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HEINAPAMETPUYECKHUE AJITOPUTMbI BOCCTAHOBJIEHUS
CJIYYAMHDBIX TOJIEA

E. H. Bensckas', A. B. Mexseznes', E. JI. Muxos”', O. B. Taceiiko'

'CuGupckuii rocyapCcTBEHHbIH YHUBEPCHTET HayKH U TEXHOJIOIHil nMeHH akanemuka M. ®. Pemernesa
Poccuiickas @enepanus, 660037, r. KpacHosipck, npoctt. uM. ra3. «KpacHosipckuit pabounii», 31
Cubupckuii penepaibHbIil YHUBEPCUTET
Poccuiickas ®enepanms, 660041, r. KpacHospck, npocn. CBo6oaHEIH, 79
"E-mail: edmihov@mail.ru

MHnozcouucnennsie 3a0auu NpaKmMuKy mMecHO C843aHbl C He0OXOOUMOCMbIO 80CCMAHOBNEHUS NOJel MOU Ul UHOU
npupoobl NO 3aULYMAEHHbIM IKCNEPUMEHMATbHBIM OaHHbIM. OcobeHHOCbIO SMOoll NPoOIeMbl AGIAEMCA MO, YO anpu-
OPHOU UHpOpMayuU yawe 6ce20 HeOOCMAMOYHO OISl ONUCAHUSL DMUX NOJEU ¢ MOYHOCMbIO 00 Habopa eKmopa napa-
Mempos. Dmo obycroeiusaem mom QAaKkm, 4mo NO PA3IUYHBIM KAHANAM MHO2OMEPHBIX NPOYEccos UH@Opmayus
Modicem Oblmb paA3HOMUNHOU, Ce008AMENbHO, COOMBEMCMBOBAMNb PAIUYHBIM YPOGHAM anpuopHol ungopmayuu. Ha
omy npobnemy obpaweno cneyuanvhoe numanue. llpu nanuyuy anpuophou uHGOpMayuu nApamempuiecko2o munda
YenecooOpasHo UCNOb306AMb COOMBEMCMEYIOWUe ANOPUMMbL UOEeHMUpUKayuy, Koeda cmpykmypa mooenell noiet
onpeodeiena ¢ MoYHOCMbIO 00 HAOOpA NApaAMempos U Ux ROCiedyroujell OYeHKU no mepe ROCMYNJeHus mexyueu
ungopmayuu. B cnyuae, ecnu anpuoprou ungopmayuu HeOOCMamouHo, mo yerecoobpasHo UCNOIb308aMb Henapa-
mempuyeckue oyenxu Haoapas—Bamcona 0na soccmarnognenus coomeemcemeayrowux noseil. Ilpu smom cywecmseenno
onpedenums O 8CcemM KAHALAM MHO2OMEPHOU cucmemsl, agnaiomes au onu H- unu T-npoyeccamu, m. e. npoyeccamu,
07151 KOMOPbBIX 8XOOHbBLE UNU BLIXOOHbIE KOMNOHEHMbl OKA3bIBAIOMCA CIMOXACMUYECKU 3a8UCUMbBIMU, d MU 3A8UCUMOCU
yawye 8ce20 Heu38eCmHbl.

B xauecmee npumepa ucnonvszosanus no0oOHbIX NPOYECco8 pacCMOmMpPensl NOAA pacnpedeieHus npumecell 8peoHbIX
seujecme 6 ammochepHom 6o30yxe 2opoda. B kauecmee ancopumma 6occmanognenus smux noiel npuMenena Henapa-
Mempuyeckasi OYeHKa QYHKYuU pespeccuul.

Kniouesvie crosa: nenapamempuueckoe mMooenuposanue, 10KALbHASE AnNNPOKCUMAYUs,, MOOCIUPOSAHUE IKOIOUYE-
CKOU 0OCMAHOBKU.

NONPARAMETRIC ALGORITHMS FOR RESTORATION OF RANDOM FIELDS
E.N. Bel’skayal, A. V. Medvedev', E. D. Mikhov*", O. V. Taseiko'

'Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
“Siberian Federal University
79, Svobodny Av., Krasnoyarsk, 660041, Russian Federation
“E-mail: edmihov@mail.ru

Numerous practical tasks are closely connected with the need to restore fields of one nature or another from noisy
experimental data. A feature of this problem is that a priori information isn't often enough for the description of this
field accurately to within a set of a vector of parameters. This is due to the fact that information can be polytypic on the
various channels of multidimensional processes. It means that the information matches to various levels of a priori in-
formation. In this article special attention is paid to this problem. The corresponding algorithms of identification are
used in the presence of a priori information of parametric type. In the presence of a priori information of parametric
type, it is advisable to use the appropriate identification algorithms when the structure of field models is defined accu-
rately to within a set of parameters and their subsequent evaluation, as current information arrives. If a priori informa-
tion isn't enough, it is expedient to the researcher to use nonparametric estimates of Nadaraya—Watson for restoration
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of the respective fields. At the same time it is essential to determine whether all the channels of the multidimensional
system are N- or T-processes. N- or T-processes are processes at which entrance or output components are stochastic —

dependent and this dependence is unknown in most cases.

The fields of distribution of impurity of harmful substances in atmospheric air of the city are considered as an ex-
ample of use of similar processes. Nonparametric assessment of function of regression is applied as an algorithm of

restoration of this field.

Keywords: nonparametric modeling, local approximation, modeling of an ecological situation.

Beeagenne. IIpu pemeHuu 3anad NpakTUKU BCTpeda-
CTCs HCO6XO]II/IMOCTI> B BOCCTAHOBJICHHUU Cﬂy‘laﬁHbIX I10-
Jeil mo 3allyMJIEHHbIM JaHHbIM. BoccranaBnuBaemoe
1ojie TIpeNCTaBIsIeT COOOH HEHW3BECTHYIO CTOXacTHYe-
CKYI0 3aBUCHUMOCTb MEXJy BXOJHBIMH H BBIXOIAHBIMU
repeMeHHbIME. O0IIas cxeMa BOCCTaHABIMBAEMOTO CITy-
YyaifHOTO 10JIA MpeIcTaBIeHa Ha puc. 1.

l Eqt)

OOBekRT (A)

i) X1

;f;fil

hte) IE‘
o

Puc. 1. O6mias cxeMa BOCCTaHABIMBAEMOTO
CIy4yaiHOTo oISt

Fig. 1. General scheme of a random field being restored

Ha puc. 1 npuaaTe cnexyromue o0o3HA4eHUSI: A —
HEU3BECTHBIA OMNEPATOp, BIMSIOIMNA HAa BHELIHUW BHUI
mouist; x(f) — BBIXOMHAS TepeMeHHasl; u(f) — BXOIHAs WH-
dbopmarus; &(f) — ciyuaiiHoe Bo3feicTBue; (f) — Hempe-
peiBHOE Bpewmst; H', H' — KaHabl CBSI3H, COOTBETCTBYIO-
mue pa3jMiYHbIM TEPEMEHHBIM, BKJIIOYAIOMIME B Ce6ﬂ
Cpe/CTBa KOHTpOJIS, NMPHUOOPHI Uil M3MEpeHHs Haluro-
JlaeMBIX NIEPEMEHHBIX; U;, X, — 03Ha4YaloT U3MepeHue u(f),
x(?) B muckpernoe Bpems; h'(¢), () — ciydaiiHbie mome-
XU U3MEPECHUH COOTBETCTBYIOMIUX ITEPEMEHHBIX.

BoccraHoBiieHue ciay4ailHOro mosisi OTHOCUTCA K 3ajade
AACHTU(HUKAIINN CTOXAaCTHYECKOrO TIporiecca. AJTOPUTM
BOCCTAHOBJICHUS CIIyYaiHOTO TIOJISI CYIECTBEHHO 3aBHCHT
OT MMEIOLICICS aPHOPHOM HH(GOPMALIUK O IPOLIECCE.

YpoBun anpuopHoit uHdopmanum. PaccMoTpum
NPOLIECCHl C Pa3IMYHBIM ypOBHEM anpHopHOW MHpOpMa-
muu [1; 2]:

1. Ilpoueccsl ¢ mapamMeTpU4YecKOW HEONpereNneHHO-
creto. [lapamerpuueckuii ypoBeHb anpropHOi HH(OpMa-
LUH TIPEJIIoJIaraeT HAIMYUE I1apaMeTPHYECKOH CTPYKTY-
pBl MOJIENHM M HEKOTOPBIX XapaKTEPUCTHK CIIy4alHBIX
IMOMeX, OOBIYHBIMH W3 KOTOPBIX SIBIISTIOTCS HYIJIEBOE Ma-
TEMaTH4YeCKOe OXHIAHWE W OTpaHWYCHHAS JHUCIEPCHS.
JU1s oIleHKH mapaMeTpOB UCIIONB3YIOTCS Yallle BCero pas-
HOOOpa3HbBIE MTEPATHBHBIC BEPOSITHOCTHBIE MPOLEIYPHI.
[Ipu 3TuxX ycnoBUSX pemaercs 3a1ada HACHTH(UKAIIH
B Y3KOM CMbICIIE (MICHTU(QHKAIMS B y3KOM W LIMPOKOM
CMBICIIaX paccMaTpuBajach aBTOpaMH paHee B paborax

[3-6]).
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2. Ilponecchl ¢ HemapaMeTpUIECKOH HEONpeAeIeHHO-
cThlo. Hemapamerpuyeckuii ypoBeHb anpHoOpHOH HHPOP-
Maluy He NpearojaraeT HaJu4ue MOJEIH, HO Tpedyer
HaJIMYMe HEKOTOPBIX CBEAECHHH KaueCTBEHHOTO XapaKTepa
0 IIpolecce, HaNpuMep, OJHO3HAYHOCTH JINOO HEOIHO-
3HAYHOCTh €TI0 XapaKTePHCTHUK, IMHEHHOCTD A THHAMH-
YECKHX IPOLECCOB JHOO XapakTep €ro HEeIMHEHHOCTH.
Jns pemieHust 3amad MACHTU(GHUKALUK Ha 3TOM YPOBHE
anpuopHor uHpopManuu (MACHTH(PHUKAIUS B ITUPOKOM
CMBICIIE) TPUMEHSIOTCS METOAbl HemapaMeTpU4ecKOn
CTaTUCTHUKH.

3. Ilpouecchl ¢ mapaMeTpryuecKoil U HermapameTpuie-
CKOW HEOIpEeeNIeHHOCThI0. BaKHBIMH C TOUYKH 3peHHs
NPaKTHKH SIBISIOTCS 3aJaddl MICHTU(QHUKALUH  MHOTO-
CBSI3HBIX CHCTEM B YCJIOBHSX, KOrJa 00bEM HCXOIHOU
nHpOpMaNUU HE COOTBETCTBYET HM OJHOMY M3 BBIIIeE-
OTNMCaHHBIX THITOB. Harmpumep, Ui OTAENBHBIX XapakKTe-
PHCTHK MHOTOCBSI3HOTO Tpoliecca HA OCHOBAHUH JHEpPTe-
THYECKUX JTHOO (PH3UKO-XUMHUYECKUX 3aKOHOMEPHOCTEH,
3aKOHAa COXPAaHEHUs] MacChl, OAJAHCOBBIX COOTHOIICHHH
MOTYT OBITh BBIBEJICHBI NAPaMETPUIECKUE 3aKOHOMEPHO-
CTH, a Uit ApyTuX — HeT. Takum 00pa3oM, Mbl HAXOIUMCS
B CHTyallMM, KOrjaa 3ajadya uacHTudukanuu (Gpopmysiu-
pyeTcsa B yCIOBHUSX M IapaMeTpU4YecKoil, 1 HemapaMmer-
puueckoil ampuopHoit uHpopmanuu. Torma u Mopenu
NIPEACTABISIOT CO00I B3aMMOCBSI3aHHYIO CHCTEMY Mapa-
METPHYECKUX U HETIapaMeTPUIECKNX COOTHOIICHHH.

HenapameTpuueckas oneHKa (pyHKIMH perpeccuu.
B kxauecTBe HEmapaMeTPHUUECKOTO AJITOPUTMA BOCCTAHOB-
JIEHUS CIy4yaillHbIX NOJIEH MPENJIOKEH aJrOpUTM Henapa-
METpUIecKoil oneHKH (yHKIHUU perpeccun [7; 8], ocHo-
BaHHBII Ha METOJIE ASPHOTO CriTakuBaHus [9—12].

OcHOBHas uzesl AJEPHOTO CIIIAXKUBAHUS 3aKIIFOUACTCS
B CJIEAYIOIEM: BOKPYT allPOKCUMHUPYIOLIEH TOYKH CTPO-
UTCSL MPSIMOYTOJILHUK, KaXJIOMY 3JEMEHTY BBHIOOPKM Ha-
3Hay4aeTcsi Bec (4eM OOJIbLIe PacCTOSHHE MEXIy dJIeMeH-
TOM BBIOOPDKM M TOYKOH IIOCTPOEHMS IPOTHO3a, TEM
MEHBIIE BEC), a 3aTeM IPOMCXOAUT YCpPEIHEHHE B3Be-
IIEHHBIX 3HaYeHUH. B ciryuae mcronb3oBaHMs perpeccun
HYJIEBOTO TIOpS/AKA B3BELICHHBIC 3HAYCHUS IOCIIEHOBA-
TEJIbHOCTH, NOTIABILHE B SIIPO, YCPEAHAIOTCA.

SnepHast OIleHKa IUIOTHOCTH MCTIOJIB3YET TE )K€ MPUH-
LIUIBL, YTO U SAEPHOE CTIAXKHUBAHKUE, OJHAKO €€ alrOPUTM
HUMEET HEKOTOpble 0COOEHHOCTH. PaccMoTpuM BhIpae-
HHe, OTpeesIolee IPoLeNypy OLEHKH (GYHKLIUH B TOY-
Ke u:

ifl.(b((u—ui)/cs)
Ji(u)=+7
;(D((u—ui)/cs)

Tie X — TMOCIeNOBaTENIbHOCTh IIIHHON 71; ¢y — KO3 HIn-
eHT criaxuBanus; @ — sinepHast GYHKIHS.
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Snepnast ¢ynkims O(*)ynoBIeTBOpSET ClIEAYIOIIM
YCIIOBUSIM:

+oo
1 [0 =5 ai=1, 2)
CS —00 CS
. 1+ t—t.
lim — [ () ®| —* |dr=0(t,). (3)
¢ =0 Cy —o C

s

Kak crnenyet u3 Beipaskenus (1), IIIOTHOCTH B TOUKE U
BBIUMCIIACTCS KaK CyMMa 3HAYCHHWH Sapa Uil BEJTUYWH,
OTIpeNeIeMbIX PA3HOCTSIMHA MEXIy 3HAU€HHEeM U W 3Ha-
YCHUSMHU I10CJI€O0BATCIIBHOCTH. le/I 9TOM TOYKHU U, B
KOTOPBIX BBIYUCIACTCA IJIOTHOCTH, MOI'YT HE€ COBHAAaThb
CO 3HAYEHUSIMH JJIEMEHTOB BBIOOPKH.

ITocTaHoBKa 3a1a4i OLEHKH 3IKOJOTHMYEeCKOW cH-
Tyanuu B ropoae Kpacnosipcke. B xavectBe mpumepa
BOCCTAHOBIICHHS CIIy4aifHOrO TIOJII C HCIOJIh30BAHUEM
HENapaMeTPUUECKUX AITOPUTMOB OBIT B3SAT IIPOLECC
BOCCTAHOBIICHHS TIOJII PACIpEeNICHUS 3arpsA3HIIOMINX
BelIecTB B aTMOC(epHOM Bo3Iyxe ropoaa KpacHospeka.

OrneHka kadecTBa aTMOC(HEPHOro BO3AyXa W MPOTHO3
€ro W3MEHEHHWs, OpPTaHM3alUs PANHOHAIBHON CHUCTEMBI
MPUPOIOTIONIB30BaHUS, TJIABHOW 3ajiayeil KOTOpPOM SIBIISA-
€TCSI TIOUCK M pa3paboTka MyTed ONTHMHU3AIUH B3aHMO-
JISWCTBHSL OOLIECTBA C OKpYXKAIOLIeH MPUPOIHON Cperoi,
ABJIAIOTCA MPUOPUTCTHBIMU HaIIpaBJIICHUSIMH B O6J'laCTI/I
00eCTieueHHsT HKOJIOTHYECKOH 0E30MacHOCTH TOPOJICKON
cpensl [13—15]. [IpoGmema oOecrniedeHHsT YHUCTOTHI BO3-
IyITHOTO OacceiiHa sBIsAETCS 0COo00 BAKHOW, TaK Kak
MIPENICTABISET YIPO3y 3I0POBBIO YEJIOBEKAa W BCEH OKpY-
JKarIIel cpejie B nesoM. B ropoackoi cpene MCTOUHUKH
3arpsizHeHus1 atMocepbl MHOr0OOpa3Hbl, & COCTaB BbI-
OpOCOB OTIMYaeTCs MHOTOKOMIIOHEHTHOCTHIO. Ha 3Ko-
JIOTHYECKOoe cocTosiHue ropoaa KpacHospcka ocHOBHOE

Ll

ConoHLL b

BJIMSIHHE OKa3bIBAIOT IPOMBIIUICHHBIE MPEANPHATHS, KO-
TOpBIE HAaXOMATCSI HEMOCPEICTBEHHO B CEIUTEOHBIX 30-
HaX, U HACBILIEHHBIN TPAHCIOPTHBIN MOTOK.

BbIcokast KOHIIEHTpanusi HCTOYHUKOB SHEPTeTUIECKO-
TO ¥ XMMHYECKOTO BO3IEHCTBUS U CKOPOCTh HAKOIUICHUS
3arpsiI3HEHUM Ha CETOJHSIIHUM JIeHb 3HAYUTENbHO IIpe-
BBIIIAIOT BO3MOKHOCTH CaMOOYHILEHHSI aTMOC(EpBI, 4TO
BEIET KO MHOTMM OTPHLATEIbHBIM ITOCIEICTBUSIM, B TOM
YHCIIe K BBICOKAM YPOBHSIM 3a00JIEBAEMOCTH HACEJICHHUS,
CHIDKCHHUIO KAa4eCTBA JKU3HH M T. II., IO3TOMY HM3Yy4EHHE
NIPOLIECCOB, TPOMCXOIAIINX B arMocepe, KOHTPOJb
1 BBIABJICHUC WCTOYHUKOB, MPUHATUE MEP K CHUKCHHIO
3arpsA3HEHUS] WK €TO0 TIOJIHOMY YCTPaHEHUIO MOXKHO CUH-
TaTh KU3HEHHO BAYKHOW 3a/1aueil.

MopenupoBaHue MPOCTPAHCTBEHHOTO pacHpocTpaHe-
HUSI 3arpsA3HAIOIINX BEIIECTB B BO3IyX€ T'OPOJCKOH cpe-
IIBI SIBIIIETCSI HEOOXOMUMBIM JTAallOM TIPH Pa3paboTKe
YIpaBJIeHYECKNX PELICHUH B 00JIACTH YIIPaBJICHHS Ka4ecT-
BOM 3KOJIOTHYECKHX CHCTEM.

B paborax [3—6] aBTOpamMH BBITIOJIHEHBI CIICHAPHBIC
pacdeTsl COAEp)KaHWS OKCHIAa a30Ta, (QopMalibAeruaa
U OKCHIAa yIJIepoJa B aTMoc(epHOM BO3AyXEe ropona
KpacHosipcka. B kadecTBe BXOAHBIX aHHBIX HCIIOJIB30-
BAINCHh BpEMsi, IIMPOTA, JOJITOTA, HANpaBJICHUE U CKO-
pOCTh BeTpa, B KauyecTBe oOywaromield BBIOOpPKH ObLIM
B3ATHI JaHHBIE CO CTAllMOHAPHBIX MOCTOB HAOMIOACHUS 32
3arpsisHeHueM atmocgepsl Cpennecubupckoro YIMC.
Pacnipenenenne ux Ha TEPPUTOPUH TOpOJIa PaccMaTpUBa-
jock B paborax [3; 4] u npexncraieno Ha puc. 2. Hud-
paMu yKa3aHbI MTOPSIKOBBIE HOMEPA ITOCTOB HAOJIOICHHS
corjlacHO IUIaHy ropogja. [ljisi MoaenupoBaHusi copepiKa-
HUS mpuMeced B aTtMocdepHOM BO3Iyxe Tropopa ObuI
HCIIOJIb30BAH HEMapaMEeTPUUYECKUNH METOJ SAEpPHOM arl-
MMPOKCHUMAIUH.
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Puc. 2. PacnionoxeHre OCHOBHBIX ITOCTOB HAOMIOZCHUS 3a 3arpsI3HCHUEM
atMocdepsl B ropone KpacHosipcke

Fig. 2. Arrangement of the main posts of observation in Krasnoyarsk
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Puc. 3. PacnosioxeHue JIONOIHUTENbHBIX TOCTOB HAOIIOICHUS
3a 3arpsi3sHeHueM atMocdepsl B ropoae KpacHosipcke

Fig. 3. Arrangement of additional posts of observation in Krasnoyarsk

IlpeanoxkeHHbId MeTOA MOAEJIMPOBAHHUS IKOJIOTH-
YecKoil 00cTaHOBKH. B 0CHOBY npeyio)KeHHO# B paboTe
MOJIENIM TIOJIOKEH METOJ] HermapaMeTpUYecKOH OIeHKH
¢ynkun perpeccur. llpemioskeHHass MOJEINb JIOTIOTHH-
TEJIHO YYWTBIBAET IUIOTHOCTH 3aCTPOWKH Topoja, Ui
OTIpeNeIeHHs] KOTOPOIl HCIIONIB30BANCH CITyTHHKOBBIC
CHUMKH ¥ alTOPUTM BEIIENCHUS TpaHEeW, W BKIIIOYACT
B ce0sI 1B COCTABJIAIOIINE: MOJIEIB, TIOCTPOSHHYIO Ha OCHO-
BaHUH JAHHBIX OCHOBHBIX CTaIlMOHAPHBIX IIOCTOB HAOIIIO-
JICHHS 3a 3arpssHeHreM atmocdepsl [3—6], U MOzeib,
ITOCTPOEHHYIO Ha OCHOBAHWHU NAHHBIX C CEMH JIOTIOJIHU-
TCJbHBIX AaBTOMATU3UPOBAHHBIX IIOCTOB peFHOHaﬂbHOﬂ
HaOJI0aTeNIbHOM CeTH TOACUCTEMBI MOHUTOPWHIra 3a-
rpsizaenus atMmocdepHoro Bo3ayxa KI'BY «llentp peanu-
3alM MEPONPHSITHI 1O MPHUPOIOTIONL30BAHHUIO U OXpaHe
oKpyxatonieii cpeabl KpacHosipckoro kpas», pacrpene-
JICHHE KOTOPBIX II0 TEPPUTOPHUU TOPOAA IPEICTABIECHO
Ha puc. 3. [locie pa3pabOTKH ATHX COCTABISIONINX OHHU
ObUT OOBEICHH B €IUHYIO MOJENBb PaCIpOCTPAaHCHHS
npumeceii B atMoc()epHOM BO3ZyXe.

MO)ICJ'H), OCHOBAaHHAasA Ha OAaHHBIX OCHOBHBIX CTAIlMO-
HapHBIX 1OCTOB HaOmoeHus [3—6], uMeer clienyroumn
BHII:

st
Xor1 =

S —
z X0, Uy — Uy,
i=1 2
X

sl
3 Upop — Uy
20
i=1 ¢

s1

Oy 115ty 541 %

t

s+1

Cs3

z

_t[

o, Uyt Uy, ®,
CSZ

» (4)

Uy —Uy; t

s+l

@, @,

52 Cs3

TZie U ; — IOATOTa TOYKH U3MEPEHUS; Uy; — UIMUPOTA TOUKU
U3MEpEHus; §; — BpeMs u3MepeHus; i =1,5 — HOMep H3-
MEpEHHs; § — BeJIMUUHA BBIOOPKU; O(U) 541, Uz si1) — TIIOT-
HOCTb 3aCTPOMKH B NPOTHO3MPYEMOH Touke (Oe3paszmep-
HBII TTapaMeTp, 337aBaeMblii HCCIlleoBaTeNIeM, HAUNHACT-
csi ¢ 1); @, — rayccosa sinepHas pyHkuust; O, — Tpeyroib-
Has sepHas QyHKIHUS:
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d)l(u)=\/;_nexp(—u2/2); 5)
@, (u)= 1—|u|, ecIn |u|£1, (6)

0, ecou |u| >1.

Uto0BI MpH MOCTPOSHHUH IPOTHO3a B JIFOOOH TOYKE
HCIOJIb30BAJIMCh JaHHBIC CO BCEX IMOCTOB HAOJIIOJCHHS
(Tak Kak 4McIO HAOMIOICHWI B €IMHUIYy BPEMECHU HEBe-
JIMKO), B KQUECTBE SIIEPHON (PYHKIIUH JUIS IMUPOTHI U 101
rOTHl M3MEPEeHHs ObLa MCIOJIb30BaHA T'ayccoBa siepHas
(dhyHKLMSL, TaK KaK AaHHas QyHKuus He oOpamiaercst B 0.

Taxoke ObLIM YYTCHBI HATIPABICHUE U CKOPOCTh BETPA.
W3mensist k03(GGUIMEHTHl Pa3MBITOCTU SIACP Cg1 U Cy,
MOYHO MEHATh (POPMY «KOJIOKOJIa», MO/ KOTOPbIH OyIyT
MoTagaTh TOYKH UL OCTPOCHUS Mozen [ 1—6; 9].

Mogenb, OCHOBaHHAs HA JAHHBIX JIOMOJHUTEIBHBIX
MOCTOB HAOJIOICHHSI, UMEET CIICIYIOLINI BU:

din _
Xeo1 = 8(pl,s+l’b2,s+l) X
m
ding | Prsri — Duy by —by; Lon — 4
zxi @, o, @, (7)
= sl Cos Cs
b
m
Pisa— Py b2,s+1 B bZ,i ts+1 - ti
o, o, o,
i=1 2 €2 Cs3

T1€ p;; — JOAT0Ta TOUKH U3MEpPEeHust; by ; — MIUPOTa TOUKU

HU3MEPCHUS, ti — BpEMs HU3MEPCHUS, i:l,S — HOMEp
MU3MEpEHNUs; /M — BEIHMYUHA BBIOOPKH; O(D1411, Dasi1) —
IUIOTHOCTh 3aCTPOWKH B TPOTHO3HpPYEeMOW Touke (0Oe3-
pa3sMepHBIA MapaMeTp, 3aJaBacMbIil KCCIICIOBATEIIEM,
HayuHaercs ¢ 1).

B oOyuaroniyro BBEIOOPKY BBIIIEPACCMOTPEHHBIX MO-
Jesield BXOJAT TOJBKO T€ JIAHHBIC C MOCTOB HAOIIOCHUS
3a 3arpsi3HEHHEM aTMOC(Epbl, KOTOpPBIe OBUIH MOJIYYEeHBI
B TOM JX€ Mecsle, B KOTOPOM HEOOXOIUMO CIeNaTh
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MPOTHO3, YTOOBI OTCICIUTH Pa3HUILY MEXAY BPEeMECHAMHU
roja.

OObeauHss MOJEIN, OCHOBAHHBIC HA JTaHHBIX OCHOB-
HBIX CTallMOHAPHBIX (4) W JAOMOJHHUTENBHBIX (7) MOCTOB
HaOmofeHuil, OblIa IMOJlydeHAa HWTOroBas MOJENb JUIs
OLICHKH KOJIOTHYECKOH cuTyaruu B ropone Kpacnosipeke:

S m di
DXy + ) xay,
i=1

st __ i=1
Xor1 = 8(ul,m ’u2,s+l) p . > ()
st,. + ) dv,
i=1 i=1
riue
Piga— Py b2,s+l _b2,i Ly~
dv, =, D, D, , (9)
sl CSZ Cs3
U, o —U, Uy o —U, . t. —t
1,s+1 1, 2,5+1 2,
sy, =@, | —= L, | =2 S, L (10)
csl cs2 cs3

PesyabTaTel MoneaupoBanusi. C MOMOIIBIO TPE-
JIO’)KEHHON MOjieIM ObUTH BBIMIOJIHEHBI CIICHAPHBIC pacye-
THI COACPIKaHUS PA3IUYHBIX MPUMECEH B aTMOC(HEpPHOM
Bo3nyxe ropoja Kpacunosipcka. Ha puc. 4-6 npencrasie-

Tt
g

HBI PE3yJIbTaThl MOJICIMPOBAHHMS MO JHOKCHIY a30Ta, ITbI-
7 ¥ opmarbIerumy.

Pacnpenenenne xonnentpauuii NO, B KpacHospcke
Mo pe3yilbTaTaM MaTeMaTHYeCKOr0 MOJEIHPOBAHMUS
npeactasneHo Ha puc. 4. CorimacHO BBINOJTHEHHBIM
pacdyeraM HauOOJNBIINE YPOBHHU 3arpsi3HEHUs! HaOirona-
forcst B LlenTpamsHoM m CoBETCKOM paloHax Topoja,
4TO OOBSICHACTCS HAWOOJBIICH MJIOTHOCTHIO aBTOTPAHC-
MOPTHBIX TOTOKOB. TEMHBIM IIBETOM OTOOpa)keHa o00-
JacTh ¢ HauOOJbLIeH KOHIEHTpalMeil ITUOKCHIa a30Ta
Croy > 0,053mr/M°, CEphIM [BETOM — 00JIACTh C KOHIICH-
Tpamueit Cno, > 0,046 MI/M’, TIPEIeTbHO JOMyCTHMAS
CpeJHECYTOYHasl KOHIEHTpalusi MO JHOKCHIY a3oTa
cocTaBisieT Cpec= 0,04 Mr/M.

Pacnpenenenue xoHueHTpanuii neun B ropoae Kpac-
HOSIPCKE TI0 pPe3yiabTaTaM MaTeMaTHYECKOTO MOJEIUPO-
BaHMs ITIPEJCTaBIEeHO Ha puc. 5. [IpeBblleHne yCTaHOB-
JICHHOTO HOPMaTHBa OOBACHIETCS BOZHUKAIONIMM Haj
TOpOJIOM KYIOJIOM TeIlia, KOTOPBIH CIIOCOOCTBYET yJaB-
JIMBAaHUIO Pa3JINUHBIX 3arpsi3HUTENCH, 0COOEHHO HEOOIb-
MIUX TBEPIbIX YACTHUL, HauOOJbIINE 3HAYCHUS KOHLICH-
Tpauuii Habmopatotcs B JKenesHomopoxHom u lLlen-
TpaJIbHOM paiioHax.

]

eEEHE T R =5

Puc. 4. Ilpoctpanctennoe pacnpenenenue NO, B ropoae KpacHosipcke 18.03.2014 r.
(pacueTHbIe IaHHBIC)

Fig. 4. Distribution of NO, in Krasnoyarsk, 18.03.2014 (mathematical model)

Ll
REE L

Puc. 5. [IpoctpancTBeHHOE pacmpeaencHue meutn B ropoae KpacHosipcke 15.02.2014 r.
(pacueTHBIC TaHHEIE)

Fig. 5. Distribution of dust in Krasnoyarsk, 15.02.2014 (mathematical model)
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FT IR

L2 & L & - N - =

Puc. 6. [IpoctpancTBeHHOE pacnpeaenenue hopmanbaeruaa B ropoae KpacHosipeke 19.06.2014 r.
(pacueTHBIC TaHHEIE)

Fig. 6. Distribution of formaldehyde in Krasnoyarsk, 19.06.2014 (mathematical model)

TEéMHBIM 11BeTOM 0TOOpa)keHa 00JIacTh ¢ HauOOJbIIEH
koHueHTpanuen nbun Cpyy > 0,38 Mr/m® , CEPBIM 1IBETOM
oroOpakeHa 00JacTh CO CcpelHedl KOHIEHTparuen
0,38Mr/M3 > Corpom > 0,28 MF/M3, MpEeAETbHO JOMYCTHUMAst
CpeIHEeCyTOYHAas] KOHIICHTPAIMS 110 B3BEUICHHBIM BETIlC-
cTBaM coCTaBIACT Cppee = 0,15Mr/M3.

Pacnipenenenne koHIEHTpaIwii (hopMapIeriuia B ro-
pone KpacHosipcke 1o pe3yjibTaTaM MaTeMaTHYeCKOTO
MOJICITMPOBAHUS MPEACTABICHO Ha pucC. 0.

®DopMHPOBaHUE BBHICOKHX KOHIICHTPAIMH (hopMaltbie-
runa B atMocdepe MpPOUCXOJUT B OCHOBHOM BCIICICTBUE
MPOTEKAHHS OKUCIUTEIbHO-BOCCTAHOBUTEIIBHBIX PEAKIUI
C y4acTHEM METaHa, IPOIYKTOB HPUPOIHOTO TOILIHBA,
OKCHUOB a30Ta. IIpu 3TOM, YeM BBbIIIE TEMIIEpaTypa BO3-
Jyxa, TeM WHTCHCHUBHEE MPOTEKAIOT PEaKIUU U BBIIIC
KOHIIeHTpanus dopmainbaeruna. Ha puc. 6 TeMHBIM IBe-
TOM 0TOOpakeHa 007acTh ¢ KOHIEHTpAIel GpopMalbie-
ruga Cyopy > 0,062 MF/M3, CephIM I[BETOM — O0JIacTh
¢ xonuentpamuedl Cpopy > 0,052 MF/M3, npeAeIbHO
JIOMYCTHMasl CpeIHEeCyTOYHas KOHIeHTpauus 1o ¢op-
Manbaeruay coctaBisieT Cpyec = 0,01 MI/M>, T. €. HaOmo-
JlaeTcsl 3HAYHUTENbHOE IPEBBIIICHUE YCTAaHOBJIECHHOTO
HOpMAaTHBa MPAKTUYECKH BO BCcex paifoHax ropona. Hau-
0osiee BBICOKHE KOHIICHTPAI[MHM BEIIECTBA HAOJIIOJAIOTCS
B YacChl MUK WIK B YCIOBHSIX (POTOXUMHYCCKOTO CMOTa.

JI1st OIIEHKU TOYHOCTH MOJIETH HCIIOJIb30BAJICS METO
CKOJIB3SIIIETO DK3aMeHa, NMPH KOTOPOM IOCIEIOBATEIEHO
KaXaas i-1 TOYKa WCXOMHOW O0ydJaromeil BRIOOPKH TpH-
HUMAETCS B KA4eCTBE KOHTPOJILHOW CHUTYalluu C TOCIe-
JYIOIIMM HCKIIOYeHHEeM e€ U3 mpoliecca 00y4eHHs, U 0
OCTaBILEHCS YaCTH CTPOUTCS JIEPEBO, C TOMOIIBIO KOTO-
pOTO M OCYIIECTBISIETCS] MPOTHO3UPOBaHUE. Pe3ynbTarsl
pacyeToB COTJIACYIOTCS C JIAHHBIMU HaTYPHBIX HaOJOJIe-
HUH, T. €. pa3paboTaHHas MOJIENIb B 00IIEH Mepe oTpaka-
€T DKOJIOTHUYCCKYIO CUTYyaluto B ropoae. [1o pesynbratam
MPOBEPKH BBIIICONMCAHHBIM METOJOM HCIOJIb30BaHUE
mapaMeTpa IUIOTHOCTH 3aCTPOHKH yIYYIIWIO KadecTBO
roctpoeHHoi moaenu Ha 10-15 %.

Jus oneHkn 3(h(HEKTUBHOCTH alTOpPUTMa MOJCITUPO-
BaHMsI UCIOIH30BAIOCH 3HAUEHUE OIMMOKHA MOJIENH, KOTO-
PO€ paccuuThHIBANIACK TI0 CIACAYIOIIEMY aJrOPUTMY:

— MOCTPOEHHAs] MOJIETIb SKOJIIOTHYECKOI 0OCTAHOBKH C
HCIIOJIb30BAHUEM JaHHBIX BCEX MOCTOB HAOMIOACHUS (KaK
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OCHOBHBIX, TaK W JOIOJIHUTENIFHBIX) NPHHUMAETCS 32
UCTHUHY;

— T0OYepeTHO HMCKII0YAeTCs] M3 MOJENIU TI0 OZHOMY
CTAalMOHAPHOMY OCHOBHOMY IIOCTY W PaCCUUTHIBACTCH,
HAaCKOJIKO MOJIETIb CTaja Ipyoee;

— YCPEOHSIOTCA MOJTYyYEHHBIE PE3yNbTaThl CHUKEHHS
TOYHOCTH MOJIEJIH.

VY CcoBepIIEHCTBOBAaHUE MOJEIU C IOMOIIbIO yuéTa
JAHHBIX C CEMH JONOJHUTENbHBIX aBTOMAaTU3UPOBAHHBIX
IIOCTOB PETHOHAJBHON HAOMIOAATETIbHOM CETH MOHHTO-
puHra 3arpsisenust armocgepHoro Boznyxa KI'BY «llentp
peanu3anuy MEpONpUSITHH 0 MPUPOJOINOIb30BaHUI0 H
oxpaHe OKpykarolei cpeasl KpacHospckoro kpash» mo-
3BOJIMJIO YIIYHYIIHTh Ka4eCTBO IMporHo3a Ha 20-23 %.

3akarouenue. Hacrosimee ucciieioBaHue OTKPHIBAET
MEepCIEeKTUBY (OPMYJIMPOBKM M PELICHHUS Pa3IHYHBIX
3aJa4, MMEIOIINX HETOCPEICTBEHHOE OTHOIICHNE K 3KO-
nornu ropona. OdeBnaHa HEOOXOAMMOCTD NABHEHIIIETO
pasBUTHS JaHHOTO HampasieHus. HecmoTpst Ha oueBnu-
HbIE MPEUMYIIECTBA MEPEIBIKHBIX ITOCTOB HAOIIONEHMS
Hepes CTalliOHAPHBIMU, Ha JaHHBIH MOMEHT HE CYILECT-
BYET €IMHOro crocoba MOCTPOCHUsI UX MapipyToB. [la-
Jee aBTOpaMM IUIAHUpYeTCsl pa3paboTka MapUIpyTOB
JIBIDKEHUS TIEPEABIKHBIX MTOCTOB HAaOIIIOAEHHS, 4TO Oy-
JIET CIIOCOOCTBOBATh COKPAICHHUIO BPEMEHH Ha IPHHSATHE
yIpaBiIeHYECKUX PEUIeHHH B 00J1acTn 00ecIeyeHns Kade-
CTBA 9KOJIOTHYECKUX CHUCTEM M, KaK CJIEJCTBHE, COKpaIle-
HUIO YPOBHS 3arpsi3HEHHUsI aTMOC(EPHOTO BO3IyXa B TO-
poxze.

BaaronapHocTu. lccrenoBaHue BBIIONHEHO NPH
¢unancoBoit moanepxxke Poccuiickoro ¢onna dynna-
MEHTaJbHBIX uccaenoBanuii, [IpaButensctBa KpacHo-
sapckoro Kpasi, KpacHosipckoro kpaeBoro (oHxa HayKu
B pamkax Hay4gHoro mpoekra Ne 18-47-240006 «Meto-
I6l M MH(OPMAIMOHHBIE TEXHOJOTMH OLEHKH PHCKOB
PasBUTHS  COLMAIBHO-IPUPOAHO-TEXHOTCHHBIX ~ CHCTEM
MIPOMBIIIJICHHOTO PETHOHAY.
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CobpaHbl U NPOAHATU3UPOBAHBI OAHHLIE NO CIMOUMOCHIU B8MOPUUHO20 dcUlbsi 8 20pode Kpacuosapcke 3a 2017 e.
Konuuecmeo o6vexkmos — 1609 xkeapmup. Paccmompenvl koruuecmeenHble Xapakmepucmuku 0OHOKOMHAMHbIX — Ye-
MbIpeXKOMHAmMubIX Keapmup. Llenv pabomel — gvisigums hakmopul, OKA3bl6aOWUe CYyWeCmeeHHoe GIusHue Ha Gopmu-
POBaHUe YeHbl Keapmupbl, U NOCMPOUMb 3A8UCUMOCHb CHIOUMOCIU KEAPMUPbL 0m smux gaxmopos. Mamemamuye-
cKuti annapam 0Jisl AHAIU3A PACCMAMPUBAEMBIX 3AGUCUMOCTIEN — KOPPENSYUOHHO-PE2PeCCUORHbI ananu3. M3-3a 3na-
YUMO20 pazdpoca OAHHbIX IMOM MACCUB pA3OUM NO SPYNNAM KEAPMUP ¢ PA3HbIM KOIUYecmeom komuam. Pesynomamul
CMAamMuUCmMu4ecko20 aHAIU3a NOIYYEHHbIX COBOKYNHOCMEN NPe0CmasiieHvl 6 eude sucmozpamm vyacmom. Ilpoananuzu-
POBAHbL NOKA3AMENY, GIUAIOWUE HA CMOUMOCMb Keapmupbel. I[IoKazano, Ymo cyuwjecmeeHHbIMU SBIAIOMCS MONbKO
4 ¢axmopa: smadic, niowaov 06was, NAOWAOL JHCUNAS U NIOWAOL KYXHU. Bwluucnenue nposoounoce ¢ nomoupro
Excel. [{ns kaswcooil evibopku 6vinu paccuumansl OCHOGHble cmamucmudeckue xapakmepucmuxu. Ha ux ocrnoge 6viiu
cOenanvl cmamucmuyeckue 6blgo0bl 0 Xapakmepe pacnpeoeieHust cosokynnocmeu. Ilokazano, 4mo 0 COB0KYNHO-
cmeti 0OHOKOMHAMHbBIX, O8YXKOMHAMHBIX U MPEXKOMHAMHBIX KEAPMUP MEOUAHA HEe3HAYUMETbHO MeHblUle CPeOHe20
3HAYEHUs1 BbLOOPKU, MOOA HEMHO20 MeHblULe MeOUAHbL, OMCYMCmEyem ONUHHbLIL X60cm pacnpedenetus. [losmomy cpeo-
Hee 3HAueHue ompadcaem «yeHmpanibHoe 3Havenuey. Kpusas pacnpedenenust umeem 6oiee 8blCOKYIO U 0OCmMpPYIO 8ep-
WUHY NO CPABHEHUIO C HOPMAIbHbIM pacnpedeieuem. [l 0OHOKOMHAMHBIX U O8YXKOMHAMHBIX KEAPMUP OMmjuyue
cpeoueti CmouMoCmu 00HO20 K8AOPAMHO20 Mempa He AGIAeMcs Cmamucmuyecku snavumvim. [loosmomy 6 epynnax
O00HO- U OBYXKOMHAMHBIX KEAPMUP CpeOHue yervl 00H020 K8AOPAMHO20 Mempa npumepHo pashvl. Taxoi dce s¢hgexm —
071 Napvl MPEXKOMHAMHBIX U HeMbIPEXKOMHAMHBIX Keapmup. B ocmanbubix napax paziudus cmamucmudecku 3Ha4u-
mbl. [Iposedennviii ananus noxasvieaem, ymo Hauboiee Yacmo GblCMAasisiembie Ha NPOOAdICy K8Apmupsl UMem Cmou-
Mocmb, 67u3KyI0 K cpeonell. Ilpu pazbuenuu cOBOKYNHOCMU KEAPMUP HA 2PYNNbL O YUCTY KOMHAM NOIYYAIOMCS
8bI00PKU, IMAUPULECKUE PACHPeOeNeHUs KOMOPLIX ONU3KU K HOPMATbHBIM, U, COOMBEMCMBEHHO, NOCMPOEHIUe pepec-
CUOHHBIX MoOenell 0l MAaKux cosoKynHocmetl 060ochosanto. Ilposedennoe uccaiedoganue noOmeepiIcoaem GblCoKoe
GIUSIHUE HA YEeHY KEapmupbl, npediazaeMoll K npooasice, oouell niowaou u yMepenHoe GIusHue OCMaibHblX Gakmo-
pos. [locmpoennvle MoOenu adekeammo Onuchl8arOm OnbinHble OaHHbLe.

Kniouesvie cnosa: cmoumocms scunvs, MHK, nunetinas pecpeccuoHHas MHO20(aAKmMopHAs Mooenb.
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In this article the authors collected and analyzed data on the cost of second housing in the city of Krasnoyarsk in
2017. The number of the objects for analysis accounted for 1609 apartments. The authors considered the quantitative
characteristics of one-room, two-room, three-room and four-room apartments. The purpose of the work is to identify
the factors that have a significant impact on the formation of the price of the apartment, and build a dependence of the
cost of the apartment on these factors. The mathematical apparatus for the analysis of the considered dependences
is correlation and regression analysis. Because of the significant spread of data, this array is divided into groups
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of apartments with different number of rooms. The results of statistical analysis of the obtained sets are presented in the
form of frequency histograms. The indicators that affect the cost of the apartment are analyzed. It is shown that only
4 factors are essential: a floor, a total area, a living room and a kitchen. The calculation was performed using
MS Excel. The main statistical characteristics for each sample were calculated in the article. On the basis of these
characteristics statistical conclusions about the nature of the distribution of populations were made. The authors
showed that the median for one -, two-and three-room apartment complexes is slightly less than the average value of
the sample, the fashion is slightly less than the median, and there is no long tail of the distribution. And the average
value reflects the “Central value”. The distribution curve has a higher and sharper vertex than the normal distribution.
For one-room and two-room apartments the difference between the average costs of one square meter is not statisti-
cally significant. Therefore, in groups of one-and two-bedroom apartments average prices per square meter are ap-
proximately equal. The same effect is for a pair of two-bedroom and four-bedroom apartments. In other pairs differ-
ences are statistically significant. The analysis shows that the most frequently offered for sale apartments have a cost
close to the average. When dividing a set of apartments into groups by the number of rooms, samples are obtained, the
empirical distributions of which are close to normal and, accordingly, the construction of regression models for such
sets is justified. The study confirms the high impact on the price of the apartment offered for sale, the total area and the
moderate influence of other factors. The constructed models adequately describe the experimental data.

Keywords: housing cost, LSM, linear regression multifactor model.

Beenenne. IlpenmeToM uCCiIeNOBaHUM BBICTYNAIOT
CTOMMOCTh KBapTHp, mpoaasaBmmuxcsi B 2017 romy
B ropoae KpacHosipcke, u (akTopbl, BIHUSIONNE HA €e
(dopmupoBanue. BbuTH NPUHATHI K PACCMOTPEHUIO KOJIH-
YECTBEHHBIE XAPAKTEPUCTUKM OJHOKOMHATHBIX, JIBYX-
KOMHATHBIX, TPEXKOMHATHBIX ¥ YETBIPEXKOMHATHBIX
KBapTHP.

Hens pa®oTel — BHISABUTH (DAKTOPHI, OKA3bIBAOIINE
CyIECTBEHHOE BIUsSHUE Ha ()OPMUPOBAHUE [ICHBI KBap-
THPBI, U TOCTPOUTH 3aBUCUMOCTb CTOUMOCTH KBapTUPBI
or otuX (akropoB. B KauecTBe MaTeMaTH4ECKOTO
anmapaTta IJs aHaJIu3a PacCMaTPUBAEMbIX 3aBHCHMO-
creil ObuUl BBIOpaH KOPPEJISAIIMOHHO-PErPECCHOHHBIN
aHaJIn3.

IMocranoBka 3axaum. /s ananm3a ObUTK B3ATHI JaH-
Hble M3 0a3bl JaHHBIX 32 2017 O CTOMMOCTH KBapTUp
B ropone Kpacuosipcke [1]. KonuuectBo HabmoaeHuit —
1609. Dra paboTa NMpOAODKAET CEPUI0 CTaTel aBTOPOB
[2-15] u TecHO cBs3aHHBIC C HAUMH TEMAaTHKOH pabOTHI
JpPyTUX aBTOpOB. M3-3a 3HauMmMoro pasdpoca IaHHBIX
3TOT MacCHUB IIeTIeCO00Pa3HO U3Y9aTh HE B COBOKYITHOCTH,
a TI0 TPYyTIaM KBAapTHP C Pa3HBIM KOJIMYECTBOM KOMHAT.
Jns mpoBeneHUS aHANM3a W TONYyYeHHUS HEOOXOIUMBIX
3aBUCHMOCTEH OBbUIM PaCCMOTPEHBI COBOKYITHOCTH OJIHO-
KOMHATHBIX, IBYXKOMHATHBIX, TPEXKOMHATHBIX M YETHI-
PEXKOMHATHBIX KBapTHpP. Pe3ynapTaTel CTaTHCTUYECKOTO
aHaJlM3a IIOJIyUYEHHBIX COBOKYITHOCTEH IpeACTaBIEHBI
B BHJIC THCTOTPaMMHU MOJIMTOHOB 4acToT (puc. 1-7).
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Fig. 1. Distribution of one-room apartments by price
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Fig. 2. Comparison of the empirical distribution of the price
of one-room apartments with a theoretical (normal) distribution
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Puc. 3. Pacripenenenue IByXKOMHATHBIX KBapTUP IO IIEHE

Fig. 3. Distribution of two-room apartments by price
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Fig. 4. Comparison of the empirical distribution of the price of two-room
apartments with a theoretical (normal) distribution
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Puc. 5. Pacripenenenne TpeXKOMHATHBIX KBapTUP IO LIEHE

Fig. 5. Distribution of three-room apartments by price
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Fig. 6. Comparison of the empirical distribution of the price of three-room
apartments with the theoretical (normal) distribution

I
w
|

Py
=]
|

371 Moja 3760,8
1

o [ae w w
o 9] o u
L L L

Konuuectso KeapTup

[y
9]

10

2194,6 3643,9 5093,2

LieHa KBapTUpbl, Thic.pyb.

meauada 4419,7

cpegHee 5692,5

18

6542,5 7991,8 94411 10890,4

Puc. 7. Pacnpenenenue 4eTbIpeXKOMHATHBIX KBApTUP IO LIEHE

Fig. 7. Distribution of four-room apartments by price

@aKTopbl, BJIMAIONIME HA CTOUMOCTH KBapTHP.
CTOMMOCTh KBapTHUPHI 3aBUCHUT OT OOJIBIIOTO yucia (ak-
TOPOB M UMEET CTOXACTHUCCKUI XapakTep, 9To 00yCIOB-
JIMBAETCsl JKOHOMUYECKON 00CTaHOBKOM B 1iesioM. OLeHkKa
KBapTHP JOJDKHA OCHOBBIBATHCS HA aHAIHM3E HECKOJBKUX
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ux xapakrepuctuk. [Ipu ydere Gonblioro 4ucnia rnokasa-
TeJiell KBapTHp 3ajada sIBISIETCS JOCTATOYHO OOMIMPHON
n Tpynoemkoil. Hamboiee BakHBIMH IpEICTaBIISIOTCS
KOJINYECTBEHHBIE JAHHBIE, O3BOJISAIOIINE MATEMaTHYECKH
BBIABUTb 3aBUCHMOCTb. X W OyzeM paccMmaTpuBaThb.



Cubupckuil scypHan Hayku u mexvoaoeui. Tom 19, Ne 4

B nanHOW craTtbe NpoaHAIM3UPOBAHBI KOJMYECTBEHHBIC
MOKa3aTely, BIMAIOMNE Ha (OPMUPOBAaHUE CTOMMOCTH
KBapTHUPHL. YUTEHBI YeThIpe (pakTopa: dTaxK, oOIIas IuIo-
ajpb, TIIOMAAb KWIas, IUIOMaas KyxHu. IIpuMenseMbrit
9KOHOMETPHUYECKHH alapar MO3BOJSIET MMOIy4aTh CTATH-
CTUYECKHE 3aKOHOMEPHOCTH AJsI aHaIW3a 3aBHCHUMOCTHU
MEXIy MPU3HAKaMU U CTOMMOCTBIO KBapTHpPHI. Brruncie-
HHE MPOBOIMIOCH C IIOMOILIBIO TaGJIIMYHOTO IpoLeccopa
Excel.

Jnst kakioi BBIOOPKK OBIIIM PaccCYMTaHbl OCHOBHBIE
cTaTHCTHUYeCKHe XapakTepucTuku (tadm. 1). Ha ux ocHo-
Be OBUIM CZEeaHbl CTATHCTHYECKUE BBIBOJBI O XapaKkTepe
pacripeziesieHusi COBOKyIHOcTe. B Xone mnccnenoBaHus
BO3HMKJIA HEOOXOANMOCTH Pa3ONUTh COBOKYITHOCTH KBap-
THP ¢ 4 KOMHaTaMH Ha JIB€ [0 CTOMMOCTH: MEHee 8 MHII-
JMOHOB pyOIeit u 6omee (cM. puc. 7).

[Ipoananm3upyeM MNONTyYCHHBIE CTATHCTHYECKHE Xa-
pakTepucTUKU. JlJIi COBOKYIIHOCTEH OJHOKOMHATHBIX,
JBYXKOMHATHBIX M TPEXKOMHATHBIX KBAapTHP MeAuaHa
HE3HAYUTENIPHO MEHBIIE CPEIHET0 3HA4YEHHsS BHIOOPKH,
MOJJa HEMHOI'0O MEHbIIC ME€AHAaHbl, OTCYTCTBYCT JIHI/IHHbIﬁ
XBOCT pacnpezeneHus. [loatoMy cpenHee 3HaueHUE OT-
pakaeT «UeHTpalbHOe 3HadeHue». KpuBas pacmpenene-
HUSI UMeeT 0oJiee BHICOKYIO M OCTPYIO BEPLIMHY I10 CpPaB-
HEHHIO C HOPMalbHBIM pacnpeneneHneM. Ha rpaduke
YacTOT BUJIHO, YTO HE3HAYMTENIbHAs aCUMMETPHs — Ipa-
BOCTOPOHHSISI, KO3(PPHUINEHTEI aCHMMETPHH — IIOJIOKH-
TENbHbIE. DMIIMPUIECKUE pacHpeeneHus OIM3KH K HOp-
MaJbHOMY (cM. pHc. 2, 4 u 6).

Perpeccuonnniii anaim3. beul npoBeneH perpeccu-
OHHBIM aHaNW3 IS KaXaoil BbIOOpKH. VIHCTpyMeHT aHa-
mi3a «Perpeccus» mpumeHsieTcst i mogdopa mapamer-
POB YpaBHEHHSI PETrpecCHd C IOMOILIBIO METOJa Hau-
MEHBIIMX KBaJpaToB. Perpeccust ucnonb3yercs: st aHa-
nM3a BO3JACHCTBHA HA OTAEJIBHYIO 3aBUCHMYIO IIEpEMEH-
HYI0 3HA4CHUH OJHOM MM HECKOJbKHX HE3aBHCHUMBIX
MEPEMEHHBIX.

Jnsa xaxnoi COBOKYMHOCTH ITOCTPOEHBI YpaBHEHMS
perpeccun. Jlng aHamu3a oOlIero KadecTBa ypaBHEHHSA
JIMHEIHOW MHOTO(aKTOPHON perpeccuu ObUI HCIIOJIB30-
BaH MHOJKECTBEHHBII KOY()(UIMEHT NeTepMMHAIMH R,
MHoXecTBEHHBIH K03()(DUIMEHT NeTepMUHAIIMH OIIpeie-
JSIeT JI0NII0 BapHallMM Pe3yJbTaTHBHOTO IPH3HAKa, 00Y-
CJIOBJICHHYIO HM3MEHEHHEM (aKTOPHBIX NPHU3HAKOB, BXO-
JEIIUX B MHOTO(AKTOPHYIO PErpecCHOHHYIO MOJIETb.
KauecTBO mocTpoeHHOM PErpecCMOHHON MOJENN BbIpa-
KACTCA CTENEHBIO COOTBETCTBUSI MEXIY HCXOJHBIMU
JAHHBIMH U TEOPETHUECKUMH 3HAUCHHUAMH.

Hapsiny ¢ npoBepkoii 3HaUMMOCTH ypaBHEHUI perpec-
CHUH B II€JIOM, IIPOBEpEHa CTATHUCTUYECKas 3HAYMMOCTb
KaX/I0TO NapaMeTpa Ha ocHoBe f-Kkpurepus CThIOAEHTA.
Ecnu yacTh BEIMHMCIEHHBIX KOO(Q(HUIIMEHTOB PErpeccuy He
obnanana HeoOXOIMMOH CTENeHpI0 3HAYUMOCTH, T. €.
paccunTaHHBIE 3HAYEHUS {-CTATUCTHUK JAHHBIX KO3 u-
IIMEHTOB OBUTM MEHBIIE ITOPOrOBOTO 3HAYECHUS, TO TaKHe
NepeMeHHbIe OBUIM NCKIIIOYEHBI U3 YPaBHEHUS PErpeccun
U TIOCTPOEHO YKOpPOYEHHOE ypaBHEHHE. Bce mocTpoen-
HBIE YPaBHEHHUS 3aHECEHBI B Ta0II. 2.

Tabruya 1

OCHOBHBIE CTATHCTHYECKHE XapPpaKTEePUCTUKHA COBOKyl'[HOCTeﬁ

Uucno KoMHAT
ITokasarenn 1 3 4
Jlo 8 mutH py6. Cgeliiie 8 MJIH pyo0.
Cpenusist 1IeHa, ThIC. pyoO. 1818,4 2668,9 3910,9 4796,8 10107,2
MenuaHa, ThIC. py0. 1777,6 2516,9 3877,0 4300,5 9898,0
Moga, ThIC. pyO0. 1717,3 2374,0 3665,5 43429 9898,0
CraHIapTHOE OTKIOHEHHE, THIC. PYO. 4314 670,2 969.,9 1341,2 655,1
Okcuece 0,100 0,053 0,030 —0,590 3,143
Koaddurment acummerpun 0,613 0,774 0,562 0,577 2,059
Pa3zmax Bapuanuu, ThIC. pyo. 2192 3232 4893 6105 2020
MUHUMYM, THIC. py0. 970 1466 1895 1470 9595
Makcumyw, ThIC. pyO0. 3162 4698 6788 7575 11615
O0BbEM COBOKYITHOCTH 765 547 200 69 14
Tabauya 2

YpaBHeHuUSs perpeccHt, 0TPasKaloIKe 3aBUCHMOCTD LHeHbI KBAPTUPHI 0T (PaKTOPHBIX NPU3HAKOB

CoBOKYIHOCTB IMonHoe ypaBHeHHe (B cKOOKax yKa3aHbl HaOIIOAaeMble «YKOPOUYEHHOE» ypaBHEHHE
3HAYCHMUS {-CTATHCTHUK)
O/IHOKOMHATHbIE y=15,39-0,62x, +51,28x, — 7,36 x, — 3,30 x, y=37,10+49,67x, — 6,93 x,
(-0.33) (zo 29) (-2.69) (-0.97) (27 86) (-2.59)
= 0,506 = 0,506
JIByXKOMHAaTHbIE y=-446,00-1,08 x, +57,37x, — 1,58 x; + 0,65x, =-476,00+56,92x, +6,93x,
(—0 34) (22.56) (— 0 53) (1,99) (24.17) (1 97)
=0,524 =0,526
TpexkoMHaTHbIE y=-765,05-9,31x, + 57, 79x, +5,95x, +6,845x, y= —945, 45+63,39x,
(~1,46) (12,00) (1,46) (0,90) (22.33)
=0,716 =0,714
YeThIPEeXKOMHATHEIC y=-2570,25-26,28x, +95,55x, — 21,54 x, — 28,49 x, -
(-2.92) (17,37) (-3.39) (-3,75)
= 0,946
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Tabauya 3

Koppeasiuusi Me:kay neHoil KBapTupbl M GaKTOPHBIMHU NPU3HAKAMH

CoBOKYIHOCTh OOmmas rronanas KBapTupsl (X;) ITnomane xyxuu (Xy)
Koapdument TecHora cBsA3U Koapdumment TecHora cBs3U
KOppeJsIii KOppeJIsug
OHOKOMHATHbIE r_=0,709 CBs13b TeCHast r_=0,480 CBs13b yMepeHHast
yxa yxy

JIByXKOMHaTHbIE Py = 0,724 CBs13b TECHAs Py = 0,141 Cas13b citabast

TpexxkoMHaTHBIE r,, =0,846 CBs13b TecHas 7, =0,559 CBs3b yMepeHHas

YeTbIpeXKOMHATHEIE 7, =0,962 CBs3b 0O4EeHb TECHAS Ty = 0,230 Cas3b cnabast

Tabnuya 4

Cpe)mm{ LHEHA OJHOI'0 KBAIPATHOI'0 METPA KUJIbA

COBOKYIHOCTh Cpenusist 1ieHa, ThIC. pyoO. OOmias cpeaHss, ThIC. pyo.
OgHOKOMHATHBIE 47,48
JIByXKOMHAaTHbIE 48,41
49,04
TpexKOMHATHBIC 51,05 ’
YeThIpeXKOMHATHBIE 52,79

PerpeccruonHble ypaBHEHUSI BBIPaXarT 3aBUCUMOCTh
LEHbI KBapTUPBI — SHJIOTEHHOM TiepeMeHHoi (Y), oT dK30-
TCHHBIX TIEPEMECHHBIX: dTaxa (X)), oOIell romann Kpap-
TUPHI (X3), XKui10# ruromau (X;), momaan KyxHu (Xy).

Kak moka3piBacT aHamM3 IMOCTPOCHHBIX YPaBHEHUIA,
CYIIECTBEHHOE BJIHMSHHE Ha IEHY KBapTHPHI OKA3BIBAIOT
crenyromue (GakTopel: MEXAy IeHoi kBaptupsl (Y) m
oOmrelt mIonaae0 KBapTUPHI (X;) CBA3B TECHAs, pSIMast;
MeXIy ILeHON KBapTupbl (V) m miomansio KyxHH (Xi)
CBsI3b yMepeHHas, npsmas. [lapHbie k03(hdHULIMEHTHI TH-
HEHHOIN KOppensiluu MEXIy 3TUMHU MpU3HAKaAMU Ipea-
CTaBJICHBI B Ta0JI. 3.

J1st  kaXIol COBOKYIHOCTU KBAPTUP BbIYMCIWIN
CPEIHIOI0 CTOMMOCTh KB3JIPAaTHOTO METpa *KWilbs (Talm. 4).

C HOMOIIBIO /~KPUTEPUS ONPENENINIIN, YTO ISl OJHO-
KOMHATHBIX U JIByXKOMHATHBIX KBAapTHP OTJIMYHE CPE.I-
HEH CTOMMOCTH OJIHOTO KBaJpaTHOTO METpa >KWIbsS
HE SIBJACTCS CTATUCTHYSCKH 3HAYUMBIM C BEPOSTHOCTHIO
95 % (paBeHCTBO AWCIEpcUil He Tpennonaraercs). Takum
00pa3oM, MOKHO CUHTaTh, YTO B TPYIIAX OJHO- H ABYX-
KOMHATHBIX KBapTHP CPEIHHE [IEHBI OJHOTO KBAJAPATHOTO
MeTpa NpUMEpPHO paBHbL. Takoil ke 3pdexkr — mist
napbl TPEXKOMHATHBIX M YCTBIPEXKOMHATHBIX KBapTHUP.
B ocranpHBIX mapax: 2-KOMHAaTHbIE W 3-KOMHATHBIE,
2-KOMHATHbIC U 4-KOMHATHbIC, 1-KOMHATHBIE U 3-KOM-
HATHBIC, |-KOMHATHBIC U 4-KOMHATHBIC, Pa3JIn4Us CTaTH-
CTHYCCKH 3HAYMMEI.

3akiiouenme. [IpoBelneHHBI aHaNM3 MOKa3bIBAEeT,
YTO Ha IICHy KBapTHPY OKa3bIBaeT BIMSIHHE OOIBIIOE KO-
JTYECTBO (PaKTOPOB, TEM HE MEHee, HanboJiee 4acTo BbI-
CTaBIICHBI Ha MPOAAaXXy KBAPTHPBI CO CTOMMOCTBIO, OH3-
KOoH Kk cpenHei. [Ipu pa3OmeHUN COBOKYITHOCTH KBapTHP
Ha TPYIIIBI [0 YUCITY KOMHAT MOJIy4YatOTCsl BBIOOPKH, IM-
MMUPUYECKUE PACIpeNeieHUs] KOTOPBIX ONM3KH K HOp-
MaJIbHbIM, M, COOTBETCTBEHHO, IOCTPOCHUE YKOHOMETPH-
YECKUX PCTPECCUOHHBIX Mo,uenei& IJId TaKUX COBOKYITHO-
CTeil TeopeTruecku 000cHOBaHO. OCHOBHOE BIIUSHHE HA
[IEHy KBapTHPBl OKa3bIBaeT WX IUIOMAAb. Pe3ympTaThl
MIPOBEJICHHOT'O MCCIIEA0BAHUS MOTYT OBITh UCIIOJIb30BAHBI
JUTS aHATTU3a SIBIICHUS X COCTABIICHUS MTPOTHO30B.
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3ANOJTHEHUE MMPOITYCKOB BO BXO/JIHbBIX U BBIXOAHbBIX TAHHBIX
C IOMOIIBIO AJITOPUTMA HEMAPAMETPUUYECKOW UJEHTU®UKALIANA

I1. A. Ocumnos*, f. C. Ocurioa, A. B. Xopky, I1. E. Bnoesix, M. B. Bepxotyposa

Cubupckuii henepanbHblil yHUBEpCUTET, MHCTUTYT KOCMHUYECKUX U MHPOPMAIIMOHHBIX TEXHOJIOTHIA
Poccuiickas ®enepanus, 660074, r. Kpacnospck, yin. Axkanemuka Kupenckoro, 26
*E-mail: uoo-ikit@mail.ru

3aoaua uoenmugurxayuu cucmem, m. e. onpeoeieHue CMpyKmypvl U napamempos cucmem no HAOIOOEHUAM, A6/~
emcst O0HOT U3 OCHOBHBIX 3A0AY COBPEMEHHOU MeopUl U MeXHUKU agmoMamuyecko2o ynpasienus. Tounocms peuienus
3a0a4u UOeHMUDUKAYUU HARPIMYIO 3A6UCUN OM KAYeCmea UCXOOHbIX OaHubix (8blOopku Habmodenuil). Oonako
OaHHble MO2YIm COOepPICamb 6 cebe paziuynble HedOCMAMKU, 6 YACMHOCMU, NPONYCKU.

Ipobenvl (nponycku) 6 OAHHBIX BOZHUKAIOM BCLEOCMBUE MHOICECBA NPUYUH, MAKUX KAK HEB03MOICHOCHb HADIIO-
OeHust, omcymemeue Heobxooumvlx uncmpymenmos u m. n. Camolil npocmot Memoo pabomvl ¢ MAKUMU OAHHBIMU —
UCKIIOUeHUe uz mabauyvl nokazamens (cmoabey) unu obvekma (cmpoxu) ¢ npoderom. Ilpu bonvuom Koruvecmee npo-
NYCcKO8 8 OAHHBIX HMON NOOX00 NPUBOOUN K YMEHbUEHUIO MOYHOCIU MOOENU U3-3d COKpawjenust 00vema 6bl00pKU.
Basicno ommemums, 4umo 6 ORUCAHHOM CyHae CLOICHOCMb PeuleHUs: 3a0ayu UOeHMUGUKayuy Nosvlaemcs, 0COOeHHO
K020d NIOMHOCTbG NPONYCKOG BbICOKA, UX PACNOLONCEHUE HEPESYNAPHO, d OAHHBIX HEOOCMAMOUHO (KpaliHe Maio).

Lenvio pabomei asisemcs nosvluieHue MOYHOCU pPeuerus 3a0a4u uoeHmu@uKayuu OUCKpemHo-HenpepbleHbIX
MHO2OMEPHBIX NPOYECCO8 NO 8bIOOPKAM HADIIOOEHUT ¢ NPONYycKamu. /s 00cmudicerusi NOCMAGIeHHOU Yeau UCNOAb30-
8aANUCH MEMOObL MAMEMAMUYECKOU CIAMUCIMUKU, AHATU3A OAHHBLX, MAMEMAMUYECKO20 MOOETUPOBAHUSL.

Onucan anzopumm HenapamempuiecKoll OYeHKU KpUeol pecpeccu 8 OUCKPEeMHO-HEeNnPePbleHOM npoyecce 8 3a0aye
3aNONHEHUs NPONYCKO8 Mampuybl Habiodenull. Takoice Ha 0OCHOGe IMO20 ANCOPUMMA CIMPOUMCS MoOelb. Buliu npoge-
Oenbl 08a BbIUUCTUMENbHBIX dKcnepumenma. Ilepeoe ucciedoganue nposedeHo 8 YClo8UsiX HAIUUUsL NPONYCKOG 8 Gbl-
XOOHOU nepemMeHHOl Mampuybl HabI00eHul. Bmopoil skcnepumenm npoxooun npu HAIuyuu npooeios 80 8XOOHbIX
nepemennvix. Hccrneoosanusi nposoounucy npu paziudnslx obvemax gvibopxu. Ilo umoeam pabomwl anecopumma npu
PA3TULHBIX YCIIOBUSX NPUBEOEHbL HEKOMOPbIE 8bIBOObL.

Pesynomamer pabomuvl mozym 6vimb noNE3HbL NPU CO30AHUU CUCTEM YRPAGIEHUS MHO2OMEPHbLIMU OUCKDEMHO-
HenpepblBHbIMUL NPOYECCaMU.

Kniouegvie cnosa: nenapamempuueckas udeHmuurkayus, oyenka Kpugou pespecculs, Mooeauposanue, aHas oan-
HbIX, NPONYCKU 8 OAHHBIX.

FILLING THE GAPS IN THE INPUT AND OUTPUT DATA USING THE ALGORITHM
OF NONPARAMETRIC IDENTIFICATION

P. A. Osipov*, Y. S. Osipova, A. V. Khorkush, P. E. Vdovykh, M. V. Verkhoturova

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

The task of identifying systems, that is, determining the structure and parameters of systems from observations, is
one of the main tasks of a modern theory and technology of automatic control. The accuracy of solving the identifica-
tion problem directly depends on the quality of the initial data (sample of observations). However, the data may contain
various shortcomings, in particular, gaps.

Gaps in the data are due to a variety of reasons, such as inability to observe, lack of necessary tools, and so on.
The easiest method of working with such data is to exclude from the table an indicator (column) or an object (line)
with a space. With a large number of gaps in the data, this approach leads to a reduction in the accuracy of the model
due to a reduction in the sample size. It is important to note that in the described case the complexity of solving
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the identification problem increases, especially when the density of passes is high, their location is irregular, and the

data is insufficient (very little).

The aim of the paper is to improve the accuracy of solving the problem of identifying discrete-continuous multidi-
mensional processes from samples of observations with gaps. To achieve this goal, methods of mathematical statistics,

data analysis, and mathematical modelings were used.

In the article the algorithm of a non-parametric estimation of the regression curve in a discrete-continuous process
in the task of filling out the admissions of the observation matrix is described. Moreover, a model is built based on this
algorithm. Two computational experiments were carried out. The first experiment was conducted in the presence
of gaps in the output variable matrix of observations. The second experiment was conducted with gaps in the input
variables. The experiments were conducted at different sample sizes. Based on the results of the algorithm under vari-

ous conditions, conclusions are given.

The results of the work can be useful in creating control systems for multidimensional discrete-continuous processes.

Keywords: nonparametric identification, regression curve estimation, modeling, data analysis, data gaps.

BBenenue. B Teopun aBTOMAaTHYECKOTO YNpPaBIEHUS
MIPUHIUIBI TTOCTPOEHUsS] CHUCTEMBI YIIpaBIeHHs paspada-
THIBAJIICh Ha OCHOBE 3amaHHOW mozenu. Co BpeMeHeM
OKa3aJI0Ch, YTO BO MHOTHX CIy4asx MOJEJb, BRIOpaHHAS
IIPH NPOEKTUPOBAHHUH, 3HAYUTENHHO OTIMYAETCS OT pe-
QIBHOr0 00BEKTa, YTO CYIIECTBEHHO YMEHBINANIO dPdek-
THUBHOCTb pa3pabOTaHHOM CHCTEMBI. B CBsi3u ¢ 3TUM BO3-
HUKJIO HOBOE HallpaBJieHWE B HayKe, CBS3aHHOE C IIO-
CTPOCHHMEM MOJIeIM Ha OCHOBAaHUM HAOJIOICHMH, IOITy-
YEHHBIX B YCJIOBHAX (YHKIIMOHUPOBAHUS OOBEKTA 11O €T0
BXOJTHBIM W BBIXOJHBIM MEPEMEHHBIM. DTO HalpaBIICHHUE
M3BECTHO CETOAHSA KaK WACHTU(HUKAIHA cucTeM. Teopuu
7 MeTOoIaM HUIACHTU(HUKAIMH MOCBSIIECHO OOJBIIOe KOIH-
YeCcTBO PabOT B OTEUECTBEHHOW M 3apyOeXHOH ITuTeparty-
pe, ¥ B 3TOM HalpaBlieHHH pa3pabOTaHBl CBOW MPHHIHU-
TIBI, TIOJXOABI U METOMABI [1—6]. DTH MOAXObI HAIIIIH IIIH-
POKOC IMPUMCECHEHUE B PA3JIMIHBIX OGHaCTHX HayKH U TEX-
HHUKH, B TOM 4YUCJIC B 6I/IOJ'IOFI/II/I, MEAUIUHE, aOPOHABTUKE,
OKOHOMMKEC, TPOMBIIIJICHHOCTH.

4. 3. llpIinkuH OTMEYaeT, 4To 3aada UIACHTU(DUKAIIH
cucreM (OmpesaeneHre CTPYKTYPBI U NapaMeTpoOB CHCTEM
10 HaOJIIOACHUSAM) SIBISIETCS OJHOW M3 OCHOBHBIX 3aad
COBPEMCHHOW TEOPHMH W TEXHHKA aBTOMATHYECKOTO
yOpaBiIeHus. OTa 3aJadya BO3HUKACT IPH H3YYCHUH
CBOMCTB M 0COOEHHOCTEH OOBEKTOB C IEINBI0 MOCIIEIYTO-
IIeTO YIPaBICHUS UMHU THOO TP CO3TaHUH aTalTUBHBIX
CHUCTEM, B KOTOPBIX Ha OCHOBE MIACHTH(PHUKAIIUU 00BEKTa
BBIPA0ATHIBAIOTCS ONTUMAJIBHBIE YIPABIAIONINE BO3JEH-
cTBHA [5].

B kuure Diikxodda [6] aaHo ciemyroliee ompeneie-
Hue: «3anada uaeHTUPUKAMHA HOPMYIUPYETCS CIEayIo-
muM 00pa3oM: Mo pe3ysbTaraM HaOJIOJEHUH Haa BXO[-
HBIMA W BBIXOJHBIMH IIEPEMEHHBIMH CHCTEMBI IOJDKHA
OBITHh TIOCTPOCHA ONTHMANBHAs B HEKOTOPOM CMBICIIE
MOJeNb, T. €. (OPMAaJTM30BaHHOE IPEACTABIICHHE 3TOM
CUCTEMBI».

B HCXOOHBIX JAHHBIX YacTO BO3HHUKAIOT IPOITYCKH.
[Ipob6ensl (IpOITyCKH) B AaHHBIX BO3SHHUKAIOT BCIIEICTBUE
MHOJKECTBA NMPHUYNH, TAKHX KaK HEBO3MOXKHOCTH HaOITIO-
ACHUA, OTCYTCTBUE HeO6XOI{I/IM]>lX HWHCTPYMEHTOB U T. II.
Campblii pocToil MeToj paboThl C TaKMMHU JaHHBIMUA —
UCKJIFOUeHHe u3 TaOJuIbl Mokaszarens (croider) wid
00BeKTa (cTpoKH) ¢ mpobderom. Ilpr OOIBIIOM KOTUYECT-
BE€ IIPOIYCKOB B JAHHBIX OTOT MOJXOJ IPUBOJUT
K YMEHBUIEHHIO TOYHOCTH MOJEIHM H3-32 COKpAILCHHUS
o0BpeMa BBIOOpKH. Ba)KHO OTMETHTH, YTO B OMHCAHHOM
Cllydae CJOXHOCTh PEIICHHS 3a4aull WIACHTU(PUKAIHH
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MOBBIMIAETCS, OCOOEHHO KOT/a IUIOTHOCTH TIPOITYCKOB
BBICOKA, UX PACIHOJIOXKCHUE HEPETyJpHO, a JaHHBIX He-
JIOCTaTOYHO (KpaiHe MaJio).

B nmanHO# paboTe pealM30BaH OJWH W3 AJITOPUTMOB
3aII0JHEHUST IPOIYCKOB B JaHHBIX. Ha cerogusamnuii
JIeHb pa3pabOTaHO MHOXKECTBO METOJOB 3aIOTHEHUS
NPOITYCKOB B AaHHBIX. B padorax [2—7] npuBoasTcs pe-
3yJBTaThl PAabOTHI ATUX METOAOB B PA3IIUYHBIX YCIOBHUSX.
MeTomp! 3aNI0JTHEHUS IPOITYCKOB PEaIn30BaHbI B HEKOTO-
pPBIX IMaKeTaxX NPUKIAJHBIX MAaTEMATHYECKHX IPOrPaMM
(mampumep, SPSS Statistic). 3amadya OIEHKH BIUSHHS
MIPUMEHEHHS ATHX METOJIOB HAa TOYHOCTH PEIICHUS 3a/1a4H
UICHTU(PUKAINA SBISIETCS aKTYaIbHOM.

IMocranoBka 3agauu. Ha puc. 1 npencraBiena o6-
Iasi CXeMa HCCIIEAYEMOro MpolLecca, MPUHSTAs B TEOPHH
HIACHTH(DUKAITIH.

IIpencraBneHHas cXeMa COCTOMT U3 JBYX OJIOKOB:
«O0bekT», «Mopmenby. Ha puc. 1 HCHONB3YIOTCS Clie-
Jytomiye 0003HaueHus: A — HEN3BECTHBIN orepaTop 00b-

exta; u(t)=(u,(t),u,(?),....,u, (t)) € QUu)c R" — BekTop-
HOE BXOJIHOE BO3JEHCTBHE OOBEKTA Pa3MEPHOCTBIO 711;
x(t) = (x, (1), %, (), ..., x, (1) € Qx) = R”
BBIXOJIHAsI IIepeMeHHasi O0beKTa pa3MEpPHOCTBIO 71}
BBITIOJTHSACTCS YCIIOBHE m > 1; () — HETIPEPBIBHOE BPEMS;

At — TUCKPETHOCTh KOHTPOJIS BXOIHBIX-BBIXOJHBIX IIepe-
MEHHBIX Tporiecca; &(f) — BEeKTOpHAas CilydaifHas moMexa;

BEKTOpHAas

JIOKH KOHTpOJISI MEPEeMEHHBIX TOJIBEPYKEHBI
0 H", H*

BO3NCHCTBUIO CHydalHBIX ToMex h“(t) m h'(t); u,

U X, — U3MepeHus NepeMeHHbIX u(f) U x(f) B JUCKpET-
HbIE MOMEHTHI BpeMeHU. BbiOopka n3MepeHuil BXOIHBIX-
BBIXOJHBIX IEPEMEHHBIX Ipouecca {u,,x,,i=1,s}, rae
s — o0beM BBIOOpPKH. V3MepeHHsT BXOIHBIX-BBIXOIHBIX
NEepeMEeHHBIX 00BEKTa IOCTYHAlT Ha 010k «Mopensy,
rlie Ha OCHOBaHWH 33aJaHHOTO AJTOPHTMAa HaXOAATCS 3Ha-
YeHMs BbIXOJa Mojenu x,. Bce ciyuaiinble QakTopsl,

JieficTByIOIIMe B KaHajlaX W3MEpeHHs M Ha IIpoIecc,
HUMEIOT HYJIEBbIE MAaT€MaTU4YECKHE OKUJAHUS U OTpaHu-
YEeHHbIE AUCIEPCUU.

