOTCS CIeayIoe 00o3Ha-
qeHus: D — kaneHmapHas nata coOwbItus; AT — IIUTEIb-
HOCTB HOJETAa MEXIY dTHM W MPEIBIAYIIHM COOBITHUSMH,
cyTku; ATy — NIMTENBHOCTH MOJETA OT CTapTa IO COObI-
TUS, CyTKH (TOIBl); RT — pajguyc NEPUTEIHs, MIIH KM;
[ — HAKIOHGHHEC K IUIOCKOCTH OSKIUNTHKH, TPa;
V., — acuMOTOTHYECKAasi CKOPOCTh OTIIETA, KM/C.

B Tabn. 2 npuBelCHBI OCHOBHBIC XapaKTCPUCTUKU
BHEOKJIUNTHYECKOTO y4yacTKa NONETa Ui TPACKTOPHH
KAl. B Hell ucnonb3yrorcst cieayromue 0003HaYeHUS:
D — xanennapHas gata; AT — JIUTENBHOCTD MOJIETA MEXK-
Ay 9THM H IPEIbILYIIUM COOBITUAMM, CYTKH; ATy — 1n-
TENBHOCTh TONETAa OT cTapra [0 COOBITHA, CYTKH;
Np/Nyg4 — OpOWTaNbHBIM PE30HAHC, IMOJIy4aeMbIH Tocie
I'M; R, — pamuyc niepurenusi, paanyc CoiHIEa; i — HAKJIO-

HEHHe OpOMUTHI, TPax; ¢ — MaKCHMalbHas IIMPOTA OTHO-
cuTenbHO 3kBaTopa ColHIa, TPpal.

IIpoexiust SKIUNTUYECKOTO yuacTka Tpaekropun KA1
Ha IUTOCKOCTh OSKIUINTHKH TPEICTaBlicHa Ha puc. 4.
Ha puc. 5 nmoka3aH mpoCTpaHCTBEHHBIA BHJ TPACKTOPHH
BHEIKIIMNITHUECKOTO dTana nonéra KA.

[Mapamerpsr TpaekTopusi KA2 OGunu3ku K XapakTepu-
crukam nonéra KA1, mostoMy IUIMTETFHOCTD €ro monéTa
OT CcTapTa IO TMOCIEIHET0 TPABHTAIIMOHHOTO MaHEBpa
Takke coctapiser 6onee 8 net. [Tocme mocnennero ['M y
Beneps! mocTuraeTcss HAaKIIOHEHHE K IIOCKOCTH SKIIHIITH-
ku, paBHOe 26,4°, u k dkBatopy Cosnma — 29,1°. Tpebo-
BaHUs 10 BEJIMYMHE PAJINyCOB MEpUTEIHs pabodnux opOUT
BBIMOJIHAIOTCS. Panuyc mepurenus Ha TpeTbed paboueit
opbure paseH 63,0 paguyca Connna. Ha atoit opoute KA
nenaer 3 obopora Bokpyr CojHIA, YTO J1a€T BO3MOXK-
HOCTb, HauuHas ¢ mapra 2034 roga, 1. €. yepes 6 JeT no-
cle 3amycka, WM depe3 2 roaa mocne gomycka KAI,
3 pasza c MHTEpPBAJOM OKOJIO 5 MECSIEB MPOUTH OKOJIO
ConHrla Ha ONM3KOM paccTosHUM. [Ipu 3TOM Takke
nMeeTcss BO3MOXKHOCTh HAONIONaTh Ha KaXIOM BHTKE
nosisspHble  o6macTi CoJIHIIA € DKIMNTHYECKUAX IMHPOT
6omee 16°.

OcHoBHBIE XapakTepucTuku Tpaektopun KA2 mpuse-
neHbl B Tabn. 3. O003HAYEHUS aHAJIOTUYHBI HUCHOJb3ye-
MbIM B Ta0I. 1.

B Tabn. 4 npuBelCHBI OCHOBHBIC XapaKTCPUCTUKU
BHEOKJIUNITHYECKOTO y4yacTKa MONETa Ui TPACKTOPHH
KA2. Ucnons3yemblie B Ta0iuie 0003HAYCHHS aHATIOTHY-
HBI Ta07. 2.

[IpoexIwst SKIUNTHYIECKOTO yyacTKa Tpaekropun KA2
Ha IUTOCKOCTH JKJIMITHKH TpejcTaBieHa Ha puc. 6. Ha
puc. 7 1oka3aH MPOCTPAHCTBEHHBIN BHU]I TPAEKTOPUU BHE-
SKIIMIITHYECKOTO dTamna nonéra KA2.

Tabauya 1
OcHOBHBIE XapAKTEePHUCTUKH 3TanoB nmoaéra KA1
CoOpITHE D AT ATy R, i Ve

Crapt 06.08.2026 - - 107,128 5,63 3,717

I'M1 (Benepa) 14.12.2026 130 130 (0,356) 105,627 1,92 5,971

I'M2 (3emst) 23.10.2027 313 443 (1,214) 72,396 11,48 8,830

I'M3 (3emst) 23.10.2029 731 1174 (3,216) 49,830 0,38 8,814
I'M4 (Benepa) 23.12.2029 61 1235 (3,384) 56,572 2,38 17,462
I'M5 (Benepa) 05.08.2030 225 1460 (4,000) 44,402 7,99 17,462
I'M6 (Benepa) 09.06.2032 674 2134 (5,847) 42,796 16,18 17,462
I'M7 (Benepa) 01.09.2033 449 2583 (7,077) 50,084 22,61 17,462
I'M8 (Benepa) 25.11.2034 449 3033 (8,310) 59,781 25,88 17,462

Tabauya 2
OCHOBHBIE XaPAKTEPHCTHKH BHEIKJIMITHYECKOr0 YyacTka nmonéra KA1

I'™M D AT ATy Np/Ni4 R, i 0]
4 23.12.2029 61 1235 (3,384) 1/1 81,3 2,38 9,5
5 05.08.2030 225 1460 (4,000) 3/4 63,8 7,99 15,2
6 09.06.2032 674 2134 (5,847) 2/3 61,5 16,18 234
7 01.09.2033 449 2583 (7,077) 2/3 72,0 22,61 29,8
8 25.11.2034 449 3032 (8,307) - 85,9 25,88 33,1
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OpouTkI

X

sk 8.€.
Puc. 4. Ilpoekuus TpaekTopuu 3KaunTHUeckoro 3tana KAl Ha miiockocTh 3KIMITUKI

Fig. 4. The projection of the trajectory of the ecliptic stage of SC1 on the ecliptic plane

Op6uThI

ConHue

-2E+8

Puc. 5. IlpocTtpaHcTBEHHBIH BU TPACKTOPUH BHEIKIMIITHYECKOTO 3Tana nonéta KAl

Fig. 5. A perspective view of the trajectory of the non-ecliptic flight phase of SC1
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Tabauya 3
OCHOBHBIE XaPAKTEPHUCTUKH 3TANOB No1éTa KA2
CoObiTHE D AT ATy R, i Ve
Crapt 26.04.2028 - - 102,637 3,66 4,662
I'M1 (Benepa) 13.09.2028 140 140 (0,384) 104,765 1,73 6,387
I'M2 (3emus) 01.07.2029 292 432 (1,184) 68,489 11,58 9,584
I'M3 (3emust) 01.07.2031 730 1162 (3,184) 61,016 4,54 9,570
I'M4 (Benepa) 14.08.2031 44 1206 (3,304) 59,324 3,24 16,159
I'M5 (Benepa) 26.03.2032 225 1431 (3,901) 45,947 8,28 16,159
I'M6 (Benepa) 29.01.2034 674 2105 (5,767) 43,855 16,80 16,159
I'M7 (Benepa) 23.04.2035 449 2554 (6,997) 51,108 23,42 16,159
I'MS8 (Benepa) 16.07.2036 449 3003 (8,227) 64,717 26,35 16,159
Tabauya 4
OcCHOBHBIE XapPAKTEePUCTUKH BHEIKJIMNTHYECKOr0 YyacTka nmoiaéra KA2
'™ D AT ATy Np/Nyy R, i 0]
4 14.08.2031 44 1206 (3,304) 1/1 85,2 3,24 5,1
5 26.03.2032 225 1431 (3,901) 3/4 66,0 8,28 11,0
6 29.01.2034 674 2105 (5,767) 2/3 63,0 16,80 19,6
7 23.04.2035 449 2554 (6,997) 2/3 73,4 23,42 26,2
8 16.07.2036 449 3003 (8,227) - 93,0 26,35 29,1
1,5 ;
1 —
05 —
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@
g 00—
> :
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-1,5 -1 05 0 0,5 1 15
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Puc. 6. IIpoekuus TpaekTopuy 3KIUNTHYECKOr0 3Tana KA2 Ha mII0CKOCTh 3KIUITUKI

Fig. 6. The projection of the trajectory of the ecliptic stage of SC2

on the plane of the ecliptic
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OpouThbI

KA

BeHnepa
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Puc. 7. IlpocTpaHcTBeHHBIN BUI TPACKTOPUH BHEIKIMIITHYECKOTO dTamna moynéra KA2

Fig. 7. A perspective view of the trajectory of the non-ecliptic flight phase of SC2

3akuiouenue. B craTthe paccMOTpeH BapuaHT OCHa-
mennst KA nsyxkommoHeHTHOH J[Y Ha 6a3e )KHUIKOCTHBIX
PaKeTHBIX JBUraTeNicii MaJol TATH IPOU3BOJCTBA
HUMMam (r. Humwxkasasn Canpga). Ilpuseneno omnucanue
KOHCTpYKLIUU npeanaraemoit V.

Jlst aToro BapuaHTa pa3paboTaHbl CXEMbI OJETA IS
00oux KA, m03BOJSFOIIUE JOCTABUTH alllapaThl 3a BpeMs
aKTUBHOTO CYIIECTBOBAHMS Ha TEIHOICHTPUYECKYIO Op-
outy ¢ pamuycom nepurenus 60-80 pammycoB CoiHia
1 HaKJIoHeHUeM 25°-30° K MmI0CKOCTH SKIUNTHKH. [Ipen-
CTaBIJICHBI OCHOBHBIE XaPaKTEPUCTHKH TPAEKTOPHIA.

Paspaborannas cxema monéra KAl mpenmonaraer
crapt B aBrycte 2026 r. Commwkenne c¢ ConHIleM Ha
MUHUMaJbHOE paccrosinue 61,5 pannyca ComnHia npouc-
XoauT depe3 6 ser mocne crapra. Ilocime mocneanero,
BOCBMOT'0, T'PaBUTAIllMOHHOTO MaHEBpa, uepe3 8,3 roxa
nocne crapra KA pocturaer requoneHTpHYecKOr Mupo-
ThI 33,1°.

Tpaekropuss KA2 mnpeamonaraer cTapT B ampene
2028 1. OH Takxe yepe3 6 JeT mocie crapra cOIKaeTcs
¢ ConHIEM [0 TPUMEPHO TAKOTO XK€ PACCTOSHUS —
63,0 pagumyca Comara. Ilocnexyronmumu rpaBMaHEéBpamMu
y Beneps! anmapar qocTHraeT reamoleHTPUYECKO IIH-
poTsI 29,1°.

IIpencraBnennas cxema xumuueckout /Y ¢ mpumene-
HUEM JIBUTaTeJICH Majoi TSArW MO3BOJSET OCTUYD 3a/IaH-
HBIX mapameTpoB opOuThl COJNHIA U BBINOJHUTH HAy4-
HYIO MPOrpaMMy B TCUCHHE 3aJJaHHOTO CPOKA aKTHBHOTO
CYIIECTBOBaHMSI.

Bub6auorpaguyeckue cCbLIKH

1. IInaror U. B., CumonoB A. B., Koncrantunos M. C.
Bp100p panmoHANBEHOTO BapHaHTa MOCTPOCHUS KOMOWHU-
pOBaHHOM IBUTAaTEIbHOW YCTAHOBKM M CXEMBI IOJETa

KocMmuueckoro ammnapata «Murteprenuo-3o0u1» / BecTHHK
HITO mm. C. A. JlaBouknna. 2015. Ne 4. C. 31-36.

524

2. Kysumemor B. JI. Kocmudeckue wuccienoBaHus
N3MHUPAH. DnexTpoMarHuTHbIE U TIa3MEHHBIE MPOIIec-
cel or Heap Connua mo Henp 3emumm // FOOweitnbii
coopuuk USMHNPAH-75. M., 2015. C. 347-368.

3. The Sun and heliosphere explorer — the Interhelio-
probe mission / V. D. Kuznetsov [et al.] / Geomagnetism
and Aeronomy. 2016. Vol. 56, No 7. P. 781-841.

4. Acrouxkun B. A., Bukynenkos B. II., Mmun C. B.
Wtorn co3maHmsi HayaJbHBIX 3TallOB AKCIUTyaTAaIlMH MEX-
OpOUTANBHBIX KOCMHUUECKHX OykcupoB Tuma «®Dperat» //
Becraux HITO mm. C. A. JIaBoukuna. 2014. Ne 1. C. 3-9.

5. VHEBepcaJdbHBIH Pa3TOHHBIH OJIOK TOBBIIICHHON
sHeproBoopyxkEHHOCTH «Pperat-ChbY» / B. A. Actomkux
[u mp.]. // Becthuk HIIO um. C. A. JlaBoukunua. 2017.
Ne 2. C. 147-156.

6. MuorodyHKIMOHAbHAS KOCMUYecKas rmiatdhopma
«Hasurarop» / mon pea. C. A. JlememeBckoro Xumky :
DOI'VII «HIIO um. C. A. JIaBoukunay, 2017. 360 c.

7. TlpoexkTUpoBaHWE AaBTOMATUYECKUX KOCMHUYCCKHX
anmapatoB Ui (YHIAMEHTANBHBIX HAYYHBIX HCCIICIOBA-
muii / mox pen. B. B. Edanosa, K. M. Iluuxamze. M. :
MAW, 2012. 526 c.

8. Labunsky A. V., Papkov O. V., Sukhanov K. G.
Multiple Gravity Assist Interplanetary Trajectories Earth
Space Institute Book Series. London : Gordon and Breach
Publishers, 1998. 285 p.

9. MansimeB B. B., ITnuxamze K. M., Ycaués E. B.
CHCTeMHBIH aHalU3 BAapUAHTOB MHUCCHH UM CHHTE3
MPOTrPaMMBI TIPSIMBIX UCCIICTOBAHUNA ONMKANIIIETO OKOJIO-
colHeuHoro mpoctpancrtsa. M. : M3n-so MAHU, 2006.
352 c.

10. Mertoauka ¢opMupoBaHUs OONBIINX HAKIOHE-
HUui opOuThl KA ¢ HCIOJNB30BaHMEM TPaBUTAIIMOHHBIX
mauéspos / 10. @. Tomybes [u ap.] // [Ipenpunater UTIM
uM. M. B. Kennpima. 2015. Ne 64. 32 c.

11. CuHTe3 mocinenoBaTeIbHOCTH TPaBUTAIIMOHHBIX
MaHEBpoB KA 11st HOCTHXEHUST OPOUT C BRICOKUM HaKJIO-



AQMLZMMOHHCUI U pakemHo-KoCmMu4ecKas mexnHuxKka

HenueM K sxnmnrtuke / 10, @. Tomy6es [u mp.] // Tlpe-
npunTsl UTIM um. M. B. Kengsima. 2016. Ne 43. 32 c.

12. O Bapnauuy HaKJIOHEHHs OpOMT HEOECHBIX Tel
IIPU COBEPIIEHUH I'paBUTalMOHHOTO MaHEBpa B CoiHeu-
Hoit cucreme / 0. ®. T'oxy6GeB [u ap.] // IlpenpunTsl
UIIM um. M. B. Kenapia. 2016. Ne 15. 36 c.

13. Konstantinov M., Petukhov V., Thein M. Opti-
mization spacecraft insertion into the system of heliocen-
tric orbits for Sun exploration // Proceeding of the 65th
International ~ Astronautical Congress, Paper [AC-
14.C1.9.4. 2014. P. 214-223.

14. Janin G. Trajectory design for the Solar Orbiter
mission // Monografias de la Real Academia de Ciencias
de Zaragoza. 2004. 25. P. 177-218.

15. Barrabés E., Gomez G., Rodriguez-Canabal J.
Notes for the gravitational assisted trajectories // Ad-
vanced topics in astrodynamics. 2004. 76 p.

16. Strange N. J., Russell R., Buffington B. Mapping
the V-infinity Globe // ATAA/AAS Space Flight Mechan-
ics Meeting, AAS Paper 07-277. 2007. 24 p.

17. Kawakatsu Y. V_inf Direction Diagram and its
Application to Swingby Design // 21st International Sym-
posium on Space Flight Dynamics. ISSFD Paper, 2009.
14 p.

18. Kocmuueckue MHCCUHM W TUIAHCTApHAS 3aIluTa /
H. V. Hauxom [u ap.] M. : @usmatiur, 2013. 276 c.

References

1. Platov I. V., Simonov A. V., Konstantinov M. S.
[Selection of efficient option of the combined propulsion
system design and the flight profile of the “Interhelio-
Zond” spacecraft]. Vestnik NPO imeni S. A. Lavochkina.
2015, No. 4, P. 31-36 (In Russ.).

2. Kuznetsov V. D. [IZMIRAN space investigations.
Electromagnetic and plasmatic processes from Sun bow-
els to Earth bowels]. Jubileynyi sbornik IZMIRAN-75.
Moscow, Izmiram Publ., 2015, P. 347-368 (In Russ.).

3. Kuznetsov V. D., Andreevskyi S. E., Dokukin V. S.,
Fomichev V. V. et al. The Sun and heliosphere explorer —
the Interhelioprobe mission. Geomagnetism and Aeron-
omy. 2016, Vol. 56, No. 7, P. 781-841.

4. Asyushkin V. A., Vikulenkov V. P., Ishin S. V.
[Summary of creating and first steps of exploitations
of “Fregat” versatile space tug]. Vestnik NPO imeni
S. A. Lavochkina. 2014, No. 1, P. 3-9 (In Russ.).

5. Asyushkin V. A., Vikulenkov V. P., Ishin S. V.,
Fedoskin D. I. et al. [Enhanced power-capacity multi-
purpose versatile tug “Fregat-CBU”]. Vestnik NPO imeni
S. A. Lavochkina. 2017, No. 2, P. 147-156 (In Russ.).

6. Mnogofunktsional 'naya kosmicheskaya platforma
“Navigator” [Multifunctional space platform ‘“Naviga-
tor”]. Ed. by S. A. Lemeshevsky. Khimki. NPO imeni
S. A. Lavochkina Publ., 2017, 360 p.

7. Proektirovanie avtomaticheskikh kosmicheskikh
apparatov dlya fundamental’nykh nauchnykh issledovaniy
[Design of automatic space vehicles for fundamental sci-
entific research]. Ed. by. V. V. Efanov, K. M. Pichkhadze.
Moscow, Moscow Aviation Institute Publ., 2012, 526 p.

8. Labunsky A. V., Papkov O. V., Sukhanov K. G.
Multiple Gravity Assist Interplanetary Trajectories. Earth
Space Institute Book Series, Gordon and Breach Publish-
ers, London, 1998, 285 p.

9. Malyshev V. V., Pichhadze K. M., Usachov E. V.
Sistemnyj analiz variantov missii i sintez programmy
priamykh issledovanij blizhajshego okolosolnechnogo
prostranstva [System analysis of mission variants and
synthesis of program of nearsun space direct investigations].
Moscow, Moscow Aviation Institute Publ., 206, 352 p.

10. Golubev Yu. F., Grushevskiy A. V. Koryanov V. V.
et al. [The technique of formation of large orbital inclina-
tion of spacecraft using gravitational maneuvers]. Pre-
printy IPM imeni M. V. Keldysha. 2015, Vol. 64,
32 p. (In Russ.).

11. Golubev Yu. F., Grushevskiy A. V. Koryanov V. V.
et al. [Synthesis of a sequence of gravitational maneuvers
for spacecraft to achieve orbits with a high inclination to
the ecliptic]. Preprinty IPM imeni M. V. Keldysha. 2016,
Vol. 43, 32 p. (In Russ.).

12.  Golubev Yu. F., Grushevskiy A. V. Koryanov V. V.
et al. [On the variation of the inclination of the orbits of
celestial bodies in the performance of the gravitational
maneuver in the Solar System]. Preprinty IPM imeni
M. V. Keldysha. 2016, Vol. 15, 36 p. (In Russ.).

13. Konstantinov M., Petukhov V., Thein M. Opti-
mization spacecraft insertion into the system of heliocen-
tric orbits for Sun exploration. Proceedings of the
65th  International Astronautical Congress. Paper
IAC-14.C1.9.4.,2014, P. 214-223.

14. Janin G. Trajectory design for the Solar Orbiter
mission. Monografias de la Real Academia de Ciencias
de Zaragoza. 2004, Vol. 25, P. 177-218.

15. Barrabés E., Gomez G., Rodriguez-Canabal J.
Notes for the gravitational assisted trajectories. Advanced
topics in astrodynamics. 2004, 76 p.

16. Strange N. J., Russell R., Buffington B. Mapping
the V-infinity Globe. AIAA/AAS Space Flight Mechanics
Meeting, AAS Paper 07-277, 2007, 24 p.

17. Kawakatsu Y. V_inf Direction Diagram and its
Application to Swingby Design. 21st International Sym-
posium on Space Flight Dynamics. ISSFD Paper, 2009,
14 p.

18. Dunham D. U., Naziriov R. R., Farkuar R. et al.
Kosmicheskie missii i planetarnaya zashchita. [Space
mission and planetary defense]. Moscow, Fizmathlit
Publ., 2013, 276 p.

