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K 60-nemuro AO « UCCx»

60 JIET HA KOCMHUYECKOW TPACCE.
AO <MHO®OPMALMOHHBIE CITYTHUKOBBIE CUCTEMbI»
HUMEHU AKAJIEMUKA M. @. PEINETHEBA»
HA CJIYKBE KOCMOCY U I'OCYJAPCTBY POCCUIMCKOMY

H. A. Tecroenos, E. H. I'onoéuxun, A. I1. ®umommn, B. M. Xanumanosuy

AO «MHpopMaMOHHBIE CITyTHUKOBBIE CUCTEMbI» UMeHH akajnemuka M. @. PemerneBa»
Poccuiickas @enepanus, 662972, r. XKenesnoropck Kpacnosipckoro kpasi, yi. Jleauna, 52

Dpa MUPOBOI MPAKTUUECKON KOCMOHABTUKH Havyallach
4 oktsa6ps 1957 r. 3amyckom CCCP mepBoro B Mupe aB-
TOMAaTHYECKOT0 KocMuueckoro ammapara (AKA) — uckyc-
cTBeHHOro ciyTtHrka 3emiu I1C-1. VenemnssiM 3amyckoM
mepBoro AKA, CO3JaHHOTO YYCHBIMH, KOHCTPYKTOpaMHU
u paboumMmu, HaIlla CTpaHa BHECHA KPYIMHEWIIHMA BKIIAL
B COKPOBHIIHUIY MHUPOBOI HAYKH U TEXHHUKH.

B cemunecsteie roasl XX B. akageMuk M. @. Pemer-
HeB mHcar: «YeroBedecTBO BBHIIUIO B KOCMOC UIS TOTO,
YTOOBI M3YYHTH €T0, MCKaTh BO3MOKHOCTH ISl CITYKOBI
ero 3emisHaM. CeromHs MBI CTOMM Ha NEPBOH CTYICHH
€ro TO3HAHUS W TJIaBHAs 3a/ada — HAYYUTHCS HCIIOIB30-
BaTh TO, YTO YK€ MOCTUTJIH, Ha Onaro soneit. Kocmuue-
CKasi CBs3b, HABHTAIlWs, T'COAC3HsI, METCOPOJIOTHUSI — 3TO
TO, YTO CErOMHS CIY)KUT UYCIIOBCUCCTBY M 0€3 4ero yxe
HEJB3s TOCTOWHO XUTh. [107€eThl K OJIMKHAM U JTAITEHUM
IUTaHeTaM, padoTa YeIOBEKa B KOCMOCE — 3TO IIEPBEHIC
mard B uHTepecHoe Oymymee. Ho ciry>xuTh KocMocy He-
MIPOCTO HY)KHBl CaMOOTBEP)KEHHOCTb, TBOPYECTBO,
YIOPCTBO, TFOOOBH K CBOEMY JIEITy B Bepa B MEUTY».

IIpomwno Bcero 62 rojma ¢ Hayajga KOCMHUYECKOHN JPHI,
a CKOJBKO CJHIeaHO YeJIOBEYECTBOM BO WMMS ITO3HAHWS,
OCBOCHHS W HUCTIOJIB30BAaHUS KOCMUYECKOTO IMPOCTPAHCTBA
aBToMaTnueckumMu KA pasHbIX KIaccoB M Ha3zHaueHUs!
CerofiHs TPYJAHO HaWTH 00JACTh 3HAHHWHA W IKHU3HEICS-
TEJBHOCTHU YEJIOBEKa, I7Ie ObI HE HCIOJIb30BAIIUCH PE3YJIb-
TaThl CO3JaHUS, PA3BUTHSA M IKCIUIyaTalldd aBTOMAaTHYC-
CKHUX KocMHyeckux amnmaparoB. OrteuyectBeHHble AKA
00ECIICUMBAIOT HENPEPBIBHYI0 pPabOTy  TEICBHUICHUS
1 paano, Tere)OHHOW U TenerpadHON CBSI3M BO BCEX pe-
ruoHax Poccun, oOecnieunBast CBsI3b C JIIOOBIM a0OHEHTOM
3eMiH, OOJIAHAIONINM COOTBETCTBYIOIIMMH Ha3eMHBIMH
cpencreamu. Hamm AKA momMoraioT y4eHbIM, KamuTaHaM
KOopaOJieH, JIeTYNKaM M INTypMaHaM C BBICOKOH TOYHO-
CTBIO TPOKJIAABIBATH TPACCHI, C BBICOKOH TOYHOCTHIO
OIIPEJIeTISITh MECTOIOJIOKEHUE JII0O0ro 00BEeKTa, Mpea-
CKa3bIBaThb Ioroay, cmnacarb 3a6nyun3muxca, TECPIAIINX
OeIICTBHE HA TPOMAJTHBIX MTPOCTOPAX IITAHETHI.
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[TamsaTH Bcex, KTO HauyWHAaJ, HMOJAHUMAJ,
OCBaMBaJl M pPa3BHBAl CIIyTHUKOCTPOEHHE
B CHOMpPH 1 KOTOPBIX CETOIHS HET CPeIH Hac,
TIOCBSILIACTCS. . .

«CIyXHUTb KOCMOCY HETPOCTO — HY’KHBI
CaMOOTBEP>KEHHOCTh, TBOPYIECTBO, YIIOPCTBO,
11000Bb K CBOEMY €Ty M BEpa B MEUTY).

Axademux M. @. Pewwemnés

Wneun pasMenieHus: pagroCTaHIMM HAa OKOJIO3EMHBIX
opOuTax Uil yCTAaHOBJICHUSI PAJNOCBS3U Ha CBEPXIajlb-
HUX PacCTOSHUSAX BBICKA3bIBAIUCH JIABHO — €IIE B TOJBI
Bropoii MupoBoii Bo¥HBI, 3amonro ao 3amycka B CCCP
nepBoro B mupe VC3, aHrnmiickuii yu€Hblii u QaHTact
Aptyp Knapk mpemioxun cTaBimIylo yxke KIacCHYeCKOH
JUI. MAPOBOTO PBIHKA TEJIEKOMMYHHKAIIMHA CXEMY PazHo-
BEIIAHMS Yepe3 TeOCTANOHAPHbIE CITyTHUKH.

[TosToMy OBLTO BITOJTHE €CTECTBEHHO, YTO Aa)KE MEPBBIHA
coserckuit UC3, co3mannsiii B OKb-1 mon pykoBoacTBoM
C. I1. Koponésa, Obu1 OCHaNIEH paanonepeaTInKOM st
TPaHCISIIMK CUTHANIOB M3 KocMoca. VI HeyOuBHTENBbHO,
YTO OTHU CUI'HAJIBI, HOI[OGHO CUT'HaJlaM THI'aHTCKOI'O 06-
IIEMUPOBOr0  OYyAWJIBHHMKA, NOOYAWIN YeIOBEYECTBO
HE MNpOCTO K Moj€raM B KOCMOC, HO K €ro Hay4HO-
MIO3HABATEIbHOMY M TEXHOJOTHYECKOMY OCBOCHHIO
C MCHOJIb30BaHUEM BCEX MMEIOIIUXCSI TEXHOJIOTHH.

B Coserckom Coro3ze paboTa MO OCBOCHHIO KOCMOCa
B MHTEpEcax Pa3BUTHA PAJNOCBA3M B PaMKaX 3apOXKIaro-
meiicss U OypHO Pa3BUBAIOMICHCS pPaKETHO-KOCMHUYECKOH
OTpAaCIIH 1IUIA 110 HECKOJIBKUM HalpaBICHUSIM.

OCHOBHBIMH TIOHa4Yaly ObUIM 3 TpOEKTa, MpelyIaraB-
muecss ABYMsS TOJOBHBIMH MPEANPUSTHAMH: IPOEKT
MOIIIHOTO BBICOKOOPOUTAIBHOTO CHyTHUKA «MOJHUS
OKB-1 Cepres IlaBnosuua Koposnésa u npoekTsl IErkKux
HHU3KOOpOUTANbHBIX CHyTHUKOB «Crtpenay u «[luema»
OKB-586 Muxauna Ky3smuua nrens.

C. II. KoponéB kak Npu3HaHHBI IHAEP B CO3JaHHUU
peasbHO JIETAIOIMX MEePBBIX KOCMHYECKHX allapaToB
(KA), Ob1T CTOPOHHUKOM TIPOBEICHUS MACIITAOHBIX JTOJI-
TOCPOYHBIX PabOT MIMPOKUM (PPOHTOM, W YK€ ITOOWICS
BBIJAIONINXCS YCIIEXOB 3a CYET 3allyCcKa Ha pakKeTax-
Hocutensnx (PH) P-7 paznuyHbIx o Ha3HAUYEHUIO U COCTa-
By IOBOJBHO CIIOXHBIX TepMeTHUHBIX KA TNONHOCTBIO Ha
ocHose umeroneiicss B CCCP koMnoHeHTHO# 0a3bl.

OCHOBBIBasICh Ha OIBITE CO3/IaHHUS CBOMX II€PBBIX
NC3, nayuynbix KA 1 kopaOneii-CyTHUKOB C YeJIOBEKOM
Ha Oopry, OKB-1 B 1961 r. paszpaborano mpoekt KA



Cubupckuil scypHan nayku u mexuoaoeui. Tom 20, Ne 3

Maccoil okoio 1,6 T c 3amyckoM Ha HMHHOBAIMOHHYIO
12-9acoByr0 BBICOKYIO 3UTUOTHYECKYIO opouty (B3O).
3to 651 IpoekT KA cBsi3u «MoOTHHS.

Cnemyer ortmeruTh, uro emé B 1958-1959 rr.
C. II. KopoméB BBICTYIWI HMHHIATOPOM CO3JAHUS
B CCCP HOBBIX NPOW3BOACTBEHHO-HAYYHBIX IIIOMIAI0K
(ITHIT), ¢ 3aBogamu, Kb, HUM B IloBoimKkbe, HA Ypaie
u B CuOHpu — B yAaJIE€HHBIX OT IIEHTpa PeruoHax, KOTo-
pele MOTJM OBl COXpaHATh CYIIECTBEHHBIN IMOTEHIHAN
PaKeTHO-KOCMHYECKOH OTpaciu B Cllydae BOCHHBIX KOH-
(IIMKTOB M B TO K€ BpPeMsl CIy)XWIN Obl CBOCOOpa3HBIMU
Toukamu pocra B Tex dacTax CCCP, kotopsie Gorars
SHEPreTHYEeCKUMH, METAJUTyPTUYECKHMMU M CHIPHEBBIMHU
pecypcaMu IjIsl CaMOJIOCTaTOYHOTO pa3BUTHs. OUeBHIHO,
¥ 3TO TIOHUMAJTH BCE, YTO JaXKe B YCIOBUAX MOIITHOH IIIa-
HOBOH rOCyJIapCTBEHHOM LIEHTPATM30BAHHON 3KOHOMUKHU
IIPH TOM MOTPEOYIOTCS OYCHb 3HAYNUTEIBHBIC B MAaCIIITa-
0ax rocymapcTBa IIEpBOHAYAJBHBIE MaTepUAIbHBIC
W WHBIE 3aTpaThl M, B NEPBYIO OdYepensb, Hamo OyneT
npeonoiers Kaaposeid aedunut. C. I1. Koponés ymen
3arisaAblBaTh JAJIEKO BIEPEN, BUAEH 332 TEKYLUUMU TPYA-
HOCTSIMH OTPOMHBIE TIEPCIIEKTHBBI M TIyOOKO OCO3HAaBAll
KOJIOCCAIIbHBIE BO3MOXXHOCTH, KOTOPBIE MOTYT OTKDPBITh
JUISL CTPaHbI 3T HOBBIE «KYCTBD» KOCMHYECKOHW Hay4HO-
MPOU3BOJICTBEHHON JesiTenbHOCTH Ha Bonre, VYpaine
u Enucee.

Tak, B 1959 r. Ha 6a3e KpacHOsIpCKOT0 MammmHOCTPOU-
TEMBHOTO 3aBOJIa HAYanoch (POPMHPOBAHHE MOIIHOTO
CHOMPCKOTO PaKEeTHO-KOCMHUYECKOTO «KyCTa» W YYEHHK
C. II. Koponéra, ero 3amMecTuTeNb 35-JI€THUH KaHAWIAT
TexHH4ecknx Hayk M. @. PemernéB Obul Ha3HAYCH
HayaJIbHUKOM M TJIaBHBIM KOHCTpyKTOpoM CHOMpCKOro
¢ummana OKB-1 (¢ 1961 r. — camocrostensaoe OKb-10)
B 3akpeIToM ropoae Kpachospcke-26 (ubiHe XKeneszHo-
ropck KpacHosipckoro kpasi).

B TO ’xe Bpems nparMaTHYHbIE aMEPHKAHIIBI YK
K Havdaiy 1960-x IT. cTanyu akTUBHO UCKAaTh M arnpooupo-
BaTh Ha OpOWTaX HOBBIC TEXHOJIOTHH CBSI3U M HaBUTAINH
yepe3 manble KA, 3amyckaemble JETKUMUA U JIELIEBBIMU
PH. TlosToMy mpakTW4ecku OIHOBPEMEHHO C paboTaMu
10 KOpPOJEBCKOMY IpoekTy «Monuusp» IIpaBurenscTBoM
CCCP 6pu IoIepKaHbl TAKXKE MPOEKTH MOJIOJIOTO, HO
TaKXe ycrmemHoro u Osictpo paszsuaronieroca OKB-586
(rnaBubIif koHCTpykTOp M. K. SHrems, r. /IHempomer-
POBCK) — MPOEKTHI MO CO3JaHUIO JIETKUX U OTHOCUTEIHHO
Henoporux PH tuna «Kocmoce» u maneix KA nog atu PH,
B yacTHocTH, KA cBsizu «Ctpenay u «ITuenay.

IIpopaboTku 1o 3THM JETKUM KOHBEepcHOHHBEIM PH
u HoBBIM THIIaM KA B OKB-586 mpoBoammice ¢ Havana
1960-x rr., HO, KaKk M B CIlydae C MPOEKTOM «MOIHUI»
B OKb-1, nponBuranicek He Tak OBICTPO, Kak TpeboBa-
JI0Ch, YTOOBI HE OTCTAaTh OT AMEPUKAHIICB M IIONyYUThH
mpaKTH4decKyto BbIromy st cTpasl. B OKB-586 u Ha
«¥O)xHOM MAaIIMHOCTPOWTENEHOM 3aBone» Ha JlHempe
yCIeNid co3aath b nepByto Bepcuto PH «Kocmoc» —
Ha 0aze OAJUIMCTUYECKOW pakeThl CpelHel IallbHOCTH
P-12, craBmeil kK TOMy BpeMEHH YK€ OCHOBOH TOJBKO
3apoAMBIINXCSl PakeTHBIX BOMCK CTpaTerHyeckoro Ha3Ha-
YyeHus. 3aHUMAaThCsl Co3JlaHueM OoJiee MOIIHOW u Oosee
aktyansHoit it CCCP PH nérkoro kiacca Ha 6ase pake-
161 P-14, a Tem Oonee cozmaHneM MPUHIUITAATEHO HOBBIX
Hu3KoopOuTabHEIX KA cBs3u tuna «Ctpena» u «[Tgemay
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M. K. fAnremo u ero Kb 6bu10 10BOIBEHO 00peMEHNTENb-
HO, TaK Kak 3TO OTBJIEKAJIO CHJIBI U PECYPCHI OT apXHBaX-
HBIX, CBEPXIPHOPUTETHBIX Ui 0OOPOHBI CTPaHBI pas3pa-
0G0TOK MOIIHBIX MEKKOHTHHEHTAJIBHBIX pakeT Tuma P-16,
P-36 u mp.

Takx, B magaime 1960-x rr. M. K. Surens, Bcinen
3a mpom3BoacTBoM Ha «Kpacmame» cBoeit BPCJI P-14
nepenan Juisl JaJbHEWIEd pa3paboTKW W pean3aiuu,
nocinenytomero pazsurus B OKb-10 cBoemy nocnenosa-
tento M. @. PemerHéBy 3ckusHble MpoekThl HOBoM PH,
KOoTopass B JajbHeilieM mojyuwia o0o3HaueHHe
«Kocmoc-3», a HauOoBIIYI0 M3BECTHOCTD M 3aCITy)KEH-
HYIO CJIaBy caMoW HaJI&XHOU U 3KOHOMUYHOU B Mupe PH
NErKoro Kiacca rnprodpena moja HasBaHueM «Kocmoc-3Mp.
OmnHOBpEeMEHHO OBLTH TIepeIaHbl U ACKU3HBIE IPOPabOTKH
[0 TIPOEKTaM IBYX HOBBIX MasbIXx KA CBs3H, KOTOpBIE
1 OBUTH YCIICIITHO PEan30BaHBbl, JOBEIEHBI 10 MPAKTHYE-
ckoro ucnonp3oBaHuss B OKB-10 mox pykoBoacTBOM
M. ®. Pemernéna.

18 aBrycra 1964 r. ¢ BpeMEHHOT0 IPUCTIOCOOIEHHOTO
CTapTOBOIO KOMIUIEKCA Ha KocMoapome balikonyp
NEpBBIM JK€ IIYCKOM IIEPBOTO JK3eMIUIsipa Haien
PH «Kocmoc-3», wusroroenenHoit B Cubupw, ObUIH
YCIIEIIHO BHIBEJICHBI HA HU3KYIO OpOUTY 3 MakeTHBIX 00-
pasua KA «Crpena-1». Taxk, 18 aBrycra 1964 r. nacerna
craino npa3gankoM OKB-10 — maem pokaeHus: cubupcko-
TO CIlyTHUKOCTpPOEHHUS. A yxe uepe3 4 OHS C IOIUTOHA
Kamyctnn Slp Ha gHempomeTpoBckoi Oomnee JIETKOM
PH «Kocmoc» Obuti 3amymieHsl IEpBBIE JKCIIEPUMEH-
TalbHBIC, peanbHO aeicTByronme KA mepcoHampHOM
(BemoMcTBEeHHOH) cBsi3u THa «CTpemna-1».

Koneuno, 3to ObutM oTHOcUTENbHO sérkue (50 xr)
U TpocThle N0 (DYHKUMOHAJIBHBIM BO3MOXHOCTSIM KA,
KOTOpBIE TeM HE MEHee OYeHb CKOPO CTaJH 3allyCKaTbCs
Ha PH «Kocmoc-3,-3M» nensiMu 6iokamu 1o 5 KA on-
HOBPEMEHHO M TEM CaMbIM, BIIEPBBIE B MHpE, MO PYKO-
BojctBoM M. @. PemierHéBa OBUIO TIONOKEHO HAYAIO
Pa3BUTHIO MaNbIX KocMudeckux ammapatos (MKA), MHO-
TOCIYTHUKOBBIX ~ HU3KOOPOWTAJIBHBIX  TIPYIIHPOBOK,
KOTOpBIE CTAHOBATCSI OCOOCHHO IOITYJIIPHBIMU B ITOCIIE-
Hee BpeMst B XXI B. U paccMaTpuBarOTCs €/1Ba JIU HE KaK
caMmoe IepeJoBOe, NHHOBALMOHHOE HAIIPABICHHE pPa3BH-
Tus cnytHukoBoi cBi3u. A PH «Kocmoc-3» momyunna
WIIYTEBKY B XKHM3Hb» M BCKOPE B MOACPHU3UPOBAHHOM
BHJIE CTaJla OCHOBHOU B JIETKOM KJIACCE, COCTaBJIsAs B CO-
BETCKOIl KOCMOHaBTHKE 0a30BYI0 TpHaly CPEICTB BbIBE-
nenust, Hapsay ¢ PH cpennero knacca P-7 C. I1. Koponésa
u PH tsxénoro knacca «IIpoton» B. H. Yenomest.

ITo mpoekry, nepBoHavyaibHO HasbiBaBLIemMycs «Ilue-
Jay, a pealn3oBaHHOMY Monx Ha3zBaHHeM «Ctperna-2»,
paboTHI IUTH MIPUMEPHO B TE )K€ TOJBI, U MEPBBIN 3aITyCcK
KA «Ctpena-2» maccoit oxomo 770 kr Ha Toii ke PH
«Kocmoc-3» ¢ baitkonypa coctoszcst B koHne 1965 r.

IlepBble aMepUKaHCKUE CIIyTHUKH CBA3M Thmna «Ten-
ctap», «Pene», «CuHkom» 3amymeHHsle B 1962—-1963 rr.,
TOXKe OBUIM MaJOMOIIHBI M HEBEJHKH M0 Macce, rabapu-
TaM, Bo3MOXKHOCTAM (60—-180 kr, meHee 1 M numeTpom),
TaKk 4To yke nepBbiMH cBouMu 3amyckamu OKB-10 pe-
JIFHO BOIIIO B Y3KHMH KpYT mepenoBbIX Gupm B obmactn
NPUKIIaIHOW KOCMHYECKOH AesTenbHOCTH. 3a c4ér Ooree
WHTEHCUBHBIX 3alyckoB pasznuuHbix PH, Bkiouas
«Kocmoc-3», CCCP mHawanm cokpamaTh OTCTaBaHHE



K 60-nemuro AO « UCCx»

or CIIA no xomuyecTBY M TumaMm 3amyckaembix KA,
1 BCKOpE BBIIIEJ B JIUJEPBI, COXPAHSsI MEPBYIO MO3UIHIO
B MHpe. A peanbHO palOTarolfieé MHOT'OCITyTHHKOBBIE
rpynnupoBkn  «Ctpes» ObUIM BBEICHBI B  OINBITHYIO
SKcIuTyaranuio B 1965 1., u ¢ Tex mop 4 MOKOJEHHs CH-
OMPCKHUX HU3KOOPOWTANIBHBIX CITyTHHKOBBIX CO3BE3IHI
MIOCIIEZI0BATENbHO U HEMPEPBIBHO paboTanmu u IMpoJoi-
JKaroT paboTaTh CErOHS.

ITapannensHo ¢ co3qaHHeM MHOT'OCIYTHHKOBBIX HHU3-
KOOPOUTAILHBIX IPYMIUPOBOK ¢ 1964 T. B COOTBETCTBHU
¢ ynomsHyToi Beimie uHMimaruoil C. II. Koponésa
B Cubupu Ha4yaJochb OCBOCHHE INPOM3BOJACTBA W Oojee
TSOKENBIX CIIyTHUKOB «MonHusy, nepenanssix u3 OKb-1.
Juis Mononioro npousBoacTsa B KpacHosipcke-26 3to cra-
JIO HOBBIM, KauYeCTBEHHBIM PBIBKOM B TE€XHOJOTMYECKOM
Pa3BUTHH, B OpraHU3allK NPOU3BOJICTBA 10 HOBBIM KOO-
MIEPAalMOHHBIM CBsI3IM (Teorpadus MMOCTaBOK KOMILICK-
TYIOIUIMX 3JIEMEHTOB, Y3JI0B, NPHOOPOB pacCIIMPHIACh
npaktudecku Ha Bech CoBerckmii Coro3). Opnako,
OTPOMHasl KpONOTIMBasi paboTa Haj MOBBILIEHHEM 3KC-
TUTyaTallMOHHBIX XapakTepucTuk KA, noBeaeHue ux 0
KOHJHULMI CHUCTEMHOTO IPUMEHEHHS B COOTBETCTBHHU
¢ TpeOOBaHMAMH yTWINTAPHOM PAIMOCBS3H — BCE ATO €I
TOJBKO MPEACTOSUIO TIPOMTH, Habupas COOCTBEHHBIN
OTIBIT.

Takum 00pa3om, MmoJIBEKa Ha3zaj ¢ BHIBOIOM Ha OpOH-
1y KA «MonHus-1» nepen MoOJ0AbIM  KOJUIEKTUBOM
CHOMPCKOTO KOCMHUYECKOTO TMPEANPHUATHS BO TJaBe
¢ M. @. PemeTHEBBIM OTKpBLIACH JIOpOra B HeWcueprae-
MYyI0 M TIOCTOSHHO BOCTPeOOBAaHHYIO 00JIaCTh KOCMHYeE-
CKUX TEJIEKOMMYHHMKAIIMOHHBIX cucteM. Cyns00HOCHOE
mist OKb-10 pemenne C. II. Koponésa mnepenatb
B Cubupb pabdotsl o nponsBoiactey KA «MosHus-1» Ha
JTare ero JIETHbIX MCHBITAHUM MOJATBEPIMIIO CBOKO Mpa-
BIJIBHOCTbH B KpaT4aiIre CpPOKH — MEHee YeM 3a J[Ba roja
pemeTHEBLBI cepbE3HO nopaboTtany HOBIH KA n ocyie-
CTBHJIU €0 3alyCK.

Unes co3manus KA «Monnus-1» npuHayiexana ca-
momy C. I1. KoponéBy, u 3aximrouanack oHa B pa3paboTke
KA, crmocoOHOT0 MpUHUMATE CUTHAI ¢ 3eMITH U TPaHCIH-
poBaTh €ro B OTHAIEHHBIE YIOJKH OTPOMHOM CTpaHBbI,
obecrieunBas TENEBUACHUEM U PAJANOCBA3BIO MOYTU BCIO
teppuroputo Coserckoro Corosa.

B 1960-¢ rr. TeneBn3zop ObLI HACTOSIIEH PEIKOCTHIO,
KaHajJl ObUI TOJBKO OJIMH, a Tepenaddl TPaHCIUPOBaIKMCh
JMLIb B OIpeAenéHHoe BpeMs. B Te ronpl B Hamei ctpane
umMenoch 100 MOIIHBIX TEJIEBU3MOHHBIX CTAHLUN, paguyc
JeHcTBUS CUTHANIA KOTOpbIX He mpesbiman 100 kM, u emé
170 peTpaHCHAIMOHHBIX CTaHIWH, MEpeIaBaBIINX €ro
U BOBCE He aanpuie 15 kM. Bcro Tepputopuio orpoMHOro
TOCyZapcTBa OHHM, KOHEYHO, OXBAaTUTh He MOTiHd. [loTomy
OOJNBIIMHCTBO JIOJIEl 1O BCEW CTpaHe, OCOOEHHO B TITy-
OWHKE, y3HaBaJO HOBOCTH JIMIIb M3 Ta3eT, B Jy4dIIeM
cilyyae — U3 KOPOTKUX panuonepenad. M He cTONBKO Imo-
TOMY, 4TO 003aBECTHCh TEJIEBU30POM OBLJIO HENpPOCTO.
Tenecurnan ObUT JOCTYIIEH JaJIEKO HE BE3JIE.

3ambicen no coznanuto KA niist obecrieueHus TeneBy-
JCHUS. M PAJAMOCBA3M OBUI TNOWUCTHHE T'PaHANO3EH, H,
KOHEYHO e, ero peajuszanus TpedoBaia 0oubiIoi pado-
Thl. Bomomenne 3agyMKy B JKM3Hb Hadana KOMaHZa
C. I1. Kopoxnéra B OKB-1. B 1965 1. B OKb-1 6511 m3r0-
TOBJICH M 3amylieH nepBblii KA mis nmpoBeneHust JTETHBIX
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ucneitanuii. Ho C. I1. KoponeB Bckope OBbUT BBIHYXKICH
OCTaBHTh 3Ty TEMAaTHKy, H00 ero MOCKOBCKYIO KOMaHIy
JKIATM BaYKHBIE TOCYIapCTBEHHBIE 3a/1a4d B 00IaCTH IH-
nmotupyemoit kocMoHaBTHKH, KoTopoir CCCP oTBOIMIach
MPUOPUTETHASL POJIb, IOITOMY pabOTy IO CO3JaHHIO
KA «Monaus-1» oH pemmn mnepenatb B Cubupckuit
¢bunman, BosriaBmsieMblii M. @. PemeTHEBHIM (HBIHE
AO «MCC» um. akagemuka M. @. PemeTHEBaY).

[MpuosIB B KpacHosipCcK, MO3HAKOMUBIIUCH C 3aKPBITHIM
ropoJioM, rjae padoran Cubupckuit unmain, u ¢ Koiek-
tuBoM M. @. Pemernéra, C. I1. KoponeB okoH4YaTenbHO
YBEpPHJICS B MPAaBWILHOCTH CBOETO PELICHUS! MO BHIOOPY
MecTa U BPEMEHHU CO3J[aHWsl HOBOM OpraHu3anuu u yoOe-
JIMJICSL, 4TO HE OLIMOCS B HA3HAYCHUH €€ PYKOBOAUTEIIS.

[pemayBcTByst Oonpmoe Oynymiee, M. @. Pemernés
U €r0 MOJIOJBIE COPATHUKH HE HCITyTAMCh HOBOTO 3aja-
Husi. Hecmotpst Ha To, yto Muxaun ®EnopoBud u cam
MPUIIOKIIT HEMAJIO YCHIINH, YTOOBI MOTYYIHUTh Pa3paboTKy
MockBuuei, Bcé-taku C. I1. Koponés BeIOpan IMEHHO €ro
npeanpustue Hecrnpocta. Cepredi IlaBaoBmdY BBICOKO
OLIEHHJI €r0 KOHCTPYKTOPCKHUI TaJlaHT M OPraHn3aToOpCKOe
4qyThE, MO3BONMBIIEE coOpaTh noa KpacHosipckom Morno-
JIOH, SHEPTWYHBIH M CIIOCOOHBI Ha MHOTOE KOJUICKTHB
pa3paboTUHNKOB.

Josepue C. II. Koponésa cuOupckue CIyTHHKO-
ctpoutenu ompaBaaian. OTICHUB pPe3yibTaThl JIETHBIX
ucHbITaHul 3KcnepuMeHTanbHoro KA «MonHumy, B pe-
KOpIHBIE CPOKH OHHU JopaboTaid MPOEKT U CO3TATH yCo-
BEPIICHCTBOBAaHHbBIC amNmaparbl. 3allyCTUB Ha OpOUTY
B Mae 1967 r. cBoii nepBbiit KA «Momaus» u emé qsa KA
B OKTSIOpe TOrO XK€ rojia, CHOMPSKH TOJOXKWIM HAYaIo
Pa3BUTHIO CITYTHHUKOBBIX CUCTEM Ha BBICOKO-
smnTrdeckoi opoure (B20), yero emé B mupe He ObLTO.
U yxe 2 Hos10pst mepBast B cBoéM poJie cucrema «Opoura
odurmanipHO ObUIAa BBEIEHA B 3KCIUTyaTanuio. Bozmox-
HOCTb CBSI3aThCsl C JIIOOBIM FOPOJIOM, TIOYyBCTBOBATH ce0s
MIPUYACTHBIM K Ba)KHEHIIMM COOBITHSIM, Y3HABaTh O KH3-
HHU B TOCYIapCTBE U 3a €ro MpeAeslaMH C IIOMOIIBIO Telle-
BHU3HOHHBIX JKPAaHOB CTajla PEANTBbHOCTHIO I OOJBIION
YaCTH HACENICHWs CTPAaHbl. DTO OBUT HACTOSIIMN MPOPEHIB
B HayKe U TEXHHUKE TOT'O BPEMEHH.

KocMmuueckast cuctema, B cCOCTaBe KOTOPOW padoTam
KA «Momnnus-1», no3Bossiiga OCYIIECTBISTh KPYIJIOCY-
TOYHYIO JIBYXCTOPOHHIOIO MHOTOKaHAJIbHYIO Telle()OH-
Hy10, oToTenerpaduyto u TenerpadHyro cBsi3b 0T MOCK-
BBl 110 BnammBoctoka. Ona olecneumsia BO3MOKHOCTB
pacUIMpUTh TeJeBellaHie Ha TEPPUTOPHUIO BCEH CTpaHBbI,
YBEIIMYMB ~ ayJUTOPHIO LEHTPAIBHOTO  TEJIEBUJICHHMS
Ha 20 MuH YenmoBek. PaboTa CHCTEMBI OCYIIECTBIIAIACH
HE TOJNBKO B HWHTEpecax TPaXTAHCKUX IOTpeOuTenei,
HO TaKke B mHTepecax MwuHmcTepcTBa 000opoHH 1 [lpa-
ButenbcTBa CoBerckoro Coro3a. DT0 GBIIO 00YCIOBIEHO
yHEKaTpHOCTRI0 KA «MomHus-1» Kak ammapata MHOTO-
I[EJIEBOTO Ha3HAYEHUS — CIEKTP BBHITOJIHAEMBIX €10 3a/1a4
MOCTOSIHHO PACILUPSIICS.

O TOM, KaKOTO BBICOKOTO YPOBHsI ObLIa 3Ta pa3padoT-
Ka, MOXHO Cy/JUTh U MO €€ Han€xHocTtu. Ha TOT MOMeEHT,
KOIZla BO3HHUKIJIA HEOOXOJMMOCTh JIOBECTH TapaHTHUHHBINA
cpok axtuBHOro cymecrtBoBanust (CAC) manabix KA
JI0 TPEeX-ISITH JIET, cuOupckue «MOoJHHM) yXKe Hpoje-
MOHCTPHPOBAIH YCTOMYMBYIO paboTy Ha opOuTe B Teue-
HHUE 5 JIeT, a HEKOTOPBIE SK3eMIUIIPHI U IO JCBSTH JIeT!
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Co3nanne «MOJNHUI» CTaNo 3HAYUTENBHBIM IIaroM
BIEpEN B UCTOpPUU KOocMHuecKoW oTpaciun COBETCKOro
Coro3a, a cHOMpCKHE CITyTHUKOCTPOHUTENHN CTallk MO Tpa-
By CUMTAThCSl NMMOHEPAMH B OCBOECHHH BBICOKORJUIHIITH-
YeCKOU OPOUTHI.

Ho na 3TOM nOCTHMXEHUM PELIETHEBLBI HE TIOCTABUIN
TOuKy B uctopuu nobden «Mosaun». OnHa u3 e€ Mouu-
¢bukaumit, nomyuyuBmas Ha3BaHue «MonHus-1C», 1O
ununmatuee M. @. PemierHéBa BrepBble B OTE€UECTBEH-
HOW CIIyTHHKOCTPOMTENILHOM NpaKTuKe Oblla 3alylleHa
Ha TeOCTAllMOHAPHYIO OpOUTY. DTOT 3amycK ObUT «pa3-
BEIKOI» M JlaJl CHOMPSIKaM YCIICIIHBII CTapT VISl UCTIOJb-
30BaHUsl OPOUTHI, KOTOpas U 10 Cel eHb OCTaETCsl Hau-
6osiee >pdexTHBHON M KOMMEpUYECKH BOCTPEeOOBaHHOW
00J1acTBI0 KOCMHYECKOro mpocTtpaHcTBa. «Momaus-1C»
Ha HECBOWCTBEHHOMH el opOuTe PyHKIMOHUpOBaia Ooee
TpEX JIET, B TEUEHHE KOTOPBIX BCE 3a7adM ATOTO 3aIycKa
OBLTH PEIICHBL.

IIpoext «MonHus-1» ObUT OTHUM U3 MEPBBIX, HAL KO-
TOPBIM paboTay CHOMPCKHE CITyTHUKOCTPOUTENH. B HEM
OHU TPOSIBIJIM CBOU CIIOCOOHOCTH HCCleaoBaTenei, n3o-
Operatesneld 1 HOBaTOpoB. M XOTs B TOT MEpHOJ BPEMEHH,
koraa Havan cosgaBaTbesi KA «MomnHusi-1», B Hamel
CTpaHe M BO BCEM MHupe OOIbllle MHTEPECOBAIKCEH ITHIIO-
TUPYEMOH KOCMOHABTHKOH, IPENNpUSITHE CAENAI0 YIOp
Ha «yMmHbIe» KA, mpuHOCSIIME NPaKTHIECKYIO IOJb3Y
CTpaHe W ee Hapo#dy, 3HaueHHe KOTopoil u Torma, 50 jer
Ha3aJl, ¥ CETO/HS CI0)KHO MEPEOIICHHUTb.

B OKB-10 (mozguee Kb IIM) 6buio coszmaHo 1enoe
ceMeiicTBO Moan(UKALNIT KOCMUYECKHX aIllapaToB THIIA
«Momuus»: «Momauus-1Cy», «Momuus-1T», « Moauus-2»,
«Monuus-3», «Monuus-3K». Beero 3a monBeka nuctopuu
9TOM cepuu NpeAnpusiTHE H3rOTOBHIO 96 CIyTHHKOB
«MosHus-1», a eclii CYUTaTh BCE YCOBEPILECHCTBOBAHHBIC
Bepcun — TO Oonee 150. J[Ba KOCMHYECKMX ammapara
«MomnHus-1» octanuchk Ha 3emile U Mo3ke ObLTH Iepe/a-
HBI B BBICIIIME Y4EOHbIE 3aBE/ICHHS B KAUECTBE HATJISITHBIX
niocobuid. [Tocenanit momoOHbIA crryTHHK — «Momaus-1T» —
Ob11 BeIBeIeH Ha opbuty 2 ampens 2003 r. OtciyxuB

10 ner Ha opOuTe, OH mepepaboTal rapaHTHPOBAHHBINA
CPOK aKTHUBHOI'O CYIIECTBOBaHUS B HECKOJBKO pa3
u B 2013 1. OBUT BBIBEJICH U3 HKCILTyaTaIlHH.

OrrankuBasick oT ombita pabotel OKB-1 mam KA
«Momnaus-1» 8 OKb-10 (mozgaee — KBIIM, HITO IIM)
OYeHb MHOTOMY HPHIUIOCH caMO00ydaThesi M MPEopoe-
BaTh paHee HEBeJOMbIE IIPOOIEMBbI CAMUM — IPOEKTAHTaM
U KOHCTPYKTOpaM, TE€XHOJOTaM, M YHpaBJIeHLAM, yJacT-
BYIOIIMM B OpraHu3alud ¥ oOecredyeHHH 3aIyCKOB
W TOAJEp)KaHUM CHUCTEM [0 XOIYy HX OKCIUTyaTalyH,
ynpasnenusi KA Ha opburax. Hauanace W npakTuyecku
HENPEPBIBHO CTala BECTHCH KPOIIOTIIMBAsl padoTa 10 yCT-
paHeHHIO CNa0bIX MECT, HEHaAEKHBIX KPUTHUYHBIX HJIe-
MeHTOB B KA, CyIIecTBEHHOMY YyCOBEPILEHCTBOBAHHIO
YCTPOMCTB NCIIOHUTEIIFHON aBTOMATHKH, MEXaHHIECKUX
CHCTEM M TPUBOAOB, AHTEHHBIX CHCTEM, COJHEYHBIX
U aKKyMyJSITOPHBIX OaTapeil, TpHOOpOB OpHCHTAINH
U cTaOMIM3alny, OJIOKOB YIPABICHHS CUCTEMaMH, JIBUTa-
TEJIbHBIX YCTaHOBOK U JIp.

CepuitHOCTb U CTaOMIBHOCTh, KQUeCTBO COOPKH H HC-
neiTanuii MoauduiupoBanubix KA «Monnus-1» B Cu-
OupH, CBOEBPEMEHHOCTh 3aIyCKOB C KOCMOIPOMOB Tpe-
0oBaJIOCH OPraHU30BaTh TAKUM 00pa3oM, YTOOBI B CHCTE-
Me «OpOuTay Bcerna HaxoAMIOCh HEOOXOMMMOE KOJIye-
CTBO pabOTOCIIOCOOHBIX 1 CHHXPOHNU3UPOBAHO TUTEIHEHO
pabotaromx KA. U sto ymanocs cnenars 50 et Hazam —
B MoJapok crtpane kK 50-metHeMy roOmiero Bemmkoit Ok-
TAOPBCKOM COLMANMCTHYECKONW peBONIOIMH. B Mae—
okTsa0pe 1967 r. 3amyckamu Tpex OOHOBIEHHBIX CHOMP-
ckux «MouHui» Oblia BrepBble B Mupe chopMHpoBaHa
TpeOyemas Uil HePEPBHIBHOW IKCIUTyaTalli CTaOHIbHAs
opOuTanbHas TPYNIUPOBKa, obOcimyxkuBaromas Bc€ Ce-
BepHoe nonymapue. C Tex mop U 10 HACTOSILEro Bpeme-
H1 Ha BDO He mpekpainaercsi sKkciulyaranus Bcé Ooee
MOIIHBIX W HaAEXKHBIX, IOJHOCTHIO ce0sl OKYIArOIINX
cubupckux KA cBsizu, kortopsle 3ddexTiBHO 0becneun-
BalOT CBSI3b, KaK B HMHTEpecax HAapOJHOTO XO3SHCTBa,
Tak W B HWHTepecax obecreueHus 00OpPOHOCIOCOOHOCTH
CTpaHBI.

KA «Mosnaus-1» B cOOpoYHOM 1exe

KA «Cdepa» npu noaroroske k mycky Ha PH «Kocmoc-3»



K 60-nemuro AO « UCCx»

Maxer KA «MoHochepHas cTaHISDY
na BIHX CCCP

Emé Gonee 3HaUMMBIM pe3ysbTaToM pabOThl pereT-
Hésckoro KBIIM B 1960-x rr. crano To, 4TO BHEpPBHIE
B CCCP u B Mupe B Te k€ TOfbl, KOI'la OCBaUBaJINCh HU3-
KM€ ¥ BBICOKOIJUIMIITHYECKHE OPOUTHI JUIs 3a7a4 CITyTHH-
KOBOH CBS3H, OBUIN MPEIIPUHATHI PEIIUTEIbHBIC IIIaTH MO
CO3JJAHWI0 NPUHLUIHAAIGHO HHBIX HHU3KOOPOHWTAIBHBIX
CIyTHHUKOBBIX CHCTEM HaBWUTallMM W reoxe3uu. B stoit
obmactu cubupckue KA, cosmaBaembie ¢ 1963 r. mpu
Y4acTUM HOBOM OTEYECTBEHHOH CIlyTHMKOBOW KOOIlepa-
uuu 1o npoektam «llukinon» n «Cdepay, ObuM 11EpBO-
npoxoauamMu He Toibko B CCCP, a mo mnpoekty
«ukmnon» — B Mupe: Takoil cucTeMbl, KOTOpas Obl co-
BMeIasia B cede 00CyKUBaHUE BOGHHO-MOPCKOTO (hroTa
(BM®) HEe TONBKO BCEMOTOJHBIMH HAaBHTAIIHOHHBIMH
OIIpEe/IeTICHUSIMA B MUPOBOM OKeaHe, HO M I03BOJIsIa OBl
MIPU 3TOM IPOBOJUTH CEAHCHI CBA3M C «3eMJEI», HE CO3-
nmanu kK Tomy Bpemenu u B CHIA.

HaBuranmoHHO-CBsI3HBIE CIIyTHUKH «LIUKIOH» Maccou
okojio 800 Kr MMeNH OpUTHHAIBHYI0O KOHCTPYKLHIO, ar-
perarsl, y31Ibl yCTPOHCTBAa U MHOTHE APYTHe TEXHUYECKHE
U CHUCTeMHbIe pelleHus. VX 3amycku Hadamuch B HOsOpe
1967 r., Tak 4TO 3TO OBLI rOJ HE TOJBKO Hayaja PeryJsp-
HOTO paclpeeUTeIbHOIO BEIIAaHUs MPOorpaMM  LeH-
TpassHOTO TeneBuaeHus (LITB) mo cmyTHUKOBOH cucteme
«MosHus-1» Ha ceThb 3eMHBIX craHmuii «OpOuta», HO
Y Hauasla BHeJIpeHus cmyTHUKoBoW HaBuranuu B CCCP.

l'eonesnueckue crmytHukn «Cdepa» Maccoll 0OKoJIo
750 xr Opmmm yHH(uIUpoBaHb ¢ «l{uKIoHAMU», W UX
3aIyCKH OCYIIECTBIUIUCH ¢ 1968 T. B memsix co3maHus
YTOUHEHHOW T€0/I€3MUECKON CETH B MHTEpECax OTEYECT-
BEHHBIX MTOTpeOUTENEH, mpexae Bcero MUHOOOPOHHI.

Taxxe Ha OCHOBE NMEIOLIHUXCS HapabOTOK B KOPOTKHE
cpoku B Kb TIM Obuti co3nanbl 2 Tuma HaydHbIXx KA —
cybopOuTanbHblii «BepTHKaIbHBIH KOCMHUYECKUN 30HI»
(1967 r., macca okoio 310 Kr) I KCCIEIOBAHUS BBICOT-
HBIX pacrpeesieHni XapakTepUCTUKN BEepXHeil atMocde-
pot 3emumn u «Monocdepnas cranuus» (1970 r., macca
okono 750 Kr) [yl KOMIUIEKCHOTO paJuO030HIMPOBAHMUS
HOHOC(EPHI 3eMITH.

Takum obpas3oM, K koHIy 1970-x rr. B paiioHe reo-
rpaduaeckoro neHtpa Coserckoro Coroza BOMM3H dHEp-

bnok u3 8 KA «Ctpena-1M» npu OArOTOBKE K 3aIlyCKY
Ha PH «Kocmoc-3M»
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T'CTUYCCKHUX, AJIFOMUHUECBBIX, MAalIUMHOCTPOUTEIIbHBIX
W JpYruX 3HAYUMBIX IPOM3BOJCTB ObUT C(HOPMHUPOBAH
HOBBIH OTEUECTBEHHBIH CAMOJOCTATOYHBIH PaKETHO-
KOCMHUYECKHH «KYCT», B KOTOPOM pOJIb JIMJIEpa U T'OJIOB-
HOTO pa3paboTyrKa HOBOI pakeTHO-KOCMHYECKON TEXHH-
ku (PKT) urpamo Kb 1M, Bo3riasisemMoe TTIaBHBIM KOH-
crpykropoM M. @. PemerHEéBbIM, a MNPOMBILIJIEHHbIE
MPOU3BOJCTBA BXOAWIH B cocTaB 3aBoaa «Kpacmamm
(mupextopa I1. A. Cricoes, b. H. I'ypos, B. I1. Korensuu-
koB, B. K. I'ynanos). Ha ocHOBe HayuHBIX U HHKEHEPHBIX
pa3paboTOK CHOMPCKHE PAKETO- M CIyTHUKOCTPOUTEIU
CyMeIi B KpaT4aillue Cpoku c(hOpMUpPOBATH Ha OpOUTaX
3¢ deKTUBHBIE MHOTOCITYTHUKOBBIE TPYNITHPOBKH, Pa3HO-
opOuTanbHbIe TII00aBHBIE HHPOPMALMOHHBIE CITyTHUKO-
BbIE CHCTEMBI IIEPBOr0 MOKOJIEHUS, PEIIAIOIINe CTpaTeru-
4gecKue (CBsI3b, HABUTAIWS, TEOIE3Ms), a TaKKe HAyIHBIE
(reodmsuka) 3amayn.

Berlinien Ha MUPOBYIO apeHy KOCMHUYECKOH JEsITENbHO-
CTU CO3JIaHHBIM NPAKTUYECKU C HYJI Ha HOBOW TEPPUTO-
pUH 10X  PYKOBOJCTBOM TIJIABHOTO KOHCTPYKTOpa
M. @®. PemerHéBa TBOPYECKHI KOJUIEKTHUB, B KOTOPOM
3HAYUMYIO POJIb MIpajii KPYIHBIE, XOTS M MOJIOJBIE I10
HBIHCIITHUM ME€pKaM CHEUUAIMCTBI — JMACPbl HAy4YHO-
TEXHUYECKUX HampapieHud, Takue kak I'. M. YUepHsas-
ckuit, JI. C. [Tuenskos, I'. M. Cokoinos, A. U. Yurakos,
10. K. Ucanues, A. H. Bacunbes, JI. A. MupomHn4yeHko,
B. A. Paesckuii, A. I'. Kosnos, K. I'. CmupHoB-Bacuibes,
0. M. Kusizekun, 1. H. Ucnses, I'. H. ITucapeB u muO-
rue npyrue, npuexapmme B Cubupp B 1950-1960 1r.
1 IUTOIOTBOPHO, C IIOJHON CaMOOTaAa4Yei, IpopadboTaBIIne
Ha €IUHCTBEHHOM ISl HUX HPEANPHUSITHU JOJTHE TOMBI,
a OoJbIeil 4acThiO, KaK UX PYKOBOIHTENb, OCTABIIHECS
B Cubupu HaBcerya.

ITpu co3manum cubupckux PH n KA cBsizu, HaBura-
L[UH, TE€OJIe3UH, HAyYHOIO0 HA3HAYEHUS B HUX aKKyMYJIH-
pOBaNCh CaMble MEPEJOBBIE, BBICOKOTEXHOIOTHMYHBIE
HapaOOTKH B 00JIACTH OOPTOBBIX HPHUOOPOB, Y3IIOB, dIie-
MEHTOB, CO3/aBaBIINXCS MHOTOYMCICHHBIMH KOJUIEKTH-
Bamu Bcero Coserckoro Coro3a, B 9aCTHOCTH, TPEITIPH-
stuit mox pykoBoacteoMm B. I1. I'mymko, A. M. Hcaesa,
B. U. Ky3uemnosa, B. II. ApedreBa, H. A. Ilmrtoruna,
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B. II. bapmuna, M. C. Pszanckoro, H. C. Jlunopenko,
B. M. ®énopona, H. I'. Bunorpanosa, B. A. Xpycranésa,
B. . Kypymmna, b. M. Konomnésa, B. I'. Cepreesa,
0. C. BbeikoBa, M. P. Kammanosa, }0. A. BrikoBa,
A. C. MansmmeBa, M. U. Bopucenko, H. H. HecBura,
I1. B. Tonybesa, B. I'. Tapanenko, A. I'. Mocudmnsna
Y MHOTHX JIPYTHX.

