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NAEHTUOUKALIIUA TAPAMETPOB I'HIPABJIMYECKOI'O COITPOTUBJIEHUS
MOJIEJIA TUJIPABJIMYECKOM CETH
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Ilpeocmasnena paspabomka aneopumma udewmuurkayuu KodQpouyueHmos 2uopasIUYEcKo20 CONPOMUBLEHUs
6 MoOenu eudpasiuieckol cemu. Pewenue 3a0ayu akmyanbHo 0 NPeOnpuamuil, 0Cyuecmsisouux mpancnopm Heuo-
KUX y2e8000p0006 8 6000NPOBOOHBIX U MENI0BbIX CeMSIX, U MOdcem Oblmb NPUMEHEHO NPU PACHeme MEeXHOL02UYeCKUX
pedrcuMo8 dKCnayamayuu  mpyoonpogoonvix cemeti. CrodxcHocms mpyOOnPOBOOHBIX CUCHEM, HeOonpeodeleHHOCHb
U UBMEHYUBOCMb UX NAPAMEMPO8 HA NPAKMUKE He NO3BOJISION ONUCHIBAMNb UX COCMOSHUE, MUHYSI BPOYecc UOeHmupu-
Kayuu. Hcnonv3yemas mooenv cemu npedcmagisiem coboll cucmemy HeluHeUHbIX YPA6HeHUll, COCMABIEHHYIO 6 COOM-
sememeuu ¢ 3axkonamu Kupxeoga onss mpybonpogoonoii cemu. Ypasuenus @ cucmeme Gopmupyiomcs Ha 0CHOBAHUU
3aKOHO8 COXpaHeHus 0l Y3108 U 8 pe3yibimame yyema 0eucmayouux Hanopos U NadeHust Hanopo8 Osi He3A6UCUMBbIX
KOHmMypos cemu. J[na pewenus maxou cucmemsl mpaouyuoOHHO NPUMEHSIOM AN20PUMMbL, COCIAGLEHHblE 8 COOMEEN-
cmeuu ¢ memooom Hviomona unu eco moouuxayusmu, 6 wacmnocmu, mMemoo Nocied08amenbHbix NPUOIUNCEHUL.
Takue ancopummsl 061a0a0Om psrOOM HeOOCMAMKO8, CPedu KOMOPbIX — HEYCMOUMUBOCHb NPOYEdyPbl PEUleHUs. U Y)6-
CMEUMENLHOCMb K 6b100PY HAYAIbHGIX YCI06Ull. Peuenue cucmemvl conposodcoaemes Hacmpouko K03 guyuenmos
€ UCNONb308AHUEM HETUHENH020 Memooa HaumeHbuwux kéaopamos (MHK). B ciyuae 6oavuiux pasmepnocmeli npoye-
oypa MHK moorcem 6vims Heycmotiuugoll us-3a nepeonpeoenenHocmu cucmemsl. IlpeodnodiceHo ucnonv3ogams nooxoo
K Henapamempuieckomy OYeHUBaHUio peulenusi cucmemvl ypaeHenuil. l[Ipumernsemcs mMooeib pezpeccuonHozo mund
OMHOCUMENbHO HEB530K VPAGHEHUL CUCEMbl, NOIYYEHHbIX 8 pe3yibmame NOOCHAHOBKU 6 YDAGHEHUsT UIMEPEHHbIX
senuuun nepemennvix. Ilpu smom udenmuuxayus maxice npouzgoOUmMcsi 00HOBPEMEHHO ¢ OYEHKOU peulenus cucme-
Mbl ypaenenuil. B kauecmee ancopumma udenmudurayuu napamempos ucnoib3yemcs MoOUGUKayus adanmueHol
npoyedypvl  Kughepa—Bonvposuya. [lpumenenue nepeyucieHnvlx aneopummuieckux npoyedyp paccmampusaemcs
Ha npumepe mpexKoHmypHoU mpybonposooHoU cemu ¢ OOHUM OetiCMBYIOWUM AKMUSHBIM HAnopom. Maniocmpupyemcs
npoyecc adanmusHol NOOCMPOUKU KOIPDUYUeHmo8 2udpasiuyeckoeo conpomusienus. [eiaemcs 6b1600 0 NPUMEHU-
MOCMU NPeONON’CEHHOU NPOYeOyPbl NPU PEUeHUY NPAKMUYECKUX 3a0ay UOeHMUPUKAYUU.

Knrouesuie crosa.: udenmupurayus, oyenka napamempos, 2u0pasiuieckoe Conpomusienue.
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IDENTIFICATION OF HYDRAULIC RESISTANCE PARAMETERS
IN HYDRAULIC NETWORK MODEL
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“Reshetnev Siberian State University of Science and Technology
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The work is devoted to the identification of hydraulic resistance coefficients in hydraulic network model. The prob-
lem raised in the paper is relevant for enterprises dealing with either pipeline transport of fluid hydrocarbons, or water
supply and central heating. The proposed algorithm can be implemented for corresponding technological modes calcu-
lation and prediction. Complexity of real pipeline networks, uncertainty and instability of their parameters make
parameters identification procedure indispensable. The network model under research is a system of nonlinear equa-
tions, drawn up in accordance with Kirchhoff’s laws for pipeline networks. Equations describe laws of flows conserva-
tion for nodes as well as pump heads and head drops along independent circuits of the network. To solve such system
one traditionally implements Newton’s method or its modifications, for instance the successive approximation method.
Mentioned methods have numerous disadvantages like instability and sensibility to initial approximation of the roots.
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Mamemamuxka, mexanuxa, ungopmamuxa

The system of equations solving is accompanied with their parameters tuning usually with the Nonlinear Least Square
Method. Again, the method can be instable due to overdefined and large-scale problem statement. In the paper we pro-
pose to substitute solution of the system with nonparametric estimation of the solution. We implement regression type
estimate with respect to residuals of the equations calculated for measured data sample. Simultaneously parameters
of the equations are identified. Modification of Kiefer—Wolfowitz procedure is used as an identification algorithm. Iden-
tification is performed with simultaneous evaluation of the solution of the system of equations. The use of appropriate
algorithms is considered at three-loop pipeline network with a single active pressure. Numerical experiments with
proposed algorithm demonstrate its applicability for practical identification problems solution.

Keywords: identification, parameter estimation, flow resistance.

BBenenne. B nHayyHol M oTpacieBoil jaureparype
MIPEAJIaratoTcsl passMuHble MOAXOIbl K MOCTPOSHHIO
mozenel ruapaBianueckux ceredt [1; 2]. MHorouucien-
HbIe paboTHI, Takwe Kak [3], MOCBAIICHB METOMOJIOTHI
MOCTPOEHHS AMHAMUYECKUX MOJIEJICH MpOoLeccoB, IPOuc-
XOAAIIMX B THIPABINYECKUX CETAX. 3a4acTyro, pedb HIET
0 MOJIEJNISIX, OCHOBAHHBIX HAa IMPUBJICYEHHH 3aKOHOB THJ-
pPOAMHAMUKH, BBIPAXKECHHBIX B CHUCTEMax YypaBHEHHH
B YACTHBIX MPOMU3BOJIHBIX ISl OIIMCAHUS paclpeieIeHHbIX
cucteM. [107x0/1, KOTOPBIH HCIOIB3YETCS B TaKUX pado-
Tax, TpeOyeT ucueprnbiBaroiieii nHpopmanuu o pusuye-
CKUX XapaKTepHCTHKaX NepeKayrMBaeMOil KHUIKOCTH,
XapakTepe ee TE€UeHHsI, BHyTpeHHeM npoduie u reomer-
PHYECKOH KOH(PUTYpaIy TPyOOIIpoBO/a, NCUEPITHIBAIOIICH
nHpopManuu O (YHKIMOHHPOBAHMHM HACOCHBIX arpera-
TOB. BO MHOXECTBE CIy4aeB TaKHWE€ MOJEIH CIOXKHBI
B BBIYHCIIMTEJIFHOM IIaHE, TPEOYIOT yueTa HEN3BECTHBIX,
4acTO HEU3MEPHMBIX WJIN HETPEICKa3yeMO MEHSIOLINXCS
BO BPEMEHH M B IPOCTPAHCTBE MapameTpoB. M3BecTHBI
TaK)Ke MCCIEAOBaHUSI B OOJIACTH ITOCTPOCHUSI MMHUTALM-
OHHBIX MOJIEJIeH MPOIECCOB B TPYOOIPOBOJAxX, B KOTOPHIX
HEJIOCTaTOK alpUOPHBIX CBEJCHUH  IPeoJojIeBaeTcs
CaMUM CIOCOOOM TOCTPOCHHUSI MOJIENIEH COBMECTHO C YII-
POLLIEHHUEM UX CTPYKTYpHI [4].

OyHKINOHUPOBAHNE COBPEMEHHBIX TPYOOIPOBOIHBIX
CHCTEM CONPOBOXKAACTCSA COOPOM JAHHBIX O TEXHOJIOTH-
YEeCKHUX MapaMeTpax, TaKMX KaK MacCOBBIH WIIM 00BbeM-
HBI pacxon, IudQepeHInaIbHbI Hamop, IaBJICHUE.
W3mepenne mapameTpoB TpeOyercs i (YHKIHOHUPO-
BaHUA CPEACTB aBTOMATU3MPOBAHHOTO  YIIPABICHMUS,
B YacTHOCTH, AWCIeT4Yepckoro koHtpons. [Ipu sTom Ha-
JeKHOCTh M 3(G(PEKTUBHOCTD YIPABJICHHS TEXHOJIOTHYe-
CKUM IIPOLECCOM TpPyOOIPOBOAHOIO TpaHCIOpPTa HePTH
1 Ta3a HalpsMy[0 3aBHCUT OT KayecTBa M TOYHOCTH Ma-
TEMaTHYECKHX MOJENeH TEXHOJOTHUECKHX MPOLECCOB,
SIBJISIFOILIMXCSI OCHOBHOM M HEOTHEMJIEMOHM YacCThIO aBTO-
MaTH3MPOBAHHBIX CHCTEM ympasieHus. Ilocrpoenne ma-
TEMaTHYECKHX MOJENIEH pacCMaTpUBAETCSI B TEPMHHAX
TEOpHH WACHTUPHUKAINH [5].

OnuH U3 OCHOBHBIX MOAXOAOB K IOCTPOCHHUIO MOJE-
neld TpyOOIPOBOIHBIX CHCTEM OCHOBBIBAETCS Ha Ipel-
CTaBJIGHHH CTPYKTYpPbI T'MIPABINYECKON CUCTEMBI B BUJIE
IUIOCKOTO CBSI3HOTO oprpad)a ¢ onpeieicHHBIM HabopoM
BepinH (y310B), pedep (BeTBeil) W rpaneil (KOHTYpOB)
1 TIO3BOJISIET pelarh 3a/1a4d CTalMOHAPHOTO MOTOKOpac-
npenenenus. Mozenp B paMKax Takoro Mojxoja Ipen-
CTaBJIsIeT CO0O0H OOJNBIIYI0 CHCTEMY HEJMHEHHBIX ypaB-
HEHMH, COCTaBIECHHYI0 B COOTBETCTBHM C 3aKOHaMH
Kupxroda mns tpybonpoBogHoii cetu [6; 7]:
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(ST +...+cl,1xn =4,

Cr1 X1 T oo TG 0%y = i1

(M

ﬁl_l Bn_l _
S |x1| X+, |xn| x, =h,

ﬁnil x

n

h

s n—k+1>

nn-n

pr-1
C,18) |x1| X +...+c |xn

rlie n — KOJIMYECTBO y4acTKOB B rpade ceTu; k — Kosmue-

CTBO Y3IIOB; X;, j=1, 2,...,n, — pacxol mo j-i tpyOe;
g, i=1, 2,...,k—1, — npuToK B y31e; s;, j=1, 2,...,n,
THIPABINYECKOE  CONPOTHUBICHHE  COOTBETCTBYOLIEH

TpYyO®I; Ay, i=1, 2,...,n—k+1, — cyMMa IEHCTBYIOIIHNX
HATIOPOB C YYETOM 3HaKa IO BCEM IyraMm (-0 KOHTYpa;
B — xoddpdunmeHT B 3aKOHE 3aBUCUMOCTH BEIWIHHBI

NaJCHUS. HAIlOpa OT 3HAYCHHs PAacxoia; ¢, = {—1,0,+1}

OTpeessieTcsl o MepBOMY HJIM BTOpOMY 3akoHy Kupx-
rota. J{ist Broporo 3akona Kupxroda u st HeTMHEHHBIX

ypaBHenuii ¢; ={-1,+1} (B 3aBHCHMOCTH OT HampaBle-

HUsI 00X0/1a), €CIH j-i Y4aCTOK BXOJUT B IIHKJI, COOTBET-
CTBYIOLIMH i-My HEIMHEHHOMY ypaBHEHHIO, b0 ¢; =0.

Cucrema ypaBHeHni (1) mmeeT eMMHCTBEHHOE perieHne [§].

IHoctpoenne monenu (1) cBA3aHO ¢ pemICHHEM IBYX
3a1au:

1) HaxOXJeHHEe HEW3BECTHBIX 3HAYCHWH pacxoioB
CCTU IPU 3aJaHHBIX 3HAYCHUAX aKTHUBHBIX HAIIOPOB (Hpﬂ-
Mas 3a7a4a);

2) HacTpoiiKa MapaMeTpoB THAPABINYECKOTO COMPO-
TUBJICHUS — WAEHTH(QUKANUS TapaMeTpoB THApaBIIMYe-
CKOTO CONPOTHBIICHUS (0OpaTHAs 3a/1a4a).

ITo monenu (1) Ha NPEATTPUATHAX, FKCILTYATHPYIOIINX
TpyOOIIPOBOIHBIE CETH, POU3BOIMTCS PAcUeT HEKOTOPO-
TO MHOXXECTBA BO3MOXXHBIX TEXHOJOTHYECKHX DPEXHMOB
paboTHI ceTH, KOTOpPBIE C TOM WM WHOW BEPOSTHOCTHIO
MOryT OBITh peanu3oBaHbl. 1o pesyibpraTam MoAenupo-
BaHMS BBIYHCIISIIOTCS 3HAUCHUS PACXOA0B KaXI0H U3 TPpyO
1 3HAUYCHUA aKTHUBHBLIX HAIlOPOB CE€TH, HCOGXOD,I/IM}JIX JJIs
oOecrieueHHs 3aJJaHHOTO O0TOOpa B y3i1ax. Takoi moaxox
MO3BOJISICT MPOU3BOIUTH YIIPABICHUE PEKUMAMH PAOOTHI
ceTu.

OCHOBHBIM aJTOPUTMOM PEIICHUSI CHCTEMBI ypaBHe-
Huit (1), npUMeHsieMBIM Ha TIPAaKTHKE, SBISETCS Monudu-
IIUPOBAHHBIN METOJ ITOCIEAOBATEHHBIX IPHOIIDKeHNH [9].
JlaHHBIA anropuTM sABIAETCA MOAW(UKAIMEed MeTona
HpioToHa c¢ Oomee BBICOKMM IIOKa3aTelIeM CKOPOCTH
CXOIUMOCTH IIPHU JIOCTATOYHO MPOM3BOJILHOM BBEIOOpE
Ha4YaJIbHOTO MPUOIMKEHUSL.
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[Ipy 3TOM TOYHOCTH peuIeHUs MPSMOH 3a1a4d B 3HaA-
YUTEJILHOM CTEIEHH 3aBUCUT OT TOYHOCTH H3BECTHBIX
3HAQYEHUH TMapaMeTpoB THAPABIMYECKOTO CONPOTHUBIIC-
Hus. Ecnu 3HayeHus mapamMeTpoB H3BECTHBI HETOYHO,
TO PCIICHUE MOXKET 6]>ITI) JAJICKUM OT ZleﬁCTBHTeHI)HOCTH.
B Hacrosimuii MOMEHT IJIsl PELICHUS 3a1a4d HACHTU(U-
KalliM TapaMeTpoB THMIPABINYECKOTO CONPOTHUBIICHUS
MNPpUMEHACTCA MCTOJ HAMMCHBIINX KBaApaToOB, ﬂl/l60
3a/la4a CBOAWTCS K DKBUBAJIICHTHON 3ajaye JIMHEWHOIrO
nporpammupoBanus [10]. IlpumeHeHne weroma Hau-
MEHBIINX KBaJpaToB K cucreme (1) mis naeHtudukanmum
MapaMeTpOB TUAPABINIECKOTO CONMPOTUBIICHUS IPUBOJHUT
K MEPEOIPENEICHHON CUCTEME HEJMHENHBIX YPaBHEHUM.
Pemenne Takoii cucTeMbl ypaBHEHHH OTHOCHUTCS K KI1accy
HEKOPPEKTHBIX 3aJad, TaK KaK IOJydeHHas CHCTeMa
MOXET U HE UIMETh PEILIECHUH.

Ha npaxTrike ycTaHOBIIEHO, YTO TaKOH MOXO0] TO3BOJISI-
€T MPOU3BOJIUTH HACTPOMKY MapamMeTpoB THIPABINYECKOTO
COIPOTHUBJICHHSI TOJIBKO B ClTydae HEOONBIINX Pa3MEpHO-
cTelt (Juist ceTeil ¢ KoIm4ecTBOM ydacTkoB He Oosee 200).
Jlist cereit OONBIIMX Pa3MEPHOCTEH HE BCEr/a YAaeTCs
MOTY4UTh PELIEHHE C MPHEMIIEMOI TOUYHOCTBIO I BCEX
KO3 PUIMEHTOB THAPABINICCKOTO compoTuBicHus [11].
Kpome Toro, Ha mpakTHKe B KaHalax CBSI3U M PETHCTPU-
pyIollel annaparype MpUCYTCTBYIOT CllydalHble TOMEXH
aJJIMTUBHOTO W MYJbTUIUIMKAaTHBHOTO Tuna. [Ipmmene-
HUE METOAAa HAMMCHBIIUX KBaJApaToB, B CIIydac HaJIU4UA
TOMEX W BBIOPOCOB B BHIOOPKAX M3MEPEHUH, MPUBOJNT K
CHIDKEHHUIO KayecTBa MICHTHU(HKAINH, YTO CBOWCTBEHHO
JaHHOMY Kjaccy MeTofoB [12].

B cBs3u ¢ 5THM pa3paboTka aIropuTMOB HASHTH(U-
KalliM I1apaMeTpPOB THIPABINYECKOTO CONPOTHBICHHUS,
o0ecrieunBaOIMX HEOOXOIMMOI0 TOYHOCTh U IOMEXO-
YCTOWYUBOCTb, SIBIISIETCS aKTyaJlbHOM 3ajnadeil. B Ha-
CTOSIIEH cTaThe B KAa4eCTBE MOAXOAA K MACHTH(UKAIMN
rapaMeTpoB THIPABINYECKOTO CONPOTHBICHHMS Ipeiara-
€TCsl MCIIOJIb30BaTh MoudHKaimioo anropurMa Kudepa—
Bonsdosuna [13] B TOpUIOKEHHUH K HIASHTUDUKANAN
MHOTOCBSI3HBIX cucteM [14; 15]. Unentnduxanus napa-
METPOB IIPOU3BOJUTCS C OJHOBPEMEHHOM OLIEHKOH pellie-
HUS CHCTeMBI ypaBHeHHH (1).

AJITOPUTM HIeHTH(HUKAIHUH TapaMeTPOB THAPAB-
JIMYeCKOr0 CONMPOTHBJIEHHS] C OJHOBPEMEHHON OlleH-
KoOii pemrennsi. B kauecTBe anroputMa HACHTH(GHKAIMN
MIPEAJIaraeTcsi HMCIOJIb30BaTh AITOPUTM, OCHOBaHHBIN
Ha anroputMe Kudepa—Bonbdosuna [13]. B kauectse
METOZa PpEIICHHUS CHCTEMbl YpPaBHEHMH B aJropuTMe
HCTIOJIB3YETCs METOJI TeHepaliy peuieHui [ 14].

Beenem crnenytomme obo3HaueHus: Y — kodduipeHt,

yIOBIEeTBOpsIONMA ycinoBusiv Poobunca—Monpo [16];
| — Pa3MepHOCTH CHCTEMEL; f;, i =1,/ — i-¢ ypaBHEHHE CHC-
temsi; V = {A[t],x[1]},t = 1, N, — oGyuatomas BEIGOpPKa.
AJITOPUTM BBITJISAUT CIEAYIOIIUM 00pa3oM:
1. OueHka nmapamMeTpoB CUCTEMBI Ha m-M Iare:

s;[m]=s,[m—1]- y_(]f)[m] < i (A ) D s D pm11)

_ 2
j = ]‘9 l)
2. BbluuCIICHIE HEBS30K CUCTEMBI Ha M-M Luare
&;[m]= f; ("Dtm D m),sDm)), j =1,1. (3)
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3. OueHka penieHus CUCTEMbl ypaBHEHHI Ha 71-M I11are:
m i
G|
i=1 Jj=1

1

0—¢,[7]

¢
0—¢,[1]
C

xj(m): »jzla_l:

“4)

m

]
I
)

t=1 j j

rie aaepHas GyHkius O() ¥ mapaMeTpsl pasMBITOCTH Cj,

j=1 2, ..., [, ynoBuerBopsot ycnoBusiM cxomumocty [12].
4. IlpoBepka KpUTEPHsL OCTAHOBKH:
eciu
JGs;(m)—s;(m=1))* <3,
WIn

> G (m) =, (m=1)* <5,

TO JIITOPUTM OCTaHABIMBAETCS, UHA4e m = m + 1 u mepe-
XOJl Ha MEpBBEI IyHKT. 37ech 6; U O, — HEKOTOpHIC

3aJlaHHbIE M0J0XKUTEIbHbIC 3HAYCHUS.

Hcxonnasa TpyOompoBoAgHasi ceThb, TIeHepalusi
o0yuaromeii BIOOpKHU. PaccMoTpuM mpuMeHeHue mpe-
JI0)KEHHOTO TOAX0/a Ha MPUMEPE TPEXKOJIbIIEBOH TPyOO-
MIPOBOJTHOMN CeTH, H300pakeHHOH Ha puc. 1 [17].

Ha puc. 1 cTpenku B KOHTYpax OTBEYalOT BEIOPAHHBIM
HampasJleHusIM 00xoza. B menu nmeercst onHa akTUBHAs
BETBb C ACHCTBYIOmMM HamopoMm H. JKupHBIMH nHHSIMHU
o003HaueHbl AyTd JAepeBa, TOHKMMU — Xopabl. Homepa
JyT 3aJlaHbl TAKUM 00pa3oM, YTO INEpBbIe HOMeEpa MOJy-
YHJIM IyTH JIePEBA, a OCTABLINECS — XOPIbI.

Yucio nyr n = 10, y3n0B k = 8, pa3MepHOCTb CHCTEMBI
[ =10. Bce TpyObI, KpoMe IIeCTON U CEAbMOM, CTaJbHbIE
U YZOBJICTBODPSIOT KBaJIPaTHYHOMY 3aKOHY THApaBIIYeE-
CKOTO COTIPOTHBIICHHS, IIECTasA U CeAbMast — IIACTMAcCO-
BbIe, 1t HUX 3 = 1,774. Bennunna Hanopa 4 = §,3.

Cucrema ypaBHEHUH IJIs1 TAKOH CETH, COCTABJICHHAs B

cooTBeTCTBUM 3akoHaMu Kupxroda asist TpyOorpoBoaHOM

CeTH W MOJIENIBIO pacIIpe/ieIeHUsI TOTOKOB B BHIE /1 = sxP

(mapameTpr30BaHHas CUCTEMA), IPUMET CIEAYIOMINI BUA:
—x +x3 =—89,
X +x, —x, =16,5,
—x, +x5 =19,2,
— x5 +x9 = 23,1,
— X3+ X4 +x; —x9 =0,
— Xy +x,,=17,4,
Xg — X0 =12,8, %)
0,00147 x| x; +0,00431|x; | x5 +

0,774 0,774

+0,00174|x, """ x, +0,00174 x| xg =,

0,774
x,+

0,0023x,| x, +0,00174]x, |
+ 0,00522 x5 | x5 +0,00174|x, | x, =0,
0,00431|x3] x5 +0,00514|x | xg +

+ 0,00514|x,| x; +0,00522 x| ;0 = 0.
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Puc. 1. Cxema TpexkoJbLieBOi TpyOOIPOBOIHON CEeTH

Fig. 1. Layout of three-loop pipeline network

B kavecTBe BXOJIHBIX BO3ACHCTBHIA (aKTUBHOTO HAITO-
pa &) onpenenum

M) =h-(142:p-(ult] =), 1=1,N,
rjae p — pa3dopoc BHIOOPOYHBIX 3HAYEHHUI OT HAYAIBHOTO
coctostHus; W[?], ¢ = I,N, — NOCIe0BATENBHOCTD ciry-
YalHBIX YHCEJ, PABHOMEPHO PACIPEACICHHBIX Ha OTPE3Ke
[0,1]; g — mapameTp caBura.
IIpeobpa3yem BEIOOPOUHBIE 3HAYCHUS TIO (OPMYIIe

W= h[1)-(1+2-5-(r[1]-q)), t=1,N,

rae s — myMm Ha o0wbekre; r[t], t=1,N, — mocienosa-
TENBHOCTh CJIYYalHBIX YHCEN, PaBHOMEPHO pacrmpeje-
JeHHbIX Ha oTpe3ke [0,1].

I'enepanuio BEIOOPOYHBIX 3HAYEHHUI BBIXOAA (pacxo-
noB) x[¢]=(x[t], ..., x,[t]) npu 3amamHoM Bxoxe A[f]
OCYIIECTBIM B XOJ€ peIIeHUs CUCTeMBbI (5) MeTomoM
HreroTona.

Takum o0pazoMm, B KadecTBE MCXOTHOW oOydaromiei
BEIOOpDKH BEKTOpa COCTOSHHH TpyOONpPOBOJHON CETH
MIPUMEM BBIOOPKY {h[l],x[t]} ,t=1LN.

PesynbTatel upeHTH(UKAIMN. YucieHHOE HCCIIen0-
BaHKC AJITOPUTMA ITPOBEIEM IIPH CIICIYIOIINX MapaMeTpax:

— HayvaJbHOC 3HAYCHHE aKTHUBHOTO Haropa /1 = §,3;

— pa30poc BHIOOPKH OT HAYAIILHOT'O COCTOSIHUS p =
=25 %,;

— ypoBeHb myma s €{5 %, 10 %, 25 %};
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napametp casura g = 0,5;
o0beM o0yuarommx BbIGOpok N € {25, 50, 100};

ko3bdument y = 1/m , rue m — war.

YucneHHOE HMCCIENOBaHHE AITOPUTMA HUIEHTU(HKA-
IIMH C OJHOBPEMEHHOW OIIEHKOHM mapaMeTpoB AJIsl pa3HO-
rO ypOBHS IlyMa B 3aBUCHMOCTH OT TaKTa WAEHTH(UKa-
UM m TPUBEJCHO HWKe. Tak Kak TpaduKu OLEHKH
[apaMeTpoB CXO0XH, TO MPHUBEICHbI TPa(UKH OILEHKH
mapamMeTpa JIMIIb Il OJHOTO (TIepBOTO) IMapaMeTpa THI-
paBiMYecKoro comportusienus s, (puc. 2—4). Ha rpadu-
Kax s§; 0003HAYAaeT MCTHHHOE 3HAUCHHE MApaMeTpa
THPaBINYECKOTO CONIPOTHUBIICHHUS S.

B cootBercTBUM ¢ puC. 2—4 MOXHO CAeIaTh BBIBOJ,
4To HaﬁﬂeHHbIe OLICHKU IMapaMeTpa §| CTPEMATCA K CBOUM
HUCTUHHBIM 3HAYCHUAM H, HAYWHas C MATOro mara, rmpak-
THYECKH OCTAalOTCS Ha OJXHOM YypoBHe. HalGmomaercs
JIOCTaTOYHO BBICOKAs ITOMEXOYCTOMYMBOCTH alTOpPHUTMA
OLIEHKH ITapaMeTpOB.

B kadecTBe KpUTEpHs KauyecTBa OLEHKH PEIICHUS
HCTIOJB30BAaJICS CIIEAYIOMNN KpUTepuii (€BKIMIOBasT HOP-
Ma OTKJIOHEHUsI HalICHHOTO PEIICHNUS OT HCTHHHOTO):

!
f 2
W:Z |x/-—x, ,
J=1

rac xj — OLICHKA pCIICHUs; X, — MCTHHHOC PCIICHUC.

Pe3ynbTaThl OLECHKH PELICHUS] NPEICTABICHBI B Ta0-
Juue, rAe npuBeneHa ommnbka waeHtHbHKauun Womis
pasHoro odbema BbIOOpKH N M YpOBHS LIyma S B KaHaax
HA3MEPEHUSL.
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C yBennuenneM oObema oOydwaromield BBIOOPKH TOY-
HOCTb OLIGHKU PELIEHUs yBEIUYUBACTCS, YTO CBHUIETEIb-
CTByeT O CXOJMMOCTH anroput™a. Hammume momexu
B KaHaJIaX M3MEPEHHs] HETaTHBHO CKa3bIBaeTcsl Ha pabote
COOTBETCTBYIOIINX OLIEHOK.

B 1enom no psiny 3KCIEpUMEHTOB ObLIa yCTaHOBIICHA
JOCTaTOYHO BBICOKAs TOYHOCTh MPU OTHOCUTEIBHO
HeOONMpINX 0O0beMax O0yJaromux BBIOOPOK M yCTONYH-
BOCTh K IIyMY, BIIOTh JIO0 JIOCTATOYHO OONBLINX 3HaYe-
HUH TIOMEXHU.

3akaouenne. PaccMoTpeH moaxon K uaeHTHU(HKaA-
LUU [apaMeTpoB THIPAaBIMYECKOrO  CONPOTUBIICHUS
C OJJTHOBPEMEHHOH OLIEHKOM pelleHus] CHCTEMbl YpaBHEHUH
JUI THJpaBINuecKon ceTu. [lpuMeHeHne npeanoxeHHoro
MoJXoJa IO3BOJINT W30€XaTh TPYAHOCTEH, CBA3aHHBIX
C TIPUMEHEHNEM METOJja HaMMEHBIIUX KBAJpaToB: Iepe-
OIIPEJICTICHHOCTh CHCTEMBl YPAaBHEHMH, YyBCTBUTEIb-
HOCTh K BbIOpocaM. PaccMoTpeHHas mpoueaypa HICHTH-
¢$uKaMy mapamMeTpoB THAPABINYECKOIO COMPOTHUBICHUS
o0ecrieunBaeT BBICOKYIO HOMEXO0YCTOWYMBOCTH, MPUEM-
JIEMYIO CKOPOCTh U TOYHOCTb MJCHTH(UKAIHMH.

IInanupyercs, 4yTo HanbHEHIINE UCCIEI0BaHUS Oy IyT
BKJIIOYATh QHAJIU3 JAaHHBIX U INOCTPOEHUE MOJIEIHU peallb-
HOW (YHKIIMOHUPYIOLIEH THAPABIMYECKON CETH.
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STUDY OF HYDRODYNAMICS FEATURES IN THE APPARATUSES WITH MOVABLE NOZZLE
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Apparatuses for the heat and mass transfer processes must be designed so that they have a maximum contact sur-
face. Classification of heat-mass exchange apparatuses provides geometric features of the apparatus and the hydrodynamic
condition they create. However, the main trend which remains dominant in the design of such apparatus is to create
a thin film of liquid on the surface of the nozzle.

The work was aimed at choosing the solution in which the MN of the heat-mass exchange apparatuses can be used
to implement the contact handling process of gases and liquids with density values clarification of the nozzle elements
(pne) and the column dynamic height (H.,) and obtain the specified calculated dependences which describe the hydrody-
namics and mass transfer in the apparatuses with a movable nozzle, that is to create bases for engineering calculations.

Research methods were theoretical study and experimental studies on heat and mass transfer devices with movable
nozzle.

The best ranger for mass transfer processes implementation is that of puey (p = 200-700 kg/m’), which is distin-
guished by a wide working area according to w,, acceptable values of fluid withdrawal and a relatively small dynamic
layer height. Within the described mode, we can distinguish the area wy = 4.7—6.0 m/s, where there is no dependence
of H,on w,.

Specified calculated dependence obtained which describes the hydrodynamics and heat and mass transfer in the
apparatuses with a movable nozzle.

Keywords: movable nozzle, fluidization, heat-mass exchange apparatus, critical speed, loss of pressure in the work
area, dynamic height of nozzle layer, stationary mode.

Cubupckuii xypHan Hayku 1 TexHosnoruid. 2017. T. 18, Ne 3. C. 499-504
U3YUYEHUE OCOBEHHOCTENM I'MIPOJJMHAMUKHA B ATITAPATAX C ITOJABUKHOM HACAJIKOM
B.IL. Jlausko"*", B. B. Kaprayx’, A. C. Tutios*

'Poccumiickuii sxoHOMIUecKuii yHIBepcuTeT nMern I, B. [Tnexanosa
Poccutiickas ®eneparms, 350002, r. Kpacnonap, yin. CesepHas, 360
*KyGaHCKHil rocy1apCTBEHHbIH TEXHONOTMYECKUIl YHUBEPCHTET
Poccntiickas @enepanums, 350075, r. KpacHomap, yi. MockoBckas, 2
3 JloHeKuii HAMOHATBHBII YHUBEPCUTET IKOHOMUKHU U TOprosiau uMeHu M. Tyran-bapanosckoro
83050, r. Jownernk, yn. Hlopca, 31
*Onecckast HalMOHATbHAS AKA(EMHS [TUIIEBBIX TEXHOJIOTHil
YKpaHEa, 65039, . Onecca, yn. Kanarnas, 112

E-mail: vladislav.danko@mail.ru

Annapamel 015 npoGedeHUss nPoYeccos MenioMaccoOOMeHa O0JINCHbI KOHCMPYUPOSAmMbsCsi Mak, ymoobvl y HuX 6ulia
MAKCUMATBHO pazeumas noeéepxnocme konwmaxma. Kuaccugukayus mennoobmennvix annapamos (TMA) npedycmam-
pusaem Kak ceomempuieckue 0CoO6eHHOCU annapama, max u co30a8aemyio 8 HUX cUOPOOUHAMULECKYI0 0OCMAHOBKY.
O0nako 0CHOGHAs MeHOeHYUs NPU KOHCMPYUPOBAHUU MAKUX ANRAPAMO8 — CO30aHUe MOHKOU NJICHKU HCUOKOCHU
Ha NOBEPXHOCMU HACAOKU — ocmaemcs domunupyiouell. Lleavio pabomer — gvibpams peuwtenus, npu komopvix TMA
¢ PH modcem Goimb ucnonb306an 0is peanu3ayuu npoyecco8 KOHMAKmHol 0opabomru 2a308 u JcuoKocmell ¢ ymou-
HeHueM 3HAUeHULl RIOMHOCIU JJIEMEHMO8 HACAOKU (p,,) U OuHamuyeckoll evlcomst cmonba (H.,), a maxoice nonyuenue
VMOUHEHHBIX PACUEHBIX 3A8UCUMOCIEI, ONUCBIBAIOWUX 2UOPOOUHAMUKY U MENIOMACCONEPEHOC 8 aNNapamax ¢ noo-
sudchol Hacaokou APH, m. e. coz0amb 6azvl 0151 uHdICeHepHbIX paciemos. Memodamu ucciedosanus Oviiu meopemu-
yeckoe UsyueHue U IKCNEPUMEHMANbHOE UCCIe008aHUe HA HAMYPHbIX 00pasyax meniomaccooOMeHHbIX annapamos
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¢ nodeudicHou Hacaokoil. beino ycmanosneno, umo ayvwum O pearuzayuy MaccooOMeHHbIX NPoYeccos npeocmasis-
emcs OUanason NIOMHOCIU SNEMEHMO8 HACAOKU P, = 200—700 ke/m’, omauuarowuiicss wiupokum ouanaszonom paéouet
CKOpOCMU W,, NPUEMAEMBIMU ZHAYEHUSMU BbIHECEHHOU HCUOKOCIU U CPASHUMENLHO HeOONbUOU OUHAMUYECKOU BbICO-
moti cros. [Quanason 2,5 < w, < 6,0 m/c obecneuusaem 803modcHocmb ycmouuugou sxcnayamayuu APH 6 pescume
8bICOKUX Hacpy3ok. [Ipakmuueckas 3HAUUMOCTb 3aKTIOUACCA 8 NOTYYEHUU YIMOUHEHHBIX PACYEeMHbIX 3A8UCUMOCTEl,
ONUCHIBAIOWUX 2UOPOOUHAMUKY U MENTOMACCONEPEHOC 8 ANNAPAMNAX C NOOBUNCHOU HACAOKOU.

Knrouesvie cnosa: noosudicnas Haca()ica, I’lC€6()OCOfCUOfC€Hu€, MenioMaccoo0dMeHnHbll annapam, Kpumudeckas
CKopocnib, nomepst Hanopa 6]?(160‘{611 30He, OUHAMUHECKAsL 8bICOMA HACAOOUHO20 CloA, cmaquHaprlﬁ peostcum.

Introduction. The defining feature of heat and mass
transfer processes, which occurs in the three-phase flows,
is the interaction phase, which determines the value of the
interfacial surface. Therefore, apparatuses for the heat and
mass transfer processes must be designed so that they
have a maximum contact surface. Classification of heat-
mass exchange apparatuses (HMEA) provides geometric
features of the apparatus and the hydrodynamic condition
they create. However, the main trend which remains domi-
nant in the design of such apparatus is to create a thin film
of liquid on the surface of the nozzle.

Apparatuses with a movable nozzle (AMN) were
developed in relation to the implementation process
of dedusting and degassing and absorption in a number
of countries: Canada, the USA, Germany, Japan, CIS-
countries [l; 2]. AMN advantages over other types
of contact devices, which determined their widespread
occurrence: steady operation in the polluted environments
of self-cleaning nozzle surfaces and walls of casing, low
sensitivity of the device characteristics to sudden load
fluctuations of gas and liquid; indiscriminateness to the
initial liquid distribution, which is important for industrial
AMN; high lateral uniformity simplifying scalability;
a wide range of workload (in [3-7] a value ¢, up to
200 m*/(m*h is reported) and Wwg up to 8 m/s at an empty
AMN intersection); high intensity of exchange processes
in the layer; constructive design simplicity; compactness;
low weight and cost of the nozzle.

So far published information about the interaction
of the three phases in the HMEA varies by the difference
in the representation quality and experimental data
discrepancies in all major aspects of the movable layers
behaviour, so that its practical use in the engineering cal-
culations is complicated. The study of the quite complex

“gas—liquid—solid” system behaviour remains largely ex-
perimental. Prospects of AMN use for evaporative
water cooling require special consideration. AMN is ad-
visable to apply for the organization of such mass transfer
processes in which the main resistance of mass transfer
is focused in the gas phase, typical for the process
of evaporation cooling in the cooling towers [4].

Therefore, the work was aimed at choosing the solution
in which the MN of the HMEA can be used to implement
the contact handling process of gases and liquids with
density values clarification of the nozzle elements (p,.)
and the column dynamic height (H,) and obtain the
specified calculated dependences which describe the hy-
drodynamics and mass transfer in AMN, that is to create
bases for engineering calculations [8—12].

Studying of evaporative water cooling processes
was carried. Studying of evaporative water cooling proc-
esses was carried on a laboratory model using different
nozzle elements (see table).

From a scientific and practical point of view, the issue
concerning the nature of the transit of nozzle layer from a
stationary to a moving condition seems important. The
issue is complex and poorly studied. Typical modes of
movable nozzles (MN) behaviour in the apparatuses are
shown in fig. 1.

Fixed layer porosity does not depend on the load of
the gas and the liquid. Traditionally, the critical transition
velocity (wy,  wy') is determined by visual pseudo-
fluidization curve analysis that is described by the
dependence A p = (w,, q;). We conducted its specification
by constructing selective La (w,, g;) under the following
conditions: Hy, = 0,1 m, d,, = 0,04 m, p = 300 kg/m3,
¢,= 15 m’/(m*h) (fig. 2).

Studied nozzle elements characteristics

Ne NE type Nozzle material Geometry O Note
dnm mm kg/ m3
1 Foamed 40.1 248 Commercialization of
olypropylene elements
2 poyproPY 40.3 305
3 36.6 335
e
4 35.6 367
5 Empty celluloid ball 37.1 100-1000 Size p,, for the empty
which is partly filled with in increments |
ter of 100 units © ement3
wa 91 kg/m
dIIE
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Fig. 1. Typical AMN modes: a — stationary; b — stationary nozzle flooding;
¢ — initial pseudo-fluidization; d — developed pseudo-fluidization

Puc. 1. Xapaxrepusie pexumsl AIIH: a — cranmonapHslif; 6 — 3ax1eObIBaHIE CTalMOHAPHOM
HACaJK1; 6 — HAYAJIbHOE MICEBJOOXKIDKEHHE; 2 — PA3BUTOE TICEBIO0KIIKCHUE

Speed wy is given to the empty column crossing; fixed
(1, a) and initially compacted layer of nozzle elements (1, b)
having the ability to expand is considered. Value w, '
Werp — the maximum speed at which the curves coincide
Ap for fixed and movable layers; w, — the beginning
of stationary nozzle flooding; w,, w,’ — the beginning of
pseudo-fluidization; w; — the beginning of active pseudo-
fluidization; w; — inversion beginning. Let us specify
some definitions through the variety of existing formula-
tions for wg*: w;, corresponds to the intensive growth Ap,
layer turbidity, foam formation atop of the layer (partially
inverted cocurrent). For the fixed layer speed w, is un-
changed for specific loadings; for an extending layer w,
depends on the porosity and cannot be described by the
known dependencies; w, is the minimum gas velocity
at which steady vertical oscillations of several adjacent
NE are observed; w; corresponds to the active movement
and mixing of NE; w; is the beginning of NE inversion —
their concentration near restrictive gates. The latter mode is
almost immediately transformed into “upper” NE flooding,
which is typical for the fixed layer (fig. 1, b).

Value w,' is clearly recorded on vibrocurve L, (w,) as
a leap (= 20 dB or 30 %) and mild stated on fluidization
curve (column walls vibroacceleration is defined by the
movable nozzles state). Almost constant vibro-

acceleration level (L, = 5.5 wgo’og) corresponds to the

stationary layer state. The NE transition to movable state
was much more difficult, as compared to the traditional
presentation. If w, w," then the described unstable
pseudo-stationary NE states are formed during periodic
movement of an individual NE (layer alteration with
changing porosity) at a constant load. Their duration
ranges from tens of seconds to several minutes. The layer
structure is changing and fluid retention therein varies,
i. e. the w,’ value is characterized by a certain range of
existence. The width of this range depends on the initial
layer density which is determined by NE own weight and
the action of external loads and vibrations. For example,
for NE with p,. = 300 kg/m’ and d,,. = 0,037 m, this value
is 0.4 m/s.

~
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We found that the elements with p,, < 200 kg/m’
transferred to a moving state, bypassing flooding in a sta-
tionary state, for p,. > 200 kg/m’ pseudo-fluidization
is carried out in pseudo-stationary flooding condition of
the extending layer; for p,. > 700 kg/m’ this pattern per-
sists for larger values of H,, and the part of liquid is taken
outside of the layer and placed on top of its upper limit as
the layer of foam with thickness H, over 0.02 meters.

Gas and liquid layer load effecting movable nozzles
retaining ability Hy, = 0.1 m is shown in fig. 3.

The best range to implement mass transfer processes
seems to be that of puer (pe = 200700 kg/m”). Partial
fixed layer flooding precedes the beginning of pseudo-
fluidization; the nature of the transition determines the
entire future behaviour of the system. The speed of the
apparatus starting to flood wj is quite high (= 6 m/s); lig-
uid withdrawal AG, from the working area is slow until

the speed value is w;, This range differs by a wide work
area of speed w,, acceptable values of fluid withdrawal
AG, and a relatively small dynamic height of the layer H,.

Regarding this area let us consider the characteristic
pseudo-fluidization modes:

1.0 < wy < 2.0 m/s — Stationary system state with
characteristic local restructuring of fixed layer structure
and some porosity growth. Linear growth H,(w,) until the
beginning of the pseudo-fluidization speed w," with the
progressive flooding of the fixed reconstructed layer.

2.2.0 < wy, £ 2.5 m/s — Initial pseudo-fluidization
mode (transitional mode). There is a characteristic peak
H, by the speed of gas wy' (fig. 3, a) with the consequent
restoration to the previous value; the system is unstable,
the part of the layer remains stationary and its periodic
restructuring occurs. Fluid retention for ¢, <5 m’/ (m*-h)

(fig. 3, b) in active pseudo-fluidization mode decreases to
values which are characteristic of the stationary layer.
This is a border g, for cooling towers with movable nozzle

(CTMN) related to layer drainage; here CTMN operation
is not feasible, despite the liquid being in the layer for
a long time.
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3.2.5 <wg< 6.0 m/s — Developed pseudo-fluidization
mode. The entire nozzle layer is movable, the system is
homogeneous. Comparison of system characteristics with
the similar mode for the zone p,. shows that the new
transition patterns to mobility impacted the behaviour of
the system as a whole: the initial flooding state is sup-
ported. However, it does not further develop with the in-
crease of w, to the developed flooding due to a mecha-
nism that compensates the layer expansion. This kind of
situation when the initial flooding supported in a wide
range of w,, provides the possibility of stable AMN op-
eration in the high loads mode. Within the described
mode, we can distinguish the area w, = 4.7-6.0 m/s,
where there is no dependence of H; on w,. This new area
precedes a sharp increase of H,.

4.6.0 < w, < 8.0 m/s. In fact, that is the previous
mode with a sharp increase of flooding component. Con-

L, & Ap,
dB kPa
110 0.3
90 - 0.2
70 + 0.1
50 0 |

ventionally, it can be called a movable layer flooding
mode, noting a significant difference from the same mode
with a stationary nozzle. Whereas, under the latter condi-
tions, the flooding mode means the practical impossibility
of further employment, but concerning the apparatuses
with a movable nozzle this possibility remains, due to the
liquid capacity of the apparatus and very high intensity
of the process.

Processing of experimental information. The most
important hydrodynamic characteristics of cooling towers
with movable nozzle (CTMN), which are required for
engineering calculations, are critical speeds (wy/, wy),
pressure loss in the working area (A p), fluid retention
(H)) and dynamic layer height (Hj). This information
allows selecting the operating mode of heat-mass exchange
apparatus (HMEA), calculating the height of the columns
and fan power [13-15].

| >
4 w,,m/s

Fig. 2. Experimental dependences: / — pseudo-fluidization curve Ap = f'(wy); 2 — vibrocurve L, = f'(wg)

Puc. 2. DxcriepuMeHTaIbHbIE 3aBUCHMOCTH: | — KpUBas MCEBAOOKIKEHUA Ap = f (w,); 2 — Bubpoxpusas L, = f(w,)

H1~102, A
m
6 -
4 +
2 -
1
1 1 1 >
2 4 6 W, m/S
a

| | | -
50 g m/m’h

b

Fig. 3. Dependence of retaining ability of the movable nozzle on gas and liquid loads at H, = 0.1 m:
1 —p,e =100 kg/m’, 2 — p,,, = 500 kg/m’; 3 — p,,, = 800 kg/m’; a — H; = F (wp); b — H; = £ (qy)

Puc. 3. 3aBHCHMOCTD yIeP)KUBAIOLIEH CIIOCOOHOCTH CJI0s TTOJJBU)KHON HAcaJIKH OT HArpy30K IO ra3y M KHIKOCTH
put Hy, = 0,1 M: 1 — p,e = 100 kr/a; 2 — p,e = 500 Kr/M°; 3 — e = 800 kr/n’; a — H, =flwg); 6 — H; = f(q,)
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For non-irrigated layers the equation is obtained:

d Ar,
Reo — (DO ne _ 8 , (1)
v 1— Ar,
S 1| R
€y €

where, in order to record the peculiarities of the com-
pressed flow of balls with gas stream the stationary layer
porosity is used. Equation (1) provides the calculation w,
for the layer of balls with diameter of the nozzle elements
d,e = 35..42 mm and density p.,, = 90...1000 kg/m3
for H.,, > d,. Nozzle irrigation leads to a decrease

of wz, (w(,'), and with the increase of p,. the w, value

decreases. With regard to the influence ofg;, and p,, let
us write down:

4320-p,%" - @,

— . 74 :
4320p;é’21 +q,( 1,2510™p,,,+0,275)

'_
Wy =

2

This equation is fair for 200 < p,, < 1000 kg/m? and
5 < g, < 25 m*/(m*h). For p,. <200 kg/m’ dependence of
wy' = F (pne) appears to be bigger. The w, value character-
izes the transition to the developed pseudo-fluidization,
i. e. to the uniformly pseudo-fluidized layer:

o =14 0. (3)

The width of the area of initial pseudo-fluidization
sharply increases with p,, growth and the layers of nozzle
elements (NE) with density p,. > 500 kg/m’ operate
in practice only in this mode.

Dynamic height is characterized by a mean value
of oscillating movable nozzle (MN) level, and was deter-
mined visually. In the stationary state, these oscillations
are characterized by constant amplitude:

Hy = Hyy +Hyy (0, - of)x

x[16,2exp(-0,002p,, —70d,,)+0,007¢, |.  (4)

If wy = w(,', then value H; = Hg, This formula pro-
vides a calculation of H, for dry layer of MN, as well; it is
fair in the range of w, = W, —4.5m/s; g, < 25 m®/(m*h);
Hy,=0.5-0.2 m; p,,. = 90-1000 kg/m’, d,.= 0,035-0,042 m.

The gas stream pressure loss value Ap determines
the capacity of the electric fan motor (excluding energy
consumption for separation and loss in communication).

Traditionally the ratio (ﬂl is used, but the main MN
hd

layer characteristic is its dynamic height H,. Complex

(ﬂJ leads to a distortion of the physical scene, as,
hd

for example, with p,. = 1000 kg/m’ this value exceeds
10* Pa/m. This maximum value corresponds to the weight
of the fixed layer NE, where voids are completely filled
with liquid. This should result in the inverted cocurrent
if losses are greater than 10 Pa/m, which in practice is not
observed even at w, > 8 m/s. So it is worthy using

. . . A
the specific dynamic pressure loss, i. e. the value (H_pj .
d
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. . . . M,
It consists of a dynamic specific NE weight §%ne | and
F, K H d
pressure loss Ap,, that characterize the contribution to the
general value of the detained fluid pressure loss and fric-
tion due to the elements mixing in the pseudo-fluidized
layer:

M
Ap = ApyH , +E2re
Fk

Apy =0,8H,7 %0, x 5)

x exp(1,85-107p,, +1,56-102 ¢, +2,86),

where M, — NE layer mass.

The equation is adequate to the experimental data with
an average relative error 0.11 and is fair in the ranges:
005 < Hy £ 02 m; wo < w, £ 45 m/s;
5 <q, < 25 m’/ (m* - h); 200 < p,, < 1000 kg/m’.

Increase of Hy, leads to the decrease of Ap,, which indi-
cates pseudo-fluidization quality deterioration. For the
elements with p,. = 90 kg/m’ the Ap, value does not

depend on w,; for w, = w, the smallest difference of Ap,
occurs, which was obtained for different densities p,.
Heavier NE correspond to the greater value Ap,, which
match physical presentations. For g, <5 m’/(m*h) the

exponential nature of equation (5) is disturbed.

Conclusion. The apparatuses with a movable nozzle
are a promising solution of column HMEA, which en-
ables operation in the extreme conditions (contaminated
environment, sharp fluctuations of loads), increased limit
loads, high lateral uniformity of fluid (scaling task simpli-
fication), and lack of demands to the flow distribution
quality. The best ranger for mass transfer processes
implementation is that of p,en (per = 200-700 kg/m’),
which is distinguished by a wide working area according
to w,, acceptable values of fluid withdrawal and a rela-
tively small dynamic layer height.

Necessary dependencies for engineering calculation
were obtained, which determine the critical speed value
(wo"), the pressure loss in the working area (Ap) and the
dynamic NE layer height (H}).

It remains necessary to study the dynamics of gas-
droplet flows in the system to provide for calculation
of fluid distribution units, drop moisture separation, envi-
ronmental emission and scattering therein, to consider the
issues of the applied nature (scale factor, work in long-term
inclines and tossing; the accumulation of impurities in the
recirculation liquid, etc. An improved constructive design
of devices with the movable nozzle shall be developed.
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paccmampusaemslii 8 danHol cmamvbe aneopumm Rijndael. Cmpemumenvusiti pocm sviuuciumensHou mowHocmu IBM
U cywecmeeHHoe pazgumue JIUHEUHO020 KPUNMOAHAIU3A Oeldaiom aKmyaibHOU 3a0a4y OalbHelule20 HAPaAuUSAHUS
KPURMOCMOUKOCIU CYUECMEYIOUUX aleopummos, a maxace papabomku HO8wlX. Basicuvim komnonenmom, onpede-
JSHOUUM YCMOUHUBOCb OIOUHO20 CUMMEMPUUHO20 KPUNMOZPADUUECKO20 aleopumMma K Hauboiee pacnpocmpaHet-
HBIM 8UOAM KPUNMOAHANU3A, A81Aemcs Kayecmao Onoka 3amen — S-610ka noocmarnosxu. Llens pabomuvl — nposecmu
BLIYUCTICHUS U NOIYYUMb 6CE BOZMOJICHbIE GIOKU 3GMEH HA OCHOGe HenpueoOUMbIX NOTUHOMOE Had notem GF(2°),
a makdice ux Komnosuyuil. J{ns smoeo 6vin pazpaboman psod npoSpamm, ¢ ROMOWbIO KOMOPLIX OblIU NOTYYeHbl OIOKU
3amen, obradarowue pastudHBIMU Kpunmozpaguueckumu xapaxmepucmuxamu. boin npouseeden pacuem xonuuecm-
BEHHLIX OYEHOK OAHHLIX XAPAKMEPUCTIUK NYymeM NnpedCmaeieHus mabnuy 3ameH 8 euoe Habopos Oyievlx (yHKYuUil.
Ocoboe gnumarue ObLIO YOeNeHO MAKUM XAPAKMEPUCTNUKAM, KAK HETUHEUHOCMb OY1e6blX (hyHKYUL, MAKCUMYM MOV
KO2(hpuyuenmos Koppensiyuu u KOIu4ecmeo Hyjell KOppeisyuoHHOU Mampuybl 6JI0KO8 3aMeH, KaK Hauboiee 3Hauu-
MbIM xapakmepucmukam. Tlonyuennvie 610KU 3amMen MOZYm Cmamb 0OCHOBOU Olsi OAIbHEUUUE20 U3YYEHUST B0ZMOICHBIX
6apPUAHTNOE NOGbIULEHUsL Kpunmocmoukocmu areopumma Rijndael.

Kniouesvie cnosa: ancopumm Rijndael, S-610x, Henpugooumwiil nosunom Hao nonem I anya.
Siberian Journal of Science and Technology. 2017, Vol. 18, No. 3, P. 505-509

POSSIBLE OPTIONS TO IMPROVE CRYPTOGRAPHIC RELIABILITY OF ALGORITHMS BASED
ON NYBERG CONSTRUCTION

M. A. Dmitriev

Siberian Federal University
79, Svobodny Av., Krasnoyarsk, 660041, Russian Federation
E-mail: makcmad@mail.ru

Nowadays one of the most used tools to protect data from unauthorized access is block symmetric-key cryptographic
algorithms. The rapid growth of computer processing power and significant development of linear cryptanalysis actual-
ize the task to continue increasing reliability of the existing algorithms, as well as developing new ones. An important
component in determining the stability of a block symmetric-key cryptographic algorithm to the most common types of
cryptanalysis is the quality of S-box substitution. This work was aimed at calculating and achieving all possible S-box
substitutions, based on irreducible polynomials over the Galois field and their compositions. For this purpose a set of
programs to obtain S-box substitutions which have different cryptographic characteristics with its help was developed.
Calculation of the quantitative values of these characteristics was performed by presenting S-box substitutions in the
form of sets of Boolean functions. Particular attention was paid to such characteristics as nonlinearity of Boolean func-
tions, the maximum modulus of the correlation coefficients and the numbers of zeros of the correlation matrix of S-box
substitutions, as those are the most important characteristics. These blocks substitutions can be the basis for further
study of possible options to improve Rijndael algorithm’s cryptographic reliability.

Keywords: Rijndael algorithm, S-box, irreducible polynomial over the Galois field.

Beenenune. IlpumenurensHO K (OPMHUPOBAaHHMIO Tad-  KOBAaHUE IONYYCHHBIX TaOJIMI, OAMHAKOBBIX JJISI BCEX
JIMI 3aMEH MOXXHO BBLICNUTHh TPU OCHOBHBIX MOAXOJAa  IOJb30BaTeled JaHHOro anroputMa. Takol moaxox Obul
B pa3zpaboTKe anropuTMoB mmdposanus [1]. peanmusoBad B anroputme DES; a B 2015 rogy npumeHneH

OnHuM U3 pemeHuil sBiseTcd BBIOOp Tabmun 3ameH B anroputMe «Kys3Heunmk», craBmem cranmaptoMm Poc-
B TIpoIiecce pa3padOTKU CTaHAApTa W OTKpPHITOe omyOnmu-  cuiickoit @exepamnmu ¢ 2016 roxa [2].
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[IpuMeHsIOTCS TaKKe ajJrOPUTMBI, B KOTOPBIX Ta0JIH-
LIl 3aMEH HE OIpeJleNICHbl OJHO3HAYHO, a BHIOMpAIOTCS
KaXKJIBbIM I10JIb30BATEIEM CAMOCTOSITEIBHO. TaKkol MOaX0.1
peanmzoBaH, Hampumep, B ainroputme ['OCT 28147-89
[3; 4], monroe Bpems sBusBineMcs ctangaptom CCCP
u no3aHee MHOruX crpan CHI'. OTMmeTuM, 94TO mpu Haa-
JeXalleM YpOBHE KBaTM(MKAIWHU II0JIb30BATENh HMEET
BO3MOXKHOCTh BBIOpaTh KaueCTBEHHbIC OJIOKM 3aMeH,
NPUTOM H3BECTHBIE TOJBKO ATOMY IIOJIb30BATEIO, UYTO
MOXHO TpPaKTOBaTb KaK AOIOJHUTCIBHOC IOBBINICHUEC
CTOMKOCTH IU(PPOBAHHUS.

Buounsiii mudp Rijndael. HanGonee xapakrepHbiM
MIPUMEPOM TPETHETO MOAXO0JAa MOXET CIYXKHUTbh TaKKe
cuuTaromuiics croikum anroputM Rijndael [5], B xorto-
poM OJIOK 3aMEH IOJHOCTBIO ONpENeNseTcsl 3aJaHueM
HENpPUBOAMMOTO TMONMHOMa Hajy mnonem [amya [6].
B Rijndael mucnonp3oBana koHcTpykuuss Hubepr, mpen-
CTaBIAIONIAasg co000i oTOOpakeHHE B BUAE MYJIbTHILIMKA-

k
THBHO 00OpaTHBIX 251eMeHTOB 110Jst [anya GF (2 ) :

(1

cKOMOMHHMpOBaHHas BMecTe ¢ ad(HUHHBIM Mpeodpa3oBa-
HUEM

y=x"modd[f@),p}, y,xeGF(2"),

b=A-y+a, a,beGF(Z"), )

e f(z)=z'+z'+z"+z+1 — HenpuBOmMMBI Hax
noinem GF (28) MIOJIMHOM; 4 — HEBBIPOXKJCHHAS MaTpHUIla
adduHHOTO MIPeoOpa3oBaHusl; @ — BEKTOp CIBHUIa; p =2 —

XapaKTepUCTHKA paciupennoro mous Lanya; 07 =0 — o

OTIpeIeIICHUIO; a,b,x,y — snemenrs pacumpeHHOTro

nonst Tanya GF (2k); paccMaTpHUBalOTCS KakK JECSITUY-

HBIE 4YHCIlla JINOO JBOWYHBIE BEKTOPBI, MO0 MOIMHOMBI
crenenn k —1.

KosmyecTBeHHbIE XapaKTePUCTHKH 0JI0KOB 3aMeH.
ITokazarensMu kadecTBa OJioka 3ameH [7-9] HaumOonee
4acTo MpeJyIaraloTcs CleTyoye:

— MakCUMyM W3 MOAYJICH 3JIEMEHTOB MaTpHIbI KO3(-
(PMIMEHTOB KOPPEIALNH BXOIHBIX ¥ BEIXOIHBIX OMTOB;

— KOJIMYECTBO HyJNed B Marpume Kod(h(HUIIEHTOB
KOppemsInuy;

— HEIMHEHHOCTh KaK pAacCTOSHUE 10 MHOXECTBA
appunHbX QyHKmi [10-13];

— anreOpanyeckast CTerieHb HeJMHeHocTH [14];

— IIepuoJi BO3BpaTa IOJICTAHOBOYHON KOHCTPYKLUH
B ICXO/IHO€ COCTOSIHUE.

Ha naHHBII MOMEHT TOAPOOHO MCCIIEIOBAaHbI
HeJnHeliHble npeoOpa3oBaHus KoHcTpykuun Hubepr
HA OCHOBE BCeX W3OMOP(MHBIX H aBTOMOPQHBIX

. N k
npencrasnenuii nonei GF (2 ) st k <8 : BBIIMCAHBI

BC€ HCIIPUBOJUMBIC IMOJMHOMBI HAA MOJSAMHA, BHIYUCJICHBI
Kpunrorpadguyeckue IokazaTel KayecTBa OIpeselsie-
MBIX 3THMH MOJMHOMaMmH S-010koB. Takum oOpazom,
nojauHoM u3 (1) sBIsieTCsl HE eIMHCTBEHHO BO3MOXHBIM
Ui moctpoeHus mudpa. Bo3moxHOCTH ke BbIOOpa
HENPHUBOJMMOTO TOJMHOMA (OAZHOTO W3 MHOXECTBA
B OIPENIETICHHOM CMBICIIE SKBUBAJICHTHBIX) UMEET MPAKTU-
yeckoe 3HaueHue. IloaToMy moOsSBMIACH BO3MOKHOCTB
coeauHuTh Mrockl noaxozaoB 'OCTa u Rijndael.

B paborte [5] mpuBemeHa Tabauma Kpumnrorpaduye-
CKHX XapaKTepUCTUK S-0JIOKOB Ha 0a3e IMOJIHOTO Kiacca
HEMPUBOJUMBIX TOJMHOMOB cTerieHu 8. JlaHHble 3TOMH
TaOJUIBl CBUJCTEIBCTBYIOT O pasHOOOpasuu BbIOOpa
MOJMHOMOB JUIsi WCIIONb30BaHHs B OJIOYHBIX IIU(pax
B COOTBETCTBHM C DEIICHHEM HCIOJIb30BaHUS TOTO WIH
WHOTO KpUTEPHSL.

B cBs3u ¢ 3THM TIpeAcTaBisieTCs aKTyaJ bHBIM pac-
CMOTpEHHE KOHCTpYKmu, aHanoruanoir AES [15], onHa-
KO JIHOO € MCIIOJIb30BAHMEM KOMITO3UIMH HETIPHBOIUMBIX
MOJIMHOMOB, JIH0O C HCIOJIb30BAHUEM B Pa3HbIX payHIax
Pa3NUYHBIX TOJMHOMOB MJIM UX KOMIIO3HLUH, YTO MOKHO
CUNTATh OJHUM W3 BO3MOXKHBIX BAPHAHTOB IIOBBIIICHMS
CTOMKOCTH aJropuTMa, aHasoruuyHoro AES.

B }laHHOl‘/’I CTaTbC MPOBEACHBI BHIUYMCICHUA U TTOJTYYCHBI
BCE BO3MOXKHBIE TAOJIMIBI 3aMEH HAa OCHOBE KOMIO3UIMU
HEMPHUBOAMUMBIX TOMHHOMOB Hax GF(2%). Kommosummeit
HENPHUBOJMMBIX IIOJIMHOMOB CYHMTAETCSl I10CIIE/I0BATEIb-
HOE BBINOJIHEHUE ABYX omnepanuii SubBytes B Kaxaom
paynzae. OnpeneneHsl Haphl MOIMHOMOB, 00ECIeUYnBaIO-
XX TaOJIUIBI 3aMEH ¢ ONM3KUMHU K ONTHMAaJIbHBIM CBOM-
CTBaMH KOPPEISIIUOHHON MaTPHIIBI.

Tabu. 1 mpencrasisger cob0i AaHHBIE TIO KPUIITOTPa-
¢ugeckuM XapakTepUCTHKaM S-OJIOKOB, ITOIyYEHHBIX
B pe3yJbTaTe BBIIONHEHUS onepaiun SubBytes mst Bcex
BO3MOJKHBIX HENPUBOIMMBIX MouHOMOB Hax GF(2°), rie
CaM ITOJIMHOM 3aItMcCaH B BUJAC NCCATUYHBIX 3KBHBAJICHTOB.

AHanorn4yHele JaHHbIe OBIIM HOJYyYEeHBI JJISi KOMIIO-
3UIUHA HETPUBOAMMBIX NMOJIMHOMOB (B rpade «Kommosu-
LIUsD» TTOJIMHOMBI 3aIIMCaHbl B TIOPSAKE BBINOJIHEHHS OIle-
pammu SubBytes). BBuay 60mpmoro o0beMa noTyIeHHBIX
JTAaHHBIX B JIAHHOW CTaThe XOTENIOCh OBl 3a0CTPHUThH BHU-
MaHHE Ha TeX KOMITO3HMLMIX, KOPPEIALHOHHAS MaTpHLa
KOTOpBIX 001afaeT Hanboee MpUMedyaTesIbHBIMUA KPUIITO-
rpaguuecKuMHi XapakTepucTHKaMH. [loydeHHbIe TaHHbIE
MIpUBEACHBI B Ta01. 2—4.

Tabnuya 1
Kpunrorpadguyeckne xapakTepucTHKH S-0J10KOB HENPUBOANUMBIX MOJHHOMOB

No [TommHOM Maxkcumym KonunuectBo CrerneHb HETUHEHHOCTH
/n MOy JIs HyJel

1 283 0,125 4 112 112 112 112 112 112 112 112

2 285 0,125 5 112 112 112 112 112 112 112 112

3 299 0,125 10 112 112 112 112 112 112 112 112
4 301 0,125 2 112 112 112 112 112 112 112 112

5 313 0,125 7 112 112 112 112 112 112 112 112

506



Mamemamuxka, mexanuxa, ungopmamuxa

Oxkonuanue maobn. 1

No [TonmuHOM Maxkcumym Konunuectso CrerneHp HETUHEHHOCTH

n/n MOy JIs HyJIeH

6 319 0,109375 6 112 112 112 112 112 112 112 112
7 333 0,125 7 112 112 112 112 112 112 112 112
8 351 0,125 2 112 112 112 112 112 112 112 112
9 355 0,109375 2 112 112 112 112 112 112 112 112
10 357 0,09375 6 112 112 112 112 112 112 112 112
11 361 0,125 4 112 112 112 112 112 112 112 112
12 369 0,125 5 112 112 112 112 112 112 112 112
13 375 0,109375 2 112 112 112 112 112 112 112 112
14 379 0,125 3 112 112 112 112 112 112 112 112
15 391 0,125 5 112 112 112 112 112 112 112 112
16 395 0,125 5 112 112 112 112 112 112 112 112
17 397 0,109375 5 112 112 112 112 112 112 112 112
18 415 0,109375 3 112 112 112 112 112 112 112 112
19 419 0,109375 11 112 112 112 112 112 112 112 112
20 425 0,109375 3 112 112 112 112 112 112 112 112
21 433 0,109375 2 112 112 112 112 112 112 112 112
22 463 0,125 3 112 112 112 112 112 112 112 112
23 445 0,125 0 112 112 112 112 112 112 112 112
24 451 0,109375 3 112 112 112 112 112 112 112 112
25 471 0,125 3 112 112 112 112 112 112 112 112
26 477 0,125 4 112 112 112 112 112 112 112 112
27 487 0,125 3 112 112 112 112 112 112 112 112
28 499 0,125 7 112 112 112 112 112 112 112 112
29 501 0,109375 4 112 112 112 112 112 112 112 112
30 505 0,125 8 112 112 112 112 112 112 112 112

Tabauya 2

KOM]’[OZ}I/I[IHI/I ¢ MAKCUMAJIbHBIM I MUHUMAJIBHBIM 3HAYCHUEM MAKCUMYMa MOAYJIsl KOppeJIﬂllI/IOHHOﬁ MaTpulbl

Ne Kommnosunus Maxkcumym Konuuectso CreneHp HEMMHEHHOCTH
n/n MOy JIst Hynei

1 301477 0,109375 6 102 | 102 106 106 102 98 102 108
2 319-477 0,296875 6 102 94 106 100 104 102 | 104 96
3 357-433 0,109375 7 106 | 104 | 104 | 104 104 108 104 | 100
4 361-351 0,109375 4 104 | 106 | 102 102 106 106 | 106 | 102
5 369-361 0,109375 7 106 | 102 102 108 106 102 | 106 | 102
6 369-375 0,109375 10 104 | 104 | 108 104 104 102 | 104 | 104
7 369-395 0,109375 4 108 106 | 102 102 106 102 | 106 | 106
8 391-283 0,109375 3 104 | 104 | 102 104 104 104 | 104 | 104
9 391-433 0,109375 7 104 | 100 | 104 | 104 106 106 | 106 | 104
10 425-313 0,109375 8 104 | 104 | 104 | 102 106 100 | 106 | 104
11 463-357 0,109375 4 104 | 104 | 102 102 102 98 102 102
12 445-333 0,109375 13 104 | 104 | 106 106 106 102 | 106 | 100
13 451-369 0,109375 10 102 98 104 | 104 106 106 | 106 | 106
14 471-375 0,109375 10 100 98 104 | 102 106 104 | 106 | 106
15 501-425 0,109375 6 102 | 102 104 | 104 106 108 106 | 104
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Tabnuya 3
KoMmno3nuun ¢ MakcMMaJbHBIM M1 MHHHMAJIBHBIM 3HAYeHHEM HeJIHHeliHOCTH
Ne Komnosuuus Maxkcumym Konuuectso CreneHp HEMMHEHHOCTH
/0 MOJIYJIISt HyIei
1 283-351 0,203125 9 104 102 102 104 | 110 102 110 106
2 299-285 0,171875 8 110 104 102 102 104 102 104 102
3 299-445 0,140625 5 104 104 104 106 | 110 108 110 106
4 301-285 0,15625 9 100 98 104 106 | 110 106 | 110 104
5 301-375 0,125 7 106 106 106 106 106 | 110 106 102
6 319-499 0,140625 4 110 108 106 102 108 106 108 100
7 351-299 0,171875 5 106 106 | 110 104 106 106 106 108
8 351-357 0,140625 4 102 102 104 106 | 110 104 | 110 102
9 355471 0,171875 5 106 104 104 | 110 106 104 106 106
10 361-299 0,15625 4 106 102 104 88 102 100 102 104
11 361477 0,125 7 110 106 104 104 106 106 106 102
12 379-415 0,1875 5 108 102 | 110 100 104 104 104 108
13 419471 0,1875 7 106 106 104 | 110 102 96 102 104
14 425-299 0,140625 6 104 108 96 104 106 | 110 106 106
15 433-357 0,203125 6 110 102 106 104 104 106 104 104
16 451-319 0,140625 7 102 106 104 96 104 98 104 | 110
17 451-451 0,203125 8 100 102 104 100 108 106 108 110
18 451-505 0,15625 4 102 106 | 110 104 100 98 100 98
19 487-299 0,15625 5 104 106 104 102 106 100 106 | 110
20 505-283 0,125 2 106 104 102 106 104 104 104 88
21 505-285 0,171875 6 102 106 108 | 110 108 104 108 108
22 505-301 0,171875 6 110 104 98 106 96 104 96 106
23 505-499 0,15625 2 106 108 104 102 106 104 106 | 110
Tabruya 4

KoMno3uuumn ¢ MAKCMMAJIbHBIM 1 MHHUMAJIbLHBIM KOJIHYECTBOM HYJIEeBbIX 3HAYEeHU I KOppeJ’lleI/IOHHOﬁ MaTpHulbl

Ne Kommnosunus Maxkcumym KonuuectBo CreneHp HEMMHEHHOCTH

/i MOJIYJISL HyJel
1 283445 0,171875 15 106 104 98 106 108 104 108 108
2 379-391 0,234375 15 98 104 98 102 96 104 96 108
3 487-361 0,203125 0 108 102 102 100 104 108 104 102

Takum o0Opa3oM, Mbl BUIUM, YTO IJIs OOECHEUYEHUS

PaBHOMEPHOW MHWHUMH3AIMKA MAaTPULBI KO3(D(HUIIEHTOB
Koppemsinuu (coriacHo Tabm. 1) nenecooOpasHee Bcero
UCIIONIb30BaTh IOJMHOM JUIsi OOpallleHHsi 3JIEMEHTOB
C MUHUMAJIbBHBIM KOJIMYE€CTBOM Hyﬂeﬁ, Hanpumep, mnojan-
HoM 445. TlpumeHeHHE NaHHOrO MOJMHOMA IO3BOJIUT
3aTpyIHHUTH JIMHEHHYIO annpokcumaryio mmgpa addun-
HBIMH OyJeBBHIMH (PYHKUMSMH, YBEIUYUBAs €ro COMIpPO-
THUBISIEMOCTH aTakaMm ] epeHIatsHOr0 KPUITTOaHAIII3A.
OTH TONMHOMBI 00JANAIOT JYYIIUMH (MUHUMAIBHBIMH)
3HAYCHUSMH KOPPEIALNHUN BEKTOPOB BBIXOJa M BXOJa
S-0JI0Ka TIOJCTAHOBKM II0 CPABHEHUIO C TIOJIMHOMOM,
npuMeHsieMbIM B anroputMe Rijndael, B To ke Bpems
MIPH WCTHOIH30BAHUN KOMITO3HIIMK TIOJIMHOMOB (COTJIIaCcHO
Tab. 4) HanOoJee MOAXOAAIIEH B ATOM CIIydae OKaKeTcs
KOMIIO3UIUS MOJUHOMOB 487-361 nub0 KOMITO3UIMU
nonuHoMoB 285-471, 299-369, 313-395, 319-379, 351-
477, 357-397, 361-313, 361-487, 391-379, 477-463
C KOJINYECTBOM HyJIEH KOpPPEIALHOHHON MaTpHIbl, paB-
HBIM O/IHOMY.

Jus obecnieueHust OTCYTCTBHS KOPPEIALINU BEKTOPOB
BBIXO/Ia W BXOJa HawOoJee TMPEeNNOYTHTEIbHBIM OyneT
nosrHOM 419 mmubo xommosumuu 283-445, 379-391
C HanOOJIBIIINM KOJIMYECTBOM HYyJIEH, a Takxke 46 pa3nnd-
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HBIX KOMIIO3ULIMHM, KOJIMYECTBO HYJIEH KOPPEJSLUOHHON
MaTpHUIBl KOTOPBIX Bappupyetcs ot 11 no 14. Onum obna-
JIAI0T HAuOOJBLUIMM KOJMYECTBOM HYyJIeH B MarpHLax
K03()(UIIMEHTOB KOppeJISIUMM BXOAAa M BBIXOJA, YTO
3aTPYIHUT KOPPEJSILIMOHHBIA KPUIITOAHAIN3, OJHAKO YII-
POCTHT anNpoKCUMaIuio mudpa adpGUHHBIME OyIeBBIMU
(yHKIMSIMU 32 c4eT OOJBIIEr0 KOJIMYECTBA E€AMHMYHBIX
3HAYEHMH 3JIEMEHTOB B TIOJIHOH MaTpHIe KO3(pQHUIMEHTOB
KOppeIsuu co BceMu ahGUHHBIMEI (YHKITHSAMH.

3akiouenue. [lorydeHHbIE pe3ynbTaThl MO3BOJISIOT
C/enaTh BBIBOJ O TOM, YTO OOJBIIMHCTBO KOMIIO3HITHH
HEPUBOAMMBIX moTHHOMOB Hax GF(2*) oGmamator Goree
MHTEPECHBIMU KPUNTOTpadHMIECKUMH XapaKTePUCTUKAMU
B 3aBUCHUMOCTH OT IIOTPEOHOCTEH MCIOIIB3YIOIEro mudp
KaK B 4YaCTU MAaKCUMyMa MOJIYJs KOPPEJSILIUOHHOU
MaTpulbl, TAK U B KOJIMYECTBE HYJIEU KOPPEISLIUOHHOU
MAaTpHULbl, HO B TO XK€ BPEMsI PACCTOSIHUE KOMIIO3ULUM 10
MHOXXecTBa apGUHHBIX QyHKIMI YMEHBIINIOCH U BapbH-
pyercs ot 88 o 110.

MHO0’X€CTBO KOMITO3ULIUI HEPUBOIUMBIX ITOJITHOMOB
MOJKET HCIIOJIB30BATHCS KakK 0ojiee OOIIMPHBIA HCTOYHHUK
S-61oxoB ms mmmdpa Rijndael. K nmpumepy, MHOXKECTBO
KOMITO3MLIMH HENPHUBOANMBIX ITOJMHOMOB, MaKCHMYyM
MOJyJsl KOPPEISIIMOHHBIX MAaTPUL] KOTOPBIX MPEBBIIIACT
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0,125 (MakcMManbHOE 3HAYEHHE MAaKCHMyMa MOMYJIA
KOPPESIIMOHHOM MaTpUIlbl HEIIPUBOJUMOTO MOJIHMHOMA),
HacuuThiBaeT 795 mryk u3 900 BO3MOXKHBIX.

JlanbHeliee U3ydeHHEe BO3MOYKHBIX BAPHAHTOB IOBBI-
meHnst croiikoctn anroputMma Rijndael Oynmer ocHOBBHI-
BaThCA Ha TOJyYEHHBIX XapaKTePHCTHKaX OJIOKOB 3aMeH,
a TaKkKe BKJIIOYATh B ce0s OLEHKY KPHIITOCTOMKOCTH
QITOpPUTMa B CiIyyae IMPUMEHEHUS IMOJIY4YEHHBIX PE3Yib-
TaTOB, @ UMEHHO, HCIIOJIb30BAHUE PA3IMYHBIX MOJIMHOMOB
WM X KOMITO3UIUI B Pa3IMYIHBIX payHIax.
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NON-PARAMETRIC ALGORITHMS OF RECONSTRUCTION OF MUTUALLY AMBIGUOUS
FUNCTIONS FROM OBSERVATIONS
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We consider the task of reconstruction of the regression function from observations with errors. Under parametric
uncertainty conditions this problem is solved in the following sequence: first the type of regression function with accu-
racy to parameters is set, then the next stage is the estimation of these parameters based on training sample elements.
The main problem that arises is choosing a parametric structure, i. e. the choice of parameters with an accuracy to the
vector of parameters. At the same time more or less inaccuracy can be allowed, descriptions of many variables func-
tions with accuracy to parameters cause particular difficulties. Another known way of solving such problems, which is
the nonparametric estimation of regression function from observations, in this case the stage of choosing a parametric
equation of the regression function is missing. A number of publications is devoted to this area including monographs
where the results are in most cases related to the asymptotic properties of the regression function.

The article considers the task of reconstruction of mutually ambiguous functions of many arguments from observa-
tions with random errors in the conditions of nonparametric uncertainty. This problem has been insufficiently studied,
although it has a significant importance in the identification and control of objects of a Wiener and Hammerstein class.
The control theory widely uses already known mutually ambiguous specifications that describe the work of items with
a loop of hysteresis, backlashes and others. Some modifications of nonparametric estimates of mutually ambiguous fea-
tures including multidimensional are given. A series of computing experiments have been conducted where for simplic-
ity reasons the simpliest mutually ambiguous curves were taken, parametric structure of these curves for the algorithms
was unknown, only observation was known. Numerical studies covered two cases: different sample sizes and various
disturbances affecting the studied processes. The reconstruction of mutually ambiguous dependency plays an important
role in the development of robots and various robotic systems moving on in an undefined or unknown terrain. As sepa-
rate blocks the considered algorithms can be useful in devices that are used in the aerospace industry.

Keywords: aprior information, nonparametric model, mutually ambiguous characteristics, nonparametric estimates.
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HEHNAPAMETPUYECKHUE AJITOPUTMbI BOCCTAHOBJIEHUSI BBAUMHO HEOJHO3HAYHBIX
®YHKLMI 1O HABJIOJEHUSIM

A. A. Kopueesa, C. C. YUeprosa , A. B. Illumknna

Cubupckuii henepanbHblil YHUBEPCUTET, HHCTUTYT KOCMHYECKUX U MH(POPMAIIMOHHBIX TEXHOJIOTHIA
Poccuiickas ®@enepanus, 660074, yn. Axagemuka Kupenckoro, 266
E-mail: chsvetlanas@gmail.com

Paccmampusaemcs 3a0aua soccmanognenus QyHKyuy peepeccuu o HabaOeHUsM ¢ owubkamu. B ycrosusx napa-
MempUuuecKoll HeonpedeieHHOCHU 9MA 3a0a4a peuaemcs 8 cledyiowel NOCIe008ameNbHOCMIL: CHAYAIA 3a0aemcsi U0
yHKYUU pespeccul ¢ MOYHOCMbIO 00 NAPAMEMPOS8, HA CeOVIOWeM dIMane 0Cyuwecmeusiemcs OYeHKa IMUX napament-
P08 Ha 0cHOBe dlieMenmog oOyuaroueti 6bloopru. OcHosHAsL NPobeMa, KOMOpasl 30eCb GO3HUKAEN, COCIOUN 6 8blOope
napamempuyeckol cmpyKkmypol, m. e. 6 bl00pe napamempos ¢ MOYHOCMbIO 00 GeKmopa napamempos. Ilpu smom
Modicem 6vlmb OONYUWeHa OObULAsL U MEHbLUUASL HEMOYHOCTD, ONUCAHUE PYHKYUIL MHOSUX NEPEMEHHBIX ¢ MOYHOCHIbIO
0o napamempos 8vi3vlgaem onpeoeieHHvle mpyonocmu. Mzeecmen opyeou nymo peuierus no006HOU 3a0ayu, KOMOopblii
cocmoum 6 HenapamempuyecKkomM OYeHUSAHUU QYHKYUU pezpeccur no HAOIIOO0eHUsIM, 8 IMOM Ciyuae sman evloopa
Napamempuyecko2o ypagHeHus OYHKYuY pespeccui omcymcemeyem. Imomy HanpasieHuro OCSsueHo 60aboe KO-
uecmeo nyOnuUKayull, 6KI0YAs MoHozpaduu, 20e 6 DONbLUUHCMGE CIYYaed U3NASAlOMCsl Pe3yIbIambl, CEA3aAHHbIe
€ ACUMNMOMUYECKUMU CEOUCTNBAMU HENAPAMEMPULECKUX OYEHOK (PYHKYUU pecpeccul.

Paccmampusaemcs 3a0aua 60ccmanogienus 63aUmMHO HEOOHO3HAYHOU PYHKYUU MHOSUX APSYMEHMO08 No Hab.iode-
HUSIM CO CIYYAUHBIMU OWUOKAMYU 8 YCIOBUAX HEeNapamempuieckol Heonpeoeiennocmu. Jaunas 3a0aua uccie0o8ana
HeQOCMAamoyHo, XOms U UMeen CYUeCmeeHHOe 3HAYeHUe Npu UOeHMUDUKAYUU U Ynpasienuu 00beKmamu Kidacca
Bunepa u TI'ammepwmetina. Teopus ynpagienus wupoxko UCHOIb3YEM YiCe U3BECHHblEe 63AUMHO HEOOHO3HAYHble
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Xapaxmepucmuku, Komopule ORUCbIBAiom pabomy 21eMeHmos ¢ nemiel eucmepesuca, 1o@mog u op. Ilpusedenvl He-
KOmopule MOOUPUKAYUU HENAPAMEMPUYECKUX OYEHOK B3AUMHO HEOOHOHAYHBIX (DYHKYUL, 8 MOM YUCIE MHO2OMEPHDIX.
Taxoce nposedena cepust BbIYUCTUMENbHBIX IKCHEPUMEHMO8, 8 KOMOPbLIX U3 CO0OPANCEHUSI NPOCMOMbL ObLIU 3AMbl
Hauboiee npocmvle 83aUMHO HeOOHO3HAUHbIE KpUsble, NAPAMempuiecKdas CIMpyKmypa Smux Kpugblx O0is ajieopummos
OblLIa Heu38eCmHa, a U3BECMHO MOAbKO HabwOeHue. HucienHvle UCCIe008AHUS 0X8AMbBIBANU 08A CIYYAS: DA3TUYUHbIE
00beMbl 8bIOOPKU U PA3IUYHBIE YPOBHU NOMeEX, 0elicmeYIoWUX Ha ucciedyemsle npoyeccvl. Boccmanosnenue 83aumno
HEOOHO3HAYHOU 3aBUCUMOCIU USPAem BANXCHYIO POJb NPU paspabomke poOOMOE U pa3iuuHbIX pOOOMOMEXHUYECKUX
cucmem, OBUNCYUUXCS NO 3apanee He ONpedeeHHOMY U HeuzsecmHoMmy peaved)y. B kauecmee omoenvhvlx O10K08
paccmampusaemvle ar2opumMbsl MO2Ym Oblmb NOJLE3HbL 8 YCMPOUCMBAX, UCHONIL3YEMbIX 8 A3POKOCMUYECKOU OMpPaciu.

Knioueswvie cnosa: anpuopHas qubopMauuﬂ, Henapamempudeckas MOO@JZb, 83AUMHO HEOOHO3HAUHbLE xapakmepu-

CMUKU, Henapamempuieckue OYyeHKu.

Introduction. The problem of function reconstruction
from observations when the studied process is described
by mutually ambiguous characteristics is considered. This
task comes to a problem of approximation, the main
feature of which is the lack of aprior information about
a parametrical structure of the studied process model.
Nonparametric estimation of mutually ambiguous charac-
teristics, some modification and results of numerical studies
are offered.

At reconstruction of regression functions from obser-
vations nonparametric estimates are often used. At the
same time it is supposed that the nature of its dependence
is unambiguous on an argument. Hereafter, the problem
of function reconstruction from observations at mutually
ambiguous dependence is considered. This demanded the
introductoin of some changes into the known estimation
of Nadaraya-Watson [1].

Aprior information. Aprior information — a set of
known in advance data of the studied process, criteria
of optimality and restrictions. The criterion of optimality
expresses those requirements which have to be best satisfied
and restrictions define our opportunities. Thus, the aprior
information known to the researcher at an initial stage is a
basis for a mathematical formulation of the task [2]. And
in essence substantially predetermines a research method [3].

In various computer systems of modelling an impor-
tant role belongs to reconstruction of functions from ob-
servations, in particular to mutually ambiguous function
which can be applied at creation of, for example, robots,
robotic systems moving on in an unknown area (the area
with an unknown terrain).

The levels of aprior information are important during
the modelling and control of discrete continuous process-
ses. The processes proceeding continuously in time but
the variables of which are controlled at discrete time
points are related to such processes. Let us point out the
following levels of aprior information [4]:

1. Systems with full information. In this case an op-
erator of the process is exactly known, and the casual dis-
turbances affecting an object and connection channels are
absent. During the solution of identification and control
problems, the methods of mathematical theory of opti-
mum processes and also other methods of synthesis and
analysis of control systems can be used.

2. Systems with incomplete information. These are
systems with independent (passive) accumulation of
information. In this case, the effect of input influence
is perceived as simply random influence. Disrurbances are
usually assumed in the theory of stochastic systems as
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random impact on an object. Besides, the class of opera-
tors is not known exactly but the assumptions of density
of distribution of all random factors are necessary. The
density of probability of random factors affecting an ob-
ject and in channels of variables measurement are usually
assumed normal and additive. It is clear that in this case
the existence of selection of input and output variables of
an object is necessary and observations are statistically
independent. Systems with incomplete information are
related to the class of open or neutral systems.

3. Systems with active accumulation of information.
The characteristic of these systems is that problems of
identification and the task of control can be integrated
because sample units of measurements consistently come
to the training model and a control system. Thus in case
of association of these tasks, the elaboration of control
impacts has ambivalent (dual) character — they have to be
both exploring and controlling [2; 3]. However if the dis-
turbances operating the process are additive in channels of
measurement as well, then in general the system of dual
control can become open, its rate of information accumu-
lation does not depend on values of input variables. Such
systems are called leading to open or neutral. But there
exists a class of non-neutral systems, i. e. a class of irre-
ducible systems.

4. Systems with parametric ideterminacy. A paramet-
ric level of aprior information assumes the existence
of a model parametrical structure and some characteristics
of random disturbances, such as zero mathematical expec-
tation and limited dispersion which are usual. For estima-
tion of parameters various iterative probabilistic proce-
dures are used more often. Under these conditions the
problem of identification in narrow sense, as well as in all
previous cases, is also solved.

5. Systems with nonparametric uncertainty. A non-
parametric level of aprior information does not assume
the existence of a model but demands the existence of
some data of qualitative character about the process, for
example, unambiguity or ambiguity of its characteristics,
linearity (for dynamic processes) or the nature of its
nonlinearity. Methods of nonparametric statistics are ap-
plied to the problem of identification at this level of aprior
information solving (identification in a broad sense [5]).

6. Systems with parametric and nonparametric uncer-
tainty. From the point of view of practice, the tasks of
identification of multivariable systems under conditions
when the volume of initial information does not correspond
to any of the above described levels are important. For
example, for separate characteristics of a multivariable



Cubupckuil srcypHan Hayku u mexvoaoeui. Tom 18, Ne 3

process on the basis of physical-chemical and energy
regularities, a law of conservation of mass, balance ratios
parametrical regularities can be deduced, but for others
can not be deduced. Thus, we are in the situation when
the task of identification is formulated under conditions
of both parametric and nonparametric aprior information.
Then models represent the interdependent system of pa-
rametric and nonparametric ratios.

Nonparametric approach. Nonparametric estimates

of probability density of p(x) from observations x;,i =1,s
are the basis of this approach. Nonparametric estimates
of multidimensional probability density were considered
in [1; 6] in details and are given as:

P -ty Lo 22| 1)
S C C.

i-1%s j=1

where Py(x) — estimation of density of elements distribu-
tion; s — sample size; k — a vector lenth x.

Here ®(v) — a kernel — the finite bell-shaped function
integrating with a square which satisfies the conditions
[1;4;6]:

0<dV) <o Yven(), ij@[x_x"jdle,
c, c

s

lim,1_,wicb(x_xij=6(x—xi), )
CS CS

where ¢; — a blurring parameter defining the size of the
carrier and “delta-shape” of a kernel @(v) [4].

In a computing experiment the bell-shaped functions
@(v) of different types are used, for example:

0.5, V<1,
0, p|>1.
1=, <L,
0, >L
0.751-v)%, V<1,
0, v >1.

Rectangular kernel: ®(v) = {

Triangular kernel : ®(v) = { 3)

Parabolic kernel: ®(v) = {

In fig. 1, 2 function ®(x/c,)/c; constructed for three
values of a blurring parameter ¢, = 0.2, 0.4, 0.6. is pre-
sented.

a1
hs o)

| Cs
| cs=0.2

[e=1]

Fig. 1. Parabolic kernel

Puc. 1. ITapaGonuyeckoe aapo
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The blurring parameter ¢, meets the following condi-
tions:

¢, >0, lim,__ s(c,)f =0, lim,__ ¢, =0. (4)

§—>0 §—>0 s

Nonparametric estimation of regression function
from observations. For reconstruction of function of
regression of M{y|x} from observations {x;y;,i=1,s } we

use nonparametric estimates of density of probability (1).
As, M{y|x} looks as follows:

I yp(x, y)dy
M =29 5
Wlx [ pends ©)
Q(»)

Replacing in (5) p(x,y) by nonparametric estimates (1)
and using property:

s a(y)

s

it is easy to receive nonparametric estimation of function
of Nadaraya—Watson regression which for a one-
dimensional case looks as follows:

Y (x) =+

RN )
1)

s k X.—Xx
vil @ : :
Y. (x) = —, (3)
sk X;—x
[To~
i=1 j=1 Cs

where x;, y;, i = 1,_s sample of observations; ®(v) — a bell-
shaped function; v — unspecified variable; ¢, — a blurring
parameter.

1o
=W

C5=0.2
(=]

AT N

Fig. 2. Triangular kernel

Puc. 2. TpeyronbHoe sapo
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At reconstruction of mutually ambiguous function
of regression Nadaraya-Watson’s estimation has to be
changed as follows [7; 8]:

Ys(xz) =
iy_q) X X ) X1™ Xiey @ Yie1 = Via
_ =l l Cs Cs Cs
iq)[xt X J(D(xtl_xil jq)[ytl _)’i1]
cS cS cS

i=1
where x, |, y, 1 values of coordinates of regression func-
tion on the previous step of its estimation.

As numerous computing experiments showed it is
worthwhile (7) to correct a bit as follows:

Ys(xt):
)

Zyl ( t )q)o[xz 1~ i-1}bo(
_ Cs Cs

Zq)(xz X j(DO [xtl_ Xi-1 jq)o (ytl —Ji-

i=1 Cs Cs Cs
where ®°(v) with an accuracy to coefficient repeats ®(v),
and ®°(v) = 1, if v < 1 and 0 in other cases. In this case
®°(v) will not affect a reconstruction error but will allow
“to record” an algorithm in the previous point of the
movement at estimation of every subsequent point. If X
vector of dimension of k: (xy, ..., x;) € R", the training
sample in this case is: x;;, ..., X, Vi, i =1,5. At reconstruc-

tion of mutually ambiguous function of regression non-
parametric estimation has to be changed as follows:

i
_1 11 =1
.
il j=1 =1

where ¥, |, ¥/, values of coordinates of regression func-
tion on the previous step of its estimation.

> 9)

Yol = Vi

Cs

» (10)

Nonparametric estimation (11) can be modified as fol-

lows:
yiﬁq)o (xjt _le_ Jﬁq)o [xj t—l_xji—l JX
d Jj=1 cs j=1 cs
i:lX (I)O[yt -1~ Vi1 J
Cy
Y(x,)= . (12)

i=1
x@°
CS
where ®°(v) is same as above.

A computing experiment. First, we will consider
some ideas of the control theory. The key feature is that
the existing theory of control needs to present the object
equation with an accuracy to a vector [9—11]. Proceeding
from it, regulators can be synthesized: adaptive, self-
adjusting and others [12; 13]. At application of the opti-
mum theory of control [2; 14; 15] getting the regulators
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corresponding the given control task is possible. Blocks
with the basic purpose of reconstruction of mutually
ambiguous characteristics according to the experimental
data can occur to be a constituent of the received control
systems. We give the results of some computing experi-
ment for a similar element of system below, exactly, the
reconstruction of mutually ambiguous characteristics
from observations. When carrying out a computing
experiment mutually ambiguous characteristics can have
various shapes: circles, ellipses and others. Without viola-
tion of generality, we will accept mutually ambiguous
characteristic of dependence y(x) (for simplicity reasons)
in the shape of a circle:

(13)

x2+y2=r

where 7 — a circle radius.

In this case the training sample was formed in the fol-
lowing way: the initial point x" was set on a random basis
and y'(x) was calculated according to (13). As a result,

the sample x;, y;, i =1,5 was formed. Note that x; could be
defined as a result of a stable step Ax on x € €X(x) or of

a random number detector x; € Q(x),i = 1,_s During the

process of computer research other mutually ambiguous
characteristics of dependence y(x) were also used.

At reconstruction of mutually ambiguous characteris-
tic from observations unknown to the researcher, the
question of the choice of the direction of movement is
important, though, in principle, it can be arbitrary at an
initial stage. But all subsequent changes of the current
variable x are in rigorous dependence of the previous one.

The processes characterized by mutually ambiguous
dependences have such feature that values x, = 1,2...
appear strictly sequentially in this or that direction. In fig. 3
such process is presented. Let, for example, on the first
step of x = xy, then x, etc. Values x, appear only after x,
that is “movement” x, in the arbitrary direction takes
place. Emergence of values begins at some point of x,
and moves sequentially, passing points f,, ;. At the same
time transition of x;, for example, to xs is impossible until
the previous four points are passed. Thus, the entity of the
offered estimates (9), (10), is that at estimation of the next
point, “fixing” to the previous point in the corresponding
algorithms takes place (9), (10).

In fig. 3 the process representing a circle is given. The
movement along a variable happens from right to left and
from left to right, what characterizes serial emergence
of sample values.

On the following step random impact of 4 from
observations y; was added

hi :lyiE.w

1], disturbances level / =0,5,10 %.

As a criterion of accuracy of nonparametric estimation
the ratio was used:

(14)

where £ e[-1,

Zly, P )|

S

2

i=1

(15)

=5
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S
where ;:lz y; — arithmetic mean; y,(x;) — nonpara-
i=1
metric estimation; y; — true sample received according
to a formula (13).

We will give the results of a numerical research illus-
trating effectiveness of an algorithm. As a bell-shaped
finite function the triangular kernel was used. The algo-
rithm was tested on the training samples of various sizes,
at the same time serial increase in a sample size was per-
formed by addition of new elements to already available:
s =150, 100, 500.

In all drawings we designate figure (1) — the training
sample, (2) — nonparametric estimation.

The operation of an algorithm (9) in fig. 4-6 under
various conditions is shown: when the sample size

Vi

is equal to 50, 100, 500 elements; the disturbances level
is equal to 0 %; the experiment was conducted in the
mode of the sliding examination.

In fig. 7 the dependence of an error values of recon-
struction of size at various disterbance levels is presented.

In computing experiments other mutually ambiguous
characteristics were also used. Some fragments of a re-
search are given below. In fig. 8, 9 the experiment under
various conditions was conducted: the sample size is
equal to 100, 200 elements; the disturbance level is equal
to 0 %; the experiment was made in the mode of the slid-
ing examination.

In fig. 10-15 it is well visible how the error of recon-
struction depends on a disturbance level and on a sample
size for a circle and for amore composite figure.

Fig. 3. This sample is presented

Puc. 3. [IpencraBnena naHHas BBIOOpKa

T.":
15 ¢
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Fig. 4. §=50; w=0.1098

Puc. 4. §=50; w=0,1098

¥
15
10 /' g 2
-10 \\h_ e
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Fig. 5. §=100; w = 0.0469

Puc. 5. §=100; w=0,0469
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Fig. 14. §=200; /=5 %; w=0.0308
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For descriptive reasons, we will change places of y;
and x; in estimation (9) in fig. 16, 17. We will be convinced
that estimation differs a bit at points of intersection of the
graph and an abscissa axis as could seem from fig. 10—13.

We will demonstrate the work modified algorithm (10),
under the following conditions: at a disturbance level
equal to 5 and 10 %; with a sample size equal to 100 ele-
ments; in the mode of the sliding examination. Comparing
errors of reconstruction we look at fig. 12, 13 and 18, 19
and we see a small improvement.

In fig. 18, 19 we see that an error of reconstruction is
a little less than in fig. 12, 13. This means that nonpara-
metric estimation has became more accurate.

Also in a case with a more composite function in fig.
20, 21 it is visible that an error of reconstruction is a little
less than in fig. 14, 15. This means that nonparametric
estimation has became more accurate.
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It should be noted that: with decrease of an error
reconstruction (w) the accuracy of estimation increases;
with the increase of a sample size (s) the error of recon-
struction (w) decreases; the size of an error grows
at increase of a disturbance level (1).

The following question is possible: “Why was the
circle used to check the work of an algorithm?”, because
there are a lot of more composite shapes, and the answer
is simple — the chsracteristic of this algorithm is its uni-
versality. This means that it is not essential for an algo-
rithm what function to reconstruct, whether it is a circle,
an ellipse, an Archimedes spiral or a Cassini’s oval.
“Being fixed” in the previous x, point, that is in a x,
point, and following the sense of a rotation, it is always
possible to get a nonparametric estimation of mutually
ambiguous functions.
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Fig. 20. §=200; /=5 %; w=0.0301
Puc. 20. §=200; /=5 %; w=0,0301

Conclusion. The main result of the present article is
an introduction of a new class nonparametric estimation
of mutually ambiguous functions from observations with
errors. It distinguishes the problems of nonparametric
estimation from the known nonparametric estimates of the
function of Nadaraya-Vatsona regression. Some modifica-
tions of nonparametric estimates are given, under such
conditions the attention is drawn to a method of bypassing
of entered nonparametric estimates along a trajectory
determined by elements of the training sample.

For simplicity of a numerical research the function
described by a circle was taken, though it is not essential
to the offered algorithm. In other words, the algorithms
offered are suitable for reconstruction of the ambiguous
dependences described by more composite curves, the
character of which is apriori unknown, only a sample
of observations of the studied process is known.
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BJIMAAHUE PACCOTJIACOBAHMUSI UMIIEJAHCOB B TPAKTE IIEPEJJAYU CUTHAJIA
ITPU KAJIMBPOBKE 3AJJEPKEK UMUTATOPOB HABUT'AIIUOHHBIX CUT'HAJIOB

H. M. Kpar"*", A. A. Caun’

'AO «MHpOpMALIMOHHBIE CITYTHHKOBBIE CHCTEMbI» MMEHH akajgeMuka M. ®. Pemernépa»
Poccuiickas ®enepanus, 662972, r. XKenesnoropck KpacHosipckoro kpasi, yi. Jleauna, 52
*TOMCKHMIi FOCYIApCTBEHHbINH YHUBEPCHTET CHCTEM yIPABJICHUS U PaIHOdIEKTPOHHKH
Poccutickas ®enepamms, 634050, r. Tomck, mpoct. Jlenuna, 40
"E-mail: kratnm@jss-reshetnev.ru

Pacemompena kanubposka umumamopos nasueayuonnvix cuenanos (MHC). Ilpusedeno onucanue nozpewHocmu
usmepenust enympenneti 3adepoicku 6 MHC, gvizvieaemoil paccoenracosanuem 60aHogulx conpomusnenuti MHC, ananu-
3amopa HABULAYUOHHBIX CUSHANO8 U USMEPUMETbHO20 KAbes, N0 KOMOPOMY HPOXOOUm HABULAYUOHHBIN CUSHAT NpU
kanubposke. Llenv pabomvl — nonyuenue sulpasicerust O paciema NoSPeuHoCmy U3MePEeHUst GHYMPEHHel 3A0ePAHCKU
HHC npu ezco kanubposke u Konuwecmsennas oyenka nozpewnocmu. Ilozpewinocms 6b136aHa NOAGIEHUEM OMPAICEH-
HO20 CUSHANLA HA 6X00€ AN20pUMMa OYeHKU 3a0epaicku cuenana. Ompadicenuvlil CUSHAL NOSBIAEMC s 6CIe0CMBUe pacCo-
271ACOBAHUSL BOTHOBBIX CONPOMUBTEHULI USMEPUMETbHBIX Npubopos. Tlpusedena ynpowennas mamemamuieckas Mooeb
CUSHANA HA 6X00€ AN2OPUMMA OYEHKU 3A0EPICKU CUSHAN08, NPOGEOeH AHAIU3 pabombl KOPPEIAYUOHHO2O AN2OPUMMA
O NPUHAMOU MOOENU CUSHANA, NONYYeHbl 084 BbIPANCEHUs. OISl PACHema CUCMEMAMUYECKOU NOSPEWHOCMU OYEHKU
3a0epIICcKU U MOOETUPOBAHUEeM OYeHeHa ux moynocmo. llepsoe svipadicenue 618emcs YHUBEPCAIbHbIM 05l 6CEX HAGU-
2AYUOHHBIX CUSHAO08, 6MOopoe — Dojlee MOYHOe U YUUMbLEAEHT CNeKMPAIbHbLe XAPAKMEPUCIUKY UMUMUDYEMO20 CUSHAIA.
Jana xonuuecmeennas oyenka nocpewtHocmu, NOJIYYEHHAs. ¢ Y4emoM XapaKmepucmux CO8PEMEeHHbIX USMEPUMETbHbIX
npubopos — npu OnuUHe usMepumenbHo2o kabens oxoao 1 m ona moscem docmueamov 100—150 ne. Coenano 3axnouenue
0 MOM, YMO NpuU COBPeMeHHbIX mpebosanusx K kamubposke UHC enusinue pacco2naco8anusi UMneOaHco8 OO0INCHO
ovime yumeno. Ilpusedennasn ungopmayus modicem OblmMb UCROIL306AHA NPU OYEHKE NOZPEUHOCTIU USMEPEHUs BHYM-
PeHHell 3a0epIICcKU 8 HABU2AYUOHHOU annapamype nompebumeins npu eé karubposke ¢ npumenenuem MHC.

Knrouesvie cnosa: umumamop HasucayuoOHHblX CUCHA08, Kaflu6p08Ka, paccoenacoeanue uMne()choe, cucmemamu-
ueckas nocpeutHocms, 6HYMpeHHiA 3adep9fc1<a.