© ITnatos U. B., Cumonos A. B., 2018



Cubupckuii scypnan nayku u mexnonoauu. Tom 19, Ne 3

YK 621.317.3:629.95
Doi: 10.31772/2587-6066-2018-19-3-526-531

Jast mutupoBanusi: CateimieB A. C., besdopozos 0. H., 'amka B. A. 3MepuTenbHbIi ipeodpazoBaTelb Jadbopa-
TOPHOTO CTEH/A JJIsl UCTIBITAaHKUsT PabOYUX OPraHOB CHEHUATBHBIX MAIIUH adPOJIPOMHO-TEXHUYECKOro obecredeHust //
Cubupckuii xxypHan Hayku u TexHojoruit. 2018. T. 19, Ne 3. C. 526-531. Doi: 10.31772/2587-6066-2018-19-3-
526-531

For citation: Satyshev A. S., Bezborodov Yu. N., Ganzha V. A. [Measuring converter of laboratory stand for test-
ing working bodies of special machines of aecrodrom-technical support]. Siberian Journal of Science and Technology.
2018, Vol. 19, No. 3, P. 526-531 (In Russ.). Doi: 10.31772/2587-6066-2018-19-3-526-531

W3MEPUTEJBbHBIA IPEOBPA3OBATEJb IABOPATOPHOI'O CTEHJIA
JJIS1 UCIIBITAHUSI PABOYUX OPI'AHOB CIIEHUAJIBHBIX MAIIWH
A3POJPOMHO-TEXHUYECKOI'O OBECIIEHEHUS

A. C. CaTLIH.ICB*, 1O. H. be3boponos, B. A. T'amxa

Cubupckuit GpenepantbHbIil YHUBEPCUTET
WucTtutyT HEQTH U ra3a
Poccuiickas ®enepanms, 660041, r. KpacHosipck, npocr. CBoOoaHEIH, 82, cTp. 6
*E-mail: satushev@gmail.com

IIposedena npoekmuposka MeH30MempuuecKo20 UsMepumenbHo20 npeodpaz08ameis 8 pamMKax n0O20MOGKU UHCH-
PYMEHMANbHOU 6a3bl Ol GbISIGIEHUSL 3A6UCUMOCTIU CULOBbIX NAPAMEMPO8, d UMEHHO, CUTbL CONPOMUGLEHUS] PE3AHUIO
NPOUHBIX CHedCHO-TedaHbIX obpaszosanull (TICJIO). Axmyarbhocms cmamovu 00YClO61EHA HEOOXOOUMOCIBIO GbINOTHE-
Hust npoepammul « CoyuanbHo-sKoHoMuYeckoe pazeumue Apkmuueckou 30ubl Poccutickoti @edepayuu Ha nepuood 00
2020 200a» u pearusayueii cmpamezuu e€ GbINOAHeHUs. DMo elievem 3a coOou paspadbomKy HOBbIX paboyux opearos
CREYUATbHBIX MAUUH AIPOOPOMHO-MEXHUUECKO20 0DeCneyenusl, BbINOIHEHHbIX Ha 6a3ze OUCKOBO20 PediCyuie20 UHCmpy-
menma. Ha smanax npoexmuposanus HeobXxo0uMo 3HamMb CULOBblE RAPAMEmpPbl, Oeticmayiowue Ha paboyuti opea.
Onucanvl ycnosus npogedeHus 1abopamopHbIX IKCHEPUMEHIMOE O U3VHEHUIO NPoYeccd 83aumMo0eicmeus OUcKk08020
peorcyuezo uncmpymenma c ICJIO. Ilokasan npoyecc 661060pa ONMUMATLHOZO € MOYKU 3PeHUsl He0OX00UMbIX deop-
Mayuil mecma HAaKIeluKu MeH30pe3UCmopos U cnocod cOopku ux 6 uzmepumenvHvle mocmogvle cxemvl. Coenanvl
8b1800bL 0 KOPPEKMHOCMU NO0OOpa Mamepuaia meH3omempuieckozo snemenma. Iloomeepicoena eunomesa 06 uc-
KIIOYEeHUU B3AUMHO20 BNUAHUS USMEPAEMbIX COCMABNAIOWUX Opye Ha Opyea. Tlonyuenv: mapupogounvie Kod3p@uyuen-
mbl NPeoopaA306aHUs. HANPSICEHUS. 6 3HAYEHUEe CUNbL O KaxcOou cocmasgnaowell ycunus pezanus. Iloouépkusaemcs
BAJICHOCb NPOGEOCHUS. MAPUPOBKU USMEPUMENLHO20 Npeodpasosamensi neped nposedeHuem o4epeoHo20 ONblmd.
Paboma sisnsemcs npooondcenuem cepuu IKCNEPUMEHMATLHBIX TAOOPAMOPHBIX UCCACO08AHUL NPOYECCO8 B3AUMOIeli-
cmeust Ouckosozo pesicyweeo uncmpymenma c ICJIO 6 meuenue psioa nrem, npogooumvix 6 Cubupckom ghedepanviom
YVHUGepcumeme.

Kniouesvie cnosa: cnexcro-nedansvie 06pazo8anus, OUCKOBbLU pexCyujull UHCIMPYMEHM, CUlosble napamempsi, paou-
e 3aKpyanenus, 1€0, paouyc 3aKpyeienus paboil KpomKu.

MEASURING CONVERTER OF LABORATORY STAND FOR TESTING WORKING
BODIES OF SPECIAL MACHINES OF AERODROM-TECHNICAL SUPPORT

A. S. Satyshev', Yu. N. Bezborodov, V. A. Ganzha

Siberian Federal University
School of Petroleum and Natural Gas Engineering
82/6, Svobodny Av., Krasnoyarsk, 660041, Russian Federation
*E-mail: satushev@gmail.com

In the article, within the framework of the preparation of the instrumental base for revealing the dependence of the
force parameters, namely the resistance to cutting of durable snow-ice formations (DSIF), engineering of the measuring
converter is accomplished. The relevance of the article is due to the need to implement the program “Socio-economic
development of the Arctic zone of the Russian Federation for the period until 2020 and the implementation of the
strategy. It entails the development of the new working bodies of special machines for aerodrome-technical support,
made on the basis of a disk cutting tool. At the design stages it is necessary to know the force parameters acting on the
working body. The conditions for carrying out the laboratory experiments to study the process of interaction of the disk
cutting tool with PSLO are described. The process of choosing the place of a strain gauge sticker from the point of view
of necessary deformations and the way to assemble them into measuring bridge circuits are shown. The conclusions

526



ASMLZL;MOHHCUI U pakemHo-KoCmMu4ecKas mexnHuxKka

about the correctness of the selection of the material of the strain gauge element have been made. The hypothesis on
exclusion of mutual influence of measured components against each other has been confirmed. The calibration coeffi-
cients for converting the voltage into a force value for each component of the cutting force have been received. The im-
portance of calibrating the measuring converter before conducting the next experiment is emphasized. This work is a
continuation of a series of work on experimental laboratory studies of the processes of interaction of a disk-cutting tool
with DSIF, for a number of years, conducted at Siberian Federal University.

Keywords: snow-ice formations, disk cutting tool, power parameters, ice, radius of curvature of the working edge.

BBenenmne. {5 BeIOTHEHUs TporpaMMbl «Conraib-
HO-DKOHOMHYECKOE pa3BUTHE ApKTHUeckol 30HBI Poc-
cutickoit @enepanuu Ha nepuoxa a0 2020 roma», yTBEp-
JKICHHON TIOCTAHOBJICHHWEM IpaBuUTeNbeTBa [1], HEoOXo-
JIMMO pealn30BaTh CTpaTeruio [2], corjlacHO KOTOpOit
IpeAyCcMOTpEeHa HHTerpauusi ApKTHYECKOW 30HBI C OC-
HOBHBIMH paifoHamMu Poccum mocpencTBoM OCBOCHHS U
pa3paboTKNU MECTOPOXKICHUI YIIIeBOIOPO/IOB, [IBETHBIX U
JIParoleHHbIX MEeTaJuIoB, (POPMHPOBAHUS COBPEMEHHBIX
TPAHCIOPTHO-JIOTHCTUYECKHUX Y3JI0B W OTIOPHOW CETH aB-
TOMOOWJIBHBIX JIOpPOT, Pa3BUTHA, PEKOHCTPYKIMA H MO-
JIEPHU3AIIH a3POTIOPTOBOI CETH.

DTO0 MOBJIEUET 32 COO0H HEOOXOAMMOCTh COJEPIKAHUS
BHOBb ITIOCTPOCHHBIX M PEKOHCTPYHPOBAHHBIX aBTOMO-
OWJIBHBIX JOPOT W a’pOAPOMOB B 3UMHHHN NEPHOA, IJIH-
TEJILHOCTh KOTOPOTO B HEKOTOPBIX paifoHax NpEBBIIIAET
140 nueii B romy. Camble CIOXKHBIE U OTBETCTBEHHbIE
MEpOIPUATHS TI0 COJCPXKAHHIO JOPOXKHBIX TOKPBITHH
Pa3IMYHOrO HA3HAYCHUS HAIMPABICHBI HA pa3pyllCHHE U
ylalleHne CHEeXHO-JeAsHbIX oOpazosanuii (CJIO). Us-
BECTHBI HECKOJIEKO crioco00B 00pr0Obl co CJIO: xumuko-
MexaHudeckui [3], GpUKIHOHHBIN, TETUIOBOM, MEXaHU1E-
ckmii. [locneannii coco® MO3BOJIAET pa3pyliaTh M yjaa-
1s1th CJIO ¢ TOpOXHBIX MOKPBITHH, HE HAHOCS Bpena OK-
pyXaromiei cpene, a Takke 3KOHOMUTh HA XUMHUYECKUX
peareHrax, TOIIMBE W COXPAHATH HEIIOCTHOCTE JOPOKHO-
IO TOJIOTHA. DTO 3aKpEIUIsIeT 3a MEXaHHYECKUM CII0CO-
OOM IEepBEHCTBO B pa3pabOTKe U MPOSKTUPOBAHUH HOBBIX
pabo4Mx OPraHoOB CIIEIMAILHBIX MAIIHH.

OpHako CyLecTBYeT HHMIIA, B KOTOPOHl AaHHBIN CIO-
co0 sBisiercst MO QEKTUBHBIM — 3TO YAAJICHHE TPOY-
HBIX CHEXHO-NensHbIx oOpasoBanuii (IICJIO), uro o0y-
CIIOBICHO WX (HU3UKO-MEXaHMYCCKUMH CBOHCTBAMH:
mwioTHOCTB p = 0,6-0,9 r/CM’; IIpe/Iel IPOYHOCTH HA CKa-
THEe 6 = 2,5-2,8 MIla; Tommumaa ciaost # < 100 mm; TemIte-
patypa uccienyemoit cpeabl —2...—10 °C. CymecTByo-
e pabodre OpraHbl WM HE MPUCTIOCOOJEHBI IS X
paspylieHus, WK AeJaloT 3T0 ManodddextuBHO. Jlms
MTOBBIIICHUS TIPOU3BOAUTEIEHOCTH M CHIDKCHHUS DHEPro-
emkoctu npu yaanernuu [ICJIO mpeanoxkeHO HmpHUMeEHe-
HHUE AUCKOBOIO PEeXyIero HHerpymenra [4—6]. OxHaxko ¢
NIPUMEHEHHUEM JHCKOBOTO PEXYIIEro MHCTPYMEHTa BCTa-
€T BOIIPOC CO3/1aHMsI BBHICOKOI((PEKTUBHBIX pabOvYMX Op-
TaHOB, Ha CTAJHMU MPOCKTUPOBAHUSI KOTOPBIX HEOOXOIH-
MO 3HaTh CHJIOBBIC IIapaMeTphl. BennunHa ux 3aBHCUT OT
MHOXecTBa (akTOpOB, HANPUMEpP, TAKUX KaK CKOPOCTb
pe3aHus, TEOMETPHYECKHE IapaMeTpbl HMHCTPYMEHTA,
TeMIepaTypa OKpY)Kalomled cpeibl M pa3pylraeMoro Ma-
TepHuana, CTETeHb H3HOCA, OOYCIOBIICHHAS BEIMYMHOMN
panmyca 3aKpyTIeHHs pabodei KPOMKH.

YciaoBus mpoBedeHus: IkcnepumenTa. s Gomee
00BEKTUBHOTO W3Y4YEHHUsl Ipolecca B3aMMOJCUCTBHS
nquckosoro uHcrpymenta ¢ IICJIO npennaraercst KOHTpO-
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JUPOBATh TPH COCTABIAIONINE CHJIBI PE3aHUSA: TOPH30H-
TalbHYI0, OOKOBYIO M BEpTHKaJIbHYI0. KOHTpOIs Hemo-
CpEICTBEHHO Ha pabodeMm opraHe Majod(hdeKkTuBeH, Tak
Kak TpeOyeT OOJBIINX TPYZ03aTpaT U IOPOTOCTOSIIETO
000pyIOBaHUs (IATYMKU CHJIBI, OCHACTKA JJI1 UX MOHTa-
’&Ka); KPOME TOTO, HEBO3MOXXHO M30JIMPOBATh BIIMSHHE
TEMIIEPaTyphl OKpY’Kalolleld Cpeibl, BIAXKHOCTH, TEILIO-
3amaca JJOPO’KHOTO MOJIOTHA U APYTHX (akTOpOB JIPYyr Ha
Jpyra; TOCTOSHHO MEHSIOTCS (PU3MKO-MEXaHUYECKHe
ceorictBa [ICJIO. IToatomy, omupasch Ha pe3yJabTaThl
pabot [7—10] mo pe3aHuo Mep3JIbIX TPYHTOB PA3ITHIHBI-
MH HMHCTPYMEHTaMH, IIeJIeCOO0pa3HO HCCIIeAOBaTh MpO-
IIeCC B3aWMOJCHCTBUS MOJHOPA3MEPHOTO AWCKOBOTO pe-
JKYIIETO MHCTpyMeHTa (puc. 1), UMEIOIero pa3IndHbIH
pammyc 3aKpyrieHus pabodell KPOMKH, C pa3pylIaeMbIM
MacCHUBOM IIyT€M CTEHAOBBIX WCIBITaHMH B Jlaboparop-
HBIX YCIIOBHSIX.

Bo BpeMmsi mpoBeneHHs 3KCIEPUMEHTAJIBbHBIX HCCIe-
JIOBaHHMH MCIIOJIb30BAIUCH UCKOBBIE PE3LBI C PA3IMYHBIM
panuycoMm 3akpyrieHust padoueit kpomku R = [0,5; 1,5;
2,5; 3,5; 4,5] mm. [laHHBIN Tuamna3oH 3HAYCHUN OOYCIIOB-
JIEH pe3yJbTaTaMH HCCICJOBAHUI W3HAIIMBAHUSA PEXKY-
meil KpoMKH, MpoBeleHHBIMH B padore [8]. CkopocTh
pesanus 0,51 m/c (1,84 xm/4). Temreparypa OKpyKaro-
mero Bo3ayxa —2...—7 °C. OcranpHble NapaMeTpsl
JUCKOBOTO PEXYIIEro MHCTPYMEHTA MPHUHATH CIEHYIO-
ummMu: auametp D = 200 mm, yron 3aoctpenus 6 = 30°;
rryonHa pesanus h = 60 mwm; 1mar pesanus t = [10; 20;
30; 40; 50] mm; 3apHuit yron y = 3°-5°; marepuan — Tep-
mooOpabotannas ctame 40XH (HRC 52-54) [11]. Hus
MIPOBEICHUS SKCIIEPUMEHTA HUCIOIH30BAICI MEXaHU3UPO-
BaHHBIN J1a00paTOPHBII CTEH/, ONMCAaHHbIH B padore [12],
KOHCTPYKIHUSI KOTOPOTO 3allUIeHa TaTeHTOM Ha M300pe-
tenne Ne 2429459 [13]. Ina ¢ukcupoBaHus M 3amucu
HHPOPMALMU TPUMEHEH W3MEPHUTENBHBIA KOMILICKC,
OIUCaHHBIN B cTaThe [14].

TeH3oMeTpHUYeCKHIl H3MePHUTEJIbHBIH  JJIeMeHT.
Tenzomerpudeckas Oanka MpeacTaBisieT coO0i TOHKO-
CTEHHBIA UAUHAP (pUC. 2) ¢ MPAMOYTOJIHHBIM OCHOBAHH-
€M, CIY)KaIliM KpeIUICHHEM K JJab0paTOpHOMY CTCHITY.

Wznenue BwImosiHeHO M3 ctayu Mapku SOXDA [11].
[Ipu e€ HarpyxeHUM MPOUCXOAUT yHpyTras nedhopManus,
Ha KOTOPYIO pearupyloT HakJIeeHHble Ha ITOBEPXHOCTH
Oanku TeH3ope3ucTuBHbIe ateMeHThl (2PKIIA 20 200 I'B).
Ha puc. 2 npuBeeHa cxeMa HAKJICWKH YyBCTBUTCIBHBIX
9JIEMEHTOB.

Pa3menienne TEH30pe3UCTOPOB B 30HAX CTAOMIIBHBIX
nedopmanuii obecrieunBacT HHTEHCHBHOE PACTSHKEHUE U
CXKaThe HUTEH YYBCTBUTEIBHBIX PEIIETOK, JOCTATOYHOE
JUTA TIONTyYeHHsI CTaOMIIBHBIX CHTHAJIOB Ha BBIXOJE MOIY-
MOCTOBBIX (MOCTOBBIX) cXeM. Takoe pa3MeleHHe TeH30-
PE3UCTOPOB CIOCOOCTBYET M TIOBBIIICHUIO OOIEH YyBCT-
BHTEJIEHOCTH TEH30METPHUIECKOTO HIICMEHTA.
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Puc. 1. Cxema B3auMOJEHCTBHS JUCKOBOIO PEXYILIETO0 HHCTPYMEHTA C pa3pyLIaeMbIM MacCHBOM:

R — panuyc 3akpyrieHus pabodeil KpOMKY; ¢ — IIar pesaHus; D — TuaMeTp JUCKOBOIO
pesIa; & — yroi 3a0CTpeHHs; s — IIyOUHA Pe3aHHs; Y — 3aJHUH yroa

Fig. 1. Scheme of interaction of a disk cutting tool with a destructible array:
R — working edge radius of curvature; 7 — cutting step; D — diameter of the disk cutter;
& — wedge angle; & — depth of cut; y — clearance
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Puc. 2. UepTex TEH30METPUUECKOTO H3MEPUTEIBLHOTO 3IEMEHTa

Fig. 2. The draft of the strain gauge element
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Puc. 3. luarpamMma nepexoHbIX IPOLIECCOB IPH TAPUPOBAHIH T'OPU3OHTAIEHON
COCTABIIAIOIICH yCUIIUS pe3aHus:
CBEpXY BHU3: TOPH30HTAIbHAsA, OOKOBas, BEPTHKAIbHAS COCTABIISIOIAS YCHIIHS PE3aHUs

Fig. 3. The diagram of transients during horizontal force component calibration
Top down: horizontal, lateral, vertical component of the cutting force

Jnst  u3MepeHuss TOPHU3OHTAJIBHOM COCTaBJSIOLICH
MPWIOKEHHOTO YCHWIHSA WCIOJNB3YeTCd MOIYyMOCTOBAs
cxeMa BKIIOUEHHUS C W30MpaTeNbHOW YyBCTBHTEIHHO-
CTBIO, TEH30PE3UCTOP R BKIIOUEH B MEPBOE IJICHO H3ME-
PUTEIBLHOTO MOCTA, a R, — B 4eTBEpTOE.

Takas cxema Mo3BOJIIET 00ECTIeYNTh U30MPATEIBHYIO
YyBCTBUTEIHHOCTh TEH30METPHIECKOTO MOCTa K nedop-
MaIy M3ru0da, BO3HHUKAKOIIEH BCIICACTBUE JACUCTBUS 0O-
KOBOHM COCTaBJISIIOIICH MPHUIIOKEHHOTO YCWINS, U HE UyB-
CTBHUTEJBbHA K JehopManuu pacTsHKCHUS-CKATUS, BO3HU-
Kalolllel BCIEACTBHE NEHCTBUS BEPTHKAIBHON COCTaB-
mstrouieid. [t GOKOBOM COCTaBIIAIOIIEH HCIIOIBb3YeTCs
cXxeMa BKJIIOYEHHS TEH30PE3UCTOPOB, aHAIIOTHYHAS TIPH-
BeIE€HHOW BbIlIe. TeH3ope3ucTop Rs BKIIOYEH B MEPBOE
IJICY0 MU3MEPUTEIBLHOTO MOCTa, a Ry — B yeTBEpTOE. st
U3MEPEHUS] BEPTUKAIBLHON COCTABIISIFOUIEH THAMETPATIbHO
PacTONIOKEHHBIE TEH30PE3UCTOPHl R; U Ry HE0OXOIUMO
BKIIIOYMTH B OJHO IIIeYo MoiyMmocta. Bo BTOpoe miedo
BKJIIOYAIOTCS KOMIIEHCALIMOHHBIE TEH30PE3UCTOPHl Rg U
Ryy. Bce cxembl BKIIOYCHHS O0ECIICYUBAIOT TEPMOKOM-
MEHCAMI0 U KOMIICHCAIMIO COMPOTHUBIICHUSI COEIUHU-
TEJIbHBIX MPOBOJIOB.

TapupoBaHue TEH30MeTPUYECKOT0 3jeMeHTa. [[ns
TapUPOBAHUSI TEH30METPUUECKOTO IJIEMEHTA, OMTMCAHHOTO
BBIIIIE, TIPUMEHACTCS CTEHJ, KOHCTPYKLHUS KOTOPOTO 3a-
IIMIIEeHa MaTeHTOM Ha m3o0perenue Ne 2500983 [15],
MO3BOJISIOIINI 3aKPETUIATh AJIEMEHT B Pa3IUYHBIX TPO-
CTPaHCTBEHHBIX IOJIOKEHHUS M, COOTBETCTBEHHO, CO3[a-
BaTh TpeOyeMbIii BEKTOp Harpy3ku. TapupoBaHHE TPOU3-
BOJIMJIOCH C TIOMOMIBIO OJHOTO M3MEPHUTEIBHOTO MpHOopa
JUIsL BCEX COCTAaBJSIIONIMX — JAMHAMOMETpPA PaCTSHKEHHUS
JAITY-5-2 5033 BToporo knacca TOYHOCTH. [ Harpyxe-
HUSl DJIEMEHTa HCIIOJIb30BAJICSl TaJpen M BCIIOMOraTellb-
Hasi OCHACTKa.
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Harpyska sneMeHTa OCYIIECTBISUIACH CTYICHYATO, C
marom 500 H, mo mpenenpHOTo 3Ha4eHus B 2 500 H. Pasz-
rpy3Ka MPOM3BOAMIACE C TEM JK€ IIaroM A0 HYJEBOTO
3HavyeHns. Ha puc. 3 mpuBeneHa auarpaMma mepexoTHbIX
MIPOIIECCOB, BO3HUKAIOIINX BO BPEMSI TAPUPOBAHHSL.

