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CEKIIUS «OBPABOTKA U30BPAKEHUM U YIIPABJIEHUE B
TEXHUYECKHUX CUCTEMAX»

YK 004.94; TPHTU 50.41.25
PEAIM3AIIUA KOMBUHUPOBAHHOI'O METOJA TAEHTUOUKALINN

JJMYHOCTHU NOCPEJACTBOM AHAJIN3A CTPYKTYPbI JIMLIA

0O.U. Baxpyues, K.A. MaiikoB
Mockoeckuii I'ocyoapcmeennvlii Texnuueckuit Ynusepcumem um. H.D. baymana,
Poccusi, Mocksa, olegvakhr@gmail.com

Annomayus. PaccMaTpuBaloTCs 0COOCHHOCTH peaiii3alui KOMOMHUPOBAHHOTO METona Ui pe-
IICHUS 3aJa4d TPEXMEPHOH HICHTU(UKAIIUM MPU MUHMMAJIBHBIX TPEOOBAHMAX K alapaTHOMY
obecrieueHnto cucteMsbl. [Ipemnaraercs moaudukamus Meroga ASM Ui MOBBIICHUS €r0 OBICT-
POICHCTBUS HA BUICOIOTOKE.

Kmiouesvie cnosa. nentudukais TuaHOCTH, 3D-pacno3HaBaHue, reOMETPHS JIMIA, BOCCTAHORB-
JICHUE TPEXMEPHOM CTPYKTYPHI

IMPLEMENTATION OF COMBINED IDENTIFICATION METHOD BY FACE

STRUCTURE ANALISYS
0.1. Vakhrushev, K.A. Maikov
Bauman MSTU,
Moscow,Russia
Abstract. Implementation of combined identification method with low hardware requirements is
considered. ASM method modificationis provided for performance enhancement at video stream.
Keywords. Identification, 3d-recognition, face-geometry, 3d-reconstruction

[Ipu pa3paboTke cucTeM C OrpaHUYEHHBIM JOCTYIIOM BO3HUKAET 3a/ladya UJeHTU(HUKALUU
nosib3oBareneil. Kak nokasano B [1], Ouomerpruyeckue MeToabl UACHTH(PUKALUY, aHATU3UPYIOIIHE
CTPYKTYpY JIMLIA, SIBJISIFOTCSI HanboJiee MPOCThHIMU B UCIIOJIb30BAaHUM, a TAKXKE MO3BOJISIFOT IPOU3BO-
IUTHh UJIeHTUUKaLKIO0 0e3 IPUMEHEHHUs CIeNUalIn3upoBaHHOrO 000pyAoBaHus. V3BecTHbIE METO-
Ibl UJIEHTU(UKALUY JIMYHOCTU MOCPEICTBOM aHAIM3a CTPYKTYPHI JIMIIa MOTYT ObITh pa3/ieleHbl Ha
nBe kareropuu. K nepBoif 0OTHOCATCS pelIeHus, UCIO0JIb3YIOUIUE ABYMEPHBINA aHaIN3 H300paKeHu,
KO BTOPOIl — aHAJIM3UPYIOLIKE TPEXMEPHYIO CTPYKTYpPY JHIIA.

Pe3ynbrarsl 0030pa GyHKIMOHAIBHBIX 0COOEHHOCTEH METOA0B JIAHHBIX TPYIII PUBEICHBI
B [2], rae 06ocHOBaHAa HEOOXOIMMOCTh MOCTPOCHHUS KOMOMHHPOBAHHOTO METOJIAa U PACCMOTPEHBI
ero (yHKIIMOHAJIBHO-CTPYKTYpHblE 0cOOeHHOCTH. OCHOBHON KOHIENIMEN MpeniaraéMoro pere-
HUS SBJISIETCSI KOMOMHAIMS IBYMEPHOTO U TPEXMEPHOTO aHaIM3a CTPYKTYpHI JUIa pu 00paboTke
MOCTYNAIOIMIMX K3 BUJCONOTOKA KaapoOB. YKpPYIHEHHas aJlropuTMHUYEcKas CTPYKTypa MeToja
BKJIFOUAET TPU OCHOBHBIX dTama: JoKaiu3aluio xapakrepuctuueckux Touek (XT) Ha nzobpaxenun
JIMIa, BOCCTAHOBJIEHUE UX TPEXMEPHBIX KOOPAUHAT, UACHTHU(PHUKAIUIO MO MOJYyYEHHBIM JaHHBIM.

Jst noxanmzanuu XT mpuMEHseTcsi METoJ aKTUBHBIX Mojeneit Gopmer (Active Shape
Models, ASM) [3], a nonoxenue moaenu ASM ycranaBnuBaeTcsi MeToioM Buossi-/xonHca [4] u
OTCIIeKMBAaHUEM CMeIlleHUs (TpeKUHrom) Habopa ocobeHHocTei. [Ipu mocTpoeHMH KOMOMHUPO-
BAaHHOTO METOJIa UCIIOJIb30BasIach peanusanus ASM, npemioxennas B [3], a s oOyueHnus Obuia
npuMeHnena 6aza LFPW [5], coneprkamas Be16opky u3 811 pa3zMedeHHBIX H300paKEHUM U,

Tak kak KOMOMHUPOBAHHBIN METO/ MCIOJIb3YETCSI Ha BUJIEONIOTOKE, Oblila BBEJIEHA MOJM-
¢ukanusa Meronga ASM, npu KOTOPOI HEpPBbIN €ro 3Tar JOMOJHAETCS MPeIBAPUTEIIbHBIM TPEKUH-
rom XT, 4To MO3BOJISIET CHU3UTH KOJIUYECTBO UTEPALIUI.

JIist penenus 3a1a4n TPEXMEPHON PEKOHCTPYKIIMH HUCIIOIb3YETCSI METO IPSMOIO JIMHEH-
Horo npeo6pazoBanus (Direct Linear Transformation, DLT) [6]. UTepaTuBHOE IpUMEHEHHE TaHHO-
ro METO/a MO3BOJISIET OCYILLECTBIATh BOCCTAHOBIIEHUE TpeXMepHBIX koopauHaT XT no mape nocie-
JIOBAaTENbHBIX KaJpOB BUJEONOTOKA, KOPPEKTUPYS 3HAUEHUS, ITOJTyUEHHbIE Ha MPEbIIYIIUX UTepa-
nusx. Ucmonesytorest Touku Monen ASM HaumHas ¢ 18, Tak kak nepBbie 17 00pa3ylOT KOHTYD
JIUna.

[Tocne peKOHCTPYKIMH TpeXMEpPHBIX KoopAuHAT X1 Ha ouepeHOM KaJipe K HUM IpHUMe-
HSIETCS IPOKPYCTOB aHAIIU3 JUIsl YCTPAHEHUS pa3JInyMii B HAKIIOHE, CMELIEHUH U MacIITaoe.
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Jlyist orieHKH OBICTpOIEHCTBHS MeToAa Oblta ocymiecTBieHa cepust u3 100 SKCIepUMEeHTOB,
B XOJI€ KOTOPBIX ObLIO MOJY4YeHO ycpenHeHHoe 3HaueHue 0.1273 cekyHabl a1 00pabOTKH OJHOTO
KaJpa BUJIEOTIOTOKA, YTO 00ECIIEYMBAET /10 BOCBMH KaJIpOB B CEKYH/Y.

Oran uAeHTU(UKALMY 3aKJII0YaeTCsl B CPaBHEHUHU JECKPUIITOPA JIMIA, CHOPMUPOBAHHOTO
JUI TEKYILEro ceaHca ¢ MMEIIIMMHUCA B 0a3e JaHHBIX. B kauecTBe neckpunTopa HCIOIb3YeTCs
B3BELICHHbI HA0Op XapaKTepUCTHUECKUX TOo4eK. BecoBble KO3((ULIMEHTHI SBISAIOTCS MEpPOil yc-
TOWYUBOCTHU TOYEK MPU HATUYHUH SMOLMI HA JIULIE.

Jlia onpenenenus JaHHBIX KOA(G(GUIUEHTOB ObLI, OCYIIECTBIEH BHIYMCIUTENbHBIN KCIIE-
PUMEHT, AJIs aHanu3a Habopa pa3MEueHHBIX M300paKeHUH JIMII C Pa3IMYHBIMU 3MouusMU. bbuia
npou3BeieHa oleHka aucnepcuit koopauHat XT. BecoBoit koahdUIIMEHT i-i TOYKHA BBIYUCISAETCS

kak W; =1—(d; —min(D)), rae D — BexTop mucnepcuii koopaunar XT.

Jlig Kaxaoro Jeckpunropa B 0a3e JaHHBIX XpaHUTCS MH(opmauus o yenoBeke. Takum
o0pa3zoM 3amaya UICHTU(PHUKAIUA CBOJIUTCSA K BBIOOPY M3 0a3bl JAHHBIX HAMOOJEe IMOJIXOISAIIETO
JleCKpUnTOpa Juua. Beibupaercs Takoit geckpuntop O, UTOOBI BBINOIHSIOCH YCIOBHE
Sor =mIN(S), roe S — mMaTpuia paccTOsHUH MKy TECKPUNTOPaMH, a S(j; — PACCTOSHHUE OT

chopmMupoBaHHOTO AecKpunTopa 1o k-ro. IIpu 3ToM paccTosiHue MeX Iy TeCKpUIITOpaMu m U k o1-
penennM Kak:

).

N
Smk = Z(Wi‘pim ~ Pik
i=l1
rne N —xonmyectBo XT B geckpumnrope,

W; — BeCOBOM KO3 ULIMEHT i-i TOUKH,

pij — KOOPJAMHATHI i-i TOYKH j-TO JECKPUIITOPA.

Takum oOpa3om, pazpaOoTaHHBI METOJ MMO3BOJISIET IPOU3BOIUTH UIEHTU(DUKALNIO JTUYHO-
CTH, IIPU HAJIMYUH OJIHOTO YCTPOMCTBa BUJE03axBaTa, oOecreunBas pu 3ToM o0paboTKy A0 BOCh-
MU KaJIpOB B CEKYH]TY.
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JOKAJIN3AIUSA OBBEKTOB HA BUAEOU3OBPAXKEHUSX C
HUCITOJIB3OBAHUEM NCKYCCTBEHHBIX HEMPOHHbBIX CETEU
A.Bb. ®eabaman, /[.}O. Epoxun
Psizanckuii 2ocyoapcmeeniviil paduomexHuyeckull yHusepcumen,
Pazane
Erokhin.d.y @gmail.com
Annomayus. B naHHOW paboTe TIpeACTaBICH HEHpPOCETeBOM MOAXON K 3amavye OOHAPYKEHHS |
pacrio3HaBaHus OOBEKTOB Ha BUaeou3oOpakeHHsik. OnucaHa THUIIOBas CTPYKTypa CBEPTOYHOM
HelipoHHOU cetH. [IpeacTaBieH aaropuTM, criocoOHbI paboTaTh B pealbHOM MacllTade BpeMEHH
C YaCTOTOH JI0 COpOKa KaJpOB B CEKYHY.
Kniouesvie crosa. Heliponnsle cetn, 00paboTka n3o0pakeHuH, pacno3HaBaHue 00pa3oB, 0OHapy-
KeHue

LOCALIZATION OF OBJECTS ON THE VIDEO BY

USING ARTIFICIAL NRURAL NETWORK
A. Feldman, D. Erokhin
Ryazan state radio engineering university,
Ryazan, Erokhin.d.y @gmail.com

Abstract. This paper presents a neural network approach to solve the problem of the detection and
recognition of objects in the video. The typical structure of the convolution neural network was al-
so described in this paper. The presented algorithm is able to work in real time with a frequency up
to 40 frames per second.

Keywords. Neural Network, image processing, pattern recognition, detection

AHaJIU3 TOCIEIHUX TEHJICHIIMN MMOKAa3bIBAET, YTO CYIIECTBEHHO BO3pPAaCTAET MHTEPEC K pa3-
JUYHBIM CHCTEMaM TeXHU4ecKoro 3peHus. Ocoboe BHUMaHUE YJIENAETCsl cUcTeMaM, KOTOpbIe CIOo-
coOHbI 0OHapYXUBaTh 3aJaHHbIE KJIacChl 00BbEKTOB Ha (POTO U BUAeoU300paxeHusx. B mocnennee
BpeMsI BCE Yallle Ut 3TO UCTIOIB3YIOTCS CUCTEMBI, B OCHOBE KOTOPBIX JIe)KAT UCKYCCTBEHHBIE HEM-
POHHBIE CETH. DTO CBSA3aHO KaK C OOJBIIUM MPOTPECCOM BBIYMCIUTENHLHON TEXHUKH, OCOOEHHO B
o0nacTu rpagMuecKuxX MpoLECCOPOB, KOTOPHINA MPOU30ILEN B MIOCIEHEE IECATUIETUE, TaK U C IIU-
POKHM KPYTroM 3aj1ad, KOTOPBIE MOXKHO PEIIATh C UX MOMOIIBIO.

CoBpemMeHHbIE HEHPOCETEBbIE CUCTEMbI TEXHUYECKOTO 3peHHs B KauecTBe 0J10ka 00paboTKu
nH(pOpMAaLIUY 3a4aCTyI0 UCIIOJIb3YIOT BUACOKAPTY. ITO CBA3AHHO C BO3MOXKHOCTbh MacCHBHOIO pac-
napajuienuBanus onepauuid. Vcnosb3oBaHue BUACOKApPThl BMECTO LEHTPAIbHOIO MpoIieccopa Io-
3BOJISIET B JIECATKHU pa3 COKPATUTh BpeMs, Tpebyemoe it 00padoTKu HHPOPMAITUH.

Hosgeiimue HelipoceTeBble aJrOpUTMbl CIIOCOOHBI HE TOJBKO Paclo3HaBaTh M300paKeHHE
00BeKTa, HO U OIPENEIATh €ro MECTOIIOJOKEHUE B KaJIpe, KaK MPECTaBICHO Ha pUCYHKeE 1:

Puc. 1. PESyJ'H)TaT BBIJICJICHUA 00BLEKTOB Ha I/1306pa)K6HI/II/I

PaccmoTpuM THIIOBYIO CBEPTOUHYIO HEHPOHHYIO ceTh. B 00mem ciydae cBepTOYHasi HEM-
POHHAsl CETh COCTOUT U3 TPEX TUIIOB CJIOEB — CBEPTOYHBIM, CYOIUCKPETU3UPYIOLIUN U MOJHOCBS-
HBIH cioi [1]. PaccMOTpuM KaXK[bIil M3 CIIOEB MOPOOHO.



CBepTouHble CI0U MpenHa3HayeHbl i (GOpMHUpPOBaHUS KapT HpusHakoB. CBoe Ha3BaHUE
OHH NOJIyYWJIM OT ONepaluu cBepTKU. J[aHHas onepanusi JOCTaTOUYHO YacTO MCHOJb3yeTcs B 3aja-
yax 00padoTku n3o0paxeHuil. J[ByMepHas cBepTKa ONMUCHIBACTCS CICAYIOMICH (hOpMYIoi:

B[man] = Zf[m _ian _]]g[l9]]9
LJ
rae f— ucxoanoe nzobpaxenue, g — sapo guibtpa. Kak npaBuiio kapTel NpU3HAKOB, OJYyYEHHbBIE B
pe3ysbTaTe CBEpTKHU, MOCTYNAOT HAa HEJIMHEHHYI0 (YHKIMIO akTUBalMKU. B kauecTBe Takoil (yHK-
LIMU MOJKET BBICTYIIATh YCEUEHHOE JIMHEIHOE TpeoOpa3oBaHue:

x,x=>0;
fx) =
0,x<0.
Jannas onepamust HeoOxoauMa it puibTpanuu n30bITOUHON MHMOPMAIIMU B KapTaxX MPU3HAKOB.
OCHOBHBIMU TIPEUMYLIECTBAMHU HCIIOIb30BAHUS YCEUEHHOTO JIMHEHHOTO MpPeoOpa3oBaHUs BMECTO
HCI0JIb30BAHUS CUTMOUJAIBHON (PYHKIMU aKkTHUBALMU SIBJSIOTCS Ooliee ObICTpas CXOAMMOCTh Ha
sTane o0y4yeHus [2] u 6ojee HU3KUE 3aTPAThl BBIYMCIUTEIBHBIX PECYPCOB.
[TonyueHnHble Ha MPEIBIIYILEM dTare KapThl IPU3HAKOB MOJAIOTCS HAa CYOJIECKPUTHU3HPYIO-
i cinoil. JIaHHBIN CII0M yMEHBIIAET IPOCTPAHCTBEHHBIE pa3Mephl KapT MPU3HAKOB, HO COXPAHSET
HauboJsee 3HauuMo0 nHpopmanuio. s cocTaBieHus NPOPEKEHHON KapThl IPU3HAKOB MOTYT HC-
[10JIb30BaThCsl pa3ivyHble (YHKIMH, OJJTHAKO HauOOJiee 4acTO MCHOJBb3YIOTCS CIEIYyIOIIHUE olepa-
[IMHA: BBIOOP MAaKCUMAaJbHOTO 3HA4YeHHsS B 3amaHHOM oOmactu (Max pooling), cpennee (Average
pooling) wiu xe cymma (Sum).
B cnyuae Max Pooling mMbl 3a1aeM 0KHO (Harpumep, 2X2 cO CMEIIEHUEM spa, PaBHBIM 2) U
MIEPEHOCUM Ha pe3yJbTUpyollee U300pakeHNe TOJbKO MaKCUMAaJIbHBIN 3JIEMEHT 3a/1aHHO# 00Jac-
tu. Ha pucynke 2 npencrasien npumep onepanuu Max Pooling:

R 2 (4

¥

W | O

it 3[4

N | N [
—_—k

3| 4 |

Puc. 2. TIpumep padotel Max Pooling

Ha 3akntountensHOM 3Tane paOOThl aHHBIE MOCTYNAOT Ha OJAMH WJIM HECKOJIKO MOJIHO-
CBA3HBIX coeB. Ci0i HAa3bIBAETCS MOJHOCBI3HBIM, €CJIM KAl HEUPOH MPEIBIIYIIETO CJIOS CO-
€IMHEH CO BCeMM HeipoHamu cienyromero cios. Cienyer OTMETUTh YTO Ha JIaHHOM JTalle CETh
TepsieT BO3MOKHOCTh IPOCTPAHCTBEHHOM JIOKaIM3alui 00bEKTOB Ha N300pakeHUH. 3ajauet 3Toro
y4acTKa CETH SIBJISIETCS] OTHECEHUE U300pakeHUs K OJJHOMY U3 33JaHHbIX KjlaccoB. [li1st 3Toil nenu B
KayecTBe QYHKIIMHU aKTUBALMKU UCNOJb3yeTcsl QyHKIUS MATKOro Mmakcumyma (Softmax function):
zj
L=—

i :—Zezk ;
k

r7e e” — CTeNeHb NPUHAUICKHOCTH paccMaTpuBaeMoi obiacTH i Kiaccy, L, — OIleHKa BepOosTHO-

CTH TOTO, YTO B 33JJaHHON 00JaCTU HAXOAUTCS 00BEKT i-20 Kiacca. JlaHHas QyHKIus TpaHCHOpMHU-
pPYET BEKTOp NMPOU3BOJIbHBIX BEIIECTBEHHBIX YHCEN K BEKTOPY, 3HAYEHHUsS] KOTOPOTO JIeKaT B JMaria-
30HE OT HYJIS 10 €UHUIIBI U B CyMME PaBHBI €IUHUIIE. B Halem cirydyae Mbl MOKEM FOBOPHUTH, YTO



YuCIIa MOJyYeHHBIE B pe3yibTaTe MpuMeHeHus1 Softmax function SBISIOTCS OLIEHKON BEPOSTHOCTH
MPUHAIIEKHOCTH U300payKeHUsI KOHKPETHOMY KJIAcCy.

CylecTBYIOT pa3jauyHble IMOAXOJbl K BBIIEICHHUIO 00JacTeil MHTepeca: HCIO0JIb30BaHUE
CKOJIB3SIIIETO OKHA Ha KapTe XapaKTEpHBIX OCOOEHHOCTEW, MOJy4YEHHOM C MCHOJIb30BAaHUEM CBEp-
TOYHOM HEHUPOHHOM ceTH [1], mpuMeHeHne BEIOOPOYHOTO MOUCKA ISl pacIiO3HABaHUS 00BEKTOB [2],
[3] uT.1.

OcTaHOBUMCSI Ha pacCCMOTPEHUH HJieu, U3oxkeHHOU B [3]. CTpykTypa ceTu npuBeJeHa Ha
pucyHke 3:

REERE ] T 1o 024 o B 2

0061 1T

PELEY TR |

Puc. 3. Crpykrypa cetn YOLO

Tonosorust cetn UMeeT ciaeayromuid Bua: MoauduiupoBanHas cetb GoogleNet [4], msaTh
JOTIOJTHUTEIHHBIX CBEPTOYHBIX CIIOEB, B KadecTBE (DYHKIIMM aKTHBALMU WCIOJB3YETCS YCEYEHHOE
JMHEWHOE MpeoOpa3oBaHue, a TAKKE ABA MOITHOCBA3HBIX CIIOS.

[TpuHIIMT pabOTHI CETH 3aKIIIOYACTCS B CICTYIONIEM: HCXOTHOE N300paKEHUE TPUBOIUTCS K
pasmepy 448 Ha 448 nukcenel, 3aTeM MOIYyYEHHOE W300paKeHNEe TIOCTYMAeT Ha HEUPOHHYIO CETh.
B pesynbTate Mbl nonydaeM TeH3op ¢ pazmepamu 7x7x(10 + N), rne N — uncno kiacco. Kaxnaas
sueiika pazmepoM 1x1x(10 +N) xapakrepu3yeT COOTBETCTBYIOIIYIO €l 001acTh Ha UCXOJHOM H30-
Opaxenuu. J{ns ynobcra Oynem paccMaTrpuBaTh SYeiKy Kak BEKTOp. J[aHHBIN BEKTOP COCTOMUT U3:
KOOpAMHAT IEHTPa, IIHPUHBI U BHICOTHI MEPBOTO OOPaMIISIOIIETO MPSMOYTOJIBHHKA, BEPOSTHOCTH
9TO B JAHHOW siUeiike HaxoAuTcss 00bekT. [lox oOpamMIISIoNMH TPSMOYTOJIBHUKAMHU OyZeM TTOHH-
MaTh BBIJICJICHHBIE 00JIACTH Ha N300pa’keHUH, IIEHTPHI KOTOPBIX COOTBETCTBYIOT KOOPAWHATAM sUe-
€K, YUCII0 OOpaMIIIONINX MPSMOYTOJIBEHUKOB SIBISICTCSI IMapaMeTPOM M 3aJIaeTCsl MOJIB30BATEIICM.
Crnenyromiye miTh 9YUCeN COOTBETCTBYIOT BTOPOMY 00OpaMIISIONIEMY MPSIMOYToJIbHUKY. OcTaBImecs
3HAYCHUsI COOTBETCTBYIOT YBEPEHHOCTH CETH B TOM, YTO IICHTP OOBEKTA JIKHUT B JAHHOU sSUCHKE.
AHanmu3upys 5TH 3HAYCHHsI, MBI IPUHUMAEM DPEIICHHE O TOM, HAXOJHUTCS JIM B JAHHOW OOJacTH
0OBEKT WJIH HET.

JIist TIoJaBIICHUS TIEPECEKAIONTNXCS 0OPaMIISIONIUX TPSMOYTOJIBHUKOB, KOTOPBIE COJIEpkKAT
OJIMH U TOT K€ KJIACC, UCTIOJB3YEeTCS AITOPUTM TOaBIIeHHs He-MakcuMyMoB. CyTh alroputMma 3a-
KITFOYAeTCsl B CIEAYIOMIEM: JUIS KaKIOrO Kilacca BBIOMpaeTCs OOpamISIONIMK MPSIMOYTOJIBHHK C
MaKCUMAaJIbHOW CTENCHBIO MPUHAUICKHOCTH K JAHHOMY KiIaccy. 3aTeM BBIYHCISICTCS MeTpuka. B
HaIlleM CiTydae — 3TO OTHOIIEHHE TepecedeHrs K OOBbeIUHEHHIO TUIOMAAN JUISi BCEX OCTABIIUXCS
MPSIMOYTOJIPHUKOB. Ecii 3HaueHWe BBIUYMCIEHHONW METPHKHU OOJIbIIE 33JaHHOTO TOpOTra, TO pac-
CMaTpUBAaEMBIi MPSMOYTOJIBHHUK HCKITIOYaeTcsl. Pe3ynbraT paboThl MpUBEACH HAa PHUCYHKE 4:

Puc. 4. Pe3ynbpTat paboThl paccMaTpUBaeMON HEHPOHHOM CeTH

brum MMPOBEACHBI SKCIICPUMCHTAJIBHBIC UCCIICAOBAHM. B kauectBe TecTOBOrO KOMIIBIOTECPA
WCIIOJh30BaJIach pabouas CTaHIUs CO CIEAYIOIMMH XapaKTepuCTUKaMu: mporieccop intel core i5-
4590, rpaduyeckas kapta nvidia gtx 970 4gb. DkcnepuMeHTHI TIOKA3aly, YTO HEUPOHHAS CETh C
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TaKoOW CTPYKTYpOH criocoOHa oOpabaThiBaTh MOCTYMAIOIIUNA BUIEONOTOK ¢ YacToToi 110 40 xaapos
B CEKYHIY.

OOyueHue ceTu NMPOBOAMUIIOCH HAa COOCTBEHHOM Ha0Ope NaHHBIX, KOTOPBIA COJIEPKUT 5
KjlaccoB. Pe3ynbrarhl Mmokasaiu, YTO CpefHssl TOUHOCTh OOHApyX EeHUS 00bEKTa COCTaBIIAET MpH-
6nuzurensHo 70%.

PaboTa BBITIOTHEHA MPH WCIOJIB30BAHUY TPaHTA JUISl TOCYIAPCTBEHHOW TOJIEPKKU BEIy-
mux HaydHbIx mkoa HII-7116.2016.8.
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HNCCIIEJOBAHUE KOPPEJIAIIMOHHBIX AJITOPUTMOB CJIEXKEHUSA
3A OBPBEKTAMM B TOCJIEAOBATEJIBHOCTHU U30bPA’KEHUU
M.A. CaBkuH

Psizanckuii 2ocyoapcmeeniviil paduomexHewucKkull yHusepcumen,

Poccus, Pazanckas oonacme, Pazane, maks.sawckin@yandex.ru
Amnnoranwms. [Ipou3BOIUTCS CpaBHEHHE PA3IMYHBIX AJITOPUTMOB CIICKEHHUS 3a 00BEKTaMHU B IIO-
CJIEJIOBATEIbHOCTH HM300pa)kKEHHM, OCHOBAHHBIX HA PAa3HBIX MOMXOAAX OICHKH MapaMETPOB I'€O-
METPUYECKUX MPeoOpa3oBaHuUM.
KiroueBbie ciioBa. M300paskeHue, BUICO, CICKEHHE, B3aMMHOKOPPEIAIUOHHAS (YHKIUA, Peoo-
pazoBanue Oypne

COMPARATIVE ANALYSIS OF CORRELATION BASED

VISUAL OBJECT TRACKING ALGORITHMS
M. Savkin, A. Feldman
Ryazan state radioengineering university,
Russia, Ryazan region, Ryazan, maks.sawckin@yandex.ru
Abstract. In the paper the comparison of various correlation based algorithms for tracking object in
image sequences is described. The set of different methods for image registration is explored.
Keywords. image, video, tracking, cross-correlation, Fourier transform

1. BBenenue

3amaua CleKeHUs 3a 00BEKTaMU B TIOCIEIOBATEIBHOCTA M300paKeHU (BUIEOTOCTE0BA-
TEJIHHOCTH) BO3ZHHKACT BO MHOTHX OOJIACTSIX COBPEMEHHON HAYKU M TEXHHKH: B 3aJja4ax HCCIICIO-
BaHUS MUKPOOPTaHU3MOB, B Pa3IMYHBIX OXPAHHBIX CUCTEMaX, B MPHIIOKEHUIX, CBSI3aHHBIX C BOCH-
HOUM TEXHHWKOU, HAIIpUMeEp, NMPHU CO3JIaHUU OCCIUIIOTHBIX aIlapaToB, U T. 1. MHOTHE W3 3THX NPH-
JIO’)KCHUH CBSI3aHBI ¢ pabOTON O OTCIEKUBAHUIO OOBEKTOB B PEATBHOM BpeMeHHU. Takum 00pazom,
JUTS 3THX TIPWIIOKEHHUH TpeOyeTcsl peain3amysl He TOJIhKO HAJCKHOTO B IUTAHE TOJIYyYaeMOro Ko-
HEYHOTO PEIICHUS 3aJIaudl CISKCHHs aJlTOPHTMA, HO TAaKKe OO0JIAaroIIero JOCTATOYHO MAaJIbIMHU
BBIYHMCIIUTSIIBHBIME 3aTpaTaMH, TaKHUMH, 4TOOBI Oblla BO3MOXKHAa paboTa B pealbHOM Maciirade
BpeMeHH. [Ipu 3TOM i1 MHOTHX TPUJIOKEHUH TpeOOBaHWE MHHUMHU3AINH BBIYUCITHTEIBHBIX 3a-
TpaT aJrOpUTMA SBIIICTCS HE MEHEE BaXXKHBIM, YeM KadeCTBO JaBAEMOIO MM PEIICHUS 3a7adu Clie-
KEHUS.

B nannoii paboTe ObUIM TPOU3BEICHBI MPOTPAMMHAS PeaTU3allus U CpaBHEHHE (Ha OCHOBE
KaueCcTBa MOJYyIaeMbIX PE3YJIbTATOB U BPEMECHH Pa0OTHI) aJITOPUTMOB CIIC)KEHUS 32 00BEKTAaMHU Ha
BHJICOTIOCIICIOBATEIIBHOCTH, OCHOBAHHBIX HA PA3JIMYHBIX IMOJXO0/aX K OIEHKE MapaMeTpoOB T'eOoMeT-
PUYECKHX TPEeoOpa3OBaHMUI M300pAKEHHI: KITACCHYSCKOM KOPPEIISIIMOHHOM aJITOPUTME, KOpPeIIsi-
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LIMOHHOM QJITOPUTME C HOPMUPOBAHHOM (PyHKIMEH, Pa3HOCTHOM allrOpuTMe U (a30BOM KOppes-
uuu. [Ipu 3ToM ObUIM OCYIIECTBIIEHBI JBE peaM3allUU KIACCUYECKOTO KOPPEISIUOHHOTO aIrOpuT-
Ma U JIBE€ pealu3aliy KOpPeIsiiMOHHOTO aJlrOPUTMa C HOPMUPOBAHHOM (DYHKIIMEN: B IEPBOM BapH-
aHTe peanu3anuil TpeOyeMble BBIYMCIEHUS MMPOU3BOJATCS B MPOCTPAHCTBEHHOW 00J1acTH, BO BTO-
pOM — B 4YacTOTHOH (mepexoJ B KOTOPYHO U OOpaTHO — B MPOCTPAHCTBEHHYIO 001acTh —
OCYILIECTBJISIETCSI COOTBETCTBEHHO IIPH MOMOLIY MPSMOro M 00paTHOTO JUCKPETHBIX MpeoOpa3oBa-
Huit @ypre). [Iporpamma, peanusyronias alropuTMbl ClIeKeHuUs, Obljla co3aHa ¢ UCIOIb30BaHUEM
s3bIKa nporpamMmupoBanusi C++ u 6ubaunoreku mamnHHOro 3penus OpenCV B cpene nporpammu-
poBanus Microsoft Visual Studio 2013.
2. AIropuT™MBbI OLIEHKH CMellleHUs1 00beKTa
3anadyy OLIEHKH MapaMeTpOB CMEIIEHUS B KOHTEKCTE MPOOJIEMBbl CIEXKEHUS 3a 00bEKTaMU
MOXXHO cOpMyYIHpoBaTh ciaeayromum odpa3zom. IlycTs u3BecTHO 3TamoHHOE H300pakeHue (u3o-
OpaxeHue oTcieknBaeMoro oobekra) (i, j), (i, j) € H , KoTOpoe ABJISIETCS YacThiO HAOII01aeMO-
ro u3o0paxkeHus (UM o0JIacTU MHTEpeca, T.e. TOM YacTU Kajpa BHIECONOCIEAO0BATEIbHOCTH, IS
KOTOpoil OylneT MNpou3BOAMUTHCS OIIEHKAa IapaMeTpOB CMEIIEHUS H300pakeHus OOBEKTa)
[(i, ), (i,))€ L. lpenmnonoxum, 4To MEHTP ITAJTOHHOTO N300paKEHUS CMEIICH OTHOCUTEIHHO TICH-
Tpa uzoopakenus /(i, j) Ha u3BecTHBIN BeKTOp (, ). Torma cBsi3bp mexay h(i, j) u [(i, j) MOXHO
OTMCaTh BhIpaKeHHeM [1]:
I(i,))=h(i-a,j=p),npu (i-a,j-p)eH. (D
1. Knaccuueckuii Koppeasayuouusli aieopumm
B cooTBeTcTBUM € KJIACCHUECKUM KOPPEISLIUOHHBIM aJIFOPUTMOM Ui [TOMCKA IapaMeTpoB
(o, ) HEOOXOOUMO BBIYUCIUTH B3aUMHYIO KOPPETSIUOHHYIO (YHKIHIO HAOII0JaeMOro M300pa-
YKEHUS U STAJIOHHOTO M300pakeHUSI:
F(a,p)= D, h(i, Hli+a,j+p), (a.p)eL. )
(i.j)eH
3naueHus (a*,*), Opu KOTOPHIX JOCTUTrAETCs TI00alIbHBIA MaKCUMyM BbIpaxeHHus (2),
MIPUHUMAIOTCS B KaUeCTBE BEJINYUH, XapaKTEPU3YIOLIUX CMELICHUE 3TalOHA BJI0JIb OCEH KOOPAUHAT
[1]:
(a*, p*) =argmax {F(a, B)} . (3)
2. Hopmuposanuwie ¢pynxyuu
[Ipu Hanuuuu HEOAHOPOIHOTO (POHOBOTO U300PAKEHUS ANTOPUTM, UCIIOIb3YIOIIUNA BbIUKC-
JIeHMEe MaKCHUMyMa B3aUMHOW KOpPPENALIMOHHONW (YHKLHHU, MOXET JaBaTh IpyOble OMIMOKHU, €cly,
HanpuMmep, IPKOCTb HEKOTOPHIX YYaCTKOB (POHA OKaXKETCs BBIIIE, YEM SIPKOCTb dTanoHa. YToObl u3-
0exaTh 3TOr0, MOTYT OBITh UCIIOJIH30BAHBI HOPMUPOBAHHBIE (DYHKIMHU, HAITPUMED:

Z h(i, HIG+a, j+ )
F(a,pB)= \/ Ll 4)

> RG ) | D Plita, j+B)
(i.j)eH (i.j)eH

JIOCTOMHCTBOM HOPMHUPOBAHHBIX (DYHKLUN SBJISETCSI YMEHbIICHUE BIUSHUS KOJIeOaHUH sp-
KOCTH M300paKeHUsI Ha TOYHOCTh onpeaesienns koopauHat. K Henocrarky @ynkuuu Buga (4) cie-
JyeT OTHECTH yBeIUYeHHE 00beMa TpeOyeMbIX BbhlunciaeHui [1].

3. Kpumepuanvnule paznocmuule hynkyuu

Jlist ymeHbIIeHUsT 00beMa TpeOyeMbIX BBIUMCICHUN P HEOOXOTUMOCTH pabOTHI B TEJICBU-
3MOHHOM MaciuTabe BpEMEHH, UCIIOJIb3YIOTCS TaKXKe KpUTEPHAJIbHbIE PA3HOCTHBIE (YHKIIMU BHUJIA!

F(a,f)= Y. |[li+a,j+B)-h(,)), (5)
(i,j)eH

Fla,p)="Y. (li+a,j+pB)-hG, ), (6)
(i,j)eH

JUI KOTOPBIX HEOOXOIMMO OTBICKUBATh INI00aIbHBIH MUHUMYM. [IpenmyiiecTBoM pa3HOCT-
HBIX (YHKLIUN SBJISETCS OTCYTCTBUE ONEPALlMU YMHOXKEHUsS. B TO e BpeMs M3BECTHO, YTO TOYHO-



CTHBIE€ XapaKTEPUCTHUKU PA3HOCTHBIX (DYHKUUN MpPU MaJIbIX OTHOIICHUSX CUTHAJ/IIYM HECKOJIBKO
YCTYNAIOT B3aUMHO KOPPEISAIMOHHBIM [ 1].

4. Hcnonvzoeanue npeobpazosanus Dypve 015 yMEeHbUIEHUS KOTUYECTBA GbIYUCTUMENbHBIX
onepayuu

Jlji KOppesLIMOHHOIO aJlropuTMa (Kak B KJIaCCHMYECKOM, TaK U HOPMHUPOBAaHHOM BapHaH-
Tax) IMpPeJICTaBISETCS] BO3MOXKHBIM COKPAaTUTh TpeOyeMblil 00beM BBIYMCIIEHUMN, €CJIM BBIYUCISATH
B3aUMHYIO KOpPpEJSILMIO ¢ MoMollbio npeodpazoBanus Dypre. Mcnonsiys mpsimoe U oOpaTHOE
IBYMEpHBIE NUCKpeTHbIe IpeoOpazoBanus Oypoe (AIID), MOXKHO BBIYMCIUTH B3AaUMHYIO KOPpEIs-
LU0 U300paKeHUH Ui KOPPEISLMOHHBIX aJrOPUTMOB OLIEHKHU I1apaMeTPOB CMEIIEHUS U300pake-
HUM, npuberas K MEHbUIEMY KOJIMYECTBY ONEpalui, 4eM €clid Obl BBIUMCICHUS MPOU3BOIMIHCH
psIMBIM criocoOoMm. J[J1st 3Toro ucnosib3yercs cieayromas dopmyna [2]:

Flh=1]=(FTR]) -(FIID), (7
rae F - meymeproe JII®, (F[h])" - KOMIUIEKCHO-COpPSDKCHHBIE 3HAYCHHUS IPeoOpa3oBa-
Hust Oypbe n300paxenus h, [h*/] - 3HaUeHUS] B3aUMHOKOPPEISIIIMOHHON (QYHKITUN N300paskeHUH
h wn [. llpuBenennas gopmyna mo3BoiisieT Haiitn Pypbe-00pa3 B3aWMHOKOPPEISIIMOHHON (PYHK-
uuu. YtoObl B anbHEHIIEM UCIOIb30BaTh MOJYyYEHHBIM Pe3yabTaT Jjs OLIEHKH IapaMeTpoB cMe-

IeHHs IBYX H300pakeHHi, Hy/KHO HCIIONB30BaTh obpaTHoe aBymepHoe JAIID (F '), uro6s! Haiith
camM¥ 3HAYEeHMsI B3aUMHOU KOPPEISIIMOHHON (PYHKIUU:
h*l=F"(F[h*l]). (8)

5. Aneopumm gpazosoii koppenayuu

Anroput™m (a30Boil KOppESILIMA MOKET ObITh MCIOJIb30BAaH JUIsl OLEHKU MapaMeTpoB Ipe-
o0pa3zoBaHuil cIBUTa U TIOBOPOTa M300pakeHni. PaccMOTpuM, Kak TaHHBINA aJlTOPUTM MOXKET OBITh
WCIIOJIb30BaH JIIsl OIICHKY TTapaMeTpoB clBHTa (o, f) ABYX U300pakeHHI.

[lyctes F[h] u F[l] - ®ypbe-00pa3sl U300pakeHUs 3TalOHA U HAOIIOAAeMOTO M300paXke-
Hus (00yacTu MHTEpECa) COOTBETCTBEHHO. Toraa B COOTBETCTBUM C aJITOPUTMOM (ha3oBoil Koppe-
JSUUU CHaydaja BBIYMCIIAETCS B3aUMHAas CIIEKTpaJibHasi MOIIHOCTD ( R ) IBYX 3TUX U300paxeHH:

_ FIU)-(FIA) .

[F1-(FLAD

rae * - 3HaK KOMIUIEKCHOTO COTIPsDKEHHS. R sBisieTcs, o cytu, Oypre-o06pa3oM B3aMHO-
KOPPEISUOHHON (DYHKIIMH, HOPMUPOBAHHBIM IYTEM JEJIEHUS Ha aMIUIMTYAHBIN CIeKTp u300pa-

xkeHuit h u [. 3aTem npuMeHsieTcst oOpatHoe npeodpazoBanre Dypbe I HAXO0XKICHUS 3HAYCHHM
HOPMHUPOBAHHOMN B3aUMHOKOPPEISILIMOHHON pyHKIMU (7 ):

-1
r=F {R}. (10)
3HaueHus napameTpoB (o, ), NpU KOTOPBIX TOCTUTAETCS INI00AIbHBIN MAaKCUMYM 7, TIpU-

HUMAIOTCS 32 OLIEHKY IMapaMeTpoB cIBHUTa n3oopaxxenuit & u [ [3]:

(a*, B*) =argmax {r(a, B)} . (11)

3. AJITOPUTM cJIesKeHUsI 32 00beKTOM

Aneopumm credxcenus 3a 00beKmMOM MOXKET OBITh OTHUCAH CIEIYIONUM 00pazoM:

1) IlpenocraBinsiercs 3TaTOHHOE M300pakeHne o0bekTa A(i, j) (HampuMep, OHO MOXKET yKa-
3BIBATHCSI ONIEPATOPOM BPYUHYIO KaK y4acTOK M300pa)keHHs, HaOI0IaeMOro B MEPBOM Kajpe BH-
J€OTIOCIIeIOBATEIIbHOCTH, WM OTPEACISATHCS aBTOMAaTHUECKH KAKHM-JIHOO CIEeIHaTn3upPOBAHHBIM
anroputMoMm). OnpenenstoTcs napaMmeTpsl (pa3Mepsl, paciooKeHUe OTHOCUTEIBHO TPaHUI] KaIpa)
obyacTu uHTEpeca.

