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K CBEOEHMIO YUTATEJIEM
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KaHckoro manatenscrsa Bowker.
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OcHosHotl npobnemoli opeanu3ayuu HAOeICHOU CUCEMbl 8UOEOKOHPEPEHYCEA3U ABNAEMCs obecneueHue MUHU-
MAIBHOU CKOPOCMU nepedail OAHHbIX NPU NOOOEPIHCAHUU MAKCUMATILHOU CKOPOCMU 00pabomKu ayouo- u UOeONOmoKd.
Cywecmayroujue npocpammHbie peuieHus UMernm 0SPAHUYEHUs N0 YUCTY OOHOBDEMEHHBIX YUACTNHUKOS CeaHCa 6U0eo-
KOHGheperyces3uU, annapamuvie cucmemvl 001A0ArOM 3HAYUMETbHOU cmoumocmovro. OCHOBHLIMU Memodamu nogvlule-
HUSL HAO@ICHOCMU CUCEM 8UOCOKOHDEPEeHYCBA3U HA Ce200HAUHUL OeHb ABNAIOMCA CNOCOOblL pacnpedeieHus Hacpy3Kil.
Asmopamu npeonoscena HO8aAsE MEMOOUKA NOGLIULEHUA HADEHCHOCU BUOCOKOHpepeHyceasu O0na aemopu306aHHbIX
noav3osameinell ¢ 2apanmupoSanHol 00CMABKOU COOOWEeHULL U MOOEU 8ePOSIMHOCTIHO20 00CIYNA K CUCIMEMAM 8U0e0-
KOHpepenyceasu, npueooHvle 0Nia OYeHKU HadexcHocmu maxkux cucmem. Modens gepxunezo ypogHa no3eoasem onucams
pasiuymble cucmemvl 8UOCOKOHPEPEHYCEA3U, YUUmuleas ux xapaxkmepuvie ocobennocmu. Mooenv HudicHezo yposHs
onucvieaem cucmemuvl UOCOKOHpepeHyceasu 0N A6MOPU308aHHBIX NOIb308ameNnel ¢ 2apaHmuposanHoll 00CmasKol
coobwenuil. Bepossmuocmuule Modenu 00Ccmyna, npeodiodceHHble 8 pabome, OCHOBAHbL HA CIOVIOWUX NOHAMUSX: CYOb-
exmol, 00vexmol, Oeticmeus. [ onpeoeieHus 8epoAMHOCIMU NHOIHO20 OOCMYNA K cucmeme 6UOeoKOHPepeHyCces3u,
cocmoswel u3 HeCKOIbKUX Cepeepos U KIUeHMO8, HeoDX00UMO Onpedeiums 8eposmHOCb OOCMYNHOCIU Cepeepos
U 6EPOSIMHOCMb OOCMYRHOCU KIueHmog. Mamemamuueckui annapam oOyeHKU cucmemvl UOCOKOHpepeHycensu
CMpOUmMCsi HA OCHOB8E MHOLOKAHAbHBIX cuchem maccosoeo oocayxcusarusn (CMO) ¢ oepanuuentoll ouepedvio 0s Cryuas
CMAHOAPMHO20 pedcuMa pabomuvl cucmemvl U COBOKYHNHOCHU OOHOPOOHbIX oOHokaHanvublx CMO c¢ oepanuuenHoll
ouepedvio. [Ipusedena oyeHra 3PphexmusHOCIU CREYUATLHOLO PENHCUMA NO OMHOWEHUIO K CHIAHOAPIMHOMY HOCPEOCH8OM
CPasHeHUs 8epoAMHOCTNEl OMKA3A CUCeMbL 6 CIAHOAPMHOM U CReYUATbHOM pexcumax. Hcnonvsyemcea npospammmoe
obecneuenue, paspabomannoe agmopamu. Ha evixode npocpammnoe obecneuenue gvidaem pagux 8 mpex KOOpouHa-
max Pk Kgpeo)y K & Ilpu 3a0annom yposne P(Kipu, keypeo) no epaguxy onpedensiomes k u k

spec * total spec *
B kauecmse npumepa npuseden epagux, ompadxcarowull yerecoooOpasHOCmy UCNONAb308AHUSL CREYUATILHO2O PENCUMA
6 cucmeme 8UOCOKOHGDEPeHYCEs3U, 3a0aHHOU YUCI08bIMU napamempamu. [Ipedcmasnen epaghux 3a6ucumocmu Makcu-
MATLHO 8O3MOMNCHO2O KOJNUYECMBa CHEeYUdIbHbIX KIUEHMO8 NpU 3apaHee 3A0aHHOM 00ueM KOoIuyecmee KIUEHMOS
u 3a0annom yposne Pk, kipeo).

Knrouesvle cnosa: 6udeokoHpepenyceasb, HA0eHCHOCHb, CUCEMA MACCO8020 ODCTIYHCUBAHUSA, 8EPOSMHOCTIL NOTY-
yeHuss Jocmynd.
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METHODOLOGY OF IMPROVING VIDEO CONFERENCE RELIABILITY

K. E. Lebedeva’, R. V. Lebedev, A. V. Murygin
“Reshetnev Siberian State University of Science and Technologies
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
"E-mail: shudrova87@mail.ru

One of the main problems of organizing a reliable videoconference system is to provide minimum data transfer
speed while maintaining maximum speed of audio and video stream processing. Existing software solutions have limita-
tions on number of simultaneous participants in a videoconferencing session, hardware systems are expansive. Today
the main methods for improving reliability of videoconferencing systems are methods of load sharing. The authors pro-
pose a new technique for increasing the reliability of videoconferencing for authorized users with guaranteed messages
delivery and model of probabilistic access to videoconference. The model contains two levels. The top-level model
allows describing various videoconference systems taking into account their specific features. The low-level model
describes videoconference systems for authorized users with guaranteed massage delivery. The model is based on the
following concepts: subjects, objects, actions. To determine the probability of full access to a videoconference system
consisting of several servers and clients it is necessary to determine the probability of their availability. The mathe-
matical apparatus for evaluating the videoconference system for the standard mode is based on the multi-channel queue
system with limited queue, and a set of homogeneous single-channel queue systems with limited queue for special mode.
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Mamemamuxka, mexanuxa, ungopmamuxa

Evaluating of effectiveness of special and standard mode is performed by comparing the probability of access failure.
For those calculations software developed by the authors is used. At the output software issues a graph in three coordinates

k

spec *

p ( ktotab kspec)’ ktotal’

From the graph for a given level P(kipu kspeo) can be defined k,,,, and

k,

spec - As the exam-

ple, the article contains the graph reflecting advisability of using a special mode in a videoconference system specified
by numerical parameters. The graph shows the maximum number of special clients for predetermined total number
of clients and given level of threshold probability P(kiowa, kspeo)-

Keywords: videoconferencing, reliability, queuing system, probability of access.

Brenenne. YBenuuceHHe MPOMYCKHOW CIIOCOOHOCTH
KaHaJIOB Tepefayd WH(OPMalUU CHENIAJI0 BHICOKOH(e-
peHIHH YAOOHBIM CpeacTBOM oOmieHHna. Bumeoxonde-
PEHIUU TTPOBOAATCA JIA 06MeHa OIIBITOM cCIIelMajanucTa-
MH B pa3JIMuHBIX 00JaCTSIX, IPOBEAECHHS KOPIIOPATUBHBIX
COBEIIaHMH, TAaKKe BHICOCBSI3b IMHPOKO HCIIONIB3YETCS
B 00pazoBaTeNbHbIX IessX. CUCTEMBl BUACOKOH(DEPEHII-
CBSI3U AKTHBHO HCIIOJB3YIOTCS B PAaKETHO-KOCMUYECKOW
OTpaciyl IJisl OpPTaHW3alU{ CBS3W MEXKIY YAaJICHHBIMH
IUIOMIAAKaMH BO BpeMsi pabOTHI HaJl COBMECTHBIMHU IIPO-
extamu. OJHUM M3 IIPUOPUTETHBIX HAIpaBIECHUIl pa3BH-
THSI CHUCTEM BHJCOKOH(EPEHIICBSI3M Ha CEroAHSIIHUN
JICHB SIBIIsIeTCS oOectieueHne nx HagexsoctH [1]. B cdepax
MIPUMEHEHHS CHCTEM BUACOKOH(EPEHIICBA3H, CBA3AHHBIX
C TOYHBIMH OmepauusmMu (MeIunuHa, oOy4deHue padorte
Ha CTaHKEe), OYeHb BaKHO MOIICPKUBATh 3aJlaHHBIC Xa-
pakTepucTHKH KadecTBa. JIFoOble MCKa)KEHUS MOTYT TPH-
BECTH K HEIPaBWJILHON TPAaKTOBKE WH(OpMAlUU H, KaK
CJIC/ICTBHE, OLIMOOYHBIM JEHCTBHUSM yYaCTHHKOB BHJIEO-
KoH(pepeHIHH [2].

OcHoBHbIe MPO06JieMbl. CII0)KHOCTh OOECTIeUeHUs
Ha/Ie)KHOCTH BHJICOKOH(EPEHIICBI3M CBs3aHa C HE0OXo-
OUMOCTBIO OJHOBPEMEHHOTO TIIOAJCPKAHUS BBICOKOM
CKOpPOCTH 00pabOTKK HH(DOPMAIUK U [TEPeaadd JaHHBIX C
MUHUMAJIBHBIMU 3aACPKKaMH, a TaKKE BBICOKOI'O pa3pe-
LIEHUs] U300paKeHUsI U Ka4ecTBa 3BYKa, IIPU 3TOM COBpe-
MEHHBIM CHCTEMaM JKeJaTelbHO 00JIafaTh JOTIOIHUTEIEHBIM
WHCTPYMEHTapHeM WHTEPaKTHBHOTO B3aUMOACHCTBUSL.

CymiecTByIOINE PEHIeHHs TaKXKe II0X0 COBMECTUMBI
MeXIy COOOH, TaK KaK MPOU3BOAUTEIN HE 3aWHTEPECOBA-
HBI B MHTETPALMU PA3IMYHBIX CHCTEM, HAIPOTHB, CHCTE-
Ma BUJICOKOH(EPEHIICBA3M 4Yallle BCEro MpeiCTaBIseT
co0oil eanmHOE Ienoe M3 MPOTPaMMHBIX M alllapaTHBIX
KOMIIOHEHTOB, MAacIITaOWpoBaTh TaKyK CHCTEMYy BO3-
MOJHO, JIMIIb MPUMEHASL KOMIIOHEHTBI TOT'O K€ ITPOU3BO-
qurenst. Takol 1Moaxo[ NPUBOAMT K JOPOTOBU3HE CYIIe-
CTBYIOILIMX PELICHUM.

OmHUM ©3 TEpPCHEKTUBHBIX pEIeHUuH MpoOIeMbl
o0ecrieueH s HaJIeXXHOCTH BUICOKOH(EPEHIICBSI3H SIBIISCT-
Csl MICTIOJIb30BaHNE TEXHOJIOTHH paclpeieieHus Harpy3Ku
cetn. ONTHMAIBHOE pacIpeqesieHHe CeTeBOW Harpy3Kd
NO3BOJISIET O0ECHeYrBaTh 3aJaHHbIE XapaKTEPUCTUKU
BHJCOKOH(EPEHIICBSI3M 3a CYET YNpaBIeHHs HHpOpMa-
IMOHHBIMHU TIOTOKAMHU.

B HacTosimee BpemMs Ha PBIHKE CpPEACTB 3aIIUTHI
uH(OopMaLuK B OCHOBHOM IPEJCTaBIICHBI CPEICTBA 3apy-
0eXHOT0 NPON3BOJICTBA, YTO HECET B ceOe OIpEAeIeHHYIO
YTpO3y HPH HCHOJIB30BAHUU TAKHX CHCTEM B TOCyIapcT-
BEHHBIX yupexaeHusx [3]. Bce Oosnbiuei momynsipHOCTBIO
MOJIB3YIOTCS PA3JIMYHbIE IPUJIOKEHUS ISl MPOBEICHHUS
BHICOKOH(EPEHINH depe3 r100aabHbIe TeIeKOMMYHHKA-
UOHHBIE ceTH [4].
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UccnenoBanuss B o0nacTu BUICOKOH(DEPEHIICBSA3N
NPOBOJWINCH B OCHOBHOM 3apyOe)KHBIMH yYECHBIMH:
C. Zhou, W. Feng, Z. Zhou, X. Tian, J. Tian (Research on
audio-video quality evaluation system of video conferenc-
ing system), J. Li, J. Wang, W. Wu, L. Chen (Design and
implementation of web video conferencing system based
on Reds), W. Simpson (Video over IP: IPTV, Internet
video, H 264, P2P, WebTV and Streaming: a complete
guide to understanding the technology), H. Yan, Z. Sun,
L. Zhang, H. Yuan (A scalable video communications
framework based on D-bus), S. Braun, J. Taylor (Video-
conference and remote interpreting in legal proceedings),
B. Furht, S. W. Smoliar, H. Zhang (Video and image
processing in multimedia systems), Z. Kang, L. Yian-
Feng (Design of H.323-based MC Gateway subsystem for
video conference) u ap.

B pabotax oreuectBeHHbix aBTopoB B. C. Cunenoina,
U. A. Hwuxkwna, [I. O. Kpusomen, B. B. Tymumpina,
A. Brackuna, A. U. CaembeBa u M. A. Ilpumenst,
E. A. bynnuxoBa u H. A. ®unmunnosoi, T. XK. Alinsina-
6aif u I'. 2K. Uly#itenonra, I1. I1. KpaBuenko, H. III. Xy-
camroBa u A. H. llkypko, B. A. SArymosa, M. B. Ctpe-
MmoyxoBa, O. O. bacoBa paccmarpuBaroTcsi LU(POBEIE
METOJIbl TIepeiaun ayJauo- U BUACOMH(DOPMAIUK B KOM-
NBIOTEPHBIX CETAX, JIaH aHAINU3 COCTOSHHS PaboOT 110 KOM-
IBIOTEpHON BUIEoKOoH(pepeHIcBsa3n B Poccun, paccMoT-
PEHBI OCHOBHBIE TPo0sIeMbl oTpaciu [1; 5—12].

B paborax A. WM. CasenbeBa, B. B. IIpoxoposna,
U. II. Manakooii, A. A. Kysneuosa, C. I'. Cemenosa,
C. H. Cumonenxko u E. B. Menemko paccMOTpeHsI CIIo-
COOBI TOBBIMECHUS HAAEKHOCTH BHACOKOH(EPEHIICBS3M.
K Takum crocobam oTHOCHT:

— YIpaBJCHUC MOTOKaMH JaHHBIX, KOTOPOC OOCTH-
raeTcsi yNpPOLICHHEM KJIMEHTCKOH YacTH HPHIOKEHUSA
U peopraHu3alueil CepBepHOI;

— IEpEenoJKIIOYeHUE Ul CMEHBl MCTOYHHMKOB ILIee-
pOB 3puUTeneH;

— YIpaBJEHHE CETEBBIMH pECypcaMH C IIOMOLIBIO
CTaTHCTHUKY;

— JIMHAMUYECKOe pacrpeiesieHue pecypcoB cetu [8].

OCHOBHBIMH METOJAMH IOBBILICHUS HAJICKHOCTH
CHCTEM BHJICOKOH(EPEHIICBS3M HA CETOMHSIIHHWN JeHb
SABJISIHOTCA .

1. cnonp3oBaHue ONTHMH3NPOBAHHBIX COBPEMEHHBIX
MIPOTOKOJIOB MapUIPYTHU3ALMH IS ONTHMAJIBHOTO M PaIHo-
HaJIGHOTO MCIOJIb30BaHUsI KAHAJILHOTO PECypca CUCTEMBI.

2. Mcnionb30BaHue alNropUTMOB AELEHTPAIN30BaHHBIX
CaMOOPraHU3YIOIIHUXCS CeTell, KOTOphle MO3BOJIIIOT pac-
NpEeAeUTh Harpy3Ky Ha BCE DJIEMEHTHI PONOPLUOHAIb-
HO HX pecypcaM M XapaKTepHCTHKaM, TEM CaMbIM YBEIIH-
YHBas MaCIITAOMPYEMOCTb H YMEHBIIIAsi CTOUMOCTB TAKOTO
peLIeHus] MPU OTCYTCTBHU HEOOXOJMMOCTH HOIJICPKKH
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IIPOTOKOJIOB TIPHKJIAJHOTO YPOBHS Ha CETEBOM 000pyHO-
BaHuH [13].

3. [IpumeHeHrEe MEXaHU3MOB JIMHAMUYECKOrO Iepe-
pacrpesielleHusl CKOpOCTH Iepenadn WHGOpMaluy TpH
COBMECTHOM OOCTY>KMBaHHU Tpauka CEpBHUCOB peajb-
HOTO BpeMEHH U TpaduKa JaHHBIX, OITYCKAOIIETO
3anepxky [14].

4. ABTOMaTHYCCKUI Croco0 ompesesicHusT TEKYIIero
TOBOPAMICTO I Ha3HA4YCHUA €ro IOTOKaM MYJIbTUME-
JIMIAHBIX TAHHBIX HAUOOJBIIIETO TIPHOPUTETA TIPH Tepeaade
OCTaJIbHBIM y4acTHUKaM [15].

OCHOBHBIM CIIOCOOOM IPUMEHEHUS YHpPaBICHUS
HATpy3KOW Ui OpraHHW3allid HaIeKHOH BHUIEOKOH(e-
PEHIICBSI3U Ha CETOIHSIITHIN ISHb SABIAETCS oOecIiedeHre
MUHUMAaJIBHOH CKOPOCTH Iepenadyd MAaHHBIX M MAaKCH-
MaJIbHOM CKOPOCTH OOpa0OTKH ayAuo- W BHICOMOTOKA.
Jst pemieHns 3THUX TIpoOsieM pa3pabOTaHbl KOJEKH,
MO3BOJIAKOIUEC CKUMATh CUTHAJI U KOAUPOBATH €ro i
KaHaJla CBS3H, a TAK)Ke BOCCTAHABIIUBATh U JIEKOIUPOBATH
Ha INpUEMHOM cTopoHe. [l OpraHu3alvy HaAeKHOTO
ceaHca BHJICOKOH(EPEHIICBSI3U TpeOyeTcst KOJeK, 03BO-
JSIONIMA  CKAaTh BHUJICOJAHHBIC, COXPaHUB 3aJlaHHBIC
XapaKTCPUCTHKH KadecTBa, W KaHaJ, MO0 KOTOPOMY STH
JTAHHBIE MOJKHO OYZIeT TepeaTh ¢ pUeMIIeMOiT CKOPOCTEIO.

CymecTByeT 1Ba OCHOBHBIX THIIA PEIICHHH C TOYKU
3peHHsI TOMOJOTHH CHCTEMBI: CHCTEMa C BBIICICHHBIM
LIEHTPOM M pactpeneieHnast cucrema [16]. Mcmonb3oBa-
HUE OJHOTO y37la B Ka4eCTBE IIEHTPAJIBHOTO 3JE€MEHTa
HETaTUBHO CKa3bIBAETCSI HA XapaKTEPUCTHKAX pabOTHI
CHCTEMBI B CIydae NPOBEACHHUSA CEaHCa MHOTOIOJb30Ba-
TENILCKON BUIeOKOH(DepeHIIcBs3u. PacnpeneneHuble cuc-
TEMBI, HCHOJIb3YIOIINE B KaueCTBe KaHajla Mepeaadd ceTh
WHTepHeT, oOmIMYAIOTCS HHM3KMM KaueCTBOM  CBSI3H.
Hcnonk30BaHue BEIICIICHHBIX KAHAIOB CBSI3H 3HAYUTEIIHHO
TTOBBIIAET CTOMMOCTD CHCTEMBI.

CymecTtByeT mpobiemMa cTaHIapTH3AINH, HEOOXOIH-
MOCTB HCIIOJIb30BaHUS CHCIIHATBHBIX TEXHOJIOTHH H TIPO-
TOKOJIOB B 3aBHUCHMOCTH OT TIPOW3BOAWTENS CHUCTEMBI
BHACOKOH(EpeHICBs3H. [IporpaMMHBIE pEIIeHHs CyIecT-
BEHHO OTPaHUYMBAIOT YHCJIO OJHOBPEMEHHBIX y4YacCTHH-
KOB ceaHca BHIeOKOH(epeHLcBs3u. C Npyroil CTOpOHBI,
MPUMEHCHUEC CIICIUAJIBHBIX allllapaTHbIX MOﬂyﬂeﬂ 3HaA4Yu-
TCJIbHO YBCINYUBACT CTOUMOCTD HO[[O6H])IX CHUCTEM.

MeToauka TOBBILIEHUS] HAJAEKHOCTH. ABTOpamMu
MpeUIoKeHa HOBas METOJMKA TIOBBIIICHHUS HAICKHOCTH
BHCOKOH(EPEHIICBSI3N Ul aBTOPU30BAHHBIX MOJIH30Ba-
TeNel ¢ rapaHTHPOBAHHOW JOCTaBKOW COOOMICHUH M MO-
JIEITN BEPOSITHOCTHOTO JIOCTYIA K CHCTeMaM BHICOKOH(e-
PEHIICBSI3HU, TPUTOAHEBIC U OLEHKH HaJIe)KHOCTU TaKHX
cucteM. Mojens BEpXHEro ypOBHS IO3BOJISIET OMHUCATh
pa3inuHble CHCTEMbl BUICOKOH(DEPEHIICBS3M, yYUTHIBAs
HX XapaKTepHbIE 0COOCHHOCTH. MOeTh HHKHETO YPOBHS

OIMCBHIBAET CHCTEMbI BHJICOKOH(EPEHIICBSI3U ISl aBTOPH-
30BaHHBIX M10JIb30BATENEH C rAPaHTUPOBAHHON JOCTABKOW
coobmennid. IlomydeHHBIE BEPOSTHOCTHBIE 3HAYCHHS
JIOCTYIa TO3BOJISIOT ONPEAEINTh HAJEKHOCTh CHCTEMBI,
9TO paHee SBISUIOCH TPYAOEMKOW 3amadeil (B HMHBIX
peanu3anysX BEPOATHOCTHOM MOJAENM MAOCTYyNa) WIH
HE paccMaTpUBAIOCH (B JOTHMYECKHX MOJEIAX JOCTYIIA).
Pe3ynpTaThl HOMYyYEHBI C YIETOM HIMPOKO NPEICTaBJICH-
HBIX B HAYYHOMU JIMTEPAType MaHJATHOW MOZEIU, JUCKPE-
LMOHHOM MOZEIH ¥ POJIEBOW MOJIENIN JOCTYIIA.

MeTomlea IIOBBIIIICHHUA HAACKHOCTHU CHUCTEM BHJICO-
KOH(EPEHIICBSA3M COCTOUT U3 CJISYIOIINX [IaroB:

1. Ompenenenne WMCXOAHBIX IAPAMETPOB  CHUCTEMBI
BU/I€OKOH(EPEHIICBS3H.

2. Onpenenenue TpeOOBaHWM K HAASKHOCTH dYepes
BEPOSITHOCTD HOJTyYCHHUS JIOCTYIIA.

3. IlocTpoenue Monenel 10CTyna BEPXHEro U HUXKHE-
TO YpOBHS: OINpeHeNieHne 3HaueHuss P — BEpOSTHOCTH
MOJTyYEHHs IOCTYIIa ISl KaXKI0To CyOBeKTa.

4. AHaiM3 TIOJyYeHHOTO pe3yibTaTa CPaBHEHUS TEKy-
IIEro ypOBHS BEPOSITHOCTH JIOCTYyNa C TpeOyeMbIM YpOB-
HEM BEPOATHOCTH JOCTYyIIA.

5. Ilpu HEOOXOOMMOCTH — YBEIMYECHHE BEPOSTHOCTH
MOJY4EHHs IOCTYIa C TIOMOIIBIO aJIrOPUTMa ITOBBIIIECHHS
HaJIS)KHOCTH.

Mopaens BepoOSITHOCTHOIO /I0CTYNna K WHpopManu-
OHHBIM pecypcaM [JIs NOBBIIIEHUS] HAJEKHOCTH
BHIeOKOH(pepeHLCBSA3U (MOJe/Ib BepPXHEro YPOBHS).
B xoze nccnenoBaHuii ObuTa IPEIIOKEHA BEPOSITHOCTHAS
MOJIETIb JIOCTyNa K CHCTEMaM BHICOKOH(EPEHIICBSI3H,
NpUTOHAs U1 OLEHKH HAaJEKHOCTH TaKUX CHCTEM.
Pa3paboTanHas MozeNb ITO3BOJIAET OIHMCATh Pa3IMIHBIC
CHCTEMBI BUICOKOH(EPEHIICBA3M U YUUTBHIBAET UX Xapak-
TEpHBIE 0COOEHHOCTH.

3HaveHNe BEPOSITHOCTH JOCTYTa MOXKET OBITh paccuu-
TAHO Ha OCHOBE amlapara MapKOBCKHX CIyYaiHBIX MpO-
OeCCOB C AUCKPECTHBIMU COCTOAHUSAMHU W HEIIPCPLIBHBIM
BPEMEHEM.

BeposiTHOoCcTHasT Mopjenb JOCTyNHa, NpeIIoKEeHHAs
B paboTe, OCHOBaHA Ha CJCIYIOIIUX MOHITUAX: CYOBEKTHI
(subjects), o0bexTHl (objects), nevictBus (actions). Jns
Ka)XXJI0ro 00BEKTa OCTYIHBIM SBISIETCS OMNpENeIICHHBINA
IepeyeHb JEHUCTBUM.

OTHOmIeHNs! CyOBEKTOB M OOBEKTOB IPEICTABIICHBI
B Tabn. 1, rae Py — BEPOATHOCTh COBEPIIEHMS NEHCTBYA,
i — KOJIMYECTBO JEHUCTBHUH, KOTOPHIE MOKHO BBINOJHHUTH
HaJ 00BEKTOM, j — KOJIMYECTBO OOBEKTOB, k — KOJIMIECTBO
CcyOBeKTOB. UTOOBI MOMYyYUTh NOCTYI, CyOBEKT MOJDKCH
UMETh BO3MOKHOCTH COBEPILIMTH JI00OE M3 k JIOIyCTH-
MBIX JIeHiCTBHH C j 00BEKTaMHU.

Tabnuya 1
Bo3Mo:kHbIe qeiicTBHA CYy0BEKTOB K 00beKTaM
Object; Object, Object;
subject; subject; subject; subject; subject; subject;
Action, Py Py Py Py Py Py
Action, P Pip Py Piy Py Py
Actiony Py P Py Py P Py
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Mamemamuxka, mexanuxa, ungopmamuxa

BeposiTHOCTB TIOJTydeHUST KaXIbIM CyOBEKTOM IOJIHO-
'O JI0CTyNa K KaKI0MY OOBEKTY BhIpaskeHa )OpMyJI0ii:

P=]]~-

[oHsiTHE BEPOSTHOCTH TONYYEHHS i-M CyOBEKTOM
JIOCTyIla K IJIO0OMYy OOBEKTy s KaXIOro cyObeKTa
OIIPENIeNICHO CICAYIOMMM 00pa3oM:

b :HPii-
J

BeposiTHOCTh NOJTydeHHS IOCTyIa CyOBeKTa K 00beK-
Ty paBHa IMPOU3BEAECHUIO BEPOATHOCTEH BCEX ACHCTBUU
CyOBeKTa K O0BEKTY:

(M
2

Pij = HPz'jk' 3)
k

Torma BepOSATHOCTh TONYYEHHUS KaXKIBIM CyOBEKTOM

MOJIHOTO JIOCTYMNa K KaXAOMY OOBEKTY BbIpakeHa (op-

MyJ0H
P=TIIT,
i

Monens BepoOSITHOCTHOTO JOCTyNna K MHpopManu-
OHHBIM pecypcaM /Jsi TOBBIIIEHHUS HAXeKHOCTH
BH/I€OKOH()EPEHIICBI3H /I ABTOPH30BAHHBIX MOJb-
3oBaTesieil ¢ TapaHTHPOBAHHOI A0CTaBKOH cooO0Ie-
HMH (MoJe/b HUKHEro YpoBHs). PaccMoTpum mpumep.
BeposiTHOCTHAst MOzienb JOCTYIA, PEIOKEHHas B padoTe,
OCHOBAHA Ha CJICIYIOIUX MOHATHSIX: CYObEKThI, 00BEKTHI,
nevicTBust. Hyoke npuBeeHbl HCIOIb3YeMbIe 0003HAYCHUS.

CyOmwexTsI (subjects): S — cepBep, C — KITUCHT.

OO0bexTHI (0bjects): Buneonnpopmanus (video), ayauo-
nHpopmanus (audio), daiin (file), coobmenue (message),
BHUpTYyalbHas nocka (board).

HevictBus (actions): urenue (read), 3ammch (write),
ornpaBka (send), pemakrupoBanue (edif), BBITOIHCHHE
(execute), ynanenue (delete), co3nanue (create).

Jis kaxmoro o6beKTa TOCTYITHBIM SIBISIETCS OIpere-
JIEHHBIM mepeueHb aeiicTBUi. OTHOIIEHHS CyOBEKTOB
1 00BEKTOB MPEICTABJICHBI B Ta0J. 2, TIe «+» — IEHCTBHE
BO3MOXKHO C HEKOM BEPOSTHOCTBIO, «—» — JIEUCTBHUE
10 OTHOIIEHHMIO K IAaHHOMY OOBEKTY HEe PUMEHSIETCSI.

Kputepuit Hamge:)KHOCTH CHUCTEMBI C(HOPMYIHUPOBAH
CJIC/TYIOIIM 00pa3oM:

“)

P, )

BeposiTHOCTD NOJTy4eHUS KaXKIIBIM CYOBEKTOM IIOJIHOTO
JOCTYTIA K KQXKJOMY OOBEKTY BBIpakeHa (hopMyIon

rac Ps — BEPOATHOCTDL JOCTYITHOCTHU CEPBEPaA; Pc — BEpOAIT-
HOCTb JOCTYITHOCTU KJIMCHTA,

Ps:Psv'Psa.Psf.Psm.Psb’ (7)

rae P, — DOCTYIHOCTh BHIACOMH(pOPMALUU HA CEPBEPE;
Py, — noctynHocTs aynuonH(opManuu Ha cepsepe; Py —
JIOCTYTTHOCTh (haitmoB Ha cepsepe; Py, — IOCTYIHOCTh
coobmieHnit Ha cepBepe; Py, — JOCTYIHOCTh BUPTYAIBHOM
JIOCKH Ha CepBepe;

Pczl)cv'Pca'ch"I)cm'Pclﬂ (8)

rne P., — DOCTYITHOCTh BHJACOMH(OPMALMH Y KIIMEHTA;
P., — noctynHocTh ayauoMHdOpMaLMU y KIHeHTa; Py —
JIOCTYHHOCTh (aitnoB y kimeHTa; P, — JOCTYIHOCTb
co00meHn y KIHeHTa; P, — JOCTYITHOCTh BHPTYAIBHOM
JIOCKH Y KIIMEHTA;

Psv = IZIPSVk’ Psa = ];[Psak > Psf = ];[I?Yfk,

B, = HPsmk, Fy = Hpsbk >

rae P BEPOSTHOCTh COBEPIIECHUS Kk-TO JeHCcTBUA
¢ BupeouHpopMmanmeit Ha cepBepe; Py, — BEpOATHOCTh
coBepuIeHUs] k-ro jeiictBust ¢ aynuouHdopmaiueit
Ha cepBepe; Py — BEPOATHOCTh COBEPIIEHHS k-TO aeifcT-
BUs ¢ (Qaitmamu Ha cepsepe; Py, — BEpOATHOCTH COBEp-
IICHUS k-TO TEHCTBUS C COOOIICHUSIME Ha cepBepe; Py —
BEPOSITHOCTD COBEPIIEHHS k-TO JIEHCTBUS C BUPTyaJIbHOU
JIOCKOH Ha cepBepe;

Pcv = Hpcvk > Pca = Hpcak H Pcf = HPC/k
k k k
R, = HPL'mk, F, = HPcbk»
k k

rne P, — BEPOSTHOCTh COBEPIICHHS k-TO JEHCTBUS C BU-
neonH(opManen y KiuenTa; P, — BEpOSATHOCTb COBEp-
HIeHHs k-TO JEUCTBHUS C ayauoMH(OpMalUel y KIHeHTa;
P — BEpOATHOCTb COBEpIEHUs k-ro aekicTeusd ¢ daiina-
MH y KIWeHra; P, — BEpPOSTHOCTh COBEpIIEHHS K-TO
JIEWCTBHSA C COOOLICHUSIMA Y KIIMEHTA; P, — BEpOSTHOCTD
COBEpIICHUS k-TO JIEWCTBUS C BHUPTYaIbHOH IOCKOM
Y KIIHEHTA.

Jist ompeneneHuss BEPOSITHOCTH IIOJIHOTO JOCTYTIA
K CHCTEeMe BHICOKOH(EPEHILCBS3H, COCTOAIIeH M3 He-
CKOJIBKMX CEpBEpOB U KIMEHTOB, HEOOXOIUMO OIpese-
JIUTh BEPOATHOCTb JOCTYITHOCTH CEPBEPOB U BEPOATHOCTH
JIOCTYTTHOCTH KJIMEHTOB. BeposTHOCTh AOCTYIMHOCTH KIIMEH-
TOB B paMKax pelraeMou 3ajauu npuHara pasHoi 1. Om-

P=F F, (6) penenum BEPOSATHOCTh JOCTYITHOCTU CEPBEPOB.
Tabnuya 2
Bo3mo:xHble AeiicTBUSI CYyOBEKTOB K 00 beKTaM
Video Audio File Message Board
S C S C S C S C S C
Read + + + + + + + + + +
Write + + + + + + + + + +
Create — — — — + + + + + +
Edit - - - - + + + + + +
Execute — — - _ + + n — — —
Delete - - - - + + + + + +
Send + + + + + + + + — —
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CoctosiHus cepsepa:

— cepsep cB00OIeH (M cepBep 00padaThIBaeT 3asBKH,
HO TIPUHIMAET HOBBIE, TIOCTYMAIOIINE YT Ha 00paboTKy);

— cepBep 3aHAT OOCIYKMBAaHHEM 3asBOK U HE MOXET
OoJibIlle IPUHUMATH 3asBKH, BCEC MPUXOJAIINE 3asSBKH —
B OYepeIH, OTPAaHNUCHHON 110 BpeMeHH (WJIM HEUCTIPABEH).

Py — BEposSITHOCTB TOTO, UTO BCE CEPBEPHI CBOOOIHBI;

P, — BeposTHOCTb TOTrO, YTO OJUH CEPBEP 3aHAT,
OCTaJibHbIE CBOOOHEI;

P, — BEposATHOCTH TOTO, YTO BCE CEPBEPHI 3aHSITHI,
HOJIb 3a5IBOK B OUEPEIH;

P+, — BEPOSITHOCTH TOTO, YTO BCE CEPBEPHI 3aHSATEHI,
m 3as1BOK B ouepen (BEpoSITHOCTD OTKaza) [17].

MaremaTiuueckuii amnmapaTr OLEHKH CHCTEMBI BUJIEO-
KOH(EPEHIICBA3M CTPOWUTCS HA OCHOBE MHOTOKAHAIBHBIX
cucrteM MaccoBoro obciyxuBanus (CMO) ¢ orpaHmdeH-
HOW OYepenpio Uil Clydas CTaHAApPTHOTO peKhuMa pado-
TBI CUCTEMBI U COBOKYITHOCTU OJHOPOIHBIX OJHOKaHAIIb-
HeIXx CMO ¢ orpaHM4YeHHOH ouepepio.

Mopnens crangapTHoro pe:kuma. Hike npencraBiieHsl
UCXOJIHbIE IaHHBIE:

S = {si, i= 1,n} — MHOXKECTBO CEPBEPOB B CUCTEME;

C= {c jJ= l,k} — MHOYKECTBO KJIMEHTOB B CUCTEME;
M (S)=n — KOIHYECTBO CEPBEPOB B CHCTEMCE;
M (C)=k —KOTHYECTBO KIUCHTOB B CHCTEME.

J1s xaxaoro cepsepa s; € S ONpeneieHo [; — CKo-

pocTh 00paboTKK 3asBoK. CuuTaeMm, 4YTO BCE CEpBEpHI
B CHCTEME OJJMHAKOBBI CO CKOPOCTHEO 00Pa0OTKHM 3asIBOK L

)

Jnst xkaxknporo knueHra ¢; € C MOCTYNArOIUA MOTOK

Vs, €S =p; =

3asiBOK paccMaTpHUBaeTCsl Kak IMPOCTON ITyacCOHOBCKHIA
IPOLECC UHTEHCUBHOCTH A; . CUMTAEM, U4TO BCE KIMEHTHI

B CHCTEME UMEIOT OJMHAKOBBIE XapaKTEPHUCTHKH U CO3-
JIAFOT TIOTOK 3asIBOK (ITAKETOB) OMMHAKOBOW MHTEHCHBHOCTH:

Ve, € Cihy=h; =My, (10)
k
kszizkkl, (11)
i=1
rae A o0I1ass MHTCHCHBHOCTH IMOTOKA KJIHMEHTOB
B CHCTEME.

Pacuer BCpOHTHOCTeﬁ COCTOSAHHUA CUCTCMBI:

AR =UR >R =R, (12)
1)
5 132

AR =2up, _)TPO =b B =Sk (13)

®opmyisl (12) u (13) onpenenstoT 3HaY€HHE BEPOSIT-
HoctH P; mnst i=1, i=2. [laHHBIE (DOPMYNIBI MOXKHO
HCIIOJIB30BATh B KauecTBe 0a3bl ISl IPUMEHEHUS METOAa
MaTeMaTH4ecKoil MHIyKiuu. CreiaeM IpeAroNokKeHHe
s ciydast i =k, 3anumem ¢opmyny st Py B cienyro-
LIeM BUJE:

1 Af

Pkk'kO

(14)
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Torma
kPIf:(k+l)“Plc+l_)Pk+l:
IR U S (15)
ket © (k)"

U3 (15) cnenyer, uto ¢opmyna (14) nus Py cripaBen-
nuBa. JlaHHas opMyia UMeeT MecTo Js BceX s , TIe
k<n.

Jst ciydast k> n MMeeM CIemyIoIni pacdeT BeposT-
HOCTEI:

AP, = nuP,

ne (16)

1

b =nub, = (17)

VYxazanusle BolpakeHus (16), (17) ompenenstor 3Ha-
YeHHe BEPOSTHOCTU P; i i =n+1, i = n+2, OHU TaKkxke
MOTYT OBITH PACCMOTPEHBI B KauecTBe 0a3bl MaTeMaTHye-
ckoi nHaykuuu. CrenaeM MHAYKTHBHOE MPEAIOI0KEHHE
o i=t:

Xt 1
B= W (18)
[T
Al
AP, =nub, > P, =——F,=
u n
A1oA AT (15
:E;E.; HZF.F. -

U3 (19) caenyer, uto dopmyna (18) mist P, cnpasea-
nuBa. JlaHHas ¢opMmynia mMeeT MecTo s BCeX S, TIe
t <m,rne m — anuHa ouepeau CMO.

Hcxo/s U3 MOTyYEHHBIX PACYETOB BEPOSITHOCTEH COCTOS-
HUI CUCTEMBI, CIIPABEJTUBbI CIICYIOIINE BHIPAXKCHUS:

PO+PI+---+Pn+P +-+P. =1 (20)

n+m
%+Z

OTcroma BEIpa3UM BEPOSITHOCTH «HYJIEBOTO» COCTOSI-
HUA cucTeMbl Fy. g ynpomieHus 3amucu (GopMyiibl

m n+j

—% 2

Jj=1

A

ey

MPUMEM p = —

(22)

P

Tornaa BeposTHOCTS OTKa3a P,

MOXKHO NPEACTABUTH

CIIEIYIOIIUM 00pa3oM:

n+m m _n+j
Bram =t 1+Zp+2p (23)
) —1’11
Torna
1

n+m n i m nt+j
P=1-P,, =1-| E 1432 S 2

n"n! T il S n'n!



Mamemamuxka, mexanuxa, ungopmamuxa

Mogeab cneuuajJbHOro pe:xxkuma. B crneuunansHoM
pEeXUME CUCTEMBI BCE KIIMEHTHI Pa3/IEslOTCsl Ha TPYIIIIbI.
Kaxxmas rpymma KIMEeHTOB NMPHUBSI3BIBACTCS K OIPEICIICH-
HoMy cepBepy. To ecTb

24)

rae C; — rpyninsl KJIMEHTOB, IPUBSI3AHHBIE K CEPBEPY I.

Be3 motepu OOLIHOCTH pacCyICHHH MOXKHO IOJIa-
rath, YTO KJIMEHTHI PACIPECIISAIOTCS Ha PABHBIC TPYIIIIHL:

VC,.C; M (C)=M(C;)=k/ =k.

Cucrema B CIIEIIMAIBHOM PEXHME MOXKET paccMaTpH-
BaTbCs KaK COBOKYITHOCTb HE3aBHCHMBIX OJHOPOJHBIX
onHokaHainbHbIX CMO ¢ orpaHuyeHHON OYepeablo U OT-
Ka3amu. B 5TOM ciaydae cyMMapHEIH OTOK 3asBOK (IaKe-
TOB) OT TPYIIB! KiIueHTOB C; IS i-TO cepBepa paBeH

(25)

HHTeHCHBHOCTh OOpabOTKH 3asBOK L =const Juist

BCEX COCTOSIHUM CUCTEMBI.
IIpoBenem pacuer BEepOSITHOCTEN COCTOSIHUNA CHCTEMBI

B CIICHHUAJIBHOM PECIKUME!
ARy =pR >R =

*p, (26)
u

2 2

AR =P, 2P =P, P :7‘—2130. 27)
B 1

Ilo amamormm c pacueTamy, NPOBEACHHBIMU JUIS
OOBIYHOTO pPEXHMa, MPUMEHSST METOJ MaTeMaTH4ecKon
HWHIYKLMH, TTOIy4uM 0011yto ¢GopMyiy pacuera BeposT-
HOCTH COCTOSIHUSI CUCTEMBI JUIs Py

k

A
B =|=| B, (28)
u
Orcrona, ucxoga us By + [ +---+P, =1,
i -1
UNEyN
1)() - - s
2
by mi m 7\,i m -1
Bo=[ =1 12— | =" 20 (29)
H i=o\ M i=0

¢} PeKTHBHOCT, METOAUKH MNOBBILIEHHUS HATEK-
HoctH. [lonarasi, YT0 OCHOBY CHCTEMBI BHIEOKOH(pEpEeH-
IICBSI3H COCTABIISIIOT CEPBEPHI BHICOKOH(DEPEHIICBSI3U, BO
BpeMsl NIPOBEJICHUS CeaHca BUICOKOH(EPEHIICBSI3M Crpa-
BEJUIUBO CUYMTaTh KOJIMUYECTBO CEPBEPOB HEU3MEHHBIM,
n=const. Torga BepoATHOCTb OTKa3a OyAET 3aBHUCETh
TOJBKO OT KOJMYECTBAa KJIUEHTOB B cucreme. Heobxonu-
MO OTMETHUTD, YTO JJId Ka)KA0ro peKuma pa6OTbI CHCTEMBbI
KOJIMYECTBO KJIIMEHTOB CUUTAETCS] HE3aBUCUMBIM:
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k

total
HOT'O pEKHUMaA,

kypoe — OOLEE KOIMIECTBO KIMEHTOB [JIsl CICLHAIIb-

- o61uee KOJIMYCCTBO KJIIMEHTOB Jid CTaHAapT-

HOTO PEeKUMA.

Orerka 3()(HEKTUBHOCTH CICIHATBHOIO PEXHUMa 10
OTHOIIICHUIO K CTAHIAPTHOMY BBIIIOJHSETCS IIOCPEACTBOM
CpaBHEHUS BEPOSTHOCTEH OTKa3a CHUCTEMBI B CTaHIAPT-
HOM U CIICIIUAIBHOM pPEXHMaX I OMpPEJCIICHHBIX 3Ha-
k,

YCHUH ktotal u spec:

k,

total >

k

P( spec ) = I:;Hm _Pm' (30)

CrienmuansHBI peXAM cUuTaeTcs dPQPEKTHBHBIM, KO-

rna P(klolal’kspec) >0.
Ha npaktnke HEOOXOAUMO ONPEACIUTD Ky U K.
NpH JKENaEMOM YpPOBHE P(km,a,,kspec) . Hcnome3syercs

nporpaMMHOe oOecrieueHre, pa3padoTaHHOE ABTOPAMH.
Ha BX0J momarotcsi ciieytomue napamMmeTpsl:

MOTOK OT OJHOTO KJIMEHTa;

CKOPOCTb 00pabOTKH 3aIIPOCOB CEPBEPOM;

IUIHA OYepe.in;

K03(D(DUIMEHT HATIOJIHEHHS OYePe/IH;

MaKCHMYM CEPBEPOB U KIMEHTOB.

Ha BbIXO#e mporpaMmHoe oOecriedeHHe BBITAET Ipa-

koo k k).

to, spec )’ ktotal > Vspec
tal > kspec ) Y 1—\pa(bHKy onpe-

¢ux B Tpex KOOpIHHATaX (P( wal>

k

to

IIpu 3amanHOM ypoBHE P (
k,

HEISIOTCS Ky U Ky -

Ha puc. | B xauecTBe mpumepa MpuBeaeH rpaduk, oT-
paxaroIMi 11e1eco00pPa3HOCTh HCIONB30BAHUS CIIELHU-
QIBHOTO pEeXHMa B CHCTEME BHICOKOH(EPEHLCBS3H,

3a/IaHHOU CJICAYIOIIMMU MapaMeTpaMu:

A
- p= 1“ = %6 — OTHOILEHHE MHTEHCUBHOCTHU IO-

CTYIUICHUS TTAaKETOB OT OJTHOTO KIIMEHTa K MHTEHCUBHOCTH
00paboTKH IaKeTOB CEpBEPOM; OTHOILICHHE 3a/laHO W3
COOOpaKeHUI COOTHOIICHHSI KOIMYECTBA Si/iep MPOIIECCOPOB
JUIl TIEPCOHAILHOTO KOMITBIOTEPa ¥ BBIYHCIUTEIHHOTO
cepBepa;

— n =5 — KOIWYECTBO CEPBEPOB B CHCTEME;

- m= p_1 =16 — cpenHssa AMMHA OYEPEOU CEPBEPA;

K =200 — obmee KOIUIECTBO KIMEHTOB B CUCTEME.

Ha puc. 2 npexacraBneH rpaduk 3aBUCHMOCTH MaKCH-
MaJIbHO BO3MOXKHOTO KOJIMUECTBA CHEUHUAJbHBIX KIHEH-
TOB IIPH 3apaHee 33JaHHOM OOIIEeM KOJIMYECTBE KIIMEHTOB

UM 33JaHHOM YypOBHE P(kmm,,kspec) (B npumepe

(ktotal s

KIMEHTOB B CHCTEME BHIICOKOH(EPEHICBA3N MEHbIIIE
MaKCUMaJIbHO BO3MOXKHOTO, TIPHUMEHEHHE alropuTMa
«MeTKa TIpUBWIIETHIT» CUUTAETCs LENeco00pasHbIM IpH

kspee)'
Puc. 1 u 2 monrBepkaatoT 3¢deKkTHBHOCTH NpUMe-

HIEMOMU METOAUKHU U ONPCACIIAIOT I'paHUllbl IPUMEHHUMO-
CTH U1 3aJaHHBIX YHUCJIOBBIX 3HAUECHUI.

k

SPGC)>0,2). Ecmi  KOmMYecTBO — CHENHUaNIbHBIX

3aJaHHOM P(kmml,
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Puc. 1. I'paduk 3¢ HeKTHBHOCTH CHCTEMBI BUIIEOKOH(BEPEHLICBA3M (P(kmm,,kxpec),kmm,,kxpec)

Fig. 1. Diagram of effectiveness of videoconference system (P (kmm,,kspec),kwm,,kspeﬂ)
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Puc. 2. I'paduk 5GPEKTUBHOCTH CHCTEMBI BHAEOKOH(DEPEHICBA3H (kmm, s kspec)
Fig. 2. Diagram of effectiveness of videoconference system (kmmz , kspec)

3akaouenue. Pa3paborana HoBass meronuka oOpa-
00TKH WH(POPMAILIUHU, KOTOpAs MyTEM BBIICICHHS MPHUBH-
JISTUPOBAHHOTO Tpa(uKa W ONTHMH3AIUN TOTOKOB HH-
(opMar TIO3BOJISIET TOBBICHTH HANIC)KHOCTH CUCTEMBI
BHUJICOKOH(EPEHIICBS3H ISl aBTOPU30BAHHBIX ITOJIb30Ba-
TeJel ¢ rapaHTHPOBAaHHOW JOCTaBKOW COOOIICHHWH U TO-
BBICHTh BEPOATHOCTH MONYUYCHHS MIOCTyNa K pecypcam
CHCTEM BHICOKOH(pEpeHIICBs3H. HoBask Momenb BeposT-
HOCTHOTO JOCTyNa K HH()OPMAIMOHHBIM pecypcaM BH-
JIeOKOH(EPEHIICBI3U (MO/IENb BEPXHETO YPOBHS U MOJIENb
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HIDKHETO YpPOBHSA) IMO3BOJISIET OLCHUTh YPOBEHb HAJEXK-
HOCTH CHCTEMBI BHJCOKOH(EPEHIICBI3N IOCPEICTBOM
ONpENEICHNsT BEPOATHOCTH MOJIYYEeHUS MOCTyNa K HH-
(opmarmoHHeIM pecypcam. VicenenoBanue 3¢ dexrrBHO-
CTH HPEUIOKEHHON METOJUKHU MOBBIIMICHUS HAJEKHOCTH
HMOJTBEPAMIO MOBBIIEHHE YPOBHSA HAaAEKHOCTH HOCPE.-
CTBOM YBEJIHYEHHS BEPOATHOCTH TOMYUYEHHS JOCTyIa
K pecypcaM CHCTEMBl BHJICOKOH()EPEHIICBSI3M ITyTEM
CpaBHEHUS] BEPOATHOCTEH OTKa3a CHCTEMBI B CTaHIapT-
HOM H CIIEIIUATbHOM PEXUMAX.
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OBHAPY XEHUE IUHAMUWYECKUX TEKCTYP 110 BUTEOIIOCJIEAJOBATEJIBHOCTSAM
B YCJOBHUSX HEJOCTATOYHOM OCBEIIEHHOCTH

A. B. ITstaesa’, 10. JI. Kymnkosa

Cubupckuii dhenepanbHblil yHUBEepCUTET, MHCTUTYT KOCMUYECKUX U MH(POPMAIIMOHHBIX TEXHOJIOTHIA
Poccuiickas ®@enepanus, 660074, r. Kpacnosipek, yin. Kupenckoro, 26
E-mail: annadu@list.ru

Ob6Hapysicenue OUHAMUYECKUX MEKCMYP HA BUOCOU30OPAICEHUAX 8 HACMOosee BpeMsl Haxooum ece boee WUpoKoe
NPUMEHEHUEe KAK HA 20POOCKUX MEePPUMOPUSIX (8 HACTNHOCMU, HA MEPPUMOPUSIX AIPOOPOMOE), MAK U HA MEPPUMOPUSIX
NPUPOOHBIX NAPKOG, TECHbIX Maccusos. Kauecmeo pabombl aneopumma nOUCKa OUHAMUYECKUX MEKCMYP 3A8UCUN Om
HAMUYUSL ULYMOB, GHOCUMBIX CLONCHBIMU NO2OOHBIMU YCIOGUSMU U HEOOCMAMOYHOU 0C8EWEHHOCMbIO. [t KoMnencayuu
HeO0CAmoyHOU 0CBeUeHHOCTNU U NOBbIUEHUS KAYecmsed MeMHbIX 8UOeoU300padceHull HeobdX00UMo pacuupums
ouanason sprocmetl, Yeaudums cpeoHIoio SpKoCnb NUKCEN08, NOGbICUNb KOHMPACH U U36a8UMbCst 0m adOUmuHO20
wiyma. /[ns umumayuy HeOOCMamo4Hou 0C8eWeHHOCMU K U300PaAdNCEHUIM C HOPMATbHOU OCBEUCHHOCIbIO NOCIEA06a-
MENbHO NPUMEHEHA 2AMMA-KOppeKyus, 000asiien a0OUMUBHBIN 2AyCcCO8 WIYM U UMRYAbCHbLU wym. Komnencayus
He00CmAamoyHOl 0CBEUJeHHOCTU PEATU3068aHA ¢ NOMOWbBIO MHO2OMACWMAOH020 arzopumma «Pemunexcy ¢ pecmas-
payuetl ysema, nooagieHue a0OUMUHO20 Wyma GbINOJIHEHO C UCNOAb308aHueM Quibmpa I aycca, umnynbCHbiltl wym
VCMpaHsemcs ¢ NpuUMeHeHuem MeOuaHHoz2o uiempa. Jlis nosvluienus peskocmu Ucnonv3oean guivmp Jlanaaca.
Hcnonvzosansl sudeonociedosamenviocmu uz Habopa oanuvix buibkenmckoeo yHusepcumema, komnanuu Wildfilm-
sindia u Op. J[ononHumenvHo penpe3eHmamueHoCnb Mecnogo20 Habopa NOGbIUEHA CAMOCHOSIMENbHO CHAMOU A6Mo-
pamu 8 HOUHOE 8peMsi 8UOCONOCICO08AMENbHOCIbIO. DKCHEPUMEHMAIbHbIE UCCLEO08AHUSL NPOGEOEHbL HA Npumepe
cucmemul 0OHAPYIICceHUsi ObIMA HA OCHO8E JOKATbHBIX OUHAPHBIX Wabi0H08. TouHOCHb 0OHAPYIICEHUSL ObIMA 8 YCOGUSIX
He0OCmamoyHOl 0CBEUeHHOCIU NO CPABHEHUIO C UCXOOHBIM U30Opadicenuem 6 cpeonem nudce nHa 28—30 %, npu smom
SHAYUMENBHO YBETUUUBAETNCA YUCTO OWUDOK NEPaoeo poodd U YUCIO N0XCHBIX cpadbamvisanuti 00 34,2 u 27,4 % coom-
semcmeenno. Ha uzo6pasicenusix, yiyuuenuvix ¢ NOMowbio npeodyioHCeHHO20 AN2OPUMMA KOMREHCAyuy HeOOCmAamo4HOU
0CBEWEHHOCIU, MOYHOCTIb 0OHAPYIICEHUsl CYWecmeento eo3pacmaem u cocmasnsem 94,41 %, umo Hudice moynocmu
OOHapysHcenus: OblMa OMHOCUMENbHO UCXO0H020 u300paicenust 6ce2o na 2,3 %. Taxum obpazom, sSKChepuMeHmanbHbie
UCCRe008aHUsT NOOMEEPIHCOAIOM IPHEKMUSHOCb NPEOSIONCEHHBIX MEeMO008 U ANCOPUMMOE AHANU3A OUHAMUYECKUX
MeKCMyp Ha npumepe 0OHAPYICeHUs ObIMA HA BUOCONOCIEO08AMENLHOCNIAX.

Kmiouesvle cnosa: HeOoOCmamounas 0C8eujeHHOCHb, WM, OUHAMUYECKUE MEKCMYPbl, 6UOCONOCAEO08AMENbHOCD,
ObIM.

Siberian Journal of Science and Technology. 2017, Vol. 18, No. 2, P. 283-289

VIDEO BASED DYNAMIC TEXTURE RECOGNITION
UNDER SPECIFIC ILLUMINATION CONDITIONS

A. V.Pyataeva’, Y. D. Kulikova

Siberian Federal University,
School of Space and Information Technology
26, Kirensky Str., Krasnoyarsk, 660074, Russian Federation
"E-mail: annadu@list.ru

Nowadays dynamic textures recognition is particularly important in different computer vision community tasks
in a variety of fields such as urban scenes and forest scenes. The goal of the dynamic textures recognition can be different.
Real scenes may include the objects with dynamic behavior because of possible varying illumination, blurring,
or weather conditions. Under bad weather conditions the imaging system is degraded to produce low visibility images.
Such effects may significantly degrade the performance of outdoor vision systems which relies on image/video. For
illumination effects compensation and visual quality enhancement images it is necessary to average pixel intensity
increase, expand the range of brightness, image contrast increase and eliminate influence of the additive noise. For the
images obtained in adverse lighting conditions imitation in this work Gamma correction, additive Gaussian noise and
impulse noise was applied successively. The proposed algorithm employs Multi Scale Retinex with Color Restoration,
Laplacian, Gaussian and median filters.
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For experimental researches of the databases of Bilkent University, Video Smoke Detection, Wildfilmsindia,
V-MOTE were used. In addition, the representativeness of the test set is increased by a video sequence, which the
authors themselves recorded at night. Experiments on video based smoke detection system based on spatio-temporal
local binary pattern were computed. True recognition for smoke in adverse lighting conditions is degraded to 65 %.
False rare rejection and false alert errors significantly increase to 34.2 % and 27.2 % respectively.

After adverse lighting compensation algorithm work true recognition of smoke regions increases to 94.41 %. This
accuracy provides the influence of adverse lighting on a quality of smoke detection is studied. Experimental results
show that the proposed method is feasible and effective for video-based dynamic texture analysis in varying illumina-

tion conditions

Keywords: varying illumination, noise, dynamic textures, video sequence,

Beenenne. KauectBo paboThl mo6oro anropurma
KOMITBIOTEPHOTO 3pEHHsI IaJaeT BCIEACTBUE HAJIMUMS
ITYMOB, BHOCHMBIX CIIOKHBIMH TIOTOJHBIMU YCJIOBUSIMH,
a TaKKe CBSI3aHHBIX C HEJOCTATOYHOW OCBEIICHHOCTEIO.
Tak, B pabote [1] moka3aHO, YTO NMPH HANWIUHA ATMO-
c(hepHBIX 0CaIKOB TOYHOCTh Pa0OThI aIroOpuTMa BepupHr-
Karuu obnacteit 3aapiMieHus magaet Ha 10—15 %. Bpems
CYTOK CYILIECTBEHHO BJIMSET Ha OCOOCHHOCTH OTOOpaxe-
HHUS MCKOMOTO OOBEKTa Ha BHJICOIOCIIEAOBATENEHOCTH.
YpoBeHb OCBELIEHHOCTH OOBEKTOB Ha H300pa)KeHHH
SIBIISIETCS. OJJHUM M3 OCHOBHBIX acCIEKTOB, BIMSIOMINX
Ha Ka4ecTBO pabOThI aJITOPUTMOB KOMIBIOTEPHOTO 3PEHUS,
TaK KakK MPaBWIBHO pPa3lIM4aTh MPEIMETHI, HAIPUMEp
B CyMepKaxX IPH CMEHE BPEMEHH CYTOK, OBIBAET CIIOXKHO
naxxe gemoBeky. Hampumep, B pabote [2] mokazaHo Bius-
HUE BPEMEHH CYTOK Ha KadecTBO pabOTHI CHCTEMBI BU-
JeoHabIrIoIeHUs 10 0OHAPYKEHUIO CTOI-JIHHUI Ha pery-
JUPYEMBIX MIEPEKPECTKAX, IIPH 3TOM KOJIMYECTBO JIOKHBIX
cpabaTbIBaHHH 3aBHCEIO OT MOJIOCH ABWKCHHS, BPEMEHU
CYTOK, COJHEYHOW WJIM TAacCMYPHOH IOTOJpbI, CpeaHee
KOJIMYECTBO JIOKHBIX CpabaThIBAaHUN BapbUPOBAJIOCH OT 2
10 36 %. Jlnsa pacro3HaBaHUS JHII NPH U3MEHSIOIEMCS
OCBEIICHWM  MpEAJaraercst ajiropuT™M, OCHOBaHHBIN
Ha TPE/ICTaBIEHNH HCXOIHOTO U300pakeHNs B BUIEC MaT-
pHULBI M3MEHEHHS! SPKOCTEH, 4TO I03BOJIIET JOOMTHCS
YCTOWYMBOCTH OTHOCUTENBHO U3MEHEHUHN YCIOBUI OCBe-
mieHHocTH [3]. CHIKEeHHEe KauecTBa Paclio3HaBaHUS M3-3a
M3MCHEHWH YCJIOBHUH OCBEIIEHHOCTH OBUIO OMHCAaHO
B paborax [4-9].

3a mocnegHue TOIBI OBUIO TPEIOKEHO MHOKECTBO
QITOPUTMOB T10 CHIOCO0aM KOMIEHCAIMU HEAOCTATOYHON
OCBCHICHHOCTU, B KOTOPBIX MOYHO BBIACIUTH TPU OCHOB-
HBIX TIofxoa [10]:

1. Metoabl, HampsAMYyI0 MOJENUPYIOLIME OCBELICHUE
(mocTpoeHnEe KOHYCOB OCBELIEHHS).

2. MeTo/pl, OCHOBOW KOTOPBIX SBIISIETCSI MPEACTaBIIe-
HUE WU300paKEHHS, HEYYBCTBUTEIBHOTO K W3MCEHCHHIO
oceenieHHocTH (omepatopsl Cobensi, PoGerca, IIprouTa,
metoy Kanuu, BetiBnetsl ['abopa).

3. Meto/pl, HOPMAIHU3YIONINE OCBEIEHHOCTh (METOBI
¢bunbTpannm, ycTpaHeHHe IIyMOB, METO/Ibl KOPPEKLINH).

JIss KoMImeHcaluu HEIOCTaTOYHOM OCBEIIEHHOCTH
CbEMKU B pa60Te HUCIIOJIb30BAHbI MECTO/JbI ITOBBIIIICHUS
KauecTBa M300pakeHNUs], HOPMAIN3YIOIIUE OCBEIIEHHOCTb.

Oco0eHHOCTH AMHAMHYECKHX TeKcTyp. OOHapyxe-
HUE JUHAMHUYECKUX TEKCTYp B HACTOAIIEE BPEeMs HAXOHUT
LIMPOKOE TNPHMEHEHHE B CHUCTEMax BHIECOHAOIIONCHHUS
KaK Ha TOPOJICKUX TEPPUTOPHSX, TaK U MPH HAOIIOICHUN
3a IpUPOAHBEIMH OO0bekTaMu. LlemssMu morcka AHHAMIYe-
CKHUX TEKCTYp Ha BUICOM300pPAKEHUSX MOTYT SIBISATHCA
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smoke.

9KOJIOTMYECKUH MOHUTOpPHUHI, obecredeHue Oe30MacHo-
CTH, KOHTpoJib. K IMHaMHYECKHM TEKCTypaM OTHOCST
JBIM U TUIaMs1, BOLY, TPYIIITY IITHL, JUCTBS, 00JIaKa, TOJITY
moned u np. JuHamuueckas TEKCTypa MOXET paccMmart-
pHBATBCSl KaK PACHIMPEHHE CTATHYECKOW TEKCTYpBI, HO-
HOJIHUTENIBHO COAEpPIKAIIeH JIeMeHThl ABIKeHus. [uHa-
MHYECKHE TEKCTYpPBl — O4eHb LIMPOKHH, HO ClIabou3ydeH-
HBI THI TEKCTYp, KOTOPBIA HCHOJB3YeTCs BO MHOTHX
3a7a4aX KOMIBIOTEPHOTO 3peHus. J[MHaMHYecKre TeKCTY-
PBI MOTYT UMETh CTOXaCTHUYECKYIO M PETYJISIPHYIO COCTaB-
mromyto  [11]. K xapakTepucTukaM IUHAMHUYECKHX
TEKCTYp MO>KHO OTHECTH ciexyromue [12]:

— GonpIoe pasHoobpaszue Gopm;

— MPOCTPAHCTBEHHBIE U BPEMEHHbIE 3AKOHOMEPHOCTH;

— 00JBIION 00hEM MCXOIHBIX JAHHBIX;

— MaJioe KOJIMYECTBO IPEIONPEAETICHHBIX CTPYKTYD.

BepOHTHOCTH])IMI/I OCO6CHHOCTHMI/I JUHAMHNYCCKUX
TEKCTYp SBISIIOTCS pa3Mep, OPUSHTALUsI B POCTPAHCTBE,
(hOpMBI B PacCIIONIO’KEHNE COCTABHBIX YacTei 0OBbeKTa Ha
BUieon300pakeHNH. MeToabl aHajau3a JAWHAMUYECKHX
TEKCTYp 3aBHCST OT HCKOMOTO O0BEKTa U pa3lessI0TCs Ha
CIIeTYIOIIE KAaTeTOPUH:

1. MeTozpl, OCHOBaHHbIE Ha HaXOK/IEHUU JIBH)KCHHS.
D10 Hambosee MomyJsipHasl KaTeropusi METOA0B, TaK Kak
JIBIDKCHHE — €CTECTBEHHOE CBOWCTBO IMHAMHYECKHX TEKCTYP.

2. IlpocTpaHcTBEHHO-BpeMEHHas! (DHIIBTPALST M METOIBI,
OCHOBaHHbIE Ha Npeo0pa3oBaHusIX. DTa TPpyMNa METOJ0B
OIMCHIBAECT AMHAMHYECKHE TEKCTYpPhI B Pa3iIMUHBIX Mac-
mrabax B MpOCTpaHCTBE M BpeMmeHH. K Hell oTHocsTCH,
HarpuMep, BeHBIIET-peoOpa3oBaHHsI.

3. Merozpl, OCHOBaHHBIE Ha IIOCTPOCHUH MaTeMaTH4e-
CKHX MOJIEINeH, TaKUX KaK TeHEepaTHBHBIC (TIOPOXKIAIOIIIIC)
Mojienu (HampuMmep, TUHEHHbIE JUHAMUUECKUE CUCTEMBI).
['eHepaTHBHbIE MOJEIH MOTYT OBITH HCIIOJIb30BAaHBI UL
CHHTE32, CETMEHTALUH 1 KIACCU(PUKALIUH.