Siberian Journal of Science and Technology. 2017, Vol. 18, No. 3, P. 520-524

IMPEDANCE MISMATCH INFLUENCE AT INTERNAL DELAY OF NAVIGATION SIGNAL
SIMULATOR CALIBRATION

N. M. Krat"?*, A. A. Savin®

'JSC “Academician M. F. Reshetnev “Information Satellite Systems”
52, Lenin Str., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation
*Tomsk State University of Control Systems and Radioelectroincs
40, Lenin Av., Tomsk, 634050, Russian Federation
"E-mail: kratnm@jss-reshetnev.ru

This paper is devoted to navigation signal simulator calibration. The description of uncertainty estimation of inter-
nal signal simulator delay, which is caused by impedance of measurement equipment (navigation signal simulator,
analyzer and measurement cable) mismatch, is shown in the paper. The aim of research is to get expression to count
uncertainty of simulator internal delay and to give its quantitative assessment. The uncertainty is caused by presence
of reflected signal at the input of signal delay estimation algorithm. Reflected signal has place because input/output
impedances of measurement equipment are different. The simplified mathematical model of signal at the signal delay
estimation algorithm input is given. Correlation algorithm work for given model of signal has been analyzed. Two
expressions for systematic uncertainty of delay estimation count have been derived and their inaccuracy has been esti-
mated by means of modelling. The first expression is universal for all variety of navigation signals; the second is more
accurate and takes into account spectral characteristics of the concrete navigation signal. The quantitative assessment
of uncertainty, based on modern measurement equipment is given — at the length of measurement cable about one meter
systematic uncertainty can reach 100—150 picoseconds. Conclusion was made, that at modern requirements to navigation
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signal simulators calibration, impedance mismatch must be taken into account. The information, mentioned in this
paper, can be used at internal delay of navigation receivers’ estimation when receivers are calibrated by means

of navigation signal simulator.

Keywords: navigation signal simulator, calibration, impedance mismatch, systematic uncertainty, internal delay.

BBenenme. /{151 OLIEHKHM TOYHOCTHBIX XapaKTEPUCTHUK
HABUTAIIMOHHOW ammapaTtypsl notpebuteneit (HAID) —
NPUEMHUKOB CUTHAJIOB CITyTHUKOBBIX PaJHOHABUTAIIMOH-
HBIX CHCTEM, a TAK)Xe CIIECIMAIN3UPOBAHHBIX IPHEMHHKOB
U3 COCTaBa HAa3eMHOTO CErMEHTa KOCMHUYECKOIO KOM-
rekca (HC KK) cucremsr ' JIOHACC, moryT ObITH TIpH-
MEHEHBl MMHTATOpbl HaBHranuoHHbIX curHainoB (MHC).
VYuutsiBasgs TtenaeHuun passutus HAIL, B uacTHoCTH
VIJIOMEPHOW W  CHHXPOHI3HUPYIOIIEH, Heo0X0oauMo
MTOITBEPIKAATH MTOTPEUTHOCTh M3MepeHus 3anepxkun HATI
¢ CyOHaHOCEKYHIHBIM ypoBHeM TowHOCTH [1-3]. Tpebo-
Banus kK nmpuémHukam u3 cocraBa HC KK ananmoruvssr:
HEUCKIIIOYEHHAS CHCTEeMAaTHYecKas IOTPEIIHOCTh H3Me-
peHHs 3aepKKU He JOJDKHA IPEeBBIIIaTh 10l HaHOCe-
KYHII.

Heo0xoanMbIM yCIIOBHEM ISl ATOTO SIBIISIETCSl HaJM-
yne MHC, xanmuOpoBaHHOTO C JIydIieil TOYHOCTBIO. AHa-
JIN3 JOCTYNHBIX MCTOYHUKOB ITOKa3aj, YTO B HACTOSIIEe
BpeMsl npu npenusnonHoi kanmuoposke NHC He oreHu-
BaeTCI M HE YYHUTHIBACTCS BIMSHUE PACCOTIIACOBAHUS
AMIENAaHCOB B JIMHUM TIepeladdl BBICOKOYACTOTHOTO
HaBUTAIIMOHHOTO curHana [4—6]. Pa3mmume paccormaco-
BaHMI BXOIHBIX UMIICIAHCOB alIIapaTypbl, UCIIOIB3YEMOI
g xanmuopokun MHC u HAIL, tecTipyeMoii ¢ HCIIONb-
3oBaaneM MHC, MokeT TpHUBECTH K MOSBICHHUIO JOTIOJ-
HUTEJIbHON CUCTEMATHUECKOM MOTPEIIHOCTH OLIEHKH TOY-
HOCTHBIX xapakTepuctuk HAIIL. B cBs3u ¢ 3THUM Lenbio
JMAHHOM pabOThI SIBJIACTCS OMNPEACICHHUE BEIUYHHBI
MOTPEITHOCTH OLIEHKH 3aJep>KKH, BBI3BAHHOM paccoriia-
COBaHMEM Uil oOlpeaeneHus e€ BkiIaza B OIOKET
norpemHocTy Kanuoposku MHC.

MaTtemMaTH4ecKkass MoeJb CHrHajJda Ha BXoJe YyCT-
poiicTBa 00pa0OTKH CHTHAJIOB C YY4€TOM PaccorJaco-
BaHusi. Ha puc. 1 u3obpakena cxema xaimbpoku MHC
(ympaenstormass OBM, craHmapt dYacTOTHl, KaOenbHBIE
cOOpKH, HEOOXOOUMBIE IS IMOAKIIOYEHHS BCIIOMOTa-
TEJNBHBIX JJIEMCHTOB CXEMBI, HE IIOKa3aHbl). B o0miem
ciydae kanuOpoBka 3agepxku MHC 3aknrouaetcs B TOM,
yro MHC nHactpauBaercss Ha (opMHpOBaHHE HaBUTAIM-
OHHOIO0 CHUTHajJa C 3aJaHHOH 3aJepiKKOH, yCTPOHCTBO
obpaborkn curnanoB (YOC) npous3BOAMT H3MEpEeHHE

BY-kabemn

3aJEP>KKH, U PACCUUTHIBACTCS] KATMOPOBOUHAs MONPaBKa,
COOTBETCTBYIOIIAsE BHYTPEHHEH 3a/lepKKe CHUTHala
B MHC. TIpu 3TOM Kakias MMEIOIIascs B IMHUU Tepetaun
HaBUTAI[MOHHOTO CHUTHAJla 3JIEKTpUYecKas HEOIHOPO[-
HOCTh MPHUBOJIUT K MOSBICHUIO JOMOJHHUTEIBHOTO OTpa-
JKEeHHOTo curHaia. Ha puc. 1 m300paskeH TOIBKO MEpBbIi
OTpaXkeHHBIN curHai, nonanarowmuii Ha Bxoa YOC u oka-
3bIBAIONINN HauOoOJIbIIee BIMSIHAE Ha OLCHKY 3a/ICPKKH,
Tak Kak OH 00JIaaeT HauOONbIIeH MOIIHOCTBIO IO CPaB-
HEHUIO C OCTaJIbHBIMHU.

Mopgenb OTPaXCHHOTO CHTHAJIA  JIOTIOJHHUTEIIBLHO
YIpPOIIEHa 3a CUET TOro, YTO PAacCMaTPHBAETCA TOJBKO
CUTHAJ, OTPAXEHHBII OT BBICOKOYACTOTHBIX Pa3bEMOB
YOC u MHC, u He paccMaTpuBaIOTCsI CUTHANIbBI, BHI3BaH-
HBIe paccoryiacoBanusiMu BHyTpu BU-kabens, UHC, YOC
n nepexomoB. Torma, eciu mnpuHATh, 4yro BU-kabenb
HE BHOCUT HUKaKHMX UCKakeHHH B curHai (AYX nocrosiHHa
n @YX nuHeiHa B 110JI0ce YaCcTOT CUTHAJIA), CIIPAaBEUINBA
clefyoomas MOJAENb CUTHala Ha HYJIEBOH 4acToTe
Ha BXOJIe alroputMa o0paboTku, peaan3oBanHoro B YOC:

Syoc (f) = Symc (t_tka6)+|r|'sl/lHC (£ =3 145) X

XCXp(j'[(PF—Q.'TC‘fO‘3‘tK36:|), (1)

rae Syoc — curHan Ha Bxone YOC; syyc — cHMrHan
Ha Beixoge MHC; ¢ s — 3a1epXkka Ha PacnpoCTpaHEHHE
curHaNa B kaberne; |F| — NpPOM3BEJCHUE MOJYJeH KOd]-

¢ummentos orpaxenns (KO) MHC u YOC; or — cymma
a3 KO MHC u YOC; f,;, — Hecymlas yacToTa CUTHaa.

AHajqu3 padoThl aJropuTMa KOPPeJsIHOHHOMH
00padoTKHU A1 MPUHATONH MOJEJIM OTPAaKEeHHOI0 CHT-
Haja. ONTHMalTbHBIM METOJIOM TpPU OICHKE 3aJCPIKKH
CHTHaNa B TMPHCYTCTBUU OCIIOTO TayCCOBCKOTO IIIyMa
C TOYKH 3pECHUS MHHAMYMa CPEIHEro KBajpaTa IOTperl-
HOCTH OIICHKH SBIIICTCS KOPPEISIUOHHBIN MeTon [7-9].
OreHka 3aJepKKH KOPPEISIIHOHHBIM METOJJOM COOTBET-
CTBYEeT MOMEHTY BpPEMEHH, NPH KOTOPOM MOZYJIb OTH-
Garomeil B3aMMOKOPPENSIHOHHON (YHKIHUH BXOJHOTO
1 OMOPHOTO CHTHAJIOB MAKCUMAJICH.

MIPSIMOM CUTHAT (TTOJIC3HBIN)

YOC

Puc. 1. IlosBnenne oTpaxeHHOTO curHana npu kanuoposke MHC

Fig. 1. Appearance of a reflected signal during ANN calibration
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B cuity nimHelHOCTH anropuTMa KOppessiiMOHHOH 00-
pabotku Moznenu curHana (1) COOTBETCTBYET KOMILIEKC-
Hast oru0aroas CUrHajia Ha BEIXOZE KOppesiTopa:

Ky (1) = Ko (t) +|T]- Ko (£ = Ar)x
xexp(j[(pl-—2'1'c.f0oAt]), 2)
rne K,(f) — aBTOKOppe/sIIMOHHAs (DYHKIUS CUTHaNa Ha
Beixoge MHC; K ()

¢yaknms mexay curHanoM Ha Bbixone MHC u curHamom
Ha Bxoze YOC; Ar=2-t ., — 3aJepKKa OTPaKCHHOTO

B3anMHas1 KOPPEIANOHHAA

CHTHaJa 10 OTHOIIEHHIO KO BPEMEHH INPHUXO0/a MPSIMOTo
CHTHaJIa (JIOTIOJHUTETbHAS 3aIepiKKa).
Monyns KOppelsuuoHHON (QyHKImu (2) mis 3Hade-

HUHI |F| << 1 mpuOIU3UTENBHO paBeH
|Ks ()] = | K, ()] +|T| %
x|Ky(t = Ar)|-cos(@p =27 fy - At). 3)
Bripaxxenune (3) mOMy4YeHO B MPEAINONOKEHHH,
410 (haza KOMILIEKCHOW aBTOKOPPEISLHUOHHON (YHKIMH

curHana Ha Bbixojge MHC mnocrossHHa Ha uWHTepBale
OT MOMEHTa MPUX0/a MPSMOTr0 CUTHaa J0 MPUXOa OT-

paxennoro curnana, 1. ¢. arg(K, (1)) = arg(K, (1 - Ar)).
[TorpemHoCcTs OLEHKU 33JCPKKH KaK Pa3HOCTh MOJIO-
xeHUH MaxkcuMmyMmoB (ynknuit K, (f) u Ky (f) Moxker

OBITH MOJy4YeHa B pe3yJbTaTe PELICHHUS CIEIYIOLIEro
YpaBHEHHs OTHOCHTENIBHO G, :

|K0 (1,‘0 +0, )|’ +|l“|~|K0 (to —At+oc, )|' X

xcos(p —2-m- f,-At) =0, “)

]

2

500

400

300

200

rae #, — MOMEHT, COOTBETCTBYIOIUI MAKCUMyMY KOppEIs-
LIMOHHOM (DyHKIIMHU; G, — IOIPELIHOCTH OLEHKH 3a1eP>KKU

KOPPENSLUOHHBIM METOJIOM.
ITpn HeOonmbmIMX 3HaYEHHAX ©, pemeHue (4) umeer

CIENYIOUIUI BU:

ol |K, (At

)| - COS
|K, (0)

Jlist mostyueHust pelieHus ypaBHeHus (4) B aHaJIUTH-
YECKOM BHJIE HEOOXOANMO alpOKCUMHPOBATh (YHKIHIO

((pr—2~n-f0-At).

o, =

|K0 (t)| B palioHE OCHOBHOTO MaKCHMyMa HEKOTOpPOM
aHanMTHYecKol QyHKumei. Hipke mpuBemeHb! pelieHus
TP ampOKCUMAITUU (GYHKITHH |K0 (t)| napaboioi u rayc-
COUJIOMN:

o, =—|T|-At-cos(op —2-7- f, - At), 5)

—|1"|-At~cos((pr —2-7 fy-At)

o, = (6)

>

Ar?
exp| == |+|[]-cos(op —2-m- £ - Ar)
c

rae ¢ — Ko3(pQUIUEHT, MPONOPUHOHATBHBIA JUTUTEIBHO-
CTH YHIIa JaJIbHOMEPHOTO Koja curHaia Ha Beixoge MHC.

Ha puc. 2 npuBeneHbl 3aBHCUMOCTU TOTPEIIHOCTH
OIICHKH 3aJIep>KKH, nmosydennslie as curtana [JIOHACC
L30C [10] (raxtoBas uwacrora 10,23 MIm, |[I'] = 0,01,
(@r PacCUUTHIBACTCS IS KAKIOTO 3HAYCHUS JIOTIOJTHU-
TENBHOM 33aJICPKKU U3 YCIOBHUS, YTO MPSIMOA U OTPAXKEH-
HBII CUTHAJIBI CHH(A3HBI).

20 25

30

35 At, HC

Puc. 2. TlorpenrHocTn OLEHKH 3a[EPKKH: [ — 3HAYEHHE TOTPEIIHOCTH, ONPEENIEHHOE MO Pe3ynbTaTaM
MMUTAIOHHOTO MoJenupoBanus B cpeae MatLAB s 3amaHHBIX ycIoBHiA paObOTHI; 2 — 3HAUCHHE,
BBIUKCIIEHHOE 110 (5); 3 — 3HaueHue, BEIYHCIEHHOE 110 (6) pu ¢ = 83 He

Fig. 2. Delay evaluation errors: / is the error value determined from the simulation results in the
MatLAB environment for the specified operating conditions, 2 is the value calculated from (5),
3 is the value calculated from (6) at ¢ = 83 ns
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XapaKkTepuCTHKH H3MEPHUTEJIbHbIX YCTPOIHCTB, CBsI3aHHbIe 0 3HaYeHneM KO

VYerpoiicTBo

XapakTepucTHKa U ee 3HauUCHHUE

3uauenue KO

HHC Spirent GSS 9000 [12]

KCBH BY-Beixona 1,2

0,09 (—20,8 1B)

HHC Aeroflex Avionics GPSG-1000 [13]

KCBH BUY-Breixona 1,3

0,13 (-17,7 B)

udposoii ocummnorpad Agilent DSO9404a [14]

Bxonnoe compotusienue 50 Om + 2.5 %

0,0123 (-38,2 1B)

Hudporoii ocummtorpad Rohde&Schwarz RTO1044 [15]

Bxoanoe compotusienue 50 Om + 1,5 %

0,0074 (42,6 ob)

AHanu3 puc. 2 IPUBOAUT K BBIBOAY, YTO BBIPKEHHUS
(5) m (6) mOCTaTOYHO TOYHO OMHCHIBAIOT ITOTPEUTHOCTD,
MOJY4YEHHYIO II0 pe3ysbTaTaM MOJAEIHPOBAHUS TPH 3Ha-
yeHusx At meree 50 HC (4TO COOTBETCTBYET JUIMHE U3Me-
putenbHOro Kabdens 5,76 M npu koadduireHte ykopoue-
HUS BOJHHI 1,3).

[Tpu 3TOM MOTrpenIHOCTb, MoNTydeHHas 110 (6), SBIseTcs
Oonee ONM3KOM K pe3yiabTaTaM MOJETUpOBaHHA (pa3-
HOCTH (DAaKTHYECKOTO 3HAYCHHS M PACUETHOTO HE IPEBHI-
mraet 60 1c). ITo CBA3aHO B MEPBYIO OYEpesb C TEM, UTO
BEIpakeHHEe (6) YUMTBIBAeT CIEKTPalbHbIE XapaKTepu-
CTHKH CUTHana (mapametp c). Beipakenue (5) sBusercs
OoJiee yHUBEpCAIbHBIM M MEHEE TOYHBIM (Pa3HOCTH HpO-
nopuuoHanbHa [ u At u e npesbimaer 200 mnc).

Kak crnenyer u3 (4), norpentsocts (5) u (6) Hampsi-
MYIO 3aBHCHT OT HOTPELIHOCTH amlpOKCHMAIMU MEepBOU
TIPON3BOTHOM |K0 (t)| , KOTopasi OIpenmeNseTcss BUIOM

Y 3HAYCHUSIMH T1apaMeTpOB aIlIPOKCHUMHUPYIOIIeH (QyHKIHH,
a TaK)Ke MHTEPBAIIOM amlNpoKCHMaruu. UToOB! MOIyYuTh
Hanbosee TOYHOE BBIpaXKEHHE JUIs pacdyeTa IOTPelIHOCTH,
BBI3BAaHHON PaccoriacoBaHHWEM IPU Pa3INYHBIX 3HAYCHH-
SIX JOTIOJTHUTENIFHON 3a/I€pXKKH, HEOOXOIMMO BHIOMpATH
MHTEPBAJ anmpoKCUMalui HpPOWU3BOTHONH MOJIYJs aBTO-
KOppeIsuoHHOW (yHKIHMK curHama Ha Beixome MHC,
COOTBETCTBYIOIINH JMana3oHy U3MEHEHUS JOMOJIHUTEIb-
HOM 3aIep>KKM OTPaKEHHOTO CHT'HaJa, HMEIOLIEMYy MECTO
npu kamubpoBke MHC. 3OtoT nmama3oH HeE0OXOAMMO
BEIOMpATh, HCXOJIS U3 CIIEAYIONNX (PaKTOB:

1) anuHAa W3MEPUTENHHOrO Kadens OOBIYHO COCTaB-
JIeT eqUHUIBI MeTpoB (1-5 M);

2) CKOpPOCTh pAacCHpOCTpaHEHHWs CHTHala B Kabeme
MeHbIIE CKOPOCTH cBeTa Ha 15-30 %.

VYuuteiBast 3TH (aKThl, AUANa30H 3HAYECHUI TOMOIHU-
TEJNBHOW 3aIepKKHU Ienecoodpa3Ho 3amaTh ot § go 50 Hc.
[Ipn sTOM [UIs1 pacdeTa MOTPEIIHOCTH MOXHO HCIOJB30-
BaTh BRIpaKeHHUE (5).

KosnyecTBeHHasi OlleHKA 3HAYEHHUS MOTPENIHOCTH.
Jnsi KOJIMYEeCTBEHHON OIIGHKH HCCIIEAyEeMOH IOTPENIHO-
CTH HEOOXOAMMO 3a/1aTh UANa30H BO3MOXKHBIX 3HAUEHHN
napamMeTpoB OTPaXKeHHUs. VICTOYHHKOM THX JaHHBIX MOTYT
cinyxuTh TexHuueckue xapakrepuctuku MHC u YOC.
Crenyer OTMETHTB, YTO JJIsl TOYHBIX OLICHOK I1apaMeTpPOB
curHaioB THC 0OblYHO HCHONB3YIOTCS aHAIM3aTOPHI
HaBUTallMOHHBIX CHUTHAJIOB, MPEACTABISIONINE COOOH co-
BOKYIHOCTH I(ppoBOro ocumuiorpada M CreruanbHOro
nporpammHoOTo obecrieuenus [11]. B tabnuie npuBeneHst
TEXHUYECKHE XapaKTePUCTHKH HPHOOPOB, OIpPENeIsto-
nme 3HaveHus |[.

AHanu3 JaHHBIX, IPEACTAaBICHHBIX B Ta0IHIlE, T03BO-
JSIeT clieTIaTh BBIBOJ, 4TO 3HaueHue |[, T. e. mpousBeneHus
moayneir KO MHC u YOC, moxeT AocTUrath 3Haue€HUH
ot 0,00067 mo 0,0016 mpu 3HaYeHHH UMIEAAHCA pa3be-
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MoB kabens 50 Owm. ITockonbKy HMIIEaHC Pa3bEeMOB
kabesel oTnuyaercst oT HoMuUHaJIbHOTO 3HayeHus (KCB
qo 1,15 nns mpeun3MOHHBIX COEAMHUTENeH), Tuama3oH
3nauenwni '] Oyner cocrasmars ot 0,012 1o 0,017.

[MoacranoBKa MMEIOIIMXCSl 3HAYECHHH TapaMeTpoB OT-
pakeHus B (5) MO3BOJISIET 3aKIIOUUTD, YTO 3HAYEHUE CUC-
TEMaTHYECKOH MOTPEITHOCTH KOJOBOH OLEHKH 3aJep)KKH
HC, BbI3BaHHOH OTpa)XKEHHBIM CHUTHAJIOM TIPH KaITHnOpOBKE
HUHC, moxer gocturate 100—150 mc aas kabemst QIuHOM
1 M u 600-750 nic s xabenst mmmHONH 5 M (6e3 ydeTa
moTeph B Kabene) Ui pa3iuYHbIX CHUTHAIOB, 3HAYCHUH
HECYyIIEeH 9acTOTHI ¥ MApaMETPOB OTPAKCHHUSL.

3akiiouenne. B manHOM craThe OBUT MpoOBENEH aHa-
JU3 BIMSHUS PAacCOIrTIACOBAHUS MMIIEJAHCOB B JIMHUU
Hepefadyn BbICOKOYACTOTHOTO CHIHala MpU KaluOpOBKe
HNHC. B pe3ynbTaTe aHanu3a MojlyueHa MOJEIb CUTHajlIa
Ha BXOJIE aJITOpPUTMa 00pabOTKU U OTIPEIEIICHBI MPeeib-
HblE 3HAYEHHs CHCTEMaTHYECKOW IOTPEUIHOCTH H3Mepe-
HUS 3aJICPKKA. YUUTHIBast, 9To kanmuopoBka MHC nomkHa
MIPOBO/ANTHCSL ¢ CyOHAaHOCEKYHIHBIM YPOBHEM TOYHOCTH,
HEOOXOAMMO YYHTHIBATh BIHMSHHE PacCOTIACOBAHMS.
CaMprii IpocTOif croco0 ydeTa — M3MepeHUe 3HAuYeHUH
IapaMeTpoB OTPaKCHHMS, Hampumep, pediaexromerpamu
WUIN BEKTOPHBIMH aHAIM3aTOpaMu IIETIEH C MOCIeayro-
M BBIYETOM PACCUMTAHHBIX 3HAYECHUH MOTPEIIHOCTH
u3 m3MepeHHbIx YOC 3amepskek. IlomydyeHsl BeIpakeHHUS
JUIs pacdeTa 3Ha4eHHsl MOTPEIIHOCTH [0 M3BECTHBIM Ia-
pamerpam otpaxenus. s curnama I'JIOHACC L30OC
pacyeTHble 3HaYeHUs OTIIMYAIOTCS OT UCTUHHOTO He Ooiee
yeM Ha 60 u 200 nc (s BeipaxkeHuu (5) u (6) cooTBeT-
cTBeHHO). [ToCcKONMBKY IaHHBIN CHTHAN SIBISETCS CUTHA-
nom ['JTOHACC c Hanbosnee MMUPOKUM CIIEKTPOM, MO>KHO
MIPEATIONOKNTD, YTO ISl JPYTHX CUTHAIOB MOTPEIIHOCTH
Oyzner emié MeHbIIIe.
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B uacmnocmu, yrazaunvie epagvl ucnoawb3yiomest 0ist npeOCmasieHust KOMRbIOMEPHbIX cemell, 6 Mmom yucie 0 Mooe-
JUPOBAHUS MONOAO2UTE MHOLONPOYECCOPHBIX BbIYUCTUMENLHBIX CUCTNEM — CYNEPKOMNBIOMEPOS. DMo C6:A3aH0 ¢ meM,
umo epaghel Konu umerom MHO20 NPUBIEKAMENbHBIX CEOUCME, U3 KOMOPHIX BbIOCIUM UX PESYISAPHOCHIb, 8EPUUHHYIO
MPAH3UMUBHOCMb, MAJible OUAMemp U CeneHs npu 00CmamoyHo OOIbWOM KoIuvecmee sepuiun 6 epaghe. Hanpumep,
maxue 6a3o0evle MONOLO2UU CEMU, KAK «KOIbYO», «2UNEpKyO» u «mopy, aensomcs epagamvu Komu. Ipu nomowu
CYNEPKOMNBIOMEPHBIX BbIYUCIEHUL NOTYUEeHbl panee Heusgecmuvle xapakxmepucmuku zpagos Kanu moouduyuposan-
HOUL NY3bIPbKOBOU cCOpmuposku pazmeprocmu 14 u 15.

Kniouegvie cnosa: epagp Kanu, mnoconpoyeccopnas epiuucaumenbras cucmema, epagh) mooupuyuposanno ny3uipb-
KOGOU COpMUPOGKUL.
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USING HIGH-PERFORMANCE COMPUTATIONS
FOR STUDYING MODIFIED BUBBLE-SORT GRAPHS

A A. Kuznetsov*, V. V. Kishkan

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

The definition of the Cayley graph was given by the famous English mathematician Arthur Cayley in the XIX century
to represent algebraic group defined by a fixed set of generating elements. At present, Cayley graphs are widely used
both in mathematics and in applications. In particular, these graphs are used to represent computer networks, including
the modeling of topologies of multiprocessor computer systems — supercomputers. This is due to the fact that Cayley
graphs have many attractive properties such as regularity, vertex transitive, small diameter and degree at a sufficiently
large number of vertices in the graph. For example, such a basic network topology as the “ring”, “hypercube” and
“torus” are the Cayley graphs. Using supercomputer computations we obtained the previously unknown characteristics
of modified bubble-sort Cayley graphs of dimensions 14 and 15.

Keywords: the Cayley graph, a multiprocessor computing system, a modified bubble-sort graph.

Brenenne. Ompenenenue rpada Kamu ObUto JaHO — NMPUMEHSTH yKa3aHHBIE TPadbl UL MPEACTaBICHUS KOM-
M3BECTHBIM aHIJIMMCKUM MareMaTHKoM Aprypom Komu — NBIOTEPHBIX CETed, B TOM YHCIE Ui MOJCIUPOBAHHS
B XIX Beke ms MpenCTaBIICHUs anreOpamdecKou TpyIi- TOIOJIOTUH MHOT'ONPOLECCOPHBIX BBIYUCIUTEIbHBIX CHC-
IBI, 3aJaHHON ()MKCHPOBAHHBIM MHOXKecTBOM mopox- TeM (MBC) — cynepkommbiorepos. C Tex mop aHHOe
JAOIIHX 3IEMEHTOB. HalpaBJIeHUE aKTUBHO pa3BuBaetcs [2—11]. D10 cBs3aHO

B nociesnne fecatuieTus Teopus rpados Komi paz- € TEM, 4TO rpads! Koy MMEIOT MHOTO NPHBJIEKATENBHBIX
BUBAETCs KaK OT/ejbHas 60JIbIlas BETBh TeOpuH rpagop, ~ CBOUCTB, U3 KOTOPBIX CTOUT OTMETHTL X PEryJISIPHOCTD,
Ipader KoM HAXOAAT TPHMEHEHMe Kak B MaTeMarnke, —BCPIIMHHYIO TPAH3HTHBHOCTD, MAIlble IMAMETP H CTETICHD
Tak ¥ 3a ee nmpefenamu. DPPEKTUBHOE IpHMeHeHUe rpa- P AOCTATOUHO 0OJBIIIOM KOJMMYECTBE BEPIINH B rpade.
&bl Koim Hamm B MHQOpPMALMOHHBIX TEXHOJOTHSAX Hanpuwmep, Takne 0a30BBIe TOIOJIOTHH CETH, KaK «KOJb-
nociie muoHepckoif pa6ortsl 1986 roma C. Diikepca  1O» «runepkyo» u «ropy, sBigrorcsa rpadpavu Kamm.

u b. Kpunmaamyptu [1], KoTopble BriepBble MPeLTOKHIN HanomuuM  ompenesnenns OCHOBHBIX TEPMUHOB,
HCTIONb3YeMBIX B pabore.
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ITycTs X — moposkaromnee MHOKeCTBO rpymisl G, T. e.
G =(X). I'padpom Komu T =Cay(G,X)=(V,E) nazer-

BAalOT OPHEHTHPOBAHHBIA Tpad, oOmamarommii Ciemyro-
LIMMU CBOWCTBAMH:

a) MHOecTBO BepmuH V(') COOTBETCTBYIOT 3IIEMEH-
Tam rpynmsl G;

6) mHOXecTBO pebdep E(I') cocTouT M3 Beex ymopsmao-
YeHHBIX ap (g, xg),tne g€ G u xe X .

B ,HaJ'ILHefIHICM 6yneM CUUTATh IMOPOKAAOUICEC MHO-
xkecTBO X CUMMCTPUYHBIM U CBO60,HHI)IM OT CIMHUYHOT'O

3J€MEHTa TPyNIbl, T. €. X€E X=>x"eX u eeX.
[ockonbKy X siBsieTcss CBOOOIHBIM OT €AWHHYHOTO dJie-
MeHTa, T0 rpad I' He conepxut nerenb. CUMMETPHYHOCTh
HOPOXK/AIOIIET0 MHOXKECTBA O3HAYaeT, yTo rpad Oymer
HEOPHUEHTUPOBAHHBIM U 0€3 KpaTHBIX pedep, T. €. eciu
B rpade uMmeercsi pedpo M3 g B Xg, TO OHO COBIAJAET

cpebpomusxg B x' (xg) =g.

Takum o6paszom, I'=Cay(G,X)=(V,E),tne V=G
u k= {{g,xg}|g eG,xe X}.

KonmuaectBo BepmmH |V | paBHO mopsinky rpymns! G.

I'pad Konu siBnsieTcst peryssipHbIM, U €ro CTENeHb S, T. €.
KOITMYECTBO pedep, BBIXOJIEe U3 KaXKIOH BEpIINHEI, paB-
HO YHUCITy TOPOXKITAIONIMX 3JICMEHTOB IPYMIIbL: § = | X |.

Hlapom K, pamuyca s rpynnsl G OyzaeM Ha3blBaTb

MHOXKECTBO BCEX €€ 3JIEMEHTOB, KOTOPHIE MOTYT OBITh
MIPEICTABIICHH B BHUJE TPYMIIOBBIX CIOB B andaBute X
JUIMHOIO, HEe mpeBbllIaromen s. s kaxmoro uenoro
HEOTPHIATEIFHOTO § MOYKHO OIPEeNUTh (PYHKIIHIO pocTa
rpymmsl F(s), kotopast OymeT paBHa YHCIY 3JIEMEHTOB
rpynnbsl G OTHOCHTENBHO X, IPEICTaBIMBIX B BHJIE HECO-
KpaTHMBIX TPYIIIOBEIX CIIOB JUIMHOIO §. TakmM oGpazom,

FO)= [Ky| =1 F(s)= [K |-|K, | mpuseN .

Kak mpaBmmo, (yHKOHIO pocTa KOHEYHOW TPYIIIBI
MIPEIICTABISIOT B BUIE TAOIUIIBI, B KOTOPYIO 3aIMCHIBAIOT
HEeHyJeBble 3HaUeHUA F(s).

OTMETHM TaKXKe, 4TO MPU BBIYUCICHUN (HYHKIMU POC-
Ta TPYIIBI MBI MAPAJUIETBHO BBISCHSIEM XapaKTEPHUCTHKU
cootBeTcTBytomiero rpada Komum, Hampumep, Takue Kak
auameTp u cpeanuit quamerp [12]. ITycrs F(sy) >0, HO

F(sy+1)=0, Torna s, Oyner ABIATbCA JUaMeTPOM rpada
Kanu rpynmer G B andaBuTe HOPOKIAIOMIMX X, KOTOPBIH
Mbl Oynem ob6o3nadath Dy (G). COOTBETCTBEHHO, Cpel-

Huit mametp Dy (G) paBeH cpelHeil JAIMHE MUHMMAIIb-

HBIX (HECOKPATHMBIX ) TPYTIIOBBIX CJIOB.

Beruncienne quamerpa rpada Ko 605b110i KOHSUHOM
TPYIIBI SABISETCS XOTA U Pa3pellUMOM, HO BECbMA CJIOXK-
HOH 1po0seMoii. DTo CBSI3aHO C TE€M, 4TO B O0LIEM Cllydae
3ajJjaya 1o OomnpeJesIeHHI0 MUHUMAaJIbLHOTO CJIOBa B IPyIIIE,
kak nokazanu C. Msen u O. Tongpeiix B 1981 roay [13],
sBisietcst NP-tpymHo#i  (nondeterministic  polynomial).
Takum 00pa3oM, B HaUXYAIIEM CIy4ae KOJIAYESCTBO 3Jic-
MEHTapHBIX OIepaluii, KOTOpbIe HEOOXOIUMO BBITIOIHUTH
JUIA pEmIeHHs yKa3aHHOHM 3aJadd, MPENCTaBIIET cOO00i
SKCIOHEHIMANbHYI0 QyHKIHMIO 0T |X|. [TosToMy mms »¢-
(hexTUBHOTO perreHus 3amad Ha rpadax Kamu, umeromumx
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0OJIBIIIOE KOJHYECTBO BCPpILINH, H€06XOZ[I/IMO NPUMCHSATDH
MBC.

Iycs S, =(X,), e X, ={G,i+)]i=1,2, ..., n} -
CHMMETPHYCCKasl TPy, HOPOXKACHHAS MHOXKECTBOM
tpancnosuuuit  X,. I'pap Komu BS, =Cay(S,,X,)
Ha3bIBAIOT rpadoM IIy3bIPbKOBOH copTipoBku (bubble-

sort graph) [5]. CsoiictBa nmaHHOro rpada XOpouIo
M3BECTHHI [5] , B YaCTHOCTH,

Dy (8,) = ”("T_D u Dy

[lycts Temeps S, :<)2n>, rie X, =X, u{,n)}.

I'pap Komu MBS, = Cay(Sn, )?n) Ha3bIBalOT rpadom

MOIU(UIMPOBAHHON My3BIPEKOBOK copTHpoBKH (modified
bubble-sort graph) [5]. Ha ceroansiinuii AeHb N3BECTHBI
XapaKTepUCTHKN JaHHOro Trpada Toipko must n<13.
B paborte [14] nonyueno, 4ro

2 _nz—n+1

n —_—
n Dy (S,)="——

Dy (S,)= v

n

npu n<13.

B Hacrosimeii pabote mnpezacraBieHa MOAUDUIHPO-
BaHHas Bepcus anroputma A-I u3 [15], Ha ocHOBe KOTO-
pOro Inpu IMOMOIIM CYHNEPKOMIIbIOTEPHBIX BBIYHUCICHUN
MOJTyYEeHbl paHee HEH3BECTHbIE XapakTepucTHku MBS,-
rpagoB it n =14 u 15.

Anroputm A—I

Bxoo: xoHeunas rpymmna G :<X ,o) , tne X =

={x,X;,...,.X,,} — MOpOXKIAIOLIEE MHOKECTBO G.

Boixoo: muametp Dy (G), cpennuit tuamerp Dy (G)
rpada Komu T =Cay(G,X), a Tarke (QyHKOHS pocTa
F(s) rpynnet G, rie 0 <s<D,(G).

1.s=0, K, =1{e}, F(0)=1, P=K,.

2. s=s+1.

3.K,=K,_,.

4. Vxe XuVpelP:

4.1. g=xop;
42.ecmn geK,, 10 K, =K, U{g}.

5.P=K,-K, .

6. F(s)=|P|.

7. Eciu F(s)>0, To nepexon 1. 2; uHaue s, =s—1,
nepexo 1. 8.

1

8. Dy(G) =s,, Dy (G)= P
50

:ZOOF(s)uv.

9. Beixogn.
B [15] nmoka3zaHa KOppeKTHOCTb anropurMa A-Il,

a TaKoKe mostydeHo, uro 7 (| G|)e®(| G|2) mpu | X |<| G|,

roe T (| G |) — BBIYUCIIATENFHAS CIIO)KHOCTh AITOPHTMA

A-Iu ©® — OIHOBPEMEHHO BEPXHSS U HUXKHSSL aCHUMIITO-
THYECKast OLIEHKA CIIOKHOCTH.

JUisl CHMO)KEHMSI BBIYMCIIUTEIBHON CIIOXKHOCTH TpeOy-
ercst crmoco® mns Hymepammu 3nemeHtoB [15]. Ilycts
g=(0,, 0y, ..., O,) — IPOU3BOJIbHAS IIEPECTAHOBKA U3 S,



Mamemamuxka, mexanuxa, ungopmamuxa

Hcnone3ys (akToprualbHyl0 CUCTEMY CUMCICHUS MOXKHO
OJTHO3HAYHO ONPENEIUTh HOMEDP MEPECTAHOBKH (IIPU 3TOM
HyMmepanus OyOeT HadyMHAThCS ¢ Hys). Onpenenum
OUEKTUBHOE 0TOOpa)KEHUE ¢ CIISYIOIIETO BUAA!

g<2on, =) bk!
=1

3nech n, TPEJCTAaBISCT co0OH 1eTI0e HeOTPHUIIATENb-
HOE YHUCII0, 3aIIMCaHHOE B (DaKTOPHAILHON CHCTEME CUUC-
JeHus, IpU 9ToM koddduiuent b, npu MHoxurene k!
Oyner 0003HA4YaTh YMCIIO MHBEPCUM IJIA 3JIEMEHTa o,
B TOM MHOXKECTBE, B KOTOPOM HPOHM3BOASATCS IIEPECTAHOBKU
(KOJIMYECTBO DJIEMEHTOB, MEHBIIMX O, , HO CTOSIIMX
MpaBee €ro B paccMaTpuUBaeMoOM mepecTaHoBke). Jlerko
YBHJETB, 4TO 1, Ipoberaet Bee sHayeHws ot 0 no n!-1.

Mopuduuupyem anroputm A-I cnemyromum obpa-
30M. B 1. 1 mobaBum OyieB BekTop V, pa3MepHOCTHIO 1!,
BCE OJIEMEHTBl KOTOPOro MepBOHAYAIBLHO paBHBI 0.
Jnst ynobcTBa MHACKCALUst 2IeMeHTOB V HaunHaercst ¢ 0.
Beuny Toro, uro K, =1{e} u ¢(e) =0, zanumem ¥, =1.

3amenuM 11. 4.2 anroputma A—I Ha cleXyromuii:

4.2. ecimn V,,g =0, 1o V,,g =lu K, =K, U{g}.

[TockonbKy CI0XKHOCTH HPOLEAYpHl IepeBoja Iepe-
CTaHOBKHU B YWCII0O M oOpatHO paBHa ®(1), To cormacHO
[15] cnoxxHOCTE MOAM(UIMPOBAHHOTO airopuTma A-I
oyzner pasHa O(| G |).

CTOK allTOPUTMa MOXHO JIETKO pachapaluienuTb. B aTom
cllydae CHavajga MapajuielIbHO BBIYHCISIOTCS BCE MPOM3-
BEJICHUS g, a 3aTeM Ui KaXXIIOTO AJIEMEHTa MOJYUHBIIIE-
ToCsI MacCHBa TOCIIEIOBATENFHO BHITTONHASTCS 1. 4.2.
HccaenoBanue MBS-rpagoB. MoauduimpoBaHHbIN
anroput™ A—I ObL1 peanu3oBaH Ha s3pike C++ U anpoOu-
poBaH Ha 96-saepHOM cepBepe cymnepkomnbioTepa CDY,
mpu 3ToM ObUIO 3aaeiicTBoBaHO 512 I'G omepaTWBHOIM
namsta u 8§ TO muckoBoro mpocrpancTBa. B pesynbrare

ObUIM BBIYUCIIECHBI (DYHKIMH POCTa Ipymm S, :<)214>

u S :<X15>. 3aTpaueHHOE Ha PacyeThl BPEMs PABHO

nmpuMepHo 2,5 yaca qig n = 14 u 46 gacoB anst n = 15.
B TaOu. 1, 2 npuBeneHs! pyHKIMYU pocTa rpynn Sy, U S5,

a Ha puc. 1, 2 — ux rpaduku. 13 Tadm. 1, 2 cnexyer, 9aro

14>~ L 147 -14+1
DX14(SI4) :49277 D}Z14(S14) :305277
15%
D)?ls(SIS) :56:\‘_4 J’

152 —15+1
—

Takum 00pa3oM MBI MOXKEM DPACHIMPHUTH Pe3ybTaT
u3 [14]:

Teopema. Ilycts S, :<)2 >

=351

DXIS (Sls)

.) M n<15. Torna BepHo,

4qTO

Taxxxe orMeTnMm, 4To B 1. 4.1 BCE DIIEMEHTHI g BBIYUC- D, (S”)z[ﬁJ n 5)2 (Sn ):M )
JISIIOTCSL HE3aBUCUMO APYT OT Jpyra, MO3TOMY 3TOT yda- " " 6
Tabruya 1
@yHknus pocta rpynnel S), B ajdapure X 14
N F(s) s F(s) s F(s) s F(s) s F(s)
0 1 10 1144066 20 523576508 30 7875671024 40 439630193
1 14 11 2496144 21 807898884 31 8184285564 41 177894717
2 105 12 5200300 22 1206399194 32 8059876006 42 59073300
3 560 13 10399573 23 1741769068 33 7486458696 43 15497794
4 2380 14 20044817 24 2428791549 34 6521589932 44 3095274
5 8568 15 37346764 25 3266926299 35 5291298298 45 457459
6 27132 16 67385500 26 4232447674 36 3964966720 46 46501
7 77520 17 117857285 27 5272211438 37 2715665810 47 2912
8 203490 18 199872075 28 6301765938 38 1678335828 48 93
9 497420 19 328616470 29 7210522410 39 920955932 49 1
|S14=14!=87178291200
Tabnuya 2
@yHKnHs pocTa rpynnel S); B ajdapure X Is

s F(s) K F(s) s F(s) s F(s) K F(s)
0 1 12 9657700 24 8330511890 36 111514773216 48 723446997
1 15 13 20058300 25 12267072742 37 108665304904 49 217500207
2 120 14 40115312 26 17570631028 38 100844738930 50 52359036
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Okonuanue maoban. 2

s F(s) s F(s) K F(s) s F(s) s F(s)
3 680 15 77540544 27 24463138336 39 88757487936 51 9748102
4 3060 16 145284325 28 33079985068 40 73721997284 52 1343342
5 11628 17 264439921 29 43405123242 41 57447140400 53 126700
6 38760 18 468283120 30 55204143800 42 41700857614 54 7282
7 116280 19 807550010 31 67970322498 43 27958028594 55 210
8 319770 20 1356808058 32 80902850743 44 17132134736 56 2
9 817190 21 2221351570 33 92936928305 45 9472716396
10 1961256 | 22 3543440716 34 102839910030 46 4651580804
11 4457400 | 23 5505931806 35 109374995290 47 1989274794
|S15=15!=1307674368000
9E+09
8E+09 "-\
7E+09 J \
G6E+09
SE+09 Jl \
4E+09 / \
3E+09 / \
2E+09 / \
1E+09
d 3\
OE+00 -~y Mo
0 10 20 30 40 50 60
Puc. 1. I'padux ¢pyHKINU pocTa TpyHIsl S,y
Fig. 1. Graph of group growth function
1E+11
1E+11 ,\
S8E+10 /
BE+10 / \
AE+10 /} \
2E+10 \
QE+00
0 10 20 30 40 50 60
Puc. 2. I'paduk yHkuum pocra rpynmsl S5
Fig. 2. Graph of group growth function
3akirouyenue. [IpuMeHeHne BBHICOKONPOU3BOIUTENb- baaromaprocTu. lccienoBaHue BBINOJIHEHO IpU

HBIX BBIYHMCIICHHUH TIO3BOJIMJIO TPOJABHHYThCS B M3ydyeHHH  (uHaHCOBOW mojuepxkke PODOU wu IlpaBurenbcrsa
cBoiictB MBS, -rpajgoB. Hecmotps Ha 310, mpencraButs  KpacHosipckoro Kkpas B paMKax Hay4HOT'O ITPOEKTa
AQHAJIUTUYECKOE PEIICHUE Ul MPOM3BOJIBHOIO n Ha cero-  Ne 17-47-240318.

JHSIIHUM JeHb HE NIPEJICTABISAETCA BO3SMOXKHBIM.
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This article is about geostationary collocation problem which means problem of cooperative station retention.
As part of this task it is assumed that different control centers don’t exchange information about kinematic parameter’s
vectors and maneuvers. So there is full information and control possibility for one collocation member only. Sets
of kinematic parameter vectors are available for the other collocation members. This situation corresponds to lack of
a priority information conditions, so there is f nonparametric uncertainty situation because due to absence of informa-
tion on parametric control law which is used to choose maneuvers for other collocation members. Modern collocation
theory doesn’t allow to avoid collision and process station retention in this condition. Synthesis of nonparametric regu-
lator is in contemplation to solve this problem. First task of this regulator is estimation of previous maneuvers by proces-
sing kinematic parameter vectors sets. Second task is estimation of coordinates for every collocation member. Finally,
nonparametric regulator must synthesize control which allows to process station retention and collocation. Suggested
algorithm belongs to nonparametric class, so it is not necessary to know parametric form of controlling law. It is based
on modification of Nadaraya-Watson nonparametric estimation.

The geostationary movement model including main perturbations, and most common collocation approaches are
suggested. Nonparametric control algorithm is proposed.
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Paccmompena 3a0aua xonrokayuu, m. e. 3a0aua COBMECMHO20 YOEPAUCAHUS KOCMUYECKUX annapamos. B pamxax
OaHHOU 3a0auu nPeonoIa2aemcs, Ymo KOCMUYeCKUe annapamsl Ynpaeuisiiomcst U3 Pa3HblX YeHmpo8 YNpAaeilenus noie-
mamu, a obmen ungopmayuel, 8 YACMHOCMU O BEKMOPAX KUHEMAMUYECKUX NAPAMEmpPOs U NIAHAX KOpPeKyull,
omcymemeyem. Taxum 06pasom, npeononazaemcs Haauyue NOAHOU UHPOPMAYUL U 803MONICHOCHbL YAPAGTICHUsL TUULb
07151 00HO20 U3 KOCMUYECKUX annapamos, y4acmeylomux @ KOJIOKAyuu, 8 mo epems Kax 0jist Opyeux 0OCHynHd AUl
6bIO0PKA BEKMOPO8 KUHEMAMUUECKUX NAPAMEMPOS, NOIYYEHHbIX HA Npeduecmsylouue MOMeHmbl epemenu. Jannas
cumyayusi COOmeemcmeyem YciogusiM HeOOCMAmKd anpuopHot UH@GOpMayuu, a 3Hawum, u o @cel cucmeme, m. e.
Henapamempuyeckol HeonpeoeieHHOCmU, MaK KAaK Heu3eecmen NPUuHyun, CO21dcHO KOMOPOMY U3 6CEX 803MOJICHbIX
NIAHO8 KOPPeKyuil GbloUpaemcs niaH, 3aKiaobléaembvlii Ha He YNpaegisemble HAMU KOCMUYeckue annapamol. B makux
VCIIOBUSIX COBPEMEHHAST MEOPUsL YNPAGLEHUS KOCMUYECKUMU annapamamu He Modcem obecnedums Ynpasienue, 2apan-
mupyiowee omcymcmeue CmoIKHOBEHUU U GbINOIHEHUE 3A0aUU YOePICAHUsi KOCMU1ecKo2o annapama. [us pewenus
9MOU 3a0a4u NPeononazaemcs CuHmes Henapamempuiecko2o peayiamopa. Ilepeoii 3aoaueii 5moeo pe2ynamopa A6semcs
OYeHKa NnpeodvlOYWUX NIAHO08 KOPPEKYUll Ha OCHOBE BbIOOPKU HAYANLHLIX YCI0BULL 3a ONpedeneHHbIl NepUod 6peMeHU.
Bmopoii 3a0aueil signisiemcs oyenka nocieoyioue2o noJoJICeHUs KOCMULEeCKo20 annapama Ha 0CHO8e 8bLOOPKU KOPPeK-
yuil, noryuennoll Ha npedvidyujem waze. Haxoney, na ocnoge ungopmayuu o 6y0yuux KOppekyusix pe2yisimop 00ANCeH
cunmesuposams  ynpasienue, obecneuugaioujee MUHUMATbHOE 6Ee30NACHOe PACCMOHUE MeNCOY KOCMULeCKUMU
annapamamu, a maxice peuienue 3a0aiu yoepicanus. Aneopumm Ons peulenus OGHHOU 3a0ayu OMHOCUMCA K KAACCY
Henapamempuyeckux, m. e. Ojisl peaiu3ayuu aneopumma e mpeOyemcsi 3HaAHUs NApamMempuiecko2o 6udd 3aKOHd

530



Mamemamuxka, mexanuxa, ungopmamuxa

YHpasneHust 00beKmom. 3a 0CHOBY 63Ma OYeHKA NOCPeOCMBOM SOEPHO20 C2NANCUBAHUA, M. e. MOOUUKayus Henapa-

Mempuyeckou oyeHku peepeccuu muna Haoapas—Bamcona.

Hpu@edeybl onucanue Mooenu OBUICEHUS 2eoCmayuoOHapHOc0 KoCMuuyecKkozo annapamd, OCHOBHblE 603Mywarouue
603()61/76’7}18”}1, OCHOBHbIE NOOX0O0bL K KoJuiokayuu, a makaotce OCHOB6Hbvle Memoobl ocywecmelenusl Koalokayuu Ha npax-
muke. PCZCCMOWZpeH aieopumm, n0380ﬂ}”0u4u11 noaydams ynpaejeHue 6 yCioeusix HenapamempuweCKoﬁ HeonpedeﬂeHHocmu.

Krnrouesvie cnosa: Henapamempuka, ZeOCWlCll/;MOHClprll; KoCcMUYecKutl annapam, KOJJ10Kayusi.

Introduction. The task of a collocation, i. e. the task
of cooperative station keeping, is rather new task of bal-
listics which relevance is connected with the increase of
spacecrafts (SC) number located on the geostationary orbit.

Geostationary orbit is a circle equatorial orbit on
which in case of movement the vector of angular orbital
speed of the satellite is equal and matches the vector
of angular speed of the Earth around own axis rotation.
The sidereal period of such SC equals a star day that
is 86164 sec., while the eccentricity and inclination of the
orbit equal zero [1]. Thus, in the absence of the perturbing
influences, SC remains fixed over a standing point.

Satellites in a stationary orbit have gained the widest
spread owing to advantages, such as:

1. Essential simplification of earth-satellite communi-
cation stations equipment due to uselessness of compli-
cated tracking systems in antennas, to switch between
satellites during the session etc.

2. Possibility of round-the-clock continuous service
by one satellite up to 42 % of the land surface at the
expense of rather big orbit height.

3. Quality support of radio communication owing
to signals level persistence on the inputs of receivers and
absence of the Doppler frequency deviation.

4. Ability to easyly contact with the satellite at any
time for onboard systems state monitoring, flight control
by means of limited means (up to one single means).

Geostationary artificial Earth satellites are used in
radio communication, television, meteorology, airplanes
traffic control, relaying data from the satellites moving on
low orbits, etc. [2]

In practice under the influence of perturbing forces
orbit parameters deviate from geostationary ones, there-
fore instead of a geostationary orbit quasi-geostationary
orbit, i. e. orbit with parameters rather close to geostation-
ary is used. For SC maintenance in the geostationary orbit
(GSO) it is necessary to permanently solve the problem
of station keeping parameters of the orbit in the required
range. This task is well studied and described, for example,
in [1].

Due to the uniqueness of the geostationary orbit and
growth of SC number placed on it, the task of control
in collocation conditions acquires special relevance.

Under collocation should be understood a situation
when retention boundaries on the longitude of two and
more SC are crossed which can cause collisions. Let’s call
SC which are in collocation conditions members of collo-
cation. Now methods of SC control for this case are de-
veloped and described if all members are controlled from
one mission control center (MCC), or actions of MCC
are coordinated [3]. However, for those cases, when it is
impossible, the task stops being trivial.
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The essence of control is as follows. Supposing there
are several geostationary SC with the crossed retention
areas, controlled from different MCC. Without loss
of generality it will be read that there are two members
of collocation as the algorithms, received under this
assumption, can be extended to the general case by repeti-
tion for each couple of SC.

Only first SC serves as an object under control. Its
physical characteristics are known, there is a selection of
its kinematic parameters vectors (VKP) in the previous
time points and realized correction plans. Information
exchange between MCC is not available, so the position
information of the second SC arrives with gaps. Physical
characteristics of the second SC are known approxi-
mately, its corrections plans are unknown. It is necessary
to provide such control of our SC, so that, firstly — to
carry out the retention task, i. e. not to allow escape of
longitude values, eccentricity and inclination from some
set in advance range, secondly — so that the inter-satellite
distance was more than a minimum safe distance.

The task of SC control can be reformulated as follows.
It is necessary to find such a correction plan, appearing in
the controlling mode that the Kepler’s orbit elements,
received while submission on SC, meet the following criteria:

AR>R .,

e ~0,

i =0,

Iy =T,
where AR — geometrical distance between satellites;
e — eccentricity of “our” SC; i, — declination of “our” SC;
T, — sidereal period of “our” SC; T3 — sidereal day.

Correction plan is the physical embodiment of control

which starts engines in specified time point and with
the specified duration. Thus, functioning as f(A,T;, e,
iy, Vg, Uy, 0, T, 1), Where Ay, To, e, ip — longitude, period,
eccentricity and inclination of S at the start of correction
respectively which are responsible for the previous sys-
tem state, vy and uy — true anomaly and S latitude argu-
ment at the start of correction — the beginnings of correc-
tion which are responsible for the moment; T — correction
duration; o — vector of direction cosines of correction
thrusters (CT) angles. As engines are tightly fixed at the
assembly stage of S — the angles can be accepted invari-
able for each CT. t — correction duration; @ — vector

of uncontrollable, but observed exposure. It includes
disturbance input, such as disturbing geo-potential, Moon
and the Sun gravitation, pressure of solar radiation and
position of uncontrollable SC as well.

Geostationary spacecraft station keeping. Let’s con-
sider the collocation task as the task of automatic control
in nonparametric uncertainty conditions, i. e. in conditions
when there is no information about parametric control



Cubupckuil srcypHan Hayku u mexvoaoeui. Tom 18, Ne 3

law. This statement differs from the classical parametric
problem definition of control described in [4]. The given
problem definition is in many respects similar to one
described in [5], assuming the dual control of an object,
similar to [6]. At the same time with acquiring posteriori
knowledge about the object, training of regulator is sug-
gested, so the estimated algorithm can be referred
to trainee class [7]. The control diagram is similar to the
one suggested by A. A. Feldbaum in [§8]. In this case the
system is considered as “a black box” which is enveloped
by the second circuit representing the regulator synthesiz-
ing control based on the previous selective values of in-
puts and outputs. The system will consist of two objects:
first — controlled SC, and second — uncontrollable SC. As
coordination between MCC is not available, the second SC
will cope only with proceeding from retention require-
ments. For the description of disturbed movement of SC
Lagrange principle according to which the disturbed
movement of the satellite happens on the orbit, elements
of which change over. It means that in each time point the
disturbed orbit matches some orbit having common radius
vector and velocity vector. Such orbits are called osculat-
ing orbits, orbit elements are osculating elements [9].

To describe the evolution of osculating elements un-
der the influence of the disturbing forces introduced is the
STW orbiting coordinate system where the ST plane
matches the orbit plane, axis T is directed towards move-
ment, axis S is perpendicular to it, and axis W adds system
to right [10]. In this coordinate system, generally, evolu-
tion of elements is described by the following system
of non-linear differential equations [1]:

dQ Foosinu &
—=——> Ag.;
dr Jup sini;) &
di r 4
—=——cosu ) Ag;,;
at w7
dp =2r ZAng,

dg \/; .

— = |=|sinu) Ag.+

dt u jzz(:) J

+|| 1+— |[cosu+—gq
p P =

ZAng+
j=0

J

—cosuZAng +

Jj=0
} 4

ZAng_
Jj=0

J

3 4
1- 2 ctg(d) sin(u) )" Ag
up j=0

+— ksm(u)ctg(z)z Ag (1
dk

/ 0
_|P
dt 0
+[[1 +L)
p
. 4
_;q sin(u)ctg(i)z Ang

=0
du _wp {

dl r2

. r
sinu+—k
p

J

p — focal orbital parameter;

532

where i — orbit inclination (angle between equatorial plane
and orbital plane; u — latitude argument of S (angle
counted from the orbital plane directing from Earth center
on the ascending node until the current radius vector of
the satellite in the direction of its movement on the orbit);
e — orbit eccentricity;
u — gravitational parameter of Earth, constant p =
= 398600.440 km’/s*;  — a perigee latitude argument
(angular distance of orbital perigee counted in the orbital
plane directing from Earth center on the ascending node

towards satellite movement),
qg=ecos®;, k =esinw;

_ 4
1+gcosu+ksinu’

r

Agis, Agir, Agiw — perturbing accelerations.

The given system has no analytical solution, however,
can be solved using numerical method, for example,
or Adams’s method [11].

The main disturbing forces are:

1. The disturbing gravitational capacity of Earth.

This influence is connected with the fact that Earth
is not a full-sphere with uniform distribution of masses.
Because of this SC has acceleration towards one of the
points of stable equilibrium (located around longitudes
75.1 el. and 105.3 wl.) and in the absence of adjusting
maneuvers starts fluctuation under the law of pendulum
within the period a little bit over two years [2]. Influence
of the Earth disturbing gravitational capacity can be
determined by the following formula [9]:

”ZZ

T =2 m=0

[aE ] [C,,, cOSMA+S,,, sinm)]P,, (sin@),

n — Number of harmonicas; in practice 8 harmonicas are
commonly used p — the Earth’s gravitation constant;
ag — the big Earth’s semi-axis; » — geocentric distance of
the satellite; ¢, A — latitude and longitude of the satellite
respectively; C,., S,. — the dimensionless coefficients
characterizing outside gravitational field of Earth
P,.(sin ¢) — Legendre functions. They are of two types:
with Legendre polynomials, with 0 < m < n — associated
Legendre functions.
With m = 0 Legendre functions are as follows

nys 2 oy
P (sing) =—— M@ D"
’ 2"'nl d(sing)"
WithO<m<n
d
P, (sing) = (1-sin® )"’ ﬂ
d(sing)”

2. The Moon and the Sun gravitation attraction.

For the SC based on MCC, it leads to decline rise from
0 approximately to 14.6° in about 27 years and the fall
to zero during the following 27 years, etc. [2].

Influence of the Moon and the Sun gravitation can be
calculated by the following formula [9]

1
HiA

p
———2005‘11,
r

R. =

i
i
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i — the index accepting value 1 for the Moon, 2 — for the
Sun; p; — gravitational parameter of the appropriate celestial
body; py =4902.778 km’/c’; pe=1.32712438¢ + 11 xv’/c%;
r — geocentric distance to the satellite; »; — geocentric
distance to the Sun and the Moon; Ai — distance between
the satellite and a celestial body; ¥; — angle between the
geocentric directions towards the satellite and celestial
body,

or

R=n 1o+ +zz; ’
Ai Ari3
where x, y, z — SC coordinates; ax;, y;, z; — Moon and Sun

coordinates respectively.
In this case

_ 1 = = 1 =
Agj:ui[E(X_Xi)_FXij’

where X — vector of SC coordinates; X; — vector of the
Moon and the Sun coordinates respectively [12].

3. Direct light pressure.

Under the influence of light pressure the SC’s orbit
expands perpendicularly to the direction towards the Sun
which means that the eccentricity of an orbit does not
remain invariable [2].

Influence of pressure of solar radiation can be calcu-
lated by the following formula [6]

2
ol —1,
A

XE Sc(+k) cos
m c
where S — satellite cross-section area in the direction
towards the Sun; m — satellite mass; S — average value of
solar constant; k — satellite reflection coefficient; ¢ — light
velocity; o — descent angle of sunshine on the surface;
x — shadow function, its values lie on the interval [0;1],

or
- 2_ _
F :kqi(a—sj s 7
m{ Ag Ag

where X — geocentric vector of the satellite position;

F =

Xy — geocentric vector of the Sun position; Ag — inter-

distance between the satellite and the Sun; as — big semi-
axis of Earth’s orbit; & — parameter, characterizing the
reflection features of the satellite surface (k = 1 — mirror
reflection, under k£ = 1.44 — diffusion); ¢ — the sun con-
stant, ¢ = 4.65 - 10° din/cm’.

Control is exercised by means of switching on the cor-
rection thrusters (CT) at a given time of ¢, ¢ with duration
At. Depending on the thrust direction, it is possible
to select two types of retention corrections

1. With use of thrust in the transversal direction.

Transversal thrust is used for correction of the period
and orbit eccentricity.

The period of SC changes according to the law:

T=1, (1+3 /%)AgMA’CJ,

where T — CS period, sec.; Tp — the period at the
beginning of correction, sec.; ay — big semi-axis at the
beginning of correction, km; Agyr — CM thrust in trans-
versal direction; At — correction period, sec.
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Given that the speed of the SC’s drift changes accord-
ing to formula
A= 6ma’Ag,; At
240p
where AL — SC’s drift speed, deg/day; p — Earth’s gravi-
tation constant.

Given that the change of longitude during the correc-
tion can be calculated by formula

4
M=t l—[l—\/EAgﬂA’cJ ~w,A1,
4a"Agyr H

where ®, — angular speed of the Earth rotation.
The eccentricity of SC changes under the following law

>

e =

b}

T .M .2 T
e +44e, cos| vy +— At [sin— At+44° sin® — At
T op P

where

E}

[ 3
dep P
A:2Ag4T;O
Tl

aq, — the average value of the big semi-axis during correction,

g, = a£l+ fa?oAgszAT];

T, — average period during correction,

a
T, =2m |—;
0
vy — the true anomaly at the beginning of correction.
Thus, eccentricity shift depends on the true anomaly
at the beginning of correction.
The maximum reduction of eccentricity is reached under

v :g given that Agyr > 0, or v, :3?“ under Agyr <0

n continuous during the half of the period. Thus, eccen-
tricity corrections should be applied so that the middle of
correction falls on the points, where v, =7 under Agsr> 0

(v, =2m given Agur < 0), correction duration shall not

exceed 12 hours.
2. Applying binormal thrust.
Binormal thrust is used for correction inclination.
Inclination herewith shifts according to the formula
2
i=i, +20 Ag,,, (sin (g +nyAt) —sinu),
n

where iy — initial inclination; i — inclination by the end
of correction; Agyy — binormal thrust component; u, —
latitude argument value at the beginning of correction;
no — average S speed at the beginning of correction:

N L

Similar to eccentricity, inclination shift depends on the
beginning of correction. Given Agyw&gt; 0 middle of
correction shall fall on the point where it shall last no
more than 12 hours. For Ag,w&lt;0 middle of correction
shall fall on the point where u =2m.
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Binormal thrust influence neither eccentricity, nor SC
period, its speed of drift and longitude.

On real SC, CT are usually located so that both trans-
versal, and binormal thrusts are not zero. Thus, cor-
rections allow to change all three parameters. Correction
start time is a compromise between requirements to
accentricity correction and correction of the inclination.
According to the same requirements the number of cor-
rection motors (CT) is selected, therefore the direction of
transversal and binormal thrust.

Collocation. Let’s consider the main collocation prin-
ciples.

Geostationary Earth satellites are placed only in a cir-
cular equatorial orbit with the radius (from Earth center)
about 42164.2 km. These conditions limit the quantity of
longitudinal slots, areas of longitude retention. In 1971
the World Administrative radio conference (WARC)
recognized the geostationary orbit as a limited natural
resource. At the same time the increase in the number
of Earth geostationary satellites causes the boundaries on
longitude to get narrower and also for certain S can over-
lap or even coincide. Supposing we call these conditions
collocation conditions, while S which are in these condi-
tions can be called members of collocation. Boundaries
longitudinally crossing may cause the risk of collision
between members of collocation, in particular due to
enormous solar panels used in the modern missions.

Initially distribution of longitudes was applied only
with the purpose of avoiding interference between adja-
cent SC which used identical radio frequencies, whereas
the collision risk was estimated as insignificant. Those
assumptions were explained by typical boundaries having
more than 100 km on the longitude and latitude and,
at least, half in the radial direction. Only afterwards, with
the growth of SC placed on a geostationary orbit, some
space agencies realized that the potential risk of physical
collision is higher than it was supposed. However, colli-
sions of 2 operating S has never been reported, a probable
cause of which was that there was no request to take
measures from WARC [3].

The risk of collisions issue strongly varies among the
space agencies. Some neglect it, while others strive for its
minimization. In case when all Ss are controlled from the
same MCC, collocation methods become quite obvious,
and are described, for example in [3]. However, in case
there are Ss which are controlled from a different MCC,
the task becomes complicated with the need of constant
information exchange between all involved MCCs and
also constant coordination of corrections.

1. Currently 4 approaches to collocation choice of the
relevant one depends on the number of the Ss and MCCs
involved, accuracy of orbit spotting, size of boundaries
longitudinally and attitudinally, etc.

2. Without avoiding collisions.

This approach can be employed during the short time
frame in case of few members of collocation.

3. Not coordinated collocation.

Employing this method SC’s are controlled independ-
ently, however before and after each correction the dis-
tance between all members of collocation is evaluated.
Corrections are planned so that to keep some “safe” distance.
Maneuvers of collisions avoidance are entered in the plan
of corrections.
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Need of assessment of SC orbits and information
exchange between MCC force to make corrections only
for one SC co-instantaneously and also to make a break
between correction plans on any S at least 1,5-2 days.

4. Collocation by means of separation.

In this case different longitudinal subareas, eccentric-
ity vectors and declination of initial boundaries cor-
respond to different satellites. Theoretically, given this
control without information exchange between partici-
pants of collocation is possible.

The weak point of this approach is boundaries’ “nar-
rowing” in all respects as there is retention of the SC pa-
rameters in narrower boundaries requiring additional fuel.
Also these subareas shall consider not only requirements
of this approach, but also various errors of control and
orbit spotting which make this method inapplicable if the
initial boundaries are too narrow.

5. Coordinated collocation.

In this case all members of collocation are built
according to system where their daily parameter oscilla-
tions of the orbit and drift speed are identical. Corrections
for all SC are carried out simultaneously.

This approach requires constant information exchange
and control error correction to save the constructed sys-
tem, however, maneuvers of deviation are required only
in case of force major [3].

Depending on selected orbit parameters providing the
collocation, 6 modes of corrections partition can be iden-
tified:

a) Longitudinally.

When using this mode a specific longitudinal area cor-
responds to every SC. It becomes possible only if the in-
tegrated boundaries are rather wide and the number of SC
is not enough. This mode is not a real collocation as each
SC is retained in its own boundaries irrespective of re-
maining ones.

b) Longitudinal separation during the drift cycle (in
phase paths).

This method also assumes longitudinal separation, but
areas partially overlap and every single one is engaged
with different members of collocation at the different
moments of the retention cycle. It is the example of the
coordinated retention corresponding to method 4, given
above. Corrections of longitude shall be carried out for all
Ss in the same day, so will change under the same law
simultaneously. Eccentricities do not require comparison
while they are rather small so it will not cause big longi-
tudinal oscillations, but this mode can be integrated with
the third one, described below. This mode best fits S
in case of minor pressure from solar radiation.

c) Longitudinal separation under oscillations caused
by eccentricity.

In this case longitudinal boundaries also break into
several partially crossed areas, but they deal with different
members of collocation at the different times of sidereal
days due to longitudinal oscillations caused by eccentric-
ity. Therefore, this method can be applied to Ss with high,
but close to identical pressure of solar radiation. Oscilla-
tion phase shall be identical to all members. Corrections
for the members of collocation shall be carried out practi-
cally simultaneously, but some deviations are allowed
to correct errors after previous retaining corrections.
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d) Plane separation on eccentricity.

In this case each S uses all available longitudinal area,
while for collocation the difference of target eccentricity
vectors is applied. Orbital planes can match or not,
so each SC can make inclination corrections, regardless
remaining ones.

This method is best applied given pressure of solar
radiation is high. The principal disadvantage of this
method is high error sensitivity to SC’s speed drift. There-
fore this method is usually combined with the one
described below.

¢) Combined placement by inclination and eccentricity
in the meridian plane.

This mode is similar to the previous one, except that
for retention area separation not only eccentricity vector
is used, but also an inclination vector. The only, but
important advantage of this mode is independence from
longitudinal difference which eliminates lack of error
sensitivity by longitude and drift speed.

Therefore, this collocation method is preferable for
missions with low or medium accuracy of tracking sys-
tems. However, the shortcoming is that inclination correc-
tions shall be coordinated between members, which can
be difficult if they have different correction restrictions

f) Separation by all three parameters.

In this mode for each SC the longitudinal subarea,
eccentricity vector subarea and inclination vector subarea
are selected. This mode is of minor practical interest as it
does not give new collocation opportunities in compari-
son with previous modes.

From the aforesaid all modes of collocation assume
essential coordination between all participating MCC, in
particular, coordination of corrections and also creation of
some system excluding collision risks. Corrections are
carried either simultaneously, according to the system
coordinated earlier, or successively after an SC orbit spot-
ting. It shows essential disadvantage of modern approach
to collocation as:

a) in case interaction between MCC for one or another
reason is impossible, solution of the collocation task
becomes difficult;

b) between corrections there are breaks for coordina-
tion of corrections with other MCC and other S orbits
specifying which complicates the retention task;

B) many methods superimpose additional restrictions
on longitudinal, eccentricity and declination retention
area, and therefore attract additional fuel consumption.

One of the methods mostly applied in practice is lon-
gitudinal separation. The minimum safe distance between
S (that is equivalent to longitudinal subarea) is selected
proceeding from the error of S orbit determination. The
main sources of errors in navigation measurements are:
errors of an onboard scale formation; errors connected
with poor knowledge of radio waves propagation condi-
tions in the Earth atmosphere; errors of a customer’s
receiving equipment [13]. This distance normally equals
36-72 km while the shift along the orbit of the second S
can reach 45 km a day.

Another method put into practice is a combined longi-
tudinal, eccentricity and declination placement. In this
case rated values of inclination and eccentricity vectors
shall be delivered at the angle of 120°.
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Nonparametric regulator. As an algorithm for the
controller synthesis algorithms of nonparametric family
are suggested. This class of algorithms is intended for
operation in nonparametric uncertainty conditions [14],
i. e. in conditions when there is no knowledge of paramet-
ric structure of the law describing an object. It corre-
sponds to the case considered as the principle according
to which one of the set of possible corrections plans
is selected remains unknown. Assessment is made only
basing on selection of inputs and outputs of an object.

For a dynamic system the control algorithm is modifi-
cation of nonparametric assessment of regression like
Nadaraya-Watson (nuclear smoothing) and is as follows [15]:

© x/ —x/ @ x/ —_x,-j
A A CJ AL )@
Sk W —p Nm (i)
S ol Hq{MJHq{MJ
1 j=1 C] Jj=1 C,g

i=177
where {[i;,u, y,.} — selection of uncontrollable influences,

US:

Zu l/i[(D u’ H, ln'I

==

inputs and outputs of an object respectively; S — range;
k, n, m — vector length of uncontrollable influences
, controls of u and output of an object x respectively;
C., C,, Cy; — blur coefficient; ® — bell-shaped (nuclear)
function.

To input parameters of an object u corrections with the
following parameters arrive:

1. Start of correction. Usually is calculated as the
number of seconds till a reference era, in particular till
midnight 01.01.2000.

2. Transversal and binormal component of thrust
(radial component can be neglected), km/c?.

3. Correction period, sec.

Thus, vector length of inputs is equal to five.

p uncontrollable influences include corrections to
orbit parameters connected with influence of the Moon,
the Sun, the perturbing geopotential and solar pressure.

Longitude of the second SC. As VKP are measured
quite seldom, the predicted values are used.

Outputs include:

1. Orbital parameters of controlled SC. In total 6
independent orbital parameters are used. For example, it is
possible to use those similar to the system of equations (1).

2. Inter-satellite distance, km.

Bell-shaped function is a function complying with the
set of conditions [15].

There is a huge number of bell-shaped functions, let’s
consider some of them (see figure).

1. Rectangular function:

0, givent <—0.5or¢>0.5;
F(r) = .
1, given—-0.5<7<0.5.
2. Triangular function:
0.25¢+0.5, given 2 <t < 0;
F(t)=4-0.25t+0.5, given <t <2;
0, given <—1 and ¢ > 1.
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3. Quadratic function:
E(l—t2 ), given < I;
F@)=416

0, given > > 1.

4. Gaussian kernel:
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The choice of one of nonparametric functions depends
only on what properties assessment shall have: for exam-
ple, whether it shall be smooth, continuous etc. At the
same time the model error depends on this choice a little.
Therefore, the task comes only to a choice of blur coeffi-
cients values.

Thus, use of this controller allows monitoring the
object in the conditions of nonparametric uncertainty
which corresponds to the given case, where the principles,
on which one of possible corrections plan sets for the
second SC is selected, are unknown.

The algorithm (2) given above offers selection exis-
tence, so an object shall be initially available for the
experiment, or to be manned briefly. If it is impossible,
to control the object the retrieval step is applied Au [5].

In this case the controlling algorithm is as follows

F(t) =

m J _
x T1 d{x’ .x, J,
j=1 C/
s
zuiF;
u, =121 +Au

s
25
=1

This step represents the control synthesized by some
non-adaptive regulator capable of solving the problem of
control at the initial stages, i. e. before selection accumu-
lation. For example, for dynamic systems, as a retrieval
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step the control synthesized by PID — regulator can be
used. With growth of the amount of selection, influence
of the retrieval step decreases, and those of nonparametric
component — grows [5].

Conclusion. In summary, the task of geostationary SC
control in collocation conditions in the absence of infor-
mation exchange between MCC has been considered
above. The existing controlling system of S in these
conditions are described, showing that in the absence
of coordination between MCC it does not work. The class
of algorithms which can be applied in such situation,
in particular, the algorithms based on nonparametric
regression of assessment by means of bell-shaped func-
tions is considered.
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MPOEKTUPOBAHME NPEJIMETHO-OPUEHTUPOBAHHOIN MH®PACTPYKTYPbI
UMUTAIMOHHOI'O MOJEJUPOBAHUS BOPTOBOM AIIITAPATYPBI
KOCMHUYECKOI'O AIIITAPATA

JI. @. HO)KGHKOBa*, O. C. Ucaesa

WuctuTtyT BRiuncauTensHoro moaenuposanus CO PAH
Poccuiickas ®enepanus, 660036, r. Kpacnosipck, AkageMroponiox, 50, crp. 44
"E-mail: expert@icm.krasn.ru

Paccmompeno cozdanue npedmemno-opuenmuposanHol cpedbl UMUMAyUOHHO20 MOOETUPOBAHUs OOPMosol anna-
pamypul  Kocmuyeckozo annapama. Paspabamvisaemasn cpeda ocnosvisaemcsa na cmandapme Simulation Model
Portability (SMP), komopulii onpedenisem mexHOI02U OOCMUNCEHUSL COBMECUMOCIU U NePEeHOCUMOCIU UMUMAYU-
OHHBIX MoOeell 8 PAMKAX KPYIHBIX UMUMAYUOHHBIX NPOEKMO8 CIONCHBIX NPOSPAMMHO-MEXHUYECKUX KOMIIEKCO8.

B muposoui kocmuueckou undycmpuu cywecmsyem psao paspadomox uH@ppacmpykmyp uMumayuoHH020 Mooeaupo-
sanus. OHU UCNONB3YIOMCA 8 KPYRHBIX MEXHUYECKUX NPOEKMAx, O KOMOPbIX CYUeCm8eHHYI0 POlb Uspaem 603MoxHC-
HOCMb UHMeZPUPO8AIMs U COBMECIHO UCHOTb308AMb UMUMAYUOHHbIE MOOeNU PA3IUYHO20 HASHAYEHUS, 8 MOM HuUCie
PA3HBIX NPOU3EOOUMENEL.

Ioooepaicka umMnopmone3asuCUMoCmy PoCCUUCKUX KOCMUYECKUX paA3PAbOmMOK O0NICHA 6KIIOYAMb CO30aHUe ome-
YeCMBEeHHbIX NPOSPAMMHBIX NPOOYKMO8, OCHOB8AHHbIX Ha cmanoapmax Eeponetickoeo kocmuueckoeo azenmcemea. Taxue
UCcne008ans NO38OAM NOHAMb NPUHYUNDL OP2AHU3AYUY KOMNIEKCHBIX NPOEKMO8 U UX UHMeZPAYUU 8 MeNCOYHAPOOHbIe
UCCIe008aHUSL.

Paspabomana apxumexmypa npoepammno2o obecheuenus, npedioHCceHo pasoeneHue Ha NPOSPAMMHBIE NOOCUCTEMbL
U ONUCAHbI OCHOBHblE NPUHYUNBL UX 83aumolelicmeus. MH@pacmpykmypa uMumayuoHHO20 MOOeIUPOBaHUs NpeoHa-
3HAUEHA 0N NOOOEPAHCKU pabOmbl KOHCIPYKIMOPO8 60pmogoli annapamypuvl kocmuyeckux cucmem. Ee ¢pynxyuu onpe-
OenleHbl Ha OCHO8e AHANU3A OCHOBHBIX 3A0AY KOHCMPYUPOSAHUA: NOOOEPHCKA NPOEKMUPOS8aHs 6OPMOBOU annapanypbl,
Gopmuposarue u ananus KOHCMPYKMOPCKUX PEUEeHUll Ha PASTUYHBIX IMANAX HCUSHEHHO20 YUKILA NPOU3B0OCHBA KOC-
MUHECKOU MEXHUKU.

Apxumexmypa codepaicum ce HeobX00uMble KOMNOHEHMbl 01 00eCnedeHUs. UHMEZPUPYeMoCmu U NepeHOCUMOCU
UMUMAYUOHHBIX MO0l MeNHCOY CUCTNEMAMU UMUMAYUOHHO20 MOOETUPOBAHUs, ROCPOeHHbIMU no cmanoapmy SMP.
Paspabamvisaemoe npocpammnoe obecneuenue pacuiupsiem noOXoobl, 3Al0JCEHHble 8 CMAHOapme OPUSUHATbHBIMU
MemoOamu UHGOPMAYUOHHO-CPAPUHECKO20 U UHMELNEKMYATbHO20 MOOeAUpo8anus. /[[na HacusaoHo20 NOCMpPOeHUs.
Modenetl, 3a0anus UX CIMPYKMYpol U ONpeoeieHuUs: Cés3eli MencOy dIeMeHmamu paspadomanvl Memoobl U RPOSPAMMHOE
obecneuenue UHGOPMaAYUOHHO-2paAPUUecKo20 MOOenupo8aHus. [na 3a0aHus Memooos (QYHKYUOHUPOBAHU MOOeiell
npednazaemcs ucnonvzosams condition-action rules. Paspabomansl cneyuanuzupoganuvie UHCMpPYMeHmbl Gopmupo-
6aHusA 6a3 3HAHULL, KOMOPble NO3BONAIN ONUCAMb PA3TUYHbIE 6APUAHMbBL NOBEOEHUS MOOCTUPYEMBIX 00bEKMO8.

Ilybnuxayusa paspadbomanubix no0Xo008 U apxXumeKmypbl NPOZPAMMHO20 0becnedeHUs OMKpbleaem 803MONCHOCU
npumenenus SMP opyeumu uccredosamenimu 8 COOCMEEHHBIX PA3PAOOMKAX, A MAKHCE NOKA3bIBAEM OCHOGHbIE MeXHO-
Jlo2uyecKie MOMeHmMbl, HeobX00UMble OJisl 8bINOIHEHUS MPebOosanuti Cmanoapma.

Knwouesvie cnosa: paspabomka npobiemHO-OpUEHMUPOBAHHOZ0 NPOSPAMMHO20 06echeyerus, UHGpacmpykmypa
umumayuonno2o modenuposanus, Simulation Model Portability standatd, kocmuueckuii annapam, bopmogas annapa-
mypa, apxumexkmypa npocpammHO20 06ecneyeHus.
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DESIGNING THE PROBLEM-ORIENTED INFRASTRUCTURE FOR SIMULATION MODELING
OF SPACECRAFT ONBOARD EQUIPMENT

L. F. Nozhenkova', O. S. Isaeva
Institute of Computational Modelling SB RAS
50/44, Akademgorodok, Krasnoyarsk, 660036, Russian Federation
“E-mail: expert@icm.krasn.ru
The authors develop a subject-oriented environment of the spacecraft onboard equipment simulation modeling. This

environment is basing on the Simulation Model Portability standard (SMP), which determines the technology for com-
patibility and transferability of simulation models within big simulation projects of software-and-hardware complexes.
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There is a number of simulation infrastructures in the world space industry. They are used in big technical projects
where it is important to integrate simulation models of different purpose, including those of different manufacturers,
and to use them together.

The support for the import-independence of Russian space developments should include the creation of domestic
software products based on the standards of the European Space Agency. Such studies will make it possible
to understand the principles of organization of complex projects and their integration into international research.
We have designed a software architecture, proposed a division in software subsystems and described the main princi-
ples of their interaction. Simulation infrastructure is aimed to support the work of the space systems’ onboard equip-
ment designers. Its functions are determined by the basic tasks of the constructing: onboard equipment design support,
generation and analysis of designer solutions at different stages of the space equipment production lifecycle.

The architecture contains all the necessary components to provide transferability and workability of simulation
models in the simulation modeling systems built on the basis of the SMP Standard. Our software extends the ap-
proaches provided by the standard with the original methods of information-graphic and intellectual modeling.

The authors have developed the methods and software of information-and-graphic modeling for visual building
of the models, setting their structure and determining the links between their elements. To specify the methods of func-
tioning of models, the authors suggest using condition-action rules. Our special instruments of knowledge base creation
allow describing different variants of the modeled object behavior.

The publication of the developed approaches and the software architecture opens up the possibilities of using SMP
by other researchers in their own development, and also shows the main technological moments which are necessary
to meet the requirements of the standard.

Keywords: developing problem-oriented software, simulation infrastructure, simulation model portability standard,
spacecraft, onboard equipment, software architecture.

Beenenne. Koopnunauusi uccrnenoBaHuii B obiactu K nauboiee M3BECTHBIM B MHpE HH(PACTPYKTypam
KOCMHYECKOTO MPHOOPOCTPOEHHs TpeOyeT CO3JaHMsi  HMMHTAIHOHHOTO MOJAENUpPOBaHMs OTHOcATes SimTG —
YHUDUIIMPOBAHHBIX TEXHOJIOTHI MMHTanHOHHOTO Mome-  Astrium  Satellites [3], SImSAT - European Space

JMpOBaHMs OOPTOBOM ammaparypbl KOCMHUECKUX ammapa-  Agency [4], cumynarop Esponeiickoro 1eHTpa ynpasie-
TOB. TaKhe TEXHOJOTHH JOJDKHBI OCHOBBIBATLCS Ha mpu-  HuA moneramu SWARMSIM [5]. MHGpacTpyKTyphl HMH-
MEHEHHH MEXIYHapOJHBIX CTaHAAapTOB, obecmeumBaio-  TALMOHHOTO MOJEIHMPOBAHUS UCIHOJB3YIOTCA B KPYIHBIX
KX MEPEHOCHMOCTh M HMHTETPHPYEMOCTh HUMMTAIMOH- ~ TCXHHYCCKHUX TIPOCKTAX, JISi KOTOPBIX CYHICCTBCHHYIO
HBIX MOJieield OOPTOBBIX YCTPOUCTB. B MHpOBO# mpakTtu-  POJIb UIPacT BO3MOXKHOCTh MHTErpalyd M COBMECTHOIO
K€ JId DTHUX uenef/i YCIEUIHO HCIIOAB3YETCsl CTaHAapT HUCIIOJIB30BAHUA HMHUTAIIUMOHHBIX MO,I[GJIeﬁ pas3ImIHOTrOo
EBpomneiickoro KOCMHYecKOro areHtcTBa Simulation — HasHaueHus. IIpumenenue cranpapra SMP2 orkpeiBaer
Model Portability (SMP2) [1; 2]. Jlnst kpynHbIX uMuTa-  LIMPOKHE BO3MOXXHOCTH ISl IIOCTPOCHHS M HCIIOIB30BA-
IIMOHHBIX HpOCKTOB CJIOKHBIX HpOI’paMMHO-TeXHI/I'-IeCKI/IX HHUA CJIO0XHBIX, MHOI'OKOMIIOHCHTHBIX HWMHUTAIIHOHHBIX
KOMILIGKCOB MHPOBBIE JIHAEPHI KOCMHUECKOil orpacim — Mozxeneii [6; 7]. MHTepecHbid mpumep HCIONb30BAHHS
pa3BHUBAOT COOCTBEHHBIC MH(PACTPYKTYphl MMHUTAlMoH-  CTaHIapTa SMP Gbu1 peanu3oBaH B KPYIHOM Hay4HO-
HOTO MOJC/IMPOBAHMS, OCHOBaHHbIe Ha SMP2. Hugpa-  Hccienosarensckom npoekre MERLIN [8], sakmouaro-
CTPYKTYpa MMHTAIIMOHHOIO MOJEIMPOBaHMs mpeiacras-  IEMCI B pa3paboTKe CIyTHMKOB JMCTaHIMOHHOIO
JeT cOGOH MHCTPYMEHTAlIbHYI0 CPelly, M03BOJsiouyro — SOHAMPOBAHHS JUIS MOHMTOPHHIA [MApHUKOBOTO rasa.
CO31aBaTh M HMHTErPUPOBATH WMUTALMOHHBIE MOJIENIH YHUKaIbHOCTb TIPOCKTA  3AKIOIACTCA B MHTETpaliy
TexHUUeCKUX ycTpoitcts. Cramnapt SMP2 sagaer yup- — IMHTALMOHHBIX MOZeIeH, pa3pabaTbIBacMBIX HCCIIEI0BA-
BepcaTbHble TOIXOB! K OPraHW3ALMH CHCTEM Mojenupo-  T/VIMHA Ha HETHIPEX pasTHHBIX SMP-mnardopmax nmu-
BaHIA, OBECTIEYEHNI0 COBMECTUMOCTH H TepeHocumocty  TALMOHHOrO Mojenuposanus. Tpumenerne SMP nossos-
VMHATALIOHHEIX MOJeNeil MEKAY PasTMaHbIMA UMATALH- 'O o6£enHHHT§ UMHTAIMOHHBIE MoJienu oT Airbus, CNES
OHHBIMH OKpyKeHusMH. OJIHAKO 33 paMKami cramaapra 1 Thales Alenia Space, BBITIOJIHHB CTAHAAPTH3ALMNIO BCEX
OCTAIOTCS  TEXHOJNOTHUECKHE ACTIEKTHI  mocTpochms — KOMIOHEHTOB MPOCTPAHCTBEHHOH CHCTEMBI, CAENATh X

Jiee HAJICKHBIMH, CHU3HUTH 3aTPAThl U ONTHMU3HPOBATH
nH}pacTpykTyp. B TO Bpems kak 3a pyOexxoMm BemyTcs 6o (;e e 5 » CHUSHTE 3aTp 0 3Hpo
rpaduk pa3pabOTKH.
WHTCHCHUBHBIC WCCIIEIOBAaHMS B OSTOM HAIpaBJICHUH, p pasp

o I1om0KUTENBHBIA OIBIT MUPOBBIX I/ICCJ'ICHOBaHI/Iﬁ I10Ka-
B HALICH CTpAHC Ha6J'IIO}_'[aeTC$I 3HAYUTCIIBHOC OTCTaBaHUC. o
3bIBACT aKTYyaJIbHOCTH Pa3BUTHUSA TEXHOJIOTUH UMHUTAIIMOH-
Hayqﬂaﬂ 3HAYUMOCTD IMPOBEACHHOI'0 aBTOpaMu HUCCIIEN0-

HOTO MOJENMpPOBaHUs Ha OCHOBe cTaHmapra SMP2. Jlns
BaHUS COCTOMT B TOM, YTO IOJYYCHHBIE pE3yIbTATHI "

MOJACPKKH HMMITOPTOHE3aBUCHMOCTH POCCHIICKHX KOC-
MMO3BOJIIOT CYIIECTBEHHO BOCIIOJIHUTH 3TOT MPOOEI.

MHUYECKHX Pa3padOTOK TpeOyeTcs MPOBOIUTH BCECTOPOH-
PaspaboTaHHas TEXHOJOTHs TOCTPOCHUS apPXUTEKTYPhI

HHUE ICCIEeI0BAHNUS, HAIPABIICHHBIE HA CO3aHNE OTEYECT-
HHQPACTPYKTYphl ~ MMHTAIIMOHHOTO  MOJIEIIMPOBAHMUS,

. BEHHBIX TEXHOJIOTMH W MHCTPYMEHTAIbHBIX Cpell,

C OJTHOH CTOPOHEI, VIOBJICTBOPSCT TPEOOBAHUSAM YHU(H-
N MOJIACP KUBAIOIINX METOJBI MEPEHOCHMOCTH U MHTETPH-

KalliW, W3JI0KEeHHBIM B cTtanaapte SMP2, ¢ apyroit cto-

. pyemoctu Moneneid. Takue mcciaeoBaHHS TTO3BOJIAT pas-
POHBL, ' paCIMPACT BOSMOMHOCTH TOCTPOCHHMA MOACICH gy o 1y pypiyuiiel OpraHM3aIian KOMILIEKCHBIX KOCMUYE-
3a cYeT CpeAcTB MH(MOPMAIMOHHO-TPAPHIECKOrO M HHTEN- CKHX TPOGKTOR H MX MHTETDAIMIO B MEXIYHADOMNHBIE
JIEKTyaJIbHOTO MOJEJIUPOBAHUSL. e —
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B craTtbe mpeioykeHa TEXHOJIOTHs CO3JaHUsI OPHUIH-
HaJIbHOM MH(PACTPYKTYpbl MMHUTAIIMOHHOTO MOJEINPO-
BaHUS, MO3BOJIAIONICH BBITIOIHATH NMUTAIIHOHHOE MOJIe-
nupoBaHre (YHKIIMOHUPOBAHUS OOPTOBOW ammaparypbl
kocmuueckoro ammapara [9]. Crarmapt 3amaer oOmue
MIPUHIUIBI OMMCaHus WHTEep(dercoB Mojaenel W perna-
MEHTHpYeT (yHKIMOHAJIBHOCTh MPOTPAMMHBIX MOYJIEH,
COCTABIIIONINX SIPO WHPPACTPYKTYPHI MOIEIUPOBAHIS,
OJTHAKO OH OCTaBIISIET HEPEIICHHBIM psiJi BOIPOCOB
HOCTPOEHHMS, MOJACINPOBAHUS, 00ECIIEYeHUs] HHTETPAlluN
U B3aMMOJICHCTBHSI MOJIeJIel, KOTOpbIe pelIalTcs pa3pa-
0OTYMKAMH TPOrPAMMHBIX CHCTEM CaMOCTOSTENBHO.
[IpennoxeHbl TEXHOJIOIMYECKUE MPHHIMITBI peann3alyn
3a10’keHHBIX B SMP2 apXutekTypHbIX TpeOOBaHUH K WH-
CTPYMEHTAIILHOU CpeJe, MOMONHEHHBIE OPUTHHATBHBIMA
AJIeMeHTaMd WH(POPMANNOHHO-TPAUIECKOTO W HHTEI-
nektyainpHOro Mopenuposanus [10]. CoOcTBeHHBIE TEX-
Hoslormueckne moaxonsl [11; 12] mo3Bonwmm aBTOpam
00ecrieuynTh BO3MOXKHOCTH HCIIONB30BAHMSA  MOJETCH
B pPa3JIMYHBIX IMPOCKTaxX W Ha pas3IMYHbIX HMHTATOpax
C y4eToM cren(UKH 3aJad MOJEIUPOBaHUsI OOPTOBBIX
CHCTEM KOCMHYECKHX ammaparoB. [Ipe/ioskeHHast apxu-
TEKTypa HHPPACTPYKTYPbl UMUTALIMOHHOTO MOZEIHPOBa-
HUSI COJEP)KUT COBOKYITHOCTHh B)KHEMIIMX PELICHUH IO
OpTaHM3allM TIPOrPaMMHOI Cpeibl, OmpenessieT BBHIOOp
CTPYKTYPHBIX 3JEMEHTOB, CIIOCOOHBIX O0ECIEYUTH II0-
CTpoeHHe, (PYHKIMOHUPOBAHHE W HMHTETPAINI0 MOJEICH
TEXHUYECKUX YCTPOWCTB. TEXHONOTHS TOCTPOCHHS WH-
(bpacTpyKTypbl COAEPKHUT paclivpeHre YHU(DUIMPOBaH-
HBIX MOJIXOAOB K mpexacraBieHuio SMP2-moneneit cpen-
CTBaAaMU IIOCTPOCHHUA M HCIIOJIb30BaAHUA CCMAaHTHYCCKUX
KOHCTPYKLUH MPEIMETHOM 00JacTH ¥ 0a3 3HAHHIA, OIH-
CBIBAIOIIMX JIOTHKY paboTel Mojenei. IlpemyokeHHas
TEXHOJIOTHSI TIO3BOJISIET CO3/aTh POOJIEMHO-OPUEHTHPO-
BaHHYIO CpeJy, IPEAOCTABISIONIYIO YI00HbIE HHCTPYMEHTHI
MHPOPMAIMOHHO-TPA(UUECKOT0 W HHTEIUIEKTYaJbHOTO
MOJICTMPOBAaHUS M B TO K€ BpEMs TOIIEPKUBAIOIIYIO
COBMECTHIMOCTh WMHUTAIHOHHBIX MOJEICH M HX TIEPECHO-
CHUMOCTh MEXKIy Pa3INYHBIMA HHPPACTPYKTYpaMH.

Haznauenne n ¢pyHkuuu HH(ppPaCTPyKTypbl HMHUTA-
LHHOHHOT0 MoJeaupoBaHusi. MH)pacTpykTypa UMHUTALIOH-
HOTO MOJIEJIMPOBAaHMs TpeJHa3HaYeHa JUIsl TOANECPIKKU
paboThl KOHCTPYKTOPOB OOPTOBOIL armaparypbl KOCMHUUe-
ckux cucteM. Ee QyHKIUHM ONpenensroTcs OCHOBHBIMU
3aJjayaMyd KOHCTPYHMPOBAHHUS: MOJJIEPXKKa IPOEKTHPOBa-
HUsL OOpTOBOW ammaparypsl, (OPMHUPOBAHHE M aHAIN3
KOHCTPYKTOPCKHMX PELICHUH Ha Pa3iNyHBIX dTarax >Ku3-
HEHHOTO IIHKJa IPOW3BOJACTBA KOCMHUYECKOW TEXHUKH.
[IporpaMmHBIC WHCTPYMEHTHI, HEOOXOAUMBIC IS pellle-
HUS 3TUX 3afad, JOJDKHBI OBITh MPEIMETHO OPHUEHTUPO-
BaHBI, BU3YAIbHBl M YOOOHBI I pabOTHl CHEIMAINCTOB
MpeAMETHON o0macth 0e3 TPUMEHEHHWs CHEeIHaIbHBIX
HABBIKOB MporpamMupoBanus. KoHCTpykTop OOpTOBOM
anmnaparypsl  JOJKCH HWMCTb BO3MOXHOCTH CTPOUTH
MO/Je1n (l)yHKl_Il/IOHI/lpOBaHl/ISI KOCMUYECKHUX CUCTEM, MPH-
MEHSISI TOTOBBIE MOZENN 00OPYZIOBAaHUS Pa3IMYHBIX ITPO-
W3BOJUTENIEH WM CO3[aBas COOCTBCHHBIC, BBINOJHSITH
MHTETPALMIO 1 33/1aHUE METOJIOB B3aUMOJICHCTBHS MOJIETIEH,
MTOITOTABIINBATh CIICHAPHH, MPOBOIUTH HMHUTAIIHOHHEIE
SKCIICPUMEHTHI, BBITONHATh aHANN3 W TPOCMATPUBATH
pe3yIBTaThl MOICTTHPOBAHUS.
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Jlyist HarnsAHOTO TOCTPOEHUST MOJIelNel, 3aJaHus UX
CTPYKTYpPbl M ONPENENICHUs CBSI3€d MEXAY 3JIEeMEHTaMu
aBTOPHI pa3paboTanyu METOIBI U MPOrpaMMHOE obecrede-
HHE HH(POPMAIIMOHHO-TPa(QUIECKOro MOJEITUPOBAHMS.
WMHCTpyMEHTBl NO3BOJIAIOT KOHCTPYKTOPY OIIEpUPOBATh
MPUBBIYHBIME CEMAaHTHYECKHMMM KOHCTPYKLUSAMHU IS
MOCTPOEHUsT MoJened ()yHKIIMOHUPOBAaHUS OOPTOBOM
anmnapartypbel. Meronbl (YHKIHOHUPOBaHUS Mojelei
3amar0Tcs B Buae mpaBui (condition-action rules) [13].
Crienmmanu3upoBaHHbIE HHCTPYMEHTHI (OpPMUPOBaHUS 0a3
3HaHui [14], pa3paboTaHHbIC aBTOPAMH, TO3BOJISIOT OIHU-
caTb pPas3IMYHbIE BapUAHThl MOBEACHHUS MOJEIHPYEMbIX
00bekToB. Pa3zpaboTaHHbIE OPUTHHAIBHBIC HHCTPYMEHTHI
NPOLUTM arnpoOalyio W TO3BOJMIM TOCTPOUTH MOJENHU
(GyHKINOHMPOBaHUS OOpPTOBOH ammapaTypsl KOMaHIHO-
W3MEPHUTENBHOW CHCTEMBI KOCMHUYECKOro ammapata [15].
Buenpenne ux B HMHQPACTPYKTYpPY HMMHUTAIIMOHHOTO
MOACJIHUPOBAHUA PpaCHIMPUT BO3MOKHOCTU IMOCTPOCHUA
MoJene M 00ecreunT WX MEPEeHOCHMOCTh M HWHTErpH-
pyeMocTb B KOMIUIEKCHBIE pemeHus. MHppacTpykTypa
JIOJDKHA COJEep)KaTh KaK IPOrpaMMHBIE KOMIIOHEHTBI,
crenu(uKay, UMUTAOHHBIE MOJAEIN M PE3YJIbTAThI
HKCIIEPUMEHTOB, TaK M 0a3bl 3HAHUH, KOHCOJIIMANPYIOLIHE
3HAHMS U OIBIT SKCIEPTOB MO CO3JAHMIO OOPTOBOIL arma-
paTypbl KOCMUYECKHX CHCTEM.

s peanu3zalyy TEXHOJIOIMU MOCTPOEHUSI KOMIUIEKCHOM
MoJlen OOpTOBOW amnmaparypsl TpeOyeTcs BBIIOJIHUTH
MIPOEKTUPOBAHNE KOMIUIEKCHOH MOJEIH, Peau3alnio
MoJleneli Ha OCHOBE IIPaBHJI, WMIOPT TOTOBEIX SMP-
MoOJielIed CTOPOHHUX IPOU3BOIUTENEH, HWHTErpaluio
MoJieNiel B KOMIUIEKCHYIO MOJIEIb, MOATOTOBKY K ITPOBE-
JICHUIO MOJIEJIMPOBAHUS, MPOBEACHNE WMHTAIMOHHBIX
SKCIIEPUMEHTOB, aHAIN3 W BHU3YAJIM3aLHUIO DPE3yJbTaTOB
MoenupoBanus (puc. 1).

Beinenenne (GyHKIMOHAIBHBIX 33134 TEXHOJIOTHHU I10-
CTPOCHHUSI KOMIUIEKCHOH MOoJenu OOpTOBOH ammaparypsl
MO3BOJIMJIO OIPEAEIUTh OCHOBHBIE NPOTPAMMHBIE MOAY-
I, HEOOXOAMMBIE [UIi MX PpEIICHUSA: HHCTPYMEHTHI
MH(POPMAMOHHO-TPA(QUYECKOTO MOJICIUPOBAHHUSI, MOJICHC-
TeMa HMHTErpaluy, PeJaKTop IpaBHJ, PEIaKTOp MOAEIH
U PEaKTop CLIEHApHEB, MIMUTAIIMOHHOE AP0, BKIIOYAIOIIEe
MIOJICHCTEMBI YIIPABJIECHUsI BPEMEHEM, MEHEIKep COObI-
THH, TOJICUCTEMA JIOTUPOBAHUS, MEXaHU3Mbl HMHUTAIHIOH-
HOTO MOJICIIUPOBAaHMS aHAIN3a W BBIIOJHEHMS TPABHII,
obo3peBarens pe3ynbTaToB. Kaskmas W3 yKa3aHHBIX
MOJICCTEM TpPEACTaBIAeT COOOM CIIeIMaTN3UPOBAHHBIN
HMHCTPYMEHT, NPEJOCTABIIAIOMINI PACIINPEHHBIE BO3ZMOXK-
HOCTH JUISI pelIeHns 3afad. BeICOkuit ypoBeHb mpobiem-
HON OpHEHTALUH 00ECIeYnBaeTCs 3a CUET HHCTPYMEHTOB
rpagu4eckoro MOZEJIMPOBAHMS M pEJaKTopa IPaBUIL
IIpobnemHass opueHTalUsl YHOPOCTUT HCIIOJIb30BaHHE
TOTOBOT'O IMPOTrPaMMHOI0 O0ECHEYEHUS! U IMOCTPOEHHBIX
MoJiesiell KOHCTpyKTopaMu OOpToBO ammapatypsl. Pea-
JM3anusl OTIEIBbHBIX IMPOTPaMMHBIX IIOJICHCTEM B BHJE
€INHOTO PEIICHNUS MPEJCTABIAET CKBO3HYIO TEXHOJIOTHIO
MOJICIIUPOBAHM M aHain3a (HyHKIIMOHHPOBAaHUS OOPTO-
BOM ammapaTypsl KOCMHYECKOTO anmapaTa.

ApXUTEeKTYpa HH(QPACTPYKTYPbl MOJCIHPOBAHUSA
OoproBoii ammapatypbl. Pa3paboTaHa apxuTekTypa
MPOTrPaMMHOTO O0ECHeUYeHus,, MPEeAHa3HAYEHHOTO JUIs
HMHUTALMOHHOTO MOJIETMPOBAaHUs OOPTOBOM ammaparypsl



Mamemamuxka, mexanuxa, ungopmamuxa

KocMudeckoro ammapara (puc. 2). TpeOoBaHus K QyHK-
LUMOHAJY W AM3aiiHy OIpEAEIeHbl, UCXOA U3 Ha3HauCHUS
CHCTEMBI, 0COOCHHOCTEH 00BEKTa MOJCIHPOBAHUS U KBa-
TUGHUKAIAA CHEIHAINCTOB MpodieMHON obmact. Ompe-
JIeTIeHbl TIPOTPaMMHBIE TIOCHCTEMBI, HEOOXOANMBIE IS
MIOCTPOEHHUS MOJENCH, MX HMHTETPalMd U IIPOBEACHMS
MMHTAIMOHHBIX 3KCIIEPUMEHTOB. SIIpO MMHUTAIIHOHHOTO
MOZENUPOBaHUS obecrieunBaeT Kak (pyHKIIMOHAIBHOCTD,
3aJI0)KEHHY10 B cTaHjapre SMP2, Tak U opuruHajgbHbIE
MIPOTrpaMMHBIE HHCTPYMEHTHI.

LleHTpaNbHBIM 3JIEeMEHTOM HHQPACTPYKTYPbl UMHUTa-
LIMOHHOTO MOJEIMPOBAaHUS sBiIsAeTcs OaHK Mopesen
n cuenapueB. OH obecrnieunBaeT enuHOe MH(OPMALMOH-
HOE IPOCTPAHCTBO JUIA IOCTPOCHUS M HCIOJIb30BaHMS
Mozelied, LENOCTHOCTh U KOHTPOJb BEPCHM M CIIY>KHUT
WHCTPYMEHTOM KOJJIEKTUBHOM pa3pabOTKH  KPYIHBIX
MOJIEIIEH CIIOKHBIX TEXHUUECKUX OOBEKTOB.

Jlnst momepKKM TIeHTpaIn30BaHHONW paboThl ¢ OaH-
KOM MoOJeliell porpaMMmHoe obecrieyeHne MHPpacTpyk-
TYpbl HUMHTALMOHHOTO  MOJISIUPOBAaHUS  Pa3ieieHo
Ha CEpBEPHYIO U KIMEHTCKYIO YaCTH.