2) OcymiecTBisieTCsl MOUCK MPEIOCTaBICHHOTO ATAIOHHOTO U300paxkeHus A(i, j) B obmactu

unrtepeca [(i, j), ABJISIONIEHCS y4aCTKOM H300pakeHHs, HaOII0JaeMOTO B OYEpPEIHOM Kajape BH-

JIE0TI0CIIEI0BATENILHOCTH, C MapamMeTpaMu, c(popMUPOBAHHBIMU Ha MPEAbIAYIIEM IIare ajropurMma.
[Touck nmpoucxXoauT MyTeM OLEHKU MapaMeTpOB CABUIa 3TAJOHHOTO M300pa)K€HUS OTHOCUTEIIHHO
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o0acTi MHTEpeca JUTsl TEKYIIETo Kajapa ¢ UCIOJIB30BaHHEM OJHOTO M3 OMUCAHHBIX MOIX0A0B. [1o-
JydeHHBIC TTapaMeTpbl caBura (o, f) OyAyT yKa3bIBaTh OIEHKY IMOJIOKEHHS 00BEKTa OTHOCUTEIIb-
HO 00JacTh MHTEpEeca /IS TEKYIEro Kajpa.

3) [IpoucxoauT mepepacyeT mapaMeTpoB OOJACTH MHTEpeca IS HAMIEHHOTO IMOJIOKEHUS
0o0BeKTa (M BO3MOXKHO, C YIeTOM U3MEHHUBIITNXCS XapaKTEPUCTHK O0BEKTA) B TEKYIIIEM KaJipe.

4) OcymiecTBasieTcss 0OHOBIIEHHE (aaamTarnusi) 3TaJoHHOTo u3oOpaxkeHus /h(i, j), TaKk Kak

BO3MOXHBI U3MEHEHUSI PA3JIMYHBIX XapaKTEePUCTUK 00bEKTa OT Kajpa K KaJpy (IpKOCTH, pa3MepoB,
KOH(QUTYpaluy U T.J.), KOTOPbIE MOTYT IMOBJIMATH Ha KAa4eCTBO OOHapyKeHUs 00BEKTa Ha IOCIIe-
JYIOIIUX KaJpax.

5) lllaru 2 - 4 anroput™a MOBTOPSIOTCS 711 KXKJIOTO TIOCIIEAYIOIIETO Kajipa.

4. TecTupoBaHHe IPOrPAMMHOI peaji3aluu AJITOPUTMOB

PaboTa mporpamMmHO# peann3ani BceX aJTOPHUTMOB OblIa MPOTECTUPOBAHA HAa JBYX BH-
neocroxkerax (Ha puc. 1 u puc. 2 npeAcTaBiIeHBI IEPBBIE KaJAPhl KAKIOTO U3 BUIEOCIOkKETOB). [Ipn
3TOM YUUTHIBAIOCH KAYECTBO J1aBAEMOI'0 AJITOPUTMOM KOHEUHOT'O pe3yJibTaTa CJIEKEHus, T. €. COOT-
BETCTBHE M300pa)KEHMsI, BRIITAHHOTO aJITOPUTMOM JIJIs TTOCIIEHETO KaJipa BUICOMOCIEIOBATEIHHO-
CTH, ATaJJOHHOMY H300paX€HHIO 00beKTa (BBIACIIEMOMY BPYYHYIO Ha MEPBOM KaJpe IocienoBa-
TEIBHOCTH ), KOTOPBIN TpeOoBaIOCh OTCIEKUBATh. CTENEeHb COOTBETCTBUS ONpeEeNsiaach UCXOIs U3
3HAYEHUS CPETHETO T€OMETPUUYECKOTO BEPTUKAILHOTO M TOPU30HTAIBHOTO CMEILIEHUH (B MUKCEIISX)
HaliIeHHOW MO3UIMH 00BEKTa B IMOCIEAHEM Kaape OTHOCHTEIBHO €ro JACWCTBUTEIHLHOTO IOJIOKE-
HUS B 3TOM Kajipe. Takke yuuThIBAJIOCh CpeHEE BpeMsl pabOThl allrOpUTMa JUIsl OJHOTO Kajapa. s
MEPBOM BHJICOTIOCIIEIOBATEILHOCTH pa3Mep ITATOHHOTO M300pakeHHs cocTaBisieT 36 x 38 mukce-
nel, pazmep obmactu uHTEpeca - 90x 95 muKcene; A BTOPOH BHACOIOCIIEAOBATEIHOCTH pa3Mep
ATAIOHHOTO M300pakeHus cocTarisier 28 x 18 mukceneid, pazmep obnactu uHTEepeca - 70x45 nuk-
cellel.

Puc. 1. IlepBsIit kaap nepBoil BUACONOCIEA0BATEIBHOCTH C HCXOAHBIM 3TaJOHHBIM H300pasKeHHEM
(Manast paMKa) M CTapTOBOU 00J1acThi0 MHTEpeca (OoMbIasi paMKa)
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Puc. 2. IepBslit kKaap BTOPOH BHACONOCIIEIOBATENBFHOCTH C BBIICICHHBIMH PAMKaMH HCXOAHBIM TaTOHHBIM
n300pakeHneM (Masiasi paMKa) U CTapTOBOM 00JIaCTHIO HHTepeca (OoIbIIas pamMKa)

[TorydeHHBIC pe3yNbTATHI MPUBEICHBI B TA0M. 1 (U IEPBOTO BHICOCIOKETA) M Ta0I. 2 (IyIs
BTOPOTO BHJICOCIOKETA). TecTupoBaHre MPOU3BOIMI0Ch Ha KommbloTepe ¢ 8 I'b O3V u uetpipexnb-
snepabiM Tiporteccopom Intel Core i7-4702MQ (6a3oBast TakroBas wacrota — 2.20 I'T, makcu-
maibpHas — 3.20 I'Ty) ¢ 6 MGaiT Kam-namMsTH.

Tabmuna 1. Pe3yapTaTsl TECTUPOBAHUS PA3IMYHBIX aITOPUTMOB CIEKEHUS I NIEPBOM BUAEOIIOCIIEI0BATEb-
Hoct (“—” (TIpOYEpK) BO BTOPOU KOJIOHKE O3HAYAET HATMYUE CPBIBA CIICIKESHUSI)

CpenHee reoMeTpUIECKOe BEPTHU-

KaJIbHOT'O ¥ TOPU30HTAIBHOTO

N N CpenHsis CKOpOCTh
CMeIleHHH (B TMKCENSX ) HalIeH-
Adsroput™ . 00paboTKH Ka/IpOB,
HOM IO3UIUH 00BEKTa OTHOCHU-
N KaJpoB/c
TEIIBHO €T0 IEHCTBUTEIHLHOTO
TIOJIOXKEHHS
Krnaccuyeckuit KOppemsiiMOHHbIN aJropuT™ 3,6 24,5
KoppensaiuoHHsIil anropuT™ ¢ HOpMUPOBAHHOM ) 14
¢byHKIMEH
Pa3HOCTHBIN aIropuT™ (CyMMa KBaJpaToB pa3HO- 21
cTei)
Pa3HoCTHBIN anroputM (CymMMa MOAyJIel pa3HOCTEH) 2 116
Krnaccudeckuit KoppesIliMOHHBIN aIrOpUTM, UCIIONb- 36 456
syromuit A1 nnst mpoBeeHNs BbIUMCIEHUN ’
KoppensaioHHsIil anropuT™ ¢ HOpMUPOBAHHOM
¢dyHkmedt, ncnonp3ytomuit AP s nposenenus 2 238
BBIYUCIICHUH

Anroput™ (ha30BOi KOppesIun 2 359
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TaGJ’II/IHa 2. PESyJ'IBTaTI)I TECTUPOBAHUA PA3JIUMYHBIX AJITOPUTMOB CIICKCHUA IJIA BTOpOﬁ BHUICOIIOCTICA0BATECIIb-

Hoctd (“—” (IIpoUYepK) BO BTOPOI KOJIOHKE 03HAYACT HAIMYKE CPhIBA CIICIKCHUA)
CpenHee reoMeTpuuecKoe BepTu-
KaJIbHOT'O ¥ TOPU30HTAILHOTO
. 9 CpenHss CKOpOCTb
CMelIeHUi (B MUKCENSIX) HaleH-
Anroput™ . 00paboTKH Ka/IpoB,
HOH MTO3ULUH 00BEKTa OTHOCH-
. KaJIpoB/C
TEJBHO €ro IeHCTBUTEIBHOTO
TIOJIOKEHUS
Krnaccudeckuit KoppemsiiMOHHbIN aaropuT™ - 123
KoppensaiuoHHsIil anroput™M ¢ HOpMUPOBAHHOM 29 71
¢byHKIMEH ’
Pa3HoCTHBIN anroputM (CyMMa KBaJIpaToB pa3HO- 29 ]1
cTel) ’
Pa3HoCTHBIN anroputM (CyMMa MOAyJIel pa3HOCTEH) 2,8 235
Krnaccudeckuit KOppemsiliMOHHbIN aJropuT™, UCTIONb- 900
sytomuit J\I1D 11t mpoBeieHNsl BRIYMCIIEHUM
KoppensaiuoHHsIil anropuT™ ¢ HOpMUPOBAHHOM
¢byuknueit, ucnonpayromnmid JI1® mis nposeaeHus 2.2 463
BBIYHCIICHUH

Aunroput™ (ha3oBoi KOppesIuu 2.2 658

BrIBOABI

CpaBHeHHE aIrOpUTMOB Ha OCHOBE IOJYYEHHBIX PE3YyJbTAaTOB TECTHUPOBAHUS IMPHUBEIIO K
BBIBOJLY, UTO JIByMsI HauOoJjiee 3(p(HeKTUBHBIMU MOJXOAAMU JJIsi OLIEHUBAHUS [1apaMeTpPOB CIBUTA
M300pakeHUIl Mpu peaau3aluy allfOPUTMOB CIIEKEHUS HA OCHOBE OLIEHKU MapaMeTPOB F€OMETPH-
YeCKUX MpeoOpa3oBaHUM SBISAIOTCA KOPPEISLHOHHBIM alroputM ¢ HOPMHPOBAHHOW (DyHKIIHEH,
peayiu3yeMblil B CIIEKTpaJIbHOM 00JIacTH, U alnropuT™M (a3zoBOil KOppesuuM, T. K. OHU MOKa3alu
HauIy4lllee KayecTBO CIIEKEHHUS IIPU TOM, YTO BpeMs UX pabOThI ObLJIO YyTh BbIIIE, HO OUYEHb OJIM3-
KO K MUHMMAaJIbHOMY BpeMeHU padOThl CPe/i BCEX aJIFTOPUTMOB, IPOTECTUPOBAHHBIX B XOJ€E HCCIIe-
JOBAHUS.

Pabora BrinosniHeHa Ha cpenctBa rpanta [Ipesunenta PO ans rocynapcTBEHHON MOIIEPKKI
Benymux Hayunsix mikosn P® HII-7116.2016.8 nox HayuHbsiM pykoBoJcTBOM A.b. ®@enbamana.

Bubimorpaguyeckuii cnucoxk
1. B.A. Annatos, I1.B. ba6asu, O.E. banamos, A.W. Crenamkun. «O0paboTka U300paskeHnil U yrpaBiieHUE B CHUCTe-
Max aBTOMAaTHUYECKOI'0 COMPOBOXKICHUSI 00BEKTOB: yueOHOe mocodue» - Ps3ans, PIPTY, 2011, 236 ¢.
2. Backakor C.U. PaguorexHu9Yeckue ey ¥ CUTHAJIBL. Y4eOHuK. 3-u31. mepepad. gomons. 2000 roxa. 462 crp.:
3. Reddy B. S., Chatterji B. N. An FFT-based technique for translation, rotation, and scale-invariant image registra-
tion // IEEE transactions on image processing. — 1996. — V 5. — No.8. — PP. 1266-1271.

YK 004.932; T'PHTH 28.23.15 .
KOPPEJAIIMOHHOE COBMEIIEHUE U30BPA’KEHUU METOAOM

MVYJIBTUCTAPT C UCITIOJIB3OBAHUEM NI PAOUYECKUX ITPOLECCOPOB
C.J. Enecuna, A.B. CaBun
Psizanckuil 2ocyoapcmeenmwiil paouomexHuyecKutll yHusepcumem

Annomayus. PaccMaTpuBaeTcss METOJI T7100aIbHON ONTHMHU3AIMN MYJIBTHCTApT IIPH MIPUBSI3KE U30-
OpakeHUil B KOpPEISLHOHHO-IKCTPEMaIbHOM HaBUTallMOHHOM cucreMe. B kauecTBe JIOKAIBHOTO
METO/Ia MCIONb3yeTcss MeTon KoHburypamuii (meron Xyka-/[xupca). Hcciaenyrores mociemaoBa-
TeNbHAS U MapajljieibHasi BEPCHs alropuTMa, paspadoranHas ¢ nomorrsio TexHonoruii CUDA u
OpenCL.

Kniouesvle cnoea.I'mobanbHblil SKCTpeMyM, meneBas (YHKIHS, MYJIBTHCTapT, MeToi XyKa-
Jxusca, Texaonorus CUDA texnomorust OpenCL, rpaduueckuii mporeccop o0Iero Ha3HaueHus,
reTeporeHHast BEIYUCIUTENbHA CUCTEMA.
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CORRELATION IMAGES COMBINING BY MULTISTART METHOD

USING GRAPHICS PROCESSOR
S.I. Elesina, A.V. Savin
Ryazan State Radioengineering University

Abstract. The multistart method of global optimization with binding images in an extreme correla-
tion navigation system is considered. Configurations method is used as a local method (Hooke-
Jeeves method). We investigate serial and parallel version of the algorithm, developed with CUDA
and OpenCL technology.

Keywords. Global extrema, the objective function, multistart, Hook-Jeeves method, CUDA tech-
nology, OpenCL technology, the GPU for general purpose, heterogeneous computing system.

HeobOxonuMocTh pelieHus 3aJaud KOPPEISUOHHOTO COBMEIIEHHUS BO3HHUKAET BO MHOTHX
obnactsax. Cpenn HEX 00pabOTKA a9POKOCMUYECKHX CHUMKOM, HAaBUTAIIUS JIETATEIHHBIX anapaToB
(JTA), nomyuyeHne M300pakeHU B CHCTEMax YIYUYIIEHHOTO M CHUHTE3UPOBAHHOTO BHUJICHUS U T..I.
Baxxnyto poiib, Hpu penieHHH HABUTAIIMOHHBIX 3a/a4, UIPAIOT KOPPEISALHMOHHO-IKCTpEMalIbHbIE
HaBurauonnble cucreMbl (KOHC). B Hux ocymiecTBisieTcs cpaBHEHUE 3TAJOHHBIX M300pa)KeHUi
(BN), xpansmuxcs B 6oproBoit 6a3e manusix (bBJl), ¢ Texymum (TH), nomydaembIM OT cucTeM
texuudeckoro 3penus (CT3).

Koppensuuonnoe coBmenieHne u300pakeHrni IpOU3BOAUTCS ¢ MOMOLIBIO (DYHKIIMOHANA, B
KayecTBE KOTOPOTO BBICTYyNAET KoppeisunoHHas (GyHKIHUSA. UToObl MOIY4YUTh HAWIydllee COBMe-
HIeHHe U300pakeHui, He0OX0IMMO HalTH II100anbHBIN FKCcTpeMyM (I'D) nenesoit pynkuuu (D).

B kauectBe L|® ncnonp3yercs HOpMUpPOBaHHAs B3aUMHasi KoppensiunoHHast pyHkuus [1]:

M N
ZZ(Sa(i’j)'ST(i_x’j =)

F(x,y) = —— —

N b
3NS50 DD St —x, - )
i J

i

rae S, (i, j), Sy(i, j)— APKOCTH ITATOHHOTO U TeKyIIero u3obpaxennii B Touke (i, 7); M, N — pasmepsl

OW. Tlpu coBnagenun TU u DU xoppensiionHas GyHKIUS JOCTUTAET MAaKCUMAJIbHOTO 3HAYCHHSL.

CaMbIM NPOCTHIM METOJIOM MoucKa ['D sBisieTcss MeTol MOJIHOro mnepedopa, 0JHAKO 3TOT
METO/1 SIBJISIETCS] CAaMbIM TPYIOEMKHM.

OpHMM W3 BapUaHTOB IMOBBIIIEHUS OBICTPOJEHCTBUS SBJIAETCS HUCIOJIb30BaHUE METOJA
MYJIBTUCTAPT U JIOKAJILHOTO METOJ]a ONTUMU3ALKU. AJITOPUTM METOJA MYJIbTUCTAPT 3aKJII0UAETCs B
CIIEAYIOIIEM: BHaYalle CIIy4ailHBIM 00pa3oM BHIOMpaeTcs TOYKa ¢ KoopAuHaTamu (X,Y), 3aTeM U3
BBIOpAHHOM TOYKM OCYIIECTBIISIETCS CIIYCK B TOUKY JOKaJIbHOro MUHUMYyMA. [Iponiecc nmoBropsiercs
710 T€X MOp, MOKa HE yAaCTCS HAaWTU KOOPAUHATHI JIOKAJILHOTO 3KCTPEMYyMa CO 3HaYEHUEM (PYHKIIUU
MeHbLIe WK 0oJblle Beex npeaplaymux [1]. B naHHOMN cTathbe paccMaTpuBaeTCsi METOI KOHPUTY-
pamuii (Meron Xyka-/[>KMBca) Kak OJWH W3 METOJIOB JIOKAIHHOW ONTUMHU3AIUH, 3P(HEKTHBHOCTH
KOTOPOTo 0TOOpa)keHa B [2].

Jlpyroii BapuaHT — HCIIOJIb30BAHUE NPEUMYILIECTB I'€TEPOr€HHON BBIYMCIUTEIBHON CUCTE-
Mbl. CoBpeMeHnHble rpaduueckue mnpoueccopsl (I'TI), kak MOTEHIMANBHBIN 3JEMEHT reTepOreHHOMN
cUCTeMbl, Ojarojapsi CHelMaJu3UpOBAaHHONW KOHBEMEpHOUW apXWUTEKType, HaMHOro 3(¢eKTuBHEE
MOJXOJAT A1 00paboTKu Tpaduueckoil HHGOPMALNK, YeM IIEHTPaIbHBINA TIporeccop. s peanu-
3anuu BeluuciaeHui Ha [Tl cyniecTByeT HECKOJIBKO TEXHOJIOTHH, CPEIH KOTOPBIX MOKHO BBIIEIUTH
texnosoruu OpenCL u NVIDIA CUDA.

OpenCL — 310 mnatdopma, pazpaboTaHHas JUIsl HAMCAHUSI IPOrpaMM, CBA3aHHBIX C Mapa-
nenbHbIMU BerunciaeHusiMu Ctannapt OpenCL npenocraBiseT yHU(UIMPOBAHHYIO TUIaTHOpMY ISt
paboThl C BHIYMCIUTENBHBIMU YCTPOMCTBAMHU B CHUCTEME HE3aBUCHMO OT UX apXuTeKTyphl. CtaH-
napT OpenCLnoaepKuBaeTcsi MHOKECTBOM BEHJIOpOB ycTpoiicTB Takux kak NVDIA, AMD, Intel
u T.4. nst nanucanus nporpamm HaOpenCLucnonb3yercs A3bIK nporpammupoBHaus C99 ¢ nono-
HUTEJNbHBIMU pacHrpeHusmu|3].
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NVIDIA CUDA - sto mnatdopma [Uisl apauieIbHbIX BBIUUCICHUNA OOIIEr0 Ha3HAYCHUS,
paspabateiBaeMas u mnognaepxkuBaemas komranuedn NVIDIA. OCHOBHBIM HEIOCTATKOM JaHHOU
IaTOPMBI SBIIETCS €€ 3aKPHITOCTh U OPUEHTUPOBAHHOCTH TOJBKO Ha I'Tl kommanuu NVIDIA.
Opnako, texnonoruss CUDA npenocrasiser Runtime API, koTopblif O3BOJISIET CKOMIMIUPOBATh
nporpammy Juist I'TI 3apanee, Tak kak u3BecTHa miaTdopmMa, Ha KOTOPOU Oy/IET BBINOIHATHCS MPO-
rpamMma (I'TI or NVIDIA). B otnuuuu ot 310oro, Texnosnorus OpenCLKoMIMINPYET UCXOIHBIN KO
repeJl ero BbINOJHEHHeM ucnonb3ysd Driver API, koTopslit mpenocTaBiiser KOHKPETHBIN IPOU3BO-
JUTENb YCTPOMCTBA, NMPU KaXKIOM 3aIlyCKe IPOrpaMMbl, TAKUM 00pa3oM 00ecreynBaeTcsl IepeHo-
CUMOCTb MpOorpamm, pa3paboTaHHbIX ¢ nomouisto TexHoioruu OpenCL.CUDA mno3Bossier paspa-
00TYMKAM HCIIOJIb30BaTh S3bIK nporpammupoBanust Cu, ogHako aius B3aumoneictBus ¢ CUDA
MO>KHO MCHOJIb30BaTh U JIPYTUE CPEJICTBA U S3bIKU IPOrpaMMUpoBaHus [4].

B nanHoii paboTe mpoBOAUTCS MCCIEA0BAHUE U CPABHEHHE Peau3aluil alrOPUTMOB MYJlb-
TUCTapT U alropuTMa NoJHOoro nepedopa ¢ ucnosszoBanueM texnosjoruii CUDAu OpenCL, a Tak-
e MOCJeI0BaTeIbHON BEPCUM aITOpPUTMOB. B KauecTBe XapakTepUCTUK CpaBHEHHUS BbIOpaHbI KO-
JMYECTBO BbI30BOB pacuera L{d, a Takke BpeMs, 3aTpaye€HHOE Ha pacyer.

Uccnenosanus npousBoaunuchk s TU pazmepom 260x260 nukcenoB u s DU paszHbIX
pa3mepoB, a umeHHo 87x87 mukcenoB (33% ot pazmepa TU) u 130x130 mukcenor (50% ot pazme-
pa TN). dna xaxnoro pazmepa DU npoBoauics psja SKCIEPUMEHTOB Ha PAa3IMYHOM YCTPONCTBE
(ILIT u I'TI) u paznuuHOTO KOJIMUECTBA OpockoB (5, 10, 25, 50, 100, 150, 200).

Ha nepBoM starie uccineaoBanuii Ob1710 ONpEeeH0 KOJIMYECTBO BBI30BOB IPOLEAYphI pac-
yera L{® 1151 METO10B MyIBTUCTAPT U MOJIHOTO Iiepedopa, a TakKe BpeMsl, 3aTpaueHHOE Ha BbIUKC-
nenus. Tak kak s MeToJla MOJIHOrO mepedopa KOJIMYECTBO BBI30OBOB IpoLeAypbl pacuera LD
OJIMHAKOBO, IIPU OJTHUX U TeX ke Xapakrepuctukax DU, u paBao (Wry — Way) * (Hry — Hay), TE
Wiy, Way — mmupuna TU u DU, Hyy, Hyy) — Beicota TU 1 DU, a BpeMst pac4eToB BKIIFOYAET B ceOs
BECh Ipoliecc nepedopa, Mo3ToMy JJisi CPaBHEHMsI METO/1a TIOJIHOTO repedopa U MyJIbTUCTApT, MO-
CJIETHUI UCCIIEIOBAJICA NPU COBEPLIEHUU MaKCUMAJIbHOTO KosmdecTBa OpockoB (200). Pe3ynbTaTsl
MIEPBOTO ATarna MCCICIO0BAHUMN, Il AITOPUTMOB ¢ Mcrojib3oBanueM Texnojoruu CUDA, npusene-
Hbl B Tabnuue 1. PesynbTars! ans peanusauuii ¢ ucrnoiabzoBanuem texHosiorun OpenCL npuBeneHsl
B Tabnuue 2.

Tabmuna 1 — CpaBHEHHE TPYJOEMKOCTH METOAOB IIOJHOrO Iepebopa M MYJIBTHCTapT C HCIIONb30BaHUEM
texHonorur CUDA (T1I1 — merox nonHoro nepedopa, M — MEeTO1 MyJIBTHCTapT)

VYerpoiictBo T I'Tl
Pazmep OU ot TU 33% 50% 33% 50%
Merton III1 M III1 M III1 M I1I1 M

KonugectBo BBI30-

BOB TPOIIEAYPHI 30276 12905 17161 11276 30276 12028 17161 10590

Boruncienus [1d

3aTpaueHHOE Bpe-
MsI, CEK

138,5 79,3 1394 125,9 0,15 0,7 0,16 2,17

Tabnuua 2 - CpaBHeHHE TPYIOEMKOCTH METOJOB IOJHOTO Iepebopa M MYIBTUCTAPT C HUCIOJIb30BAaHUEM TeX-
Honoruu OpenCL (ITI1 — meron nmonHoro nepedopa, M — METOA MYJIBTHCTAPT).

VYerpoiicTBo Iy Iy

Pasmep DU ot
TU

Merton TII1 M TII1 M TII1 M 11T M
KomuuecTso
BBI30BOB 1D

3aTpaueHHOe
BpEMsI, CEK

33% 50% 33% 50%

30276 12905 17161 11276 30276 12557 17161 11169

138,5 79,3 1394 125,9 0,16 0,4 0,17 0,71
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AHanu3 pe3yapTaToB, IPUBEIECHHBIX B TAOJUIE, SIBHO JAEMOHCTPUPYET OOJIBLION pa3phiB
MEXAY KOJMYECTBOM BBI30BOB IMpolieyphl BbrunuciaeHus L{® B meTose nonHoro nepedopa u Mylib-
TUCTApT, TaKKe OOJILLION pa3pbiB MEX 1y BpeMeHeM padboTsl MeTo 0B Ha LIIT u I'TI. D10 roBoput 0
HECOMHEHHOM IPEUMYIIECTBE UCIOJIb30BAHNS MapaJlIeJIbHBIX BBIUMCICHUH Nepe]] MOCIeA0BaTe b
HbIMH. Takke pe3yabTaThl MMOKa3bIBAIOT, YTO paboTa MeToja nojHoro nepedopa Ha [Tl 3aHumaer
MEHbLIE BPEMEHHU, 4eM paboTa METoAa MYJbTUCTApT. Takylo CUTyallMI0 MOXKHO OOBSICHUTH CIOXK-
HOCTBIO ayiropuT™Ma Xyka-J[>KHMBCa, UCIOJIB3YEMOT0 B Ka4€CTBE METOJIa JIOKAIBHON ONTHMM3ALINH,
10 CPaBHEHMIO C aJITOPUTMOM IOJIHOTO nepedopa. Ecinu cpaBHUBaTH peanu3alnuy ¢ UCHOJIb30BaHU-
eM paszHbix TexHojoruii (CUDA, OpenCL), To 1o pe3ynbTraraM BUIHO, YTO HET SIBHOTO IEepeBeca co
CTOPOHBI TOM MM MHOW TEXHOJIOTHH.

Ha BTOpOM sTame skcnepuMeHTOB ObUIO MOAPOOHO MCCIEIOBAHO BpeMsi paOOThI (3aBUCH-
MOCTb BPEMEHU BBIYMCIIEHUH OT KoJimuecTBa OpockoB) Merona myinbTrcTapT Ha LI u I'TI. Ha pu-
cyHke | mpencraBieHbl 3aBUCUMOCTH BPEMEHHU BBIMOJIHEHUS pacyeTOB OT KOJIMYECTBA COBEPIICH-
HBIX OPOCKOB MpHU KOPPEISUOHHOM COBMEIIEHUN N300paKEHUH € UCII0JIb30BAHUEM METO/1a MYJlb-
THCTAPT UM METOJA JIOKAIbHOM ontumu3ammu Xyka-/[xusca Ha LIIY u I'TlY ¢ ucnonp3oBanuem
texHosioruu CUDA u ¢ ucnons3oBannem texnonoruu OpenCL mus DU, cocraBmsromero 50% ot
pasmepa THU.

160 0,8
140
120
100
80
60
40
20

o = N
o vk U N W

5 10 25 50 100150200

3aTpayeHHOEe BPEMA, CEK.
3aTpaueHHOe Bpems, Cex
3aTpayeHHoOe Bpems, cek

5 10 25 50 100 150200 5 10 25 50 100 150 200
Konuuectso 6pockos

KonuuectBo Gpockos Konnuectso Gpockos =@ 33TPaYEHHOE BPEMA...

a) 0) B)

Pucynok 1 — 3aBUCHMOCTH BpeMEHH BBIIIOJIHEHHS PacueToB OT KonuuectBa opockoB it U (50% ot TH)
a) Ha II1; 6) na I'TIc nucnonnp3oBanuem texHonorun OpenCL; B) Ha I'Tl ¢ ucnonszoBanuem Texnoioruu CUDA

C yderoM MpOBEIEHHBIX UCCIIEIOBAHUN MOXHO ClIeNaTh BBIBOJ], UTO MCIIOJIb30BaHUE Mapa-
JIEJIbHBIX BHIYMCIICHUH (2 KIMEHHO peanu3anuu aaroputMoB Ha ['T1Y) naeT ouryTuMeblil BBIMTPHIII 10
BPEMEHH BBINOJHEHNs BBIYHUCICHUN NPU PEUICHUM 3a/1a4¥ KOPPEJSIUOHHOIO COBMEIICHUS H30-
OpaxxeHuil. B cBoro ouepenpb, pe3yabTaThl HCIOJIb30BAHNS 00E€HUX TEXHOJOTUN OJU3KH APYT K APYTY,
YTO HE JIa€T BO3MOKHOCTH OJTHO3HAYHO OIPEIEIIUTH IOIXO0IALIYIO IS PELICHUS JaHHOM 3a0a4H.
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CUCTEMA OIIOPOKXHEHUS BAKOB U CUHXPOHU3AIIUN
B XKNJIKOCTHBIX PAKETHBIX /IBUT'ATEJISIX
J.C. EpmioB
Psizanckuii 2ocyoapcmeeniviil paduomexHuyeckull yHusepcumen,
Poccus, Psizanw, ershov.d.s@mail.ru

Annomayus. B naHHOW paboTe MpHUBEEHBI OCHOBHBIE XapaKTEepHbIE OCOOCHHOCTH PAaKETHBIX JIBH-
rareliei, paccMaTpUBAETCsl YCTPOMCTBO U paboTa KaMepbl CropaHusl JKUJIKOCTHOTO PAKETHOTO JIBH-
raresnsi. ONKECHIBAaeTCs araparypa CUCTEMbI OIOPOXKHEHUS] 0AKOB U CHHXPOHU3AIINH.
Kniouesvle cnosa. PakeTHbli 1BUraTeNnb, KaMepa CropaHus, OOpOXKHEHHE 0aKOB, yIpaBJIEeHHUE Tsi-
TOi, CHHXpOHH3AIUS PacXo/ia TOIUIUBA.

SYSTEM OF EMPTYING TANKS AND SYNCHRONIZATION

IN LIQUID ROCKET ENGINES
D. S. Ershov
Ryazan state radio engineering University,
Russia, Ryazan, ershov.d.s@mail.ru

Abstract. In this paper, describe the basic characteristics of rocket engines, discusses the design
and operation of combustion chamber of liquid rocket engine. Describes the system equipment,
emptying tanks and synchronization.

Keywords. Rocket engine, combustion chamber, emptying tanks, draft control, sync, fuel con-
sumption.

Pakernbim nBurarenem (PJl) Ha3bIBalOT ABUraTellb HA PEaKTUBHOM TATe, HE UCHOJb3YIOIINN
JUIs CBOEM pabOThl AHEPruI0 U3 OKpyxkawuel cpeapl. Takum obpazom, P/ — 3To ycrpoiicTBo,
MMEIOIIIee NCTOYHUK SHEPTHH U 3amac pabodero Teja (TOIIMBA) U MpeIHA3HAYCHHOE YISl MMOTyde-
HUS TSTU IyTeM IpeoOpa3oBaHMsI SHEPrUU B KMHETHUYECKYIO SHEPruio pabodero Ttena, BhIOpachl-
BAE€MOI'0 OT JIBUTATENS B OKPYXKAIOLIYIO CPELy.

PJ1 oGnagatoT TpeMs OCHOBHBIMU XapaKTEPHBIMH 0COOEHHOCTSIMHU:

1) aBTOHOMHOCTb OT OKpy»Katouieil cpenbl. [log aBTOHOMHOCTBIO CiielyeT MOHUMATh CIIO-
COOHOCTb PAKETHOI'O JIBUraTels paboTarh 0€3 MCHOJB30BaHUs SHEPTUU U3 OKpYXKarollei cpensl. B
CBSI3M C 3TUM, JaHHBIN TUI JBUraTesieil MOKeT padoTaTh B O€3BO3AYIIHOM IIPOCTPAHCTBE U MO/ BO-
10H,;

2) HE3aBUCHUMOCTb TSATU OT CKOPOCTHU JIBWKEHUS JIETaTeIbHOIO anmnapara, T.K. Tsra co3jaer-
Cs1 3a CUET pacxo/ia 3aracoB paboyero Tejaa v SHEpruu, uMeroImuxcs Ha 0opry. [loatomy 3T ABUra-
TEJIH CTIOCOOHBI PYHKIIMOHUPOBATH IPU OOJIBIINX CKOPOCTSIX ABMXKEHHUS.

3) BbICOKash KOHLEHTpPALMs SHEPruu Ha €IUHMIy Macchl pabodero Tesa, 0OycIOBJIEHHAS
CTpPEMJICHHEM MOJYYUTh MAaKCUMAJIbHYIO CKOPOCTh UCTEUYEHUS PEAKTUBHOU CTPYH, U, CIE€I0BATENb-
HO, OoJipIIasi SHEPrOHANPSHKEHHOCTh paboyero mpoiiecca M Majas yAelbHas macca JBUrarels,
MPUXOAAIIASACS HA €IMHUILY Pa3BUBAEMOM THTH.

B GosiblIMHCTBE MpPaKTUYECKH NPUMEHSIEMBIX B HACTOSIIEE BPEMsl PAKETHBIX JBUTATEINSAX
HCIIOJIb3YEeTCSl XMMHUYECKasi SHEPrusi, HOCUTENEM KOTOpoMl sBisieTcss TorumBo. Haubonee vacto B
PJ1 ucnonp3yercs 1ByXKOMIIOHEHTHOE TOIUIMBO, COCTOSIIEE U3 TOPIOYEro u okuciautensd. crounu-
KOM 3HEPruu B 3TOM cllydae SIBJISETCS SK30TepMUYECKas peakius (peakuus ropeHus). XumMuyeckas
SHEprUsl ToTuIMBA Mpeobdpasyetcs B kamepe cropanus (KC) B TEmIoByr0 SHEPTUIO MPOIYKTOB Peak-
uuu. Jlanee TersioBasi 3HEPTUs B COIUIE NEPEXOJUT B KMHETUUYECKYIO SHEPrUI0 BBHITEKAIOLIUX MPO-
nykroB cropanus (I1C), B pesynbrare, oOpa3zyercs peakTUBHAs TsTra.

Xumuueckue P/] MOKHO pa3fnenuTs Ha TpU OCHOBHBIE TPYIIIIBL:

1) xunkoctHble pakeTHble aeurarenu (JKP/I);

2) paketHsble aBurarenu eepaoro tomisa (PATT);

3) rubpunnsie pakerHsle asuratenu (I'Pl), ucrosp3yroniue cCMeEIIaHHOE arperatHoe co-
CTOSIHHE TOILIMBA.

OCHOBHOM 3JIEMEHT JKUJKOCTHOI'O PAKETHOTO JBHUraTells, i€ CO3/1aeTCsl peakKTUBHAs TAra, —
KaMmepa cropanus asurarens. Ha puc. 1 npuBenena cxema ycrpoiictBa kamepsl JKP/I, paboTaromas
Ha IBYXKOMIIOHEHTHOM BHji€ ToIuIMBa. OHAa COCTOUT U3 KaMepbl cropaHusi 6 U coruia 7, KOHCTPYK-
TUBHO TPEJCTABISAIOT co00i omHo 1enoe. Kamepa cropanusi uMeeT CMECUTEIBHYIO TOJIOBKY 4, Ha
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KOTOpOI pa3MellarTcs crenuaibHble yeTpoicTBa — (GOpPCYHKH 3 U 5, MpeHa3HaueHHbIe JUIs 10/1a-
yn koMmioHeHToB TomuiuBa B KC. Crenku KaMCpPbl U3roTaBJIMBAIOT, KaK IIPaBUIIO, Z[BOI\/’IHBIMI/I JIIsL
CO3/IaHUs 3a30pa MEXIY BHYTPEHHEHW CTEHKOW 2 W HapyXHOW cmioBod pydamkoit 1. ITo 3a3opy
IMPOTEKACT KOMIIOHCHT UJIM KOMIIOHCHTLI TOIIJIMBA, 6naroz1ap$1 YEMY MMPOUCXOIUT OXJIAXKICHUC KC.

Okuenumens [ /' \/
/] N\

Toprovee

Puc. 1. Cxema xamepst JKPJ{

Pabouwnit mportecc B kamepe XKPJl MoxHO mpencTtaButh B cleayromeMm Bujae. [ oprodee u
OKHUCJIUTENb BIIPHICKMBAIOTCS IOJ JIaBJICHHUEM B Kamepy CropaHus yepe3 (OpCyHKH, ApoOsATCs Ha
MeEJIKUE Kalllu, epeMEeINBaI0TCs, UCIIAPSAI0TCA U BOCIUIAMEHAI0TCA. Bocmiamenenue Tomimusa Mo-
KET OCYLIECTBIIATHCS XUMUUYECKUMHU, MIMPOTEXHUYECKUMU U AJIEKTPUUECKUMHU CPEICTBAMHU.

TomnuBo nocie BocIjiaMeHEeHUs! TOpUT MpH BbicokoM Aasienue (15—20 Mlla). [Ipu rope-
HUU TOIUIMBA 00pa3yroTcsi ra3000pa3Hble MPOIYKTHl CTOPaHUsi, HArPEThIE JJO BHICOKUX TEMIIEpPATyp
(3000—4500 K), xotopblie BEIOpachIBalOTCA U3 KaMepbl CrOpaHus B OKPYKAIOIIYIO Cpey Yepes co-
wio. [lo Mepe ABMXKEHMSI MPOJYKTOB CrOPaHHUs MO COIUTYy UX TEMIIepaTypa U JIaBJeHHE yMEHbIIa-
I0TCS, @ CKOPOCTh BO3pAcCTaeT, Mepexosl 4epe3 CKOPOCTH 3BYKa B MUHUMAaJIbHOM (KPUTHYECKOM)
cedeHuu coria. Ha BeIXxose u3 comiia CKOpPOCTb  HMCTEYEHHS MPOJYKTOB CrOpaHUsl  JOCTUTAeT
2700—4500 m/c.

B o6mewm xe ciyuae XKPJI cocrout u3 Heckonpkux KC, cucrem perynupoBaHus U Mojauu
KOMIIOHEHTOB TOILIMBA, UCTIOJHUTEIBHBIX YCTPONUCTB Ul CO3JaHUS YIPABIISIOIIUX MOMEHTOB, CO-
€IMHUTEIbHBIX MarucTpaiei u 1.1. Cucrema peryaupoBaHUs OCYILECTBISET aBTOMaTUUECKOE MO/~
JiepKaHue WK IporpaMMHUPOBAaHHOE U3MEHEHUE TapaMeTPOoB B KaMepe JiIsl 00ecrieueHus 3a/laHHbIX
BEJIMYMH TSTH, ONPEJIEJICHHOIO COOTHOIIEHHS KOMIIOHEHTOB, ycToiunBoi padoTel KC, a Takxke
yIpaBisieT NePEeX0JHbIMU MPOLIECCaMu, HAIPUMED 3aIlyCKOM U OCTAHOBKOM 1BuUratens. J{ist naHHbIX
1ene B JKUJIKOCTHBIX PAKETHBIX JIBUTATENIAX MPUMEHSETCS CUCTEMa ONOPOKHEHUs O0AKOB M CHH-
xponuzanuu (COBUC).

COBUC npennaznaueHa Juist o0ecriedeHrs IPaBUIIbHOTO Pacxo/1a rOPrOYEro U OKUCIUTENS,
JUI. HOpMaJIbHOM paboThl ABUraTesield U OJTHOBPEMEHHOTO OMOPOKHEHUS 0aKOB KOMIIOHEHTOB TOII-
JIMBA MEPBOM CTYIEHU PAKETOHOCHUTEIS K MOMEHTY €€ OTJIEICHUS.

Amnmapatypa COBUC coctout u3 miectu (B 3aBUCUMOCTH OT YHMCJIA JBUTATEIbHBIX YCTaHO-
BOK) CUCTEM aBTOMAaTUYECKOro perynupoBaHus. [1saTh U3 HuX (110 YnciIy ABUTATEIbHBIX YCTAHOBOK)
MIPEJICTABISAIOT CO00M MIECHTHUYHBIE CUCTEMBbI OJIHOBPEMEHHOTO ornopoxkHeHus OaxoB (COB) enu-
HUYHOW JIBUTaTEIbHON YCTAaHOBKHU.