PaccmarpuBaeMslii IpoLecc OTHOCUTCS K KIIacCy JHC-
KpPETHO-HENPEPBIBHBIX, T. €. [0 CBOCH MPHUPOJIE TPOIece
SBISIETCSI HENPEPBIBHBIM, OJHAKO BXO/HBIC-BBIXOIHBIE
MepeMEHHBIE TPOLiecca KOHTPOIUPYIOTCS Yepe3 AUCKPET-
HBIE MOMEHTHI BPEMEHHU.
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Puc. 1. OGmas cxema uccieayeMoro npouecca

Fig. 1. General scheme of the explored process

[Ipn mocTpoeHnn MozAEN! ¢ TIOMOIIBIO METOIOB HJICH-
TU(QUKAIMK UCTIOJIB3YIOTCS 3KCIIEPUMEHTAIbHBIC JaHHBIC.
Benercst perucrpanus BXOAHBIX U BBIXOJHBIX CHUTHAJIOB
CUCTEMBI, U MOJENb (popMupyercs B pe3yibrare oOpa-
OOTKH COOTBETCTBYIOIINX JaHHBIX.

dopmupoBaHre MOJIENH 110 HAOIIOCHUSIM BKIIFOYAET:

1) nanHbIe;

2) MHOKECTBO MOJIeIeH-KaHANIATOB;

3) npaBWIO OIIEHKH CTENEHU COOTBETCTBUS HCIIBITHI-
BaeMOM MOJIEIH JaHHBIM HAOIIOACHU.

Jlns mocTpoeHnst MOAENH Ba)KHO WMEThH IOJIHBIE 3KC-
NepUMEHTalbHbIE JaHHbIE (HaOMI0OeHN), HO Ha MPaKTH-
K€ 3TO BCTpEUaeTcsl KpaiHe penKo, T. €. TaKWe JaHHbIE
HUMEIOT TMPONYCKH. TOYHOCTh peIleHHs 3aJaddl HICHTH-
(UKanuy 3aBUCUT OT KadecTBa NaHHBIX. Ecimu ymanars
CTPOKM W3 B MAaTpPHILBI HAOJIONEHUH, KOTOPBHIE HMEIOT
MIPOITYCKH, OYEBUIHO, YTO YHCIO CTPOK OYyZET MEHbIIE,
COOTBETCTBEHHO, TOYHOCTh Mojenu cHuzurcs. [losTomy
CYIIECTBYET 3aj1a4ya 3aIloJIHEHUSI TAKUX MPOOEJIOB B Mat-
putie HaOIOACHUI.

Henapamerpuyeckuii ajJropuTM OLEHKH KPHUBOM
perpeccun. CyllecTBYIOT NMapaMeTpUyYecKue M Herapa-
METPHUYECKHE METOAbl MAeHTH(HKauuu. MeToasl mapa-
METPHUYECKOH MICHTUPUKAIMKA TPeOYIOT OOJIBIIOrO 00B-
eMa anpuopHoi nHopMarwu. YacTo BO3HUKAIOT CIIydyaH,
Koraa anpuopHasi uHdopmanust 06 00beKTe oueHb Oe/iHa,
MIO3TOMY CTPYKTYpY OOBEKTa HEJb3sl ONPEAEIHTh C Tpe-
Oyemoii TouHOCTHIO. Hemapamerpuyeckne MeTonsl He
OPHEHTHPOBAHbI HA yKa3aHHbBIE TAPAMETPUIECKUE CEMEH-
CTBa, IMEIOT 0oJiee YHUBEPCAIBHYIO CTPYKTYpY U Oojee
LIMPOKYI0 obJyiacTh npuMerenust [7; 8]. B ycnoBusix manoii
anpUOpHON MHGpOPMAILIUU 1IEIeCO00pPa3HO KCIIOIb30BATh
METOJIBI HeTlapaMeTpuiaeckoil naeatudukanmm [9; 10].

C apyroii CTOpOHBI, HCOOXOAUMO pemaTh OONBIIOEe
KOJIMYECTBO OTOJHUTENBHBIX 3a/1a4: BBIOOP CTPYKTYpHI
CHCTEMBI, 33/I1aHHE KJ1acca MOJENIEH, OIIEHNBAHIE CTECHN
n (opMBl BIMSHHS BXOAHBIX IIEPEMEHHBIX Ha BBIXO[-
Hele u fp. [11]. OnuH U3 BapuaHTOB MOCTPOSHHUS MOICIH
B YCIOBHUSIX HENapaMETPUIECKOW HEONPEIEIICHHOCTH —
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3TO MNPUMEHEHHE HENapaMeTpUUYEeCKOM OLIEHKH KpHUBOU
perpeccuu. Bua Takoil OLlEHKM B MHOTOMEPHOM Cllydae
w'—ul

nMeeT Bu [12]
")
C,

(u’—u{j ’
CS

rae u= (ul,uz, ...,u3) - m-MCpHLIﬁ BCEKTOP BXOJAHBIX BO3-

() zlle
e

i=1 =1

)

IeWCcTBUl  00BEKTa;

X BbBIXOJHAas BCJIMYMUHA,

@(Cgl(uf —u-,f)) — sifepHast KOJIOKOJI000pa3Has (GyHKIHS;
C; — K03hGUIUEHT pa3MBITOCTH siapa. SnepHas (yHK-

st O(.) u koaddunuent pazmbitoctu sapa C ynoie-
TBOPSIIOT CJIEIYIOLIMM YCJIOBUSM CXOIUMOCTH:

C,> 0= 0(C'w’ —u)) <o
limC, =0;=C;' | ®(C)'w/ ~u)))dx=1;

Q(u)

limsC?' =00, lim C;' (C;'w’ —u))) = 8’ — ul),

s s

2

rne 8(y’ —u!) — nenvra-pynxuus dupaka [13]. SnepHas
(yHKIMST ©MeeT pa3ninyHble (OPMBI: TPEYroJIbHOE SIIPO,
napabonryeckoe sIpo, Kyoudeckoe sapo u Jp. BaxHo
OTMETUTh, TOYHOCTh BOCCTAHOBJICHHs (DYHKIUH perpec-
CHH TIO0 HAONIOJCHHUSIM C IPOMYCKaMH HECYIIECTBEHHO
3aBHCHUT OT (YOPMBI Spa U ONPEACIIICTCS MPAKTUISCKUMU
COOOpakeHUSIMH HCCIeoBaTessl. B JaHHBIX BBIYUCIIH-
TENBHBIX OSKCICPUMEHTAX HCIONB3YETCS TPEYroIbHOE
SITPO, KOTOPOE MMEET BHT

x-x | _[1-]c e -x)l el -x) <]

@
C 0.|c ' (x=x)>1]

3)

K

JIyisl BBIYMCINTENBHBIX 3KCIIEPUMEHTOB ObLI BBIOpaH
00BEKT, OMMMCHIBAEMBIN CIIEAYIOIMIECH CTPYKTYpOA:
2

xi=0,5u +2-uj +ul.

“4)
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Crenyer OTMETUTb, YTO JaHHBIN BUJ 3aBUCUMOCTH (4)
U3BECTEH TOJIBKO B paMKax MAaHHBIX BBIYHCIUTEIBHBIX
sKkcriepuMeHToB. Cpazy OTMETHM, YTO OHIMOKa MOJEIH-
poBaHus W cunraercs 1o Gpopmyie

1 A
/4 :;(;Pﬂ - X, |j

[IpoBeneHHbIE SKCHEPUMEHTHI MO 3alOJHEHHIO MpO-
MyCKOB B JaHHBIX Pa3/e/IeHbl Ha TPU dTama.

Oman 1. Ha naHHOM 3Tare MMeeM IOIHOCTRIO 3aIl0-
HEHHYI0 MaTpMIly HaONIOJeHHH C BXOAHBIMHM IEpPEMEH-
HBIMU U,;,U,,U; U BbIXo0M X;. C nomosto Gopmyist (1)

)

HAXOJMM 3HAYEHHUs OLEHKU X, M HAacTpamBaeM Ko3(pu-

nueHT pasmeitoct C,, T. €. 3Ha4eHHE, IMPU KOTOPOM
ommbka W muauManeHa. To ecTs mapaMeTp pa3MBITOCTH
C, omnpenensercs MyTeM peleHUs 3aJaud MUHUMU3AIUH
KBaJPaTUIHOTO IOKAa3aTelsl COOTBETCTBHS BBIXOAA O0B-
€KTa ¥ BBIXOAa MOJIEIIH, OCHOBAHHOT'O HA METOJIE «CKOJb-
3SIIET0 3K3aMeHa», Koraa B mozenu (1) mckimodaercs
i-sl IEpeMEeHHas1, IPEbsABIsAeMas ATl 9K3aMEHa:

R(cly)=i(xk —xx(u,{,cx))2 =min.k#i.  (6)

Baxxno otmeTnts, uTo C; OBLT B3AT B MMPOMEXKYTKE OT
0,1 mo 5 ¢ marom 0,1.

Oman 1I. JlobGaBisieM HPOIYCKU 1O OIpPEAEIeHHOMY
MpaBWiIy. YJansieM W3 MaTpHUIBl HAOMIOACHUN CTPOYKH
¢ npoberamu. [lasee BBIOTHIEM TO K€ CaMoe, YTO Ha
TIEPBOM JTarle.

Oman III. Ha nanHOM 3Tare BOCCTaHABIMBAEM 3HAYE-
HUS TPOIYIICHHBIX JAaHHBIX B TMIEPBOM JKCIIEPUMEHTE II0
¢dopmyie (1), a Bo BropoM — 110 hopmyiie

—u
Ji

El X —X n u. .
,-CD k i q) Jk

k#i k#i

3o

k#i

U )

m

Tee

To U, —u,
Jj=1 Cs
k#i

X, —X,
C,

3HaueHHs NMPOOEJIOB 3aIloJHEHBI, MaTpula Halmoe-
HUM CHOBAa CTAHOBUTCS MOJIHOU. Jlajiee BBIMOJIHIEM TO Ke
caMoe, 4TO Ha IIEpBOM JTaIle.

PaccmoTpenHble 3Tanbl ObUIM peann3oBaHbl Ha BBI-
6opkax S = 300; 600; 900; 1200; 1500; 1800; 2100.

Jlanee paccMOTpUM pPE3ynbTaThl BBIYUCIUTEIBHBIX
9KCIIEPHMEHTOB.

IlepBbIii BHIYMCANTEILHBIN IKcIepUMeHT. B pac-
CMaTpPUBAaEMOM JKCIIEPUMEHTE TMPOIYCKH HaXOISITCS
B BBIXOJHBIX JaHHBIX (BO BCEX 3HAYECHUSX X;, KPOME KaxkK-
JIOTO TpeThero). JIMCKPEeTHOCTh TaKMX IPOIYCKOB OOBsIC-
HSETCSI OCOOEHHOCTBIO KOHTPOJISI BEIXOAA. DTO O3HAYAET,
YTO OJHH IIEpEeMEHHbIC Mpolecca M3MEPAIOTCS B OIHMH
MIPOMEXYTOK BpEMEHH, Apyrue — B Apyroi. Ha npakTuke
9acTO BCTPEYAIOTCS JaHHBIE C PA3IUYHOM AUCKPETHO-
CTBIO KOHTPOJISI BBIXO/IA, HAIIPHMEDP B TIPOLIECCAX CKUTAHMS
yoIL B KOTJIOAarperare 9SHEeproOiioka, KHCIOPOJHO-
KOHBEPTEPHOMN IIABKU CTAJIH.

3HaueHHUs BXOJHBIX IEPEMEHHBIX CreHEPHPOBAHbI
CllydallHBIM 00pa3oM B mpomexyTke ot 0 10 3 ¢ TouHO-
ctbio 0,00001.
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Oman 1. HalineHsl 3HaYe€HUS OLIEHKHU x NpH 3aroi-

HEHHOH MaTpHIle HAOIIOICHHH.
Oman II. YaaneHbl CTPOYKH C MPOoOeIaMu U3 MaTpH-
el HaOMronmeHnid. B pe3ynpTare BRIOOpKA YMEHBIIHIIACH

B 3 paza. CHOBa HAXOJMM 3HAYCHHUS OLICHKH X, .

Oman I1I. BoccTaHOBIICHBI POITYIIEHHBIC 3HAYEHUS B
MaTpHIe HAOTIOICHUH.

PeSyJII)TaTI)I JAaHHOT'O BBIYHCIIUTCIIBHOTO 3KCIICPUMEH-
Ta MpeACTaBlIEeHsbI B Ta0I. 1.

[MTocne n3yuenuns tabm. 1 ciemyroT cieayromue BbIBO-
JTBI:

1. Ilpn yBenu4yeHUH BBIOOPKH S YMEHBIIAETCSl OIINO-
kKa MojenupoBaHusa (5). DTO TOBOPUT O TOM, YTO UYeM
OoJpire Tekymas HHGpOpMAaIHs, TeM TOYHEE MOJIEIb.

2. Pe3ynbTathl 2 3Tana BO BCEX CIydasX Xy»K€ UTOI'OB
1 m 3 osramoB. OueBHAHO, YTO BHIOOpPKAa Ha 2 JTamne
MEHBIIIE OCTaNbHBIX, MO3TOMYy ommuoOka (5) Oombie
(Wis< Was, Wi < Wag; Cay < Cay Cg < Ca).

3. PesynpraTel Ha 3 3Tame BO BCEX Clydasx JIydlle
utoroB 1 arama (W5, < Wi, < W,,). B OonbimHCTBE CIty-
yaeB C;; = C3, B OCTAIBHBIX CIIy4asiX — OTIMYHE B OJHY
JIECATYIO, 3TO TOBOPUT O NPABHILHOCTH pealn3alin
aNrOpUTMA.

Ha puc. 2 npencrasieH rpaguk 3aBUCHMOCTH OIINO-
ku W ot o0beMa BEIOOPKH S.

BaxHO OTMETHTH, 4YTO C YBEIHMYCHHEM BBIOOPKH
yMeHbIaeTcs omuoka MmoaenupoBanus (5). [Toatomy uem
OoJpIIe TaHHBIX, TEM TOYHEe OyeT pe3yIbTar.

BeireonucanHple  BBIBOABI JOKA3bIBAIOT 3()(PEKTUB-
HOCTh TNPHMEHEHHs HelapaMeTpUuecKoro Meroja Juis
3aI0JIHEHMs TPOIYCKOB M TIOCTPOCHUSI MOJEIH IpH Ma-
JIOM anpuopHOH MH(OPMALHH.

BTopoii BEIMHCINTENLHBIH JKCIIEPUMEHT. B oTiuuue
OT IEPBOTO 3KCIEPHUMEHTA, TEHephb MPOIYCK HaXOAWUTCS
BO BXOJHBIX JAaHHBIX, & UMEHHO, B KaXIOH 5-U cTpoke
B CITy4allHO! NMEPEMEHHON U, WIH U, , UIH U .

PaccmaTpuBaemblii  9kcnepuMeHT OyZeT NpOBEAEH
C pa3HbIMU BXOJHBIMM JIaHHBIMU. B 11iepBOM cilydyae Mex-
Jly BXOAAMH €CTb HEKOTOPbIE 3aBUCUMOCTH:

®)
©

I7e g — ciIydaiiHeIM 00pa3oM CreHepHpOBAaHHOE YHCIIO B

u,=0,5u+0,1-g,

u, =0,5-u,+0,3-u,+0,05- g,

npomexytke ot 0 0 3 ¢ Tounoctsio 0,001.

Koaddumment xoppensmuu Ha BceX BBIOOpKaxX Co-
crapisier npumepHo 0,97. Bo BropoM cnyyae naHHbIE
Cr€HEpHpPOBaHbl CIyYalHBIM 00pa3oM B IPOMEXYTKE
or 0 o 3.

Oman I. HaliieHsl 3HAYEHHs OLEHKH X, MPH 3aroJi-
HEHHOU MaTpuIle HaOJIIOACHHH.

Oman II. YnaneHsl CTpOYKM C MpodenamMu U3 MaTpu-
sl HaOmopeHud. Tem caMbM BBIOOpKAa COKpaIiaeTcs
Ha 20 %. CHOBa HaxXOIUM 3HAYECHHS OLIEHKHA x: .

Oman III. BoccTaHOBIICHBI TPOMYIICHHBIE 3HAYCHUS
B MaTpHIle HAOIIOICHUIA.

Pe3ynbTaThl JAHHOTO BBIYHCIUTEIBHOTO YKCIIEPUMEH-
Ta MpeCTaBICHbBI B Ta0M. 2.
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IToxBenem HeKOTOPBIC BEIBOJBI IO Tabd. 2. B maHnHOM
9KCIIEpUMEHTE OT 00IIero odbeMa BBHIOOPKH ITPOITYCKOB

3ynbTaToB 1-ro dTama (B mpezenax NSATH COTHIX).
HHTepecHo cnenyromee: Mo pesyabTaTaM 3-ro sramna

HE TaKk MHOTO, TOXTOMY IIpOIeAypa yNaJeHWs CTpOK omuOka (5) yBenmwmuuBaeTcss MJake B CpaBHCHUH
¢ mpo0enaMu He JaeT CYIECTBEHHOTO OTIWYHS OT pe-  CO 2-M ITAIlOM.
Tabruya 1
Pe3yJibTaThl BBIYHCIUTEIBHOT0 IKCIIEPUMEHTA
2
CTpyKTypa MOReIH: x| = au, + d s + a,u?
s 1 oTan 2 srTan 3 sTan
Wl Csl WZ CSZ W3 Cs}
300 0,5249346 0,6 0,86835486 0,8 0,34579805 0,6
600 0,40851948 0,5 0,6613773 0,6 0,2906845 0,5
900 0,32048658 0,4 0,52412224 0,6 0,25944132 0,5
1200 0,27469125 0,4 0,43487462 0,5 0,20380524 0,4
1500 0,25636882 0,4 0,40102375 0,5 0,19891156 0,4
1800 0,2437991 0,4 0,37384215 0,5 0,19284262 0,4
2100 0,22616474 0,3 0,3535294 0,5 0,18599847 0,4
w
b
1.9
%
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Puc. 2. I'padyik 3aBHCUMOCTH OTHOCHUTENIBHO omnOKH (5)
0T 00beMa BEIOOPKH Ha pasHbIX 3Taax dKCIEPHUMEHTOB
Fig. 2. The graph of dependence of the relative error (5)
on the sample size at different stages of the experiments
Tabauya 2

Pe3yabTaThl BHIYHCINTEILHOI0 IKCIIEPHMEHTA ¢ 3aBUCHMBIMH MesK1y 000l BX0IaMH ¢ MPOILyCKaMu
B Kask/10ii 5-i1 cTpoke MaTpuIibl HA0II0JCHUI

2
CTpyKTYpa MOXeIN: x = au, + azuz2 + a3u3§
s 1 sTan 2 sTan 3 sran
Wl Csl W2 CsZ W3 Cs3
300 0,10365894 0,2 0,107344694 0,2 0,17787787 0,3
600 0,09081579 0,2 0,093733266 0,2 0,1875585 0,3
900 0,045822605 0,1 0,04874478 0,1 0,12278164 0,2
1200 0,03565259 0,1 0,040589087 0,1 0,12119869 0,2

593



Cubupckuil scypHan Hayku u mexvoaoeui. Tom 19, Ne 4

Tabauya 3
Pe3ysibTaThl BEIYHCIUTEILHOT0 IKCIIEPUMEHTA 3-T0 U 4-T0 3Tana ¢ NpoImycKoM
BO BXO/JHBIX IIePeMEHHBIX B KasK/A0H IATOH CTpoKe
2
CTpyKTypa MOJeNN: x| = qu, + au; + a3u§
s 3 sran 4 sTan
W1 Csl Wz CSZ

300 0,17787787 0,3 1,3138921 0,9
600 0,1875585 0,3 1,2184308 0,9
900 0,12278164 0,2 1,1859775 0,85
1200 0,12119869 0,2 1,0735321 0,8

1

.
S
1,2 e —
g :-1"'-;_-;
K
- == AHUCAMEIE RXOR
i e HAIARNCHMBIE BXO TR
0.2 ——-- - —
T e - -

300 GO0 900

° 8

1300

Puc. 3. I'paduk 3aBucumoctu W ot S B Mozgenu (4) npu HATMYIHMH MIPOITyCKa
B KQXIOW TIATOH CTPOKE MAaTPHUIBI HAOIIOACHHUA Ha BXOJE

Fig. 3. The graph of the dependence of # on § in the model (4) with the presence
of'a gap in each 5 line of the observation matrix at the input

Takke ObUT MPOBEICH 3TOT XKE IKCIEPUMEHT, HO C
JIBYMsI BXOJIHBIMH NepeMeHHbIME. KapTiuHa COXpaHuiach,
Mo pe3yibrataMm 3-ro 3Tama omudka (5) yBennmauBaeTcs
Jla)kKe B CPAaBHEHHUH CO 2-M 3TaIloM.

JlaHHble pe3ynbTaThl TOBOPAT O TOM, 4TO 3(derTHB-
HOCTb TNPUMEHCHUA OTOro ajJroputMa K JaHHBIM,
coacpKaluM MPOIMYCKX 1O BXOJAHBIM MNEPEMCHHBIM,
3HAQUUTEIBHO HIXKE, YeM K JaHHBIM C MPOILyCKamu
T10 BBIXO/IaM.

Jlanee skcriepiMeHT ObUT MOBTOPEH C HE3aBHCHUMBIMU
MEXIy co00if BXOAHBIMH JaHHBIMH. IIycTh 3TO Oyner
4-if sran. Pe3ynprarel 3-To U 4-ro 3Tama mpeicTaBICHEI
B Tabm. 3.

Ha puc. 3 mpencrasien rpaduk 3aBucumoctu W ot S
B MojieiH (4), BU3yaIM3UPYIOLINiT JaHHbIE U3 Ta0I. 3.

[To BBINICONUCAHHBIM AAaHHBIM CIIEAYET BBIBOA, YTO
IpY HE3aBUCHMBIX MEXAY COOOW BXOIaX pe3yJbTaThl B
HECKOJIBKO Pa3 Xy»XKe, 4eM IPH 3aBUCUMBIX. TO TOBOPUT
O TOM, YTO HCIOJIb30BaHUE HENAapaMEeTPHUECKOTO ajro-
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pUTMa Ui BOCCTAaHOBJICHHUS MPOITYCKOB Ha BXOAAX TIPHU
HE3aBHUCHMBIX MEXIy CO0OH 3HaUYeHUSIX B MaTpHIE Ha-
OnromeHnii  HelenecooOpa3HO MCMOIb30BaTh (WM HC-
MOJIF30BaTh, HO B 33/1a4ax, HE TPEOYIOUIIX OONBIION TOY-
HoctH). Ilpeamonaraercs, 4To0 B CTPOKaxX M CTOJOIAX
uMeeTcs U30BITOYHOCTD, T. €. MEXKIY CBOWCTBAMH MOTYT
OBITh 3aBUCHMOCTH, 3 O0OBEKTHI MOT'YT OBITh TIOXO0XH Me-
KAy coboi. Eciau m30bITOYHOCT HE HAOIIIOJaeTCsl, TO BCE
CTPOKH U CTOJOIBI HMEIOT OJMHAKOBHIN BEC MPU MPOTHO-
3UPOBAaHUHM U CMBICT JIOKATHHOCTH AJITOPUTMA TEPSETCS,
YTO ¥ MIPOUCXOIUT TP HE3aBUCHMBIX HaHHBIX [ 14].

Jamee mpoBemeM HcclelOBaHHE, AHATIOTHIHOE IIPO-
oMy dKcriepruMenTy. Ho Tereps OymeT mpomyck B Kaxaoi
3-ii CTpOKE B CITy4aifHOI MepeMeHHOH U WIH Uy, WIH Us.

Pe3ynbraTel POBENECHHOTO HCCIIEAOBAHUS IMPEICTAB-
JICHBI B Ta0. 4.

Pe3ynbraT Ha 3-M 3Tane xyxe, 4eM Ha MEPBOM U BTO-
poM (TIOUYTH Bcerna), HO pa3pblB MEXAY pe3yibTaTaMu
OTHOCHTEIBHO HEOOJIBIIIOM.
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Ha puc. 4 npencrasien rpaduk 3aBUCUMOCTH OIINOKA
(5) oT oObema BBHIOOPKH TEKYLIETo M MPOIUIOTO SKCIEPH-
MEHTa C 3aBHCUMBIMU MEXKIY COOO0M TaHHBIMHE B MaTpPHIIC
HaOJNIOCHUN U1 MoIeTH (4).

B 1aHHOM SKCIEPUMEHTE MO CPABHEHHIO C MPOLLIBIM
mpobesioB B Marpuile Habaromenuit 6osbme. Ilo rpadu-
KaM OYeBHIHO, YTO OMIMOKa (5) MEHBIIE B TEKyIIEM JKC-
MEPUMEHTE, T. €. MOJy4aeTcsi TaK, 4TO MPU Majoil anpu-

OpHOIl MH(pOpMAIMK HEHNapaMeTpUUECKHE aJTrOPUTMBI
MMEIOT BBICOKYIO 3((heKTHBHOCTB.

Jlanee >KcIiepUMEHT ObUI TIOBTOPEH C HE3aBHCUMBIMH
MeXay co0oi BXOIHBIMH IaHHBIMH. IlycTh 3TO Oyzmer
4-i1 sram. PesympTathl 3-rO U 4-T0 3Tama MpeaCcTaBICHBI
B Tabx. 5.

Busyanuzanus pesynpraToB Tabi. 5 mpencTaBieHa
Ha puc. 5.

Tabnuya 4
Pe3y1bTaThl BHIYHCINTEIHHOTO JKCIEPHMEHTA ¢ 3aBHCHMBIMH MKy 0001 BX0gaMH
¢ IPONYCKaMH B Kax10ii 3-if cTpoke MaTpulibl HA0II0JeHU I
2
CTpYKTYpa MOJCIH: x, = au, + a,u; + au}
s 1 sTan 2 sTan 3 oTan
W1 C51 Wz Csz W3 Cs3
300 0,10365894 0,2 0,11760777 0,2 0,10815763 0,2
600 0,09081579 0,2 0,09333572 0,2 0,09623865 0,2
900 0,045822605 0,1 0,056772906 0,1 0,08182337 0,2
1200 0,03565259 0,1 0,047689456 0,1 0,07308948 0,2
W
o,
e [ |30 I
0.0 [ 1L
e 10 TR
P mm—
F
&
a0 . -
s
M,
- - - -
-
300 GO0 a0 17200 §
Puc. 4. I'pacduk 3aBucumocTr W OT S MpOBEICHHBIX SKCIIEPUMEHTOB B Mozienu (4)
Fig. 4. The graph of the dependence of # on S of the experiments carried out in model (4)
Tabruya 5

Pe3ynbTaThl BEIMHCIATENLHOT0 IKCIIEPUMEHTA 3-10 M 4-10 3Talna ¢ NPOIMyCKOM
BO BXOJHBIX IIePEMEHHBIX B KAK/10il TpeTheil CTpoKe

2
. —_ 2 3
CTpyKTypa MOReNN: x| = a,u, + a,u, + a,u;

S 3 sran 4 sran
Wl Csl W2 CS2
300 0,10815763 0,2 0,6380898 0,9
600 0,09623865 0,2 0,4356285 0,6
900 0,08182337 0,2 0,3983642 0,6
1200 0,07308948 0,2 0,3711715 0,6
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Puc. 5. I'paduk 3aBucuMocTH ommoOKH (5) 0T 00beMa BEIOOPKHU B MOJIEIH (4)

Fig. 5. The graph of the dependence of the error (5) on the sample size in the model (4)

AHanmsupys rpaduKy U Ta0IL. 5, eme pa3 MOXHO yOe-
JUTBCSI B TOM, 9TO IIPH HE3aBUCHMBIX MEKTY CO0O0il BXO-
Jlax pe3yJIbTaThl B HECKOJBKO pa3 Xy)ke, 4eM IPHU 3aBU-
CHMBIX. lcnonp3oBaHue HemapamMeTpUYEcKOro allrOpUT-
Ma Il BOCCTAHOBJICHHS IIPOIIYCKOB IIPU CIy4YalHBIX
BXOJIHBIX 3HAUEHHSX B MaTpulle HaOJIOJCHUI Heleaeco-
o0pasHo.

3akJ/oueHue. BrleoncaHHble BBHIBOABI JIOKA3bIBa-
10T 3¢ (EKTUBHOCTh TPHMEHEHUs] HErnapaMeTpUIecKOro
QITOpPUTMa U 3alOJHEHHS IPOITYCKOB M IOCTPOCHHMS
MOJIENH TIpH MaJiol ampuopHod mHpopMmarmu. Ommndka
MozenupoBaHus (5) 1Mo 3aroTHEHHOW MaTpuIle Halroe-
HUHM C MOMOIIBIO PaccMaTpUBAacMOro ajlropuTMa OKa3a-
JaCh MEHBIIIE, YEM 10 UCXOTHOH.

D¢ GeKTUBHOCTh TPUMEHEHUsI HerapaMeTpU4ecKoro
aJITOpUTMA K JaHHBIM, COJIEpP KAILUM IIPOIIYCKHU [0 BXOJ-
HbIM IIEPEMEHHBIM, 3HAYUTCIIbBHO HUXKE, YEM K JaHHBIM C
MIPOITyCKaMHu IO BEIXOAaM. Takxke BaXHO OTMETHTb, 4TO
IIPU 3aBHCUMBIX BXOJHBIX JaHHBIX PE3yJbTaT pabOTHI
aIropuT™Ma OyAeT HaMHOTO TOYHEE, YTO ONMCAHO B I'MIIO-
Te3e n30pITouHocTH [15].

B nanpHeiiliem mnnaHupyeTcs uccienoBaHue Zet-
QITOpUTMa, a WMEHHO, €ro TNPHMEHEHHWE B 3ajade
3aIl0JHEHH MPOIYCKOB B AaHHbIX. Takxke OyaeT mpose-
JICHO CpaBHEHHE pe3yJbTaToB paboThl Zet-anropurMa
C QJITOPUTMOM HENapaMeTPUUECKON OLIEHKH KPUBOW per-
peccui.
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3D TREE MODELING ALGORITHM
A. S.Pyataev

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

Nowadays tree modeling algorithms are used in different fields of activity: from computer games to the plantation
forest management. Tree modeling algorithm parameters can depend on different factors. it could be features of land-
scape, climate or geographical location. Depending on the tasks to be solved, the detail level of the created model
is chosen. Forest management tasks often do not require a high detail level, it is sufficient to construct a schematic
plantation model. For computer games the creation of photorealistic models is required.

The paper proposes an algorithm of 3D tree modeling which consists of the following steps: first step — building a
tree framework (modeling the growth of a tree and adding new nodes), while under the framework is meant a set of
three-dimensional vectors with attributive data for each vector; then building a tree and overlaying textures. The trunk
and branches of the modeled tree are approximated by truncated cones, the axes of which are the vectors of the frame.
The tree model constructing algorithm is iterative. Every iteration is a tree growth stage. Thus, the tree is gradually
grown to the required level. The developed algorithm allows modeling trees of different state categories. The feature
of the proposed algorithm is the possibility of constructing a three-dimensional tree model with any detail level.
For example, for coniferous trees it is possible to built a tree up to each needle.

Keywords: tree modeling, growth model 3D.
AJITOPUTM MOJEJIMPOBAHNS TPEXMEPHbIX JIEPEBBEB
A. C. Ilaraes

Cubupckuii rocy1apCTBEeHHBIN YHUBEPCUTET HAYKU U TEXHOJIOTHH MMeHHU akagemuka M. @. PemerHesa
Poccwuiickas @enepaunsi, 660037, r. KpacHosipck, mpocrt. uM. ras. «KpacHosipckuii padounii», 31
E-mail: pyataev.alex@gmail.com

Mooenuposanue Oepesvbes 6 Hacmosiujee 6pems HAXOOUM NPUMEHEHUE 6 DA3IUYHbIX 00IACMAX OesmelbHOCHU
YenogeKa: Om KOMNbIOMEPHLIX UsP 00 MOOETUPOBAnUsl pocma depesbes 8 Hacadicoenusx. OcobenHocmu nocmpoenus
MoOdenu depeea 3a8uUcsiim om (AKmMopo8 MeCmHOCIU U KIUMAMUYECKUX YCIoguil npouspacmanus. B 3asucumocmu
om pewiaemvix 3a0a4 8blOUPAEMCcsa CMeneHb 0emanu3ayuy co3oasaemoll mooenu. s 3a0ay 1ecoynpasieHus u ieco-
NOIb30BAHUSL 3AYACIYIO He MPeOYemcst GblCOKAsl CMeNnelb Oemanu3ayuu, 30ecb 00CMAamoyHO HOCMPOUMb CXeMAUY-
HYI0 MOOeb Hacaxicoenust. [Iist KOMNbIOMEPHbIX uep mpedyemcsi co30anue Gomopearucmuynblx Mooeetl.

Ilpeonosicen aneopumm nocmpoeHusi mpexmepHou mMooenu oepesd. Anzopumm cocmoum u3s ciedyroujeli nociedosa-
MENbHOCMU WA208: NOCMpoeHe KapKaca depesa (Mooeaupoganue pocma oepesa u 00basienue HO8bIX Y3i08), npu
9MOM NOO KAPKACOM HOHUMAEMCSL HAOOP MPEXMEPHBIX 6EKMOPO8 C AMPUOYMUBHBIMU OGHHBLIMU NO KANCOOMY 8EKMOPY;
nocmpoenue depesa u nanodxcenue mexcmyp. Cmeon u 6emeu Mooeiupyemozo 0epesa annpoKCUMUpyIomcst ycedeHHbl-
MU KOHYCAMU, OCAMU KOMOPUIX ABNAIOMCA 8eKMOpbl Kapkaca. OmaudumenbHoll 4epmoti npediodceHHo20 aizopumma
SABNIAEMCA 803MONCHOCHb NOCMPOCHUS. MPEXMepHOU Modeau depesa ¢ niobol cmenenvio demanusayuu. Hanpumep,
01151 0epesbes XGOUHBIX NOPOO MONCHO CMOOETUPOBANb 0epeso 8NI0Mb 00 KANCOOU XEOUHKIL.

Kniouesvie cnosa: modenuposanue depesa, mooenv pocma, 3D.

Introduction. Modeling of trees is actively used in  growth. At the same time, the features of the growth of
solving forecasting problems. Thus, in [1] the forecast of the tree depend not only on the breed, but also on the
forest recovery after a fire is built, in [2] the calculation of  growing conditions. That is, when building a model of a
forest survival in the long term is carried out, the authors  particular tree, it is necessary to take into account climatic
[3] build a forecast of grape harvest using a model of vine  features and the influence of the terrain. Realistic models
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of trees can be built on the basis of data obtained from
aircraft using active optical systems [4—-6]. Also, tree
models are used in many computer games. The paper [7]
proposes a growth model of larch Ruprecht (Larix princi-
pis-rupprechtii) for forest management planning tasks.
Such tasks often do not require a high level of detail. The
coarsened tree model is represented by three primitives:
two cones and a cylinder (fig. 1).

Fig. 1 parameters: H — tree height; D — diameter of
tree trunk at chest level, CW — maximum width of the
crown; CL — total crown height; CH — height to the widest
part of the crown; &y, hy, h3, hy — is the height of the lower
part of the trunk, the height of the top of the cone, the
height of the bottom cone and the height of the cylinder
respectively; R, — is the radius of the base of the upper
cone; R; and R, — are the radii of the bases of the lower
cone; Rs — is the radius of the cylinder. Two cones imitate
a coarsened crown, a cylinder — barrel. The proposed
methods establish changes in the diameter of the bases
and the height of the cone, as well as changes in the di-
ameter and height of the cylinder, depending on the age
and degree of dominance of the tree in the plantation. The
paper [8] proposes methods for modeling vegetation and
landscape scenes based on a combination of three-
dimensional laser scanning data and two-dimensional
digital image data. For inventory methods based on indi-
vidual trees, such features as the height of the tree, the
shape and volume of the crown, diameter of the trunk are
calculated.

The paper [9] suggests the interactive way of model-
ing of a tree which is based on the interaction of the user
with the system. At the first stage, the system creates sev-
eral pretending models from the contour of the tree cre-
ated by the user.

From these models the user selects the most suitable
trees. These selected trees are then automatically proc-
essed by the system to create new candidate models.
A typical example is shown in fig. 2.

Thus, the tasks that require modeling of trees can be
very diverse: from computer games to modeling the
growth of trees in plantations. Depending on the problem
to be solved, one or another method of tree modeling and
its level of detail are chosen [10-13].

An algorithm for constructing a tree in three-
dimensional space. The tree model is described as a clas-
sical tree-like dynamic structure of data representation.
Each node of this structure describes one element of the
tree and contains a number of parameters: a reference to
the parent node; type; coordinates of the beginning and
end of the node; its thickness. It is possible to extend this
structure for different tree species and categories. Model-
ing of tree growth is similar to the two-dimensional case
with the correction for three-dimensionality [14].

Construction of a three-dimensional model of the tree
takes place in several stages:

1. The construction of the tree frame:

— modeling tree growth;

— adding new nodes.

2. Building a tree on the frame and applying textures.

H

L — e X

Fig. 1. Larix principis-rupprechtii model

Puc. 1. Ilpencrasnenne moxenu Larix principis-rupprechtii
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Fig. 2. Stages of tree modeling procedure

Puc. 2. Dramnsl npoueaypsl MOAEIUPOBaHUS AepeBa

Fig. 3. Wireframe tree model

Puc. 3. Kapkac nepesa

Under the tree frame we understand a set of three-
dimensional vectors with the attribute data for each vector
(fig. 3).

The algorithm for constructing a tree model is itera-
tive. Each iteration is a stage of tree growth (fig. 4). Thus,
the tree is gradually grown to the required level.

When constructing a three-dimensional frame of the
tree, at the time of adding new nodes, it is convenient to
use a spherical coordinate system.

So a new node v is created by deflecting from the par-
ent node # by an angle 6 and turning around it by an
angle ¢ (fig. 5). Right-handed coordinate system is used
in this case.

The rotation of the coordinate system by angles 6
and ¢ is obtained from the composition of rotations

around the OY and OZ axes. The order of turns is the
following:
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1) turn about an axis OY through an angle of 0 ;

2) turn about an axis 0Z through an angle of ¢.
The matrix of rotation of the coordinate system
through angles 6 and ¢ has the form:

M (0,9)=M_(0)-M,(0)

cosf-cosp —sing sinB-cose
= | cosO-sing cose sinO-sino |. €8
—sinQ 0 cosO

Let (0,,¢,) — the rotation angles of the new node v
relative to the parent node # . But the node i, in its turn,
is also rotated by some angles, denoting them (0, ¢,)

relative to the axis OZin the base coordinate system.
They are calculated by formulas of transition from spheri-
cal coordinate system to Cartesian.
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If child nodes exist

v

Tree traversal

Current tree node
rebuilding

Checking of child nodes
existence

If child nodes not exist

Creating new nodes

v

( Exit

Fig. 4. Tree growth modeling algorithm

Puc. 4. Anroput™ MOAETHPOBaHHS POCTa IepeBa

& .8, @

B}
=

g g i

Fig. 5. New node creating stage

Puc. 5. IlocTpoeHue HOBOTO y3i1a Kapkaca Jepesa
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Fig. 6. Cone performance in X3D

Puc. 6. IlpeacraBienue konyca B X3D

Thus, the resulting rotation matrix will be calculated
by the formula:

M=M(0,9,)M(6,.0,). )

Accordingly, the coordinates of the new node v in the
base Cartesian coordinate system can be calculated by the
formula:

X, 0
Yy =M-0 5 (3)
z L

where L is the length of the new tree node.

To visualize a three-dimensional tree model based on
the constructed framework, we will use the VRML three-
dimensional image description language or its descendant
X3D [15]. A straight truncated cone is constructed on the
basis of the frame of each node. Radii of bases — the
arithmetic mean between the parameters of the width of
the current node and the neighbor on this base. The axis
of the cone is the vector of the node.

A straight truncated cone in X3D, from a mathe-
matical point of view, is a regular truncated pyramid
(fig. 6).

Such a pyramid is described as follows:

The <IndexedFaceSet> section lists the order of the
vertex points that make up the faces and bases of the
pyramid. The upper base of such a pyramid will have a
description:

012 .. N-2 N-1 I, )

where —1 is the face description separator.
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The <Coordinate> section lists the coordinates of
these vertex points as follows:

Zyya - (5)

The following sequence of steps is used to construct
the cone:

1. The coordinates of the bases are calculated,
the center of the lower base lies at the point (0, 0, 0), and
the top at the point (0, 0, L), where L is the length of the
tree node.

2. The angles 6 and ¢ for the node vector are calcu-
lated.

3. The coordinates of the cone are recalculated taking

into account the rotation matrix M (6,¢) according to the

XN 4 Xy Yy Iy Yan-1

Xan-1

statement (1).

An example of a tree based on this algorithm is shown
in fig. 7.

Thus, using the considered approach to modeling
trees, you can build a tree model with any degree of de-
tail. For example, for coniferous trees, you can model a
tree up to each needle.

Conclusion. The paper proposes an algorithm for con-
structing a tree model, which is iterative and each itera-
tion is a stage of tree growth. The algorithm is based
on the idea of modeling a tree by its gradual “growing” to
the required level. The trunk and branches of the simu-
lated tree are approximated by truncated cones, the axes
of which are the frame vectors. For visualization of the
constructed three-dimensional model of a tree the lan-
guage of the description of three-dimensional images of
3D is used. Using the developed approach it is possible to
model trees with any degree of detail and different cate-
gories of state.
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Fig. 7. 3D tree with textures

Puc. 7. TpexmepHoe 1epeBO C HaJOKEHHBIMHU TEKCTypaMH
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MULTILEVEL EVALUATION OF QUALITY INTERACTIVE ELECTRONIC TECHNICAL
MANUALS FOR AVIATION TECHNOLOGY

E. A. Frolova

Saint Petersburg State University of Aerospace Instrumentation
67, Bolshaya Morskaya Str., Saint Petersburg, 190000, Russian Federation
E-mail: frolovaelena@mail.ru

The method of multi-level quality assessment of interactive electronic technical manuals (IETM) for aircraft con-
tains the main approaches, methodological and logical-mathematical tools for the implementation of multiparameter
evaluation of the quality of electronic content of these manuals. The paper postulated that the goal of assessing the
quality of IETM for aviation equipment is to obtain a consolidated conclusion on the degree of satisfaction of the need
to create interactive electronic technical manuals in the conditions of vagueness of the initial expert data used for
evaluation.

It is shown that the quality assessment of interactive electronic technical manuals for the operation and repair
of aviation equipment is obviously linked to non-numeric or “soft” measurements, due to the fuzzy nature of the initial
qualimetric data obtained from an expert. In this version, “measurement” should be understood as a manipulation
in which some strictly ordered quality gradations correlate in accordance with the IETM for the operation and repair
of aviation equipment properties. In the role of quantitative measurement results, not only real numbers are considered,
but also other algebraic groups that necessarily have an order relation between their elements, that is, a similarity
of the inequality relation between numbers.

The multi-level quality assessment of interactive electronic technical manuals for aeronautical engineering consists
of the following steps: 1. Imagery of numerical vectors of values of elementary quality indicators; 2. Calculation of
ranks that determine the significance of quality indicators in their compositions based on fuzzy and (or) insufficient
initial data on the compositional significance of more particular indicators in the composition of more aggregated indi-
cators: 3. Calculation of elementary indicators values and ratings of importance based on numerical vectors, for the
analyzed performance of IETM on the operation and repair of aircraft, the values of the integral quality indicator, as
the weighted arithmetic average of mathematical similar to a particular indicators.

Keywords: interactive electronic technical manuals, aviation technology, multi-level assessment, quality parame-
ters.

MHOT'OYPOBHEBASI OHEHKA KAYECTBA HTHTEPAKTHUBHBIX 9JIEKTPOHHBIX
TEXHUYECKHUX PYKOBOJICTB VIS ABUAITMOHHOM TEXHUKHA

E. A. ®ponosa

Cankr-IlerepOyprckuii rocy1apcTBEHHBI YHHBEPCUTET a9POKOCMUYECKOTO IPHOOPOCTPOSHHUS
Poccuiickas ®eneparms, 190000, r. Cankr-IletepOypr, yi. boabmas Mopckas, 67
E-mail: frolovaelena@mail.ru

Memoo mHo20ypo6HEBOU OYEHKU KAUeCmEd UHMEPAKMUBHBIX INeKMPOHHBIX mexHudeckux pykogoocme (MOTP) ons
ABUAYUOHHOU MEXHUKU COOEPHCUM OCHOBHbIE NOOX00bl, MEMOOON02UYECKUe U TOSUKO-MAMeMaAMUYecKue UHCmpyMeH-
mapuy 0CyuwecmenieHus MHO2ONApamMempuieckKo20 OYeHUBAHUsS KA4eCmea NeKMpPOHHO20 KOHMEHMA YKA3AHHBIX PYKO-
600cme. Ilocmynuposaro, umo yeav oyenku xavecmea MOTP 0na asuayuoHHOU MexHUKu ecmyv ROJyYeHue C800OHO20
3aKM0YeHUsL 0 OOCMUSHYMOU CIMeneHu YO061emeopeHus nompeoHocmeil 8 cO30aHUU UHMEPAKMUBHBIX DNIeKMPOHHBIX
MEXHUYECKUX PYKOBOOCE 8 YCIOBUAX HEUEMKOCIU HAYATbHBIX IKCNEPMHBIX OAHHBIX, UCHOTb3YEeMbIX 051 OYeHKU.

Ilokazano, 4mo oyeHKa Kayecmea UHMEPAKMUSHBIX NEKMPOHHLIX MEXHUYECKUX PYKOBOOCME NO IKCHAYAMAYUY
U peMOHMY ABUAYUOHHOU MEXHUKU, 04E8UOHO, YBA3AHA C HEYUCTOBLIMU UNU KMASKUMUY USMEPEHUAMU, 8 CUTLY HEUemKO-
20 Xapaxkmepa HA4YANbHLIX KEANUMEMPUYECKUX OAHHBIX, NOJYYAeMblXx om dKcnepma. B maxom eapuanme usmepenue
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caedyem NOHUMAMb KAK MAHUNYIAYUio, npu komopou ceoticmeam UITP no skcniyamayuu u pemMonmy aguayuoHHoOU
MEeXHUKYU CMABAMCS 8 COOMEEMCMBUE HEKOMOpble CMPO20 YNOPAOOYEeHHble 2padayuu Kavecmaa. B poau konuvecmeen-
HbIX Pe3yIbmanmos UsMeperusi paccmMampusaromes He moibKo 0eticmeumenbhble Yucid, Ho u opyeue aneebpaudeckue
2pynnvl, 0053AMeNbHO UMEIOWUe OMHOULEHIE NOPAOKA MENCOY CEOUMU INEMEHMAMU, M. €. N000OUe OMHOWEeHUs] Hepa-
BEHCMBA MEINCOY YUCTAMU.

Mnuozoyposnesas oyenka kawecmea UHMEPAKMUGHBIX IAEKMPOHHBIX MEXHUYECKUX PYKOBOOCMS O/ AGUAYUOHHOU
MEXHUKU COCIOUM U3 CAeOYIOWUX Smanog: 1) nocmpoenue YucieHHbIX 6eKMoOpo8 3HAYEHUL ITEMEHMAPHbIX NOKA3ame-
Jetl kauecmea, 2) pacyem paneo8, Onpedensiowux 3HAYUMOCHb NOKa3ameell Kayecmed 8 ux KOMNO3UYUusix no nouy-
yaeMbiM 8 X00e IKCHEPMU3bl HeYeMKUM U(UIU) HeOOCMAMOYHbIM UCXOOHBIM OAGHHBIM O KOMNO3UYUOHHOU 3HAYUMOCU
bonee uacmuvix noxkazameneil 8 cocmase Oonee c600HbIX noKazamenetl, 3) pacyem Ha OCHOGe YUCIEHHBIX 6EKMOPOS
3HAYEHULl IIeMEeHMAaPHbIX NoKazamenell U OYEHOK PAH208 3HAUUMOCMU 015 auanuzupyemoeo ucnoanenuss UITP
1O IKCHIAYAMAYUYU U PEMOHMY ABUAYUOHHOU MEXHUKU 3HAYEHUSI UHMEZPATIbHO20 NOKA3AMENs Ka4ecmaed KaK 836euleHHO-

20 cpe()Hezo apudmemultecxoeo SHAUEHUsT MAMEMAMUYECKU AHATO2UYHBIX OOoJlee YACMHbIX NOKA3amelell.

Kniouesvie cnosa: UHmMepaxkmueHvle J1eKMpOoHHble MEeXHUYEeCKUe pykos()()cmea, aAsUaAyUORHRAA MexXHuKd, MHO2o0ypoe6-

Heeoe oyeruesarnue, napamempbsbl kayecmed.

Introduction. The aim of assessing the quality of
IETM for aircraft is to obtain a consolidated opinion on
the achieved degree of satisfaction of the needs for the
creation of interactive electronic technical manuals, in the
conditions of the fuzziness of the initial expert data used
for evaluation. The assessment of the quality of the IETM
on operation and repair of aviation equipment is the de-
termination of their compliance with the requirements of a
predetermined network of indicators of this quality.

Mathematical basis for setting quality indicators
for multi-level assessment. Assessment of the quality of
interactive electronic technical manuals (IETM) on opera-
tion and repair of aviation equipment is the determination
of their compliance with the requirements of a predeter-
mined network of indicators of this quality [1]. If the in-
dicator is a complex nesting of other, simpler indicators
(aggregated indicator), then the one-time act of analysis
and evaluation of quality develops into a multi-step se-
quence of qualimetric evaluation. The aggregated indica-
tors in this qualimetric evaluation will be compositionally
formed from more simple indicators, resulting in the for-
mation of hierarchical network of indicators. In such a
hierarchical network at the terminal level, as a rule, there
are indicators that can be directly measured or expertly
evaluated, quantitatively or qualitatively. Such indicators
of the terminal level of the hierarchical network of indica-
tors of assessment of quality of IETM on operation and
repair of aircraft are called elementary. Their set is de-
noted by {g;}. At higher levels of the hierarchical network
of quality assessment of IETM on operation and repair of
aviation equipment compositionally complex, called ag-
gregated, indicators {g;} are established, aggregating
weighted composition of indicators, from the composition
of elementary indicators and(or) other aggregated indica-
tors. Root vertex of the specified hierarchical network
results is an integral index Q, that is the quality of the
IETM on operation and repair of aircraft.

As part of this hierarchical network, the compositional
or aggregate importance of any quality indicator ¢; for the
assessment of the integral indicator O, will be different.
Accordingly, for the numerical fixing of composite
or aggregate indicator of the importance ¢; in the convolu-
tion of the nearest aggregated indicator according to the
structure of the hierarchical network of indicators,
the weight coefficient w,, , is entered — the local rank
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of the m-th indicator in the n-th convolution, w,, , €(0,1);
Wi » € R. In addition, for each aggregated indicator the
normalization condition must be satisfied:

Zwm’n =1.

Accordingly, the numerical value of the rank of each
elementary or intermediate aggregated index ¢; in the
convolution of the integral index (,, according to the
hierarchical network of indicators, is determined by the
weighting factor b,,* — the global rank of the m-th index
in the convolution of the integral Q. Respectively

[2)
*
bm - | I Wm,n’
Im

where b,,” € (0,1); b, € R.

The specific features of the definition of input infor-
mation from the expert group for measuring or evaluating
local and global ranks determines the classification basis
for identifying of the corresponding particular methods
within the framework of the developed method of quali-
metric assessment of IETM on operation and repair of
aviation equipment. The basic feature of the separation of
a particular sub-method is a specific feature of obtaining
expert information at the input [2; 3]. As a rule, the role of
this feature includes the dimension and character of the
scale for instrumental measurement or qualitative and
quantitative assessment of elementary indicators, a form
for taking into account the fuzziness of the input expert
data, differences in the mathematical convolution of in-
termediate aggregated and elementary indicators into the
assessment of an integrated indicator. Algorithmic-
qualimetric essence of quality assessment is initially re-
duced to the definition of a set of properties (individual
qualities) of the object being evaluated — [ETM on opera-
tion and repair of aviation equipment. The values of the
estimates for these properties are evaluated on a scale.

Assessment of the quality of IETM on operation and
repair of aircraft is associated with non-numeric or “soft”
measurements. “Measurement” should be understood as a
manipulation in which the properties of the IETM on op-
eration and repair of aircraft equipment are correlated in
accordance with some strictly ordered gradations of qual-
ity. With this approach, not only real numbers are consid-
ered in the role of quantitative measurement results, but
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also other algebraic groups, necessarily having an order
relation between their elements, a number of specialized
scales of measurement and evaluation of the quality prop-
erties.

Objectively predetermined use of soft, non-numeric
measurements in assessing the quality of IETM on opera-
tion and repair of aircraft specifies the fact that particular
and aggregated indicators from a single hierarchical net-
work of quality assessment indicators can be assessed or
measured on scales (nominal, ordinal, ratios, differences),
accordingly, the numerical values of these measurements
and estimates will be set on different algebraic groups.

According to [4-8], it was established that for the
categorical features peculiar to the IETM on operation
and maintenance of aviation technology quality assess-
ment the rational form of convolution of the integral
evaluation criterion would be the additive linear criterion
of the normalized form:

0= Z Wiq;-
i1

The above-shown application of heterogeneous scales
of soft measurements or evaluation of elementary indica-
tors leads to such a nature of the data that is input to the
method, that this character is understood as insufficiency
or deficiency of the input information [9]. This affects the
algorithm for calculating the local ranks {w;}, which play
the role of accounting for the different values of the input
data in the developed method of assessing the quality of
IETM on operation and repair of aircraft. Based on the
foregoing, the mathematical apparatus of randomized
aggregated indicators [10-14] was adopted for the
mathematical basis of the developed qualimetric method.

Aggregated and integral indicators of quality of IETM
on operation and repair of aircraft are calculated through
the normalized additive convolution of the elementary
indicators included in the corresponding network of indi-
cators [15]. Basing on this, it is possible to evaluate &
alternative options for the implementation or projects of
IETM on operation and repair of aircraft. It is assumed
that their sets of estimates for elementary indicators
are represented by numerical vectors q(i) = (ql(j),..., qm(j)),
i=1,..,m,j=1,..., k. Each such numerical vector is a
multiparametric assessment of the corresponding alterna-
tive implementation of IETM on operation and repair of
aircraft in the form of a family of values of elementary
indicators ¢ = (qi,..., g»). Further, it is assumed that on
the community of all evaluated realizations of IETM,
quantitatively described by the indicated numerical vec-
tors of evaluations by elementary indicators, the relation
of strict dominance is given:

(475 q7)=((vig” 2" )A(F ¢ >4")) ()

The expression describing condition (1) should be
considered as follows: IETM ¢ is superior IETM ¢
in the considered indicator when it is not less preferable
by each component of the elementary index (g > ¢,*)
and there is an elementary or more particular aggregated
indicator for which the first IETM is preferable to the
second ((q,-(") > qj(j))). The ordering of the analyzed IETM
on operation and repair of aircraft will be a strict ordering
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in accordance with (1). Accordingly, together with the
strict ordering relationship by preference, it is necessary
to introduce a non-strict order relation:

(q(”zqm) - ((qm o q<s>)v(vz' g = %(S)))‘ ()

In this case, it is possible to determine the relation of
strict order through the relation of non-strict order:

(47 54") = ((4724") A (47 %47))- @)

When carrying out the ordering of IETM on operation
and repair of aircraft using the dominance ratio, a signifi-
cant complexity arises — the presence of a large number of
objects of assessment ¢, ¢/, which are not comparable
in relation to the non-strict order (2). The probability of
comparability with respect to (2) of these random vectors

is determined by the expression

1
mel .

From (4) it can be concluded that the ability to find
comparable multi-criteria quality assessments of IETM on
operation and repair of aviation technology decreases
rapidly with an increase in the number of analyzed indica-
tors. So, if IETM is estimated by m = 11 indicators then
the probability that a pair of randomly selected electronic
manuals is comparable in all indicators at once is less than
one thousandth. To ensure the comparability of multi-
parameter quality assessments aggregated indicators are
used the essence of which is to form elementary indica-
tors ¢ = (q1,..-, g) along a vector of some aggregated
indicator Oy, which is a function Q = Q(q) = O(q1,..., Gm)
of a vector of elementary exponents ¢ satisfying the con-
dition of monotonicity in the form

P32 ") v (32 47} = )

vq",q" elq:q=(q,,....q,).q; €[0,1]}
(g >q4"} = {0(¢")20(¢")}.

In turn, the most powerful aggregated indicator is an
integral indicator of Q.

Synthesis and ranking of a multi-level tree of as-
sessment indicators. In the most general form the func-
tion of synthesis or convolution of elementary indicators
in the aggregated ones for IETM on the operation and
repair of aviation equipment takes the form

(&)

0,(4:) = 0y (G s Wi ) = ¢(Zw ¢<q,-)j.

Conducting the substitution of stretched / compressed
values o, ¢'”, i=1,..,m in the convolution formula al-
lows synthesizing the following expression

0 0).
0 (a,q”,....a, g s w)=

) (wa ijx(Hq?”’):A 0., qsw).  (6)
i=1 i=1

Basing on expression (6) the following conclusions
can be made: if elementary indicators are measured or
assessed on the scale of relations, then the multiplicative
aggregated indicator is measured or estimated on the scale
of relations with stretching / compression A.
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Defining and marking the so-called “difference scale
shift”, setting the beginning of reference as ¢; = 0 and the
end, as ¢; = 1, is much easier than choosing the coefficient
of stretching / compression of the ratio scale. This is the
main reason for choosing the additive normalized synthe-
sizing function in the proposed method for estimating
IETM on the operation and repair of aircraft. In the
mathematical apparatus of the method of quality assess-
ment of IETM on operation and repair of aviation equip-
ment, it is precisely the additive normalized convolutions
0.(g; w) of elementary indicators that are used to calcu-
late the aggregated and integral estimates of these elec-
tronic manuals.

An example of the synthesis of a multi-level tree of
indicators for the assessment of IETM on operation and
repair of aircraft is presented in fig. 1. We consider: some
list of five indicators, and initial values of quality charac-
teristics, compositionally included in the aggregated and

integral quality indicators of IETM on operation and re-
pair of aviation equipment, as well as a set of vectors of
values of elementary quality indicators of nine realiza-
tions of a specific IETM from various competing devel-
opment organizations for which a noticeable difference in
technological approaches, development methods, software
implementation, etc. is stated. It is implied that the vectors
of values of the elementary indicators of the quality of
IETM was conducted according to the originally specified
five basic indicators zy,..., z,. From the initial two tables
in fig. 1 it follows that all elementary indicators zy,..., zs
are estimated (i. e. “softly measured”) on the scale of
names, except for the indicator zs, which is estimated on
the ordinal scale. In the framework of the example, it is
obvious that in order to ensure further integral convolu-
tion, it is necessary to evaluate all the considered indica-
tors on the ordinal scale: <Satisfies; rather satisfies than
does not satisfy; Does not satisfy>.

Specific values of the quality characteristics of sofiware
Possible list and initial values of gualitv characteristics implementations of IETM n thelr original form
No Chuaracleristic Possible values
(indicator) Ne -'\]__h?-"-"’L“! ¥r ¥ ¥e ¥s
1 Visibility and availability of (L)} Not visual; g;ﬁfmem
S0y o Llleeu'l}': | f‘P*; Very clear High Familiarization Low el
(3) Very clear. ) Ell;ll!'_'l
2 R&q.u::erl. level of LnITl?ll general { l.| I.nw:. > NPO Not visual High Familiarization Very ligh prem—
engineering and rechnical (2) Medium, CAVTOm®
readiness of IETM user (3) TI:lgh enough; 3 | NPOeMacsy | Vervclear | Medinm | Mastering the skill | Low wEreeqLy
— H.] ngl‘j- R 4 | NPOwhgate | Veryclear | Low Implant skills Low syellovws
3 Application purpose (1} Familiarization; 5 KBeRubing | Clearly High Familiarizatian Lo avellaws
{2} Theoretical explanation; : enaugh
(3} implant skills; 6 | SPIRAN - Veryclear | High Familiarization Very high avellaws
(4) Mastering the skill. NTEVT
4 | Resource intensity of this (1) Low; 7 | NPPuRadar | Vervelear | High Mastering the skill | Low HErAeI
software product that implements | (2) High: s
IETM | 13} Very high., 8 | CNPO Clearly Low Theoretical High wyelloven
5 Correctness and commented out | (1) sgreens _Leninacw explanation |
souree code (2} wyellows o GK Veryclear | Low Implant skills Lovwr wreds
{3} wwedw wlpondshtado:
| at ¥y
|
gly)= ' Rl at wevEy,
.1 Al .] -
L at y=r
Summary and integral indicators
¥ = fwied ek -x (e h-yie,)]
— Elementary Lllllfjacators ——
T —— go=gly); o)==, vy.eR8 20 e
— ¥ 6 Rl e
____‘——\____—__— ___'_'_'_,_a—'—'__'_
Ne | Alternative development options | g | g2 | &5 | & | &
1 | CP§ 0 | 1101
2 | NPO «Avroran 1 L1 1[0
3 | NPO «Marse 0 05|01 07]0
4 NPO «Agat 0 0100105
5 | KB «Rubin» 05] 1 | 0 |05
6 | SPIIRAN - NTBVT 0 l 1 1 |05
7 | NPP «Radar mmsw 0|1l ]J]ojJ0]0®
| 8 | CNPO «Leninec» 05/ 0 [05[05)05
[ 9 [ GK «Krondshtadt» [o]JoJo] o]1]

Fig. 1. An example of setting IETM
a multi-level tree of

quality indicators when synthesizing
assessment indicators

Puc. 1. Ilpumep 3ananus nokaszareneit kauectsa UDTP
IIPY CHHTE3€ MHOTOYPOBHEBOT'O IepeBa MOKa3aTeNeH OLleHKN

6

08



HquopMamuKa, eblHuUcCIUmMeNlbHdasl mexnuKka u ynpaejienue

Let us assume that, in the framework of the considered
example, the experience of experts allowed the scaling of
the values shown in fig. 1 to the indicated ordinal scale.

The obtained values of the elementary indicators
V1,-.-, ¥5 of the quality of the IETM have exactly the ordi-
nal character. This means that they are not real numbers
and arithmetic operations cannot be performed on them.
To carry out such operations, the indicated values of the
elementary exponents yy,..., ys must be given a numerical
form. In other words, it is necessary to specify the map-
ping x = ¢(y) of the gradations of the index y to the set
of real numbers R'. This mapping should preserve the
order of the gradations. From the infinite family of admis-
sible assignments of ordinal scales, on which the parame-
ters yy,..., ys are measured, in the framework of the exam-
ple a simple transformation was initially chosen, resulting
in the above mentioned ordinal scale to a decreasing
number of natural numbers, respectively: <3, 2, 1 >.
On the basis of this conversion, the values xi,..., xs
of the indicators are obtained, directly estimated on the
scale of real numbers R' and rolled up into quality aggre-
gated indicators of IETM on the operation and repair
of aircraft.

Traditionally, both in the framework of the given ex-
ample of estimating elementary indicators xj,..., xs, and in
the established practice of evaluating other combinations
of elementary indicators of IETM on operation and repair
of aircraft, the use of linear normalization is accepted and
practically justified. This allows getting the values of
elementary indicators ¢y,..., gs in the form reduced to the
(0, 1) interval, as shown in the table in the lower part of
fig. 1. for the observed example. Each of the rows in the
table at the bottom of fig. 1 is a multiparametric estimate
of ¢ = (q1,..., gs) vector characteristics of IETM on opera-
tion and repair of aircraft of specific performance from a
particular contractor.

Determining the values of the ranks that determine the
significance of the IETM quality indicators in their com-
positions from the fuzzy and (or) insufficient initial data
obtained during the examination. It consists in building a
family of all possible numerical vectors of significance
ranks, taking into account fuzzy (expert) data on the prior-
ity of the relevant indicators, and calculating a aggregated
numerical vector of ranks of significance. This device
provides for the construction of a numerical grid for m
IETM quality indicators with discrete step n. Further, this
grid is thinned out according to fuzzy data / from experts
on the priority of certain indicators. Formally, such initial
data are presented in the form of a system of inequalities.
As a result of exceptions from the initial digital grid of
numerical vectors that do not correspond to fuzzy (expert)
data I, n numerical vectors remain, after normalization of
which it becomes possible to calculate the ranks of com-
positional significance for m IETM quality indicators. In
other words, ranks of significance are defined as the alge-
braic average over each of the m indicators on the set of
thinned vectors of N initial number vectors. Each rank of
significance, taking into account the fuzziness of the data
set for the thinning of the original digital grid, is calcu-
lated as a random variable: that is, the mathematical ex-
pectation of the value of the rank of significance is deter-
mined

N(m,n)

(£)
1 N(m,n) 1/Vt

— _ ’ () _ =1
w., = w=— w o= = (7)
' " N(m,n) ; ' m

and the corresponding value of the variance of a random
variable or standard quadratic deviation as a measure of
the accuracy of this significance rank value

2
W' -w ] =

1

1 N(m,n)

Dw, = ) ;[

_ m—1 +l m—1
m*(m+1) nm(m+1)

The proposed mathematical and algorithmic tools for
taking into account the compositional importance of sim-
pler indicators for assessing the quality of IETM in the
composition of more complex ones using ranks of signifi-
cance determined by the methods of “soft computing”,
make it possible to take into account any fragmentary and
fuzzy expert data on the comparative weight of individual
indicators in the aggregated ones. This provides the de-
veloped method of evaluation with the necessary flexibil-
ity when working with the initial heterogeneous informa-
tion of qualimetric evaluation.

The procedure of ranking indicators in the composi-
tions, as a fundamental component of the method for as-
sessing the quality of IETM on operation and repair of
aviation equipment, can be illustrated with an example for
three simpler indicators (m = 3) that are combined into a
composition of a more complex indicator. The ranking
results are presented in the right table in fig. 2.

Analyzing the presented example of the implementa-
tion of the procedure of ranking indicators in the compo-
sitions of more complex quality indicators of IETM on
operation and repair of aviation equipment, it is necessary
to pay attention that the mathematical consideration of the
fuzziness and noise of the input qualimetric data / makes
it possible to increase the accuracy of estimates of the
ranks of the importance of elementary indicators w,(/),

®)

i =1,..., m, in aggregated and integral indicators, Q',
j=1,..., k. In practice, this is reflected in a decrease in the
standard deviation of s,7) and S*(I), as well as an in-
crease in the reliability of the ranking of elementary and
aggregated indicators in the compositions (direct to 1
the probabilities of dominance of p(r, s; ), r, s = 1,..., m
and P(j, ; ), j, [=1,..., k).

The procedure for calculating the values of indica-
tors of quality assessment IETM. The calculation of the
values of indicators for assessing the quality of IETM on
operation and repair of aircraft in the conditions of the
primary application of the procedure for ranking indica-
tors in compositions of more complex quality indicators
has a number of specific features:

— when determining the ranks of significance on the
basis of direct, estimated input data on the priorities of
simpler indicators of evaluation;

— in determining the ranks of significance based on
expert sampling of data consisting of examples of previ-
ously evaluated implementations of IETM;

— when determining the ranks of significance based on
fuzzy initial data on the priority of elementary and aggre-
gate indicators in the composition of the integral;
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— when determining the ranks of significance based on
a multi-level hierarchical network of indicators.

The structure of the procedure for calculating the val-
ues of the quality assessment indicators of IETM on op-
eration and repair of aviation equipment is shown in gen-
eralized form in fig. 3

The considered procedure for assessing IETM on the
operation and repair of aircraft, depending on the methods
of obtaining input expert data, is as follows:

a) quality assessment in determining ranks of signifi-
cance based on direct, estimated input data on the priori-
ties of simpler assessment indicators;

b) assessment of quality in determining the ranks of
significance based on an expert sample of data consisting
of examples of previously evaluated implementations of
the IETM;

c¢) quality assessment in determining the ranks of sig-
nificance based on fuzzy initial data on the priority of
elementary and aggregated indicators in the composition
of the integral;

All passible valoe rank vectors

whios (i wl wi™)  atsiep h=0,2

d) quality assessment in determining the ranks of sig-
nificance based on a multi-level hierarchical network of
indicators.

The generalized scheme for calculating the values of
the IETM quality assessment indicators, for evaluating
specific implementations of these manuals, includes three
main steps:

1. Construction of numerical vectors of values of
elementary quality indicators.

2. Calculation of ranks that determine the signifi-
cance of quality indicators in their compositions accord-
ing to fuzzy and (or) insufficient initial data on the com-
positional significance of more particular indicators in the
composition of more aggregated indicators.

3. Calculation of the integral quality indicator, as a
weighted arithmetic average of mathematically analogous
more particular indicators on the basis of numerical vec-
tors of values of elementary indicators and ratings of sig-
nificance for the analyzed performance of IETM on op-
eration and repair of aviation equipment values.
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Fig. 2. An example of the procedure of ranking indicators implementation in the compositions
of more complex indicators of quality

Puc. 2. [Ipumep peanuszanuu Ipouesypsl paHKUPOBaHUs II0Ka3aTeleH
B KOMITO3HIMAX OoJiee CIIOXKHBIX ITOKa3aTelIell KauecTBa
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Fig. 3. A generalized presentation of the structure of the procedure for calculating
the values of IETM quality assessment indicators

Puc. 3. O6001eHHOE MpeCcTaBICHHE CTPYKTYPHI MPOIICYPHI pacyeTa 3HAYCHU
rmokasatesei orenku kauecrsa UDTP

The described generalized scheme for calculating the
values of quality assessment indicators is the essence of
the developed quality assessment method of IETM on
operation and repair of aircraft equipment. It allows you
to generalize the previously described and disclosed pro-
cedures for scaling and randomizing ranks of the signifi-
cance of quality assessment indicators for the specified
IETM logically.

Conclusion. The proposed method of multilevel qual-
ity assessment of IETM on aviation technology, based on
the use of a mathematical soft computing apparatus for
processing primary qualimetric data obtained from ex-
perts and making it possible to draw conclusions about
the achieved quality level of created IETM on the opera-
tion and repair of aviation equipment.
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METHOD OF QUALITY ANOMALIES DETECTION IN INTERACTIVE ELECTRONIC
TECHNICAL MANUALS FOR AIRCRAFT MAINTENANCE AND REPAIR

E. A. Frolova*, Ya. A. Ivakin, A. O. Smirnov

Saint Petersburg State University of Aerospace Instrumentation
67, Bolshaya Morskaya Str., Saint Petersburg, 190000, Russian Federation
*E-mail: frolovaelena@mail.ru

The purpose of developing a method for detecting quality anomalies of interactive electronic technical manuals
(IETM) in application to aircraft maintenance and repair is an objective, purposeful interpretation of assessment of the
specified quality. This method is a combination of the corresponding logical-mathematical model of such anomalies
designed for subject content logic circuits (SCLC), and the algorithm of its performance in the technological process of
compiling interactive electronic manuals.

The IETM model of quality anomalies provides the analysis of the SCLC structure as some basic graph and regards
the anomaly as a more specific graph. The specific graph is a graphical description of various partial distortions of the
logic presented in the form of SCLC. Such a representation of quality anomaly of IETM for aircraft maintenance and
repair — by a graph isomorphically nested in the structure of its SCLC — allows to reduce the detection of such
anomalies to the mathematico-algorithmic problem of detection or search for the corresponding isomorphic subgraph
in the configuration of the corresponding logic circuit. This allows to detect persistable structural embeddings charac-
terizing logical errors in the feeding of electronic content to IETM for aircraft maintenance and repair from the list /
database of predetermined anomalous logic substructures.

The proposed method for detecting IETM quality anomalies in application to aircraft maintenance and repair is
both a methodological toolkit and an extensive basis for design of suitable software models for automatic procedures of
valid structure and content correction in concrete interactive electronic technical manuals.

Keywords: interactive electronic technical manuals, aircraft, graph, quality anomalies.

METO/I BISABJJEHUSI AHOMAJIMIA KAYECTBA HHTEPAKTUBHBIX
SJEKTPOHHBIX TEXHUYECKHUX PYKOBO/JICTB I1O SKCIIYATAIIUA
N PEMOHTY ABUAIITMOHHOU TEXHUKHA

E. A. ®ponosa*, A. A. Bakun, A. O. CMEpHOB

Cankrt-IletepOyprckuii ToCyAapCTBEHHBI YHUBEPCUTET a3POKOCMHYECKOTO IPUOOPOCTPOCHUS
Poccuiickas @eneparnms, 190000, r. Canxt-IleTepbypr, yi. bonsmas Mopckas, 67
*E-mail: frolovaelena@mail.ru

Lenvio paspabomxu memooa 8viAGNEHUL AHOMATUL KAYeCMEd UHMEPAKMUBHBIX JJIEKMPOHHBIX MEXHUUECKUX PYKO-
600cme (MOTP) no skcniyamayuu u pemonmy asuayuoHHOU MEeXHUKU SAGIAEMCs NPeOMemHAsl YeeHANPAGICHHAS UH-
mepnpemayus pe3yibmamos OYeHKU YKA3aHH020 Kauecmed. J{anuvii memoo npedcmasisem cobOu COBOKYRHOCHIb
coomeemcmeayoweli  102UKO-MaAmeMamuieckol  MOOenu MmMaKux aHoMaiull, paspabomanHol NPUMEHUMENIbHO
K Joeudeckum cxemam npeomemrozo koumenma (JICIIK), u ancopumma eé npumenenus 8 pamKax mexHoi02uiecKo2o
npoyecca co30anus UHMePaKmuHvlx 21eKMPOHHBIX PYKOBOOCHIS.

Mooenv anomanuu xawecmea UITP npedycmampusaem paccmompenue cmpykmypel JICIIK kax nekomopozo 6a3o-
6020 epaga, a anomanuu — Kax bonee wacmrnozo epaga. Taxou bonee wacmublil epagh npedcmasisem codou paghuye-
CKOe OnuUCaHue pasnudHbIX YACMHbIX UcKaxcenuu nocuku, onucvigaemoll 6 eude JICIIK. Taxaa penpesenmayus aHomanuu
kavecmea UDTP no sxcniayamayuu u pemMoHmy aeuayuoHHOU MeXHUKY 2paghom, U30MOPHHO GLOIHCEHHBIM & CIPYKIYDY
ezo JICIIK, nozeonsem ceecmu 6visiGleHUe YKAZAHHBIX AHOMATUL K MAMEMAMUKO-AN20PUMMUYECKOL 3a0aye Pacho3Ha-
BaHUSL UNU NOUCKA COOMBEMCMBYIOue20 U30MOpPHo20 nodepagha 6 cmpykmype cOOmMEemcmeylouel 102udecko
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cxembl. IMo no360a51em 0OHAPYICUMb U PACNOZHAMb YCMOUYUEble CIPYKIMYPHbIE GNONCEHUS, Xapakmepusylowue 10-
2uuecKue ouuoKu nooayu d1ekmponrozo konmenma ¢ UOTP no skenayamayuu u pemonmy aguayuoOHHOU MexXHUKU U3
nepeuns (basvl) 3apanee onpedeneHHbIX AHOMATbHBIX T102UHECKUX NOOCIMPYKIMYD.

Ipeonazaemviii memooO evisignenus anomanuu kawecmea UITP no sxcniyamayuu u peMoHmMy a8UayuOHHOU MeXHU-
KU npedcmasisiem cobol Kak Memoooi02uiecKuil UHCMPYMEeHmMApul, maxk u MOWHy 0a3zy 05 CO30aHUsL COOMEEm -
BYIOUUX 0OPA3YOE NPOSPAMMHBIX PEULCHUL NO ABMOMAMU3AYUU NPOYEOYp KOPPEKMHOU KOPPEKMUPOBKU CIPYKIYPbL U
KOHMEHN-HANOTHEHUSL PACCMAMPUBAEMBIX UHMEPAKMUBHBIX INEKMPOHHBIX MEXHUYECKUX PYKOBOOCMS.

Krniouesvie cnosa: UHmMepaxkmueHbvle IJ1eKMpPOHHblE MEXHUYEeCKUe pykoeoécmea, aeuayuoOHHaA mexHuka, 2pa¢, aHo-

manuu kadecmeda.

Introduction. The purpose of quality assessment of
IETM for aviation technology is to come to a general
conclusion on the obtained degree of meeting the de-
mands for interactive electronic technical manuals within
the context of unclear initial expert data used for evalua-
tion [1-5]. Assessment of quality of IETM for aircraft
maintenance and repair means stating their compliance
with the requirements of the already existing database of
that quality indications.

The proposed method of detecting quality anomalies
of the IETM in question is a combination of
corresponding logical-mathematical model of such
anomalies, developed for application to the subject
content logic circuits (SCLC) [6; 7] and the algorithm of
its performance in the technological process of designing
interactive electronic manuals.

Anomaly representation by a graph isomorphically
nested in SCLC configuration of IETM. The scientific
and methodological concept of quality management
of IETM for aircraft maintenance and repair implies that
quality improvement of software technology for the spe-
cific electronic manuals is achieved by applying available
qualimetric toolkits for software and information products
[8; 9]. Particular attention is paid to quality improvement
of IETM content, the factual material describing the sub-
ject area of maintenance and repair of specific aircraft
models [10-12]. In turn, the SCLC method that provides
the sufficient quality level for IETM design offers the
developers a means specially focused on IETM for air-
craft maintenance and repair content quality [13]. How-
ever, designing electronic content for [IETM with the use
of SCLC does not guarantee the absence of its quality
anomalies. If the method of multi-level quality assessment
of IETM for aircraft shows a low level of quality achieved
in the design process, it will be necessary to improve this
quality. Thus, there appears the problem of anomalies
detection in the electronic content of the evaluated IETM.
It is for solving this problem that the method of quality
anomalies detection of IETM for aircraft maintenance and
repair is aimed at. These [IETM were originally developed
on the basis of the corresponding SCLC.

The model of quality anomalies of IETM provides the
analysis of the SCLC configuration as some basic graph
and regards the anomaly as a more specific graph [13].
The specific graph is a graphical description of various
partial distortions of the logic presented in the form
of SCLC.

There is quite a number of typical logic distortions in
the design of IETM electronic content, in the sequence of
frame appearance, etc. The most common examples are
logical ring, transitive closure, non-specified fact (condi-
tion execution failure). In other words, the SCLS structure
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is regarded as a basic graph, within which a subgraph
isomorphic to the given one is determined. Here graph
isomorphism is understood as equivalence ratio for a set
of graphs [14; 15]. The graph, to which the subgraph
within the basic graph that displays SCLC configuration
relates as isomorphic, graphically specifies the corre-
sponding type of content logical anomaly in IETM for
aircraft maintenance and repair (anomalies of the logic of
subject content representation as regards the SCLC).

The process of representation of the anomaly in the
form of a graph isomorphically nested in the configura-
tion of SCLC of IETM (when the description of the speci-
fied anomaly model is formalized by applying mathe-
matical methods of the graph theory technique) takes the
form shown in fig. 1. Strictly speaking, the algorithm for
detection of an anomaly graph isomorphically embedded
in SCLC of IETM, as related to the general method of
detecting quality anomalies in IETM for aircraft mainte-
nance and repair, will not undergo significant logical and
structural changes. The algorithm initially specifies SCLC
decomposition procedures and methods detecting embed-
ded anomalous structures (based on the graph theory
technique). The complexity of this approach is due to the
fact that the task of quality anomalies detection in SCLC
of IETM is regarded here as a problem of graph isomor-
phic nesting detection (or isomorphism to a subgraph); the
existing algorithms of solving the problem reflect expo-
nential time complexity of software implementation [15].

The problem of graph isomorphism detection has a
correct interpretation in the subject area of designing
IETM for aircraft maintenance and repair. In particular,
there exists a set of effective algorithms for detection
within a complex graph, such as SCLC configuration in a
real, operational IETM for aircraft maintenance and re-
pair, a subgraph isomorphic to the specified one (sub-
graph-quality anomaly) [15]. There are 2 classes of algo-
rithms for such detection. Class 1 is the implementation of
hierarchy principle for the so-called non-exhaustive algo-
rithms that recursively improve their performance in the
way of scope and precision of the parameter analysis of
vertices and / or edges invariant to graph isomorphism,
and, accordingly, called invariants. Class 2 of the algo-
rithms relates to implementation of the same algorithm
hierarchy principle, but in the way of exhaustion at one of
the search steps of the so-called isomorphic permutation.
The worst parameters are demonstrated by algorithms
implementing the so-called total direct exhaustion. They
can be applied only to SCLC of limited scale. At the same
time, the solution of the problem of isomorphic nesting of
subgraph into SCLC graph of IETM for aircraft mainte-
nance and repair is trivial in regard to software tools and is
described in [14; 15].
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Thus, the representation of IETM for aircraft mainte-
nance and repair quality anomaly by a graph isomorphi-
cally nested in the configuration of its SCLC allows to
reduce detection of the specified anomalies to the mathe-
matico-algorithmic problem of detecting the specified
isomorphic subgraph in the corresponding logic scheme.
Then it becomes possible to detect typical structural em-
beddings that characterize logic errors in the feeding of
electronic content to IETM for aircraft maintenance and
repair from the list / database of predetermined anomalous
logic substructures.