TexHuyeckas JoKyMeHTaLus

Habik meTamopenen SMDL

CepBepHast 4acTb HMH(MPACTPYKTYpHl oOecIrieunBaeT
JIOCTYI K IIEHTPaAJIM30BaHHOMY XPaHHJIMIILY JaHHBIX: OaH-
Ky MOJENeH, CIIEeHapHeB M PEe3yJbTaTOB MMUTALMOHHBIX
9KCIIEpUMEHTOB. B cocTaB cepBepHO YacTH BXOIAT MOA-
CHCTEMBI JOCTyNa K JAaHHBIM M JIOTMPOBAHUS, KOTOpBIE
00eCIIeYnBAOT B3aMMOICHCTBHE C 0a30i AaHHBIX W (aii-
JIOBBIM XpaHWUJUIIEM. MexaHu3Mbl KOHTpPOJI BepcUi
U CHHXPOHM3AIMM IO3BOJSIT KOHCTPYKTOpaM OOpTOBOH
anmapaTtypbl Ha pado4nX MecTax JopadaThiBaTh U JOMOJ-
HATh UMHUTAI[HOHHBIE MOJEIU. ITO OCOOCHHO aKTYyaJIbHO
B Maciitabax OOJIBIIOTO MPEANPUATHS, TAC Pa3padOTKOM
OTJIEJBHBIX MOACUCTEM M WX MOJENICH 3aHMMAroTCsl pas-
JIMYHBIE CTPYKTYPHBIE TI0/Ipa3/IeNIeHNUSI.

Knuentckass wacTe IpOrpaMMHOrO  0OOeCHeYeHUs
mpeqHa3HaueHa Uil (DYHKIMOHWPOBAHUS Ha pabodmx
MeCTax KOHCTPYKTOPOB OopToBOW ammaparypel. OHa
MO3BOJISIET KOHCTPYKTOPY peliaTh BCE BOHUKAIOLINE MIPU
MOJEINPOBaHNH 3ana4. KOHCTPYKTOp MOXKET HCIOJIB30-
BaTh PEJAKTOpP MOJeNeH, MOJCUCTEMY IOCTPOCHHUS IIpa-
BWI U TOJCHCTEMY HWHTETpallid MOJEIEeH B CTaHIapTe
SMP2.

TexHuueckas [oKyMeHTaLus

| SMP2 cranpgapt
HazHauexue u A )
3anaum mogen ‘ MpoexT Mopenu SMP- PesyneTars Peaynetarhl
——m»]  [lpoekTi- Moaenu Ha npasunax y _xaranor ¢ CueHapum MOAENMpOBaHUs aHanwsa
poBaHue Peanusayus WHTer >
. " pauua Mogrotoska Mposenexue AHanus pesynb-
mmn;zkcuou Monanen Ha B KOMMMEKC- Mopeni- MMUT BUMOHHBIX TaTos Mogenu- [ ™
y MOAenn npasunax ®| yio Mogens poBaHus 3KCMEPUMEHTOB poBaHns
MpoekT Mogenu A A CbGopka A A
SMP-mopienu
SMP-monenu wa
Wmnopt
SMP- mogeneit
)
MNopcucTema uHgop- O6o3pesaTen
mauuoHHo-rpacudec- | Moacuctema | Pepaktop Pepaktop Pepaktop VMRN8 peaw?:mma g
KOrO MOfIENMPOBaHus | MHTErpauun | nNpasun mogenu clieHapues Aapo
Puc. 1. TexHo0rHsI HOCTPOCHHS KOMILJICKCHOM MO/Ie I GOPTOBOH ammaparypbl
Fig. 1. Technology of building a complex model of on-board equipment
NWEHTCKasA YacTb epBepHasn YacTb
i : | o |
|
: Pepaktop mogenu : : MNoacucrema |
r MYEeCKKn r HUA
| PEpHARCR e PepakTop npaswn | | florvposa |
| MHCTPYMEHTbI | | |
| | JlokaneHas | |
Obo3speBsartens cemso
Noacuctema gocryna | |
: PenakTop cueHapues pe3yNbTaToB : : A ) AaHH::.M Y |
| MmuTaumMoHHOE A4PO WCF <:> WCF |
| (oBazatencHbie mogynu ctaHgapta SMP) Knvenr || | |cepsep |
I | Time Keeper ” Scheduler | | Logger I [ I |
| | | Bbasa aaHHbIX |
| I Event Manager “ Link Registry I I Resolver I | | |
|
| | I |
| MNopcuctema MHTErpaymum | | .
daitnosoe xpaHunuwe | |
| | 3Kcnopt SMP || Mmnopt SMP | | | |
| I I

Puc. 2. ApxuTekTypa nporpaMMHOTO 00ecIedeHHsI HHPPACTPYKTYPEI

Fig. 2. Architecture of software infrastructure
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SAnpo MHPPACTPYKTYphl MMHUTAIMOHHOTO MOJAEIHPO-
BaHMS COJECPXKUT BCEe HEOOXOAMMBIE MOJYJIH, 33/laHHBIE
B ctaHgapte SMP2. Ha puc. 2 HamMeHOBaHUS MOIyJeH
NIPUBEICHBl B COOTBETCTBHM CO CTaHgapToMm: Time
Keeper, Scheduler, Logger, Event Manager, Link
Registry, Resolver. Time Keeper (xpoHOMeTp) ynpasiseT
BPEMEHEM MOJICTUPOBAHHA. DTOT MOLYJb HOAACPKUBACT
abCOIOTHOE M INIPOEKTHOE BpEMs MOJEIUpoBaHHs. Bce
MOJICIN CUHXPOHU3HUPYIOTCA 1 BBINIOJIHAIOTCA, 3allpallinBas
BpeMsl U U3MeHss BpeMs. Hannuue xpoHomeTpa 1103BOJIsET
06eCHe‘lI/lBaTI) Pa3JIMYHBIC PCKUMbI MOJACIIUPOBAHUA:
PEXUM PEalbHOTO BPEMEHH, YCKOPEHHBIH, MaKCUMaIbHO
OblcTpblid, momaroBelid.  Scheduler  (MTaHMPOBIIKK)
YIIPaBISIET BBINOJHEHHEM COOBITHH, 3aIlyCKaeT BXOIHBIC
TOYKH MOJIENH, NOOaBIIET WM yJaiasieT COOBITHS, KOH-
TPOJIUPYET CUETIMK ITOBTOPEHHH M BPEMS MEXIY ITOBTO-
pernAMHU A coObThid. Logger (MOZynb MPOTOKOIHPO-
BaHUS) 00eCIeUunBaeT OTIPABKY COOOIICHUH B MMHUTALU-
OHHBIN MPOTOKOJ I BceX 00BEKTOB B MMHUTaTOpe. Event
Manager (MeHemxep coObITHIT) oOecrieunBaeT riio0ab-
HBIA MEXaHHU3M yBeI[OMIleHI/lﬂ B COOTBETCTBUU C BXOJHbI-
MU TOYKaMH, CBA3aHHBIMU C rI100aJIbHBIMH CO6I)ITI/I§IMI/I.
Link Registry (peructpupoBanue cBsizeil) HOAIEpKUBAET
CIIMCOK CBsI3e MEXIy KOMIIOHEHTaMH, BO3BpallaeT
KOJUIEKLIUIO BCEX KOMIIOHEHTOB, KOTOPHIE HMEIOT CBS3b
C IIEJIEBBIM KOMIIOHEHTOM. MOMyib pPEerucTpupOBaHUS
CBSI3eH MCHONB3YeTCs Al YAAICHUS OOBEKTOB M3 MOJe-
mu. Resolver mojmepXuBaeT CCHUIKM HAa KOMIIOHEHTHI
10 UMEHH JMO0 110 MOJTHOMY WJIN OTHOCUTEIBHOMY ITyTH.

Penakrop Mojeneil BKio4aeT mojacucteMy uHpopma-
UOHHO-TPaUIECKOr0 MOJISIUPOBAHUS U PEAKTOP Ipa-
BuI. Pexakrop mpenocTaBiseT WHCTPYMEHTHI rpadudye-
CKOI'O MOJEJIMPOBAHUS U BU3YaJIbHOTO OTOOpaXKeHHUS
CTPYKTYPBl MOJAEIHPYEMOH CHUCTEMBI, MOJEINICH Io/cHuc-
TEM M CBsI3€i MeX Iy HUMHU. B pepakTop mMozeneit BXxoaur
TIO/ICHCTEMA TIOCTPOCHHST COOPKH, SIBJISIOIIAsCS 00s13aTeNb-
HoW B craHmapte SMP2. Iloacucrema cOOpPKH MO3BOIISET
CO3/1aBaTh KOMIIJIEKCHBIE MOJIEJIN, ONPENEIsisl OCHOBHBIC
1 pE3epBHBIC pealn3ali MOJeNe 000pyJOBaHMs, BXO-
JIOB, BBIXOJIOB M CBSI3€ll MEXKAYy MOJEIAMH. JlOmoJHu-
TEJIHHO B HAIIEH peanu3aluy MmoJcucTeMa cOOpKu oOec-
NICYMBACT MHTETPaIUio Mozenei B ¢popmare SMP2 ¢ mo-
JIeNIIMH, OCHOBaHHBIMH Ha mpaBuiax [16]. IToacucrema
IMOCTPOCHUS TIPpaBUII COACPKUT MHCTPYMCHTHI JJId OImruca-
HUSI TIOBEACHHS DJIEMEHTOB MOJEIM W HUX peakiui
Ha BXonHble BozneWcTBus. Iloxcucrema mpaBmin mpen-
CTaBJIsIeT COOOW MHTEIUIEKTYaIbHBI KOHCTPYKTOP, KOTO-
PBIN TpeuIaraeT MoJb30BaTEN0 BHIOMPATh JOIyCTHMBIC
JEUCTBHS WM ONEPAllM B 3aBHCUMOCTH OT CTPYKTYPBI
1 3JIEMEHTOB MpaBHJIA.

Hanuuue B mH(ppacTpyKType rpaiaecKoro pesakTo-
pa Mojened M MOACHUCTEMBI NPABMI BHITOJHO OTIHYAET
paspabaTbiBaeMyr0 HHOPACTPYKTYpy OT CYLIECTBYIOLIHX.
I'paduyeckne ¥  HMHTEIUIEKTYyallbHBIE  HHCTPYMEHTBI
MO3BOJISIIOT MHXKEHEPY-KOHCTPYKTOPY CTPOUTH MOJIEIHU
KOCMHYECKHX CHUCTEM, OIIEpUPYs TEPMHUHAMH U TIOHATUSIMA
MIpeAMETHOH 00sacTH, o0ecneynBaoT yao0CTBO paboThI
1 MUHHMH3HUPYIOT BO3MOKHOCTB omnOKu. Takoil moaxon
CHocoOCTBYeT (HOPMHUPOBAHHUIO M HAKOIUICHHUIO 3HAHHA
0 Merofax ()YHKIIMOHHPOBAHUS OOPTOBOH ammaparypsl
KOCMHUYECKHX CHCTEM.
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B crannapre SMP2 Mozaenb onuchbiBaeTCsi Ha SI3bIKE
Simulation Model Definition Language (SMDL) [17].
370 (popMaNBHEI SI3BIK TPEACTABICHI MOJETEH, KOTOPBI
MOHUMAETCsl BCEMH MH(PACTPyKTypaMH MMHUTAIIHOHHOTO
MoenupoBanus. B Hamieit nHbpacTpykType moacucremMa
MHTETPAIlUN BBIITONHSAET aBTOMATHYECKYI0 WHTEpIIpeTa-
nuto Mozene B SMDL-onucanuy, nononHAA €e CTpyK-
TypamMu ¥ MeXaHM3MaMH, TOJJICPKUBAEMbIMH B HH(]pa-
CTPYKTYpEe HMMUTAIMOHHOTO MopenupoBaHus. llpu sxc-
MOpTe MOZIENH HoacucTeMa (GOPMHUPYET BHIXOMHBIE (haii-
JIbl, BKJIIOYAIOLIME METaMOelb, OMOIMOTEKH MOJEINpPO-
BaHMs1, KOH(DUTypalnoHHble Qainbl. B oTinnume ot cyie-
CTBYIOIIUX HHQPACTPYKTYP, A HUMIIOPTA U SKCIOPTa
MmoJeneil B popmar SMP2 monp3oBaTento He moTpedyeTcs
3HaHHE HE TOJNBKO CHEIMATH3HPOBAHHOTO SA3bIKA MOJIENHU-
poBaruss SMDL, HO ¥ JOTONHUTENHHBIX HABBIKOB IIPO-
rpammupoBanus. [logcucrema Bkirouaer B ceds MHCTPY-
MEHTBI, TO3BOJIAIONINE uepe3 rpaduueckuil uHTEepdeiic
HACTpamBaTh MapaMeTPhl IMITOPTA U IKCIIOPTa MOJCICH.

Jns NOAroTOBKM MMHTAlMOHHBIX AKCIEPUMEHTOB
IpeJHa3sHauYeHa MOJCHCTEMa IIOCTPOSHHs CIEHAPHEB.
OKCIIEPUMEHTHl MOTYT OTpa)XXaThb PpasIHMYHBIE YCIOBHA
paboTel MozenmupyeMoil cuctemsl. [ Kakod Monemn
MOXET OBITh MMOCTPOCHO MPOM3BOJIBHOE YHCIIO CLIEHAPHEB
HMHUTALMOHHOTO MOJENUPOBaHMA. B wuHOpacTpyKType
TOIAeP KUBACTCS TIPUHIIUT OTICIICHHS 3HAHUN O METOIaX
(DyHKIMOHMPOBaHMSI MOJEIEeH OT HUX HCIIOJb30BaHMUS.
Peanuzyercst naHHBI NPUHLUI KaK Ha YPOBHE METOJIOB
JIOTHYECKOTO BBIBOJIa B 0a3ax 3HAHWH, TaK W Ha YPOBHE
(hopMHpOBaHHUS U BBHINOJIHEHUS CIIEHApPHUEB MOJAEIHPOBa-
HUs. MoJienb U IOCTPOEHHBIE ISl €€ UCIBITAaHUM CLEHa-
PUH MOTYT pelaKTHpOBaThbcs He3aBucuMO. [lomaeprkuBa-
€TCsl BEpCHOHHOCTh MOZenel u cueHapues. CuctemMa KOH-
TPOJISi BEPCHIl OTCJIEKMBAET COBMECTHUMOCTH MOJIEJEH,
HCTIOJB3YEMBIX B CIICHAPHUH, U TIPU CYIIECTBEHHOM H3Me-
HEHUHM COXpaHAET AakTyajJbHblE BapUaHTbl MOJENeil.
Takoil moaxon pacmIMpsieT BO3MOXXHOCTH IPOBEACHUS
MMHUTALHIOHHBIX SKCIIEPUMEHTOB H IIPEIOCTABIIET THOKHE
MEXaHU3MBI OTIAIKHA MOZICIICH.

Snpo mporpamMMHOro obecreueHHe CIpPOEKTUPOBAHO
TakK, 4YTO MO3BOJIIET BBIIOJHATH MOJEIN Ha OCHOBE CTaH-
nmapra SMP, a taxke MomenH, IOCTPOCHHBIE Ha OCHOBE
0a3pl mpaBWiI. SAPO MMHUTAIMOHHOTO MOJEIMPOBAHMS
MO3BOJISIET YNPABIATE CKOPOCTHIO M XOZOM IIPOBEICHHS
MMHUTALNOHHBIX JKCIIEPUMEHTOB. B ero 3amadm BXOIAT
c6op unpopmanuu o GyHKIHOHUPOBAHUH MOJIENN B IPO-
EeCCE€  BbIIIOJIHCHUSA UMHUTAUOHHOI'O 3KCIIEPHUMCHTA,
KOHTPOJIb OYEPEAHOCTH Iepeadd COOOMICHUH MeXIy
OJI0KaM¥U MOJIENT ¥ M3MEHEHHUS! UX BHYTPEHHETO COCTOS-
HUs. 3all0KeHHbIC B (YHKIMU SApa MEXaHU3MbI CIICIST
32 U3MEHEHHEM BCEX IapaMeTPOB MOJAETH M COXPAHSIOT
nx Ha cepepe. CoXpaHEHHBIE JaHHBIC MO3BOJIIOT
BBIIIOJIHATH peTpOCHeKTPIBHbIﬁ aHaJIn3 HMMUTAIIMOHHBIX
9KCIIEPUMEHTOB.

Peanm3anus ommMcaHHBIX B ApXUTEKTYPE MPOTPAMMHOTO
obecrieueHns (PyHKIMOHAIBHBIX MOJCHCTEM B HH(]pa-
CTPYKTYpEe HMHTAI[HOHHOTO MOJEIMPOBAHUS ITO3BOJIUT
C03[1aBaTh, EPEHOCUTh, HHTETPUPOBATh U COBMECTHO
HCIONb30BaTh HMUTALUOHHBIE MOJEIU PAa3IUYHOTO
Ha3HAYEHUs, B TOM YHCIIE PA3HBIX IPOU3BOJUTENIEH.
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3akaiouenue. [IpeyioxkeHa TEXHOJIOTHS MOCTPOCHHS
MHPPACTPYKTYphl UMHUTAIIMOHHOTO MOZEIMPOBAHUS, I10-
3BOJISIIOINAS CO3/IaBaTh HHCTPYMEHTAJIbHBIE CPEICTBA LIS
TIOCTPOEHHUS, BBIITOJHEHHUS W HHTETPalii UMHATAMOHHBIX
Mozened (QYHKIMOHHUPOBaHHUA OOPTOBOHM ammapaTypsl
KOCMUYECKHX ammaparoB. TexHonorus 3agaer oOmme
NPUHLMIIE CO3JaHN MMUTAIMOHHBIX HHPPACTPYKTYp Ha
ocHOBe craHaapra SMP2 u MoxeT OBITh HCIIONB30BaHA
JUTA pa3/InYHbIX HAYYHBIX ITPOCKTOB.

Pa3paborana apxutekrypa MHQPACTPYKTYpbl UMHUTa-
IUOHHOTO MOJCIMPOBAaHUs OOPTOBOI ammaparypbl KOC-
MHYECKOTO armapara, KOTopasi COAEPXHUT KOMIOHEHTHI
JUIsl 00eCreYeHUs] WHTEIPUPYEMOCTH M NEPEHOCHMOCTH
MMHTAIMOHHBIX MOJIEJed MEXIy CHCTEeMaMHM HMHTALH-
OHHOTO MOJEIMpOBaHus. JlomomHeHne yHH(UIMPOBaH-
HBIX Mojienei 6a3aMy 3HaHWH ¥ CEMaHTHYECKHMHU KOHCT-
PYKUMSIMH TIpEJIMETHOW obJsiacTh oOecrieurBaeT (pOpMU-
pOBaHME, COXPAaHEHHE M TUPAKUPOBAHUE YHHKAIBHOTO
OIBITA M 3HAaHMH CHELHATNCTOB-KOHCTPYKTOPOB OOpTO-
BOW amnmaparypbsl KOCMHYECKHUX CHCTEM.

[TocTpoeHHass HA OCHOBE NPEIOKEHHOW TEXHOJIOTHH
PEMETHO-OPUCHTUPOBaHHAS MHPPACTPYKTYpa CIIOCO0-
Ha TIOAJCP)KUBATH COBMECTUMOCTH M IIEPEHOCHMOCTH
MMHTAIMOHHBIX MOJENEH MEXAy pa3IuYHbIMH HH]pa-
CTPYKTYpaMH, TIPEIOCTaBIsisl yNOOHbIE HMHCTPYMEHTHI
WH(POPMAMOHHO-TPa()UIECKOTO W HWHTEIUICKTYAIBHOTO
MozenupoBanus. [Ipumenerrne nHPacTpyKTypsl UMHTA-
LMOHHOTO MOJEIUPOBAHUS OOECIEYUT BO3MOKHOCTB
cO3JaHusi Mopeneld OOpTOBBIX CHCTEM KOCMHUYECKHX
annapaToB, pa3pabOTKH CLEHAPHEB MOJICIHPOBAHMUSA,
MNpOBE€ACHUSA UMHUTALIMOHHBIX 3KCIICPUMEHTOB W aHaliu3a
UX pe3yJIbTaTOB.

Baarogapuoctu. HMccienoBanue BBIINOJHEHO IIPU
¢unancoBoit moaumepxkke PODOU u IlpaBurenbcrsa
KpacHosipckoro kpas B paMKax Hay4HOI'O IIPOEKTa
Ne 16-41-242042.
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ABOUT TORSION OF PARALLELEPIPED AROUND THREE AXIS
S. I. Senashov', I. L. Savostyanova, E. V. Filyushina

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

The theory of limit state deals with statically determinate condition of solids. In this case the system is closed due to
extreme conditions, such properties of matter such as viscosity, elasticity, etc. cannot influence the limit state. In other
words, when reaching the limit state the nature of the relationship between stress and strain has no effect on the ulti-
mate state. The study of such systems has been consistently pursued by D. D. Ivlev and his coauthors. To the equilib-
rium equations they attached two or an equation relating the components of the stress tensor. This led to the closure of
the system of equilibrium equations. In the theory of plasticity equations, which are closed with a single yield stress are
studied well. The most well-known system describing the ultimate state of deformable bodies are well-studied equations
describing the torsion of the plastic bodies, the two-dimensional stationary problem of the theory of plasticity. The arti-
cle discusses some other systems of equations which are closed only by one equation of flow, which corresponds to the
classical theory of plasticity. It is assumed that the components of the velocity vector depend only on two spatial coor-
dinates. In addition, for the component of velocity vector conditions of deformations compatibility are performed identi-
cally. The constructed systems can be used to describe the twisting of the parallelepiped around the three orthogonal
axes. For the constructed system of equations point group symmetries, conservation laws have been found. It is shown
that the system allows 8 -dimensional Lie algebra. On the basis of the symmetry group some classes of invariant solutions
of rank 1 have been constructed. They depend on arbitrary functions of one variable. It is shown that these solutions
can be used to describe plastic torsion of a parallelepiped around three orthogonal axes. It is shown that the system
admits infinite series of conservation laws. The concluding paragraph describes the construction of elastic solutions
to the problem. It is shown that it boils down to finding three harmonic functions.

Keyword: plasticity theory, limit state, the exact solutions.
Cubupckuii xypHan Hayku 1 TexHonoruit. 2017. T. 18, Ne 3. C. 545-550
O KPYUEHUU MAPAJUIEJIENIUIIEJA BOKPYT TPEX OCEM
C. U. Cenawos’, U. JI. CaBoctssinoBa, E. B. ®umommna

Cubupckuii rocy1apCTBEHHBIN YHHBEPCUTET HAYKH U TEXHOJIOTHH MMeHH akanemuka M. @. Pemernena
Poccutickas ®enepamus, 660037, r. KpacHosipek, mpoctt. uM. ra3. «KpacHosipckwuii paboumii», 3 1
*. . .
E-mail: sen@sibsau.ru

Teopus npedenvbno2o coOCMOsiHUL uMeem 0en0 cO CIMAMU4ecKyu OnPeoerumMblM COCMOsTHUEM meepovix mei. B smom
cyyae Cucmema 3amMKHyma 3a cuem npeoebHbIX YCI06Ull, U makue C0UCMea Mamepuu, Kax 633K0Chb, YpyeoCHb U m. .,
Ha npedeivbHoe COCMOosHUe 6IUAMb He MO2Yym. JIpy2umu Cl08aMu, npu OOCMUNICEHUU NPEOeIbHO20 COCIMOAHUA XapaKmep
CBA3U MeIHCOY HANPANCEHUAMU U Oehopmayusmy He OKasvleaem GIUAHUsL Ha npedenvHoe cocmosnue. HMccreoosanue
maxkux cucmem nociedogamensvro nposooun /1. Ji. Heneea u eco coaemopul. K ypasnenuam pagrnogecus onu npucoeou-
HAMU 08A UNU YPABHEHUs, CEA3bIBAIOUUEe KOMNOHEHMbL MeH30pa HANPSCeHUll. Dmo npusoouio K 3amMKHYmMOCmu CUc-
membl ypasHerull pagnosecus. B meopuu niacmuunocmu Xopowio uzydervl YpagHeHus:, Komopbie 3aMbIKaromcs 0OHUM
npedenom mekyuecmu. K naubonee uzgecmuvim cucmemam, onucvlearouum npeoeibHoe cocmosnue 0ehopmupyemoix
mej, OMHOCAMCA XOPOULO UCCTIe008AHHbIe YPABHEHU, ONUCHI8AIOWUe KpYUeHUe NIacmuieckux mei, 08yMepHble 3a0auu
cmayuoHapHotl meopuu niacmuyHocmu. Paccmompensi Hekomopule Opyaue cucmembl YpagHeHull, Komopbie 3aMbIKAOmCcs
MONLKO OOHUM YPABHEHUAM MeKy4ecmu, 4mo cOoOmeemcmeayem Kiaccuyeckou meopuu niacmuyrnocmu. Ilpeonona-
2aemcs, 4mo KOMHOHEHMbl GEKMOPA CKOPOCMEU 3a6UCAm MOIbKO Om 08YX NPOCMPAHCMEEHHBIX Koopounam. Ilpu
9MOM 051 KOMNOHEHM 6eKMOpa CKOpocmu O0ehopmayuti 6bINOIHAIOMCA MONCOECMBEHHO VCI08USL COBMECHOCMU
oeghopmayuii. Illocmpoennvie cucmemvl Mocym Oblms UCHONBL308AHbL OJisL ONUCANHUSL KDYUEHUs NApallelenunedd 8OKpye
mpex opmo2oHANbHLIX ocell. [{isi ROCMPOEHHOU CUCeMbL YPABHEHUT! HATIOeHbl MOYedHbLe SPYNNbI CUMMEMPUL, 3aKOHbI
coxpanenus. Ilokazamo, umo cucmema Oonyckaem eocbMumepHylo aneedopy Jlu. Ha ocnoee epynnel cummempuii
NOCMPOEHbl HEKOMOopble KAACChl UHBAPUAHMHBIX peuwtenutl panea 1. Onu 3a8ucim om npousBoNbHbIX GYHKYULL 0OHOU
nepementnou. Ilokazano, umo 3mu peuieHuss MOHCHO UCNONb308aMb OJil ONUCAHUA NAACTIUYECKO20 KPYYeHUs napai-
Jenenuneda 8OKpye mpex opmo2oHAIbHuIX ocell. Tlokazano, umo cucmema OOnycKaem OeCKOHeUHYI0 Cepurd 3aKOHO8
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COXpAaHeHUusl. Onucano nocmpoeHue ynpy2oco peulerus NOCMABNIeHHOU 3a0a4uU. HOKaS’aHO, UMmo OHO C8OOUMCS K HAXO-

JHCOCHUIO MPEX 2APMOHUYECKUX YHKYULL.

Kniouesvie cnosa: meopus niacmudHocmu, npedeﬂbyoe cocmosrue, movHvle peulerusl.

Introduction. Some tasks of the deformable solid
body mechanics are studied rather well. These are
so-called statically definable tasks. These tasks deal with
torsion of prismatic bars and with plane strain state. They
belong to the wide range of tasks — limit state of deform-
able bodies. The theory of the limit state is one of the
fundamental sections of the deformable solid body
mechanics [1]. The theory of the limit state deals with
statically definable state of solid bodies. In this case the
system is closed at the expense of limit conditions and
such properties of matter as viscosity, elasticity, etc. can-
not influence the limit state. In other words once the limit
state has been achieved, the nature of relation between
stress and strain does not influence the limit state. Some
of such systems are considered in [1-3].

In the first part one system of plasticity equations
which describes the limit state is considered. This system
can be used for the description of plastic current around
three orthogonal axes.

Problem setting. Suppose x = x|, y = X, z = X3 —
orthogonal axes, u, v, w — components of velocity defor-
mation vector, e; — components of velocity deformation
tensor, 6; — components of stress tensor. Components of
stress tensor conforms with the equilibrium equations

9,0, =0. (1)

On the repeating indexes summing is supposed. De-
viator of stress tensor and deformation velocity tensor are
coaxial

2

where 3; — Kronecker delta; A — unspecified nonnegative
function, 3p = o,

Equation system (1)—(2) closes by Mises yield condi-
tion

Oy ~ ;P = hey,

(o1 =p) +(00 —p) +(05-p) +

2 2 2 2
+2(of, +0p + 0% ) = 2k5. 3)
It is known [1] that in case of prismatic bar torsion
around oz axis, the field of deformation velocities is as
folows

u=-yz,v=xz, w=wxy). 4)
Generalizing ratios (1) we will demand
u=uyz),v=v(xz),w=wkx,y). ®)

We will construct the system of equations correspond-
ing to the field of deformation velocities. As a result
we receive the following system which will be researched
in the study presented

8yr' +0.17"=0,p, 0,1 +0,7° = 0,p,
0.1 +8yr3 =0.p, (Tl )2 +(r2 )2 +(r3 )2

The system of equations (6) can be used, in particular,
for the description of rectangular parallelogram in the
plastic state torsion around three axes (see a figure.).

(6)

=kg.

The torsion of parallelepiped around the three axes

Kpyuenue napamienenumnena BOKpyr Tpex oceit
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We will assume that the parallelogram twists around
axes of ox, oy, oz in equal and opposite pairs of forces
with the moments M, M,, M. At the same time there are
some limit moments M, M,, M3 when the parallelepiped
passes into the plastic state and begins to twist. From the
system (6) it is visible that such task is statically definable
and can serve for limit moment values finding via formulas

Ml* = ”(yrz -zt )dydz,

M; = _U(zrl —xt° )dxdz, @)

M; = ”(xr3 —yt? )dydz.

Except the moments (7) the body is affected by hydro-
static pressure

P|z =P,

> — lateral surface of a parallelepiped.
We will now study some properties of the system (7).
1. Characteristic surfaces of system (6).
The system (6) contains the finite ratio, connecting

values t',1° ,T5. After having differentiated it on x, y, z
we receive the system

1 2 1 3
0,T +0,1" =0,p, 0,1 +0,T =0,p,
2 3
0,1 +0,T" =0,p,
0.1 +1%0, 7 +7°0, 7 =0, (8)
Iy 1, 24 2 34 3_
16},1 +7T 6y1: +7T 6y1: =0,
0.t +1%0.7° +7°0.7° =0.

Let’s represent the equation of the characteristic sur-
face of the equation system (9) as

\V:\V(xayaz)s )

Characteristic surfaces of the system (8) are found
from the determinant

oy o,y o,y 0

oy oy 0 Oy

=0. (10)
gy 0 dwy 0o,y
0 7! 2 o

Note. 1t is easy to see that all three latter equations of
the system (8) give identical lines in the determinant (10).

Expending the determinant (10) on the last line we
receive

rlaz\v((é’z\v)2 ~(@.w) -(o,u) )+

+20,u((0,w) ~(@.) -0’ )+
+ f3axw((5x\v)2 ~(0,v) —(@z\v)z) =0.

This equation can be written as

t'n, (27132 —1)+T2n2 (an —l)+7:3n1 (27112 —1) =0, (11)
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o,y o, A
where 1 =——=, n, =—, N =———.
(V) (Vw) (V)

One of solutions of the equation (11) which does not
depend on values 12,7 s

2t =1,

1

i=1 2, 3.
Therefore, an angle between the normal to a character-

ristic surface y(x,y,z)=0 and vector n equals i%.

Set of elements of the characteristic surface forms the

solution cone i% around the direction which is defined

by the third root of the equation (11) and depends on tension.

Point symmetries of the equation system (6). Point
symmetries are widely used in the studies of differential
equations. Necessary data on symmetries and their appli-
cation to the equations of plasticity and elastic plasticity
can be found in [4-8]. Since the system (6) contains finite
ratio, we should work with its consequences, which looks
like (9), where for convenience the following designations
are entered

0,v =q, 0,7 =¢qf, 0,7 =¢qj, O, p=yq etc,

1, 2_ 4 1,3 4 2. 3 4
9 t493 =41, 91 t493 =495, 41 ¥4, =43,
‘clqll+12q12+r3ql3:0,

rlq; +12q§ +r3q§ =0,

(12)

11, 22,33
Tg+tg; +1g; =0,

[ () 0 =

We will search for point symmetries relative to which
the diversity determined by the system of equations (12)
is invariant.

According to Lie-Ovsyannikov’s technique, we will
search for the admissible operator of point symmetry
in view of

X:gfﬂm"i, j=1,2 3 i=1, 2,3, 4 (13)
ax, v

We continue the operator (13) on the first derivatives
by formulas

)?:X+g2£,

,. (14)
oqy,

. . , Pl B
where ¢t =D, (n')-¢'D, (¢?), D, =—+qi —.
Sk k(n) qp k(C ) k o, qi or
With the operator (14) we affect the system of equa-
tions (13) and transfer to the diversity set by this system.
As a result we receive polynoms of the second level

in relation to “internal” — endogenous variables qkz,,q,z.

“External” — exogenetic variables g¢},q; are determined

from the system (12) via endogenous variables. In the
received polynoms of the second level we equate coef-
ficients to zero in case of the first and second levels of
endogenous variables. It allows to receive the redefined
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system of linear differential equations with respect to
coefficients q,f,q,f. Solving this system, obtained is the

following result.
Theorem. The system of equations (6) allows Lie
algebra Lg, generated by operators

NI R
Ox; Ox; op
)(12—x2i x|i+rzil—rliz,
ox, 0x, ot ot
0 0 0 0
Xz =X ———x— 1—7—3—?
[ 0x, ot ot
Ko ey Ly 2 2l
0Ox, Ox; ot ot

Availability of the operators X;, i = 1, 2, 3, 4 means
that the system (6) allows shifts and stretching on axes x,

y, z xl'. =x;+a;, 1=1,2,73, x; =x;expa,, shift for
hydrostatical pressure p'= p+as, as well as rotation

around three coordinate axes.
2. Invariant solutions of equation system (6).
2.1. Let’s create invariant solution relative to subalgebra
generated by the operator
x =2
oz
This type of solution should be searched in the follow-
ing view

=1 (x,y), p:p(x,y). (15)
We add (15) in system (6) and we obtain
0,7 =0,p, 0,7 =0,p, 0,7 +0,T° =0,
(O +(2) () =& 1o
From (16) easily obtain
T=f(x+y)re(x-p), p=f(x+r)-g(x-»), an

6},r1 +0,t" =0,p.

Now functions t2,7° are determines from the equation
systems
2 2 2
0.7 +0,0 =0, () +(7) =k (<) . @8)
The equation system (18) describes the bar torsion in
the conditions when the yield stress (limit of fluctuation)
depends on variables x, y. These tasks are considered
in [4] and in the literature quoted.
2.2. Let’s construct the invariant decision relative
to subalgebra generated by the operator Xj,. This operator

in cylindrical coordinate system 78z looks like X, = ﬁ
00

In this case the system (6) will be written as follows
aetrG +az‘crz = rarpa rartre +raztez + 2Tr9 = aep7

rﬁr‘crz +69T62 + T = azP’ (19)
To + T + T, = ks

Invariant solution in this case is determined from the
following system
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0,1, =r0,p, r0,T,q+70,Ty, +27,4 =0,

rarrrz + T = azp’ (20)

Ty +125 + 15, = ks

In this case T,, is determined from the linear differen-
tial equation

ro 1, +r’0Xt,. —1,_ +r°02t, =0.

rz rz

Other functions are determined from the system (21).

3. Conservation laws of equation system (6).

Conservation laws are applied to solutions of elastic —
plasticity equations. Necessary determination and exam-
ples conservation laws usability can be found in [9—15].

Let’s find conservation laws of equation system (6)
in the following view

8XA(11,12,13,p)+ay3(rl,12,13,p)+
+6ZC<TI,12,13,p) =0.

The equate is done on the account of equation system (6).
From this follow the ratio

X,A-10,B+1'9,C =0,
X;;B-70,4+10,C=0, X,,B-1°0,4=0,
X,,C-1'9,4=0,
X;C+1'9,B=0, X;3;4-1°0,B=0,

where X, =—t28t1 +’E1512, X5 =—T3(311 +11813.
Let’s show that these equations are compatible. Sup-
pose 0,4=0,B=0,C =0, than — one of the solutions

will be the infinite series
A(S).B(S),C(S),

where S:(rl)2+(12)2+(r3)2, A(S),B(S),C(S) -

random differentiable functions.

Remark. Are there other laws? Not stated, but accord-
ing to the author other conservation laws do not exist.

4. 1Tt is clear, for the system (6) tension state is the
most relevant. Supposing it is known. Than to find three
components of the velocity vector we have three equa-
tions

t=hey, T =hey, T =Ley, 1)
where
2e, = 8yu +0,v, 2e5=0,u+0,w,
(22)
2e;; =0,v+0,w.

Let’s show that the equations (21) can be solved
in terms of deformation velocity tensor components. It is
known that except the equations (21) deformation veloc-
ity tensor components shall satisfy equations of compati-
bility as well. Owing to ratios (22) and (5) only six
of them remain.

a>2fy612 =0, 0r.e5=0, aizex =0,
o (aer3 —0.e5—0,e; ) =0,
0, (0,5 —0.¢,, —0,ex5) =0,
0.(0.e,— 0,6, -0,e5) = 0.

(23)



Mamemamuxka, mexanuxa, ungopmamuxa

Theorem. The compatibility equations of deformation
speeds are done identically.
In this case from (21) we have

2
1 2, 2, 2\ 22
(T ) (612 te +e23)— kseiy,
2\ ( 2 ) = k22
T €y T3 T3 | =Kg3,

2
3V (2 o2 .2 )22
(‘E ) (e1z+e13+ez3)—kse13~

Equation system (24) is a system of linear homogeneous

24

equations relevant to variables ey, efs, e5;. Its determinant is
-8 &) ()
() @8 ()
O I (O I G
This determinant equals zero as the amount of all lines

is equal to zero. It means that the system (24) has only
two independent equations for three components of a

deformation speed tensor. For example, value ej, can

be picked up randomly, thus for the given tension state,
defined from the system (6), velocity field is defined with
the functional arbitrariness.

5. In this part we will consider three-dimensional
equations of elasticity in static. The system of equilibrium
equations is described using equations (1), relation be-
tween components of stress tensor and deformation tensor
is as follows

(011 —v(0oy, +033 ))

e = £ >
B (022 —v(o), +03;3 ))
€p = E )
(25)
B (033 _V(Gzz +011))
€43 = )
E
c c
€12 :_21; > €13 :2_1:3 €23 :_22; >

where € deformation tensor components, E,,v elastic

constants.
Supposing vector deformation components are as fol-
lows

wo=w (1.2), wy,=w,(x,2), wy=w(x,z). (26)
Inserting (26) into (25) we obtain
6yw1 +0,w, :&, O,W, +0, Wy :&,
. @7)
0wy +0, Wy =2,
z"™2 y"3 2“

In this case equation (1) with regard to (26), (27) is as
follows
ayywl + azzvvl = 0’ a)cxm)2 + 8zz‘/VZ = 0’ (28)
0 W, +6yyw3 =0.
It is shown that components of deformation vector are
harmonic functions. The solutions obtained here can be

used for the description of elastic status of the parallelepi-
ped twisted around three orthogonal axes. The moments
are defined from formulas (7). As g, +g,, +&33 =0,

dilatation (volume change) is equal to zero. The solution (27)
describes vortex movement characterized by the vector ®

W W, W

Herewith movement paths will be vortex lines which
are defined from the equation

dx _dy _dz
W W W3.

Conclusion. In the present work for the first time con-
sidered is the system which can be used for the analysis of
stress state appearing under torsion of the parallelepiped
around three orthogonal axes. At that it can be in either
plastic or elastic state.
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AIRCRAFT MONITORING IN REMOTE AREAS VIA THE LOW-ORBIT SATELLITE
COMMUNICATIONS SYSTEM “IRIDIUM” ALONG WITH THE GSM DATA TRANSMISSION
THROUGH ASC-6 TELEMETRY TERMINAL

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

Reshetnev Siberian State University of Science and Tehnology
31, Krasnoyarskiy Rabochiy Av., Krasnoyarsk, 660037, Russian Federation
"E-mail: aakzigitov88@mail.ru

One of the most important aims of air traffic control is continuous positioning of aircraft, which makes it possible to
control a given flight plan and record deviations from the route, along with organizing search and rescue operations in
case of an accident or a disaster. Great difficulties arise when performing this task in areas where there is no radar
station in the mountains, forests, at high latitudes or at extremely low altitudes. This problem can be solved by using
satellite navigation systems, satellite communication systems and automatic vehicle monitoring.

In order to communicate with the control center, it is advisable to transmit data packets of up to 340 bytes contain-
ing information about the location of the aircraft and its status. This can be done via GSM mobile networks, and in
areas where there is no communication of this kind, via the satellite communications system “Iridium”. To put these
two possible ways of communication into practice, the aircraft must have on board an ASC-6 GLONASS / GPS terminal
(a vehicle-compatible modification), which determines location, speed and heading of the aircraft. It is also able to reg-
ister a number of other parameters, such as the status of the analog / discrete inputs, and RS-232 connected sensors
indications. This makes it possible to transmit to the control center not only the geographical position data, but also the
speed of the aircraft and other operational data. A special communication module SM-1 can be used to support the sat-
ellite communication, as it is ASC-6 compatible through RS-232 interface.

Keywords: GPS, GLONASS, Iridium, monitoring device, GSM, telemetry data, transmission.
Cubupckuii xypHan Hayku 1 TexHosoruit. 2017, T. 18, Ne 3. C. 552-557

MOHHUTOPHUHI BO3AYHIIHBIX CY1IOB B BLICOKUX HIUPOTAX NIOCPEACTBOM
HNCIIOJIb30BAHUSA CITYTHUKOBOMU CBA3U «MPUINYM» HA OCHOBE
TEJEMETPUYECKOI'O TEPMHUHAJIA ASC-6

A. P. Axsurutos , H. U. Cranenko, H. C. ITucapes, A. H. E¢pumosa, A. C. AHIpoHOB

Cubupckuii rocyiapcTBEeHHBIN YHUBEPCUTET HAYKH U TEXHOJIOTHI UMeHHU akajgeMuka M. @. PemerHeBa
Poccuiickas ®enepamms, 660037, r. KpacHospck, mpocn. uM. ra3. «KpacHospckuii pabounii», 31
*. . . . .
E-mail: aakzigitov88@mail.ru

O0HOIl U3 BadICHeUWUX 3a0ay 8 0becnedeHUl B030VULIHO20 OBUIICEHUS ABTIEMC S HENPEPLIBHOE OnpedeneHie Mecmo-
nonodcerus 8030yuiHblx cyoos (BC), umo 0aem 803m02cHOCHb KOHMPOAUPOBAMDb GbINOIHEHUE 3A0AHHO20 NAAHA NOJlemd
U uxcuposamv OMKIOHEHU O MAPUPYMA, A AKIICE 6 CyYde Agapul Wil Kamacmpogol He3amMeOnumenbHo npoeo-
Oums NOUCK, OBHApYdICeHUe U cnacerue 030YWHbIX Cy008. borvuue mpyoHocmu 603HUKAIOM NPU 6bINOJHEHUU OAHHOU
3a0ayu 6 paiioHax, 20e OMCYMCmYIom pAaoUOIOKAYUOHHbIE CIAHYUL, 8 2OPHbIX MECMHOCMSAX, NECHbIX MACCUBAXx,
6 BbICOKUX WUPOMAX U HA MATIbIX U NPeOelbHO MAablx 8blcomax. Llenecoobpaszno pewiams 0annyro npobiemy ¢ ucnoib-
306aHUEM CHYMHUKOBLIX HABUSAYUOHHBIX CUCTEM, CHYMHUKOGLIX CUCMEM CS3U U CUCEM A8MOMAMUYEcKO20 MOHU-
MOPUH2A MPAHCROPMHBIX CPEOCE.

s obecneuenus cesisu BC ¢ oucnemyepckum yeHmpom npeonazaemcs nepedasams naKemvl OaHHbIX, codepaicaujue
ungopmayuro o mecmononodxcenuu BC u eco cocmosanuu, obvemom do 340 daiim, 013 5moeo 6y0ym ucnoib308amecs
mobunvnvle cemu GSM, a 6 pationax, 20e omcymcemesyem OauHbwlll U0 C6:3U, OYOYM UCNOTb308AMb CHYMHUKOBYIO C6513b
«Hpuouymy. J{ns pewrenus ROCMAGLEHHbIX 3a0ai NPeOLoNCEHO UCTIONb308AMb HA HOPMY 8030YUHO20 CYOHA MEPMUHAL
ASC-6 I'TTIOHACC/GPS, npeonasnauennsltii 015 YCMAHOBKU HA MPAHCNOPMHOE CPeOCmE0, Pecucmpupyouutl Mecmo-
nonodicenue, ckopocms, nanpasnenue dgudicenusi BC. Taxoice donoanumensHo o cnocoben pecucmpuposams psio opy-
2UX napamempos, Makux Kaxk COCMOSHUS AHAN0208bIX/OUCKPEMHBIX 6X0008 U NOKA3AHUSL OAMYUKO8, NOOKIIOUEHHbIX
no unmepgeiicy RS-232, ymo nozeonum nepedasamv 6 OucnemuepcKuil NyHKm OauHble He MOTbKO 0 2e02papuueckom
NOLOACEHUU U CKOPOCMU 8030VUIHO20 CYOHA, HO U OAHHbIE O COCMOSHUU e20 pabombl. [l obecneyenus CRymHUKOBOU
c6s13u Oyoem UCnob308an MOOYIb CHYMHUK0BoU cészu SM-1, komopwiti 6ydem unmezpuposamuvcs no unmepgeticy RS-232
¢ mepmunanoHuim 0b6opyoosaruem ASC-6.

Knroueswvie cnosa: GPS, ITTOHACC, Iridium, ycmpoiicmeo monumopunza, GSM, nepedaua menemempuseckux OaHHbIX.
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ABMGMMOHHG}Z U paKkemHo-KoCmMu4ecKkas mexnuka

Introduction. Every year new and more advanced
technologies come into different spheres of human activi-
ties. At the beginning of the 21* century the global posi-
tioning system GPS, and its Russian analog, the Global
navigation satellite system (GLONASS) [1; 2] found wide
application in many ways, especially in the sphere of
transportation. They are widely used in satellite monitoring,
which provides determination of mobile objects geo-
graphical position, and of their status. To improve trans-
port operations, different remote control devices installed
in vehicles perform functions of collecting and transmit-
ting data to the control center [3]. For transmission
of packet data, GSM communication system is generally
used, as it is not expensive and easily accessible (in most
cases frequencies 890-915 MHz are used [4]). However,
for aircraft monitoring in remote regions there may be
certain technical limits in the use of GSM. To solve this
problem, the preference was given to the satellite com-
munication system “Iridium”(the choice was based on the
analysis of different satellite systems).

Iridium. To provide reliable data transmission in air-
ground communication, the Iridium satellite system
is a better choice among other similar systems. Compared
to high-orbital and medium-orbital satellite communication
systems, low-orbital systems have a number of advan-
tages: low minimum delay (~ 250 mps), small-size anten-
nae, simultaneous communication via several satellites,
low-costs equipment [5].

Among the services provided by the Iridium Company,
short SBD data packet service is the most appropriate and
efficient. It gives an opportunity of short information
message exchange between the terminating equipment
and the central computing system. Mobile-originated SBD

message may come up to 1960 bytes, Mobile-terminated
SBD message may contain up to 1890 bytes [6]. As the
SBD Iridium service uses only the access stage in case of
regular interconnection, it does not pass through the entire
channel from the Iridium gateway to the switchboard and
thus has a shorter delay in establishing the connection [7];
this factor plays an important role in the choice of the
particular service. High-speed connection and small
amount of data makes it possible to transmit the necessary
information within a short period, providing a continuous,
reliable communication.

ASC-6. For collecting and transmitting data, such
subscriber telemetry terminals as ASC-6 has also proved
efficient (fig. 1). The ASC-6 GLONASS/GPS terminal is
devised to be installed in vehicles. It registers the loca-
tion, speed and direction of the vehicle [8]. A navigation
problem can be solved by means of the global GLONASS
navigation system, GPS global positioning system, or
using both these systems simultaneously. The terminal
can be used for any kind of stationary and mobile objects
and vehicles. In addition, it is capable of registering some
other parameters, such as status of the analog/discrete
inputs and the indication of sensors connected through
RS-232 interface. The terminal saves all recorded events
and statuses in a non-volatile memory. The stored data are
transmitted through a mobile operator network of the
GSM 900/1800 standard, using the technology of GPRS
packet data transference to the allocated server with
a static IP address, from which they can be acquired
through the Internet by control centers for further analysis
and processing. To keep the communication reliable, the
terminal supports the installation of two SIM cards of
different mobile operators [9].

GLONASS/GPS GSM/GPRS Rs485 Interface Wi-Fi
Module Module (optionally) (optionally)
Analog (discrete) .
Pulse Multi SIM
output(s)
Internal
CAN Microcontroller flash-memory
Controller
(optionally)
Extended
memory micro SD,
USB 2.0 32 Gb
Voice Communication.
Answerphone RS232 Discrete Internal battery
Interface Outputs LIi-Pol

Fig. 1. Structure / operation diagram

Puc. 1. CtpykTypHO-pyHKIIMOHATbHAS CXeMa TepMUHAaIa
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When using GPRS, data are stored in packet form, and
then transmitted over several radio channels at a time.
These channels can also connect several users in sequence.
As voice calls have higher priority than GPRS connec-
tion, the transfer of data packages is made only through
radio channels free from voice calls, and that can affect
the speed of connection. The speed also greatly depends
on the quality of network coverage at the location where
the connection is required.

GPRS billing depends on the amount of transferred/
obtained information, and not on the time of connection.
Such billing allows to establish continuous connection
to the network, saving time required for making separate
calls for packet transmission. The average transmission
speed is kept high, 2040 kbps [10].

The average time of transmission of 340 bytes from
board to the control center by means of GSM/GPRS
module can be assessed as follows:

U =340 bytes = 2.72 kb (maximum amount of data);

V' = 20 kbps (average speed of information transmis-
sion over GSM);

Y = 1-2 second (average time of establishing board-
earth connection);

T'=Y+ U/V (full time of data packet transmission);

T=0+2.72/20;

T=10.14 second.

Transmission time of a 340 bytes packet is 0.14 seconds
(which is average); it can change depending on the
distance between the aircraft and the antennas of base
stations, weather conditions and the quality of GSM net-
work coverage.

In remote regions where there is no GSM coverage,
the terminal will be able to transmit data via SM-1 module
working at 1616 MHz — 1626.5 MHz frequencies [11].
The module can be integrated through the RS-232 inter-
face with ASC terminal equipment. That allows determi-
nation of the aircraft attitude in regions where there is no
GSM service [12]. SM-1 module is devised on the basis
of the Iridium 9602 SBD modem made especially for the
systems of moving vehicles tracking [13]. The maximum
amount of information in one message via SBD channel
is 340 bytes, which is enough for keeping track of the
aircraft and assessing its status [11].

SBD connection provides the transference of data
immediately after the signal has been located, (that takes
about 1.5 seconds), so the average time of connection will
be about 1.5 seconds for the outgoing SBDs and 3.6 sec-
onds for the incoming SBDs. As the SBD service uses the
payload of signaling link, and not the payload of ordinary
communication channel, the average exchange speed is
about 1.2 kbps [14].

The average time of transference of 340 bytes from
board to the control center via SBD Iridium can be
assessed as follows:

U = 340 bytes = 2.72 kb (maximum amount of data);

V' = 1.2 kbps (average speed of information transmis-
sion via SBD connection);

Y = 1.5 second (average time of establishing board-
earth connection);

T'=Y+ U/V (full time of data packet transmission);

T=15+2.72/1.2;

T=13.8 second.
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We can conclude that the transference time for 340-byte
outgoing data packet via the Iridium network will be 3.8
seconds, which is considerably longer than when using
GSM/GPRS modules, but is also within the required limits.

“Navigator-S”. For registering and analyzing the
data, the air traffic control center (ATCC) must have the
software capable of displaying the information on loca-
tion of the aircraft and its sensors. This software should
have installation requirements acceptable for a personal
computer.

The most suitable software is the automated system
“Navigator-S”, capable of monitoring mobile and station-
ary objects. “Navigator-S” is an integrated programmed
unit for monitoring mobile objects, especially airborne
aircraft [15; 16]. With the terminal installed in the cockpit
it will be possible to control not only the attitude of air-
craft, but also the parameters of their contact pickups and
modulating transducers by transmitting the readings over
GSM/SBD Iridium channels.

The experimental on-board system will include the
exchange ASC-6 telemetric service station, the satellite
communication module SM-1(Iridium antenna-equipped),
GLONASS/GPS and GSM antennas (fig. 2). The opera-
tion of this system requires a supply of 10-30V DC from
the vehicle’s electric system.

The terminal operation principles. When switched
on the terminal initially locates GLONASS and GPS
satellites, detects its own attitude, ground speed, GMT,
voltage on the inputs. It also registers the sensors’ read-
ings and establishes the connection with the server.
As soon as the connection is established, the terminal
transmits all the monitoring data to the server at preset
intervals. In zones where there is no GSM network cover-
age (fig. 3), data will be transmitted over the Iridium net-
work SBD channel (fig. 4); they can also be duplicated
when there appears the GSM signal. If the connection
with the server is not established for some reasons, all
information is saved in a non-volatile memory of the
terminal and transmitted as soon as the communication is
reestablished.

The terminal provides transmission of the following
monitoring information:

— GMT and date;

— Coordinates (latitude, longitude, height);

— Ground speed, acceleration and direction;

— Number of satellites (GLONASS+GPS);

— Horizontal Dilution of Precision (HDOP);

— Voltage at the analog inputs;

— Voltage at the impulse inputs;

— QOutputs status;

— Information on recorded events;

— Fuel level sensors indication;

— CAN bus readings.

The route is registered in the form of separate time
points at which all the information that comes to the terminal
from sensors and auxiliary equipment is recorded. The
time point is stored in the memory in case of events such
as: some deflection in the direction of flight; the point of
recording is missed; events at analog / discrete inputs; the
device status change. Data on the aircraft attitude and its
systems’ functioning are stored and sent as one packet via
GSM or Iridium systems to the air traffic control center.
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Conclusion. It is obvious that for the purpose of global
aircraft monitoring it is impossible to deploy a network of
communication stations on the ground; it seems much
more effective to employ the widely used GSM network,
along with the satellite communication Iridium network
which covers the whole surface of the globe.

For receiving and transmitting the flight data, it is ad-
visable to use the subscriber telemetry terminal ASC-6
together with the satellite communication module SM-1.
This system will monitor the aircraft route and flight
status to provide control of the air traffic, and to organize
rescue operations in case of accidents. For the air traffic
control system, the “Navigator-S” software is a suitable
option, as it has low system requirements acceptable
for any modern computer connected to the Internet
or equipped with GSM/Iridium modules. The system
of satellite monitoring based on the use of the ASC-6
module and “Navigator-S” software will make it possible
not only to receive the on-board data in flight, but also
to deploy the ATCs in the required locations.
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THE ALGORITHM FOR ESTIMATING RESERVES OF THE WORKING PROCESS STABILITY
IN COMBUSTION CHAMBERS AND GAS GENERATORS OF LIQUID ROCKET ENGINES
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The experimental evaluation of the working process stability with respect to acoustic oscillations in combustion
chambers and gas generators of liquid rocket engines is one of the main methods used in rocket engine construction.
External and internal disturbing devices using explosive hexogen often lead to the damage to the fire walls and struc-
tural elements of the aggregates The disadvantages of traditional external impulse devices also include a considerable
wide range of the pressure pulses values generated by them in the combustion chamber with the same value of the sam-
ple of the explosive and with the constant parameters of the atmosphere in the combustion chamber, which is due to the
scatter of the explosives characteristics. An alternative approach is proposed for creating a pulse effect on the working
process in the combustion chamber by exploding an electrical conductor. The disturbing device is made with an explo-
sive chamber connected by a channel with the reaction volume of the combustion chamber. In the electro-impulse dis-
turbing device a thin wire fastened to isolated electrodes is used instead of the charge of the explosive. As a substance
used to create a pressure pulse, this generator uses gas filling the blasting chamber, the mass of which depends on the
pressure in the combustion chamber and in the chamber of the electro-impulse perturbative device. If one immediately
heats this gas to a temperature of several thousand degrees, one can get a gas that is close in parameters to the com-
bustion products of explosives in traditional external impulse devices. Such heating can be carried out by discharging
through a wire of an electric capacitor charged to several thousand volts. First, instantaneous (for several microsec-
onds) evaporation of the wire, and then through the plasma channel formed at the site of the wire, the final discharge
of the capacitor takes place, with virtually all of the energy stored in the capacitor discharged. The plasma temperature
in this case, according to different sources, can reach from several tens of thousands to one million degrees. The gas
is also heated by adiabatic compression with a shock wave. The metal particles formed after the evaporation of the wire
and the condensation of the vapor have a value of several nanometers and, therefore, do not damage the inner layer
of the combustion chamber. The methodological bases are considered and the algorithm for estimating the stocks
of stability to acoustic vibrations from the reaction of the combustion process to such pulsed artificial disturbances is
developed. There have been developed electro-impulse disturbing devices that reduce the risk of damage to the compo-
nents of liquid rocket engine assemblies in full-scale and model test, and have an obvious prospect for widespread use.

Keywords: liquid rocket engine, acoustic oscillations, disturbing device, electric explosion of conductors, damping
decrement, intercorrelation function.
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AJITOPUTM OILIEHKHU 3AITACOB YCTOMYUBOCTHU PABOYEIO ITPOLECCA .
B KAMEPAX CT'OPAHUSA U TABOI'EHEPATOPAX ) KUJIKOCTHBIX PAKETHBIX JIBUT'ATEJIEN
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DKcnepumenmanvias oyeHka yCmoudugocmu pabouezo npoyecca no OMHOWEHUIO K aKyCHMUYecKum KoaeOaHusm
8 KaMepax C2opanus U 2a302eHepamopax HCUOKOCMHbIX PAKeMHbIX 0gu2amenell A6NAemcs OOHUM U3 OCHOGHbIX MenO000s,
NPUMEHAEMbIX 8 PAKEMHOM Ogu2amenecmpoenuy. Buewnue u eHympentue 603myujaioujue yCmpoucmea, UCnons3yioujue
83pbisUaAmOoe 6euecmso 2eKCo2eH, HepeOKO NPUBOOAM K NOGPENHCOEHUI0 OZHEBbIX CHIEHOK U IJ1eMEeHmMO08 KOHCIMPYKYUUL
azpezamos. K nedocmamkam mpaouyuoHHbX GHEUWHUX UMNYIbCHBIX YCMPOUCME cledyem Makice OmHecmu 3Ha4u-
MeNbHLLI pa3dpoc eIUUUH 2eHEPUPYEMbIX UMU UMAYILCO8 OAGlIeHUsl 8 Kamepe C2OpaHus npu 0OUHAKOBOU GeuduHe

558



ABMGMMOHHQ}Z U paKkemHo-KoCmMu4ecKkas mexnuka

HABECKU 63Dbl8Yamo20 Gewecmed U npyu nOCMOAHCMEe napamempos cpedvl 8 Kamepe c2opanus, 4mo, no-euoUMOMy,
CBA3AHO C pa3bpoCOM XaApaKmepucmux 63pvleuamuix eewjecme. Ilpednodicen anbmepHamusHbli NOOX00 CO30AHUA
UMRYIbCHO20 6030elicmeus Ha paboyull npoyecc 6 Kamepe C2Opanusi nymem 63pblea dNeKMPUUecKo20 NPOBOOHUKA.
Bosmywarowee ycmpoiicmgo 6vbinonHeHo co 63pbl8HOU Kamepou, COeOUHEHHOU KAHANOM C PeaKyUOHHbIM 00bEMOM
Kamepuvl ceopanus. B snekmpoumnynbchom 6o3mywaiowem ycmpoucmee 6MeCcmo HAGECKU B83PblGUAmo20 Geujecmsd
UCNONIb3YemCs 3aKPEnIEnHas Ha U30IUPOSBAHNBIX DNEKMPOOax MOHKAS NPOBONOUYKA. B kauecmee eewjecmaa, ucnoivbsye-
MO20 Ol CO30AHUA UMNYIbCA OAGNIEHUs, 8 IMOM 2eHepamope UCNOAb3YeMmcs 3an0aHAIOWUL 63PbIBHYI0 KAMepy 2a3,
macca KOmopozo 3aeucum om 0aGleHUus 6 Kamepe C2OPanusi u @ Kamepe d1eKmpOoUMNYIbCHO20 GO3MYUAIOUe20 YCm-
poticmsa. Eciu MeHogeHHO Hazpems 2mom 2a3 00 memnepanypbl 8 HeCKOIbKO MbICAY 2padyCco8, MONCHO NOTYUUMb 2A3,
OU3KULL NO napamempam K npoOyKmMam C20paHus 3puleuamvix 6eujecms 6 mpaouyyuoHHbIX GHEUHUX UMNYIbCHBIX
yempoticmeax. Ocyuwecmsums maxoil Hazpeg MONCHO NYMEM paspaoa uepes NPOGOIOUKY 3aAPAHCEHH020 00 HECKOTbKUX
MbLCAY 8O INEKMPUUEcKo20 kKoHoencamopa. Ilpu smom chavana npoucxooum MeHo8eHHoe (6 meyenue HeCKONbKUX
MUKPOCEKYHO) uUcnapenue npogoaoyKu, a 3amem yepes 00pA306asUWIUIC HA Mecme NPOGONOYKU NIA3MEHHbIN KAHAT
nPOUCXo0um OKOH4amenbHas paspaoka KOHOeHcamopa ¢ 8vloeneHuemM npaKmuiecku 6cell HaKOn1eHHOU 6 KOHOeHCamo-
pe onepeuu. Temnepamypa naazmul npu 3Mom, N0 PA3HLIM UCHOYHUKAM, MOJCEN OOCMU2amMb OM HECKOJIbKUX 0eCAMKO8
mulcAY 00 MUMIUOHA 2padycos. Ocyuecmsisiemcs makice Hazpes 2asa npu aouadamuyeckom Cocamuy e2o yOapHou
soanou. Obpasylowuecss nocie UCnaperus nPoGoAOUKU U KOHOEHCayuu napog 4acmuybl Memania UmMeiom 6eautumy
HeCKONbKUX HAHOMEMpPO8 U NOIMOMY He NOGpelcoalom GHYMpeHHIo 000104Ky Kamepwl ceopanus. Paccmompenbi
MemooudecKue OCHO8bl U pa3pabomarn anopumm OYeHKU 3anaco§ YCMOUYUBOCMU K AKYCHUYECKUM KONeOAHUAM
no peaxkyuu npoyecca 0peHus Ha makue UMNYIbCHble UCKYCCMBenHble 603Mywenus. Paspabomanul snekmpoumnynosc-
Hble 8o3MYWaowue YyCmpocmed, Komopble CHUNCAION PUCK HOBPeXHCOeHUsl COCHABHBIX Yacmell azpe2amos HuUOKoCm-
HbIX pakemuwlx dgueamenell npu HAMYPHLIX U MOOETbHbIX UCHLIMAHUAX U 001a0aiom 04esuoHOl Nepcnekmugol O
UWUPOKO20 NPUMEHEHUSL.

Kniouegvie crosa: scudxocmmubviii pakemuwvill 0gueamenb, aKycmuieckue KoieOauus, o3mywaroujee YyCmpoucmao,

INEKMPUYECKULl 83Pbl8 NPOBOOHUKOS, OEKPEMEHM 3amyXanus Koaeoanutl, 63auMOKOpPensYUOHHAS PYHKYUSL.

Introduction. All produced combustion chambers and
gas generators of liquid rocket engines (LRE) have to be
experimentally tested on the stability of the working process
with the respect to high-frequency pressure fluctuations in
these components in the range of 10 % of their nominal
modes [1].

The main task in evaluating the stability of the work-
ing combustion process is to determine, with the smallest
number of experiments, the tendency of rocket engine
components to maintain the instability of combustion and
thus to develop measures to suppress it. Another task
solved by the methods of stability evaluation is to deter-
mine the effectiveness of various means of stabilizing
the working process, such as anti-pulsation partitions and
acoustic absorbers [2; 3]. Unfortunately, there are no prin-
cipal means of ensuring the sustainability of the working
process. Thus, we always need some relative evaluations
of the effectiveness of the chosen method of stabilizing
the working process in the developed LRE. Using the
experimental methods [1-3] of the stability evaluation,
it is possible to determine the most critical mode of oscil-
lations, susceptible to resonant interaction with the com-
bustion process, and to take the necessary measures
to suppress it. In addition, the methods of evaluating sta-
bility stocks allow us to investigate the effect of changes
in the structural elements of engine components and vari-
ous parameters of the working process on the stability of
combustion [1-3]. At present, the evaluation of the stabil-
ity of the working combustion process in LRE is carried
out by introducing a pulse of pressure from the external
device into the reaction volume of the combustion chamber
through the channel in its wall [1; 3—12]. As a source of
pressure in these external impulse devices (EID),
a necessary amount of explosive (E) — hexogen, isolated
from the channel by a metal membrane [1; 3; 12-14] is
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used. When the explosive charge is exploded, the frag-
ments of such a membrane can damage the bronze inner
shell of the combustion chamber, deform the blast noz-
zles, etc. In this regard, the presence of a membrane
in these devices is their disadvantage. The disadvantages
of traditional EID can also include a considerable range in
the values of the pressure pulses generated by them in the
combustion chamber while the amount of the explosive
stays the same and the parameters of the atmosphere in
the combustion chamber are constant, which is apparently
related to the range of the explosive characteristics, such
as: its laydown thickness, the thickness of the membrane,
etc. To eliminate the disadvantages of EID, it has been
proposed to use an explosion of a metallic conductor of
electric current (wire) when discharging a capacitor with
accumulated energy of several thousand joules [4]. At pre-
sent, hexogen is used as an explosive in EID, with
a weight of about 0.5 to 3.5 grams in TNT equivalent. The
explosion of one gram of TNT is equivalent to the energy
released at the time of the wire explosion of approxi-
mately 4390 J. To release this energy, it is sufficient to
charge a capacitor of 500 MkF with an electrical voltage
0of 4200 V to evaporate the conductor.

The development of an electro-impulse disturbing
device. The disturbing device [4] is made with an explosive
chamber connected by a channel to the reaction volume
of the combustion chamber. In the electro-impulse dis-
turbing device (EIDD), instead of the explosive charge,
a wire (0.1-0.5 mm) is attached to isolated electrodes. As
a substance used to create a pressure pulse, this generator
uses the gas filling the blasting chamber, the mass of
which depends on the pressure in the combustion chamber
and in the EIDD chamber. Thus, for example, the mass of
nitrogen, which is used to purge the DD, which fills an
explosive chamber with a volume of 8 cm’ at a pressure
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of 10 MPa, is ~1 g. If you immediately heat this nitrogen
to a temperature of several thousand degrees, you can get
a gas that is close in parameters to the products of com-
bustion of explosives in traditional disturbing impulse
device (DID). It is possible to carry out such heating by
discharging through a wire of an electric capacitor
charged to several thousand volts. First, instantaneous (for
several microseconds) evaporation of the wire takes place,
and then through the plasma channel formed at the site of
the wire, the final discharge of the capacitor occurs, with
the release of all the energy stored in the capacitor. The
plasma temperature in this case, according to different
sources, can reach from several tens of thousands to one
million degrees. The gas is also heated by adiabatic com-
pression with a shock wave. The metal particles formed
after the evaporation of the wire and the condensation of
the vapor have a value of several nanometers and, there-
fore, do not damage the inner shell of the combustion
chamber. The scheme of the installation with the EIDD
is shown in fig. 1.

The design of the experimental sample of a single-
charged electro-impulse disturbing device [4] is shown
in fig. 2.

EIDD contains the case / with the nipple 2 attached to
it, through which a pressure pulse is introduced into the
combustion chamber. In the case /, a cavity 3 is formed in
which an electrical node 4 is mounted, which is an axi-
symmetric body made of a dielectric with electrodes 5
firmly fixed therein. The electrodes are retained in the
insulator by means of thread bushes 6. The insulator itself
is fixed in the case / by means of a closing sleeve 7 and
a coupling nut 8. Between the end face of the insulator 4
and the end surface of the cavity 3, an explosive chamber 9
is formed into which the ends of the electrodes 5 protrude.
A detonating wire /0 is soldered to the ends of the elec-
trodes 5. In the case / the hole // with the welded fitting
pipe /2 is made for blowing the explosion chamber with
nitrogen. The results of preliminary studies confirm the
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sufficiency of the energy of the shock wave in calculating
the stocks of stability of the working process in the com-
bustion chambers of LRE in relation to high-frequency
(HF) pressure fluctuations.

The algorithm for estimating stability reserves
of working process as the result of the spectral proces-
sing of pressure pulsations in LRE aggregates during
bench tests. The dynamics of a quasilinear system with
given initial conditions and external influences is de-
scribed by a system of equations for preserving the mate-
rial balance, and after their linearization, the harmonic
oscillator equation is obtained [2; 5-11]. Often, Laplace
transforms over time variable t are applied to the equa-
tions of free oscillations in perturbations, or the change of
variables x = x = ejs‘” is introduced. As a result, we obtain
a nonlinear characteristic equation of the dynamical
system, which has order one unity less than the initial one.
In general, it can be represented as:

G+p) o +b(d+p)yt+.. +
+bn—2(8+p)+bn716+bn:()$ (1)
here p — differentation operator,
_d
dt’

The characteristic equation (1) has n roots that form
the fundamental system of solutions of the free oscillation
equations after the reverse transition to the variable x.

The case of forced oscillations of a linear dynamical
system is investigated by the influence of an impulse
signal on the system. Then variables mean ousput values,
and external influences make input.

The impulse response function of the system w describes
the change in the output volume from the rest state to the
new state and is characterized by a change in time ¢ and
the moment of application of the pulse &;. The condition
of physical feasibility can be formulated as

w(t, 8) =0, 1< 0. (2)

Fig. 1. The scheme of the proposed concept of EIDD (electro-impulse disturbing device):
1 — combustion chamber of a liquid rocket engine; 2 — electro-impulse disturbing device;
3 — electrodes; 4 — exploding electric cord (wire); 5 — electrical insulator

Puc. 1. Cxemartnueckoe uzo0paxxeHue npeaigaraeMoi konuenuuu JVIBY:
1 —xamepa cropanus JXKP/l; 2 - DUBY; 3 — anextpoasl; 4 — B3phIBAIOIIUICS
ANEKTPUIECKU TPOBO (TIPOBOJIOYKA); 5 — DIIEKTPOU3OIIATOP
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Fig. 2. The design of the pressure pulse generator (electro-impulse disturbing device):

1, 2 — the case with a nipple; 3 — the volume for introduction of nitrogen; 4 — insulator;

5 — electrodes; 6 — thread bushings; 7 — closing sleeve; 8§ — coupling nut; 9 — blasting
chamber; 10 — wire; 11, 12 — the channel and the nitrogen supply connection

Puc. 2. KoncTpykuus reaeparopa umiysiscoB aasienus (QUBY):
1, 2 — xopmyc ¢ HummeneM; 3 — 00beM ULl BBOJA a30Ta; 4 — H30JISITOD;
5 — anekTponsl; 6 — pe3bOOBBIE BTYJIKH; 7/ — BTYJIKA HOKUMHAS; 8 — raika
HakuzHasi; 9 — B3pbIBHAA Kamepa; /() — npoBosouka; //, /2 — kaHal U WTynep
HOJla4yM a30Ta

The transfer function W (s, t) is a function of the com-
plex variable s and real ¢, related to the impulse response
of the equation

W(s,t)

= w(t,t - ’L‘) e 'dr,

A3)

o= 38

where T=1¢— 0.

The transfer function is meaningful only in the region
of the complex variable s, where for its real part Re(s) the
inequality takes place

Re(s) > ¢
and at the same time the conditions are observed
o0
_“w(t,t - r)| e dt<w if c>¢
0

“4)

In the theory of stationary linear systems, the transfer
function is treated as the Laplace transform of the func-
tion w(t), which is the response of the system to a unit
pulse at time ¢ = 0:

W(s)= jw(a,a - 1)e di= Iw(t)e dr. ®)
0 0
The transfer function of a linear stationary system
is the Laplace transform from the function w(t), which
shows its response at time ¢ = a to the impulse applied
earlier: a — .

For the characteristic equation in the form of
d"x d"'x

dtn tn—l
such a transfer function has the following form:

m

+5 +..+b,x=a,

(6)

= t+..ta,y
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The transfer function of a nonstationary system is con-
sidered similarly to the concept of a stationary system.
Let the external pulse 6(¢ — u) act on the input of the non-
stationary linear system, which is further amplified by the
coefficient ¢™ (modulated complex gain), then the
response of the system can be written as exp su*w(t — u).
Applying the superposition principle, we have:

t
I exp(su)d(t —u)du = exp st;
t

I

—00

The transfer function W(s) for Re(s) > ¢, is the ratio
of x(¥)/y(t) in the process caused by the “action”
W(f) = exp(st), see formula (6). The transfer function of
a nonstationary system for a fixed time is defined as the
Laplace transform with respect to the argument t of the
function describing the output quantity that is a response
to a unit pulse with a delay of 1. In a nonstationary proc-
ess, the difference is the dependence of the transfer func-
tion on the time ¢ as a parameter. The transfer function
of a stationary system is analytically expressed in terms of
the coefficients of the oscillation equation (6). For a non-
stationary system, therefore, the transfer function can not
be expressed, and it is calculated only approximately [1].

There are few approaches for determining the transfer
functions of dynamical systems. The methods most

exp(su)w(t —u)du = exp stT exp(st)w(t)dr.
0
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widely used in acoustic problems are based on the con-
nection between the transfer function and the impulse
response function, in particular the method expressing the
impulse response function through the roots of the gener-
alized characteristic equation [10; 15]. In this case,
an approximate expression of the transfer function is ob-
tained in the form of a fractional-rational function with
clearly expressed poles. Another method of calculating
the transfer function is to expand the impulse response
function into a formal power series. The coefficients of
the Taylor series are analytic functions. Both methods are
applied under the condition that the oscillation equation
is given in the interval (—oo, 7).

The response of acoustic dynamic systems to external
influences differs from the exciting force. One of the
characteristics is the moment of application of the impact,
which can be remote to minus infinity or finite. In this
case, time start is £ = 0.

The reaction of the system can be determined in the
following cases:

—1if the impulse response function of the system
w(t, u) is known and the external action y(¢), which causes
a definite reaction, this reaction can be calculated using
the convolution integral;

—if the external action can be transformed according
to Laplace, the dependence describing the output quantity
can be described using the transfer function of the system;

— if the transfer function and the “left” Laplace trans-
form of the input action are known [15].

Also, the system response is calculated using the
equation of oscillations and frequency characteristics. The
latter method is applied if the frequency characteristics
of the system are known. Then, when calculating the
response to an external action, it is appropriate to use
Fourier transforms [10].

The frequency characteristics of non-stationary sys-
tems are functions of two variables: frequency and time.
The complex frequency response is equal to the ratio of
the output value of the system or the dynamic link to the
external action, if the response of the system satisfies the
condition

0
[w(e, t=1)|dr <o, (8)
0

If the process is considered in a finite time interval,
then the oscillation equation must be defined on an infi-
nite interval adjoining to the left. To determine the com-
plex frequency response, it is sufficient to calculate the
transfer function and make a substitution: s = i®. The task
of determining the frequency characteristics of non-
stationary systems differs from stationary by doubling
of independent variables, for example, when showing
characteristics graphically, which is associated with the
construction of each curve for a certain time.

The experimental determination of frequency
characteristics. The frequency characteristics of the
system are defined as the characteristics of the transfer
function section for the values of the argument s = i®.
The complex frequency function [2; 5; etc.] is the section
C (w, 1) of the transfer function W (iw, f):

Clo, f) = Mo, 1. (9)
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The transfer function of a linear dynamic system or
a complex frequency response, as well as a transient
response, fully reflect the response of the system to external
influences. Let a harmonic signal be applied to the input
of the linear link

x = A(x) sin ¢,
where A(x) is the amplitude; ® is an angular frequency of
this influence.
At the output of the link at the end of the transient
process, harmonic oscillations of the same frequency are
represented by the dependence

y =A(y) sin (ot + @),
where A(y) is the amplitude of the steady state oscilla-
tions; ¢ is the phase shift between input and output oscil-
lations.

For a fixed amplitude of the input oscillations, the
amplitude and phase of the steady-state oscillations at the
output of the link are a function of the frequency of these
oscillations. The analytical dependences A(®) and @(®)
are called the amplitude and phase functions. Amplitude
and phase frequency characteristics are often combined
into one: amplitude-phase frequency response (APFF).
In this case, APFF is constructed in the complex plane,
where the abscissa axis is the axis for the real part Re [ V]
of the transfer function of the link, and the ordinate axis
for its imaginary part Im [W]. The frequency response can
be presented in exponential form. Let at the input of the
linear link be a signal of the form x = 4A(x)exp(iwf), and at
the output the amplitude of the oscillations changes from
it and the harmonic receives a phase shiff y = A(y)exp(iot + ©).
In general terms

C(o, )= | Ao, )| €97, (10)
where |A(oo, 1) | is the amplitude frequency response;
o(o, ) = argF(®, f) is a phase frequency response.

The steady-state reaction of the stationary system to
the considered action is also harmonic and with the same
frequency. The amplitude and phase of the oscillations
change. In this case, the ratio of the amplitude of the out-
put quantity to the amplitude of the input action is equal
to the value of the amplitude-frequency response (AFR)
at the value of the argument, which coincides with
the frequency of the action of ®. Thus, the phase shift
between the output signal and the external action is equal
to the value of the phase frequency characteristic of the
dynamic link at a value of ®. If the oscillation equation
is known, then the expression of the frequency character-
istics through its coefficients is realized on the basis of
formula (1) in the following form:

. m
anlo +...+a
C(w) = 0 m

(i) +b(i0) " +...+b,

(11)

In the case when the free oscillations of the system are
undamped under some initial conditions, the frequency
characteristics lose the physical meaning considered
above, but the relation in the form of formula (11) with
the coefficients of the oscillation equation remains valid.

The experimental determination of the frequency
characteristics is based on the equality of the complex
frequency response to the ratio x(#)/y(¢) under the external
action )(¢) = exp(io?) and the fulfillment of the condition (11).
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To do this, it is necessary that the time interval during
which the process is analyzed is limited to the left and
that the response to the harmonic effect of the link is also
limited in an infinite time interval. In gas-dynamic
experiments, as a rule, the first condition is satisfied. Sup-
pose that condition (11) is also satisfied. Also, a necessary
condition for the experiment is multiple repeatability
of results in the absence of external influences, except
for one specially organized harmonic effect of a given
frequency from the frequency interval determined by the
sensitivity of the system to harmonic effects. Let ¢ be the
time counted from the beginning of the process studied,
and [0, 7] is the time interval at which the particular
experiment (process) takes place. The initial conditions
for this process should be able to vary widely. Then, in
order to obtain the frequency characteristics of the system
or link, it is sufficient to record changes in the output
quantity in the interval [0, 7] in processes caused by the
effects
Vi(f)=acos oit; y'{t)=asinot, i=1,2,...,m,

for arbitrarily chosen amplitudes and frequencies from the
range [Q1, ..., Qn] under the corresponding initial condi-
tions. If the initial conditions for the experiment can be
extended to the interval (—oo, 0), then they are computed.
If the processes in the system with the coefficients of the
oscillation equation frozen at the time ¢ = 0 are asymptoti-
cally stable with respect to the output signal, then the
option of additional definition is the assumption of stationa-
rity of the system for ¢ < 0, while the coefficients of the
oscillation equation are equal to the frozen values. For
example, if the external harmonic effect on the investi-
gated link has the form a,cosw;t, then the steady-state re-
action is an expression

x(t) = a;A(w;)cos[wit + O(w))], (12)
where A(w) and @O(w) are the amplitude and phase
frequency characteristics of the stationary system used to

extend the system.
Then from formula (12) it follows that

x(0) = a;A(w;)cos O(w)), (13)
P x/dft | o = (D ao ! = A(o)sin (o),
dxldet | —o = (D fao A(o)cos (o),
n
k=1,2,..., —. 14
5 (14)

Another option to extend the system is to equate the
coefficients of the right-hand side of the oscillation equa-
tion with zero. In this case, the frequency characteristics
can not be used to obtain the response of the link to the
pulse. The frequency characteristics obtained with differ-
ent variants of pre-determination will be different.

For stationary systems and systems with periodically
changing parameters, one can do without calculating the
initial conditions, taking them into account by appropriate
organization of the experiment. To do this, the frequency
characteristics should be removed after the expiration of
the practical attenuation of free oscillations. The reaction
of the system in this case is of a steady nature, and the
output value (or output signal) will vary with a period
equal to the external action. The frequency characteristics
of stationary systems will not depend on time, and the
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characteristics of systems with periodically changing pa-
rameters will depend on the time with the period of varia-
tion of the coefficients of the oscillation equation. In this
case, the obtained characteristics are extrapolated on the
interval of time preceding the moment of establishment of
the system reaction, which is equivalent in the experiment
to the input of the initial conditions in accordance with the
analytical extension of definition. In combustion cham-
bers and LRE gas generators, the effects of capacitance
and inertia can vary with time and determine the tendency
of the system to pulsations with some characteristic
frequencies. With an external effect on the dynamic sys-
tem and after its removal, the response of the system, the
establishment or damping of oscillations, is characterized
by its transient response. The steady-state and transient
processes are determined by the complex transmission
coefficient Ky, which can be represented as the ratio of the
signal at the output §, from the system to the sinusoidal
signal at its input §;:
Kr=5§/ §1= Kyep(@)e™ =
=Re| K; ()| +ilm | K (@) ]. (15)

Here Re | Kuep(®) |, Im| Kuep(®) | are the real and
imaginary parts of the transmission coefficient.

The absolute value of the transmission coefficient
characterizes the reaction of attenuation or amplification
of the input sinusoidal signal, and its phase determines the
shift. The connection between the shape and duration of
the pulse and its spectrum is realized in practice using
filters with a narrow bandpass. The signal is represented
as the sum of the harmonic components. The filter inte-
grates the signal over a time interval 7 approximately
equal to the reciprocal of the bandpass of the filter Af.
If the main process period is greater than 7 = 1 / Af, then
the signal spectrum at the filter output will be the same as
the envelope spectrum of the signal § (f) at the input
[10; 12; 15]. Fourier integral for large values of the period
T represents the spectrum of the signal S'(®) in the form

o0

S(w) = js(r)e—““’dt (16)
from here its backward transformation gives
1 ° ’ —iof
s(f) = —jS(m)e do. (17)
2n -

A rectangular pulse has an infinitely wide spectrum.
It follows from the property of the mutual correspondence
of the time function and its spectrum that the bounded
spectrum can only be of a function that slowly falls
to zero value with the passage of time. It is found out that
in the frequency domain, where the normalized frequency
is less than ' (half-period is less than the correlation
interval), the spectrum has an approximately constant
amplitude, and with a further increase in frequency, the
spectral amplitudes decrease rapidly to zero. It follows
that the energy of the process is mainly concentrated
in the frequency range from 0 to f'= 1/t.,, where ¢, is the
average pulse duration equal to the ratio of the pulse area
to its amplitude.

To determine the relations between the real and
imaginary parts of the transfer function, we consider the
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excitation of the system by the step function c¢(¢), whose
amplitude is zero for ¢ < 0. The spectral density of such a
function has the form

S'(w) = 1/io,. (18)

Here o4 = o + i3, 8 > 0 of positive values f 1 04 = ® — ic
for negative ones; & — any small quantity.

The signal at the output of the system can be repre-

sented by a transition function or a characteristic of the
system [10; 12; 15; 16]:

1 0—id _ )
o) = — K, (0)/io " *de.  (19)

27[ —ooJlfiB[ ! ( ) ]e
The way of integration can be closed in the upper half-
plane for positive values of ¢ and a semicircle in the lower
plane for negative ¢. For a step function, the transmission
factor is one. For the real system when ® — oo, the trans-

fer coefficient IZT (0)in(w) — 0, and its time derivative
also tends to zero [15]:

aGI (t) 00—id _ ;
#: j K (0)e® =0, t<0.

—0—i8
Let the transmission coefficient be in the form ET (w) =

(20)

= Kj(®) + iKy(®), assuming 6 — 0 and replacing ¢ by —¢
in formula (20), we obtain the relation between the real
and imaginary parts of the transmission coefficient:

I K, (w)cos otdo = —I K, (o)sinodo >0. (21)

If we know the real part, we can calculate the imagi-
nary, and vice versa.

Under the assumption that the functions of four-
terminal network are rational, in a number of papers [5; 6;
10; etc.] the relations between their real and imaginary
parts are obtained, according to which it is easy to calcu-
late the impedances or conductivities of the contours
under study.

There are different methods for calculating the damp-
ing decrement [2; 3; 5; 6; 10; 14—16]. One of the methods
measures the sweep of oscillations during one cycle and
determines the time interval between the onset of the
disturbance and the period of oscillation being analyzed.

S(f)
1

The operation for other time points is repeated
and the amplitude variation graph in time is constructed.
The slope of the graph of A(f) characterizes the damping
decrement. According to another technique, the pressure
transducers are passed through a logarithmic amplifier
and the amplitude levels are fixed, then the attenuation
decrement is determined from the envelope of the pres-
sure pulsations. Both methods for unfiltered pulsation
readings allow us to determine the rate of attenuation
of all pressure fluctuations. If it is necessary to determine
the characteristics of the oscillations for a particular fre-
quency, the pressure transducer should be passed through
the filter and then the rate of damping of the oscillations
is determined. For filtering, it is desirable to reproduce the
signal in the reverse mode, in this case only the last 3, 4
periods of damped oscillations are distorted. The inclined
straight line approximating the periodic dependence
characterizes the magnitude of the damping decrement.
To determine the experimental values of the vibration
decrement the following methods can also be applied:
spectral, correlation, amplitude and instantaneous method
[1; 12]. The amplitude method and the method of the
instantaneous period almost did not get used in practice.
In experimental studies of the working process stability
in liquid rocket engines [1; 3; 12], spectral and correlation
methods were most widely used. The decrement of oscil-
lations according to the spectral method is determined
from the width of the signal power spectrum, fig. 3.

To detail the complex oscillation process in real com-
bustion chambers, the spectral width is taken into account
by means of a specific filter A, of the spectro-analyzer.
A three-point method is used in the algorithm [1; 3; 10;
12], and the method takes into account the dependencies
of the left and right ascents, background and other inter-
ference, relative to the calculated point. At the same time,
the pair of points near the maximum is searched, and
a pair of those points is chosen, which yields the mini-
mum sum of the magnitude of the decrement and its
calculated spread. The correlation method is used to cal-
culate the decrement from the magnitude of the decay rate
of the interrelationship function, an approximate calcula-
tion scheme is shown in fig. 4.

For a spectrum analyzer with
a simple filter width ~ Af

m(A-4r)
3T —————
_ fo

Sensor [*™|Spectrum Analyzer

> PC

Fig. 3. The scheme for determining the decrement of oscillations by the spectral method

Puc. 3. Cxema onpeesieHus IeKPEeMEHTa KoJeOaHH 10 CIIEKTPAIbHOMY METOTY
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Fig. 4. The scheme for determining the decrement of oscillations
from the magnitude of the decay rate of the interrelationship function

Puc. 4. Cxema onpeneneHus TeKpeMeHTa KoineOaHui
M0 BEJTMYMHE CKOPOCTH 3aTYXaHHsI B3aUMOKOPPEISIIMOHHON QYHKIINU

The EDD (external disturbing device) and EID (exter-
nal impulse device) must provide the following [12]:

a) the correspondence of the disturbing amplitude
of the most frequently observed natural pressure pulses
in combustion chambers or gas generators;

b) the spectral composition of the pulse must have
such a distribution of energy over the frequencies that
would ensure that excitation in the combustion chamber
(as an acoustic resonator) of pressure fluctuations of suf-
ficient intensity in the required frequency region;

c) the possibility of changing the amplitude in the
desired range and the stability of the characteristics during
a repeated disturbance, as well as providing a series of
periodic pulses;

d) ensure the introduction of disturbances for a wide
range of operating pressures in the chamber or gas gen-
erator, as well as in the operation of the gas generator
with an oxidizing environment.

At the same time, there are some operating restrictions
imposed on EID, for example: the minimum possible
diameter of the input port for introducing disturbances
in order to reduce the effect on the integrity of the com-
bustion chamber, as well as the minimum dimensions and
resistance to high temperatures, vibrations, etc.

The most important is the choice of the place of the
disturbance input. The answer to this question can be
found from the prediction of the mode and the frequency
of the natural oscillations of the path. An important fact is
the method of optimal processing of experimental data,
which provides sufficient accuracy and reliability of the
obtained values of the damping decrement. The criterion
for the adequacy of the stability margin for “hard” excita-
tion [1-3; 5-14] is provided if the pressure oscillations
after the pulse rapidly decay and a certain ratio is estab-
lished between the initial peak deviation of the pressure
from the mean and total high-frequency signal to the per-
turbation input. It is stated [3; 12] that in order to evaluate
the stability of the working process to finite disturbances,
it is required:

— introduce a pressure pulse in the range 154,, < 4,, <
254,

— determine the relaxation time of the process ¢, here
A,, is the average value of the absolute maximum of the
pulse;

— A, is the average rectified value of natural noises
pulsations;

—t.= tig *+ 1, is the total relaxation time of the working
process;

— t1p is the time of action on the working process of
the first disturbance wave;

— 1, 1s the time of decrease in the amplitude of pressure
oscillations by e times.

The combustion chamber is supposed to be stable
to finite disturbances [3; 10; 12], if the relaxation time
is t, <15 ms.

Further, it should be noted that in testing of full-scale
motors, it is necessary to evaluate the decrements and the
spectra of pressure oscillations, both before the introduc-
tion of disturbance and after damping of the oscillations.
Decrements of pressure fluctuations and spectra should
not differ within the limits of measurement accuracy.
A significant difference will mean the instability of the
working process.

Conclusion. The algorithm is proposed for estimating
reserves of stability towards the high high-frequency
pressure oscillations in gas-generators and combustion
chambers of liquid rocket engines, which means spectral
processing of the combustion process reaction to pulsed
artificial disturbances. In contrast to pyro cartridges,
which are now used to create pulses with different gas
pressure amplitudes in combustion chambers, electric
pulse disturbing devices have been developed. They
reduce the risk of damage to the components of LRE units
in full-scale and model tests, and have an obvious pros-
pect for widespread use.
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OF SPACE VEHICLE SOLAR PANELS

A.G. Verhoglyadl, V. A. Kuklin*3, S. N. Makarov', V. M. Mihalkin*?, V. I. Halimanovich>?

'Technological Design Institute of Scientific Instrument Engineering of SB RAS
41, Russkaya Str., Novosibirsk, 630058, Russian Federation
“Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
*JSC “Academician M. F. Reshetnev” Information Satellite Systems”

52, Lenin Str., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation
E-mail: verhog@tdisie.nsc.ru

In the process of ground-based tryout of solar panels placed aboard the spacecraft there appears the problem of
gravity effect compensation. The energy of deployment mechanism is extremely limited, the weight and strength of the
structure being calculated for weightlessness conditions. Therefore, under the force of gravity, the power of deployment
drives may not be enough to complete the tryout, and the structure itself may be destroyed. Taking into account these
difficulties, specialized stands the main part of which is the so-called weight compensation system are designed and
created to conduct ground-based pilot tryout. Active weight compensation systems are most effective in this case.

In the stands with active weight compensation systems all forces generated by the stand and movements of the stand
parts occur through controlled drives. By introducing various sensors into the weight compensation system and by the
use of their signals for generation of controlling actions in the control system it becomes possible to significantly
increase the level of gravity effect compensation, as well as to minimize the influence of the stand parts inertia.

The paper presents the results of the designing, building and testing of the automated active weight compensation
system for solar panels. The system provides weight compensation when conducting ground-based experimental tryout
of any objects (solar panels, rods, multi-tier spokes, etc.) having a long and transformable in one direction form for
distances of the order of 20 m (longitudinal direction). This system also provides movement of the pieces of a tested
object in the transverse direction and in height for distances of up to 5 m.

The results of departmental tests showed that the weight compensation system with specified parameters described
in this paper allows for ground-based tryout of the deployment of solar panels of all constructions, both currently
existing and being developed for the future.

Keywords: solar panel, spacecraft, active weight compensation system, efficiency of the weight compensation sys-
tem.
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ABTOMATU3UPOBAHHASI CHCTEMA OBE3BEIIUBAHUSA JIJI1 HASEMHOM OTPABOTKH
COJIHEYHBIX BATAPE KOCMHUYECKHUX ATITAPATOB
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B npoyecce nazemnoii ompabomku coaneynvix bamapetl, pazmewiaemvix Ha 6Opmy KOCMUYECKUX annapamos, 603-
HUKaem npooiema KOMIEHCayul 6IUSHUsL CUTbL MACeCmU. DHepeemuKa Mexanusma pAcKpblmus Ype3gbluatino 0paHu-
uena, a 8ec U NPOYHOCMb KOHCMPYKYUU PACCHUMBIBAIOMCA HA YCcll08us Hegecomocmu. Iloomomy 6 ycnogusax oelicmeus
CUbL MAACECMU MOWHOCMU NPUBOOOS PACKPBIMUSL MOJCEM He X6amumb OJi NOIHOYEHHOU ompabomKu, a cama KOH-
CMPYKYUsl, KaK KpauHuti crydail, Modcem Oblmsb paspyulend. Yuumoieas OanHbvle CIOACHOCMU, OISl NPOBeOeHUsl Ha3eM-
HOU 9KCNEPUMEHMANbHOU OMpPabomKyu paspadbamul8aiomcs U co30al0Mcs CNeYyudru3upo8antvie CmeHobl, OCHOGHOU
4aACmMbI0 KOMOPLIX AGNAIOMCA MAK Ha3zvledemvle cucmemvl obessewusanus. Haubonee sghgpexmusnoivu 6 oanHom
cayyae ABNAIOMCA AKMUBHbLE CUCTEeMbl 00e36eUUBAHUSL.
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B cmenoax ¢ axmuembimu cucmemamu obesgewusanus 6ce Cuibl, ceHepupyemvle 8 CmeHoe, U nepemeujeHus
COCMABHBIX wacmetl CMeHOa NPOUCXO0SIM 3d CYem YNpAgseMblX npugooos. Ilymem 6sedeHuss 8 KOHCMPYKYUIO cucme-
Mbl 00€36eUUBANHUSL PAZTULHBIX OAMYUKOE U UCNOAb306AHUS UX CUSHANO08 075l 6bIPAOOMKU YAPAGISIOUUX 8030€UCMEULl
6 cucmeme YNpagneHus YOaemcst 3HAUUMeIbHO HOGbICUMb CIMEeNeHb KOMIEHCAYUU GUSHUSL CULbL MAICECTU, d MAKICe
MUHUMU3UPOBAMb GIUSIHUE UHEPYUOHHOCIU YaChel CMeHOd.

Ipedcmaenenvl pezyrvbmamol pazpabdomiu, co30anUsi U UCHBIMAHUI A8MOMAMUUPOSAHHOL AKMUBHOL CUCTEMDL,
npeoHasHavenHol 05 obezsewusanus corneutvix oamapei. Cozoannas cucmema obecneyusaem ode3eeutuéanie npu
nposedeHUU HA3EMHOU IKCHEPUMEHMATLHOU OMPAbOmMKU TI00bIX 00bEKmos (CoNHeunbIX bamapel, Wwmane, MHO2038eH-
HbIX ChuYy U m. 0.), UMEIOWUX NPOMSNCEHHYIO U MPAHCHOPMUPYEMYIO 8 OOHOM HANPAGIEHUU POPMY HA PACCMOSHUS
nopsioka 20 m (npodonvroe nanpasienue). Taxoice dannas cucmema obecneyusaem nepemeweHue yacmel mecmupye-
MO20 U30eUsl 8 NONEPEYHOM HANPAGIEHUU U NO GbICOME HA PACCOSHUL 00 5 M.

Peszyromamor 6edomcmeenublx UCnbIMAnULl NOKA3AIU, YMO ONUCAHHASL CUCeMd 00e36eulu8aHUusl ¢ YKA3AHHbIMU
napamempamu no360Jsiem npou3o0Ums HA3eMHYI0 0mpabomKy pacKpblmus COIHEYHbIX bamapetl cex KOHCMPYKYuil,
KaKk cyuwecmsylouwux 6 Hacmosiwee epems, max u papadamvléaemsbix Ha NEPCREeKmuey.

Kniouesvie cnosa: conneunas 5amapeﬂ, KocMu4eckuil annapam, akmueHas cucmema o6e3eemu6aHuﬂ, Qde)eKWlMG—
HOCMb cucmembl 00e36eUUBaAHUS.

Introduction. At present, in the process of space ve- — ensuring the independence of the weight-compensat-
hicles (SV) development one of the most important tasks  ing forces during the movement of the suspension point;
is to increase their reliability and elongate their service — minimization or complete elimination of the inertia

life during the flight. The solution of this problem is effect of the parts of the WCS on the operation of the
impossible without comprehensive ground-based experi- mechanisms of a tested product.

mental testing (GET) of both the SV as a whole and its In addition, some other tasks can be solved simultane-
component parts. The greatest difficulties arise with GET ~ ously: minimization of bending and other types of defor-
of so-called large-scale transformable systems (LTS). mation of product designs, minimization of change
LTS include: antenna-reflectors, solar panels (SP), vari-  in friction forces in hinges, etc.

ous retractable rods, etc. The complexity of GET of such Weight compensation systems can be divided into
objects is due to their considerable size (often the linear  three types according to the way of solving the main tasks
dimensions of these objects exceed the dimensions of the ~ mentioned above:

SV tens of times), the energy of the mechanism of de- ~ — Systems with a passive type of weight compensa-
ployment (transformation) is extremely limited, the tion[2;3]; ) ) . .
weight and strength of the structure being calculated for — systems with an active type of weight compensation [4];

— systems with an active-passive type of weight com-
pensation [7; 8].

In systems of the first type, the parts of the product
to be weight-compensated and the stand move under the
action of movements and forces which are formed due to
the energy of the product drives, the balance weights and
the spring elements of the stand. The main disadvantage
of such systems is the sharp complication of their design
when the size of LTS increases and the practical impos-
sibility of minimizing the effect of inertial properties of
WCS on the operation of a tested product. As a rule, these
systems are highly specialized and are intended for GET
of the final set of products. Due to these shortcomings, the
scope of application of such systems is limited to GET of
relatively simple objects consisting of 2-3 elements and
with relatively non-rigid requirements for compensation
of gravity (usually, in statics, the error of compensation is
several percent).

In stands with active systems of weight compensation
all the forces generated in the stand and the movements of

conditions of weightlessness. Therefore, under the action
of gravity, the power of the deployment drives may not be
enough for an adequate tryout, and the structure itself can
be destroyed. Taking into account these difficulties, spe-
cialized stands the main part of which is the so called
weight compensation system (WCS) [1-8] are being
designed and created for carrying out GET.

The general idea of weight compensation is that spe-
cial constructions compensate for the gravity forces acting
on each of the non-transformable parts, and also compen-
sate the moments created by the action of gravity on each
such part. This can be achieved by applying to the center
of mass of each non-transformable part a force equal
to the weight of this part and directed strictly upward.
But such a “trivial” solution does not always turn out to
be constructively realizable. In general, the stand should
provide a three-dimensional movement of parts of an
object to be weight-compensated in an arbitrary direction,
but often the features of the topology of the object being
transformed are used to simplify the design of the stand,  {he component parts of the stand are due to controlled
so either symmetry axes or sclected directions appear [2].  drives. In this case, by introducing various sensors into

When developing a WCS, the following main tasks  the design of the WCS and using their signals to generate

are 501V6f1¢ ) ) controlling actions in the control system it is possible to
— choice of the method of compensation for gravity  significantly increase the degree of compensation for the
acting on the objects to be weight-compensated; effect of gravity, and also to minimize the influence of the

- enst}ring the movement of the poipts of suspension  inertia of the stand parts [9]. Structurally, such a system
of the object to be weight-compensated in space along the  becomes much simpler. The disadvantages of these sys-
necessary trajectories; tems are the complexity of the control algorithms, large
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labor costs for their development and high probability
of self-oscillations.

In systems with an active-passive type of weight com-
pensation, there are in some cases advantages and disad-
vantages of the systems of the first two types and the
scope of their application, as that of passive systems,
is limited.

Formulation of the problem. The purpose of this
work was the development of an automated active weight
compensation system for the deployment of extended
products [10]. Weight compensation of a product can be
provided only in two ways: the first one is hanging on
suspenders with a movable suspension point and using
mobile supports (an exotic case of immersion in a pool
with dense liquid is not considered). In our case WCS
with the use of a suspension system is structurally more
convenient. This WCS must ensure weight compensation
during GET of any objects (solar batteries, rods, multi-
link spokes, etc.) having an extended and transformable in
one direction form for distances of the order of 20 m
(longitudinal direction). Also, this system should allow
the parts of the tested product to be moved in the trans-
verse direction and in height for distances up to 5 m [11].
Concrete specifications are given in table.

An important issue in conducting GET is the question
of energy losses of the drives of a tested product deploy-
ment while overcoming the “parasitic” forces, which are
the resistance forces in the WCS and an uncompensated
part of the gravity force. These losses are due to the im-
perfection of the WCS design and the “non-ideal” opera-
tion of feedback and sensors in this system. A full account
of all the differences in the ground-based experiment and
the conditions of an orbital flight is hardly possible, and
therefore a certain compromise solution was adopted
on the methodology for determining losses, namely:

1. In each relatively short period of time (of the order
of 0.1 seconds) it is considered that the instantaneous
value of the speed of the part to be weight-compensated,
its acceleration, the deviation from the vertical of the sus-
pender on which this product is suspended are considered
constant (i. e., the values of all “parasitic” forces which
must be overcome by the deployment mechanism during
the process of deployment are constant).

2. “Parasitic” work of the deployment system on this
section — A11; is given by the expression:

AH,‘ = FZ,‘ . SZ,' + Fy, . 8)/, + Fx,' . le',

where Fz;, Fy;, Fx; are the values of the “parasitic forces”
acting at 7/ time moment on the weight-compensated part
along the corresponding directions; 6z;, dy;, Ox; are the
values of the displacements for the same moment of time.
In this case, only those coordinates are taken into account,
in the direction of which the forces of the deployment
system act. Forces perpendicular to those created by the
deployment drives create additional frictional forces in
the hinges, which certainly need to be reduced, but the
direct calculation of their effect on the losses is extremely
complicated.

3. The total energy losses of the deployment drives for
the extension of this part — Am — are calculated as the sum
of the “parasitic” works along the entire path of deploy-
ment of the part to be weight-compensated:

N
An = ZAHI-,
i=0

where N is the number of sections for the entire time
of product deployment.

The total energy losses of the deployment drives are
the sum of parasitic work moving each “non-transform-
able” part of the product to be weight-compensated.

Technical characteristics of WCS

Ne Parameter name Index
1 Number of independently weight-compensated parts (pieces), of which: 12
2 with mass up to 80 kg 3
3 with mass up to 35 kg 6
4 with mass up to 10 kg 3
5 Maximum speed of the parts to be weight-compensated, m/s:

longitudinal 1

transverse 1

vertical 0.4
6 Maximum acceleration of the parts to be weight-compensated, m/s*:

longitudinal 0.5

transverse 0.5

vertical 0.2
7 Maximum travel of parts of the article to be weight-compensated, m:

longitudinal 17

transverse +2

vertical +2.5
8 Energy losses of the drives of the tested product deployment system to overcome resistance 10

in WCS and gravity,%, not more than
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The stand and WCS construction. Due to the fact that
the parts of tested products travel the distance of tens
of meters (X coordinate) in one direction and are limited
to the distance of a few meters in the other direction (¥ —
transverse, Z — vertical), the portal structure was taken
as a basis. The portal was moved along the two guides
with a toothed belt along X coordinate, the carriage was
moved along the portal in the transverse direction and this
carriage, in its turn, ensured the vertical moving of the
object to be weight-compensated [12; 13]. The movement
of the portal was due to the engagement of the gears
of the portal support assemblies with the toothed belt.
The drives that move around each coordinate were inde-
pendent. The considerations for choosing the drives and
the control system for their displacements were similar
to those given in [14]. The error in compensation of the
weight component was measured with the help of weight
sensors, the data from which were transmitted to the con-
trol system via the radio channel. In X and Y axes, the
delay signal (or the lead signal) of the portal and the
carriage was the deviation of the suspension cable from
the vertical. Directional X coordinates were located in 3
tiers (on each tier there were 3 portals). Particular atten-
tion was paid to the speed of the control system and the
sensors of mismatch. The data acquisition period from all
sensors and the control cycle time were 30 ms. Mitsubishi
Electric equipment was adopted as an automation plat-
form [15]. The exterior view of the portal with the car-
riage and WCS assembly is shown in fig. 1, a, b, respec-
tively.