COBb sBnsieTcs pEryisiTopoM COOTHOIICHHS! MTHOBEHHBIX OOBEMOB PACX0JI0B TOPIOYETO U
OKHUCJIUTENS, KOTOpasi MOAJEPKUBAET 3TO COOTHOUIEHUE B ONPENIETICHHOM JIOIIYCTUMOM MHTEpBAJIE.
B xoHeuHoM cuere, oOecrieunBaeTCcsi OJHOBPEMEHHOE OMOPOKHEHHE OaKOB Kak/10i JBUTrATENbHOM
YCTAaHOBKH MPU AOMYCTUMBIX OTKJIOHEHUSX COOTHOIIEHUS KOMIIOHEHTOB OT HOMHHAJIBHOTO.

[lectas cucrtema peryaupoBaHusl (CUCTEMa MEKOJIOUYHON CHUHXPOHHU3AIMH) O0ECIIeUnBaET
CUHXPOHM3AIMIO PAcX0/I0B KOMIOHEHTOB TOIUIMBA YETHIPEX OOKOBBIX JIBUTaTENbHBIX YCTAHOBOK
MeXAy cO00i U OTHOCUTENBHO IIEHTPAIbHOM.

OaHOBPEMEHHOCTh OTIOPOKHEHUSI OAKOB CTYNEHU U TOYHOCTh CUHXPOHHU3ALUHN PaOOTHI MSTH
JBUTaTeeil KpUTUUYECKH BaXKHBI JJISl YBEJIMUEHUS] MAKCUMAaJIbHOM IM0JIE3HOM Harpy3ku U obecrieye-
HUs napameTpoB opOuThl BeiBeaeHusd. Amnmnaparypa COBUC ympasuser pexxumoM paboTsl TypOO-
HACOCHBIX arperaToB, MOJAIOLIMX KOMIIOHEHTHI TOIUIMBA B IBUTATENIbHBIE YCTAHOBKH.
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Bboprosas annapatypa COBUC nepBoii cTyneHu cocTouT U3 4eTBEpku npudopoB YM-50U,
YM-52U, YM-40AU u T/ T-U na xaxxaoit 6okoBo# asuratenbHoi yctaHoBke (BJY).

[Tpuboper YM-50U npeactaBistor co00il OCHOBHBIE BBIUUCIUTEIbHBIC TPUOOPHI CHCTEMBI
Ha kaxaoi BJ1Y. Ouu onpenensoT He00X0MMO€E COOTHOIIEHHE KOMIIOHEHTOB U YIIPaBJISIIOT APOC-
CEJIbHBIM BEHTWJIEM roprodero. MHpopmalus o TeKyuemM pacxo/ie 1 O paccoryiacoBaHUM YpOBHEH
noctynaet Ha npudopsl YM-50U ot naTunkoB pacxosia KOMIOHEHTOB U OT puboposB YM-521.

[Tpubopsr YM-52U sBasitoTcss CpaBHUTEIbHBIMU YpoBHEMepaMu. OHU OJIHOBPEMEHHO H3-
MEPSIOT MOJIOKEHHUE YPOBHEN TOPIOYEro M OKUCIUTENs B 6akax BO BpeMs pabOThI JBUTATENs C TOY-
HOCTBIO OKOJIO 1MM M BBIJAIOT CUTHAJIbl PAacCOTIaCOBaHMS YPOBHEN B OMOPHBIX TOUYKAX Ha IPUOOPHI
YM-501 u YM-40AU s ganbHeien o6padoTKH.

Ycunurenu-npeoOpa3oBaTenu CUCTEMbl CUHXPOHU3AIMKM ypoBHeW okuciutens YM-40AU
MPEACTABIISIOT CO00M YCTPOUMCTBA, IIPEeIHA3HAYCHHBIC 711 TPeoOpa30BaHUs BPEMEHHBIX CHTHAJIOB
paccoriacoBaHusl YpOBHEH OKHCIUTENS LEHTPaAIbHON U OOKOBBIX JBUTATENbHBIX YCTAHOBOK B KO-
MaH/IHbI€ TOKOBbIE CUTHAJIbI, YIPABIISAIOLINE PeKUMaMU pabOThl TYpOOHACOCHBIX arperaTos.

Tenemerpuueckuit nqatunk toka TT-U npeanasHaueH ans ycuiaeHHs U npeoOpa3oBaHUs
CUTHaJla CMHXPOHM3AllMM WM CUTHAJA TOKa 3JIEKTPOJIBUraTelss HCIOJHUTEIBHOIO MEXaHH3Ma B
CUTHAJIBL, IPUTOJHBIE JUISl IEpEayuu 10 PaJlOKaHaly C LIEJIbI0 TEIEMETPUYECKOTO KOHTPOJIsS pado-
ThI CUCTEMBI.

Takum o6pazom, annaparypa COBUC sBnsieTcss HEOTHEMIIEMOM YaCThIO YIPABIECHUS paKeT-
Horo apuratens. OT TOUHOCTH U3MEPEHHUs U CKOPOCTH MepeAayd U3MEPUTENIbHON MHpOpMa U
YIOPaBISIOLIEr0 CUTHAJla 3aBHCUT KAyecTBO IMOJIETa JIETATEIbHOrO ammapara, o3TOMYy K JIaHHOM
anmnapaTtype NpeIbsBISIIOTCS KeCTKUE TpeOOBaHUsI.

YIK 621.383.8; TPHTU 76.13.23
COBMEHIEHUE PEHTTEHOBCKUX U ®PPAT'MEHTUPOBAHHBIX

UH®PAKPACHBIX U30BPAKEHUHA B MEJUIIUHCKOMN JUATHOCTUKE

A.H. Betpos, Y. K. MyTymo0uma
Tambosckutl 20cyO0apcmeeH bl MEeXHUYeCKULL YHUGEPCUMEm
Poccus, Tambos, avetrov@yandex.ru, chonomutumbisha@yahoo.com

Annomayusi. B 1aHHOW cTaThe MPEAIOKEHA METOANKA COBMEIICHUS PEHTTCHOBCKHUX U TEIIOBBIX
M300paKeHUH TIPU MEIUITMHCKON NTUArHOCTHUKE 3a00JICBaHUI Pa3IMYHOIO XapakTepa. DTO MOBHI-
1aeT HHPOPMATUBHOCTh JUATHOCTHUKH, YTO 00ECIIeYMBacT OOJIBIIYIO TOCTOBEPHOCTh AWarHo3a. B
CTaThe MPOBEIEH aHAIU3 METOI0B COBMEIIEHUS M300paxkeHuit. IIpeoxkeH IPHUHIUIAAIBLHO HO-
BBII METOJ COBMeIEHHsT H300pakeHuil. [IpeacTaBiaeHsl pe3yabTaThl 00pabOTKH B MPOrPaMMHOM
cpene MatlabucxonHbIX OHOMETUITMHCKUX JaHHBIX.

Kniouesvie cnosa. Iloporosast 00paboTKa, pEHTTCHOBCKHE H300paskeHUsI, TEIIOBBIC H300paskeHHS.

COMBINING X-RAY AND FRAGMENTED INFRARED IMAGES

IN MEDICAL DIAGNOSIS
A.N.Vetrov, C.C.Mutumbisha
Tambov State Technical University,
Russia, Tambov,avetrov@yandrex.ru, chonomutumbisha@yahoo.com

Abstract. In this article the technique of combining the X-ray and thermal imaging in medical di-
agnosis of diseases of various kinds. This increases the information content of the diagnosis, which
provides greater accuracy of diagnosis. The article analyzes the image alignment methods. A prin-
cipally new method of combining images.Presented results of processing in Matlab software envi-
ronment biomedical data source.

Key words. Threshold processing, aggregation, X-ray images ,thermal images.

Pemenue 3amaun coBMmenieHus: HHQPaKpacHbIX U PEHTTEHOBCKUX H300paKEHUH SIBIISETCS
aKTyaJlbHOM U MEPCIEKTUBHOMN, MOCKOJIbKY 3TO 00ECEeUnT MOBbIILIEHHE HHPOPMATUBHOCTH PE3YIlb-
TUPYIOIIETO M300pakeHusl. PEHTreHOBCKUIT CHUMOK HE BBISBJISICT MATOJIOTHIO HA PAHHEH CTaauu e€
pa3BUTHA, HO IMO3BOJIUT YTOUYHUTDH (I)OpMy HCCICAYEMBIX OpraHOB, UX IOJOXKCEHUC, COCTOAHUC PECJIb-
eba, maromornyeckue u3MEeHeHHs. Tepmorpadus uccieayeMor 00JacTH MO3BOJHUT OMPEICITUTH
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KOHTYpBI Ouara, ero MHTEHCUBHOCTD, a TAKXKe CTPYKTYpbI U oOnactu pacupocrpanenus [1]. Ho oc-
HOBOM OyJIeT SBISATHCS PEHTTEHOBCKOE N300pakeHre, TaKk KaK OHO IMOKa3bIBAET U3MEHEHUS B OoJiee
IUIOTHBIX TKaHsIX. Tepmorpamma ke aeT pacnpeesieHue TeMIepaTyp B MATKUX TKaHIX, MaJlo OT-
JMYAIOIIMXCA 10 IIOTHOCTH. [ToaToMy 1enecooOpa3Ho HaKIIaAbIBaTh TEIUIOBU3NOHHYIO KAPTHHY HA
PEHTI€HOBCKHI CHUMOK.

Ha puc. 1 nokaszansl aBa u300pa’keHus, MOJyYCHHbIE B pa3HbIX auana3zoHax. OnHO H30-
OpakeHHe NPEJCTABICHO B BUJE PEHTIEHOBCKOTO CHUMKA, BTOPO€ — B BUJE TEIJIOBU3MOHHOIO
CHUMKA.

a) 0)

Puc. 1. CHuMKH 00BeKTa: a) pEHTTCHOBCKHUH, 0) TEIUTIOBU3HOHHBIH

O6a n300pakeHuss UMEIOT OJIMHAKOBbIE TAPAMETPbI, @ UMEHHO YHCJIO CTPOK U YUCIIO MHKCe-
neil B kaxxaou ctpoke. Pazmep 3tux nzoOpakenuit cocrapiusietr 244x367 nukceneil. Heo6xoaumo -
COBMECTHTbH 3TH W300payKEHHsI, YTOOBI HCIIOIB30BATh X JJISI MEIUIIMHCKUX JUATHOCTHUECKUX HC-
CJIEIOBAHMIA.

Haubomnee npocTsiM METO0OM COBMEIIEHUS U300pakeHuH sBIseTCS criocob GopMUPOBaHUS
MaTpUYHOTO H300paxkeHus. CyTh METOAMKH COCTOHMT B TOM, YTO JIBA M300paKCHHUS HAKJIA/(BIBAIOT
0oAHO Ha Apyroe. [Ipu 3TOM SPKOCTH MHUKCENIEH CKIAIbIBAOT.

Peanusyem naHHyr METOAMKY Ha MCXOJHBIX H300pakeHUAX B cpeae Matlab. Jlng navana
OTKPOEM TEIJIOBU3MOHHOE U300pa’keHUE B LIBETHOM CIEKTPE C MOMOIIbI0 (QYHKIUU rgb U peHTre-

HOBCKO€ M300pa)keHHe ¢ MOMOIIbI0 (QYHKIMM gray. Pe3ynbTar ciokeHus npeacTaBieH Ha PUCYHKE
2.

Puc. 2. HN3o0pakeHue, MOMTyUdSHHOE MMyTEM CIIOXKEHHS IPKOCTEH UCXOMHBIX H300pakKeHUH.

HecMoTpst Ha TO, 4TO B COBMEIIEHHOM M300pa)KEHUH BHIHBI KaKk HHpaKpacHOe n300pake-
HUE 00BEKTAa, TAK U PEHTTCHOBCKOE M300pakKeHHE, HO OHO SIBJIICTCSI MAJIONIPUTOIHBIM TSI aHAIH3A,
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u, TeM OoJiee, I MEIUIMHCKOTO JUAarHOCTUICCKOTO MCCIICIOBAHMS, TOCKOJIEKY HMEET Pa3MbIThIC
Kpasi 0OTOOpaKEHUs TATOJIOTHH Ha TEPMOIPAMME U HE UMEET YETKOTO PEHTI'CHOBCKOTO H300paxe-
HUA.

JIJis ycTpaHeHUsl 3TUX HEIOCTATKOB B HACTOSIIEH paboTe MpeUIoKeHa METOIHMKA MOPOTo-
BOM 00paOOTKH TETUIOBU3MOHHBIX H300pPKEHUM C MMOCICAYIONIUM HAJIOKEHUEM BBIJEICHHBIX
(parMeHTOB Ha PEHTTEHOBCKOE M300paKeHHE B COOTBETCTBYIOIIUX 00JacTsX. Mcmob3ys moporo-
BYI0O 00pabOTKy, MOKHO 00paboTaTh M300paKeHHE TaKUM 00pa3oM, YTO PE3YJIbTaTOM €€ CTaHET
HOBOE€ M300pakeHHE, IPHUUYEM B ITOM M300pAKEHUN HEHYXHBIE IPKOCTU OyayT MOTaIIeHbl, a HHTE-
pecylomre oIb30BaTeNs YYaCTKH BBIICIICHBI Ha OCTAILHOM (DOHE.

CyiecTByeT MHOTO IOJXOJIOB K PEIICHUIO 3a/1a4d TIOPOTrOBOM 0OpaOOTKM IBETHBIX H30-
Opaxxenuii [2]. B manHOM MaTepmalie 3Ty 3ajauy IpeajaracTcsi pemarh 4epe3 aHaIu3 UHTCHCUBHO-
CTH, HAChINICHHOCTH, IBETOBOT'O q)OHa N HOPMHUPOBAHHBIX LIBETOBBIX COCTABJIAIOLIUX.

CyTp mpemyiaraeMoi moporoBoil 00paOOTKM 3aKIIOYAETCS B pa3/IelICHUH BCEX AJIEMEHTOB
n300pakeHUs] Ha JIBa KJlacca Mo MPH3HAKY SIPKOCTH. [l 3TOro 3ajaercsi HEKOTOpOe TOPOTOBOE
3HaYeHUE. YPOBEHb MOPOTOBOIO 3HAYCHHUS OMPEICIIICTCS UCXOS M3 M3BECTHBIX AllPUOPHBIX JaH-
HBIX 110 UHTCHCHBHOCTH TEIJIOBOTO YPOBHSI IpearojaraeMoro 3abosieBanus. Eciu 3ieMeHT u3o-
6pa)KCHI/ISI HMECT 3HAYCHHUC APKOCTH HUIKCE IMOPOTOBOT0, TO OH IHNPHUPABHUBACTCA K HYJIIO, TO C€CThb
CTAaHOBHTCS YEPHBIM U JIaJiee TACUTCs, €CIIH BBIIIE, COXpaHsIeTcs. B mperaraeMoM METoe Ioporo-
Bas 00pabOTKa BBIMOJIHAETCS IO BCEM TPEM KaHajaM LIBETHOCTH — KPAaCHOMY, 3€JIEHOMY U CUHEMY
(rgb).

JIJI WULTIOCTPAlliK COBMEIICHHS N300paKCHHM 110 MPeIIaraeMoMy METOy PUMEHUM Cpe-
ny MATLAB [3,4]. Pesynbrar npezacrasieH Ha puc. 3.

Puc. 3. I/I306pa>I<eHHe, MOJTy4YE€HHOE 110 TpejiaraeMoi METOTUKe

OTAMYHUTENbHBIM ~ TPU3HAKOM  HM300paKeHUs, TOJYUEHHOTO TPU  HCIOJb30BAHUU
npeyiaraeMoi METOIMKN 00pabOTKH, KOTOPHIN MPEICTaBlIeH B JAHHOU paboTe SBISETCSA TO, YTO B
pe3yibTaTe MoporoBoil 06paboTKH MH(GPAKPACHBII CHUMOK OTPa)kaeT MPEUMYIIECTBEHHO TOJBKO
Te obnactu, T TemIiepaTypa Hambojee BbICOKas. To ecTh 0O0paOOTaHHBIM TEMJIOBOM CHHUMOK,
YCIIOBHO TOBODSI, JJOKAIU3YET 30Hbl TUIIEPTEPMUU, KOTOPHIM COOTBETCBYET Y4YaCTKH OpraHus3Ma, B
KOTOPBIX IPOTEKAET BOCHAIUTENBHBIN Mpoliecc.

CpaBHHM H300pakeHUS, TIOJIYYCHHBIC MIPU KCIIOJIb30BAHUN METOJAUKU-TIPOTOTHIIA U HOBOM
metoauku (Puc. 4):
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a)

Puc. 4. a) — Pe3ysibpraT MeTomuKy NpoToTUna, 6) — pe3yJILTaT HOBOM METOJUKHU

Jlyig aHanu3a BIIEIUM O0LIME U OTIIMYUTENIbHbBIE YEPThl H300pakeHUH.

K ob6mum gepraM MOXXHO OTHECTH TO, YTO 00a M300pakeHUs HECYT B cebe mHbOopManuio
KaK O PEHTT€HOBCKOM M300pakeHuH, Tak u 00 nnppakpacuoM. CienoBareiabHO, UHGOPMATUBHOCTD
000MX CHHUMKOB THIOBBICHMJIACh OTHOCUTENIBHO HCXOAHBIX H300paxkeHuil. O0a wu3o0pakeHus
JOCTaTOYHO JETAJU3UPOBAHbl U MOTYT HCIIOJIb30BAaThCs KaK Ui aHaJIU3a, TaK U JUIsl MEAUIIMHCKUX
JIMarHOCTHYECKHUX UCCIIEIOBAHNN.

OTIUYUTENBHBIM ~ MPU3HAKOM  HM300pa)KEHUs, IOJIYYEHHOI0 MpU  HCIOJIb30BAHUU
npejyiaraeéMoid  METOJUKH  00paOOTKM, KOTOpBIM TMpEeACTaBiIe€H B JaHHOW paboTe Kak
MIOJIOKUTEIIbHBIA U OMPEeNsieTcsl KaK MPEeUMYILECTBO M0 OTHOLIEHUIO K MPOTOTUIY SBISETCS TO,
4YTO B pe3yjibTaTe MOpPOroBoil 0OpabOTKM MH(paKpacHbII CHUMOK OTpa)kaeT MpPEeUMYLIECTBEHHO
TOJIBKO Te oOnacTu, rie Temmeparypa Haubosee Bbicokas. Takum o0pazom, oOpaOoTaHHBIN
TEIUIOBOM CHHUMOK, YCJIOBHO TOBOpS, JOKAJIU3YyeT 30HBI THIEPTEPMHUH, KOTOPHIM COOTBETCBYET
ydacTKaM OpraHu3Ma, B KOTOPBIX IPOTEKAET BOCMAIUTEIbHBIN MTPOLIECC.

B wurtore, nzo0paxxeHusi, MOJy4eHHbIE IPU COBMEIEHUN PEHTTEHOBCKUX M MH(PAKPACHBIX
CHUMKOB HOBOM METOJMKH, MOTYT HCIOJIb30BaThCA IMpH KIMHUYECKON TepMorpapuu ams
JIMArHOCTHKU U OIpe/ieleHHs 3a00JeBaHUN U MATOJIOTUH, COIPOBOKIAIOUINXCS BOCIIATUTEIbHBIM
IIPOLIECCOM.
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OPTAHM3ALIMA YIIPABJIEHUA HEJIMHENHBIM OBBEKTOM B ABTOMA -
TU3UPOBAHHOM CUCTEME YIIPABJIEHUS BUBPOUCIIBITAHUSMHA

A.M. Hukutun, A.C. PomanoBa
Psizanckuii 2ocyoapcmeenmviil paduomexHuyecKkull yHusepcumen,
Poccus, Pszane, anastasial 72@mail.ru

Annomayus. B nanHo# paboTe pacCMOTpPEHBI BOIIPOCH OPraHU3alUHU YIIPABICHUS 00BEKTOM BHO-
POUCTIBITAHUH, B KOTOPOM TPOSBJISCTCS HENMHCHHAs yrpyras aedopMaliys ¢ *KeCTKOH BOCCTaHAB-
nuBarouied cuiod. [Ipu aToM B cucTeMe MOJENUpyeTcs IMUPOKOIONIOCHAs CiTydaiiHas BUOpaIHs.
AJITOPUTM yTIpaBJICHUS HETMHEWHBIM OOBEKTOM pa3paboTaH MyTéM MoOTUQHKAIMUA 0a30BOro aj-
ropuTMa yrpanieHus [1] Ha OCHOBe pe3y/lbTaTOB aHaIW3a YACTOTHBIX CBOMCTB JaHHON HENMHEN-
HOCTH.

Knmouesvie cnosa. Cucrema yrpasiieHusl, HETUHEWHBIA 00BEKT, CIICKTPaJIbHAS TUIOTHOCTD
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THE MANAGEMENT OF THE NONLINEAR OBJECT CONTROL

IN THE AUTOMATED CONTROL SYSTEM OF VIBRATION TESTS
A.M. Nikitin, A.S. Romanova
Ryazan State Radio Engineering University
Russia, Ryazan, anastasial 72@mail.ru

Abstract. This paper deals with the arrangement of control of the vibration tests object, in which a
nonlinear elastic deformation with strict restoring force appears. Meanwhile the broadband random
vibration is simulated in the system. The algorithm of nonlinear object control is developed by
modifying the basic algorithm of control [1], using the analysis of nonlinearity frequency proper-
ties.

Keywords. Control system, nonlinear object, spectral density

ABTOMaTU3UPOBAHHBIE CUCTEMBI yrpaBiaeHUs BuObpoucnsiTaHusiMu (ACYB) mo3Bossior Boc-
MIPOU3BECTH B J1a0OPATOPHBIX YCIOBUSAX C IOMOILIBIO CHELMAIBHBIX CTEHJI0OB BHUOPAlIMOHHOE CO-
CTOSIHME Pa3IMYHBIX TEXHUYECKHX OOBEKTOB, a/IeKBaTHOE X PEAJbHBIM YCIOBUSAM IKCIUTyaTallUH.
3aMeHsIsl HaTypHbIE UCHBITaHUS J1a00OpaTOPHBIMHM, MOKHO C MOMOIIbIO MOJOOHBIX CHCTEM COKpa-
TUTh CPOKH U CTOUMOCTbH IMPOEKTUPOBAHUS HOBON TEXHUKH, TIOBBICUTH €€ HAJIe)KHOCTb.

B pa6orte [1] mpemnoxen cnocod nocrpoenus nudposoit ACYB, npennasHaueHHOM TSI UC-
MBITAHUW W3JIEJINH Ha IHAPOKOTIONOCHYIO CIyY4aliHyl0 BHOpalWio B AMAma3zoHe 4acTtoT a0 5 kI
CrpykrypHas cxema ACYB npencrasnena Ha puc. 1,

i = u() o E x(#) v
e T ¥()
3w | ‘
BY |e— - CA
W (k)

Puc. 1. Ctpykrypnas cxema ACYB

rae '3 — renepaTop paBHOBEpOATHON 3HaKOBOM nocinenoBarenabHocTu u(n) € {—1,+1} , DD — dop-

MUpYIOIIUN (QUIBTP ¢ U3MEHSEMOW aMIUTUTYIHO-4acTOTHOW xapaktepuctukoil (AUX), YBU —

TPaKT YCHWJIMTEIb - BUOpoCTeH - uznenue, CA — ciekrpoananuzatop, bY — 610k ynpasnenus.
[lenbp ynpaBieHus B Takoil cucTeMe 3aKI0YaeTcsl B HaCTPOWKE YNpaBsieMOTo reHeparopa

ciydaitHoro mporecca (YI') Ha pexkum OIM30CTH CIEKTPATBbHBIX TUIOTHOCTEH B KOHTPOJIHPYEMOM

Touke 00bekTa S, (k) u 3anaHHON crekTpanbHOM mnotHocTH S, (k) B TpeOyeMOM JManasoHe vac-

TOT (U, B IJIAHE IIPUHATOTI0 KPUTEPHUA Ka4yeCTBa U NMOAACPKAaHNN ITOr0 pPEKUMaA B TEYCHUE OIIPE/IC-

JICHHOT'O MHTEpBajia BPEMEHH.
dopmupyromuil GUIBTP peain30BaH B KIACCE NUCKPETHBIX (PHIIBTPOB ¢ KOHEYHOM MaMSITHIO
BO BPEMEHHOM 00JIACTH U OCYILECTBIISIET OINEPAIUIO JTMHEHHON CBEPTKH BECOBOM (PyHKIHMH A(n) C

BXOJHOM PaBHOBEPOSITHOM 3HAKOBOM MOCIIEA0BATEILHOCTRIO Uu(n), u(n) € {—1,1}:

N-1
x(n) =Y h(mu(n—m),n=0,12... (1)
m=0
CriekTpoaHanu3aTop BBIUMCISIET OLIEHKY aMIIUTYTHOTO CIEKTpa CUTHaja )(n) B KOHTPOJIU-

pyeMoil Touke 0OBbeKTa yrpaBieHUs (M3eHs) B COOTBETCTBUU C METOAOM MOJU(PHUIIMPOBAHHBIX
nepuogorpaMm cienyrommMm oopasom. IlocienoBatenbHOCTh y(n) pa3buBaeTcs Ha R He mepe-

KPBIBAIOIIUXCSI TIOAmocienoBarensuocrein v (n),r =1,2,..., R mnmmuoit mo N otderos. Jljst Kax-

0¥ U3 morocaeoBarebHoCTe# ¥, (1) paccunTeiBatotcs Kodhduiments Oypoe Y (k) :
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1 N-1 —](%)nk -
Yr(k):ﬁ > v, (n)e , k=0,N-1. )
n=0

OreHKa CHEKTpanbHOM MIIOTHOCTH AMIUIMTYJ] HAXOIUTCS CIIEIYIOLIMM 00pa3oM:

N 1 R
S, (k) == 2|7, (k)
r=l1

bnok ynpasnenus BoipadateiBaeT HoBble 3HaueHUd AUX OO o cienyromemy 3hPpeKTHBHO-
MY B BBIYUCIIUTEIHLHOM OTHOIIEHUN UTEPATUBHOMY aJIroputmy [1]:

W52 ) = W™D () + 7,LSo (k) = 837 (W™ () S (), k= 0N 12, )

rae i- HoMmep urepauun, ¥, =1/i - ko3 dureHTsI, 00eCIeUHBAIONINE CXOUMOCTb.

k=0,N/2. 3)

TouHOCTE JOCTHIXKCHHS 3aJaHHOTO BI/I6paHI/IOHHOF0 COCTOSAAHUA OLCHUBACTCA CICAYIOIIUMH
IIOKa3aTCIIAMHU:

i Nl—l‘SO k)~ S, (k)

E=— 100 %, (5)
N1 2o So
~ 2
— 1 NS, (k)-8 (k
E?=_— o8 ~5,(®) 100 %, 6)
N1 2o So
N N1-1
rae Sy = (1/N1) Y. S, (k)- cpennee 3nauenne 3ananuoii cnexrpanshoii miotsocru, a NI -
k=0

YHCJIO OTYETOB CHEKTPAIbHOM MIIOTHOCTH, MPUXOAAIINXCS Ha 3a/IaHHBIM YaCTOTHBIN JHana3oH.

Anroput™m ymnpasieHus (4) pazpaboTaH U HccieloBaH Uil ciydas, Korna Tpakt YBU pac-
CMaTpUBAETCs Kak JIMHEWHas TUHAMU4YecKasl cucrema. B 3ToM ciydae morpemHocTs BOCIPOU3Be-
JICHUS 3aJaHHOM CIEKTPaIbHOM MJIOTHOCTH mopsiaka 3+5 % 1o BeipakeHusM (5) u (6) mocturaercs
YK€ MOCJIe MEPBON UTEPALUU AITOPUTMA YIIPABICHHUS.

OpHako B peanbHbIX 3afadax TpakT YBW moutu Bcerna xapaxkTtepusyeTcsi HEITMHEHMHBIMU
CBOMCTBaMH. DTH CBOMCTBA MPHUCYIITH BCEM €r0 JIeMEHTaM (YCHIIMTEI0, BUOPATOpy, U3/EIHIO), HO
HauboJIee 3aMETHO OHU MPOSIBISIOTCS B UCHBITYEMOM H3JENUU. B CIOKHBIX MEXaHUYECKUX H31e-
TUSAX HeMUHEWHbIe 3(pPeKThl, 00YyCIOBICHHbIE TAKUMU SIBJICHUSAMHM, KaK JIO(T, yrnop, HeJIMHEHHbIE
yrnpyrue aepopMaliuy, CyIecCTBEHHO 000raaoT ClIeKTp BBIXOAHOTO CUTHAaJA.

[enbto HacTosmed paboThl sABIAseTCS Moau(uUKanusg 0a30BOro ajropuTMma ymnpasiieHus (4)
JUI TOCTHOXKEHHUS YOBIETBOPUTEIBHON OTPaOOTKH 3aJaHHOIO BUOPAITMOHHOTO COCTOSIHUS 00bEKTa
IIPY TIOLIArOBOM BBIXOJI€ HA PEXXUM HarpyxkeHus. byaem cuurtate, 94TO B 00BEKTE yIpaBieHUs HPo-
SBJIIETCA OJIHA U3 HamOoJiee 4acTO BCTPEYAIONIMXCS HAa MPAaKTHKE HEIMHEHMHOCTEH - HeTuHeiHas
ynpyras nedopMaius ¢ )KeCTKOW BOCCTaHaBIMBAIOLIEH CHIIOMN.

HNuddepennnanbHoe ypaBHEHHE IS TaHHOW HEMMHEWHOCTH C mapamerpamu K,,@, u &
MMeEeT cleayromuid Bu [2]:

F(0) + 2800 (1) + 0 (1) = kogx(0) = y* (1). (7)
O603HauuB y = y,, 3anuiem ypasHenue (7) B popme Komu:
V1 =Y,

By = kowgx =280y, — 05y — Vi -
B pabore [2] npuBeneHa cxema MOAEIUPOBAHUS YaCTOTHBIX CBOICTB paccMaTpUBaeMol He-
nuHeitHocTy, pa3paboranHas B makere SIMULINK cucrembt MATLAB, B cooTBETCTBUU CO CTPYK-
TYpPHOU CXEMOU Ha pHucC. 2.
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u(m)

X(F VI
T'emepatop Vemmurens () | Henmwmefinert | ) .| AmnamHzaTop
2HaKa " IMEMEHT i CTIeKTpa

Puc. 2. CtpykTypHast cxema MOJEIMPOBAHMUS YaCTOTHBIX CBOMCTB HENMHEWHOTr0 00BEeKTa

Yeunurens ¢ nepenatouHon dynkuueid W (p) =B npenHasHaueH Ui W3MCHEHHUS MOIIHO-

CTH BXOJHOI'O CUTHAJIa HEJIMHEWHOTO 3JieMeHTa X(7). AHaIu3aTop CIEKTpa BBIUUCISET OLEHKY
aMIUIMTYIHOTO CHEKTpa BBIXOJHOI'O CUTHAJIA HEJIMHEHHOTro 3JeMeHTa )(n) B COOTBETCTBHUU C BBI-
paxenusimu (2) u (3).

MonenupoBanue caMoil HEJIMHEHHOCTH HE MPEJCTABIIAET CYIIECTBEHHBIX 3aTpyAHEHUH, IO-
ckosbky B makere SIMULINK nMmeercs cnenuanbHblil peakrop 1uddepeHnanbHbIX ypaBHEHUN —
DEE, B xoTOpOM HE0OXOAMMO TOJBKO 3amucath nuddepennunanbaoe ypaBHenue B hopme Komn.
[IpoBeném MmoaenupoBaHue ISl CIASAYIONIUX YUCICHHBIX 3HaYEHUN TTapaMeTpoB ypaBHeHus (7):

ky =10, 0, =27 -1000=6283 pad/c, £ =0,1.

B mopaenu wacrora kBanToBanus coctasisier 20 xI'1p mpu pasmepe kaapa BIID® N = 2048 ot-
yeroB U R =100.

Pe3ybTaThl MOIENMPOBAHUS Ul HEKOTOPBIX 3Ha4YeHni B mpenacTaBieHsl Ha puc. 3,a,0,B,T.
[Tpu 3nauenun B > 4000 npoucxoaut co6oii B paboTe mporpaMMbl IPU YUCIEHHOM PELISHUH AU}-
(depeHunanbHOro ypaBHeHus (7), 4TO MOKHO MHTEPIIPETUPOBATh KaK pa3pylieHre oObeKTa yrnpas-
JeHUsl. AHaNM3 pe3yabTaTOB MOJEIMPOBAHUS MO3BOJISIET CHENATh BHIBOJ O TOM, YTO IPHU yBEJINYe-
HUU JMUCIIEPCUM CUTHANA X(7) PE30HAHCHBIM MUK CMEMIaeTcs B 00JIaCTh BEPXHUX YACTOT C OJIHO-
BPEMEHHBIM HEIMHEHHBIM YBEITUYEHHUEM €ro aMIUIMTYAbL. JlaHHYI0 MHPOpPMALUI0O MOKHO UCHOJIb-
30BaTh Ul OpraHU3aly YIpaBIeHUs TAKUM OOBEKTOM.

100 | 4000 i
@ o i
g 80 ALH Sa000 |
g 60 | €000 | |
g oL/ S 1000
= 20 = e .
0 2 4 6 8 10 0 2 4 6 8 10
Frequency (kHz) Frequency (kHz)
a) B=10 6) B=1000
6000 : 6000 h
3 .JW ! 3 W’Mﬂm
5 4000 roh 2 4000 -
= | ) = i i
S o000 5 A
g > \ S 2000 . .
[ W
0 2 4 6 8 10 0 2 4 6 8 10
Frequency (kHz) Frequency (kHz)
B) B=2500 r) B=3900

Puc. 3. Pe3ynbTaThl MOIEIUPOBAHUS HETMHEHHOIO 00BEKTa

B [2] nmpuBeneHa cxeMa MOJEIUPOBAHUS CUCTEMBI YIIPaBJICHUs, MPEACTaBIEHHON Ha puc. 1,
paszpabotannas B nakere SIMULINK cucremst MATLAB. [Toka3zano Taxxe, 4TO MPU UCTIOIH30BaA-
HUU anroputrMa (4) nans opraHu3aluy YOpaBiieHUs HETUHEHHbIM 00bekToM (7), IpHU BBIXOJE Ha
PEXUM HarpykKeHus 3a OJIMH LIAr MOJIy4aroTCs HEYTOBIECTBOPUTENbHBIE pe3ynbTaTsl. [Ipuunna 10-

r'0 B TOM, YTO BBIYMCIICHHAS Ha MepBoii urepanuu nosas AUX ®® WV (k) ma ocHoBe comocrasie-
> i

Hust Sy(k) u S ;')(k) , IPUBOJIUT K 3HAYUTEIILHOMY YBEJIIMYEHUIO JUCIEPCUHU BXOJHOIO CUTHAJIA HE-
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JIMHEIHOTO O6’I)CKTa, YTO BBI3bIBACT CMCIICHHUEC PE30OHAHCHOT'O IIMKAa B 0051aCcTh BCPXHHX YaCTOT. Ha
MOCIICAYIOIUX UTEPpAUAX JUCIICPCHA BBIXOAHOT'O CUT'HAJIA yr CYHICCTBCHHO HC MCHACTCA, OJHAKO

nonpaBka K mnpeasiaymen AYX OO dei_”(k) B ainroputMme (4) Oeperca ¢ kKo3pduIHEHTOM

7, =1/i <1, 4r0 CyIIECTBEHHO 3aTATUBACT [OCTIKCHHE 3aJaHHOTO BHOPAIIMOHHOTO COCTOSHHUSL.
AHany3 NoJIy4eHHBIX PEe3YJIbTaTOB MO3BOJISET CIEAYIOIKUM 00pa3oM MOIU(GUIUPOBATH AJTOPUTM
yrnpasieHus (4). Ha HeckoabKUX MEPBBIX UTEpALMSIX, KOTJa AUCIEPCUS BBIXOJHOTO curHayia YI'
MEHSIETCSl CYHIECTBEHHO, IIEIeCO00pa3HO MOJIOXKUTh KodhduiueHnt ¥, =1. Ilocne noctmwkeHus
YAOBJIETBOPUTEIBHBIX PE3YJIBTATOB OTPAOOTKH 3aJaHHOTO CIIEKTPa, ATOT KOIPPHUIIMEHT MOKHO
BBECTHU, HAUMHA CO 3HAYCHUA [ = 3.

Ha puc. 4 a, 06, B, I, IpecTaBI€Hbl PE3YIbTATHI MOACIUPOBAHNS MOAUPHUIIIPOBAHHOTO AJITO-
pUTMa YIIPABIICHHS] COOTBETCTBEHHO HA BTOPOU, TPETHEH, YETBEPTOM U LIECTOU UTEPALUSX.

A00 — 3Y — SY
@ a 400
S 300 S0 g =
= =
g 2u0 S 200
= 100 =
0 0
0 2 4 5] 8 10 0 2 4 5] 8 10
Frame 1274 Freonency (kH7 Frame 154 Freauency (kH7
a) =2, E=63.47%, E* =56.9% 6) =3, E=16.53%, E* =5.7%
— =Y e
400 SY
) — 30 aw 400
2 300 g — S0
g 200 S 200
= 100 =
0 0
0 2 4 o] 8 10 0 2 4 5] =] 10
Frame: 205  Freanency fkH= Frame 411 Freouencw (kH7

B)  i=4, E=11.98%, E* =2.77% r) =6, E=9.15%, E2 =1.59%
Puc. 4. Pesynpratel MonenupoBanust ACYB

B nanxowm ciydae monaraiocs ¥, =1, mpu i=1,2,3 u y, =1/2,1/3,1/4..., npui=4,5,6...,.
JlaHHbIN MeTO 1es1eco00pa3HO MCIOJIb30BaTh JUIsl HACTPOUKH CHCTEMBI MPHU IOLIArOBOM
BBIXOJIE HA PEKUM HAarpyKeHHs, B COOTBETCTBHM C TE€XHOJIOTMEW MPOBEACHUS UCTbITaHUI. B 3TOM
cllydae BECh JIMalla30H 3a/laHHOM CIEKTpalbHOM IUNIOTHOCTU OT O IO MAaKCUMAaJIbHOTO 3HAYEHUS pa3-
OuBaeTcs Ha psiJi OJMHAKOBBIX YPOBHEW, UCXOS U3 0COOEHHOCTEN KOHKpeTHOro oObekra. Ha kax-
JIOM YPOBHE IPOUCXOUT OTpabOTKa 3aAaHHOM (OPMBI CIIEKTPa ¢ HEOOXOAUMOM TOUHOCTBIO, MOCIE
4ero nepexojsir K cieayrouiemy ypoBHio. [locie BpIX0/1a Ha MAKCUMaJIbHBIN YPOBEHb HATPYKEHUS
U JOCTHKEHHUSI HEOOXOIMMON TOYHOCTH, HAUMHAETCS MPOIIECC UCTIBITAHUN 00BbEKTa B TEUEHHUE 3a-
JAHHOTO BPEMEHHU.
s paccmaTpuBaeMoil B paboTe KOHKPETHOW HEIMHEMHOCTH yIpaBieHHE KOAIPPUIMEHTOM
Y, MO3BOJIET NOOUTHCS yIOBJIETBOPUTEIIBHOIO PE3YNbTaTa, HO CKOPOCTh CXOJUMOCTH alIrOpUTMa

YIpaBJIEHUS CYyHIECTBEHHO CHUXKAETCS.
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AHAJIM3 METOJ0B BOCCTAHOBJIEHUSA UCKAKEHHBIX U30BPA’KEHUU
OT OIITUKO-2JIEKTPOHHBIX CUCTEM

B. Knaunos, T. HlectakoBa, I'. Copoxun
Texnuueckuii Ynusepcumem Monooegoi,
Pecnybnuxa Monoosa, Kuwunay, ger sor@mail.ru

Annomayus: B pabore pacCMOTpeHbI IPUYMHBI BOZHUKHOBEHUS MCKAKEHUH W300pakeHWH THIa
cMa3bIBaHue, 1eOKyCUpOBaHHUE U 3allyMiIeHHEe. PaccMOTpEeHbBI U3BECTHBIE METO/IBI BOCCTAHOBIIE-
HUSI UCKKEHHBIX U300pakeHHi: MHBepcHas (puubTparms, GuibTpanys METOJ0M MUHUMH3AIUH
Cpe/IHEeKBaIpaTHUECKOro OTKIIOHeHHs ((puinbTpanus Bunepa), GuiabTpaliss METOAOM MHHHMHU3a-
LMK CIIIaKHBaloUero (yHKIMoHaia co CBA3bIO (perymnspuzanysi THXOHOBA), HTEPALIMOHHBIA He-
JMUHeHHBIH anroput™ Jlrocu-Pudapncona (Merox MakcumanbHOro mpaspaononoowus). IIpoBeneno
CpaBHEHHUE NEPEUYHCICHHBIX aJITOPUTMOB, BBISBIECHBI X NPEHMYIIECTBA U HEJIOCTATKU MPHUMEHH-
TENIFHO K BOCCTAHOBJICHHIO M300pakeHWi. OrpeneseHsl HalpaBiIeHHs JaIbHEHIINX HCCIeIoBa-
HUH.