Ha rpaduke ropu3oHTambHOM cocTaBisonie (puc. 3)
BHUIHO CTYNEHYATOE M3MEHEHHE HANPSDHKCHHUS U €ro II0-
CTOSIHHAs BEJIMYMHA JJIs KaXKIOW u3 crymneHei. s rpa-
¢rKa OOKOBOH M BEPTHKAJIBLHOIN COCTaBIISIOIICH OJHO-
3HAYHO TIPOCIICIKUBACTCS «HYJICBOCY» 3HAYCHHE, UYTO B
CBOIO O4Yepenb HOATBEPIKIACT MPABWIBHOCTh HAKJICHKH
TEH30PE3UCTOPOB U YTBEPKICHHE 00 HMCKIIOYCHUHM B3a-
UMHOTO BIIMSHUS PA3NAYHBIX COCTABISIOMIMX IPYyT Ha
npyra. JlnarpaMMbl IEpEeXOAHBIX MPOIECCOB MIPH TapHUPO-
BaHUU OOKOBOW W TOPH30HTAJBHON COCTABIISIFOIICH YCH-
TS pe3aHus aHAJIOTUYHBI IPUBEICHHON BHIIIE.

s comocraBieHus 3HAUYCHHS HANPSDKCHUS K TPHIIO-
KCHHOMY YCHJIMIO WCXOJHBIC JaHHBIE MOOJIOYHO (OIHH
OJIOK JUTHTENEHOCTBIO 2 C) MOJBEprajanuchk o0pabdoTke, pe-
3yJIBTaThl KOTOPOW NPUBEACHEI B TaOJIHIIE.

Bnaronapst JaHHBIM pe3yJbTaTaM YAajIoCh MOCTPOUTH
rpadUuecKyr0 3aBUCHUMOCTh (pHUC. 4), OTpaXKarollyr OT-
HOIIICHUE 3HAYCHHS COCTABIIAIONIMX CHJIBI, TPUIaraeMoi
K TCH30METPUYCCKOMY 3JIEMEHTY, U HAIMPSIKCHHUS, MOJTY-
YEHHOTO C TEH30METPHUYECKOTO YCHITHTEIS.

W3 rpadvkoB OTYETIMBO BHAHA JIMHEHHAs 3aBUCH-
MOCTh TOPHM30HTAJIbHOH, OOKOBOW M BEPTHKAILHOH CO-
CTaBIIAIONICH YCUITUS pe3aHus OT HampsbKeHus. J{ms kax-
noro rpaduka 1, 5, 9 (puc. 4) BeruucIuM K03PPHUIHEHT
JUHAN TpPEHJa, MPOXOIAMeH dYepe3 Hadalo KOOpPIAMHAT
80 074,568 H/B, 140 953,396 H/B, 51 338,284 H/B s
TOPHU30HTAILHON, OOKOBOW M BEPTHKAIBHON COCTAaBIISIO-
el ycwiinsg pe3aHusi COOTBETCTBEHHO. ODTH 3HAuCHUS
U OyIyT ABIATHCS TAPUPOBOYHBIME KOIPPUIIMCHTAMHU.
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3aBHCHMOCTDb HANPSIZKEHHS] HA KaHAJIAX OLM(POBKHU OT NPHIOKEHHOMH CHJIbI B IIPOLeCCe TADHMPOBAHUA
TOPH30HTAJIBbHON COCTABJIAIOIICH YCHJIMA Pe3aHus

Cuna, H Kanan u3smepenus
TOpU30HTAJIbHBIN, MB 6oxoBoi, MB BEPTUKAJIBHBINA, MB

0 0,0687 0,175 0,325
500 5,19 0,769 0,406

1 000 11,5 0,212 0,456
1500 18,2 0,919 0,106
2 000 249 0,438 0,787
2 500 32,1 0,25 0,412

2500 A

2000 A

0.01

0.02

0.03 0.04 0.05

Hanpsxenne, B

Puc. 4. I'paduku TapupoBaHHs TEH30METPHYECKOTO 3BEHA:
1, 2, 3 — ropusoHTaNbHasi, OOKOBAsl, BEPTHKAJIbHAS COCTABJIAIONINE YCUIIMS PE3aHHA COOTBETCTBEHHO IIPU TapH-
POBAHUM TOPU3OHTAIBHON COCTABIIAIONIEH; 4, 5, 6 — aHAJIOTUYHO NP TAPUPOBAHUH OOKOBOH COCTABIIAIOIIEH;
7, 8, 9 — aHaNIOrMYHO NPH TAPUPOBAHUH BEPTUKAIIBHOMN cOCTaBIIsIoOMIEi

Fig. 4. Graphs of gauging of strain gauge element:
1, 2, 3 — horizontal, lateral, vertical component of the cutting force under gauging of lateral component;
4,5, 6 — identical under gauging of lateral component; 7, 8, 9 — identical under gauging of vertical component

3akJirouenue. TapupoBaHUe H3MEPUTEIHHOTO MPEOO-
pasoBartens SBIIETCS ONHUM M3 BaXHEWIHX (hakTopoB
YCIENTHOCTH TPOBEIEHUS SKCIEPUMEHTANBHBIX Jabopa-
TOPHBIX HCCIENOBaHUM. 3BECTHO, YTO Ha IOKa3aHUs
TEH30METPHYECKOTO 3JIEMEHTa MOXKET OKa3bIBaTh BIIHA-
HHE MHOXXECTBO Pa3INYHBIX MEPEMEHHBIX (hPaKTOPOB, Ha-
MIpUMeEp, IIEKTPOMArHUTHBIE TOJIS,, CONPOTHUBIIEHUE TPO-
BOJIOB, TEMIIEpaTypa OKpYKalolel cpelasl u T. 1. BbisiB-
JIEHUE TaKUX BIUSHUHN Ha dTare TapupOBaHUS MO3BOJISIET
WM MOJIHOCTBIO UX YCTPAHUTh (HampuMep, U3MEHEHUEM
KOHCTPYKLUU TEH30METPUUYECKOI0 dJIEMEHTa), WIH 3aj0-
JKUTh WX Y4Y€T B TapHPOBOYHBIC KO3(PPHIMEHTH. ITO,
B CBOIO OYepellb, CKa3bIBACTCS HA JAaHHBIX, ITOyYECHHBIX
B XOJIe IKCIIEPUMEHTAJIbHBIX HcclieqoBaHui. Tapuposa-
HHE CJIENYET MPOBOAUTH MEpel] KaKIOH cepuel OIbBITOB.
Taxkxe mepen KaXIBIM TapHPOBAHHEM PEKOMEHAYETCS
MIPOBOJUTE TPEHHUPOBKY H3MEPHUTEIHHOTO Ipeodpa3zoBa-
TeJs 3arpy3Koil U pa3rpy3Koil HECKOJIBKO pa3, Oe3 dukca-
UM MOJyYaeMbIX NAaHHBIX. DTO 00CCIICYUT HAUOOIBIIYIO
JIOCTOBEPHOCTH MOTyYaeMbIX JaHHBIX. Takxke B mpolecce
TapUPOBaHUS HM3MEPUTEIBHOTO MpPeoOpa3oBaTelsi MOTYT
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OBITH BBISBJIICHBI COOM B €ro paboTe, MOJIOMKH, YTO TO-
3BOJIUT CBOEBPEMEHHO MX YCTPAHHUTh U 00CCIICYHTD IIEIIO0-
CTHOCTB DKCIICPUMCHTAIbHBIX JTaHHBIX.
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PROCEDURE FOR EVALUATING THE EFFECTIVE USE RANGE
OF THE UNIFIED SPACE PLATFORMS

V. E. Chebotarev, I. 1. Zimin"

JSC “Information Satellite Systems” named after academician M. F. Reshetnev”,
52, Lenin Str., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation
*E-mail: i.zimin@iss-reshetnev.ru

In JSC “ISS” the task of evaluating the efficiency of using the previously developed unified platforms for the creation
of a new spacecraft was solved in a more empirical way, by generalizing the reserve for existing developments and as-
sessing opportunity and expediency of applying the existing reserve in the future (continuity of development). However,
the methodological basis for solving this kind of problem has not been developed to this day. From this follows the con-
clusion about the urgency of developing a methodology for assessing the range of effective application of the unified
space platform and the need for its implementation.

In this article, the methodical approach to problems of expediency of use of existing unified space platforms for
creation of new space vehicles on their basis is considered. The sources of uncertainties arising in the design of space
vehicles and the stages of choosing the optimal project under conditions of uncertainty are determined. This article
describes such a design approach of space vehicles as a rational design. The main task of this approach is indicated.
Also in the article the design parameters that determine the structural stability of the spacecraft are listed. A mathe-
matical model of a spacecraft based on a unified space platform has been developed, which determines the dependence
of design parameters on the characteristics of the payload.

The criterion of a space vehicle optimal design based on a unified space platform, defined as the ratio of the effi-
ciency index to the cost index for the creation of a spacecraft, is formed. A methodology for assessing the range of effec-
tive application of unified space platforms has been developed. Approbation of the developed technique was carried
out based on existing geostationary space communication apparatuses on the basis of a unified space platform
“Express-1000NT”, developed by JSC “ISS”. Calculated data and graphical representations of effective application
ranges of the unified space platform “Express-1000NT” are presented. Based on the results of approbation, it can be
concluded that the developed methodology allows to asses properly the range of effective application of unified space
platforms for communication satellites in the geostationary orbit.

Keywords: satellite, spacecraft, GEO, unified space platform, project model.

METO/JUKA OLIEHKH TUATTA3OHA 3®PEKTUBHOI'O IPUMEHEHUA
YHUOHUIIUPOBAHHBIX KOCMHUYECKUX IVIAT®OPM

B. E. YeGotapes, 1. . 3umun’

AO «HpOopMaITMOHHEIE CITYTHUKOBBIE CUCTEMBI» UMEHH akanemMuka M. @. PenretnéBa»
Poccwuiickas ®enepanust, 662972, r. XKeneznoropck KpacHosipckoro kpas, yi. Jleauna, 52
*E-mail: i.zimin@iss-reshetnev.ru

B AO «HCC» 3a0aua oyenku 3¢pgpexmusrnocmu ucnonb308anus paspabomanHuix panee YHUQUYUPOBAHHbIX KOCMU-
yeckux naamepopm (YKII) 0ns co30anusi H08020 KOCMUUECKO20 annapama peuanacs 8 boavulell cmenenu IMnupude-
CKUM nymem, nymem 0600ujeHust 3a0eaa no Cywecmsyiowum paspabomram u oyeukb osmoscHocmu u yenecoobpas-
HOCMU NpUMEHEHUs UMelowe20cs 3adend 6 nepcnekmuee (npeemcmseenHocms pazeumust). OOHAKo mMemoouyeckol oc-
HOBbL peuletusl maxkoeo pooa 3adayu 00 cux nop pazpabomaro He 6viio, b3 ueeo ciedyem 6b1600 00 AKMYATLHOCMU
paspabomxu Memoouxu oyenku ouanazona sggexmusnoco npumenenus YKII u neobxooumocmu ee snedpenusl.

Paccmompen memoouueckuii no0xoo K npobaemamuke yeaiecoooOpasHOCmu UCHOAb308AHUSL CYWECMBYIOWUX YHUDU-
YUPOBAHHBIX KOCMUHECKUX NIAMPOPM OlIst CO30AHUs HA UX OA3e HOBbIX KocMuyeckux annapamos. Onpedenensl ucmou-
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HUKU HEONpeOeieHHOCMEN, 603HUKAIOWUX NPU NPOEKMUPOBAHUY KOCMUYECKUX ANnApamos. u 3mansl eblbopa onmu-
MAnbHO20 NPOEKMA 8 YCI08UAX HeonpedeaenHocmu. Onucan maxkou nooxo0 K npoeKmupo8anul0 KOCMUYecKux annapa-
Mos, KaK payuoHAIbHOEe NpoeKmuposanue, 0003HAYeHA 21aéHaAs 3adaua 5moz2o nooxoda. Taxoice nepeducienvi
npoeKmuble Napamempyl, onpeoensiowue CMpyKmypHylO YCMOUuugocms Kocmudeckoeo annapama. Paspabomana
Mamemamuyeckas Mooenb KOCMUYeCKo20 annapama Ha 6aze YHUGUYUPOBAHHOU KOCMUYECKOl naamgopmol, onpede-
JAOUWASL 3A6UCUMOCTL NPOEKIMHBIX NAPAMEMPO8 Om Xapakmepucmux noaesHou Hazpysku. Cghopmuposan kpumeputi
ONMUMANLHO20 NPOEKMA KOCMUYECKO20 annapama Ha oase YHUupuyuposaHHou KOcMuieckoll niamegopmul, onpeoense-
Mblll KaK OmHOuleHue nokazameins d@pekmusHocmu Kk HOKA3amenio 3ampam Ha co30aHue KOCMUYecKo20 annapamad.
Paspabomana memoouxa oyenxu Ouanazouna 3¢@ekmusHoco npuMeHeHus YHUGUUUPOBAHHBIX KOCMUYECKUX NAAm-
Gopm. Anpobayus pazpabomanno MEMoOUKU NPOBEOEHA HA OCHOBE CYUECMBYIOUUX 2e0CMAYUOHAPHBIX KOCMUYECKUX
annapamos ceéa3u Ha 0aze yHupuyuposanuou rocmuyeckou naiamgpopmul «Ixcnpecc-1000HTy paspabomku
AO «HCCy.

Ilpeocmaenenvt pacuemnvie Oannvie u epaghuueckue u300paxtceHuss OUana3oHo8 3PhexmusHo20 NPUMeHeHUs YHU-
Guyuposannoil kocmuyeckou nramepopmor «xcnpecc-1000HTy. Ilo pezyrbmamam anpobayuu MONCHO cOeramyv 6bi-
600, UMO pa3padboOmMaHHAs MeMOOUKA NO360IAEN KOPPEKMHO OYEHUBAMb OUANA30H IPPEKMUEHO20 NPUMEHEHUS. YHU-
DUYUPOBANHBIX KOCMUYECKUX NAAMPOPM OJisl CHYMHUKOS CE:3U HA 2e0CMAYUOHAPHOU opbume.

Kniouesvie crosa: kocmuueckuil annapam, cnymuux, eeocmayuonapnas opouma, YKII, kocmuueckas nnameopma,

npoeKkmHuas Mmooeis.

Introduction. During a long period of space activity
of JSC “ISS” a large number of spacecrafts (SC) of in-
formation support and their component systems and in-
struments have been developed. By doing so, a unified
range of basic types of spacecraft (SCUR) was created,
the modification of which allowed to create entire fami-
lies of spacecraft for specific tasks and operating condi-
tions quickly.

At the same time, a technical policy was developed to
introduce new principles and approaches in the creation of
information space technologies, the main idea of which is
expressed in the integration of various functions on one
spacecraft; a significant increase in the life of the space-
craft; increase of power capacity of the spacecraft; crea-
tion of devices operating in a vacuum and spacecraft with
a leaky instrument compartment; creation of unified space
platforms (USP), unified on-board support systems and
unified on-board instruments; reduction in the cost of
development by replacing physical developmental models
of spacecraft with software models and the use of equip-
ment and software developed for various projects (inter-
project unification), etc.

However creation of a parametric series of unified
space platforms is associated with the solution of the op-
timization task of increasing the output effect of the
spacecraft created on their basis in the presence of func-
tional redundancy of the USP with simultaneous reduc-
tion of the costs and terms of the spacecraft creation by
minimizing the modifications of the USP.

When creating a parametric series of SCUR and USP
for spacecrafts providing the information support, this
task was solved in a more empirical way, by summarizing
the reserve of existing developments and assessing the
feasibility and expedience of applying the existing reserve
in the future (continuity of development).

In this paper, a methodological basis for solving this
problem is proposed.

A formal description of a spacecraft project. The
design of the spacecraft is carried out using models con-
taining a number of parameters that are random variables
with known or unknown distribution laws [1].
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The sources of uncertainty are random factors of utili-
zation, incompleteness of the initial data for the design,
due to the error in forecasting the main technical, techno-
logical, economic indicators, as well as the error in pre-
dicting the conditions for the project due to the long dura-
tion of its creation.

For such models, the task of choosing the optimal de-
sign of the spacecraft is transformed into the problem of
choosing a solution under the conditions of uncertainty
and is done by searching for such a project, which by tak-
ing into account the uncertainty in a number of parame-
ters delivers the extremum of the objective function
whenever possible.

As a result, the task of choosing the optimal project
under uncertainty is solved in two stages:

—at the first stage, a project that satisfies the condi-
tions and constraints that determine the permissible range
of SC existence, that is the permissible design of the
spacecraft is developed;

—at the second stage, the optimization of the parame-
ters for the chosen criterion is carried out in a wide range
of its existence, i. e, a quasi-optimal design of the space-
craft is selected.

At the same time, all restrictions on parameters should
be satisfied with a high level of probability, which is a
necessary and sufficient condition for the implementation
of an acceptable project, that is ensuring its structural
stability.

The procedure of optimizing the project serves as
guidelines and boils down to isolating the range of valid
parameters, in which the efficiency index is close to opti-
mal. This approach to design is called rational design [1].

Rational design clarifies and supplements the funda-
mental principles of the system approach to the develop-
ment of complex technical systems as follows:

—in the synthesis of the system structure options, it is
necessary to start from the uncertainty ranges of all the
parameters and if these ranges overlap, then the alterna-
tive is not considered;

— completeness of mathematical models of the system
and modeling errors should take into account uncertainty
ranges in parameters;
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—when forming the optimization criterion, the quality
indicators of the system are ranked according to the de-
gree of their influence on the criterion, taking into account
the reliability of their values;

—comparison of different project variants is carried
out under identical conditions of uncertainty.

Thus, the main task of rational design is to provide
conditions for the implementation of an acceptable project
by ensuring that the critical parameters of spacecraft that
are random variables are not exceeded by creating com-
pensation mechanisms for these uncertainties ensuring a
guaranteed existence of an acceptable project, i. e. struc-
tural stability of the spacecraft project in the whole range
of possible realizations of random parameters.

When designing a spacecraft, the mechanism for par-
rying uncertainties is reduced to the creation of central-
ized reserves of spacecraft resources to parry uncertainties
by its parameters and redistribution of these reserves as
the project progresses.

The choice of the nomenclature of critical parameters
is carried out on the basis of an analysis of the most sig-
nificant limitations that are associated with the problems
the SC is to solve:

— the solution of target tasks;

— control of the spacecraft operation;

—motion control of the spacecraft;

— control of the angular position of the spacecraft;

— maintenance of energy and heat balance;

—ensuring compatibility of the spacecraft with a
launch vehicle.

According to the research made, the design parameters
that determine the structural stability of a spacecraft
(guaranteed satisfaction of constraints) include [1]:

— the mass of the spacecraft and the mass of the work-
ing body of the propulsion system (PS);

—the volume of the spacecraft in the folded position,
the volume of the instrument cluster and tanks of the PS,
the area of solar batteries and a radiator, the dimensions
of the antennas;

— the eccentricity of the spacecraft mass center;

—the moments of inertia of the spacecraft in the folded
and working positions;

—power consumption and heat release of the space-
craft.

At the same time, the mass, volume, power consump-
tion of the spacecraft and its components are independent
of the above nomenclature of parameters.

Therefore, in order to implement an acceptable pro-
ject, it is primarily planned to manage the budget for the
mass and energy consumption of the spacecraft in the
permissible range of change, as well as the formation of a
layout scheme for the spacecraft that is resistant to
changes in the parameters of the spacecratft.

The limiting values of the mass and volume of the
spacecraft are limited by the selected means of induction,
and therefore the design of the spacecraft must be directed
at their maximum use in order to increase the target effi-
ciency.

Project model of the spacecraft with USP. One of
the effective mechanisms for implementing an acceptable
project is the use of a modular-type layout scheme of a
spacecraft consisting of a payload module (PM) and a
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unified space platform (USP) for which the mass and en-
ergy budgets of the spacecraft are presented in the follow-
ing form:

Msc = Mp + Mysp,

Wsc = Wp + Wysp, (1)
where Mgc and Wsc — are mass and power consumption of
the spacecraft; Mp and Wp — are mass and energy con-
sumption of the PM; Mysp and Wysp — are mass and
power consumption of the USP.

The budget of the spacecraft resources is formed on
the basis of the maximum satisfaction of the payload re-
quirements in the spacecraft resources (energy consump-
tion mass, volume) in the form of a generalized payload
mass Mp, [1]:

Mp, = Mp + Ky - Wp = Mp-ap,

Op = 1+ Kw' WP/MP, (2)
where op — is the coefficient of partial costs of the SC
resources to ensure the needs of the payload; Ky — is the
average coefficient of partial costs of the spacecraft mass
for generating electricity and heat rejection, kg / W.

In this case, the generalized mass of the payload Mgp
can be used to form the indicator of the spacecraft
efficiency — the generalized coefficient of the partial costs
of the spacecraft resources for the solution of the target
task:

Kp :MPg/MSC :KOP * Op, 3)

where K° p = Mp / Msc — mass payload coefficient of a
spacecraft.

Costs for carrying out development work on the de-
velopment of a spacecraft (Cpy) according to the enlarged
methodology are proportional to the costs for the manu-
facture of a spacecraft (Cy) [1]:

Cpw=Kpw* Cy. 4

The value of the coefficient Kpyw is determined by the
novelty of the spacecraft being developed and its compo-
nents, the volume of ground-based experimental testing
of the spacecraft and its component parts, and is specified
in the range 4-8. At the same time, for the spacecraft
on the new USP Kpy = 8, and when using the borrowed
USP Kpy = 4.