Concretization of the graph model of IETM quality
anomaly developed on the basis of logic schemes of the
subject content. Analysis of presentation of IETM con-
tent quality anomalies as an isomorphic embedding of a
graph reflecting the corresponding SCLC configuration
showed that the graphs defining these anomalies may
have a diverse and complex form.

The classification of mathematical methods for detect-
ing graph isomorphism, i.e. methods for solving the prob-
lem of detection of a graph isomorphic to a specified one,
is shown in fig. 2 [15]. As the choice of graph fragments
of the same type is varied, the invariants are divided into
three classes: local, quasi-global and global.

The solution of the subtask of invariant detection is
carried out on the basis of the statement proved by the
graph theory — graph G is isomorphically embedded into
graph G’if and only if ¢ (G <> G’) > | G | [14].

Concretization of IETM quality anomaly graph model
developed on the basis of SCLC involves determining the
best mathematical method for solving the problem of
isomorphic graph nesting that conforms to constraints of
the subject area of IETM for aircraft maintenance and
repair quality management.

Algorithm for detecting isomorphic nesting of a
quality anomaly graph in SCLC configuration of
IETM. The algorithm for solving the problem of detec-
tion of isomorphic graph nesting that conforms to con-
straints of the subject area of IETM for aircraft mainte-
nance and repair quality management, as stated in the
classification of methods given above, is implemented on
the basis of compound method of directed exhaustion. It
combines the main advantages offered by directed ex-
haustion methods that employ local, quasi-global and
global invariants. The suggested algorithm makes use of
the following invariants:

— number of vertices n(L);

— number of edges m(L);

— power vector S(L) = (s, 2, ..., S,), wWhich, in par-
ticular, yields numerical invariants s(L) = min S(L, x)
and s”(L) = max S(L, x);

— outdegree S'(x);

— indegree S (x);

— adjacency matrix A(L).

In the design of the algorithm the following assump-
tions and limitations were adopted:

— it is assumed that the vertices (edges) of the graphs
have the same properties, i. e. in the algorithm weighting
factors of the vertices (edges) are neglected. The reason is
that for different types of graphs there will be different
requirements for weighting factors;

— all vertices should be numbered;

— only directed graphs are considered: when analyzing
undirected graphs, it is necessary to specify one edge as
two, 1. e. as connecting vertices in both directions;

— “unconnected” vertices are not considered, 1. e. each
object must have at least one link with another object.

Subject content (factual material) I

SUBJECT CONTENT (SCLC) PRESENTED
IN THE Forf\_q OF LOGIC SCHEMES FOR IETM

Configuration SCLC — oriented graph

L

Detection of isomorphically
nested graphs

Output analysis

Quality anomaly configura-
tions (logical errors) database

(logical errors)

Fig. 1. Key steps of anomaly representation by a graph isomorphically nested
in SCLC configuration of [IETM

Puc. 1. OcHOBHBIE ATaIbl IPEICTaBICHUS aHOMAIUH IpadoMm,
n30Mop(hHO BIOKeHHBIM B cTpykTypy JICIIK UDTP
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Methods employing local variants

A 4

Methods employing quasi-global
invariants

A 4

»| Methods employing global invariants

Methods for solving graph isomorphism detection problem

Exhaustive search methods

A

Directed search methods

Methods employing local invariants

Methods employing global invariants

Methods employing quasi-global invariants ¢—

Fig. 2. Classification of graph isomorphism detection methods

Puc. 2. Kiraccudukamym MeToI0B yCTaHOBIICHHS H3oMopdr3ma rpados

The methodological basis of the proposed algorithm
for solving the problem of isomorphic graph nesting is the
thesis that logic circuits S} = {4, R} and S, = {4,, R,}
in combination outline a constraints system that affects a
set of hypothetically possible solutions and significantly
reduces it. Here it is not an exhaustion of solution vari-
ants, which would lead to N-factorial searches, but appli-
cation of a constraints system by a specific algorithm onto
a specially devised field; inside this field, as a result
of a sequence of actions aimed at meeting the require-
ments of the constraints system, a ready-made solution is
formed. This variant may look like a permutation matrix
for graphs of the same dimension. What can be assumed
is as follows: a field with a set of hypothetically possible
permutations can be presented in the form of n X m ma-
trix; for n and m — the number of graph vertices, respec-
tively. Such a matrix should be correctly called further as
possible permutations matrix. So, as an illustrative exam-
ple, in fig. 3 there are two graphs — G; and G,, and
the corresponding adjacency matrices. The subgraph
of Gy isomorphic to G, is highlighted in gray. Permutation
matrix for G, graph and the subgraph of G, isomorphic
to G, is shown in fig. 4. Still, the invariant of isomorphic
permutation remains the same:

(12345678094
P=l1 7845 4236 09)

The essence of the algorithm suggested for detection
of isomorphic nesting of a quality anomaly graph in
SCLC configuration of IETM can be adequately pre-
sented by solving a problem of an isomorphic nesting of
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graphs as shown in fig. 4. Adjacency matrices and possi-
ble permutations matrices for this pair of graphs are
shown in fig. 5. In the matrix of possible permutations C,
in the first column, there is an enumeration of all graph B
vertices, and in the first string — of all graph A vertices.
The number of possible permutations is entered in N+1
column.

The initial completion of a matrix of possible permu-
tations is carried out by analyzing indegrees and outde-
grees of the original graphs according to the rule: vertex
can B; correspond to vertex 4; only if indegrees and out-
degrees of this vertex are greater than or equal to those
of vertex A;. Thus, the initial filtering of solution variants
is performed. Mathematically, this is formalized and writ-
ten as:

if

C - {1, if s(B,b,)<s(4,a,) and s(B,b,) < s(4,a,),
ij

0, in other variants.

Further adjustment of the matrix is performed by im-
posing the following system of constraints:

1. Graphs cannot be isomorphic if there is at least
one null string in “Number of possible permutations”
column.

2. In case of one-to-one correspondence of vertices B;
and A; (B«>A4;), there can be no other symbols ‘1’ in col-
umn j of possible permutations matrix (C). To meet this
restrictive condition, it is necessary to eliminate from col-
umn j of the matrix the so-called “extra” characters ‘1°.
As the stated correspondence may turn out false for a cer-
tain vortex, the elimination of characters ‘1’ from the ma-
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trix must be performed so that a possibility to restore the
matrix at a certain step still remained. The Mirage vari-
able is introduced for this purpose: its value changes after
each cycle of imposing a constraints system on the possi-
ble permutations matrix. Consequently, the operations to
be made can mathematically be represented as follows: if

C[N+1, i] = 1 and C[j, i] = ’1” , the element C[k, i]
of value ’1” (for k = 1...m; k # i) is assigned the current
value of Mirage variable. If all the values of the matrix
column “number of possible permutations” are greater
than 1, to find a quick solution, it is necessary to start
work at the lowest value string.

O N W P> Ao —
—_
—_
—_

TOW>» 00 nh W —
—_
—_
—_

Fig. 3. An illustrative example of an isomorphic graph nesting

Puc. 3. YacTtHbli nnpuMep n30MOp(HHOTO BIOKEHHS TPpadoB

Graph A

Graph B

Fig. 4. Example of detection of a quality anomaly graph isomorphic nesting
in SCLC configuration of IETM

Puc. 4. Ilpumep pacno3HaHHS H30MOP(HHOTO BIOKEHUS Ipada — aHOMATHUH KaueCcTBa
Ha crpykrype JICIIK UDTP
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Adjacency matrix of graph A:

1 2 3 4 5 6 7 8 | S
1 0 1 0 0 0 0 1 0 2
2 0 0 1 0 0 1 0 1 3
3 0 0 0 1 1 0 1 0 3
4 0 0 0 0 0 1 0 0 1
5 0 0 0 1 0 1 0 0 2
6 0 0 0 0 0 0 1 0 1
7 0 0 0 0 0 0 0 1 1
8 0 0 0 0 0 0 0 0 0
S*(x) 0 1 1 2 1 3 3 2
Adjacency matrix of graph B:
1 2 3 4 5 6 S'(x)
1 0 0 1 1 0 1 3
2 0 0 0 0 0 1 1
3 0 1 0 0 0 0 1
4 0 1 1 0 0 0 2
5 1 1 0 0 0 0 2
6 0 0 0 0 0 0 0
S*(x) 1 3 2 1 0 2
Possible permutations matrix (matrix C):
Al | A2 | A3 | A4 | A5 | A6 | A7 | A8 Number of
permutations
B1 0 1 1 0 0 0 0 0 2
B2 0 0 0 0 0 1 1 0 2
B3 0 0 0 1 0 1 1 0 3
B4 0 1 1 0 1 0 0 0 3
B5 1 1 1 0 1 0 0 0 4
B6 0 0 0 1 0 1 1 1 4

Fig. 5. Adjacency matrices of graphs and of possible permutations

Puc. 5. Matpuis! cMeKHOCTH Ipad)OB ¥ BO3MOXHBIX HOICTAHOBOK

And the first of the previously unused cells of the cor-
responding string is assigned the so-called “focus”, i. e. an
active cell is set (the coordinates of permutation vertices
C [FocB, FocA] are determined). The remaining ‘1’ char-
acters must be “covered” by Mirage variable.

When Bi«>4;, to the vertices Bk (k = 1...m) adjacent
to B;, there can correspond only those A/ (/ = 1...n) verti-
ces that are adjacent to 4; vertex. To meet this condition,
the so-called “extra” ’1’ characters in the possible permu-
tations matrix must be “covered” by Mirage variable.
Mathematically, this can be written as follows:

a) if C[j, i] = 1’ and B[}, FocB] ="1" and A[j, FocA] #
# 1’ then C[j, i] = Mirage;

b) if C[j, i]="1" and B[FocB, i] =1’ and A[FocA, i] #
# 1’ then CTj, i] = Mirage,
where 4, B are initial adjacency matrices, and C is possi-
ble permutations matrix.

618

3. Other special constraints taking account of the spe-
cifics of detection of a quality anomaly graph isomorphi-
cally nested in a specified SCLC configuration within the
IETM in operation.

The presented list of constraints is not complete and
closed. In this case, the constraints perform the function
of a logic filter. In accordance with the specifics of the
problem of detection of a quality anomaly graph isomor-
phically nested in a specified SCLC configuration within
the IETM in operation, additional filters — constraints may
be introduced.

The proposed algorithm for detection of a quality
anomaly graph isomorphically nested in SCLC configura-
tion allows to specify the structure of quality anomaly
detection method applied to IETM for aircraft mainte-
nance and repair. The final version of the method struc-
ture is presented in fig. 6
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Subject content (factual material)

Set of predetected anomaly
configurations

REPRESENTATION IN THE FORM
OF SUBJECT CONTENT LOGIC SCHEMES (SCLC)
FOR IETM

SCLC configuration —
directed graph

Filter system

Comparison of vortices
degree invariants
oj(of1]o0]oO
0[0[0]0]1
1{1](0|1]O
0o(o0of0]O]O
1]0]1]0]1
1/0[1[]0]0

Results evaluation

"Configuration

Completion of possible
permutations matrix

Detection of isomorphic
nesting of graph

Database of quality anomalies
configurations (logic errors)

Anomaly configurations
from experts

A

Switching to the choice
of the next invariant
for analysis

"No configuration
match found"

match found"

< Program termination >

Fig. 6. Logic structure of method of detecting quality anomalies in [IETM for aircraft maintenance and repair

Puc. 6. Jlornueckas cTpykTypa MeTO/a BBIABICHHU aHOMaIui kauectsa UOTP
T10 3KCIUTyaTallud U PEMOHTY aBHAIIMOHHOHM TEXHUKH

Generally, the method of quality anomalies detection
of IETM for aircraft maintenance and repair comprises
the following succession of key stages:

1) formalize and configurate SCLC for IETM in the
form of directed graph;
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2) select the configuration of the quality anomaly
graph (logic error) from the database of quality anomaly
configurations based both on the analysis of previously
detected logic errors of content representation in IETM,
and on relevant database provided by experts;
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3) using a filter system based on the selected pair of
configuration models of SCLS proper and of the anomaly,
complete the matrix of possible permutations;

4) solve the mathematico-logical problem of the graph
isomorphic nesting detection;

5) analyze the detection outcome, if necessary, select
for analysis the next version of configuration models of
SCLS proper and of the anomaly.

Conclusion. The method of quality anomalies detec-
tion of IETM for aircraft maintenance and repair allows to
detect logic-configuration anomalies of SCLC for IETR
from the list (database) of pre-detected quality anomaly
configurations (logic errors of electronic content presenta-
tion); the method can be applied to interpret the results of
quality assessment of IETM for aircraft maintenance and
repair, i.e. detection and elimination of the stated quality
anomalies, the configuration of which is known in ad-
vance.

References

1. Bojcov B. V., Kryanev Y. V. [Implementation ap-
proach the concept of quality control. Theoretical and
methodological aspectst]. Kachestvo i zhizn’. 2016,
No. 4(12), P. 7-13 (In Russ.).

2. Boehm B. U. et al. Harakteristiki kachestva pro-
grammnogo obespecheniya [Characteristics of software
quality]. Moscow, Mir Publ., 1981, 312 p.

3. Boehm, B. U. Inzhenernoe proektirovanie pro-
grammnogo obespecheniya [Engineering design soft-
ware]. Moscow, Radio i svyaz’ Publ., 1985, 252 p.

4. Bruks F. Mificheskiy cheloveko-mesyac ili kak
sozdayutsya programmnye sistemy [Mythical man-month:
how to create a software system]. Saint Petersburg,
Simvol Publ., 2010, 304 p.

5. Boehm B. W. Software engineering economics.
1991 by Prentice-Hall, Inc., Englewood Cliffs, New
Jersey 07632, USA. 767 p.

6. Frolova E. A et al. [The method of logical schemes
of subject content to ensure the quality of the developed
interactive electronic technical manuals]. Voprosy
radioehlektroniki. 2018, No. 10, P. 58—65 (In Russ.).

7. Frolova E. A., Ivakin Ya. A. [Synthesis logical
schemes of subject content maintenance and repair of
aircraft equipment]. Informacionno-kommunikacionnye
tekhnologii: dostizheniya, problemy, innovacii (IKT-
2018). Sb. st. I Mezhdunarodnoj nauchno-prakticheskoj
konferencii [Information and communications technology:
achievements, challenges, innovation (ICT-2018). Sat.
article I of the International scientific-practical confer-
ence]. Polock, 2018, P. 224-226 (In Russ.).

8. Frolova E. A. et al. [Scientific-methodological
concept of quality management interactive electronic
technical manuals for operation and repair of aircraft].
Voprosy radioehlektroniki. 2018, No. 10, P. 66-74
(In Russ.).

9. Korshunov G. I. et al. The nature-technogenic con-
trol system design information maintenance. Proceedings
of 2017 XX IEEE international conference on soft com-
puting and measurements (SCM). 2017, P. 662—665.

10. Semenova E. G. et al. [Quality management of
interactive electronic technical manuals for aircraft
operation and maintenance at all stages of the life cycle].

Voprosy radioehlektroniki. 2018, No. 1, P. 73-81
(In Russ.).

11. Boem B. U. et al. Kharakteristiki kachestva
programmnogo obespecheniya [Characteristics of the
quality of software]. Moscow, Mir Publ., 1981, 312 p.

12. Frolova E. A. et al. [Formal representation of
quality indicators of spatial processes management].
Conditions alternative to the development of modern
economic systems management, innovation. Proceedings
of the International scientific and practical conference.
2016, P. 182-192.

13. Frolova E. A, Ivakin Ya. A. [Quality anomaly of
interactive electronic technical manuals for aircraft main-
tenance and repair]. Informacionno-kommunikacionnye
tekhnologii: dostizheniya, problemy, innovacii (IKT-
2018). Sb. st. I Mezhdunarodnoy nauchno-prakticheskoy
konferencii [Information and communication technolo-
gies: achievements, problems, innovations (ICT-2018).
Sat. article I of the International scientific-practical con-
ference]. Polock, 2018, P. 227-229 (In Russ.).

14. Zykov A. A. Osnovy teorii grafov [Fundamentals
of graph theory]. Moscow, Vuzovskaya kniga Publ.,
2004, 664 p.

15. Nechepurenko M. 1. et al. Algoritmy i pro-
grammy resheniya zadach na grafah i setyah [Algorithms
and programs for solving problems on graphs and net-
works]. Novosibirsk, Nauka Publ., 1990, 515 p.

Bbubaunorpaguyeckue ccblIKkM

1. borimoB b. B., Kpsue 0. B. Buenmpernueckuit
MOAX0/l B KOHIENIMU KayecTBa ynpasieHus. TeopeTuko-
MeTozoiornyeckue acnekrsl / KadectBo u xu3nb. 2016.
Ne 4(12). C. 7-13.

2. XapaKTepHCTHKHM KadecTBa INPOrpaMMHOT0 obec-
nedennsi / b. Y. boam [u ap.]. M. : Mup, 1981. 312 c.

3. boam b. V. MrxeHepHOe MPOEKTUPOBAHUE TIPO-
rpaMMHOTrO oOecrieueHus : mep. ¢ anria. M. : Paamo n
cBs3b, 1985.252 c.

4. bpykc @., Yanen X. Mududeckuil UeIoBEKO-
MecsAll WIM Kak CO3JAal0TCs NPOrpaMMHBIE CHCTEMBI.
2-e 3. CII06. : Cumsoin, 2010. 304 c.

5. Boehm B. W. Software engineering economics /
Prentice-Hall, Inc., Englewood Cliffs. New Jersey 07632,
USA, 1991. 767 p.

6. Mero JIOTHYECKHX CXEM NPEeIMETHOT0 KOHTEHTa
JUI 00eCTIeYeHrsl KadecTBa pa3padaThiBaE€MBIX WHTEpPaK-
TUBHBIX  JJICKTPOHHBLIX TEXHHYCCKUX PYKOBOACTB /
E. A. ®pososa [u ap.] / Bompockl pagnosieKTpOHUKH.
2018. Ne 10. C. 58-65.

7. ®poinosa E. A., VIBakuH . A. CuHTE3 JOrMYECKUX
CXeM IPEIMETHOr0 KOHTEHTa 3KCIUIyaTalud U PEeMOHTa
aBHAIIMOHHON TexHuku // VHPOpPMaNnOHHO-KOMMYHH-
Kal[IOHHBIE TEXHOJIOTHH: JTOCTHXECHUS, IPOOIEMbI, HHHO-
Baruu (MIKT-2018) : ¢6. ct. | MexayHap. Hayd.-PaKT.
KOH(}., mocBsmenHon 50-nernro Ilomomkoro rocymapcr-
BeHHOro yHuBepcurera. [Tononk, 2018. C. 224-226.

8. HayunHo-meToauueckasl KOHIIETIIUS MEHEIKMEHTA
KauecTBa HHTEPAKTUBHBIX JJIEKTPOHHBIX TEXHHYECKUX
PYKOBOJACTB O 3KCIUTyaTallMM M PEMOHTY aBHAIL[MOHHOW
texuuku / E. A. ®pososa [u np.] // Bonpock! paguossek-
Tponuku. 2018. Ne 10. C. 66-74.

620



HquopMamuKa, eblHuUcCIUmMeNlbHdasl mexnuKka u ynpaejienue

9. The nature-technogenic control system design in-
formation maintenance / R. 1. Solnitsev [et al.] //
Proceedings of 2017 XX IEEE Intern. Conf. on soft com-
puting and measurements (SCM). 2017. P. 662—665.

10. VYnpaBineHue KauecTBOM HHTEPAKTHUBHBIX 3JIEK-
TPOHHBIX TEXHHYECKUX PYKOBOACTB IO IKCIUIyaTallMd U
PEMOHTY aBHAMOHHOW TEXHHKM Ha BCEX JTamax >KH3-
nennoro nukia / E. T'. Cemenosa [u ap.] // Bonpocsr pa-
nuosnextponuku. 2018. Ne 1. C. 73-81.

11. XapakTepuCTHKH  KadecTBa  NPOrpPaMMHOIO
obecnieuennst / b. Y. Boom [m nmp.]. M. : Mup, 1981.
312 c.

12. ®pomnosa E. A., Muuypun C. B, CemenoBa E. T
dopmanbHOE TpeACTaBICHUE MOKazaTeleld KadecTBa
yIpaBJIeHUs MPOCTPaHCTBEHHBIME mporeccamu // Condi-
tions alternative to the development of modern economic
systems management, innovation: Proceedings of the

International scientific and practical conference 2016.
C. 182-192.

13. ®ponosa E. A., Usakun . A. Moaens aHoma-
JUH Ka4eCTBAa WHTEPAKTUBHBIX JJIEKTPOHHBIX TEXHHYE-
CKMX PYKOBOJICTB TI0 IKCILUIyaTallid W PEMOHTY aBHAIlH-
OHHOM TexHUKH // NTHPOpPMAITMOHHO-KOMMYHHKAIIHOHHEIE
TEXHOJIOTHH: TOCTIKEHUs, mpoOiremsl, mHHOBannu (UKT-
2018) : c6. ctr. I MexayHap. Hayd.-IPakT. KOH(., ITOCBS-
menHoi 50-ietuto [lomonkoro rocyJapcTBEHHOTO YHH-
Bepcuteta. [Tomomk, 2018. C. 227-229.

14. 3wkoB A. A. OcHoBHI Teopuu rpados. M. : By-
30BCKas kHura, 2004. 664 c.

15. AAropuTMBl M IPOTpaMMBl pEIIeHUs 3a7ad Ha
rpadax u cerax / M. U. Heuenypenko [u ap.]. HoBocu-
6upck : Hayka, 1990. 515 c.

© Frolova E. A., Ivakin Ya. A.,
Smirnov A. O., 2018






PA3nen
PART

ABUNALUMNOHHAA
N PAKETHO-
KOCMWYECKAA TEXHUKA

AVIATION
AND SPACECRAFT
ENGINEERING




Cubupckuil scypHan Hayku u mexvoaoeui. Tom 19, Ne 4

VK 629.78.064.56:629.78.015.4.023
Doi: 10.31772/2587-6066-2018-19-4-624-630

Jas untupoBanusi: Boponuosa E. O., Jlykesinenko M. B., Kproukos I1. A. Ouenka nenoctaocti oronpeoOpazo-
BaTeJiel COJMHEUHBIX OaTapeil, MPUMEHsIEMBIX Ha MEepCIIeKTUBHBIX KOCMUUYECKHX armnaparax / CHOMpCKHi )KypHail Hay-
ku 1 TexHosorui. 2018. T. 19, Ne 4. C. 624-630. Doi: 10.31772/2587-6066-2018-19-4-624-630

For citation: Vorontsova E. O., Lukyanenko M. V., Kryuchkov P. A. [Cells wholeness inspection for solar array
used on perspective spacecrafts]. Siberian Journal of Science and Technology. 2018, Vol. 19, No. 4, P. 624-630
(In Russ.). Doi: 10.31772/2587-6066-2018-19-4-624-630

OIIEHKA IEJIOCTHOCTHU ®OTONPEOBPA3OBATEJEN COJIHEYHBIX BATAPEM,
INPUMEHSAEMBIX HA TIEPCIIEKTUBHBIX KOCMHUYECKUX AIIITAPATAX

E. O. Bopormosa'*, M. B. Jykpsuenko', I1. A. Kproukos™®

'Cubupckuii rocy1apcTBEHHbII YHUBEPCHTET HAYKH M TEXHOJIOTHI UMeHH akanemuka M. ®. Pemernépa
Poccwuiickas @enepaunsi, 660037, r. KpacHosipck, mpocrt. M. ras. «KpacHosipckuii padbounii», 31
’AO «HpOpMaMOHHBIE CITyTHUKOBBIE CHCTEMbI» UMeHHU akajeMuka M. @. PemierHeBay
Poccuiickas ®enepanus, 662972, r. Kenesnoropck KpacHosipckoro kpas, yi. Jlenuna, 52

*HarmoHaIbHbIi HCCIIEI0BATEbCKMIT TOMCKHI TI0THTEXHHUECKHi YHUBEPCUTET
Poccuiickas ®@enepanus, 634050, r. Tomck, npocn. Jlenuna, 30
" E-mail: jenvoroncova@gmail.com

B cucmemax snexmponumanus KOCMU4eCKUX annapamos 6 NocieoHee 6pemMs WUPOKoe NpUMeHeHUe HAULTU HOGble
8UObI NEPBUUHBIX UCMOYHUKO8 NumaHus: coineynvie bamapeu (5C) na ocnose mpexxackaoHwix apceHuo-eanuesvix
gomonpeobpazosameneii 63amen pomonpeobpazoeameneti Ha OCHOBE KPEMHUSL.

Cneyuguxoii dannvix pomonpeobpazosameneti (DOII3I1) sierisiemes ux manas moiyuHa u Xpynkocms. B pesynoma-
me DII3I1 umerom HUZKYIO CMOUKOCMb K 6HEUHUM MEXAHUYECKUM 8030elicmausim ¢ 0opasosanuem mpewun. Tpewjuivl
6 DII3I1 npueodsim K CHUICEHUIO €20 MOWHOCIU U, KAK clledcmaue, Kk chudicenuto mownocmu BC 6 yenom.

B nacmoswee epemsa kxonmpons mexuuyeckoeo cocmosnus BC ocyuecmensiemcs ciedyrouumu Memooamu: eusy-
anvHulll Memod koumponst yerocmuocmu DII (onpedensemesn yerocmuocmo DII u 3awumnozo cmexia), usmepenue
c8emosotl 6onrbm-amnepnou xapaxmepucmuxu bC, Memoo snexmponomurecyeHyuu.

Jlanuvie Memoovl He no3601810M 00CMOBEPHO U DE30NACHO 8blA8UMb 0eheKmbl 8 8Ude CKPbIMbIX Mpeuwju Ha Qo-
monpeobpazosamensix. Heobxooum memoo, xomopwiii 6bl n03601s1 10KaAMU308amb Oedpexmuviii DI u ne mpebosan
Henocpedcmegennozo nookoyerus k BC, m. e. beckonmakmHulil Memoo.

Cymw npednacaemo2o mMemooa 3aKuodaemes 8 mom, ymo npu oonyyenuu @I nazepuvim uziyyenuem ¢ OIUHOU 601
not 0,40-0,55 mxm (obaacme 3enenozo cnekmpa) eosHukaem aromunecyenyus u @I uznyuaem ceem 6 KpacHou obrac-
mu cnexmpa.

B AO «HICC» nposoduncsa sxcnepumenm no asmomamusuposanHomy suzyaivromy ocmompy @I 5C na cmenoe.
Cmeno umeem 08UNCYWYIOCS NAAMGPOPMY, CROCOOHYIO dsuzamvcsi 60016 bC kax no eepmukanu, maxk u no 20pu30Hma-
au. Ha nramghopme ycmanosnenvt pomoxamepa u nasep, Komopulii usnyuaem ceem 6 3efeHol yacmu cnekmpa. Kozoa
naamgopma ycmanagnueaemcs Hanpomus nposepsiemozo @I, exmouaemcs nasep, 1yd om KOMopo2o HANPAsieH Ha
@II. I1oo so30eticmauem nasepa 8osHuxaem omoaromunecyenyus, u nogepxnocme @®II uznyuaem ceem 6 KpacHoul
obnacmu cnexmpa. Hsnyuenue guxcupyemcs ghomoxamepoi 015 usmMepeHus UHmMeHCUSHOCU CReKMpad TIOMUHECYeH-
yuu DII ¢ nomowvio npoepammuoeco obecneuenus (I10). [anee, ¢ nomowwio 10 cpagrusarom 3my eiuduty ¢ eauyu-
HOU UHMEHCUBHOCIU CREKMPA TIOMUHECYEHYUY, NOLYYEeHHOU 3apanee npu mecmupoganuu smanonnozo DII u 3anucan-
HOU 8 namsimu KOMnviomepd.

Yemanoska na ocnose memooda ¢homosnexmponiomMunecyenyuy no3geosiem 6ecKOHMAaKmHo onpedeiums Haluyue
deghexmog @II, onpedenums CKpvimble MPewuHbl, CHU3UNb GIUSHUE YeL08EHeCK020 (haKmopa.

Kniouesvie cnosa: cucmema snekmponumanus, coiHeunas bamapes, gomonpeobpazosamens, mMemoo, THOMUHEC-
yeHyusl.
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CELLS WHOLENESS INSPECTION FOR SOLAR ARRAY USED
ON PERSPECTIVE SPACECRAFTS

E. O. Vorontsova'*", M. V. Lukyanenko', P. A. Kryuchkov**

! Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
2 JSC “Academician M. F. Reshetnev “Information Satellite Systems”
52, Lenin Str., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation
? National Research Tomsk Polytechnic University
30, Lenin Av., Tomsk, 634050, Russian Federation
"E-mail: jenvoroncova@gmail.com

New types of primary power supply have been used for wide application in Electric Power Systems (EPS) of space-
crafts (S/C) recently. These are Solar arrays (SA) based on three-stage GaAs cells instead of Si cells.

Gads cells specific data is their low thickness and fragility. Due to that they have low resistance to mechanical
stress and crack. Cracks in cells cause their power decrease and SA power decrease in whole.

At the present time SA maintenance is carried out by the following methods: the visual method of cells wholeness in-
spection (to detect cells and protective glass wholeness), SA current-voltage characteristic measurement, and the elec-
tro-luminescence method.

These methods do not allow detecting defects reliably and safely like hidden cracks in cells.

1t is necessary to define the method which will help to detect a defective cell without direct SA connection. It means
a non-contact method.

The content of the proposed method consists in cells illumination by lasing with wave length (0.40-0.55) um (the
green spectrum domain). It produces luminescence and the cell reflects light in the red spectrum domain.

The experiment of automatic visual SA cells inspection has been performed on the test stand at JSC “ISS”. This
stand has the moving platform which can be moved along SA as in vertical and also horizontal directions. On the plat-
form there is a camera and laser producing light in the green spectrum domain.

When the platform is set opposite the tested cell, laser is switched on and its beam is pointed at the cell. Lumines-
cence appears in lasing and the cell surface reflects the light in the red spectrum domain. The camera registers the
emission to measure the cell luminescence spectrum intensity by means of software (S/W).

Then this value is compared by S/W with luminescence spectrum intensity value received and recorded in PC mem-
ory before the cell- etalon testing.

This test stand based on the electro-luminescence method allows us to define cells defects presence without contact
and hidden cracks; to decrease impact of human factor.

Keywords: Electric Power System, Solar Array, cell, method, luminescence.

Beenenne. Cucrema snexrponuranust (COII) kocmu- Coeunuduxa ¢doronpeodpazoBareneii. OCHOBHBIM
yeckoro anmapara (KA) sBisieTcs OfHOH M3 OCHOBHBIX  CTPYKTYpHBIM 3jeMeHToM BC siBisercs (oronpeobpaso-
€ro cucTeM, OOecHeuMBaIOIIMX (QYHKIMOHMpOBaHWE W Batenb (PII). DI ocyliecTBIsSET NPeoOpa3OBaHUE DHEP-
BBINOJIHEHHE LeseBblX 3aia4. Momuocts COII obecnie-  rum ceta B anmexTpuueckyio dHepruio. C IeNbio yBEIH-
UMBACT SHEPrOBOOPYKEHHOCTh KOCMHUYECKOrO aNnapata  yemus sddexTrBHOCTH paGoTsl BC B HacTosiiee Bpems
[1]. Ctpykrypro COII COCTOMT M3 MEPBUYHEIX, BTOPHY- 5 AQ «MCC» MPAKTUYECKH IOJHOCTHIO OCYIIECTBIICH
HBIX MCTOYHHMKOB DHEPTUH, KOHTPOJMpYOLEH u mpeod- Iepexo]] HA TPEXKACKAjHble apCEHHA-TAIHeBble (OTO-

pasyromeii anmaparypsl. Conneunas 6atapest (BC) siBiis- npeo6pasoparemu  (PII3II) Ha OCHOBE CTPYKTYpHI
eTCSl TMEPBUYHBIM HCTOYHHKOM dHeprun. Pecypc KA BO  Gainp/GalnAs/Ge [6-9].

MHOTOM orpenenex pecypcom bC [2-3].

BC KA mnoasepxeHa pecypcHOM aerpajanuu, B pe-
3yJIbTaTe Yero 3HEproBoopyxeHHocTb KA cHmkaercs.
Herpamamms BC 3aknanpiBaeTcss B pacyere IpH MPOEKTH-
poBaHHH, C oOecmeueHHEM HEOOXOIUMOW BBIXOTHON
MOIITHOCTH B KOHIIE CPOKa AKTHBHOTO CYIIECTBOBaHMUS
(CAC). [ns obecrieueHHs pacyeTHOTO M3MEHEHHsI MOIII-

Cremudukorr PII3I1 sBisseTcss WX Manas TOJNIIMHA
1 XpynkocTh. B pesynprate @II3I1 nMeroT HU3KYIO CTOH-
KOCTh K BHEIIIHUM MEXaHHYECKUM BO3JCHCTBHUIM C 00pa-
3oBanueM TpemuH. Tpemmasl B @II3I1 npuBoasaT kK cHU-
KEHUIO €ro MOIHOCTH M, KaK CJIEACTBHE, K CHIKEHHUIO
momrHocT bC B memom. Kpome Toro, mpoBeneHHBIE HC-
HocTH mapamerpsi BC JIOMKHBI COOTBETCTROBATH 3asp-  CICAOBAHMA W QHAIM3 TENEMETPHUECKOH HHpopmalmu
JEHHBIM B TEXHIYECKOM 3a7aHuH Tapametpam. [Iposepka ~ 00/IBIIOTO uncia KA MOKa3biBaioT, 4TO HAMYHE NOBpE-
napamerpoB BC NpoU3BOAUTCS Ha 3aBOJE-U3TOTOBUTEINE xaennit GIT MOXKeT SBUTHCSA MPUYIMHON BBIXO/A U3 CTPOs
KA (AO «ACC»). IIpMeHseMbIMHI B HACTOSILMIA MOMeHT ~ PAIOM PacroiokeHHbIX ucnpaHbiX @I, uro eme Gonee
METOJaMU SIBJISIFOTCA METOJ] BU3yaJIbHOIO OCMOTpa U Me-  YXYALIACT CUTYallUio [10; L1].
TOJ] UI3MEPEHHS BOJIbT-aMIIepHON XapakTepuctuku (BAX) ITo npoBeleHHBIM OLIEHKAM HE ONpENENSAETCs MOo-
BbC npu ummnynscHoMm ocBeuienuu [4; 5]. psaka 0,1 % ckpeIThIX TpenwH B tuiactuHax OII3IT [10].
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Fig. 1. Removal of power from cells
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Puc. 2. Ymenbiuenne a¢dexruBHoit uromaan OII3I] npu vannuuu TpenyH B mactuHe OI13I1

Fig. 2. Reduction of the effective area of cells in the presence of cracks in the plate cells

YeyryOmsier cutyanuio TOT (akT, 9TO B HACTOAIICE
BpeMsi npumensitoress OII3I1 Ge3 OaitnacHoit TokocOop-
Hoit pecHuisl (PII3I npoussoactea AO «HIIIT «KBant»
u OII3II mpomsBoacTtea I[TAO «Carypn»), B pe3ynbraTe
Yero IMpy HAJIMYUM TPELIMHBI JII000T0 BUA HPOUCXOIUT
noteps cHumMaeMmoil MmomHoctu ¢ kaxgoro PII3II. Ha
puc. 1, a npencrasnena OII3I1 ¢ GaitmacHoi TokOCOOP-
HOW pecHHIEH, Ha puc. 1, 6 — 6e3 Hee COOTBETCTBCHHO,
CTPEJIKAMU YKa3bIBA€TCs IPUHLUI CbEéMa sHepruu. [Ipu
HaIMYMKM OallacHON TOKOCOOPHOM PECHHIIBI JaKe MPH
Hanmmynu TpeuwHbl B 1oractuHe DII3I1 cvem sHEprum
OCYIIECTBIISICTCS TPAKTUYECKH MOJTHOCTBIO.

Orenka norepu 3¢dekruBuoit obmactu DII3IT npu
HAIMYAHA TPEIINH COCTABISIET B cpemHeM 25 % st pas-
JMYHBIX BapHaHTOB TpemwH. Ha puc. 2 mpexacTaBieHbI
OII3II ¢ TpemuHaMH pa3lIN4YHOTO BHUJA, C 3aIUTPUXOBAH-
HBIX 00JIacTel He IPOUCXOIUT ChEM MomTHOCTH [12].
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IMpuunnamu BozHukHOBeHUs TpemuH OII3II Ha yya-
CTKE BBIBEACHHS M NPH IUTATHON JKCIUTyaTalllH SIBIISIOT-
csl cenyIoIue:

a) MEXaHHYeCKHe Harpy3Kd OT paboThl PaKeTOHOCH-
TeJs ¥ pa3TOHHOTO OJIOKA;

0) (aKTOPBI KOCMHYECKOTO MTPOCTPAHCTBA (MHKPOME-
TEOPHUTHI).

JloctaTouHocTh MexaHuueckol croiikoctu bC ¢
OII3II B cBOEM cOCTaBE HAa y4acTKE BBHIBEICHUS U B IMPO-
Lecce JIETHOM 3KCIUTyaTalluy MOATBEP)KAAETCS KOMILIEK-
COM Ha3eMHOM OTpabOTKM M ONBITOM JKCIUTyaTalluu H3-
JIeJINi-aHaJIorOB.

IMpuunnamu Bo3HukHOBeHUs Tpemud DII3IT npu us3-
TOTOBJIEHHMHM W HA3eMHOM JKCIUTyaTalluu SIBISETCS Clie-
JyIoIue:

a) HECAaHKIMOHWPOBAHHBIC MEXaHMYECKHE BO3AEHCT-
BUSI TpH COOPOYHBIX OMNEpanusX, TPAHCIOPTHPOBKE
1 Ha3€MHOM dKCILTyaTaluu;
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0) HamMuMe KOHIEHTPATOPOB MEXaHWYECKUX Harps-
sxenunii B OII3IT;

B) TepMmoMexaHmdeckue Bo3aercTus Ha OII3II mpu
MPOBEACHNN CBAapKN KOMMYTAIIMOHHBIX IMUH K KOHTaKT-
HBIM TUTOIIAIKAM;

T) TEPMOBaKyyMHOE€ BO3JCHCTBHE IPH TEXHOJIOTHYE-
CKUX JIeTa3allii ¥ TEPMOIKINPOBAHIH.

Mepamu o obecrieueHuIo TpeOyeMbIX XapaKTePUCTHK
B IIpOLIECCe HA3eMHOI IKCIUTyaTalluy SIBJISIOTCS pa3ind-
Hble BuAbl KOHTpons coctosiuua bC B nenom u OII3I1
B yactHoctu. C yBemuuennem CAC KA paspaborku
u uzrotossieHust AO «MCC» no 15 ner noBelllieHUE Kaue-
CTBa KOHTPOJISI COJIHEUHBIX Oarapell 0COOCHHO aKTyaJIbHO.

IIpumensiembie MeTOABLI KOHTPOJIA kadecTtBa BC. B
HACTOSIIIEE BpPeMs TEXHHYECKOE COCTOSHHE COHEYHBIX
Oarapeil OIIEHUBAIOT, B OCHOBHOM, METOJIOM BH3YaJIbHOTO
KOHTPOJISI U METOI0M M3MepeHUs cBeToBo BAX.

1. Meron Bu3yambHOTO KOHTPOJNSA. MeTox BH3yallb-
HOTO KOHTPOJISI IPOBOAWTCS OMEpaTOpOM B JBa 3Tara.
Ilepeuiii sman 3aKIIOYaeTCI B OCMOTPE MEXaHHYECKOM
koHcTpykimu BC u ®I'Y. Ilpu sTOM omepaTop pyKOBO-
JCTBYETCS MEPEYHEM BHEIIHUX Je(ekToB. K OCHOBHBIM
BHEIITHUM J1e()eKTaM OTHOCSTCS:

Tpewunbl B OII3IT;

TPEIIMHBI B 3alIUTHBIX cTekinax OII3IT;
HapylIeHHe MasHBIX coequHeHnit B MoHTaxe bC;
TIBLTB, TPSA3b, KPacka Ha MIOBEPXHOCTH MAHEJIH;
MEXaHHYEeCKHE TOBPEXKICHUS HA KOHCTPYKIUH
KapKacoB;

HaJIMYHE TPEIIMH Ha U30JIATOPaX COSANHUTENCH;
MOBPEXICHHUE Pe3bObl COeANHUTETICH;
MOBPEXJCHHUE CTPYH, KapKaca,

OTpPBIB AeprKaTeneii;

JIYYCBBIC TPCIIMHBI Ha JTUUEBLIX U TBUIBHBIX CTCK-
sax OII3IT;

BO3JYLIHbIE ITy3bIpM Mexay crexiom u OII3IT
nuamerpom 6omee 10 mm;

OOpBIBBI TOKOOTBOIOB MOMYJIEH ITyHTHPYIOIIHX
¥ MOJYJIEH Pa3BA3BIBAIOIINX;

— TpEIIMHBI Ha JINIEBIX CTEeKJIaX AHOMHBIX OJIOKOB,
JIy4eBBI€ TPEIIMHBI Ha THUTBHBIX CTEKJIAaX JUOIHBIX
OJIOKOB.

IIpon3BOIUTENBFHOCTh IEPBOIO ATala BU3YaJbHOI'O
KOHTpOJIsl oneHuBaeTcss 10 e (Bpemst ocMoTpa
1 M* BC).

Bmopoii s3man cocTOUT B ONpeNENeHUN TUIA TPELIH:
TPEIIMHbl 3alMUTHBIX CTeKon win TpemuHbl B OII3IL.
JaHHbIl dTan 3aKiIrovaeTcs B OCMOTPE JIMLEBON MOBEPX-
Hoctu noBpexkaeHHoro OII3I1 mpu ero ocBenieHUH JIaMm-
M0M HAKaJIMBAHUA C ThUIBHOW CTOpOHBL. Ilpu 3TOM Hanu-
YHe BHIAMOTO MPOCBETa 03HAYACT TPEIIUHY B IDIACTHUHE
OII3I1. OTcyTcTBHE HPOCBETAa TOBOPHUT O HAIUYWHU Tpe-
IIIHBI CTEKIA.

Ha puc. 3 npencrasiena ¢ororpadus, moiaydeHHas
IpH ocBeleHUH ThUIbHOM cTopoHb! PII3II ramorenonoi
namnoi MoutHocTeio 20 BT. Bunumslil npocBeT yka3biBa-
€T Ha Hajuuue TpeuuHsl niaactuasl OII3I1.

KauecTBo BH3yallbHOIO OCMOTpa ONpeAesseTcs KBa-
nmuduKkanyei oneparopa 1 B JII000M cilydae He oOecreuu-
BaeT BBISBJIICHHE CKPBITHIX TPEIIUH, MPOSBISLIOMMIX ceOs
MpH IITaTHOW HKcIuryataruu. COTJlacHO MPOBENECHHOM
oreHke, TpemuHbl B miactuHe OII3I1 He Bcerma Moryt
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OBITH OmpesieNieHbl Ha pocBeT. B cpennem, He onpenes-
ercsa 0,1 % ckpeiThix TpeunmH (npoueHt uuciaa PIT3IT
CO CKPBITBIMH TpemuHaMu oT oomrero yrcna OII3IT) [13].

JIOCTOMHCTBa METO/a 3aKJIIOYAIOTCS B MPOCTOTE €T0
MIPOBEJCHUSI M OTCYTCTBHM HEOOXOAMMOCTH B 3aKyIKe
JOPOTOCTOAIIEr0 000pYAOBaHHUS.

Henocrarkamu MeTozna SIBISIOTCS €0 CyOBEKTHB-
HOCTb U HEBO3MOXKHOCTH OOHAPYKEHHSI CKPBITHIX TPELINH
mactunbl OII3I1.

Puc. 3. Tpemuna OII3II, onpeneneHHas BU3yalbHbIM METOAOM
Fig. 3. Cell crack, determined by a visual method

2. Meton u3MepeHusi CBETOBOI BOJILT-aMIIEPHOM Xa-
pakrepuctuku. [locie nmpoBeneHns BU3yalTbHOTO OCMOTpa
npoBosaTcs mmepernss BAX BC myrem 3acBeTku maHe-
neit BC. MeTton OCHOBBIBaeTCS Ha U3MEPEHUM 3HAUEHUS
BCJIMYMH TOKA U HAIIPAXKCHHUA HA HO)IKHIO‘{eHHOﬁ Harpys-
ke Kk BC mpu m3MeHeHHU CONPOTUBJICHUS HArpy3Kd 3a
BpEMs CBETOBOI'O MMITyJIbca. METOJ TaeT MHTETPAIBHYIO
OLIEHKY TEKYILIET0 TEXHHYECKOI'O COCTOSHHS COJHEYHBIX
Oarapeii.

JlocTOMHCTBOM MeTO[a SBISETCS TO, YTO OH IMO3BOJIS-
€T C BBICOKOH JOCTOBEPHOCTHIO ONPEACISATh HATHYHE
KpynHBIX AedektoB. HemoctaTkoM MeTona sIBIISETCS He-
BO3MOKHOCTh JIOKQJIM3AIUH /1e(hEeKTOB, HEBO3MOXKXHOCTD
oOHapyxeHuss HeOoublnX nedekroB. CHATbIE XapakTe-
PUCTHKH CHJIBHO 3aBHCAT OT PACIIONIOKEHHS OCBETHUTEIS
U OT BCJIIMYHHBI CBETOBOI'O IIOTOKA. HHH MMpOBEACHUA
METo/a HEeoOXOAMMa TOYHAsI OPUEHTALUSl OCBETHTEIs
n BC [13].

3. Meron JIOMUHECHCHIIMN TIPH NPOTEKaHWHU MPSIMO-
ro Toka. [Ipu oOHapykeHHH HECOOTBETCTBUS 3asIBIICHHON
BAX m3MepeHHOH W OTHOBPEMEHHOM OTCYTCTBUU BUIH-
MeIx gedexkro DII3[] momomHUTENHHO MOXKET HpUMe-
HAThCsT MeTon JromuHecteHu PII3I1 mpu mpoxoxne-
HUH TpsMoro Toka (puc. 4). Merox 3aKirodaeTcs B BU3Y-
anpHOM ocMotpe DII3II, moMHHECIIUPYIOMUX TPH TPO-
XOXKICHUH Yepe3 HUX MPSIMOTO TOKA OT BHEITHETO MCTOY-
HUKa nuTaHus. VICTOYHHMK NUTaHUS IIOAKJIFOYAKOT K 3JIe-
MmeHTapHoMy reneparopy (3I') BC B 00xox pa3Bsi3biBaro-
miero yctpoiicta (PY). Bpemst mpoxoxkieHust Toka orpa-
HUYMBAIOT HECKOJIBKUMU CEKYHAaMHU (ISl HEJOIyICHHS
neperpea ®II3II). IIpu orcyrcrBum ¢ororoka I3[
paboraer Ha mpsMoil BeTBM BAX B mepBoM KBaapaHsTe.
[Iporekaromuii NpsIMOIl TOK BBI3BIBAET JIIOMUHECLEHIIUIO
(otonpeodpazoBatens. [lo Bu3yanpHON KapTHHE CBede-
HUs ompenersiror Hammuue aedextoB B OII3I1. O Hamu-
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uyny TpemuHsl OII3I1 rosopur peskas rpaHuna JIOMU-
HECIMPYIOMIEH U TEMHOU 00JIACTEH.

JlocTonHCTBa METOIa 3aKIIOYAIOTCA B TOM, YTO OH IIO-
3BOJISICT JIOKATU3UPOBATh Ae(EKTHI THIIA «CKPHITHIE Tpe-
b OII3I1 1 onpenenser oTcyTcTBHE KOHTaKTa B Ol

Henocrtatkom MeTona siBIsieTCS TO, 9TO €ro IpOBeEIe-
HHUE JIOJDKHO OCYILIECTBIIATHCS TOJBKO BBICOKOKBaNIU(U-
nupoBaHHbIME crienuanuctaMu (B AO «MCC» manHymo
paboty mpoBomsaT paspadorunku bC). Ilpu peanuszanuu
METO/1a CyIecTByeT puck nospexaenus bC.

Onucanne mpeAIaraeMoro MeToaa KOHTPOJISI Ka-
yectBa BC. HeoOxonnm MmeTon, KOTOPBIH ObI TO3BOJISIT
nokanmu3oBathb aedextHsiii OI1 u He TpeboBa HEOCpeI-
cTBeHHOro mojiroueHuss K BC, T. e. OECKOHTAKTHBIH
meron [14; 15].

Pa3pabareiBaeMbiii METOH MOJDKEH YIOBIETBOPSTH
CIIEIYIOUIIM KPUTEPHSIM:

1) HeBBICOKasi CTOMMOCTB yCTPOICTBA;

2) 06€e30MacHOCTh IPUMEHEHHSI TSI IEPCOHATA,;

3) 0e30macHOCTh IPUMEHEHUS IS COTHEYHOU OaTapew;

4) ompeneneHue CKpoITHIX AedekroB DIT;

5) BO3MOXKHOCTBH BEACHHUS MPOTOKOIMUPOBAHHS, 3aITH-
cH 00BEKTHUBHBIX AaHHBIX 0 KaxxaoMm DII;

6) BO3MOXXHOCTBH BBEJCHHS aBTOMATH3AIlMH TIpoIiecca
MIPOBEPKH;

7) BO3MOXXHOCTH MPUMEHEHHS Ha BCEX CTaIHSIX IMPO-
HM3BOJICTBA.

Jlnst HaxokaeHus mo00HOro MeTo1a ObUTH MPOBEICH
MATCHTHBIA TOUCK, PACCMOTPEHBI Pa3IMYHBIC CYIIECT-
BYIOIIIAE METOJbI, MO3BOJIAIONINE ONPEACIUTh TPEIIHHBI
OI1.

CyTb mpeagaracMoro MeTo/ia 3aKiIf09aeTcsl B TOM, 94TO
npu obiyuennn @I yazepHBIM U3ITyYEHHEM C JITMHOU
BoutHBI 0,40-0,55 MKM (00MacTh 3€JIEHOTO CIIEKTpa) BO3-
HUKaeT JroMuHecteHuus, 1 OII uznyyaer cBeT B KpacHOU
obmactu crektpa. [Ipuuem JITFOMHHECIICHITNS BO3HUKAET
Kak B OocBeuleHHOH sazepom vactu @I, Tak u B HeocBe-
meHHou (puc. 5).

Puc. 4. Ilpumenenue merona momuHectenun OII3I1

Fig. 4. Application of the luminescence cell method
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Fig. 5. Luminescent and non-luminescent areas
in the presence of an cell crack
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B AO «MICC» npoBoauiicst 3KCIEPUMEHT 110 aBTOMa-
Tu3upoBaHHOMy koHTpomo ®IT BC Ha crennae, U3roTos-
JICHHOM B paMKaX TEXHHYECKOTO 33JaHMsI Ha BHIOJIHEHHUE
COCTaBHOH YacCTH ONBITHO-KOHCTPYKTOPCKOH paboOTHI O
TeMe «Pa3paboTka MPOMBIIUICHHON TEXHOJOTHH TpaHC-
MIOPTUPOBAHUS U BXOAHOTO KOHTpousi bC ¢ ymydiieHHbI-
MH yIOEIbHBIMH  XapaKTEPUCTUKAMW», HCIIOIHUTENb
OI'bOY BIIO «Cubupckuii ToCyJapCTBEHHBIH a3pOKOC-
MUYECKUH YHUBEpPCUTET UMeHH akaneMmuka M. @. Pemrer-
HeBa» (Cuol'AY).

Crena MMeeT ABIDKYIIYIOCS MmiatdopmMy, CIIOCOOHYIO
nBuratecsi B1oiab bC Kak 1Mo BepTHKaiM, Tak W MO T'OpH-
3oHTanu (puc. 6). Ha nnardopme ycranosnensl ¢goToka-
Mepa | Ja3ep, KOTOPBIH M3Iy4aeT CBET B 3€JE€HOW 4acTh
cnekrpa. Korma mnardopma ycraHaBmuBaeTcs HAIPOTUB
nposepsieMoro ®II, Bkirouaercs nasep, Iyd OT KOTOPOro
HampasieH Ha ®@II. Ilox Bo3aeiicTBUEM Jiazepa BOZHUKAET
¢doronromMuHecteHys, W noBepxHocTh DII um3nmywaer
CBET B KpacHO# obOiactu cnekrpa. M3nyuenne Qukcupy-
ercsi poTokamMepoii At N3MEPEHHsT HHTEHCUBHOCTH CIIEK-
Tpa smomuHecteHiun OI1 ¢ momoIpl NPorpaMMHOIO
obecnieuenus (I10). Jlanee, ¢ momoisio I1O cpaBHHUBaIOT
9Ty BEJIMYUHY C BEJIMYMHOW HWHTEHCHBHOCTH CIIEKTpa
JIFOMUHECLIEHIINH, TIOJy9eHHOH 3apaHee NP TeCTUPOBAHUU
stanonHoro ®I1 u 3anucaHHO B TaMsATH KOMIIBIOTEpA.

Ha puc. 7 npeacrasnen ¢potocanMok uenoro OIT 6e3
BO3/ICHCTBUS JIa3EPHOTO U3ITyUCHUSI.

Puc. 6. Crenn nnis nposepku bC

Fig. 6. Stand to check the SA

Puc. 7. ®orocanmox nemoro OI1

Fig. 7. Photograph of the whole cell
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Ha puc. 8 mpencrasien ¢orocaumok PII mox Bosz-
nerctBueM JazepHoro wuziydenus. Kax Bugno, OII
HE WMeEeT TpPEUINH, HWHTEHCHBHOCTH IJFOMHUHECICHIIHH
OJIM3Ka K DTAJIOHHOM.

Puc. 8. ®orocaumok @II nox nelictBuem nazepa

Fig. 8. Photograph of cell by laser

®II ¢ TpemuHamMu NoA BO3JEICTBUEM Ja3epa MOKa3aH
Ha puc. 9. Kak Bugno, y Takoro ®I1 MoxHO HaOMOIATH
JTIOMUHECITUPYIOIINE 00IacTH M OOJIACTH, T/Ie JTFOMIHEC-
LEHIUS HE MPOUCXOAUT. JIaHHBIA METOJ MO3BOJIET Olie-
HUTH 1eJ1ocTHOCTE PII.

Puc. 9. ®orocuumoxk pazouroro ®II mox melictBuem nasepa

Fig. 9. Photograph of broken cell under the action of laser

3akiiouenne. PaccMOTpeHbl NpUMEHsieMble B Ha-
cTosilIMid MOMEHT MetoAbl KoHTposst kadectBa DII BC,
a TaKk)Ke ONHCAHBI UX JOCTOWHCTBA M HEAOCTATKU. Pa3pa-
0OoTaH HOBBII METOH KOHTPOJSI COCTOSIHHS COJHEYHOU
Oarapew, MO3BOJISIOMININ ONPENENATh CKPBITHIE TPEIIHHEI
B IIACTHHAX (oTonpeodpasoBaTeiell — METO/ JIIOMHHEC-
LUEHIUH 110/ JEHCTBUEM ONTHYECKOTO BO30YKACHHUS.
OmnpeneneHbl TpeOOBaHMSL K alllapaTHOMY COCTaBy pas-
paboTtanHoro merona. [IpoBeneHa ycnemiHas ampoOarus
METOo/a.

YcTaHOBKa Ha OCHOBE MeETOZa (hOTOIIEKTPOTFOMHU-
HECIIEHIIUY IT03BOJISIET:

— OECKOHTAKTHO ompeneNuTh Hamune aedexkroB OIT;

— OMNPEAEIUTD CKPBIThIE TPELLUHBL;

— CHH3UTD BIHMSHHUE YEIOBEUECKOTO (haKTOopa.
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MODELING COMPONENTS OF BIOREGENERATIVE LIFE SUPPORT SYSTEM INTENDED
FOR SPACE PURPOSES

V. S. Kovalev*?, N. S. Manukovskyl’ 2 A. A. Tikhomirov'?
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31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
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We have developed a linear model for compiling and optimizing food components in a bioregenerative life-support
system (BLSS) intended for space purposes in the Excel environment using OpenSolver public add-in with COIN-OR-
CBC solver.

The independent variables in the model are the masses of ingredients used in dishes. The objective functions
of modeling are to minimize the total mass of the daily diet and maximize its antioxidant potential. The daily intakes
of nutrients in the menu are limited to NASA standards. The upper and lower limits are also imposed on independent
variables and the masses of dishes. We have found the content of nutrients in ingredients in open databases. The menu
includes the first course, the second course, snacks, desserts, drinks, bread and water. We have presented an example
of a concrete calculation of the daily menu consisting of 12 dishes: fresh-soup, chicken with rice, the roast, sausages,
tofu, chickpeas, candied nuts, bread, goat milk, soy milk, cocktail and water. These dishes are prepared using 24 ingre-
dients: table salt, water, wheat grains, rice, quinoa, millet, sweet potato, white potato, carrots, safflower oil, soybeans,
chickpeas, lentils, cowpeas, strawberries, tomatoes, onions, garlic, chili pepper, quail, pork, tilapia, goat’s milk and
sugar. The ingredients being used represent edible biomass of plants and animals that are candidates for inclusion in
BLSS. Caloric content of a daily diet is assumed to be equal to 2800 kcal. It is shown that food imbalances in the esti-
mated daily menu are caused by a shortage of estimated daily intake of pantothenic acid, and also by an excess of iron,
phosphorus and saturated fats. Excess intake of iron and phosphorus may not be critical for the health of the users
of BLSS. The minimum weight of the daily menu is 2641 g, and its antioxidant potential can reach 14 mmol Ttrolox-
equivalent.

Keywords: variables, objective function, ingredient, dish, nutrient.

MOJIEJIMPOBAHUE KOMIIOHEHTOB BUOPETEHEPATUBHOM CUCTEMBbI
KN3HEOBECIIEYEHUA KOCMHUYECKOTI'O HABHAYEHUA

B. C. KOBaJIéBZ*, H. C. MaHYKOBCKI/If/'Il’Z, A A. TI/IXOMI/IpOBl’z

1C1/161/1p01<1/1171 rOCYAapCTBEHHBI YHUBEPCUTET HAYKU U TEXHOJIOTUM UMeHU akaneMmuka M. @. PemerneBa
Poccwuiickas @enepauusi, 660037, r. KpacHosipck, mpocrt. uM. ra3. «KpacHosipckuii padounii», 31
*Uncruryt Guodusuxu CO PAH
Poccuiickas ®enepanms, 660036, r. KpacHospck, Akagemropook, 50/50
*E-mail: kovalev49@mail.ru

B cpeoe Excel ¢ ucnonvzosanuem pewamens COIN-OR-CBC & cocmage obwedocmynnou Haocmpotiku OpenSolver
paspabomana AuHeuHas mMooenb 01 COCMAGIeHUA U ONMUMUZAYUL NULEB020 36eHA OUOPEe2eHePamuHOLl CUCHeMbL
arcusneodecneuenus (BCIKO), npednasnauennotl 01 UCNOIb308aHUsSL 8 KOCMOCe.

Hesasucumvimu nepemeHHbIMU 8 MOOENU ABNAIOMCA MACCHl UCTNIOYHUKOG UL, UCTIONb3YeMble 6 Onodax. Lleresvimu
DYHKYUAMU MOOTUPOBAHUA ABTATUCH MUHUMUIAYUS 00Well MACCHL CYMOYHO20 PAYUOHA U MAKCUMUIAYUS €20 AHMUOK-
cuoanmnozo nomenyuana. Cymounoe nompeodaenue HympueHmos 8 cocmase MeHio Obllo 02PAHUYEHo CIaHOapmamu
HACA. Bepxuue u nudicHue oepanuyenus HaKaaowulean makdce Ha He3agucumvle nepemennvie u maccy 6a100. Cooep-
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Jicanue HympueHmos 68 UCHOYHUKAX NUWU HAXOOUTU 8 OMKPbIMbIX 0a3aX OaHHbIX. B cxemy meHio 6KI0OYeHbl nepeoe
011000, 8mopoe 611000, 3aKyCcKu, O0ecepmol, Hanumxu, xne6 u 6oda. IIpedcmaesnen npumep KOHKpEmHO2O pacuéma
CYMouH020 MeHI0, cocmosiue2o uz 12 61100: yxa u3 muianuu, YbinieHoK ¢ PUCOM, JCapKoe, KOAbacku, mogy, Hym,
KO3UHAK, X1eD, MOJIOKO KO3be, MOJIOKO coesoe, KOKmellb U 600d. dmu 0100a OblIu CKOMNOHOBAHVL U3 24 uHepeoueH-
Mo8: NOBAPEHHO CONU, 800bl, 36peH NuleHUYbl, pucad, 1ebedvl, npoca, bamama, Kapmodgeis, MOPKO8U, MAcla capropo-
8020, 60008 coesbIX, HYyMa, YeuesUulbl, GUSHDL, 3CMISTHUKU, MOMAMO8, VKA, YeCHOKA, Nepya Yuiu, Nepeneisimunbl, Ceu-
HUHbL, MUIANUL, MOJIOKA KO3be U caxapa. B xavecmee unepeouenmos ucnonb3oeanu cbe0oOnyo buomaccy pacmenui
U JHCUBOMHBIX, AGHANOWUXCA KaHOudamamu 0ns exnovenus ¢ BCI)KO. Kanopuiinocms cymounoeo payuoHa npuHama
pasnou 2800 xkxan. Ilokazano, umo nuuesvie OUCOANAHCHL 8 PACHEMHOM CYMOUHOM MEHIO 00)CN08IeHbL HeOOCHAMKOM
Pacuémnozo cymouHozo nompeobneHuss NaHmomeHO80 KUCIOMbl, d MAKice U30bIMKoM Jicenesa, gocghopa u Hacvluyen-
HbIX Jcupos. M36bimounoe nompedienue dicenesa u Gocghopa, 603MONCHO, He SGNAEMC KPUMUYECKUM 0TI 300P08bs
oboumameneti FCJKO. Munumanvhas macca cymounozo menio cocmasuia 2641 2, a e20 aHmuokcuOaHmmbl NOMeHYua

Mooicem oocmueams 14 mmoinw mMpOJIOKC-2KeUsdaleHmad.

Kniouegvie cnosa: nepemennvie, yenesas GyHkyus, uHzpeouenmol, 011000, HympueHm.

Introduction. It is known that a space diet was calcu-
lated by the method of one-criterion optimization using
AMPL environment [1]. In that study we assigned the
masses of dishes as independent variables. The balance of
ingredient masses in the dishes remained constant,
whereas the use of ingredient masses as independent vari-
ables may enhance the efficiency of diet optimization.
Minimizing equivalent system mass (ESM) of foods was
the objective function of optimization

z=min ) ¢;md,, (1)
jeF

where ¢; is the “cost” of 1 gram of the j-th dish in terms
of ESM units; md; is the mass of the j-th dish; /' — a set of
dishes. Nowadays, ESM calculation can be carried out on
the basis of terrestrial test-beds [2]. In space conditions,
the results of the calculation may not be relevant. There-
fore, as an objective function, it is advisable to use the
minimization of the daily food mass. This objective func-
tion is a variant of ESM minimizing, if in the equation (1)
the coefficients ¢; = 1.

Space radiation induces oxidative stress in cosmo-
nauts' bodies after a long space flight on the International
Space Station [3; 4]. Partial solution to the problem of
oxidative stress is in the selection of ingredients that have
antioxidant properties. Dietary countermeasures are food
products and preparations that, when ingested into a cos-
monaut’s body, may have the potential to reduce the ef-
fects of ionizing radiation [5]. It is of interest to calculate
the antioxidant potential of a diet.

The purpose of this work was to develop a computer
model using masses of dish ingredients as independent
variables for minimizing the daily food mass consumed in
BLSS and maximizing food’s antioxidant potential.

Selecting dish ingredients. When compiling the list
of ingredients for diet modeling, the following conditions
were met: a) data on the biochemical composition of the
ingredients should be publicly available; b) the ingredi-
ents were used previously in experimental or theoretical
studies of BLSS. Ingredients obtained from plants [6]
partially meet these conditions; these ingredients are:
wheat, rice, oats, quinoa, millet, sweet potato, potatoes,
beets, lettuce, carrots, oyster mushrooms, Pinto beans,
soybeans, chickpeas, lentils, cow peas, strawberries, to-
matoes, cantaloupe, onions, garlic and chili.
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To fulfill the norm of the content of animal protein in
the diet for cosmonauts [7], we also added to our list the
ingredients of animal origin that were considered as can-
didates for cultivation in BLSS: quail meat [8], quail eggs
and pork [9], tilapia [10], milk [11], as well as table salt,
water, sugar and safflower oil. Thus, the list of ingredients
included 31 names.

Model Description. We conducted simulations in the
Excel environment using the COIN-OR-CBC solver in
the OpenSolver add-in [12]. We used the following objec-
tive functions: minimizing the daily food mass and
maximizing its antioxidant activity. We assigned the
masses of dish ingredients as independent variables. We
considered the daily food mass as sum of dish masses.
Our linear model was based on the matrix 4:

X X X1 Xy
X1 Xy Xy Xy
A= , ()
X X Xy Xy,
xul xu2 ”. xuj .” xuv

where u is the number of dish ingredients in the dishes;
v — number of dishes in the daily diet; x; — mass of i-th
ingredient in the j-th dish.

The rows in the matrix 4 represented the distribution
of dish ingredients along the dishes and the columns rep-
resented the masses of dish ingredients in the dishes.

The total masses of ingredients in the daily menu were
represented by a column vector:

VIM =[X, X, X, - X,], 3)

where X, = le./. — mass of i-th ingredient in the daily
Jj=1
diet.
We calculated the mass of the j-th dish using the fol-
lowing formula:

md; = Z Xije 4
P

We represented the content of nutrients per 100 g of
ingredients as a matrix B:
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nyoony, n; n,
Ny Ny n,; n,,
B — ) (5)
n, n, n, n,
n, n n n

ul u2 uj up
where p is the number of monitored nutrients; u is the
number of ingredients in the dishes.

The rows in matrix B represented the nutrient content
of the ingredients, and the columns showed the nutrient
distribution along ingredients. Data on the content of nu-
trients in 100 g of ingredients was taken from open data-
bases [13—15].

We recorded the distribution of the j-th nutrient along

ingredients as a column vector:
’
I:njl nj2 njuj| . (6)

We calculated the mass of the j-th nutrient in the daily
menu as the scalar product of the vectors:

mn, =N, xVTM /100.

N.=

J n

Ji

()

We carried out the minimization of the daily food
mass using the formula:

TM:minimdj .

J=1

®)

To maximize the antioxidant potential of the daily
food mass, the following formula was used:

AP=max ¥ 4,X, /(100x1000),

i=1

)

where AP — antioxidant potential of the daily food mass,
expressed in mmol Trolox-equivalent; a; — antioxidant
efficacy, expressed in umol Trolox-equivalent [16] per
100 g of i-th ingredient [17].

Planning the daily menu: an example. We planned
four meals that included soup, main courses, snacks, des-
sert, bread and drinks. We arranged the dishes according
to the plan (tab. 1).

We chose a list of dishes and the composition of the
ingredients in the dishes, taking into account the fact that
the ingredients were included in the list given in the sec-
tion “Selecting dish ingredients”. The specificity of the
menu plan (tab. 1) is shown in tab. 2.

Table 1
Menu plan
Meals
1 2 3 4

Main course Snack First course Snack
Bread Drink Main course Drink
Drink Snack

Dessert

Bread

Drink
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Table 2
Specific menu plan
Eating
1 2 3 4
Chicken Morning Fresh-soup Nut
with rice sausages
Bread Soy milk Roast Goat milk
Water Tofu
Candied nuts
Bread
Cocktail

Some constraints were imposed on the masses of vari-
ables and dishes. The daily intakes of nutrients were re-
stricted by NASA standards [7]. The calorie value of the
daily menu was accepted to be 2800 kcal in accordance
with the daily energy consumption of the explorer in the
BIOS 3 complex [18] and the estimated energy consump-
tion of the lunar base inhabitant [19]. We carried out the
calculation of caloric content of the daily menu according
to the Atwater formula:

E=4 [protein] +9 [fat] +4 [carbohydmte] s (10)

where [protein], [fat], [carbohydrate] — masses of pro-
teins, fats and carbohydrates in the daily menu.

These 12 dishes (tab. 2, 3) include 24 ingredients
(tab. 3). The data in tab. 3 were obtained as a result of
optimization of the daily menu with the use of minimizing
the total mass of the daily diet as an objective function.

The minimum weight of the daily diet was 2641 g,
and its maximum antioxidant activity was 14 mmol
Trolox equivalent. Currently, the norm on the antioxidant
activity of the daily diet is not established [7]. It should be
noted that the antioxidant activity of the products is de-
termined in vitro [16], whereas in vivo the properties of
the products are likely to vary.

The calculated diet was not balanced for four nutri-
ents: iron, phosphorus, pantothenic acid and saturated fat.
The values of daily intake of iron, phosphorus and satu-
rated fats exceeded NASA standards, while the diet was
deficient in pantothenic acid.

It is known that excessive intake of iron and its accu-
mulation in the body can provoke cancer and heart dis-
ease [20-22]. In this regard, the installation of low iron
consumption seems justified. Nevertheless, the range of
both Russian and American products used on board the
ISS to complete joint diets did not allow to maintain a low
daily iron intake rate (8—10 mg) in accordance with the
desire of the American side. In Russian-American joint
diets actually used in the 1st-7th expeditions, iron intake
was 21 mg/day. Metabolic parameters did not exceed the
limits of permissible physiological fluctuations and did
not indicate violations of the nutritional status of crew
members. The data obtained show that the joint Russian-
American diets adequately ensured the energy and con-
structive metabolism of the crew members during the
seven long-term expeditions to the ISS and contributed to
the maintenance of the operability sufficient to carry out
the flight programs [23].
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Table 3
Calculated masses of ingredients in dishes and masses of dishes
Ingredients Dishes

S| s | .| 8 E =R R -

= © ©n O 5 G % O
Table salt 2 0,1 0,1 0,1 0,1 0,1 0 0,1 0 0 0 0
Water 238 20 40 30 200 30 0 0 0 241 100 100
Wheat grains 0 0 0 0 0 0 0 218 0 0 0 0
Rice 0 40 0 0 0 0 100 0 0 0 0 0
Quinoa 0 5 5 5 0 0 0 0 0 0 0 0
Millet 5 0 0 0 0 0 0 0 0 0 0 0
Sweet potato 0 50 60 0 0 0 0 0 0 0 0 0
White potato 70 0 0 0 0 0 0 0 0 0 0 0
Carrot 0 5 0 0 0 0 0 0 0 0 0 0
Safflower oil 3 4 10 18 0 0 0 0 0 0 0 0
Soybeans 0 5 0 2 17 0 0 0 0 80 0 0
Chickpeas 0 0 0 0 0 10 0 0 0 0 0 0
Lentils 5 0 0 0 0 0 0 0 0 0 0 0
Vigna 0 0 5 0 0 0 0 0 0 0 0 0
Strawberries 0 0 0 0 0 0 0 0 0 0 30 0
Tomatoes 0 5 5 0 0 5 0 0 0 0 0 0
Onion 10 0 10 0 0 0 0 0 0 0 0 0
Garlic 0 5 0 0 0 0 0 0 0 0 0 0
Chili pepper 2 2 2 0 0 0 0 0 0 0 0 0
Quail 0 60 0 0 0 0 0 0 0 0 0 0
Pork 0 0 5 85 0 0 0 0 0 0 0 0
Tilapia 65 0 0 0 0 0 0 0 0 0 0 0
Goat’s milk 0 0 0 0 0 0 0 0 600 0 0 0
Sugar 0 0 0 2 5 7 0 0 7 7 0
Masses of dishes, g 400 201 142 139 219 50 107 218 600 328 137 100

Thus, the daily iron intake (23 mg) calculated in this
model is probably not critical. If we consider the con-
sumption of iron in relation to its available form, the
NASA requirement looks more realistic.

The upper permissible level of daily intake of phos-
phorus is not established. Therefore, it is likely that the
daily consumption of phosphorus calculated in this work
(2685 mg against the normative 1800 mg) can be consid-
ered unacceptable after setting an upper limit on the daily
intake of phosphorus.

To prevent the excess of phosphorus and saturated fat
in the diets, we can recommend the selection of ingredi-
ents with the reduced content of these nutrients. Defi-
ciency of pantothenic acid can be overcome through the
use of vitamin products and / or vitamin preparations.

Conclusion. We described the algorithm for calculat-
ing the daily diet in BLSS intended for space purposes
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using the masses of ingredients in dishes as independent
variables. We simulated the menu in the Excel environ-
ment using the public OpenSolver add-in.

The distinctive features of the model are:

— the use of the free-for-all add-in of OpenSolver;

— the ability to vary the masses of components in
dishes.

The calculation of the daily diet presented in this
study is demonstrative in nature, since it does not take
into account the compatibility of ingredients and the taste
of the dishes. The prognosis of the antioxidant activity of
the daily menu will be of practical significance when the
corresponding dietary standard for cosmonauts is deter-
mined.

We see the prospects for further investigation of the
problem in the development of recipes and the expansion
of the variety of dishes intended for the use by cosmo-
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nauts in BLSS, taking into account individual preferences.
In addition, the results of the work provide a basis for
expanding the diversity of plants species included in the
phototrophic link of closed ecosystems and planning stud-
ies to assess the tolerance of the cenosis of these plants to
environmental factors in such ecosystems.
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THE ANALYSIS OF THE IMPACT OF THE METHOD OF FASTENING ON STRAIN-STRESS
BEHAVIOR OF COMPOSITE OVERWRAPPED PRESSURE VESSEL

E. D. Mironenko'", A. E. Miheev®
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Currently, composite overwrapped pressure vessels (COPV), with high weight efficiency, are widely used in
spacecraft (SC). In satellite construction COPVs provide necessary volume of working fluid for the realization of a
highly efficient scheme of raising SC into geostationary orbit using standard electric propulsion engines. The issue of
using such vessels in order to increase the period of active lifetime of SC and the implementation of deep-space
exploration programs is relevant as well.

The urgent task is to ensure the reliability of COPVs. The study of foreign literature suggests that fastening elements
in direct contact with the vessel, have an important impact on the strain-stress behavior (SSB) of the vessel. The paper
discusses the basic methods of fastening large-sized COPVs having a spherical shape — an adapter module is made in
the form of a “skirt” and a cable-stayed system. We have created a finite element model (FEM) of COPV to analyze the
effect of fastening elements on SSB of COPV.

The analysis of the obtained results of the calculation shows that a cable-stayed system has almost no effect on SSB
of COPYV, in contrast to a composite “skirt”, which reduces the effective stresses in the place of attachment to the vessel
by two times or more, causing uneven distribution of stresses. The composite “skirt” directly transfers its buckling
mode to the vessel, which reflects the significant effect of the “skirt” on the vessel’s SSB. The use of a composite “skirt”
in comparison with a cable-stayed system has high probability of COPV failure.

The obtained results show that a cable-stayed system is more effective way to fasten COPV than a composite
“skirt”.

Keywords: composite overwrapped pressure vessel, strain-stress behavior, cable-stayed system, spacecrafft.

AHAJIM3 BJIMAAHUSA CIIOCOBA KPEIVIEHUS HA HAITPSI)KEHHO-IE®OPMUPOBAHHOE
COCTOSTHUE KOMIIO3UTHOI'O BAKA BBICOKOI'O TABJIEHUS

E. JI. Muporenxo' ", A. E. Muxees’

'AO «VHpopManMOHHBIE CITyTHUKOBBIE CHCTEMbI» UMeHHU akageMuka M. @. PemerHeBay
Poccuiickas ®enepanust, 662972, r. Keneznoropck Kpacnosipckoro kpasi, yi. Jlenuna, 52
2 Cubupckuii rocyapCcTBEHHBIH YHUBEPCUTET HAYKU M TEXHOJIOTHH MMeHH akanemuka M. @. PeierneBa
Poccuiickas @enepanms, 660037, r. KpacHosipek, npoctt. uM. ra3. «KpacHosipckuit pabounii», 31
*E-mail: mironenko91@jiss-reshetnev.ru

B nacmosawee epemsa xomnosumnvie baxu vicoxoeo oasnenus (KBBJ]), obaradarouue 8vicokoii 8ecogoil s¢ghgexmug-
HOCMbIO, HAX00IM WUPOKOE NPUMEHEHUe 8 KOcMuyeckol mexuuxe. B cnymnuxocmpoenuu KBBJ/] obecneuusaem neo6-
Xooumblti 0b6vem padbouezo mena 05 pearu3ayull 8blCOKOIPPEKMuUBHOU cxemuvl 008bl8e0eHUs KOCMULECKO20 annapama
(KA) na eceocmayuonapnyio opoumy ¢ UCnOab308aHUEM WMAMHBIX 1EKMPOPEAKMUBHBIX O8USAMENbHBIX YCIMAHOBOK.
Axmyanvuvim makoice s18IAemcst 60RPOC UCHONb308AHUSL HOOOOHBIX OAKO8 8 YEAX YEeIULeHUsl CPOKA AKMUBHO20 CYuje-
cmeoganus KA u peanuzayuu npoepamm oceoenust 0anbnezo KocmMocd.

Axmyanvhoti 3a0auell sasnsiemcs obecneuenue Hadedxcnocmu KBBJ]. Hzyuenue sapybedicnou aumepamypvi ceuoe-
MeNbCMEYEen 0 MOM, YMO HEMANL0BAJICHOE GIUSHUE HA HANPAXceHHO-0eopmuposannoe cocmosanue (HIC) 6aka oxa-
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3bI8AIOM UX DNIEMEHMbL KPENeHUs], HaX00auuecs 8 HenocpeoCcmeeHHoM Koumakme ¢ oaxom. Paccmampusaromes oc-
HOo8Hble cnocobwl kpennienus Kpynnoeabapumusix KBBJ[ cghepuueckoii gopmvl: nepexoonvlii 0mcex, GblNOJHEHHbLI
6 popme «10bKkuy», u sanmosas cucmema. Cozoana KoHeyHo-31emenmuas mooeno KBBJ] 0na npogedenus ananusa enus-
Hus snemenmog Kpennenus na H/[C KBB/].

AHanu3z noayueHHvIX pe3yIbmamos pacyema noKa3aj, Ymo 6aHMo8dAs CUCmemMa NPaKmuyuecKy He oKa3vleaem G-
nusa na HJC KBBJ], 6 omauuue om KOMRO3UMHOU «100KU», Komopas 6 08a u bojee paza cHudcaem Oelicmgyiowue Ha-
npaxcenus 8 pailoHe KpenieHus K 0aKy, nposoyupys HepagHoMepHoe pacnpeodeieHue Hanpaxcenuil. Komnosummuas
«100Ka» Hanpsmyio nepedaém cgolo Gopmy nomepu yCmoudugocmu OAxy, 4mo 2080pUM O 3HAYUMENbHOM GIUSHUU
«iobxuy na HJIC 6aka. [lpumenenue KoMnosumuol «100Ku», 6 CPaBHeHUU ¢ AHMOBOL CUCMEMOU, XAPaAKMepu3yemcs

evicokol eeposimnocmuio omxaza KbB/].

HO]ZylleHHble pesyivmanivl ceudemeﬂbcmeyiom O MmMoMm, 4mo eaHmoeast cucmema Ae6jaAemcs bonee 3gbd)€Km1/l6‘HblM

cnocobom kpennenusi KEB/].