CnyrHuku PemerHéBa cranu BocTpeOOBaHbI ISl pe-
LIEHUs] pa3NIMuHBbIX MPUKIAJHBIX 3324 B HHTEpecax
COBETCKOT0 TroCynapcTBa M €ro rpaxkjaH, ObLI CO31aH
3HAYUMBbII COOCTBEHHBIH, CHUOMPCKUI «KOCMHUYECKHI»
HaY4YHO-TEXHUYECKUH, WHTEIUIEKTyaJbHBIA 3ajel, B Me-
CTHBIX By3aX M TEXHHKyMax Hadayach IOJrOTOBKa coOCT-
BEHHBIX MOJIOJIBIX KaJIpOB «KOCMHYECKHX» CIEIUaIbHO-
creil. C aToro BpemeHn Obl1 HaOpaH TakoW TeMn OOHOB-
JICHWS TEXHUKH ¥ TEXHOJOTHH, KOTOPBIH MO3BOJISII
co37aBaTh HOBBIN THIT KA mpakTHYecKy eXerogHo, u 3Ta
TpaguLUsl COXPAHSETCs, Aa)e BOIPEKH CMEHaM BJlacTei,
HACOJOTHUH, YKOHOMHYECKUX MOJCICH M 0 HACTOSIICTO
BpPEMEHH.

B 1970-¢ rr. KoHCTpyKTOpCKOEe OMFOPO MpPUKIIAIHOM
mexanuku (Kb TIM), a ¢ 1977 r. HayuyHo-nipou3BoacT-
BEeHHOE 00bequHeHne npukiagHoi Mexanuku (HITO TIM)
CYMENIO 3HAUUTENbHO pACIIMPUTHh HWHTEIIEKTyalbHOE
1 1ake OpOUTAIBHOE IIPOCTPAHCTBO CBOEH JIESTEIHHOCTH.
[ToMuMoO pa3BUTHS CITyTHUKOBOW CBSI3M W TEJEBEILAHMS
yepe3 HOBbIE cyTHHKHM Ha BOO «MonHua-2» (3amyckn
¢ 1971 r.) n «Monuus-3» (3amycku ¢ 1974 r.), KoTOpBIE
obyiaianu B pasbl OOJIbILIEH MPOMYCKHOW CIIOCOOHOCTHIO
(pammodacTOoTHON EMKOCTHIO B HOBBIX JAMAana30HaxX dac-
TOT), MOIIHOCTBIO M JOJITOBEYHOCTBIO B CpPaBHEHHUH
C MepBbIMU «MOTHHAMMY.

[Iponomxuiiock OOHOBIIEHHE CHCTEM CBSI3U Ha HU3KUX
opourax («Crpena-1M», «Crtpena-2My), HaBurauu
(«Uuxnon-by, «lukamay).

3a ycnexu B pa3BUTHU CIYTHHKOBBIX TPYIIHUPOBOK
nepBoro noxosieHus B 1974 r. npeanpustie ObUIO Harpa-
JKIEHO BBICIIEH TocymapctBeHHou Harpamoir CCCP —
opaeHoM JlenuHa.

A camoe TJIaBHOE JIOCTIKEHHE B T€ TOABI — HAYaJIOCh OC-
BOCHHE TPHUHIMITHAIGHO BaXHOW I JIEOOOH COBpEMEHHON
KOCMHUYECKOH JieprkaBbl reoctaioHapHoi opoutsl (['CO).

B 1974 r. nnsa nposenenus nepsbix B CCCP skcnepu-
MeHTOB B obOnactu cBsizu ¢ KA na I'CO Obuia cosznana
cnenmanpHas Momudukamus KA tuma «Momans-1C»
(«cTanmoHapHas»), KoTopasi ObDIa 3amylieHa Ha HOBOM
s Hac craptoBoM kommiekce (CK) ¢ momomipio
PH «IIpotoH-K» u pasronnoro 6ioka (PB) «IMpy.

Benen 3a Heil B konue 1975 r. va I'CO 6bu1 BeIBEIEH
HOBBIN CHOHMPCKHUIl CIEIMaIN3UPOBAHHBINA, IOJTHOCTBHIO
OpPUTHMHAIBHBIA 10 KOHCTPYKIIMOHHBIM M TEXHOJIOTHYE-
CKUM peIlleHHsIM, (PyHKINOHAIBHO 0osiee MOIIHBIN MHO-
roctBosibHBIN KA cBsizu «Pamyray.

Hauanoce 3akpernenue 3a CCCP u mpaxTtuueckoe
UCIIOJIb30BAaHNE YPE3BBIYANHO BAXKHOT'O ISl CTPaHbI Yac-
TOTHO-NIO3ULIMOHHOTO pecypca Ha ['CO, koTOpblil B CO-
BPEMEHHOM HH(OPMAIIMOHHOM OOIIECTBE COCTABISET
YacTh HAIIMOHAIBHOTO JIOCTOSHHSI.

Ha ToT MomenT ycnemiHo ¢ynkunonupoBanu Ha ['CO
TonpKO ciyTHHKH npomsBozcTa CIIIA, a EBpomna jumis
anpoOupoBajia BO3MOXKHOCTH CITyTHMKOBOHM CBS3M Ha
JKCIIepUMEHTATBHBIX KA.

E1mgé oHMM CylecTBEHHBIM IaroM B Pa3BUTHU CITyT-
HUKOBBIX TelekoMMyHHuKanuii ¢ I'CO cramo co3naHue
NepBOH B MHUPE CHUCTEMBI HEIOCPEICTBEHHOI'O CIIyTHHUKO-
BOro TeneBemlanus Ha Oaze cubupckoro KA «3xpany.
Kax u KA «Monnus-1» 10 rogamu panee, ator KA Héc
Ha OOpTy BCEro OJWH TEIEBU3MOHHBIA PETPAHCIATOpP, HO
MOIIHOCTh €T0 ObLIa HEBHJAHHOW IO TE€M BpeMEHaM —
300 BT, a 30Ha oOcmykuBaHusA, HopMUpyeMas YHHKAIb-
HOW MHOTO3JIEeMEHTHOW (pa3upoBaHHON aHTEHHOI peréT-
KOM MO CIOXKHOMY KOHTYpY, OXBaTblBaja IIOYTH BCIO
ceBepo-BocTouHyto Teppuroputo CCCP. Tem cambim
JIOCTHTajach BO3MOXKHOCTb TOJIyYSHHUS! TEJICBU3MOHHOU
nporpammbl HerocpeacTBeHHO ¢ KA, MHHYs Ha3zeMHbIe
YCHIINTEIBHO-TIEPEAIOIIIE CTAHIIH, Ha CaMyI0 IIPOCTYIO
U OTHOCHTEJIFHO HEIOPOTYI0 aHTEHHYIO CHCTEMY C KOM-
MIAKTHBIM, MacCOBBIM B TIPOM3BOJACTBE INPHEMHHUKOM,
B CaMbIX YNAIEHHBIX OT OOJBIIMX TOPOAOB MeECTax,
BIUIOTH 10 OopTa Jemokona, uaymero CeBepHBIM MOp-
ckuM mmyTéM. Oto npuopureTHoe noctmwxenne CCCP pea-
mm3oBaHO B 1976 1. Ha reocrarmoHapHBIX KA «Okpany,
co3manubeix B HITO TIM.

KA «Oxpan»
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KA «opuzoHT»
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Hns cBoero Bpemenn KA «Dkpan» ObUl IOMCTHHE
«PEBOJIIOLIOHHBIMY, TPOPHIBHBIM, M HE CIy4ailHO IIO
pe3yibTaTaM yCIEIIHOM MHOTOJIETHEH HKCIUTyaTaluu
stix KA B 1981 r. HITO 1M 6B110 Harpa>kaeHo BBHICOKOI
rocyAapCTBEHHOM Harpaioil crpaHbl — oplaeHoM Tpyno-
Boro KpacHoro 3nameHu.

1980 r. XX B. s CCCP Opu1 OTMEUEH 3HAMEHATENb-
HBIM COOBITHEM MHpPOBOTOo Macmrada — MOCKOBCKOM
Onumnuanoi. B 3toit cBa3u B HIIO IIM mno 3aka3zy Mu-
HHUCTEpPCTBA CBSI3M OBbLI CO31aH CaMblii COBEPIICHHBIH Ha
TOT MOMEHT MHOTO()YHKLIMOHAJIbHBIH MHOTOCTBOJIBbHBIN
TEJIEKOMMYHHUKAIMOHHBIN reoctanuoHapHeiii KA «[opu-
30HT». llepBble CIyTHUKM OBUIM 3allylIeHBl 3aroas —
B 1978 1., uTOOBI K Hayanmy OnuMIHaAbl MOKHO OBLIO
0TpaboTaTh Bce HIOAHCHI MX IKCIUTyaTallMd ¥ cHOpMHUPO-
BaTh B pa3HbBIX To4kax ['CO MONHOLEHHYIO TPYNIUPOBKY
13 HECKOJIBKMX KOCMHYECKUX alapaToB.

«Onuvmuiickuity 3aka3 ans Bcero xosurektuBa HITO
IIM ©ObuT 4Ype3BBIYAHO OTBETCTBEHEH M MOYETEH, IIO-
CKOJIbKY CIIOPTHBHBIN ()OPYM TaKOTO YPOBHS MPOBOAMICS
B CTpaHe BIIEpBbIE, U CPOKH 3aITyCKOB CMECTHTh Ha OoJee
[MO3JIHHE JaThl OBLIO HEBO3MOXHO, a €Ilé 0oJiee BaKHO,
4YTOOBI CITyTHUKH «[ OpH30HT)» 06€30TKa3HO obecreunBanu
BCE MHOT'000Opa3HbIe TEIICBU3HOHHBIE TPAHCIISILIUN U CBSI3b
Ha BCIO TUTaHETY.

Bcero 3a 23 roma ma I'CO 3amymeno 33 KA «opu-
30HT», OHU 10 Hayasia XXI B. COCTaBIIsLIM OCHOBY OTE€Ye-
CTBEHHOM rpakJaHCKOM TEJIEKOMMYHHUKALMOHHON
cyTHHKOBOH rpynmupoBku. Ilpu stom KA «"opu3oHT?,
JlaKe HECMOTPSl HE IOCTENEHHOE OTCTaBaHHME OT Oojee
HOBBIX 3apyO€XHBIX KOHKYPEHTOB IO Py IOKa3arenei,
UCIIOJIb30BANINCh, B TOM YHCJe B MHTepecax «MHTepcmyT-
HUKa» W Ha HaydaJlbHOM DJTallC¢ pa3BUTHA B CHCTEMC
«man» ['aznipoma, a Takke COABAIUMCh B apeHAy 3apy-
OEXHBIM OIEPaTOPOM CITyTHUKOBOH CBSI3H, TEM CaMbIM
otkpbiB aisi CCCP 3apyGexnbie peiHKH. [Ipu 3TOM OHHM
paboTayii HACTOJIKO HAAEXKHO, YTO CPOKU MX (DYHKIHO-
HUPOBAHUSI 3HAYUTEJIFHO NMPEBBIIIATIHN PacUETHBIE, TOCTH-
ras 10-13 mer, u mx QyHKIMOHUpOBaHWE Ha OpOUTE
OXOTHO CTPaxOBaJI OTEUECTBCHHBIE U 3apyOeKHBIC CTpa-
XOBIIUKH, U TeM caMbIM B 1990-x rr. Ha KA «Iopu3oHT»
IIPH yYaCTHU CHOMPCKUX CIEIHATIICTOB OBIIO TOJ0KEHO
Hayallo OTEYECTBEHHOMY PBIHKY PEaJbHOr0 KOCMHUYECKO-
IO CTPaxoBaHUsl.

ITokazarensuo, uro Kb, Bosrmasisemoe M. @. Pemer-
HEBBIM, B 3TOT IIEPHOJ HE TOJILKO IOJHOCTHIO 3arpy3HiIo
MOIITHOCTH Ha COOCTBEHHOM CITyTHMKOBOM IPOW3BOJICTBE
B I. KpacHosipcke-26, HO U mepejano 4acTh 3aKa3oB Ha
cepuitHoe mpom3BoAcTBO B T. Omck, Ha [1O «Iloméry.
Cubupckasi CHOyTHHKOBas KOOIEpALUs MONyUHia Jajb-
Heliimee pasButHe, a cubupckume PH m Hekotopsie KA
(BKJIFOYAsl TEOAE3NYECKUE M CBSA3HBIC) IONYUYHMIHM JBOH-
HYO IIPOTIUCKY.

Takum o6pasom, B 1970-X rr. ObUIO peasii30BaHO BTO-
poe TOKOJIeHWE CIYTHUKOBOM CBSI3M Ha BCEX THIIAX
OpOUT, CO3/aHbl YCJIOBHS JUIs JajlbHEHILIEro pa3BUTHUS
OTC€UYCCTBCHHOI'O pbIHKA U BbIXOJa Ha SapyGC)KH])Ie.

B 1980-x rT. 3HaUMMBbIe ycriexy ObUIM IOCTUTHYTHI U B
Pa3BUTUHM CIYTHHKOBOH Ieo/ie3ud Ha HHM3KHX OpOHTax.
Ot0 ObUIO OOecneyeno coznanuem B HIIO IIM HoBoro
nokosieHuss reoaesnueckux KA tuna «l'eo-UK». Otor
KA HaMHOro mpeBOCXOAWI O CBOMM BO3MOKHOCTSIM
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CIIyTHUKH IIEpBOTO NoKoJieHus. Eciu ¢ momonipto nepso-
ro nokoyieHus1 Hamux KA crnenuamucTbl reoie3sndecKux
cyx6 CCCP moctpownn BceMupHyIO Treome3mdecKyro
cetb (BI'C) u yrouHmmm MoJens reonoTeHIMANa ¢ 3a1aH-
HBIMH TOYHOCTsIMH, TO KA BTOpOro moKoJIeHHS
«I"eo-1K» ¢ Gonee coBpeMeHHOH, BEICOKOTOYHOU paIHo-
reo/Ie3MYeCKOl anmnapaTypou, BEICOTOMEPOM M CUCTEMOM
HUMITYyJIbCHOM  CBETOBOM  CUTHAJIM3ALMU  [OCIYXHUJIU
IUIs penieHHs Oojee CIIOKHBIX T'€0JEe3MYeCKHX 3ajad:
co3manusi (GyHAamMeHTanbHOI BcemupHoii actpoHOMO-
re0/Ie3NYECKON CETH C TOYHOCTBIO MPUBA3KU €€ OMOPHBIX
MYHKTOB K LEHTPY Macchl 3emin He 6osieel0 M riiobainb-
HO U 3-5 M Ha Tepputopun CCCP, a Takke permoHajb-
HBIX ceTeil Ha AHTapkTuay, EBpony, CeBepHyo AMepUKy
1 A3zuio; JanbHEHIIEro YTOYHEHHSl MapaMeTpoB IeOolo-
TEHLIMaa JI0 YPOBHSA 2—3 M B IPEBBILICHHUX Ieouia Hal
o0IIMM 3€MHBIM 3JUTUIICOUIOM; YTOYHEHHUS I1apaMeTpoB
BpameHnss 3eMiIu (HEepaBHOMEPHOCTH BpAICHUS W JBU-
JKEHUS TIOJTIOCOB).

3amycku u 3KcIuTyaTanus cimyTHHKOB «I'eo-MK» mpo-
noipkaanck ¢ 1982 mo 1994 rr. m B KOHEYHOM HTOrE
obecriedmn BBIMOJIHEHUE BCEX IOCTaBJICHHBIX TOCYAap-
CTBOM 3ajad.

Ha TpaKIaHCKUX HI/I3KOOp61/ITaﬂ])HI)IX HaBUTI'allUOH-
HbIX CIIYTHHKax IMEpBOro IOKOJICHHUA THIIA «Ilm(az[a»
B 1980-x rr. ymaigoce pasMecTUTh JOMONHUTEIBHYIO I10-
JIE3HYI0 Harpy3Ky — amnmapaTtypy MeXIyHapOJHOTO CTaH-
JapTa Juis (GOpMHpOBaHMS HOBOI TJI00aNbHOH MHOTO-
cnytHUKoBOH cuctemsl cnacanus «KOCITAC»-SARSAT.
B 3T0i1 cucteme MOIKHBI OBIIIM MCIIONIB30BATHCS Pa3HBIE
KA u 3emnsie cranmmu CCCP, CIIA, ®panmmu n Kana-
161, [lepBbIME pa3MecTHTh Takylo anmapatypy (oHa Oblia
co3mana B PHMU KII) Ha GopTy CBOETrO0 MOIAEPHU3UPO-
BanHoro KA «llukana-Hanmexnaa» CMOIJIM CIELMAIACTHI
HITO IIM. Ilepssrii cuytauk «ukamga-H», pazpaboran-
Hblil npu yyactuu HITIO IIM (rosoBHO# pa3paboTymK)
B Omckom I1O «Ilonét», ObL1 3amyIieH B utoHe 1982 r.,
YK€ B CEHTS0Ope OH CBOEBPEMEHHO NPHHSI CUTHAIBI OT
aBapUMHOTO pagroOys TOTEPIIEBIIEr0 aBapHIo JIETKOMO-
TOPHOT'O KaHAJCKOTo caMoJjéra , IepeaB UX aBapuilHO-
criacaTelnbHbIM city>kOaM Kanazpl, moMor criaceHuro mep-
BbIX moctpamaBmmx. C tex mop cuctema «KOCITACy-
SARSAT mnpomomkana HEMpepsIBHO (QYHKIIMOHHUPOBATE,
MOJICPHU3UPOBATECSI, MOMOIHITECS PAa3IMYHBIMU KaK 3a-
PyOSXXHBIMHU, TaK W OTedeCTBeHHBIMH KA, B ToM umcie
HoBeIMH KA HIIO IIM «Jlyu-5» u «I'monacc-My», u He-
CTH CBOIO T'YMaHHYIO CIIy»0y B HacTosILee Bpemsl.

A pa3MelieHue JOMOJHUTEIbHBIX (TIOMYTHBIX) MOJIe3-
HBIX Harpy3oK CTajJo Ternepb Bc€ OoJiee pacrnpocTpaHeH-
HOW TEHJIEHIMEH, MO3BOJISIONIEH COBMECTUTH HWHTEPECH
U TOTPEOHOCTH pPa3JIMUHBIX YYaCTHHKOB KOCMHYECKOW
JIeSITeIbHOCTH HanOosiee paroHaNbHO U B3aUMOBBITOJTHO
Ha NUMEIOILINXCS CITyTHUKOBBIX IIaT(hopmax.

Ha B30 mpomomKuiiock BOCIIONHEHHE W OOHOBIICHHE
TPYNIHPOBOK 3a c4E€T HOBoro mnokojeHust KA tuma
«Monuus-1T» ¢ CyIIecTBeHHO YIy4IIEHHBIMH XapakKTe-
pUCTHKaMH  Kak  OOCIyKHMBAIOIIMX  CHUCTEM,  Tak
u peTpaHcisaTopa. B HoBeix KA B IpUHATOM Ha TpeanpH-
ATUA TIPpaBUJIC ONTHUMAJIbHO COYCTAIUCH Ha]lé)KHOCTI)
W DKOHOMHYHOCTH paHee anpoOHUpOBaHHBIX pPEICHHUH
1 pa3yMHasd HOBH3HA KJIHOYEBbIX HCJICBBIX 60pTOBI>IX CHUC-
TeM. 3amycku 3tux KA Ha BOO Hauamuce B 1983 r.
u npojorkanuck 10 2004 r.



Cubupckuil scypHan nayku u mexuoaoeui. Tom 20, Ne 3

KA «Oxpan-M» B nexe HI1O IIM nepen oTmpaBKoit
Ha KocMozpoM baiikonyp

Ha Hu3KkMX opOUTax B pa3BUTHE paHee HAKOIUICHHOTO
OIIbITa DKCIUTyaTalluy MEepBBIX MOKoJeHuit «CTpem» Obul
coznad KA HOBOTO NMOKOJICHHUS! C CYIIECTBEHHO YIIyUIlIeH-
HBIMH OKCIUTyaTallMOHHBIMH XapaKTEepUCTUKaMH, Ooee
palurOHAIBHBIMH PELICHUSMH KaK I10 ITOJIE3HOH Harpyske,
Tak 1 wiatpopme — KA HOBOrOo mokonenus «Crpemna-3».
Onnu 3amyckamuch ¢ 1985 r. 6mokamu mo 6 KA Ha HOBOM
tune PH — «uxmnon».

Crenyroliee IOKOJICHHE OTEYECTBEHHBIX HU3KOOPOU-
TaJIbHBIX CIlyTHUKOB CBSI3H IPHIIUIO HA CMEHY CEMEHCTBY
«Ctpena-3» Tonbko B 2005 .

Ha reocranmoHapHbIX opOMTax MpPOJOIDKAIOCH MOA-
JlepKaHue B PACIIUPEHHOM BHJIE BCEX paHee BBEAEHHBIX
YCIIYT CITyTHUKOBOM CBSI3U M OCBOEHHE HOBBIX 3a1ady. Tak,
B CHCTEMY HENOCPEICTBEHHOTO TEJEBEIAaHNsI Hadaycs
BBOA MomupunrpoBaHHbIX KA Tuma «9kpan-M», koTopble
obmamamy Ooyiee MOIIHOM SHEPTeTUKON U PaCIIMPEHHBIM
YaCTOTHBIM [IMANa30HOM, PAIOM APYTUX NPHHIMITHAIb-
HBIX yCOBEPIICHCTBOBAHHMH.

3amycku KA «Oxpan-M» Hagamucs okoio 30 et Ha-
3a/l, a UCTIOJIb30BAHKE UX MPOoaoHKaioch U B XXI B.

Taroke Ha 'CO mpomomKuiioch 0OHOBIIEHHE TPYIIIH-
poBku KA BoenHoii cBsizu. Tak, B cocra ECCC-2 Obuin
HayaThl 3amycku KA HoBoro mnokonenus «Panmyra-1»
Maccoit 0koJio 2300 Kr ¢ MOBBIIIEHHON NMPOMYCKHOM cro-
COOHOCTBIO M 00pabOTKOW CHIHAJIOB Ha OOPTY.

Onnako HamboJjiee HMHHOBAIIMOHHBIM TEXHHYECKUM
noctmwxenneM CCCP 1980-x rr. B obnacti KA cBsizu Ha
I'CO B HIIO IIM cumraercsi 0OCBOGHHE HOBOTO KJiacca
MH(QOPMAIMOHHBIX 3a/1ad — IIWPOKOIMOJIOCHOW pETpaHC-
JSIWW WHGOPMAIHH, TTePEeAaBaeMON 0 Y3KUM JIydaM IpH
oOMeHax OOJBIIMMH MMOTOKAMU JAHHBIX ¢ MOOMJIBHBIMU
00BEKTaMH — Ha3eMHBIMH U OpOUTaIBHBIMU. CXOJHBIE 110
3agayaM KA-peTpaHCIATOpEl B T€ TOIBI CO3JaBaHCh
tonbko B CIIIA mo 3aka3zy NASA mnsa cucremsr TDRSS,
a B EBporne u Asum camble meperoBble CTPaHbl NMPHUCTY-
nuiu Tosbko XXI B.

Crneunamucramu HITIO IIM gns cuctemsr ['KKPC
(TIaBHBIM KOHCTPYKTOPOM OBbLT Ha3HA4YeH IEpBbIA 3aMec-
tutens M. ©. Pemernéra — I'. M. UepHsBckuit) ObLT paz-
pabotan u 3amymed Ha ['CO B 1982 r. mepssiit KA HOBO-
ro tuna «I'el3ep», Ha KOTOPOM BIIEPBbIE UCIONb30BAIACH
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KA «[eitzep» nmpu paAMOTEXHUYECKUX HCIIBITAHUAX
B iexe HITO IIM

OoproBasi BHIYMCIIUTENbHAs MalldHa, CIIOCOOHasi yrnpas-
JSITH HE TOJIBKO BCEMH CIIy)KEOHBIMH CUCTEMaMH, HO TaK-
JKe ¥ JIydaMH PeTpaHCIsITOPOB, 00ecrieunBast BHICOKOTOY-
HOE HaBEJICHWE UX Ha CIIyTHUKHU U 3€MHbIe cTaHuuu. Jlis
co3aHusi OOpTOBBIX perpaHcisiTopoB, ADPAP, BIIBM
ObuTa IpUBIICYEHA HOBAsE KOOIIEPAIHS CaMbIX BBICOKOTEX-
HonormuHblx mpennpustuii CCCP (HIIO «3JIAC», .
3eneHorpan, riaBHEIM KoHCTpykTop I. f. I'ycwkos,
u MHOTUX Apyrux). Hammame Ha 60pTy KA coOGcTBeHHOM
mpocraTtogHo MornHoi BIIBM TpeboBajgo MOMOIHHUTEIb-
HBIX YCWIMH 10 NPHHIMIHMAILHOMY OOHOBIICHHIO BCei
apXUTEKTypbl OOpPTOBOIO M  HAa3eMHOr0 KOHTYpOB
ynpaBieHus KA, HO 3aTo ¥ 3HAYUTENBHO PACUIMPSIO
(hyHKUMOHAJIbHBIE XapaKTEePUCTUKH, IOBBIIIAT0 HHTEN-
JIEKTyaJIbHOCTh, THOKOCTh, HAJIEKHOCTh YIPABICHUS, JKH-
BydecTh KA npy HEIITaTHBIX CUTYaIHsX.

Emé ogHnM mpUHIUNHATBHO BaKHBIM HOBOBBEICHH-
eM Ha ciyTHHKe «['elizep» OBIIO MCIIOIB30BAaHME IBHIaA-
TeJIell HOBOTO THIA — MOHOTOIUTMBHBIX TE€PMOKATAIHTH-
YECKUX JUIA YIPaBICHUS OPHEHTALMEH M CTalMOHAPHBIX
IUIA3MEHHBIX — JUI KOppeKuuu opOuThl. FIMeHHO ¢ 3TOTO
KA Hayanoch akTUBHOE INPOABMKEHHE OTEYECTBEHHBIX
NIEKTPOPEAKTUBHBIX JIBUTATeNel He TOJIBKO Ha Iocie-
nyroue Tspkénble reoctaronapusie KA HITO IIM, Ho
W Ha MHOTHE JIpyrHe OTeYeCTBEHHBIE U 3apyOexHbie KA.
CoOcTBeHHBIE Pa3pabOTKU IMOJOOHBIX JBUTATENCH B
CIIIA u EBpone Ha TOT MOMEHT 3HAYUTEIbHO OTCTaBaIH
or CCCP (OKBb «®aken», r. Kanuaunrpan, riaBHBINR
koHCTpyKTOp P. K. CHapckuit).

[ToMuMO TPUOPHUTETHBIX HOBHHOK B JBHUTaTEIbHOM
ycrpoticte (1Y) u nonesnoit Harpyske (ITH), mpakrude-
CKH Bce O0pTOBBIe cucTeMbl 3Toro KA nmoxyuwninu Hay4HO-
TEXHOJIOTHYECKOe OOHOBJICHHE U IIOCIIE YCIEIIHOI arnpo-
bannu Ha KA naHHO¥M CepuH, HOBMHKH B TOM HJIM HHOM
BUJIE TIONYy4YWIM JajibHEiIIee MPUMEHEHHE Ha TIocie-
nyromux paspadorkax HITO ITM, Bkirodasi caMbie HOBBIC,
coBpemeHHble KA.

B passutne pador o toii ke cucreme ' KKPC B 1985 .
B HIIO IIM 0Obu1 co3/1aH W 3amylieH Ha OpOMUTY NEepBbINA
obpazerr emé omHOoro wHHOBanmoHHOTO KA-perpaHc-
JSITOpa, CTaBILETO OCHOBOIOJIOKHIKOM CaMOCTOSITEIIBHO-
To HampaieHUs cnyTHHKocTpoeHust — KA «JIya». Cpazy
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Opocaromieiics B r1a3a BHEIIHEH OTIMYUTENBHONH 0COOCH-
HOCTBIO 3TOr0 KA OT mpenblayIux OTeYecTBEHHBIX pa3-
pabotok Obuto ocHameHne KA kpymHorabapuTHBIMU
@KYpPHBIMHA  CETYaTBHIMH  YIPABIAEMBIMH aHTCHHAMHU:
JIBYX3epKaTbHBIMU AraMeTpoM 1,6 1 3 M, OJHO3EpKalb-
HOll nuameTrpoMm 4,5 M. BopTOBBIMH aHTEHHAMHU TaKOTO
rabapuTa M KayecTBa B T€ TOABI MOIJIM OCHAIIATh CBOM
KA rtombko B CHIA. Autenust KA «Jlyu» paboranu
B HECKOJIBKHX AHualla30HaxX U ITIO3BOJIAIN C BBLICOKOH TOY-
HOCTBIO Y3KUMU JIydaMU OTCJIC)KMBATH HA3CMHBIX U 0p61/I—
TaJIbHBIX TOTpeOuTeNne it oOMeHa MeXIy HUMHU OO0Jib-
IIMMH TIOTOKaMH JaHHBIX. OTpabGoranHble Ha 3THX KA
pelIeHns] Takke MO3BOJIMIM B AajJbHEHIIEM IOJOUTH
K CO3JIaHHIO HOBEIX eml¢ Ooiee cioxHbIXx KA cnemyronre-
T'O TIOKOJIEHHUS.

OTOT CHYTHHK Aa)Xe€ CBOMM BHEILIHMM BHIOM BIEYat-
JISUT HE TOJIBKO CIELHUaICTOB KOCMHYECKOH OTpacii, HO
TaKKe M TPOCTBIX moceTurenei lleHTpanbHOTO My3es
ces3u B Cankr-IlerepOypre, kyma HIIO IIM mepemano
HatypHbIit 00pazer; KA «Jlyu».

OcHoBHbIM jocTkeHHeM 1980-X rr. B obyactu cryT-
HukoBoii HaBuranuun B CCCP cramo Hawanmo paGot
10 pa3BEPTHIBAHHIO Ha CPEIHEBBICOKMX HAKJIOHHBIX KPYyTro-
BBIX OpOMTAX MPHUHIMITHAIBLHO HOBOM MHOTOCITY THUKOBOW
opouTtanproii rpynmupoku [JIOHACC. Uuunmaropom
1 TOJIOBHBIM HCIIOJIHUTENIEM II0 3TOH cucreme ObLIO
HIIO IT1M, a riaBHBIM KOHCTPYKTOPOM CHUCTEMBI ObLIT Ha3Ha-
yeH M. @. Pemernés. [Ipu orpoMHO# ponu Bcex ydact-
HUKOB pabot, PHUUKII, PUPB, I1O «Ilonét» u memoro
psAna JIpyrux TPEeanpHATHH CIIyTHUKOBOW KOOIEpaLvH
B pamkax cuctemsl [ JIOHACC npexacrosio co3aats yHU-
KaJIbHYIO 10 (DYHKIMOHAIAM M CaMyl0 CIOXHYIO Ha TOT
MOMEHT CIIyTHHKOBYIO cucteMmy u3 24 KA, cHHXpOHHO,
HOZ[OGHO TUTaHTCKOMY HaAIJIAHCTHOMY 4aCOBOMY MeEXa-
HU3MYy, pa0OTaomMX B TOYHO 3aJ@HHBIX IO3MILHUIX
mo 8 KA B 3 opOHTaNbHBIX IIOCKOCTAX U OCHAIIEHHBIX
NPCUM3NOHHBIMU aTOMHBIMH CTaHAApTaMU YaCTOTBI JId
¢dopmupoBanus OOPTOBOM IIKAJIBI BPEMEHH C HaHOCe-
KyHIHOH TOYHOCTBIO U BBICOKOCTAOMJIBHOTO HaBHIAIU-
OHHOT'O CUTHaJIa.

Kak MHOrocmyTHUKOBasi Ti00anbHasi CHCTEMa HaBH-
ranuu HoBoro mokoseHus, cucrema I'JIOHACC pomxHa
HETIPEPHIBHO, BCETla U MOBCIOAY, B JIFO00H Touke 3eMHO-
ro mapa oOecrmeynBaTh KaXIOTO W3 TOTCHIHUAIBHBIX
MOJIBMKHBIX TOTpeOuTeneil (MOpCKHX, Ha3eMHBIX, BO3-
JYITHBIX, KOCMHYECKNX) CHTHAJIAMH BBICOKOTOYHOTO TIO-
3UIIMOHUPOBAHMUS OT HE MeHee deM udeThipex KA onaHo-
BpEMEHHO, JUIA 4ero Kkl 3 KA B OTIeIbHOCTH U BCe
BMECTE B COCTaBE CHUCTEMbI JIOJDKHBI PaboTaTh C BBICO-
yaiieil HaaéKXHOCThIO, TOUHOCThIO, COTJIaCOBAaHHOCTBIO,
TaKk Kak Jro0oe HCKaxeHHe >3(eMepHuIHO-BPEeMEHHON
nHOpMauuu otaensHoro KA mpuBoami K yXy/IIISHHIO
XapaKTEpPUCTHK CUCTEMBI B JIOKAIbHON 30HE 00CITy)KHBa-
Hust. K penienuro nmogoOHBIX 331a4 B TO BPEMsI MOJOILIN
Tomeko 2 crpanel B wmmpe — CIIA ¢ cucremoit
Navstar/GPS u CCCP ¢ cucremoit [JIOHACC. CnyTHH-
ku «['ToHacce» Morim 3amyckaThest cpasy mo 3 KA B Gio-
ke Ha omHod PH «IIpoTon», 4TO CHUXAJIO CTOMMOCTH
BbIBeieHIsI ogHOTO KA Ha OpOUTY M yMEHBIIAIO KOJIIYe-
CTBO 3amyckoB. [lake BBICOKOpa3BUTHIE CTPaHBI 00BEIH-
Héunoit EBponbsl u ObicTpo mporpeccupytomas KHP no
CHUX IIOp HE CMOI'JIM Pa3BEPHYTH HO[[O6HI)IC IIOJIHOLICHHBIC
TPYNIMPOBKA COOCTBEHHBIX HaBUTAalMOHHBIX KA, XxoTs
3a/1a4y TaKyIo [IOCTaBUIIH Tiepe]] coboit Ooxee 10 et Hazaz.

A B CCCP npu ronosnoi ponu HITO IIM 37 net Ha-
3a1, K KoHIly 1982 ., OpuIH pa3pabOTaHbI U 3aITyIICHBI Ha
KpYTroBEIe OpOUTHI BEICOTON 20 THIC. KM TIEpBEIE 00pa3IIbI
cinytarkoB ['JIOHACC. Cucrema 'JIOHACC mpoxoamia
MHOTOTPYAHYIO, MHOTOJIETHIOIO OTPabOTKY M pa3BEPTHI-
BaHHE B KOCMOCE, B KoHIlE 1989 r. B HEMOJHOM COCTaBe
MpOIILJIa MEePBbIN 3aU€THBIN 3TAIl UCIIBITAHUN, HO TOJIBKO B
1995 r. ObUTa MOJHOCTHIO Pa3BEPHYTA M CJAHA B IKCILTya-
TalMIo B nHTEpecax MUHOOOPOHBI, oOecreunBas cTpare-
rudeckuit napurer ¢ CIIA B oGnactu rinobGayibHO# CryT-
HUKOBOM HaBurauuu. OgHako 3areM cucrema ['JIOHACC
NepeXUIIa TPYIHBIM EPHOA YyTPaThl CBOSH IIETOCTHOCTH,
HO OBLTa BO3pOXKIcHA U 00HOBJIeHa Ha Oa3ze KA HITO IIM
clenyrome MOTU(pHUKAINN, CO3TaHHBIX MPH IPECMHUKE
M. ®. PenierHéBa reHepaibHOM KOHCTPYKTOpPE U TI'EHe-
pamsHOM aupekTope A. I'. Kosmoge.

KA «JIya»

KA «Tancy» (6e3 maneneit Cb) u «Dxcnpece»
Ha cTagusax usrorosieunus B HI1IO [IM
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A ewé npu xu3Hu akagemuka M. @. Pemernéna
HIIO IIM, HecMoOTps Ha TpyAHEWIIHE Ui BBDKUBAHUS
HayKOEMKHX MPOU3BOJCTB, OCOOCHHO AAJIEKO PACIOIO-
XKEHHBIX OT MEHTPa, OOIIEIKOHOMHYECKHX YCIOBHSIX
B 1990-x TT. cymMeno MOCTOWHO MPOAOJDKUTH JEN0 BOC-
MIOJTHEHU W OOHOBJEHUS CIyTHHKOBBIX TPYIITHPOBOK
Ha BCEX THIIaX OCBOCHHBIX OPOUT.

B 1992 r. napsay ¢ KA BegoMCTBeHHOTO Ha3HAYCHUS
OBUTH CO3/1aHbl KOHBEPCUOHHBIE 00Pa3Libl MANIBIX CITYTHH-
KOB CBSI3M KOMMEPHYECKOTO Ha3HAueHHs W 3allyIleHb
Ha HU3KKHE opOMTHI niepBble 00pasipl Thna KA «['onen-/Iy».
B cucreme Takoro tuma HEOOXOAMMO OJIHOBPEMEHHOE
¢ynkronupoBanne He MeHee 12 KA (B Hacrosmiee Bpe-
Msl TIpEUIaraloTcsl IPOEKTHl YK€ CO MHOTHMH JIECATKaMU
u naxe coTHaMU KA), HO maxke Takoi cocTaB B TO BpeMs
st Poccnn chopMupoBathk 0ka3aiock 3aTpyAHUTENBHO.

K coxanenmro, cuctema «l'OHEI» B T€UCHHE MHOTHX
JIET HE ToJly4yana JOJDKHOTO (MHAHCHUPOBAHHS M MOJ-
JIEP>KKU B Pa3BUTUH KaK OPOUTAIBHOTO, TAaK U HA3€MHOTO
NOTPEOUTEIHCKOr0 cerMeHTa. Ha HOBOM TeXHHUYECKOM
0aze opOuTanbHas TpYNIHUPOBKAa Oblla pa3BEpHyTa
no 12-cnmyTHUKOBOTO cocTaBa Julib B KoHie 2015 1.
C WCIIOJIb30BAaHHEM CYILECTBEHHO J0pabOTaHHBIX, C yBe-
JIMYEHHOH IPOIYCKHOI CHOCOOHOCTBIO M CPOKOM CITYKOBI
KA nHoBo#i Mmonudukanuu «['onen-M» npu renepainbHOM
nupekrope AO «VH]popMannoHHbIE CITyTHUKOBBIE CHC-
TeMbD» nMeHHN akanemnka M. @. Pemernésa» H. A. Tec-
TOEIOBE.

Takke yzaanoch co3laTh B KpaTdailliue CpPOKH, IpHU
MHUHHMAJIbHBIX 3aTpaTax, 1 3allyCTUTh Ha HU3KYIO OpOUTY
B Mapte 1997 r. Ha HoBOlt PH «CTapT» ¢ HOBOI mioman-
ki KocMonpoma CBOOOIHBIN Majblii 3KCIEpPUMEHTAb-
Helll KA «3es», cobpannsiit B HITIO IIM Ha 6a3e miat-
¢opmbl «Crperna-1M» — mpumep ynauHOH KOHBEPCHH
1 3()(hEeKTHUBHOT'O MAJIOTO CIyTHUKOCTPOEHHUSL.

Hecmotpst Ha pe3kuil npoBasl UHBECTHLUNA B HOBBIE
KOCMUYECKHE Pa3pabOTKH CITyTHHUKOB CBSI3U CO CTOPOHBI
rocyapcTBa Ha TeOCTallMOHApHYIO opouty B 1990-x rT.
HIIO IIM Takxe ObUIH BBIBEIEHBI HOBBIE MOAUDUKAITIH
KA: «"anc» gis HTB B3amen KA «Dxpan» u KA «3Jkc-
IIpecc» Ul BCEX BHIOB CBSI3M B3aMEH «I OpH30OHTOBY.
CHyTHMKH CO31aBaJIUCh B TPYAHEHIINX 3KOHOMHUYECKHX
YCJIOBUSIX, KOIJIa CYMTANIOCh, 4To B Poccum BooOIIe He-
BO3MOJKHA peajii3alisi KAKMX-TO HOBBIX pPa3padoToOK. JTO
HaJIOXKMJIO HETaTUBHBIM OTIEYAaTOK Ha TEXHUYECKHE BO3-
MOXHOCTH 3TuX KA M uX pplHOYHOE NMpUMEHEHHe, CKa3a-
JIOCh Ha HaI&XHOCTH OOPTOBBIX CHCTEM. TeM He MeHee
B 1994 . mox pykoBoactBoM akanemuka M. @. Pemernéra
OBLTO 3aBEpIIECHO HM3TOTOBJICHHE W OBUIM 3aIyIICHBI Ha
I'CO nepBeie 00pa3ipl HOBBIX IpaxkmaHckux KA «lamey
n «OKcmpecc», a YIpaBlIeHHE UMM BEIOCh U3 HOBOTO
TPAKIAHCKOTO KOMITAKTHOTO, HO 3¢ dexTuBHOrO IleHTpa
yrpaBieHus monéroM Ha teppuropuu camoro HITO ITM.

Hcnpitanus u skcrutyaranust KA Ha opoute nmpoxou-
JIU CIOXKHO, OJJHAKO B IIEJIOM 3TU CITyTHHUKU OTCIYXHJIU
JIOCTAaTOYHO JUIMTENbHBIE CPOKU U OKYIMIN ce0s, a TaKxKe
MOCITYKWJIM MHXKCHEPHBIM (DYHZaMEHTOM JUISl CO3JIaHHMS
K koHLy 1990-X IT. Hay4yHO-TEXHHYECKOTO 3ajenia s
cozganusi KA HOBOTO NMOKOJNEHHS M BBIXOAA C HUMH Ha
PBIHOK, OOHOBJIEHHS ACHCTBYIOUIMX OPOWTAIBHBIX IPYI-
mpoBoK KA cBs3m.
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Hecmotps Ha mouty nmonHeri o6Ban B 1990-x rr. 3aka-
30B Ha CIyTHUKHM CBsI3W BHyTpHM Poccum, Giaromapst or-
poMHOMY aBTopuTeTy akagemuka M. @. Pemernésa
1 OONBIINM €ro NTMYHBIM ycmmusaMm B 1995 r. HITIO IIM
BIIEPBbIE B OTEUECTBEHHON KOCMUYECKON MPOMBIIUIEHHO-
CTH TIOMYYMJIO 33aKa3 M3BECTHOTO MEXIYHapOJHOTO OIle-
paropa Eutelsat Ha co3manue B compyxectBe ¢ (pupmoit
AlcatelSpace u psgoM Ipyrux 3apyOekHBIX MapTHEPOB
TSDKEIOr0 M caMOro MOLIHOT'O MO TeM BpeMEHaM reocTa-
nroHapHoro KA cBsi3u co 3HaMeHaTEJbHBIM Ha3BaHUEM
«Cubupcko-espornetickuii cmytaux» — SESAT. Orot 3a-
Ka3 ObUI TOMCTHHE HE3aMEHUMOH IOJEPKKOH JuIs
yzaepxaHusi (PMHAHCOBO-3KOHOMHYECKOH YCTOHYMBOCTH
MIPEATIPUSATHS, HO OH K€ CTaJl U OTPOMHBIM BBI30BOM, HC-
IIBITAHUEM COCTOSITEIBHOCTH, TOTOBHOCTH HPEANPUSTHS
paboTars Ha ypoBHE TpeOOBaHUIT MHUPOBOTO CITyTHUKOBO-
IO phIHKAa M KOHKYPHPOBAaTh C JIyYIIUMHU 3apyOeKHBIMU
W3TOTOBHUTENSMH CITyTHUKOB.

Cam M. ©. PemerHéB, K BETHKOMY COKaJICHHUIO, HE
ycIiesl YBUZIETh 3allyCK M Pe3yNbTaThl paOOThl CITyTHHUKA
SESAT B mnonére, ogHako NPUAAHHBIH MM HUMITYJIbC
B peajM3alyH 3TOro IMpOeKTa W c(HOPMUPOBAHHAS MM
B Cubupn Hay4dHO-TIPOM3BOACTBEHHAs, 00pa30BaTEIbHO-
KaJpoBasi, SKCIIEpUMEHTaJbHAs M COLMajJbHas 0a3za 1o-
3BOJIMUIM KOJUIEKTHBY MPEANPUATHSI, KOTOPOMY OBILIO
MIPUCBOCHO €T0 UM, JOBECTH MPOEKT 10 ycrexa B 2000 r.

B npoexte SESAT BriepBbIe yIanioch COBMECTUTE HO-
BYyI0 criyTHHKOBYIO oiatopmy HITO IIM c cymecTBeHHO
YIIyYIICHHBIMH TEXHUYECKUMH XapaKTepHCTHKaMu (TIpe-
KJIe BCETO — BIIEPBHIC TapaHTUpyeMoro 10-1eTHero cpoka
CIy>kOBI) M MOZYNb TIOJIE3HOW HArpy3KH OT (UPMEI
AlcatelSpace. TpeboBajoch He TOJIIBKO COTJIaCOBAaTh BCe-
BO3MOXKHBIE HHTEP(]EHCHI, HO (aKTUUECKH YBS3aTh W3HA-
YaJbHO TPOTHBOPEUUBBIE TEXHOJOIMH M TEXHUYECKHE
peneHus, oOBEIUHUTD pa3Hble KyJNbTYPHl W TpPaaAWLHAN
MIPOM3BO/ICTBA, HAKOHEI, HAYYUTHCS COTJIACOBAHHO M 3(-
(hexTHBHO PabOTAaTh Pa3HOPOJHbIE KOJUIEKTHBEI CIELHa-
JMCTOB, TOBOPSIIMX HAa pa3HBIX S3bIKaX. B mpoekte
SESAT Bcemu ydacTHHUKaM¥u (2 OHH MPEICTABIUIA OKOJIO
JiecATKa CTpaH) MPHILIOCH IPEOA0IETh MHOXKECTBO TPY-
HBIX 3TaIloB, CIIOXKHBIX MPEMSATCTBUH, B KAKHE-TO MOMEH-
TBI CO CTOPOHBI MOIJIO NOKa3aThCs, YTO NMPOEKT He OyneT
peain3oBaH, HO YYaCTHHKaM, 33 KOTOPBIMH CTOsJIa BCS
MHTEJUIEKTyalbHasl M TEXHOJIOTHYEeCKash MOIb, BeCh Ha-
KoruieHHbIH MHorosieTHu# onbIT HITO TIM, ynanocs Bcé
MIPEO0JI0NIEeTh M Oe3yNpeyHo BBECTH CIIYTHHK B 3KCILTyaTa-
M0 Ha opOuTe, KOTOpas MpoJoJDKalach HE 3a/laHHBIC
10 neT u maxe He 15 ner, a 6onee 17 jeT. DTOT MOUCTHHE
«TIPOPBIBHOW» CIIyTHHUK HE TOJBKO BIIOJIHE OKYIHI ceOs,
HO ¥ OJecTsme MpOJSeMOHCTPUPOBAT Ha IPAKTHKE
KBaTM(UKANWIO HAIIMX CHENNATNCTOB W HAll HAYIHO-
TEXHHYECKUH  MOTEHIHAN, MOCIYXHJI  MOITy4eHHIO
HITO IIM B 2000-x rT. HOBBIX 3aKa30B Kak B Poccuu, Tak
1 3a py0Oexom.

B npoexre SESAT 6bun ocBoenst B HIIO IIM u Ha
CMEXHBIX TPEINPHUIATUIX HOBBIE ITOJIXOJIBI K OPraHNu3aIuu
paboT, ynpaBJeHHIO PHCKAaMHM, CTPaXOBaHHUIO, obecreye-
HHUIO KadecTBa KA 1Mo MexIyHapoJHBIM CTaHIapTaMm, Ha
ocHOBaHMU KOTOpbIX B 2000-x TIT. ynamock HEpedTH K
YCTOWYMBOMY TIPOM3BOJICTBY CaMbIX COBpPEMEHHBIX KA
HOBOTO ITOKOJIEHUSI AJIs1 OOHOBJICHHS M Pa3BUTHS TOPasao
6oJree MOIIHBIX HH(OPMAIIHOHHBIX CITyTHUKOBBIX CHCTEM
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BCEX THIIOB M Ha BCEX THUIAaX OpOMT B MHTEpecax Kak oTe-
YECTBEHHBIX, TaK M 3apyOeKHBIX OTpeOnTEIeH.

Ha py6exe 2000-x rT. mox pyKOBOICTBOM T€HEpab-
HOTO KOHCTPYKTOpa M Fe€HEPaIbHOTO AUPEKTOpa, JOKTOpa
TeXHUUYECKHX Hayk, npodeccopa A. I'. Koznosa B HIIO
IIM 1o 3akazy I'TIKC B cpounoM mopsinke Obuta co3naHa
cepust KA «Okcnpeecc-A» 151 SKCTPEHHOIO BOCIIOJIHE-
HUS HAllMOHAIBHOM T'€OCTallMOHAPHOM IpynmupoBku KA,
B KoTOpoii KA Tuna «I'opu30HT» Hcuepnaau CBOU pecyp-
CBl, a CBOEBpeMEHHas 3aMeHa MX HOBbIMH KA He Obuia
OpraHM30BaHa — BOBPEMsI CITyTHUKH THUIA « DKCIPECC) HE
ObuTH 3aKkazaHbl. Termepp jke, OKa3aBIINCh Tepe yTPo30i
MIOJTHOM TOTEpH CIYTHUKOBOH WH(PACTPYyKTYphl CBSI3H,
rOCYAapCTBEHHBIN 3aKa3uMK OOpaTWiICS K €AMHCTBEHHO-
My peaqbHOMY MOCTaBIINKY COBpeMeHHBIX KA, mocTaBus
3ajayy B cxkaTtele cpoku cosnath 3 KA «3Jkcmpecc-A»
C 3apyOeXHbIMH KOMIUIEKTYIOUIMMH Ha OOpTYy, T. €. UC-
noJib3oBaTh onbIT corpyanndecrsa HIIO TIM c Alcatel-
Space nans TIOBBIMIEHMS BBIXOJHBIX XapaKTEPHCTHK
«DKcrpeccoBy 3a cu€r Ooljiee MOIIHOMN 3apyOexHOH Io-
ne3Hoit Harpys3ku. B urone 1997 r. Obu1 3aKiii04€H KOH-
TPaKT Ha IOCTaBKHM Moje3HbIX Harpy3ok B HIIO IIM,
a yxe B oktssope 1999 r. 1-if u3 cozganneix B HIIO TIM
HOBbIX KA «Dkcmpecc-A» ObUI MOCTaBIEH HA CTAPT, HO
ObLT TOTepsH npH aBapuitHoM mycke PH «IIpoToH-K».