Costs for the manufacture of a spacecraft, as a combi-
nation of the costs of manufacturing its components and
their integration into the spacecraft structure, depends on
its target efficiency, reliability, mass, energy consump-
tion, etc. Taking into account the fact that the mass of the
spacecraft is limited by the power capabilities of the
launch vehicle and is used to realize target tasks with a
given efficiency and reliability, in design studies it is used
as an equivalent to the cost of manufacturing the space-
craft [1]

Cu= Cy Msc. (5)

The value of the specific indicator C,; is determined
on the basis of the statistical data processing on SC-
analogues.

Substituting equation (5) into equation (4), we obtain
the functional dependence of the development work cost
on the mass of the spacecraft.

Cpw = Kpw - Cyi* Mgc. (6)
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The obtained system of equations allows to formulate
the criterion of the optimal SC project (objective function)
of the scalar type, defined as the ratio of the efficiency
index (Mgp) to the cost indicator for the creation of the
spacecraft Cpy.

_MPg_ KP

Nenm -
C‘DW

_ KOP “Op
KDW 'Csi KDW 'Csi .

(7

Procedure for evaluating the effective use range of
the USP. To create a modern spacecraft for various pur-
poses in a sufficiently short time, it is advisable to use a
unified space platforms (USP) [1-3].

The USP is intended for further installation and adap-
tation of the payload (P) on it and providing it with all the
conditions for full-time operation and for the tasks set for
the spacecratft.

It should be noted that in practice the application area
of the USP without further development is very limited,
which is due to the variability of payload (P) parameters
(mass, power consumption, design), the use of different
types of launch vehicles, operation orbits, etc. Therefore,
there is often a need for modification and even substantial
improvement of the USP for the specific characteristics of
a spacecraft.

To exclude the need to improve the USP, it is worked
on the limiting characteristics of the PM and the space-
craft as a whole. In this case, the target efficiency of the
spacecraft (Kp) is somewhat reduced due to a reduction of
the resources for the PM because of the availability of
surplus resources for the USP.

Let us consider the case of the USP application devel-
oped for a basic spacecraft, for a new spacecraft with a
smaller mass and energy consumption.

Mgcp = Mpy + Mysp;  Msc, = Mp, + Mysp;
Mgcy < Mgcp; Wpa < Wy (®)

The use of the USP on the new spacecraft reduces the
cost of the DW, which leads to an increase in its Egc crite-
ria. However, if the mass of the new spacecraft is differ-
ent from the mass of the basic spacecraft (to a smaller
side), the mass of its payload decreases and, accordingly,
its efficiency decreases, which reduces its Egc criterion.
The range of effective application of the USP on the new
spacecraft is determined by a relative dimensionless crite-
rion (index “b” refers to the base spacecraft, and the index
“n” to the new spacecraft).

SE = Eso _ Ky - Kp
E SCn

M <1,0. 9)
KPn 'KDWb

For further research, we transform inequality (9) to the
following form:

K K

Pn > DWn

. (10)
KPb KDWb

We will carry out calculation of the coefficient Kp, us-
ing the constancy of the USP mass for the base and new
spacecraft:

K. = Mp, + Ky W, .
P )

. a1
MSCn
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Mp, = Msc,— Mysp = Mgc,— (MSCb* MPh)-

Substituting the expression for Mp, in the formula for
calculating Kp, we obtain:

M
Ky, =1- = (1=Kp, +38y);
SCn

WPb — WP

8y =K, 2 (12)

SCh
Substituting the equation for the calculation of Kp, in
inequality (10), we obtain a ratio for estimating the range
of effective application of the USP (without its improve-
ment):

K

DWn

1_KPb
MSCh < DD

,0< <
MSCn I_KPh +6W

(13)

In the case of a connection between Mp, and Wp
(coefficient ap), the expression for determining Kp,
and the mass ratios Msc, / Mg, will assume a different

form:
K,, 2%.(1111{ ={1_%(1_&H.aw (14)

sCn SCn Op
1_&.M 1 Kgb KDWn
IOSMSCIJ < % Kpwy _ oI (15)
’ M, 1_& I_Kgb
Op

Approbation of the procedure for evaluating the
effective use range of the USP. The verification
of the developed procedure for evaluating the effective
use range of the USP is carried out using the example of
USP “Express-1000NT” for geostationary spacecraft.
Evaluation of effective use range of the USP will be car-
ried out at Kpy,, / Kpyy = 4/8 = 0.5 for the two calculation
options [11]:

— for dependent values of Mp, W, a, :1+KW£

P
using K°p (by formula (15));

— for independent values of Mp, Wp, using Kp and at 6y
=0 (by formula (13)).

Calculated data are given in see table, graphical repre-
sentations of the effective use ranges of USP “Ekpress-
1000NT” are shown in see figure. The solid line denotes
the use of K’p, the dotted line indicates Kp,. The points on
the graph indicate the realized spacecraft on the basis of
the USP:

1) “Express-AT1” (weight 1672 kg);

2) “KAZSAT-3” (weight 1704 kg);

3) “TELKOM-3” (weight 1725 kg);

4) “Yamal-300K” (weight 1847 kg);

5) “LYBID” (weight 1903 kg);

6) “AMOS-5” (weight 1929 kg) [12—-15].

Conclusion. The results of the approbation allow us to
make the conclusion that the developed procedure makes
it possible to estimate the effective use range of unified
space platforms for communication satellites in the geo-
stationary orbit correctly.
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Effective use range of the unified space platform “Express-1000HT”

Ne n/m Characteristics Value
1 Platform type E-1000NT
2 Basic satellite weight, kg M 1950
3 The maximum mass of the payload (P) (RTR + antennas), kg Mp 500
4 Maximum payload power consumption, W Wp 5900
5 Coefficient of energy efficiency, kg / W Ky 0.048
6 Generalized payload mass Mp, 783.2
7 The coefficient of generalized payload Kpy 0.402
8 Payload coefficient K%, 0.256
9 Coefficient of partial mass costs for payload power supply op 1.566
10 The minimum mass of a new spacecraft using K% Mgc, 1633
11 The minimum mass of a new spacecraft using Kp 1 3y = 0 Mgc, 1459

TN T T ST AAAATE
12 3 56

1
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® 00
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Effective use range of the unified space platform “Express-1000HT”

Juanazon 3¢ dexruBnoro npumenenust YKII «kcnpecc-1000HT»

References

1. Chebotarev V. E., Kosenko V. E. Osnovy proekti-
rovaniya kosmicheskikh apparatov informatsionnogo
obespecheniya. [Fundamentals of designing information
support spacecrafts]. Krasnoyarsk, Sib. gos. acrokosmich.
un-t Publ., 2011, 488 p. (In Russ.).

2. Testoedov N. A., Kosenko V. E., Popov V. V.,
Zvonar V. D., Chebotarev V. E., Yakovlev A. V. [Satel-
lites for informational support — advancement of succes-
sive development]. Uspekhi sovremennoy radioelek-
troniki. 2012, No. 9, P. 111-118 (In Russ.).

3. Reshetnev M. F., Ashurkov E. A., Korchagin E. N.
[Evolution of space informational systems of communica-
tion, telecasting, navigation, geodesy]. Kosmicheskie
vekhi. 2009, No. 9, P. 10-22 (In Russ.).

4. Testoedov N. A., Mikhnev M. M., Mikheev A. E.
Tekhnologiya proizvodstva kosmicheskikh —apparatov
[Spacecraft manufacturing technology]. Krasnoyarsk, Sib.
gos. aerokosmich. un-t Publ., 2009, 352 p. (In Russ.).

5. Anil K. Maini Varsha Agrawal. Satellite Technol-
ogy: Principles and Applications. 2nd Edition / Anil K.
Maini Varsha Agrawal. A fohn Wiley and Sons, Ltd.,
Publication, 2011. 674 p.

6. Foteskyu P., Suainerd G., Stark D. Razrabotka sys-
tem kosmicheskikh apparatov [Development of spacecraft
systems]. Moscow, Alpina Publ., 2015, 766 p.

7. Kosenko V. E. Metod proektirovaniya kos-
micheskikh apparatov informacionnogo obespecheniya
[Design method of satellites for informational support].
Krasnoyarsk, 2006, 140 p.

8. Maksimov G. U. Teoteticheskie osnovy razrabotki
kosmicheskikh apparatov [Toretical foundation
of development spacecrafts]. Moscow, Nauka Publ.,
1980, 140 p.

9. Malyshev V. V. Metody optimizacii v zadachah sis-
temnogo analiza I upravleniya [Methods of optimization
in system analysis and control problems]. Moscow, MAI
Publ., 2010, 440 p.

10. Guschin V. N. Osnovy ustroistva kosmicheskikh
apparatov [Foundation of satellites structure] Moscow,
Mashinostroenie Publ., 2003, 272 p.

11. Zhul N. S., Shaklein P. A., Yakovlev A. V. Plat-
forma kosmicheskaya [Space platform]. Patent RF,
No. 92553, 2015.

12. Testoedov N. A., Popov V. V., Yakovlev A. V.
Apparat kosmicheskiy [Spacecraft]. Patent RF, No. 89927,
2014.

13. Barkov M. 1., Voytovich V. V., Dostavalov A. V.
Apparat kosmicheskiy [Spacecraft]. Patent RF, No. 91614,
2015.

14. Zhul N. S., Zaharov S. A., Popov V. V. Apparat
kosmicheskiy [Spacecraft]. Patent RF, No. 91227, 2014.

536



ASMLZL;MOHHCUI U pakemHo-KoCmMu4ecKas mexnHuxKka

15. Zhul N. S., Shaklein P. A., Yakovlev A. V. Plat-
forma kosmicheskaya [Space platform]. Patent RF,
No0.2569658, 2015.

Bubdauorpaguyeckue cCbLIKH

1. YeboTapes B. E. OcHOBBI NPOEKTUPOBAHHS KOCMH-
YECKUX anmapaTtoB HWHOOPMAIMOHHOTO OOecredeHus :
yueb. nocobue / B. E. Ueborapes, B. E. Kocenko ; Cub.
roc. aspokocmud. yH-T. Kpacnosipck, 2011. 488 c.

2. Kocmudeckue anmaparbl HHGOPMAIMOHHOTO obec-
TIeYeHHsT — yCIieXH nmpeeMcTBeHHoro passutus / H. A. Tec-
TOENOB [1 Ap.] // Ycnexu coBpeMEHHOH painodIeKTPOHH-
KH : Hayd.-TexH. )KypH. 2012. Ne 9. C. 111-118.

3. PemmerneB M. @., AmypkoB E. A., Kopuarun E. H.
PasButne kocMudeckux HHGOPMAIMOHHBIX CHUCTEM CBS-
3H, TEJIEBEIaHus, HaBuranuu, reoaes3nn // Kocmuaeckue
BexH : ¢0. Hay4. Tp., MOCBAUIEHHBINA 50-T€THIO CO3MaHuUs
OAO «UCC» um. akag. M. ®@. PemerneBa. KpacHosipek :
UIT CyxoBonbckas 1O. I1., 2009. C. 10-22.

4. TexHONOTHA TPOM3BOJCTBA KOCMHYECKUX amIapa-
ToB : yueOnuk / H. A. TecroenoB [u ap.] ; Cub. roc.
aspokocMud. yH-T. KpacHospck, 2009. 352 c.

5. Anil K. Maini, Varsha Agrawal. Satellite Technol-
ogy: Principles and Applications. 2nd Ed. A fohn Wiley
and Sons, Ltd., Publication, 2011. 674 p.

6. Pa3zpaboTka cucTeM KOCMHYECKHX aIlaparos : Tep.
¢ aurn. / mom pen. II. ®opreckpio, I'. Cyaiinepna,
J. Crapka M. : Anbrinna [Ta6muiuep, 2015. 766¢.

7. Kocenko B. E. Meroa nmpoekTupoBaHusi KOCMUYe-
CKHX amnmaparoB HWHGOPMAIMOHHOTO OOecTieueHus
JIUC. .... KaHI. TexH. HayK. KpacHospck, 2006, 140 c.

8. MakcumoB I'. }O. Teopetnueckne 0CHOBHI pa3pa-
00TkM KocMHyeckux ammapaTtoB. M. : Hayka, 1980.
320 c.

9. Mansime B. B. MeToabl onTHMH3AIMK B 3a7a4ax
CHCTEMHOI'0 aHaJIM3a M yIpaBJieHus : yue0. mocodue. M. :
MAMU-ITPUHT, 2010. 440 c.

10. I'ymun B. H. OcHOBBI yCTpolcTBa KOCMUYECKHX
anmaparoB : Y4eOHUK 11 By30B. M. : MamnHOCTpOCHHE,
2003. 272 c.

11. TIat. 92553 Poccuiickass @eneparss, MKIIO 12-07.
IMnardopma kocmuueckas / Kyms H. C., Illaknenn I1. A.,
SxosneB A. B. u ap. Ne 2013503988 ; 3assn. 14.10.2013 ;
omy6ut. 16.04.2015. 5 c.

12. Tar. 89927 Poccuiickas ®eneparmsi, MKIIO 12-07.
Arnmnapat kocmuueckuit / Tectoenos H. A., I[Tomos B. B,
SxosneB A. B. u gp. Ne 2013501390 ; 3asBn. 16.04.2013 ;
omy6ut. 16.09.2014. 6 c.

13. Tar. 91614 Poccuiickas ®eneparmsi, MKIIO 12-07.
Arnmapart kocmuuecknii / bapkos M. U., Botitosuu B. B.,
JoctraBamo A. B. mw mp. Ne 2013501793 ; 3asmim.
15.05.2013 ; omy6ut. 22.01.2015. 5 c.

14. Tar. 91227 Poccuiickas ®eneparms, MKIIO 12-07.
Ammapar xocmudecknit / XKymp H. C., 3axapo C. A.,
ITonos B. B. u gp. Ne 2013501962 ; 3asBn. 27.05.2013 ;
omy6ut. 20.12.2014. 7 c.

15. Tart. 2569658 Poccuiickass denepauust, MKIT 12-07.
Kocmuueckas miatdopma / XKyns H. C., Illaknenn I1. A.,
Sxosne A. B. u gp. Ne 2014110080/11 ; 3asBi.
26.02.2014 ; ony6u. 27.11.2015. 12 c.

© Chebotarev V. E., Zimin I. 1., 2018






PA3nen
PART

TEXHONOMMYECKWE
NPOLIECCHI
N MATEPWVANbI

TECHNOLOGICAL
PROCESSES
AND MATERIALS SCIENCE




Cubupckuii scypnan nayku u mexnonoauu. Tom 19, Ne 3

VIIK 628.822
Doi: 10.31772/2587-6066-2018-19-3-540-549

Jas uutupoBanus: Meanos B. A. TIporpaMMHBIN KOMIUIEKC pacdeTa JaBJICHUS B CMa30YHOM CJIOE MOAMIUAITHUKA
ckosibxkeHus // Cubupckuit xxypHan Hayku u TexHosoruit. 2018. T. 19, Ne 3. C. 540-549. Doi: 10.31772/2587-6066-
2018-19-3-540-549

For citation: Ivanov V. A. [Program complex of pressure calculation in lubricated slide bearing layer]. Siberian
Journal of Science and Technology. 2018, Vol. 19, No. 3, P. 540-549 (In Russ.). Doi: 10.31772/2587-6066-2018-19-
3-540-549

IPOT'PAMMHBII KOMILJIEKC PACUETA JABJIEHUS
B CMA30YHOM CJIOE NIOJUIUITHUKA CKOJIbKEHUSA

B. A. llBaHoB

Cubupckuit GpeneparbHbIi YHUBEPCUTET
ITonuTexHUUeCKUii UHCTUTYT
Poccutiickas ®@eneparnus, 660074, r. KpacHospck, yin. Akanemuka Kupenckoro, 26
E-mail: VinTextrim@yandex.ru

Onucan umepayuorHvlil AIeOPUMM CXeMbl pacyema pacnpeoeneHus OasieHusi 8 CMA304YHOM Cloe NOOUUNHUKA
CKOIbIICEHUSI KOHEUHOU ONIUHBL, KOMOPAs yHUmuleaem nepemenHylo 6513K0Cmb, 3a8UCAWYYIO OM OAGIeHUs U TeMNepamy-
pbl, dpdhexmul kKagumayuu u ynpy2oti 0epopmayuu KOHMAKMUPYIOWUX mei 6 30He NOGLIUEHH020 OA6LeHUs], d MAKIiCe
HEePOBHOCMU NOBEPXHOCMEl U YCN0GUsL HENOIHO20 RPUNURAHUSL HCUOKOU CMA3KU HA pabOYuxX NOGEPXHOCHISX Mell.
Llenmpanvhoii uacmvio aneopumma si8asemcsi O10K YUCLIEHHO20 PEUenUs MOOePHUUPOBAHHO20 ypaeHeHust Pelinonboca
OMHOCUMENbHO OAGIEHUsl HA OCHOBE HE6HOU KOHEYHO-DAZHOCMHOU CXeMbl ¢ pacujenienuem no Hanpagienusm. Ha
KA2COOM widze umepayuu no HaudeHHoMy pacnpeoeneHuio 0asieHust GblNUCTAEeM s pacnpedenetie MOWHOCMU Menjio-
sblOeIeHUsl 8 Clloe, ¢ UCHONb306AHUEM KOMOPOU SbINOJHAEMCSL PACYen pAcnpeoesierusi MeMnepamypbl 6 cioe CMA3KU
nymem peuieHusi ypagHenusi menionpo8ooOHOCmu Memooom paznoxcenuu Dypve. Bvluuciennvie sHavenus 0aeienus u
memnepamypbl UCHONb3VIOMCA NPU nepepacieme KOIQDduyuenma es3xocmu Ha Kaxicoom waze umepayui. Iloxazana
00cmamoyHo ObICMpas CX0OUMOCMb UMeEPAYUOHHBIX YuK08. [Iposedensvl cpasHumenvhble mecmosvie paciemvl ¢ psi-
00M Opy2ux npoepamm, KOmopbwle NHOKA3bI8AION XOPOULYIO CXOOUMOCMb U BbICOKYIO MOYHOCMb gbiuucienull. [Ipeocmas-
JIEHHbIE MemOoO peuleHus: 3a0a4u ynpy2o-euopoOuHAMUYecKo20 KOHMAKMA Peaiu308an 6 ude KOMNIeKCd npozpamm,
BbIUUCTUMENbHASL YACMb KOMOPO2O HANUCAHA Ha A3biKe npozpammuposanus Fortran 77. Unmepgeiic paspaboman na
nramgpopme Microsoft NET Framework ¢ ucnonvzoeanuem szvika C# (C Sharp) onsa onepayuonnvix cucmem Windows
7/8/10. IIpoepammnulii KOMHIAEKC NO360JsIem IPDEKMUBHO U OBICPO BLINOIHAMb PACUEM MEXAHUYECKUX U MepMOoOu-
HAMUYECKUX XAPAKMEPUCMUK CMA30YHO20 COSL NPU 8bICOKUX HAZPY3KAX, He mMpeOysi O0NbUUX GLIYUCTUMENbHBIX PECYD-
€08. DmMo 06CcmoaAmenbCmeo UMeen 8aldcHoe 3HAYeHUue NPU NPOEKMUPOBAHUL Y3108 MPEHUsL NPU CO30AHUN KOCMUYECKUX
annapamos u NycKouix yCmanogok. Ipumenenue 0aHHO20 NPOZPAMMHO20 KOMNILEKCA NO360ISAENT CYUECIBEHHO YCKO-
PUmMb pacyemvl KOHKPEMHbIX UHICEHEPHbIX 3A0a, CHU3UMb Mpeho8anus K UCHOLb3YEeMOU KOMNbIOMEPHOU MeXHUKe
U CHU3UMb 3aMPambl HA GLIYUCTUMENbHBIE PECYPCHI.

Knroueswvie cnosa: cmazoutulil C‘JlleZ ZMOPOC)MHGMMU€CKCUI cmaska, I’lpOZpaMMHbllZ KOMNJeKc.

PROGRAM COMPLEX OF PRESSURE CALCULATION
IN LUBRICATED SLIDE BEARING LAYER

V. A. Ivanov

Siberian Federal University
Polytechnic Institute
26, Kirensky Str., Krasnoyarsk, 660074, Russian Federation
E-mail: VinTextrim@yandex.ru

An iterative algorithm is described for calculating the pressure distribution in the lubricating layer of a sliding
bearing that takes into account the viscosity depending on pressure and temperature, the effects of cavitation and elas-
tic deformation of contacting bodies in the zone of increased pressure, as well as surface waviness and the slipping
conditions for the liquid lubricant at the surfaces. The central part of the algorithm is the block of numerical solution of
the modified Reynolds equation, which is based on an implicit finite-difference scheme with splitting in directions. At
each step of the iteration, the distribution of the heat dissipation power in the layer is calculated, using which the tem-
perature distribution in the lubricant layer is calculated by solving the heat equation by the Fourier expansion method.
A sufficiently rapid convergence of iterative cycles is shown. Comparative test calculations are performed with a num-

540



Texuonocuueckue npoyeccsl U mamepudaiol

ber of other programs that show good convergence and high accuracy of calculations. The presented method is realized
in the program package, the computational part of which is written in Fortran 77. The interface is developed on the
platform Microsoft. NET Framework using the language C # (C Sharp) for Windows 7/8/10 operating systems. The
software allows efficient and fast calculation of mechanical and thermodynamic characteristics of the lubricating layer
at high loads. This is of great importance in the creation of space vehicles and launchers. This software allows fast cal-
culations of specific engineering tasks, reducing the requirements for the computer equipment.

Keyword: lubrication layer, hydrodynamic lubrication, software package.