Knroueswvie cnosa: komnosummwiii 6ax 6blCOKO20 daeﬂeﬂuﬂ, Hanp}lDICGHHO-aed)OpMMPOGGHHOe CcoCcmosHue, 6aHMoesa:

cucmema, KoCcMU4ecKuil annapam.

Introduction. Currently, in order to increase the com-
petitiveness of Russia in the international market, it is
necessary to constantly increase the efficiency of tele-
communication spacecraft, which means an increase in
the capacity of data-transmission channels. In this regard,
there is a tendency to increase the payload mass, and as a
consequence, there is a high demand for heavy class tele-
communication spacecraft [1].

Heavy class spacecraft being developed by
JSC “Reshetnev Information Satellite Systems™ (JSC “ISS”)
have the mass of more than 4000 kg, which significantly
exceeds the carrying capacity of the traditional launch
vehicle in Russia: the Proton-M launch vehicle with Briz-
M booster unit [2]. To overcome current restrictions of
the mass of the output payload, we have implemented an
alternative scheme for launching spacecraft into an in-
tended orbit using standard electrical propulsion engines
located in spacecraft [3], this allows competing with
world companies on the mass of the output payload. The
developed COPV provides the necessary volume of the
rocket propellant — xenon, which is necessary for the op-
eration of propulsion engines [4].

At present time, COPVs with high weight efficiency
are widely used in space-system engineering. The issue of
using such vessels in order to increase the active life of
SC and to implement deep-space exploration programs is
rather relevant.

The loss of operability of COPV is a single failure
point of entire spacecraft — the reservation of such a heavy
and bulky block in the design of spacecraft is impossible,
therefore, ensuring the reliability of COPV is an impor-
tant task. To date, the work on the definition of bearing
capacity and stiffness and the study of SSB of COPV
[5-9] have been carried out; the results of this work guar-
antee the reliability of the pressure vessel. However, the
study of foreign literature suggests that fastening elements
in direct contact with the vessel, have an important impact
on the strain-stress behavior (SSB) of the vessel.

In this article, we have presented the description of the
analysis of SSB of COPV with various fastening methods
and the results obtained. The aim of the work is to deter-
mine the most effective fastening method of COPV.

Description of COPVs and methods of their fasten-
ing. Initially, we conducted a review of COPVs and the
methods of their attachment among the following manu-
facturing companies: Cobham Inc., ARDE Inc., ATK
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Space Systems (USA); EADS Astrium, Thales Alenia
Space, MT-Aerospace (Europe); JSC R&DIME, JSC
CRISM jointly with JSC ISS (Russia).

We identified two main methods of fastening large-
sized COPVs of spherical shape, one of which is imple-
mented by foreign manufacturing companies through the
connecting compartment in the form of a “skirt” [10-14].
Fig. 1 presents, as an example, COPV with the composite
“skirt”, developed by NASA ’s Global Precipitation Meas-
urement (GPM) program by Cobham Inc. A detailed re-
port of the program is presented in the scientific article of
the American Institute of Aeronautics and Astronautics
[15], which materials are used in this work. We took this
vessel as the basis for the study.

The second method is a cable-stayed system, imple-
mented for the first time in world practice on COPV co-
produced by joint-stock company the Central Research
Institute for Special Machinery, Khotkovo (JSC CRISM)
and JSC ISS (fig. 2). The cable-stayed system is made
simultaneously with the vessel by the method of winding
of organic plastic. The pair interweaving of the platform
for attachment to the frame of spacecraft body forms ca-
bles wound along geodesic lines with uniform pitch.

When comparing the parameters of COPVs in tab. 1,
we revealed a unique mass superiority of the cable-stayed
system — it is lighter than the composite “skirt” by more
than 65 %.

COPYV of JSC CRISM and JSC ISS is not as good as
COPV of Cobham Inc. in working volume which is par-
tially compensated by the maximum allowable design
pressure and high safety factor. Low safety factor of the
vessel of Cobham Inc. is caused by relatively short active
life (5 years against 15 years) and by low reliability
requirements in order to meet the requirements for
disposal — complete burning in dense layers of the atmos-
phere [15].

The description of the calculated model. In the ac-
counting module Femap with NX NASTRAN, we created
FEM of the vessel with the averaged technical character-
istics of two vessels listed above for comparing the meth-
ods of fastening COPVs in terms of their effect on SSB of
the vessel.

The geometrical parameters of FEM are similar to the
vessel’s flight model of Cobham Inc. — the diameter of the
vessel in the cylindrical part is 1 m, the maximum length
from dome to dome is 1.3 m (fig. 3). A metal liner was
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not modeled. We described the composite layer of the modulus £ = 90 GPa. We assigned the density of the
vessel with elements of the “plate” type, modeling a shell — equivalent material so that the total weight of the filled
with equivalent stiffness 8 mm thick and elasticity  vessel (without the fastening interface) was 760 kg.

composite

“_\'I‘ “‘l 1t \

Fig. 1. COPV with composite “skirt”: @ — manufactured model; b — 3D model

Puc. 1. KbB/I ¢ KoMIO3UTHO# «100KO¥1»: @ — H3TOTOBICHHBIN 00paser; 6 — 3D-monens

sling
svstem

Fig. 2. COPV with cable-stayed system: a — manufactured model; 5 — 3D model

Puc. 2. KbB/I ¢ BaHTOBO#1 CHCTEMOI1 KpEIIICHUS: @ — M3TOTOBIICHHBIN 00paseir; 6 — 3D-moxenb

Table 1
Main technical characteristics of COPVs and their interfaces

Ne Parameter COPV of JSC CRISM and JSC “ISS” | COPV of Cobham Inc.
1 Vessel size, mm A1015x666 21028x1348

2 Vessel mass (without fastening interface), kg 37.5 34.6

3 Swept volume, | 347 772

4 Working fluid Xenon Hydrazine hydrate

5 Mass of working fluid, kg 570 727

6 Maximum allowable design pressure, kgf/m’ 95 56

7 Safety factor 3.6 2

8 Fastening interface cable-stayed system “skirt”

9 Mass of fastening interface, kg 1.3 12.45
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Fig. 3. FEM of COPV with a cable-stayed system (/eff) and with a composite “skirt” (right)

Puc. 3. KOM KBBJ/] ¢ BaHTOBO# cHCTEMOI (c1€6a) M KOMIIO3UTHOM «t00KON» (cnpasa)

Table 2

The first frequencies of natural oscillation

Type Vessel with a cable-stayed system Vessel with a composite “skirt”
Transverse, Hz 60.67 208.06
Longitudinal, Hz 235.82 340.57

The cable-stayed system has the following geometri-
cal parameters: the diameter in the place of attachment to
the spacecraft body is 1.2 m, the angle of inclination of
each cable relative to the generatrix of the cone formed by
them is 15 °, the number of pairs of ribs is 24, the section
of a cable is 5x10 mm.

The composite “skirt” has the following geometrical
parameters: wall thickness is 10 mm, the height of the
area of contact with the vessel is 75 mm, the angle of in-
clination of the “skirt” is 33.7°, the diameter in the place
of attachment to the spacecraft body is 1.2 m

The masses of fastening interfaces, according to the
calculation model (excluding manufacturing technology):

— cable-stayed system — 4.4 kg;

— composite “skirt” — 13.3 kg.

The fasteners have hard contact with the vessel.

The description of the experiment. Based on the ex-
isting experience of working with the vessel of Cobham
Inc., described in the source [15], we decided to carry out
the following calculations:

— frequency analysis;

— analysis of SSB from uniform internal pressure
2 MPa. We assumed the pressure conditionally and ap-
plied to the inner surfaces of the “plate”-type elements;

— quasistatic analysis. The main design case is the
combined effect of longitudinal overload of 11g and a
transverse overload of 3.5 g in the spacecraft launch
phase. These overloads are applied to the vessel with in-
ternal pressure.
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The results of frequency analysis. The results of the
first natural frequencies in the longitudinal and transverse
directions are presented in tab. 2.

The results of the analysis of SSB from internal
pressure. The character of SSB for COPVs and fastening
interfaces under the influence of internal pressure of the
vessel is shown in fig. 4, 5, respectively. All voltage val-
ues are in Pa.

The results of the quasistatic analysis. We evaluated
SSB of the vessel and the stability of the cable-stayed
system and the “skirt”. The cable-stayed system has a
stability margin-1.5. The “skirt” has a sustainability mar-
gin-2.8. The forms of buckling of fastening interfaces are
shown in fig. 6.

The analysis of the results obtained. The results of
the first natural frequencies in the longitudinal and trans-
verse directions (tab. 2) meet the requirements (not less
than 50 Hz).

According to the results of calculating the effect of in-
ternal pressure (fig. 4, 5), it can be concluded that fasten-
ing with the help of a cable-stayed system has almost no
effect on SSB of COPV, in contrast to a composite
“skirt”, which two or more times reduces actual stress in
the place of attachment to the vessel, causing uneven
distribution of stress.

While assessing the nature of the influence of fasten-
ing method on SSB of COPVs under the influence of
overloads, it is advisable to evaluate the form of buckling
(fig. 6). A cable-stayed system has no significant effect on
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SSB of the vessel under the action of overloads while of buckling. In turn, the vessel receives a completely dif-
launching spacecraft. Buckling of a cable-stayed system is  ferent form of buckling, which indicates significant effect
expressed in buckling of individual cables, without affect-  of the “skirt” on the vessel’s SSB. This fact is confirmed
ing the shape and SSB of COPVs. Moreover, the efforts by the results of the calculations of the GPM vessel set
from a buckled cable are redistributed between neighbor-  that is presented in the source [15]: “As a result of the
ing cables, allowing the structure to continue working quasistatic acceleration and internal pressure loads, the
without leading to its complete destruction. composite “skirt” was an area of critical stress. The pro-

Fig. 6 shows that the composite “skirt”, despite the in-  ject was improved several times until positive reserves
ternal pressure of the vessel, directly transmits to its form  were reached for all mutually perpendicular axes.”

composite "skirt" attachment area
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Fig. 4. SSB of FEM of COPVs with a cable-stayed system (leff) and with a composite “skirt” (right)
and when exposed to internal pressure
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Fig. 5. SSB of a cable-stayed system (/eff) and a composite “skirt” (right) when exposed to internal pressure
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bcking of a cable-staved wstem

Fig. 6. The form of buckling of a cable-stayed system (/ef?)
and of a composite “skirt” (right) caused by overloads

Puc. 6. ®opma norepu yCTOMYMBOCTH BAaHTOBOI CHUCTEMBI (c1e6a)
1 KOMIIO3UTHOH «t00KN» (cnpasa) mox Bo3neiicTBUEM HEperpy30K

Therefore, when designing a cable-stayed system for a
vessel, one can easily vary the number and geometry of
cables without re-calculating COPVs as a pressure cylin-
der. The design of a composite “skirt”, on the contrary,
should be carried out in parallel with the design of
COPVs as a pressure cylinder, taking into account their
mutual influence. The use of a composite “skirt”, in com-
parison with a cable system, is characterized by high
probability of failure of COPVs and the complexity of its
forecasting.

The stability margin of a composite “skirt” is signifi-
cantly higher than that of a cable-stayed system, which is
explained by the weight of a composite “skirt”. A cable-
stayed system has an obvious mass advantage (67 %
lighter).

A critical factor when choosing in favor of a cable-
stayed system is the requirement for stiffness (frequency
of natural oscillations), the rigidity of which can be
reduced by varying the angle of cables at the design
stage.

Conclusion. We carried out the calculation of natural
frequencies, investigated the nature of SSB of COPVs
depending on the fastening method under the internal
pressure and overloads. The results indicate that a cable-
stayed system has no significant effect on SSB of COPVs
and it is more effective way to fasten COPVs than a
composite “skirt”.
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Kasumayust — smo npoyecc napywienus CRIOWHOCMU NOMOKA JHCUOKOCTU 8 30HE NOHUICEHHO20 OAGIeHUs, 3AKII0-
yaiowutics 8 06pa308aHUU NOJOCMEN, HANOIHEHHbIX RAPOM U GbIOCTUSUUMUCS U3 JHCUOKOCHU 2a3amu. B obracmu no-
HUMICEHHBIX OAGIEHULl 603HUKAIOM PACMSUBAIOUUE HANPSIICEHUS], KOMOPble NPUBOOSIM K PA3PbLEY ICUOKOCMU, 00pa-
3YI0MCsL NOOCMU — KAGUMAYUOHHbIE KABEPHDL, KOMOPble 3anonusiomes 2azamu u napamu. Ilonadas 6 obnacms evico-
KUX OagneHull, Kagephvl «CXIAANbIBAIOMCAY, YMO 8bl3blaem MeCHbIl SUOPAIUYecKull y0ap, KOMopbslil Modicem npu-
8ecmu K paspyuweHuio CimeHoK Kauanos. Bosnuknogenue u pazeumue Kasumayuu 8 HUOKOCHSAX CBS3aHO C Haauyuem
s0ep kasumayuu. Texnuueckue JHCUOKOCU ce20a UMEIom A0pa Kasumayuu, npeocmagisouue coool HepacmeopeH-
Hble 2aszosvle eKIoueHus. Pazeumuio kxasumayuu maxce cnocobcmeyem KOIU4ecmeo c80O0OHbIX U PACHBOPEHHbIX
23308, a MaKce MepmMoOUHAMUYECKUE CBOUCMEA ICUOKOCHEN U KOHCIMPYKMUBHbIE 0CODEHHOCMU KoJlecd.

Kasumayus npusooum x mpem OCHOBHbIM OMPUYAMETLHBIM NOCIEOCMBUSIM OISl SUOPABIUYECKUX MAUMUH: K CDbIGY
peodicuma pabomol, M. e. K PE3KOMY CHUNCEHUIO OCHOBHLIX NAPAMEMPOS, IPOUOHHOMY PA3PYULeHUI0 paboue2o Koueca
U Heycmouuusot pabome, 6bI36AHHOU HUZKOUACMOMHBIMU AGMOKOICOAHUIMU.

s mozo, umodwvl onpedenums KasUMAyUoOHHY0 dQHEKMUBHOCHb HACOCA, KAHCObIL WHEKOYEHMPODENICHbIl HACOC
noosepeaemcst KAGUMAayuorubim ucnvimanusim. OOHako cyujecmeyroujue Memoobl OnpedeieHust AHMUKAGUMAYUOHHBIX
C80LCM8 HACOCO8 He 0061a0aIom OOCMAMOYHOU MOYHOCIbIO, d MAKIICE NPEGLIUAION N0 OIUMELbHOCIU CPOK IKCHILYd-
mayuu Hacoca 6 cocmase MypoOOHACOCHO20 azpe2ama HCUOKOCMHO20 PAKEMHO20 08USAMETSL.

Ipeonosicen Memoo YCKOPEHHbIX KAGUMAYUOHHBIX UCHBIMAHUL, NO36ONSIOWUL SHAYUMENbHO COKPAMUMb 6PeMSsL UC-
NbIMAHUL, @ MAKdCe YBeaUdUmb MOYHOCHb ONpeOelenus KaBUMAayuoHHOU xapakxmepucmuxuy. [[ns amozo npeonazaem-
Csl nPOBOOUMb UCHBIMAHUSL 63 NOOOEPICaAHUsL PaACX00d, C YBEAUUEHHOU CKOPOCMbIO CHUICEHUS OAGIEHUs HA 6X00e
6 Hacoc. /[ CHUdCeHUusi NOSPEWHOCMU UCHLIMAHULL HYMeM UCKTIOYEHUs YeNl08eYecKo20 BaKkmopa npedioiceHd Cuc-
mema agmoMamuyeckoll pecucmpayuu napamempos.

Yemanoeneno, umo ycropennoe cuudicenue oagnenusi 6e3 no00epICanus pacxooa He e1usiem Ha MOYHOCHb Onpeode-
JIeHUst KABUMAYUOHHOU XAPAKMEPUCIUKU U 8MeCme ¢ MeM COKpaujaem pabomy Hacoca 8 YCio8UsIX KAGUMAayull, YMeHb-
was dpo3ur0. Aemomamuzayus 3HAYUMENTbHO CHUNCAem MPYOOeMKOCHb NPOGeOeHUs] UCHbIMAHULL U YEeauduedem
MOYHOCTb.

Knrouesvie cnosa: kagumayus, yeHmpooOexcHvlli Hacoc, OCHOGHbIE XAPAKMEPUCUKY, KABUMAYUOHHbIE UCHbINAHUA,
VCKOpEeHHbIL MemoO UCTbIMAHUIL.

IMPROVEMENT OF THE METHOD OF DETERMINING CAVITATION CHARACTERISTICS
OF THE CENTRIFUGAL PUMPS

V. P. Nazarov, L. P. Nazarova, D. S. Shvetsova, D. A. Savchin

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

Cavitation is a process of formation of vapor bubbles within a liquid at low pressure regions. There are strain ten-
sions at low-pressure region, which lead to a gap, producing cavitational cavities. These cavities contain vapor bub-
bles. When cavities come to a high pressure region, they collapse, leading to a local water hammer which is able to
erode the surface of a centrifugal pump. The occurring and the evolution of cavitation in liquids bound to the existence
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of so called cavitational cores. A physically pure liquid can resist to a strain tension efficiently, however industrial lig-
uids always have cavitational cores. The cavitational cores are undissolved gas inclusions. The acceleration of evolu-
tion of cavitation depends on free and dissolved gases and thermodynamic properties of liquid as well.

Cavitation brings three negative factors to the performance of a centrifugal pump: performance failure — an abrupt
decreasing of main parameters, erosion corrosion, low-frequency pulsations that cause the unstable work.

Every centrifugal pump goes through cavitational tests for the determination of the cavitation performance. How-
ever, the contemporary test methods do not have the required accuracy; moreover, the duration of a test is bigger than
the work time of a pump in a rocket engine.

The paper has the suggestion of the accelerated method of cavitational tests. To get the results, the new method
works without maintaining of the mass flow rate, but with increased pressure-change speed on the pump entrance. For
the decreasing of the error, the new method includes automatic measuring system.

The authors have determined that the accelerated method with automatic measuring system does not influence the
accuracy, but in the same time makes the test process shorter in time and easier to accomplish.

Keywords: cavitation, centrifugal pump, base characteristics, cavitational tests, accelerated method of cavitational
tests.

Beenenne. Kapuranueli Ha3pIBalOT MPOIIECC HAPYIIIE- Crnenyromuii 3Taml — OIpeesieHHe KPUTHYECKOTrO
HMS IEJOCTHOCTH II0TOKA JKUIKOCTH B 30HE NOHMKEHHO-  BXOJHOIO JaBJeHUA Pj, COOTBETCTBYIOILETO Havaly
'O JIaBJICHHs, 3aKII0YAIONIMICS B 00pa30BaHUM MOJIOCTEH,  CpbiBa peknMa padoThl. DTa BEIUYUHA OMNPEACNSeTCS
HAIOJIHEHHBIX TapoM M BBIACITUBIIUMUCS U3 KXUIKOCTH  JBYMS METOJaMM:
razamu [1; 2]. IlosBnenue m pa3Butue KaBuTauuu [3] — II0 KOOPAMHATE TOYKU IIEPECEUYCHMs AlIPOKCUMU-
00YCIJIOBJIEHO HaJIM4YMEeM B pabodeM Tene (KMIKOCTH)  PYIOLIMX HPSIMBIX OECCPBIBHOW M CPBIBHOW 4acTH KaBUTa-
siiep KaBUTAlMK, MPEACTABILIIONINX cOO0OH HEpacTBOPEH-  LMOHHOI XapaKTepUCTUKHY;

HBIE Ta30Bble BKJIIOYEHHs. B Hacocax >KMIKOCTHBIX pa- — TI0 KOOp/AMHATE TOYKM YMEHBIIECHHS Haropa Ha Be-
KETHBIX JIBHTaTeNCH MpU IaIeHUU BXOIHOTO JIABICHHUA P, JINYHMHY, 331aBaeMYIO B TEXHHUYECCKUX YCIOBHSX.
HIKE OINPEJETIEHHOT0 KPUTHYECKOrO JaBleHHs Py, BO3- Hmesa 3Hauenue P, mo Qopmyne (1) paccuuTsi-

HMKaeT KaBUTAaLHs — SBIICHHE, KOTOPOE MOXKET IPUBECTH  BAaeTCH Ahy,. IIpu momydeHHn cpbIBHOH BETBH KaBHTAIU-
K CpBIBy peXuMa paboThl Hacoca, CONPOBOXKIAEMOMY  OHHOW XapaKTepHCTHKH HAcoc padOTaeT B peKUME, Xa-
yMmeHbiennem Hanopa, KITJ] u pacxoaa »KHIKOCTH 4epe3  PaKTEpU3YIOLIEMCs] CHIDKEHHEM DPa3BHBAEMOr0 HAacOCOM
Hacoc [4]. BcmenctBue 3TOro mosBISLETCS HEOOXOOW- — HAMOpa, YMEHBIIEHHEM PAacXofa XKHIKOCTH W OOIIeH He-
MOCTb IIPOBECACHUA HUCIIBITAHUN Ha OIpPEACIICHNE aHTHUKa- yCTOﬁ‘iHBOCTLIO IIpouECCOB. HOSTOMy 110 TEXHUYCCKUM
BUTAIIMOHHBIX CBOMCTB Hacoca. 3TI/I CBOMCTBA Xapak- YCJIOBUAM Ha KaBUTALIMOHHBLIC HCHbITaAHUSA uem*poGe)K—
TEPU3YIOTCA BEJIUYMHOU KPpUTUYCCKOT'O0 BXOJHOI'O MMOoA- HbIX HACOCOB JOIIYCKACTCA IOJYUYCHHC CprBHOﬁ BCTBHU
nopa Ahy, [5], KOTOpBIH Ha NMpPAaKTHKE ONMpPENENAI0T I  XapaKTePUCTUKU MPHU PACXOAaX, MEHBIIMX HOMHUHAb-
KaXKIO0T0 HACOCa YKCICPUMEHTAIEHO, MPOBOIS KaBUTALU-  HOTO.

OHHbIE UCHIBITaHus [6; 7]. 3HaUeHHE MOANOpPa HAXOMAT MO Ha puc. 1 npeacraBiieHbl KaBUTAMOHHBIE XapaKTEPH-
KPUTHYECKOMY BXOJHOMY JaBlieHHIO 13 hopmyisl (1): CTHKH Hacoca, moidydaeMeie: 1) 6e3 coOMoaeHNs YCIOBHS
P +P—P m = const B 00JacTu cpbiBa — KpuBas /; 2) ¢ cobroe-

Ah,, =2 510,572, (1) Huem ycnoBus i = const — kpuBasg 2; 3) IIyHKTUpHas

P KpHUBasi, I7Ie CHaJyajga 0 TOYKA B He coOmomaeTcs ycio-

rae P, — KPUTHYECKOE BXOAHOE maBienue, Ila; P, — ar-  Bue m = const, a 3aTeM pacXof MOJAEPKUBAETCS IOCTO-
MocdepHoe napieHue, [la; P; — maBiIcHWE HACBIIICHHBIX  SHHBIM.
TapoB XKUIKOCTH, 11a; v, — CKOPOCTH KHUAKOCTH HA BXOJIE
B Hacoc, M/C. H

Onucanne cymecrBywomeil Meroauku. CoriacHo
OpUHATON MeToauke [8; 9], KaBUTAIlMOHHBIE UCIBITAHUS
MPOBOJIATCS CIICAYIOMIMM 00pa3oM: IMocie BBIBO/IA HACOCa A
Ha pabouYWili pexWM ITyTeM YCTAHOBKH HOMHHAIIBHBIX
3HAYCHUN YTIIOBOM CKOPOCTH W pacxoja KHIKOCTH JIaB-
JICHWE Ha BXOJle¢ B HACOC CTYNECHYATO CHIDKaeTcsa. [lpum
KaKIOM CHIDKEHHH TI0CIIe YCTAHOBJICHHUS PEXUMa MPOM3-
BOJMTCS 3aMep OCHOBHBIX ITapaMeTPOB HACOCA: JAaBIICHUS
Ha BXOJI€ U BbIXOJle Hacoca Py, P,, I1a; yrinoBoii ckopoctu
BpallleHusI poTopa , paj/cC; pacxojia >KHIKOCTH 4epes
Hacoc 71, m>/c. TIo 5TUM JaHHBIM ONPEIEINSIIOT 3HAUEHUE x —
Hamopa ¢ nomomrsio gopmynst (2) [10], a 3aTem Ha MIIT- Pf
JMMETPOBOM Oymare CTpOSAT HANOPHYIO XapaKTePUCTUKY —
3aBucuMocts H; = f(P;) upu m, ® = const:

Pz[ — R i

H,; = T : ) Fig. 1. Cavitational characteristics of the pump

Puc. 1. KaButanuonsubsle XapakTepuUCTUKH Hacoca
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Ha rpaduke 3amrpuxoBaHa 00JacTh MOJYYCHUS BO3-
MOJXKHBIX XapaKTCPUCTHK, 3Ta OCOOCHHOCTh METOIMKH
(opMarbHO TIO3BOJISIET BIUATH HA AHTUKABUTALIMOHHBIC
CBOWCTBAa HAcoCa, BCIEACTBHE YEro CHIDKACTCA JIOCTO-
BEPHOCTh HCHBITAHUN, YTO MOXET OTPA3UTHCSA HA yXYI-
IICHWN HAJEKHOCTH HACOCHBIX arperaToB. DKCIIEPHMEH-
TaJbHBIC JaHHBIC TIOKA3aJIH, YTO PACXOXKICHHUE PE3yibTa-
TOB MCIIBITAHMHM H0X0oauT 10 6,3 %, a 10 JaHHBIM HCTOY-
Huka [11] morpemHocTs ompeneneHust Ahg, AOXOTUT
70 10 %. BenuuuHbl NOrpeIIHOCTEN pacCUUTHIBAIUCH I10
metonuke [12].

HyxHo Takxke M00aBUTh, YTO MPOIECC KABHTAIMH
OITaceH HE CTOJILKO I HACOCOB, paOOTAIOIINX B COCTAaBE
u3nenus (MX OUKIT paboThl TOCTATOYHO Mall), CKOJBKO
JUT HACOCOB, TMOJIBEPTHYTHIX HCIBITAHHUSM, TaK KakK IJTH-
TENBHOCTh HCIBITAHUNA MOXKET MPEBEIMATh BpeMs paboThI
arperaTa B cocTaBe pakeTsl npu mosuete [13].

Takum 00pa3oM, Ha OCHOBaHHWH BBIIICH3IIOKECHHOTO
MOJKHO BBIJICTIHTH OCHOBHBIE HEIOCTATKH CYIIECTBYIOMIEH
METOOUKH:

— 3HaYUTCJIIbHAasA TPYAOCMKOCTb CHATUSA KaBUTAILlMOH-
HOW XapaKTEPUCTHKH W, KaK CIICACTBHUE, JIUTEIbHAS pa-
00Ta Hacoca B YCIIOBHSIX KaBHUTAI[UHM M CHIDKCHHE €ro Ha-
JIS)KHOCTH B LIEJIOM;

— HEJOCTaTOYHAsI TOYHOCTh OIPEHACICHUS KpUTHYE-
CKOT'O BXOJTHOTO JIaBJICHUS;

— BIUSHAE CYOBEKTHBHBIX (AaKTOPOB HA PE3yIbTATHI
HCITBITAHHIA;

— OoJIBIIIAs IITUTENBHOCTD UCTIBITAHUH.

Onucanne mnpengaraeMoii Meroaumku. B cratee
OpeJICTaBJICHa METOAMKA  IPOBCACHUS  HCIBITAHUM,
COIIACHO KOTOPOH MPEJIaraeTcs ONpeeIiATh XapaKTepu-
CTHKW HACOCOB IIPH HENPEPHIBHOM M JIOCTATOYHO OBICT-
pOM H3MEHEHHH P;, YTO MO3BOJHUT COKPATUTh BpEMs
KaBHUTAIIMOHHBIX UCIIBITAHUI U CYIIECTBEHHO YMEHBIIUTH
KaBHTAIIMOHHYIO SpO3UI0 paboumx Kosiec. B Hacrosmiee
BpeMs JUINTENFHOCTh WCHBITAHUKA COCTAaBISET OT 3
no 6 muH, uto coctaBimsieT 50-80 % OT Bcero BpeMeHH,
3aTpavyMBacMOTO Ha OIpEeeIeHHEe OCHOBHBIX XapaKTepH-
CTHK W TapaMeTpoB Hacoca. [Ipm 3TOM MpomOIKUTEIH-
HOCTH paboThI HacOCa MPU MHTEHCUBHON KaBUTAIIMOHHOU
9pO3UM COCTaBisieT mopsinka 60 c, 4TO COM3MEPUMO C
BpeMeHeM pabOThl HACOCA B COCTABE U3ICIHSL.

C 1[enpl0 HCKIIYCHUS CYOBEKTHBHOrO (hakTopa
MpeJyIaraeTcsl B peXKUMe CphIBa HE TOJICPIKUBATH ITOCTO-
SHHBIM #1, 9YTO TIO3BOJIUT OTKAa3aThCS OT HEJOCTAaTOYHO
HAJEXKHBIX PETYITOPOB pacxona. OTKa3 OT peryimpoBa-
HHS pacxo/ia TMOBBICUT yCTOMYMBOCTH pabOTHl Hacoca B
peXUMeE CpBIBA.

IIpyn yCKOpEHHBIX HCIBITAHUSAX YEJIOBEKY IpaKTUde-
CKH HEBO3MOXXHO BHU3yalbHO PETUCTPHPOBATH OBICTPOE
MPOTEKAHKUE U HEMPEPHIBHO MCHSFOIUECS MPOIIECCHI.

OnpeneneHre KPUTHIECKOTO BXOTHOTO JIABJICHUS I10
KOOpAMHATE TOYKH CHIDKEHHS HAropa IpH KaBHTAIHOH-
HOM CPBIBE JI0 33/IaHHON BEIMYHMHEI IT03BOJISIET aBTOMATH-
3UpoBaTh 3TOT mporecc. CTpyKTypHas cxeMa yCTpOHCTBa
PETHCTpAI|H TapaMeTpoB paboTaeT CIICIYIOMNM 00Pa3oM.

HezaBrucumbIM mapamMeTpoM HpH KaBUTAIIMOHHBIX HC-
IbITAHUAX SABIACTCA JAaBJICHHE HAa BXOAEC B HACOC. ITocne
TOTrO0, KakK 6y]1yT YCTaHOBJICHBI HOMHWHAJIBHBIEC pacxoJ H
yIJI0Basi CKOPOCTh BpAICHHSI POTOpPA W BXOJHOE JaBlic-
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Hue Py > P,,,, HAUMHACTCS YMEHBIIECHHE BXOJHOTO JaB-
nenus. Ilpu 3TOoM mMHOpOpPManMs O TEKyIeM 3HAYE€HHH
BXOJ/IHOTO JaBJIECHUs P; CpDaBHUBAETCS C 3a/laHHBIM HOMH-
HabHBIM. MH(bOpMarus o Tekymiel BennunHe Hamopa H;
CpaBHHMBAETCS C HOMHMHAJIBHBIM 33aJaHHBIM. B MoMeHT,
Kor/ia 3HadeHune Harmopa ctanet paBHbIM (0,75-0,97)H, o,
MOJIaeTCsl KOMaH/la Ha OCTaHOB ABurareiisi. OXHOBpPEMEH-
HO C KOMaHJOM Ha OCTaHOB BHIBOJMTCS 3HA4YCHHE Py,
COOTBETCTBYIOLLEE H, 0y

AHanu3 padoTbl cUCTeMbl B HECTALIMOHAPHOM pe-
skume. OnpeziesieHne KaBUTAMOHHBIX [TapaMeTpOB HAco-
ca IIpH HETPEPHIBHOM M JIOCTATOYHO OBICTPOM CHM)KEHHH
BXOJ/IHOTO JIaBJICHUS NPHUBOAUT K TOMY, YTO IPOLIECCH B
CHCTEME «HAacoC — H3MEpUTENbHas CHCTeMa — THIpPO-
CTEHA» CTAHOBSTCS HECTAlMOHAapHBIMHU. IlosTomMy ObBLI
BBINIOJIHEH aHAJIN3 BIHMSHUS HECTAIIMOHAPHOCTH MpOLEC-
COB Ha Pe3yJIbTaThl UCIIBITAHUM.

IIpn ompesneneHNM KaBUTAIMOHHBIX MapaMeTpoOB Ha-
coca B HEYCTAaHOBHUBIIEMCS PEXHME CIEOyeT pa3iIndarb
JIBa Ccryvasi:

— I — macoc paboraer Ge3 cpeiBa Hamopa (P,, i,
® = const), MI3MEHSIETCSI TOJIHKO BXOJHOE JAaBieHHE Pi;
CKOPOCTb M3MEHEHHUs P; XapakTepusyeTcs BEIH4H-
HOM dP 1/dt,'

— II — Hacoc paboTaeT B peXUME PE3KOTO CHUKESHHSI
JaBlIeHUs P,, yMEHBIIEHHUs pacxoAa 71, pocTa yrioBOU
CKOPOCTH ®; TP 3TOM pacxoJ W YIJIOBas CKOPOCTh
HE PETUCTPUPYIOTCA, IOATOMY paboTa CHCTEM M3MEpPEHHMs
HE aHaIN3UPYETCs] B JAHHOM Clly4dae; CKOPOCTb M3MEHe-
Hus P, onpenensiercs dP,/dt.

PabGota Hacoca B obnactu | xapakrepusyercst OTHOCH-
TEJILHOM cTaOMIIBHOCTBIO MapamerpoB. [Ipu aTom pacxo-
KIACHUE PE3YJILTATOB HUCHBITAaHUI B YCTaHOBUBUICMCS U
HEYCTaHOBHUBILEMCSI PEXKUME MOXKHO OXKHUAATh JIMIIb MTPH
perucTpanyy BXOJHOTO AaBICHUSL.

ITpu pabore Hacoca B obmactu Il pacxoxneHue pe-
3yJIbTaTOB OyJEeT ONpEeAeNAThCS IEPEXOAHBIMH MpOLEC-
CcaMHM HE TOJBKO B IMOJOCTSAX HACOCA, CTEHAOBBIX MarucT-
painsix, HO U B cUCTeMax usmepeHus P, u Py.

Bpems mepexomHbIx TmpolieccoB coriacHo [14] He
npessimaet 0,3-0,5 c. CnemoBaTensHO, BIUSHHAE HAcCOCA C
NMOACOCANMHEHHBIMU MarvucTpajisiMnu 6y,ueT 3aMETHO JIMIIb
npu 60.]'1])111[/1)( CKOPOCTAX CHUIKCHHSA BXOAHOT'O JaBJICHUA.

PaCCMOTpl/IM BJIMAHUC TUHAMHWYCCKUX XAPAKTECPHUCTUK
cucTeM u3MepeHus P, u P, Ha pe3yibTaTbl KaBUTalU-
OHHBIX HCHOBITaHWH. [l  ymnpomieHWsl JOIMyCTHUM
dP,/dt = const, 4TO JIeTKO pealn30BaTh Ha MPAKTHKE.
BMmecto n3meneHns Haniopa OyJaeM paccMaTpHBaTh H3Me-
HeHue naeneHus P,. [{nsa cioyyas pa3BUTONM KaBUTaLUU
nipu dP,/dt cnpaBenimBo dP,/dt.

Ilpn HecTaMOHAPHOM pEXHME pPAOOTBHl PETHUCTPH-
pyeMas KaBUTAllMOHHAs XapaKTepUCTHKa OyIeT OTJIH-
4aThCs OT MCTHHHOM M3-3a 3ama3/bIBaHUs CHCTEM peru-
ctpaiuu P, u Py. Bennunns! 3ana3apIBaHus ONPEeNsioT-
cs BelpaxkeHueM (3) [15]:

db),

API/Z = TPZ/PI ’ dt Q)

JluHaMudeckas COCTaBIAIOIIAs IOTPEIIHOCTH OIpe-
JIeNIeHNs] KPUTHYECKOTO BXOJHOTO JIaBJIEHHs OyIeT MU-
HUManbHa (=0), eciu perucrpupyemas XapaKTepUCTHKa
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COBIAJaeT C UCTHHHOW. Y CIIOBUE COBIAJICHHS 3alUILETCS
ciiety oM oopaszom (4):

Tp = Tpo. (4)

B pabote [15] nokazaHo, 4To ISl M3MEPUTENSI JaB-
JIEHUS!, COCTOSIIEr0 U3 MaHOMETpa U UMIYJIBLCHOM coeu-
HUTEIFHOU TPYOKH, IMOCTOSIHHAS BPEMEHHU CKJIaI(bIBACTCS
U3 JBYX COCTaBJISIIOIIMX: 1,, — BpPEMEHHU 3amna3iblBaHus
BO3MYIIEHHS, OOYCIOBIEHHOTO 3BYKOBOH CKOPOCTBIO
Nepeayu UMIyJbca; 7, — NOCTOSSHHOW BPEMEHHU, 3aBHUCS-
el OT TMAPOCONPOTUBICHUNH M €MKOCTEH Marucrpaiu
nepesadn JaBieHus. B OOMBIIMHCTBE CIy4aeB BBIOJIHS-
ercst ycnosue T, >> T,, IO3TOMY OKOHYATENIBHO I1OCTO-
SHHBIE BPEMEHHU CHCTeM OyIyT 3aBHCETh OT AMAMETPOB
UMITyJIbCHBIX TpyOOK. Ho BBIpaBHMBAaTH MOCTOSHHBIC
BPEMCHH CHUCTEM U3MCPCHHUA JIMIIb N3MCHCHUCM pazMe-
POB TPYOOK HEepaIOHAIBHO.

Bonee peanpHBIH MyTh — MOJ00pP COOTBETCTBYFOIIUX
nemiiepoB Ha JIMHUH U3MEpEHUS P, M JOCTIDKEHHS MaK-
CUMAJIbHO JIOIYCTHMOTO OBICTPOJICHCTBUS CHCTEMBI H3-
mepenus Pi.

Cucrembl 3amMepa BXOJHBIX M BBIXOJHBIX JaBICHUN
HACOCOB IPaKTHYECKH UICHTHYHBI. TakuM 00pa3oM, eciun
CTPOWUTH KABHTAIIOHHYIO XapaKTEePHUCTHKY II0 ITaHHBIM
MaHOMETPOB, YCTAHOBJIEHHBIX HAa MAaruCTPalsix C JEMII-
¢depamu, TO mpU ycioBUH, uTO P, >> P;, OCHOBHYIO
JAMHAMHUYCCKYIO MOTrpCHIHOCTD 6y)leT BHOCUTH JIMHUA 3a-
Mmepa P;.

Benuunna muHamMmdeckod morpemHocTH (5) Oyzmer
ONpEAENATLCA MOCTOSIHHONM BpeMeHU Tp; U CKOPOCTBIO
CHIDKEHUS BXOJIHOTO JaBienus dP,/dt:

dP 1

8P, =T, i (%)

Kp.JAMH p1’ d :
t P
1xp

W3 sTorO CriemyeT, 4TO TPH YBENIWYEHHH CKOPOCTH
M3MEHEHHS BXOJHOTO IAaBJICHHA PACTET BEJWYMHA TH-
HamMpdeckoil morpemHocTH (= 20-60 %). UrtoOwr ee
YMEHBIIUTH 10 1-2 %, HeobxoaumMo cHIXKaTh P co CKO-
poctsio = 100 ITa/c, T. e. 3a Bpems ¢ =~ 10 MuH.

Taxxe aJisi yMEHbLIEHUS JIMUHAMUYECKOM IOrPEIIHO-
CTH MOXXHO YBEIIMUUTH OBICTPOJICHCTBUE CHUCTEMBI U3ME-
penust Py, T. e. yMmeHbIIUTh 1p;. Ecnu vckimounTh gemi-
(dep, TO BETMYMHA IOCTOSHHON BPEMEHH OMPEICITUTCS
MPAKTHYCCKH [UIMHOW UMITYJIbCHOU TPYOKH.

HeobxoanMo momg4epKHyTh, 9TO OTpaHUYEHHE CKOPO-
CTH CHH)KCHUS BXOJHOTO JaBIICHHUS HAKIIAJBIBACTCS TOJh-
KO TIpu paboTe Hacoca B OOJIACTH CPHIBA, B OECCPHIBHOM
pPEeXHUME CKOPOCTh MOXET OBITh yBenmueHa. I[losTomy
HCIBITAaHUE MOXHO IIPOBOAMTE CIEAYIOIMIAM 00pa3oM.

OO6nacTh yCTOWYMBOCTH BBIXOJHBIX IApaMeTPOB Ha-
coca P,, n1, ® MPOXOAWUT TPpHU OBICTPOM CHIDKCHUHU IaB-
JICHWs Ha BXOJIE B HACOC, a MPH MOX0/1€ K OOJIACTH CphIBa
CKOPOCTh CHIDKCHHSA P| Hy)KHO YMEHBIIIATh 0 BEIINIHUHBL,
obecrieunBaromeil HU3KyI0 AWHAMHYECKYIO MOTPEITHOCTD
OTIpeIeJICHUS] BXOIHOTO JaBIICHHS.

AHaHI/l3 pa6OTbI CUCTEM U3MCPCHHSA BXOAHOTO U BbI-
XOOHOI'0 ZlaBJ'leHl/Iﬁ Inpyu MNPOBCACHUU KaBUTALIMOHHBIX
UCTIBITAHUH MMO3BOJIMII CICTIATh CIICAYIONINE BBIBOJIBI:

— TIpU OICHKE MOTPEUTHOCTH OINPEICICHUS KpUTHYC-
CKOT0 BXOJHOTO JaBICHUS HEOOXOIUMO yYUTHIBATH JH-
HAMHUKy TIporecca U OBICTPOACHUCTBHEC H3MEPUTEIBHBIX
CHUCTEM;

— ISl CHIDKEHHUSI TUHAMUYECKON COCTaBISIOIIEH MO-
TPEITHOCTH U3MepeHus Py, HEOOXOAUMO COTTIACOBHIBAThH
JUHAMWYECKNE XapaKTEPUCTUKU CHUCTEM W3MEPEHHUS BbI-
XO/IHOTO M BXOJHOTO JaBJIeHUH, oOecrieunBasi paBEHCTBO
MOCTOSIHHBIX BpeMeHH (4); mpu 3TOM TUHAMUYECKHE Xa-
PAaKTEPUCTUKHU CIIEAYET ONPENENATh I AaBJICHUH P,
n P, Omu3kuX K COOTBETCTBYIOUIMM IIapaMeTpam,
KOTOpbIE UMEET HAcoC IpU paboTe B KPUTHYECKOU 00-
JaCTH.

B xozme paboTel ObUIM TPOBEAEHBI 3KCIEPHUMEHTANb-
HBIE€ HCCIEOBaHUs, 11eJb KOTOPBIX 3aKioydajach B clie-
JYIOIIEM:

— 9KCHEPHUMEHTAIBHO OIPEACINTD BIUSIHUE CKOPOCTH
CHIDKEHMsI BXOIHOTO IABJICHHS HA PE3yJIbTaThl KaBUTa-
LIMOHHBIX UCTIBITAHUH;

— OIIPEAEINTH BINSHHUE MOCTOSHHBIX BPEMEHHU CHCTEM
HU3MEPEHUs] BXOJHOIO U BBIXOJHOIO JAaBJICHUH HA Pe3yiib-
TaTbl KABUTAITUOHHBIX HUCHBITAaHUH.

UYUToOB! HCKITIOYNTH BIMSHUE TEXHOJIOTHYECKUX U T'€0-
METPHYECKUX (aKTOPOB HA PE3yNbTaThl HCCIICIOBAHUM,
BC€ HCIIBITaHWA TPOBOAUIIUCHL Ha HaAcCOoCax OﬂHOﬂ KOM-
wiektauuy. IlpoBommnace nume nepebopka Hacoca ¢
LEJbIO 3aMEeHBI MO/IIIUITHUKOB, OTPabOTaBIINX pecypc.

Jlyist moBbIeHUs] THGOPMATUBHOCTH UCIIBITAHUN CHSI-
THE KaBUTAIIOHHBIX XapaKTEPUCTUK IPOBOIUIOCH IPU
HETIPEPBIBHOM CHIDKEHHH BXOJHOTO JABJICHUS M C HETpe-
PBIBHOW pErucTpanuei napaMmerpos.

B kauectBe peructpupyromel Oblia HCIOIB30BaHA
CHCTEMa, B COCTaB KOTOPOI BXOMSAT:

1) BUOpOCTEp>KHEBBIE TaTYMKH JIABJICHUS; UX HCIOJb-
30BaHHE OOYCIIOBJICHO BBICOKHUMH METPOJIOTHYECKUMHU
XapaKTEPUCTHKAMH, YAOBICTBOPUTEINBbHONH paboTON mpu
OTPHULIATENIBHBIX AAaBICHUSAX U HNEKTPUUECKUM BBIXOAHBIM
CHUT'HAJIOM B BUJIC YaCTOThI;

2) mpeoOpa3oBaTeNy YacTOTHl B HANpPsDKCHHE; MX Ha-
3HaUeHHE — NMpeo0pa3oBaTh YaCTOTHBIH CHI'HAI B aHAJIO-
TOBYIO (hOopMYy;

3) ABYXKOOPAMHATHBIN CaMONMIIYIINI IPHOOP.

[Ipouecc perucTpanyuy NPOUCXOAUT Tak: HHGoOpManus
0 BEJIMYMHE BXOJHOTO M BBIXOAHOTO JIABJICHHUH C ITOMO-
b0 BHOPOCTEP)KHEBBIX NATYMKOB U IpeoOpazoBaTelei
YacTOTHl B HANpPSDKEHHWE MOCTYMAeT Ha BXOJA CaMOMHKCIIA.
Hampsoxkenue, nponopuuoHanbHoe Pj, MOJaeTcsi Ha BXOJ
X, a unpopmanus o P, — Ha Bxox Y. M3meHenue P,
npeoOpasyeTcst B IepeMEIEHHE TIepa CaMOITHCIa Mo ocH X,
a u3MeHeHue P, — B nepemelinenue 1o ocu Y. Takum odpa-
30M, HPOU3SBOAUTCA HCHUPEPbIBHAA 3allUCbh KaBUTAILlMOH-
HOHW XapaKTEepUCTUKHU B KoopauHatax P, = f{P)), koTopas
MPAKTUYECKH COOTBETCTBYET KaBUTALIMOHHOHN XapaKTepu-
CTHKE Hacoca B koopauHatax H = f(P)).

Jnst peanuzanuy BO3MOXKHOCTEW HENPEPHIBHOTO CHU-
JKEHUSI BXOJHOTO IABJICHUS C PA3IMYHBIMH CKOPOCTSIMU
MOTPeOOBAINCh HE3HAYUTEINbHBIC OPAOOTKH KOHCTPYK-
IIUH, KOTOPBIE CBEJIUCh K YCTAHOBKE JIBYX JIOMOJIHUTEIb-
HBIX APEHAKHBIX Marucrpaneil.

KOHCTpYKTHBHO CTEHJ BBINOJHEH TaK, YTO KOMIICH-
CallMOHHBII 0aK, NaBlieHue B BO3AYIIHOM MOAYIIKE KOTO-
poro ompeneiseT AaBleHHE Ha BXOJAE B HACOC, PAaCIOJo-
JK€H Ha 5 METPOB HMXKE HACOCA, BCIEACTBUE YErO MOJIHBIE
KaBUTAI[IOHHBIE WCIIBITaHUSI MOXKHO IIPOBOAWTH Oe3 Ba-
KyyMHOTO Hacoca.
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B Tabnwuie cBefeHBI pe3ynbTaThl 00pabOTKH TaHHBIX
IO WCIIBITAHUSM | JUTS CPABHEHUS MPEICTABICHBI Pe3yib-
TaThl TEOPETUUECKUX PACUETOB BIIHSHUS CKOPOCTH CHU-
JKCHHS BXOJHOTO IaBIICHHUS W OBICTPONCHCTBHE CHCTEMBI
W3MEpEHHUs, TPOBEICHHBIE HAa OCHOBE NPEINIOKEHHOM
MOJIEJH TIPOIIECCOB.

B menmom, pe3yipTaThl SKCIIEPUMEHTOB YIOBIETBOPH-
TEJNBHO COTJIACYIOTCS C TEOPETHYECKUMH pacdyeTaMHu M
MOJIHOCTBIO MOATBEPIKIAIOT MPUHATYI0 MOJENb IMpoliec-
COB, MPOUCXOJAIINX B CHUCTEME «HACOC — THAPOCTEH]] —
U3MEpPUTENIbHAS CHUCTEMa» IPH OMNPEACICHUN KaBHUTAI[H-
OHHBIX XapaKTEPUCTHK IEHTPOOCIKHBIX HACOCOB HA HEYC-
TAHOBHUBIIMXCS PEKUMAX.

Heobxoaumo 100aBUTH, 94TO B psilie CIIyYacB P IPO-
BEJICHUM KABUTAIIMOHHBIX HCIBITAHUN HE YYUTHIBAIOTCS
OUHAMUYECKHE XapaKTePUCTHKH CHCTEMBl HW3MEpPEHUs
BXOJTHOTO JABIICHHS, B PE3yNbTaTe YEr0 aHTHKABUTAIU-
OHHBIE TIApaMEeTPHl HAcoca, ONpeNeNeHHbIE IKCIEPUMEH-

TaJIbHO, OKAa3bIBAIOTCS Xyke (akThyeckux. B kauectse
npuMepa TpHBEJCHA KaBUTAI[OHHAS XapaKTEPUCTHKA
(puc. 2), 3anrcanHas B MpoIiecce MTaTHOTO UCIIBITAHUS C
MIOMOIIBIO paHee OIMCAHHOTO MPHOOpa aBTOMATHYECKON
perucTparyy.

VY4acTKM XapaKkTEepUCTHKH, OTMEUYEHHbIE OyKBaMu d,
a', a”", a"', COOTBETCTBYIOT MOMEHTY OTKPBITHS DJIEKTPO-
nHeBMokiamana (JI1K), 1. e. Hagamy yMmeHbIIEHUS OaB-
JIeHus: Ha BXxone B Hacoc. Touku b, b', b”, b"' cooTBeTCT-
ByIoT MoMeHTy 3akpeitus OIIK, T. e. mpekpaiieHuro
YMEHBILIEHUs AaBJeHusl Ha BXoje. Heboubime ropusoH-
TaJIbHBIE Y4acTKu b—a', b~a" v T. . COOTBETCTBYIOT IIPO-
LIecCy YCTAHOBJIEHHs TOKa3aHWH W3MEPHTEINsl BXOIHOTO
JlaBieHUs. XapaKTepuCTHKa [ MOCTpOEHa IO JAaHHBIM
MIPOTOKOJIOB HCIIBITaHUH, T. €. 10 To4ukaM. CoBMerieHne
XapaKTepUCTUK [ W 3alHiCaHHONH B aHAJIOroBOW (hopme
CBHZETEIILCTBYET O TOM, UTO CHSATHE NOKa3aHM ¢ MpruOOpoB
HE BCET/1a IIPOUCXOIUT NP YCTAHOBUBIIUXCS 3HAYCHHUSIX.

CpaBHeHHeE Pe3yJIbTaTOB JKCIIEPUMEHTOB H TEOPETHYECKHX PacyeToB

JlaTurk Ha KOHIIE JJIMHHOM JIMHUM T10CIIe JlaTuuk coeuHEeH co BXOJIOM B HACOC
nemmndepa rHOKUM [IJIAHTOM BBICOKOT'O JIaBJICHUS
Tpy, C P10’ TTa P s % Tp,c | P10 Ta | 8Py %
dP Dkcr. 10 0,605 12,2 0,65 0,55 0
5 - 0 Male Pacu, 10 0,625 13,6 - - =
dP DKkcr. 10 0,725 31,8 0,65 0,555 1,1
5 - 120 e Pacu. 10 0,738 342 0,65 0,557 133
dP, DKkcr. - - - 0,65 0,565 3,3
5 - 2080 Majc Pacu. 10 0,743 36,9 0,65 0,559 15
— H
H.
1
1- X@PaKImepLCILIKa MocpoeHa o rokasaHusm
rpuBopPO8, yCIMBHOBIEHHEK Ha KOHUE ONUHHOU
08 JUHUU riocrie Oemrighenos
06 2 - X3apaKmepuCITUKa rocnpoeHa ¢ y4enmom
J “ 9
OUHaMUMECKOU M02PELLHOCITL CpedcT8 UBMEPEHUL
04
P,
0,6 10 14 18 22 26 30 w

Puc. 2. KaBurtanmonHast xapaKTepHUCTHKA HACOCA, 3alIMCAHHAS IIPU IMITATHOM HCTIBITAHUH

Fig. 2. Cavitational characteristics of the pump, recorded during normal testing

XapaKTepI/lCTl/IKa 2 MOoCTpOC€HA C Y4E€TOM IJIUTECIBbHO-
CTH MNCPCXOJAHBIX MPOLECCOB B CHCTEME H3Mep€HHﬁ n
COOTBETCTBYCT YCTAHOBUBIINMCH MMOKA3aHUAM HpI/I60pOB.

648

PacxoxeHre B 3HaU€HUSX KPUTHYECKOIO BXOJHOTO JaB-
JICHHS, ONPEIENCHHOTO 0 XapakTepucTukaMm / u 2, co-
CTaBJIIET B JaHHOM ciy4dae 4,1 %.
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Teopernueckuii aHanu3 ycnoBuil paboThl «Hacoc —
HU3MEpUTENbHAS CUCTEMA — TUAPOCTEHA» MpPU OIpenene-
HUM aHTHKABUTALMOHHBIX CBOWCTB HAaCOCOB HAa HeCTa-
LIMOHAPHOM PEKMME IMO3BOJIMII BBIpaOOTaTh TpeOOBaHMUS,
KOTOPBIM  JIOJDKHBI ~ yJIOBJIETBOPSTH  HM3MEPUTEIbHBIC
CHCTEMbI CTEHZA, 4YTOOBI JMHAMHYECKas MOTPEIIHOCTh
OIIpeZIeTICHUs] MapaMeTPOB Hacoca Oblla MUHHMMAalbHAS.
IIpoBeneHHBIE 3KCIIEPUMEHTHI MOATBEPAWIN MPaBUIIb-
HOCTh CJICIaHHBIX TPEAINOJIOKEHUHN, IOKa3aJId CXOJH-
MOCTh pacueTa M IKCIHEpUMEHTa MPHU CKOPOCTSIX CHUXKe-
uust P 10 2000 ITa/c u mo3Bonuim oTpaboTaTh METOIUKY
MIPOBEJICHNS] YCKOPEHHBIX KAaBUTAMOHHBIX HCIIBITAHUN
HAaCOCOB.

C nenpo 3KCIEepUMEHTAIBHON MPOBEPKU BO3MOKHO-
CTH aBTOMAaTH3MPOBAHHOTO OIPENENCHNS KPUTHIECKOTO
JIaBJICHUS HAa BXOJIE B HACOC HEMOCPEACTBEHHO B MPOLIEC-
CE MCIBITAHUHA OBUI M3rOTOBJIEH ONBITHBIA 00paser] mpu-
Oopa aBTOMaTHUECKOH perucrpanuu. IlorpenrHocTs or-
penenenus Py, cocraBuna 1,63 %, a BpeMsi IPOBEIECHHs
TPEX CepUid UCTIBITAHUN COCTAaBUIIO ~17 MUH.

3akarouyenune. Ha ocHOBaHMM NPUBEACHHBIX JaHHBIX
MOYHO CZI€JaTh BBIBOJ, YTO YCKOPEHHBIH CHOCOO IpoBe-
JICHUS UCTIBITAaHUH B YCIJIOBHSIX CEPUIHOTO IPOW3BOJICTBA
IO3BOJISIET PELINTH CIEAYIOIUE TPOOIIEMBIL:

— YMEHBUIUTH BEPOATHOCTh IPO3HMOHHOIO paspylle-
HUSI, COKPATHB BPEMSI HCIIBITAHHH;

— CHU3UTH TPYJOEMKOCTh 0OpaOOTKH Pe3yIbTaTOB HC-
MIBITAHUI;

— YCTPaHWTh BIMSHUE CyOBEKTUBHOTO (pakTOopa Ha pe-
3yJIbTaThl UCIIBITAHUI;

— MOBBICUTHh TOYHOCTh OMNPEAETICHUS KAaBUTAI[MOHHBIX
napaMeTpoB HAacOCOB 3a CUET aBTOMATH3AIMM Ipoliecca
OTIpeIeIeHUs] KPUTHUECKOTO BXOJHOTO JIaBIEHUS.

PazpaboTanHblii pHOOp aBTOMATHUECKOH perucrpa-
LIUH TIyTEM HECIIOXHBIX JOPaOOTOK MOKET OBITh MUCIIOJIb-
30BaH [UISl ONpEAEIEHHsS KaBUTALMOHHBIX I1apaMeTpPOB
MIPAaKTHYECKH BCEX TUIIOB JIONATOYHBIX HACOCOB.
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METHOD FOR CALCULATING THE ENERGY CHARACTERISTICS AND SOLAR BATTERY
PARAMETERS OF HIGH-VOLTAGE POWER SUPPLY SYSTEMS

M. M. Chernaya

Tomsk State University of Control System and Radio Electronics
40, Lenina Av., Tomsk, 634050, Russian Federation
E-mail: cmm91@inbox.ru

One of the main tasks arising in power supply systems (PSS) of spacecraft (SC) design is the determination of ra-
tional structure in terms of providing consumers with electricity of the required quality. At the same time, a reasonable
consumption of power generated by solar batteries (SB) and accumulator batteries (AB) should be realized in PSS. The
choice of the PSS structure is based on the calculation and comparative analysis of PSS options, taking into account the
adopted system performance criteria, the main ones being the energy and weight-dimension characteristics. For this
purpose, the process of energy flows distribution in the PSS by forming a mathematical description of the PSS operating
modes is carried out. In order to obtain the graphs of the SB generated power and to calculate SB parameters during
the service life, a mathematical model of the SB based on the use of initial and experimental parameters of its photo-
voltaic elements of any area was developed. The SB model provides the required accuracy of I-V and V-W characteris-
tics calculation for any given values of illumination and temperature.

In the article the method for calculating the energy characteristics of PSS and SB parameters taking into account
the possibility of its limitation at the maximum or minimum level was described. It is shown that the method allows to
determine the ways of rational redistribution of energy flows in the systems being designed to improve its weight-
dimension characteristics by reducing the maximum design power of energy-converting equipment (ECE), which is
achieved by forming a rational logic for applying the SB maximum power point tracking mode, in particular, when the
spacecraft leaves the Earth's shadow. Energy balance in PSS is provided by applying correction coefficients. The calcu-
lation results obtained by the method are the basis for requirements for ECE and SB design in PSS and can be used by
developers and manufacturers of onboard and ground PSS.

Keywords: spacecraft, power supply system, mathematical model of the solar battery, energy characteristics, maxi-
mum power point tracking mode.

METOJANKA PACYHETA DHEPTETHYECKUX XAPAKTEPUCTHUK U ITAPAMETPOB
COJIHEYHBIX BATAPEN BLICOKOBOJIbTHBIX CUCTEM JJIEKTPOIIUTAHUA
KOCMHMNYECKHUX AIIITIAPATOB

M. M. Yepnas

ToMckuii ToCyIapCTBEHHBIH YHUBEPCUTET CHCTEM YIIPABICHUS U PaHOIICKTPOHUKH
Poccuiickas ®enepanms, 634050, r. Tomck, mpocm. Jlennna, 40
E-mail: cmm91@inbox.ru

Oo0noti U3 0CcHOBHBIX 3a0ay npoexmuposanus cucmem anexkmponumanus (COI1) xocmuueckux annapamos (KA) ss-
JISlemcsi onpedeieHue Ux payuoOHAIbHOU ¢ MOYKU 3peHus obecneuenus nompebumenei dneKmposnepeueti 3a0anHo20
Kavecmaa cmpykmypul. [Ipu smom 6 cucmeme 00a#CHO ObimMb Peanu308anHo 060CHOBAKRHOe NOMpeDIeHUe 2EHEPUPYEMbIX
conneunvimu  (BC) u  axxymynsmoproimu 6amapesimu  mowpocmei. Bwibop cmpykmypor COII  ocHoeviéaemcs
Ha npoeedeHuy pacuema u CONoCMAagUMenbHO20 AHANU3A UX AIbIMEPHATMUBHBIX BAPUAHMOE C YYemOM NPUHAMbBIX KPU-
mepues d¢hGexmusHoCmu CUCmembl, OCHOGHBIMU U3 KOMOPLIX AGIAIOMCA IHepeemudecKue U 2adapumno-maccosvie
xapaxmepucmuxu CII1. [ns smoeo npogooumcs ucciedoganue npoyeccos pacnpeoeneHis NOmoko8 SHepeuu 6 cucne-
Me nymem ¢hopmuposanus mamemamuieckozo onucanus pexcumos pabomor COII. C yenvto nonyuenus epaguxos ce-
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nepupyemou BC mowmocmu u 015 pacuema ee napamempos 6 meyenue cpoka IKCHIyamayuy paspabomana mamema-
muueckasn moodenv BC, komopas ocHo6aHa HA UCNOIB308AHUU OCHOBHBIX U IKCNEPUMEHMATLHBIX NAPAMEmpos ux ¢o-
MO2IeKMpPUYecKux dnemenmos arool niowaou. Modens BC obecneuusaem mpedyemyro moyHOCMb pacyema 801bmi-
AMNEPHBIX U BOJIbM-GAMMHBIX XAPAKMEPUCIUK OISl TH0ObIX 3A0AHHBIX 3HAYEHUN MEMNepamypvl U O0CEEUeHHOCHU.
Onucana memoouka pacuema 3uepeemuyeckux xapakmepucmux COII u napamempos BC ¢ yuemom 803MOAICHOCHU UX
02paAnUYeHUss N0 MAKCUMATLHOMY IUOO0 MUHUMATbHOMY YposHio. Tlokazano, umo memoouxa nosgoisem Oonpeoeisine
nYymu payuoHaIbHO20 NEPEPACHpedeNeHlst RONMOKO8 IHEPSUU 8 CUCTEMAX C YelblO YIVUULeHUsL UX 2A0apUumHO-MaCcCO8bIX
Xapaxmepucmux 3a cuem YMeHbUeHUst MAKCUMATbHOU PACYEMHOU MOWHOCTU UX SHEP2ONpeobpazyioweli annapamypbl
(DI1A), yumo docmueaemcs nymem opMupo8aHust payuoHaIbHO20 AICOPUMMA NPUMEHEHUSL PEHCUMA IKCIPEMATLHOO
peeynuposarus mowrocmu bC, 6 uacmuocmu, npu evixooe KA uz menu 3emnu. nepeobananc ¢ COII npu smom obec-
neuugaemcs 3a cuem npUMeHeHuss NONPasouHvIx Ko duyuenmos. Ionyuennvie no memoouxe pe3yivbmamsl A6IAI0Mcs
0CHO601U psda mpebosanuti no npoekmuposaruto 1A u BC ¢ COII u mocym 66ims ucnonib308ansvl paspabomyuKamu u

npouseodumenimu 6opmoguix u Hazemuvix COII.

Kniouesvie cnosa: kocmuueckuil annapam, cucmema I1eKmponumanust, vamemamudecKas MoOenb conneunol ba-
mapeu, dHepeemuiecKue xapakmepucmuKku, IKCmpemaibHoe pecyiupoeanue MOWHOCnu.

Introduction. Ensuring the long term of the space-
craft (SC) active lifetime (TAL) is one of priority scien-
tific, technical and economic tasks which solution de-
mands a comprehensive fundamental approach during the
development and creation of SC power supply systems
(PSS).

The main primary energy source in SC PSS are solar
batteries (SB) designed on the basis of Si or GaAs solar
cells having non-linear I-V and V-W characteristics with
a pronounced maximum of the generated power, deter-
mined by an operating voltage level that proves the expe-
diency of maximum power point tracking (MPPT) mode
of SB in PSS application [1-4]. Due to the increase of
output voltage of the SC load power bus up to 100 V, new
technical requirements to the ways of coordination and
service conditions of energy sources in PSS have been
created. This is due to the possibility of electrostatic dis-
charges between photodiodes chains and current collec-
tion elements of the SB and, as a result, to the need for the
maximum level of SB open circuit (OC) voltage operation
limitation reached when the SC leaves the orbit shadow
areas [5—7]. Application of other solar cells types in PSS
is possible in case of feasibility of their use realized by
means of calculation of the generated by SB capacities
during TAL providing an energy balance in PSS, rational
distribution of energy flows and prevention of PSS work
emergency operation.

The developed technique provides the reduction in
calculation time of power characteristics and the SB pa-
rameters of high-voltage SC PSS which is obtained by the
decrease in the number of iterations directly proportional
to the quantity of correction factors to be calculated. The
technique can be applied when calculating options of
ground and onboard PSS with various load curves and
service conditions for the purpose of realization of energy
flows in PSS rational redistribution and to impose its ECE
and SB design requirements.

Mathematical model of solar battery. The SB elec-
tric parameters during SC service change significantly.
The considerable influence on SB I-V and V-W character-
istics is rendered by temperature and illumination. So, in
low-orbit SC the SB panels temperature changes in the
range from —90 to +80 °C, herewith the SC can have the
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sharp-variable load curve and the significant number of
shadow areas on the orbit. Therefore for the correct plan-
ning of PSS target equipment operation it is expedient to
carry out the calculation of SB generated power in all
operating modes of SC PSS during TAL.

The SB current parameters, taking into account the
graphs of their illumination F and temperature ¢, are cal-
culated on the experimental solar cells I-V characteristics
of any area provided by their manufacturers. The SB
mathematical model set by three points is the basis for the
developed mathematical model: of an open circuit (OC)
voltage Upc, short circuit (ShC) current /g, optimum
values of SB current /)pp and voltage Uyppp [8]. The SB
mathematical model depending on temperature ¢ and il-
lumination F is described as

Ly (Ugy,t, F) = Igo (8, F)x

Uoc (t,F)-Usgp
8 1_(1_1MPP(17F) Uoc (t,F)=Uppp (1,F) ’ 0
IShC (t7 F)

where Ugpg — current value of SB voltage; Ig(t.F) —
SB short circuit current; Iypp(¢,F) — optimum value of SB
current on I-V characteristics at SB MPPT mode in PSS;
Uyipp(t,F) — optimum value of SB voltage on I-V charac-
teristics at SB MPPT mode in PSS; Up(¢,F) — SB open
circuit voltage.

The SB open circuit voltage depending on ¢ and F
is calculated by the formula

Uoe (t,F) = ky, - Upe (4, F)-(140,01-B) ™, (2)

where ky, — the correction coefficient of voltage deter-
mined by SB I-V characteristics abscissa axis, considering
its illumination influence; F; — SB nominal illumination
value; Upc(t,F1) — SB open circuit voltage at nominal
values #; and Fy; B — temperature coefficient of SB open
circuit voltage.

The SB short circuit current depending on ¢ and F is
determined by the formula

Lo (t,F)=k, ‘IShc(thl)'(l""OaOl'(’v)(titl) N E)

where k;, — the correction coefficient on current deter-
mined by SB I-V characteristics ordinate axis, considering
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its illumination influence; Ig,(f,F1) — SB short circuit
current at nominal values #, and F; o — temperature coef-
ficient of SB short circuit current.

The optimum value of SB current is calculated taking
into account ¢ and F as follows

ky, Lty F)-(140,01-2)0

Lypp (8 F) = (l+0,01-v)(H1)

)

where Iypp(t1,F) — optimum value of SB current at ¢, and
Fy; A — temperature coefficient of SB maximum generated
power, i. e. power in an optimum point (MPPT mode);
v — temperature coefficient of the optimum value of SB
voltage.

The optimum value of SB voltage taking into account
t and F'is calculated according to the formula

Uspp(t, F) = ky, 'UMPP(II’E)'(1+0901’V)(t7t1) > (%)

where Uypp(t1,F1) — value of SB optimum voltage on -V
characteristics at ¢; and F.

Correction coefficient of voltage ky, is determined as
follows:

1. On the experimental solar cells I-V characteristics
of any single area (fig. 1), obtained at different illumina-
tion levels F;...F, of solar cells and at some nominal
temperature ¢, values of solar cells open circuit voltages
Uoci(t1,F1) ... Upci(t1,F,) are determined by the abscissa
axis.

2. The correction coefficients ky...ky,, reflecting the
relative change of solar cells open circuit voltage which is
in the range between Upc,(t1,F,) and Upc,ri(t1,F 1) de-
pending on levels of their illumination are calculated ac-
cording to the formula:

— UOCn+1 (tl ’ Ezﬂ) +
UOC] (tl’Fi)

UOCn (tl’ F;l) _ UOCrHl (tl’E1+l)
UOCI(II’E) UOCl(tl’E)
F —F

n+l

Un

(F=F ). (6

Correction coefficient of current k&, is determined in
the same way by an abscissa axis of the experimental so-
lar cells I-V characteristics and taking into account the
use of solar cells short circuit current values:
[ShCn+1(t1’E1+l) +

In

IShCl (tl H F{ )
[ShCn (tl > Ez) _ IShCn+1 (tl > F;Hl)
IShCl(tl’Fi) [ShCl(tlﬂF;) (F_F ) . (7)
F F n+l

n L at

Calculation method of spacecrafts high-voltage
power supply systems. Calculation of SB parameters
begins with the choice of SC PSS structure and formation
of the mathematical description of PSS operation modes
taking into account the ECE coefficients of energy effi-
ciency (CE) by researching the processes of energy flows
in PSS distribution depending on a ratio of generated by
energy sources and power consumption load [9-11]. For
example, for parallel-serial (PS) PSS the current values of
SB power (Psz), AB charge power (P45 ), AB discharge
power (P4p pc) and load power (Pyg) are calculated ac-
cording to tab. 1.

I-V characteristic 1 |at F°

< Isncs, 4 ! |

= I I-V characteristic 2 at F 5 \

S Ishes

& —I-V characteristic 3-at F» N

S Isnes

) I I-V characteristic 4 [at F.

= ShC2

o 1 T

= Isict I-V characteristic 5 |at Fs

@] \\
0 Voltage of solar cell, V Uoct --- Uocs

Fig. 1. I-V characteristics of the solar cell

Puc. 1. BonbT-amnepHsle xapakrtepuctuku OO

Table 1
Current values of SB, AB and load power in PSS
Load power supply mode from SB (VR) Pow =P Mg
P P

Load power supply mode from SB and AB charge (VR + C) Py, =942 1 —

Moz Ne
Load power supply mode from SB and AB discharge (VR + DC) Proap = Psg Wiz + Pip pc *Npc MNup
Load power supply mode from AB (DC) PLoap =Pig pe Mpe " Mup
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The following designations are introduced in tab. 1:
Nwr — voltage regulator CE, n¢ — charger CE, npc — dis-
charger CE, n,s — AB efficiency. The load curve of SC
for some given period of time of 7' which, as a rule, has a
cyclic character is formed. Calculation of total energy
Wioap sum consumed by load during 7T is carried out ac-
cording to the formula:

WLOADisum = Zdti “Bon(T), (8)
i=1

where n — the number of areas on 7, during which the
current value of load power P;p4p(T;) is invariable; i —
ordinal value of T n-area; dt; — is a time period on 7 dur-
ing which P 4p(t;) remains invariable.

Load curves of SB illumination F(t;) and temperature
(1) are formed. Initial values of solar cells parameters of
any single area at nominal parameters of temperature and
illumination are introduced: Iypp(£(t1), F(t1)), Uppp (t(11),
F(1y)), Uoc(t(ty), F(t1)) and Ig,(#(ty), F(11)), o, v, A u B.

Further calculation of solar cells parameters current
values taking into consideration SB F(t;) and #(t;) curves
according to formulas (2)—(7) is carried out and calcula-
tion of total value of the solar cells generated energy
Wiotar ceit sum during T’ is similar to Wyo4p sum computa-
tional method.

The current values of the SB generated power on con-
dition of equality of the consumed load and the SB gener-
ated power according to the formula (9) by determination
of correction coefficient ky as the ratio of W0 sum
t0 Wiotar ceir sum are calculated. The k-areas on the T period
corresponding to their invariable current values are de-
fined

Pop(t(0), F (1) = P,y conn (1(1 ), F (1)) iy ©

Calculation of an energy balance in SC PSS is carried
out by calculation of the current and total values of energy
and discharge O4p pc sum and charge Quz ¢ sum power of
AB calculated taking into account PSS ECE CE, and de-
termination of correction coefficient k43 providing pro-
portional increase in the current values of SB power for
each k-rea on T, on which the current values of SB gener-
ated power are more than zero. The total value of SB gen-
erated energy (Wsp sum) is calculated similarly to computa-
tional method Wy04p sum-

For example, for PSS PS equation for energy balance
calculation is as follows

QABiDCisum = QABicisum -

PLoap (%)
Noe (1) M ys(T)
« e () k5(T4)
Npc (T) M (1)

— Py (1(t,), F (1)) %

- -dt,|=
b=l UABfDC (T4) )
\
P (t(7,), F(t.) kg5 (t.) M (T.) =
_ B () Me(r)
N Nye(T.)
- =1 UABiC(TC) el (10

where r — the number of areas on 7, in which PSS oper-
ates in modes VR + DC or DC; b = 1...r — r-area ordinal
number on T; Uy pc(t5) — AB discharge voltage in modes
VR + DC or DC; s — the number of areas on 7, in which
PSS operates in VR + C or VR modes; ¢ = 1... s — s-area
ordinal number on T} U, (1) — AB voltage in the charge
mode.

AB power characteristics, including the current values
of AB charge and discharge currents and AB nominal
power, counted taking into consideration the accepted
maximum AB charge depth, are calculated [1; 4; 11].

If discharge/charge currents of AB do not meet the
technical requirements to AB, ECE and PSS in general,
then their correction is implemented at the given level by
calculation of correction coefficient ky, which provides
proportional change of Pgg(#(ty),F(t;)) on T areas with SB
maximum generated power for the purpose of providing
PSS energy balance.

In this case, calculation values of SB current power is
carried out on condition:

P S
Zdi 'PSB(I(Tk)oF(Tk)):Zdte’PSB(t(Te):F(Te))"‘

9
+ Ay P (1), F (1) Ky (1

h=1
where p — total number of k-reas on 7 f — the number of
areas on T without SB MPPT realization in PSS; e=1...f—
f-area ordinal number on T; dt, — time period on 7, during
which the current value of SB generated power
Pgp(t(t.),F(t,)) remains invariable in PSS without SB
MPPT realization; g — the number of areas with SB
MPPT realization in PSS on T; & = 1...q — g-area ordinal
number on T} dt, — time period on 7, during which cur-
rent optimum value of SB generated power
Pypp(t(t;),F (1)) remains invariable in PSS with SB
MPPT.

The SB parameters in PSS are calculated. The coeffi-
cient of proportional increase in the solar cells initial pa-
rameters is calculated [11]

ky =ky kg ky, - 12)

For restriction of SB actual value of current or voltage
level on T the value of the restricted level of the actual
parameter value is set, and also the level of illumination
and temperature at which this level of restriction should
not be broken and the correction coefficient of restriction
ki 1s calculated.

For example, in high-voltage SC PSS on the condition
of the maximum SB OC voltage level Upc max restriction
the coefficient of restriction k&, is calculated as:

_ Upc(t(7), F () kyy (13)

lim
UOC _max

where Upc(t(ty), F(t)) — current value of solar cells OC
voltage at minimum values of  and F.

Solar cells initial parameters are corrected taking into
account k;; and kj;,, what allows to calculate SB parame-
ters and their I-V and V-W characteristics accounting
F(t)) and #(t;) curves by application of the developed SB
mathematical model. At the same time solar cells
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non-restricted parameters are multiplied by &y and k.
The k;,, placement in the denominator means the SB pa-
rameter restriction. It is also necessary to consider coher-
ence of solar cells parameters change. For example, at
restriction of the allowed maximum level of SB OC volt-
age reached at a minimum temperature of its panels the
level of SB optimum voltage is also corrected.

Results of mathematical modeling of the spacecraft
high-voltage power supply system. Calculation of SB
power characteristics and parameters was executed for
high-voltage parallel-serial SC PSS (100 V) with SB
MPPT [10] operating either in the mode of a simultaneous
power supply load from the SB and the AB charge, or in
the mode of a simultaneous power supply load from SB
and the AB discharge.

Arbitrarily composed SC load curve P p(t) and the
solar cells generated power curve obtained by using the

developed mathematical model of SB taking into account
solar cells initial parameters at #, = 25 °C: Igye(t1,F ) =
= 583 A, UOC(tl,Fl) = 46.2 V, IMPp(tl,Fl) =543 A,
UMPP(tlaFl) =377 V, B = —0.3, A= —0.39, o = 004,
v = —0.4 and SB temperature #(t) and illumination F(t)
curves are shown in fig. 2.

During the calculation it was obtained that
Wiotar ceit sum = 314.33 W-h. For providing an energy bal-
ance in PSS at W,o4p sum = 9883.33 W-h and taking into
account the restriction of allowed maximum level of SB
OC voltage reached at a SC exit from the Earth’s shadow
is 180 V, the correction coefficient ky = 31.443, the cor-
rection coefficient k45 = 1.158, the coefficient of propor-
tional increase in solar cell initial parameters k;; = 36.403
and the correction coefficient k;, = 2.097. The current
values of the SB generated capacities Pgg - are shown in
tab. 2.

=

_ 3?5. | . | | | | 15 =
[k ]

o Proigr cii(T) oy
= 250 Proan(t) ik 102
e E
5 [123) L4 Ll 58
= T -
Aol >

0 8 16 24 32 40 48 56 64 72 80 88 96

Time T, min

Fig. 2. The load curve P;¢4p(t) and the solar cell generated power
curve Py con(t) in the SC PSS with the MPPT

Puc. 2. I'paduku Harpysku Py(t) u renepupyemoir ®D momHocTH Poys(T)

B COII KA ¢ OPM BC

Table 2
Parameters of the solar battery of the spacecraft high-voltage power supply system
Tks minute P LOAD_curs w P solar cell_curs W P BS_curs W UOC(taF): Vv IMPP(tams A UMPP(t’F)s Vv

0 4000 247.37 9005.03 121.90 93.76 96.04
19 10000 247.37 9005.03 121.90 93.76 96.04
26 4000 247.37 9005.03 121.90 93.76 96.04
35 5500 247.37 9005.03 121.90 93.76 96.04
38 5500 0.00 0.00 - - -
43 6500 0.00 0.00 - - -
62 6500 254.79 14944.29 180 92.55 161.47

63.5 6500 256.32 14096.72 172.09 92.69 152.08
64 6500 257.85 13297.24 164.53 92.83 143.24
65 6500 259.33 12543.09 157.30 92.97 134.92

66.5 6500 260.98 11603.68 148.15 93.15 124.57
68 6500 261.54 10945.59 141.64 93.29 117.33

69.5 6500 260.83 10324.81 135.42 93.43 110.51
71 6500 257.78 9737.02 129.45 93.57 104.06
74 6500 247.37 9005.03 121.90 93.76 96.04
76 16500 247.37 9005.03 121.90 93.76 96.04
81 6500 247.37 9005.03 121.90 93.76 96.04
85 4000 247.37 9005.03 121.90 93.76 96.04
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The maximum rated power of a voltage regulator in
the channel of energy transformation from the SB and an
AB charger are defined by the SB maximum generated
power value on 7 and are equal to 14.94 kW. The maxi-
mum rated power of the discharger is defined by the SC
maximum power of load, depends on the discharger CE
and is equal to 17.37 kW.

PSS mass decrease is reached by the development of
new circuit realization of SC PSS ECE with the increased
values of CE [12-15] and by the research of ways of en-
ergy flows rational distribution in PSS. For example, the
change of SB MPPT mode use algorithm at the SC exit
from shadow areas on the orbit, will allow to reduce the
ECE maximum rated power, and, as a result, the mass of
PSS in general.

Conclusion. The developed solar battery mathemati-
cal model is based on the values of initial and experimen-
tal parameters of photoelectric cells use and provides
calculation of SB I-V and V-W characteristics taking
into account arbitrary assigned values of illumination
and temperature regardless of their manufacture tech-
nology.