4. Metoipl, OCHOBAaHHBIE Ha  I'€OMETPUYECKHX
HPOCTPAHCTBEHHO-BPEMEHHBIX CBOMCTBaX. JTa TIpymma
MeTofoB 0asupyercs Ha CBOMCTBaX  JBIKYLIMXCS
noBepxHocteil. Ha ocHOBe XapaKTepHUCTHK IOBEPXHOCTH
BO3MOXXHO BBISIBUTH OCOOCHHOCTH JBIIKEHHUSI M OIpEJe-
JIUTh BHEIIHUNA BUJ UCCIEAYEMOI TEKCTYPBIL.

Jliist oOHapyKEeHUsI TMHAMHYECKUX TEKCTYp 4acTo HC-
MOJIK3yeTCsl aHamu3 Oecropsiaka obsacteid. CI0XKHOCTD
BapHaluii KOHTYpa MOXeET OBITh OLICHEHa C IIOMOIIBIO
(pakTampHON pa3mepHocTH. Hampumep, ¢dpaxTanbHas
Pa3MepHOCTb, ONKCHIBAIONIAs CTOXaCTHYECKOE MOBEICHHE
KaXZOro HaboOpa IHKCENOB, MOXET OBITh OLEHEeHa
C MOMOIIBIO YEThIPeX Mep: MHTCHCHUBHOCTH ITMKCENa
BelpakeHne (1), BPEMEHHOrO TpajMeHTa SIPKOCTH |lp,
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BbIpakeHue (2), HOpPMAJIBHOTO MTOTOKA |1, BhIpaskeHue (3)
U JIaTulacuaHa |, Beipaxenue (4) [13]:

J'.[ I(p,t)dpdt,

B(poto.rs-ry)

1 (Posty) = (D

rae I(p, f) — 3HaUeHNEe MHTEHCUBHOCTH THKCeNa p B BU-
JICOIOCIICIOBATEIFHOCTH M300paKeHUH Tpafalliil cepo-
ro, t =1, 2, ..., N; Bepaxkenue B(py, ty, 7, ¥;) ONIpenenseT
3D-ky6 ¢ IeHTpOM B TOUKe (P, fy), C IPOCTPAHCTBEHHBIM
PamguycoM 7; U BPEMEHHBIM PaanycoM 7, Takum oOpaszom,
ompeensemMas 1o Bpakenuto (1) mepa W, (p,,%,) MOKa-

3pIBa€T OOIIYI0 HMHTCHCHBHOCTH B IPOCTPAHCTBEHHO-
BPEMEHHOW 00JIaCTH YIS cOCeei TOUKH (py, fy). Bpemen-
HOW TpajiMeHT SIPKOCTH PACCUUTHIBACTCS CIICIYIOUINM
obpazom:
ol (p,1)
me(pote)= [ =, @)

B(po.ty.rs)

rae B(py, ty, ;) — IPOCTPAHCTBEHHBIN KBaApaT C LIEHTPOM
B TOYKe (py, {p), C MPOCTPAHCTBEHHBIM PaJNycoM Fy (Ta-
KUM JKe, KaK U Y MEepHI [1;). ITa Mepa IOoKa3bIBaeT U3Me-
HEHHE CYMMAapHOHW BPEMEHHOH MHTEHCUBHOCTH THHAMH-
YeCKOH TEKCTYpBl BOKPYT TOUKH (P, f). 151 BBIUNCICHNS
HOPMAJIBHOTO TIOTOKa HcIoib3yercst ¢popmyna (3), moka-
3pIBafONIass M3MEPEHHE IEePEMENICHUs] MHUKCENOB BIOJb
HaIpaBJICHUS, TIEPICHANKYIIAPHOTO TPaJHEHTY SIPKOCTHU:

I 6I(p,%

————-dp.
B(pg,ty»rs) "Vl(p)"

JlamutacuaH, Taxke MCHOJb3YEMBI B KaueCTBE MEPHI
JUIl TUHAMHYECKOTO ()paKTalbHOTO aHAIM3a, PacCUUThI-
BaeTcs 1o Gopmyre

Hp(posty) = 3)

[ ar(p.tdp. )

B(po.to.rs)

u (po»ty) =

B pabote xauecTBO pabOTHI alrOpUTMa KOMITCHCALIMN
HEZOCTATOYHOW OCBEIICHHOCTH MCCIIEIOBAHO Ha IpUMeEpe
CJIO’)KHOM JAMHAMUYECKOW TEKCTYphl — JpMa. B HacTosmume
BpeMs 3a7aya JCTEKTHPOBAHUS JhIMA Ha BHACOIIOCIIEHO-
BaTENBbHOCTHU SIBIISIETCS aKTYalbHOUW BCIIEICTBHE CIOKHO-
CTH OOBEKTa HCCIEeNOBaHUS — MPOHU3BOJILHBIX (OPM,
JUHAMHYECKUX M (pPaKTaIbHBIX CBOWCTB, BapHaIHii
BHYTpPH Kjacca, a TakXKe H3-3a BO3HUKAIOIIMX IIyMOB
Ha M300paKCHUSX.

KoMneHncauusi ycioBuii HeAOCTATOYHOIl OCBeLleH-
HocTH. V300paXkeHns], OMyYeHHbIE TIPU ChEMKE B HOYHOE
BpeMs1, KaK PaBHJIO, 00Jaat0T CIIEAYIOIINMHI OCOOEHHO-
ctsmu [10]:

— OrpaHMYEHHBIN AUATIa30H MaJIbIX 3HAUEHUH SPKOCTEN;

— HU3Kasi KOHTPACTHOCTE;

— IPUCYTCTBHE aIJUTUBHOTO TIyMa.

CrnenoBatenbHO, IS KOMIICHCAIIMM HEJIOCTaTOYHON
OCBEIICHHOCTH ¥ TOBBIIICHUS KauecTBa TEMHBIX H300pa-
JKEHUH HEoO0XOAMMO pacIIUpPUTh JHUAIa30H SPKOCTEH,
YBEJIMYUTh CPEAHIOI SPKOCTh ITHKCEIIOB H300paKeHuH,
TIOBBICUTH KOHTPACT ¥ M30aBUTHCS OT aIJUTHBHOTO IyMa.

JUis KOMIIEHCaMu HEAOCTaTOYHON OCBEIEHHOCTH
MOTYT OBITH HCIIOJIB30BaHBl METOJABI THUCTOTPAMMHON
KOPPEKITUH U yCOBepIIeHCTBOBaHHBIE ero ¢opmel (AHE,
CLAHE, MAHE), cneuun¢ukamus, roMoMop]HEIi
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¢wteTp M p. B paboTe ncnonp30BaH MHOrOMacIITaOHBINA
anroput™ «Perunexe» (Multi Scale Retinex) [14]. Muoro-
MacIITaOHbIA anroput™ «PeTHHeKe» OCHOBaH Ha TIOHATHH
[IBETOIIOCTOSTHCTBA U NIPENICTABISCTCS YpaBHEHHEM

Ri(x,y)=C(x,y)x
N

Y W (logl; (x, y)]~log[Z; (x.y) - F(x, »)])

i=1

®)

Jlis monaBneHus IIymMa Ha M300pakKeHUsX, Kak Ipa-
BUJIO, NIPUMEHSAIOT HHU3KodacTOTHBIE (GmibTpbl. K Takum
(wbTpaM OTHOCSTCSI JIMHEHHbIE YCpEIHSONINe, HEIH-
HelHble YCpeOHSIOIINE, PAaHTOBBIE, MHOJMHOMMAJIbHBIE.
HauGonee »s¢dexTuBHBIME  (UIBTPAMU  YCTPaHEHHUS
AJJUTUBHOTO IIIyMa SIBJISIIOTCS JIMHEHHBIE YCpeIHSIONIMe
¢wreTpel [15], ocHOBaHHBIE Ha oOmepanyy JIMHEHHOU
CBEPTKH, BBIYHCIISIEMOH COTTIacHO (hopMyJie

(m=1)/2 (n=1)/2
VVx,t 'E(i+s),(j+t)7 (6)
s=(m—-1)/2t=(t-1)/2

ij

rne [G;;] — oSmeMeHT MaTpHlbl H300pakeHHs Mocye
¢unpTpanum; [W,,] — >meMeHT MaccuBa A1pa CBEPTKH
n300pakeHsI, UIMEIOIUH pa3Mepsl mxn; [E; ;] — ameMeHT
MaTpHIBI HCXOAHOTO H300paKEHUS.

OCHOBHBIMU MOJIETISIMU aJZJUTUBHOTO LTyMa SIBIISIFOT-
ca mym [aycca, Pemes, Dpnanra, SKCIIOHEHIMAJIbHBIH,
Gemnprit 1 rym kBanToBaHus. Illym ["aycca, mnmm HOpMaib-
HBII 1IyM, oOpa3yeTcs B COOCTBEHHBIX O3JIEKTPUYECKHX
LersX LUQPOBBIX amnmapatoB M B (OTOCEHCOpax IpH
HEJIOCTaTOYHON OCBEIIEHHOCTH W CHJIBHBIX Iepenaaax
Temrepatyp. s ycTpaHeHUs TAKOTO IIyMa HCIIOJIb3YeT-
cs1 puteTp [Naycca, XapakTepHbId QUIBTP pa3MBITHS U30-
OpakeHns, KOTOPBIH HCIIOIb3YeT HOPMAIBHOE Paclpese-
JICHWE JUTS BBIYUCIICHUS IPe0Opa3oBaHusl, IPUMEHSIEMOTO
K Ka)XIOMY THKcelry n3o0paxkeHus. Pacnpenenenns [ayc-
ca B N U3MepeHHsAX UMEET BUJL

1 —y 20‘2)
G(r)=———7e " ?7), @)
(27’;02 )N/2
WJIM, B YaCTHOM CJIy4ae, AJIs ABYX U3MEPEHUMN:
- u2 v2 / 262
Gl = ) ®)

2nc

TJIe 7 — 3TO PaanyC Pa3MBITHS, P=u’+vo— CTaHIapT-
HOE OTKJIOHEHHEe pacmpenenenus [aycca. B ciydae aByx
U3MepeHuil 3Ta (popMyna 3amaeT MOBEPXHOCTb, UMEIO-
IIYI0 BUJ KOHIICHTPHUYCCKUX OKPYKHOCTEH ¢ pacrpene-
nenueM laycca oT ueHTpaibHOM Touku. Ilukcensl, rae
pacmpeneneHne OTIUYHO OT HYISA, HCIONB3YIOTCS IS
MMOCTPOCHUS MATPHUIBI CBEPTKH, KOTOpasi MPHMEHSETCS
K HCXOJHOMY H300paXCHUI0. 3HAUeHNE KKIOTO ITHKCeTa
CTAHOBHUTCSI  CPEIHEB3BEIICHHBIM M  OKPECTHOCTH.
HcxonHoe 3HaueHWe MUKCENa MPUHHUMAET HaWOOJBIIHHA
BecC (MMeeT HaWBBICIIIeEe TayCCOBO 3HAUEHHE), U COCETHHE
MUKCENIbI TIPUHUMAIOT MEHBIIIME BeCa B 3aBUCUMOCTH
OT PAaCCTOSIHUS IO HUX.

VIMIyIbCHBIN IITyM BO3HHKAET B Pe3ylbTaTe OIMHOOK
JIEKOTMPOBAHMSA, B IpoIiecce mepemaadn GpoTo- W BHILO-
HN300paKeHM BCICICTBUE AJICKTPOMArHUTHBIX HABOJOK
Ha KaHAII TIepelaun, a TakXKe B PE3YIIbTaTe OMINOOK 3aIiCH
Ha yCcTpoicTBax XpaHeHns . OH XapaKTepu3yeTcs MosBIIe-
HHEM CIydaiiHbIX OenpIX M YepHBIX Todek. Hambomee
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3G PEeKTUBHBIME (DWIIBTPAMH 1T TIOAABICHHUS HMITYJIbC-
HOTO HIyMa SIBJISIIOTCSI YCpeAHSIomue (GruibTpel, a MMEH-
HO, MeIMaHHast (UIBTPALS, KOTOpasi MO3BOJSET COXpa-
HUTh YETKOCTh JeTaliell wu3o0pakeHHs. MennaHHbIE
(UIBTPEI OCHOBAHBI HA TOM, YTOOBI NM30aBUTHCS OT PE3KO
OTJIMYAIOIIUXCS OT APYTUX 3HAUCHUH SAPKOCTU MUKCEIIOB,
3aMeHsAs UX 3HAYCHUSIMHM MEAUaHbI IPKOCTH OKPECTHOCTH
COTJIACHO BBIPAXKEHHIO

G; ; =med[E

i+s,j+t°

(s,0)eW]; i,jeZ?, 9)

rae [G;;] — omeMeHT MaTpuubl HM300paXKEHHs MOCyIe
¢unbrpauuy; [W,,] — 21eMeHT MaccuBa anepTypbl H30-
OpakeHHs, MMeromuii pasmepsl mxn; [E;;] — ameMeHT
MaTpHIBI KICXOTHOTO H300paKeHUsL.

Menuanubiii Gunetp u ¢uieTp ['aycca He TOJBKO
YIQIIIOT OIyM, HO W «pa3MbIBAIOT» MEJIKHE JeTann
n300pakeHN TIOCPEICTBOM YNAJICHHSI BBICOKHX YacTOT,
MI03TOMY B KadecTBe crocoba mocToOpadOTKH 1esrecoo0-
pa3HO IUIsl MOBBIIICHUS PE3KOCTH HCIIONB30BATh (DHIBTD
Jlarutaca. JIMCKpETHBIM JlamiacMaH ONpeneNsieTcs Kak
CyMMa BTOPBIX IIPOM3BOIHBIX, & BBIYHCIACTCS Kak JIH-
HelHasl alIpOKCHMALM CyMMBI IIepernaioB Ha COCEIHUX
IIHKCeJIaX OTHOCHTEIBHO IEHTPAILHOTO ITHKCea:

[f(x+Ly)+ f(x=1,0)=2f(x,»)]+

+H Sy + D)+ f(x,y =D =2f(x,»)] =

=f(x+Ly)+ f(x=Ly)+ f(x,y+D+
+f(xy =D —4f(x, ).

Takum 00pazom, Macka QIIBTpa, UCIIOIB3YEMOTO IS
peanu3anuy ITUCKPETHOrO JaIulacHaHa, 3aIaeTcsi MaTpu-
meit (11):

(10)

0 1 0
1 -4 1 (11)
0 1 0

JIJIs IOBBIMNICHUST PE3KOCTH H300PaKEHUS C MTOMOIIBIO
JaTIaCaHa HEOOXOAWMO BBIYECTh W3 HCXOJHOTO H30-
OpakeHus narutacuad. MToroBas macka 3agaeTcs MaTpu-
meit (12):

0 -1 0
-1 5 -1 (12)
0 -1 0

Takum oOpa3oM, paboTa alropur™Ma KOMIICHCAIUU
MIOHIDKEHHON OCBEIEHHOCTH BBITIONHSIETCS CIIETYFOLIHM
obpazom:

1. Paciupenue AMHaMUYECKOTo AMAana3oHa BHJIEO-
n300pakeHNs ¥ YBEJIIMUYCHHE KOHTPACTHOCTH C IOMOIIBIO
MHOTroMacITabHoro aiaropurma «PeTuHeKc» ¢ pecraBpa-
nueit Beta (Multi Scale Retinex with Color Restoration).

2. [lomaBneHne agAUTUBHOTO IIyMa C MCIIOJB30BaHU-
em ¢usTpa ["aycca.

3. IlogaBneHue WMIYJIBCHOTO IIyMa MPUMEHEHHEM
Me/IMaHHOTO (PHUIIBTPA.

4. TloBBIIIEHNE PE3KOCTH HM300pa’KEHHS C MOMOIIBIO
¢unbTpa Jlamiaca.

biok-cxema ajaroputMa KOMIEHCAIMU HEJI0CTaTOYHON
OCBEILIEHHOCTH MOKa3aHa Ha PUCYHKE.

JKcrnepuMeHTA/IbHbIE HccaeqoBanust. 11 omeHKH
KadecTBa pabOThI aJlrOpUTMa KOMITEHCAIMK HEIOCTAaTOYHOM
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OCBEIIIEHHOCTH HCIOJb30BaHa CHCTEMa OOHApY>KEHHMs
obmactell 3afpIMIICHUS Ha BHUJIEOIOCIEAOBATEIEHOCTH
C TIPUMEHEHHEM JIOKaJbHBIX OWMHApHBIX MmabIoHOB [16].
JIpIM Kak AMHAMHYecKasl TeKCTypa OONamaeT CIIeAyIOIIH-
MH OCOOCHHOCTSIMHU: TYypOYIEHTHOCTh, H3MEHUHBOCTD,
I[BETOBbIE OCOOEHHOCTH, CrelM(UIecKrii crocod pac-
npoctpaHeHus. K OCHOBHBIM IpH3HaKaM BU3yaJIbHOTO
OOHapy»XeHHs AbIMa MOXHO OTHECTH IIBET, (HOpMy, IIBH-
KEHHUe, TEKCTypy, Ipo3padyHocTb. Kak mpaBuio, s
JIETEKTUPOBAHMSI [bIMa HE HCIIONB3YIOT TOJNBKO OJMH
NPU3HAK, a TPUMEHSIOT COYeTaHHe HECKOJBKHX KIIacCH-
¢ukaropoB. [ IeTeKTHpOBaHUS IbIMa Ha BHIICOM300-
paKeHUH B cHcTeMe OOHapy KeHHs o0nacTel 3abIMIICHHS
Ha BHJICOTIOCIIEIOBATENFHOCTH C PUMEHEHHEM JIOKATBHBIX
OMHAPHBIX MIA0JIOHOB HCIIONB3YEeTCS KOMOWHUPOBAHHBIH
Croco0 paclo3HaBaHUS AbIMA, TTO3BOJIAIONINN HE TOJIBKO
BBIIETUTH JBIDKEHHE Ha BHICOIOCIEAOBATEIHHOCTH,
HO U Y4YecCTb IPOCTPAaHCTBCHHO-BPEMEHHBIE CBOMHCTBA
JbIMa, YTO YBEJIWYMBAET TOYHOCTh JI€TEKTUPOBAHUS
Y YMEHBIIIAET YHCIIO JIOKHBIX CpabaThIBaHUH.

Jlyist mpoBenieHnsT SKCIIEPUMEHTAIBHBIX HCCIIEIOBaHUN
UCIIONIb30BaHbl 5 BHEOIIOCIIEI0BATEILHOCTEH U3 M3BECT-
HBIX TECTOBBIX HaOOpoB maHHEIX [17-20] u omHa BHAEO-
MOCJIEIOBATENIbHOCTh, CHSTasi caMOCTOsITeNbHO [21].
Ha BuzeomnocnenoBaTensHOCTH, CHATOH CaMOCTOSITEIBHO,
HHU3Kas OCBEIIEHHOCTh OBIIa TONyYeHa €CTECTBEHHBIM
obpazom. s momydueHuss n300paKeHUH, IMATHPYIOIIINX
YCIIOBUSI HEIOCTATOYHOM OCBEIICHHOCTH CBEMKH, OBLIH
MOCIIE0BATEIFHO IPUMEHEHBI TaMMa-Koppekiws (y = 1,9),
a TaKke M300pakeHHs OBUIM 3alIyMIICHBI aJAUTHBHBIM
rayccoBbIM mryMoM (m = 0, o’ = 0,2, 0,5) 1 UMITYIBCHBIM
uryMoM ¢ miotHocTsio p = 0,1, 0,2. Kaaps! ucnons3oBas-
HBIX BHJICOTNOCIIE/IOBATENILHOCTEH, a TakkKe pe3ysbTar
KOMIICHCAIIMN HU3KOI OCBELIEHHOCTH TT0Ka3aHbI B Ta0II. 1.

PesynbraTel oOHapykeHHs! JbIMA IO BHIEOIIOCIIEIO-
BaTEJIBHOCTSIM HA OTKPBITHIX TPOCTPAHCTBAX ITOKA3aHBI
B Tabn. 2. PesympTaThl mpuBeneHB! IS M300pakeHUH,
MOJTyEHHBIX MPX HOPMAJIbHON OCBEIIEHHOCTH, B yCIIOBUSIX
IIymMa (HOYHOHM CHEMKH ISt CAMOCTOSITEBHO TIOJTydYeHHON
BUJIEOTIOCIIEIOBATENBHOCTH) U TPH KOMIIEHCALUM BITHS-
HHUsI HEIOCTaTOYHOH ocBemeHHOCTH. OIICHUBAHUE BbI-
MOJHANOCh C TIOMOINBI0 CIEAYIOIINX XapaKTEePUCTHUK:
True Recognition (TR), % — TOYHOCTH pacmo3HaBaHUS,
False Rejection Rate (FRR), % — ommbka mepBoro pona,
False Acceptance Rate (FAR), % — ommbOka BTOporo poja.

TouHOCTH OOHApY)KEHHS bIMa B YCJIOBHSIX HEIOCTa-
TOYHOI OCBEIIEHHOCTH 110 CPAaBHEHHUIO C MCXOIHBIM H30-
OpaxeHueM B cpeqHeM Hmke Ha 28—30 %, mpu 3TOM 3Ha-
YUTEJIFHO YBEIMYMBACTCS YHCIIO OMIMOOK MEPBOTO pOAa
W 9UCIIO JIOKHBIX cpabaTeiBanmii 10 34,2 u 27,4 % coot-
BeTCTBEHHO. Ha n300pa)XeHMsX, YIydIIEHHBIX C IOMO-
IIBIO MIPEAIOKEHHOTO aJrOpUTMa KOMIIEHCAIIMH HEl0CTa-
TOYHOI OCBELIEHHOCTH, TOYHOCTh OOHAPYKEHUS CYIIECT-
BEHHO Bo3pacTaeT u cocTaBisier 94,41 %, 4To HUXKE TOU-
HOCTH OOHapy>XeHUsl IbIMa OTHOCHUTEIBHO HCXOIHOTO
n3o0paxkenus Bcero Ha 2,3 %. Takum oOpa3om, 3KcIiepH-
MEHTAJIbHBIE HCCIIEAOBaHUS MOATBEPKAAIOT 3(dexTrs-
HOCTh MPEAJIOKEHHBIX METOZOB M AJITOPUTMOB KOMIICH-
caluy HEJAOCTATOYHON OCBEUICHHOCTH NP aHalu3e H-
HAMHYECKUX TEKCTYyp (Ha mpuMmepe OOHapyKEeHHS AbIMa
Ha BUAEOIIOCIIEI0BATEIbHOCTSIX).
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1. Ucxonuoe nzo0Opaxenue A

v

2. MSRwCR wusobpaxenue A’

v

3. TlopaBneHue aJANTUBHOTO IIyMa
N3o0paxenue A’

v

4. TlonaBneHHE UMITYJIBCHOTO IIyMa
Uzobpaxenue A’

y

5. IloBsllIeHNE PE3KOCTH
Mzobpaxenne A’’’

v

6. O6paboranHoe M300paxeHue B

Brok-cxema anropuTmMa KOMIIEHCAIIMHM HU3KOH OCBELICHHOCTH

Flow chart of compensation algorithm of low light conditions

Tabruya 1
IIpuMephI KaIPOB MCIOJIL30BAHHBIX BU/IEOTIOC/Ie]0BATEILHOCTE

HcxonHoe nzobpaxenue | 3aryMmieHHOE H300paKeHUEe | VYayduieHHoe H300pakeHne

Video smoke detection / dry_leaf, kaagp 1155 (URL: http://staff.ustc.edu.cn /~yfn/vsd.html),
paspeuienue, nukcensl: 320%240, koauuecTBo Kaapos: 1,2000

PR P
Wildfilmsindia/ Smoke billows from the chimney of a brick factory, kagp 122
(URL: https://www.youtube.com/ watch?v=-TUbP5ENr8w), paspernenue, nuxcensl: 1280x720, konmuuecTso kajapos: 1711

Youtube/firenight, kaxp 48 (URL: https://www.youtube.com/watch?v=tmBG_ v23zbk&t=12s),
paspemienue, nukcensl: 1280%720, konmuecTBo Kaapos: 1330
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Oxkonuanue maobn. 1

HcxonHoe n300paxeHue

3amryMieHHOE H300pasKeHHE |

YiyumenHoe H300paxeHue

Tabauya 2

Pe3yJ'lI>TaTLl 06Hapy>|cemm AbIMa 110 BUI€0I0C/1€10BATEJIbHOCTAM B PAa3JIMYHBIX YCIOBUAX OCBCIICHHOCTH

Hcxonnoe 3amrymiieHHOE ViyuiieHHoe

BuIconocIe10BaTeIbHOCTh n300paxeHne n300paxeHne n300paxeHne
TR FRR FAR TR FRR FAR TR FRR FAR
Video smoke detection / dry_leaf 100,0 0,00 2,07 74,12 | 2588 | 17,21 97,98 2,02 4,12
Wildfilmsindia/ Smoke billows from the 100,0 0,00 1,63 82,14 | 17,86 | 16,25 98,74 1,26 2,52

chimney of a brick factory

V-MOTE/DV_004 97,69 2,31 2,87 72,19 | 27,81 | 31,21 96,12 3,88 4,12
Bilkent/DumanTest5 90,65 8,25 7,14 53,11 | 46,89 | 30,28 | 88,41 | 11,59 10,0
Bilkent/SmokeManavgatRaw 96,88 1,53 14,2 52,14 | 47,86 | 40,42 | 94,32 5,68 15,2
Youtube/firenight — - - 61,21 | 38,79 | 29,12 | 90,88 9,12 4,01
CpenHee 3HaYeHHE 97,04 | 2,42 5,58 65,82 | 34,18 | 2742 | 9441 5,59 6,66

3akmouyenue. B pabore mokasaHo, 4TO U300paXKCHUS,
MOJTy4YE€HHbIE B PEaJIbHBIX YCJIOBHSIX CHEMKH IPH HEZOC-
TaTOYHOM OCBEIIEHHH, 00JIagaloT OrpaHMYeHHBIM JHaria-
30HOM MaJbIX 3HaU€HHH SPKOCTEH, HU3KOW KOHTPACTHO-
CTHI0 M HaJWIUeM aJIUTHUBHOTO Imyma. Ims OGopbOBI
C BIMSHHUEM HEJOCTATOYHOW OCBEIICHHOCTH Ha Ka4eCTBO
M300pakeHUs] WCIONB30BaH MHOTOMACIITAOHBIA alro-
put™M «PeTuHEeke» ¢ LIBETOBOM KOPPEKLUEN, IPUMEHEHBI
¢bunsTpsl ['aycca, Jlannaca u meauanubiii Gpuiabtp. Kave-
CTBO OOHApy>KCHHUS! ITUHAMHUYECKUX TEKCTyp Ha BHAEO-
n300pakeHUsIX UCCIIE0BAaHO Ha MpHMepe JbIMa. DKCIie-
PUMEHTAIbHBIE HCCIIEIOBAHUS IMOATBEPKAAIOT S dek-
THUBHOCTh IIPEAJIOKEHHOTO aJTOpPUTMAa KOMIICHCAIIN
HEJO0CTATOYHON OCBEIIEHHOCTH.
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PROPERTIES OF LOCALLY CYCLIC GROUPS
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Locally cyclic group is a group every finite set of elements of which generates a cyclic subgroup. We give examples
of periodic locally cyclic groups and locally cyclic torsion-free groups. Properties of locally cyclic groups are studied.
A locally cyclic group cannot be mixed, that is, it cannot contain elements of finite and infinite order simultaneously.
A locally cyclic group is Abelian. By their properties periodic locally cyclic groups and locally cyclic torsion-free
groups are distinguished. The Sylow subgroups of a periodic locally cyclic group are cyclic or quasi-cyclic. A periodic
locally cyclic group decomposes into a direct product of Sylow subgroups. By N. F. Sesekin and A. I. Starostin the fol-
lowing theorem is proved: a locally finite group, all Sylow p-subgroups of which are quasi-cyclic, is a complete peri-
odic locally cyclic group. Here, in addition to this theorem, we consider the structure of a complete periodic locally
cyclic group. A complete periodic locally cyclic group decomposes into a direct product of quasi-cyclic subgroups with
distinct prime numbers. A complete periodic locally cyclic group is uniquely reconstructed by its lower layer. In this
article an example is given of the fact that an arbitrary periodic locally cyclic group is not unique reconstructed by its
lower layer. A torsion-free locally cyclic group is isomorphic to a subgroup of the additive group of rational numbers.
A periodic locally cyclic group is layer-finite, that is a number of it’s elements of each order is finite. A locally cyclic
group can be either a layer-finite or a subgroup of additive groups of rational numbers. The results can be applied
when encoding information in space communications.

Keywords: periodic group, locally cyclic group, quasi-cyclic group, complete group, layer finiteness.
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CBOMCTBA JOKAJIbHO-IIMKJIMYECKHUX I'PYIIIT
B. 1. Cenamosn

WuctutyT BRiuncautensHoro moaenuposanus CO PAH
Poccuiickas ®enepanms, 660036, r. KpacHospck, Akagemroponok, 50/44
Cubupckuii henepanbHbIil yHUBEPCUTET
Poccuiickas deneparus, 660041, r. KpacHospck, npocn. CBoOoaHEIH, 79
E-mail: senl112home@mail.ru

JlokanvHo-yuknuveckas epynna — 5mo epynnd, CSKOe KOHEYHOe MHONCECHEO INEeMEHNO08 KOMOpOU nopoicoaem
yuxnuyeckyro noogpynny. Ilpusooamcs npumepvl NepuoOOUHecKUx JOKALbHO-YUKIUHECKUX 2PYRN U  JIOKAAbHO-
YuKIuyeckux epynn 6e3 Kpyuenus. H3yuaiomcss c60UCmEa NOKANbHO-YUKIUYECKUX epynn. JIoxkanbHo-yukiuveckas
2pynna me modicem OblMb CMEUAHHOU, M. €. OHA HEe MOJCEem CO0epicamb OOHOBPEMEHHO INeMEHMbl KOHEeUHO20
u beckoneuno2o nopsoxa. JlokaieHas-yukiudeckas epynna sgisemcs abenegou. Ilo ceoum ceolcmeam paznuyaromes
nepuoduuecKue JOKALbHO-YUKIUYECKUe 2PYRnbl U JOKAIbHO-YUKIuYeckue 2pynnvl 6e3 kpyuenust. Cunogckue nooepyninl
NePUOOUUECKOU IOKANbHO-YUKIUYECKOU 2PYNRblL SAGISIOMCS YUKIUYECKUMU Wil Keasuyukiudeckumu. Ilepuoouueckas
JIOKANbHO-YUKIUYECKAsL 2PYNNA pa3ldedemcss 8 npsimoe npousgedenue cuiogekux nooepynn. H. @. Cecexunvim
u A. 1. Cmapocmunvim 0oxazana meopema: I0KATbHO-KOHEUHAsl 2PYING, 6Ce CULOGCKUE P-NOOZPYINbL KOMOPOU K6Aa3u-
YUKTTUYHBL, SGTLeMCS NOJIHOU NePUOOUYeCcKoll IOKANbHO-YUKIUYECKOU epynnotl. 30ecb 6 OOnoHeHue K 9moi meopeme
Mbl PACCMOMPUM CIPYKIYDY NOAHOU NEPUOOUYECKOLL TOKATbHO-YUKAUYecKol epynnbl. Tloanas nepuoouyeckas 10KaIbHO-
YUKTUYECKAsl ePYNNa pasiaeaemcs 6 npsimoe Npou3eedeHue KeAsUuyuKIuUecKux p-nooepynn no pasiudHolM npoCcmvim
yucnam p. Ilonnas nepuoouueckas NOKANbHO-YUKAUYECKAS, 2PYINA eOUHCMBEHHbIM 00pA30M 60CCMAHABIUBAEMCS
no ceoemy HudicHemy cioio. Ilpueooumcs npumep mozo, 4mo NPOU3EOIbHAS NEPUOOUYECKAS JOKANbHO-YUKIUYECKAs
2PYnna He eOUHCMEEHHbIM 00PA30M 80CCHAHABIUBACHICS. N0 CE0EMY HUICHEMY ClLo10. JIOKanbHAs YUKIUYecKas 2pynna
6e3 KpyueHusi U30MOpPGHA HEKOMOPOUL nod2pynne adOUMuUGHOLU 2pynnvl PAyUoOHAIbHLIX yucel. I[lepuoouueckas 10KaibHO-
YUKIUYECKAsl 2pYnna CIOUHO KOHeuHd, M. €. @ Hell KOHEUHO HUCIO DIeMEHmO8 Kanc0o20 nopsoka. JlokanbHo-
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YUKTUYECKAsi 2pynna modicem O0bims TUOO CAOUHO KOHEYHOU, TUO0 noodzpynnou adOumuHol pynnvl payUOHAIbHBIX
yucen. Pesymbmamvl Mmocym Haumu NpUMEHeHUue Npu KOOUPOBAHUU UHPOPMAYUU, UCNOTb3VIOWEUCS 6 CeaHcax

KOCMUYECKOU CBA3U.

Knrouesvie crosa: nepuoduqecmﬂ epynna, JTOKAlIbHO-YUKIUYeCKds cpynna, Kedsuyukiudeckas cpynna, nojHas cpynnd,

CIIOUHASL KOHEYHOCMb.

Introduction. The aim of this paper is to establish the
basic properties of the locally cyclic group classes.

Definition. A group is said to be locally cyclic if
every finite set of its elements generates a cyclic sub-
group. Example of locally cyclic groups is an additive
group of rational numbers, a quasi-cyclic group.

A quasi-cyclic group is a G group which is con-
structed as follows: supposing a cyclic group (a;)

of prime order p is embedded in a cyclic group (a,)
of order p?, the last group, in its turn, is embedded in

a cyclic group (a;) of order p* etc. The group is formed

by combining an infinite chain of nested groups
(a)) c{a,) <...c{a,)c.. In other words, the quasi-

cyclic group can be defined as root groups of a unit of
prime order p, order p*, order p*, etc.

The class of periodic locally cyclic groups is con-
tained in the class of layer-finite groups whose properties
are described in [1]. Layer-finite groups were investigated
by S. N. Chemnikov [24], R. Baer [5],
Kh. Kh. Mukhamedzhan [6], Ya. D. Polovitsky [7]. Near
layer-finite groups are described in the works of the
author [8-11]. As S. N. Chernikov pointed out in the
mathematical encyclopedia, layer-finite groups proved to
be the most studied ones among the groups with finite
classes of conjugate elements. This implies the finiteness
of the conjugate elements classes in periodic locally cy-
clic groups. The arrangement of layer-finite groups with
related classes is shown in the research paper [12].

Basic results. In this section we are going to consider
the properties of locally cyclic groups.

A locally cyclic group cannot be mixed, that is, it can-
not contain elements of finite and infinite order simulta-
neously:

Property 1. Locally cyclic group can be either peri-
odical or a torsion-free group.

Evidence. It is obviously seen from the definition that
a locally cyclic group cannot be mixed, that is, contain
elements of both finite and infinite orders. Indeed, the
subgroup, generated by an element of finite order and
an element of infinite order, according to the definition of
a locally cyclic group, must be cyclic. Thus there is a con-
tradiction with the theorem on the structure of subgroups
of an infinite cyclic group. It should be noted that each
non-identity subgroup of an infinite cyclic group is infi-
nite cyclic one. The property is proved.

Property 2. Locally cyclic group is Abelian.

Evidence. The validity of the statement immediately
goes from the definition of a locally cyclic group.

Periodic locally cyclic groups and locally cyclic
torsion-free groups differ substantially according to their
properties.
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At first, it is necessary to distinguish the properties of
periodic locally cyclic groups.

Property 3. Sylow p-subgroups of periodic locally cy-
clic group G are cyclic or quasi-cyclic.

Evidence. Supposing that J is a set of all p-elements
of a locally cyclic group G for some prime number p.
If 3 is a finite set, then according to the definition of a
locally cyclic group its elements generate a cyclic group.
In the case if 3 is an infinite set, we will prove that they
form a quasi-cyclic group. Indeed, let us consider that 3
is an infinite set. Let us deal with a subset
{a,,a,, ...,a,, ...} of the set J. Group (a,,a,) , generated

by the elements @, and a, is a cyclic p -subgroup, there-
fore, either (a,) ©(a,) or {(a;) ={a,). The bigger one
of these groups is defined as (ail) . The same idea can be
referred to the cyclic subgroups (g, ), (a;). The bigger
one of these groups is defined as <"i2 ).

If we continue the argumentation in the same way,
we will get an increasing chain of cyclic p-subgroups:

<ai1> - <ai2 yS <ai3> <.

Obviously, the union 4 of these subgroups is a quasi-
cyclic p-group. If not all elements of the set I are in 4,
then the group, generated by an element be 3\ A4 and
an element a of the same order of A4 is not cyclic.
A contradiction with the definition of a locally cyclic
group means that all elements of the set 3 are contained
in A4 . The property is proved.

Property 4. A periodic locally cyclic group
decompounds into a direct product of Sylow subgroups.

Obviously, the evidence of this property follows from
the fact that the periodic locally cyclic group is Abelian
according to the property 2. The example of periodic
locally cyclic group, which is different from quasi-cyclic
group, is a direct product (a,)x{a,)x... of cyclic groups
(a;), {a,), ... of different direct orders p,, p,, ... re-
spectively.

Property 5. A4 periodic locally cyclic group
decompounds into a direct product of cyclic or quasi-
cyclic p-subgroups with distinct prime numbers.

Evidence of this property goes from the properties 3
and 4.

Locally finite groups are studied in the work of
N. F. Sesekin and A. I. Starostin [13], all their Sylow-
subgroups are quasi-cyclic.

Property 6. Locally finite group, whose Sylow p-sub-
groups are quasi-cyclic, is a complete periodic locally
cyclic group.

In addition to this theorem, we are going to consider
the structure of a complete periodic locally cyclic group:
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Property 7. 4 complete periodic locally cyclic group
decompounds into a direct product of quasi-cyclic
p-subgroups with distinct prime numbers.

Evidence. A complete Abelian group decompounds
into a direct product of quasi-cyclic p-subgroups and an
additive group of rational numbers according to the
theorem 9.1.6 from [14]. Since the additive group
of rational numbers is not a periodic group we obtain
a property statement (validity) using property 5. The
property is proved.

Property 8. A complete periodic locally cyclic group
is uniquely recovered from its lower layer.

The evidence of this property goes from the property 7.

At the same time, not every periodic locally cyclic
group is uniquely recovered from its lower layer. For
example, in two different periodic locally cyclic groups
sz X qu and pr ><Cq2 the lower layers are the same.

Let us give one more characteristic of periodic locally
cyclic groups developed by N. F. Sesekin and A. I. Sta-
rostin:

Property 9. Only periodic locally cyclic groups are
Abelian locally finite groups, all their Sylow p-subgroups
are locally cyclic [13].

Here it is necessary to give a description of a group
that can be decompounded into a semidirect product of
periodic locally cyclic groups:

Property 10. If the group G is decompounded into a
semidirect product of two periodic locally cyclic groups
G = A\LB, whose orders of elements are relatively prime,
then the G — locally finite group, whose Sylow
p-subgroups are locally cyclic, and A contain the com-
mutant of the group G [13].

Let us now describe locally torsion-free cyclic groups.

Locally cyclic groups are groups of the first rank. Tak-
ing this into account that the following property
is proved in the theorem 7.2.1 from [14]:

Property 11. 4 local torsion-free cyclic group is
isomorphic a subgroup of the additive group of rational
numbers.

Property 12. A complete locally cyclic torsion-free
group is isomorphic in relation to the additive group of
rational numbers.

Evidence. A complete locally cyclic torsion-free
group in compliance with the property 2 and the theorem
9.1.6 from [14] decompounds into a direct product of
quasi-cyclic p-subgroups and an additive group of rational
numbers. Since quasi-cyclic subgroups of the direct
product are not torsion-free groups, we can see the
validity of the property. The property is proved.

Property 13. A periodic locally cyclic group is layer-
finite.

Evidence. Let us consider that G is a periodic locally
cyclic group. If a,,a,, ..., a, are elements of the order m

of the group G, then the subgroup H , generated by
these elements, is cyclic according to the definition of a
locally cyclic group. Obviously, there is not more
thanm—1 elements of the order m in a cyclic group.
Thus, we can say that n < m—1 and this also means that
the m-layer of the group G is finite and is G is a layer-
finite group. The property is proved.

Property 14. A locally cyclic group can be either leaf-
finite or a subgroup of additive groups of rational
numbers.

The evidence of this property follows from the
properties 1, 11, 13.

Definitions. Let us define the terms that were used in
the work. A group G has a finite rank r. If r is the smallest
number with the property defining that every finite
generated subgroup of a group G is a part of a subgroup
which contains »’' components (' <r).

The lower layer of a group is the set of all its elements
of prime order. A group is said to be layer-finite if the set
of its elements of any given order is finite. The definitions
of other terms used are standard and can be found
in monographs [14; 15].

The conclusion. The main properties of locally cyclic
groups are researched in this work. Periodic locally cyclic
groups and locally cyclic torsion-free groups are
described separately. Various examples of such groups
are given.
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EMPIRICAL RELATIONSHIP FOR QUEUE LENGTH ESTIMATION
IN A SYSTEM WITH FRACTAL SHOT INPUT
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Traffic in modern data networks and information systems are most adequately described by different classes of
fractal models. This kind of models takes into account the following key characteristics of traffic as high variability
events grouping and explicit correlation structure on different time scales. Fractal shot process FSNDP, referring to
the fractal point process is sufficiently accurate approximation of the network load at individual workstations or small
workgroups, is defined with five numerical parameters, with known estimating algorithms on available samples (based
on actual traffic dumps). Studies based on queueing system simulation with input FSNDP stream managed to establish
a stable relationship between the change in each of the input parameters and the average queue length in the system.
Confirmed direct correlation queue length of the parameter characterizing the amplitude of the individual load bursts,
found an inverse relationship of the index related to the Hurst parameter and master degree of fractal properties. Based
on the identified dependencies, obtained empirical relations between parameters of FSNDP process and the average
queue length in single-channel queueing system with unlimited queue and deterministic service discipline FSNDP/D/1.
These relationships allow to estimate the average volume of buffer used and the average delay introduced by the
network equipment in the load conditions expressed fractal properties from measurements of real traffic. The presence
of the formulae increases the importance of traffic models based on FSNPD, since it makes possible to perform a full
cycle analysis of queueing systems and queueing networks without involving the simulation methods.

Keywords: fractal traffic, fractal shot-noise driven Poisson, FSNDP, queueing system, simulation.
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Tpagux 6 coepemennvix cemsx nepedauu OaHHLIX U UHPOPMAYUOHHBIX CUCIEMAX HAUDOIee A0eK8amHO ONUCLIEA-
emces pasnuYHLIMU KIACCamy QpakmanbHbix mooenei. Imom kiacc mMooeiell yuumeleaem maxue Kioyesvie ceolicmed
mpaguxa, KaK 8bICOKAs 8aPUATMUBHOCHIb, SDYRNUPOSKA COOLIMULL U 8bIPANCEHHAS KOPPETAYUOHHAS CIMPYKMYPA HA Pa3-
JUYHBIX 8peMenHbIX Macumabax. @pakmanvhusiti Opobosoi npoyecc FSNDP, omuocsawutics K hpakmanbHbim moyeu-
HbIM BpOYeccam, A6Aemcst 00CMAamoyHo Mo4YHOU AnnPOKCUMayuell cemegoll Haspy3Ku Ha YPOGHe OMOEbHbIX padouux
CMAHYULl UnY MAbIX paboyux epynn, ONUCHIBAEMCs NAMbIO YUCTOBLIMU NAPAMEMPAMU, O KOMOPBIX U36ECMHbL A0~
PUMMbL OYEHKU NO UMEIOUWUMCA 8bI0OPKAM (HA OCHOBE PeanbHbIX damnos mpaguxa). B xooe uccredosanuti Ha ocHoge
UMUMAYUOHHO20 MOOCTUPOBAHUS CUCTEMbL MACCOB8020 0OCTYHCUBAHUS, HA 8X00 Komopoli nocmynaem nomox FSNDP,
Y0anoch yCmaHosumy yCmouyugvle 3a8UCUMOCIU MeXCOYy USMEHeHUeM Kaxc0020 U3 Napamempos 6xo0H020 NOMOKA
U cpeonell OnuHoOU ouepedu 6 cucmeme. Iloomeepoicoena npsamas 3a6ucUMOCms OJIUHLL OHepedu Om napamempd, Xd-
pakmepuzyoujeco amniumyody omoenbHblx 6CHAECKO8 HAZPY3KU, 0OHapyicena oOpamuasn 3a8ucUmMocims om noxasame-
NI, C8A3AHHO20 ¢ hapamempom Xepcma u 3a0anuje2o cmenetb 8blpajdceHHOCmu paxkmanvuulx ceoticms. Ha ocnosa-
HUU BbIAGIEHHBIX 3A6UCUMOCHIEN NOTYYEeHbl IMRUPUYECKUe COOMHOWeEHUs, cea3blearouue napamempel nomoxa FSNDP
U CpeOHIo OUHY 0YepeoUu 8 OOHOKAHAILHOU CUCTeMe MACCOB020 OOCIYHCUBAHUSL C HEOZPAHUYEHHOU 04epedblo U Oe-
mepMuHUpo8anHou oucyunaunol oocayxcusanus FSNDP/D/1. Ilonyuentsie coomHuouieHus no3801510Mm OYeHUms cpeo-
HULL UCnoab3yemblil 06vem Oygepa u CpeoHIo BHOCUMYIO 3A0ePHCKY HA cemesom 000py008aHUU 8 YCI0BUAX HASPY3KU
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C BHIPAICCHHBIMU (PPAKMATLHBIMU CEBOUCMBAMU NO OAHHbIM U3MepeHUll peanbHozo mpaduxa. Haruuue coomunowenuil
nosviutaem yeHHocmos mooeneti mpagura Ha ochoge FSNPD, max kax daem 603MONICHOCMb NPOBEOEHUs: NOTHO20 YUK-
JIa AHATIU3A CUCTNEM U cemell MACCO8020 0OCIYICUBaHUsL 6e3 NPusiieueHls annapama UMUmMayuoOHHO20 MOOEIUPOBAHUSL.

Kniouesvie cnosa: ¢hpaxmansvueiii mpagux, gpaxmanvusiti opobosoii npoyecc, FSNDP, CMO, umumayuontoe

Mooenuposanie.

Introduction. In recent years the traffic of data com-
munication networks, also as a part of distributed infor-
mation systems, characterized by high variability and
explicit correlation properties, is described by various
fractal models [1-4].

Unlike geometrical fractals, determination of which
is based on geometrical similarity of a part of an object
to the whole, with fractal random processes — the part of a
path is similar to the whole statistically: when averaging
by time at various scales, the process substantially keeps
values of the first and second order statistics, i. €. doesn’t
smooth out, doesn’t lose variability and correlation struc-
ture.

Fractal or self-similar properties of the network traffic,
revealed originally on the Ethernet networks and broad-
band access (BBA) in the 1990s [5; 6] explains feeble
suitability of classical Markov methods and models of the
queueing theory for simulation of the modern high-loaded
systems and data communication networks. First of all it
is about the explicit correlation structure — the phenome-
non of an after-effect which by definition neglects
Markov models. However, despite adequacy of traffic
streams description using fractal models, receiving of
expressions suitable for practical calculations for the
queueing system models is connected with considerable
difficulties. Several options of formulas for queueing sys-
tem models with the elementary fractal sequence on the
basis of fractional Brownian motion [7; 8] are known,
though this flow can be considered adequate for the de-
scription of backbone segments traffic, not for distributed
information systems at the level of individual worksta-
tions and small workgroups. Also there are solutions
based not on specific sequence models, but on their uni-
versal statistical characteristics [9].

On the basis of simulation modeling the authors man-
aged to receive the ratios suitable for calculation of queue
volume in queueing systems with an input flow using the
fractal shot process and therefore, for capacity of the
appropriate fragments of packet-switching networks
estimation.

Fractal shot process (FSNDP) model. According to
the result of the research of the Ethernet-traffic real traces,
as the authors have shown [10-12] earlier, the adequate
model of packet flow in distributed system of data proc-
essing with the remote workstations, one of fractal point
processes, namely the fractal shot process which is also
called FSNDP (Fractal Shot Noise Driven Poisson), be-
longing to the category of double stochastic Poisson point
processes, can be used. For the first time the model of the
network traffic based on this process was suggested by S.
Lowen and B. Ryu [13, 14]. For the process there are ap-
proaches to statistical parameterization on the received
dumps of the real traffic, it also can be generated using
the correct and moderately labor-consuming calculations
within the set parameters.
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Time varying rate of FSNDP process is set by the con-
tinuous accidental process — fractal shot noise which is
received by filtering classical Poisson process.

FSNDP process is completely defined by five numeri-
cal parameters (W, B, K, 4, B), having the following value.

Primary Poisson stream {zi} with constant rate pu be-
comes the input to a linear filter with impulse response
function

-B
h(t):{m te(4,B), W

0,2 ¢(4,B),

where B is defined by the level of the process self-
similarity; 4, B — non-negative cut-off parameters; K — the
positive constant, determining the amplitude of total proc-
ess. The filter produces the fractal shot noise

1(1)= ) h(t—1,),, @)
considered as time varying rate for the second Poisson
point process, which output is the FSNDP.

FSNDP process acquires steadily self-similar properties
under a condition that 4 << B and A4, close enough
to zero. With practical modeling it is usually accepted that
A=0o0rd4=10".

Parameter [ is connected with Hurst parameter H, i. e.
defines degree of expressiveness of fractal properties of
the resultant process:

H=3/2-. 3)

Hurst parameter of H is the most general characteristic
of any fractal process and can accept values from an in-
terval [0.5; 1). Value 0.5 means total absence of fractal
properties, growth of A towards 1 — strengthening of ex-
pressiveness of self-similar character.

General comments on the approach to simulation
modeling. Earlier, on the basis of the analysis of really
operating distributed information systems network traffic
dumps the fractal shot process of FSNDP was considered
to be an adequate model of such traffic. Also numerous
estimates of parameters of the FSNDP model on real
dumps have been carried out; for generating the artificial
sequences in this research the values which are close to
the values characterizing some typical dumps of the real
traffic [12$ 15], but rounded for simplicity were used.
Values pn=0.1, K=10,4 =0, B=100, B = 0.9 have been
accepted as a basic set of parameters.

Earlier it has also been confirmed that the stream with
constant (deterministic — D) service rate corresponds the
most to the real network load for client-server data proc-
essing system, i. e. the FSNDP/D/1 system is the most
suitable for modeling. In terms and units of information
transfer the volume of a packet is accepted as 100 bytes
that is also close to real estimates.
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The general approach to the research of influence of
model parameters on the behavior of the queue is based
on generating of pseudorandom sequences of FSNDP
stream events with the variation of one or several parame-
ters of rather basic set and use of these sequences as an
input stream of simulation model of a single-channel
server queueing system with simulated continuous time.

All generated sequences have the symbolic duration of
7200 sec. (2 hours) and volume, depending on the varied
parameters, from 25 thousand prior to 450 thousand events.

Influence of process parameters on the average
length of the queue. Parameter K characterizes amplitude
of the resultant process’s rate bursts; therefore it is obvious
that correlation between K and average queueing load p
will be direct (fig. 1).

Simulation modeling allows to assume direct
proportionality of the average queue length estimation
from K.

Direct influence on the height of the curve queueing
system load for B exponent; respectively, the reverse
influence of Hurst parameter H connected with this
indicator is determined. This result, which is steadily
shown during the runs of simulation model for various
values of the FSNDP parameters, in general differs from
the popular conception that for the general case of the
fractal traffic a higher degree of self-similarity results in
larger queue fill (buffer). The cause of alternative effect
for a special FSNDP case needs a future research (fig. 2).

Influence of primary (auxiliary) Poisson sequence u
on characteristics of the queue length has appeared to be
significantly lower than of the two above described pa-
rameters, and is demonstrated mainly in the field of high
load — at p > 0.8. According to the earlier research, such
loading at a fractal input in practice means the mode close
to non-stationary, and doesn’t allow traffic and buffer
parameters more or less precise estimation. Curve buffer
fill for values p, differing by factor 16 are given in fig. 3.

The only parameter of FSNDP process which
influence on the queue under realistic values of the other
parameters has not been revealed is B. Abcense of the
explicit influence corresponds to physical sense of this
value: duration of the decreasing intensity intervals, after
which the cut-off is done, obviously shouldn’t have
dramatic impact on queueing system behavior,
comparable with the influence of other parameters.

Empirical ratios for the queue length estimation.
By comparison of calculated values with the values
received as a result of simulation modeling of queueing
system behavior with a fractal shot input of FSNDP it is
confirmed that under real wvalues of the FSNDP
parameters the estimation of the average queue length can
be expressed by the ratio

K p
9P =C o, )
where C — positive constat, H — Hurst parameter
connected with the process f parameter value by ratio (3).

1600
—1
1400 — g 1 2 3
1200 u 0,1 0,1 0,1
B 0,9 0,9 0.9
1000
K 10 5(1/72) 20 (X2)
= 800 A 0 0 0
= B 100 100 100
600
400
200
0
0 0.2 1
P
Fig. 1. The average length of the queue under parameter K variation
Puc. 1. Cpennsas anuHa odepey Ipy BapbUpOBaHUU MapaMerpa K
1600 1
1400 - g 1 2 3
1200 u 0,1 0,1 0,1
B 0,9 0,8V 0,95A
_ 1000 K 10 10 10
T 800 A4 0 0 0
" i B 100 100 100
H 0,6 0,7A 0,55V¥

0 0,2

Fig. 2. The average length of the queue under parameter 3 variation

Puc. 2. Cpennsist anMHa odepey Py BapbUPOBAaHHUU ITOKa3aTens 3
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In the expression there are no parameters B and L,
significant effect of which on the queue under real condi-
tions isn’t revealed in the simulation modeling. However,
since p under p > 0.8 can after all impact the queue
length, it must be kept in mind that the queue estimation
accuracy using this ratio in the queueing modes close to
non-stationary mode, will decrease.

Value of the constant which equals

in the given simulation experiments has shown rather
accurate coincidence of experimental and calculated
curves for various parameters of the FSNDP modeled
fractal shot process.

In fig. 4. examples of curves of the buffer fill g(p)
for parameter values p = 0.1, K=10,4 =0, B = 100 and
B = 0.8, p =09 are given, under the constant value
according to the assumption (5).

It should be noticed that in the modes of minor load

C= y (5) calculated values are slightly higher than those received
2 by simulation modeling, i. e. the received estimation can
be considered as the upper bound (fig. 4).
1300
1200 / —1
1100 / —?2 1 2
1000 / u 0,025 0,4
900 | B 0,9 0,9
/
800 | K 10 10
g 700 | A 0 0
= 60 / B 100 100
500 /
400
300 )./
200 o
100 _—
o] ;-—/_"
0 02 04 06 08 1
[o}
Fig. 3. The average length of the queue for significantly different parameter p
Puc. 3. Cpenusis ivHa ouepeu pH JUIst CyIECTBEHHO OTIMYAIOIINXCS 3HAUSHHH L
600
550 — (.9
0.9 (calculation)
B N B IS 0.8
450 Mo ] mmmmmmm—————————aae 0.8 (calculation)
400
350
Ngp)
300
250
200
150
100
50
0

p

Fig. 4. Simulation and calculation curves of queue lengths under various 3

Puc. 4. Umutanvonnsie u pacyeTHbIE KPUBBIE JUTHHBI OUEPEIH TIPU PA3IUYHBIX [3
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Having combined (3), (4) and (5), it is possible to ex-
press the ratio for the average queue length estimation in
single-server queueing system with fractal shot FSNDP
process and determined maintenance time (FSNDP/D/1)
input as:

K p
9P =35 (6)

| —

or

P K p
= . 7
2(%5-B)1-p 3-2B1-p @

Conclusion. The offered expressions for the queue
length estimation are very low resource-consuming in
computation. It allows to use them both in calculation and
optimization algorithms to determine throughput of data
communication network elements with fractal traffic
flows as well as time delays caused by these elements.

Receiving explicit ratios increases the value of the
FSNDP traffic model. For this process there are ways of
computer parameterization, based on available process
path fragments (network traffic dumps); algorithms of the
artificial sequences generating with the known parame-
ters. Now there is also an opportunity to calculate the
queue and delays in an explicit form, i. e. to carry out a
full cycle of model analysis without simulation, or with
the minimum use of it.

Also, there are grounds for further research, such as
receiving of estimates for the queue statistical characteris-
tics of the second order; and also development of defini-
tion methods of queueing networks with fractal flows, in
particular on the basis of tensor approaches [15], based on
earlier established property of keeping a flow after servic-
ing in the system with queue.

q(p) =
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FAULT TOLERANT CMOS REALIZATION OF A MINORITY FUNCTION
FOR AEROSPACE COMPUTER COMPLEXES

S. F. Tyurin
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29, Komsomolsky Av., Perm, 614990, Russian Federation
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In recent years, increased attention is paid to the reliability of the critical applications of digital equipment. Reliability
means radiation resistance of digital equipment. For aerospace computer systems it is extremely urgent to develop
radiation-resistant components. It is one way to ensure that the radiation resistance is the creation of a special archi-
tecture — RHBD (Radiation Hardened by Design). This approach includes triple redundancy (Triple Modular Redun-
dancy, TMR). In implementing the triple redundancy to increase radiation resistance in the Xilinx FPGA Virtex used
majoritarian elements based on a tristate buffer. One of the issuance of majority vote circuit for the loading sign to the
pins of the FPGA is using a minority voting function. This feature ensures channel disconnection different from the
other two. Only in this case, there is no conflict of signals at the outputs of buffers. Then it was realized majority func-
tion (voting by a majority). The FPGA logic elements LUT (Look Up Table) werer used for it. However, in this case
FPGA logic resources were spent. CMOS implementation element vote on the minority was described. The paper
proposes a fault tolerant CMOS implementation of minority voting function as separate elements in order to improve
the performance of redundant circuits and do not use FPGA logic resources. Simulation of CMOS voting member in the
minority is made in the circuit simulation of National Instruments Electronics Workbench Group system. Simulation
confirms efficiency of the proposed element, and evaluation of the probability of failure-free operation shows its high
efficiency. Winning there is a considerable range of probabilities as opposed to triple scheme that gets worse unre-
served already at the probability of the order of 0.88.

Keywords: Triple Module Redundancy, Majority Vote Circuit, 3-State Buffer, Minority Function, Fault Tolerance.
Cubupcxkwuii xypHan Hayku u TexHojoruid. 2017. T. 18, Ne 2. C. 300-306

OTKA30YCTOMYHUBBIN SJIEMEHT I'OJIOCOBAHHUSA IO MEHBIIIUHCTBY
JJIA ADPOKOCMMYECKUX BIYUCJIUTEJIBHBIX KOMIIJIEKCOB

C. ®@. Tropun

[lepMckuii HAMOHANBHBIM UCCIIEAOBATENBCKUN MOJUTEXHUYECKUA YHUBEPCUTET
Poccuiickas ®enepanms, 614990, r. Ilepmb, Komcomonsckwmii mpocti., 29
E-mail: tyurinsergfeo@yandex.ru

st aspoxkocmMuueckux 8bIYUCIUMENbHBIX KOMIAEKCO8 He0OX00uMa HA0ENCHAS, PAOUAYUOHHO CIOUKAS JIeMEeHMHAs
basa, 6 mom uucie npoepammupyemvie jocudeckue unmezpanvivie cxemol (ILJIUC — FPGA). Ilpu peanuzayuu mpouino-
2o pesepeuposanus (Triple Module Redundancy — TMR) ¢ yenvio nogvluenusi paduayuonuou cmotikocmu 6 FPGA
Virtex gpupmor Xilinx ucnonv3yromes mad)copumapuwie 1emMenmsl Ha 0OCHoge Oypepos ¢ mpems COCMOAHUAMU C UCNOTb30-
8aHUeM QYHKYUU 20J10CO8AHUSL NO MEHbUUHCMEY, peanu308annol Ha aocudeckux snemenmax LUT (Look Up Table).
Ilpeonacaemces omxazoycmouuueas KMOII-peanuzayust ¢pynkyuu 2010c08aHUsSL NO MEHLUUHCIMEY 8 GUOE OMOCLbHbIX
INeMeHmOs OJisk 020, YMoObl NOGLLCUNMb ObICMPOOEUCBUE PE3EPEUPOSAHHOU CXeMbl U HEe UCHONb308AMb JI02UHECKUe
pecypewt HJIHC. Boinoanaemcs mooenuposanue KMOII-3nemenma 2010c08aHUs NO MEHLUUHCIEY 8 CUCEME CXeMO-
mexHuyeckoeo mooenuposanus National Instruments Electronics Workbench Group.

Knouesvie crosa: maxcopumuposanue, Maxcopumap, QyHKyus 2010CO8AHUA NO MEHbUWUHCIEY, Oydep ¢ mpems
COCMOAHUAMU HA BbIXO0E, OMKA30YCHOUYUBOCTD.

Introduction. In recent years special attention is paid
not only to digital equipment of critical application reli-
ability, including aerospace digital computer systems [1;
2], but also to radiation-resistant element basis [3]. The
Atmel [4; 5] company is working hard on the creation of
radiation-resistant chips. One of ways to ensure radiation
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resistance is creation of special architecture — RHBD (Ra-
diation Hardened By Design). This approach includes
triple redundancy (Triple Modular Redundancy, TMR) or
majority function. Majority reservation is planted in the
FPGA [6] (field-programmable gate array) programmable
logic integrated circuits (PLIC) of the VirtexTM series of
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Xilinx [7-9]. At the same time majority devices (Majority
Vote Circuits) on the basis of 3-State buffers (BUFT) and
vote devices on minority “Minoriti” (minority function,
Minority Vote Circuits) are used. It is specified that vote
devices on minority can be realized on the basis
of so-called LUT (look up table) which represents ROM —
multiplexers which inputs of data fix the given logic func-
tion [6]. Synthesis of the fault-tolerant device of vote on
minority (Minority Vote Circuits) on CMOS transistors
for the purpose of their use without involvement of the
logical LUT resources and increase in probability of trou-
ble-free (consistent) operation of triplicate digital system
arouse interest.

Majority element based on 3-state buffers with
minority function vote devices. In FPGA VirtexTM of
Xilinx [7-9] realization of majority function on PLIC
contact elements (programmable logical integrated circuit)
using 3-state buffers and minority vote devices (Minority)
is described (fig. 1, 2).

The table of “Minority” (Minority Voted) function
validity of three channels A, B, C is suggested in fig. 3.

Thus the Minority Voted function has the following
expression:

Z=ABCv ABC. (1)

That is (1) equals one in case of difference of this
channel (A, B or C) from two others transfering the out-
put of the corresponding buffer to the third state to avoid
conflict between signals with two other buffers having
identical outputs. Let’s construct CMOS implementation
diagram (1).

CMOS implementation of minority voted function.
The suggested simplified diagram of CMOS Minority
Voted function implementation (1) is represented in fig. 4.

Element modeling fig. 7 with three additional inverters
in the system of circuitry modeling of National Instruments
Electronics Workbench Group [10] confirms operability
of the element in compliance with the table of validity
fig. 3. Fig. 5 represents modeling of working (single) sets
A, B, C.

Complexity of LUT [6] taking into account the setting
in number of transistors (in connection with restrictions,
stated in the Rules of topological design by Mead and
Conway [11], n can’t be more than 4) has the following
appearance:

L,=2"-8+2""+2n, )

Even if for implementation of minority voting func-
tion LUT with n = 3 is used, we receive the following
number of transistors:

Ly=2°-8+2%" 1+2.3=386. 3)

The suggested implementation is complicated by the
complexity of three inverters = 18 transistors, what is
more than 4 times as less. However, in case of a minority
voting element failure in one channel, the failure in the
other channel will lead to a failure of all triplex system.

Fault tolerant CMOS realizations of voting minor-
ity function. To follow the Rules of topological design by
Mead and Conway [11] on the number of sequentially
switched on transistors (no more than 4) decomposition of
the initial diagram is needed. One of the options is pro-
vided in fig. 6.

FPGA — PIN FPGA —
—; Minarity / P Minority
0 o R; Voter N 0 —|Ro Voter
TRO TRO
Ry Minority THAGE P, Minority
s——{R2 Voter 0 s——{R2 Voter
TR1 0 TR1
— ovovo=0 —
1R, Minority —1F, Minority
Rz Voter pe Voter
TR2 0 TR2 1
FPGA > e PIN
FPGA — PIN P Minority | 1
P A1
Minority —|po Voter
o —po Voter @)— TRo O
TRO
OBUFf. p 5 P 0 ORuFl TRACE
P Minority TRACE P, Minority
R1 +——|R2 Voter /
TRt 1 Rz Voter 1 / R1 1 = ,:l B
L L oBUFT
OBUFT
P T 0Vo0=0 —oAP Minority 0 1vi=1
1k, Minority R1
pr2 Voter 0 pe Voter
TRz 0 TR2 1 ;l
“oBurT L oBUFT

Fig. 1. Majority function implementation using “Minority” diagrams (Minority Voted) in sets 000,001, 010,011

Puc. 1. Peanuzanust Ma)xopuTHPOBAHHUS C UCTIOJIB30BaHUEM cXeM «MuHOpUTHY (Minority Voted) Ha Habopax 000,001, 010,011
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R TR1
o1 0 5w n
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1 —|Rs Voter / ro 1 —]Re Voter p‘L
e R L oBurT
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Fig. 2. Majority function implementation using “Minority” diagrams (Minority Voted) in sets 100,101, 110,111

Puc. 2. Peanuzanust MaxxopuTHPOBAHHS C UCIIOIb30BaHHEM cXeM «MuHOpUTH» (Minority Voted) Ha Ha6opax 100,101, 110,111

| i | i | e | S | D | = | = P
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Fig. 3. The table of “Minority”
(Minority Voted) function validity

Puc. 3. Tabnuma uCTUHHOCTH QYHKIIUA
«vuHOpHTH» (Minority Voted)

Vce
N]f\ %
B NB
- NC
=
.z
1T 1

Fig. 4. Simplified diagram of CMOS
Minority Voted function implementation

Puc. 4. Ynpoménnas KMOII cxema peanuzanuu
¢byukmu «munoputi» (Minority Voted)
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Fig. 5. Modeling of CMOS implementation of the minority voted element: a — set 100; b —set 011

Puc. 5. Mogemuposanne KMOII peanu3anuu 2ieMeHTa roJ0COBaHHs 110 MEHBIIUHCTBY: ¢ — Ha Habope 100; 6 — Ha HaGope 011
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Fig. 6. Decomposition of the simplified CMOS diagram of the “Minority” function realization (Minority Voted)

Puc. 6. Jexomnosunus ynpoménaoir KMOII cxems! peanmmzanuu pyHKIRN «MHHOpHTH» (Minority Voted)



Cubupckuil scypHan Hayku u mexvoaoeui. Tom 18, Ne 2

Further transistors of the decomposed diagram in
compliance with [12; 13] are reserved. Simulation of the
element of fig. 6 with transistor reservation and with three
additional inverters on some input patterns in the system
of circuitry simulation of National Instruments Electronics
Workbench Group is shown in fig. 7.