The WCS operation was tested during the weight
compensation of a solar battery consisting of 3 panels and
a frame (fig. 2). The objective function of the control
system for the WCS drives was to minimize the devia-
tions of suspension cables from the vertical and the devia-
tion of the tension of the suspender cables from the set
values. Because there was no motion of the SP in the ver-
tical direction (it arose only because of inadequate parallel

alignment of the SP deployment direction and the WCS
guides, and out-of-parallelism of the axes of the individ-
ual panels), the tests of WCS in the vertical direction were
not fully carried out. In the operation of the WCS control
system, the PID control algorithm was used [16; 17].

Experimental results and discussion of the ob-
tained temporal dependencies during the deployment.
During the experiments, the PID regulator coefficients
(gain factors in the WCS feedback loop) were selected
from the condition of the absence of electromechanical
resonances for various designs of the products being
inspected and the conditions for their deployment. This
condition was dictated by the strict requirement of me-
chanical safety of the product to be weight-compensated.
Thus, a certain “safe” range of values of the PID regulator
coefficients was determined. It was in this range of coef-
ficients that experiments were carried out. After carrying
out the experiments and processing their results, the fol-
lowing dependencies were obtained for each of the parts
to be weight-compensated:

— the speed of movement of a given part along X axis
as a function of time;

— speed of movement of a given part along Y axis as a
function of time;

— the dependence of the parasitic energy losses of the
SP deployment mechanisms when moving the panels
along each of the coordinates.

Moving of an intermediate panel (it has the largest
weight and a significant travel range) and the tip panel — it
has the maximum displacement along X axis — is the most
interesting. The movement of all the panels along Y axis
practically did not affect the energy losses due to the
small range of displacements. The dependencies obtained
on the graphs are similar for each of the parts to
be weight-compensated (they differ only in numerical
values), so below in fig. 3-8 only the results for the tip
panel are shown.

a

Fig. 1. WCS portal (a): 1 — portal body; 2 — support assembly; 3 — carriage; 4 — vertical displacement
node with error sensors in X and Y coordinates; WCS in assembly (b): 1, 2, 3 — left guides (3 tiers);
4,5, 6 — portals of three tiers

Puc. 1. Ilopran CO (@): I — xopiryc nopraia; 2 — OIOPHBII y3er; 3 — KapeTka; 4 — y3ell BepTHKaJILHOTO
MepeMELLeHNs C JaTYMKaM1 paccorjiacoBanus 1o koopaunaram X u Y; CO B cbope (6): 1, 2, 3 — neBble
HanpasJysttoiue (3 sipyca); 4, 5, 6 — MOpTaNbI TPEX APYCOB
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Fig. 2. Schematic representation of the deployed solar panel used in WCS tests:
1 — load-bearing column; 2 — double guides; 3 — carriage with a suspender of a rod weight compensation;
4 — carriage with a suspender of an inboard panel weight compensation; 5 — carriage with a suspender
of an intermediate package weight compensation; 6 — carriage with a suspender of a tip panel weight
compensation; 7 — tip panel; 8 — intermediate panel; 9 — inboard panel; 10 — frame; /1 — IR satellite frame

Puc. 2. CxemarmuHoe 1300pakeHNe PacKPHITOI CONMHEYHON OaTapen, Hcroys3yeMoi npu ucnbiTanusx CO:
1 — cuioBasi KOJIOHHA; 2 — JBOIHBIE HANpPABISIOMINE; 3 — KapeTKa C BBIBECKOI 00e3BEIIMBAHUS LITAHTH;
4 — xapeTka C BBIBECKOH 00e3BelIMBaHMS KOPHEBOW MaHENH; 5 — KapeTka C BBIBECKOH 00E3BEIINBAHUS
MPOMEXYTOYHOTO TaKeTa; 6 — KapeTKa ¢ BHIBECKOH 0OE3BCLIMBAHHS KOHLEBOW MaHeNnH; / — KOHIIEBas

MaHesb; § — MPOMEXYTOUYHAs ITaHelb; 9 — KopHeBas naHenb; /0 — pama; 1/ — pama UK cryTHHKA

00
2,50
3,00
2.50
2,00
1,50
1,00 1
0,50 B
0,00 $0 ol
DIUOND 02,0 04D 0BG = b Wl Phs7 sia
1,00 | {

130 =
2,00 =
2,50 1
3,00 -
3,50 2
3,00 2

——¥ron X(15:52:39)

Yron X (1602 :03)
=y X (16:29:53)
——Yon X(16:40:51)
=00 X (16:53:34)

Fig. 3. Time dependence of the deviation angle of the tip panel suspender from the vertical
in the direction of X axis (time is given in seconds, deviation — in degrees)
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The obtained graphs are correct within the framework
of the considered model up to the moment of time 29.8—
30 seconds. At this point, the “locking” mechanisms
of solar panels start functioning and after their operation
the movement of panels practically ceases, and
accordingly the movement of portals and carriages ceases
to be independent and part of the energy goes to the SP
fastening system. But from the point of view of GET this
moment is already of no interest, because the deployment
is completed.

From the graphs obtained it can be seen that the
“parasitic” energy losses slightly exceed the value of 10 %.
These losses are due to the fact that practically throughout
the SP deployment the angle of the suspender deviation
remains constant and is about 0.05°. This value can be
reduced by increasing the “integral component” in the
coefficients describing the operation of the PID controller.
This reduces the stability of the entire WCS. The way
to set the target function of the suspender deviation angle
as 0.05° instead of 0° seems to be much simpler. Due
to the wide possibilities for changing the algorithms of the
WCS control system there are other ways to reduce the
“parasitic” energy losses of the deployment mechanisms.

The motion range of the panels along the vertical in
the experiments was less than 30 mm and did not actually
affect the energy losses. Nevertheless, the inclusion of the
WCS mechanism which ensures the compensation of the
deviations in the weight component made it possible
to reduce this value by more than three times.

Conclusion. An automated active weight-compensation
system for deployment of solar cells of space vehicles
was developed, created and tested.

The results of departmental tests showed that the
weight compensation system with specified parameters
described in this paper allows for ground-based tryout of
the deployment of solar panels of all constructions, both
currently existing and being developed for the future.
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enomenon is the design of ground based and onboard multifunctional radio electronics
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Benenne. 1{enecoo0pa3HOCTb OCTPOSHHUST TOTO WIIN
HMHOTO BUJIa IEPe/IaIoIIero yCTpPOHCTBa BO MHOTOM 00Y-
CJIOBIIMBAETCS €T0 3HEPreTHYECKUMH XapaKTEPUCTHKAMH.
Kak mpaBuiio, momoOHOE YCTpOCTBO, OCOOEHHO B CHCTe-
Max C OIpaHWYEHHBIMH HCTOYHHKAMHU SHEPTHH, IOJDKHO
obecrieunBaTh 3aJ@aHHYI0 H3JIy4aeMyl0 MOIIHOCTh IIpU
MakcumyMme ko3 durmenta monesnoro aevicteus (KII/).

AxtrBHBIC (ha3upOBaHHbIC aHTeHHBIC perieTku (ADAP)
OIMMCBIBAIOTCA B OCHOBHOM TEMH IKE IapaMeTpaMu, 4YTO
U aHTeHHBI Npyrux TUnoB. OHM Tarke O0JaNaAOT JIua-
rpammMoii HampasieHHoctd (/IH), ypoBHeM OOKOBBIX
JIETIECTKOB, KO3((HUINEHTOM HANpaBJICHHOTO JIEHCTBUS,
ko3 dunmenrom ycwienns (KY), m3mydaemoii MOIITHOCTEIO,
JIana3oHoOM padO4YMX YacTOT M JAPYTMMH BEIHYHHAMH.
Ho, xak mpaBmio, 0OBIYHO WCIIONB3YEMBIH Hapamerp —
KOX(pOUIHUEHT yCWICHUS (DaKTUYeCKH HEMPUTOICH IS
ADAP wm3-3a HanmW4us B CXeM€ AHTCHHBI AKTUBHBIX
a7eMeHToB [1].

A®DAP kak mepenaromiee YCTPOWCTBO HE IPOCTO
TEHEPUPYET W H3JIy4aeT MOIIHOCTh B OINPEIeICHHOM
HalpaBJICHUU, HO W MAKCUMAJIbHO KOHICHTPUPYET
ee B 3aJaHHOW 4YacTW NPOCTPAHCTBA, T. €. TapaHTUPYET
makcumyM KV [1].

B omiimume OoT NacCUBHBIX, aKTUBHBIM (ha3MpPOBAaHHBIM
AQHTEHHBIM pelIeTKaM MPUCYIIN JIOTIOJIHNUTEIbHBIE HCTOY-
HUKH TMOTPEITHOCTEH CHUTHAJIOB BO30YXICHMS HM3ITydare-
JIed 3a CYeT NMPHCYTCTBHS B KAXKIOM KaHAIE PEIIETKH
aKTUBHBIX Moxyneir (AM), XapaKTEepUCTHKH KOTOPBIX
B KaXIblii MOMEHT BPEMEHHU pPa3jIN4Hbl HU3-32 BO3JEUCT-
BUS JIeCTAOMIN3UPYIOINX (PAaKTOPOB U HEMOXOMKECTH UX
JJIEKTPUYECKUX MapaMeTpoB. Bo3HMKaiomme mnpu 3TO
UCKQXCHUSI SHEPreTHYECKOTO CHEKTpa yXYALIAloT Iapa-
METPBI PaUO3JICKTPOHHBIX KOMIIJICKCOB U B IIEPBYIO O
penp TexX, TAE KPUTEpHSIMH KadecTBa TI'eHEPUDYRd
U M3IY4YaeMbIX CHTHAJIOB SBJSIFOTCS BBICOKAsl CT!
MOHOXPOMATHYHOCTH KOJEOaHUH W HU3KHH Y
6ouHOrO M3MydeHHs. Bece paccMOTpeHHBIE BB
TENBCTBA ONPEHEISIOT OCHOBHBIE OTII
xapakTepucTuk ADAP 0T UHBIX TUIIOB aHNgEH

BaxHBIM yCIOBHEM TIPH  CO37AHYkmm CO €HHBIX
CIIyTHHKOBBIX cuCcTeM Ha 6aze ADAP,
CTOMMOCTh npoaykimu. Criocodom
6HeMbI ABJIACTCA TPUMEHCHUC
HIefcs TEOpUM YHCIEHHBIX

koHCTpykiuu ADAP. Ilpu >
HOBKE 3ajiaua CHHTE3a aeT OTBETa Ha BOIPOC O CIIO-
cobe peanmmzanuu AD BBI3BIBAET HEOOXOIMMOCTE
IIOCTAHOBKH HOBBIX, MYECKH 3HAYMMBIX 3a]ay Iia-

pPaMeTpHUYECKOro U KO TUBHOTO CUHTE32, KOTOPhIE U
OTIpENeTAT TPeo euHble XapakrepucTuku ADAP.
P

IIpu stom CTaBJIIET COOOW COBOKYIHOCTB
MaJIbIX aHTCHHBI CTEM C COACPIKAHUEM OT HECKOJIBKHUX
JCCATKOB KOJIBKHX COTCH U JaXX€ ThICAY aKTUBHBIX
MOJyJIel bIC C HEKOTOPOIl BEPOSITHOCTHIO MOTYT
BEIXOZYRIs 13 §post [3]. B momoOHbIX ycioBusx paboTsl,
Tem @0 opOuTe, Korja HeT BO3MOXKHOCTH ITPOBECTH
¢ €CKYI0 3aMeHY OTKAa3aBIIero KaHajla, HEOOXOIMMO
YQKO MPBACTABIATh, K KaKUM MOCIEACTBHAM MNPHUBEAET
oT oro, 1Byx u naxe 20 % KaHaJIOB yCHUICHUS.

Ceronns pexumsl padotst ADAP, pazmeniaemMbIx Ha
KOCMHUYECKHX aIaparax Kak OJVM)KHETo, Tak U Jallndh
KOCMOCa, B 3HAUYUTEIBHON CTEIIEHH 3aBUCST OT pe
paboTBl cHCTEM OOECIICUeHHsI TEIIOBOTO
(COTP), Tak KaK M3BECTHO, YTO paboTa Taku
cucteM, kak ADAP, cBsg3aHa ¢ HEOOXOIUMOGTD
3HAYUTEIBHBIX IJIOTHOCTEH MOTOKOB TEIL p
JEWCTBUN BHEIIHHX (PaKTOPOB KOCMHYECKOTO CTpaH-
CTBa W COOCTBeHHBIX (akTopoB pFDOTHI 4 yCTPOICTB

ADAP B pexrMax ¢ BHICOKUMH TETJIONGIMU HYTPY3KaMH.
OYHKIIMOHUPOBAaHNE, HAJEKHOCTh H €HUE KOM-
IUICKTOM 3JICKTPOHHBIX OJIOKOB ( AP cymect-

BeHHo 3aBucHUT oTr COTP, xoTQpeie
3aa4y TeMIepaTypHO CT
pexumamu K9B. Oanako
MPUBECTH K OTKazaM
nepenatonmx) AM KD
nenHoctn ADAP B
¢ oTkazaBmuMu AN

3BOJISIIOT PELINTh

W yHIpaBieHUS
padore COTP moryt
nx (WM TpPUEMHO-

HBIX pEXHUMax pabOTHI
BoUT Oosee 3(h(HeKTHBHO

KOMIIEHCAI[OH

OnexTpoan
yeHHsd ADPAP 1aeTNQ03MOXXHOCTH OLICHUTh H3MEHEHHUE
xapaktepucTuk n3nyueHns APAP npu oTkazax KaHaJIOB
YCUIJICHHS, @ TaKXKE BBUIBHTH BIUSHHE (Da30BBIX OHINOOK
Ha XapaKTEepUCTUKH M3TydeHHsl. Takum oOpa3oMm, B pe3yiib-
tate ucnbitaHnii ADAP ObutM TIOJNydYeHBI SKCHEpHMEH-
TalbHbIE JaHHBIC, CPAaBHEHHE C KOTOPHIMH PE3yJIbTaTOB
pacy€ToB IO3BOJISET JIOMOJIHUTEIBHO OIEHUTH a/IEKBaT-

10Ty Y€HHBIX TEOPETHUECKHUX PE3YJIBTATOB.

3MeHeHust xapakrepuctik ADAP, oOycioBieHHbIE
TRg3aMH MOJyJeH, MOTYT OBITh ONHCAHbI CTATHCTHUE-
Mu Metogamu. Cpexssis JJH mo MomHocTH cuCTeMbI
nu3 N u3iydatesnei UMeeT BUJ

[3-5].

|F (ko) [ =

PN PPN
RIS 10 ap E ) g0
n=1

rae k — BOJIHOBOW BEKTOp, HAlpaBlIEHHBIH B TOYKY

HabmoneHust; k, — BOJIHOBOH BEKTOp, HaIpaBIECHHBIN

~ 2
B TOYKY (pa3sMpOBaHUsI CHCTEMBI; ‘ f (k)‘ — cpennsis JIH

M3NydaTensl MO0 MOIIHOCTH; 7

" — BEKTOp, 3aJarolui

HOJIOKEHHE A-TO M3Iydarels; [, — JeTepMUHUPOBAaHHAs

4acTb aMIUIMTYABl BO3OYXACHHS H-TO M3JIydaTels;
A,, ©, — ciydaiiHple aMIDIUTYAHAs U (hazoBas OUINMOKH
BO30YXIeHHs n-ro u3rydareins. COOTHOLICHHE ITO3BOJISIET
C NIOMOIIBIO YCPEOHEHHUS [0 aHCAMOJII0 peanu3anyil ciry-
yaifHpix [IH ADAP nHaiiTi 3aBUCHMOCTH €€ mapaMeTpoB
OT IapaMeTpoB CIyYalHBIX aMIUIUTYIHO-(a30BBIX OLIH-
6ok [6-8].

Ecnu ammmutynable u (azoBble OmMOKKM B KaHalax
HE3aBUCHUMblI U MaJibl, T. €. HMCIOT HYJICBBIC CPCIHUC

3HAQYEHHMS M MaJyl IUCIEPCUIO O = (A,f +CD£) <<1,

a cpejHME 3HAYEHUs aMIUIMTY] ojauHakoBbl ([, = 1),

To gerpanaius napamerpoB ADAP omnmceiBaeTcsl puBe-
JICHHBIMH HIDKE MTPUOIIMKEHHBIMH COOTHOLICHHUSIMU.
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Koaddunment ycunenus onpenensercs COOTHOIICHUEM
G=G,—-AG~Gye * =Gy(1-a). 2)

CpenHsist IOrpenHoCTh ycTaHOBKU MakcumyMma JIH 86,
otHeceHHas K mupuHe IH AB)s 10 ypoBHIO MOJIOBUHHON
MOIIHOCTH (AJIsL Cilydyasl KBaJpaTHOW PpEIIeTKH) BbIpa-
xaetcsl GopMyIIoit

50/ A0ys ~ 0,3 o/ N. 3)

Pacnipenenenne ypoBHS 60KOBBIX JienecTkoB [IH moz-
YHHSETCS 0000UIEHHOMY pelieeBckoMy 3akoHy. CpenHuii
ypoBeHb OOKOBBIX JienecTkoB JIH ommceiBaeTcsi cooTHO-
HIEHUEM

fi=fo+an/N, (4)

2
rae f60 — OTHOCHUTENIBHOE 3HAYCHHE KaKOT0-TH00 OOKOBOTO

JICTIECTKAa IO MOINHOCTU IMPHU OTCYTCTBUU aMIIJIUMTYyAHO-

(a30BbIX OIIUOOK, f62 — cpeliHee 3HaueHHe TOTO e Jie-

MecTKa MpH HaJIMYUH OmNO0K. B oTaensHON peanu3aru
YPOBCHb OOKOBOTO JICMIECTKA MOXET OBITh U OOJIbIIIE.
C BEpOSATHOCTBIO, TPAKTHYECKH PABHOM €UHHUIE, MAaKCH-
MaJIbHBI YPOBCHb OOKOBOTO U3JIYYCHHUS HE MPEBOCXOTUT
BCJINYHMHEI

Ji = Joo +3Jam/2N. %)

B 80 % peanuzanuii ypoBeHb OOKOBOTO JIemecTKa
HE MPEBBIIIAET BEINYNHBI

fy = foo ++Jam/2N. (6)

Jns oueHKH YpOBHSI NEpPBOro OOKOBOTO JIEMIECTK
A®AP c kBajgpaTHOH amepTypod NpH paBHOAMIUIUTY[-
HOM BO30YXKICHHUU H3JIydareield B (opMmynax ciie

HOPUHATL fg, = 0,217.

Ha pucynke npusenensl 3aBucumMocta AG 2}
/> 1 mepBOro GOKOBOTO JIETECTKA OT BeJ
nepcuu o U urcna uznydareneit N [9; 10].

12, 0B &O -AG, ob
12 2 20
10 LS
8- AG 10
6 R tbos
0,1 0,2 o

XapakTepHo, 4yTto gAerpagammsa KV 3aBHCHUT TOIBKO
OT o, a OOKOBOE WH3JIydeHHE, BBI3BaHHOE CIydalipf
omuOKaMH, yMeHbIIaercst ¢ yBenumdeHueMm N. Taw
CHUMaJbHBIL  YPOBEHb TIEpBOro OOKOBOTO J
PELIETKH C MPSMOYTOJIbHOM anepTypoi, paBHb!

K€ TTapaMeTpPOB OTHOCHUTENbHAS TTOTPe
MakcumyMa JIH cocraBisieT nmpuMepH

U 1A OLEHKU BIUSHHUS BBI
Ha xapakrepucTiuku ADAP [

B crartuctuueckoi Teo €HHBIX PELIETOK IOKa-
WHO PacIoNOXKEHHBIX
3JIEMEHTOB B pEIIETKE
SKBHUBAJICHTHBIM JCHC
[0 BCEM 3JIEMEHTa

(ha30BBIX OIUOOK

MEPHO paclpeIeneHHBIX
CIYYaiHBIX aMIUTHTYIHO-
eit oo = n/N [12]. Beipaxas
s DIICMEHTOB Kak (DYHKIHIO

(7

Crnenyer UMeTh B BUJLY, YTO BBIXOJ] M3 CTPOS MOJYJIeH
nepenaromeiit AOAP npuBoauT HEe TOMBKO K YXYALICHHIO
Ko3(h(uIMeHTa YCHICHUS W AWarpaMMbl HAIpPaBICHHO-
CTH, HO U K CHIDKCHUIO H3JTy4acMOH MOIIHOCTH, ITO3TOMY
notennuan nepenaroneir APAP npu n << N ONUCHI-
BaETCsl CJCIYIOIINM COOTHOLICHHEM:!

M=PG=T,(1-a)e™*~

8
T, (1-0)? =T, (1-1/T, ). ®

Hapabotka 10 oTka3a 7, COBPEMEHHBIX TPaH3UCTOP-
HBIX mepenaromux moxyiern ADAP X-amamazona moxo-
qut g0 100 000 g (6onee 11 mer). IIpuemusie Momyiny,
BBIIIOJIHEHHBIC 10 I‘H6pPII[HOI7[ TEXHOJIOTUH, UMCIOT Hapa-
60TKy B 2—-3 paza 6oJblle, a IpUEMHbIE MOAYJIH HA UHTe-
rpanbHbIX cxemax CBY moryt umets 7 > 1 000 000 4, T. .
Ha MOPSIIOK OoJIbIIe.

2, 0B -AG, 0B
12 - f252 L 20
/s
10 bLs
8 "Lio
AG 0
6 L 0.5
| | | |
0 0.1 0.2 o

3aBucumoctn xapaktepuctuk ADAP ot aucnepcnn aMIummTy AHO-(ha30BBIX OMIHOOK OU

" yuciia 1/I3J1yaneneI71: a—

Dependence of the characte

s N=50; 6 — nna N =200

ristics of active phased antenna

arrays on the dispersion of the amplitude-phase errors o

and the number of radiators:

a —for N=150; b —for N=200
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W3 cootnomenuti (7), (8) cnemyer, 4To mepenaromnias
A®DAP, umeromass N =20 000 moayneii ¢ Tp = 100 000 4,
3a oguH Tox paboTsl Oe3 pemoHTa (okomo 8600 u) mpe-
TEPIUT CIECTYIONNEe M3MECHCHHUS MapaMEeTpPOB: CHIDKECHUE
KY u >dpdexTnBHOI mmomanu amepTypsl — MPUMEPHO
0,4 nb, ymenpmenne moteHnuaia — mnpuMmepao 0,8 nb,
MaKCHMAJIbHBI POCT IepBOro OOKOBOTO JIeMecTKa —
He 6oinee 0,3 n1b, MakcuManpHast TOTPEIIHOCTH YCTAaHOBKHU
nmydya — npumepHo 0,2 % (31ech He yYTeHa MOTPEIIHOCTh
YCTaHOBKH, CBSI3aHHAs C JMCKPETHOCTBHIO (hazoBpaliaTenci
Y TIOTPEIIHOCTAMH KaTUOPOBKH KaHAJIOB pereTku) [14].

[IpuBeneHHbIE TApaMeTPhl JOCTHKUMBI TIPH YCIIOBHH,
YTO TPaBHIBHO BHIOpPAH TEIUIOBOM pEXXUM pabOTHI MOII-
HBIX TPaH3UCTOPOB. DTO 00ECIIeUNBAETCS 3a CUET OpraHu-
3ali¥ ONTHMAIBHOTO PEeKUMa MX pabOTH HAa TOHWKEH-
HOM YPOBHE MOIIHOCTH, PallMOHAIBHOTO BBIOOpa Mare-
pHANIOB KOpITyca M €ro KOHCTPYKIHH, oOecreduBaromei
MaKCHMAaJIbHBI OTBOJ TeIla OT KPUCTAJIIOB, OCTATOY-
HOTO pacxo/ia OXJAXKIAIOIIEr0 BO3AyXa HJIH JKUAKOCTH
B CHCTEME OXJIaXICHUSI.

[IpakTruecku, MOJyNH, HaAXOASAIIMECS Y KpaeB arep-
TypBl, 32 CYET TEIUIONEpPEeNadynl B OKPYKAIOUIYIO0 Cpexry
nMeroT 0oJiee HU3KYIO TEMIIEpaTypy, YeM MOJYJIH, pac-
MTOJIOKEHHEBIE B IeHTpalibHOU 4YacTu. Hampumep, B nmte-
parype NpHUBEICHBI PE3YJIbTAThI UCTIBITAHUN 17-3]1EMEHTHOM
aKTHBHOHM pEIIeTKH C BO3AYIIHBIM oXiaxkaeHwem [13—15].
[ToTpebnsieMass OT MCTOYHHKA MOIIHOCTH ITOCTOSTHHOTO
TOKa B KaXJOM KaHaie cocTaBisieT 9 BT. B orcyrcrBue
NPUHYIAUTECIBHOI'O OXJIAXKICHUA LCHTPAJILHBIC 3JIEMCHTDI
pemeTkn uMeroT temmepatypy npumepHo 100 °C, kpaii-
uue — 60 °C. Ilpu BKIIOYeHHOM IPUHYIUTEIHHOM 001yBE
9TH Temrepatypbl cocTaBisiioT 40 1 20 °C COOTBETCTBEHHO.

3akaouenne. Takum 00pa3oM, MOBBIIICHHAS TE
paTypa B IICHTpPaJbHOH YacTH amepTypbl HpPHUBOIN
K 0Oosiee BBICOKOM MHTEHCHUBHOCTHM OTKa30B. JTO,
ouepelb, MPUBOJUT K 00Jiee BBICOKOMY POCTY QOKO
W3JTy4eHHSI.

HEOOXOJMMO CO3[aHHE MOJIETH ee Haje
MOJIETb JIOJDKHA YUUTHIBATH DHEPreTHYUEC
MOJYJIEH U MX 3JIEMEHTOB, 3aBUCHMOCHI QL] cneno-
BaTeNbHO, paboueil TeMIepaTypsl) o BBIXOTHON
MOIITHOCTH, 3aBUCUMOCTH TEMIICPaR)pPIRQI WOHCTPYKTHB-
HBIX TIapaMEeTPOB CHUCTEMBI ox&ﬂ, YHOMSHYTYIO
BBIIIIC 3aBUCUMOCTh HapaOOTKH Ha OT OT TEMIIEpaTy-
pBl, Ooyiee TOYHOE OMKCAHL FCHCUBHOCTH OTKa30B
MOJyJIed Ha OCHOBE aHai CHBHOCTH OTKa30B
UX DJIEMEHTOB.
Bbaaronapnocru.
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CTYAEHYECKAS IINKOCITYTHUKOBAS IIJIAT®OPMA SIBQUBE:
PA3PABOTKA ITPOTOTHUIIA KOPITYCA INKOCITYTHUKA KJIACCA POCKETQUB

A. T KpanyHOBCKmZ*, M. H. [paranmok, 1. M. 3yes, C. A. Ckopoboraros, I1. B. MoBuan

Cubupckuii rocy1apCTBEHHBIN YHUBEPCUTET HAYKU U TEXHOJIOTHH MMeHHU akanemuka M. @. PemerHesa
Poccwuiickas ®enepauusi, 660037, r. KpacHosipck, mpocrt. M. ras. «KpacHosipckuii pabounii», 31
*. .
E-mail: anton.kravchunovsky@yandex.ru

Ilpusedena Konyenyus u HeKomopwvle pe3yibmamvl paspabomku cmyodenyecko2o kocmuyeckozo annapama (KA)
cmanoapma PocketQub, a umenno, paspaboman npomomun kopnyca cmyoeHueckozo nuxocnymuuka SibQube. IIpeo-
CMAsJieHbl HEKOMOPbIE U3 CYWECMBYIOWUX HA OAHHbLL MOMenm cmandapmos ceepxmanvix KA (CMKA), ux ocnosuvie
Pa3udUsl, 3aKII0YAIOUUECST NPENCOe BCe20 8 MACCO2aDAPUMHBIX XaAPAKMEPUCUKAX CAMO20 ANNApama u 6bINOJIHIEMbIX
um 3aoayax. Ilpusedensvl yenu co30anus naam@opmsl: UCNOIL30BAHUE 8 00IACU 00PA308AHUSA, NPOBeOeHUe HAYUHBIX
IKCNEPUMEHMOB8 8 KOCMUYeCKoM npocmpancmee. [Ipusedenvl ocnoguble sedyujue Gakmopsvl pazpabomxu u nianupye-
Mblil cocmas cyacebnou naameopmoi paspabameisaemoco CMKA. Ilocne nposedenuss ucnvimanuii Kopnyca u 0ajiv-
Hetiweti e20 00pabomKU CIMAHOBUNICSL BO3MOJICHBIM UCHONIb308ANHUE €20 8 KaYecmee OCHOGbl OJisi TUHEUKU KOPNYCcos
CMKA, npeonasnauennvix O UCCIe008AHUSL MALOUZVYEHHBIX BEPXHUX CNIOe8 ammocghepbl U OAUNCHE2O0 KOCMOCA.
Cnpoexmuposan u uzeomognen npomomun xopnyca KA. Onucana xoncmpykyus xopnyca paspabamuiéaemozo KA
cmanoapma PocketQub u npednasnauenue s1emMeHmo8 KOHCMPYKYUu U ux QyHKYUOHAIbHble 0cobeHHocmu. Boioparvl
Mamepuansl OJis U320MOBNEHUsL NPOMOMUNA, U NPUBedenbl OCHOB8aNUs ux gbloopa. Taxaice ObLL Nposeden NPOYHOCMHOT
AHAU3 KOHCMPYKYUU KOPRYCA, 4 UMEHHO: MOOAIbHBI AHATU3, HANPAGIEHHBI HA NOUCK COOCMBEHHBIX YACHON KOHCH1-
PYKYUl, Cmamuyeckutl aHaIu3 Ha 8030eicmeue JUHEUHbIX nepezpy3ok 0o 20 g, coomeemcmeayouux IUHeHbiM nepe-
2PY3KAM, 603HUKAIOWUM NPU NOJleme paKembvl-Hocumes «nenpy, u OUHAMUYECKUTI AHATU3 CTIYYATIHBIX 8030€UCMEUIL.
Ha ocnoeanuu pesynvmamos ananusa coenansl npedsapumesibHble bl800bl 0 NPOYHOCMU U YCIMOUYUBOCIIU KOHCIMPYKYUU
npu 8030€liCmEUU PACCMOMPEHHBIX (PaAKMOpOos.

Knwouesvie crnosa.: kocmuueckuii annapam, PocketQub, kopnyc, nukocnymuux.
Siberian Journal of Science and Technology. 2017, Vol. 18, No. 3, P. 580-584

STUDENT PICOSATELLITE PLATFORM SIBQUBE:
DEVELOPMENT OF PROTOTYPE STRUCTURE OF POCKETQUB CLASS PICOSATELLITE

A. P. Kravchunovsky', M. N. Draganyuk, D. M. Zuev, S. A. Skorobogatov, P. V. Movchan

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

The article includes the conception and several results of the development of the PocketQub student spacecraft,
namely the prototype of the student satellite SibQube is designed. In the article there are some midget spacecrafts stan-
dards known for today, their main distinctions which are consisted in dimensions of the satellite and its tasks. The arti-
cle defines the goals of the creation of the platform: its usage in the educational sphere and running experiments in the
space area. This article presents the most major factors of developing and projected constitution of the service platform
of the midget spacecraft. After testing the spacecraft body and its further modifications, it is possible to use it as the
base for the range of midget spacecraft bodies intended for the researching of atmosphere top layers and near-the-earth
space. We designed and produced the prototype of the spacecraft body. The article describes the body construction of
developing PocketQub spacecraft and usage of the structure elements of the construction and their functioning
particularities in it. We defined the materials for the model producing. Besides, the article describes reasons for their
choice. In addition, we have made a strength analysis of satellite structure, namely mode identification analysis to find
normal frequencies, static analysis of the effects of linear accelerations within limits of 20 g, appeared during the flight
of the Dnepr launch vehicle, and dynamical analysis of random influences. Based on the results of the analysis
preliminary conclusions were made about the construction strength and stability when the determinants discussed
above influence.

Keywords: spacecraft, PocketQub, structure, picosatellite.
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ABMGZMOHHHE U paKkemHo-KoCmMu4ecKkas mexnuka

BBenenne. B nociaennne 10-20 jeT B KOCMUYECKOI
OTpaciii SpPKO BBIpAKEHAa TEHAEHIMS MHHHATIOPU3ALMN
KOCMHYECKUX TUTaTHOPM.

Haubonee pacnpocTpaHeHHBIM pe3yJIbTaTOM MHHHA-
TrIopu3anmn siBisiercs cragmapt KA CubeSat. Crarmapt
pernamenTupyet radaputbl KA Ha ypoBHe 10x10x10 cm,
1,3 xr (6azoBas eqununa 1U), ¢popmy kopryca u HaboOp
nnTepdeiicoB [1]. Hannsie KA 3amyckarorcs ¢ OMOIIBIO
MYCKOBBIX KOHTEHHEPOB, pa3MeEIIEeHHBIX B KauecTBE IO-
MYTHOW Harpy3KH Ha pakeTax-HOCHUTENSX, TshKeJIblx KA u
MeXayHaponHOH kocmuueckor craHumu. KA CubeSat
W3HAYaJIbHO OBUIM 3agyMaHbl Juisi 00pa3oBaTeNbHBIX
LieNiei, HO TaKKe NMPUOOpeNn MOIMYJISIPHOCTh B KAauecTBE
Hay4YHOTO, KOMMEPYECKOr0 | IOIYJISIPHU3aIIOHHOTO
WHCTPYMEHTA.

Taroke ObpUH pa3paboTaHbl Oojiee MHHHATIOPHBIC
craamaptel KA: PocketQub (5x5x5 cm, 125 1) [2],
FemtoSAT (3x3x3 cm, 35 1) [3] (puc. 1), a Taxxke crpaii-
Tol (Sprites), uuncatsl (ChipSat) [4], KOTOpbIE COCTOST
13 HeOOJBIION NIEYaTHON IUIATHI, Ha KOTOPOH MPUCYTCTBYIOT
COJIHEUHBIE OaTape, NepenaTyuK, MpoLeccop U HEKOTO-
phiii Habop mpocThix naryukoB. OObrdHO Takue KA mpo-
CTO TPaHCIHMPYIOT 3aIlMCaHHbIE COOOILCHNSI.

Crangapt PocketQub. JlanHblil cTaHAapT periameH-
TUpyeT BHelHue rabaputbl KA 5x5%5 cM u maccy 125 T,
49TO cOOTBeTCTBYeT (opmary lp. CraHmapT mpemycmar-
pHUBaeT pazarmyHble KOMIIOHOBKH OT 1p 1o 8p. CymecTBy-
€T BO3MOJKHOCTH 3ammycka KA naHHOTO Kilacca ¢ MCHOJb-
30BaHHEM YK€ CYIIECTBYIOINX KOHTeHHepoB mmsi KA
kimacca CubeSat. Kpome maccorabapuTHOro cTaHgapra
cymecTByeT Takxke craHmapt PQO60 [7], koTopsrii perma-
MCHTUPYET pa3MEpPhbI NI€YAaTHBIX IJIAT, TUIIbI MEKIIATHBIX
ANIEKTPOMH(POPMAIIMOHHBIX Pa3bEMOB U UX PACIIMHOBKY.

W3HayanbHO cTaHIapT pa3padaThiBAICS B paMKax
kouuennuu 50$Sat — HU3KOOKOHKETHBIX CIYTHUKOB IS
LIMPOKOTO A0cTymna B kocMoc. Ctanaapt ObUT1 pa3paboTaH
npodeccopom bobom Teurrcom cosmectro ¢ 'ocynaper-
BEHHBIM YHUBepcuTeTroM Mopxena [8].

Ha nanHBId MOMEHT 3alyLIEHO YETBIPE KOCMUYECKUX
anmaparta nogobHoro kmacca: $50Sat [9], Wren [10],
Qubescout S1 [11], T-LogoQube [12]. Janubie KA Obuin
3amnylleHsl B cocrae Muccun UniSat-5 ¢ ucnonp3oBanueM
paxetbl-HocuTens «J{Hernp» B HosiOpe 2013 T.

PaspabarTbiBaemMblii cBepXMaJIblii  KOCMHYeCKUIl
anmmapat SibQube. B Cubupckom rocynapcTBeHHOM
YHHUBEPCUTETE HAyKH M TEXHOJIOTMH pa3padaThiBacTcst
CTy/ieHuecKasl cryTHHKOBas ruardopma SibQube, oTHO-

Gyroscope Solar Cells

Microcontrol
Magnetometer

Antenn

a

ler

a

csmasics K Kiaccy HHUKOCIYTHUKOB (puc. 2). BremrHwuii
Bux KA npencrasiien Ha puc. 2, a.

Henpro pa3paboTKu sBISAETCS CO3MaHUE IHIAT()OpMBI-
KOHCTPYKTOpa C HU3KOW CTOMMOCTBIO U 00pa3oBaTeIIhb-
HBIX M HAay4HBIX Iieniel. OCHOBHBIMH MOTPEOUTEISIMU
OyIyT SIBIATHCS HAay4YHBIC OPTAaHU3AINH, YHUBEPCUTETEHI,
IIKOJIB ¥ OPTaHM3AIUH JOIIOJHUTEIHHOTO 00pa30BaHuU.

[Tmardhopma MoxkeT OBITH HMPUMEHHMA ISl CIETYIO-
KX 33/1a4:

— oOpa3oBareibHblE TPOrpaMMbl ISl CTYJEHTOB
1 IIKOJIBHUKOB,;

— BBIIIOJIHEHUE TEXHOJIOTHYECKHUX HKCIIEPUMEHTOB;

— rocTpoeHue rpynupoBok KA s u3ydeHus napa-
METPOB BepXHeH aTMoc(epHl.

Ha mgaHHBIE MOMEHT CTOWT 3ajada pa3pabOTKH CITy-
)keOHOM Tmratdopmel. B 0azoBoM cocrtaBe mmiatdopma
JTOJDKHA BKITFOYATH B CE0S CIEAYIOUINE CHCTEMBI: KOHCT-
PYKIHMH KOpITyca; MEXaHH3M 3aUeKOBKM aHTEHH; OOpTO-
BOIl KOMIUIEKC YMPABJICHHUS; CHCTEMa DSJICKTPONUTAHHS;
CHCTEMa TpHeMa U TepeJadd NaHHBIX (TOJHOIYIIIeKC-
Hasi); HA0Op CEHCOPOB.

B cBsa3u ¢ mameiMu rabaputamu KA cymiectByer
npoOiiema sHEprooOecriedyeHys], CBI3aHHas ¢ MaJoi ILIo-
IIaapl0 CONHEYHBIX Oartapeil. Takum oOpa3oMm, OIHHM
13 BOXHBIX (DAKTOPOB pa3paboTKH sBiIseTCS oOecrieueHne
BBEICOKOTO ypPOBHA 3HeprocOepeskeHus. JpyriuM BaKHBIM
(hakTopoM pa3pabOTKH SIBISETCS O00ECTIEYCHHUE UTOTOBOM
HU3KOH CTOMMOCTH MaT(opMel, YTOOBI ClenaTh ee IOc-
TYIIHOM IIMPOKOMY KpyTy noTpedureneii [13].

Koncrpykuun kopmyca. Kopmyc mnpeacrasiser
co00ii COOpHYIO aTIOMHUHHEBYIO KOHCTPYKIHIO (C BO3-
MOJKHOCTBIO MacIITaOHUpOBaHUSA 10 pasMepoB 2p, 3p
0e3 MPUHIMINAIBHBIX U3MEHEHUH B KOHCTpYKIMHK). KoH-
CTPYKIMOHHAA HCJIOCTHOCTh AOCTUTACTCA 3a CYHET BUHTO-
BOro coeinHeHus. B kadecTBe Marepuana ObuU1 BHIOpaH
craB J[16, Tak Kak OH UMEET MOAXO/IAIIIE MEXaHMIECKHe
CBOMCTBa. B KOHCTpPYKIMHM KOpITyca HCIOJIB3YIOTCSI THYThIE
JIETaJi U3 JICTOBOTO METallla M3-32 HU3KOH CTOMMOCTH
MPOU3BOJICTBA M ocoOeHHOCTe! cOopku (puc. 2, 0) [14].
OCHOBOH KopITyca CIYXHT CTaHIAPTH3UPOBAHHAS aJIfo-
MuHHeBas rulactuHa Base plate. Ona yaepxuBaetr KA
B IIyCKOBOM KOHTEifHepe, a TakXke 00ecrnednBaeT
BO3MOXHOCTh mepemenieHuss KA 10 HampaBlsiOmIM
B KOHTEWHepe NpH BHIBEJCHUH alapara U3 KOHTeHHepa.
MukponepekiouaTead obecrneunBaroT nepexon KA
U3 CIIIIEr0 B aKTHBHBI PEXHMM IIPH BBIXOZE armapara
13 KOHTEHHepa.

7

Puc. 1. YerpoiictBo kocMuueckoro anmnapara: a — kiacca KickSat [S]; 6 — crangapra FemtoSAT [6]

Fig. 1. Structure of spacecraft: a — KickSat class [5]; 6 — FemtoSAT standard [6]
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Puc. 2. Kocmudeckuit anmapat crannapra PocketQub: ¢ — BHemHuit Bun; 6 — ycrpoiictBo: / — Base
plate; 2 — creHku KopIyca; 3 — MEXIUIaTHbIE CTOHKH; 4 — (DOTODRIIEMEHT; 5 — IJIaTa PagnodICKTPOHHOTO
MOJYJIsl; 6 — aHTEHHA; 7 — CEPBUCHBIN pa3beM; § — MUKPOIIEPEKIII0UaTesb

Fig. 2. PocketQub standard spacecraft: a — exterior view; 6 — structure: / — Base plate; 2 — sides
of a body; 3 — interplane legs; 4 — photocell; 5 — board of electronic module; 6 — antenna; 7 — service
connector; § — microswitch

OJIEKTPOHHO-TEXHUYECKUH MOMyJb IPHHIUINAIBHO
npezcTaBisieT co00l COBOKYITHOCTB IEYaTHBIX IUIAT, pa3-
JCJIICHHBIX MEXKIIJIaTHBIMUA croiikamu. [leuaTHble mIATHI
CBSI3aHbl MEXIYy CO0OH 3JeKTpOMH(DOPMALMOHHBIMU
MEXIUIATHBIMH COEIMHEHMsIMU. Takum o0pas3oM, IiaThl
BHYTpY KA OpraHu3oBaHbl B CTPYKTYpy THIA «CTIK». KA
mpeamnojaraeTcss o0opynoBaTh HaOOPOM BHEIIHHX Cep-
BHCHBIX MH(OPMAIIMOHHBIX M 3JIEKTPHUYECKUX HHTEpdeii-
COB JUI 00ecreyeHus] BO3MOXKHOCTH BHECEHHUS MTOTIPABOK
B CTPYKTypy IpPOrpaMMHOIO OOECIIeYeHHs ammnapara,
3apsAKH aKKyMYJIATOPHBIX OaTapei.

M3roToBieHHBI MPOTOTUI KOpIyca IIPEACTaBICH
Ha puc. 3. OnucaHHass KOHCTPYKIUS MOJyYEHHOTO IMPO-
Totuna umeer maccy 97 r. Ha nanHom srame Obul U3ro-
TOBJIEH TEXHOJOTWYECKHH MPOTOTHI, 3aJadyell KOTOpOro
OBUIO MOATBEPIUTH KOHCTPYKIMOHHBIE pEIIeHus], 3a1ada
MaKCHMaJIFHOTO OOJIErYeHusl KOpIlyca armapara He cTa-
BIJIACh. BBINONIHEHNE B CTEHKaX BBIPE30B ITO3BOJMT CHH-
3UTh Maccy aeraneii kopmyca 10 20 %.

AHayIn3 KOHCTpYKuUuM. PacueTr ans nmpoBepky Mpoy-
HOCTH W YCTONYMBOCTH KOHCTPYKLIHUH IPOBOAMICS
B KOHEYHO-DJIEMEHTHOM IaKeTe ANSys C UCIOJIb30BAHHEM
monyineir Ansys Workbench, Ansys Design Modeller
u Ansys Mechanical.

Kaxkno#t nerany ObUT IPUCBOEH Marepuall ¢ YHUKAaJIb-
HBIMH (PM3HKO-MEXaHHMYECKUMH CBoOicTBamMH. Marepuai
IUTaThl — TEKCTOJINT. MaTepuan mWnuieK — JaTyHb. Mare-
puan 6arapeil — KpeMHHIA.

I'pannyHbIe yCIOBUS AJIsl aHAIM3a COOTBETCTBYIOT
JAHHBIM 10 BBIBEICHHWIO Ha OPOWTY paKEThI-HOCHTEJS
(PH) «duemp» [15].

Brin npoBenieH craTWyeckuii aHalv3 Ha BO3JIEUCTBHUE
JUHEWHBIX Teperpy3ok mo 20 g; MOmaibHBIM aHaIH3
Ha COOCTBEHHBIE YaCTOTHI, AWHAMUYECKHH aHAIU3 CIIy-
YalHBIX BO3JCHCTBUI. AHaiu3 Ha BO3AEHCTBHE JIMHEH-
HBIX IIEperpy30K Mo BceM TpeM ocsiM 10 20 g IpoBOAMICS
B TpeX BapUaHTax:
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1) mpomonpHOE HANIPaBIIEHHE YCKOPEHUS;

2) monepeyHoe HAMPABICHUE YCKOPEHHUS,

3) HampaBJieHHE YCKOPEHU O] YoM B 45° KO BceM
TPEM IUIOCKOCTSIM.

['paHWYHBIME yCIOBHAMHU JUIS KaXKIIOTO BapUaHTa
aHaln3a SBIISIOTCS YCKOPCHUE IMEPErpy3Kd U YCKOPEHHE
CcBOOOIHOTO HaIECHUS.

ODuKcHpoBaHHAS TEOMETPHUS MPHUMEHsETCS A (Puk-
cali MOJENM OT CBOOOIHOTO TEPEMEIICHHS 10 BCEM
TpeMm ocsiM. PuKcalusi IpUMEHAETCsl Ha KpailHel rpaHu
Base plate (cnyTHMK ymupaercsi eif B HampapBJSEOLHE
KOHTeHHepa).

Ha ocHOBe mpOBeICHHBIX PACUETOB YCTAHOBJICHO, YTO
Ipyu 3alaHHBIX YCJIOBUAX HHHeﬁHLIX MEPErpy30K KOHCT-
PYKLUS BBLAEPKUBAET HArpy3ku. MakcuManbHOE Hanps-
JKeHHUE, HaOJro1aeMoe B MOZIeiH, He TpeBbimaet 3,1 MITa.
B mecTax HanOombIIel KOHIEHTPALMH HAPSDKEHUH Mak-
CHUMaITbHBIC HAMIPSHKEHHS IS BCEX AJIIEMEHTOB KOHCTPYK-
IIUM 3HAYUTEIBHO MEHBINE TpeJesia TeKYIeCTH. JTO CIIo-
coOCTBYeT BRICOKOMY K03 uIienTy 3amaca mpoYHOCTH.

[epen mpoBeneHNEM aHaJI3a Ha CITyYailHyIO BUOPAIIHIO
HEOOXOAWMO TPOBECTH MOJAIBHBIM aHANW3 Ha MOWCK
COOCTBEHHBIX 4acTOT. IloWck COOCTBEHHBIX YacTOT
ocymiecTBisics B auanazone ot 0 mo 2000 I'm.

Jedopmanuu mpu cOOCTBEHHBIX YaCTOTaX BO3SHHUKAIOT

HUCKIIOYUTCIIBHO B MNEYAaTHBIX IUIaTaX 3JICKTPOHHO-
TEXHUYCCKOT0O MOAYJIA.
Pe?)yJ'H)TaTI)I MOJAJIBHOI'O0 aHalin3a MPEACTaBIICHBI

B Tabi1. 1. Ha ocHOBe MomabpHOTO aHanu3a ObUT IPOBECH
aHaIIN3 Ha CIyJaifHble BO3AEUCTBHs. B pacueT Oblia BBe-
JIeHa CTIeKTpaJibHasl INIOTHOCTh BUOPOYCKOPEHUH B 3aBH-
CUMOCTH OT 4YacTOThbl, 3KBHBAJECHTHAs BUOPAI[IOHHBIM
Harpy3kam npu nonere PH «/{nenp».

BbI10 paccMOTPEHO /1Ba pacUETHBIX CITydas:

1) Harpy»eHue 10 IPOAOJILHOI ocH;

2) Harpy»eHHe 10 IIOIePEeYHOI OCH.

Pe3ynbraThl mpezacraBieHsl B Ta0. 2.
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Puc. 3. ®ororpadus noxyueHHOro NpPOTOTHIIA KOPITyca
Fig. 3. Photo of the structure of the prototype produced
Tabruya 1
Moasl coocTBeHHBIX YacToT KA
Ne 1 2 3 4 5 6 7 8 9
Yacrora, I'n 865,8 867,2 874,1 879,3 880,9 14353 1436,6 1438,3 1441,4
Ne 10 11 12 13 14 15 16 17 18
YactoTa, I'n 1445,2 14548 1456,2 1456,5 1459,1 1467,8 1485,2 1488,1 1552,5
Tabnuya 2
PesysibTaThl AHHAMHYECKOI0 AHAJIN3A CJIY4YaiHbIX BO3JeiicTBHil
Macuirab lo 20 3o
BeposTHOCTH BOBHUKHOBEHHS, %o 68,269 95,45 99,73
DKBUBaJIEHTHOE Hanpshkenue, MIla 2,637 5,275 7,912

Tak kak cny4aiiHas BHUOpalusi SBISETCS BEIUYHHOMN
HESIBHO 3aJaHHOH, MOXHO JIMIIb ONPEIEIUTh BEPOST-
HOCTh BO3HHUKHOBCHUS onpeueneHHoi& HarpyskKu B auaria-
30He yactoT oT 0 go 2000 I'u. Mcnons3yeTcs craTHCTH-
YeCKui aHaJInus3, onpe,uenmoumi& BEPOATHOCTL MOABJICHUA
TOW WJIM MHOW aMIUIUTYAbl HICKOMOTO napameTpa. Pe3yib-
TaThl WCCIIEIOBAHUN PACHpPENEIIOTCS M0 HOPMAILHOMY
3aKOHY.

[To pesynpTaram NMpOBEICHHBIX aHAIM30B yCTAHOBIIC-
HO, YTO KOHCTPYKIMSI HE HMMEET COOCTBEHHBIX YacTOT
B HU3KOYACTOTHOM JHama3oHe (Pe30HAHC BO3MOXKEH IIpU
gactotax Beime 850 I'm). IlepBas coOCTBeHHas dacToTa
Habmomarorest ipu 870 T'LI, Bropas — nmpu 1450 T'Ll. D10
YIOBJIETBOPSIET 3asBICHHBIM TPEOOBAaHUSAM, UYTO COOCT-
BCHHBIC YaCTOTBI KOHCTPYKIUN HE JOJIKHbBI 6])ITI) MECHbBIIC
10-20 I'Ll. Haubonee BbicOKHE MOKa3aTeNH CHEKTPaIb-
HOW IJIOTHOCTM MOIIHOCTH HAamlpsDKEHUS! HaOJIONA0TCs
Ha BTOpoO# coOctBeHHOH uactore (1465 I'm), T. e. mpu
JAHHOHM 4acTOTe BO3HUKAIOT CaMble BBICOKHE HATrpy3KH.

OnHako MakCHMalbHOE BO3MOXKHOE HAaNpsDKECHHE
He npesbluaer 8§ MIla, 4To 3HaUUTENBHO MEHBILIE IPEJIEIIOB
TEKydJecTH MaTrepuaioB (B cpexHeM okomo 100-200 MIla
JUIA aTIOMHHHUEBBIX CIDIABOB). DTO CIIOCOOCTBYET BBICO-
KoMy koadduipeHTy 3amaca npoyHoctu. Pazpaborannas
KOHCTPYKIIMS YAOBIIETBOPSIET 3asIBIICHHBIM TPEOOBAHUSAM.

3ak/aouenue. B craTbe ObUTH paccMOTpPEHbI HEKOTO-
pble CTaHJapThl NHMKO- U HAHOCIYTHUKOB. IIpuBenena
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KOHILICTIIMS M Pe3yJIbTaThl TEKYIIEH nTepaluy pa3padoT-
KM Kopiryca nukocmyTHHKa SibQube, pa3pabaTsiBaeMoro
B Cubl'Y um. M. @. Pemernesa.

Pa3paboTaHHbIi U U3rOTOBJIECHHBII ITPOTOTHUI KOPITyca
CMKA crangapra PocketQub mno3Bossier otpaborarb
TEXHOJIOTHIO MPOMU3BOJCTBA M COOPKHM TaKOro THUIa KOp-
nmyca. B xozme cOOpkM MOJeny BBISIBJICHO, YTO KOHCTPYK-
LUs OT/EJIBHBIX Y3JI0B HE YIOBICTBOPSET IIOCTABICHHBIM
9PTOHOMHYECKHM TPeOOBaHHAM HPOCTOTHl KOHCTPYKLIHU
U nerkocT coopku. Takum 00pa3oM, KOHCTPYKIHS Tpe-
Oyer n0paboTOK, HAMpPaBJICHHBIX Ha OOlIee obierdeHue
nporecca cOOPKH U Ha3eMHOT'0 O0CITyKMBaHUS alllapaTa,
a TaKKe JOCTIKEHHE MUHHMAJIBHOW Macchl IpU coXpa-
HCHHU NPOYHOCTHBIX XapaKTECPUCTUK.

B pesynbrare mpoBeneHHOro pacuera KOHCTPYKIHH
OBUIO BBISIBJICHO, YTO KOHCTPYKIHS yJIOBJIETBOPSIET 3asiB-
JICHHBIM TPEeOOBaHHSAM HAa IPOYHOCTh H YCTOWYHUBOCTb.

Baaronapuocru. Bripaxaem OnaromapHocts Aspo-
KocMmugeckoMy Koiniemky Cubl’AY u pecypcHOMY IieH-
TPy KOJUISKTUBHOTO NOJIb30BaHUs «KocMuueckue armma-
paThl U CHCTEMBI» 32 IOMOIIb B M3TOTOBJICHUH JeTallel
IPOTOTHIIA.
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Ha xageope 3amxnymoix sxonocuveckux cucmem Cubupckoeo 20cy0apcmeeHHo20 YHUBepCumema HayKu u mexHo-
noeuti umenu axademuxa M. @. Pewemnesa coemecmuo ¢ Mncmumymom o6uopusuxu Cubupcrozo omoenenus Poccuii-
CKOU akademuu HayK 6e0ymcsi paspabomKu UCKYCCMBEHHO20 GbICOKONPOU3600UMENbHO20 (PUUKO-XUMUUECKO20 36€HA
PeOyyeHmog Oisi OUONO20-MEXHUUECKUX CUCEM ICUHEOOeCneyeHUsl KOCMUYECKO20 HA3HAYEHUs, 8 YACMHOCMU, 075
ecomossyezocs sxcnepumenma BUOC-4 ¢ sxunasicem uz 3 yenosex. Qusuko-xumuueckas nepepabomra omxo008 mpe-
byemcs u3-3a HenpuemiemMocmu Osi 6bl800d HA OpOUMYy OueHb 6oabUX OYpepHbIX eMKocmell, a 3HAYum, U Macc —
MHOSUX eCMEeCMBEHHbIX COCMAGIAIOWUX OUOTO2UUECKUX 36eHbes nepepabomku omxodos. I[loocucmema @usuko-
XUMUYECKUX PeaKmopos O NepepabomKu Op2aHuieckux omxo008 6 y0obpenus Ol 8blpauusaHus KyIbmypHbIX pac-
meHutl Ha 2UOPONOHUKe Nnepuoouyecky cosepuiencmsayemcs. Ilapannenvno paspabamvleaiomcs pasiuiHvle 8apUaHmbl
NOOOOHBIX (YYHKYUOHATLHBIX 36€HbEE C PA3IUYHBIMU Xapakmepucmukamu. Paccmampusaemces noocucmema gusuxo-
XUMUYECKUX Peakmopos nepepabomku omxo008 6 Ouoio2o-mexHuyeckol cucmeme oicusHeobecnevenus BHUOC-4.
Leavio cmambu sensiemcst 0030p MeKywe2o coCmosiHusL 0COOeHHOCmell pa3pabomky MmexHOI02Ul nepepabomKu. Omxo-
008 € UCNONL30BAHUEM NOOCUCHIEMbl QUIUKO-XUMUYECKUX DeaKmopo8 HA OCHOBE MemoOd «MOKPO20 CHCUSAMUSLY,
a makoice ee ABMOMAMU3AYUU U KOMNBIOMEPHO20 MOHUMOPUH2A NAPAMEmpPOs NpomeKanus. npoyecca. Paccmampu-
saemasi yCmMaHosKka 0Jis nepepabomKu Op2aHudeckux omxo006 8 YO0OpeHUs NPUMEHUMENbHO K 3aMKHYMbIM 9KOCUCTe-
MaM KOCMUHECKO20 HA3HAYEHUsL COCIMOUM U3 NOOCUCTIEMbL PEAKMOPO8 «(MOKPO2O CHCUSAHUSLY, PAZNONCEHUSL MOYEEUHDL
u cunmesa H,0,. Aemopul pazpabamuieaiom edunviii unmepgeiic coopa OanHbIX 0 NApaAMempax pabomol GbIUEHA36AH-
HbIX PeaKmopog u CUCmeMY A8MOMAMuUYecKo2o ynpagienus umu. Ilpedcmaegnenvt mexuuieckue 0emanu npomexaro-
WX, paspadbamvlaemMvix U NPOEeKMupyemviX npoyeccos nepepabomxu omxo0os. Jamo yerocmuoe npedcmagieHue
0 36¢He PUUKO-XUMUYECKOU nepepabomKu omxo008 Ha dKcnepumenmanviom cmenoe BUOC-4 cecoonsa. K nacmos-
wemy MomMeHmy npeodcmasienvl Oeticmsyiowue YCMAaHo8Ky aub0 KOHYeNnmyanbhvle peuleHuss 015 Ux paspabomku,
sKIIoYas asmomamuzayuio. /s 6cex OCHOBHBIX 36eHbe8 MEXHOL02ULEeCKOL NOOCUCHEeMbl NEPEPADOMKU OMX0008 NpU-
MEHUMENLHO K OUON020-MEXHUYECKUM CUCHEMAM JICUSHE0DECneyeHUst KOCMUYECK020 HAZHAYEHUsT 6e0emcst UX Onmu-
MU3AYUSL U IKCNEPUMEHMATIbHAS NPOBEPKA.
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SUBSYSTEM OF PHYSICO-CHEMICAL REACTORS OF MINERALIZING WASTES
FOR SPACE APPLICATION BIO TECHNICAL LIFE SUPPORT SYSTEMS

Ye. A. Morozovl’z*, S. V. Trifonov®% M. Yu. Saltykovl, A. V. Muryginz, A. A. Tikhomirov' 2

'Institute of Biophysics SB RAS
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The Department of Closed Ecological Systems of Reshetnev Siberian State University of Science and Technology
together with the Institute of Biophysics SB RAS are developing the artificial high-performance physicochemical link
of the decomposers for bio technical life support systems for space applications, in particular for the forthcoming
experiment BIOS-4 with a crew of 3 people. The physicochemical processing of waste is required because of the very
large buffer capacities thus masses for orbital launching of many natural components comprising the biological waste
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treatment links. A subsystem of physicochemical reactors for the processing of wastes into fertilizers for cultivating
edible plants on hydroponics is being periodically improved. Different versions of the similar functional links with dif-
ferent characteristics are being developed in parallel. The subject of the article is the subsystem of physical-chemical
rectors of organic waste processing in the bio technical life support system BIOS-4. The aim is to present the review
of peculiarities of the development of the organic wastes treatment physical-chemical reactors subsystem based on “wet
combustion” method, as well as its automation and computer monitoring of the process flow parameters. The consid-
ered technological subsystem of organic wastes treatment into fertilizers applied to space application closed ecosystems
comprises the reactors of “wet combustion”, urea decomposition, and H,O, synthesis. The authors develop a united
interface of collecting data of the reactors operation parameters, and the reactor’s automation control system. Techni-
cal details of the ongoing, developed and projected processes are presented. A holistic view has been given of the
physical-chemical reactors waste processing link at the BIOS-4 experimental facility today. To date, existing installa-
tions or conceptual solutions for their development, including automation, are presented for all the main links of the
technological chain of waste processing with reference to the bio technical life support systems for space purposes,
and their optimization and experimental verification are carried out.

Keywords: human spaceflight, closed life support systems, turnover, technological processes, waste treatment,
fertilizers, automation.

Beeaenue. /{1 nMnoTUpyEeMbIX KOCMUYECKUX MUCCUN EcrecTBennas Omomerpamanusi OTMEPIINX M IONyTIe-
JJIUTCIIBHOCTBIO 60ﬂee 2-x JICT, Ha4YWHasg OT II0JICTa PEBAPCHHBIX PACTUTCIIBHBIX W KUBOTHBIX OPraHUYCCKUX
Ha Mapc u nanee, a Tem OoJiee JUIsl pelIeHUs 3aa4 Tep-  OCTaHKOB M TPaJUIMOHHBIE MPAKTUKU UX KOMIIOCTUPOBa-
pa(l)Ole/IpOBaHI/lﬂ IUIaHET U Me)K3B63I[HOI‘/II OKCIIaHCHH, HUS B 3C€MHBIX YCJIOBUAX Tpe6leT CJIMIIKOM MAaCCHUBHBIX
BBICOKO3aMKHYTBIE OMOJIOrO-TEXHUUECKHE CHUCTEMBI XH3He-  OydepHbIX emkocte [5], uto Henpuemnemo juist BTCXKO
obecnieuenus (BTCXKO), BrITFOUarONME YeNOBEKa, SIBISIFOT-  KOCMHUYecKoro HasHadeHus. [loatomy B BTCXKO xocmu-
csl HEOOXOIMMBIM KOMIIOHEHTOM KOCMHYECKHX allllapaToB  YeCKOr'o Ha3HAYeHHs IPEACTaBISeTCS 11e1eco00pasHbIM
Takoro HaszHadeHUs. [Iporeccel mepepaOOTKH opraHmue-  pa3pabaThIBaTh  pasiIUYHBIE  MOACHCTEMBI  (U3IUKO-
CKHX OTXOIIOB WTPAlOT BAXHYIO POJIb B (POPMUPOBAHMHM  XUMHUYECKHX PEAKTOPOB [6], KOTOpPBIC BBITOIHSIOT POJH
BTCXO xocMudeckoro Ha3HAYEeHUS, ONpeaessis pa3Mepbl  PEIyLEHTOB B AKOCHCTEME. B mpoliecce uccienoBaHUi
Oy(epHBIX €MKOCTEH M BpeMsl aBTOHOMHOTO CYIIECTBO-  TaKHE IOJCHCTEMBI MOTYT CYIIECTBEHHO BapbHPOBATHCS
Baaust BTCXO [1]. U ONTHMH3UPOBAThCSA. OTNaeHHBIE TEXHOJIOTHUECKUE

OTiin4re TPOLECCOB TONYyYEHHUS MUINM B 3€MHBIX  IPOIECCHI, KOTOPHIE Y)K€ MPETEpIIeBAIOT CYIIECTBEHHBIC
N KOCMHYCCKUX YCJIIOBUAX 3aKIIIOYACTCA B OYCHb JKCCTKUX CTPYKTYPHbBIC HW3MCHCHHUA, IMOJJICKAT aBTOMAaTHU3allUU.
Tpe60BaHI/lHX K MHHHUMMH3AIIUHU MaACChI BCEH CHUCTEMBI Hx CHa6)KaIOT JaTYUKaMU JJId KOHTPOJIA COCTOSHUA
B IOCNIEAHEM cityyae. MHorue 3eMHble TexHosoruu 3eM-  cpeabl BTCXO, HancrpanBaroT cuUCTEMBI YHpaBIICHHS
JIeNIeNUsl CIUIIKOM TPYZIOEMKH, MacIiTaOHBI, MAaCCHBHBI  (PM3MKO-XMMHYECKUMHU PEaKTOpaMH, OOBEIMHSAS MX BO BCE
1 HETEXHOJIOTWYHBI JUIS BBIBO/IA X HA OPOUTY M UCIIONL-  OoJee CIOKHBIE MOAYJIH U cucteMy ynpasienus bTCXKO
30BaHUs B EPUOJ KOCMUYECKOM Muccuu. B To ke BpeMsi  Kak enuHoe Lenoe. B naHHO# craThe paccMaTpUBarOTCs
MHOTHE KOCMHYECKHE TEXHOJOTMH CcIumKoM moporun  Beaymuecs B UB® CO PAH pa3paboTku MOICHCTEMBI
W HEpeHTAOCNbHBI JUIA 3€MHBIX TPWIOKEHHUH, ONHAKO  (U3UKO-XUMHUYECKHX PEAKTOPOB MEepepabOTKH OpraHude-
COBEPIIEHHO HE3aMEHHUMBI B OYIyIIMX KOCMHYECKMX  CKHX OTXOJOB B yIOOpEHHS IS BBIPAIIMBAHUS KyJIbTyp-
muccusx. Jms muanmuzanun Mmaccbl BTCYKO u moBblllie-  HBIX pacTEHUH HA THAPOTIOHUKE [7].

HUSl YJEJBbHOM IOJIE3HOCTH KaXIOr0 KWJIorpamma BbIBO- [enbio MaHHOM CTAaThU SBJIAETCS 0030p 0COOEHHOCTEH
JMMOW Ha OpOUTY IOJIE3HOHM Harpy3Ku TpeOyeTcs pe3KO  OpUTHMHAIBHBIX TEXHOJIOTHH W  pa3paboTok (usnko-
HOBBILIATH (B CPAaBHEHUH ¢ OMOC(EPHBIMH LIMKJIAMH) CKO-  XMMHYECKHUX PEaKTOPOB IepepabOTKH OPraHM4YecKuX OT-
pocTH 000pOTa BEIIECTB B DKOJIOTHUECKHX TPOPUUYECKUX  XOAOB MPUMEHHTEIFHO K OHOJIOrO-TEXHHYECKHM CHCTe-
LUKJIAX ¥ CHIKATh Oy(epHylo eMKOCTb 3KocucTeM [2]. MaM KHM3HE00eCIEeYEeHUs] HOBOTO ITOKOJIEHHSI C BBICOKOH

CHwkenne Oy(depHBIX €MKOCTeH B JKOCHCTEMaxX MO-  CTENEHBIO 3aMBIKaHHUsI KPYTOBOPOTHBIX IPOLIECCOB M HX
pOKIaeT MHOXKECTBO MpPOOJeM yCTOMYMBOCTH MX (QYHK-  ocoOeHHocTer. Paboter BemyTcs Ha kadenpe 39C Cudl'Y,
nunonupoBanus [3]. Tak, B mmaHeTapHOM MacIiTabe pery- — sistromieiics 6a3zoBoit kadenpoit Ub® CO PAH.
JUPOBAHUE Ta30BOTO COCTaBa aTMoc(ephl MPOUCXOIUT Hoacucrema PU3NKO-XHMHYECKUX peakTopoB. OObeK-
€CTeCTBEHHBIM 00Opa3oM Omaromapss OdYeHb OOJBIIOW  TOM HCCIEHOBAHMSA SIBIISCTCS TEXHOJOTMYECKas IMOJICHC-
OydepHoctn atMoc(epsl, B TO BpeMsi KaK B TEpPMETUYHON  TeMa (U3UKO-XMMHUYECKON MepepadoOTKH OpraHuYeCKHX
kabune BTCXO o0bem arMocdepsl 0ueHb Ml M TpeOyeT — OTXO/OB B yI0OpEHHs Ul pAaCTEeHUH, a TaK)Ke aBTOMATH-
TIIATCJIbHOTO KOHTPOJIA [4] IUIA BbIpaBHUBAHUSA BCIIIC- 3alusd, MOHHUTOPHUHI' M YHPaABJICHHUE BbINICHA3BAHHBIMU
CKOB KOHIICHTpAlM{ Pa3JIMYHbIX Ia30BbIX KOMIIOHEHTOB, Ipoleccamu. [IpoOieMbl HCCleOoBaHHUS 3aKIFOYArOTCs
KaKk TEXHOJIOIrH4Y€CKUMHN CHOCO6aMI/l (HOJI60p miara B IIOHUCKE nyTeﬁ TMOBBIIICHUA CTCIICHU 3aMKHYTOCTH,
KOHBEHEPOB pPa3IMyYHBIX KyJIbTYPHBIX DPACTCHHUH), TaKk  TEXHOJOTMYHOCTH W HAaJEKHOCTH OTIEJbHBIX 3BEHHEB
W JIOTIOJIHUTENBHBIMUA TEXHUUYECKMMH CPEACTBAMH (HAlpu-  TEXHOJIOTHMYECKOH ITOJICHCTEMbI NepepadoTKH OpraHuye-
Mep, YIpaBiseMbIi Pa3IMYHON JIOTMKOM MHKPOBOJOPOC-  CKUX OTXOAOB, ymeHblieHuu maccel BTCXO B pacuere
neBbIi PoTOOMOpEaKTOp, UMEIOIINI OONBINON IWANa30H  Ha WICHA HSKUNAXa, a TaKKEe B aBTOMATHU3AI[MH, MOHHUTO-
WHTEHCUBHOCTEH (poTOCHHTE3a). PUHTE U yTIPaBIICHUH BEIIICHA3BAaHHBIMHE MIPOIICCCAMH.
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Becbma mepcneKTUBHBIM JUISI HCKYCCTBEHHOTO (H3H-
KO-XMMHYECKOT'0 3BeHa penyleHnToB B Oyaymmx BTCXO
C OJKHIIA)XeM W3 HECKOIBKHX YeIIOBEK IPEICTaBISACTCS
HCTIOJH30BATh MPHUHIUI XKUIKO(PA3HOTO OKUCICHHUS Opra-
HUYECKAX OTXOJOB AaKTHBHBEIMH (popMamMu KHCIIOpoaa
B BomHol cpenme. H,O, Ha ceromns sBiseTcs Haubosee
9KOJIOTHUYECKH YUCTHIM, 3(P(PEKTUBHBIM H JIETKO BOCIIPO-
M3BOAVMBEIM BO BHYTPHCHCTEMHOM KPYTOBOPOTE BHAOM
okuciutens. PapabarbiBaemas mnocienoBarelibHas TeX-
HOJIOTMYECKasl TOJICUCTEMA MEePepadOTKH OPraHU4ecKUX
OTXOAOB JJId IMOJYYCHUS U3 HUX MMUTATCIIbHBIX PACTBOPOB
JUTS BBIPAIIUBAHUS KYJbTYPHBIX PACTCHUH, IPEUMYIIICCT-
BEHHO Ha THJIPOMOHWKE, NPUMEHHTEIBHO K 3aMKHYTHIM
9KOCHCTEMaM KOCMHUYECKOTO0 Ha3HAYE€HMs! COCTOMT U3 TpeX
OCHOBHBIX PEAKTOPOB: «MOKPOTO CKHTAHHS», Pas3lIoikKe-
HUs MoueBMHBI m cmHTe3a H,0,. YmpomeHHas cxema
TEXHOJIOTHYECKOTO TpoIiecca MpeIcTaBIeHa Ha puc. 1.

CHavana opraHW4ecKkne OTXOJbI (B IEPBYIO OuYepenb
9K30META0O0TUTHl YEJIOBEKa, a TaKKe, BO3MOXHO, HEChe-
no0Hast Oromacca pacTeHHi, PbIOHBIE OTXOABI U T. II.)
cmemmBatotcst ¢ 33%-M BogHbIM pacTtBopoM H,O, u uepes
CYTKH IOCTYIAIOT B PEaKTOp «MOKPOI0O CXKUTaHUsD [8].
[epexucy BogOpOAa akTUBHPYETCS NEPEMEHHBIM JJIEK-
TPUYECKUM TOKOM [9], obpasyrommuecs O u *OH panuka-
JIBl 3aITyCKAIOT LETHYI0 PEaKIHI0 OKUCICHUS OpraHuye-
CKHX BelecTB B pactBope. I[lonmyyaemblii Ha BBIXOIE
«MOKPOTO CXKHUTAHHS» TPOTYKT COCTOHT M3 PacTBOPA,
raza u HeOONBIIMX KOJMMUYeCTB ocanka. CocTaB Ta30BBIX
KOMIIOHEHTOB U TEXHOJIOTHSI UX BOBJICUEHHS B KPYrOBO-
potueie mporecchl BTCXO omucana B [10]. Ilocme
mpoiiecca «MOKporo cxxuranusi» 6osee 90 % MoueBHHBI
OCTaeTcs B pacTBOpE.

HOCKOJII)Ky MOYE€BHHA HC YCBAMBACTCA MHOI'MMU
KyJIbTYpHBIMH PAaCTE€HUSAMH, PACTBOP BMECTE C OCaIKOM
Jlaliee HATIPABIISICTCS. B PEAKTOP PA3JIOKCHUSI MOUYCBUHEIL.
Panee ucrnonb3oBanack TEXHOJIOTHS Pa3IOXKEHHsT MOUECBHUHBI
(bepMeHTOM ypeassl, MoTydaeMoi U3 coeBoid myku [11].
IIpouecc npoxoaun npu NpocToOil MEXaHU3ALUU U HE Tpe-
0oBa criennaIbHOW CHCTEMBI yIIpaBieHus. B HacTosmee

BpeMsi pa3pabaThIBaeTCs albTEPHATUBHBIA METO]| pa3io-
JKCHHSI MOYCBHHBI C TIOMOIIBIO KAaTaau3aTopa M3 IUIaTh-
HOBOH (onbru. [Ipomecc aBTOMATHYECKOTO YIIPaBICHHUS
PEaKTOPOM pa3OKESHHSI MOUYCBUHBI Ha IIATHHE 3aKJIF0Ya-
€TCsl B TIO/IeP>KaHIH TIOCTOSHHOTO TOKA B IIEIH TIPH Me-
HSIOMIEHCS AIIEKTPOIPOBOIHOCTH PAcTBOpPA B PE3yNbTaTe
HarpeBa M XMMHYECKHX PEeaKLni, a TakXKe TePMOCTaTUPO-
BaHWU TIPH BBIXOJE PEakiMu Ha pabouyyro TeMmIieparypy
U OTKIIOYEHUH TIO TPOIIECTBUU 33JaHHOTO BpPEMEHHU.
B nepBoM npuOIMKEHUHM TAKOW MPOLIECC MOXKET OCYIle-
CTBIISITHCS TI0 KECTKO 3aJIaHHOM 110 BPEMEHHU IIporpaMMe.

Jookucienue ocaaka. [locne moboro BapuaHra
mporecca pasloXKEeHAsT MOYECBHHBI OCAJOK OTCTAUBAIOT
u nookucisroT B cMecu HNO;+H,0, B cootHomenuu 1:1.
[Iponecc n3BnedeHNs 3IeMEHTOB MUHEPATLHOTO TATAHHS
BBICIITNX PACTCHUN U3 0CaIKa B JOCTYIHBIE ()OPMEI B pac-
TBOpe omucad B [12]. HeoOxomumyto Ans TOOKHCIEHUS
ocagka U Koppekuuu pH mosmBoYHBIX pacTBOPOB Ha THA-
POTIOHHKE a30THYIO KHCJIOTY IONy4YaloT HUTpH(HUKanneit
aMMHaKa, CBS3BIBAEMOTO B Ta30BBIX CKpyOOepax peaxrto-
POB «MOKPOTO CXKHTAHHS» M PA3JIOKEHHS MOYCBHHBI
B 6 % HNO;. [Ipouiecc mookuciaeHus ocaika, OCTaroero-
Csl B MPOJYKTaX «MOKPOTO CIKHUTAHUS» PacTBOpa dK30Me-
TabonuToB YenoBeka B cmecu HNO; + H,O, (1:1), Mmoxxer
MPOBOJIUTECA B PEAaKTOpPE, AaHaJOTMYHOM YCTAHOBKE
«MOKPOTO CXKHTAaHHS», HO MEHBIIEro pasMepa, JIHOO
HAKaIUTMBaThCSI 32 HECKONBKO JHEH H IMPOBOIUTHCA
B ocHOBHOH ycraHoBke. [Tockonmeky HNO; cunpHO yBe-
JUYUBACT JJIEKTPOIPOBOJHOCTh PACTBOpA, TPEOYIOTCS
CYIIIECTBEHHO MEHBIINE YPOBHH HampspkeHus. Komnaecr-
Bo HNO; ompenensiercss w3 NPennoiOKEHUS, YTO BECh
MEPEXOIAIINIA B Ta3000pa3HOE COCTOSHKE IMPHU TEPBUYHOM
«MOKpPOM C)KUT@HHW» pacTBopa dk30MeTadonnToB NHj
npeodpasyercss HUTPU(PHUKATOPOM B PABHOE KOJIMYECTBO
mousieid HNO; 1 Bo3BpalaeTcsi moaHOCTBIO HA JOOKHUCIIE-
HHUE 0cajKa, K koropomy mobasisercs H,O, B MonsipHOM
cootHowenny 1:1. O6praHO ncnons3yerest 4,18 mir 65%-ro
HNO; u 8,24 M 33%-10 BogHoro pacteopa H,O, Ha oca-
IIoK ¢ | 1 pacTBOpa 3K30MeTabOIUTOB YeJIOBEKa.

HUTpudukaTop
HNO3
OpraHu4yeckue
0TX07bl Peaktop | | PeakTop [lookncnenme
"MOKpOro pasnoxeHna | ocafKa
CKUraHua" MOYeBUHbI \

.7___1T_____

H202

PeakTop
CUHTE3a
H202

Puc. 1. YrporeHHas cxema TEXHOJIOTHYECKOH MOJICHCTEMBI IepepaboTKH OPraHMYECKUX OTXOH0B
1t BTCXKO BBICOKOI cTeneHn 3aMKHYTOCTH Ha mpuMepe mpoekra BUOC-4

Fig. 1. Simplified chart of organic wastes treatment technological chain
for high-closure BTLSS on BIOS-4 project as example



Cubupckuil srcypHan Hayku u mexvoaoeui. Tom 18, Ne 3

HanpspkeHne odYeHb CHIBHO 3aBHCHUT OT IUIOIIATU
MIOTIEPEYHOI0 CEYECHHSI PacTBOpa MEXKIy DJIIEKTPOIaMHU
U, CJIeIOBATENIbHO, OT 3aNOHAEMOCTH peakTopa. OOBIIHO
0CajJioK ¢ 9 11 pacTBOpa MUHEPAIN30BAHHBIX 3K30MeTa00-
JINTOB C CYMMAapHbIM O6"beMOM KHUCJIOTBI IEPEKUCHU U JUC-
TWJUIMPOBAHHOM  BOJIbI, HCIIOJb3YEMOM JJi1 CMBIBA,
nopsiaka 300 M pasroHSAIOT 5 MUH IpU HanpsHDKEHUU
okono 28 B, npu sTom Tok BbIpacTaer ¢ 3—5 no 7,5-10 A
W pacTBOp HAaYMHACT KHUNIETh (AJIEKTPOIPOBOJHOCTD
pacTBopa 3aBHCHT TaKXe OT €ro TeMIIepaTyphl), naiee
HaIpsDKCHWE CHIDKAIOT 10 14 B, mpu 3ToM TOK mamaeT
MPUOIM3UTENBHO 110 3,5 A ¥ HaXOOWTCS Ha TAKOM YPOBHE
Tmopsiika 2 4acoB A0 KOHIA peaknuu. KoHEl peakimuu
ompenensercs orcyrctsueMm H,O, B pacTBope mpu TUTPO-
BaHMHU II€PMaHTaHATOM Kaiuus. Peakius TOOKMCIICHUS
ocajka Mpu (UKCHPOBAHHBIX YPOBHAX PACTBOPa MOXKET
MNpOBOAUTHCA ABYMSA INEPCKIIOYCHUAMHN YCPE3 3adaHHBIC
MHTEpPBAJIbl BPEMEHH, OJJHAKO OT YPOBHS pacTBOpa B pe-
aKTOpE, CBA3aHHOTO C €ro IOIEPEYHbIM CEYCHUEM, 3aBH-
CUT TOK B IIEMM M CKOPOCTh peakiuu. Eciu ypoBHH
pactBopa He OyIyT HOPMHPOBAHBI ¥ CTAHIAPTU3UPOBAHBIL,
TO IUTSL YOPAaBJICHUS TPOIECCOM MOTpeOyercs clieasmas
CUCTEMa, PEeryIUpYIOMas HANpsOHKCHUE IS yIepKaHUS
3HaYCHHH TOKa B ONpeAeNieHHBX npenenax. OmHako
B OOJBIIMHCTBE CIy4yaeB CTaHIAPTH3AIUs Ipolecca Jo-
OKHCIICHHS 0CaaKa MO 00beMaM KOMIIOHEHTOB BBITIIAJUT
Ooee MPOCTHIM PELICHHEM, TTO3BOJISAS CAeNaTh yIpaBie-
HUE T10 )KECTKOH Iporpamme.

ABTOpamu pazpaboTaHa U SKCIEPHUMEHTAIBLHO IPOBe-
peHa Ha pacTeHHsX cajiaTa, B3STOr0 B KauyeCTBE TECT-
00BEKTa, TEXHOJOTHS JOOKHCICHUS OCalKa OT «MOKPOTO
cxkuranus» B BogHoli cmecu HNOs+H,0,. Bonee moino-
BHHBI TaKUX HEOOXOIHMMBIX 3JICMEHTOB MHUHEPATBHOTO
MUTaHWs JUIST BRICOIMX pacreHmid, kak Ca, Mg, P, Fe
1 Ip., OBUIH paHee CBSA3aHBI B TPYTHOPACTBOPUMOM OCa/I-
K€ W HEeJOCTYITHBI i MHHEPAJIbHOTO MHUTAHUA. Y IAIOCh
mepeBect Oonmee 90 9% BBINICHA3BAHHBIX 3JIEMEHTOB
MUHEPAIbHOTO NMUTAaHHUA B HOHHYIO (hOpMy, MOCTYIIHYIO
B pactBope. [lOCTHTHYTO yBETWYEHHE MPOAYKTHBHOCTH
cayjata Oosiee yeM B 2 pa3a IpH HCIOJIB30BAaHUM IHUTa-
TENILHOTO PAcTBOpa, MPHUIOTOBJIEHHOTO M3 OJMHAKOBOTO
KOJIMUECTBA MUHEPAIN30BaHHBIX 9K30MeTa00IMTOB Yello-
BEKa C UCIIOJIb30BAHUEM TEXHOJIOTHH PACTBOPEHHS OCal-
Ka, TI0 CPAaBHECHHUIO C PAaHHEE WCIOIB30BABIICHCS TEXHO-
Jloruyeckoil moacucremor [12], MOCKOJIBKY HEKOTOpbIE
73 BBIBOAMMBEIX B PAacTBOpP D3JEMEHTOB OBUTH JIMMHTH-
PYIOIIUMHE UIS pOCTa KyIbTYPHBIX PACTCHUN B YCIOBHSIX
MaKCHMAaJIbHOTO 3aMBIKaHHUS KPYTOBOPOTa BemecTB. [Ipo-
aHaJM3UPOBaHA OOJNBIIAS YacTh Ta30BBIX KOMIIOHEHTOB
mporecca, BexyTcs paboThl MO HM3YYECHHIO JAWHAMHUKH
OKHCIICHHS OCTAIOMIMXCSI OT JOOKMCIIEHHS OCajIKa B CMe-
cu HNO;+H,0, HeOOMBIIMX KOJUYECTB BOCKA B IOYBO-
nonoOHOM cyOctpaTe. PaboThl O BOBIIEUEHHUIO OCa/lKa OT
«Mokporo cxuranus» B kpyropopor BTCXO o6nanator
MIPUHIAITHATBHOW HOBU3HOM U JICNAOTCS BIICPBEIC B MUPE.

Momunpukanusa yCTAHOBKH «MOKPOTO CKUTAHHSD.
Bruta paspaboraHa, ammapaTHO ¥ IMPOTPAMMHO PEan30-
BaHAa W arpoOHUpoBaHa B TeUeHHE OoJiee 2 JIeT peryIspHOit
paboTBl cHUCTeMa MOHHTOPHHTA B PEAaTbHOM BpPEMEHH
C 3aIHCHI0 Ha KOMIIBIOTEP MMapaMeTPOB MPOTEKAHUS TIPO-
Iecca «MOKPOTO CXKHUTAaHUS» U1 peakropa ¢ pabodum
obbeMoM 6 11, pazroHHeiM HampspkeHuem 100 B u pa6o-
yuM HanpsokeHrneM 50 B, a Takke aBTOMAaTH4YeCKOE H/HIIH
JAUCTAaHIIUOHHOC YIPAaBJICHUE YC€PE3 KOMIIBIOTCP BbIIICHA-
3BaHHOM ycTaHOBKO#H [13].
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B HacTosimiee BpeMs M3TOTOBICH PEAKTOP «MOKPOTO
CKHTaHHS» € pabounmM oOBeMoM 9 11 mnms OSKHImaxa
3 3 YemoBeK, KOTOPHIA OyIeT, B 9aCTHOCTH, OCHAIICH
MOJCUCTEMON (U3MKO-XMMHYECKHX PEaKTOpOB MpPHUTO-
TOBJICHUS] YAOOpEeHH U3 OPraHNYeCKHX OTXOJOB M WHBI-
MU TEXHOJOruAMHU Jisl Beicoko3amMkHyToi BTCXO HOBO-
ro nokousieHusi. IIpoGnemoit paboThl HOBOH YCTaHOBKH
C TakMM PEakTOpOM Ha 9 J1 okaszajach U3MEHEHHasl reo-
METpHUSI C MEHBIINM PACCTOSHUEM MEXKIY JJIEKTPOIaMH,
M3MEHHWJIOCh COOTHOIIIEHHE TOKA W HampspKeHws: 56 B —
pazronHoe u 28 B — pabouee, npu Toke ot 5-7 1o 12-18 A.
Marepuan CTeHOK OBIIT 3aMEHEH C KepaMUKH Ha (QTopo-
IUIACT, ¥ TIIATEJIbHO 3arepMETH3MPOBAHbBI ra30BbIe My TH.
B pesynbrare THiaTeNbHON repMEeTH3aIMU Ta30BbIX MyTel
MOPOrOBOE  3HAYEHHE JIABJICHHS, CHUTHAIM3UpYOLIee
0 TIEPEKJIFOUSHNH C PAa3rOHHOTO HANpsDKEHMs Ha pabouee,
CTaJI0 AOCTUraThCs CIUIIKOM paHo — depe3 10-15 muH,
mo cpaBHeHmio ¢ 60-90 MuH 11 paHee OTpabOTaHHON
KepaMH4YECKOH BEPCHH peakTopa ¢ pabouum o0BeMoM 6 I,
B pe3yJbTaTe pacTBOp HE YCHeBall pa3orpeThes 10 pado-
geil remmnepatypsl (95-100 °C), 9yTo yBemUUHMBaAET BpeMs
NIPOTEKaHMs Ipolecca M yXyJIIaeT KayecTBO MPOIYKTa,
OLICHUBAEMOE 110 XUMUYECKOMY TTOTPEOSITHHUIO KHCIIOPOIa.
JIng MOBBIIIEHUS TETJIOU30JIALUN PEaKTOp OBII MOKPHIT
TEPMOU3OJISILIMOHHON IUICHKOM, OIHAKO 3TO HE PELIMIIO
mpobiemy.

Y HOBOW yCTAaHOBKH «MOKPOTO CXXHTAHHS» PabodnM
o06beMoM 9 1T M3MEHsIeTCs JIOTUKAa paboThl aBTOMATHUKH,
TpeOyeTcs eIle olHa CTYIEeHb. BKIIIOYeHNHEe ICHOTaCUTENs
M KaTalnu3aTropa MPOMCXOIHT IO AOCTIKCHUW ITaBIICHIS,
PaBHOTO BEICOTE CTOJIOA KUAKOCTH B KOJIOE JIS CBSI3bIBA-
Hust NH;, kak ¥ paHee, HO TEpEKIIOUCHNE HaNpPsDKEHUS
C pa3roHHOr0 Ha padoyYMe OCYIIECTBISIETCS MO WHOMY
NPUHLUIYY — 10 JIOCTH)KEHUU 3aJlaHHOW paboded Temie-
patypsl pactBopa (95 °C). OTKiIIOUeHHe yCTaHOBKH TIPO-
HCXOAUT TO Pa3psHKCHHUI0 —2 MM BOJ CT, KaK M paHee.
Taroke axTyanpHa 3amada pa3paboTKH aHAIIOTUIHOM
CHUCTEMBI KOMITBIOTEPHOTO MOHHTOpPHHTA (XOHa IIpoIec-
COB IIepepadOTKH M JABMKEHHs BEILECTB) M aBTOMATH3a-
LUK JUI OCTAIBHBIX PEaKTOPOB BBIIICHA3BAaHHOM TEXHO-
JIOTMYECKOW IOJCHCTEMBI JUISl CO3JaHusl eIMUHOM HH(OP-
MaLIPIOHHOﬁ CUCTEMBI YIIPABJICHUA 3KCICPHUMCEHTAJIbHBIM
crenaom BTCXO.

Lemecoobpa3HBIM MOXKET OKa3aThCS aBTOMATHYECKast
no3anus H,O, B Xo1e peakuu py UCIIOIB30BAHUN TIPO-
Iecca pa3ioKeHUS MOYECBHHBI C MPUMEHEHHEM Ypeasbl,
[0JIy4aeMOM U3 COEBOM MYKH, IO 3a/laHHbIM MHTEpBajlaM
BpeMeHH. Takke BO3MOXKHA aBTOMAaTHYecKas H03alus
gactu H,O, B XOome NepBHYHOro Ipolecca «MOKpPOTO
CKUTaHHS», YIpaBIIsieMas 110 TOKY JJIsl COKpAIeHHs pac-
Xoaga HzOz.

YenoBeky Ul NHUIIEBAPEHHUsT HEOOXOAUMO NOTpedIIe-
uue NaCl, B To Bpems Kak a7 OOJBIINHCTBA KyJIBTYPHBIX
pacTeHuil TaHHBIH KOMIIOHEHT SIBISIETCS HMHTHOHUTOPOM
U TyOuTeNeH B MOBBIIMICHHBIX KOHIICHTpAaUMsIX. B 3Toi
cBs3U TpeOyercss 0OeccoNMBaHUE MUTATENBHBIX PacTBO-
POB ISl KYJIBTYPHBIX PAacTEHHH C LENBIO MOAJCPIKAHMS
npuemieMo HU3KUX KoHIeHTparmii NaCl B mOiIMBOYHBIX
pactBopax. J{ist 3Toro B HacTosIIee BpeMs HCIOIb3YIOTCS
pactenus-raioputer [14]. [lapamiensHo BemeTcs paspa-
00oTKa (PUIUKO-XUMHUYECKUX METOJIOB OOECCOTUBAHUS
MUTATENbHBIX PacTBOPOB AUamu3oM [15], onHako Ha JaH-
HBIH MOMEHT Tajo(uThI O0JIee MePCIEKTHBHEL.
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Puc. 2. Bo3moxxnas cxema cuareza HyO, U3 BHYTPHCHCTEMHON BOABI
u anektposHeprun npumenutensHo kK BTCXKO kocmuueckoro Ha3HayeHUs

Fig. 2. Probable H,0, synthesis scheme from intra-system water
and electricity for space application BTLSS

Cunre3s nepexucu Bogopoaa. IIpounecc cunresa H,O,
SIBISIETCSL  CaMbIM JHEPrOEMKHM B  IIpEIIojaracMon
UCKYCCTBEHHOW (PU3MKO-XMMHYECKOH YacTH 3BEHa pelny-
nenroB. HamOosee BakHONM Ha Cerogds 3amayen I
3aIlyCKa 3KCIEPUMEHTA M0 3aMBIKaHHUIO CHCTEMBI HOBOTO
nokonenuss bBUOC-4 ¢ mroapMu, Kak IEpBOro 3HaYUMOTrO
mara 3KCHEPHUMEHTAIbHONW TPOBEPKH CYIIECTBYIOIINX
Ha CEroiHs KOHIENTYAJIbHBIX PEIICHWH ISl ITOJICTHOH
Bepcun BTCXKO, sBnsercs cozmanne sHEprodPpdexTHs-
HOﬁ, HE BbII[eﬂﬂlOlIleﬁ TOKCHYHBIX I'a30B, TEXHOJIOTUIHOM
1 JIETKO BCTPAaUBAaE€MOH B CYIIECTBYIOIIYIO CXEMY KPYTo-
BopoTHbIX npoueccoB BTCXKO ycranoBku cunresa H,0,
N3 JJICKTPOOHEPIrUu U HUMCIOHNIUXCA B CUCTEMC IIOTOKOB
BemecTB. [Ipeobragaroniuii CeroaHsi B MPOMBIIIEHHOCTH
AHTPOXMHOHOBBIM Tpouecc cunresa H,O, kpaiine mpo-
6nematnyHo ucnonb3oBath st BTCXKO u3-3a cioxHo-
CTH, 00BEMHOCTH U MaCCUBHOCTU TEXHOJIOTHYECKOH MOA-
CHCTEMBI, a TaK)Ke MOTPEOHOCTH B peareHTrax.

Panee cunres H,O, mpeamnomnaranoch OCYIIECTBIATH
13 KUCIIOPOAA M PacTBOPOB MHUHEPAIN30BAHHBIX 3K30ME-
TaboNMUTOB Ha ra30audy3HOHHBIX AIIEKTPOAaX IO Ipo-
neccy, onucaHHomy B [16]. OgHako OCHOBHBIM HENOC-
TaTKOM 3TOr0 METOJla SIBJIIETCS KpalHe HU3KHUHA CpOK
cy0bl Ta30au((Qy3UOHHBIX IJIEKTPOJOB, HEOOXOIH-
MOCTb MX 4aCTOH 3aMEHBI U TPYAHOCTh BOCHPOU3BOJICTBA
B pamkax BTCXO, uto yBenuuuBaer ee oOlIyr0 Maccy.
B Hacrosiee BpeMs napauieNbHO BELYTCS UCCIEI0BaHNS
1o pazpabotke peakropa cuHreza H,O, n3 BoIbI M KHCIIO-
poJia MoA JaBJI€HUEM C MOMOIIbI0 HOHU3ALUU HACBIIICH-
HOTO KHCJIOPOJOM CJOS XKHMIKOCTH 3KCHWJIAMIION B Iuara-
30HE JUIMH BOJH BakyyMHOro YyibTpaduoinera (BY®D).
W3 Bcex mpoleccoB (HM3MKO-XMMHUYECKOH MNepepadboTKu
oTx0110B Tporecc cuateza H,O, B nr060# peanuzanuu —
Haunbojee 3HEProeMKHH, Jake NMpH AOCTH)KEHHH Teope-
THYECKOT0 MUHUMYyMa 3Hepromnorpednenus [15].

M3BectHwili Tporiecc cuHTe3a HyO, KaTogHBIM BOC-
CTaHOBJICHHEM KHCJIOpoja Ha ra3oquddy3HoHHOM 3Jek-

589

tpoae mpumenuteabHo K BTCXKO mmeer cymecTBeHHBII
HEJIOCTAaTOK — KpalHe HHU3KHH CpPOK CIIyKObl Ta3zomud-
q)y3I/IOHHI)IX TOPUCTBIX JJICKTPOAOB U TPYAHOCTH UX HU3I'0-
toByieHus B ycnosusa BTCXKO. B Hacrosmiee Bpems aBTo-
pBl BEIYT IOATOTOBKY JKcrepuMeHTa no cuHtesy H,O,
13 BHYTPHUCHCTEMHOH BOABI, 0apOOTHpyeMOH KHCIOpO-
JIOM TOJ [aBJICHHEM II0Jl BO3JEHCTBHEM BaKyyMHOTO
yIbTpaduoseTa Hiu HOHU3UPYIOIINX H3ITydeHui (puc. 2).

[TpoBoasiTCSt TEOPETHUECKHE NCCIIEIOBAHMS ISl OTIpe-
JIeJIeHHUs] ONTUMAaJIbHOM JUIMHBI BOJIHBI BY® skcunammsl
WIN KOHCTPYKLIMH HMOHH3aTOPa, a TAKXKE ITOBBIICHHMS
3¢ PEKTHBHOCTH MpOIlecca ¢ MOMOIIBI0 KaTaTN3aTOPOB.

[lmaHUpyeTCS TPOBECTH CEPHI0 AKCHEPUMEHTOB LIS
MONyYeHHUsT TOBEPXHOCTH ONTHMyMa 3(PPEKTHBHOCTH
mporecca cuaTe3a H,O, B 3aBUCUMOCTH OT CIEIYIOIINX
(axTopos:

1. InvHa BOJHBL. DKCHJIAMIBI Ha TAJIOTEHUIAX H3ITY-
yaroe B BY®-auanasone, UMEIOT ONPEACIEHHBIE ITUKU
MOLIHOCTH JUIsl Ka)XJI0ro Buja ranorena. HyxHo mono0-
patb Haubosee 3(QEeKTUBHBIC JUIMHBI BOJH JJIsl CHHTE3a
H,0,, nockonbKy npobiema TaHHOTO METO/1a 3aKJII09YaeT-
¢ B TOM, 4TO0 BY®-usnyueHue ogHOBPEMEHHO HHTEH-
CHBHO cuHTe3upyeT u paznaraer H,O,, 1 Ha HEKOTOPBIX
JUTMHAX BOJIH Ha pasnoxenne H,O, mmet mo 90 % sHep-
WU, UTYIIEN HAa CUHTE3.

2. NnTencuBHOCTh M3nydeHus. [louck Gamanca Mex-
Iy 3aTpavyMBaeMO MOITHOCTHIO M BBIXOJOM PEaKIIUH.

3. JaBnenne armocdepsl u3 uuctoro O, BHYTpHU
peakTtopa. JlaBieHHWE MOBBIIAET MHTEHCHBHOCTh M (-
q)eKTl/IBHOCTI) pC€aKkuru, OJJHAKO Y€M BLIIIC OaBJICHUE, TEM
HEoOX0AMMBI OoJiee MOIIHbIE HACOCHI Jyisi HarHeTanusi O,
n OoJiee MaccCHBHAsI Kamepa IS YIep)KaHus CO3/1aBaeMOoro
JIaBJICHUSI.

4. TonmuHa cnos Boasl. BY®-u3nydenue cuiabHO mo-
riomaetcs Bonoi, 6omee 90 % MOIIHOCTH 3alepKUBACT-
Csl B €IUHALIAX MM CJIOSI BOJIBL.

5. Ckopoctb mpoToka. C OIHOW CTOPOHBI, YeM BEIIIE
CKOPOCTh MPOTOKA, TeM OOJIbIIe MPOAYKTa MOIy4aeTcs,
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¢ apyroi croponsl, koHneHtpauus H,O, nmxe. HyxHo
OIIPE/IeTINTh, NPU KaKOH CKOPOCTH MPOTOKA MOJIYy4aeTcs
MakcuUMallbHbIi Bbixoa moiielt H,O, Ha enuHuUIb 3aTpa-
YMBaEMOI PHEPIHH IIPH NPHEMIIEMBIX 00beMax U Oydep-
HBIX Maccax.

6. MaTrencuBHOCTh OapboTaka. HacelmeHHOCTh Cios
BOJIBI KHUCJIOPOJOM JOJDKHA OBITh TakoOH, 9TOOBI oOecte-
YHBATh MaKCHMAJBHBIA BBIXOJ NMPOAYKTA IIPH MUHUMAIb-
HBIX DHEpro3arparax.

7. Katanu3atopsl u cradbunuzaropel. HyO, — akTus-
HBIIl OKHCIIUTENb U HecTabmibHOE coequHenue. s cra-
owmzanun H,O, ucnonssytores ZnO, Zn(MnOy), 1 npy-
rue BeuecTna [17], KOTOpble HE BBIAEISIOTCS U3 MOTOKOB
BeuiecTB B umerwomemca kpyrosopore BTCXO. Pacxon
KaTaJIu3aTOpOB W CTaOMIM3aTOPOB W WX IIOMAJaHUE
B MIUTATEIBHBIE PACTBOPHI JOJDKHBI OBITH NMPEHEOPEKUMO
MaJbl, €CIIi OHHM BPEIHBI JJIS YelOBeKa W/WIIM TSKEIO
BoccTaHaBMBarOTCs B paMkax bTCXKO.

WHble mapaMeTpsl mporecca, KOTOPbIE MOTYT OKa3aThb-
CSl CYIIECTBEHHBIMH, €CIIM UX BapbHPOBAHHE TEXHUYECKU
peanu3yemMo JOCTYITHBIMHU CPEICTBAMH.

[Tocne monmyuyeHus: JaHHOW IMOBEPXHOCTH ONTHMYyMa
npoiiecca OyIeT BO3MOXHO CO3aHUE MMOJIHOMACIITAOHOM
YCTAaHOBKH, CUHTE3 aJTOPUTMOB M CHCTEMbI YIPABJICHHS
peaktopoM cunteza H,O,. Bropoil Bo3MOXHBIN MOAXON
3aKIIF0YAETCS B TIOMCKE ITyTEH CYIMIECTBEHHOTO MPOIICHHS
CpOKa CIIy’)KOBI JIIEKTPOJOB W OOJIErdeHHs Iporecca
X BOCIIPOM3BOJICTBA B CHCTEME IS TPOIecca, OIHMCaH-
HoTO B [16].

3akaiouenne. IIpencraBieHO COBpPEMEHHOE COCTOSHHE
pa3paboTOK MCKYCCTBEHHOTO BBHICOKOIIPOU3BOAUTEIHHOTO
3BEHa pEIYLEHTOB TEXHOJIOTUYECKON TOJICHCTEMBI
(PU3MKO-XMMUYECKUX PEaKTOPOB, BKIIFOYAsk IPUHLIUITBI UX
aBTOMaTu3alru, M1 UCKYCCTBCHHBIX BbBICOKO3aMKHYTbIX
9KOCHCTEM KOCMHYECKOro HasHaudeHus. [lomyueHHbIe
pe3ysbTaThl U BEIyIIMeCs aBTOpaMy B HACTOSLIEE BpeMs
HCCIIEIOBaHHUS MO J0pabOTKE TEXHOJIOTHYECKOH CXEMBI
MPOIECCOB  TOCIIEIOBATENEHON TIepepaboTKH  OTXOOB
B YIOOpEHUs SBISIFOTCS YacThIO OOJIBIIOTO IUKIAa paboT
o pa3BUTHIO BEICOKO3aMKHYTEIX BTCXKO xocMudeckoro
HazHaueHus. IlpencraBisiercs, YTO MaHHBIE Pa3pabOTKH
MOTYT OBITH BOCTPEOOBaHBI NPH OCBOCHHH CPETHETO
U B JOJTOCPOYHOM TIEPCHEKTHBE OalbHETO0 KOCMOCa,
HayMHas OT UCCJIeJ0BaTeNbCcKuX 0a3 Ha Mapce u Ipyrux
IUIaHeTax, /10 PELICHUs 3a1a4 OTAAICHHOH MEepCIeKTUBBI
TeppadOPMHUPOBAHUS U MEXK3BE3IHON KOJIOHN3AINH.

Buaaronapuocru. PaboTel o mepexomy OT aHaioro-
BOM CXeMBbl ymnpaBieHHs K HU(POBOH, CO3AaHHIO IIPO-
rpaMMBI TIOJB30BATENBCKOTO HHTEpdeiica u 00paboTKH
JAHHBIX YCTAaHOBKH «MOKPOTO CXKHUTaHHUSI», a TaKxKe
JOOKHUCIICHUIO OCagKa M BOBIICYCHHIO €0 B KPYTOBOPOT
BemectB BTCXKO, momydensl mpu (UHAHCOBOH MOJI-
nepxke rpanta Poccuiickoro Hay4HOro (oHAa (IIPOEKT
14-14-00599) 8 Ub® CO PAH. OcranbHble pabOThI BHITOJI-
HCHbBI B paMKaxX pe€ajlu3alilui UHTCIPallMOHHOT'O ITPOCKTa
Ne 5 (6mox Ne 4) CO PAH u rocyapcTBEHHOTO 3aaHUs
HUB® CO PAH no teme Ne 56.1.4. na 2013-2020 roas!.
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THE STUDY OF THE FLOW IN THE VAPOUR CHANNEL OF SHORT
LINEAR HEAT PIPES

A. V. Seryakov

LLC Research and Development Company “Rudetransservice”,
55, Nekhinskaya Str., Veliky Novgorod, 173025, Russian Federation
E-mail: seryakovav@yandex.ru

The results of studies of flow of moist vapour in Laval-like vapour channels of short linear heat pipes (HPs) are pre-
sented. The increase in heat transfer coefficient of short linear HPs, intended for creation of the cooling systems
of heat-stressed designs of spacecraft, is carried out by making the HPs vapour channel forms similar to the shape
of the Laval-like nozzle. Comparison of the heat transfer coefficients of short HPs with the standard cylindrical vapour
channel and the channel, made in the form of the Laval-like nozzle with the equality of all dimensions, flat evaporator
and the same amount of the working fluid, shows that the HPs with the vapour channel in the form of the Laval-like
nozzle exceeds the heat transfer characteristics of the standard HPs with a cylindrical vapour channel under high ther-
mal loads. The study of the flow and condensation in such shaped vapour channels of the short HPs at high thermal
loads gives an opportunity to analyze in detail the advantages of using such HPs and make the conclusion about the
necessity of wide introduction of such HPs for the cooling systems of the spacecraft. Capacitive sensors were addition-
ally installed in cooled top covers of the HPs, and electromagnetic pulses with a frequency of 100 kHz were supplied
to them from the external generator. At heating the HPs evaporator, starting from a certain thermal power threshold
value, electromagnetic pulses became modulated. It is related to the formations of the boiling process in the capillary-
porous evaporator and large amount of vapour over it and its discontinuous distribution. It was discovered that the
frequencies of the pulsations are more and they occur at lower values of heat load at the evaporator in the HPs with
a vapour channel of a Laval-like nozzle, compared to the HPs with the standard cylindrical vapour channel with equal
overall dimensions.