The offered method of calculation of SB power char-
acteristics and parameters in PSS based on the use of cor-
rection coefficients provides calculation and the possibil-
ity of energy flows redistribution in the system for the
purpose of PSS weight-dimension characteristics de-
crease, and allows to obtain SB initial parameters, on
condition of ensuring an energy balance in PSS, account-
ing the given service conditions and load curves of the
SC. Based on calculation results, carried out according to
the developed technique, the requirements for solar batter-
ies and PSS energy-converting equipment designing can
be formulated and imposed.

The developed method of SB initial parameters calcu-
lation allows defining the requirements to their design in
PSS taking into consideration the limitation of the actual
values of SB currents and/or voltage maximum or mini-
mum level.
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TRANSPARENT HEATERS BASED ON THE COPPER MICROMESH PASSIVATED
BY GRAF(PH)ENE OXIDE

A. S. Voronin', Yu. V. Fadeev', F. S. Ivanchenko'?, 1. V. Nemtsev', S. V. Khartov'
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The paper presents the results of creating and researching the transparent heaters with enhanced performance
characteristics. The heaters are based on a composite coating of a new type by contrast with classical solutions based
on transparent conductive oxide films. Such a composite coating is copper micromesh obtained using a self-organized
template, stabilized by a thin film of graphene oxide (GO). The micromesh coating is formed by magnetron sputtering
of copper onto a template obtained as a result of self-organized cracking of a silica film. Then, a graphene oxide
film protecting the micromesh coating from thermal and chemical degradation is applied to the micromesh coating
by the spray-method. A composite coating with the surface resistance of 8.9 Ohm/sq is obtained with the transparency
of 82.8 % at the wavelength of 550 nm. High uniformity of heating and stability of the composite coating are shown
when operating under heating up to 97.2 °C for a long time (24 hours). The composite coating of the GO / Cu micro-
mesh on a glass substrate 2 mm thick is characterized by the thermal resistance value of 134.2 °C-cm> W', while the
ITO literature sample on an equivalent substrate is characterized by the thermal resistance of 94.04 °C-cm> W™, which
indicates higher heating efficiency at the same specific power dissipation. This fact opens up prospects for its use as an
anti-icing coating in aerospace industry.

Keywords: transparent conductive coating, self-organized template, copper micromesh, transparent IR heater,
graphene oxide.

ITPO3PAYHBIE HAI'PEBATEJIBHBIE 3JIEMEHTBI HA OCHOBE MEJIHO MUKPOCETKH,
INACCUBHUPOBAHHOU OKCHUAOM I'PA®EHA

A.C. BOpOHI/IHl, 0. B. ®anees!, @. C. Usanuenxo'?, V. B. Hemues', C. B. XapTOBl

'KpacHosipcknii Hayunsiit nentp CO PAH
Poccuiickas ®eneparms, 660036, r. KpacHospck, Akagemropoaok, 50/44
*Cubupckuii henepanbHblit YHHUBEPCHUTET
Poccuiickas @enepanus, 660041, r. KpacHosipck, npocn. CBoOoHBIH, 79
E-mail: a.voronin1988@mail.ru

IIpedcmaenenvt pesyromamol no QOPMUPOBAHUIO U UCCLEO0BAHUIO NPO3PAUHBIX HaAzpesamenell ¢ NOGbIUEHHbIMU
IKCHILYAMAYUOHHBIMU XAPAKMEPUCMUKAMU OMHOCUMENbHO KIACCUYECKUX PeUleHUll HA OCHO8e OKCUOHBIX NiéHOK. Kom-
NO3UYUOHHOE NOKPbIMUE NPeOCmasiaem co00l MeOHYI0 MUKPOCEMKY, NOAYUEHHYIO NPU NOMOWU CAMOOP2AHUZ0BAHHOZ0
wabnona, cmaduIU3UPOBAHHYI0 MOHKOU niexkoll okcuda epagerna (OI). Muxkpocemuamoe nokpvimue gopmupyemcs
NOCPEOCMBOM HANBLICHUSL MeOU HA WADTIOH, NOLYYEHHbII 68 Pe3YIbmame CamMoOP2AHU308aHHO20 PACIPECKUSAHUS NLeH-
KU KpeMHezema. 3amem Ha MUKpOCemuamoe noKpblmue Spray-memooom HAHOCULACh NJEeHKA OKcuda 2pagena, 3auju-
waowas MUKpocemuamoe HOKpblmue Om mepMuyeckou u xumuueckou oOezpadayuu. Ilonyueno komnosuyuonmoe
nokpvimue ¢ nogepxnocmuvim conpomuenenuem 8,9 Om/ke npu npospaunocmu 82,8 % ma Onune gonmvl 550 Hm.
Tokazana evicokas 00HOPOOHOCMb HA2pesd U CMAOUILHOCHb KOMROZUYUOHHO20 NOKPbIMUS NPU (DYHKYUOHUPOBAHUU
6 ycnosusx Haepesa 0o 97,2 °C 6 meuenue Onumenvhoco epemenu (24 waca). Komnosuyuonnoe nokpvimue
OI' / Cu-muxpocemxa Ha CMeKIAHHOU NOONONICKE, MOTWUHOU 2 MM, XAPAKMEPU3yemcsi 3Ha4eHuem menioeo2o conpo-
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mugnenust 134,2 °C-cm™Bm ', 6 mo epems kax aumepamyphuiii oopazey ITO Ha 3K8uBanieHmMHOU NOONOICKe XapaKme-

2 —
pusyemcsi mennoguim conpomusneruem 94,04 °C-cm™-Bm

, Umo 206opum o Oonee 8blCOKOU IhPexmusHocmu Hazpesa

npu 00UHAKOBOU yl)eﬂbHOﬁ pacceu@aemoﬁ MouiHoCcmu, Ymo omkKpwvieaem nepcneKkmuebl npuUMeHenus 6 xavecmee anmu-

06710eHUMEeNbHBIX NOKPLIMULL 8 A2POKOCMULECKOU OMPACTU.

Kniouesvie cnosa: npospaunoe npogoosuee nokpvimue, camoopeanu308aHublll WabioH, MeOHAsl MUKPOCeMKA, Npo-

3paunblll Hazpesameib, OKCUO paghena.

Introduction. Transparent heaters are used as anti-
icing coatings applied in civil and military aviation,
northern shipping, as well as in thermochromic windows.
Taking into account the severe climatic conditions typical
for our region, the development of cost-effective transpar-
ent heating elements is an important task for materials
science.

It is also worth noting that in addition to their calorific
value, transparent conductive coatings are used as trans-
parent screens of radio emission, as well as transparent
electrodes in solar cells and LEDs, which are integral
parts of orbital stations and satellites.

Currently, transparent heaters based on indium oxide
doped with tin (ITO) [1; 2] or tin oxide doped with fluo-
rine (FTO) [3] are the most widely used ones, but they
poorly meet the requirements put forward to the heating
elements. Oxide transparent conductive coatings have low
thermal conductivity, less than 10 W/m'K [4], which af-
fects the response time of the system. The disadvantages
of oxide heaters include high cost and brittleness, as well
as objective difficulties with the transition to a flexible
form factor.

Micro and nanowire films [5] are the most promising
elemental base for transparent heaters. This type of coat-
ing allows combining high optical transparency and low
surface resistance and, as a consequence, low energy con-
sumption, as well as compatibility with a polymer carrier,
which is the first requirement for transparent heaters. A
number of studies have shown the possibility of realizing
efficient transparent IR heaters based on the films of sil-
ver [6] and copper [7] nanowires, as well as micro and
nanomeshes obtained by various methods of lithography
[8-10]. However, the proposed methods are either expen-
sive or difficult to scale, which prevents the emergence of
industrial transparent heaters based on micro and
nanowire films.

However, it is worth noting that the thermal and
chemical stability is greatly reduced [11] in transition to
micro and nano-scale. The given circumstance increases
the relevance of the development of methods for passivat-
ing metallic micro and nanostructures.

This paper proposes the method of forming GO / Cu
micromesh composite transparent conductive coatings.
The micromesh coating is formed by vacuum deposition
of copper on a self-organized template resulting from
cracking of a gel film during the drying process and is a
cheap analog of lithographic templates [12; 13].

The method of obtaining GO / Cu micromesh com-
posite coatings. The first stage is the preparation of the
substrate (polyethylene terephthalate, polyimide, glass,
monocrystalline silicon), since the adhesion of the silica
gel to the substrate is a key parameter that allows obtain-
ing a system with controlled cracking morphology. The
second stage is the application of a pre-prepared silica sol
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to the substrate. The third stage is the formation of a spa-
tial gel network occurring due to evaporation of the sol-
vent. At the same time there is a sharp increase in the vis-
cosity of the solution; mechanical stresses leading to film
cracking [14] are formed due to drying in the gel. The
fourth stage of the process of obtaining micro-mesh coat-
ings is metal sputtering on self-organized templates. At
the fifth stage, selective liquid removal of silica cells with
excess sprayed metal is performed. The difference in
height between the surface of the template and the sub-
strate allows selective removing the template with excess
sprayed (sputtering) metal. As a result, only the micro-
mesh coating remains on the substrate [12].

Silica sol was used to form a self-organized template.
To obtain the sol, 3 ml of tetracthoxysilane (C,Hs0) 4Si
and 1.5 ml of ethanol were mixed in one tube, and 0.01
ml of HCl was added to 1.5 ml of water in the second
tube. Then the contents of the tubes were poured together
and mixed vigorously. The sol was deposited on glass
(2 mm) substrates with an area of 30 cm’, using a Meyer
rod (liquid film thickness of 25 um) [13]. After applying
the precursor, the films were dried in air for 15 minutes at
a relative humidity of 35-40 %, which ensured complete
cracking of the gel film. Layers of copper of 70, 140 and
210 nm thickness were deposited on the obtained tem-
plates by the magnetron method using a “Caroline D15”
apparatus (ESTO-Vacuum, Russia). The choice of copper
is due to its low resistivity and low cost.

The cost estimate of a micromesh coating is 1-3 Rub / m’,
while using silver as a micromesh material increases the
cost of the coating by two orders of magnitude. After
spraying metal, silica clusters are removed with adhesive
tape.

At the last stage, a graphene oxide film is deposited on
the surface of micromesh using the spray-method. A 1.5 %
aqueous solution of GO (“Acco Lab”, Russia) prepared
by Hammers method was used to create a protective film
on metallic micromesh coatings. The film thickness was
set by the volume of the solution applied per unit area.
Two specific concentrations of GO were investigated:
0.01 ml / cm?® and 0.05 ml / cm®. After application, the
system was dried in air at 70 © C in order to remove water
and seal the protective film.

The study of composite coatings by optical and
electron microscopy. The obtained templates and copper
micromeshes on glass substrates were studied by optical
and electron microscopy. The microimage of the self-
organized template is shown in fig. 1, a.

The average cell size obtained by statistical processing
of 10 micrographs for this type of pattern is (43.3 = 15.5) pm,
the average crack width is (2.3 + 0.6) um. The metal fill
factor of the surface is about (11.4 + 1.5) %.

SEM images (images obtained with “Hitachi S-5500”
electron microscope, KRSKC (Krasnoyarsk Regional
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Shared Knowledge Centre) FIC KSC SB RAS) of a com-  demonstrates high uniformity of the graphene oxide film.
posite coating with different thickness of the graphene The protective layer of graphene oxide gives the coating a
oxide film are shown in fig. 2, a, b. The microimage yellow-brown tint.

—_————————————
TM3000_7783 D44 300 300 um

a b c

Fig. 1. A microimage of the silica template (a) and copper micromesh with a thickness of 70 nm (b),
as well as the cross section of the micromesh on the glass (c)

Puc. 1. Mukpodororpadus kpeMHE3EMHOTO MIabJI0Ha (@) B METHON MUKpOCETKU TonmuHoH 70 HM (6),
a TaK)Ke CKOJI MUKPOCETKH Ha CTEKJIE (8)

(R R R RN
1.00um

T

LI
S-5500 x10.0k 5.00um

c d

Fig. 2. SEM-images of composite coatings of GO (0, 01 ml / cm?) / Cu micromesh (a)
and GO (0, 05 ml / cm?) / Cu micromesh (b); the morphology of the graphene oxide film inside the micromesh cell (c);
the boundary of the composite coating of GO (0,01 ml/ cm?) / Cu micromesh (d)

Puc. 2. COM-u300paxeHus: KOMIO3UIIMOHHBIX MOkpeITHIF O (0,01 MJ'I/CMZ) / Cu-mukpocetka (a)

1 OT (0,05 mi/em?) / Cu-MuKpoceTKa (6); MOP(OIOrHs IUIEHKH OKCHA rpadheHa BHYTPH SYSHKH MUKPOCETKH (8);
IPaHHIA KOMIO3UIHOHHOTOo mokpsItst OI (0,01 mir/em?) / Cu-mukpoceTka (2)
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The presence of folds characteristic of graphene mate-
rials is the evidence of the high-quality coating of the
micromesh with a graphene oxide film and indicates its
coherence.

The main advantage of the spray-method is the high
homogeneity and continuity of the graphene oxide film
over the entire area (fig. 2, ¢, d).

Optoelectronic properties of OG / Cu micromesh
composite coatings. The spectral dependences of the
optical transmittance of the composite coating at the
main technological stages were measured in the range
of 400-800 nm with the aid of Shimadzu UV-3600 spec-
trophotometer (KRSKC FIC KSC SB RAS) and are
shown in fig. 3, a. The micromesh coating with a metalli-
zation thickness of 70 nm has a flat transmission spectrum
in the entire considered range. Fresnel reflection from the
substrate boundaries is about 9.5 % at the wavelength of
550 nm; the transmittance of the micromesh is 89.5 %
without taking into account the influence of the substrate.
The composite coating of GO (0.01 ml / cm?®) / Cu
micromesh has uneven transmission, greatly losing trans-
parency in the blue-violet spectral region due to the pas-
sivating layer of graphene oxide, which has an absorption
peak in the UV region characteristic of aromatic com-
pounds [15]. At the wavelength of 550 nm, the composite
coating has a transparency of 86.8 % (minus Fresnel
reflection from the substrate). The transparency of the
graphene oxide layers at the wavelength of 550 nm was
97.3 % for a film of 0.01 ml / cm” and 90.2 % for a film
of 0.05 ml / cm?, respectively.

Fig. 3, b shows Raman spectrum of a graphene oxide
film (measurements were performed on a HoribaJobinY-
von T64000 spectrometer, KRSKC FIC KSC SB RAS).
The spectrum of graphene oxide shows two main
peaks characteristic of this system: the G-line, which
characterizes the vibrations of the sp” carbon bond system
(~1580 cm™") (graphite-like zone), and the 2D-line
(~2700 cm"), which is an overtone of D-line (defective
area) (~1330 cm™'). The appearance of the D-line
for samples of GO indicates the formation of a defective
structure with respect to graphite. The appearance

of a regular peak in the region of 2700 cm™' indicates a
small number of layers in the GO structure [16]. Over-
tones D + G and 2D" are typical for graphene oxide, but
they are not used for the qualitative characterization of
graphene oxide films.

The effect of the thickness of magnetron sputtered
copper and the thickness of the graphene oxide film on
the optoelectronic properties of composite coatings are
given in table.

Increasing the thickness of the metal threefold reduces
the surface resistance of the coating while reducing trans-
parency by 3.8 %; it is also one of the advantages of mesh
microstructures.

Stability of composite coatings. The resistance of the
coatings to oxidation by atmosperic oxygen was evaluated
by the change in the specific resistance of the coatings
during the test. As it is known from the literature, thin
vacuum copper is slowly oxidized by atmospheric oxy-
gen. The resistance of the copper mesh with the thickness
of 70 nm at room temperature and humidity increased
by 36 % for 30 days due to oxidation by oxygen in the air.
A micromesh passivated by a graphene oxide film
remained stable throughout the entire observation time
(fig. 4, a). Moreover, in these conditions, the thickness of
the GO film does not matter.

Fig. 4, b shows the stability of the coatings during
their exposure at a temperature of 100 °C within 24 hours.
The coating on the basis of copper micromesh without a
passivating graphene oxide layer increased its resistance
from 21.3 Ohm/sq to 3.2 kOhm/sq during the test, which
resulted in a complete loss of functionality. The compos-
ite coating with a protective film of graphene oxide
(0.01 ml / cm?) increased its resistance by 7.6 % from
21.7 Ohm / sq to 23.3 Ohm / sq during the test. A slight
degradation of the coating by the graphene oxide protec-
tive film is most likely due to the presence of a certain
number of open tracks, which begin to oxidize during the
heating process. A passivating graphene oxide layer with
a specific concentration of 0.05 ml / cm® showed com-
plete tightness during the entire observation period.

100 1040
a0
_-___"'_‘_‘——-—_____‘_‘_ 8
| o S = b
:?_ __________________ " e 6 | G
= 70 = |
& ﬂ-_,:) A
=
60 _ plass = \J
50l " Cu micromesh {70 nm)/glass 20 ""‘—\-\..__,/J . D IJ_—(i W’
GO(0,01 mliem?2)/Cu mieromesh (70 nm)/glass "“-——w—""'""“'*-l-___
i A " b | |
100 300 G0 T S00 [ S | (0 15000 ) 2S00 3000 ERTIC]
4, (nim) Raman shift, (cmi'’)
a b

Fig. 3. Spectral transmittance of the composite coating at the main technological stages (a); Raman spectrum
of a thin graphene oxide film (b)

Puc. 3. CnexTpanbHOE MPOITyCKaHWE KOMIIO3UIIMOHHOTO TIOKPHITHS Ha OCHOBHBIX TEXHOJIOTUYECKUX JTamax (a);
CIEKTP KOMOHMHAIIMOHHOTO paccesiHus TOHKOH IUICHKH okcuza rpadena (6)
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The influence of technological parameters on the optoelectronic characteristics of composite coatings

Coating hcy, NM Rs, Ohm/sq T7(550 nm), %
Cu micromesh 70 21.3 89.5
Cu micromesh 140 14.2 87.9
Cu micromesh 210 8.6 85.7
GO (0.01 ml/cm?) / Cu micromesh 140 15.3 85.1
GO (0.01 ml/cm?) / Cu micromesh 210 8.9 82.8
GO (0.05 ml/cm?) / Cu micromesh 140 15.5 77.2
ITO (commercial sample) 200 15 90
a- Cu micromesh (70 nm)
== GO (0,01 ml'em2) Cu micromesh (70 nm)
+ GO (0,05 ml'em2) Cu micromesh (70 nm)
é ik £ E
= i aa
ik (3 *
1 + p—deim-m s m - m - m - =
0.5 T T T T
0 5 10 15 20 25 30
time, {days)
a
1000 -
a- Cu micromesh (70 nm)
& GO (0,01 mlem2) Cu micromesh (70 nm)
+ GO (0,05 ml'em2) Cu micromesh (70 nm) . "
2 100 & :
4 i
i
10 4 i
&
Y
'
1 88 8 a8 n L —8
0 5 10 15 20 25
time, (hours)
b

Fig. 4. Change in sheet resistance of coatings with exposure to air for a month (a)
and daily exposure at 100 ° C (b)

Puc. 4. 3meHeHNe yeIbHOI0 MOBEPXHOCTHOIO COIPOTUBIICHUS OKPBITHH
IIPH BEIJIEPKKE Ha BO3/yXe B TeUeHHE MecsIa (@) 1 cyTouHoi Beiepxke mpu 100 °C (6)

The study of a transparent heating element. The
operation modes of the transparent heater were investi-
gated on the GO system (0.05 ml / cm®) / Cu micromesh
(140 nm) / glass, the surface resistance of the coating was
15.3 Ohm/ sq.

In the heater operation mode, a constant electric cur-
rent was passed through the composite coating, heating
it according to the Joule-Lenz law [17]

Q=IRAt. (1)
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The heat released by the composite coating consists of
three components, which can be written with considera-
tion of Ohm’s law as follows:

U2
—At =
2 0,

s

+ +

ond conv rad > (2)

where Q. ,is the summand responsible for the substrate
heating, O

conv

is the convective summand, Q_, is the
summand responsible for radiant heat transfer [17].
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Thermograms were measured using a Testo 875-2
thermal imager. Fig. 5, a shows a thermogram of the
composite coating under investigation with a scattered
power of 0.6 W/cm®. The thermogram demonstrates the
heating of high uniformity over the entire area of the coat-
ings under study, in some areas there is a slight variation
of 3-5 °C, which is most likely due to fluctuations
of the surface resistance of the mesh coating. The heating
rate of the system is due to the thermal conductivity and
thickness of the substrate, as well as the heat transfer
coefficient of the composite coating. The composite coat-
ing on glass has a response time of about 200 seconds
(fig. 5, b), the same for all samples and determined by the
substrate.

When the voltage of 15 V was applied, the specific
power dissipated on the coating was 0.6 W / cm’, as
a result of which the coating heated to the temperature
of 97.2 °C (fig. 5, b). The coating functioned within
24 hours without change in conductivity.

In general, it is worth noting that composite coatings
on glass are able to work stably up to temperatures of
about 150 °C (1 W/cm?). Further increase in temperature

T. (°C)

above 200 °C leads to thermal degradation of the gra-
phene oxide film. According to a thermogravimetric
analysis carried out in [18], heating of graphene oxide in
air above 200 °C is accompanied by its oxidation to gase-
ous products with loss of 20 % of weight, and the subse-
quent oxidation of the copper micromesh, which causes
an increase in surface resistance by 50 % (fig. 5, ¢).

Fig. 6 shows the comparison of the effectiveness of a
composite transparent heater with an ITO-based heater on
a 2 mm thick glass substrate [17]. Since the substrates in
experiments are the same, it is appropriate to compare
their effectiveness.

The linear approximation of the experimental points
obtained for the composite coating in the present work
and for the ITO coating from [17] makes it possible
to estimate the thermal resistance of heaters, measured
in °C-cm®>W™', and determining to what temperature
the coating will heat up during power dissipation
1 W/em®. Approximation results give heat resistance val-
ues of 94.04 °C- cm>W ' for ITO and 134.2 °C-cm™W '
for composite coating, which is comparable to the best
literary results.
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Fig. 5. Thermogram of the coating of the GO / Cu micromesh (140 nm) at the voltage of 15 V and
dissipated power of 0,6 W/cm? (a); temperature profiles of the composite coating at the different
dissipated power (b); the stability of coatings at critical values of the power dissipated (c)

Puc. 5. Tepmorpamma nokpsitust OI' / Cu-muxpocerka (140 uM) npu Hanpsbkeruu 15 B u pacceunBae-
Moit momHocTH 0,6 Br/cM? (a); TeMmepaTypHEIe TPO(HIH KOMIO3HIHOHHOTO TIOKPBITHS MPH
Pa3IMYHON paccerBaeMO MOIIHOCTH (6); CTAOMIBHOCTh MOKPBITHI MPH KPUTHIECKUX 3HAUCHUSIX
pacceuBaeMoii MOIIHOCTH (8)
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Fig. 6. Comparative efficiency of a composite coating with a literature ITO
on an equivalent substrate [17]

Puc. 6. CpaBHutenbHas 3¢ )eKTUBHOCTh KOMITIO3ULIMOHHOTO TIOKPBITHS
¢ muteparypHbM [TO Ha sxBHBaneHTHOH moToxke [17]

The disadvantages of mesh coatings include extensive
areas with low thermal conductivity (mesh cells), as a
result of which certain areas of the coating can signifi-
cantly overheat. In this context, it is interesting to con-
sider the possibility of the reduction of graphene oxide
having a thermal conductivity in thin films of > 5 W/m'K,
which will allow a more even distribution of heat in space
unoccupied by metal. An example of such a composite
was proposed in [19].

Conclusion. The results of the study of a new ap-
proach to the formation of transparent heaters with en-
hanced performance characteristics with respect to classical
solutions based on oxide films are presented. The composite
coating is a copper micromesh, obtained using a self-organized
template stabilized with graphene oxide. A composite coating
with the surface resistance of 8.9 Ohm / sq was obtained with
the transparency of 82.8 %.

High uniformity of heating and stability of the com-
posite coating are shown when operating under heating up
to 97.2 ° C for a long time (24 hours). Composite trans-
parent heaters of GO / Cu micromesh demonstrate higher
efficiency relative to common transparent heaters based
on ITO. The composite GO / Cu micromesh coating on a
glass substrate, 2 mm thick, is characterized by the ther-
mal resistance value of 134.2 c’C~cm2-W'l, while the ITO
literary sample on an equivalent substrate is characterized
by the thermal resistance of 94.04 °C-cm”>W™'. This fact
opens up prospects for the use of the composite GO / Cu
micromesh coating as a transparent anti-icing coating in
aerospace industry.
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COBEPHIEHCTBOBAHUE METOJUKHN PACUYETA YIJIA 3AKPYUUBAHUA
KAPJIAHHOM IEPEJJAYM C UCITIOJIb30BAHUEM TEOPETHYECKHUX
N SKCIIEPUMEHTAJIBHBIX NCCJIEJOBAHUUA

C. II. Epecko, T. T. Epecko, E. B. Kykymxkun*, B. A. MeHOBIIHKOB

Cubupckuil rocy1apcTBEeHHBIN YHUBEPCUTET HAYKH U TEXHOJIOTHI MMeHHU akajgeMuka M. @. PemerHeBa
Poccuiickas @enepanus, 660037, r. KpacHosipek, npocr. uM. ra3. «KpacHosipckuit pabounii», 31
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Ipeonosicena memoouxka cogepuleHCmMEO8ANUsl pAciema yend 3aKpyyusaniuss KapoOanHo2o 6aia KapOaHHoU nepeod-
yu. Ilpeonosicena koncmpyKyus cmenoa 0Jisl NPo8eOeHUs UCRbIMAHUL KapOaAHHbIX nepeoad, 8KAYAlwds 6 ceds deK-
Mmpoosucamend, 8bIX0OHOU 641l KOMOPO2O0 COCOUHEH C 6XOOHBIM BATIOM MEXAHUYECKOU KOPOOKOU NepeKkiioueHus nepe-
0au, coeOUHEHHOU BbLIXOOHbIM 6ANOM C BXOOHbIM 6AIOM UCHbIMbIGAEMOU KAPOAHHOU Nepeoaul, YCMAaHOGIeHHbIMU HA
pame. Buixoonoil ean kapoannoil nepedauu coeOuHeH ¢ 6XOOHbIM 8AJIOM PA30AMOYH020 PeOYKMOpd, YCMAHOGIEHHO20
Ha OONOIHUMENbHOU pame gMecme C YCMPOUCBOM HAZPYICEHUs,, KOMOPOe GbINOIHEHO SUOPABIUYECKUM U NPeOCmas-
Jsilem coboll 2u0paIUYEeCcKUll HACOC, 8All KOMOPO20 NPUCOEOUHEH K BLIXOOHOMY 841y pa30amoyHozo pedykmopa. Bxoo-
HOU KAHAN 2UOPABIUYECKO20 HACOCA COCOUHEH C SUOPABIUHeCKUM OAKoM ¢ pabouell HCUOKOCMbIO, d €20 BbIXOOHOU
KaHAal NpucoeouHer K 6X00OHOMY KAHALY Opoccelis, pe2yiupyrouemy Hazpysky. Mexcoy opoccenem u euopasiuieckum
HACOCOM YCMAHOGIEH MAHOMemp, OMepAdyUPOBAHHBIL 6 OUHUYAX MOPMO3ZHO20 MOMEHMA, U NPeOOXPAHUMETbHbIU
KAanau 051 8bINYCKA U30bIMOYHO20 0ABNeHUs 6 2udpasiudeckull 6ax. Bvixoonotl kanan opoccens noocoeouneH K uo-
pasauyeckomy b6axy uepes mennooomenHux. [Ipedoxpanumenvuvlii KIanan ROOKIOYEH INEKMPUYECKU K INEKMPOKOH-
MAKMHOMY MAHOMEMpY, KOMOPbLL BKIIOYEH 8 DAEKMPUUECKYI0 cemb U npedcmagisienm cobou 21eKmpomMacHummbli
KIanan nocmosinno2o moka. Ilpueedenvt pe3ynvmamvi UCHbIMAHUS KAPOAHHBIX NEpeday HA Yemblpex pecumax pabo-
Mbl, XapaKxmepu3yemvlx NePeMenHbIMU 3HAYEHUSMU KPYMSAUE20 U MOPMO3HO20 MOMEHMOE U USMEHEHUeM KOHCMPYK-
MUBHBIX NAPAMEMpo8 KapOaHHOU nepedauu 6 Kaxcoom onvime. Ilomyueno ypagnenue AuHeUHOU pecpeccuoHHOU
3a6UCUMOCIU Yeld 3aKPYYUBAHUS KAPOAHHO20 8Ad OM CAEOYIOWUX (DAKMOPO8: ONUHA KapOaHHOU hepedayu, Yol
U3I0MA KapOAHHOU nepedad; MOWHOCHb IAEKMPOOSULAmMesl, Yacmoma epawenus 08ueames, yCuue mopmodstcenus
om oaenenus 2uopaguieckoll scuokocmu. Haioenvl epanuybl 008epumenbHbix UHMEPEAN08 Yel08 3aKPYYUBAHUsS Kap-
oannou nepedauu. JJocmogepHocms U a0eK8aAmMHOCHb NOIYYEHHbIX MEeOPEeMUYECcKUX pe3yibmamos noomeepiucoaomcs
IKCHEPUMEHMANbHBIMU  UCCTIO08AHUAMU, NPOBEOCHHLIMU HA CMEHOe NPU AHATOZUYHBIX OAHHBIX MeoPemuyecKux
uccie008aHul.

Kniouesvie crosa: usmepumeilbHas cucmema, ucnvimamenvHoulil cmend, Kap()aHHa}l nepedaua, nocpeutHocms usme-
pEHI/IIZ, nocpeutHocms IKcnepumenma.

IMPROVEMENT OF THE METHOD OF CALCULATING THE UNIVERSAL JOINTS TRANSMISSION
ANGLE WITH THE USE OF THEORETICAL AND EXPERIMENTAL STUDIES

S. P. Eresko, T. T. Eresko, E. V. Kukushkin®, V. A. Menovshikov

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

A technique for improving the calculation of the angle of twisting of a universal joint shaft. The design of the stand
for testing universal joint gears is proposed, which includes an electric motor whose output shaft is connected to the
input shaft by a mechanical gearbox connected by an output shaft to an input shaft tested by cardan gear mounted on
the frame. The output shaft of the universal joint gear is connected to the input shaft of the gear reducer mounted on the
additional frame together with a loading device which is hydraulic and is a hydraulic pump whose shaft is connected to
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the output shaft of the dispensing gear. The input channel of the hydraulic pump is connected to the hydraulic tank with
the working fluid, and its output channel is connected to the input channel of the throttle, which regulates the load. Be-
tween the throttle and the hydraulic pump is installed a pressure gauge calibrated in units of braking torque and a
safety valve for discharging excess pressure into the hydraulic tank. The output channel of the throttle is connected to
the hydraulic tank through the heat exchanger. The safety valve is electrically connected to an electrocontact manome-
ter that is connected to the electrical network and is a DC solenoid valve. The results of the tests of universal joints
gears in four modes of operation, characterized by varying values of the torque and braking moment and changing the
design parameters of the universal joints transmission in each experiment. The equation of linear regression depend-
ence of the twist angle of the universal joints shaft on the factors. the length of the universal joints gear; angle of kink in
universal joints transmission; electric motor power, engine speed,; braking force from the hydraulic fluid pressure. The
boundaries of the confidence intervals of the angles of twisting of the universal joints transmission are found. The reli-
ability and adequacy of the results of theoretical studies is confirmed by experimental studies carried out at the stand

with similar theoretical data.

Keywords: measuring system, test bench, universal joint, measurement error, experimental error.

BBenenue. VccnenoBanus mo pabore KapIaHHBIX Iie-
penay pa3fendioTCcs Ha JABa HAINPaBICHHUA: AWHAMHKA
KHHEMaTHKa KapJaHHBIX rnepenad. OCHOBOIOIATAIOIINMHI
paboTraMu 1o KHHEMaTHKE W TUHAMHUKE KapAaHHBIX Iepe-
nad sBisiroTes padotel E. A. Uynakosa [1], M. U. JIsicoa
[2; 3], . . Manaxosckoro [4], U. C. [lutoBuua [5; 6],
C. A. Jlannmuna [7-9], C. H. UBanoBa [10-13] u apyrux
aBTopoB [14; 15]. UccnenoBanusi KMHEMAaTUKU KapaaH-
HBIX TIepeAad MO3BOJIWIM YCTaHOBHUTH, YTO B OJIHOIIAp-
HUPHOM Tepemadye TIpH BpamIeHWH BeIyIIEro Baja
C TIOCTOSIHHOM YTIIOBOH CKOPOCTBIO BEIOMBIH Ban OyIer
BpallarbCsi HEPABHOMEPHO C IIEPEMEHHOW YIJIOBOM
CKOPOCTBIO, TIPH 3TOM KO3()(PHUIIMEHT HEPaBHOMEPHOCTH
BpamieHus  sABseTcs  (pyHKOWEW ~— yriga  HaKIoOHA
TpyOs! kKapaana. Tpynamu E. A. Uynakosa, 1. C. LuTo-
BUYa U Ap. ObLIO MOKa3aHO, YTO KapJaHHbIEC Iepeaaqyn
TpeOyIOT Kak KHHEMaTH4eCKHX, TaK M JIMHAMHUYECKUX
pacdeTos.

Haubonee mepcreKTHBHBIMU HANPaBICHUSIMHA TOBEI-
[ICHUS HAJACKHOCTH KapAaHHBIX Ieperad TPaHCIOPTHO-
TEXHOJIOTMUECKUX MAIINH SBISIETCS COBEPILICHCTBOBAHHE
U MOJAEPHH3ALHUS JIEMEHTOB KOHCTPYKIMH C IENBI0 T10-
BEIIICHHUS TOJTOBEYHOCTH, OE30TKAa3HOCTH M PEMOHTO-
MIPUTOTHOCTH 3JIEMEHTOB, pa3paboTKa MpPOTPECCUBHBIX
TEXHOJIOTHH, OCHOBAHHBIX Ha PAIlMOHAIBHBIX CII0CO0axX
TEXHUYECKOTO OOCITY>KMBaHMSA M PEMOHTa, pa3paboTKa
TEXHUYECKHUX CPEJICTB U METOAUK HCTIbITanuii [16].

ITocTanoBka 3amauu. 3ajadya McCIEIOBAHUN 3aKIIIO-
9aeTcsi B COBEPIICHCTBOBAaHMM METOAMKU pacueTra yria
3aKpyYMBaHUS KapAaHHOW MEepefaydl C HCIOJIb30BAHUEM
TEOPETHYECKUX W JKCIIEPUMEHTAJIBHBIX HCCIICI0BAHUM,
a JuIs 3TOro HEOOXOANMO MPOBECTH UCTIBITAHUS KapAaHHBIX
rmepegad Ha YeTHIpeX peXUMax paboThbl, XapaKTepusye-
MBIX TEPEMEHHBIMH 3HAYCHUSIMHU KPYTSAIIETO M TOPMO3-
HOTO MOMEHTOB M HM3MEHEHHEM KOHCTPYKTHBHBEIX Mapa-
METpPOB KapJaHHOU Mepeady B KaKJOM OIBITE, IIPOBECTH
pacyeT MOTpenrHoCcTel SKCIIepUMEHTA.

Onucanne obopyaoBanus. J{s HCIBITaHUS KapIaH-
HBIX Tepenad Obl1 pa3paboTaH W HM3rOTOBJIEH HCIIBITA-
TenbHBIA cTeHn [17; 18] ams uchbITaHUM KapAaHHBIX
nepenay Ha MroJIbYaThIX MOJMIIMIHUKAX (puc. 1), BKIIO-
YaroImui B ceOs JIEKTPOIBUTATENb [, BBIXOIHOHM Baj
KOTOPOrO COEQMHEH C BXOAHBIM BajlOM MEXAaHUYECKOHI
KOpPOOKOW TepeKIroueHust Tmepernad 2, COCAUHCHHOMN
BBIXOJHBIM BaJOM C BXOJHBIM BajOM HCIIBITEIBAEMO
KapAaHHOW Tiepefadd 3, YCTAaHOBJICHHBIMH Ha pame 4.
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BreixomHOW Bam KkapmaHHOH Tmepemadd 3 COEAWHEH C
BXOJHBIM BajJOM pPa3JaTOYHOTO PEAyKTOpa J, yCTaHOB-
JICHHOTO Ha IOTIOJIHUTEIFHON paMe 6 BMeCTe C yCTPOiiCcT-
BOM Harpy>keHus, KOTOPOE BBINOJHEHO T'MIPaBINYECKIM
U TpeAcTaBisieT co0oM TruapaBIMYecKUil Hacoc 7, Bal
KOTOPOI'0 MPUCOCAMHCH K BbBIXOAHOMY Bajly pa3JgaTO4YHO-
ro peaykropa 5. BxonHoil kaHan ruipaBiIndyecKkoro Haco-
ca 7 COeIMHEH C THIPABINYECKHUM OakoMm & c paboueit
JKHJIKOCTBIO, @ €ro BBIXOJAHOW KaHaJ IPHUCOEAUHEH
K BXOJHOMY KaHally Apoccenst 9, peryiampylomeMy Ha-
Tpy3Ky. Mexay ApocceneM M THAPAaBIMYECKHM HAacOCOM
ycTaHOBJIeH MaHoMmeTp /(), OTTrpasypOBaHHBIN B €IMHU-
Ijax TOPMO3HOTO MOMEHTa, W TIPEIOXPaHUTEIbHBINA
KiamaH /] ams BeITycKa M30BITOYHOTO AABJICHHUSA B THA-
paBaudeckuii 6ak 8. BrIxomHOW KaHaI Ipoccesl Moacoe-
JMHEH K THUIpaBiIn4YeckoMy Oaky uepe3 Terioo0MeH-
Huk /2. IlpenoxpaHuTenbHbIil kianaH // TMOAKIIOUEH
9JIEKTPUYECKH K IJIEKTPOKOHTAKTHOMY MaHOMETPY, KO-
TOPBI BKIIIOYEH B JJIEKTPUYECKYIO CETh M IPEACTaBIISET
c000¥1 AJIEKTPOMArHUTHBIH KJIaraH MOCTOSHHOTO TOKA.

CoracHO NOCTaBJIEHHOH 3a/1a4n UCCIIeJOBaHUN Obu1a
pa3paborana cucrema m3mepenus [19; 20] koHTpoIHpYe-
MBIX MapaMeTPOB, KOTOPasi BKIIOYAET B ceOs HACTPOUKY
yTI1a U3JI0Ma KapJaHHOTO Bajla U AJIMHY KapJaHHOW mepe-
nmaun [21], HaCTpOWKYy M TapupoBaHHE MaHOMETpa THI-
PaBIMYECKOTO YCTpOiicTBa HarpyxeHus [22] u m3mepu-
TEJILHYIO CHcTeMy LIM(POBOro THIIA C Mepeaadel JaHHbIX
n3Mepenuit Ha [1K.

IIur sn€eKTpOyNpaBieHUs MOAKIIOYEH K CETH IUTa-
HUs KabeseM 1[5, cucreMa OXJIKAEHHS ITOJKIIOYEHA
HITaHraMu /6 K BOAONPOBOY M KaHAJIM3ALUH, THAPABIIH-
Yyeckasi cUCTeMa MOJKIII0YEHa K T'MAPOHAcOoCY pyKaBaMH
BBICOKO maBieHus /7. CucremMa aBTOMATH3HPOBAHHOTO
VOpaBICHUS CTeHna paboTaeT CleqyIomuM o0pa3oM:
(puc. 2, 3) Bpamawouifmii MOMEHT OT JJEKTPOIBUTATENS
MEpelacTCsl Ha MCIBITHIBAEMYIO KapAaHHYIO Iepenady,
THAPOHACOC MPHU 3TOM MEPENAcT UCIBITHIBAEMON KapaaH-
HOHM mepenaye TOPMO3HOW MOMEHT, CO3/aBaeMbIil Jpoc-
celleM C PperyJHpYIOIIUM 3JIEMEHTOM, COCJUHEHHBIM
C MPHBOJIOM YNPABJICHHS IOJIOKEHUEM PETyJIMPYIOLIEro
aneMeHTa japoccens. Eciu mpoucxoanT HarpeB paboueit
JKHJIKOCTH, KOTOPasi IIPH 3TOM PaCILUPSETCs], BKIIIOYALTCS
NPUBOJ,  YNPABICHUS IIOJIOKEHUEM  PETYJIMPYIOLIETO
3JIEMEHTa JPOccelisi C TOMOIIBI0 MOCTYNHMBIIETO B dJie-
MEHT CpaBHEHMS [4 BIEKTPUYECKOr0 CUTHajla C JAaT4uKa
JaBieHust /7 W B aBTOMAaTHYECKOM PEXHME PETYIHPYeT
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Jpoccelb, YpaBHOBEIINBAs AaBJIEHHE paOboUueH )KUAKOCTH
J0 3aJlaHHOro mapamerpa. B ciyuae meperpesa paboueit
KHUAKOCTH BKIIIOYACTCS IPUBOJI YIIPABJICHHS ITOJI0KSHUEM
PeTYIHPYIOMIETO IEMEeHTa TePMOKJIanaHa /9 ¢ TOMOIIBI0
SJIEKTPUYECKOTO CHTHAJIA, MOCTYMAIOLIEro B OJIEMEHT
cpaBHeHHs /4 ¢ jaTd4nMka Temmeparypsl /8, KOTOPBIA Ha-

NPaBISIET MOTOK pabouei >KUIKOCTH Yepe3 TEeIIo0OMeH-
HUK. [Ipy 130bITKE pabovero AaBiIeHUs BKIIOYAETCS Ipe-
JIOXPaHWUTEIBbHBINA KJIalaH Ul MPeAyNpekAeHHUs CKadka
3aJaHHOTO IABJICHUsS pabouel >KUIKOCTH B THApaBIIHYE-
CKOIl crcTeMe, KOTOPBIA BBITYCKaeT M30BITOYHOE IaBlie-
HHUE B THIPABINYECKUI OaK.

Puc. 1. CTeH,II JUIA UCTIBITAHUS KapAaHHBIX IIAPHUPOB HA UTOJIBYATHIX MOANIUITHUKAX

Fig. 1. Stand for testing universal joints on needle bearings
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Puc. 2. Cucrema aBTOMaTH3UPOBAHHOTO YIPABICHHS THIPABINIECKOTO YCTPOHCTBA

Fig. 2. Hydraulic device automated control system
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Puc. 3. Cxema ABTOMATU3UPOBAHHOI'O YIIPABJICHUA CTCHAA

Fig. 3. Scheme of automated control of the stand

PerynupoBaHue naBieHHs 0OOECIIEYMBAETCS CIIELYIO-
UM 00pa3oM: ¢ JaT4uKa JaBieHHs 7 TOCTYIaeT dJeK-
TPUYECKUM CUTHAJ Ha 3JEMEHT CpaBHEHUS /4, KOTOPBIi
CPaBHMBAET DJICKTPHYECKUE CHTHAJBI C 33aJaTyMKa ajro-
purMa (GyHKUMOHMpOBaHUS /3 W JarTdydKa MOJOKEHHs
peryampylolero sneMenrta apoccenst 20, nanee Bbipaba-
TBIBACTCSl DJIEKTPUYECKUH CHUTHAJI  PaccoriacoBaHWUs,
MOCTYNAONIMHA Ha aBTOMATHYECKOE YIPABIIONIEE YCT-
poiicTBo /5, mOCIe KOTOPOTO AIIEKTPHUYSCKUA CHTHAI
YCHUIIMBAETCSl YCUINTENIEM CHI'HAIOB /6 M OTHpaBIsETCS
Ha MCIOJIHUTEIbHBI MEXaHU3M JIPOCCEIIS: IaroBbIil 1BU-
rareinb 22 W penykrop 24, KOTOpble B 3aBHCHMOCTH
OT TMOJSIPHOCTH CHUTHAla pPAacCOTIaCOBAHUS MPUBOAAT
B JIBIDKEHHE O0BEKT YMPaBICHUSA — APOCCETb, CBA3aHHBIN
C IaTYMKOM I10JI0XKEHHS PErYJIMPYIOLIETO 3JIeMEHTa JIpoC-
cens 20, CUTHAJI C KOTOPOTO BO3BpAIllaeTCs Ha AJIEMEHT
cpaBHeHust /4. Ilpy IOCTHXKEHUHM PaBEHCTBA CHTHAJIOB
C 33/IaTYUKa ajNropuTMa QyHKIMOHUpPOBaHUS /3, naTdnKa
JaBieHusi /7 M JaTd4dKa IIOJIOKEHUS! PEryJINpPYIOLIETo
aneMeHTa gApoccens 2(), WCHOTHUTEIBHBIA MEXaHH3M
Jpoccens — MIaroBBIA IBUTATENb 22 U PenyKTop 24 ocra-
HaBJIMBAIOTCSI.

PerymmpoBanue TtemmepaTypsl pabodeil KHIKOCTH
obecrieunBaeTcsl CIEAYIOMMM 00pa3oM: C JaT4uKa TeM-
nepatypsl /8 mocTymaeT >JIeKTPUIeCKUN CUTHAJ Ha dIie-
MEHT CpaBHEHHUS [4, KOTOPBI CpaBHHBAET AJIEKTpHUYe-
CKHE CHTHAJIBI C 33J]aTyiKa ajJroputMa QyHKIHOHHPOBA-
HUS /3 1 JaT4vKa MOJO0XKEHUS PETYIUPYIOLIETO HIEeMEHTa
TepMoKJanana 2/, nanee BbIpaOaTBHIBACTCS AIIEKTpHYE-
CKUI CHI'HaJl PaccoriacoBaHMs, IOCTYNAIOIMH Ha aBTO-
MaTUYECKOE YIPABISIOLIEE YCTPOICTBO /3, mocne KOTOporo
NIEKTPUYECKHH CUTHAN YCHIIMBAETCS yCHIIMTENEM CHUTHA-
JI0B /6 W OTHPABISETCS HA MCIIOMHUTEIbHBIH MEXaHU3M
TepMOKITanaHa /9: maroBblii ABHTAaTedbh 23 U PELyKTOP
25, KOTOpBIE B 3aBUCHMOCTH OT HOJIIPHOCTH CHIHAiIa
paccoraacoBaHusi IPUBOAAT B JIBI)KEHHE OOBEKT yIpaB-
JIEHUs — TepMoOKJIanaH /9, cBsI3aHHBIA C JaTYUKOM IOJIO-
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KEHHS PETyIHPYIOmETro 3JeMEHTa TepMokjamaHa 21,
CHTHAJI C KOTOPOT'O BO3BPAILAETCS HA JJIEMEHT CPABHEHMS
14. Ilpn noCTHKEHUHM PABEHCTBA CUTHAJIOB C 3aJaTYHKa
anroputMa (yHKIMOHUPOBaHUS /3, NaT4vKa TeMIiepary-
pbl /8 W naT4yurka MOJOXKEHUS PEeryIupyIONIero dJeMeHTa
TepMOKJanana 2/, WCHOJHUTENbHBIA MEXaHU3M TEpPMO-
KjanaHa /9 — maroBslil ABUraTens 23 U peaykrop 25 oc-
TaHaBIuBaroTcs [22-27].

OcHoBHasi 4yacTb. [Ipy 1OCTaHOBKE 3KCHEPHU-
MeHTa [28] mcrmomp30Baiics IUIaH (PaKTOPHOTO DKCIEpH-
Menta N = 4’2, (akTOpaMH KOTOPOTO SBISIOTCS JUTHHA
KapaaHHOW mepenaun (L, MM), Yroji n3jioMa KapIaHHOU
nepenadu  (y, Tpax), MOIIHOCTh 3IEKTPOIBUTATENS
(N, Bt), 4acToTa BpaIleHNs ABUraTeNs (1, MHH '), YCHIIHE
TOPMOXKECHHUA OT JaBJICHUA FH,}IpaBJ'IPI'-leCKOﬁ KUIKOCTU
(P, Hm). B kadyecTBe napameTpa onTUMH3aLuK Y BeIOHpa-
€M BeIMYMHY 3aKpy4YuBaHus KapaanHoro Bajia (Y, Hwm).

IMox neiicTBEM TOPMO3HOIO MOMEHTa B KapJaHHOMN
nepenadye BO3HHUKAeT ynpyras aedopmanus KpydeHHs,
crocoOCTByIOIIasi BOSHUKHOBEHUIO U POCTy AedopMarim
KPY4€HHs, BBIPQKEHHOW CYyMMapHBIM YIJIOM 3aKpyduBa-
HUsl KapJaHHOU nepenauyu Y. Ha BbluncieHHS U U3MEpe-
HHUE JaHHOTO YIJIa BIMSIOT HOTPELIHOCTH W3rOTOBJICHHS
OTZCTBHBIX JeTalleil KOHCTPYKIUHN KapJaHHOU Mepeaadd,
TEMIIEpaTypa, Pa3IuyHasl JKECTKOCTh OTAEIbHBIX 3JIEMEH-
TOB KOHCTPYKIMH KapIaHHOW Mepeaad, a Takxke JIo(ThI
¥ 3a30pbl B COEIUHEHHSIX.

WcnbiTanus KapaaHHBIX HE€pe€aad BLINOJHAIA Ha 4€-
TBIPEX peXHMax paboThl, XapaKTEpPU3yeMBIX IepeMeH-
HBIMH 3HaYE€HUSIMHA KPYTALIEr0 ¥ TOPMO3HOT'O MOMEHTOB
1 NU3MEHEHHEM KOHCTPYKTHBHBIX ITapaMeTpOB KapJaHHOU
nmepeqadd B KaxaoMm ombiTe. OOpabOTKy MOIydIeHHBIX
9KCTIEPUMEHTAIBHBIX IAHHBIX ITPOM3BOAMIN C HOMOIIBIO
nporpammuoro nponykra mist OBM EREGRE [29]. [ns
00paboTKM pe3yabTaTOB UCIBITAHUI MIPUMEHEHa METO -
Ka CTaTUCTUYECKOW OOpaOOTKH pe3yJbTaTOB HCIBITAHUN
C IPUMEHEHUEM IIpaBuia «TpEX curm». IIpaBuino «Tpéx
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CUTM», WIH SMIMPUYECKOE IPABHUIIO, YTBEPHKAAET, UTO
JUI. HOPMAJIBHOTO PacIpeieNIeHUs] €CTh BEPOATHOCTb TO-
ro, 9YTO G IPUHUMAET 3HAYCHHS, OTIMYAIOLINECS OT Ma-
TEMaTHYECKOTO OKHJaHMs He Oojee YeM Ha TP CpeiHe-
KBaJPaTUIECKNX OTKJIOHCHHUS.

Pe3yabTaThl ucciaenopanus. B pesynprare nposese-
HUSl DKCIIEpUMEHTA IOJyYUM YpPAaBHEHME JIMHEHHOW Ma-
TEeMaTHUYECKON MOJEIIH:

y=—4,1548—0,1151x, +0,0018x, +

+0,9862:x; —0,0003x, +2,3444x,. (1)

Jist 00paboTKM TOTYYEHHBIX 3HAYEHHUH HEOOXOIUMO
BBIIIOJIHUTh pacyeT Harpy3ok. OmnpenennuM KpyTSAIHH
MoMmeHT 3nekrpoasurarens (Hm) mo ¢popmyne [30; 31]

9550-N

T, )

B 4

n

rae N — MOLIHOCTb ABUraTens, kKBT; n — yacToTa Bpalle-
HUS JIBUTATENIs, MUH .
YTII0BYIO0 CKOPOCTh KapJAaHHOW Nepefadd OnpeaeanM
1o opmyie (cex ')
_2-mem

60 @

Ornpene/iuM  BpaIIalONIMi MOMEHT, [epeiaBaeMblil
kapaanHou nepenade (Hwm):

T=T,-i, “
Tae [ — MepelaTOYHOEe YUCIIO.
Yroin 3akpyurBaHus KapAaHHOTO Bajla ONPEAEIUM ISt

Ka)XI0r0 y4acTka KapAaHHOTO Baiia o Gpopmyiie
_T-L,-180-k,

0 ,
Jp-G-Tt

(6]
rae L; — niuvHa KapIaHHOTO Balla, MM; k,; — TIOTIPaBOYHBIH
ko3(¢punment, paseH 0,96 mo pesynpTaraMm 3KCIUTyaTa-
uuu; J, — MOJAPHBIA MOMEHT HMHEPLMHU KapAaHHOTO
Bama, Mm*; G — MOJIy/Ib yPYTOCTH TPH KPY4YEHUH, PaB-
nbiit 8,5-10* MITa.

[Monydaem rpaduk 3HauYeHHH YIJIOB 3aKpy4UBaHUS
KapaaHHoro Baiya (puc. 4).

[Tpu Bcex 3HaUEHMSX BEJMYMHBI 3aKPYYMBaHHS Kap-
JTAHHOTO BaJla, U KOTOPBIX IPOBOJMIIOCH HM3MEpEeHHE
IapameTpoB, MPOBOJIUM CTATHCTHUYECKYIO0 00pabOTKy MO
OLIEHKE CPEJHHMX 3HauyeHui mnapameTpoB m,(D;) M nx
CPEJIHEKBAIPATUYECKUX OTKIOHEeHHH o,(D;). Pesynbrarsl
CTaTHCTHYECKOW OOpabOTKH pPEe3yNIbTATOB HCITBITAHHUH
[IpEeACTaBICHBI HA PUC. 5.
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Puc. 4. I'paux 3HauCHUH YIITIOB 3aKPy4MBaHMs KapAaHHOTO Baja

Fig. 4. Graph of the values of the angles of shaft tightening
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Puc. 5. I'paduk pe3ypTaToB CTaTUCTUUECKOM 00pabOTKM MapamMeTpa yriioB 3aKpyUUBaHUs KapAaHHOTO Baja

Fig. 5. Graph of the results of static processing of the parameters of the angles of spiral shaft

3axuiouenne. [IpuBeneHbl pe3ysbTaThl WCIIBITAHUS
KapJlaHHBIX Tepesiad Ha YeThIpexX pekuMax paboThl, Xa-
PaKTEpPHU3yEeMBIX TIEPEMEHHBIMH 3HAYECHUSIMU KPYTSIIETO
U TOPMO3HOTO MOMEHTOB M H3MEHEHHEM KOHCTPYKTHB-
HBIX ITapaMeTPOB KapJaHHOHN Heperadd B KaKJOM OIIBITE.
Ilony4yeHo ypaBHEHHE JMHEWHOH pPErpecCUOHHOM 3aBH-
CHUMOCTH yIJIa 3aKpy4YHMBaHHs KapJaHHOIO Baja OT Clie-
Ayromux (akTopoB: AIMHA KapJaHHOHW INepenayd; yroi
M3J0Ma KapJaHHOH Nepeaadyn; MOIIHOCTh AJIEKTPOIBHUIra-
TeJIsl; YacTOTa BPAILEHHS JABUraTesIs; YCHINE TOPMOXKEHHs
OT JIaBJICHHs] THJIPABIMYECKOW >KUIKOCTH. B pesynbrare
BBINOJIHEHHBIX PAacyeToB M IPOBEAECHHBIX HCCIEIOBAaHUN
YCOBEPILCHCTBOBAHA METOAMKA pacyera KapAaHHBIX
repesiady Ha WroJjibuaThiX ITOJIIMIHUKAX, BBEJIECH IOIpa-
BOYHBIH KO3(QPHUIMEHT B pacdeT yria 3aKpy4dnBaHUSL
KapJIJaHHOTO Bajla, 3HAUY€HHE KOTOPOTO IMOIYYEHO IO pe-
3yJIbTaTaM SKCIIEPUMEHTAIBHBIX HCCIICTOBAHMUM.

JloCTOBEpHOCTh M a/IeKBAaTHOCTh IIOJIyYEHHBIX TEOpE-
TUYECKUX pe3ynpTaToB [32—-36] moaTBepikaaeTcs IKCIIe-
PUMEHTAIBHBIMH HCCIICIOBAHUSIMH, IIPOBEACHHBIMU Ha
CTEH/Ie TPH AHAJOTMYHBIX JNAHHBIX TEOPETHYECKUX HC-
CJI€ZIOBaHHM.
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MATHEMATICAL MODEL OF CONDUCTING NANOPORE FOR MOLECULAR
DYNAMICS SIMULATIONS
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An electrostatic model of conducting nanopore is presented in the paper. The model does not require solution of the
Poisson equation for the potential. This model is intended for use in simulation of transport phenomena of charged par-
ticles in conducting nanopores by the method of molecular dynamics. This method is based on Newton’s equations of
motion and it allows one to determine the variation of position, velocity and acceleration of particles with time. The
electric field from the charge distributed over the nanopore surface is approximated by the field from fictitious point
charges on the same surface. To verify the proposed model of fictitious charges system capacitance is calculated. The
obtained values of capacitance are compared with classical results for conducting tubule and with the results obtained
by the other similar method. The comparison shows that relative discrepancy between results is less than 10 %. There is
a need to further develop the proposed model both in case of a large number of fictitious charges and in case when
charged particles are in close proximity to the nanopore surface. The proposed method can be easily applied to an ar-
bitrary shape nanopore. The model can be used in the development of various nanodevices, among them the devices
used in life support systems of manned space vehicles.

Keywords: conducting nanopore, ion transport, molecular dynamics.

MATEMATHYECKAS MOJEJb ITPOBOJAIIEIA HAHOIIOPBI
JIJISI PACYUETOB METO0M MOJIEKYJISIPHOM JUHAMUKHU

B. E. 3ammsusik’, O. A. 3omnotos', O. I1. 3onorosa®”

'Cubupckuii heaepanbHpIil YHHBEPCHTET
Poccuiickas @enepanus, 660041, r. KpacHosipck, npocn. CBoOoHBIH, 79
*Cubnpckuit rOCyAapCTBEHHBI YHUBEPCUTET HAYKU U TEXHOJIOTUH UMEHM akaneMuka M. @. PeletHeBa
Poccuiickas @enepanus, 660037, r. KpacHosipck, npoctt. uM. ra3. «KpacHosipckuit pabounii», 31
* E-mail: zolotova@sibsau.ru

IIpeocmasnena saekmpocmamuieckas Mamemamuieckas Mooeib npogodsujeli Hanonopel. Pacuem nomenyuana
nposodsuyeli Hanonopvl He mpebyem peuwenus ypaenenus Ilyaccona. Modenv npednasnauena O KOMNbIOMEPHO2O
MOOCIUPOBAHUS MPAHCROPMA 3APANCCHHBIX YACMUY 8 NPOBOOSUUX HAHONOPAX MEMOOOM MONCKYIAPHOU OUHAMUKU.
Dmom ebruucIUMenbHblll MEMoO 0CHO8AH HA 6MOpom 3axkone Hoiomona u nozeonsiem noxyuumos mpaekmopuro, KOmo-
Pas ONUCHIBAC NOLONCEHUSL, CKOPOCTU U YCKOPEHUSL HACMULY CO DeMEHeM. DIeKmpuieckoe noie pacnpedeieniozo no
NOBEPXHOCIU HAHONOPLL 3aPA0A ANAPOKCUMUPOBAHO NOAEM (DUKMUBHBIX MOUCUHBIX 3APA008, PACRONONCEHHBIX HA MOl
JKce nosepxHocmu. Bulnoaneno cpagHeHue 21eKmpoemMKoCmu CUCHEMbl YUKMUBHBIX 3aPSA008, PACCUUMANHHOU NPedio-
JHCEHHBIM MEMOOOM, C KIACCULECKUMU PEUeHUSMU OTISL NPOBOOSIYE20 MYOYNIeHA U C PeUEHUSMU, NOTYYEHHLIMU OpYyeUM
n00o6HbIM Memodom. TIpednodcennviti Memood nokazal 00CmMamoyHyo mournocmo (okono 10 %) u npedckazyemocmo
nosedenusi. Heobxooumo eco danvheliuee ucciedoganue u pazeumue Kak Os Cydas 00CMAmMO4YHO O0IbUL020 YUCLA
uxmueHvIx 3aps008, MAK u 05 CAYHAs OOCMAMOYHO CUTbHO20 NPUOTUIICEHUs UOHO8 K NOBePXHOCMU HaHonopbl. Pac-
CMOMPEHHBIIL MEeMOO 66€0€HUsT (DUKIMUBHBIX 3aPA006 MOJicem OblMb Ne2KO NPUMEHEH K HAHONOPAM HPOU3BObHOU
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gopmul. Pesynomamol 6b1n0IHEHHO20 MOOECTUPOBAHUS MOZYM ObIMb UCNOB3068ANbL NPU PA3PAOOMKE PA3TUYHBIX HAHO-
MEXHON02UYECKUX YCMPOUCMS, 8 MOM YUCTe UCNONb3YEMbIX 8 KA4ecmee KOMNOHEHMO8 CUcmeM dIcusHeobecneyenus

HNUTIOMUPYEMbIX KOCMUUECKUX annapamaoe.

Kniouegvie cnosa: npoeooswas Hanonopa, mpancnopm uoHo8, MONEKYAAPHAS OUHAMUKA.

Introduction. Nanopores represent a type o pores
with a diameter of about several nanometers. Channels of
such size can be both natural and artificially made objects.
Currently researchers take great interest in the issues of
studying and modeling of nanopore properties due to their
broad application in science and technology [1; 2]. Artifi-
cial nanopores can be used, for example, for imitation of
biological nanopore functions. They also have attractive
potential applications in nanofluid fields [3]. Among these
applications are desalination, ionic sieves [4], sensors for
biological agents and sequencing of DNA or RNA [5].

Various forms of artificial nanopores using different
production technologies and materials, including poly-
mers, inorganic substances, biotic and composite materi-
als have been developed [6; 7].

Conducting nanopores attract considerable attention
due to their important potential applications. In a number
of works production methods of similar structures are
given. For example, such nanopores can be made via in-
tegration of carbon structures into the corresponding
nanoporous material. A multilayered carbon nanotube
was made inside a pore and on the surface of an anode
aluminum oxidic membrane, applying the method of
chemical sedimentation from a steam phase [8]. Strength-
ened single-layer metal carbon nanotubes were grown on
a silicon plate via chemical sedimentation from a steam
phase [9]. Synthesis of conducting carbon tubules inside
the pores of the anode aluminum and oxidic membrane
was investigated [10]. Similar structures can be of interest
in terms of production of selective membranes switched
by electric field.

In recent years mathematical and electrostatic models
of ion transport in various types of nanopores and nano-
channels have been vigorously developed, computer
modeling of processes have been carried out as well
[11-13].

At computer modeling of ion transport, applying
methods of molecular dynamics, the problem of electric
field defining, created in the system, has to be solved at
each step in time. In presence of electro-conductive ele-
ments in the system, solving such a task with classical
methods becomes rather resource-intensive. Therefore,
problem solving methods of such electrostatic tasks
should be fairly simple, although they are not as accurate
as classical ways. In this regard there is a problem of such
methods accuracy assessment in comparison with classi-
cal ones. A rather typical assessment might be a compari-
son of integrated electric parameters of the system, ob-
tained by the offered methods, with classical decisions. In
this work electric capacitance parameter will be compared
with the data from the reference book [14].

The purpose of this work is to simulate the conducting
nanopore electric field in presence of external charges
(ions). This model is intended for use in fundamental re-
search of charged particles transfer phenomenon (ions and
charged proteinaceous residue) in conducting nanopores.
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In the work [15] a method of the conducting nanopore
electric field in the presence of external charges (ions)
modeling in relation to problems of molecular dynamics
was offered. In the present work an alternative for further
development of this method is being investigated.

The results of simulation can be used when develop-
ing various devices, including, for instance, a component
of life support systems in piloted spacecrafts.

Problem definition. The membrane containing
a nanopore is simulated in the form of L wide uniform
dielectric plate. The nanopore is a cylindrical hole with
radius @ and length L (fig. 1).

Fig. 1. Model of nanopore. Dots denote fictitious
electric charges

Puc. 1. Moaens Hanomopsl. Toukamu 0003HAUCHBI
(DUKTUBHBIE YTEKTPHUCCKUE 3aPsi/Ibl

We shall consider the problem of ion transport in the
context of continual electrostatic model. We shall assume
that the ion is located in random position r" . Electrostatic
potential of @(r) in and outside the nanopore satisfies the
Poisson's equation

1 & «
q,5(r-r;), (1)

Ap=—
¢ 4me, 1o

where A — Laplasian operator; g, — ion charge; N — ion
number; S(r—r:) — delta-Dirac function. The equation

(1) has to be solved across all the space, except the area of
membrane material with the potential set of boundary
conditions on the tubulen surface. It is also necessary to
demand the continuity of the membrane, normal to the
surface, components of electric induction vector and,
whenever possible, decrease of potential while being re-
moved from the system.

Under consideration of charged particles transport
phenomenon, we are interested in the force affecting the
ion from the conducting nanopore which is expressed

as f :—q-grad((p(r*)) .

The solution of the equation (1) with the set boundary
conditions is a difficult task. The problem becomes even
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more complicated if to consider not only cylindrical, but
also other forms of nanopores. Further we will try to pre-
sent simple and rather universal model of conducting
nanopores which does not require solving the Poisson
equation for the potential.

Electrostatic model of conducting nanopore. We
shall approximate electric field distributed on the body
(tubulen) of the charge by the field of the dot charges lo-
cated on the same surface. We shall place these fictitious
charges in the chosen in advance surface dots. We will
determine their size from the condition of maximum ap-
proach to mechanical balance. Assuming that fictitious
charges could move on a tubulen surface, then equality to
zero projection on the turbulen surface of total force af-
fecting each charge from other charges would be condi-
tion of balance. This case is equivalent to the requirement
of equality to zero projections on the tubulen surface of
total electric field strengths created by all other charges in
the point of each fictitious charge. In our case as positions
of charges are fixed, the above-stated requirement is gen-
erally impracticable. Therefore, we shall demand the
minimal sum of these projections squares.

Thus, we shall place the fictitious charges Oy,
k=1, ..., K, at the point with coordinates r;. Then we
obtain electric-field vector Projection E;; at point r;:

ZQk (ri_rk)_ni(ni*(ri_rk)) (2)

1
E (r)= >
<) 4me I -n

0 k#i
where n; — normal vector to the surface at the point r;;
* is dot product of vectors.

By summing squares (2) where all i = 1, ..., K, we

obtain
K

1
EX(r)=——x
; «(6) 167’e;

(r,—r)*(r,—r)-

YTyt )

i=l kei 120 Ir,—r, |3|ri -5

We shall look for the minimum (3) on condition of
specified total charge g of conducting tubulen:

4=.0,. )

Considering that a set of unknown charges is vector
Q=(0,), than we have a standard problem of square

form minimization of (3):
K
1

;Ei(l}) :mQ'X AxQ,
)
A=Y (r,—r)*(r,—r) —(n,~3* (r; —rk3))(n, *r-n)
Pory It =x, [ - |
Under condition (4):
g=1xQ. (©)

Here x denotes dot product of vectors of K dimension
and vectors and dimensional matrix K x K ; stroke de-

notes transposing operation of a vector column in a vector
line; 1 =(1,1,1,...1) — made of units dimension vector K.
Solution to variational problem (5), (6), on condition

that nondegenerate matrix A, will be vector

A

A7 x1

_ 7
'xA'x1 @

Q=g

In case of nondegenerate matrics A, under condition

that a, — evector A, corresponding to zero evalue, non-
orthogonal 1, we obtain

4

Q=g

. 8
1'xa, ®

The result (8) can be easily summarized and in case of
greater 1 dimension of the evector subspace, correspond-

ing to zero evalue A: in this case a, — any non orthogo-
nal to 1 vector from that subspace. However, in casea,
is orthogonal to 1, the task should be reduced, while de-
creasing A size and leaving behind only zero evalues.
It should be noted that from the method A it is clear
that A is symmetrical non-negative matrix.

We shall consider the alternative where A is a degen-
erate matrix. Generally this is true: we shall place nonzero
dot charges of one sign on the tubulen surface and allow
them to move on a tubulen surface. It is obvious that such
system has a stationary position of charges. If to arrange

fictitious charges similarly, then the matrix A will de-
generate as there are charge values at which vector pro-
jection of electric field strength affecting each charge is
equal to zero. Moreover, another stationary position,
mostly continuously depending on charges, corresponds
to a different set of value sizes which are freely moving
on the tubulen surface. Therefore, we have a rather big
area of coordinates of fictitious charges at which the ma-
trix degenerate. At numerical calculations it will mean
that if we chose the “wrong” positions of fictitious
charges, and the matrix is not degenerated, then, while
increasing in number of fictitious charges, generally, con-
ditionality ratio of this matrix will grow.

The present work is devoted to preliminary assess-
ment of the offered method practical applicability under
molecular and dynamic calculations, therefore further
cases of small number of fictitious charges at which in the

reviewed examples matrix A s not degenerated are inves-
tigated.

The offered method is a further development of [15].
In the work [15] comparative analysis of the presented
method of electrostatic task solution with other methods
of electrostatics is carried out. As a comparative criterion,
the results of electric capacitance calculation given in the
reference book [14] were used. In this work for the above
method applicability assessment we will use the results of
electric capacitance of the conducting tubulen calculations
and compare them with the results [14] and [15].

We shall continue the above suggested calculations in
order to obtain estimates of conducting tubulen electric
capacitance. We shall receive these estimates, comparing
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the energy of the system considered with the expression
for the energy of the conducting body:

_ 1 00, ¢

- - B
4ne, |y, —r; | 2C

)

where C — conducting tubulen electric capacitance. Add-
ing (7) to (9), finally obtain the expression for electric
capacitance:

< 2
(l'xA’ ><1)
C=2ng, o
I'xA7" xBxA ™ x1
1 L (10)
A s LF ]S
Bij: |ri_r/|
0 i=j

It shall be noted that in [15] nondegenerate matrics B
was proved

Model validation. In order to validate the accuracy of
the model suggested, we shall calculate the self-
capacitance of the cylindrical hole of radius @ and length
L and compare it with the data given in the table [14].

We shall place the fictitious charges in points
(zn, @, ©,,) of the cylindrical system of coordinates, where

z, :(n—l)i,nzl,...,N,

N2—l an
0 =(m-1)——, m=1,..,N.

N-1

Then K = N’ Calculations are given in table for
5<L/a<20uN=10, 20, 30. Electrical capacitance value
form the reference book [14] are marked C,, discrepancy
between calculated and table-based [14] capacitance
value d = (C — Cy)/Cy.

In fig. 2 the obtained results are presented graphically,
the best results from the work [15] obtained under the

same algorithm of fictitious charges arrangement and
N = 80 are given.

Results presented in table and fig. 2 show that when
L/a> 8, discrepancy amounts to less than 15 % already
for N=20, and smoothly decreases under increase both
L/a , and N, which is also an advantage of the suggested
method. For comparison we must note that given
in fig. 2 works [15] do not possess this property. From the
practical point of view it might be expected that at
L/a> 10, N = 30 parameters of charged particles interac-
tion with the conducting nanopore are defined to a preci-
sion of less than 10 %.

Conclusion. One electrostatic model of conducting
nanopore is presented in the work. The model is intended
for use when modeling a nanopore, applying the method
of molecular dynamics. This computing method is based
on the second law of Newton. In case force intensity op-
erating on each of atoms is known, integration of the
movement equations allows to obtain a trajectory which
describes positions, velocities and accelerations of parti-
cles over the time.

If fictitious charges are not entered, then to find the
force operating on charged particle from the conducting
nanopore, at first it is necessary to solve the equation (1)
in each timepoint. In [15] the method allowing a single
invert of the matrix of equation system by fictitious
charges introduction is offered. The method presented in
this work is similar, but demonstrates a better accuracy as
it is shown in table and fig. 2. It is obvious that the of-
fered model can be easily applied to nanopores of any
form.

Thus, the offered method showed the sufficient accu-
racy and predictability. Therefore, its further research and
development is necessary for both large number of ficti-
tious charges leading to significant growth of matrix con-
ditionality and for the case of rather close approximation
of ions to a nanopore surface.

The results of calculations of the electrical capacitance of a conducting nanopore

La, N=10 N=20 N=30 Co/2mega,
relative units. < 2”8043 d % a 2”8043 d % C/' 27‘80“3 d % [14]’ .
relative units. ’ relative units. ’ relative units. ? relative units.

5 2.294 35.58 2.129 25.83 2.073 22.52 1.692
6 2.457 30.90 2.283 21.63 2.223 18.43 1.877
7 2.604 28.34 2.418 19.17 2.354 16.02 2.029
8 2.740 25.75 2.543 16.70 2.475 13.58 2.179
9 2.869 23.45 2.660 14.46 2.588 11.36 2.324
10 2.993 21.47 2.772 12.50 2.696 9.42 2.464
11 3.113 19.68 2.879 10.69 2.799 7.61 2.601
12 3.229 18.06 2.983 9.07 2.899 6.00 2.735
13 3.342 16.65 3.083 7.61 2.995 4.54 2.865
14 3.451 15.30 3.180 6.25 3.088 3.17 2.993
15 3.557 14.08 3.276 5.07 3.179 1.96 3.118
16 3.659 12.90 3.369 3.95 3.268 0.83 3.241
17 3.759 11.84 3.461 2.98 3.355 —0.18 3.361
18 3.855 10.78 3.551 2.04 3.441 -1.12 3.480
19 3.948 9.73 3.639 1.14 3.524 -2.06 3.598
20 4.038 8.75 3.726 0.35 3.607 -2.85 3.713

680



Texnonozuueckue npoyeccost u mamepuaiiol

C, relative units

N=30
[15]

15 20

L/a, relative units

Fig. 2. Relationship between capacitance of a nanopore
and the value of L/a for various numbers of fictitious charges.
Solid line — tabulated data on capacitance [14]

Puc. 2. 3aBUCHMOCTS €MKOCTH HAaHOIIOPBI OT BEINYUHEI L/a
MPH Pa3IUIHOM KOJIMUECTBE (GHKTHUBHBIX 3apsioB. CritoniHas
KHUPHAS IMHUA — TaONUYHbIEe 3HAYCHUS eMKOCTH [14]
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OO0noll U3 NPUOPUMEMHBIX 3a0ay dHepeemuieckol cmpameeuu Poccuu na ce2oOHAwWHUL Oelb S611emcs OpeaHu3a-
Yust NOCMOSIHHO O€UCMEYIOWUX CUCEM HENPEPbIBHO20 NPOMBIULIEHHO20 MOHUMOPUH2A BPEOHBIX 8bIOPOCOS8 NBLIEY2OIIb-
HbIX MeniodieKmpocmanyutl 6 ammocgepy. Paccmampueaemcst obopydosanue npouzgo0CmeeHHO-9K0I0SUYECKO20
MOHUMOPUH2A OMEYeCMEEHHbIX pa3padom4uKo8 u npousgooumernell, Komopoe dKCHiLyamupyemcs Ha MHO2UX Menio-
anexmpocmanyuax P® na nudicnem yposue cucmem Henpepvl6HO20 MOHUMOpuHea evlopocos. Ha smom yposue obecne-
YUBAECMCS NPOBEOEHUE 3aMEPO8 HA OCHOBE CO2NACOBAHMBIX U AMMECMOBAHHBIX Memoouk, coop u npeobpazosanue
NnepeuYHOl UHPOPpMAYUL K CIMAHOAPIMHOMY 8UQY, MeKywee 00CIYICUBAHUE U KOHMPOTb (DYHKYUOHUPOBAHUS UMeEPU-
MENbHBIX CUCHEM U 8CHOMO2AMENbHO20 000pydosanus. [lpu opeanuzayuu HenpepvieHo20 MOHUMOPUHEA HA MenJo-
INEKMPOCTNAHYUAX MO2YIM ObIMb UCNONLI0BAHL PA3IUYHBIE 2A30AHANUIAMOPLL U CeUeHUs 2308020 MPAKMA Osl onpe-
deenust cocmasa nPoOyKmog c2opanust. BulOop KOHKpemHbIX 2a30aHATUMUYECKUX CUCMEM CE53AH C ONpeOeleHHbIMU
MPYOHOCMSIMU, MAK KAK 6C€ MAKUe CUCHeMbl UMEIOM C80U NPeumMyuecmed U HedoCmamiu, u O1si ONMUMAIbHO20
6b100pa 060PYO0BANUs MPEOYEMCsL YHeCHb MHONICECMBO PA3TUYHBIX (AKMOPO8 U napamempos. 3adaia evlOopa 2azo-
AHATUMUYECKUX CUCTEM S6ISLeMCsl MHO2OKpumepuaibhou. Tpyonocmu npu peuleHuu OAHHOU 3a0ayu 6bl36AHbL MEM,
YUMo Kpumepuu Mo2ym npomugopeyums opye opyay (Hanpumep, 8biCOKUE MEXHUYECKUE 803MONCHOCIIU MOSYIL YCOIC-
HAMb IKCHIYAMAYUIO CUCIEMbL U NOBLIUATND ee CMOUMOCIY) U He UMEeNb KOIULEeCHEEHHOU OYeHKU.

Buibop eazoananumuueckux cucmem 0is BPoU3600CMEEHHO-IKOI02ULECKO20 MOHUMOPUH2A OONNCEH OblMb MAKCU-
MATbHO 0OBEKMUBHBIM, HE 3A6UCAUUM OM NPEOnOYmMeHUll OMOEIbHbIX IKCnepmos u cneyuanucmos. Ilpedcmasnennoe
onucanue 060py006anus NPOU3800CMEEHHO-IKOL02ULECKO20 MOHUMOPUH2A NO360IAem NPOBECIU IKCHEPMHOE CpagHe-
HUe MeXHUYeCKUxX Xapakmepucmuk 2a30aHaiuzamopos. Onupasct Ha mMemoovl 000CHOB8ANUS peuleHUll No 6blO0py
cocmasa 060py006aHUs 6 UHHOBAYUOHHBIX NPOEKMAX, COeNaHbl 8bl800bI NO pPe3YTbMAMamM AHANU3A, GbINOTHEHHOZO
no 11 skcnepmuo-snauumvim napamempam. IIposedennblli HKCNEPMubLL AHAAU3 MOXCEN OONOIHUMb DPe3Ybmambl
npeosapumenbho2o 00Cie008a UL NEPCOHANOM MENIOINEKMPOCMANYUTL UMY CIEYUATUSUPOBAHHOU Opeanu3ayuel,
ocyuecmensiowell.  NPOEKMUPOSaHUe CUcmem HenpepbieHO20 MOHUMOPUH2A  6blOPOCO8  MENI0dIeKMPOCMAaHYul,
UCnONb3YeMblE NPU pa3pabomKe MeXHUYECKo2o 3a0anus. Pexomendyemcs 6blnoIHAmMb MEXHUKO-IKOHOMUYECKoe 000C-
HOBAHUE NPUHUMACMBIX peuleHUll ¢ yuemom ocobenHocmeti 060py008anus, YCI08Ull NPOU3B00Cmaa, mpebosanull 6e3o-
nacHocmu u y000cmea 00CayHCUBAHSL.

Kniouegvie cnosa: monumopune, 9K0n02ust, Meniogas dAeKmpocmanyus, blopocsl, 2a30aHAIUMUYECKds CUcmemd,
KOHMPOTb.
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Nowadays one of the priorities of Energy Strategy of Russia is to organize constantly operating systems of
continuous industrial monitoring of harmful emission out of coal-fired power plants into the atmosphere. The given
paper considers the equipment for production and environmental monitoring of home developers and manufacturers,
operated at some power plants of the Russian Federation at the lower level of monitoring of gas emission. At this level,
measurements on the basis of agreed and certified methods, gathering and conversion of primary information to a
standard form, routine maintenance and monitoring of the functioning of measuring systems and auxiliary equipment
are carried out. Various gas analyzers and gas sections can be used to determine the composition of the combustion
products in organization continuous monitoring at power plants. The selection of specific gas analytical systems is
associated with certain difficulties, since they all have their advantages and disadvantages. Moreover, it is necessary to
take into account a lot of different factors and parameters for the optimal selection of the equipment. The task of gas
analytical systems selection is multicriterial. Difficulties in solving this problem are caused by the fact that the criteria
may contradict each other (for example, high technical capabilities may complicate the operation of the system and
increase its cost) and they may not be quantified.