BBeaenne. ['mapoanHamMudeckass TeOpUsi CMa3Ku IIH-
POKO TpHMEHSeTCS s pacdeTa W KOHCTPYHPOBAHUS
MTOIIIAITHIKOB CKOJBKEHHS C KHUIKOW CMa3KoH, KOTOpPEIE
SIBIISIIOTCSL  BOXKHBIMH  KOHCTPYKTHBHBIMH  DJIEMEHTAMHU
pa3HOOOpa3HbIX MEXaHM3MOB M MammH. CyIIecTByeT
0O0JIBIIIOE KOJMYECTBO MYyOJUKAIMHA, TOCBAIICHHBIX 3TOU
teme, Hanpumep [1-4]. Pons ynpyrux nedopmanmii cra-
HOBHTCS OYCHb BaXKHOHU JJIS TSXKEIIO HArPyKCHHBIX IU-
JUHIPUYICCKUX TOAIIUIHUKOB CKOJBXKeHus. [loatomy
BO3HHUKJIA HEOOXOAMMOCTh ydYeTa YNpYyrux aedopMariiii
pabouynx TMOBEPXHOCTEH B THAPOAMHAMHYECKOH TEOpHH
CMa3Kd. JTO MPHUBENIO K Pa3BUTHIO TaK Ha3bIBAEMOW Y-
Pyro-ruipoAMHAMUYECKOW TEOpUH, B KOTOPOM COTJIaco-
BaHHO PAacCMaTPHUBAIICH TCUCHHE CMAa30YHOTO CJOS H
nedopmanys MOBEPXHOCTH KOHTAaKTa, BBI3BAaHHAS ITOBBI-
IIEHHBIM JIaBJICHUEM B CMa3o4yHOM ciioe [5]. B aToit Teo-
pHM BaXHOE MECTO OTBOJUTCS NpoOJIeME OIpeNesICHHs
CBSI3U MEXIy paclpe/elieHHEeM AaBJICHUs B CJOe H Jie-
(opmarueil MoBEpXHOCTH.

OCHOBHBIMU 3JICMCHTAMH KOHCTPYKIUU THUAPOIUHA-
MHUYECKOTO TIOAIIUITHUKA CKOJBXCHHS SIBIISIOTCS IMITUH-
JIPUYECKUM Bajl, CMA30YHBIN CJIOM, BKIABIINI M KOPIIYC.
OOBIMHO BKJIAABIN TOIMIWIHUKA W3TOTaBIMBACTCS U3
OoJiee OJATIMBOTO MaTepHayia 0 CPaBHEHHUIO C KOPITY-
COM, KOTOPBIH MMEET BBICOKYIO TBEPIOCTh M Mayo Je-
¢dopmupyercs. Io 3Toif npuunHe AeopManusIMu KOpIry-
ca 4acTo MpEeHeOperaloT U YUIUTHIBAIOT TOJIBKO Jehopma-
uuu Bkianeima [6]. Ilpu TakoM yHpOIIEHHOM IOAXOJe
JnedopMalyi TOHKOTO BKIIAJIBIINA, OPAaHHMYCHHBIC KECT-
KHM KOPIIYCOM, ONPEACISIFOTCS MallbiM MMapaMeTpoM —
OTHOILICHHEM TOJIIIMHBI BKJIAJBIIIA K PATUYCY KPUBU3HEL.
Kak noxazano B MoHorpaduu [6], B IepBOM NpHOIMKEHIN

[0 ATOMY MAaJIOMy TapaMmeTrpy XedopMamnuu BKIAIbIIIA
MIPOIIOPIMOHATBHEI JIOKATEHOMY 3HAUYECHUIO IaBIICHHUS.
KoadhdunpeHT mponoproHaIbHOCTH HA3BIBAIOT ITOAAT-
JUBOCTBIO BKJIQ IBIIIIA. Jannoe pUOIKCHHE
CBS3aHO C WU3BECTHOM rumnore3oil Bunknepa. B cmyuae
LMJIMHIPUYECKON T€OMETpUH TOYHOE 3HaueHHe KO3 u-
LMEHTa MOAATIMBOCTH MOXKET ObITh HAaWJEHO M3 aHalM-
THYeckoro pemeHus [7]. B obmem ciydae HEOOXOAMMO
YUYHUTBIBaTh HE TOJIBKO JAe(OpMalMy BKJIAJbIIIa, HO TAaKXKe
u aedopmamuy KopIyca, MMEIOMIEr0 KOHEYHYIO JKeCT-
KOCTb.

B HacTosmiee BpeMs MHUPOKOE IPUMEHEHHUE MTOTYIHIIN
pa3iIuYHbIe MYJIbTHAMCIUIUTMHAPHBIE KOMIUIEKCHI, II0-
3BOJIIIONINE MOJCIUPOBATh PA3UUHBIC YCIOBHUS PaOOTHI
Y3J70B TPEHHS B OYCHBH IMTUPOKOM JAMAIAa30HE YCIOBHHA U
Harpy3oK, OJHaKo, 4yeM OoJjblie peajbHBIX (AKTOPOB
YUYHUTBIBACT MPOTPAMMHBIH KOMILIEKC, TeM OOJIbIle Tpe-
OyeTcst BpeMEHHBIX M BBIYHCIUTENIBHBIX PECYPCOB Ha MO-
JIETUPOBAaHUE U PacyeT KOHKPETHOTO y3ia. A eciiu ke
y3e] paboTaeT B HECTALMOHAPHOM PEXHMME, TO BpEMEH-
HBIE 3aTpaThl BO3pAcTalOT MHOTOKpaTHO. B aTom kioue
paccMOTpuM TpeAJiaraeMblii  TIPOTrPaMMHBIN  KOMIUIEKC
pacueta HaBIeHHS B CMa309HOM CJIO€ ITOIIIMITHUKA
CKOJIBXKCHUS, OCHOBAaHHOTO Ha PEIICHHUH MOICPHU3UPO-
BaHHOTO ypaBHEHHUs PelHoJbIca ¢ y4eTOM IMPOCKab3bl-
BaHUS Ha TPaHUIAX TN U )KUIKOCTH, a TAKXKE C YIeTOM
MIEPEMEHHOI BSI3KOCTH CMa309HOTO CJOSI.

Jlist onmcaHusl mpeiaraeMoro nporpaMMHOTO KOM-
IUIEKCa PacCMOTPUM  LWJIMHIPUYECKHH  MOJIIMITHUK
CKOJIBKEHHUSI, B KOTOPOM CMa304HBIH CIIOH paszieisier
CTaJbHOW BaJl M OPOH30BBIM BKJIAJBIII, TPAHUYALIMH CO
CTaJBHBIM KOPITyCOM, KaK ITI0Ka3aHo Ha puc. 1.

L

Y

Puc. 1. 'eomerpuyeckast cxema MOAIINITHIKA CKOJILKSHUS:
1 — Bain; 2 — OpOH30BBINM BKIABIIIL; 3 — KOPILYC

Fig. 1. Geometric diagram of a plain bearing:
1 — shaft; 2 — bronze liner; 3 — case
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Ha puc. 1 ® — yrmoBas CKOpOCTh BpalieHHUsl Baja,
(p — a3UMYTaJIbHBIM YroJj, OTCUMTHIBAEMbI B HaIlpaBiie-
HUU YaCOBOHM CTPEJIKU OT TOYKM MaKCHMaJbHOI'O 3a30pa,
N U Ry — SKCUEHTPUCUTET U PAAUYC LUIUHAPUYECKOTO
Bana, R; — BHYTpEHHUH paauyc BKJanablma, Ry, u R; —
BHYTPEHHUH H BHEIIHUI paauychbl LWIMHIPUYECKOTO
Kopmyca, L — nnuHa noamunauka. B pacuerax ucnonb3y-
€M HyJeBbIe TPaHWYHBIC YCJIOBHSA I AcPopMaruii Ha
3aJJaHHOM BHEIIHEW rpaHuIle Kopyca MOogIIunHuKa. Me-
Ky BaJOM M BKJIQJBIIIEM pacriojlaraeTcsi TOHKUM CIION
JKHIKON CMa3KH, Ha3bIBAEMBIM CMa304HBIM clioeM. Takke
CTaBUM HYJIEBbIC TPaHWYHBIE YCIOBHS JUIsI JaBJICHHS Ha
TOpLAX MOIUIUITHUKA.

Pacuer naBuaenusi. Pacmpenenenue naBinenus P B
CMa304YHOM CJIO€ OIpenessieTcsl U3 MOAECPHU3UPOBAHHOTO
ypaBHeHus Peiinoinbca [8]

aiv[s(n) vP)=2v(Frin)s 2 (1)
2 or
e h — TOJIIMHA KUAKOTO CJosi; ¥ — cyMMa CKOpocTeit
TECJI B TOYKE KOHTAKTA:

V=V+V,.
[Ipu 3TOM TOJIIIMHA JKUIKOTO CJIOS /i YUUTHIBACT Kak
TCOMETPUYUCCKUI 3a30p MEXIY KOHTAKTHPYIOUIMMHU Te-

namu h,, Tak ¥ AeGOpMaLMIO YIIPYroH IOBEPXHOCTH O,
BBI3BAHHYIO M30BITOYHBIM JIaBJICHHEM B CIIOC:

h=1+ncos(p)+ ff’ @)K (o-oMe. P>0: ),

VVh=0, P<O0,

rae K(e — ¢') — QyHKIMsS NOJaTIMBOCTH, HE 3aBHCAIIAS
OT pacCHpeNeiiCHUs JaBICHHUS B CIIOC, HO 3aBHCAIIAS OT
TCOMETPUUECKUX U YNPYTHX CBOWCTB KOHTAKTHUPYIOIINX
Marepuainos [9].

3ameTnM, 4TO ypaBHeHHUE (2) yduThIBaeT 3PQeKT Ka-
BUTAINH (BCTICHUBAHHUSA) JIJIsI OTPUIIATEIIHHOTO JABIICHHSL.

[Ipu OTCYTCTBHH MPOCKANb3BIBAHMS MEXIY KOHTAK-
tupyromumMu tenamu Gyakauu S(h) u I'(h) B ypaBHeHUH
(1) numeror Bux

h3
=—,T(W=h.
N 2 (h) €)

[Tpu 4acTUYHOM HIIM TOJHOM IIPOCKAJIb3bIBAHUU Me-
KTy KOHTakTHpyomumu tenamu ¢yakouu S(h) n T'(h)
NPUHUMAIOT CJIEIYIOUINN B

< 1 [ h(4k, + 4k, + h)+12kk, |
- 12u(k, +k, +h)
h(h+2k)
ki+ky+h

s

“
r(h) =

BakHO OTMETHUTh, YTO BS3KOCTh CMA304YHOTO CIIOS L
CWJILHO 3aBHCHUT OT TaKHX (PaKTOpoOB, Kak Ttemreparypa I’
u paeneHue P. CyIIecTByeT MHOXECTBO SMITHPUYCCKUX
MoOJIeNiell U3MCHCHHUS BSI3KOCTH JKHUJKOTO CJIOs, OJHAKO
HanOoJee TOYHOW U3 HUX sABiseTcs Gpopmyina [lerpyceBu-
4a, KOTOpasi ONKCBHIBAET 3aBHCUMOCTDH BSI3KOCTH OT TEM-
neparypbl U AaBJICHUSL:

W(P.T) =y exp(aP-Q,T) , (5)
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IJIe O — IbE30KOA(PPHUIMEHT, XapaKTCPU3YIOIIUNA U3MEHE-
HUE BSI3KOCTH B 3aBUCHMOCTH OT JIABJICHUS; Ly — JHHAMU-
geckas BSI3KoCTh ipu P = 0; Qy — Tak Ha3bIBaeMbIN KOA(-
(UIMEHT KPYTU3HBI BUCKOTPaMMEI.

TenuoBoii pacuer. Pacuer MOIIHOCTH TEIJIOBBIEIIE-
HUs @ NS TOANIMITHWKA CKOJBXKEHHUs, padoTaromero B
THIPOJAMHAMIYCCKOM pPEXHME, ONPEHCISICTCS CICAYIO-
IIMM BBIPOKCHHEM:

3 2 2
0= hjee T Lz opP y By (6)
12| oy R\ O¢ h
3anuuieM ypaBHEHHE TEILIONPOBOJHOCTH B IIMIIHH/I-
PHYECKUX KOOPIHHATAX:

2
Lof,ery 10T _, o
ror\ or r° op

Pemenue ypaBHeHus (7) MOXKHO IpPEICTaBUTH B BHJE
paznoxeHus Oypbe:

T=a,+ i [ak cos(kp)+b, sin(k(p)] +T1;, ®)

k=1

rie a; u by — xoappunuentsr Dypobe.
Ha BHyTpeHHel rpaHune npu » = R; uMeeM rpaHud-
HOE yCJIOBHE I MOTOKA TEIUIa U3 CMa3049HOTO CIOS:

Q:_XE’ ©

rae O — MOIIHOCTh TEIUIOBBIAEIEHNS B CMa304HOM CIIOE,
omnpezensemast popmyoii (6).

ODYHKIUIO MOIIHOCTH TEIJIOBBIIENCHUS TaKKe pa3ia-
raem 1o Oypbe-rapMOHUKaM:

2n
0, =~ [ 0(p)cos(ko)dop.
n 0
2n
Q) = % [ 0(@)sin(ko)do (k=1,2,3...);

2n
0, =5- | 0(p)do.

Ha BHemHe# rpaHdile 3amaeM TeMIIEpaTypy OKpY-
)Katroten cpenst 71y:

T(R3)2T0~ (10)

[Mpumensis paznoxenue Oypwe k popmyie (9), mony-
YyaeM ypaBHEHHMs 111 KO3(D(DUIIMEHTOB Pa3IoKEHUsL:

Oa, ob .
—y—~=0, , —y—% =0, ,
X@r k X@r k

rie Ko3(hGULIUEHTH &y , by yAOBIETBOPSIOT AU PepeHIH-
AJIBHBIM ypaBHEHHUSM

2
L[ ) b,
;

(11

r or or 2
1 o( 0b, k?
2|y =0, 12
r@r(r Grj PR (12)

10(,0a)_ .
ror or
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Pemas ypaBHenus (12), ompemenum Kod(hHHUIMESHTHI
au bk.

IIporpaMMHBIi KOMILUIEKC pacyeTa JAaBJIeHUS
B CMa304HOM cJjoe. J[aHHBIH NPOrpaMMHBIA KOMIUIEKC
CO3JIaH Ha OCHOBE MTEPALIMOHHBIA CXEMBI, KOTOPasi BKIIIO-
YaeT LUUKJINYECKHH TOIIAroBhIi pacueT BceX HE0O0XOou-
MBIX TApaMETPOB, ONMUCAHHBIX HIDKE. JJaHHBIH KOMIUIEKC
MTO3BOJISIET BBIYUCIATH paclpeleeHus NaBlIeHHEe B CMa-
309HOM CJIO€ TOJIIAIHUKA CKOJIBKCHHS KOHEYHOU MIITH-
HBI, TIPU 3TOM KOMIUIEKCHO YYHTHIBaTh TaKHWe Ba)KHBIC
(dakTopbl, Kak AeGopMaIis MOBEPXHOCTEH MO NEeHCTBH-
€M H30BITOYHOTO JIaBJICHHS, IIEPOXOBATOCTb TPAaHUII,
YaCTHYHOE IPOCKaJIb3bIBAHHUE, IIEPEMEHHAst BSI3KOCTb,
3aBHCSAIIAS OT TEMIIEPATyphl W JIABJICHUS, CKOPOCTBH
CONMVKEHUS TPAHUI] U KaBUTAIIHS.

AnropuTM pacueta JaBIICHHS PEalii30BaH B BUJE KO-
HEYHO-Pa3HOCTHON CXEMBI:

Pn+1/ 2

1 +1/2 +1/2
A(p2[ i+1/2, 7 i+, ] _( z+1/2/+S 1/2/)P” +S —1/2 ;Pn ]

Pn+1/2 Pn
2A¢p At

“L (8P - 28P + 8P ) =

i,j+1 i,j-1

Pn+l (P:Ij+1/2 _ })[:Ij)
At ’

_ pn n+l
= B8

n+1
R (13)

HE [ H, (4 + 4k, + H, )+ 12Kk, |
v i (k +k +H,.,‘,)

H. (H,  +2k
F,..:M, i=1...nx,
Y k+k+H
H! =1-7cos(¢,)+d,,, P>0;
HL, —H!, =0, P<O0;

i+l,j

AOZP”

A4, = 6K0uoRfm/d3.

(0, — ¢, ) Ao,

Ha ocHoBe pacmpenesneHust AaBleHUs] Ha KaXKJIOM HTe-
PAallMOHHOM IIare BBHIMOJHIETCS pacyeT TeMmmeparypsl 1’
merogoMm Dypre:

NF
a; + ;(ak,j cos(kx[ )+bk’j sin(kx[ ))4— T,, (14)

rjie KodQOUIUEHTHI Pa3I0KEHUS ay, b; BRIYUCISIOTCS TI0
dhopmyam

a,;,=0,,d,, b, =0,,4a, (15)
k k
iR ! R (R
k & k-1 & k+1 R3 Rl ?
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~ R R
Gy =—"In—=.
xR
* (v}
Muoxurenn ©;; u O ;; IPeACTaBIAOT co00i K0a(-
¢urrentsr Oypbe pa3nokKeHHs MOIIHOCTH TEILIOBBIICIC-
Husi O, 3aBUCSIIECH OT IPaHEeHTOB JIaBICHHUS:

&
0,,= ZQ ; cos(kx, )Ax,

i=1

N 1 nx
v =— 2,09, sin(kx)Ax, 1<k <NF,
T i=1
w (e, -p, Y (P .-P_Y
Q _ § ij i+,j  Li-l,j i i+ i1 + 1
i,] L~ §
T 28y H,
_ m R0’

s ompeneneHus TeKyIero nporuda moBEpXHOCTEH,
3aBHCSMIECTO OT paclpeleNeHus] TaBICHUS, UCTIONb3YyeTCs
aHATUTHYECKAsT aNIpPOKCHMAIs (YHKIMHA I10AaTIHBO-
CTH, YYHUTHIBAIOIAs TEOMETPHYECKHE W MEXaHHYECKHe
CBOMCTBa KOHTAKTHPYIOIIIX TTOBEPXHOCTEH:

(RZ—RI)(1+m1)(1—2m1)+

K(x)=1,2
E 1—m,
. an
+(R3—R2)(1+m2)(1—2m2) 1
E, 1-m, T+yx® |’

rae mapameTpsl o, B, Y — COykar ais KOPPEKTHPOBKH
AQHAJIUTUYECKON (QYHKIMU TOAATIMBOCTH; m — KOIPHU-
nueHT Ilyaccona; £ — Moaynb ynpyrocTu.

Briok-cxeMbl mporpaMMHOTO KOMIUIEKCa M BCIIOMOTa-
TEJbHBIX TMOANPOTPaMM IMpeJICTaBIIEHbI Ha puc. 2 u 3. g
pacueTa TpeOyeTcs 3a1aTh MapaMeTphl pacueTHOH CeTKH,
TEeOMETPUUECKUE W MEXaHWYECKHE MapaMeTphl KOHTaKTH-
PYIOLINX TeJ, AMHAMHYECKHE XapaKTePUCTHKH Baja, BS3-
KOCTHO-TEMIIepaTypHBIe MapaMeTpsl Maciia M BBIOpaTh
HadaJbHOE paclpelielieHHe NaBlIeHus P, KoTopoe 3aJaHo
[0 yMOJYaHHIO JTHOO 3aJacTcs BBOJOM MAacCHBa 3Haue-
HUi U3 daiina.

Jlanee BbIMONHSETCS MEPEX0]] K OCHOBHOMY HTepalu-
OHHOMY WMUKJIYy MNpOTrpamMMbl. BHYTpH HUTEpallmOHHOTO
LMKJIA BBINOJHAETCS pacyeT AaBjieHUus P 1o HEsIBHOH
CcXeMe METOJOM MEePEMEHHBIX HANpPaBJIEHUH C HCIOJIB30-
BaHHEM CKaJSIPHBIX MpOroHOK. Ha ocHOBe HOBOro pac-
TIpeJeNicHHs AaBJICHHS BBITIOJHSIETCS Mepepacyer TeMIe-
patypsl (moanporpamma 7(P1)), BI3kocTH (ITOAIPOrpam-
Mma W(P, 7)) u nporuba (noamnporpamma d(P)). Tonuiuna
CMa3049HOTO CJIOA OMpeIeNieHa C TOMONIbI0 (PyHKITHH
H(d). ®ynkunn S(H, p) u I'(H, p) naroT BO3MOXHOCTb
YUUTHIBATh KaK MoiHoe npwinnanue (ky, = 0), Tak u gac-
THYHOE mpockanb3biBanue (0 < ky, < 1) cMazouHOrO Ma-
TepHaa Ha MOBEPXHOCTAX.

3aTeM BBINOJHSETCS pacyeT OCHOBHBIX CHIJIOBBIX MO-
KazaTesied, TaKuX KaK a3uMyTallbHas U OCeBasi KOMIIOHEH-
ThI Hecylied cmocobnoctu W, u W,, nonnas Hecymas
cnocobHoCTh Wy, umcno 3ommepdensaa Zommer, MO-
MeHT TpeHus M. Ilocie kax10ro UTepalMoOHHOTO Iiara
MPOBEPSIETCS KPUTEPUU cxoaumocTH urepauuit. Urepa-
UM TIPEKPAIAOTCs MPH TOCTIKCHUN TOCTATOYHO MAJlo-
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TO OTHOCHUTCIBHOI'O HU3MCHCHHUA VVM Ha WUTCPALIMOHHOM

mare:

ITo 3aBepuieHNHM BCEro HMTEPANMOHHOTO IIUKJIA BCe
paccuuTaHHBIE TTApaMETPHI COXPAHSIIOTCS B (paiiiibl.