Keywords: Heat pipes, Laval nozzle, pulsation, heat transfer coefficient.
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HNCCJIEJOBAHUE TE‘IEHHFI B TAPOBOM KAHAJIE
KOPOTKUX JIUHEUHBIX TEIIJIOBBIX TPYB

A. B. CepsikoB

00O «PynerpanccepBuc»
Poccuiickas ®enepanms, 173025, r. Benukuit HoBropon, yn. Hexunckas, 55
E-mail: seryakovav@yandex.ru

Ilpeocmasnensvt pesynvmamol UCCIEO08AHUL MEYEHUs GIANCHO20 NAPA 8 BbINOJIHEHHbIX 8 8ude COnid, OIUZKO20
K conny Jlasans, naposvix KaHauiax KOPOmMKUX AuHelHvix mennogvix mpyo (TT).

THogviuwenue kospuyuenma mennonepedauu kopomrux auneinvix 1T, npeonasHayennvix 0N CO30aAHUSL CUCTEM
OXNANCOEHUSI MENLOHANPAICEHHBIX KOHCMPYKYULL KOCMUYECKUX Annapamos, oCyuecmeisiiom 3a cuem npuoanusi napo-
somy kanany TT ¢popmwr conna, bauskozo k conny Jlasans.

Conocmasnenue kodppuyuenmos menionepedadu xopomkux TT co cmanOapmueim YUTUHOPUYECKUM NAPOBLIM
KAHANIOM U C BLINOTHEHHbIM 8 8Ude CONAa, bauU3K020 K conny Jlasans, naposuim KaHAIOM NPU PaBeHcmee 6cex 2a0apumHbix
pazmepos, NIOCKOM ucnapumene u 00UHAKOBOM Koaudecmee pabouell sxscuokocmu nokaszvieaem, umo TT ¢ napogvim
KaHanom 6 eude conua, 6au3kozo k conuy Jlasaus, npegocxooam 8 menionepeoaroujux Xapakmepucmukax cmaHoapm-
note TT ¢ yuruHOpuuecKuUM napogviM KAHAIOM NPU BbICOKUX MeENniosvlx Hacpyskax. H3yuenue ocobenHocmeri meyeHuil
U KOHOeHCayuu 8 maKux npoQUIUPOBanHsbiX naposwlx kananax kopomxux TT npu 6blcOKUX MeNo8blX HASPY3Kax daem
B03MOXHCHOCMb OeMAbHO NPOAHATUIUPOBANb NpeuMywecmsd npumenerus nooobusix TT u coenams 8v1600 0 HeobXo-
OUMOCIU UX WUPOKO20 BHEOPeHUsl OJis CUCTEM OXNANCOeHUs KOCMUYECKUX annapamos.

B oxnascoaemvie sepxnue kpviwiku TT donorHumensHo yCmanosiensvl eMKOCmHble OamuuKU, Ha 91eKmpoobl KOmo-
DPbIX Om GHewHe20 2eHepamopa ObLIU NOOAHbl INeKmpomacHummuvle umnyavcol yacmomou 100 xly. Ilpu nacpesanuu
ucnapumeneti TT, Hauunas ¢ HEKOMOPOU NOPO2OBOIL MENTOBOU HASPY3KU, INEKMPOMALHUMHBIE UMNYIbCbI CIAHOBAMCA
MOOYIUPOBAHHBIMU. DMO C8A3AHO € HAYATIOM KUNEHUS 8 KANUWISIPHO-NOPUCMOM UCnapumerne, 06pazosanuem OoIbuo2o
KOIUYeCmea napa u e2o npepuvleucmoiym pacnpocmpaneruem. OOHaApysiceno, 4mo yacmomol nyiscayuti 6oabuie u 603-
HUKAIOM OHU NPpU MEHbUIUX GeTUYUHAX MeNoeou HazpysKku Ha ucnapumens 6 TT ¢ naposvim KaHaAnOM, 8bINOTHEHHOM

592



ABMGMMOHHQ}Z U paKkemHo-KoCmMu4ecKkas mexnuka

6 suode conja, 61U3K020 K coniuy Jlasans, no CpABGHEHUIO C TT co cmam)apmnbm uuﬂuﬂdpuueCKuM napoevim KaHaiom

NpU PAGHBIX 2A6aAPUMHBIX PA3MEPAX.

Kniouegvie cnosa: mennoswie mpyoul, conno Jlasans, nynscayuu, Kodgguyuenm menionepeoayu.

Introduction. The increase of heat transfer coefficient
of short linear HPs is a very important task when design-
ing a spacecraft with a rigid regulation of take-off weight.
The application of the linear HPs is justified in case of
structural impossibility of placing a loop (contoured) HPs
for it can improve long-term reliability of the cooling sys-
tems, which are distributed inlet and outlet closed lines
of the loop (contour) HPs.

Pulsating (or oscillating) loop HPs — siphons, was
invented in 1990 by Akachi [1]. When the temperature
difference between evaporator and condenser exceeds
a certain threshold, Tong et al. [2], R. Naik, et al. [3], the
vapour bubbles and condensate liquid plugs begin to
oscillate spontaneously back and forth. The amplitude of
oscillations is quite strong and the liquid plugs penetrate
into both condenser and evaporator. The heat is thus
transferred not only by the latent heat transfer liquid-
vapour-liquid like in other types of heat pipes, but also by
conductive heat transfer of the hot oscillating liquid plugs
to cold walls in the condensation zone of loop HPs. This
phenomenon is the reason of high heat transfer coefficient
of loop HPs in comparison with other types of HPs.

The increase of the heat transfer coefficient in short
linear open HPs with capillary porous insert is achieved
using inner vapour channel of Laval-liked nozzle form.
There is an availability to use a jet vapour nozzle, similar
to the Laval nozzle, surrounded by a capillary-porous
insert along the full length of the HPs, in case if the heat
flow is axially directed that is typical for short HPs.
The shape of this vapour Laval-like channel, is defined
by the inner capillary porous insert. The implementation
of the nozzle increases flow velocity [4], pulse rate
of two-phase vapour flow and heat-transfer coefficient in
the HPs. Pulsation of the flow in short linear HPs with the
capillary porous insert represents more complex pheno-
mena, associated with boiling of the working fluid in the
capillary porous evaporator.

Heat-transfer coefficient and operational effectiveness
of short linear HPs with capillary-porous inserts and
Laval-like vapour channel are defined by closed circulation
motion of the working fluid, which undergoes liquid-
vapour transition and heat absorption in the evaporation
region of the capillary porous insert, vapour phase trans-
fer through a convergent-divergent vapour channel,
vapour-liquid transition with heat liberation in the con-
densation region, and liquid return to the evaporation
region through capillary-porous inserts of the HP.

Improvement of the heat-transfer coefficient of heat
pipes is a complex task, concerning the device’s detailed
mechanical design and gas dynamics. Flowing vapour,
with microdrops of condensate, appears as a nonlinear
flow, with attendant internal processes, such as interpha-
sic heat and mass exchange, and power dissipation, Gupta
et all [5]. Static regain of supersaturated vapour flow in
the diffuser condensation region of the HPs with turbula-
tor, causes flow stagnation, strong vorticity production
near the condensation surface and reverse vapour flow.
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Thermal load-related processes of vorticity formation
and density and pressure fluctuation, proceeding in the
convergent-divergent vapour channel of HPs, are of the
utmost interest. For a field research of these processes,
stainless steel heat pipes have been manufactured with
diethyl ether as the working fluid [6-9].

Materials and methods. The diethyl ether C;H;,0 is
selected as the main working fluid, which has the boiling
temperature 73 = 308.55 K (35.4 °C) under the atmos-
pheric pressure, freezing temperature 7 = 156.95 K
(—116.2 °C) and critical parameters T¢ = 466.55 K (193.4 °C),
Pc = 3.61 MPa. Successful use of diethyl ether as the
working fluid for Wilson chambers, on long liquid phase
at413.15 K (140 °C), shows its heat resistance and allows
using it as the HP working fluid.

Fig. 1. Layout of HP equipped with capacitance sensors:
1 — flat upper lid with a smooth surface; 2 — cylinder body of
HP; 3 — cone-shaped turbulence agitator; 4 — capillary-porous
insert defining the vapour channel’s form; 5 — flat bottom lid;
6 — injector channels; 7 — capillary-porous evaporator; 8, 9 —
capacitance sensors, one of which is intended for a condensate
film thickness measurement, while another one has a sensing
element of CT3-19 thermistor mounted on its electrodes

to measure the film temperature [11]

Puc. 1. Cxema TemnoBEIX TpyO:
1 — BepxHAA KpblllKa; 2 — nuiauHapudeckuid xopoyc TT; 3 —
KOHUYECKHUI TypOynu3aTop; 4 — KalmIIIpHO-TIOPHCTast BCTaBKa;
5 — HIDKHSS KPBILIKA; 6 — MH)KEKTOPHbIE KaHAJbL; 7 — KalWULIPHO-
MOPHUCTHIN UcnapuTelb; §, 9 — eMKOCTHbIE JaTYMKU KOHJIEHCa-
LUH, U3MEPSAIOIINE TONIIMHY CJI0s XKHUJKOro KoHaeHcara. M3me-
pHUTENIbHAST TOBEPXHOCTh E€MKOCTHBIX JaTYHKOB COBIIaZaeT
C BHYTPEHHEHN MOBEPXHOCTBIO INIOCKOM BEPXHEHN KPBILLIKH
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The developed sensor enables us to perform measure-
ments of local characteristics of the film flows primarily,
the film thickness and temperature, without making any
major disturbances in the flow. To measure the fluid con-
densate of film thickness, short HPs were used with
vapour channel made in the form of a Laval-like nozzle
[10—12]. The HPs are described in details below.

The capillary-porous evaporator 7 is constructed of
43 circular layers of thin stainless steel net (fig. 1). Each
layer is 0.07 mm thick with the mesh size of 0.04 mm and
the aggregate thickness of 3 mm; all layers are spot-
welded to the flat bottom lid 5. Outer diameters of the
circular layers gradually decrease in such a manner that
the lateral side of the assembled evaporator forms a
pointed cone with a 45° total point angle that aligns with
the angle of the end part of the capillary-porous insert 4.
The evaporator as a whole is further equipped with 4 vapour
injection channels 6 with increasing diameter of 1 mm,
1.1 mm, 1.2 mm and 1.3 mm diameter that are inclined to the
longitudinal axis of HP at a specific angle and create a swirl-
ing jet stream of vapour.

The capillary-porous insert 4 is assembled on a dedi-
cated profiled frame made of layers of thin stainless steel
net same as the evaporator. Each layer is 0.07 mm thick
with mesh size of 0.04 mm, the total thickness of the
insert is 1.5 mm at the edges and 7.5 mm at the critical
diameter of the inner nozzle. All layers of the insert are
radially stitched together along the forming insert with a
thin wire 0.05 mm in diameter and stitch spacing of 5—7 mm.
Eight lines of the wire stitches that radially fix the net
layers together are tilted by 45° towards each other and
form a rigid structure of the capillary-porous insert with
an inner vapour channel made in the form of a nozzle,
similar to the Laval nozzle. At the edge of insert 4 that is
adjacent to the evaporator 7, an end portion is placed; its
total angle is somewhat wider than that of the diffuser
portion of the vapour channel and equals 45°. The longi-
tudinal length of the end portion is 3 mm and matches the
thickness of the evaporator 7 exactly. The 45° angle of the
end portion of insert 4 is formed by the gradually decreas-
ing net layers’ lengths, from the outer layer to the inner
one, and matches the angle of the evaporator 7 exactly.
The multilayered evaporator with a tapering lateral side
is tightly inserted into the rigid capillary-porous insert 4 at
the full length of the end portion and is spot-welded to it
in &8 spots along the perimeter of the insert. After being
cooled down at the boiling temperature of fluid nitrogen
77 K (-196 °C), the assembled capillary-porous insert
together with the evaporator on the flat bottom lid 5 is tightly
inserted in the stainless steel cylindrical shell 2 of the HP.

Porosity of the insert and evaporator is 72 % and to-
gether they form one hydraulic system designed to deliver
the service fluid to the evaporator when the HP is operat-
ing. The HP length is 100 mm, its diameter is 20 mm, the
max. diameter of the vapour nozzle in the convergent and
divergent regions is 16 mm, the critical nozzle diameter is
4 mm, the length of the nozzle convergent region is 13 mm,
the total angle of the convergent region is 41°, the length
of the nozzle divergent region is 81 mm, the total angle of
the divergent region is 8.5°, and the length of the cylin-
drical region in the nozzle throat section is 1 mm.

Measurement of the heat transfer coefficient. Con-
densation zones of the HPs are provided with insulated
thermocouples and set into the vortex continuous-flow
calorimeter, shown in fig. 2, with stabilized water flow.
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To ensure accurate measuring of thermal power and heat
removal augmentation in the HPs, jet flow of input water
is swirled, values of flow velocity and vorticity due to air
bubbles are recorded. The HPs evaporators, also equipped
with thermocouples, is heated using a resistance heater,
and the temperature is maintained at 87" °C higher than the
diethyl ether boiling temperature of 308.55 K (35.4 °C)
under atmospheric pressure. The heater temperature
is stabilized and HPs evaporator’s overheat value is set
in the range of 67 = 0-20 K, herewith thermal power
of single HP does not exceed 120 W.

Measurement were performed to disclose variability
of the heat transfer coefficients in Laval-like HPs and
with standard cylindrical vapor channel. The heat transfer
coefficients in HPs, Faghri [13] is defined by the formula:

= ;’ (1)
F(Z)(Tev _Tcand)

where Kyp 1s heat transfer coefficient of the HPs, W/K; E
is thermal power, supplied in the evaporator of the HPs,
W; F(z) is surface area of the evaporator inside the vapour
channel of the HPs, mz; T,, is temperature of the evapora-
tor, K; 7,4 is temperature of the condensation surface, K.

Temperature of evaporator surface and condensation
surface of HPs were measured using differential thermo-
couples copper-constantan, heat power £, W; transferred
by condensations zones of HPs to the calorimeter, was
defined by the formula:

KHP

C

E=G- [cHzO - KVJ [T (0) = Tio (0], )
H,0"0

where G is water flow in a vortex flow calorimeter, kg/s;

Ch,o is the specific heat of water, J/kg'K; Cx — the heat
capacity of the calorimeter, J/K; pu,yo is the density of
water in the calorimeter, kg /m?; V; is the internal volume
of the calorimeter, m®; Tk(t), T(t) is the water tempera-
ture at the inlet and outlet of the calorimeter, K.

Input temperature of water at the calorimeter, tem-
perature differences (heat value) of the flowing water at
entrance and exit of the calorimeter were also measured
using differential thermocouples copper-constantan, com-
parator P3003 and digital voltmeter V7-34A. Water flow
rate was measured using ultrasonic flowmeter. Total
measuring inaccuracy of the thermal power £ of the HPs
does not exceed 1.7 %.

Comparison of heat transfer coefficients in Laval-like
HPs and HPs with standard cylindrical vapour channel
with the equality of all dimensions showed following
results, presented in fig. 3.

The increase of the heat transfer coefficient in the HP
with a Laval-like vapour channel appears to be related
to the emergence of a vortex ring near the condensation
surface of the HP.

Numerical model details. Numerical simulations of
the vortex flows inside a vapour channel of the Laval-like
HPs have been performed in finite element modeling
in CFD 10.0 code Fluent 6.3.26 2D under double preci-
sion axis-symmetric conditions. Navier—Stokes equations
with measured boundary conditions were solved, i. e.
using fixed temperature values of heat source and heat
outlet. In the construction of the design model we used
about 457233 finite elements with increased meshing at
injection capillary channels sections, nozzle throat section
and turbulence element. Fig. 4 shows a diagram of the
vortex obtained by numerical simulation of CFD 10.0 code.
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Fig. 2. Vortical calorimeter: / — vortical continuous-flow calorimeter; 2 — heat pipes bolting flange; 3 — glass

cover; 4 — cover fastening; 5 — heat pipes; 6 — resistance heater; 7 — outlet stub tube for water flow; 8§ — inlet

stub tube for water flow; 9 — silicone sealant of the sensing wire; /0 — capacitive sensors for measuring the

thickness of the condensed layer of the working fluid; // — the measuring and reference generators of the

capacitive transducer; /2 — external digital generator; /3 —power assist element; /4 — digital oscilloscope;

15 — computer; /6 — commutation switch; /7 — digital voltmeter; /8 — container for constant water head;
19 — source of air bubble; 20 — water flow meter; 2/ — vacuum-jacketed zero temperature container

Puc. 2. Buxpesoii kagopuMeTp: / — BUXPEBOIl IPOTOYHBIN KaopuMeTp; 2 — (uIaHel] KPEIUICHNS TeIIIOBBIX

TpyO; 3 — CTEKIISTHHAS KPBIIMIKA; 4 — KPEIUIEHHE KPBIIIKY; 5 — TEIUIOBBIE TPYOBI; 6 — Pe3CTUBHBII HarpeBaTelb;

7 — BBIXOHOM LITYILIEp [UIsl BOABL; & — BXOAHOM IITYLEp Ul BOABI, 9 — YIUNIOTHEHHE U3MEPUTENBHBIX POBO-

10B; /() — KOH/IEHCATOPHBIE JaTYNKH U3MEPEHNs TOJIIIUHEI CJI0s1 KOHAeHcaTa; /] — BRICOKOYACTOTHBIE TeHe-

patopsr; /2 — reHepaTtop uMiyiabcoB ['5-56; 13 — ycunutens; /4 — ocumnnorpadp AKUII-4116/2; 15 — xom-

neioTep; /6 — komMmyTaTop; /7 — BonbTMeTp B7-34A; 18 — cocyn mocTostHHOTO Haropa Boasl; /9 — reneparop
y3BIPBKOB BO3yXa; 20 — pacxoxomep Boasl; 21 — cocyn [proapa
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Fig. 3. Comparison of heat transfer coefficients in Laval-like
HP and HP with standard cylindrical vapour channel: / — Laval-

like HPs; 2 — HPs with standard cylindrical vapour channel

Puc. 3. CpaBrenne kodd¢urmentos temonepenaun TT ¢ mapo-

BBIM KaHAJIOM B BHAE coIlia, Giuskoro k comty Jlasams, u TT

C LIJIMHAPUYECKUM apOBBIM KaHAIOM HPH PaBHBIX rabapHTHBIX

pasmepax: I — TT ¢ napoBbsiM kaHanom B Buze coma; 2 — TT
CO CTaHAAPTHBIM N1aPOBBIM KaHAJIOM
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Fig. 4. The occurrence of a vortex ring near the condensation surface inside
of Laval-like HPs. The numerical analysis of the flow in the Laval-like HPs
condensation zone shows that the vortex structure has a spatial nature, at the
same time the flow asymmetry becomes apparent being determined by
non-linear friction against the underlying surface and the two-dimensional
compressibility of the wet condensing vapour as well. Overheating of the
evaporator in reference to the boiling temperature of diethyl ether at atmos-
pheric pressure is 15 K, the temperature difference between the evaporator and
the condensation surface equals 25 K

Puc. 4. Bo3HHKHOBEHHE BUXPEBOTO KOJBLEBOIO TEUSHHUs BOJIM3U MOBEPXHOCTH

KOHJIEHCAIIUU BOKPYT TypOyIM3upyommero sneMenta BHyTpu TT ¢ mapoBbIM

KaHaJIoM B BHJE coIua, Onuskoro k corury JlaBams. IleperpeB ucmapurens

OTHOCHTETIFHO TEMIIEpaTyphl KUIEHHUs AUATWIOBOTO 3¢upa 15 K, pasnuma

TeMIIepaTyp MEXIy HCHapuTeIeM U MOBEPXHOCTHIO KoHAeHcarn TT B kamo-
pumetpe 25 K

Fig. 5 shows the results of numerical analysis of the
distribution of the longitudinal component of the velocity
of compressible moist vapour within the Laval-like HP.
The formation of a wet condensing vapour vortex ring
near the condensation surface inside of Laval-like HPs
leads to quite interesting results. Vortex ring is a highly
gradient zone of the condensable moist vapour velocity
with the opposite directions inside and outside the vortex
ring. The numerical analysis of the velocity distribution
along the centerline of the vapour channel in the Laval-
like HPs including the vortex ring shows the occurrence
of two positive peaks of the velocity, one of them is in the
critical section of the nozzle and the other is near the con-
densation surface. In a critical section of the nozzle the
axial component of velocity reaches 85 m/s, and near the
condensation surface the counter-flow reaches the veloc-
ity of 33 m/s. The distribution of the axial component
of velocity of the moist vapour shows the presence of a
counter current due to the formation of a ring vortex
within the vapour channel near the HPs condensation
surface. This figure of the velocity distribution, shown in
fig. 5, confirms the fact that the vortex ring is a zone of
sharp velocity gradients, and consequently is a pressure
gradient. In the central part the vortex ring has a notice-
able positive dynamic pressure, and it has a negative dy-
namic pressure in the peripheral part of the vortex ring.
This means that lower static pressure occurs in the central
part of the vortex ring and this leads to additional absorption
of moist vapor in the condensation zone of Laval-like HPs.

Apparently, this means that the static pressure in the
vortex center in the Laval-like HP is less than the pressure
in the axial part of the condensation zone of the HP with
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standard cylindrical vapor channel. The appearance of
high static pressure in the peripheral part of the vortex
ring, where there is a negative dynamic pressure leads
to intensification of the condensation process near the top
cap of the Laval-like HPs that leads, apparently, to an
increased value of heat transfer coefficient in the Laval-
like HPs. This explains the reason why the heat transfer
coefficient of Laval-like HPs becomes greater than that
of HPs with the cylindrical vapor channel at boiling point
in evaporator HP and there is formation of large amounts
of vapor and increase in the efficiency of the nozzle
in comparison with a cylindrical channel.

Measurement of pulse characteristics of HPs. The
pulsation characteristics of HPs were measured and
discussed previously [6; 7]. Starting from the specific
overheating 675 = (T — Tp) of HPs evaporators, diethyl
ether, which is the working fluid in the capillary-porous
evaporators, starts to boil and produce large amount
of vapour. The vapor pressure increases to values of P,
at which the boiling point of diethyl ether is less than the
evaporator temperature 7,,, and the process of evapora-
tion stops.

The pressure pulsations with amplitude up to 3-10* Pa
spread through a vapour channel and condense in the
cooled part of HPs. The vapor pressure decreases, the
rarefaction wave comes to the evaporator and the next
cycle of vapour formation and its moving to the HPs con-
densation zone begins.

The frequency of pulsations in the Laval-like vapour
channel is larger than the pulsations in the HPs with the
standard cylindrical vapour channel. The obtained values
of the pulsations frequencies are given in table.
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Fig. 5. The distribution of the axial component of velocity of
the moist vapour inside the vapour channel of Laval-like HPs
along the HPs centerline. Upper pattern with a positive veloc-
ity peak near the condensation surface of Laval-like HPs
represents the velocity distribution along the longitudinal axis
of vapour channel and inside the vortex ring. The figure on the
bottom with a negative velocity value peak near the surface of
condensation represents the velocity distribution along the
longitudinal axis and outside of a vortex ring and shows the
presence of a counter current due to the formation of a ring
vortex near the HPs condensation surface. Overheating of the
evaporator in reference to the boiling temperature of diethyl
ether at atmospheric pressure is 15 K, the temperature differ-
ence between the evaporator and the condensation surface
equals 25 K

Puc. 5. Pacripenenenne pacueTHbIX 3HaUEHHH OCEBOM COCTaB-
JSFOMIEH CKOPOCTH BJIQKHOTO Mapa BHYTPH BBIITOJHEHHOTO
B BHJIE COILIa, Om3Koro K coruty JlaBais, maposoro kanama TT.
IleperpeB ucnaputenss OTHOCHTENBHO TEMIIEPATYPbl KUICHUS
muaTIIoBoro adupa 15 K, pa3Huna temmeparyp Mexay Hcra-
puTeseM 1 oBepXHocThio koHaeHcamu TT B kanopumerpe 25 K

Pulsation rate values

Overheating of the evaporator, Pulsation frequency Pulsation frequency
6T, K fi, Hz f, Hz
9.05 386+ 5 -
10.1 396+ 5 -
11.03 426 +5 406 + 5
12.15 450+ 5 4205
13.0 456 £5 437+5
14.07 474 £5 440+ 5
15.03 474+ 5 454+ 5
16.0 478 +£5 4535
17.1 490+ 5 460+ 5
18.06 4915 472+ 5
19.02 495 +£5 473+ 5
20.12 502+5 4745
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Table shows the pulsation rate values (modulation
rate), obtained in the Laval-like HP, f; [Hz], and in the HP
with standard cylindrical vapour channel, £, [Hz], depend-
ing on overheating 67, [K], of the evaporators.

Both HPs have equal outer diameters 20 mm and
equal sectional areas of capillary-porous inserts near the
condensation region. As the overheating of the evaporator
8T ~ 20 K increases, pulsation frequency in the Laval-like
nozzle goes up to ~ 502 Hz, the derivative of the relation-
ship between pulsation frequency and temperature is
approximately 10.5 Hz/K. While investigating HPs with
standard cylindrical vapour channel and equal outer
diameter of 20 mm, length of 100 mm and thickness of
the evaporator and capillary-porous insert of 3 mm, initial
pulsed flows occur in event of overheating of the evapora-
tor 87 ~ 11 K, frequency f~ 406 Hz. As the overheating
of the evaporator 67 ~ 20 K increases, pulsation frequency
in the cylindrical vapour channel goes up to 474 Hz, the
derivative of the relationship between pulsation frequency
and temperature is approximately 7.5 Hz/K.

The insensitivity zone of the capacity sensors in the
cylindrical channel, defined by the initial convective
nature of the vapour flow, is greater than in the vapour
channel of Laval-like HPs. Measuring inaccuracy does
not exceeds 3—5 Hz.

Numerical model details. Numerical simulations of
the vortex pulsation flows inside a vapour channel of the
Laval-like HP have been performed in finite element
modeling in CFD 10.0 2D Fluent 6.3.26 under double
precision axis-symmetric conditions. Navier—Stokes equa-
tions with measured boundary conditions were solved,
using fixed temperature values of heat source and heat
outlet. The model was studied as a longitudinal section
along the axes of the two injector channels. It helps to
preserve all the specific features of whirling instability
under the conditions of continuous circulation motion of
the working fluid during liquid and vapour phases. In the
construction of the design model about 457233 finite
elements were used, with increased meshing at injection
capillary channels sections, nozzle throat section and
turbulence element. The model size is a compromise
between available computer resources and computational
investigation error.

Transition from a stationary convective flow regime
in the vapour channel to a pulsatile flow regime is clearly
visible. At high heat capacity, received by the HPs, and
boiling in the grid evaporator, excessive vapour occurs
in the convergent part of the nozzle, leading to pressure
increase up to the value, at which the average temperature
of layers of the flat grid evaporator becomes lower than
the boiling temperature of the working fluid, and boiling
in the evaporator stops. Excessive vapour spreads through
the divergent part of the vapour channel to the cooled area
of the HP and is partially condensed. Due to the conden-
sation effect, the pressure in the vapour channel decreases
and the boiling process in the flat evaporator proceeds.
Pressure increase period, vapour wave spreading in the
condensation area of the HP and return expansion wave
define the pulsation period in the vapour channel.

The results of flow simulation of compressible super-
saturated vapour environment inside a vapour channel.
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The figure presents test values of the vapour flow pulsa-
tion in the vapour channel in the Laval-like form of the
HPs. There are seven steps of calculation of the moist
vapour flow velocity, from up to down. When boiling in
the capillary-porous insert and the initial velocity of the
flow of the two-phase vapour directly over the surface of
the evaporator is 0.5-1 m/s in the throat section of the
nozzle the axial flow velocity reaches 5 m/s and more.
Obvious occurrence of pulsations, pulsation frequency
rises, what is consistent with the experimental results [6; 7].
Validation of numerical scheme. Evident conversion
from convection mode to convection-vortex mode and
then to pulsation mode of the vapour flow inside of the
HP is recorded at evaporator overheating value 67 ~ 9 K.
Maximum value of velocity of diethyl ether moist
vapour flow, obtained using calculation method in the throat
section of the vapour channel using the colour indication
of the software CFD Design 10.0, reaches 100-110 m/s
when pulsation occurs, fig. 5. This fact gives the opportu-
nity to evaluate the Reynolds number Re of the vapour
channel during pulsation, which is defined by the for-
mula:
Re = P P )
MNmix

We substitute moist vapour density (vapour and
drops) [14; 15] p™X

vp
viscosity of the moist vapour 1yx ~ 8107 Pa-s; maximum
value of the vapour flow velocity (colour indication) near
the throat section of the vapor channel u,, ~ (100-110) m/s;
critical diameter of the vapour channel D¢ ~ 4- 10m, and
obtain the value Re ~ (1.5-1.65)'10°, the Prandtl number
Pr=0.77.

Duration of the pulsation period Aty inside the diver-
gent part of the HPS vapour channel can be estimated
using the formula:

~ 3 kg/m®, dynamic coefficient of

Aty ~ Al “)
u

v

Then substitute values of distance between pulsation
crests (maximums) obtained in fig. 6 Al ~ (2-3)102 m,
moist vapour flow velocity in divergent part of the vapour
channel obtained using colour indication by the software
CFD Design 10.0 u,, ~ (20-30) m/s, and you will obtain
numerical value of duration of the pulsation Aty ~ (0.75—
~1.5)107 s.

Analytical evaluation. Evaporation cycle in the HPs
exist at low heat load of the evaporator, up to 4-6 W/cm?,
and is characterized by convective flow in the vapour
channel. Evaporation cycle of short HPs, when evaporator
heating power is constant and maximum value is limited
to prevent the development of bubble boiling in the flat
grid evaporator, is defined in the following way:

F=22 ., 5)
At

where AQ is heat energy, absorbed in the evaporator over
a period of At, J; At is time, sec; Ep is thermal power,
wherein the process of bubble boiling begins in the grid
evaporator, W.
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Fig. 6. The results of flow simulation of compressible supersaturated vapour environment inside

a vapour channel. The figure presents test values of the vapour flow pulsation in the vapour channel in

the Laval-like form of the HPs. There are seven steps of calculation of the moist vapour flow velocity,

from up to down. When boiling in the capillary-porous insert and the initial velocity of the flow of the

two-phase vapour directly over the surface of the evaporator is 0.5—1 m/s in the throat section of the

nozzle the axial flow velocity reaches 5 m/s and more. Obvious occurrence of pulsations, pulsation
frequency rises, what is consistent with the experimental results [6—7]

Rate of evaporation of dry monomolecular vapour
over the evaporator is defined by the following equation:

. . E
M=nym, = m, (6)

where M is the amount of the dry vapour, generated over

the evaporator per time unit, kg/s; ny, is the velocity

of growth of the number of vapour molecules over the
evaporator per time unit, s '; m,,, is the mass of molecule
of diethyl ether, kg; 7(T3) is specific vaporization heat of
the diethyl ether in HPs, depending upon temperature and
pressure, J/kg; Tp(P) is the boiling temperature of the
diethyl ether, K.

Mass flow of saturated dry monomolecular vapour
over the evaporator is defined by the following equation:

G, =M = F(2)n,, (T, )m,, u,, =
E
= F(Z)pvp (Tev)uvp = @a

where G,, is a mass flow of dry saturated vapour over the
evaporator, kg/s; n,,(T,,) is an average number of dry
vapour molecules in the unit volume over the evaporator,
m>; u,, is an average velocity of the vapour phase, m/s;
pwp(Tey) is vapour density of diethyl ether over the evapo-
rator, kg/m3 ; Te, 1s the temperature of the evaporator, K.
Growth rate of the number of molecules of vapour
over the evaporator in the convergent region of the nozzle
of the vapour channel, which defines excess pressure over

()
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the evaporator and mass flow of vapour in HPs, is calcu-
lated from the equation:
. E

EN,,
Ry =
r(TB )mvp

= , 8

r (TB)va ( )
where N, is the Avogadro constant, mol™; W, is molar
mass of diethyl ether vapour, kg/mol.

Assuming approximately equal velocities and without
considering the jet type nature of the flow pattern, the
linear velocity of the hydrodynamic flotation of the
vapour flow over the evaporator surface is calculated
from the equation:

- Nyp _ E =
K F(Z)nvp (Tev) F(Z)F(TB)mvpnvp (Tev)
_ EN, . ©
F(Z)r(TB)“vpnvp(Tev)

Insert expressions (9) and (8) in the equation (7)
to obtain the formula for calculation of molecular flow
of the dry vapour over the evaporator:

oy (o)
r(Tg)u,,n,, (T,,)
Hydrodynamic flow of saturated dry vapour is defined
by pressure difference value between the evaporator and
condensation region in HP, according to the formula:

va ~ 4 Pyp (T:cona’)F(Z)2 (P(T;v) - P(T;ond )) _
nL
F(2)’AP,

=4—" 11
oL (11)

G, =

P

(10)
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where A4 is nondimensional constant about a unit;
n is coefficient of dynamic viscosity of dry vapour, Pa-s;
L is the length of the vapour channel of the HPs, m; P(T,,)
is vapour pressure under the HPs evaporator, Pa; P(7,,4)
is vapour pressure near the condensation surface of the HPs,
Pa; AP,, is vapour pressure difference over the evaporator
and near the condensation surface in the vapour channel
of the HPs, Pa; T, is temperature of the condensation
surface, K.

Equate mass and hydrodynamic flow of saturated dry
vapour, and obtain the following equation:

pvp (Tcond)F(Z)2 (P(Tev) - P(Tcond )) _
nL B

G

w

=~ 4

EN,

T,)

B4 (12)
r(Ty)u,,n,, (

=Py (L)
ev
Excess pressure over the evaporator defines transfer
of the vapour flow in the vapour channel of the HPs, and
is calculated in linear approximation according to the
equation:
dP
+— ).
dT
With respect to the Clapeyron—Clausius equation, the
pressure derivative of the vapour by temperature is calcu-
lated in a conventional manner, nevertheless considering
the fact that for liquid the specific volume ratio is small,
v/ v? < 10°-107, hence in the Clapeyron—Clausius equa-
tion the value of the specific volume of fluid v* is ignored,
and in ideal gas state the following equation is obtained:

dP _ 1 r(I) 1 7 (Teona)
dar T(VVP_VL)

P(Tev) = P(Tcond) (Tev_Tcond (13)

~

v'?

)

B

T

T
cond cond

cond
)r(
T

cond

T

= Py (14)

where v is the specific volume of the saturated vapour,
m’/kg; v* is the specific volume of the diethyl ether on the
liquid-vapour coexistence line, m*/kg.

Substitute expression (10) in (8), and obtain the equa-
tion to calculate vapour quantity in the HP:
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Vapour temperature over the evaporator’s surface with
low evaporation and without boiling is defined by the
equation (16):
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Steady-state evaporation conditions in HPs mean that
the temperature in the evaporator does not exceed boiling
temperature of the working fluid. Heating capacity of the
HPs, W, is defined according to the following equation:
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where n,,(T.q) 1s an average number of dry vapour
molecules in the unit volume near the condenser, m™.
Heat transfer coefficient Kyp at cross-section of the
vapour channel of the HP is defined according to the fol-
lowing expression:
)
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When the rate of heat supply into the thin evaporator
is high, its average temperature is greater than the boiling
temperature of the working fluid during bubble boiling or
vaporization. The hydrodynamic vapour flow at the con-
verging region of the nozzle has no time to carry out heat-
ing capacity generated through boiling in the evaporator.

Vapour density and pressure increase and boiling
temperature of the working fluid goes up until it exceeds
average temperature of the evaporator. Upon pressure
increase the boiling in the evaporator stops (slows), and
an overpressure wave spreads in the vapour channel to the
condensation region of the HPs, where the vapour
becomes supersaturated and condenses. The condensation
process is not instant, and when the evaporator’s activity
is slowed (stopped), condensation lasts until the pressure
decreases to the vapour saturation pressure at the conden-
sation temperature, thereafter the condensation process
stops.

The slow process of saturated vapour pressure decrease,
due to condensation, feeds back through the vapour chan-
nel of the HP back to the evaporator, and the boiling
process resumes there.

Pressure pulsations in the vapour channel of the HPs
result from boiling and intensive vapour generation in the
evaporator, non-instantaneous mass-transfer through the
vapour channel to the condensation region of the HP, and
the slow condensation process, which provides pressure
decrease in the condensation region at first and then in the
evaporator of the HPs.

Following all described processes the next pulsed
evaporation cycle resumes. The heating capacity, entering
to the flat grid evaporator of the short HP, when the
evaporator’s temperature exceeds the boiling temperature
Tp(P) of the working fluid, is defined according to the
next equation:

K

o 2B(P)]F(z>_ )
(1)

It is considered that moist vapour stream is formed
of two subsystems: microdrops stream system G, and dry
vapour stream system, G,,. Rate of vaporization of the
moist droplet vapour flow is defined in the standard way:

M =Gy =G, +G,. (20)

For the purpose of simplification of the analytical
model construction, the real droplet vapour flow over the
evaporator, having microdrops dimensioned by compli-
cated double-humped distribution function, Lee, Reges,
Almenas, [16], is reported in terms of a mono-dispersal
system of spherical microdrops with arithmetic middling
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radius r,, which is frequently used while analyzing two-
phase droplet vapour flows:

1 0
I, = z VariMari»
Mg i=0

e2y)

where n,, is the total number of microdrops of all sizes
per unit volume of the droplet vapour flow over the
evaporator, 1/m® ; n,,; is the number of microdrops of the
diethyl ether with radius r,; per unit volume of the droplet
vapour medium, 1/m’.

Considering the accepted assumption over spherical
shape of microdrops, the expression for absolute moisture
v of the droplet vapour flow is defined in the standard
way:

-1
M y
y:;"r:prppi}l -1 , (22)
Mdr+Mvp Par 4Tcrandr

where My, is total mass of microdrops per unit volume
of the droplet vapour flow over the evaporator, kg; M,, is
vapour mass per unit volume of the dry vapour flow over
the evaporator, kg; n,, is the total number of microdrops
of all sizes per unit volume of the droplet vapour flow
over the evaporator, 1/m3; ng 1s the total number
of microdrops of all sizes per unit volume of the droplet
vapour flow over the evaporator, 1/m®; p,, is density of
microdrops of the diethyl ether, kg/m”.

The density of moisture vapour pin* (7

v ev

taking into account the relative motion phases is:

P (T,) = ——ae
Py +(1=7)Par
Synergies between consumable and absolute mass
concentrations of microdrops ys or consumable and abso-
lute moisture levels are defined according to the following
relation:

) without

(23)

Yo = LA s Y= Lar

(1=y) +yv Uy,

The value y; represents the relation between the

quantity of the condensed droplet phase and the total

quantity of the two-phase droplet vapour, and, considering
the expression (22), is as follows:

-1
y G

Yo = |1+ P 131 -1 =—%.
Pa W \ 4T 1,1y, Gix

Mass flow rate of microdrops on the evaporator’s
surface is considered to be proportional to vaporization
velocity and mass flow rate of the vapour:

a b
) (5]
r(T,,) F

where a and b are numerical coefficients; B is a coeffi-
cient with account for thermophysical properties of the
diethyl ether and structural parameters of the evaporator
(porosity, typical dimension of channels and pores).

To evaluate the vapour quantity transported from the
evaporator to the condensation region of the HP, equation
(31) is used, where the microdrops subsystem contribu-
tion to the generation of overpressure of the two-phase
droplet mixture over the evaporator P(T,,) in the vapour
channel is neglected:

(24)

(25)

(26)
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As a result of the boiling process in the evaporator, the
pressure of the vapour over the evaporator increases up to
P’, whereby the boiling process in the surface layers and
further in the whole of the thin evaporator (3 mm thick) is
slowed (stopped) due to the fact that average temperature
of the evaporator T,, becomes lower than the boiling tem-
perature T of the working fluid in the evaporator under
the increased pressure and the confined space:

T, < Ty(P"). (28)

Furthermore, pulsing of the overpressured vapour
begins to spread to the condensation region through the
vapour channel. Cessation of boiling and retarding of va-
porization in the evaporator of the HP lead to significant
reduction (cessation) of the heat release and decrease
in moist vapour transportation along the vapour channel
of the HP to the condensation region of the HP. The time
period Ar,, of pressure increase up to P~ and cessation
of boiling in the capillary-porous evaporator is estimated
in linear approximation in ideal gas state and laminar heat
transfer inside of the vapour channel of the HP, according
to the formula:

[P P(T,,4) |F(2)L

AT, = =
kBTevnvp
. [P =P(T,,4) [F (z) Lr (T} )m,, 09)
- EkBTev .

Surplus energy (increased pressure) release time Atyp
in the evaporating region, by means of vapour flow trans-
fer to the condensation region of the HP, is estimated
according to the following formula:

Aty = _Lbhr,, . (30)
}"(TB)p:;X (Tev)u(Tev)F(Z)

Surplus pressure release time Atyp partially determines
the time value of oscillations of the vapour flow
in the vapour channel of the HP, during which the vapour
pressure pulse, arisen over the evaporator, reaches the HP
condensation surface, and condenses partially. The time
period At  of pressure decrease up to P(7,,,y) is esti-
mated according to the formula:

EAr,,
cond = mix . (3 1)
P (Teona )P0 (Teona )1 (Toona ) F (2)
As a result of the liquid phase formation, pressure near
the cooling condensation surface reduces to:

P = P(Tgna) (32)
This leads to the slowing of heat transfer through the
vapour channel, the rarefaction wave propagation from
the condensation zone to the evaporator and the start of
the next cycle of pulsed increase of the pressure near the
evaporator’s surface. Thus, cycle pulse duration Aty in the

vapour channel of the HP is:
Aty = At,, + Atpp + At

At

4 T AT (33)
The analysis of the obtained measured data of heat

transfer over the evaporator shows that the designed HPs

con sound *
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work in the boiling mode. This fact is confirmed by influ-
ence of operating parameters of the vaporization process
(heat flow density q and pressure P(T,,)) on the heat
transfer coefficient a. The influence of these parameters
is related to the similar influence of heat flow density
and pressure over the bubble boiling in the substantial
volume. Performed numerical estimation of parts of pul-
sation duration Aty from the expression (33) show the
following.

Pressure increase duration At,, over the HPs evapora-
tor leads to increased values At,, ~ 10'=1072 ¢, which
means incomplete adequateness of flat model of estima-
tion of evaporability in the evaporator. It is necessary to con-
sider nonequilibrium volumetric vaporization with regard
to the structure and porosity of the evaporator, tempera-
ture and moisture gradient in the boiling two-phase work-
ing fluid.

Moving duration Atgp of the vapour cluster along the
convergent-divergent HPs vapour channel at vapour flow
velocity in the channel equal ~ 100-300 m/s, reaches
Atyp ~ (4.8-1.6):107 s, which is acceptable only in the
case when sonic velocity in dry vapour is ~300 m/s and
correspondingly large temperature gradients in the vapour
channel.

Maximum duration of condensation period of moist
vapour is also excessive and reaches At~ 101072 s.

Duration of expansion wave motion from condensa-
tion region to the HP evaporator at sonic speed in moist
vapour about 100 m/s does not exceed Aty g ~ 1107 s.

Comparison of experimental measured results of pul-
sation period duration in the convergent-divergent vapour
channel of short low temperature HPs Aty = (2-2.5)-107 s
with the valued Aty ~ (0.75-1.5)-10° s obtained using
numerical method and the software CFD Design 10.0
shows that they have good fit values.

Comparison of experimental measured results of pul-
sation period duration in the convergent-divergent vapour
channel of short low temperature HPs Aty = (2-2.5)-10°°
with estimated values obtained using analytical method
shows excessive values of analytical results. Suggested
simple theoretical model of the flat surface evaporation
gives excessive values of pulsation period duration and
does not fully correspond to acutely nonequilibrium
evaporation processes in the grid capillary porous evapo-
rator with boiling working fluid.

Conclusions.

1. Heat transfer coefficient of the short linear HPs
with the Laval-like vapour channel reaches the value of
(22 + 1)-10° W/m?K; heat transfer coefficient of the HPs
with the cylindrical vapour channel does not exceed
(15 = 1):10° W/m’K, if thickness of the capillary-porous
insert layer is 3 mm, diameter is 20 mm and length is 100 mm.
Comparison of heat transfer coefficients in short HPs
shows sufficient advantages of HP with the Laval-like
vapour channel in contrast with standard cylindrical
channel.

2. The pulsatile flow regime in the vapour channel of
short linear HPs occurs when the working fluid in the
evaporator starts to boil. Vapour density and pressure
increase and boiling temperature of the working fluid
goes up until it exceeds average temperature of the evapo-
rator. Upon pressure increase, the boiling in the evapora-
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tor stops (slows), and an overpressure wave spreads in the
convergent-divergent vapour channel to the condensation
zone of the HPs, where the vapour becomes supersatu-
rated, and condenses. Condensation of moist vapour
results in pressure decrease in condensation region, and
after arrival of the expansion wave at the HPs evaporator,
pressure over the evaporator also decreases, the boiling
process in the evaporator proceeds and the pulsation cycle
in the vapour channel repeats.

3. Flow stagnation leads to vortex formation, and their
interaction causes pulse-coupled vortex decay, static pres-
sure boost and complex reverse flows. Calculation results
show that flow stagnation during the pulsation cycle leads
to an enlargement of the recirculating region and augmen-
tation of condensation, and this effect is significant.

With all the operating parameters of heat pipes, two
effects were observed: pulsating flow regime of two-
phase vapour flow and film-type condensation.
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Navigational equipment is currently used to solve a variety of tasks, such as providing civil and special aviation,
navigating, surveying and mapping, Internet devices and unmanned vehicles perfomance. The level of technological
development of digital signal processing devices at first glance removes the need for deep study of computational
algorithms, but this is only at first glance. As a result of expanding the scope of navigation tools, there is a need
to increase the working channels, increase the dynamic range of the processed signals, and also improve the
reconfiguration capabilities of signal processing devices. Any synthesized computational algorithm that can be
described in hardware description languages, such as VHDL and Verilog, consists of summation operations and a shift
operation of the register. There are several basic architectures of adders, each of which has the advantage of either
speed of operation or simplicity of implementation. The development of computational architectures working at
frequencies of 100 - 200 MHz requires pipeline calculations. Despite the fact that the pipeline architecture has large
overheads for equalizing the delays of the computational blocks, its use is justified when processing and converting
signals while solving the navigation task.

The architecture of hardware computational blocks for constructing navigation equipment for the GLONASS / GPS
consumer is considered in the article. The possible ways of increasing the efficiency of some architectures when
implementing them on the basis of programmable gate arrays (FPGA) are given.

Keywords: pipeline, CORDIC, hardware adder, hardware multiplier.
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Hasuzayuonnoe obopyodosanue 6 nacmosiuyue OHU UCHOb3YEMCS NPU PEUeHUU MHOJICeCMEd 3a0ay, Makux Kak
obecneuenue nOIEMO8 epANCOAHCKON U CREYUATbHOU asUuayuu, Cy0080IcOeHUe, NpU NPOBEOECHUU 2e00e3UYeCKUX U Kap-
mozpaghuueckux pabom, 8 UHMEPHEM-YCMPOUCMBEAX U OeCnUIOMHbIX MPAHCHOPMHBIX CpedCmeax. Yposenv mexnuye-
CKO20 pa38UmMusl BbIYUCIUMENbHBIX YCMPOUCME Yu@dpoeoti 06pabomxu cusHailos, Ha nepevili 632110, CHUMaem Heobxo-
oumocmu 21y60KOU NPOPaAbOMKU 6bIYUCTUMENLHBIX AI2OPUMMOE, HO 31O MOALKO Ha nepsvlil ¢32150. Kax pezyromam
pacwupenusi obnacmeli UCHOIb308AHUS CPEOCME HABULAYUU NOSGISAECSA He0OX00UMOCb  YEeaudeHus: pabodux
KAHAL08, YEeIudeHus: OUHAMUYECK020 OUAna3ona 00pabamvléaeMblx CUSHANO8, A MAKdiCe YIYUUleHUe 803MOICHOCIEN
pexonghueypayuu ycmpoticme o6pabomxu cuenanos. Jobou cunmesupyemulil GbIYUCTUMENbHBIU AN2OPUMM, KOMOPbL
MOJICHO ORUCAMb HA A3BIKAX Onucanus annapamypwl, maxux kak VHDL u Verilog, cocmoum u3 onepayuii cymmuposa-
Husl u onepayuu cosuea pecucmpa. Cyuecmsyionm HecKoabKo 0CHOGHbIX APXUMEKMYP CYMMAMmMOopos, Kaxicods u3 Komo-
PbIX UMeem npeuMywecmso aubo no ckopocmu pabomol, b0 no npocmome peanuzayuu. Ipu paspabomke gbluuciu-
menbHbIX apxumekmyp, pabomaiowux Ha uacmomax 100-200 My, neobxoduma KoHeeliepuzayus 6bIHUCTeHULL.
Hecmomps na mo, umo xouegetiepuasn apxumexmypa umeem 601viuue HakIaoHvle pacxoobl HA 6bIPAGHUBAHUE 3A0EPIHCEK
BbIUUCTUMENbHBIX OIOKO08, €€ UCTIONb308AHUE ONPABOAHHO NPpU 0Opabomke u nPeodpA308aHUU CUSHANO8 NPU PeUleHUU
HABULAYUOHHOUL 300aHU.

Paccmompenvt apxumexmypol annapammwix 6blYUCIUMENbHBIX OI0K08 OJis NOCMPOEHUsl HAGUSAYUOHHOU ANnapamy-
pot nompeoumens [ JIOHACC/GPS. IIpusedervl 803MO02ICHbIe NYMU NOGbIULEHUS IPDEKMUBHOCTU HEKOMOPLIX aApXU-
MEeKmyp npu peanu3ayuil ux Ha 0CHOGe NPOZPAMMUpyemblx eeHmuibhblx mampuy (I1JIHC).

Kniouesvie cnosa: xonseiiep, CORDIC, annapammsiil cymmamop, annapamHulii yMHOMCUMEND.

604



ABMGMMOHHQ}Z U paKkemHo-KoCmMu4ecKkas mexnuka

Introduction. The development of the hardware ar-
chitecture of the digital processing of GLONASS/GPS
signals is one of the priority directions of development of
consumer navigation equipment. The computational costs
of the implementation of algorithms for processing navi-
gation signals as a result affect the cost of the device and
also determine the future path of hardware development.

The processing of navigation signals at the intermedi-
ate frequency requires increased hardware costs due to the
fact that computing units operating at frequencies above
100 MHz requires pipelining calculations, and the com-
bined use of computational algorithms. After dropping the
navigation signal processing frequency it is possible
to reduce hardware costs through the use of a suitable
architecture.

Adders architectures overview. Any synthesized
computational algorithm, which can be described
in hardware description languages such as VHDL and
Verilog, consists of the sum and shift register operations.
There are several major architectures of adders, each
of which has the benefit of either the speed or ease of
implementation [1-5].

The simplest architecture is the architecture of the ad-
der, based on sequential bitmap summation of binary
numbers and carry bit propagation from the least signifi-
cant bit (LSB) to the most significant bit (MSB). The
basic computational element of this architecture is called
a full adder (FA). Despite its simplicity, the main draw-
back of this architecture is a linear dependence of the
delay calculation on the amount of bit terms, as at each
iteration of addition it is necessary to consider the carry
bit propagation [6—8].

Another, the most demanded, architecture differs in
that the propagation of carry bit is pre-calculated accord-
ing to the so-called scheme of Manchester [9; 10]. The
concepts of carry generation and carry transition are
introduced in this architecture. Preliminary calculation (1)
is carried out once for a group of bits. It reduces the
amount of calculations for the following group of bits
proportionally:

g =XY.,p=XY,+ XY,
C'+1 =&; + piC

i in,i° (1)
Ciia =81+ Pin& i+ Di1 PiCinsio

C[+n = gi+n—1 +..t pi+n—1"'pi+1gi + pi+n—1 "'picin,i'

In this architecture the speed of calculations depends
on the length and composition of the terms of the bit se-
quence and depends on the length of the carry bit
pre-calculation unit. For this architecture it has a value
of a parameter logic circuits like fan-in. It is the number
of inputs that can be connected to a circuit.

Another effective adder architecture is based on the
simultaneous preliminary carry bit calculation to MSB
bits for the group at C;, = 0 and C;, = 1, and then selecting
the active unit based on the calculated value of C;j,.
In contrast to the architecture of a preliminary carry bit
calculation to MSB, in this architecture, the calculation of
transfer is possible to perform consistently in the elements
of full adders. In this case, the sum bit sequences are pos-
sible in areas to which the input value of the carry bit has
not reached yet. Thus it is possible to reduce the bit
sequences calculation time in multiplies of the length of
the selected transfer to MSB calculation interval.

There are combinations of bits in the bit string
of terms that lead to the propagation of carry bit just for
a group of bits. In this case, the calculation of carry
bit transfer to MSB bit may be skipped [10; 11]. Then the
sum of bit sequences in a limited range is calculated
according to (2).

pi = Xi7i+ZYi’
PisnPisn-1--P;i =1,
= 2
ii+n 0’ Cin,,- _ 0’ ( )
.G, =1

For this architecture such factors as the probability of
the emergence of groups of bits, that create transportation
of the carry bit, are of great importance (fig. 1).

Usually, the best result is obtained by sharing multiple
architectures. At the same time, organizing a pipelined
calculation [10; 11], for such an option another important
element of computing is introduced as a carry-save adder
(CSA). This adder is based on the fact that the transfer
to MSB is passed to the next iteration of the pipeline, that
allows avoiding the transference computation in the cur-
rent iteration, and allows you to work in parallel adder.

High throughput hardware design. There are several
ways to improve the effectiveness of the described archi-
tectures (fig. 1). For the carry-lookahead adder one must
use logic with a large fan-in. For the carry-select adder,
ripple-carry adder and carry-skip adder one may itera-
tively use one and the same group of adders for different
groups of bit sequences included in the terms [10; 11].

Use FPGA DSP slices

t t

t t

Carry-Lookahead
Adder

Carry-Select
Adder

Ripple-Carry Adder

Carry-Skip Adder

v v

v v

Recurrent reuse
adder block

Use large gate
fan-in

Recurrent reuse | |Recurrent reuse
full adders LUT

Fig. 1. The options of improving the efficiency of the architectures of adders
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Hardware processing units operating at frequencies
below 10 MHz are greatly simplified due to the choice of
architecture adders, using the capabilities of FPGA chip
more effectively.

In the development of computer architectures, operat-
ing at frequencies 100-200 MHz, pipelining calculations
are necessary (fig. 2). Despite the fact that the pipelined
architecture has a large overhead for alignment of delay
of computing unit, its use is justified in such tasks as:

1) the encoding / decoding signals in real time;

2) decrease / increase in operating frequency of the
signal;

3) the processing of wideband signals.

To build consumer navigation equipment GLONASS /
GPS the following building blocks of digital processing
are needed:

1) the scheme of frequency conversion;

2) the correlator of pseudo-random sequence;

3) the signal tracking scheme.

Frequency conversion scheme is realized based on the
pipelined adder and pipelined multiplier (fig. 3). Pipelined
multiplier is capable of operating at a frequency of

> 100 MHz and perform calculations for 1 clock cycle.
Also in the GLONASS / GPS navigation consumer device
the multiplier is used for the correlation processing of a
navigation signal at the intermediate frequency. After
down-frequency conversion the navigation signal may use
frequency multipliers operating at frequencies less than
10 MHz (fig. 4). For such processing frequency extra
hardware optimization and the use of asynchronous
adders to construct a pipelined multipliers are possible
(fig. 4). In addition, modern FPGA chips have a large
number of DSP layers that can also be used to implement
computational units. For example, the implementation
of complex pipelined multiplier operating at a frequency
of 100 MHz takes 25-30 thousands triggers. At the same
time in current FPGA chips it will take only 3 DSP hard-
ware layers.To build consumer navigation equipment
GLONASS / GPS the following building blocks of digital
processing are needed:

1) the scheme of frequency conversion;

2) the correlator of pseudo-random sequence;

3) the signal tracking scheme.

Number 2 (N bit)

n <N, Nis a multiple of n Number 1 (N bit)
) n bit
Number 1 (N bit) Carry-Lookahead , 173 Adderblocknbit ([ 3]  Delayblock [ }]  Delay block Delay block
Number 2 (N bit) - n bit, calculation block (1) Carry data array (1) LA L] 1) Ly 2*(N/n-1)
l703rry in——1 4
n bit,
> Delay block Delay block ™ Carry-Lookahead | %% Adder block n bit ( : Delay block : Delay block : Delay block
LI_nbit ) N @ |, calculation block (2) N i (1) > o 2nn2)
Carry array (2)
P> Delayblock | ®| Camy-Lookahead [—m s yqer piocknbit [*]  Delay block
> 24(N/n-1) — calculation block (N/n)
——Carry array (N/n — 1) P—T— > 2*(N/n) il
Carry in
n bit, .
» Delay block Delay block Delay block > Delay block Delay block [ ] Carm-Lookahead w1 )0 oo it
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> > > »> » (N/n) >
Carry array (N/n) ¢
Alidone and
Overflow bits ~ ¢—
verification block
I v v

Alldone bit Sum (N bit)

Overflow bit

Fig. 2. Conveyor adder with preliminary transfer calculation
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Fig. 3. Conveyor multiplier
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Another important element of the GLONASS / GPS
navigation consumer equipment is a digital generator
of lettered frequencies (LFG). This oscillator is used
to down-convert the carrier frequency of the navigation
signal [12; 13].

The LFG can be implemented in two ways. In the first
method LFG can be made based on parallel Flash-
memory. This method is simple to implement and
requires preservation of samples prior workers lettered
frequencies. Among the shortcomings of this method one
can distinguish that one frequency channel with a sam-
pling frequency of 100-200 MHz requires one external
chip Flash-memory. Also, with such a realization it is
possible only operate at fixed frequencies with samples
previously saved to Flash-memory.

Another method is based on the CORDIC processor
operating in rotation mode (fig. 5). Pipelined CORDIC
processor is identical to pipelined multiplier by hardware
resources, at the same time it allows you to get just two
harmonic components of SIN and COS signal [14; 15].
CORDIC processor operates according to the expressions:

K = O g i,
YD = 0 4 g DT,

20 =20 _ g tan™' 27,

€)

Synchronization

where x = cos (z), y = sin (z), z — target angle, de {-1, 1}.

To accelerate the computation intermediate values tan "2
are calculated beforehand and stored in registers. At each
iteration, the intermediate value of angle is checked, then
angle increment is selected in the next iteration of the
pipeline.

Because this algorithm implements the pseudo-rotation,
the length of the vector after the rotation is increased by
a factor of K = 1.64676. To compensate for this effect, the
initial length of the vector is chosen to be 1/ K =0.60725.
Pipelined implementation allows to calculate the value
of sin (z) and cos (z) in a single cycle, and it is capable
of operating at a frequency of more than 100 MHz. The
advantages of implementing LFG on CORDIC processor
may include the possibility of dynamic reconfiguration of
the operating frequency of the measuring path, providing
performance for GLONASS / GPS signals in L1 or L2
bands. Also there is the ability to configure the LFG
initial phase for hardware alignment signals paths. The
disadvantage of this method is the high cost of hardware
implementation, since there is a need to perform pipelin-
ing calculations at the block operating frequencies
of 100-200 MHz. To implement this block not more than
10 DSP layer in FPGA are used, which can significantly
reduce hardware costs.

block
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Number 1 (N bit :
( ) multiply block Initialize value
Number 2 (N bity——»| Decoding block |—»| Buffering block |—»] ASV;‘SE;T“S | Shift right
Delay block 1 || ASynchronous Shift right
d Y adder 2 9
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» Delay block 1 N-1 adder N Shift right—» Product
Fig. 4. Asynchronous conveyor multiplier
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Conclusion. The hardware architectures of computa-
tional units reviewed above have the property of deter-
minism. This feature is of great importance in the con-
struction of navigation consumer equipment GLONASS /
GPS, because they allow taking into account the delay
in the path of digital signal processing at the design stage.
Despite the high price of pipelined performance of com-
puting units, it makes possible to handle the navigation
signals at a sampling frequency of 200 MHz. As the high
sampling rate allows keeping the form of the navigation
signal, it will eventually allow high-precision measure-
ments of the phase of navigation signal. Collectively, the
development of computing architectures will allow seeing
the weaknesses of a computing device and make better
use of the potential of modern FPGA devices.
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SIMULATION MEANS OF ELECTROSTATIC DISCHARGES IN THE SYSTEM
“STATIONARY PLASMA THRUSTER - TRANSFORMATION AND CONTROL SYSTEM”

D. A. Trofimchuk!”, Y. A. Bezhayev 2 V. V. Ivanov!, S. G. Kochura!, I. A. Maximov'

'JSC “Academician M. F. Reshetnev” Information Satellite Systems”
52, Lenin Str., Jeleznogorsk, Krasnoyarsk region, 662972, Russian Federation
*National Research Tomsk Polytechnic University
30, Lenina Av., Tomsk, 634050, Russian Federation
"E-mail: trofden@mail.ru

The elements of construction of electric propulsion system of spacecraft (SC) correction can accumulate electro-
static charge due to interaction with the magnetospheric plasma. The impact of electrostatic discharges on the electri-
cal circuit of the correction system can lead to failures of the transformation and control system (TCS).

Particular attention is currently being paid to solving the problems related to the impact of electrostatic discharges
on electric circuits of the power conditioning units, designed for power supply and control electric propulsion thrusters
of space craft correction. Due to the design of the propulsion subsystem thrusters it is impossible to solve the problem
of electric charge impact on TCS electric circuits through shielding these circuits. Therefore the impact of electrostatic
discharges on electric circuits from the propulsion subsystem thruster is considered to be one of the factors determining
the reliability and failure-free operation of TCS and, consequently, of the overall spacecraft propulsion subsystem. This
problem is important today due to the following: the widespread use of electric propulsion thrusters in GEO spacecraft
correction systems, the implementation of new TCS design and technical solutions suitable for spacecraft unpressurized
platforms, the implementation of new electronic component base.

The paper addresses the simulation means of electrostatic discharges occurring on the ceramics of the stationary
plasma thruster and impacting TCS electric circuits, in particular the test equipment for generating high-voltage pulses,
which allows replacing long-term and expensive tests performed on vacuum test benches. The paper contains the review
of validation test results for TCS means of protection from electrostatic charge effects using high-voltage pulse generat-
ing (HVPG).

Keywords: spacecraft, magnetospheric plasma, transformation and control system, electrostatic discharge.
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CPEJACTBA MOAEJIUPOBAHUSA SJIEKTPOCTATHYECKHUX PA3ZPANOB B CUCTEME
«CTAIIMOHAPHBIN IJIASMEHHBIN JIBUTATEJIb — CACTEMA ITPEOBPA3OBAHMUSI
" YIIPABJIEHUS»

. A. TpodoHquKl*, 1I0. A. BemaeBZ, B. B. Usanos', C. T. Kor{ypal, . A. Makcumos!

'AO «HpOpMaMOHHBIE CITyTHUKOBBIE CHCTEMbI» UMeHHU akajeMuka M. @. PemietHeBay
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Ha anemenmax xoncmpyKkyuu 21eKmpopeakmusHuix ogueamenei cucmemul koppekyuu K4 moocem naxaniusamoca
INEKMPOCMAMUYecKutl 3apa0 6ciedcmsue 83aumMooeticmseus ¢ masHumocgeproi niazmou. Bozoeiicmeue snexmpo-
cmamu4eckux paspadoé Ha 2NeKMpUdecKue yenu cucmembvl KOPPeKyuu Modcem NpUueecmu K OmKA3aM CUCHEMbl
npeobpasosanus u ynpasnerus (CIIY).

B nacmoswee spemsa yoensemcs Oonvuioe GHUMAHUE peuteHuio npoobnem, CEA3AHHLIX ¢ 8030elicmeuem I1eKmpo-
cmamuieckux paspAaoos Ha dNeKmpuyecKue yenu dHepeonpeodpazyioueco 000py008anus, npeoHa3HAUeHH020 Ol
nUManus U ynpaeieHus 1eKmpopeaxmueHlMu ogueamenamu cucmemul koppekyuu KA. B céa3u ¢ KoHCmpyKmugHubiMu
ocobennocmamu 0gueameneil Cucmemvbl KOPpeKyuu He8O3MOICHO peuums npodaemy 6030elicmeus dNeKmpocmamuye-
cKux paspa0oe na snexmpuyeckue yenu CIIY sxpanuposanuem OauHbIX yenetl, UCX005 U3 IMO20 6030elicmsue IJeK-
MpoCMAmMu4ecKux paspsao0os Ha eKmpudeckue yenu co CnopoHsl 08Uameis CUCmeMbl KOPPEKYUuu paccmampueaemcs
KaK 00uH u3 ¢hakmopos, onpedersiowux HaoedxdcHocmsv u bezomxasnocmv CIIY u, coomeemcmeenHo, cucmemvl
xoppexyuu KA 6 yenom. Akmyansnocme memvl 00YCl0GIEHA WIUPOKUM RPUMEHEHUEM DNIeKMPOPEaKmuHbIX 0gueame-
Jell 6 cucmemax Koppekyuu ceocmayuonapuvix KA, nepexooom na Hogvle KOHCMPYKMUBHO-MEXHUUECKUE DeUEeHUs,
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ucnonvszyemvie 8 CIIY, npednasnauennvix ons Hecepmemuynwvix niamepopm KA, npumenenuem HOG0U 31eKMPOHHOU

KOMNOHEHmMHOLL O6a3vl.

Ipedcmasnenvl cpedcmea MOOEIUPOBANUS INEKMPOCIMAMUYECKUX PA3PAO08, BOZHUKAIOWUX HA KEPAMUKE CIAYUO-
HAPHO20 NIA3MEHH020 dgueamersl, enusiowue na snekmpudeckue yenu CITY, a umenno, ucnvimamensroe 060pyoosanue
011 2eHepayu 8blCOK0GOIbMHBIX UMNYibeog (I'BH), komopoe nossonsiem 3ameHums OnumensHble U 00po20Cmosiyue
UCHbIMAHUS, NPOBOOUMblE HA Da3e BaKYYMHBIX CMeH008. Paccmompenvl pesyibmamul nposepku s¢gexmusnocmu
cpeocme 3auwumst CITY om 6030eticmaus ghaxmopog snekmpuzayuu ¢ ucnonvzogaruem I'BU.

Kniouesvie cnosa: xocmuuecxuii annapam, Maeﬂumocd)epHa}z niasma, cucmema npeo6pa306aﬁu}z u ynpaejleHus,

INEKMPOCAMUYECKULL pa3ps0.

Introduction. During flight operation the spacecraft
(SC) and its subsystems equipment are exposed to space
factors (SP) [1; 2].

In the interaction of magnetospheric plasma (MP)
with the construction materials of the outer surface of the
SC, due to the complex geometry of the SC surface, the
differences in light and electro physical parameters of
various fragments of the surface, there is a differential
charge distribution on the SC surfaces interacting with the
surrounding plasma, and nonuniform volume charge of
structural materials of surfaces [3—6].

One of the systems of the SC, which is exposed
directly to the MP is the correction system (CS) [7]. The
most important element of CS is the transformation and
control system (TCS) which is electrically connected with
a stationary plasma thruster (SPT), having in its composi-
tion the gas-discharge chamber (GDC). The ceramics
used in the manufacture of GDC under the influence of
MP accumulates a charge, and under certain conditions
electrostatic discharges (ESD) occur. Stray currents of
these discharges may penetrate into the electric circuit and
have a negative impact (up to failure) on the performance
of TCS and the CS as a whole [8].

Simulation of MP impact on the system SPT-TCS.
During geomagnetic disturbances the current density of

electrons may rise to a value of 1-10° A-cm 2 [1; 9].
Settling time of fixed charge in the irradiated ceramics
used in the composition of GDC for engine SPT-100V in
the modeling of charging under laboratory conditions
ranges from 100 to 125 sec. [10]. In this case, the maximum
possible electric charge accumulated on the inner surface
of GDC engine SPT-100V with an area of 187 cm? is
equal to 2:10° C [11]. In the case of ESD there is a proba-
bility that the stored charge “flows” through the circuit
of the anode to the control circuit and power supply.

To confirm the efficiency of the system SPT-TCS
under the impact of MP during normal operation,
it is necessary to model space factors (SF) at the stage of
experimental ground tests EGT [12]. On a special stand
was simulated the impact of MP on the system SPT-TCS
with the parameters presented in tab. 1.

In the result of simulated SP on the system SPT-TCS
in the anode circuit of SPT were recorded interference
pulses with negative polarity characteristic of the
discharge event caused by the accumulation of negative
potential on SPT ceramic, then resetting the charge in the
anode circuit of the SPD. Fig. 1 shows the interference
pulse with maximum amplitude of 2.7 kV, a rise time
of40 ns [11].

Table 1

Parameters of the simulated magnetospheric plasma

Impacts Impact factors parameters

Electrons E,=70keV,J,=1-10° A-cm™>
Oil-free pumping

Vacuum Residual pressure of not more than 10® Torr

SPT ceramic temperature —45 °C

TETT[FIIT [ TITT[TITo[TT7T]

i e

F)
TETT[TITT[TITTIITT [TTeT]

CLELI AL L B

Fig. 1. Interference pulse in the anode circuit of SPT

Puc. 1. IlomexoBslii umnyibce B nenu anoaa CIT/]

610



ABMGMMOHHG}Z U paKkemHo-KoCmMu4ecKkas mexnuka

With the aim of developing and testing means of pro-
tection against the negative influence of electrostatics
on the system SPT-TCS there is a need in experimental
work on specialized installations that simulate the effects
of magnetospheric plasma, which is very costly both
in time and financial [13].

For optimization and minimization of financial and
technical supports to conduct testing on the stage of the
EGT protection system of SPT-TCS on the technical task
of the JSC “ISS” Institute of nondestructive testing of
Tomsk Polytechnic University have developed and manu-
factured test equipment for generating high voltage pulses
(HVPG), which allows to simulate a direct injection
gained in ceramics in an electric circuit of TCS [14; 15].

The discharge impulse of HVPG has a negative polar-
ity. The impulse front is less than 10 ns. Voltage is
adjustable between 3 to 9 kV. Reset charge is from 3-10°
to 310~ C. These characteristics of the discharge pulses
correspond to the characteristics obtained by simulation
of the impact of MP on the system SPT-TCS using
specialized test benches [11; 13].

Technical characteristics of HVPG. The principle of
the HVPG is based on generating a high voltage pulse
with a negative polarity output voltage and a steep rise
front [14]. A pulse is generated at the discharge of the
capacitor to the switch. As the switch a hydrogen thyra-
tron with a cold cathode with working gas (“thyratron”)
of low pressure is used. The charge of the capacitor and
the control of thyratron work are carried by means of
electronic circuits, described below.

A structural scheme of HVPG is showed at fig. 2. The
input supply voltage through the interference suppress
filter (ISF) is supplied to high voltage transformer (HVT)
and control system (SC). SC controls the operation of the
HVT, the unit of heat generator hydrogen thyratron
(UHG), a unit of preionization (UPI) and unit of ignition
of the thyratron (UIT). The thyratron is located in the unit
of impulse forming (UIF), there is also a replacement high
voltage capacitor. The output signal from the UIF is made
through a high-voltage cable with contact tip (CT).

Fig. 3. shows the UIF scheme. In the initial state,
the capacitance C, is charged to voltage U, through the
diode D;. When thyratron 7, works a negatively charged
C, is discharged through Ry

Pulse amplitude of the load voltage depends on Cj and
the value of the complex impedance of the load. Fig. 4, 5
show the form of the high-voltage pulse with U, = 3 kV,
Co = 1000 pF and U, =9 kV, Cy = 3300 pF, respectively,
taken from a low-inductive load Ry = 50 Ohm with a high
voltage divider with £, = 1:1000.

Changing the values U, and C,, it is possible to vary
widely the amount of electric charge (Qcharee), passing
through the load. Tab. 2 shows the values of Ocharge With
different values of U, and C,,.

The results of testing. With the help of HVPG
experimental researches were conducted that formed the
basis for the development and verification of the effec-
tiveness of the protection means of the TCS from the
influence of the electrostatic charge effect occurring on
ceramic of engine SPT [16].
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Fig. 2. Structural scheme of HVPG
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Fig. 6. shows the results of testing. The validation
of TCS security means was performed by applying
to the input of the protection filter in the circuit of the
anode of a series of high-voltage discharge impulses using
a generator HVPG with the following characteristics
of output voltage on the resistive load of 50 Ohms:

612

— pulse amplitude — minus 3 kV;
— pulse duration of 107 s;

— charge 3-10° C;

— number of pulses — 20.

The oscillogram of the output pulse of HVPG on the
50 Ohm load is shown in fig. 7. The amplitude of the

negative impulse — minus of 2.94 kV.
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During the test, when exposed to a pulse from HVPG
at the circuit of the anode to the input cable “Engine-
TCS”, the parameters of the discharge pulses at the
beginning of “Anode” line and the voltage in the anode
circuit of TCS after the protection filter were under con-
trol. Measuring at the input circuit was carried out using
a voltage divider 1000:1.

Fig. 8 shows the standard oscillogram of voltage
in the anode circuit at the input cable “Engine-TCS”.

Fig. 9 shows a typical voltage oscillogram in the
anode circuit of high-voltage TCS after protection filter
under influence on the circuit of the anode.

Due to the fact that the voltage pulse from the HVPG
is fed to the unloaded circuit, the voltage at the beginning
of the line and at the end (after the PF) is oscillatory and
with the increased amplitude.

The results of measurements of HVPG impact on the
circuit of the anode are given in tab. 3.

Conclusion. Developed HVPG allows simulating
a direct injection of charge in the investigated electrical
circuit. Discharge pulse of HVPG has characteristics that
correspond to characteristics obtained by simulation
of the impact of MP on the system SPT-TCS using spe-
cialized test benches. HVPG is put into operation at the
JSC “ISS” and is used when conducting EGT BA. With
the help of HVPG experiments on TCS resistance for
space craft designed by JSC “ISS”, such as Yamal-400,
Express-AM, Telcom etc.

The use of HVPG allows to confirm the effectiveness
of the measures taken for the protection of the TCS from
the negative impacts of MP on CS at the stage of experi-
mental ground testing (EGT) with minimal time and
financial investments.

Table 2
The values of the electric charge at different variable options of HVPG
Uy, kKV
COa pF
3.0 45 6.0 7.5 9.0

1 000 3.00-10°C 4.50-10°C 6.00-10°° C 7.50-10°° C 9.00-10° C
1 500 4.50-10°C 6.75-10°° C 9.00-10°C 1.13-10° C 1.3510° C
3300 9.90-10°C 1.49:-10° C 1.98:10° C 2.4810°C 2.97-10°C

- O3-KT =

CIy-KT

o= YYT-KT

Ocuwmnnorpad 1 |—

—e

—I Ocumnnorpad 2

Fig. 6. Testing scheme of the protection means of TCS:
I'BU (HVPG) — high-voltage pulses generator; CITY-KT (TCS-KT) —
the layout of the system of power supply and control; ®3-KT (PF-KT) —
protection filter; YVII-KT (CPSD) — control and power supply
device; A — anode circuit; 9K (SC) — screened chamber; 3® (BF) —
bed filter, [ (D) — high-voltage divider

Puc. 6. Cxema ucnbiTanuii no nposepke cpeacts 3amutsl CITY:
I'BU — reneparop BbICOKOBOJIBTHBIX uMIysbcoB; CIIY-KT — maker
cucrembl mnutaHus u ymnpasieHus; ®3-KT — ¢unbtp 3amuThl;
VYVII-KT — ycTpoiicTBO ynpaBieHHs U NUTaHUA; A — Lelb aHOJa;
DK — skpanupoBanHas kamepa; 3@ — 3aceiHoi GpuibTp; [ — BEICOKO-

BOJIbTHBII JIETIUTENb HAMPSHKEHUST
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Table 3

The results of measurements

The voltage swing at the beginning of the line to the inlet of the cable “Engine-TCS”, V

5920

The voltage swing at the outlet PF, V

236
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Hccnedosanvl 603M00ICHbIE MONOLO2UY HASPY3OUHBIX YCIMPOUCTE, UMEIOWUX 8 CBOEM COCIMABE HENPEPbIBHbIU pecy-
JUPYIOWUL 3NIeMeHm U UMRYIbCHBLIL npeodpazoeamens. Ilpu paspabomke u UCNbIMAHUAX CUCHEM 3JIeKIMPONUMAHUs
KOCMUYeCKUX annapamos GO3HUKAem NOMmpeOHOCHb 8 YCMPOUCMEadx, UMUMUPYIOWUX pasiuyHble 3JeKmpudecKue
Xapaxmepucmuky noJe3HoU Haspy3Ku. Ima 3a0aua peuwaemcs ¢ UCNONb308aHUEM CReYUATUSUPOBAHHBIX HAZPY30UHBIX
ycmpoucmes, Komopble nO3601A10M 0becneuusams mpebdyemyro moyHOCMb 80CHPOU3BEOEHUs CIMAMUYECKUX U OUHAMU-
YecKux xapakxmepucmux umumupyemou nazpysku. Kpome mozo, cyujecmsyem 803mM0o#CHOCMb NOCPeOCHMB8OM HAZPY30U-
HbIX YCMPOUCME NPOU3B0O0UmMb PEeKYRepayuio u30blmoyHol d1eKmpoIHepeUd 8 NUMaiwylo cemov NepemMeHHO20 Ui
NOCMOSIHHO20 MOKA, YMO, 8 CB0I0 0Yepedb, NO360SIeN NOBbICUNb KAYECMEO UCHbIMAHUL CUCMEM DNIeKMPONUMAaHUsL.
Paspabomxa ycmpoiicmea, no3eonsniouezo 00HOBPEMEHHO 00ecnedueams U 3a0AHHYI0 MOYHOCHb B0CHPOU3BEOCHUs
INEKMPUYECKUX XAPAKMEPUCTIUK TOAE3HOU HAZPY3KU, U PEeKYNepayuio Uu3oblmoyHol NeKMPOdHEpeUY, CONPAICEHd
€ PAOOM MEXHUUECKUX CLOACHOCMEL, KOMOpble MO2ym Oblmb peuieHbl RYmEM UCHONIb308AHUS HAZPY30UHO20 YCIMPOUCH-
84, KOMOpoe umeem 8 C60éM cocmage 08d YNPABIAEMbIX CIAOUIU3AMOpa: DbICMpPoOeucmEyIouull HenpepvleHbIL pecy-
JAMOP U UMRYIbCHBIN Npeobpazosamenb, 0SPAHUHUBAIOWUL PACCEUBAEMYI0 MOWHOCHb HENpEepPbleHO20 pe2yiamopd
U no360AIWUIL 0becneyUums peKynepayuio 8 NUMaruyio cems.

Paccmompenvt pasnuunvie ceolicmea monono2utl HA2PY304HBIX YCMPOUCME ¢ OB80UHbIM Pe2yIUpO8aHUEM, 8blOeleHbl
Haubonee nepcnekmughvlie MONOI02UU Ol UCNONL308AHUS 8 Kauecmee HAZPY30UHLIX YCMPOUCME 018 UCHbIMAHUSA
cucmem INEKMPONUMAHUA KOCMUdeckux annapamos. Paspabomano mamemamuyeckoe onucauue Hazpy304Ho20 Ycm-
poticmea, UCNONb3YeMo20 6 COCmage UCHbIMAMENbHO20 KOMNIEKCd, NPO6eOéH aHAIu3 a0MUMMAHCHO-4ACTOMHbIX
Xapaxmepucmux U Kayecmea noodaeieHus nyrvcayuil 0 pasiuyHblx mononozuti. Paccmompenvt acnexmul pabomoi
HAZPY30UYHBIX YCMPOUCME, CEA3AHHbIE C PEHCUMOM HABEOeHUsl NOMEX NO 6XOOHOMY MOKY, OnpedeieHbl Napamempol,
onpeoensiioujue NOI0CYy HABOOUMbBIX YACIOM PA3IUYHBIX MONOIO2UL NPU PAGHBIX YCIOBUAX, ONPEOeleHbl YCI08US 603-
MOJICHOCIU HABEOEHUS. NOMEX 3A0AHHOU GeTULUNBL 8 YeMbIPEX MONONIOSUSX.

Kniouegvie cnosa: naspysounoe ycmpoiicmeo, npogedeHue UCHbImanutl, CUcmemsl YnpasieHus, 21eKmponnoe 00o-
pyoosanue, cucmemvl INeKMPONUMAaHUSL.
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STUDY OF DUAL CONTROL ELECTRONIC LOADS
FOR SPACECRAFT ELECTRICAL POWER SYSTEM TESTS
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In the article the possible topologies of electronic loads consisting of linear regulator and switched-mode converter
are studied. During developing and testing of spacecraft power supply systems, there is a need for devices that simulate
various electrical characteristics of the spacecraft payload. This problem can be solved using specialized electronic
loads that allow reproducing static and dynamic characteristics of the simulated payload with required accuracy.
In addition, using electronic loads it is possible to return unused electrical energy into a DC or AC power supply network,
which, in turn, makes it possible to improve the quality of power supply system tests. The development of a device that
simultaneously provides both specified accuracy of reproduction of payload electrical characteristics and the recovery
of surplus electric power is associated with a number of technical difficulties that can be solved by using an electronic
load that includes two controllable stabilizers: a high-speed linear regulator and a switched-mode converter which
limits the dissipated power of the linear regulator and provides recovering an excess electrical energy to the supply
network.
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Various properties of dual control electronic load topologies were considered, the most promising topologies that
can be used as electronic loads for spacecraft power systems tests were highlighted. A mathematical description of the
electronic load used in the test setup was developed, an analysis of the admittances and the quality of noise suppression
for various topologies was performed. The aspects of the electronic load operation related to the input current interfer-
ing mode, the parameters determining the frequency range of the interfered noise, and the conditions for the possibility
of the interference were determined for four topologies under the same conditions.

Keywords: electronic load, testing, control systems, electronic equipment, power supply systems.

Beenenne. BaxxHoil cocTaBistonieil npoiecca paspa-
60Tkn kocmmyeckoro ammapata (KA) sensercs stan npo-
BEJCHHUS HWCIBITAaHUKA cucteM siekrporuTtanus (COII).
Onextpudeckue ucnbitanusa COIl KA, B xole KOTOPBIX
OTIpeJIeNIAeTCS COOTBETCTBHE paspaboranHor COII 3asaB-
JIEHHBIM TPeOOBAHUSAM, NMPOBOIITCSA C HCIIOIB30BAHHEM
CICIMAIM3UPOBAHHBIX HArpy304HbXx ycrpoicte (HY),
UMHUTUPYIOIINUX CTATUYCCKUE U JUHAMUYCCKHUC DJICKTPU-
YECKUE XAPAKTEPUCTUKM 110J1e3HOM Harpy3ku. Takue HY
HCIIOJIB3YIOTCS [UIsl PEIeHMs] IIMPOKOTo CIEeKTpa 3aaad,
BO3HMKaromMx npu ucnbiTaHusx COIl [1-6], B cBs3u
C 4eM IIpu npoekTupoBanuu HY Beigensiercst psij TeXHH-
YeCcKHuX TpeOOBaHUH, CpeIn KOTOPHIX:

a) obecnieueHne pabOTHl yCTPOHCTBA B 3aJaHHBIX M-
MMAa30HAX M3MEHEHMSI BXOJHBIX HAPSHKEHUS U TOKA;

0) BoCIIpOM3BEICHIE HECKOJIBKHIX BUIOB BOJILT-AMIIEPHBIX
xapakrepucTuk (BAX) UMUTHpPYEMBIX Harpy30K;

B) obecrieueHue TpeOyeMOon MOTPEIIHOCTH BOCIIPOU3-
BeZieHns BAX UMUTHpYEMBIX Harpys3oK;

F) HaBCICHNUEC TapMOHUYCCKHUX W UMITYJILCHBIX ITOMEX
B 3aJIaHHOM T0JIOCE YacTOT;

1) o0ecrieueHne peKylepauuy IpH 3aJaHHOM Kodgd-
(ULMEeHTE NCTIONB30BAHUS SHEPTHH.

BrlnonHeHHe BceX NPEABIBICHHBIX K IPOEKTHUpPYE-
Momy HY TpebGoBaHUi MOXKeT cTaTh TPYAHOOCYIIECTBHU-
MOH 3amadeil, 0cOOEHHO MPH HEOOXOIMMOCTH obecrede-
HUSL BBICOKOTO OBICTPOIEHCTBHS W MOUTHOCTH PAacCESHUSI
Topsiika HeCKONbKUX KBT [7—14]. OqHUM 13 BO3MOXKHBIX
pelieHui saBisercs ucnonb3oBanue HY ¢ nBoliHbIM pery-
JUPOBAaHUEM, HMEIOMHUX B CBOEM COCTAaBE JABA DPETYIH-
PYIOIIMX DJIEMEHTa M IO03BOJISIOIIMX COBMEIIATh B cede
XOopolMe AUHaAMHueckue xapakrepuctuka HPO u Bos-
MOKHOCTb OpraHu3aluu pexynepauuu nocpeacrsom MII,
4To BEAET TaKXKE K YIYYIICHUI0 MaccorabapUTHBIX
xapakrepuctuxk HY [15-17].

Tomosorun Harpy304HbIX YCTPOICTB C JBOWHBIM
perynupoBanueM. OcHoBHas uzaes HY ¢ nBoitHBIM pery-
JUPOBAHHEM 3aKIIOYAeTCS B TOM, YTO CTaOWIM3AIHIO
HENOCPEICTBEHHO BXOIHOTO TOKa ocyecTsisier HPD,
B TO Bpemsi kak UII orpaHnumBaeT MOIIHOCTb, pacceu-
Baemyio Ha HPO. Ilpu stom peanmsanus HY ¢ nBoitHBIM
peryIupoBaHHEM BO3MOXKHA IO JBYM CXE€MaM COeIHHe-
Hust HPO u UII: mapannensHON M mocieroBaTenbHOM.
B mapamiensHo#l cxeme crabwim3anus momrHoctH HPD
JOCTHUTaeTCs MOCPEACTBOM OIpaHWYEHHsl TOKa, MNpOTe-
karomero uepes HPD, B mocnenoBarenbHOW cxeme —
MOCPECTBOM OIpaHUYEHUsI MaieHus HarpsbkeHus: Ha HPO.
Wnaue rosops;, UI1 B nmapannenbHON cXeMe BBINOJIHSAET
(¢hyHKIHIO cTabMIM3aTopa TOKa, a B TIOCIEI0BATEIEHON —
crabmimzaropa HanpspkeHus. s opranmsanuu Tpedye-
MBIX KOHTYPOB VIIPaBJICHUS MapalIeIbHBIC CXeMBI JOJDK-
HBI COZIepKaTh [Ba JaT4WKa Toka (mo omnomy Ha HPO
u UII), mocnenoBatenbHbie — oguH natduk Toka (IT)
u onuH gatuuk Hanpspkenus (JIH). Jlns Bo3moxxHOCTH
UMUTAIMK PA3IMYHBIX BUIOB BAX (cTabwimsanuu mocTosH-
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HOM MOIIHOCTH W/WIH TIOCTOSHHOTO COTIPOTHUBIICHU)
B 00€ cXeMBbI HEOOXOINMO TaKXe N00aBUTH JATYUK BXOM-
HOTO HampspkeHus. [IpuHMMas BO BHMMaHHE, YTO B Ta-
paJIETFHON CXeMe MMEEeTCSI TPH BO3MOKHBIX MeCTa pas-
MEIIEHUs] JAaTYNKOB TOKA, a B MOCJIEIOBATEILHOW — JIBa,
BO3MOXXHO BOCEMb pa3nuyHbIx Tomojiorud HY c nBoi-
HBIM peryiupoBaHueM (puc. 1).

YcTaBky, BblIaBaeMble YCTpOMCTBOM yrpasieHus (YY)
Ha HPD u UII, onpenemnstoTcs KOHTypaMH yNpaBlI€HHS,
KOTOpbIE 3TH YCTPOWUCTBA 00Pa3yIOT C COOTBETCTBYIOIIUMU
JaT9uKaMu Toka. Ha puc. 1 s ycTaBOK HCIONB3YIOTCS
cienyrone 0003HaueHus: /[, — TpeOyeMblil BXOJIHOM TOK
HY, I, — tpebyemslii Tok HPD, Ip,max — NpenensHo
nonyctumeiil Tok HPO, I, — tpebyemslii Tox UII, Vi, —
Tpebyemoe Hampspkerune HPO, V,,, — tpebyemoe Hampsi-
xernne WII. Pacmpenenenne tokoB mexay HPD u UII
OCyLIECTBJIAET YY B COOTBETCTBUU C 3apaHee OIpene-
JIEHHBIM aJITOPUTMOM.

Tononorun Ha puc. 1, a—e mnpeacTaBisAIOT COOOH
cXeMHl ¢ napajuieabHbiM coenmaeHrneM HPD u UIT. OO6iueit
0COOEHHOCTBIO 3THUX TOIOJIOTHHA SIBISIETCS TO, YTO B HHX
BO3MOXKHA CTaOWJIM3alUsl Pa3IMYHBIX BEIHUYUH TOKA
He3aBucumo Ha HPD u UIl. OOmmM HemocTaTKOM 3THUX
TOIOJIOTHH SBJISICTCA TO, YTO aMIUIUTYIa HAaBOIMMBIX
MyJIbCAllMi OrpaHUYEHAa BEJIMUMHON TOKA, IPOTEKAIOLIETO
gepe3 HPD, xoTopsrii mpu OOMBIINX HANPSKEHUSAX HCITBI-
TeiBaeMoii COIl MOXKET COCTaBNATH JUIIb MATyl0 OO
00I11eT0 CTaOMIIN3NPYEMOTO TOKA.

Tomonoruu Ha puc. 1, e, 3 TPEACTABIAIOT COOOM
CXEMBI C MOCJIEIOBaTeIbHBIM coenuueHnemM HPD u UII.
OO6iiiei 0COOEHHOCTHIO ATHX TOMOJOTHH SBJISETCS TO, YTO
yepe3 HPD u UII nporekaer oOmmumii TOK, KOTOPBIA CTa-
ownusupyertcs opictpoaeiicTpyronmm HPD, uto mo3sos-
€T IMOJIaBJIATh IOMEXH 10 BXOJAHOMY TOKY 3((eKTHBHEE,
94eM B MapauIeIbHBIX TONOJOTHAX. OOMIMM HETOCTATKOM
STHX TOMOJIOTHH SIBIIICTCS OTHOCHTEIEHO HU3KAasl JKHUBY-
49eCTh, MOCKOJIBKY mpu aBapuu HPD wmmm UIT Bo3MOKHO
co3laHue aBapHitHON curyanuu. Kpome Ttoro, paboto-
COCOOHOCTE TIOCITIEIOBATENBHBIX CXEM 3aBHCHUT OT WH-
JTYKTHBHOCTH WCTOYHHMKA M MIPOBOJOB (MOIpoOHEE 3TOT
BOTIPOC OYAET PaCCMOTPEH HHXKE).

Bo Bcex TOMONOTHSX CHTHANBI C JAaTYUKOB TOKa
U HaIpsDKEHUM MOCTYNAIOT Ha CYMMATOphl U Y'Y, KOTO-
pO€ TaKKe MOXKET UCHOJIHATH POJIb YCTPOMCTBA 3AILUTHI.
Ha VYV, B wactHOoCTH, mocTynator Te curHaisl ¢ [T,
KOTOpBIE TO3BOJIIOT OIPENEIUTh BEIUYUHY BXOIHOTO
toka HY, Ha ocHOBe KoTOpOro YV (opMHpYET CHUTHAIIBI
ynpasienus anst HPO u UII. Tak, B Tomosorusix «a»
n «e» Ha YVY moparorcs curHaibl ¢ obomx T, dro
YCIIOXKHSET CTPYKTYpY YV (TpeOyeTcs ITOTOIHUTEIbHBII
BXoJHOH KaHai). C Ipyroi CTOPOHBI, B TOIOJOTHAX «O»—<ID»
U «K», «3» YV nonydaer nHGOPMAIHIO O BEITMYMHE TOKA
TOJIBKO B oHOM M3 snemenTtoB HY (HPD wmm UII), uto
CO3/1aéT MOTIOJIHUTENBHBIE CIOKHOCTH B Clydae, KOTIa
V'V BBIIONHSET TaK¥Ke U POJIb YCTPOMCTBA 3ALLUTHL.
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Puc. 1. Bo3MoXHbI€ TONOJIOTHMH HATPY30YHBIX YCTPOUCTB C IBOMHBIM PEryJIMPOBAHUEM:
a—e — cXeMHI ¢ napaiensabM coearaerneM HPD u UL, owc, 3 — cxeMsl ¢ mocnenoBaTenbHbIM coeanHernem HPD u UTT

Fig. 1. Possible E-load topologies with double regulation
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CBoOICTBA OT/IEJIbHBIX TOMOJIOT M

CaolicTBa «@» | «O» | «B» | «m» | «m» | «e» | «@K» | «3»
IToBbllICHHAS KUBYYECTb + + +
HesaBucumoe naBenenne momex na HPO/UIT + + +
[upoxkast mosoca mpomycKaHus + + + +
HesaBucumocts paspadorku HPO n UII + + +
DunbTpanus BXOJHOIO TOKa + + + +
Kontpons Benuuuns! BXogHoro toka HY + + + + + +
Juarnoctuka HPD u UII + +
BricTpoe cTyneHdyaroe yBeln4eHHe BXOJAHOIO TOKa + + + + + +
BricTpoe cTyneH4aroe yMEHbIUIEHUE BXOAHOIO TOKA + +

Jns onpenenenust HanboIee NEPCIIEKTHBHBIX TOTIONIOTUH
ObUTa MPOBE/ICHA CPaBHHUTEIbHAS OIEHKA (CM. TaOJIHILYy)
10 CIETYIOIIUM KPUTECPHUSIM:

— MOBBIIIEHHAs J)KMUBYYECTh: IIPH BbIXoze u3 crpost HPO
€CTh BOBMOXHOCTB IPOI0JDKEHHUs paboThl 3a cuét UIT;

— He3aBUCUMOE HaBeneHue nomex Ha HPD/UIIL: Bos-
MOJKHOCTh HAaBEJCHHS TapMOHHUYECKUX YIPABISIOMINX
curHajioB kak Ha HPD, tak u Ha u UII, yto naér BO3MOK-
HOCTh OpPTaHM30BaTh CXEMY HaBEACHHUS NOMEX C MHHH-
MaJbHBIMH TapPMOHHYECKIMH MCKKEHISIMA Ha YacToTe,
6m3Ko# K yactore cpesa UIT;

— IIUpOKasi IOJI0ca TPOITyCKAaHUSA: BO3MOYKHOCTH Ha-
BEJICHHUS TIOMEX 110 BXOJHOMY TOKY MOCPEICTBOM OBICT-
poaeiictBytouiero HPD B mmpoxoii nmosnoce 4yacTor;

— 6onee skoHomuuHble J[T: BO3MOKHOCTH HCITIONIB30-
BaHus T ¢ nmydmuMu XapakTepUCTHKAMH, IOCKOIBKY
yepe3 310T T npoTekaeT MeHbIIast 4acTh OOIIET0 TOKa;

— He3aBUCUMOCTh pa3pabotku HPD u UII: Bo3MoOk-
HOCTB pa3paborku u ucnbiranus UII w/unmn HPD He3aBu-
CHMO JIpYT OT ApYTa;

— QuapTpanus BxoaHoro Toka: HPD  ¢unbrpyer
MMOMEXH U IIyJNbCAIlMA N0 BXOAHOMY TOKY, B TOM HYHCJIE
nomexu, cozmaBaembie UII;

— KOHTPOJIb BCJIMYUHBI BXOJHOI'O0 TOKa: B CXEMC€ IIpU-
CYTCTBYET JaTYMK HEMOCPEICTBEHHO CTAOWIN3UpyeMOn
BEJIMYUHBI — OOIET0 BXOAHOTO TOKA, YTO IMOBBIIIAET TOY-
HOCTb CTaOMITM3aLnH;

— nquarnoctuka HPD u UII: BBumy namuuus y HPD
u UII oTHeNsHBIX JaTYMKOB, CYHIECTBYET BO3MOXKHOCTH
peammzanuu B YY (YHKIMHM JMarHOCTHKH PabOTOCIIO-
coonoctu HPD u UII Ge3 BBeneHust B CXeMy JOIMOJHH-
TEJBHBIX 3JIEMEHTOB;

— OBICTpOE CTYIIEHYaTOE YBEJIMYEHHE TOKa: B Iapaj-
JIENIBHBIX TOMOJIOTHSIX «a»—«e» (CM. pHuc. 1) TOK yBeIU4H-
BaeTcs C TeM OBICTPOAEHCTBHEM, KOTOpOe O00ecreunBaeT
opicTponeiicTByromuit  HPD (mpm yMeHBIIEHHH TOKa
Ha Oospmioe 3Hayenue HPD nosiHocThIO 3aKpoeTCs, U TOK
Oyznet ymeHsIaThes ¢ 6picTpoaerictsuem UII);

— OBICTpOE CTyNEeHYaToe YMEHBIICHHE TOKA: B ITOCIIe-
JIOBATEJIbHBIX TOMOJIOTHAX «K», «3» (CM. puc. 1) Tok
YMEHBIIAETCS ¢ TeM OBICTPOAECHCTBHEM, KOTOpOe obecrie-
ynBaeT ObicTpopelicTBytommii HPD (mpm yBemudeHun
TOKa Ha Oorbinoe 3HaueHue HPD moiHOCTBIO OTKpoeTCs,
U TOK OyzeT yBennuuBathes ¢ ObicTpoaericTeuem UIT).
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Ha ocHOBe mpUBENEHHBIX BHIIIE MOJOXKHUTEIHHBIX
U OTPHUIATEIBHBIX KAa4eCTB KAXKIOW TOIOJOTHU OBLI
CIETaH BBIBOJI, YTO TOTIOJIOTHH «a»—«B» U <OK» MPENICTaB-
JSIOT HAHOOJBIINI MHTEPEC AN JajdbHEUIIero paccMoT-
pEeHHSL.

MartemaTudeckoe onucanue. Ha puc. 2 mpencrasie-
Ha CXeMa 3aMEeIIeHHS YCTPONUCTB, COBMECTHO C KOTOPBIMH
paboraetr HY npu mpoemenun ucnbeitanuii COIT KA,
KOTOpBIE OIMHUCHIBAIOTCS CIEAYIOMENH CUCTEeMOM ypaB-
HEHUM:

Vex = €con — inanrl >
e , (1)
lpex = (vnanIX e ) BC?

TJe vy — BXOmHOe Hampspkenue HY; e.,, — 3JC COII;

imx — BXomHON Tok HY; Z.,, — BHYTpeHHMH HMII€aHC
COIIL; ipec TOK pekynepanuu (BeIxogHOM Tok HY);
VimBbIX — BBIXOJHOE Hanpsbkenue HY; e, — DJ1C BHemHen
cetu (ceTh, B KOTOPYIO NPOU3BOAMTCS pEKyIepaius);
Ysc — QAMUTTAHC BHEILIHEH CETHU.

YCTpOWCTBO yIpaBICHUS B OOIIEM CiIy4ae OIHCHIBA-
€TCsI HeIMHEWHBIMY 3aBHCUMOCTSIMU HAIPSHKCHUH yIIpaB-
nenus HPD vy opps 1 UIT vyyppm OT HanpsbkeHus qaTyuka
BXOJIHOTO HAIIPSDKEHUS V. B manpHeiieM 3TH 3aBHCH-
MocTu OynyT oOo3HaueHBl Kak fKvpx) ama HPD
1 g(Kyvex) mmsa UL, toe Ky — K03 uImenT ycuneHus
JaTYMKA HAMPSKESHHSI.

Ha ocHOBe (GyHKINMOHAJIBHBIX CBA3EH, MPEICTABIICH-
HBIX Ha pHC. 1, MOXXHO COCTaBUTh CHCTEMBI YpPaBHEHHIA,
ONHCHIBAIONINE OTHOIICHUS MEXJIY TOKaMU W Hampshke-
HUSIMHU B CXEMax.

Tomnomnorust «a» OMUCHIBAETCS CUCTEMOM

VynpHPD = f(K}:[H Vips ) - in3 K}:[Tl ’
VynpHrr = g(KL[H Vups ) - ipm KJITZ ’

lBX

@

= al3 * b

rne Ky u Kyp — K03QQUIUCHTH yCHICHUST NATYNKOB
toka AT1 u AT2; iy, ¥ iyy — TOKH, IIPOTEKAIOLINE YEPE3
HPD u UIT coOTBETCTBEHHO.

Tomoaorus «0» OMMCHIBAETCS CHCTEMOI

VynpHPD = f(K;(HVHps) - iBXKZlTl ’
Vynprrt = g(K)leHp3) - iHHK,HTZ ’

i

BX

3

= al3 + lV[l'I N



ABMGMMOHHQ}Z U paKkemHo-KoCmMu4ecKkas mexnuka

|pe1<

jecccna,
teccaad

boecccad

HY

Cac

VunBbIX

BC

Puc. 2. HY B cocTaBe HCIBITaTENFHON YCTAaHOBKU

Fig. 2. E-load as part of a testing setup

TormoJiorus «B» OINMUCHIBAETCS CUCTEMOM

VympHpd = f (K,E[HVHPB ) - in Kz[Tl ’
Vynpurn = inaK;rrZ -8 (Kzu-xvupa ) > (4)
Iy = ina F -

Tononorus «x» OMUCHIBAETCS CUCTEMOIL:
VympHpd = f (K,E[HVHPB ) - in Kz[T ’
Vynpunt = vaaK;m —& (Kuuvupa )$ (5)
Vex = Vups *Vun-

Ha ocnose cucrem (1)—(5) Obim cocraBieHbl (yHK-
MOHAIBHBIE CXEMBI, TIPE/ICTaBICHHBIE Ha PHC. 3.

Onncanne Omoka HPD mokeT OBITH MOJMYYEHO Kak
AHATUTHYECKUM ITyTEM (Ha OCHOBE CHCTEMBI YpaBHEHHIA,
OTMCHIBAIONINX CTPYKTYpy H dnmeMeHTsl HPD), Tak u my-
TéM uaeHTH(UKAIMK ONBITHOTO obOpasia HPD (puc. 4).
Ha puc. 4, a npencraBnena BHyTpeHHss cTpykTypa HPO
Ha OCHOBE MOJACIM B IBYMs BXOJaMH U OJHHUM BBIXOJOM,
B KOTOpO# Wy (s) — mepenatounas ¢ynxuus (I1P) xop-
pextupyomero ycrpoiictsa (KY) HP3; V;, — HanpskeHue
cMenienys ynpapysotero nepexona; Xi, Uy = [Vig, Vynp) T
Y| = [iup,] — BEKTOPBI COCTOSIHUS, YIIPABJIECHUS U BBIXOZA
HPD cootserctBenHo; A, B;, C;, D; — marpuisr ko3¢-
¢unmentoB uneHTuuIpoBanHoi moxemn HPD. Cxema
HCIOTH30BaHHOU B paboTte uaeHTHGHuIupoBaHHoit MISO-
MOJENY TIpeICTaBIeHa Ha puc. 4, 0.

Wnentndukanus momenu MIT B cocraBe Osoxa UII
(puc. 5) compsbkeHa CO CIOKHOCTSIMH, CBS3aHHBIMH C UM-
yJILCHBIM XapakTepom padoter UIT (puc. 5, a). B cnyyasx,
korza yactota cpe3a M1 3HaunTenbHO HUXKE €ro 4acTOThI
nepexitouenusi, WUII BO3MOXKHO mpencTaBUTb B BUIE
HenpepbIBHOU nMHENHHON Monenu [18]. Beuny Toro, uro
k UII B cocraBe HY He mpenbsBisiioTcsi TpeOOBaHUS 11O
OBICTPOIECHCTBHIO, MCIIOIb30BaHNE HENPEPHIBHON JIMHEHHON
moxemn UII asasgercs odbocHoBaHHBIM. [TomMumo MIMO-
Mozienu B cocTas Onoxa MIT Takxke BXOAAT Wyo(s) — 1D
KY UIl n Ky 1/Viur — K03DOUIMEHT MIHUPOTHO-
MMIYJIBCHON MOAYIALWH, TAC Vi, — HAMPSDKEHHE MHIIO-
obpaznoro curnana [II1M.