The selection of gas analytical systems for production and environmental monitoring should be as objective as
possible, independent of the preferences of individual experts and specialists. The presented description of the
equipment for production and environmental monitoring allows for an expert comparison of the technical
characteristics of gas analyzers. Based on the methods of substantiating decisions on the selection of the structure of
equipment in innovative projects, conclusions are drawn from the results of the analysis performed on 11 expert-
relevant parameters.The recent expert analysis can supplement the results of the preliminary survey by the personnel of
the power plant or a at power plants applied for the development of the technical specifications. It is recommended to
carry out a feasibility investigation in decision making, taking into account the features of the equipment, production
conditions, safety requirements and serviceability.

Keywords: monitoring, ecology, power plant, gas emission, gas analytic system, control.

BBenenue. OpraHuzanusi TOCTOSHHO JEHCTBYIOIINX JlocTidp BBITOMTHEHUST TPEOOBAaHUN TTO3BOJISIET peali-
CHCTEM HENPEPHIBHOIO IMPOMBIIUIEHHOTO MOHMTOPHHTA  3alMs COBPEMEHHBIX CHCTEM HETPEPHIBHOIO MOHHTOPHH-
BpPEIHBIX BBHIOPOCOB MBUICYTONBHBIX TEIUIOJIEKTpOocTaH- Ta BeIOpocoB (CHMB) TOC, xoTopas cTpouTcs Ha OCHO-
it (TOC) B atmocepy sBIsSETCS OOHON U3 MPUOPHUTET-  BE YETKOTO pacupeneneHrs (QyHKIMA W WHGOPMAIHOH-
HBIX 33j1a4 3Hepretuueckoil crpareruu Poccun [1]. Cy- HOro oOMeHa Mexay ee COCTaBHbIMH uacTsimu [4; S].
IIECTBYET JBa BHUJIAa MOHHTOPHHIA BpEIHBIX BBHIOPOCOB: B pabote [6] mokazaHo, 4TO ¢ y4eToM aHainu3a (GpyHKIHO-
MOHUTOPHHI OKpY>Karolle cpeasl (ompezneneHue copep-  HaiabHOM cxembl CHMB u opraHu3aiioHHBIX CTPYKTYpP
JKaHUsI BPEIHBIX BEIIECTB B arMocdepe W KOoHTpoib ee  TOC, a TakKe permoHalbHOM 3HEprocucTeMsl Hamboiee
TEKYIIEro COCTOSIHUS) ¥ MPOM3BOACTBEHHBIH MOHUTOPUHT ~ ONTHUMAJIBHOW SIBJISETCS TPEXypOBHEBAs OpTaHHU3aIOH-
(KOHTPOJIb KOHKPETHOTO IIPOMBIIUIEHHOTO HCTOYHHMKA  HO-Mepapxuyeckas cxema CHMB.

BeIOpocoB — TOC [2]). OcyrecTBieHne MPOU3BOACTBEH- B HacTosmIel cTaThe paccMaTpHBAETCS HIKHHUHA ypo-
HOTO MOHHUTOPHHTA YXOMSIIMX JBIMOBBIX Ta3oB mbuie- BeHb CHMB, KOTOpBIH BKJIIOYaeT CTaHIIMOHHOE 000py-
YTOJBHBIX TEIIOIEKTPOCTAHINH SBISETCS OJHMM U3  JIOBAaHWE W M3MEPUTEIBHYIO anmaparypy, a Takxke o0ciy-
BOXHEHUIHX IyTeH BbImonHeHwS 1. 1.1.7. «O0sf3aHHOCTH  >KMBAIOUIHH TEXHUYECKH nepcoHanr. VIMEHHO Ha HIKHEM
pabotHuka sHeproodwsekTay CO 153-34.20.501-2003  ypoBHe obecrieunBaeTCs MPOBEICHUE 3aMEPOB Ha OCHOBE
(ITpaBnna TeXHWYECKOW SKCIUTyaTallMM 3JIEKTPUYECKHX  COIJIACOBAHHBIX M aTTECTOBAHHBIX METOAMK, COOp U Ipe-
cTaHiuil u ceterr Poccuiickoit deneparun), TpeOyromero  o0pa3oBaHHUE MEPBUYHON WHPOPMALUHU K CTAaHIAPTHOMY

OT KaXkoro padotHuka [3]: Buay (dopmary), Tekyluee OOCITy)KMBaHHE W KOHTPOJIb
— CHIDKEHHSI BPEIHOTO BIUSHHS TPOU3BOACTBA Ha  (DYHKIMOHHPOBAHHS HU3MEPUTEIILHBIX CUCTEM M BCIIOMO-
JIIOJIEN ¥ OKPYIKAIOLLYIO CPEyY; raTenpbHOro 00opynoBanws [7].
— HUCIOJIb30BaHMsI AOCTHIKEHUI HAYYHO-TEXHUYECKOTO Jnst nannoro ypoBust uepapxuu CHMB BaxkHbIM ac-

Iporpecca B LEJIAX MOBBILIEHUS 3KOHOMUYHOCTH, HAJeK-  IEKTOM TEXHUYECKOH peanus3allid SBISETCS pPELICHHE
HOCTH M O€30IaCHOCTH, YJYYIICHHS SKOJOTMH JHEPro-  CIEAYIOIIMX BONPOCOB: YTO M YeM M3MEPATH AJsl obecIe-
00BEKTa U OKPY’KAIOIIEH CPEIbI. YEHUS! TPOW3BOJCTBEHHOTO MOHHTOPUHIA YXOMSIINX
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ra3oB neuleyronsHbix TOC. Ilpu opraHusanuu Hempe-
peiBHOTO MoHHUTOpHHTra Ha TOC MOryT OBITH MCHOJNB30-
BaHBI Pa3NIMYHBIC TA30aHATH3ATOPHI M CEUEHHS Ta30BOTO
TpaKTa JIJs OTPENeIeHUs] COCTaBa MPOIAYKTOB CrOpaHUS.
[IpuHOUTIATFHO BO3MOXHBI TPH CI0cO0a OpraHU3aIUN
MPOMBITIIIEHHOT0 MOHUTOpHHTa Ha TOC: HempepbIBHBIN
KOHTPOJIb MAacCOBBIX BBIOPOCOB BpPEIHBIX BEIIECTB Ha
neiMoBoi TpyOe TOC; HenpephIBHBIN KOHTPOIh KOHIIEH-
Tpaluii BPEJHBIX BEIIECTB B JIBIMOBBIX ra3ax Ha Ka)KJIOM
korenbHOM arperate TOC; KOMOMHAIMS THUX JIBYX CIIO-
co00B.

OCHOBHBIM HOPMATHBHBIM JIOKyMEHTOM, OIIpeJe-
JISIOIUM HOMEHKJIATYpy M3MEpeHHMH YyXOASIIMX Ta30B
sisiercst CO 34.35.101-2003 «MeToauueckue yka3aHus
0 00bEMY TEXHOJOTHUECKUX U3MEPEHUH, CHTHANN3AIUH,
ABTOMATHYECKOTO PETYITUPOBAHHS HA TEIUIOBBIX JIEKTPO-
CTaHIUAX», OOSA3BIBAIOIINE BCE TEIUIOBHIC 3JICKTPOCTAH-
LMY OCYIIECTBIIATH HEMPEPHIBHBIN KOHTPOJb U PETUCTpa-
muto conmepxkanusa O,, CO u NO, B IBIMOBBIX Ta3zax,
a TaKKe IPU HATMYWU YCTAHOBKH 30JI0YJIaBIUBAHHSA, Ce-
POOYHUCTKM U Ta300YMCTKH — KOHIEHTPAIMIO OKCHJIOB
cepbl B nepecuete Ha SO, ¥ KOHIIEHTPAIUIO OKCUIOB a30-
Ta B niepecuete Ha NO, [8].

B nepuoa ¢ 1990 no 2010 rr. mo pacnopspKeHHIO
PAO «E3C Poccum» Obun pa3paboTaHbl HOPMaTHBHBIC
JOKYMEHTHI 10 OpTaHW3allid W MPOBEICHUIO XHMHKO-
TEXHOJIOTHYECKOTO MOHHUTOPHHTA, METOAWKH W3MEPEHUI
¥ pacdeTa yKa3aHHBIX BBIIIE TEXHOJIOTHYECKHUX IapaMeT-
POB B JBIMOBBIX Ta3axX Mjs MBUICYTONBHBIX TEIUIOBBIX
3JIEKTPOCTAHIIUMN:

P/1 34.11.306-86 (MT 34-70-021-86) «Metoanka
BBITIOJIHEHHUS W3MEPEHUH CO/IEpKaHUsI KHCIOpoJa B yXO-
JUIIIUX ra3ax SHEPreTHYeCKUX KOTIOBY;

PJ1 153-34.1.11.353-2001 «MeTtonuka u3MepeHuit
MacCOBBIX BEIOPOCOB 3arps3HSIOIINX BEIIECTB OT KOTEIb-
HBIX YCTaHOBOK C TPHMEHEHHEM TIa30aHall3aTOpPOB
C JEKTPOXUMUYECKUMH aTUUKAMNY;

— PJI 34.02.305-98 «Metoauka onpeneneHus Baio-
BBIX BHIOPOCOB 3arps3HSIONINX BEIIECTB B aTMOc(hepy OT
KOTENBHBIX YCTaHOBOK TOC;

CO 34.02.320-2003 «Opranmu3aiiysi KOHTPOJIS CO-
CTaBa MPOAYKTOB CTOPAHHS CTAMOHAPHBIX IAapOBBIX
Y BOJOTPEHHBIX KOTIIOBY;

CO 153-34.02.304-2003 «Metonuyeckue ykasa-
HHS 10 pacyeTy BBIOPOCOB OKCHIOB a30Ta C JBIMOBBIMHU
ra3aMy KOTJIOB TEIUIOBBIX 3JI€KTPOCTaHLIUIN;

CTO 70238424.13.040.40.002-2008 «TemnoBbie
JIEKTPUYECKHE CTaHIUH. DKOJIOTHYEeCKas 0e30MacHOCTb.
YCTaHOBKH TIO OYHCTKE ABIMOBBEIX T'a30B OT OKCHIOB Ce-
pet. Hopmst u TpeboBanms» (ctarmapt opranuzammu HIT
«HBOJJI»).

BrlmeynomsiHyThIe JOKYMEHTHI U SIBIUIMCH OTIIPABHOM
TOYKOM I pa3pabOTKH, BHEAPEHHUS W COBEPIICHCTBOBA-
HUS TpUOOPOB W CHUCTEM IPOM3BOICTBEHHO-IKOJIOTHU-
YEeCKOr0 MOHUTOPHWHTA JBIMOBBIX T'a30B JUISl IbLICYTOJb-
HBIX TEIUIOBBIX 3JIEKTPOCTAHIMMI.

AHaau3 TexHoJornyeckoro odopynosanusi CHMB
TIC. B nHacrosiee BpeMst OONBIIOE KOJIMYECTBO OTEUe-
CTBEHHBIX TMPEINPHUATHH OCYIIECTBISIOT pa3paboTKy
1 TPOM3BOJICTBO NPHOOPOB M CUCTEM NPOU3BOJICTBEHHO-
9KOJIOTHIECKOTO MOHHTOPWHTA JBIMOBBIX Ta30B JJIS TEll-
JOBBIX OJEeKTpocTaHImiA. HeoOXoamMocTh OCHaIIeHUs
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nmu neuieyroiabHeix TOC nukryercs depepalbHbIM 3a-
koHOM 0T 21.07.2014 r. Ne 219-®3 «O BHeceHUU u3Me-
HeHnii B @enepanbHbIil 3akoH «O0 0XpaHe OKpYKaroIIeH
Cpembl» M OTIENbHBIE 3aKOHOJATENbHBIE aKThl Poccuii-
ckoit Denepannm» B paMKax pa3pabOTKH MPOrpaMM dKO-
JIOTHYECKOM 3PPEKTUBHOCTH MPEANPHUATAN U OMpeaeIie-
HUSI TOBBIIIEHHBIX KO3()(HUINMEHTOB MpPU HCUUCICHUU
IUIATBl 32 HETAaTUBHOE BO3ACHCTBUE HA OKPY’KAIOIILYIO
cpeny Uil IOPUAMYECKHUX JUL U INPEAIPUHUMATENEH,
OCYILIECTBIISIIOIINX XO3SHCTBEHHYIO JESTEIBHOCTh, IS
CTUMYJIMPOBAaHUS K IIPOBEICHUIO MEPOIPUITUM 10 CHHU-
JKEHUIO HETaTHBHOTO BO3JEHCTBHS Ha OKpPY>KaIOIIYIO
cpeny.

OpHUM M3 pelIeHuH 3TOro BOIpOCca SIBIISIETCS OCHA-
IIEHHE M PEKOHCTPYKIHUS YK€ CYNIECTBYIOIINX CHCTEM
Ta3009HCTKH U HKOJIOTHYECKOT0 MOHHUTOPHHTA JBIMOBBIX
ra3oB  MBUICYTOJNbHBIX  TEIUIOBBIX  3JIEKTPOCTAHIUH.
B 3TOM KOHTEKCTE XO4ETCS OTMETHTh, YTO pa3paboTIUKU
U TPOM3BOAUTEIHN KOTEIBHOTO 00OpYyIOBaHMSA, HauWHAs
¢ 2000 r., B pamkax TpeGoBaHUIl 110 00BEMY HEHpEepPHIB-
HBIX I/ISMepeHI/Iﬂ TEXHOJIOTUYCCKUX IMMapaMETPOB KOTEJIb-
HOTO 00OpYJIOBaHMSI OT/AENBHO BBIACISIOT TpeOoBaHHE
[0 OCHAIIEHUIO CPEJICTBAMHU HENPEPHIBHOTO 3KOJIOTHYE-
CKOTO MOHMTOPHHTA YXOJISIINX TA30B.

B [9] noka3ano, 4yTo BBIOOp KOHKPETHBIX ra30aHajH-
THYECKHX CHCTEM CBSI3aH C ONPENCICHHBIMH TPYAHOCTS-
MH, TaK KaK BCE OHH MMEIOT CBOM NPEHMYINECTBA U He-
JIOCTAaTKH, W AL ONTUMAJIBHOTO BBIOOpa 000pyIOBaHMS
TpeOyeTcs ydecTb MHOXKECTBO pPa3iIM4HBIX (PaKTOpOB
U TIapaMeTpoB, T. €. AaHHAs 3a/1a4a SBJISETCS MHOTOKPH-
TepuasibHOM. Ilpuuem psin KpuTepueB MOryT MpPOTHBOpPE-
YUTh JIPYT APYTY (Hampumep, BHICOKHE TEXHHUECKHE BO3-
MOXHOCTH MOI'YT YCJIOXHATH OKCITyaTallui0 CHCTEMbI
U IOBBIIIATH €€ CTOI/IMOCT])) 1 HE UMEThb KOJMYECTBEHHOMN
OLICHKH.

Br100p razoaHanMTHYECKUX CHUCTEM Ul IPOU3BOJCT-
BEHHO-IKOJIOTHYECKOT0 MOHUTOPHUHIA JIOJDKEH OBITh MaK-
CHUMaJIbHO OOBEKTHBHBIM, HE 3aBUCSIIUM OT INPEIIOUTe-
HUA OTAEIBHBIX JKCIEPTOB U crenuanucToB. OpHako
Jla’Ke TIPY MCIOJIb30BaHNH Oosiee 0OBEKTHBHOTO MaTeMa-
TUYECKOTO ammapata KpuTepuaibHoro aHammsza B [10]
OTMEUAETCs,, YTO KOJHMYECTBCHHAs! OIEHKAa 3HAYUMOCTH
KaXJI0r0 KpUTepHs (BECOBOH KOA((PHUIUEHT) MOXKET OBITh
YCTaHOBJIEH TOJIBKO SKCIEPTHBIM ITyTEM.

Jns paccMOTpeHUst B paMKax craTbu 0ToOpaHo 000-
pYZOBaHHE NPOU3BOJICTBEHHO-IKOJIOIHYECKOTO MOHHTO-
pHHTa CIIEAYIOIIMX OTEYECTBEHHBIX pPa3padOTUYMKOB
W TIPOM3BOAMTENECH, KOTOPOE YK€ IKCIUIyaTHpyeTcsl Ha
MHOTHX TEII03JIEKTpocTaHIUsAX PD:

— @I'VII «CIIO «Anamurmpubop» (r. CMOIEHCK),
pa3pabaTbIBaroIiee BeCh CIEKTp MPUOOPOB M CHCTEM KO-
JIOTUYECKOTO0 MOHHTOPHHIA IJII MHOTHX OTpaciei IMpo-
MBIIIJIEHHOCTH, SHEPTETHKU M TPAHCIIOPTA;

— AO «IIpomanamutnpubop» (T. bepuck), cmenma-
JIM3UpYyIolleecss Ha pa3pabdoTKe W IPOM3BOJCTBE TI'a30-
AHAJIU3aTOPOB [JbIMOBBIX TIa30B II0J TOPrOBOM MapKou
«DKoMep»;

— ¢upma anamurmueckoro mnpubdopoctpoeHus «MH-
¢dopmananutuka» (Cankr-IlerepOypr), paspabarbiBaro-
mas ¥ HpOM3BOIAINAS JHMHEHKY ra30aHaIu3aTopoB JUIs
KOHTPOJISl IBIMOBBIX T'a30B JUIS TETUIOBBIX IBUICYTOJIBHBIX
3EKTPOCTAHLIMMN.
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PaccMoTpuM TOCTpOeHHE M TIPHHIMII PabOTHl OTO-
OpaHHBIX I'a30aHAIN3ATOPOB.

1. CranuoHapHBII MHOTOKOMIIOHEHTHEIH Ta30aHaIH-
3aTop TexHo3Konormdeckoro koHTpoisi AHKAT-410
(pazpaborunk u npomsoautens — OI'YIT «CIIO «Ana-
mutnpubdop» (r. CMOJIEHCK)) OCYIIECTBIISIET HEMPEPHIB-
HBI KOHTPOJIb BCEW JIMHEWKHU MPOLIEHTHOTO COJIEpHKAHUS
B yxomsamux razax O,, CO u NO, nHa SO, NO,.

IIpyHuMn [OEHCTBUS Ia30aHAIU3aTOpa — JJIEKTPOXU-
MHUYECKUH, OCHOBAaH Ha HUCHOJb3oBaHMH 3(dekra okuc-
JICHUSI WM BOCCTAHOBJICHHSI OINPEIEISIEMOro ra3a Ha pa-
06odeM 3NeKTpoJe dIEeKTpoxXxuMuueckor sueiikn (D51).
Toxk, KOTOpBIil BO3HUKAET IPH 3JEKTPOXUMHUYECKOH peak-
LIMM, €CTh Mepa KOHIIEHTPAaLUH ONPENeNIIEMOT0 KOMIIO-
HeHTa. TOKOBBIM cHrHai, MNPONOPLHUOHAIBHBIN KOHIIEH-
TpalMy, yCWINBAETCs, HOPMHUPYETCs U Ipeoldpasyercst B
uudpoByo Gopmy.

KOHCTpYKTHBHO Tra30aHanu3aTop BBIIOJHEH OJHO-
OJI0YHBIM, B METAJUINYECKOM KOPILyCE M COCTOUT U3 MO-
IOyl KOMMYTallMd W AaHAJIOTOBBIX BXOJOB, IBYX YCT-
pOWCTB peNlelHbIX M TOKOBBIX BBIXOJIOB (Jajnee — yCTpO-
ctBo PTB), yctpoiictea PTB ans ynpaBieHus anemeHTa-
MH IIpOOOIIOJArOTOBKH, ajanTtepa HHTepdeiica, MOZyJs
MEepBUYHBIX Tpeo0paszoBarelnieid, IUIAThl KIaBUATyphl WU
WHJIUKAlWH, TUIAThl TUTAHUS U JIEKTPOKJIANaHoB.

l'azoaHanmm3aTop HWMeEeT BCTPOEHHOE MPOTPAMMHOE
obecnieuerne (I10), cTpykTypa KOTOPOTO BKJIFOUAET CIIe-
JYIOIINE MOIYIIH:

MOJIYJIb CBSI3H;

MOJIyJIb BU3yalu3aluy JaHHbBIX;

MOJyJIb U3MEPEHUSI U pacdeTa COAEpKaHMs OIpe-
JACTIACMBbIX KOMIIOHCHTOB,

MOJyJb (DOPMHUPOBAHUS YIPABIISIONINX BO3/EHCT-
BUU IS yIIPaBICHUS UCIIOJHUTEIbHBIMU YCTPOUCTBAMY;
MOJyJb NpeoOpa3oBaHus JAHHBIX Uit (HOpPMHpPO-
BaHWSI BBIXOIHOTO YHH(HIIMPOBAHHOIO TOKOBOTO CHTHANA,
MIPOTIOPIIMOHAIBHOTO CO/ICPKAHUIO MAacCCOBOH KOHIIECH-
TpPaLMX ONPEENIIEMbIX KOMIOHEHTOB.

OcHoBHbIe QyHKTIHH [10:
pacder conep)KaHHUs OIPEAETIEMOro KOMIIOHEHTa
10 K& KJOMY U3MEPUTEIbHOMY KaHaIy;

BBIYUCIICHIE 3HAUEeHNUS M30bITKa BO3ayXa (a);
BBIYUCJICHUC O6’beMHOI7[ KOHICHTpAallUnu JUOKCHIA
yraepoza (CO,);

BBIYMCIIEHNE OOBEMHON KOHIICHTPAIUH CYMMBI
okcuos azota (NO,);

— peructpanysi BXOAHBIX YHH(UIMPOBAHHBIX TOKO-

BBIX CUTHaNIOB 4-20 MA;
0TOOpaXKEHHE M3MEPEHHBIX U PAcUETHBIX EIMHUI]
Ha WHAUKATOPE;
(dopMupoBaHre YHU(DUIIUPOBAHHOTO BBIXOIHOTO
CHUTHaJa, NMPONOPLHOHATIBHOIO COAEPKAHUIO ONpeessie-
MOTO KOMIIOHEHTa Ha3HAYEHHOI'0 M3MEPUTEIHHOTO KaHa-
na;

BKIIIOYCHHE 3BYKOBOW CHTHAJIM3AI[UM MPH JTOCTHU-
JKCHHU COJICP)KAHMsI OINPENeIIeMOro KOMIIOHEHTa ycCTa-
HOBJICHHOTO ITOPOTOBOI0 3HAYCHUS C OJHOBPECMECHHBIM
MEPEKITIOYCHUEM «CYXHX» KOHTAKTOB pelie;
CBsI3b C BHCIIHUMH YCTPOMCTBaMU IO IM(PPOBEIM
kaHaigaMm RS232 u RS485.

[pu NMEKTPOXUMHUECKOM METO/IEC U3MEPECHUS Ta30Bast
CMECh MOCTYIAET B MOAYIIb DIIEKTPOXUMHUYECKOH SIUCHKH.
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[Tpn NpOHNKHOBEHNH JIETEKTHPYEMOT0 ra3a yepe3 IHopuc-
TyI0 MeMOpaHy 3JIeKTpOXUMHYEcKas siuelika (hopMupyer
TOKOBBI CHTHAJN, IPOIOPLHOHAIBHBINA KOHLEHTPALN
n3MepsieMoro komronenra. [Ipoxoms mo Tpakty npeodpa-
30BaHUS U YCHJICHUS, CHTHAIBI KOHIICHTPAIMN 3JIEKTPO-
XIMHWYECKOHN SYeHKH mpeoOpas3yloTcss B MPONOPIHMOHAIB-
HbIE HANpPSHKEHUS M MOCTYNAlT Ha aHAJIOTOBBIE BXOJBI
MHUKPOKOHTpOJIIepa (I1aTa yIpaBiIeHHs SIEKTPOXUMHIYE-
CKOIl Aueiku).

Mopayne nepBuYHBIX —mpeoOpasoBateneir  (MIIII)
npeAHa3HayeH Iyl 1peoOpazoBaHusl (BU3MYECKUX BEIH-
YUH (COAEP)KaHUSI M3MEPSEMBIX KOMIIOHEHTOB) B 3JIEK-
TPUYECKUI cUTHAJ, 00pabOTKM CHTHaNa W Iepetaddl ero
10 KaHAJTy Ha LEHTpaIbHBIN BerauciuTens (L[B), a Takxe
JUI YOpaBICHUS KIanaHAMH ITHEBMAaTHYECKOH CXEMBI
(Ipy HATTMYMK) ¥ KOHTPOJISI COCTOSIHUS BHEIIHEH CPE/IbL.

B cocraB MIIII BXOOUT MOIYJb 3JIEKTPOXUMUYECKOM
SIMEHKH C IUIATOM YIIpaBJIEHU 3JEKTPOXUMHUUECKON s4eii-
KH{ ¥ 3JIEMEHTHI Fa30BOI0 TPAKTA.

MUKpPOKOHTPOJIIED BBIMOJIHSET CIeAyIonMe (QYHKIHIN:
npeoOpa3yeT aHaJoroBble CUTHAIBI B HU(PPOBYIO
hopmy;

OCyIIECTBIISIET 00pabOTKy CHUTHAJIOB, YIpaBIICHHE
3JIEMEHTaMHU T'a30BOTO TPAKTa M 3JIEKTPUUECKUMH PEKH-
mamu IS no komanae L[B.

[leHTpanbHBIN BBIYUCIUTENb OCYLIECTBISIET yIpaBie-
HHE BCEMH JJIEMEHTAMH Ta30aHAIN3ATOpPA, BBIYHCICHHE
(bu3HYeCKNX BEJINYNH, MHIUKALHIO.

VYerpoiictBa PTB  oCcyHIeCTBISIOT —NEPEKIIOYEHHE
KOHTaKTOB peJie Ul yNPaBICHUs] BHEIIHUMH LEMSIMU IO
komanze 1[B, a Taxke BBIIAIOT BBIXOTHOM TOKOBBIN CHT-
Han. YcrpoiuctBo PTB mia ynpaBieHus sjneMeHTaMu
poOOIIOIrOTOBKH OCYILECTBJISIET YIpaBieHUE MO0y M-
TeJieM pacxola mpoObl, BO3AyXa W HarpeBaTelsiMU
o komanje [[B.

Anantep uHTepdeiica nperHa3HaYeH ISl TOKIIoYe-
Hus K rasoaHanusaropy IIOBM mno kanamam RS232
u RS485. Momyns KOMMyTaIlii ¥ aHAJIOTOBBIX CHTHAJIOB
NpeAHa3HayeH Ul NPUCOEIUHEHHS BXOIHBIX YHH(UIH-
POBaHHBIX cUTHAIOB 4—20 MA OT BHEUTHHUX TATYNKOB.

2. CrammoHapHbIi ra3oa”anu3aTop [I19M-2M ocymie-
CTBJISIET HENPEPBIBHBIA KOHTPOJIb BCEM JMHEHKH Mpo-
LIEHTHOTO CcoJiepKaHusi B yxonsaumx razax O,, CO, SO,,
NO, (pazpaborunk u npousBoautenab — AO «IIpomana-
autnpudopy (T. bepack)).

B cooTBeTCTBUM C YCTPOHCTBOM M CTPYKTYPHOU CXe-
MOH TrazoaHayM3aTopa ra3oBas npoda M3 ra3zoxona depes
poOOOTOOPHBIN 30H TONAAAeT B MOAYJb YIPABICHHS
npo6oor6opom (MVYII), B KOTOPEIil BXOAAT KJIalaHbl CHC-
TeMBI TIpo000TOOpa, MPOAYBKH (HUIBTPa MOJOTPEBAECMO-
r0, 3aIUTHBIN KoHTpoiuiep MVYII, cuinoBoi OMOK mwHTa-
Hust JIII, MCTOUYHMK NHUTaHMSA KOHTPOJIIEpa, KOMMYTAIH-
OHHasl TIaHeJb, CUJIOBOW OJIOK MUTaHMS JIMHUU TPAHCIOP-
THPOBKH MPOOBI M 3aIUTHBIN aBTOMAT nutanus MVYTI.

WNudopmanns uz kourposuiepa MYII 1o BHyTpeHHEMY
unrepdeiicy RS485 mnepenmaercs B KoHTpoiuiep OJoka
npuema npoOsl (BII]) n nanee — B yaaneHHbIH KOMIbO-
tep. Jlanee npoba yepe3 KinanaH mpoObI MONIAAET B JIHM-
HHUIO TPaHCIIOPTHPOBKM mpoObl u mo Hedd — B BIIII,
pacrionoxkeHHbI B mkady. TpaHcmopTHpoBKa IpoOBI
(mpoxauka) obecneunBaeTcss HacocoM TpoOsr BITII. U3
JUHAW TPAHCIIOPTHPOBKH Mpoba momamaet Ha Bxoy BIIIT.
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Haznauenue kontposiepa BIIII — ynpasnenue no 3anas-
HOU nporpamme Bcemu cocTasisirornmu BITTT.

I"a3oBast mpoba, 3akaunBaeMasi B N3MEPUTEIBHYIO KO-
Bery Omnoka anammtudeckoro (BA), ocBoOoxmaeTcs
OT MEXaHWYECKHX TpHUMeceil B cucteMe (HMIbTPOB, OT W3-
JMIIHEH BJIaTM — B XOJIOAWIbHHMKE. Biara, BblAeIeHHAs
M3 Ta30BOM IpoOBI, MO 3aJaHHON MPOrpamMMe yIaysieTcs
Hapyxy. 3acopeHHe CUCTEMbI (UILTPOB, pabOTOCIIOCO0-
HOCTh Ta30BOT0 HAacoca W KOHIEHTpAIMs KHUCIOpoja
B Ta3e KOHTPOJIUPYIOTCS OJIOKOM KOHTPOJIS peXuma Bia-
ru (KPB).

biiok aHanuTUYeCKUH CMOHTHPOBAH B BEpXHEHW 4acTH
mkada [IOM-2M u ciayXuT Ui OnpeaeseHus] KOHIEH-
tpanuii razoB CO, NO, NO, B ra3zoBoii npobe. B cocras
BA Bxogmsr: ontudeckuit 6ok — BA1, xorTpoimiep BA —
BA2, xxuakokpuctammuaeckuii aucrureit — BA3, xnaBua-
Typa — BA4, 6ok muranust ACE 723A — BAS, 610k moz-
cBeTkn — BAG6, cereBoil pazbem — BA7, pazpem mopra
RS232 — BAS, ycrpoiictBo conpspxenns — BLS ¢ paswe-
mom mopTta RS485 — X3.

Kunkokpucramnieckuii angaBuTHO-IUPPOBOH JTic-
IUIEH CIY>KUT JUIS OTOOpa)KEeHUsI OKa3aHUil razoaHainza-
TOpa M NPEACTABICHUS CiIy>KeOHOM HHpOpManuu Ipu
TECTUPOBAHNH Ta30aHAIN3aTOpPa U NMPOBEICHUH IOBEPOY-
HBIX ¥ KaIHOpPOBOYHBIX pabOT. BCTpOCHHBIN KIIaBUIIHBIN
ITyJbT NpeHa3HA4YeH AT BBIOOpa PEKMMOB pabOTHI ra3o-
aHanuszatopa. Ha 3Toil ke maHenu pacroyioKeHbl KIIaBU-
112 BKIIFOUCHHS MUTaHKus BA, KHOTIKA MMOJCBETKH IUCTIIES
(ommmust), pazpeM coennHerns bA ¢ BIIII mo unaTepdeticy
RS485, pazsem RS232 nuis cepBrUCHOTO 00CTYKHUBAHUS.

Anroputm pabotsl BIIIT crnexyrommmii. ITpn npokxauke
HyseBoro rasza (pexxum «IIpokadka Bo3ayxa») BKIIIOYAET-
cs ra3oBblii Hacoc M1 — Hacoc Bozgyxa. 'a3 (Bozmyx)
yepe3 mrynep 3abopa Hynesoro rasa, Gpuistp F3 (OTO
BO3/1yXa) NMpoKkaunBaercs yepe3 xonoauwiapHuk U0 (610K
XOJNOWIBHUKA), GuiabTp F4 (hribTp TOHKOW OYHMCTKH) 1
yepe3 moayns KPB nonmanaer B BA. Bo Bpems mpokadku
HyJIEBOTO Tra3a YacTh ra30BOTO MOTOKa uepe3 GuiubTp F5
(pumpTp XUMHUYECKUiT) HAMpaBIIETCS HA NATIYUK KHCIIO-
pola, W MPOUCXOANT KaTnOpPOBKA M3MEPUTENS KHUCIOPO-
na. Ilpu nmpokauke uamepsiemoro rasa (pexxuMm «lIpokauka
rasay») BKJIIO4aeTcs Hacoc M2 (Hacoc mpo6sr). ['a3 uepes
uITymep 3abopa u3mepsiemoro rasza, QuiabTpsl F1 (dhuistp
o0bemHbIi), F2 (BnarocOOpHHK) NpoKayMBaeTcs uepes
xononuibHuK U10, punbtp F4 (GuinbTp TOHKOH OYMCTKH)
u uepe3 moayns KPB nonagaer B BA. Bo Bpems npokau-
KM H3MEpsEeMOro Tra3a 4YacTh ra3oBOrO IIOTOKa Yepe3
¢uneTp FS5 (QuibTp Xumudeckuil) HanpasiseTcs Ha JaT-
YUK KHCIOPOJAa, W TPOUCXOANUT MU3MEPEHHE KOHIICHTpa-
UM Kucaopona. Yepes 3anaHHOE BpeMs EMKOCTh BIaroc-
6opranka F2 ocBoOoOXmaeTcst OT KOHICHCATa C MOMOIIBIO
MepUCTATLTHIECKOro Hacoca M3 (Hacoc ciuBa). Bo Bpe-
Ms aHanu3a KoHleHTpauuid razoB CO, NO, NO,, SO,
MIPOKAYKa ra3a mpeKpariaeTcs.

bi1ok XosoquibHIKA TPEICTABISIET COO0M MOTHOCTHIO
ABTOHOMHBIH MOJYJb, YIPaBJIsieMbIi COOCTBEHHBIM KOH-
TpojutepoM. KoHTpoJuiep XOJOAMIBHUKA CBSI3aH C KOH-
tposutepom BIIII mo BHyTpenHemy unTepdeiicy RS485,
10 KOTOPOMY II€pelaeTcsi COCTOSIHUE XOJOAMIbHUKA U
MOTYT W3MEHSTbCS HACTPOHKH, KOTOPBIE TAKXKE MOXKHO
HW3MEHATh M C TIOMOINBIO KHOMOK, PaclOJOKEHHBIX Ha
NepeHeN aHeId KOHTpOoJIepa.
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XONOAUIBHUK — TEPMOBJIEKTPUUYECKUIl, Ha OCHOBE
anemenTa Ilenpree. XoyiogHAs MOBEPXHOCTH 3JEMEHTA
[MenbTbe (TEPMOICKTPUUECKOTO MOJYJISI) KOHTAKTUPYET
C TEIJIOU30JIMPOBAHHBIM TEIMJIO0OMEHHUKOM, Yepe3 KOTO-
pPBI TIPOXOAWT Ta30Bas Mpoda, a Temio ¢ ropsded mo-
BEPXHOCTH OTBOJMUTCS BO3IYIIHBIM pagudaTtopoMm, o0y-
BaeMbIM BEHTWIATOPOM. Temrmeparypa B TEINIOOOMEHHH-
Ke mojaep)kuBaeTcs Ha ypoBHe 3—4 °C, 4TO COOTBETCTBY-
€T 0CTAaTOYHOH BIAXKHOCTH P0Gl HA yPOBHE 5—6 MI/M’.

TpancnopTupoBka mpoObI (IIpokayka) oOecreyrnBaeT-
csi Hacocom npoOsl BIII. ITpoGoorGopHoe ycTpoiicTBO
npeaHa3Ha4yeHo Ui 3a0opa ra3oBoi MpoOkl B Ta30Xo7e.
KoHcTpykTHBHO Npo000TOOpHOE YCTPOMCTBO IpEACTaB-
JSIeT TOAOTPEBAaeMbIH (MIIBTP C 30HIOM U3 HEP)KaBEro-
mieil craiam, KOTOpblii MOHTHpYyeTCs Ha razoxone. Iloxor-
PEB JIMHUIA OCYIIECTBIIIETCS 000OTpEeBAIOIIUM KabereM ¢
MaKCHMaJIbHOM MOIIHOCTRIO TemutoBbinenenns 40 Bt/Mm.
Teron30s1ust BHITOJIHEHA ATIOMHUHAPOBAHHBIM LIUJIUH-
JIPUYECKUM TETUIOU30JIITOPOM.

Jemmdparop RS485 — 8 x (4-20 MA) ciyxurt st npe-
00pa3oBaHKs CUTHAJIOB BHIOPAHHBIX M3MEPUTENIBHBIX Ka-
HayioB (0T 1 10 8) W3 HUGPOBOro B aHAJIOTOBBIA BUI —
TOKOBBIH CHT'HAN (JIOITyCKAeTCsl yCTAHOBKA JIBYX JEIIU(]-
paropoB). Beibop u HacTpoiika 1uana3oHa KaHaJIOB IPO-
UCXOOUT TIpH IPOTPaMMHMPOBAHHMHU IIpeoOpazoBarTesis
U ONpeNeNseTcsl 3aKa3uuKoM Ha CTaaud (HopMHUpOBaHHS
TEXHHUYECKOTO 3aJlaHUsi U H3MECHEHHIO MOJIhb30BaTeIeM
HE MOJJICHKHUT.

3. CranuoHapHBI OBICTPOACHCTBYIONINI ra30aHaNN-
3atop «AHI'OP-C» (pa3paboTunk W MPOU3BOIUTENH —
¢dbupma aHamuTHUECKOTO Npubopoctpoenus «MHpopM-
aHanutuka» (r. Cankr-IlerepOypr)) ocymiecTBiseT KOH-
TPOJIb MPOLEHTHOTO COAEP)KaHUs B yXoAsdmux raszax O,
CO u NO. I'a3zoananu3aTop BBHIIOJHEH B BUJE ABYX OI0O-
KoB: Oyoka narumkoB (BJ]) u Giioka MHAWKAIIUKM U yTIIpaB-
nenus (BUY).

JIONIOIHUTENBHO B COCTaB Ta30aHANIN3aTOPa MOJXKET
BXOJUTH ImKag (IIUT) THEBMATHKU I YIPaBICHUS II0-
Jadell KaImOPOBOYHBIX CMEceil B ra30aHaN3aToOp, a Tak-
)K€ CETEBOM MCTOYHHMK MHUTAHUS Uil (DOPMUPOBAHUS Ha-
npspKeHus nuTtaHus 24 B.

IIpunuun nercTBuUs ra3oaHaM3aToOpa OCHOBAH Ha M3-
MEPCHUN CUTHAJIOB JJICKTPOXUMHYCCKUX YYBCTBUTECJIb-
HBIX 3JIEMEHTOB (CeHCOpOB). THI MPUMEHSIEMOTO CeHcopa
OIIPEEISIETCS Fa30M, OAJISKALTUM KOHTPOJIIO.

Cnoco6 npoOOnoAroToBKW — (HUILTPALUs M Harpes
JI0O TEMIIepaTypbl BBIIIE TOYKH POCHI, IOoAa4ya MpoObI
K ra3oaHanuzaTopy — Au(Qy3uoHHas WIK 3a CYET AWHA-
MHUYECKOr0 JaBJCHHUsI IIOTOKA aHATM3UPYeMOro rasa
B Ta30X0/Ie.

PaccMoTpuM ycTpoHCTBO U KOHCTPYKLHMIO T'a30aHAIH-
3aropa «AHI'OP-C». biok maT4nkoB npenHazHadeH s
0oT0Opa, MOATOTOBKM M TPAHCIOPTHPOBKU aHAJIM3HUPYe-
MOH MPOOBI K U3MEPUTEIBHBIM JTATYMKaM KOHIIEHTPALUA,
00paboTKK CUTHAJIOB JATYMKOB ¥ (POPMUPOBAHHS BBIXO/I-
HOrO IM(POBOro CUTHAIA, COACPIKAIIECro HH(OPMAIIHIO
00 M3MepsieMbIX KOMIIOHEHTaX W (DYHKLIHOHAJIHHOM CO-
CTOSTHUM OCHOBHBIX 3j7eMeHTOoB BbJ/l. CurHamsl 1aT4MKOB
MOCTYIAlOT B MHOTOKaHAJILHBIA aHaIoro-u@poBoi mpe-
obpazosarens (ALIIT), oOpabaTeiBatOTC MHUKPOKOHTPOJI-
JIepOM, TOCJIE Yero PaCCUUTAHHBIC 3HAYCHUST KOHIICHTpA-
I[Mif, 8 TAaK)KE€ HEOOXOJMMbIC JHATHOCTUYECKHE CHUTHAIIBI
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BBIBOJISITCSL Ha  IIOCIIEAOBATENIbHBIN IM(POBOH mOPT
RS485 nns nmepexgaun Bo BHEIIHEe YCTPOWCTBO HHIUKA-
uuu u ynpasneHust — BUY. B/l Bkimowaer B cedst mpo6o-
OTOOPHBII 30HA C KPETIe)KHBIM (DIaHIIEM.

AHanu3upyemasi 9acTh ITOTOKa JBIMOBBIX Ta30B IIPU
MOMOIIM TPYOKM 30HIA IEPEHANPABIACTCS K Ta30BbIM
CEHCOpaM, OTHEICHHBIM OT AaHAIU3UPYEMOH Cpelbl
(GUIBTPOM U3 MHOTOCIIOMHOM CTaabHON CeTKH. B KadecT-
B€ JaT4yMKa KHCIOPOAa HCHOJIB3YETCs TBEPAOdJIEKTPO-
JINTHBIA IOTEHLIMOMETPUYECKUM CEHCOpP Ha OCHOBE LIUP-
KOHHMEBOHM KepaMukH, B kKadecTBe ceHcopoB CO u NO —
BBICOKOTEMIIEPATyPHBIE AIIEKTPOXUMHUECKHE CEHCOPBI.

BUY npengnaszHaueH uiss HMHOUKAUUMK W3MEPEHHBIX
3HA4YEeHUH KOHIIEHTpalWi, aBApUHHBIX U MPOYUX JTUArHO-
CTHYECKMX CHTHAJIOB Ta30aHAIN3aTOpa, a TaKKe Ui
VIpaBJICHUS MPOIEAYPOH KATHOPOBKU U (POPMUPOBAHUS
BBIXOZHBIX CHUTHAJIOB U BTOPHUYHBIX PETUCTPHPYIOIINX
MIPUOOPOB U UCTIOJIHUTENIEHBIX MEXAHU3MOB.

BeiBoab! u o0cy:xaeHue. [IpeacraBieHHOe onucaHne
000pyIOBAaHUSI NIPOM3BOACTBEHHO-3KOJIIOTHUECKOTO MO-
HUTOPHMHIA TO3BOJISIET MPOBECTH HKCIIEPTHOE CPaBHEHHE
TEXHUYECKHX XapaKTepUCTHK Ta3oaHaiu3atopoB [11].
Manee, onupasick Ha METOJbl 0OOCHOBAHUS PELICHUH MO
BEIOOPY cocTaBa 00OpYy/IOBaHHS B MHHOBAIIMOHHBIX ITPO-
extax [12-14], mpencTaBieHB BBIBOABI M OOCYXICHHE
Pe3yAbTATOB aHaJIM3a, BBIIOJHEHHOrO Mo 11 skcnepTHO-
3HAYUMBIM ITapaMeTpaMm.

1. Ilo HOMEHKIAaType KOHTPOJIMPYEMBIX ra3oB MO Mpe.l-
MOYTEHHSIM Ha OJHOM YPOBHE HAaXOJSTCSl CTAl[MOHAPHBIN
MHOTOKOMIIOHEHTHBIH T'a30aHANN3aTOP TEXHO3KOJIOTHYE-
ckoro koHTposit AHKAT-410 u crarmoHapHbIi Ta30aHa-
muzarop [IOM-2M, ynosierBopsitoniue TpeOOBaHUSIM
HT/I no nepeuHio KOHTPOJIMPYEMBIX T'a30B.

J1y1st TOJTHOTO BBINIOJIHEHUSI TPEOOBAaHUI HOPMAaTHBHO-
TexHuueckoi pokymeHrtarmu (HTJ) mo mepeunro
KOHTPOJIUPYEMBIX ra30B HapsAy ¢ NPUMEHEHHUEM CTaIHo-
HapHOTO OBICTPOICHCTBYIOIIETO ra3oaHainzaTopa
«AHI'OP-C» HeoO6xoaumMo IpuMeHEHUE JOMOTHUTEIBHO-
rO Ta30aHAJIN3aTOpa, H3MEPSIOIIETO COJACP)KAHWE JBY-
OKHCH CEpHl.

HeobxonuMo oTMeTHuTh, 4TO0 (PUpMa aHATUTHYECKOTO
npubopoctpoenuss «MHpopmananutukay (r. CaHKT-
[etepOypr) BhIITyCcKaeT LENYO JIMHEHKY DJIEKTPOXUMHUYE-
CKUX IEPBHUYHBIX NpeoOpa3oBaTesell KOHIEHTPALUU M-
oKcuaa cepbl (CeHCophl) Uil MPUMEHEHHsT B npubopax
ra3oBOI0 aHAIN3a JPYTHX TPOU3BOANUTEIICH.

2. HanbGosnee BBICOKHI CPEAHUH CPOK CITyKOBI 1aT4H-
KOB (QJIEKTPOXMMHYECKHX SYEEeK) — Yy CTalIOHAPHOTO
MHOTOKOMITOHEHTHOTO Ta30aHAJIM3aToOpa TEXHO3KOJIOTHYE-
ckoro koHTpoist AHKAT-410 (pa3paboT4uk u TmpOU3BOAH-
terms — OI'YIT «CIIO «Anamutnpudop» (r. CMOJICHCK)).
JlaHHBIE IO CPEAHEMY CPOKY CIIy>KObI B JOKyMEHTAaIUU
Ha CTallMOHAPHBIA OBICTPOAEHCTBYIONINN Ta30aHATN3ATOD
«AHI'OP-C» (pa3paboT4yMK ¥ HPOHM3BOIAWTEIb — (pupma
aHaJIMTHYecKoro mnpubdopocTpoenus «VHpopmanannTu-
ka» (r. Cankr-IleTepOypr)) OTCYyTCTBYIOT.

3. IlokazaTenu auMana3oHa TEMIIEPATYphl OKpYKaro-
mel cpeabl Ul HOPMallbHOW paboThl ra3oaHanuzaTopa
caMble BBICOKHE Yy OBICTPOAEHCTBYIONIErO ra3oaHajin3a-
topa «AHI'OP-C» (pa3paboTd4mKk M NPOU3BOAMTENH —
¢upma aHammTHUecKkoro mpudopocTpoeHus «HHpopM-
aHanmuTHKay (T. CaHkT-IletepOypr)).
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4. OgHUM U3 BaXKHEMINNX MapaMeTpPOB B YCIOBUSX
PBIHOYHOW SKOHOMUKH SIBJISIFOTCSL TPYZJ03aTpaThl Ha 00-
CITy’)KMBaHUE. DTHM IapamMeTpoM Ui BCEX THUIIOB Ta3o-
AHAJIM3aTOPOB SIBISIETCS] BpeMsi pabOTHI Tra30aHAIN3aTo-
poB 0e3 KOPPEKTHPOBOK (YeM MeEHBINE TpPyI03aTpaThl
Ha TIpOBEACHHWE JAHHOW omepamuu, TeM d(PdeKTHBHEE).
Uem Oombiie BpeMs pabOThI Ta3oaHajm3aTopa 0e3 Kop-
PEKTHPOBKH, TeM iydine. CaMblif OOIBIION CPOK pabOTHI
0e3 KOPPEeKTUPOBKH — Y Ta30aHAIM3aTOPOB CTALMOHAPHOTO
MHOTOKOMIIOHEHTHOT'O Ta30aHaJIU3aTopa TEXHOAIKOJIOTH-
yeckoro koHTposisi AHKAT-410 (pa3paboT4uk ¥ mpous3-
Bomurenb — OI'YIT «CIIO «Anamurnpubdop» (r. Cmo-
JICHCK)) — 6 MecsIIEeB.

5.1. lnana3oH u3MepeHHs colepiKaHHs KHCIopoJa B
YXO[SIIIUX Tra3ax BceX 0e3 MCKIIOYEHHs Ia30aHaIN3aTo-
POB COOTBETCTBYET TPEOOBAHMSIM HOPMATHUBHBIX JOKY-
MEHTOB I10 OPTaHM3AIMN N3MEPEHHUH COJCP)KaHUs KHCIIO-
poaa B yXOISIIUX ra3ax.

5.2. Camplii MIAPOKHUI OUANa3zoH HU3MEPEHUsl COIep-
KAHUsI yTrapHOTO Ta3a B YXOJSIIMX Tra3ax COCTABISIET
y CTallMOHAPHOTO MHOTOKOMITIOHEHTHOT'O T'a30aHAJIU3aTo-
pa texHoskonoruueckoro koutpossi AHKAT-410 (paszpa-
6otunk u npounsBogurens — GPI'YII «CIIO «Ananutnpu-
Gop» (r. Cmonerck)) — 0-4000 maH .

5.3. C guamasonom m3mepenust 0-4000 MiuH ' comep-
JKaHUSI OKHCEH a30Ta B yXOJIIMX ra3ax JHIUPYIOT: CTa-
LUOHAPHBII MHOTOKOMIIOHEHTHBIA Ta30aHAIU3aTOP TEX-
HO3Kosornaeckoro kKoHTpoist AHKAT-410 (pa3paboTank
n npomsBoautedb — DPI'YIT «CIIO «Anamutnpudopy»
(r. CMOJIEHCK)) M CTallMOHAapHBIN razoanaimmusatop [[OM-2M
(pa3pabotunk u mpousBomutTenb — AO «[Ipomananut-
npubop» (r. bepack)).

5.4. Hambonee mmpokuii auanason 0-5000 v ' m3-
MEpPEHHUH COZIEp)KaHUsI OKHCEH cepbl — y CTAl[HOHAPHOTO
razoananuzatopa [1OM-2M (pa3paboT4nk ¥ IPON3BOIH-
tess — AO «IIpomanamurnpubop» (1. bepack)). Heo6xo-
JIIMO OTMETHUTh, YTO Ta30aHAJIM3aTOPbl 00OMX MPOU3BO-
JUTENeH yKIaabsIBAalOTCA B TpPeOOBaHMS HOPMAaTHBHBIX
JIOKyMEHTOB K 3TOW TEXHUYECKOM XapaKTEPUCTHUKE.

6. Onmus 1Mo HAJMYHMIO BBIXOAHBIX aHAJIOTOBBIX CHI-
HAJIOB PeaJn30BaHa TOJIBKO B IBYX ra30aHann3aTopax: B
CTAallMOHAPHOM MHOTOKOMIIOHEHTHOM Ta30aHaJIH3aTope
TexHodKooruueckoro koutponsi AHKAT-410 (paszpa-
6oTtunk u npoussogurens — OI'YIT «CIIO «Ananutnpu-
o6op» (r. CmoneHck)) ¢ (OPMHPOBAHHUEM BBIXOIHBIX
AHAJIOrOBBIX CUTHAJIOB JABYX THMNOB — 0—5 MA u 4-20 MA,
U B CTallMOHAapHOM OBICTPOJEHCTBYIOIIEM Ta30aHaln3a-
tope «AHI'OP-C» (pa3paboT4nk W NPOU3BOJUTENH —
¢upMa aHaNUTHYECKOro mpudopocTpoeHus «HUHpopM-
aHanmutuka» (r. Caakt-IletepOypr)) ¢ ¢opmupoBaHmEeM
BBIXOHOT0 a”ajgorosoro curgaina 4-20 MA. Heo6xogumo
OTMETUTbh, YTO Onarojaps HAJIWYHMIO AAHHBIX BBIXOTHBIX
CUTHAJIOB BBIIIEHA3BAHHBIE I'a30aHANN3ATOPbl MOTYT HC-
MOJIF30BAThCSA U HHTETpanuu B obmednounyo ACYTII
C TOJKIIOYEHHEM B MOAYJHM aHAJOrOBOrO BBOJA YCT-
poicTB cBsi3u ¢ 00bekToM (YCO).

7. OHLII/IH MO0 HAaJIMYUIO BBIXOAHBIX JUCKPETHBIX CHUT-
HaJIOB pPeaJIn30BaHa TOJBKO B CTAIIMOHAPHOM MHOT'OKOM-
MOHEHTHOM  Ta30aHalN3aTOpPe  TEXHOIKOJOTMYECKOTO
koHTpoisst AHKAT-410 (pa3paboTumk 1 IPOU3BOIAMUTEID —
OI'VIT «CIIO «Anamutnpubop» (r. Cmonenck)). Heob-
XOAMMO OTMETHUTh, YTO OJaromaps HAJINYMIO JAHHBIX
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BBIXOZIHBIX CHTHAJIOB BBHIIICHA3BaHHBIA T'a30aHANIN3ATOP
MOJKET HCIIOIb30BaThCS Ul MHTErpanuu B 00me6sod-
Hyto ACYTII ¢ nogkiroueHreM B MOIYJTH AUCKPETHOTO
Beoga YCO.

8. Bce Tpu razoananmszatopa IMEIOT UPPOBOI BEIXOL
c unrepdeiicom RS-485. CranpoHapHbIH MHOTOKOMIIO-
HEHTHBI Ta30aHaJM3aToOp TEXHOIKOJOTMYECKOro KOH-
tpons AHKAT-410 (pa3paboT4Wk W TIPOWU3BOAWUTENH —
OT'VIT «CIIO «Anamutnpudop» (r. CMoOJeHCK)) nMmeer
nudposoii Beixoy ¢ uHTepdeiicom RS-232. IIpoussoau-
TEJISIMH CTAIJHOHAPHOTO OBICTPOJEHCTBYIOIETO I'a30aHa-
n3aropa « AHI'OP-C» (pa3paboTunk U IpON3BOIUTENb —
¢upma ananuTHyeckoro npubopoctpoenus «MHpopm-
agamutuka» (1. Cankr-IletepOypr)) m crammoHapHOTO
MHOTOKOMIIOHEHTHOTO Ta30aHAJIN3aTOpa TEXHOAKOJIOTH-
gyeckoro koHTpoist AHKAT-410 (pa3paboTduk u mpowus-
Bogutenb — OI'YII «CIIO «Anamutnpubop» (r. Cmo-
JICHCK)) onpezaeneH mpoTokoxr oomera ModBus RTU.

9. Cawmblii BeicOKHH ypoBeHb 3auuthl I1O oT Henpen-
HaMEpEHHBIX U IPEAHAMEPEHHBIX M3MEHEHHH, COOTBET-
CTBYIOIIMI YPOBHIO 3alIUTBl «A» B COOTBETCTBHHU
¢ MU 3286-2010 (ue TpeOyercsi crenMalbHBIX CPEACTB
3alIMTHI, UCKITIOYAIOIIMX BO3MOXHOCTh HECAHKI[HOHUPO-
BaHHOW  MOOU(UKANW{, OOHOBIEHHS  (3arpy3KH),
yIQJICHHUS. U WHBIX NPEeJHAMEPEHHBIX M3MEHEHUI MeTpo-
smorydecku 3HaunMmoil wactu IIO CU u wu3MepeHHBIX
JIAHHBIX ), BINOJTHEH B 1O cTanmoHapHOr0 MHOTOKOMIIO-
HEHTHOTO Tra30aHaji3aTopa TEXHOAKOJIOTHYECKOro KOH-
tposisi AHKAT-410 (pa3paboT4Mk U NPOU3BOIAMTENH —
OI'VIT «CITO «Anamutnpudop» (T. CMOJIEHCK)).

VY crammonapHOTO TaszoaHamm3aropa [IOM-2M (paz-
paboruuk u npousBoautens — AO «IIpomananurnpudopy
(r. bepzack)) BBIMOTHEH ypoBeHBb «B» 3amuThl BCTpOeH-
Horo I1O B cootBercTBUM ¢ P 50.2.077-2014.

B nokymeHTanmu Ha CTalMOHAPHBIA OBICTPOACHCT-
Bytommuii razoanammzatop «AHI'OP-C» (pa3paboTumk u
MPOU3BOUTENF — (HUpPMa aHAIUTHYECKOTO MPUOOpPO-
crpoernst «Mudopmananmutuka» (r. Cankr-IlerepOypr))
OTCYTCTBYET ONpEJIeIeHHE YPOBHSI 3alIUThl BCTPOSHHOT'O
I1O B cOOTBETCTBHHM C BBIIIEYKa3aHHBIMH JOKYMEHTAMH,
XOTSI B COCTaB JJAHHOTO I'a30aHaIN3aTOpa BXOAUT MUKPO-
KOHTPOJUIEP COOCTBEHHOM pa3pabOTKH U IMPOHU3BOICTBA.

10. Bece razoananu3aTtopsl IO TaKOH TEXHUYECKOH Xa-
paKkTepucTuKe, Kak HapaboTKa Ha OTKa3, HaXOIITCA
B PaBHOM TIOJIO’KEHHUH cO CpokoM B 15 000 u.

11. ITo Ha3HAUYEHHOMY CpPOKY CJIY>XOBI CaMblil BBICO-
Kuit mokasatens 10 jer — y cTalMoHapHOTO MHOTOKOM-
MIOHEHTHOTO ~ Ta30aHaJM3aTopa  TEXHOIKOJOTMYECKOTO
koHTposist AHKAT-410 (pa3paOoTuuk ¥ IPON3BOJUTEINH —
OT'VYIT «CIIO «Anamurnpudop» (r. CMOIEHCK)).

3akmouenue. Takum 00pa3oM, MPOBEACHHBINH 3SKC-
TICPTHBIA aHAIN3 MOXKET JOTOJIHUTh PE3YNIbTaThl Ipe/Ba-
putensHOTO oOciemoBaHus mepcoHamoM TOC  wmm
CIELUAIM3UPOBAaHHONW OpraHu3anuei, OCyLIeCTBISIOIEN
npoektupoBanne CHMB TOC, nucnons3yeMsie Tpu pas-
paboTKEe TEXHHYECKOro 3ajaHus. B dacTHOCTH, HCXOns
U3 CpaBHEHHMS BBIIECTIEPEUHUCICHHBIX XapaKTEPUCTHUK,
JIYYIIMM 0 TEXHHUYECKUM XapaKTepUCTHKAM U apXHTeK-
Type Ui NPUMEHEHHsT B CHUCTEMax MPOU3BOJCTBEHHO-
9KOJIOTMYECKOTO MOHUTOPHHIA YXOSIIHX I'a30B IbUICYTOJIb-
HBIX TEIUIOBBIX AJIEKTPOCTAHLMI SIBISIETCS CTAlMOHAPHBIN
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MHOTOKOMIIOHEHTHBIH T'a30aHAIN3ATOP TEXHOIKOJIOTHYE-
ckoro koHtpossi AHKAT-410 (pa3paboTuuk ¥ Ipou3Bo-
mutens — OI'YIT «CIO «Anamutmpubop» (r. Cmo-
neHck)). [Ipu 3ToM HEOOXOOUMO Y4eCTh, 9TO POCKTHPO-
Banue CHMB TOC Ha OCHOBaHHMH YTBEP)KICHHOTO
TEXHUYECKOTO 3aJlaHus OCYLIECTBIIAETCS B COOTBETCTBUH
C JIeHCTBYIOIIMMH HOPMATHBHBIMU JTOKyMeHTaMu [15].
PexomeHzyeTcss BBINONHATH  TEXHHUKO-3KOHOMHYECKOE
000CHOBaHHE NPUHUMAEMBIX PEIICHUH C y4eTOM 0COOeH-
HOCTel 00OpyIOBaHMs, YCJIOBHH IPOW3BOJCTBA, TpeOo-
BaHMI 0€30MacCHOCTH U Y100CTBa 00CITy )KUBaHUSI.
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ABTOMATHYECKASI CUCTEMA KOHTPO.I51 KOHIIEHTPAILIUM O, X1 H,
B TEXHOJIOI'HYECKHX I'A30BbIX KOHTYPAX BUOTEXHUYECKUX CUCTEM
KN3HEOBECIIEYEHUSI KOCMHWYECKOI'O HASHAYEHUSA

E. A. Moposos'?’, C. B. Tpugonos'?, A. B. Mypsirus®, A. A. Tuxomupos'”

'Uncruryr Guodusuxu CO PAH
Poccuiickas ®enepanms, 660036, r. KpacHospck, Akagemropook, 50/50
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Poccuiickas ®enepamms, 660037, r. KpacHospck, mpocn. uM. ra3. «KpacHospckuii pabounii», 31
*E-mail: yegormorozov(@ibp.ru

B Unemumyme 6uogusuku CO PAH paspabamvigaemcs usuueckas s5KCNepuMenmanbhas Mooeib 3aMKHYMOoU
axocucmemul (OM33), mooerupyroweii maccoobmeHHbIe NOMOKU 8 NPUCYMCMEUU PACUEMHOU 00U Memaboauzma ye-
nosexa. Modens coz0ana ¢ yenvio npoepKi COBMECTUMOCIU 36€HA 8bICUUUX PACEHUTI ¢ pazpadamuléaembimu 6U0I0-
SUYECKUM U PUBUKO-XUMULECKUM 36EHbAMU NEPEPpabomKu Op2aHUYecKux omxo008. B amoil cesizsu IM3D ne cooepaicum
6 cebe pa0 BCNOMOAMENbHBIX PeaKmopos (PA3N0NCEHUS MOYEBUHBI, HUMPUDUKAYUU AMMUAKA U CUHME3d NepeKucu
6000p00a), HENOCPEOCMBEHHOE B3AUMOOCIICIBUE KOMOPLIX C PACIUMETbHbIM 36€HOM TUOO UCKTIOHUEHO, Tub0 He Hecem
He2amugHo20 8030elicmeus Ha Kyrbmusupyemvle pacmenusi. Omcymcemeue nepeducienivlx peakmopos eeoem k oucoa-
JIGHCY NOMOKO8 GeWecms 6 cucmeme, 8 YACHMHOCHU, 00pasyemcst u3Oblmo4HbLL KUCIOPOO 6 pe3ylbmame npoyecca
«MOKPO20» COHCULAHUSL OPLAHUYECKUX OMX0008 8 NePeKUCU 6000poda. [lisi KOMReHcayuu MOOEIbHO20 2A308020 OANAHCA
Pazpabamuvleaemcst CReYUALbHbIL 2A308blil KOHMYP, 8 KOMOPOM KUCIOPOO YOANAEmCs NymeM Ces3bl6aHUsL ¢ 6000POOOM,
NOLYHAEMbIM INEKMPOIUZOM BHECUCTHEMHOU 00bl. [l ynpaeienusi OAHHbIM NPOYECCoM paspabomana cucmema
ABMOMAMUYECKO20 KOHMPOJIsL KOHYSHMPAayuu 2a3os, no360as10uas 0e3 npucymcmeus onepamopa noooepicusans
KOHYeHmpayuro 6000pooa 6 6e30nacHom ouanazome, OCMAHABIUBAMb NPOYECC NPU OOCMUNICEHUU 3A0AHHOU KOHYEH-
mpayuu KUCiopood, a maxdice 3anucbléams NOKA3AHUs OAmMYUKo8 6 6a3y OaHHbIX Osl OanbHelueli oopabomxu. [lomu-
MO NPeONOACEHH020 MEMOA0N0UYECKO20 Noox0o0a 8 pabome ¢ IM3I paspabomannas cucmema ynpasieHus MOdiCem
ObIMb UCNONBL30BAHA 8 NOTHOMACULINAOHBIX OUOMEXHUYECKUX CUCTeMax dcuzneobecneyenus 0 KOHMPOIs COCMagd
KUCTIOP00/6000podcodepaicaujeti 2a3060t cpedbl 8 2A306blX KOHMYPAX OpPY2uX (Qu3UKO-XUMUHYECKUX MEXHOA0SUUECKUX
npoyeccax, Hanpumep, NPu CUnmese NePeKUc 000po0a U HUMPUDUKAYUY AMMUAKA.

Kniouegvie cnosa: 3amxnymeie cucmempl scusHeobecnederuss, Kpy208opom, «MOKpoey Cocuzanue, agmomamusayus,
nepepabomka omxo0008, AHAIU3 2a3d, KOHMPOLb COCMABA AMMOCEepbi.

AUTOMATIC CONTROL SYSTEM OF O; AND H, CONCENTRATIONS IN TECHNOLOGICAL
GAS CIRCUITS OF BTLSS SPACE APPLICATION

Ye. A. Morozov'*", S. V. Trifonov'?, A. V. Murygin®, A. A. Tikhomirov'?

'Institute of Biophysics SB RAS
50/50, Akademgorodok, Krasnoyarsk, 660036, Russian Federation
“Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
*E-mail: yegormorozov@ibp.ru

The Institute of Biophysics SB RAS is developing a physical experimental model of a closed ecosystem (EMCS)
simulating mass-exchange flows in the presence of a calculated proportion of human metabolism. The model is de-
signed to check the compatibility of the higher plant link with the biological and physicochemical links in the process-
ing of organic wastes that are being developed. In this connection, the EMCS does not contain a number of auxiliary
reactors (decomposition of urea, nitrification of ammonia and synthesis of hydrogen peroxide), the direct interaction of
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which with the plant link is either excluded, or do not have a negative impact on cultivated plants. The absence of these
reactors leads to an imbalance in the flow of substances in the system; in particular, excess oxygen is formed as a result
of the process of “wet combustion” of organic wastes in hydrogen peroxide. To compensate for the model gas balance,
a special gas circuit is developed in which oxygen is removed by binding to hydrogen obtained by electrolysis of off-
system water. To control this process, an automatic gas concentration monitoring system has been developed that
allows maintaining the concentration of hydrogen in a safe range without an operator's presence, stopping the process
by achieving the required oxygen concentration, and also recording the sensor readings into the database for further
processing. In addition to the proposed methodological approach, the developed control system can be used in full-
scale biotechnical life-support systems to monitor the oxygen / hydrogen composition of a gas medium in a gas circuit
of other physicochemical processes, for example, in the synthesis of hydrogen peroxide and ammonia nitrification.

Keywords: closed life support systems, turnover, wet combustion automation, waste treatment, gas analyses, atmos-

phere composition control.

BBegenue. B Hucturyre Omodpmsuku CO PAH,
roe Haxomurcs OazoBas kadenpa 39C Cubl'yY wum.
M. @. PewerHeBa, BeAyTCs 3KCHEPUMEHTHI 1O TPAHTY
PH® 14-14-00599(IT) ¢ skcmepuMEHTaIbHOW MOJEIBIO
3aMKHYTOH 3KocucteMbl (OM33) [1-9]. Lensio 3kcre-
PUMEHTOB SIBJISICTCSI TECTUPOBAHUE COBOKYITHOCTH TEXHO-
soruil HoBoro nokosieHus [10] 1 BoBIeYEHUS OTXOAOB
JKU3HEIEATENIbHOCTH YeJIOBeKa B KPYrOBOPOT OMOTEXHU-
yeckod cucteMbl kusHeoOecreueHus (BTCXKO) [2; 3]
B T€UEHHE HECKOJIbKHX MecsieB. DM3D BKIIOYAEeT 3BEHO
BBICHIMX pacTeHuil U umutupyer 6 % razooOMeHa yeno-
Beka U 8 % MaccooOMeHa ¢ BOBJICYEHHEM B HETO OPraHU-
yecknx oTxon0B. OIHOM U3 3aJad JaHHOTO SKCHEPHMEH-
Ta SBISETCS TPOBEPKAa IWHAMUKH COCTaBa aTMoc(epsl
3aMKHYTOM KaMephbl ¢ KOHBEHEPOM KYyJIbTYPHBIX PACTEHUI
C LIEJIBIO ONPENENIEHNs BO3MOXKHBIX MOTEHIMAIBHO OIac-
HBIX Ta30BBIX MUKPOIPUMECEH [7] B HAKOIUTEIHHOM pe-
xuMe [2; 3] A5t IIaHUPYEMOro TOJIHOMACITAOHOTO JKC-
nepumenta BIOC-4, BKIIIOYAIONMEro 4eaoBeKa, a Takxke
UCCJIEJIOBAaHNsI BO3MOXKHBIX JAMCOANaHCOB T'a30BOrO CO-
craBa. B ciywyae oOHapyXeHHs TakOBBIX HEO0XOIMMO
OyZeT NpeasIoKUTh IMYyTH UX YCTPaHEHHUS.

Jns yTunu3anuy IUIOTHBIX M OKUAKHUX BBLICICHUN
genmoBeka B OM3D HCHOIB3yeTCsl METO «MOKPOT0» CIKH-
raads B BogHOM pactBope H,O, mox neiictBuem mepe-
MeHHOTO TOoKa [4; 5]. JIo cMX TOp OTKPHITBHIM SBIISIETCS
BOIIPOC METO/OB CHHTE3a MEPEKUCH BOJOPOAA Ui pado-
ThI peaktopa [10]. B manHOI SKCIIEpUMEHTATLHON MOJIe-
mm 39C, paccyMTaHHOW Ha BKIIIOYEHHE JIOJIM MeTaboIH3-
Ma 4eJoBeKa, MEPEeKUCh BOJOPOJa BHOCWIACH H3BHE,
YTO MPHUBOIUIO K BBIICICHUIO M30BITOYHOTO KosmuecTBa O,
B arMoc(epy KaMepsl IPH YTHIM3aLlUN OTXO/I0B YeJIOBe-
Ka. DTO CBA3aHO C TEM, YTO NP OKUCIEHUH OTXOJIOB I10-
panka 20—40 % H,0, pacnianaercst 10 BOABI U KUCIOPOAa,
HE BCTymHas B PEAKLHIO C OPraHHYECKHM BellecTBOM. B
MIOJTHOMACIITA0OHOH cHCTEME 3TOT M30BITOUHBIN KHCIOPO.
OyZeT BHOBb MCHOJB30BaH ISl CHHTE3a MEPEKUCH BOJIO-
poxa.

Juia perymsamun razoo0MeHa mo kuciaopoxy B OM30
HeoOXxomuMo pa3paboTaTh (PU3MKO-XUMUYECKHH METOJ
¢uKcanuM KHCIOpoga M3 ra3oBoil cpeibl. B kauectse
TaKoro croco0a MpeIoKEeH KOHTYp INepepaboTKU Ira3oB,
B KOTOpOM Pl36])ITO‘IH]:ll7[ KHCJIOPOA KaTaJIUTUYCCKU CBs-
3BIBAETCS C BOAOPOJIOM, MOTYIaEMbIM JJIEKTPOIN30M BHE-
cucteMHOW Boxbl. [lanmee cuHTe3npyemash BOJa MOXET
MEpPHO M3BIMATHCSI U3 CHCTEMBI, U TAaKUM 00pa3oM H30bI-
TOYHBIH KHCJIOPOJ B COCTaBE BOABI BBIBOJUTCS U3 Macco-
oOMmeHa. s perysimuy KOHIIEHTPAIMi Ta30B B TaKOM
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ra30BOM KOHTYpE W TPEAOTBPAIICHUS NETOHAIIMHA B3PHI-
BOOINACHOM B IIMPOKOM JMAaIa30HE KOHLEHTPALU cMecu
O, u H, momkHa OBITH pa3paboTaHa CHCTEMa aBTOMATH-
YECKOTO yIpaBJIeHHs] pPabOTOH KOHTypa mepepaboTKu
ra3oB, COCOOHAs CHM)KAaTh KOHIIEHTPAIHIO KHCIOPOa 110
3a/IJaHHBIX 3HAYEHUI1 B 0€301IaCHOM peXHnMe.

Llenpto AaHHOTO HCCIIEIOBAHUS SIBIISIETCS OIpeAeie-
HUE KUHETHYECKHX XapaKTEePUCTUK KaTATUTUYECKOTO
Ipolecca CBSI3BIBAHUSI KHCIOpOJa € BOJOPOIOM B Ta3o-
BOW cpelle W CO3/laHME CHUCTEMBbl aBTOMAaTHYECKOTO KOH-
TpoJist pabOTHI KOHTYpa IEPepadOTKH I'a30B.

Kontyp nmepepadorku ra3oB. {1 onpeneneHus Ku-
HETHYECKUX XaPaKTEPUCTUK KATAIUTHIECKOTO IIporecca
CBSI3BIBAaHHA KUCIIOPOJA C BOJOPOIOM OBLI CO3aH dKCITe-
PUMEHTAJIbHBIN I'a30BbI KOHTYp, B KOTOPOM I'a3 U3 peak-
TOpa «MOKPOTO» CKHranusi pabounmm oO6bemoMm 0,25 i
nocie ¢uUKcaMu amMMuaka B kuciore [7] mocrymaer
B ras’rojbAep, NOAKIIYECHHBI K 3aMKHYTOMY KOHTYpPY
nepepabotku rasza (puc. 1). B koHType ra3 1upKyJIupyer
¢ 3agaHHOll ckopocThio (1 JI/MUH) NpPU UCTIOJIB30BAaHUU
Hacoca ¥ poTaMeTpa. M30bITOYHbIH KUCIOPOA pearupyer
C BOJIOPOZIOM B KaTaINTHYECKOH Kamepe oObeMoM 35 mit
3a CUeT KOHTAKTa C TUIATHHOBBIM KaTaJIM3aTOPOM ILIOIIA-
a0 80 cM’, HarpethiM 10 Temmeparypbl 600—650 °C.
Ha nmaTuHOBOM KaTamu3aTope TakkKe MPOUCXOIUT OKHUC-
JICHWE OPTraHMYECKUX MPUMECEH 3a MCKIIOUEHHEM MeTa-
Ha, HAaKOIUIEHHE KOTOporo B OM3D B TeueHHE HECKOJIb-
KHX MECSIIEB HE NMPHUBOIUT K HETAaTHBHOMY BIUSHHUIO Ha
pacTeHus, a ero KoHIeHTpanus He npessiaer 0,1 00. %
B OM3D mnpu ee (QyHKUMOHMPOBAaHMM B TEYEHHE TOa.
[TapaMeTpbl KaTaJIUTHYSCKOW KaMmepbl O00OCCICUHBAIOT
BpeMsi KOHTakTa C KaTaJM3aTOpoM B TEUeHHE 2 C IpH
CKOPOCTH IIPOTOKa ra3a 1 j/MuH.

Bonopox nocrynaer B koHTyp n3 U-o0pa3zHOro siek-
Tponm3epa, ooseMoM 350 M, B KOTOPOM COIEPIKHUTCS
BoaHkI pactBop KOH ¢ xoHnenTpanueit 355,8 r/n. Cuna
TOKa, MPOXOMASAIIETO Yepe3 MIEKTPOIN3EP, B COOTBETCTBUI
CO BTOPBIM 3aKOHOM 3ieKTpoxumuu [11] mpomoprwmo-
HaJIbHA CKOPOCTH IIOCTYIUICHHS BOJOPOZAa B KOHTYD
W B YCJIOBHSIX CTal[MOHAPHOW KOHIIEHTpALWHK BOJOPOJA
OIIpeeIsIET CKOPOCTh CBSA3BIBAHHS KUCIOPO/Ia.

Jluist orpeziesieHusi 3aBUCUMOCTH CKOPOCTH (DHKCALHN
KHCJIOPOZA OT CHJIBI TOKA B 3JIEKTpOJIn3epe ObLI MPOBEICH
HKCIIEPUMEHT IO CHIDKCHHIO KOHIEHTpaLWH KHUCIIOpoja
B 5 J1 Ta3a B peKUME CTALMOHAPHOI KOHIIEHTPALUH BOIO-
poma — 1,45-1,50 06. %. [y obecriedeHns: TaHHON KOH-
HEHTPAIMd BOJOPOAA HYepe3 AIICKTPOIH3Ep IMPOIMYyCKaIH
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Tok 1,5 A. UroOsl n3bexars 3dexra BIUSIHUS U3MEHE-
HUs o0beMa Ta3a, KoHueHTparuioo O, cHmkamm ¢ 20
70 18 06. % (puc. 2). Pe3ynbTaTsl TaHHOTO 3KCIIEPUMEHTA
MIOKA3aJIM, YTO 3aBUCHMOCTh CKOPOCTH (PHKCAIIMX OT TOKa
cocraBmsger 0,09 n/(a-A). Takum oOpa3oM, MOKHO pac-
CUUTATh CHITy TOKa B JIEKTPOJIHM3EpE, HEOOXOIUMYIO IS
CHW)KEHHSI B TEUCHHE CYTOK KOHIEHTPALUKM KHUCIOPOZa B
CYTOYHOH HOPME ra3a U3 peakTopa «MOKpPOTr0» CKUTAHHMS,
nocrymnatomiero B SM309.

Jns moanepxaHus 3alaHHOW pacyeTHOW JOJIM METa-
0oM3Ma YeoBeKa B MaCCOOOMEHHOM Iukie OM33 tpe-

Oyercst exxecyTouHas nepepadoTka 250 My pacTBopa 3K-
30METa00INTOB YEIOBEKa U MepeKucH Bogopoaa. O0vem
BEIJICJIAIONIETOCS Ta3a MpHu MuHepanmu3anuu 250 M 1aH-
HO# cMmecH cocrtasiisieT 18 £ 1 1. B ero cocras BXoaur B
OCHOBHOM kuciopox (68 06. %), Bomopon (28 06. %) u
yraexucnsii Ta3 (4 06. %), a Taxke MPUMECH JIETYIHX
OpraHWYecKuX coeauHeHui [7]. [[nsi cCHWKEeHUs KOHIICH-
Tpauuu kucnoponaa ¢ 68 no 10 00. % B manHOM 00BEME
ra3a B TEUYCHHE CYTOK, B YCJIIOBHSIX CTAllMOHAPHON KOH-
LEHTPAIMU BOJOPOAa HEOOXOIMM TOK B IJICKTPOJIH3EpE,
paBHBI 6 A.
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Fig. 1. Scheme of the installation of the gas processing circuit from the “wet” combustion reactor
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Fig. 2. The kinetic characteristics of the catalytic process of oxygen binding to hydrogen
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Cucrema aBTOMATH4YeCKOr0 KOHTPOJS PadoThl
KOHTypa nepepa6orku ra3os. Cmecs O, u H, B3psIBO-
OllaCHa B IIMPOKOM AMANa3oHE KOHIEHTpamuid — oT 4
1o 70 06. % Bomopoaa. IloaToMy I mpenOTBpaILeHUs
B3PBIBOB B IPOLIECCE CBS3BIBAHUS KUCIOpOAa Oblia opra-
HU30BaHA CHUCTEMa KOHTPOJII KOHLEHTPALMM BOJOPOAA
B ra30BOM KOHTYpE ITOCPEICTBOM BKIIFOUEHHS W BBIKIIIO-
YeHHs ODJISKTPOJIM3Eepa B 3aBHCHUMOCTH OT IIOKa3aHHH
natauka Bomopoaa (cM. puc. 1). Ilpomecc mepepaboTku
ra3a 3aBepIIacTCs IpH AOCTIDKEHUN 33JaHHOTO 3HAYCHHUS
KOHIIGHTPALIMK KUCJIOPO/Ia B COOTBETCTBHU C ITOKA3aHHUSIMHU
JaTauka Kuciopoaa (cM. puc. 1): IpOUCXOAUT OTKITOYE-
HHUE 3JIEKTPOJIN3epa, KaTaIUTHIECKOH KaMephl M Hacoca.
Anroput™ pabOThl aBTOMAaTHYECKONH CHCTEMBI NPEJCTaB-
JIeH Ha puc. 3.

AnmapaTHO-IPOTPaMMHBIH ~ KOMIIIEKC  BBITTOJHEH
¢ momolinsio patunka «Bepba-I» cepun UI'C-98 nucnon-
Henust 009, npeqHa3HaueHHOTO YISl HEMPEPHIBHOTO aBTO-
MaTHYECKOTO W3MEPEHHs KOHIICHTPAllMd BOXOPOAA, M
npatuuka «Knesep-I» cepun UI'C-98 ucnomnenus 021,

MPEHA3HAYCHHOTO JIJIsl HETPEPHIBHOTO aBTOMATUIECKOTO
M3MEPEHUsT KOHIICHTpauuu Kucioponaa (puc. 4). /laHHbie
JATYMKUA TOJKITIOYEHBI K CHCTEME KOHTPOJISI 3ara3oBaH-
HocTH A-4M, npeHa3HauYeHHON ISl HEMPEPBIBHOTO KOH-
TPOJISL ¥ U3MEPEHUS YHUCIICHHBIX 3HAYEHHI KOHIICHTPAIHIA
ra3oB B atMocgepe pabdoueii 30HbI (puc. 4). s otcie-
JKUBaHUSI U (PUKCAMK B 06a3y MAHHBIX MMOKA3aHU C JaT-
YHKOB B PEAJIbHOM BPEMEHH OBUIO OCYIISCTBICHO MO-
KITIIOYeHHE K KoMmbioTepy yepe3 COM-nopT ¢ MOMOIIBI0
KoHBepTepa curHama RS232-RS485 [12]. dns nanpHeH-
e 00paboTKM HEOOXOMUMBIC TIOKa3aHUs U3 0a3bl JaH-
HBIX MO’KHO BbIBeCcTH B (paitn Microsoft Excel [13].