Assessment of probability of failure-free operation
CMOS voting on minority function realization. For the
Veybull model of refusals [14] applied for the purpose of
in time radiation resistance assessment of the buffer without
reservation we have probability of failure-free operation:

67(18)7»4“ , (4)

where failure density of one transistor, a-coefficient,
1<a <2;¢—an operating time in case of radiation.

For the offered redundant scheme of the voting minor-
ity element the probability of failure-free operation will
be presented by expression

POy =l 4470 (1= ()

Let’s estimate the tripling of the offered element. Un-
der voting elements tripling taking into account one addi-
tional majority function:

P =0 2R s 3(8) 0 ) o (11" 6)

Under voting elements tripling taking into account
three additional majority functions:

P. = 3.e*2~(18)-k-t°‘ _2.6—3~(18)-x.t°t y
33 ( ) (7)

X(3.e—2~(12)~x.t°‘ —2~e"3'(12)'Ma ).

Diagrams of failure free operation of minority voting

element probability change without reservation, e (B ,

of probability of failure-free operation of the offered re-
dundant diagram, of the tripled with one majority function
P(t)4y, » of the tripled diagram P; with three majority

functions, Ps;, under failure rate A = 10~ of 1/hour are
represented in fig. 8.

iy ==

Fig. 7. Modeling of a failure-free element of vote on minority: a — in set 100; » —in set 011

Puc. 7. MopenupoBanue 0TKa30yCTOWYABOTO dJIEMEHTA TOJIOCOBAHUS 110 MEHBIIMHCTBY: a — Ha Habope 100; 6 — Ha Habope 011
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Fig. 8. Diagrams of failure-free operation of the buffer without reservation probability change e O , fail-
ure-free operation of the redundant diagram — with transistors titration P(f)g,, , of the triple diagram

with one majority function P;, of triple diagram with three majority functions P;; under failure density

A =10"° of 1/hour: a — in the range from 1 to 0.6; b — in the range of probabilities from 1 to 0

Puc. 8. I'paduku n3MeHeHus: BeposTHOCTH Oe30TKa3HOH (OeccOoliHoi) paboThl Oydepa 6e3 pe3epBHPOBAHUS

a
e—(())?vz

, BEPOSITHOCTH 0€30TKa3HOM (06eccOoiiHON) paObOThl PE3CPBUPOBAHHON CXEMbI — C PACUCTBEPCHUEM

TPaH3UCTOPOB P(f)g,, , TPOUPOBAHHON CXEeMBbI P; C OIHUM Ma)KOPHTapoM, TPOMPOBAHHOH CXEMBI C TpeMs

-5
MakopuTapaMd Ps; MPU MHTCHCHBHOCTH OTKa30B (cO6oeB) A =10 1/gac; a — B mmanaszone ot lmo 0,6;

6 — B Auamna3oHe BepositHocTel otl 10 0

Conclusion. In FPGA Virtex of Xilinx for the purpose
of radiation resistance improvement tripling is used (Triple
Module Redundancy — TMR). For the delivery of major-
ity signal on FPMT connections “Minority” functions
realized in three LUT are used, where the single signal
is formed only in case of difference of this input from two
others, providing at the buffers output which aren’t in the
third state, always 0 or 1 without “mixing”. In the article
failure-free CMOS realization of the voting minority
element, allowing not to use FPMT logical resources and
essentially simplify realization of a majority function on
the basis of buffers, are described.

The executed modeling in the system of circuitry
modeling of National Instruments Electronics Workbench
Group has confirmed operability of the scheme offered.

The assessment failure-free operation probability con-
firms a considerable advantage over the triple diagram.
This advantage is observed on the wide range of probabil-
ity unlike that of the triple diagram which becomes worse
than not redundant already at probability of about 0.88.
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THE SYSTEM OF SOFTWARE-DRIVEN VERIFICATION
OF NETWORK IP-CORES IN A REFERENCE SYSTEM-ON-CHIP
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The article presents the application of network Intellectual Property cores (IP cores) software-driven verification
method for network infrastructure devices in the system-on-chip microprocessor (SoC) used as verification environ-
ment. The SoC used for verification is a reference system since it consists of previously fully verified and approved IP
cores which interact in this system correctly and accurately. Sofiware of a reference system generates test inputs and
processes responses to them which are received from a verified device. Conclusions of executed or unexecuted tests are
generated on the basis of the expected results. A set of expected results of input action is a reference model
of a verified IP core.

General architecture of a verification system of a network device IP core has a form of a classic test loop. The vari-
ants of verification architecture given depend on the type of a verified network device: an individual network codec,
a network protocol controller or a network switch. The presented architectures show the simplicity of software-driven
verification. The test environment naturally results from the reference SoC model and test software developed in such
high-level programming language as C/C++.

When the software-driven verification of an IP core takes place in reference SoC environment, the test sofiware con-
sists of two types of tests: directed tests and restricted-random tests. Successive use of both the given types of tests and
typical scenarios of network devices interaction which include request-reply packages transmission between
network nodes provides high coverage of a verified IP core with test situations. To check fault tolerance function it is
supposed to use the scenarios of network devices interaction in conditions of possible faults made by predetermined
introducing of errors into packages transmitted over the network connections. Program tests which are developed and
proved during the IP core model verification are completely ready to be used in hardware SoC prototype including the
given IP core in the programmable logic device.

The presented approach to functional verification was used for IP cores testing in SpaceWire network infrastruc-
ture: a fault tolerance codec, a RMAP protocol controller and a routing switch.

Keywords: Intellectual Property cores, functional verification, software-driven verification, reference SoC, verifica-
tion architecture of intellectual property cores.
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CUCTEMA ITPOI'PAMMHO-YIIPABJISIEMOM BEPU®UKAILIMUA CETEBBIX
CJIO)KHO®YHKIIMOHAJIbHBIX BJIOKOB B 9TAJTOHHOM CUCTEME HA KPUCTAJLIE
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IIpeocmasneno npumeneHue memooa NPOSPAMMHO-YRPAGNAEMOU 8ePUPUKAYUU CTIOHCHODYHKYUOHATLHBIX OIOKO8
(CD-6510K08) ycmpoticme cemegoli uHppacmpykmypsl 8 MUKponpoyeccoproli cucmeme Ha kpucmaine (CHK), ucnonv3sye-
Mot 8 kauecmae cpedbl 014 npogedenus sepuguxayuu. Hcnonvzyemasn ona eepuguxayuu CHK aensemcs 5manoHHol,
MAK KaK OHA COCMOUm U3 panee NOJHOCMbIO 8ePUPUYUPOSAHHBIX U anpobuposantbix CD-6710K08, Komopuvle capanmu-
PosanHo npasunvHo u 6Ge3owudbouno 6 el 3aumoodeticmgyiom. Ilpospammmnoe obecneyenue dmManoHHOU CUCHEMb
svipabamvisaem mecmosvie 8030elicmeus u 0opabamvigaem peakyuu Ha HUX, ROJyHaemvle Om 6epuPGUYUPYemMozo ycm-
poticmea. 3axniouenus o 6bINOJHEHUU UNU HEBLINOIHEHUU MeCo8 8blpabamulearOmMcs UCX00 U3 0HCUOAEMBIX
pe3ynvmamog. CO8OKYNHOCHb 0XCUOAEMBIX PE3VIbIMAMO8 HA 6X0OHblE 8030€UCEUs COCMAGIIAEN. JIMANOHHYI0 MOOENb
sepuuyupyemoco CO-6n0ka.

Obwasn apxumexkmypa cucmemvl gepugpuxayuu CP-010ka cemegoeo ycmpoucmea umeem 6U0 KiACCUYeCKou
mecmogoti nemau. I[lpueedenvl apuarmsl apxumexkmypvl epuPuKayull 8 3a6UCUMOCIIU OM BUOA 6EPUPUYUDYEMO20
cemegoeo ycmpoucmea: OmoenbHblll cemegoll KOOeK, KOHMPOIEp Cemego20 NPOMOKONA Ul Cemesoll KOMMYMAamop.
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Ilpedcmasnennvie apxumexmypvl 0eMOHCIMPUPYIOM NPOCMOMY RPOSPAMMHO-YIpasisemou gepuguxayuu. OKpysicenue
Mecmuposanusl NOJY4aemcs ecmecmeeHnbiM 0opazom uz modenu smanonnoti ChK u mecmosozo npozpammnozo odec-
newenust, paspabomanHo20 Ha 8blCOKOYPOBHEBIX A3bIKAX NPpocpammuposanust, 0oviuno C/C++.

Ipu npoepammno-ynpasnaemoii gepugpuxayuu CD-o10Ka 8 cpede smanontoti CuK mecmogoe npoecpammuoe odec-
neueHue cocmoum u3 08yx U006 MeCmos: HANPAGIEHHbIX U 0ZPaAHUHeHHO cyyalnbix. [lociedosamenvioe UCnonb306aHue
OaHHBIX BUO0E MECTNUPOBAHUSL, 4 MAKI’CE MUNOBIX CYEHAPUEE G3aAUMOOEUCIBUs. YCMPOUCME 8 Cemu, 3aKII0YaAIOWUXCsl
8 NOCHIIKAX Ceputl 3anPOCHbIX U OMBEMHbIX NAKEMO8 MedCOy V3NaMu, obecneuusaem blCOKOe NOKpbimue gepuguyu-
pyemozo CD-6n0xa mecmosvimu cumyayusimu. [l npoeepku (pyHKyull OmKazoycmoudugoCcmu npeoiazaemcs Ucnoib-
308aMb CYEHAPUU B3AUMOOCUCIBUSL Y3108 8 YCIOBUSIX B03MOICHBIX CO0EB, BHOCUMBIX NYMEM NPEOHAMEPEHHO20 6HECEHUs.
owuboK 8 nepedasaemvle uepes cemeguvle coeOuHeHus nakemol. IIlpoepammuvie mecmol, pazpabomanmvie U OMIAANCEHHbIE
6 npoyecce sepugpuxayuu mooenu CD-610Kka, NOIHOCMbIO 20MOBbL K npumenenuio 6 annapamuom npomomune CHK,
sxmrouarowel 0anuvitl CO-010K, 8 ycmpoucmee npocpamMmmupyemo 102UKU.

Ilpeocmagnennviii n00X00 K NpogedeHuo GYHKYUOHANbHOU 8epudpurayuu Obll UCHOIL306AH 0N MeCMUPOBAHUs.
C®-6510K08 Ons ungppacmpykmypol cemu SpaceWire: omxazoycmouuugo2o kooexka, KoHmpouiepa npomokoia RMAP
U MaApupymusupyroue20 KoMmMymamopd.

Kniouegvie cnoea: croscnopynxyuonanvivie OI0KU, DYHKYUOHANbHAS BEPUPUKAYUS, HPOSPAMMHO-YNPAGILAEMAs
sepugurayus, SMAIOHHAS CUCTNEMA HA KPUCMATLTE, CXeMbl 8ePUDUKAYUU CEMEBBIX CLOHCHOPYHKYUOHATLHBIX OI0KO08.

Introduction. Functional verification (FV) is intended  reactions to transactions are also converted into high-level
to serve for the validation of a designed device or an intel-  data saved as response tracks. The given test environment
lectual property core (IP-core) to set functional specifica-  creating simplifies the FV.
tions [1]. The FV significance rises together with the For test environment creating one can use both
increase of designed devices complexity. The FV com- programming languages such as C/C++ or assembler and
plexity also increases reaching 70 % of all development VHDL. The latter way belongs to autonomous IP-core
work [2]. Usually FV is performed on models of a designed ~ verification and is inherent in all RTL-simulators. A new
device and then models are converted into a hardware stage of its development is presented by such well-known
prototype which becomes a base for creating of a target ~methodologies as Open Verification Methodology (OVM)
digital device. and Universal Verification Methodology (UVM) [4; 5].

FV is divided into 2 large groups of methods: methods ~ To reduce the time spent on developing the test environ-
based on dynamic modeling or simulation (Simulation- ment and creating stimuli of any complexity they use such
Based Verification, SBV) of a model of Register-Transfer ~ an object-oriented system designing language as System
Level (RTL) [1; 2]; and Formal Functional Verification ~ Verilog and UVM class library.

(FFV) methods based on the representation of a verified Traditional programming languages are usually used
IP-core as other models that are not RTL, which are for IP-core verification within an entire system. For
called formal and used for logical fault finding [3]. SBV ~ ¢xample, a well-known approach for processor verifica-
is a traditional approach still having high priority because ~ tion is Instruction Set Simulation (ISS) [6]. The stimuli
a target device is synthesized from RTL-model created by =~ &€ program tests of verifiable processor instruction
Hardware Description Language (HDL). executing and result monitoring. ISS is more flexible:

FFV methods actively developed in recent years are it is used not only for system verification ‘put also for
additional and serve to avoid faults at early project stages, autonomous one on condition of corresp Ondmg prepara-
to detect faults not identified by SBV-methods; to carry tion as well as for hardware and software co-verification.
out formal provability of the errorless operation of a de- 'Such’ approach. is generally cglled Software-Driven
signed device. There are also so-called hybrid methods Verification (SDV) [7]. In special literature one can come

: . . . across another name — Processor-Driven Verification
using the combinations of different approaches. Hereinaf- .
ter the SBV-methods are used in the paper (PVD) [8]. The approach consists of IP-core RTL-model
In general terms SBV-method consists- of creating the connection to the full-function microprocessor system
. . ) MPS) model, for example system-on-chip (SoC), by the
test environment where RTL-model of Device Under Test ( ) » JOf X fp 4 1 . fp (. ), by
(DUT) is simulated. The test environment generates test standard bus and interface and later verification by MPS
. . . ; . . program tests.
inputs (stimuli) on the model in the form of different se- This paper presents the SoC system for software-
quences of '1nput 51gr}al sets anq apalyses TeSponses, O 4riven IP-core verification, where IP-cores are interface
model reactions, that is, changes in its state and its output

) . . . s devices.
values. The action described is provided by special The software-driven verification system. The over-
programs — RTL-simulators.

) . all architecture of IP-core verification system for network
At the present moment the simulation of complex

o ) ' ) devices has the form of a classic test loop, when the inter-
digital devices such as microprocessors or devices con-  ,.tion of a reference device and a tested one

nected to their internal bus is based on the Transaction g checked under the control of an operating device which
Level Modeling (TLM) concept [1; 2]. In this case the iy this case is a SoC processor with required test software.
stimuli are not specially-generated input signal sets but A codec test loop is first performed in the model and for
high-level interaction with DUT (bus exchange operations FPGA prototyping it is replaced by cable connection.

and input/output interface exchange, processor instruc- Depending on the type of network device to be veri-
tions, and network packages) converted into signals. DUT  fied — a network codec, a network protocol controller
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or a network switch - the architecture of the verification

system is modified.

Fig. 1 shows the architecture of network codec IP-core
verification system (DUT on fig. 1). All the other SoC
devices — a processor, an on-chip bus, and other devices
not shown in the figure for simplicity — are reference ones
in this case. It is supposed that reference IP-cores were
previously fully verified and approved; correctness of
their functioning is guaranteed; and they can be fully
trusted. The given IP-cores can be self-developed, pur-
chased as commercial products or obtained from informa-
tion resources as open products, but in any case their cor-
rectness is guaranteed. The entire SoC system consisting
of reference IP-cores which are guaranteed to correctly
and unerringly interact in it is a reference system. In
a reference system only one separate [P-core is verified

at a time.

The scheme presented in fig. 1 is intended for verifica-
tion of a new IP-core of a network codec, for example, its
fault-tolerant version, by a reference IP-core of a network
codec. The test inputs generated by test software are fed
to a verified IP-core network codec from two directions:
from an on-chip bus and a codec reference IP-core.

Verified IP-core responses to inputs impacts are also
processed by test software. The conclusion about exe-
cuted or unexecuted tests is based on the expected results.
The cumulative expected result is a DUT reference model

realized in a reference SoC.

The architecture of a verification system of a network
protocol controller IP-core is presented in fig. 2. A network
controller includes a reference network codec. The logic

Network
codec

L

Network connection

Network
codec
(DUT)

On-chip Bus

N

<]l 'l: Test
software

of a network controller is to be verified. The architecture
of network switch verification is built the same way (fig. 3).
The network switch has n reference network codecs equal
to the number of switch ports. A separate network con-
nection using the n network codecs of the reference SoC
is created for every switch port. Only the network switch
logic should be verified.

Presented architectures illustrate the simplicity of
software-driven verification. Test environment naturally
results from the reference SoC model and test software
developed in a high-level programming language, usually
C/C++.

Test software. According to general verification
methodology, if software-driven IP-core verification takes
place in SoC reference environment then the test software
consists of two test types: a directed test and a restricted
random test.

Directed software tests are designed manually. They
are used for initial testing of a verified IP-core basic
elements and its basic function as well as for checking
of hard to formalize and rare events [6]. Besides, directed
software tests allow recreating and checking the typical
scenarios of network device interaction which consists
of request-reply packages transmission between network
nodes.

To check fault tolerance function the network device
interaction scenarios can be practised in response to pos-
sible faults injected by predetermined fault introducing
into packages transmitted over the network connections.

Processor

Fig. 1. The architecture of a network codec IP-core verification system

Puc. 1. Apxurekrypa cucremsl Bepudukanun CD-6510ka ceTeBoro Kojuexka

Network controller

N

Network
codec

o

Network
controller logic
(DUT)

Processor

Network
codec

On-chip Bus

Network connection

<):(> Test
>

N

Fig. 2. The architecture of a verification system of a network protocol controller IP-core

Puc. 2. Apxutextypa cucremsl Bepudukarun CP-6510ka KOHTpOIIIEpa CETEBOr0 IIPOTOKOJIA
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Fig. 3. The architecture of a verification system of a network switch IP-core

Puc. 3. Apxutekrypa cuctemsl Bepupukamnun CPD-6110ka ceTeBoro KOMMyTaTopa

The major part of detailed verification is performed by
restricted random verification based on the object-oriented
programming capability. The method of restricted random
(stochastic) testing is that the test sequence is generated
automatically according to a set template with parameter-
ized pseudorandom selection of test body instructions and
their arguments. The method key benefit is the opportu-
nity to fully automate tests generation and start-up proc-
esses, as well as the comparison of tests results which
is necessary for mass testing of complex IP-cores [9].

The advantage of the software-driven IP-core verifica-
tion by reference SoC is naturalness and simplicity. There
is no need to study specialized methodologies, language
aids and verification libraries, and then with their help to
create required verification environment and test inputs.
In this case the test environment results naturally from a
priori available reference SoC model created by a tradi-
tional designing language (VHDL, Verilog), and tests are
written in a high-level programming language C/C++,
studied in the course of preparation for all engineering
degrees at technical universities. The hardware and soft-
ware co-verification task is also naturally solved because
the program tests developed for IP-core verification be-
come the basis for operational software of a given IP-core
in a given SoC [10].

The restriction of this methodology usage is the ab-
sence of a reference SoC. Such a situation is possible
when a principally new SoC with a new processor and a
new on-chip bus is developed. But the situation is not
typical for the major part of IP-core development and
testing processes.

Verification results. Software-driven verification
method for a reference SoC and presented verification
system architectures are used to verify IP-cores of net-
work infrastructure SpaceWire [11]. The reference SoC
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as well as the other IP-cores except SpaceWire reference
codec are realized on the basis of LEON3 processor core
from the open library GR-LIB of Gobham Gaisler [12].
The open codec SpaceWire Light is used as a SpaceWire
reference codec [13]. SoC created on the basis of GR-LIB
IP-core base can serve as a reference one. Gobham
Gaisler Company has a good reputation, its concepts have
piloting capacity and are realized both in FPGA and in
ASIC.

The architecture presented in fig. 1 is used for
SpaceWire fault-tolerant codec verification; the one pre-
sented in fig. 2 — for RMAP protocol controller verifica-
tion [14], and the one presented in fig. 3 — for a routing
switch of SpaceWire network.

Verification process is performed in two stages:
the first stage — verification on a model and the second
one — verification by FPGA prototype. Testing by FPGA
implementation allows both detecting errors that were not
detected during the model verification, and making sure
of IP-core functional specification values for a specific
FPGA [15]. In this process the test software which was
used for model verification is fully used for FPGA proto-
type verification which is an important advantage of soft-
ware-driven verification in a reference SoC. Further the
developed test software can be used for target VLSI test-
ing, including a reference SoC and a verified IP-core.

Conclusion. The software-driven IP-core verification
method with a reference SoC provides flexibility and va-
riety of possible ways of creating test software; it does not
create disparity between verification and synthesis; it pro-
vides the SoC hardware and software co-verification; it
provides software test portability when tests are created
during the verification process of an IP-core model in
a computational model on a SoC FPGA-prototype includ-
ing this [P-core.
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Software-driven verification architecture with a refer-
ence SoC realizes the classic test loop regardless of a veri-
fied network device type. Developed modifications of
software-driven verification system with a reference SoC
are used for IP-core testing in SpaceWire network:
a fault-tolerant codec, a RMAP protocol controller and
a routing switch.
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The control system of a launch vehicle (LV) at the initial phase of flight at altitudes between 0 and 300 meters is the
object of investigation in the article. At this phase the flame of the LV jet engine is the cause of a negative impact on
facilities of the launch complex. This effect can be reduced by displacing the jet flame in a certain radial direction with
increased resistance of the facilities using a specially developed vehicle motion control program.

The purpose of the article is to develop an algorithm for the controller of the LV motion control system on the
considered “displacement phase” of the trajectory that provides an implementation of such a program.

To solve the problem, we developed the modified version of the Letov’s method of analytical construction of regula-
tors (ACOR). The peculiarity of the modified statement of the problem solved in the work is that the controlled output
vector of the system depends explicitly not only on the LV state vector, but also on the control variable.

The quality of control is evaluated using a quadratic terminal-integral optimality criterion. This kind of criterion
allows to trace with the specified accuracy the preliminary calculated program for supporting the required position
of the trace of the LV jet flame on the launching plane, and also to ensure the vertical position and the zero angular
velocity of the vehicle at the end of the displacement phase.

To solve the problem of constructing the algorithm, a special linearized model of the LV motion has been developed.
The results of simulating the controlled motion of a launch vehicle with the use of the algorithm confirm the operability
and demonstrate efficiency of the developed optimal regulator of the LV control system at the displacement phase under
consideration. Calculation results show that angular position of the LV at the end of the displacement phase is close
to vertical, the angle of the engine nozzle deflection is within the permissible limits and the deviation of the current
position of the jet flame track from the program value does not exceed 0.5 meters.

Keywords: launch vehicle, facilities of the launch complex, jet flame, displacement phase, optimal regulator, quad-
ratic criterion.
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A. 1. Anprynep’, B. T. Bo6ponnnkos’, M. B. Tpudoros**

'TocynapcTBeHHBII KOCMUYECKHIT HayHO-IPOM3BOACTBEHHBIH LeHTp uMerrn M. B. Xpynnuena
Poccuiickas ®enepanus, 121087, r. Mocksa, yia. HoBozaBoackas, 18
*MOCKOBCKHit aBHALIMOHHBINH MHCTUTYT (HALMOHAIBHBII HCCIIE0BATEIbCKIIT yHUBEPCUTET)
Poccuiickas ®@enepanus, 125993, r. Mocksa, Bonokonamckoe mocce, 4, A-80, I'CII-3
"E-mail: 3_fonov@mail.ru

B xauecmse obvexma ucciedosanus paccmampueaemes cucmema ynpasienus ogudicenuem PH na navansnom yuacmxe
noaema 0-300 mempos. Ha smom yyacmke 2azoounamuueckas cmpys osucamenss PH oxazvieaem necamusHoe 8030eti-
cmeue HaA COOPYHCEHUsi CIAPMO8O20 KOMNIeKca. Dmo 8o3delicmaue moxcem Oblimb CHUNCEHO 34 Cuem Y800a Cmpyu
6 PAOUATLHOM HANPABIIEHUY OM MOYKU CIAPMa no 3apauee 3a0AHHOU NPOSpamMme YNpaeieHus..

Llenvto uccredosanusa aensemes paspabomka onmumanvrozo peeyiamopa CY PH na smane ygoda, obecneuugaio-
Weao peanu3ayuro nPoSpammel y6ood.

Ilpednazaemcsa mMoou@uyupo8annvlii 6apuanm pewenus 3a0a4u aHAIUMU4ecKko20 KOHCMPYUposaHus pe2yiamopos
A. M. Jlemosa. Ocobennocmulo nocmano8ku 3a0a4u A61aemcs mo, 4mo 6eKmop bix00a CUCMeMbl 3a8UCUM U OM 6eK-
mopa cocmoanua PH, u om ynpaensioweli nepementol, u Kauecmso ynpasieHus 8 3a0aie OYeHu8aemcsi ¢ UCnoIb306aHuem
K8AOPAMUIHO20 MEPMUHATLHO-UHMEZPATbHO20 Kpumepus. Takol 6ud Kpumepus no36oasem ¢ 3a0aHHOU MOYHOCMBIO
OMCNeHCUBATND MPEOYEMYIO NPOSPAMMY USMEHeHUs cledd 2azodunamuyeckol cmpyu PH na cmapmosoii nrockocmu
u obecneuums 3a0annoe nonoxcenue PH 6 konye smana ygooa.
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3aodaua pewaemcs ¢ UCHOIL30BAHUEM TUHEAPUZOBAHHBIX YPasHeHull OsudiceHus PH. Pe3ynomamvi MoOenuposanus
osudicenusi PH noomeepoicoarom pabomocnocobrocms u 3¢pghexmurocms paspabomantoeo OnmuMAaibHO20 pe2yisimopa
cucmemul ynpasienuss PH. Pacuemwvi noxasviearom, umo osudicenue PH na smane ys00a O6ausko K 6epmuKaibHOMY,
Y20l OMKIOHEHUs. CONNA 08U2AMENA HAXOOUMCS 8 OONYCMUMOM OUANA30HE U BENUYUHA PACCO2NACOBAHUS MEKYIYE20
NONOMNCEHUS CLedd CIMPYU C 3A0AHHBIM RPOSPAMMHbIM He npesviuaem 0,5 mempa.

Kuroueswie cnosa: paKkema-Hocumesb, COOPYIHCEHUA CmaApmoe0oc0 KOMnjiekca, 2A300UHAMUYECKASL cmpy:, sman yBO()Cl,

ONMUMATLHBIL Pe2YIAMOp, K8AOPAMUYHBIN KpUmepuil.

Introduction. At the initial stage of the launch vehicle
(LV) flight at altitudes between 200-300 meters one of
the flight control system’s tasks is to displace the launch
vehicle’s jet engine flame from the launch complex (LC).
This process is of great importance as the jet engine flame
has a negative impact on the LC [1].

There are several methods to reduce negative thermal
effect on LC. Some of them are:

1. Methods of “passive” protection: to use heatproof
materials in the constructions of the LC or to use addi-
tional measures such as foam or water to cool the launch-
ing complex elements [2; 3].

2. To use some modified algorithms of a LV flight
control to displace LV jet flame in specially organized
direction and so on.

For example, at the LV of ground start “ZENIT”
to cool jet engine flame and to protect LC facilities water
is used [2]. While at the LV of sea launch “ZENIT-3SL”
the technology of jet flame deviation to certain direction
by means of modified algorithms of the LV flight control
is used [4-6].

Two approaches can be proposed to perform con-
trolled displacement of a LV trajectory using the vehicle
flight control system (CS):

1. Using pre-calculated motion program of a LV flight
at the displacement phase (DP) taking into account initial
and terminal (boundary) states of the vehicle and the
subsequent executing of this program with use of the CS
of the vehicle.

2. Solving the synthesis problem of flight control tak-
ing into account the current and required terminal LV
states.

In this paper we consider the second approach — syn-
thesis of the LV fligth control algorithm. Solving the
problem of jet engine flame displacement, the position of
flame trace on the launch pad is one of output parameters
of the LV flight control system.

To implement the controlled DP of the LV flight, the
program of flame flow location on the launch pad in the
direction of displacement /,() as a function the LV alti-
tude 4 has to be preliminarily calculated. This program is
fulfilled by the LV CS with flight control algorithm (regu-
lator), specially developed for this phase of the LV flight.

In each time of DP the jet engine flame trace must be
located inside a circular area of a certain size. The center
of the area must be located on the line specifying the
direction of the displacement. Size of the area has to be
calculated in advance as a function of time for every
particular LV and LC. Any high-rise structures should not
be located in the direction of displacement.

Generally the model of LV motion at the initial phase
of LV flight is described by nonlinear equations. But
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while solving the problem of LV jet flame displacement
from launching complex constructions this model can
be replaced by linearized equations with time variant
parameters.

The problem of finding the optimal control of the sys-
tem described by linear equations can be solved using the
method of analytical construction of regulators (ACOR).
The first scientific papers on this theme belong to
A. M. Letov, published in 1960-s [7; 8]. In foreign publi-
cations this method is known as the tracking task method.

The aim of this work is to develop the method of con-
struction of optimal regulator of a LV control system
for the DP that provides the executing the program of jet
flame trace displacement.

The problem is solved for linear equations describing
the launch vehicle motion in the direction of displace-
ment. The new modification of the ACOR method is pro-
posed. The modified version of the method allows finding
the solution of the problem when the system output
is dependent explicitly on input variable.

Statement of the problem. While starting the LV
nearest facility of the LC is the cable-filling tower.
In order to prevent the LV collision with the tower the
program of jet flame trace displacement on the launch pad
as a function of trajectory altitude is used (fig. 1).

i I i i i
0 A0 100 150 200 250 300
h, m

Fig. 1. Preset program changes the LV jet
flame trace location as a function of flight altitude

Puc. 1. 3agannas nporpamMmma U3MEHEHUS MOJIOKEHUS cllefa
ocu I'J] ctpyu PH B 3aBHCcHMOCTH OT BBICOTSHI 1OJIETa

Double-stage character of this program is stipulated
with the fact that after the lift-off the LV should move
vertically to avoid hitting the cable-filling tower, then
softly move in the direction of displacement on preset
distance from starting point not setting engine plume
close to the tower.
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The control variable in the jet engine flame displace-
ment problem is the engine nozzle deviation angle 3.

The task is to develop an optimal LV motion control
law taking into account LV parameters and preset
program of jet flame trace location at the launch pad,
to choose the structure and gains of the LV CS regulator
for executing the preset program of the jet flame trace
displacement.

Efficiency of control is evaluated by quadratic termi-
nal integral criteria. The terminal part of criteria is used
to provide preset final angular state of the LV at the end
of DP — vertical orientation and zero rate of LV. This
requirement is caused by the fact that after completing the
DP, the LV must continue its motion according to the
regular pitch program. The integral part is some kind of
a “penalty” for deviation of current output parameter /,
from its preset program value /3 [10].

The model of LV motion at the phase of controlled
displacement. Parameters describing motion of the LV in
the displacement plane are depicted in fig. 2.

hs

he!

]

I{_r}
l

Fig. 2. Parameters of LV motion at the displacement phase
in the starting frame

Puc. 2. ITapametpsr amxenus PH na stane ysoga
B CTapTOBOH CHCTEME KOOpANHAT

Fig. 2 shows the main parameters of LV motion [11]: OL
is the LV jet flame displacement direction, R, is the main
vector of external forces, acting on LV, C is LV center of
mass, F'is LV pressure center.

Assumption:

1) LV motion is performed in the plane of displace-
ment maneuver;

2) LV is considered as a solid body;

3) the Earth gravitational field is homogeneous;

4) the Earth is plain and nonrotating;

5) atmospheric density during the DP is constant,
wind disturbances are not considered;

6) LV mass and inertia moments during the DP are
constant;

7) LV aerodynamic characteristics are: C, = const,
C = Cya , C;= const , where o — angle of attack; C, —
aerodynamic drag force coefficient; C, — aerodynamic
normal force coefficient; Cy — derivative of aerodynamic

normal force coefficient; C,— coefficient of pressure center;

8) LV engine thrust during the DP is constant;

9) the dynamics of engine thrust vector control actua-
tor is neglected.

LV motion equation. Several reference frames are
used in the article for description of LV motion (fig. 2): the
starting frame OXcYcZc, the body frame CXYZ, the flow
frame CX,Y,Z, [12]. The beginning O of starting frame is
located in the crossing point of LV longitudinal axis,
when LV is located on the launch pad (LP), with horizon-
tal plane on zero level of launch pad. Axis OZ. form the
right-handed frame OX¢YZc.

With enumerated assumptions the LV motion in the
displacement maneuver plane is described by the follow-
ing differential equations:

V,=(P sin (9 +8) —mg—X,sin9+Y, cos9)/m,
v, =(Pcos (9+8)—Y,sin3—X,cos9)/m,
&= (=Psind (x; —x,)+Y,(x, —x))/1,

, (D
i=v,
h=V,,
9=o,

where m — LV mass; / — moment of inertia relative to
lateral axis; V, m V; — projections of velocity

V =\V}+V;? on flow axes h and /; P — engine thrust;
9 - pitch angle; 6 =arctg(V,/V;) — trajectory inclina-
tion angle; X, = C,Sp V? /2 — aerodynamic longitudinal

force; ¥, = Cya SpV* /2 — aerodynamic normal force,

a=9-0; h — LV center of mass (COG) flight altitude;
| — distance from starting point to LV COG projection
on the launch pad plane; ® — angular rate of L'V relative to
lateral axis; xy — distance from nozzle edge plane of sus-
tainer engine to COG; xp — distance from nozzle edge
plane to center of deviation of sustainer engine chamber;
x4 — distance from nozzle edge plane of sustainer engine
to LV pressure center: x, = L(1-C,); L — characteristic

length; S — characteristic area; p — atmospheric density;
d — angle of deviation of sustainer engine chamber;
g — gravitational acceleration.

Simplifying and linearization of LV motion model.
Considering values 3, a, A3 =3—-n/2, AB=0-7/2
small, we will get:

sin 9=1, cos $=—AY, sin d=9, cosd=1, sin (3+0 ) =],
cos (3+8)=—-A3-05, V, =Vsinb=/V,
V, =V cos® = -V AB.

With these assumptions the system (1) transformed
to the following two systems:
V=(P-mg—C,SpV?*/2)/m,
( ' X ) )
h=V.
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V, =(~PAS =P8 —CySpV 2o/ 2+ Cy SpV A8/ 2)/m,
1=V,
’ . (3)
(= (~P8(x; —x5)+ CYaS(x, = x,)pV /2)/1,
AS = o,
where a.=A8—-AB, AO=—V,/V .
The system (3) can be rewritten in the following form:

. (Cy —CHSpV? -2P ceSpV P
Vl: X Y [ AS— y PP Vl__S’
2m 2m m
=V,
:C;,x(xd—xT)Ssz AG+ )
21
N Cy (xg ;;T)SpVVI_P(xT—xB)& Abeo.

System (2) is independent from the system (4). It can
be integrated with initial conditions: V(0)=0 and
h(0)=hy =x;to get explicit expressions for V and &
as functions of time.

Several transformations of the first equation in the
system (2) give the following results:

m - C.pS y2.
2(P—-mg)

P-mg
m b= C.pS

a= s - a
P—mg 2(P—-mg)

adV
I1—bV2 -
= Lln—H\/E 4 =
PN N
As V(0)=0,s0 C=0and

aV =1-pr*, = Idt, =

N

V() ==Yl

b a
N

h(t)=hy + [Vt = hy +%lnch7t.

)

One of system’s output parameter is the coordinate of
jet flow trace /, along axis OL.

Coordinates sustainer chamber center of deviations on
the on the starting frame axes are described as follows:

I =1—(xp —xp)cos Y,
Iy = h—(xp —xp)sin 9.
Equation of the straight-line H = H(L), that goes

through the sustainer chamber center of deviations and is
parallel to thrust vector:

H —hye = (L= )tg (3+39).
Coordinate of jet flame trace on the starting plane can
be evaluated with H = 0:
[, =l —hetg (8+9),
SO

I, =1—(xp —xp)cos -
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= (h—(xp —x3)sin 9) ctg (9 +9).
At small angles 8 and AS = S—g

1, =1+h(A9+8)~(x; —x;) 8. (©)

So the final formula for calculation of output /, is:

L, =1+hAS+hgs, @)
where / is the known function of time (5); hg = h —x7 + x5 —
altitude of sustainer engine chamber center of deviation
above the starting plane.

Preset coordinate of LV jet flow trace on the starting
plane is denoted as I3(h.), where h, — altitude of nozzle

edge plane of the sustainer engine above the starting
plane.

h,=h-x;. ®

Formulas (5), (8) and /(A,.) can be used to recalculate
the preset coordinate of LV jet flame trace along x axis as
a function of flight time.

Motion equation of LV in vector-matrix form. Sys-
tem (4) can be written in normal Cauchy form:

%x(r)=A(t)x(t>+B(t>u(r>, ©)

where x=[V, ® [ AS] is state vector;

a; 0 0 ay

a; 0 0 a
= # - dynamic matrix with elements:
1 000

0 100

ay, =—C% SpV /2m, ay, =[(CX -cy)s pv? —ZPJ/Zm,

ay = Cy(x, —xp)SpV 121, ay, = Cy (x, —x7 ) SpV? /21,
B=[h b, 0 O]T — vector with elements:

by ==P/m, b, ==P(x; —xp)/1;

u = [3] — control variable.
The system output vector is described by the algebraic
equation:

y(B) = C(@O)x(2) + DO)u(?), (10)

T
where yz[Vl o [, ASJ — vector of output parame-

ters;
1 000
0100
C= : D=[0 0 hy o],
0 01 &
0 001
Preset vector of output parameters is

z=[0 0 7, o].

Method of analytical construction of regulators
(ACOR). Let’s consider linear time variable observable
and controllable dynamic system (9); (10) with the initial
conditions x(f))=x, [9; 13]. In this system x(¢) —
n-dimensional state vector, u(f) — r-dimensional vector of
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control variables, y(f) — m-dimensional vector of outputs,
z(#) — m-dimensional vector of demanded outputs.

Vector equation of tracking error at the time ¢ is calcu-
lated as follows:

e(t) = y(t) = z(2).
It is necessary to find the control minimizing the criteria:
J(e,u) = %eT (t ) Fe(t,)+
1k (11
+ | (eT (t)Q(t)e(t)+uT(t)R(t)u(t))dt.
fo

In (11) F, R, Q — preset “weight” matrices, control
variables u(f) are not constrained, #; — preset final time.

It is shown [9; 13], that the solution of the problem
if D = 0 gives to the optimal control law in the form:

u(t) =R (0)B" (1) 2() - K0)x()],

where K(#) is n-dimensional quadratic symmetric positive
definite matrix, that obey to the matrix differential
Riccatti equation:

dK (t)
Cdt
-K(0) A1) - A" (DK (1) - CT (HQ)C(1)
with terminal condition:

K(1)=C"(t) FC(t,);

=K()B()R ()BT (1)K (1) -

g(f) is n-dimensional column vector that is solution of
linear vector differential equation

_dgd 5’) =[KOBOR™ (1)B" - 47 (1) |g() - C" ()0(0)=(0)

with terminal condition:
(1) =C" () F=(1,).

But such statement of the problem is not general. In
the technical task considered in this article, output vector
v depends both on state vector x and input variable u = /5.

To find the solution in the such case the ACOR prob-
lem has to be reformulated in the following more general
form: to find the optimal control law " of linear dynamic
system (9), (10) with D(f)u(¢) term, that minimizes crite-
ria (11). The solution in this case we will call as solution
of the modified ACOR problem.

Solution of modified ACOR problem. According to
the Pontryagin’s principle of maximum the optimal control
of linear system (9), (10) must minimize Hamiltonian [14]:

H(p,x,u,t) =%(z—Cx—Du)T X

X Q(z - Cx—Du) +u’ Ru+p" Ax+ p" Bu,
where vector-function p() satisfies the vector equation
dp’ __oH
dt ox’
or

d_p: CTQ(Z—Cx—Du)—ATp.

i (12)
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Control ” minimizing H can be fined from the neces-
sary optimality condition:
H
‘2— =x"C"OD-"QD+u" (R+D"OD)+ p" B =0.
u

Solving this equation we get
-1
u =(R+D'QD) (D'Qz-D"QCx-B"p). (13)

Inserting (13) into (9) u (12) results in the following
equations

%:Lx—Mp+Nz, (14)

d—p:—Ux—LTp—i-Wz,

i (15)

where L = A—B(R+DTQD)_1 D oc;
M = B(R+DTQD)71 B’
N= B(R + DTQD)fl Do,
U=Cc'oc- CTQD(R + DTQD)_I D'OC;
W =C"0-C"oD(R+D'OD) D O:

[R(t)+DT (t)Q(t)D(t)J — positively defined symmetric
matrix.

The (14) and (15) jointly form nonhomogeneous
linear system of differential equations with variables x, p.
The solution of this system should satisfy boundary con-
ditions

x(ty) = Xy,
p(t,) = CT(t)FC(t)x(t,) = CT (1) Fz(t,). (16)

Let’s represent the vector—function p in the form

p=K0)x-g(), a7

where K(¢) is square matrix of nxn size; g(f) — n-dimen-
sional vector.
Make equation for determining K(#) and g(¢). For this
we differentiate both its parts of (17) by time
dp _ dK 1% dx dg

—Xx+ .
dt dt dt dt

Taking into account (14), (15) and (17)

—Vx—LT(Kx—g)+Wz=d—Kx+
dt (18)

+KLx—KM(Kx—g)+KNZ—%.

By making coefficients of terms with x equal to free
terms in both parts of (18), we get the equations

‘Z_Ifz_LTK—KHWK—U, 19)
dg T
E_(KM—L )g+(KN-W)z. (20)
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From the boundary condition (16) and formulae (17)
follows that matrix K(f) and vector g(¢) satisfy terminal
conditions:

K(t,)=C" (t,)FC(t;).
g(t,)=C" (1) Fz(1).

Resulting optimal control #* as function of state vec-
tor x is described by the following expression

ey

U = (R+DTQD)_1 (BT g+D'0z —(BTK+DTQc)x). (22)

When D(f) = 0, the equations (19), (20) and (22) coin-
cide with the known equations [9; 13]:
dK

y =-A"K-KA+KBR'B"K-C"QC,
t

K(t,)=C"(,)FC (),

% = (KBR™'B" -4 )g-C"0z ,

g(t,)=C" (1) F=(t,),
ut :R’I(BTg—BTKx).

So, the solving of modified problem ACOR for the
linear non-stationary dynamic system (9), (10) let to get
the optimal control u* (22) with criteria (11).

Numerical solution of the problem. Consider hypo-
thetic LV moving at altitudes from 0 to 300 meters. Given
data are the following parameters of the LV: m, P, I, C,,
G\, Cy, X, x5, L, S, x4.

Vertical velocity and altitude of the LV are calculated
by (5). The “weight” matrixes F, R, Q (11) have the fol-
lowing forms:

fii 0 0 0 0 00 0
0 0 0 0 00 0
F= o , 0= , R=[r].
0 0 f3 0 0 0 g0
0 0 0 f 0 00 0

If to state that u(#;) = 0 as state vector x at the end of
the displacement phase doesn’t affect on the solution, so
the criteria (11) has the following scalar form:

5= 0 s ) £, ()10
2 23)
933 (lp (t)_lc(t)) +I”52(t)) dt.

2 1%
+ fuAS (tk)+5v[

0

In general case “weight” matrixes F, R, Q are un-
known and have to be found heuristically. At this techni-
cal example elements of “weight” matrixes in criteria (23)
were chosen as follows:

fi1=0.01 (M), o =5 (c?), f33 = 0.05 (1/m?),
fas =10, g33=0.02 (1/™M%), r=6.

It should be pointed out that “weight” coefficient r is
the parameter characterizing the “expenditure” of rudder.
In the considered task this parameter is the measure of sus-
tainer engine chamber deviation. Consequently at low val-
ues of parameter 7 the deviation angle rises. “Weight” coef-
ficient ¢33 can be interpreted as a “penalty” for deviation of
the LV current jet flame trace from preset program value.
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If to put (19), (20) with boundary conditions (21)
B (22) we get the optimal control in the example task:

u' =KV, + K o+ Kl +KgAS+us. (24)

Here the terms of (22) and (23) can be compared in
the following way:

[Kw K, K KAS]T =
= —(R+D"(OD®)) ' (B"K(1)+D" (0CW))., (25)
ug=(R+D" (00D (B"g(t)+ D" (10=(0)):

In example task the input variable u is nozzle devia-
tion angle of the LV sustain engine §, which is the func-
tion of flight time. The preset program J3(¢) is calculated
together with the preset pitch angle program calculation:
93 = —K3A3¢. So optimal program (24) can be rewritten

in the following form:
0 =K,V +K, (t)o+ K, ()l + K g (z)(AS - ASC) . (26)

The first stage of the example task numerical solution
is calculation of regulator coefficients by integrating of
(19) and (20) in reverse time with boundary conditions
(21). The input known data are the elements of matrix
C(t,) and vector z(z).

The second stage is simulation of LV CS with regula-
tor coefficients K, K,,, K;, K,q calculated in advance.

Several results of numerical solution of the problem
are presented below by plots of the LV motion parameters
on displacement phase as functions of vehicle flight time
(fig. 3-06).

300
-
100

501

Fig. 3. LV altitude of flight A(¢)

Puc. 3. Boicots monera [IM PH

Fig. 7 demonstrates the LV CS regulator coefficients.
Fig. 8 shows, that sustainer engine nozzle deviation angle
does not exceed 2.5 degrees. After start LV control sys-
tem commands to deviate the combustion chamber and to
hold the current position of LV jet flame on the preset
trajectory on starting plane. At 20-30 meters altitude
there is some deviation of executed location of LV jet
flame from preset location because LV CS provides
conditions for further pitch program executing.

Fig. 9 presents the executed and preset positions
of LV jet flame trace on the starting plane.
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Fig. 4. LV velocity of flight /(?)
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Fig. 5. LV horizontal speed V; (¢)
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Fig. 6. Increments of LV pitch angle 9(¢)
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Fig. 10 show that tracking error does not exceed 0.5
meter. It proves the efficiency of developed algorithms
for LV controlled motion displace jet flame from starting
complex facilities with tolerated accuracy.
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Fig. 10. The difference between preset and executed
positions of LV jet flame trace on the starting plane

Puc. 10. Bennunna paccoriacoBaHHS MEXIy 3aJ1aHHBIM
1 TEKYIIMM HOJIoXKeHusIME ciiefioB ctpyn PH Ha craproBoit
IIOCKOCTH

Conclusion. Having solved problem ACOR for the
system (9), (10) with quadratic terminal integral criteria (11),
the optimal control of linear nonstationary dynamic sys-
tem was developed. Dependency of system output vector
on input variable was taken into account in optimal con-
trol algorithm (22). The solution is valid for the task of
displacement of LV jet flame from the starting complex
facilities during the preset displacement program execu-
tion. It is demonstrated that the optimal regulator (26) and
the calculated coefficients (25) satisfy the specified LV
CS requirements. It means that the deviations of executed
positions of LV jet flame from preset ones does not ex-
ceed 0.5 meter. The CS at the end of the displacement
maneuver is holding the LV trajectory close to vertical.
The value of sustainer engine chamber deviations do not
exceed permissible limits and stays in +2.5 degree interval.

The problem solved is worth to continue by analysis
of three-dimensional path of LV and by the LV jet flame
trace preset program tacking accuracy analysis taking into
account horizontal wind in atmosphere as a random function
of altitude using methods of statistical dynamics [15; 16].
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HUMUTATOPBI COJTHEUHOI'O U3JTYYEHMUS 1151 TEPMOBAKYYMHBIX UCIHIBITAHUI
KOCMHUYECKOT O AIIITAPATA
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'AO «MHpopMaIMOHHbIC CITyTHUKOBBIC CUCTEMbI» UMEHHU akanemuka M. @. PemeTHéBay
Poccuiickas @enepanus, 662972, r. XKenesnoropck KpacHosipckoro kpasi, yi. Jleauna, 52
*Cubupckuii penepanbHblil yHUBEPCUTET
Poccuiickas denepanus, 660074, r. KpacHospck, yi. Kupenckoro, 26a
E-mail: roksana a@list.ru

Haoescnocmov kocmuuecko2o annapama noomeepicoaemest Ha smane npoeeodeHust HA3eMHOU IKCNEPUMEHMALbHOU
ompabomxu. Cnedosamenvho, 8epoAmMHOCHb 6E30MKA3HOU Pabombl KOCMUYECKO20 annapama 3asucunm om Kauyecmed
IKCNEPUMEHMANbHOU ompabomku. TepMosakyymuvie UCNbIMAHUA AGIAIOMCA OOHUM U3 2AABHBIX DMANOE HAZEMHOU
OMpaboOmMKU CUCeMbl MEPMOPEYIUPOSAHUSL U KOCMUYECKO20 ANNAPAMA 6 YEIOM.

Lenvlo mepmosaxyyMHbIX UCHBIMAHULL A6TISAEMCA NOOMBEPAHCOCHUE MENI08020 COCMOAHUS ANNAPAMA U PACYENHbIX
MENIoPU3ULECKUX XAPAKMEPUCTIUK CUCTNEMbL MEPMOPeYIUPOSAHUSL 8 YCI0BUAX, ONUKUX K OKCHLYAMAYUOHHBIM,
a maxoice NOOMEePHCOeHUe COOMBEMCMEUs. PA3PAOOMAHHOU MENL080U MAMEMAMUYECKOU MOOCIU KOCMUYECKO20
uzoenus.

Ochognbim mpebosanuem K mepmoSaxKyyMHbIM UCHBIMAHUSM SIG/ISLeMCS UMUMAYUsL YCI08UT WMAMHO20 QYHKYUO-
Huposanus annapama. Ipu ananuze pe3yibmamos UCnbIMAaHuil pecucmpupyemvle memMnepamypHbie napamempul npo-
6EPAIOMCAL HA COOMBEMCMEBUE C OONYCIMUMBIMU 3HAYCHUAMU. TepMOBaKyyMHble UCHBIMANUS RPOBOOSMCIL HA CHEYUATILHO
060PYOOBAHHBIX UCHBIMAMENbHBIX KOMIIAEKCAX, 00eCNeHUaouwux UMUMAayuio HEUWHUX Meniosblx (pakxmopos, 030el-
CMBYIOWUX HA KOCMUYECKUL ANNApam npu opoumanrsHom HYHKYUOHUPOSaHUU.

O0num u3 6a306bi1x U HAUGOLECE CLONCHBIX DNEMEHMO8 MAKUX KOMIICKCO8 SGISACMC A UMUMAMOD COIHEUHO20 U3TLY-
YeHUS, UMUMUPYIOWUL COHEUHOE 8030eliCMEUe HA KOCMUYECKULL annapam npu opoumanibHom yHKYUOHUPOBAHUU.

Conneunvie umumamopusl co30ai0m NOMoOK HEeNnpepvleHO20 ONMUYECKO20 U3NLYYEeHUS, CNeKMPAlbHble XApaKmepu-
CIUKU KOMOPO20 00JIHCHbL OblMb OUSKU K CHEKMPANbHBIM XAPAKMEPUCHUKAM COIHEYHO20 USLYYEHUSL.

Ipedcmasnen aHanusz HEKOMOPLIX CYUeCMEYIOUUX UMUMAMOPOE COHEYHO20 U3LY4eHUs. 0TI 8b100PA ONMUMATLHOU
6a30801l KOHCMPYKYUU C Yeabio OAbHEUUEe20 COBEPUICHCIMBOBAHUS, HANPABIEHHO20 HA CHUNCEHUE IHEP2O3AMPATHOCIU
IKCHILYamayu UMUMAmMopa CONHEYHO20 UNLYHeHUs OIS UCNbIMAHUI KOCMUYECKUX annapamos U YIyuiieHus Kayecmed
MEPMOBAKYYMHBIX UCHLIMAHUIL.

Onucanvl 0CHOGHbIE MPEOOBARUSL, NPEOBAGTAEMbLE K UMUMAMOPAM COTHEUHO20 U3LY4eHUsl, Hauboiee cOOMEenmcm-
gyIowUe XAPAKMEPUCTIUKAM COTHEYHO20 CNEKMPA U UHMEHCUBHOCTIU 8 KOCMUYECKOM RPOCMPAHCMee.

B0 nposedeno cpasnumenvhoe onucanue nsamu 06pazy08 UMUMamopos COIHEUHO20 USLYUCHUS. OMeUeCMEEeHHO20
U 3apydedicno2o nPou3800CmMEa No Hemvlpem Kio4egbiM Napamempam.

Paccmompen 6onpoc o 603ModCcHOCIU CO30AHUSL U NPUMEHEHUS. KOMRAKMHBIX MPAHCHOPMUPYEMBIX UCMOYHUKOG
MENI06020 UBYUEHUS. COTHEUHO20 CHeKMPA C Yeabio NOBIUEHUS KAYeCmEa MePMOBAKYYMHBIX UCILIMAHUTL OISl KOCMU-
YeCKUX annapamos pa3iuidHbIX K1accos.

Kniouesvie cnosa: umumamop COJHeYH020 U3JIY4eHUA, KocMuueckuil annapam, menioeaxKyymHble UCNbIIMAHUAL,
HA3EMHblE UCNBIMAHUA, C6ENTO060E NANIHO.

Siberian Journal of Science and Technology. 2017, Vol. 18, No. 2, P. 323-327
SOLAR SIMULATORS FOR THERMAL VACUUM TESTS OF SPACECRAFT
R.O. Aslanyanl’z, D. L. Anisimov'? 1. A. Marchenko', V. 1. Panteleev?

'JSC “Academician M. F. Reshetnev “Information Satellite Systems”
52, Lenin Str., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation
*Siberian Federal University
264, Kirenskogo Str., Krasnoyarsk, 660074, Russian Federation
E-mail: roksana a@list.ru

The reliability of spacecraft is supported on the stage of the ground experimental testing. Therefore, the probability

of no-failure operation of spacecraft depends on the test quality. Thermal vacuum tests are one of the main stages of the
thermal control system and the spacecraft as a whole.
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The purpose of thermal vacuum tests is to confirm the thermal state of the spacecraft and thermal characteristics
of thermal control system in the conditions near to operational.

The main requirement for thermal vacuum tests is imitation of normal operation conditions of spacecraft. Thermal
vacuum tests are carried out on special test complexes providing simulation of the external thermal factors, which
influences spacecraft at orbital operation. The solar simulator is one of the basic and important elements of these com-
plexes. The solar simulator imitates solar impact on spacecraft at orbital operation.

One of the basic and most complex elements of these complexes is a solar simulator that simulates a solar impact
on the spacecraft at the orbital operation. Solar simulators provide a continuous stream of optical radiation. The spec-
tral characteristics simulator must be close to the spectral characteristics of the solar radiation.

The purpose of this article is to analyze some solar simulators to select the best construction for further improve-
ments aimed at reducing energy consumption exploitation of solar simulator for testing spacecraft and improve
the quality of thermal vacuum testing.

We describe the basic requirements for solar simulators, the most relevant characteristics of the solar spectrum and
intensity in outer space.

We made comparative description of the five solar simulators home and foreign production by four key parameters.

In this work the possibility of creation and application of the compact solar simulator is being considered. The re-
search objective is to develop a compact solar spectrum simulator for increasing the quality of spacecraft thermal vac-
uum tests.

Keywords: solar simulators, spacecrafts, thermal vacuum tests, ground tests, light spot.

Beenenue. OnHOM U3 aKTyaJIbHBIX MPoOJIeM B 001acTH — UCTOYHUKH WH(PPAKPACHOTO U3ITyUYCHUS;
OCBOEHHUSI KOCMMYECKOI'0 IPOCTPAHCTBA SIBISIETCS a/IeKBaT- —cucreMy oOecrieueHHs OpUEHTalMu OTpadaThiBae-
HOE MOJIEJIMPOBaHUE YCIOBUI KOCMHUYECKOro rojera Juisi  Moro KA (crmenuaibHble CTEHIBI, IIOBOPOTHBIE YCTPOWCT-
ucnblTaHui KocMuueckux anmaparoB (KA) na 3emne [1].  BawmT. 1.);

BaxxapiM daxTopom TepMoBaKyyMHBIX uctbiTanuit (TBU) — CUCTEMY PEruCTpalliy TEMIIEPATYPHBIX IapaMETPOB;
SIBIIETCSL UMUTANUs conHewHoro manydeHus (MCH) [2]. — CHCTEMY VIpaBICHUS TEIUIOBEIMH HMHUTATOPaMH,
Lenpro maHHON cTaThH SIBISETCS aHAU3 HEKOTOPBIX  JIIEKTpooOOrpeBaTeNsiMu U obopynoBaHmeM KA.

cymectByromux MCHU mis BeiOOpa onTuManbHOM 0a3o- HMMuTaTOop CONMHEYHOrO U3IY4YEHUs IPEIHA3HAYEH IS

BOI KOHCTPYKITHH C LIEIBIO0 TaTbHEHIIEr0 COBEPIIEHCTBO-  MMHTAIIMH HPSIMOTO COJHEYHOTO H3IYyYeHHs, IEHCTBYIO-
BaHMsI, HAIIPABJICHHOTO HA CHMKEHHE SHEPro3aTpaTHOCTH  IIEro mpu opoutaisHOM (yHKUHMOHMpoBaHuK Ha KA [5].
OKCITyaTalluud HWMUTATOpa COJIHEYHOI'O HU3JIYUYCHUA JIid I/IMI/ITI/IpleTCSI CJICAYIOMNE XapaKTCPUCTUKN U3JTYUYCHUSA:
ucnbiTanuit KA u ynyumenus xadectBa TBU. B cratbe  ynenpHass MOIIHOCTH MAAloOLIEr0 TEMJIOBOTO IOTOKA,
paccMOTPEHO HECKOJBKO HMMHUTATOPOB IMPOMBIIUIEHHOTO  PAaBHOMEPHOCTh OOJyYeHHsI, MapajiieJbHOCTh JyueH,
MIPOM3BO/ICTBA C LIEJIBIO BBISBIICHUS HauOoJee ONTUMalb-  CIEKTPaIbHBIN COCTaB IO AJIMHAM BOJIH.

HBIX KOHCTPYKLHMH U CX€M, a TakXe paccMOTpeHa Tpedosanust k UCU 115t 0K0103€MHOM OpOUTHI:
BO3MOKHOCTh CO3/aHUSI U IOCIEAYIOIIEr0 MPUMEHEHUs — yIenpHasl TEIUIOBas MOIIHOCTh MaJarollero TEeIio-
KOMITAKTHBIX TPaHC(HOPMUPYEMBIX HCTOUHHMKOB TEIIOBOrO  BOTO mOTOKa 1340—1440 Br/m?;
W3JTy9eHHsI COJTHEYHOTO CHEKTPA. — paBHOMEpPHOCTH 00yueHus 10 £15 %;

3agayell WCCIEIOBAaHMS SBISIETCS CPABHUTENBHBIN — HENapaJuIeNIbHOCTB JIydel 10 4 yIIIOBBIX IPaTyCcoB;
aHaIM3 BBIIETICPEUHNCICHHBIX MapaMETPOB PA3IHMUHBIX — CIIEKTPabHBINA JHana30H MMUTHPYEMOTO COJTHEYHO-

MMHUTATOPOB C LENBI0 ONpEeNeHIsI HanOoJiee ONTUMallb- IO TIOTOKA, OMM3KHUN K JUAra30Hy COTHEYHOTO W3IYYCHUS
HBIX UX 3HaucHHWU. B maHHO# ctatbe mpenctaBieHo cpaB- (200 um < A <2000 uM) [6; 7].
HuTenbHOe onucanue T UCH 1o deThipeM KITI0ueBbIM HCH coCTOAT U3 ONTHUYECKUX CHUCTEM (3epKall, JIUH3),
napaMmerpam. HMCTOYHUKOB U3ITyUeHUSs (JIyTOBBIX MJIM BHICOKOYACTOTHBIX
HUcnpirtannsa. [Ipy KOMIDICKCHBIX TEPMOBAKYYMHBIX  KCCHOHOBBIX JIAMIT), CHCTEM YIIPABJICHUS M 3aMepa mapa-
WCIBITAHUSAX HWCIBITHIBAIOTCS TEIIO(QU3MYSCKHEe MOAETH  METPOB. DTH JIIEMEHTHI MOTYT NPUMCHATHCS B Pa3liny-
WM IITaTHBIC W3MIENNS C AIMUTANMEH BHEITHUX TEIUIOBBIX  HBIX COYCTAHUSAX MEKIAY COOOH, a TakkKe COdYeTaThbes
YCIIOBUM OKPY’KAIOLIEro MPOCTPAHCTBA U BHYTPEHHHUX  C Pa3IMYHBIMU UCTOUYHHKAMU U3JIyYECHHUS.

TEIUTOBBIACTICHUH MpubopoB U obopymoanus KA [3]. OO0mas cxemMa WMHUTaTOpa COJIHEYHOTO W3IYUCHUS
B 3Tom citygae oTpabaThIBaoTCs TEIUIOBBIE PEXUMBI KaK  ITOKa3aHa Ha pHC. 1.
BHELIHEr0, TaK M BHYTPEHHEro 00OpYHOBaHHMS, KOHCT- Jns ananuza BeiOpansl UCH, npumensieMble B TepMO-

pykunun KA, CTP [4]. TepmoBakyymHas otpabotka KA  6Gapoxamepax AO «MICC nmenn akamemuka M. ©. Pemer-
u ero cucreM tepmoperyinupoBanus (CTP) mpoBomutcsi meBay (r. XKemesnoropck) m HMC-500, mpumeHsiembie
B TepMOOapoKamepax, UMUTUPYIOLIUX YCIIOBUSI pealbHOH B UcmbITarenbHoM HeHTpe Pockocmoca HULL PKIT (moc.
skciutyaraiui KA ¢ mpuMeHEeHHeM CrienuaibHOro ucnbl-  IlepecBer, MockoBckas ob6nacts), LSS (Large Space

TaTeNbHOT0 000PYOBaHMS, CTCHAOB U CHCTEM. Simulator), pacnosnoxxennsiii B ESTEC — nenrpe Epo-
[IpoBenenne TBU BOo3MOXHO TOJIBKO B TepMOOapoKa-  MEHCKOro KOCMHYECKOTO areHTcTBa Ha nobepexse Ceep-

Mepe, UIMEIOLIEH B CBOEM COCTABE: Horo mops B lllunxone 61m3 Amcrepnama (puc. 2.), SPF
— CHCTEeMY BaKyyMHPOBAHUS; (Space Power Facility), pacmonoxxennsiit B VccnemoBa-
— UMUTATOP «YEPHOTO», «XOJIOJAHOI0» KOCMOCa, tenbckoM IeHTpe uMmeHu [nenna (HACA) B Knusnenne
— UMHTATOP COTHEYHOTO M3ITYICHHUS; (mrrar Oratio, CIIIA) [8].
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Puc. 1. O6mias cxema UCU: 1 — HCTOYHKK U3TYUYCHUS; 2 — KOHICHCATOD;
3 — KOpPPEKTHPYIOLHii CBETOQUIBTP; 4 — peryaupyemast aneprypa; 5 — nuH3a

Fig. 1. General pattern of sunlight simulation: 1 — emission source;
2 — condenser; 3 — correcting filter; 4 — adjustable aperture; 5 — lens element

TBK-120, I'BY-600 u BK 600/300 — monHOpasmep-
HBI€ HCIBITaTelIbHbIE KpHOKaMmepsl, ocHamieHHsle MCU
U TIpeHa3HauYeHHble 11 npoBenenus TBU kpynHoraba-
PHUTHBIX U3/EIHUI.

Ha ocHoBe cpaBHEHMs NpPOBENEM aHAIN3 W BHISIBUM
JOCTOMHCTBA M HEAOCTATKH KaXIIO0ro UMuTaropa. B Taod-
JIMLE TIPUBEICHBI 3HAUCHUS 9TUX IapaMeTPOB VISl Xapak-
tepuctuk UCH.

Paccmotpum Hekotopeie MCHU mo crneayromum napa-
MeTpam:

1. icTO4HUK U3ITy4YeHUs — ONpPENesaeT CIEKTPaIbHbIN
muanaszoH UCU u ero Giu30CTh K CHEKTPY HW3ITydYCHHUS
Connna. OcHOBHasE 4acTh HHEPTHH IIEKTPOMArHUTHOTO
n3nyderus: CoOJIHIIA, HEMOCPEICTBEHHO BIUSIOLIASA
Ha OCBEIIEHHOCTh W TeIJIoBOW pexuMm KA, 3akmroueHa
B uHTepBasie 0,3-2,5 Mxm [9; 10].

2. [Tnomans 001y9aeMoil TOBEPXHOCTH — OMPEACIsIeT
BO3MOXHOCTb NMPUMEHCHHA HMHUTATOpA H3JIYYCHUA 1A
ucneitanuit KA paznuyHoro pasmepa.

3. HeogHOpOAHOCTh YpPOBHEH MIOTHOCTEHW Majarolie-
ro MOTOKa U3Iy4YEeHUs — He JOJKHA HpeBblmars +15 %,
TaKk KaK B YCIOBHSX KOCMOCAa H3JIy4eHHE, MCILyCKaeMoe
ComnHIieM, IMEeT BBICOKYIO CTETICHb OJJHOPOIHOCTH TTOTOKA.