B kauectBe 111 BO3MOXKHO HCIIOIB30BaTh JIIO00H M-
MYJIbCHBIA PETYJIATOP, yIOBJIETBOPSIOUIMNA TPEOOBAHUSIM,
IPEAbABIAEMBIM K yCTPOUCTBY. B wacTHOCTH, U1 3a1u-
Tbl ucHbITbIBacMOW anmapatypsl k WII npenbssisercs
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TpeOoBaHHE O0ECIEYECHUs] TallbBAHUYECKOW pa3Bs3KU
BXOJIHBIX M BEIXOJJHBIX KJIIEMM, YTO MOXET OBITh pealli30Ba-
HO TTOCPEICTBOM MOCTOBBIX IIpe0oOpa3oBaTesieil Ha OCHOBE
MOBBITIAONICH W TOHIDKaroIeld cxeM (puc. 5). B cBs3u
¢ TeM, 9To Ha Bxozae UIT HeoOXomuMo moanep>KuBaTh TOK
MTOCTOSTHHOW Benn4uuHbI, Ha Bxone MII meobxoammo pac-
MOJIOXKUTH (PUIIBTP, KOTOPBIH OyAET CrilaKuBaTh ITyJbCa-
MM TI0 TOKY (KaTyIIKa MHIYKTHBHOCTH) MJIM HalpspKe-
HUIO (KOHIEHCATOD).

CTtouT OTMETHTh, 4YTO B MOHIDKAIOMEH CcXeMe
(puc. 5, 6, 2) Ipu CTAOWIM3ALNHA BXOJHBIX TOKOB OOIBIION
BEJIMYMHBI 3HAYNTEIBHBIMU CTaHOBSTCS HWMITYJIbCHBIC
TOKU, MPOTEKAIOIIME Yepe3 BXOAHYI0 EMKOCTh Cyy. OTH
TOKH MOTYT MPUBECTH K HarpeBy BXOAHOTI'O KOH/AEHCATOPA
U, KaK ciezcTBre, Beixony n3 crpost UII. Takum oOpazom,
B NapauUICJIbHBIX TOIIOJIOTHUAX «a»—«B» 60.]'166 nmpeanoyYTr-
TEJIbHBIM SIBJIAETCA HCIOJIb30BaHUE IpeoOpa3oBaTerne
Ha OCHOBE HMITYJbCHBIX PETYJSTOPOB IOBHIMIAIOLIETO
tuna (puc. 5, a, 0), KOTOpbIE OIUCHIBAIOTCS CHCTEMOM
HEIMHEWHBIX YPaBHEHUM:

di,,
L d = Vungx —— Vamspix (1 —d),
t n (6)
dvI/mBX 2 . .
C :_lun'(l_d)_lpck’
n

TA€ iy; — BXoaHoi Tok UII; v,;px — BXOAHOE HaIpsHKEHHE
UIT; vyppix — BeIXOAHOE Hampspkenue UII; d — koaddu-
LIUEHT 3aIIOJIHEHUS; je — BBIXOJHOM TOK (TOK PEKyIEpaLiK);
n = N,/N| — koapdunuent tpancpopmanuu (N; u N, —
KOJIMYECTBO BUTKOB Ha MEPBHYHOW U BTOPHUYHOH OOMOT-
Kax COOTBETCTBEHHO); L — HHIYKTHBHOCTb APOCCEINS;
C — eMKOCTb KOHJIEHCATOpa.

B mnocnenoBaTenbHON TOMOJNOTMM «XK» H3MEHEHHE
BEJIMYMHBI BXOJHOro Toka HY mpuBOOuT K M3MEHEHMIO
BEIMYMHBI TaJeHus Hampsbkenwss Ha HPD, mpu astom
CKOPOCTb 3TOTO HW3MEHEHHS 3HAYHUTENBHO MPEBEIMIACT
Ty CKOPOCTb, KOTOPYIO CIOCOOCH ckommencupoBats UII,
MTOCKOJIBKY TIPH HaBeJIEHHH TIOMEX BBICOKOH YacTOTHI aM-
IUTATY]a TOKA OTPAaHUYHUBACTCS AaKTUBHBIMU M WHIYKTHB-
HbIMM COCTaBJISIFOLLMMHU HMIIEJJaHCa COEIUHUTENbHBIX
mpoBoJIoB U BxojHoro umnenanca UII. C nensio yBenu-
YeHHS aMIUTUTYIbl HABOJAUMBIX ITOMEX HEOOXOIMMO CHU-
3UTh 3HaueHue BxojaHoro ummnenanca UII Ha BbeicOkoOM
qacToTe, 4YTO MOXHO JOCTHYb YBCIWMYCHUEM CEMKOCTHU
BXOAHOTro KoHAeHcaTopa UTI.
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Fig. 3. Generalized block diagrams of considered topologies
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Fig. 5. Examined switched-mode converter models: a — block diagram and b — circuit
of boost-based full-bridge converter, ¢ and d — of buck-based full-bridge converter

Takum 00pa3oM, B MOCIEAOBATEIBHON TOMOJIOTUH
<OK» PEKOMEHJIyeTCs WCIIOJIb30BaTh MOCTOBBIE Ipeodpa-
30BaTeId Ha OCHOBE HMMYJbCHBIX PETYISATOPOB MOHU-
xKarouiero tuna (puc. 5, 6 U 2), KOTOpbIe ONHCBHIBAIOTCS
CHUCTEMOW HEIMHEWHBIX YPaBHEHUH

dVypx . .
CBX%:ZM—anL-d,
di;
—==2-1"Vypx *d = Vyuppixs (7
dt
C AdVynBrix =i i
BBIX dt — L pek °

rae Cy U Cyyx — EMKOCTH BXOIHOTO U BBIXOJHOIO KOH-
JIeHCcaTopa; iL — TOK JIpOCCEIIA.

s manpHe#iero uccieaoBanus ObUIO pa3paboTaHo
yeTelpe HY Tomonoruil «an—«B» U «K», KaXKJ10€ U3 KOTO-
PBIX YAOBIETBOPSET CICIYIONUM TPEOOBAHUSIM:

— BXOIHOM TOK: 10 A;

— CpelHsis MOILHOCTb, paccenBaemas Ha HPD: 100 Br;
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- HaI/IGOHbHJaH MOTPEIIHOCTD CTa6HHH3aHHH BXOIHOI'O
toka: 0,1 A;

— HauOOJBIINI pa3Max MyJdbCAMH TI0 BXOIHOMY
Toky: 0,1 A;

— nonoca npomyckanus: He menee 100 xI'm.

AIMHTTaHCHBIE YACTOTHBIE XapakTepucTHKH. OmHIM
U3 yCIOBHH IIsi oOecmedeHusl YCTOMYUBOCTH SIBIISETCS
BBITTOJTHEHHE HEPABEHCTBA Z YV, < 1, Te Z,, — AMIIeIaHC
ncrounuka Hanpspkenust (COII), Y, = I,,/V,« — BXogHOH
angmuTTanc ucrounuka toka (HY) (cm. puc. 3, a) [19].
IIJ'IH HUCTOYHHKA TOKa Hannqueﬁ ABJIACTCA CUTYyalus,
MPU KOTOPOU MPOBOJUMOCTH BO BCEM JHANA30HE YaCTOT
paBHa HYJIIO.

U3 rpadukoB aIMUTTaHCHBIX YaCTOTHBIX XapaKTepH-
CTHK (pHC. 6) MOXKHO CHENATh BBIBOJ, YTO MMapaJuICIbHEIC
TONOJIOTHH «O» ® «B» O00NANAlOT MPHOIH3UTEIBHO
paBHBIM BXOJHBIM aJMHATTAHCOM IIPAKTHYECKH Ha BCEM
JTUAITa30He YacTOT, B TO BPEMS KaK TOIOJIOTHS «a» HMEET
B 00J1aCTH HU3KHUX YacCTOT Ha TOPSIIOK OOJBIIYIO BETHYH-
Hy agMHTTaHca. TOmoJorHus <oK» 00JamaeT HAWITYYIINM
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C TOYKH 3PEHHs HCTOYHHKA TOKA aIMUTTAHCOM, KOTOPBIH
Ha HU3KHX YaCTOTaX COCTABIISIET JIMIIb JIECSThIE 10T MKCM.
Hagenenne momex. I[lepenatounsie (yHKIMM 3aMK-
HYTBIX KOHTYPOB IIO YIPAaBJICHUIO ONPENENSIOTCS Kak
W(s) = Lix(8)/ Vou(s) (puc. 7), IpH 3TOM B CXEMax «a» u «0»
Vou(s) SIBTSETCS OTIOPHBIM HAIpsKEHHEM 000UX KOHTYPOB
HPD u UII, B cxemax «B» U «I» — TOIBKO KOHTypa HPD.
B Ttomomormm «a» mMmeercs craja, HaYMHAIOIIUHCS
B obmactu 10 x['m, KoTOPEIH 00YCIOBICH YaCTOTON cpe3a
WII. B Tomonoruu «0», B OTJIMYHE OT TOIIOJIOTHH «B),
OTCYTCTBYET APKO BBIP)KEHHBIH PE30HAHCHBIA IHK, YTO
MI03BOJISIET HABOJUTH 0€3 MCKa)KEHUH TECTOBBIE CUTHAJIBI,
umerolye 0ojee CI0KHBIA rapMOHMYECKUIH COCTaB.
Hecmotpst Ha TO, 4TO B 1OCII€0BATEIBHON TOIIOJIOTHH
<«OK» TIOJIOCA MPOITYCKAaHMsI CpaBHUMA C ITOJIOCOH IPOITyc-
KaHUsI Tapayie]IbHBIX TOMOJIOTHH «0» M «B», HaBEACHHE

MyJbCAMH B TOIOJIOTHH «X» COIPSIKEHO C OOIBITUMHU
CJIOXXHOCTSIMH, YE€M B MapajUleNIbHbIX TOIOJOTHSIX.
[Tockonbky B mocnenoBarenbHON cxeMe B kauectBe UII
PEKOMEHIIOBaHO HCIOB30BaTh Mpeodpa3oBaTesb ¢ OOIbIIONn
BXOJHOH MKOCTBIO, B SKBUBaJICHTHOH cxeme (puc. 8) UII
MOJKET OBITh 3aMEHEH MCTOYHUKOM ITOCTOSHHOTO Harpsi-
xeHus E,,, ToapasymeBas, 4uro OwicTpoaeiictBus WII
JIOCTaTOYHO IS MoAep kanus Hanpsokerust HPD Ha Tpe-
OyeMOM ypOBHE Ha HHM3KUX 4YacTOTax. MICTOYHHUK MOCTO-
SIHHOTO HampsbkeHus: FE.,; 3amemaetr COII, MHIyKTHB-
HOCTh L, 3aMeNIaeT BBIXOJHYIO WHAYKTUBHOCThH HCIIBITHI-
Baemoit COII u kabenbHyI0 MHHIO, coeanHsonryto COIT
n HY. Cxema 3amemenus HPD cocrour u3 nByx sneMeH-
TOB: MCTOYHHUK MOCTOSIHHOIO TOKA Iy, U aKTHBHOE COIIPO-
tuBieHue HPO Ry,
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Fig. 6. Admittance response of examined topologies
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Fig. 7. Closed loop transfer functions of examined topologies
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Puc. 8. DkBuBanenTHas cxema HY ¢ ucnerreiBaemeiM COI 1 kabenpHOM THHUEH

Fig. 8. Equivalent circuit of E-load with tested power supply system and cable line

Ilpu HaBepeHMM IyJbcalUii U3MEHEHUE TOKa 4epe3
WHAYKTUBHOCTH L, OyneT NpUBOOUTE K MOSBICHHIO
HalpsHKEHUS Ha UHAYKTUBHOCTH VL , MTHOBCHHOC 3Ha4ic-

K

HHE KOTOPOTO ONPEACIIACTCA KaK

Vik = LK

diHy

. Lol ,, cos(wt), ®)
rae iy = I T LyapSin(w?) — oOmuii MraoseHssli Tok HY;
1., — crabunm3upyeMoe 3Ha4Ye€HUE TOKa; [y,, — aMIUIUTYya
HABOAUMBIX nynbcaunﬁ; o — yFﬂOBaﬂ qacToTa HABOOU-
MBIX ITyJIbCALUH.

HOCKOJ’ILKy U IaJacHUC HaHpH)KeHI/IH HAa AKTHUBHOM
conpotunenud HPD vpp, = iRy, W MaJ€HUE HAps-
’KEHUsl Ha CaMOM DETyIUpYIOLIEM 3JIeMEHTe V,, OyayT
MEHSTHCS C U3MCHCHUEM BEIMYMHBI MPOTECKAIOIIETO Ye-
pe3 HPD Toka, To mis moamepskaHUs PeryIUpPYIOIIETo
AJIEMEHTa B MPOBOIAIIEM COCTOSIHUN HEOOXO0AUMO, YTOOBI
o0liee MrHOBEHHOE NajieHue HampskeHus Ha HPD vy,
YIOBJIETBOPSIIO YCIIOBHIO

min(v,,,) = U, ,cr +min(vy,) > vy, + Vo, 9

rae Uyp,ct — TOCTOSHHOE HATIPsHKEHUE, CTA0UITH3UpYEMOe
Ha HPD.

Hanmenbiuemy Hanpspkennto HPO vy, 6yzer coorser-
CTBOBaTb MOMEHT BPEMEHH, IIPU KOTOpPOM cos(wf) =
=—1 (sin(w?) = 0). Torna c yuérom ypaBHeHus (8) MOXKHO
nepenucars yciosue (9) xkak

UﬂpaCT -Lol,, > Vs +1_R

cr i tHpY

(10)

YuuteiBas, 9to @ = 27f, n3 HepaBeHcTBa (10) MOKHO
chopMyIHPOBATH YCIOBUE, 00ECTICUNBAOIIEE OTCYTCTBHE

HEJIMHEHHBIX HMCKQXEHUH B HABOAWMBIX C 4YacTOTOH f

TECTOBBIX CUTHAJIaX 10 BXOJAHOMY TOKY, OOYCJIOBJIEHHBIX
BBIXOJIOM PETyJIHPYIOIIEro 3JIEMEHTa U3 IPOBOASALIEIO
pexxuMa:

UHpaCT —v..—1I_R

P e 'Hpd

2nl I

K™ HaB

f<

(11)

IIpupaBusiB 06e uyactu HepaBeHcTBa (11), MOXHO
TaK)Ke MOJYYUTh 3HAUYE€HHE HauOOJIbILIeH YacTOThI HAaBO-
JVMBIX IYJBCAUUH fiax, TP KOTOPOH OyIyT OTCYTCTBO-
BaTh HEJMHEHHbIE MCKaXEHHs 0 )OpME BXOIHOTO TOKA.
W3 Beipakenus (11) BUAHO, YTO NPH YBENWYEHUH WHITYK-
THUBHOCTH KaOENbHOW JMHUM (M BBIXOIHOW MHIYKTHBHO-
ctu ucheiTeiBaeMoit COII) dacToTa fi,c yMEHBIIAETCH,
B pe3yibTaTe 4Yero MpH HCIOJIb30BAHUH TOIOJIOTHU <GK»
MOSABIISIETCSI  3aBUCHMOCTh MAaKCHMAJIBHOH —aMIUTUTYIbI
HaBOJMMBIX TOMEX OT WHIYKTUBHOH COCTaBISIOLIECH
nmrieganca COI1 u coermHNTENBHBIX TPoBOJ0B. Kpome Toro,
BelpakeHue (11) mokaspiBaeT, 4TO MHIYKTUBHOCTH Ly

BIIHSIET HE TOJIBKO HA MAKCHMAJIBHYIO YaCTOTY ITYJIbCAIIHHA
fnax, HO M HA HAHOOJIbIIIEE 3HAUCHUE aMIUIUTY/Ibl HABO/IHU-
MBIX KoJicOaHwMii [y, Ha Kax10# yactore. Takum o0Opa3zom,
B TOCJIEZIOBATENILHOM TOIMOJIOTHHU JI0 HEKOTOPOH YacTOTHI
CYHIECTBYET BO3MOXHOCTb HAaBOAWTH IIyJbCallMU 110
BXOJTHOMY TOKY aMIUIATYJOW, PABHOW ITOJTHOW BEIHMYUHE
crabummsupyemoro uyepe3 HY Toka, obecneumBas mpu
3TOM pEKyINepanuo OONBIICH YacTH TOKA B MUTAMONIYIO
CeTh, UYTO HEIOCTIKUMO B ITapaJUICTBHBIX TOMOJIOTHAX.

3akiaouenne. [lomydeHHBIE Pe3yIbTATH MO3BOJISIOT
CIeNaTh BBIBOJ OTHOCHTEIBHO BHIOOpA TOW WM HHOW
TOTIOJIOTHH Ha OCHOBE TpeOOBaHMIA, BhIIBUTAaeMBIX K HY.
[Tpu MOBHIIIEHHBIX TPEOOBAHHUAX K KUBYIECTH HCIIONB30-
BaHUC TOMOJOTHHA «a» W «O» sABIsAeTCA Oojee meraecooo-
Pa3HbIM, ITOCKOJIBKY B HHX BO3MOXKHO O0ECHEUYEHHE Mpo-
OJDKEHUsT paboThl B ciydasx, korma HPD okxaspBaercs
B aBapHIHOM peKuMe. TOIMONIOTHH «a» U «0» TakkKe sB-
nsiroTest 0oJiee MPOCTHIMU B MIPOEKTUPOBAHUM M OTPAOOT-
K€, TTOCKOJIBKY CYIIECTBYET BO3MOXKHOCTh HE3aBHCHMOTO
ucneitaauss HPD u UIL. [pu HEoOX0MUMOCTH HaBeICHUS
MyJIbCAllMi OOJIBIION aMIUTUTYIBI C COXPAaHEHHEM BBICO-
KOTO ToKa3aTessl peKyIepalyy, mocjae1oBaTeIbHas TOIo-
JIOTHSI «OK» SBIISIETCSI Hanboee moaxosameit. OgHako amst
HaBEJICHUS TIOMEX B IIMPOKOM JMAIa30He YacTOT JIyqIlHe
pe3yIbTaThl MOTYT OBITH TOCTUTHYTHI C TOTIOJIOTHSIMH «O»
1 «B». TOIOIIOTHH «>K» TIPUCYIIH CaMble Majble 3HAUYCHHS
BXOJHOTO aJMHUTTaHCAa HAa HH3KHUX YacTOTaX, K TOMY
e TOTIOJIOTUS «K» Oojlee YyBCTBUTENbHA K BEIHYUHE
BBIXOJTHOW WHAYKTUBHOCTH HcmbIThiBaeMoir COIl. OnHa-
KO B TOTIOJIOTHH «K» ITOCPEACTBOM OBICTPOAEHCTBYIOIIE-
ro HPD mnpoucxoaur ¢umbrpanus cTabMIN3UPyeMOro
BXOJHOTO TOKa, 4YTO oOecreyuBaeT Ooyiee HU3KHI
YPOBEHb MYJIbCAIMi, YeM B MapaJLICIBHBIX TOMOJOTHSIX,
NIPY PaBHBIX MaccorabapUTHBIX XapaKTEePUCTHUKAX.
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METO/J ITIOBBIHIEHUSA TOYHOCTH KOHTPOJIA COITPOTUBJIEHUA U30JIAIUNA
IIPU UCIIBITAHUAX CUCTEMBI DJIEKTPOIIUTAHUA KOCMHUYECKOI'O AIIITAPATA

H. B. I_HTaGGJIb*, JI. A. Camotuk, E. A. Muzpax
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Oonoil uz ocobennocmeil COBPEMEHHBIX CUCMeEM IINEeKMPOnUmMAarnUusil KOCMU4YeCKo2o annapama se6JI1€mcs C6543b CUlo-
801 UWIUHDL «(MUHYC» C KOpnycom, smo Oenaemcsi 8 yeyrsix 3auumal ont cmamu4ecKkozo 3ap;10a, Haxkaniueaemozo Ha Kop-
nyce, KOI’)’lOpblﬁ Moofcem npueecmu K noAi6i1eHuro BbICOKO pasHocmu noOmeHyualos Me:»cdy moxoeedyu;wwu yacmAamu
cucmemsl d1eKmponumanus u Kopnycom, umo npusodum nyydmeHuio nomexoeoti 06cmaH06Ku, a makKaotce K 603MOIHC-
HOMY 31eKmpu4ecKomy np060i0 uzoaasyuu moxoeedymux JJIEMEHMO6 CUCmMeMbl IIeKMponumanusl. Heoocmamkom smo-
20 peulenus Aeaenicsl 603HUKarulas OnacHocms 3aMblKAHUA NII0OCOBbIX WUH CUCTEMbl DJEeKMPOnumanusl Ha Kopnyc,
umo, 6 C6010 oqepedb, Moorcem npueecmu K KOpomrKomy 3amMblKaHuio u ebsz()y U3z cmpos cocmaeHvblx yacmeil cucmemvl
IJIEKMPOnuUmaHus u xabenvrou cemu. C Yejblo UCKIIOYEeHUA aeapuﬁﬁblx cumyauuﬁ 6 X00e uCnblmanuii u IKCniyamayuu
Kocmuveckoeo annapama asmopamu paspa6ambzeaemc;z ycmpoﬁcmeo HENPEpPbIBHO2CO KORMPOJIsl CONPOMUBIEHUSL U30-
JAYUU, OCHOBAHHOE HA OeCKOHMAaKmHoMm UusmMepeHuu mokKkoe ymeuku Ha Kaxcoou JUHUU CUCEMbl INEeKmMponumanusi.
Upu OMOM BEIUHUUHA UMePAEeMblX Oud)d)epeHuua/leblx MOKO8 8eCbMA MAA U MOXNCEM COCMABISIMb 0eCAMKU MUKPO-
amnep. HpuMeHﬂeMble 6 Hacmoswee epems OaMYUKU MATIbIX MOKOG UMEIOM Hedocmamku, nposaenarowuecs 6 3Ha4u-
MenNbHOM GIUAHUU MACHUMHBIX NOJEll OM CUOBLIX moKoe, Komopbuie npugodﬂm K Y6eludeHuro noepewrnocmu oamuuka
u, Cﬂeéosameﬂbyo, K NO6bIUEHUIO nocperHocmu KOHKmpoJas COnpomueienus u30JaAYuU. AemopaMu OblIU UCCIE008AHL
oamyuxu moka, npedﬂoafceH Memoo KomneHcayuu u3y4ennsvlx noepemHocmeﬁ usmepenus ¢ npumerneruem 00NnonHU-
MeNbHO20 O0aAMmUUKA moka, pa3pa60maH0 U UCCIe008aHo ycmpoﬁcmeo, ucnoivsyrowee npeéﬂoofceHanZ npuHyun,
u npoee()eno IKCnepumermaitbHoe ucciedo8aHue ONbIMHO20 06]?03140 ycmpoﬁcmea. Pa3pa6omaHHoe ycmpoﬁcmgo 6He-
()p€H0 HA pa60qu mecme ﬂa60pam0pH0-ompa6om0lmblx UCNBIMAHULL KOCMUUECKO20 annapama, 6 HacmosAuee spems
npoeodﬂmc;z 00NoNHUMENbHbIE UCCAEO08ANHUSL U 0mpa60m1<a HOBbIX Memodoe, nossvliarnux Kavecmeo u mo4Hocmbs
KOHmMPOJIst COnNpOmMu6IeHUsl u3ojisiyuu.

Knioueevie cnosa: ucnvimanus, cucmema 21eKMPONUMAHUs, KOCMUYECKUL annapam, cORpPOMuUGNeHue U30NAYUL,
MOKU yMeyKu.

Siberian Journal of Science and Technology. 2017, Vol. 18, No. 3, P. 628632

IMPROVEMENT OF INSULATION RESISTANCE MEASUREMENT ACCURACY
DURING SPACECRAFT POWER SYSTEM TESTS

N. V. Shtabel’, L. A. Samotik, E. A. Mizrah

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

Modern spacecraft power systems features connection of ground power bus with satellite body, which aims to im-
prove noise immunity and protect power system and its modules from possible breakdown due to static charge accumu-
lation on spacecraft body, which can lead to high voltages between spacecraft body and power system sensitive elec-
tronic components. The main disadvantage of this solution is a possibility of short circuit between any high voltage
power system bus and spacecraft body, which can easily lead to breakdown of power system modules, payload elements
and wire harness, making satellite dysfunctional. To prevent such malfunction situations during terrestrial testing and
spacecraft lifetime the authors developed automatic insulation resistance continuous monitoring device based on con-
tactless leakage current measurements on every spacecraft power system line. In the device magnitude of measured
differential currents can be very low, in order of microamperes. Modern magnetic modulation based leakage current
sensors has a major flaw which leads to great influence of high current magnetic field on a measurement result and
highly increased insulation resistance measurement errvor. The authors has studied magnetic modulation based leakage
current sensors, proposed the method of error compensation for studied measurement errors using additional current
sensor, developed and tested device using proposed principles and done experimental study of device development
version. Developed automatic insulation resistance continuous monitoring device implemented on the laboratory
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spacecraft power system test bench, at present the authors are preparing additional experiments to improve methodo-
logy, quality, accuracy and convenience of recently introduced insulation resistance measurement methods.

Keywords: testing, power system, spacecraft, insulation resistance, leakage currents.

Beenenue. OnHOI 13 0COOEHHOCTEH CHCTEMBI dJIEKTPO-
rmutanus (COIT) kocmudeckoro ammapata (KA) siBisercs
CBS3b CHJIOBOM TOKOBEAyIIeW INWHBI (OOBIYHO IIHWHBI
«MHUHYC») ¢ KopIycoM. B xone ucnbITaHuii 351eKTpoo0o-
pynoBanus KA BO3MOXKHO HapylieHHE LIETOCTHOCTH H30-
JISIIMW IIMH ¥ 3aMblKaHue uX Ha kopmyc. Ilpu atoMm Ha-
NpsDKEHHE Ha CHUJIOBBIX IIHMHAX MoxeT pocturats 200 B,
BEIMYMHA TOKOB NPU KOPOTKOM 3aMBIKAHUM MOXET
coctaByAth 10 100-150 A. DT0 MOXET yrpoxarh XKHU3HU
U 3I0POBBIO MEPCOHANA, a TAKXKE MPUBECTH K aBapUITHOU
CUTYaIlu{ ¥ TMOBPEXICHHUIO JOPOTOCTOSIIET0 000pyIoBa-
HUS, TI03TOMY OOHApYy>KCHHE TOKOB YTEYKH W KOHTPOJIb
LIEJIOCTHOCTH H30JALUN HEOOXOMUMBI Uil 0OecredeHHs
0€30I1aCHOCTH TIEPCOHANA U TIPEJOTBPAIICHUS TIOBPEKICHUS
o6opynoBanust KA u ucrnsitarensHoro odopyaoBanus [1].

B Hacrosiiiee Bpemsi Ipu MCIIBITaHUSX SHEprompeoOpa-
sytoniedt anmapatypsl (OITA) KA mupoko mpumeHsercs
KOHTPOJIb CONPOTHUBJICHUS H30JALUHU, MPOBOJUMBIN 10O
HayaJla UCMBITAaHWH C MOMOIIbIO BHEUIHMX HMCTOYHUKOB
KOHTPOJBHOTO TOKa, HampuUMep MeraoMmerpoM [2].
OpmHaKo TakoW METOJ UMEET OTpaHHYCHHOE IIPUMECHEHHE,
TaKk KaKk TOpH HATUYUH B CHCTEME OJIIEKTPOIHTAHUSI
KIIOYer I KOMMYTAllM  HCTOYHHKOB  ITHTaHUS
W HArpy30K TaKOM MeETOZ MO3BOJSET JHIIb OIEHUTH
COIIPOTHUBIICHNE H30JIIIUN COCIHMHUTENFHBIX IPOBOIOB
W HE OXBAaTHIBAET BO3MOXKHBIE YTEUKH B TIOJIE3HOI
Harpy3Ke W MepBUYHBIX UCTOUHUKAX [TUTAHHS.

CyIecTBYIOT METOABI KOHTPONIS CONPOTUBICHUS
W30, OCHOBAaHHbIE HAa W3MEPEHHM HaNPsKEHUS
MEXIY IUIFOCOBBIMH IIMHAMH CHCTEMBI W KOPILyCOM,
OJJHAKO MX O00JacTh NPUMEHEHUS TaKXKe OrpPaHUYCHA,

MTOCKOJIBKY B 3TOM CIy4ae ONpEeAeNseTcs TOJIBKO IKBH-
BaJICHTHOE CONPOTHUBIICHUE M30JIIIMU BCEX JTUHHUHA OTHO-
CHTEJIFHO KOpITyca, HO OTCYTCTBYeT MH(OpMAIHs O COIpPO-
TUBJICHUN W30JIIIUU Ka)KI[Ofl JIMHHUH, CJICA0BATCIBHO,
JIOKAJIM30BaTh aBaAPUIHYIO TUHUIO 3aTPYTHUTENBHO [3—6].
Taxxke »TOT Kiacc METOAOB HE€ TIO3BOJIACT IOJIYYUTH
MH(OPMALNIO O CONPOTHBICHUH MEXIY LIMHONW «MUHYC»
1 KOPITyCOM.

[Mpennaraemplii  MeTOJ KOHTPOJSL CONPOTHBIICHUS
M30JIIIUN OCHOBaH Ha OECKOHTAKTHOM HM3MEPEHHUU TOKOB
YTEUKH C IOMOIIBIO JATIMKOB IIOCTOSHHOTO TOKA Ha OCHOBE
MarHuTHON Moxyisiun [7; 8]. B ocHOBY meronma moio-
KEH NPUHLIUI H3MEpeHust IU(QepeHaIbHBIX TOKOB
KaXXI0H U3 [IMH NUTAHUS, MOSIBISIONIMXCS TIPH CHIDKEHIH
conpoTtuBieHus u3onsayn [9]. Ha kaxmyro u3 KOHTpOIH-
PYCMBIX IIHWUH IMUTAHUA YCTAHABJIMBACTCA AATYUK, 4YCPE3
MarHUTOIIPOBOA  KOTOPOTO  IPOAEBAIOTCS  ILIIOCOBAs
U MUHYCOBas HIHWHBI TaK, YTO JAaTYUK U3MEPACT Pa3HOCTH
TOKOB, IIPOTEKAOIINX B HArPy3Ky U3 UCTOYHHMKA M 0OPATHO.
B cinydyae BO3HHKHOBEHUS JJIEKTPUYECKOH CBSI3U MEXIY
IUIIOCOBOM IIMHOM M KOPILyCOM 4Yepe3 CONPOTHUBIICHUE
H30JBIUN RYT, TOK YTEUKH OyAET MPOTEKATh B UCTOYHHUK
gepe3 KOPIYC, CIIeJOBaTEIbHO, TOK, MPOTEKAIOIINI
W3 Harpy3Kd B HMCTOYHHK, OKQXETCS MEHBIIE — JaTIUK
MOK&KET Pa3HOCTh TOKOB. 3Has BEJIMYMHY TOKA YTEUKH
1 HaNpsDKEHUS] JTUHWH, MOXXHO BBIYHCIHTH COMPOTHBIIE-
Hue yTeuku Ryt [10].

CTpykTypa mpemiiaraeMoro ycrpoicrBa. CTpyKTy-
pa pabouero Mecrta ucmbltTaHuii DIIA ¢ ycTpoiicTBOM
KOHTPOJISI CONPOTHBIICHHUS M30JSIIIMA HA OCHOBE Ipeiia-
raeMoro MeTojia oka3aHa Ha puc. 1.
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Puc. 1. Ctpykrypa pabouero mecra ucnbiTanuii JI1A
C YCTPOMCTBOM KOHTPOJISI CONTPOTUBIICHUS N3OS

Fig. 1 Structure of spacecraft energy conversion equipment test bench
with automatic insulation resistance continuous monitoring device
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B cocraBe pabouero mecra wucnoisdytorcs MBCl-—
NBC4 — nmuraropsl conHeyHol Oarapen, IAb — umurarop
akkyMmyJsTopHo# Oarapen, H1-H4 — marpyskm, DIIA —
HCIIBITBIBaEMasi 3HEPTronpeodpasyromas anmaparypa.

YeTpolcTBO  KOHTPOJIE  CONPOTHBICHUS  U30JSLUU
cocrouT u3 ciexyroumx moxyneit: JHTY1-THTY10 —
JATYUKN HANpsDKEHWS JTUHUN B TokoB yreukw;, [ITK3 —
TIpEpHIBATENb TOKa KOPOTKOTO 3ambikanus; bYKC — 6ok
YIIpAaBIEHUS, KOHTPOJIS U CUTHAIM3AIU K.

IIpenyaraemelii MeTO MO3BOJSET HEMPEPBHIBHO KOH-
TPOJHUPOBATHL COIMMPOTUBJIICHUC U3OJIALMU TJIFOCOBBIX IIHWH
B MMHUTATOPaxX IEPBUYHBIX UCTOYHHUKOB DJIEKTPOIHEPTHU
(UIN3) NBC1-UBC4, UAB u narpyskax H1-H4 B npo-
IIECCE HCIIBITAHUH, a TaK)X€ COEOUHHUTENBHBIX Kabenei
Ha y4actkax ot moxyneit UTTND no JHTY u oT Harpy3ku
no JHTY. KoHTposb Npou3BOAUTCS HA OCHOBaHUM MOKA-
3aHUM JAATYNKOB HANPSDKEHUS M TOKOB yTEUKH, PACIHONO-
JKEHHBIX Ha KaXK10H W3 NMHUK nutanusd. [Ipu atom nsme-
PSIFOTCSI HANIPSDHKCHUSI M TOKM YTEUKH Ha KaXKIOW JIMHUM,
3aTeM OHM IEPeAaloTcs B OJOK YNpaBJCHUS, KOHTPOJIS
U CUTHAJIM3alluu, raA€ Nporn3BOAUTCA pacucT COIMPOTUBIICHUA
U30JSIIMK Kax ol u3 nuHuil. Madopmanus o conpoTus-
JICHUW M30JIIUM KaKIOH JIMHWM MO3BOJISIET YMEHBIIUTD
BpeMsl IIOMCKa Y4acTKa CETH CO CHM)KEHHBIM COIPOTHUB-
JICHUEM H30JIALIH, YTO YMEHBIIACT OOIIYI0 BEPOSTHOCThH
BO3HUKHOBEHHUS aBAPUIHON CHUTyallMd, YTO OCOOCHHO
aKTyaJbHO JUISI CHCTEM OO0NBIIOH MomHoCTH [11].

Mertoa noBbleHusi TOUHOCTH. OCOOEHHOCTBIO TIPEn-
maraemoro Metona sBisiercst Onok IITK3, ycranaBmm-
BaIOIIUIiCA B MECTE CBSI3M IIMHBI «MHHYC» C KOPITyCOM
Y BBITIOJHSIFOIIUH TPy (QyHKIIMU:

— obecneuenue padbotel COII B nporecce UCTbITAaHUS
B CIEAYIOUINX PEXHUMax: IIMHA «MHHYC» CBSI3aHa C KOp-
ITyCOM M IIMHA «MHUHYC» OTKJIIOUYEHa OT KOpITyca;

— H3MEpEHUE TOKOB, MPOTEKAIUX M3 KopIyca
Ha OIMHY «MHHYCY;

— pa3MBIKaHHE CBS3M IIMHBI «MHHYC» C KOPIIyCOM
IIPY KOPOTKOM 3aMBIKaHUH IIIIOCOBOM INMHBI Ha KOPITyC
JUI 3alUTBl 00O0pPYNOBaHHWA OT TNPOTEKAaHHA OOJBIINX
TOKOB [12].

Beenienne B cxeMy KOHTPOJISI COTIPOTHBIICHUS N30JISLUN
JnaTauka Toka, pacnosoxkenHoro B [ITK3 u paccunranno-
ro Ha M3MEpeHHe MaIbIX TOKOB (o 100 MA), mo3BoJIsET
JIOTIOJIHUTh HMH(OpPMALHXIO, II0Jly4yaeMyl0 C JaT4YHUKOB
HaIPsDKEHUS! ¥ TOKOB YTEUKH.

Tak Kak BCe TOKH YTEUKH C IUTFOCOBBIX IIHH ITPOTEKAIOT
10 KOHTYpY IIHHA «ILIIOC» — KOPITyC — IIWHA «MHHYC,
TO JaTYMK TOKA, PACTIOJIOKEHHBIN B €IMHCTBEHHOM MECTE
COEIMHEHUS] MHUHYCOBOM MIMHBI U KOPITyca, HMOKAKET UX
CYMMapHYIO BEINYUHY.

Takum 00pa3oM, OCHOBBIBAsICH Ha NOKA3aHUSX JaTINKa
toka IITK3 u JIHTY, M0OXHO clenaTh BBIBOJ HE TOJLKO
00 yTeyKax CO CTOPOHBI MCTOYHHKOB M HArpy3ok, Kak
OTMEYAJIOCh BbIIIE, HO WU O CONPOTHUBJICHUU H30JIAUN
B DITA u coequauTenbHBIX Kadensx ot DITA no UITHUD.

[Momy4nTh TOYHYIO MHPOPMALHIO O MECTE BO3HHKHO-
BEHHMS YTEUYKH B OTOM Cllydyae HEBO3MOXKHO, OJHAKO
MOYKHO OIICHUTH COIPOTHUBIICHNE U30JISIIMN, OCHOBBIBASICH
Ha M3BECTHBIX HANPSDKEHUSIX BCEX JTMHHUM.
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Pe3yabTaTsl McnbITanmii. ABTopamu ObUT pazpabo-
TaH, U3TOTOBJICH W BHEJIPEH B AKCILTyaTallHIo Ha paboyeM
MecTe JabopaTOpHO-0TPabOTOUHbIX ucHbITannit COII
(JION COII) ombITHBIN 0OOpazer ycTpoicTBa KOHTPOJIS
COIIPOTHBIICHUS U30JISALIUH.

Jlnst co3manus omBITHOTO 00pasiia ObUIH 3a/aHbl Clie-
JYIOIINE TEXHUUECKHE XapaKTEPUCTHKH!

KOJIMYECTBO  OJHOBPEMEHHO  KOHTPOJIHPYEMBIX
A 10;

— JlMama3oH wu3MepseMbIX TOkoB yrteuku: or 0,02
1o 100 MA;

— MaKCUMaJIbHOE 3HaYeHue HanpspkeHus auaun: 210 B;

— MaKcHUMaJIbHBIA pabounii Tok mHKuU: 150 A;

— JMara3oH ONpeAeICHNs COMPOTHBIICHIS H30JISAIINH:
ot 1 7o 1000 xOwm;

— TOTPEIIHOCTh OMNPEAETICHHUs COMPOTUBICHUS H30-
sstian: He 6oitee 20 %;

— BpeMS 3aIIUTHI IPU KOPOTKOM 3aMBIKaHHUH: He OoJiee

25 mxe [13].
I[J'lﬂ OLCHKU HOFpeL[IHOCTI/l KOHTpOJ'lH COHpOTl/IBHeHI/IH
HU30JIIUU HCII0JIb30BaJi1aCh cXema, MpeacTaBJICHHasd

Ha puc. 2. s umurannn UMD ucnons3yercs nadopa-
TOPHBIH OJIOK NMUTaHUSL, JUII UIMUTALUA HArpy3KH — pe3U-
CTMBHBIH 010K Harpy3ok. KopoOka coexnHuTEenbHAS
nmutupyer OIIA. B cxeme ucmonszoBansl nsa JHTY,
YTO TI03BOJSIET TIPOBEPUTH BCE BO3MOXHBIE CIIydan
BO3HHUKHOBEHHUs yTeuek: co ctopoHbl UII, co croponsl
Harpy3kH, a Takxke B DIIA.

B xone ucnplTaHuil MMUTHPOBAJIOCH YXYIUIEHHE CO-
MPOTHUBIIEHUS M30JAIMK Mexay Toukamu +UII, +H, +KC
U KOPIIyCOM C NOMOIIBIO PEe3UCTOPOB HOMHHama 1, 240,
1000 kOwm. ITpu 3TOM MyJIBTUMETPOM KOHTPOJIHPOBAIIHICH
(bakTHYECKNI TOK YTEUKH, HANPsDKCHNE JIMHUM M TT0Ka3a-
HUSI YCTPOHCTBA KOHTPOJISL H30JISILIMH, TIOCJIE YETro MPOH3-
BOJIWJICSI pacyeT OTHOCHTEIBHOW IMOTIPEIIHOCTH H3Mepe-
HUSI CONTPOTUBIICHHS H30JISLIHH.

OrneHka MOTPENIHOCTH KOHTPOJSL CONPOTHBIICHUS
M30JIIIMH TTPOU3BOAMIACK IS YEThIpEX HamnpspkeHuit: 20,
60, 100, 120 B, pu atom COII paboTtana B pexkuMe «MH-
HYC» COEIMHEH C KOpIycom». Pe3ynbTaTsl nccieqoBaHus
IIPUBEJICHBI Ha puC. 3.

Ha puc. 3 BuAHO, 4TO C yBEIHMUYEHHEM HaNPSKECHUSA
JMHUM TOTPEIIHOCTh yMEHbBIIAETCS. DTO OOBSCHSIETCS
OONIBIIMMK BENMYMHAMHU TOKAa YTEUKH U, CJIEJOBATEIbHO,
MEHBIINM BIMSIHUEM MOTPEIIHOCTH M3MEPEHHs IaT4nKa
TOKa yTEUKU Ha pe3yJIbTaT U3MEPEHUII.

3akiouenne. B xone BeIOHEHN pabOTHI OBLT pas-
paboTaH METOJ IMOBBIMIEHUSI TOYHOCTH KOHTPOJIS COIPO-
TUBJICHUS M30JAIMM, HA OCHOBE MeTOoAa OBUIO pa3pado-
TaHO YCTPOICTBO, YMEHBIIAIOIIEE MOTPEIIHOCTh KOHTPO-
151 conportuBieHus m3omsimuu ¢ 30 % [14] no meHee yem
20 %, kak mokasanu ucnslTanud. PazpaboranHoe ycTpoii-
CTBO BHeJpeHO Ha pabouem wmecre JIOUM COII KA
B AO «UMCC» [15]. HanpHeHmHMMH HampaBJICHUSIMU
HCCIIEJOBAaHUN SBISIFOTCSL pa3paboTKa yNIydIIeHHBIX JaT-
YMKOB TOKAa C MEHBIIEH MOrPEeNIHOCTHI0 H3MEpPEHHMs
U TPUMEHEHHE WHTEIUIEKTYAIBHBIX aJITOPUTMOB (HIIBT-
panmy W3MEpPeHMH U1 aBTOMAaTH3allMM OIOBEIICHHMS
orepaTopa 00 U3MEHEHHAX COMPOTUBIICHHS M30ISALIIH.
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Fig. 2. Experiment scheme for studying insulation resistance monitoring device measurement error
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Fig. 3. Insulation resistance measurement error experimental dependency from line voltage
6 — averaged error for insulation resistance of 1,5k Q,240k Q, 1 M Q
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INVESTIGATION OF THE POSSIBILITY OF USING A DEFLECTING SYSTEM
FOR MAGNETIC FIELDS IMPACT COMPENSATION DURING ELECTRON-BEAM WELDING

A. A. Druzhinina'”, V. D. Laptenok?, P. V. Laptenok®, A. V. Murygin®

'Siberian Federal University
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The impact of magnetic fields caused by thermoelectric currents and residual magnetization of the welded parts on
the accuracy of an electron beam positioning along the welded joints is a complicated scientific and technical problem
to achieve high quality of welds in the aerospace industry, shipbuilding and power engineering. Presented in the article
mathematical models of distribution of magnetic fields of interference in the space between the electron beam gun and
the surface of a welding workpiece and also inside a workpiece allow to culculate the quantitative characteristics of the
electron beam deflection from welded joints. The authors propose to use a deflection system for compensation of mag-
netic interference impact. The deflection system must be set to a certain height above the workpiece to be welded. The
authors obtained a mathematical model of the magnetic field induction of the deflecting system distribution along its
axis which coincides with the optical axis of the electron beam gun. The coordinates of installation of the deflection
system concerning the surface of the parts to be welded are determined using the presented mathematical models. Cal-
culations showed that the height of installation of deflection system depends on the thickness of the welded components.
Using the deflection system installed at a certain height above the workpiece to be welded allows to eliminate the
impact of magnetic fields caused by thermoelectric currents and residual magnetization of the welded parts on the quality
of welded joints.

Keywords: electron-beam welding, magnetic field, deflection system, electron beam, compensating system.
Cubupckwuii xypHan Hayku u TexHoioruid. 2017. T. 18, Ne 3. C. 634-641

NCCJIEJOBAHUE BO3MOXXHOCTH UCIIOJIb30OBAHUSI OTKJIOHAIOIIEN CUCTEMBI
JJI KOMIIEHCAIIMU BJIUSTHUSI MATHUTHBIX ITOJIEX ITPH DJIEKTPOHHO-JTYYEBOU CBAPKE

A.A. I[py)KI/IHHHal*, B. [. ﬂaHTeHOKZ, IL. B. .HaHTeHOKZ, A.B. MyprFI/lH2

'Cubupckuii hesepanbHpIil YHHBEPCHTET
Poccuiickas ®enepanms, 660041, r. Kpacuospck, npocn. CBoOOAHEIH, 79
*CHOUpCKHil rOCY1aPCTBEHHBINH YHUBEPCHTET HAYKH M TEXHOJIOTHIT UIMEHH aKkajeMuka M. @. PeurerHena
Poccuiickas ®enepamms, 660037, r. KpacHospck, mpocn. uM. ra3. «KpacHospckuii pabounii», 31
"E-mail: druzhininasasha@rambler.ru

Brusnue macnumuulx noneil, 6vbi36aHHbIX MEPMOINCKMPUUECKUMU MOKAMU U OCHAMOYHOU HAMASHUYEHHOCbIO
ceapusaemMvix Oemanell, HA MOYHOCMb NOZUYUOHUPOBAHUSI INEKMPOHHO20 NYYKA NO CMbIKY COCOUHEHUs. S6ISemcsl
COMNCHOU HAYYHO-MEXHUYECKOU NPOOIEMOU NO OOCMUICEHUIO BbICOKO20 KAYECMEd CEAPHBIX COCOUHEHUL 8 AdPOKOCMU-
yeckol ompacau, cyoocmpoeHuu u 3uepeemuxe. IIpedcmasnenvl mamemamuyeckue Mooenu pacnpeoeseHus MazHum-
HbIX NOJel NOMeX 8 NPOCMPAHCIEE MeNCOY JIeKMPOHHO-IYYEB0U NYWKOU U HOBEPXHOCIBIO C8APUBAEMO20 U30eUs,
a makdice BHympu uzoenusi, KOmopwle nO3680JsII0M PACCYUMAmMyb KOIUYECMEEeHHble XAPAKMEPUCTIUKY OMKIOHEeHUU NyYKd
NEKMPOHO8 OM CMbIKA CcOeOuHeHus. [ KoOMneHcayuu 6IuUsHUs MAZHUMHBIX NOMeX Npeodlazaemcs UCHOJb308amb
OMKIOHSIOWYIO CUCTEMY, YCMAHOBIEHHYIO HA ONpeoesieHHyi0 GblcOmy HAd C8apueaemviM uzdeiuem. Asmopamu
NONYHEeHa MaAMmeMamuieckdass Mooelb PACHpeOeNeHuss MAZHUMHOU UHOYKYUU Nojsi OMKIOHSIOuel CUCHEeMbl 600Jb
ee ocU, co8naoaiowell ¢ ONMUYECKoU OCbIO INEKMPOHHO-TY4e6ou nywky. C nomMowblo npedCcmasieHHbIX MAMeMamuyeckux
Modeneil onpedenerbl KOOPOUHAMbL YCMAHOBKU OMKIOHSIOUell CUCHEMbl OMHOCUMENbHO NOBEPXHOCTU C8APUBAEMBIX
Odemanei. Pacuemul noxazanu, umo evlcoma ycmano6Ku OMKIOHIOWEN CUCTNEMbL 3A6UCUN OM MOTUWUHBL C8APUBAEMBIX
Odemanet. Vlcnonv3oeanue omxioHAOWeEN CUCeMbl, YCMAHOBIEHHOU HA OnpeodesieHHOU 8bicome HA0 C8apusaembiM
uzoenuem, nO380asem YCMPAaHums GIUSHUE HA KAYeCmE0 C8APHBIX COCOUHEHUL MACHUMHBIX NOJel, 6bI36AHHbIX MEPMO-
INEKMPUYECKUMU MOKAMU U OCIAMOYHOU HAMAZSHUYEHHOCBIO.

Knroueswvie crosa: JNIEKMPOHRHO-Iy4esas ceapKka, MacHUmMHoe noJe, OMKIOHAIOWAA cucmema, 3.7l€Kmp0HHbluv NnY4oK,
Komnerncupymowas cucmema.
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Texnonozuueckue npoyeccost u mamepuaiiol

Introduction. High demands on quality of welded
joints in aerospace branch, shipbuilding, automotive
industry, nuclear power engineering assume precise align-
ment of an electron beam with an interfacing surface
at the electron beam welding (EBW). The magnetic fields
occuring during dissimilar materials welding and products
with a residual magnetization cause a deflection of an
electron beam from an optical axis of the electron beam
gun in an interval from the gun to the welded product and
on the depth of weld penetration channel as well. If these
deflections exceed 0.3 mm, then they lead to incomplete
root penetration, especially at welding of thicker parts
[1-7].

A more perspective way of electron beam protection
against magnetic fields interference is their compensation
in a welding zone. For this purpose a longitudinal in rela-
tion to a welded joint component of a magnetic field
is measured in area the electron beam gun — the welded
product, and carry out its compensations [8; 9].

The compensation of a longitudinal component of
a magnetic field impact on an electron beam when welding
dissimilar materials can be carried out by applying the
welded parts of the local compensating magnetic field,
parallel to the interfacing surface which is generated
by electromagnetic coils [10], or introduction of compen-
sating currents to the welded product which are counter-
directed to thermoEMF currents [11; 12]. When welding
products from ferromagnetic materials compensation of
a longitudinal component of a residual magnetization
magnetic field can be carried out by means of the elec-
tromagnet creating a compensating magnetic field in the
welded product, counter an interference field [12; 13].

These methods of magnetic fields compensation assume
a possibility of a contact supply of the compensating field
in the welded product that in some cases complicates their
technical realization. Therefore consideration of a possi-
bility of an interference magnetic field compensation
by means of the deflection system located in an interval
between the electron beam gun and the welded product
is relevant.

Magnetic field of interference. It is known that weld-
ing of products from dissimilar materials is followed by
the magnetic fields caused by action of thermoelectric
currents.

In the absence of external magnetic fields distribution
of an induction of a longitudinal component of the field in
the channel of weld penetration has almost linear charac-
ter [14; 15]. The size of an induction of a magnetic field
has the maximal values B, on a product surface, decreases
to the center of the channel of weld penetration and is
defined from the ratio:

2z 2]
B,(2) Bo(l 5" 8)’ (M
where B, — the size of a magnetic induction on a surface
of the welded product near a joint; & — thickness of the
welded product; / — distance from the electron beam gun
to a surface of the welded product.

Over the surface of welded parts in the space between
a product and an electron beam gun a magnetic induction
of a longitudinal component of the interference field decreases
on dependence which is defined by expression [13]:

635

y
B (z)=B, 12 2
n(z) 0%+(I—Z) ( )

Thus, distribution of a longitudinal component mag-
netic induction of the interference field on the way of an
electron beam will be as follows

)
et

3)

The slope angle of an electron beam trajectory and
amount of deflection of the beam from an axis of the elec-
tron beam gun can be estimated according to approximate
formulas [8]:

e r .
v=—0 { B(2)dz; )

X :ﬁjjB(z)dz, &)

where e = 1,602:10" — electron charge, KI; ¥ (m/s) —
electron speed which can be calculated on the known
accelerating voltage, U (B) [16]:

5,93~105\/U(1+0,983~10’6U)
B 1+1,967-10°U

m — electron mass determined by a formula

vV

E)

my

2 b
v
C

where m, = 9,109-10°" — rest mass of electron, kg;
¢ =2,977-10% — light velocity, m/s; B(z) — the distribution
law of a longitudinal component of a magnetic field in-
duction in the space between a gun and a welded product.

Substituting (3) in formulas (4) and (5) and integrating
ranging from 0 to (/ + 6/2), we will get

m=

e § e o, 0+2/ e o
=" [B,(2)dz=——B,~In"—=+—"-B,2; (6
¥a mV~([ n(2)dz mV 2 8 mV ‘4 ©
X, :iﬁBn(z)dz =
mV00
2 2
:i30§ 148 0 +i306__ )
mV "2 2 0+2! mV 12

Formulas (6) and (7) allow to define the slope angle
and amount of deflection of an electron beam from an
optical axis of the gun caused by action of magnetic inter-
ferences in the center of the channel of weld penetration.

The size of the circulating thermoelectric currents can
reach 100 A [17] and the deflection of an electron beam
caused by these currents from an optical axis of the gun
on a surface of a product can make 1 mm and more.
Substituting expression (2) in formula (5), integrating in
the range from O to /, it is possible to receive a formula for
the definition of an induction of a magnetic field on the
surface of the welded product near a joint on the known
deflection of an electron beam from an optical axis of the gun
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2xmV

3 .
e-d l+6—ln 5
2 8+2

The values of magnetic induction calculated by for-
mula (8) at various deflections of x beam from an optical
axis of the gun for products of various thickness & are
presented in tab. 1.

Thus, distribution of a longitudinal component mag-
netic induction of a residual magnetization field on the
way of an electron beam will appear as:

/ 0<z<

%
B </ > =z =1,
B,(2)=1" 8 +(I-z) ©9)

B,, I<z<I+d.

B, = ®)

The compensating system. Compensation of the
magnetic field rejecting an electron beam can be carried
out in an interval between an electron beam gun and
a welded product by means of compensating system repre-
senting electromagnetic coils placed in the metal cylinder
made of a permalloy. The axis of the cylinder coincides
with an optical axis of the electron beam gun (fig. 1).

In the vicinity of the compensating system center there
is a zone of the homogeneous magnetic field. The size
of an induction of a compensating system magnetic field
in the arbitrary point with z coordinate on an axis of
system can be described by the equation

&

B
B.(z) =~
(=201

3 3
2\ 5 2\ 5
x [L2+(£+zj J ’ +(L2+(£—z] ] ’ ,  (10)
2 2

where B,.x — the size of a magnetic induction in the center
of the compensating system; L — the height of the com-
pensating system (diameter of electromagnetic coils).

The normalized distribution of an induction of a mag-
netic field (B.z)/Bm.x) of the compensating system on
axis Z at L =25 mm is presented in fig. 2.

Substituting (10) in formulas (4) and (5), considering
that an origin of coordinates is DJII1 (Electron Beam
Gun), integrating ranging from 0 to z, we will get

e Bmax'L><
Ve = v 20715
L
z—a+— ——a
x - 2 +

e Bmax'L
+—- X
mV 2-0.715
L
z—a—— —+a
x 2 2 , (1D
L 2 L 2
L2+(—Z+a) L2+(+aj
2 2
e Bo.-L
X, =—————X
< mV 2:0.715
2 2
X Lz+(£+z—aj - L2+(£—a) +
2 2
e Bo-L
+—- x
mV 2-0.715
2 2
X L2+(£—z+aj - L2+(£+aj +
2 2
e Bmax'L
A
mV 2-0.715
R e
54‘61 V4 E—a z
x - (12)

o] o]

Operation of the compensating system has to be di-
rected to elimination of a deflection of an electron beam
from an optical axis of the gun and decrease of a tangent
slope angle to a beam trajectory.

The system of equations

(13)

allows to determine the size of a magnetic induction By
necessary for elimination of a deflection of an electron
beam from a gun axis, and distance of @ where the com-
pensating system concerning the gun has to be installed so
that the beam trajectory slope angle was equal to zero in
the center of the channel of weld penetration.

In fig. 3-5 schedules of dependence y(a) = v, — V.
a tangent slope angle to an electron beam trajectory from
height of installation of the compensating system for the
welded parts of various thickness made of dissimilar
materials are submitted.

At a product thickness 6 = 25 mm the center of the
compensating system has to be at the height of 43.05 mm
from a product surface, at 6 = 50 mm — at the height
0f 36.98 mm, at 6 = 100 mm — at the height of 16.95 mm.

Table 1
Values of a magnetic induction of the field caused by a current of thermoEMF
8, mm 25 50 100
X, mm By, MTn
1 0.321 0.179 0.106
2.5 0.802 0.447 0.265
5 1,6 0.894 0.53
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The analysis of the presented dependences shows: the
size of a magnetic induction field caused by action of
thermoelectric currents does not exert an impact on height
of installation of the compensating system; if the distance
from the gun to the welded product remains constant, then
with the increase in thickness of a product up to some
critical value the coordinate of the application of the com-
pensating magnetic field approaches a product surface.

In tab. 2 the values of deflections of an electron beam
are given in a root of penetration at compensation of the
magnetic fields caused by thermoEMF currents for details
of various thickness.

In fig. 6 schedules of dependence y(a) = vy, — .
a tangent slope angle to an electron beam trajectory from
height of installation of the compensating system for the
welded parts with a residual magnetization of various
thickness are given.

At a product thickness & = 25 mm the center of the
compensating system has to be at the height of 34.56 mm
from a product surface, at 6 = 50 mm — at the height
of 26.16 mm, at 6 = 75 mm — at the height of 15.2 mm;
at a product thickness 6 = 100 mm technical realization
of system of compensation of the considered design
is impossible. It is necessary to apply a design of the
compensating system with the magnetic tips used for con-
centration of a magnetic field. To use the considered
compensating system it is necessary to limit acceptable
magnetic fields of interference.

Let the center of the compensating system be located
at the height of 17.5 mm from a product surface the
thickness of which is equal to 100 mm. The solution of
a system of equations

| an
' -~

i

a

{xn -x.=0,

(14)
X,, —X,. =0.0003,
where 0.0003 — the maximum permissible deflection in a root
of penetration, m; x,, — the deflection in a root of penetra-
tion caused by action of the field of a residual magnetiza-
tion; x,. — the deflect in a root of penetration caused by
action of a magnetic field of the compensating system;
allows to determine the most admissible size of an induc-
tion of a magnetic field of a hindrance By = 0.1257 mTn
that corresponds to a magnetic intensity of 100 A/m.

In tab. 3 values of deflections of an electron beam are
given in a root of penetration at compensation of fields of
a residual magnetization of parts of various thickness.

Thus, for most cases happening in practice it is possi-
ble to define the distance from a product surface to the
center of the compensating system providing acceptable
values of a beam deflection in the root of penetration.
During thicker products welding when this distance is
very small and does not allow to realize compensation of
a residual magnetization fields technically, it is necessary
to introduce restrictions on the size of a magnetic field of
interference induction.

Conclusion:

1. With the use of the deflection system installed at
a particular height over the welded product, it is possible
to eliminate an impact on the quality of welded joints
of magnetic fields caused by thermoelectric currents and
a residual magnetization.

2. At electron beam welding of products of larger
thickness with a residual magnetization it is necessary
to limit acceptable magnetization for the purpose of ex-
ception of incomplete penetration.

a

Fig. 1. The scheme of DJIC (Electron Beam Welding) installation with

the compensating system (a) and

distribution of an induction of

a magnetic field of the compensating system (b): DJIII — the electron
beam gun; KC — the compensating system; OW — a workpiece

Puc. 1. Cxema ycranoBku JDJIC ¢ xomneHcupymomeil cucteMoit (@)

U paclpesielieHue WHIYKIUM MarHUTHOTO MOJIST KOMIIEHCHpYIOIIeit

cucrembl (6): DJIIT — snekTponHO-nyyeBas nymnika, KC — kommeHcH-
pytomas cucrema; OU — o6pabaTeiBaeMoe uzeine
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Beam slope angle, rad.

Be(z)/Brmax

Beam slope angle, rad.

Fig. 2. Distribution of magnetic induction on axis Z

Puc. 2. PacnipenienieHue MarHuTHOM MHIYKLUY 110 OCU Z

D02 f-vmmmmmmmm g -----------------------------------

D01 fovmmmmmmmmd e ---------------------------------- -
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Fig. 3. Dependency y(a) at d =25 mm, / =250 mm, L =25 mm

Puc. 3. 3aBucumocts y(a) npu 6 =25 MM, [ =250 MM, L = 25 mm

0.8 ! ! ! !

11 FRS S — S S — S

By= 094 MIn

0 0.05 0.1 0.15 0z 0.25

Fig. 4. Dependency y(a) at 6 = 50 mm, / =250 mm, L =25 mm

Puc. 4. 3aBucumocts y(a) npu 6 = 50 MM, / = 250 MM, L = 25 mm
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Fig. 5. Dependency y(a) at 6 = 100 mm, / = 250 mm, L = 25 mm

Puc. 5. 3aBucumocts y(a) npu & = 100 mm, /=250 mm, L =25 MM

Table 2
Deflections in a root of penetration at compensation of the magnetic fields caused by thermoelectric currents
3, mm 25 | 50 | 100
By, MTn Beam deflection in a root of penetration, mm
0.94 0.0576 0.2306 0.9222
0.5 0.0307 0.1226 0.4905
0.4 0.0245 0.0981 0.3924
0.3 0.0184 0.0736 0.2943
0.8 ! ! ! !
. oM
3
<
Sonm
g
9 ]
[
S o2}
[
]
.S‘ -0.04
&
o= -0.06 .
5 :
o -0.08
© :
5 O : :
8 : : :
2 -0.12 i : :
= : : : :
-0.14 ' ' ' '
0.05 0.1 0.15 0.2 0.25
a
Fig. 6. Dependancy y(a) at By = 0,94 mTu, /=250 mm, L =25 mm
Puc. 6. 3aBucumocts y(a) npu By = 0,94 mTm, [ =250 mm, L = 25 Mm
Table 3
Deflections in a root penetration at compensation of fields of a residual magnetization
3, mm 25 | 50 | 75 | 100
By, MTn Beam deflection in a root of penetration, mm
0.94 0.0865 0.3458 0.7781 2.3
0.5 0.046 0.184 0.4139 1.2
0.4 0.0368 0.1472 0.3311 0.9593
0.2 0.0184 0.0736 0.1656 0.4797
0.125 0.0115 0.046 0.1035 0.2998
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BJIMSIHUE TOJIIIUHBI METAJVIMYECKOI'O CJI0OSI HA XAPAKTEPUCTHUKHU SH-BOJIH
B CTPYKTYPAX ME/ZNO/ME/AJIMA3 U ME/ALN/ME/AJIMA3
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C nomowvio KoMnbIOMEPHO20 MOOETUPOBAHUSL NPOAHANUZUPOBAHO GIUSHUE MACCOBOU HASPY3KU 6 8UOe 08YX MemaJ-
JUYECKUX CNI0e8 HA usMeHeHue hazoeol CKopocmu OUCHEPCUOHHBIX NONEPEeUHbIX MOO YAPY2OU 60HbL 6 CIPYKMYpax
Me/ZnO/Me/anmasz u Me/AIN/Me/armas 6 3agucumocmu om 4acmomul 601Hbl U OMHOUEHUST MOJUWUH C0E8 «MEeMaLl—
nve3021ekmpuky. Mamepuanbl nbe3031eKmMpuUteckux cioes U NOOA0ACKU 001adaiom HAOOPOM MAKUX 3HAYUMBIX
ceolicms, Kak 6oabuue 3Ha4eHUst KOIDOUYUEeHMAa INEKMPOMEXAHUUECKOU CB53U Y Nbe30dIeKMPUKOE U 3HAYUMETbHbIE
BENUYUHBL (PA308bIX CKOPOCMEN 0OBEMHBIX GOJIH U NOGEPXHOCMHOU AKYCMUYECKOU 80IHbl 6 aimase. B kauecmee mame-
PUAT08 MEMANTUYECKO20 CNOSI UCNONb308ANUCH amtomunutl (Al), moruboen (Mo) u nramuna (Pt), naubonee uacmo npu-
MEHAIOWUECs: NPU U320MOGIEHUU AKYCMOIIeKMPOHHbIX yempoticms. ObHapyiceHo, Yymo uzmeHeHue pazosotl ckopocmu
VAPY201l GONHbL 3ABUCUM OM AKYCIMUYECKO20 UMNEOAHCA MEMALIUYECKO20 CLOSL U €20 MOAWuHbl. [Ipu HU3KUX 3HAYeHusx
AKYCMU4ecKo20 UMNeoanca Memaniuieckozo cios boiee cywecmeenuvle usmenenus eenuyur Av/v npoucxoosm 6cieo-
cmeue U3MeHeHUs. MOAWUHbL HUdICHe20 aekmpooa. OOHAKO ecau aKyCmudecKutl UMneoanc Memaiiuieckozo cios
CPABHUM € AKYCMUHECKUM UMNEOAHCOM NOONIOJICKU, MO YeenuyeHnue 3nauenus eeaudun Av/v 6 6boavwuen cmenenu
00yCN061eHO MONWUHOU 6EPXHE20 MEMANIUYECKO20 Clos. Pesynbmamol gvinoinennozo mooenuposanus mo2ym Ovims
UCHONIb308AHBI NPU PA3PAOOMKE PA3IUYHBIX AKYCIMOINEKMPOHHBIX YCMPOUCME, 8 MOM YUCLe UCHOIb3YEeMbIX 8 Kauecmee
KOMNOHEHMO8 INEeKMPOHHOU OA3bl PAKEMHO-KOCMUYECKOU MEXHUKU.

Kniouegvle cnosa: nve3odnekmpuueckas ClOUCmas cmpykmypa, 60aHa JI16a, Maccosas Hazpy3Ka, KOMHbIOMEPHOE
Mooenuposanie.
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METAL LAYER THICKNESS INFLUENCE ON THE DISPERSION CHARACTERISTICS OF SH-WAVES
IN THE STRUCTURES “ME/ZNO/ME/DIAMOND” AND “ME/ALN/ME/DIAMOND”
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The research paper presents the results of computer simulation of the influence of mass loading represented by two
metal layers on variations in the phase velocity of the dispersion shear modes of the elastic wave in the piezoelectric
layered structures Me/ZnO/Me/diamond and Me/AIN/Me/diamond depending on the frequency and the ratio of the
metal layer thickness to the piezoelectric crystalline layer thickness. The materials of the piezoelectric layers and the
substrate have a set of such significant properties as the large values of the electromechanical coupling coefficient for
piezoelectric and the significant values of the phase velocities for bulk waves and surface acoustic wave in diamond.
Aluminum (Al), molybdenum (Mo) and platinum (Pt) are considered as the metal layer materials, which are most often
used in the manufacturing of acoustoelectronic devices. It was found that variation in the elastic wave phase velocity
depends on the acoustic impedance of metal layer and its thickness. More significant changes in Av/v values at low
acoustic impedance values of the metal layer occur due to a change in the thickness of the lower electrode. However,
if the acoustic impedance of the metal layer is comparable with the acoustic impedance of the substrate, the increase
in Av/v values is largely due to the thickness of the upper metal layer. The results of the simulation can be used in the
development of various acoustoelectronic devices, including components of the electronic base of rocket and space
technology.

Keywords: piezoelectric layered structure, Love wave, mass loading, computer simulation.
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BBenenune. YcrpoiicTBa aKyCTOIJIEKTPOHUKH HUMEIOT
OrpaHWYCHHBIE Pa3Mephl, U TIPH X pa3pabOTKe aKkTyalbHOU
Mpo0IEMOi CTAHOBHUTCS yYET OTPAKEHUS M TPEITOMIICHUS
YIIPYTOH BOJTHBI OT TPAHHUIIBI KPHCTAJUINUECKOH IITACTHHBI
00 OT 30HBI KOHTAKTa JIBYX Pa3Nu4HBIX cpex [1]. bomee
CIIOKHAsi CHUTYyallUsl CKJIAJIbIBACTC B MHOTOCIOHHBIX
CTPYKTYpax, TIe HEOOXOIUMO MOOUYEPEIHO YUUTHIBATH
TPaHMIBl MEXIY BCEMH KpPUCTAIIMYECKUMH CIIOSMH.
B nanHOM cityuae MOXXET MPOUCXOAMTH TpaHC(HOpMAIHs
THUIIa YIpyroro koijeOGaHusi JIMOO BO30YKAEHHE MOBEPX-
HOCTHOW BOJIHBI IPU OTPaXEHHMH OOBEMHOI BOJIHBI
oT MexcioiHoro uHrepdeiica [2]. B nactosmee Bpems
MOSIBUIIOCH MHOTO SKCHEPUMEHTAIBHBIX U TEOPETHUYECKUX
HCCIIeIOBAaHUH MAacCOBOM YyBCTBHUTENIBHOCTH Pa3IMYHBIX
aKyCTOJICKTPOHHBIX YCTPOICTB HAa OCHOBE MHOTOCIIOMHBIX
ITBE30AIEKTPHUECKUX CTPYKTYpP, pabOTArOmMX Ha IoIe-
PEUHBIX M NPOJONBHON TOJIIMHHBIX MOJAX YNPYTuX
kosiebanuii [3-5]. B uacTtHOCTH, CyIIECTBYIOT paboOThI,
B KOTOPBIX CABHUIOBBIE KOJEOAHUSI PE30HATOPOB, CO3/1aH-
HBIX Ha MOJOOHBIX CTPYKTypax, ObUIM MCIONB30BaHbI LIS
paspabotku OuoceHncopoB [6]. B ceHcopax, cO3maHHBIX
Ha OCHOBE CJIOMCTOW MbE303JIEKTPHUYECKOH CTPYKTYPHI,
TOJIIMHA AJIEKTPOAOB YacTO CONOCTaBUMA C TOJIIMHON
ITbE303JICKTPUUECKOH IIJICHKH, M, CJIE[0BATEIbLHO, METal-
JIMYECKHMH CIIOSIMH HENb3s TnpeHeOperats. Tem Oonee
YTO TaKWe METAJUIBl, KaK 30JI0TO WM IUIATHHA, KOTOpBIE
YacTO MCTOJIB3YIOTCSl B CEHCOpax Ul PA3IIMYHbBIX OMOXH-
MHYECKHX NMPUMEHEHHH, 001aJaf0T 3HAUYNTEIbHBIMH 3Ha-
YeHHUAMHU aKyCTHYecKoro mmmenanca [7]. OxHako wuccie-
JIOBAaHMS BIMSHUS MAacCOBOW HAarpy3ku IOKa HE IaroT
OTBET Ha BOIPOC 00 OCHOBHBIX NPHUYMHAX H3MECHEHHS
3HauYeHHu (a30BOW CKOPOCTH YIPYTOil BOJIHBI B CJIOHUCTON
cTpykrype. Takum o00pa3oMm, ydeT BIUSHUS TOJIIMHBI
METAUIMYECKUX CIIOEB Ha H3MEHEHHE JUCIIEPCUOHHBIX
XapaKTEePUCTHK YIPYrol BOJHBI B MHOTOCIOHHOW Ibe30-
NIEKTPUYECKON CTPYKType HMEET KII0UeBOE 3HaueHHE
JUISL ONITUMM3ALMHA KOHCTPYKIMH Y TIOBBIIICHHUS 9yBCTBH-
TEIBHOCTH CEHCOPOB Ha MOJ0OHBIX CTPYKTypax [8].

B mHacrosme#t paboTe BBINOIHEHO KOMITBIOTEPHOE
MOJIETTMPOBAHNE BIMSIHUSI MAaccOBOM Harpy3kd B BHJE
METAUIMYECKUX CIIOEB HAa IWCIEPCHOHHBIE XapaKTepH-
CTHKU MOJ YHPYToi BOJIHBI JIsIBa B MbE303IEKTPUIECKUX
CIIOUCTBIX CTPYKTypax C OKCHJOM LIMHKAa Ha ajMase
(Me/ZnO/Me/anMa3) U HUTPUAOM ATIOMHHHS Ha ajMase
(Me/AIN/Me/anma3z). JlaHHble MaTepuanbl 00J1aJaloT Ha-
0OpOM TaKHMX CBOMCTB, KaKk OoibpLIME 3HAYCHUS KOIPPH-
LIMEHTA 3JIEKTPOMEXAHUYECKOM CBSI3HU Y IbE30IICKTPHUKOB
1 3HAYUTENbHBIC BEIMYUHBI (Aa30BBIX CKOPOCTEH 00BeM-
HBIX BOJIH M TIOBEPXHOCTHOM aKyCTHYECKOH BOJIHBI B ajl-
Maze. braromaps 3TuM 0coOeHHOCTSIM paccMaTpuBacMbIe
MaTepHaibl MIMPOKO HCIIONB3YIOTCA NpH  pa3padoTke
Pa3IUYHBIX aKyCTOIEKTPOHHBIX yCTPOHWCTB. B kauectse
MaTepHaAIOB METAJUTMYECKUX CIIOEB ObLTH BBIOPAHBI alTo-
MUHHM, MOJUO/IEH, IIJIATHHA B BUJE HANBLICHHON TOHKOM
IUICHKH, T. €. METAJUIbI, HanboJIee YacTo NPUMEHSIOIUECs
MIPU U3TOTOBJIEHUU DJEKTPoJoB [9]. Pe3ynbTaThl BBINOI-
HCHHOT'O MOJCIIMPOBAHUSA MOTYT 6bIT]) HCIIO0JIb30BaHbI IIPpU
pa3paboTKe pa3anYHBIX aKyCTOAJIEKTPOHHBIX YCTPOWCTB,
B TOM YHCIIC HCIIOJIB3yEMBIX B KadeCTBE KOMIIOHEHTOB
JIEKTPOHHOH 0a3bl paKEeTHO-KOCMHYECKOH TEXHUKH.

TeopeTnyeckne OCHOBBI PACHPOCTPAHEHUs YNpYy-
THX BOJH B CJIOMCTOH Nbe303JIEeKTPUUYeCKOl cpene.
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Ynpyrue BOJHBI Maloi aMIUIMTYJbl PacIpPOCTPAHSIOTCS
B HEBO3MYIIEHHOM BHEUIHHMH BO3JIEHCTBUSIMU IIbE30-
JIEKTPUYECKOM KPUCTAJIe. Y paBHEHUE JBM)KEHHS, ypaB-
HEHUE 3JIEKTPOCTATHKHA W YPAaBHEHUS COCTOSIHUS ITbE30-
3NIEKTPUUECKOil cpeapl nmeroT Buf [10]
PoUu=Tupps Dy =0; 0
a5 = ChpepNep —euanErs Dy = €l Ex +eyupups
I7ie po — IUIOTHOCTh KpUCTAJUIa B Hee()OpMHPOBAaHHOM
coctosinnn; Uy — BEKTOp JMHAMHYECKUX YIPYTHX CMe-
IIEHUH; T 5 — TEH30P TEPMOAMHAMUYECKUX HAPSOKEHHH;
Dy, — BEKTOp 3JIEKTPUUECKOW HHIYKLUUH; Tcp — TEH30D
MallbIX JieopMaluii; chCD , €yup> Eyy — YUpYyrHe,
MBE30DJIEKTPUYECKAE U JUDIICKTPHUECKHE MOCTOSHHBIC
BTOPOTO mopsiaka. J{ist ynpyrux cMeIieHui 1 3JIeKTprye-
CKOTO TMOTEHIMAaNa B BHJE IJIOCKMX MOHOXPOMAaTHYECKUX
BOJIH MaJIOW aMIUIMTYZAbl cucteMa ypaBHeHHd (1) 3amm-
ceiBaeTcs B BuAe ypaBHeHus [ puna—Kpucroddens,
KOTOpO€ HEOOXOAMMO PEUINTh ANl KaKIOH HMCHOIb3ye-
MO CpeBl CIIOUCTON CTPYKTYpHI [11].
Beenem paOo4uyro OpTOroHaIbHYIO CUCTEMY KOOPIMHAT,
B KOTOpPOH OCh X3 HampaBlieHa BOJb BHEIIHEW HOpMau
K TIOBEPXHOCTH CJIOSI, & OCh X| COBIIAJIacT C HAIIPABJICHH-
eM pacmpocTpaHeHusi BoiHbl (puc. 1). Pacnpoctpanenue
YIPYIOi BOJIHBI B TAKOM CUCTEME JOJKHO YJOBIIETBOPATH
COOTBETCTBYIOIIMM I'PAaHMYHBIM YCIOBHSM. | paHMYHBIMU
YCIIOBUSIMH, B YaCTHOCTH JJIsl YETHIPEXCIOMHON CTPYKTY-
PBl «METAJLT — MBE30AIEKTPUK — METAJUT — JAUDIIEKTpHYe-
CKasl oIoXKay (puc. 1, a), ABIAIOTCS: PaBEHCTBO HYIO
HOPMaJIbHBIX KOMITIOHEHT TEH30pa HampsDKeHHH Ha Tpa-
HHUIE pa3fena «MeTaI-BaKyyMm»; PaBEHCTBO HOpPMallb-
HBIX KOMIIOHEHT TEH30pa HANpsHKEHUH Ha TpaHUIe
paszena «MeTalI-Mbe303JICKTPUK»; PABEHCTBO BEKTOPOB

CMEILEHMs; PABEHCTBO HYJI BOJIHBI JJIEKTPUYECKOTO
notennuana [12]:
1) —_ 0
Ty =0;
3 lxy=a,
M _ (2)‘ ) .M @
Ty, =Ty, ; =0 ;U =U
3j 3j X3:h (P X3:h X3:h (2)
@ = ® . (P(2) =0 O = g®
3 3 x3=d, ’ x3=d; ’ x3=d, ’
() _ 4 L7703 _@®
Ty =Ty ;U U R
3 3J x3=0 x3=0

rae dy, d 1 h — TONIIMHBI BEPXHEro, HWKHETO CJIOS
METa/Ula U IbE303JICKTPUIECKOTO CJI0S COOTBETCTBCHHO.
B Hacrosieit paboTe paccMOTpeH ciy4ai, Korna d; = d,,
T. €. TOJIINUHBI BerHeFO 1 HIKHETO CJIOEB METaJlia paBHI)I.

IloncraBisis B rpaHUYHBIEC YCIIOBUS YPAaBHEHUS YIIPY-
rOM BOJIHBI B BUJIE JINHEWHBIX KOMOUHAIMN TapIHaTbHBIX
BOJIH

U, = ZC,i”’)al(”)exp[i(klxl + ", —a)t)],
! €)
0= ZCim)ag”)exp[i(klxl + ", —cot)},

IJIe BEPXHUH MHAEKC # COOTBETCTBYET YMCIy MapIHaib-
HBIX BOJIH B COOTBETCTBYIOIIEM KPHCTAJUINYECKOM CIIOE,
MOJyYHM CHCTEMY YpaBHEHMH — TpaHUYHBIX YCIOBHII.
PaBeHCTBO HymIO oOmpenenuTens MaTpHUIlbl T'PaHUYHBIX
ycnoBuit (2), pasMepHOCTb KOTOpOW B JAHHOM Cllydae



Cubupckuil srcypHan Hayku u mexvoaoeui. Tom 18, Ne 3

paBHa 24x24, mo3BOJSET ONPENECIUTh XapaKTePUCTUKU
YOpPYTOW BOJIHBL.

Bapuanuun rpaHndHBIX ycinoBHH (2) ONpenersioT Bce
THUIBl YIPYTHX BOJIH, PacIpOCTPAHSIOIINXCS B CIOMCTON
cTpykType. s paccMaTpuBaeMBIX CIOHCTBIX CTPYKTYp
Me/ZnO/Me/anma3 u Me/AIN/Me/anmas cuctema ypas-
HEHW TPaHUYHBIX YCIOBHUiL (2) pa3mersieTcs Ha IBe He3a-
BHCHMBIC JaCTH: CHCTeMY ypaBHeHHH 16x16 s paiees-
CKUX MOJl M CUCTeMy ypaBHeHHU 8x8 mis SH-mon ympy-
roil BosHBL. [Ipu MCHOSIB30BaHUU B CIIOMCTOM CTPYKTYpE
M30TPOIHBIX METANJIOB, MbE303JIEKTPUKA TPYMIBI CHUM-
METpHH 6 MM U JUIIEKTPUUECKON MOIOKKH U3 KyOuue-
CKOI0 KpHCTaJyla CUCTEMA YPAaBHEHUH Ul MOJ yIpyroi
BOJIHBI JIsiBa 3amuIieTcs B BUIE

CWEMal” exp [ik3(”)d1] =0,

COCHRM A expl i1 |-

J-o
J_

— COCEUM Al expl ik
CPCRH 0 exp| ik d,

~CPCRK Ml exp| ik{"d, | =0, ()

cWal™ exp[iké’”)hJ —CPql exp[ilé'”h} =0,
CHgm e><p[z'lc3("’)d2 J —CPal exp [i/@’”d2 } =0,
CPCH ) ~COCa? =0
3 4
Pl -l =,

rze unpoBble BEpXHNE MHAEKCH 1—4 0003HayarT cion
U TIOJJIOKKY COOTBETCTBEHHO, IO aHAJIOTMU C ypaBHe-
HUEM (2); k3 — BOTHOBOI1 BEKTOP.

AHATU3 BJIMSAHUS MACCOBOW HATPY3KH B CJIOHUCTOM
CTpyKType. MaccoBasi 9yBCTBUTEIHHOCTH S MHOTOCIIOH-
HOTO PE30HATOpa ONpPENeIsIeTCs] U3 YCIOBHS 3HEpreTHye-
ckoro OajaHca Kak 4acTOTHOE W3MEHEHHE, T. €. CIOBHUT
OTHOCHUTEJILHOM 4acTOThI pe30HAaTOpa, HOPMaIM30BAHHBIN
K IMIOBEPXHOCTHOM MaccoBoil minotHocTH [13]:

A Av

5= fom (2] fim).
rae v, f — ¢a3oBast CKOPOCTh W YacTOTa YIPYTOil BOJHEIL.
OnHako HEJOCTAaTKOM JAQHHOTO MOAXO0JA SBISETCS TO, YTO
IpU OOJIBINMX 3HAYEHUSIX YacCTOTHI f CIIaKUBAIOTCSA H3-
MeHeHHUs (a30BOH CKOPOCTH NPH YBETHYECHHH TOJIIHHBI
MeTamndeckoro cios. Iloatomy B Hacrosmeil pabore
JUISL OIpeieNIeHHs] MacCOBOW 4yBCTBUTEIBHOCTH YIPYron
BOJIHBI MCIIOIb30BAJIACh Cllefytommas hopMyna;

Av v, —V

5

)

v (6)
rze v, — azoBas CKOpOCTh YIPYroil BOJHBI IPH HaHECe-
HUM TOHKOTO METaNIMYECKOrO CJIOS, HE HM3MEHSIOLIETO
MEXaHUYECKUX IPAaHUYHBIX yCIOBUA. OTMETHM, YTO JIaH-
HOE YCJIOBHE, KaK T0Ka3aJl KOMITBIOTEPHBIN 3KCIIEPUMEHT,
BBINOJIHSIETCST TPH TomMHe ciost MeHee | HM. Taroke
ycnoBue (6) HUBENHMpYeT BIUsIHNE Tbe30dddexTa, u, cie-
JOBaTeNbHO, Tapamerp S, He OymeT 3aBHCETh OT THIIA
MIBE30IEKTPHIECKOTO CIIOS.

CxemaTtnieckoe H300pakeHHE WCCIEAYEMBIX CIIOH-
CTBIX CTPYKTYp NPEICTABIICHO Ha pUC. 1, a. JlucniepcroHHbIe

Vint
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3aBUCHMOCTH (Da30BBIX CKOpPOCTEH (yHIaMEHTaJIbHOU
W TIepBOM MOABI BONIHBI JIsIBa OT 3HaueHHs napamerpa hxf’
(ToNMmMHA TBE303JIEKTPUKA X 4YacToTa) ISl CIOUCTOW
cTpykTypsl Buna Me/ZnO/Me/anma3z ¢ opuenrtanueii [100]
(001) ciost 1 MOATIOKKHM TIpeIcTaBJIeHbI Ha pHc. 1, 6, aHa-
JIOTWYHBIE 3aBHCUMOCTH ISl CIIOMCTOM CTPYKTYPHI BHZA
Me/AIN/Me/anva3 ¢ opuentammeii [100] (001) cmos
Y NIOJUI0OKKH TIpesicTaBIeHbl Ha puc. 1, 6. B kauecTBe ciost
Metaia (Me) ncnonb3oBaiuchk Al, Mo, Pt, obnamarommpe
Pa3NUYHBIMA 3HAUYCHHUSMH aKyCTHYECKOTO HMIIEAaHCa
Z = pv. BpiOop pa3nuuHBIX METaNIOB IMO3BOJISIET TAKXKE
BBIICHHUTH, KaK BBICOKUI/HU3KUN aKyCTHUECKHHA MMITETaHC
CJIOSI BIUSIET HA M3MEHEHHe (Pa30BOM CKOPOCTU YNpPYTou
BOJIHBI. AKYCTHYECKHE MMIIEJIAaHChI HCIIOIBb3YEMBIX CIIOEB
COOTHOCATCH KaK Za| < ZaN < Z700 < Zamas < Zmo < Zpy.
3HaueHUsI MaTepUaIbHBIX KOHCTAHT WCIIOJIB3YyEeMbIX Mare-
pHAJIOB JIIS ATFOMHUHUS U MOJIMOJIeHA B3ATHI B [9], ZnO —
B [14], AIN — B [15], anma3a — B [16], momukprcTaLIde-
CKOM 1utatuHel — B [17].

Juana3on u3meHeHus: (a3oBbIX ckopocteil SH-mon
YIIpYyToii BOJIHBI B cTpyKType Me/ZnO/Me/anmas Haxoautcs
B Ipeiesiax OT 3Ha4deHHs (a30BOH CKOPOCTH CIIBUTOBOM
BONHBI anMasa (v =12828,2 mM/c) mo ¢azoBoi ckopocTn
MOTIEPEYHO-TIONISIPU30BaHHON 0OBEMHOM CIIBUTOBOIl BOJI-
HBI B ZnO (v =4176,2 m/c).

B crpykrype Me/AIN/Me/anmas ¢aszoBble CKOPOCTH
SH-Moz ynpyroi BOJHBI H3MEHSIOTCS TAKXKe OT 3HAUCHHS
(ha30BOI CKOPOCTH CABUTOBOM BOJHEI aMasa 10 (pa30Boit
CKOPOCTM  MEIUICHHON  MONEepEeYHO-NOJSPU30BAHHON
o0beMHOM cBUTOBOM BOJTHBI B AIN (v = 5808,8 Mm/c).

Pacuer u3meHeHust Mo (ha30BBIX CKOPOCTEH ynpyroi
BOJIHBI ObLT IPOM3BEIEH MPU OTHOCUTEIIBHBIX OTHOIIEHHIX
TOJIIMH METAJUINYECKUX CJIOEB K TOJIIMHE IbE303JIEK-
tpuka d/h = 0,005; 0,01; 0,05; 0,1. CromnHo# nuHUEH
Ha puc.l, 6, 6 0003HauUeHBI (ha30BbIE CKOPOCTH MOJI YIIPY-
roif BonHb! JIsBa (SH-MOABI) IpU METAJUIM3AaLlUU TIE30-
JIIEKTPUYECKOTO CJIOSI JByMsI OECKOHEYHO TOHKHUMH
CJIOSIMH MeTaJljIa, HEe HapyIIAONINMH MEXaHUYECKHUX Ipa-
HUYHBIX ycinoBuid. lIITpuxoBeIMH JTHHUSIMU Ha puC. 1, 0, 6
0003HaueHB! (ha30BBIE CKOPOCTH YIPYTOW BOJHBEI IIPH
OTHOCHUTENIEHOM OTHOIICHWH TONIIMHBI CJOS MeTajuia
K CIIor0 mhe3oanekTpuka d/h = 0,1. B aObcomoTHBIX 3Ha-
YeHHAX NPEACTABICHHBIC 3HAYECHUS (Pa30BBIX CKOpOCTEH
MOXHO IpPEACTaBUTh IIPU TOJIIMHAX CJIOEB IHE303JIEK-
Tpuka 2 = 10 MKkM 1 MeTaia d = 1 MKM IIpU U3MEHEHHH
gacTtoTsl oT | MI' no 1 I'T.

Hcnonp3oBaHue CloeB MeTalla B CIIOUCTOH CTPYKTY-
pe MOJXKET CYIIECTBEHHO IOBJIMATH Ha Iepepacrpesesie-
HHE yNpYro SHEPriH BOJHBI BCIEACTBUE aKyCTHUECKHX
CBOHCTB CaMHX CJOEB WJIM CIIOKHOH HHTepdepeHInn
MEXy MOZaMH YIPYTOH BOJHBI, MTAAAIOIINMHI M OTPAXKEH-
HBIMH OT TPaHUIIBI pa3zaena cioeB. Hampumep, B CTpyKTy-
pax Pt/ZnO/Pt/anma3 u Pt/AIN/Pt/anma3 nipu yBeITMmIeHUN
3HaYeHu# /hxf ¢a3zoBwle ckopocTu SH-Mon (BoiHEI JIsBa)
YOpPYTOi BOIHBI CTPEMSATCA K 3HAYCHUIO (a30BOH CKOPO-
CTH O0BEMHOW cIBUrOBOH BOJIHBI B Pt. AHamoruunas
CUTyalUs TIPOSIBISETCS U NPU UCIONB30BAHUM B MHOTO-
CIIOWHOW CTPYKTYpe Ipyrux MeTawioB. IIpu 3ToM oTme-
yaeTcs, 4Tto B CTpykType Me/AIN/Me/anmas ckopoctn
SH-mon ynpyroil BONHBI IPHU OJMHAKOBOM THIIE MeTajia
W 3Ha4YCHUM NapameTrpa hxf yMeHbIIaloTcs Oojee 3HaYM-
TEJILHO, YeM B cTpykType Me/ZnO/Me/anmas.
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Puc. 1. JlucnepcuoHHBIE 3aBHCHMOCTH (PAa30BBIX CKOPOCTEH OT NPOHM3BEAEHHS /iXf IUI CIOHCTOH CTPYKTYpHI

Me/mbe3oaexTpux/Me/anMas: @ — cxeMa CIOHCTOH CTPYKTYphl; 6 — Monbl SH-BOMHBI Ly M L; B CTpyKType

Me/ZnO/Me/anmas; 6 — monsl SH-BonHBI Ly 1 L) B cTpyktype Me/AIN/Me/anmas; CrutoniHble JIMHUM — CKOPOCTH

MOJ IpH OECKOHEYHO TOHKMX CJIOSIX METaJUIa, IITPHXOBBIE JIMHUM — CKOPOCTH IIPH TOJIIMHE CJIOEB MeTajuia
d/h=0,1

Fig. 1. Dispersive dependence of phase velocities on the product hxf for the layered structure Me/Piezoelectric
/Me/diamond: a — the scheme of the layered structure; » — SH-wave mode L, and L; in the structure
Me/ZnO/Me/diamond; ¢ — SH-wave mode Ly and L, in the structure Me/ AIN/Me/diamond. Solid lines — mode

velocities for infinitely thin metal layers, dash lines — mode velocities for metal layers thickness d/A = 0,1

Ha puc. 2 npencraBnensl rpadMiKu OTHOCHTEIBEHOTO
n3MeHeHus (ha3oBbIX ckopocTei S, (6) pyHIaMeHTanbHON
Mozbl Ly 1 nepBoil MoAbl L; BosHbI JIsSiBa B 3aBUCUMOCTH
OT THTIAa METAJUIMIECKOTO CJIOs, OTHOIICHUs d/h u mapa-
Metpa hxf B ctpykrype Me/ZnO/Me/anma3. Makcumains-
HBIE 3HAYCHUS Mapamerpa S, MOIbl Ly JOCTUTAIOTCS NpU
3rHageHnn hxf= 600—700 M/c TIpu MCIONB30BaHUHM BCEX
THIIOB METAUIMYECKUX CJI0€B M orHomeHuu d/h=0,1
(puc. 2, a—6). Ilpu ucnons3zoBanuu cioes Al u Mo 3Haue-
Hus napametpa S, = 0,24 u S, = 0,26 coOTBETCTBEHHO, HO
Uis  CTpyKTyphl Pt/ZnO/Pt/anmasz mapamerp S, = 0,49.
Heo0xoauMo OTMETUTB, YTO YBETHUYEHHE TOJIIUHBI Me-
TAJUIMYECKOTO CJIOS TPUBOJAMT K CMEIICHHIO YacTOTHI
CHTHAJa NP JOCTIKCHNH MaKCUMaJbHBIX 3HAYeHWH Ta-
pamertpa S,. CyIiecTBEeHHBIM pOCT 3HAUCHUI apameTpa S,
0COOEHHO TMPOSIBIISIETCS C POCTOM 3HA4YeHWH hxf mpu
otHomreHnu d/h > 0,05. JlanHoe yBenndeHue 3HaYEeHHUH S,
0COOCHHO CYIIECTBEHHO JUISi METaJUIOB C BBICOKMM 3Ha-
YEeHHEM aKyCTHYECKOro MMIlefaHca Uil (yHIAaMEHTalb-
HOW MomBI Ly ympyro#l BomHbl. OIHAKO YMCIICHHBIE 3HA-
4yeHust S, B 3aBUCHMOCTH OT THIIAa MeTaJlla CyLIECTBEHHO
OTJIMYAIOTCS, HAampuMmep, B CTpyktype Al/ZnO/Al/anmaz
S, =0,11 nmpu hxf= 8500 m/c, a B cTpykrype Pt/ZnO/Pt/
anmas S, = 0,56 ipu aHaJTOTHYHOM 3HAUCHHUH AXf .

MaxkcumanbHbIe 3HAUeHUS MapameTpa S, A MoIsl L
ynpyroi BonHEI JIsBa mocturarotcs mpu Axf=2100 m/c,
IJIe BBIMOJHSIETCS YCIIOBHE /1 = A/4, T. €. TOINIINHA TThe30-
JIEKTPUYECKOTO CJIOS paBHA YETBEPTH JUIMHBI YIPYron
BOJHBI (pHC. 2, 2—¢). OnHako B omiM4KMe OT (PpyHIaMeH-
TaJgbHOW MOABI Ly /uis mepBoil Monbl L; BoiHBI JIsiBa
BEJIMYMHBI Tapamerpa S, ¢ pOCTOM 3HaueHUH /xf yMeHb-
MIAIOTCS MPU UCIIOJIBb30BAaHUM METAIIMYECKUX cioeB Al
mwm Mo, Ho 1uist cTpykTyphl Pt/ZnO/Pt/anmas npu oTHO-
mennn d/h = 0,1 TpoMcxXomUT pPe3KHH POCT 3HAUYEHHH
nmapamertpa S, (puc. 2, e).
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Ha puc. 3 mpezacraBneHsl rpadiki OTHOCHTEIBEHOTO
n3MeHeHHs: (a3oBBIX cKopocTed S, (yHIaMeHTaJIbHOU
U TIEepBOM MOABI BOJHBI JIABa B 3aBUCHMOCTH OT THUIIA
METaJUIMYECKOTO CJIOsI, OTHOIICHUSI d/h u mapameTpa hxf
B cTpyKType Me/AIN/Me/anmas.

MaxkcumanbHBIe 3HAaUeHHUS mapamerpa S, MOIBI L
JIOCTHTAlOTCsl mpu 3HadeHusx Axf = 1300-1400 wm/c
IIPU HUCIIOJBb30BAaHUU BCEX THUIIOB METAJUIMYECKUX CIIOEB
u otHomeHnu d/h = 0,1 (puc. 3, a—s). Ilpu ucnonb30BaHUN
cnoeB Al u Mo 3nadenus napamerpa S, = 0,27 u S, = 0,31
COOTBETCTBEHHO, a 1isi cTpyKTypsl Pt/AIN/Pt/anmas na-
pametp S, = 0,55. 3nauenus mapamerpa S, Ha 12-13 %
NPEBBINIAIOT AHAJIOTHYHBIE 3HAYECHUS! JUIS CTPYKTYPHI
Me/ZnO/Me/anma3, npu 3TOM YBEIWYEHHE TOJNIIMHBI
METAIIMYECKOTO CJIOS TAaKKe IMPUBOJUT K CMEIICHHIO
YacTOTHl CHTHAJIA TPH JIOCTIDKCHHH MaKCHMAJIbHBIX
3HaueHu! mapamerpa S,. Ilpu 3TOM B oTiH4He OT Mpeasl-
Iymer CTPYKTypel mius (yHOAMEHTANbHOW MOABI Lo
YIPYroil BOJHBI OTMEYEHO CYIIECTBEHHOE YBEIWYEHHE
3Ha4YeHWH mapamerpa S, JJIs BCEX THIIOB METAIOB IpH
otHouteHnun d/h > 0,05. Benuunna mnapamerpa S, mpu
OonpImMX 3HaYCHUSX Axf MOXET OBITh CpaBHUMa WIH
JlaKe TIPEBBIIATh 3HAYEHHS B JIOKAJIBHOM MaKCHMyMe
npu hxf = 1300-1400 m/c. Hanmpumep, B cTpyKType
Al/AIN/Al/anmaz S, 0,26 npu hxf = 8500 w/c,
a B cTpykrype Pt/AIN/Pt/anmas S, = 0,73 mpu anaixorud-
HOM 3Ha4YeHUH AXf.

MaxkcumanbHBIe 3HAUeHUS Tapamerpa S, s MOIsI L,
ynpyroit BosHbl JIsiBa mocturarorcst npu Aixf=4300 m/c,
TJIe BBIITOJHSETCS YCIOBHE /i = A/4, T. €. TOJIIUHA ITbe30-
JJIEKTPUYECKOTO CIIOS paBHA YETBEPTH UIMHBI YIPYToH
BoiHBI (puc. 3, e—e). B menom xapakTep H3MEHEHUH
mapameTpa S, aHaJIOTHYeH U3MEHEHHSIM S, B IPEeIbITyIIIeH
CJIOHUCTOM CTPYKTYpE.
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Puc. 2. JlucniepcroHHbIE 3aBUCUMOCTH M3MEHEHHs (a30BBIX CKOpocTeil Moabl Ly u L; oT mpousBeaeHus hxf
IUTS CIIOUCTOH CTPYKTYpsl Me/ZnO/Me/anmas: a, ¢ — almOMHUHU; 6, 0 — MOUOJICH; 6, e — IJIATUHA; OTHOIICHHE
TOJILMH MeTaiIa u nbe3oanekrpuka d/h: 0,005; 0,01; 0,05; 0,1

Fig. 2. Dispersive dependence of the change of phase velocities of the mode Ly and L,

on the product of Axf’

for the layered structure Me/ZnO/Me/diamond: a (a), d (¢) — aluninium; b (6), e (0) — molybdenum; ¢ (s8),
f (e) — platinic. Ratio of the metal layers and piezoelectric d/h: 0,005; 0,01; 0,05; 0,1

IIpu co3gaHuu yCTPOMCTB aKyCTORIEKTPOHMKH JKejla-
TENFHO MPEACTABIATH XapaKTep 3aBUCUMOCTH XapaKTepH-
CTHK YNPYTOH BOJIHBEI OT CBOMCTB JIOTIOJHUTEINBHBIX CIIOCB.
Ha puc. 4 mpencraBneHs! 3aBUCUMOCTH IapameTpa S, oT
BEJIMYMHBI 3HAUeHUs d/h 1id QyHIaMEHTAIBHBIX M Tep-
BBIX MOJI YIIPYTOIf BOJTHBI B 00€HX CIIOMCTBIX CTPYKTYpax.

B ciyyae paccMoTpenust ctpykTypsl Me/ZnO/Me/anmas
JIMHEWHAs 3aBUCHMOCTb HAOJFONACTCS TOJBKO MPH UCIIONb-
3oBaHnu cioeB Al (puc. 4, a). Hammpumep, mist pyHmamen-
TaIbHOU MozibI Lo BomHBI JIsBa mipu sixf = 700 M/c u mepBoi
Monbl Ly ipu Axf= 3400 m/c 3aBUCHEMOCTH S, OT BEITHYH-
HBI 3HaYCHUS d/h anmmpOKCUMHPYETCSI BRIpOKEHHEM S, =
= 22-d/h u S,=0,94:d/h coorBercTBeHHO. O/IHAKO YXKe
st cTpykTypbl Mo/ZnO/Mo/anma3 HaOmoqaercst KBaj-
patuvHas 3aBUCHMOCTH S, = 79,3-(d/h)2 + 3,2-d/h nns
dyHzameHTaTBHOM MOIBI Lo U S, =—6.4(d/h)* + 1,6:d/h
Juist Monbl L. TIpu MCrionb30BaHUM CJIOEB IUIATHHBI TIPH-
CYTCTBYET SIBHO BBIp)KCHHAs KBaJpaTHYHAs 3aBHCUMOCTh
S, =-30,6:(d/h)* + 7,5-d/h nns byHIAMEHTANBHON MOJEI
Lo u S,=—17,4(d/h)* + 3,1-d/h nns moms! L,. Tlpu 3tom
HaOJIIOIAI0TCSI MaKCHMaJIbHBIE BEJIMYMHBI MapameTpa S,
st GyHIAMEHTAIIBHOW MOJBI BOJHEI JIsiBa IpM OTHOIIE-
mHuu d/h=0,1. B menmoM B paccMOTpPEHHOW CTPYKType
Mona L, oOmamaer OomnbIIell YyBCTBUTENBFHOCTBIO IIPH
BCEX THIIaX METAJUIOB, YeM IIepBast MoJia BOJIHE! JsaBa.
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B ciyuae paccmotpenust ynpyrux BoisH JIsiBa B cTpyk-
Type Me/AIN/Me/anma3 nuHeHHas 3aBHCUMOCTH YXKe
He Habmronaercs (puc. 4, 6). Hanpumep, s ¢yHnamen-
TaBHOU MOITBI L BomHEI JIsBa ipu /ixf = 1300 m/c u mepBoit
Mozpl Ly ipu Axf = 4400 m/c 3aBUCUMOCTB S, OT BEJITHYH-
HBI 3HaYeHHs d/h anmpOKCUMHUPYETCSl BBIpaKEHHEM S, =
= -9.6:(d/h)* +3,7-d/h u S,=—17,5(d/h)* + 5,4d/h coor-
BETCTBEHHO. [Ipy MCHOJB30BaHUM CIIOEB IUIATHHBI TIPUCYT-
CTBYET SIBHO BBIp@XEHHAs KBaJpaTW4Hasl 3aBHCUMOCTH!
S, =-35(d/h)* + 9-d/h nns byHmamenTanbHON MOIBI Lo
u S, = —48,6~(d/h)2+10,7-d/h s Monel L. Ilpm atom
MaKCHUMaJIbHBIE BEJMYUHBI MMapaMeTpa S, HaOIIoJaroTcs
JUTS TIepBOM MOBI BONHBI JIsiBa ipu oTHOmEeHNH d/h = 0,1.
B otmmume ot npensiaymmeit cTpyKTypsl, Moaa L, o0namgaet
Gosblnel YyBCTBUTENBHOCTBIO P BCEX TUIAX METAJLIOB,
4yeM (pyHIaMeHTaIbHas MO BOJIHEI JIsBa.

HeobxoaumMo 0TMETUTB, 4TO MOAOOHBIE 3aBUCUMOCTH
napameTpa S, POCIIe)KUBAIOTCS HA BCEM PacCMOTPEHHOM
YaCTOTHOM MHTepBaie. Takum 00pa3oM, B MHOTOCIOHHBIX
cTpyktypax Me/ZnO/Me/anmaz u  Me/AIN/Me/anma3
YYBCTBHUTEIBHOCTH S, HAXOJIUTCS B TPSIMOM 3aBHCHMOCTH
OT 3HAYEHHS aKyCTHYECKOTO MMIIEIaHCa METATHIECKOTO
CIIOSL.
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Fig. 3. Dispersive dependence of the change of phase velocities of the mode L, and L, on the product
of hxf for the layered structure Me/AIN/Me/diamond: a (a), d (¢) — aluninium; b (6), e (0) —
molybdenum; ¢ (8), f (¢) — platinic. Ratio of the metal layers and piezoelectric d/A: 0,005; 0,01; 0,05; 0,1
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Puc. 4. I'paduku 3aBrcUMOCTH S, OTHOIICHHUs OT TOJIIMHBI MeTaIa: a — CTpykrypa Me/ZnO/Me/anmas, mona Ly
npu hxf=700 m/c u Mmona L, npu hxf= 3400 m/c; 6 — ctpyktypa Me/AIN/Me/anmas, mona Ly npu hxf= 1300 m/c
u mona Ly ipu hxf= 4400 m/c

Fig. 4. Dependency Graphs of the dependency of S, ratio on the metal thickness: a — the structure Me/ZnO/Me/diamond,
mode L, of hxf=700wm/c and mode L; of hxf=3400wm/c; b — the structure Me/ AIN /Me/diamond, mode L,
of ixf'=1300 m/c and mode L, of hxf'= 4400 m/c
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Ilpu paccMOTpeHHH  YCIIOBUH  PacIpOCTpaHEHMs
YOpPYIrOi BOJHBI B IbE303JIEKTPUUYECKON CTPYKTYypE THUIIA
Me/nibe3oaexTpuk/Me/anmMa3  BO3HUKAET — CIIEITYIOUIHN
BOIIPOC: KaKMM 00pa3oM BEPXHHMU WIIM HIDKHUH MeETalIH-
YEeCKH CJIOW BJIHMSET Ha M3MCHEHHUE (ha30BOH CKOPOCTH
BOJIHBI? Y CTaHOBJIEHO, YTO JJISl TEOMETPUYECKH HECHM-
METPUYHON MHOTOCIIOMHON CTPYKTYpPBI, KOTJIa TOJIIHHBI
METAUIMYECKUX CJIOCB W/WJIM THUIIBI MaTepHajoOB BapbH-
pyIoTCsl, 3HaYeHus napamerpa S, OyIyT OTIHYaThCS.