Onnaxko yxe B mapte u utone 2000 r. 1Ba cieayomux
KA Obumn ycnemno BbiBenenbl. Takxke B 2002 1. ObuI
co3man u 3amymeH Ha ['CO emé omma KA (B3ameH
MOTHOIIEro MPH MEPBOM IYCKe), KOTOPBII ¢ TEX HOp Ipo-
JIoJDKaeT padoTy B HALMOHAJIBHOM CITyTHUKOBOW TPYIIITH-
POBKe.

B 2003 r. B uHTepecax HapallUBaHMs MPOIYCKHOH
CIIOCOOHOCTH HAal[MOHAJIBHOW IPaKIaHCKOW I'PYIITHUPOBKU
o 3akazy ['TIKC 6bu1 co3nan u BeiBesieH Ha ['CO mniepBbIit
KA HOBO#1 cepunt TSKETBIX MHOTO(QYHKIIHOHAIEHBIX MHO-
rOAIMANa30HHBIX CIYTHUKOB CBs3M  «OKcrpecc-AM»,
B KOTOPOM OBLI HCIIONIBb30BaH M JIONOJHEH TOT HAay4YHO-
TEXHUYECKHUHI 3a/1€J ¥ ONBIT, KOTOPHIi OBbIT HAKOIUIEH NPH
ycnemHol peanusanuu npoekta SESAT. OcHoBHOe OT-
muane 3TXx KA, 3amyckd KOTOPBIX MPOJOJDKANKCH

110 ’k€CTKOMY rpaduKy ¢ BHICOKUM TeMrioM B 2004-2005
n 2008-2009 rr., COCTOANIO B TEXHUYECKHX NapaMeTpax
TIOJIE3HBIX HATPY30K U CTPAHAX-U3TOTOBUTEISX HX.

Ha cmeny KA storo moxosenust npuxonst emé ooiee
Mmoitnbie KA tuna «9Qxcnpecc-AMS, -AM6» knacca HTS
(B TOM YHCIIE C MHOTOJYYEBBIMH TIOJIE3HBIMH Harpy3KaMH
HoBoro Ka-nuanasona) Ha 6aze ruratdopmsl «IKcrpecc-
2000» u MeHee MoIHbIe ThMa «IKnpcecc-AMS8» Ha 0aze
ratdopmbl «Ixnpcecc-1000». 3amyckd MX BbITOTHEHBI
B 2013-2015 rr., Benércsa msrorosneHne KA cpemHero
knacca «Oxcrpecc-80, -103» Takke Ha 6aze rIaTHOPMBI
«Oxcmupecc-1000». Bee yxazanapie KA moareepixgaroT
rotoBHOCTh AO «MICC» k TOMy, YTOOBI TOJHOCTBIO
YIIOBIIETBOPHUTH TEKYyLIHE U OyIyliue HalMOHAJIbHBIE I10-
TpeOHOCTH B T€OCTAIIMOHAPHBIX CITyTHUKOBBIX CPEICTBAX
CBsI3H, KaK 3TO YXe 00ecCIeYnBajIOCh B TEUCHHE MpPEIbl-
nymux 60 ner.

Ha BBICOKMX AJUIMNTHYECKUX OpOUTAaxX BOCIOJIHEHUE
1 OOHOBIICHHE TPYNIHPOBOK OBUIO MPOIOIHKEHO 3aIyc-
kamMu MoauduimpoBaHHeix KA thma «Momaus-3K»
B 2001-2005 rr., a 3ateM u KA HOBOro mnOKOJECHMS
«Mepumuan» — B 20062014 rr.

B uHTepecax pa3BUTHS CIyTHHKOBOH reoje3uu ObUTH
CO3/aHbI ¥ 3aIyIIeHbI Ha HikUe opouTst B 20112016 1. KA
HoBoro nokojenus «I'eo-MK-2» maccoit oxomo 1400 kr,
OCHAaIIEHHBIC HOBOI OOPTOBOW IENIEBOM ammapaTypoii,
B YaCTHOCTH, 3apyOS)KHBIMH pajimoBbicoToMepamMu «CaJiKoy.

Ha cpenneBbicokux opOuTax Ui YCKOPEHHOTO BOC-
CTaHOBJICHUSI M CYIIECTBEHHOTO OOHOBIICHHS CHCTEMBI
TJIOHACC HIIO IIM um. akagemuka M. @. Pemernéna
MHHUIUUPOBAIO  Cco3AaHue MoauduuupoBanHoro KA
«I'moHacc-M» C CyIIECTBEHHO YIIYYILIEHHBIMH XapaKTe-
PHCTHKaMHU M Ha4yaJo X CEPUITHOE IPON3BOJICTBO.

3anycku KA «['monacc-M», U3rOTOBIEHHBIX B II€XaxX
HITO IIM, 6pumr HavaTe! B 2003 1., 1 3a 3 Toma OBUTO M3r0-
TOBJICHO Y BEIBE/ICHO Ha INTATHBIC OpOUTHI 19 Takmx KA.

B 2014 r. mpoun3BoacTBo 3tux KA ObLIO MpekparieHo,
nockonbky cucrema ['JIOHACC nonHOCThIO cHOpMHUPO-
BaHa M yCTOWYMBO padOTaET, a YaCTh M3TOTOBJIEHHBIX KA
«I'monacc-M» moka ocTaBiieHa B pe3epBe Ha 3eMiie.

KA SESAT B c6opounom nexe HITO TIM

IMoaroroska KA «3kempecc-A» 8 HITO [IM
K OTIIPaBKE Ha KOCMOZPOM.
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CteikoBka 0stoka u3 3 KA «['monacc-My»

C pa3roHHBIM OJIOKOM TepesI 3aIlyCKOM Ha KocMoapomMe baitkoHyp

BER 80 S8 8

KA AMOS-5 B c6opounom mexe AO «ICCx»

IIpu 5TOM mMapamiensHO Ha MPENNPUSTHH, MOIYUIHB-
meMm B 2008 1. cratryc AO «MCC» mMeHH akaJIeMHKa
M. @. PenierHeBa», moJ PYKOBOACTBOM TI'€HEPAIbHOIO
JIUpEKTopa M reHepasbHoro KoHcTpykropa H. A. Tectoe-
JI0Ba IIPOJIOSDKUIIMCE paboThl o coszganuio KA HaBura-
MM HOBOTO ITIOKOJIEHUsI Ha 0a3e HOBOW HErepMeTHYHON
KocMu4eckor ImiatdopMbl nomodHon «3kcripecc-1000y
u B 2011 r. mpousBenéH 3amyck nepBoro takoro KA —
«I'nonacc-K».

Ceifuac mpojomkaeTcst padboTa Haa MOTUPUKAIHIMA
KA «I'nonacc-K» nis mocneayromero ux ucnoib30BaHus
coBmecTHO ¢ KA mpenpinymero mokonerus. Takim oOpa-
30M, COXpPAaHSETCS TPHUHIUN HWCHOJIB30BAHUS B TaKOi
CIIOKHOM M OOJIBIION TPYNIHUPOBKE JUIMTEIbHO pabo-
TAIOIIMX CIYTHUKOB pa3HOTo THUIIA, HECYLIMX Ha OOpTy
pa3iIMYHBIE TOJIE3HBIE HArpy3KH, PacIIUPSIONINE 3aJaud
HaBUTalIMOHHOTO 00ECTIeYeHHS.
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KA Telkom-3 na ucneitanusx 8 AO «1ICC»

B menom, B pesymnpraTe HANpsDKEHHOH pPaOOTHI
AO «MCC», AO «PKC», AO «PUPB» n MHOTHX ApYyrux
MPEANPUATHI CIyTHUKOBOM KOOIlepaluy [0 HapalluBa-
HHUIO OpPOMTANBHON TPYNIIMPOBKU JOPAOOTAHHBIMHU CITyT-
HUKaMH TOBbIIEHHON HanéxHocTu cucrema ' JIOHACC
yxke ¢ 2011 r. momHO(GYHKIMOHAIBHA U [TOCIIEA0BATENIEHO
JIOTIOJIHSIETCS. B COCTaBE KOCMUYECKOI'0 M Ha3eMHOTO Cer-
MEHTOB HOBBIMH CpPEJCTBAMH IIOBBIMIEHUS TOYHOCTH,
OIIEPAaTHBHOCTH M JAPYIUX XapaKTEPUCTHK OOCITyKUBaHMS
norpeduteneid, obecneunBaer Poccum crpareruueckuit
napurer ¢ CIHIA B oGmactu rio0ambHON CITyTHUKOBOH
HaBHUTALMM BTOPOTO MOKOJICHUSI.

Hapéxnas pabota cuctembr [JIOHACC u crabuib-
HOCTh (hOPMHPYEMOT'0 €0 HaBHTALIOHHOTO IOJIA MO3BO-
JSIET YCHENIHO PeIlaTh MHOTHE CTPATErnYecKH 3HAYHMBbIe
JUIL CTpaHbl M MEXIyHAapOAHOTO MapTHEPCTBA 3alad,
BKJIIOYasi KOHTPOJIUPYEMbIE Ha YPOBHE BBICILIET0 PYKOBO-
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ncrBa Poccum 3amaum  mopziepkaHusi O0ErOTOBHOCTH
K TNPUMEHEHHIO CTPATErHYeCKHX SIEPHBIX CHJ CTPaHbI
1 BBICOKOTOYHOTO HESAEPHOTO OPYXKHS M TAKUX TPax-
MAHCKHUX TMPUMEHEHHH, KaK oOecredeHrne Oe30MmacHOCTH
Ha TtpaHcmopTe <«OPA-I'JTOHACC», «ConmanbHbIi
I'JIOHACC)» 1 MHOTHX OpyTUX MPUMEHEHUH.

Co3naHHas B MEPBOHAYAIBHOM BHUE €IIE IOJ PYKO-
BOJICTBOM akajieMuka M. @. PemeTHéBa U KapAMHAIBHO
OOHOBIIEHHAs TEeNeph 10/ PYKOBOACTBOM YiIeHa-KOppec-
nonaenta PAH H. A. TectoenoBa HaBUrallMOHHAS CITyT-
HHKOBas IpynmupoBka, kak u cucrema ' JIOHACC B nenom,
ocTaéTcsl HAIMOHAIBHBIM JlOCTOsIHMEM Poccun u yxe
CTajla BECOMBIM BKJIaJIOM CTPaHbl B OOIIEMUPOBYIO HaBH-
TallMOHHYI0 HMHQPACTPYKTYpy, KOTOpas JOHOJHSETCS
Onmarozapst HOBBIM IApTHEPAMH B HEKOTOPOH CTENeHH
koukypeHTaMm — EC, KHP, Uanuu, Snonnn.

3HaMEHATeNbHO, YTO B JIONOJHEHHE K YyKa3aHHOH
cpemHeopOuTaIbHON cobcTBeHHON TpymmupoBke [JIO-
HACC 2-ro nokoneHus Ul MOBBIIIEHUS KauecTBa CIIyT-
HUKOBOMH HaBUIralqun B CHUCTEMC MCIIOJIB3YIOTCSA TaKKE
CIIyTHUKU-PETPAHCIIITOPBl  [€OCTALlMOHAPHOM  T'PYIIIU-
poBku «JIyu-5». Oto KA-perpaHcnaTopsl HOBOTO IOKO-
JICHUs, TOCTPOEHHbIE Ha 0Oa3e Moaudukauuii TOH xe
waThopMel  cpepHero kiacca «Ikcmpecc-1000», uro
u KA «I'monacc-K», HO mpopoinkaromue GyHKIIHOHATEHO
muanio KA ¢ KpynmHOTaOapuTHBIMH CETYaTbIMU YIpaB-
JNSAeMBIMH aHTEHHaMH, HadaTyto Oomee 30 ser Hazapg
6onee TsoxEnpivMua KA «Jlyay.

s OOHOBIIEHHWSI TEOCTAIlMOHAPHOW TPYNIHUPOBKH
CIIyTHUKOBOM CBSI3M U PETPAHCIILMM B UHTepecax MuH-
o6oponbl AO «MICC» co3naHbl CIlyTHUKH HOBOTO TIOKO-
nenus «Pangyra-1M» (3amycku 2007-2013 rr.), a Taxxke
«ITotox-M» (3amycku 2011-2015 rr.). Tem cambiM oGec-
MICYUBAIOTCSl TEKYLIHE MOTPEOHOCTH CBSI3M B HMHTEpecax
6e3omacHocTH crpaHbl. s peann3anuy JONOJIHUTEb-
HBIX YCIyr IIMPOKOIOJIOCHOM CBSI3M B HHTEpecax
MO pa3paboTaH ¥ YCHENTHO 3KCIUTYyaTHPYETCs 10 Ha3Ha-
yeHuto KA HoBoro nokosienus «bnarosecTy.

J1s1 BOCHOJHEHHST M PACIUUMPEHUs] M€OCTalMOHAPHOMN
IPYIIUPOBKUA KOMMEPUYECKOH CHCTEMBI CBSI3H U BEILAHMS
«SIman» (omepatop «la3mpoM KOCMHYECKHE CHCTEMBI),
B KOTOPOH B IEPBBIE T'OJbI MCIOIb30BAINCH CHOMPCKHE
cnytHukH «[opu3oHT», a mozgHee — 3 KA cpemnero
knacca tuna «fman-100, -200», cozgannsie PKK «2Onep-
rusi» umeHn C. I1. KoponeBa B kKoomepanuu ¢ 3apyoex-
HeiMH  pupmamu, B AO «MCC» Obumn co3gaHbl
u 3amymensl B 2012-2014 rr. KA Ooxnee Ttskémoro
kmacca «Aman-300K» (mumatpopma  «Dxcmpecc-1000»)
u «SIman-401» (mwrardopma «Ikcrmpecc-2000%).

Ha ©0a3e Toif ke COBpEeMEHHOW IIIAT(HOPMEI
«Oxcmpecc-1000» mms 3apyOeXHBIX 3aKa34MKOB OBLIH
HU3TOTOBJIEHBI TeocTaloHapHele KA CBsI3M  cpenHero
knacca AMOS-5, Telkom-3, Kazsat-3, Lybid-1, a mis
I'TIKC — KA HTB nHoBoro noxonenus «Jxcnpecc-ATl,
AT-2».

Haxkoner, 11 pa3BUTHS HU3KOOPOUTANBHBIX TPYIIH-
POBOK 3KCHEPHUMEHTAIBLHOI'0, TEXHOJIOTHYECKOTO U Hayd-
HO-00pa3zoBatensHOro HasHadeHus B AO «MCCy» Obun
co3ganbl U B 2008-2012 rr. 3anmymensl mansie KA nérko-
ro Kiacca HoBoro mokoneHus «HOOmmeiHbIi» 1 «MuP»
Maccoit meree 70 Kr.
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Ha Hux npouuy anpo6anuio, moay4niy JETHYIO KBa-
mQUKaIMIO, HOBBIE TEXHHYECKHE PEIICHUS M TEXHOJIO-
THH, KOTOpPHIE TO3BOJSIIOT B JANBHEHIIEM TOCTATOYHO
OBICTPO W MaJI03aTPaTHO CO3AABATH Pa3HOOOpA3HBIC HU3-
KOOpOHWTaIIbHBIE TPYIIITUPOBKH BBICOKOHAIEKHBIX U JIETKO
Macmrabupyemsrx KA pasmuanoro kimacca (OT MHHH- TI0
MHKpPO-) W Pa3INYHOTO Ha3HAUCHHS, BKIIOYAs HAyJHBIC
uccienoBanus, 133, cBA3b U T. A., KOTOPbIE COYETAIOT
B ce0e JOCTOMHCTBa KaK WHIyCTPUAJIBHOTO CEpUIHOTO,
TaK ¥ THOKOT0 €AMHIUYHOTO ITPOU3BO/ICTBA.

B nenom 3a Gosee 4eM MOIyBEKOBYIO HCTOPHIO pa3-
BUTHS OTEYECTBEHHBIX CITyTHHKOBBIX TEJIEKOMMYHHUKa-
U, HAaBUTAK U reoae3nd B CHOHPH CO3AaHO 5 TOKO-
JIeHW# TI00ANBHBIX HMH()OPMAIMOHHBIX CIYTHHKOBBIX
CHCTEM, MHOTOKPATHO TEPEKPHIBAIOIINX 3eMIII0 MHOMKe-
CTBOM JIy4ed B pasiIMYHBIX IHAla30HaX BOJH CO BCEX
BHJIOB OpOWT.

He ymansas Hu Ha HOTY NOCTMIKEHUH U YCIIEXOB MpEn-
MPUATUA PAKETHO-KOCMUYECKOW OTPOCIH, B pa3HOE Bpe-
Ms 3aHUMABIIUXCA W 3aHUMAIOIINXCA cefdac Co3IaHHEeM
ABTOHOMHBIX ~ KOCMHYECKHX  allaparoB,  CIIeIyeT
OTMETHTH, 4TO 3a 60 JeT CylIecTBOBaHMSA MPEAIPUATHS
/st 80 — OKB-10 — Kb IIM — HIIO IIM — AO «M1udop-
MalMOHHBIE CIYTHUKOBBIE CHCTEMbI» MMEHH aKaJeMHKa
M. ®. PemernéBa» mOjA PYKOBOACTBOM TE€HEPAIbHBIX
KOHCTPYKTOPOB TeHepaTbHBIX JHPEKTOpoB: [epos
Conmamictuueckoro  Tpyma, maypeara JleHWHCKOM
n TocynmapcTBeHHO# mpemuii, mpodeccopa, aKageMHuKa
AH CCCP u PAH Pemernéra M. @., maypeara ['ocynap-
crtBeHHBIX mpemuit CCCP u P®, nokTtopa TeXHUYECKHX
Hayk, npogeccopa Koznosa A. I'., naypeara ['ocynapct-
BeHHOU npemun PO u npemuii IlpaButensctBa PO, mpo-
(deccopa, 3aciayxeHHOro nestens Hayku P®, uqieHa-
koppecnonnenta PAH Tectoegosa H. A. — konnekTuBoM
yuenbix U crequanuctoB AO «MICC» co3maHbl U caHb
«T10J1 KJIFOW) pa3lIM4HbIM 3aKkazdnkaMm Oosee 40 KocMmuye-
CKHX CHCTEM U KOMILIEKCOB, a 310 Oosee 1280 KA B uH-
Tepecax CEKTOpa Halllei CTPaHBL.

Ha wux 0aze ¢pyrxnuonunpyror, co3ganasie AO «MCC»
COBMECTHO C IMapTHEPaAMHU:

— HallMOHAJbHAs CIyTHHKOBAs TPYIITUPOBKa, obecre-
YUBAOMIas TI00aNbHYI0 CBA3b M TEJICBEUIAHWE Ha BCEH
teppuropun Poccuiickoii Penepaiuu;

— HalMoHaJabHast HaBuraiuonHas cucrema ['JIOHACC,
obecrieunBaromas rio0aJbHOCTh U HENPEPHIBHOCTh HABH-
ralMoHHO-BPEMEHHOro olecIieueHnsl NoTpeOuTenei He
TOJILKO Ha TeppuTOopuH Poccun, HO U 3a ee pesenamu;

— MHOTO(YHKIIMOHAJIbHAsE ~ KOCMUYECKast  CHCTeMa
perpancianun «Jlya-My, obecrieunBaromasi CBs3b B pe-
TBHOM MacTabe BpeMeHHN Ha3eMHBIX CTaHIUH ¢ HU3KO-
netsimumu KA, KOTopble HaXOATCS BHE 30HBI PaTHOBU-
nuMoctu ¢ Tepputopun Poccuiickoit enepaiuu;

— MHOTO(YHKIMOHAIbHAsT CHUCTEMa MEepPCOHAJIbHOU
cnyTHHKOBOH cBsizu «lonerr — J{1M», obecrieunBaromias
CBA3b a60HeHTOB B TPYAHOJOCTYIHBIX PETrUOHAX 3eMJ'll/I;

— TpH MHOTO(QYHKIMOHAJIbHBIE KOCMHYECKHE CHCTe-
MBI, CO3JIaHHbIE B MHTEpecax O00eCHedYeHUs] HalMOHalb-
HOH 0€30I1aCHOCTH TOCYAapCTBa.

Ha cerogns Gonee 70 % KOHKYpEHTOCIIOCOOHBIX aB-
TOMaTHYECKUX KOCMHYECKHX amnmaparoB Poccuiickoi
®Denepanny CO3AAOTCS U TONYYAIOT ITYTEBKY B JKU3HBY
B nBaxxabl opaeHoHOCHOM AO «MCCy» mMeHn akageMuka
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M. @. PemerHéBa», BO3INIABISIEMOM MPOJOIKATEIEM
ero jena uineHom-koppecnongenrom PAH H. A. Tecroe-
JIOBBIM

Beck mpenpiaymmii ONBIT Pa3sBUTHS OTEYECTBEHHBIX
MH(QOPMAIMOHHBIX CITyTHHUKOBBIX CHCTEM IOKa3bIBaeT,
YTO Ha 3TOM PBIHKE KOCMHYECKOH AESTEIbHOCTH HEIpe-
PBIBHO BO3HHUKAIIU U IIPOJIOJDKAIOT MOSIBISITHCS] BCE HOBBIE
3aJayd, O KOTOPBIX MEPBOHAYAIBHO HE MOJ03pEBaNn
Jla)ke TaKhe BBIJAIOIIMECS [esATeNd, OCHOBATeIH BaXK-
HEWIIMX HaNpaBJI€HUN OTEUYECTBEHHOM KOCMOHABTHUKHU
C. II. Koponés, M. K. Surens u ap. Crost Ha muiedax 3TUX
TUTaHTOB, UX YYEHHKH M IOCJIEIOBaTENU, B TOM 4YHCIE
KOJIJIEKTUBBI, Bo3raasisiemble M. ®. PemeTHEéBBIM U ero
COpPaTHUKAaMU, CyMENIU 3HAUUTENIBHO NPOJABUHYTh TEXHH-
Ky U TE€XHOJIOTUH OCBOCHUS M MPUKIATHOTO MCIIOIh30Ba-
HUSI OKOJIO3EMHOTO KOCMHYECKOTro mpocTpaHcTBa. OmHO
TOJIBKO OCBOEHHME T€OCTAlMOHAPHON OpOWTHI NPHHECIO
YK€ YEJIOBEUECTBY TAKyI 3HAUUMYI0 SKOHOMHYECKYIO
0JIb3Y, KOTOPasi MHOTOKPAaTHO MPEBOCXOUT SIKOHOMHYE-
CKYI0 OTIady OT BCEX UHBIX BHIOB KOCMUYECKON
JIeSITETPHOCTY W BO MHOIO pa3 OKYIaeT IMOHECEHHbIE
Ha 3TO 3aTPaTHI.

Bbnaromapst myapoctu u nposopnusoctu C. I1. Kopo-
néea u M. K. fIHrens, uX yMeHHIO CTaBUTb rOCYyAapCT-
BEHHBIEC UHTEPECHI BhILIE INUHBIX, Ha Teppuropuun CCCP,
Poccuiickoit ®eneparym copMHPOBAIHCH HOBBIE Hayd-
HBIE MIKOJIBI KOCMOHABTHKH, KOTOPBHIE TPH TPABHIBHO
COIJIaCOBAaHHOM B3aWMOJECHUCTBUU U YCTPAHEHHUH JIO)KHOH
BHYTPEHHEH KOHKYPEHTHOCTU JOOMBAINCH 3(PPEKTHBHO-
IO PEIICHUS CaMbIX CIOXKHBIX 33724 U BBIBOAWIN CTPaHy
Ha nepenossie no3unun. C. I1. Koponés u M. K. Surens
HaxXOJWIM JJsI CBOMX KOJJIGKTMBOB paclIUpsIoieecs
MPOCTPAHCTBO PELIaeMbIX 3a/1a4, He CBOpayMBall, a pac-
mUpsUIM QPOHT NpPHHUMAaeMbIX Ha cebs pabor. Mnew,
METOMOJIOTHSL M CTHJIb PabOThI, 3aJ0KEHHBIH B Hamien
oTpacid €€ OCHOBATEeNsIMH M IEPBONPOXOALAMHY, IpPH
rPaMOTHOM HCIOJB30BaHUM UX Yy4Y€HHKaMM, Ha JOJITUe
roAbl 00ECTIeYHIN Pa3BUTHE KOCMHYECKUX MPEATIPUATHN
JaKe B TAaKMX YCJIOBHAX, KOTJA 3aKpBIBAINCH MHOTHE
MEHEe CI0)KHBIE W BIIOJIHE JOXOJHBIE KOTAA-TO MAaIINHO-
CTPOUTENbHBIE, TPHOOPOCTPOUTENILHBIE, NHBIE 3HAYNMBIE
MIPEATIPUATHS.

Ha apeny kocMmuueckoil IeATE€IbHOCTH BCE aKTHBHEE
BBIXOJUT YyXe He 3-e, a 4-e¢ IOKOJIeHHE CIEIHaIHCTOB,
MOJIOJbIE JIIOJIM, KOTOpble HE 3HAJIM M HE MOIJIM 3HATh
C. I1. Koponéna, M. K. Surens u naxxe M. @. Pemernéna,
HO KOTOpBIE COXPaHWJIM HX Bepy B HE0OXOIMMOCTh
1 BaXHOCTb I CTpaHbl 0€33aBETHOTIO CITY)KEHHUSI KOCMOCY
n cBoell OTYM3HE, COXPAHWIN CTPEMIICHHE K IPEOoIie-
HUIO HOBBIX CaMbIX CJIOKHBIX, MACIITaOHBIX W JOJITO-
CPOYHBIX 33/1a4. A 3TO 3HAYMT, YTO BCJIE 38 HEKOTOPHIMU
CrajaMl B Pa3BUTHU OTCUYECTBEHHOW KOCMOHABTHKH,
pa3pbpIBaMM B CBA3SIX MOKOJECHUH OyIyT MPUXOIUTH €Ié
HOBBIE BOJIHBI HAyYHO-TEXHHYECKOTO MOABEMA, MPOPBIBBI
K HOBBIM CO3BE3/IHSIM U OPOUTAM.

OTnrumTeIbHONH 0COOEHHOCTBIO HAILIEr0 BPEMEHU SIB-
JIieTCs CYIECTBEHHOE BIHSHUE KOCMOHABTHKH KaK HayKH

W Kak OTpaciyd NPOMBIIUICHHOCTH Ha COLHUAJIBHO-
HKOHOMHYECKOE pa3BUTHE OOIIECTBA, €€ BO3/EHCTBHE Ha
MIPOLIECCHI NIOJyYEHUS] HOBBIX 3HAHUI U JajbHelee pas-
BUTHE CpEICTB Mpon3BoacTBa. COBCEM HENABHO TOJBKO
tpu ctpanbl — CCCP, CHIA n ®pannus — obmamand mo-
HBIM HAa0OpOM KOCMHMYECKHX TEXHOJOTHH IJISI CO3IaHMsA
PH, AKA, HeoOxommMoil Ha3eMHOH HH(PACTPYKTYPHI.
CeromHa kK HUM TpucoeauHuInch Kutait, Snonus, WH-
s, crpansl EBpocoroza. OOnajgaHne KOCMHUYECKUMHU
TEXHOJIOTUAMU CEroJiHsA — OAUH U3 OCHOBHBIX KPUTECPHUCB
HKOHOMHUYECKOT0 U HAyYHOTO Pa3BUTHS TOCYIapCTBaA.
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DIFFERENTIAL EVOLUTION IN THE DECISION TREE LEARNING ALGORITHM
S. A. Mitrofanov, E. S. Semenkin

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
E-mail: sergeimitrofanov95@gmail.com

Decision trees (DT) belong to the most effective classification methods. The main advantage of decision trees is a
simple and user-friendly interpretation of the results obtained. But despite its well-known advantages the method has
some disadvantages as well. One of them is that DT training on high-dimensional data is very time-consuming.
The paper considers the way to reduce the DT learning process duration without losses of classification accuracy.
There are different algorithms of DT training; the main of them being ID3 and CART algorithms. The paper proposes
a modification of DT learning algorithms by means of the information criterion optimization for some selected attribute.
The use of this modification allows avoiding optimization by means of enumeration search over the entire data set. The
Separation Measure method is used to select the attribute. The method selects the attribute whose class-based averages
are most distant from each other. Optimization of the selected attribute is carried out using the method of differential
evolution, which is one of the evolutionary modeling methods designed to solve problems of multidimensional optimiza-
tion. Self-configuring at the population level based on the probabilities of using mutation operator’s variants was ap-
plied for differential evolution.

The classification problems were solved to compare standard DT learning algorithms with the modified ones. Algo-
rithm efficiency refers to the percentage of correctly classified test sample objects. Statistical analysis based on Stu-
dent's t-test was carried out to compare the efficiency of the algorithms.

The analysis showed that the use of the proposed modification of the DT learning algorithm makes it possible
to significantly speed up the training process without losses in the classification effectiveness.

Keywords: decision tree, classification, optimization, Separation Measure, differential evolution, Population-Level
Dynamic Probabilities, Success History Adaptation.

AAPPEPEHIIUAJIBHASA 3BOJIIONMSA B AJITOPUTME OBYYEHHU IEPEBLEB
INPUHATHUA PEHIEHAN

C. A. Murpodanos, E. C. CemeHKHH

Cubupckuii rocy1apcTBEHHBIN YHUBEPCUTET HAYKH U TEXHOJIOTHH MMeHH akajnemuka M. @. Pemernena
Poccutickas @enepanus, 660037, r. KpacHosipek, mpoctt. uM. ra3. «KpacHosipckwuii pabounii», 3 1
E-mail: sergeimitrofanov95@gmail.com

Jlepesvs npunsmus pewenun (JJIIP) senrsiomes oOHum u3 Haubosee 3PhHekmueHvlx Memoodos Kiaccupurayuil.
OCHOBHBIM NPEUMYUeCBOM Oepedbes NPUHAMUS PeweHUll AGSemcs NPOCmas U NOHAMHASL NOb308AMENIO UHMED-
npemayus NOIy4eHHbIX pe3yabmamos. Ho, necmomps na ussecmmuvie npeumywecmea nooxood, o umeem u Hedocmam-
Ku. OOHUM U3 21ABHBIX HEOOCMAMKO8 A61sAemcs mo, umo odoyuenue JIIP na oannblx OonbUlol pasmepHocmu mpebyem
SHAYUMENbHBIX 3ampam epemenu. B dannoil cmamve paccmampusaemcs cnocob ymenvuienus epemenu ooyuenus JIIP
be3 nomepu mounocmu kiaccugurayuu. Cywecmayiom paznuunvie areopummol o0yyenus JIIP, ocHogHblMU U3 KOMO-
puix aenaromes aneopummel ID3 u CART. B cmamve npednosicena moougurayus anrzopummos ooyuenus HIIP ¢ nomo-
WbI0 ONMUMUZAYUY KPUMEPUST UHPOPMAMUGHOCIU NO HEKOMOpoMY eblopannomy ampubymy. [Ipumenenue oannoi
MoOougurayuu noseonsem usdexrcamv ONMUMUIAYUU NOJHLIM NepedopoM no cemy Habopy Oauubix. i evibopa
ampubyma ucnoavsyemcs memoo Separation Measure. B dannom memoode @vlOupaemca mom ampubym, y KOmopozo
8b100pOUHbIE CpedHUe No Kiaccam Hauboree omodneHvl Opye om opyea. Onmumuzayus no eblOPanHoMy ampudoymy
OCYUeCmesiemcst ¢ NOMOWbIO Memooa OUdGepeHyuarbHoll I6010YUU, 0OHO20 U3 MEMOO08 IGOTIOYUOHHO20 MOOEU-
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HquopMamuKa, eblHuUcCIUmMeNlbHdasl mexnuKka u ynpaejienue

POBaHUsL, NPEOHAZHAYEHHO20 OJil peulerusl 3a0auu MHO2OMEPHOU onmumusayuu. /i oug@epenyuanvrol 380moyuu
NPUMEHEHA CAMOHACMPOUKA HA YPOGHEe NONYNAYUU HA OCHOBE 6EPOSIMHOCMEN NPUMEHEHUs BUO08 MYMAayUu.

s cpasnenus cmandapmuvix aneopummos ooyuenus JJIP ¢ mooupuyuposannvimu arcopummamu ObLiu peuiervl
saoauu knaccupuxayuu. Ilood >¢hhexmusnocmolo aneopummos NOHUMAECMCA NPOYEHIN NPABUILHO KLACCUDUYUPOBAH-
HbIX 00BeKkmos mecmosol evlbopku. Jna cpasuenus d(hexmusnocmu areopummos Rpoeeoer CMamucmuieckull

ananus c npumeneruem t-kpumepus CmorooeHma.

Ananus noxasan, 4mo npu UCHOIb308AHUU NPEOSIOHCEHHOU MOOUPUKAYUL AeoOpUMMA 00yUeHUsi Oepesbed NpUHs-
Musl peueHutl MOJICHO 3HAYUMENbHO YCKOPUMb NPOYecc 00yUeHusl, He NOMePsi8 Npu IMoM 8 IPHekmusHocmu Kiaccu-

Quxayuu.

Kniouesvle crosa: depegbst npunamust pewrenuil, kiaccugurayus, onmumuzayus, Separation Measure, ougpepen-
yuanvuas s6onoyus, Population-Level Dynamic Probabilities, Success History Adaptation.

Introduction. The solution of classification problems
is one of the most important areas of intelligent data
analysis technologies. There are many different decision
making support methods to solve these problems. Deci-
sion trees have shown good performance in this area. De-
cision trees is a method based on the application of vari-
ous functions for dividing the initial data set, in particular,
simple threshold rules [1]. The main advantage of the
method is relatively easy interpretability of the results.
DT disadvantages include the fact that trees are extremely
difficult to optimize because of their discrete structure.
Another main disadvantage is the length of DT training
process. This article considers a way to reduce training
time without losing classification accuracy.

Decision trees. A decision tree is a binary tree in
which a function is assigned to each inner node and a
forecast is assigned to each leaf node [1]. In most cases
one-dimensional predicates are used which compare the
value of one of the attributes with a threshold, but there
are also multidimensional predicates [2]. Multidimen-
sional predicates make it possible to construct even more
complex dividing surfaces, but they are rarely used in
practice, in particular because they increase the tendency
of decision trees to retrain.

DP learning algorithms, like any other machine learn-
ing algorithms, have their own settings and parameters,
the variation of which provides a variety of these algo-
rithms. The specific method for constructing the DT is
determined by:

1. Types of predicates at the vertices.

2. Quality functional Q (X, J, s).

3. Stop criterion.

4. Missing values processing method.

5. “Pruning” method.

The first three parameters are obligatory for DT learn-
ing methods, and the last two are present in some algo-
rithms only. We have already mentioned the types of
predicates, so let us move on to consider the quality func-
tional QO (X, J, 5).

Quality functional. When constructing DT it is neces-
sary to set the quality functional on the basis of which the
sampling is performed at each node. We denote the set of
objects that have fallen into some node as R,, and the
objects that fall into the left and right subtrees, respec-
tively, for a given predicate as R; and R,. The following
functional is used:

o &)
Q(Rmvjﬂs)_H(Rm)_R_H(R])_

m

[R,|

R,

H(R)).
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Here H(R) is an information criterion that evaluates
the quality of the target variable distribution among ob-
jects of the set R. The smaller the diversity of the target
variable is, the less the value of the information criterion
should be and, accordingly, its value is minimized. The
quality functional Q (R,, j, s) where j is the attribute
number and s is the threshold value is maximized at the
same time. Later on when considering specific algorithms
[3] we will indicate what specific information criteria are
used for classification.

Stop criterion. One can come up with a lot of stop cri-
teria. We list some restrictions and criteria:

1. Limiting the maximum depth of a decision tree.

2. Limiting the minimum number of objects in a leaf.

3. Limiting the maximum number of leaves in a deci-
sion tree.

4. Stopping if all objects in the leaf belong to the same
class.

5. The requirement that the quality functional during
splitting should be improved by at least s percent.

Decision tree learning algorithms. Two main
decision tree learning algorithms are ID3 and CART
were implemented and compared with each other in this
paper [4]. These algorithms complete their work if obser-
vations of one class are left in a leaf or if a restriction on
the decision tree depth is imposed. In this paper a depth
limit was not imposed.

The main difference between these algorithms lies in
information criteria. The ID3 algorithm uses the entropy
criterion [3]:

K
H(R) = _Z Di Ingk
k=1
where p; is the fraction of objects of class k that have
fallen into the node R, K is the number of classes.
The CART algorithm uses the Gini criterion [3]:

HR) =) p,(1-p,).

Optimization of the presented information criteria in
standard decision tree learning algorithms is carried out
by enumeration search over the initial data set. Since it is
necessary to calculate the values of the information crite-
rion for all attribute values for all observations of the
training sample, a significant amount of time is required
for this process. The learning process of the decision tree
can be represented as a diagram in fig. 1.

Learning process optimization. The paper proposes
the optimization of the information criterion for some
selected attribute in order to reduce the algorithm operat-
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ing time. The use of this modification allows avoiding
optimization by means of enumeration search over the
entire data set.

Separation Measure. Let us consider some attribute x;
in the case of two classes. Let x' be the average value
of the attribute for the objects of the first class, x be the
average value of the objects of the second class, and x°
be the average value between x' and x. We suppose
that x* > x7, then n" is the number of observations for
which x; > x*, and n~ is the number of observations for
which x; < x". We calculate the value d = n'n, which
determines the separation ability. On the basis of the ob-
tained values it is necessary to maximize the separation
ability by choosing the attribute with the largest value
of d. In other words, we will choose the attribute for
which the class-based averages are the most distant from
each other [5].

Differential evolution. In this paper the differential
evolution method is used to optimize the information cri-
terion for the selected attribute. The differential evolution
method is one of the methods of evolutionary modeling
designed to solve the multidimensional optimization
problem [6]. The method uses the ideas of genetic algo-
rithms, but unlike them it does not require working with
variables in binary code [7].

start

Creating the first
vertex

¥

Brute force
mfonmation criterion

Let us consider the algorithm. A set of random vectors
which are possible solutions to the optimization problem
is initialized. The set is called a population. The number
of vectors in the population on each generation is the
same and is one of the methods setting parameters.

At each iteration of the evolutionary process the algo-
rithm generates a new generation of a population of vec-
tors, randomly combining vectors of the previous genera-
tion among themselves according to certain rules. Unlike
genetic algorithms, in differential evolution there is a dif-
ferent sequence of the evolutionary process stages — first a
mutation is made, then a crossover and, last but not least,
a selection.

Selection and crossover cannot be of different types in
differential evolution, but there are many different types
of mutations. In particular, 7 different types of mutations
were used [8] in the implemented method of differential
evolution. The choice of the mutation type is carried out
by the Population-Level Dynamic Probabilities method of
self-configuring [9; 10]. Self-configuring is carried out at
the population level on the basis of the probabilities of
using mutation types. A selection is made in accordance
with a specific probability distribution. The probability of
using some type of mutation varies for the whole popula-
tion.
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Fig. 1. Decision tree learning algorithm

Puc. 1. Cxema anroputma o0y4YeHus qepeBa MPUHATHS peIICHAN
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Fig. 2. Modified decision tree learning algorithm

Puc. 2. MoxuduimpoBaHHbIH anropuT™ 00yUeHUS AepeBa perieHuit

Probabilities are adapted on the basis of information
about the successful or unsuccessful use of a mutation
according to the formulas:

(I—=npyy)
scale

0.2
Par =—>
n

n
scale = Z T,
i=1

SLlC‘CESSl-2

Pi=DPuyth

used,

where n is the number of mutation types, used; is the
number of applications of the i-type of mutation, success;
is the number of successful applications of the i-type of
mutation, i. e. when the fitness of the offspring exceeded
the average fitness of the parent population.

In the differential evolution method, in addition to the
mutation strategy there are two more important factors
that need to be adjusted: F'is a parameter that determines
the strength of the mutation, i.e. the amplitude of distur-
bances introduced into the vector by external noise; Cr is
a parameter indicating the probability of crossing. Adap-
tation of parameters is carried out according to the Suc-
cess History Adaptation algorithm [11]:
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old, + —
)
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new, = ——>< |
r 2
where newr is the new value of the parameter F, and oldy
is the old one, respectively.

n
sl= Zwi ~(s14ccess_Fl-)2 ,

i=1

n
§2= ZWI- -success _F; ,
i=l
_ FitDif

D FitDif;
j=1

where n is the number of the parameter F' successful ap-
plications, i. e. when the fitness of the offspring exceeds
the average fitness of the parental individuals; success F
is the value of the successfully applied parameter F;
FitDif is a change in the fitness value for each successful
parameter.

The procedure is similar for the parameter Cr. Pa-
rameters are adapted on the basis of information on the
success of their application.

Fig. 2 presents a modified diagram of the decision tree
learning algorithm.



Cubupckuil scypHan nayku u mexuoaoeui. Tom 20, Ne 3

The solution of classification problems. 4 tasks usu-
ally applied to analyze the effectiveness of classification
algorithms [12] were used to compare the well-known DT
learning algorithms with the modified algorithm:

1) Determining the type of soil from a satellite image.

2) Determining the type of a car.

3) Recognition of the type of an object by its segment.

4) Recognition of the urban landscape.

Comparison of algorithms is presented in the form of
diagrams in fig. 3—6. It should be noted that the results
averaged over 100 starts are presented for a modified
learning algorithm with the differential evolution method,
which is predetermined by the stochastic nature of the
algorithm. Since the training time for standard and modi-

fied algorithms is significantly different, it is not possible
to display them on diagrams. Therefore, for clarity in the
diagrams the training time of standard algorithms is taken
as a unit, and the training time of a modified algorithm is
represented as a fraction of the training time of a standard
algorithm. The horizontal axis in the diagrams shows the
numbers of tasks.

Fig. 3, 4 illustrate a significant reduction in the time
spent on the learning process. The following are diagrams
comparing the efficiency of the algorithms classification.
Efficiency refers to the percentage of correctly classified
test sample objects.

Fig. 5, 6 show that the results of the classification
efficiency do not differ significantly.

4

B Training time of a standard
algorithm

Training time of a modified
algorithm

Fig. 3. Comparison of ID3 algorithms training time
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Table 1
Experimental values of Student’s t-test (average values)

D3 CART

Task 1 0.263 0.77

Task 2 0.378 0.121

Task 3 1.017 0.963

Task 4 0.27 0.381
Table 2

Experimental values of Student’s t-test (best values)

D3 CART

Task 1 0.633 1.648

Task 2 2.635 1.506

Task 3 1.953 1.991

Task 4 2.389 3.097
Statistical analysis. Statistical analysis for a future it is supposed to automate the process of forming

statistically reliable comparison of the efficiency of the
standard and modified algorithms [13] was carried out in
the present paper.

The hypothesis of the equality of mathematical
expectations was put forward, an alternative hypothesis
assumes inequality of mathematical expectations, the
critical area is two-way. Cross-validation of each data set
was performed, the algorithms were trained and tested
several times on different parts of the samples in order
to test the hypothesis. Student's t-test was used for
comparison. According to Student’s distribution table,
to = 2.101 was determined with a significance level of
o = 0.05 [14; 15]. Tab. 1 shows the observed values of
Student’s t-test for the considered taks. Each cell
corresponds to ;s Wwhen comparing standard and
modified algorithms.

All observed values of Student’s t-test from tab. 1
did not fall into the critical region, i. €. #, < ., therefore
the hypothesis of mathematical expectations equality is
accepted. Tab. 2 shows the observed values of Student’s
t-test when comparing trees obtained by the standard
algorithm with the best trees obtained by the modified
algorithm.

In tab. 2 not all observed values of Student’s test ex-
ceed the critical indicator, therefore, not all the best trees
found by the modified algorithm have statistically signifi-
cant differences from the trees obtained by the standard
algorithm. However, in tab. 2 bold indicates values that
exceed the critical indicator; for tasks 2 and 4 the modi-
fied ID3 algorithm can find decision trees that cope with
classification much better. Similarly, for task 4 the modi-
fied CART algorithm allows finding the best decision
trees.

Conclusion. In accordance with the statistical analysis
the following conclusion can be drawn: when using the
proposed modification of the decision tree learning algo-
rithm, the training process can be significantly accelerated
without losing classification efficiency. In addition, it is
worth noting that although on average the algorithms
work the same way, modified algorithms sometimes allow
finding decision trees that better cope with the task. In the
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decision trees by evolutionary algorithms in order to in-
crease the efficiency of this method.
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SYSTEM ANALYSIS OF DYNAMIC PROBLEMS OF ANISOTROPIC PLASTICITY THEORY
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Dynamic problems are the least studied area of plasticity theory. These problems arise in various fields of engineer-
ing and science, but the complexity of the original differential equations do not allow to develop accurate solutions
and correctly solve numerical boundary value problems. This is even more typical of dynamic equations of anisotropic
plasticity. Anisotropy reduces the group of symmetries allowed by the equations, and therefore narrows the number of
invariant solutions. One-dimensional dynamic plasticity problems are well studied, but two-dimensional problems
cause insurmountable mathematical difficulties due to the nonlinearity of the basic equations, even in the isotropic
case. The study of the symmetries of the plasticity equations allowed us to find some exact solutions. The most known
solution was found by B. D. Annin, who described the unsteady compression of a plastic layer made of isotropic mate-
rial by rigid plates. Annin's solution is linear in two spatial variables, however, it includes arbitrary functions of time.
Symmetries are also used in the proposed work. Point symmetries are first calculated for dynamic plasticity equations
in the anisotropic case and are presented in the paper. The Lie algebra generated by the found symmetries appeared
to be infinite-dimensional. This circumstance made it possible to apply the method of constructing new classes of non-
stationary solutions. Symmetry can transform the exact solution of stationary dynamic equations in non-stationary solu-
tions. The framed solutions include arbitrary functions and arbitrary constants. The outline of the article is as follows:
according to the method of Lie group of point symmetries allowed by the equations of anisotropic plasticity is calcu-
lated. Two classes of new stationary invariant solutions are framed. These stationary solutions, by means of transfor-
mations generated by point symmetries, are transformed into new non-stationary solutions. In conclusion, a new self-
similar solution of unsteady equations of anisotropic plasticity is framed; Annin's solution is generalized for the anisot-
ropic case. The framed solutions can be used to describe the compression of plastic material between rigid plates,
as well as to test programs, designed to solve anisotropic plastic problems.

Keywords: anisotropic plasticity, dynamics, symmetries, exact solutions.

CUCTEMHBI AHAJIN3 TUHAMUAYECKHX 3AJIAY
AHM3O0TPOITHOM TEOPHUHU IVIACTUYHOCTH

.
C. Y. Cenamos'”, W. JI. CaBoctesnosa’, O. H. LIepenaHOBa2

1C1/161/1p01<1/1171 rOCYAapCTBEHHBI YHUBEPCUTET HAYKU U TEXHOJIOTUM UMeHU akaneMmuka M. @. PemerHeBa
Poccwuiickas @enepauus, 660037, r. KpacHosipck, mpocrt. uM. ra3. «KpacHosipckuii padounii», 31
? Cubupckuii hefepanbHblil yHHBEPCHTET,
Poccuiickas ®enepanms, 660041, r. Kpacuospck, npocn. CBoOOAHEIH, 79
*E-mail: sen@sibsau.ru

Hunamuueckue 3a0auu — 5mo Haumenee usyyenHdas ob1acme meopuu niacmuyHocmu. Juuamuieckue 3a0aiuu 603-
HUKAIOM 8 CAMbIX PA3HBIX O00IACMAX MEXHUKU U HAYKU, HO CIOICHOCMb UCXOOHLIX OUpghepeHyuanvibix ypagHeHul
He no360.15em CMpoUums MoYHble Peuenus U KOPPeKmHo YUCIEHHO peuams Kpaeevle 3a0aiu. Imo ewe 6 Oonbuiel
cmenenu Kacaemcs, OUHAMU4ecKux ypagHeHutl aHu30mpontol niacmuyHocmu. AHu3omponus ymenvuiaem spynny cum-
Mempuil, 0ONnyCKAemylo YPagHeHUaMU, a, C1e0068amensHO, U Cyicaem KOau4ecmeo UHeapuanmuuix peuwenuti. Hennoxo
uccneoo8ansvl 00HOMepHble OUHAMUYECKUe 3a0a4y NIACMUYHOCU, HO Yice O8YMepHble 3a0ayu 8bl3bl6al0m Henpeooo-
qUMble MameMamuiecKue CIONCHOCMU U3-3d HENUHEUHOCMU OCHOBHBIX YPAGHEeHull, 0ajxce 6 U30MPONHOM Clyyae.
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H3yuenue cummempuil ypagneHull niaCmMuyHOCMU NO360AUL0 NOCHMPOUMb HEeKOmopble mounvle peutenus. b. JI. Annun
nocmpoun Hauboee U3BeCMHOe peuleHie, ONUCLIBAIOUee CIOHCAMUE HCeCMKUMU NAUMAMYU NIACIUYECKO20 CLO0S U3 U30-
mponno2o mamepuana. Pewenue Annuna iunetino no 08yM npOCMPAHCMEEHHbIM NEPEMEHHBIM, U 8 He20 8X00SM NPo-
U3601bHble PYHKYUU 6pemenu. B npednacaemoii pabome maxdice UCnoiwb3ylomest cummempuu. B cmamve enepevie
BbIUUCTEHbL MOYEUHble CUMMempPUL 0TIl OUHAMUYECKUX YPAGHEHUT NIACIUYHOCIU 8 AHU30MPONHOM caydae. Aneebpa
Jlu, nopooicoaemas HAUOEHHbIMU CUMMEMPUAMY, OKA3AAACL OECKOHEUHOMEPHOU. DMmo 006CmosAmenbcmeo 0aio 603-
MOJICHOCTb NPUMEHUNb MEMOOUKY NOCHPOEHUsL HOBbIX KIACCO8 HeCMAYUOHapHblx peuteHuti. Cummempuu no3eousiom
npeobpaz0eams Mo4Hble PeUeHUst CMAYUOHAPHBIX OUHAMUYECKUX YPAGHEHUL 8 HeCMAayUOHapHble peuteHust. B nocmpoennvie
peuienust 6Xx008m npouU3BoabHble QYHKYUU U NPOU3BOIbHBIE NOCMOsIHHbIe. B cmambe no memoouxe Jlu-Oscsinnnurxosa
BbIUUCTSICINCS 2PYNNA MOYEUHBIX CUMMEMPUU, 0ONYCKaemas YpagHeHusMU anuzomponnou niacmuynocmu. Cmposmces
084 K1ACCa HOBbIX CMAYUOHAPHBIX UHBAPUAHMHBIX peuleHull. Dmu CmayuoHapHvle peulerus, ¢ NOMOWbIO npeobpaso-
BaHULL, NOPOACOACMBIX MOYEUHBIMU CUMMEMPUAMU, NPEOOPA3YIOMCS 8 HOGble HeCMAayuoHapHvle pewenus. B 3axnoue-
HUU pabomuvl NOCMPOEHO HOBOE ABMOMOOEIbHOE peuleHue HeCMAYUOHAPHBIX YPAGHEHUL AHUZOMPONHOU NAACHMUYHO-
cmu, a pewenue Annuna 0600weno Ha anuzomponmwi cayuail. IIpueedennvle pewienuss MOICHO UCHONb308ANLb
07151 ONUCANUSL COHCAMUST NAACMUYECKO20 MAMEPUALA MeNHCOY HCECMKUMU NAUMAMYU, 4 MAKdIce s MeCMUpo8aHust npo-

epamm, npednaa’yaquHblx 0151 UCCLe00BAHUSL AHU30MPONHBIX NAACMUYECKUX 3a0au.