DKCIEPUMEHTBI, MOJCIUPYIOIIUE MOPOTOBBIE YCIIO-
BUSI, C OJIEKTPOJIU3EPOM M JaTYUKAMU Ha BOJOPO.
M KHUCJIOPOJ TOKa3ald, YTO CHCTeMa aBTOMATHYECKOTO
KOHTPOJISI CIIOCOOHA YCIENIHO MOJAePKUBATh KOHIICH-
Tparmto H, B KOHType B 0€30macHOM JHAaIa3oHE
1,5-2,5 00. % (puc. 3) u 3aBepmiaTh paboTy KOHTYypa
MpH JOCTH)KCHUW [ENCBOr0 3HAYCHUS KOHICHTPAIHH
KHCJIOPO/a.

Hauamo
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Puc. 3. AJ'IFOpI/ITM pa6OTLI aBTOMATHYECKON CUCTEMBI YyrpaBJICHUSA KOHTYPOM nepepaGOTKH rasa

Fig. 3. The algorithm of the automatic control system of the gas processing circuit
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Puc. 4. ®parmMeHT cHCTEMBI aBTOMAaTHYECKOT0 KOHTPOJISI paboThI KOHTYpa MepepaboTKH Ta30B:
1 — ynbT KOHTpOIIs A-4M; 2 — poramerp; 3 — naTuuk kuciopona «Kuesep-/1»;
4 — natunk Bomopona «Bepba-/I»; 5 —karanuruueckas kamepa

Fig. 4. Fragment of the automatic control system of the gas processing circuit:
1 — control panel A-4M; 2 — a rotameter; 3 — oxygen sensor “Klever-D”;
4 — hydrogen sensor “Verba-D”; 5 — catalytic chamber

3akiioueHue. bBbIT CKOHCTPYHpOBaH 3KCIEPUMEH-
TaJIbHBII KOHTYp IepepabOTKH ra3a U3 peakropa «MOKpO-
r0» CXKHMI'aHUSl M CO3J]aHa aBTOMATH3MPOBAHHAs CHCTEMa
KOHTPOJISl KOHIIEHTPALIMH I'a30B B JaHHOM KOHType. DKC-
MIEPUMEHTHI 110 OINPEJENICHUI0 KHHETHYECKUX XapaKTepH-
CTHK KaTaJIMTHYECKOTO CBS3BIBAHMS KHCIOPOAA C BOMO-
POJIOM TIOKa3ajH, YTO ISl CHYDKCHUS! KOHIEHTPAIUU KH-
cJIopojia B CyTOUYHOM HOpMeE ra3a M3 peakTopa «MOKpPOTo»
CKUTaHMs, TocTynatomero B OM3D3, tpebyercs TOK B
ANeKTpoam3epe, paBHBIN 6 A. JlaHHOE 3HAYCHHE JCHCTBU-
TEJIBHO NJIS1 YCIIOBUM CTallMOHAPHOM KOHUEHTpPALUu BO-
J0poJa, KOTOpast MOXeT OBITh yCTaHOBJICHA IIyTEM IIO-
BBIIICHHS CKOPOCTH MOTOKA ra3a 1o 4 J/MUH U AOCTaTO4-
HBIM BpeMEHEeM KOHTakTa ¢ KartainuzaropoM. [lomnepika-
HHUE KOHLEHTpPAlMU BOAOpOJa B O€30IIaCHOM Juara3oHe
3HauYeHH (B Cilydyae BBIXOJa KOHTYypa IepepaboTku rasa
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U3 CTalMOHApHOTO pEeXHMa) 3aBeplIeHHEe IIpolecca
U COXpaHEHHME AAHHBIX AWHAMUK KOHLEHTPALUH ra3oB
MOXET OBITh OCYILIECTBIEHO pa3paboTaHHOW aBTOMATH3H-
POBAaHHOW CHCTEMOH KOHTPOJIS KOHIIEHTPALIUH Ia30B.

Co3aHHasi cUCTEMa KOHTPOJIS KOHLIEHTPALUWi BOJO-
poAa M KHCIOPOAa MOXET OBITh TaKKe HCIIOJIb30BaHA
B 3aMKHYTBIX Ta30BBIX KOHTypax Jpyrux Qusnko-
XMMHYECKUX TporeccoB mnoiHoMaciuTadueix BTCXKO,
TpeOyIOIUX ONpENEICHHBIX KOHIEHTPALUH JaHHBIX Ta-
30B. Hampumep, pa3pabarbiBaeMble Tponecchl HUTpUDHU-
Kanuu amMmmuaka [14] u cuaTe3a mepexucu Bomopona [15]
MOT'yT TpeOOBaTh MOBBIICHHBIX KOHLEHTPALMH KUCIOPO-
na [16]. TIpu cooTBeTCTBYOIIEM aIropuTMe paboThl CUC-
TE€Ma KOHTPOJs CIOCOOHA MOAJCPKUBATH NaHHBIE MPO-
1ecchl, odecreynBas cogepiKaHue KUCIopoa B IIpeaeiax
TpeOyeMoro Auana3oHa.
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BaarogapHocT. PaGoThl M0 CO3MaHUIO 3KCIIEPUMEH-
TaJILHOTO KOHTYypa MepepaboTKu ra30B ObLIH BBITOJHCHBI
pu (UHAHCOBOH MOANepKKe rpaHTa Poccuiickoro Hayd-
Horo ¢oHna (mpoekt 14-14-0059911) 8 UB® CO PAH.
PaboTbl 1O co3maHMIO LUQPOBOH CHUCTEMBI 3aIlUCH
JaHHBIX JaTYUKOB KOHTypa HepepabOTKU ra3oB BBINOJ-
HEHbl B paMKaX pealu3aldd HWHTErPalMOHHOTO
npoekta Ne 5 (6s10k Ne 4) CO PAH u rocynapcTBeHHO-
ro 3aganua Ub® CO PAH mo teme Ne 56.1.4. Ha
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FEATURES OF SYNTHESIS OF COMPOSITE MATERIAL BASED
ON SILICON DIOXIDE AND CARBON NANOTUBES

M. M. Simunin '
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Today, there are many papers showing the effectiveness of the use of carbon nanotubes as additives to composites.
Their use in polymers is especially successful, but the efficiency of their use in ceramics poses many questions. The aim
of the work was to study the effect of the addition of carbon nanotubes on the properties of ceramics. For this purpose,
pure silica, obtained by the hydrolysis of tetraethoxysilane in an alkaline medium, was taken as a model. The obtained
granules of the material were well sintered at 900 ° C and it was decided to compound this material with carbon nano-
tubes. Depending on the method of introducing, the result turned out to be diametrically opposite. Nanotubes intro-
duced during the synthesis of silica played a role in the formation of silicon dioxide grains and effectively compacted
the material, increasing its hardness. On the contrary, nanotubes grown in ceramic pores wedged the grain of silicon
dioxide, making the material softer. In the first case, it is important to note that the synthesis of ceramics is not affected
by the synthesis of nanotubes. In turn, nanotubes always affect the process of forming ceramics. This influence leads to
a change in the structure of the grains of ceramics, and as a consequence of the mechanism of interaction between
them, which in turn changes the density and strength of the ceramics.

In the second case, in order to grow nanotubes in the pores and cavities of the ceramic material, one must first im-
pregnate the ceramic material with a catalyst. Thus, there is a requirement for a precursor of the catalyst — the absence
of its interaction with ceramics. The second requirement is for inertness of the ceramics, both to the catalyst and to the
entire synthesis process. In addition, it is necessary that the structure of the pores does not change during the synthesis,
i.e. they did not close during the synthesis of nanotubes, but provided transportation of the starting materials and reac-
tion products.

Therefore two mechanisms that affect the formation of a composite ceramic material have been described. The
described composite can be used in the rocket and space industry for compounding ceramic fairings and thermal insu-
lation.

Keywords: quartz ceramics, carbon nanotubes, composite materials.

OCOBEHHOCTH CUHTE3A KOMITIO3UIIMOHHOT'O MATEPHUAJIA
HA OCHOBE JUOKCHJA KPEMHUSA U YIJIEPOJHBIX HAHOTPYBOK

M. M. Cumynun

'®enepanbHblit HccnenoBaTenbekuii eHTp «KpacHospckuii Hayunsrii neatp CO PAH»
Poccutiickas @eneparms, 660036, r. KpacHosApck, AkageMropoaok, 50
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Ha ceeo0nswnuii Oenv cywjecmsyem MHONICECMB0 pabom, NOKA3LI8AIOWUX IPPeKmueHocms UCHObI0BAHUA Yaie-
POOHBIX HAHOMPYOOK 8 Kauecmee NpUcaoox Kk komnosumam. OcobenHo yOauHo Ux npuMeHeHue 8 Noaumepax, 0OHAKO
aphexmusHocms UX UCNONL306AHUA 8 KEPAMUKAX OCMAGIAEM MHO20 80npocos. Llenb cmamuvu — usyuenue e1uaHus 0o-
Oasxu y2nepoOHbIX HAHOMPYOOK Ha ceolicmea Kepamuku. /s amozo 6 kauwecmee MoOenbHOl cpedbl ObLl 835 YUCTHbLL
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Texnonozuueckue npoyeccost u mamepuaiiol

KPEeMHE3EM, NOTYUEHHbIN MeMOOOM 2UOPOAUZA MEMPAIMOKCUCUTARA 8 WelouHOl cpede. Tlonyuennble epanyivl Mame-
puana xopouto cnexanucy npu 900 °C, u 6bL10 peuteHo KOMRAyHOUPOSams Mom MAmepual yenepoOHbIMU HAHOMPYO-
Kamu. B sasucumocmu om cnocoba géedenust pe3yrvmam oKkazaics OUaMempaibio RPomueononodcHvim. Harompyoru,
6800UMbIe 8 NPOYecce CUHME3d KPEMHEe3EéMA, uspaiu poib 8 opMupo8anuu 3épeH OUoKcuod KpemHust u 3¢hekmueno
VILOMHAU MAMEPUAT, NOGbIUAsL e20 meeépoocmb. Hanpomue, HanompyoOKu, suipaweHtble 8 NOpax Kepamuki, packiu-
HUBAAU 3EPHA OUOKCUOA KPEMHUSA, OMUE20 MAMEPUAL CMAHOBUICS MAzue. B nepsom criyuae sasxcno ommemums, umo
Ha npoyecc GopMupo8anus KEpaAMuKY He GIusem CUHme3s HaHompyook. B ceoio ouepeds, nanompybku écezoa eénusiiom
Ha npoyecc opmMuposanus Kepamuxu. Dmo GuusHue npugooum K USMEHEHUr) CMpPYKMypbl 36peH Kepamuku u, KaK
crneocmeue, MexanusmMa 63auMOO0CliCEUs. MeXCOy HUMU, MO, 8 CE0I0 0Uepedb, MeHAen WIOMHOCMb U NPOUHOCHb
KepamuKil.

Bo emopom cnyuae, umobul évipacmums HAHOMPYOKU 6 NOPAX U RONOCMAX KEPAMUUECKO2O0 MAMEPUANd, HYNCHO
npescoe HanuMamy Kepamudeckuti mamepuan kamaiuzamopom. Takum o6pazom, 603HuKaem mpebosanue K npeKypco-
Py Kamaauzamopa — 3mo Omcymcmeue 3aumooelicmeust e2o ¢ Kepamukou. Bmopvim mpebosanuem, ouesuono, 6ydem
AGNAMBCS. MPebosaHUe K UHEPMHOCU KePAMUKU, KaK K KAmaiuzamopy, max u Ko écemy npoyeccy cunmesa. Kpome
mo2o, HeobxoOuMo, Ymobbl 8 NPoYecce CUHME3A He MEHIACL CIMPYKIMYpPA Nop, M. e. OHU He 3aKPbIBANIUCH 8 NPoyecce
cunmesa Harompyook, a 00ecne ueaI Mpancnopm UCXOOHbIX MAMEPUANos i NPOOYKIMOE PeaKyuu.

Taxkum obpazom, ObLAU ONUCAHBL 084 MEXAHUSMA, GIUAIOUWUE HA GOPMUPOSAHUE KOMAOZUMHO20 KePAMUHECKO20
mamepuana. Onuceléaemulii KOMROZUM MOXCem Oblb UCTONb306AH 8 PAKEMHO-KOCMUYECKO Ompaciu Oisi KOMINAYH-
OUPOBAHUSL KEPAMUYECKUX obmeKamenell u meniou30isayul.

Kniouesvie cnosa: Keapyeeast Kepamuka, yeﬂepodeze Haﬂompy61<u, KOMNno3umHusvle Mmamepuaibl.

Introduction. The unique properties of carbon nano-
tubes such as their strength and chemical resistance [1; 2]
determine the interest in their use as an additive to various
materials for the production of composites. At present
time, there are a lot of works [3—8] showing the efficiency
of the use of carbon nanotubes as additives to composites.
Their application in polymers is especially successful
[9-12], but the effectiveness of their use in ceramics
leaves many questions. For example, direct mixing of
ceramic particles with carbon nanotubes leads to a dete-
rioration in the strength of a composite with an increase in
the proportion of nanotubes [13] and only using them in
materials with a large proportion of the amorphous phase,
including glass and crystalline glass [14], increases the
strength of such a composite.

Materials used and experiment. Carbon nanotubes
were obtained from ethanol [15] on a [Ni (NH;)¢]Cl, pre-
cursor at a temperature of 600 °C.

As a model ceramics, we used quartz ceramics pro-
duced from a slurry of aqueous ammonia and tetracthox-
ysilane obtained by annealing in colloid suspension. The
structure of such ceramics is grains of amorphous SiO,
(fig. 1) with the size of 200-500 nm. Ceramic material
was obtained by hydrolysis of tetracthoxysilane followed
by sol-gel precipitation and annealing at 900 °C.

Since the efficiency of direct mixing of nanotubes
with ceramic particles does not always give an effective
result, and it is very difficult to achieve uniformity of dis-
tribution of nanotubes in this case, the authors used only
two methods, which guaranteed uniform mixing. On the
one hand, carbon nanotubes can get into ceramics during
its formation from a suspension, and on the other hand,
carbon nanotubes can already be placed in ceramics by
growing them in pores and cavities of the material.

To implant nanotubes into ceramics at the growth
stage, the following method was used. The nanotubes
were dispersed by ultrasound in 2-propanol to obtain a
stable colloid. Then dispersion containing 0.1 mas. % of
nanotubes was added to tetraethoxysilane in a volume

699

ratio of 1:10, respectively. After that, ammonia was added
to the mixture, and the suspension was recieved by
agitation. The suspension, after drying, was annealed
at 900 °C.

The growth of nanotubes in ceramics was provided by
introducing a catalyst into the pores of ceramics annealed
at 900 °C and was carried out at a temperature of 600 °C
from ethanol. The catalyst was added into ceramics
by impregnating the finished material with a precursor.

Results. In fig. 2 photographs of received materials
are presented. On the left, there is a composite obtained
by synthesizing ceramics in a dispersion of carbon nano-
tubes, on the right, there is a composite with carbon nano-
tubes grown in the pores of ceramics.

As you can see, with the same amount of substance,
completely different volumes of material are obtained. It
should be noted that the density of ceramics obtained by
synthesis from a dispersion with carbon nanotubes is less
than without nanotubes (or with nanotubes grown in the
pores of the finished ceramics). This decrease in density is
determined by the addition of carbon nanotubes during
the synthesis of ceramics and is explained by the fact that
carbon nanotubes, having a high specific surface, lower
the free energies of the formation of ceramics on their
surface. Thus, they act as a catalyst for the growth of ce-
ramics.

Measuring the hardness of ceramic composites clearly
indicate the hardening of ceramics obtained on carbon
nanotubes, compared with the original, at the same time,
the growth of carbon nanotubes reduced the strength of
carbon nanotubes (see table).

Vickers ceramic hardness

Type of ceramic Vickers hardness number

Without CNT 300 MPa
Ceramics made with carbon 1 GPa
nanotube dispersion

Ceramics with CNT grown in 200 MPa

pores
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Fig. 1. Quartz ceramics. Scanning electron microscopy

Puc. 1. KBapueBas kepamuka. PacTpoBast 31eKTpoOHHAST MUKPOCKOITHS

Fig. 2. Quartz ceramics, the samples of equal mass. On the left there is a composite
obtained by synthesizing ceramics in a dispersion of carbon nanotubes, on the right there
is a composite with carbon nanotubes grown in ceramic pores

Puc. 2. KBaprieBas kepamuka, 00pa3ibl paBHOM Macchl. CiieBa — KOMITO3UT, MOy YEHHBIN
CHHTE30M KePaMMKH B JUCIIEPCHH YIJIEPOAHBIX HAHOTPYOOK, CIIpaBa — KOMIIO3UT
C yIIIEpOHBIMH HAaHOTPYOKaMH, BBIPAILCHHBIMU B IOPax KEPaMHUKU

700



Texnonozuueckue npoyeccost u mamepuaiiol

A significant increase in the hardness of ceramics mnanotubes. That is in the colloid, the formation of silica
grown on the basis of carbon nanotubes (fig. 3, @) is ex-  particles proceeded not only in volume, but also on the
plained by the more dense structure of the original ce- surface of carbon nanotubes, which led to a significant
ramic grains, which was created by a matrix of carbon compaction of the entire material after annealing.

1 MEM

x60.0k

b

Fig. 3. Composite based on quartz ceramics:
a — ceramics obtained with carbon nanotubes; b — ceramics with grown carbon nanotubes in it

Puc. 3. Kommo3ur Ha 0cHOBE KBapIleBOil KEPaMUKU:

a — K€paMHKa, BeIpalllcHHAass Ha OCHOBE YITICPOAHBIX HaHOpr6OK;
60— Ke€paMHuKa C BbIpallIcCHHbIMU YTJICPOAHBIMU HaHOpr6KaMPI
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The decrease in the hardness of ceramics with carbon
nanotubes grown (fig. 3, b) compared to the initial one
can be explained by the deformations in ceramics that
occur with the growth of carbon nanotubes, which have a
wedging effect on grains.

Conclusion. In this work, carbon nanotubes were
placed in ceramics either during its formation from a sus-
pension, or by growing them in pores and cavities of ce-
ramics.

In the first case, it is important to note that the synthe-
sis of nanotubes does not affect the formation of ceramics.
Nanotubes always influence the process of forming ce-
ramics. This influence leads to a change in the structure of
the ceramic particles, and as a result of the mechanism of
interaction among them, which changes the density and
strength of ceramics.

. In the second case, in order to grow nanotubes in the
pores and cavities of a ceramic material, you should first
saturate the ceramic material with a catalyst. Thus, there
is a requirement for a catalyst precursor — the lack of its
interaction with ceramics. The second requirement is the
inertness of ceramics, both to the catalyst and to the entire
synthesis process. In addition, it is necessary that the pore
structure does not change during the synthesis, i.e. they
did not close during the synthesis of nanotubes, but pro-
vided the transport of starting materials and reaction
products.
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Ilpeocmaeneno obuee onucanue npoyecca npouzgoocmsea mpyoonposooos cioichou kongueypayuu (TCK). Mnuo-
20CMOPOHHE ONUCHIBAIOMCSL Y3KUe HANPAGNIeHUs. U CNeYUAIU3ayUY, NPUHUMAIOWUe 3HAYUMeNbHOe YUACmue 6 U320Mo6-
JIeHUU NPOCMPAHCMEEHHBIX MPYOONPOBOOHBIX CUCEM U ABNAIOWUECS OCHOBONOIALAIOUWUMY MEXHONOUAMU 8 OAHHOM
npoyecce. B xauecmee obvexma onucanus evicmynaem 6a306viti MoOyib pazeonnozo onoxa (BMPB), umeiowutl xax
2PANCOaHCKOe HA3HAYEeHUEe — BGbl00 NOJIe3HOU HAZPY3KU PAKEeMAMU-HOCUMENAMU CPEeOHe20 U MSIICeN020 KIACCO8
Ha 2e0CMAayuoHapHyo opoumy, mpaekmopuu, maxk u cneyuaivHoe Haznadeuue. I[Ipeomemom onucanus vicmynaem
Memoodonocus npoyecca 2ubKku mpyoonposooos. Cmamus noopazoeisemcs Ha 86edeHue, Yemvipe pasoeid, OnuUcblea-
wux Oaumwlll npoyecc, u 3axoyenue. Jfaémes 060CHO8anUe AKMYATbHOCTU PACCMAMPUBAEMOL MeMbl, Cmpameuye-
cKas gadicHocmb ompaciu u yeib. Onpedensiemcst 2ocyoapcmeennas nompebnocms ¢ BMPE 0ns msiicénvix paxem-
Hocumeneu «Aneapa-A5» wa oOnuscatiwee Oecsimunemue. Onucanvl QYHKYUOHAIbHbIE HABHAYEHUsT MPYOOnPO60006
BMPE u ¢nusnue napamempog pabouezo pesicuma KOMIOHEHMO8 8 mpyOonpoeodax Ha ux pamepvl u mamepuai. IIpo-
yecc no020MOBKY MeXHOA02UU NPOU3B00CMEa mpyoonposooa noopasoeiéH Ha 0eéamsv dMAnos. NoyueHue u npopa-
bomxka xoHcmpykmopckou 0okymenmayuu (K/[) 6 eude 2D-uepmediceli ¢ mexHuueckumu mpebosanusamu u pazmepamis,
KOHCIMPYKMOpPCKoe Mooeauposanue demanu 6 3D-modenv, onpeodenenue 060py008anus u3e0mosieHus 0emanu, mexHo-
Jl02UYecKds nO020MoGKa mpyoonpoeoda Kk 2ubke; Onepayusi HENOCPeOCMEEHHO20 U2OMOBIEHUsT NPEOSAPUMENLHO2O
uzoenust — dMAnoHa,; 0oMep pasmepos NOTYYEHHO20 IMATOHA, AHAIU3Z U PEeUEHUe BO3MOICHOCTU OANbHEUUEe20 UCHOb-
308aHUsL IMANOHA, KOPPEKMUPOBKA NPOSPAMMbL 2UOKU CIAHKA C YUCTOBbIM NPOSpamMmubiym ynpaeienuem (411Y) uepes
nonpagoyHvie Ko3ppuyuenmol, coopka mpybonpogooa 8 cocmase ClO0HCHO20 Mpybonpo8ooa no NHeEMOSUOPABIUYe-
CKOU cxeme ¢ OUPeKMUBHbIM ymeepocoeHuem mexuoaoauu. Onucan anrecopumm nOCMpoeHust Mooeiu mpyoonpogooa,
KOMOpbitl nOOpazoeilen HA 0e8imb OCHOBHbIX 9manog. [anee oaémcsi obwee onucauue npocpammHozo MoOyis
ona cmanka ¢ Y9IV eubku mpybonposodos. Paccmomper mexcOyHapoOHblil cmanoapm, pe2iameHmupyrowull paspa-
bomky npoepamMmHozo Mooy 0 cmaukos ¢ YI1Y, ¢ kpamkum onucanuem nocied08amenrbHOCMu NO020MOGUMETbHBIX
u 6cnomozamenvuvix Komano. Ilokasana cmpykmypHas cxema co30aHust Ynpasisiowen npoepammol mpyoocubounoeo
cmanka. B 3axmouenuu noxasamvl nepcnexmusHvle nanpasnenus pazgumus mexnonozuu eubxu TCK, 6 wacmnocmu,
yepes @HedpeHUe 8 NPOU3BOOCMBO HOBOU OCHACMKU — YHUBEPCATLHO20 MEXHOIO2UYECK020 nepexeama 2udku mpyo,
CReyuanbHol 2Ub0UHOL 20106KU € UHOVKYUOHHOU (DYHKYUEl, a makdice yepe3 co30anue YHUBEePCaibHo20 mexnpoyecca
euboxu TCK, nossonsiowezo ne npubecamv K CO30aHUIO HOBIX MEXNPOYECccos 01 mpybonpo8o0o6 pasHbix OUAMempoas,
ONUH, MAMEPUATIO8 U YYUMbBIEAIOUe20 0COOEHHOCIU PAOOMbl CAHKA.

Knouesvie cnosa: eubka mpybonposo0os cioxicHou Konguaypayuu, npocmpancmeentvie mpyoonpogoouvle cucme-
Mbl, 6a308blli MOOYIb PA320HHO20 ONOKA, Memo0ono2us 2ubKu mpyoonpoeooos, KOHCMPYKMOPCKAs OOKYMeHmMAayus,
CMAHOK € YUCTOBLIM NPOSPAMMHBIM YNPAGIEHUEM, NHEGMOUOPABIUYECKAS CXeMA, YNPABNAOUA NPOPAMMA O mpy-
002ub0UH020 CMAHKA, YHUSEPCANbHBIN MEXHON02UYeCKUll nepexeam eubku mpyod, cneyuanvHdas 2ubOOYHAs 20]106KA
€ UHOYKYUOHHOU yHKYUell.
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The paper presents a general description of the production process of pipelines of complex configuration (TSC).
Narrow directions and specializations that take a significant part in the manufacture of spatial piping systems (PTS)
and fundamental technologies in this process are described on a multilateral basis. The object of the description is a
base module of the upper stage (BMRB), which has both a civilian purpose — output of the payload by missiles carry-
ing medium and heavy classes to a geostationary orbit, trajectories, and a special purpose. The subject of the descrip-
tion is a methodology of the pipeline bending process. The article is divided into introduction, four sections describing
this process and conclusion. The beginning of the article provides a rationale for the relevance of the topic under con-
sideration, the strategic importance of the industry and the goal. The state need for BMRB for heavy launch vehicle
“Angara-A5 " for the next decade is determined. The functional assignments of the BMRB pipelines and the influence of
the operating parameters of the components in the pipelines on their dimensions and material are described. The proc-
ess of preparing the production technology of the pipeline is divided into nine stages: the receipt and study of design
documentation (CD) in the form of 2D drawings with technical requirements and dimensions; design modeling of a part
in a 3D model; definition of equipment manufacturing parts, technological preparation of the pipeline for bending, the
operation of the direct manufacture of the preliminary product — the standard; measurement of the size of the resulting
standard; analysis and solution of the possibility of further use of the standard; adjustment of the program of a flexible
machine with numerical control (CNC) through the correction factors; assembly of the pipeline as part of a complex
pipeline using a pneumatic-hydraulic scheme (CBC) with a directive technology approval. An algorithm for construct-
ing a pipeline model is described; it is divided into nine main stages. Then a general description of the software module
for a CNC machine and flexible pipelines are given. An international standard governing the development of a sofiware
module for CNC machines with a brief description of the sequence of preparatory and auxiliary commands is consid-
ered. A block diagram of creating a control program for a pipe bending machine is shown. In conclusion, the promising
directions of the development of the technology of flexible TSK are shown, in particular through the introduction of new
equipment into production: universal technological interception of pipe bending,; special bending head with induction
Sfunction, as well as through the creation of a universal process technology of flexible TSK allowing not to resort to the
creation of new technological processes for pipelines of different diameters, lengths, materials and taking into account
the features of the machine.

Keywords: flexible pipelines of complex configuration, spatial piping systems, base module of the upper stage, pipe-
lines bending methodology, design documentation, computer numerical control machine, pneumatic-hydraulic scheme,
control program for a pipe bending machine, universal technological interception of pipe bending, special bending
head with induction function.

Beenenne. AKTyanbHOCTh AaKTMBM3AallMM HAy4yHO-  CTBAa, HAA&KHOCTH, CPOKOB J3KCIUIyaTallud U C KOHKY-
UCCJIEeZIOBATEIbCKUX pabOoT, COBEpIICHCTBOBAHHMS KOHCT-  PEHTHOW cTOMMOCTHIO. COBOKYIHOCTh pa3padaThiBaeMbIX
PYKTOPCKHMX UM TEXHOJIOTHYECKHUX Pa3pabOTOK B PAKETHO- W BHEAPSEMBIX TEXHMYECKHMX PEIICHHH CHenualrucTaMy
kocmuueckolr ortpacin (PKO) nukem ne otpumaercs PKO Poccum mpoamsier rapaHThio 0e3ycioBHOIH He3bIO-
Ha (DOHE CIOXKHON BHEIIHEH BOCHHOW WM TUILIOMATHYC-  JIEMOW 00OPOHOCIIOCOOHOCTH CTPAaHHI.

CKOHM 0OCTaHOBKM B Mupe. Ha 3KOHOMHYECKHE CaHKIHH OmanM w3 BkIanoB AO «Kpacmamny B JaHHBIA TIpo-
U BCEBO3MOXKHOE BOoeHHO-monuTrdeckoe nasinenue CIIIA  mecc sBnsercs msroroBieHne BMPB st Tsokénpix paker-
Ha MpeanpHsITHs BOECHHO-NPOMBIIUIEHHOIO KOMIUIEKca  Hocutenel «AHrapa-AS». B Hacrosiiee BpeMs cyMMapHO
(BIIK) Poccun B otBer PKO cTaBHT 1ienb — COBEpPIIEHCT-  3aKII0OYEHO 12 KOHTPAaKTOB Ha MOCTPOMKY pakeT «AHTa-
BOBaTh TEXHOJOTHM TMPOM3BOJICTBA COBPEMEHHON BoeH-  pa-AS». Jlo 2027 roma myist 0OHOBICHHsI POCCHHCKON Op-
HOW TEXHUKH, B TOM YHCIE MyTEM yMEHBIICHUS 3aTpaT  OWTAIBbHOW TPYNITUPOBKH MOHAZOOWTCS mopsaka 27 myc-
Ha 00CIIy)KMBaHUE HCIIOJIb3yeMOW B IPOW3BOJCTBE OCHAa-  KOB pakeT «AHrapa-AS» [1].

CTKH CTaHKOB. HOBBIE TEXHOJIOTHYECKHE BO3MOXHOCTH DYHKIUOHAIbHbIE HAa3HAYEHUS] TPYOONMPOBOIOB.
B CBOIO OUY€pEe]b PACIIUPSAIOT NPOCTPAHCTBO Ui BHeApe-  OCHOBHOM  4YacThiO  H3TOTOBJIEHHMS  BBINIEYKAa3aHHBIX
HUSI KOHCTPYKTOPCKMX HOBAToOpcTB (B yacTHocTH, M3ro- BMPB (okomo 40 % oT Bcero o0bEMa MpoU3BOJICTBA) SIB-
TaBJIMBAaTh TPYOOIPOBOJBI HOBOMW, OOJiee CIIOKHOM KOH-  JIS€TCS HM3TOTOBJIEHHE TPYOONpPOBOJOB W HX COCTaBHBIX
(uUrypanuu 1 T. I1.) U IO3BOJISIIOT PEIlaTh SKOHOMHUYECKHE  YacTeld, OCHOBHBIE (PYHKINHU KOTOPBIX CIIEAYIOIIHE:
3a/a4ud — MPOM3BOJICTBO OOJIee COBPEMEHHBIX COCTABHBIX — momada cyxoro remus (—50 °C) mns ocymrky mHEB-
gacre#t (CH) m3nenuii ¢ odecrieuennem Tpedyemoro kaue-  Morunapasimaeckoit cuctemsl (III'C) ot Biary;
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— 110/1a4a M CJIUB T'eJus B OaJUIOHBL;

— I10/1a4a M CIIUB OKHCIHTENS B 0aKk «O»;

— T0J[aYa | CJIUB TOProYero B 0ak «I'»;

— yIpaBleHHE ApPeHaXEM, HaIIyBOM U oOecredeHue
BaKyyMOM CHCTEMBI TepMOYEXJIa;

— KOHTPOJIb JIaBjieHusl B 0akax «O» u «[»;

— momaya renus ¢ Oa/uIOHOB (HAXOISIIUXCSA B Oake
OKHCIIUTENS) B THEBMOIIUTOK IS

a) pabOThI aBTOMATHKH JIBUTATEIIS;

6) mpoayBKHU TPyOOIIPOBOIOB JBUTATENs;

B) OTKPBITHA KJIalaHa I0JIa4uu OKUCIHUTEIs OJ0Ka Io-
nauu okuciurens (bI10);

T') OTKPBITHS KJlallaHa I10/1a4uu roprodyero 0j1oka mnoja-
yu roprouero (BIII);

Il) HaoyBa «ropssarm» (OobInoit 00sEM) renrem Oa-
KOB «O» 1 «I'»;

— XOIomHas «pacKpyTkay» TypOuHBl Hacoca BIIO re-
TTHeM;

—nogada npoxykros cropanus u3 BI1O B BIIT ms:

a) packpyTku Typouns! Hacoca BIIT;

0) ynpaBiieHus COIIJIOM KpEHa;

— nojada okuciurens «O» (mepeoxiyiaxIEHHOIO Ku-
ciopoza) u3 6aka «O» B ra3oreHepaTop JBUraTels;

— 1os1a4a roprouero «I'» (CHHTeTHYecKOoro KepocuHa —
CHHTHHA) n3 0aka «I'» B ra3oreHeparop JIBUraTes;

— [0Jja4a CaMOBOCIDTAMEHSIOMIETOCs] KOMITOHEHTa (He-
CUMMETPHYHOTO AUMETIIITHAPA3WHA — TeNTHIa) U3 OJI0Ka
MHOTOKpaTHOTO 3amycka (BM3) B ra3oreneparop IBura-
TeIs;

— mojaya KOMIOHEHTOB cMech «O» (C M30BITKOM KH-
crnopona), «I'» u renTuina B KaMmepy CropaHus;

— cOpoc 0CTaTKOB IMPOJIYKTOB CropaHus («MSATOTO ra-
3a») U3 ABUTaTes;

— cOpoc ocTaTkoB KOMIOHEHTOB «O» 1 «[» u3 6akoB
HX XpaHEHHSI.

B 3aBHCHMMOCTH OT Ha3HAYEHMS U TEMIEpaTypHBIX Ma-
pameTpoB paboyero pekMMa KOMIIOHEHTOB B TpyOoIpo-
Boze, B KJI ompeneneHsl MaTepualibl M pa3Mepsl TPyoo-
mpoBooB. B AO «Kpacmam» mis komrekrauuun BMPB
M3TOTABIMBAIOT U3CTHUS U3 TOHKOCTEHHBIX TPYOOIpPOBO-
JIOB, TUaMeTpbl KOTOphIX oT U8 mo B80. OcHOBHBIE Ma-
TEpHabl, UCIOIb3yeMbIe MPH H3TOTOBJICHUH TPYOOIIpo-
BOJIOB — aJIIOMUHHUEBLIC CIJIaBbl U HEPIKABCIONIUEC CTaJIA
(12X18H10T-BJ), HMEIoIINe CBOU ¢usmko-
MEXaHUYECKUE CBOMCTBa BSI3KOCTH, TBEPIOCTH (IPYXKH-
HEHHS1), IPOYHOCTH U TIp.

OcHoBHbIE 3Tanbl MOATOTOBKH TEXHOJOTHM MPO-
H3BOJACTBA TPyOonmpoBoaoB. MeTonosorus pa3paboTKu
texnonorun npousBonactBa TCK mns BMPB cocrout u3
CIICIYIOIINX 3TAIOB:

1. Dtan momyuenust u npopadotku KJI ¢ TexHnIecku-
mu TpeboBanusamMu, pazmepoB TCK. Ha mannom atame KJI
«OI(POBBIBACTCA», a MONydYeHHAas WHGOpMAIH ITOMe-
1IAaeTCsd B AJICKTPOHHBIA apXuB, MPEACTABJISIOIIANA IPO-
rpaMMHO-annapaTHelii  kommuiekc ¢ PDM-cucremoit
Windchill (nmm nporpamma Lotsia PDM Plus), B cocras
KOTOPOTO BXOAUT BBICOKOIIPOU3BOJUTEIILHOE YCTPOUCTBO
XpaHeHus HHGopManum.

2. DTanm KOHCTPYKTOPCKOTO MOJEIMPOBAHMS JIeTaln
(B HameMm ciyvae — TpyOompoBosna) B 3D-mozens ¢ co-
XpaHEHHEM TIOYYeHHOTO pe3yJibTaTa B JICKTPOHHOM
apxuse. JlaHHYI0 pabOTy BHIIONHAIOT B iporpamme Solid
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Works (a Taxke B nporpammax Creo Parametric, «Kom-
nac 3D», AutoCAD Inventor, T-Flex) ¢ ncnosnszoBanuem
WHPOPMALIMOHHO-CIIPABOYHON CHCTEMBI, B TOM YHCIE
€IMHOM CHCTEMbl KOHCTPYKTOPCKOM JOKYMEHTalUu
(ECKI) uepe3 TexunolIPO. BonbmmHCTBO COBpeMEHHBIX
CAIIP-niporpaMM TpeXMEpPHOTO MOJACTHUPOBAHUS TIO3BO-
JSIOT TOCTPOWUTH TPYOONPOBOA, HCHOIB3YSd Oa30BBIi
(YHKIMOHAJT ¥ TUIIOBBIE OIIEPAIIH — 3TO JA€T OLyTUMOE
MPEUMYIIECTBO MO0 CPABHEHUIO ¢ PabOTON C OYMaKHBIM
4epTe:koM MU 2D-depTekHol MporpaMMoi U MO3BOJISET
n30exaTh MHOTUX ommbok. OmHako ropasmo Oosee 3¢-
(heKTHBHO TIPUMEHEHHE CIICLHATN3NPOBAHHBIX MPUIIOXKE-
HHUH, CO3JaHHBIX Ul pEIICHHs TakuxX 3ajady. B Takom
ciyyae  OOecHeuMBAaeTCsl MaKCHUMAJIBHBIA  BBIMTPBILI
B MPOU3BOIUTENFHOCTH M KQ4ECTBE IPH MPOCKTHPOBAHIH
TPYOOIIPOBOIHON KOHCTPYKIIMH 32 CUET M30aBICHUS KOH-
CTPYKTOpa OT MHOXECTBA PYTHHHBIX OTICpaIHi.

3. Dran ompeneneHust odbopynoBanus (st TpyOompo-
BO/a JIONyCKAETCS HCIOJBb30BaHUE TPyOOTHOOUHOTO
craaka ¢ UIIY), Ha KoTOpOM OyIeT W3rOTaBIUBATHCS Je-
Talb C TOCICAYIONICH pa3pabOTKON TEXHOJIOTHYECKOIo
nporecca (TTI) u pa3paboTKON CTAHOYHOH POTPAMMBI
MeXaHW4ecKkol 00paboTku mim rudku. I1pu onpenenennn
UCIIOJIb30BaHMs aBTOMATH3WPOBAHHOTO TPyOOrHOOYHOTO
cranka SB-63x4A-3S-V mist nporpaMMupoBaHus paboThI
ucnoxp3yercs nporpamma SOCO Bending Machine. IIpu
HETIOCPEJCTBEHHOM  IMPOTPAMMHPOBAHUU  IPOTPAMMEI
THOKH IS CTaHKa TOJB3YIOTCS KaK JEKapTOBOW CHCTe-
MOW KOOpIMHAT, TaK U «IOJSPHOI» CUCTEMON KOOpIHU-
HAT, ONHMCHIBAIOIICH M30THYTOE M3AETHE B KOOpIMHATAX
YBC (Y — mmHa npsMoro ydacTtka Mexay rubamu, B —
yroJ rnoopora TpyObl BOKpyr cBoeii ocu, C — yrox oye-
penHoro ruba). B mporpammy HenocpencTBEHHO 3aHO-
cuTcsl MHpOPMAIMs: TUaMeTp TPYObl, TPAeKTOPHS C IJIH-
HOH W pajycamMy TMOKHU IO HEHTPaJbHONW OCH 3arOTOBKH
¢ yu€TOM IapaMeTpoB OCHACTKU (IIOJIOKEHHE NPHKUMA,
JIOpHa, THOOYHBIX LITAMIIOB, CKOPOCTH MX PabOTHI | T. II.).
[Tocne 3aBepmieHHs CO3TAHUS MOJENH W OIpPEICIICHUS
HHCTPYMEHTAIFHONH OCHACTKH IporpaMma aBTOMAaTHUe-
CKHU TeHepupyeT ynpaistromuii [ISO-kox 1iist yripaBieHus
CTaHKOM B TIPOM3BOJICTBE 3ajaHHON Mojenu. [Iporpam-
MHCT MIPOCMATPHUBAET BHICOCUMYJIIIHIO MpoIiecca THOKH
3aJaHHOM MOJIEIM HAa BHUPTYyaJbHOM TPyOOrHOO4YHOM
CTaHKEe ¥ BHOCHT, €CJIU 3TO TpeOyeTcs, KOPPEKTHBbI, OpH-
CHTUPYACH Ha Ta6J'II/lLI])I KOOPAUHAT Ka)XA0ro U3 noABUIK-
HBIX DJJIEMEHTOB CTaHKa, a TaKXXe Ha YNPaBISFOLIMN
Kox craHka. [lociie 3TOrO MporpaMMy OTCBHUIAIOT HAa WC-
NIOJIHEHHE Ha pealbHOM TpyOornb6ouHoM cranke. daiin
MammHbl THOKK (XYZ mmu YBC/LRA), B koTOpOoM omu-
CBIBAaeTCS Tpacca TPYObI, KOTOPYIO CIEIyeT M3TOTOBUTH,
SIBIISIETCST TEKCTOBBIM (patimom. [TosToMy mpu HeoOXomu-
MOCTHU €€ MOYKHO HE TOJIFKO MPOCMOTPETh, HO i N3MEHUTH
cojepxkumoe (aiisia B TEKCTOBOM peIaKkTope.

4. Oran moarotoBku TpyOs K rudke. Ilepen rubxoi
Ha CTaHKE TPyOONpPOBOJ MOIBEpPrarmT [2]: OCMOTPY Mo-
BEPXHOCTH Ha IPEIMET KOHTPOJISI KauecTBa; IPOBEPKE
(PM3UKO-XMMHUYECKOTO COCTaBa Ha COOTBETCTBUE YKa3aH-
HOH MapKu Marepuaja (HECKOJBKO IITyK W3 IapTHH);
3aMepy T'€OMETPHUYECKHX IapamMeTpoB; 00€3KUPHUBAHHIO
MIOBEPXHOCTEH; pa3pe3ke TpyO-3aroTOBOK Ha TEXHOJIOTH-
YeCKYI0 IMHY (pa3MepoM, paBHBIM JJIMHE DPa3BEPTKU
COTHYTOTO TpyOOIIPOBOA C MIPHUITYCKOM Ha 00paboTKYy).
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Puc. 1. [Ipouecc rubku Ha aBTOMAaTH3UPOBAaHHOM cTaHke ¢ UITY

Fig. 1. The process of bending on an automated CNC machine

5. DTam BBIIOTHEHHS OIEPAIlldl U3TOTOBICHHS (THO-
ku) mznenus (puc. 1). 3arpy3ka nporpammbsl THOKH BbI-
MOJIHAETCS C MOMOLIBIO 3JEKTPOHHBIX IPOrPAMMOHOCH-
Tenell HemocpencTBeHHO Ha ctoiike YUIIY wepe3 meHro
BBOja. B mpomecce BepuduKanuy IMIporpaMmbl THOKH
(ycraHOBIIEHHE NPAaBUJIBHOCTH IPOTPaMMBI MTOCPEACTBOM
e€ ONBITHOW NIPOBEPKH) OIEpaTop CTaHKa Ha MOHUTOpE
croiiku YIIY NOJHOCTBIO OTCIIEKMBAET BECh IPOLIECC
THOKU.

IIpn BO3HWKHOBEHHH ONIMOOK (COymapeHue IeTaid
C arperaTaMu M CTAaHMHOI CTaHKa) CHCTEMa BBIIACT OTYET
C yKazaHMeM MpOOJIEMHBIX Y4YacTKOB TpyOOIIpoBoOAa.
ITosToMmy B mporecce Bepu(uKanuy JOIyCKaeTCsl OCyIe-
CTBIISITH MEPENnoa00p OCHACTKU MJIsl M3rOTaBIMBAEMOTO
TpyOomnpoBozaa. B koHIe 3Tana noyyyaercst U3roToBlIeHHE
MPEIBAPUTEIILHOTO M3/eNus — mabnoHa (3TanoHa). [Ipo-
Liecc ATAIOHWPOBAHUS TPYOOIPOBOJA PETIIAMEHTHPYETCS
HopMaTUBHBEIM fokyMeHToM OCT 92-1600-84 [2].

6. Otan oOMepa MOJyYEeHHOTO HIA0JIOHA BBIMOIHSIIOT
Ha KOHTpoOJbHO-u3MepurensHoii mammHe FARO Fusion
Arm 8/7, B coctaB KOTOpO# BXOANUT pabodyee MeCTO TexX-
HOJIOTa C TEXHOJIOTUYECKHM IPOTPaMMHBIM OOECIIEYEeHH-
em TezetCAD. U3mepennsie ¢aktudeckue pazmepsl TCK
3aHOCATCS B IIPOrpaMMHO-aNnapTHbIi koMiieke ¢ PDM-
cucremoit Windchill (nnu nporpamma Lotsia PDM Plus),
Jlajiee TOJyYeHHBIE JTaHHBIE CPaBHUBAIOTCSI C DIIEKTPOH-
Hoit 3D-momensio TpyOompoBoma. Ilepem oOMepom
COCTOSIHHE Hapy>KHOH M BHYTPEHHEH MOBEPXHOCTEH Tpy-
0ONpOBOJIOB  JOJDKHO COOTBETCTBOBATH TPEOOBAHHSAM
I'OCT 17365-71 [3] u OCT 92-1601-84 [4]. Homycrtu-
MBbI€ IUTaBHBIE OTKJIOHEHHUS KOHTYpOB TpyOOIlpoBOma OT
KOHTYPOB 3JEeKTpOoHHOW 3D-Momenn W mpenenbHBIE OT-
KJIOHEHHUS Ha JJIMHY TPYOOIpPOBOJA JOJKHBI COOTBETCT-
BoBaTh TpeboBanusm ['OCT 17365-71.

7. Dran aHaJIMTHYECKOH NPOpabOTKH MOJTYyYEHHBIX
3HA4YeHUH pa3MepoB TPyOONpPOBOAA, COM3MEpPEHME MaH-
HBIX 3HAUEHHH C JOMYCKaMH W MPHHATHE OKOHYATEIbHO-
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ro penieHHs O BO3MOMKHOCTH HCIOJIB30BaHUS pa3pado-
TaHHOW IPOrpaMMBbI THOKH TPYOOIIpOBOIA.

8. Dran KOppeKLHH MporpaMMmbl I'MOKH MyTEM yTO4-
HEHHUSI TONPaBOYHBIX KOA(P(UIMEHTOB, YUYUTHIBAIOIINX
(pM3UKO-XMMHUYECKHE  CBOMCTBA MNAapTHH  Marepuana
TpyOOIPOBO/A, €ro MpyKUHEHHE, BSI3KOCTh, a TaKKe H3-
MEHSIONIMX CKOPOCTh paboThl OCHACTKH. JlaHHBIA 3Tamn
BBINIOJIHSIETCS B CIIy4ae HEyJOBJICTBOPHUTEIBHBIX PE3yJib-
TaTOB MpenblAylIero stama. llocie KOppPEeKTHPOBKH
nporpammbl  TnOkum  TCK  mpousBogurcst mHOBTOpHOE
BBINIOJIHGHHE BBIIICYIIOMSHYTBIX JTAIlOB: IIOATOTOBKA
TpyOompoBoza k rudke, rudke Ha Tpyborude ¢ UITY, 06-
Mmep nonyderHoro TCK u aHanu3 pe3ysibpTaToB.

9. Tlocie oTpa®OTKM TEXHOJOTUH COOPKH-CBapKU
[5-7], mMoHTaxka y4acTKOB TPYyOOIPOBOJOB B COCTaBe
cnoxkaoro Tpybomposoaa mo cxeme [II'C ¢ mposepkoii
KOOpJMHAT COOpPaHHOrO  CJIOKHOrO  TpyOomposona
Ha KOHTPOJIbHO-M3MEPUTEIHHOM KOMIUIEKCE C JAHHBIMU
3D-Mozneny, yTBep)KAaeTcsi NTUPEKTUBHAS TEXHOJIOTHS
WU3TOTOBJICHUS TPYOOIPOBOAOB CIIOXKHOW KOHQUTY-
pauuu.

OnucanHoe 000pyJOBaHHE CBSA3aHO MEXIy coOOM
eMHONH WH(OPMAIIMOHHOW CEeThIO, MPEACTaBICHHON
Ha puc. 2.

AJTopuTM yYeTa B MPOCTPAHCTBE U MeCT Kpeluie-
HHSI Tpacchbl TPyOoOmpoBoga. AJITOPUTM KOMIIOHOBKHU
tpyoomnporoga B CAD-cucteme Solid Works coctout u3
CJICAYIOIIHX JTAIIOB:

1. Co3panue ynpouleHHbIXx 3D-moneneit neraneit
W Y3JI0B W3JEJHs, HEOOXOAUMBIX Ul OJJHO3HAYHOT'O OIl-
pelereH s 30H IPOKIAIKU Tpace Tpy6onpoBoa.

2. Co3maHue YIpOMIEHHBIX Ta0apuTHBIX 3D-Moneneit
OCHOBHBIX 3JIEMEHTOB (&MKOCTEH, ¢epMm, IepexomHH-
KOB M T. [I.) ¥ HX B3alMHas yBs3Ka (puc. 3).

3. IlpexBapurenbHOE PACIOIOKEHHUE U INPOPHCOBKA
IITYLIEPOB Ha €MKOCTH, K KOTOPBIM OyIyT CTBIKOBAaTHCS
TpyOOIPOBOIBI.
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4. TlpenBapuTenbHas NPOPUCOBKA HA MEPEXOAHUKE 6. IlpenBapurenbHOe pa3MeNIeHUe apMaTypsl (Kiamna-
OCHOBHBIX JJIEMEHTOB MECT KpEIUIEHHs TpyOOIlpo-  HOB, HAKOHEYHHKOB, TPOWHHUKOB U T. J.) U3/IENHUS OCYIIe-
BOJIOB. CTBIISUIOCH C Y4ETOM yno0cTBa OOCTY)XKMBaHUS M PEMOH-

5. B3auMHast yBsi3Ka 3J€MEHTOB MEXIy CO0OH, mpHu-  Ta, a TaKke MUHHUMAIBHBIX HPSMOJIMHEHHBIX y4acTKOB U
Bf3Ka K X OCHOBHBIM INIOCKOCTSIM CTAOHMIIH3ALIIH. pamuycos ruda (puc. 4-7).

Komerpyeropesst Texmonormye cragt SMERT}OHHET A1 3HE
Aok fmoE

KoHTpame oo 26m0e pRTENEHaT
manmza FARD Fusion L 817

Tpyforsfiouesn cranok ¢ IV

Puc. 2. Enunas o6me3aBockas nHpopmarmonHas ceth AO «Kpacmarmn)

Fig. 2. United general informational network of JSC “Krasmash”

Puc. 3. Yropomennas Moaenb cOOPKU U3

Fig. 3. Simplified product assembly model
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P'-\ Fonn npsenoaarne ol
\1=tnmummum

Puc. 4. Mozens cOOpKH U3AENHSI TOCIIE YBSA3KU JIEMEHTOB KPEIUICHHS, PaCIIONOKEHHS ITYIIEPOB
TPyOOIPOBOIOB U ONPEACICHUS 30H PACIONI0KEHHS TPUOOPOB

Fig. 4. The model of the assembly of the product after linking the fastening elements, the location of
the pipe fittings and the determination of the location of the devices

Puc. 5. Mozenb eMKOCTH IIOCIIE YBA3KU 3JIEMEHTOB KPEILICHUS
U PACIIONOKEHHUS ITYLIEPOB TPYOOIPOBOIOB

Fig. 5. Capacity model after linking fasteners and location of pipe unions
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Puc. 6. Monens nepexoHHKa 10CNE YBI3KH JIEMEHTOB KPETLIEHUS
U PacrosIokKeHus WTyLEPOB TPYOOIPOBOIOB

Fig. 6. Adapter model after linking fasteners and location of pipe fittings

Puc. 7. Mopnenb ¢hepMbl 1ociie yBSI3KU IEMEHTOB KPEILICHHUS
U PACIIONIOKEHHUS IITYLIEPOB TPYOOIPOBOIOB

Fig. 7. Model farm after linking fasteners and location of pipe fittings

AJITOPUTM TIOCTPOeHHsI MojeJu TpyOdonposoaa.
Co3ganne wmogenu Tpybomposoma B CAD-cucteme
SolidWorks cocTouT n3 cienyromumx 3Tanos:

1. TIpokmaaka Tpaccel TpyOONpOBOJA C Y4ETOM 30H
00X0/1a 30H OTCEKOB, MHHUMAJIGHBIX 3a30POB M BO3MOXKHOCTH
MX JOMOJHHUTEIBHOTO KPEIUIEHNMS, C ONpeeCHHEM Hadailb-
HBIX, KOHEYHBIX TOYEK Tpacchl TpyOonposozna (prc. 8, 9).

2. YTO4YHeHHE KOMIIOHOBKH HM3JEJHs 10 pe3yJbTaTam
aHAJIN3a ¥ ONTHMH3ALMHU TPAcChl TpyOonIpoBoa.

3. Coznanune 6ubnuorexu JICE tpybonpoBona u 3je-
MEHTOB €ro KpEIUICHHUS: YTroJiKa JJIsl KperIeHusl Tpy0o-
MPOBOJIA, IIIIBKH [UIS KPEeIIeHHs: TPyOOmpoBoaa, npH-
KHUMa I KPEIUICHHUs TPyOONnpoBo1a, HAKOHEUHHKA TPY-
6omnpoBoJia, KOMIIEHCATOpa TPyOOIpoBOa, KOMIIEHCATO-
pa TpyOorpoBosa.

4. IosnemeHTHOE pa3HeceHne cOOpKH TpyOorpoBoaa
(puc. 10).
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5. AHanm3, ONTHMH3ALHUSA TPacChl TPYyOOIPOBOIA
W TIPOBEpKa Ha JIOIYCTHMBIE 3a30pbl U IepecedeHre ¢ Tpac-
camu OJIM3JeXayx TpyOOIpoOBOJOB IMOCHE Pa3MEIICHUs
JICE B TpyOONIpOBO/IE 1 3JIEMEHTOB €T0 KPETUICHHUSI.

6. ITpopaboTka 3TanioB COOPKM M3/ENUS U TEXHOJIOTH-
YECKOH BO3MOXHOCTH H3TOTOBJIICHHUSI TPyOONpOBOJa, OI-
peneneHne MecT pazbeMa TpyOompoBoma M pazOueHue
TpyOOIPOBOAa Ha HECKOJBKO C ONpPEACIICHUEM IIOJI0XKE-
HHSI MOHTAXXHBIX CTBIKOB C YYETOM BO3MOKHOCTH COODKH,
CBapKH, PEHTT€HOKOHTPOJIS U UCTIBITaHuH (puc. 11).

7. YTOo4YHEeHHE KOMIIOHOBKU H3JEJUs 10 pe3ysibTaram
aHaJM3a U ONITUMU3ALMHU TPAcChl TpyOornposoaa (puc. 12).

8. OmnpezneneHue MECT HAaHECEHUS MapKUPOBKHM Ha
TpyOomnpoBoje (puc. 13, 14).

9. IToyueHre OKOHYATETHLHON MOJETH TPYOOIIpOBOIa
I0CJIe YTOYHEHMS! KOMIIOHOBKH n3aenus (puc. 15).
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Puc. 8. Onpeznenenne TONONTHATETHHOTO MECTa KPEIUICHUS

Fig. 8. Determination of additional attachment point

Puc. 9. OnpeneneHre HaYaIbHBIX H KOHEYHBIX TOYEK TPACCH TPYOOIPOBOIA

Fig. 9. Determination of the start and end points of the pipeline route

Puc. 10. Pasmemenne JICE B TpyOoIpoBOiec U 2JIEMEHTOB €ro KpEeIuICHUS

Fig. 10. Layout of DSE in the pipeline and its fasteners
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Puc. 11. Onperenenye NoIoKeHUs MOHTaXKHBIX CTHIKOB U YBSI3Ka C OKPY’KaIOIIMMH KOHCTPYKLMAMH

Fig. 11. Determining the position of the mounting joints and linking with the surrounding structures

Puc. 12. YTouHeHHass KOMIIOHOBKA H3JICIIHSI

Fig. 12. Refined product layout

Puc. 13. MapkupoBka CTbika TpyOOIpoBoaa

Fig. 13. Pipeline joint marking
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Puc. 14. MapkupoBka TpyOonpoBoza

Fig. 14. Pipeline marking

Puc. 15. 3D-monens TpyGonpoBoaa

Fig. 15. 3D model of the pipeline

OOulee onucaHue MNPOrpaMMHOIO MOAYJSl JJisi
cranka ¢ UIIY rudku TpydonpoBoaoB. MexyHapoa-
Helii  crangapt ISO 6983 [8], pernmameHTHpYrOMINIA
pa3paboTKy MPOrpaMMHOTO MOJIYJIs it cTaHkoB ¢ UITY,
TIPE/ICTABIISIET COOOM OMMCAaHKE MOCIIeIOBATEILHOCTH IO/
TOTOBHTEJBHBIX M BCIIOMOTaTEIbHBIX KOMaH-(QDYHKINH.

IMoaroroBurenbHbIe KOMaHABI (comepxkatr cuMBoaI G)
TpaHcnupyrorcs croiikoi UITY B mepemernenns padodero
MHCTPYMEHTa OOOpYAOBAaHUS OTHOCHUTEIBHO 3arOTOBKU
JeTann. JTo KoMaHjaa juHeitHo# maTeprnomsanun (G101),
KOMaHbl KpyroBoit mHTepromsimuu (G102 — mo gacoBoit
crpenke, G103 — mpoTHB YacOBOW CTPEIIKH).

BcnomorarensHele KOMaHIBI YIPABISIOT PEeKUMaMU
paboTsl cuctembl ynpapieHus ctaHkoM. CiioBa BCIIOMO-
rateiabHbIX KOMaH] COCTOSAT U3 CUMBOJIa M, 32 KOTOPBIM
CIeAyIOT JABE UUGPHI, ONPENeIsIoIUe THII KOMaHI.
Hanpumep, npusHak OKOHYAaHWS YNPABISIOUIEH ITpo-
rpammsl — M30.

Ynpasinsiomas nporpamMMa IpeacTaBiIsieT co0oi mom-
HOE OINMCAHWE TEXHOJOTMYECKUX M T€OMETPUYECKUX Ia-
pamerpoB netanu. OTpaboTKa Ha CTaHKE C YHCIIOBBIM
MIPOTPAaMMHBIM YIIPaBJICHHEM TaKOW IMPOTrpamMMbI I03BO-
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JII€T IOJyYUTh COOTBETCTBYIOINYIO €d aetans. Ilpu co-
CTaBJICHUM YIPABIAIOIIEH MpOrpaMMBbl TaKkxKe HET HeoO-
XOAMMOCTH 3alUCBIBATh KOMAHIbl YNPABICHUS CTaHOY-
HOW aBTOMATHKOHN (32)KMM-Pa3KUM IAHTH, THOOYHOU H
3a)KMMHON MaTpHIBl; BO3BpAT IIA0JOHA B UCXOIHOE CO-
CTOSIHHE; TIepEMEIeHNs IOpHa U T. II.), TaK KaK JIaHHbIC
KOMaH/Ibl 3anporpammupoBansl B cucteme UIIY tpybo-
ru00YHOTrO cTaHKa. Bee BcroMorarenbHbe EpeMeIeHHs
(Bo3Bpar rubo4yHOrO KpoHMITEHiHa — KoopauHata C; mo-
BOPOT LIaHTOBOT'O MATPOHA MPH M3MEHEHWU HAIPaBIICHUS
ruba — koopauHarta B), a Taroke mepecyer yria moBopoTa
TpyOHOM 3aroTOBKU B MEPEeMEICHUE MTPOIOJIbHON KapeT-
KU (KoopAauHaTa Y) BBINOJHSIOTCS 3@ CUET UCIOJIb30Ba-
HHUA Makpompouenyp Oe3 [OIOJHUTENbHBIX YyKa3aHHUI
B YIIPaBIIAIOLIEH IPOrpaMMe.

B tpyborn6ounom cranke SB-63x4A-3S-V peanuso-
BaHbl CIEAYIOIIUE CIIEHHATN3NPOBAHHBIC IPOTrPaMMHBIE
IUKITBI (MAKPOIIPOIIETYPHI):

a) G100 — ¢yskums, onpenemnsromas:

— pexxum ruda TpyOosr A (Al — HamoTKa, A2 — oOKart-
Ka, A3 — nIpoTaJKuBaHue);

— paauyc mabiona R;
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— JUIMHY 3aroTOBKH TpYyOBI L;

— ckopocTh paboueii mogaun F;

0) G101 — ¢ynkus, 3amaromas IEPEMEICHAN 3aro-
TOBKH I10 IMHEHHON KoopAuHATE Y

B) G102 — ¢yHKuuMs, 3agaromas mepeMerieHus 3aro-
TOBKM TI0 YacOBOM CTpeJKe MOBOPOTHBIX KoopAuHAT B
uC;

r) G103 — ¢yHkuus, 3agaromas MepeMenIeHus 3aro-
TOBKHM TPOTHB YacOBOH CTpPENIKW TOBOPOTHBIX KOOPIH-
Hat B u C.

Hioke mpuBeeH TEKCT NmpuMepa YIpaBisoeld npo-
rpaMMBl, IPeAHA3HaYeHHOHN 111 THOKM TpyOHOH 3aroToB-
KM METOJIOM HaMOTKH:

%O011111 (TEST GIBKA1) (rauasio nporpammsi)

N1 G100 A1 R50 L2000.9 F300 (A1 — HamoTKa)

N2 G101 Y200 (mepememenue mo KoopauHate Y
Ha 200 MM)

N3 G102 C30 (3aru6 Tpy6sr Ha yron 30 rpamgycos
10 9aCOBOM CTPEIIKE)

N4 G101 Y100

N5 G103 C45 (3arub TpyOsl Ha yrom 45 rpaaycos
HPOTHUB YaCOBOM CTPEIIKN)

N6 G101 Y50

N7 G102 BI120 (moBopor TpyOBl BOKpyr ocu Y
Ha 120 rpaaycoB 110 4acoBOH CTpeIke)

N8 G101 Y22.8

N9 G103 C10.5

N10 G101 C300

N11 M30 (oxoHUaHHE TTPOTPAMMBI)

%

%O011111 — odopmieHue Hayaia ¥ HOMEpP YIpaB-
JIAIOLLEH IIPOrpaMMBl

(TEST GIBKA1) — Ha3BaHMe mporpamMMmBbl, 3aKJI04a-
€TCsI B KPYIJIbIe CKOOKHU

N1...N11 — Homepa kagpoB

F450 — ckopocTh paboynx X0I0B THOKH

M30 — oxoHYaHHE yNpaBIAOLEH TPOrpaMMbl

% — oxoH4aHUe (aiina.

Co3aHue MCIOIHUTEIBHOTO MPOrPAMMHOTO MOJIYJIS
(OJDKEH COOTBETCTBOBATh MEXKIYHAPOIHOMY CTaHIAPTY
ISO 6983) nns obecnedeHnst aBTOMATU3UPOBAHHON pado-

TBI TPyOOTrHOOYHOTO CTaHKA COCTOUT M3 CIIEIYIOUINX 3Ta-
moB (puc. 16):

1. TexHOIOr-NPOrpaMMHUCT € OMOIIBIO TPOrPAMMHO-
ro obecrreuenus Solid Works cozmaer geprex Tpybompo-
BOJIA.

2. Jlanee crammaptHeiMu cpenctBamu Solid Works
HEOOXOAWMO COXPAaHHUTH Y3JIOBBIE TOYKH B TEKCTOBBIH
¢aitn. BaXHO OTMETHUTB, YTO NPH COXPAHEHHWHU Y3JIOBBIX
TOYEK HEOOXOMMO BHIOMPATh BApPUAHT «TOYKH KacaTellb-
HOCTH».

3. Iocroporneccop TpyOoruda paccCUMUTHIBACT YIPaB-
JISIFOILYIO TIPOTPaMMy JJIsl CTaHKa.

4. IlporpaMMHBII MOAYNIb HOCTIPOLIECCUPOBAHUS
OCYILIECTBJISICT ~ Npeo0pa3oBaHWE  BXOJHBIX  JAHHBIX
B (opMaT ympaBITIOLICH MPOrpaMMbl, IOHSATHBIN CHCTe-
Me UIIY craHka ¢ coXpaHEHHEM Ha JKECTKUHA AUCK WU
[IEPEHOCHON HOCUTEITb.

5. 3arpy3ka nporpammsl THOKH Ha ctoiike UITY uepes
MEHIO BBOJIA.

3akiiouenue. V3 mpeacTaBIeHHBIX PUCYHKOB BHIHA
CIOKHAsT KOH(QUrypalus 3HAYUTEIBHOTO KOJUYECTBA
TpyOOIpOBOAOB. YuHThIBasi 0OJbIIOE YUCIO TPyOOIpo-
BOJIOB (Pa3HBIX AWAMETPOB M TPAECKTOPHIi), HCIOJIb3ye-
MbIX npu coznanuu BMPB, cinoxHOCTh U TPYJOEMKOCTH
TEXHOJIOTMYECKOT0 MPOLECcca U3TOTOBJIEHHUS UX TaJOHOB
U CaMUX W3JENUil BeAET K YBEIMUYCHHUIO CPOKOB BHEIpE-
Hus KJI B IpoW3BOACTBO, YTO, B CBOKO OYEpelb, YBEIHMIH-
BaeT cpoku mrotoBneHnss BMPB. YuutsBast 6e3ycloBHOCTh
BBITTOJTHEHHSI TOCOOOPOH3aKa3a, COKPAIICHNE BPEMEHHBIX
M3JEPKEK MOCTOSHHOW OTPAOOTKH TEXHOJOTMH H3TOTOB-
neHns Ha TpyOormbax pasHeix 3D-TpyOompoBoOB,
M3 pasHbIX MAaTcpuajioB, IMaMCTPOB 1 napTuﬁ IIOCTaBKH,
HUCKJIOYUT PUCKU BPEMCHHBIX 3aJICPKCK H3TOTOBJICHUSA
BBIITyCKaeMOT'0 U3/IEIHSI.

BrinonHeHye BhlleyKa3aHHBIX 3a1ad TpeOyeT co3ia-
HUSI YHUBEPCAJIBHOM TEXHOJIOTMYECKOH METOAMKHU 3aIryc-
Ka M3roToBIIeHHs TpyOompoBoxa 3D-koHdurypamuu, Ko-
TOpasi OJDKHA BKIIOYATh B Ce0s pEIIeHHE BCEX BO3MOXK-
HBIX TPUYMH BHEIITATHBIX CUTyaIlWid paOOTHl CTaHKa —
TpyOoruba, TIO3BOJATh MHHAMAIGHBIMA BPEMEHHBIMHU
U MaTepHaIbHBIMH 3aTPaTaMH BBIXOIUTH B PEXHM IITAT-
HO# paboTsr [9-15].

Nel Ne2 Ne3 Neq Ne5
CAIIP TexcToBbIit N
. N OCTIIpOLIEC- VYnpasistomas Cranok
Solid Works L p| caifn >
cop porpamMma
C TaHHBIMHA
Tpybornba
cruba TpyOsI

Puc. 16. CtpykTypHas cxeMa co3/1aHus yIIPaBIAIONICH IporpaMmbl

Nel Ne2 Ne3 Ned Ne5
CAD Solid T?Xt file .| Postprocessor The manager Machine
Works » with data P Line bender rooram

pipe bend PP prog

Fig. 16. Structural diagram of the control program creation
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Pemenne ynomsiHyTOM 331241 BOZMOXHO ITyTEM:

— CO3JaHMsl YHHBEPCAJIBHOTO TeXIpolecca THOKH
TCK, mo3BOJSAIOIIEro HE CO3JaBaTh HOBBIM TEXIIPOIECC
JUTS TPYOOITPOBOJIOB C APYTUMH JTHAMETPAMHU H JUTHHAMU,
YYUTBIBAIOLETO DPAa3HbIE MAaTepHUallbl U PA3HbIE MapTUU
TpyO, TpYXHUHEHHE, MPOCKaIb3BIBAHHE TPYO M Mpodue
MPOOJIEMHBIE MOMEHTBI Pa0OTHI CTAHKA;

— co3nanus (paspaborku KJ[ u u3rotoBneHus) yHu-
BepCaNbHOTO TexHoJorudeckoro mepexsata rTuOku TCK
W CHEeNHWaIbHON THOOYHOM TOJNOBKH C HWHIYKIIMOHHOMN
(GyHKIMEH, MO3BOJISIOIIET0 HWCKIIIOYUTh MPOCKAIb3bIBa-
HUEe TpyOOmpoBoAa Ha CTaHKe-TpyOormbe, HCKIIOYUTH
TpeOOBaHHE HANMYUS TPIMOIMHEWHBIX YYaCTKOB IS
KpEIUICHUSI TEXHOJIOTUYECKOH OCHACTKH Tuba, a TakkKe
MO3BOJISIONIETO W3 TPyO pa3HOW IUIOTHOCTH, IUIABKH
MaTepHralia ¥ TOJIIUHBI CTCHKH (BIHSIOMINX Ha TPy KUHE-
HUE) U3rOTaBINBaTh TPyOONpOBOIbI C TpeOyeMbIMH raba-
PUTHBIMH pa3MepamMu, pajuycaMu ruda ¢ IO0IMyCTUMBIMH
YTOHCHHSMHA CTEHOK W JONMYCTHUMBIMH OTKJIOHEHUSMHU
Pa3MepoOB OTBETCTBEHHBIX YUACTKOB;

— INPaKTUYECKOTr0 BHEIPEHUSA B IMPOU3BOACTBO ABYX
MEPBBIX IYHKTOB, HAKOIUIGHHUS CTaTHCTHUKU paboTEHI,
OOHapy)XeHHs Y3KHX MecT (HEy4TeHHBIX (HaKTOpOB)
C TOCNIEAYIONIeH KOPPEKTUPOBKON Texmpolecca U J1opa-
00TKOI OCHACTKH r'H0a.
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PEKYHEPAIIUS DOHEPTUU MOJIOXKUTEJBHO 3APSAKEHHBIX NOHOB
W. B. Tpudanos, O. A. Cyxanosa, M. I'. Menkosepos, E. A. XXupnosa, B. 1. Tpudanos

Cubupckuii rocy1apCTBEeHHBIN YHUBEPCUTET HAYKU U TEXHOJIOTHI MMeHHU akagemuka M. @. PemerHesa
Poccwuiickas @enepauus, 660037, r. KpacHosipck, mpocrt. uM. ras. «KpacHosipckuii padounii», 31
E-mail: sibgau-uks@mail.ru

AxmyanvHbim A6715eMcs peKynepayusi SHepeul NyYKo8 NOJONCUMENbHO 3aAPANCEHHBIX UOHO8 ¢ 0OHOBPEMEHHOU Hell-
mpanusayueti ux 3apsoa, HanpuMep 3a CPe3oM CONLA INEKMPULECKO20 PAKEMHO20 08USAMENsL, 8 INEKMPUYECKYIO MOUY-
HOCHIb.

OO0HuM U3 MemoO08 peulenus YKa3anHol npobiemvl A61emcs paspabomKa 1 npuMeHeHue peKynepamopos sHepeuul
NOLOACUMENLHO 3APSICEHHBIX UOHO8 NOMOKA NAA3Mbl, KOMOPble MO2YM YCMAHAGIUBAMbCsL 601u3u cpesa conaa IP/].
IIpoyecc pekynepayuu suepauu ROIONCUMENLHO 3APSIHCEHHBIX UOHO8 C OOHOBPEMEHHOU Heumpanuzayueli ux 3apsoa
3aKTOUAEMCSL 8 INEKMPOCMAMUYECKOM MOPMOIICEHUU KOHYEHMPUPOBAHHO20 NYYKA 3APAICEHHBbIX YACMUY U 63AUMO-
Oeticmeul ux ¢ MHO2OKOILEKMOPHbIMU INEKMPOOAMU PEKYNepamopa SHepeuu, KOmopbvle 6 c80i0 oYepedb ANAIOMCs
3apANCAIOUUMU DTIeKMPodamu cynepkonoencamopa. Ilpu smom na 21ekmpooax cynepkoHOeHcamopa HaKaniueaemcs
INEKMPOCNAMUYECKOE IEKMPULECMEO, KOMOPOe MOdiCem Oblmb UCHONb308AHO OISl IAEKMPONUMAHUS CUCEM KOCMU-
yeckoeo annapama. Ipu 63aumooeticmeuu NOI0NCUMENbHO 3aPAICEHHBIX UOHOE C MHOZOKOIEKIMOPHBIMU 3NIeKMpooad-
MU NPOUCXOOUM MAKIHCE HeUMPAIU3ayus ux 3apsaoa 3a ciem 6030elcmeus Ha HUX MOKd dJIeKMPOHO8, NOCIYNAIOWUX
CO CMOPOHBL 0BOUHO20 CILOSL 3APSCAIOUE20 INEKMPOOa CyneproHdencamopa. Jlis nogvluenus sphexmusnocmu pexy-
nepayuu HepeuU NOIONCUMENbHO 3APANCEHHBIX UOHO8 HA 0OBEMHbLIL 3aPS0 3aPSICEHHBIX YACTIUY OKA3bIEAIOM 8030€li-
cmeue HUBKOUACMOMHBIM INEKMPUUECKUM ROJIEM CO CIMOPOHbL U30TUPOBAHHO20 YNPAGISIOWE20 INEKMPood, YCMAHO8-
JIEHHO20 8 NOOCIMU MHOLOKOLIEKMOPHO20 JNIEKMPOOA HABCIMPEUY OSUNCYUEMYCS NOMOKY UOHOB.

Paspabomra pexynepamopoe snepauu NONONCUMETLHO 3APSNCEHHbIX UOHO8 U NOBbIUUEHUE IHEPemUuiecKol
appexmusnocmu DP/] mpebyem nposedenusi HAYUHbIX UCCIE008AHUL HA OCHO8E NOCMPOEHUsi Mooeell, NPUHYUNOS
NOCMPOEHUs. U OYEHKU MeMOO08 U320MOBNEHUSL UX UHOUBUOYATLHBIX KOMNOHEHMOB.

Kniouegvie cnosa: nonodcumenvHo 3apsidicennbie UOHDL, IHEPLEMUYECKAsl dPPEKMUeHOCMb, MHOSOKOLLEKMOPHbIU
9NeKMPO0, OBOUHOU INEKMPUYECKULL CILOU, PEKYNEpamop 3Hepeull, YRpasussioujuil 31eKmpoo, meepoblil 3IeKmpoaumn.

ENERGY RECUPERATION OF POSITIVELY CHARGED IONS
I. V. Trifanov, O. A. Sukhanova, M. G. Melkozerov, E. A. Zhirnova, V. L. Trifanov

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

1t is important to recuperate the energy of beams of positively charged ions with simultaneous neutralization of their
charge, for example, behind the nozzle of an electric rocket engine, into electric power.

One of the methods to solve this problem is development and application of energy recuperators of positively
charged plasma flow ions, which can be installed near the cutoff of the ERD nozzle. The process of energy recuperation
of positively charged ions with simultaneous neutralization of their charge consists in electrostatic inhibition of the
concentrated beam of charged particles and their interaction with the energy recuperator multicollector electrodes,
which in turn are the charging electrodes of the supercapacitor. It accumulates electrostatic electricity on the elec-
trodes of the supercapacitor, which can be used to power the systems of the spacecraft (SC). When positively charged
ions interact with multi-collector electrodes, their charge is also neutralized by the action of the electron current com-
ing from the double layer of the charging electrode of the supercapacitor. To improve the efficiency of energy recovery
of positively charged ions, the volume charge of charged particles is exposed to a low-frequency electric field by an
isolated control electrode installed in the cavity of a multi-collector electrode towards the moving ion flow.
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Development of energy recuperators of positively charged ions and increase of energy efficiency of ERD requires
a scientific research based on the construction of models, principles of construction and evaluation of methods of

manufacturing of their individual components.

Keywords: positively charged ions, energy efficiency, multi-collector electrode, double electric layer, energy recu-

perator, control electrode, solid electrolyte.

Brenenmne. [[s1 MOBBIMICHUS SHEPreTHYECKON S dek-
TUBHOCTH JIEKTPUUYECKUX pakeTHbIX asurareneit (OP/]),
a TaKke HEeWTpaIn3alliu 3JIEKTPUYECKOro 3apsiaa MOHH-
3MPOBAHHBIX IMPOAYKTOB CrOPaHUs TOILIMBA 33 CPE30M
corula Tpebyercsi pa3paboTka peKylnepaTopoB 3HEPIHU
HOHOB. V3BECTHO, YTO 3apsDKEHHBIE YACTHIBI 32 CPE30M
COIUIa OTPHUIIATENLHO BIUSIOT Ha paboty OPJl u snepre-
THYECKHEe CHCTEMBI KocMudeckoro ammapara (KA) 3a cuet
00pa3oBaHU AMEKTPOCTATHIECKOTO 3apsaa [1; 2].

B nacrosimiee Bpems ans HeMTpanuzaluu 3apsja 3a-
PSDKCHHBIX YacTHUI] POJYKTOB CTOPaHHS TOIUIMBA OJIM3KO
K Cpe3y COIia yCTaHaBIMBAIOT HEHTpaaM3aTopbl 3aps-
MKEHHBIX YaCTHUI], KOTOPBIE U3JIy4aroT IyYKU 3JIEKTPOHOB,
KOMITEHCUPYIOLIHE 3apsi] HOHOB. OTHAKO TaKHe CUCTEMbI
TpeOYIOT OMOJIHUTEIBHOW YHEPTUH Ul CO3JaHUs DJIeK-
TPOHOB, SIBIISIIOTCS DHEPro3aTpaTHBIMH M IOBBIIIAIOT
rabapuTHO-MacCOBBIE XapakTepucTuku KA, ymeHbIas
M0JIE3HYI0 HArpy3ky. B Hacrosmiee Bpemsi OCTpO CTOMT
mpobiemMa pa3paboTKH M CO3MaHUS MHOTO(YHKIIHOHAIB-
HeIx OPJl, paGotarommx, Hampumep, B IUIa3MEHHO-
JICTOHAIIMOHHOM HJIM JIEKTPOJMHAMHYECKOM pPEXHMax
B 3aBUCHMOCTH OT IOJIETHOM nporpaMmmbl. Takoi moaxon
K TOCTpOeHHI0 MHOrodyHkunoHansHbx JPJl mo3Boaut
YBEJIMYNTH yNenbHyI0 Try B 1,2—-1,5 pasa, a Taxoke obec-
M€YUTh BBICOKUN YAEIIbHBIA UMITYJIbC.