Ha puc. 5 npeacraBiieHsl IUCIEPCHOHHBIE 3aBUCHMO-
ctu (pyHmameHTanpHON Mombl L, BomHBI JIsBa OT BemH-
YHHBl Tapamerpa hxf B cTpykrypax Me/ZnO/anma3
u ZnO/Me/anma3. B crpykrype Me/ZnO/anma3 xapakrep
W3MEHEHUs napaMeTpa S, IPH HCIOIb30BAHUM Pa3IHd-
HBIX METa/UIOB KAueCTBEHHO II0J00EH IOBEACHHUIO
napameTpa S, B cTpykrype Me/ZnO/Me/anmaz. OnHako
OTMEYEeHO, YTO eclii B CTpykTypax Al/ZnO/Al/anma3
1 Mo/ZnO/Mo/anma3 Benn4rHbI TapaMeTpa S, CPaBHUMBI
(em. puc. 2, a, 6), T0o mia cipykryp Al/ZnO/amva3
u Mo/ZnO/amva3 3HaYeHUs mapamerpa S, CYIIECCTBEHHO
omimyatores (puc. 5, a, 6). B 4acTHOCTH, IpH NCTIONB30-
Banuu Al nipu 3Hauenuu hxf= 700 m/c u d/h = 0,1 3Haue-
Hue mapamerpa S,=0,075, a mpm ucrnonp3oBaHmd Mo
Bemmumaa S, = 0,21. s crpykryp Pt/ZnO/Pt/anmas
u Pt/ZnO/anma3 xapakTep MOBEISHUS] U 3HAUCHHUS Mapa-
MeTpa S, MPaKTUIeCKH He MEHSIoTCs (puc. 2, 8, puc. 5, 8).

B crpykrypax ZnO/Me/anmma3 xapakTep TOBEICHUS
Jcriepcuy napamerpa S, Moabl Ly MEHSeTCS: BBICOKHE
3HAQUEHHs YyBCTBUTEIHHOCTH CMEHSIOTCS HU3KHMH,
n HaoOopoT. Hampumep, mpu ucnonb3oBaHuu cinost Al
nipu 3Hauenun ixf= 700 m/c u d/h = 0,1 napamerp S, = 0,18,
s Mo S, = 0,06, u s Pt S, = 0,12.

Ha puc. 6 npencrapieHbl qUCTIEPCHOHHBIE 3aBUCUMOCTH
(dhyHaaMeHTabHON MoOIbl Ly BonHBI JIsiBa B CTpyKTypax
Me/AlN/aimva3 u AIN/Me/amvas. B ctpykrype Me/AlN/amva3
XapaxkTep M3MEHEHUs apaMeTpa S, MpU HCIIOIb30BaHUN
Pa3MYHBIX METAJUIOB KaYeCTBEHHO IT0I00EH TMOBEICHUIO
mapamerpa S, B cTpykrype Me/AIN/Me/anmma3z. Arano-
TMYHO PACCMOTPEHHOMY HPEIBIIYIIEMY CIIy4ar0 ¢ HECHM-
METPHYHOHN MeTtayum3anueil crpykryp ZnO/anmas B CTpyK-
typax Al/AIN/Al/anma3z u Mo/AIN/Mo/anma3 BeTHYHHBI
napamerpa S, CpaBHUMBEI (cM. puc. 3, a, 6), a U1t CTPYKTYP
Al/AIN/anma3 u Mo/AlN/anMa3 3HadeHus mapamerpa S,
CYIIECTBEHHO OTIMYAIOTCS (CM. puc. 6, a, 6). B uactHOCTH,
npu ucnonb3oBaHuM Al mpu 3HaueHmn hxf= 1600 m/c
u d/h = 0,1 3nauenune napamerpa S, = 0,09, a mpu UCTob-
30BaHmM Mo BenmuuHa S, 0,26. Ims cTpyKTYyp
Pt/AIN/Pt/anma3 u Pt/AIN/anma3 xapaktep HOBeIeHHS
W 3HAa4YeHWs] mapamerpa S, NMPaKTUYECKH HE MEHSIOTCS
(cwm. puc. 3, 8, puc. 6, g).
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Puc. 5. JlucriepcuoHHbIE 3aBUCHMOCTH H3MEHEHUsI (ha30BbIX CKOpOCTeil Mombl Ly OT mpomsBeneHus hixf
JUISL CIIOUCTOM cTpyKTYpbl Me/ZnO/anma3s (a—6) u ZnO/Me/anma3s (e—e): a, e — allOMUHUH, O, 0 — MOJIMOJICH,
6, e — IUIaTHHA; OTHOIICHUE TOJIIIUH MeTallia U mbe3odsekrpuka d/h: 0,005; 0,01; 0,05; 0,1

Fig. 5. Dispersive dependence of the change of phase velocities of the mode L on the product of Axf for the
layered structure Me/ ZnO /Me/diamond (a—6) and ZnO/Me/diamond (e—e): a (a), d (¢) — aluninium; b (6),
e (0) — molybdenum; ¢ (s), f(e) — platinic. Ratio of the metal layers and piezoelectric d/h: 0,005; 0,01; 0,05; 0,1
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Puc. 6. [lucniepcroHHBIE 3aBHCUMOCTH HM3MEHEHHUS (Da3oBBIX CKOpOCTedl MOABI Ly OT mpom3BeAeHHs hxf
Jutst citouctoit cTpykTypsl Me/AlN/anmas (a—6) u AIN/Me/anmas (e—e): a, 2 — amroMuHUiL; 6, 0 — MOIHO/CH;
6, e — IIaTHHA; OTHOIICHUE TOJNIIMH MeTala U mbe3oanekrpuka d/h: 0,005; 0,01; 0,05; 0,1

Fig. 6. Dispersive dependence of the change of phase velocities of the mode L, on the product of /sxf for the

layered structure Me/ AIN /Me/diamond (a—6) and AIN /Me/diamond (e—e): a (a), d (¢) — aluninium;

b (6), e (0) — molybdenum; ¢ (8), f (e) — platinic. Ratio of the metal layers and piezoelectric d/A4: 0,005; 0,01;
0,05; 0,1

B crpykrypax AIN/Me/anma3 XxapakTep NOBEICHHS
IHCIIepCHH ITapameTpa S, Mombl L, TakxKe MEHSIeTCs:
BBICOKHE 3HAUCHHUsSI YyBCTBHTEIBHOCTH CMEHSIOTCS HH3-
KHMH, 1 Ha000poT. Hampumep, IIpu HCTIONB30BaHUHU CIIOS
Al npu 3nadenun hxf = 1300 m/c u d/h = 0,1 napamerp
S,=0,22, o1 Mo S, = 0,097, u s Pt S, = 0,23.

Takum o0Opa3oMm, B 000MX THIIAX CTPYKTYp C HECHM-
METPUYHOW METaJUIM3alMed IPHU BBICOKMX 3HAYECHUIX
AKyCTHYECKOTO MMIIeJ[aHca METAUINYECKOTrO CJI0S MaKCH-
MaJIbHbIe 3HaYeHHsI YyBCTBUTEIBLHOCTH JOCTHIAIOTCS MPU
HaJIMYUH BEPXHET0 METAJUIMYECKOTO CJOsl, T. €. B CTPYyK-
type Me/ZnO/anma3z n Me/AlN/anmas, a npu HHU3KHX
BEIMYMHAX aKyCTHYECKOTO HMMIIeaHca — B CTPYKTypax
NpY HAIMYUH MPOMEKYTOYHOTO METAIUINYECKOTO CIIOs
(ZnO/Me/anma3 u AIN/Me/ammas).

3akaouenne. BrusHre MaccoBOil Harpy3Kd B BUIAC
IBYX METAUINYECKUX CJO0EB (MOAENUPYIOIUX BEPXHHH
W HWKHHUH 3JIeKTPOJ) Ha uU3MeHeHue (pa3oBoil ckopocTh
Av/v TUCHIEPCHOHHBIX MOJl YIPYTOi BOJHBI B ITbE303JIEK-
TPUYECKUX CIOUCTHIX CTpyKTypax Me/ZnO/Me/anma3
u Me/AIN/Me/anma3 B 3aBHCUMOCTH OT 4YacTOTBHI M OT-
HOIIEHUS d/h HaXOAWUTCS B NMPSIMOW 3aBUCUMOCTH OT 3Ha-
YEeHUS aKyCTHYECKOTO UMITE/IaHCa METAJUIMUECKOTO CIIOSL.
OtMmeueHo, 9TO MaKCUMaJIbHBIE 3HAUCHHST U3MEHEHUS (Das3o-
BBIX CKOPOCTEH MOJ YHPYTroil BOJHBI AV/V JTOCTHUTaroTCs
pu KOH(PUTYpauu cIoUCTOH cucteMsl Pt/AIN/Pt/anmas.
Kpome Ttoro, crpykryper Me/AIN/Me/anma3 obnamaioT
OONBIIMM 3HAYCHHUSAMH YyBCTBHTEIBHOCTH S,, Y€M CTPYK-

Typsl Me/ZnO/Me/anmma3z. OGHapyKeHO, YTO MaKCHMaIIb-
HBIC 3HAUCHUS BETHMYHH AV/V JOCTHTAIOTCS, €CIH TOJIIH-
Ha METAJUTMYECKOTO CIIOS KpPaTHA YeTBEPTH ITUHBI YIPY-
roii BosHbL. HeoOXoauMo OTMETHTh, YTO TPHU HHU3KHX
3HAYCHHUAX aKyCTHUYECKOTO HMIIeJaHCa METaJUINYeCKOTO
ciost Ooyiee CYIIECTBEHHBIE W3MEHEHHsS! BEJIMYMH Av/v
MPOUCXOIAT BCJICACTBHE M3MCHEHUS TOJIIUHBI HIXKHETO
anekTpoga. OJHAaKO eciaM aKyCTUYeCKHH HMIIEeJaHC
METAJUIMYECKOTO CJIOSI CPABHUM C aKyCTHYCCKHM HMIIE-
JTAHCOM TOJUIOKKH, TO B JTAHHOM CIIy4ae YBEIUYCHUC
3Ha4YCHUH BeIwmduH Av/v B OOJNbIICH CTEIEHH 00yCIIOBIIe-
HO TOJIIIMHON BEPXHETO METALUTHYECKOTO CIIOSI.

[TomydeHHbIE pe3ynbTaThl MOTYT OBITH IIOJIC3HBIMH
pu pa3paboOTKe YIPaBISEMBIX aKyCTOIEKTPOHHBIX YCT-
poiicTB Ha BonHax Panes u JlsaBa.
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HAHOMOIU®UIIUPOBAHUE ITOJIUMEPHOI'O CBA3YIOLEI'O
C OEJIBIO TOBBIINEHUS CBOUCTB YIVIEINIACTUKOBBIX MATEPHUAJIOB

. T. Kpymenxo" ', O. A. Hceesa”

'MucTuTyT BRIMKCIHTENbHOTO MoeaupoBanus CO PAH
Poccutickas @eneparms, 660036, r. KpacHosApck, AkageMropoaok, 50
*CHOMpCKHil rOCY1aPCTBEHHBINH YHUBEPCHTET HAYKH M TEXHOJIOTHIT UIMEHH akajeMuka M. @. PeurerHena
Poccutickas ®eneparnus, 660037,*r. Kpacnosipck, mpocrt. um. ra3. «KpacHosipckuii pabounii», 31
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O0HOUl U3 NPobeM KOCMUYECKO20 MAUUHOCMPOEHUSL AGISAEMCsL CHUICEHUEe MACChl 0emdanel, Y3108 U MeXaHusMo8
KaK cOOCMBEHHO KOCMUYECKO20 annapamd, max u cpedcme OOCMAGKU €20 HA opoumy, m. e. paKemvl-HOCUMEs.
IIpocpeccusnvim peutenuem 5mou npoodremvl sA6ISEMCs RPUMEHEHUE MAK HA3bI8AEMbIX CeMYAMbIX (AHU30SPUOHBIX —
anisogrid) koncmpykyui. B nacmosiyee epems cemyamoie KOHCMPYKYUU, MAMEPUALOM 01l KOMOPYIX SAGNACMCS Yeie-
NIACTUK, WUPOKO NPUMEHSIOMCS 8 KOCMUYECKOU MeXHUKe Olisl U320MOGIEHUs PA3IULHbIX HYCIMOMENbIX mpyouamoix
U KOHUYECKUX KOHCMPYKYUll Kocmudeckux annapamos. Haubonee pacnpocmpanennvblm cnocobom u3eomosienust yaie-
NIACMUKOBLIX CemuamuvlX KOHCMPYKYULL A6IAEMCs UX HAMOMKA U3 Y2iepoOHbIX 60710KoH. OOHAKO npu 8cex NOoXHCU-
MebHBIX KAYecmeax yeneniacmuKo8blX KOHCMPYKYUll, 8 c8a3U ¢ 0OHOHANPABTIEHHOCMbIO UX CMPYKMYpbl, UX d¢hdex-
MUBHOE UCNOIBL308AHUE BO3MONCHO MOAbKO NPU OOHOOCHOM HASPYICEHUU, KO20d DACMALUBAIOUWUE U CHCUMArOUUe
HanpaxjceHus co8nadarm ¢ HanpasieHuem 80J10KOH. B ciyuae cnoocnozo conpomugnenus unu uzeuba, kozoa 8 mame-
puane 803HUKAEM CLONCHOE HANPAXCEHHOe COCMOSHUE, MO2YN NPOU30UMU PpA3PYUEHUs KAK OMm O0elcmeUsl CKAIbl8AIouUX
KacamenbHbiX HANPA’CEHU, MAK U OM HOPMAaabHbIX Hanpaxcenull. Cmpoeas opuenmayus 60J10KOH 8 0OHOM Hanpasie-
HUU 00ycro61usaem aHU30Mponuio GU3UKO-MEXAHUYECKUX C80UCE OOHOHANPABIEHHBIX KOMNo3umos. Ilpu nazpyske,
NPUTIONHCEHHOU HOPMATLHO K HANPABLEHUIO B0JOKOH, NPOUCXOOUM paspyulenue yeieniacmuko8ou KOHCMPYKYUU npax-
muuecku 6e3 ee npedeapumenvrol niacmudeckol oegpopmayuu. IIpobrema noewviuleHUss MEXAHUUECKUX CBOUCME Yeie-
NIACTNUKOBLIX MAMEPUALO8 YCREWHO Peuaemcs 8 pe3yibmame 68e0eHUsi 8 NOIUMEPHOe Cea3yIoujee HaHONOPOUIKOS
PA3TUYHBIX XUMUYECKUX COeOUHeHUN. Dmom npoyecc HA3uleaemcsi HaHomooupuyuposanuem. Ipuuem 6 smom niamne
Haubonee IhPeKmusHbIM OKA3ANUCH Y2lepOOHbIE HAHONOPOWKU, 6KITI0UASL HAHOAIMASYL.

Knrouesuie crosa.: kocmuueckue annapamel, CHUNCEHUEC MACCHI, HAHOMOOUGUUUPOBAHUE NOTUMEPHO2O0 CAZYIOUE20.
Siberian Journal of Science and Technology. 2017, Vol. 18, No. 3, P. 651-657

NANO MODIFICATION OF POLYMER BINDER
WITH THE AIM OF IMPROVING THE PROPERTIES OF CARBON FIBRE MATERIALS

G. G. Krushenko" ", O. A. Iseeva’

'Institute of Computational Modeling SB RAS
50, Akademgorodok, Krasnoyarsk, 660036, Russian Federation
*Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
"E-mail: genry@icm.krasn.ru

One of the problems in space engineering is the reduction of masses parts, assemblies and mechanisms as the actual
spacecraft, and the means to deliver it to the orbit, i. e. booster. Progressive solution of this problem is the use of so-
called net (anisogrid) structures. And currently mesh structure, the material for which is carbon fiber, are widely used
in space technology for the manufacture of hollow tubular and conical designs of the spacecraft. The most common
method of making carbon mesh designs is the winding of carbon fibers. However, with all the positive qualities
of CFRP structures, in connection with the pointedness of their structure, and their effective use is possible only under
uniaxial loading when tensile and compressive stresses coincide with the fiber direction. In the case of complex resis-
tance or bending when the material occurs in the complex stress state can cause the destruction, as from the action
of shear stresses and normal stresses. Strict fiber orientation in one direction leads to anisotropy of physical and
mechanical properties of unidirectional composites. When the load applied normal to the direction of the fibers is
destroyed by carbon fiber construction practically without preliminary plastic deformation. The problem of improving
the mechanical properties of the CFRP materials was successfully solved by introducing in the polymer binder nano-
powders of different chemical compounds — a process called nanomodification. And, in this regard, the most effective
was the carbon nanopowders, including nanodiamonds.

Keywords: space vehicles, weight reduction, nanomodification polymer binder.
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BBenenne. OnHOI U3 BOXHBIX MPOOIEM KOCMUYECKO-
IO MaIIMHOCTPOCHUS SBJISIETCS MAaKCUMAJIEHO BO3MOXKHOE
CHIDKEHHE MACChl KaKk COOCTBEHHO KOCMHUYECKOTO arapa-
ta (KA) [1], Tak 1 cpencTB JocTaBKH €ro Ha OpOHTY, T. €.
paketsi-Hocutenst (PH) [2]. TIpu 3ToM mpu U3roTOBICHUN
pas3nmuuHbIX fetanei u y310B KA u PH pemenue 3toit
poOIeMBl MOXKET PEaTH30BBIBATHCSA KaK Yepe3 M3MEHe-
HUE WX KOHCTPYKIHH, TaK U B pe3yjbTaTe NMPUMEHEHHS
HOBBIX MaT€praioB U TEXHOJIOTHH.

OJHUM M3 MIPOTPECCHBHBIX PEILISHUI TOI MpOOIIEeMbI
SABUJIOCH NIPUMCHEHHUE TaK Ha3bIBACMbIX CCTYATBIX (aHI/I-
30TpHIHBIX — anisogrid, anisotropic grid; aHu3orponus —
OT TpeY. dnisos — «HEPaBHBIN» U 1rOpo — «HATPABICHHUE))
KOHCTPYKIMH, NMPUMEHEHHEM KOTOPBIX B aBHACTPOCHHHU
OITHUM W3 TIEPBBIX Hadal 3aHUMaThcs B. B. Bacumses [3].
W HacTosimiee BpeMs ceTdaThle KOHCTPYKLHH, MaTepha-
JIOM ISl KOTOPBIX SIBISETCS YTICIDIACTHK, IIHPOKO TPH-
MEHSIOTCSI B KOCMUUYECKOH TeXHUKE [4] 711 U3rOTOBJICHUS
Pa3IUYHBIX MyCTOTENbIX TPYOUaThIX M KOHHMYECKUX KOH-
crpykmmii KA. OgHa U3 Takux KOHCTPYKLHMI — amgamTep,
obecrieunBaOIIMi MEXaHUYECKOE COEJIMHEHHE KOCMUYe-
CKOTO amrapara ¢ pakeToi-HOCHTe M, MoKa3aHa Ha puc. 1.

Puc. 1. Ceruarslii anantep [4]
Fig. 1. Netted adapter circuit [4]

B HacTosimee BpeMs paclpOCTpaHEHHBIM CIOCOOOM
H3TOTOBIICHUSI YTJICIUTACTHKOBBIX CETYATHIX KOHCTPYKITUI
SIBIIIETCSI WX HAMOTKa W3 YIJIEPOAHBIX BOJOKOH [5].
B uvactaoctu, agantep PH «IIpoTton-M» usroraBiuBancs
HAMOTKOMH JICHTHI, COCTOS{IHCI‘;I 13 MPOMUTAHHBIX 3MTOKCUIHBIM
CBA3YIOIIUM YIVICPOJAHBIX KI'YTOB, HA KOHUYECKYIO OIlpaB-
KY, HOKPBITYIO 2JIACTHYHBIM MaTepraioM [4] (puc. 2).

Puc. 2. HamoTka ByX afantepoB MOJE3HOW HArpy3Ku
11 pakeTsl-HocuTens «IIpoton-M» [4]

Fig. 2. Spinning of two adapter circuits of net load
for the booster “Proton-M” [4]
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OpHaKo HpH BCEX IOJIOXKHUTEIBHBIX KayecTBax yrie-
TUTACTUKOBBIX KOHCTPYKIMH, B CBS3M C OJHOHAIPABIICH-
HOCTBIO HX CTPYKTYPHI, UX 3Q(PEKTHBHOE UCIIOIB30BAHIE
BO3MOJKHO TOJIBKO TIPH OJHOOCHOM HArpy>KCHHHU, KOTIa
PaCTATHBAIOIINE U CKUMAFOIINE HAIPSHKCHUS COBIANAIOT
C HampaBJIEHHEM BOJIOKOH [6]. B cimywae cioxxHOTro co-
NPOTUBIICHHS WX U3ruba, KOrja B Marepualie BOSHUKAET
CIIO)KHOE HAIPSDKEHHOE COCTOSIHHE, MOTYT TIPOHM30HTH
pa3pylIeHns] Kak OT JEHCTBUS CKAIbIBAIOLINX KAacaTeIbHBIX
HampsDKeHUH, Tak M OT HOPMAaJbHBIX HampsykeHui [7].
CTpOFaH OpHUCHTAIUsA BOJIOKOH B OJHOM HaIlpaBJICHUU
00yCIIOBIMBAE€T aHU30TPONHUIO  (PHU3NKO-MEXAaHUYECKUX
CBOICTB OJTHOHAIIPABJIEHHBIX KOMNO3uTOB. [Ipn Harpys-
K€, TIPHIOKEHHOI HOPMaJIbHO K HAIPABJICHHUIO BOJIOKOH,
MPOUCXOIUT Pa3pyIICHHE YTICIUIACTUKOBOH KOHCTPYK-
UM TIPAKTHYECKH Oe3 ee IpeIBapUTEIbHON IUTacTHYe-
CKOI1 edopmartum, 9To moKa3aHo, HalpuMep, Ha puc. 3.

a o

Puc. 3. @parMeHTHI yriieruiacTUKOBOM KOHCTPYKIINM afantepa (a);
B HIDKHEH "acTu oOpasma Ne 5 BUaHBI BOJIOKHA (0)

Fig. 3. The segment of carbon construction of adapter circuit (a);
at the bottom the sample Ne 5 we can see threads (6)

HanomonupuuupoBanue. C T1eJIbI0  TOBBIIICHUS
(DYHKUMOHAJIBHBIX ~ BO3MOXKHOCTEW  YIJICTUIACTHKOBBIX
KOHCTPYKIMH MpPEACTAaBISAETCS BO3MOXXHBIM HCIIOJIB30-
BaTh PE3yJNbTaThl HCCIENOBaHUH [§], MoIydYeHHBIE MpH
BBEJICHHH B IIPOTEKTOPHYIO PE3MHY MaTEpHalloB, OTHO-
CSIIUXCS K 3JIaCTOMEpaM, Kak 1 STIOKCHIHbBIE MaTEPHAIIBI,
MPUMEHSIOIINECS B KAUECTBE CBS3YIOIINX IIPH MPOU3BOJI-
CTBE YIJICIUIACTUKOB, HAHOIIOPOIIKA MPUPOTHOTO rpadu-
Ta. PaGora OblIa BEIMONHEHA C IIETBI0 YCTAHOBICHUS
BO3MO)KHOCTH 3aMEHBI B COCTaBE€ NPOTEKTOPHBIX PE3HH,
MPUMEHSIOIIUXCSI TPH MPOU3BOJICTBE TI'PY30BBIX IIHH,
TEXHHUYECKOTO YIJIepoa — JOPOTOCTOSIIETO MPOIYyKTa,
MOJTy4eHHE KOTOPOTO TEXHOJIOTHYECKH CIIOKHO, KpOMe
TOTO, 3TO CBSI3aHO C YXYALICHUEM KOJIOTHYECKOH 00cTa-
HOBKH.

Hcxonsa U3 CBOMCTB MPUPOJHOIO CKPBITOKPHUCTAILINYE-
ckoro rpagura Kypeiickoro mecropoxaenus [9] n yuu-
ThIBas MPUCYTCTBHE B HEM J0 4 Mac. % 3011bl, cojepKarieit
pa3MYHBIE OKHUCIBL, B TOM duclie MeTaimioB (28,38 %
Si0,; 14,57 % Fe,05; 26,77 % CaO; 0,06 % P,0s; 0,82 %
Ti0,; 0,353 % MnO; 1,41 % NayO; 21,43 % ALOs; 5,32 %
MgO; 0,25 % K,0) [10], Ob10 perieHo onpodoBath ero B
pelentType Takux MPOTEKTOPHBIX PE3UH, B KOTOPBIX OHU
BBINOJIHAIOT aKTUBHYIO POJIb B IPOLECCE CTPYKTYPHUPOBaA-
HUs Kaydyka. Cienyer Ipu 3TOM OTMETHUTh, YTO MCIOJIb-
30BaHME /ISl OTOM 1€ NPUPOTHOTo rpadura SKOHOMH-
YEeCKH BBITO/IHEE, UeM CUHTETHYECKOI0 yIiepoa, Tak Kak
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MOCIIEAHNI TPOM3BOMUTCA Ha  CIEIHMAIN3UPOBAHHBIX
3aBoJaX, TOTAAa Kak KypeHckui rpadur moObIBaeTcs
OTKPBITBIM CIIOCOOOM, a JUISI €r0 IPUMEHEHHUS B pe3nHaX
TpeOyeTcst TOBKO MPOU3BECTH U3MENBUCHHE, B CBSI3H C YeM
cebecTonMOCTh TPaQUTOBBIX HAIMOJIHUTENEH OKa3ajiach
Ha 25-30 % HmKe, 9eM ISl CHHTETHYECKOTO yTieposa.

C oroii menpi0 OblIa pa3paboTaHa TEXHOJIOTHS
n3MmenpueHus rpadura [11], npu KOTOpOH KYCOUYKH PY/Ibl
¢ pasMepamu nopsiaka 10 MM M3Menpyaiu BHavaje B Iiie-
KOBOM MeJbHHUIIE A0 pa3MmepoB uacTui MeHee 0,1 MM
C yIeJIbHOU IMOBEPXHOCTHIO JI0 6 M/, manbHeifinee w3-
MeJIbYEHHE TNPOM3BOAWIN B IEHTPOOESKHO-IUIAHETApHON
MenpHHLE pu yekopeHnun 40 g. [Ipu sTom 6buM 1101100-
paHbl, KOJIMYECTBEHHO ONTHMHU3MPOBAHBI U HMHTEPKaIIHU-
POBaHBI B MEXIUIOCKOCTHOE TPOCTPAHCTBO TPaUTOBBIX
CETOK COOTBETCTBYIOIINE JICTEPTEHTHI, KOTOPBIE B IPOIIecce
00pa0bOTKH TIO3BOMIIN Pa3pyIIUTh TPpaduT, MPAKTHICCKH
He paspymas rpaduroBsle ceTku. Takoe mucmeprupoBa-
Hue rpaduTa He NPUBOAMT K TMOSIBJICHUIO HHU3KOMOJIEKY-
JIAPHBIX COEIMHEHUH CO CBOWCTBAMU CMOJ WM achaib-
TCHTOB M IIO3TOMY TOJIBKO YBCIIMYMBACT YJCJIbHYIO
MOBEPXHOCTH 10 60—80 M*/T IPH MONyYEHHH YACTHI IPa-
¢ura pazmMepoM oxono 50 HM C cozpepXKaHHEM yriiepona
1o 91,6 mac. %. M3MmenbueHue ¢ MpUMEHEHUEM LIEHTPO-
0€XHO-TUITAaHETapHOH MENBHHUIBI CBOJIUTCS HE TOJBKO
K IUCTIEPTUPOBAHMIO, HO U K MEXaHOAKTHBALMU H3MEIb-
YaeMBIX YaCTHII, YTO MOBBIIIAET WX SYHEPTOHACHIIIEHHOCTh
[12] B pe3ynmpTaTe HAKOIUIEHUS CTPYKTYPHBIX NE(PEKTOB,
YBEJIMYEHHS] KPHUBU3HBI TIOBEPXHOCTH M JaKe aMOophu3alum
KPHUCTAJUIOB (B IaHHOM cilydae rpaduTa), 9TO YCHINBAET
X XMMHYECKYIO0 aKTHBHOCTH [13], a mpHu MCTIONBb30BaHUH
B U3ACIHAX — YJIydIIa€T UXx (l)l/ISI/lKO-MexaHI/I'-IeCKI/Ie ", KaK
CJIC/ICTBHE, SKCILTYaTallHOHHbIE XapaKTEPHUCTHKH.

[Monyuennsiii rpaduroBslii Hanonopotuok (HIT) B xo-
nuyecTBe 5 Mac. % BBOAWIM B COCTaB «PE3MHOBOIl cMe-
cn» (KaydyK, TEXHUYECKUI yIiiepoJ, KpeMHHEBasi KHUCIIO-
Ta, cepa, Macyia U CMOJIbl, ByJIKaHU3AI[IOHHbIE aKTUBATO-
pet — o 20-tu komnoHeHToB 1o 'OCT 5513-97) B3amen
TEXHUYIECKOTO yIJIepoa M BEIIOIHSIN BCE TEXHOIOTHYE-
CKHE OIepaIiy, CBSA3aHHBIE C IMPOMU3BOJICTBOM MPOTEK-
TOPHBIX PE3WH, B pe3ylbTaTe 4Yero MOJIydaldl PE3HHY,
XapaKTEepPUCTHKH KOTOPOW TPEBBIMIATH TAKOBBIE JUISA
00bIYHOW pe3uHbl (cM. Tabmuiy). Ilpuuem mnpucyrcrt-
ByIolllMe B 00bEME pEe3MHBbl HAHOYACTHUIIBI YIiepoja He
TOJIBKO NMPHUBOAAT K €€ ynpouHeHuio [14], Ho u BcueacT-
BHE TOTO, YTO BaKHEHIIEH OCOOCHHOCTBIO YIBTPAJNC-
MIEPCHBIX CHCTEM SBIISICTCS MX MCKIIOYMTENIFHO pa3BUTas
MTOBEPXHOCTh, BOJIM3M KOTOPOH HAaXOMUTCS 3HAYMTEIIbHAS
JoJIsL aTOMOB [15], HAHOYACTHIIBI BHOCST OIpeeeHHBII
AHTUBHOPAIIMOHHBIN BKJIAJ 32 CUCT YMCHBIICHUS aMILIH-
TyIBI KOJEOAaHUI B pe3yibTaTe BOSHUKHOBEHHS d(pQeKTa
TPEHHUS Ha UX MTOBEPXHOCTSX.

[Mony4eHHble naHHbBIE MTOKA3BIBAIOT, 4yTO BBeAeHne HIT
rpadura B NPOTEKTOPHBIE PE3UHBI CIIOCOOCTBYET CHIKE-
HUIO TEIUIO00pA30BaHUS M O00OECIIEUMBAET CYIIECTBECHHOE
MOBBIIIEHUE YCTAJOCTHOW BBIHOCIMBOCTH B Pa3IMYHBIX
pexxumax aedopmarmu. ITOT (aKT CISIyeT paccMaTpu-
BaTh KaK MMEIOIUI OOJbIIOe MPAaKTHYECKOE 3HAYCHUE,
MOCKOJIbKY YIPYTOTUCTEPE3UCHBIE W YCTAIOCTHBIE CBOM-
CTBa PE3MH BO MHOTOM OIPEAEIISIOT AKCILTyaTal[iOHHbIE
XapaKTEepUCTUKH MMHEBMaTHUeCKUX mKH. KpoMe Toro, 311
pe3ynbTaThl MOATBEPIAWIN TEOPETHUYECKUE IPEACTaBIIe-
HUA O MEXaHU3ME BJIUAHUA TIPUPOAHOTO Fpa(l)I/ITa
Ha CBOMCTBA PE3UHBI.

Crnenyer OTMETHTb, YTO 3TH PE3YJIbTATHl COBIANAIOT
Ha KaueCTBEHHOM YPOBHE C JaHHBIMH, OITyOJIMKOBaHHbI-
MH H3BECTHOH B 00JAacCTH HPOU3BOJCTBA M HMPUMEHEHHUS
Ha”omnopomkoB (upmoit NaBond Technologies Co., Ltd.

HONG KONG (#93B i G BR/2F]) [16], cornacuo ko-

TOPBIM B PE3YJIbTAaTC BBCACHUA B PE3WHY HAHOIIOPOIIKA
kabuna kpemHus SiC HOBBIIAIOTCS 3KCIDTyaTallMOHHBIC
XapaKTEPUCTHKN M3TOTOBIIEMBIX M3 HEe M3MENHii, a Tak-
JKe ¢ JaHHBIMH paboThl [17], B KOTOpOW OIUCaHBI MOJIO-
KuTenbHble YQ(EKTHl OT BBEAEHHS HAHOYACTHI] OKCHAA
TIOMHHUS B METANIOPE3WHOBBIE KOMIIO3HTHI, HCIIOIb-
3yeMble JUI HM3TOTOBJIEHHS TOPMO3HBIX KOJIOIOK, 3KC-
IUTyaTanusi KOTOPBIX IPOXOAUT B IKECTKUX YCIIOBHSX,
BKITFOYast BUOPAIIHIO.

VYBennueHne NPOYHOCTHBIX XapaKTEPUCTHK IUIacTMac-
cel B 3—4 pa3za Obuio monydeHo [18] nmpu BBeeHUH B Hee
IByokncH kpemHus SiO, ¢ pazmepamu dactuil 10 50 HM,
B pe3yJbTare TOro, YTO IUIABSILAsics IUIacTMacca 3aroj-
HSET MeJIbUalime IMYCTOThI B HAHOYACTHUIAX, YTO CO3AacT
MPOYHBIE CB3M MeXAy atomamu SiO, W IUIacTMaccou
Ha OoJBIION miomaayn noBepxHocTH. W Harpyska, BO3-
JISMCTBYIOIIAs] HA HAaHOIUIACTMAcCy, JICJIUTCS B ee 00beMe
Ha MHO’KECTBO B3anMojaeicTBuii ¢ HaHoyacturamMu SiO,.
ITo Mepe mMpoABMKEHHS TPEIIMHBI B KOMIIO3UTE OHA JIPO-
6I/ITCH Ha BCC MCHBIIMC W MCHBHUIME TPCIIUHKH, I1IO0Ka
Marepual He NorIoTHT (pacceer — dissipated) sHepruto
Harpy3Ku. ABTOpPBI Ha3BaJ W pa3padOTaHHBIA CIocob
CHHEPreTUYECKHM YIPOYHEHUEM, MM HAaHOMACIITaOHBIM
ynpouyHeHueM. PazpaboTaHHas HaHOIUIacTMacca IOKa3a-
Jla TaKylo K€ TeIIOCTOMKOCTh, KaK M INIACTMAcChl C Tpa-
(UTOBBIMM  BOJIOKHaMH, HO BBIJEp)XKHBaJIa YAapHBIE
Harpy3ku B 45 pa3 Gosblre.

B cBeTe M3I0)KEHHOTO, CIEIyeT COTIACUTHCS C aBTO-
pamu paboTsl [19], KOTOphIE CUMTAIOT, YTO MEPCIIEKTHB-
HbIM PCHICHUEM np06neM1>1 MOJYyUCHUA YTJICTIIIAaCTUKOB
C TOBBIIICHHBIMHU XapPAKTEPUCTUKAMH SIBIISICTCS CO3/1aHHE
YIJIEIUIACTUKOB CO CBSI3YIOLIMM, B 00beMe KOTOPOTO paB-
HOMEPHO pacIpelielieHbl YIbTPaAUCIIEPCHBIE YTIIIEPOIHbIE
JaCTHIBL.

Bymsinne HII rpadgura Ha cBOiiCTBa NPOTEKTOPHBIX Pe3HH

Ioxkasarens Pe3unoBas cMech
CranmapTHBINH C nobGaBkoii 5 mac. 4.
cocTaB HaHOIOpoUIKa rpadura
VYcnoaoe Hanpsikenue npu 300%-m yutnaennn, MIla 9,2 10,1
YcnoBHas IpoYHOCTH NpH pacTsbkeHnd, MIla 21,8 21,6
ConpoTuBiieHHE MHOTOKPaTHOMY pacTsbkeHuto, 1000 nukios 80 103
Comnporusnenue odopazoBanuio Tpennt, 1000 nukios 219 283
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[omoOHast TEXHONOTUSI IPUMEHSETCSI IPH U3TOTOBJICHUH
YTIENIacTUKOBBIX KOHCTpYyKIuil B AO «lleHTpanbHblil
HaY4HO-HCCIIENOBATENbCKUIl HMHCTUTYT  CHELHUAIBHOTO
MaImImHOCTPOeHHUD» (T. XOTHKOBO) — BEAYILEM IpEaIpH-
i Poccuu 1o mpou3BOACTBY KOHCTPYKLMN M3 COBpe-
MEHHBIX TIOJMMEPHBIX KOMIIO3UTHBIX MAaTE€pHalIOB [UIs
PaKETHO-KOCMHYECKOH TEXHUKH. AHaIM3 M CONOCTaBIIC-
HUE JAHHBIX Pa3NWYHBIX 3KCIIEPUMEHTOB Mokazanm [19],
YTO BCE THUIIBI HCCIIEAYEMBIX YacTHI 3P(PEKTUBHO BIUSIOT
Ha TPEIIMHOCTOWKOCTh (KpUTHYECKUH KO3(h(ULKEHT
WHTCHCUBHOCTH HANpPsHKCHUH Bo3pactaeT B 1,5-2 pasa)
SMOKCHIHOM Marpuiusl. Ho mpu 3TOM B 3aBHCHMOCTH
OT JIMCTIEPCHOCTH YaCTHL] OCHOBHBIMHU SIBIISIFOTCS pa3jInuHbIe
CTPYKTYpHBIE MeXaHu3Mbl. s Gosee KpyNHBIX YacTHIL
(pasmep arperatoB ot 60 1o 100 HM) OCHOBHBIM SIBIISICTCS
MEXaHM3M 3aJIepKKH (PPOHTA TPEIIMHBI NPHIICTAIOIUMA
K arperaram CTpyKTypHPOBaHHBIMHU OOJIACTSIMU MTOJTMMEPa
(puc. 4). [lns Oonee MENKUX YacTHIl IpeodIagaeT Mexa-
HU3M COIPOTHBIICHUS OOPA30BaHMIO TPEIIMH Ha CYET
CHIDKEHUS 1e(PEKTHOCTH M HEOJAHOPOJHOCTH SHOKCHIHON
MaTpHILIBL.

[pu wuccnenoBaHUM TMOJMMEPHBIX MaTEpHAIOB, COEp-
JKaIIUX yJIBTpasucIiepcHble yrinepoansle yactuipl (YY),
6buto 3ameueHo [20], 4TO MyTh ABWXKEHHSI TPELIMHBI
B KOMITO3HUTE C MaJIbIMU BKJIIOYEHUSIMH TpeOyeT OO0JIbIINX
3arpar 3Heprud. YJ[U He SBIAIOTCS KOHUEHTPATOPaMHU
HalpsDKeHWH B OTIIMYME OT Oojiee KPYITHBIX YacTHIL; BBE-
neaue Y/IU mpuBOAWUT K ynopsiioYeHHIo Mopdosornye-
CKOH CTPYKTypbl nonumepa. OHU TaKkKe MOTYT CIIyXKHTh
B Ka4yeCTBE LIEHTPOB CIIMBKH IOJMMEPHON CETKH (T. €.
CIOCOOHBI 3ae4nBaTh Je(EeKThl CETKH), MOTYT arjome-
pHUpoBaTh, 00pa3ys MPOCTPAHCTBEHHBIN Kapkac B o0beme
MOJIMMEPHOTO KOMITO3UIIMOHHOTO Marepuana. Moaudu-
LUpyoLIas CocoOHOCTh yriaepoansix YU obycnosnena
uX OONBIIUMH SHEPreTUYCCKHM MoTeHImaioMm [21],
KOTOpPBIH CBSI3aH C BBICOKOM KOHIEHTpAaIMeld aTOMOB
Ha TIOBEPXHOCTH YacCTHLIBI (10 CPABHEHUIO C KOHIICHTpAIUeH

B 00beMe), OONBbIION y/AeIbHON MOBEPXHOCTHIO OJHOHA-
NIPaBJIIEHHOT'O yTJIEIUIaCTUKa Ha ero ocHose. Jlims monu-
(hUIPOBaHHOW MATpHIBI HAONIONACTCS CMEHA MEXaHH3-
Ma pa3pylIeHHs MPU yJapHOM BO3JICHCTBHH C XPYIIKOTO
IO TICEBIIOTIACTUYIHOTO, KOTOPBIA 00yCIIOBIIEH 00pa3oBa-
HHEeM (pakTaja CTPYKTYpHOU MOBpexaeHHocTh. Mccre-
JIoBaHMs NIokasaiu [19], uTo BBeqeHUE anMa3orpauTHbIX
YacTHUIl NMPUBOJUT K POCTY AATE€3HU CBS3YIOIIETO K BO-
JIOKHY, YTO OTpa)kaeTcsi Ha CMEHE MEXaHW3Ma paspylie-
HUsI OJHOHAIIPaBJICHHBIX O0pa3LOB MpPU PpaCTSHKEHHU
u casure (puc. 5).

[NoBbImeHne QyHKIMOHAIBHBIX BO3MOXHOCTEH yrie-
TUTACTUKOBBIX KOHCTPYKIMH YCHEUIHO PELIaeTcs C OMO-
1610 HAHOMOIU(DHUIIMPOBAHHS IOJIMMEPHOTO CBA3YIOLIETO
IyTeM BBEJICHUS B HEr0 YIJIEPOTHBIX HAHOTPYOOK WM
HAHOYACTHII, BKJIOYas W AECTOHAIMOHHBIE HAHOAIMAa3bl
[22; 23], a Taxxke ¢dymaeperoB. B pabote [24] ycraHOB-
JIHO, YTO NPU MOAWU(DHUIMPOBAHMU IOJTUMEPHON MaTpH-
bl QyuiepeHaMu Mpeaest IPOYHOCTH YIVICIIACTHKA IIPU
ckaTuu nosblimaercs Ha 31 %, a mpezen NpoYHOCTH MPU
pactsxkeHud — Ha 10 %, 4TO CBSI3aHO C MOBBIIICHUEM BS3-
KOCTH pa3pyLIeHHs] MaTPHLIbI, B Pe3yJIbTaTe Yero CHUKaeT-
Csl BEpOSITHOCTh 00pa3oBaHMsI B HEH XPYIKOH TPEIIMHBI,
n oOpasyromyecs: pu HarpyXeHUH 00pa3OB TPELIMHBI
HE pacrpoCTPaHsSIOTCS MPSIMOJIMHEWHO, a TIPOXOASAT BOJI-
HOOOpa3HO.

AsnloMuHHeBbIe MPOGUIN ¢ BOJOKHUCTON CTPYK-
Typoii. Bo3MOXXeH elle OOUH BapHaHT H3rOTOBJICHHUSA
CeTYATBIX IYCTOTENbIX KOHCTPYKIMH C NPHUMEHEHHEM
HPOTSDKEHHBIX NpoQuiel ¢ BOJOKHHCTBIM BHYTPEHHHM
cTpoeHneM (puc. 6), KOTOpBIE MOMYYArOT IIyTeM IIPECCo-
BaHMs KOMIIO3MLMHM W3 YaCTHIl AIOMHHHUEBOIO CIUIaBa
W HaHOIOPOIIKOB XUMHYECKUX COEAWHEHWH (HUTPUJIBL,
OKcHbI, KapOuasl u ap.) [25]. [lonyueHHbIe TaKUM CIIO-
co00OM MpoGHIM UMETH TOHKOCTEHHYIO 000JI0uKy (1ecs-
ThIE JOJIM MM) M BHYTPEHHEE BOJOKHHCTOE CTpPOCHHE,
a MX CeUeHHE ONPeeIIsIOCh TeOMeTpHel (GpHITbepsl.

Puc. 4. [ToBepxHOCTh pa3pylueHuUs] HeMOU(PULUPOBAHHOTO SIMOKCUAHOTO CBA3YIOLIETo (&)
1 MOIU(UIKMPOBAaHHOTO yibTpaauciepcHbiMu yacTuiamu 0,025 % YIT-AT (x10000) (6) [19]

Fig. 4. The surface of destruction of intact epoxide binders (a)
and modified ultrafine particles,025 % UDP-AG (x10000) (b) [19]

Puc. 5. IloBepXHOCTE pa3pylIeHNs] OTHOHAMPABICHHOTO yIieIuIacTuka 6e3 Moaudukanmu (a)
n moudunuposannoro AIIT-AT (6) [19]

Fig. 5. The surface of destruction of UD carbon without design change (a) and modified UDP-AG (b) [19]
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Puc. 6. Bonokuuctsiii npytok & 9,5 MM co BcopoToit 060104koi (a, 6);
npoduy (Ui cpaBHEHUS, HA 3aJHEM IUIaHe JUThIe P00kl & 72 MM) (6)

Fig. 6. Fibrous bar stock & 9,5 m with cut open cover (a; 6); the forms
(on the background for comparison the molded tests & 72 mm are given) (8)

MexaHuveckre cBoicTBa npyTtka & 9,5 MM ¢ BOJIOKHH-
CTOI CTPYKTYpOW, OTIPECCOBAHHOIO W3 T'PAHYJ aJTIOMHU-
Hueporo cmiasa AJI0, coctaBisor: o, = 98,1 MIla, 6, =
=48,1 MIla u & = 42,8 MM, TOr1a KaK IIpx €ro IPEecCOBaHUN
u3 cMmecu Takux ke rpanyn + HIT BN 6, nossimaercsa no
113,8 MIla (na 16,0 %), cp, — 1o 56,9 Mlla (na 18,3 %)
nd — no 43,2 (ua 0,9 %), a u3 rpanyn u HII TiCN — o,
noBblmaercs 10 121,6 MlIla (na 24,0 %), 6o, — 10 59,9 MIla
(na 22,5 %) n & — no 43,9 (va 2,6 %). Ucnbitanus npu
MIOTIEPEYHOM 3HAKOIIEPEMEHHOM H3TMOE OT BEPTHUKAIN
B 00e cropoHb! Ha 90° npyTKOB &J 5 MM M3 TOrO ke CIula-
Ba MOKa3aJIM, YTO JUISL X MOJHOTO pa3pyLIEHHs B MecTe
3akperureHus Tpedyercs 9—11 MUKIIOB, TOTAa KaK MPYTKH,
ormpeccoannsie u3 rpanyn u HII TiCN, paspymarorcs
yepe3 18-20 muxitoB. BrICOkas IIIACTHYHOCTH BOJIOKHH-
CTBIX NpoduIieil JeMOHCTpupyercs Ha puc. 7. B Hacrosiiee
BpeMsi pa3pabaTblBaeTCs TEXHHYECKass JOKYMEHTaIUs
Ha M3TOTOBJICHHE CETYATHIX KOHCTPYKIMHA U3 Tpoduieit
C BOJIOKHUCTOH CTPYKTYpOH.

O/

Puc. 7. U3rub npytka & 5 Mmm
C BOJIOKHUCTOM CTPYKTYpOi

Fig. 7. The bar stock bend & 5 mm
with fibrous structure

BriBoabl u 3akirodyeHue. B pesynbraTe paccmorpe-
HUSL TEXHOJIOTHI MPOM3BOJCTBA IMYCTOTENBIX KOHCTPYK-
LU JIeTaTeNIbHBIX alapaToB YCTAHOBJIECHBI T€ WM HHbIE
0COOEHHOCTH NMPUMEHEHUS U 3TOH IeIM IIEHOMETAIIOB
U YTJIEIIACTUKOB M PACCMOTPEHA BO3MOXHOCTH IpHMe-
HEHUsSI IS ATOH Ienu mpoduiieil ¢ BOJIOKHUCTONH CTPYK-
TYpO#, TOJTYYEHHBIX METOJOM O3KCTPY3HU KOMITO3HUIIHH,
COCTOAIICH W3 INIACTUYHOTO MeTauia (Ha MpHUMepe ajro-
MUHHSI WIA aJTIOMUHHUEBBIX J1e(OPMUPYEMBIX CILJIABOB)
Y HAHOIOPOIIKOB BBICOKOIPOYHBIX XUMHUYECKHUX COEIH-
HEHHI (HUTPHIBI, OKCUIBI, KAPOHIBI U 1Ip.).
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PEAJIM3AIIMSI ABTOMATU3UPOBAHHOM CUCTEMBI U3TOTOBJIEHUSA TPYBEOIIPOBO/I0OB
B ITIPOU3BO/ICTBE PAKETHBIX IBUI' ATEJIEA

E. H. SIpues’, B. I1. Hazapos, H. C. TepsieB

Cubupckuii rocy1apCTBEHHBIN YHUBEPCUTET HAYKU U TEXHOJOTHH MMeHHU akanemuka M. @. PemerHeBa
Poccwuiickas @enepaunsi, 660037, r. KpacHosipck, mpocrt. M. ra3. «KpacHosipckuii pabounii», 31
* . .
E-mail: yartseven.akruks@gmail.com

Hz2omoenenue u moumansic mpybonpoeoooe JcuoKocmuslx pakemuvix ogueamenei (JKP/) sensemcs croscHot mex-
HOO2UYeCKoll 3a0auel, CEsI3aHHOU C pasMeweHIueM MASUCmpaell 8 0ZPaHUYeHHOM NPOCMPAHCIEE NO NPUYUHE N0~
HOU KOMROHOBKU O8U2AMEIS.

B nacmosuwee epems memoouxa, no Komopou pazpadbamviéaemcs KOMNJIEKM MeXHOIOSUYECKOU OOKYMeHmayuu
HA U320MOGIEHUe U MOHMAIIC MPYOONPOBOA0E, OCHOBLIBACTNCS HA PEKOMEHOAYUSIX, YKA3AHHBIX @ HOPMAMUBHOU OOK)-
MeHmayuu (ompacnesvix cmanoapmax). Ilpu smom maxas mexnonozus mpedyem OOIbUIOZO KOIUHECHBA PYYHO2O
mpyoa u He 2apanmupyem obecneyenust ONMUMAIbHOU KOHDU2YPAYUU U HAOLEHCAUe20 Kavecmaea npooyKyuu.

OO0Hum u3 nymeil peuienusi YKa3aHHbIX npodiem A67Aemcs 6HeOpeHUe 8 MEeXHON02UYECKUL npoYecc Npou3go0Cmed
JHCUOKOCMHO20 PAKEMHO20 08U2AMeNsi KOMIIEKCHOU A8MOMAMU3UPOSAHHOU CUCMEMbL U320MOGLEHUs Y3108 MPYOONpo-
60008 Cl0JICHOU KoHGueypayuu ¢ npumenenuem 3D-moderuposanus, umo, 6 cgoio ouepedb, NO3GOIUM UCKTIOUUND
CHOJICHBITL U MPYOOEMKULL RPOYecc SMANOHUPOBAHU MPYOONPOB0008, CHU3UMb Q0TI PYUHO20 Mpyod 6 MexHOI02uYe-
ckom npoyecce npousgoocmea P/, nosvicumb mouHocme uszzomosienuss u cOopku mpyoonposood, UCKIIOHUND
HEobX00UMOCmb NOO2UOKU MPYyOONpPo8oOa Npu MOHMAd Ce, UCKTIOYUMb U3 KOHCMPYKYUU 08ueamens KOMREHCUpyouue
36€HbAL.

Ipeonazcaemcs pewenue no MOOEPHU3AYUU MEXHOLOSULECKO20 NPOYECcd COOPKU IHCUOKOCTHO20 PAKEMHO20 08U~
eamelis, HANPABNIEHHOE HA NOBbIULEHUE NPOU3BOOUMENbHOCIU U KAYeCmed 8blnyckaemoi npooykyuu. Ilpuseeden anco-
pumm pabomul agMOMAMu3UPOBAHHOT CUCTHEMbL U320MOGIEHUL MPYOONPOBOO0S, PACCMOMPEHbL MEXHUYECKUe YCI06Us
ona paspabomku ynpasisaoujeli npozpammsl (MmexHoao2uu) ubKu mpyoonpoeooos Ha CMAHKAX C YUCTO08bIM NPOSPAM-
MHBIM YRPAGIEHUEM.

Knouesvie crosa: npouszso0cmeo, mexHono2uteckuii npoyecc, agmoMamu3ayus, HCUOKOCMHbIL PAKemHbLI 08Ueamey.
Siberian Journal of Science and Technology. 2017, Vol. 18, No. 3, P. 658-662

IMPLEMENTATION OF AUTOMATED SYSTEM FOR MANUFACTURING OF PIPELINES
OF ROCKET ENGINES

E. N. Yartsev*, V. P. Nazarov, N. S. Teryaev

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

Production and assembling of pipelines to liquid rocket engines is a difficult technological challenge associated
with the placement of pipelines in confined spaces.

Currently, the industry standards describe the main method by which developed a set of technical documentation for
the manufacture and placing of pipes into rocket engine. Thus this technology requires large amounts of manual labor
and does not guarantee the optimal configuration software and the quality of products.

The solution of these problems is introducing in the production process of liquid rocket engine automated manufac-
turing of pipes system, which use 3D-modeling. It allows to eliminate the complex and time-consuming process
of manufacturing pipe’s model, reduce labor in the process of production liquid rocket engine, improve accuracy of
manufacturing and assembly of the pipeline, to eliminate the need to tuck a pipeline during assembling to liquid rocket
engines, be excluded from the design of the engine compensating units.

The article proposes the solution for the modernization of technological assembly process liquid rocket engine,
aimed at increasing productivity and product quality. The paper presents the algorithm of the automated manufacturing
system of pipelines, considers the technical conditions for the development of the control program (technology) bending
pipes on machines with numerical program management.

Keywords: workflow, technological process, automation, liquid rocket engine.
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Beenenne. [IpoexTrpoBaHue, U3rOTOBICHHE U MOHTAX
TPYOOIPOBOHBIX CHCTEM KHKOCTHBIX PAKCTHBIX JBHUTa-
teaert (OKPJI) sABISIOTCS CIIOKHBIMH 3aJladaMH, CBSI3aH-
HBIMA C pa3MelIeHHEeM YYacTKOB MarucTpaieid Tpyoo-
MIPOBOJIOB B OTPAaHMYCHHBIX MPOCTPAHCTBAX IO MPUYNHE
IUIOTHOM KOMIOHOBKH (puc. 1). B cBsa3u ¢ atum Tpydo-
mpoBobl coBpeMeHHbIX JKP/I uMmeroT ciemyromnue KOHCT-
pPYKTHBHBIE 0OcoOeHHOCTH [1]:

— OTCYTCTBUC WJIM HE3HAUUTCIBHOC YHCIIO MPAMOJIN-
HEWHBIX Y4aCTKOB M YYaCTKOB, OIMMCBIBACMbBIX KPHBBIMH
BTOPOT'O MOPSIIKA, MPeodialaHiue MPOU3BOJILHOTO OCTPOe-
HUSI TPAGKTOPUHU TPyOOINpPOBOIa, UCXO U3 MOHTAXKHOTO
00BeMa U3ETHSI WITH arperarta;

— MaJjioe KOJIMYECTBO IUIOCKUX BIIEMCHTOB, 3aJaHHBIX
IByMsS KOOpAHMHATaMH, Tpeobnaganne OOBEMHBIX OIle-
MEHTOB, 33/IaHHBIX KOOPAWHATAMH, PAJINYCOM H YTIIOM,;

— KoneOaHMEe KOHEYHBIX KOOPAHWHAT CTHIKOBKH TPY-
60mpoBOIa K 3I€MEHTaM JABUTATEI,;

— 3HAYUTEIBHBIN aCCOPTUMEHT W THUIOPa3Mephl MpH-
MEHSIEMBIX TPYO;

— 3HAYUTEIbHBIN aCCOPTUMEHT MaTEPHAIIOB TPYO;

— HaJIM4YUC ABJICHUA NPYXKUHCHUA MaTCpuralia;

— HEOOXOJIUMOCTh TMpPH MPOCKTHPOBAHUH TPYOOIPO-
BOJa TOIACTh B 30HY yHpyrux jaedopmarmii mMarepuaia
U TEM CaMbIM 3aJI0KHUTh OCHOBY CEPUIHOTO (TIApTHOHHOTO)
H3TOTOBIICHUSI TPYOOIIPOBOIOB.

182

Dy HeErrom Al
N

{ Poccpa

Puc. 1. Ilpumep KOMIIaKTHOTO
pacrosoxeHus TpyOOnpoBOIOB
CO CIJIOKHOH IIPOCTPAHCTBEHHOMN
reometpueii Ha iBurarene PJ[-182

Fig. 1. An example of a compact

arrangement of pipelines with

complex spatial geometry of the
RD-182 engine

K tpy6ornpoBosaM mpeabsBIsIOTCS BBICOKHE TpeOoBa-
HUSI IO IPOYHOCTH, XKECTKOCTH, F€PMETUYHOCTH, KOPpPO-
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3MOHHOH CTOMKOCTH, & TaKkXkKe 110 T€OMETPUIECKOI TOUHOCTH
W COCTOSHHIO TIOBEPXHOCTH. B COOTBETCTBHMH € 3a/laHHBI-
MH Harpy3KaMmH M yCJIOBUSMH SKCILTyaTaIllil OCHOBHBIMH
MaTepHaIaMy ISl U3TOTOBIICHHUS TPYOOIIPOBOIOB SIBILFOTCS
JIerupoBaHHble XpoMmoHukeneBble cramm (12X18HI10T,
X18HIT), amromunueBbie cruiassl ([116, AMr6), THTaHOBBIE
criael (OT4, BT6), xaponpounsie crutaBel (XHO60BT,
XH77TIOP) u npyrue maTtepuaisl ¢ BEBICOKUMH (PH3HKO-
MEXaHHYECKUMH XapaKkTepucTukamu [2; 3].

OcCHOBHasi METO/IMKa, MO KOTOPOH pa3pabaTrbiBaeTcs
KOMILIEKT TEXHOJOTHMYECKO JOKYMEHTallM Ha U3TOTOB-
JICHWE U MOHTaX TPyOOIIPOBOJIOB, ONMCaHa B OTPACIIEBBIX
cranmaprax (OCT 92-1600-84, OCT 92-1601-84,
OCT 92-1602-92) u noxpazzaesnsiercsi Ha HECKOJIBKO 3Ta-
moB [4; 5]:

— CO37aHHE IOJIHOMACIITAOHOTO MakKeTa PaKeTHOTO
neuratens (PI);

— CO37aHHE TI0 M3TOTOBJIEHHOMY MAaKeTy 3TaJIOHHBIX
TpyOOIIPOBOIOB;

— HW3TOTOBJICHHE IITATHBIX TPYOOIIPOBOJIOB I10 ITAJIOHAM;

— MOHTaX IITAaTHBIX TpyOorpoBoaoB Ha P/l ¢ Bbmon-
HEHHEM Hen30eKHOM MoAruOKy.

[MpexncraBnenHslii nporece TpedyeT OOJBLIOTO KOJIH-
YeCTBa PYYHOIO TpyJa W HE TapaHTHpyeT oOecIieueHHs
ONTUMATEHOW KOH(PHUTYpAMU M HAIUICKAIIETO KauecTBa
TIPOAYKITHH.

C npyroit CTOpOHBI, CaMa KOHCTPYKTOpPCKask JOKYMEH-
TaIys Ha Y3761 TPYOOIIPOBOJIOB CO CIIOKHOU MPOCTPAHCT-
BEHHOW KOH(Urypauueil NpeacTaBiseT co00i depTexu
ab0 CO CXeMaTUYHbIM HM300paKEHUEM TPACKTOPHU
TpyOompoBoaa, MO0 ¢ OOJBIIUM KOJIWYECTBOM BHIOB
W CEYEHHUI1, YTO TAK)Ke MPUBOJMT K YCIOXKHEHHUIO IIPOLIEC-
ca U3rOTOBJICHUS W MOHTa)Xa TPyOOIpoBoja 0e3 BBIMNOJ-
HEHUS NPEBAPUTEIILHOIO MAaKEeTHPOBAHUSL.

OpHuUM W3 IIyTeH pemeHHs yKa3aHHBIX MpoliemM
SIBISIETCSl BHEJPEHHE B TEXHOJIOTMYECKHMH IPOLECC MPOU3-
BOJICTBA JKHUJIKOCTHOTO PaKETHOTO IBUTATENs KOMILICKC-
HOW aBTOMATH3UPOBAHHON CHCTEMBI W3TOTOBIICHHS Y3JIOB
TpyOOIIPOBOJIOB CIIOXKHOW KOH(HTIYpalyi ¢ MPUMEHEHHEM
3D-MonenupoBaHusl, 4TO B CBOIO O4epe.lb MO3BOJIUT [6—8]:

— HCKJIIOYUTbH CJOXHBIA, JOPOTOCTOSIMM U TPYIO-
EMKHIi TIPOLIeCC 3TAIOHUPOBaHHS TPYOOPOBOJIOB;

— TOBBICHTh TOYHOCTH M3TOTOBJICHUSI U COOPKH TpY-
borpoBoa;

— HUCKIIIOYHUTH OI€palnuro HOI[FI/IGKI/I o MECTY;

— aBTOMAaTH3HMPOBAaTh YaCTh TEXHOJOTHYECKOTO MpO-
mecca OT IPOEKTHPOBAHMS IO MOHTa)a TPyOOIPOBOJOB
HAa JIBUTATEIIb;

— HUCKIIFOYHTH BIHUSHUE CYOBEKTHBHOTO YEIOBEYECKOTO
(hakTOpa Ha OCHOBHEIX JTamax padoT;

— YCOBEpUICHCTBOBATH TEXHOJOTHIO HW3TOTOBJICHUS
TpyOOIIPOBOIOB M MX MOHTaXka B cocTtase P/l 3a cuer me-
pexoza Ha paboty ¢ 3D-Mozesbl0 ABUTATENS U BU3YaIH-
3alUM Mpoliecca MOHTaKa C YCTAHOBJICHHOW IOCIIENOoBa-
TEIBHOCTBIO COOpPKU (CO3aHUE BUICOPOJIUKOB I 00Y-
YeHUsI epcoHajia COOPOYHBIX TPOU3BOACTB);

— CO37aTh M XPaHHUTb KOHCTPYKTOPCKO-TEXHOJIOTH-
YeCKHe JTaHHBIE 0 Ka)KIA0M TPyOOINpOBOJE B 3JIEKTPOHHOM
BUJIC B eAMHON 0a3e JaHHBIX.

AJroput™ padoThl aBTOMAaTH3MPOBAHHOI CHCTEMBI
H3rOTOBJIeHHsSI TPyOompoBoaoB. Ha mpenBapurensHOM
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9Tarne TPOM3BOAWTCS OIpPEJEJICHNEe [UIMHBI 3aroTOBKH
TpyOomnpoBoaa. i TpyOOIpOBOIOB, UMEIOIINX H3THOBI
U TIPSIMOJIMHEHHBIE YYaCTKH, JUTMHA 3arOTOBKH PACCUUTHI-
BaeTCs METOJIOM Pa3BEpPTKH OCEeBOM TuHMUH [9]:

L:211+2Ri~(pi,
1 1

i
rae ZII — CyMMa JJIMH HPSIMOJIMHEMHBIX YYaCTKOB;
1

1
ZR,. -(; — CyMMa JJIMH KPMBOJIMHEHHBIX y4acTKOB; R; —
1
panuyc KpUBHM3HBI OCEBOW JIMHUM TPyOOIpOBOAA Ha i-M
y4YacTKe; ¢; — yroi nu3ruda Ha i-M y4acTKe.

OmnpeneneHne ATUHBI 3aTOTOBKA HEOOXOIUMO MPOBO-
IUTH C YYeTOM MPHITYyCKOB Ha 00pabOTKY TOPIOB, TpH-
BapKy HHIIIENEH, MITYLEPOB U APYTHX COEANHHUTEIBHBIX
3JIEMEHTOB.

VcxonHble reoMeTpriecKue mapaMeTpsl U JaHHbBIE 110
KoH(purypauuu ysiaa TpyOONpoBOJa MOXKHO IOJIYyYHTh
nBymst criocobamu [10; 117:

1. 3amepuB 3TanoH-TpyOOIIPOBOJ] C TTOMOIIBIO COBpPE-
MEHHBIX KOHTPOJBHO-H3MEPHUTEIBHBIX MamuH (puc. 2).
JlanHbIid croco6 HamOolee MOAXOOUT JJsl BHEIPECHHS
CHCTEMBI Ha 3Tare cepuiiHoro u3rotosyenus XXP/I.

2. [lomyynB reoMeTpHYecKHe MapaMeTphl TPyOompo-
BOJ/Ia U3 CO3JaHHON KOHCTpYKTOpoM 3D-Monenu nBurate-
11 (TIpH 3TOM HEOOXOAUMO KOPPEKTUPOBATh KOOPAWHATHI
MECT CTBIKOBKHM MYTEM HX H3MEPCHUSA KOHTPOJIbHO-
n3mepurensHoi MammHoW (KVMIM) n BHeceHust cooTBeT-
cTByromux usMeHeHuil B 3D-monens) (puc. 3, 4). OtoT
croco0 mpeaHa3HayeH MUl BHEAPECHUS aBTOMAaTHU3UPO-
BaHHOW CHCTEMBI Ha 3Tare OTPadOTKU (OCBOCHUS) MPOM3-
BoacTBa coBpeMeHHbIX JKPJI, mOCKONbKY OHM HPOEKTH-
pytoTcs ¢ mpuMeHeHneM 3D-MonenupoBaHus.

Tpvoa- . JaxnHp1e . 3D-MomeTh . TexHOMOTIIMECKad
3TaloH H3MEPEHITIT TPVORI-3TANOHA 3D-momens
v |
CosgaHie — Konrponb reoMeT prt

VIpPapLIomeit L A =] TpyGBIC MOMOIIBEY 5> 3D-mog=mb
yHpae! - (TIepBad) P - - NePBOH TPV OB

TIPOTPaMMBL : KM - -

W
CpapHzHHAE (paKTHHIe KX Koppekrnpoeka ToxHas
TEOMET PITYS CKIX TTAPaMETPOB > VITPaBIAIOTIETT — Tera
MOy IeHHOI TPYVOEL ¢ BTaTICHHOI PO P aMMEL T

Puc. 2. Anroput™ paboTsl cuctemsl (BapuasT 1)

Fig. 2. Algorithm of the system operation (option 1)

TexHomOTIIE CKAS
3D-Momens

KoHeTpyKTOpCeKas

3D-Mogenh >

= vopaemmomein

CosgamHIie p =
A ['uéxa TpySHI

(TrepBasg)
]

ITPOIPAMMEL

¥
Konrpons reomer prm 3D-MOLETD CpaBHeHITe PaKTITIE CKITK TEOMETPITTe CKHX
TPYOHI ¢ TIOMOIIIBIO = T P TapaMeT OB MOTYUeHHO TPY ORI ¢
/ NEPBOIL TPYORL . : N
KHM - TEXHOIOTITYeCKOIT
\ ]
hd
KoppekTiuporka yIpaRT 0TIl Togmag
MPOTrPaMMBL JeTalb

Puc. 3. Anroputm paboTEI CHCTEMSBI (BapHaHT 2)

Fig. 3. Algorithm of the system operation (option 2)

Puc. 4. 3D-monens Tpybonposoza

Fig. 4. 3D model of the pipeline
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Ha cnenyromem stane HEOOXOAMMO CO3JaTb YIpaB-
nstomyto nporpammy (YII) mist ocymiecTBieHUs] THOKH
TPyOBl Ha CTaHKE € YHCIIOBBIM NPOTPAMMHBIM YIIpaBiie-
HHEM, [UIi Yero MOJXKET HCIIOJB30BaThCs CIICLUAIBHOE
TEXHOJIOTHYECKOE TIporpaMMHOe obecrieueHne (HampH-
mep, TezetCAD). JlaHHOE TEXHOJOTHYECKOE MPOrpam-
MHOE 00ECIIeUeHHE M03BOJISIET B aBTOMaTHYECKOM PEXKH-
M€ Ha OCHOBE IIPEIOCTAaBIEHHBIX IAaHHBIX pa3paboTaTh
YIPaBISIIOLIYIO TIPOrpaMMy JJisi TPYOOTMOOYHOTO CTaHKa
¢ UITY u npexacraensier e€ nubo B Gopmare, MoaaepKu-
BAaeMOM JaHHOM MOJIeNIbI0 000pyaoBaHus, MO0 B BuUjE
tabmmnbl MS Excel [12].

[Ipu cocraBnennn YII HeoOXOIUMO YUUTHIBATH Tpe-
6oBanust HopMatiBHOH nokymeHtamuu (OCT 92-1600-84)
B YaCTH YCTaHOBKH PAJNyCOB H3Tu0a TPyObI:

— M3THOBI TOJDKHBI OBITh BBIIOJHEHBI OJHHM paJliy-
COM UM HE UMETh IBOMHOM KpHUBH3HBI B Ipeneaax OIHOTO
ru0a;

— MHHHMMaJbHBIC PAJUYChl THOKH TPYOBI pa3IM4YHBIX
ANaMETpOB U C pas3jiMdYHbIMU TOJIIUHAMU CTCHOK II0
cpeuHeﬁ JIMHUU JOJIKHBI 6])IT]> HEC MCHEC BCJIMYMUH, YKa-
3aHHBIX Ha rpaduke (puc. 5) [13; 14].

Taxoke Ipy CO3JaHUM YITPABIAIONIEH MTPOTPaMMBbI IS
CTaHKa HEOOXOIMMO Y4HTHIBaTh 3(PQeKT npyx uHeHus
Marepuana. Pacuer yria ruba TpyObl ¢ y4eToM IpyKHHE-
HUS OCYIIECTBISCTCS CIIeAyIOmuM obpasom [4; 7]:

1. Yrom ruba TpyOBI C y4eTOM Py KUHEHHS OTpeie-
nseTcs o popmyie

A=A +AN,
rre A — yron ruda TpyOsr; AL — BeNIMUMHA YTIIa TPYKAHSHHUSL.
2. Benmauna AL paccuuThiBaeTcs mo Gopmyiie

9
Ax:57,3-;‘T0(1—n+m.Ro),

rne Ry — oceBoii paanyc ruba tpyOsl; n 1 m — K03hdu-
LIUEHTHI, YYUTHIBAIOLINE MaTepual, JUaMeTp M TOJILUHY
CTEHKH TPYOBIL.

3. KoaddurmenTsr 7 1 m OnpenenstoTcss o CIEAyIo-
M hopMyITaMm:

16-11-S- R’
n=l-——"—""—c
3E(R}-R))
326,-S-R?

" V3Em-(R} - R})

rae S — TONIIMHA CTEHKH TPYObI, R, — HApy>KHBIA paanyc
TpyOBI; R, — cpenHuil pamgmyc TpyOsl; R, — BHEIIHUI
paaunyc Tpy6Osr1; 11 — Moxyns ympounenus; £ — Monayib
YOPYTOCTH; G — IpeAeT TeKyUeCTH.

Ha cnenytomem sTtane naHHbIE YOpaBIsIOMEd Mpo-
rpaMMbl HEOOXOIMMO BHECTH B OJIOK yIpaBJICHHUS CTaHKA
¢ UITY s ocyliecTBIeHNS THOKU TPYOBI C MOCIIETYOIIAM
KOHTpoJieM KoH¢wurypauuu npu nomomu KHUM (mytem
cpaBHeHHUS ucxomHoW 3D-Momenw W JaHHBIX, ITONyYEH-
HBIX B TIpoIlecce U3MEPEHUs M3TOTOBJICHHOTO TPYOOIpo-
Boma). B cimydae ycrmemrHOTO TPOXOXKICHUS ONEpaIiy
KOHTPOJIS TpyOa JOITycKaeTcs B JabHEHITyro padory.

3akiouenue. [IpumeHeHne MpeacTaBIeHHON TEXHO-
JIOTHYECKOW CHUCTEMBI ITO3BOJUT HCKIIOYUTH CIIOKHBIN
U TPYINOEMKHH TMpOLECC ITAIOHUPOBAHUS TPYOOIPOBO-
J0B, CHU3UTH AOJIIO PYYHOr'o Tpyaa B TEXHOJIOTHMYCCKOM
nporuiecce mpousBojcTBa JKPJI, mMOBBICUTh TOYHOCTh U3rO-
TOBJICHUSI ¥ COOPKH TPyOONpPOBOJA, HCKIIOYUTH HEO00XO-
JUMOCTh TOJIIMOKM TpyOONpOBOJa IIPU MOHTAXE, HC-
KITIOYHUTh W3 KOHCTPYKIWHU ABHUTATENS KOMIICHCHPYIOIIHE
3BCHBS.

s/D 0,12

0,1

0,08

0,06

0,04

0,02

R/D

Puc. 5. I'paduk, onpenensronmii 3aBUCUMOCTh paanyca

nomyctuMoro usruba TpyOs! (R) ot e€ quamerpa (D) u

TOJIIMHBI CTEHKH (S) U OCYIIECTBICHHUS XOJIOMHOI
THOKH

Fig. 5. The graph that determines the radius of the
permissible bending of the pipe (R) from its diameter (D)
and the wall thickness () for bending
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MPOEKTHOE YIIPABJEHUE HHHOBAIIMOHHOM JEATEJbHOCTbHIO
B TEPPUTOPHUSAX OIIEPEXXAIOIEI'O COUAJTIBHO-9KOHOMMNYECKOI'O PAZBUTHUA

H. T. ABpamunkoga’, 1O. B. JNauwisuenko', M. B. Hy‘IKI/IHZ*

'CubupcKuii rOCyJapCTBEHHBIN YHHBEPCUTET HAYKH U TEXHOJIOTHH MMeHH akanemuka M. @. PemerneBa
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IIpoexmnoe ynpaenenue omaudaemcs om MeHeOHCMeHMA, 8 KIACCUYeckOM NOHUMAHUY IMO20 Cl08d, 8 Yacmu 2uo-
KOCIMU 6 3a6UCUMOCIU O MACUMAOHOCMU, CReyuduKY U HOBU3HbL peanuzyemuvix npoekmos. OcobenHo 3mu omauyus
CMAHOBAMCSL 3AMEMHbIMU OMHOCUMENbHO YRPAGIEHUS UHHOBAYUOHHOU O0esMeNbHOCMbIO 8 PAMKAX CUCTHEMbL OP2AHO8
20CY0apCmEeH Ol UCNOTHUMENbHOU 6ACTIU 8 MEPPUMOPUSIX ONEPeNCAIOWE20 COYUATLHO-IKOHOMULECKO20 PA3GUMUSL
(TOCDP). Teppumopus onepescaiowe2o CoyuaibHO-9KOHOMULECK020 PA3sUmus — yacms meppumopuu cyovexkma Poc-
cutickot Pedepayuu, SKIIOYUAsL 3AKPLIMOE AOMUHUCIPAMUBHO-Meppumopuaivioe obpasosanue (3AT0O), na komopoii
6 coomeemcmeuu ¢ peutenuem Ilpagumenrvcmea Poccutickoti @edepayuu ycmanognen ocodwlil npagoeoti pexcum ocy-
wecmenenusi nPeonpUHUMAMenbCKou U uHou desmenbHocmu. Aensscy, no cymu, KomMounayuell npoyeccHo2o u QyH-
YUOHATILHO20 NOOX00d K YNPAGIEHUIO, NPOEKMHOe YNPAGIeHUe UMeem C8OU, NPUCYUUe MOIbKO eMy, NpeuMyuecmsa,
nossoasiowue 6o0nee dPOeKMuUsHO Ynpaesisims MaKum CIONCHLIM HPOYECCOM, KAK UHHOBAYUOHHAS OesimenbHOCHIb.
C yuémom cneyughuxu unnosayuonnozo paszeumusi 3ATO npoexmmuoe ynpasienue UHHOBAYUOHHOU OeSMENbHOCBIO
6 TOCOP onpedensemcs Kax U0 YNpagieH4ecKou OessmenbHOCmu, Onpedeisiomuti Co2laco8aHtyio pabomy opeaHos
20CY0apCcmeenHo20 YNpaeieHus, OpeaH08 MeCMHO20 CAMOYNpAGIeHus U npeocmagumencti OusHeca no CO30aHUIO
JIb2OMHBIX ~ PEINCUMOB  BeOeHUsi UHHOBAYUOHHOU OesmeNbHOCU 6 Meppumopusx onepexicaowezo  CoyuarbHo-
IKOHOMUUECKO20 PA36UMUS, YUUMbBIGAIOWUTI UHIEPEChl UX Pe3UOEHMO8, 20CY0apCmed, pPecuoHd U MYHUYUNATbHO20
coobuecmea u 006ecnedusaIOWULl PAYUOHAILHOE UCIONbL308AHUE O100JCEMHBIX pecypcos. [ ubkocmv npoekmHo2o
VAPAGNEHUsL 8 3AGUCUMOCIU OM MACWMAOHOCHU, CReYUDUKU U HOBU3HbL PEANU3YEMbIX NPOEKMO8 NO360Jsiem nooou-
Pame ONMUMALHYIO CIPYKMYPY YAPAGIeHUsl — (YYHKYUOHATbHYIO, MAMPUYHYIo uiu npoexmuyio. Ilpoexmuoe ynpagie-
Hue unHosayuonHol desmenviocmoio 6 TOCIOP ocyuecmensiem ynpasisiiowdss KOMIAHUL — AKYUOHEPHOe 00ulecmeo,
xomopoe onpeoeneno Ilpasumenscmeom Poccuiickoii @edepayuu 6 yensx ocyujecmenenus GYHKYull no ynpasieHuio
MEPPUMOPUIMU ONEPENCAIOWE20 COYUATLHO-IKOHOMUYECKO20 pazeumus. 3adauamu OanbHeluezo co8epuleHCmeosa-
HUSL CUCIEMbL RPOEKMHO20 YRPAGIEHUs UHHOBAYUOHHOU desmenvhocmuio 6 TOCIP sgnaomces eapMoHu3ayus Hopma-
MUBHO-NPABOBOLU 6a3bl, Obecneyenue cmadbuIbHO20 GUHAHCUPOBANUS UHHOBAYUOHHBIX NPOEKMO8 U YCKOPEHHOU NOO20-
MOBKU KEATUPUYUPOBAHHBIX KAOPOB.

Knioueswvie cnosa: TOCOP, npoexm, npoexmuoe ynpasienue, npoekmublii 0Quc, UHHOBAYUOHHAS 0esimeNbHOCb.
Siberian Journal of Science and Technology. 2017, Vol. 18, No. 3, P. 664—672
PROJECT MANAGEMENT OF INNOVATIVE ACTIVITY IN TOSER
N. T. Avramchikova', Yu. V. Danilchenko', M. B. Poochkin®*

'Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
Consulting agency “MBP Consulting”
1/9, Televizornaya Str., Krasnoyarsk, 660028, Russian Federation
“E-mail: poochkin@yandex.ru

A project management differs from management in the classical meaning of the word. It's an issue of flexibility de-
pending on the scale, the specificity and novelty of the projects. Especially these differences become visible regarding
the innovative activity management in the system of state Executive bodies in the territories of priority socio-economic
development (TOSER). TOSER is a part of the territory of the Russian Federation. It includes closed administratively-
territorial formations (ZATO), which in accordance with the decision of the Government of the Russian Federation
established a special legal regime of business activities. Project management is essentially a combination of process
and functional approach to management. But it has its special advantages, to more effectively manage such a complex
process as innovation. The definition of the project management of innovative activities in TOSER takes into account
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Dkonomuka

the specifics of innovation development ZATO. It is a management discipline that defines the coordinated work of state
bodies, local authorities and business representatives to create preferential treatment to conduct innovative activities
in the territories of priority socio-economic development, taking into account the interests of their residents, the state,
region and municipal community and ensuring the rational use of budget resources. The flexibility of project manage-
ment depending on the scale, the specificity and novelty of the projects allows you to choose the optimal governance
structure — functional, matrix or project. Design management of the innovative activities in the TOSER is conducted
by the operating company. It is a joint-stock company, which is defined by the Government of the Russian Federation
in order to carry out the functions for managing territories of priority socio-economic development. Tasks to further
improve the system of project management of innovative activities in TOSER are the harmonization of the regulatory
framework, sustainable funding for innovative projects and accelerated training of qualified personnel.

Keywords: the territories of priority socio-economic development (TOSER), project management, project office,

innovative activity.

BBenenne. JlanpHeilliee MHHOBALMOHHOE pa3BUTHE
9KOHOMUKH Poccum, ¢popmupoBanue «uudpoBoi» 3Ko-
HOMHKH, YCTPAaHEHUE OTCTABAHUS OT BEIYIINX MHPOBBIX
JIepKaB B KITIOUEBBIX OTPACIIIX MPOMBIIUICHHOCTH M HAIPaB-
JMEHWSIX  HAYYHO-TIPUKIAJHBIX HCCIEIOBAaHUNA TpedyeT
pELINTENbHBIX M COIVIACOBAaHHBIX JACHCTBUHA OpPraHOB
roCy/apCTBEHHON BiacTH, Oum3Heca W oOmectBa. [l
MTOJTHOLIEHHOTO Pa3BUTHS SKOHOMHUKHM Poccum pemraromiee
3HaueHue umeet pazsutue Cubupu n Jlansuero Bocroka.
JlaHHbIC TEppUTOPHH 00JIAZAIOT BBICOKOW KOHIICHTPALU-
ell TakuX CTpaTeTHYeCcKH 3HAYMMBIX YHEPrOPECypCcoB, Kak
He]Th, Ta3, yroib. CHOMPCKHII PETHOH MMEET Pa3BUTYIO
runposHepretuky. JampHuit Boctok Oorat Omopecypca-
mu. Cubups u [ansHuii BocTOk HE TOJIBKO COCTABISIOT
MIPUPOTHO-PECYPCHYIO 0a3y CTpaHBI (METaJlIBl, aIMasbl,
30JI0TO, JpPEBECHHA), HO W HMEIOT BEICOKHH HAy4IHO-
texanuecknit (CO u IO PAH, dbenepansHble yHUBEpCH-
TETHl) ¥ TEXHOJOTUYECKUH MOTEHINAN (3/1eCh HaXOIATCS
Tpu u3 aecsatd 3ATO aToMHOM OTpacii ¥ MHOTOYHCIIEHHEIE
IPOMBIIIJICHHBIE MOHOroposaa). YETko HameTHBIIMHCA
BCKTOp pa3BUTHA CTpaHbl B BOCTOYHOM HaIlpaBJICHUU
omnpezenser Teppuropun Cubupu u [anbHero Boctoka
KaK OCHOBHOM TpaHCIIOPTHO-JIOTUCTHUECKUH KOPHIOP
JUISL TIPOJIBMDKEHMSI POCCUHCKHMX TOBApOB HA PHIHKHM CTPaH
a3MaTCKO-THXO0OKeaHcKoro peruoHa (ATP). Otu obcros-
TenbcTBa mo3BOJsitoT Cubupu u  [ampHemy Boctoky,
C OIHOHM CTOPOHBI, SKOHOMHYECKH pa3BHUBaThCS Oojee
BBICOKAMH TI0 CPAaBHEHHIO CO CPETHEPOCCHUCKUMH TEM-
Iamu, a ¢ IPyroi — yCHeIHO HHTETPUPOBAThECA B IKOHO-
MHYECKOE MpoCcTpaHCTBO cTpaH ATP, sABisisAch TeM caMbIM
«IIpaiBEpOM» POCTa BCETO HKOHOMHYECKOTO Pa3BUTHSA
Poccun. B 310l cBSI3U pyKOBOJACTBOM CTpaHbI B3SIT KypcC
Ha yckopeHHoe pasputue JlanpHero Bocroka u Cubupu,
yIydIIeHHe  COLMAIbHO-)KOHOMMYECKOW  CHUTYaIlUH
B MOHOTOPOJIaX M 3aKPHITHIX aJIMUHUCTPATUBHBIX TEPPH-
TopHanbHbIX oOpasoBanmsix (3ATO). denepanbHbIN
3akoH Poccniickoit @enepanmu ot 29 nmexabps 2014 r.
Ne 473-03 «O TeppUTOPHSIX OIEPEKAIOIIETO COIHATBHO-
SKOHOMMUECKOIro pa3BuTusi B Poccuiickoit ®eneparum»
no3Bosn popmupoBath TOCIP B «OTCTAIOMINXY PETHOHAX
U «IETIPECCUBHBIX)» MOHOTOPOAAX, UMEIOIINX 3HAUYNTEIb-
HbI TOTEHI[MA] WHHOBAIIMOHHOTO pa3BuTus. PereHue
3aja4un 3((GEKTUBHOTO YIPaBICHHUs HHHOBALIMOHHOM Jiesi-
tenbHOCThI0O B TOCOP moTpedyer ncnosib30BaHus mepe-
JOBBIX MHPOBBIX METOAMK, TEeXHOJIOTUH yrpaBJCHUA
¥ WCHOJB30BAHUS JYYIIUX JOCTYIHBIX MPAKTHK, B TOM
4lCie UHCTPYMEHTOB MPOEKTHOro ynpasiueHus. Hecmor-
ps Ha TO, 4TO B Hacrosiee Bpems B Poccum co3nana
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WHHOBAIMOHHAS MH(PACTPYKTYPa M JOCTATOYHO YCIICIIHO
(YHKIMOHHUPYET CHCTEMa YIPABICHHUS WHHOBAIMOHHOW
NESITENPHOCTRIO, €€ pPe3yNbTaTHBHOCTh CYIISCTBEHHO
oTcTaéT OT BEAYIINX MUPOBHIX AepkaB. EnnHas rocymap-
CTBEHHAsI CHCTEMa MPOEKTHOTO YIPABICHUS HE CO3/aHa,
a WHCTPYMEHTHI TNPOEKTHOTO YIPAaBJIECHUS B CHCTEME
YOpaBJICHNS WHHOBAIIMOHHON NESTEIHHOCTHIO MpPaKTHIe-
CKH{ HE HCTIONB3YI0TC. OAHOM U3 MPUYNH 3TOTO SBIISAETCS
HECOIJIaCOBAHHOCTh JIESITEIIFHOCTH HCIIONHHUTENBHBIX Opra-
HOB (peliepaibHOM, PErHOHAIBHOW M MYHHUIUIAIBHBIX
BJacTel Ipyu  peajirn3aliui HWHHOBAILIMOHHBLIX ITPOCKTOB
B co3znaBaeMbix TOCOP. [lanHblii ¢akr ompeznemnser
aKTyaJabHOCTh TPOOIEMBI M OOYCIIOBIMBACT HEOOXOH-
MOCTb €€ NCCIEA0BaHus.

IIpoexTHOEe ynmpaB/jieHHe MHHOBALMOHHOW [esiTelIb-
HOCTBI0O M €ro mpemMymecTBa. B Hacrosiiee Bpems
UCIIOJIb30BaHNE TPOEKTHOTO YIpPaBJICHHS WHHOBAIHOH-
HOH JEATENbHOCTBIO B KOPIIOPATUBHOM CPENE YK€ CTalO
OTJIENIEHBIM NIPO(ECCHOHANTBHBIM CTaHIapToM. [Ipumepom
OJTHOM M3 JOCTYNHBIX JYYIIHX HPaKTHK B 3TOW oOnacTu
MOJKET CIYXUTh KOPHOPAaTHUBHAs CHCTEMa YIIPABICHHSA
npoekramu (KCYTI) (Corporate Project Management System,
CPMS) [1]. Haubonbmiei momyJsipHOCTBIO MOJIB3YIOTCS
BbICOKO3(exrruBHbIe aBTOMaTH3UpOoBaHHbIe KCVYII [2].

[Tox IPOEKTOM B IIMPOKOM CMEBICIIE 3TOTO TMOHSATHS —
cyry00 KOMMEpYeCKUM, HEKOMMEPYECKUM I Trocynap-
CTBEHHBIM (pETHOHATIBHBIM, MyHUIIAIIAIBHBIM), TOHIMAIOT
Pa30BbIi BHJ NEATEIHHOCTH, 0OJIANAIONINHA CIICAYIOIINMHA
XapaKTEePUCTHKAMH:

— HaJIMYUe KOHEYHOM IeNTN B IPOMEKYTOUHBIX 3a/1a4;

— IIPOU3BOJCTBO U TMOJYYCHUE TOYHO OMPEAEIEHHOTO
pe3ynbpTara, KOTOPBIH MOXKET OBITh OLICHEH;

— yCTaHOBJIEHHE Habopa IOCIeI0BaTEIbHBIX B3aUMO-
CBSI3aHHBIX JICHCTBUM;

— HaJMYue O0O3HAYCHHBIX BPEMCHHBIX PaMOK (nara
Haydaja ¥ OKOHYaHHA);

— JICTIONIF30BaHUE OTPAHUYEHHOTO KOJIMYECTBA Pecyp-
coB: ()MHAHCOBBIX, MH()OPMAIIMOHHBIX, HH(PACTPYKTYP-
HBIX, YeJoBeueckux u np. [3].

Cranpapt UuctutyTa ynpasnerus npoextamu (PMI)
PMBoK Guide ommceiBaeT MOEIbh IPOEKTHOTO YIIpaBIIe-
HU C TOYKHU 3pCHUA IATU OCHOBHBIX I'DYIIT POIICCCOB —
cranuii wian (a3 aBIKeHus (peann3anuu) mpoekTa [4]:

1. Ipomecc manmmanuu (Initiating Processes) — mpu-
HATHE PEIICHUS O HaYale MPOCKTa.

2. Iporecc mmanupoBanusi (Planning Processes) —
ompeneneHne pabodnx CXeM JOCTIKCHUS TIeTIeH MPOeKTa.
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3. Ipouecc ucmonnenus (Executing Processes) —
KOOpAWHANMS JIOJeH W JIPYTrUX PecypcoB BO BpeMs
BBIMOJTHEHUSI IPOCKTA.

4. TMpouecc wxoutpons (Controlling Processes) —
HAONIIOJIEeHUEe U M3MEPEHUE PEe3yIbTATOB BBIOJHEHUS
MIPOEKTa M BHECEHHE HEOOXOJMMBIX KOPPEKTHBOB.

5. Tlpouecc 3aBepuienus (Closing Processes) —
oopmiieHrE 3aBEpIICHUS TPOCKTA.

DyHKIMOHAIbHAS CTPYKTYpa YIIPABJICHUS IIPOEKTAMHU
no crannapry Mucruryra ynpasienus npoekramu (PMI)
PMBoK Guide BxirodaeT B ceOsi JIOTHYECKH CBSI3aHHBIC
paszensl mpoekTa [4], yHpaBlIeHHE KOTOPBIMH MOXKHO
MPEJCTABUTH B BHJIC MATPULBI (CM. Tabmwmity) [5].

TakuMm 00pa3oM, MPOEKTHOE YIIPABICHHE COYETAET
B ce0e AIIEMEHTHI IMPOLIECCHOTO M (PYHKIIMOHAIEHOTO O~
xoma. B To ke BpeMsi MPOEKTHOE yrpaBieHue obiagaer
CBOMMH, MPUCYIIUMH TOJIbKO STOMY BHY YIPABJICHHS,
OCOOEHHOCTSIMH U IMPEUMYIIECTBAMH TEPel] KIIACCUUECKHM
MEHeDKMEHTOM. K Takum 0coOeHHOCTSIM OTHOCATCS [6]:

1. OpueHTanuss Ha JAOCTHXKEHUE ONpeAeNEHHON
LEITH.

2. HampaBieHHOCTh Ha yJOBJIECTBOPCHHE HHTEPECOB
3aKa34HKa IPOEKTa.

3. Hammume dYETKMX OTpaHWYECHHH — 1O BPEMEHH,
(uHaHCaM, pecypcaM, IEpCOHAIY | Ap.

4. VIHTeHCUBHBII XapaxkTep
CBSI3aHHBIN C PA3IMIHBIMU PHCKAMH.

5. JleranbHOE IIaHUPOBAHUE NESTEIBHOCTHU.

6. OrpaHnyeHHOE BpeMs CYIIECTBOBAHMS KOMaHJbI
MPOEKTA.

7. Pe3ynbpTaThl IPOEKTa OLEHUBAIOTCS 110 €r0 UTOTaM.

B 3aBucumocTn 0T MacmTaOHOCTH W HOBU3HBI peajn-
3yEeMBIX IIPOEKTOB MOAOMPAETCs ONTHMANIbHASL CTPYKTYpa
ynpasieHus (puc. 1) — oT GyHKIHOHANBHOHN (THITOBBIE
HeOOJIbIIE TPOCSKTH CHJIAMH CIIOKUBIICHCS TMPOCKTHOMN
KOMaH[IBI) 10 MpPOEKTHOH (YHUKAIbHBIE MAacCIITaOHEIC
HPOEKTHl CHIAMH CHELHaNbHO (HOPMHUPYEMOH KOMaHIbI
Y3KHX CIIEIATIICTOB) [5].

JCATCIBHOCTH,

Marpuna NpoeKTHOr0 yNpaBJieHHs!

I'pynmsl mporieccos (cTaguu MpoexTa)
DyHKIMU
MNuunmanus [InanupoBanue Peanuzanus KonTposns 3aBepieHne

Vupasnenue Onpenenenue Onpenenenue YnpasneHue Kontposns pesynsratoB | IIpuémka
coJiepKaHueM TpaHUIl IPOSKTa cocTaBa pabot HU3MEHEHUSIMU pe3yJIbTaToOB
VYnpasneHue Onenka croumo- | Paspabotka cme- Obecneyenue KonTpons Oromkera
CTOMMOCTBIO CTH THI U OIOKeTa (uHAHCHPOBaHHS
Ynpasnenue VkpynHénnoe Pazpabotka pac- Koopaunanus KonTposns cpokos
BpEMEHEM IUTAaHUPOBAHHE MIHCAHUS pabot

CPOKOB
Vupasnenue AHanms xioye- [TnannpoBanne dopmupoBanue MOHHTOPHUHT PUCKOB
pHcKamMu BBIX PUCKOB yTIpaBJIeHUS PHCKOBBIX pe3ep-

pHCKaMHU BOB

Ynpasnenue Ha3nauenue [InanupoBanue PazButne komannpr | OueHka nepcoHana MortuBanus
MEPCOHAIOM PYKOBOJHUTEIS HepcoHana 1 POCITyCK

MIPOeKTa KOMaHJIbI
VYupasnenue Amnanus [Inanupoanue 3aiiroueHue 0ro- | AJMHHUCTPHPOBAHUE 3aKpbITHE
MOCTaBKaMu KOHBIOHKTYPBI MIOCTaBOK BOpOB JIOTOBOPOB JIOTOBOPOB

pBIHKA
VYnpasnenue [InanupoBanue B3aumogneiicteue OT4€THOCTB 1O TIPOEKTY | MTOrOBBIH
KOMMYHHKAIHAMH KOMMYHHKAIHH TI0 TIPOEKTY oT4éT
VnpasneHue kaue- [Inanupopanue Obecnieuenue Kontpons xauectBa
CTBOM KavecTBa KaJyecTBa
VYupasnenue unte- | Paspaborka ycra- | Paszpaborka Opranu3zanus Kontpons BeinosnHe- Amnanus
rpamuei Ba MIPOEKTA CBOJIHOTO IJIaHa- | U KOOPIAMHALHS HUS TJIaHa pe3yIbTaToB

rpaduka pabot U YPOKOB
HOBbIE
NpoeKTHble
NOBTOPAKOLWMECA MaTpuyHble
PYTUHHBIE | YHKUMOHANbHbIE

MACILTAB NPOEKTOB

Puc. 1. CTpyKTypH! yIipaBieHUs IPOEKTaMHU

Fig. 1. The structure of project management
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Dkonomuka

I'MOKOCTD CTPYKTYpPHI YIpaBJICHUS! IIPOEKTaMHU, B TOM
YHCIIe HECKOIBKIMH OJHOBPEMEHHO pealnu3yeMbIMH, I10-
3BOJISIET Haubojiee ONTHMAIBHO HCIOJIb30BaTh B NEPBYIO
o4epellb YEIOBEUECKUE PECYPCHI OPTaHOB IOCYIAPCTBEH-
HOM BJIACTH M OPTaHOB MECTHOI'O CaMOYTpaBJIEHUs, TOCY-
JAPCTBEHHBIX KOPHOPAIMHA, yNPABISIONINX U WHHOBALHU-
OHHBIX KommaHuil. Tak, ¢ y4éToM CHIEIU(PUKH MPOCKTA
JUISL €TO pealn3aliii MOXET OBITh BBIOpaHA M HCIOJNB30-
BaHa (pyHKIMOHAIIbHAS WIM MaTpU4HAas, MaTpU4Has WA
MIPOEKTHAsI CTPYKTYpPa yIIPABICHHS.

CymiectBytomasi B HacTosiiiee Bpemsi B Poccuiickoit
®denepanuu cCUCTEMA YIPaBICHUS MHHOBALMOHHOW Jiesi-
TEJBHOCTBIO T03BOJIIET CONPOBOXKAATH JBI)KEHUE MHHO-
BAaI[IOHHOTO NPOJIYKTa Ha BCEX €r0 CTaJusX, OCYIIECTB-
T KOOPAMHALMIO JESTEIbHOCTH MHCTUTYTOB Pa3BUTHUS
B paMKax CYIIECTBYIOIIEH WHHOBALIMOHHOH CTPYKTYpBHI
U (MHAHCUPYsI MHHOBAIIMOHHBIE IIPOEKTHI KaK U3 CPEICTB
(denepanpHOTO OIOMKETA, TAK U C MIPUBIICICHUEM CPEICTB
TOCYAapCTBEHHBIX U YaCTHBIX (POHJIOB.

Bomnpocs! 1 pa3nuyHbIE aCHEKTHI MPOEKTHOTO YIPaB-
JIEHUs M YIpaBlIeHUs HWHHOBAIMOHHBIMHM IPOEKTaMU
paccMOTpeHBI B paboTax POCCHUCKUX W 3apyOEKHBIX aB-
topoB: K. U. AxbepoBa, A. B. Anémmna, K. A. Barpa-
tionu, B. bornanosa, B. H. Bypkosa, B. B. brikosckoro,
J1. Baiica, P. Bemonky, I'. Jle6aseit, C. lepu, B. B. Mnbuna,
I'. Kaprepa, X. Kuma, K. Kirapka, A. Kodmana, . Jlak-
ka, JI. A. HoBukoga, A. C. Tos6a, K. Xengmana u ap.

Boubmoii Bkitag B pa3paOOTKy TEOPHH HCIIOIb30BaHUS
WHCTPYMEHTOB IPOEKTHOTO YIIPABIECHHUS BHECIN TaKHe
3apyOexxnble aBTOpbl, kKak K. @. I'peit, O. Y. JlapcoH.
MMy naHo pa3BEpHYTOE NOHATHE IPOEKTA, PACKPBITHI
OCHOBBI IIPOEKTHOTO YTIPABIIEHUS], 4 TAKXKE CUCTEMAaTH3H-
pPOBaHBI KIIOYEBBIE HWHCTPYMEHTH [7]. Ciemyer Takxe
ormetuth pabotel T. [leMapko, T. Jlucrepa. B vactHo-
CTH, IaHHBIMU aBTOPaMU MOAPOOHO PacCCMOTPEHBI BOIIPO-
Chl MIEHTU(UKALMK WU YNPaBICHUS PUCKAMU IPOEKTOB,
a TaKKe M3y4YeH YeJIOBEYECKHHl (akTOp B HPOSKTHOM
ynpasieHun [8]. Beck HaOOp MHCTPYMEHTOB IIPOEKTHOTO
YIIpaBJI€HMs], BKJIIOYas MATPHIly HPOESKTHOTO YIPABIICHHUS,
MIPOEKTHBIA O(UC, yNpaBiIeHNE M3MEHEHUSIMH U BpeMe-
HEM, a TaKkXe ONBIT HMX HCIIOJIB30BAHUS, IOJIPOOHO
paccmotpen J[. MunomeBuuem [5].

Cpenu poccuiicKuX aBTOPOB 110 TEMATHKE ITPOEKTHOTO
yIpaBieHus: Heo0xoaumo ocobo BwyienuTh B. U. Bopo-
raeBa, pa3paboTaBIIETO CHCTEMHYIO MOJENb YIPaBICHUS
npoekTamMu, B. M. AHbIINMHA, MPEUIOKUBIIETO CHCTEMY
ynpasieHus noprdenem mpoektos, . JI. uneca, pa3pa-
0OTaBIIEro  KOPIOPATUBHYIO CHUCTEMY  YIpaBIICHUS
MIPOCKTAMH.

M. JI. Pa3y moapoOGHO paccCMOTPEHBI OCHOBBI YIIPaB-
JCHUSI TIPOEKTaMH, TPHUBEACHBI PA3HOBHIHOCTH IPOEKT-
HOIO YIIPaBICHHUS M MCIOJIb3yEMOH OpraHU3aliOHHOMN
CTPYKTYpPBI, H3Y4YEHBl CETEBbIE MOJEIN U CIIOCOOBI
ux ontumusaimu. Kpome 3Toro, 1aHHBIM aBTOPOM ITOKa-
3aHBl BO3MOXKHOCTH HCIIOJIb30BaHUS B MIPOCKTHOM YIIPaB-
JIeHUY MH(POPMAIIMOHHO-TEXHUYECKHX MOJEJIeH, a Takxke
PacKpbITa CYIIHOCTb YIPABIEHUS CTOUMOCTBIO M IIPO-
JOJDKUTENIBHOCTBIO  TIPOEKTOB, YIPABIECHHS KadecTBa
u ynpasneHus puckamu. A. O. BeuerkaHuHol ¢ no3unmit
METOMOJIOTHH YIPABICHUSI M COBPEMEHHBIX IIOJXO0JI0B
K IPOEKTHOMY YIPAaBIEHUIO U3JI0KEHBI OCHOBBI KJIACCHU-
(buKauy, ONTUMAILHOTO BbIOOpa U 3(PPEKTUBHOTO MPH-
MEHEHHS OpPraHMU3allMOHHOTO HHCTPYMEHTApHsl MYJbTHU-
MIPOEKTHOT'O YIIPABICHHUS.
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Takum oO6pa3omM, OOIIHE TEOPETUYECKUE BOIMPOCHI
MPOEKTHOTO YIPAaBJICHUS PACCMOTPEHBI JOCTATOYHO OJ-
POOHO KaK POCCHUICKUMU, TaK U 3apyOeKHBIMU aBTOPAMHU.
OpHaKko 3TO, B MEPBYIO OYepelb, KacaeTcs peallu3alliu
HNHHOBAIIMOHHBIX HpOCKTOB KOpHOpaTI/IBHLIM CeKTOpOM
SKOHOMHKHU — KPYIHBIMU KOMIIAHHUAMH U TOCYIapCTBEH-
HBIMH KOPIIOpaIusIMHA. BOIpOCH! ke MPOSKTHOTO yIIpaB-
JICHUST WHHOBAIIMOHHOHN JCSITEIBHOCTBIO B TEPPUTOPHIX
C 0COOBIM PEKUMOM XO3SHCTBOBAHHS, TAKHX KaK 0COOBIC
sKkoHOMIYecKHe 30HBI (OD3) U TeppUTOPHH OIepekKaro-
IIeTO comManbHO-3KOHOMIUeckoro pa3sutus (TOCOP),
MPAaKTUICCKH HE U3YYCHBI U HE PACCMOTPEHBL.