Knrouesvie cnosa: AHU30MPONHAS NA1ACMUYHOCMDb, duuamuka, cummempuu, modHvle peuleHusl.

Introduction. The theory of plasticity is covered in
numerous studies, which is caused by the importance and
relevance of the tasks under consideration. These tasks
arise in the design of machines and mechanisms, in the
technological processes using plastic deformations, in the
process of armor drilling with a missile. Modern and clas-
sical articles or monographs [1-5] deal mainly with static
problems and isotropic materials, the reason of which is
not the lack of dynamic tasks importance to applications,
but because there are no methods developed to solve dy-
namic problems. For the first time the spatial solution of
dynamic equations was framed by B. D. Annin [6] in
1978. This solution was linear across two spatial variables
and contained several arbitrary time-dependent functions.
It was found by B. D. Annin on the basis of point symme-
try group research, allowed by the equation system of
dynamic plasticity theory. Later, based on the equation
group properties, exact solutions of some flat dynamic
problems were framed [6]. Since then, prior to the work
[7], there seems to be no new solutions. Here the authors
refer to the unique overview [3], where systems of
nonlinear equations of solid media mechanics and their
exact solutions are collected. The study of the symmetry
group showed that the new method can be applied to ani-
sotropic dynamic plasticity equations — to convert stable
solutions of ideal plasticity into unstable ones, as it was
done in [7].

Group properties can be applied for different pur-
poses. They are most often used to frame invariant solu-
tions. These are solutions that do not change under
continuous transformations allowed, according to Lie, by
the given system of differential equations. The invariant
solutions of plasticity equations and their framing meth-
ods, for example, can be found in more detail in [6] and in
the literature references. The works of authors [8-15]
show how it is possible to “deform” exact solutions and to
reduce one exact solution into another exact solution in
the case of flat stationary equations of ideal plasticity by
means of point symmetry. In the present paper we use a
group of point symmetry to transform new stable solu-
tions into new unstable ones for three-dimensional non-
stationary plasticity equations, which was first done to
solve plasticity equations in the isotropic case in [7].
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Problem setting. Assume that x=x,, y=x,, z=x; —

orthogonal Cartesian coordinate system, u=v,,

v=v,, w=v; —components of the strain velocity vector,
e, — strain rate tensor components, o, — stress tensor

components. Stress tensor components and velocity
vector components satisfy motion equations

alvi +vjajvi :azclla isj:1> 23 3. (1)

Duplicate indexes are expected to sum. Stress strain
tensor and pine strain rate tensor

Gy—Syp:keU:K(ajvi+6ivj)/2, 2)
where 8, — Kronecker's symbol, A— some non-negative

function, 3p=o0,.
The medium is assumed to be uncompressible, so
there is an incompressibility equation
0;v;=0. 3)

The equation system (1)—(3) is completed by the
Mises plasticity condition

2 2 2
ay (o1, —p) +an(oy—p) +"33((733_11’) +
2 2 2
+ 2(a12012 +a;01; + a23023) =1, @

where a; — current anisotropy parameters.

1. Group properties of dynamic plasticity theory
equations. Let's calculate the group of point symmetries
allowed by equations (1)—(4). We will do this according
to the known method of Lie-Ovsyannikov, which has
been already applied to equations of plasticity in [6]. The
point symmetry group is generated by the following op-
erators:

Xy=0,M =10, +x0,, S=0(1)d,,,
. - )
T =00, - f(¢)8, —x [(1)0,.
on not to add together i.
Functions ¢(¢), f;(¢) are arbitrary from the class

C”, thus operators (5) give rise to an infinitesimal Lie
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algebra. The point at the top indicates a derivative of the
variable ¢.

A remarkable property of point symmetries is that
they transfer the solution of the system (1)—(4) back into
the exact solutions of the same system. Let the original

coordinates be #,x;,v,, p then they are converted to new
coordinates ¢, x/, v/

sNis Vi

ing to operators (5):

p' using transformations correspond-

t'=t(ay +expa,),x' = (expal +a;,,f; (t)),
. 3 . (6)
V=V +a,, f,-(f)sp':l”z.f}(f)%z-
i=1

Here a, — are group parameters that continuously
change in some proximity of zero. Then we use these
transformations to frame new solutions of the system
(D).

2. Stable system solutions (1)—(4). Since the system
(1)~(4) accept the operator X, =0,, invariant system
solutions can be searched, which are independent of vari-
able 7. These solutions are determined from the system

vjajv,- = 8[6,-]-,

o —8Up = key- = k(ajv,- +6,-vj)/2, -
7
2 2
0V, =07all(611 -p) +ay (522 _P) +
2 2 2 2
+ ay (o33 - p) Jr2(“12612 + 3013 +a23623) =1

The system (7) is simpler than the initial equation sys-
tem as it possesses less independent variables. However,
the solution, except the trivial ones, is not available
to the knowledge of the authors [1-6].

A) Let us search for the invariant system solution (7)
with reference to two-dimensional subalgebra generated
by operators 0, + 40,0, + B0, This solution will have

the following appearance
u= u(x),v = v(x),w: w(x),p =Ay+Bz+ p(x). (®)

Here A, B arbitrary constants, functions u, v, w, p are
determined from the system (7). Substituting ratios (7)
into (8), we obtain

u =const, 0,0,, =0,

)

ud,v=0,6,, +A4, uo,w=0,0,;+B.

From (9) we obtain A system of ordinary differential
equations to determine function v, w

ud v=d, 22dxv >+ 4
Vap(dv)" +a;(d,w)

ud w=d, szxw S+B, (10
Nap(dwv)” +a;3(d,w)

Gy; =0, =033 = p =const.

Let us introduce the new required functions according
to the formulas

@, d, v = hsing, \Ja;;d w =hcos.

Then, the system (10) will be written as

(11

uhsing=@'cos@+ A, uhcoso=—¢'sinp+B. (12)
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From (12) we obtain
do

- —_ . = dx.
—Acos@ + Bsin@
While integrating the equation we have
0
ln‘tg(p—i— |:x+C,
J42 1 B 2 |
A

where sinQ = ——————.
NA* +B?

Hence follows

(pz—6-i—221rctg(exp(x+C)\/A2 + B? ),

1 exp(x+C)\/A2 +B? too 4
—| - 240
u 1+exp2(x+C)\/Az—i-B2
+ , ecnucos @ # 0,
B ucosQ (13)
1 ) exp()H—C)\/A2 + B? to0 4
- ctge
u 1+exp2(x+C)\/A2 +B?
+ ——, ecanucos@ =0,
using

Oy, =sinQ/\ja;,, o3 =cosQ/\/a;.
We study functions behavior included in formulas

(13).

Assuming that x varies from -

exp(x + O 4> + B?

2arctg(exp(x +OW A% + B? ) monotonously increases

to +oo then

from Zero to +00

>

from zero to w. Here in ¢ varies from -6 to -0+ 7.

Hereafter based on formulas (13) it becomes clear how
the tensor tension components change.

This small study makes it possible to interpret the re-
sulting solution as follows. There are two rigid rough
plates x=x, =const,x=x, =const. Plastic material is

pressed between them. Tangential stresses G,,,05 .

B) We will search for invariant system solution (7)
with reference to single-dimensional subalgebra, created

by operators lax +%6y —262. The solution will have
o
the following appearance
u :Ag(owc+By+yz),v:Bg((xx+By+yz),
w=Cg(ax+Py+yz),p=F(ax+By+yz)

Here A4,B,C,0,B,y are arbitrary parameters, function

14)

g,F are calculated from (6). Let’s substitute the ratios

(14) in (7). Obtained are the following ratios between
functions and constant
aAd+BB+yC =0, p=const,
g — arbitrary smooth function. (15)
From (14) and (15) it follows that all the components
of the tension tensor are constant and have the following
appearance:
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oA yC
O11 =P+Ea O =P+3a O33 =P+Ea
BA+oaB vA+oaC YyB+pC
Opp = > O3 = > Op3 = )
2D 2D 2D

D* = (5111(00‘1)2 +ay (BB)Z +as;3 (YC)2 +
+ay, | 2(BA+aB) +ay; | 2(yA+aC)? +%<yB+BC)2).

A similar solution in the absence of convective mem-
bers was framed in [15].

3. Deformation of system non-stationary solution
D-@.

A) Let's consider the stationary solution (8)—(13),
framed in the previous paragraph, and by means of trans-
formations (6) deform it into non-stationary solutions of
the original system (1)—(4).

We have

(p:—9+2arctg(exp(x+a3f1(t)+C)\/A2 +B? ) (16)

In this case, the tangential stresses ,,,0,; are no

longer constant on the plates, as it was the case in the pre-
vious paragraph, but vary depending on the selected func-
tion included in the function (16). This solution can be
interpreted by the impact of vibration loads on the plates
x=x, =const, x=x, =const. At the same time the

plates change  their  shape
x+ayfi(t)=x, x+a,f,(1)=x,. Here, if a; — a group

themselves also

parameter is the one which can be fixed a; =0 then we

get the initial stationary solution.

B) Let's consider the second stationary solution (14)
framed in paragraph 2 B). By means of transformations
(5), similar to the previous solution, we deform it into
non-stationary solutions of the original system (1)—(4).

To do this, we apply a remarkable property
of point symmetry of their ability to convert the system
solution (1)—(4) back into the exact solutions of the same
system.

The system (1)—(4) allows operators

S:(P(t)ap’
Z=ﬁ@%+ﬂ0ﬁwﬁjﬂﬁé

It means that it does not change under transformation

,i=1,2, 3.

X=X A, fiV =Vt a, (0,
, 3 . (17)
p :p_zaHin fi(t

i=1

)+ a,(t).

Here, variables without a prime are original, and vari-
ables with a prime are derived from point transformations
corresponding to the subalgebra generated by the opera-
tors S,7; with a, — group parameters that continuously

change in some proximity of zero.
v, p' =
(1)—(4) then according to (17) vl.z, p* a new solution for

Assuming that is some system solution

the same system
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vlzzvll(t,xl+a3f1()x2+a4f2 ). X3 +as fy (¢ )+a3fl
v =v (t’xl +ay fi(2),%; +agfo (1), %, +as f; (¢ )+a4f2
V32 ;(t x|+a3f()x2+a4f2 x3+a5f3 )+asf3

p*=p (tx +asfi (1), +ay fy(1).xs +as f5 (1)) -

3 -
- inai+2 VAN (18)
i1

is also accurate solution for the same system. We use this
property to frame new system solutions (1)—(4). We
will apply formula (18) to the solution framed in para-
graph 2B).

We have

u=Ag(alx+ £ () +BO+ f (D +vz+ /(D) + £,(1),
v:Bg(oc(x+f1(t))+B(y+f2( ))+v(z+ £ (1 ))+f2
w:Cg(a(x+f1(t))+B(y+f2( ))+y(z+f3(t)))+f3(t)

p==x[1O)=yf,(O)=zf5()+e@)
(19)
As a result, a new unstable velocity field, which corre-
sponds to the following stressed state, has been built

n=2 D o2 p D’ =p D’
A+ oB A+ aC B+BC
0122520 aﬁlszyzo ’(723=Y2D[3 ’

D? = (a;,(atd)* + @y, (BB)* + a3; (YC)* +

+ a5, 1 2(BA+0B) +ay; 1 2(yA+ 0 C)? +%(yB +BOY),

p=—x/1() =y 12 ()= f3(1)+0(1).

4. New automatic solution of the equation system
(1)-(4). Let us frame the invariant solution based on
subalgebra M =10, +x,0,. . It has the following appear-

ance

—”(ﬁaﬂaC)»V=V(éanag)aW=W(§an,C):

(20)
p=p(&n.), g=2L : c%

3T]_

In the literature, such decisions are commonly referred
to as auto-model.

We substitute (20) into the equation system (1)—(4)
and obtain

(u=8)oeu+(v-m)du+(w=C)d.u=0.6),+03,0, + .03,
(u—&,)aév+(v—n)8nv+(w—
(u=8)ow+(v—m)0,w+(w=C)0,w=0,03 + 0,03 + 0,033,

C)va =0:01, + 0,0 + 0O,

8gu + 6nv+8gw: 0,

2
+

ap (511 —P)2 +ay (622 —P)2 +as; (633 —P)
+ 2(a120122 + ;00 + a23053)= 1.

@
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The equation system (21) is more simplistic than the
initial equation system since it contains one independent
variable less.

We will search for the equation system solution (21)
with the following appearance

u=§& v=m, w=-2C+ f(&n),

p=r(&n.C) 22
where f(&,m) is differentiable function.
Substituting (22) into (21) we receive
0:0y, =0,
0,02 =0.2(~f +3) =. 23)

= 0013 + 0,093 + 0, p.

Note that the incompressibility equation is satisfied in
the identical manner.
From the system (23) we receive

011 =02 P =3¢ +0115
—2f =0:0,3+0,0.
Out of the last system equation (23) follows the equa-
tion to determine function f

2f=0 Je +
& 2 2
\/all +ay —2ay +apn fo +asf, (24)
/a
+ 8n

2 2
\/“11 +ay —2ay +apn f +asf,

Equation (24) is found in the study of equilibrium sur-
faces in the hydromechanics of weightlessness [16]. It is
also found in the theory of plasticity [17] when describing
slow non-stationary currents in the cylindrical channel,
generating of which are parallel to the z axis.

In general, it is difficult to solve equation (24), so we

will consider the particular case where f = f (&) In this

case we get an ordinary second-order differential equation
that allows order downgrade and is reduced to a first-
order equation of the class

f’—+\/1+(2a33 —ay, —ayp)ap(f* +C)
E T — 3 5

ap(f?+C)

where C — arbitrary variable. Equation (25) is found via

quadratures; solutions are written as elliptical integrals of
the first and second classes.

For convenience of the framed solution interpretation

we will transform variables as follows. Let's enter new

independent variables based on formula

(25)

x'=-mx,
y'=—my, z'=mz, ' =h—mt. Here m,h — are positive
constants. This transformation can be done because the

source system allows stretch and transfer operators. In
this case the solution is framed as

2mz —mx
w= +f .
h—mt h—mt
This solution can be interpreted as a plastic flow of a
layer along the oz axis that is compressed by rigid and

_—mx
h—mt’

_ Ty
h—mt’

u v
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rough plates in the x and y directions with plates ap-
proaching at a constant speed m. Then,2H = h—mt , the
thickness of the layer at the time ¢.

5. Generalization of Annin 's solution to the anisot-
ropic case. In this paragraph we will summarize
B. D. Annin's solution [3] to the anisotropic case. To do
this, let us find an invariant solution based on a two-
dimensional sub-algebra generated by operators

N . a
fl(t)ax +f1 (t)au _xfl (t)%’
<71’T2>: : . 0
S (00, + [, (1)0, =y /1 (t)a_
P
It should be looked for as
u=£x+Bl(t,z):A1x+Bl,
1
v—f—2 2 42 2
= y+B (t,Z)—A x+ B,
S

w=A(t)x+B(1), (26)

2-0 2“ .
_ X fy f2+B3(t,Z)=—£[A1+(A1)2J—
21 2/, 2
B %Z(A‘Z+(A2)2J+B4(tsz)'

Here A',B’ — functions are calculated from (1)—(4).
Adding (26) to equation system (1)—(4) we obtain

A=-A-4

__ﬁ M 12_)’_2 2 232 |
p= 2(A+(A)J | A ()

2 .
- Z?(A3+(A3)2J+(t)x+b2(t)y+XA3,

S, =Ad', Sy, =AA?, Sy =24, S, =0,
S;; =A0,B', Sy, =00.B°,
A2 =ay (AN +ay (A7) +ag (A7) +
+ 2a,(0.8') +a3(0.8°)).

Here b, — arbitrary function of ¢. Functions A4',B' are
calculated from

B'=b+A'B' +( 42+ B*)0.B' = 0.(.B"),

B~b,+ A'B* +(4'z+B)0.B> =0, (B”).

This solution can be applied when analyzing a plastic
flow of a parallelepiped made of anisotropic material
compressed between rigid plates.

Conclusion. The paper demonstrates how with
the help of symmetries it becomes possible to turn
a stationary solution of plasticity equations into a whole
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class of non-stationary solutions of dynamic plasticity
equations. These solutions might be used to analyze dy-
namic technological processes. In addition, new solutions
to dynamic plasticity equations have been framed by the
standard methods of group analysis.
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EXTERNAL BOUNDARIES OF POLE LOCALIZATION REGION FORMULATION FOR TRANSFER
FUNCTION WITH INTERVAL-GIVEN PARAMETERS

A. V. Tsavnin, S. V. Efimov, S. V. Zamyatin

National Research Tomsk Polytechnic University
30, Lenina Av., Tomsk, 634050, Russian Federation
E-mail: avcl4@tpu.ru

In this paper the approach for external boundary of pole localization region formulation for transfer function with
interval-given parameters is proposed. The boundary is formulated as analytic piecewise function of characteristic
polynomial parameters of the given transfer function.

Analytic formulation of external boundary of poles localization region allows to reduce computations since existing
methods require iterative numeric calculations of characteristic equation roots with fixed step size for edges mapping
or full interval root locus mapping as well. Formulated boundary allows to clearly describe system behavior and calcu-
late variation ranges of performance indexes. In addition, piecewise function that constrains gives new opportunities
for parametric controller synthesis for systems introduced by transfer functions with interval-given parameters.

The results can find its practical application in aerospace engineering problems of mathematical analysis and syn-
thesis for highly-precise systems of self-direction missiles.

In the research the boundary formulation is performed for third order transfer function. Transfer function order was
chosen due to the fact that many physical systems and objects can be described mathematically with the third order
transfer function, e.g. model of missile target-seeking head with gyro stabilized drive is described with this model.

The research was performed on the basis of the following step sequence: firstly, analytical solving of cubic equation
applying Cardano’s formula; secondly, interval root locus edges functions obtaining, next external vertexes set obtain-
ing and, finally, external border formulation and plotting.

Key words: system analysis, root locus, interval systems, poles localization.

INOCTPOEHHUE ?HEHIHEﬁ I'PAHHUIBI OBJIACTH JIOKAJIM3ALIUHA ITIOJIIOCOB
HNEPEJATOYHOU ®YHKINU C UHTEPBAJIBHO-3AJAHHBIMU TAPAMETPAMHU

A. B. lasnun, C. B. E¢pumos, C. B. 3amsatun

HanumonaneHelil nccnenoBaTenbekuil TOMCKUN NOTUTEXHUUECKUI YHUBEPCUTET
Poccuiickas ®enepamus, 634050, r. Tomck, mpocm. Jleanna, 30
E-mail: avel4@tpu.ru

Ilpeonazaemcst n00x00 Kk ROCMPOEHUIO GHEWHEl 2PAHUYbI 0OAACTU TOKATUZAYUU NOTIOCO8 NePeOamOYHOU PYHKYUU
€ UHMEPBANIbHO-3A0AHHBIMU napamempamu. I panuya obiacmu 10KAIU3AYUU NOTIOCO8 POPMUPYEMCS KAK AHATIUMUYe-
CKAsl KYCOYHO-3A0AHHAsL (YYHKYUSL 306UCUMOCTIU OM NAPAMEMPO8 XAPAKMEPUCMUUECKO20 NOTUHOMA 3A0AHHOU nepe-
oamoyHou pyuKyuu.

Ananumuueckoe nocmpoenue HewHel 2panuybl 001acmu I0KATU3AYUY NOTIOCO8 NO360SIem COKpaujams 00vem
BLIUUCIEHUL, MAK KAK CYWecmaylouue nooxo0bl mpedyom umepamueHo20 YUCLIEeHHO20 HAX0ICOeHUsi KOPHell Xapakme-
PUCMUYECKO20 YPasHeHUsl OJisl HOJHO20 OMOOPAdICEHUsi KOPHEN ¢ 3A0AHHBIM Wa2oM Uy OJisk NOCMPOoeHUsl pebep Ha Kop-
Hesoll naockocmu. Hanuuue epanuyvl obracmu 10Kkaau3ayuy no3601sem 0OHO3HAYHO OXApaKmepu3osams noseoeHue
cucmembl, 8 MOM YUCTIe GLIYUCTUMb OUANA3OHbL USMEHEHUs! 3HAYEHUTI KOPHEBbIX NoKazameieli Kayecmad.

Kpome moeo, nanuuue ananumuueckou KycouHo-3a0anHOU yHKYuY, onpeodensiowell 001acmy JOKAIU3AyUuL noo-
€08 Ha KOPHEeBOU NIOCKOCMU, OMKPbIEAem OONOIHUMENbHbIE 603MONCHOCMU 6 PeuleHul 3a0ay napamempuiecko2o
CUHme3a pe2yamopos 05l CUCIEM ABMOMAMUYECKO20 YNPABNIeHUs], NPeOCMAGIEHHbIX NEPEOaMOYHbIMU DYHKYUIMU C
UHMEPBANbHO-3A0AHHBLMU NAPAMEMPAMU.

Ipakmuueckas 3HAUUMOCTb ROJLYYEHHBIX PE3VIbMAMO8 MOJICem Oblmb OOCMUSHYMA 6 AIPOKOCMUYECKOU NPOMbIUL-
JIEHHOCU, 8 YACMHOCIMU, NPU PEWEHUU 3a0ay AHANU3A U CUHME3A 8 8bICOKOMOYHBIX CUCHIEMAX PAKEMHO20 CAMOHABE-

327



Cubupckuil scypHan nayku u mexuoaoeui. Tom 20, Ne 3

OeHu}z, noOCMpoOEeHUsl ux mamemamudecKux MOO@JZelZ, C Yelblo U3eledeHUsl IKOHOMUHYECKO20 3¢qbekma, C6A3AHHO20

C KOJIUYeCmeom HamypHoblxX IKCNEPUMEHMOB.

B npeocmasnennou pabome nocmpoenue cpanuybl 061ACMU TOKATUZAYUL NOTIOCO8 OCYUWeCmEIsemcs 0Jis nepeod-
MoYHOU hyHKYUU mpemoe2o nopsaoka. Ilopsaooxk nepedamoynoii yHKyuy 8b10pan UCX005 U3 MO2o, YMo HA NPAKMuUKe,
MHOHCECMBO 0OBEKNOG U CUCTIEM MO2YH OblMb ORUCAHBL MAKOU Modenvlo. Hanpumep, modenb pakemuotl 20106Ku ca-
MOHABEOEHUs. C 2UPOCMAOUTUSUPOBAHHBIM NPUBOOOM ONUCHIBACMCSL NePedamoyHOl YyHKYUel mpembe2o nopsoKa.

B ocnose npeonazaemozo nooxooa nesxcum credyrouas nociedo8amenbHOCMy OeUCMBUlL: aHATumu4eckoe peuieHue
KyOUu4ecko2o ypasHenus, noiyuaemozo no gopmyie Kapoano, nonyuenue @ynxyuonanvhvix 3agucumocmeti 01s pedep
MHO2ONAPAMEMPULECKO20 KOPHEB020 20002pagha, (opmuposanue HAOOpa GHEWHUX BEPUUH KOPHEB020 200ozpadha,
nocmpoenue KycouHo-3a0aHHbIX QYHKYULL 01 GHEWHUX 2PaHUuY 00IACMU IOKATUZAYUL NOTTOCOS.

Knroueswvie crosa: ananus cucmem, KOpH@@Oﬁ ZOC)OZPCZ(]), URmMepeaibHble cucmemsl, J1oKAIU3aAyUusl noarocoes.

Introduction. In classical automatic control theory,
parameters of technological objects models and control
systems are expressed in real fixed values, but in practice
the exact parameter values and coefficients are unknown
and can be represented as some tolerance interval values
of a given parameter.

Referring to a number of works devoted to the study
of systems with interval-given parameters [1-9], it can be
noted that the boundaries of the pole localization region
of the transfer function (TF) of these systems are obtained
by calculating the roots of the characteristic equation at
some discrete step of varied parameter changing, i.e. nu-
merical construction of boundaries takes place. This ap-
proach allows to determine numerical values of root qual-
ity indicators for a given class of systems with some
given accuracy and similarly to evaluate the stability of
the system as a whole. However, it requires a lot of itera-
tive calculations. In turn, when solving the problems of
the regulator parametric synthesis, the absence of analyti-
cal dependence does not provide accurate understanding
of how the changing values of parameters affect the qual-
ity indicators.

The above problems of synthesis and system analysis
with interval-given parameters require analytical descrip-
tion.

Task Setting. The task for the third-order TF with in-
terval-given parameters to obtain the analytical function
describing the external region of pole localization at any
parameter values within the specified intervals.

Obtaining basic dependencies. Let us assume that
given is some 3rd order TF system with characteristic
polynomial of

A(s) = ays® + ays” +ays +ay. (1)

Edges of root locus are formed by motion of
polynomial roots (1) under changing value of one or
several polynomial coefficients.

It is known that the roots of the cubic equation can be
analytically found applying Cardano’s formula. Car-
dano's formula gives solution to the following cubic equa-
tion

v +py+q=0. 2)

To bring the original characteristic equation of the
system (1) to the appearance (2), we obtain a set of coef-
ficients of the equation

a. J—
j-1 .

7] —1,7’1,
a

b

n—j+1 =
n
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where n—order of the system characteristic polynomial
(1). Values p and g will respectively equal

b’
=—L+1p,
p 3 2
_2°  bhb, ‘b,
27 3

We will then substitute the obtained values p and ¢
into Cardano’s formula

2 3 2 3
y= _24_ q_+p_+3_1_ q_+p_
2 4 27 2 4 27

With regard to substitution s =y — ;—2 [10]
4

$1253(a3,ap,a1,a0) =

a
(u(as,ay,a,ay) +v(ay,ay,a,,ay)) ===,
3a,
a (3)
= (u(a3,a2,al,ao)e2 +v(a3,a2,a1,a0)el)——2,
3a,
a

(u(a3,a2,a1,a0)e1 +v(a3,az,al,ao)e2)——3a2 S
3

where
u(as,ay,ay,ay) =

2 3
Yasa,a, —27aya;” —2a,” +

2 3
+\/<27a0a32 ~9aya,a, + 2a,° ) + 4(3a1 - azz) @)
; 54a33 '

v(as,a,,a1,40) =

2 3
9asa,a) —27aya;” —2a,” —

—\/(27a0a32 ~9aya,a, +2a,’ )2 + 4<3a1 —a’ )3 (&)

3 54a;’ '
e =——+ iﬁ,
2 2 (6)
1 3
ez = —E— IT.
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Fig. 1 Interval Root Locus with internal
and external edges intersection

Puc. 1. KopreBoii ronorpad cucTeMsl ¢ HUINYHEM B3aUMHOTO
HepeceyeHus BHELIHETO ¥ BHYTPEHHEro pedep

Using the property el2 =e, U 822 = ¢, the expression
for the roots of the equation can be rewritten as
s(as,a,,ay,ap) =

4
9

k k
:<u(a3’a27a]’a())e] +w(ay,ay,a1,a0)e, )_ 3
a3

k={0,1,2}. (7)

In addition, the pole configuration will be determined
by the discriminant equation value (2), the expression for
which is

2

3
q

=1+
=7

P
27
Let us consider the case of Q€ (0;+ 00) , which corre-

lates with the pair of complex-conjugate poles and one
real pole.

For a system with interval-given parameters, the edge
of a multi-parameter root locus (MPRL) is formed by
changing the value of one of interval parameters at fixed
boundary values of other parameters. Thus, the analytical

expression E ’;’ for the MPRL edge when changing pa-

rameter values g, can be determined according to (3) as

EY =s,(a)),k=1,n1=1,m

®)

where n — order of characteristic polynomial, m — num-
ber of interval parameters.

Given that the presented expressions are obtained with
respect to the coefficients at the degrees of characteristic
equation, it is also fair to use dependency data for more
complex types of uncertainties. For affine, polylinear, and
polynomial uncertainties, coefficients at degrees in gen-

eral form can be represented as @, = (q;,4,,..q;) [11]
and are further substituted into (8), having the following
appearance

Ejf-l =5, (¢(% )),k =lLnl=1m.

Description of system pole boundary regions local-
ization under the interval type of uncertainty. So-
called external vertices must be selected to form the ex-
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ternal boundary of the TF system pole localization region
with the parametric uncertainty of the interval type. The
procedure for determining the membership of an MPRL
vertex in a set of external vertices is based on the values
of the departure angles. The angle of the edge departs
from the vertex is defined as

0=180°->0,+>.0,, ©
Under parameter increase, or
O=->0,+).0, (10)

under decrease [12—-13], where ®, and ©, — angles be-

tween real axis and vectors, directed from the pole under
study to neighbor poles and zeros respectfully. The vertex
will be referred to as external vertex in case all of its exit
angles lie within the sector in 180° [14].

It should be noted that when considering TF systems
with interval-given parameters of the third order and
higher, edge intersection connecting two external vertices
and the edge connecting one external vertex with an in-
ternal vertex are possible, as shown in fig. 1.

Edges intersection is possible in case they come out of
the same vertex and are formed by changing the values of
the coefficients at degrees i,j for which the condition

|i - j|23 is met. For the coefficients under study

with indexes 7,/ the following equation system can be
formulated

sin((j—i)9)=0;
ZZ:aZ s|j+z sin((z—j)(p)

where i,j — the indices of vertex polynomial parameters

(I

0;

which variation forms intersecting edges, z are the set of
indices of the remaining coefficients of the vertex poly-
nomial. Considering the part of the MPRL formed only
by poles with a positive imaginary part, the angle ¢ will
be defined by the expression

i j|=3.4.5..
-

(P:ﬂ:_| _]|’ (12)
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Substituting ¢ into the second expression (11), we
obtain |s| . Knowing the module and argument, we will

find the actual value of the edges intersection point U~ .
However, to correctly create the system of analytical ex-
pressions defining the boundary of localization region of a
given system, we must define parametric coordinates of

the point U" , i. e. interval parameter values a;,a; , under
which the edges, coming out from the boundary vertex,

created by the movement of these parameters possess a
common point [15].

. * * . . *
Numerical parameter values a; ,a; in point U may

be obtained from equations

x
$(a;,05,a1,a0) =U; (13)
x
SZ(a3:a2aa19aj)=U 5
where a;,a; — changeable parameters , a,,a; — fixed

border values of corresponding parameters.

Example. Let us consider the system described by the
3-order TF with interval-given parameters and character-
istic polynomial of

A(s)= [613]53 +[a,]s’ +ay]s+[ap],

where a; =[0.7; 0.9],

a, =[2.5;3.7].

Let us numerically build MPRL for a given system
(fig. 2). Since MPRL is symmetrical to the real axis,
only the part with a positive imaginary part is considered.
Applying (9) and (10), we will define a set of external
vertexes of the given system root locus. The obtained
set of external vertexes makes the route:
557—-53—->4—>12—->10—>14—>13 — 5, with external
boundary of transition 13— 5 created by the part of the
transition 13—5 and 5— 6. For this system the edge
556 is formed via polynomial root

a,=[1.7;22], a =[5.27.6],

P ¢(s)=ass® +ays” + ;s +[a,], with the edge 135
root transition By s(s)=[a;]s® +ays’ +as+a,. In-

dexes of the given edges coefficients differ by 3, which is
a must requirement for intersection. Therefore, the index
of variable parameter of one edge is i =3, of the other is
j =0 . Substituting the obtained values into (11) and (12),

. 2 .
we obtain (p:?n, |s|=2.3636 . Applying Euler’s for-

mula, we will receive
U"=-1.1818+2.047i .  Solving
a; =0.7415 and a, =3.047.

the point of intersection

(13), we obtain

Having obtained a set of external vertices, a set of variable parameters forming the edges connecting the external
vertices, and having determined the presence and further coordinates of the specific point of edges intersection, we can
form a system of analytical expressions defining the borders of the pole system location region (fig. 3)

— k — k_ @
fl(al):u(a_39a2’a19a_0)e2 +v(%3a29a19@)61 _3a2 sal E[ﬂ: a1:|;
- k - k_ 4
Salay) =u(as,ay,ay,ay)e,” +v(as,a,,a,,a)e _32 ,aze[a_z; az];

- k - k_ 22
filag) =ulas,ay,ay,ap)ey” +v(a3,0,,a1,a)e;” —

TN K TNk =
f4(a3) :u(a3’a_27alaao)ez +v(a352’alaa0)el -

3

a, —
- —u(a. Vet wwa ek 2 et
Fl(ay,ay,a,,ay) =1 fs(a) =u(ay,a,,a,,ay)e,” +v(ay,a,,a,,a,)e —3:,(116 a s (14)
2 2 a a
- - a _
fo(ay) =ulay, ay,a1,a0)e," +v(ay,ay,0,00)e" ——==,a, e[a_, az];
3
— . ——— i _
f7(ay) =ulas,a,,a,,ay)e,” +v(as,a,,a,,ay)e —T,aoe[a_; ao];
3
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- k - k_a -
fg(az,):u(apazaﬂaa_o)ez +V(a3sazaﬁaa_0)e1 _3_23513 G|:a3 203];

as

- k - k_a *
Jolag) =ulaz,a;,a1,a0)e;” +v(a3,a,,a,,a)e —j,aoe[ao ;aOJ.

=
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Fig. 2 Interval Root Locus for the given system

Puc. 2. KopreBoii ronorpa¢ 3a1aHHON CHCTEMBbI
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2.8

26
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Fig. 3. Piecewise function F'(ay,a,,4a,,4d,) forming the external boundary

of poles localization region

Puc. 3. Kycouno-3anannas dyuxums F(ay,a,,a,,d,) , 00pasyiomas BHELHIOW

rpaHMIly 00JIACTH JIOKATH3AIUH MOJI0COoB [1D crucTeMsr

Conclusion. The work justified a need for analytical
approach to the study of systems with interval-given pa-
rameters. The analytical approach allows to obtain a clear
idea of the system behavior, as well as formalize the syn-
thesis procedure. According to the results of the study,
analytical expressions for edges were worked out, a
piecewise function for the boundary of the pole localiza-
tion region of the 3-order transfer function with interval-
given parameters was obtained. Furthermore, a numerical
example was considered, the results of which confirm the
above-mentioned theoretical research.
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MEASUREMENT OF TEMPERATURE DISTRIBUTION USING A THREE-WIRE SYSTEM
OF SENSORS BASED ON THERMISTORS

V. A. Derevyanko*, A. V. Makukha

Institute of computational modeling SB RAS
50/44, Akademgorodok, Krasnoyarsk, 660036, Russian Federation
*E-mail: ksl @icm.krasn.ru

Improving the reliability and increasing the avionics resource is associated with possibility of continuous control of
temperature fields of printed circuit boards. This problem can be solved only with the use of a large number of tempera-
ture sensors. It raises the problem of connecting the measuring elements and recording equipment. Several methods
with their own advantages and disadvantages are proposed.

One of the implemented and patented methods is using a set of resistive diode sensors installed in series on a three-
wire line. The temperature sensors are pairs of counter - connected diodes with a sequential survey when applying
sawtooth voltage. The system is simple and easy to implement, but its main drawback is the method of determining the
temperature by measuring the amplitude of the total reverse currents of diode pairs. It determines the large measure-
ment errors, especially in the temperature range less than 20°C.

The article deals with a similar design of a three-wire circuit, but with a fundamentally different approach to tem-
perature measurement. The temperature sensor here is not diode pairs, but thermistors with a well-known dependence
of resistance on temperature and high accuracy, and diode pairs record only the moment of coincidence of the sawtooth
voltage with the voltage on the thermistors.

This approach allows using mathematical methods of signal processing to accurately determine the voltage drop on
the thermistor, and this ensures the accuracy of the resistance/temperature and the expansion of the temperature range.

Given the fact that thermistors are increasingly used to measure temperature, simplifying their inclusion in a large
number will allow to register the temperature field of electronic units, which is extremely important for spacecraft.

The proposed version of a three-wire circuit for connecting temperature sensors at several points was tested ex-
perimentally, including at negative temperatures.

Keywords: thermistor, counter-connected diodes, three-wire temperature measurement circuit.

W3MEPEHME PACHPEJEJEHUSA TEMIEPATYPbI C IOMOIIbIO TPEXITPOBOJHON CUCTEMBI
JATYUKOB HA OCHOBE TEPMUCTOPOB

B. A. [lepeBsuko*, A. B. Makyxa

WucTtutyT BRIUucnuTensHoro moaenuposanus CO PAH
Poccuiickas deneparms, 660036, r. KpacHospck, Akagemropook, 50/44
*E-mail: ksl @icm.krasn.ru

THosvluenue HadesxcHocmu u ygenudenue pecypca paouod1eKmpoHHOU annapamypsl KOCMUYEeCKUX annapamos Cési-
3bI6AIOM C BO3MONICHOCIBIO HENPEPBLIBHO20 KOHMPOJISL MEeMNEPAmypHbIX nouetl nedamuvix naam. Taxas 3adava mosicem
ObIMb peuieHa MoabKo ¢ UCNOAb308AHUEM DOIbUIO2O KOIUYecmea damuukos memnepamypul. Ilpu smom @osHukaem
npobnema NOOKIOUEHUsT UIMEPUMENbHbIX JNEMEHmMOo8 U pesucmpupyiowei annapamypul. [Ipednodceno HeckoibKo
Cnocob08s, umeruwux céou 00CMOUHCMBA U HEOOCMAMKU.

OOHUM U3 Peanu308aHHbIX U 3ANAMEHMOBAHHBIX CHOCOD08 ABISLEM sl UCHOIb308AHUE HAOOPA PEe3UCUBHO-OUOOHBIX
0amyuKo8, yCMaHOBIEeHHbIX NOCIE008AMENbHO HA MPEXNPOBOOHOU TUHUL. JJamMyYuKamMy memMnepamypbl S6JsI0NCs napsl
BCTPEUHO BKIIOYEHHBIX OUOO0E C NOCIe008AMENbHBIM ONPOCOM NPpU nooaye nuroodpasno2o nHanpsaxcenus. Cucmema
npocmas U 1e2Ko peanusyemas, Ho €€ OCHOBHOU HeOOCMAMOK 3aKII0YaAemcst 6 Cnocobe onpeoeieHus memMnepamypbl
N0 UBMEPEHUI0 AMIIUMYObl CYMMAPHLIX 0OPAMHBIX MOK08 OUOOHBIX nap. Mmenno smum onpedensiiomcsi 6onvbuiue
noepewHocmu usmepenust, 0cobenno ¢ oonacmu memnepamyp mervuie 20 °C.
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B cmamve paccmampusaemcsa amanocuunas KOHCMPYKYUs MPEXnPOBOOHOU Yenu, HO € NPUHYUNUATLHO UHBIM
NOOX000M K UMEPEeHUI0 memnepamypbl. /lamyuxom memnepamypul 30eChb AGIAIOMCSA He OUOOHbLE NAPbl, 4 MEPMUCTO-
Pbl C XOPOWIO U3BECMHOU 3A8UCUMOCIbIO CONPOMUBTIEHUS. OM MeMNepamypbl U 8bICOKOU MOYHOCMbIO, d OUOOHbLE
napuvl ukcupyom moabKo MOMeHM CO8NAOeHUS GeTUYUHbL NUT00OPAZHO20 HANPANCEHUS C HANPAXCeHUeM HA mepMu-

cmopax.

Taxoti n00x00 no380a5€em UCNOIBL30BAMb MAMEMAMUYECKUe Memoobl 00PAbOMKU CUSHAN08 Ol MOYHO20 onpede-
JIeHUSL NAOCHUS. HANPANCEHUS. HA MEPMUCmope, d 3Mo obecneyusaem u moyHOCmb OnpeoesieHus COnpomuesienus / mem-
nepamypuvl U pacuuperusi memMnepamypHo2o OUana3ond uamepeHuil.

Yyumoieass mo, umo mepmucmopul 6ce uauge UCHOABL3YIOMCS OISl USMEPEHUST MEMNePamypbl, YIPOWEHUE CXeMbl UX
BKIIOHEHUsL 8 OONILULOM KOJUYeCmee NO360JUM PecUCMPUpo8ams mMemMnepamypHoe nojie paouodieKmpoHHbIX OJI0KOS,

umo Kp(llee BAIHCHO OIS KOCMUYECKUX annapamaoe.

IIpeonooicennviii 6apuanm mpexnpogoOHOU cxembl NOOKMIOUEHUs. OAMYUKO8 MEMNEPAMYpbl 8 HECKOIbKUX MOUKAX
npogepeH IKCNEPUMEHMANLHO, 8 MOM HYUCTIe U NPU OMPUYAMETbHBIX MEMNepamypax.

Kniouegvie cnosa: mepmucmop, 6cmpeuno KnoueHHble Ouodbl, MpEXNPOBOOHAs CXeMa USMEPEHUS MeMNnepamypbi.

Introduction. Many years of experience in testing
electronic equipment in the space industry showed that
80 % of electromechanical failures are associated with
various thermal effects on the equipment and 20 % of
failures are caused by various types of vibrations and im-
pact, therefore the close attention is paid to monitoring the
thermal operating conditions of avionics.

The method currently used provides for temperature
control with help of temperature sensors installed in the
immediate vicinity of radio electronic components.

To get real information about the temperature field
distribution of electronic components and to monitor the
thermal conditions of avionics in real time a large number
of temperature sensors are required [1-5] (several dozen
sensors on each board and several hundred ones in the
device).

There are devices for measuring temperature fields
with thermoelectric sensors in the form of paired hetero-
geneous conductors [6]. The disadvantages of these
devices include the complexity of their implementation
(the need to isolate electrical conductors from the object
and stabilize the temperature of the sensors leads).

Widespread resistance thermometers [7] have a com-
plex system of separate power supply and registration
which complicates to use a large number of these sensors
on an electronic circuit board. This is due to the complex-
ity of the connector wiring as well as sensor addressing
and interrogation.

There are devices for measuring the temperature fields
using a thermoelectric sensor in the form of a grid with
quadrangular cells of m and n heterogeneous conductors
connected at the intersection and forming columns and
rows, respectively, by measuring thermal electromotive
force between the output ends of conductors [8].

In [9] it was proposed to use distributed resistive di-
ode sensors which allow installing up to tens of sensors
with a sequential survey in series on a three-wire line.
This method is based on the measurement with tempera-
ture-sensitive elements 77 consisting of counter-connected
identical diodes DDi and two equal resistors R (fig. 1).
The number of lead wires in this measurement scheme is
three. The constant voltage source 1 is connected to the
thermal sensitive elements via wires Ul and U3. The
harmonic voltage source 2 and the signal recorder 3 are
connected via wires Ul and U2.
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The principle of temperature measuring is as follows:
since the constant voltage source 1 is connected to a volt-
age divider of 2N identical resistors with resistance R the
total differential resistance of the on-board diodes
becomes minimal when the harmonic signal from the
source 2 increases at the moment when the voltage across
the diode pair DDi is equal to zero. The change in current
through the diode pair is measured by the recorder 3 and
processed. The signal is differentiated and the temperature
of the thermal sensitive element 7i which number is de-
termined by the order of the following peaks is calculated
by the peak amplitude of the derivative. The measuring
tool in this case is a diode pair. This construction highly
facilitates the sensors placement and simplifies the system
of interrogation and registration.

However, semiconductor diodes act here as a thermal
sensitive element and its reverse saturation current de-
pends on temperature. The main disadvantage of this
method is the need of preliminary calibration of diode
pairs and nonlinear dependence of the temperature on the
signal magnitude. Radiation-resistant silicone or gallium-
arsenide diodes are used in space industry. Their reverse
currents are much smaller than germanium diodes ones
and therefore they can be used in the amplitude measure-
ment method on resistive-diodes circuits only in the tem-
perature range above 20 °C. Measurements errors are
larger at lower temperatures.

Problem formulation. An undoubted advantage of
distributed resistive-diodes temperature sensors is the
possibility of their sequential polling on a three-wire line
with the temporary addressing. The disadvantage is the
amplitude method for recording the total saturation cur-
rent of diodes which magnitude depends on many factors:
the type of diode, the recorded temperature, the coinci-
dence of the diode pair reverse currents, the influence of
parallel-connected diode pairs and the interference taking
into account large values of the diodes inverse resistance.

Taking into account all the problems of the semicon-
ductor diodes the thermistors were considered as tempera-
ture sensors [10-12] Rx, ..., Rxy (fig. 2), and diode pairs
are used to fix the moment when the harmonic signal
voltage Up; coincides with the voltage Ukx; in the corre-
sponding point of the voltage divider [13]. The Rx, resis-
tor (with minimal temperature resistance coefficient) acts
as a calibration resistance.
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Fig. 2. Measurement scheme in the experiment

Puc. 2. Cxema u3MepeHuii B 3KCIICpUMEHTE

The constant voltage U, is supplied through one wire
to a divider composed of N thermistors Rxi. The sawtooth
voltage Up is supplied through the second wire to diode
pairs DDi which are connected to the voltage divider. The
signal Ux, from the resistor Rx, on the third wire is differ-
entiated and the voltage between the two thermistors is
determined by the maximum peak amplitude of the de-
rivative. The number of thermistor is determined by the
order of the following peaks. Thus, the thermistor voltage
is determined by the time of the diode pair peaks and it
significantly increases the measurement accuracy.

Experiment results. To verify the method effective-
ness an installation based on the measuring complex LTR
was assembled. Series connected thermistors operating in
the temperature range from +20 to +80 °C were replaced
by calibrated resistances measured to the fourth digit. For
definiteness the values of calibrated resistances and the
corresponding temperature calculated for MF521021k
thermistors with resistance Ry = 1.0 kilo-ohm + 1.0 %
when T,= 25 °C or Ry= 510 ohm + 1.0 % and the tem-
perature coefficient B = 4000 1/°K are shown on tab. 1.
The temperature value Txy for each Rxy is calculated by
the formula
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The sawtooth voltage Up and the constant voltage to
the divider Uy= 10 V came from the LTR34-8 digital-to-
analog converter. The Up and Ux, voltage at the calibra-
tion resistance was measured by a 14-bit LTR11 AD con-
verter (fig. 3).

The figure also shows the time derivative dUxy/dt of
the measured signal on an enlarged scale as well as Ukx,.
Each peak of the derivative dUxy/dt is marked with the
corresponded diode pair DD; on which the signal incre-
ment Uxy and the sawtooth voltage value Up; = Ux; at
a given time passed.

Since the current through the diode pairs was three or-
ders of magnitude less than the current through the di-
vider they were neglected in the calculations. Therefore,
from the constancy of the current through the thermistors
and the calibration resistance, the thermistor resistance
was calculated by the formula

Ux; —Ux;_,

Rx; =
Ux,

Rx,.. ()
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As diode pairs germanium and silicone diodes of dif-
ferent purposes were used (tab. 2). The reverse current Jp
was measured at a reverse voltage of 20 V and an ambient
temperature of +20 °C.

In the tab. 3 the results of five measurements, the av-
erage measured value of resistance and the deviation from
the exact value are shown.

The selection of diode pairs exerts a great influence on
the measurement accuracy. A preliminary selection for
the same reverse current is required. At different currents
with differentiation Ux, asymmetric peaks were obtained
at Ux; = Up;. Because of this there was a shift in one or
another direction from the peak maximum and, accord-
ingly, a distortion of measurement results. It is clearly
demonstrated by the data given in tabl. 2 and 3. An im-
balance of reverse currents in the diode pair DD, affects
the Rx;, Rx, and DD, as well as Rx, measurement accu-
racy.

Temperature range check. Testing of the proposed
temperature measurement scheme was carried out in a
narrow temperature range of the board and diodes from
20 to 25 °C. Of special interest is the measurement of
devices thermal regimes at negative temperatures. For this
purpose in fig. 2 all diodes were replaced by diode pairs
from D311A with the same reverse current according to
tab. 4.