Kniouesvle crosa. ®yHKIUS paccessHUS TOUKH, CMa3, HHBEpCHas (DHIbTPALUS, HTEpAlMOHHbIE all-
TOPUTMBI.

ANALYSIS OF THE METHODS OF RESTORATION OF DISTORTED IMAGES

FROM OPTOELECTRONIC SYSTEMS.
V. Jdanov, T. Shestakova, G. Sorokin
Technical University of Moldova,
Republic of Moldova, Chisinau,ger _sor@mail.ru

Abstract: In the work were shown the causes of distortions of images such as blurring, defocusing
and noise. The known methods for restoring the distorted image: inverse filtering, filtering by min-
imizing the standard deviation (Wiener filter) filtration method to minimize the smoothing func-
tional with a link (Tikhonov regularization), a non-linear iterative algorithm Lucy-Richardson
(maximum likelihood method) were considered. A comparison of these algorithms, identified their
strengths and weaknesses in relation to recovery was held on. The directions for further research
were determined.

Keywords. Point spread function, blur, inverse filtering, iterative algorithms.

1. BBenenue

B Hactosmee Bpemst [uisl perucrpanuu, oopabOTKu M Iepenadyd AaHHBIX (B 4aCTHOCTH,
M300pakKeHH) HaMOOJbIIEe PACIPOCTPAHEHUE TOJYUUIIN TEXHUYECKHE CHCTEMBl M3MEpPEHUN U
o0paboTku uH(MOPMaUU, KOTOpble OOBIYHO MPEIACTABISIOT pe3yabTaT B BHUAE LHUPPOBOTO
nzo0paxenus. [lon TexHMUEeCKUMH cUCTEMaMH HM3MEpeHH U 00paboTkM MH(OpPMaLUU B JTAHHOU
CTaTbe IOJPa3yMEBAIOTCSI CHUCTEMbI, BKJIIOYAIOIIME YCTPOMCTBA PErucTpaluy H300paxeHU
(poroanmaparsl, uudposbie HOTO- UM BUACOKAMEPHI, MUKPOCKOIIbI, TEJIECKOIIbI, TOMOTpadbl U T.11.)
Y BbIUUCIIUTENbHBIE YCTPOICTBA.

B Texaudeckux cucremax o0paboTku nHPOpMauKu U300pasKeHHEe 0OBIYHO PETUCTPUPYETCS
Matpuiieir ceacopoB Ha ocHoBe [13C- mim KMOII -matpuniel. [1pu HaOmoneHnu U U3MEPEHUHU U30-
OpakeHH! 00BEKTOB MOT'YT BO3HUKATh MCKAXEHHsI, CPEH KOTOPhIX HanboJiee CI0KHBIMU (C MaTe-
MaTUKO-KOMIIBIOTEPHON TOUKH 3PEHMSI) SBJISIOTCS CMa3blBaHUE, 1€(POKYCHUPOBAHHUE U 3alIyMJICHHE.
B pesynbrare BO3HUKAET HEOOXOJWMOCTh BOCCTAHOBJIEHHUS (PEKOHCTPYKLIMHM) MAaTeMaTHUKO-
KOMITBIOTEPHBIM ITyTEM MCKaXEHHBIX N300pa’keHUH.

2. OcHoBHast yacTh

OCHOBHBIMU NPUYMHAMU HCKAKEHUM, NMPUBOAAIIMX K YXYALIEHUIO YETKOCTH, SBISIOTCS:
OTpaHMYEHHAsl pa3pellalas CHOCOOHOCTh (OPMHUPYIOIIEH CUCTEMBI, abeppaluu ONTHYECKUX
cucteM, pacPokrycupoBka (IepOKycCHpOBaHKE), HATMYHE UCKAKAIOUIEH Cpeabl (Hampumep, aTMo-
cdepbl), IBUKEHUE KaMephl 110 OTHOLIEHHUIO K PETUCTPUPYEMOMY OOBEKTY U T.I. BobIInHCTBO HC-
Ka)K€HUH, BO3HMKAIOIIMX HAa M300pa)KeHUsX, B TOM YHCIIE€ U CMa3, CBSI3aHbl C HECOBEPLIEHCTBOM
cucteM HabmoneHus. CyllecTByeT /1Ba NPUHIMIHUAIBHBIX clocoba ycTpaHeHUs ucKakeHui. Ilep-
BBI/ COCTOUT B COBEPLICHCTBOBAHUH U3MEPUTEIBHBIX YCTPONCTB, BTOPOM - 3aKIIFOYAETCS B UCIIOJIb-
30BaHUU MaTeMaTH4YEeCKON 00pabOTKU pe3ysbTaTOB U3MEPEHHH C 1I€JIbI0 YCTPAHEHUS HCKAXKAIOLIUX
(hakTopoB.
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PexoHCTpyKIIMST MCKaKEHHOTO M300pa)KeHUS OMHUCHIBAETCS OOBIYHO HAaOOPOM OJHOMEPHBIX
MHTETrpAJIbHBIX ypaBHEeHHI Bosbreppa I pona:
X+A

(UA) [y (E)dE =g, (x)+n,(x) , (1.1)

WJIY OJTHOMEPHBIX MHTErpAIbHBIX ypaBHeHn Ppearonsma I pona cBepTku:

A
[h(x=&)f,(©)ds =g, (x)+n,(x), (1.2)

HJIM MHOT'Ja ABYMEPHBIM MHTCIpaJIbHBIM YPABHCHUCM d)pez[ronLMa 1 poda CBEPTKHU:
o0 0

| [hGx=&,y=m) /(& md&dn = g(x,y)+n(x,y). (1.3)
—00 =00
B npuBeneHHBIX BhILIE YpPaBHEHUAX A — BEIIMYMHA cMa3a, /1 — QYHKUMS paccesiHUSI TOUKU
(®PT winu PSF — point spread function), koTopas onpeneiseT XxapakTep UCKaXKeHUsI TOUueK n300pa-
XKEHUSI U, OOBIYHO MPOCTPAHCTBEHHO-MHBApHAHTHAsA, / U g — paclpe/eleHe WHTEHCUBHOCTH 10
HEHCKaXEHHOMY U HCKaX€HHOMY M300pa)K€HUSIM COOTBETCTBEHHO, n(X,y) — myM. B (1.1) u (1.2)
OChb X HallpaBJIeHa BJOJb CMa3a, a y Urpaer posib napamerpa. Murterpanbubie ypaBHeHus (1.1) u
(1.2) oObr9HO MCTOJIB3YIOTCS B 3a/a4de cMasbiBaHus, a (1.3) — B 3amave nedokycupoBaHus, HO He-
penxo ypaBaenue (1.3) ucnonb3yeTcs A1 penieHus: ooenx 3auad.
Pemenuto 3Tux 3a1a4 MOCBALIEHO OOJIBIIOE KOJUYECTBO pabOT, OTIMYAIOLIUXCS TOCTAHOB-
KOM 3aJ1auu, BUJIOM UCII0JIb3yeMOI (YHKLIHUU Pa3MbITHs TOUKHU, BBIOOPOM KPUTEPHUEB U MTOKa3aTeIen
s dexTuBHOCTH 00pabOTKU M300pakenuii [1 - 5].
Onepauusa npuMmeHnenus: uckaxawomeid pynkuuu (OPT) k gpyroit pynkuuum (k nzodpaxe-
HUIO, B JIAHHOM CITy4dae) Ha3bIBAETCs CBEPTKOM (0T aHri.convolution). CMbICH omepanund CBEPTKU
COCTOMT B TOM, 4TO B ((OPMUPOBAHUHU 3HAYEHUS TOUKU K ¢ KOOpAMHATAMH (Xo,Yo), IPUHAAIEKAILIEH
HCKaXEHHOMY H300pakKeHHIO g, IPUHUMAIOT yJacTHe TOUKH U3 HEKOTOPOH OKPECTHOCTH A TOUKH /]
C KOOpAMHATAMH (Xo,Y,), IPUHAJUIEKAIINE UCXOIHOMY M300paxeHnuto f. [Ipuuem pazmep okpecTHO-
CTH A ¥ BKJaJ TOYEK U3 OKPECTHOCTH /{ B popMUpOBaHUE 3HAUEHUS TOUKU K LIETMKOM ONpeens-
eTcsl ucKaxaromend ¢yHkuuei. st mosCHeHHs BBIIIIECKa3aHHOTO paccMOTpuM mpumep. [Ipenrmo-
JIO’)KKM, YTO BeJeTcsl paboTa ¢ pacTpOBBIM (IMHUKCEIbHBIM) U300paKeHHEM, UMEIOIIUM pa3pellieHue
M x N. B TakoM ciydae MepeMeHHbIE X U y OyAyT ONpeAessaTh MOPSAKOBBIA HOMEp MUKCENs H30-
Opaxxenus, cienoBarensHo, x €0, 1, ..., M;y €0, 1, ..., N. Ilyctb okpecTHOCTh A UMEET pazmep m
x n. Toraa maTeMaTuyecKu Mpoliecc NPUMEHEHUs ONepalluy CBEPTKH K U300paKeHuIo f ¢ pa3Me-
pamu M x N u nckaxarouieil pyHkuuen - ¢ pazmepaMy m X n 3alKUChIBAaeTCs CIEAYIOUUM 00pa3oMm:

a b
g, ) =h(x,y)* f, ) +n(x,y)= 2 2 h(@ N (x+i,y+ j)+n(x,y), (14
i=—a j=—b
raea=|(m-1)/2 ;b= (n—1)/2|; * - oneparop cBepTKH.

Ha npaktuke gacto a = b. B 3ToM citydae 4yucio a Ha3pIBaeTCsl pa3MEPHOCTHIO MCKAXKAOIIIEH
¢byHkuK. PazMepHOCTh UCKaXarolled GyHKIMH, KaK MPaBUII0, MEHbIIIE pa3MEPHOCTH CAMOI0 M30-
OpakeHus.

W3BecTHBIE METO/1bl BOCCTAHOBIJICHUS UCKaKEHHBIX N300paKeHUI peann3yroTcs, KaK paBy-
J10, Ha OCHOBE 3HaHus QyHKIUU paccesHus Touku (OPT) unm ontuyeckoil nepeaarouHon GyHKIUH
(OIl®d) kanana HaOMIOAEHUS, YACTO AIPUOPHO HEU3BECTHBIX MJIM U3BECTHBIX HETOYHO.

Ecnu pemars ypaBHenue (1.4), To st noinydeHus QyHkuuu f(x,)) (BOCCTAaHOBIEHUS U30-
Opa)keHHs1) OJIyUYUTCSl OTPOMHAs CUCTEMA YPAaBHEHUM.

Jlyist yriporeHust mporeAypbl BOCCTAaHOBJICHHS MCIIOJIB3YIOT MpeodpazoBanue dypre [1,3], a
MMEHHO — TEOPEMY O CBEpPTKE, KOTOpas IJIaCUT, YTO OINepalusi CBEPTKU B MPOCTPAHCTBEHHOM 00-
JIACTH SKBHUBAJIEHTHA OOBIYHOMY YMHOYKEHHUIO B YaCTOTHOM 00JacTH, HO3TOMY IIPUBEACHHOE BBILIE
ypaBHEHHE MOJIEIN HCKAXEHUS B MPOCTPAHCTBEHHOW oOmactu (1.4) MOXHO 3amucaTh B SKBUBa-
JIEHTHOM IPEJICTaBICHUH B YACTOTHOM 00J1aCTH:
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h(x,y)* f(x,y)+n(x,y)=Hu,v) - F(u,v)+ N(u,v), (1.5)

rae H(u,v), F (u,v) u N (4,v) — ®ypbe-o0pa3bl COOTBETCTBYIOIINX (DYHKITHIA.

Oynkuuio H(u,v) yacto Ha3bIBalOT ontuyeckoit nepegarounHon pynkuuen (OIID win OTF,
ot anri. Optical Transfer Function). B aTom cnyuae npuBeneHHO€E Bbillle ypaBHEHUE MOJEIU HC-
Ka)KEHUs B IPOCTpaHCTBEHHOM obsacTu (1.4) MOXKHO 3amucaTh B SKBUBAJICHTHOM IIPEJICTABICHUHU B
4acTOTHOH o0nacTu:

G(u,v)=Hu,v) - F(u,v)+ N(u,v). (1.6)

[TonyueHue TOYHON OLEHKM HCKaXKaroulell (YHKIMM SBISIETCA OJHUM W3 Ba)KHBIX I1aroB
IIPY BOCCTAHOBJICHUU MCKaXE€HHBIX M300paskeHUi. MOXKHO BBIJIEIUTh TPU OCHOBHBIX croco0a mo-
Jy4eHUs] OLIEHKU HCKaXKarolehd QyHKIUU: 8U3YAIbHbIN AHANU3, 3AKITIOYAIOIINICS B BbIJICICHUN HH-
(dbopMaluy HENOCPEJACTBEHHO U3 M300paKeHUS; IKCNEPUMEHMAbHbL aHANU3, 3aKITIOYAIONINICS B
IIPOBEJCHUM JKCIIEPUMEHTOB C CUCTEMOW, aHAJIOTUYHOM TOM, C MOMOLIBI0 KOTOPOM MOJy4EHO HC-
KOKEHHOE U300paKeHUe U Mamemamuyeckoe MoOoeiuposanue NCKaKawIen GyHkiuu [S].

PaccMoTpuM anropuTMbpl BOCCTAHOBJIEHHSI M300pa)K€HUM, HMCKAKEHHBIX orepaTopoM H,
IIPOCTPAHCTBEHHBII 00pa3 KOTOPOro 3aJaH WM ONPEIENIEH C MOMOIIBI0 CIOCOO0B, OTMEUEHHBIX
BBIIIIE.

Hnsepcuas gunompayus. VIuBepcHas ¢uibTpanus sBISETCS MPOCTEUIINM CIIOCOOOM BOC-

CTaHOBJIEHUS U 3aKJIIOYAeTCs B IMOJIydeHUU OleHKU F (u,v) Dypbe-nipeoOpa3oBaHUsi UCXOIHOIO
n3zobpaxenus aeneHnem dypre-o0pasza UckaxeHHOro nzoopaxenust (1.6) Ha omeparop H:

F(u v)=Fu,v)+ ——= N(u,v)

u,v)

Henenne B popmyne (1.7) moHumaercs kak mosneMenTHoe. [IpuBeneHHoe ypaBHEHHE MTOKa-

3bIBAET, YTO, AK€ IIPU M3BECTHON HCKaXkarolleld pyHKINH, TOYHOE BOCCTAHOBJIEHUE N300paXKeHUs

HEBO3MOXKHO (KpoMe cilydasi Korja OTCYTCTBYeT aiuTUBHbIN myM (N (u,v) = 0).Oyuxus N (u,v)

sBisieTcs: Oypre-00pa3oM CllydailHOM BEJIMYMHBI M HEW3BeCTHA. bosiee Toro, eciam 3ta QyHKIUS

MIPUHUMAET HYJEBbIe UK ONM3KKUE K HUM 3HA4eHUs], TO BTopoe ciaraemoe B (1.7) MoxkeT Ha nopsi-

JIOK TpeBbIIAaTh 3HaueHus GpyHKuuu F(u,v), 4TO MPUBOJUT K HEBO3MOXHOCTU BOCCTAaHOBUTH U30-
OpakeHHe TaHHBIM METOJIOM.

Memoo onmumanvnoi ¢purempayuu Bunepa. B ykazaHHOM QUIbTpe M300pakeHHEe U IIyM

(1.7)

paccMaTpuBaKOTCS KaK CIydalHBIC MPOIECCHl U HAXOJUTCS TakKas OICHKA f (x, y) UId HEUCKaXKeH-
HOTO M300pakeHus f(x,)), 4TOOBI CpPEIHEKBAAPATUUECKOE OTKIOHEHUE ITHX BEJIUYUH OBLJIO MUHU-
MajbHBIM. OYEBHIHO, YTO MUHUMYM 3TOTO BBIPAKEHHUS MOKHO TIOJYYHTh M B YaCTOTHOMW OOJIACTH H
3aJ1aeTCsl OHO CIIETYIOIIUM YpaBHEHHEM:

F(u,v) = 1 \H(u,V)\2 -G(u,v), (1.8)
H(u,v) ‘H(u v)‘z +M
’ S p(u,v)

rae S, (4, V) - SHepreTHYEeCKHii CIIeKTp myma 7 (x,);
S (u,v) - SHEPreTHYECKHii CIIEKTP UCXOAHOTO H300paxeHus f(x,)).

Bripaxxenue (1.8) mokasbiBaeT, 4To Nnpu OTCYTCTBUU IyMa (uinbTp Bunepa npespaiaercs B
0ObIuHbIN MHBEpCHBIM punbTp. Ha mpakTrke crieKTphl IyMa U HEMCKa)XEHHOI'O M300pa)keHus He-
M3BECTHBI U HE MOTYT OBITh OLIEHEHbI. B 3TOM cilyyae UX OTHOILIEHHE OOBIYHO 3aMEHSIOT Ha HEKO-
TOpyro KOHCTaHTYy K, Ha3pIBaeMyl0 OTHOIICHHEM cUTHaJ/iyM. OHa MOXKET OBbITh MMOJ00paHa B MH-
TEPaKTUBHOM peXHUMEe U (QUIbTpalUs, OCHOBAaHHAs Ha NMPUMEHEHUU KOHCTAaHThl B 3HAMEHATENe
(1.8), HazpiBaeTCs mapamerpuyeckoi ¢uiabTpamnueit Bunepa [1]. Takum o6pazom, punbtparus me-
TOJAOM MHUHHUMU3ALMUA CPEAHEKBAAPATUUYECKOTO OTKJIOHEHMS], UCIOb3Yysl JTAaHHBIE O CIEKTPaJIbHBIX
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XapaKTepUCTUKAX M300pa)keHUs U IIyma, o0yiajaeT XOpolled MOMEX03aUIUIIEHHOCTbI0 U Y HEro
OTCYTCTBYET CUHTYJSIPHOCTD B CiIydae HyJIel epelaToOuHON PyHKUKUN GOPMUPYIOLIEN CUCTEMBI.
Memoo cenascusaroujeco gynkyuonana. Peanuszanuss MeToga MUHUMU3ALUU CIIIaXUBAIO-
mero gyaknuonana (Mmeroa TuxoHOBa) TpeOYyeT TOJBKO 3HAHUSA CPEAHETO 3HAUYCHUS U TUCTIEPCHH
1rymMa. OTO SBJSETCS BaXKHBIM NPEUMYIIECTBOM METO/1a, TOCKOJIbKY Ha MPAKTHUKE MOKHO OLEHUTD
YKa3aHHbIE BEJIMYMHBI HA OCHOBE UCKaXXEHHOT0 n300paxenus [1,5].
B kauecTBe criaxkuBaromiero GyHKIMOHalIa MOYXKHO MIPUMEHUTH KBaJpaT HOPMBI Jlaruiacua-
Ha [1]:
M-1N-1
C(f)=Y DV (x ), (1.9)
x=0 y=0
rae M x N — pazMep UCKaXEHHOTO M300pakeHus g (X,)).
Haxoxpaenue skctpemyma BbipaxkeHus (1.9) B yacToTHO# 001acTH MOKET OBITH 3aIIMCAaHO B
cnenytomeM Buae [1]:

H" (u,v)
‘H(u,v)‘2 + ;/‘P(u,v)‘2

r7e y — napametp peryispusanuu; P(u,v)- @ypse-npeoOpa3zoBanue onepatopa Jlamiaca (MaTpuiibt

F(u,v) =

-G(u,v), (1.10)

(3 x 3)). Cnenyer oTMeTUTH TOT (aKT, YTO MpU OOpAIIEHUH [apamMeTpa PEryspus3aliu y B HOJIb
ypaBHenue (1.10) cBoauTcss K MHBEPCHOM (UIIbTpAIUH.

Memoo Jlocu-Puuapocona. PaccMOTpEeHHBIE BBIIIIE METOABI BOCCTAHOBIICHUS MCKAKECHHBIX
M300paKCHUH SIBIIAIOTCS JTUHEHHBIMH. J[aHHBI METOJ OTHOCHUTCS K HEIMHEWHBIM MeTonam. Ero
OTJIMYUTEILHON CIIOCOOHOCTHIO SIBJISIETCS] UCIIOJIb30BaHNE UTEPALIMOHHBIX MPOLEAYP, YTO MOTEHIH-
QJIbHO MOJXKET JaTh OoJiee Jy4IIMi pe3ysibTaT MpU BOCCTaHOBJIEHUM H300pakeHuid. [Ipu stom uc-
MOJIb3YETCSl METOJ] MAKCUMAaJIbHOTO MPaBAONOA00HS sl KOTOPOTO MPEANoaraercs, 4YTo aHaau3u-
pyeMoe u3o0pakeHHe MoJuuHsAeTcs pacnpezneneHuio [lyaccoHa, a BBIUMCIUTENbHBIA aITOPUTM
UMeeT BUJ:

A A (x,y)
Fon (6 9) = F (6, 9)| h(=x,—y) * — 50 . (1.11)
! ¢ h(x,y) * £, (x,7)

Tak kak Bce BbruuciaeHus B (1.11) BBINOJIHSIOTCS B IPOCTPAHCTBEHHON 00JacTH, TO 3TO
YMEHBIIAET BHIYUCIUTEIHHYIO TPOMO3IKOCTh aJITOPUTMa BOCCTAaHOBICHHS. OHAKO MPH MCIIOJIb30-
BaHuM Metoaa Jlrocu-Pruuapacona BO3HUKAIOT CIIOKHOCTH C BEIOOPOM KPUTEPHUST OCTAHOBKH UTepa-
IIUOHHOTO TIPOIIECCa, YTO MOXKET MPHUBECTH K 3HAYUTEIHHOMY YBEIHUEHHIO BPEMEHH 00paOOTKH
HCKaXEHHOTO U300pa’KeHusI.

Jlnsi mpoBeIeHUS UMHUTAIMOHHOTO MOJICITMPOBAHUSI Pa0OTHI aIrOPUTMOB BOCCTAHOBIICHHS
M300pakeHUH, paCCMOTPEHHBIX BBIIIE UCIIOIB30BajIcs MaTeMaTtnueckuii maker MATLAB, B koTo-
peiit Bxonut 6monuoteka IPT (Image Processing Toolbox), conepkamast ¢pyHkiuu miudpoBoit 00-
paboTKu n300pakeHuit [2].

B nannoii paboTte 115 MOAEIMPOBaHUS NCKAXKAIOMIeH (PYHKIIMU UCTIOIB30BAJICS CIEAYIONINN
anroput™m. @yuknus pazopoca Touek PSF 3anaércs npu nomomu onepartopa fspecial Oubnnorexu
IPT B cnenyronieM Buje:

PSF = fspecial (‘motion’, len, theta).

Omnepatop fspecial mo3Bosisier MonenupoBath dGGEKT JTUHEHHOTO MEepEeMENIeHUs KaMephl
OTHOCHTEIIEHO (PUKCHPYEMOTO 00BEKTa, TEM CaMbIM IMO3BOJISIS TOTYYUTh NCKKEHUE THIIA «Pa3Mbl-
tuey». Ilpouecc nobaBieHus MomMexu aJJUTUBHOIO rayccOBa LIyMa MOJAEIUPOBAJICS MOCPEACTBOM
¢yukiun 6ubnuoreku IPT imnoise. ['ayccoB mym umeer cienyromue XapaKTepUCTUKU: HYIEBOE
MATEMaTHIECKOE OKIAAHNE U MCIIEPCHIO, paBHyio 107,

Ha puc. 1.3.a u 1.3.6 moka3aHbl OpUTrHHAIEHOE N300paKEHIE HAOII01aeMOr0 0OBEKTa U pe-
3yIbTaT paboThl MOJETH UCKKEHHS N300paskeHHsI COOTBETCTBEHHO.
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Puc.1.3. Pe3yabTaThl HPOrpaMMHOTO Pa3MBITHS U 3aIIYMIICHUS] HCXOAHOTO H300PaKeHHS:
a) — ICXOHOE M300pakeHue; 0) — pa3MbITOE U 3alIyMJIEHHOE N300pakeHne

Ncnonp3ys 6ubnmuoteky IPT u ¢yHkmmio deconvolution s pacCMOTPEHHBIX BBIIIIE aJTO-
PUTMOB BOCCTAaHOBJICHHSI, TTOJTyYCHBI CIICAYIOIINE pe3yabTaThl MoienupoBanus. Ha puc.1.4.a nmoka-
3aHO BOCCTAaHOBJICHHOE M300pakeHHE METOJOM WHBEPCHOW (HIBTPAIlMH IJIs TUCIIEPCHH IIyMa
5-10°°. TIpoBeneHHBIH SKCIIEPUMEHT TOATBEPY/IACT, YTO HHBEPCHAs (HIBTPALMS MOKA3BIBACT XO-
polIre pe3yabTaThl JIWIIh P OTCYTCTBUH Iryma. Ha puc.1.4.6 mpuBeneH pe3ynbTaT BOCCTaHOBIIE-
HUSl M300paXEHUH METOJIOM MHHHMU3AIUHN CPETHEKBAJAPATHYECKOTO OTKIOHEHHUS ((QHIbTparus
Bunepa).

a) 6)
Puc.1.4. Pe3ynbTaThl BOCCTAaHOBJICHHS UCKAXKEHHBIX U300PaKeHUI:

a) METOZIOM MHBEPCHOH (HIbTpaIy noise var —5-107; 0) punbTpanueii Bunepa.

Puc.1.5. Pe3ynbTaThl BOCCTAaHOBJIEHHS UCKAYKEHHBIX U300PaKeHUI:
a) — perynsipusanumeii Tuxonosa; 6) — meronom Jltocu — Puyapacona

Ha pwuc.1.5 mokazansl pe3ynbTaThl BOCCTAHOBJICHUS! MCKAKEHHOTO M300paKEHUSI METOI0M
MUHUMH3AIHN CTJIXKHBAIONIEr0 (QYHKIMOHANIA CO CBS3BIO (perynspuzanus TuxoHoBa, puc.l.5.a) u
QITOPUTMOM HTEPAIMOHHOTO HEIWHEHHOTO BoccTaHOBieHUs Jltocm — Puuapncona (puc.1.5.0).
Jlucriepenst myMa B 0G0HX CIIy4asix OXMHAKOBA U paBHa 107,

MO’KHO OTMETHUTBH, YTO PE3yIbTAThl BOCCTAHOBJICHUSI H300paKCHUI MOCICTHUMHE TPEMS Me-
TOJ/IaMU COTIOCTaBUMBI OJIFH C JIPYTHM.
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PaccmoTpenHbie Bl METOJIbI OCHOBBIBAIOTCS HAa 3HAHWM HMCKaxaromed ¢yHkiuu. Kak
MpaBUJIo, IpU 00paboTKe peanbHbIX U300pakeHuil TouHoe BblpaxkeHne OPT HensBecTHO WM u3-
BECTHO MPUOIIM3UTEIBHO MyTEM aHalIn3a M300paxeHUH 1mo xapakTepHbIM (parmentam. [lpu stom
Ha M300paXKEHUHM OTHICKUBAIOTCS TOUYEUYHBIE WJIM JIMHEHHO-IIPOTSKEHHbIE OOBEKTHI, MTOPOKICHHBIE
yAaJeHHbIMU UCTOYHUKAaMU. TakuMu 00beKTaMH B ONTHYECKON aCTPOHOMHHM CIIY>KaT 3BE3/1bl, B a3-
POPOTOCHEMKE — KPOMKH JIOPOT U I'PAaHUILbl TEHEH OT NPOTSHKEHHBIX COOPYKEHUH [4].

Jlst oOpaboTku m300paxenuii B cinydae HemzBecTHOM DPT paspaboTaHo 11em0e ceMencTBo
METO/I0B, Ha3bIBaeMbIX cienoil aekonsoitonueil [1]. [Ipu aTom BeiOupaeTcs nepoe npuodImKeHue
OPT, manee mo oAHOMY M3 METOJOB JENAETCS JEKOHBOJIIOLMSA, MOCIIE YErO C UCIIOJIb30BAHUEM He-
KOTOpPOTO KpPUTEpHUs OIpPENEseTCs] CTENEeHb KauecTBa. 3aTeM Ha OCHOBE IMOJIYYEHHOI'O M300pae-
Hus yrounsercss OPT, u urepanus noBTopseTcs 10 JOCTHKEHHS HY>KHOTO Pe3yJIbTara.

Hpyroit cioco6 nonydenust ®PT u e€ mapameTpoB BO3MOKEH IyTEM aHaiu3a (pa3oBoi Xa-
PaKTEPUCTUKH MPOCTPAHCTBEHHOIO CIIEKTpa MCKakEHHOTO m3o0paxenus [3]. B [3] nokazaHo, 4yto
3aJlaya BOCCTAHOBJICHHS HEUCKAKEHHOTO M300pa)KeHUs NMpHU HCKaKeHUHU, Hampumep, ['ayccoBbpiM
CMa30M, MOXKET ObITh NnepedopMylIMpoBaHa B 3aJlauy BOCCTaHOBJICHHSI HEHCKAKEHHOTO M300paxe-
HUS TOJIBKO 1O (aze ero ypre crekTpa U 1o OTHOLIEHUIO MOJAYJIEH CIIEKTPOB HCKAKEHHOTO U He-
HCKaKEHHOT0 U300pakKeHUH.

3akiao4eHue

ANropuT™M BOCCTAHOBJICHHS M300pa)K€HUN METOJ0M MHBEPCHON (QHIBTpAllMU MOKa3bIBAET
uJiealibHbl€ Pe3yJIbTaThl MPU BOCCTAHOBJIEHUH Pa3MbITHIX HE3aLIYMJIEHHBIX M300pakeHUM, OJTHAKO
Jla’ke MpU HeOOJIBIIOM YpPOBHE IlIyMa (raycCcoB IIyM C MaTeMaTudeckuM oxxkujaanuem 0 u gucrnepcu-
eit 1077) Ha BOCCTAHOBJICHHOM M300PAKEHUN CTAlM MPOSBISTHCS 3HAUNTEIbHBIC HCKAKEHHS. [1pn
YPOBHE JHMCHEPCUU IIyMa S- 10°° pe3ynbTaT BOCCTAHOBIICHUS CTaJl MPAKTUYECKH HEPa30OpPUYUBHIM,
YTO TOBOPUT O HU3KOM CTOMKOCTH 3TOr0 METO/1a K aJJIUTUBHOMY IIYMY.

[Ipu 3HaueHUn AUCHEPCHM aJAUTHBHOIO IIyMa 107 QJITOPUTM BOCCTaHOBJIEHUSI U300pake-
HUN METOJIOM MapameTpuieckoil ¢uibTpanuu BuHepa, alropuTM BOCCTaHOBJICHHS M300paKeHUM
METO0/I0M MUHHUMHU3ALMU CTJaXuBaroliero GyHkuoHana (peryaspusanus THXOHOBA), aITOPUTMOM
UTEPALIMOHHOIO HEJIMHEHHOTro BoccTaHoBiIeHMs Jltocu — Puuapacona noka3anu OTHOCUTENIBHO XO-
polue pe3yabTaThl. ITO CBUAECTEILCTBYET O ropa3io 0oJiee BHICOKOW CTOMKOCTH JaHHBIX METOJI0B
K aJUINTUBHOMY LIyMY I10 CPaBHEHUIO C MHBEPCHOU (PUIbTpaLIUEH.

OpHako PEKOHCTPYKLMSI MCKaXEHHBIX M300pakKeHUU JAHHBIMU METOJAaMU HE I03BOJISET
MPEAOTBPATUTH TOSBIICHHE HAa BOCCTAHOBIIEHHBIX H300pakeHUsX KpaeBbiX 3(hdexToB (3ddexra
JIO)KHBIX BOJH, 3¢ ¢dekra ['106ca), ycTpaHeHue KOTOPBIX TpeOyeT CHEelUalbHOTO pemieHus. boiib-
IIMHCTBO METO/I0B PEKOHCTPYKIIMHN UCKAKEHHBIX N300pakKeHH, KaK yke ObLIO CKa3aHO, OCHOBAHBI
Ha MCIOJb30BaHUM MpeodpazoBanust ypre. Oqnako anmnapar [1® HeanexkBareH puznyecKoil cytu
3aJlauy CMa3bIBaHUs, B KOTOPOW caMa MpUpPOJa UCHOJIB3YET JIUIIb ONEpalMi0 HAKOIUIEHUS (CyMMHU-
pOBaHMUsI) B IIpesieax BEIUUMHbI cMa3a A.

OueBHIHO, UTO HAWJIY4IIME Pe3yNIbTaThl JODKHBI 1aBaTh METObI, B KOTOPBIX KaK MpsimMas
(MomenupoBaHUE MCKAXEHHOTO M300pakeHUs1), TaK U oOpaTHas (PEKOHCTPYKIMS HIJIM BOCCTAHOB-
JIeHUe U300pakeHUs) 3aJ1a4M PEIIAIOTCS ¢ UCI0JIb30BAaHUEM JIMIIb Ollepallii CyMMHPOBaHUs, YTO U
SIBJISIETCS HAIIPABJIEHUEM JAJbHEHIINX HUCCIIE0BAHUN.
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Annomayus. B naHHO# paboTe MpencTaBiIeHbl 00IIKE aITOPUTMBI TIOUCKA M BBIICICHHS KITFOYCBOU
HH(POPMAIINY ¢ IPAKTUIECKOM UX pealu3aliiell B BUIC HAMCAHHBIX (DYHKITHIA.
Kniouesvie cnosa. PacniosnaBaHue KIF0UEBON MHGOpPMAIMH, KIACTEPHBIA aHAIN3, aJrOPHUTM pac-
MTO3HABAHUS.

SEARCH AND SELECTION OF KEY INFORMATION ON IMAGES

S.I. Kositsyna
Ryazan radioengineering university,
Russia, Ryazan, kositsyna.lana@mail . ru
Abstract. In hired the general algorithms of search and selection of key information are presented
with their practical realization as the written functions.
Keywords. Recognition of key information, cluster analysis, algorithm of recognition.

1. Beenenue

[Touck u BbIAENIEHUE KIHOYEBOW MH(GOPMAMU Ha U300paKeHUSIX — OJIHA U3 BaXKHEUIIUX 3a]a4
JUTSI ICCIIETIOBAHMM B 00actu cucteM Texuudeckoro 3peHus (CT3) u uCKyCCTBEHHOTO MHTEIUICKTA.

[Tox CT3 noHUMAIOT COBOKYIHOCTD ammapaTHbIX U MPOrPaMMHBIX CPEJICTB, HEOOXOIUMBIX IS
aBTOMAaTHYECKOTO aHaJIN3a N300pakeHU, C LIEJIbI0 PACIIO3HABAHUS OOBEKTOB, OIIPEIEICHHS UX KO-
OpIMHAT, C JajlbHEHIIUM (OPMHUPOBAHUEM DPELIEHUM, U BbIpaOOTKOM curHainos ympasieHus. CT3
MI03BOJISIET ONTUMHU3UPOBATH MPOU3BOJICTBEHHBIE IPOLECCHl, 3aMEHUTh PYYHON TPYA MAalIUHHBIM
TaM, I7ie 3T0 Bo3MOkHO. D¢ dekTuBHoe ucnosb3oBanue CT3 gocruraercs Ha KOHBelepax B Mpo-
MBIIIJIEHHOCTH, B CUCTEMAaX BU€OHAOIOCHMUSL.

[Tox cucTemaMu MCKYCCTBEHHOTO MHTEJUICKTA IMIOHUMAIOT CUCTEMBI, CO3/IaHHbIe Ha 0aze DBM,
KOTOPbIE UMUTUPYIOT PELIEHUE YETIOBEKOM CIIOKHBIX MHTEIIEKTYalbHBIX 3a/1a4.

[Ipu nepenaye BuaeonmHpOpMaLUU MO pajdOKaHANY, BbIJACIECHUE KIOYEBOM MH(opManuu Ha
M300paKE€HUSIX MO3BOJISIET CHU3UTH TPEOOBAaHUE K NMPOITYCKHOM CIIOCOOHOCTH paHOIHHUM.

B nannoii paboTe npezcTaBiieHbl 00IIME aIrOPUTMbI MIOMCKA U BBIAEICHUS KIIIOUeBONH MH(OpP-
Malli¥ C MIPAKTUYECKON UX pealin3aluell B BUJIe HaMMCAaHHBIX GyHKIMHA. 11 mporpaMMHOiA pearnu-
3allUM KCIOJIb3yeMbIX (GYHKIMI ObUla NMpUMEHEHa WMHTEpPaKTHUBHAs cpela HpOrpaMMHUPOBAHHUS
«MATLAB», naker pacmupenust Image Processing Toolbox, conepskaiuii nosiHelii Habop THUIIO-
BBIX ATAJOHHBIX AJITOPUTMOB IS OOpaOOTKH M aHaIW3a U300paKeHWd, B TOM dYucjiae (DYHKIUH
¢GuIbTpanuy, YaCTOTHOIO aHallW3a, YJIy4lIeHUs! U300paxeHui, MOp(hOJIOTHYECKOr0 aHaJIk3a U pac-
MI03HABAHUS, YTO JOCTATOYHO YIPOILAET IPOLECC pelIeHusl JaHHOU 3a1aun. CyllecTBYIOT U Apyrue
IIPOrpaMMHBIE pElIeHUs 3a7jaun 00paboTKN U300paxKeHuil, Takue Kak, OMOJINOTeKa KOMIIbIOTEPHO-
ro 3peans OpenCV — (Open Computer Vision) — OHONIHOTEKA ¢ OTKPBITBIM HCXOJTHBIM KOJIOM,
MIPEIOCTABIISIIONIAsE HAOOpP TUIOB JIaHHBIX U YHCJIEHHBIX aJITOPUTMOB il 00pabOTKU N300paxeHuit
QITOPUTMaMHU KOMIILIOTEPHOTO 3pEHMS, pealii30BaHHas Ha s3bIke nporpammupoBanus C,C++.

2. CniocoObI BblIeJIeHUs KJI04YeBOi HH(popManuu HAa n3o0paxennu. O01Mi aJropuTm

Cy1iecTByeT MHOXKECTBO QJITOPUTMOB U METOJIOB PAacllO3HaBaHMs M300pa)K€HUM, OJUH U3 Hau-
0oJiee YacTo MPUMEHSIIOIIMXCS METOJJOB COCTOUT U3 TPEX OCHOBHBIX KOMIIOHEHT:

1. mpenBaputenbHas 00paboTKa, MpeoOpa3oBaHUEe W300paKEHUs B CTAHIAPTHOE IPEICTaBIIe-

HUE.

2. BBIJICJICHUE KIIIOUEBBIX XapaKTepUCTUK, (hopMHpoBaHUE HAOOpa IPU3HAKOB.

3. MexaHM3M KJacCHU(pHUKAUU: KJIacTepHasi MOJIeb, HEHPOHHAs CETh U T. II.

DTan npenBapuTearHON 00pad0TKU 0COOCHHO BaKEH, TAK KAK OT KA4ECTBA €ro PEIICHHS BO
MHOTOM OyJnieT 3aBuceTh 3(PPEKTUBHOCTH pEIICHUs 3a7aud paclo3HaBaHus B LeaoM. Yacto u3o-
OpakeHHe ObIBAET 3alIyMJIEHO, MOXKET UMETh CJIa0yt0 KOHTPACTHOCTh, & HU3KUN YPOBEHb KOHTpa-
CTHOCTH M HaJIM4Me IIymMa HPENATCTBYIOT paboTe OCHOBHBIX CTaHIApTHHIX QyHKiui. [lepen tem
KaK MPUCTYNUTh K 00paboTKe M300paxkeHus, HEOOXOUMO CHU3UTH BIMSHHUE JAHHBIX MEIIAIOIINX
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(baxTOpOB, Ul Yero MPHUMEHSIOT pa3jMYHbIe CTaHJAPTHBIC AJTOPUTMBI MPEIBAPUTEIBHON 00pa-
6otku. K anropurmam npeasapuTenbHOM 00pabOTKH MOKHO OTHECTH (DYHKIIUIO YCTPAHEHHUsI IITyMa
(Id=imnoise(Is, type, params)), yHkuu0 noBblmeHuss KoHTpacTHocTH (B=imfilter(A,H)), ¢pynk-
U0 QWIBTPAlMM MYyCcOpa - YCTPaHEHHs WM TepeMemeHus] 00beKTOB MUHHMAJIHHOHN IUIOIIAIN
(BW2=bwareaopen (BW,P)). Tak xe x npenBaputenbHOi 00pabOTKE MOXHO OTHECTH (YHKIUIO
ounapuzanuu (BW=im2bw(S, threshold)), Tak kak mpomie padotats ¢ 4EpHO-OETBIMU H300paxKe-
HUSIMH.

Ha srame BbIeneHNsT KITFOUEBBIX XapaKTEPUCTUK HUCHOJB3YIOTCS Ooiee CIoKHBIE (DYHKIINN
i (opMHupoBaHusl Habopa MPU3HAKOB, KOTOpbIE OYAYT HEOOXOIUMBI Ha ATale MEeXaHU3Ma Kiac-
cuUKaluu.