4. MakcumasbHas MHTEHCHBHOCTD COJIHEYHOTO H3ITy-
YEeHHS — yJeNbHas TETUIOBast MOIIHOCTh Ha ypoBHE 1340—
1440 Br/v™.

CpaBuutenbnblii ananuz UCH. s cpaBHUTENEHOTO
aHanmu3a OblIM BbIOpaHbl crnemyrouue Moaenu WCHU
U [IPUCBOEHBI COOTBETCTBYIOLINE HOMEpA!

NCU TBK-120 — Ne 1;

NCUTBY-600 — Ne 2;

HC-500 BK 600/300 — Ne 3;

HCH LSS (Large Space Simulator) — Ne 4;

NCH SPF (Space Power Facility) — Ne 5.

B paccmarprBaeMbIX MMHUTATOPaxX B KauyeCTBE MCTOY-
HUKa CBETa UCIIONB3YIOTCS KCceHOHOBEHIE nammbl. B ICU
Ne 1, 2, 3, 4 npuMeHSIOTCSI Ta3opa3psAaHble KCEHOHOBBIC
nammbl, a B ICU Ne 5 — myroBble KCEHOHOBBIE JIAMITHL.

I[J'Iﬂ HMHUTATOPOB COJIHCUHOI'O HU3JIYUCHHSA BaXKHbI
TaKhe XapaKTEPUCTUKU KCEHOHOBBIX JIAMIl, KaK MOII-
HOCTh M MJCHTHYHOCTH CHEKTPaJbHOTO COCTaBa HM3Jyde-
Hus conHedyHoMy [11; 12]. CnekTp KCEHOHOBOH JIaMIIbI —
MIPUOJIM3UTENIFHO PAaBHOMEPHBIM MO BCel 00JacTH BUIU-
MOTO cBeTa, OJIM3KMI K JHEBHOMY cBeTy. M3mydeHue
YHUCTOrO KCEHOHA B IPOILECCE 3JIEKTPUIECKOr0 Ira3oBOTO
paspsiaa pu CBEPXBHICOKOM JIaBJIICHUU MMEET CIICKTPallb-
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HOE paclpe/ielieHUe C LBETOBOM TEMIIEpaTypOd OKOJIO
6000 K, mambosyiee coBmajamwliee C paclpeaeiCHueM
COJTHEUHOro u3iyueHus. Ilpu sToMm pasMepsl H3Iyvaro-
1€l MOBEPXHOCTH IIPU OYEHb BBICOKOH SIPKOCTH HEOOJIb-
e, YTO TO3BOJISIET PAacCMaTpUBAaTh UX KaK TOYEYHBIE
WCTOYHHMKH M3JIy4eHUS W, COOTBETCTBEHHO, ¢ OoJbIIeH
TOYHOCTBIO TPOEKTHPOBATh ONTHYECKHE cucTeMbl. Ho
HETaTUBHBIM MOMEHTOM, €CIIM IIOCMOTPETh Ha CIIEKTD,
SBISIETCS] OTIMYHE M3JIyYEHUs 10 CHEKTPAIbHOMY COCTa-
By OT coyiHedHoro B oOmactu anuH BoiH 800, 1050 HM,
rie HaOIIOAAIOTCS 3HAYUTENbHBIE BBIOPOCHI JHEPTHUH,
Oosiee ueM B J1Ba pa3a MPEBHIILIAIONIEH BEINYNHY SHEPIHU
n3nyuenus: ConHua B 3To# nosoce cnektpa [13]. B atom
MHTEpBaJe COAEPXKUTCS NMpHOIM3UTeNsHO 15 % oT uHTe-
rpaibHOM »Heprun u3nmydeHust CoiHIa, a y KCEHOHOBOW
namiiel — 6oiee 30 % ot o01Ieit SHePTHH U3TYICHUS.

OmanM n3 BaxHBIX mapameTpoB MCU sBmsercs mimo-
maap o0JIy4aeMoil MOBEPXHOCTH C PaBHOMEPHOH ILIOT-
HocTeio u3nyuenus [14; 15]. Wmurtatopsr Ne 3, 4 u 5
HUMEIOT HanOOJNBIIUHA pa3Mep CBETOBOTO IISITHA, YTO IO-
3BOJISIET TPOBOJUTH HCHBITAHUS OoJyiee KpyHmHOrabapuT-
HeIX KA 1 ux y3moB, yem umutaTops! Ne 1 u 2.

Kpurepuii paBHOMEpPHOCTH IUIOTHOCTH I1aJalOIIEro
MOTOKA JHEPIrHMM HMUTATOpPA COJHEYHOIO W3ITy4eHHs
SBISIETCSI KIIIOUEBBIM IIpH omnpexaeneHun 3ddexTuBHON
Ioman o0JlydaeMOH IOBEPXHOCTH, KOTOpask MOXET
OBITH MCIOJIB30BaHA /ISl HCIBITAHNHA COJTHEYHBIX 3JIEMEH-
TOB M uX Mmoxyied [16; 17]. MakcuManpHYI0 HHTEHCHB-
HOCTb COTHEYHOro u3nyueHus umeetr MCHU Ne 5.

AHanu3upysi BCE BBILIIEPACCMOTPEHHBIE ITapaMETPhI
MMHTATOPOB B KOMILIEKCE, MOKHO CJIeJIaTh BBIBOJ, YTO
Bce paccmarpuBaeMblie VICU ynoBIETBOPSIOT NpenbsiB-
nsieMbIM TpeboBanusiM. Vimurarop Ne 5 mmeer Hanbomb-
IIMHA pa3Mep CBETOBOTO MATHA U MAaKCHUMAJIbHYIO MHTEH-
CHUBHOCTH COTHEYHOTO M3nmydeHus. mutatop Ne 4 moxer
NPEAJIOKUTh HanOOJIbIIee COOTBETCTBUE TI0 HEOIHOPOJI-
HOCTH ypOBHEH IIOTHOCTEH MaJaroulero noToka u3iyde-
Hust. Umuraropsl Ne 1 u 2 uMeroT HeOOJIBUIYIO IJIOIIAAb
CBETOBOTO IISITHA.

Haubonee ontumansHON 6a30BO KOHCTPYKIMEH IS
HNCH sBnsrorcss koHCcTpykuuu Ne 4 u 5, umeromue Hau-
GomnbIe pa3Mepsl CBETOBOTO IISITHA, KOTOPBIE MO3BOJISIIOT
npoBoanth TBU kpynnorabaputaeix KA. B kauectse
UCTOYHHMKA W3JIyYeHHs PEKOMEHAYETCsl HCHONb30BaTh
ra3opaspsiiHble U JyroBble KCEHOHOBBIE JIAMITBI KaK Hau-
Gosiee COOTBETCTBYIOIIME II0 CIIEKTPAIbHOMY COCTaBY
COJTHEUHOMY U3IYUYEHHIO.
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Puc. 2. bonp1oit UMUTATOP KOCMHUYECKOT'0 IPOCcTpaHcTBa EBponeiickoro KOCMMUYECKOro areHTCTBa

Fig. 2. Big space simulator of European space agency

CpaBHuTesIbHas1 XapakTepucTuka UCH

HNmuratop Hcrounuk nznydyenus [Inomans obGmygaemoit Heonnoponnoctsb MaxkcumanbHas
TOBEPXHOCTH, M YPOBHEH IMIIOTHOCTEN HMHTEHCUBHOCTh
MakcuMaNbHBIA THaMeTp | IIafaloIero IoToKa COJIHEYHOTO
msitHa ICU n3mydenust, % U3IIy4EHUS.
Ne 1. UICHU TBK-120 l"azopazpsinable 2x2 <10 1600
KCEHOHOBBIE JIAMIIBI
Ne 2. UCU T'BY-600 l"azopazpsimabie 4x4 <10 1600
KCCHOHOBEIE JIAMIIBI
Ne 3. IC-500 I"azopaspsnuble 3x8 <10 1500
KCEHOHOBBIE JIAMIIBI
Ne 4. UCHU LSS I"azopazpsinHbie 6x5 0,5 2600
KCCHOHOBEIE JIAMIIBI
Ne 5. UCU SPF JlyroBble KCEHOHOBBIE JIAMITBI D=15 1 4200

3akmouenue. B cratbe ObLTH PaccMOTPEHBI S5 00pa3-
noB coBpemeHHbix VICU, cpenu HuX 2 — 3apyOexkHBIX.
[IpoBeneH aHaNM3 STHX YCTAaHOBOK IO 4 KIIIOYEBHIM
rapameTpam, ciejaHbl BEIBOJBI O JIOCTOMHCTBAaX M HEJ0C-
TaTkax KaXJO0Tro MMHUTaTopa, BhIOpaHa ONTHUMAaibHas
6a3zoBas koHcTpyKIMH UCH.

[lepcrieKTUBHBIM B 00JIaCTH TEPMOBAKYyMHBIX HCIIBI-
TaHUH SBJISETCS BO3MOKHOCTH CO3JaHUSI M MOCIEAYIO-
IIETO TPUMEHEHHs KOMIIAKTHBIX TpaHC(HOPMHUPYEMbIX
HCTOYHHMKOB TEIJIOBOTO M3JIyYCHHUS! COIHEYHOTO CIEKTpa
¢ nenpo noBeimeHns kagectsa TBU st KA paznmmyanbix
KJIACCOB.

KoHcTpyKTHBHO TpaHC(OpMHUPYEMBIii HCTOYHHUK COJI-
neunoro m3nydenus (TUCH) Oyner npeactaBiiath coOoit
Ha0Op OTHENBHBIX OJIOKOB, U3 KOTOPBIX OyIeT coOMpaTh-
Csl LENBHBI MMHUTATOP COJHEYHOTO W3IIyYSHHS, MCXOIS
13 TpeOOBaHUH K TEPMOBAaKYyyMHOWH OTpabOTKEe Ka)IOTro
koHKpeTHOTOo KA. B cocTaB Kakmoro oTAensHOTO OJIoKa
OyZyT BXOANTH NCTOYHHKH CBETA, COOMpaTENbHas ONTHKA
(mmst poKyCHpOBaHUS U CMEIICHHUS CBETA, TCHEPUPYEMOTO
HCTOYHMKAMH), YCTPOWCTBA Il KOTEPEHIMH CBETa U
cucTeMa TepMocTabmn3anuy. KoHCTpyKIms ycTpoHcTBa

TUCH Oyner BbINOJNIHEHA TaKUM 00pa3oM, 4ToObl obec-
MeYMBaTh BO3MOXXHOCTh npoBeneHus TBU B Tepmobapo-
Kamepax, CIpPOEKTHPOBAaHHBIX 0€3 CIelUaJbHO OTBE/ICH-
HOTO MecTa /Ul HMMHUTaTOpa COJHEYHOI'O W3ITyYeHHMs
(BO3MOXKHOCTH MEXKIIEXOBOTO TPAHCIIOPTUPOBAHMUS).

[MpenMymiecTBOM TakMX KOMIIAKTHBIX HCTOYHHKOB
TaKKe SBJIAETCS M UX CHOCOOHOCTH MOJCTPANBATHCS IO
TMO0BIe pa3Mepsl M (POPMBI HCIIBITYEMOTO H3JACTHS, UTO
NPUBEIET K PalMOHAIBHOMY HCIIOJIB30BAHHUIO TepMOOa-
poxameps! u e€ pecypcoB. C momompio TMCU craner
BO3MOJKHA MMHUTaALMs BUTKOBOM 3acBeTkrd KA ot ComHiia,
Kak Tpu OpOUTanbHOM (PYHKIMOHUPOBAHHH (HEBO3MOXK-
HO OCYIIECTBHUTh NpU momouy cranuoHapueix WCH).
KommakTHbie TpaHchOpMHUpYyeMble HCTOUHHKH COJTHEYHO-
IO M3JIY4eHHs HO3BOJIST YBEIWYUTH Pa3Mephbl CBETOBOTO
IISITHA M, KaK CIEACTBHE, pa3Mepbl pabodero moiis.
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INFLUENCE OF LAUNCH PARAMETERS OF LIQUID ROCKET ENGINE
ON THE BALANCE OF AXIAL FORCES IN THE TURBOPUMP

E. N. Belayev, A. G. Vorobyev

Moscow Aviation Institute (National Research University)
4, Volokolamskoe Sh., Moscow, A-80, 125993, Russian Federation
E-mail: formulal av@mail.ru

In the process of launching a liquid rocket engine (LRE) and on the modes of its deep throttling of thrust, the prob-
lem of balance of axial forces in the turbo-pump assembly (TPA) is the most important. The reason is the pumps and
turbine work of the engine in non-nominal modes, and, consequently, the appearance of unbalanced excess of axial
forces acting on the bearings of TPA. To reduce the axial loads in the TPA, an automatic discharge device (ADD) is
used, the task of which is to reduce the axial impact on the bearings due to the action of hydrodynamic forces. In the
process of working in the ADD, friction of the surfaces, which forms a hydraulic gap, is not allowed, otherwise it can
lead to the local combustion.

The object of influence is LRE RD-120 developed by “NPO Energomash named after academician V. P. Glushko” [1],
working on liquid oxygen-kerosene components, with afterburning of the oxidizing gas-generating gas scheme.
The pneumatic-hydraulic scheme of the engine, the TPA design, the working principle of automatic discharge device
are presented. Using the example of the LRE RD-120, the effect of axial forces acting on the angular contact ball bear-
ing located on the side of the turbine TPA is considered.

When the engine was developed, it was established that under some launch conditions it is possible to contact sur-
faces in the discharge device. In the article authors identify the conditions of contact in ADD and try to study the effect
of the launch parameters of the LRE on the gap size of the working surfaces in the discharge device. For the theoretical
analysis of the problem, a dynamic mathematical model of a liquid rocket engine is used.

Mathematical modeling of engine start-up with nominal and early entry into operation of the combustion chamber
was studied. The results show that with early starts of combustion chamber, there is a significant temperature rise in the
gas generator, which can lead to the ignition of the nozzle or blades of the TPA turbine. Modeling the launch of the
LRE with a change in the closing pressure of the oxidant supply valve to the pre-pump turbine booster, shows that this
provides a longer operation of the oxidizer pump with a reduced hydraulic head, and allows changing the balance
of axial forces during the engine launch and, as a result, prevent the full closure of the working gap in the ADD.

Keywords: liquid rocket engine, balance of axial forces, engine launch, turbo-pump assembly, automatic unloading
device.
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BJIMSAHUE ITAPAMETPOB 3AITYCKA «KNJIKOCTHOI'O PAKETHOI'O
JABUT'ATEJISAA HA BAJIAHC OCEBBIX CHJI B TYPBOHACOCHOM ATPEI'ATE

E. H. bensies, A. I'. BopoOneB

MOCKOBCKUIT aBHAITMOHHBIN HHCTUTYT (HAIIMOHATBHBIN UCCIICIOBATEIILCKUI YHHBEPCUTET)
Poccutickas @enepamms, 125993, r. Mocksa, A-80, I'CII-3, BomokoiaMmckoe mocce, 4
E-mail: formulal av@mail.ru

B npoyecce 3anycka scuokocmnoco pakemuo2o 08ueamens u Ha Pexcumax e2o 2iy6oKkoeo Opoccenuposanus msaeu
Haubonee ocmpo ecmaem 8ONPoOC bANAHCA 0cesblx cuil 8 mypooHacocHom azpezame (THA). Omo ceaszano ¢ pabomoii
HACOCo8 U MypouHbl 08U2amens Ha HEPACYEINHBIX PEHCUMAX U, KAK C1edCmaue, eedem K 603HUKHOBEHUIO HecOaNaHCUpo-
BAHHBIX U3DLIMOUHBIX 0CEBIX CU, OeliCmEYIoWuUX Ha paouarsHo-ynophvle noowunnuxku THA. [na ymenvuenus ocesvix
naepysok 6 koncmpykyuu THA npumensiiom agmomamuyeckoe pasepyzounoe ycmpoticmgo (APY), 3adaua komopozo
YMeHbUWUmb 0cegoe 8o30elicmeue Ha NOOWUNHUKY 34 cyuem O0eticmeus 2u0poouHamuieckux cui. B npoyecce pabomui
6 APY Hne Oonyckaemcs mpeHue nogepxnocmei, o0pasylowux 2u0pagiuieckuti 3a3op, 8 HPOMUSHOM Clyyae 3mo
Modicem npusecmu K MeCIMHOMY 60320PaHUIO.

Paccmompen JKPI] PI-120 paspabomku AO «HIIO Duepeomaws umenu axademuxa B. I1. I'nywxo», pabomarowjuii
HA KOMNOHEHMAX «HCUOKUL KUCTIOPOO — KEPOCUH», BLINOIHEHHBIL NO cXeMe ¢ Q0HCULAHUEM OKUCTUMETbHO20 2a302eHe-
pamopHoeo easa. [lpedcmasnena nheemocudpasnuieckas cxema dgueamens, konempykyus THA Oosueamens, npunyun
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pabomul u ycmpoticmeo asmomama pasepysxku. Ha npumepe 3anycka JKPI] P/[-120 paccmompeno Oeticmeue 0cegblix
Cus, 0eticmeyruux Ha paoudaibHO-YNOPHbIN NOOUUNHUK, PACHOLONCEHHbI O cmoponbl mypounst THA.

Ipu ompabomxe dgucamens ObLIO YCMAHOBLEHO, YMO NPU ONPEOENEHHBIX YCI0BUIX BO3MONCEH KOHMAKM HOBEPXHO-
cmetl 6 asmomame pazepysku. Llenvio cmamou sigisiemcs gvisigienue yenosutl konmaxkma 6 APY u ucciedoganue gnusinus
napamempog 3anycka JKP/] na eenuuuny 3a30pa paboyux nosepxHocmell 8 agmomame pasepysku. Jlis meopemuseckoz2o
AHANU3A NOCMABIEHHOU 3a0ayU UCNOb3YemCs OUHAMUYECKas Mamemamuyeckas mooens JKP/].

Iposedeno mamemamuueckoe MOOEIUPOBAHUE 3ANYCKA O8ULAMEIsL CO WMAMHBIM U PAHHUM GCMYNJIeHUeM 6 pabo-
my xkamepuvl ceopanusi (KC) nymem nodauu xomanovl Ha omkpwvimue Kianana eopiovezo. Iloxkazano, umo npu pannem
secmynaenuu KC ¢ pabomy nabnodaemcs cyuecmeeHHblll meMnepamypHulii 6CHIECK 8 2A302€HEPAMOope, Ymo MOAICem
npusecmi K 60320panuio COnl08o2o annapama uau ronamox mypounst THA. Mooenuposanue s3anycka KPJ ¢ usmene-
HUem 6eIUUUHbl 0A8NEHUs 3aKPbiMUs K1anana nooayu okuciumens Ha mypouny BHA O noxasvieaem, umo smo obecne-
yusaem 0Oonee OIUMENbHYIO PabOMY HACOCA OKUCIUMENS ¢ NOHUIICEHHbIM HANOPOM U NO3BOJAEm USMEHUmb Oanauc
0CesbIX CUNL 8 npoyecce 3anycka 08ueameis U, Kak ciedcmeue, e 0ONYCMumy NOIHO20 3aKpblmusi pabouezo 3a30pa

6 APY.

Kniouegvie cnoea: sicuoxocmuulii pakemuulii 0gueamens, 6ANAHC 0CEBLIX CUT, 3aNYCK 08ueamens, mypOOHACOCHbLU
azpezam, agmoMamuieckoe pazepy304Hoe YyCmpoucmeo, agmomam pasepy3Ku.

Introduction. In the process of developing new liquid
rocket engines by construction departments and research
organizations many problems of constructional, techno-
logical, industrial and experimental character are ought to
be solved. One of them is to provide the high efficiency
and safety of turbo-pump assembly operation during the
working and guarantied engine’s functional period. It was
proved in practice that final adjustment of powerful
engines is the most difficult problem of safe turbo-pump
assembly operation and it is necessary to unload the angu-
lar contact bearings from axial forces acting on them.

In the process of launching a liquid rocket engine
(LRE) and on the modes of its deep throttling of thrust,
the problem of balance of axial forces in the turbo-pump
assembly (TPA) is the most important. It is connected
with the fact that on the design stage of TPA the calcula-
tions of balance of axial forces are usually done for the
nominal engine operation condition. The value of axial
forces in the process of launching a liquid rocket engine
depends on TPA rotor angle speed; regime parameters of
engine’s operation that are much higher in modern LRE;
values of fuel components leakage especially on the shaft
from the pump cavity in the direction of turbines; princi-
ple of engine start and others. These points prove the im-
portance and complexity of the problem of axial forces
minimizing that influence angular contact bearings at the
launching phase in order to enlarge their operational
period.

Setting up the problem. One of the first test flight of
LV Zenit failed due to improper operation of LRE second
stage of RD120 (fig. 1.) During the engine launch stage in
the cavity between oxidizer pump and the turbine of TPA
the burning appeared. Several versions of the fire cause
were suggested. One of the main causes was a possible
shut of the working gap in automatic unloading device
of axial forces that resulted in steel surfaces friction. The
version was proved both by the fire point and data of fault
detection of finishing engines. After firing test of engines
and their disassembly in some of them on mating surfaces
of ADD that compose the working gap of the automat
were found some tarnishing that proves a short contact of
working surfaces in ADD.

How to avoid the possibility of contact of mating
surfaces in ADD was the main question. It was obvious
that at the launching stage of RD-120 engine there was
a need to change the balance of axial forces in TPA
between the oxidizer-pump and the turbine. As a conse-
quence the production time of LV Zenit could signifi-
cantly change. The modifying of force diagram would
require to change the construction scheme of mating
oxidizer-pump and the turbine, reconstruction of TPA,
conduction of hydraulic testing and on-land working out
with fire testing of the engine etc. The aim was to find the
solution that would exclude the contact in ADD at the
launching stage of engine without reconstruction of TPA
and replay mode of the engine on firing stand.

ADD construction. The construction of TPA LRE
RD-120 (fig. 2) presents the oxidizer pump location, the
turbine and automatic unloading device of axial forces
that helps to minimize axial loads on angular contact
bearing. Shaft bearings (angular contact bearing 2 and
angular bearing 4) of TPA are installed in a special hub 7
and work in the oxygen flow that specially fed by the gap
between the hub and the turbine starter. Oxygen fed to
cool the bearings is taken at the outlet of pump pressure
line O (fig. 3, 4). After cooling of angular contact bearing
oxygen passes to automatic discharge device, then passing
through the angular bearing comes to the disk area of im-
peller. From this area on specially drilled guides in the
pump cover the oxygen accumulates in the collector and
then by means of pipeline goes to output area of BPA O.

To reduce the axial force on angular contact bearing
the automatic discharge device is used (fig. 5). Its parts
are hub 1, sealed in the hub copper graphite ring 3 (in-
serted later) and disk 2.

Surfaces on the ring and the disk make a variable fron-
tal working gap d,pp. The gap divides the cavities of high
p1 and low pressure p,. With the appearing of axial force
R (directed to the turbine) the rotor moves and the gap
size 6,pp in ADD will decrease. In this case the pressure
pi tises as the pressure lost at transfer of fluid through the
gap into ADD will rise. This increase the axial force Fapy
inversely directed (towards the opening of a working gap)
on the discharge device and the rotor will tend to return to
the base state.
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Fig. 1. Pneumatic hydraulic scheme LRE RD-120 [1-8]:
1 — oxidizer pump; 2 — TPA turbine; 3 — cut-off valve of oxidizer feed to BPA; 4 — fuel valve of CC;
5 — fuel throttle; 6 — volume regulator; 7 — supply valve oxidizer to GG; 8 — valve of fuel feed to GG

Puc. 1. ITneBmorunpasimnyeckas cxema JXKPJ P/1-120 [1-8]:
1 — Hacoc oxucmurens; 2 — Typouna THA; 3 — kinanaH nepexpbITHs ofauy OKACTIUTEN K TypOrHe BHA;
4 — xmanan roprogero KC; 5 — npoccens roprodero; 6 — perynsaTop pacxoma; 7 — KiamaHa ITOJadqH
oxucaurens B I'T; 8§ — kianan nonauu roprouero B I'T’

Fig. 2. The construction of TPA LRE RD-120: 1 — turbine; 2 — angular contact bearing; 3 — oxidizer
pump; 4 — angular bearing; 5 — inlet of oxidizer for cooling of bearings; 6 — inlet of oxidizer after cooling
of bearings; 7 — ADD hub; 8 — ADD disk

Puc. 2. Koncrpykuus THA JXKP[I P/1-120: 1 — Typbuna; 2 — paauanbHO-YIOPHBIA NOMIUITHUK; 3 — HACOC
OKHCIHTENSA; 4 — paJHaJbHBIl NMOALIMIHMK; 5 — BXOJ OKHCIHMTENS VIS OXJIAXKICHUS NOALINITHUKOB;

6 — BBIXOJ OKMCIIUTEINS HOCJIE OXJIaXKAeHHS MOAIIHNITHUKOB; 7 — BTyJlKa APY; 8 — muck APY
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discharging of axial exclude hold up stops in
free i T, the valve after its closing

Fig. 3. The scheme of oxidizer motion on the way “pump O — BPA O”

Puc. 3. Cxema OBIKEHHSI OKHCIUTENS 1O TpakTy «Hacoc O — BHA O»

Inlet O before ‘
bearing cooling o Angular bearing
Anggla.r contact ADD 1 . .‘
bearing B
1 \ \ R B4
‘ (NP =
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Impeller  of
the oxidizer-

pump

Outlet O after
bearing cooling

Fig. 4. The part of construction of TPA LRE RD-120 with a scheme of oxidizer motion

Puc. 4. Korctpykuus yactu THA XKPJ] P/I-120 co cxeMoii IBUKEHUSI OKHCITHTEIIS
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Fig. 5. The construction of ADD TPA LRE:
1 —hub; 2 — ADD disk; 3 — copper graphite ring

Puc. 5. Yerpoiicteo APY THA XKP/I: 1 — Brynka;
2 — IUCK aBTOMATa pasrpy3Ku; 3 — MeIHOTpauTOBOE KOJIBIO

The conditions of LRE launch. At the launching
phase of LRE RD-120 (fig. 1) the axial motion of the ro-
tor to one or another way mostly detected by the temp and
the value of pressure change on the outlet of oxidizer
pump impeller and the pressure change on the outlet
of the turbine (fig. 4). The rise of both pressures in the
launching stage of engines is detected by principle
of starterless ignition of the engine conducted according
to the scheme “gas — fluid” [9].

First of all the starterless ignition of LRE conducted
according to the scheme with post-combustion of oxidizer
in the combustion chamber is made by the initial start of
gas generator and the next (some time later) start of CC
(combustion chamber) work that is characterized by the
intense rise of pressure in it connected with the feed of
most part fuel to CC. During this phase on TPA turbine
grate excess power is realized. It lets the TPA rotor to
gain high level rpm and transform the work of pumps
from negative to positive heads. At the initial start of en-
gine the pumps work as a source of hydraulic loss as they
do not rotate at first. At this time period axial force goes
from the pump to the turbine and TPA rotor motion
directed to closing of the gap in ADD.

At second, during all the process of engine launching,
it is important to avoid the appearance of temperature
perturbation in GG that in oxidizing medium can lead
to the firing in turbine tract. One of the reasons of such
perturbations in GG is CC (combustion chamber) starting
to work and as a result the pressure rise at output of the
turbine, falling of excess power, braking of the TPA rotor
acceleration and braking of oxidizer consumption. In LRE
RD-120 at launching phase of GG the fuel fed with the
rise of consumption through the regulator (fig. 1, p. 6) on
strict program, so braking of oxidizer consumption leads
to decreasing of coefficient components relation in GG
and consequently to the rise of oxidizing gas temperature.
If the CC starts working early, there will be a great gas
temperature perturbation in GG.

The time of CC starting to work is detected by: the
moment of main fuel valve opening (fig. 1, p. 4) (relative
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to oxidizer valve and GG fuel (fig. 1, p. 7, 8)) in feeding
line to CC; the value of hydraulic losses of the pressure
on throttle of fuel (fig. 1, p. 5); the time of starting and the
speed of its switching from the starting position to nomi-
nal (at launching phase of LRE RD-120 throttle of fuel
put in the position that makes the pressure losses about 10
times more than at nominal regime of engine work with
the following its opening in the position that provides
nominal coefficient of relation between fuel components
in CC); the depth of vacuumizing of engine’s fuel cavities
before the filling that influence on the final value of gas
bubbles in the engine’s fuel cavities; the value of fuel
pressure at inlet of engine etc.

This principle without running the starter is used
in many liquid rocket engines, for example in RD-256,
RD-301, RD-170, RD-180 and others.

The starting to work of CC in RD-120 engine, leads to
the increase in pressure at the outlet of the turbine TPA,
and consequently to the increase in axial force directed
towards the disclosure of the working gap in ADD.

Modeling of running LRE RD-120 with early entry
into work of CC. In the process of development of rocket
engines RD-120, JSC “NPO Energomash named after
academician V. P. Glushko”, together with the Moscow
Aviation Institute and other research organizations
are constantly carried out mathematical modeling of the
various processes occurring in the engine, which allowed
to solve many problems arising in the process of develop-
ment of this engine [10].

Different mathematical models were developed for the
theoretical study, in particular in the MAI, together with
NPO Energomash they developed a nonlinear mathemati-
cal model to study the launch of the RD-120 engine,
which later was modified, in the part connected with
studying the behavior of the axial forces in the TPA of
this engine. This model was based on theoretical back-
ground provided in [11-13], generalized data of pumps
oxidizer flow test and purging the turbines, supplemented
by a differential equation of the displacement of the rotor.
The model takes into consideration the effect of not only
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static forces in the respective area, but also dynamic com-
ponents, in particular the action of dynamic pressure of
the gas over the turbine blades, after gas outflow from its
nozzle, the mass of the floating rotor etc [14]. In the case
when the rotor occupies a position in which a portion of
the axial force begins to perceive angular contact ball
bearing, bearing load characteristics start working [15].

With the help of mathematical model developed to
study the RD-120 engine start, even before the accident
mentioned above, it was stated that in the course of its
run, with an early start to the work of the CC, in its GG
there is a perturbation in the temperature of the oxidizing
gas of great value. Such changes in temperature can lead
to fire of structural elements of the engine, and at first
flow path of the turbine TPA.

Fig. 6 and 7 show the results of the start model engine
(similar to the RD-120 engine and the main parameters
close to the parameters of this engine), with the different
time of command to open the fuel valve installed on the
inlet of the cooling path of the CC. The figures demon-
strate the change in the process of starting the engine in a
relative way of temperature oxidizing gas in GG, the pres-
sure in the CC and the speed of the rotor TPA (scale on
left axis 0—1) and the change in the value of the working
gap in ADD (scale right axis 0-0.12 cm).

It should be noted that while mathematical modeling
the resulting temperature of the gas in GG is mass aver-
age, i. e. averaged for the entire volume. The results of
measurements of the temperature showed that in the proc-
ess of starting the engine there is quite a large “delamina-
tion” on a diametrical section of GG. One of the tempera-

ture sensors in the process of starting the engine can log
high temperature “straps” while others may show low
temperatures. Therefore, the analysis of modeling results
and decision-making, this fact must be taken into account.

The results of modeling show that at the early start of
the CC to work (associated with the coming of the pri-
mary fuel in it) there is a significant temperature spike in
GG that can cause a fire in the nozzle or blades of the
turbine TPA.

So, this way, which could change the balance of the
axial forces, when the engine starts running is not accept-
able.

Modeling of rocket engine startup with a change in
the value of the closing pressure of the valve for feed-
ing the oxidant to the turbine BPA O in order to accel-
erate the motion of its rotor. Conducted modeling of
various actions (changing the initial setting of the throttle
of fuel; the time of giving the command to the fuel valve
of the CC; change the initial settings of the flow control-
ler, its speed and the beginning of resetting etc.) that
do not lead to the resumption of testing of the engine, did
not give a positive result. Specialists on mathematical
modeling proposed to change (increase) pressure of clos-
ing the valve of the oxidant in the pipeline of its supply to
the turbine BPA O providing fast acceleration of its rotor.
It would seem like this action could change the balance of
the axial forces in the TPA, in the process of starting the
engine to prevent complete closing of the working gap in
the ADD, or at least reduce the magnitude of the axial
force directed to move the rotor in the direction of closing
this gap?
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Fig. 6. The dependence of the changes of basic parameters during normal cyclogram launch

Puc. 6. 3aBHCHMMOCTb U3MEHEHHUSI OCHOBHBIX napaMeTpoB IIpU MITATHOM HUKJIOTrpaMME 3allyCKa
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Fig. 7. The dependence of the main parameters in the standard sequence diagram of starting
the engine (except for the time a command for opening the valve to supply fuel to the CC —
it is done 0.2 sec earlier)

Puc. 7. 3aBECHMOCTD H3MEHEHHUSI OCHOBHBIX MapaMETPOB MPU MITATHOHW IIMKIOTpaMMe 3aIryc-
Ka aBUrarens (3a MCKIIOYEHHEM BPEMEHH II0J[a4l KOMAHJ Ha OTKPBHITHE KiIalaHa IMOAadn
roprouero B KC — xomanza monana panee Ha 0,2 ¢)

The results of mathematical modeling showed (fig. 8)
that this action can significantly reduce the axial force,
directed to closing the gap in ADD in the process of start-
ing the engine.

First of all, this action provides a longer operation of
the oxidizer pump with low pressure due to the greater
pumped consumption, because the consumption of the
oxidizer supplied to the drive turbine of TPA returns to
the main pump (i. e. loop) and a smaller speed of the rotor
TPA, due to longer loading of the pump. In regular ver-
sion of closing the valve, the speed of the rotor TPA rise
immediately after the closing of this valve (by reducing
the power consumption of the oxidizer pump, through a
reduction in the quantities pumped by the pump flow),
and at higher pressures of its closure, the increase of the
speed of the rotor for the same reason, happens later (fig. 9).
Thus, there is a period of time (between the times of closing
the valve at normal and higher closing pressure) during
which the speed of the rotor TPA, the greater the closing
pressure of the valve, will be less than in the same period
of time during normal closing pressure. And the axial
force aimed at closing the working gap in ADD, directly
connected with the value of the pressure of the oxidizer
pump, which is proportional to the speed of the rotor
TPA.
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Secondly, the valve oxidizer in the line of the fast ac-
celeration of the rotor BPA O at higher pressures while
closing is shut later, thus it is bringing the lifetime of low
pressure on the pump oxidizer to the time of the entry of
the CC to work.

Thus, the increase of pressure of the valve of the oxi-
dant closing in the line of fast acceleration of BPA O,
allows to change the balance of the axial forces in the
process of starting the engine and prevent full closure of
the working gap in ADD or at least to reduce the magni-
tude of the axial force aimed at closing this gap.

The outcome of the work on the problem of changes
in the balance of the axial forces and preventing the clos-
ing of the working gap in ADD, in the startup process of
the RD-120 engine was the two main actions — the change
(increase) of the pressure of closing the valve of the oxi-
dant in the line of an accelerated dispersal of BPA, and
the change of hub material (which is associated with ra-
dial-thrust and radial bearings) from steel to bronze. The
first action provides at least a reduction of the axial force
aimed at closing the working gap in ADD, in the process
of starting the engine RD-120, and the second is the ex-
clusion of fire in possible short-term contact of friction
pairs in ADD.
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Fig. 8. The dependence of the main parameters in the standard sequence diagram of starting the engine
and up to 40 ATM pressure closing valve in the pipeline of fast acceleration of BPA

Puc. 8. 3aBucuMOCTh U3MEHEHUS OCHOBHBIX IIapaMeTPOB IPHU IITATHOH LIUKIOTpaMMe 3aIlycKa JABUTraTels
¢ yBeIM4YEeHHBIM Ha 40 aT™ JaBIeHUEM 3aKpBITHS KJIallaHa B MarkucTpaiyu yCKopeHHoro pasrona BHA
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Fig. 9. Comparison of the change in the value of the gap in ADD and the dimensionless frequency of
rotation of the rotor TPA between regular (reg) version and a launch with a big closing pressure
(reg+40 ATM) of the flow valve O to the turbine BPA O

Puc. 9. CpaBHeHHe H3MeHEHHs BETMIMHBI 3a30pa B APY u Ge3pa3MepHoii 4acToTsl BpameHust poropa THA
MEXIy IITaTHBIM (IIT) BAPHAHTOM 3aIyCKa M CIydas ¢ OONBIINM AaBlIeHUEM 3aKphITHs (T+40 aTM)
knamana mogauu O Ha Typouny BHA O
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Conclusion. This work discovers the influence of
various factors on the balance of the axial forces in TPA
LRE RD-120. It is shown that under certain conditions in
the run mode contact of the mating parts in the design of
the ADD is possible. Considered activities would exclude
this contact without changing the design of the TPA and
the restart of testing of the engine.

One of such activities could be an earlier entry into the
work of the CC, but in this case significantly increases the
temperature of gas splash in GG, which may result in an
oxidizing atmosphere to fire of elements of the flow path
of the turbine.

The variant of launching the rocket engine with in-
creased closing pressure of the flow valve O to the turbine
BPA for the accelerated dispersal of its rotor is presented.
It is shown that this allows to change the balance of the
axial forces and to prevent complete closing of the work-
ing gap in the ADD, or at least to reduce the axial force
aimed at closing this gap.

The works on mathematical modeling of the launch of
the RD-120 engine reaffirmed the need for the develop-
ment of modern mathematical models of liquid rocket
engines, which allow as looking into the future of the de-
veloped engine, and in critical situations to find the best
solution to arising problems.
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Adaptive digital antenna arrays, also known as smart antennas, are a perspective direction in the development
of ground-based command and measurement antenna stations. Smart antennas can significantly improve the efficiency
of controlling data exchange between the satellite and ground-based earth station. This benefits the productivity of the
technological operations and reduces the time intervals forperforming the technological control cycle. Depending on
the requirements, smart antennas containfrom a hundred to several thousand active modules. In this case, the probabil-
ity of failure of the active module increases. This article discusses the issues of ensuring reliability ofsmart antennas:
their ability to maintainin timethe values of their technical parameters within the established limits, which are deter-
mined by failures of the equipment included in the antenna, mainly by module failures.
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Paspabomra anmennvix komniexcos komanoHo-usmepumensvuvix cucmem (KHUC) nazemnozo xomniexca ynpasnenus,
HenpepuisHo cedawux 3a kocmuveckumu annapamamu (KA), agisemes o0num uz naubonee akmyanbHvix HANPAsIeHUll
6 obnacmu cnymnuxogoui céasu. Haubonee nepcnexkmuenvim nymem passumus KUC sensemca npumenenue aoanmus-
HUIX Yugposwvix anmenuvix pewemox (AL[AP). Dmo nosgonsem ymyuuiums onepamusHOCMb YHPAGLeHUs 0OMeHoM
ungopmayueti ¢ KA, a maxce nonoxcumenvHo cKasvblaemcs Ha Npou3go0UmenIbHOCmy mMexHoN02U4ecKux onepayui,
COKpawjas 8pemMenHol UHMeEPSal NPOBeOeHUs MEXHOIO2UYECK020 YUKIA Ynpasienus. B 3asucumocmu om npeovssisie-
MbIX mpebosanull, maxue aHmeHHble CUCTHEMbL COOePICam Om comeH 00 HECKONbKUX MblCAY akmugHvlx Mooynei (AM).
B cesasu ¢ smum eeposmuocms 6vixo0a uz cmpos (omkazos) AM nogviwaemes. Paccmompenvt gonpocwl obecneyernus
HAOeHCHOCMU (DYHKYUOHUPOBAHUS A0ANMUBHBIX YUPPOBHIX AHMEHHBIX PEWeEmoK, M. €. UX CNOCOOHOCHb COXPAHAMb
80 BPEMEHU 3HAUEHUS CBOUX MEXHUHECKUX NAPAMempos 8 YCMAHOBIEHHBIX NPedelax, Komopule Onpedensamcs omKa-
3amu annapamypul, exoosaweli 8 ALJAP, enaguvim 0ob6pasom, omrazamu Mooyiel.

Kniouesvie cnosa: adanmuenas uud)poea}l AHmMEHHAs peuemkda, KOMGH@HO-M?MepumeﬂbHa}l cucmema, auaepafwwa
HanpaeileHHocmu.

Introduction. Adaptive digital antenna arrays, also center of radiation with a radiation patterns, formed in a
known as smart antennas, are a perspective direction digital way, and without phase shift modules, were given
in the development of ground-based command and meas-  a grounding in 1960s [1].
urement antenna stations. With the progress of electronics, antennas have made

The basic principles of building of antennas, which a great way from quite simple facilities to complex con-
are an assembly of analog digital channels with the same  trolled systems with active devices. Interference environment
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is constantly changing, so that the need in adaptive anten-
nas has arisen. Nowadays radio systems are to be able to
function under the influence of several heavy broadband
interferences in conditions of independent moving of
interference sources. In such cases, an adaptive antenna
fulfils spatial processing of signal, i. e. it becomes a dy-
namic spatial filter. The parallel spatiotemporal signal
processing in antenna allows increasing the volume of
information received from several satellites simultane-
ously.

The progress of space technology emphasizes devel-
opment of methods of forming stacked beam patterns able
to monitor several spacecrafts and to form nulls in direc-
tion of interference sources for a ground-based command-
measuring complex. The analysis of modern research,
methodical and regulatory literature reveals the concern-
ment of both state institutions and major space engineer-
ing corporation in a substantial upgrade of existing com-
mand-measuring complexes characteristics [2]. One of the
most prospective ways of development of ground control
is using of command-measuring complex equipped with
adaptive digital antenna arrays.

Such command-measuring complexes would be able,
unlike existing stations, to monitor several spacecrafts
simultaneously, that will allow increasing the efficiency
of data exchange control and performance of technologi-
cal operations, reducing control time slot.

The development and introduction of smart antennas
to ground control systems allow receiving command
and telemetric information from all visible satellites.
It improves the operational characteristics by elimination
of mechanical engineering assemblies of antenna control,
and interference immunity of command-measuring com-
plex due to spatial-temporal processing of signals.

The advantages of digital antenna arrays are [3—5]:

— presenting digital synthesis of a radiation pattern in
a receiving mode and forming of specified distribution of
electromagnetic field in an antenna array face in transmit-
ting mode;

— the ability of digital antenna arrays to perform mul-
tisignal transmit and receive signals in a spatial angle;

— the ability to perceive all the information contained
in the structure of spatial-temporal electromagnetic fields
in an antenna array face and transform it into data almost
without any losses;

— the digital formation of the requested radiation pat-
tern in receivers input provides deep spatial cancellation.
When combined with the volume expansion it provides
interference immunity unreachable before.

Smart antennas allow implementing of special types
of gain-phase distribution in an antenna array face and
applying for different methods of processing of signals
received by every single antenna radiating element.
Therefore, it is possible to gain low side lobes of the
radiation pattern, to extract more data out of the received
from different satellites radio waves, to use adaptive algo-
rithms of optimal spatial-temporal filtration of signals
against a background of interference, that all in all
improves characteristics of navigational facilities of
a consumer [6].

Modern hardware components allow producing smart
antennas with unique specifications along with the trend
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towards components miniaturization and reducing of their
aggregated cost. The nearest future of antenna arrays and
especially smart antennas seems to be prospective, while
their further development of hardware components will
help to solve those problems that suppress mass use of
such systems.

Reliability of smart antennas is its ability to keep
values of technical parameters in set limits in time. It is
defined by failures of facilities of smart antennas, mainly,
by failures of modules.

The requirements to reliability of smart antennas are
strict. MTBF is to be at least fifty thousand hours, while
assured life should be not less than 10 years.

Faultiness of electronic components in the modules
determine the appearance of both sudden failures and
gradual failures. The first lead to the fact that the emitters
of smart antennas connected to the failed modules have
a zero amplitude of excitation, the second causes a change
in the complex amplitudes of the excitation emitters.
Since smart antenna is a statistical system, which includes
a large number of parallel channels, it potentially has high
reliability. Indeed, both types of failures of the modules
lead not to failure of the whole system, but only to a dete-
rioration of energy and the directivity characteristics
of the antenna: reducing the effective area, increasing
the error of the beam, increasing the level of side lobes,
reducing the transmission power of the transmitting smart
antenna [7-9].

The failure rate of the modules A(¢) is a function of
time. With good accuracy we can assume that after
screening tests the failure rate of the modules is constant,
i. e. A(f) = A = const. The percentage of modules failed for
the time ¢, is given by the following ratio:

n()/ N =1-exp(-A t), )
where n(f) is the quantity of failed modules; N is the
total quantity of modules, 7, = A is MTBF.

n(t)/ N=At =t/T, is true for t << T,

The value T of the electronic components of the elec-
tronic equipment specified in the specifications.

The failure rate of the modules essentially depends on
the operating temperature of the crystals of semiconductor
devices included in the modules. Description of tempera-
ture dependence of MTBF is based on the Arrhenius
equation:

MT) = A exp(—¢/ kT), Q)

where T is the absolute temperature; k is the Boltzmann’s
constant; € is activation energy; 4 is the constant of pro-
portionality. Test results show that at temperatures of the
crystal of 100-200 °C, the failure rate increases about 2
times by increasing the working temperature to 10 °C.
That is, when the temperature increases, for example,
from 100 to 150 °C operating time to failure is reduced by
more than 30 times. In this regard, when considering reli-
ability issues, the first thing to pay attention are transmit-
ting adaptive digital antenna arrays having elevated oper-
ating temperature due to large heat generation and there-
fore lower reliability [10].

From the above it follows that a major problem in the
design of transmitting adaptive digital antenna arrays is to
ensure the normal thermal regimes of high-power transis-
tors with the purpose of increasing their reliability.
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If dissipation is large, a liquid cooling system is used,
at relatively low heat an air cooling system is applied.
Cooling systems working on different physical principles
may be used as well. Here is the example of reliability
calculations for smart antennas.

Adaptive digital antenna arrays with large heat genera-
tion use liquid cooling systems. Some smart antennas are
made of tile-typed modules with metal thermal busses,
in which heat from the power transistors is transmitted to
the piping with the coolant fluid, located on the rear side
of smart antenna. In order to remove high heat generation
module structures with embedded channels for flushing of
cooling liquid are used.

For smart antenna of K-range communication system
(18.8-19.3 GHz) RaytheonSystemsCompany designed a
cooling system, based on using phase transitions of the
refrigerant. The heat exchanger in the form of a metal
cylinder filled with porous aluminum “foam”, impreg-
nated with paraffin wax. The volume of the heat
exchanger and modules are connected by heat pipes.
When you enable the modules the heat supplied to the
heat exchanger volume goes into melting the paraffin.
The process occurs at almost constant temperature. After
turning off the modules, the process is reversed — the par-
affin sets solid. The heat exchange device provides the
junction temperature of the transistors about 100 °C when
temperature gradients on the surface of the array is less
than 10 °C.

Changes in the characteristics of smart antennas due to
failures of modules can be described by statistical meth-
ods. An average radiation pattern of power of a system
consisting of N emitters has the form:

|F (ko) [ =

2| & E—F Y g 2 ®)
=@ 1 1,0+ ) E R hn) (1P )
n=1

where k is the wave vector directed towards the observa-
tion point; k, is the wave vector directed towards the

2
system phasing point; ‘f (k)‘ is an average radiation pat-
tern of power; 7, is the vector assigning location of emit-

ter nth; I, is the deterministic part of the amplitude exci-

tation of the nth radiator; 4,, ®, — random amplitude and
phase errors of the excitation of the nth emitter. The rela-
tion (3) allows by averaging the ensemble of realizations
of the random radiation patterns of smart antennas to find
the dependence of its parameters from the parameters
of a random amplitude-phase errors [11; 12].

If the amplitude and phase errors in the channels
are independent and small, i. e. they have a zero average

and small variance o = (47 +®2) <<1, and average values

of the amplitudes are the same (/, = 1), then degradation

of smart antennas parameters is described by the following
approximate relations.
The gain is determined by the ratio:

G=G,-AG~Gye * ~Gy(1-a). (4)
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The average error of the maximum of a radiation pat-
tern 00 related to the width of the half power radiation
pattern ABs (for the case of square pattern) is given by:

850/ A0, ~0.3Ja/N. ©)

The distribution of the side lobes of the radiation pat-
tern obeys the generalized Rayleigh law. Average level of
side lobes is described by the ratio:

f5 = fao+am/N, ©)
where fz, is the relative significance of any side lobe of

power in the absence of amplitude-phase errors; f62 is

the average value of the same side lobe if there are errors.
In a separate implementation level of the side lobe can be
more. With a probability almost equal to one, the maxi-
mum level of lateral radiation does not exceed values:

fi = foo +3Jan/2N. (6a)

In 80 % of implementations, the level of the side lobe
does not exceed the value

Jo = Jfso +AJOT/2N.

To assess the level of first side lobe of a smart antenna
with a square aperture under equiamplitude excitation
of the emitters in the formulas (6) should be considered

fu =0.217.

The degradation of the gain depends only on o, and
the side radiation caused by random errors, decreases with
increasing N. Thus, the maximum level of the first side
lobe (6a) of the array with a rectangular aperture that is
13.2 dB with no errors (o = 0) is increased in the presence
of the error a = 0.3 to —8.8 dB in the array with N = 200,
and only up to 12.7 dB in the array with N = 20000.
For the same parameters relative error of the maximum
radiation pattern (5) is approximately 1 % of the beam
width at N =200 and only 0.1 % when N = 20000.

The ratio (4)—(6) can be used to assess the impact
of the modules breakdown on the performance of smart
antennas.

In the statistical theory of antenna arrays it is shown
that the failure of n randomly located in the array
of N elements can be considered equivalent to the impact
of uniformly distributed over all elements of the array
of random amplitude and phase errors with variance
o = n/N. Expressing the fraction of the failed elements as
a function of the failure rate (1), we get:

a=a(t)=n(t)/N =
=l-e™xrt=t/T,.

(6b)

O]

It should be borne in mind that the failure of modules
of the transmitting adaptive digital antenna arrays not
only leads to deterioration of the gain and radiation
pattern, but will also reduce the radiated power, so the
potential of smart antennas when n << N is described by
the following ratio:

I1=PG=1I,(1-a) "~

8
~ I,(1-a)* = ,(1-t/T,)*. ®
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Time to failure 7, of modern transistor transceiving
modules of smart antennas of X-range is up to 100 000 hours
(over 11 years). Receiver modules, made by hybrid tech-
nology have a life 2-3 times longer, and receiver modules
based on integrated circuit can take 7 > 1 000 000 hours,
that is orders of magnitude larger.

From ratios (7)—(8) it follows that the smart antenna
with N = 20 000 modules and 7, = 100 000 hours,
will undergo the following changes of parameters after
one year operation without repair (about 8600 hours):
decrease of the gain and effective area of the aperture
(about 0.4 dB), the reduction of potential (about 0.8 dB),
maximum growth of the first side lobe (not more than 0.3 dB),
the maximum error of the beam (about 0.2 %, without
taking into account the error, associated with the discrete-
ness of the phase shifters and errors in the calibration
of the channels of the array).

Given parameters are achievable, if the correct ther-
mal operation mode of power transistors is chosen. This is
achieved through the optimal mode of operation at a re-
duced power level, rational choice of materials for body-
work and its design maximizing heat dissipation from the
crystals, a sufficient flow of cooling air or fluid in the
cooling system [13-15].

Practically, the modules located at the edges of the ap-
erture have a lower temperature than the modules located
in the central part due to heat transfer to the environment.
For example, in the literature there are the results of tests
of a 17-element active array with air cooling. Power con-
sumption of DC power in each channel is 9 watts. In con-
ditions of the absence of forced cooling central elements
of the array have a temperature of about 100 °C while the
extreme ones — 60 °C. When enabled forced airflow,
those temperatures are 40 °C and 20 °C, respectively [16].

Increased temperature in the central part of the aper-
ture leads to a higher failure rate of the modules located
here in accordance with the aforementioned ratio (2).
This, in turn, leads to higher growth of side radiation than
it follows from (6). Simulation of smart antennas parame-
ters with variable temperature distribution can be per-
formed using the ratio (3), while the failure rate of the
modules in the aperture is described by the ratio (2).

Conclusion. Thus, for a more accurate description of
the smart antennas characteristics it is necessary to create
a model of its reliability. Such a model should take into
account energy parameters of the modules and their ele-
ments, the dependence of the efficiency (and hence oper-
ating temperature) from the output power level, the tem-
perature dependence on structural parameters of the cool-
ing system, the above mentioned dependence of MTBF
on the temperature, a more accurate description of the
failure rate of the modules based on the analysis of the
failure rate of their elements.
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AHAJIN3 KOHIENIHUI OYACTKA OKOJO3EMHOI'O KOCMUYECKOT'O TIPOCTPAHCTBA
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Besonacnocmv nonemos xocmuueckux annapamos pasiuyHo20 HA3ZHAYEHUs. ONPeOensiemcsi MHONCECMBOM parmo-
PO8, OOHUM U3 KOMOPBIX AGIAEMCS BO3MONCHOCHL UX PA3PYUIEHUS. UNU NOBPENCOEHUs NPU CAYYAUHOM COYOapeHuu
€ KOCMUYECKUM MYCOPOM MEXHOLEHHO20 Xapakmepa. Kocmuueckutl Mycop mexHo2eHHO20 Xapakmepa — 3mo 8ce HAXo-
OAwjuecss Ha OKONO3EMHOU opOume Kocmudeckue 06beKmvl UCKYCCMBEHHO20 NPOUCXONCOCHUS, BKIIOUAA (hpacmeHmbl
WU YACU MAKux 00beKmos, KOmopbvle 3aKOHYUNU C80e AKMUBHOE QYHKYUOHUPOBAHUE.

Hcxo0s u3z opuyuanbHuix OAHHBIX, ¢ KAHCOIM 2000M KOIUYECBO 00BEKNO8 KOCMUYECKO20 MYCOPA MEeXHOLEHHO20
xapaxmepa pacmem. O0bekmbl KOCMUYECKO20 MYCOPA MEXHOLEHHO20 XApaxKmepda 8 Cayude CMOAKHOBEHUA ¢ HUMU
MO2ym npugecmu K NPeKpaujeHur0 6CAKO 0esAmenbHOCU 8 KOCMOCe, HOCKOIbKY CKOPOCHb OBUNCEHUS IMUX 00bEKMO8
Ha pasHvlx opoumax Mooicem O00Cmu2ams c8epx38yKosoul. Beudy ocobennocmeil ceocmayuonaphnoti opoumol, ces3amn-
HbIX ¢ HENOOBUINCHOCIBIO KOCMUYECKO20 AnNApama OmHOCUMENbHO NOOCHYMHUKOBOU MOYKY HA 3eme, no OKOHYaHUU
CPOKA 9KCHIyamayuu KOCMUYeCKUll annapam O0JdiceH Oblmb YeeOeH Ha opOumy 3axoponenus. Jmo HeoOXo0umo 0is
obecneuenusi 03MOICHOCMU YCMAHOBKU 8 OAHHYIO OPOUMANLHYIO ROZUYUIO HOBO20 KOCMUYECKo20 annapamd. Buixoo
U3 CMpos 2e0CMAYUOHAPHO20 KOCMUUECKO20 annapama Oendaem HegO3MOICHBIM UCHONIb308aAHUe SMOl OpOUMANLHOU
nosuyuu 8 6yoywem.

Taxum obpaszom, akmyanrbHOCMb pabomvl 00YCI081eHd, C OOHOU CIMOPOHBI, HEOOXOOUMOCMBIO 0C80D0NHCOEHUs
OpOUMANBLHOU NO3UYUU, 3AHAMOU BLIPADOMABUIUM CEOU PECYPC KOCMUHECKUM ANNApAmoM, ¢ Opy2oli CIOpPOHbL, UCKIIO-
YeHueM yepo3vl CIOIKHOBEHUS HEUCTIPABHO20 KOCMUYECKO20 annapama ¢ 0eticmeyiouumu.

IIpeocmagnena un@opmayus 0 3anycKax KOCMUHECKUX 00beKmo8 8 OKONO03eMHOe KOCMUYecKkoe NpoCmpaHcmeo
U Koauuecmee 00beKmMo8 KOCMUYECKO20 Mycopa 8 Hem 3a NoCieOHue cemb em. Takoice paccmMompensl cyujecmsyoujue
KOHYenyuu OYUCHKU OKOI03EMHO20 KOCMU4ecko2o npocmpancmea. Ilpusedenvl OanHble NO KOHYENYuu CepeucHozo
Kocmuyeckoeo annapama, paspabamovieaemotl umcenepamu AO «HMCCy» na basze cywecmsylowux HezepmemuyHbix
naamghopm 015t 2e0CMAYUOHAPHBIX KOCMUHECKUX anNapamos.

Lenv 0annoeo ucciedosanus 3aKkm04aemcs 6 NpoGeoeHUU aHAIU3a Cywecmsyioue20 mexHo2eHHO20 3aCOPeHUs
OKONO3eMHO20 KOCMUYECKO20 NPOCMPAHCMEA U AHANIU3E CYIECMBYIOUUX KOHYENYULL OUUCTIKY OKOL03EMHO20 KOCMUYe-
CKO20 NPOCMPAHCMEA.

B saknrouenue ommeueno, umo pesynvomamul aHaiuza paccMompeHHbix Konyenyuti yumenvlt unoicenepamu AO « 1CCx
npu paspabomke KOHYenyuu CepeUCcHO20 KOCMUYECKO20 annapama Os Y8004 KOCMUYECK020 Mycopa u3 obaacmu 2eo-
CMAYUOHAPHOI OpOUMDL.

Kuroueswvie cnosa.: kocmuueckuii annapam, KoCMUYecKul MYCOp MEXHOCEHHO20 XapaKkmepd, OKOJ103eMHOoe KOCMU4ecKkoe
npocmpancmeo, 2ceocmayuoHapHas 0p6uma, 0p6umaﬂbﬂaﬂ no3uyusl.

Siberian Journal of Science and Technology. 2017, Vol. 18, No. 2, P. 343-351
ANALYSIS OF CLEANING CONCEPTS OF NEAR-EARTH SPACE
V. A. Kirillov, I. R. Bagateev, 1. S. Tarleckiy, T. N. Balandina*, E. A. Balandin

JSC “Academician M. F. Reshetnev “Information Satellite Systems”
52, Lenin Str., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation
“E-mail: tan.balandina2015@yandex.ru

The flight safety of the spacecrafis used for different purposes is determined by a great number of factors, one
of which is the possibility of their destruction or damage due to a random collision with technogenic space debris.
The technogenic space debris is all space objects of artificial origin being in the near-earth orbit, including fragments
or parts of such objects, which terminated their active operation.

According to the official data, every year the number of technogenic space debris objects is increasing. The tech-
nogenic space debris objects could result in termination of any activity in space as the velocity of these objects in
different orbits can reach the supersonic. Taking into account the geostationary orbit peculiarities related to the space-
craft immobility with respect to the subsatellite point on the Earth, the end-of-life spacecraft must be deorbited.
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It is necessary in order to provide the possibility to perform positioning of the new spacecraft into this orbital slot.
The geostationary spacecraft failure makes the use of this orbital slot impossible in the future.

Thus, the relevance of the work is determined, on the one hand, by the necessity to vacate the orbital position occu-
pied by failed spacecraft, and by the avoidance of risk of failed spacecraft collision with operational spacecrafts, on the

other hand.

This paper contains the information concerning the space objects launches into the near-Earth space and the num-
ber of space debris objects in it for the last seven years. The current concepts of the near-Earth space clearance are
also considered. The paper presents the data on the service spacecraft concept, being developed by engineers of the
JSC “ISS” based on existing unpressurized platforms for geostationary spacecrafts.

The objective of this research consists of the analysis of current technogenic clogging of the near-Earth space and
the analysis of existing concepts of the near-Earth space cleaning.

In conclusion it is noted that the results of analysis of these concepts are taken into account by engineers of the JSC
“ISS” during the development of the service spacecraft intended to remove the space debris from the geostationary

orbit area.

Keywords: spacecraft, the technogenic space debris, near-Earth space, the geostationary orbit, orbital slot.

BBenenune. C Hawama KOCMHYECKOW 3pPBI BCEMH KOC-
MHYECKHMU JIep>kaBaMH OBIJIO OCYIIECTBIEHO 0koio 5000
3aIyCKOB, B PE3yJbTaTe Yero B OKOJIO3eMHOE KOCMHYe-
ckoe mpoctpadcTBo (OKII) Obuto BBIBEIEHO TOpPSIKA
30000 kpynHbix (6onee 10 cM) KOCMHYECKHX OOBEKTOB.
Ha 1 oxTs6ps 2009 roma ObUT0 3apETUCTPUPOBAHO OKOJIO
33500 oonekroB [1]. M3 HUX Oojiee NBYX TpeTei Bce erie
OCTalOTCSl Ha OpOMTAaX M KOHTPOJIMPYIOTCS Ha3eMHBIMHU
1 KOCMHYECKUMH CPEICTBAMHU HAOIIOICHHSI.

K 2012 romy Ha opOurax BOKpYr 3eMJIM peaslbHO
¢ynkponupoBano 994 kocmuueckux amnmapara (KA).
BonpmmHCTBO U3 HUX AEHCTBOBAIO B HU3KOOPOUTAIBHOM
obmactu u Ha reoctannonapuoii opoute (I'CO) (47 % —
Ha Hu3KHX opburax, 42 % — wa ['CO, ocrampHBIE —
Ha CpeJHWX M BBICOKOAIMNTHYECKUX oOpOuTax). s
cpaBHeHHs, B 2008 roxy AEHCTBYIOIIMX HMCKYCCTBEHHBIX
cytarkoB 3emim (MC3) 6pwu10 oxomo 850 KA, u cootHO-
meHue Obu10 Oobiiee B nonk3y ['CO. U3 neiictByronmx KA
(aKTI/lBHI)IX, HaxoAUXC B PE3CPBE, MPOXOAAIINX JICTHBIC
UCIIBITAHUA W YaCTHUYHO [leﬁCTBleHJ,HX) Hal/I6OJ'H)LlII/Ie
rpymnupoBku umeror CIIA (446 KA), Poccus (135 KA)
n Kuraii (132 KA).

OTHOCHUTENbHBIE OpPOUTANBHBIE CKOPOCTH OKOJI03EM-
HBIX OOBEKTOB TEXHOTCHHOTO IPOMCXOXKACHUS MOTYT
nmocturath 10 xM/c, TO3TOMY Aa)ke HEOONBIINE OOBEKTHI
CHOCOOHBI TPUBECTH K CEPHE3HBIM IOBPEXKACHUAM [Ieii-
crBytomx KA. Ilpu cTonkHOBEeHMH 00pa3zyeTcs OrpoM-
HOE KOJIMYECTBO MEJKOro KocMmmueckoro mycopa (KM).
BoJIbIIMHCTBO  OKOJIO3EMHBIX OOBEKTOB TEXHOTEHHOTO
MIPOMCXOXKICHNUS BO3HHUKIO B pe3yibTare 175 paspyiie-
uuit KA na opbure. M3 Hux 48 — B pe3ysbrare npeaHa-
MepeHHbIX paspymenuii KA wunm paspymieHuil npu
CTOJIKHOBEeHMH paznnyHbiXx KA (karamormsupoBano 2244
oobexta KM), 52 — B pe3ynbrare B3pbIBOB ABUIATEIBHBIX
YCTaHOBOK (KaTajoruzupoBaHo 3558 ¢parmenro KM),
7 — B pe3ynpTaTe HEUCIpaBHOCTEH B cuctemax KA (kara-
norm3uposaHo 618 o6vexToB KM) [2].

B nocnennee Bpems 06110 3apUKCHPOBAHO HECKOIBKO
CTOJIKHOBEHHH HCKYCCTBEHHBIX CITyTHHKOB B KOCMOCE:
IIePBOE CTOJIKHOBEHUE — 3TO CTONKHOBEHHE POCCHHUCKOTO
cnytHuka «Kocmoc-2251» ¢ aMepuKaHCKHM CIyTHHKOM
Iridium 33 [3]. CronkHoBenue npousonuio 10 ¢eppans
2009 roma. B pesynbrare CTOJNKHOBEHHs 00pa3oBaIOCh
okono 600 obmoMkoB. Bropoe crosikHOBEHHE — pOCCHii-
CKUH MUKpOCIYTHUK «bmuiy, sBisiomuiics dYacTbio
MEXXIYHAPOJAHOW CHCTEMbI JIa3epHOTO 30HAMPOBAHUS,
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«D>HB1I0HB-1Cy.

CornacHo paspabdoranasiM komureToM OOH 1o xoc-
Mocy PykoBomsfmmM NpUHIMIIAM MO IPEIOTBPALICHHUIO
00pa3oBaHUsI KOCMHYECKOTO0 Mycopa U TpeboBanusaM [4],
orpaboraBmue KA momxHBI OBITH YBEINCHBI U3 paboueit
30HBI OPOMTHI B 30HY 3aXOPOHEHUs TaK, YTOOBI HCKIIIO-
YUTh BO3MOXHOCTH HUX CTOJIKHOBCHHSA C KOCMHUYECCKHMU
00beKTaMM, KOTOpBIE MPOIOJDKAIOT paboTaTh Ha opouTe,
HO B peajIbHOCTH 3TO HE Bceraa peanusyercs. Tak, 30HOH
3axopoHeHns KA na I'CO sBusiercst cermeHT cdeprue-
ckoit obomoukn OKII, ompemensieMoil W3 CIEIYIOIINX
YCIIOBHIA: MHUHHMAaJbHas BHICOTa PaBHA BBICOTE TEOCTa-
HOHAPHOM opouThl MUHYC 200 KM; MaKCHMAaITbHAsI BBICOTA
paBHa BBICOTE Te0CTaMOHAPHOM opOUTHI IToc 200 KM.

ITo coctosirmro Ha 31 aBrycta 2015 r. olmmee komnde-
CTBO HAXOMSIIUXCA B KOCMHYECKOM IIPOCTPAHCTBE
1 KaTaJIOT'U3UPOBAHHBIX B Oas3ax JaHHbIX aBTOMAaTU3UPO-
BaHHOM CHCTEMBI MPEIyNPEKACHUsI 00 ONACHBIX CUTYya-
usix B OKIT kocMuyeckix 00bEKTOB TEXHOTEHHOT'O TPO-
HCXOXKIEeHUsT cocraBmiio 17250 KOoCMHUYECKHX OOBEKTOB
(KO). U3 nux 1362 KO — sro neitcrBytomue KA, a oc-
tanbHble 15888 KO — KM.