TP018-02 thermistor was glued to the board base. Its
resistance was measured by the H-27R-100 submodule
and converted to temperature by a computer. In range
from 10 to 20 °C all measurements were carried out ac-
cording to the well-functioning scheme. At lower tem-
peratures the voltage gain AUxy = Ux(f) — Uxgpn 1S re-
duced by repeatedly reducing the reverse current of diode
pairs. Thus, the signal itself decreased many times and the
peaks of the derivative dUxy/dt couldn’t be distinguished
against the background of interference due to the dis-
creteness of digitalization (fig. 4).

In this case it is necessary to apply averaging over K
measurement. Random noise during averaging decreased

JK times and the useful signal was clearly distin-
guished. The averaging results over 16 and 1024
measurements and the temperature 7R = 9.2 °C and
TR =-10.3 °C, respectively, are shown on fig. 5 and 6.

Experimental data processing was reduced to the time
derivative dUxy/dt transition, to the dependence not on
time but on the sawtooth voltage F(Up) = dUxy/dt with
the received signal post-processing. Since, due to a small
change in the signal Ux, and the discreteness of its digi-
talization large interference noise arose and there were
problems with determining the exact voltage value
Ux;= Up;, a special technique was used [14; 15].

Table 1
Temperature matching for experimental resistors
RX] R.Xz RX3 RX4 RxS R)C(, RX7
Ry 911.7 121.4 702.8 391.8 452.4 217.4 453.5
1 kilo-ohm Txp(°C) 27.1 80.6 33.0 474 437 63.3 437
510 ohm Txp(°C) 12.6 60.7 18.0 31.0 27.7 45.2 27.6
Up(B)
T10.0
T9.0
Up2=3,582 B
T8 Ux0-UsOmin Rx0=597,2 Om
. bD2 Rx1=914,7 Om
T _ Rx2=120,2 Om
Up1=3,296 B Rx3=700,6 Om
160 ot Rx4=393,2 Om
Rx5=465,1 Om
T50 Rx6=199,1 Om
D3 ypa=6,003 Rx7=456,8 Om
T40
T Up0=1,302 B Up6=17,488 B
20 Up7=8,514 B
- 1.0
I | | | | | | K

Fig. 3. Results of measurement of Up and Uxy(nV) versus time

Puc. 3. Pesynbrarsl uamepenns Up u Uxy(MKB) B 3aBUCHMOCTH OT BpEMEHH
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Table 2
Types and characteristic of diode pairs
DD, DD, DD, DD; DD, DD DDy DD,
Type INS819 D311A D311A D311A SR360 IN5819 2D213A D223
Jp(pA) 5.3 12.4 16 15.0 7.9 2.5 4.8 1.8
5.1 20.2 15.1 14.8 4.5 2.6 52 4.6
Table 3
Accurate and measured characteristics of experimental resistors
Exact value Experimental value Average Error, %
value
Rx 597.2 Ne 1 Ne 2 Ne 3 Ne 4 Ne 5 Rxp
Rx, 911.7 926.2 924.5 928.1 934.3 929.2 928.46 184
Rx, 121.4 119.2 118.8 118.7 118.2 118.4 118.66 -2,26
Rx3 702.8 705.2 704.6 705.9 710.1 707 706.56 0.54
Rx4 391.8 400.8 399.7 400.6 402.3 402.1 401.1 2.37
Rxs 452.4 455.9 457.2 456.7 458.7 458 457.3 1,08
Rxg 217.4 2144 212.9 2142 216.5 2132 214.24 —-1.45
Rx; 453.5 453.9 454.4 456.1 455 4574 455.36 041
Table 4
Diode pairs with the same reverse current
DD, DD, DD, DD, DD, DD;s DDy DD,
Type D311A D311A D311A D311A D311A D311A D311A D311A
Jpp(HA ) 18.5 18.5 24.0 16.0 17.2 19.2 20.0 21.5
Ling TR=-5.7C
T9.0
T 8.0
UplB)
T 7.0
T6.0
5.0
4.0 dUx0/dt U-Uxomin(mrB)
r 3.0
2.0
L Ll
| I it
s LB il \ il HIﬂl!\IIM|||W||MM| DL R
IJi..!;zusl;uu!!!.'.!!!M!..!!ﬂm.-,..-..i...-..ml-.m.m.'.wm.'.'nnllum|m||||;|l||m|||||I||| il ||| | Il |||n” 1A \ \ Ih ||\ ‘ | II i | LA el )
(LR OV
Fig. 4. The results of Ux, measurement and processing depending on the time at the board temperature 7R =-5.7 °C.

The scale for Ux, and dUx,/dt is increased 10 times

Puc. 4. Pesynbratsl n3mepenus u 06padotku Uxg B 3aBUCHMOCTH OT BpeMEHH NpH TeMiepatype miatel TR = 5,7 °C.
Macriutab no Uxy u dUxy/dt ysenuyen B 10 pa3
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Fig. 5. Averaging results AUxy= Uxo(t ) — Uxomin and dUxy/dt over 16 measurements

Puc. 5. Pesynbrate yepeanenust AUxg= Uxo(f) — Uxomin ¥ dUx/dt 10 16 n3mepenusm

TR=-10.3°C

T10.0

T Up(B)

T80
Uxo-Uxomin(mxB)
T7.0
TEe0
T 5.0
T40

T30

T 2.0

dUxo/dt
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Fig. 6. Results of averaging AUxy= Ux((t) — Uxomin and dUx/dt over 1024 measurements.
The scale for Ux, and dUx/dt is increased 100 times

Puc. 6. Pesynbratsl yepenuenus AUxg= Ux(f) — Uxomin ¥ dUxo/dt 10 1024 u3mepeHusm.
Maciurab no Uxy u dUxy/dt yenuden B 100 pa3

For this, cross-correlation function krs(Up) between Where the function G(Up; — Up) looked like the peak
F(Up) and in the derivative of voltage Ux,, and
G(Up, ~Up)=e *trth 2
(Up,—Up)=e ; 2) (6w _U>_iG(Up[—Upk)
was estimated by the formula Pi=UP]= pr N ’
F(Up)—(F(Up)))x
Z(é ( ((] ) U( )( <12(>()] ) (F(Up)) = iFa]épk)’
p; —VP)— p; —Up —
K (UD) = 2 . ® .
D (FUp)—-(F(Up))) x is average values of correlating functions over the
2 > summed range and Up; is the voltage at which dUxy/dt
X Z(G(Upi -Up)- <G(Upi - UP))) reaches maximum for each peak.
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The variable a in the function (2) changed during the
method development for more accurate determination of
thermistor resistance. It has been experimentally estab-
lished that the best value for 1/a in the formula (2) is a
value in range 0,1 = 0,2 V.

At lower values the peaks broaden and, accordingly,
the exact determination of the maximum worsens. In ad-
dition, at low values of thermistor resistance an overlap of
two adjacent peaks is observed which leads to the de-

crease in the calculated value Rx;. At larger values false
peak arise due to interference in the numerical determina-
tion of the signal Ux,.

For checking purposes the cross-correlation function
krc(Up) was constructed according the measurement
results (fig. 4).

The maximum value krg(Up) didn’t exceed the
value 0.15 (fig. 7), and it was later used as a criterion for
the results reliability (fig. 8, 9).

1kra{Up)
1a
T09
T+ 048
a7
LXS
(%
4
-3
03
0.4 . 1
- | A I "l A [V Y| " | " . "
I B b o —+ S j . A L B e e 4 - T ‘
W ©V P | ™ AT TEv T Up(B)
i
Fig. 7. Cross-correlation function according to the measurement results in fig. 4
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Table 5
Statistical processing results for 7 thermistors
N 16 32 64 128 512 1024
Tr(°C) 9.2 7.6 3.8 -33 -3.9 -10.3
Rx, 914.6 917.6 910.9 911 889.7 892.4 885.6
Rx, 119.2 116.1 116.9 117.4 112.2 114.9 108.1
Rx; 703.9 707.9 707.8 703.2 698.7 703.5 658.1
Rxy4 393.9 391.5 391 391.8 397.4 394 387.8
Rxs 224.5 216.6 220.4 2173 218.5 215.1 217.3
Rxg 453.4 462.4 458.2 454.8 470.5 459.5 4553
Rx; 454.4 4443 443.8 456.7 427.5 451.2 448.8
ARX1/Rx, 0.328 % —0.405 % —0.394 % —2.723 % —2.427% -3.171 %
ARx,/Rx;, -2.601 % -1.930 % -1.510 % -5.872 % -3.607 % -9.312%
ARX3/Rx3 0.568 % 0.554 % —0.099 % —0.739 % —0.057 % —6.507 %
ARx4/Rxy4 —0.609 % —0.736 % -0.533 % 0.889 % 0.025 % -1.549 %
ARxs/Rxs -3.519 % -1.826 % -3.207 % -2.673 % —4.187 % -3.207 %
ARx¢/Rxg 1.985 % 1.059 % 0.309 % 3.772 % 1.345 % 0.419 %
ARx7/Rx; -2.223% —2.333% 0.506 % -5.920 % —0.704 % -1.232%
Sep(N) 1.690 % 1.263 % 0.937 % 3.227% 1.765 % 3.628 %

The lower the temperature the greater number of N
averages must be carried out in order to get a correct
result. The lowest temperature at which it was still
possible to process the signal was —10 °C at K = 1024
(fig. 6, 9).

Tab. 5 shows the measurement of thermistor simula-
tors resistance at different temperatures 73(°C) of the
board depending on the number of N averages and the
relative measurement error ARx;/Rx;. The last line shows
the absolute average relative measurement error

;
8¢y (N) = Zi:1(|Ain |/Rx, ) /7

depending on N measurements. It is clearly seen that

at N=128 and N = 512 and approximately equal tempera-

ture

8,029 327 512

8,,(512) 1,765 V128

This example confirms the correctness of the chosen
statistical averaging method.

2
"
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Conclusion. Thus, the use of thermistors as tempera-
ture sensors and diode pairs determining the addressing of
the measuring elements allows the three-wire temperature
measurement scheme in the range from —10 °C and above
with an error of less than 4 % to be implemented.
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REAL-TIME CARRIER ROCKET MISSION CONTROL USING SPACE RELAY SYSTEM
D. A. Makhalov', M. P. Nikitina, S. B. Usikov, A. V. Manoilo

Central Research Institute of Machine Building
4, Pionerskaya St., Korolev, Moscow region, 141070, Russian Federation
*E-mail: mda@mcc.rsa.ru

One of the purposes of the multifunctional space relay system “Luch” is telemetry provision for the timely control of
launches from the “Vostochniy” spaceport. Launch vehicles and upper stage units have special high-speed and low-
speed relay user equipment for telemetry relaying using the relay system “Luch”. This article is about special programs
for processing such kind of telemetry at the Mission Control Centre (MCC) of the federal state unitary enterprise "Cen-
tral Research Institute for Machine Building" (TsNIIMASH) for mission launch control. These programs are the part of
telemetry processing software-hardware system of the MCC. Their purpose is real-time reception, processing and de-
picting results of processing telemetry data from high-speed and low-speed relay user equipment. This article contains
description of the telemetry structure, transmission scheme and description of telemetry reception and processing ap-
proach based on the specific characteristics of such kind of telemetry. It contains information about tasks, solved by the
MCC telemetry complex for giving timely, objective and correct information about a launch process as well. Created
programs, processing algorithms and representation forms of the results of telemetry processing successfully provided
missions control of the launches of the spacecraft “Kanopus-V-IK”, “Meteor-M”Ne2-1 in 2017, “Kanopus-V"" Ne3, 4 in
2018. We propose to use developed programs for telemetry provision of the timely control of orbital mean insertion
during the next launches from the “Vostochniy” spaceport.

Keywords: relay user equipment, launch vehicles, upper stages, telemetry processing, launch control.

TEJEMETPUYECKOE OBECIIEYEHUE OIIEPATUBHOI'O KOHTPO.IS IOJIETA PAKET
N PA3I'OHHBIX BJIOKOB C HCITOJIb3OBAHUEM CITYTHUKOBOI'O KOHTYPA YIIPABJIEHUSA

J.A. Maxanos*, M. I1. Hukutuna, C. b. Ycuxos, A. B. Manoiino

OI'VII «lleHTpanbHblil HAYYHO-UCCIEN0BATEIBCKUNA HHCTUTYT MALLIMHOCTPOCHUS»
Poccwuiickas @enepanus, 141070, MockoBckast obnacts, r. Koponés, yi. [Tnonepckas, 4
*E-mail: mda@mcc.rsa.ru

Teremempuueckoe obecnevenue ONepamusHO20 KOHMPOJ 3ANYCKO8 € HOB020 KOCMOOpoma «Bocmounwlily
Ha YY4ACMKAX 8bl8e0eHUsl, PACNONONCEHHBIX 6He 30Hbl BUOUMOCIU HAZEMHBIX USMEPUMENbHBIX NYHKIMOS, OCYUeCmeIis-
emcst ¢ NOMOWbIO MHOLOQYHKYUOHATILHOU KOCMUYECKOU cucmembl pempancaayuu «J/lyuy. s nepedauu meremempute-
ckoul unghopmayuu (TMH) uepes cucmemy pempanciayuu «/Iyuy na pakeme-nocumene (PH) u paseonnom onoke (PB) ycma-
HOBNIeHbl KOMNIEKMbl 8bICOKOCKOPOCMHOU U HU3KOCKOPOCHHOU ADOHEHMCKOU annapamypsl pempauciayuu. B cmamoe
onucanvl cpedcmea, paspabomanuvie ¢ L[VII OI'VII [[HUHmaw onsa onepamuenoco xowmpons norema PH u PH
no uHgopmayuy, NOIY4eHHOU ¢ AOOHEHMCKOU annapamypvl pempauciayuu. Paspabomannvie cpedcmea 6 cocmage
menemempuiecko2o uH@GopmMayuonHo-eviuuciumenvro2o komniexca L[VII [[THUHMaw obecnewusarom npuem, obpa-
bomky u omobpasicenue pe3ynbmamos oopabomxu menemempuyecko ungopmayuu PH u PB 6 pedcume peanvroco
epemenu. Ilpusedena cmpyxmypa nepedasaemoul ungopmayuu, cxema ee nepeoadu u 0COOEHHOCMU, Onpedersioujue
aneopummbl npuema u oopabomxu meiemempuyeckol ungopmayuu. Yxazamvl 0CHo8HblE 300a4u, peuiaemble Ha cpeo-
cmeax menemempuyecko2o ungopmayuonnozo komniexca L[VII ons npedocmasnenus onepamusHolx, 00beKMuEHbIX
U KawecmeeHHvIx 0aHHbIX 0 npoyecce evigedenus. Cozoannvie ¢ L[VII cpedcmsa, paspabomannsie arzopummsl o6pa-
bomku u opmynApel OMOOPAdNCEHUA MmeeMempPUYecKol UHPopMayuu 8biICOKOCKOPOCMHOU U HUBKOCKOPOCMHOU abo-
HEeHMCKOU annapamypul pempancisyul YCHeutHo NPUMEHIUCH 01 ONEPAMUBHO20 KOHMPOJISL 8bI6EOCHUS KOCMUYECKUX
annapamos «Kanonyc-B-UK» u «Memeop-My» Ne 2—1 ¢ 2017 2. u «Kanonyc-B» Ne 3, 4 6 2018 2. Coz0anuvie cpeocmsa
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npeononazaemcs UCnoib308ams 014 meieMempuiecko2o obecneyeHus onepamugHo2o KOHMpOos npoyecca 8bl8e0eHUs
OpOUMANLHBIX CPeOCHE NPU NOCIEOVIOWUX 3ANYCKAX ¢ KOCMoopoma «Bocmounwiiiy.

Kniouegvie cnosa: abonemmckas annapamypa pempancisyui, paKemvi-HOCUMenuy, pas2ouHsill 010K, 06pabomka

TMMU, npeocmasnenue pe3yromamos oopadbomru TMU.

Introduction. By 2018 three launches of “Soyuz-2”
launch vehicles for the spacecraft of scientific and socio-
economic purposes had been performed from the new
spaceport called “Vostochniy” [1-3]. The main launch
routes from the new spaceport are beyond the visibility of
existing ground telemetry stations, and the construction of
new ground telemetry stations or the use of mobile
ground telemetry stations in the Far North and the Pacific
Ocean is expensive and difficult. High-speed relay user
equipment was created for transmitting the telemetry data
of launch vehicles via the “Luch” satellite transponders
[4] during launches from the “Vostochniy” spaceport, as
well as low-speed relay user equipment [5—7] was devel-
oped for transmitting telemetry data of upper stages. The
work considers the reception, processing and display of
telemetry data of launch vehicles and upper stages re-
ceived from the relay user equipment at the MCC of the
federal state unitary enterprise TsSNIIMASH.

The scheme of data transmission through the
“Luch” multifunctional space relay system. To control
the flight of the “Soyuz-2” launch vehicles by telemetry
data of high-speed relay user equipment at the MCC using
a telemetry processing software-hardware system, pro-
grams for receiving, processing and displaying incoming
telemetry data have been developed. Fig. 1 shows a te-
lemetry data reception scheme where created programs
are highlighted in yellow. The high-speed relay user
equipment starts transmitting telemetry data from the
400™ second of the flight of a launch vehicle, when a
rocket approaches the border of the visibility range of
spaceport measuring tools. The real-time telemetry data is
transmitted to the earth-based relay station “Klyon-R” Ne
304 (“Vostochniy” spaceport) via the “Luch-5A” relay
satellite. The telemetry data is received by two sets of RT-
428 receiver. From the first set, data is transmitted di-
rectly to the MCC to the hardware-software complex of
relay user equipment [8] to the relay and communication
control center [9]. From the second set, data is transmitted
through the special control software of the earth-based
relay station “Klyon-R” to the automated exchange
system of relay and communication control center. The
telemetry processing software-hardware system receives
and processes information from both sources [10]. The
results of processing telemetry data are displayed on indi-
vidual and collective drawing tools in the relay and com-
munication control center.

Telemetry data is transferred from the hardware and
software complex of the relay user equipment to the te-
lemetry processing software-hardware system in accor-
dance with the protocol for the information exchange of
the hardware-software complex of the relay user equip-
ment, based on TCP protocol. Moreover, in addition to
telemetry data, two types of data are transmitted to the
telemetry processing software-hardware system: “RT-428
profile” messages and “RT-428 status vector” messages.

345

“RT-428 Profile” messages contain information about
the configuration of a receiver, such as:

— the results of self-diagnosis of a receiver;

— set frequency range and frequency letter;

— set operating mode (transfer speed and frame size);

— use of Reed-Solomon codes and Viterbi codes.

“State vector RT-428” messages contain current in-
formation about the RT-428. This information includes
signal-to-noise ratio, number of errors, presence of cap-
ture and frame synchronization.

Telemetry data is transmitted from the automated ex-
change system of the relay and communication control
center to the telemetry processing software-hardware sys-
tem using the protocol compatible with the structure of
transmission packets over networks of the National
Ground-Based Automated Control Centre using UDP
packets. Herewith, decoding such information is fraught
with a number of difficulties caused by the fact that the
data format of the National Ground-Based Automated
Control Centre is poorly adapted to transmit information
using relay user equipment. Firstly, telemetry data in this
format is transmitted in 12-bit words packed into 16-bit
ones. With that, the RT-428 packet for the information of
high-speed relay user equipment has the length of 3568
bytes or 28544 bits, which is not divided by 12 without a
remainder, that is why it is necessary to supplement such
a packet with zero bits. Secondly, such a packet size is too
large for UDP transmission, that is why the automated
exchange center of the relay and communication control
center breaks it into smaller packets, and only the last one
will contain additional zero bits. If the selected size is
odd, an additional problem arises: it is impossible to put
an integer number of 16-bit words into such a packet (one
word can be divided into two packets). Thirdly, at present,
the automated exchange system of the relay and commu-
nication control center does not transmit time information,
which makes it impossible to accurately correlate teleme-
try data with time.

It should be noted that the direct transmission of te-
lemetry data of the high-speed relay user equipment from
RT-428 receiver installed at the “Vostochniy” spaceport
to the hardware-software complex of the relay user
equipment was unsatisfactory according to the test results.
Due to the small size of the network buffer being used to
transmit telemetry data from the receiver and the signifi-
cant time it took to transmit telemetry data from the earth-
based relay station “Klyon-R” of the “Vostochniy” space-
port to the MCC, the actual speed of telemetry data
transmission was not more than 180 kbit / s instead of the
nominal 256 kbit / s; that caused regular loss of telemetry
data during transmission in real time. The developers of
the receiver managed to solve this problem using an addi-
tional gateway for transmitting data from the earth-based
relay station “Klyon-R”, which was not used during the
launch work (it is shown in grey in fig. 1).
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Fig. 1. Scheme of telemetry reception of high-speed relay user equipment at MCC
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The main tasks of telemetry processing software-
hardware system for processing the telemetry data of
the relay user equipment. The main tasks to be solved
using the telemetry processing software-hardware system
of the MCC to ensure high-quality relay of telemetry data
from relay user equipment of a launch vehicle and an up-
per stage and operational control of the output process are
the following:

— assessing the quality and reliability of telemetry data
(percentage of failed and reliable frames, the number of
errors recovered by Reed-Solomon codes), the level of the
received signal;

— assessing the timeliness of the beginning and end of
the reception of relayed telemetry data in accordance with
the sequence diagram of the operation of the relay user
equipment;

— switching the telemetry data streams received from
the various “Luch-5” relay satellites and from ground-
based aids (while ensuring transmission at the MCC);

— exact binding of TM-frames to time;

— assessing the current parameters of the orbit of a
space rocket and an upper stage;

operational control of the onboard systems, including
fix— ing the moments of separation of the parts of a
launch vehicle, payload, control system commands, turn-
ing on and off the marching and corrective propulsion
systems of the upper stage, the operating modes of the
telemetry system and relay user equipment;

— processing telemetry data received from relay user
equipment both during flight tests and during ground test-
ing [11-14];

— providing data for the interdepartmental commission
in the event of an emergency launch;

— real-time processing of data from the on-board video
monitoring system transmitted through the “Luch” multi-
functional space relay system (when implementing such
an outcome).

Most of these tasks have already been implemented in
the telemetry processing software-hardware system. Let
us consider the above tasks in more detail.

The operational assessment of the quality and reliabil-
ity of the received telemetry data is necessary when con-
ducting ground and flight tests of launch vehicles and
upper stages in order to:

— determine the correct operation of relay user equip-
ment and the structure of generated telemetry data;

— make the comparative analysis of various “Luch-5”
relay satellites and ground receiving stations;

—select the optimal configuration of the on-board re-
lay equipment of the “Luch-5" relay satellite;

—measure the actual data content of the communica-
tion channels being used, the frequency of data loss and
delay in data transmission;

— identify one-time and prolonged interference in the
transmission of telemetry data;

—compare the quality of received telemetry data
at different sessions, on different days, on different
products.

For example, Reed-Solomon codes and CRC-16
checksum used in the telemetry data for high-speed relay
user equipment allow you to accurately determine the
reliability of the received telemetric frame and the number
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of distortions that occurred in it during the transmission
over the radio link.

Software and hardware tools of a telemetry processing
software-hardware system allow performing in-depth
processing of a telemetry data in real time, providing the
solution to most of the above tasks [10—14]. For a detailed
manual analysis, the means for viewing the initial tele-
metric frames, transmitted over the network data packets
and intermediate results of processing telemetry data are
available.

Determining the exact time of the start and end for re-
ceiving the telemetry data of relay user equipment helps
to evaluate the accuracy of the on-board flight sequence,
the “Luch” relay satellite guidance, flight path, and orien-
tation of a launch vehicle/upper stage.

Depending on the flight path, launch vehicles and up-
per stages can get simultaneously or sequentially into the
visibility areas of two satellite transponders, as well as
ground-based measuring points. At the same time, inde-
pendent assessing of the telemetry data flows coming
from each source should be provided, as well as automatic
switching of all received flows into a single stream for the
most high-quality and continuous processing. During the
switching process, telemetry processing software-
hardware system tools allow fully synchronize telemetry
data flows regardless of the delays of data. In addition, the
algorithms that allow you to restore a telemetry frame
from several failed ones received from different sources
have been developed.

Due to the fact that the telemetry frames of a launch
vehicle and upper stage use their own different on-board
time, counted from the moment the equipment was turned
on or the NOV command was transmitted, while ground-
based telemetry data processing, there is a problem of
linking the received information to decreed Moscow time
(DMT). This normally uses the time of registration of
telemetry data at ground measuring stations, synchronized
with the central timing system, however, when processing
data received through the “Luch” multifunctional space
relay system, this approach is not applicable for two rea-
sons. Firstly, the transfer of the telemetry data from a
launch vehicle/upper stage to the “Klyon-R” earth-based
relay station via the “Luch-5" relay satellite takes a long
time (during the launch from the "Vostochniy" spaceport
using the “Luch-5A” relay satellite, the radio signal
travels over 260 ms covering the distance of about
79000 km). Therefore, it is impossible to use directly the
time of registering telemetry data at the station, but it is
necessary to take into account the amendment depending
on the current position of a product, the position of the
relay satellite and the earth-based relay station being used.
Secondly, at the present time the task of telemetry data
registering by the central timing system time has not been
solved at the “Klyon-R” earth-based relay station.
Telemetry data is linked to the time at the hardware-
software complex of the relay user equipment (relay and
communication control center) or at the telemetry proc-
essing software-hardware system (in the case of reception
from the automated exchange system of relay and com-
munication control center), which is fraught with the large
errors caused by the inconsistent time of transmission of
the telemetry data from a remote earth-based relay station
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to the relay and communication control center and delays
in all the software and hardware used in the transfer
means. Prior to solving the problem of accurate linking
telemetry data to time at the “Klyon-R” earth-based relay
station, the registration of on-board events using the
telemetry data of high-speed relay user equipment can be
carried out only with fairly rough accuracy.

The operational assessment of the ballistic parameters
of the launch vehicle and the upper stage based on the
state vectors received from on-board satellite navigation
system allows controlling the accuracy of the output, the
deviation of the product from the computed path, the fact
of performing the correcting pulse of an upper stage, and
the accuracy of directing the “Luch-5" relay satellite to
the target. Additionally, the ability to independently
determine the separation parameters for spacecraft con-
trolled from the MCC will increase the reliability of get-
ting into communication with them at the first revolutions
in the event of the significant deviation of the orbit pa-
rameters from the calculated ones until official data are
received from the upper stage UMCC. Let us list the main
ballistic parameters being calculated at the stage of the
operational processing of state vectors:

v —speed;

H — height;

Hin — minimum height;

Hox — maximum height;

T —tact;

i — inclination;

e — eccentricity

a — major axis;

Q — longitude of the ascending node;

® — perigee argument;

u — latitude argument;

¢ — latitude;

A — longitude.

Monitoring the system health of onboard systems ac-
cording to the telemetry data of the relay user equipment
allows you to quickly evaluate the accuracy of the flight
program, including the flights out of sight of ground-
based tracking stations. Among the main controlled indi-
cators of a launch vehicle and upper stage:

— deviation of pitching motion and yawing from the
program values, product orientation;

— voltage on the bus of onboard power system,;

— operability of onboard control system elements;

— operability and the mode of operation of a telemetry
system and relay user equipment, calibration levels;

— performance indicators of propulsion sysrems;

— residues of propellant components;

— contacts of separation of detachable parts and pay-
load;

— indications of emergency situations;

— commands and events recorded by the onboard con-
trol system,;

— temperature indicators of main components of the
product.

Separately it is worth noting the importance of proc-
essing the telemetry data of relay user equipment not only
during start-up, but also during ground preparation of the
product at the launch complex, as well as using the te-
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lemetry data records obtained during factory tests. During
such processing, it is possible to verify the correct opera-
tion of transmitting and receiving equipment, the process-
ing algorithms of telemetry data in the structure of the
relay user equipment and the entire transmission path of
the telemetry data of relay user equipment. At this stage,
it is possible to identify such inconsistencies in the work
as: inconsistencies in the operation of the standard teleme-
try system and relay user equipment, inconsistencies in
the structure of the generated data, delays and distortions
in the transmission of data along the entire path, errors in
measuring individual parameters, etc.

In the event of the emergency completion of a launch,
the results of processing of telemetry data of the relay
user equipment at telemetry processing software-
hardware system at the MCC of TsNIIMASH are sup-
posed to be used during the work of the interagency
commission as an additional data source, and tools for
analyzing the initial (unprocessed) telemetry frames and
faulty information as a source of additional information,
that is not available in the results of automatic processing
of telemetry data.

After installing the equipment for relaying video data
on the launch vehicle/upper stage, from the onboard video
monitoring system it will be possible to carry out process-
ing of received information in real time with the help of
telemetry processing software-hardware system with its
display on the individual and collective drawing tools for
additional control of flight.

Data structure of the high-speed relay user equip-
ment of a launch vehicle. As part of the telemetry frame
of the high-speed relay user equipment, a subset of the
telemetry frame of the modernized digital radio-
telemetering system RTSTsM-1 (the main telemetry sys-
tem of the “Soyuz-2” launch vehicle) is transmitted. The
frame structure of the high-speed relay user equipment
was built in accordance with the recommendations of the
CCSDS international committee [15; 16] and it contains a
header, checksum, Reed-Solomon codes. In concluding
pseudo-randomization and convolutional coding algo-
rithms are applied to the signal (fig. 2).

Fig. 3 shows the structure of the data part of a user
package. One user package contains the telemetry data of

two complete reading frames of MAS1, TSM2, MAS3
and TSM 6 of the second stage of commutation
of telemetry.

The distribution of telemetry data over transmission
channels is determined by the telemetry data collection
program for a particular product.

To control and correct possible transmission errors in
the telemetric frame, Reed-Solomon coding is used,
where the entire frame is encoded except for the attached
synchronization marker (framing pulse), with the follow-
ing parameters:

—Dblock length — 255 bytes, where the data portion is
223 bytes, the remainder is 32 bytes;

— multiplicity of the errors being corrected: E = 16;

— polynomial generating the field: F (x) = x8 + x4 +
+x3+x2+1;

15
— generating polynomial: g(x) = H("“mm), where

h=1,GS=1

The encoded part of the frame is conventionally di-
vided into blocks with the length of 223 bytes; two com-
plete blocks and one shortened block of 88 bytes are ob-
tained. The shortened block during encoding / decoding is
supplemented by non-transferable characters (zeros) to
the full length of the block (Virtual Fill). The multiplicity
of the errors being corrected £ = 16 means that when de-
coding it is possible to correct transmission errors of
characters up to 16 bytes in each block. The remnants of
the polynomials of all three blocks are transmitted at the
end of the frame, prior to the framing pulse. Remnants are
transmitted in the same sequence as the original informa-
tion blocks.

It is worth noting that using another method of split-
ting a telemetric frame for Reed-Solomon coding could
slightly increase the restoration ability of the algorithm.
That is, if instead of dividing the frame into blocks
of 223 + 223 + 88 bytes (supplementing the latter with
zeros), we can break the frame into blocks of equal length
of 178 + 178 + 178 bytes (supplementing each one with
zeros). It will be possible to restore for the first block not
16/223 = 7.1 % of errors but 16/178 = 9.0 % of errors.
Thus, the potential resistance to accidental failures on
average will be higher.
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g 2 -
g 5 2 3 g Q
220 < = 5 Reed-Solomon
-Ea e | §§ Data 5 | check symbol
ERES 52 2 check symbols
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Fig. 2. The structure of the telemetric frame of high-speed relay user equipment

Puc. 2. Ctpykrypa tenemerpuueckoro kaapa BAAP
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Fig. 3. The structure of transfer frame data part
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The accuracy of the received user data packet
is additionally checked using the checksum transmitted
in the data field. The checksum is calculated using
the CRC-16 algorithm with the polynomial 0x1021
(x16 +x12+x5+1).

To reduce the power spectral density of the transmit-
ted signal, the main frames are pseudo-randomized based
on the 0xA9 sequence (except for framing pulse).

When processing the received telemetry data of the
high-speed relay user equipment, the checksum and Reed-
Solomon codes can reliably evaluate the accuracy of the
received telemetry data and correct up to 48 distorted
bytes in each frame.

Let us consider some of the features of receiving te-
lemetry data of the high-speed relay user equipment. The
first task that arises during reception is to search for tele-
metric frames in the bitstream. A frame is a sequence of
8-bit words (bytes) of 640 bytes in length, starting with a
framing pulse. However, data from a receiver comes in
the form of packets with the length of 3568 bytes, and
these bytes contain the densely packed bits of the bit-
stream received by the RT-428. Most often they do not
correspond to the bytes of the frames, but contain them
with some bit shift. To search for the correct bit shift, a
framing pulse, the Reed-Solomon codes or the checksum
are used, since it is necessary to take into account the pos-
sibility of false framing pulses inside the frame. If for 640
bytes, starting from the found framing pulse, the check-
sum converges, then the correct frame is found and the bit
shift is correctly determined, i.e. the next framing pulse
should be sought immediately after the end of the found
frame. If the checksum does not converge, this can indi-
cate that there are failures in the frame, and that the fram-
ing pulse is false, so the next initialization vector will be
searched sequentially, taking into account all possible bit
shifts.

Data structure of the low-speed relay user equip-
ment of an upper stage. Let us consider the structure of
the information generated by the upper stage “Fregat-M”
low-speed relay user equipment of the and the features of
its processing.

Telemetric data for transmission through the low-
speed relay user equipment to the “Luch” relay satellite is
formed by the onboard telemetry system BR-9TsK-1 from
a full telemetry frame. Telemetry data can be transmitted
in the form of small frames (64 words) or full frames
(512 words). Three modes of information rates and data
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transmission rates of the low-speed relay user equipment
are possible:

1) Transmission of small frames (64 words) at the
speed of 62.5 bit / s (when the “Luch-5” relay satellite is
operating in the multi-station access mode). In this mode,
the transmission of one frame takes 10.24 s, the transmis-
sion rate is 0.097 frames /s.

2) Transmission of small frames (64 words) at the
speed of 8000 bit / s (when the “Luch-5” relay satellite
is in individual access mode). In this mode, the transmis-
sion of one frame takes 0.080 s, the transmission rate
is 12.5 frames / s.

3) Transmission of full frames (512 words) at the
speed of 8000 bit / s (when the “Luch-5” relay satellite is
operating in the mode of individual access). In this mode,
the transmission of one frame takes 0.640 s, the transmis-
sion rate is 1.56 frames / s.

The main transmission mode is the delivery of small
frames.

A frame word consists of 10 bits. 8 bits (from the 2nd
to the 9th) are informational. The first bit in the word is
the least significant, and the tenth is a high-order digit.
The Ist and the 10th bits are service ones. During the
transmission of the 10th bit, an impulse is transmitted,
supplementing the number of units in the current word to
an even number. The presence of a parity bit allows proc-
essing the received telemetry data to check the correctness
of each word of the received frame.

64 consecutive 10-bit words make up the small frame
of the system. The structure of the small frame is shown
in fig. 4.

The first word of the frame contains command and
service data on data transmission rate, frame length, type
and channel of satellite navigation equipment - command
word. The command word contains information about the
frame size, output speed, type and channel of satellite-
navigational equipment. The structure of the command
word is shown in fig. 5.

Time stamps from the second-fourth words of the
frame contain the time of formation of a small frame. Te-
lemetry data of satellite-navigational equipment (SNE)
transmitted within the frame is transmitted with its time as
well.

The last word of the small frame — the frame synchro-
nization label — contains units in all 10 bits; it can be used
to check the accuracy of frame searching process.
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The small frame includes the telemetric parameters of
the on-board systems of the "Fregat" upper stage:

— control system;

— propulsion system;

— satellite navigation equipment;

— telemetry system BR-9TsK-1;

— state of the separation contacts of the payload.

The full composition of the small frame is presented
in the telemetry program for a specific product.

Let us consider the features of receiving telemetry
data of the low-speed relay user equipment. The first task
that arises during the reception is frame search. A frame
is a sequence of 64 or 512 10 bit words ending by ten
units, and data comes from the RT-428 in packets of 8
to 223 bytes in length. RT-428 packs the incoming bits in
bytes, starting with the high-order bit, and BR-9TsK-1
system outputs the bits, starting with the least significant,
so before searching for a frame in the stream coming from
RT-428, one must “flip” the bits in each byte, and then
connect right to left bytes in FIFO order. In order to find a
frame in the resulting sequence of bits, it is necessary to
determine the correct bit shift, that is, find the beginning
of 10-bit words in an unstructured stream. For this pur-
pose, one cannot use end-of-frame marker, since the com-
bination of 10 units can occur randomly inside a frame if,
for example, one word ends in 5 units, and the next starts
with 5 units. Therefore, the main criterion in determining
the correct bit shift is the service parity bit. A correct
bit shift should be considered such a shift at which the
maximum number of resulting 10-bit words will have the
correct parity. Next, the frame search problem is solved
by finding the end-of-frame marker.

Of particular note is the solution to this problem at a
transmission rate of telemetry data of 62.5 bits/s. At this rate,
a frame is formed in 10.24 seconds. This imposes certain
restrictions on data buffering: if at the rate of 8000 bits/s
it is possible to accumulate some amount of data in order
to analyze possible bit shifts and parity, at the rate

of 62.5 bits/s it is not possible to accumulate too much,
since delays of the telemetry data processing can reach
dozens of seconds in the course of this approach. Such
buffering is permissible only for post-session processing.

Presenting the results of processing telemetry data
of relay user equipment. The traditional way of present-
ing the results of telemetry data processing is tabular
forms, where the values of telemetric parameters in
physical units or in the form of text editions are displayed
in the screen together with the units of measurement and
the time of the last change in value. To display dynami-
cally changing parameters graphs are used.

To perform operational control, the results of process-
ing telemetry data of relay user equipment in telemetry
processing software-hardware system are presented to
users in real time in the form of mnemonic diagrams, ta-
bles, graphs and text protocols; in the post-session mode —
in the form of graphs, tables, text protocols and various
printouts. Operational display tools are created at the
MCC (based on the ability to perform the simplest and
most comprehensive flight control). Let us give examples
of some of them.

Fig. 6 shows the example of a mnemonic diagram
used to control the flight of the “Soyuz-2.1a” launch vehi-
cle according to the telemetry data of the high-speed relay
user equipment during the launch of the “Kanopus-V”
spacecraft No. 3, on February 4, 2018.

The mnemonic diagram contains the following ele-
ments:

— general state of telemetry data receiving (at the top);

— phase trajectory (on the left);

— current elements of the orbit (in the center);

— space rocket orientation (on the right);

— state of signal parameters (left-bottom);

— state of calibration levels (at the bottom);

— control system status (at the bottom);

— operation of the high-speed relay user equipment
transmitter and RT-428 receiver (right-bottom).

Word number 1 2[3]4 5...63 64
Command .
Content word Time stamp Data Sync label
Fig. 4. Small frame structure
Puc. 4. Ctpykrypa mManoro kaapa
Bit 1 2 3 4 5 6 |7|8|9| 10
number
Codeblock | Main codeblock Small T}Tp © c.)f SNE
) ) codeblock navigation | channel .
Not length: transfer rate: . Parity
Value . transfer rate: | equipment: | number: | 0| 0| 1
used | 0 —64 words | 0 - 8000 bit/s . check
1512 words | 1— 32000 bit/ 0—-62.5bit/'s | 0-SNE-F | 0 Ist
Torowords| - " | 1-8000bit/s | 1-SNE | 1-2nd

Fig. 5. Structure of small frame command word
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Fig. 6. The mnemonic diagram of the status display of the Launch vehicle “Soyuz-2.1a”
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Operational monitoring of the propulsion system of a
launch vehicle is carried out on a separate mnemonic dia-
gram.

On the given mnemonic diagram three times are dis-
played: the current Decreed Moscow Time, the time be-
fore the initial motion switch — before the start or after the
initial motion switch — after the start, the time before turn-
ing on the high-speed relay user equipment or from the
moment of turning on the high-speed relay user equip-
ment. The high-speed relay user equipment and RTSTs
blocks signal about receiving the telemetry data flows
from the high-speed relay user equipment and RTSTsM-1
transmitters, respectively. Next, the current selfdescrip-
tiveness of receiving telemetry data is calculated. 256 kb/s
is a nominal value. In the case of loss of telemetry data in
terrestrial data transmission channels at the indicated
launch, data rate sometimes decreased to 180 kb/s, which
was immediately highlighted in yellow or red. The quality
of the telemetry data contains the percentage of reliable
telemetry data frames to the total number of frames re-
ceived in the last 2 seconds. Reliability is determined by
the Reed-Solomon codes and checksum. The “RS errors”
field displays the number of failed channels recovered
using Reed-Solomon codes in the last 2 seconds.

On a large diagram we can see calculated and actual
space rocket phase trajectory, calculated on the basis of
state vectors received from the navigation user equip-
ment; the horizontal axis presents the product rate mod-
ule, and the vertical axis — the current height above the
common ellipsoid. The phase trajectory allows us to visu-
ally assess (easily and efficiently) the deviation of launch
vehicle movement from the calculated trajectory.

The current elements of the orbit are given along with
their deviation from the calculated ones. In terms of alti-
tude and speed, the comparison is performed for the cur-
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rent moment of flight, and the deviation from the target
parameters of the orbit is displayed for the remaining
elements. Axial overload is calculated based on the navi-
gation user equipment measurements as well.

The information on the orientation of a launch vehicle
in space along the pitching, yawing and rotation angles is
displayed in the right area of the screen. Moreover, for the
convenience of estimation, the pitch angle is recalculated
to the current tangent to the Earth's surface in such a way
that at the final seconds of the flight it becomes close to
zero. Based on the navigation user equipment measure-
ments, the so-called departure angle is calculated — the
angle between the space rocket velocity vector and the
tangent to the Earth's surface. The throw angle and the
recalculated pitch are displayed in a pie chart for a visual
assessment.

Among all the signal parameters of a launch vehicle
for operational control, those that can operate after
400 seconds of flight (turn-on time of high-speed relay
user equipment) are selected: these are two contacts of
separating an upper stage from a launch vehicle, the volt-
age presence on the onboard power buses along with the
voltage levels of the secondary power sources and various
signs of emergency completion of flight.

The calibration levels of 0 and 100 % on two working
single blocks of data gathering equipment and the tem-
perature switch of RTSTsM-1 are displayed in decimal
with the results of the assessment: the values in the toler-
ance are highlighted in green, out of the tolerance —
yellow or red.

Operational control of the onboard automated control
system is carried out according to the following systems:

— digital airborne computation system;

— satellite-navigational equipment (system, subsys-
tem);
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— three-axis gyrostabilizer;

— angular rate sensors.

The control of each system is performed by a set of
telemetric parameters. If there are some insignificant
problems in the system, the system turns yellow. If there
are some significant ones, the system turns red.

The operation of transmitting and receiving equipment
of satellite relay is controlled by the following parame-
ters:

— the angle between the current direction of radiation
of the antenna (implemented phased array) and the se-
lected “Luch-5" relay satellite;

— the number of the selected direction of radiation of
the implemented phased array;

—the level of the registered signal in the RT-428 re-
ceiver;

—the presence of signal capture in the RT-428 re-
ceiver.

The described mnemonic diagram allows us to control
about 100 telemetric parameters. When using the tabular
forms to control all these parameters, 2—4 separate forms
would be required, which would not provide such visibil-
ity as a mnemonic diagram.

Fig. 7 presents the mnemonic diagram showing the
main events of the flight profile of the “Soyuz-2.1a”
launch vehicle.

Initially, the entire mnemonic diagram is displayed
against a white background. The events that occur on the

Linknorpamma nonera PH "Cotos 2.1a" 372PH16 N2 2/1 [BAAP| Bpems: 531.4c

launch vehicle up to the 400" second of flight (before
turning on the high-speed relay user equipment) are
shown in blue according to the estimated time. Events
recorded by the signal parameters of slowly changing
parameters and by digital telemetry are highlighted in
green as they are recorded.

Note: due to the peculiarities of the time linking of the
telemetry data of the high-speed relay user equipment
described above, the time indicated on the operational
control mnemonic are approximate. The exact time refer-
ence of telemetry data of the high-speed relay user
equipment is carried out after matching the timeline with
central timing system.

Fig. 8 shows the example of the flight control profile
of the “Fregat” upper stage during the launch of the “Ka-
nopus-V-IK” satellite with the hosted payload on July,
14™ 2017 using small frames of the telemetry data of
high-speed relay user equipment. The mnemonic displays
the current time (DMT and time before and after the ini-
tial motion switch), the time boundaries of the “Luch”
relay satellite zones, the speed of the telemetry data out-
put, its quality, as well as the orbit elements, the state of
the propulsion system, the presence of the compartment
contacts and the main parameters of the central computing
complex.

As an example of the graphs analysis of telemetry
data, fig. 9 shows the graph of axial overload with the
marked events tkst, tgk3 *, tka, SC1, ttorm.
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Fig. 7. The flight profile of the launch vehicle “Soyuz-2.1a”
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Fig. 8. The mnemonic diagram of the flight control of the upper stage “Fregat”
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Fig. 9. Axial overload of the launch vehicle “Soyuz-2.1b” at the time of the “Fregat” upper stage separation 28.11.2017
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Here tkst is the command to switch to the final thrust
stage mode, tgk3* is the beginning of the airborne digital
computation system command to turn off the remote con-
trol of the 3rd stage, tka is the command to separate the
“Fregat” upper stage, SC1 (separation contact) is the op-
eration of separation contact of an upper stage from a
launch vehicle, ttorm is the braking command for block of
the 3rd stage.

Conclusion. The means developed at the MCC,
created processing algorithms and display forms of the
telemetric data of low-speed and high-speed relay user
equipment were successfully used for the telemetric sup-
port of operational control of the launching the “Kanopus-
V-IK” and “Meteor-M” spacecraft No. 2-1 in 2017 and
the “Kanopus-V” No. 3, 4 in 2018. The results of process-
ing of telemetry data of low-speed relay user equipment at
the start of 2018 from the “Vostochny” spaceport were
transmitted in real time and displayed into the sector of
the chief designer of the JSC SRC Progress. All of these
means will be updated according to the results of these
launches and will be used for the telemetric support of the
operational control of upcoming launches from the
“Vostochniy” spaceport.being used for the detailed
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DEVELOPMENT OF THE PROPULSION CONSTRUCTION AND THE TRAJECTORY
OF THE SPACECRAFTS FOR THE STUDY OF MARTIAN PLANETARY SYSTEM

I. V. Platov*, A. V. Simonov, A. L. Vorobyev, E. S. Gordienko

Lavochkin Association
24, Leningradskaya St., Khimki, Moscow region, 141400, Russian Federation
* E-mail: aia@laspace.ru

The article provides a brief description of the flight scheme of a prospective automatic spacecraft intended for the
study of Mars and its satellites by remote and contact methods. At the near-Martian expedition site, it is planned to first
bring the vehicle into orbit of the artificial satellite Deimos, and then landing on Phobos with the subsequent delivery of
its soil to Earth. The main ballistic characteristics of the spacecraft flight conditions at all stages of the flight at launch
after 2025 are given. The time frames for the five starting periods are considered - in 2026, 2028, 2030, 2033 and 2035.
The launch of the spacecraft on the flight path to Mars is performed by a heavy class launcher. The article describes the
design of the vehicle, propulsion systems of its modules and flight scheme at all stages — from launch from the Earth to
landing on Phobos, and returning back to Earth.

The article describes the propulsion systems of the main spacecraft units proposed for the mission implementation —
the propulsion module, the flight landing platform and the return vehicle. The designs of these units are provided in the
work. Flight schemes have been developed in accordance with their characteristics, which allows conducting remote
study of Deimos, making a soft landing on the surface of Phobos, and then delivering samples of its soil to Earth.

The project should be developed on the basis of the spacecraft launch from the Vostochny launch site by the An-
gara-AS5 launch vehicle and the KVTK upper stage. An alternative variant of the construction of a spacecraft involves
the use of a vehicle of a lighter class - perspective Soyuz-5 launch vehicle and Fregat-SBU upper stage. In this case, the
engine module is excluded, and the flight and landing module is replaced by a heavier version with larger tanks.

Both proposed options for constructing a spacecraft make it possible to implement the developed trajectory, while
ensuring full-time operation of the target equipment and conducting a set of experiments during a given period of active
spacecraft existence.

Keywords: spacecraft, propulsion system, trajectory, flight scheme, interplanetary transfer, Mars, Phobos, Deimos.