CymiecTByeT HECKOJIBKO MEXaHU3MOB Kiaccupukanuu. K HAM OTHOCAT KIACTEPHYIO MO-
JeTb, CBEPTOUHBIC HEHPOHHBIE CETH M ApYyrue. 3ajadyeldl pacrio3HABAHUS SIBIISETCS BBIYMCICHHE
MPUHAVIEKHOCTH 00BEKTa K OINpeneEHHOMY KJlacCy IyTeM aHajlu3a BEKTOpa 3HauyeHUil Haluio-
JaeMbIX MTPU3HAKOB. AJITOPUTM PACMO3HABAHUS JIOJDKEH BBISIBUTH COOTBETCTBHE 3HAUCHUI MPU3HA-
KOB 00BEKTa KJIaccy, K KOTOPOMY NPUHAJICKUT JaHHBIH 00BEKT. BBIsBICHUE OCYIIECTBISETCS C
MTOMOIIIBIO YK€ MMEIONIIETOCS Habopa OOBEKTOB — 00ydYaromeid COBOKYMHOCTH, JJIi KOTOPBIX H3-
BECTHBI JINOO 3HAYCHHUS W MPU3HAKOB U KJIACCOB, JHOO TOJBKO 3HAYEHHUS WX NPU3HAKOB. B mepBom
cllydae 3ajjaua Ha3bIBaeTcs 3aja4yeil o0ydeHusl pacrio3HaBaHUIO 00Opa30B C yUUTENIEM, a BO BTOPOM
— 0e3 yuurens. B 3agaue pacnozHaBaHusi ¢ oOydyeHHEM IPaBHIIO KiIacCU(UKALMK TOJKHO BbIpa-
0aThIBaTHCSl HA OCHOBE MCCIIEAOBAHUS MHOYKECTBA OOBEKTOB C M3BECTHOM MPUHAICKHOCTHIO Pa3-
JUYHBIM KJlaccaM. B 3amade aBToMatmueckoro GopMupoBaHUs 00pa30B 0O0BEKTHI NPEIbIBISIOTCS
«Habroarento» 0e3 ykazaHUs UX MPUHAAICKHOCTH KiaccaM (pacrno3HaBaHue Oe3 yuurens). Ha-
Omonarens (JITOPUTM PACIO3HABAHUS) JIOJDKEH CaMOCTOSITENIBHO MOCTPOUTH COOTBETCTBYIOIIEE
ompeiesieHue KIaccoB (KIaCTEpHBINA aHAIN3).

PaccmoTpuM Moienb Ki1acTepHOro aHaIu3a.

B o6mem cinyyae, moJ MOJEIbI0 KIACTEPHOIO aHAINW3a MOHUMAIOT OTHECEHHE HEKOTOPOTO
00BeKTa K ONPEeIEHHOMY KJIacCy MO MpHU3HaKaM, KOTOPbIE €ro XapakTepusyroT. /laHHble npu3Ha-
KH SIBIIIIOTCS. HE3aBHCUMBIMU H3MEPSEMBIMH BeMUYMHAMH. J[JIs1 Hadama COCTaBIISIETCS BBIOOD-
Ka N U3MEPSIEMbIX BEJIMYMH O00BEKTa, MOAJIEKAIIEro KiIacCUPUKAIMK, a 3aTeM pe3yJbTaT paccMmar-
pHUBaeTCs Kak TOYKa B N-MEPHOM IPOCTPAHCTBE MPU3HAKOB. BEeKTOp NpH3HAKOB 00pa3yercs Kak co-
BOKYITHOCTh 3THX BENWYMH. B mWrTore, OyseM cUMTaTh, YTO HEU3BECTHHIH OOBEKT MPUHAIICIKUT
KJIacCy, COOTBETCTBYIOIIEMY TOM 4acTH, B KOTOPYIO MOMaJl BEKTOP MPU3HAKOB.

N1 A

O6beKT 2 Ob6bexkT 1

n2

ObbexkT 3 ObObeKkT 4

Puc. 1. PacnoznaBanue o0beKxTa o n=2-npu3HaKam

Tak ’xe pacCMOTPUM CBEPTOUHBIE HEUPOHHBIE CETH.

Ceéprounsie HeiiponHble cetu (CHC) ocymiecTBasoT pacio3HaBaHUE 0OBEKTOB 110 CPEJICT-
BaM IPOIYCKaHHUSI MCXOJHOIO M300pa)K€HUs uepe3 psll CBEPTOUHBIX, HEJIMHEHHBIX CJIOEB, CIOEB
00BEAMHEHUS U TIOJTHOCBSI3HBIX CIIOEB, 10 CPEJACTBAM KOTOPOIO T'eHepupyeTcs BbIBOJ. B kauecTBe
BBIBOJIA MOXET OBbITh KJIACC WJIM BEPOSTHOCTH KJIACCOB, KOTOPBIE JIyUIlle BCErO OMUCHIBAIOT U300pa-
KEHHE.
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3. [IpakTHyeckas peaju3auus aJrOPUTMOB BblJe/IeHHSl K/IH04eBO MH(opManun Ha
U300paKeHUuun

Jlist Gosiee AETAIbHOTO PACCMOTPEHHUS PEIICHUS 33a/1a4d BBIICICHUS KI0YeBOW MH(pOpMa-
MY Ha M300pakeHUU MPUBEY B KauecTBE Mpumepa (yHKIHIO, CO3JaHHYIO IO CPEJACTBaM CTaH-
JIapTHBIX QyHKIMHI cpeabl nporpammupoBanus «MATLAB». [lannast GpyHKUus onpenenser moJio-
KEHUE U OPUEHTALNI0 00BEKTa MO MPU3HAKAM €r0 XapakTepusyrouuM. B kauecTBe KiroueBOW UH-
(dbopmaruu BHICTYIAeT KOOpAWHATA IEHTpa 00bEeKTa U caM 00beKT. B naHHOM mpumepe 00beKTOM
pacrno3HaBaHUs SIBJISETCS KBaApaT, IPU3HAKOM, OINPENEISIIOIINM €0 MPUHAAICKHOCTh K JAHHOMY
KJaccy, siBisiercst koadduuuent 3anonHenus «Extent», 3HaueHHe KOTOPOro JOJDKHO POBHATHCA 1,
HO C y4€TOM MOTPEHIHOCTU OHO JTOJKHO ObITh He MeHee 0.85 unu 85%.

Pesynbrar paboThl JaHHON (QYHKIMY NPEACTaBIEH Ha puc. 2.

Workspace (UM Command Window

Name Value »> L=imread('21.3pag") {4l Figure 1 = H'¢] Fome2, = 7

EH aCent [137 120] Toandbu il 507 fil Edi Vie Irse Toc Desc Wind| Fl Ed Vie Ins¢ To: Desk Wind He

L 188x218 logical figure, imshow(L); = = = N
aCent=centeringl (L) : j Hde | k|RK dfl DA |k [B& 4-2

Puc. 2. PesynbraT paboTsl QyHKINU

Huxe npencrasiena 3anuck QyHKIMH.

function aCent=centering5(L)

[L, num]=bwlabel(L,8);

STATS=regionprops(L, 'Extent);

1dx=find([STATS.Extent] > 0.85);

BW2=ismember(L, idx);

figure, imshow(BW?2);

[BW2, num2]=bwlabel(BW2,8);

S=regionprops(BW2, 'Centroid');

aCent=[S.Centroid]

end

PaccmoTpuM nospoOHee npuHIUN paboThl PYHKLIHUHU.

CrangaptHas ¢ynkuusa [L,num]=bwlabel(L,8) ¢opmupyer marpuny meroxk L. Kaxnprit
AJIEMEHT JaHHOM MaTpuilbl METOK paBeH HOMeEpPY OO0BbEKTa, KOTOPOMY IPHUHAJJIEKUT COOTBETCT-
BYIOIIUNA TIUKCEN M300pakeHusi L. DieMeHThl TaHHOW MaTpUIlbl METOK, UMEIOIIME 3HadYeHue «0»
OTHOCHUTCS K MUKCENsIM QoHa, «1» K MUKCeNIsIM NepBOro o0bEKTa, «2» K MUKCEISIM BTOPOTO, «n» K
MUKCENSIM N-ro 00beKTa, mapaMeTp «num» BbIIAET yucio obnacteil. Hy)kHO nMeTs B BUY, UTO Ie-
pel TeM Kak MPUMEHSTh JaHHYI0 (PYHKIHI0, HEOOXO0IMMO TTPOU3BECTH OMHAPHU3AIIIO H300paKEHUSI.
3arem npumensiercs cranaaptHas pyukuus STATS=regionprops(L, 'Extent'), koTopas oOparaercs
K MaTpuiie MeTok L u padoTaeT ¢ uHbopmarmeit 00 00beKTax, U3MEpsIeT HAOOP XapaKTEPUCTHK IS
Kaxx7o0i obnactu. [lanee, 3Hasg HaOOp onpeAenEHHbIX, U3MEPEHHBIX HAMU C IIOMOIBIO MPeAbLAYILEN
(YHKIIUM XapaKTEPUCTUK, C TIOMOIIBIO Cieaytonien crannapTHoil ¢pyHkiuu «find» Haxomum 00b-
€KT, YIOBJIETBOPSIOLIUI 3HAUEHUIO 3a/IaHHO HAaMM XapakTepucTUKU. Jlanee ¢ moMoupo pyHKIUU
«ismember» OCyIIecTBIsIEM ynaieHne 00beKTOB, HECOOTBETCTBYIONINX TAaHHOMY 3HAYEHUIO KO3(]-
¢unueHTa 3amnojiHeHUs. 3areM CcHoBa (GOpPMUPYEM MaTpUIy METOK, C MOMOUIbI0 (YHKIUU
«reglonprops» BBIUUCISEM 3HAYEHHE LIEHTpa QUIYpHl U, 3aKIIOUUTENbHBIM 3TarlOM, BBIBOAUM KO-
OpJMHATHI LIEHTPa B KOMaH/IHOE OKHO.
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Kak BumHO, maHHas (QYHKIHMS OCYIIECTBISIET KIACCU(UKAIMIO C MOMOIIBIO KIACTEPHOTO
ananu3a. [IpegBapurenpHas oOpaboTka ajsi JaHHOTO M300paKeHUs OblIa HeoOs13aTebHA.

Tak e MOXXHO IpUBECTHU IpUMep eé oHOM QyHKIuU pacno3HaBaHus. JlanHHas GyHKUMS
OCYIIECTBIISICT BBIZCIICHHE TEKCTAa HA H300paKCHNUH ITYTEM OTPAHUYCHUS €T0 PAMKOM.

Hwxe npencraBnena 3amich (QyHKIHAH.

function 12=sel(I1)

resalt=ocr(I1);

wordBox=resalt. WordBoundingBoxes;

12 = insertShape(I1, 'Rectangle’, wordBox, 'Color', 'red');

end

PaccmoTpuM nospoOHee npuHIUN paboThl PYHKLIHUHU.

CrannaptHas ¢ynkuus txt =ocr(l) Bo3Bpamaer txt -00beKT-U300paKEHHE, COAEpKAIIEe UH-
(dhopmaIro ONTUYECKOTO PAaCIO3HABAHUS CHMBOJIOB M3 BXOAHOTO M300pakeHus.. OOBEKT CONEePKUT
pacrno3HaHHbIN TEKCT, €ro pacnosiokenue u MeTpuky. Oynkuus wordBox=resalt. WordBound. BbI-
YHCISET KOOPAWHATHI TOUEK, HE0OXOAUMBIE /ISl TPABUIILHOTO PACIIONIOKEHHUSI PAaMKH, KOTOpast Oy-
ner orpannuuBath TekcT. @ynkuus [2 = insertShape(I1, Rectangle', wordBox, 'Color!, 'red’) dop-
MupyeT uzobpaxenue 12, koropoe npeacrapiser coboit ucxoanoe uodpaxenue 11, ¢ rodbapneHu-
€M IpPSIMOYrOJIbHOW paMKHM KpacHOro IBera. Pamka pacnosiaraercs B ONpPEAECIEHHOM MECTE, BbI-
OpaHHOM M0 3aJaHHBIM KOOPIWHATAM IUKCENEH, KOTOpble OBUIM BBIYMCICHBI B MPEIbIIYIICH
¢byukun. Takum oOpa3oM, MPOUCXOUT BbIAEICHUE MPSMOYTOJIBbHOM paMKO#M TEeKCTa Ha n300paxe-
HUH.

DTO HECIOKHBIE TPUMEPBI, HA OCHOBE KOTOPBIX MOYKHO OCYILECTBIIATH PacliO3HaBaHUE Pa3-
JUYHBIX 0OBEKTOB.

BrIBOABI

HaubGonee r¢hexTuBHBIM pellieHUeM 3a/1auyl MOMCKA U BBIICTICHUS KIIOYEBON MH(POPMAIIT
Ha U300paKEHMSIX SBISETCS WCIOJB30BAaHHUE MPETHA3HAUYCHHBIX U 3TOTO CPEel MPOrpaMMHUpPOBa-
Hus Takux, kKak «MATLAB», OpenCV u ap. CymectByeT MHOKECTBO aJITOPUTMOB pacCO3HABa-
HUS, O/IMH U3 HanOOoJIee MIMPOKO PUMEHSFOIINXCS AITOPUTMOB COCTOUT M3 TPEX KOMITOHEHT:

1. TlpensapurenpHas oOpaboTKa

2. ®opmupoBaHue Habopa MPU3HAKOB

3. MopaenupoBanue

3amaua pacrio3HaBaHUs OOBEKTOB OJTHA U3 aKTyaIbHBIX U BAKHBIX 33/1a4 B HACTOSIIIEE BPEMSI.
Omna kacaetcs obnacteil cucreM Texauyeckoro 3penust (CT3) u uCKycCTBEHHOIO MHTEIIEKTa, 110-
WCK ¥ BBIZICTICHHE HEOOX0IMMOW HaM WH(POPMAIINU TaK K€ TIOMOTaeT CHU3UTh TPEOOBaHUS K TIPO-
MYCKHOM CITIOCOOHOCTHU PaMOJIMHUY, IIPH Mepeaaye Mo pajuoKaHay.

Perienne maHHBIX BOMPOCOB MOXKET OBITh HCIOJIB30BAHO B TEXHUKE, METUITMHE U HAYYHBIX HC-
CIIEIOBaHUSX.
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CUCTEMHBIA NOAXO/ NP ONPEJAEJEHUU MOHATUS YIIPABJIEHUS
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Annomayus. JlaHHasi cTaThsd COACPKUT MHEHHE aBTOPOB O CIIOCO0aX OMHUCAHUS YIIPABIAEMOIO
JIBIOKEHUS MAIIMHBI (CAMOJIETa | T. I1.) METOJAMM, MIPUHATHIMU B aBTOMATH3UPOBAHHBIX CHCTEMAX

U 0 HEOOXOJUMOCTH X Pa3BHUTHIL.

Kniouesvie croéa. CUCTEMHBIN MOAXO]I, 9K30CKEIeTalbHAS MOJICNb, YIIPABIIAONICe NCHCTBHE, TEO-
PHsI ABTOMATHYECKOTO YIIPaBJICHUS

SYSTEMATIC APPROACH IN DETERMINING THE CONCEPT OF GROUND

AIR VEHICLES AND MEANS OF GUIDED WEAPONS
V.F. Vasilchenkov, R.A. Anashkin
Ryazan Higher Airborne Command School named after Army General V.F. Margelov

Russia, Ryazan, rem1005@mail.ru

Abstract. The article contains authors opinions about the ways steering movement and systems de-

velopment on the system basis.

Keywords. System approach, the exoskeleton model, control action, the theory of automatic con-

trol

B 3agaue co3ganust oOOOLIEHHONW TEOpUHU YNPABICHUS HA3€MHBIX, BO3IYIIHBIX, MOPCKUX
TparcnopTHBIX cpeactB (TC) u cpeacTB HaBeACHUS OPYXKHUS, 00BEIUHCHHBIX 0000IAOIINM TTOHS-
THEeM "OIepaTopsl CIeXKeHus'", peaiaracTcss Maremaruieckass moaens (MM) gopmupoBanus oc-
BEJIOMUTEILHOM M KOMaHIHON WH(pOPMAIUA O IOJIOKCHHH 00BheKTOB ympasieHus (OY) B mpo-
CTpaHCTBE MpH (YHKIIMOHUPOBAHUM 3PraTUYECcKoi cucteMbl yenoBek-mamnHa (CUM) u ee vact-
HBIX CHCTEM BOIUTEeIb—MammuHa—mopora (B—M—/I), meTdnk—camMoiaeT—oKpyKaroIiee MpoCTPaHCTBO
(JI-C-0) B pexxume «CIeKEHHUsD 32 3aJaHHBIM MapUIPyTOM U KypcoM. YTIpaBiieHHE MAIIMHON pac-
CMaTpHBAaeTCsl KaK, CBOCTO pOJa, HaBEJICHUE B IIENb, PACIIOJIOKCHHYIO Ha PACCTOSIHUM S, O] Y-

1oM k ocu TC u BoauTes.

C TOYKM 3peHHUsi CUCTEMHOIO MOJXOJa YIpaBJIE€HUE CIEAYyeT paccMaTpUBaTh KaK yCTaHOB-
JIEHUE W HaOJHEHHE KOHKPETHBIM (DPM3UYECKUM COJIEp’KaHUEM CBS3E€H MEX]y DJIEMEHTaMHU CHCTe-
Mbl YIIPaBJIEHUsSI HA OCHOBE OCBEAOMUTEIbHOM, KOMAHAHON W YIpaBistolled MHpopMaluu: Io-
CIIEHSISL MOKET ObITh YCTaHOBJIEHA, €CJIM M3BECTHBI Nepeaarounble GyHkuuu OV u ee cocTaBHbIX
yactel. B xadectBe 00pa3HO-NOHATUHHON Mozenu (puc. 1) cucreMsl yrnpaBieHHUs Npeiiaraercs
9K30CKeleTallbHas MOJIeNb. B Hell ynpaBiieHrne paccMaTpuBaeTcsl Kak HalpaBlieHUE TYJIOBUILA Olle-
paTopa, JOBEIEHHOTO J0 pa3MepoB aBTOMOOWIIS (B MEHbILIEH Mepe caMoJieTa) U UX IMPOJI0JIbHOM

OCH B 33IaHHYIO TOUKy R, CBO€0OOPA3HOTO «IIpHIIETHUBAHHSD HA PACCTOSHUHU S, .

Lens, Toukn R, Ha pacctosuuu S, (puc. 2) IOCTOSHHO cienyioT Brepeau OY, H3MeHAACh

[0 BEJIMYMHE OT CKOPOCTH, YCIOBUH JBWKEHUS, YIJIOBBIX MEPEMEIIECHUHN MO 3pEHUsT BOAUTENS
(JieTyrka, B LIEJIOM ONEPATOPA «CICKEHUS).

[Ipu 3TOM HCHOB3YIOTCS IPEUMYILECTBA ECTECTBEHHOI'O PE(IIEKTOPHOIO HAaBbIKA YEJIOBEKa:
BOJUTENb (JIETUYMK), KaK ONEPaTOp, PACIOJIOKEHHBIN B MPOJOJBHON IIIOCKOCTU JABU)KEHHUS, OThI-
CKUBAET TOUKY Ry, OTHOCUTENILHOE YIJIOBOE CMEIIEHNE KOTOPO paBHO HYIIO, U (PPOHTAIBLHO OpU-
EHTHPYET Ha Hee OCh IK30CKEJIETOHA (BOAUTENb C MAIMHON — KaK OJTHO L€JI0€)
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CTHMYTEL JEHKEHHA CTHMYTIE VIPAETEHEA

! | O
| ! Cramymer | |
| _ |
! i HAOMONeHAT H | i
! i ! BOCIpHATHA ! i !
| ! ! i ! Bevipennse !
! ! Db TeHEpHpVEMOE R
! ! . VIpaETIeHmHe
| | [
1 1 1
! | JleTepMHEHCTCERE HEXOTEDY. i P M
i TAPMOHHYECKHE KPHBEE TEOMETDHH | | i i_' CIEKEHHS © ~amuEa
|| Aopore i b TpecIeI0EaHAEM g
1 1
] ]
| | HegeTepMHHHCICKHE WBROTED: 1 ! o)
i CIIOEHER KPHEEIE  TEOMETPHH i ! >
| | AoporH B2ATEE «HAYTAT) i Crnezenne © ! N Oprase Muravmxa bins) _
! ' EKOMIeHCAnHeH ' VIPaEIeHHT MAHHEL | *
i i ]
] ] ]
]

! TIpensTcTEHA HA JOPOTE ! ! '
: ! ¢ | TipEpamenHe yCHIHT Ha Oprafax yIpaeleHHT
! o | o.C

[
1 1 1
| ! |
| |BHemHHEE BOMYIISHHA, . ! IpHpameHne JEHKEHHET

1
| | mepoEHOCTH ZOpOTH ! i !
! |
! i - Brmauoe
! o [BocipHATHE DOKOEOTO OTEJIOHEHHA H
1 1
I P JEHEEHHE
! |
| - [BOCTIpHATHE VTIOEOrO OTEIOHEHHT MANTHEEL
I o -
Lo - _ _ i _

Puc. 2 Cxema onpenenenus nonoxenus TC tuna «Pagap»

Opranusm 4enoBeka (QyHKIIMOHAIBHO U IICUXOJOTUYECKH MPUCIOCOOIEH K TaKOMY JIBHKeE-
HU0. OTHOCUTENIBHO 3TOW TOYKU NMPOU3BOJUTCS U3MEPEHUE YIIOBOTO @,y U OOKOBOro V - cme-

IIEHUW W Ha 3TOW OCHOBE (DOPMUPOBAHHE YIPABISIOMIUX JACUCTBUHM, KOTAa u3BecTHA peakmus OY
Ha ynpasisioliee geiicrsue (Tadi. 1).

TaGJ’II/IHa 1 HOpOFOBI)Ie JaHHBIC YCJTOBCKA IO BOCIIPHUATHIO TAPaAMETPOB JIBMKCHU S

: g Koaddumuenrt
OTKJ'IOHCI{I/IC po OTKJI“OHeHHe yr BoKOBOE CMele- bokoBoe yckope- CxopocTs, momepe o CH-
JIOJIBHOM OCH, JIOBOUM CKOPOCTH, W 2 1
Hue, ¥V, m HUE, ,MC MC W/
MUH. rpaa./c Y mel, H=W,/q
10-15,0 <3,0 0,05...0,15 0,3 0,07 0,03

[Ipu OTKJIOHEHUU OT 3a/laHHOTO Kypca (puc. 4) 3pUTenabHas NepCIEKTUBA BIEPEIH, COCTAB-
neHHas xopaou S, nmyroit AbB u BenmmuuHO# 4 u3Mensercs. Boautens (onepaTtop) BOCIPUHUMAET
3TO U3MEHEHUE U JEHCTBYET IITYpBAJIOM TaKUM 00pa3oM, 4TOObI IPUBECTH KapTUHY BIepeau ceOs
B COOTBETCTBHE. J[JI1 MaTeMaTHUECKOI0 BBIPAXKEHUS 3TOTO (PaKTa MPUHATO €ro yrnpassiouiee JAein-
ctBue (Y /) nponopuuoHanbHOE OTKIIOHEHHIO ¥ OT JOPOTH, KaK yroJ MOBOPOTa LITypBaJa:

A@y ) =Cx, (1)

rae C — IponopLUUOHANIbHAS MOCTOSTHHAS, KO3()PUIIMEHT YyBCTBUTEIBLHOCTU cucTeMbl B-M k oT-
KJIIOHEHHUIO OT Kypca (puc. 3).
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Mainuna Ha ckopoctd U | OTKJIOHAACH OT 3aJaHHOTO Kypca Win Mapiupyra (puc. 3, 5), Mo-
KET BCPHYTHCA Ha HEro, €CJIn )IO6aBI/IT K paHC€ HAMCPCHHBIM YIIPABJIAIOIIUM HeﬁCTBHﬂM, COOTBET-

CTBYIOIIUM S W Y/ , JIOTIOJHUTEIbHBIE, COOTBETCTBYIOIKE AS u Ay , Tem ObicTpee, yeM GosibIme
YBCIUYMUBACTCA CKOPOCTH Uy YMCHBIIACTCA JUHAMUUYCCKASA YyBCTBHUTCIbHOCTh CUCTCMbI B-M Ha

IIOBOPOT LITypBajia o, .
YyBCTBUTENBHBIE 2JIEMEHTHI YEJI0BEKA-0IIEPATOPa «CICKEHUS (BOIUTENS, JICTUNKA) BbIpa-

0aThIBAIOT YNPABIAIOMMI cUrHan [, , mponopLuuoHaIbHBIN Pa3sHULE E) = O(t) —o(1),
£, =00 —(0), &, =Y(O) ~y () 2]
B cucreme HenmoaBMKHBIX KOOpAWHAT X — Y , HOABWKHBIX KOOPIUHAT X — V, 0, @), o),

Y(¢), w(t) mewxenne TC ommceiBaetcs [3,4] ypaBHEHHSAMH MPOAOJIBHOTO M TIOTIEPEYHOTO JIBH-

KCHUS:
0]
x=x0+j/,10-c0sg0-dt; (2)
0
0
y=yo+ [ty -sing-dt 3)
0

y1=EUJ{K—K]dt=eE¢—(p]—E

S 3 . X
N .
Ss . TR e

Puc. 3 Ctpykrypa ympaBiieHHs KypCOBBIM JIBHKCHHEM aBTOMOOWMIIS
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R.f_'i

Puc. 4 3aKOHOMEPHOCTH TIEPEMEIICHHUS B3I Puc. 5 CtpykTypa yrpaBieHUs caMOJIeTOM

BOJIUTEIS TIPH IBMDKEHUH IO KPYTY

Ha »T0i1 ocHOBE TTPOM3BOIUTCS IKCTpANOIUpOBaHue MmojoxeHnid OV, oreHnBaeTcs ommoKa
yYIOpaBJICHUS, a ONepaTop, Kak CEPBOMEXAaHM3M, JCHCTBYET HE TOJIBKO B (PYHKIIMH OMIMOOK, HO HUX
MMPOM3BOIHBIX, KaK IMOKA3bIBAIOT HaImm ucciaeaoBanus [3,4]. OY omepaTopa TOJDKHBI ITPOSKTHPO-
BaThCs «C yObICTpeHHuEM». [Ipu 3TOM cienyeT yuuThIiBaTh BIHsHUE BeCOBbIX KOHCTAHT K;...K,. Onun
JOJIKHBI OBITh Ha3HAUEHbI TakuMU, yToObl CY paboTana kak ACY.

Takum 00pazom, u30MOPPU3M ACATEIHPHOCTH YEIOBEKa-ONepaTopa B 3a/adax yNpaBlICHUS
KypcoM (TpaekTopueil) ABMKEHUS U CUCTEM aBTomaTtuueckoro ympasieHus (CAY) no3Bosser uc-
MOJIb30BaTh B HCCIICIOBAHUSX METOJbI, MPHUHATHIE B TEOPUU ABTOMATHYECKOTO YIIPABIICHUS
(Yropasnenue caMoeToM, aBToMOOMIIEM, CYIHOM, paboTa orepaTopa HaBEJCHUSI pacCMaTPUBACTCS

KaK HAaBEJCHUE B TOUKY, PACIOJIOXCHHYIO HA PACCTOSHHE O g(referens point — r.p.) o 00bekTa
ynpasneHus. [Ipu 3Tom 3Ta TOUKa Kak Obl epeMelaeTcsi BMecTe ¢ 00bEKTOM YIPaBJIEHUS TaK, YTO
paccTosiHue Sg M3MEHSIETCSI BMECTE CO CKOPOCTHIO (pHuC. 6).

D g max

e L

Pucynok 6 — IlleneBoii MeTox onpeneneHus B (hYHKIMHA CKOPOCTH B3IVIAAA BOAUTEISA
(crioco® OpHeHTHPOBAaHUS BOAUTENS HA MapuIpyTe)

Hawmu juist onpesiesienust 3aBUCUMOCTH S ; = f (\9a)I/ICHOJ'II>30BaJ'IC$I «uieneBoi» meton. Ilpu

3TOM 0030p BOJUTEINIO 3aKPBIBAJICS TAK, YTO OCTABAJIACh TOJBKO IIEJIb HA BETPOBOM CTEKJIC B TAKOM
MIOJIOKEHUH, TIPU KOTOPOM BOJUTEIO ObLIO YI0OHO BECTH aBTOMOOMIIb Hanbosiee KoM(OpPTHO.
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[TonyTHO OBLIO BBHISBIEHO, YTO B PAa3HBIX CTpaHaX, pa3iNyarolIuXcs CTEIEHbIO aBTOMAaTH3a-
MK, PACCTOSHUS O, pasnuyarorcs. Tak, Hanpumep, Bogutenn B CILIA cMOTpAT manblne, 4em Bo-

nutenu EBponbl 1 Poccun. 3TOT QakT BEpOATHO CBSI3aH € TPAIULUSAMU, TOPOKHONW 00yCTPOEHHO-
CTbIO, XapakTepucTukamu MamuH. [IpenctaBisitor HHTEpec CrmocoObl, KOTOPHIMH BOAUTEIH-
OTIepaTOphl BHIBOASAT CBOU OOBEKTHI YIIPABJICHUS B 33/IaHHYIO TOUKY.

Pa3paboTanHple HaMU MaTeMaTHYECKUE MOJENIM TAaKOro YIPABJIEHUS MOIATBEPKIAIOT TOT
(axT, 4TO BOJAUTENH JEJIat0T TO HAMEPEHHO.

JlanpHelilee pa3BUTHE HACTOSILEr0 MCCIEA0BAaHNUs, Ha HAIll B3I, OyJeT criocoOCTBOBATH
COBEPLICHCTBOBAHUIO METOJOB U CPEJICTB OOYyUEHUS BOKICHUS.
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YIK 519.7
NPUMEHEHUE HEMPOHHBIX CETEM JIJIS1 OCYIIECTBJIEHUSA MPOLIECCA
INPOI'HO3UPOBAHUA IOTPEBJIEHUSA DJIEKTPOOHEPI'MU HA

IMPOU3BOACTBEHHBLIX ITPEAIIPUATUAX
J1.0. Akumos, C.J1. SI6;109HKOB
Mockosckuii mexnuueckuil ynugepcumem céa3u u UH@GOpMamux,
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Annomayus. PaccMaTpuBaroTCsl HEKOTOPBIE acleKThl () (eKTHBHOIO MPUMEHEHUSI HEHPOHHBIX Ce-
TEH ISl OCYIIECTBIICHHUS IIPOrHO3UPOBAHMUS TIOTPEOIICHHS DIIEKTPOIHEPTHH Ha ITPOU3BOACTBEHHBIX
TIPEATIPUSATHSIX .
Kniouesvle cnosa. TlporHo3upoBaHue TPOU3BOJCTBEHHBIX IPOIECCOB, YKOHOMHMSI TEXHOJIOTHYeE-
CKHUX PECYpCOB, MaTEMaTHYECKOE MOJIETUPOBAHNE, HEHPOHHBIE CETH.

APPLICATION OF NEURAL NETWORKS TO IMPLEMENT THE PROCESS OF

PREDICTING ENERGY CONSUMPTION AT INDUSTRIAL ENTERPRISES
D.O. Akimov, S.L. Yablochnikov
Moscow Technical University of Communications and Informatics,
Russia, Moscow, yablochnikov_sl@mtuci.ru

Annotation. Some aspects of the effective application of neural networks for forecasting electricity
consumption in production plants.

Keywords. Forecasting production process, saving IT resources, mathematical modeling, neural
networks.

B ycnoBusX Cl10KHON SKOHOMHYECKON CHTyallMd HE TOJBKO B HAIllEW CTpaHe, HO BO BCEM
MHpE 0CO00 aKTYyalbHBIM SBIISETCSA MPOOIEeMa SKOHOMUU M Y4€Ta pacxojia TEXHOJIOIMUECKUX pe-
cypcoB Ha npeanpusaTusax. CylecTByeT HECKOJIbKO IMyTel ee peuieHus. B yacTHoCTH, JOCTAaTOYHO
4acTO Y4€Hbl€ U MPAKTUKH, UAYT IO MYyTH MATEMATUYECKOTO MOJEIUPOBAHUS MPOIIECCOB MPOU3-
BOJICTBA, C Mocieayoue ux ontumuzanueil. Tak, mogo6HbINA MoaX0, ObL PACCMOTPEH PSAIOM aB-
TOpoB B myOnukanusx [1, 2]. AHajmoruuHble 3aa4u peliagr TaKKe CICAYIONINe MCCIIeI0BATEIH:
B.B. Hukutun, C.H. Iloe3xamoBa, C.I'. CenmuBanoB, O.A. bopoakuna, K.C. Ky3nemnoga,
B.C. Temnos, A.A. TopMmblies.

Heckobko MHOM MOAX0[ K PELIEHUIO YIOMSHYTOH BbIIIe IPOOJIEMbl OCHOBAH HA MPOEKTH-
pPOBaHMM, CO3/IaHUU U MPAKTUYECKOM IIPUMEHEHUU aBTOMAaTU3UPOBAHHBIX CHUCTEM YIPABJICHHS I10-
TpeOJeHHEM TEXHOJIOTMUECKUX pecypcoB. Pe3ynbTarhl moJgoOHBIX HCCIIEOBaHUM, B CBOE BpeMs,
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ObLTM TpeACcTaBIeHbl B MyOnuKkanuu [3]. OTuM Hampasiennem Takoke 3anuManuch JI.C. Kazapunos
u T.A. bapb6acoga [4].

B cBoto ouepens, Haymenko [1.0., benoseim K. 1., [TomutoBeim E.A., Kapskuaeim A.JL., Ka-
3apunoBbM JI.C., Bbap6acosoii T.A., KonecuukoBoit O.B., 3axapoBoit A.A., UepHernossim B.A.,
Kazakosckum E.H., T'odhmanom A.B., Ban Ddenom, Konokonoseim M.B. 6b1mu pa3paboTansl cpen-
CTBa MPOTHO3UPOBAHMS MOTPEOJIEHNS COBOKYITHOCTH TEXHOJIOTHYECKHX PECYPCOB MPOU3BOJICTBEH-
HOTO NpeanpuaTus, GyHKIMOHUPOBAHHE KOTOPHIX OCHOBAHO Ha (POPMHUPOBAHUHU COOTBETCTBYIOIINX
Mojenei [3 — 14].

B konne XX — navane XXI cronetus BeCbMa yCIIEIIHO MPOTHO3UPOBAHUEM JHMHAMHUKH II0O-
TpeOJIeHHs] pecypCcoB 3aHUMAJICS LENbIi psiji UcclieoBaTeNel, Kak B Halleil cTpaHe, Tak U 3a pyoe-
KOM, OJJTHAKO, HEKOTOPbIE BOIPOCH! YCIIEUTHOTO NPUMEHEHHUS Ha MPAKTUKE UX TEOPETUUECKUX UIeH
He OBLIM JOCTAaTOYHO YETKO MpopaboTaHbl. B yacTHOCTH, HE OBLIM CO3/1aHbl CEPBUCHBIE IPOTPaMM-
HbIE CPEJICTBA, COJIEPKAIUE M0JIb30BATEIbCKUN UHTEP(EIC U MO3BOJISIONINE B PEKUME PEATLHOTO
BpeMEHHU OOHOBJIATH CTATUCTHUKY, a, CIEI0BATEIbHO, KOPPEKTUPOBATh MIPOTrHO3 COOTBETCTBYIOLIUX
rokasaresueil. A 3To BecbMa BaXHO JUIsl 3P(PEKTUBHON peanu3allMi IMPOLECCOB NPUHATUSA YIPaB-
JIEHYECKUX pelIeHUH. ABTOPbI JaHHOW CTAThbU CTABST Mepesl cO00N pelieHne yKa3aHHOU BbIIIE 3a-
Jlauu.

B nayuHo#i u yueOHOI nuTeparype 1noJ IporHo3upoBaHUEM OHUMAETCSl ONPEIeIeHUE TEH-
JEHIMHM ¥ NepCIeKTUB Pa3BUTHUS TE€X WJIM MUHBIX MPOIIECCOB HA OCHOBE aHAIM3a JaHHbIX 00 UX Ipo-
[IUIOM Y HBeIHEIHeM cocTostHuM [ 15]. Kak mpaBuiio, pa3nmnyaioT CIeayonme METOAbl IPOTrHO3UPO-
BaHMS: JKCIEpPTHHIE, (hakTorpaduyeckne, KoMOMHUPOBaHHBIE. OCHOBOM 3KCIEPTHBIX METOOB SIB-
JISeTCsl ONPOC MHEHHUS IO HEKOTOPOMY BOIIPOCY IPYIIbI KOMIIETEHTHBIX B ONPEIeNIEHHOHN cdepe
JESTETHPHOCTH CIEIUaIuCTOB (dKCmepToB). Jlanee, mosiyueHHbIE TaKUM 00pa3oM AaHHBIE, 00pada-
THIBAIOTCS 110 OIPENIEICHHBIM aJTOPUTMaM C IPUMEHEHHUEM CpEACTB KOMIIBIOTEPHON TeXHHUKHU. B
pe3ynbTaTe peain3aluy YKa3aHHBIX BBIIIE IEHCTBHM, IIOJIy4a0T COOTBETCTBYIOIIYIO OLICHKY. B va-
CTHOCTH, IKCIEPTHBIE METOJbl YCIEHIHO NMPUMEHSIOTCS B YCIOBHUSAX HEJOCTATOYHON CTATUCTUKU
(nenoctarka uHpopManuu o6 o0bekTe HcciaeaoBaHus). VX mpeumyiecTBO — BO3MOXKHOCTb HC-
MOJIb30BAaHMS ISl aHAIM3a CUCTEM (aKTUYEeCKH J000H MpHUpoabl, GYHKINOHUPYIOIIUX B Pa3jIny-
HBIX ycloBUAX. OAHAKO NOJI00HBIE METO/IbI TAK)Ke 00IAaJa0T PSAAOM HEIOCTATKOB, K HUM OTHOCST-
Csl: HEBBICOKAsi TOYHOCTb IMPOTHO3a ¥ BO3MOXKHbBIE OLIMOKHU SKCIIEPTOB.

Cpenn (axTorpaduuecknx METOIOB BBIIEISIOT CTATUCTHYECKHE U omepexaromue. Mx oc-
HOBa — cOop nHpOopManmu 00 HCCIEeTyeMO CUCTEME U OIpeielieHne HanboJiee BaXKHBIX MOKa3aTe-
Jeil XxapaKTepu3yrolux ee QyHKIMOHUPOBAHUE U (PAKTHUECKOE COCTOSHHUE B OINpeEAETIeHHbIE MO-
MEHTBI BpeMeHH. Jlanee cuHTe3upyeTcsl MpOrHO3Has MaTeMaTudeckast MoJiesb. OHaKo MpHU 3TOM,
HCCIIEIOBATEII0 HEO0X0AUMO 00ecTeunTh OalaHC MEX Ay KOJIMYECTBOM HCIOJIb3YEMbIX JJIs peau-
3allMM MOJICIMPOBAHMS M MPOTrHO3a JAaHHBIX (IpU MX OOJIBIIOM KOJIUYECTBE MOJEIb MOXKET OBIThH
BECHbMA CJIOJKHOM) U YpOBHEM TOUYHOCTH OCYILECTBJICHMs IPOTHO3UpOBaHUs. B cBoto ouepenb, KoM-
OMHHMPOBAHHBIE METO/Ibl HHTEIPUPYIOT OCHOBHBIE BO3MOKHOCTH pealn3aliy IPOrHO3a ¢ TOMOLIBIO
AKCHEPTHBIX U (hakTorpaduyecKux MEeToA0B. ABTOMAaTU3UPOBAHHBIE CUCTEMBI YIIpaBICHUS, QYHK-
LUOHUPYIOIIME HA OCHOBE MPUMEHEHHS] KOMOMHHUPOBAHHBIX METOJIOB MPOTHO3UPOBAHUS, SIBIISIFOTCS
Haubosee 3ppexkTuBHBIMU. Bomulomnienne Ha MpakTUKE TAKUX CUCTEM JOCTATOYHO YaCTO OCHOBAHO
Ha TaK Ha3bIBa€MbIX HEMPOHHBIX CETAX.

C. XaiikuH na€t cieayrouiee onpeaeaeHue HeHpOHHBIM CeTAM: «ITO TPOMAaIHBIN pacipese-
NEHHBINA MapaJlyIeNIbHbIN IPOIECCOP, COCTOSILUN U3 3JE€MEHTAPHBIX €AUHUL] 00paboTKu MHpOpMa-
LMY, HAKaIUIMBAIOIUX IKCIEPUMEHTAIbHbIE 3HAHUS U MPEJOCTaBISAIOIIUX UX JAJS MOCIeNyIoIIen
00paboTkm» [2]. Heckonbko mHave, TpakTyroT AaHHOe nousTrue Mak-Kamiok u [Iutrc. B wactHo-
CTH, B OJIHOM M3 CBOMX IyOJMKAIMil OHU MUILYT, YTO HEMPOHHAS CETh 3TO — «... MaTeMaTU4ecKas
MOJ€Nb, a TAKXKe €€ IPOrpaMMHOE WM allapaTHOE BOILIOLIEHUE, KOTOpasl MOCTPOEHA 0 MPUHIH-
Iy OpraHu3auuu U GyHKIMOHUPOBaHMS OMOJIOTUYECKUX HEHPOHHBIX CeTel — ceTeil JKUBOro opra-
HHI3May [3].