B mociemamne rompl onepaTopsl Bee Yalle W Jamle IMmo-
JMY4aroT COOOMIEHUS 00 yrpo3e CTONKHOBEHHSA (PYHKIHO-
Hupytomux KA ¢ karanorusupoBaHHeIME 00bekTamu KM
(pa3smepom, kak mpaBuio, 6onee 10 cm). CTomkHOBEHHE
KA ¢ Takum 00BEKTOM B Jyd4IlleM Cilydae IOBJIECYET 3a
c000i MOJHYIO0 MM YaCTHYHYIO HOTEPI0 (yHKIMOHAJH-
HOCTH, a B XY/JLIEM — CHJBHBIH B3pbIB C 00pa3oBaHUEM
OoubIIOro KoJMyecTBa HOBBIX (pparmenToB KM.

BecbhMa nomnysipHO# CIIyTHUKOBO#T OpOUTOH SIBIISIETCS
I'CO. Ha neit pacnonaratorcst cotHu KA, kaxxaslii cTou-
MOCTBIO B JIECSITKH, @ TO U B COTHU MIJIJIMOHOB JI0JJIApOB.
B cpennem ocymectsisiercss nopsaaka 30 3amyckoB KA
Ha ['CO exeromgno. Ternennus 3amonuenuss I'CO u op-
6wurt c BeIcoTOM, Omm3Koit kK ['CO, npuBeneHa Ha puc 1.

Ocob6ennocteio 'CO sBrsieTcst TO, 9TO CIyTHHK, Ha-
XOJSIIIECcs Ha HeH, MOCTOSIHHO pacriojiaraercsi B OJJHOM u
TOH XK€ TOYKE CTOSHUS, Ha3bIBAEMON OpOUTAIHLHON TO3H-
nued. Beixom u3 crpost reoctamuonapHoro KA nemaer
HEBO3MOXHBIM HCIIOJIb30BaHHE 3TOW OpOMTANBHOM MO3H-
Iounu B 6y)1yu1eM. OI[HI/IM M3 TaKuX MNPUMCPOB ABJIACTCIA
norepsiHHbId B HOstOpe 2015 rona M3panibCKuii CIyTHUK
Amos-5, KOTOpHIi B HACTOSANIMA MOMEHT Jpeidyer
TI0 TeOCTAIIMOHAPHON Jyre M MpeCTaBIsAeT IPOOIeMBl s
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ApYyTUX BJIAJACIbLCB I'COCTAlIMOHAPHBIX CHyTHHKOB.lIHﬂ
npeaoTBpaliCHUA CTOJKHOBCHUSA C TaKMMU CIIyTHUKaMU
HEO0OXO0MMO IPOU3BOJUTE MX YBOJ B 30HY 3aXOPOHECHHSI.

AHaJM3 CyIIeCTBYIOIIMX KOHIEMIMI OYHCTKH OKO-
JI03eMHOT0 KOCMH4Y€eCKOro NMpocTpaHcTBa. B Hacrosiiee
BpeMsi, C YYETOM BCE BO3pACTAMOIIC WHTEHCHBHOCTU
HCIIOJIb30BAHUS OKOJIO3EMHOI'0 KOCMHYECKOTO MPOCTPaH-
CTBa, PACCMOTPEHUE BO3MOXKHOCTU €r0 OYHCTKH OT OTpa-
6otaBux KA u ¢parmenToB paspymmsimxcs KA cra-
HOBHTCS BechMa akTyanbHbeIM. Ilo maHHOI Teme mpera-
raercsi HIMPOKUH CHEKTP Pa3lNU4YHBIX TEXHUYECKUX YCT-
POKCTB, KOTOpHIE MOTYT OOECIEYUTH YBOJ 3JIEMEHTOB
KM Ha Ge3omacHble OpOUTHI WIIH HX CITyCK B aTMocdepy
3emin. B xauectBe BO3MOXHBIX MeTonoB ouncTtkn OKII
oT orpaboraBmux KA MOTyT paccMaTpuBaTbCs KOHIIETI-
LUK UCTIONBh30BaHHSI KOCMHUYECKUX OYKCHpPOB, 3axBaTta KA
C TIOMOILBIO CETH, Pa3BePTHIBAHHS COJHEYHOIo IMapyca
B KOHIIEe cpoka aktuBHOrO cymectBoBanus (CAC), mon-
HOTO ITy4Ka | Jp.

1. [Tpoext CleanSpace (Swiss Space Center). I1IBeii-
HAPCKUHA KOCMHYECKUI WEHTP pa3padaThiBacT CUCTEMY
3axBata KM mexanmdeckum mytem [5]. CleanSpace BbI-
XOJUT B OKPECTHOCTH CBOCH IIENH, My HY)KHO 3aXBAaTUTh
U CTaOMIIM3HUPOBATh €€, MCIIONB3YS CICIUATBHBIN MeXa-
HU3M 3axBaTa. Kak Tonbko 310 Oyzmer cuenano, CleanS-
pace Bo3Bpamiaercs B atmocdepy 3emid, rje 3TH Ba
cnyTtHuKa cropatot. 3axsar CleanSpace ¢ KM npexacras-
JIeH Ha puc. 2.

2. Harpoon (Astrium UK). Ha puc. 3 npexacrasiex
npuMep KOHLENUUH, mpemaioxenHoit Astrium UK [6].
B nelt npennonaraercs, uto KA, ocHallleHHBIH TeIeCKO-
MUYECKON INTaHIOW C TapImyHOM Ha KOHIE, CMOXET
3axBaThIBATh M TICPEBOJUTH HAa OPOUTHI 3aXOPOHCHHS
HepyHKunonupytomme KA. apiyH uMeeT [IHHY OKOIO
30 cm. IIpu paccrossanu 20 M raprmyH QoTtorpadupyer
[eNTb U OTIPABISET CHUMKHU Ha 3eMITIO UL TeOMeTpHUe-
ckoil oueHku. Ilocne OLEHKM LEenu rapiyH 3aXBaThIBA€T
U TIEPEBOJNT IIeJIb Ha OPOUTY 3aXOPOHEHHUS.

1000

800

600

400

Yueao o6beKTOB

200

[ T
1957

1962

1572

1967 1

ObsexTsl HA I'CO
L]

IIH na I'CO

977

1982 1987 1992 1997 2002

rox

Obvexrnl Boime I'CO  ITH Beime I'CO
NRRRRRRRNR
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Fig. 1. Tendency of filling the geostationary earth orbit and orbits with the height close to GEO

Puc. 2. IIpoekt CleanSpace (Swiss Space Center)

Fig. 2. Project “CleanSpace” (Swiss Space Center)

345



Cubupckuil scypHan Hayku u mexvoaoeui. Tom 18, Ne 2

3. Robotic arm (Deutsch Orbital Servicing Mission).
OcHOBHas 1EJAb COCTOMUT B TOM, YTOOBI HCIOJIH30BATh
POOOTH3MPOBAHHYIO PYKY A 0OCIyXHMBaHHUS Ha opoOuTe
(puc. 4) nns panpHeHmiero mepeBoja LeNM Ha OpOuTy
3ax0opoHeHus [7].

4. CranpHas ceTh Il COOPKH KOCMHYECKOTO Mycopa
(Japan Aerospace Exploration Agency). B smonckom
NPOEKTE MPEIIoaraeTcsi, YTo CIELHAIBHBIA CITyTHUK
BBIBEZIET Ha OPOMTY M Pa3BepHET JIEKTPOANHAMHYECKHN
Tpai [8]. DTo MeTammueckas cetka JymuHON 300 MeTpoB,
mupuHON 30 CAaHTHMMETPOB W TOJIIUHOW HUTEH — OKOJIO
1 muwutumertpa (puc. 5). Tpan Oyner ABUrathest o opoure,
TCHCPUPYS MAarHuTHOC I10JIC U 3aXBaTbIBas 4aCTb MEJIKOT'O
Mycopa. Uepe3 HECKOJIBKO MECSIEB «HEBOI» C YJIOBOM
10J] BO3JCHCTBMEM MAarHUTHOTO MO 3eMIM HM3MEHHT
OpOUTY M BOWIET B IUIOTHBIE CJIOM aTMOC(EpHI, Ie
U CTOPHT.

5. Comueunsrii mapyc (National Aeronautics and
Space Administration). YcraHoBKa Ha CITyTHHKE Hapyca,
KOTOPBIi IIPH BBIXOZE CIIyTHHKA U3 CTPOst OyAET pacKpbl-
BaTbCS ¥, MCIIOJB3Ys AABICHHUE COJIHEYHOIO CBETA, yBO-
JUTh €ro ¢ OPOWTHI B BEPXHHE CJIOM aTMOC(Ephl 3eMily,
rie CIlyTHHUK OyJeT cropars.

Crushable cylinder

=

Penetrating tip

Securing barbs

6. Ilpoekr ConeXpress (European Space Agency).
ConeXpress UCIONB3YET UIEKTPUUECKUN ABUTATENb LIS
mepesieTa ¢ Mepexo HON AIUTHIITHIECKOW OpOUTHI Ha Teo-
crannoHapHyto. [lepen€r mmuTcs TPHOIMZUTENBEHO 6
MECSLEB U ONTUMH3UPOBAH HA MHHUMAJIBHOE BPEMsI MPU
MOMOIIM HENPEPHIBHOTO HMITYJIbCA OT ABYX DJIEKTpHUE-
CKHMX JIBHraTeiiei, paboTaroIIuX OJHOBPEeMEHHO [9].
ConeXpess paboTaeT B TpH dTama: onpeAeeHUe MO3UITIH,
CHMMOK IIeJIM M CTHIKOBKa. [lepBblif 3Tam 3akitovaercs
B omnpezaeienun nosuimn ConeXpress M KIMEHTCKOTO
CITyTHHKa C TIIOMOIIBIO HA3eMHOH CHCTEMBI KOHTPOJIA
KOCMHYECKOT0 INPOCTpaHCcTBa. Bo Bpems Broporo srama
ConeXpress ¢QoTorpadupyer KIHCHTCKHH  CITyTHHUK
JUIs OYeHb TOYHOTO ompeneseHus no3uimu. ConeXpress
MPUCTHIKOBBIBACTCSl K OJHOW M3 CTOPOH CITYyTHHKA-1IEIN
(puc. 6) u mepeBoaUT ero Ha opOUTy 3axopoHeHus. Cpok
cnyx0p1 ConeXpress 3aBUCHT OT MAacChl KIHEHTCKOTO
CIyTHHKa W TUmna Tpedyembix omepanuid. Kak Toiabko
CIYTHUK TPAHCHOPTUPOBAIM Ha OpPOUTY 3aXOPOHEHHS,
ConeXpress MOXET pPAaCCTBIKOBAThCS CO CIYTHUKOM
M BO3BPATHTHCS HAa FEOCTALMOHAPHYIO OpPOUTY s pado-
TBI C APYTOH LETbIO.

Shaft

On ground stabilizer

Puc. 3. Konnernmus Harpoon (Astrium UK)

Fig. 3. Conception “Harpoon” (Astrium UK)

Puc. 4. CteikoBka Robotic arm ¢ mensro

Fig. 4. Integration “Robotic arm” with the aim
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Puc. 5. CranpHas ceTs 11 COOPKH KOCMHYECKOTO Mycopa

Fig. 5. Steel net for collecting space debris

Puc. 6. CteikoBka ConeXpress (ci1eBa) C KIIMCHTCKAM CITyTHUKOM

Fig. 6. Integration “ConeXpress” (on the left) with the client satellite

7. [Ipoxnenne cpoka aKTUBHOTO cCymiecTBoBaHWs KA
(Orbital ATK). B nagane 2016 roga xommanus Orbital
ATK aHOHCHpOBana moAmnHcaHHe ¢ KommaHuer Intelsat
KOHTpakTa Ha okazanue ycuyr no mporeHmio CAC KA
[10]. Cormacuo koutpakty Orbital ATK ocymectBut
MIPOM3BOACTBO, TECTUPOBAHKE U 3aIyCK IEPBOTO ammapa-
ta (Commercial Servicing Vehicle — CSV), koTopsiii
JIOJDKEH OyJIeT MpOJIEMOHCTPUPOBATH BO3MOXHOCTh KOM-
Mep‘IeCKOﬁ OKCILTyaTalluu JIOTUCTUYCCKUX KOCMHUYCCKUX
cucreM. B pamkax o0miero mpoekra (TeKyiiee HauMeHO-
Banue Mission Extension Vehicle-1 (MEV-1) (puc. 7))
anmnapaT BBINOJHUT Psifl OPOUTANBHBIX ONepanuii mo oT-
paboTke HOBO# TexHOJIOTHH, a 3aTeM B 2019 romxy mormsi-
TaeTCsl MPOAJNTh CPOK AKTHBHOTO CYIIECTBOBAHHUS KOC-
MHYECKHX aNnapaToB CIyTHUKOBOTO omeparopa. B wactu
TEXHUKO-3KOHOMHYECKHX aCIEKTOB CO3/1aBAEMOM CHCTEMBI
xommanwusi Orbital 0GHapo0Baa Cliey oIy 0 HHQOPMAIIHUO:
wiaThopMoii 00CITy)KHBAIOIIEro anmnapara OyIeT BBICTY-
nate GEOStar; CAC anmapara cocTaBuUT OKojo 15 nerT;
uzznenve OyneT OpUEeHTHPOBAHO Ha BBINOJIHEHUE Olepa-
LU 10 KOPPEeKTHUPOBKe OpOuTHI anmapaToB; KA cmoxer
MOJICOEIMHATECS K JPYTMM amlapartaM HECKOJBKO pas;
NIepBOM omepanuei anmapara OyAeT nepeMenieHue CIyT-
HUKa cBs3M Kommnanuu Intelsat; Intelsat mosyunr mpaso
Ha TIPHOPUTETHBIM [103aKa3 JOMOJHUTEIBHBIX OOCITyKH-
BAIOIINX alaparoB.
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8. cnonb3oBaHMEe HOHHOIO ITy4yka Al yBOJa dJje-
MEHTOB KOCMHYECKOTO MYCOpa C OKOJIO3EMHBIX OpOHT.
VoHHBII ITydoK MOXeT OBITh NCIOIB30BAH IS BO3ICHUCT-
Bus Ha GparmenTsl KM mimu KA B nenom ¢ nensio yBoza
Ha opOuThl 3axoponenus [11; 12]. [ns sToro Ha GopTy
cepucHoro KA, Haxopsmerocss B HENOCPEICTBEHHOM
6mmzoctr ot KA-11em, reHepupyercst BBICOKOCKOPOCTHON
MOHHBIA myuok (puc. 8). Monsl yckopstorest 1o 30 xkm/c
n Oonee, 3apsan KA HeliTpanusyeTcs UCITyCKaHHEM 3JIeK-
TPOHOB KaToAoM-HeiTpanuzaTopoM. Ilydok yckopeHHOM
KBa3WHEUTPaJbHOW I1a3Mbl, MOMazas Ha IOBEPXHOCThb
KA-menn, BO3meiicTByeT Ha HEro ¢ HEKOTOPOHW CHIIOM,
BEJIMYMHA KOTOPOH IPHUMEPHO paBHA BEIMYMHE TATH
HCTOYHHKA HOHOB.

B Tabn. 1 mpezcraBiieH aHajIM3 HENOCTATKOB MPEILIO-
JKCHHBIX Pa3IMYHBIMU MHUPOBBIMU OpPraHyU3allsgIMU ClLICHA-
pues yBoga KM u3 OKII.

KoHuenuusi cepBHCHOI0 KOCMHYECKOr0 anmnapara
AJ5 YBOJa 00beKTOB KOCMHYECKOr0 Mycopa ¢ reocra-
IMOHAPHOI1 opOMTHI, pa3padaTbiBaeMasi HHKEHePaAMHU
AO «MCC». B mociennee necaTwieTHe IOLABIAIOLIEE
KOJIMYECTBO OTEYECTBEHHBIX CITyTHHKOB CBSI3M U PETPaHC-
JSIHH, TIpeJHa3HauYeHHBIX 11 padotel Ha ['CO, pa3pabo-
TaHbl U U3TOTOBJICHBI Ha 0a3e HErepMETHYHBIX IIAT(HOPM
cpenHero kiacca cemeiicta «Okcrpecc-1000H».
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MonynpHBI TPHHIUI TOCTPOCHUS, JOCTHUTHYTHIC
(YHKIIMOHATIBHBIC M TEXHHMYECKUE XaPAKTECPUCTUKYU IUIAT-
(opMBI TTO3BOJISIOT HE TONBKO CO3[aBaTh Ha ee 0ase
LENBIA S CITyTHUKOB CBSI3W M PETPAHCISINH, HO U HC-
MTOJTE30BATh €€ B KA4eCTBE OCHOBHI IS CO3AaHUS CEPBHUC-
woro KA mnst ounctku odmactu I'CO ot KM. CepBucHsiit
KA mnpeanasHadyeH mjii MHOTOKPATHOTO BBITOJIHEHUS
orepaluii Mo yBoay KpymnHorabapuTHbIXx 00bekToB KM,
K KOTOpBIM OTHOcATCS HedyHkumoHupytomume KA u ot-
paboTanHble pasroHHble On0ku. YBox KM ocyiiecTsiis-
€TCsl IOCPEJICTBOM BO3/ICHCTBUSI HOHHOTO ITy4YKa, TeHEepPH-
PYEMOro HCTOYHUKOM, pa3MeniaeMbIM Ha cepBiUCcHOM KA.
Peanmzanus TEXHOJOTUU OECKOHTAKTHOTO BO3ICHCTBHS
MO3BOJISICT W30EKaTh psia CIOXKHOCTEH, HEHU30EKHBIX
TIPH JKECTKOM WM THOKOM MEXaHHIECKOM COCIHMHECHUH
cepsucHoro KA u KM, onmcanHbIx B Ta0. 1.

Oynknuonuposanue cepsucHoro KA na I'CO Bxitio-
4aeT B ce0sl CIEIYIOIINE ITAIbI:

1) pexxum oxumanusi cepBucHoro KA B 3amaHHOU
opburanpHoit nmo3unuu Ha ['CO;

2) mepeBon cepBucHOrO KA W3 MO3UIMH OXUIAHUS
B oOmacte HaxoxaeHus KM u BbITONHEHHWE MaHEBpa
COJIMIKEHU,

3) BeIMONMHEHHE Tponenyp uHcekuuu KM mis omeH-
KH €ro OCHOBHBIX TUHAMHYECKHX W TEOMETPHUIECKUX
apaMeTpoB;

4) «mpuLenVBaHME» HMOHHOTO IIyYKa B YCIOBHBIN
neHTp macc KM;

5) yBoa KM u3 obmactu 'CO Ha opOUTY 3aXOpOHEHHS;

6) BO3BpAIllCHHE C OPOUTHI 3aXOPOHEHHsI B 00JIaCTh
HaxoxaeHus cieayroniero KM win mepexos B PexuM
OXXKUIAaHUS Ha OPOUTE 3aXOPOHCHUS.

Bbriaya UMITyJIECOB TSTU UTSE OPOUTAIEHOTO JIBHXKE-
Husi cBsi3ku «cepBucHbll KA — KM» ocymecrsisercs
JIByMsI OJHOBPEMEHHO pPa0OTAOIINMH AIIEKTPOPAKETHBI-
MH XOJUTOBCKHMH JBUTaTeNsIMU. OHH K€ OTHOBPEMEHHO
SIBIISIEOTCS] IBUTATEIISIMH ISl KOMIICHCAIIMHA TIPOTHBOUM-
MyJbCa CO CTOPOHBI HMOHHOTO ITydka. PerymmpoBaHme
PE3YIBTHPYIOMIEH TATU OCYLIECTBISETCS IOCPEICTBOM
YCTaHOBKH [IBUTATENeH Ha IBYXCTEIICHHBIE ITOBOPOTHHIE
1aT(GopMBbl.

Puc. 7. CteikoBka KA CSV (cneBa) xomnanuu Orbital ATK k cinyTHHKY cBsi3u KoMmmnanuu Intelsat

Fig. 7. Integration KA “CSV” (on the left) with the communication satellite of the Intelsat company

NecTounnk
VNOHHOTO MyyKa

KomneHcupytowme
arPay

MoHHbBIA nyvok

Puc. 8. Cxema BO31eHCTBYSI HOHHOTO ITy4Ka Ha GpparmeHt KM

Fig. 8. Scheme of the impact of ion beam on the fragment KM
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Konuenuus cepsucHoro KA ocHoBbIBaeTcs Ha NpH-
MEHEHHH (B KauecTBE CEPBUCHOTO MOAYJISI) MOAEPHHU3U-
poBanHO# TUIaThOpMBI «IKcmpecc-1000», conpsxkeHHON
C IETEeBBIM MOJYJIeM, BKIIOYAIOUIMM UCTOYHUK MOHHOTO
myuka. B Hacrosmee Bpems mmxeHepamMu AQO «CCy»
BeIeTCsl MPOpabOTKa BOMPOCOB JETAU3ALNN JTAHHOW
KOHLICNIIMK B YacTH OMNPEAEICHHS KOMIIOHOBOYHOI'O
obiinka cepucHoro KA, cocraBa M XapakTepUCTHK CITy-
JKEOHBIX CHCTEM, a TAK)KE aJITOPUTMOB UX (PYHKIIHOHUPO-
BaHUA H BSaHMO[[eﬁCTBHﬂ IIpyU  BBINIOJTHEHUHU HeﬂeBOﬁ

MHCCHH, HHTETPALMU CPEACTB OECKOHTAKTHOTO BO3JIEHCT-
BUSI C 00ECIIEUMBAIOLIMMH 1 YIIPABJIIOIIMME CHCTEMAMH.

Ha puc. 9 mpencraBieH npeaBapUTEIBHBIN OOIHK
cepeucHoro KA Ha 0a3e HerepMeTHYHOH IIaT(opMBEI
«Oxcmpecc-1000%.

B Tabn. 2 mpencraBieHs! NpenBapHTENbHbIE TEXHUYE-
CKH€ XapaKTePUCTHKU CEPBHCHOTO KOCMUUYECKOTO ammapara
[13—15]. Cxema B3aMMHOTO PACHOIIOKEHUsT cepBUCHOTO KA
u 00bekTa KM B mporiecce BBITOJHEHHUS 11EJIEBO MUCCHH
npeacrasieHa Ha puc. 10.

Tabnuya 1

HepocraTku cymecTByOIUX KOHIENIHI YBOJa KOCMHY€ECKOro Mycopa

Cuenapuit ysona KM

Henocratku

Hcnonb3oBaHHE KOCMUYECKOTO OyKcHpa:

npoekt CleanSpace (Swiss Space Center), Harpoon (As-
trium UK), nmpoekt ConeXpress (European Space Agency),
Robotic arm (Deutsche Orbital Servicing Mission)

JlaHHbIil cueHapull TOApPa3yMEBAET HCIOJIb30BAHUE HKECTKOTO
CIICTUICHUS] CEPBHUCHOTO KOCMHYECKOTO ammapara ¢ OOBeKTOM
KM. Ilpu takom Buzae CUEIJIEHHS, C y4€TOM MHUHUMAaIbHOCTHU
PacCTOSIHUI, BO3MOXKHO CTOJIKHOBEHHE ABYX OOBEKTOB, UTO IPH-
BeneT kK yBenndyenuto 3acopeHHoctu OKIIL. Tax xak KM moxer
MMETh HEKOHTPOIMPYEMOE BpallleHHE, 3TO CYILECTBEHHO OCIOX-
HSeT HEOOXOJMMYIO0 KOHCTPYKIHMIO MAaHHUIIYJISITOpa M CaMy BO3-
MOXXHOCTH IIPUMEHEHHUS MeTo1a OyKCHPOBKH

3axBat KA ¢ nomomiso ceru:

3axBaT KA cetpio (Robotic Geostationary Orbit Restorer),
CTajbHAsA ceTh AN COOpKHM KOoCcMHYecKoro mycopa (Japan
Aerospace Exploration Agency)

CeTb Takxe fBJSIETCS JKCCTKUM CLEIUICHHEM, a UCIIOJIb30BaHUE
CETKU C MarHUTHBIM MOJIEM TOJPa3yMeBaeT yBOA HaMarHUUHBae-
MbIX MeTayuinueckux o0bexToB ¢ OKII, HO coBpemennbie KA
BBITIOJTHEHBI U3 CIUIABOB AJIOMUHUS ¥ KOMITO3UTOB. HekoHTpONn-
pyemoe Bpamenue oobekta KM nenaeT HeBO3ZMOKHBIM ITPUMEHE-
HUE CEeTH

CounHeunslii napyc:
conueunsld mapyc (National Aeronautics and Space Admini-
stration)

Bonbmue Bpemennsie 3atpatsl Ha nepeBog KA ¢ I'CO Ha HoByIO
opoury B koHme CAC. ConHeuHBII mapyc SBISETCS MONOIHHU-
TEeNBbHOW KOHCTpYyKIMeW B cocraBe KA, a cliegoBaTesbHO, 3TO
BEJIET K YMEHBIIECHHIO MacChl II0JIe3HON Harpys3ku. Ilpumenenue
COJIHEYHOro mapyca TpeOyeT (GYHKIHMOHAIBHOH MCIPAaBHOCTH
CHCTEMBI YIPABIIEHHs CITyTHHKA

IIpomnenne CAC:
npoekT Mission Extension Vehicle-1 (MEV-1)

Heo0xoammo, 94To0sI anmapat 00J1a1an BO3MOKHOCTBIO CTHIKOBKU
C yKe CyLIEeCTBYIOIIUM H3/IEIUEM

Hcnonb30BaHWEe HOHHOTO ITy4Ka!

npoekt Clean Space One ot denepanbHOIl MOTUTEXHUYC-
ckoii mkonsl Jlozannaer, CIIA (EPFL); Ion Beam Shepherd
for Contactless Space Debris Removal or Manpuackoro
MOJIUTEXHUYECKOTO YHUBEPCHUTETA

TpaHcopTHPOBKa B HOHHOM IyYKe MO3BOJISIET YBOAUTH KPYIIHBIE
anemenTsl KM, B ToM ymcie Bpamaronyecs, 6€3 HeoOOX0IUMOCTH
CTBIKOBKH C HAUMH, OJHAKO IPH 5TOM yBEIHYHBAIOTCS TpeOyeMbIe
3arpathl pabodero Teya Uit MaHEBPOB. Takike ecTh ONpeelicH-
Has npoOJieMa B YACPKaHHU YIAIsEMOT0 OOBEKTa B CTPYE HOH-
HOM IyIIKH

Puc. 9. IlpenBapurensHblii 0011k cepBucHOoro KA Ha 6a3e HerepMeTHyHO# miatdopmel «xcmpecc-1000»

Fig. 9. Preparatory view of the service spacecraft on the basis of non-tight platform “Express-1000”
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Tabauya 2
IIpeaBapuTe/bHBIE XapaKTEPHCTUKHU cepBHCHOro KA
Macca cepsucHoro KA na I'CO, xr 1500
MakcumabHbIN 3a1mac KCeHOHa, KT 300
TToTrpebnsiemast aeKTpUIecKasi MOITHOCTD II€JICBOH anmapaTypsl, He MeHee, BT 3000
CAC, ue menee, JIeT 15
TouHOCTB yzepkaHusi B OpOUTAILHON ITO3HIMH OXKUJIAHUSI, TPATYChI +0,05
Tounocts opuentanuu COC, rpagychl +0,07
KonnuecTBo IMKIOB yBOJa KOCMUYECKOr0 Mycopa 20
OCHOBHBIE ITAPAMETPhl HICTOYHHKA HOHHOTO ITy4Ka
Tsra, MmH 50
TToTpebisiemast aJIeKTpUIecKasi MOIHOCTh, BT 2200
OcHOBHBIE TapaMeTpsl KoMneHcupymoueh SP1Y
KomnnuectBo asurarenein SPY 2
MakcuManpHas Tsra OHoro apuraresst, MH 40
Y esbHBIH UMITYJIBC, HE MEHEE, C 1860

Puc. 10. Cxema pacnosnoxenust cepBrcHoro KA u o6pexra KM

Fig. 10. Scheme of the location of the service spacecraft KA and the item KM

3akawuenne. B pesynbraTe MpoBEASHHOTO UCCIEIO-
BaHUs OBLIM MPOAHATM3UPOBAHKI CYIICCTBYIOIIAE MHUPO-
BbIe KOHIEennuu o yBoxy KM. JIns pa3smudHBIX THIIOB
OpOHUT MOTYT IPUMEHSTHCS PA3TUIHBIE METOIBI OYNCTKH
0T 0OBEKTOB TEXHOTEHHOTO 3aCOpPeHMs. B wacTtHOCTH, Is
ouuctku ['CO mepCHneKTHBHBIM TMPEACTABIACTCS METOJ
OCCKOHTAKTHOTO BO3JIEHCTBHA Ha YHAISIEMBI OOBEKT.
B Hactosmee Bpemsa mmxeHepamu AO «MCCy» BemyTcs
paboTHI 1O HMCCICIOBAHUIO MPOCKTHOTO OOJIMKA CEePBHC-
HOro KA ¢ OSCKOHTaKTHBIMH CPEICTBAMHU BO3ACHUCTBHS
st yBoga KM u3 o6nactu 'CO. C yyeToM BO3MOMKHBIX K
peanuzanuu cueHapueB yBoga OKM wu3 3amuimaeMoit
obmactu I'CO OBUI clenaH BBIBOA O MPUMEHUMOCTH JUIS
cepBrcHOr0 KA TeXHHYECKOTOo 3ajela, IOIyIeHHOTO MPpH
coznannu KA cBs3u u perpancsinun Ha ['CO, nmeromumx
MOAYJIbHBIA NPUHLMI NOCTPOEHUs. JlaHHBIA NPUHLIHKII
nmoctpoeHnst KA wucmomnp3yeTcss B TeUeHHE MHOTHX JIeT
B AO «MCCy». Pa3paboTaHo M peaqn30BaHO HECKOJBbKO
MOKOJICHUH TUIaTPOPM M KOCMHYECKHX allapaToB pas-
JIMYHOTO HA3HAYCHHSI, CO3IaHHBIX HA X OCHOBE.
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BBIPABHUBAHMUE I10JI51 OCBEIIEHHOCTHU UMUTATOPA COJIHEYHOI'O U3JIYYEHUSA
HA OCHOBE KOHUYECKOT' O PE®JIEKTOPA

A. B. Komaayk

HarmmonaneHssiit a3pokocmuyeckuit yauepceuteT uM. H. E. )KykoBckoro «XapbKoBCKH aBHALIMOHHBIA HHCTUTYT
VYkpauna, 61070, r. Xapbkos, yi. Ukanosa, 17
E-mail: lunyal8111991@yandex.ru

AxmyanvHoil npooaemoll 8 001ACMU 0C80CHUSL KOCMUYECKO20 NPOCMPAHCMEA 8 HAWME 8PeMsi OCMAemcst MOOeIUpo-
BaHUE YCIOBULL KOCMUYECKO20 NOAema OJisk UCHIMAHUL KOCMUYECKUX annapamos u omoeIbHblX ux cucmem Ha 3emie.
Paccmompena 3a0aua co30anusi umMumamopa COAHEYHO20 U3Ly4eHUst OJisi HA3EMHBIX UCHBIMANHULL COIHEYHbIX bamapetl
KOCMUYeCK020 HA3HAYEHUSI HA OCHO8e UMNYIbCHOU KCEHOHOBOU IAMNblL YOTUHEHHOU YUTUHOPUYECKOl popMbl U KOHUYe-
cKkoeo perexmopa. Ilpumenenue UMnyIbCHLIX KCEHOHOBbIX JIAMN 8 KAYECmEe UCMOYHUKA U3YYEHUs. 8 UMUMAMOPAax
COTHEUHO20 U3YHeHUsi NO360Jislem 60CHpou3sooums uziyyenue COnnya ¢ 0OCMAMOYHOU CMENeHbl0 NPUOTUNCEHUS
no cnekmpy u nJIOMHOCMU NOMoKa. Manopacxo0suwuiicsi nOMoK U3JYHeHUst MONCHO NOAYYUMb C HOMOUbIO OCeCUM-
MEMPUYHBIX 3epKal (napaboiuyeckux, napadoroyUIUHOPULECKUX, KOHUHEeCKUX), 6 (DOKycax KOMOPbIX HAXOOAMCs
ucmoyHuKy usnydenus. M3n0ocenvl acnekmol cO30anust MpexmepHol MOOeIU UMUMAMOoOpa COAHEUHO20 UNLYYeHUsT OJisl
UCCNEeO08AHUS €20 XAPAKMEPUCMUK, d MaKdice 0Jisi NPO8EOeHUsT IKCNEPUMEHMATbHOU NPOSEPKU A0eK8AMHOCHU CO30aH-
HoU mpexmepHou mooenu. IIpednodcenvl 08a cnocoba NoayueHUs: ROMOKA U3LYHEeHUs. UMUMAMOPA COTHEUHO20 U3IyHe-
HUsl, COOMEEMCMBYIoWe20 mpedyemMblM NOKA3amesiM Nno NIOMHOCMU, KOJIUMUPOBAHHOCHU NOMOKA, €20 CHEeKmpy.
Kax uckycemeennas pacghoxkycuposka ucmoyHuKa ustyderus: U KOHUYeCKo20 Ompasicameisi, max u npumeHenue epaou-
EHMHO20 MOHUPOBAHUSL NOGEPXHOCIIU UCTNOYHUKA USTYYEHUsL TUOO KOHUYECKO20 OMPAlCAmMeisi HO360JSI0ON. YMEHbUUMb
HEPABHOMEPHOCb pacnpedeieHust NIOmHocmu homoka usiyuenus 8 3 paza. Coenan 6b1600 0 RPUHYUNUATLHOU NPUMe-
HUMOCIMU U P HekmusHocmu nPeodioNCeHHbIX CROCOO08 BbIPAGHUBANUSI HEPAGHOMEPHOCMU NAOAIOUE20 CEEMOBO20
nomoxa 0Jist Ucciedyemou onmu4eckoli cxemvl. IIpednosicennas KOHCMPYKYUs UMUMAamopa COTHEYHO20 U3LYYeHUsl Npo-
cma 8 MexHUYeCKOM UCHOJIHEHUU, He mpeOyem 3HAUUMelbHbIX KANUMAIbHBIX U IKCHIYAMAYUOHHBIX 3aMpPam OJisi C60€20
@yuxyuonuposanus. Ilpeononacaemes Oanvhelutee UCCACO08AHUE NPEOSIONCCHHOU MOOCIU UMUMAMOPA COJIHEYHO20
UBNyHeHus u e20 anpobayuu 6 1a60pamopHuIX YCA0GUSIX.

Kniouesvie cnosa: umumamop conneuno2o u3nyuenusi, ONMUYECKAs cXeMd, Ompaxjcamensb, UCMOYHUK U3TYYEeHUs,
HEOOHOPOOHOCMb NOMOKA U3LYYEHUs], UCKYCCMBEHHAS pACHOKYCUPOBKA, 2PAOUEHINHOE MOHUPOBAHUE.

Siberian Journal of Science and Technology. 2017, Vol. 18, No. 2, P. 352-356

ALIGNMENT OF THE FIELD OF ILLUMINATION
OF THE SOLAR SIMULATOR BASED ON A CONICAL REFLECTOR

A. V. Kolinchuk

National Aerospace University named after N. Ye. Zhukovsky “KhAI”
17, Chkalova Str., Kharkov, 61070, Ukraine
E-mail: lunyal8111991@yandex.ru

Simulation of space flight conditions for testing of spacecrafts and their individual systems on the Earth is an urgent
problem in the field of space exploration today. Task of creating a solar simulator for ground testing of space-purpose
solar cells based on pulsed xenon prolonged cylindrical lamp and a conical reflector is considered. Application
of pulsed xenon lamp as a radiation source in solar simulators allows to reproduce the radiation of the sun closely
by spectrum and flux density. Few divergent radiation flux can be obtained using axially symmetric mirrors (parabolic,
parabolic-cylindrical, conical) with the sources of radiation in their focus. Important aspects of creating three-
dimensional models of solar simulator for the study of its characteristics, as well as carrying out experimental verifica-
tion of the adequacy of the created three-dimensional model are stated. Two methods are proposed to produce a solar
simulator radiation flux corresponding to the required density, flux collimation, its spectrum. As artificial defocusing
of the radiation source and the conical reflector as application of gradient shading the surface of the radiation source
or conical reflector can reduce the nonuniformity of distribution of the radiant flux density by three times. Proposed
ways of the incident radiation flux nonuniformity alignment for the testing of optical schemes are fundamentally appli-
cable and effective. The proposed design of solar simulator is easy in technical execution, does not require significant
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capital and operating costs for its functioning. Further study of the proposed solar simulator model and its testing

in the laboratory are assumed.

Keywords: solar simulator, optical system, reflector, light source, the uniformity of the radiation flux, artificial

defocus, gradient shading.

BBenenune. B o6macTi 0cBO€HUSI KOCMHUYECKOTO MPO-
CTPAHCTBA HA CETOAHSAIIHUN JEHb aKTyaJlbHBIM OCTAcTCs
BOIIPOC a/ICKBATHOT'O MOJIEJIIMPOBAHUSI YCIOBHI KOCMHYE-
CKOro moJjera s HUCIBITAHUH KOCMHUYECKHX armnapaToB
(KA) u otnenpHBIX HX cucTeM Ha 3emuie. BosnelicTBue
KOCMHYECKOTO IpocTpaHcTBa Ha KA sBisieTcss KOMIUIEKC-
HBIM U MHOTO(]AKTOPHBIM, 4TO OOyCIOBIMBaeT HEOOXO-
JMIMOCTh NPEBApPUTEIbHBIX HA3eMHBIX MCIIBITAHUHN Mate-
pHaTIOB W OTAENBHBIX KOMIIOHEHTOB KA B yCIOBHIX,
MaKCHMAJIPHO MPUOIIKEHHBIX K MOJETHBIM. B HacTos-
ee BpeMsl 3Ta 331a4a yCHELTHO PEIIaeTCs U peann3yeTcs
B CIIEIMAIN3UPOBAHHBIX KaMepax C UMHUTATOpaMu COJl-
HeuHoro m3nydenns (MICH) u psgom apyrux ycTpoHCTB.

O1HaKO OCTPO CTOMUT NPOOJIEMa CHUKEHHS CTOMMOCTH
pa3pa60TKI/1 " OJKCIUTyaTalluu COJIHCYHBIX HWMHUTATOPOB
JuIsl McniblTanuil connevnbix Oarapeit (CB) ¢ coxpaHenu-
€M JOCTAaTOYHOIO YPOBHS TOYHOCTH BOCIIPOHM3BEICHHUS
OCHOBHBIX NTapaMETPOB M3JIyYCHHUS: IFIOTHOCTH, CHEKTPA,
CTENEHH MapajuleIbHOCTH NoToKa u3inydyeHus [1-3]. Cos-
JJaHWE TaKUX NPUOOPOB SBIAETCS UPE3BBIYANHO CIIOXK-
HBIM, 3aTPaTHBIM M 3HEPrOEMKHM IIPOIECCOM, TpedyeT
KBATU(HUIUPOBAHHOTO 0OCITYKUBAaHUS, IO3TOMY Ha TIpaK-
tuke npu co3manun MICU HaxoasaT pa3yMHBIH KOMIIPO-
MHCC MEXIy TOYHOCTBIO BOCIIPOHM3BEICHHS OCHOBHBIX
HapaMeTpPOB U CTOUMOCTBIO YCTaHOBKH.

Baxwueiinmm acriektoM npu coznanuu MCU sBasercs
NOJIy4eHHEe OJHOBPEMEHHO KOJIMMHUPOBAHHOTO W OJHO-
POIHOTO TOTOKA M3JIyYeHMs. DTa CIOKHAs MHXKEHepHas
1 TEXHWYECKas 3a/adya TPaJUIUOHHO pEIIaeTcsl IyTeM
CMEUIMBAaHMS ITyYKOB Jyd4eill pa3IM4YHBIMH cIioco0amu
B CIIOXHBIX CHCTEMax, COAEPKALINX CHPSMIISIOIINE JINH-
361 U 3epkana [4—8]. OgHako TakoW CHOCOO TONyYeHUs
PaBHOMEPHOTO ITOTOKA M3JIYYEHHs 3aTpaTeH M, Kak Ipa-
BHJIO, BBI3BIBAET TPOMO3AKOCTH KOHCTpYyKumid CHU.

Ilenpt0o naHHOM CTaTbU SBISAETCS IPEACTABICHUE
pe3ynbpTaToB MccienoBaHus B oOmactu cozmanus MCU,
COYETAOLIET0 JIOCTATOYHBIH YPOBEHb TOYHOCTH BOCHPO-
U3BE/ICHHs] HEOOXOANMBIX MapaMETPOB COIHEYHOTO M3ITy-

YEHUsI, MPOCTOTY KOHCTPYKLIUM M HU3KYI0 CTOMMOCTb
CO3JIaHMUS U 3KCIUTyaTalluy YCTaHOBKH.

Co3nanue n ucnpiTanne mMoxeau. [locie n3yyeHus
COBPEMEHHOTO COCTOSIHHSI pa3BUTHs 001acTH pa3paboTKu
WCH Ob11 crenad BBIBOJ O 1EJ€CO00PA3HOCTH MPUMEHE-
HUSI MMITYJIbCHBIX KCEHOHOBBIX JJaMI B KayeCTBE HCTOY-
Huka uznydenuss B UCU [9]. Ucnonb3oBaHue AaHHOTO
THIIA JIAaMIT TTO3BOJIIET BOCIIPOU3BOIUTH COJIHEUHOE U3ITY-
YEHHUE C JIOCTATOYHOM CTENEHBIO MPHOJIKEHUS 110 CIEK-
TPY ¥ TUIOTHOCTH M3ITy4EHHUS.

Manopacxoasiiuicsl NOTOK U3JIyYE€HUsI MOXKHO MOJTY-
YUTh C ITOMOIIBIO OCECUMMETPHYHBIX 3€pKall pPa3iInIHON
koH(purypauuu (mapadosuueckux, MapadOJOLIHHIPH-
YEeCKUX, KOHUYECKHX), B (POKycax KOTOPBIX HaXOIATCS
JAO0CTAaTOYHO MOUIHBIC UCTOYHUKU U3TTYUCHUS.

B naboparopuu kadenpbl HETPaIUIIHOHHBIX HCTOYHH-
KOB DHEPrMM M KOCMHYECKOH TexHUKH HaruonanbpHOTrO
aspokocmuueckoro ynusepcutera uM. H. E. JKykoBckoro
«XAW» 6611 paspaboTtaH ombITHEIH 0Opasen [10] umirysbc-
HOTO MMHTAaTOpa COJIHEYHOTO M3IY4EHHs, NpeJHa3HauCH-
HBI a7 m3meperns napamerpoB OOI1. Ero onrtuyeckas
CHUCTEMa COCTOMT M3 IMPOTSHKEHHOTO HMITYJIHCHOTO
HCTOYHMKA U3JIy4eHUs! (MMITyJIbCHAsi KCEHOHOBAs JlamIia
tuna XOP-15 ¢upmsr Philips [11]: momHocTh B ycTaHo-
BHBIIIEMCsI pexxume pabotel — 1500 Bt; qmua — 395 MM,
Juamerp — 12 MM), CMOHTHPOBAHHOIO B KOPITyC C Mapa-
OOJIOLMIIMHAPUYECKUM ~ KOHLIEHTPATOPOM  W3JIyYeHHMs
(cepuiinblii ctpodockon Acme BF-1500NA [12]) Bnons
(hoxycHoit HMM KoHIIeHTpaTopa (puc. 1). Pabouee noe
npsiMoyrojibpHoi (opmbl pasmepamu 0,8x0,8 M (Turoma-
1610 0,64 M”) OTIANEHO OT MCTOYHHMKA M3/TyUEeHHs Ha Pac-
crossaue 0,3 M. JlaHHBI WUMHTATOpP IMOAPOOHO OIMCAH
B pabore [13].

OKCHEepUMEHTAIbHBIE NCCIIEIOBAHHS BBILICONNCAHHOMN
YCTAHOBKM IIOKA3aJId  COOTBETCTBHE  XaPAKTEPUCTUK

MOTOKA M3JTy4eHHs, IPOU3BOJAUMOTO MMHUTATOPOM, HEOO-
XOJUMBIM IapaMeTpaM II0TOKa COJHEYHOI'O W3IIy4eHUs
0 CIEKTPY U IIOTHOCTH U3IY4YEHHUS B JOCTaTOYHOH cTe-

nenu (2,5 %) [13].

‘

Puc. 1. BHemHwMit BUI oNTHYECKO# cucTeMbl SRS

Fig. 1. The look of SRS optical system
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OmHaKO UCCIICIOBAaHHUE PACIIPECIICHISI IIOTOKA H3ITy-
yenust ICU 1o moBepxHOCTH pabodvero Ioiisi IoKa3ajo
BBICOKYIO CTEIIEHb HEpaBHOMEPHOCTH TaKOTO pacrpenie-
neHus. JlaHHAas HEOAHOPOMHOCTH IO pacIpeleIeHHUs
MIPUHIUNAATIBHA JUIsI TIOTOKA, OTPaXEHHOTO OT mapado-
JIOUMITHHIPUYECKOTO pedieKTopa B BHIOPAHHOW ONTHYE-
ckoii cxeme. B Ttakom MCH HEoOXOAMMO PEmIUTh MPO-
Ormemy obecrieueHHs paBHOMEPHOTO pacIpeielIeHus CBe-
TOBOT'O TIOTOKA B 00JIACTH PabOYero moJisi.

s noucka u anpoOaru 3PQPEKTHBHBIX CIOCO00B
YCTpPaHEHUs BBINICYKa3aHHOW HEPaBHOMEPHOCTH pacmpe-
JIelIeHHs TUIOTHOCTU u3iydyeHust B ucciexyemom HMCU
HE00XOJAMMO HCIIOJIE30BaTh aJICKBATHYO IU(PPOBYIO MO-
JIeNTb YCTAHOBKH, TaK KaK (hU3WYecKas 3KCIIePHMEHTAIb-
Has O0TpabOTKa B JAaHHOM CIIydae sSBIISIETCS BEChMa JI0po-
TOCTOSIIEH.

Jis mccineoBaHus COTHEYHOTO MMHUTATOPa ObLiIa BEI-
o6pana CAD-cuctema TracePro 6.0, npeana3sHadeHHas 715
TPEXMEPHOTO MOJEIUPOBAHUSI W ONTUYECKOTO AaHAIN3A.
B nannHOl cpene Oblia co3maHa TpexmepHas MOIENb
ONITHYECKO# cXeMbl JlabopaTopHoit ycraHoBku CH (puc. 2)
U MPOBEJICHA IKCIICPUMEHTAJIbHAS TPOBEPKA €€ COOTBET-

X

cTBUs (PU3MUECKOMY IPOTOTHITY. BBIIO mpoBeseHo cpas-
HEHHE XapaKTEPUCTHK IMOTOKA W3IYYCHUS, TOTYICHHBIX
¢ mabopatoproii ycraHoBku MICU u ero TpexmepHON MO-
Jend. Pe3ynbpTaTsel SKCIIEpUMEHTa OATBEPAMIH BO3MOXK-
HOCTh HcclienoBanusa xapaktepuctuk MCH ¢ momombto
noctpoerHor mozeny [13]. Takoi BBIBOA MTO3BOJIUI TIPO-
BEIICHHE NAJBLHEHIIETO MCIIONB30BaHug 3D-Momenn s
YCOBEPIICHCTBOBAHHS UMITYJIbCHOTO UMHUTATOPA.
Cnoco0bl BHIDABHUBAHHS pacnpeeieHusi CBETOBO-
ro noroka B patdoueii ooaacru UCH. Tlocne coznanus
TPEXMEPHOW MOJIENM YCTaHOBKM KakK aJIeKBaTHOTO MHCT-
pyMeHTa Juis uccienoBanus csoiicts MCU 6buto mpose-
JICHO JanbHelIee nmpeodpa3zoBaHue Moaenu. Teoperuue-
CKH HEOOXOJMMBIA yToJl KOJUTMMALUHU ITOTOKA H3ITyYCHHS
NCHU MOXHO TONYy4YUTHh TPH HCIOIB30BAHUN OIHO3EP-
KaJIbHOM OCEBOM ONTHYECKOM CXEMbI HA OCHOBE KOHHYE-
CKOTO 3epKajia ¢ yriaoM pacKpsTus 90° U IpOTSHKEHHBIM
UMIYJIbCHBIM HCTOYHHUKOM W3IY4YEHHUS, COBMEUICHHBIM
o ocsiM. Tpexmepnas mojenb uccieayemoro MCU 6buia
npeoOpa3zoBaHa ¥ MPUBEEHA B COOTBETCTBHE C OIIMCAHHON
CXeMO# ¢ KoHuueckuM pediekTopoMm (puc. 3), a manee
IIPOTECTUPOBAHA B cpeie MoaenupoBanus TracePro 6.0.

Y

Puc. 2. TpexmepHas Mozels 1a00paTopHOH ycTaHOBKH SRS:
1 — MCTOYHUK U3ITy4YeHHs; 2 — napaboNONMIHHAPHIECKUH pediekrop; 3 — pabodee mone

Fig. 2. The 3d model of the laboratory SRS installation:
1 — radiation source; 2 — paracylinder reflector; 3 — operating field

Puc. 3. TpexmepHas MOJEITb UMUTATOPA COTHEYHOTO U3ITydECHHS
€ KOHHYIECKUM pediaekTopoM (yroi packpsrtust 90°):
1 — NICTOYHUK H3ITy4YeHUs; 2 — KOHHIecKui pediaekrop; 3 — pabouee mome

Fig. 3. The 3d SRS model with a conical reflector (with opening angle 90°):
1 —radiation source; 2 — paracylinder reflector; 3 — operating field
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Bb110 moaTBEpKIEHO, UTO JaHHAsI CXeMa 00ecIIeyrBaeT
IIOBOPOT OCHOBHOT'O Iy4Ka, HOPMAJILHOTO K H3JTydaronen
MTOBEPXHOCTH JIAMIIBI, B HAIIPABJIICHAUH, TAPAJUICITHHOM OCH
M3IyYaTess, Mocie OTHOTO OTPaKEHUS M 00ecIledrBacT
HEO0O0XOANMYIO TapalUIeTbHOCTh CBETOBOIO IMOTOKAa. Bo3-
HUKAaloImass TPH 3TOM TNPHHLUNNAIbHAS HEpaBHOMEp-
HOCTh paclpeesieHus] TUNIOTHOCTH OTPakKeHHOTO IMOTOKa
B obmactu pabodero mons [ 14] momkHa OBITH IPEOAOIICHA.

[Ipeononenre naHHONH HEPAaBHOMEPHOCTH B KOMILUIEK-
C€ C IpeumMyliecTBaMunu B]:l6paHHOFO HUCTOYHHKA H3JIy4de-
HUS M ONTHUYECKON CXEMbI MO3BOJHT CO3/aTh YCTAHOBKY
CO CpPaBHMUTEIBHO HU3KOH CeOECTOMMOCTBIO W CTOMMO-
CTBIO JKCIUTyaTalli M B OTHOCHUTEJIBHO IIPOCTOI KOHCT-
pYKLHMEH, OJIHOBPEMEHHO YIOBIETBOpSS TpedyeMoMy
YPOBHIO TIapaMeTPOB CBETOBOTO IIOTOKA, CO3aBAEMOTO
AMHUTATOPOM.

J1s BEIpaBHUBAHUS pacHpeeNIeHUs TIOTHOCTH MOTO-
Ka W3JIydeHHs B pabodeM mosie OBUIO MPEIIOKEHO IBa
MIPUHIUIHAIHHO HOBBIX CIIOC00a:

— MCKYCCTBEHHas pac()OKyCHpPOBKAa MCTOYHMKA H3IIY-
YEeHUS U KOHUYECKOro oTpaxkatens [14];

— I'paAMCHTHOC TOHHUPOBAHUE MOBEPXHOCTU UCTOUYHU-
Ka U3IYYCHUS JIN00 KOHUMIECKOTO oTpaxkaress [15].

Crioco® MCKyCcCTBEHHOH pac(OKyCHPOBKH 3aKIIIO-
YyaeTcss B OTKJIOHEHWH KOHHYECKOTO OTpakaTens OT OCH
M3IyYaTesl Ha ONpEeAeTICHHBIH YOl OTHOCHTEIBEHO OCH
OpAMHAT TaKuM oOpa3oM, uto padouee mone VICU ocra-
eTCsl TEePICHONKYISPHBIM TIPOJOIBHON OCH HCTOYHHKA
M3Iy4YeHHs, a TepepacupeiesieHne OTPaXEHHOTO MOTOKa
M3Iy4eHus 1Mo pabouei 001aCTH IPOUCXOANT U3-3a U3Me-
HCHHMS yIJia HaKJIOHA pediiekTopa.

st Tpex BapuaHTOB pabouux obnactell pa3HOro pas-
Mepa, PACIOJIOKCHHBIX B 00JACTH HAaUOOJBIICH MHTCH-
CHBHOCTH TaJafolIero H3JIy4eHHs, OBUIM OIpeieIeHbI
YIIIBI HAaKJIOHA, 00ecIIeunBaoNIe HAMMEHBIIYIO CTENCHb
HEPaBHOMEPHOCTH DAaCIpENENCHNs] MOTOKA M3ITy4YCHHS.
HccrnenoBanme BIUSHUS yTila UCKYCCTBEHHOH pacgoky-
CHUPOBKH Ha PAaBHOMEPHOCTH OCBEIICHHOCTH pabodunx 30H
MMOKa3aJI0, YTO MHHHMAIbHAsS HEPABHOMEPHOCTH CPEIH
PAcCMOTPEHHBIX BAPHAHTOB MOXKET OBITH JIOCTUTHYTA LIS
mwiomagky 100x100 mm mpu yrie pacoKkyCHpOBKH, paB-
HoM 10°, u coctaBut 8,5 %, 4T0O MOUTH B 3 paza MeHbIIIE,
yeM 0e3 HCIOJIb30BaHUsI HCKYCCTBEHHON pacdoKyCcHUpOB-
ku [14].

Crnoco0 TrpajiueHTHOr0 TOHUPOBAHUS IOBEPXHOCTH
WCTOYHHMKA M3JIy4eHHs JMOO KOHMYECKOTO OTpaXkaTells
JUISL CHIDKEHHUSI HEPaBHOMEPHOCTH pacIpenesieHHs Ia-
JTAIOIIEr0 CBETOBOTO TIOTOKA 3aKIIFOYACTCS B CIICIYIOIIEM.
M paccmatpuBaemoro MCU ompenensiercss 6a30BBIi
YPOBEHP ILIOTHOCTH CBETOBOTO ITOTOKA, KOTOPBIA obec-
MeYMBAETCS MO Bcel muromanu paboueit obmactu. N3my-
YeHHe, IPEBHIIIAIONIee ONpPEAeICHHbBII 0a30BBIi YPOBEHB,
«OTCEKaeTCsk» IyTeM HAHECEHWS TpaJUeHTHO-TOHHPOBAH-
HOI'0 TIOKPBLITUA B BUAC TOHKOM IUICHKH Ha JamMiy —
UCTOYHMK M3JTy4eHHMs JM00 Ha KOHMYECKUI OTpaskarels.
OT creneHW TOHUPOBAHUS OTPAXKAIOIIEH IMOBEPXHOCTH
peduexTopa 3aBUCHT ee KOI(DPHUIMEHT OTPaKEHHUS: YeM
OOJBIIIC CTENCHh TOHUPOBKH OOJACTH, TEM HIKE KOI()-
¢urmeHT otpaxkeHus. [ paIueHTHOS TOHUPOBAHKE JIAMITHI-
M3IydaTessl BIUsSeT Ha KOA(QUIMEHT IpOoIycKaHus (IIpo-
3pavYHOCTH) TOBEPXHOCTH JIAMIBI-M3IyYaTeNsi: C yBEIH-

355

YEHHUEM CTEIICHH TOHHPOBKHM yMEHBIIAETCS MPOITyCKHas
CIOCOOHOCTH JaHHOHM 00J1aCTH NOBEPXHOCTH JIAMIIBI.

Brrancinenne HE0OXOOMMBIX KOX(QQHUIMEHTOB OTpa-
JKEHUS! U1 TTICHOYHOTO TOKPBITHS pediieKTopa M Kodd-
(MIMEHTOB TPOMYCKaHWS JUIS TOKPBITHA H3ITydarels
MO3BOJIMJIO OTIPEIEINTh HEPAaBHOMEPHOCTH pacIlpeerie-
HUSI TUIOTHOCTH MOTOKA MAJAI0INET0 U3JIydeHus sl ABYX
CHOCOOOB HAHECEHWs IOKPBITHA I TPEX BapHaHTOB
pabouyux 30H Pa3IMYHOrO pazMepa, PpacloONKEHHBIX
B 00y1acTH HanOOJIbLICH MHTEHCUBHOCTH U PABHOMEPHOCTH
NaJaoIero u3iy4eHus. MuHUMasbHas HepaBHOMEPHOCTh
Cpear pacCMOTPEHHBIX BapHaHTOB pabounmx oobjacTel
Jocturnyta ans niaomanku 400x200 MM pu HaHECEHUU
MOKPBITUSI HA KOHWYECKUI OTpaxaTesb U cocTaBiaeT 9,8 %,
YTO MOYTH B 3 pa3a MEHbIIE, 4eM 0e3 HaHeCeHHs Ipa-
TUEHTHOTO TOHUpoBaHu [15].

Takum o0paszom, chenaH BBIBOA O MPUHIHAMTHAIBEHON
MPUMEHUMOCTH U 3(G(GEKTUBHOCTH HPEATIOKEHHBIX CIIO-
co0OB BBIPABHUBAHUS HEPABHOMEPHOCTH IIaJAOLIETO
CBETOBOTO ITOTOKA JJIsl HCCIEAYEMON ONTHYECKONW CXEMBIL.

3akuouenne. PaccMOTpeHB! 3Tambl CO3aHUS U HC-
CJICZIOBAHUSI UMHUTATOpa COJIHEYHOTO M3JIy4YeHHUs ISl Ha-
3eMHBIX MCIBITAHUHA COJIHEUHBIX OaTapell KOCMHYECKOTro
Ha3HA4YEeHUs] HA OCHOBE MMITYJIbCHOW KCEHOHOBOH JIaMITBI
yJUIMHEHHOH ImiuHApudeckoil ¢opmbl. Co3maHa Tpex-
MepHas mogens UCH, oTBedaromas OCHOBHBIM TpeboBa-
HUSIM K TIOTOKY HM3JIYYCHHUS IO CHEKTPaJbHOMY COCTaBy,
IUIOTHOCTH H3JIyYeHHUS, KOJUIMMHPOBAHHOCTH W PaBHO-
MEPHOCTH PACIIPENeNICHNs IUIOTHOCTH H3IydeHHUs, Majaro-
mero Ha pabouyro oOmacts. IlpemmoskeHHBIE CHOCOOBI
MO3BOJIAIOT CO3JaTh COOTBETCTBYIOIIMH TPeOOBaHMAM
norok m3nyuenuss UICHU npocto u addexrusno. Koncr-
pykuua MCU mpocta i TEXHMYECKOTO HCIOIHEHUS,
He TpeOyeT 3HAYMTEJbHBIX KalHMTAIBHBIX M JKCIUTyaTa-
LIMOHHBIX 3aTPaT VISl CBOETO (PYHKIIMOHUPOBAHUSL.

[Mpenmnonaraercst mpoBeneHHE NaJbHEHIIEro 3KCIe-
PHMEHTAIBHOTO HMCCIIEJOBAHUS IPEAJIOKEHHON Mopenn
MMHTATOpa COJIHEYHOTO M3IYYEHHs W €ro ampoOarms
B YCIIOBHAX J1aOOpaTOpHU.
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UCCJIEJOBAHUE BECOU3MEPUTEJILHOI'O YCTPOMCTBA HA OCHOBE KOJIBIIEBOI'O
YIOPYT'OI'O YYBCTBUTEJBHOI'O 9JIEMEHTA U BTOPUYHOT'O CTPYHHOI'O JATUHUKA

W. B. Auronent’, B. A. BopcoeBl, A. B. Kauypaz*, C. M. Crenanos'

'V nbsiHOBCKMIA rOCYAApCTBEHHBI TEXHUYECKUN YHUBEPCUTET
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B rauecmse naubonee pacnpocmpaneHHbIX 0AmMUUKO8 eIUHUHBL 0ehopMayuu Ynpy2o20 d1eMeHmd 8ecousmepu-
MENbHBIX YCMPOUCMSE UCNOAbIVIOM UHOYKIMUGHbIE, eMKOCIHbLE U MEH30Pe3UCMOpHble npeobpasosament deopmayuu.
B usgecmuuix damyuxax npeobpazosanue 6X0OHOU HeINEKMPUIECKOU 8eIUUHBL 8 INEKINPUHECKUL CUSHAT OCYUeCBs-
emces 8 08a AMANA: CHAYANA NPOUCXOOUM ee NPeodpaA308anue 8 UsMeHeHue 00HO20 U3 NAPaAMempos (UHOYKMUSHOCHU,
eMKOCIU, CONPOMUSLEHUs U M. 1.), A 3ameM MO UsMeHeHue Npeodpasyemcs 8 dNeKmpuyeckyio genuyuny. OcHo8HbIMU
npodaemamu nOOOOHBIX 0aMUUKO8 ABNAEMCS 8bICOKAA 3A8UCUMOCIL OM CIMAOUNBHOCU UX NAPAMEmPO8, memnepa-
MYPHAA 3A8UCUMOCTIL U OMHOCUMENLHO HUSKAS YYECMEUMENIbHOCYb 6Ce0CTNEUe U3MEPEHUs MOIbKO YACMU 6eTUYUHb]
odeghopmayuu. K nedocmamram ciedyem omuecmu anaio2o8bill NPUHYUN Oelcmeus, 6 mo epems KaK OCHOBHbIE IeK-
mpuueckue npeodpazoseameny QUKCUpyOm 4acmomuule usmenenus. /s ycmpanerusi 3mo2o Hedocmamra 8 KOHCH-
DPYKYUio ycmpouicme 6cmpausaiom npeobpazoeamenu — ON0KU, Nepesooaujue amailo206blll CUSHAL 6 YACMOMHBIIL.
Dmu ycmpoiicmea umerom ouend ciabwviil 8bIXOOHOU CUSHAN, U OJi 8bl800A €20 HA HeoOX0OUMbLIL YPOBEHb NPUMEHSIOMCS
yeunumenu. Hanuuue 6 yenu npeo6pasoeanus cueHaiog 6oabuo2o KOIuuecmaa OONOIHUMENbHbIX 36eHbe8 CYUYECHBEHHO
CHUICAem MOYHOCMb UsMepeHus. J{ia CUunrousMepumenbHulxX YCmpoucme yeaecooOpasHo npUMeHeHue CmpyHHo2o 0am-
yuxa (C). Omom oamuux obradaem 8biCOKOU MOYHOCMbIO U MANOU uHepyuouHocmuio. Iloepewnocmo CI[ om eucme-
pesuca ne npesviuaem 5 e na 15 ke npunodxcentnozo eeca. Ilpusedensi pe3ynomamvl UcCIe008AHUA CHIAMUYECKUX U OU-
HAMUYECKUX XapaAKmepucmux OpUSUHAIbHbIX KOHCMPYKYUL 8eCOUSMEPUMENbHBIX YCMPOUCME HA OCHO8E KOIbYE8020
YApY2020 dNleMeHmMa NePeMeHHo20 cedeHus U 6CMPOeHH020 8 Heeo CIpYHHO20 oamuuka. IIpogedennvle ucciedo6anus
noomeepounu pabomocnocoOHOCHb YCMPOUCME 8 WUPOKOM OUANA30HEe HAZPY30K, OMMeUeHbl 8bICOKASL YY6CMBUMETbHOCHIb
u mounocms usmepenuti. Oonaxo cywecmeennvim nedocmamxom CI Aensemca nogviueHHAs YYECMEUMENbHOCHIb
K enewnum eosmywenusm. CI npeobpazyem eneuwinee cunogoe 6030elicmeue 6 KoieOAHUs CMPYHb, U €20 BblCOKAs
mouHocmy 6ydem 0Oecneyusamvpcs Mmoabko 8 MOM Ciydae, eciu OyOym omcymcmeosams a0ovie GHeuHue UCIMOYHUKY
KOIeOaHUs, KOmopble MO2Yym NPUBECMU K CYWEeCMBeHHbIM NOSPEUHOCHIAM U3MEPEHUSL.

Kniouegvie cnosa: ynpyauili 4yecmeumenbHvilii 21eMeHm, CMPYHHBIL OAMYUK, CMAMuiecKue Xapakxmepucmuku,
OuHamMuyecKue XapaKmepucmuky, 6eauiuna 0eopmayuu.
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THE STUDY OF WEIGHT MEASURING DEVICES BASED ON RING
OF ELASTIC SENSITIVE ELEMENT AND SECONDARY SENSOR STRING

LV. Antonets', V. A. Borsoev', A. V. Katsuraz*, S. M. Stepanov'

'Ulyanovsk State Technical University
32, Severnyy Venets, Ulyanovsk, 432027, Russian Federation
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Inductive, capacitive and strain gauge transducers of strain are used as the most common sensors of the amount
of deformation of the elastic element measuring devices. In known sensors of converting nonelectrical quantities into
electric signal is performed in two stages: the first stage is the conversion to change one of the parameters (inductance,
capacitance, resistance, etc.), then this change is converted into an electrical value. The main problems of such sensors
is their high dependence on the stability of their parameters, temperature dependence and relatively low sensitivity due
to the measurement only of the magnitude of deformation. The disadvantages of analogue should include the principle
of operation, while the main electric transducers are fixed frequency changes. To address this shortcoming in the
design of the device is inserted into the input blocks, sending the analog signal in frequency. These devices have a very
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weak output signal and to output it to the required level applied to the amplifiers. The presence of the circuit signal
conversion of a large number of additional links significantly reduces the measurement accuracy. For force measuring
devices, it is advisable to use a string sensor (SD). This sensor has high accuracy and low inertia. Error DM hysteresis
does not exceed 5 g to 15 kg applied weight. The article presents the results of a study of the static and dynamic charac-
teristics of the original structures, measuring devices based on the annular elastic element of variable cross section and
built-in string gauge. The studies have confirmed the efficiency of the devices in a wide range of loads shows high sensi-
tivity and measurement accuracy. However, a significant drawback of SD is the increased sensitivity to external distur-
bances. SD converts the external force in the vibration of the string, and its high accuracy will be provided only in the
event if don’t have any external sources of vibrations that can lead to significant errors of measurement.