PA3PABOTKA KOHCTPYKIMM JBUTATEJIbHBIX YCTAHOBOK M TPAEKTOPUII KOCMHUYECKHUX
ATIITAPATOB ITIPOEKTA JIJISI UCCJEJOBAHUM IVIAHETHON CUCTEMbI MAPCA

. B. HHaTOB*, A. B. CumoHnoB, A. JI. Bopo6ses, E. C. 'opauenko

AO «HIIO JlaBoukuHa»
Poccuiickas deneparys, 141400, r. Xumku, MockoBckas 001acTh, yii. Jlenunrpaackas, 24
*E-mail: aia@laspace.ru

B cmamuve npusedeno kpamkoe onucanue cxemvi nojiema NepCHeKMUBHO20 A8MOMAMUYECKO20 KOCMUYECKO20 an-
napama (KA), npednasnauennoeo ons uccredosanuss Mapca u e2o CnymHuKo8 OUCMAHYUOHHbIMU U KOHMAKMHbLMU
memodamu. Ha oxonomapcuanckom yyacmie sKkcneOuyuy npeononazaemcst CHau4aid 6bleecmu annapam Ha opoumy
uckyccmeenno2o cnymuuka /letivmoca, a 3amem cosepuiums nocadky na @oboc ¢ nociedyroueti 00CmasKoll e2o seuje-
cmea Ha 3emio. J{anvl 0CHOBHbIE OaLIUCMUYecKue Xapakmepucmuku ycnoguil notema KA na eécex smanax npu 3anycke
nocae 2025 2. Paccmompensl 8pementblie pamku OJiA namu nyckogwvix nepuodos — 6 2026, 2028, 2030, 2033 u 2035 ze.
Buiseoenue KA na mpaexmoputo nepenéma k Mapcy evinonnsemcst ¢ nomowwlo pakemui-nocumens (PH) u pazeonnozo
onoxa (Pb) msocénoeo knacca. B cmamve npugedeno onucamue npoekmuozo obnuKka annapama, 08UeamenbHblx yCma-
Hogok (/1Y) e2o modyaeil u cxemvl nonéma na écex smanax — om cmapma ¢ 3emau 00 nocaoku na Poboc u sozgpama
obpamuo k 3emne.
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B cmamve paccmompenvl npeonazaemvie 0N peanu3ayuu MUccuu O08ueamenvHvlie YCMAHOBKU OCHOBHBIX O0KO08
KOCMUYECK020 annapama — 08U2amenbHo20 MOOYA, NepeNémuo-noCcadoyHoll nIame@opmbl U 8036paAU4AEMO20 anNApa-
ma. Ilpusedenvl onucanus ux KoHCmMpykyuti. B coomeemcmeuu c ux Xapaxmepucmukamu pazpabomansl cxembl
nonéma, no3eonAwUe Nposecmu OUCMAHYUOHHblE uccredosanus [eimoca, ocywecmeums MAKYI0 NOCaoKy HA No-
gepxnocmv Doboca, a 3amem docmasums oopasybl e2o0 epyHma Ha 3emuio.
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Introduction. In spite of significant successes in fun-
damental space research conducted by interplanctary sta-
tions and orbiting astrophysical observatories, a number
of questions remain unsettled: questions about the origin
of the solar system and its evolution; about the origin of
life on Earth and, possibly, on other planets. In this
regard, the study of small celestial bodies becomes
interesting, which allows wus to obtain valuable
information about the early stages of the genesis of the
bodies of the solar system.

At the same time, Phobos is of particular interest for
study as it is a small body and one of the two (along with
Deimos) satellites of Mars. The small sizes of these bod-
ies exclude internal heating, any tectonic activity, there-
fore their substance is the initial material of the proto-
planetary cloud. Based on this, many believe that the sub-
stance of Phobos is the primary material of the solar sys-
tem and is of exceptional interest.

This fact stimulated the beginning of Phobos research
in the 80s of the last century, and the study was continued
in the current century. At present the research is repre-
sented by a program studying the system of Mars and its
satellites. Its next stage is planned to be carried out within
the framework of the Federal Space Program of Russia
for 2025-2035 [1; 2].

The main scientific objectives of the project are aimed
at solving a wide range of problems related, first of all, to
the genesis of the solar system. The solution of the main
problem should be provided by studying the physical and
chemical properties of the relict substance from Phobos.
Other scientific tasks include:

— studies of the physical and chemical characteristics
of Phobos as a celestial body not only by remote methods,
but also by contact methods, as well as studies of samples
of Phobos matter delivered to Earth, which will allow us
to come closer to understanding the origin of Martian
satellites and, possibly, the origin of satellite systems
from other planets;

— determination of detailed parameters of the orbital
and proper rotation of Phobos, which is important for
studying the internal structure of this small body and the
evolution of its orbit;

— conducting remote studies of Mars, Phobos and Dei-
mos by scanning the surface in various spectral ranges;

— studies of the physical conditions of the environment
near Mars — electric and magnetic fields, the characteris-
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tics of the interaction of the solar wind with the plasma
environment of Mars, including the registration of oxygen
ions "escaping" from the Martian atmosphere, which will
expand the understanding of water history on Mars;

—research of variations of Mars atmospheric charac-
teristics.

The implementation of these tasks will significantly
expand knowledge of the composition and structure
of small bodies of the solar system. In addition, the
reserve of this project can be used for further research
of other celestial bodies, as well as for the subsequent
stage of development of asteroids and planet satellites.

1. The construction of the spacecraft propulsion
system. Bringing the spacecraft on the flight path for the
study of the Mars system is carried out by the upper stage
(US) combining the units of the launch vehicles. The
spacecraft is designed to solve the following problems:

— flight to Mars and arrival in the orbit of the artificial
satellite of Mars;

— entering the orbit of Deimos and researching it by
remote methods;

— the transition to the orbit of Phobos and the study of
it by remote methods;

—landing on Phobos, taking soil samples, conducting
research;

— start from Phobos and flight to Earth;

— landing on Earth.

The main modules of the spacecraft are: flight and
landing platform (FLP), return vehicle (RV) and descent
vehicle (DV). FLP and RV include propulsion systems
(PS), the engines which should operate on asymmetric
dimethylhydrazine and amylin fuel components. At this
stage of the work, two versions of the PS of FLP are con-
sidered, one of which provides the presence of a detach-
able propulsion module (PM) on the platform. There are
trusses between the PM — FLP and the FLP — RV modules
that are load-bearing power elements, each of them is an
all-welded structure in the form of a truncated prism. The
modules are mounted with trusses with pyro-bolts of the
separation system.

PM as a part of the spacecraft is designed to perform
the following operations:

— correction of the trajectory at the flight stage, from
the moment of separation from the upper stage to braking
before going into orbit as an artificial satellite of Deimos;
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— stabilization along the pitch and yaw channels dur-
ing the operation of the main engine.

Low-thrust engines (LTE) of the PM of the FLP en-
sure the launch of the main engine, as well as the orienta-
tion and stabilization of the spacecraft. The PM is con-
trolled by the FLP of the SC. The PM is developed on the
basis of US “Frigate”.

The structural basis of the block consists of six spheri-
cal shells with a diameter of 1360 mm spaced evenly and
welded into each other. Four shells are used as fuel tanks:
two fuel tanks and two oxidizer tanks. Two spheres pre-
sent airtight instrument containers. Since the volume of
the oxidizing agent is slightly larger than the volume of
the fuel, the oxidizing tanks have been fully implemented
and are being introduced into the fuel tanks. So it has be-
come possible to ensure full filling of the tanks with fuel,
achieving the most efficient performance of the available
volumes [3]. The spherical shape is optimal in terms of
weight neutralizing the action of internal pressure. The
power circuit of the tank block is a torispherical structure,
consisting of six mutually intersecting spherical shells,
hermetically connected to each other through expansion
frames by argon-arc welding.

To transfer longitudinal loads from the launched
spacecraft, the sealed containers are “pierced” by 8 power
rods — one for each fuel tank and two for the instrument
compartment, thus forming a truss structure. Each bar
above and below ends with a complex milled support. The
payload adapter is attached to the upper supports with the
help of threaded rods, and the pyromechanical pusher
locks of the separation system mounted on the transition
compartment are joined to the lower supports [4].

It is supposed to use the engine C5.92 developed by
the Design Bureau of Chemical Engineering named after
A. M. Isaev as an engine for the PM of the FLP.

The development of the PM of the FLP assumes the
maximum use of the reserve of the PM of the flight mod-
ule of the “Phobos-Grunt” and “Luna-Glob” projects [5;
6]. The supporting structure for the PM is a block of
tanks, which is a welded structure of four spherical fuel
tanks with cylindrical spacers between them. Fuel tanks
have an internal cavity volume of (0.150 + 0.002) m’
[(150 + 2) 1] each: two tanks for storing and supplying
fuel and two for an oxidizing agent.

The project considers two design options for the fuel
tank:

— with a metal separation diaphragm;

— with an elastic displacing device (EDD).

To solve the tasks, a tank with a metal diaphragm is a
more preferable structural solution for supplying fuel
components (FC) as relating to the EDD. Providing the
safety of the diaphragm operability during two years un-
der the conditions of the spacecraft operation in the Mars
planetary system in the presence of thermal cycling and
thermal expansion of the FC is a rather laborious and
technically difficult process with a large number of as-
sumptions. Fuel is taken from a spherical tank through a
perforated tube fixed on both sides with an EDD installed
in it. The boost gas presses on the surface of the EDD and
squeezes the fuel into the line. The EDD material consists
of polyphene fabric and fluoroplastic films that provide
chemical resistance and high elasticity. Polyphene fabric
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reduces the tendency of the material to crack and im-
proves resistance to complex bending deformations. To
give the shape and dimensions of the internal contour of
the fuel tank, the EDD is made by heat welding from
molded segments (lobes), which are welded into hemi-
spheres, and then into the sphere.

The choice of one of the presented options for the
construction of the fuel tank to a certain and not signifi-
cant extent affects the mass and the composition of the
pneumohydraulic circuit of the PS of the FLP to a certain
and not a significant extent.

A pressure sensor, temperature sensors, pyro valves, a
filter, a pneumatic main valve, check valves, an electric
heater with three control temperature sensors are attached
on each tank. There are two mounting brackets in each
tank which allow it to be attached to the frame; elements
for installing refueling panels and assemblies, lodges for
fastening two composite high-pressure cylinders (SMKB
25-340) with a volume of 25 1 (internal diameter
356 mm) [7]. Installation of fuel and gas lines was per-
formed on the outer surface of the tanks and structural
elements of the PS of the FLP.

Brackets are welded to the cylindrical spacers of the
tank block for mounting the valve panel, the rods of the
stabilization engine blocks. Blocks of the low-thrust en-
gines are mounted on four identical rods made of AMg6.
Five low-thrust engines are installed on each bracket: one
engine with a thrust of ~ 1.27 kgf (~ 12.45 N) and four
engines with a thrust of ~ 5.5 kgf (~ 53.9 N).

The second version of the design of the FLP propul-
sion system suggests that it includes a propulsion system
that performs the functions of the propulsion module. The
supporting structure for the FLP propulsion system is a
block of main tanks, which are a welded structure of four
spherical fuel tanks with cylindrical spacers between
them. Orientation and stabilization system (OSS) tanks
are placed In the spacers. Brackets are welded to the cy-
lindrical spacers of the tank block for mounting the panel
of the valve block, the rods of the engine blocks of the
OSS and the truss for installing the main engine with a
thrust of ~ 2030 kgf (~ 19900 N). The number of OSS
engines and their propulsive power values are similar
to the first option.

The supporting structure for the propulsion system of
the RV is a block of tanks, which is a prefabricated struc-
ture of four spherical fuel tanks, connected through
flanges by spacers to each other. Fuel tanks have a vol-
ume of fuel cavity (0.125 £ 0.002) m® [(125 = 2) 1] each:
two tanks for storing and supplying fuel and two for an
oxidizing agent.

The project considers two design options for the fuel
tank:

— with a metal separation diaphragm;

— with an internal tank capillary type device ITCTD).

The use of a metal diaphragm requires confirmation of
its operability in the flight conditions of the spacecraft
during the launch escape system. The design of the tank
with ITCTD does not have moving mechanical parts and
provides the supply of fuel components to the fuel lines
without gas inclusions. The composition of the ITCTD
includes a gas-separation device and capillary type local-
ization elements near the intake surface. To increase the
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efficiency of the ITCTD, most of its elements and units
are made of capillary-porous mesh materials.

A pressure sensor, temperature sensors, a pyrovalve, a
filter, a pneumatic main valve, check valves, an electric
heater with three control temperature sensors are attached
on each tank. Each tank has elements for installing refuel-
ing panels and components, lodges for fastening two
SMKB 25-340 cylinders.

Brackets for attaching the valve block panel, stabiliza-
tion engine blocks and the truss of correction engine
blocks are welded to the structural elements and tanks.,
Two stabilization engines with a thrust of ~ 1.27 kgf
(~ 12.45 N) each are installed on every bracket.

The correction engine block is an assembly of two en-
gines with a total thrust of ~ 79 kgf (~ 784 N) on a circu-
lar plate, which is fixed to the rest of the structure with a
carbon fiber truss. Heat is removed from working engines
by a heat accumulator with subsequent discharge through
a heat pipe to a radiator, mounted with a bracket on
a plate of a motor correction unit.

The installation of fuel and gas lines was made on the
outer surface of the tanks and structural elements of the
RYV propulsion system.

2. The flight pattern. When developing the flight pat-
tern, the following restrictions were taken into account.

Due to the spacecraft’s battery capacity limitation, the
duration of shadow intervals when flying in orbits of the
artificial Mars satellite should not exceed 3 hours.

There should be no shadow intervals in orbits for ob-
servations:

— observations of Deimos;

— orbit of observation and quasi-synchronous orbits of
Phobos.

Important dynamic operations (maneuvers, landing on
Phobos, etc.) should not take place when Mars sets behind
the Sun when observed from Earth.

The article analyses several options for flight patterns
for launching from the Earth in the range from 2025 to
2035, in accordance with the promising Federal Space
Program covering this decade. In the period under review,
for the optimal flight of the spacecraft to Mars by the
criterion of the maximum of its mass delivered to the sat-
ellite’s orbit on this planet, five launch periods can
be distinguished — in October 2026, November 2028,
December 2030, April 2033 and July 2035. Further, these
options for flight patterns are numbered according to the
year of launch from Earth.

The article analyzes several versions for flight patterns
for launching from the Earth in the range from 2025
to 2035, in accordance with the promising Federal Space
Program covering this decade. In the period under review,
five launch periods for the optimal flight of the spacecraft
to Mars by the criterion of its maximum mass delivered to
the satellite’s orbit of this planet can be distinguished —
in October 2026, November 2028, December 2030, April
2033 and July 2035. Further, these versions of flight pat-
terns are numbered according to the year of their launch
from Earth.

The spacecraft flight pattern is close to that previously
developed for the “Phobos-Grunt” project [8—11]. In ac-
cordance with the objectives of the expedition and the
construction of the spacecraft and the restrictions on the
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operation of its on-board systems, a flight pattern includ-
ing the following stages was developed:

—launch from the Earth, placing in an Earth-escape
trajectory;

— Earth — Mars flight;

— braking and ascent to the initial orbit of the artificial
Mars satellite (AMS);

— flight in the orbits of the AMS with remote sensing
of Mars;

— transition to the Deimos observation orbit (OO);

— Deimos observation orbit flight for conducting its
remote sensing;

— Deimos — Phobos flight;

— transition to the Phobos observation orbit;

— phased approach of the spacecraft orbit to the Pho-
bos orbit to distances allowing landing;

— landing on the surface of Phobos;

— conducting contact research, taking soil samples and
loading it into the descent vehicle;

— the start of the returned vehicle along with the de-
scent vehicle from the landing module platform, the as-
cent of the descent vehicle to the base orbit, while the
landing module remains on the surface of Phobos and
continues to carry out the scientific program;

— phased ascent of the returned vehicle to the escape
orbit;

—the returned vehicle flight along the Mars — Earth
trajectory;

— separation of the descent vehicle from the returned
vehicle on approach to Earth;

—the entry of the descent vehicle into the Earth’s at-
mosphere, landing, search and evacuation of the descent
vehicle with Phobos soil samples.

The following is a detailed description of the expedi-
tion stages.

2.1. Flight to Phobos

2.1.1 Earth-Mars Flight. Placing the spacecraft into
the flight trajectory to Mars is carried out with the help of
a heavy-class launch vehicle. The “Angara-A5” LV with
the “KVTK” upper stage is considered as the main variant
of the launch vehicle. Also, as an alternative, the
following options for launching the spacecraft were
analyzed:

“Angara-A5” LV with the “DM-03" upper stage,

“Soyuz-5” LV with the “DM-03" upper stage,

“Soyuz-5” LV with the “Frigate-SBU” upper stage.

The Earth-Mars flight starts from the moment the
spacecraft enters the Earth-escape trajectory and ends
with the minimum distance approaching Mars [12]. The
duration of the flight is from 6 to 11 months, depending
on the expected launch period.

Three corrections are planned on the interplanetary
section of the flight. The first correction is carried out on
the 5-10th day of the flight, it can reach 25 m/s. The sec-
ond correction is carried out approximately on the 65th
day of the flight, its value will not exceed 10 m/s. The
third correction is carried out from 4 to 2 weeks before
the approach to Mars and can reach 15 m/s.

The characteristics of the flight trajectories selected
for the expedition are presented in tab. 1. The values of
the payload mass displayed on the flight trajectory to
Mars are shown in tab. 2.
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Table 1
The main characteristics of the Earth-Mars flight trajectories
Version
Characteristics 2026 2028 2030 2033 2035
Earth launch date 31.10.2026 23.11.2028 24.12.2030 20.04.2033 10.07.2035
Duration of the flight to Mars, days 311 300 283 199 198
Arrival to Mars 07.09.2027 19.09.2029 03.10.2031 05.11.2033 24.01.2036
Asymptotic departure speed from the 3.050 3.020 3.279 3.038 3.469
Earth, km/s
Characteristic departure speed from the 3.639 3.631 3.702 3.636 3.688
Earth, km/s
Asymptotic approach speed to Mars, km/s 2.570 2.969 3.479 3.310 2.630
The characteristic injection speed to the 0.769 0.972 1.260 1.161 0.798
orbit of the AMS, km/s
Table 2
The payload mass placed on the Mars flight trajectory
Launch vehicle Version

2026 2028 2030 2033 2035
“Angara-A5” + “KVTK” 7500 7500 7350 7500 7200
“Angara-A5” + “DM-03” 5900 5900 5800 5900 5650
“Soyuz-5” + “DM-03” 3300 3300 3200 3300 3100
“Soyuz-5” + “Frigate-SBU” 3950 3950 3850 3950 3750

2.1.2 Flight in the sphere of Mars action, Phobos
rendezvous. The near-Martian part of the expedition con-
sists of the stages listed in tab. 3. Time frames and
duration data are also given there. It should be noted that
when planning the duration of the stages, both the
requirements for conducting scientific experiments and
the limitations of the spacecraft onboard systems were
taken into account:

—when flying along elliptical orbits of the AMS with
a large apocenter radius (initial, first, third transitional, as
well as prelaunch), the duration of the shadow sections
does not exceed 3 hours;

—when flying in Deimos and Phobos observing or-
bits, as well as in the area of rendezvous with Phobos,
shadows are absent;

—landing on Phobos is carried out when the angle of
the Sun — Earth — Mars is more than 5 degrees.

The formation of the Deimos observation orbit. In the
area of the pericenter of the approach trajectory, the pro-
pulsion system (PS) is switched on, and the spacecraft
transfers to the three-day orbit of the AMS, hereinafter
referred to as the “initial” one. The pericenter height of
this orbit will be ~ 800 £ 400 km, and the apocenter
height — 79 thousand km. The value of the braking
impulse will be from 0.8 to 1.3 km/s.

A scheme of the approach area and the initial stage of
stay in the AMS orbits and the entry into the Deimos ob-
servation orbit is shown in fig. 1.

After the decision is made to transfer the spacecraft to
the first transitional orbit in the apocenter of the initial
orbit, a second maneuver is performed, which combines
the spacecraft's orbit plane with the Deimos orbit plane,
and the pericenter radius rises to the observation orbit
radius (~ 20.2 thousand km). The characteristic speed of
the maneuver is 285 m/s. The orbital period of the result-
ing orbit will be 3.8 days.

The third maneuver at the pericenter of the transitional
orbit of the spacecraft is transferred to the Deimos obser-

vation orbit — a circular synchronous orbit with a period
equal to the period of Deimos.

Phobos observation orbit flight. The scheme of injec-
tion into Phobos observation orbit is shown in fig. 2.
An almost circular orbit with an average radius of
9.9 thousand km, which is approximately 535 km above
the Phobos orbit, was chosen as its orbit. The orbital
period of the observation orbit is 8.3 hours. The space-
craft is transferred to it in two maneuvers — the fourth
powered phase forms an elliptical orbit (a second transi-
tional one) with the desired radius of the pericenter, and
the fifth transfers the device into a circular orbit.

In the observation orbit (OO), autonomous naviga-
tional observations of Phobos begin, since the apriori
accuracy of knowledge of its ephemeris (3¢ is almost
20 km) is insufficient neither for further approach of the
SC orbit to the Phobos orbit, nor for landing on its sur-
face. Navigation measurements are carried out using an
on-board TV camera in those areas of OO where it is pos-
sible to make the lighting conditions and where the
distance from the spacecraft to Phobos does not exceed
1500 km. To clarify the Phobos ephemeris and its gravita-
tional constant, it is necessary to conduct navigation
measurements in at least three rendezvous, which may
take almost a month. Therefore, the minimum necessary
spacecraft flight time along OO is 1.5 months. Carrying
out navigation observations from the spacecraft is sup-
plemented by high-precision trajectory measurements of
the spacecraft's orbit from the Earth. As a result of the
joint processing of all navigation information, the mutual
motion of the spacecraft and Phobos before the transition
to a closer to Phobos quasi-synchronous orbit will be pre-
dicted with limiting errors of £ 3 km.

Formation of a pre-landing quasi-synchronous orbit.
For the direct rendezvous of the spacecraft with Phobos
and providing an autonomous landing system with high-
precision navigation and Dballistic data, a quasi-
synchronous orbit (QSO) was chosen. A feature of this
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orbit is its short range (no more than 70 km) of the space-
craft from Phobos during the entire flight interval, which
allows to increase the resolution of television images and,
therefore, to increase the accuracy of measuring the
spacecraft — Phobos line of sight.

To select the QSO, a study of the trajectory of the
spacecraft in the restricted problem of three bodies was
made: Mars, Phobos and the spacecraft. As a result, many
QSO were built, providing landing at any longitude and,
if necessary, the possibility of a repeat landing [13—15].

The lighting conditions, the provision of radio communi-
cations with tracking stations, and other conditions deter-
mine the landing time at a given point. The landing point
and time designate the point and moment of descent from
the QSO, which are the initial data for calculating
this orbit. The transition to it is carried out by two pulses:
36 and 30 m/s.

Important scientific experiments will be conducted
during the flight on the QSO. The planned flight time on
the QSO is 30 days.

Table 3
The main near-Martian flight stages
Flight stage/ Version 2026 2028 2030 2033 2035
Arrival to Mars, ascent to the 07.09.2027 19.09.2029 03.10.2031 05.11.2033 15.01.2036
initial orbit, flight in the initial
and intermediate orbit
flight on Deimos observation 25.11.2027 15.10.2029 15.12.2031 01.06.2034 10.02.2036
orbit
flight on the observation orbit and 20.01.2028 15.12.2029 20.09.2032 15.08.2034 10.07.2036
Phobos QSO
Landing on Phobos, take-off of 20.04.2028 01.03.2030 01.12.2032 01.12.2034 01.11.2036
the spacecraft, flight on the base
orbit
Prelaunch orbit flight 25.08.2028 25.03.2030 15.12.2032 20.12.2034 15.04.2037
Transition to the Earth-escape 12.09.2028 01.11.2030 28.01.2033 08.05.2035 12.07.2037
trajectory of return to Earth
Arrival to Earth, entry into the 11.08.2029 07.07.2031 02.09.2033 22.11.2035 08.04.2038
atmosphere, landing

/ Injection into
| Deimos Observation
(3th maneuver)
Injection inta =
Initial Orbit
(1st maneuver) |

Initial Orbit
Deimos

Observation Orbit |

Injection into
1st Transfer orbit |
d meneuver) ———

Fig. 1. The scheme of the initial stage of the flight on the AMS orbit
and injection into Deimos observation orbit

Puc. 1. Cxema HavanpHOTO 3Tana nosjera mo opoute UCM
1 BEIXO/1a Ha opOuTy HabmoneHus [lefimoca
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Puc. 2. Cxema npoBeieHIsI MaHEBPOB JUIS BEIXOZA Ha opOuTy Habmoxenus doboca

2.1.3 Rendezvous and landing on Phobos. Landing
of the spacecraft on Phobos is carried out autonomously.
To ensure the landing conditions, the spacecraft must be
brought to a point that is located at an altitude of no more
than 60 km above the proposed landing area. When
preparing the spacecraft for landing and during landing,
the following requirements must be met:

—a few days before the start of the landing session, a
television image of the landing area should be obtained;

— the angle of the Sun — Phobos — SC should be in the
range from 20° to 70° during the landing session;

— joint radio visibility of the spacecraft from the track-
ing stations in Ussuriysk and Medvezhikh Lakes;

—radio visibility of the Earth in the permissible range
of drive angles of a high gain antenna (HGA);

— a forecast of the spacecraft’s motion relative to Pho-
bos at the time of departure from the QSO with errors not
exceeding 3 km in position and 1 m/s in speed;

— the operability of the main on-board systems provid-
ing landing should be checked before the start of the land-
ing session;

—the possibility of repeating the landing session is
provided if the maneuver of the descent from the QSO has
not been started.

The landing scheme on Phobos involves the use of a
trajectory consisting of four sections:

— exit from the QSO;

—flight from the QSO to a point located above the
landing area;

— vertical descent;

— precision braking.

The section of the flight from the QSO to the point lo-
cated above the landing area begins with the maneuver of
descent from the QSO and ends when it reaches the given
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point. Trajectory corrections are provided during the
flight.

When the spacecraft moves in the vertical descent sec-
tion, the simplest method of compensating the horizontal
velocity component is used. If it exceeds the threshold
value, the engine is turned on, which compensates for it.
At the same time, a position error is accumulated in the
horizontal plane. Therefore, the descent velocity must be
large enough so that a large error is not accumulated dur-
ing the descent.

In the area of precision braking, the vertical velocity
component is gradually extinguished to a value which
allows the contact with the surface: 1.5-2 m/s. In this
case, the lateral component of the velocity vector should
not exceed 1 m/s.

2.2 Return to Earth

2.2.1 Start from Phobos. The takeoff and exit of the
RV to the AMS basic orbit is carried out according to the
following scheme:

1. During the period of RV being on the surface of
Phobos, the orientation of its longitudinal axis and, if pos-
sible, the coordinates of the landing point are specified.
Relevant data is transmitted to Earth.

2. At a given time, the RV is separated from the land-
ing module in the direction of its longitudinal axis with a
speed of ~ 1 m/s and begins a passive flight maintaining
the initial orientation of the longitudinal axis, stabilizing
with the help of stabilization engines (SE).

3. After 50-60 seconds of a passive stabilized flight,
the propulsion system of the RV is switched on, with the
help of which additional delta-velocity maneuver is per-
formed in the same direction to a speed of ~ 10 m/s.

4. Passive flight (stabilized in the same direction) during
1000 s to a distance of ~ 10 km from the Phobos surface.
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5. The search for the Sun is carried out, and the longi-
tudinal axis is brought to it.

6. A speed impulse of 20 m/s is emitted to the propul-
tion system of the RV in the direction of the Sun, after
which the RV is in the intermediate orbit, hereinafter
referred to as take-off, which touches the Phobos orbit
at the take-off point and is 300-350 km away from it at
the opposite point. Starting from entering this orbit and
beyond, with the exception of short periods when active
maneuvers and corrections are carried out, the RV makes
a flight, being guided by the longitudinal axis +X on the
Sun. The RV can take up to 10 days in the take-off orbit,
after which there is a high probability of collision with
Phobos, so before that time it should be transferred to the
base orbit.

7. Passive flight for about three days, during which the
Earth’s connection with the RV is established, trajectory
measurements are made, the parameters of the received
AMO orbit are specified, the KPI is calculated and
planned for the next maneuver to complete the launch to
the basic orbit.

8. At the estimated time, the RV rotates in the required
direction, and an impulse of ~ 20 m/s is generated, after
which the RV is in the base orbit and again switches to
the solar orientation.

Taking into account the spacecraft landing site (on the
back side of Phobos), a circular orbit is chosen as the base
orbit, the height of which is 300-350 km lower than the
height of the Phobos orbit, and the orbital period is 7.23
hours, i.e. approximately 26 minutes less than the Phobos
orbit period.

2.2.2. Transition to return trajectory and Mars-
Earth flight. Tab. 4 shows the main characteristics
of the return trajectories. The Mars-Earth flight time
is from 6 to 11 months, depending on the version.

The transition of the RV from the base orbit to the
flight trajectory to Earth, as well as the ascent to the
observation orbit, is carried out according to a three-pulse
scheme, but only in the reverse sequence. It includes the
following elements:

— acceleration with the help of the propulsion system
of the RV into a transitional three-day orbit with a
pericenter radius equal to the radius of the base orbit, by
the apses line lying in the plane of the Phobos orbit;

— passive flight in the third transitional orbit (at least ~
5 turns or ~ 15 days) with trajectory measurements from
the Earth and refinement of its parameters;

— apogee maneuver with the help of the propulsion
system of the RV to lower the height of the pericenter to
1000-500 km and change the inclination to the value re-
quired for subsequent acceleration to the Earth (this orbit
is called the pre-launch);

— passive flight in a prelaunch orbit (also at least ~ 5
turns or ~ 15 days) with trajectory measurements from the
Earth and refinement of its parameters;

— acceleration on the selected date to the trajectory of
departure to Earth, the beginning of the flight of the re-
turned vehicle to Earth.

The total characteristic velocity of the transition from
the base orbit to the Earth return trajectory for the consid-
ered options is from 1900 to 2450 m/s. The scheme of the
take-off section is shown in fig. 3.

Navigation on the return trajectory should provide di-
rect entry into the Earth’s atmosphere and landing in a
given area with the subsequent search and evacuation of
DM. To solve this problem, five spatial corrections will
be required on the flight path. The total correction im-
pulse will not exceed 90 m/s.

Conclusion. The main modules of the spacecraft are:
flight and landing platform, return vehicle and descent
vehicle. The proposed design options for the propulsion
systems of the FLP and RV modules make it possible to
implement the developed trajectories, while ensuring the
regular operation of the target equipment and conducting
a series of experiments for a given period of active exis-
tence.

1. The developed flight scheme satisfies all the re-
quirements and restrictions imposed on the functioning of
the spacecraft, and provides the possibility of a successful
expedition for the range of launch dates in 2025-2035.

2. When designing the trajectories of the spacecraft,
the restrictions on the operation of on-board systems and
NKU are taken into account. The analysis of the ballistic
conditions of the spacecraft functioning at all stages of the
flight is carried out.

3. The length of the parts varies significantly depend-
ing on the launch date. The total duration of the expedi-
tion will be about 3 years.

4. The propulsion system of the FLP should provide a
total characteristic speed of maneuvers of 3.2 km/s, the
propulsion system of the RV — 2.45 km/s.

An alternative version of the spacecraft with reduced
mass provides the solution to the expedition problem by
replacing the Deimos observation orbit from circular to
synchronous elliptical and saving about 500 m/s.

Table 4
The main characteristics of the Mars-Earth flight trajectories
Characteristics Version

2026 2028 2030 2033 2035
Start date from the orbit of the AMS 06.09.2028 01.11.2030 28.01.2033 08.05.2035 12.07.2037
Flight duration, days 339 247 217 198 269
Arrival to Earth 11.08.2029 07.07.2031 02.09.2033 22.11.2035 08.04.2038
Asymptotic departure speed from Mars, 2.481 2.406 2.391 2.952 3.541
km/s
Characteristic acceleration speed with OISM 0.726 0.692 0.685 0.963 1.298
Asymptotic approach speed to the Earth, 4.441 5.620 4.050 3.031 3.522
km/s
Absolute velocity of entry into the Earth’s 11.932 12.420 11.793 11.483 11.625
atmosphere, km/s
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Puc. 3. Cxema BbIX0Ja Ha TPAEKTOPHUIO TIOJIETa K 3eMiie
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DETERMINING THERMAL RESISTANCE IN THE MODEL OF THE LIQUID CIRCUIT
OF SPACECRAFT THERMAL CONTROL SYSTEM

Yu. N. Shevchenko', A. A. Kishkin'", F. V. Tanasiyenko?, O. V. Shilkin®, M. M. Popugayev’

'Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
*JSC “Academician M. F. Reshetnev “Information Satellite Systems”
52, Lenin St., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation
*E-mail: spsp99@mail.ru

The main function of a thermal control system (TCS) is to maintain the temperature at nodal points of a spacecraft
in given ranges due to redistribution of thermal energy and the discharge of excess thermal energy into space. TCS may
have a different design and principle of operation. One of the most common options is TCS using a liquid circuit (LC)
and pumping coolant circulation. In the development of promising design-layout schemes for instrument compartments
of nonhermetic formation spacecrafft, it becomes necessary to state and solve new problems associated with the creation
of computational and mathematical models of intermediate convective heat transfer in a fluid circuit.

For systems of integral equations of a LC thermal model with fairly complex topographic boundaries and connec-
tions, the justification and use of the defining (equivalent) thermal resistance seems to be a compromise of counting
implementation of a system that simulates a TCS with integration along the length of the LC.

In this paper, for the computational model of the liquid circuit of the thermal control system, including the system
of equations of two-dimensional thermal balance of the characteristic surfaces of a nonhermetic formation spacecraft,
a method of calculating the determining thermal resistances was proposed and implemented. This method includes
the calculation of the complex heat transfer coefficient and the local heat transfer coefficient to the heat carrier flow.
The approach considered in this paper allows us to obtain a numerical solution for the distribution of heat flows and
temperatures of liquid circuits with complex topographic boundaries and connections with minimal loss of accuracy.
The determination of the local heat transfer coefficient makes it possible to take into account the influence of changes in
the temperature of the coolant flow on the overall picture of convective heat exchange.

Keywords: thermal control system, liquid circuit, thermal resistance, local heat transfer coefficient.

OINIPEAEJIAIOIUE TEIIJIOBBIE COITPOTUBJIEHUA B MOJIEJIN )KHIKOCTHOI'O KOHTYPA
CUCTEMBbI TEPMOPEI'YJINPOBAHHUA KOCMUYECKOT' O AIIITAPATA

fO. H. lleBuenko’, A. A. KI/IIHKI/IHI*, . B. TaHaCI/IeHKOZ, O.B. H_[I/IJIKI/IHZ, M. M. HonyraeB2

! Cubupckuii rocyapcTBEHHBIH YHUBEPCUTET HAYKU M TEXHOJIOTHH MMeHH akanemuka M. @. PeierneBa
Poccwuiickas @enepauusi, 660037, r. KpacHosipck, mpocrt. um. ras. «KpacHosipckuii padounii», 31
’AO «HpOpMalMOHHBIE CITyTHUKOBBIE CHCTEMbI» UMeHHU akajeMuka M. @. PenietHeBay
Poccuiickas ®enepanus, 662972, r. XKenesnoropck Kpacnosipckoro kpas, yi. Jlenuna, 52
*E-mail: spsp99@mail.ru

OcHosnas ¢hynxyusa cucmemovr mepmopezynupogarusi (CTP) — noodepacarnue memnepamypul 8 y3108bix moukax KA
6 3A0aHHbIX OUANA30HAX 34 CYem nepepacnpeoeienust Meniogoll IHepeuu u copoca u3ObIMmoUHOU MenI080U IHeP2UU
6 kocmuyeckoe npocmpancmgo. CTP mocym umemsb paziudnoe KOHCMPYKMUGHOE UCHOJIHEHUe U NpUunyun padomol.
Oonum u3 nauboaee pacnpocmparnennvix eapuanmos aeisemcs CTP ¢ npumenenuem sicuokocmuozo koumypa (FKK)
U HACOCHOU YupKyaayuu menionocumens. Ilpu paspabomke nepcnekmueHbIX KOHCMPYKMUSHO-KOMHOHOBOUHBIX CXeM
NPUOOPHLIX OMCEKO8 HeeepMeMmUUHbIX Kocmudeckux annapamos (KA) soznuxaem neobxo0umocms noCmamo8Ku u pe-
WieHUsl HOBbIX 3A0aY, CEA3AHHBIX C CO30AHUEM PACUEMHO-MAMEMAMULECKUX MOOeNel NPOMENCYMOUHOU KOHBEKMUBHOU
menionepeoayu 8 JICUOKOCMHOM KOHMYpe.
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Jna cucmem unmezpanvhblx ypaenenuii meniosou mooenu KK ¢ docmamouno cuodcnvimu monozpagpuueckumu
2panuyamy U C8A3AMU 060CHOBANUE U UCNONbL30BAHIE ONpedenaoue2o (IKGUBANEHMHO20) MENI08020 CONPOMUBICHUS
npeoCcmasisnemcs KOMAPOMUCCOM cHemHol peanuzayuu cucmemut, mooeaupyiowei CTP KA, ¢ unmezpuposanuem no
onune JKK.

B nacmosuyeil pabome 055 pacuemuoti Mooenu HCUOKOCMHO20 KOHMYPA CUCMEMbl MEPMOPESYIUPOSAHUS, BKIIO-
yaiowell cucmemy ypasHeHuti 08yMepHo20 Meni06020 OANANCA XAPAKMEPHBIX NOBEPXHOCHEN KOCMUYECKO20 annapama
He2epMemuiH020 UCNOIHEHUs], NPEeONioJCeHA U Peaiu306anHa MemoOUKa paciema onpeodensiiouux menioevlx Conpomue-
JIeHUll, SKouaowas 6 ceds paciem KodQuyuenma KOMNIEKCHOU menionepeoayu U 10KaabHo20 Kodpguyuenma me-
NI0OMOa4y Om CMeHKu 8 NOMoK menionocumens. Paccmompennulii 6 pabome nooxoo no360.1sem nowy4uns YUCiLeHHoe
peuienue Osl pacnpedeieHus Meniogblx NOMoOKO8 U MEeMNepamyp HCUOKOCMHBIX KOHMYPOG CO CLOJNCHbIMU MON02pPa-
Quueckumu epanuyamu u CEA3AIMU ¢ MUHUMATLHOU nomepell mouynocmu. Onpedenenue J0KAIbHO20 KOIDPuyuenma
Menioomoayu daem B03MOICHOCMb Y4ema GIUAHUA USMEHEHUTl MeMnepamypbl NOMoKa MmenioHocumens Ha oowyio

Kapmury KOH6EKNMuUeHoco menyiooomena.

Kniouesvie cnosa: cucmema mepmope2yiupoeanus, HCUOKOCMHBLIL KOHmyp, menjosoe conpomuejerue, JIOKANIbHbIU

K03 uyuenm menioomoayu.

Introduction. One of the indispensable conditions for
the reliable functioning of the spacecraft (SC) and its ser-
vice systems, as well as payload equipment is to ensure
the necessary thermal regime of all its elements. To solve
this problem, thermal control systems (TCS) are used.
The main function of TCS is to maintain the temperature
at the nodal points of the spacecraft in the specified
ranges due to the redistribution of thermal energy and the
discharge of excess thermal energy into outer space [1; 2].

TCS of SC can have a different design and operating
principle [3]. One of the most common options is the TCS
using a liquid circuit (LC) and pumping circulation of the
coolant. Such systems are used in unpressurized space-
craft with an energy ratio of up to 10 kW.

When developing promising structural and layout
schemes of instrument compartments of unpressurized
spacecraft, it becomes necessary to formulate and solve
new problems associated with the creation of computa-
tional and mathematical models of intermediate convec-
tive heat transfer in a liquid circuit [4]. At the previous
stages of the study, the authors of [5; 6] obtained systems
of equations for the liquid circuit in a general form, not
determined by thermal resistances.

Statement of the research problem. The thermal re-
gime of TCS is determined by the positional heat
load from the spacecraft instruments, solar heat flux
uniformly distributed over the outer cover, radiation
into outer space, as well as convective heat and mass
transfer in the liquid circuit of the temperature control
system. For this case, the authors of [5] obtained a system
of thermal balances of a TCS of SC by characteristic
isothermal surfaces, reduced to a form that allows a nu-
merical solution.

Most of the equations of the thermal model of LC of
TCS of spacecrafts contain finite (integral) temperature
differences, which makes it possible to use the one-
dimensional, often used analogy of thermal resistance to
simulate heat transfer — an analogue of Ohm's law for an
electric circuit:

0=21,
Ry

where Q is the heat flux, AT is the temperature head, Ry is
the equivalent heat resistance.
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For systems of integral equations of the thermal model
of the LC with sufficiently complex topographic bounda-
ries and relationships, the justification and use of the de-
termining (equivalent) thermal resistance seems to be a
compromise in the counting implementation of a system
simulating the TCS of a spacecraft with integration over
the length of the LC.

The aim of this work is to determine the equivalent
thermal resistances taking into account the design features
of LC and panels, the features of local heat transfer in the
circuit

Mathematical model of complex thermal resis-
tance. Let us consider sequentially the typical (used in the
construction of real TCS of spacecrafts) types of thermal
resistances in the complication of the boundary and re-
gime conditions [7; 8]. In fig. 1 a fragment of the heat
transfer circuit in the TCS of the Ax; length is shown, in-
cluding a honeycomb panel on the south side of the
spacecraft (with the index s — south) with a liquid circuit
pipe placed on it. We denote the outer surface area of the
honeycomb panel by F, the contact area of the honey-
comb panel and the heel of the pipe by F5, the internal
surface area of the pipe washed by the coolant by F3, the
width of the honeycomb section by /i5, the width of the
heel of the pipe by Iy, the thickness of the honeycomb
panel by blZS

We assume that the main one-dimensional heat
equivalent (see fig. 1) is the heat transfer process — the
method of heat conduction from the F) plane to the F,
plane, and the planes are not equal: Fy = [jgAx; > F, =
= b5 Ax;, which corresponds to the simulation case of heat
transfer from the surface of the southern honeycomb
panel — Fy = lig lig; F1 > Fo; L > bys.

We write the one-dimensional heat conduction equa-
tion on the finite length of the integration body Ax;:

AQ, dT

= - 1
h-lg-Ax,  db )

where A is the thermal conductivity coefficient, b is the
wall thickness.

Note that /; in the first approximation (in the case of
the equivalent thermal resistance) is a linear function of
thickness b, with boundary values Iy = lig at b = 0; Is= L
ath = bs.
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blZS

Fig. 1. Fragment of the heat transfer circuit for calculation
of the thermal equivalent

Puc. 1. ®parmeHT KOHTYpa TeIIoNepe aun
JUUTSL BBIYMCIICHHS TEIUIOBOIO SKBUBAJICHTA

Let lS =aq + az'b, then 115 = da, le = 115 + az'b; b=
= (lhs — l15)/bs, and the linear function has the form

hs —hs b

2

lg=1l¢+
s

Equation (1) acts as a general connection for the sys-
tem of equations of thermal balances of the LC of TCS
in the case of unequal non-adiabatic surfaces with thermal
conductivity. In view of (2), we transform (1) and sepa-
rate the variables

. b}

AQ, db
for integration (3), it is necessary to replace the variables

=—dT, 3)

I2S _IIS

S

h-Av,
Ls

d{,ls llb}
_AQ by s —dT @
AAx L=l |:11S+ZZS_IIS.b}
s

The integral for (4) at the boundaries b|§s and T|22'

has the form
bs
AQ, by 1

T

1i»

Thoay by by | T Lot e
i s —hs |:llS+ 25 ~4s -b}
bs )
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or
_AQ b
LAy L=l
x| In ; 11 —In ; ll =
{11s+ 25b 1S '[bs]} {1154_ 2sb 15 [0]}
s s
= T2i_Tli’

where Ty;, T»; are the temperatures of the outer and inner
surfaces of the honeycomb panel at the integration step.
After transformations and reductions, we have

1 1
} =T, -
AQ, by

hys 1S
e -In =T =T
A-Ax; b=l
For the final heat flux (5) is converted to
T, T, -T,
Li 2 1i , (6)

bs
A Ax, '(lzs ~ls)
where the determining thermal resistance at the integra-
tion step Ax; in the case of unequal boundary non-
adiabatic surfaces has the form:
bs1, )-ln[

X'Axi'(lzs _lls

T

1i»

bs

(©))

hs

1

R,

1

l

T
AQ, =2
bs
llS

O

Ryppi =



ABMGMMOHHQ}Z U paKkemHo-KoCmMu4deckas mexnuka

Bringing the thermal resistance from the surface F,
to the surface F3 (which corresponds to the surface
of the shelf F, = ,¢ Ax;, and the inner surface F; = wd;Ax;
of the liquid heat and mass transfer circuit) to the equiva-
lent form (7) requires preliminary numerical calculations,
since the surfaces F, and Fj is non-equidistant, and the
surface of Fj is essentially non-linear (circular cylinder).
For the nomenclature of the profiles used (fig. 2), the heel
width of the pipe /5 and the circumference of the inner
surface of the pipe L5 are known.

We determine the thermal resistance Ryp; = AT/Q in
the area of real thermal powers, then using the known /g
and L5, we determine the equivalent thickness from an
expression similar to (7), and for convenience of conver-

sion we equate Ax; = 1 m (i. e., we estimate the thermal
power reduced to a running meter), then with the calcu-
lated thermal resistance R;p;, it is possible to obtain the
thickness of the determining thermal resistance dg; from
expression (7):

7"(153 _lsz)‘szz

8523 = ; (®)
1n[1S3)
ls,
and the step thermal resistance takes the form:
b /
Ry=———2——In [LSJ . )
A - Ax; ‘(ZS3 _lsz) by

bs

; ""'».}'T‘_!{‘S-AXI_-?[({J.&Xf

Fig. 2. Calculation scheme for determining the equivalent
thermal resistance of a liquid circuit pipe

Puc. 2. PacuetHas cxema [uis ONpeAeIeHUs SKBUBAICHTHOTO
TEIJIOBOTO CONPOTHUBIEHHS TPYOBI )KUIKOCTHOT'O KOHTYpPa

Ts |5 - Tol
U
i - -
= |T-Tol
-t
-]
o :—II/L
)
- o/
u :/7 To
1 e
a b

Fig. 3. Calculation schemes:
a — dynamic boundary layer; b — temperature boundary layer

Puc. 3. PacueTHble cXeMbl:
a — TUHaMHYEeCKUI TIOTPaHUYHBIN CJI0H; 6 — TeMIIepaTypPHbIA NOTPaHUYHBINA CIION
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The final thermal resistance that is the resistance
of convective heat transfer to the heat and mass transfer
liquid circuit is determined from the last term of equation (5):

o, AF; (I —Ty) =0,

where o; is the local heat transfer coefficient, T, Ty
are the pipe wall and coolant temperatures at the integra-
tion step. After substituting AF; = Ax;l; we get

1
Ryy=—"7—. 10
A34i o I -Ax, (10)

The main computational complexity in equation (10)
is the determination of the value of the local heat transfer
coefficient at the boundary of the coolant flow and the
pipe wall. Further, we obtain an analytical dependence for
determining the heat transfer coefficient.

Determination of the calculated ratio for the local
heat transfer coefficient. We analyze the steady laminar
flow in the section of a round cylindrical pipe of a liquid
circuit. We take into account that in the theory of convec-
tive heat and mass transfer [9—11], for the integral charac-
teristic of wall heat transfer processes, the concept of the
thickness of energy loss (or the thickness of the tempera-
ture boundary layer, see fig. 3) is used, which is defined
by the expression for the straight section of the flow.
It is written as:

(11)

where 8 is the thickness of the dynamic boundary layer; 9§,
is the thickness of the temperature boundary layer; u is the
thickness velocity of the boundary layer; U = u|,-; is the
velocity at the outer boundary of the boundary layer
(velocity in the flow core); T is the temperature along
the thickness of the boundary layer; T, = T1,~ is the tem-
perature on the inner wall, T5 = T];— is the temperature
in the flow core (at the boundary of the boundary layer).

In most calculation and analytical studies [12], the as-
sumption is made that the temperature and dynamic
boundary layer are equal at Pr = 1, while the variable
parts of the profiles are identical:

BN
v)\5-1,
therefore, knowing the function f{u/U), we can define
7 (D).

We determine the velocity distribution function using
the basic equations of motion in the boundary conditions
of a round straight pipe [13], we use the cylindrical coor-
dinate system shown in fig. 4.

We assume that the streamlines are straight lines par-
allel to the axis Z, then U = Ug = 0; U, # 0. Continuity
equation

(12)

oU, N 1 0Ug +6UZ +ﬁ
OR R 00 oz
is converted to

=0

ou,
oz

=0.
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We consider the Navier-Stokes equations in cylindri-
cal coordinates:

p[UR 0Uy , Uo Uy

oU, U op
z R__GJZFR ST

R R 00O oZ R oR
62 1 0°U, 0°Uy L 10U 2 30Uy U
2 -t 2 2 2 YR
oR* R* 00O &z RoR R © R
p(UR 0Ugy Ug 0Ug , g , UrlUg j _F, _lop
R R 0O o4 R R 0@
. °Ug L1 U *Ug L 10Ug 20Uy Us
oR> R*0®° 0z R OR R* 0O R*[
pURaUZ+U®6UZ UZaUZ =FZ_6_p+
R R 00 oz oz
2 2 2 (13)
0°Uy , 1 v, U, 1aUZ
1) +— +
R R 00’ oz' R oR

where Uz, Uz, Ug are the velocity projections on the co-
ordinate axis, F is the volume force, p is the density, p is
the viscosity.

From the axisymmetric condition it follows that the
terms &/0@ and 6°/6°0 equal zero. Assuming the absence
of the action of volume forces, equations (13) will be sig-
nificantly simplified:

P _y Py @, [6_U

oR 0@ = oZ OR?

10U,

o J:o. (14)

For the problem statement under consideration, the
pressure depends only on the coordinate Z. Taking into
account the expression for the product differential, we
transform the last equation to the form in full differen-

tials:
i d dU )
R dR dR

. ldp . . .
since —d—ZZJ is a constant when integrating over R, we
1)

integrate the left and right sides:
il o (5 o
dR dR

RdU R 1dp e
dR ndz

Ldp

, 15
L dZ (15)

obtaining:

We take the repeated integral

R=[= [1 d”jdm]

and finally we have:

L g, C,InR+C,.
4ndz

(16)
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Fig. 4. The coordinate system and the calculation scheme of flow in a round pipe

Puc. 4. CuctemMa KOOpIHHAT U pacuCTHAsI CXeMa TCUCHUS B KPYTJIOi TpyoOe

It is seen that at R—0 we have the expression U——0,
which does not have physical meaning, therefore C, is
equal to zero and we seek for C, from the boundary con-
ditions U(R,) = 0 (equality of speed to zero on the pipe
wall, where R,, is the radius of the pipe (cylindrical wall)),
then

_id_prv’
4udz

and the expression for the distribution of speed takes the
form:

C, = (17)

vt

4u dz

We take into account that on the axis of the pipe

(R = 0) the speed has maximum value:
1 4

4u dz
In relative form, the expression for the velocity distri-
bution for the laminar flow has the form:
u R?

el D

U R

(R*-R}), (18)

(19)

(20)

In the theory of the boundary layer, the coordinate y is
usually used (as an internal normal to the wall)

y=R,-R, 1)

if the flow is steady, the boundary layers are closed along
the axis of the pipe,

8=R,. (22)

Using expressions (21) and (22), the law of distribu-
tion of the velocity parameter over the thickness of the
boundary layer of the laminar flow takes the form:

LY

{§:1_( 6]{

In view of (23), the distribution law of the temperature
boundary layer is similar:
jZ

o

(23)

T-T,
TS_TO

1-2
)

24)
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The expression for the integral relation of the energy
equation (hereinafter — the energy equation) of the tem-
perature boundary layer has the form [14]:

1 6(6@)+ 1.06,) 1 0H, N
H, d9) H, oy HH, dp 5)
+ 1 GHQB _ _T(p0(1+82)
HH, oy " pCU pC,(T;-T,)

where @, y are the axes of the natural coordinate sys-
tem, &y, is the thickness of the energy loss of the tempera-
ture boundary layer in the longitudinal direction, J,, is the
thickness of the energy loss of the temperature boundary
layer in the transverse direction, p is the density, C, is the
heat capacity, St = o/(pC,U) is the Stanton number.