(we,=w)iwa| <.

tot tot

BROO HCXOQOHBIX

JAAHHLBIX

A

na : HcnonwioBath :
BHEWIHEE NaBneHHe
4

A

YUrenue P, T
u3 daitna

Jananne P, T
MO YMOMUAHNID

v

Pacuet cunosbIx
napameTpoe F(P)

/

A

Pacuer BA3KOCTH

WL, 1)

Pacyer Temneparypel

T=AP1, n)

v

L]

Pacuet npornba

PacueT cunoebIx

['(H, )

v

Pacuet pasneHus
P1=AP, S T)

da(P) napametpoe F1(P1)
Y
PacyeT TOMLLIHHBI HET
cinost H(d)

v 1

PacueT ko,
S(H, W
P:=P1

L F:=F1

PacueT ko,

Wurepdeiic mporpaMMsl COCTOUT U3 pabodyero okHa, B
KOTOPOM pacloiararoTcs 4deTslpe KHONKH: Parameters,
Run, Results n Exit. Matepdeiic nporpaMmsl npezacras-
JIeH Ha puc. 4.

Knonka Parameters oTkpbIBaeT (aiin BXOJHBIX Iapa-

MeTpoB (puc. 5).

PacueT paBneHus
P1=AP, S T)

Onpeaenexne
NPOroHOYHBIX Ko,

L]

Lukn mo j
j=lL.N

v

Liukn no i
i=1.N

L]

Pacuer P1,;

v

KoHeu uvkna no i

v

Boigon Pl
B haifn
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Puc. 2. biok-cxema mporpaMMHOT0 KOMIUIEKCA

Fig. 2. Block diagram of the software package

KoHeu unkna no j
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Pacuet nporuba

Pacuer Tem NEpaTYpol

d(pP) T=AP, 1)
Uukn no i
=1.N
, Y
. . Hukn no
HKN NO § HKN No
Lll.:l N Ll.=1 N J k=1..NF Pacuet T,
B S Pacuer Pypoe ko,
L v v v
Uukn no i .
Pacuer d, 1N Pacuet Oy KoHeu unkna no
L] L] v v
KoHeu umkna no i Pacuer O, Pacuer ay; KoHeu umkna no j
v (]
Koneuumknanoi | KoHeu uukna no &

Puc. 3. biok-cxema BcrioMoraTesbHbIX MOANPOrpaMM

Fig. 3. Block diagram of subprograms

Faramsters

Foun

Results

Exit

Puc. 4. Unrepdetic mporpaMmbl

Fig. 4. The interface of the program

B aToMm ¢aiine 3axaroTcs napaMeTpbl pacueTHON CETKH
(4ucno Touek Mo asUMyTY nX U BIOJb OCH 7)), TEOMETPH-
YecKHe MapaMeTphbl, CMEIICHHE OCH Baia (eccentricity),
TeMIlepatypa BHENIHEe#H cpenbl (temperature), aBa rpa-
HUYHBIX NapaMeTpa MPOCKaIb3bIBAHUS, MOAYJIN YIPYTO-
ctu 1 koapdunmentsl IlyaccoHa aepopMupyembIx Tell,
TpH mapameTrpa (YHKIHH TOJATIMBOCTH, YIJIOBas CKO-
POCTb BpalllCHUS Bajla, pafinasibHas U a3UMyTalbHasl CKO-
POCTH CMELIEHHs OCH Bajla, TUHAMHYECKUN Kod(duIm-
€HT BSI3KOCTH, KOI((PHIMEHT TENJIONPOBOIHOCTH MaTe-
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puana, Ko3QpPUIHEHTHI, XapaKTepU3yoLIHe 3aBUCUMOCTh
BSI3KOCTH OT JaBiieHus (piezo-coefficient) u Temneparypsl
(temperature viscosity coefficient), mapamerp nomycTu-
MOH TOTrpemHocTH (accuracy), mapaMeTpbl MeIKOoMac-
mTaOHOM BOJHHCTOCTH MOBEPXHOCTH (Waviness parame-
ter), a3UMYyTaJBHBIA YTOJI, ONPEISISIOIIHA MECTO ITOAadH
Maclia, U [eJIOYHCICHHBIN mapaMeTp BIOOpa HadalbHOTO
pacupenenenus nasneHus («0» — 3amaeTcs MOCTOSHHOE
HaydaJbHOE JIaBIECHUE BHYTPU HPOTPaMMBI, «1» — CUUTHI-
BAeTCsl MAaCCUB JlaBiieHus U3 (aiina).
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3amycKk TporpaMMbl HHUIMHUPYETCS KHOMKOW Run.
UYepes onpeneneHHOE YMCIIO 1IAroB UTEpalvy 3HAYEHHs CH-
JIOBBIX IOKa3aTesiel BBIBOJATCS HA 3KpaH. BrinaBaemoe mpo-
rpamMMoii n300pakeHHe Ha SKpaHe IpeJICTaBICHO Ha pHC. 6.

I'paduk cXOAUMOCTH UTEpalMid IS IBYX 3HAYCHUU
9KCICHTPHUCUTETA X/am TPEICTABICH HA puC. 7.

Puc. 7 moka3bpIBaeT, 4TO JaXke MPH OOJNBIINX 3HAUCHH-
AX I-)KCLICHTpI/ICI/ITeTa I/ITepaHI/II/I CXOOdATCA AOBOJIBHO 61)1-
cTpo, 3a 200 maros.

Pe3yJII>TaTI)I pacqua 3aIlIUCBIBAOTCA B qupre TCK-
CTOBBIX (haiiia, MOKa3aHHBIX Ha PUC. 8, KOTOPHIE BBIBO-
JIATCS HA SKpaH MOCiie HaXxaTus KHOMKY Results.

0 nx o
81 ‘nz’
0.03 'R1, m’
0.035 ‘RZ, m
0.1 "RI, m'
0.03 ‘Length along axis, m'
0.9 ‘eccentricity of the shaft’
0.00013 "clearance, m’
20.0 "Temperature, *C’
0.0 "first slipping parametar’
0.0 ‘second s1iping parameter’
2.11e11 "1-st elasicity modulus, Pa’
1.08ell "2-nd elasticity modulus, Pa’
0.34 '1-st Poisson coefficient’
0.3 '2-nd Poisson coefficient’
5.0 '1-st parameter of complience function’
L7 "2-nd parameter of complience function’
1.4 "3-d ?arameter of complience function’
314.16 "angular velocity, 1/s5°
0.0 ‘radial wvelocity of shaft, m/s’
No.o "azimuthal velocity of shaft, m/s’
0.024 ‘viscosity coefficient, Pa®s’
|4B "heating conduction, w/{m*K}’
||7-5e-9 ‘piezo-coefficient, 1/Pa’
2.9e-3 'temperature viscosity coefficient’
jlo. o001 ‘accuracy’
0 'waviness parameter - height, m’
.D ‘waviness parameter - frequency, m’
|| -45 "angle for oil inlet point, grad’
p ‘parameter to set initial condition’ =
!'4." E gl K

Puc. 5. McxonHble TaHHBIE

Fig. 5. Initial data

Stop - Program terminated.

Puc. 6. U300paxenue, mopoxaaeMoe mporpaMmMoin

Fig. 6. The image generated by the program
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'-E"'— —
# | EHD Journal Bearir
zommer, Heating, step number
Parameters 2.007195189785826E-002 13.855613000049520 500
W WY, W tot
2.247150177358008 -1.155052407734117 5.053248453000722
Run zommer, Heating, step number
2.009704737902217E-002 13.885102686317750 GOD
Results Winy, Woll
2.247411780788612 -1,149451334647 141 5.048612115136685
zommer, Heating, step number
Exit 210163297921 8317E-002 13.878375B66717510 700
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P
nn
Puc. 7. CXoaquMOCTb YNCIIEHHBIX UTEPALIUIi:
1 —xlam =0,95; 2 — xlam = 0,9
Fig. 7. Convergence of numerical iterations:
1 —xlam=0.95; 2 —xlam=0.9
@ann [paska Qopmar Bug  Cnpaska
eccentricity Wx W_tot Fmitr Zommerfeld Flux_z Flux_x ’
.0756+04 -.498E+04 .109e+05 .145e+04 .210e-01 .399e-0:
e 1 =
| progin.dat — BaokraT = | 23
@aidn [paeka @opmar Bua Cnpaexa
. 000 .356E-04 .702E-04 .104E-03 .136E-03 .168E-03 .199E- .
04E-02 .103E-02 .102E-02 .102E-02 .101E-02 .100E-02 .993E-03
.000 - T W ® 3 Nnoda b I . 3 Nl - N s Y 1 = s o 1 A M - s Tn 1 el A -
11e-02 .| 3 | P2d.dat — BaoxHoT
. 000 =
20E-02 .|| ®aAn [lpaeka @opmaT Bug Cnpaexa
29-082 .000 .131£-02 .261E-02 .391E-02 .519E-02 .G46E-02 .772E- »
Eﬁoo ‘[|33e-01 .529e-01 .525E-01 .520E-01 .S5156-01 .510E-01 .S504E-01
R N . 000 .146E-02 ,290E-02 ,434E-02 ,576E-02 .717E-02 .BS56E-
OE 02 -||87E-01 .582E-01 .577E-P~— e
N0 . 000 .161E-02 .3 | PLdat— Bnoxwor = B
S1E-02  .|l45e_01 .640E-01 .634E-
. 000 . 000 .178e-02 .3l | Pann [lpaeka Popmar Bug Cnpaeka
< [ 08E-01 .702E-01 .696E- | 3 £88991350798403  6.999383327424258E-00 »
-000 _  .197E-02 .3| 3,752457867970120 7.674814994302240E-00
76E-01 .770E-01 .763E-| 3 815924385141837 8.408151930278736E-00
- 000 -218e-02  .4/| 3 879390902313554  9.207093369510762E-00/ |
30e-01 . 843E-01 .836E-|| 3 042857410485272 1.008052061469246E-00
- 000 .240e-02 .41 4 006323936656989 1.103869721027251E-00
31E-01 .924e-01 .916E-|| 4, 069790453828706 1.2090251071675578E-00
« [ m | 4.133256971000423 1.325876499662788E-00
| 4.196723488172141  1.455053412433469E-00
!l 4.260190005343858 1.598759178065785E-00 _

Puc. 8. BelBoa Ha 5KpaH pe3ynbTaToB pacyeToB

Fig. 8. Displays the results of calculations
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Tom 19, Ne 3

x10

P [Pa]

30 60 90 120 150

1
0

80 210 240 270 300 330 360
[Grad]

Puc. 9. JlaBneHue B cMa304HOM CJIO€ MOAMIMITHUKA CKONBXKCHUS:
1 —ypaBHerue (1), yauTsIBaroniee KaBUTaMOHHEIN 3 dekT; 2 — ypaBHeHHe (1) 6e3 yueTa KaBUTAI[HOHHOTO
apdekra; 3 — monemupoanue B Comsol Multiphysics

Fig. 9. Pressure in the lubricating layer of the bearing:
1 — equation (1) taking into account the cavitation effect; 2 — equations (1) without taking into account
the cavitation effect; 3 — Simulation in Cosmol Multiphysics

P2d.dat — ¢aiin co 3HaAYCHHSIMH JaBJICHHS B y3Jax
pacdeTHoO# ceTku, Pl.dat — ¢air co 3HaUeHUAMU JaBJe-
HUS B IIEHTpajdbHOM cedeHuH, Progib.dat — daiin co 3Ha-
YeHUSAMH TIporuba B y3iax pacueTHOM ceTku, W.dat —
(aiin co 3HAUCHUSIMH CHIIOBBIX [TAPAMETPOB.

BrruucnuTenpHas 4acTh HPOTPAMMHOTO KOMIUIEKCA
HalucaHa Ha A3blKe nporpammuposanus Fortran 77. UH-
tepdeiic paspaboran Ha mmiardpopme Microsoft .NET
Framework ¢ ucmons3oBanuem sizpika C# (C Sharp) [10]
Ui omepannoHHbix cucreM Windows 7/8/10. Jlanubrit
MPOrpaMMHBIN KOMIUIEKC 3apeructpupoBan DepepanbHOU
CITy’KOO0H 0 MHTEIUIEKTYaJIbHON coOcTBeHHOCTH [11].

TecToBble pacuyerbl. [l TecTHpoOBaHMS HAHHOTO
MIPOTPAMMHOTO KOMIDIEKCAa TIPOBEICHBI CpPaBHEHHS C
OITyOJMKOBaHHBIMU Pe3yIbTaTaMHU APYTUX aBTOPOB IS
MIOIIINITHIKA CKOJBXeHus. [lepBoe cpaBHEHHE TpoBee-
HO C IPOTPaMMHBIM IAKETOM, OCHOBAaHHBIM HAa METOJE
KOHCYHBIX 3JICMCHTOB U IIHPOKO IMPUMCHSIEMBIM ISl Pac-
4yera paslUyYHBIX 3a/1a4 rUApoauHaMuku. [loapobHoe u3-
JIOXKCHHE TOCTpoeHust ™oxaenun B makere Comsol
Multiphysics onucano B pabote [12]. Pacuer BeinosHsics
U1t cnenytomux napametrpos: L = 0,125 m, R; = 0,25 M,
pn = 0,19 Ia-c, oTHOCHTENBHBIN SKCIeHTpHCUTET T = 0,5,
ckopocTh BpameHus Baina 1000 o6/mMuH.

Ha puc. 9 mpencraBnensl rpaduky JaBIeHUS B CMa-
30YHOM CJIO€, BBIYMCIEHHOTO C IIOMOIIBI0 OTHCAHHOTO
BhIIIIC KOMIUIEKca U maketa Comsol.

Puc. 9 nokaspIBaeT, 4To MPH pacueTe JABJICHUS B CMa-
30uHOM cioe B makere Comsol Multiphysics He yurten
KaBUTaMOHHBIA 3¢ QekT. BeiencTBue 3TOro BO3HHKAET
00yacTh OTpHULIATENBHOTO JaBieHus (kpuBas 3), 4TO IpH-
BOAMT K CHWKEHHUIO MakcHUMyma nasieHus Ha 17 % mo
CpPaBHEHHIO C PAacYeTOM, BHITIOJHEHHBIM Ha OCHOBE OITH-
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CAaHHOTO BBINIE IPOrPAMMHOTO KOMIUIEKCA, YIHTHIBAIO-
IIeTO KaBUTAIIMOHHBIA 3(PQEKT W HCKIIOYAIONIET0 OTPH-
aTenbHBIe MaBieHus (kpuBas /). B To jxe Bpewms, pemre-
HHUE, TOJYYeHHOE C TOMOIIBI0 JAaHHOTO KOMIUIEKCA IMpH
OTKIIFOYCHHOM OJIOKE KaBHTalUH (KpuBas 2), JOBOJILHO
OJIM3KO COBMANACT C PEIICHUEM, IIOJyYCHHBIM B MPO-
rpamMHOM nakeTe Comsol. B aTom ciydae pasnuuue 3Ha-
YEeHUH MaKCUMAaJIbHBIX JIABJICHUH B CJI0€ cOcTaBisieT 6 %.

Kpome Toro, mpoBoaMioch CpaBHEHUE C pacyeTaMH,
npeacTaBiacHHbIME B paborax [13; 14]. B atux paborax
M3JI0KEHO YHCIIEHHOE MOJCTUPOBaHME THAPOANHAMHYE-
CKHX TOIIUITHAKOB CKOJBXCHHWS Ha OCHOBE PEIICHHS
KJIacCU4ecKoro ypaBHeHus1 PeliHonbaca meronom Ilartan-
kapa [15] mpu TMOCTOSIHHON BS3KOCTH, (DUKCHPOBAHHOMN
TeMIepaType U OTCYTCTBHH Ae(pOpMaIiil TOBEPXHOCTEH.
Jlnst cpaBHeHHS BBIOpaH BaXkKHBIA TmapameTp 3oMMep-
¢enbra Z, KOTOPBIA 00paTHO MPONOPLHOHAIBHO 3aBUCHUT
ot Oe3pa3MepHOl Hecylei criocobnocT W

1
3w
W’ZJ-J.IBCOS(pd(pdj/.

(18)

Ha ocHOBe OmMCaHHOrO BBINIE HMPOTPAMMHOTO KOM-
IUIeKCca TOJYYEeHO 3Ha4YeHHEe mapamerpa 3ommepdenbaa
0,123, xotopoe MeHee yeM Ha 1 % oTnu4aeTcs OT aHaJo-
TMYHOTO 3HAYEHUs, BBIYHCICHHOTO B paborax [13; 14],
§=0,121.

OrnucaHHbBIe CpaBHEHUS PACUETOB JIaBIICHUS B CMa-
309YHOM CJIO€ OOOCHOBBIBAIOT Pa0OTOCIIOCOOHOCTH MpPEJI-
JIO)KEHHOTO BBINIE BBIYUCIUTEIHHOTO AJITOPUTMA U TIPO-
IPaMMHOTO KOMIUIEKCa, IO3BOJSAIONIET0 3(PPEKTUBHO
BBITIOJTHATL PacueThl paclpeeicHus JaBJICHUS B 30HE
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YIPYro-rTHAPOJMHAMHYIECKOTO0 KOHTaKTa TEN C XOPOIIEeH
TOYHOCTBIO.

3aknwouenne. Co3maH NpOrpaMMHBI  KOMILIEKC
pacyera JAaBJEHHMS B CMa304HOM CJOE€ HOALIMITHHKA
CKOJIBKEHUSI C Y4eToM Jie(OpMalMd M BOJHHCTOCTH
KOHTaKTHPYIOIMX IOBEpXHOCTEH, 3¢ (pexTa KaBUTALMH,
NPOCKAaJIb3bIBAHUS HA TPAHULAX TEJ M KHJKOCTH, a TAKXKe
MEPEMEHHON BSI3KOCTH CMAa304HOTO CJIOS, 3aBUCSIICH
OT TEPMOJMHAMHUUYECKHUX MapaMeTpoB. JaHHBINH mporpam-
MHBII KOMIIIEKC MOXET TPHMEHSITHCS Ul pacueTa Kak
CTAlMOHAPHOM pabOTBl TMOALIMIIHWKA, TaK W Ui
HECTAllMOHAPHOTO PEKMMa, BO3HUKAIOIIETO B PE3yiIbTaTe
KoJieOaHMsl BHEIIHEH Harpy3KH.
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HOBBIIIEHUE TOYHOCTH KOHTAKTHOI'O METOJIA U3BMEPEHMSI TEKYIIENA
IVIOINAAW KPUCTAJIJIOB, BBIPAIIUBAEMBIX CIIOCOBOM YOXPAJIBCKOI'O
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Poccutickas ®@eneparnus, 660037, r. KpacHosipek, mpoctr. uMm. ra3. «KpacHosipckuii pabounii», 31
*E-mail: Sahanskiy@yandex.ru

Js kpucmanios, sblpawueaemvix U3 JHcuoKo2o pacniaséa no cnocoby Yoxpanbckozo, npu KOHmMpoae u ynpasienuu
mexywell niowaobio KpUCmaiid, Ha 0CHO8e KOHMAKMHO20 Memood UsMepeHus onpedeietvl 0CHO8Hble mpebosanus
01 obecneueHuss MOYHOCMU USMEPEHUs NAOWAOU KPUCIALA HA YULUHOPUHECKOU Yacmu svipawusanus. B cucmeme
VApasneHus no KOOPOUHAMAM NepeMeujeHus KPUCmaild u mueis HeoOX00UMO NPUMEHAMb QOmocHumuléaiowjue
onmuueckue IunelKu ¢ ouckpemuocmoio omcyema 0,1 mxm 0 onpedenenus 8eaudUHbl NepeMeweHull 3a 8pems YUKLd
OYeHKU cucHana ynpaenenus. /s yempanenusi owubKu uz-3a mOoyHOCMU CMAOUIU3AYUY YPOGHs PACNIA8d 6 mu2ie
npeonodcer CiedyIouull areopumm pabomol YCmMaHOBKU 8bIPAUUBAHUSL KDUCTIATLIOS.

3a epems oyenxu cucHana YNpaeneHus HA YUIUHOPUYECKOU HACMU GblpAUaAeMo20 KPUCIMALLA NPUHUMAENCS
6pemst 8blOOPKU 3A0AHHO20 KOIUYECMEd UMNYIbCO8 nepemeujenuss muens. Hauunaemes evluucienue epemenu oyenKu
CUSHANA YNPAGLeHUsi 8 MOMEHNM 3aMbIKAHUSL OAMYUKA PACHIA8d U 3AKAHYUBAENICS 8 MOMEHN 3AMbIKAHUS OAMYUKA
pacniasa npu yCio8uu blO0PKU 3a0AHHO20 KOAUYECTNBA UMNYIbCO8 NepeMeueHUst Muis.

Bpems oyenxu cuenana ynpasnenus 6 npedvioyujem yukie ynpasieHus UCHOIb3yemcsi 8 mekyuem yuxie 0is Gbluuc-
JIeHUSL NAY3bl 3AMbIKAHUSL KAK YACMU BbIYUCICHHO20 BpEMEHU YUKLa OYeHKU. B cucmeme ynpasnenus ¢ MOMEHM 3ambl-
KaHUus KOHMAKMHO20 OAMYUKA 8bI0EPAHCUBACTNCS NAY3A 3AMKHYIMO20 U NOCAe0VIOWas MAaKas jHee nay3a pa3oMKHymozo
COCMOSIHUSL 0amYUKa ypoeHs. B momenmol nays cocmosinue KOHMAKMHO20 OAMYUKA CUCIEMOTL YRPAGIEHUS He AHATU-
3upyemcsi, u ynpagienue no0beMom Mmu2isi NPOUCXOOUm ¢ 3aMe0NeHHOU U YCKOPEHHOU CKOPOCHbIO NOObeMAa Mu2ist
6 MOMEHMbL «YCIIOBHO 3AMKHYMO20» U «YCIOBHO PAZOMKHYNO020» COCMOSIHUIL OAMYUKA YPOGHSL.

Bce smo obecneyusaem 6 OanHoll cucmeme YnpaeieHusi MOYHOCHb UMePeHUsi meKywel niouaou Kpucmaiid
Ha YUIUHOpUYecKou yacmu geruduHol He xyxce 1 %.

Kniouesvie cnosa: sblpawjusanue, Kpucmaiibl, KOHMAKMHBIL MEMOO usmepenust.