Keywords: elastic sensing element, string sensor, static characteristics, dynamic characteristics, size of deformation.

BBenenune. BropuuHble 1aTUNKK, IPUMEHSIEMBIE B BE-
COM3MEPHTENIFHBIX YCTPOUCTBAX C MEPBUYHBIMHU YIPYTH-
Mu semeHTaMu (Y3), XapakTepu3yroTcss OONBIIAM pas-
HOOOpa3nueM MPUHIHIIOB IPEOO0pa3oBaHU ITEPEeMEIICHUI
¥Y3. Ilpu BEIOOpE MaTumKa HEOOXOAUMO PEIINTH B3aUMO-
MIPOTHUBOpEYALINE 337a4l: MUHUMH3HPOBATh BO3MOXKHBIC
MOTPEIIHOCTH M HMHEPUUOHHOCTh HM3MEPEHMs, a TaKxKe
MaKCHMAaJIbHO YIIPOCTUTbH yCTPOWCTBO, CAENATh €ro 0ojee
HaJIC)KHBIM U YYBCTBUTCJIBHBIM K M3MCHCHHIO HArpy3KH.
Henocrarkom OOJNBIIMHCTBA BTOPHYHBIX JaTYUKOB (MH-
JQYKTHBHBIX, €MKOCTHBIX ), IPUMEHSAEMBIX B COBPEMEHHBIX
BECOM3MEPUTENIbHBIX YyCTpoicTBax [1], sBisieTca aHano-
rOBbIM mpuHIMI JeiicTBus. I ycTpaHeHHsl 3TOro
HelocTaTka B KOHCTPYKIHMIO YCTPOMCTB BCTPaWBArOT
mpeobpa3oBareny — OJIOKH, IEPEBOISIINE CUTHAN U3 aHAa-
JIOTOBOTO B YaCTOTHBIH. DTH yCTPOHCTBA MMEIOT OYCHb
cnalblil BBIXOMHOW curHaN (Topsiaka MB), u mist BeIBoza
€ro Ha HeOOXOIUMBIH YPOBEHb MPUMEHSIOTCS yCHIIUTEIN.
Hannume B memu mpeoOpa3oBaHMsl CUTHAJIOB OOJBIIOTO
KOJIMYeCTBa JOMOJHUTECIbHBIX 3BCHLBEB CYIIECTBEHHO
CHUXaeT [2; 3] TOUHOCTh U3MEPEHUSI.

Ilpeanaraemoe Becou3MepHUTeEJbHOE YCTPOHCTBO
€ MCNO0JIb30BAaHUEM BTOPHYHOIO0 CTPYHHOIrO JaT4HMKa.
Jis BecomsmepuTenbHBIX ycTpoiicTB (BY) memecoobpas-
Ho [4; 5] npumenenue crtpyHHoro aatunka (CJI), kotopbiid
o0amaeT BBICOKOH TOYHOCTHIO W MaJiOH WHEPIUOHHO-
creto. [lorpemHocts CJ] OT rECTEpE3nca He MPEBBIIIACT 5 T
Ha 15 Kxr mpunoxeHHOro Beca. HamMu ObUTH CipoeKTHpO-
BaHbl KOHCTPYKIMHM BECOM3MEPHUTEIBHBIX YCTPOMNCTB
Ha OCHOBE YNPYIoro KOJbIJa W BCTPOEHHOIO B HETO
CTPYHHOTO JaTyuKa. OCKHU3 TepBOil KoHCTpykuun BY
nu300pakeH Ha puc. 1. Yupyroe Koybio / BOCIPHHAMACT
NPUIOKEHHYI0 Harpys3ky 4epe3 phIM-00nT 6 u Taiky 7,
kpersimiecss  Oamvakamu 3. Tlog Harpy3kod KOJBIO
nedopmupyercs: 10 BEPTUKAIBHOW OCH PACTATMBAETCH,
a 0 TOPU3OHTAIBHOW — CxkMMaercs. OCOOEHHOCTh YCT-
poiicTBa B TOM, YTO CTPYHHBIA AaTduK 2, paboTarommid
Ha C)KaThe, BOCIPUHMUMAET AedopManny Koibla 1o Bep-
THKaJbHOW OCH. DTO BO3MOXKHO HM3-32 NPUMEHEHHMS CIIe-
OUATBHBIX YTOJIKOB 4, 5, TpeoOpa3yromx pacTsATruBaio-
1Iee HaNpsHKEHHE Ha KOJIBIIE B CKMMAIOIIEE HA CTPYHHOM
narauke. IlogoOHas KOHCTPYKIMS ITO3BOJISET MOIY4YHTh
MUHHMaJbHbIE Ta0apUTHBIE pa3Mepbl YCTPOWCTRBA,
HE YCIIOKHSS €r0 KOHCTPYKIIHUIO.

Kperuienue Bcex 31€MEHTOB MexIay coOOM Mpou3BO-
qurtcst GonramMu 8, TIPH 3TOM pbIYar, BOCIIPUHUMAFOIUN
Harpysky, peryiaupyercs raiikoir 9. Ilpu HeobxoxumocTy,
JUISL yCTpaHEHMsl 3a30pOB B MECTaX KOHTaKTa YTOJIKOB
¢ GamMakamMH B CTPYHHOM JaTYMKE MOTYT OBITH HCIIOJb-
30BaHbl META/UIMYECKHE NPOKIAAKA. OTO 3HAYUTEIHHO
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ynpoiaer cOOpKy M NMpeABapUTENIbHYI0 HACTPOHKY BECO-
M3MEPHTENSI W T03BOJISIET CHHU3HMTh Ce0ecTOMMOCTh €OO-
POYHBIX 3JIEMEHTOB, HAa3HAYNB SKOHOMHYECKH IIpPHEMIIe-
MBIE JIOITYCKH.

Koncrpykunst BY, ascku3 koroporo nzo0paxkeH Ha
pucC. 2, UMeeT IBE OTIMIUTENBHBIE OCOOCHHOCTH: CTPYH-
HBI JaT9WK 2 BOCHPUHUMAET CXXUMarommue aedopma-
WU KOJIbIIa / "epe3 CTOsIINe Bpacrop OammMaku 3; Oar-
MaK{ HE UMEIOT JKECTKOI'O KPETUICHUSI U JIUIIb (PUKCUPYIOT-
cs BUHTaMM 4. [laHHas cxema IO03BOJIIET IEPECTaBIATh
JIATYUK B KOJBLIE TI0 PA3TUIHBIM OCSIM, U3MEHSSI YyBCTBU-
TEJILHOCTh YCTPOMCTBA NPH NOCTOSIHHOW HAarpyske, aejast
ero OoJiee YHUBEPCAIBHBIM B OTJIMYUE OT MEPBOM KOHCT-
PYKIUH, 1 Ja€T BO3MOKHOCTb U3MCPATH MPHUIIOKECHHYIO
cury B 0Ooiee HIMPOKHMX AMAnia3oHaxX C OJUHAKOBOH
TOYHOCTBIO. YHHBEPCAIBHOCTh BTOPOH KOHCTPYKLHMH
HECKOJIBKO CHIDKACT TOYHOCTh YCTPOMCTBA 32 CYET MEHB-
el KECTKOCTH KOHTaKTa MEXIY KOJIBLIOM H OaliMakaMu
U ero OBICTPONEHCTBHE 3a CYET MEHBIICH >KECTKOCTH
ynpyroro kojbla. CTpPyHHBIM HaT4WK, NPUMEHIEMBII
B BY, m3rororien u3 npermsuonHoro cruasa 44HXTIO.
Metponornyeckiue XapaKTepUCTHKH JaTdhKa IPEICTaB-
neHbl B Ta0. 1. CTpyHHBIH JaTYMK 00JIagaeT MUHAMAITb-
HBIMHU 3HAUEHUSMH YIPYTUX HECOBEPILUEHCTR [6; 7]. Ynpyrue
HECOBEPIIEHCTBA MaTepuaia Y BBITISIAT CIASAYIOMNUM
oOpazoM: mpsimoe ympyroe mnocieaeiicteue 0,08 %, 00-
parnoe ynpyroe nocnexeiicraue 0,02 %, rucrepesuc 0,07 %.

HccienoBanue mapaMeTpoB BeCOM3MePHTEJLHOIO
ycTpoiicTBa Ha 0a3e BTOPUYHOIO CTPYHHOI'O JAaTYMKA.
Koncrpykuus BY umeeT MHOKECTBO 3JIEMEHTOB, CHHU-
JKAIOIIUX €T0 TOYHOCTH [8] M YBEIMYMBAIOINX BETHIMHEI
JIaHHBIX TOTrpenHocTe. PaccMoTpuM BOCIIPUUMYHBOCTD
BECOM3MEPUTEIBLHOIO YCTPOMCTBA K IPHIOKEHHON Cuiie
U ONpeAeNuM MOrpelmHocTu udmepenus. s storo BY
OyJeM HarpykaTh COIJIACHO €ro CIy)KeOHOMY Ha3Haue-
Huto. BY Harpyxkamu no 500 kr ¥ ¢ MOMOIIBIO YacTOTO-
Mepa PerucTpUpOBaIN 4YacTOTy KOyeOaHWH CTpYHBI JaT-
yuka. Ha puc. 3 mnokaszana ¢yHkums npeoOpasoBaHMs
Becom3Mepurelsi KOHCTpyKuuu Ne 1, m3oOpakeHa 3aBU-
CHUMOCThH MEpPHO/Ia KOJICOaHUS CTPYHBI JaTYHKA OT PACTs-
THUBAIOILIEH CHUIIBL.

W3MepeHns mokasaiu, 9To pa3paboTaHHOE yCTPOHCT-
BO [ICHCTBHUTENIFHO WMEET 3HAYCHHUS YIPYTHX HECOBeEp-
IICHCTB 3HAYMTENBHO OOJBIINE, YeM y COCTaBJISIOIINX
ero 21eMeHTOB. IlosiBIeHME [aHHBIX IOrPELIHOCTEN
BBI3bIBAETCSI MHOXKECTBOM (DaKTOpOB. DTO M Pa3IU4HOIO
pola ympyrue HECOBEpIICHCTBA MaTepuana JAeTane,
13 KOTOpbIX cocTouT BY, u HepocTarouHas xKECTKOCTh UX
KOoHCTpyKuuil. OnHako HauOonbliee BiausHUE [9] HA TOY-
HOCTHBIE XapaKTEPUCTUKH BECOM3MEPUTENS OKa3bIBAIOT
CTBIKH, IPUCYTCTBYIOIINE B €r0 KOHCTPYKLIUH.
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Puc. 1. Dckus BeconzmepurenpHoro ycrpoiictsa. Konerpykuus Ne 1

Fig. 1. The sketch of weight measuring devices. Scheme #1

4 A-A 21D

Puc. 2. Dckus BecousmepurenbHoro yerpoiictsa. Konerpyxius Ne 2

Fig. 2. The sketch of weight measuring devices. Scheme #2

Tabruya 1
MeTpoJioruyecKkne XapaKTepHCTHKH CTPYHHOI0 AaTYHUKA

MakcumanpHas Harpyska P, kr 15
MaxkcumanbHbIi rucTepe3uc B quanasone 0—PH, rp He Oonee 5
BrixomHO# curHam UMITYIIECHOHM ()OPMBI MONIOKUTEIHHOTO MOJIE3HOTO HANPSDKEHHMs, He MeHee, B 3,5

Bpewmst roTOBHOCTH TIOCIIE BKIFOYEHUST, MHH 3

Hanpsoxenue nuranus, B +5+0,2)

Macca, He 6oree, KT 1,3
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Puc. 3. 3aBucumocts neproia KojaeOaHus CTPYHbI JaTYMKA OT BEJIMYMHBI IPUIIOKEHHO CHJIBL:
1 — mpu Harpy>kKeHuy; 2 — NpH PasrpyKeHUN

Fig. 3. Dependence of vibration period of measuring device hanger on the amount of applied force:
1 — when subjected to loadings; 2 — after unloading

IIpu nposenenuu wuccienoanuii [10] Becomsmepu-
TENILHOTO YCTPOWCTBA Mbl YJAGNSUIM 0CO000€ BHUMaHHE
30He MUHHMMaJbHBIX Harpy3ok (ot 0 mo 50 kr), 4ToOBI
OIIPEIETINTh HIKHUH INpeie] YyBCTBUTEILHOCTH HAIIEro
npubopa. Kak yxe orMeyanocs, CTpyHHBIH JTaT4MK 00J1a-
JaeT OTPOMHOIl YYBCTBUTEIBHOCTHIO (BO3MOXKHOCTB
perucTparuu npupamesus Beca okono 0,05 r), mostomy
YyBCTBUTEIBHOCTh BECOM3MEpUTENs OyaeT LeTHKOM
OIIPENIeNATHCS KECTKOCTBIO YIPYroro Koibla. Pe3ynbra-
THI ©I3MEPEHUI TIPUBEICHBI B Ta0JI. 2.

HonyquHme MOTPEIIHOCTHU ABJIAIOTCA AOIMYCTUMBIMHU,
OJHAKO IIPU XPaHEHUHU, TPAHCIIOPTUPOBAHUHU, HCIIOIB30-
BaHMM BECOM3MEpHTENsl IMpaBWiia €ro JKCIUTyaTaluu
MOTYT OBITh CEpbE3HO HAPYILIEHbI, YTO MOBJIEYET 3a cO00MH
MOSIBJICHUE YK€ HEIOIYCTUMBIX OTKJIOHeHWH. [l onpe-
JieTieHns1 Hanoboutee ciadbIX MECT KOHCTPYKIIMU HPOBEIEM
MIPOBEPOYHBIE PACUETHI YIPYTOro KOJBIIA.

OCHOBHYIO OIIaCHOCTH MOTYT HPEICTaBIATH CIIydYau
Harpy»KeHHsi YCTpOICTBa CBepX IOJOKEHHOIO Beca.
JonyckaeMoe HamnpspkeHHE [G] HaXOAUM C y4eTOM KO-
¢uiyeHTa 3amaca B 3aBUCHMOCTH OT PEKHMOB Harpy3Ku
(Tabm. 3):

Hcxonst u3 cmyxeOHOr0 Ha3HAYEHUS, BHIOMPAEM BTO-
PpOii peXuM HarpyKeHUs, OTKya noirydaem [o]| = 880/4 =
=220 MIla.

PaccunTaeM MakcHManbHOE HANpsDKEHHE B CEUCHUH
BBIOPaHHOTO KOJIbIIA IPH NPHIOKEHUH TPOEKPATHOU
Harpy3Ku:

15000
0,007 -0,04

r =53,57 Mlla .
F
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W3 pacdera BHIHO, YTO KOJIBIIO C MPHHATHIMHU I1apa-
METpaMH BBIICP)KUBACT MEPETPYy3KH, 3HAUUTEIFHO PEBOC-
XOo11IM€ HOMHUHAJIBHOC 3HAUYCHHE.

OpHako HEOOXOJMM HE TOJIBKO MPOYHOCTHOW pacyer
anemMeHToB BY, HO M mpoBepka paboTOCocoOHOCTH
CTPYHHOIO JaT4MKa MpU TakoMm BoznedctBuu [11; 12].
VYcerpoiicTBO, fAaxe MoOcae BO3MOXHON Ieperpysku,
JIOJDKHO TIOJIHOCTBIO COXPAHATh BCE HACTPOMKH, YETKO
BEITIOJTHATE CBOE CITy’keOHOe HaszHadeHue. CliemoBaTelb-
HO, TpeOyeTcs crennanbHas MpOBepKa TOYHOCTHBIX Xa-
PaKTepUCTHK YCTPOWCTBA IpPH MOJOOHOM HAPYIICHUU
MpaBW AKCIUTyaTallud, IOTOMY YTO BECOW3MEPHTENb
MOXKET BOOOIIE BBIATH M3 CTPOS Kak KOHTPOJIBHO-
n3MepHTeNbHbIN npubop. st onpeneneHust padoTocmo-
cobHoctu BY Mbl npousBenu HarpyxeHue paspaboraH-
HOM KOHCTPYKLMHU CBEPX JOIMYCTUMOIO Beca. Pe3ynbrarsl
Harpy>keHus MpeCTaBlIeHbl Ha pUC. 4 B BUJE JIBYX 3aBU-
cuMocTel: / — M3MEHEeHHe Neproaa KoJeOaHUi CTPYHBI
OT TPUIIOKEHHON CHITBL, 2 — u3MeHeHue aedopmarm YK
OT TIPWIOXKEHHOW cHIbl. 30Ha | — mpemen m3mepeHus Be-
commepurens. O4eBUIHO, 9TO 00€ 3aBUCHMOCTH UMEIOT
MIPaKTUYECKH JIMHEWHBIN 3aKOH pacnpeneneHus. Hekoropytro
HEJIMHEHHOCTh MOXXHO OOBSICHUTH YIPYTMMH HECOBEp-
IICHCTBAaMH MaTepHaja yIpyroro Koibla.

YBenmndenne Harpysku (30Ha II) mpuBoautT Kk BO3pac-
TaHUIO TOrp€HIHOCTU U3MCPCHHA, CHUKACT TOYHOCTH
yctpoiictBa. IlpeBbimienne Harpy3ku Ha 70-80 % ot
BEPXHEr0 IpeJesia U3MEPEHHs BbI3bIBAET HEYCTOMUUBYIO
paboTy BECOM3MEpHTEIs, MOSBISIETCSI BEPOSITHOCTH cO0s,
a IIpH 1eperpyske Oosee uem B < 2,2 pa3a CTpyHHBIH 1aT-
YUK IepecTaeT padoTaTh, TaK Kak COOCTBEHHas 4acToTa
CTPYHBl HAaUYWHAET XAOTUYHO W3MEHSATHCS, W TIPOLIECCOP
MPOCTO HE B COCTOSIHWM ee 00paboTath. TeM He MeHee,
Takhe Teperpy3kd He BEOyT K IIOJIOMKE YCTpPOWMCTBA.
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ITocne cHATHS HAarpy3ku M HEKOTOPOTO BPEMEHH pejlak-
canuu HanpspkeHud (mopsiaka 15-25 ¢) Becomamepurens
BO3BpAILlAETCsl B CBOE IIEPBOHAYAIBHOE COCTOSIHHME 0e3
KaKHX-TH00 OTKIOHCHUH.

JanbHeliinee yBelIMYEeHUE NPUIOKEHHOW CHJIBI BEAET
K 3HAYUTEIHHOMY POCTY BEIWYHMHBI THCTEpE3nca U yIpy-
TOTO TOCJENEHCTBUS, a MPEBbIMIEHNE B 2,8 paza MOXET
BBIBECTH CTPYHHBIH JaT4WK K3 cTposi. Ompenenum Kpu-
THUYECKYIO BEIMYMHY Jle()OpMalMU yIIPYroro Kojblia Mpu
pactsaruBatonieit cuie P = 15 000 H:

_ Beds

bW E
. 0,224-0,137°
©0,04-0,007° -2,1-10"

15000 = 2,79 mwm,

rje B, — KOHCTPYKTHMBHbIH KOO((ULHMEHT 4yBCTBATEIb-
HOCTH; d, — BHyTPEHHHI AUaMeTp Kojbla, MM; b — mupHHa
KOJIbI[a, MM; /1 — TOJIIIIMHA KOJIbLIA, MM.

Tabnuya 2
XapakTepHCTHKH CHJIOU3MEPHUTEIbHOI0 YCTPOHCTBA HA OCHOBE YNPYI0ro Ko/ibla H CTPYHHOIr0 JaTYHKA.
Koncrpyknus Ne 1
[TapameTpsi 3HaueHue
Ipenen u3mepenus, Kt 1,3-500
MuHUMaNbHOE PErUCTPUPYEMOE IIPUPALIECHUE, KT 1-1,5
MakcuMaibHO JIoIycTUMast Ieperpyska, % 200
MakcuManbHBI THCTEPE3UC BO BCEM AMana3oHe HarpyxeHus, He Oosee, KT 5
Bpemst 3aTyxaHus IepexoIHOTro mpomecca, ¢ 1,2-1,6
I'eomerpuyeckne mapaMeTpsl YIPyroro IeMeHTa, MM:
Cpe/HUiA TnameTp, 137
LIHMpPUHA, 40
TOJLIMHA 7
[Muranne ABTOHOMHOE
Hanpsbkenue nutanus, B +(5 +0,2)
BoixoHo# curHan uMITyJibca IoJjIe3HOro HanpsbKEeHHs, He MeHee, B 3,5
Bpemst roTOBHOCTH TOCIIE BKITIOYEHUSI, MUH 3
Macca, He Oosiee, KT 5
PaGouwnii nuanazo remmneparyp, °C -30...+50
Tabnuya 3
3HaveHus kod(PpunueHTa 3anaca NPOYHOCTH NMPHU PA3THUHBIX PeKUMAX HATPY3KH

Pexum Harpysku oy
[ocrosiHHas Harpy3ka 2-2.5
[ynecupyromntas 34
3HaKoInepeMeHHast 8-10
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Puc. 4. Onpenenenre MakCUMaJIbHO JIOITY CTUMBIX HAIIPSXKEHUH

Fig. 4. Identifying of voltage capability
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IIpu neperpyske BY B cunbHOI Mepe HNpOsBISIOTCA
MOTPEIIHOCTH, OMNpPENENISIONIME TOYHOCTh yeTpoiicTBa [13].
3nageHue rucrepesuca pocturaetr 9.4 %; cmemieHne
HONsl (pyHKImH mocturaer 0,05 MM. DTH MOrpemIHOCTH
HMEIOT TaKyIo )K€ IPUPOY, KaK ¥ PaCCMOTPECHHBIE paHee,
TOJBKO B JAHHOM CIIydae M3-3a KPHUTHUECKOIO yBEJIMYe-
HUSI IPUJIOKEHHOM CHIIBI BEIMUMHA MX PE3KO BO3PACTACT.
Hamu Obwia Takke mccienoBaHa pa3paboTaHHas KOHCT-
pyxius Ne 2 yHUBepcalbHOTO Becouzmepurensd. OTcyTcT-
BUE B 3TOW KOHCTPYKIMH CTHIKOB, pabOTaroIUX Ha pac-
TSOKEGHHE W Ha CABWI, HECKOJNBKO CHIDKAeT MJAaHHYIO
COCTAaBJISIOLIYIO TOTPEHIHOCTH M3MepeHusi. OCOOeHHOCTh
HCCIIeIOBaHMS 3TOW KOHCTPYKIMHU COCTOSUIA B HEOOXOIH-
MOCTH ompenesieHus: ocel nedopmanuu, 1Mo KOTOPBHIM
JIOJDKEH YCTaHABIMBATHCS CTPYHHBIH NATYUK, YTOOBI
M3MEHUTH Npesensl u3mepenus BY, a takxke 30HBI Hyle-
Boii nedopmarun. CxeMaTHYHOE PACIONOKEHHE ATHX
3JIEMEHTOB MPEJCTABIECHO Ha PUC. 5.

HccnenoBanus NPOBOJWINCHE C YYETOM BEIHYHHBI
HopMmasbHOH (0,5-0,6 MM) nedopmaryu yrnpyroro KoJiblia,
HE0O0XO0IMMOH JUTsl yCTOHYMBOW PabOThI CTPYHHOI'O AaTyH-
Ka 1 MAaKCUMAaJIbHOTO HCIIOJIb30BAaHUS €0 BOZMOXHOCTEH.

Beutn BeIIENIEHBI OCHOBHBIE OCH, YCTAHOBKA IO KOTO-
PBIM CTPYHHOTO JaTYMKa U3MEHSET XapaKTEPUCTUKHU YCT-
poiicTBa B LIETIOM:

I — ropusoHTanBHAs ock Becommeputelst (¢ = 0 Tpan);.
HeoOxoauMast aeopManus ynpyroro Kojabla JOCTHIAeT-
sl IpH BO3JEUCTBUM pacTsarusatomien cuisl 3000 H;

II — 3naueHue @ paBHO 5—7 rpan, BO3IEHCTBYIOIIAs
cmiia P =5000 H;

I — 3Hauenue ¢ paBHO 19-22 rpan, Bo3aeHcTBYyIOIAsA
cuna P =10 000 H;

IV — 3nauenne (¢ paBaO 43—47 rpan, BO3AEHCTBYONIAs
crita P =15 000 H;

V — ock HyseBoi nedopmanuu (¢ = 52-53 rpan).

Bonee TouHbIE 3HAUYEHUS YIJIOB PACIOJIOKEHHs Ocel
OyayT paccuMTaHbl NpH pa3paboTKe Mmporeccopa Jyis
YHHUBEPCAJILHOT'O BECOU3MEPUTEIIS.

OCHOBHbBIE XapaKTEPUCTUKH YHHBEPCAJILHOTO BECO-
N3MEPHUTENHFHOTO YCTPOCTBa NPUBEICHEI B Ta0I. 4.

Bo03MOXXHOCTh TE€pEeyCTaHOBKM CTPYHHOI'O JaT4HKa,
HECOMHEHHO, YBEJIMYHBACT OOJNACTh NPUMEHEHUS YCT-
po¥icTBa, OJTHAKO HEOOXOOUMO YYECTh, UTO €r0 YHUBEP-
CAIbHOCTh HETaTUBHO CKaXeTCS HA YYBCTBUTEIBHOCTH
U TOYHOCTHBIX XapaKTEePUCTHKAX.

JuHaMHUYecKHe XAPaKTePHCTHKH BecoH3MepH-
TeJbHOI0 YCTPOiicTBA Ha 0a3e BTOPUYHOIO CTPYHHOIO
AaTyuka. Bpems 3aTyxaHus HepexoaHOro mpolecca —
BEJIMYHMHA, TI03BOJIAIONIAs 0XapaKTepU30BaTh OBICTPOIEH-
ctBue [14; 15] BecousmMepuTebHOTO yCTpoicTBa. besbi-
HEPIMOHHOCTh BECOM3MEPUTENS SIBISIETCS OJHUM W3 OC-
HOBHBIX TOKazaTeJeld KauyecTBa, MOITOMY IPH HPOEKTH-
POBaHMM KOHCTPYKIHMH YCTPOHCTB OBUIM HPOBEICHBI
HCCIICIOBAHMS 3aBHCHMOCTH BpPEMEHH 3aTyXaHHs Iepe-
XOJHOTO TPOIEcca OT BETMYNHBI BXOJHOTO BO3ICHCTBUSI.
HccrmenoBanust MpOBOAMIINCE TSI IBYX PEKHUMOB Harpy-
xeHus: | — mmaBHOe (Ha WHTepBaie 3—5 ¢) yBeIHUEHHE
MIPUIIOKESHHOM CHIIBL, 2 — yJapHOE BO3ACHCTBHE C ITOCTIe-
neiictBueM. Ha puc. 6 mpezcraBieHO rpapuuecKoe M30-
OpakeHne K0J1e0aTelIbHOTO MepUo/ia EpBOro YCTPOHCTBA
Py pa3JIMIHbIX 3HAYCHUAX CUJIOBBIX BOSﬂeﬁCTBMﬁ.

Metoauka uccnenoBaHus [14] 3akmouanack B TOM,
YTO COOpaHHOE CHIIOM3MEPUTEIHHOE YCTPOHCTBO Harpy-
JKaiu pacTsaruBawoolieid cuwiod BemuuuHou 500, 1000,
2000, 3000, 4000, 5000 H. BeixonHsIM mapamMeTpoM MpHU
9TOM H3MEPEHHH CITYy>KUT BelrmduHa aedopmarun YK.
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Puc. 5. YcranoBouHbIE OCH B yHUBEPCAJIBHOM BECOM3MEPUTEIIE

Fig. 5. Guiding stubs of flexible weight measuring device

Tabruya 4
XapakTepuCTHKH YHHBEPCATLHOT0 BeCOU3MePHTeIsI
3HayYeHMs 110 OCSIM YCTAaHOBKH
ITapamerpst

I 11 111 v
Ipenen usmepenus, kr 1-300 1-500 5-1000 25-1500
MuHIMaJIBHOE PErUCTpUPYEMOe IpUpAIlEeHHE, KT 0,9-1 1-1,2 5-6 23-27
MaxkcumanbHbli THCTEPE3UC, KT 35 5,2 7,4 14,7
Bpewms 3aTyxaHus epexoIHOro mporecca, ¢ 5-6 4-5 1-2 1
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IIpu ynapHOM CHIIOBOM BO3IEMCTBUM BpeMsl yCIIOKOE-
HUS M aMIUINTyJa KoJjieOaHWs IMepexogHOro Iporecca
pe3ko Bo3pactaroT. Ha puc. 7 mpousBeneHO CpaBHEHHE
BPEMEHH 3aTyXaHHs MEPEeXOIHOTO Ipoliecca IMpU CTaTH-
YEeCKHUX M yJIapHBIX (3alITPHUXOBAHO) Harpy3Kax.

Bropast KOHCTpYKLUS BECOM3MEPHUTENS MPEICTaBIsIET
co0oii Oollee MHEPIMOHHYIO CHUCTEMY 32 CYET MCHBIICH
JKECTKOCTH YIPYroro Kojblia. OTOT YHUBEpCaJbHBIN

900

BECOM3MEpUTENIb CHOCOOeH paboTaTh B Pa3IMYHBIX
IWanasoHax Cui, NpHYeM, YeM HIKE BEPXHUH MOpOr
CHIIBI ¥ YK€ TUaIa30H U3MEPEHusi, TeM OOJIbIIe BpeMEHH
Tpebyercsi cucreme, 4TOOBl aMIUTUTyJa 3aTyXaloIIuX
KoJieOaHUH CTaja MEHbIIE JOIYyCTUMOM ITOTPEHIHOCTH.
Ha puc. 8 noka3aHo n3MeHeHne BpeMeHH 3aTyXaHUs YHU-
BepcaabHOro BY B 3aBHCHMOCTH OT yria pacroyoKeHUs
CTPYHHOTO JaT4uKa.
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Puc. 6. Bpems 3aTyXaHus IEPEX0JHOTO MPOIIECCa CUCTEMbI BECOM3MEPUTEIBHOTO
YCTPOWCTBA MPU Pa3IMIHOM CHIIOBOM BO3IEHCTBUH

Fig. 6. Decay time of transition process of weight measuring device under force impact
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Puc. 7. YBenuuenue BpeMeHH 3aTyXaHus IEPEXOAHOr0 npouecca
HpH yJapHBIX Harpy3Kax

Fig. 7. Increase of the decay time of transition process under impulse load
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Puc. 8. 3aBucuMocTs BpeMeHH 3aTyXaHUs NEPEeXOIHOT0 Mpolecca
yHuBepcanpHoro BY ot yrna ycranoBku ¢

Fig. 8. Dependence of decay time of transition process of flexible
weight measuring device on the angle of setting ¢
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3akarouenue. [IpoBeneHHble MccenoBanus pa3pabo-
TaHHBIX KOHCTPYKIIMH BECOM3MEPUTEIBHBIX YCTPOMCTB Ha
OCHOBE KOJIBIIEBOTO YIPYIOIO 3JIEMEHTa M BTOPHYHOTO
CTPYHHOTO JaT4WKa MONTBEPIMIN HUX paboTocmocoo-
HOCTh B IIMPOKOM JHAla30He HArpy3ok. OTMEYeHbI BbI-
COKast YyBCTBUTEIBHOCTh U TOYHOCTH M3MepeHuid. Bmecte
C TeM IIOKa3aHAa HEraTHBHAs 3aBHCHMOCTH YCTPOMCTB
OT BHEIIHUX BO3MYIIAIOINX KOJEOAHHH U OTHOCHUTEIILHO
BbICOKAsA MHEPLUUOHHOCTDb, HAITPUMEDP, B CPABHCHUUN C BTO-
PUYHBIM (POTOJATUUKOM.
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HCCJIETOBAHME BO3JIEVCTBUSA KOMIIOHEHTOB PAKETHOT'O
TOILINBA HA COCTOSTHUE COCHbI OBBIKHOBEHHOM

M. E. Bapanos'", JI. A. I'epacumosa’, C. B. Xmxknsx?’, I1. A. Jly6smun’

'Cubupckuit rocyapcTBEHHbII YHUBEPCHTET HAYKH M TEXHOIOTHH MMeHH akajgemnka M. ®. Peernena
Poccuiickas denepanus, 660037, r. KpacHospck, npocm. uM. ra3. «KpacHospckuit pabounii», 31
2KpaCHO;IpCKI/Iﬁ rOCYAApCTBEHHBIN arpapHblil YHUBEPCUTET
Poccuiickas @enepamnms, 660049, r. KpacHosapck, mpocn. Mupa, 90
"E-mail: pavel.dubynin@mail.ru

O6bexmom Uccied08aHust Cmaia COCHA 0ObIKHOBEHHASL KAK OUOUHOUKAMOP 3A2PA3HEHHOCU NOYEbL C 30Hbl XPAHEHUs.
Komnonenmos pakemnozo monausa (KPT) 00notl us pakemnuvix OUHCKUX Yacmeu. Ycmanogneno, umo yposHu paoua-
yuu (MOWHOCMb IKCROZUYUOHHOU U IKGUBATICHMHOU 003 6HEULHEe20 2aMMa-uslydenuss, YpoeHu aivbga- u bema-nosel,
YOenbHas aKMUSHOCHb PAOUOHYKIUO08, 8 MOM YlUCTe MeXHO2eHHO20 ye3usi-137) na obvekme coomseemcmsyom QoHo-
ebim nokasamensim. I[lo nokasauwusm 60Uck08020 npubopa xumuueckou pazgedku cooepocarnue KPT na omoenvrbix
npobuvix naowaoxax cocmaeisiem 0,001 me/n, ymo coomsemcmeyem yposuio «Onacnoy. Ha nouee 6 cneyuanvbuvix
COOPYIHCEHUSIX NPUCYMCMBYION GUOUMble Ce0bl NPOIUBOE MEXHUYECKUX JHCUOKOCTEN, d 68 6030yXe umeem Mecmo che-
yuuueckuil 3anax. XumMuuecku 3a2psisHEHHbIE APMATYPbl, CHPOUMETbHbLIL MYCop, OCmamku EMKocmell U CneyuaibHble
COOpYIHCeHUsi HAX00AMCSL 8 OPOULEHHOM coCmosiHuU. B ceéaszu ¢ smum mpebyemcs nposedenue pexyromugayuy OaHHOU
meppumopuu. Ilpu npogedenuu pabom no OemoKcukayuu u peabuiumayuil nouye HeoOXooumo Y4umuléams sPKO
BbIPAIICEHHYIO NPOCMPAHCINBEHHYIO HEPAGHOMEPHOCHIb YPOGHS OCMAMOYHOU 3azpaznénnocmu. [ pacuema o6véma
U mexmoaocuu pabom pexomeHOyemcsi npogecmu MUKPOOUOLO2UHECKULl AHAU3 2PYHMA U COCMABUMb OemAalbHYIO
Kkapmy gumomoxcuynocmu. Ilpu cocmasienuu Kapmvl GUMOMOKCUYHOCIU PEKOMEHOYEMCSl YUUMbLEAMb CeQVIOUULL
KOMNJIEKC NOKA3AMeneil. RPOYEeHmMHOe U KA4eCMEEeHHOe OMHOUEHUE NOOBEPICEHHBIX HEKPO3Y U XTI0PO3Y 00paA3Y08 XGOU.

Knouesvie crosa.: cocha 06bIKHOBEHHAS, HEKPO3, XILOPO3, KOMHOHEHMbL PAKENMHO20 MONAUEA, OUOUHOUKAMOP.
Siberian Journal of Science and Technology. 2017, Vol. 18, No. 2, P. 367-372

INVESTIGATION OF IMPACT OF ROCKET FUEL COMPONENTS
ON THE CONDITION OF SCOTCH PINE

M. E. Baranovl*, L. A. Gerasimova', S. V. Khizhnyakz, P A. Dubynin1

'Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
? Krasnoyarsk State Agrarian University
90, Mira Av., Krasnoyarsk, 660049, Russian Federation
"E-mail: pavel.dubynin@mail.ru

The object of the study was the Scotch pine, as a bioindicator of soil contamination from the storage area of MCT
(rocket fuel components) and missile military units. It has been established that the radiation levels (exposure and
equivalent dose of external gamma radiation, alpha and beta-field levels, specific activity of radionuclides, including
technogenic cesium-137) at the facility correspond to background indicators. According to the indications of the mili-
tary chemical reconnaissance device, the content of MCT in the individual test sites is 0.001 mg / I, which corresponds
to the level of “Danger”. On the soil in special facilities there are visible traces of spills of technical fluids, and in the
air there is a specific smell. Chemically contaminated fittings, construction debris, remnants of containers and special
structures are in abandoned condition. In this connection, reclamation of the given territory is required. When carrying
out work on detoxification and rehabilitation of soils, it is necessary to take into account the pronounced spatial
unevenness of the level of residual contamination. To calculate the volume and technology of the work, it is recom-
mended to carry out a microbiological soil analysis and make a detailed map of phytotoxicity. When compiling a phyto-
toxicity map, the following set of indicators are recommended to be taken into account: interest and quality concerning
exposed to necrosis and chlorosis of the samples of pine needles.

Keywords: pinus sylvestris, necrosis, chlorosis, propellant component, bioindicator.
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Bgenenue. [Ipo0iema peKyIbTHBALMK Y4aCTKOB 3€MIIH,
3arps;3HEHHBIX KOMITIOHeHTaMH pakerHoro tomumsa (KPT),
IZle 70 HEJAaBHETO BPEMEHH pACIIONIaralIuCh pPaKETHBIC
COEIMHEHUS, CTAHOBUTCS OCOOEHHO OCTPOH, €CIM 3TH
3eMJIM TIPEIHA3HAYAIOTCSl BIIOCIEACTBUM JUIS HCIONB30-
BaHMS B CEJIBbCKOXO3sHCTBEeHHON oTpaciu [1]. CiaoxHbIiA
xumudeckuii coctaB KPT npuBomuT K psimy sKoJIOrHYe-
CKHX MpOoO0JeM, CBS3aHHBIX C U3MEHEHHWEM MHMKpPOOHOJIO-
T'MYECKHUX CBOMCTB IOYBBI U BO/IbI, @ TaKK€ K TOMY, 4YTO
PAaCTUTENIEHOMY H KHBOTHOMY MHUPY HAaHOCHUTCS OOJIBIION
yiiep6 [2; 3]. BOJBIIMHCTBO KOMIIOHEHTOB PAaKETHOTO
TOIUIMBA OYEHb TOKCHYHBI, U MX IONa/IaHUE B OKpPY’Karo-
LIYyI0 CpeLy CONPOBOXKIAIOTCA OTPABICHUEM IIOYBBI
U BO3/yXa B paiioHe nponusa [4; 5].

B mepuon ¢ 2003 mo 2010 rom mpencTaBUTEISIMH
areHTCTBa HPHUPOJONONb30BaHus KpacHospckoro kpasd,
a TaroKe MpeAcTaBuTeNs MU Pocripuponaanzopa Ha 00beKTe
ObUTM TIPOBEICHBI PA3IUYHOIO pOJa HCCIECIOBAHMSA,
HalpaBJICHHBIE HAa OLEHKY 3KOJOTMYECKOTO COCTOSHHMSA
O6rooObekTa B parione mocenka Keapossiii KpacHosipckoro
kpast (Poccust). MHorue u3 HUX OBLIM NPOBENEHBI C Iie-
JIbIO MOCTEAYIONIeH PEeKyJIbTUBALIMY MTOYBbI U OUHCTKH €€
ot octatkoB nponuBoB KPT. Cnenuanucramu noapsaHon
opranuzauu MO P® 3A0 «IIpomrexon» B 2008 romy
ObuT pa3paboTaH NMPOEKT TEXHWYECKOW pPEKyJIbTHUBALMU
HapyLICHHBIX 3€MeNlb, MHPOBEACHO €ro COrJacoBaHUE,
roCcyIapcTBEHHas SKoJIormaecKast skcnepTusa [6]. Tlo cocros-
Huto Ha 2015 rox xonuentpauus HIMI' BHyTpu coopy-
skenuit mpesbimaer 1K B 50 pa3, a Ha mpuieraromen
tepputopun — B 10 pa3 [7]. U3-3a HemoCTaTo4HOTO
(uHAHCUPOBaHUA CO CTOPOHBI MHHHCTEpCTBa 0OOPOHHI,
pexynpTHBanusa 30HbI xpaHeHuss KPT He mnposeneHa.
B pesynpTaTte 3TOr0 Ha TEppUTOPUH OBIBIIEH pakeTHOI
YacTH HaxomiTcs OecXO3Hble COOPYXKEHMs, HMEIOLIHe
aBapuitHoe coctosiHue [8].

B nmanHOW cTaThe paccMOTpEHBI BOINPOCHI OLEHKH
JKM3HEHHOT'O COCTOSIHUSI JIECHBIX KYJIBTYP COCHBI OOBIK-
HOBEHHOM B MNpUTropogHOW 30He mnocenka Kenpossiid
Kpacnosipckoro kpasi. B kauecTBe OCHOBHBIX IapaMeETPOB
BBIOpaHBI OPAXXEHUST 00Pa3I[0B XBOW HEKPO3OM H XJIOPO-
30M. C HOMOIIBIO BU3YaJIbHOTO OCMOTpa IPOM3BEICH
MOCYET TMOPAKEHHBIX 00pPa3oB COOpPaHHBIX XBOWHOK,
no moberam 2015 u 2016 romos [9].

HawuGonee ynoOHBIMHU /ISl OLIGHKH COCTOSIHHSI OKpY-
JKaIoIIel cpesibl SBIAIOTCS PacTeHUs, TaK KaK OHU OCYIIECT-
BISIIOT OOJiee MHTEHCHUBHBIN Tra3000MEH II0 CPaBHEHHIO
C YEJIOBEKOM M >KMBOTHBIMHM, 00OiajaroT Oojee BBHICOKOU
YyBCTBUTEIBHOCTBIO U CTaOMJIBHOCTBIO OTBETHOM peax-
LMY Ha IEHCTBHE PAa3IMIHBIX BHEITHUX (QakTopos [10].

JI1st ONeHKH TIOCTICACTBHI TEXHOTEHE3a HE0OX0IUMO
BBIIBUTH IOKa3aTel, aJEKBAaTHO OTOOPKAOIINE COCTOS-
HHUE OKpY)Kamomei cpeapl. TakuMu mokazaTelsiMu OyayT
ABJISITCSL CPAaBHEHUsI IPOLIEHTHOIO OTHOIICHUS IIOpa-
KEHHBIX HEKPO30M U XJIOPO30M O0pa3IoB XBOU, HAXO.s-
IIMXCS HA TOYKaX B 30HaX BO3MOXHBIX mposuBoB KPT,
K O0LIeMy YHCITy UCCIIEyeMOI XBOU.

[Ipn uccienoBaHMK COCTOSIHUSA OKPYXKAIOIIEH Cpelibl
MHOTHMH YYEHBIMH HCIOJIB3YyeTCsl B KayecTBe OMOWHIU-
Kkaropa cocHa oobikHOBeHHast (Pinus silvestris L.), Tak kak
OHa SIBIISIETCS BHJOM, PEAarupyloIlMM Ha 3arps3HEHHE
cpensl OOMTaHWS TPOXyKTamMH TexHoreHeza [l11]. Drtot
(DUTOMHANKATOP IIMPOKO PACHPOCTPAHEH Ha BCEH TeppH-
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Topuu KpacHOsIpcKoro Kpasi, mpou3pactaeT Kak Ha CyXHX
MeCKaX, TaK M B YCIOBHAX W30BITOYHON BIAXKHOCTH.
B cBs3u ¢ 3THM cocHa OOBIKHOBEHHAS IIPEICTABISET
co0oif ymoOHBIH OOBEKT Uil OMOMHIUKAIINHA YPOBHS
3arps;3HEHUS B TI000M paifoHe KpacHosipckoro kpasi.

Takum 006pazom, B HACTOSIIEEe BpeMsi COCHA Kak OWo-
WHAWKATOp HW3y4YaeTcs B OCHOBHOM [UISI OMNpEIeNICHHS
adPOTEeHHBIX 3arps3HeHuii. Hamu Obina mpeanpuHsaTa mo-
IbITKa UCIIOJIb30BaHUA COCHBI KaK MHAWKATOpa 3apaKCH-
Heix KPT mous [12].

O6bexkT M MeTOoaBl HMccienoBaHmii. OO0bEeKTOM
HCCIIC/IOBaHMs ObUTa BBIOpaHA TEPPUTOPHS, MPEIHA3HA-
YeHHAs IS XPaHEHUs] KOMIIOHEHTOB PAKETHOTO TOTLIMBA
OJTHOW M3 COKPAIIEHHBIX PAKCTHBIX IMBH3MHA PAKETHBIX
BOMCK CTpaTerMYeCKOr0 HAa3HAYCHUWS, M IIPHIICKAIIIC
K HEW IUIOIIaay, pacloyIOKEHHbBIE B HEMOCPEICTBEHHOM
OIm30CTH K palioHaM, TIOJBEPKESHHBIM BO3MOXKHOMY TIPO-
muBy KPT. 30Ha xpaHeHus npencraBisieT co00i y4acToK
mectrocTH 7000 M* ¢, HA KOTOPOM PACIIONOKEHBI THIIO-
BbIE [UISI aHHBIX OOBEKTOB COOPYKEHHUS: COOPYKEHHE
Ne 1 — xpanwmume HIMI (puc. 1); coopyxenue Ne 2 —
CTaHLIUS OYUCTKH; coopyxeHue Ne 3 — craHuus HeHTpa-
mm3armu; coopyxenue Ne 4 — xpaHwmiie amuia (OKHC-
murtens); coopyxkenune Ne 5 — maboparopus. J{ns monso3sa
KOMIIOHCHTOB PAaKETHOTO TOIUIMBA UMEETCS JK/II BETKa,
TakKe OOOPYINOBaHBI TEXHOJIOTHYECKHE IUIOIIAIKH IS
CTOSIHKH TOTUIMBO3AIPaBIIAKOB [13].

Hambomee pacmpocTpaHeHHOH OpeBecHOR (opMoid,
PacmookeHHOH Ha UCCIIEAYEeMBIX TEPPUTOPHIX BOJIH3H K
30HAM BO3MOJKHBIX IIPOJIMBOB, ABJSIETCA COCHA OOBIKHO-
BenHast (Pinus silvestris L.), koTopas u crana 00beKTOM
uccinenoBanuii [14]. Insa peanuzanuu HaMeueHHBIX Iesel
B aBrycre 2016 roga Ha TEpPUTOPHSIX, OIM3KUX K MECTaM
npearnonaraembix npoarBoB KPT, 0bun coOpanbl 06pas-
el xBou (moberu 2016 u 2015 romos). OOpa3ubl ObLIH
B3STHI C IBYX JICPEBBEB HA KO U3 JIEBATHU IUIOMIAOK
mwiomaapio 10 x 10 M, Ha yaanenuu 50 M apyr ot Apyra.
KonTponpHas miomanka pacroiaraercss B IISATH KHIJIO-
MeTpax oT oObekTa mcciemoBanus [15]. Pacmomoxxenue
IUTOIIAZIOK yKa3aHo Ha cxeMe (puc. 2).

OTHOCHUTENIPHOE TIOJIOKEHNE KaXKIOTO JepeBa Ha MecT-
HOCTH U ero MOp(OJOrHYecKue MoKa3aTell MpeacTaBlie-
HBI B Ta0HIIE.

Cpennue 3HaueHHss MOP(HOMETPHUYSCKUX MOKa3aTeIeh
OmpeNessUTd MPpH KaMepalbHOW 00paboTke maHHBIX. Bcee
MaTepHuasibl 00paboTaHbl CTATUCTHYCCKH MO OOIIETPUHS-
Tor Metoauke [16].

PesynbTaTtel umcciaemnoBanms. [locne JMKBHIAMA
BOMHCKOH YaCTH CIIOKWJIACh HEOIArompHusITHAS SKOJIOTH-
gecKkas 00CTaHOBKA BBUY HEKOHTPOIUPYEMBIX MPOIUBOB
KPT. HccnemoBanne MOp(QOMETPHUUECKUX IOKa3aTele
P. silvestris L. mokasaio, 94T0 MakCHMaJIbHasl MOIBEPIKCH-
HOCTh XJIOPO3y M HEKpo3y OblTa BBIBICHA Ha 00pasnax
miomaaok Ne 3, 4, 6, 8. CpenHue moka3zaTeny TOBpex/Ie-
HHUH pas3lIMuHBIX KJIACCOB NPEICTaBIeHHBI B (opme nua-
rpamm (puc. 3, 4).

Jlns onpeneneHus CTaTUCTUYECKOW 3HAYMMOCTU pas3-
JTUYUS MEXIy o0pa3llaMu WUCCICNOBaHUS W 00pa3aMu
C KOHTPOJBHOW TOYKH HCIOIB30BAJICI KPUTEPUU
xu-kBaapar [17].

Ha Bcex ydacTkax OTMEYEHO CTATUCTUYECKH 3HAUH-
Mmoe (ot p = 0,05 mo p <0,001) mopaxxeHne xBou 0OBEKTA
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HCCIICAOBAHUA OTHOCUTCIBHO KOHTPOJIA. HpI/I 9TOM Ha- I‘pa(l)I/I‘{eCKaSI HEPAaBHOMEPHOCTL B (1)I/ITOTOKCI/I‘1HOCTI/I

omonaercs cratuctuiyecku 3HaumMmas (p < 0,001) reo-  (puc. S).

Puc. 1. Xpauumuuie HIMI (¢oto aBTOpoB)

Fig. 1. Storage of NDMG (authors’ photo)

COOPYAKEHHE Nel COOPYKEHHE Ne3
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o S SRENSES

COOPYAHEHHE Ne4

I COOPYAHEHHE NQS.

AOBETEA

Puc. 2. Cxema 30nubl xpanenus: KPT, pacrosnioxxenne Ha Hel muioniazok coopa oopas3ios

Fig. 2. Scheme of KRT storage zone, location of sites of collection of samples

Mopdosiornyeckue noxkasareau cocHbl 00b1kHOBeHHOIH (Pinus silvestris L.)

Ne Bricora Huamerp Huamertp BricoTa Paccrosnue Paccrosnue Paccrosnue
TOYKH JepeBa, M CTBOIA, M KPOHBI, M cbopa, M | 10 Ommkaiiiero JI0 COCETHETO JI0 IOPOTH, M
31aHUs, M 31aHUs, M
10,00 0,35 4,5-5 1-1,5 1,00 20,00 1,00
1 8,00 0,33 4,3-4,5 1-1,5 2,00 21,00 2,00
2 8,00 0.27 4,00 1-15 17,00 14,00 2,00
11,00 0,50 6,5-7
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Oxkonuanue madauybwl

Ne BeicoTa Juamerp Juamerp BeicoTa Paccrosinue Paccrosinue Paccrosiue
TOYKH JiepeBa, M CTBOJIa, M KpOHBI, M cbopa, M 10 OImKaiiero JI0 COCETHETO JI0 1IOpOTH, M
3JIaHUS, M 3JIaHUSL, M
3 12,00 0.70 6,00-7,00 1-1,5 24,00 50-55 1-1,5
9,00 0,54 6,00
5,00 0,20 2,00 1-1,5 60,00 10,00 10,00
4 8,5 0,47 6,00 1-1,5 63,00 12,00 14,00
4,00-5,00 0,20 1,50 1,00 30,00 50,00 10,00
5 5,00 0,18 1,70 1-1,5 33,00 52,00 12,00
5,00 0,30 2,50 1,50 25,00 10,00 7,00
6 6,00 0,23 2,7 1-1,5 26,50 13,5 10,00
3,00 0,20 1,50 1,00 55,00 2,00 15,00
7 5,5 0,22 2,45 1-1,5 47,00 4,00 16,50
5,0-7,0 0,25 3,545 1,00
JlepeBbst pacmonoKeHbl HEOCPEICTBEHHO
8 4,5-6,5 0,25 34 1-1,5 Ha XPaHWIMILE B IPYHTE
8,00 0,30 5,50 1,00 70,00 0,00 50,00
9 7,00 0,28 5,00 1-1,5 71,5 0,00 43,50

Puc. 3. [IpoueHT nopaxeHHbIX 00pa3ios xBou (moderu 2015 r.)

Fig. 3. Percentage of affect of needle samples (sprouts of 2015)

Puc. 4. IlpoueHT nopaxxeHHBIX 00pa3oB xBou (modern 2016 1.)

Fig. 4. Percentage of affect of needle samples (sprouts of 2016)
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Puc. 5. Kapra pUTOTOKCHYHOCTH rpyHTa Ha UCCIEayeMOM 00BekTe (udpaMu

0 BEPTHKAIBHOIN OCH MMOKa3aH % IMOPaKCHHON XBOM OTHOCHUTEIHEHO KOHTPOJIS,

10 TOPU30HTAIILHBIM OCSM IMOKAa3aHO PACcCTOSIHUE OT KpalHel 1oro-3amagHoi
TOYKH YJacTKa)

Fig. 5. The map of phytotoxicity of priming stain on the researched object
(vertically — % affect of needle related to the control, horizontally — destination
from the end south-west point of the sector)

Takum 00pa3oM, MOXXHO KOHCTaTHPOBATh, YTO OCTa-
TOYHOE XUMHUYECKOE 3arpsa3HEHHE Ha HCCIeITyeMOM 00b-
€KT€ HOCHUT SpPKO BBIPAKEHHBIA HEPAaBHOMEPHBIN Xapak-
tep. Ilpm 3TOM HEpaBHOMEPHOCTH 3arps3HEHUS JIHIIb
YaCTUYHO CBS3aHA C MPHBSI3KOM K KOHKPETHOMY COOpY-
JKEHUI0. DTO TOBOPUT O TOM, UTO B X0j€ paboT MO JIEMOH-
Taky 00OpYy/IOBaHUS MMEIIM MECTO aBapUUHBIC MPOJIUBBI
KPT. B cBsi3u ¢ 3TUM clielyeT peKOMEHI0BaTh MpPOBeEe-
HHE KOMIUIEKCA MEPOTIPUSTHUI 110 PEeKyJIbTUBALIMU JaHHOU
TeppUTOPUH Oe3 MPUBA3KU K KOHKPETHBIM COOPY>KEHHSIM.

3akaiouyeHue:

1. [locne nMKBUAAMY BOMHCKOW 4acTd B pailloHe Mo-
cenka [lamsatu 13 BopuoB EmenssHOBCKOTO paiioHa
KpacHosipckoro kpas #3-3a IOMAgaHWs B IOYBY 3HAYH-
teapHOro KomuecTBa KPT croxwmnack HeOmaronpusTHas
9KOJIOTHYECKasi 00CTaHOBKA, YTO HAILIO CBOE OTpakeHUE
Ha MOpP(OJIOTHYECKHX TOKA3aTeNsIX COCHBI OOBIKHOBEH-
Ho#i (Pinus silvestris L.).

2. Ocrayiuch OECXO3HBIM CIIELHATbHBIE COOPYKEHHS,
CTPOUTENILHBII MYCOp, OCTaTKH €MKOCTEH, TOIUIMBHON
apMarypsl C XUMUYECKUMH 3arpsisHeHUsIMU. B 3T0#1 cBsizn
TpeOyeTcst IpoBeIeHUE PEKyIbTUBALIMH TaHHON TEPPUTOPHH.

3. [Ipu npoBeneHnH pabOT MO AETOKCHKALIUU M pea-
OWNMTAlIMM TI0YB HEOOXOMUMO YYUTHIBATH SIPKO BBIpa-
JKCHHYIO TIPOCTPAaHCTBCHHYIO HEPABHOMEPHOCTH YPOBHS
OCTaTOYHOM 3arpsi3HEHHOCTH.

4, Ins pacuera 00bEMa M TEXHOJOTHH PabOT peKo-
MEHJyeTCs NPOBECTH MHKPOOHOJIOTHYECKHIl aHanu3
IPYHTa U COCTaBUTBH JIETAJbHYIO KapTy PUTOTOKCUYHOCTH.
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5. C yuérom Bo3moxHOM Murpanuu HIMI cnenyer
MIPOBECTH XUMUYECKHUH MOHMTOPHHI NPHJIETAIONINX Tep-
putopuii u pexu Kaun.
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RESEARCH OF RADIATION AND RADAR CHARACTERISTICS OF A GROWING ICE COVER
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Remote methods of monitoring terrestrial and water objects in the microwave range, both active and passive, are
widely used at present. One of such objects is the ice cover, which is associated with the development of the Arctic and
the Subarctic, as well as in connection with the climate change on the planet. For this reason, knowledge of the radia-
tion and scattering characteristics of the ice cover in the microwave range is an urgent task. In this paper, we describe
a technique for the simultaneous measurement of the radiothermal radiation and the backscattering coefficient of the
growing ice cover. The technique is that measurements are made alternately of the power of the radiothermal radiation
and the power of backscattering from the medium under study, and the radiation is received on the same horn antenna.
Receiving of electromagnetic radiation was carried out using a microwave radiometer on two linear polarizations:
horizontal and vertical. The switching time between the active and passive measurements was 10 minutes. Measure-
ments of the radar and radiative characteristics of the growing fresh ice cover at a wavelength of 2.3 cm have been
performed. It is shown that the active and passive radiolocation of the investigated object carries a complementary
information. Radiometric measurements show interference, which is associated with a change in the thickness of the ice
cover. Active radar methods record inhomogeneities comparable to the wavelength, which was confirmed in this paper,
using the example of ice cover. This method of research (simultaneous measurements of the radiation and scattering
properties of the medium in the microwave range) can be used at various objects where quasistatic processes are
observed, for example, when measuring vegetation, drying, freezing or moistening of the soil cover, etc.

Keywords: ice cover, microwave range, radiometry, radar studies, ice-water phase transition.
Cubupckuii xypHan Hayku 1 TexHosoruit. 2017. T. 18, Ne 2. C. 373-378

NCCJIIEJOBAHUE U3JIYYATEJIBHBIX U PAJJAPHBIX XAPAKTEPUCTUK
PACTYHIEI'O JIEJSSTHOI'O IIOKPOBA

A. A.T'ypynes’, C. B. Lpiperskanos, FO. B. Xapun

WHCTHTYT IPUPOAHBIX pecypcoB, 3konoruu u kpuonoruu CO PAH
Poccuiickas ®@enepanus, 672014, r. Yura, yn. Henopesosa, 16a
E-mail: 1gc255@mail.ru

Jlucmanyuonnvie Memoovt HabMOOEHUs 3a 3eMHLIMU U 800HLIMU 0Obekmamu 8 CBY-ouanaszone, kax axmuenbie,
MAaxK U Naccuguvle, WUPOKO UCNOAL3VIOMCs 8 Hacmosiwee epemsi. OOHUM U3 MAaKUx 0ObeKmog A6IsAemcst Ne0SHOU no-
Kpo8, umo ceszvieaemcs ¢ oceoenuem Apxkmuxu u Cyo6aprkmuxu, a maxice 8 C6s3u ¢ UsMeHeHUueM KIUMama Ha niameme.
Ilo smou npuyune 3nanue paouayUOHHbIX U PACCEUBAIOWUX XAPAKMEPUCUK TEOIHBIX NOKPOBO8 6 MUKPOBOTHOBOM
ouanasomne s18IAemcst AKmyanbHol 3adayeil. Onucvléaemcs MemoouKa no 00HOBPEMEHHOMY USMEPEHUIO COOCMBEHHO20
PAoUoOmenogozo uiyyenust u Kodg@uyuenma o6pamno2o paccesnus pacmyuje2o iedsHo20 nokpoea. Memoouka
3AKOYAEMCS 8 MOM, YO HONEPEMEHHO NPOU3BOOSIMCSL USMEPEHUST MOWHOCTIU PAOUOMENTIOB8020 U3LYHEeHUsL U MOWHOCIMU
00pammnozo paccesnus Om ucciedyemoll cpedbl, npudem npuem U3LyYeHus OCYIeCmsislemcs Ha 0OHY U my Jice pynop-
Hy1o anmenny. Tlpuem 91eKmpomacHumno20 usiyueHus ocyuecmsisiics ¢ nomoujpto CBY-paduomempa na 08yx auneti-
HbIX NOJAPUSAYUSX: 20PU30HMATILHOU U 8ePMUKATbHOU. Bpems nepexniouenus: medxcoy akmuHvlM U RACCUBHBIM PEXCU-
Mom uzmepenuil cocmaensiio 10 munym. Bolnoanenvl usmepenus usiyuamenbHblX U pa0apHblX XapaKmepucmux pac-
Mywe20 npecHo2o 1e0stH020 NOKpos8a Ha onutne gonnvl 2,3 cm. Ilokazano, ymo axmuenas u naccugHasi paouoioKayus
uccnedyemo2o 0ovekma necem 6 cebe 63aumMo0onoHsAwYI0 ungopmayuio. Ipu paduomempuieckux uzmepeHusix npo-
s6nsemcs unmepghepenyust, KOmopas CesA3bl8aAemcs ¢ UsMEHeHueM MOTWUHbL Te0IHO20 NOKPOsa. AKmusHbie Memoobl
PAoUoNoOKaAyuU GUKCUPYIOmM HEOOHOPOOHOCHIU, CPABHUMbLE C ONUHOU GOJIHbL, YMO ObLIO NOOMBEPHCOCHO 6 OAHHOU CMA-
moe Ha npumepe 1e0AH020 NOKPosd. [aHnyio MemoouKy ucciedo8anuti (00Ho8pemenHble usMepenus paouayuoHHbIX
U pacceusarowyux c8OUCME cpedvl 8 MUKPOBOIHOBOM OUANA30HE) MOJICHO UCNONb308AMb HA PA3IUYHBIX 00bEKMAxX, 20e
HAOMOOAIOMCsT KEAZUCMAMUYECKUE NPOYECccyl, HANpUMep, Npu UMePeHUsX PACMUMENbHO20 NOKPO6d, UCCYUIeHUs.,
NPOMEP3AHUSL UTU YELANCHEHUS NOYBEHHBIX NOKPOBOS U Op.

Kntouesvle crosa: nedsanoti nokpos, MUKpOBOIHOGbIl OUANA30H, pAOUOMEmMPUsl, padaphvle Uccied08anus, hazosebvlii
nepexoo «1ed—600ax.
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Introduction. Current methods of remote monitoring
of the Earth from space require brand new knowledge
about radiation and scattering properties of the underlying
terrain in the microwave range. Using the systems with
the synthetic aperture in active radio-sounding methods
enables to identify properties of the natural objects spatial
resolution by an order of magnitude of two meters [1].
The resolution is thousands times worse by the passive
radiolocation [2]; yet, it is widely used for problem solv-
ing for a variety of reasons [3; 4]. It is related to the fact
that by simultaneous use of the active and passive radio-
location much more information about the targets can be
obtained. In the paper [5] it is shown by the example of
the ice cover of a fresh eutrophic lake that radar and ra-
diometric measurements enable to reveal different kinds
of inclusions such as gas bubbles, frosted higher aquatic
vegetation etc. Moreover, the investigation is carried out
with the use of the orbital satellite, aircraft and vehicular
equipment for closer spatial resolution and correct data
comparison. In the paper it is also shown [6] that by si-
multaneous active and passive methods of the sea ice in-
vestigation, high-level accuracy of the arctic ice cover
relative area can be reached. Knowledge of the radar and
radiative surface characteristics is an urgent task for more
effective interpretation of the data obtained by using re-
mote methods of investigation in the microwave range.
This can be achieved by the common application parame-
ters (antenna directivity diagram, angle of sounding dia-
gram, pattern parameters diagram). There are series of
objects whose parameters change over time. They include
the growing ice cover. The growth of ice cover is a qua-
sistatic process i. e. its characteristics change relat a 7
slowly over time [7]. Investigating the radar and radiauve
properties of a given object, measurements can be taken

1 a)

by alternating between the active and passive methods of
investigation.

For more informative value it makes sense to take
measurements alternatively on two linear polarizations:
horizontal and  vertical. However, geometrical
configuration of measuring system remains constant and it
enables to measure the radar and radiative characteristics
of the investigated object almost at the same time.

Thus, it will likely be possible that simultaneous
measurements of the radar and radiative characteristics of
different media in the microwave range whose parameters
change relatively slowly over time, for example, freezing
soil cover, growing ice or vegetation is an urgent task. In
this paper a method of simultaneous measurement of the
medium radar and radiative characteristics without
changing antenna parameters, geometrical configuration
of application and patterns through the example of the
growing ice cover is provided.

The measurement technique. We used a setup to
measure characteristics of the growing ice cover
alternately. Its schematic is on the fig. 1. A radiometer 2
and a Gunn diode oscillator 3 were set on the flat surface.
The microwave radiometer enabled to take radiometric
measurements on four linear polarizations at an angle of
45° relative to one another. To minimize the influence of
the generator on the radiometer because of lower beams
of the sending and receiving antennas a screen 5 was put
between the devices. The experiments proved that the
operating generator does not influence the receiving
microwave module in active measurement mode. A photo
of the experimental unit is presented in fig. 2. The
measuring instruments were set at an observation angle
() to the test medium. The devices operated at a
frequency of 13 GHz in the experiment.