We make the following assumptions: the radius of
curvature of the streamline is R,,,—, which corre-
sponds to a straight streamline; we neglect the dissipative

T apy

in equation (25), since the thermal equivalent of friction
will be taken into account when the equations of motion
and energy are integrated along the length of the circuit.
Given that the Lame coefficients is H, = H, = 05,/0X;= 1,
then 0H,/0y = 0H,/0¢p = 0. For a one-dimensional flow,
the terms with 0/0y are 0. Based on the assumptions
made, the energy equation of the temperature boundary
layer for a linear flow will take the form:

0
70 O~

1+¢?
I5 =T,

0,
pC,

%

(26)
pC,U

Equation (26) is not determined by the number of
variables. It is necessary to establish the relation o = f{(9),
the so-called heat transfer law, similar to the law of fric-
tion Ty, = f(d,) of the dynamic boundary layer. We take
into account that the heat conduction and heat transfer
mechanisms are involved on the pipe wall (y = 0):

90 = X(G_T]
oy

=o(T5 - Tp) -
y=0

27
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Since temperatures 7Ty,7;, are constant (given) values,

to determine o it is necessary to know the distribution
function T = f{y) and determine its derivative at y = 0. We
use the obtained profile (24) and transform (27) to the

expression:
( J =

The derivative 0/0y, taking into account (24), takes the

-1,
-1,

a:ki
y

(28)

0

form:
6[T—Toj all ( yﬂ
—|— =—[1-|1-=| | =
o\ T - 1T, =0 oy ) 29)
__ (1_1j(_1j 2(1_1) 2
S\ ), O 8 )|, O

We determine the relationship between the thickness
of the temperature boundary layer §,, (thickness of en-

ergy loss) in the longitudinal direction and the thickness
of the boundary layer & .

We take into account expressions (27), (28), (29) and
use the expression for the thickness of the energy loss in

g

S
E (=

we change the variables: Z =1 —%; az = —d—g and carry

y

8)]@’ (30)

T-Ty

out the integration within the limits of Z1 = 1; Z2 = 0.
Then the integral (30) takes the form:

TN A Al
st(p:—a!(l—z )z dzZ =35 51751 ) (31)
finally we have a ratio of thicknesses
25
=715 (32)
In view of (32), relation (31) takes the form:
T-T
i( 0 ] _4l . (33)
i\ =1, ), 158,

The heat transfer coefficient a (taking into account
equation (33)) and the Stanton number are determined as
functions of the thickness of the temperature boundary
layer:

4 A

S 34
*Tiss, Y

a4 A
pC,U 15pC, U3,

St (33)
Accordingly, the energy equation (26) takes the form
determined by the number of variables:

d 4 2
()

— = (36)
do 15pC,US,,
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We integrate equation (36) in the range from 0 to the
current values:

819 0

4 2
8,8, = [———do,
-([ e {15anp
2
O _4 ho
2 15pC,

Finally, we obtain the expression for the thickness of
the energy loss of the temperature boundary layer in the
transient conditions (for the variable coordinate ¢):

5]

Then, the convective heat transfer coefficient in a
round pipe in a section of unsteady flow (& < R,) taking
into account the heat transfer law (37) is determined by

the expression:
05

We take into account that 6 = Ry over the length
of the steady flow ¢ = ¢, and then remains constant
at Ry= const, then according to (38)

2
t(p_EO

3 e
15pC,U

o

(37

0,5

40 4

15pCU
o= =—
155,, 15

8 Ao

2 ApCU
15

>

(39

substituting (38) in (39) we obtain

()

the length of the steady flow section is defined as:
1 pC,U
Oy =77 . Rg .
30 A

The heat transfer coefficient in the steady state, taking
into account (39) and (40), takes the form:
:|0,5

A

finally we have the value of o in the steady-state area:
2
Ry

2

2R =8 A0
15

C15pC,U’

(40)

2 ApCU
15 o,

0,5

2 4pC,U30M
15 pCU

>

O (41)

Thus, equation (41) determines the value of the local
heat transfer coefficient during the flow of coolant inside
the channel of the liquid circuit. Together with the ther-
mal equivalents of the honeycomb panel and the LC pipe,
the local heat transfer coefficient forms the determining
thermal resistance for the TCS section. Using the values
of the determining thermal resistances, it becomes possi-
ble to carry out numerical studies of heat transfer in the
liquid circuit of the temperature control system for given
boundary conditions [15].

Conclusion. The considered methodology for calcu-
lating the determining thermal resistances for the model
of spacecraft TCS liquid circuit based on the characteris-
tic surfaces of constant temperatures makes it possible to
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obtain numerical values of the TCS equivalents for the
system of thermal balances presented in [5]. This ap-
proach makes it possible to obtain a closed system of
equations for the LC determined by the temperatures of
the northern and southern panels of the TCS and allowing
a numerical study of the heat transfer process in the cir-
cuit. The specific implementation of the method depends
on the boundary and initial conditions for the functioning
of the LC and is a promising area of research in the
framework of the issue of developing computational tools
for modeling TCS.
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CALCULATION OF COMPLEX HEAT TRANSFER IN THE LIQUID CIRCUIT
OF THE SPACECRAFT THERMAL CONTROL SYSTEM BASED ON REAL TOPOLOGY
AND THERMOPHYSICAL PROPERTIES

Yu. N. Shevchenko', A. A. Kishkin'", F. V. Tanasiyenkoz, 0. V. Shilkin% S. N. Sokolov’

'Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
?JSC “Academician M. F. Reshetnev “Information Satellite Systems”
52, Lenin St., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation
*E-mail: spsp99@mail.ru

The thermal control system (TCS) is one of the most important systems, which largely determines the design of the
spacecraft. At the present stage of development of methods and tools for spacecraft design, a promising direction is the
creation of thermal mathematical models of the TCS, calculation algorithms, which allow to create effective design so-
lutions at various design stages. The purpose of this work is to bring the system of equations of heat balances of the
liquid circuit (LC) of TCS to a form that allows programmatic numerical integration in the solution search algorithm
along the length of the middle line of the heat and mass exchange fluid circuit taking into account certain complex
thermal resistances. In fact, this means that the terms of the temperature of the contour and the linear coordinate, the
integration variable, should remain as variables in the equation record, everything else should be numerically deter-
mined from the properties of the real object.

For the boundary conditions of the LC TCS of the spacecraft, the coefficients of complex heat transfer were calcu-
lated taking into account the actual topology of the circuit and the thermal properties of the coolant. Using these val-
ues, the system of thermal balances of the spacecraft of the spacecraft on the characteristic surfaces of constant tem-
peratures was reduced to a form that allows a numerical solution: the number of equations corresponds to the number
of detected temperatures along the north and south panels and is closed through the temperature of the liquid circuit
refrigerant. The resulting system of equations allows us to investigate the thermal state of nonhermetic formation
spacecraft at the stage of preliminary design with varying operational and design parameters in order to determine
the area of efficiency and the area of optimal operation under certain performance criteria.

Key words: thermal control system, liquid circuit, thermal resistance, complex heat transfer.

PACYET KOMILJIEKCHOM TEILJIONEPEJAYM B )KUJIKOCTHOM KOHTYPE CUCTEMBI
TEPMOPETYJIMPOBAHUS KOCMUYECKOI'O ATIITAPATA 110 PEAJIBHOM TONOJIOT 1A
U TEILIO®U3UYECKUM CBOMCTBAM

10. H. llleBuenko', A. A. Kumkun'", @. B. Tanacuerko’, O. B. lnikun?, C. H. Cokosnos

1C1/161/1p01<1/1171 rOCyAapCTBEHHBI YHUBEPCUTET HAYKU U TEXHOJIOTUM UMeHU akaneMmuka M. @. PemerHesa
Poccuiickas @enepanus, 660037, r. KpacHosipck, npocrt. uM. ra3. «KpacHosipckuit pabounii», 31
*AO «MH(pOpPMALHOHHBIE CITyTHUKOBBIE CHCTEMbI» HMEHHU aKkanemuka M. @. Pemernena»
Poccuiickas ®enepanus, 662972, r. XKenesnoropck KpacHosipckoro kpas, yi. Jlenuna, 52
*E-mail: spsp99@mail.ru

Cucmema mepmopezyauposanus (CTP) aeiaemcs 00HOU U3 8AN*CHEUWUX CUCEM, KOMOPAs 80 MHO20M Onpedeisiem
NpoeKmublll 00auUK U napamempwvl Kocmuueckozo annapama (KA). Ha cospemennom smane pazsumusi mMemooos
u cpedcme npoexmuposanusi KA nepcnexmugnoul A61semcs Hanpasienue co30anus Meniosblx MAmemMamuieckux Mo-
oeneii CTP, ancopummos pacuema, nO380II0OWUX HA PA3TUYHBIX IMANAX RPOEKMUPOSAHUs (opmuposamsv d¢hpexmus-
Hble KOHCmpyKkmopckue peutenus. Llenvio nacmosweti pabomsl s61s1emcst npugedenue CUCHeMbl YPAGHEHUL MenI08biX
banancos sxcuokocmuoeo konmypa (FKK) CTP k éudy, no3gonsowemy eecmu npoepamMmHoe YUCIeHHOe UHINeZPUposa-
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HUe 6 anzopumme NOUCKA peuleHus No OlUuHe cCpeoHell TUHUU MeNnIoMACCOOOMEHHO20 IHCUOKOCIHO20 KOHMYpPA C yye-
MOM OnpedeNeHHbIX KOMNIEKCHbIX MeNI06blX Conpomusienuil. @axmuiecku 9mo o3Haiaem, 4mo 8 3anucu ypaeHeHui
6 Kayecmee NepeMeHHbIX OONNCHbL OCMAMbCsL WIeHbl 3HAYEHUU meMnepamyp KOHmypda u JUHEUHOU KOOPOUHAmMbl —
nepeMeHHOU UHMEe2PUPOBAHUSL, 6CE OCMAIbHOE OO0INCHO OblMb YUCIEHHO ONPEOeieHO NO CEOUCMEAM PeaibHO20
obvexma.

Jns epanuunvix yenosuti KK CTP kocmuueckozo annapama npousgeden paciem KoIOOUyueHmos KoMnieKcHou
menionepeoayu ¢ y4emom peaibHoli MONnoI02UU KOHmMypa u meniogusuveckux ceovcme menionocumens. C ucnonv3o-
8aHuem 3mux 3navenuti cucmema menioswix oanrancog CTP KA no xapaxmepHvim no8epxHoCmsam NOCMOSIHHbIX memne-
pamyp bvLia npugedena K 6U0y, NO360AAIOUWEMY 6eCIU YUCIEHHOE peuleHie: YUCLO YDAGHEHUL COOMBEMCMEYen YUY
OnpeoesieMblX MeMNEpamyp no CeepPHOll U I0AHCHOU NAHENU U 3AMKHYMO Yepe3 meMnepamypy X1a0azeHma HCuoKocm-
Hozo koumypa. Tlonyuennas cucmema ypagnenuil no360sem ucciedogams mepmudeckoe cocmosnue KA necepmemuu-
HO20 UCNOJIHEHUSl HA 9Mane ICKUZHO20 NPOeKMUPOBANUS NPU BAPLUPOBAHUU PEHCUMHBIX U KOHCIMPYKMUBHBIX NApd-
Mempog ¢ yenvio onpedeieHuss 00aacmu pabomocnocobHocmu u 00AACmuy ONMUMATILHOU PAbOmbl NPU ONPeOeIeHHbIX
Kpumepusx d¢hgpexmusHocmu.

Kniouesvie crosa: cucmema mepmope2yiupoeanus, HCUOKOCMHBLIL KOHmMyp, menjioeoe conpomuejlenue, KOMNieKkc-
Has memonepedaua.

Introduction. The thermal control system (TCS) is  obtained, which significantly simplify the computational
one of the most important systems, which largely deter- procedures for calculating the main characteristics of the
mines the design and parameters of the spacecraft (SC) TCS.

[1]. The characteristics of the TCS have a significant im- Statement of the research problem. The aim of this
pact on the circuit solutions for the placement of heat- work is to bring the system of heat balance equations of
generating equipment inside the SC, the layout of heat- LC TCS [6] to the form that allows to perform numerical
emitting radiation panels, which in turn forms the geomet-  integration in the algorithm for finding a solution along
ric and weight dimensions of the SC [2; 3]. the length of the middle line of the heat and mass transfer

Priority tasks of modernization and technical im-  of liquid circuit, taking into account the complex thermal
provement of rocket and space technology require the resistances determined by the real topology and thermal
creation and development of appropriate software and  properties of the LC. In fact, this means that in the record
algorithmic support for the calculation of all major SC  of equations [6] as the variables should remain the mem-
systems, including TCS [4; 5]. bers of the temperature values of the contour and the lin-

The work on creation of thermal mathematical models  ear coordinate — integration variable, everything else
of TCS, algorithms of calculation allowing forming effec-  should be numerically determined by the properties of the
tive design solutions at various stages of constructing is  real object.
conducted in this sphere. Calculation scheme. Currently designed LC TCS can

At the previous stages of the study, the authors [6; 7]  have different topology, which determines the placement
obtained systems of equations for the liquid circuit of the  of the basic elements, which forms the final design ap-
spacecraft TCS in the form of heat balances determined pearance of the TCS [8—10]. As an example, consider a
relatively to the temperatures of the specific heat ex- fragment of the heat transfer circuit in the TCS, which
change surfaces. Mathematical models and algorithms for  includes a honeycomb panel with a liquid circuit pipe
determining the complex thermal resistances for LC were placed on it (fig. 1).

Fig. 1. Calculation scheme of the fragment of the heat transfer circuit

Puc. 1. PacuetHas cxema hparMeHTa KOHTypa TerIoneperadn
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Fig. 2. Finite-element model of the TCS liquid circuit

Puc. 2. Koneuno-anemMeHTHas MOZENb )KUAKOCTHOTO TpakTa CTP

As the initial data, we take the following: the value
of the thermal conductivity coefficient for the honeycomb
in the transverse direction A;; = 6 W/m'K; the width of
the honeycomb /i = 0.18 m; the width of the heel of the
pipe of the liquid circuit /,5 = 0.02 m; the thickness of the
honeycomb 3;; = 0.03 m; the total length of the liquid
circuit /;, = 50 m.

This design solution forms three characteristic heat
exchange surfaces [11]: the outer surface of the honey-
comb panel Fy, the surface of the heel of the pipe F, and
the inner surface of the pipe F3, which determines, respec-
tively, three isothermal surfaces Ty, T», T5.

For the outer surface of the honeycomb panel corre-
sponding to the isothermal surface 7; at the integration
step Ax; the area of increment is determined by the ex-
pression:

AF,; =AF;, = Ax; -, = 0,18Ax;. (1)
For the process of heat transfer between surfaces T

and T, the equivalent thermal resistance R;;,; can be rep-
resented as:

7\'12AF121' _ 1
812 RMZi
8 l
Ry = % 121 ] n[;—sj =
12 A% - (hs —s) 1S
~ 0.03 .ln(o.ozj ~0.068
6.0-Ax,-(0.02-0.18) (0.18) Ax; ~
My Ay 1 14.71Ax, )
812 RMZi

To define an expression for the equivalent thermal re-
sistance between the isothermal surfaces 7, and T3, form-
ing a channel profile, you must also determine the thick-
ness of the equivalent thermal resistance, which in this
case requires numerical calculation of the thermal
resistance on the lineal meter of LC TCS profile [12]. For
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these purposes, the finite element method implemented in
the Ansys software package is applicable. Fig. 2 shows
the finite-element model of the TCS liquid circuit.

Numerical investigation of temperature fields of
the liquid circuit. To solve the problem of definition the
thermal resistance across the pipe cross section we use the
following boundary conditions: heat flux on the LC flange
is 10 W; inner diameter profile — 12 mm, flange width —
20 mm; wall thickness — 2 mm; constant temperature on
the inner wall of LC — 0 °C; coefficient of thermal con-
ductivity — 155 W/K-m. In fig. 3 the results of the station-
ary calculation for the stated boundary conditions are pre-
sented.

Fig. 3 shows that the maximum temperature drop
across the pipe section does not exceed 0.0755 °C, and
due to the high thermal conductivity of the LC profile, the
drop in the pipe section is negligible. It follows that the
thermal resistance for the transverse direction can be de-
fined as:

AT 0.0755
Rygy3=—=—"7"—

Q

To solve the problem of definition the thermal resis-
tance along the cross section of the pipe, the following
boundary conditions should be settled: heat flow on the
cross section of the end profile of LC 10 W; a constant
temperature at the cross section of the opposite end of the
profile LC 0 °C; inner diameter profile 12 mm, flange
width 20 mm; wall thickness 2 mm; the coefficient of
thermal conductivity 155 W/K'm; length of profile 1m;
cross-sectional area profile of LC F = 4.6357-10m?.

Fig. 4 shows the results of stationary calculation of the
temperature field for this case.

In this case, the thermal resistance is directly propor-
tional to the length of the section of the profile and is de-
fined as:

=755-10° K/W. (3)

AT / 1
AS23 = 7

= = =139 K/W . (4
O A-F 155-4.6357-107 @
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0,033
0,025
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0,008
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0,005 7,4093e-002 -3,9119e-unz 2,9726e-003 3.5273e-002 7,3618e-002

-4,9e-5 Min

Fig. 3. Results of stationary calculation of the temperature field

Puc. 3. Pe3yapTaTsl cTallMOHAPHOTO pacdeTa MOl TEMIIEPaTyp

13,929 Max
12,934
11,939
10,944
09,0483
58,0544
7.0585
60645
50686
40747
2,0787
20848
1,0289
0,09493
0 Min

Fig. 4. The results of the stationary calculation of the temperature field
for the pipe in the longitudinal direction

Puc. 4. Pe3ynbTaTsl cTallMOHAPHOIO pacdeTa Mo TEMIIEPaTyp
Jutst TpyOBI B IPOIOJILHOM HAIPaBICHUN

From the comparison of the data it can be seen that the
thermal resistance coefficients in the longitudinal and
transverse directions differ ~ 200 times. This means that
the main direction of heat transfer will be transverse when
modeling the TCS. In this case, the longitudinal direction
in the first approximation can be neglected.
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The above calculations had fixed flange and pipe sur-
face temperatures as boundary conditions. Thus heat
transfer from the heat carrier to a wall was not considered.
This approach makes it possible to obtain the value of
thermal resistance, due only to the mechanism of thermal
conductivity [13].
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Consider the effect of heat transfer on the value
of thermal resistance. To do this, as a boundary condi-
tion on the wall of the pipe, we indicate the convective
heat exchange with the flow of the coolant. We use
the following boundary conditions: heat flow to the LC
flange 10W; internal diameter of the profile 12 mm;
width of the profile flange 20 mm; wall thickness 2 mm;
constant temperature of the coolant flow LC 0 °C;
thermal conductivity of the material: 155 W/K'm; to
determine the heat transfer coefficient of the coolant
used experimentally obtained the dependence on tem-
perature (fig. 5).

Fig. 6 shows the results of the stationary calculation of
the temperature field of the pipe cross-section taking into
account the effect of heat transfer.

Analysis of the results. The calculation resulted in
temperature fields on the surfaces of the pipe and flange,
the maximum temperature difference was 0.168 K.
Accordingly, the thermal resistance in this case
is 1.68:102 K/W. Thus, the lowest thermal resistance
characterizes the case of heat transfer in the transverse
direction without taking into account the convective heat
transfer. In this case, the thermal resistance value will be
equal to 7.55-10° K/W.

1@ W/m’K
950
850 //
750 /
650 //
550 |~
15 5 5 15 25 35 45

B

Fig. 5. Experimental dependence of the heat transfer coefficient on temperature

Puc. 5. DxcneprMeHTaNbHAS 3aBUCUMOCTD KOS (GHUINCHTA TEIUIOOTIAUN
TEIIIOHOCUTEINS OT TEMIIEPATYPBI

2,7465e-002 1

5,332%-002 3

8,28 15e-002 &

016007 B 15475

5,4335e-002 A

8,7384e-002

o,15324 . 16005 g

Fig. 6. The results of the stationary calculation of the temperature field of the cross section
of the pipe, taking into account the effect of heat transfer

Puc. 6. Pe3ynbTaThl CTal[IOHAPHOT'O pacyeTa Mot TEMIIEPATyp MONEPEYHOT0 CeUeHUs TPpyOb
C y4YETOM BIIMSHHUS TEILIOOTAa4l
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Thermophysical parameters of the profile per lineal meter

Ne Parameter Description Dimension Value
1 | The thermal conductivity of the pipe material of LC Ay W/K'm 155
2 | Pipe fladge width Ly m 0.02
3 | The circumference of the pipe Lig =md, m 0.0377
4 | Thermal resistance R, o3 K/'w 7.55:10°
5 | Heat flow 0,3 W/m’ 10.0
According to the calculation results, see table of ther- T =T

mophysical parameters for heat transfer between surfaces
T, and T; and in fig. 1 on the lineal meter of the profile

were formed.
The equivalent thickness of the thermal resistance of
the pipe is determined by the expression

Aor (Lo —1,¢) R
Og03 = 2 (s —hs) 2523 — (0.0326 m. (5)
ln[l”j
bLs

Thus, the equivalent of the thermal resistance of the
thermal conductivity between the surfaces 7, and 7; has

the form
R, = 853 n [ Iy ] _0.0073
l }‘23 <Ay '(ls3 —lg,) I Ax;
or
Ays - AFys,; _ 1 =137 - Ax. (6)
831 Ry 23 l

For convective heat transfer from a surface 7; to a
conditional surface 7, the area increment at the integra-
tion step has the form

AFyy; =g - Ax; = 0.0377Ax; (7

With zonal heat transfer between isothermal surfaces

Ty —Ts, the parameters will be similar to the case

of T, — 15 : surfaces:
AFgs; =l - Ax; =0.02Ax; ; )
MszlﬂA)@. )
Ogsi 65i
Use the following numerical values for the coolant of
the liquid circuit LZTK2 (isooctan): mass flow rate of
0.071 kg/sec, heat capacity of 2060 J/ kg'K, heat transfer
coefficient according to the model spills on similar pro-
files of 600 W/ m*K. Taking into account the values of
the determining parameters presented in [6] the system of
heat balances for the liquid circuit of the TCS from the
south side takes the form:

Ay - S,y -0.18Ax; -sina—e-6-0.18Ax; x
x T =14,71A%; (T, = Ty;) = 0;
14,71Ax; - (T;; - T,;) — 137 Ax; '(T2i _T3i): :
137Ax; (TZz _T3i)_22~62Axi (T31 _Zu)=0;
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qpp - 0.02Ax; 137 Ax, - (T, — Ty, ) = 0;
AQsg = AQ;s + A, p +A0;;

AQyy ypi = 137A%; (T, — Ty, ); (10)
AQg; =14.71Ax; - (1;; = To,);
AQy s =h-32.58A%;, A= f(Re), Re=1-10%;
AQs; =146.26-(Ty; =T,y );
Osg =146.26-(Ty5, — Ty )-

Similarly the balance system on the north side:
—£-6-0.18Ax; - T,} +14.71Ax, - (T, = T;,) = 0;
=14.71Ax; - (Ty; = T;;) +137Ax; - (T;; = T,,;) = 0;
—137Ax; - (Iy; - T5;) + 22.62Ax; - (Ty; — T5,) = 0;

I =Ts;;
qpp - 0.02Ax; —137Ax; - (T; = T5;) = 0;
AQsy; = =Oni + AQin wpi + ADin 45 an

AQy; =14.71-(T, - T,,);

AQi wpi = 137Ax; - (T, = T5;);
AQ, v = h-32.58- Ax;, A=f(Re), Re:1-1074;
AQsy; =146.26-(Ty; = Ty);

Osy =146.26 - (Tyno — Tyy,)-

Thus, in the presented form, the systems of balance
equations of the liquid circuit of the TCS are fully defined
and ready for numerical solution. As a result of the solu-
tion of systems (10), (11) values of characteristic tem-
peratures of isothermal surfaces of TCS are defined.

Conclusion. In this paper, taking into account the real
topology and thermal properties of the LC, the values of
equivalent thermal resistances for the characteristic heat
transfer sites in the liquid circuit of the spacecraft were
obtained numerically. Using these values, the system of
heat balances of LC TCS on the characteristic surfaces of
constant temperature was led to the form that allows nu-
merical solution: the number of equations corresponds to
the number of defined temperatures for the northern and
southern panels and is closed through the temperature of
the cooling liquid circuit. The system of equations makes
it possible to study the thermal state of the SC of non-
hermetic design at the stage of preliminary design with
variation of operating and design parameters in order to
determine the range of performance and the optimal op-
eration under certain efficiency criteria [14—17].
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THE RESEARCH OF DEPENDENCE BETWEEN THE INPUT PARAMETERS
OF PLASMA SPRAYING AND MICROSTRUCTURE OF THE OBTAINED COATINGS

Yu. Yu. Balashov'*, M. S. Rudenko?, M. N. Volochaev', A. V. Girn®

'Kirensky Institute of Physics SB RAS
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Today, protective coatings are applied to almost all parts and components of engineering products in order to en-
sure high performance properties of machines, with the lowest economic cost. The method of plasma spraying allows to
apply heat-resistant coatings on a different kind of basis, in addition to a wide variety of materials. Therefore, rocket
and space engineering is primarily interested in the method.

In modern conditions of high rate of mechanical engineering development engineers must develop and put into op-
eration products within the shortest possible period of time. As a rule, engineers select the modes of plasma spraying
using the method of selecting the empirical relationship between the properties of the coatings and the values of the
specified parameters of plasma spraying, which suggests conducting a huge number of experiments. That is why we see
the need to find new methods for selecting the plasma spraying parameters, which are based on mathematical and ana-
Iytical apparatus.

We set the task to study and show the applicability and prospects of the proposed method.

In the work we carried out the operations of spraying nichrome coating, at different values of the arc current. We
studied the adhesive strength of the coatings obtained and their microstructure. We showed the relationship between
the arc current and the adhesion of the coatings using their microstructure. These studies have made it possible to ex-
clude a large number of experiments, which usually establish an empirical relationship between the values of the input
parameters of the deposition process and the values of the characteristics of the coatings obtained. In the future, we
assume that the database of such relationships will make it possible to fully use this method in engineering industries.

Keywords: plasma spraying, protective coatings, microstructural analysis, metallographic studies.

HNCCIEJOBAHME 3ABUCUMOCTH BXOJHBIX TAPAMETPOB IIJIASMEHHOI'O HAITBIJIEHUA
U MUKPOCTPYKTYPBI IOJITYYAEMBIX TOKPBITUI

0. 10. Banamos'*, M. C. PylleHKOZ, M. H. Bosnouaes', A. B. Fl/IpHZ

'"UncturyT pusuxu umenn J1. B. Kupenckoro ®UL] KHI[ CO PAH
Poccuiickas ®@enepanus, 660036, r. Kpacnosipek, yi. AkagemMropoaok, 50, ctp. 38
2CH6HpCKI/Iﬁ roCyJapCTBEHHBIM YHUBEPCUTET HAYKH U TEXHOJIOTHM UMeHHU akajnemuka M. @. PemierHeBa
Poccuiickas ®enepamms, 660037, r. KpacHospck, mpocn. uM. ra3. «KpacHospckuii pabounii», 31
*E-mail: y.balashov@yandex.ru

Ha cecoonswunuii 0env npaxmuuecku Ha ce 0emanu U y3ibl MAWUHOCMPOUMENbHLIX U30eNUll HAHOCAM 3aujumHble
NOKpbIMUs C Yenvio 0becnedyeHus 8bICOKUX IKCHIYAMAYUOHHLIX CEOUCME MAWUH NPU HAUMEHbUUX IKOHOMUUECKUX
sampamax. [lnasmennviii Memoo no360/sem HAHOCUMb, NOMUMO WUPOYAiue20 MHO2000pA3Us MAMepUuailos, Hcapo-
npounble NOKPbIMUs HA pazHo2o poda ochosy. Tlosmomy OanHblll Memoo, 8 nepeylo ouepeds, unmepecen Hauboee
HAYKOeMKUM OMpACiaMm, MAKUM KAK pAKemHO-KOCMU4eCKds MexHuKa.

B cospemennuix yciosusx ¢ 6biCoKUM MeMNOM PA3GUMUSL MAUUHOCIMPOEHUS UHICEHEPAM HEODXOOUMO 8 Kpamuati-
wie cpoku paspabamvliéams U cOA6amb 6 IKCHIYamayuio guinyckaemvie uzoeaus. Kax npasuno, noobop pexncumos
NIA3MEHHO20 HANBLIEHUS OCYWECBIIACMC MEeMOOOM OMBICKAHUS IMAUPULECKOU 3A8UCUMOCIU MAKPONAPAMEMPOs
HAHOCUMBIX NOKPBHIMULL OM 3HAYEHUll BXOOHBIX NAPAMEmpO8 HANbLIeHUs, Ymo npednonazaem npogeoexue 02POMHO20
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Konuuecmea onvimog. CrnedosamenbHo, noAeUIACs HeOOXOOUMOCHb 8 OMBICKAHUU HOBbIX MEM0008 ho0bopa napamem-
PO8 pedicuma HanblileHs, OCHOBAHHBIX HA MAMEMAMUKO-AHATUMUYECKOM annapame.

3aoaua oannoii pabomul ygudems u NOKA3aMb RPUMEHUMOCMb U NEPCNEKMUBHOCTb NPEOLOHCEHHO20 Memood.

B pabome nposedenvi onepayuu no HANBLIEHUN) HUXPOMOBOZO NOKDLIMUA NPU PA3HBIX 3HAYEHUAX MOKA Oyeu.
Hccneoosanvt adee3uoHHas npouHOCMb NOIYYEHHBIX NOKpuIMuil U ux Mukpocmpykmypa. Ilokazana 63aumocesnsb
3HAUeHUA MOKA 0yl U A02e3UOHHOU NPOYHOCIU NOJYYEHHBIX NOKPLIMULL Yepe3 ux Mukpocmpykmypy. aunvie uccneoo-
BaAHUA NO3BONUNU UCKTIOUUMND DONBUIOE KOTUUECNEO ONbIMOS, NPOBOOUMBIX, KAK NPABUTIO, C YEbl0 YCMAHOBNEHUSA IM-
NUPUHECKOTE 3A8UCUMOCTNU MENCOY 3HAUEHUAMU 6XOOHBIX NAPAMEMPO8 NPOYeCca HANbLIeHUA U SHAYeHUAMU XapaKme-
PUCTUK NOAyYaeMblx nokpeimuu. B Ooanvuetiuem npednonacaemcs Haxonjenue 6a3vl 0AHHBIX MAKUX 63AUMOCEA3El,

YMo 0acm 803MONCHOCTb 68 NOJIHOU mepe ucnoib3osambv OaHHbILL MEMOoO Ha MAMUMUHOCMPOUNMENTbHBbLX npednpu}zmuﬂx.

Knrouesvie cnosa: nnaszmenHoe Hanvljienue, 3auninvle noOKpvlmusi, Mquocmpmeyprlﬁ AaAHaIus, Memafuzoepaqbu—

yecKue uccned08anusl.

Introduction. The production of modern technology
is not possible without the use of a wide range of coating
methods, which make it possible to give the best perform-
ance to parts and components of products at the lowest
economic cost. One of the most effective methods for
applying coatings to parts of products operating under
extreme conditions (aggressive environments, high tem-
peratures, extreme loads, vibrations, etc.) is gas-thermal,
in particular, the plasma method.

The scope of the materials range that can be applied
by gas-thermal methods is very extensive. The increased
interest in the plasma coating method is due not only to the
available list of materials that can be taken for spraying, but
also to the possibility of applying refractory materials (for
example, oxides, borides, carbides) on a completely different
kind of substrate (both metals and plastic, glass, ceramics,
etc.), at high quality indicators achievement (high values of
adhesion, cohesion, low porosity, etc.) of the resulting coat-
ings [1-5]. As a result, the most high-tech industries, such as
rocket and space technology and aircraft engineering show
increased interest in progress in this direction.

Today, the methods for selecting coating conditions
are based on deriving an empirical dependence of the re-
sulting coatings properties (such as adhesion and cohesion
values, residual stress level) on the input parameters of
spraying modes (the arc current value, the plasma torch
speed, the distance from the plasma torch nozzle to the
substrate etc.) [4—10]. This approach requires the accumu-
lation of a large amount of statistical data by conducting a
huge number of experiments (~ 1000) for each material
with a certain ratio of components.

This method works well in mass production, but in
rocket and space technology, where each product is
unique, this leads to irrational consumption of materials
and equipment wear, as well as to large time consuming,
which makes it necessary to find a new approach to the
selection of mode parameters of plasma spraying.

To introduce the necessary operational properties of
the obtained coatings at the design stage, it is necessary to
have accurate knowledge about the effect of each of the
main parameters of the spraying mode on the microstruc-
ture of this type of coating. In this regard, the task was set
to identify the influence of the plasma spraying process
parameters on the microstructure of one of the typical
(similar to the most commonly used) coatings. The aim of
this work was to establish an unambiguous relationship be-
tween the value of one of the parameters (the arc current
value) and the resulting microstructure of this coating.

Spraying and adhesive strength. The nature of the
interaction and the completeness of the physicochemical
reaction between the grains depends on the fused particles
energy at the moment of collision with the substrate,
which is made up of their temperature and speed. The
whole variety of influences, which we call the spraying
mode parameters, ultimately affects the speed of the par-
ticles and their temperature.

To conduct the experiments, the steel 45 was chosen
as the base material, since this material is often used due
to its cheapness and sufficient strength characteristics.
Nichrome coating (NiCr) is often sprayed onto the steel as
a buffer layer between the steel and the main heat-
resistant coating to equalize their linear coefficient of
thermal expansion values. The adhesion between the base
and the layer sprayed on it determines the adhesion of the
entire coating. Adhesion is one of the main indicators
characterizing the coating quality [2; 5—14].

The spraying was carried out on 50 x 20 mm size
plates, necessary for studying the coatings morphology,
and “heads”, in order to establish the adhesive strength of the
coatings obtained. The parameters of the plasma spraying
process were selected based on works [1-11; 15], and taking
into account the experience of laboratory engineers. The
spraying process parameters are given in tab. 1.

Table 1
Parameters of spraying modes
Sample Ne LA U,B Gy, [/min Ghop» kg/Mmin L, mm v, m/s 4, mm n
Ar H2
1-14.03.19 250 97
2-14.03.19 300 88 50 5 0,032 90 0,3 6 2
3-14.03.19 350 83

Note. I is the current strength (A); U is the voltage (V); Gy, — consumption of plasma-forming gas components (Ar — argon, H, —
hydrogen); G, — powder consumption (kg / min.); L is the distance from the nozzle exit to the spraying surface; v is the plasma
torch speed; d is the distance between adjacent spray paths; # is the number of spray layers.
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Fig. 1. The boundary between the grains of the coating:
a —when the arc current is equal to 250 A; b, ¢ — when the arc current is equal to 350 A

Puc. 1. 'panuma Mexay 3epHaAMU MOKPBITHSL:
a — TIpH 3HAYCHHUHU TOKa OyTH paBHOM 250 A; 6, ¢ — Ipu 3HAYEHUH TOKa AyTH, paBHOM 350 A

All operations for the preparation and conducting of
plasma spraying, as well as experiments to establish the
adhesive strength of the obtained coatings, were carried
out in the “Plazhim” laboratory of Reshetnev Siberian
State University of Science and Technology.

The coatings adhesive strength was studied using “Eu-
rotest-T50” tensile testing machine. The obtained values
of the coatings adhesive strength are presented in tab. 2.

Table 2
Adhesive strength of coatings
Sample Ne I,A P, kN o, MPa
4-14.03.19 250 6,315 12,862
5-14.03.19 300 6,609 13,463
6-14.03.19 350 6,895 14,045

Note. I is the value of the arc current; P is the force at which
the coating separated from the sample; o is the adhesive strength
of the coating.

Microstructural studies. All studies related to the
clarification of the obtained microstructure of the coatings
were performed on the equipment of the center for collec-
tive use of the FRC KSC SB RAS. To begin with, it was
necessary to find out the shape and nature of the particles
forming the coating location relative to each other, includ-
ing the surface area along which both the particles are in
contact with each other and the particles with the base
surface. To do this, a FB-2100 scanning ion microscope
was used (with a focusable ion beam setup, which makes
it possible to cut samples with ~ 100 nm thickness), with
the help of which it was possible to establish that, for this
material, an increase in the arc current leads to an increase
in the area of adhesion hotbeds and , further, to merge
them together. Also, a decrease in the distance between
grains with an increase in the arc current can be noticed,
which is shown in fig. 1. All this affects the increase in
the coating mechanical characteristics.

According to the data obtained, it can be seen that a
further increase in the arc current, a decrease in the di-
ameter of the sprayed particles, and an increase in the
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speed of the sprayed particles will not have a strong effect
on adhesion and cohesion, since the grains have almost
the maximum contact surface area between them.

The interaction of particles between each other and
with the substrate. The limiting value of the coating ad-
hesion value, in theory, is the smallest value of the ulti-
mate strength between the base and coating materials.
This is based on the following considerations: after mol-
ten particles get on the base material and deform, during
crystallization, a chemical compound of the base material
and the coating is formed in the places of adhesions,
which is stronger than the two pure materials. When
the coating is separated of the base, the destruction occurs
not at the coating — base interface, but with one of the
materials (substrate, or coating) tearing out [8—13].

In practice, it is not possible to achieve such adhesion
values for gas-thermal coatings, since the adhesion be-
tween the materials does not occur over the entire grain
area, but only partially; as well as for reasons of rapid
metal oxidation at elevated temperature, gas adsorption
during spraying in the atmosphere, etc. As a result, the
adhesion values are lower than the strength values of the
base and coating materials.

Therefore, in order to clarify the nature of two materi-
als interaction, we cut samples of 5 x 3 x 0.1 um at the
base — coating boundary and studied using the Hitachi
HT7700 transmission electron microscope.

As a result of the study, we found that possible chemi-
cal compounds between steel and nichrome are practically
absent. Instead, an amorphous phase appeared at the
boundaries between the grains of steel and nichrome, in-
cluding equal amounts of Ni, Cr, Fe atoms, which was
shown by element analysis (in fig. 2 the areas with an
amorphous structure are marked by ovals; in fig. 3 the
result of the element sample analysis is given).

It is known that at high cooling rates (comparable in
order with values of 10" — 10° K /s) from a melt of sub-
stances having a crystalline structure at room temperature
in a thermodynamically equilibrium state, they acquire an
amorphous structure. Particles melted on the surface carry
an enormous amount of energy, sufficient to melt the sur-



Texnonozuueckue npoyeccost u mamepuaiiol

face steel layer in fractions of a second when they hit the
substrate. The molten NiCr mixes with the molten layer of
steel and, due to the strong heat removing to the substrate
(steel), the mixed melt does not have time to form a crys-
talline structure [8—14]. Obviously, to reduce the cooling
rate of the molten layer, it is necessary to spray onto an
artificially heated substrate.

It is worth noting that a chemical compound has nev-
ertheless partially formed, which is recorded in the ob-
tained microstructure images (in fig. 4, the areas with the
chemical compound are indicated by circles). This sug-
gests that the substrate temperature, which is equal to
room temperature, is close to that necessary for the
chemical reaction between Cr, Ni, and Fe elements. In the
future, the studies on the formation of the NiCr coatings
microstructure depending on the temperature of the artifi-
cially heated substrate during the plasma spraying process
should be carried out.

Conclusion. Based on the results of the work done,
we can see the effectiveness of the parameters selection
of the plasma spraying mode by the method which in-
cludes the study of the resulting coatings microstructure.
Thus, the coatings morphology study made it possible to
draw conclusions about the effect of the arc current on the
adhesion of the obtained coatings without carrying out a
large number of experiments.

In the future, the accumulated knowledge regarding
the effects of each spraying mode parameters on different
properties of the coatings will allow to minimize the
number of necessary experiments, as well as to develop
mathematical and analytical methods for selecting spray-
ing modes for new materials.

In the future, it is necessary identify groups of ma-
terials which differ in the nature of the influence
of spraying mode parameters on the formation of the
microstructure.

c

Fig. 2. The areas with amorphous phase (marked by ovals): / — NiCr; 2 — Steel;
a — General view of the sample; b — some enlarged areas

Puc. 2. Ob6nactu ¢ amopdHoit da3zoit (Beenensr oBasamu): / — NiCr; 2 — craib;
a — obmmii BU 00pa3na; 6 — HEKOTOPHIE YBEJIIMUCHHBIE 00JIacTH

STEM MAG: 30.0kx HV: 110kV

b

600 nm

Fig. 3. Topographic map of elements obtained by element analysis:
a — the dedicated area for analysis; b — the map Fe; ¢ — the map Ni and Cr

Puc. 3. Tonorpadgudeckas kapTa 37I€MEHTOB, OJydEHHAs B Pe3yIbTaTe MO3IEMEHTHOTO aHAIIN3a:
a — BBIICJICHHAsI 30HA JUIS aHaIM3a; 6 — kapra Fe; ¢ — kapta Ni u Cr
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Fig. 4. The areas with formed the chemical compound (marked by ovals); A — amorphous phase:
a — General view of the sample; b, ¢ — some enlarged area

Puc. 4. O6nactut co chOpMUPOBABIIUMCS XUMHUYCCKUM COCTUHEHUEM (BBIICIICHBI OBAIAMH);
A — amopdHas daza: a — obmwmii BUI 00pasia; 6, 6 — HEKOTOPbIC YBEIMUYCHHBIC 00JaCTH

For example, in some literary sources, such as [2],
it is stated that an increase in the value of the arc current
unambiguously leads to an increase in the number of ad-
hesion hotbeds between grains. In our case, when NiCr
interacted with the steel, an increase in the arc current led
to an increase in the cross-sectional area of the adhesion
hotbeds. Such a discrepancy in the results directly indi-
cates that for various materials a change in the spraying
parameters values can have a different effect on the mi-
crostructure of the coatings, and therefore on their proper-
ties. All this determines the vector of further work in this
direction.
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FORMATION FEATURES OF THE CENTRAL LAYERS
OF THE ALLOY Fe -3 % Si (110)[kkl] ROLLING TEXTURES

S. V. Mishnev?, V. N. Shakhov'*, S. A. Gotovko"?, V. A. Padar?, . S. Dementeva®
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The fields of solid-state physics, metallurgy, plastic deformation, mathematics and continuum mechanics are en-
gaged in the studies of texturing of metals and alloys and their influence on the operational properties of products. As a
rule, the most significant results are expected at the interface between these sciences.

The technologies of obtaining textured materials by metal forming processes occupy a special place in the metal-
working sphere. This is due to promising directions in technologies for producing semi-finished and final products with
improved structure-sensitive properties, by regulating the texturing, taking into account initial crystallographic orienta-
tion of the workpiece. The first issue to note is the formation of an ideal, one-component crystallographic texture in
anisotropic metallic materials. The second issue is to obtain semi-finished and final products with more specific service
properties: crystallographic texture with specific predetermined components. For instance, due to the crystallographic
texture, it is possible to increase the resistance of metals and alloys against corrosion and hostile environment. Consid-
ering textured materials as composite, we must note that directionally oriented crystallites with crystallographic direc-
tions relative to the laboratory direction perform as reinforced elements. The initial texture in the processing plane is
especially important. The materials, which possess unique structure-sensitive properties acquired through pressure
treatment, are very promising for a widespread use in the sphere of aerospace technology.

Obviously, the properties and means of their achievement are diverse and require setting a specific task. Therefore,
further research in this sphere is especially promising.

The article presents the research findings, considering the effect of initial crystallographic orientation and deforma-
tion modes on the rolling texture in the central layer of Fe — 3% Si (110)[hkl] single crystals. Several groups of single
crystal samples underwent rolling under laboratory conditions. The groups of samples were classified according to the
final deformation rate, the ideal crystallographic orientation of the rolling plane and deflections of the ideal orientation
plane direction from the rolling direction. The methodology of the experiment took into account the compression rate
value during one rolling. We analyzed the results of rolling, using the radiographic method. The next step was to super-
impose the radiographic data on a stereographic projection and to construct straight pole figures. The results
of straight pole figures decoding revealed differences in the texture formation from the previously obtained data. The
research shows the manifestation of the one-component deformation texture in the central layer.

Keywords: deformation of single crystals, crystallographic texture, standard crystallographic projection, pole
figures, deformation texture.

OCOBEHHOCTH ®OPMUPOBAHMUA TEKCTYP ITPOKATKHA
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Bonpocamu uccneooeanuss mexcmypooopazoeanus ¢ MEmaiiax u Chiaéax u ux GIUsHUEeM HA KCHIYAMAyuoHHble
c80lICcmea u30enutl 3aHUMAIOMCst 8 00AACMAX UIUKU MEePO020 mead, Memail08edenus, NIACMuYecKol deghopmayul,
MaAmemMamury, MEXaHUKU CRIOWHOU cpedbl, U, KaK NPABUIo, Hauboiee 3HauuMble Pe3yIbmantvl 0XCUOAeMbl HA CIbIKAX
IMUX HAYK.
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Ocoboe mecmo 8 Memaniooopabomxe 3aHUMAIOM MEXHOIOSUU NOJYYEHUs MEKCIYPUPOBAHHBIX MAMEPUANIO8 NPo-
yeccamu 06pabomxu Memaios odeieHuem. Imo CesA3aHO ¢ NEPCHEKMUBHBIMU HANPAGIEHUAMU 68 MEXHOIOSUAX NOTYYe-
HUSL 3a20MOBKU U ROTYDAOPUKAMOS C YIYHUEHHBIMU CIPYKMYPHO-YY8CMEUMELbHLIMU CEOUCIEAMU 3a CYEm Pe2yiupo-
6AHUSL MEKCHYPOOOPA308aAHUEeM NPU Yyeme UCXOOHOU KPUCMALIOZpA(UUecKkol opueHmuposku 3azomoeku. Ilepesoe,
Umo HeoOXOOUMO OmMMemumy, — MO0 DOPMUPOBAHUE COBEPULEHHOU, OOHOKOMROHEHMHOU KPUCALIOZPAPUuYecKo
MEKCMYpPbl 8 AHUZOMPONHBIX MEMALIUYECKUX MAMEPUAiIax, 6mopoe — NOAyHeHue 3d20MmoeKU U Nony@habpuxamos
¢ 6onee Y3KUM HA3HAYEHUEM CLYHCEOHBIX COUCME — KPUCMALIOZPADUUECKOU MEKCMYpPbl C ONPeOeseHHbIMY, 3apanee
3a0aHHbLIMU Komnonenmamu. Tax, Hanpumep, 3a cuem KpUcCmaiioepapuyeckoi mekcmypvl MOJICHO NOGbICUNb CHOU-
KOCMb MEMainios u Cnidéos npomus KOppo3ull t 0eticmeust adzpecCcughblx cpeo.

Paccmampueas mexcmypuposannvlie mamepuanvl Kak KOMHOSUYUOHHbIE, OMMEMUM, 4Mo 6 Kauecmee apmuil-
Dpyiowezo 21eMeHma 30echb GblCMYNAon HANPAGIeHHO OPUEHMUPOBAHHbIE KPUCIATIUMbL CBOUM Kpucmaiiozpagpuye-
CKUM HAnpaeienuem OmHOCUmMenbHo nabopamophozo Hanpasienus. Ocoboe mecmo npu 3mom 0meedeHo UCXOOHOU
mekcmype 6 niockocmu oopabomku. Taxue mamepuanvl ¢ npuobpemeHHbIMU 3a CYem MexHoI02uli 06padbomxu dasie-
HUeM YHUKAAbHbIMU CIPYKMYPHO-4Y8CMBUMENbHBIMU CEOUCMBAMU 8ECbMA NEPCNEKMUBHBL OISl WUPOKO20 UCHONIb306A-
HUSL 8 NPOU3BOOCBE AIPOKOCMUYECKOU MEXHUKLL.

Ecmecmeenno, umo ceoticmeéa u cpedcmea ux OOCMUICEHUST MHO2000PA3HbL U ONPEOeiumb UX MOJNCHO MOIbKO
npu NOCMaHo8Ke KOHKpemuou 3adayu. Ilosmomy nanpasnenust OanbHeuuux uccaed08anull umeiom DOIbULYI0 Nepenex-
musy.