[Tpu pa3paboTke MHOTOQYHKIIMOHAIBHBIX 3JIEKTpHUYe-
CKHUX PaKETHBIX JBUTaTeNiell HeOOXOIUMO PEIIUTh BOIPO-
CBI TTOBBIIIECHUS YHEPIreTHYEeCKON 3((HEKTUBHOCTH CXKHTa-
HUSI TOIUIMBA ¢ 00pa30BaHUEM IUIa3Mbl ITyTEM pa3JIelICHHs
1 WCIIONBb30BaHMs [1] SHEprum 3apspKeHHBIX KOMITOHEH-
TOB: IYYKOB 3JIEKTPOHOB M MOHOB. /Iy 3TOTO Tpedyercs
pa3paboTKa peKynepaTopoB SHEPrHM 3apsHKEHHBIX dYac-
THI, pabOTAIOIUX COBMECTHO C CYNEPKOHAEHCATOPAMH,
HCIIOJIb3YEMBIMH B KaueCTBE HAKONHUTENEH 3JIEKTpOCTa-
THYECKOW 3IIeKTpuieckord MomrHocTu. I[IpeoOpazoBanue
SHEPruM 3apsDKEHHBIX YaCTHIl B 3JIEKTPHYECKYIO MOII-
HOCTb B PEKyIlepaTope SHEPTHHU MOJI0KUTEIBHO 3apsiKeH-
HBIX MOHOB JIOJDKHO TPOUCXOANTH 32 CUET DIIEKTPOCTATH-
YEeCKOr0 TOPMOJKEHHUS ITyYKOB MOHOB IIPH CTOJIKHOBEHHH
X C MHOTOKOJUIEKTOPHBIMH 3JIEKTPOAAMH, a TaKkKe NpU
B3aUMOJEHCTBUM C DJJIEKTPOHAMHM, IOCTYHAOUIMMHU U3
JBOMHOTO CJIOSI CYIIEpKOHZIEHCATOpa W 3apsDKAIOIINX
3JIEKTPOJIOB, M3TOTOBJIEHHBIX W3 HAHOKOMITO3MIIMOHHBIX
YIJIEPOIHBIX MaTEpPHAIOB, B pabOUyI0 30HY pEeKyIepaTo-
pa. Pa3paboTka pekymepaTropoB 3HEPIHH 3apsKEHHBIX
YaCTHIl MOXKET TAK)KE MO3BOJIUTH HCIIOIb30BATh HEPTUIO
OKOJIOIIJTAHETHON TIIa3Mbl JUIA 3apSAAKH aKKyMYJIATOPOB
KA. Hcnone3oBaHue 3HEPTUM HOHU3UPOBAHHBIX MPOIYK-
TOB CropaHus TOIUIMBA W OJHEPTUU OKOJIOIJIAHETHOM
IUIa3Mbl IS 3apaaKu akkyMyssitopoB KA mact Bo3MOxk-
HOCTb TIOBBICHTH 3HEpPreTHYecKyro 3((EeKTHBHOCTh KOC-
MHYECKHMX JIeTaTeNIbHBIX amnmaparoB M paborsl OPJI.
B cBsi31 ¢ M35105)KEHHBIM, BOIPOCH! Pa3pabOTKH peKyIiepa-
TOpa 3HEPTUH MOJIOKUTEIBHO 3apSHKEHHBIX MOHOB SIBIISI-
FOTCSI aKTYaJIbHBIMH.
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Teopernuyeckasi 4acTb. 3aJadyeil WUCCIEIOBaHUS SIB-
JISICTCS PELICHUE SHEPreTHYCCKON MPOOJIEMbI IMyTeM Ipe-
00pa3oBaHUsl DHEPIUU CKOHIEHTPUPOBAHHBIX MMYYKOB
I1OJIOXKUTCIBbHO 3apﬂ)KeHHle HUOHOB B 3neKTpnquKy}o
MOIIHOCTb C OJHOBPEMEHHON HEeWTpaiu3aluen u3 3apsia
3a CpPEe30M MarHUTHOI'O COIUIA MPH CO3/aHUU IJIEKTPOpe-
aktuBHOU cuibl DPJI. [TocTaBieHHas 3a1a4a MOKET OBITh
pellleHa TPY TOMOIIM PEKyIepaTopa SHEPTHH ITON0XKHU-
TENBHO 3apsHKEHHBIX MOHOB [3], comeprkaliero 3apspKaro-
UM MHOTOKOJUIEKTOPHBIM  3JIEKTPOA, COECIUHEHHBIN
ANEKTPUYECKH C CYNEPKOHACHCATOPOM, a TaKKe H30JH-
POBaHHBIA YHPABISIOMINN SIEKTPOM, BBIXOIHBIE, JIIEK-
TPUYECKH 3aIHpaeMble KaHAJIbI TSl BBIXOJ]a HEUTPATbHBIX
YacTHI| Ta3a.

Ha puc. 1. mokazan MexaHuW3M B3aUMOJIEUCTBUSA
MOJIOXKUTEIIFHO 3apsKEHHBIX HMOHOB, HalpuMep HOHOB
aproHa, C OJJIGKTPOHAMHM, H3JIy4aeMbIMHU JJIEKTPOAAMHU-
KOJUIEKTOpaMH, a TaKKe IMPHU B3aUMOJECHCTBUM C UX IO-
BEPXHOCTBIO TIPH PEKYTIEPALINHI SHEPTHH.

[Ipouecc HelTpanu3auuu KaTHOHOB aproHa MpOUCXO-
JIUT TIO CIIEYIOIIEN CXeMe:

Ar +e— Ar

D

Pekyneparnus >HEprum KaTHOHOB B JIIEKTPUUIECCKYIO
MOIITHOCTh OCYIIECTBIIIETCSI OTHOBPEMEHHO B 00BEME
peKyrepatopa W Ha MHOTOKOJUIEKTOPHBIX AJIEKTPOIax.
B o0beme pekymeparopa mpolecc peKynepanund Mpouc-
XOIHT 32 CYET AIIEKTPOHHOH 3MUCCHH U3 MAaCCHBA MTOKPHI-
THS MHOTOKOJUIEKTOPHBIX 3JIEKTPOJOB, BBIIOJIHEHHBIX
U3 HaHOTPYOOK [3]. DMuCCHS 3JIEKTPOHOB B OOBEMHBINH
3aps] TIOJIOKHUTENBHO 3apsHKEHHBIX HOHOB IPOUCXOAMT
3a CYeT HaNpsDKEHHsI 3IeKTpHuecKoro nois [4] u tepmo-
sMuccuU. HampsykeHHOCTh JJIEKTPHYSCKOTO IOJIS IPH
MOTCHIMATHHO-HOHHONH HSMHCCHH MOXET H3MEHATHCS
or 100 mo 1000 »B. TemnepaTypa Ha NOBEPXHOCTH
MHOTOKOJIICKTOPHOTO  3JICKTPOJIa MOXET HaXOIUThCA
B mpexpenax 300-350 OC, YTO JOCTAaTOYHO IJISI Pa3BUTHA
TEPMOAJIEKTPOHHOU 3MHCCUU. MHOTOCIOWHBIE 3JEKTPOA-
HBIE CTPYKTYpBI, BBINOJHEHHbIE W3 TpadeHOBBIX HAHOT-
pyOOK, 00Js1aiatoT OOJBIIONH MOABHKHOCTBIO DIIEKTPOHOB
U Majioi 3Hepruer ux BeIxoaa 4,5 3B npu B3aumogeict-
BUU C MOJIOKUTEIBHO 3apsHKCHHBIMH YaCTUI[AMU B TIOTOKE
W TIPH BBICA)KUBAHUH UX Ha DJIEKTPOJax-KOJUIEKTOPAxX MpH
HEYIIPYTOM CTOJIKHOBEHHH, KOTJ]a SJHEPTUS CTOJKHOBCHHS
MeHbIIIe 3Hepruu FE, CBSA3W aroMa C IOBEPXHOCTBIO.
BenmuuHa 311€KTPOHHOTO TOPMOXKEHUS MPOMOPIIHOHAIB-
Ha CKOPOCTH MOHA HITH KBaIPATHOMY KOPHIO €r0 SHEPTHH.
J1st TOpMOKEHUSI MOHOB Ha YNPABJSIOLIMA 3JEKTpos 7
MOJKeT nogaBatkcs Hanpspkenue U = 100-850 B ¢ gacro-
toit /= 10-500 'l B 3aBUCHUMOCTH OT SHEpPTUH W BHIA
IIOJIOKUTEIIBHO 3apSKEHHBIX MOHOB. Bo3nelicTBuE HOHOB
Ha TOPLIEBOM 3apshKArOUIUil 3JIEKTPOJ OIPaHUYEHO SHEp-
rueit 70—1000 5B, Tak kKak IpHU TaKOW PHEPTUU CYIIECT-
BEHHOTO BBHIOMBAaHUS aTOMOB Yyriepoja H3 rpadwura
He HaOoaeTcs.
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Puc. 1. [IlpyHOMnmanpHas cxema peKyIepauy SHEPTHA HOHOB aproHa M X HEUTpaIn3aIliu:
1 — 3apspDKEHHBIE HOHBI aproHa; 2 — TpyOYaThIii MHOTOKOJIIEKTOPHBIN JIEKTPOJ, BBHIIOIHEHHBIN
13 HAHOMOTU(PUIMPOBAHHOTO YTIIEPOIHOTO MaTeprana; 3 — HOHUCTOPHBINA KOHACHCATOP KOJBIIEBOTO TUTIA;
4— HaHOMO)Z[I/I(bI/ILII/IpoBaHHHﬁ DJIEKTPOJIUT, 5— KOHBHeBOﬁ cenaparop, BBITNOJTHEHHBINA U3 noJaMuaa,
6— OTpHHaTGHLHLIﬁ DJICKTPOA HOHHUCTOPHOI'O KOHZACHCATOPA; 7— praBJ’ISIIOH_H/Iﬁ JICKTPOA, BBITTOJTHCHHBIH
u3 rpaduta; § — 3MEKTPOABI-KOIIIEKTOPBL; 9 — TOPIIEBO# AIEKTPO/] C HOHUCTOPHBIM KOHICHCATOPOM;
10 — BBIXOHBIE KaHAJBI Ui raza

Fig. 1. Schematic diagram of argon ion energy recovery and neutralization:
1 — charged argon ions; 2 — tubular multi-collector electrode made of nano-modified carbon material;
3 —ionistor capacitor of ring type; 4 — nanomodified electrolyte; 5 — ring separator made of polyamide;

6 — negative electrode of ionic condenser; 7 — control electrode, made of graphite; 8 — electrodes-collectors

3

9 —end electrode with ionistor capacitor; /0 — output channels for gas

Haubomnee mpuemiieMoii sHepruell B3aMMOIEHCTBHSA
HOHOB C TIOBEPXHOCTBIO ANIEKTpoIoB siBisieTcss £ = 200 3B.
ONeKTPOHHBIN MOTOK CO CTOPOHBI ANEKTPOJOB peKyIepa-
TOpa 00pa3yercs 3a CUeT IMUCCHOHHBIX XapaKTEPUCTHK
HAHOTPYOOK M MepeHoca SJIEKTPOHOB U3 JBOHHOTO CIIOs
MOHHCTOPHBIX KOHJIEHCATOpOB. HampspkeHHOCTh 3iek-
TPUYECKOTO TMOJsl B TOYKE, M3 KOTOPOH IPOUCXOIMT
SMHCCHS 3JIEKTPOHOB, MOXKET OBITH pa3Has 110 MOBEPXHO-
CTH MHOTOKOJUIEKTOPHOTO 3JIEKTPOAa, HO OHAa IOJDKHA
OBITH BBIIIE pabOTHl BHIXO/A AJICKTPOHA HE MEHBLIE YeM
B 2 paza. [TockonbKy MakcMMaibHas INIOTHOCTH TOKA JUIS
VHT orpannuena 106-109 A/cm?, To miomaas 3aps-
KAIOLIUX JIEKTPOJOB MOHHCTOPHOTO KOHAEHCATOpa MO-
XKeT OBITh OINpEIeNeHAa pacueTOM, a JHEPrusl MyJIbCH-
pYIOIIET0 3apsija B MOJOCTH PEKyIepaTropa W 3HEpPrus
MIPOBOAAIIECTO YPOBHS HAHOTPYOOK COIJIACOBaHBI HA OC-
HOBE HSHEpreTuveckoro Oananca pabOTHI peKyleparopa.
Jdns  ynpaBiieHHsT TOpPOLIECCOM PEKyNepalud MOXKET
HCIIOJIB30BAThCS TIPOrPaMMHUPYEMbIH JIOTUUECKUH KOH-
tpomnep ITJIK-150. Ilpu pexynepauuu HOHOB aproHa
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o0OpasyeTcst HeUTpaJIbHBIN ra3 aproH, KOTOPBIA yaanseTcs
U3 TIOJIOCTH pEeKyIepaTopa 4epe3 BbIXOIHbIE KaHAabl [UIs
raza /0. Ilpomecc mpeoOpa3oBaHWs SHEPTUH IOJOXKH-
TEJILHO 3apSUKCHHBIX MOHOB B JIEKTPUYECKYI0 MOIIHOCTb
MMPOUCXOOUT IPU OTIPEACIICHHBIX YCIIOBUAX.

IIpn B3auMOIEHCTBUU MOJOXKHUTEIBHO 3apsDKEHHBIX
YacTHll ¢ aJIMa3HOW MOBEPXHOCTHIO B IpeoOpa3oBaree,
YCTaHOBIICHHOM Ha BXOJI€ B PEKyIepaTop, U ¢ 3JIEKTPO-
JIaMH-KOJIJIEKTOPaMH pPeKyInepaTopa X SHEeprus J0JDKHA
ObITh B 2 pa3a Oojbllle SHEPTMH BBIXOJA 3JIEKTPOHA
13 BemecTBa TPadEeHOBBHIX HAHOTPYOOK 3JIEKTPOIOB-
KOJUIEKTOPOB U alIMa30T0I00HOT0 MOKPHITHS Ipeodpa-
30BaTeNsl MOTOKAa JUIsI TOTO, dYTOOBI MPOMCXOAMIA
KOMIICHCAMs TPOCTPAHCTBEHHOTO 3apsna B IIOTOKE
[5-7]:

eU 22-W,, 2)

rne W, — pabora Beixoza; U; — HOTCHIIMAT HOHU3AIUH.
BaxxHbIM mapamMeTpoM HMOHHOTO ITydYKa, XapaKTepH-
3YIONIMM BIUSHHE OOBEMHOTO 3apsjia B IOJOCTH 3JICK-
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TPOJA-KOJIJIEKTOpa Ha €ro CBOMCTBA, SIBJISIETCS NIEPBEAHC,
KOTOPBIN paCCUUTHIBACTCS IO (POpPMYIIe

1
_U3/2 ’

)

rae [ — Tok nyuka; U — yckopsolas pa3HocTb IOTEHIHUA-
JIOB.

KayecTBO myyka OILIEHHUBACTCS MPOEKIHUCH (ha3oBOro
o6beMa Vy, Ha TIIOCKOCTB!

4)

rae Ry — paguyc Iy4Ka Iula3mbl, CIIy>Kalleil HICTOYHUKOM
HMOHOB C TemrnepaTypoil T;; m — Macca HOHa; ¢ — CKOPOCTh
CBeTa.

IIpy noHWKeHUU NPOAOIBHOU DHEPIUU IIy4yKa MOHOB
IpPU BJIEKTPOCTATHUECKOM TOPMOXKEHHH B peKyIepaTope
SHEPrUM BO3pAacTaeT BKJAJ MEPIEeHAUKYJISIPHOM COCTaB-
JIAIOLIEH K MPOAOJIBHOM CKOPOCTU ABMXKEHHUS 3apsLKEHHON
yactuusl [8; 9]. B pesynbraTe yroia HakJIOHa TPAEKTOPUU
K II€PBOHAYAIBHOMY HAIIPABJICHHUIO JIBYKCHUS YaCTHIIBI
BO3pacTaeT TeM OOJIbINIE, YEM BBIIIE CTETIEHb TOPMOJKE-
Hust my4ka. CTerneHb TOPMOMKEHHS MOXKHO 00ECHedHTh
mo 0,95 6e3 moTepm 3HAUMTENBHOW JONM Myd4Ka, T. €.
MOJKHO WCIIONB30BaTh HadaiubHyl0 sSHepruro 100 5B
U 3aTpaTtuTh 110 5 3B.

KoadduimeHT mosie3Horo JACHCTBUS peKymeparopa
SHEPrMH HOHOB B 3JIEKTPOCTATHUECKOE HIIEKTPUUYECTBO
MOYKHO paccuuTath 1o ¢popmyiie

_ S =W

-

W, )

» )
rne W,— HavaibHasi SHEPrusi HOHOB B Iy4Ke (paboTa BbI-
xoza); W — pa3dpoc HOHOB B Iy4Ke T10 SHEPTHUSIM.

Ha MHOTOKOJUIEKTOPHBIX JJIEKTPOAax oOpasyercs
TOPMO3SIIasi Pa3HOCTh NMOTeHIMaI0B, Torna KI1J[ moxHo
OLICHHTH 110 (hopMyJie

np:l—ﬂsinza, (6)
0

T'ZIe 0L — YTOJI CKOca KOJUIEKTOpa; Wy — SHeprusi HOHOB NpU
B3aUMOJEHCTBUH C 3JIEKTPOIOM.

[IpuknagHOil MHTEpec Ul W3rOTOBJICHHS peKylepa-
TOpa SHEPTUH MPEACTABISIOT SMHUCCHOHHBIE XapaKTepH-
CTHKH HaHOTpyOOk. M3BecTHo, uto ¢ miomann 1 M’
mpu HanpspkeHnn U = 500 B moxkeT OBITh MOIy4eH TOK
smuccuu 0,5 MA. DTu mHaHHBIE HaXOAATCS B XOPOIIEM
COOTBETCTBHM C U3BECTHBIM BbIpakeHueM @aymnepa—
Hopaxeiima:

3/2

I=c-E*exp %2 (7

* B

rjie ¢ U k — MOCTOSIHHBIC, (¢ — paboTa BhIXOJa AJICKTPOHA;
E’ — HanpsKeHHOCTh SIEKTPHUECKOr0 TOJIS B TOUKE, IIe
MPOUCXOJIUT IMUCCHUS AIEKTPOHOB [7].

HanoTpyOku Takke MOTyT ce0s MpOSBIATH KaK WUC-
TOYHUKW WHTEHCHBHOW TEPMOAIIEKTPOHHOIN IMUCCUU TIPU
OTHOCHTENIFHO HHU3KHX TemIieparypax. Hanpumep, Bkian
TEPMORJIEKTPOHHON SMHUCCHH CTaHOBUTCS 3aMETHBIM IPU
TeMIIepaType MOBEpXHOCTH AeKTponoB 473 K u mpeob-
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nanaet npu T = 723 K. DneKkTpoHHasi 3MUCCHsI MacCUBa
HAaHOTPYOOK 3aBHCHUT TaKX€ OT CPEIHEro pacCTOSHHMS
MEXKITy HAMH #), MAaKCUMyM HaOmomaercs mp = 0,5 MKM.
@DaKkTopoM, OTrpaHMYMBAIOLINM 3JIEKTPOHHYIO 3MHCCHIO,
SBISIETCSl TeMIlepaTypHas HEyCTOWYHMBOCTH YTJIEPOIHBIX
HaHoTpyOOK (YHT). B cBs3U ¢ N3I0XEHHBIM, TEMIIEPATy-
pa nomkHa O6bte T < 850 °C Ha MHOTOKOIIEKTOPHBIX
ANEKTPOIax, a C Y4eTOM pabOTOCIIOCOOHOCTH JIMTHEBOTO
HaHOMOZ[I/l(l)l/ILII/IpOBaHHOFO QJICKTPOJIMTa B NOHUCTOPHOM
cynepkongencarope T < 150200 °C. TemmeparypHsiii
PEeXHM B peKyleparope oOecreunBaeTcsi IyTeM NpoKay-
KA OXJaXIAIOIEH JKUAKOCTH dYepe3 CIeluabHbIe
KaHaJIbl, BBIIIOJIHEHHBIE B JMAJIEKTPUYECKOM KOpIIyCe.
ITpu pabore pekymneparopa Ha 3JEKTPOAAX-KOIIEKTOpax
HEOOXOAMMO €O3/1aTh TPeOyeMbIi 3IEKTPOHHBIHN CIIEKTp ¢
MHUHAMAaJIbHBIMI TOTEPSIMH WX SHEPTUH TPH JBWKEHUN
3JIEKTPOHOB OT IBOHHOTO 3JIEKTPHUYECKOTO CIOS 3apsi-
KAIOIIETO  BJIEKTPOAa HOHHCTOPHOTO  KOHJIEHCATopa
K Hapy>XHOMY CIJIOI0, B3aHMOJCHCTBYIOILEMY C ITyJIbCH-
PYIOIINM OOBEMHBIM 3apsAOM IOJIOKHUTEIBHO 3apsHKEH-
HBIX HOHOB B MOJIOCTH KOJUIEKTOpa. BKitoueHne BHemIHe-
IO 3JIEKTPHUECKOrO MO MpH Nojaue Ha yNpaBIISIOLINHA
EKTpo] (—) WM (+) cMemaeT 3IIEKTPOHHBIH YPOBEHb
HAHOTPYOOK ¥ ITOBBIIIAET HEPTHUI0 B3aUMOJIEHCTBUS 110-
JIO)KUTETIBHO 3apsDKEHHBIX MOHOB M DJIEKTPOHOB Ha 3JIEK-
TpOZax KOJUIEKTOpa M B €ro 00beMe 3JIEKTPUIECKOTO 3a-
psiza B MOJIOCTH MHOTOKOJUIEKTOPHOTO 3JIEKTPO/Ia.

PaGoune mapameTpsl peKymnepaTopoB SHEPIUH IOJI0-
KHUTEIPHO 3apsDKCHHBIX MOHOB BO MHOTOM 3aBUCST OT
CBOHCTB 3JIEKTPOXUMHUYECKHX CYHNEPKOHAEHCATOPOB HO-
HUCTOPHOTO THIA, KOTOPbIE MOTYT HCIIOJIb30BATHCS
B KauecTBe npeoOpazoBaTeiel U HAKONUTEJIEH 3JIEKTPO-
sHepruu. CBoicTBa KOHJEHCATOPOB  HOHUCTOPHOTO
tuna [10-14], B KOTOpPBIX 3JEKTPUUECKOE MOJIe COCPENO-
TOYEHHO HE B TOJIIPU30BAHHOM IMJIEKTPHUKE, KaK y Tpa-
JMIMOHHBIX KOHJIEHCATOPOB, a B JBOMHOM OJJIEKTpHYE-
CKOM CJIO€ Ha TPAHUIIE «3JIEKTPOA—3IIEKTPOIINTY, OIpeie-
JSIFOTCSL COCTABOM 3JIEKTPOJIUTA M MAaTepUalioB JIICKT-
ponma [15-18].

B osHeproHakonuTenbHOW CUCTEME KOHIEHCATOPOB
peKymnepaTtopa 3HEPrMH IOJOXXUTEIBHO 3apsKEHHBIX
HMOHOB BO3MOKHO HCIOJIb30BAHUE JKUAKUX WM TBEPIBIX
anekTponuToB. KoHaeHcaTopsl ¢ JBOWHBIM 3JEKTpHYe-
CKUM CJIOEM Ha OCHOBE TBEpJOro aekTpoiuta RbAgyls
pa3pabaThIBAIOT U IPUMEHSIOT B HACTOSIIEE BPEMSL.

KoHKypeHTOCIIOCOOHOCTh MOHUCTOPHBIX CYIEPKOH-
JICHCAaTOpPOB C TBEPABIM aieKkTpoiuToM RbAg,ls, HecmoT-
ps Ha Hu3KOoe pabouee HaNpsHDKEHHE UM BHICOKYIO LEHY,
OTIPEJEISIETCS] COBOKYITHOCTBIO CIIEYIOIINX apaMeTpOB:

— IIMPOKMM HHTEPBAJIOM pabouux TemIiepaTryp: OT
—60 o +125 °C;

— BBICOKOM CTOMKOCTBIO K BO3JIEHCTBHAM MEXaHHYeE-
cKkux (hakTOpOB, B TOM 4YHCJIE K yJapHBIM Harpyskam c
yckoperueM 10 50 000 g;

— BBICOKOM CTOMKOCTBIO K BO3ACHCTBUAM HOHU3U-
PYIOIIMX U3IYyYEHUH, T. €. HOHUCTOPLI COXPAHSIOT 3apsij
BO BpeMsl M TI0CJIE BO3/ICHCTBUS 3THX (DaKTOPOB;

— HU3KMMH TOKAaMH caMopaspsaku (~10°A).

Taxoke MOXET MPUMEHSTBHCS TBEPABIH 3JIEKTPOJIUT HA
OCHOBE JIUTHUS, AWAIa30H pab04nX TeMIeparyp KOTOporo
cocrasiseT oT —70 mo 150 °C.
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CBoJicTBa 3J1eKTPOJINTOB CYIEPKOHIEHCATOPA

CocraB 3JeKTpOoNIUTa
HanmenoBanue napamerpon -
RbAq,ls (Ha ocHOBE pyOUANs) LiCLO4 (Ha OCHOBE JTUTHS)

WnTtepBan pabounx temmneparyp —-60-125 °C —70-150 °C
CTOMKOCTb K yAapHbIM Harpy3Kkam 50000 g 45000g
Tox camo3zapsiiHbIN ~10° A ~10° A
Honnas npoBoAUMOCTb 0,01 Om/cMm 0,001 —0,0001 Om/cm
Bricokast cTOMKOCTh K MOHU3UPOBAaHHOMY Ha Ha
W3ITY4YCHHIO
Jlnana3oH HanpsHKEHUHA 1,1-5,6 B 1,146 B
MakcuMalbHBIH TOK 220 Ma/em® 200 Ma/em®

OCHOBHBIE CBOICTBA NEPCHEKTUBHBIX 3JIEKTPOJIUTOB
CYIEPKOHAEHCATOpa MOKa3aHbI B TaOJIHUIIE.

TBepaple 3JEKTPOIUTHI — 3TO TBepAble (a3pl (KpH-
CTALTUYECKHE WIH CTEKI000pa3HbIe), B KOTOPBIX 3JIEK-
TPUYECKUM TOK NPOBOJAT MOHBL. VOHHAs MPOBOJUMOCTH
TBEPABIX JJIEKTPOJIMTOB OOYCIIOBJICHA 3HAUYNTEIBHOW pa-
3YNOPSAOUYEHHOCTBIO OJHOW M3 TOJPEUIETOK KPUCTasLIa,
YTO MOXKET OBITH BBI3BAaHO (Pa30BBIM IEPEXOJOM, Ie(eK-
TaMH KPUCTAUINYECKOW PEIEeTKH WM BBEJICHHUEM B Ma-
tepuan creruduaecknx npumeceit [18—20]. Jlnst TBepapIx
JIEKTPOJIMTOB CYIIECTBYET KpHUTHUYECKas TeMIeparypa,
IIPU KOTOPOH IPOMCXOAUT CKAYKOOOpa3sHOE W3MEHEHHE
HMOHHOHN TPOBOJUMOCTH B HECKOJBKO Pa3 WIM Jaxe Ha
HECKOJIBKO NOPAAKOB. IlepCrieKTHBHBIMU SIBISIOTCS TBEP-
JIbIE 3IIEKTPOJIUTHI B TaK HA3bIBAEMOM CYNEPHOHHOM CO-
crostauu (CHUC), T. €. B COCTOSIHMM, B KOTOPOM HOHHAs
npoBoaumocts npebimaer 0,01 Om/cM, 1 0coOeHHO Cy-
TIEPUOHHBIE TTPOBOAHUKH, sl KoTopbix CUC peanusyer-
Csl IIPU KOMHATHOH TeMIIepaType.

OTO maeT BO3MOXKHOCTb TBEPIBIE IEKTPOJMTHI HC-
TI0JIb30BATh JUISl CO3/IaHMsI HOBBIX MHIIUBHIYAJIbHBIX KOM-
IIOHEHTOB PEKyIepaTropa 3HEPIud, HOHOB U 3JIEKTPOHOB,
a TaKKe MCTOYHUKOB TOKAa M KOHJICHCATOPOB C BBICOKOMN
ynenpHOH sHeprueld. CymeproHHBIH MpoBOTHUK RbAg,ls
HUMEET YJIENbHYIO 3JIEKTPOIPOBOAHOCTh HAMHOTO HOPSAL-
KOB BBIIIE, Y€M M3YYEHHbIE IO €ro OTKpPBITUS COCIU-
Henusi. CynepuoHHbIi npoBogHUK RbAg,ls oTHOCHTENB-
HO Oojiee YCTOWYMB K JCHCTBHSAM CBETa W BJIATH,
YTO MO3BOJIACT YCHCIIHO €ro NpUMCEHATH B IPOU3BOJICTBE
TBEPAOTEIBHBIX HWOHUCTOPOB IJI CO3JaHUA peKylepa-
TOPOB JHEPrHU 3apsDKEHHBIX YaCTHI, MO3BOJISIONIINX
mmpeoOpa3oBaTh HMX DJHEPTUI0 B JJIEKTPOCTATHUECKOE
3JIEKTPHUYECTBO.

Jlns M3TOTOBIIEHUS! 3JEKTPOJOB HOHHUCTOPHBIX KOH-
nercatopoB (MK), ncnonp3yeMbIx B Ka4eCTBE HAKOIHTE-
Jel SHEPTruy, MOTYT HCIIOIb30BaThCS TPU BHIA MaTepua-
JIOB: HA OCHOBE YTJIEPOJa, OKCHJIa METAJUIOB U IPOBOJII-
LIMX MOJIUMEPHBIX COCTUHEHHH.

Yrnepox U ero pasiuyHble nonuMopdHble MOIUdH-
Kaluy HauboJiee NIMPOKO MCIIOJB3YIOTCSI B KA4eCTBE Ma-
TEpUaJIOB ISl M3TOTOBJEHUS 3JEKTPOJOB MOHUCTOPHBIX
KOHJICHCATOPOB, TaK KaK yIJIEpPOJIHBIM MaTepuals obiana-
€T BBICOKOH 3JIEKTPONPOBOJHOCTBIO, Pa3BUTON YAEIbHON
oBepXHOCTBIO (10 3000 M*/T), Xopoureii KOPPO3HOHHOM
CTOHKOCTBIO, BBICOKOW TEMIEpaTypHOH CTaOMIBHOCTHIO,
TEXHOJIOTUYHOCTBIO U COBMECTUMOCTHIO B KOMITO3UTHBIX
MaTepHaax, OTHOCUTEIbHO HU3KOH CTOMMOCTBIO.

720

VYriiepoaHblid MaTepuan MOXKET NMPUMEHSTHCS B Pa3-
JUYHBIX MOJU(HKANNAK, BKIIOYAs MOPOIIKH aKTHBHUPO-
BaHHOTO VTSI, YTJICBOJIOKOHHYIO TKaHb, a’3pOreiH, Ha-
HOTpyOKH, rpaden [16-20].

VY aenpHas MOBEPXHOCTh YIIEPOJHOIO MaTepHala oKa-
3bIBaeT OOJIBLIOE BIIMSIHUE HA 3JIEKTPOEMKOCTh, CTPYKTY-
Py Marepuaina, pacipenesneHue nop 1no pazmMepam, Mpupo-
JIy TIOBEpXHOCTHBIX (DYHKIMOHAIBHBIX TPYIIT U 3JIEKTPO-
MPOBOJHOCTh, a TaKKe APYTrue MapaMmeTpbl, KOTOPbIE OI-
PENEeISIIOT TPON3BOAUTEIIEHOCTE MOHUCTOPHOTO KOHICH-
catopa. B Hacrosmee BpeMsl UCCIIEIOBaHUS HAPABICHBI
Ha pa3pabOTKy TEXHOJOTHH MOJMYYCHHUS YTIEPOIHBIX Ma-
TEepHaJoB ¢ TpeOyeMoi CTPYKTYypOH Mop, pacipeneicHu-
€M HX M0 pa3Mepam, 0OECICUHBAIONINM CO3JaHHE DJICK-
TPOZOB C BBICOKOH 3NIEKTPOEMKOCTBI0 M HHU3KHUM COIIPO-
THUBJICHUCM, U o6ecneqMBa}omnx répMETUIHOCTD I10JIOC-
TH KOHJIeHCaTopa. Bapbupys yriepoaHbIM ChIPbEM, YCIIO-
BUSIMH aKTUBALIUK (TEMIIEPaTypOii, COCTABOM aTMoc(epsl
U BpPEMCHEM), MOXHO OOCCIECYUTh TPEOYyeMyIO IOpHC-
TOCTb U PacHpeeNIeHue 10 pasMepaM IIPU U3TOTOBIEHUU
2JIEKTPOJIOB, HAIIPUMEP U3 APEBECHBIX yruiel [21; 22].

K BBICOKOIIOPHCTBIM yTIIEPOIHBIM MaTepHaiaM OTHO-
CATCS YTJIEPOAHBIE adPOTENH, IONYYEHHBIC MHUPOIN30M
OpraHu4ecKux asporesneil. VX nosydaroT MOJMKOHAEHCA-
muel pesopuMHa W (GopManbAerua B 30Jb-I'ellb-
mporiecce, IO3BONIAIONIEM KOHTPOJIMUPOBATh IIOTHOCTH,
pasmep mop u Gopmy yactun. Martpuiia TBEpAOTro a’spo-
rejsi COCTOMT W3 COCAMHEHHBIX MeXIy co0OW YacTHIl
KOJUIOMIHOTO YTJIepO/ia WK MOJMMEPHBIX Lemnei [23].

Ilocne mnmponusa MaTepual Ha OCHOBE alsporenei
nMeeT 0oJiee BBICOKYIO 3JEKTPOIPOBOIHOCTD, YEM y aK-
TUBUPOBAHHBIX YIJIEPOAOB. YTJIEPOAHBIE a’0pOrelu Mo-
TYT OBITH BBHINOJHEHH! B ()OPME MOHOJIHUTOB, KOMITO3UTOB,
TOHKHX IUICHOK, ITOPOIIKOB FIIM MHKpocdep, 94To MO3BO-
JISET TIPY BapHATHBHOCTHU TIPOIECCAa M3TOTABIUBATH AJICK-
TPOABI U3 TIOPOIIKOB HMJIM APYTHX KOMIIOHEHTOB a’pore-
JIEH, UCTIONB3YS CBS3YIOIINE, a TAKXKe JeJIaTh MOHOJHT-
HBIH JIEKTPO/I.

VYrieposHble BOJIOKHA MOTYT OBITh IOJy4€HBI U3 Tep-
MOPEAKTUBHBIX OPraHUYECKUX MAaTepHanoB (LIEJUIIOI03bI,
(heHONILHOM CMOJIBI, TOJIMAKPUIOHUTPUIIA U TIEKOBBIX Ma-
TEpHaJIoB).

JUis co3gaHus 3MEeKTPOJOB HOHUCTOPHOTO KOHMAEHCA-
TOpa HEOOXOOMMO NPHUMEHSTh MaTEepPHajbl C BBICOKOH
yAenbHOl eMKocThio. Ha puc. 2 mpencraBieHbl HEKOTO-
pBI€ IEPCTIIEKTUBHBIC MaTEePHAIbI.



Texnonozuueckue npoyeccost u mamepuaiiol

D¢ dexTHBHOCTH PabOTHI peKynepaTopa 3HEPrUu Io-
JIOXKHUTENBHO 3apsDKEHHBIX MOHOB BO MHOTOM OIIpEesi-
€TCsl IIOCTPOCHUEM €TO CTPYKTYPHOU CXEMBI.

Ha puc. 3. nmokaszaHa cTpyKTypHast CXxeMa peKyIneparo-
pa sHeprun KatnoHOB. OHa BKIIOYAET B ce0s 3apspKaro-
LM MHOTOKOJUICKTOPHBIN 3JIEKTpoa I, HAaHOMOAU(HIIH-
POBAHHBIN TBEPJBIA IJICKTPOIHT 2, cernaparop 3, BBIMOJ-
HEHHBIH U3 JUIJIEKTPUYECKOr0 Marepualna, 3JIEeKTpocTa-
TUYECKUH IIEKTPOA. 3apsHKAIOUINH MHOTOKOJICKTOPHBII
3NEKTPOoS / U DBIEKTPOCTATHUECKHUM 3JEKTPO] 4 BBIIOI-
HEHbl MHOTOCJIOMHBIMH, THOPUIHBIMH, U3 HAHOMOIU(H-

[UPOBAaHHBIX MaTepHaioB (TUMA CIOW MOIAU(PHUIUPO-
BaHHBIX MnQO, yIIepoIHBIX HAHOTPYOOK =+ JIEKTpPO-
MPOBOASAIIMN MOJAUMEpP + YrIIEpOIHbIE HAHOMOIU(HUILK-
pOBaHHbIE HAHOTPYOKM M HAHONOPUCTBIA YTIEPOIHBIN
MaTepHal), 9T0 00eCIeUYnBACT BEICOKHE €MKOCTh U JJICK-
TPOMPOBOJHOCTh 3JIEKTPOAOB U XOPOIUINE IMHCCHOHHBIC
CBOWCTBa MHIMBUAYAbHBIX KOMIIOHEHTOB peKyIepaTopa
SHEPTUU. DIIEKTPOJIUT M3TOTOBIIEH M3 HAHOMOAUDHUIIUPO-
BaHHOrO0 MaTepuana Ha ocHoBe pyOumust (RbAg, is),
MO3BOJIAIONIETO paboTath mpu Temmeparype ot —60
0 +125 °C.
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Puc. 2. 3aBucuMocTh yaeIbHON EMKOCTH 3/IEKTPOAA CyNEpPKOHASHCATOpA OT MPUMEHSIEMOTo MaTepHana

Fig. 2. Dependence of the specific capacity of the supercapacitor electrode on the material used
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Puc. 3. CtpykTypHast cxema peKyrneparopa 3Hepruu MOJI0KHUTEIbHO 3apsHKEHHBIX HOHOB

Fig. 3. Structural diagram heat exchanger energy positive ions
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[pouecc 3apsiaku/pa3psaky B HOHUCTOPHBIX KOHJICH-
caropax IPOUCXOAMT B CJIO€ HOHOB, CHOPMUPOBAHHOM Ha
MTOBEPXHOCTSAX TOJIOKHUTEIBFHOTO M OTPULATEIEHOTO MHO-
TOCIIOWHO THOPHUIHBIX 3NEKTPOax, K IPUMEpPY, Ha OCHOBE
aKTHBHPOBAHHOTO YIJIS / 3MIEKTPONPOBOASAIIEIO HOJINME-
pa / yrnepomubix HaHOTpYyOOK. Ilox meficTBmeM mpwio-
KEHHOTO HANpSDKEHWS aHWOHBI M KaTHOHBI ABMXKYTCS K
COOTBETCTBYIOIIEMY JIEKTPOY U HAKAIUIMBAIOTCS HA €T0
HIOBEPXHOCTH, 00pasysi, TaKUM 00pa3oM, C 3apsaoM 3JIeK-
TpoAa JBOMHOM 3iexkTpuueckuil cioit [11]. BenenctBue
9TOT0 M MOSIBUIIOCH HAa3BaHUE «KOH/IEHCATOP C JABOHHBIM
anekTpuueckum ciaoem» [12]. Ilpu npunoxeHun mocro-
STHHOTO BHEIITHETO HANpsDKEHWS JABOMHOW 3JIEKTPUYECKUH
cJIoH paboTaeT KaK M30JIMPYIOUIMH M HE MO3BOJISIET MPO-
TEKaTh CKBO3HOMY TOKy. OOBIYHBIA IHAIIa30H HarpspKe-
HUS paboOTH HOHUCTOPOB — OT 2,3 no 5 B [13; 14]. Ton-
IIMHA JBOHHOIO 3JIEKTPUYECKOrO CJIOS Maja M COMOCTa-
BHMa C pa3MepOM MOJIEKYJIBL, T. €. 0kojio 5—10 am [15-17].

OJEKTPOIUT NMPOHUKAET MEXKAY YaCTHIAMU AKTHUBH-
POBaHHOTO YIJIS, ¥ DJEKTPOJA TakuM 00pa3oM «IpOITH-
TaH» JNEKTPOIUTOM.

OO111yI0 €eMKOCTh HOHUCTOPHOTO KOHJIEHCATOpa MOX-
HO IPE/ICTaBUTH KaK

S
C=—, ®)
d
roe d — TONIIMHA JBOMHOTO 3JIEKTPHUYECKOTO CIIos,

5-10 am; S — 0o01Ias MmIOIIA k.
ITpu 3apsiKe HOHAMH aproHa 3apsDKAOIIETO JJIEKTPO-
Jla peKymeparopa 3apsAHbli TOK i MOXHO OIUCATh IO

¢dopmyie
-exp ( ),

rac Ua — HanpsAKCHUE Ha 3apsiKarolleM 3JICKTPOIC,

1=

a

R

R )

C — eMKOCTh KOHJEHCATopa; R — CONPOTUBIEHUE B KOH-
JICHCATOPE; ¢ — BpEMsI 3apsiiKH KOHIEHCATOpa.

EMKOCTh MOHHCTOPHOTO KOH/IEHCATOpa MOXET OBbITh
OLICHEHA CJIEAYIOUM 00pa3oM:

It

1t 10
U -0, (10)

rae: C — 3IeKTpocTaTHIecKas eMKOCTh, @; / — TeCTOBBII
TOK, A; U—U, — TecTOBBIi IMana3oH HanpsskeHud, B;
t — BpewMsd, C.

EMKOCTP 3aBHCHT OT TOKa paspsiia, 4TOObl yMEHb-
LIUTH TOTPENIHOCTh U3MEPEHHH, HE0OXOIMMO HCIOJIB30-
BaTh CTAaHIAPTHBIN TOK pa3psaa 1 MA/O.

BHyTpeHHee cONpOTHBIECHHE MOHUCTOPHOTO KOHJICH-
caTopa I10 CPaBHEHHIO C AIICKTPOIUTHYECKUM BEIIHKO, TaK
KaK 3KBHBAJICHTHAsI CX€Ma HOHUCTOPA COCTOUT U3 COCIH-
HEHHMH OOJBIIOrO KOJIMYECTBA MAJBIX KOHIEHCATOPOB,
HUMCIOIINX pa3IMYHbIC 3HAYCHUSA BHYTPCHHETO COITIPOTUBJIC-
HUS, IO3TOMY TOK 3apsiIKH MOXKET H0CTUraTh 10 10 MKA.

XapakTepuCcTHKa 3apsAAa HOHUCTOpA IIPU YCIOBUH He-
KOTOPBIX JOITYIIEHNI MOXET OBbITh ITpejcTaBlieHa BbIpa-

JKEHUEM
U,|1—-ex L
0 p CR

(11)
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Bpewms pa3psga Ui TOCTOSHHOTO TOKa M MOCTOSTHHO-
TO CONPOTHBIICHUS HATPY3KU TPU pa3psac NPUBCACHHI B
BeIpakeHUsX (12) u (13) cooTBeTCTBEHHO:

c(U,-U
Gt (12)
I
t=—crin| Y|, (13)

0
rae t — Bpems; C — eMkocTb; U, — BHyTpEHHEE HallpshKe-
nue; U, — HanpsbkeHue nocie #(c); I — ToK Harpy3ku; R —

COTIPOTHUBIICHUE HATPY3KH.
XapakTepucTuka paspsja HOHUCTOpa IO BPEMEHH
MOXeT OBITh ITPEICTaBIIeHa CIIEIYIOLIUM 00pa3oM:

C(U,-U,)
I
XapakTepucTHUKa caMopaspsiia HOHHCTOPA MOKET
OBITH MpeICTaBlIeHa CIETYIONIIM 00pa3oM:

(14)

t
U=U, -exp| ——|, 15
Y CR (15)

1

rae R, — COIpOTHBIIEHHE M30JILUU (CyMMa COIPOTHBIIE-

HUSI YaCTHL THOPHUIHOTO 3JIEKTPOAA).
[IpennonaraeMelii CpOK SKCIUTyaTalli MOXKET OBITH
paccumTaH 1o GpopmyIe

tzggzca%—M—u)
’ I+i,

(16)

; )
rae C — eMKOCTh HOHUCTOPA, D; i — TOK B TEYCHHUE IKC-
IUlyaTaluy; i, — TOK yTeUkd, A; R — BHyTpEHHEE COIPO-
TUBJIeHHE noHUCTOpa, OM Ha 1 k['; U, — HampsbkeHue,
Ha KOTOpoe paspsaamics uonucrop, B; U, — npunoxen-

HO€ HarpsbkeHue, B.

Ha puc. 4 mokazaHa cxema KOHTPOJS IapamMeTpoB
W YIpaBICHHUS MpoIieccoM paboTHl peKyreparopa I0JIo-
JKUTENBHO 3apsKEHHBIX MOHOB, COBMEIICHHAs C MpOLec-
COM 3apsIIKH aKKyMYyJIsITopa.

Pexynepatop (puc. 4) paboraer ciemyrommM obOpa-
30M [3]: MOJMOXKUTENBHO 3apsKEHHBIE YACTHUIBI MPOIYK-
TOB CrOpaHusl TOIUIMBA MOJ JAEWCTBUEM OTPHUIATEIHHO
aNeKTpUUYecKoro noreHmana 1-1,5 kB, mogaBaemoro Ha
KOJIBLIEBOM M30JIMPOBAHHBIN AJIEKTPO] 3, YCTAHOBIECHHBIN
Ha Bxone muddys3opa [, HANPABIAIOTCS B KOHHMYCCKHIA
KaHan 2 SKCIaHAepa, T/Ie Pa3TOHAIOTCS JOMOIHHUTEIBHO
[P [IOMOLIM yCKOpsAmoIero noreHuuana 1 kB, noganHo-
IO Ha KOJIBIICBOW M30JIMPOBAHHBIN 3JCKTpox 5 ais ¢op-
MHUpPOBaHHSA YHUIOJSIPHOTO Iy4Ka MOJOXHUTEIBHO 3apsi-
JKEHHBIX MOHOB. [Ipy MBMKEHUH ITydKa MO0 KOHHYECKOMY
KaHaTy 2 OH YIDIOTHSETCS, HEKOTOPBIC HOHBI C OOJBIIOH
SHEPrueil IpHU 3TOM MOTYT B3aUMOJEHCTBOBATH C JJIEK-
TPOHAMH, BEIXOISIIAMH C TIOBEPXHOCTH aJIMa30M0J00HOH
IVIEHKH 9, cOPMUPOBAHHON Ha KPEMHHEBOW peIlIeTKe
10, nanecennoit Tommunoi 0,2—-0,4 MKM Ha BHYTPEHHIOIO
MMOBEPXHOCTh KaHana. [Ipw IBMKCHWU ITydKa HOHOB IIO
KaHaly Ha HEro MOXET OCYILUECTBIISITbCSI BO3JIEHCTBUE CO
CTOPOHBI U30JIUPOBAHHOTO  YCKOPSIOIIEE-TOPMO3SIIETO
3NeKTpoda 7 Ui BEIPABHUBAHUS U YIIPaBICHUS SHEPTrUeH
MOTOKA.
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Huddysop /, KoHMYEeCKn KaHall 2, yCTAHOBJICHHBIE  3apsHKCHHBIX YacTHI, KOTOPBIH oOecreuuBaeT MOAady
Ha HUX KOJIbLIEBBIE 3JIEKTPOALI 3, 5, 7 Ha M30ATOpax 4, 6, B PEeKyNnepaTop MydKa MOJ0KUTEIBHO 3apsHKEHHBIX HOHOB
8 B COBOKYHHOCTH 0OpasyloT IIpeoOpa3oBaTeNb HMOTOKA  C COOTBETCTBYIOLIEH MX MacCOW, COCTaBOM U 3HEPTHEH.
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Puc. 4. Cxema KOHTpOJIS TapaMeTPOB U YIPaBJICHHs MPolleccaMu paboThl peKyepaTopa MOI0KHUTEIBHO
3apsKEHHBIX HOHOB IPOJLyKTOB CTOPAHUs TOIUIMBA:

1 — nuddysop; 2 — KOHHYECKUH KaHal, 3, 5, 7 — KOJbIEBbIC U30JIUPOBAHHBIC AIEKTPOIBI; 4, 6, § — H30JIATOPBI; 9 — aMa30noa00Hast
ieHkKa; /() — KpeMHHUeBas peleTka; // — BXOJHOM KaHall OTpaskarens; /2 — yCTpOWCTBO KPYTOBOM pa3BepTKH; /3 — AMAIEKTPUUECKUI
KopIyc pekyneparopa; /4, 15, 21 — 10J10KUTEIbHO 3apsKEHHbIE MHOTOKOJIIEKTOPHBIE 31€KTPOALL; 16, 19, 22 — oTpULaTeIbHO
3apsDKEHHBIE MHOTOKOJUICKTOPHBIE JIEKTPOIBI; /7 — KOJBLEBOH cenaparop; /8 — KONbIEeBOil N30ITOp KOHIEHCATOPOB; 2() — TBEpAbIH
HaHOMOAU(DHUIUPOBAHHBII IEKTPOJIHT; 23 — YIPABISIOIINIT SIIEKTPOI;, 24 — U30IATOP; 25 — KOHUYECKHI HAKOHEYHUK; 26 — U30JIATOD;
27 — KaHaJ JJ1s NPOKAYKH OXJIAXKAAIOIIEH KUIKOCTH; 28 — KaHall JUisl BhIX0Ja ra3a; 29 — OTPULATENIbHO 3apsKEHHBIE KOJIBIEBBIC DJIEKTPO/IbI;
30 — yrnepoassle HaHOTPYOKH; 3/—33 — OTPULIIATENBHO 3apsDKEHHBIE IEKTPOABL; 34—36 — IOTOKUTEIBHO 3apsDKEHHBIE SJICKTPOBL;
37 — maT4uK KOHTpOJIst 00beMHOTO0 3apsia; 38 — matpy6ok; 39 — Hacoc AJsl MOJa4uH OXJIXKAAOMICH KUIKOCTH; 4() — BOIBTMETD;

41 — amnepmertp; 42 — akKyMyJIsITOpHasi 0aTapest; 43 — ucTouHHK Beicokoro Hampspkenust (MIBH); 44 — 6ok ynpasnenus UBH;

45 — nu3kovactoTHbli ucTouHuk Toka (HUT); 46 — 6nox ynpasnenus HUT; 47 — vacroromep

Fig. 4. Control scheme of parameters and processes control of the recuperator of positively charged ions
of fuel combustion products:
1 — diffuser; 2 — conical channel; 3, 5, 7 — annular insulated electrodes; 4, 6, 8 — insulators; 9 — diamond-like film; /0 — silicon grid,

11 — reflector input channel; /2 — circular scanner; /3 — dielectric case of the heat exchanger; 14, 15, 21 — positively charged multi-collector
electrodes; 16, 19, 22 — negatively charged multi-collector electrodes; /8 — ring insulator of capacitors; 20 — solid nanomodified electrolyte;
23 — control electrode; 24 — insulator; 25 — conical tip; 26 — insulator; 27 — coolant flow channel; 28 — gas outlet channel; 29 — negatively
charged ring electrodes; 30 — carbon nanotubes; 3/—33 — negatively charged electrodes; 34-36 — positively charged electrodes;

37 — sensor monitoring space charge; 38 — pipe; 39 — pump for coolant; 40 — voltmeter; 4/ — ammeter; 42 — battery; 43 — high voltage
source (IVN); 44 — IVN control unit; 45 — low frequency current source (NIT ); 46 — BAT control unit; 47 — frequency meter
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Cubupckuil scypHan Hayku u mexvoaoeui. Tom 19, Ne 4

3areM YHUITOJSIPHBIM ITy9OK IOJIOKUTENBEHO 3apsiKeH-
HBIX MOHOB 4epe3 BXOJHOW KaHall oTpaxkateys [/, BbI-
MIOJTHEHHBIH M3 TpaduTa, MOCTYIAaeT B PEKyleparop, yc-
TAHOBJICHHBIH B AMAIEKTPUUECKUI KOPITyC 3, IPOXOIUT
yepe3 YCTPOUCTBO KPYroBOH pa3BepTKH /2, TPH 3TOM
MOTOK PacCcemBaeTCs, dHEPTHS WX MOXKeT ObITh OoT 60
no 1000 3B, kortopas moabupaeTcst IS Kaxa0ro BHIA
HOHOB WJIM COBOKYIMHOCTH HMOHOB. IloyI0XKHTENBHO 3apsi-
JKCHHBIC HOHBbI BSaMMOﬂeﬁCTBymT C NEPBbBIM MHOI'OKOJI-
JIEKTOPHBIM 3apsDKAIOIIUM JJIEKTPOJIOM /4 1mepBoro O00Ko-
BOT0 MOHHMCTOPHOTO KOHJIEHCATOpa, YCTAaHOBJIECHHOTO Ha
KOJIBLIEBOM H30JsiTope /8, 00pa3oBaHHOTO JBYMS KOJIb-
LIEBBIMH TIOJIOCTSIMH, Pa3/IeIeHHBIMU KOJIBIIEBBIM Cellapa-
TOpOM /7, 3allOJIHEHHBIMH TBEPJbIM HAaHOMOAU(DHUINPO-
BaHHBIM 3JekTponutoM 2(). B3ammoneiicTBue paccesH-
HBIX TOJIOKUTENBHO 3apsOHKEHHBIX HOHOB, O0JIa[AIOIINX
MEHBIIEH 3HEPrUel, ¢ 3apsHKarollMM MHOIOKOJUIEKTOP-
HBIM 3JIEKTPOAOM /4 HMPOUCXOOUT B PE3YJIbTATE HEYIIPY-
TOr0 CTOJKHOBCHHUS, B OCHOBHOM 3a CUET JJICKTPOCTATH-
YEeCKOT0 U 3JIEKTPOHHOTO MEXaHH3Ma TOPMOXKEHHSX, KO-
TOPBIN CBSI3aH C 3JEKTPOHAMH KOJJIEKTOPOB /4, MOKpHI-
TBIX MHOT'OCJIOHHBIM TMOKPBITUEM M3 YTJICPOAHBIX HAHOT-
pybok 30, MomuduIUpOBaHHBIX Kene3oM. HoHBI co
CpeaHel dHepruel MpoXoAaT B MOJOCTh BTOPOTO pPeKyIe-
paropa SHEpriuy ¥ B3auMOAEHCTBYIOT CO BTOPHIM MHOTI'O-
KOJUIEKTOPHBIM 3apsDKAlOIIMM 3JIEKTPOAOM [5 TOXE Ha
OCHOBE 3JIEKTPOCTATHYECKOTO U 3JIEKTPOHHOTO MEXaHM3-
Ma TOopMOkeHHs. [IoBEpXHOCTH BTOPOrO MHOTOKOJIIEK-
TOPHOTO 3JIEKTPOAA TAKXKE MOKPHITHI MHOTOCIONHBIM I10-
KPBITHEM U3 YIIICPOIAHBIX HAHOMOJU(ULIUPOBAHHBIX TPY-
00K 30, a caM MHOTOKOJUICKTOPHBIN 3JIEKTPOJI CBSI3aH CO
BTOPbIM 60KOB])IM KOHJACHCATOPOM HOHHCTOPHOI'O0 THIIA,
00pa30BaHHBIM KOJIBLEBBIM 3JIEKTPOCTATUYECKUM 3JIEK-
TpoxoM /9 ¢ TOJNOCTSAMH, pa3AelIeHHBIMH KOJIBIIEBBIM
cernapaTopoM /7, 3allOJIHEHHBIMH TBEPIBIM HaHOMOJH-
(UIMPOBAHHBIM 3JIEKTPOJIUTOM Ha JIMTHEBOH OCHOBE.
BennunHa 351€KTPOHHOTO TOPMOXKEHHS IPONOPLIHOHAIB-
Ha CKOPOCTH MOHA WJIM KBaJPAaTHOMY KOPHIO €r0 SHEPTHH.
OHeprusi MOHa B PEKyIEpaTope TaKKe MOXKET TPaTUTHCS
3a CUET €r0 CTOJKHOBEHMS C aTOMaMH rasa, o0pasyrolie-
rocst 3a CYET pereHepalnuy HOHU3UPOBAHHOTO BEIIECTBA U
€ro B3aMMOJICHCTBHUSI C NEKTPOAaMHU-KOJIEKTOpaMu [3].

Jl1g BBIXOAa MOJIEKYJI ra3a U3 MOJOCTH peKyreparopa
B €ro KOpPITyCe BBINOJHEHbI KaHAIbI 28 ¢ YCTaHOBIEHHBI-
MH Ha HHMX M30JIMPOBAaHHBIMH OTpPHUIATENLHO 3apsDKEH-
HBIMH KOJIBLIEBBIMH 3JIEKTpoJaMu 29, Ha KOTOpBIE IMoJia-
ercsi moteHuuan 1-1,5 xB ans TopMoxeHHs] MOJOXKHU-
TENBHO 3apsHKEHHBIX HOHOB. [10JI0KNTENBHO 3apsKEeHHBIC
HOHBI C BBICOKOM 3HEprued MocTynaroT Ha 3apspKaroliuid
EKTPOJ-KOJUIEKTOP 2/ TOPLEBOr0 MOHHCTOPHOTO KOH-
JIeHcaTopa, obmamaromiero ©Ooyiee BBICOKOM E€MKOCTBIO,
4yeM OOKOBBIE KOHIEHCATOPBI, 1 MEHBIIUM BHYTPEHHUM
CONPOTHUBJICHUEM, OOpPa30BAaHHOTO 3IIEKTPOCTATHUECKUM
3JIEKTPOJOM 22 Y TIOJIOCTAMH, Pa3AeICHHBIMU KOJIbIIEBHIM
cenapatopoM /7 W 3alOJHEHHBIMU TBEPIBbIM HAHOMOJIHU-
¢unmpoBanHbIM 35ekTposuToM 20. Ilo nenTpy Topueso-
IO KOHJ/IEHCATOpa YCTAHOBJIEH YIPABISIOMIMNA H30JIMPO-
BaHHBIN 31E€KTpoJ 23 Ha u3oyuATrope 24 ¢ KOHHUYECKUM
HaKOHEYHHKOM 25, BBINOJHEHHBIM W3 TpaduTa U ycra-
HOBIICHHOM Ha u3oisitope 26. Ha ympamisromuii smex-
Tpox 23 MoxkeT moxaBaThes moreHman ot 100 xo 850 B
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¢ yacrotoit 10-500 I'y B 3aBUCUMOCTH OT 3HEPTHH U BUJIA
MOJIOKUTEIBHO 3apsKEHHBIX MOHOB. Bo3zgelicTBue mosno-
JKUTEJIFHO 3apsDKEHHBIX MOHOB Ha TOPLEBOM JIICKTPOI-
KOJJIEKTOp 2/ MOXeT OBITh 0oJiee CHIIBHBIM, MOATOMY
IO TOJIIIMHE OH IMPEBOCXOUT MHOTOKOJJICKTOPHBIC 3JICK-
Tpoxsl /4 u 15 B 4 u Gonee paza.

W3BectHO, uTO OOMOAapAMPOBKA MOHAMH HOCHT HM-
IIyJIbCHBI HETEPMUYECKHUI XapakTep, U B CBSI3U C TEM,
uro Eye, = 23 3B mpu T = 200 °C, TopIIeBO# IMEKTPO-
KOJUICKTOp 2/ MOHHCTOPHOIO KOHJEHCaTopa OoJiee WH-
TEHCUBHO OXJIAXKIAETCS, YeM JiBa OOKOBBIX HOHUCTOPHBIX
KOHJICHCATOpa ¢ MHOTOKOJIJIEKTOPHBIMHU dJIEKTpoaamMu /4
n /5 myTeM NpPOKAuKM OXJIAKAAOLIEH JKUAKOCTH uepes3
KaHaJIbl 27, BHINOJHEHHBIE B JNUAIIEKTPHYECKOM KOpITyCe.
Bo3znelicTBue MOHOB Ha TOPLEBOM 3apsyKarOIIMHA DJIEK-
TPOJL OTPAHNYEHO 3HEPTHell MOJIOKUTEITBHO 3aPSKCHHBIX
gactur 70-1000 3B, Tak kak, Kak y)Xe TOBOPHIIOCH, IIPH
TaKOW 3HEPTHHU CYIIECTBEHHOTO BBIOMBAHMS aTOMOB 3JIEK-
Tpona u3 rpadura He HaOmomaercs. Bce MHOTOKoOJUIeK-
TOpHBIE D3JIEKTPOJBI PEKylepaTopa YyCTaHABIUBAIUCH
TaKUM 00pa3oM, 4YTOOBI yroy MafeHUsl IOJIOKHTEIBHO
3apsDKEHHBIX MOHOB Ha HUX ObLT Ooniee 60°, s yBemnye-
HUSI OTPaKEHUS] OT HUX MOHOB, KOTOPHIE B CITy4yae 3acTpe-
BaHUs UX B NOBEPXHOCTH 3NEKTPOAOB /4, 5 u 21 Moryt
CYIIECTBEHHO M3MEHHTh WX 3JIEKTPOHHBIA cnektp. s
obecriedeHnsT IEKTPOHHOTO CIIEKTPa 3JIEKTPOIOB PEKY-
repaTopa UX MHOTOCJIOMHBIE TIOKPBITHS H3TOTaBIUBAIIICH
13 HaHOTPYOOK Ooibmioro auamerpa (1-1,5 HM u Gonee),
TPYOKH HCIIOJIB30BAINCH HAHOMOIH(PHUIMPOBAHHEIE, CO
CPeIHUM pPaccTOSHUEM MeXAy HuMH 0,5 MKM, CBA3SIMH,
obecrieunBaromMu conpoTusiseMocts YHT Gombapau-
POBKE 3apsDKEHHBIMH YacTHUI[AMHM 3a CUET IapaMeTpoB
OpPHEHTALMK CBSI3eH, CHIDKAIOUIMX UX JeGopMaluio Mpu
B3aUMO/ICHCTBUH C HOHAMH.

BombapanpoBka rpauToBOro HaKOHEYHUKA 25 U BbI-
OuBaHME W3 HETO JJIEKTPOHOB M MOHOB YIJIEPO/a MOXKET
cnocoOcTBOBaTh 3ammBanuio aedekroB YHT npu BeIOH-
BaHWM W3 HHUX aTOMOB, KPOME TOro, rpadur crocoOeH
BBIJICP)KUBATh BBHICOKHE TEMIIEPATYPHI IPH SKCIITyaTalliN
(mo 3000 °C). YacTe NOJOKHUTENBEHO 3apSHKCHHBIX HOHOB
IPU B3aHMOJEHCTBHHU C 3JIEKTPOAAMH PEKylepaTopa 3a-
pshKaeT MX MOJIOKUTENIBHO, & CaMU MOHBI BEIECTBA MpPHU
3TOM IOJBEPTaIMCh PEereHepanuu ¢ o0pa3oBaHUEM aro-
MOB BemecTBa. OTpakeHHas! 4acTh MOJIOKUTENBHO 3apsi-
JKEHHBIX YacCTHI] 33JICP)KUBACTCS B PEKyIlepaTope 3a cyer
paboThI YCTpPOHCTBA KPYTOBO pa3BepTKH /2.

ONEKTPOHHBIM MOTOK CO CTOPOHBI MJIEKTPOAOB PEKY-
nepaTropa oOpa3oOBBIBACTCS 33 CUET HYMHCCHOHHBIX Xapak-
TEPUCTUK HAHOTPYOOK M TEpeHoca IEKTPOHOB M3 IBOH-
HOTO CJIOSI 3apsDKAIOLIEr0  JIEKTPoJa HOHHCTOPHOTO
KOHJeHcaTopa. HanpskeHHOCTh 3JIEKTPHUUECKOTO OIS
B TOYKE, U3 KOTOPOH MPOUCXOAUT IMUCCHS IEKTPOHOB,
MOXeT OBITh Pa3Hasl MO MOBEPXHOCTH MHOTOKOJUIEKTOP-
HOTO 3JIGKTPOJia, HO OHAa JOJDKHA OBITh BbIIE pPabOTHI
BbIXOZA dJekTpoHa. IIpu Bo3nelcTBUHM NEPEMEHHOIO
NIEKTPUUYECKOTO MO CO CTOPOHBI YIPABISIIOMIETO IeK-
Tposa 23 MPOMCXOIUT aKTUBALUS SHEPTUH B3aHMMOJIEHCT-
BUSI TIOJIOKUTEIIFHO 3apsKEHHBIX HOHOB C 3JIEKTPOHAMH Y
TIOBEPXHOCTH JICKTPOJIOB PEKYIEpaTOpa 3a CUeT ITyJibca-
UM TIOJIOXKHUTEIBHO 3apsHKEHHOTO OOBEMHOTO 3apsiia B
MOJIOCTH peKyteparopa ¢ dactotoit f = 10-500 'y u Ha-



Texnonozuueckue npoyeccost u mamepuaiiol

npspkenreM 200-500 B. Oto npuBoguT K 3apsiike MOHU-
CTOPHBIX KOH/EHCATOPOB INpPU MHUHHMAIBHOM HarlpsKe-
Huu 0,16 B ¢ BO3MOXHOCTBIO TPaHCHOPTHPOBKH DJICK-
TPOHOB B 30HBI, I'/Ie NPOMCXOANUT MX B3aMMOJECHUCTBHE C
TIOJIOKUTETBHO 3apsHDKEHHBIMU MOHaMu. [Ipy HakoruieHHn
IEKTPOCTATUYECKOTO JJIEKTPUUYECTBA HA HMOHHUCTOPHBIX
KOHJICHCATOpax [0 ONpPEIEICHHONH €MKOCTH M HalpsiKe-
HUS Ha dMeKTponax He Ooinee 3—5 B 3apsn ¢ HUX MOXET
CHUMATBCS C HCIOJIb30BAHUEM OTPHULATCIBHO 3apsiKCH-
HBIX 2JIeKTpoJIoB 3/, 32, 33 ¥ TOJOXUTENBHO 3apsiKeH-
HBIX JJIEKTPOAOB 34, 35, 36, W syeKkTpudecKkas dHEprus
HaInpaBisieTcsl Ha 3apsiKy aKKyMyJsiTOpoB 42 W mHTa-
Hus snektpudeckoi cuctemsl OPJI. Tlockonbky Makcu-
ManpHas IUIOTHOCTh Toka Jjis1  YHT  orpanuuena
106-109 A/CMZ, TO TUIOMIANE 3apsDKAIONINX JJIEKTPOIOB
HMOHHUCTOPHBIX KOH/IEHCATOPOB MOXET OBITh OIpeseNcHa
pacderom, a SHEPTHs IyJIbCHPYIOIIEro 3apaia B MOJIOCTH
KOJIZIEKTOpPAa M JHEPTHsl MPOBOJSIIETO YPOBHS HAHOTPY-
00K coriacoBaHbl Ha OCHOBE IHEPreTHYECKOro OaylaHca
pabotsl pekyneparopa. CienyeT OTMETUTb, YTO peKyIie-
paTopbl I KaXXJI0TI0 BUAa MOJIOKUTECIBHO 3apsKCHHBIX
HOHOB MOTI'YT UMCTh CBOU pa60qne napamMeTpbl U MHOT'O-
00pa3HbIC XapaKTEePUCTHKH [2].

OTpakeHHBIE 3apsDKEHHBIE YacTUIBI OT IPa(UTOBOrO
HAaKOHEYHMKa 25, YIpaBIAIOLIEro 31eKTpoja 23 u Tople-
BOTO AJIEKTPOa KOJUIeKTopa 2/ TOmagaroT Ha AIIEKTPOIBI
MHOTOKOJIIEKTOPHOM CHCTEMBI /4 1 15, TIe pa3psoKaroTest
1 YaCTHUYHO OCEJAl0T Ha WX MOBEPXHOCTH. 32 CUET ITyJIb-
CHPYIOIIETro NMEPEMEHHOTO 3IEKTPUIECKOTrO TOJIS CO CTO-
POHBI YNPABJIAIOUIETO W30JMPOBAHHOTO 3JIEKTPOJa HX
SHEPrusl aKTUBUPYETCS, U OHHU TOXKE Pa3psuKaOTCS, a dac-
THILIBI, HaXo/s1Iuecs B 00beMe, TOTy4YaroT JIONOITHUTEIb-
HYIO JHEPIUIO, MO3BOIAIOIIYI0 UM aKTUBHO y4aCTBOBAaTb
B Npolieccax peKylepalyy 3HEPruyd M percHepalun 3a-
PSOKEHHBIX  4acTHI. MHOTOKOJUICKTOPHBIE — CHCTEMBI
C IIMPOKHM JHEPreTHYECKUM CIIEKTPOM TOPMOKeHHs [4
n 15 pekyneparopa, SBISIOIINECS 3apsHKAIOIIAMU SJICK-
TPOJaMH TIOCIIEJOBATEIbHO YCTAHOBJIECHHBIX KOJIBIEBBIX
OOKOBBIX KOHAEHCATOPOB MOHHMCTOPHOTO THIA, & TaKXKe
LHUITHHIPUYECKOTO 3apsDKAIOIIET0 IEKTPOJa-KOJUIEKTOpa
21 TOpLEBOTO KOJIBLIEBOTO MOHHUCTOPHOTO KOHJIEHCATOPA,
00€eCeunBaOT MUPOKYI0 30HY TOPMOXKEHHUS 3a CUET 3a-
HOJIHEHHsI PabOYMX IOJIOCTEH CYNEpPKOHAEHCATOPOB Ha-
HOMOJM(UIIMPOBAHHBIM AJIEKTPOJIMTOM, HAlpUMep, Ha
JTUTHEBOHN ocHOBe 2(), pa3NnUYHOTO XUMHUYECKOTO COCTaBa
¢ TpeOyeMOil y/IelNbHONH €MKOCTBIO, BBICOKMM BBIXOJHBIM
HalpsDKEHNEM, TOKOBOM Harpy3Koi, SJIeKTPOXUMHUYECKUM
MOTCHIIMAJIOM Ha MOJO0XXUTEIBHO 3apsDKEHHBIX 3JIEKTPO-
max 14, 15, 21, a Takke OTPUIATEIBHO 3apsSHKEHHBIX
anektpomax 16, 19, 22, obeclieunBalOUINX BBICOKYIO
IUIOTHOCTh 3HEPTMU IPU TEMIIEPATYPHOM  pEKHME
T < 200 °C. Jlns ynpaBieHHs: NPOLECCOM peKyIepaiiu
SHEPruy — MOTEHIMAJIaMHU Ha 3JIEKTPOJax peKyneparopa
14, 15, 21, 00BeMHBIM 3apsiIOM B MOJIOCTH PEKyIIepaTopa,
PEXUMOM 3apsfKK U Pa3psliKv, HANpPSDKEHUEM Ha JIIeK-
TpOJax, TEMIIEPATYPHBIM PEXUMOM HAa HOHHUCTOPHBIX
KOHJICHCATOPaX, MOXET HCIOJIb30BaThCSl KOHTPOJLIED
[JIK-150, coenuuenHbIi ¢ MGPOBBIME MTpUOOpaMH ISt
HU3MEpPEHHs] TOKa, HANpsDKeHUs, KOHTPOJII OOBEMHOTrO
3apana 37, a TakkKe KOMMYTATOpPOM. YTIPABJICHUE PEXHU-
MOM peKyTnepanuu ¥ paboTOH HOHHCTOPHBIX KOHJICHCA-
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TOPOB MOXET OCYIIECTBISTHCS KOMIUICKCHO TIPH ITOMOIIH
KOHTpPOJUIEpA IyTEM PEeryJHpOBaHMs HANpsHKEHUS, n3Me-
psEMOro BOJBTMETPOM 4(), Ha ycKopsitomux 3 U 5, yCKO-
PAIOLLIE-TOPMO3SIILIEM 7 U YNPABISAIOUIEM 3JIEKTpojax 23,
Ha KOTOpbIM mopaercs HanpsbkeHue or HUT 45, ynpas-
nsieMoe OJ0KOM yHIpaBieHUs 46 U KOHTPOJIHPYEMOE Jac-
TOTOMEPOM 47, a TaK)Ke PEryJIupOoBaHUs BEJIUYUHBI TOKA,
HaNpsDKeHUS. TPU 3apsAKe U paspsiike KOHIECHCATOPOB
WOHUCTOPHOTO THUIIA Ha TOTPEOUTENS AIIEKTPOIHEPTHUH,
B TOM 4HCIIE 32 CYET MOAJEPIKAHHsI OCTATOYHOIO MOTEH-
Majga Ha 3JeKTpPoJaX M Ha DJIEKTPOAaX-KOJUIEKTOpax.
Bce mapameTpsl paboThl pekynepaTopa U MOHHCTOPHOTO
KOHJIeHCaTopa MOTyT ObIThb cOallaHCHPOBaHBI 3a CYET
YIpaBJeHUSI TPOIECCOM pPEKyNepaluu KOHTPOJUICPOM
ITJIK-150, a Taxke mpu moMomu OJOKa ympaBieHUS 44
HUCTOYHMKA BhIcOKoro HampspkeHus (UBH) 45 [24]. Wo-
HHUCTOPHBIE KOHJICHCATOPHI B CHCTEME PEKYIEPalld MO-
T'yT OBITh HCIIONB30BaHBI KaK MpeoOpa3yIomuii 3IeMeHT,
HaKOIHUTENb JJICKTPOIHEPTUH U MCTOYHMK HATPSHKEHHUS.
Hx 3apsiaxa U paspsiika B UMITYJIbCHOM PEXHME CHOCO0-
CTBYET WHTEHCH(UKAIMU PEKyIepaluyd 3HEPTHU TI0JI0-
JKUTCJIIBHO 3aps)KEHHBIX HOHOB.

B mporecce skcneprMeHTANBHBIX HCCIEAOBaHUI pe-
KyTIepaly SHEPTUH MOJIOKUTEIBHO 3apsSHKEHHBIX YaCTHIL
[3] ucnone3oBanMCh MyYKH MEIUICHHBIX MOJIO0XKHUTEIHHO
3apsOKEHHBIX MOHOB aproHa, M3BJIEKAEMBIX W3 IOTOKA
paboTaromiero reHeparopa MOHOB B CHELMAIBHOM Baky-
YMHOW KaMepe BBICOKHM YCKOPS€MBIM ITOTEHIIMAIOM
5 kB Ha konpneBoMm anektpoje 3 u yckopsiembix U = 3 kB
IIPU TOMOIIX JOTOJHUTENBHOTO YCKOPSIOIIETO 3JIEKTPO-
a5 ¢ mocnenyroumM TopmokenueM 10 800 3B mpu mo-
MOIIH YCKOPSIOLIE-TOPMO3SIIEr0 AIEKTPoAa 7/ U TOPMO-
KEHUEM Tepe]l TOPLEBBIM 3apsDKAIOLIMM DIIEKTPOIOM-
komekTopoM meHee 200 3B ympaBisiommM H301UpOBaH-
HBIM JJIEKTpOoAOM-oTpaxkateneM 23. Ilpu 3Tom Ha 3nek-
Tpo/IaX IEepBOro OOKOBOTO KOHJIEHCATOPA OBLIO MOJYy4EHO
Hanpspkenue U 2,2-24 B, Ha BTOpOM OOKOBOM
KoHzaeHcatope — U = 2,6-2,8 B, Ha TopiieBoM KOHZIEHCA-
tope — U = 3,5-3,8 B teuenue BpemeHu 15-20 MUHYT.
KonTtpomrep ITJIK-150 (puc. 4) ucrmonp3oBaics mpH mpo-
BEJICHUU d3KcrepuMeHTa [3], BombTMETpHl 40 M ammep-
METpbl 4/ NPUMEHSUIUCH IS KOHTPONS 3JIEKTPUIECKUX
MapameTpoB, a PEryJIsTOpP pacxola OXJIAKAAIOMIEH KHI-
Koctu 38 — Al CTa0MIIM3aUK TEMIIEPATypHOTO PEeKUMa
IIPU NoJaue XJIaJareHTa mpy noMouy Hacoca 39.

[MonoxutensHbId 3 (GeKT 00YyCIOBIEH TEM, YTO IpPHU
paboTe pekyneparopa HOJOKHTEIFHO 3apsHKEHHBIX HO-
HOB OJIHOBPEMEHHO OCYLIECTBIISIETCS pEKyIlepanus HuX
JNEKTPUYECKON SHEPIUU C pereHepalue MOoJ0KUTENbHO
3apsDKEHHBIX YaCTHIl, YTO OOECIeUYMBACT IIOBBIIICHHE
KIT[J, cHmkeHHe TabapUTHO-MACCOBBIX XapaKTEPUCTHK
pekymneparopa U MOXET croco0cTBoBaTh 3¢ddexTrBHOM
pabore OPJl, ymydmeHuio ero sHeprooOecreyeHHs, a
TaKKe HaZIeXHOH paboTe KOCMUYECKOTO anmapara.

Jns ynpaBiieHUsl MpOLECCaMu 3apsiikil M Pas3psiiKu
KOHJICHCATOPOB MOHUCTOPHOTO THUIA PEKOMEHIYEeTCsl UC-
nmoJsis30Bathk kKoHTposiep ITJIK-150 coBmecTHO ¢ 1udpo-
BBIMU TpuOopamu: 1u}poBeIM BonbTMETpoM SMS01,
mudpoeiM amnepmerpoM SM020. Kontposep siBisiercst
YCTpPOMCTBOM YNpaBJIEHHUS B DJIEKTPOHHKE W BBIYMCIIH-
TENbHOW TeXHHUKE. [IpOMBIIUIEHHBIH KOHTPOJUIEp Mpen-
CTaBIsIeT coOOW YIpaBIAIOIIee YCTPOUCTBO, MPHMEHsE-
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MO€ B IPOMBIIIJIEHHOCTH M JPYTHX OTPACIsAX JJIsl aBTO-
MaTH3alMK TEXHOJOTHYECKUX IMpoueccoB. [IporpamMmu-
pyemsrii normdaeckuiit koHTpoimiep (IJIK) otHOcuTes
MPOMBIILUICHHOMY ONTHMHU3HPOBAHHOMY YIIPABIISIOLIEMY
YCTPOMCTBY [UIsl BBIIIOJHEHHS JIOTMYECKUX OICpPALUid.
B xagectBe ocHOBHOTO pesknma padotsr [TJIK BeicTymaer
ero JUINTEIbHOE aBTOHOMHOE HCIIOJNB30BaHUE, 3a4acTyIO
B HEOJArompHATHBIX YCIOBHIX OKPYXKaroIled cpenpl, 6e3
Cepbe3HOro OOCIY)KMBaHHS W TpaKTHYecKu Oe3 BMella-
TENILCTBA YEJIOBEKA.

3akJ/ouenue. B pesynbraTe BBINOJIHEHHBIX UCCIIENO-
BaHMI NpeyiokeHa NPUHIMIINANBHAS CXeMa peKylepa-
LM SHEPTUH ITyYKOB MOJIOKHUTEIBHO 3apsHKSHHBIX HOHOB
C OJHOBPEMEHHOW HeWTpanu3aluedl MX 3JIEeKTPUYECKOTro
3apsana. OG0CHOBaHBI AJIEKTPUUYECKUE MapaMeTPhl, MeXa-
HHU3M peKyllepaluy 1 HeHTpaltn3anuy IIpOCTPaHCTBEHHO-
rO 3apsaa Iydka IIOJIOKHUTEIFHO 3apsDKEHHBIX HOHOB.
[lokazana cTpyKTypHas cXeMa peKylneparopa SHEprHH
TIOJIOXKHUTENBHO 3apsDKEHHBIX HOHOB, IIPEICTABIISIONIAs
co00if crcTeMy MHOTOKOJUIEKTOPHBIX M YIPaBJISIOLIETO
QJICKTPOAOB, BBIMOJHCHHBIX HW3 HAHOKOMIIO3UIIMOHHBIX
YIIIEPOAHBIX MAaTEPHANIOB, HHTETPUPOBAHHBIX C KOHACH-
caTopoM HMOHHCTOPHOro TUma. Pa3paboTaHbl KOHCTPYK-
TOPCKO-TEXHOJOTUYCCKUE PEHICHUA IIPpU HU3TOTOBJICHHUU
WHIUBUAYAIBHBIX KOMIIOHEHTOB M UIS KOHTpOJS IMapa-
METPOB PeKylepaTopa SHEPIUH IOJOKUTEIBEHO 3apsDKeH-
HbIX UOHOB.

Pa3BuTHE MEPCIEKTHBHBIX METOIOB MPeoOpa3oBaHMA
9HEPIHH MYYKOB IUIa3MBI ITOJIOKUTEIBHO 3apsKEHHBIX
HOHOB B JJIEKTPUYECKYIO MOIIHOCTH OyJIeT crocoOCTBO-
BaTh MOBBIMIEHUIO dHEPreTHUECKOH 3P pexTuBHOCTH DP/I,
a TaKXKe CO3JaHHI0 HOBBIX SHEPreTHYECKUX HMCTOYHHKOB
3JIEKTPOIHEPTUH, pAOOTAIOIINX HA TOTOKE IIa3MBl.
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