Fig. 1. Schematic of the experimental setup:
a — top view: I — control unit; 2 — microwave radiometer; 3 — microwave
generator; 4 — electronic attenuator; 5 — the screen; b — side view: 6 — con-
tainer with water; 7 — growing ice cover; 8 — sensors for ice thickness and
temperature

Puc. 1. Cxema 5KCHIepIMEHTAIbHON YCTAHOBKH:
a — Bup cBepxy: I — Onok ympasienus; 2 — CBY-paguomerp; 3 — CBU-
TeHEPaTop; 4 — ANIEKTPOHHBIA aTTEHIOATOp; 5 — JKpaH; O — BHI COOKY: 6 —
pe3epByap ¢ BOAOH; 7 — pacTyIIMi JeNTHON MOKPOB; 8 — DaTYUKU TOJIIWHBI
IbJIa U TeMIIepaTyphl
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The measurement technique can be described in the
following way. As the process of ice cover growth takes
much time, the active and passive radar measurements of
the growing ice cover can be taken alternately at 10 min
intervals. During the experiment the generator was
switched on and off every 10 min. When it was switched
on, an attenuator was triggered in the ingress path of the
radiometer with attenuation 25 dB and it made the signal
recording impossible . By switching off the generator and
the attenuator the radiometric measurement mode was on.
The radiation was realized on the vertical polarization and
the reception was carried on the four linear polarizations:
horizontal, vertical and at angles of 45° relative to the
vertical plane at one minute intervals. The output signal
recording was performed by the Agilent information
gathering system. At the same time the generator and the
growing ice thermodynamic temperature radiating power
were recorded.

The radiometer was calibrated against the intrinsic
thermal radiation of the cold sky reflected from the metal
sheet and the ideal radiator with the known
thermodynamic temperature [8]. Both the metal sheet and
the ideal radiator had the same geometric dimensions.
Water was poured into the wooden case with the foam
thermal insulation covering the inside surface to ensure
the even ice cover. Measurements were taken in winter
so that cooling action was naturally caused by sub-zero

Microwave
receiver

air temperature. Taking into account that the Transbaikal
air is quite frozen out and cloudless, its impact
on the brightness temperature is deemed negligible.
Measurements were taken by cloudless days.

By using the measurement technique as described
above, we took measurements of radiation and scattering
characteristics of the growing fresh ice cover.

The water with the initial mineralization 250 mg/l was
poured into the basin 60x60x30 cm®. The maximal ice
thickness reached the level 10 cm per day at an ambient
temperature of ~ —30 °C. However, the average minerali-
zation of ice measured by the conductometric method
using the HANNA conductometer was around 10 mg/kg.
But at the initial time faster growth of ice was noticed and
it absorbed more salt. That is why the mineralization in
the upper layers of ice is 3 or 4 times more than the one in
the layers which form much slower. In the paper [9] it is
shown that an integral coefficient of salt absorption by
fresh ice cover in the natural bodies of water depends on
different factors and, as a rule, is no more than 10 %.

Obtained results of measurements and analysis. As
a result of measurements at a frequency of 13 GHz the
relationship between brightness temperature and ice cover
thickness on the horizontal and vertical polarization and
backscattering power on the horizontal and vertical po-
larization by radiation on the vertical polarization over
time was obtained.

Microwave
-—
generator

- Measured
object

Fig. 2. Photo of an installation for measuring

the radiative and scattering properties of a

growing ice cover at a frequency of 13 GHz,
using a single antenna

Puc. 2. ®oTorpadust yCTaHOBKH ISt U3MEPEHHS

M3JIydaTeNIbHBIX M PAacCEeUBAIOLIMX CBOWCTB

pacTyuiero JeAsSHOTO IIOKpOBa Ha YacToTe
13 I'T'11 ¢ UCITOJIB30BaHUEM OJTHOM aHTEHHBI
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The relationship of brightness temperature on the
horizontal and vertical polarization is shown on fig. 3.
It is obvious that there were brightness temperature varia-
tions by ice growing. It should be noted that there
are some errors in the fringe pattern because of ice inho-
mogeneity. One of the reasons of its appearance is inter-
nal mechanical stresses during the crystal growth under
conditions of limited space [10]. It can lead to ice amor-
phization [11; 12] or crack initiation and water penetrat-
ing these cracks. Such types of crystal habit disturbance
would be hard to differentiate by one type of measure-

ment. However, the differentiation is possible by scatter-
ing radiation measurements of an external source. For
example, cracks of ice are visible on the radar image [13].

Power change of the backscattering radiation from the
growing ice cover on the horizontal polarization is shown
in fig. 4. As is seen from this diagram there are certain
variations of radiation power, which do not depend on the
thickness of ice cover but they are linked with inhomoge-
neity within the ice cover which is commensurable with
the wavelength and the reflecting increase of the ice cover
thickness.
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Fig. 3. Change in the radiobrightness temperature of the growing ice cover at a frequency
of 13 GHz. The viewing angle is 45°. The band of received frequencies is ~ 1 GHz. The vertical
line marks the beginning of the formation of an ice crust

Puc. 3. Mi3mMeHeHre panoSpKOCTHOM TEMIIEPATYPhI PacTYIIETro JICASHOTO MOKPOBA HA YaCcTOTE
13 I'Tu. Yron nabmronenus 45°. Ilomoca nmpuruMaeMbix yactor ~ 1 I'Tu. BeprukambHoit
JIUHHAEH OTMEYEHO Havyaso 00pa30BaHusI JCITHON KOPKU
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Fig. 4. The power of the scattered signal (P) in relative units from the growing ice cover
at a frequency of 13 GHz. Horizontal polarization. The dashed line is the envelope of the
interference backscatter maxima

Puc. 4. Momuocts paccesHHoro curfana (P) B OTHOCHTENBHBIX €IUHMIAX OT PACTYILEro
nensHoro nokposa Ha yactote 13 I'Tu. ['opusonransHas nonspuzanus. L tpuxoBas muHus —
orubaromas HHTepepeHIHOHHBIX MAKCUMYMOB 00PaTHOTO PACCESTHUS
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Active and passive radar measurements in other cases
with different water-soluble additions showed similar
proceeding of brightness temperature and backscattering
power with the growth of the ice cover.

The supplied results of measurements of the growing
ice cover show a substantial difference between the radar
and radiometric data. In the paper [5] the reason of some
possible variances is nuanced.

Radiometric measurements show interference which is
associated with a change in the thickness of the ice cover.
This effect is widely known in radiometry for the ice
cover at its initial forming stage [14; 15]. By the further
growth of the interference event they decrease because
of the influence of the frequency range intercepted by
a radiometer. Interference variances of backscattering
radiation are also determined for radar measurements.
Such an effect can be linked with the scattering radiation
and its interference from the internal inhomogeneity and
roughened surface. As is seen from Fig. 4 this process
increased during the growth of ice cover and
inhomogeneity production. The envelope of the scattered
signal amplitude shows diurnal variations of the
backscattering coefficient which can be explained by the
difference between air temperature and ice growth rate.

Conclusion. Thus, an alternative technique of virtually
simultaneous radar and radiometric measurements of the
object parameters with slowly varying characteristics
is suggested. The same receiving antenna with fixed
geometry is used to obtain data for more meaningful
comparison of radiation and scattering surface
characteristics. This technique is tried out through the
example of the growing ice cover by microwave
measurements. Based on the measurement findings,
the different features of behaviour of the brightness
temperature and the backscattering power for ice are
shown and it outlines features of the changing medium
structure and its dependence on external conditions.
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BJIMUSAHUE KHHEMATHUYECKHUX U TEXHOJIOT'HYECKUX ITAPAMETPOB POTAIIMOHHOT' O
TOYEHUA MHOI'OT'PAHHBIMHU PE3HAMUW HA ®OPMUPOBAHUE CTPYXKH
N IIEPOXOBATOCTb NOBEPXHOCTH

H. C. Unnakos, 0. U. T'opnees, A. C. bunuypos, /. 1. Kucenes, B. b. fIcunckuit

Cubupckuii henepanbHblil yHUBEPCUTET
Poccuiickas denepanms, 660041, r. KpacHospck, npocn. CBoOoaHEIH, 79
E-mail: mexanixs@mail.ru

Pacuemnvimu u sxcnepumenmanbHulMu MEmMooamu Uccied08anbl 0COOEHHOCU RPOYEcca POMAYUOHHO20 MOYEHUs
MHO2OSPAHHBIMU Pe3YAMU U YCMAHOBNEH XAPAKMeD GIUAHUS PEXCUMOS PE3AHUS HA UHMEHCUBHOCNTb 0eOPMAYUOHHBIX
npoyeccos pe3anus, opmy u pasmepuvl CeueHus Cpe3aemoco Clos 8 6Ude CIMPYXICKU U NOKA3AMenu Wepoxo8amocmi
obpabomannoil nosepxnocmu. Ilonyuennvie norysmnupuieckue 3a6UCUMOCIU NO360IAIOM NPU HASHAYEHUU PEeHCUMO8
pezanus npoeHosuposams napamempuvlt uiepoxosamocmu Ra, Rz, R,... [lpedcmasnennviii memoo couemaem 6 cebe
INleMeHMbl  0e36EPUUHHO2O KOCOY2O0IbHO20 MOYEHUsl, OCHOBHBIM OOCTHOUHCIBOM KOMOPO2O ABNAEMCA OBUNCEHUE
cpe3aemozo Cnos 80016 pexcyujeli KpOMKU, U Memood pomayuoHHo20 Mmo4eHus, OCHOBHbIM OOCHOUHCIBOM KOMOPO20
ABNACMCA NOCMOAHHOE 00HOGNIeHUe YIACIKOS PeXCyujell KPOMKU, 4mo NPugooOUm K XOpouiemy OXaanicOeHuio u, ciedo-
6amenbHo, nosbluleHuio cmouikocmu uncmpymenma. Obecnevenue mpedyemol CKOpOCMU pe3anus OCYUWecmeIsemcs
nymem mpebyemo2o Konuvecmea 060pomos pesya, a epaujerue oopadbamvlaemo20 6ana AGIAEMcs Kpy2080u nooayell.
B oannom memooe wiupuna cpesa sgnsemcs 6enuNUHON NEPeMeHHOl U 603HUKAE HA YY4acmKe npoguns pe3ya ¢ 603-
pacmawum  paouycom-6eKmopom, a 2iyOuHa pe3aHus USMEHAemcs 6 GePMUKANbHOU niockocmu cpesa. HMcxoos
U3 KUHEMAMUKY PE3AHUS 603MONCHO BOZHUKHOBEHUE KUHEMAMUYECKOU 80IHUCMOocmu. [lia ucKmouerus ee oopmuposanust
HeobX00UMO HA3HAUUMb NPOOOILHYIO U KOHCIPYKMUSHYIO NOOAYY CO2NACHO pekomendayuam. [Iposedenue coomeem-
CMBYIOWUX UCCTeO08AHULL NO360Aem BbIABUMb ONMUMATbHBIE PeXCUMbl 00paboOmKu U 0ams NPAKMuiecKue peKomMeH-
dayuu no ux 6vlOOpy OAA PA3IUYHBIX YCIO08UU U Mamepuanos. B yenom npogedenHvie uccie0o8anus noomeepounu
nepCcneKMmueHOCHb NPEONOHCEHHO20 MEMOOd.

Kniouegvie cnosa: pomayuonnoe moyenue, MHO20ZPAHMBIL POMAYUOHHBII pe3ey, Jle36ue, KOHCMPYKMUGHas nooad,
Kpy2o8asi nooaya, 0pobienue CmpyjicK, Omeo0 CMPYHCKU, Yeibl HAKLOHA Pelcywet KpOMKU.

Siberian Journal of Science and Technology. 2017, Vol. 18, No. 2, P. 379-386

INFLUENCE OF CINEMATIC AND TECHNOLOGICAL PARAMETERS OF ROTARY TURNING
BY MULTIFACETED CUTTERS ON CHIP FORMATION AND SURFACE ROUGHNESS

N. S. Indakov, Yu. I. Gordeev, A. S. Binchurov, D. I. Kiselev, V. B. Jasinski

Siberian Federal University
79, Svobodny Av., Krasnoyarsk, 660041, Russian Federation
E-mail: mexanixs@mail.ru

By calculated and experimental methods features of the process of turning the rotary multifaceted cutters were
investigated. Influence of cutting conditions on the intensity of deformation processes, shape and dimensions of the
cross section of cutting layer in the form of chips and roughness of the treated surface were installed. The resulting
semi-empirical equations allow the appoint the cutting modes to predict the roughness parameters Ra, Rz, R,
The proposed method combines elements of skew turning (in which the cut layer moves along the cutting edge) and
rotary turning (in which the sections of the cutting edge are constantly renewed). That leads to better cooling and hence
longer tool life. The required cutting speed is ensured by selection of the cutter speed; the rotation of the machined
shaft corresponds to the azimuthal supply. In the proposed method, the cut width is variable and corresponds to the
section of the cutter profile with an increasing radius vector, while the cutting depth varies in the vertical plane of the
cut. On the basis of the cutting kinematics, kinematic undulation may appear. To eliminate that, the longitudinal
and azimuthal supply must be specified in accordance with our recommendations. Carrying out the corresponding
researches allows revealing optimum modes of processing and to make practical recommendations about their choice
for various conditions and materials. In general, studies have confirmed the promise of the proposed method.

Keywords: rotational turning, versatile rotary cutter, blade, constructive feed, circular feed, chip control, chip
removal, the angles of inclination.
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BBenenne. B obnactu 06paboTku MarepuaioB pesa-
HHEM Hauboiee IIUPOKO MPUMEHSIOTCSA CIELyoLne
METOMBL: BEPUIMHHBIMH Pe3LaMH, OE3BEPIIMHHBIMU PE3-
namMy, poTallMOHHBIMH C CaMOBpAlICHUEM HJIU C MNPUHY-
JAWUTCIIbHBIM BPAIllCHHUCM. Ka)K[lbIﬁ M3 YKa3aHHbIX METOI0B
UMEET CBOM pallOHAIbHBIC 001acTH TpuMeHeHus [1-4].
OnHako 3TH TpaJUIMOHHBIE METOIbl MEXaHWYECKOH 00-
pabOTKH MMEIOT CYIIECTBEHHBIE OTpaHHYEHUS MPpHU 00pa-
60TKe TpyAHOAE(POPMHUPYEMBIX MATEpPHAIIOB, BHI3BAaHHBIC
HEJOCTaTOYHOM CTOMKOCTBIO PEXYIIEro HHCTPYMEHTa
BCJIEZICTBHE OOPAa30BaHUS CIMBHOM CTPYXKH, YTO IIPHBO-
JUT K TIEpPerpeBy HMHCTPYMEHTa M 3aroTOBKH, TpeOyer
HCIIOJIb30BaHUs Joporoctosnmx W TokcmuHbix COTC.
OTO HE MO3BONAET NPUMEHSTH BBICOKHE CKOPOCTH pe3a-
HUsSI, CHIXKAET IPOU3BOJUTENBHOCTD MIPOIIECCOB, OCOOEH-
HO 1pu 00paboTKe KPYIMHOrabapuTHBIX BajoB, U TpeOyer
pa3pa60T1<1/1 AJIBTCPHATUBHBIX MO KWMHEMATHUKE MCTOJ0B
(dbopmooOpazoBanusi. MeTon POTAIMOHHOTO TOYCHHS
MHOTOTPAaHHBIMH pe3LaMHu  SBJSIETCS MEPCIEKTHBHBIM
criocoOoM 00pabOTKU BS3KHX, CJIOKHOJICTHPOBAHHBIX,
TpyIHOAE(HOPMUPYEMBIX CTAIEH U CIUIABOB, B TOM YHCIIE
Ha OCHOBE THTaHa, IIMPOKO HCIIOIb3YEMbIX B a3POKOCMH-
YECKOM M TPAHCIIOPTHOM MAaIIMHOCTPOCHHH.

HecmoTpss Ha 3HauYHMTENBHBIA OOBEM ITyOJIMKAIHA
B 00JaCTH PpOTAIMOHHOTO TOYEHHS, pa3paOdOTaHHBINA
B [lonurexamyeckom mHCTHTYTEe COY NPUHIMITHAIBEHO
HOBBIH IO KMHEMAaTHKE METO] POTAllMOHHOTO TOUYECHHMS
MHororpanaeiMu pesuamu (PTMP) [5; 6] ocTtaercs kpaii-
HE MaJI0 M3YYEHHBIM KaK TEOPETUYECKH, TaK M JKCIEPH-
MeHTaJIbHO. Ilo3ToMy nnsi pa3BUTHS M IPAKTUYECKOH
peaiu3aliy 3TOT0 METOAa HEOOXOIMMO IpOBEIEHUE
KOMIIJIEKCA TEOPETHYECKUX W OIKCIIEPUMEHTAIIBHBIX HC-
CJIC/IOBAaHUM 1O ONTHMHU3ALMU IF€OMETPUYECKUX M KUHE-
MaTHYECKUX MapaMeTpoB, ONpeneneHuto pexuMos PTMP,
KOTOpBIE 00ECTEeYNBAIOT BHICOKYIO NMPOM3BOANTEIHLHOCTH
U OJHOBPEMEHHO TpedyemMoe KadecTBO 00padOoTaHHOI
TIOBEPXHOCTH.

MeToauka M anmapatypa HcciegoBaHMil. Dkcre-
pPUMEHTAJIbHBIE HCCIEA0BAHUS IPOBOAMWINCH Ha TOKAPHO-
BUHTOPE3HOM CTaHKE MOBBIIIEHHOM TOYHOCTHU
MXK250UTBM.®1 ¢ npuMeHEeHHEM HHCTPYMEHTAIbHOTO
MOZYJISL Ui POTAallMOHHOrO To4yeHus. [Ipu mpoBeneHun
9KCIIEPUMEHTANIBHBIX HCCIIEOBAaHUN BIIUSHUS PEXHUMOB
pe3aHusi Ha mapaMeTphl EepOXOBaTOCTH MCIIOIb30BAIUCH
ompaBku ¢ oOpasumamm u3 cranu 45 wm cmmasa J(16.
Ha ocHoBanuyn aHanmm3a oHO(AKTOPHBIX HKCIIEPUMEHTOB
(mpoBeneHHBIX paHee [7-9]) ObUTH BEIOPaHBI ypPOBHH
BapbUPOBAHUS HE3aBUCHMBIX NMEPEMEHHBIX IS JalbHEH-
IIMX OKCIIEPUMEHTANBHBIX HCCIEJOBAaHUH 10 IUIAHY
IID®: Snpm = 0,04-1,2 MMm/00; S = 7,85-25 M/MuH;

v, = 310-933 m/muH; t = 0,1-1 mm. KauectBo 00pabo-

TaHHOW TOBEPXHOCTH O00pPa3lOB OLEHHMBAIOCH IO TPEM
BBICOTHBIM TIapaMeTpaM LIepOXOoBaToCcTU Ra, Rz, R, Ha
npodunomerpe-npodunorpade moxenmn MarSurf M300,
muamazoH u3Mepenuii 350 mxMm (ot —200 mo +150 MkMm).
AHanmM3 MHKPOCTPYKTYpHl O0pasioB © MOP(OIOTHH
CTPY>KKH MPOBOIMJICS Ha PACTPOBOM SJIEKTPOHHOM MHK-
pockorie HITACHI TM 1000 u pacTpoBOM 3JIEKTPOHHOM
mukpockone JEOL JSM-7001F.

PesyabTatel M obcy:xkaenume. KuHemarmdeckue
napaMeTpsl Ipolecca POTALMOHHOTO TOYEHMS Ompere-
JISIIOT €r0 OCHOBHBIE OCOOEHHOCTH M 3aKOHOMEPHOCTH,
YCIIOBHS CTPY)KKOOOpa30BaHMsl, KayecTBO OOpabOTKH,
PaboTOCIIOCOOHOCTh PEXKYIIEr0 WHCTPYMEHTA, SIBJISTIOTCS
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UCXOJHBIMHU JUISl BEIOOpA PEKUMOB PE3aHUSI M TEOMETPHU
uHCTpyMeHTa. B ¢dopmupoBanun oOpabarbiBaeMoii 1o-
BEPXHOCTH YYacTBYIOT TPU JABM)KEHHS: TNIABHOE [BHIKE-
HHE (BpallleHHE MHCTPYMEHTA) V), NPAMOIMHEHHOE BU-
’KE€HUE, WK TPOJONbHAs Mojaaya Sy,, U AOMONHUTENBHOE
JIBIDKEHUE, WM KPYroBas nojaya (BpalleHue 3aroTOBKH)
S« (puc. 1). MHororpassslii pesen / coBepiiaeT NpHHY-
JUTENBHOE BPALEHUE BOKPYT CBOEH OCH CO CKOPOCTBIO V),
OTHOCHTEJIEHO BpAIAIOIIEHCs] 3arOTOBKH 2, B TO )K€ BpeMs
MHCTPYMEHTY Co0O0OIaercss NpsSMOJIMHEIHOE IBI)KEHHE
BJIOJb OCH 3arOTOBKM — IIPOJOJbHAd nojada Sp,. Ilpn
3TOM OCh BPAIICHUS MHCTPYMEHTA yCTaHABINBACTCS MeEp-
MEHANKYISPHO OCH BpAILCHHs 3arOTOBKH M HaXOAWTCS Ha
JIMHUM ocu 1eHTpoB. IlogpoOGHO KmMHEMaTHKa Ipolecca
PTMP, BausiHUS TE€OMETPUUECKHMX M TEXHOJIOTHYECKUX
rapamMeTpoB Ha XapakTep npoueccoB (opmMooOpa3oBaHHMs
npeacrapieHa B padorax [10—13].

Poranmonnsiii pesen / mpencrasiseTr coOOW MHOTrO-
TPaHHOE TEJIO YalleyHOW (OPMBI C MOCAJOYHBIM OTBEp-
CTHEM U PEeXyIIeH 4acThlo, COCTOSIMEN U3 N pexyIux
ne3puil. Kaxkoe ne3Bue copepKUT 3aHIOI0 U NEPEIHIOI0
MMOBEPXHOCTH, KOTOPBIE 00pa3ylOT MEXIy COOOU IpsSMO-
JMVHEHHYIO pexXynryro KpoMKy. ChopMHUpoBaHHBIE Ha Kax-
JIOM JIE3BUH PEXYIIHUE KPOMKH, Pa3MEIICHHBIE B IIOCKO-
CTH, NEPHCHIUKYIAPHOM OCH BpAIIEHHUS POTALMOHHOTO
pe3ua, o0pa3yloT PeXyHIMH MHOTOYrONbHHUK. [JIaBHBIM
JBIDKCHUEM SIBISIETCSI BpAIlCHWE HMHCTPYMEHTA, NPHYEM
CKOPOCTH BpalllCHUSA UHCTPYMCEHTA JOJIKHA 6])ITI) KakK Mu-
HUMYM Ha TOPSAOK OOJIbIIE CKOPOCTH BpAILEHUS 3aro-
toBku [8; 10; 12]. Cxema 00paOOTKM MHOTOrpaHHBIM
POTallMOHHBIM PE3LOM NpHBEJCHA Ha pHC. 1.

OO0paboTKka pOTALMOHHBIM pPE3LOM IPOU3BOJIUTCS
TakuM 00pa3oM, 4YTO OCHOBHasg Jedopmanusi (KoTopas
SBISIETCSL  PE3YJIbTAaTOM CJIOKHOTO HAIPSDKEHHOTO CO-
CTOSIHUSL W COYETaHWs Pa3UYHBIX (POPMOOOpaA3yIOIINX
newkennit PTMP) cHuMaeMoro ciosi B BHIE CTPYXKH
peanusyercsi BIOJb PEXYyIIeH KPOMKH pe3na, NMpU 3TOM
CyMMapHas Iofada Ha TpaHb NpoGHiId pe3la omnpene-
nsiercs [7; 8; 13; 14] xak

2 2
Sip =[S, + S - (1)

[MpononbHas mojavya Ha rpaHb pe3la OINpPEAeNsIeTcs,
HO hopmyIe

S

1p ¢p

np-N

.n3

2

Snprp - >

rae S, — HpOJOJIbHAS MOJAda pesla Ha obopoTt obpa-

OatpiBaeMOro Basia, MM/00; 7, — YHCIO OOOpPOTOB 3aro-
TOBKH, OO/MHH; n1, — YHCIO OOOPOTOB MHCTPYMEHTA,
00/MuH; N — 4ucio rpaneit npoduis pesia.
KpyroBas momava Ha rpaHb pe3ia HaXOIUTCS Mo Pop-
MyJe
n-dy -1y

Y ®

KPrp

Tae d; — JuaMeTp 3arOTOBKH, MM.

W3 ananusa kuHematruku npouecca PTMP cnenyer,
9TO Cpe3 CHUMAEeMOTO CJIOS MaTepHhalia 3arOTOBKH T'eHe-
pHUpyeTcs B BUAE OTAETHHBIX AIEMEHTOB CTPYKKH KITMHO-
Boro tuna (puc. 1, 2).

Pasmep u dopmy sneMeHTapHBIX CTPYXKEK MOXKHO
0XapaKTepu30BaTh TpeMs MapaMeTpaMH: IIHUPUHOU B,
TOJIIIUHOMN ¢ U anuHOM L (puc. 2).
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Puc. 1. Kunemaruueckas cxema 00pabOTKH MHOTOTPaHHBIM POTALIMOHHBIM PE3LIOM

Fig. 1. Kinematic scheme of roughing by multisided rotating cutting bit
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Puc. 2. ®opma 1 pazmepsl cedeHHs dIEMEHTapHBIX CTpYkeK popmupyromuxcst npu PTMP:
a — TeopeTUUeCKasi CXeMa; 6 — pealbHasi CTPYKTYpa, CETMEHTOB CTPYKKH

Fig. 2. Shape and sizes of section of common cuts formed under rotary turning operation of multisided rotating cutting bit:
a — theoretical scheme; b — real structure of cuts segment

[IupuHa cTpyKKH onpeensercs mo popmyie

B=2S,, . @)

JnuHa cTpyxKu:
L

25,

kpry T l

1o

)

rac lt — JUIMHAa Y4YacCTKa, 3aBUCALIAd OT FJ'Iy6I/IHI)I pe3a-

HUSL, MM.
JnuHa ydvacTka, 3aBHCsIIasi OT TIIyOMHBI pe3aHus,
oTIpeneNseTcs mo Gopmyie

l, = \/pfnax - (pmax =28, )2 ~Se (6)

TosuHa CTPYKKHU:
t=t, —Ah=t,—

2 2 2
- p-Sin k™ + Rz)min + Rbmin ’

rje ¢ — TIyOMHa pe3aHus B KaXKIOM IOJIOKEHHN PEXyIIeH
KPOMKH, HaXoJsllieiics B 30He pe3aHus, MM; £, —

-

()

riyou-
Ha pe3aHus B IUIOCKOCTH OCH LIEHTPOB, MM; A/ — BBICOTa
BO3MOXHBIX OCTaTOYHBIX HEPOBHOCTEH, MM; R, . — pa-
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quyc o0paboTaHHOHM 3aroTOBKH, MM; k — Yroil MexIy
OCbI0 LIEHTPOB M MpPSIMOM K TOYKE KOHTAKTa pPEKyILEH
KPOMKH U 00pabaTeIBaeMO TIOBEPXHOCTH.

BbIcoTHBIE W YTIIOBBIE pa3Mepbl CHUMAaeMOTO CIOS
Mareprasa ¥ pa3Mepbl OCTATOYHBIX MHKPOHEPOBHOCTEH
MOBEPXHOCTH MOTYT OBITH ONpPENEIICHBl HA OCHOBAaHHUU
CXEMBbl KOHTaKTHOTO B3aWMOJICHCTBUS «HUHCTPYMEHT—
3aroToBka» (puc. 3).

Yron Mexay OChl0 LIGHTPOB M MPSAMON K TOYKE KOH-
TaKTa PeXylled KPOMKH W 00pabaThiBaeMOil MOBEPXHO-
CTH HaxOAMTCS 1O popMmyJie

-B
cos k. = Pmax =5

®)

p max

Tak Kak Npu JaHHOM METOJAE BO3HUKAET MpPEpbIBU-
CTOCTh pE3aHMs Ha YYacTKe PEKYIIEH KPOMKH C YOBI-
BAaIOIINM PaTUyCOM-BEKTOPOM, TO BO3MOXKHO BO3HHKHO-
BEHHE KMHEMAaTUYECKOM BOJIHUCTOCTH. JIJIsi MCKIIFOUEHUS
ee (OopMHPOBaHUS HEOOXOAMMO 3HAYCHHS ITPOMOJIBHOM
W KPYroBO# 1ojay Ha3HAYUTh B 3aBUCHMOCTH OT TIIyOH-
HBI pe3aHwsl, KOJMYeCTBa TpaHel, TuaMeTpa U yucia 000-
POTOB POTAIMOHHOTO pe3Iia.
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Puc. 3. Cxema popmupoBanus MuKporpodmis mosepxHoct npu PTMP

Fig. 3. Scheme of formation of microprofile of surface under rotary turning operation of multisided rotating cutting bit

Bo w30exaHne BO3HUKHOBCHUS KUHEMATHUCCKOW
BOJIHUCTOCTH HEOOXOJUMO KPYTOBYIO ITOJIa4y Ha3HAYATh
C YYETOM CJIEIYIOIINX PEKOMEH Al

2
Lymax = \/Rsz _(Rs _tCT) > )
ltmax 2 Sl(prp +lt’ (10)

rac lt — BBICOTA BbIXOJA PEKYLICIO JIC3BUA M3 30HBI

max

pe€3aHnss OTHOCHUTCIIBHO IINIOCKOCTH LEHTPOB, MM; R3 -

panuyc o0pabaTbIBa€MOM 3arOTOBKH, MM.
KpyroBas momada Ha3HayaeTcss MCXOIS W3 CIEIYIO-
1iei 3aBUCUMOCTH:

SKpmax = \/pfnax _(pmax - Sl'lp )2

= \'zpmax ’ Sl'lp _Sl'lp2 :

[Ipn wu3BecTHOW KpyroBod mojade HEoOXOANMO
BBIUUCIIUTH NIPOJONBHYIO 110a4y, KOTOPas ONpeeIsieTCs
U3 CIETYIOMIEr0 COOTHOLIECHUS:

Snpmin = Pmax ~4/ pzmax - Sn%p : (12)

[Tpu BBINOJIHEHUN JaHHBIX YCJIOBHH TiTyOMHa HeoOpa-
6arsiBaemMoro npu PTMP yvacTka moBepxHOCTH JeTann
OyZleT SIBIATBCS OCHOBHBIM IMOKa3aTeJeM, BIIHSIOLINM
Ha KadyecTBO oOpabaTbiBaeMol moBepxHocTu. M3 mpuse-
JICHHOH cxeMbl (pHc. 2, 3) BUAHO, YTO TOJIIMHA CTPY>KKH
SIBJIIETCSl BEJIMUMHON NEepeMEeHHOH M u3MeHsieTca oT 0
JI0 BEJIMYHMHBI, paBHO IITyOHHE pe3aHusl.

s onpeneneHyst BIUSIHAS HA IUIOLIAJh CPe3a YITIOB
MHCTPYMEHTa, TUaMeTpa PEXYyIUX IpaHeld M pPeXnMOB
pe3aHusi HEOOXOOMMO OLIEHUTh AEHCTBUTEIBHYIO ILIO-
maab cpesa (puc. 1, 2). JleiicTBuTenpHas TIOMAIL Cpe3a
npu PTMP mMoxHO onpeaienuTs U3 noctpoeHui (cM. puc. 1)
o opmysie

(11

2
T Prjax

360

rJe @pg — YroJl TpPEYrojbHHKA Ha IJ1aBHOM BUJE; Pyrg —

Peirs = “¢rg —FPyrg —P-F, (13)

UIoMags HeoOpabaTHIBAEMON HYaCTH TPEYTOJbHUKA Ha
IJIaBHOM Buze; P — miomazns ydacTka o0paOOTaHHOTO
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OpebIAyuM Jie3BUeM; F, — Iolans cpes3a, BO3HH-
Karomas 3a c4eT KOHCTPYKTHBHOM ITOIauH.

VYron TpeyronbHuKa ( Qg ) Ha [NIaBHOM BUJE OIpejie-
nsieTes o hopmyIie
Pre — (pmax _B)

>

COS

(14

p max

rIe B — mmpHHA CPe3aeMoro ClOs; P, — MAKCHMAallb-

HBIM paanyC-BEKTOP KOHTYpa PeXyIIel KPOMKH.
B cBoro ouepenp, miomans HeoOpaOOTaHHOW YacTh
TPEyTOJIbHUKA (PAFB) MOJKET OBITH OIpereNieHa KaKk

PAFB:%'(L+Zt)'(p1nax_B)' (15)

[Iomane ydacTka, 0OpPaOOTAaHHOTO MPEIBIAYIINM
JIC3BHEM, OTIPEICIISICTCS BBIPAKCHUEM

1
P= > S .
[Tnomane KOHCTPYKTHBHOTO YdYacTKa OMpelessieTcs
o opmyIe

(16)

Kprp *

1

P, :E'Snp'lr ()
HeticTBuTenbHast wiomans cpesa ( Py pc ):
n- R}’
P =3 — Py, 18
aei BC =3 00 Ppc ~Lapc (18)

TJIE Qg — YTOJ TPEYTOJIbHUKA.

Vron TpeyronbHuKa Qg (pUC. 4) ompenesiercs Kak

19)

I€ Qpey— YTOI TPEYroibHUKA Haj BBICOTOM LIEHTPOB;

®pc =Ppc1 T Ppe2s

Ppcy — YIOJI TPEYTOJbHUKA HUKE BEICOTHI LIECHTPOB.
VYron TpeyronbHuka (@g-;) Hal BBICOTOM LEHTPOB
orpeznemnsiercs mo Gpopmyie
SKp +1,

g QPpe) =———

20
Rz)min ( )



Texnonozuueckue npoyeccost u mamepuaiiol

A2

mox| Y Omax
Ve

AP
Az - -

Puc. 4. Cxema n3MeHEHHS TOJIIUHBI CTPYKKI

Fig. 4. Scheme of measuring of cuts thickness

TM-1000_0440 2014.06.10 11:10 L x1,0k 100 um
TM-1000_0443 2014.0610 11:22

Puc. 5. CranbHast cTpy’kKa B BHJE HOJIBIX cdhep

Fig. 5. Steel cuts in the form of hollow spheres

Vron TpeyroibHUKa (g, ) HHKE BBICOTHI LEHTPOB  HHUM, NMPUBEIEHHBIX BBIIIE, U 3JIEKTPOHHO-MUKPOCKOIHU-

OTIpeeNAETCS KaK Yeckoe M300paXEHHE JJIEMEHTa peallbHOM CTPYKKH,
S nonxydyeHHoil mpu PTMP mpu Tex e reoMeTpHuecKux

tg ey =——; (21) mapameTpax M PEKHMAax PE3aHHs, HAIJISIHO MOATBEP-

R min JKIAIOT a/IEKBATHOCTh Pa3pabOTaHHBIX KWHEMaTHYEeCKUX

IIromans HeOOPAGOTAHHON YaCTH TpeyroibHUKa Ha Y reoMeTpuueckux wmogenei. IlpoBenéHHbIE OLIEHKH
BHJIe COOKY ONpPENeNISeTCs BbIpaKeHueM CPeIHUX DPa3MepOoB JIIEMEHTOB CTPYXKH (puc. 5) moa-
1 TBEPHNAIOT, UTO METOX PTMP obGecnieunBaer dopmupo-

Py = _(ZSKp + ]t).( R, —t, )’ (22) BaHue MEIIKOAPOOIEHOH CTPYXKKHU ¢ pa3MepaMu He Ooiee

2 300 MKM, 9TO CIIOCOOCTBYET TapaHTHPOBAaHHOMY yIale-

rae R; — paguyc 3arOTOBKH. HUIO €€ M3 30HBl pPe3aHus, CO3IaeT ONaronpHusTHbIE TEM-

W3 npuBeneHHbIX GOPMYI CIEIyeT, 4TO ¢ Bo3pacra-  CPATypHBIC YCIOBHA Ha TIOBCPXHOCTAX HMHCTPYMCHTa
HHMEM HYHCICHHBIX 3HAYeHMH MOJad [yOMHBI pesammsi M 3arOTOBKH. ECTECTBEHHO, BCe 5TH (JaKTOPBI CHIKAIOT
U Jauamerpa o0OpabarhiBaeMOil 3aroToBKM mpomopimo- ~ MHTCHCHBHOCTE HM3HOCA PEXYIIMX KPOMOK, IOBBIIAIOT
HAJIBHO YBEJIMYHBACTCSA IUIOINAAbL cpe3a. I3menenue ~ KaICCTBO 06pabOTaHHOI IOBEPXHOCTH.

JMaMeTpa MHOTOTPAHHOTO PE3Ia, a TAKKE H3MEHEHHE KadecTBO 00pabOTaHHOMN MMOBEPXHOCTH OMPEEIISeTCs
MHCTPYMEHTA/ILHBIX YIVIOB Ha IUIOL[@Ab Cpe3a 3Hauu-  LICPOXOBATOCTBIO TOBEPXHOCTH M COCTOSIHHEM MaTepHa-
TEJIBHOTO BIMSHHUS HE OKakyT Ja TOBEPXHOCTHOTO cJOS (OZHOPOIHOCTh CTPYKTYPBI,

OTCYTCTBHUEC OKaJIMHbI, CTCICHbL HAKJICNAa, OCTAaTOYHBLIX

®dopma ceyeHust U pazmepbl 00pa3yIOIIEHCsT CTPYIKKH, .
HaINpsDKEHUH, TIyOuHbI nedekTHoro cios). Ha ocHoBaHuu

BBIYMCJICHHBIE Ha OCHOBAaHUHN AHAJIUMTHYCCKHUX BBIpaXE-

383



Cubupckuil scypHan Hayku u mexvoaoeui. Tom 18, Ne 2

TMOJTyYEHHBIX AaHATMTHYECKUX pacyeTHbX (opmyn (7)—12)
JUISL OTIpEJIENIeHHs] pa3MePOB cpe3zaemoro ciost mpu PTMP
MOJKHO MPOM3BECTH COOTBETCTBYIOIINE KHMHEMATHUECKHE
U TEOMETpUYECKHE INpeoOpa3oBaHusl Ui ONpeesICHUs
PacyYC€THLIX (bOpMyJ'I IO OCHOBHBIM BBICOTHBIM IapaMeET-
pam 1wmepoxoBaroctu npu PTMP. MukpoHepoBHOCTH
MIOBEPXHOCTH MOTYT OBITH OINpEIETICHBI UCXOJSl U3 Ieo-
MeTpHUYecKHX nocTpoeHuit (cM. puc. 3). Ilpu sTom HeoO-
XOANMO COOJIOaTh HECKOJBbKO YCIOBUH M JOIMYIIECHHH:
o0OpabaTpIBaeMbIil MaTeprai (MaTepuan 3aroTOBKU) abco-
JIIOTHO Hene(QOpMHUPYEMBIil; TEXHOJIOTHYECKas CcHUcTeMa
a0COJIFOTHO KECTKas; JIe3BHEe HWHCTPYMEHTa U Qopma
npodus 3aroTOBKH HPEJCTaBISAIOT COOOH reomerpuye-
CKHE JINHUH.

PacueTHblli MUKpOTpOGWIh LUIMHAPUIECKONW TIO-
BepxHOCTH oOpabarbiBaemMoii PTMP n3o0paxen Ha puc. 3.
Bricota pacueTHbIX HepoBHOCTeH A/ MOXeET OBITH Ompe-
neneHa mo gopmyiie

Ah = \/pz -sink? + Rgmin —Ryin-

[MpononbHas moj1aua Ha TpaHb pe3lia OpenesseTes Kak
S o B/2. (24)

(23)

op

[IpononbHas mogadya pe3na Ha 000poT oOpabaThiBae-
MOTO Bajla pacCUUTHIBaeTCs 1o Gopmyite

S :M (25)
mp cr n
3
14 13,2 12,6
12,4 14 12,3
= 12
105
g 98
<10
g 8,2
n+: 8 7.3
B 6 8,0
L
* 2
0
0 02 04 06 08 1 12
t, MM
a
20
18
=
= 16
s
14
©
E 12
+ 10
&
+ 8
s 6
o
+ 4
2
0
0 5 10 15 20 25 30

SKp, M/MHH

8

prFOBaH rnojava Ha rpaHb pe3na MOXKET OBITH or1ipe-
JCJICHa KaK

Sl(prp = Pmax SN kmax'

(26)
Unco 060pOTOB 3aTOTOBKH PACCUUTHIBACTCSI TI0 (hOpMyIIe
~ SKprp “ny N
’ n-d,

Yucno 060pOTOB HUHCTPYMCHTA HA3HA4YacTCsA, UCXOAA
13 COOTHOLICHUA

@7n

_Tdyen,
P Sy N

KPrp

n (28)

W3 ananmsa nmpoBeeHHBIX paHee uccieaoBanui [15—17]
CJIEIyeT, YTO JKCIUTyaTalldOHHBIC CBOWCTBA, a TaKXKe
MHOTHE XapaKTCPUCTUKKA Ka4eCTBA MOBEPXHOCTU 3aBUCST
OT TEXHOJOTHYECKHX METOJIOB U YCIOBHI MeXaHMYECKOH
00paboTKH.

KauectBo oOpabatbiBacMoit  (00Opa30BEIBAOIIECHCS)
MOBEPXHOCTH 3aBHCUT OT MHOTHX TEXHOJIIOTHYECKUX
nmapameTpoB o0pabotku mpu PTMP (pexumbl pesaHus,
TEOMETPUYECKHE TIapaMeTphl PEXYIIETO HHCTPYMEHTA,
KHHEMAaTHKa POTAIIHOHHOTO TOYECHUS MHOTOTPaHHBIMH
pesuamu U ap.). Ha puc. 6 mpuBeneHBl 3aBUCHMOCTH
IIEPOXOBATOCTH TOBEPXHOCTH OT IapaMeTPOB PEKHUMOB
pe3aHmusl.

>

—i—Rz —&—Rmax_MKkm

—+—Ra

1,8
0,9
0 0,2 04 0,6 038 1 1,2 14
Stp, MM/06

o

18
16
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—+—Ra —#~Rz —&—Rmax, MKM
Lo

0 200 400 600 800 1000

Vp, M/MHH
2

Puc. 6. Biusiane pexxnMoB pe3aHus Ha IIepOXOBATOCTh MOBEPXHOCTH:
@ — TTyOMHBI PE3aHus £; 6 — NPONONBLHON NOAaYH Syp; 6 — KPYTrOBOH NOAAYH Syp; 2 — CKOPOCTH pe3anus V),

Fig. 6. Influence of cutting conditions on the roughness of surface:
a —cut amount, #; b — length feed, S,,; ¢ —rotary feed, S,; d— cut speed, V),
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Ha ocHoBe 00pabOTKH IKCHEPUMEHTAIBHBIX JTAHHBIX
MOJIYYCHBI TIOTY3MITUPUYCCKHIE 3aBHCUMOCTH IapaMETPOB
IIepOXOBAaTOCTH 00pabOTaHHOW TOBEPXHOCTH OT PEXKH-
MOB pE3aHUS:

0,2701  o0,4679
Ra=6.01m_ Ow (29)
- 0,3081 ,0,0548 °
-t
p
0,2471 | ¢0,3583
_ p Kp .
Rz =41,52 0,3733 ,0,0721 ° (30)
-t
P
0,2208 0,594 0,02
_ p Kp
R = 251,89 06775 3D

p

HawuGonbiiee BiausHMEe Ha (OPMUPOBAaHHE BBICOTHBIX

IapaMeTpoB IIEpOXoBaToCTH Ra , Rz, R, OKa3bIBArOT

Kpyrosas nojada S, ¥ CKOPOCTb pe3aHusi V), 4yTh MeHee
3HAQYMMbIM (PAKTOPOM SIBISICTCS NIPOAONIbHAS MTofa4a S, .

I'nmybuna pesanus ¢ PTMP nmpaktuyecku He OKa3bIBacT
CYILLIECTBEHHOI0 BIUSHUS HAa HU3MEHEHUE I1apaMETPOB
LIEPOXOBATOCTH.

JIOMI/lHl/IpyIOIJlee BJIMAHUC HaA 1LIar MMKpOHepOBHOCTl/I
Ha ypOBHE CpenHel TMHUHA S, OKa3bIBaeT KPyropas Ioja-
Ja SKp W CKOPOCTbH TJIABHOT'O JBHKEHUS Vp. 3HAYNMBIM

rapamMeTpoM, BIIMSIONIMM Ha IIar MUKPOHEPOBHOCTH Ha
YPOBHE CpeIHEW JIMHUH S, ABISETCS TaKkXkKe MPOJONIbHAs
noxaya S, . OTHOCHTENbHAS ONOpHAs JIMHA MPO(HISL

Ha YpOBHEC cpe,uHeﬁ JIAHUU [, YBEJIIMYUBACTCS C POCTOM
CKOPOCTH I'IaBHOT'O ABUIKCHUA Vp 1 YMCHBIIACTCA C YBEC-

JIMYEHUEM KPYrOBOH M ITPOJOJIBHOM Ioa S,

3akiaouenue. [IpuMeHeHHe POTALMOHHOTO TOYEHHS
MHOTOI'paHHbBIMU pE€3laMU 11 MU3TOTOBJICHHUSA )leTaﬂeﬁ
THIA Baja HOATBEpXIaeT 3(G(PEKTHBHOCTD HCIONb30BAHMUS
MIPEI0KEHHOTO MeTo1a 00pabOTKH, KOTOPHIH MO3BOJISET
YMEHBIIUTh KOJWYECTBO TEXHOJOTMYECKUX IIEPEXO/IO0B,
YMEHBIINThH BIMSHUE M3HOCA WHCTPYMEHTAa Ha TOYHOCTh
W KadecTBO 00pabaTHIBAEMBIX IOBEPXHOCTEH, CHU3UTH
OCHOBHOE TeXHOJOrmueckoe Bpems. Kunemarmka mnpo-
Hecca pe3aHusi o0ecreuynBaeT rapaHTHPOBaHHOE Jpo0IIe-
HHE CTPY)KKH M €€ OTBOJ U3 30HBI pe3aHus, 4yTo Omaro-
MIPUSATHO CKa3bIBAETCSI Ha YCIOBHUSX DPabOTHI pexylien
YacTH MHCTPYMEHTa, KPOME TOTO, CHIKAETCSI HMHTCHCHB-
HOCTh TEIIOBOTO M3HOCAa M obecrieunBaeTcs Tpedyemoe
KadeCTBO 00pabOTKH MMOBEPXHOCTH.
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METOJINKA PACYHETA BPEMEHHBIX XAPAKTEPUCTHK 3JIEMEHTOB
ABTOMATH3UPOBAHHOM CUCTEMBI YIIPABJIEHUS HA IIPUMEPE
3AMKHYTOI'O KOHTYPA PEI'YJINPOBAHUS JABJIEHUS HA YYACTKE
TPYBOIIPOBOJA IO YITPABJIEHUEM KOHTPOJIJIEPA «OBEH IIVIK100 220»

A. O. Kamuuun', M. B. TTockouun, M. B. Capamyx, B. B. Jloces, U. B. Kopanen

Cubupckuii rocy1apcTBEHHBIN YHHBEPCUTET HAYKH U TEXHOJIOTHI MMEHH akanemuka M. @. Pemernena
Poccntickas @enepanms, 660037, r. KpacHospek, mpoctr. uM. Ta3. «KpacHospckuii paboumii», 31
E-mail: andrey kalinin@phkp.ru

Paccmampusaemest npobnema 8pemeHHbIX 3a0epAceK npu nepedaye UHGOPMayuu om nepeutHo2o npeobpazoeamers
K YApAGIAIoueMy Opeany 6 asmomMamudeckux CUCmemax Ynpaeienus mexHoiocudeckumu npoyeccamu. B nacmoswee
8peMsL OMCYMCMEYIOM MEMOOUKY OYEHKU GIUAHUS BDEMEHHBIX 3A0ePIHCEK UHDOPMAYUOHHO2O CUSHALA HA 8PEMSL DeaK-
Yuu KOHMypa pe2yiupoSanusi, Ymo npugooum K Heda(hhexmugnomy Ucnoib308aHuio pecypcos cucmem. YeeiuueHHbolil
BDEMEHHOU UHMEPBATL MENCOY UBMEHEHUEM MEXHOI0SUYECKO20 Napamempa U Ynpasiaowum 6030elicmeuem maxice
MOdICem npusecmu K He2camusHbiM NOCIe0Cmeusm. B kxauecmee uncmpymenma oisi UCCIe008aHUSI CUCEMbL 8bIOPAHA
napamempuyeckas. UOeHMU@GUKayusi OmMOenbHbIX Y3108 ¢ HOCACOYIOUUM COCMABIEHUEM YUKLOZPAMMbL 3AMKHYNO20
Koumypa pez2ynuposanus. B npoyecce cummesa yuxinoepammvi 6peMeHHbIX 3a0epicek NpOU3BoOUmcs pasoeieHue
CMPYKMYPHOU CXeMbl KOHMYpa pe2yiuposanusi Ha 08e COCMAGHbIE YACMU: PeyIsamusHylo (omobpasicaem d1eMeHmbl
PaccmMampugaemozo KOHMypa pecyiuposanusl, HenoCpPeOCmEeHHO YHACMEYIowue 6 MeXHON0SUYECKOM npoyecce)
u uHopmamusHylo (omobpasicaem d1eMeHmpl, He GIUSIOuUe Ha NPOYECC A8MOMAMUYECKO20 Pe2yIUpOBaHUs MeXHON0-
2UYECKO20 Napamempa) Kapmoi RPoxXodcoerus: cueHana. Pasoenenue na snemenmol, OMHOCAUWUECS K PE2YISIMUGHOU UIU
unpopmamusHoll Kapme, NPOU3BOOUMCS HA OCHOBAHUL GIUSHUSL HA CYMMAPHOE 8PeMs eaKkyuu CUCIEMbl pAcCMampu-
6AeM0O20 KOHMYPA ASMOMAMUYECKO20 Pe2YIUPOSAHUSL. YUumbleds MeXHUUecKue napamempvl Kajicoo2o y3ia peyis-
MUBHOU Kapmoul U 0bujell MmexHU4ecKoll OOKyMeHmayui, COCMasnaemcs QyHKYUOHAIbHASL CXeMd BDEMEHHBIX 3a0epiCceK
Kagic0020 21eMeHma 6 8uoe 2paguueckozo uzobpajcenust (Yurxnozpammol). Mcxoos uz nonyueHnvlx mooenel cocmag-
JSIOMCSL 08€ YUKTIOZPAMMbL ¢ MAKCUMATIHBIM U MUHUMATbHBIM ObLCMPOOeticmeuemM paccmMampusaemozo KOHmypa pecy-
JUPOBAHUS NYMEM CMeUjeHUsi MOOeell dIeMeHM08 OMHOCUMeNbHO Opye opyea. B kauecmee npumepa npueeden pacuem
OMOENbLHO20 KOHMYPA Pe2yIupoSanust 0agieHus 6030yxXa 6 mpyoonposooe, cCOCMosAue20 U3 nepeutHo2o0 npeobpazoeamens
«METPAH 100 [IH 1051», ycmpoticmea ceaszu ¢ obvexmom (YCO) « DJIEMEP EL 4019», npoepammupyemoco 102uteckozo
xoumpoanepa « OBEH IIJIK100 220», YCO «OJIEMEP EL 4024», ucnoanumenvnozo mexanusma MI30-6,3/20-0,63-01,
obecneuenue cesazu medxncoy xkouwmpoanepom u YCO ocywecmensemcs npu nomowu cemegozo unmepgpeiica RS485
(mpomoxon MODBUS RTU).

Knouesvie cnosa: epems peakyuu cucmembvl, epemMennvle 3a0epHCKU, Napamempuyeckas uOeHmupuKayus, Yyuxkio-
2PAMMbL pe2yNIAMUSHOT KaPMbl NPOXOACOCHUS CUSHANG.

Siberian Journal of Science and Technology. 2017, Vol. 18, No. 2, P. 387-395

METHODS FOR CALCULATING THE TIME CHARACTERISTICS OF THE ELEMENTS
OF AN AUTOMATED CONTROL SYSTEM ON THE EXAMPLE OF A CLOSED LOOP
FOR REGULATING THE PRESSURE IN A PIPELINE SECTION UNDER THE CONTROL
OF THE “OWEN PLC100 220”

A. O. Kalinin", M. V. Poskonin, M. V. Saramud, V. V. Losev, I. V. Kovalev

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

This article deals with the problem of time delays in the transmission of information from the primary drive to the
governing body with automatic process control systems. Nowadays there are no methods which check the effect of time
delays of the information signal on the loop response time, which leads to an inefficient use of system resources.
The longer time interval between the change in process variable and control can also lead to negative consequences.
As a tool for the study of the system the parametric identification of each selected component followed by drawing
a time sequence diagram is used. During the synthesis of the sequence diagrams of time delays, the structural diagram
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of the control loop is separated into two components: regulative (displays the elements of the control loop directly
involved in the process) and informative (maps elements that do not affect the process of automatic adjustment of the
process parameter). Separation of the elements related to regulatory or informative map is based on the effect on the
total time under consideration of automatic control loop system response. Taking into account the technical parameters
of each node of the regulatory chart and the general technical documentation, a model of the functioning of each ele-
ment in the form of a graphic image (sequence diagrams) is compiled. Based on the models obtained, two sequence
diagrams are compiled with the maximum and minimum speed of the control loop under consideration, by shifting the
model of elements relative to each other. As an example, there is a calculation of a separate air pressure control loop in
the pipeline, consisting of- a “METRAN 100 DIO 1051 primary transducer, an object communication device (UCO)
“ELEMER EL 4019, a programmable logic controller “OWEN PLC 100 220", a UEL “ELEMER EL 4024”, 6.3 / 20-0.63-01,
the communication between the controller and the USO is carried out using the RS485 network interface (MODBUS
RTU protocol).

Keywords: system reaction time, time delays, parametric identification, sequence diagrams of the regulatory signal
transmission map.

BBenenue. B mpouecce skciutyaTanuu aproMatude- — (UKAIWH, YTO MPUBOAUT K HEOOXOAMMOCTH HCIIONB30Ba-
CKUX CHCTEM YIPAaBJICHHS TEXHOJIOTHYECKHMH Ipollecca-  HHS aIrOpUTMa MapaMeTpuyecKod MIACHTH(UKAINI, YIH-
mu (ACY TII) Morytr BO3HMKaTh aBapuiHble cuTyanuu, ThiBarouiero Biusiaue OC [5; 6].

HMCHOIINEC FJ'IO6aJ'leble HCTaTUBHBIC ITIOCJICACTBUA, TAKUC PaCCMOTpl/IM pacueT BpEMECHHBIX 3aJICPKCK JId 3aMK-
KakK TIOBPEX/ICHUE y3JI0B 000pyI0BaHus, Opak, IPHYMHEHHE  HYTOrO KOHTYpa pEryJHpPOBAHUS JaBJICHUS HKUIAKOCTH
Bpela 3I0pPOBbIO YelOBeKa M OKpyxaromeld cpene [1]. B tpyGomnposose (puc. 1).

3auacTyl0 3TO CBSI3aHO C HECBOEBPEMEHHOH peakuueil AHalM3 CTPYKTYpHOH cxembl. BBenem mnoHsTHE
CHCTEMBI aBTOMAaTHYECKOTO YIPABJICHUS Ha NPOUCXOMAIINE  «KapTa MPOXOXKIEHHS CHTHala». JTO TIONHBIA ITyTh,
MU3MEHCHUA KPUTHICCKUX MTapaMETPOB B TEXHOJIOTMIECKOM K()T()p[,lf/i HpOfI,I[CT CUT'HA, C(i)OpMHpOBaHHBIﬁ IIEPBUYHBIM
npouecce. IlpuunHONW TOMY SIBISIETCS OTCYTCTBHE METO- npeoOpazoBaTeneM.

JOJIOTUH aHaJIn3a BPEMCHHBIX XapPaKTCPHUCTHK ACY TIL Ucxonsa n3 CprKTypHOﬁ CXEMBI, KapTy IPOX0XKACHUS
COBpeMeHHBII/I YPOBE€Hb Pa3sBUTHUSA TEXHHUYECKHUX CHCTEM KakOro CUrHasa [7] MOYKHO pa3/IeJIuTh HA JIBE YaCTHU:
BbI3bIBACT HeO6XOHI/IMOCTb peuIeHuA KaK TCOPECTUYCCKUX, — peryisATHUBHAs KapTa MPOXOXKIEHUs CUTHaja (PKC) —

TaK M NPAKTHYCCKHX 3aa4 MACHTH(QHKAUMA COCTOSHHS  pgjjouaet B cebs YCTPOMCTBA U CETH OT IIEPBUYHOIO IIpe-
OTACJILHBIX 3JIEMCHTOB CHCTCMBI M KaHAJOB ICPEAAdN  oGpazoBaTessl 1O UCIIOJHUTEILHOTO MEXaHU3Ma, HATUINe

unpopmaumn [2]. OnHAKO NPH W3YHCHHH CTPYKTYPHO KOTOPBIX IPHUBOANUT K YBEJIWYEHHIO BPEMEHH DPEaKIHH
CIIOXKHBIX 00BEKTOB HEPallMOHAIBHO aHAIU3UPOBATh BECh

oobeM mH(popmaru o cucrteme. [Ipu Tekymem ypoBHe
aBTOMATH3alHHd 00beM MHPOPMALUU 00 H3y4aeMOW CHC-
TeMe upe3MmepeH [3], Torma Kak B KPUTHYECKH Ba)KHBIX
MIPOIIECCAaX YYaCTBYET JIMIIb OTPAHMUCHHOE YHCIIO KOHTY-
POB yIpaBJICHHUS.

CHCTeMHBI TOAXO0M K pa3paboTke MaTeMaTH4eCKOM
MOJIEJIH MPE.IIoJIaraeT eAMHbIA NOAX0/ K OMMCAHUIO BCE-
ro TpakTa npeoOpa3oBaHHs M mepenadyn HHOpMaLuH,
HayMHasi C IEPBUYHOrO IpeoOpas3oBarelisi, BOCIPUHH-
MAIOIET0 HENPEPHIBHYIO M3MEPSIEMYI0 BEIMUUHY, U 3a-
KaH4MBasi ycTpoiicTBaMu 1M(ppoBoi 00paboTku nHbOpMa-
LUK U yCTpoiicTBaMu perynupoBanus [4]. Anamuzupo-
BaTh PAalMOHAIBGHO JIMIIb KOHTYPHl aBTOMATHYECKOTO
PEryIupOBaHUs KPUTHUIECKUX IapaMeTpoB, KaK Ha CTaJuu
MIPOEKTUPOBAHNUS, TaK U B yxke AeiicTByromux ACY TII.
Ilepeuenp KpUTHYECKUX MApaMETPOB OMNpENENseTCS WH-
JVBHAYalbHO ISl PACCMATPUBAEMOr0 TEXHOJIOTHIECKOTO
nponecca. Kaaplii KOHTYp aBTOMAaTHYECKOTO PETYINpO-
BaHMsI KDUTHYECKOTO MapameTpa paccMaTpUBaeTCsl MHIH-
BUJIyaJIbHO.

XapakTepHble 0COOCHHOCTH 3aJaudl MICHTH(UKAIMN
B 3TOM CIIy4ae CBsi3aHbl ¢ HanmuueM obpatHoi cBsizu (OC),

KOHTYpa peryJMpoBaHus;

—uHpOpMaTHBHAsT KapTa NPOXOXKICHUS CHIHala
(UKC) — BrimrouaeT B ceds OcTalbHBIC YCTPOICTBA U CETH,
MpeqHa3HauYeHHbIE 1 00pa0OTKH, XpaHEeHHUs, 0ToOpake-
HUSI ¥ TIepe/laud CUTHAJIA, HE BIMSIOIINE Ha BPEMS peak-
LIUH KOHTYPa PETyJIHPOBaHHUS.

Ha ocHOBaHMM 3TOr0 OOBEKTOM [UIS aHAU3a BEPOST-
HOCTHO-BPEMEHHON XapaKTEPUCTUKU SIBIAETCS DPEryJis-
TUBHAas KapTa npoxoxjaeHus curnana (PKC).

B pesynbrare anannza PKC MoxHO:

— YCT@HOBUTbH HEJOCTATKH KOHTYpa aBTOMAaTHYECKOTO
PEryJIMpOBaHUs TEXHOJIOTHYECKOT0 apaMeTpa Ha CTaJun
NIPOEKTUPOBAHMS (HETIOAXOASIINI POTOKOJ CBS3H, YCT-
POWCTBO C HHU3KHM OBICTPOJCHCTBHEM, HEONTHMH3HPO-
BaHHAasI KOHQUTYpAIHS CETH U T. 11.);

— MIPOM3BECTH N3MEHEHHS B yoke nmMerorryrocs ACY TI1
JUIl  TPENOTBPAIIEHUS BO3MOXXHOCTH BO3HUKHOBEHHMS
Ype3BblUAlHBIX CUTYaLUii;

— ONPEICITUTh (PYHKIIMOHAIBHBIC 3aBHCUMOCTH MEXTY
JONYCTUMBIMU BEJIMYMHAMH KPUTHYCCKUX TapaMETPOB
W BpEMEHEM peaKlUu CUCTEMBI, KOTOPbIE CIIOCOOHA KOM-
nercupoBath ACY TII 0e3 HacTymIeHUs] HETaTHBHBIX

YCTaHABIMBAIOIIEH PHUHHHO-CIIEACTBEHHYIO CBsi3h Mex-  OCHIE/CTBHH.

Jly BBIXOJIOM 0OBEKTA M BXOJHBIM YIIPABIISIOLIUM BO3/IEii- CocraB PKC MoxeT OBITh pa3iM4YHBIM M BKIIOYATh
cTBHEM Ha 00BeKT. [IpuMeHeHre B 3THX yCIOBHSX METO- B ce0si pasHOE YHCII0 YCTPOHCTB M CeTeil CBSI3H.

JIOB TMAaCCHBHOW wuaeHTH(UKAIMKU 0e3 ydeTa BIUSHUS 1. Hepsuansiii npeodpasosarens. Ilo Ty popmupo-

00paTHOI CBSI3U MPHUBOJIUT K HEBEPHBIM pe3yJsibTaTaM Wiy~ BaHMA CHIHaJIa Ha BBIXOJE NEPBUYHBIC npeobpasoBaTesi
MOPOXkKIaeT HEOTHO3HAYHOCTh PEIICHUs 3aJa4yd UAeHTH-  MOYKHO Pa3[eiNnTh Ha ABC IPYIIIIBL.
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YpOBeHb yNpasneHns

MODBUS RTU

lNonesoi ypoBeHb

YCO3
==

00LeKT ynpaenexHna

Puc. 1. CtpykTypHas cxemMa 3aMKHYTOI'0 KOHTYpPa PEryJIUpOBaHUs JaBICHUS KUAKOCTH B TPyOONPOBO/IE:

PT — pmartuuk nmaBnenus «METPAH-100-I1-1051»; YCO1, YCO2 — ycTpoifcTBO CBSA3U C 0OBEKTOM

«QJIEMEP-EL-4019»; YCO3 — ycrpoiictso cBsi3u ¢ 00bekToM «DJIEMEP-EL-4024; TIJIK — xoHTpOILIEp
«OBEH IJIK100-220»; UM — ucrionHuTenbHbIH Mexanusm MD0-6,3/20-0,63-01

Fig. 1. Structural diagram of a closed loop for regulating the pressure in a pipeline section:
PT — pressure sensor “METRAN-100-DI-1051”; YCO1, YCO2 — communications device with the item
“ELEMER-EL-4019”; YCO3 — communications device with the item “ELEMER-EL-4024”; PLK —
controller “OWEN PLK100-220”; IM — executive device ME0-6,3/20-0,63-01

1.1. IIpeoOpazoBarens 06e3 3IEKTPOHHO-IU(PPOBBIX
y3JIOB C HENpephIBHBIM (opMupoBaHueM curHana. Cam
CHTHAJI TIO0 POJY MOJKET OBITh aHAJIOTOBBIM MM JTUCKPET-
HbIM. [IpuHuMaem

Tnn, yer — 0 C,

riae Tun yer — BPEMsl YCTAHOBJIEHHUs BBIXOJHOIO CHMIHAja
MIepBUYHOTO NpeoOpazosarels, C.

1.2. IIpeoOpazoBaresnib ¢ 3JIEKTPOHHO-IU(PPOBBIMU
y3mamu (opmupoBaHus curHama. CHTHanm Ha BBIXOJE
10 POy MOXKET OBbITh KaK IHU(POBBIM, TAK M aHAJIIOTOBBIM
WIN JUCKPETHBIM, OIHAKO €T0 M3MEHEHHE IPOUCXOIHT
C HEKOTOPOM 3aJepHKKOH, KOTOpasi BOZHUKAET B PE3yJbTa-
Te 00pabOTKH U (POPMHUPOBAHUS CHUTHATA B IJICKTPOHHOM
61oKke:

TnnAyCT = Tnc + T363

(M

rae T, — BpeMs IepeEXOAHOr0 Mpolecca ceHeopa, ¢; 1, —
BpeMs 3aJIEPKKH 3JIEKTPOHHOTO OJI0Ka, C.

Bpems 3amepKKH 3IEKTPOHHOTO OJI0Ka OmpenessieTcs
o ¢opmyiie

T. 36 tZl + T,

rae t, — Bpems jaeMidupoBaHus, C; T —
N3MEPCHUA JaTyuKa, C.

2. YerpoiictBo cBsizu ¢ oobexktoM (YCO). o tumy
orpoca / BbIBOIa HH(OPMALIA MOXKHO BBIZICIHTH:

2.1. YCO c nocnenoBaTenbHBIM ONPOCOM KaHAJOB.
Omnpoc karanaoB a100 BEIBOX WHPOPMALIUN TPOH3BOTUTCS

2

BpeMs LUKJa
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MOCIEIOBATEIbHO OMWH 3a JpyruM. TakuMm o0pasoM,
BpeMs 3ajepikku curHana B YCO (Ty,) Oyner ompene-
TATHCA 0 hopMyTIe

Tyco = NKH : TKHa (3)

rae Ny — KOJMYECTBO KaHajioB, WIT; 1, — BpeMs ompoca
OJTHOTO KaHaa, C.