B cmamwe npednoscenvlt pezynvmamol uccied08anusi 6IUsHUSL UCXOOHOU KPUCTIAIOZDAPUYECKOT OPUESHMUPOGKU U
pedrcumos oeghopmayuu Ha mexcmypy npoKamky 8 YeHMpaibHOM cloe MoHoKpucmannos cnaasa Fe —3 % Si (110)[ k).
B nabopamopuwix yciosusix Oviiu npokamanvl epynnvl 0opayo8 MoHoKpucmainos. I pynnel 06pazyos owiiu kiaccugu-
YUpoBamvl NO KOHEUHOU eeuyuHe Oeghopmayuu, no UOealbHOU KPUCMALIoZpaghuiecKol OpueHmuposKe, iexicaueli
8 NIOCKOCMU NPOKAMKU, U N0 OMKILOHEHUAM HANPAGIEHUSL NIOCKOCU UOEdbHO OPUEHMUPOBKU OM HANPAGLEHUs NPO-
Kkamku. Memooukotl npogedenuss dKCNepUMeHma y4umvléaiach mak dice U 6eIuUduHd obxicamus 3a 0OUH NOOKAM.
s uccaredosanus pe3yiomamos npoKkamxu Obll npuMeHer penmeenozpapuyeckuti memoo. Jannvie penmeenozpagu-
YeCcK020 UCCIe008aHUsL HAKIAOLIBAIU HA CMePeospaghuiecKyio npoeKyuio u CMpouu npsimble ROIOCHbLE (YUIypbi.
Pesynomamol pacuu@posku npsSimMulX ROTOCHBIX QU2Yp GbIACUIU OMIUYUSL 8 (DOPMUPOSAHUU MEKCMYPbl OM paHee
NOIYHUEHHbIX Pe3YTbMamos. Dmu OMmIudus 3aKi0YaOmes 8 NposiGleHul 8 YeHMpaibHOM cloe 0OHOKOMNOHEHMHOU
meKkcmypul 0eghopmayui.

Knouesuie cnosa: depopmayusi MOHOKPUCIANL08, KPUCMATLO2PAPUUECKASE MEKCIYPA, CIAHOAPMHbLE KDUCIALIO-
epaguueckue npoexyuu, NOIOCHbLE PUSYPbl, MEeKCmypol deopmayuu.

Introduction. The technical feasibility level of the the fields of solid-state physics, metallurgy, plastic de-
general results of fundamental scientific research is de- formation, mathematics and by leading specialists of the
termined both in the field of creating new materials due to  machine-building complex. Theoretical and experimental
the super purity of composition, and by improving the data in the metal forming, based on the preferred orienta-
internal structure during deep technological processing, in ~ tion in micro plastic deformations, allows us to design
particular — by pressure. Here, at the junction of two areas  new types of textures using special schemes of the exter-
of production and processing, the semi-finished products nal field of influence, based on the symmetry approach
acquire unique structure-sensitive properties. [3—6]. The design of new types of textures, on a symmetry

One of the most promising areas for creating compos-  basis, is aimed at obtaining semi-finished and final prod-
ite materials with unique properties is based on the devel-  ucts with predetermined structure-sensitive properties. As
opment of a reinforcing element, which consists of ultra  a result, it will lead to the improvement of the operational
strong crystalline filaments. However, their production for  properties of machines and mechanisms.
use as reinforcement is possible only in space, which lim- The research problem formulation and the physi-
its the field of application. cal essence of the process. The texture formation during

Texture orientation components of metallic materials, the plastic deformation is a consequence of the rotation of
created under earth conditions by pressure treatment tech-  crystallographic planes and directions in crystallites, rela-
niques, can be considered as an alternative to crystalline tive to technological or other special directions [7]. The
filaments. Due to the presence of deep anisotropy, the components of the crystallographic texture (planes and
textured materials are commonly regarded as quasi-single  directions) underlie the formation of structure-sensitive
crystals. As a result, based on the description of structure-  properties connected with the symmetry of single crystals
sensitive properties for both types of the reinforcing ele-  (crystallites) of a polycrystalline material. The connection
ment, there is an interconnection between the symmetry  between the symmetry of the material structure, the sym-
of the structure and the symmetry of the anisotropy of the = metry of the stress field structure (symmetry of the exter-
properties [1-2]. The main types of textures today are nal influence) and the symmetry of the final properties,
axial textures, conical textures and rolling textures, classi-  connected by the displacement symmetry and the symme-
fied according to the symmetry. try of the stress field, can be described with the use of a

The studies of metals and alloys texturing, as well as  certain systematic approach based on the Shubnikov-
their influence on the final properties of semi-finished and  Curie principles of symmetry, the Neumann’s principle
final products, are conducted by the scientists working in ~ (fundamental principle of physical crystallography), as
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well as the Hermann-Herman’s principle, which reflects
the interconnection between the anisotropic material
structures and its physical properties [8—11].

Due to the systematic approach to structural analysis,
the structure of the initial workpiece is considered to be
essential. In most cases, the structure of the initial work-
piece is anisotropic with respect to the property consid-
ered in one direction or another and can significantly af-
fect the final properties of the semi-finished and final
products, especially when it comes to unique properties,
for instance, magnetic ones.

One of the ways to optimize the structure-sensitive,
physical and mechanical properties of semi-finished and
final products made of polycrystalline materials can be
accomplished by controlling the texturing. In this process,
we must consider the initial crystallographic orientation
of the original workpiece. For example, a feature of cold-
rolled textured steel is the presence of a vivid crystalline
texture. With an ideal rib texture in each crystallite, the
{110} planes must coincide with the sheet plane, and the
<100> axes must be directed along the rolling direction.
However, in real samples, the orientation of most crystal-
lites is different from the ideal one [12].

Thus, the task of the current work is to determine the
effect of the initial (110)[4kl] texture of Fe — 3% Si single
crystals on the deformation texture in the central layers
during rolling with a different reduction rate. The forma-
tion of the rolling texture of the single crystals central
layers in general has the similar character to those de-
scribed earlier in the works [13-19].

The difference between rolling deformation of
(110)[AKI] alloys on the surface and deformation of the
central layers is that as a result of metal friction on the
rolls: maximum stress axes rotate continuously around the
transverse direction of rolling. As a result, there is a
change in the slip systems involved in the deformation
process. In case when the single crystal is oriented ideally
relative to the (110) plane, there is a symmetric change of
slip systems on the opposite surfaces. However, when this
orientation is shifted towards the direction of rolling,
there is an ambiguous participation of the slip systems in
the deformation.

The study of the initial orientation and deformation
modes influence on the rolling texture of (110)[AkI] single
crystals with a deflection of 5+10° from the plane towards
the direction of rolling was carried out on the example of
the Fe — 3% Si alloy. Three types of samples were rolled
under laboratory conditions. The first group had

(110)[112] and (110)[111] initial ideal orientation, with
the deflection of 8 degrees from the plane towards the
rolling direction. The second group had (110) [331] and

(110)[551] initial ideal orientation, with the deflection of

7 degrees. The third group had (110)[551] initial ideal

orientation with the deflection of 5 degrees.

Depending on the rolling direction (RD), one of the
slip systems is active, i.e. the change of the rolling direc-
tion causes the change of the active slip system (ASS).
Thus, it is important to find the boundary values of the
rolling direction which lead to the change of an active slip
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systems (ASS). When rolling a (110) [A#k/] single crystal
with a body-centered cubic lattice which is ideally ori-
ented along the (110) plane, in the central layers of the
sample, depending on the rolling direction and calcula-
tions, there will be the following slip systems: (112)
[111];(123) [111];(011) [111].

The samples were rolled on the laboratory two-rolling
mill DUO-90 with the rolls diameter of 90 mm, at room
temperature. The rolling was carried out without grease
lubricant. The guides were used in order to prevent the
rotation of samples. The cross-section of the initial sam-
ples was 0,48%15,0 mm.

The determination of the single crystals orientation
was performed on the X-ray apparatus URS-501. The
analysis was performed using the Lauegram reflection, by
standard methods [20].

The study of texture was carried out by the method of
direct pole figures (built by known methods) [21]. The
diffractorgam survey was performed on the DRON-1 dif-
fractometer in Fe — K, radiation using the GP-2 attach-
ment. The sample was tilted around the horizontal axis in
the interval from O ° to 70° and rotated around the normal
to the surface automatically during the survey, so that the
angle of tilt was 3.5° for one turn around the normal. The
dependence of the intensity of textureless powder stan-
dard (annealed in vacuum) was measured to consider the
intensity changes at high tilt angles. Pole figures were
built in the intensities of the standard. The 20 x 20 mm
samples were cut on the guillotine shears. One-sided re-
moval of material from the sample plane was carried out
in order to determine the texture of the central layers. To
accomplish this, the sample was poured with the Wood's
alloy, then a given thickness layer was removed by me-
chanical polishing on an emery wheel. In order to remove
the cold-worked layer and obtain the mirror surface of the
sample, we performed the chemical polishing in H,0, —
80 %, H,O — 10 %, HF — 10 % solution. The exposure
time in the solution was 10 + 15 seconds at the tempera-
ture of 80° C. The samples were immersed into the solu-
tion of chromic anhydride and washed with water imme-
diately after polishing, to remove the products of the
chemical polishing reaction.

The results of the X-ray analysis are presented in fig.
1-5. The formation of the rolling texture of the central
layers of the “group 17 generally has the similar character
to the one described in earlier works [22-24]. The main
difference of the obtained results from the previous stud-
ies is that the orientation of the “group 1 deformed single
crystals is single-component. Fig. 1, 2 show {110}
straight pole figures (SPF) from the central layers of the
Fe—3 % Si alloy of the specified group, rolled with the
reduction rate of 35, 55 and 85 %.

The analysis shows that orientation of Fe—3 9% Si
(110) [AKI] alloy is one-component: the samples with

(110) [112] ideal orientation, at the reduction rate of 35
% have the orientation close to (112) [351] (fig. 1, a); the
samples with (110) [111] ideal orientation have the orien-

tation close to (326) [661] (fig. 2, a). The latter sample
also has dispersion around the transverse rolling direction.
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The further increase of deformation rate reduces disper-
sion and almost does not change the orientation (fig. 1, »
and 2, b).

The initial sample with (110) [112] ideal orientation,

at the reduction rate of 85 %, has the orientation of the
plane between (112) and (111); at the same time, it is

slightly shifted counterclockwise from the [110] axis and
can be recorded as (234) [562] (fig. 1, ¢). When the sam-
ple with (110) [111] ideal orientation is deformed at the

reduction rate of 85%, (112) [110] orientation is one-
component (fig. 2, ¢).

The formation of (110)[Akl] rolling texture of central
layers of Fe—3 % Si alloy (groups 2 and 3), deflected
along (110) plane towards the rolling direction of 7 and 5
degrees respectively, in general has a similar character
with the ones described in the earlier works. The scatter-
ing of the main orientations and the appearance of other
weak components determine the peculiarities of the tex-
turing results in groups 2 and 3.
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Fig. 1. Straight pole figures of the central layers of the samples (a, b, ¢) of Fe —3 % Si (110) [hkl] cold rolled
alloy with the initial (110) ideal orientation; with a deflection of 8 degrees from the (110) plane towards
the rolling direction; rolled on the laboratory rolling mill with the rolls diameter of 90 mm; the reduction rate:

a—35 %, (112) [351] orientation; b— 55 %, (112) [351] orientation; ¢ — 85 %, (234) [562] orientation

Puc. 1. Ipsmbie moarocHbie Gurypsl (110) meHTpambHBIX CI0€B 00pa3ioB (¢, 6, ) XOJIOAHOKATAHOTO CILIaBa
Fe—3% Si (110)[Akl] c ucxonHo# uneansHoi opueHTHPOBKOH (110), ¢ oTkIOHEHHEM OT 11ockocTtH (110)
B CTOPOHY HAaIPaBIICHHUSI IPOKATKH Ha 8 rpa/ycoB, MPOKATAHHBIX HA JTaOOPATOPHOM MPOKATHOM CTaHE
¢ TuaMeTpoM BATKOB 90 MM, CO CTETIEHBIO 00XKaTHUSI:

a — 35 %, opuentuposka (112) [351]; 6 — 55 %, opuenTuposka (112) [351];

6 — 85 %, opuentnposka (234) [562]
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Fig. 2. Straight pole figures of the central layers of the samples (a, b, ¢) of Fe — 3% Si (110)[AkI] cold rolled
alloy with the initial (110) ideal orientation; with a deflection of 8 degrees from the (110) plane towards
the rolling direction; rolled on the laboratory rolling mill with the rolls diameter of 90 mm; the reduction rate:

a —35 %, (326) [661] orientation; b — 55 %, (335) [110] orientation; ¢ — 85%, (112) [110] orientation

Puc. 2. [Ipsimere nomrocHsle ¢puryps! (110) neHTpanbHbIX c1oeB 00pa3nos (a, O, 6) XOIOAHOKATaHOTO CIIIaBa
—3% Si (110)[Akl] ¢ ucxomHo# uaeanpHOM opreHTHPOBKOA (110), ¢ oTKIOHEHHEM OT TTockocTH (110)
B CTOPOHY HallpaBJICHUsI IPOKATKK Ha 8 rpa/lycoB, IPOKAaTaHHBIX Ha JJaOOPaTOPHOM IIPOKATHOM CTaHE
C IuaMeTpoM BAIKOB 90 MM, CO CTEIEHbIO 00XKaTus:

a— 35 %, opuenrtuposka (326) [661]; 6 — 55 %, opuentuposka (335) [110];
6 — 85 %, oprentuposka (112) [110]
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The peculiarities of texturing are influenced by the roll-
ing conditions and the initial crystallographic orientation of
the initial samples. The results of the radiographic analysis of
the rolling groups 2 and 3 are presented in fig. 3-5. The
analysis of pole figures was carried out similarly to the first
group. The data is presented in the table below.

Thus, in the process of formation of (110) [kkl]
rolling texture of the Fe — 3% Si alloy central layers

7 o

50 50

\ e
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a

i

with the deflection of 8 degrees from (110) plane towards
the rolling direction, the following results were
obtained.

In all cases, the orientation appeared to be one-

component; in the case of [112] initial direction, it is
close to [562] direction; in the case of [111]initial direc-

tion, it is close to [110] direction.

Fig. 3. Straight pole figures of the central layers of the samples (a, b, ¢) of Fe — 3% Si (110)[AkI] cold rolled
alloy with the initial (110) [331] ideal orientation; with a deflection of 7 degrees from the (110) plane towards the
rolling direction; rolled on the laboratory rolling mill with the rolls diameter of 90 mm; the reduction rate:
a—35%, (221) [541] orientation; b — 55 %, (790) [972] orientation;
¢ — 85 %, orientation A — (111) [110], o — (010) [100]

Puc. 3. Ipsimbie momtocubie Gpurypsl (110) meHTpambHBIX ClI0eB 00pa3ioB (a, 6, ) X0JI0AHOKATAHOTO CILIaBa

Fe — 3% Si (110)[hkl] ¢ ucxomuHoii uaeanbHoi opruenTrHpoBKoii (110) [53 1], ¢ oTKIIOHEHHEM OT TIOCKOCTH

(110) B cTopoHy HampaBlIeHHs IPOKATKU HA 7 TPaayCcoOB, IPOKATAHHBIX Ha Ja00PaTOPHOM MTPOKATHOM CTaHE
¢ AMaMeTpoM BalikoB 90 MM, CO CTEIEHbIO 00XKaTHS:

a— 35 %, opuentuponka (221) [541] ; 6 — 55 %, opuenruposka (790) [972];
6 — 85 %, opuentuposka A — (111) [110] , o —(010) [100]

Hi

Fig. 4. Straight pole figures of the central layers of the samples (a, b, ¢) of Fe — 3 % Si (110)/hkl] cold rolled
alloy with the initial (110) [55 1] ideal orientation; with a deflection of 7 degrees from the (110) plane towards

the rolling direction; rolled on the laboratory rolling mill with the rolls diameter of 90 mm; the reduction rate:
a—35 %, (331) [551] orientation; b — 55 %, (331) [110] orientation; ¢ — 85 %, (122) [011] orientation

Puc. 4. IIpsimble nomnrocHble ¢purypsr (110) neHTpanbHBIX ciioeB 00pa3uos (g, 6, ) XOJIOAHOKAaTaHOT'O CIIaBa
Fe — 3% Si (110)[hkl] ¢ ucxoxHo# uaeanpHo opueHTHpoBKoii (110) [551], ¢ oTKIIOHEHHEM OT IIIOCKOCTH

(110) B cTopoHy HampaBlIeHHs IPOKATKU HA 7 TPayCcoOB, IPOKATAHHBIX Ha Ja00PaTOPHOM MTPOKATHOM CTaHE
C IMaMeTpoM BaIKOB 90 MM, CO CTEIICHBIO 00XKATHUS:

a— 35 %, opuenruposka (331) [551]; 6 — 55 %, opuenTuposka (331) [110];
6 — 85 %, opuentuponka (122) [OTI]
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Fig. 5. Straight pole figures of the central layers of the samples (a, b, ¢) of Fe —3 % Si (110)[hkl] cold rolled
alloy with the initial (110) [551] ideal orientation; with a deflection of 5 degrees from the (110) plane towards
the rolling direction; rolled on the laboratory rolling mill with the rolls diameter of 90 mm; the reduction rate:

a—35%, (332) [110] orientation; b — 55 %, orientation A — (111) [110];
¢ — 85 %, orientation A —(111) [110]

Puc. 5. Ipsimbie momtocubie Gurypst (110) meHTpabHBIX CII0EB 00pa3IoB (¢, O, ) XOJIOAHOKATAHOTO CIUIaBa
Fe—3% Si (110)[Akl] c ncxonHoit naeansHol opueHTHpOBKOH (110) [35 1] , ¢ OTKJIIOHEHHEM OT IJIOCKOCTH

(110) B cTOpOHY HampaBiIeHHs IPOKATKU Ha 5 TPaayCcoB, IIPOKATAaHHBIX Ha JIAOOPaTOPHOM MPOKATHOM CTaHe
¢ InaMeTpoM BaAIKOB 90 MM, CO CTEIIEHBIO 00KaTus:
a —35 %, opuentnposka (332) [110]; 6 — 55 %, opuentuposka A —(111) [110];

6 — 85 %, opuentuposka A —(111) [110]

Radiographic analysis of the Fe — 3 % Si alloy rolling groups 1-3

. Initial ideal orienta- Deflection from Orientation after deformation, %
Group Figure tion (110) plane 35 55 35
[degrees] Preliminary Intermediate Final

| 1 (110)[112] 8 (112)[351] (112)[351] (234)[562]

2 (110)[111] 8 (326)[661] (335)[110] (112)[110]

_ _ _ (111)[110]

s 3 (110)[331] 7 (221)[341] (790)[972] (010)[T00]

4 (110)[551] 7 (331)[551] (331)[110] (122)[011]

3 5 (110)[551] 5 (332)[110] (111)[110] (111)[110]

The analysis of texturing during the rolling process of
single crystals of groups 2 and 3 showed that there is a
similarity in texture formation. The main orientation in all

the cases is (111) [110], i. e. the single crystal rotates

around [110] crystallographic direction, close to the di-
rection of rolling.

The difference between the analysis results concerning
the alloys of groups 3 and 2 is the following: in the first
case, a one-component (111) [110] orientation is formed,
while in the second case almost always there is another
weak orientation. It must be noted, that a one-component
(111) [110] orientation is formed in case of a small re-
duction rate during one rolling, whereas an increase in
reduction leads to a two-component orientation.

Conclusion. The crystallographic texture determines
the service structurally dependent properties of crystalline
materials and contributes to the achievement of an opti-
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mum level of physical and mechanical properties. During
cold rolling, the crystal lattice is reoriented throughout the
entire volume of the single crystal. The geometry of it
depends on the initial orientation and the active slip sys-
tem, determined by the Schmid’s factor, the maximum
value of which reaches 0.5.

It must be noted that during rolling, the texture of the
central layer of group 1 single crystals is described
by a single-component orientation. When the (110) plane
deflects by an angle ¢ = 8°, the Schmid’s factor (S)

for the slip system (123)[111]-S, =0.46 is larger than
for the slip system(Zlg)[lll]—S2 =0.38. As a conse-

quence, the active slip system is (123) [1 11], which leads
to the appearance of one-component orientation (234)
[562] in the central layers, deflected from the rolling

plane around the transverse rolling direction, due to the
action of symmetric slip systems.
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APPROACH TO OPTIMIZATION OF THE MAGNETIC CIRCUIT
OF A THREE-PHASE INDUCTION PLANT
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The article describes an approach to optimization of the electromagnetic regimes of an induction metallurgical
plant, designed to mix liquid aluminum under the influence of a running magnetic field. To improve the properties of the
molten metal in the furnace, short pole linear magnetohydrodynamic machines with copper windings and a steel core
are used. The open configuration of the magnetic circuit and the magnetic coupling between the windings of the induc-
tor lead to asymmetry of the magnetic field. As a rule, a low-frequency transistor inverter is used in the power supply
system of metallurgical machines intended to affect non-ferrous metals. Asymmetrical currents in the phases create
specific modes of the frequency converter, close to emergency, and a two-phase, three-phase or multi-phase power sup-
ply system may become unbalanced. To calculate the integral magnetic fluxes in the toothed zone of an induction instal-
lation, it is convenient to apply a multiphase nonlinear model of a magnetic circuit. As a result of the iterative calcula-
tion, vector magnetic flux diagrams are obtained and the tractive forces in the melt are estimated. The best conditions
for the impact on the melt are obtained with a given objective function when searching for options during optimization
of the magnetizing forces of the windings.

Keywords: three-phase induction plant, induction MHD machine, mathematical modeling, non-linear model of the
magnetic circuit, magnetic flux vector diagram, three-phase IGBT inverter, parametric optimization.
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B cmamve paccmompen no0xo0 K OnmMuMu3ayuu 2NeKmpoMAasHUMHbIX pesrcUMo8 UHOYKYUOHHOU MEMANTypeuiecKoll
YCMAHOBKU, NPEOHAZHAYEHHOU OJIsl NEPEeMeUUBAHUsL HCUOKO20 AIOMUHUSL NOO 8030elicmeuem be2yujeco MasHumHo2o
noas. /[na yayvuieHus CGOUCME pAcniasa Memaiia 8 neuu NPUMEeHsIom MalonoaoCHble TUHeHble MASHUMOSUOPOOU-
Hamuyeckue mawunsl (MIJ[-mawiunsl) ¢ MeOHbIMU OOMOMKAMU U CINALHBIM CepOeyHUKOM. Pazomxkuymas Kouguey-
Payusi MasHUMONPOBOOA U MACHUMHbIE CEA3U MeHCOY 0OMOMKAMU UHOYKMOPA NPUBOOAM K HECUMMEMPUU MASHUM-
Ho20 noas. Kax npasuno, é cucmeme 31eKMPOCHAOIHCEHUA MEMATTYPSULECKUX MAUWUH, NPEOHASHAYEHHBIX OISl 803-
Oetlicmeus Ha yeemHvie MEmanivl, UCNOAbIYIOM HUSKOYACMOMHbBIIL MPAH3UCMOPHYLII uHgepmop. Hecummempuunvie
moKu 6 gazax cozoaiom cneyuguueckue pexrcumvl Yacmomno2o npeobpazoeames, Oau3Kue K aeapuiinbimM, npuvem
08yxgasnas, mpexgasnas uau MHO20Qa3naA cucmema NeKMpOnUMAHUL MOdCem CMAHOBUTNLCA HEYPABHOBEUeH-
Houl. [{na pacuema unmezpanbHbiX MACHUMHBIX HOMOKO8 8 3Y0Y0801l 30He UHOYKYUOHHOU YCMAHOBKU YOOOHO npume-
HUMb MHO20QA3HYI0 HEAUHEUHYI0 MOOelb MACHUMHOU yenu. B pesyrbmame umepayuonno2o pacuema nouyyaiom
6EKIMOPHbIEe OUASPAMMbL MACHUMMHBIX HOMOKO8 U OYEHUBAIOM ms2o8ble ycuausa 6 pacniase. Haunyuwue ycnosus 603-
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Oelicmausi Ha pacniag NOIY4AIom no 3a0aHHOU Yenegou yHKyuu npu nepebope 6apuanmos 6 Xxooe ONMUMU3AYUY Ha-

MACHUHUBAIOWUX CUTL 00MOMOK.

Kniouesvie cnosa: mpéxghasnas undykyuonnas ycmanoska, unoykyuonuaa MI J[-mawuna, mamemamuyeckoe mooe-
JUposanue, HeluHeuHas MoOelb MASHUMHOL Yenu, 8eKIMOPHAs OUazpamma MAeHUmMHbIX nomokos, mpéxgasneiti IGBT
(insulated gate bipolar transistor) uneepmop, napamempuieckas OnMUMU3AYU.

Introduction. The electromagnetic inductor is a
working body of the complex MHD-mixing liquid alumi-
num [1]. The necessary technological characteristics of
the inductor are provided when it is powered by an IGBT
inverter, and the frequency converter modes differ signifi-
cantly from the typical ones which are used for an adjust-
able asynchronous electric drive [2]. Current inverters
operating at the edge of the range at a frequency of about
1 Hz are used to power the induction machines of
aluminum stirrers. The heat dissipation mode of power
modules at switching frequencies up to 1 kHz is estimated
as moderate. However, the climatic conditions of the
metallurgical shop can be very difficult, which often leads
to the need to equip the inverter with air conditioning
systems with additional air purification [3].

To implement the current inverter mode, in the phase
of the converter, the stable operation of the modules must
be ensured, with the utilization or conversion of power in
the antiphase state of voltage and current [4].

The transformation of the phase of a three-phase
inverter into a current source significantly distinguishes
its mode, typical for the state of the voltage source [5].

The output of the frequency converter to the mode is
performed by stepwise acceleration according to a
slowed-down volt-second characteristic, which limits the
operation of hardware and algorithmic protections.

Inductors of MHD machines have a low natural power
factor of MHD devices, rarely exceeding 0.05-0.1 in the
area of lagging currents [6]. The steady-state linear
currents of a transistor converter for most induction
machines (MI) of a longitudinal field, average size (up
to 5 tons), take values in the range of 200-350 amperes,
and linear voltages are not higher than 380 V. A draft
of the induction installation under the furnace in the melt
bath area is shown in fig. 1.

The concomitant operational factors of the inverters,
related to the effects of asymmetry during the intensive
energy consumption of the MHD-mixing complexes of
aluminum, is a high level of non-sinusoidal currents of the
distribution network. The practical operation of MHD
complexes showed that with a steady-state inductor power
of about 45 kW and a natural value of cosp = 0.1, the
consumption of the frequency converter from the
workshop distribution point can reach 120-150 kVA or
more, with significant internal generation of the power
source [3; 5].

The appearance of higher harmonics in the network is
due to the operation of a controlled rectifier of the input
module of the frequency converter, designed for
accelerated power gain by a capacitor bank of a DC link.
It is established that the pulsating currents of a three-
phase two-half-wave rectifier can lead to the appearance
of a current harmonic coefficient in the network of up to
80 %. Moreover, in accordance with the specified
technological mode of the MHD inductor, the curves of a
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0.38 kV non-sinusoidal current consumed from a three-
wire network turn out to be modulated by a sinusoidal
signal with a frequency of 1 Hz. One of the means of
counteracting the deterioration in the quality of electricity
is changing the parameters of the DC link by significantly
increasing the capacitance in the DC link [5]. There are
other ways to improve the ecology of the network
described in the literature [7]. It should be noted that the
solution to the problem of reducing the generation of
higher harmonics of the current should be solved in
conjunction with the development of more advanced
hardware and software equipment [8] for frequency
converters, especially for metallurgical inductors.

An example of the output circuit of a three-phase
transistor frequency inverter of a typical structure based
on three half-bridges (D1, D2, D3) and a triangle-loaded
winding of an induction MHD machine is shown
in fig. 2, a. The inductor 1 with a three-zone short-circuit
winding AxZcBy is connected to the inverter 2. The
vector diagram of the magnetomotive force in the
windings of the induction machine is shown in fig. 2, b.

An important distinguishing feature of the
electromagnetic mode of a frequency inverter loaded with
a three-zone induction machine is that the three-phase
current system is not balanced. This means the inequality
of the instantaneous power of the power supply system to
zero in any section of the multiphase power circuit. The
reason for this is the phase inversion and the combined
inclusion of groups of induction windings. This provides
a complex asymmetric structure of the magnetomotive
force, for a given nature of the distribution of magnetic
poles. As a preliminary analysis of the electromagnetic
mode of the inductor showed, in all cases of using three-
phase transistor inverters, for any topology of the
windings of the induction MHD machine, the phase
distribution of the currents turns out to be asymmetric
[4; 5; 8]. The nature of the asymmetry may differ in the
different composition of the currents of the forward and
reverse sequences. Exceeding the modules of the
components of the reverse and zero sequence with respect
to the currents of the direct sequence may turn out to be
twofold and depends on the selected winding connection
scheme [5; 8]. No less important is the question of a
reliable assessment of the limiting current regimes of the
inverter power modules.

Formulation of the problem. In the case of phase
asymmetry, a twofold difference in the operating current
of adjacent quasicomplete half-bridges, during their
continuous operation in the antiphase current-voltage
ratio, may turn out to be a reality [9; 10]. It should be
noted that the use of a universal software environment for
all tasks is not the only right solution and has its
limitations. For example, for converting input and output
information streams, it is convenient to have data in an
ASCII code that is advantageous from the point of view
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of the formation of hybrid models, as well as in full
access to the analysis results.

This condition is extremely important when choosing
the structure of an optimization project, in which it may
be necessary to organize the interaction of heterogeneous
software and the continuous exchange of data between
program modules. Cyclic access to open result files when
solving an optimization problem often forces you to form
a new project shell in which automatic addressing,
marking files, and data loading into different critical
modules and subsystems, including those built using
programming, are performed [11]. To assess the nature of
the distribution of the magnetic field in the inductor, it is
necessary to calculate the magnetic fluxes of the teeth and
the yoke, determine their relationship and evaluate the
means of their regulation. The distribution of magnetic
fluxes in the melt determines the total traction force of the
induction machine, so the problem can be solved using a
numerical iterative model and optimization.

Solution. The solution of the problem of modeling the
field in the graphical shell of modern professional
software products, for the assumptions made, usually does
not cause difficulties [12]. Its details can be omitted using
the calculation results in the form of integral
characteristics of the best options for a longitudinal
magnetic field MHD machine. The calculated parameters
of several induction machines obtained by modeling in a

Maxwell medium at a frequency of 1 Hz for a three-zone
machine 2200 mm long with a steel core are presented
in table. Options 1-2 — three-phase execution, options 3—4
two-phase.

Given in the table the results can be used for practical
design of the inductor. At the same time, details of
studying its energy and the interaction of integrated
magnetic fluxes in the windings, yokes, teeth, and
currents that cause them can be of considerable interest in
clarifying the electromagnetic regime of an induction
MHD machine. An electromagnetic inductor is only a part
of the whole device — a complex of MHD-mixing liquid
aluminum. The necessary technological characteristics of
the inductor are provided when it is powered by an IGBT
inverter, and the frequency converter modes are
significantly different from the typical ones for an
adjustable asynchronous electric drive [9; 13]. Numerous
attempts to adapt common industrial converters, with
standard transistor control algorithms to different types of
flat MHD inductors, have not showed stably positive,
stable results [3; 5]. In addition to the problems of
controllability and reliability of the power link, often
there are difficulties in interfacing the logic of the internal
control system with the operation algorithm of the upper-
level control system controller. Therefore, it was very
important to analyze the features of the inductor, fed by a
low-frequency source of modified sinusoidal voltage [8; 9].

Fig. 1. Draft of the design of a three-zone induction machine
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Fig. 2. Three-zone induction machine with an inverter and a vector diagram of the magnetomotive forces
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Design and operational parameters of induction machines

Design parameter Option

1 2 3 4
Base number of pole pairs 2p=1 2p=4/3 2p=3/2 2p=2
Winding connection diagram AZB AZBX ABX ABXY
Number of inductor windings, pcs. 3 3 4 4
Number of inverter half bridges, pcs. 3 3 4 4
Linear current load, kA / m 87 82 94 89
Inverter line current, A 220 220 350 350
The magnitude of the pole pitch T, mm 2200 1650 1467 1100
Rate of a magnetic field rise Vi, m /s 4.4 33 2.9 2.2
The mass of the winding copper inductor, kg 969 1005 1133 1120
Inductor mass total mi, kg 5019 4828 4416 5143
Power inductor Pi, kW 73.0 77.8 80.8 82.7
Tangential force Ft, N 476 647 646 375
Integral force in the melt, N 1832 2111 1836 1245
The ratio of force to power, N / kW 6.52 8.32 8.00 4.53
The ratio of force to mass of the inductor, N / t 94.8 134.0 146.3 72.9
The speed of the melt, m /s 2.24 248 232 0.97
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Fig. 3. Fragment of the model of a magnetic circuit of a three-zone inductor

Puc. 3. ®parmMeHT MOI€TIM MarHUTHOM LENH TPEX30HHOTO UHIIYKTOpa

An example of a regime analysis when searching for a
quasi-optimal distribution of magnetomotive forces is
discussed below. For a three-zone machine with the
connection of the windings into a triangle, it is possible to
show the procedure for studying the adjustment
characteristics, which takes into account the possibility of
stepwise changes in the ampere turns of different groups
of windings. In practice, it is easiest to apply the
regulation of the number of turns of the middle winding,
or the interconnected synchronous regulation of the
number of turns of the extreme windings. A deeper search
for the optimal ratio of the linear current load of each
phase can be carried out using an inverter, the power key
control algorithms of which allow separate phase control
in the current source mode [5; 10]. In this case, one of the
limitations is the condition for limiting the linear voltages
to the level of 0.4 kV.

To estimate the distribution of magnetic fluxes of a
medium-sized inductor, a spatial multiphase magnetic
circuit model was used, which was constructed by
analogy with [14]. A sectional fragment of a simplified
model is shown in fig. 3. The degree of media
discretization provided for in the model shows a
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calculation accuracy of 5 %. An increase in the dimension
of the problem to 1000 knots does not lead to a significant
refinement of the calculation result. The parameters of the
model elements are determined by the real geometry of
the inductor. The nonlinearity, in the numerical iterative
model, for steel sections of the magnetic circuit is taken
into account according to tabular weber-ampere
characteristics according to the magnetization curve of
structural steel 3. As sources of magnetomotive force, a
linear modification of flux-controlled of magnetomotive
force sources is used kF, kF», kF3, by analogy with
voltage controlled current sources in electrical circuits.

An example of a family of vector diagrams obtained in
a numerical analysis using a multiphase model of a
magnetic circuit (fig. 3), when controlling the
magnetizing force k F, of the middle phase winding, is
shown in fig. 4.

Due to the large number of vectors, it is convenient to
apply color highlighting when displaying diagrams. For
standard phase shifts o = /3 of the magnetomotive forces
complexes Kk F,, kF, kF; of the windings in the
numerical model, the distribution of magnetic fluxes @,
®,, @3, D, over four teeth, shown in fig. 4. Phase shifts of
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magnetic fluxes are denoted by the symbols @15, ©23, ©34,
@41 and their sum is 2.

With step regulation of the average winding MDF F,,
a fan distribution of field vectors with raster angles
[6; and d,], [8; and &3] is formed for each tooth. At the
same time, for the magnetomotive force increase mode 1
F,, the ends of the vectors @, ®,, ®;, d, synchronously
move along parallel dashed straight lines in opposite
directions, indicated by colored arrows. The phase shifts
between the magnetic flux vectors [®@, and @3], [D; and
@,] increase, and between [®@, and @;], [®; and Dg]
respectively decrease. On each trajectory of the vectors
there are pairs of points at which the optimal position of

the magnetic flux complexes is fixed. The problem of
determining the best distribution of ®@,, @,, ®;, ®, can be
solved by machine optimization search [15-17].

The assumed optimal location of the vectors of
equivalent magnetic flux amplitudes, obtained manually,
is indicated by colored arrows with increased fat content.
In this case, the phase shifts are approximately the same
012 = 03 = QP34 = @41, however, a more accurate solution to
the problem here is the subject of an optimization search.
To clarify the relationship between the magnetomotive
forces of the windings and the tooth flows, the vector
diagram of fig. 4 is modified to the simplified image
shown in fig. 5.

Fig. 4. Tuning vector diagram of toothed magnetic fluxes

Puc. 4. PerHI/IpOBO'{HaH BEKTOpHas auarpaMmma 3y6LIOBI)IX MarHuTHBIX IIOTOKOB

Fig. 5. Simplified vector magnetic fluxes diagram

Puc. 5. prOH.[eHHaH BCEKTOpHasA JuarpaMmmMa MarouTHbIX IIOTOKOB
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A study of the winding circuitry for three-, four- and
six-zone machines with a triangle showed that, as a result
of power transfer in an MHD machine, one of the phases
of a three-phase transistor inverter, as a rule, is in the
recovery mode [5; 9]. With technological reversals of the
induction machine, taking into account the change in the
phase sequence, the nature of the current distribution in
the three-wire power cable changes so that in any phase
the inductive power factor can become capacitive and
vice versa. Nevertheless, in general, the nature of the
asymmetry of the electromagnetic mode of the working
body remains acceptable, and can be corrected using
automated optimization procedures [18-20].

The conditionally optimal vectors are denoted by the
symbols @, ®,, ®;, @, (lines of increased fat content),
but their distribution corresponds to almost twice the
value of the magnetomotive force F,. The initial value
of the magnetomotive force of all windings |k F,|=
= |koF,| = |ksF5] with the same shift o = n/3 there
corresponds a more “curved" distribution of the vectors
@°), @°,, @, @, at which the amplitudes of the field
vectors of the middle teeth are almost a quarter less than
the amplitudes of the magnetic fluxes of the extreme
teeth. Phase shift limits [0, u 833] >> [011 U O44], are ob-
tained with an increase in the magnetomotive force of the
middle, inverted phase from the value of F,, no sz,

The average position of the vectors @, @,, ®;, O,
corresponds to the initially investigated distribution, fixed
for the above diagrams (fig. 4, 5). The trajectories of the
ends of the vectors without taking into account the
dynamics of saturation remain linear, but are no longer
parallel. Finding the points of the best location of the
magnetic flux vectors is best performed iteratively using
the means described in [9; 14; 21]. However, in this case,
the equivalent optimal mode cannot be achieved,
therefore, the best available mode is considered quasi-
optimal.

Practical studies of prototypes of a six-zone induction
machine have shown that the most “current curves” are
turn-on circuits when connecting a single or double star
with a neutral wire. And when switching to a circuit
without neutral, there are so significant distortions of the
symmetry in voltage that the efficiency of the middle
windings of each group decreases unacceptably. By
changing the linear current load of the windings,
asymmetry can be damped to some extent, but in practice,
traction efficiency, which is not comparable to a triangle,
can be achieved. It should be noted that the search for the
optimal ratio of the amplitudes of the magnetomotive
force and phase shifts of the flows in several windings wy,
W,, W3 interconnected through a common magnetic field
is the subject of numerical optimization, which is carried
out for the characteristic circuit AZB of the phases of the
induction machine.

An example of a diagram of a family of magnetic flux
vectors obtained by synchronous stepwise regulation of
magnetomotive force sources Fy, F3 of the windings of the
extreme phases for a three-zone inductor of the AZB
circuit is shown in fig. 6. At the same time, the condition
of invariance of the middle phase is provided |F,| = const.

Synchronous regulation of the magnetizing forces of
the extreme windings F, 11 F5 u F; {4 F; gives a picture
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of the distribution of magnetic fluxes ®@;, ®,, ®;, ®, with
a significant distortion of symmetry and a change in the
amplitude-phase relations between the vectors. For this
method of regulating magnetizing forces, an optimization
algorithm, that provides the best available solution, is also
applicable

An example of the diagram of the magnetic flux
vectors in the yoke, with fixed shifts o = 7/3 and equal
values of the magnetoresistance of the windings Fy, F,, F3,
is shown in fig. 7. This state corresponds to the previously
obtained distribution of tooth magnetic fluxes ®°;, @,
@, @, according to the vector diagrams of fig. 5, 6. In
the diagram of fig. 7, the streams of teeth and the flows in
the windings ®°g;, @ gy, O g3 placed on the yoke of the
magnetic circuit are combined on a natural scale. In the
analysis of diagrams, it must be remembered that the
same notation is @y, @3, in fig. 5, 7 correspond to
different angles.

One can see that, judging by the diagram, the
equivalent phase zone of magnetic fluxes in the yoke
occupies the raster angle (912 + @23) <20. Moreover, an
increase in the linear current load in the middle of the
core (magnetomotive force of the winding w,) leads to a
narrowing of the equivalent phase zone with increasing
phase shifts 0 and in a significant, fraught with saturation,
increase in the intensity of magnetic fluxes in the steel
yoke. The ratio of the magnetic fluxes of the teeth (red
vectors) and the fluxes in the yoke (green) shows a
significant excess of the fluxes of the yoke over the fluxes
of teeth oriented in the molten metal.

Essentially, this means that the inductor works with
the molten metal on the scattering fluxes, and the main
flow is directed along the core and consumes energy for
heating steel, fastening metal structures and mechanical
vibration. Nevertheless, the results of comparative
mathematical modeling of inductors with longitudinal and
transverse flow show that at a distance from the core by
the size of the operating gap, the magnetic induction
values of both inductors of the same size are comparable
[15; 18]. The decrease in the efficiency of the cross flow
inductors is due to the intense attenuation of the field in
the melt. Therefore, the designs of shortened low-pole
inductors of the longitudinal field turn out to be quite
comparable in efficiency with a lower mass and greater
manufacturability. The operating experience of cylindrical
and flat induction machines of a longitudinal field showed
that the energy of the scattering field at a frequency
of 1 Hz, taking into account the presence of concentrators,
is quite sufficient for effective impact on the melt within
the calculated air gap.

The solution to the problem of achieving the optimal
distribution of the magnetomotive force across the
windings is carried out after modeling a multiphase
magnetic circuit. For this, a well-known optimization
technique using the genetic algorithm (GA) and local
search modification is used [15; 16; 21]. In order to avoid
obtaining a cumbersome intractable optimization
problem, when studying the regulation of magnetomotive
force, only a few parameters are selected and included in
the objective function. The statement of the optimization
problem is formulated in such a way that the greatest
value of the pulling force for each concentrator is ensured
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with equal values of the serrated magnetic fluxes for a
relatively equal distribution of field vectors in the raster,
within the area of influence on the melt. As counteracting
factors, the mass of copper of the induction windings and
the loss of power for their heating are taken into account.
The general expression for constructing the objective
function in the selected optimization technique is shown

below.
F—-F(x G-G(x
Fc(x):nF{| F( )|}+nc{| G( )|}+

+ nQ{—|Q_Q(x)|}+nR {—'R_R(x)|}+...+ (1

0 R

+ Mg {w}—)min.
S

F, G, Q, R, S are functions that significantly affect the
aggregate objective function (1), if it is possible to take
them into account in the problem at the programming
stage, for example, by including subsystems with their
description in the general computational algorithm of the
project. First of all, these are the amplitudes and phases of
the voltages, the overall dimensions of the induction
machine, the mass and characteristics of materials, the
geometry of the core and the parameters of the windings.

Taking into account the truncated goal of the study,
the conditions for using software for the genetic algorithm
should be limited. An abbreviated record of the
expression of the objective function is shown below.

F,—F(x)
Fg(x)=ﬂp{|0F—|}+
0
[0y — 0| |7y =~ P() @
t Ny (+tM,— % (> min.
Po B
In the accepted notations, the symbol F (x)

corresponds to the relative value of the magnetomotive
force k,F, necessary to create an increased linear current
load due to the middle winding, the symbol ¢ (x) is the
phase shift ¢,; of the tooth magnetic flux vectors @, n @;,
the symbol P (x) — relative value of active power in the
winding, m; — weighting factors. Calculation in the
genetic algorithm according to objective function (2)
made it possible to identify the regime with the greatest
effort, but at the same time the power and mass losses
were somewhat overestimated in comparison with the
results achieved at the design stage of the induction
machine. At the same time, the obtained optimization
results (fig. 8) for unequal magnetomotive force between
the windings wy, w,, wsy were confirmed at the stage of a
numerical experiment for a sample of an MHD inductor
of 5 tons in size according to option 1 (table), assigned for
use on mixers with a working gap of about 500 mm.
Judging by the data obtained, for the given criteria: the
range of change in the magnetomotive force kF, of the
winding w, and the phase shift @,; (fig. 5) between the
vectors of the tooth flows, the minimum of the objective
function (2) and the greatest traction force are obtained
when the linear current load increases to a value close to
calculated, Hy = 89 kA/m and phase shift (®, ®@;) equal
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to @3 = 76 degrees. The indicated value of the linear
current load is achieved by increasing the base value of
the magnetomotive force (Fo=53 kA) of the second
phase at point M (fig. 8) to Foy=wyh=
=ky - Fp=1,46 - 53 =78 kA. It should be noted that
the development and refinement of the calculation
algorithm for an extended list of optimized parameters of
the induction MHD machine leads to a significant
correction of the optimization project and even processing
of the corresponding software. The generation of a
mathematical model and its subsequent solution is not
an easy task.

Objective function (1) is more complex in description
and cumbersome to implement in terms of the
effectiveness of achieving the result. In the considered
model, it is not possible to take into account the cutting of
iron sheets, the cost of cutting, the choice of the optimal
tire section, etc., and therefore, the study should be
considered simplified. To design a series of machines
with improved technical and economic indicators, it is
necessary to turn to the global algorithm and the results of
a detailed study of a larger number of options. In this
connection, only the results of the search for the best
current distribution in the windings according to fig. 4, 5
are shown here, and detailed optimization of the MHD
inductor modes in combination with a frequency inverter
for an expanded list of requirements is highlighted in a
separate project.

Structural-algorithmic ~ synthesis of three-phase
transistor IGBT inverters serves as a solution to the
problem of constructing frequency inverters for the
requirements of unbalanced load. The main way to
control power switches is considered to be pulse-width
program modules (PWM), which provide overmodulation
and increase the level of output voltage. In practice,
inverters use all the classic bridge structures with a two-
stage high-voltage DC bus. The presence of a neutral
point in the DC link provides bipolar power to the quasi-
complementary output stage. In addition, such a structure
allows us to propose circuit solutions that increase the
stability of inverters when operating on an asymmetric
load in a star [5; 8; 22]. In this case, the neutral points are
connected, which serves as a means of balancing.
However, such a balancing solution is unsuitable when
connecting the induction MHD load to a triangle.

Taking into account the requirement of low cost of the
power inverter as part of the MHD-mixing of the
aluminum melt complexes, at the initial stage two-three-
level inverting circuits, as well as matrix inverting
circuits, are excluded from consideration of the options
for constructing the inverting link. However, if there is a
problem of power supply to a sharply asymmetric three-
phase load in the steady state, it may be necessary to
consider multi-level solutions. As shown in [5; 10], the
asymmetry of the windings of induction MHD machines
with inverted phases, in typical cases, can be
accompanied not only by a change in the nature of
reactivity, but also by a mutation of the electromagnetic
mode. Moreover, the different phases of the inverter can
go into recovery mode, due to the electromagnetic
transfer of power between the windings of the induction
device [3; 6].
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Fig. 8. Topology of the target function surface

Puc. 8. Tonosorust MOBEPXHOCTH LEJICBOI QYHKIINI

According to the requirements of the technological
mode of foundry and smelting equipment, the inverter
must provide dynamic phase reversal, which complicates
the task of constructing a stable multiphase power supply
system for an induction MHD machine. An additional
factor complicating the construction of the power supply
system for shortened metallurgical induction machines is
the preference for connecting a MHD inductor in a
triangle. To balance the mode of standard half-bridge
modules of different phases in the power link, it is
possible to use an additional modular half-bridge, which
in the specified order is connected to the load as a means
of balancing [10; 22]. Such a connection can be
considered as one of the options for the parallel
connection of IGBT modules, valid for single-level three-
phase inverters.

The described features of the current distribution in
the windings and phases of the MHD machine create the
conditions for considering a wider range of circuit and
algorithmic solutions in the structure of the IGBT inverter
[5; 8; 22]. It is possible to find a solution by duplicating
the half-bridge of each phase with an additional power
rack with their parallel coordinated inclusion. In addition,
it is necessary to take into account the need for extreme
dumping of large reactive capacities during an emergency
shutdown of the MHD inductor. This is very significant,
since a standard power utilization unit is provided in the
structure of a standard frequency converter. For the
changed operating conditions, the modes of its operation
under sharply asymmetric load should be firmly entered
into the inverter state control algorithm, since this
determines the reliability of the entire complex of MHD-
mixing of the melt. The above, formalized in the
transition from general considerations to the formation of
a set of requirements, in the form of technical
specifications for the development of a PWM inverter.

Conclusion. Induction MHD machines of a
longitudinal magnetic field, designed to mix the melts,
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have different tooth intensity in the melt. Therefore, to
correct the running magnetic field mode, the linear
current load of the inductor and the phase mode of the
inverter are used. Of practical importance is the method of
adjusting the flow distribution by coordinating the
calculated number of turns in the induction windings,
with the distribution of currents over the phases of the
frequency converter. The required value of the
magnetomotive forces of the windings of each phase is
specified by adjusting characteristics at the stage of
modeling and optimization of the MHD machine. In
addition, to adjust the characteristics of the induction
MHD machine, program-algorithmic control of the
amplitude-phase operating parameters of the inverter is
used, which makes it possible to equalize the distribution
of tooth magnetic fluxes and the traction value in the
melt. With any distribution of magnetic fluxes along the
teeth, the intensity of the magnetic field in the magnetic
circuit exceeds the intensity of the tooth components. This
can be considered a drawback of the considered
construction of MHD machines with a longitudinal
magnetic field, since an increased value of the magnetic
induction in the yoke can lead to premature saturation of
the core, distortion of the currents in the windings and a
decrease in the efficiency of the inverter of the power
source. Taking into account the low-polar nature of the
induction machine, it can be noted that at a distance
of the working gap, the magnetic field intensity is leveled
out and is sufficient to effectively influence the melt.
The considered example of optimization of the
electromagnetic characteristics of the MI additionally
improves the operational properties of induction MHD
machines of a longitudinal magnetic field.
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