INCREASING THE ACCURACY OF THE CONTACT METHOD OF MEASURING
THE CURRENT SQUARE OF CRYSTALS GROWN BY THE WAY OF THE CZOHRALSKY

S. P. Sahansky*, S. E. Yulenkov

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
*E-mail: Sahanskiy@yandex.ru

For crystals grown from a liquid melt by the Czochralski method, when monitoring and controlling the current
crystal area, based on the contact method of measurement, the basic requirements for ensuring the accuracy of
measuring the area of the crystal on the cylindrical part of the growing are determined. In the control system with
respect to the coordinates of the movement of the crystal and the crucible, it is necessary to use photo-reading optical
rulers, with a sampling resolution of 0.1 um, to determine the amount of movement during the control signal evaluation
cycle. To eliminate the error due to the accuracy of stabilization of the melt level in the crucible, the following
algorithm for the operation of the crystal growing apparatus is proposed. During the evaluation of the control signal on
the cylindrical part of the growing crystal, the sampling time of the predetermined number of pulses of the crucible
movement is adopted. Calculation of the evaluation time of the control signal begins at the moment of closure of the
melt sensor and ends when the melt sensor closes, provided that a predetermined number of pulses of the crucible
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transfer is sampled. The evaluation time of the control signal in the previous control cycle is used in the current cycle
to calculate the closure pause as part of the calculated evaluation cycle time. In the control system, at the moment
of closing the contact sensor, a pause of the closed sensor is maintained, followed by a similar pause of the open state
of the level sensor. During the moments of pauses, the state of the contact sensor by the control system is not analyzed
and the control of the crucible lift occurs with a slowed and accelerated rate of the crucible lift during the moments of
the “conditionally” closed and “conditionally” open states of the level sensor. All this ensures in this control system the
accuracy of measuring the current area of the crystal, on the cylindrical part, by a value not worse than 1 %.

Keywords: growing, crystals, contact method of measurement.

BBenenne. B pabote [1] npemioxkeH OpurHHAILHBIH
croco® KOHTPONIA TpoIecca BBIPANIMBAHUS MOHOKPH-
cTaya no crnoco0y YoxpaiabCckoro, KOTOphIi OCHOBaH Ha
HCTOJIB30BaHUM B KaveCTBE IMporpamMmaropa madioHa,
HMUTHPYIOLIETO KPHUCTAIIT 3aJaHHOW (opmbl. Turens c
paciiaBOM ¥ KOHTCHHEp C HIKOCTHIO IOMEIIAIOT Ha
BEpXHEYallleyHbIe JabopaTopHble Bechl. B mporecce poc-
Ta malJIOH MOTPYXKAIOT B )KUIKOCTh C TOH JK€ CKOPOCThIO,
C KaKOW KpHCTaJUT BRITATHBAETCS U3 paciuiaBa. [[1a6non u
KpHUCTAJI COeTUHEHBI THOKOW Tsroi. PaBHOBecue coxpa-
HSETCS, €CIM KOJHYECTBO TBEPAOH (ha3bl W >KUAKOCTH,
BBITECHSIEMOH Ma0JI0OHOM B €IMHHIY BPEMEHH, OIMHAKO-
Bo. Ilpu Hapymennn paBHOBeCHs (yMEHBIICHUE WIIN YBe-
JYeHNe JraMeTpa KpPHUCTallia) CUTHAJ PacCcOoTIacOBaHUS
BECOB TOCJIE OIITOAJIEKTPOHHOT'O MpeoOpazoBaTess U yCH-
JICHHUST MCHOJB3YETCsl KaK MPOTPAMMHUPYIOIIUN IS TeM-
HepaTypHOro KOHTPOJIsI HarpeBartelisi COBMECTHO C CUTHa-
JIOM OT TepMonapsl. B ycrpoiicTe [2] mpu BeITATMBaHUU
MOHOKpHCTaJUIa 33JaHHOTO AMAMETpa 3a CYET JIa3ePHOI0
HU3MEPHUTENIST KOHTPOJUPYIOT HENPEPHIBHO yOBIBAIOIIHIA
YpOBeHb paciuiaBa B TUriIe. CHTHAI C Ta3epHOTO N3MEpH-
TeNs yPOBHA PacIllaBa CPaBHUBAIOT C IPOTPAMMHUPYEMBIM
3aJaTYNKOM HM3MEHEHHS YpPOBHS, a Pa3HOCTHBIH CHUTHAI
IocJie JAHHOTO CPaBHEHHS HCHOJB3YIOT IS KOPPEKIHH
TeMIepaTyphl pacIuiaBa 4epe3 PeryiIsaTop MOITHOCTH Ha-
rpeBaTelisi U CKOPOCTH BHITATUBAaHUS KpucTauia. [locpen-
CTBOM JIaHHOTO PETyJUPOBAHHS CTAOWIN3UPYIOT TEKY-
IMA AUAMETP KPUCTAIUIA.

MUKpPOIPOLIECCOPHBIC CUCTEMBI YIIPABICHHS BBIPA-
IIMBAHUEM KPHCTAUIOB T'epMaHus, pa3pabdOTaHHBIC
HAa OCHOBE MAaTeHTOB [3; 4], ObUTH BHEIPEHBI B MOIYIIPO-
BOJHUKOBOE TPOM3BOJICTBO BBIPAIIMBAHUSI KPHCTAIIIOB
repmanus (puc. 1). B cBoro ouepens, manHas pazpaboTka
SIBIISICTCS aHAJOTOM CHCTEM YIPAaBJICHHUS, MPUBEICHHBIX
B pabotax [1; 2].

PaGora cucrtem ympaBieHHS, OCHOBAaHHBIX Ha KOH-
TaKTHOM METOJE W3MEpEeHHs TeKyIlel IIIomaai BBIpa-
IIMBAEMBIX KPHUCTALIOB (puc. 1), 3akiroyaercs B clie-
JIYIOIIEM: TOJA YHPaBJICHHEM CHCTEMBl YHpaBIICHUS
B KaMepe MPOW3BOAUTCS BBIPALIMBAHUC KPHCTAIIA
JIUAMETPOM d, CO CKOPOCTSIMH BBIpAaIllMBaHuUs V', U Bpaiie-
HUs W, kpucrajmia, TIpU 3TOM PACIUIABICHHBIA METalT,
HaxoMsIIIMICS B TUTJIE C BHYTPEHHUM auamerpom D,
BpaIaercs ¢ yriloBo CKOPOCThIO W, 1o Mepe yObIBaHUS
pacIiaBa B THIJIE.

Curaan Cc KOHTaKTHOTO JaTYMKa HOJAaeTcs dYepes
criaxuBatomuii Gunstp C1, R1, R2 u 610K coriacoBa-
HUuss B OBM i npuHATHS penieHuss o0 yIpaBJIeHUH
MOJBEMOM THIJISI BBEPX, KOTOPOE OCYLIECTBIsiETCs] OJI0-
KOM YIpaBJICHHUS IArOBbIM JBHraTesieM. Kpome ckopocTu
IoJTbeMa TUTIIS BBEPX V. B CUCTEMe MPOUCXOIUT HOopMU-
poBanue HWH(DOpMALMK O MEPEMEIIEHUH THUIII Xy
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(c TUCKpPeTHOCTHIO X;) W MH(popMaruu X, 0 mepemernie-
HUW KpHUCTaia (C IUCKPETHOCTHIO X,). YTpaBJICHHE OT
OBM cxopocTsiMH BbIpalllUBaHUs KpUCTalna V,, Bpaile-
HUSI KpucTaiia W,, Bpamenust TMrist W, ocyuecTBiseTcs
4yepe3 COOTBETCTBYIOIUE MPUBOABL. YIIPaBICHHE TeMIe-
patypoi paciiiaBa OCyIIECTBISIETCS. Ha OCHOBE (hOPMHUPO-
BaHUs 3ajaHus TemmepaTtypsl I, or O9BM Ha perymsrop
TEMIIEpaTyphl, C OOpaTHON CBA3BIO 10 JaTYHUKY TeMIlepa-
Typsl OOKOBOH MOBEPXHOCTH HArpeBaTes.

OcHoBBbI pa0oOThI CHCTeM YNpaBJeHHUs, MPH KOH-
TAKTHOM MeTo/le M3MepPeHHsl TeKylleld MIomaan BbI-
paliMBaeMbIX KPHCTANIO0B. YIPaBICHHE CKOPOCTBHIO
BBIpAIIUBaHUS KpHcTauia V,(x), Temneparypoil 60KoBOi
MTOBEPXHOCTH HarpeBaTess 7,(X), CKOPOCTHIO BpallleHUs
kpuctaiuia Wy(x) n turas W (x) ¢opmupyercst Ha ocHOBe
BeIpaxkeHuit (1)—(4):

V() =V, () +Z-K, -, (1)
T,(x) =T, (x)+ Z- 4, - [ y-dx, )
W00 =W,,(x), 3

W, (x) =W, (%), @)

rae Ky — nponopruoHanbHbIA KOIQQUIMEHT peryiupo-
BaHUs 0 CKOPOCTH; Ay — HMHTETPaJbHBIN KOIPPHUIUEHT
perynupoBanus mo temmeparype; Vi (x), Wi(x), Win(x),
Tu(x) NPOrpaMMHOE 3a7aHUe 3aKOHa H3MEHEHHs
TEXHOJIOTHYECKUX TapaMeTpoB; V,(x), W,(x), Wi(x),
T,(x) — ob1iee ympaBiieHHE TEXHOJIOTHIECKUMU TTapamMeT-
pamu; Z — IpU3HAK 3aXBaTa YIPaBICHUS 110 JHaMETPy Ha
MIIMHAPUYECKOW YacTH KPUCTAJUIa; X — IEepeMeIleHHe
BJIOJIb OCH KPHUCTaJUIa; y — CUTHAJ YIIPABICHUS MO OTKIIO-
HCHHMIO TEKYIICH IUIOMIAIN BBIPAIIMBAEMOI0 KpHCTaIIa
OT 33/1aHHOM.

[Ipomecc crabmwimM3anuu AuaMeTpa KpHUCTaLIa
IPOUCXOJUT B CUCTEME YIPAaBICHHUS B COOTBETCTBHUHU
¢ BelpaxkeHusaMu (1), (2), npu BKIIOYEHHHM NpHU3HAKa
3axBara ynpaBJIeHUs 1o auamerpy (Z = 1) Ha UMIAMHI-
PUYECKOM 9acTH KPUCTAJUIa, Ha OCHOBE CUTHAJa yIpaB-
JICHUA Y.

[IporpamMmHbIe 3amaHUA TEXHOJOTHYECKUX MapaMeT-
POB TIpoIlecca BRIPAIIUBAHUS KPHCTAJIA TepMaHus Vi, (x),
Wa(x), Tun(X) B MHKPOIPOIIECCOPHBIX CHCTEMax ObLIN
OCHOBAHBI Ha 3a/JaHIH KaJIPOBOHM CHCTEMBI YIPABIISIOIINX
apaMeTpoB, TAC B KAXKIOM KaJpe 3alucaHa CKOPOCTb,
HaTpaBJICHUEC M3MCHEHHUs MapaMeTpa u BpeMs kazapa. Ec-
JIM 3a]1aTh TEOMETPHUIO BBIPAIMBAEMOr0 KPUCTAILIA H €TO
0CEBOM I'paJIMCHT B TBEPAOIl 4aCTH, TO MOXKHO IpeIBapH-
TEJILHO CMOJICNIMPOBATh 3alaHUe CKOPOCTH M TeMIlepary-
PHI BEIpAIIMBaHUs HAa BCEX Y4acTKaxX KPHCTaJIa IO pas-
paboTaHHO aBTOpaMHu MOJENH pocTa [5].
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Puc. 1. Cucrema ynpapieHus Ha OCHOBE KOHTAKTHOI'O METOJ1a U3MEPEHHUS:

1 — IpuBOA BpaIleHHs 3aTPaBKH; 2 — IPUBOJ EPEMEICHNS 3aTPaBKY; 3 — KOHTAKTHBIH NaT4nK; 4 — OJIOK COrNIacCOBaHUS
¢ OBM; 5 — naTuuk TemnepaTypsl; 6 — peryastop tremmneparypsl; 7 — 9BM; 8 — npuBoj BpaleHus TUIIIS; 9 — MIaroBhIi
nBUratenb; /() — OJIOK yIpaBiieHHs IIArOBbIM JABUTraTesieM; // — qaT4yrK nepeMelieHus 3atpaBky; /2 — kamepa; /3 — CIIUTOK;
14 — pacnnaB MeTaia; /5 — Turens; /6 — 3kpaH; /7 — HarpeBarelb

Fig. 1. Control system based on the contact method of measurement:

1 — seed rotation drive; 2 — seed drive; 3 — contact sensor; 4 — coordination unit with a computer; 5 — temperature sensor;
6 — temperature regulator; 7 — the computer; § — rotational drive of the crucible; 9 — stepper motor; /0 — stepper
motor control unit; // — the sensor of seed movement; /2 — the chamber; /3 — ingot; /4 — melt of metal; /5 — crucible;
16 — screen; 17 — heater
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KOHCTpYKTHBHOE HCIOJIHEHHE CHCTEMBI aBTOMATHYe-
CKOTO YIIPaBJICHHS BBHITSTUBAHUEM MOHOKPHCTAJUIOB TepMa-
HYS NPUBEACHO HA PUC. 2, a HA puc. 3 IpUBEJIEH BUI ILIa-
BAIOILETO0 IPaUTOBOrO 3KpaHa C IPaUTOBBIM JATIUKOM
YPOBHS paciuiaBa, Ha puc. 4 MOKa3aH BUJ BBIPAILIEHHOTO
MOHOKPHCTAJUIMYECKOIO CIIMTKA TepMaHus 1uMeTpoM 104 mm.

OCHOBOM i1 KOHTaKTHOIO METOJa KOHTPOJIS
1 YIpaBJeHHUs BBIpAIIMBaHUEM KpHUCTALIOB [6—18] sBms-
€TCsl yIpaBlCHUE TeKyIleH IUIOmanblo (MM JHaMeTpoM

IIpHU KPYTIIOH (popme) pacTymiero Kpucramia M0 CHTHAITY
YIpaBJICHUS Y, BEIYMCICHHOMY KaK (DyHKLUS OTKIOHEHHMS
TEKyIIeH IUIOMany KpUcTalia OT 3a/laHHOMN, C UCIIOJIB30-
BaHUEM MepeMelleHni kpucramia X, u T X, 3a mne-
puox T, OuLEHKHM curHasia ympasieHus y. OT TOYHOCTH
OIIpEJIeTICHHUs CUTHaJIa YIIPaBJICHUS ¥ U OTCYTCTBUS B BbI-
YHUCJICHHOM 3HAYE€HUM 3HAUYMUTEIbHBIX HOMEX HAIpPSMYIO
3aBUCHT (popMma BBEIPAIIMBAEMOTO KPHUCTANIA HAa €T0 IH-
JIMHAPUYECKON YacTH.

Puc. 2. MukpomnponeccopHasi CHCTEMa yIIPaBJIEHUS BBITTUBAHIEM MOHOKPHUCTAILIOB T€PMaHUs

Fig. 2. Microprocessor control system for drawing germanium single crystals

Puc. 3. [InaBaromuii rpaUTOBEIN 9KpaH U JATYNK YPOBHS pacIliaBa

Fig. 3. Floating graphite screen and melt level sensor
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AR [/ EW%

Puc. 4. Caurok repmanust guamerpom 104 Mm

Fig. 4. A germanium billet with a diameter of 104 mm

CkopocTs yObIBaHMS paciuiaBa B TUIIE V), a Takxe
YCKOpPEHHAs CKOPOCTh MOJbEMa THIJIS BBEpX Vi, Imocie
pa3MBIKaHUSI KOHTAKTHOTO JaTYMKa U 3aMCIJICHHAS CKO-
pPOCTh TOJBEMA TUIJISI TOCJIE 3aMBIKAHHS KOHTAKTHOTO
natamka Vi, /M onpenenstorcs mo BeipakeHUsM (5)—(9),
B KOTOPBIX BBEACHBI KOI(D(PUIUCHTHI yBETUUCHUS CKOPO-
cti (C = 4) U yMCHBUICHUS CKOPOCTH MOABEMA THIJIS
(M = 4), 4T0 HaNUIO MPUMCHCHHE TPU BBIPALIUBAHUU
MIIMHAPUYECKOW JacTH KpHCTaia W oOecrednBaeT Ie-
pHOAMYECKOE 3aMBIKAHHE W Pa3sMBIKaHHE KOHTAKTHOTO
JaTIUKa B TUAla30He M3MEHEHHWsS YPOBHA paciuiaBa Io-
psnka 1-2 Mxwm. [Ipu BeIpamuBaHUU IPSIMOTO B 0OpaTHO-
ro KOHyCa KpHCTaJUla JJIsl YIPaBICHUS CKOPOCTBIO Tepe-
MEIICHUSI THUIJI BBEPX MPHUMEHSCTCS YCIIOBHE ITOJHOM
OCTaHOBKH IMOJ’bEMa THIJISI B MOMCHTBI 3aMKHYTOTO CO-
CTOSIHUS TaTYMKa YPOBHs paciuiaBa (M = ©):

2

P, | d
Vp =V, — B > (5)
2 2
d d
e A e At - I )
d P, L D
1
Ay = dy s (7
v1-1/C
2 2
VT — VTM — Vp . dmin — I/'j & dmin , (8)
M d P L D
d. —d_

_ — 9
min max \/ﬁ ( )

rae Vi — CKOpOCTb MoAbEMa TUIIIS; V), — CKOPOCTb yObI-
BaHUS paciyiaBa B THUTJE; V, — CKOPOCTH BBIpAIIUBAHUA
KpHUCTaia; d — TeKyIuil AnaMeTp Kpucramia, D — BHYT-
PEHHUH AMAMETp THIIIS; Pp — yAENbHAs IUNIOTHOCTH TBEP-
JIOTO MaTepHuana; P, — YyIedbHas IJIOTHOCTb KHJIKOTO

Marepuana; d; — 3aJaHHBIA JUaMeTp BBIPAIINBACMOTO
KpUCTa/la Ha IMJIMHIPUYCCKOH YaCTH; di.x — MAaKCH-
MaJBHO JONMYCTUMBIA JIHAMETP BBIPALIMBAEMOTO KpH-
cTajia, ¢ COOMIOACHUEM KOTOPOTO BBIMOJIHSCTCS OCHOB-
HOE YCJIOBHUE, TIPU KOTOPOM IATYUK U SKPAH COMKHYTCS
MoC€ Pa3MBIKAHUA; i, — MUHHMAJIBHO JIOIMYCTHMOE
3HaYEHHE JMaMeTpa KPHCTaJUIa, P KOTOPOM COOJII0aa-
€TCsl yCJIOBHE OTCTaBaHHS HKpaHa OT JaT4MKa MOCIE €ro
3aMKHYTOT'O COCTOSTHHSI.

JIJisi KOHTAaKTHOT'O METO/Ia U3MEPEHUsI CUTHAJI yIpaB-
JICHHS Y, BEJIMYUHA TEPEMEUICHUS 3aTPAaBKU X, U TUTISL
X, 32 BpeMs OUECHKH [, MOTYT OBITh TPEACTABICHBI
B BHJIe Beipaxkenwii (10)—(14):

=X Ky K (10)
VI R
K, -5 | D1 (an
xz'pT dl
2
X, [[d
=Dm 2y, 12
=l (12)
qu:Xmu.xz’ (13)
XTLl :XnTu .xT > (14)

rae A, B — xoaddunmentsl macmrabuposanus; K, — yc-
TaBKa 33/IaHHOTO IuaMmeTpa (TUIOMAAH) BHIPAITUBAECMOTO
KpHCTala; X, — MEpEeMEICHUE 3aTPaBKU C AUCKPETHO-
CTBIO OTCUETA X;; Xy, — NEpEMELIEHHE THIJIS C JIUCKPeT-
HOCTBIO OTCYETa X,; X; — JAUCKPETHOCTh OTCUETa IEpeMe-
IIEHUS 3aTPABKH; X, — AUCKPETHOCTh OTCUETA IEPEMEIIe-
HUSI THTJIS.

Bripakenne (12) mnokasblBaeT HEMOCPEICTBEHHYIO
CBSI3p CHI'HAJA YNPABICHUS ) C OTKIOHCHHEM TEKyIIeH
IUTOLIAa M KpUCTAJUIA OT 33/laHHOM. 3a BpeMsl LIMKJIa OLICH-
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ki 7T, CHTHal YNpaBICHUS ) BBIUUCIAIOT B CHCTEME
yIpaBJieHUs 1Mo BeIpakeHuto (10), a ¢ MOMOIIBIO 3aHCH B
CHCTEMY YNpaBJIEHUs YCTaBKH AnameTpa K, Ha LUJIMHA-
pUYECKOM YacTH BBIPAIIMBAEMOr0 KpHUCTaIa 3aJaroT
IUTOIIAb BEIPAIBAHMS.

B kauecTBe nmpuBoja MOJbEMA TUTIIS I YIPABICHUS
CKOPOCTBIO TOJbEMa BBEPX HPUMEHSIOT PA30MKHYTHIN
IIarOBBIIl NPHBOJA C IIArOBBIM JABUTATEIEM, OOECHeUH-
BAIOIIUI MPOLECC MHOTOKPATHOTO M3MEHEHUSI CKOPOCTH
MOJABEMa THUIVIA IO CUTHANy C KOHTAKTHOTO JaT4MKa
YPOBHSI.