CucreMHBIN aHalIM3 HAYyYHOW JIUTEPATyphl, pealu30BaHHbIA aBTOpPAMM, I03BOJISET yTBEp-
&KJaTh, UTO UCIOJIb30BaHUE HEHPOHHBIX CETEH JUIsl MPOrHO3UPOBAHUS pacxo/1a MPOU3BOACTBEHHbIX
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PECypCOB MPEANPUATHI U OpraHU3aIri SBIIETCS BechbMa dPPEKTHBHBIM. Tak, K TO3UTUBHBIM MO-
MEHTaM MPUMEHEHHSI Ha TMIPAKTHKE YIIOMSHYTOTO BBIIIIE HHCTPYMEHTA MPOTHO32 MOKHO OTHECTH:

— YCTOHYHMBOCTb K IITyMaM, UMEIOIINM MECTO BO BXO/HBIX JIaHHBIX;

— aIaNTHBHOCTH (JJAHHBI HHCTPYMEHT yCHEIHO (QYHKIIMOHUPYET B CIIy4yae, eCJId CTaTHCTH-
Ka U3MEHSETCS C TCYCHHEM BPEMEHH);

— OTKa30yCTOMYMBOCTD (IIPU MOBPEXKIEHUH OJIHOTO HEHpPOHA CETH, YpOBEHb paboTOCIOCO0-
HOCTH CHUCTEMBI B LI€JIOM CHM)KAETCS HE3HAYUTEIIBHO);

— BBICOKAsi TOYHOCTB OCYIIECTBIICHHSI IPOTHO3UPOBAHUS (IIPH BHITIOJIHEHUH Psijia YCIOBUH, B
9aCTHOCTH, NPH YIAYHOM IPOCKTUPOBAHUH U OOYUCHHUH CETH).

OpHako, A CUCTEM, UCHOJIb3YIOIINX HEMPOHHBIE CETHU TaKXKe XapaKTepHbI ONPEICICHHbIE
HE/IOCTAaTKU. B 9acTHOCTH, HY)KHO 00€CIIeYnTh BBICOKMI YPOBEHb HAJCKHOCTH U TPOHU3BOIUTEIb-
HOCTH anmnapaTHOM YacTH, peau3yrolleld OCHOBHbIE pacuéTbl. Kpome TOro, He00X0IMMO HAKOIUTh
JOCTaTOYHO OOJBIION 00BbEM ITaHHBIX 00 0OBEKTE MOACTUPOBAHUS, JJIA TaK OCYIIECTBJICHHS TIPO-
LIECCOB HA3bIBA€MOI0 00y4YeHMsI HEHPOHHOM ceTU. YKa3aHHbIE BbIIIE€ HEJJOCTATKH, [0 HAIlIEMy MHE-
HUIO, BIIOJIHE BO3MOXXHO KOMIIEHCHPOBATh 3a CUET MPUMEHEHHUS! TEXHOJIOTUH CBSI3aHHBIX C 00J1ay-
HBIMU BBIYMCJICHUSMU, ¥ aBTOMATHU3UPOBAHHBIX CHCTEM 00paboTku wHpopmanuu. B tabmuime 1
npeJcTaBieHa Kiaccu(uKanys HEHPOHHBIX CETeH.

Tabnuna 1. Knaccudukanyst HeHpOHHBIX ceTei

Bup apxurek- Tun cetu [Ipeumymiectra Henocratku O0nacTb MpUMEHEHUS
TYpPHI CETH
[Ipsimoe pac- MHorocnoiHsli nep- IIpocrora peanuza- | Ilpu oOydenun napa- | Knaccudukanms, pac-
npocTpa- LENTPOH LUK ¥ 00y9IEHUsL. METpBI CETH MOJCTpa- | I03HaBaHHE 00pa3oB,
HEeHUe [epuenTpon Pozen- [MpumenuMocTs KO WBAIOTCS TOJBKO 0] MIPOTrHO3UPOBaHHE
Oanra MHOTHUM IpaKTHyec- OJIHY 00Y4arolIyIo
KUM 3aJla49am BEIOOPKY
[Ipsimoe pac- Certb c pagnanbHON Beicokas ckopocTh HeobxonumocTb Knaccudukanms, an-
npocTpaHeHue | 0a3ucHOM (yHKIMeH 0o0y4eHust noa0bopa mapamMeTpoB | IpOKcUMaIus QyHK-
(YHKIMY aKTUBAlMK | 1WA MHOTHX MEepeMeH-
HBIX
Pexyppent- Cerp Xonduima Hanuaue xpatkocpo- CnoxxHocTb 00y4e- Junamuueckoe moze-
HBIE CETH Cetp DnpMaHa YHOU M JIONTOCPOY- | HHS, CJIOKHASI CTPYK- | JIMPOBAHHE, IPOTHO3H-
Cerb XeMMuHra HOMH [TaMsITH B 3aBH- Typa. pOBaHHE BPEMEHHBIX
LSTM cetb CHMO-CTH OT TUIA psIoB
CETH.
Kapts camo- Cets Koxonena Brictpoe 00yueHue, [Mpo6nema méptBrix | Kommpeccus naHHBIX,
OpraHM3alx BO3MOXKHOCTb BU3ya- HEWpOHOB KJIacTepu3anus
JIU3alUH

[llnpokoe mpuMeHEHHE HEUPOHHBIC CETHU MOJYYWUIIN TPH MPOTHO3ZUPOBAHUH MOTPEOJICHUS
TEXHOJIOTHYECKHX pecypcoB. TeXHOJOrn4ecKre pecypchl — 3T0 MOTpediisieMble B Mpoliecce Mpou3-
BOJICTBA MPEAMETHI TPY/Ja, K KOTOPHIM OTHOCSITCS OCHOBHBIE M BCIIOMOTaTEJIbHbIE MATEPHAIIbI, TIO-
nygabpuKaThl U KOMIUICKTYIOITUE U3/ICTHUs, TOTUIMBO U YHEPTUS HA TEXHOJIOTHYECKUE HYXK/IbI. YKa-
3aHHBIM TEPMHUH OXBATHIBACT JOCTATOYHO HIMPOKYIO 00JIACTh MaTEPHAIIBHBIX OJIar, MOATOMY, Jaiee
MBI YJICJIMM TOJBKO JIMIIb OJJHOMY BHAY TaKUX PECYPCOB — 3JIEKTPOIHEPTHUH, OIIaTa TOTPEOICHHS
KOTOPOU SABJSIETCS OJTHUM U3 OCHOBHBIX BUJOB 3aTPaT MPOU3BOJCTBEHHOTO MPEANPUSITHUS.

B nHactosiee Bpemsi ObLT TPOBEAEH HEINBIN PSil KCCIICTOBAHUMA 110 IPUMEHEHUIO HEHPOHHBIX
ceTeil JiIsl MPOrHO3UPOBAHUS OTPEOIEHHSI JIEKTPOIHEPT UM Ha IPOU3BOJCTBE. PaccMoTpu psan Ha-
YYHBIX MTYOJIMKAIIUHA, TOCBAIIEHHBIX PEIICHUIO BBIIICYIIOMSIHYTON 3amaun. Tak, Hanpumep, berno-
BbIM K.J[. ObUT IIpOM3BEZCH MPOTHO3 MOTPEOJICHHS AIIEKTPOIHEPTHH (HaOpPUKONH OKYCKOBAHHS TOp-
HO-00OTaTUTEILHOTO KOMOWHATa METOJIOM MCKYCCTBEHHBIX HEUPOHHBIX ceTeil. B manHOM muccep-
TallMOHHOM HCCII€ZIOBAaHUN ObUIM MOCTABJICHBI U PELICHBI CIEAYIOLIUE 3a/1a4l: POU3BEAEH aHAIN3
METO/I0B J1I00bIYM U IIepepabOTKU pyJibl U IPOU3BOICTBEHHBIX MIPOIIECCOB, 3aTEM pa3paboTaH ajro-
PUTM CHHTE3a HEHPOHHOM CeTH, KOTOPBIM BKIIIOUAET B ce0s OINpeneieHne CTPYKTYpbl CeTH, PyHK-
MU aKTHUBALIMK HEMPOHOB, U CHUHTE3 OTACIbHOM HEUPOCETH I KaXJOTO OTAECIBHO B3ATOTO I€Xa
dhabpuxu [7].
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OcHoBHasl ujiest yKa3aHHOTO BBIIIE€ MCCIIEOBAHUSI, BBIIIOJHEHHOTO, B CBOE BpeMsl, benoBbmM
K.[., 3axirodaercs B MOBBILICHUH TOYHOCTH peal3allud MPOrHO3a, MO0 CPaBHEHUIO C paHee U3-
BECTHBIMHM paboTamu. B yacTHOCTH 3THUM aBTOpoOM, Oblia pazpaboTaHa MaTeMaTH4ecKas MOJIENb
mpoueccoB NOTpednaeHust saexTpuueckod sHepruun (adpuxoit OAO «Kaukanapckuit I'opHo-
oboraTuTenbHBIM KOMOUHAT «Banamuii». Takxke ObLT POBENEH CHMHTE3 HEHPOHHOW CETH, IMyTEM
OTpe/ieNIeHUs] ONTUMAJIbHOM CTPYKTYphl U PYHKIMH akTHUBaluu. KoinyecTBo HEHPOHOB B CKPHITOM
CJIO€ CETH PAaCcCUUTHIBANIOCH 10 popmyne L=L,, / (n+m), Tie m u n — pa3MEpPHOCTh BBIXOTHOTO CHUT-
Hana, L, — 4uCiI0 CUHAITUYECKUX BECOB.

Jliia 00y4eHust HEMpOCETH 3TUM HCCIIEeIoBaTeNIeM IPUMEHIICA HEMHEWHbIN MeTo «JleBen-
Oepra-MapkBap/iTa ¢ yuuTesaem», KOTOPbII MoKa3zal HawIydllue MmokKaszareiau cxoauMocTH. Heob-
XOJUMO OTMETHUTh, BEPOATHOCTh OLIMOKHU Ui 00y4aroIlero MHOKECTBAa BXOJHBIMU (hakTOpamMu U
MIPOrHO3UPYEMON BEJIMYMHONW COCTaBUJI MEHEE OJHOTO IMPOLIEHTa. ABTOPOM Takxke Oblia co3AaHa
KOMIIBIOTEpHAs IIporpaMMa JJisi aBTOMaTU3alii IPOTHO3UPOBAHUS MOTPEOJICHUS AIEKTPOIHEPT U
MpEANpPUATHEM B IIpoliecce PYHKUHOHUPOBAHUS, aJITOPUTM pealln3allii KOTOPOi ObLI OCHOBAH Ha
IIPUMEHEHUH HEMPOHHBIX CETEN.

[TomuroBeiM E.A. B nuccepraiimoHHoM ucciienoBanuu «Iloctpoenue Mozeneit n1oarocpoy-
HOT'O IMPOTHO3a MOTPEOJICHUS 3JIEKTPOIHEPTUN M MOIIHOCTH MPOMBIIIIEHHBIMU MPEATNPUATUIMU
[8] ObLIM pa3zpaboTaHbl M MPOAHATU3UPOBAHBI AITOPUTMBI (POPMHUPOBAHUS 00YHAIOIIET0 MHOYXKECT-
Ba JIAHHBIX U ONPEJENICHUS PACX0JIa SJIEKTPOIHEPrUU Ha BHIPAOOTKY €AMHUIIBI MPOJYKIUHU B YCIIO-
BUSIX HEOIPEJIETIEHHOCTH, 00YCIIOBIEHHON HENOCTaTOYHOCTHIO JAaHHBIX. B 4acTHOCTH 3TOT aBTOpP
YTBEPKAAET, 9TO HET 0CO00M HEOOXOAMMOCTH B MPSMOM H3MEPEHUHU MOTPEOICHUS IIIEKTPOIHEP-
UM KaXJbIM OTAEIBHO B3ATHIM TE€XHOJIOTMUECKHUM IPOLIECCOM, pealu3yeMbIM MPH (PYHKIHUOHUPO-
BaHUU TpeAnpusATus. B pamkax NaHHOTO HCClIeOBaHUS aBTOPOM Oblia CHUHTE3HMpPOBaHA MOJIENb
MPEANPUITHS B BUJIE HEUPOHHOU CETH.

Ucxons w3 cunTe3npoBaHHOW 00mieil moaenu mpous3BoacTBa, [lommtoB E.A. ompenenwn
CTPYKTYpY HEHpPOHHBIX ceTel as Kaxzaoro 1exa. Kpome toro, um Obl1 peain30BaH aHAIU3 MOJE-
JIeil 10IrOCPOYHOT0 IPOTHO3a MOTPedIIeHUs, B PE3YIbTaTe KOTOPOT0 ObLI ClIEaH BBIBOJ O TOM, YTO
JUI JIOJITOCPOYHOTO IPOrHO3HPOBAHUS LEIECOO0pa3HO MCIONIb30BaTh CEThb C HEepapXUUEeCcKOM
CTPYKTYpOI CBsI3€l, U BKIIIOYAIOUIYIO B ce0sl, Kak 0OpaTHbIE CBSI3U, TaK U IUIaHbl BHIPAOOTKHU MPO-
ayKum» [8].

B kauecTBe mpumepa, peaau3aluu KpaTKOCPOYHOTO MPOTHO3WPOBAHUS MOTPEOJICHUS AJIEK-
TPO3HEPTUU C NMPUMEHEHUEM HEHPOHHBIX CETEeH, MOYKHO IMPUBECTU TUCCEPTALMOHHOE HCCIIEI0Ba-
nue Bana Edona [9]. B nanno#i pabote ObLI peann3oBaH HEUPOCETEBOM MOIXO K MPOTHO3HPOBA-
HUIO, KCXOJS U3 KOTOPOTO, C TIOMOIILI0 T€HETUYECKOTO anroputMa ontumusamnuu «Genetic Algo-
rithm Toolboox makera MatLab, Ob110 oTIpeiesIeH0 KOJIMYECTBO HEHPOHOB B ce€TU. TOYHOCTH MPO-
THO3UPOBAHUS OIEHUBAIACH, KaK CPEIHSSI a0COJIFOTHAS OITMOKA B MPOIICHTAX MO Cleayromei (op-
MmyJie

p
1 =7
MAPE=—E M>< 100%
=R

rje y; — (pakTruueckoe 3HaYeHNe Harpy3Ky, §; — pe3ysbTar PorHo3a, p — KOJIMYECTBO JaHHBIX.

OTnnuuTeNIbHON 0COOEHHOCTBIO TAaHHOM PalOTHI SABJISETCS HAJIM4YME MPOTHO3HOW Marema-
THYECKOW MOJIENU, CUHTE3 KOTOPOM OCHOBAH Ha IPMMEHEHUHU METOJA ONOPHBIX BEKTOPOB. B Hel
YUTEHBI CJIEYIOIIHNE YCIOBUS: B Cydyae MPEBBILIECHUS OMMUOKM MPOrHO3a HEKOTOPOIO YPOBHS OCY-
LIECTBIISIETCSA ONTUMU3ALNS MOJIENU HEHpOoHHOU ceTu. OHUM U3 NPEUMYLIECTB TEXHUUECKON pea-
JU3alMK JAHHON MOJEIH SIBJII€TCS HaJIMUYUE 110JIb30BaTEeNIbCKOro uHTepdeiica. OH no3BoJIsAeT anan-
TUPOBaTh OOYyYalOIIYI0 BBIOOPKY M peain30BaTh MOAOOpP ONTHUMAIbHBIX I[apaMETPOB SIIEPHBIX
(GYHKIMI HAa OCHOBE N€HETHMUYECKHX aJITOPUTMOB U TaK Ha3bIBAEMOI'O «MeTOoJia posi yacTuil». Bee
YKa3aHHOE BBbIIIIE, CYILIECTBEHHO CHUKAET YPOBEHb OLIMOKHM IIPOrHO3a, a TAKXKE MO3BOJISIET UCIOJIb-
30BaTh, pa3paboTaHHbIE aBTOPOM CPEICTBA MPOTHO3UPOBAHMUS, B KAUYECTBE AIEMEHTOB aBTOMAaTH3H-
POBAHHOM CUCTEMBI MOIEP/KKU IPUHATHUS PELLICHNN.
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l'opman A.B. B pabote «MomenupoBaHue 3IEKTPONOTPEOIECHUS MHOTOHOMEHKIATYPHOTO
MPEANPHUATHS JUIS KPATKOCPOYHOTO MPOTHO3UPOBAHUS» pa3pad0Tal MaTeMaTHICCKYO MOJICNb I10-
9acOBOTO MOTPEOJICHUS IEKTPOIHEPTHH, B KOTOPOH ObliIa yYTCHA TaK Ha3bIBacMas «OBITOBAas Ha-
rpy3ka». MoJelb, IpeUIoKeHHas JaHHBIM aBTOPOM, HMEET CJICIYFOIIHIA BH/I:

Qs(t) = X1 Qn () - Ba (D),

rae @, (t) — Tpymo€MKOCTh OTIAETFHON HOMEHKIIATYPBI TIPOIYKIIUU TP €€ M3TOTOBJICHUHU JaHHOTO
B T€YEHHUM OJHHUX CYTOK WJIH TPYAOEMKOCTH IIPOU3BOJICTBEHHBIX ONEpaliii, COBEPILIaEMbIX B IPO-
11ecce MPOU3BO/ICTBA /7-T0 BUJIA MPOAYKIIMU B TEUEHUH OJHUX CYTOK, (HOpMmouac/en); B,(t) — 00bém
BBIITYCKa HOMEHKJIATYPBbI, { — IEPUOJ BPEMEHH, M — KOJIMYECTBO Pa3HbIX BUAOB MPOTYKIIUHU.

3aaya KpaTKOCPOUYHOTO MPOTHO3WPOBAHUS MOTPEOIEHUS 3JIEKTPOIHEPTrun (hopmanuzyercs

I'opmanom A.B. cinemyronum o6pazom:

P(t,) = (W(ty. tn1) + D(to_t,1) - K(t) - K(t;)
rae P(t) — nporuo3upyeMoe 3HaueHue sJeKkTponoTpedienus, W(t), D(t) — HenenbHbIA U CYTOYHBIH
TpeHabl, K(2) — KoppekTupyoomas (QpyHKIMs, YUUTHIBAIOIIAs TEMIEPATYPy OKpPYKAIOIIEeH cpeasbl,
K(t,) — xoppexTupymomas (pyHKIHs, yYUThIBAIOIIAsi U3MEHEHHS TEXHOJIOTHYECKOTO MpolLiecca.

JlJis mpOoTHO3MpPOBaHUS aBTOPOM ObLIA MCIOJIb30BaHA HEHpPOHHAS CETh MPSIMOrO PacHpo-
CTPAHEHMUS C YCOBEPIICHCTBOBAHHOW CTPYKTYypoH. B pe3ynpTaTe MCIONB30BaHMS TAKOM MOJENH,
ObUIO JIOCTUTHYTO CYIIECTBEHHOE CHIKEHUE YPOBHS OIIMOKU KPAaTKOCPOYHOI'O NMPOTHO3UPOBAHUS
MOTPeOJICHUS AIEKTPUUYECKON SHEPIUH MPOU3BOACTBEHHBIM NPEANPUITHEM B Ipoliecce (PyHKIUO-
HUPOBAHUSL.

Takum oOpa3oM, Hamu ObLT IPOM3BEACH aHAINU3 HAYYHO JINTEpaTyphl, COAEpKaHuE KOTOPOi
KacaeTcsl MPaKTHYECKOro MPUMEHEHUS] HEUPOHHBIX CETEH AJISl OCYILECTBIIEHUS IPOTHO3UPOBAHUS TI0-
TpeOIeHUsT AIEKTPUUECKON SHEPTHU MPOU3BOACTBEHHBIM MPENNPUATHEM B MPOLIECCE €ro (PyHKIHO-
HUpOBaHMs. B yacTHOCTH, paccMOTpeHb! 00IIKe MPUHIMITEI Pa3pabOTKU HEHPOHHBIX CETEH, a TaKkkKe
OCYILECTBJICHA IMOMbITKA KJaccuukanysa ux TUnoB. OIEHEHbl TaKKe MPEUMYIECTBA U HEJOCTATKH
OTJEJIbHBIX BapHaHTOB peanusauuyd. Ha ocHOBaHUM aHaM3a psja AMCCEPTALMOHHBIX MCCIIEIOBAaHUI
10 COOTBETCTBYIOLIECH TEMaTHKE HAaMU CJIeJIaH BBIBOJI O MEPCIIEKTUBHOCTU MPAKTUYECKOTO UCIOIb30-
BaHUSl HEUPOHHBIX CETeH, KaK AJsl JOJATOCPOYHOrO, TaK M ISl KPaTKOCPOYHOI'O MPOrHO3MPOBAHUS
NoTpeOIeHNs TEXHOJIOTUYECKUX PECYPCOB NpeaNpusATHsIMU. VX mpuMeHeHre Mo3BoJIsieT CHU3UTh Be-
POSITHOCTb OLIMOOK MPOrHO3upoBanus [16].

Bubimnorpaguyeckuii cnucoxk

1. TToe3xkanosa C. H., Cenusanos C. I'., bopoaxuna O. A., Kysnenosa K. C. PexyppeHTHbIe HEHpOHHBIE CETH U METO-
JIbI OITUMM3AIMU IPOEKTHBIX TexHonorudeckux nporeccos B ACTIIII mamuHOoCTpouTensHoro npousBozicTaa // Bect-
HUK Y (PUMCKOT'0 TOCYJapCTBEHHOT0 aBUAIIMOHHOTO TeXHU4YecKoro yHuBepcurera. 2011. NoS.

2. CenuBanoB C.T'., Hukutun B.B., Temnos B.C., TopmbimieB A.A. JIOTHKO-T€eHETHUECKUI METOJT ONITUMU3AIIH
ACTTIII aBuaaBUTaTenecTpoeHus B yCIOBUSIX yIpaBieHHs mpoektamu «bepexinBoroy» nponsBosctsa // BectHuk
Y ¢puMcKOoro rocy1apcTBEHHOI0 aBHALMOHHOTO TEXHUYECKOro yHuBepcuteTa. 2012, Ne3.

3. Kazapunos JI.C., bapbacosa T.A. Cucrema ynpaBiieHHs SHEPTETUICCKAMHU TIOTOKAMHU B TEIUIO3HEPTETUICCKOM KOM-
TUIEKCe MeTajuTypruiaeckoro npennpustus / Bectauk FOxxHO-Y panbckoro rocynapcrseHHoro ynusepcutera. Cepusi:
KomnbroTepHble TeXHOIOTUH, YIIpaBIEHHUE, paguodeKTpoHuKa. 2012, Ne23.

4. Kazapunos JI.C., bapb6acosa T.A., Konecaukosa O.B., 3axapoBa A.A. Meton nporHO3UpOBaHus 3JIEKTPOIoTpedIie-
HUSI POMBILIIEHHOT 0 nipeanpustys // BecrHuk HOxHO- Y panbckoro rocyaapctBennoro yausepeurera. Cepusi: Kom-
MIBIOTEpHBIE TEXHOJIOT Y, YIpaBJlIeHUe, paanouiekTpoHuka. 2014. Nel.

5. Xaiixun C. HelipoHHble ceTH: MOMHBIN Kypc. 2-e u3a. M.: Bunbamc, 2006. 1013 c.

6. Mak-Kamiok V. C., [Turrc B. Jlornueckoe ucunciieHne uaen, OTHOCSIINXCS K HEpBHOM aKTUBHOCTH // ABTOMATBI /
ITon pen. K. O. lllennona u JIx. Makkaptu. — M.: U3n-Bo unoctp. nurt., 1956. C. 363-384.

7. Benos K. /1. TIporHo3upoBaHe MoTpeOICHHs SIICKTPOIHEPI K (PaOpPHUKOM OKYCKOBAHHS TOPHO-000raTHTEIBHOTO KOMOU-
HaTa METOJIOM HCKYCCTBEHHBIX HEUPOHHBIX ceTeil: aBToped. Juc. ... KaHd. TexH. Hayk: 05.09.03. Maraurtoropck, 2008.

8. [Tonuros E.A. [TocTpoeHue Moneneli JOITOCPOYHOrO IPOrHO3a MOTPEOICHHUS SJICKTPOIHEPTHH U MOIITHOCTH IIPO-
MBIIICHHBIMH NPEANPUSTUSIMA: aBTOped. Auc. ... kKaH. TexH. Hayk: 05.09.03 — DiekTpoTexHUYeCKue KOMILIEKCH 1
cucteMsl. Kemeposo, 2012. 147 c.

45



9. Bau EdaH. MeTomonorust COBepIIeHCTBOBaHHS CHCTEM KPAaTKOCPOYHOTO ITPOTHO3UPOBAHUS AJIEKTPOIIOTPEOICHUS:
aBToped. muc. ... Kaua. TexH. Hayk: 05.13.06 — ABToMaTH3aIKs U yIIPaBJICHHE TEXHOJIOIMYSCKUMH MPOIIECCAMH U TIPO-
m3BoacrBamu. Cri6., 2013. 135 ¢.

10. Tohman A.B. MozearpoBaHue 3JIEKTPOIIOTPEOICHNS MHOIOHOMEHKIIATYPHOT'O MPEAIPUATHS ISl KPATKOCPOYHOTO
MIPOTHO3UPOBaHUSA: aBTOped. AMC. ... KaH. TexH. Hayk: 05.09.03. Camapa, 2013.

11. KonokonoB M.B. Mozenu 1 anropuTMbl IPOrHO3UPOBAHUS LIS OAAEPIKKHU TPUHSATUS PEIISHUH MTPU yIpaBIeHUN
3JIEKTPONOTPEOICHUEM MPOMBIIIICHHBIX IPEAPUATHIL: aBToped. muc. ... Kaua. TexH. Hayk: 05.13.01. Capatos, 2013.
12. Yepuenos B. 1., Kazakosckuii E. H. [IporHozupoBanue norpeOieHus 2IeKTPHIECKOH SJHEPTHU C UCTIOIb30BAaHHEM
HelpoHHBIX cetel // Tpyasl Mexxaynaponnoro cumnosuyma «HanesxxHocTs 1 kauectBoy. 2006. Nel.

13. Haymenxko /1.0. Pa3paboTka KoMITIeKca MOJIEIICH TOATOCPOYHOIO IPOTrHO3UPOBAHUS TOTPEOICHHUS SJICKTPOIHEP-
run B KHP // YnpaBienne 5KOHOMHUUECKMMU CUCTEMaMU: 3JIEKTPOHHHBIH HayuHbIH xkypHai. 2011. Ne34.

14. Kapskun A. JI., [lertapés E. A. [Iporao3upoBanue moTpedIeHns 3JIeKTPOIHEPTUH LIEXOM arioMepaliy Ha OCHOBE
METOo/Ia NCKYCCTBEHHBIX HEHPOHHBIX ceteii // ['opHbIi HHOPMALMOHHO-aHATUTHYECKUI OrOJUIeTeHb (HayqHO-
TexHU4YecKui KypHai). 2009. Nel2.

15. Bragumuposa JLII. [Iporuo3upoBanue 1 IIIaHUPOBAaHUE B YCIOBUSX PbIHKA: Yuel. mocodue. M.: M3narenbckuit
Jom «Jlamxkos u Ko», 2001. 390c.

16. sI6nounnkos C.JI. Micnons30BaHue NpUHIUITA MOAEIUPOBAHHUS TIPH CO3JaHUH PA3THMYHBIX YPOBHEH YIPaBIsSEMBbIX
npoekToB / I1. Hoymek, C.JI. SI6mounnkoB // MaTepualibl CHMIIO3UyMa ¢ MEXKAYHAPOIHBIM yuacTreM «Hayka u npe-
MIpUHUMAaTeNbCcTBO».— BunaMa-JIsBoB.— 1994. — C.24 - 25.

YK 004.932; TPHTH 89.57.35
MOJU®UILIUPOBAHHBINA KOPPEJISAIMOHHO-3KCTPEMAJIbHBIN
AJITOPUTM OITPEAEJEHUSA KOOPAUHAT ABUKYIIEI'OCSA OB BEKTA
B NOCJEJOBATEJBbHOCTH BUJEOU30BPAKEHUI

M.C. ManbueHko, A.A. CensieB
Psizanckuil 2ocydapcmeennviil paouomexHuyeckull yHuseepcumen,
Poccus, Psizanw, malchenkomaks@mail.ru

Aunnomayus. B pabote npoBOJUTCS HCCIIEAOBaHNE MOTU(PHIIMPOBAHHOTO aJTOPUTMA CIIEKEHUS 32
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MODIFIED CORRELATION-EXTREMAL ALGORITHM FOR MOVING OBJECT

COORDINATES DETERMINING IN VIDEO IMAGES SEQUENCE
M.S. Malchenko, A.A. Selyaev
Ryazan state radiotechnichal university,
Russia, Ryazan, malchenkomaks@mail.ru

Abstract. The paper attempts to research the modified algorithm for tracking a moving object,
based on the object reference image usage. We consider the situation of object image partial dis-
tortion in the current frame of the video sequence. Assesses the effectiveness of the proposed algo-
rithm in different situations. Suggests areas for the algorithm.

Keywords. Correlation-extremal algorithm, object watching, algorithm research.

Opnoit U3 3a1a4 00pabOTKU M300paKEHUN SBISETCS aBTOMATHYECKOE CIICKEHUE 32 JIBUKY-
UMHUCS 00BEKTaMH Ha MOCIEA0BATEIPHOCTH N300pakeHui. Pemenne qaHHOM 3a1a4 OCIIOKHSET-
Cs M3-3a HAIMYHUS PA3IMIHBIX BO3MYIIAIONIUX BO3JCHCTBUN MpU HAOIIOACHHH 32 OOBEKTOM, Ha-
MIpUMeEp, MEePEIaioB OCBEIICHHUS, IITyMa Ha BHJICOTIOCIICIOBATEIIFHOCTH U Opyrux 3¢ dekroB. Kpome
TOTO, MPEMSITCTBOBAThH CICKEHUIO 32 00BEKTOM MOTYT JApyrue oO0beKThl (POHOIIEIEBON 0OCTaHOBKH.
Hampumep, 0O0BEKT CICKEHUS MOXET OBITh YaCTWYHO 3aCJIOHEH APYTUM OOBEKTOM, YTO MOXKET
CTIIOCOOCTBOBATH CPBIBY HAOIIOICHUSI.

B noknane paccmarpuBaercs MOIUMUITUPOBAHHBIA KOPPEISIIMOHHO-IKCTPEMATIBHBIA aJro-
puT™ (MOIYJ b pa3HocTH) [ 1, 2], mpu3BaHHBIA 00ECTICYUTHh YCTOWYMUBOE CIICKEHUE 32 OOBEKTOM MPHU
€ro YaCTUIHOM 3aCJIOHCHUHU JAPYTUMHU 00BEKTaMU:
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F(a,f)= > (i+a. j+B)=h(. j)* pi. )+ m* (1= p(i. ),
rae o
li+a,j+p)
— 3JIEMEHT TEKYIIEero N300paxeHus,
h(i, j)

— 2JIEMEHT 3TAJIOHHOTO M300paXkeHUs1 00BEKTA,

o Lt +a, j+B)—h(, j) <T
iD= 0,li+a,j+B)—hG, ) =T’

T — 3ayiaBaeMblii TIOPOT,
m €[0,100]

— 3aJ1aBaemasi BemuuHa 1mrpada, 3HaYeHHE IPKOCTH MUKCENs HaXoauTcs B quamnasone [0, 255].
brok-cxema 11 JaHHOTO alropruT™Ma oka3zaHa Ha pUCyHKe 1.

Beog koadideuneHTa
CIAE*NBAHUA
nopora U wrpata
DopMHUpoBaHWE Nepeoro
Kappa

¥

@DpMHpDEIEHIrIE 3TanoHa

Llukn no kappam
BW[,E0MN0CAE]0BATENEHOCTH

F

OnpegeneHne Nono#eHUA 00LekTa Ha naobpameHun
€ NOMOLLBH) KPUTEPHANEHOH fiyHKLUM

F

OGHoBNEHWE 3TanoHa

¥

BriBog pe3ynbTaTtoB Ha 3KpaH

Puc. 1. biok-cxema MOI[I/I(l)I/IL[I/IpOBaHHOFO KOPPEIAIMOHHO-OKCTPEMAJILHOI'O aJIrOpuT™Ma
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Yactp o0nacT OUCKA, I KOTOPOW 3HAYCHUE KPUTECPHATLHON (DYHKIIUU OKaKETCS MHHHU-
MaJIbHBIM, IPUHUMAETCA 33 H300pakeHrne HabmogaeMoro o0beKkTa Ha TeKymieM kaape. [Ipu pacue-
T€ 3HAYEHUS KPUTEPUAITbHOW (DYHKIWW AaHHBIA aITOPHUTM HE YYUTHIBAET TOYKH (TIMKCEIH) pac-
CMaTpUBAeMOM YacTH 00JaCTH MOMCKA, SIPKOCTh KOTOPBIX CIUIIKOM CHJIBHO OTIMYAETCS OT SIPKO-
CTH COOTBETCTBYIOIIMX TOYEK JTAJOHHOTO M300pakeHHs (aOCOJIFOTHOE 3HAYEHUE Pa3HOCTH SPKO-
CTEW TPEBBIIACT 3aJaHHbIA Mopor 7): CUNTAETCs, YTO TaKHe TOUYKH MPHHAIICHKAT 3aCIOHSIOMEMY
00bekTy. UeM OoJpIe TOUEK M300paKeHHsI 0OTOPACHIBACTCS, TEM MEHBIIE HHPOPMALIUU UCTIOIb3Y-
eTCs TSI OTIPENICIICHUS TTOJIOKEHHSI 00hEKTa Ha H300paKeHUH — TEM MEHee JJOCTOBEPHBI Pe3yibTa-
Thl. B ciydae, xorjja HE YYMTBIBACTCS CIMIIKOM MHOTO TOYEK, KpuTepuasbHas (QYHKIHS MOXKET
MPHUHATH JIO)KHOE MUHUMAIIbHOE 3HaYeHue. J{J1st Toro, 9TOOBI CHU3UTH BEPOSITHOCTH ATOTO COOBITHS,
3a KOKAYI0 OTOPOIICHHYIO TOUKY K HTOTOBOMY 3HAYCHHIO KPUTEPUATBHON (DYHKIIUH TPHUOABIISETCS
3a/1aBaeMblil mrpad m.

YtoObI MOBBICUTH YCTOWYHBOCTH aITOPUTMA K BO3MYILIAIOIIMM BO3ACHCTBUSM U M3MECHEHH-
M U300pakeHNs] 00BEKTa BCIIEACTBUE €r0 MPUOIMKEHUS WM TIOBOPOTA, MPOU3BOJAUTCS TIOCTOSH-
Hasi KOPPEKTUPOBKA ATAJIOHHOTO M300paKeHUsI, a UMEHHO, MOJTyYeHHE YCPEITHEHHOTO N300paKEHHSI
00BEKTa C TIOMOIIBIO TPEIBIIYIIETO STATOHHOTO M300paKEeHUST U N300pakeHHsI 00bEKTa Ha TEKy-
IeM Kajpe.

[Tpumep paboTs! anroputMma Jutst ciaydas 3acioHeHus 20% Tovyek 0ObeKTa U 3HAYCHUH TTOPO-
ra 87 moka3aH Ha pucyHke 2. ['paduk 3aBUCUMOCTH TIPOICHTa OTOPOMICHHBIX TOYEK OT HOMEpa
KaJipa oKa3aH Ha pUCYHKE 3.
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Puc. 3. I'paduk 3aBUCHMOCTH HPOLIEHTA OTOPOIIEHHBIX TOYEK OT HOMepa KaJpa UId cirydas 3acioHeHus 20% Todek
00beKkTa 1 3HaYeHUH nopora 87
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B tabnuue 1 nmokazaHo, mpousolia U NoTepsi 00bEKTa CIEKEHUs IPU pa3INuHbIX 3Haye-
HUSAX Topora (OTJIOKEHbI IO BEPTHKAIM) U AMCIEPCUM LIyMa (OTJIOKEHBI 10 TOPU3OHTAIM) IS
ciydas 3acionenust 20% Todyek 00beKTa, a B Ta0IHIE 2 — MaKCHMaJIbHasl OIITMOKA CIICKEHHS 10 KO-
OopIavHaTaM X U y (x/y) IpU TeX e YCIOBUSIX.

Tabnuna 1. Bo3HMKHOBEHHE COOBITHS TIOTEPH CIEXKEHUs I cirydas 3acioHeHust 20% Toyek o0beKTa

V 0.001 0.002 0.003 0.004 0.005
T
80 na na na na na
85 HET HET HET HET na
90 HET HET HET HET HET

TabGmnuua 2. MakcumanbHast

onMOKa CIIEKEHHUs 0 KOOPAWHATAM X M Y JUIsl ciiydas 3acnonenus 20% Touek o0bekTa

v 0.001 0.002 0.003 0.004 0.005
T
80 82/18 89/19 82/19 82/19 95/22
85 28/6 37/7 20/7 18/8 68/14
90 4/3 5/3 4/4 6\6 9/5

Takxe B I0KJIa/le pacCMaTPUBAETCS BOSMOKHOCTh MOBBILLIEHUS] TOYHOCTH aJITOPUTMA ITyTEM
MCII0JIb30BAaHUS JIONOJHUTENIbHON HH(pOpMaLUK 0 Ha0I01aeMOM 00beKTe B BUAE €ro rpanull. s
MIOJIyYEHUs TPaHMI] Ha N300paKEeHUU HE0OXO0IMMO HANTH €ro MepByr0 MPOU3BOAHYIO, HAIIPUMeEp, C
oMok Macok PoGeprca, [IpeBurra i CoGenst.

BrIBOABI

C noMoIbI0 3KCIIEPUMEHTAIBHBIX HCCIEA0BAHNMN, B KOTOPBIX HUCIIOJIB30BAIUCH HECKOIBKO
Pa3IMYHbBIX BHUJIEOTIOCIIEI0BATEIILHOCTEHM, ObLIO TIOKa3aHO, YTO JAHHBIM aJrOPUTM MOXKET XOPOILO
CIPaBJIATHCA CO CBOEH 3amadeil. Bmecte ¢ Tem, ero 3¢(heKTUBHOCTH BO MHOTOM 3aBHUCHUT OT IIpa-
BUJIBHOTO 3aJlaHUSl BeNMYMH mopora 7' u mrpada m a1 KOHKpeTHOM (oHOLEeneBOH 0OCTaHOBKH.
Takxe nokazaHbl JOCTOMHCTBA U HEAOCTATKU HCIOJIb30BAaHUS IpaHHll 00beKTa HAOIIOJEHUS B Ka-
YecTBe JOIMOJHUTEIbHON HHPOpMALMK s anropurMa. PazpaboTka MeTtoauku BbiOopa nopora 7' u
mTpada m MOKeT ObITh OJJTHUM U3 HalpaBJICHUIN COBEPILIEHCTBOBAHMS IaHHOTO aJlTOPUTMA.

Bubimnorpaguyeckuii cnucoxk
1. MeTonbl aBTOMAaTHYECKOrO OOHAPYKCHUS U COMPOBOXKICHUSA 00bekTOB. OOpaboTKa M300paKeHUH U yIpaBiicHHE /
B.A. Annatos, I1.B. Ba6asu, O.E. Banamos, A.E. Crenamikun. — M.: Paguorexaunka, 2008. — 176¢.: um.
2. KoppensaimumonHo-3kcTpeManbHble MeToapl HaBuranuu U HaBenenus / B.K. Baxmuikuit — Teps: TO «KHWKHBIN
Kiyo», 2009. — 360 c.

YK 004.932; TPHTH 89.57.35
AJI'OPUTM OBHAPYKEHUS U OLIEHKU TAPAMETPOB JIBUXYIIIUXCA

OBBEKTOB HA OCHOBE METOJIA OIITUYECKOI'O ITIOTOKA
A.C. Tionun
Psizanckuil 2ocyoapcmeenmviil paouomexHuuecKull yHusepcumem
Poccus, Pszanv, alex.tuninl 993@yandex.ru

Annomayus. B nanHO# paboTe omMcaHa peaiu3anus aaropurMa OOHAPY)KEHHS M OLCHKH IMapa-
METPOB ABWXKYIIMXCSI OOBEKTOB Ha OCHOBE METOJ]a ONTHYECKOro MOTOKA JJISl CUCTEM BHJIEOCIIe-
JKEHUSI B pPeIbHOM BpeMeHH. [IpoBoUTCsI cCpaBHUTENBHBIN aHANN3 3P PEKTHBHOCTH O0OHAPYKEHHS
JIBIDKYIINXCSL 0OBEKTOB ¢ prMeHeHueM MetooB Jlykaca-Kanane n XopH-UaHka.
Kniouesvie cnosa. Metoapl ontuyeckoro notoka, meron Jlykaca-Kanazne, meron XopH-Yanka.

49



DETECTION AND PARAMETERS ESTIMATION OF MOVING OBJECTS

BASED ON OPTICAL FLOW

A. Tyunin
Ryazan State Radio Engineering University,
Russia, Ryazan, alex.tuninl 993@yandex.ru
Abstract. This paper describes the optical flow based moving object detection and parameters es-
timation alghorithm. Comparative analysis of effectiveness and computation productivity the vari-
ants based on Lucase-Kanade and Horn-Schunck method has been performed.
Keywords. Optical flow, Lucas-Kanade method, Horn-Schunck method.