Oco0eHHOCTH TPOEKTHOr0 yNpaBjieHMsI HHHOBA-
uoHHoI nesateabHOCcTHI0 B TOCIP. Teppuropus ore-
PEKAIOIIEro COIHATbHO-3KOHOMHUECKOTO Pa3BUTHUS — 3TO
yacTh TeppuTOopuu cyonekta Poccuiickoit ®enepaiuu,
BKJIIOYAs 3aKPBITOE aIMHHHCTPATUBHO-TEPPUTOPHUAILHOE
o0Opa3oBaHue, Ha KOTOPOH B COOTBETCTBUHU C PEIIEHUEM
IIpaButenscTtBa Poccuiickoii ®enmepanuu yCTaHOBJICH
0COOBII IIPABOBOI PEKKUM OCYILECTBIIEHUS MPEINPUHHU-
MaTelabCcKkoll u umHou AesarenbHocTH. TOCOP cosmarorcs
B Poccuiickoii ®enepanimi Ha OCHOBAHHH IPHHITOIO
29 nexadps 2014 roxa ®enepansHoro 3akoHa Ne 473-D3 [9].

Henssmu cozmanusas TOCDOP sBisieTcss «BBIpaBHUBA-
HHE» YPOBHS COIHAIbHO-YKOHOMHUYECKOTO Pa3BUTHS
peruoHoB Poccum 3a cu€T co3maHms YCIOBHM JJI UX OIle-
pexaroriero pocta. B xone cozgarust TOCOP B pernonax
Poccuu pemarores cneayromue 3agauu [10]:

1) bopmupoBaHre B TEPPUTOPHUAX HEOOXOIUMOM IS
HX OIEPEKAIOIIETO PA3BUTHS HHDPACTPYKTYPEI,

2) co3manue OJaronpUSITHOrO HHBECTUIIMOHHOIO KIIMMATa;

3) peanu3anus rocy1apCTBEHHO-YaCTHOI'O MapTHEPCTRA;

4) co3maHue UMIIOPTO3aMEIIAIONIUX TPOU3BOJICTB
C BKCIIOPTHBIM MOTEHIIHAIIOM;

5) co3maHue HOBBIX BBICOKOTEXHOJOTHYHBIX Pa0OUIMX
MECT;

6) pa3BUTHE YEIIOBEUECKOTO MIOTEHIIMAIIA Ha TEPPUTOPHH;

7) yaydllieHHue KaueCTBa KM3HU T'PaXK/IaH.

IIpu BeIOOpE PE3UAEHTOB TEPPUTOPHUI ONIEPEKAIOIIE-
ro COLMAILHO-3KOHOMHUYECKOI0 pa3BuTus IIpaBurenncr-
Bo P® mpexae Bcero OpUEHTUPYETCS Ha COBIIAJICHUE
uHTEpecoB OmsHeca m rocymapctsa. s TOCOP tpe-
OyeTcsi CO3[aHuE OIPEAe/IEHHOW MH(PPACTPYKTYPhl —
TPaHCIIOPTHOM, PHEPreTUYECKON, KOMMYHAILHOMN, HHKE-
HEpHOM, COLMaIbHON, MHHOBaUMOHHOU U mp. [11].

TeppuTopHs ONEPEKAIOIIErO COLHUAILHO-3KOHOMUUECKOTO
pa3BUTHUSA CO3JAa€TCS HAa CEMBICCAT JIET 10 PEIICHHIO
IIpaBuTennscTBa Poccuiickoit Denepani Ha OCHOBAHUH
MPEUIOKEHNS YIIOJHOMOUYECHHOTO (heepaIbHOrO OpraHa.
CpoK  CYIIECTBOBaHHUS TEPPUTOPHU  OIEPEIKAIOIICTO
COIIMAJIbHO-9KOHOMHYECKOTO PAa3BUTHS MOXET OBITh
npomyieH 1o pemeHuto IlpaBurensctBa Poccuiickoit
depeparnu. PuHaHCOBOE 00ECIEUEHUE PA3BUTHS WHHO-
BAI[MOHHOr0 OH3HECa U OOLEKTOB MH(PPACTPYKTYPHI TEP-
PUTOPUHU  OTEPEIKAIOMIETO  COIUATBHO-3KOHOMUYECKOTO
Pa3BUTHS OCYILECTBIISIETCS 3a CUET CPEACTB (heaepaibHO-
ro Oromkera, Ommkera cyobekra Poccuiickor Penepa-
MM U MECTHBIX OIOIKETOB, a TaKiKe BHEOIOIKETHBIX
HCTOYHHUKOB (hHMHAHCHpoBaHus [9].

ITo coctostamio Ha 01.07.2017 r. B Poccuhiickoit denepa-
min chopMupoBaHBl M HadaiH cBoio padoty 34 TOCOP,
B ToM ymcie [12]:

— 16 — na lansuem Bocrtoke;

— 17 — B MOHOTrOpO1aX;

—1-B83ATO «Cesepck» (Hmxeroposckas obsacts).
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VrpapieHrue THHOBAIMOHHOM JiesTelIbHOCThI0 B TOCOP
OCYILIECTBIISIETCS B paMKaX CyIIEeCTByIoIeid B Poccuii-
ckoi denepanyy CUCTEMbI IPOEKTHOTO ynipasienus [13].
B mannyio cucreMy BXOOST IOCTOSHHO JIE€HCTBYIOIIUI
IIpoexTHbili oduc ITpaButensctBa Poccuiickori denepa-
LMK U MOCTOSHHO neictByronuii Coser npu IIpe3uaente
Poccuiickoit denepanuu mo cTpaTerndecKOMy Pa3BUTHIO
W IIPUOPUTETHBIM mpoekTaM [14]; npoekTHbii opuc Poc-
CUICKON BeHUypHOM KommaHuu [15]; mpoekTHBIH oduc
kopropaiuu «Pocatom» [16]; mpoekTHbIE O(HCHI Opra-
HOB peruoHanbHoM [17] u MyHuuumnansHoi [18] Boacreit
U TPOEKTHBbIC O(HCHI YIPABISIONUX KOMIIAHHH OCOOBIX
SKOHOMHYECKUX 30H M TEPPHUTOPHH OIEPEIKAIOIIErO COLH-
aJIbHO-D)KOHOMMYECKOT'O pa3BUTH (pHC. 2).

Peanuzauus ®enpepanpHoro 3akoHa Ne 473-D3
or 29 nexabps 2014 1. BO3/NOXKEHA Ha YIPABISIONINE
KOMITAHUHW. YTpPaBJAION[as KOMIIAHHS — aKIHOHEPHOE
o0mecTBo, kKoTopoe ompeaeneHo IlpaBurensctBoM Poc-
cutickoi Denepauu B LENISIX OCYILICCTBICHUS (DYHKIUI
10 YTIIPABJICHUIO TEPPUTOPHSIMU OTIEPEIKAOIIETO COIUAITBHO-
SKOHOMHMYECKOTO Pa3BUTHSA M CTO TPOIEHTOB aKIUK
KoTOoporo mpuHamIexutr IIpaButensctBy Poccuiickoi
®deneparuu, ¥ (WIK) JOYSPHEE XO3SHUCTBEHHOE OOIIECT-
BO, KOTOPOE CO3/IaH0 C Y4acTHEeM TaKOro akIMOHEPHOTO
oOmiecTBa. Ympasisionias KOMIAHUS B paMKax peain3a-
nuu 3akoHa Ne 473-03 ot 29.12.2014 r. pemaer cie-
nyromue 3agauu [9]:

1) peanmm3anus B pamkax TOCOP cpenHe- u KpaTko-
CPOYHBIX IUIAHOB PA3BHUTHUS PETUOHA;

2) opraHu3anysi CTPOMUTEILCTBA U O0ECICUCHUS
¢yaxkurornpoBanus uHbpacTpykTypsl TOCOP;

3) npepoctaBinenue pesupenram  TOCDP  yenyr,
HEOOXOMUMBIX IIJISi OCYIIECTBJIICHHS WHBECTHIIMOHHON
H XO3SIMCTBEHHOM ACATCILHOCTH,

4) nonyuyenue u mnepemgada pesugeHram TOCOP Ttex-
HUYCCKUX yCJ'IOBl/Iﬂ Ha MOAK/IFOYCHUE K CETAM HHKCHEPHO-
TEXHHUYECKOT0 00ECIICUeHHS,;

5) uadopMaIIOHHOE M METOIUYECKOE COIPOBOXKIIC-
Hue pesuaeHToB TOCOP.

Yrpasnsironieir komnanueit B coszgaBaeMbix TOCOP
B 3ATO aromuo#i otpacau sBisiercst AO «Atom-TOPy.
B pamkax ocyuiecTBieHnss (QYHKIMH [0 YIPaBICHUIO
TEPPUTOPHUSIMHU OIEPEIKAIOIIETO COLMAITBLHO-9KOHOMUYECKOTO
pa3BUTHA, CO3JAHHBIMU HAa TEPPUTOPUAX 3aKPBITHIX
aJMHUHHUCTPATUBHO-TEPPUTOPHATILHEIX 00pa30BaHMI, B KO-
TOPBIX PacIOIOKEHbI 00BEKTHI 1 0CyJapCTBEHHON KOPIIO-
panuy 1o aToMHOW »Hepruu «Pocaromy», yrpasisionias
KOMITaHHUS OCYLIECTBIISET ciaenyromue GyHkuuu [16]:

1. Benér peectp pesunenros TOCOP, npemocrasisst
B OpraHbl TOCY/IapCTBEHHOM BJIACTH M OpraHbl MECTHOTO
CaMOYIPaBIICHHS B COOTBETCTBUH C MX MOJHOMOYHSIMHU
JIOKyMEHTBI, TIOATBepxaatomme cratyc pesugenra TOCOP.

2. ObecneunBaeT (HyHKIMOHHPOBaHHE OOBEKTOB HH(pa-
ctpykrypsl TOCOP u (nm) opranusyer obecreueHne ux
(hYyHKIMOHUPOBAHUSI.

3. OpraHu3oBBIBa€T NPEIOCTABICHUE PE3UICHTAM
TOCOP ycnyr, HEOOXOAUMBIX JUISI OCYIIECTBICHUS
nesrensHocT B TOCOP (B TOM 4mcne IOpHAMYECKHX
YCIIYT, YCIYT 0 BEICHHIO OyXTalTepCKOro y4era, yCiyr
10 TAMOXXEHHOMY O()OPMIICHHIO).

4. OcymiectBisieT QyHKIIMA MHOTO(YHKITHOHAEHOTO
LEHTPa MNPEIOCTaBICHNS TOCYNAapCTBEHHBIX M MYyHHIIH-
nanbHeIX yeryr B TOCOP B mopsiake, ycTaHOBICHHOM
DenepanbapiM 3aKk0HOM OT 27 mrosst 2010 1. Ne 210-@3
«O0 opraHuzamMM MPEJOCTABICHUS TOCYAapCTBEHHBIX
Y MyHUIMIAIBHBIX YCIIYT».

5. Pa3memaer Ha CcBOeM OQHUIMATBLHOM caiiTe
B MH(OPMALMOHHO-TEJIEKOMMYHHKAIIMOHHOM ceT VHTepHer
CBCACHUA O HAJIUWYMKU 3E€MCJIbHBIX YYaCTKOB W HWHOTO
HEIBKMUMOI'0 HMYIIECTBa, pacnoyoxkeHHbix B TOCOP
U TIOJUIEXKAIINX C/1aue B apeHy.

6. Tlomy4yaer TEXHWYECKHE YCIIOBHS ITOJKIIOUCHUS
(TEXHOIIOTHYIECKOTO TIPUCOSTUHEHHUS) K CETSIM HH)KEHEPHO-
TEXHHYECKOTO O0ECHEeYEeHUsI W OCYIIECTBISET Iepenady
3THX YCIOBUM HWHIMBHIYAJIBHBIM IPEANPHHUMATEISIM,
IOPUIMYECKUM JIUIAM, OCYIIECTBIISIIOIINM CTPOUTEIHECTBO
WJIN PEKOHCTPYKIIHIO.

7. BpicTymaeT B KadecTBE 3acTpOMIIMKa OOBEKTOB
undpacrpykrypst TOCOP.

CUCTEMA MPOEKTHOIO YNPABNEHWA B POCUCKOW ®EQEPALIMKA
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Puc. 2. Cucrema nmpoektHoro ympasienus B Poccuiickoit @enepannu

Fig. 2. The system of project management of the Russian Federation
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Peanuzauus tux u apyrux QyHkuuii Oyzer Oojee
3¢ peKTHBHA B paMKax MPOEKTHOTO yNpPAaBJICHUs, TaK KaK
cHCTeMa MPOEKTHOTO YIpaBJIEHHs MO3BOJISIET paboTaTh
C MPOEKTAaMH pa3HOro macurada, AJIUTEILHOCTH U CIIOXK-
HOCTHU Ha BCEX YPOBHSX OPraHOB UCIIOJHUTEIILHOHN Bila-
CTH U BCCX IdTallax peajnM3allii MHHOBAIMOHHBIX IPOCK-
TOB ¥ OOBEMHATH YCUIIUS BCEX YYACTHUKOB IIPOEKTA.

Ha ¢enepansaom yposue B [IpoextHoM oduce [IpaBu-
tenbeTBa Poccuiickoit denepanuu teuenue 2015-2017 rr.
M0 KIIOYECBBIM HAIPABICHUSAM JICATEIEHOCTH  OBLIH
co3manbl 11 mpoekTHBIX Tpymn. Ha mexpernoHaisHOM
ypoBHe Ha 0a3e Poccuiickoll BEHUypHOW KOMITAaHHH CO3-
JlaH MPOeKTHBINH oduc. B paMkax ero paboTsl pa3zpabdoTa-
HBl U PEATH3YIOTCS IOPOKHBIE KapThl 7 HAIIMOHAIBHBIX
TexHosoruueckux miatgopm [13]: «ABuaner»; «Hepa-
KHUHETY; «AspoHeT»; «Mapuner»; «Helponer»; «Xenc-
HeT»; « TexHeT.

Ha wMexpernoHalbHOM U PEruOHaIbHOM YPOBHSX
rockopriopanueii «Pocatom» B paMKax CyIIECTBYIOLIETO
MpOoeKTHOrO oduca OBUIM  YCHEHHO pa3paboTaHbl
koHuenuuu coznanuss TOCOP 3ATO r. Capos, 3ATO
r. Xenesznoropck u 3ATO r. 3eneHOTOpCK, a TakKe Mpo-
BEJICHa OILEHKa perymupyromero BosneiictBus TOCOP
Ha colMaibHO-dKOHOMHUIeckoe pazsutue 3ATO atomHOI
otrpaciu [19]. B pamkax peaqn30BaHHBIX MPOCKTOB OBLIH
pemeHs! cinexyromue 3axaun [20]:

— OIIpEeNIeHBI MIePCIIEKTUBHBIE BUIBI SKOHOMHYECKOH
nesitenbHOCTH pesunenToB TOCOP 3ATO atomHON OT-
paciny;

— copMHpOBaH TEpeUeHb MOTEHIMATBHBIX HWHHOBA-
LMOHHBIX IPOEKTOB, MPETEHAYIOIMX Ha MOJy4eHHe
craryca pesuaenra TOCOP 3ATO aromHoii oTpaciu;

— JIeTaJbHO ONMcaHa MHPPACTPYKTypa, HeoOXoanmas
s popmuposannss TOCOP 3ATO aTomHO# oTpacnu;

— OIlpefieNieHa ONTHUMAallbHAs MOJIENb  YIPaBICHUS
TOCDP, B TOM 4mciae cXxeMa B3aMMOIEHCTBHS OCHOBHBIX

MHTEPECAHTOB W ONMHMCaHWE (PYHKIMOHAJA yIPaBIIIONICH
KOMIIaHUHY;

— IMOATOTOBJICH MPOCKT IMOCTAHOBJICHUSA HpaBI/ITeHbCT-
Ba Poccuiickoit denepanuu o cozpanuu TOCOP 3ATO
ATOMHOM OTpaciiy.

B pesynprare mpoBen€HHO# pabOTHl OBLTH MTOTyYEHBI
CIIEYIOMIHE IPAKTUIECKHUE Pe3yIIbTATHI:

— pa3paboTaHbl Tpu KoHIern popmupoBarust TOCOP
3ATO r. Xenesnoropck, r. 3eneHoropck u r. Capon
(B Hacrosimee Bpemst TOCOP  yxe chopmupoBaHa
Y Havaja CBOIO JIEATEIHHOCTS);

— MpoM3BeJIeHa OlICHKa MUHUMAJILHOTO 00beMa Kariu-
TaJbHBIX BIOXEHUH MOTEHIUATBHBIX pe3uneHToB TOCOP
JUIsl 3aITyCKa MHHOBAI[MOHHBIX MIPOEKTOB;

—omucana wuHOpacTpykrypa TOCDOP (3eMenbHEIC
Y4acTKH, 0OBEKTHl TPAHCIIOPTHOMN, SHEPreTHYECKOH, KOM-
MYyHaJIbHOM, MH)KEHEPHOH, COUMANIbHON, THHOBAlMOHHON
1 WHBIX HHPPACTPYKTYP);

— pa3paboTaHbl TPOTHO3BI COLHATEHO-IKOHOMHUYIECKHIX
nocnencteuii co3ganust TOCOP 3ATO atomHOM oTpaciy;

— pa3paboTaHbl MPOEKTHl HOPMAaTHUBHO-TIPABOBBIX IOKY-
MeHTOB 0 (popmupoBannu TOCOP wa Tepputopun 3ATO;

— pa3paboTaHBl TOPOXKHBIE KAapTHl M IUIAHBI 3aITyCKOB
TOCOP 3ATO r. XKeneszHoropck, r. 3eneHoropck, r. Capos,
BKJIO4Yas OIIMCAaHUC HeO6XOZ[I/IMI)IX W3MEHEHNH B HOpMa-
TUBHO-IIPABOBLIC AKThI;

— MOZIrOTOBJIEHO OITcaHke (PYHKIHMOHAIA YIIPABIISIOIICH
kommnanuu TOCOP.

Cucrema ynpaBieHHs HHHOBALMOHHOMN JIESITEIEHOCTHIO
B Poccuiickoii denepaunn NpoAoHKaeT COBEPLICHCTBO-
BaTbCs. 3a CUET IEHCTBYIOMIETO aATOPUTMA COMIPOBOKICHUS
WHHOBAIIMOHHBIX IPOEKTOB YCTPAHAIOTCS MEKBEIOMCT-
BEHHbIe  Oapbepbl, TapMOHHM3HPYETCS HOPMATHBHO-
3aKOHOJaTeNbHast 0a3a, HapaluBaeTCs KaJpOBBIA U YIpaB-
neH4Yeckuit moteHman (puc. 3) [13].

ANrOPUTM YNPABREHWUA MHHOBALIMOHHOW AEATENBHOCThIO
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Fig. 3. Control algorithm of innovative activities
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Cubupckuil srcypHan Hayku u mexvoaoeui. Tom 18, Ne 3

[IpencTaBneHHBIA aNTOPUTM JIOTHYECKH BBICTPAMBACT
B3aMMOJICHCTBHE Pa3IMYHBIX MEXaHU3MOB (DMHAHCHPOBA-
HUS MTHHOBAIIMOHHBIX MPOEKTOB HAa BCEX €ro CTaIUsiX —
OT WU JI0 CEPUHHOTO MPOM3BOJICTBA B PAMKaX CYIIECT-
BYIOIIE WHHOBAIIMOHHON MH(PACTPYKTYpPHL. DTO TO3BO-
nseT m30exarb Kak AyONMPOBAHMS CXOXKHUX (QYHKIHN
MHCTUTYTOB pa3Butus Poccuiickoit Penepanuu, Tak
U CYIIECTBEHHOTO COKpAIEHUs BPEMEHHBIX M (hrHAHCO-
BbIX U3JICPIKCK MNPH peain3alilui MHHOBAIIUOHHBIX IPOCK-
TOB C UCIIOJIb30BAHHEM MIPOCKTHOTO MOIXO0/Ia.

O]IHaKO HeO6XOIll/IMO OTMETUTb, YTO B HAYYHBIX
pa3paboTKax OTEYECTBCHHBIX W 3apyOCKHBIX YUYCHBIX
MpoOJIeMbl TPOEKTHOTO YIPABICHHUS HHHOBAIIMOHHOM
JESTETHPHOCTRIO C YYETOM CIEHU(PUKU WHHOBAIIMOHHOTO
passutus 3ATO ocBenieHsl He B TOIHON Mepe. OcoOeH-
HOCTH OpTaHU3aIllMOHHO-TIPaBOBOTO cratyca TOCDP
OKa3bIBAIOT CYIIECTBEHHOE BIHSHHE HA PAa3BUTHE HHHO-
BallMOHHOW JESTEIBHOCTH, YTO OOYCIIOBIMBAET HEOOXO-
JUMOCTh YTOYHEHUS IOHSTHSA «IIPOEKTHOE YTIPaBIICHHUE
WHHOBAIIMOHHOM NesiTeIbHOCTHI0 B TOCOPY.

B 310l CcBSI3M aBTOpaMu MpPEMJIOKEHO OIPEIECICHUE
IIPOEKTHOI'O YIPABJICHUS MHHOBALlMOHHOM JI€ATEIbHO-
CTBI0O B TCPPHUTOPUSAX OIEPEKAMMET0 COIHUATBHO-
SKOHOMHYECKOTO Pa3BUTHS, & UMCHHO: BHJI yIpaBlicHYC-
CKOM JIeATCNBFHOCTH, ONPEACIISIONINN  COrIACOBAHHYIO
paboTy OpraHoOB TOCYJapCTBEHHOTO YIIPABICHUS, OPTaHOB
MECTHOTO CaMOYTIpaBJICHUS W TIpEeNCTaBHUTENeH OmzHeca
TI0 CO3/IAHHMIO JIBTOTHBIX PEKUMOB BEICHHST HHHOBAIMOHHON
JESITENIFHOCTH B TEPPUTOPHSIX OIEPEKAIOIIETO CONUAIBHO-
SKOHOMHYECKOTO Pa3BHUTHS, YUUTHIBAIOIINN HHTEPECH UX
PE3UICHTOB, TOCYapCTBa, PErHOHA U MYHHUIUIIATHHOIO
co00IIecTBa U 00ECIICUUBAIOIINN PAIIMOHAIEHOE UCIIONb-
30BaHUE OIOPKETHBIX PECYPCOB.

JlaHHOE OTpe/ieICHNE CONCPIKUT BaXKHBIC YTOUHCHUS:

— YUHTBIBACTCA CHElU(UKa OpraHU3aIlHOHHO-TIPABOBOM
¢dopmber TOCOP B ycnosusix 3ATO;

— OIIPENEINAIOTCS  YCIOBHSL Ui (PMHAHCHUPOBAHHSA
WHHOBAIMOHHOW NIESTENFHOCTH, BIUSIONINE HAa TIPHBIIE-
KaTeIbHOCTh TEPPUTOPHH IJI1 HHBECTOPOB;

—o0ecrieynBaeTCsl COUYETAHWE WHTEPECOB BIACTH,
Om3Heca W OOmIECTBa, OMPEHCISAIONIEEe IEePCIEKTHUBBI
passutus TOCOP B ycnosusix 3ATO;

— o0ecreynBaeTcsl  paloOHAIBLHOE — HCIIOJIb30BAHHE
PECYPCOB OFOJIKETOB BCEX YPOBHEW OOIKETHOMN CHCTEMBI
B YCIIOBHSAX HX OTPAaHHMYCHHOCTH.

IpemnoxxeHHBI MOAXOA K YIPABICHUIO WHHOBAIIW-
oHHOH AestenbHOCTHI0 B TOCOP nononusier nmeromuecs
Hay4yHble pa3pabOTKH OTEYECTBEHHBIX H 3apyOesKHBIX
VUYEHBIX B 00JIACTH PETHOHAIBHON SKOHOMUKH U TTO3BOJISIET
c(OpMHUPOBATH CHCTEMY COTJIACOBAHHBIX JEHCTBHUII opra-
HOB BJIACTH BCEX YPOBHEH C YIETOM HCIIONB30BAaHUS UMHU
WHCTPYMEHTOB IIPOEKTHOTO YIIPABICHUSI.

3akiaouenne. AHanu3 (QYHKIHOHAJIBHOTO W IHPO-
HECCHOT'O yIpaBJICHUA HHHOBaIJ,PIOHHOfI JACATCIIbHOCTBHIO B
TOCDP no3BoiseT caeiaTh BBIBOJ, YTO HCIIOJB30BaHUE
MMPOEKTHOTO MOJX0/1a — YCIenTHo. bosee Toro, mpoekTHOE
VIOpaBJICHUE TO3BOJSICT PEAM30BBIBATH  JOCTATOYHO
CJIOKHBIC TPOCKTHI B CXKATHIC CPOKH ¥ TIPU UMCIOIIUXCS
OTPaHHYCHISIX B Pecypcax, B IEPBYIO Ouepeib, (MHAHCOBBIX.

Bwmecre ¢ TeM HEOOXOAMMO OTMETHUTH, YTO CHCTEMa
MPOEKTHOTO YIPABJICHUS WHHOBAIMOHHON JesATEIhHO-
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CTBIO B TEPPUTOPHSX JAHHOTO TUIA TpeOyeT CKopeHiiero
peleHus caeIyoIuX BakHeHmux 3agad [13]:

1. TapmoHM3aIwsl HOPMATHBHO-TIPABOBOI 023kl B 001aCTH
WHHOBALMOHHOM NEATEIILHOCTH B COOTBETCTBHUH C MEKAY-
HApOJHBIMU CTaHJAPTAMH U MPAKTUKAMH.

2. OGecrnieueHne CTaOMIIBHOTO U PUTMUYHOTO (PUHAH-
CHUPOBAaHHUS pealn3alli HWHHOBALMOHHBIX MPOEKTOB
U COBEPIICHCTBOBAHME MEXaHH3MOB KOMIUIEKCHOTO
COTIPOBOXK/ICHHSI PEAIU3yEMBbIX ITPOCKTOB.

3. Omepexaroiniee pa3BUTHE YPOBHS TOJATOTOBKH
U MEXIYHApOJHOH cepTH(UKALNU KaJpOB ISl CTPYKTYP
MIPOEKTHOT'O YIPaBJICHUS Ha Pa3JINYHBIX YPOBHSIX.

4. JlanpHelimmee pas3BUTHE WHQPPACTPYKTYypHl TOJ-
JIEp)KKH HMHHOBAlIMOHHOHM AEATEIHHOCTH M IIOBBIICHHS
3} PEKTUBHOCTH PaOOTHI MHCTUTYTOB Pa3BUTHA.

Pa3paboTka cHCTEMbI MPOEKTHOTO YIPABJICHHUS MHHO-
BalMoHHOU aearenbHOCThI0O B TOCOP ¢ yuerom mx cre-
IU(UKH [TO3BOJIUT CYIIECTBEHHO COKPaTUTH CPOKU (op-
mupoBaaus TOCOP B permnonax Poccuiickoit @eneparm
(Bkmouass 3ATO u MoHOropona), yaydylIMTh Ka4e€CTBO
TUIAHMPOBAHUS CO3aHUsI HEOOXOAMMON HMH(PaCTPYKTYpBhI,
MOBBICUTH 3()()EKTUBHOCTD AEATENLHOCTH YIPABISIOLIEH
kommanun TOCDP, a Taxke MOOUTHCA 3HAYUTEIHHOIO
COKpalICHUSI PacXOJ0BaHUS BBIIEJISEMBIX HAa A3TH ILEIH
(hMHAHCOBBIX CPEACTB (UTO OCOOCHHO Ba)KHO B YCIIOBHSX
nepunura cpeactBs  (GenepaTbHOr0 M PETHOHAIBHBIX
OI0KETOB).

IIpn co3maHWMM LENOCTHOM CHCTEMBI IPOEKTHOTO
YIOpaBJICHUS MHHOBALMOHHOW AesTenpHOCTEI0 B TOCOP
HEOOXOMMO MPEOI0NIETh HE TOJIBKO MEXBEIOMCTBEHHYIO
Pa3pO3HEHHOCTh, HO M pa30alaHCHPOBAHHOCTh M HECO-
[JIaCOBAaHHOCTD JICHCTBUN OPIaHOB MCIIOJIHUTEIBHOU BJIa-
CTH BCEX YPOBHEM, a TakKe yCTPaHUTh BCE OIPaHUYCHHMS
HOPMAaTHBHO-3aKOHO/IAaTeJIFHOTO XapakTepa W OIlepexaro-
IIMMH TEMIIAaMHU [OJrOTOBUTH HEOOXOIMMBIE KBATHU(PUIIH-
POBaHHBIE KaJIpbl B 00JIaCTH ITPOEKTHOTO YIIPaBICHHUSI.
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KOMMEPIHHUAJIU3AIIMSA HHHOBAIIMOHHOT' O IIOTEHIIUAJIA IPEJNPUATUAN OBOPOHHO-
ITPOMBIIIIEHHOI'O KOMILIJIEKCA: ®OPMbI U METO/Ibl CETEBOI'O B3AUMOJIEUCTBUA
C OFBEKTAMHU NTHHOBAIIMOHHOU UH®PACTPYKTYPBI

10. B. Epeirnn, E. B. Boprcosa”

Cubupckuii rocy1apCTBEHHBIN YHUBEPCUTET HAYKH U TEXHOJIOTHH NMEHH akajnemuka M. @. Pemernena
Poccutickas ®enepamus, 660037, r. KpacHosipek, mpoct. uM. ra3. «KpacHosipckuii pabounii», 3 1
* . . .
E-mail: borisovaev2015@mail.ru

Onpedenena ponb UHHOBAYUOHHOU UH@PACMPYKMYPbL 6 PEUeHuU 3a0ay KOMMePYUAIU3Ayuu UHHOBAYUOHHO2O
nomenyuana npeonpusmuil 060poxHo-npomviuiienHo2o komniaexca (OIIK). Paccmomperno gpopmuposanue mexanusma
KOMMEPYUATU3ayuu UHHO8AYUoHHo20 nomenyuara npeonpusmuu OIIK, cymb Komopoeo 3axnouaemcs 8 8biCmpausa-
HUU Cemesoco 83aumMo0elicmeuss Mexcoy 00beKmamu UHHOBAYUOHHOU UHGPACMPYKMYPbL, GKIH0OUAsL 0OBEKMbl PbIHOY-
HOU, UHBECMUYUOHHO-(DUHAHCOBOU UHDPACMPYKMYPbL HAYUOHALLHOLO U MENCOYHAPOOHO20 YPOSHS, U NPEONPUSIMUSMU
OIIK, o6nadaiowumu YHUKATbHLIMU IJIEMEHMAMU UHHOBAYUOHHO20 NOMEHYUALd, BOGIEYEHUE KOMOPLIX 6 KOMMEpYe-
cKuti 060pom no36015€m 6 NOJHOU Mepe OCYUWEeCMEUMb KOMMEPYUATUZAYUIO UHHOBAYUOHHBIX NPOOYKMOE, MEeXHOIO2Ul,
yenye. Ilocmpoenue cemesoco ezaumodeticmeuss npeonpuamuti OIIK u 06vexmos uHHO8AYUOHHOU UHDpaACMPYKMYpbl
8 npoyecce KOMMEPYUATUIAYUU OCHOBAHO HA 0ObEOUHEHUU UX YCUNULL U VBSI3bIGAHUU 6 eOUHYI0 YENOYKY HA OCHOBe
63AUMHOU 3AUHMEPECOBAHHOCIU 05l OOCMUIICEHUSI 0OWUX KOHEUHBIX De3VIbMAmos peaiusayuu UHHOBAYUOHHbIX
npoexmos. Ilpeonosicenvt Kpumepuu 6b160pa Gopm cemesozo 83aumMoOetUCmeust: Xapakmep 63aumMooelicmauss 06beKmos
UHHOBAYUOHHOU UHDPACMPYKMYPbL, OOCMAMOYHOCHb PECyPCos O pearuzayuu busnec-npoyeccos. Paspaboman memoo
evlbopa opm cemesoeo 63auMoOelcmausi 00beKMO8 UHHOBAYUOHHOU UHGPACMPYKMYpol, 0becneyusaoujuii. 0ocmu-
JiCeHUe MUHUMAIbHbIX 3amMpam npu peanuzayuu nopmaernetl OU3HeC-npoyecco8 U CHUNCEHUE PUCKOS QYHKYUOHUPOBA-
HUsL 00bEKMO8 UHHOBAYUOHHOU UHGpacmpykmypol. FIcnonb306anue npeodyiodceHHbIX OP2AHUZAYUOHHBIX POPM Cenesoco
83aUMOOEUCMBUsL NO360JIAem 806/eYb 20CY0aApPCmMe0, OAHKU, UHHOBAYUOHHbIE POHObL U 00bEKMbl UHHOBAYUOHHOU UH-
(pacmpykmypul, yuacmsylowue 6 pacnpedeieHul puckog peaiuzayuu nopmeenei OuHec-npoyeccos UHHOBAYUOHHBIX
NPOEKMO8 MeNCOY BCeMU VUACMHUKAMU Cemedo20 63aUMOOCUCMEUsl, YMoO Ccnocoocmeyem OugepCupuKayul puckos
U No360Jisem pacCMAMPUEANb OP2AHUZAYUOHHOE 83AUMOOEUCMEUe KAK O0UH U3 CNOCOO08 CHUIICEHUS! UHHOBAYUOHHBIX
PUCKO8, BOZHUKAIOWUX 8 NpoYecce KOMMEPYUATU3AYUYU UHHO8AYUOHHO20 nomenyuana npeonpusimui OIIK. Ilpeono-
JHCEHHbIE UHCMPYMEHNMbl NOCMPOEHU CEemeso20 63AUMOOCUCmEUs. 00beKmMo8 UHHOBAYUOHHOU UHppacmpyKmypol
Mo2ym 6bimb UCTIONBL308AHbL (DEOEPATbHBIMU U PELUOHATILHBIMU OP2AHAMU GIACMU NPU PA3PaAbOmKe HANPAeieHull 0ab-
Hellule2o passumusi U NOGbLUeHUs 3P hexmusHocmu GYHKYUOHUPOBAHUSL UHHOBAYUOHHOU UHGPACMPYKMYPbL Pe2UOHO8,
a makaice 6cex YHacmHUKO8 NPoyecca KOMMepYUaIu3ayuu 6 Yeiom.

Knouesvle crosa: 060poHHO-NPOMBIUIEHHBIE KOMNIEKC, KOMMEPYUATUIAYUS UHHOBAYUOHHO20 NOMEHYUANd, UHHO-
8AYUOHHAA UHPPACPYKMYPA, Cemesoe 83aumMooeiicmeue, Op2anu3aytonHble opmbl NOCMPOEHUs CEMeE8o20 63aUMO-
Oelicmausi, Kpumepuu 66100pa popm, puck.

Knrouesvie cnosa: TOCOP, npoexm, npoexmuoe ynpasierue, npoekmubiil 0Quc, UHHOBAYUOHHASL 0essMealbHOCb.
Siberian Journal of Science and Technology. 2017, Vol. 18, No. 3, P. 673-679

COMMERCIALIZATION INNOVATIVE POTENTIAL OF DEFENSE INDUSTRY ENTERPRISES: FORMS
AND METHODS OF NETWORK INTERACTION WITH OBJECTS OF INNOVATIVE INFRASTRUCTURE

Yu. V. Erygin, E. V. Borisova’

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
"E-mail: borisovaev2015@mail.ru

The role of innovative infrastructure in the solution of problems of commercialization of innovative capacity of the
enterprises of the defense industry complex in the article is defined. The article is devoted to the formation of the
mechanism of commercialization of innovative capacity of defense industry enterprises. The essence of this mechanism
consists of forming of network interaction between objects of innovative infrastructure and defense industry enterprises
which possess unique elements of innovative potential. These objects of innovative infrastructure include objects of
market, investment and financial infrastructure of national and international level. Involvement of objects of innovative
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infrastructure and defense industry enterprises in a commercial turnover allows carrying out fully commercialization
of innovative products, technologies, services. Creation of network interaction of defense industry enterprises and
objects of innovative infrastructure is based on combination of their efforts and coordination in the uniform chain.
This association is carried out on the basis of mutual interest for achievement of the general end results of implementa-
tion of innovative projects in the course of commercialization. Criteria of the choice of forms of network interaction are
offered: the nature of interaction of objects of innovative infrastructure, sufficiency of resources for realization of busi-
ness processes. The method of the choice of forms of network interaction of objects of innovative infrastructure
is developed. This method provides achievement of the minimum expenses at realization of portfolios of business proc-
esses and decrease in risks of functioning of objects of innovative infrastructure. The use of the offered organizational
forms of network interaction allows involving the state, banks, innovative funds and objects of innovative infrastructure.
It participates in the distribution of risks of realization of portfolios of business processes of innovative projects
between all participants of network interaction. It promotes diversification of risks and allows considering organiza-
tional interaction as one of the ways of decrease in the innovative risks arising in the course of commercialization
of innovative capacity of defense industry enterprises. The author’s instruments of creation of network interaction
of objects of innovative infrastructure can be used by federal and regional authorities when developing the directions
of further development and increase in efficiency of functioning of innovative infrastructure of regions and also all par-
ticipants of process of commercialization in general.

Keywords: defense industry complex, commercialization of innovative potential, innovative infrastructure, network
interaction, organizational forms of creation of network interaction, criteria of the choice of forms, risks.

Beenenue. CeroaHsi BAKHEHIIIMM HalpaBJIeHHEM WHHO- 3anHTEPECOBAHHOCTh PETHOHA B €T0 WHHOBAIMOHHOM
BAIMOHHOTO Pa3BUTHS CTPAHBI ABJIAETCA KOMMEpIIMAAn3a-  Pa3BUTHH, a Takke orcyTctBue y mnpeampusatuii OITK
¥ MHHOBAIMOHHOIO IOTEHIMANa BBICOKOTEXHOJOIMY-  OIBITA IPAKTUYECKONH PabOThl Ha PHIHKAX BBICOKOTEXHO-
HBIX OTPAacliel 5KOHOMHKH, K YHCIY KOTOPBIX OTHOCUTCS  JIOTMYHOM IMPOJYKLMHU, MEXAaHU3MOB H PECYPCOB, Heo0Xxo-
oboponHO-TipoMbIUIeHHbH KoMminieke (OI1K), obnamarormii  AUMBIX AJIS PELCHU 3a1a4 KOMMepIHaau3alil HHHOBA-
CYIIECTBEHHBIM HHHOBAIMOHHBIM IIOTCHIHAJIOM €ro uoHHOro norexuuana npexnpustuil OIIK, onpenenunu

MIPEIIPUSTHIA. POJIb PETHMOHAIILHOM HHHOBALIMOHHON HH(PACTPYKTYpHI
D¢ dexTrBHOE HCIOIB30BAHNE MMEIOIETrocss HHHOBa- B MHHOBAllMOHHOM PasBUTHU CTPAHBI.
LMOHHOrO mnoTeHuuana npeanpusatuii OIIK  Tpebyer Ha 00bexThl peruoHanbHOIl MHHOBALMOHHON HH(pa-

pelIeHns 3aJa4d €r0 KOMMEpIHaIM3alud, 9To Moker  CTPYKTYpPbl MOIYT OBITE  BO3JIOXKCHBI KaK (DYHKIHMH
CTaTh OCHOBOH KaK JUIsl €ro BOCIPOM3BOACTBA B Ieysix 110 PCaln3alliM OTACIbHBIX OU3HEC-IIPOLIECCOB  CaMOr0
obecredcHns 0GOPOHOCTIOCOGHOCTH CTPaHBbl, yCTOiunBo- ~ MHHOBALMOHHOTO MPOEKTA, TAaK M (YHKUMH, CBS3aHHBIC
CTH U CTPaTerHyecKoil KOHKYPEHTOCTIOCOGHOCTH mpei- — C MPOMBIKEHHEM HA PBIHOK M (pMHAHCHPOBAHHEM paspa-
npustuit OTIK, Tak u [U1s pa3sBUTHA SKOHOMUKH perronop ~ OOTOK, @ TakKe  CTHMYITMPOBAHMEM HHHOBALMOHHOMH
pasmemienus npeanpustuii OIK, uto onpenenser akry- — ACATCIBHOCTH.
aJIbHOCTH TEMBI MCCJICIOBAHMS HACTOSIIEH CTAThH. Takum o6pazom, 6e3 BOBIEUEHHs B MPOIIECC K(zMMep—
BoBJieueHNe MHHOBALMOHHOTO MOTEHIHANa npepus- — AaIH3aliil ApyTix CYOBEKTOB MHHOBALWMORHOI  fies-
THil OHK B IpOIIECC KOMMEPLMANHU3AUNN yBEIHUUBAET TCJIBHOCTH, B ICPBYIO OUCPC/b, UMCIOINX KOMIICTCHIIUN

MX ITAaHCBI Ha YYaCTHEC B pe€ain3aliyi rocyJapCTBEHHOTO 1 OIIBIT pa6OTH B pI)IH(é‘IHBIX YCIOBIIX, Ba)K}\I,eHHH/IMH
N3 KOTOPBIX ABJIAIOTCA 'bCKThl HHHOBAIITMOHHOHN HH()pPa-
060pOHHOF0 3aKasa 3a CUCT ITOJIYYCHHUS OJOIMOJTHUTEIIbHBIX 3 koTop foTCH 00Be OBAlHOHHO q)p

CTPYKTYpBI, BKJIIOUasl PacHOJ0XKEHHBbIE B PETHOHAX pas-
HCTOYHHMKOB (pHAHCHPOBAHMS. PYKTYDEL, p P P
. memenns npeanpustuii OIIK, ocymecTBuTh KOMMeEpLIHa-
B cuny cBoeil crnenn(UUHOCTH W yHUKaJIBHOCTH

N JMU3AIMI0 WHHOBALIMOHHOW BBICOKOTEXHOJOTUYHOH IPO-
chopMupoBaHHBIX KommneTeHnud mnpeanpusatus OITK . .
JIyKUu#, paboT, yCIOyr, TEXHOJOrWd B TOJHOW Mepe
HE MMEIOT ONbITa PabOThl Ha MEXIYHAPOAHBIX PBIHKAX
N o HE TIPEICTaBIIIETCSI BOZMOKHBIM.
C6I)ITa HWHHOBAIITMOHHOU BBICOKOTCXHOJOIMYHOU IMPOIAYK-
. KomruiekcHas peanuzanusi mporecca KOMMepILUain-
IMH, YTO aKTyaIN3UpyeT MpodiaeMy oOecrieueHus yCTom- .
. 3alldd MHHOBAIIMOHHOTIO MOTeHInana npeanpustuii OITK
YUBOI'O KOHKYPEHTHOI'O IIPEUM €CTBa MPCAIPUATHH
OITK yp PEHMYIL pearp JIOJDKHA CTPOUTHCSI HA OCHOBE HCIIOJIb30BaHMS OPraHU3a-
, KoTopoe ivon%eT JAOCTATATbCA HEPE3 BOBNEHCHHE |\ v (opm  B3aWMOIGHCTBES, OGHEIMHAIOMHAX
B KOMMCPHCCKHH 000pOT HE TOFLE%EHHOBEIHHOHHOFO YCHJIUSL BCEX YYACTHHUKOB IMPOIECCa KOMMEPIIMATU3AIUN
TIOTCHIMANIa CaMHX  IIPEIIPHATHH » HO W JPYTUX ' 1oBBIIAIONMX  3aMHTEPECOBAHHOCTh B  KOHEYHOM
CYyOBEKTOB MHHOBAI[HOHHOM J€STEIbHOCTH, BaXKHEHILIUMU

o pe3ysibTaTe pealn3alilui NHHOBAIIMOHHLIX IIPOCKTOB.
N3 KOTOPBIX ABJIAIOTCS 0OBEKTHI HMHHOBAaIlTMOHHOU I/IH('l)pa— B 5T0ii CBSI3U CyTh MeXaHH3Ma KOMMEpIHAIH3AUN

CTPYKTYpBI. WHHOBAIIMOHHOTO ToTeHImana mpennpusaruii OIIK 3a-

B oT0#l CBA3M KOMMEpPUHMATM3ALMH HHHOBALMOHHOTO  yguaercst B BBICTPAMBAHHH CETEBOrO B3AMMOEICTBIS
noteHnuana upegnpuaruii OIIK B 3HauuTenpHOU MeX1y OOBEKTAMH HMHHOBALMOHHON HH(PACTPYKTYpHI
CTETeHH CMOCOOCTBYeT (OPMUPOBAHME WHHOBALMOHHOW g npexnpustuamu  OINK, 061a210MWUMy  3JeMeHTaMu
MH(PaCTPYKTyphl, 001a1aI0IIEH KOMIIETEHUUAMU PabOThI MHHOBALIMOHHOI'O ITOTEHIIMAda M KOMIIETEHIMAMU, Oe3
B PBIHOYHBIX YCIOBHSX U CO3MAMOLICH ycnoBus Wit 3¢-  popneuenus KOTOPBIX B KOMMEpPUYECKHI 000pOT HEmb3s
(hexTUBHOMN peanu3aluy PErHOHANbHBIX HHHOBALMOHHBIX B [I0THOMN Mepe OCYIECTBHTh KOMIUICKCHYIO PEan3aIliio
MPOCKTOB, BKJIOYas NPOCKTbl KOMMEPIMAIN3AUKNNA HHHO-  pporecca KOMMEpLHaIu3allMi WUHHOBAIMOHHOTO IMOTEH-
BallMOHHOTO noTeHnuana npegnpustuid OIIK. nuana npeanpusatuii OIIK.
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@dopmMupoBaHHE CETEBOrO  B3aUMOJCHCTBHUS  Kak
ompezenstonield  GopMbl COTpyIHHYECTBA B HAy4HO-
TEXHUYECKON M WHHOBAIIMOHHOHN chepe paccMaTpuBaeTcs
B TPyAax MHOTHX HcclenoBareneii, B yacTHOCTH B [ 1—10].

BwMmecte ¢ TeM 10 HAacTOAIIEro BpeMEHH HE0CTaTOUHO
pPa3pabOTaHHBIMH OCTAIOTCSl BOIPOCH!  (hOPMHPOBAHHS
apXUTEKTypbl MHHOBAI[MOHHOW MH(PACTPyKTypBl peruo-
Ha C y4EeTOM CHeUU(UKN ero MHHOBAIIMOHHOTO PAa3BUTHS,
OIpeIeIsIEeMON XapaKTepoOM U OCOOEHHOCTSMH pean3ye-
MbIX MHHOBAIIMOHHBIX MPOCKTOB, B YaCTHOCTH, IMPOCKTOB
KOMMeEpIHUaIU3alud WHHOBAIIMOHHOI'O IOTEHIMAa
npennpusatuii OIIK. HegoctarouHoe BHUMaHUE Takxke
yJIeJIeHO BoIpocaM BbIOOpa (opMm u pa3paboTku Mexa-
HU3MOB  (OPMHPOBaHMS CETEBOrO  B3aWMOJCHUCTBHUS
MEXIy OOBEKTaMH HMHHOBAIMOHHOW WH(PACTPYKTypHI
U ApYrMMH CyOBbEKTaMH WHHOBALMOHHOW NESTEIbHOCTH
B IIPOLIECCE PEATM3aL HHHOBAIIOHHBIX ITPOEKTOB.

KonnenryanbHblil M0AX0X W MHCTPYMEHThI (hopmu-
POBaHMSI MHHHOBAIMOHHON MH(PACTPYKTYPHI peruoHa.
B omyOnukoBanHbIX paHee paborax [11] aBropamu
HacTosilied cratbu ObLT pa3paboTaH KOHLENTYalbHBIN
oaXo/1 K pOpMUPOBAaHUIO MHHOBAIIMOHHON MH(pacTpyK-
TYpBl PErMoOHa, yYUTHIBAIOMINI MHHOBALMOHHBIN ITOTEH-
LMajl TEPPUTOPUH, XapaKTep M YCIOBHS KOMMepLIUan3a-
MU WHHOBAIIMOHHOTO moTeHnmana mpenmnpuaruii OIIK,
a TaKKe CTIeU(UKY UX JeSTEITbHOCTH.

Baxue#mmM oTiImYreM aBTOPCKOTO TMoaxona K ¢op-
MHPOBAaHHIO WHHOBALIMOHHON MH(PACTPYKTYPbl B PETHO-
HE SBJIAETCSA TPEIJIOKEHUE OCYIIECTBISTH JEKOMIIO3H-
LU0 MHHOBAIMOHHOTO MPOEKTa Ha OW3HEC-NPOLIECCHI,
YTO IO3BOJIUT 33/IEUCTBOBATh CYILIECTBYIOIINI B pETHOHE
SKOHOMMYECKUH M MHHOBALMOHHBIA ITOTCHLMAJ, a TAKXKE
y4ecTb YCJOBUS peanu3anuu OusHec-mporeccoB [11]
3a cyeT obecrevyeHnss MaKCUMAaJIbHOTO BOBJICUEHHS B MX
peanu3anio cyObeKTOB MHHOBAIIMOHHOW AEATEIHHOCTH,
(hopMUpYIOIINX ~ HWHHOBALMOHHYIO  HH(PACTPYKTYpy
peruoHa, BKIIOYas Kak (pyHKIMOHHUPYIOUINE B PErHOHE,
TaK U 0OBEKTHl HHBECTHLIMOHHO-(HHAHCOBOW, PHIHOYHON
HHQPACTPYKTYpPBI, B TOM YHCIIe 00bEKTH HHHOBAaIMOHHON
HHQPACTPYKTYphl HALMOHAIBHOTO M MEXIYHAPOJHOTO
YpOBHEMH, co3marontie yciaoBus it 3 dekTuBHON peann-
3allMi UHHOBAIMOHHBIX ITPOCKTOB.

g peanu3aiy KOHIENTYaJbHOTO MOJAXO0/a aBTOpa-
MU ObUIa pa3paboTaHa MaTpulla pacupeieicHus Ou3Hec-
MPOLIECCOB  WHHOBALMOHHBIX IIPOEKTOB  pETHOHA
10 00bEKTaM MHHOBAIIMOHHOW MH(PACTPYKTYphI (MaTpH-
na PBITUIT) [11], mcronbp3oBaHME KOTOPOW B paMKax
OJJHOTO MHHOBAIIMOHHOTO MPOEKTa T03BOJISIET CPOPMHUPO-
BaTh CETEBOEC B3aWMOACHCTBHE 3aWHTEPECOBAHHBIX
B YCHEUIHOH €ro pealn3aluil 00beKTOB MHHOBAIIMOHHOM
HHPPACTPYKTYPHIL

B mponecce peanuzannu 00IIET0 MHHOBAIIMOHHOTO
npoekTta OOBEKThl WHHOBALIMOHHON HWH(PaCTPyKTypHI
peanu3yIoT LENouKy OM3HEC-TIPOIIECCOB MHHOBAIIMOHHOTO
NPOEKTa, MOCTENEHHO MEePEX0As OT OAHOro 00bEeKTa WH-
HOBAIIOHHOW HMHQPACTPYKTYphl K JIpyromy, (GpopMupys
€/IMHYIO CEeTh B3aMMO3aBHUCHUMBIX OOBEKTOB MHHOBAIMOH-
HOW HMHQPACTPYKTYyphl, OOBEIMHEHHBIX B Pa3IHYHBIX
OpPTraHU3AIMOHHBIX (opMax [UIA peann3aludl 00IIero
MHHOBALIMOHHOTO TPOEKTa HA OCHOBE B3aMMHOMW 3aMHTE-
PECOBaHHOCTH.
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[Tpu ocymniecTBIICHNN BCEel COBOKYITHOCTH PETHOHANb-
HBIX HMHHOBAIIMOHHBIX TPOCKTOB MAaTpHUIAa ITO3BOJSCT
chopMHUpOBATh I KaKIOro OOBEKTa HHHOBAIIMOHHOW
HHPPACTPYKTYPHI MOPTQETs 3aKa30B, COCTOSIIUN U3 CO-
BOKYITHOCTH OM3HEC-TIPOIIECCOB WHHOBAITMOHHBIX IMPOCK-
TOB peruona [11].

Takum 06pa3om, aBTOPCKUI KOHIIENTYAIbHBIA IOJX0/
ompeneNnseT HeoOXOAUMMOCTh (HOpPMHpPOBaHUS OOBEKTOB
WHHOBAaLMOHHOM WH(]PACTPYKTypsl C Yy4YETOM COCTaBa
1 0COOCHHOCTEW peann3aliii HHHOBALMOHHBIX MIPOEKTOB,
pean3yeMbIX Ha TEPPUTOPUH, a TaKKe HEOOXOAUMOCTH
MIOCTPOCHHS CETEBOTO B3aWMOJAEHCTBUSI OOBEKTOB WHHO-
BaIlMOHHOW WH(PACTPYKTYphl B PAa3IMYHBIX OpraHU3a-
IUOHHBIX (popMax.

OpranunzanuoHHbie (POPMBI MOCTPOEHHSI CETEBOI0
B3aMMO/JeCcTBUSI 00beKTOB MHHOBALMOHHOW HMHpa-
cTpykTyphl. IlocTpoeHne ceTeBOro B3aMMOACHCTBHA
npexnpustrii OITK 1 00beKTOB MHHOBALIMOHHOW HH(pa-
CTPYKTYPBl B TIpOIECCe KOMMEPIMAIM3aIUHd OCHOBAHO
Ha OOBEJMHEHUHM MX YCWIMH M YBS3BIBAHHM B €AMHYIO
LEMOYKY Ha OCHOBE B3aUMHOW 3aMHTEPECOBAHHOCTH LIS
JIOCTHIKEHUs OOIIMX KOHEUHBIX PE3yJIbTAaTOB pealn3aliu
WHHOBALIMOHHBIX IIPOEKTOB.

B cereBoe B3auMojeicTBHE BOBIEKAIOTCS OOBEKTHI
MHBECTHLIMOHHO-(PUHAHCOBOW M PBHIHOYHON MH(]pacTpyK-
TYpBIL, 9TO TO3BOJISIET 00eceyuTh (POPMHUPOBAHKE CIIpOCca
Ha WHHOBAIIMOHHYIO MPOAYKIHUIO, TOBBICHTE 3P (HEKTHB-
HOCTh peaNM3alliil 3aBEPIIAIONINX CTAINA WHHOBAIHOH-
HOTO TIpoIiecca, MPUBIEYH TOMOIHUTEIBHBIE HCTOYHHUKH
(hMHAHCHPOBAaHUS IS peaTH3alid HWHHOBAI[MOHHBIX
npoektoB [11, C. 460] u ompenenser oTIMYMe MHpeasa-
raeMoro apTOpaMH MEXaHU3Ma IOCTPOEHHS CETEBOrO
B3aUMOJICHCTBUS.

IMocTpoeHne ceTeBOro B3aUMOACHCTBUS OOBEKTOB
WHHOBALIMOHHOM MH(PACTPYKTYypHI MpeiaraeTcsi ocylie-
CTBJIATH B OPTaHU3AIMOHHBIX (JOPMAX, OCHOBAHHBIX:

—Ha oO0beauHeHNH pecypcoB: koHcopuuyM (K), mpo-
croe ToBaputiectso (I1T);

— JIOJIEBOM yYaCTHW B peaU3allii WHHOBAIIMOHHBIX
mpoekToB: AO, OOO0;

— KOOIEPALMOHHBIX U XO35HUCTBEHHBIX CBS3SX: XO35MU-
cTBeHHOE napTHepcTBo (XIT).

MHHOBanMOHHBIM KOHCOPLIMYM Yallle BCEro paccmar-
puBaeTcs Kak ycrnenrHas popma Koolepalyy, B TOM 4ucie
B IIPHOOpETEHNH TTaTeHTOB, JIMIEH3MH, HOY-Xay U pasje-
nenun uznepxexk Ha HUOKP. JlanHas opraHu3anuoHHast
(hopma ceTeBOro B3aMMOJCHCTBHS HOCHUT BPEMEHHBIN
XapakTep, CO3JacTCs Ha TEPUOJ pealn3alliil WHHOBa-
IIUOHHOTO TPOEKTa MyTeM OOBEAMHEHHS PECYPCOB LIS
JOCTHKEHNS OOIIEH TIENH.

ITpocroe ToBapuiiecTBO — 310 (hopMa 0ObEANHEHUS
yCHiIui B popMe BKIIAIOB U COBMECTHBIX NEHCTBUI OBYX
n Oojee WHAMBHAYAIbHBIX IMpEeINpUHUMATEICH U (WIIH)
KOMMEpYECKUX OpraHu3aluii 6e3 o0pa3oBaHus IOpHIIYe-
CKOTO JIMIIA B LIEJISIX NOTydeHus: npuobum [12].

X03s1CTBEHHbIE MAPTHEPCTBA KaK OPTaHU3aIOHHO-
npaBoBasi Gopma B Poccuu mMOSBMINCH OTHOCHTENIBEHO
HenaBHO — 03.12.2011 r. [13]. Xo3siCTBEHHBIM HapTHEP-
CTBOM TIPH3HAETCS CO3JaHHAS ABYMS WM OoJiee JIUIaMH
KOMMep4YecKass OpraHu3alus, YIpPaBICHHE esTeIbHO-
CTBIO KOTOPOH OCYIIECTBIAIOT YYACTHHUKH MApTHEPCTBA,
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a TaxoKe MHBIE JIMLA B IIpeeiax U B 00beMe, MpeaycMoT-
PEHHBIX COTJIALLIEHUEM 00 yIpPaBJICHUH NapTHEPCTBOM.

M3HauabHO XO3SHCTBEHHBIE MApTHEPCTBA CO3/1aBa-
JIUCH JUTS peaTN3aIii PUCKOBAHHBIX (BEHIYpPHBIX) OM3HEC-
NPOEKTOB KaK MPOMEXKYTOYHOE 3BEHO MEXIYy HayKOH
1 TPOMBIIIICHHOCTBIO HA TE€X CTaJWsIX WHHOBAI[HOHHOTO
npolecca, rjie UHHOBALMOHHAs AEATEIbHOCTh UMEET Hau-
BEICITYO CTeleHb pucka. OTHAKO B POCCHUCKON MpPaKTH-
Ke JIaHHasl OpraHu3aloHHas JopMa He Haluia J0JHKHOTO
IIPUMEHEHHSI.

Ha MMPAKTUKE CTAHOBUTCA BO3MOKHBIM HCIIOJIB30BATh
naHayio GopMmy anms oObeAWHEHHS 00BEKTOB MHHOBAIU-
OHHOM MH(QPACTPYKTYPBl JJIsl BBIIOJIHEHUS] Ou3HEC-
MIPOIIECCOB TPH PEaTN3al WHHOBALMOHHBIX HPOEKTOB
Ha OoJsiee MO3IHMX CTaIUsIX pealM3allH, TJIe NesTellb-
HOCTh 00BEKTOB MHHOBALIMOHHON MH(PACTPyKTyphl UMEET
MUHUMAaJbHBIA PUCK U CYHIECTBYET COBEpIIEHHAs OMpe-
JIETICHHOCTh TIOJyYCHUS! UMH KOMMEPYECKOTO pe3yibTara
OT UX y4aCTHsd B HAPTHECPCTBC 3a CYHET OTCYTCTBUA COMHE-
HUSL B 3aBEPIICHNH PEATH3ALMI MHHOBAIIMOHHOTO MTPOEKTA.

BecoMbIM IpeMMyIECTBOM XO3SIMCTBEHHOIO IapT-
HepcTBa SBJISIETCS oOecredeHrne HauOOJbIIel MOTHBa-
ouu B3aMMHOM 3aMHTEPECOBAHHOCTH BCEX O6’I)CKTOB HUH-
HOBAI[MOHHOW MH(PACTPYyKTYphl — YIaCTHUKOB MapTHEp-
CTBa B KOMMEPUYCCKUX pE3yJibTaTax pe€aiu3aliluid WHHO-
BaIlMOHHBIX ITPOCKTOB.

OO0BeIMHEHHE PECYPCOB TAK)KE BO3MOXKHO B (popMax,
OCHOBAHHBIX Ha JI0JIEBOM y4YacTHH B peaM3aliyl MHHO-
BallMOHHBIX IPOEKTOB Ha TMOCTOSHHOW ocHoBe (AO,
000). Kommepuecknuii pe3ynbTaT peanu3alliii HHHOBA-
LHUOHHBIX IPOEKTOB PACIpPEEISETCS MPONOPIMOHAIBHO
JIOJISIM YYaCTHUKOB B YCTaBHOM KallUTajle OOIecTBa.

Kputepun m meroasl BbIOOpa ¢(opM ceTeBOro
B3aumoneiicTBus. [IpeoxxeHHbIe aBTOpaMu OpraHu3a-
LUOHHBIE (OPMBI CETEBOTO B3aHMMOAEHCTBHS HMMEIOT
OTJIMYNTENLHBIE OCOOEHHOCTH, OIPEEISIONIE CUCTEMY
KpUTEPHEB, 000CHOBBIBAIOIINX HX BHIOOD:

— XapakTep B3anMOJCHCTBHS OOBEKTOB MHHOBAIIMOHHOM
HHQPACTPYKTYpHI (IIOCTOSHHBIIM WM €IMHOBPEMEHHBIN );

— JI0OCTaTOYHOCTh PECYpPCOB Ul peaiu3anu Ou3Hec-
MIPOLIECCOB.

Meton BeIOOpa OpPM CETEBOTO B3aMMOJCHCTBHS Ha
OCHOBE IPEAJIOKEHHBIX KPUTEPUEB IPEICTABIECH MaTpH-
nel Ha puc. 1.

B ycioBUSIX HEAOCTATOUHOCTU PECYPCOB AJSI pealu-
3anuu NopTdeneit OU3HEeC-MPOIECCOB U STUHOBPEMEHHOTO
XapakTepa B3aUMOACHCTBHS OOBEKTOB WHHOBAIIMOHHOW
MHQPACTPYKTYphl ISl peaju3anuu noprdeneil OusHec-
MIPOLIECCOB MPOEKTOB KOMMEPLHAIU3ANNN HHHOBAIL[MOH-
Horo moreHnuana (puc. 1. xBaxpanT I) sKoHOMHYECKH
Hellenecoo0pa3HO BKIIAJbIBaTh KallUTal HA IOCTOSHHON
OCHOBE, HalpuMmep, AeNaTh BKJIaJ B YCTaBHBIN KaluTall.
B cBs3u ¢ 3THM HEOOXOAMMO IPUBJIEYEHHE IOIOJIHU-
TENIBHBIX PECYpCOB HAa BPEMEHHOH OCHOBE, YTO OIIpelie-
JsIeT BBIOOP TakuX ()OPM CETEBOrO B3aMMOJCHCTBUS, KaK
koncopuuyM (K) u npocroe toBapuiectso (I1T).

HenocrarouHOoCTh pecypcoB NpH MOCTOSTHHOM Xapak-
Tepe B3aumopeiictBust (kBaipant III) mis peanuzanuu
mopTdeneil OM3HeC-MPOIECCOB OMpeneisieT BEIOOP (hopM,
OCHOBaHHBIX Ha JnoseBoM ydactuu (AO, O0O0).
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Ecnu pecypcoB st peanuzaiuu noptgeneii OuzHec-
MIPOIIECCOB TOCTATOYHO, HEOOXOAUMO PEHICHNE 3a1a4H 10
CHIDKEHUIO 3aTpPaT, CBA3aHHBIX C UX peali3aluei, 3a cueT
BOBJICUCHUS PECYPCOB IPYTHUX YIACTHUKOB B PEaJH3AIIHIO
IMMPOCKTOB KOMMEpUHUAIU3aAUU WHHOBAIIUOHHOI'O IIOTCH-
uuana. B aToM cityyae cereBoe B3aMMOJEHWCTBHE CO3AETCS
JUIsl peIlIeHNs] KOHKPETHOH 3a/1a4uy 10 CHIDKEHUIO 3aTparT,
CBS3aHHBIX ¢ peanm3anueidl moprdeneii  OuzHec-
MPOLIECCOB, U HOCHUT €JMHOBPEMEHHBIN Xapakrep, a Gopma
€ro IMOCTPOCHUSI OCHOBaHA HAa KOONEPAaIMOHHBIX CBS3SX
(xBampanr II).

B ycioBHSX NOCTaTOYHOCTH PECYPCOB U TOCTOSTHHOM
XapakTepe B3aMMOACHCTBHSI OOBEKTOB HHHOBAIIMOHHOM
HHOPPacTpyKTYpHl (kBaapaHt [V), y9acTHHKH pealu3yroT
noptgesn OU3HEC-NPOIECCOoB, MoJiy4yas IO0XOIbl 3a pe-
3yJIBTaThl COBMECTHOW NESTENIbHOCTH, YPOBEHb KOTOPBIX
onpenenser 3G(GEKTUBHOCTh WX peaau3alui U, B KOHEY-
HOM cyere, 3PEKTUBHOCTh CETEBOTO B3aUMO/ICHCTBUSL.

B sTroM ciyyae OmHO3HAYHO MPHHATH pEIICHHE IO
BBIOOPY TOM MM MHOI (OPMBI MX CETEBOrO B3aUMOJEH-
CTBUSI HE TIPEACTABIAETCS BOZMOKHBIM.

YpoBeHb 0X0JI0B OKa3bIBAaCT BIMSHHAE HA KOMMeEpYe-
CKYI0 COCTOSATEIFHOCTH OOBEKTOB WHHOBAIIMOHHOW WH-
(bpacTpyKTypbl, a UX IOJyYCHHE CONPSIKEHO C PUCKAMHU
(GYHKIMOHUPOBAaHUSI 00BEKTOB WMHHOBAIMOHHOW HH()pa-
CTPYKTYPBHI.

B cBs3u ¢ 3TUM 11 BEIOOpA OpPTaHU3aIMOHHBIX (HOpM
CETEBOT0 B3aMMOJICHCTBHSL MIPH JI0CTATOUYHOCTH PECYPCOB
U TIOCTOSHHOM XapaKTepe B3anMOJCHCTBHSA B KadecTBE
JIOTIOJTHUTEIBHBIX KPUTEPHEB aBTOPAMH  IPEJIOKEHBI
PHUCKH 1 3P HEKTUBHOCTD peanu3anuy noprdhesei Onsuec-
MIPOLIECCOB, PE/ICTABICHHBIE B TAOJHIIE.

Puck peanusarmu nmoprdeieii OM3HeC-POoLeccoB CUH-
TaeTcsl BHICOKMM, €CIIM BEJIMYMHA I10TEPb, BBI3BAHHBIX
puckoM (3), HE KOMIIEHCHpYyeTCs 3amacoM (hHMHAHCOBOM
npouHocti (3PII), 1. e 3>3PII. Ilpu sTom 3amac
(hMHAaHCOBOW NPOYHOCTH MO3BOJISIET KOMIIEHCHPOBATh
PUCKH BBITIOJTHEHUS (DMHAHCOBBIX OO0S3aTENBCTB OOBEK-
TaMH MHHOBAIIMOHHOW MH(PACTPYKTYpHI NIPH peatn3aluu
mopTdeneii OM3HEC-TPOIIECCOB M, TeM CaMbIM, obecIe-
YUTh UM (PUHAHCOBYIO YCTOWYHUBOCTD.

O¢ddexTuBHOCTH, BBHIpAXKCHHAS IIOKa3aTeleM pEeHTa-
oempHOCTH mpomax (R), cuyWTaeTCss BBICOKOW, €CIH
€e pacyeTHas BEJIMYMHA IPEBBIIIACT CPETHEOTPACICBOM

YpOBEHb (chOTp ) , KOTOPBI 110 UToraM, Harpumep, 2015 1.

cocraBun 8,2 %, B 2016 r. cpenHeoTpacneBoil ypoBEHb
cHm3wiIcs 10 7,4 % [14].

Bo3HMKHOBEHNE BBICOKHX PUCKOB ONpENENsieT Heo0-
XOAUMOCTb MX CHW)KEHMs IIOCPEICTBOM IHUBEpCcU(HUKa-
UM, T. €. PacHpeneseHHs] KaK MeXy HHHOBALMOHHBIMU
HpeNIpHATHAME U OOBEKTaMH HWHHOBAIlMOHHOW HMH(ppa-
CTPYKTYpPBI, TaK M MEXIYy OOBEKTaMH HHHOBAIIMOHHON
MH(PACTPYKTyphl B MpOIECCe peanu3aluy MopTdenei
OM3HEeC-TIPOLIECCOB MHHOBAIIMOHHBIX IIPOEKTOB. BBIOOp
(opM ceTeBOro B3aMMOAEHCTBHSA, OCHOBAHHOTO Ha YCIIO-
BUSIX JIOCTATOYHOCTH PECYPCOB M TIOCTOSIHHOM XapakTepe
B3aUMOJEHCTBUS, 10 JOMOJHHUTENBHBIM  KPUTEPHAM
IpeAsIaraeTcsi OCYHIECTBIISITh Ha OCHOBE MAaTpHIBl 2,
MIPEICTAaBICHHOM Ha pHC. 2.
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Fig. 1. A matrix 1 of the choice of forms of network interaction (developed by the authors)
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Fig. 2. A matrix 2 of the choice of forms of network interaction under conditions of sufficiency of resources
and the constant nature of interaction (developed by the authors)

Bricokast addexkTHBHOCTS peann3anyu mopTdenei
omsHec-miponieccoB (puc. 2, kBaapaHt I) cTuMymupyer
O0BEKTHl MHHOBAI[MOHHOW WH(PACTPYKTYphl BCTYHATh
BO B3aUMOJCHCTBHE MEXITy co00i Ha IOCTOSHHON OCHO-
Be B (hopme momesoro ydactus (AO, OOO). Ilpu sTom
BBICOKHE PHCKH DACIpeieNIIoTCsl MeXIy OOBeKTaMH
MHHOBALMOHHOHN HH(PACTPYKTYphl IPOMOPLHUOHAIBHO UX
BKJIaJjaM B YCTaBHBIH KalnTajl, YTO MOBBIIIAECT 3aHHTEPE-
COBAaHHOCTb BO B3aMMOJICHICTBHUH B MPOLIECCE COBMECTHON
peau3aniy MHHOBAIIMOHHOTO MPOEKTa U MO3BOJISIET pac-
CMaTpUBaTh CETEBOE B3aWMOIEHCTBHE KaK OJUH M3 CIIO-
COOOB CHIDKEHHUSI PHCKOB (PyHKIMOHMPOBAaHHUS OOBEKTOB
WHHOBALMOHHOM HHPACTPYKTYPHI.
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[Ipn HW3KOM pHUCKE U BBICOKOH 3(PQEKTUBHOCTH
(xBagpant III) cereBoe B3amMOIEHCTBHE HOCHT ITapHBII
WM TPYNIIOBOH XapakTep, a GopMa ero ImoCTPOSHHUs oc-
HOBaHA Ha KOOMepanroHHbIX cBs3saxX (XII) mexmy ydact-
HHUKaMH peajn3aluy noptdeneii Gn3Hec-mpoueccos.

[Tpu HU3KOM 3 PeKTUBHOCTH peann3anuu noptdeneit
6msHec-nporneccoB (kBagpant Il m IV) HesaBucumo
OT CTeleHH pUCKa He0OXOMMO TPHUBIIEUEHUE TOCYIAPCT-
BEHHOTO CTUMYJIMPOBAaHHUS C IOCIeRylomel OLEeHKOH
OromkeTHOM  3(ddexkTuBHOCTH  TOpTdeneit  Ou3Hec-
MIPOLIECCOB.

I'ocynapcTBeHHOE CTHMYIIMPOBAHHE TPEJOCTABISCTCS
C LIEJBIO TOBBHINICHHS 3aHHTEPECOBAHHOCTH YYaCTHHUKOB
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rporecca KOMMEPIHANIN3AllMd B TMOJTYYEHHH KOHEYHBIX
pe3yJIbTaToOB pealn3alii HMHHOBAIIMOHHBIX MPOEKTOB
peruoHa. B 3Toil cBsA3M aBTOpaMy MPEUIOKEHO OCYILECT-
BJIATh CTUMYJHPOBAaHHE BCEX YYACTHUKOB DPeEaTH3aLlHn
WHHOBAIIMOHHBEIX MPOEKTOB, BKIIOYas KaK MHHOBALMOH-
HBblE MPEANPUITHS, TaK W OOBEKTHl WHHOBaLMOHHON
UH(PACTPYKTYpBl, IPHHUMAIOLIAE y4acTHE B MX pealu-
3armu [15].

Ecnu nocne nosydeHusi rocyJapCTBEHHOTO CTHMYJIH-
poBaHHs peanm3anus MOpTQencit  OU3HEC-MPOIECCOB
sBisiercst ApQeKkTHBHOM 1711 OI0KETa, COOTBETCTBEHHO,
obecrieunBaeTcst ¥ 3PPEKTUBHOCTH CETEBOTO B3aUMOJICH-
CTBHS OOBEKTOB HHHOBAIMOHHON HHPPACTPYKTYPHI.

Bribop ¢opm cereBoro B3amMoIeHCTBHS OOBEKTOB
WHHOBAIIMOHHOW HH(PACTPYKTYPHI Jaliee OCYIIEeCTBISICT-
Csl B 3aBHCHMOCTH OT YPOBHS pHCKa. BBICOKHe pHCKH
TpeOYIOT WX CHIDKCHHS IOCPEICTBOM paclpeleIeHus
MEXIy OOBEKTaMHM HWHHOBALMOHHONH HH(PAaCTPYKTYpHI
MPONOPLIOHAIBHO WX BKJIAaZaM B YCTaBHBIH KaIlMTall.
CooTBeTCTBEHHO, (hopMa CETeBOrO B3aMMOJEHCTBUA
BeIOMpaercs B (opme poneBoro yuactus (AO, OO0O).
[Ipyn HHM3KOM pHCKE ceTeBOe B3aMMOAEHCTBHE OCHOBAHO
Ha KOoOTepaImoHHbIX cBs3sax (XIT).

Ecnu mociie nomydeHnst Tocy1TapCTBEHHOTO CTHUMYJIH-
poBaHMs peanu3anus TmopTdeneld OW3Hec-IpoIeccoB
sBisieTcst HedpeKTuBHOW mns OromkeTa, HEOOXOIMMO
BHECEHUE N3MEHEHUI B CETEBOE B3aUMO/ICHCTBUE MTOCPECT-
BOM MEXaHH3Ma OOpaTHOW CBS3H, MPEIyCMAaTPHBAIOIIETO
[IPOBEICHHE HOBOM JEKOMIIO3UIMM HHHOBAL[MOHHBIX
MIPOEKTOB U (OPMHUPOBAHHE HOBBIX OPTQeneil 3aKa3oB.

Ba)xHO OTMETHTH, YTO HCIOJB30BAHHE IPEIIIOKEH-
HBIX OpPraHU3allMOHHBIX (POPM CETEBOTO B3aWMOJCUCTBHUS
BOBJICKAET TOCYJAapCTBO, OAHKM M MHHOBAIMOHHBIC (DOH-
JIbl, TIPEIOCTABIISIOIINE TOCYIAPCTBEHHOE CTHMYJIMPOBa-
HHUE, B paclpelesieHne PUCKOB peaM3aluu mopTdernen
OM3HEC-TIPOLIECCOB MHHOBAIIMOHHBIX IIPOEKTOB MEXAY
YYaCTHHKaMH CETEBOTO B3aHMOJIEHCTBHS, UTO CIIOCOOCTBYET
IUBEpCH(UKAIIMA PUCKOB M TO3BOJSET pacCMaTPHBAThH
OpraHU3aLIOHHOE B3aMMOJCHCTBHE KaK OIWMH M3 CIIOCO-
0O0B CHW)XCHUS] THHOBAIIMOHHBIX PUCKOB.

CHIKEHHE PHCKOB IO Ka)KAOMY HHHOBAaIMOHHOMY
MIPOEKTY JTOCTHIAaeTCs 3a CUET MOBBIIEHHS YPPEKTUBHO-
CTH CETEeBOTO B3aUMOJEHCTBHUS YUYaCTHHKOB €r0 peaj3a-
IIMM Ha OCHOBE OPTaHHM3allMOHHBIX ()OPM CETEBOTO B3aH-
MOJICUCTBUS.

BsanmozelicTBue ydYacTHHKOB peaii3aliil WHHOBA-
LMOHHBIX TPOEKTOB B pAa3JIMYHBIX OpPraHM3alMOHHBIX
¢dopmax moBsImaeT 3(p(eKTHBHOCTL WCIIONB30BAHMUS WH-
CTPYMEHTOB CTUMYJIMPOBAHHSI.

B cBoro ouepenp, pacnpeneneHHe CTUMYJIHPOBAHUS
MEXIy BCEMH YYaCTHHKaMH peali3aliii HHHOBAIIMOHHO-
ro IpoeKTa o0ecreunBaeT uX (PUHAHCOBYIO YCTOWYIHBOCTD
3a CYeT MOBBILECHUS 3aHHTEPECOBAHHOCTH B INOJIyYEHHU
KOHEYHOTO pe3ysibTaTa pealn3aliud HHHOBALMOHHBIX
NPOEKTOB, BKJIIOYAs MPOEKThl KOMMEpIHAIU3a[ UHHO-
BallMOHHOTO MoTeHnuaia npeanpustuit OIIK.

3akaouenne. Takum o0pa3oMm, MpeIOKEHHBIH Me-
TOJ] HA OCHOBE IPEJICTABICHHBIX MAaTPHII IIO3BOJISIET OCY-
LIECTBIISITH BBIOOP ()OPM CETEBOTO B3aUMOAEHCTBHUS 00B-
€KTOB MHHOBAIIMOHHON HMH(QPACTPYKTYpbI, IPOBECTH YK-
PYIHEHHYIO OIIEHKY BO3MOXKHBIX BapHaHTOB MOCTPOCHUS
UX CETEBOTO B3aWMOJCHCTBHUS B 3aBHCUMOCTH OT CO3la-
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BAaeMbIX B PETHOHE YCJOBHH, OLUEHUTH 3(PPEKTUBHOCTDH
CETEBOTO B3aMMOJICHCTBHSI, MHHUMH3HUPOBATH 3aTPaTh
W PUCKH, CBSI3aHHBIC C peanu3amuel moprdemneii OmuzHec-
MpoIieccoB, oOecreunBasi (UHAHCOBYIO YCTOHYHBOCTH
1 3QPEeKTHBHOCTh (PYHKIIMOHHPOBAHUS OOBEKTOB WHHO-
Bal[MOHHOW MH(PACTPYKTYphl, & TaKKe BCEH CHCTEMBI
B3aMMOJICHCTBHS YYaCTHUKOB IIpoLiecca KOMMEpIHaIN3a-
IIMU B [IETIOM.
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SOCIAL AND ECONOMIC POLICY OF KRASNOYARSK TERRITORY
AS A REGION OF INNOVATIVE DEVELOPMENT
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The paper presents the relevance of regional planning. It proves that the innovative way of regional economy devel-
opment is the most effective at the present stage. Each region follows its own way of innovative development and each
one has its own peculiar characteristics. Krasnoyarsk Territory is one of the regions of innovative development, which
is proved by various researchers and independent research agencies classifying the regions of Russia on different
grounds. Thus, the region with the focus on innovative economic development requires a special social and economic
policy, consisting of two aspects - social and economic. Social policy should reproduce human capital as the main fac-
tor in the social and economic development of the region. Human capital, in turn, is formed from three interconnected
components: reproduction of human resources (demographic policy), their formation and focus vector (employment
policy on the labor market) and development of human resources or transformation of human capital into human poten-
tial (education policy). For each of the three specified directions, particular recommendations are given within the
framework of innovative development. It is necessary, for instance, to introduce a number of benefits that enable moth-
ers to combine their work (study) and their main female function to stimulate the demographic policy. Within the
framework of the employment policy, it is proposed to strengthen vocational guidance work to help young people’s
choice in the labor market. The education system should be made more accessible to all segments of population
in order to increase its efficiency and quality. As for creating economic basis for innovative development, various forms
of business associations and consolidations, such as strategic scientific alliances, investment public-private partner-
ships and technology platforms are proposed. Technological platforms can become an effective form of business for
Krasnoyarsk Territory, since they will make it possible to use the scientific potential of large universities in the region.
The place of small businesses and self-employment in the regional economy of innovative type is defined as an auxiliary
infrastructure of large industrial associations in the region.

Keywords: Social and economic policy, region, innovative development, social policy, economic basis, human capital.
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COIUAJIBHO-9KOHOMUYECKAS NIOJIUTUKA KPACHOAPCKOI'O KPASA
KAK PETUOHA THHOBAIIMOHHOI'O PA3BUTHUA
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Ioxkazana axmyanbHOCmb peSUOHATLHO20 NIAHUPOBAHUsL, OOKA3AHO, YMO HA COBPEMEHHOM JMmane pazeumus
IKOHOMUKU UHHOBAYUOHHBII NYMb PA3GUMUSL DEUOHATLHOU YIKOHOMUKU s67ilemcst Hauboaee d¢h@exmusnvim. Karcowlil
PE2UOH NPOXOOUM HYMb UHHOBAYUOHHO20 PA3GUIMUsL NO-CEOEMY, U ) KANHCA020 eCMb C80U NPUCYUILE eMy 0COOEHHOCTIL.
Kpachosapckuii kpail — 3mo 00uH u3 pecuoHo8 UHHOBAYUOHHO20 PA3GUMUSL, YMO OOKA3bIBACMC S PA3IUYHBIMU UCCIe00-
samesimu, Kiaccupuyupyrowumy pecuonst Poccuu no pasHvlm npusHakam, U He3a6UCUMbBIMU UCCAEO08AMENbCKUMU
azcenmemeamu. Takum obpazom, Kpail ¢ UHHOBAYUOHHOU HANPABTICHHOCMbIO PA3GUMUST IKOHOMUKU mpedyem 0COOeHHOU
coyuanbHo-3KoHOMuyeckou noaumuku. OHa cocmoum u3 08yX dCReKmo8 — COYUAIbHO20 U IKOHoMuyeckoeo. Coyuany-
Hasl ROIUMUKA 00JIJCHA BOCNPOU3BOOUMb UeN08eUeCKUll KaNUmai KaKk OCHOGHOU (hakmop CoyuaibHO-3KOHOMUYECKO20
pazeumust pecuona. Yenoeeueckuii Kanumar, 6 c6010 ouepeds, PoOpMUPYemcs u3 mpex 83auMOCesI3AHHbIX KOMINOHEHMOS.
80CHPOU3BO0CIBO YENI0BEHECKUX Pecypcos (Oemocpaghuyeckas NOIUMUKA), ux oopmuposanue u RPUOAHUE UM BeKIMOPA
HanpagieHHocmu (NOIUMUKA 3aHAMOCMU HA PblHKe MpPyoa) U HENOCPEeOCMEEHHO PA3GUMUE YeL08eHeCKUX PECYPCO8 UlU

680



Dkonomuka

npespawenue 4en08e4ecko20 Kanumaid 6 4eiogedeckuli nomenyuan (notumuxa 6 obaacmu oobpazosanus). Ilo xasxcoo-
MY U3 mpex YKA3aHHbIX HANPAGIeHUll Oaiomcs KOHKpemHble PeKOMEeHOayuu 8 pamKax UHHOBAYUOHHO20 PA3BUMUS IKO-
Homuxu. Tak, Ons CMUMYIUPOBaHUs 0emocpapuyecKkoll NOAUMUKU HeoOXo0umo 6gedeHue pada nocobduil, oaroujee
B03MOJICHOCHIL MAMeEPsIM cosmeujams pabomy (yueby) u 8010 OCHOBHYIO JICEHCKYIO (yHKyuto. B pamxax nonumuxu
3aHAMOCMU NPedNla2aemcst yCcuieHue npoGhopueHmayuoHHou pabomsl Oisk HOMOUWU MOLOOENCU NPU CAMOONPeOeNeHUl
Ha peinke mpyoa. [us nosvluieHuss 3@gekmuenocmu cucmemvl 00paA308anus €20 Heobxooumo oderams 0Oojee
00CMYnHbIM 0I5l 8CeX CNI0E6 HACENeHUsl Hapsi0y ¢ POCIOM KAYecmea nocieone20. B pamkax co30anus SIKOHOMUYECKO20
basuca 0114 UHHOBAYUOHHO20 PA3BUMUS NPeONdAaemcs: pa3susams pasiuynsvie opmsvl 00beOUHeHUl U YKPYNHEeHUl
ousneca. Hanpumep, cmpamezuieckue HayyHbie albAHCbL, UHBECTIUYUOHHOE 20CYOAPCMBEHHO-YACMHOe NAPMHEPCMEO
u mexuonocuyeckue niameopmul. /ns Kpacnospckozo Kpas uUMeHHO MeEXHOIo2U4ecKue Naam@opmvbi MO2Ym 6blCHY-
nums 3@ pexmusnol opmotl busneca, max Kaxk nO360JAM UCNONb3068AMb HAYYUHLI NOMEHYUAL KPYNHBIX 8V308, NpU-
cymcemeyiowux 8 pecuone. Mecmo manozo 6uzneca u camo3ausimocmu 6 pecUoHAIbHOU IKOHOMUKE UHHOBAYUOHHOZO

muna onpeoensiencs Kak 6CHOMO2amenbHAsl UHPPACMPYKMypa KpYRHbIX NPOMBIULIEHHBIX 00beOUHEHUTL 8 pecuoHe.

Knrouesvie cnosa: COYUATDbHO-OKOHOMUYECKAs NOJIUMUKA, pecuor, UHHO8AYUOHHOe pa3eumue, COYyudilbHas nojiumuKkda,

DKOHOMUYECKULL 5613MC, yenogeueckull Kanumal.

Introduction. Formation of an effective social and
economic policy for the development of regions based
on the strategic prospects of the national economic system
is one of the most important tasks of public management
of territorial development.

The role of social and economic policy of the regions
in Russia is growing. The last few years have shown that
there is a redistribution of roles between the federal and
regional levels in all spheres of social expenditure: the
role of the latter in the implementation of the public social
policy is steadily growing. According to N. V. Zubare-
vich, E. A. Gorina regional budgets support was reduced
in comparison with 2009. The share of transfers in total
revenues of regional budgets has been either stable or
declining since 2012 which reflects political priorities of
the federal budget expenditures [1]. The idea of regional
sovereignty strengthening was also announced at the
Gaidar Forum in 2017 during the expert discussion on the
New Regional Policy [2].

In the process of decentralization and market liberali-
zation, the growth of diverse ways for the development of
samples the regions bear a multiply increased load acting
as independent subjects of economic relations, competing
for budgetary resources and private investments, respon-
sible for the level and quality of life of population of their
region, while implementing intraregional social and
economic policy.

Decree of the President of the Russian Federation
No. 13 of 16.01.2017 “On the Approval of the Fundamen-
tals of the State Policy of Regional Development of the
Russian Federation for the Period until 2025” defines the
state policy of regional development as a system of priori-
ties, goals, tasks, measures and actions of the federal
public authorities on political, social and economic devel-
opment of the subjects of the Russian Federation and
municipalities.

The objective of this paper is to show features of the
social and economic policy of the innovative development
region on the example of Krasnoyarsk Territory.

The general vector of regional development. In today’s
difficult conditions of import substitution, modernization
of the economy and transition to an innovative model
of regional development has become the only true solu-
tion. Firstly, innovations enhance the effectiveness
of the current economic system and maintain its stability
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in time of a crisis; secondly, any innovation process
requires the region to use state-of-the-art achievements in
science and technology, as well as to take into account
regional infrastructure and policies.

Innovative development of regions is important not
only for the subjects of the Russian Federation, but also
for the economic and social situation in the country as a
whole. Innovation will allow to improve the country from
within, creating favorable social and economic conditions
for its residents. At the same time, the analysis of the
innovative activity in the regions will help to identify
problems that might be common throughout Russia. Thus,
focusing on innovative development of the regions is the
most favorable path for the country development [3; 4].

All the foregoing cause interest in issues of regional
social and economic development, taking into account the
innovation factor. Many regions have already been using
this model. However, each of them implements the inno-
vation development model differently. Krasnoyarsk Terri-
tory is one of such regions.

The modern model of a region’s innovative develop-
ment in the world’s leading countries is based on the
G. Itskovits’s approach, which is, in turn, based on close
interaction between government, business and universi-
ties. The most important conditions for its effective func-
tioning are as follows:

— favorable business climate, both in the country and
in the region;

— use of the entrepreneurial model at universities,
which assumes the implementation of the basic functions,
such as educational, research and entrepreneurial ones;

— availability of both private investor networks and
mechanisms for attracting investment in innovative pro-
jects; developed infrastructure (technology parks, business
incubators, etc.);

— active participation of government, businesses and
universities in the innovation process.

Krasnoyarsk Territory as a region of innovative
development. According to the classifications of the
regions of Russia published by modern researchers, Kras-
noyarsk Territory is marked as a rapidly developing
region focused on innovation.

For example, classification of regions suggested by
S. Zemtsov and V. Barinova is of interest. They offer
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a typology of regions and cities to pursue innovation
policy [5]. For this purpose they use groups of variables:

—human potential, education and agglomeration
effects (measured in terms of the share of employed citi-
zens having higher education, share of students in the
population);

— potential for generating new knowledge and tech-
nologies (share of the employed in R & D, number
of potentially commercialized patents);

— potential for introducing technologies (ratio of used
patents to issued patents, share of manufacturing in GRP);

— potential for diffusion of innovations, consumption
of information and communication technologies (share
of employed in agriculture, level of Internet availability).

In accordance with the above criteria, the following
groups of regions are identified: global centres, multifunc-
tional innovation centres, specialized creative regions,
acceptive and creative, research and production regions
(which include Krasnoyarsk Territory), strongly acceptive
middle regions, and weakly acceptive semi-peripheral
regions.

It should be noted that the average growth potential
has been noted in the group of acceptive and creative
regions, but there is a sufficiently high scientific and pro-
duction potential. In the regions there are strong technical
universities and large enterprises, active introduction
of new technologies and methods in the manufacturing
sectors has been carried out. All this causes the presence
of innovative potential for the development of regional
economy.

According to Association of Innovative Regions of
Russia rating, Krasnoyarsk Territory was among the
regions that improved their positions — 11th place in 2011
in comparison with 18th place in 2014. In the sub-rating
“Research and Development” Krasnoyarsk Territory took
17th place (in comparison with 22nd position in 2014), in
the sub-rating “Innovation activity” it takes 11th position
(having advanced from 14th position since 2014) [6].

The presented facts prove that Krasnoyarsk Territory
can join the regions of innovative development. In fact,
the priority areas for Krasnoyarsk Territory development
are creation of innovative infrastructure and support
for innovation. To promote these areas in the region
an effective system of managing the innovative regional
development has been created and an innovation support
infrastructure is being formed. Although the innovative
development of Krasnoyarsk Territory is at average level
for Russia in general, it is, however, quite low compared
to the level of developed countries.

At the same time, transformations triggering innova-
tive processes in Krasnoyarsk Territory are allowed by the
accumulated social, scientific, educational and innovative
potential, resources of the regional management system,
and prospects for implementing priority investment pro-
jects on the territory of the region, development of inter-
regional and international partnerships [7].

According to the list of subjects of the Russian
Federation, which are subsidized from the federal budget
for integrated investment projects of development of
innovative territorial clusters, approved by the Resolution
of the Government of the Russian Federation No. 316 of
15.04.2014 “On the Approval of the State Program of the
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Russian Federation” Economic Development and Innova-
tion Economy”, Krasnoyarsk Territory is implementing
a comprehensive investment project for the development
of an innovative technologies cluster of ZATO in
Zheleznogorsk.

The innovative technologies cluster has been imple-
mented in accordance with the program of its develop-
ment approved by the Act of the Government of Kras-
noyarsk Territory dated September 20, 2013 N 665-r,
and represents the list of activities for implementation
of investments in projects to establish new enterprises
(organizations) or upgrade the existing ones that have
various organizational and legal forms and are registered
in Krasnoyarsk Territory and connected cooperatively
with the cluster enterprises.

The financial infrastructure for supporting innovations
has been implemented by the regional state autonomous
institution Krasnoyarsk Regional Foundation for Science
and Scientific and Technical Activities Support estab-
lished for the mentioned purposes. The program is being
implemented to provide soft loans to innovative compa-
nies on the basis of the open joint-stock company Kras-
noyarsk Regional Agency for SME Support. In addition, a
number of objects of innovative infrastructure are being
formed, united in a single logical chain: the regional state
autonomous institution Krasnoyarsk Regional Innovative
and Technological Business Incubator has been established,
and the industrial park is being constructed in the closed
administrative and territorial entity of Zheleznogorsk.

Regional innovation policy should have a stable eco-
nomic basis. According to Krasstat, the situation in the
industries of Krasnoyarsk Territory was characterized as
positive from January to December 2016.

From January to December 2016 the industrial
production index amounted to 98.5 % with an average of
101.1 % for Russia. The existing industrial production
index is due to changes in the main industrial activities:

— mining — 101.7 % (Russia — 102.5 %); processing
industries — 95.3 % (Russia — 100.1 %);

— energy — 101.1 % (Russia — 101.5 %). The output
of goods shipped (works, services) as industrial produc-
tion in current prices decreased to 1,439.8 billion rubles in
the reporting period, it amounts to 1.2 % compared to the
period from January to December 2015 (1,456.6 billion
rubles). The price index of industrial goods producers
from January to December 2016 was 102.3 % compared
to the period from January to December 2015, including
105.3 % for the domestic market, and 95.6 % for exports [8].

The leading industries of the Krasnoyarsk Territory
are ferrous and non-ferrous metallurgy, fuel and energy
complex, machine building and metal working, mining,
timber, woodworking, pulp and paper, chemical, light and
food industries. Over the past year, the overall industrial
production index of the region showed a positive upward
trend, currently it has reached 125 % to the level of 2014
(fig. 1).

The data in the table shows that the processing indus-
tries of the region significantly exceed the extractive
industries by gross volume.

The concept of social and economic policy consists
of two equivalent terms social and economic, which, of
course, are interconnected.
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Fig. 1. The industrial production index (percentage of 2014) [8]
Puc. 1. MHaekc mpoMBIIUIEHHOTO MPOM3BOICcTBA (B mporieHTax kK 2014 rony) [8]
The output of locally produced and shipped goods, performed works
and services by economic activities (millions of rubles) [18]
Industry sectors 2012 2013 2014 2015 2016
Mining 248580 296844 318766 369692 365273
Processing industries 629581 644297 777413 896235 909626
Electricity, gas and water production and distribution 105701 119348 134338 158168 164936

Economic policy is set around consolidation of busi-
ness and creation of new business models, as well as the
use of the human capital of the region. It should be noted
that formation and growth of human capital is the func-
tion of social policy in the region.

Social policy of the innovative development region.
Let us consider implementation of the region’s social
policy of innovative development, the purpose of which is
to build human capacity.

The main goal of the social and economic develop-
ment of Krasnoyarsk Territory is an innovative break-
through and modernization that are impossible without
the growth of human capital to the level of human capac-
ity, for which the scheme for building human potential
have been proposed here (fig. 2) [9].

This scheme presents three components that are
responsible for human capital growth. It should be noted
that for an innovative breakthrough, it is necessary to use
all possible human capital or human capacity. The differ-
ence in these two terms is the following: human capital is
the sum of knowledge, skills and habits of all able-bodied
citizens in the economy, and human capacity is the
maximum possible set of the same parameters, which
gives the maximum economic effect (in our case it is po-
tential GRP, i. e. the gross regional product). By the way,
we shall note that the correct assessment of human capac-
ity through the three specified areas of social policy
is conditioned by the fact that the well-known human
development index is based on three of these components:
literacy (education) assessment, average remaining life-
time (the analogue of demographic policy), average gross
product size. Full and effective employment of population
is one of the factors for achieving this goal, when all the
economically active population works, excluding the
natural jobless level, and at the same time the human

resource is used effectively. Effectively means that each
worker brings the greatest possible result. This is
achieved through a well-structured vocational guidance
work that helps a person find a profession appropriate to
their personal characteristics, as well as all employees
should receive the education that is necessary for effective
work, and all of them are involved in the economy at full
extent.

The task of reproduction and preservation of population
is realized through the demographic policy to reduce mor-
tality and increase the birth rate, which is achieved by
improving the quality of medical care, material incentives
for births, provision of preschool institutions, etc.

At the regional level, it is advisable to introduce addi-
tional benefits aimed at protecting maternity. The experi-
ence of using such benefits is available in developed
countries and in some regions of Russia [10].

For example, for the purposes of innovative develop-
ment of the economy, it would be important
to have a nanny’s allowance for working parents whose
children are under three years old. Many mothers want
to continue their careers and education even after the birth
of a child, such benefits will greatly help a single mother.
In addition, it will give young women an opportunity
to have children, for example, students or those who do
not yet have work experience. Such a manual will help
increase the human capital of women, who will work for
the innovative development of the region’s economy.

The policy of employment in conditions of innovative
development should be focused not only on the develop-
ment and implementation of programs to combat unem-
ployment, which is a fight against the investigation, but,
more importantly, to create institutional foundations
for maximizing involvement and use of human resources
for the economy.
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Fig. 2. Formation and growth of human capital through the social policy of the region
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In an innovative economy, skilled labor is the main
factor of production. According to the Toffler’s concept,
the world today is on the threshold of critical social
changes, technical and cultural innovations [11]. Techno-
logical shifts have a dramatic impact on all aspects
of social life. The content of labor changes and its produc-
tivity increases. The microelectronic revolution and in-
formation technologies increase the power of human intel-
lect. In essence, a new civilized way was born, in which
the spheres of labor, management and leisure will be fun-
damentally different.

The main characteristics of the modern employment
model include the following:

— displacement of agricultural employment;

— constant reduction of traditional industrial employment;

— development of the service sector and its growing
diversification as a source of jobs;

—rapid growth of managerial, professional and technical
workplaces;

—relative stability of a significant share of employment
in retail trade;

— modernization of professional structure in time;

— increase in the share of knowledge in employers’ re-
quirements, which demand a higher qualification and
a higher level of education.

There are standard generally accepted measures aimed
at combating unemployment and increasing employment.
On the Krasnoyarsk Territory, such activities include:
promising vocational training for workers who are at risk
of being fired; organization of public works, temporary
employment of workers who are under dismissal, as well
as recognized unemployed citizens and citizens seeking
work; internships for graduates in Education gaining work
experience; employment of challenged people; promoting
self-employment of unemployed citizens and encouraging
creation of additional jobs for the employment of unem-
ployed citizens by young businesses; providing targeted
support to citizens who applied for employment services,
including those to replace jobs created, federal targeted
programs and investment projects, etc. [12].

However, all the events presented have some effect
in the current period of time, but they do not affect the
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indicators and dynamics of the labor market in the long
term. They are not connected with the goals and tasks
facing the modern economy of innovation, which can lead
to a shortage of qualified labor resource for the innovative
economy.

One of the significant reasons for the ineffectiveness
of measures to combat unemployment is that it is neces-
sary to fight not with the consequence, that is unemploy-
ment, but with its causes [13].

Measures on the labor market should be aimed at in-
creasing the individual’s capacity for self-determination,
increasing responsibility for his future [14].

The need for psychological and information training
of younger generation entering the labor market is caused
by the established model of social policy in Russia. So-
cially protected and socially insured (with the participa-
tion of trade unions) will be only an individual demanded
on the labor market, while the labor market demands
knowledge and skills. In addition, the problem of aware-
ness raising is updated due to introduction of professional
standards and qualification evaluation centers on the mar-
ket that will significantly change the paradigm of labor
market functioning in the country.

The importance of vocational guidance and awareness
raising is already clear to many regional authorities
in Russia. For example, in the Krasnoyarsk Territory
in 2013, a “Strategy for the Development of Vocational
Guidance of the Population in the Krasnoyarsk Territory
until 2020 was developed [15]. In this strategy, the need
for such work is justified, the goals and objectives are
stated, but the methodological base for vocational guid-
ance and awareness raising, especially for young people,
has not been worked out. To solve this problem, it is nec-
essary to organize permanent work with young people,
and, first of all, with schoolchildren. Explanatory work
should begin at the school level, and at the initial stage it
is necessary to familiarize schoolchildren with the new
education system, qualification levels, professional stan-
dards, general competencies and cognitive skills required
by employers. At the second level, it is necessary to talk
about the professions and specialties required by the mar-
ket, and about professional and special competencies and
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cognitive skills. Particular emphasis should be placed
on clarifying requirements for occupations in terms of
professional standards, so young people should become
familiar with the requirements for independent assess-
ment. This work should have ongoing character within the
framework of extra subject, for example, “Life safety”.

Educational policy should ensure accessibility and
quality of education for all citizens. Education should be
based on the principle of obtaining the maximum result
with each student who enters this system. This policy
should reproduce human capital, which will create pre-
requisites for economic growth. At the same time, trans-
fers to the poor population will increase, as the economy
that uses human capital will work more productively and
revenues to the budget will increase. In addition, the poor
will decrease, since a more productive economy will lead
to the increase in the average wages.

Economic policy in conditions of innovative develop-
ment of regional economy. Let’s consider the most sig-
nificant directions for the modern economy of innovative
development. The implementation of the economic com-
ponent in the socio-economic policy of the region should
be based on new business models. We suggest using
the following as business models for implementing the
innovation strategy for the development of industries
in the industrial complex.

The first model envisages achievement of the region’s
innovative potential on the basis of technological plat-
forms. In this model, organization of complex scientific
research, the main task is to identify problems, assess
their relevance and urgency, and, most importantly, make
a decision about the need for targeted financial support,
which are assumed by the executive authorities of the
region (in Krasnoyarsk Territory it is the regional Gov-
ernment). The basic organizational relations of the sub-
jects of technological platforms allow to draw conclusion

about the high degree of regulation in the processes of
scientific research and development. Among the partici-
pants of the technological platform, the Government of
the Krasnoyarsk Territory and business structures are sin-
gled out using innovations obtained on the basis of the
technological platform. Scientific and educational institu-
tions that have innovative potential should act as the
boosters of economic development based on technological
platforms, first of all, universities that prepare engineering
personnel for economy. On the Krasnoyarsk Territory, the
leading role in this respect is assigned to the Flagship
University (Reshetnev Siberian State University of Sci-
ence and Technology).

Technological platform is a communication tool
aimed at joining efforts to create promising commercial
technologies, new products (services), to attract additional
resources to research and development based on stake-
holders evolvement (business, science, education, the
state, civil society) (fig. 3).

The second model provides activities based on inno-
vative public-private partnership (PSI). On the basis of
the above-mentioned proposals for boosting innovation
activities in the industries, as well as analysis of industry
features, we propose the concept innovative public-
private partnership creation.

The specific interaction model between the partici-
pants of innovation process is that the revenues from in-
novative ideas and technology transfer are received by all
participants of the process: authorities and scientific insti-
tutions in the form of financial revenues from the imple-
mentation of ideas and innovation process financing,
as well as business structure. Solution of the problem
is achieved with the help of innovative technology
(development, services).

Research
L and development,
Universities engineering services
ground 2

Industrial
companies

[ Services ]

\

'\
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Fig. 3. Scheme of technological platform

Puc. 3. Cxema TexHOIOTHUECKON ITATHOPMBI
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By technology transfer the movement of technology
using any information channels from one of its individual
or collective media to another is understood. It includes
transfer or alienation of the exclusive right to the results
of intellectual activity (as a rule, objects of industrial
property) (fig. 4).

The third model functions on the basis of strategic sci-
entific alliances. Considering the goals of creating strate-
gic scientific alliances, we emphasize such elements of
the innovation process as complex scientific research,
creation of network information technologies and tech-
nologies transfer. We believe that these components of
innovative activity are currently the most problematic
areas and require search for new organizational forms of
activity (fig. 5).

In a non-innovative economy, self-employed and
small business representatives occupy those niches that
they deem appropriate. This process is unregulated and

chaotic. Clear interrelations between business units are
not traced. Such a model is characteristic of an economy
with insufficient state regulation (fig. 6).

In an innovative economy, self-employment and small
business should act as an infrastructural element of the
developing economy of the innovation region [16]. In this
respect, self-employment and small business is a part that
accompanies the development of clusters and techno park
zones. Due to territorial remoteness of innovative devel-
opment zones on the Krasnoyarsk Territory, it is not al-
ways possible to provide various services to the popula-
tion from the centre. What is meant here are private kin-
dergartens, hospitals, schools, car parks and similar infra-
structure, which is necessary in the regions of advanced
innovative development to support the local population.
Moreover, state social policy today is not able to provide
innovation centers with the necessary social infrastructure

(fig. 7).
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y
The Government of Kras- L
K Terri Social infrastructure
[ Universities noyarsk Territory of the region
<
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Fig. 4. Scheme of innovative public and private partnership
Puc. 4. Cxema HHHOBAIMOHHOTO TOCYAaPCTBEHHO-YAaCTHOTO TAPTHEPCTBA
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Fig. 5. Scheme of strategic scientific alliance
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Conclusion. Socio-economic policy is a complex
process that depends on many factors, and, mainly, on the
general vector of economic development. However, in
any case, socio-economic policy consists of two mutually
complementary and interrelated parts: social and eco-
nomic. For this reason, in this paper, the analysis of these
two components was carried out separately, but within the
framework of existing economic model of the economy
innovative development.

1. Innovative development is the most effective type
of economic development of the regional economy that
meets modern requirements.

2. The Krasnoyarsk Territory is a region that belongs
to the innovative type of development.
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3. The socio-economic policy of the region of innova-
tive development consists of two interrelated components:
economic and social policies.

4. Economic policy is based on consolidation of busi-
ness and formation of cluster systems.

5. Social policy should focus on the main goal —
reproduction and growth of human capital for the innova-
tive economy.
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