BelpaskeHus! 1711 MMITYJIBCOB MEPEMEIIEHHS 3aTPaBKU
Xy, TUTIS X, 1 BpeMeHU 1) OLIEHKU CUTHaNa yIpasJie-
HUSI Y MOKHO TNIPEJICTaBUTh B BUe BhipaxkeHu# (15), (16):

X, K
mu:%7 (15)
T = Xmu'xz _ qu _ Xmu 'Ky'xz (16)
o - B
V3 V3 BV3

rae 7, — HepHoJ OLEHKH CHrHANa YIpaBICHUs (BpeMs
OTpabOTKH 3aJaHHOTO KOJHUYCCTBA HUMITYJIBCOB Xy
WA Xyyp)-

IIpumem 3a Bpems orieHKH 71, CUTHaA YIpaBICHUS )
Ha IMIHHIPHYECKOW YacTH BBIPAIIUBAEMOTO KpHCTaIIa
BpeMsI BBIOOPKH 3aJJaHHOTO KOJHMYECTBA MMITYJIHCOB Iie-
pemenienus TUTIsA X, (B mporecce yObIBaHHS pacruiaBa
B TUTJIE) B COOTBETCTBHH C BhIpaxkeHmsIMH (17), (18):

2

X, =X, 2. a4y , (17)
Pu LD
2
X D
T =—=— 18
Yy d, (18)

3

Bpemst cyMMapHOTO IBIKEHHMS ¢ B IIPOLIECCE 3aMbIKa-
HHS KOHTAKTHOT'O JaTYHMKa C 3aMEIJICHHOH CKOPOCTBIO U
BpeMsI CYMMapHOTO JBIKEHHS C YCKOPEHHOH CKOPOCTBHIO
JIBMDKEHUS THIJIS TIOCIIE Pa3MbIKaHUs JAaT4UKa f;, a TaKxKe
YHCIIO LUKJIOB K TI0 3aMBIKaHHUIO ¥ Pa3MBIKAaHHIO JaT4H-
Ka 3a [epuoJi OLUEHKH CUraja ynpasieHus 7, MOXXHO
NPEACTaBUTH B BUE BbipaxkeHui (19), (20):

2
)
d

2

t,(d)=t- (19)

(20)

re ¢t — BpeMs IBIDKEHUS TUTIS C 3aMeJICHHOH CKOpo-
cThio V,, /M Tiocie 3aMbIKaHWs TaTYuKa 3a TEepHUOJ OICH-
KM CHTajla YIpaBJICHHUS; f; — BpPeMs IBIDKCHUS THIIA C
YCKOPEHHOM CKOPOCTBIO Vo MOCIIE pa3MbIKaHUs JAaTyMKa
3a MepHUOoJ] OLIEHKU CUTajia ynpaBieHus; K, — 4ucio IuK-
JIOB 3aMbIKaHUS U Pa3MBIKaHUS JaTYUKa 3a BpeMs 7).
TOYHOCTh KOHTAKTHOTO0 MeT0Ja M3MepeHHsl TeKy-
el IUIOIAaH BBIPAIIMBAEMOr0 KpHcTamia. B pac-
CMATpPHUBAEMOU CHUCTEME YIPaBJICHHUS YCTAaHOBKOM BBITSI-
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THBAHWS TEpMaHUs IMPHMEHEHa BpEMEHHas Auarpamma
ynpasieHust (puc. 5) npu BBIpAIMBAHUM LMIMHAPHYE-
CKOW YacTH KpUCTajlla, COCTOSIIAsl B TOM, YTO B CHCTEME
yIpaBJICHUsI B MOMEHT 3aMbIKaHHsI KOHTAKTHOTO JaTYHKa
HEOOXOAMMO BbIJIepKaTh NPOTPAMMHYIO 1ay3y T 3aMKHY-
TOT0 U MOCIETYIOUIYI0 Hay3y T Pa30MKHYTOIO COCTOSIHUS
JlaTYMKa YpOBHS. B MOMEHTHI 1ay3 BEJIMUMHOI T COCTOSI-
HHE KOHTAKTHOTO [aTYMWKAa CHCTEMOH YIIpaBICHHUS HE
aQHATM3UPYETCS, W YIPaBICHUE MOABEMOM THIIIS IIPOHC-
XOJIUT C 3aMEJIJICHHON M YCKOPEHHOW CKOPOCTHIO MOIbE-
Ma THTJII B MOMEHTHI «YCIIOBHO 3aMKHYTOT0» M «yCJIOBHO
Pa30MKHYTOT0» COCTOSIHUH JaTdMKa ypOBHS.

[Mocne BbLIEPKKH ABYX T1ay3 NMPOMCXOAUT aHAIHU3 yC-
JIOBHUH 3aMBIKAaHWS AaTYMKA YPOBHS paciiaBa U yIpaBie-
HHE NPUBOIOM NEPEMEIICHHS THTJIS BBEPX.

JlaHHOEe yIIpaBiieHHE IOBBINIAET IOMEXO3aIIHUILICH-
HOCTh METOJA BBIYMCJICHUS TEKyIIeH IUTOmand Ha IU-
JMHAPUYECKON YacTH BBIPALIMBAEMOr0 KpHCTaJUla 3a
CYET OTCYTCTBUSI pEaKkIMU CHCTEeMbl Ha CpabaThIBaHMs
KOHTAaKTHOTO JJATYMKAa B MOMEHTHI IBYX Tay3.

BenmunHa pa3MbIKaHus YPOBHS pacIulaBa Ha IMIIAH/-
pHYECKOH YacTH BBIPAIIMBAEMOTO KpHCTaIa L, 3a1aercs
B Tpezpenax 2 MKM. Bpems mayssl T 1 BpeMs #,(d) 3aMbI-
KaHUS JaTduka (Mocje ABYX Iay3) MOXKHO IPEICTaBUTH
B BHJe BhlpakeHu# (21), (22) npu ycinoBUM pa3MbIKaHMs
JlaTYMKa PACILIaBa HA BEJHYUHY L,:

L -T
T= — 1)
Xm dmax -1
d,
B 2
%)
ZL}.]M (d) =17 5 -7, (22)
dmax
L
d

rJie T — BpeMs JBIDKCHUS! TUIVIA C 3aMEJICHHOW CKOpO-
cTeio V., /M mocnie 3aMbIKaHus AaTduka (MpU yOBIBAHUH
pacmnaBa Ha BENUUYMHY L,); fpn(d) — Bpems IBHKEHHs
TUTJISL ¢ YCKOPEHHOM CKOPOCThIO Vi, TOCNE BBIAEPKKU
JIBYX Tay3 T J0 3aMbIKaHUS JaTYUKA.

Yucno numkinoB K, 1O 3aMbIKaHUIO M Pa3MBIKaHUIO
JTaTIUKA 32 MEePHOJ OLIEHKU CHUTajla YIpaBiIeHUs 1, MOX-
HO MPEACTABUTDH B BHUJIE BhIpaxeHMs (23):

T

K, = a ,
(L (d)+1-2)

rae K, — 4Mcio LMKJIOB 3aMbIKaHMSI ¥ pa3MbIKaHUS JaT-
4KKa 3a Bpems 1},

Yucno 3aMbIKaHUN KOHTAKTHOTO JaT4Mka K, 3a nepu-
OJ1 OLIEHKHU T} JOIKHO HAXOAUThCS B mpeaenax 5—10, npu
3TOM HEOOXOJMMO OOECHEYHUTh YCIOBHE MOCTOSHHOTO
BpalleHs TpaUTOBOTO SKpaHa B TCUCHHE BCETO TEXHO-
JIOTHYECKOr0 Mpolecca 3a CYEeT HalM4Ks JIeTKOW
BBINIA/IAIONIEH TPaUTOBOM HIOJIKM Ha KOHLE IaT4HKa
(cM. puc. 3), uMmeromeld (GUKCUPOBAHHOE HUXKHEE IT0JI0-
xKeHue. BpemeHnHast nuarpamMma paboThl MPUBOJAA TOABE-
Ma THIJISL C YyYETOM BBLACPXKKH ABYX Iay3 IOCIE 3aMbIKa-
HUSI JaT9MKa YPOBHS TPEJICTABICHA Ha pHC. 6.

(23)
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ITo BeIpaxennto (12) MOXHO OICHHUTH BEIWIHHY BBI-
YHCISIEMOTO CHUTHAJa VYIPABJICHUS Y, TPEACTABICHHYIO
rpaduyecku Ha puc. 7.

[TorpenrHocTs # B BBIYUCICHUH CUTHANIA YIIPABICHUS B
3aBUCHMOCTH OT TOYHOCTH CTAaOWJIM3AllMK YPOBHS pac-
IUTaBa B THIJIC MOXKHO IIPEICTABHTH B BHUJEC BBIPAXKCHHUS,
KOTOpOE TpauuecKy IPEeCTABICHO Ha PHC. §:

2
X p D
= x {—} , (24)
x3 : p T dl
A€ 7 — NMOTPCINIHOCTh B BBIYMCICHHUN CHUTHAJIA YIIpaBJIC-

HUA 3a LUK U3MCPCHUA; X — TOYHOCTH CTa6I/IHI/ISaI_II/II/I
YPOBHs paciljlaBa B TUTJIC.

H 5 H
P /
_-—— . - PEEEEE—
|
|
: v i) |
P p——P
|
I »
0 t
Puc. 5. Bpemennas nuarpamma paOboThl JaTYMKa YPOBHS:
H — paboTa KOHTaKTHOTO JaT4uuKa YpOBHs (P — HaTYMK pa30MKHYT)
Fig. 5. Timing diagram of the level sensor:
H — operation of the contact level sensor (P — sensor open)
V., MM/C
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Puc. 6. [luarpamma u3MeHEHUs] CKOPOCTHU MObeMa TUIJIS Vi
xr = 0,0266 MxMm; x; = 0,0216 mxMm; di = 100 mm; D =300 mm; d = 105 mm; V, = 0,0083 mm/c; C=4; M=4;
Ly=2 mxM; Xy, = 1000 Mxm; pr= 5,35 F/CMZ; Px=5,57 r/em?

Fig. 6. Diagram of the change in the crucible lift rate V,:

xr = 10,0266 um; x; = 0,0216 pm; d; = 100 mm; D =300 mm; d = 105 mm; V5 = 0,0083 mm/s; C=4; M =4;
Ly=2 pm; Xy, = 1000 pm; p,= 5,35 g/em’; p=5,57 g/em’
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Puc. 7. 3aBHCHMMOCTb CHTHAJIA YIIPABICHHS } OT OTKIOHEHUS
TEKYyLIEro AuameTpa d OT 3aJaHHOTO d|
npu d; = 100 mm, x,= 0,02127 mMxM, X, = 1000 mxm, 4 =1
Fig. 7. Dependence of control signal y on deviation
of the current diameter d from the given d; with:
dy =100 mm; x,= 0,02127 pm; X, = 1000 pm; 4 =1
400
300
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100
0

X, MKM

Puc. 8. [lorpemHocTh CHrHANA YIPABJICHUS 7' B 3aBUCUMOCTH OT TOYHOCTH CTaOMITU3AINN
YPOBHS paciuiaBa B TUTJIE X TIpH X, = 0,0216 mxm, d; = 100 mm, D =300 mm, 4 = 1,
p.= 5,35 T/eM?, pye= 5,57 rlem?

Fig. 8. The error of the control signal r, depending on the accuracy of stabilization

of the melt level in the crucible x with: x, = 0,0216 um; d; = 100 mm; D =300 mm;
A=1; p,=5,35 glem’; p,c= 5,57 g/lem®
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Puc. 9. BpemeHHas 3aBUCHMOCTS OIIUOKH PEryIHpPOBaHUS f
mpu x, = 0,0266 MxMm, x, = 0,0216 MM, 4, = 0,2 MM, 4, = 0,2 MM, d; = 100 MM,
D =300 mm, H, =2 mm, H, =4 mm, @, = 1/2 pan, ¢, = /8 pax, V,=0,0166 mm/c

Fig. 9. Time dependence of the control error f:
for x,=0,0266 um; x, =0,0216 pm; 4, = 0,2 um; 4, = 0,2 um; d, = 100 mm;
D =300 mm; H, =2 mm; H, =4 mm; ¢, = /2 rad; ¢, = /8 rad; V, = 0,0166 mm/s

IMpn xo3dpduunente 4 = 1, ucxoas u3 BBIpAKCHUH
(10)—(14), curHan ynpaBieHust y, BEJMYUHY INEpeMelie-
HUS 3aTPaBKU X, U TUIIIA X, 32 BpeMs OLEHKHU 7, MOXKHO
NIPE/ACTaBUTh B BUJIC BHIPRKCHUH

XTu pim 2 _X3Ll
pT dl
y= ; (25)
x3
. -t
X, =V, -T +A, sin—=—+¢o, |, (26)
2 2
d | d V,-t
X =V, T | —=| +4,-sin|| =] -—=—+0, |, 27)
HT
rie A, — aMIUIMTy#a IIOMEXH 10 HEePeMCIICHHIO

TUIIIS, MKM; 4, — aMIUTUTyJla TIOMEXH 10 TIePEMEILECHUIO
3aTpaBKH, MKM, V; — CKOpOCTb BBIpAIMBAHUS KpUCTAIIA,
MM/c; H, — mar BUHTOBOH Hapbl 110 NEPEMELICHHUIO TUTIIA,
MM; H, — 1ar BUHTOBOH Hapbl 1O MEPEMELIEHHUIO 3aTpaB-
Kd, MM; (; — YroJI CMEIIECHHs IIOMEXH 110 THUIJIO, pal;
(), — YTOJI CMEIICHHS TOMEXH I10 3aTpaBKe, pal; { — BpeMs
npotiecca BhITSITHBAHUS, C.

CunyconaiabHble WICHH B BEIpaxeHUsIX (26), (27)
YUUTBHIBAIOT OLIMOKH, BOZHHKAIOUINE B TPANCLEHIIbHBIX
BUHTOBBIX Mapax C MEPUOJUYHOCTHIO IIara BHHTA, VIS
CHCTEM YIPABJIICHUS MEPEMELICHUEM IITOKA 3aTPaBKH U
U 0e3 00paTHOI CBSI3M, YTO B CBOIO OYEPEAb CO3/1aeT
B CHCTEMax I10 IIEPEMEICHHIO IIOMEXY B CHT'HAJIE YIpaB-
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JIeHus f, KoTopas Ha OCHOBE BbIpaxkeHui (26), (27) npu-

MET BH
2

D
dl

A

i

X

3

-t

3

H.V_
D H

T

FoPe
Ps

3 3

X

3

-sin +o, (28)

3

BpeMeHHas 3aBUCHMOCTh OIIMOKK [ TIpHUBEIcHA HA
puc. 9, oHa XOpOIIO coriacyeTrcss ¢ TpaduKoM OIIHOKH
HM3MEPEHHs, TOIYYeHHBIM IpH padoTe MpPOMBIIIIICHHON
ycTaHoBkH Ha puc. 10. Ommubka f cOOTBETCTBYET HETOU-
HOCTH HW3TOTOBJICHWSI BWUHTOBOW Iepeladyd B IIpenesax
mara BUHTOBBIX Iap TpanenenIatbHOH (OopMbl U 00y-
CJIOBJICHA HETOYHOCTBIO CTAOWIM3AIMN YPOBHS paciliaBa.
Ha puc. 10 BuaHo, 4To omnOKa f UMEET CI0XKHBIN IIepHO-
TUYECKHUI BUI.

Tak kak B peaqbHOM MpoIlecce BhIpaliuBaHus ¢asa
CUTHAJIOB OINUOKH ¢ M (o, HOCUT CIyYaiHBIH Xapakrtep,
TO YY€CTh ¥ KOMIICHCHPOBAThH JaHHYIO OIIHOKY Ha OCHOBE
MIPOBEPKH M TECTHPOBAHUS YCTAaHOBKH BBITATHBAHUS TIPO-
TpaMMHBIMH CPEJICTBAMHU OKa3aJI0Ch HEBO3MOKHBIM.

YMeHbIIeHHe MOTPEIIHOCTH f BO3MOXKHO 3a CYET
MIPUMEHECHNS TPEIM3HOHHBIX MIAPHUKOBBIX BHHTOBBIX IIe-
penad WM yCTaHOBKHM B Ka4eCTBE OTCYETA IEePEeMEIIeHU
HA YCTAaHOBKE BBIPAIIMBAHUS KPUCTAJUIOB IO KOOPIMHA-
TaM MEePEMEIICHHS 3aTPABKU U THIIIA (DOTOCUUTHIBAIOIINX
OINTHYECKUX JIMHEEK C JUCKpETHOCThIO oTcyera 0,1 MKM,
YTO SBJISIETCS HAHOOJIEE TIPUEMIIEMBIM BAPHAHTOM.
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Jyis ycTpaHeHuUs OMIMOKHM M3-3a TOYHOCTH CTaOMIH3a-
UM YPOBHS paciliaBa B TUTJIC F MPEAJAracTCs CICIyIo-
UIMHA TPOTrPaMMHBIN allTOPUTM PabOTHI:

1. 3a Bpems oueHku 7, CHUTHaja yNpaBlIeHHUs ) Ha
MIIMHAPUYECKOW JacTH BBIPAIIMBAEMOTO KpHCTayia Oe-
petcst BpeMst BRIOOPKH 33JaHHOTO KOJIMYECTBA MMITYJIECOB
NEPEMEILEHUS TUTIS Xy

2. HauwmHaercs BBIYHCIIEHHE BpPEMEHH OICHKH T
CHTHAJa YIPaBICHHUS ) B MOMEHT 3aMbBIKaHHSA JaTUHKa
pacroiasa.

3. 3akaH4YMBaEeTCsl BBIUMCICHHE BPEMEHU OLEHKU T
CUTHAJIa YIPABICHHUS ) B MOMCHT 3aMbIKaHHS JaTYHKA
paciuiaBa Mpu YCJIOBUHM BBIOOPKH 33IaHHOTO KOJIMYECTBA
HUMIIYIbCOB NE€PEMELICHUS TUIIIA X,y

4. Bpewms ouenku 7, CUTHana ymnpaBlI€HHs ) B Ipe-
JBITYIIEM 1MKJIE YIPaBICHUS MCIOJNB3YETCS B TEKYIEM
IUKJIE AU BBIYMCICHUS Tay3bl 3aMBIKaHWS IO BBIpaXke-
auto (21).

Bce 3T0 mo3BONISET CBECTH MOTPEIIHOCTE 7 B CUTHAIIE
YIpaBJICHUS ¥ 10 BeMIuHBI opsaka 100—150 en.

3akiaiouenue. [ KpHUCTAIOB, BEIPAIIMBACMBIX W3
KHJIKOTO paciiaBa 1o crnoco0y YoxpajabCKOro MpH KOH-
TpoJie TeKyLIeH TUIOIagy KPUCTAIIa HA OCHOBE KOHTAKT-
HOTO METO/la M3MEPEHHMs ONpeJeNIeHbl OCHOBHBIE Tpe0o-
BaHUsS Ui OOCCIICUCHUS TOYHOCTU M3MEPEHHS TCKYIICH
IUIOINAN KPHUCTAJUIA HA IMJIMHIPUYCCKONH YacTH BhIpa-
LIIMBAaeMOro KpucTaiia. B cucreme ynpaBieHus 1Mo Koop-
JMHATaM TIepPEeMEIIeHNsT KPUCTAIUIa U THIIIA HEOOXOAUMO
MIPUMEHATh (POTOCUHUTHIBAIONINE ONTHUYCCKUE JIMHEHKH C
JIUCKPETHOCTHIO oTcuera 0,1 MKM IS OTCUETa BEIMYHHBI
MepeMeIIeHIH 32 BpeMs IIUKIIa OIIEHKH.

Jlis yctpaHeHus OIIMOKY M3-3a TOYHOCTH CTa0MIIN3a-
UM YPOBHS paciiaBa B THUTJIE IpeAaracTcs HOBBIH Mpo-
IpaMMHBIN anropuT™M pabOThl YCTAHOBKU BBIPAIUBAHUS
KPHCTAJUIOB. 3a BpeMsl OLEHKH 1, CHTHANa yIpaBJCHUS y
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Ha UWIMHIPUYECKOW YacCTH BBIPAIIMBAEMOIO KpHUCTaslia
MPUHUMACTCS BpPEMsl BBIOOPKU 3aJaHHOTO KOJUYCCTBA
UMIYIbCOB NepemenieHus turias X,,. Hauunaerca BbI-
YHCIEHUE BPEMEHU OLICHKM ] CHTHaja yINpaBJICHUs ) B
MOMEHT 3aMBIKaHUS JaTYMKa pPAcIUlaBa, 3aKaHUYWBACTCA
BBIUMCIICHUE BPEMEHHU OLIEHKU 1, CHTHAJa YIpaBICHUS )
B MOMEHT 3aMBIKAaHHs JaTYWKa pacIuiaBa IMpH YCIOBUH
BEIOOPKH 3aJaHHOTO KOJIMYECTBA MMITYJIbCOB IepeMere-
Hus Tarias X, Bpems ouenku 7T, curHaia ynpaBjieHUs y
B NpPEIBIAYIIEM IMKJIC YIPABICHUS HCIOIB3YyeTCs B Te-
KyLIeM LUKJIE JUIsi BBIYMCICHUS MMay3bl 3aMbIKAHUSI Kak
4yacTu BpeMeHU oueHku 7y, B cucteme ynpasnenus B Mo-
MEHT 3aMbIKaHHS KOHTAKTHOTO JaTYUKa BBIACP>KUBAETCS
rays3a 3aMKHYTOI'O M MOCIEIyIolas Takas ke maysa pa-
30MKHYTOTO COCTOSIHMS JaT4yhKa YpOBHA. B MOMEHTHI
ray3 COCTOSIHUE KOHTAKTHOI'O JaTUMKa CUCTEMOMN yIpaB-
JICHUA HE aHAIM3HUPYETCS, W YIpPaBJICHUE MOIbEMOM THT-
JI TPOUCXOJIUT C 3aMEIJICHHOM M YCKOPEHHOH CKOpO-
CTBIO TIOJbEMA TUTIISI B MOMEHTHI «YCJIIOBHO 3aMKHYTOTO)
U «YCJIOBHO Pa30MKHYTOTO» COCTOSIHUI JaTYMKa YPOBHSL.
Bce aT0 obecmeunBaeT B JAHHOW CHCTEME YIPaBICHUS
TOYHOCTh M3MEPEHHUS TEeKyIIeH IUIomanu KpHcTaaia Ha
LWIMHIPUYECKON YacTu BeIUuUnHOM He Xyxe 1 %.
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