1. Beenenue

WuTennexryanpHble cucTeMbl 00paOOTKM M aHanu3a BUIAEOUH(OPMALIMU UHTEHCUBHO MpU-
MEHSIOTCS B Pa3JIMYHBIX 00JIACTIX UeIoBeuecKoi nesTenbHocTu. Hampumep, 11s oXpaHbl 4acTHOM
COOCTBEHHOCTH M IIPOMBILUIEHHBIX 00BbEKTOB, HAOIIOACHUS 32 TSXKEI000JIbHBIMU JIFOIbMU, B HaYy4-
HBIX UCCIIEJIOBaHUIX, JAJIsl HAOMIOCHHS Ha TPAHCIIOPTE, OXpaHbl MECT MAaCCOBOI'O CKOIUICHHUS JIHOAEH
U T.J1.

[Iporpecc B oGnactu co3qaHusi CUCTEM OOHApPYXEHUS U COMPOBOXKIEHUS OOBEKTOB 10 He-
JABHETO BPEMEHU CIEPKUBAJICS, B YaCTHOCTH, HEJAOCTATOYHOW HMPOU3BOJIUTEIHLHOCTHIO CPEICTB
BBIYMCIUTENBbHON TexHUKU. C yBelnyeHUEM ObICTPOAEHUCTBUS MPOLIECCOPOB CTAIO BO3MOXKHBIM
oOpabaTeiBaTh IU(PPOBbIE BUACOJAHHBIE B PEAlbHOM BPEMEHU U COXPAaHATh apXUB JUIsl MOCT-
coObITHIHOTO TIpocMoTpa. [losBUIMCH HOBBIE O0NACTH MPUMEHEHMs], TAKUE KaK: paclliO3HaBaHHE
HOMEpPOB aBTOMOOWIIEH, OOHapyXeHue U pacrno3HaBaHue Jull. OJHUM U3 BaXKHBIX AJIEMEHTOB CO-
BPEMEHHBIX CUCTEM BUICOHAOIIIOIEHUS SBJIIETCS BHUJICOJETEKTOpP JIBHXKEHUS, KOTOPBIH obecreun-
BAae€T aBTOMATHYECKOE OOHApYXEHHUE ABMXKYIIMXCS OTHOCUTEIBHO (POHA OOBEKTOB B IOTOKOBOM
BUJieo. Tak, nmpu MOSIBJICHUM Y€JIOBEKAa WJIM MHOTO JBUXKYILErocs OObEKTa B MOJE 3pEHMs] HEMO-
BIDKHOM Kamephbl, BUACOAECTEKTOP MOJAeT CUTHAN Ha MYJIbT OXPaHbl WM Ha YCTPOICTBO BHUI€03aITH-
CH.

Paboty cucrembl aBTOMaTH4eCcKOro OOHApY:KEHUS M CONPOBOXKIECHHUS OOBEKTOB MOKHO
0XapaKTepU30BaTh MOCIE0BATEIbHBIM IEPEX0JOM OT Olepaluii 00paboTKU U aHalln3a MOCIe10Ba-
TeIbHOCTEN M300paxeHuil kK 00paboTKe mapaMeTpoB OOBEKTOB, a 3aTeM U K (POPMHUPOBAHUIO CHT-
HaJIOB yIpaBiieHUs. B nponecce oOHapyKeHHs U OLIEHKH apaMeTPOB JABUKYIIMXCS 0OBEKTOB BbI-
JEJSIFOT CIEAYIOMINE YPOBHU 00paO0TKH MH(POPMALIUK: BOCCTAHOBJICHUE N300payKEHU, BBIJICTICHUE
CErMEHTOB, CJICKEHHE 32 00BEKTaMHM, OIICHKA MTapaMeTpPOB 0OBEKTOB, OOHAPYX)EHHUE 00BEKTOB, pac-
Mo3HaBaHUE 00BEKTOB, COMTPOBOXKIEHNE 00BEKTOB [1].

2. MeToabl OITHYECKOI0 MOTOKA

OnTuueckuit notok (OIl) — nz00pakeHre BUIMMOIrO ABMKEHUS, MPEICTABIIAIONIEEe COOOM
C/ABUI KaKJI0M TOUKH MEXJy IBYMA H300paxeHusMu. [lo cytu, oH npeacrasiiser co60i moje cKo-
pocteii (T.K. CABUI C TOYHOCTHIO 1O MaciiTada SKBUBaJIEHTEH MIHOBeHHOU ckopocTH). Cyth OII B
TOM, YTO JUISl K&XKJIOW TOUKU U300paK€HUSI HaXOJUTCSI TaKOM CABUT, YTOObI HCXOJHON TOYKE COOT-
BETCTBOBaJa TOUYKA Ha BTOPOM H300pakeHUU.

Boiaensitor Takue MeTo/1bl BHIYMCIIEHUSI ONITUYECKOr0 MOTOKA, KaK:

o @a3zoBas Koppesius [2] — UHBEpCHs HOPMAIU30BAaHHOTO NEPEKPECTHOTO CIEKTPA.

o bnouHble MeTO/IbI — MUHUMHU3ALMS CYMMbI KBaIpaTOB UJIM CyMMbl MOAYJIEH Pa3HOCTEM.

o JlupdepeHunanbHble METO/AbI OLICHKH ONTUYECKOTO IMOTOKA, OCHOBAHHBIE HAa YaCTHBIX
MIPOM3BO/IHBIX CUTHAJA.

o Auroput™m Jlykaca-Kanane [3] — paccmarpuBaroTcst yactu n3obpaxenust u addunnas
MOJENb ABH>KECHUSL.

e Anroputm XopH-Uanka [4]— muHUMUH3anuUs (QYHKIIMOHAA, OMHUCHIBAIOIIETO OTKJIOHE-
HUE OT MPENOJIOKEHUS O MOCTOSIHCTBE IPKOCTH U TJIAJIKOCTh I10JIy4a€MOT0 BEKTOPHOT'O TOJISI.

o Buxton—Buxton — ocHOBaH Ha MOJe/IN ABMKEHUS I'PaHULl OOBEKTOB B MOCIEA0BATEb-
HOCTH U300pa’KeHUH.

e OO0mue BapuallMOHHbIE METOIbI — MOAU(UKauu MeTo1a XopH-YaHka, HCIOIb3YIOIINE
Jpyrve orpaHUYEHUs Ha JJaHHbIE U Jpyrue OTpaHUYEHUs Ha TJIaJKOCTb.
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e JIMCKpETHblE METOJbl ONTUMHU3ALUU — IOMCKOBOE IMPOCTPAHCTBO KBAHTYETCA, 3aTEM
KaKJOMY MHKCEJII0 M300pakeHHsI CTaBUTCS B COOTBETCTBHE METKa TaKUM 00Opa3oM, yTOOBI pac-
CTOSIHME MEXy [TOCIIEJ0BATENbHBIMU KaipaMu ObLJI0 MUHUMaJIbHBIM. ONTUMANbHOE PELIEHUE Yac-
TO UIIETCS C MOMOIIBIO AITOPUTMOB HAXOXKJIEHHUSI MUHUMAJILHOTO pa3pe3a U MaKCUMaIbHOTO MOTO-
Ka B rpade, TMHEHHOTO IporpaMMupoBaHus [5].

3.

AJIFOpI/ITM oﬁﬂapymemm H OHEHKH JIBHKYUHIUXCH 00bLEeKTOB ¢ noMoOIIbI0

ONTHYECKOro MOTOKA

B nanHOM mnyHKTE moapoOHee paccMOTpPUM pa3pabOTaHHBIM AIrOPUTM OOHAPYKEHHUS U
OLICHKH TapaMeTpoB IBUXKYIIMXCS OOBEKTOB C MOMOIIbI ONTHYECKOro motoka. OH COCTOUT U3
CJIEAYIOIIUX 11aroB:

1.
2.

CuuTbeIiBaeM O4YEpEIHON BUICOKATP.

YToOB! OLIEHUTHh ONITUYECKUH MOTOK, Mpeobdpa3yeM 11BeTHoe RGB u3o0paxenue B noy-
TOHOBOE. 3aTe€M HCIIOJIb3yeM OJUH U3 METOJIOB BBIYMCIICHUS ONTHUYECKOIO MOTOKA, KO-
TOPBII BO3BpAILAeT MaTPUILy CKOPOCTEH.

BekTopbl ONTHYECKOTO MOTOKA XPAHATCS B BHJIE KOMIUIEKCHBIX YHMCEN: BEUIECTBEHHAs
4acTh - 9TO MPOEKIMSA CKOPOCTH Ha OCh Y, & MHUMas — IPOEKIUsA Ha ock X. Brrancisem
MOJYJIb BEKTOpa CKOPOCTH, KOTOPBIA B JajibHENIIEM OyleT HCIOIb30BaThC AJs TOPO-
TrOBOM 00pabOTKH.

TpeOyercst BBIIENIUTH TOJBKO 00JACTH C JAOCTATOYHO 3aMETHBIM JBIKeHUEM. B 1o ke
BpeMsI IITyMbI H JIOKAIbHBIE H3MEHEHHUSI MOTYT MIPUBOJIUTH K HEOOJBIINM, OJTHAKO HEHY-
JIeBbl€ 3HAUYEHUSM CKOPOCTUM B OTHENBbHBIX MNUKCEISAX. C MOMOIIBIO YCPEAHSIOMINX
(GWIBTPOB BBIYKCISIEM MOPOTOBYIO BEIMYMHY MOJIYNS CKOPOCTH. BrImomHseM moporo-
BYI0 00pa0OTKy MaTpHIbl CKOPOCTEH U BbIAEISIEM 00JACTH C CYLIECTBEHHBIM JBM)KECHU-
eM.

B pesynbrate moporoBoit 00paboTku OyayT UMETh MECTO OMIMOKU. YacTh TOUEK MOXKET
OLIMOOYHO paccMaTpUBaThC KaK OOBEKT, Jpyras — OLIMOOYHO paccMaTpuBaThCS Kak
¢oH. YToObI yCTpaHUTH OLIMOKH, UCIOJIb3YEM JIBYMEPHYIO MEAUAHHYIO (QUIbTPALIUIO U
Mopdosoruueckyro odpaboTky. BHauane npumeHnseM MOPQOJIOrHUYECKYIO IPO3UI0 IS
yIaJeHus] MajlblX IIYMOBBIX OOBEKTOB, 3aTeM MOP(OJIOTHMYECKOE 3aKpbITHE, KOTOPOE
«3aKpbIBaeT» HEOOJIbLINE BHYTPEHHUE OTBEPCTUS M CIJIaKUBAET Kpasi BbIJCJIIEHHBIX 00-
JIacTen.

B pesynbrare Mmopdosiornyeckoit o0paboTku OyneT moJiyuyeHa cBs3Has 001acTb — cer-
MEHT, KOTOpasi OIlpe/ie/sieT MECTOTIOIOXKEHHUE IBIKYIErocs oobekra. Jlanee oneHnBaeM
IUIOUIa/1b U OTPAHUYUTENbHYIO PAMKY CErMEHTA.

Tak Kak MojoXeHue KaMepbl OTHOCUTEJIBHO CLEHbl OOBIYHO M3BECTHO, MBI MOXEM OT-
¢GuIbTpOBaTH MO pa3Mepy HalJieHHbIE OOBEKTHI, 3aBE€OMO HE SIBJISIOIIUECS aBTOMOOH-
nasmu. Takum 006pa3zom, Mbl MOKEM HOCYUTATh, CKOJIBKO aBTOMOOMIIENH HAXOIUTCS OJHO-
BPEMEHHO B KaJIpe.

N300pakenusi, mojiydaeMble Ha pa3IMYHBIX dTarax padOoThl MPEIUIOKEHHOTO alrophuTMa
MIPUBEICHBI HA pUCYHKE 1.
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Puc. 1 — M300pasxeHusi, mojgydaeMble Ha Pa3HBIX ATamax paboThI aJITOPUTMA: a) — HCXOIHOE TOJyTOHOBOE H300paske-

HHe; 0) — KaJp ¢ OTQUIBTPOBAHHBIMU BEKTOPAMHU CKOPOCTH; B) — PE3YJIbTAT CErMEHTAIIMKA 1 MOP(OJIOrHYeCcKOi 00pa-
00TKH; T) — M300paxkeHre OOBEKTA C OrPaHMYMBAIOLINM TPSIMOYTOJIBHUKOM

4. KomnbloTrepHoe MoJeJIMpOBaHUE M JKCIePHMEHTAJbHbIE HCCIeA0BAHMA pa3pado-
TAHHOT'0 AJITOPUTMA

B nannowm pasznene cpaBHEM 3P GEKTUBHOCTH pabOTHl aITOPUTMA BBIICICHUS JBUKYITAXCS
00BEKTOB IIPH MCIOJIH30BaHIH B Ka4eCTBE 0a30BBIX MOAX0A0B K BHIYUCICHUIO ONTHYECKOTO MTOTOKA
MetoioB Jlykaca-Kanane n Xopu-Yanka. B mporecce nccnenoBanus Oblia mpoBeieHa CEpPHs IKC-
MIEPUMEHTOB, B paMKax KOTOPOW HapsAy C METOJAAMH BBIYHCIICHUS ONTHYECKOTO MOTOKA BaphUPO-
BAJIMCh PA3JIMYHBIC MAPAMETPhl ATOPUTMA: 3a€PKKA MEKTY OMOPHBIMHU KaJpaMH, MYJIbTHILIHKA-
TUBHBIA KOA(GOUIIMEHT TIPH TOPOTOBOM 00paboTKe, pasMepsl U (hopMa CTPYKTYPUPYIOIIHUX dJIEMEH-
TOB B MOP(OJIOTHUYECKUX OTEPalUsIX OTKPBITHS U 3aKphITHA. [loMuMO 3TOro OBLIM BBITIOJIHEHBI
AKCIIEPUMEHTHI TT0 00pabOTKE BUICOCIOKETOB HCKAKEHHBIX aINTUBHBIM HOPMAJIbHBIM IITYMOM.

N3 mpoBeneHHBIX IKCIEPUMEHTOB MOYKHO 3aKJIIOUUTh, YTO MPUMEHEHHWE METOJa XOPH-
Yanka mo3BossieT ¢ OoJibllield TOYHOCTHIO BBIIEIATH JIBIKYIIHECS 00BEKTHl, HO MeTon Jlykaca-
Kanane pabotaer 3naunTenbHO ObicTpee. MccnemoBanus ckopocTu paboThl MPEIIOKEHHOTO aJlro-
putma npoBogwiinck Ha [I9BM Intel® Core™ 17-3517U CPU 1,9 I'Tu, 6 I'6 O3V, Windows x64.
[Ipu o6paboTtke 176 kanpoB BuacocroxkeTa ¢ paspemeHueM kaapa 320x240 31eMEHTOB CKOPOCTh
00paboTKK NMPHU UCHOJB30BaHUU MeTo/1a XOopH-YaHka cocTaBuia NpuMepHO 12 xaapos/c; mpu npu-
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Menennn metona Jlykaca-Kaname — mpumepHo 18 kampos/c. Takum oGpazom, meron Jlykaca-
Kanane oOecnieunBaeT pocT NpOU3BOIUTEILHOCTH IPUMEPHO HA TPETh MPU COMIOCTABUMOM KauecT-
B€ BbIIEJICHUS] OOBEKTOB.

Takum 00pa3zom, pe3ynbTaThl U3MEPEHUS CPEIHEN CKOpOCTH 00pabOTKH Kajpa U KadecTBa
BBIJICJICHUS JIBIXKYIIUXCA OOBEKTOB B PA3IMYHBIX YCIOBHIX MOKAa3bIBAIOT, YTO MPEAJIOKEHHbIN a-
TOPUTM MOXKET MCIOJIBb30BATHCS MPU CO3AAHUU CUCTEM 00pabOTKU BUIEOU300pakeHuH, QyHKINO-
HUPYIOLIUX B peaJIbHOM MaciliTabe BpeMEHHU.

Pabora BrinoniHeHa Ha cpenctBa rpanta [Ipesunenra PO nns rocynapcTBeHHON MOAIEPKKU
Benymux Hayunsix mikon HII-7116.2016.8 nox nHaynsiM pykoBoactBoM A.b. denbamana.
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HNCCIIEJOBAHME AJITOPUTMOB ITOPOI'OBOU OBPABOTKH
U30BPAKEHUM JIJIS1 PEHLIEHUS 3AJTAYY BBIJIEJIEHUSI OFBEKTA

B MNIOCJIEJOBATEJIBHOCTHU BUJIEOKAIPOB
C.A. I'aakun, A.A. CensieB
Psizanckuii F'ocyoapcmeennviii Paouomexnuueckuti Ynueepcumem,
Poccuiickas @edepayus, Pszane, sergey.galkin993@gmail.com

Annomayus. B paboTe pacCMOTPEHO UCIONB30BAHUE PA3JIMYHBIX BApUAHTOB METOIOB IIOPOTrOBOU
00pabOTKU TS BBIACIICHUS ABIKYITUXCS OOBEKTOB B ITOCICIOBATEIBHOCTH H300pakeHuit. I1osic-
HAIOTCS 0COOCHHOCTH aJITOPUTMOB TTOPOT0OBOI 00pa0oTKu. [IpUBOIATCS pe3yIbTaThl IKCIICPUMEH-
TaJHHOTO UCCIICIOBAHMS aJITOPUTMOB Ha CO3JIAaHHBIX TECTOBBIX BHICO C Pa3HBIMHU YCIOBUSAMH OK-
pyxaroiero gona. @opMynHPYIOTCS BHIBOIBI O BO3MOXHOCTH IPUMEHEHUS aJITOPUTMOB MTOPOTO-
BOIi 00pabOTKH 11 OOHAPY)KEHUS IBIXKYIIUXCSl OOBEKTOB Ha CIIOKHOM (hOHE.

Kniouesvie cnosa. Tloporosast 00paboTka, OMHapHU3aLusl, TOCIEJ0BATENbHOCTh N300pakeHHI

RESEARCH OF ALGORITHMS THRESHOLD IMAGE PROCESSING
FOR SOLVING THE PROBLEM OF SELECTING AN OBJECT
IN A VIDEO SEQUENCE
S.A. Galkin, A.A. Selyaev
Ryazan State Radio Engineering University,

Russian Federation, Ryazan, sergey.galkin993@gmail.

Abstract. In this work discusses the use of various variants of methods of threshold processing to
highlight moving objects in image sequences. Explains the characteristics of the algorithms are
thresholding. Presents the results of experimental study of algorithms on created test videos with
different conditions surrounding background. Formulated conclusions about the possibility of ap-
plication of algorithms of thresholding to detect moving objects against a complex background.

Keywords. Thresholding, binarization, image sequence

1. BBeaenue

B HACTOJIIICC BpCMSI HpI/I peHIeHI/II/I MHOTHUX HpaKTI/I‘IGCKI/IX 3aga4 I/ICHOJ'II)?,yIOTCSI CUCTCMBI
KOMHBIOTGpHOl"O 3peH1/151. CI/ICTGMBI BI/II[GOH&6J'IIOI[€HI/I$I HII/IpOKO HpI/IMeHSIIOTCSI JJIA 06€CH€‘ICHI/I$I
0€30MacHOCTH Ha Pa3jMYHbIX TEPPUTOPUSAX (BOK3aJbl, a3pONOPTHL, TOPrOBbIE U MPOMBIIIECHHBIE
KOMILJIEKCHI U T.JI.) JUIsl BBIJIEJIEHUSI U OOHApPYKEHUSI PA3IUYHBIX 00BbEKTOB. ABTOMATHU3UPOBAHHBIE
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CHUCTEMBI YIPABJICHHS TpolieccaMu (poOOTHI, CUCTEMBI TTOMOIIN BOJMTEIN0) UCIOIB3YIOT METOIBI
BH3YaJIbHOTO aHAIN3a N300payKEHUH WIIA BUCO B MTPOIECCE IPUHATHUS PEIICHHIA.

Onaum U3 crmoco6oB 00pabOTKU M300pakeHHH sBIIsIeTCS oporoBas oopadoTka. [Toporosas
00paboTka — pazOuenne n300pakeHus1 Ha JBE 00JaCTH, OJHA M3 KOTOPHIX COJEPIKHUT BCE MUKCETH
CO 3HAYCHHEM HIDKE IOpPOTa, a APYyrasi COACPKUT BCE MUKCEIIM CO 3HAYEHUEM BBIIIIE 3TOTO IOpPOTa.

DTOT METOJT 3aHMMAET BAYKHOE MECTO B 33/1a4aX CETMEHTAUU M300paxeHnid. CerMeHTaIus
n300paxkeHuil — pazjesieHne n300pa)KeHUsl Ha CETMEHThI, TO €CTh Ha PsJ COCTaBJISIOUIUX €ro 00-
nacteit [1]. Touku xaxnoi u3 obmacrell 001agal0T HEKOTOPHIMU OOLIMMH CBOICTBaMH, KOTOPbIE
MO3BOJISIIOT paccMaTpUBaTh MX KaK OJMHY 00JacTh. B Xome cerMeHTaluu BCeM TOYKaM pPe3yIIbTH-
pyIOIIero u300paXeHns, MPUHAMISKAIIMM OJHOMY KJaccy, MPUCBaWBaETCsl OJTHO W TO K€ 3Hade-
HHUC.

HecmoTpst Ha TO, 9TO TPU CETMEHTANUU N300paykeHUs] OOBIYHO CTABUTCA 3a/1a4a KIacCUu(u-
HUPOBATH TOYKH JIMIIb OJHOI'0 TEKYIICTO I/1306pa)K€HI/I$I, IIpu pCHICHUHU 3aaa4 MOTI'YT MCITI0JIb30BaTh-
cia I/I306pa)KeHI/I$I, IMOJIYYCHHBIC B MPEABIAYIIHNEC MOMCHTBI BPCMCHU. CJ'IC)IOB&TCJ'H)HO, NCXOOIHBIMHA
JAHHBIMU JJISI CETMEHTAIIUA MOXET OBITh U MOCJIEI0BATEILHOCTH KaapoB [1].

[Ipu pemienuu 3agauy oOHApYKEHUS] U CONPOBOXKACHUS OOBEKTOB CErMEHTAlUsl 4acTO HC-
MOJIB3YETCsI ISl IPEABAPUTEIIFHON KiIacCU(UKAIINKM TOYEK HAOII0JaeMOTO N300pakeHUSI.

2. MeTtoabl oporosoii 00padoTku

[ToporoBast 06paboTKa OJIUH W3 OCHOBHBIX METOJOB CETMEHTAIIMHM M300paKeHUH. ITOT Me-
TOJI OPUEHTHPOBAH Ha 00PaOOTKY M300paKEHUM, OTJACIHHBIC OTHOPOIHBIC 00JIaCTH KOTOPBIX OTJIU-
4aloTCs cpeaHeit sprocThio. Onepains ToporoBoi 00pabOTKU 3aKITI0YACTCS B CPABHEHUU 3HAYCHUS
YPOBHS SIPKOCTEH MHKceJel M300pakeHusl ¢ yCTAaHOBIICHHBIM 3HaueHueM mopora. Hamboiee pac-
IIPOCTPAHEHHBIM METOJIOM CErMEHTallU C HMCIOJIb30BAaHHEM IOPOroBON 00pabOTKH sBIsSETCS OU-
HapHas cerMeHTanus. B mporecce OMHapU3aIiy MOJIyTOHOBOE H300pakeHUE, NMEIOIIee HEKOTOPOe
KOJIMYECTBO YPOBHEW SIPKOCTH, Mpeodpasyercs B 4depHO-0enoe M300pakeHHue, MUKCEIU KOTOpPOro
HMMEIOT TOJIbKO J1Ba 3HaUeHus — 0 u 1.

bunapu3zanusi ¢ HWKHUM TIOPOTOM SIBIISIETCS HanOoJiee MPOCTOM ornepaiueid, B KOTOpO# HC-
TMIOJIB3YETCS TOJIBKO OJTHO 3HAYCHHE TIOPOTa:

0, fo(x, )=t
fix,y)=
L f,(x,y) <t,
rae t — nopor, f, - ucxoaHoe uzobpaxenue. IukcensaM u300pakeHus, 3HAYEHUE APKOCTH

KOTOPBIX BBIIIE ITOpora, npuceansaercsa 0, Huxke nopora npucsansaercs 1. Yposau 0 u 1 urparor
ponb MeTok. ITo HEM OnpenensroT, K KakoMy KIaccy OTHECTH JaHHYIO TOuKy: K H , wm x H .

Wnn roopsar, uto H |, cocrout u3 Touek (pona, a [, U3 Touek 00bEKTA.

Puc. 1. [Ipumep OuHapu3alyst ¢ HWKHUM OPOTOM

1) Meron rino0ansHOM MOPOTOBOM 00pabOTKM OCHOBAaH HAa aHAJIM3E€ TUCTOTPaMMBbI U300pa-
xeHusa. CyTb 3TOr0 METO/Ia COCTOUT B pa3/ieJICHUU TUCTOTPaMMBbI U300paKEHHS Ha JIBE YaCTH C T10-
MOIIIbIO OJTHOTO TJI00aIbHOTO Mopora t.

OnpenerieHre 3HAYSHUS TIOPOra C IMOMOIIBI0 TUCTOTPAMMEI SIPKOCTEH SIBISICTCS MPOCTHIM
METOJIOM, TTO3BOJISIOIINM JOOUTHCS «IUCTOW» CETMEHTAIMH, €CJIU THUCTOTpaMMa h300pakeHus1 HO-
CUT YETKO BBIpAXEHHBIN OMMomanbHbii xapaktep [2]. [lomoOnast dopma rucTorpaMmbl O3HAYaeT,
YTO Ha M300paKCHUH MOKHO Pa3JIMUUTh JIBA BUJA CPABHUTEIHLHO YaCTO BCTPEUAIOIIMXCS IMHKCEICH
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— Apkue 1 TeMHble. [Ipy 3TOM rucrorpamma JIErko AEIUTCS € MOMOIIBIO OJIMHOYHOTO INI00aIBbHOTO
ropora t, pacroja0K€HHOTO MEXy TUKaMU T'UCTOTPAMMBI.

I
Puc. 2. FI/ICTOI’paMMa SAPKOCTH, AOITyCKaromas pa3acjICcHUC ¢ IOMOIIbIO OAMHOYHOT'O rJ100aIbHOTO mopora

CerMeHTaIMsI BHITIOIHSIETCS ITyTeM CKaHUPOBAHUS HCXOIHOTO U300paKEHHsI, KaXI0MY TTHK-
CeII0 KOTOPOTO TPHCBAMBAETCS OJIMH U3 KJIACCOB, B 3aBUCHMOCTH OT TOTO, MIPEBBIMIALT JIA SIPKOCTh
JaHHOTO THUKCEIs 3HaueHHE IMopora t WM HEeT. YCHEeIHOCTh WCIOJIB30BAHUS METOJIAa 3aBHCUT OT
TOTO HACKOJIKO XOPOIIO THCTOTpaMMa IOAJAETCS pa3 IeIICHUIO.

Henocrarok anropurma 3aKirodaeTcss B TOM, 9YTO THCTOTPAMMa PEIKO MOIAETCS IPOCTOMY
pa3feneHnIo M B OOJBIIMHCTBE PEaTbHBIX H300PKEHHUA TaKOW TOIXO0 HE TaeT XOPOIIUX Pe3Yib-
TaTOB.

2) OmHUM W3 Pa3HOBUIHOCTEH METOJIOB, OCHOBAHHBIX Ha aHAJHM3€ THCTOIPaMM, SBISETCS
JIOKaJIbHAsi IOPOTroBasi 00paboTKa, ITOT METO 3HAUYUTEILHO OTIMYACTCS OT TJI00AIBHOTO AJITOPHT-
Ma, SBJISIETCSl O0JIee CIIOKHBIM U JJAeT JIy4IINe pe3yabTaThl. JJaHHBIH METO1 UCIOIB3YeTCs] B OCHOB-
HOM TOTJIa, KOT/Ia TUCTOTpaMMa He TOJAETCsl Pa3IeiCHUIO C TIOMOIIBIO €UHOTO TI00aTBHOTO IM0-
pora.

Jlnst pereHust JaHHO#M MPpOoOIeMBl H300pakeHUE pa3/IeNsieTcsl Ha OTACIbHbBIE 1M0100IacTH, B
Ka)/I0M M3 KOTOPBIX MCIOJB3YETCsl CBOE 3HAYCHHUE mopora. PazymeeTcs, B TakOM cirydae TIOMHUMO
poOJIeMBbl BEIOOpA MOpOTa MOSBISAECTCS HOBas MpobiieMa: Kak pa3OUTh UCXOTHOE M300pKEHHE U
KaK Ha KaXJ0# o0actu BbIOpaTh cBOM mopor. Tak Kak mopor, MpUMEHSEeMbIN JUIsl KaXk10Tr0 MHUKCe-
JI51, OKa3bIBACTCS 3aBHCAIINM KaK OT XapaKTEPUCTUK M0I00JacTH N300paKeHMsI, KOTOpasi COACPIKUT
JTaHHBIA TTHKCEIh, TaK ¥ OT €ro MPOCTPAHCTBEHHOTO PACIIOJIOKEHUS, TO TAKOE TIOPOTOBOE Mpeodpa-
30BaHUE SBISETCS JTOKAIHHBIM.

Henocratkom Takoro mojaxoja siBisieTcs: 0osee JuuTeNbHas padoTa Mo CPaBHEHHUIO C TJIO-
0anpHOI MoporoBoil 00pabOTKOI U HEBO3MOXKHOCTh aBTOMAaTUYECKOTO BbIOOpa mapameTpos. [loc-
TOMHCTBOM JIOKQJTbHOH TIOPOTOBO# 00pabOTKH SIBIISIETCS TO, YTO ATOT METOJI XOPOIIO TTOAXOIUT IS
3alTyMIICHHBIX W300paKeHUH, Il M300paKeHN, UMEIONINX HU3KOE KauecTBO, /ISl H300pakeHH,
XapaKTEPHU3YIOUIUXCS CIIOXKHON CTPYKTYypo# (oHa, Il M300paKeHH, IPKOCTH (OoHA KOTOPHIX B
Pa3IMYHBIX MECTAX JTOCTATOYHO CHIIBHO PA3JINYatOTCs.

3) B cootBeTcTBUU ¢ [3] ecau mOPOT t 3aBUCUT OT XapaKTEPUCTHK MOJ00JIACTH, TO TaKas 00-
paboTKa Ha3bIBAaETCs aJanTHBHOW. ECTECTBEHHO BCTaeT BONPOC O TOM, KaKyl K€ 3aBHCHMOCTh
MPEICTaBISIET COOO0 MOPOT t OT ITUX XapaKTEPHUCTHUK.

Kak yxe paccMaTpuBasioch BBIIIE B JIOKAIBHON MTOPOTOBOM 00pabOTKe, CYIIECTBYIOT CHIIBHO
3alIyMJIEHHbIE N300pa)KeHUs, KOTOpble HEBO3MOKHO 00paboTaTh Kak M300pakeHHE B COBOKYITHO-
CTH, II03TOMY €ro pa3OuBaroT Ha nojgobnactu. OnHAKO B JIOKAIbHONH MOPOroBoi 0OpaboTKe perie-
HUE O TPUHAUIKHOCTH MUKCEIS, K KAKOMY-TTHOO0 M3 KJIACCOB MPUHUMAJIOCh HA aHAIM3€E JaHHBIX O
MPOCTPAHCTBEHHOM TIOJIOKEHUH ATOTO TuKcenss. Ho Obuto HampsiMyro HEBaXKHO, KaKue IO COCEJICT-
BY C HUM ITUKCEJIHM HAXOJATCS, U KaKOH XapaKTepUCTHUKOW OHH 00JIaaroT.

B xauectBe npumepa npuseneM mero] bepHcena [4]. Meron 6a3upyercs Ha ujaee coroc-
TaBJICHUS YPOBHEH SIPKOCTH MPE0Opa3yeMoro MUKCENs CO 3HAYCHHSIMHU JIOKATBHBIX CPEJIHUX, BBI-
YHCIICHHBIX B €ro okpykeHHH. [Inkcenmn oOpabaThIBarOTCS MOOYEPENIHO ITyTEM CPaBHEHUS MX WH-
TEHCUBHOCTH CO CPEJHMMH 3HAYEHMSMHU SIPKOCTH B OKHAX PasMEPHOCTH (2K + 1) x (2K + 1), €

LIEHTpaMu B Toukax P (I = 0,1,...,7) (puc. 3).
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P,
P, O O O ps
RO CO—® P

(m, n)

P?O O O Ps
Ps

Puc. 3. IIpeoOpazoBanue NUKCEIs.

Torga P cumtaercst mukcenem knacca H |, ecnu y Hero crout Merka 0, U MEKCeneM Kiracca
H,, ecin y mero crout Metka 1. To ects P cranoButcs mukcenem H | Toraa, Korga Uit Bcex
[ = 0,1,.., 7 BBIOJHSETCS YCIOBHE:
P, — f(m,n)>t,
rje t UrpaeT poib MOPOrOBOrO 3HAYCHUs, @ P, CPELHSS JIOKAlbHas SPKOCTb, ONpEenseMas 110

dbopmyre:

1 . .
= x +i,n, + j)
2K + ) x (2K + 1) _Kg,j(gj,;(m’ ongt )

P,

rae f(m,;,n,) —APKOCTb B TOYKE P, ¢ KOOPIAUHATAMHU (m ,,n;) -
JlaHHBIN anTOpPUTM MO3BOJISIET BHITIOJHUTH CETMEHTAIUIO JIJIST M300paKEHUM, COIEPKAITUX
IIyM, 3aBUCSIIUX OT YYBCTBUTEJIHHOTO CUTHAJIA, W300paXKCHUH, UMEIONIUX CIIOXHYIO CTPYKTYPY

(doHa WM ke MaJIblii KOHTPACT, U IIPH 3TOM MPAKTHIECCKH 0€3 MOTEePh MOJIC3HON HHPOPMAITUH.

3. Anajau3 padoThbl AJITOPUTMOB
st ananmu3a anroputMoB Ha si3bike MATLAB Obuta pa3zpaboTana mporpaMmma, peaanu3yro-

miast BEINICOITMCaAHHBIE METO IbI l'[OpOl"OBOI71 06pa6OTKI/I, C BO3MOKHOCTBIO aBTOMAaTHYCCKOI'O HaX0xX-

JACHUSA IIOPOTrOBOT0 3HAYCHHUA U Il06aBJ'IeHI/I$I PAa3JIMYHBIX ITYMOB.
B kadecTBe TEeCTOBBIX BI/IIIGOHOCJ'IC,HOBaTCJIBHOCTeﬁ HCITIOJIB30BAJIMCh p33pa60TaHHLIe C II0-

Motmieio rpadudeckoro apmwkka «Unreal Engine 4» BUACOCIOKETHI C Pa3IMIHBIMHU JBIKYIIUMUCS
00BEKTaMHU ¥ M3MEHSIONINIMCS OCBEIICHUEM.

00:00:06

Puc. 4. PackagpoBka 0HOTO U3 BUAEOCIOKETOB

MeTomuka TIPOBEJICHUST MCCICAOBAHUN: I KaXJIOTO aJITOPUTMa IOPOTOBON 00pabOTKH
IIPOBOJUTCS UCCIIEIOBAHUE HA pa3pabOTaHHBIX BUIEOCIOKETAaX C aBTOMAaTUYECKUM MTOMCKOM MOPO-
ra ¥ pa3JIMYHbIMU TIapaMeTpaMu s JIOKAJIbHOW U aJIallTUBHOM MOPOrOBOM 00pabOTKH, ¢ mocIe-

IYIOITUM T0OABJICHUEM Pa3IMYHBIX ITyMOB.
Ha pucynkax HUXe MpencTaBiIeHbl IPUMEpPHI pabOThI aITOPUTMOB TIOPOTOBOM 00PaOOTKH.
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Puc. 6. IIpumep paboThI anropuT™Ma JOKAJIBHOH MOPOroBoi 00paboTKu

Puc. 7. IIpumep pa®oThI aIropuT™Ma aJalTHBHON MOPOrOBOM 00pabOTKU

[To pucyHKy 6 BUAHO, YTO Ha JaHHOM BHUJIEOCIOXKETE JIOKAJIbHAsI IOPOroBas 00paboTKa nu3-3a
CBOHMX OCOOEHHOCTEW paboTaeT HEe OYSHb XOPOMIO, IOCiIe OWHAPU3AIUU TPUCYTCTBYIOT JIMIITHHUE
00BEKTHI, B TO BpeMs KaK III00aabHast U aIaliTHBHAS TOPOTOBasi 00pabOTKa CIIPABIISIOTCS C TIOCTaB-
JICHHOM 3aJ1a4yei.

BrIBOABI

[IpoBeneHHble HccaeI0BaHUS OKAa3alM, YTO aIrOPUTMBbI MOPOTOBON 0OpabOTKU MOTYT HC-
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Bce anroputmbl Xoporo paboTarT B yCIOBHAX He M3MeHstomerocs Gona. B ciydae nsmenstorie-
rocst (hoHa HEMJIOX0 ceds Mokasaiu riobanbHas U afanTUBHas noporosas oOpaboTku. Takxke mpu
MPaBUWIILHOM MMOI00pE MapaMeTPOB aanTHBHAS MOPOroBas 0OpaboTka XOpoIIo padoTaeT ¢ 3alryM-
JICHHBIMHA I/I306pa)KCHI/I$IMI/I.
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Annomayus. Tlpemnaraercss MeTo MpUOMKEHHST TU(PPOBOTO 3aKOHA YIPABJICHUS K HENPEPHIB-
HOMY 3aKOHY YIIPAaBJICHUS, B CIIydae, €CITH HEIPEPhIBHBIN 3aKOH YIPABJICHUSI HE MOXKET ObITh Haii-
JIcH B aHAJIUTUYCCKOM (3aMKHYTOM) BHUJIC.

Kniouesvie cnosa. [luckperHoe yrpapienue, U(POBBIE PETYIISATOPbI, 3aKOH YIIPaBIICHUSI.

CONSTRUCTION OF DIGITAL CONTROLLERS BY CONVERSION

OF CONTINUOUS CONTROLLERS
A.L.Bobikov, M.M. Borisov
Ryazan State Radioengineering University,
Russia, Ryazan, maximborrr@yandex.ru
Abstract. A method for the approximation of the law of digital control for continuous control law,
if the continuous control law can not be found in the analytical (closed) form.
Keywords. Discrete control, digital controllers, control law.

1. BBenenue

B nocnennue rojpl, MOKHO OTMETUTh CYIIECTBOBAaHHME TEHJCHIIMHM Pa3BUTHSI HOBBIX METO-
JIOB CUHTE3a B 00J1aCTH JIUCKPETHBIX HEJIMHEWHBIX cCUCTEM yrpaBieHHs. [lonynsipHOCTh TaKUX CHUC-
TEM MOKHO OOBSICHUTH KaK pa3BUTHEM LU(POBBIX BHIYMCIUTENBHBIX MAlIUH B LIEJIOM, TaK U Ipe-
UMYIIECTBaMU paboThl ¢ HU(POBBIMU CUTHAJIaMHU. J{UCKpETHbIE CUCTEMbI IIUPOKO MPUMEHSIOTCS B
Pa3IMYHBIX OTpacisiX >KU3HEAEATEIbHOCTU YeIOBEKa, HauYMHas OT IMPOCTEHIINX BCTPOEHHBIX CHUC-
TE€M M 3aKaHYMBas HOBEMIIMMU KOMILJIEKCAMU YIPaBJIEHUS LIEIbIMU IPOU3BoACTBaMHU. [l Haxox-
JICHUsI PeLleHus 3a/1a4 AUCKPETHOTO YIPaBJICHUs UCIOJIb3YIOTCS pa3andHble MeToibl. CTOUT OTMe-
TUTh, YTO B TIOCJIE/IHEE BPEMS B OTHOILIEHUU TEOPUU HEIMHEWHOTO YIpaBJICHUS B TUCKPETHOM Bpe-
MeHU ObUIM ClieNaHbl CyIleCTBEHHbIE cABUTH. [IpakTuueckue ucciaenoBanus B 3Toil 001acTH OCHO-
BaHbl Ha alIpOKCUMalUU JUcKpeTHOW mojenu. OnHa U3 Hambosiee 4acTo MCIMOJIb3YyEeMbIX BHUIOB
anmnpoKCUMallMK — alpoKcuManus Duiepa [S], sBistomasicsi OTHOCUTENBHO NMPOCTON B peanusa-
uuu. Ho cBolicTBa yCTOMUMBOCTH perynsaropa, KOTOpblil OblI CO37jaH Ha OCHOBE TaKOM almpoOKCH-
Malluu, KaK [IPaBuiio, HE FapaHTUPYIOT YCTONYHUBOCTh AUCKPETHOM CHCTEMBI.

Cy1iecTBYIOT METO/IbI [ 7], TO3BOJISIONINE MOTYYUTh TUCKPETHBIN 3aKOH YIpaBJIeHUs OJIn3-
KU K HENPEPhIBHOMY, ITyT€M NEpeoO0OpyIO0BaHUs HENIPEPHIBHOTO perynaropa. Takxke CylecTBYeT
Jpyro# crnocoO, OCHOBAHHBIM Ha COTJIaCOBAHMM yIpaBiieHUe/pyHKUMHU JIdmyHOBa, KOTOPbIN 103BO-
JSeT MOJyYUTh CBOMCTBA U(POBON cUCTEMBI ONM3KHUE K HENPEPBIBHON CUCTEME, B Ciydae, €Ciu
M3BECTHO BBIPAKEHHE ISl HEMPEPHIBHOTO 3aKOHA yIIpaBieHUs B aHaiuTUueckoi dopme. [IpakTu-
YECKOE€ HCIOJIb30BAaHME ATOr0 METOJIa OIPAaHWYEHO HEJIMHEHHBIMM CHCTEMaMH HE BBIIIE BTOPOTO
nopsiika. [losTomy cyiecTByer npobiieMa, Kak pealn3oBaTh 3aKOH YIPaBJIECHUS, ISl HEJIMHEWHBIX
cucteM 00Jee BBICOKOTO MOPSAKA, €CIIM MPU ITOM MMEIOTCS JIHIIb JUCKpeTHbIe 3HaueHus U, [kT ]

(T — nepuo AUCKpPETU3ALIUN).