2.2. YCO ¢ napauienbHbIM OPOCcOM KaHaoB. Ompoc
BCEX KAHAJIOB IPOHMCXOINT OAHOBPEMEHHO, COOTBETCT-
BEHHO Tyeo = Tonp, I21€ Tonp — BPEMS OIIPOCA KAHAJIOB, C.

Bes uabOpMaIms 0 3amepKKaXx UMEETCS B JOKYMCH-
TaIU¥ K TOMY WJIH HHOMY YCTPOWCTRY.

3. IIpoTtokon oOMeHa TaHHBIMHU, KOTOPBIA MOXKHO pa3-
JIEJTIATH CIICIYFOIINM 00pa3oM:

3.1. [TpoTOKOIBI TIOCIENOBATENEHOTO OIpPOCa THIIA
Master/Slave. [locnenoBaTenbHBIH ONPOC BEJOMBIX YCT-
POWCTB OCYIIECTBISCTCS OTHHM BEAYIIHM yCTPOHCTBOM
(manmpumep, nporokos Modbus). B mporokomax Takoro
THIIA OCHOBHBIM (DAKTOPOM 3aIePXKKH OOMeHa HH(pOopMa-
UeH SBIIIETCS KOIUYECTBO IOAKIIOYEHHBIX BEIOMBIX
YCTPOUCTB.

Jlns pacyera 3a7epikeK, BOSHHUKAIONIUX B IMPOTOKOJIC
0OMeHa, HEOOXOIMMO 3HATh: Ny, — KOJTMUECTBO TOAKIIIO-
YEHHBIX BEJOMBIX YCTPOUCTB, IIT; Ty, — BpEMs 3aIpoca, C;
T — BpEMs May3bl TOCNE LUKNA ONPOca, C; Tyeoom —
BpeMsl OTBETa MOAKIYEHHOIO YCTPOMCTBA, C; Py
BEPOSATHOCTh BOZHUKHOBEHUS KOJUTU3UH.
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3.2. IIpoTokonbl ¢ (UKCUPOBAHHBIM BPEMEHEM IS
nepenaun nHpopmalmu. B nporokosnax paHHoro tumna [8; 9]
BEJylllee YCTPOWCTBO OTKPHIBAET «OKHO» ISl IpUeMa
naHHBIX. Bpemst mpuema crporo ¢ukcupoBaHo. J{aHHBIH
IIPOTOKOJI MIPUMEHSETCS B CHCTEMaxX PealbHOr0 BPEMEHH
[10]. Ans pacdera 3amepKeK B IMPOTOKOJIE JAHHOTO THIA
HEOOXO0IMMO 3HaTh: 1,,; — MPOAOIDKUTEIBHOCTh MpHUeMa
nHpOpManny, c; P — IPHOPUTET pacCMaTpUBAEMOTO CHI-
Hana; 7, — BpeMs 3aIepKKH MEKAY «OKHaAMI) IpueMa
uHpopManu, C.

Crenyer cuuTaTh NPUOPUTET PACCMATPUBAEMOTO KPH-
THUYECKOI'o mnapamMeTpa HauBBICIIHNM, 4YTO 06ecneqMBaeT
HIepBOOYEPETHYIO ITepeady.

3.3. IIpoToKoJIbI ¢ paBHBIMH y4acTHHKaMH cetH [11; 12].
Bce ycrpoiicTBa B ceTH ¢ IPOTOKOJIOM TaKOT'O TUITA HMEIOT
IIPaBO CaMy MHULIMUPOBATH Nepeiavy JaHHbBIX.

Ecnu B cetu Bce ycTpoHCTBa UMEIOT paBHbII IpUOPH-
TET, TO 3TO OyAET MPUBOJUTH K MOCTOSHHBIM KOJUTH3HAM
1 mortepe MHGOPMAIMU, YTO SBISETCS HEIOITYyCTHMBIM
utst 6onpmmacTBa CAP.

IIpu pa3neneHun Ha NPUOPUTETHI YCTPOHCTBA C HM3-
KHM TIPHOPHTETOM MOTYT HHKOIZa He mepenats MHGOp-
Malnuio Hu3-3a OOJIBIIOrO IMOTOKa HHGOpPMAamUH C YCT-
POWCTB ¢ 6oJiee BHICOKUM IIPHOPUTETOM.

4. I[IporpaMMupyeMBbIif  JTIOTHUYECKUH  KOHTPOJLIED.
Bpemst 00paboTkn MHGOpPMAaKMK U BBIJIAYU CHTHANA JUIs
KaXJIOT0 KOHTpPOJUIEpA OIUCAHO B TEXHHYECKOH JIOKY-
MEHTAIMH, HO MOKET BapbUPOBATHCS OT 3aKOHA PEryJiu-
pOBaHMs Ui HCCIEIyeMOro napaMeTpa M Harpys3KH
Ha [IJIK B maHHBII MOMEHT BpeMeHH. Ty, — BpeMs oOpa-
00TKH HH()OPMAIINH U BHIAAYH CUTHAIA, C.

5. UcnionanTensHplit Mexanu3M (MIM). I[Tox BpemeneM
peakIy HCIOIHUTEIBHOTO MEXaHW3Ma MOHHMACTCs
BpeMsi, IPOIIEAIIEe C MOMEHTa ITOSIBIICHHUS CHUTHAJIa Ha
€ro BXOJIE 0 MOMEHTa Hayajia J(BIKCHUS PEryJupyrolie-
ro opraHa. 3aJep>Kyu MOTYT ObITh CO3JJaHbI AIEKTPOHHBIM
6nokoM 00pabotku curHaina UM. T, — Bpems peakuuu
UCIIOJTHUTENILHOTO MEXaHN3Ma, C.

[Ipn aHanM3e Kax0ro KOMIIOHEHTA, BXOJSIIIIETO B CO-
craB PKC, k umerommumcest popmyiiaMm MOTYyT OBITH 100aB-
JICHBI TIapaMeTphl, BIHUAIONINE HA ITPOXOXK/ICHUE CUTHAJIA.
Bcest nabOpMaIis o 3amepiKkax, UMEIOIIUXCS B KOHKPET-
HOM y3JIe, ONIMCaHa B TEXHMYECKOH TOKYMEHTALUH K YCT-
POHCTBaM/IIPOTOKOIAM CBSI3H.

Bpemsi peakiy KOHTypa pPETyIMpOBAaHUSI KpUTHYE-
CKOro IapaMeTrpa SBJISIETCS TMEPEeMEHHOM BeIUYHUHOMN
B MPOTHO3UpPYEMBIX npenenax OT Ty 10 Tmax, TA€ Tmin —
MUHHUMAJIbHOE BpPEMsI PEAKLUUU CUCTEMBI, C; T, — MaK-
CUMaJIbHOC BPEMs PCAKIHUU CUCTEMBI, 3a HCKIIOYCHUEM
cllyyaeB, KOT/Ia BCE YCTPOMCTBA M CETH CBSI3HM MEXIY
HUMH UMEIOT €AMHBII CHHXPOHHM3MPYIOIIUH CUTHAJI, YTO
Ha [PaKTUKe OBIBAET KpaifHe pesKo.

Mpumep pacuera PKC. JIns mpumepa pacaera PKC
BO3bMEM KOHTYpP PETyJIHPOBaHMS MAABJICHHS >KUAKOCTH
B TPyOOTIpOBOJIE.

Brigenne PKC u3 o0mieit cTpyKTypHOH CXEMBI, OIH-
CBIBAEM KaXKIbIH €€ JJIEMEHT.

1. MaTennextyanpHblid qatuuk gasienns «METPAH-
100-AM-1051» (puc. 1, mo3. PT). Mcxons u3 TexHuue-
CKOU JIOKYMEHTAIIMH, ONpeessieM napaMeTphl AJisl pacye-
Ta BPpCMCHH YCTAaHOBJICHUSA BbIXOJHOT'O CUTHAJIA:

T\, — BpeMsl IIepexoJHOTO Mpoliecca CeHeopa, C;

t, — BpeMs 1eMIri(pupoBaHusl, C;
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T — BpeMsl LUKJIa U3MEPEHHs JaT4ynka (BpeMsi OOHOB-
JIEHUs TaHHBIX KaHaja), C.

T U1 naHHOTrO Aatyuka paBeH 100 Mc, mapameTp f,
ycraHoBiieH Ha 3HadeHue 200 Mc, BpeMs OOHOBICHUS
JIaHHBIX KaHaia paBHO 100 mc:

Tinyer = 100 + 200 + 100 = 400 mc.

OTo0pa3uM Ha BPEMEHHOH IIKaie IUKI PaboTHI mep-
BHYHOTO TIpeoOpa3oBares (puc. 2).

2. YerporictBo cBsizu ¢ o0bekToM «DJIEMEP-EL-
4019» (puc. 1, mo3. YCO1) umeer 8 aHAIOTOBBIX BXOOB.
CoriacHO MPUHIUITHATBHON CXeMe, IIEPBUYHBIN Mpeodpa-
30BaTeb MOAKIIOUEH K IEPBOMY KaHay:

— METOJI OITpOCa KaHaJIOB — I0CIIEA0BATENbHbI;

— YHCJIO KaHAJIOB PaBHO 8 (N, = 8);

— CKOpOCTh oOmnpoca KaHana paBHa 120 Mc/kaHan
(T = 120):

TycozNKH' TKH:8 - 120 =960 mc.

I'paduaeckn n300pa3suM MOTYICHHYIO WH(POPMALIUIO
(puc. 3).

3. IIpotokon cesi3u ModBUS RTU. Hcxons u3 moxy-
MeHTaruu npotokoina ModBUS RTU, a taxxke mapamer-
POB HCCIIEyeMOH CeTH, OIpenelisieM HeOOXOANMBIE IS
pacueTa BeTHYHHBIL:

— KOJIMYCCTBO IIOAKIKOYECHHBIX BEIOMBIX yCTpOﬁCTB
B OJIHY CeTh (TaK Kak OIpOC MPOUCXOIUT MOCIIEI0BATENBHO)
Nyeo = 3 mT;

— BpeMsI 3aIpoca OIpEeIIeHO IapaMeTpaMu IPOTOKO-
na T,y = 100 mc;

— BpeMs OTBETa MOJKIIIOYEHHOTO YCTPONCTBA OIpeie-
nsieTcs HacTpoikaMu ceTu (B mpoTokonax Modbus cpen-
Hee BpeMs OTBETa BEIOMBIX YCTpoucTB paBHO 0,25 c):
Tors = 200 Mc;

— BpeMs Tay3bl IMOCe LUKIAa OMpoca OIMpeleseTcs
HacTporukaMu ceTH: 1, = 100 mc.

M300pa3um Ha BpEeMEHHOH IIKajie UK OIpoca Belo-
MBIX ycTpoicTB paccmatpuBaemoi PKC (puc. 4).

4. TTporpammupyemslii oruueckuii kontposuiep «OBEH
ITJIK100-220» (puc. 1, nosz. IIJIK). Bpems oOpabotku
1 (GopMHPOBaHMS BBIXOJHOI'O CHUTHAla 3aBUCHT OT MpO-
rpaMMBbl, KOTOpas 3aHeceHa uiu Oyner 3aHeceHa B [1JIK.
Wuerpyknus Ha npuOOp peryiaMeHTHPYET BPeMs BBINOJ-
HeHHs IUKiIa nporpamMMbel B mpexenax 0,05-1 c. Ecim
MBI TIPOW3BOAWMM aHanm3 cymectByromeii PKC, To atoT
rapaMeTp M3BECTEH U SABJISIETCS KOHKPETHOW BEJIMYMHOM.
B ciygae ananmmza npoextupyemoit ACY TII ms pacuera
MPUHAMAETCS KaK MUHUMAJIbHOE, TaK W MaKCHMaIbHOE
3HaYCHHE!

Tc[,,,min =50 mc;

T, = 1000 mc.

Cpllmax

5. YcrpoiictBo cBs3u ¢ o0bekToM «JIEMEP-EL-
40242» wumeer 4 aHaJOrOBBIX BBIXOAA (puC. 1, mO3.
VYCO3). CornacHo TPHUHIWMUAIBHONH CXeMe HCIOIHH-
TEJIbHBII MEXaHU3M IOJIKIIOYEH KO BTOPOMY KaHaly.

CoracHO MHCTPYKLUH Ha TPUOOp, MPU yCTaHOBIIEH-
HOW ckopocTH oOmeHa manHbIMH 9600 06ox, CKOPOCTB
YTeHUsl perucTpoB 1, = 100 mc.

Taxoke, cornacHo cienuduKaIyy, Tpedyercs naysa He
MeHee 40 Mc mepen oOpabOTKOW CIEIyrOIIeH KOMaHIIbL:
Trays = 40 Mc.

N3006pa3um Ha BpeMeHHOHU mIKaie HUKI (HOpMHpPOBa-
HUS BBIXOHBIX CHTHAJIOB (pHC. 5).
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Tnn.yct.
Tnc tn, T
]
0 0.1 0.2 0.3 0.4 T,c
Puc. 2. llukn paboThl HHTEIICKTYanbHOTO AaTunka aasieHus «K METPAH-100-/I1-1051»
Fig. 2. Operating cycle of intelligent sensor of pressure “METRAN-100-DI-1051”
Tycol
1K‘2k‘3u‘4u‘5x‘ﬁu‘7u‘8u
0 120 240 360 430 600 720 840 960
Puc. 3. Lukn paboter YCO «2JIEMEP-EL-4019»
Fig. 3. Operating cycle of YCO “ELEMER-EL-4019”
YCO1 YCO2 YCO3
Taan Tote Ttvw | Tzan Tote Trvw | Tzan Tote Trvw
| | |
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1 1,1 1,2
T,c
Puc. 4. Iluxn onpoca BeJOMBIX yCTPOKHCTB
Fig. 4. Poll cycle of in-house devices
1 KaHan Tnaysbl 2 KaHan Tnaysbl 3 KaHan Tnaysbl 4 kaHan Tnaysbl
| | I |
0 0,1 0,14 0,24 0,28 0,38 0,42 0,52 0,56 Tc

Puc. 5. Lukn popmupoBanust BEIXOAHBIX curHanoB Ha Y CO «3JIEMEP-EL-4024»

Fig. 5. Formation cycle of loop output signal on YCO “ELEMER-EL-4024”

6. UcnonuurtenbHpiii Mexanusm MD0-6,3/20-0,63-01
(puc. 1, mo3. UM). B nHCTpyKIIMHK K TPHOOPY HE CKa3aHO
O BO3HMKAIOIIMX 3a/epXKKax M IMKIax ero paOoThl.
Onnako Tak kak MM mnpuHnmaer yHH(UIMPOBaHHBIN
CHTHAJ, B €0 COCTaBE €CTh JJICKTPOHHBIM OJIOK, BKIIO-
garomuii B ceds AT, HopMmupyrommii y3en o0paboTKH,
HAII, dro HakiagblBaeT OIPEHCICHHBIC 3aJePKKU
Ha curHai. [Ipumem T, o= 1MmcuT, we = 10 mc.

OpHako 11 pacueTa, HalpyuMep NPEIeNbHOr0 3HAUEHHS
KPUTHYECKOTO Tapamerpa, HEOOXOJMMO YYECTh BpEMs
ITOJTHOTO X0/1a BBIXOJHOTO Bajia, papHoe 20 c.

Pacyer MaKCHMAJILHOTO BpPeMEHU NPOXOXKIEHUsI
CHUTHAJIA MO pPeryJsaTuBHO# kapte. CoctaBuM rpaduku
[UKJIOB MAKCHMATLHOHN MPOJIOIDKUATEITHHOCTH padoTh [13]
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BCEX YCTPOICTB M MPOTOKOJOB paccMmarpuBaeMoit PKC
(puc. 6), caBuras UX OTHOCHTENBHO APYT Apyra Tak, YTo-
OBl 3a/IepKKa CHTHAJA B KXKIOM y3Jie OblIa MaKCUMallb-
noii [14]. Topsmok pacmoiioxeHus rpad)uKOB BBICTPau-
BAETCsl COTIACHO JIOTHKE MPOXOXKICHUS CUTHajIa:

— U3MCHCHUC BCIIMYNHBI KPUTUYCCKOTO ITapaMeTpa,

— LUK pabOThI IEPBUYHOTO ITPeoOpa3oBaTels;

— k1 padotsl YCO1;

— kI nepenaun JaHHbx Mo ModBUS RTU;

— 1uKi1 00padoTku u popmuposanus curHaia B [1JIK;

— kI nepenaun gaHHeX Mo ModBUS RTU;

— IIUKJI 00pabOTKKA W Tepefadn YIPABISIOMETO CHT-
Hayra Ha YCO3;

— UK padotel UM;

— M3MEHEHHUE BEITMYNHBI KPUTHUECKOTO ITapaMeTpa.
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Tyco1 Tyco1 |
|
IE{: 960
YCO1 CO YCO03 YCO2 C03 YCO1 P_’CO2 |
[ [ - | L - ‘ - - | A [
300 400 700800 1100 1200 \iocmoo 700800 11007200 300400 700800 / 11007200 300
Tcpu max
‘I L L 1 1 1 1 1 IT
\ / 000
T U T U T A T A A A I AN MO AN A MO M AN A M BV R RO B A
1000 2000 3000 3700 4000 4700 5000 600D 6270

Puc. 6. I'padik HHUKIOB MaKCHMAaJIbHOM MIPOJOKUTEIBHOCTH PpabOThI BCEX YCTPOMCTB M MPOTOKONIOB paccmarpuBaemMoit PKC

Fig. 6. Diagram of cycles of maximum time of operation of all devices and reports of the considered PKC
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Puc. 7. I'padyk OUKIOB MUHUMAJIBHOM MPOJOJIKUTEIBHOCTH PpabOThl BCEX YCTPOMCTB M MPOTOKOJIOB paccMarpusaemoit PKC

Fig. 7. Diagram of cycles of minimum time of operation of all devices and reports of the considered PKC
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Hcxons M3 HaHHBIX, MOMYYEHHBIX rpaMyecK, BBIIH-
CBIBAaEM 3aJEPHKKHU, BOSHUKAIOIIUE B PE3yJIbTATE MPOXOK-
nenus curHaia mo PKC: T.« = 3700 + 1000 + 1570 =
= 6270 Mc.

Pacyer MMHUMAJIBHOIO BpeMeHH NPOXOKACHHUS
CHUTHAJA MO peryJsaTUBHON kapte. CocTaBuM rpaduku
LUKJIOB MUHUMAIBHOM MPOJODKUTEILHOCTH PabOTHI BCeX
YCTPOMCTB M MPOTOKOJIOB paccMmaTtpuBaeMoit PKC (puc. 7),
C/BUTasi WX OTHOCHUTENBHO ApPYr JApyra TakK, 4YTOOBbI
3aJiep)KKa CUrHaja B KaXIOM y3je Oblla MUHMMAJIBHOM.
[opsinok pacnosiokeHus: rpa)MKOB aHAJIOTMYEH BbIILIE-
yKazaHHOMY: T = 1660 + 1000 + 1530 = 4190 mc.

AHa/IN3 NOJYYEeHHBIX Pe3yJabTATOB. AHAIM3HUPYS
nanHyto PKC, Obu1 BeIUMCIIEH Ouana3oH BpeMEHH peak-
MU CHCTEMBl Ha W3MEHEHHE KPUTHYECKOTO IIapaMmeTrpa:
4190-6270 mc.

s Toro, 94TOOBI MOHSTH, YAOBIETBOPSET JH JAHHBINA
KOHTYp PEryJIHpOBaHUS HPEAbABISEMBIM TPEOOBAHUSAM,
HEO00XOAMMO CpPaBHUTH MaKCHMAJIbHYIO CKOPOCTh H3Me-
HEHHS PEryJIMpPYeMOro IapameTrpa M COIOCTaBUTh €€ CO
BpPEMEHEM peakIuu cucTeMsl [15].

[lpuHuMaeM BpeMmsl peakuud CUCTEMbI KaK CyMMY
MaKCHMAJIFHOTO 3HAa4YeHHsI BPEMEHH M 3araca HaeXHO-
ctH, paBHoro 20 % [16]:

T, = 7524 Mc.

Hanpumep, BciencTBue HEKOPPEKTHOW pabOThI KOM-
npeccopa Havalcsi OECKOHTPOJBbHBIA HAOOp JaBlCHUS
B TpyOonpoBone (0,7 arm/c). Bennunna 3amanus 5 atm
(Pyaw = 5). MakcuManbHO JONYCTHMOE JaBJICHHUE B CHC-
Tteme 12 at™ (P = 12). Mcxons U3 JaHHBIX, MOIYYHM:

Top=(12-5)/0,7=10c.

CrenoBaTenbHO, BpEeMs PEakIMM CHCTEMBI Ha H3Me-
HEHUE JAHHOI'O NapaMerpa He JOJDKHO npesbiath 10 c,
B IPOTHUBHOM CJIydae IPOU30UIET pa3pylICHUEe TEXHOIO-
THYECKOTO 000PYIOBaHUS.

W3 HepasenctBa 7,524 < 10 caenaeM BBIBOJ, UTO aHa-
JU3UPYEMBIII KOHTYp PEryJIMpOBaHUS KPUTUYECKOTO
napamerTpa yoosenemeopsaem npeovasiaeMuiM mpebosa-
HUSAM.

Paccmorpum cmywaid, korma anamusupyemas PKC
HE yJIOBIIETBOPSIET YCIOBHSM 0€30IaCHOCTH OOBEKTA.

[Ipeanonoxum, 9T0 OECKOHTPOJIBHBIM HAOOp HaBie-
HUSI IPOMCXOUT CO CKOPOCThIO 1 atm/c:

To=012-5)/1=T7c;
7,524>7c.

AHanu3upyemblii KOHTYp pPEryJIHUpOBaHUs KpUTHYE-
CKOT'O TIapaMeTpa He yO008Iemeopsiem yCiosuam besonac-
Hocmu. JIJi1 TpeqoTBpalleHUs BO3MOXKHOCTH HacTyIUIe-
HUS HETaTHBHBIX HOCJIEACTBUN B Clydyae BO3HHUKHOBEHUS
aBapuUHHON CHUTyaluu, HEOOXOAMMO TIPOU3BECTH MOJEP-
HU3ALMI0 3aMKHYTOTO KOHTYpa pEeryJMpOBaHMs C LEIbIO
YMEHBIIECHNS BPEMEHU PEaKLIUU.

3akmaiouyenue. B Hacrosmeit pabore OplIa IpuBeACHA
METOAMKA pacdyeTa BPEMEHHBIX 3aJepXeK Ha OCHOBaHHHU
UCCIIEOBAHUSL PEryJIATUBHOW KapThl curHaina. Hcxoxas
U3 TIOJIyYEHHBIX PE3yJIbTAaTOB, CAEJaH BHIBOA O HEOOXO-
JUMOCTH pa3pabOTKH METOJUKH PECTPYKTYPHPOBAHHUS
KOHTYpa aBTOMAaTU4YECKOI'0 PETYIMPOBAHUS C LIETIbIO JOC-
TIOKEHUS TpeOyeMOro BpEMEHU PEaKIIui CUCTEMEL.
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®OPMHUPOBAHHUE KJACTEPHBIX ATPETATOB C TEHTATOHAJIBHOM CUMMETPHUEN
B IINTACTUYECKHU JE®OPMHUPOBAHHBIX OBPA3IAX Nis; Tiy
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Hccneoosanue ocobennocmeii cmpykmypHo-gha3o8vbix npespaujeHuil 6 cniage ¢ d¢g@exmom namamu opmol
Nis;Tig, npoucxooawux npu nIACMUYecKUx 0epopmayusx, a6naemcsi akmyaibHbiM 6 653U C WUPOKUM UCHONb308AHUEM
CNAB08 CUCEMb (HUKETb—NUMAHY NPU U320MOGIEHUU PA3SHOOOPAHBIX U30ENUN PAKEMHO-KOCMUYECKOU U ABUAYUOH-
Hou mexuuxu. [Ipobnema cmpykmypoobpazosanus 6 Hukeauoe mMumana npu HAACMU4eckou oepopmayuu A6aAemcs
npeomMemom WUPOKUXx OUCKYCCUL U HYoHcOaemcest 8 00NOTHUMENbHBIX uccaedosanusax. Llenvio pabomul sensemcs uccie-
008anue MUKpOCMPYKMYpbl JTUH308UOHBIX KPUCMALIO08, BO3HUKAIOWUX NPU HIACuuecKol Odegopmayuu o6pasyos
Ni 51 T i49.

Tepmuuecku obpabomannvie obpasyvl chaasa Nis;Tis no0eepeanucy cmamuyeckomy pacmsadiceHuio 00 paspuled.
Pacmanymuie obpaszyvl 6 obracmu weliky YMOHAIUCL U NOO20MABIUBATUCL C NOMOWLIO UOHHO20 MPAGIeHUs Ol
UCCNe008AH UL MEMOOAMU NPOCedUaroueli 21eKmpoHHOU MUKPOCKONUU.

ObHapysicenvl TUH308UOHBIE KPUCMATIBL C MHO2OYUCTEHHBIMU IKCIMUHKYUOHHBIMU KoHmypamu. Ha xapmunax
ougparyuy 21eKmMpoH08 om TUH30SUOHBIX KPUCIANIL08 ODHAPYHCEHA CUCTNEMA PepIeKCos8, COOMEETCMBYIoWuUX gase
€ NeHMA2OHANbHOU 0CbIo cummempuu. B pesynemame pacuu@dposku OuppakyuoHHol Kapmunsl 6bIAGIEHbl MAMPUUHAS
¢asza B2 ¢ napamempom 3,01 4, ¢paza ¢ T'l[K-pewemxoii ¢ napamempom 3,68 A, a maxaice cucmema pegpexcos om
npumumuenoll Kybuueckoii pewemxu ¢ napamempom 2,13 A.

Ha ocnosanuu 6vinonanennoz2o 063o0pa no MoOyIbHOMY NPeOCMABIEHUI0 KPUCMALIUYECKUX CIMPYKIMYP NPe0iodcena
cxema obpazoeanus KIacmepHoz20 azpe2ama ¢ NeHMAa2OHAAbHOU cuMMempuel, nO380AAI0WAs 00BACHUMb IKCHEPUMEH-
manvhvle pesyromamul. OLK-pewemxa mosicem Obimy Onucana KaxK cucmema, cocmoswasn u3 6 HenpasuibHulx OKma-
90pos. I'L[K-pewemxa mooxcem 6bims npedcmasnena Kax KOMOUHAYUsL 00H020 NPABUTLHOZO0 OKIMAIOPA, OKPYICEHHO20
NPABUNLHBIMU MEMPAIOPAMU, CEAZANHBIMU OOWUMU MPEY2OTLHBIMU SPAHAMU.

B pabome ceasvisaiomes Oecsamov peghniekcog om Gaszvl ¢ NEHMA2OHANLHOU CUMMEMPUEl, COOMBEMCMEYIOUUX
d;;; = 2,13 A T'lJK-pewemxu, ¢ nabopom Kpucmaniudeckux cumniexcos, obpasyiowux uxocasop. Ilenmazonanvuvie
a/leMeHmbl, KOMopble Mbl HAOI00AeM 8 IKCHepUMEHMe, COCMOAM U3 Mempa’s0pUuiecKux KpUCMaiiuieckux CUMNIeKcos
I'l]K-pewiemxu, KOmMopblMu 8C1e0CMEUE HEOONLUIUX CMEWeHUll amomMo8 QOpMUpyemcs Ki1acmepHbvlii azpe2am ¢ neH-
mazonanvHoll cummempuei. IIpodeMoHcmpuposano, Kax uKoca’sopuyeckas ¢aza ¢ neHmazcoHaIbHOU cumMmempuel,
obpaszosannas uz mempaszopuieckux cumniexcog I'LIK-pewemxu, modcem 6vims nucana 8 npocmou Kyo ¢ coomeem-
CMBYIOWUMU NAPAMEMPAMU.

IIpeocmaenenvt meopemuyeckue céedenus, Kacaowuecs 0coOeHHocmu OUPPAKYUOHHBIX MemOO008 UCCIe008aAHUA
CMpYKmypul, N0360A10WUe ONUCams Habuooaemvle OUPPAKYUOHHbIE KAPMUHbL, 4 MAKICe CEA3AMb UX C meopemuye-
CKUMU BPE0CMABNEHUAM, NPEOLONCEHHBIMU 8 PAMKAX KIACMEPHBIX MOOeell.

Knroueswvle cnosa: Hukenuo mumanda, npoceedusarowasl I1eKmpOoHHas MUKPOCKONUAL, JUH30BUOHDILLL Kpucmaiil, Kiacmep,
uKocaadp, NEeHmMacoHalbHaAsl CUMMEMPUSL.

Siberian Journal of Science and Technology. 2017, Vol. 18, No. 2, P. 396403

FORMATION OF CLUSTER AGGREGATES WITH PENTAGONAL SYMMETRY
IN PLASTICALLY DEFORMED SAMPLES Nis; Tig

F. M. Noskov!, L. I. Kveglisl*, M. N. Volochaev?, A. K. Abkaryanl,V. S. Zhigalov2

'Siberian Federal University
79/10, Svobodnyy Av., Krasnoyarsk, 660041, Russian Federation
*Kirensky Institute of Physics SB RAS
50, Akademgorodok, Krasnoyarsk, 660036, Russian Federation
"E-mail: kveglis@list.ru

396



Texnonozuueckue npoyeccost u mamepuaiiol

The research of features of structural and phase transformations in alloys with shape memory effect Nis;Tiyo, occur-
ring during plastic deformation is relevant in connection with the extensive use of alloys of nickel-titanium systems
in the manufacture of various products of rocket-space and aviation technology. The problem of structure in NiTi
during plastic deformation is the subject of a lot of debates and needs further research. The aim is to study the
microstructure of lenticular crystals, appearing as a result of plastic deformation Nis;Tis samples.

Heat-treated alloy samples Nis;Ti, g were static stretched before breaking. The stretched samples were thinned at the
neck region and prepared through ion etching for study by transmission electron microscopy.

The lenticular crystals with numerous extinction contours were detected. In the electron diffraction patterns from
crystals of lenticular system reflexes found appropriate phase with pentagonal symmetry axis. As a result of the decryp-
tion of the diffraction pattern revealed B2 matrix phase with parameter 3.01 A, phase fcc with parameter 3.68 A,
as well as a system of reflexes of the primitive cubic lattice with a parameter of 2.13 A.

Based on the review performed by the modular representation of the crystal structures of the scheme of formation
of the cluster unit with pentagonal symmetry, can explain the experimental results. BCC lattice can be described
as a system consisting of 6 wrong octahedra. FCC lattice can be represented as a combination of a regular octahedron
surrounded by a regular tetrahedron, linked by common triangular faces.

The ten reflexes of phase with pentagonal symmetry correspond to d;;; = 2.134 FCC lattice. 20 tetrahedrons from
FCC lattice are forming an icosahedron due to small displacements of atoms It is demonstrated how icosahedral phase
with pentagonal symmetry formed from tetrahedral simplices FCC lattice can be inscribed in a simple cube with the
appropriate parameters.

Theoretical information on features of the diffraction methods of the structure investigation was considered, which
allowed describing the observed diffraction patterns, as well as linking them with the theoretical concepts proposed
in the framework of the cluster model.

Keywords: titanium nickel alloy, transmission electron microscopy, lenticular crystal cluster, the icosahedron, pen-
tagonal symmetry.

Bgenenue. M3BecTHO [1], 9TO CIIIaBBI CHCTEMBI «HUKETb—  MOJAEIHPOBAHUS TPEXMEPHBIX CTPYKTyp. B sTOoM Merome
TUTaH», obnaxaromue 3pdexToM mamMaTi GOpMEL, MIHPOKO  HOIUMOP(PHOE MapTEHCUTHOE MPEBPAIICHUE OIMICHIBACTCS
MIPUMEHSIOTCS] IPYU M3TOTOBJICHUH PAa3HOOOPA3HBIX HM3/le- HE KaK OTHOCHUTEIIFHOE CMEIIEHHE IUIOCKAX AaTOMHBIX
MU PaKeTHO-KOCMHYECKOW ¥ aBHAIIMOHHON TEXHHUKH.  CETOK, a KAK PEKOHCTPYKIHS TPEXMEPHBIX KOOPAWHALIMOH-
B cBs3M C 3TUM akTyalbHBIM SBISETCSA HCCIENOBAaHHE  HBIX IOJMSAPOB, COCTABIMIIONIMX  KPUCTAJUINYECKHE
0COOEHHOCTEW  CTPYKTYpHO-(Da30BBIX  NpeBpallleHHHd  CTPYKTYpbI (ha3-mapTHEpoB 10 (a30BOMY IPEBPALICHUIO
B cruiaBax ¢ apdexrom namatd Gopmbl Nis Tisg, mporc- ¢ coxpaHeHHeM uX cBs3HocTH [9-12]. Meron ocHoBaH
XOoAmuUX MpU MIIACTHICCKUX Zle(i)OpMaLIl/IﬂX. Ha MTPEeACTABIICHUU KaXIOT0 CTPYKTYPHOI'O COCTOSAHHA

Mmuorue uccienoBareny [2—5] Habmo#anu BO3HUKHO- B BHAE KOMOMHAIIMM 3JIEMEHTapHBIX KPHCTAJUIMYECKHX
BEHHE MOHOKPHCTAIJIOB JIMH30BHJIHOHM (OpPMBI, KOTOpble  KiacTepoB. Kmactep — 3To cucrema aroMoB, (YacTHIr)
coJiepKalii OOJBIIIOE KOJMYECTBO M3THOHBIX SKCTUHKIM-  CBOHCTBAa KOTOPOH 3aBUCHT OT uX yucia [13]. Kmacrepst
OHHBIX KOHTYPOB, CBHICTEIHCTBYIOMINX O 3HAUYATEIIFHOW  COOMpAIOTCS Ha OCHOBE KPHCTAJUTMUECKIX MOJYJIEH W/WITH
KPUBHM3HE KPUCTAJUIMUECKOM PELIETKH, BO3HUKAIOIIEW  CUMIUIEKCOB. KpucTamnuueckuid Moaylib — OJHO3HA4YHO
M3-32 KOHIICHTPAIlMN HANpPSDKEHUH B JIOKAJIM30BAHHBIX  BBIJCIICHHAS TOJBKO IO XUMHUYECKUM CBS35AM B CTPYKTYpE
obnacTsx [6]. KPUCTAJUIOB IIyCTOTa B BHIE IOJMAAPA, 3ATOTHSIOMIETO

B Hameit pabore [7] B oOpasuax cruaBa Nis Tig, Npu napamiesbHOM IEepeHoce Bce MPOCTPaHCTBO. Moayiib
HOABEPTHYTHIX PACTSDKEHUIO, OOHAPY)KEHBI JINH30BUIHBIE ~ MOXKET OBITh 00pa3oBaH HECKOJBKUMH CHMILIEKCAMHU.
KPHUCTAJUIBl, OTJIMYAIOIIMECS COCTABOM M CTPYKTypod  CHuMIUIEKC — NMOJIM3p, 0Opa3oBaHHBIA aTOMAaMHU CTPYKTY-
OT CTPYKTYpbI MaTpuuHOro ciuiaBa. CliellaHHbIE OLIGHKM DBl JIKAIIMMH Ha TIOBEPXHOCTH ITyCTOH cepbl, pedpamu
BHYTPEHHHUX HAIPSHKEHUH II0Ka3bIBAIOT, YTO B 30HaX  KOTOPOTO SIBIISFOTCS KpaTdaiIine Me)aTOMHBIE PacCTOSTHHS
JIOKaM3anuy feopManyy MOTYT CO31aBaThesl Hanpspke-  (xumudeckue cBsizu) [10]. Takum oOpasom, KiacTepHbIE
HUsI, TIPEBBIIIAIONINE PEAEN MPOYHOCTH JUIS BCETO MaTe-  arperatsl — 3TO KOMOMHAIMs KJIACTEPOB, MOPO>KAESHHBIX

puana [7]. CHUMILIEKCAMH W/WJIA MOIYJISIMH Pa3IMYHBIX KPUCTAIITH-
B pabGore Obuta moka3aHa BO3MOXKHOCTH TIOSIBIICHHST — YECKHX PEIIETOK.
I'IK-pemeTku B MAaCCHBHBIX 00pa3laX HUKENHAa THTaHA Ham yaanoch nokasaTb BO3MOKHOCTb CYLIECTBOBAHHUS

nocie pactsbkeHus [8]. Ha ocHoBaHUH pacmuppoBKH dazer ¢ I'IK-pemeTkoit B Hukenuae tuTaHa [14] mpu
nu(PAKIMOHHEIX KAPTUH HAMH TOKA3aHO, YTO Hpollecc  [OMOILIM KJIACTEPHOro MozenupoBanus. C OMOLIBO Kia-
MapTEHCUTHOIO TpEBPAlICHUs CTPYKTypsl B2 Moxker  CTCPHOrO MOJCIMPOBAHMS MNPEJIOKCHA CXCMa MapTCH-
MPOXOJAUTh M0 CXeMe KypH}OMOBafzgaKca. Onucanue CUTHBIX HpeBpaHJ,EHI/lﬁ B HUKCJIIMAC TUTaHa U3 CTPYKTYpPhI
npespaiienuii npu momommu Mmozeneit ornocutenshbix B2 (OLK-peuerka) B crpykrypy B19” (I'TIV-peruerka)
CMEIeHHH MIOCKMX CEeTOK 3aTPyIHEHO B CBA3M C pasnud-  4Yepes mpomexyTounyto pasy ¢ ['LIK-pemerkoit.

HBIMU 0003HAYEHMSAMH aTOMHBIX IIOCKOCTEH U BEKTOPOB B pabore [15] npeanosxeHa MoJeIb KPUCTAIIMYECKOH
IPSMO¥ 1 0OPATHOM PELIETOK A1 CTPYKTYP C PasIMuHOil  CTPYKTYphl MapTeHCcUTHOH R-dasel B cucteme Ni-Ti, oc-
CUMMETpPHEN. HOBaHHAs Ha KJIACTEPHOM MOAXOAE: PoMOopoAeKa’ap

OpHoll W3 aKTHBHO pa3BUBAONMXCs KoHienmuid  UcxogHod OLK-cTpykTypbl mpeBpamaeTcs B KOHEYHBIN
CTPYKTYpOOOpa30BaHUsl ABIISIETCS KOHIIETIIIMS KJIACTEPHOrOo  KyOOOKTa’Ip 4epe3 MNpOMEeXYTOuHble KOH(UTypauuu
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KIactepa oco6oit ¢aser u ukocaspa. Astop [16] momyc-
KaeT, 4To HaO/oJaeMble CTPYKTYpBI C IEHTaroHaJIbHOW
CHMMETPHEH Ha CaMOM JIeJie IEpHOANIECKUE U 00IaaatoT
HE MKOCadIpUYecKOH, a ONM3KOH K HKOCa’IpUiecKOn
KyOnueckoli cummerpueil. B [17] mokazaHo, 4To MOBBI-
LIEHHE TOYEYHOH CHMMETPHUH KPHUCTAIa MOXKET OBbITh
BBI3BAHO HECOpa3MepHOW nedopmareil HCXOJHON MepHo-
JMYECKOH CTPYKTYpbl, oOnajaromeii Oosiee HU3KOU
To4euHol cuMmmerpueil. Hecopa3smeprast nedopmariust pu-
BOIIUT K aTOMHBIM cMemleHmsM, B paborax B. I'. Ilymmna,
Harpumep [18], mokazaHa BO3MOXKHOCTb 3HAYUTENbHBIX
aTOMHBIX CMEIIECHHH, MPEBBIMIAONINX HECKOIBKO JECATHIX
JIOJEeH aHTCTpeMa, NMPH MAapTEHCHTHBIX IPEBPAILICHUIX
B HHUKEJIHM/E THTaHA.

IIpo6rema cTpykTypooOpa3oBaHusl B HUKEIUIE THUTA-
Ha TpH IIACTHYECKOH nedopmanuy sBISIETCS TPEIMETOM
IIMPOKUX JUCKYCCHH M HY)XKIAeTCsS B JOMOJHHUTEIBHBIX
HCCIIEIOBAHUSX.

Lens paboThI — HccIe0BaHNE MUKPOCTPYKTYPBI JIMH-
30BHIIHBIX KPHUCTAJIOB, BO3HHUKAIOUIMX IIPU IUIAaCTHYeE-
ckoit nedopmaiuu 00pas3ioB Nis; Tigg.

3agaun paboThI:

1. MetomamMu 3JIEKTPOHHONH MHUKPOCKOIIMH HCCIIEI0-
BaTh MUKPOCTPYKTYPY YTOHEHHBIX MacCHBHBIX 00pa3loB
cruaBa Nis; Tiyg, HOABEPTHYTHIX PACTATHUBAIOLICH HArpy3-
K€ Ha UCIIBITAaTeIbHON MaIlHE.

2. MerogamMu nudpakumy 3JIEKTPOHOB HCCIIEAOBAThH
CTPYKTYpHO-(ha30BbIe NpeBpalleHuss Tpu GOpMHUPOBAHUN
JIMH30BUIHBIX KPHUCTAJUIOB B O0JACTH MICHKH PACTAHYTOTO
oOpasma.

3. OOBACHUTH C TIOMOILIBIO IPEACTABICHUH O KpH-
CTANIMYECKUX MOAYJISIX BO3MOXKHOCTH (HhOpMHUPOBaHMS
B 30HaX JIOKaJIM3alMK JeopManuy KIaCTEpHBIX arpera-
TOB C MEHTAaroHaJIbLHONU CUMMETpPHUEH.

Oopa3ubl U MeToAbl. TepMmuyeckn 00OpabOTaHHBIE
obpazupl cmaBa Nis;Tiyy HOABEpragnch CTaTHYECKOMY
PACTSDKEHMIO 10 pPa3pblBa Ha HCIHBITATEIbHONW MalIlHE
WDW-5E. Jlns uccienoBanusi 00pa3loB METOIAMH IIPO-
cBeuMBaoUled 3J1eKTpoHHOW Mukpockoruu ([I9M) Ha
mukpockonax Hitachi 7700 u JEOL-2100 noarorasiusamu

00pasIpl C MOMOIIBI0 HOHHOTO TPABJICHUS HA YCTaHOBKE
PIPS (Gatan). [Tonpobuee MeToanka uzioxeHa B [7].

JKcnepuMeHTaNbHbIe pe3yabTaThl. Ha puc. 1. mpu-
BEACHO 3JEKTPOHHO-MHKPOCKOIIMYECKOE H300pakeHNne
yToHeHHOTO 00pasmna Nis Tis, pacTsHyTOTO IO pa3pbeiBa
B obuyiacty meiiku. Habnromaercst TMH30BHIHBIA KPUCTAILT
C MHOTOYHUCIICHHBIMH 3KCTHHKLMOHHBIMH KOHTYypamHu
BHYTpH [7].

Kapruna nudpakuun 35eKTpOHOB, MOJIyYeHHast OT JIMH-
30BH/IHOTO KpUCTAJLIA, TIOKa3aHHOTO Ha pHcC. 1, mpuBeneHa
Ha puc. 2. OcoOeHHOCThIO U(PPAKIMOHHON KapTHHBI
SIBISIETCSL HAIMYKE TIEHTarOHAIBHOW CUMMETPHH, O KOTOPOH
CBUJICTEJIBCTBYIOT JECATH PE(IIEKCOB, PacloiI0KEHHbBIX
¢ maroM 36° Ha Hanboyiee WHTEHCHBHOM JAW(PAKIHOH-
HOM KoJble (puc. 2, a). Cxema pacmmmdpoBKH IOKa3aHa
Ha puC. 2, 0, a TaHHBIC CBEJCHHI B TaOJIHITY.

IIpn cocraBneHny TaOMUIBI MCXOMWIN M3 TOTO, YTO
napametp pemetku B2 a = 3,01 A [19]. 3nauenne d;o
saeiiku B2, paBHOU dyg = 3,01/\/2 =2,13 A [20], pH-
ceownu smHud 4 (cM. puc. 2, a, Tabmuny). Mcxoms
W3 3TOW BEJMYMHBI, ObLIM TOJYyYEHbI OCTAJIbHbBIC JIMHUU
OLIK-pemerku B2, cooTBeTcTBYIONINE HUCXOAHON MaTpH-
11e, OKpY’KaloIlei TMH30BUIHBIA KpUCTAIT (CM. TabJIHILy).

B Hameii pabore [14] ObuTO MOKa3aHO, YTO MPH Map-
TEHCUTHOM II€pEeXO/ie¢ B HHKENWAE TUTaHAa BO3MOXKHO
dhopmupoBanue ¢assl ¢ ['TIK-pemrerkoit, mpudeM pediaexc
[110]ouk Omusok k peduexcy [111]mk. Mcxons u3 stoi
HPENIOCHIIKH, Mbl IPUCBOMIN MHAEKC [111]rx auHMM 4
U, clenaB HeoOXOOUMbIE pacdeTbl, BHIABUIM pediexcs
I'IK-pemeTku (cM. Tabnuiy) ¢ mapamerpom a = 3,68 A.
OcraBuivecs JIMHUM DPaclIM(POBBIBAINCE KaK HHIEKCHI
NPUMHTUBHOM KyOMYECKOil pelIeTKH C HapaMeTpoM
a=213A, npudeM uHaekc [100]mx okazancs Tarke Jexa-
UM Ha JIMHUK 4 (OCHOBHOM TU(PPAKIIHOHHOM KOJIBIIE).

Oocy:kaenue pe3yabtaToB. Y. [Tupcon [9] onuckiBaer
crpykrypy OLK-pemerku (puc. 3) kKak cHUCTEMy, COCTOSI-
IIyI0 M3 6 HENPaBWIBHBIX OKTa’ApoB (puc. 3, a). Cornac-
HO [10] I'IK-pemerka MOXeT OBITH IpeACTaBICHA Kak
KOMOHMHAIMA OJHOTO MPAaBHIBHOTO OKTA3Jpa, OKPY)KEH-
HOTO TIPaBHJIBHBIMH TETpasApaMu, CBI3aHHBIMU OOLIMMHU
TPEyroJjbHBIMU IpaHsMu (puc. 3, 6).

Puc. 1. [IDM-n300paskeHue TNH30BUIHOTO KPHCTAJIA, BEIPOCIIETO
B 30HE JIOKQJIM3AIUHU HaTpsDKeHui aedopmupoBaHHoro obpasia Nis; Tigg

Fig. 1. TEM image of lens-shaped crystal grown
in the zone of electric porential location of deformed sample Nis; Tigo
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a o

Puc. 2. IudpakunoHHas KapTHHA, OITy4YEHHAas OT JIMH30BUIHOTO KPHCTAIIA, TIPEACTABICHHOTO Ha puC. 1:
a — ecaTh pedIIeKcoB, PACIOIOKEHHBIX ¢ IaroM 36° Ha IU(QPAKIHOHHOM KOJIbLE C HAaHOOJIbIICH HHTCH-
CHBHOCTBIO; 6 — cXeMa pacirbpoBKH J1(PaKLIHOHHON KapTHHBI, IIPe/ICTaBIeHHas B TabIM1Ie

Fig. 2. Diffraction pattern received from lens-shaped crystal, shown on fig. 1:
a — ten reflexes situated in increments of 36° on the diffraction circle with the utmost intensity; b — scheme

of decipher of diffraction pattern shown on table

PesyabTarsl pacuingpoBku 1uppaknuoHHO KAaPTHHBI, IPUBEACHHON HA puUC. 2

Howmep MeXI10CKOCTHOE OOBEeMHO-IICHTPUPOBaHHAS I'panenenTpupoBaHHas IIpumuTHBHAs
JINHUN pacCcTosAHUC d, A Ky61/1qe01<aﬂ peueTKa Ky61/1qe01<aﬂ peueTKa Ky61/I'-IeCKa$I peuIceTKa
1 3,44 Vs Vs Vs *(+0,04)
2 2,99 100* (+0,02)
3 2,53 110%(+0,07) Yo Vs Va*(=0,07)
4 2,13 110 111 100(=0,01)
5 1,86 200(-0,02)
6 1,71 111%(+0,03)
7 1,63 210%(-0,02)
8 1,50 200(+0,01) 211%(0,00) 110(+0,01)
9 137 210%(-0,02)
10 131 220(+0,01)
11 1,25 111(-0,02)
12 1,22 211(+0,01) 221%(+0,01)
13 1,12 311(-0,01)
14 1,09 222(-0,03) 200(-0,02)
15 1,03 220(+0,03)
16 0,98 300%(+0,02)
17 0,96 210(-0,01)
18 0,94 310(+0,01)
19 0,91 400(+0,01)
20 0,87 211(0,00)
21 0,84 222(+0,03) 331(0,00)
22 0,83 420(-0,01)
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Oxkonuanue madauybwl

Homep MeXIIIOCKOCTHO® OOBEeMHO-IICHTPHPOBAHHAS I'panenentpupoBaHHas IIpumuTHBHAS
JIMHUH paccrosnue d, A KyOudeckas peneTka KyOudeckas peneTka KyOuueckas pemeTka

23 0,79 321(+0,01)

24 0,75 400(0,00) 422(0,00) 220(0,00)

25 0,71 411(0,00) 511(0,00) 221(0,00)

26 0,68 420(-0,01) 310(-0,01)

27 0,65 332(-0,01) 440(0,00) 311(+0,01)

28 0,62 422(-0,01) 531(0,00)

29 0,60 511*%(-0,02) 442(+0,01)

Ipumeuanus: 1. Yucna B cKOOKax MOKa3bIBAIOT, CKOJBKO HAMO N00AaBUTH/OTHATH OT HAIIUX DKCIEPHMEHTAJBHBIX JaHHBIX 10

HUACAIBHOTO PACYECTHOI'O ITOKA3aTeJIs.

2. 3Be310YKaMH IOMEUCHBI CBEPXCTPYKTYPHBIE pe(IIeKCH aTOMHO-YIIOPSIOYCHHBIX (as.

a

Puc. 3. MoayiibHOe npecTaBieHle KPUCTAIUIMYECKUX CTPYKTYp: a — okTasapuyeckue moayau OLIK-pemerku [9];
6 — pombosnprdeckuit Moxynb I'TIK-pemerku [10], cocTosmuii 3 TETpa’ApHIECKUX U OKTadAPUIECKOTO CHMILIEKCOB;
6 — KJIaCTEpHBIH arperat, 00pa3oBaHHbIH CBA3aHHBIMU JIPYT C APYroM KpucTaiuimdeckumu Monyisimu OLIK-peerku
€ OKTa3[pUYECKUMHU U TeTpadapudeckumu cumiuiekcamu I'IK-pemerku

Fig. 3. Chinese representation of crystal structures: a — octahedral module of OCK-grid [9]; b — rhombohedral module
of GCK-grid [10] consisting of tetrahedral and octahedral symplexes; ¢ — cluster component made of connected crystal
modules of OCK-grid with tetrahedral and octahedral symplexes of GCK-grid

Mbl cBs3bIBaeM JecsiTh pediekCcoB, PaciioioKEeHHbBIX
Ha KoJbIe 4 (CM. pUC. 2), COOTBETCTBYIOMMX d)j; = 2,13 A
I'IK-pewerku, ¢ HAOOPOM KPUCTAJUTUUECKHX CUMILIECOB,
oOpasyrommx ukocaszp. nuHa pedpa TeTpa’aApHuecKoro
KPHCTAJUIMIECKOTO CHMILIEKCa (KOTOopasi BCeria COBIaIacT
¢ mwrockocTbio tuna (111)r) B I'IK-pemerke ¢ napa-
MeTpoM 3,68 A paBHa day = 1,31 A. Tlo Hameii rumotese
HKOCAdIpUIECKHAE JIIEMEHTHI, KOTOPBIE MBI HaOIromaeM
B OKCIIEPUMEHTE, COCTOST U3 TETPAdAPUUECKUX KPHCTAl-
mmyeckux cumruiecoB I'TIK-pemerku (puc. 3, 6). 3aech
aTOMBI CMEUIAlOTCs (HAmpuUMep, KaK MOKa3aHO CTPEIKOH
Ha puc. 3, 6), GopMupYsl KIaCTEpHBIN arperar ¢ IeHTaro-
HaJIbHOW CUMMETpPUEH.

W3 Tabmuiel BUIHO, 9TO HApsMy ¢ pediaexcamu ot a3
¢ OLK- u I'lIK-pemerkamMu Mbl OOHApYXHJIM HaIN4HE
CHCTEMBI pedIIeKCOB, COOTBETCTBYIOLIMX NPUMHUTHBHON
KyOuueckoli pereTke, mapameTp KoTopoii pasen 2,12 A.
3TO YHMCIO MOXHO TOJNYYUTh, €CIIM B KyO C yKa3aHHBIM
apaMeTpoM MPUMUTHBHOM PEHICTKH, H300paKCHHBIM Ha
puc. 4, Bmucath MKocadap ¢ pebpom (paccrosiHme 1-2
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1 SKBHUBAJCHTHBIE €My Ha pHUC. 4), paBHBIM PaCCTOSHHIO
dyo = 1,31 A TLK-pemetku (cM. Tabmuiy). Ha puc. 4
MPOJIEMOHCTPUPOBAHO, KAK UKOCAdIp BIKMCHIBAETCS B KYO.
s aToro pedpa tuna 1-2, 3-4 wiau 7-8 pacmonararrcs
B TpaHsAX KyOa. B mkocasape Bce pebpa momapHO mapai-
JeJbHBI, Kaxaas napa oOpasyeT 30J0TOH IMpSIMOYrojb-
HUK, T. €. IPAMOYTOJIFHUK C OTHOLICHHEM pebep, paBHBIM
1,618 [21]. 3omoTO# IPSMOYTOJIBHYK BBIICNCH Ha puC. 4, O
KaK NpAMOYToNbHUK 3-4-5-6. U neifctButensho, 1,31 A
(pebpo mKoca’apa) YMHOKEHHOE HAa OTHOILICHHE 30JI0TO-
ro ceuenus 1,618, nact 2,12 A, 1. e. dy MPUMUTHBHOTO
Ky0a, MOKa3aHHOTO Ha pucC. 4 (CM. TakXkKe TabJHILy).

CﬂellyeT 3aMETUTh, YTO B BEPUIMHAX NPUMHUTUBHOI'O
Kyba Ha puc. 4 atombl oTcyTcTBYIOT. CormacHo [9],
pelerka ¢ KyOM4ecKoil CUMMETpHEH MOXET U He COZep-
JKaTh aToOMbl B BepuinHax KyOa. [Toaromy Habnromaembie
HaMu HaOopbl pedIIeKCOB KyOMYeCKOW pemeTku OyayT
NPEJICTaBISITE CO00M IKCTpapedIIeKChl, KOTOPHIE 10 CBOEH
NPUPOJIE OTIAMYAIOTCSI OT CBEPXCTPYKTYPHBIX pe(IIeKkcoB,
BBI3BAHHBIX ATOMHBIM YIIOPSA0UYEHHEM.
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Puc. 4. Cxema, 7eMOHCTPHPYIOLIAs CBA3b HKOCAdIPa C MPUMUTHBHON KyOHUECKOH PEIIeTKOI:

a — pebpa nkocasapa tuna 1-2, 3-4, 7-8 HaXOOATCA B OPTOTOHAIFHOM TIOJIOKEHHU B COOTBET-

CTBYIOIINX IUIOCKOCTSIX Ky0a; 6 — 30J70TOH HPSIMOYTOJIBGHUK 3-4-5-6, IIOMEYEeHHBI yHKTUPHOI
nuHAEH, HaxoauTes B miockocth (200) xy6a

Fig. 4. Diagram shown connection of icosahedron with primitive cubic lattice:
a — bonds of icosahedron, sort of 1-2, 3-4, 7-8, located in the orthogonal position in the
relevant cube flatness; b — golden rectangle 3-4-5-6 marked by dashed line is located in the
cube flatness (200)

B pabore [22] nokazaHO, YTO MOSIBICHUE BKCTpa-
pedIiekCOB MOXET ObITh CBSI3aHO, C OJHOW CTOPOHBI,
C pacTsDKEHHEM Y3JI0B 0OpaTHO# peuieTky, a ¢ Apyroi —
¢ oaddekramn nBoiHON audpaknuu. Pacmmdposka
CTPYKTYPBI KBa3UKPHCTAJLIOB 110 NX AU(PPAKIHOHHON Kap-
THHE TPyIHA M BCErJa TpeOyeT JOMOJHHUTENBHBIX MOITY-
IICHUH O B3aHMHOM PAcCIOJIO0KEHUH aTOMOB. ABTOpPHI [17]
YTBEPIKIAIOT, YTO CTPYKTYypa MKOCAdAPHUECKOTO KBa3HK-
pUcTalia MOXET OBITh pPacCMOTpPeHa KakK pe3ysibTaT
nckaxenus I'TIK-pemreTku.

B xnuure [23] yka3piBaercs, 9TO KaXKIBIH dJIEMEHTap-
HBIH O0BEM M3JIyyaeT pacCesiHHBIA BOJHOBOM MaKeT
¢ (a3oBbIM MHOXHMTENEM eXp(—iAkXF;), T1ie 7; KOOpAUHATA
3JIeMEHTapHOTro 00beMa, a Ak — 3TO U3MEHEHHE BOJIHOBO-
ro BEKTOpa k B 00OpaTHOM IpocTpaHcTBe, Ak = k — ky, re
ko — BOJIHOBOHM BEKTOp TaJaroliell 3JIEKTPOHHOU BOJHEI,
a k — BOJIHOBOI BEKTOp paccesHHOW JICKTPOHHOH BOJIHBI.
ABTOpHI JTOKa3eIBalOT, 4TO0 Dypre-o0pa3 MmOTeHIHMANA,
«BHIUMOTO» TMAJAIONINM SJIEKTPOHOM MPH €r0 MPOX0XK-
ICHUH dYepe3 paccemBaTellb, INPSAMO IPOMOPIHOHATICH
MTOTEHINATy BCETO KPUCTAJIa. DTOT KJIACTEPHBIN arperat
C IEHTAarOHAJIbHOM CUMMETPHUEN MOXKET HE UMETh JaJIbHE-
ro mnopsiaka, ogHako Oypee-peodpazoBaHue OT jAeTajen
TaKOro KJIACTEPHOI'0 arperara, KOTE€PEeHTHO OPUEHTHPO-
BaHHBIX B 00BEME HCCIIEyeMOro 0ObEKTa, MOXKET CO3/1aTh
KapTUHY PEaJIbHO CYIIECTBYIOLIETO KPUCTA/LIA C TAJIbHEM
TIOPSIIKOM, YTO U HaOJIo1aeTcst Ha puc. 2.

U3 reomeTpun U3BECTHO, UTO B IBOMCTBEHHBIN K UKO-
cadJIpy MHOTOTPAHHUK — JTOJIEKadIp MOKHO BIIHCATH IIATh
KyOoB. Ha mudpaknmoHHON KapTHHE HAONIOMAeTCS CHM-
MeTpus 5-To mopsiaka (puc. 2), T. €. BO3SMOXXHO OJHOBpe-
MEHHOE COCYIIECTBOBaHHE B 00BEME JTMH30BUIHOTO KpH-
CTaJlia MATH OpUeHTalui KyOuueckoil pemerku. Ha nu-
(bpakIMOHHOW KapTHHE BUIHBI HE TOUEUHbIE PedIeKChl,
KaK 3TO TPEJCTaBJIcHO B pabote [24], a Qyru ¢ yriamu
npumepHo 14°—17°. JInunHa kaxmoi Ayr CBsA3aHa C pa3o-
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pHEHTaLel TeTpaspUUECKUX CHMIUIEKCOB, COCTABIISIO-
mux ukocasdap. Dypbe-00pa3 ¢ NEHTaroHaJIBLHOH OCHIO
CUMMETPHH MOYXET OBITh MOJYYCH B JBYX ciiydasx. [lep-
BBIH Cilydal, €ciM KBa3HKPHCTAJUI CPOPMHUPOBAH Kak
eanHas MKocadapuyeckas (asa, Kak 3TO IIPEJICTaBICHO
B pabore [24]. B 3ToM ciy4yae fnoimkHa OBITH cHCTEMaA
TOYEUHBIX Pe(IIeKCOB, BEICTPOSHHAs 110 TipaBmry PuboHad-
YM BAOJIb KaKAOTO BBIOPAHHOTO HampasieHus. B Hamem
JKCIIEpPUMEHTE 3TO He HaOmomaercs (puc. 2, a). Bropoi
CITy4ai, ECIIi UMEETCsl CUCTEMa CBA3aHHBIX MEXIY cO00it
KJIaCTEPOB, UMEIOMIMX ONMXHUM MOPSAOK M 3alOJIHSIIO-
IMX HEKOTOpbId 00beM [23]. B Takom cityyae pasopueH-
TallMU MEX]y KJIaCTePHBIMU arperaTaMu CO3/aayT Ayro-
Bble pedieKCchl Ha 3JIEKTPOHOrpaMMe, KOTopas SIBISETCS
Oypbe-00pa3oM 0T cHcTeMbl HaOMIOaeMBbIX KIaCTEPHBIX
arperaros.

[lenTaroHanpHass CHMMETPHSI BO BTOPOM CJTydae sIBJIs-
eTcs Pe3yabTaTOM MOYTH KOTEPEHTHBIX PaBHOBEPOSTHBIX
IATH OPHMEHTAlMH KIIACTEPHBIX arperaTtoB, COCTOSIIUX
U3 CBS3aHHBIX MEXAY COOOH KPHCTAITMYECKUX MOIYJIEH
u cuminiekcoB OLIK- u I'IIK-pemierok. ITogoOHas cxema
CBSI3aHHBIX MKOCA3PUYECKOT0 KJIacTepa M KPUCTAJIIHYeE-
ckux monynei I'IIK-pemerku Opiia mpeioskeHa B pado-
Te [25].

Takum o0Opa3om, HaOIrOMAacMasi HAMU KapTHHA qudpak-
oy OT JIMH30BHUJHOI'O KpHUCTaJlJIa MOXKCT 6I)IT]) ITPOUH-
TEpIpPETHPOBaHa KaK IU(PaKIHs OT KOT€PEHTHO OpHEH-
TUPOBAHHOIN CHCTEMBI KJIACTEPHBIX arperaroB, (OpMH-
PYIOIIMX  3JEMEHTBl TPEXMEPHOH  MKOCa3APUUYECKOMN
CTPYKTYpPBI (COCTOSIIEH M3 TETPa3’pHUYECKH IUIOTHOYIIa-
KOBAaHHBIX KPHUCTAUIMYECKUX CHUMIUIEKCOB), BCTPOSHHBIX
B MaTpHILy C KyOMYeCKOH CHMMeTpueil.

3aki04ueHHe:

1. MertomaMu 3JE€KTPOHHON MHMKPOCKOTIHH HCCIENO0-
BaHa MHKPOCTPYKTypa YTOHEHHBIX MacCHBHBIX 00pa3loB
criaBa Nis; Tig, TOIBEPTHYTHIX paCTATMBAIOILEH HarpysKe
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Ha MCHBITaTeNIbHOM MarnHe. OOHapyKeHbI JIMH30BUIHbIC
KPUCTAJUIBI C MHOTOYHMCIEHHBIMH 3KCTHHKIMOHHBIMU
KOHTYpaMH.

2. Ha ocHoBaHmu pacmmppoBKA KapTHH AU(PaKIHH
AIEKTPOHOB OT JIMH30BHIHBIX KPHUCTAJUIOB OOHAPYKECHBI
cucTeMbl pedlUIeKCoB, COOTBETCTBYIOLIMX (hasze, obanaro-
1el IEHTaroOHaJIbHOM OChI0 CUMMETPHUH.

3. C momompio MPENCTaBICHHH O KPUCTALNTUIECKUX
MOZYJISIX TPEIUIOKEHO OOBSICHEHHE BO3MOXXHOCTH (Op-
MHPOBaHHSI B 30HaX JIOKaJIM3aluu AeopMaliy Kiiactep-
HBIX arperaTroB C NEHTaroHaJIbHOW CUMMETpPHE.

Buaaronapaoctun. ABTOpBI OJaromapst COTPYJHHKA
naboparoprn UPIETAC Bocrouno-Ka3zaxcranckoro rocy-
JIApCTBEHHOT0 TexHUuYeckoro yHuBepcurera A. B. JIxec
3a MMOMOIIb B TIPOBEICHUN IKCIIEPIMEHTA.

Acknowledgments. The authors are grateful
to A. B. Dzhes, the laboratory worker of the Laboratory
IRGETAS of East Kazakhstan State Technical University,
for help with the experiment.

Bbubauorpaguyeckue cCblIKH

1. Xanos M. O. IlepciekTHBBI NPUMEHEHUS CILIABOB
C MaMAThIO Ha OCHOBE HMKENWAA TUTaHA B yCTPOMCTBax
A3POKOCMHUYECKOT0 Ha3HAYCHUS [DICKTPOHHEINA pecype] //
Tpyast MAMU : anextpoH. xkyp. 2012. Ne 55. URL: www.
mai.ru/science/trudy/.

2. Kolosov V. Yu., Tholen A. R. Transmission electron
microscopy studies of the specific structure of crystals
formed by phase transition in iron oxide amorphous
films // Acta Materialia. 2000. Vol. 48. P. 1829.

3. barmyT A. I'. D1eKTpoHHasT MUKPOCKOIHS IJICHOK,
OCAXJICHHBIX JIa3epPHBIM HcTapeHueM. Xapbkos : [liapyu-
Huk HTY. XTI, 2014. 304 c.

4. Kseriuc JI. U. Crpykrypoobpa3oBanue B amopd-
HBIX M HAHOKPUCTANIMYECKUX IUIEHKaX CIUIaBOB Ha OCHO-
B€ MEPEXOJHBIX METAIUIOB : JHC. ... I-pa (hU3.-MaT. HayK.
Kpacnosipek : KI'TY, 2005. 280 c.

5. Bolotov I. E., Kolosov V. Yu. Electron microscope
investigation of crystals based on bend-contour
arrangement. 1. Relationship between bend-contour
arrangement and bend geometry // Physica Status Solidi.
1982. Vol. (A) 69. P. 85-96.

6. Kopotaes A. 1., Tromennes A.