B nannoii pabote mpearaercs METOJ, MO3BOJISIONIMNA MOCTPOUTHh HU(PPOBOU PETYISTOP
IyTeM 1epeo0opyi0BaHusl HEMIPEPHIBHOTO PETYISATOPA, 11 KOTOPOTO U3BECTHBI JIUIIbL JUCKPETHBIE
3HAYCHHA 3aKOHA YIIPaBJICHUA, B TOM YUCIIC U B HEeJTWHEHHBIX CUCTEMAX, IOPAAOK KOTOPBIX 1 > 2.

2. [IpoexkTHpoBaHUE B TUCKPETHOM BH/IE

HenpepbIBHBIN peryasTop MpOEKTUPYETCS B 3aTEM pealu3yeTcsl B JUCKpeTHOM Buae. Ecin
pedb UAET O HETMHEHHOM OOBEKTE CO CTaTUYECKOW 0OpaTHOM CBsI3bI0, HaOOJIEe pPacpOCTPAHEH-
HBIM MOJXO0J COCTOUT B MPSIMOM peanu3aliii HENPEPhIBHOTO YIPAaBJIEHUS ¢ MOMOUIbIO (hukcatopa
HYJIEBOTO MOPSAJKA, KOTOPBIM OCYIIECTBISAET AUCKPETU3AIMIO HENPEPHIBHOTO CUTHAJNA C (PUKCUPO-
BaHHBIM HIIaroM, a TakKXeE o0ecrieynBaT MOCTOSIHHBIN BBIXOJIHOﬁ CHTHAJ B TeueHHe Hero. B sTtom
cllydae MBI TOBOPHM 00 SMYIISIIMU HEMPEPBIBHOTO PETYJSATOpa. JTa MpoLeaypa MpeACcTaBisieT Co-
0011 0000IIEHHYIO CTPATErHI0, OJTHAKO, B KAYECTBE HEIOCTATKOB CJIETYET OTMETHUTh, YTO U3-3a JHC-
KpeTu3aluu TepseTcs Ipupoia HempepblBHOTO peryisTopa [1]. B cioyuae perymstopa ¢ o6paTHoii
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CBSI3bIO 110 COCTOSIHMIO B HEKOTOPBIX paboTax TOBOPUTCS 00 YCIOBUSX, IPU KOTOPBIX AUCKPETHBIN
PEryJiaTop BOCCTaHABIMBAET CBOMCTBA HENpPEPHIBHOrO peryisartopa [2,3]. AuckperHas MoAenb He-
IIPEPBIBHOIO PETYJATOPA, KOTOPYIO MOJYYarOT IIyTEM MCIOJIb30BAaHUS IUCKpETU3aluy, oOnagaer
cHelu(pUUIEeCKUMH CBOMCTBAMU U ONMCBIBAETCS CUCTEMOM YpaBHEHUN C yU€TOM IEepHOJa AUCKPETH-
3auuu. Meto NpoeKTUPOBaHUS B JUCKPETHOM BUJE Ipe/IaraeT MPOeKTUPOBATh LU(PPOBBIE pery-
JATOPBI, BOCIIPOU3BOSAIINE CBOMCTBA HENPEPBIBHOIO PETYIATOPA C y4eTOM AMCKpeTu3anuu. [Ipo-
Lelypa CUHTe3a HU(PPOBOrO 3aKOHA YIIPABJICHUs OPUEHTUPYETCS Ha MCIIOIb30BAHUE HEIIPEPHIBHOTO
3aKOHA YIPABJIICHUS, B CIIy4ae €ro CyIIEeCTBOBAHUSA, MM OIMCHIBACTCS KaK PA3JIOKEHHE B P IO
CTETEHAM IIEpUOJIa NUCKPETU3AalNU I ClIydas, KOIJa He CYIIECTBYET IVIaJIKOrO 3aKOHA yIpaBiie-
HUsA. MOXHO OTMETUTh, YTO Ha MPAKTUKE Pealu30BaHbI NMPUOIMKEHHbIE PELICHMs], COJepKaliue
JIMIIb HECKOJIBKO KOHEYHBIX CJIaraeMbIX 3aKOHa YIIPaBJICHUS.

3. MeTon coriiacoBaHusi ynpaJjienue/pynkuus JissnyHosa

OcHOBHOM 3a/1a4eil CUCTEMBI yIpaBICHUs HEJIMHEWHBIM O0BEKTOM C IIOMOIIBbIO ATOI0 METO-
Jia SIBJISIETCS HAXOXKJEHUE TAKOTO 3aKOHA YIPABJICHUS, IPU KOTOPOM CBOMCTBA JUCKPETHOM CHCTE-
Mbl OblTM Obl OJIM3KM K CBOICTBaAM HENpEpbIBHOW cucTembl. lIpu 3TOM HempepbIBHBIN OOBEKT

yIpaBleHHs OMUChIBAaeTCs ypaBHeHueM X = f, (Xx) + g.(x)u,. MOXHO HPEAIOI0KHTh, 9TO U, = U,

Ha KaXXJIOM MHTCPBAJIC BPEMCHU IJIUTCIIBHOCTIO T. B Ttakom cJ1ydac, ypaBHCHUC MOXKET OBITH 3amH-

p— T(Az'xz""uvgc)
CaHO B BHJIC Pa3HOCTHOI'O yHpaBJIeHUud X, = €

X, .

MOo3KHO CIIpOEKTHPOBATh TaKOM HU(POBOM pEryisTop, CBOWCTBa KOTOPOro OyayT corjiaco-
BaHbl B HCKOTOPBIC JUCKPETHLBIC MOMCHTEI BPEMCHU CO CBOMCTBaMH q)YHKIII/II/I .HSIHYHOBa JUISA HE-
HpCpBIBHOI\/’I cucteMsl. I maBHOM LEJIBIO IPU 3TOM ABJIACTCA JOCTHUKCHUC XOPOIINX KAaUCCTBCHHBIX
rokasaresueil npu paboTe AUCKPETHOM CHCTEMBI IPU JOCTATOYHO OOJBIIOM HEPUOJAE TUCKPETH3a-

uuu. B cooTBercTBHH ¢ [6], yripaBieHre JOJDKHO TPUHUMATh BU/T:

I
Up =Ugo+ D ——Uy,
=T (R

(1)

raec

uygolkT1=u. () |;opr=u [kT],

ug[kT]=1,(t) |,—pr=u [kT].

311€Ch U, — HENPEPHIBHOE YIPABIECHUE, /1 — MOPSAIOK IIPUOIHKEHHS.

4. MeTo/1 ¢ HCNIOJIb30BAHMEM PA3HOCTH JUCKPETHOI0 YIPABJISIIONIET0 BO3AeCTBHSI.

Jlaxxe B cirydae, eciii HEMPEPHIBHBINA 3aKOH YIPABJICHUS UMEET CIOXKHYIO (hOpMY, BBIpaKe-
HUS, TIOJIyd9aeMble JIJIsl IIPOU3BOAHBIX, MOTYIAIOTCA JOCTATOYHO OOBEMHBIMU [4], B CIIEICTBHE YETO
BO3HUKAIOT 3aTPYJHEHUS C BBIYUCICHUEM ITHX BbIpakeHUH. Ho B OOJBIIMHCTBE CiTy4aeB, IPHUXO-
JUTCSl CTAQJIKUBATBCS C TEM, YTO AHAIMTUYECKOE BBIPAKEHHUE JUIsI HEMPEPHIBHOTO 3aKOHA yIpaBlie-
HUs Hen3BeCTHO. CyIIECTBYIONIME HA JAaHHBI MOMEHT METO/IbI, TO3BOJISIOT paboTaTh C CUCTEMaMHU,
MOPSIOK KOTOpBIX n=1 u n=2. Jly1g cuctem, NOPSAJOK # KOTOPBIX OOJIbIIIE, YeM BTOPOIl, 3TU METOIbI
HETIPUMEHHUMBI. B Takux ciydasx, pemeHne MOXKHO HaWTH, HA OCHOBE METOJa C MCIIOJIb30BaHUEM
Pa3HOCTU TUCKPETHOTO YIPABIISIOMIETO BO3ACHCTBUA. DOPMYIIBI, peaau3yIolue 3TOT METO/I, TIPe/-
CTaBJICHBI HUXKE:

I/'lc[kT] ~ A;’c — Mc[kT]—L;i[(k—l)T].

[Ipu sTomM
u,, =u [iT ] — HenmpepbIBHBINA 3aKOH yIIPABICHHS;

i, = Au [iT ] — uudpoBoe yrnpasiicHHe MEPBOTO MPHOIMKCHHS;
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IIpumep.
B kadectBe npumepa ObLIa pacCMOTPEHA CHCTEMaA YIPaBJIEHUS BTOPOrO MOPsAKa A 00b-

—xl+x2 0
+ u..
—(A+2xD(x1=x2)| |1]°

JIyist 9TOM CHCTEMBI Hali/IeH HenpephIBHbIH 3aKkoH ynpasiaenns U, =(1+2x)(0 —x,)—x —x,, a

CKTa, OIMUCBbIBACMOI'0 YPAaBHCHUCM COCTOAHUA X =

d 2 2
TaKoKe HaliJIeHa TIepBasi MPOU3BOIHAS OT HEMPEPHIBHOTO 3aKOHa U, = u, =20x+x,—x, —x +4xx,).

Cornacho (1), AuckpeTHOe yrpaBieHUE IPUHUMAET BU:
2 2
u, =1+2x)(x, —x,)—x, —x, +0.05(x, + x, —x,” —x;” +4x,x,).
Pesynbrarel cumynsiiuu B nakere Simulink mpezactaBieHsl Ha u300paxeHusx Huxke. Ha-

vanbueie yenosus: X, =1,x, =0.

X

02 I i i i i ! i i i t
1} 1 2 3 4 5 B 7 8 k] 10
Puc 1. I'pacuxu Beixoga OY B cucteMe ¢ pa3IMuHBIME PEryJIsTOpaMHy (HEPEPHIBHBIA U TUCKPETHBIH

C MCIOJIb30BaHUEM IPOU3BO/THBIX )

T T T T T
B T e e RIS e e i i i I S i e O e R T e e e e

0.2438 -

T POV SN SO W S0

/:m:1 ? 5 :
02438 e /

02432 : e
02428
(Y ENTUUUU SUURTURRRIUNS NTOSIIN B SR
02424 |-
02422

1 !18 1 4‘85 1 !19 1 4IBE 1‘5 1 EIDE 1 ISW 1 EIWE 1 ‘52
Puc 2. I'pacuxu Beixoma OY B cucteMe ¢ pa3IMuHBIME PEryJsiTopaMy (HENPEPHIBHBIA U TUCKPETHBIH

C UCITOJIb30BAHUEM HpOI/I3BOI[HBIX) B YBCIIMYCHHOM Macirabe
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Puc 3. I'pacuxu Beixoga OY B cucteMax ¢ pa3IMYHBIMU PETYISATOPaMU (HETIPEPHIBHBIN U AUCKPETHBIN
C UCTIOIb30BaHUEM PA3HOCTH)

T
O e e B S 0 T S AT P R I B S T
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041
(i A RPN PR LI L VN SRR ......................................... -
0381 ..........................................
Q98 B st oA ......................................... )

037
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Puc 4. I'pacuxu Beixoga OY B cucteMax ¢ pa3IMYHBIMU PETYISATOPaMU (HETIPEPHIBHBIN U AUCKPETHBIN
C UCTIOIb30BAHUEM PA3HOCTH) B YBEJIIMUCHHOM MaciiTabe

BriBoa
Ha ocHOBaHMM CpaBHUTENBHOW OLIEHKU CBOMCTB PETryIsATOPOB, IOCTPOEHHBIX IO METOLY CO-
IJIACOBAHHOTO YIIPABIIEHUs C MCIOJIB30BAHUEM IPOU3BOJHBIX U PAa3HOCTHOIO METOJA C ITOMOIIBIO
t
[e*(r)dt
bopmMyIsl | , TII€ e - Pa3HOCTh BBIXOJa MEXKJy HEIPEPBIBHBIM YIPABICHUEM H €TI0 JUC-
KPETHBIMU MPUOIMKEHUSIMU, MOXKHO CJE€JIaTh BBIBOJI, YTO PETYJSATOPHI, IOCTPOECHHBIE C UCIOJIb30-
BaHHUEM pa3HOCTH, JAIOT NPUOIMKEHNE K HETIPEPhIBHOMY 3aKOHY yIpaBiieHus. Ecian HenpepbIBHBIM
3aKOH YIPAaBJIEHUS HEU3BECTEH, TO MOXKHO NpUOErath K MCIOJIb30BAHUIO JAHHOIO METOJa, KOTO-
PBIii, HECMOTPSI HAa BO3HUKAIOIYIO OLIMOKY, JaeT NPUOIN3UTEIbHOE K HEIPEPHIBHOM cucTeMe Kaye-

CTBO IIU(POBOI CUCTEMBI.
Tabnuna 1. Pe3ynbraThl CpaBHUTENBHON OIEHKU PETYIISITOPOB.

[Mopsnox npuGIMKeHust Meroq ¢ HCHONB30BaHUEM MpPOU3- | METOoA ¢ MCIOIb30BaHUEM Pa3HOCTH
BOJHOM

Hynesoe npubnmxenue 0.06667 0.06667

IlepBoe npuOIKeHNE 4.37*10°(-6) 5.4*107(-4)

61



Bubimnorpaguyeckuii cnucoxk

1. S. Monaco and D. Normand-Cyrot. Approximation entrée sortie d’unsystéme non lin¢aire continu par un systéme
discret. Lect. Notes in Cont. and Info. Sciencesm(A.Bensoussan et J.L.Lions, Eds.), pages 354—364, 1986.

2. D. H. Owen, Y. Zheng and S. A. Billings. Fast sampling and stability of nonlinear sampled-data systems: Part /.
existence theorems. IMA J. Math. Inform., vol. 7, pages 1-11, 1990.

3. Y. Zheng, D. H. Owen and S. A. Billings. Fast sampling and stability of nonlinear sampled-data systems: Part /.
sampling rate estimation. IMA J. Math. Inform., vol. 7, pages 13-33, 1990.

4. Tanasa V. Development of theoretical and computational tools for the design of control strategies for nonlinear
sampled-data systems. PhD Thesis. Universite Paris Sud Paris XI; Universit'e Politehnica de Bucarest, Paris, pages
92-93,2012.

5. Tanasa V. Development of theoretical and computational tools for the design of control strategies for nonlinear
sampled-data systems. PhD Thesis. Universit’e Paris Sud Paris XI; Universit'e Politehnica de Bucarest, Paris, page
197, 2012.

6. V. Tanasa, S. Monaco and D.Normand-Cyrot. Nonlinear optimal stabilizing control under sampling. 51st IEEE Con-
ference on Decision and Control, 2012.

7. S. Monaco and D.Normand-Cyrot. Advanced Tools for Nonlinear Sampled-Data Systems' Analysis and Control.
Article in European Journal of Control, 2007.
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HUPPOBOMU 3CYP-PEI'YJIATOP JIA HEJIMHEUHOI'O OB BEKTA

YIIPABJIEHUS B BUJAE COPEPUYECKOI'O PESEPBYAPA
A.N. booukos, O.H. Bypkuna
Psizanckuii 2ocyoapcmeeniviil paduomexHuyeckull yHusepcumen,

Poccus, Psizanv, olka-burkina@yandex.ru
Annomayus. B nanHoi paboTe ¢ TOMOIIBIO METO/A COTIacOBaHusl yrpasieHus/pyHkuus JlsmyHo-
Ba nonydeH uugposoit 3CYP 3akoH yrpasieHus, IpxH KOTOPoM IM(ppoBasi cUCTEMa YIpaBICHUS
cepryeckuM pe3epByapoM OJIM3Ka 10 CBOMM CBOMCTBaM K CBOWCTBaM CyOONTHMANBHOH Herpe-
PBIBHON CHCTEMBI.
Kniouesvie cnosa. 3aBucsiiee ot cocrosnusi ypaBHenne Pukkaru (3CYP), HenuHelHbI 00BEKT,
MepUO/ INCKpEeTH3AINH, CHeprIeCKHil pe3epByap, METOMKA COTIACOBAHUS YIIPABICHUs/ (YHKIIHSI
JIsnyHoBa.

DIGITAL ZSUR-REGULATOR FOR NONLINEAR CONTROL OBJECT
IN THE FORM OF SPHERICAL TANK
A.lL Bobikov, O.N. Burkina

Ryazan State Radioengineering University,

Russia, Ryazan, olka-burkina@yandex.ru
Abstract. This paper deals with the mathematical model of the control object, then designed
ZSUR-controller, and regulation problem is solved. Using the method of harmonizing control/
Lyapunov function obtained ZSUR discrete control law for spherical tank.
Keywords. ZSUR, nonlinear object, sampling period, spherical tank, matching the control method /
Lyapunov function.

3a mocieHue AeCATUIIETHS B KauecTBe OOLIUX METOJIOB MPOEKTUPOBAHUS MOSBUIACH CTpa-
TETUs 3aBUCSIIET0 OT cocTosinus ypaBHeHusi Pukkatu (3CYP), koTopas mpemocTaBisieT cucreMa-
THYecKHe U 3PGEKTUBHBIE CPEACTBA MPOCKTHUPOBAHUS HEMTPEPHIBHBIX HEJTMHEHHBIX CUCTEM, U UME-
€T MHOTO BO3MOYKHOCTEH, KOTOPHIMU HE 00J1a/1al0T APyrue HeJTUHEHHbIE METO bl TPOEKTUPOBAHUS
[3]. M3-3a G0abIIMX JOCTOMHCTB B HACTOSIIEE BPEMsI aKTyaJbHOMW 3a1adyeil SBIISICTCS CHHTE3 HEJH-
HEHHOro LIU(PPOBOTO YIpPaBICHUS.

JUig AMCKpeTu3aluyu HENpephIBHBIX CUCTEM MPUMEHEHHE HaxOJIuT sMyisiuus Oiiepa [5],
KOTOpas JaeT MOJI0KHUTENbHbIE PE3YIbTaThl JUILb IPU MaJIbIX EpUoAax Auckperusauuu 7. OgHaxko
B 3TOM CJIydae C yBeJIMUYEeHHEM T Mcue3aroT MHOTHE cBoMcTBa HenpepsiBHOTO 3CYP-perymsropa. B
[3] paccmoTpeHO pelieHre 3TOW MpOoOJIEeMBbl, CBSI3aHHOE C HUCIIOJIB30BAaHUEM METOIMKU COTJIacOBa-
HUs ynpasieHus/pyHkuuu JIssmyHoBa, Tak Kak OHAa BOCCTAHABJIMBAET YTEpPSHHbIE CBONCTBA HeEIpe-
PBIBHOTO PETyJATOPA, MO3BOJSET YBEJIUYUTh NEPUOJ] AUCKpeTH3auuu 7, U B pe3yibTaTe JUCKPET-
Hasl peaju3alus CTaHOBUTCS OoJiee OJU3KON K HENPEepbhIBHON peaan3aluu.

Wnes metrona coryacoBanus ynpasiieHus/pyHkuuu JIssmyHoBa 3aKiI04aeTCsl B CIEAYIOLIEM.

[IycTh HenpepbIBHBIN HETMHEWHBINH 00BEKT YIPaBIIEHUS OMUCHIBAETCS YPAaBHEHHEM
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x=fo(X)+g.(Ou,. (1)
B pesynbTare pacumupenHoil napamerpusanun [4] nomyuaem f;(X) = A;(x)x, . Tlpearno-
noxuM, uto u,(t) =u, =const, k=0,1,2,...t €[kT,(k + 1)T] Ha KaX10M BPEMEHHOM HHTEpBAJIE C

MNEpruoaAOM AUCKPETHU3ALIUU T, TOrJa JUCKPETHYIO 3KBUBAJICHTHYIO MOJCIIL CUCTEMbI, OIMMCAHHYIO

(1), MOXKHO IIpeCTaBUTh B BUJIE HETMHEHHOIO Pa3HOCTHOTO YpaBHEHUS
_ T (Acxc+ucge)
Xiy1 =€ X s (2)

TiLi (Acxc + ukgc)

T(Acxctucg) _ 1+ Z
i>1 !
onepatop Jlu L, cBsi3aHHbII ¢ OpaBoid yacThio ypaBHEHUs (1) B MOMEHTHI JUCKPETHU3ALMH
x(t=kT)=x; ams k21 npu x, = o(t =0).
VYpasuenue (3) onucbiBaeT pasHOCTh (GyHKIMH JIsmyHOBA.
(k+1)T

V) by =V () L= [V (3 (2))dr, ©)
kT
JleBast wacthb (3) mpeacTaBisieT SBOTIONUIO AUCKPETHOM CUCTEMBI M1 MOXKET OBITh BBIUMCIICHA

rge € MpEJCTaBIsIeT COOO0N HKCIOHEHIMATIbHBIN

KaK
V(e etetiks) | Y=V (x). (3a)

Jlist mosydeHust udpoBOTO yIpaBIEHUS C 0OPATHON CBS3bI0 HEOOXOIUMO PEIINTh YpaBHE-
uue (3) no m npubmmkenuit B 7. OHO MpUHUMAET CIeAYIOmUi BUI [2]:

m Ti
U, =u' =u, +y ———u,,
P S Uy = Uy, ;(m)! g 4)
rac
Ugo =Ue =g (4a)
Ugy =g |y (46)
Uy .LngV—LgLfV

Ugy =l |0 T+ =0 - (48)

2 L g V
3nece U, (t) —nenpepbiBHOe  ympaBnenme, L L g V=

OL /) o | oV
/
L L.V g=—|—flg
gt ox Gx[ﬁx f}

YJIaCTCSI OCYyIICCTBUTh NIPUMCHCHUC I[aHHOfI KOHOCTIINUKU JI1 PECHICHUS HpO6J'ICM, CBsI3aH-
HBIX C TIOCTPOCHUEM ITU(POBOTO 3aKOHA YIIPABJICHUS, IIYTEM pEaTH3aI[ii METOJIOB 00paTHOTO mIara
(backstepping) u maccuBHOTO KOHTpoJuiepa [5].

PaccmoTpuM npuMeHeHHe 3ToM METOAUKY Ui pean3auuu nudpoBoro ynpasieHus chepu-
YECKUM PE3epBYapOM C JKHUIKOCTHIO, KOTOPBIH IMpeCTaBIIeH Ha puc. 1.

8LgV. 0 {aV

—8x fZa a'g}f,
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Qz'n (f)

4
T
\

h,..=2R
h(t)

| B |
Lo

Puc. 1. Cxematudeckas Mojenb chepruueckoro peseppyapa

3necb R — pammyc chepuueckoro pesepByapa, A(f) — ypoBeHb KUIAKOCTH. CIIMB KUIKOCTH

0,..(?) uner uepes nuxnioro TpyOy non neiicteuem cunbt tsxectn, O, (1) u Q,,,, () — pacxoms
KIUIKOCTH (CKOPOCTH TIOCTYILICHHS ¥ OTTOKA JKHAKOCTH PAa3sMEPHOCTHIO J1/c Wi M°/c). Paccmarpu-
BaeTCs 3ajava cTa0wim3anus YpPOBHS JKHIKOCTH TPH 33JaHHOM HOMHHAIBHOM 3HAYCHHUU
h, =const. YTpaBieHHe ypOBHEM JKHJIKOCTH B 3aKPBITOM CHEPUUECKOM pE3EpBYyape OCYIIECTBIIS-
€TCs PETryIIATOPOM Yepe3 MOCTYNAIOIINN MOTOK JKUAKOCTH. 3a PacXo/] )KHUIKOCTH OTBEUAET Peryliu-
pyembli KinanaH. Bo3Myiaromum BO3A€HCTBUEM B IAHHOM CIIy4ae SBJISIETCA pacXo]l BbIXOA.

Henunelinas nuHamMuka oObeKTa YHpaBJICHHS TJIaBHBIM 00pa3om oOycioBieHa chepude-
CKO# opMoii pe3epByapa U 0COOEHHOCTAMH KJlalaHa.

dh(?)

O6o3nauuM /A(f) xak x(f), U, clienOBaTEILHO, = X . HenuHeiiHass MOJeNb IMpoIiiecca

yIpaBleHUs] YPOBHEM KHUAKOCTU B pe3epByape, IPYyruMHU CIOBAMHU, ypaBHEHUE 0OBEKTa yIrpasJe-

HHs uMmeet Buf [1]:
—1i,/2g0(?) N u(?)
T(2RA(t) - 3% (1))  m(2RH(t) - 62 ()

—CpJ28X(1) 1
rae f(x)= ,g(x)= - CKaISIpHbIE QYHKIUH.
T(2Rx(t) — x* (1)) 7 (2Rx(t) — x* (1))

B ypaBuenuu (5) ans cocTosiHUS paBHOBECUS X U U HE paBHbI HyIIO, T.€. f{0)#0. Takum 06-
pazom, TpeOyeTcs 3aBUCSIIAst OT COCTOSIHUS MapaMeTpU3alus, IPU KOTOPOH BBITTOJIHSETCS YCIIOBUE
f(0)=0. Uto6r1 npumenuts Metroa 3CYP, ypaBHenue (5) A0KHO ObITH PeoOpa3oBaHO TaK, YTOOBI
nepeMeHHasi COCTOSTHHS, TAaKKe Kak yImpaBlieHHe, ObUIa paBHA HYIIO B COCTOSHUHM PaBHOBECHS.
O0o03Havast B COCTOSIHMM paBHOBECHS, T.€. MpH X = 0, MepeMeHHYI0 COCTOSIHUS KaK X , U3 ypaBHE-

HUS (5) OnpesessieM YPaBHEHHUE i = ¢ ,+/2gx , YTOOBI yACP)KUBATH YPOBCHB JKUIKOCTH B COCTOSIHHH

)

0=

paBHOBecHs. C MOMOIIBIO BBEACHUS OTKIOHEHUI NepeMeHHON cocTosiHus X u ynpaieHus U ot-
HOCUTEJBHO UX 3HAYEHUW X W U B COCTOSIHUM PABHOBECHS

X=x-x,U=u-u. (6)
[IpencraBum ypaBHeHue (1) B OTKIIOHEHUSIX
X = f(X)+gx)U, (7

rac
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—ii,A2g(X + X) — /2%
TQRR(E+X)— (X +X)%)
1
TQR(E+X)— (X +X)%)
Ipu 5TOM ISt peanbHOM MOZICIH YIIPABICHNUS TAPAMETPhI IPHHUMAIOT 3HadeHus ¢, = 0.05,
g=10m/c*, R=1m, x =1, u =0.2236.
Hemnpepsisroe 3CYP ympaBnenue mis chepuueckoro pesepByapa umeet Bun [1]:
u () =U(X () =11,(2g(X + X ) —/2g%) — Sign(X)\/ﬁpz (J2g(F+X)—+[2g%)* + X°.
PaccmoTpuMm mpeuiaraeMyro METOJIMKY cHHTe3a mudpoBoro perymsaropa. s storo H(§J1122
KAM G = \/ﬁpz(\/2g()_c +X)-— \/ng)z + X2 ,Z= gcpz(\/)_c-F—X—\/%).
Wcnonb3ys popmynsl (4a) u (40), morydyaeM BbIpaKEHUS:
gy = e |ipr =11, (28 (X + X) =2g%) = sign(X)g, (1
Ugy = U |—kr= ﬁpX@ - sign(X)X( d
2Nx+ X q JE+ X

Jlst mpubmmkenust m=1 ¢ ydetTom moJiydeHHbIX Beipaxkenuid (11),(12) mudpoBoe ympasie-
HUE CEepUUYECKUM Pe3epByapoM IpH MEPHOJE NUCKpPEeTU3aluu ' B COOTBETCTBUU C Gopmysoit (4)
MIPUHUMAET BU/I:

u, =ul = i, (J2g(x + X)—[2g%) — sign(X)g +

S(X) = (8)

g(x) = )

+ X). (12)

13
v |y X \2g — 2sign(X)X(z + XAT + )] (4
4gx + X d
Ha puc. 2 u 3 npencrasiensl rpaduky 3aBUCUMOCTH X(¢) IPU PA3IUYHBIX IEPUOIAX TUCKPE-
TU3auuK 7, NOJy4eHHbIE IPU SMYISIUOHHOM MOJIEIUPOBAaHUY IIM(PPOBOTO 3aKoHA ynpasiieHus (13)
chepuuEeCcKrM pe3epByapOM MPHU HadanbHbIX yeaoBusax X =1, u = 0.2236.

2 ) ) ) j

: : 2 LEL4
e | .......... .......... .........

Letdd )

1.8

(s xe

m=0
m=1

16}

15

1.4
e . T—— - .. — . O UL - e ST A

R i WU S N— A - S —— S _

11 cpocaee e neun Conume] el s b i

1 I I I I 1 i ; I I
1] 2 4 3 a 10 12 14 16 18 20
t.c

Puc. 2. 3aBucumocts x(f) npu nepuoae auckperusanuu 7=0.1c
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Puc. 3. 3aBucumocts x(f) npu nepl-/loz[e nuckperusanun 7=0.01c

AHanu3upysi pe3ynabTaThl, NPEACTAaBICHHbIE Ha pUC. 2 U 3, MOXKHO CJejaTh BBIBOJ O TOM,
4TO I CUCTEMbI CPEPUUECKOT0 pe3epByapa € IOMOLIbI0 METOIAMKH COIJIACOBAHUS YIIPaBlie-
Hus/pyHkuus JlamyHoBa MOMHO HOCTPOUTH LU(POBYIO CHCTEMY, MPAKTHUUYECKU SKBUBAJICHTHYIO
HENPEPbIBHOW X, B KaXJblii MOMEHT BpeMeHH. HeoOXoqMMO OTMETHUTh, YTO IIPU OJHOW U TOM XKe

TOYHOCTHU HpHMCHHGMBIﬁ MCTOA AACT BO3BMOXKHOCTh YBCIIMUUBATH IIEPHUOA AUCKPECTU3 AN T.
HOHOJ’IHI/ITCHBHO U aHAJIM3a Ka4€CTBa UCIIOJIb3YyEMOI'0 METOIa BOCIIOJIB3YEMCA TaKUM KPHU-
TECPHUEM KAaUuCCTBA, KaK MHTCTpaibHasA KBaAPpaTUICCKasa omunoOKa BUJa

o0
J=[e*(padt. (14)
0
Tabnuna 1. Beruncinenue nHTErpaJbHONW KBaAPATUUHOM OIMOKH
[opsnox npubnmxeHus m [lepuon auckperuzanuu
7=0.01 c 7=0.1c
m=0 J=0.0003279 J=0.0003264
m=1 J=0.0002224 J=0.0000072

B tabnuue 1 npencraBieHsl pe3yabTaThl, CBUIETEIBCTBYIOLINE O TOM, YTO IIPHU YBEIUYECHUHU
nopsijka npuoIKkeHus 10 m=1 nugposas peanusanus CUCTEMbI c(heprUECKOro pe3epByapa CTaHO-
BUTCA Oosiee ONM3KOM K HENpepbIBHON peanu3auuu, 4yem npu m=0. ITO MOATBEPKAAET MpPaBUIIb-
HOCTb BBIBOJIOB, CAEJIAHHBIX MPU aHAJINU3E pUC. 2 U 3.
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Annomayus. PaccmatpuBaercst UCIOIb30BaHKE MpeaAnkTopa CMuTa ¢ GUIBTPOM ISl YIIPABICHUS
00BEKTOM C 3ama3/IblBaHHEM, C LEJIbI0 00ECHEeUUTh POOACTHOCTH CHUCTEMBI 110 OTHOIICHHIO K
BHEIITHUM BO3JICHCTBUSIM M HETOYHOCTSIM MOJIEIH.

Knouesvie crosa. Gunbrpytontuii npeaukrop Cmuta, [TNJI-perynstop, TpaHCIOPTHOE 3ara3abl-
BaHMUe.

FILTERED SMITH PREDICTOR FOR CONTROL SYSTEM

WITH TIME DELAY OBJECT
A.lL Bobikov, T.S. Bubnova
Ryazan State Radio Engineering University
Russia, Ryazan, , tanya.bubnova.94@mail

Abstract. We consider the use of a filter Smith predictor for controlling an object with a delay, in
order to ensure the robustness of the system in relation to external influences and inaccurate mod-
el.
Keywords. Filtered Smith predictor, PID controller, transport delay.

BBenenue

Bo mHorux mpoueccax BCTpeyaeTcsl 3ala3/IbIBaHUE, CBS3aHHOE C BBIIIOJIHEHUEM KaKoOTro-
b0 mpolecca B cUCTEME yIpaBieHUs. TpalulluOHHbIE PETYISTOPBl TPYAHO MCIOJIB30BaTh B I10-
JTOOHBIX TIpolieccax u3-3a Hanu4us 3G dekra oTpuaTeabHoi (a3pl. DTa mpodiemMa mpeoI0JieBaeTCs
C MOMOIIbI0 KOMIIEHCAIIUU BPEMEHHOM 3a/1€PKKH, IOMOTAOLIEH YIyUYIIUTh POU3BOAUTEIHLHOCTD
CUCTEMBl C 3aMKHYTBIM KOHTypoM. Ha ceromusmnuii neHb pa3paboTaHO JOCTATOYHO METOOB
YIOpaBJICHUSI CUCTEMOW ¢ 3amasnapiBaHueM. Hampumep, B pabote [2] ObUIO MpeIoxKEHO OCYIIECT-
BUTb CHHTE3 HenpepblBHBIX HMMyHHoro u IIW/l-perynsaropos, rne xo3dduuuentsr I[TN/I-
perynsaropa caMoHacTpauBalOIIMeECs 3a CUET NMpUMEHEHUsl HeueTKoH joruku. [Ipu stom ommcaHo
HCIO0JIb30BaHNE MOJU(PHUIMPOBAHHOTO mpefaukTopa CMHTA, KOTOPBIM MNO3BOJIIET HE YYUTHIBATH
BIIMSIHUE 3amla3/bIBaHUsI IPU pacueTe yrpasistollero ycrpoicrsa. IlomobHast cTpykTypa nocTa-
TOYHO TOYHO OTpabaThIBAET MOCTOSIHHOE 33Jarolllee BO3/JEHUCTBUE, OJJHAKO UYBCTBUTEIbHA K BO3-
MYILAIOLIUM BO3JEHCTBUAM, KOTOPbIE HEU30EKHBI B pEAJIbHbIX CUCTEMAaX yIPaBJICHHUS.

C uenpio NOBBIIIEHUS] POOACTHOCTH MO0 OTHOIICHUIO K BHEIIHUM BO3EUCTBUSIM U HETOUHO-
CTSIM MoJienu B pabotax [3, 4] npeanokeHo ucnoib30Bath npeauktop Cmuta ¢ puabtpom. B nan-
HOM CTaThe C LIEIbI0 YMEHBIICHUS BIUSHHS MMOCTOSHHOTO BO3MYILAIOLIErO BO3IACHCTBUS IpeEJIo-
KEHO 3aMEHUTh paccMOTpeHHbIN B [2] mpenukrop Cmura Ha npeaukrop Cmuta ¢ puibtpom. [Ipu
3TOM JUIsl HACTPOMKM MMMYHHOTO peryistopa u ¢uibTpa npumensercs naker Simulink Design
Optimization B cucteme Matlab, mo3Bossitoluii HaX0AUTh ONTUMAJIbHBIE TAPAMETPHI PErYIIATOpa B
COOTBETCTBUU C 33JJaHHBIMU 3apaHee >KEeJaeMbIMU XapaKTEpUCTUKaMH YIPaBJICHUs, a UMEHHO Iie-
peperynupoBaHueM, BPEMEHEM HapacTaHus, BpemeHeM ycraHoBieHusa. Kcratu, IIW/I-perynsrop
OCTaeTCsl CAaMOHACTPAUBAIOIIMMCS 32 CUET PUMEHEHHS] HEUETKOM JIOTUKH.

B kauecTBe 00beKTa yIpaBiIeHUs pacCMaTPUBAETCS CUCTEMA, COCTOALIAs U3 TPeX OaKoB € KHUJI-

KOCTBIO, TOCJIEJ0BATEIbHO COEIMHEHHBIX KacKaJHO HEMHEPIHMOHHOHN cBs3blo. Ilepemarounas
¢byHKIMS 00BEKTa YIPaBICHUS OIUCHIBAETCS BBIPAXKECHUEM:

W(p) = 2e?
2 Gp+Gp+DGp+1)’

1. Cuctrema ¢ HenpepbIBHbIM camoHacTpauBaomumces [T /[-peryasitopom u npeauk-
TopoM CmuTa ¢ puiabTpom

Cucrema c HempepblBHBIM camoHacTpauBatomuMcest [1IHU/[-perynstopom U npeaukTopom
Cwmura ¢ puiibTpoM (puc.l) oobeaunseT B cede JOCTOMHCTBA, BKIIOUEHHBIX B HETO PEryJsTOPOB, a
TaK K€ M03BOJIET MOBBICUTH POOACTHOCTH 3a CUET MPUMEHEHUs QUIbTpA.
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Puc. 1. CTpykTypHast cxema CHCTEMBI C HEIPEPBIBHBIM caMoHacTpauBatormmmcs [11/1-perynsTopoM u peauKTopom
Cwmuta ¢ puiibTpom

M

Ha pucynke 1 W, — nepenarounas dynxuus (IID) cBoG0IHOM OT 3ama3IbIBAHMA YaCTH MO-
nemu OV, W (p) — I1® peanbHOro 00beKTa, T — BpeMS 3alasablBaHus, d —BO3MYILAIOLIEE BO3ICHCT-
BUE, F(p) — QUIBTP, U SABISETCS BXOJHBIM CUTHAJIOM, ) - BBIXOAHBIM CUTHAJIOM.

Jlyis HacTpOWKHM paccMaTpUBaeMON CUCTEMbI YIPaBICHUS HEOOXOIMMO OCYIIECTBHUTH JBa
mara. [lepBblii mar 3akiato4aeTcs B HACTPOWKE HEMPEPHIBHOTO UMMYHHOTO PEryiasiTopa, IpU 3TOM
napaMmeTpsl (pUIbTpa BO3bMEM COTJIACHO PEKOMEHIOBAaHHBIM B [3,4].

2. Hacrpoiika HenpepbiBHOTo nMMmyHHoro IU/I-peryasaTopa

PabGora MMMyHHOrO perynasiTopa OCHOBaHa Ha Ipoleccax, MPOTEKAIOUIMX B KUBBIX Opra-
Hu3Max. VckyccTBeHHass MMMYyHHasl CUCTEMa NPECTABISIET COOON MHTEIUIEKTYaIbHYIO CHUCTEMY,
pa3paboTaHHYIO Ha OCHOBE MPHUHIMIIOB U MEXaHU3MOB OMOJIOTMYECKOW MMMYHHOM CHCTEMBI, 4TO
CIOCOOCTBYET MOBBIIICHUIO HAJEKHOCTH U CIIOCOOHOCTH aJallTUPOBATHCS B YCIOBUAX C OOJIBIIUM
KOJIMYECTBOM BO3MYILIAIOIINUX BO3JCHCTBUI W HEONPEIACIEHHOCTEM.

3aKoH ympaBlIeHUs IOJJOOHOTO PEryIsiTOpa UMEET BHI:

2

du)
I+exp| ———
dt
3neck K — k03¢GULMEHT YCUIIEHNS HETMHEITHOTO HMMYHHOI'O PETYJISATOPA; 1] — HOCTOSTHHAS,
OTIPEICIIAIONIAsl YCTOMIMBOCTD MPOIIECCOB MMMYHHOTO peryiaupoBanus. [lapamerpsl K 1 1) BBIOH-
paeMm Tak, 4To0bI 3 dexT ynpapienust Obu1 onTuManeH. C 3To# 1enpio 100aBiaeH OJ0K ONMTUMHU3a-
uuu Check Step Response Characteristics makera Matlab/Simulink. brnok ontumuzamnum no3Bossiet
3apaHee 3a/laTh OCHOBHBIE MOKA3aTeIN KaueCTBa MEPEX0HOTO MpoIiecca MPH MOCTOSTHHOM CTYIICH-

4aTOM BO3JEHCTBUU (PHC.2), TTOCTIE YEeTO OCYIIECTBIISIETCS aBTOMATHYCCKUN MOA00P KOIPPUIIneH-
TOB K U1.

k, (duldt)y= K[\ -nf(duldp)], tne f(%] —1-

68



Characteristics

Amplitude

I . . [ J
0 & 10 15 20 25 30 b5 40 45 S0

Time (seconds)

Puc. 2. Onrrumusanms ynpasnenus B 6ioke Check Step Response Characteristics .

[Ipu mpoextupoBannu koMOuHanuu uMMyHHOTO M [TU]/[-perynaropoB Bocmosib3yeMcs 3a-
KOHOM YIIPABJICHHUS CJIEYIOIIErO BUAA

u(t)=k, (%je(t) +K, [e(r)dr + K:;e’

rae K;, K, n K; — K05bQuuuenTsl MHTErpupyromero, NpornopuuoHaabHOro U Au(depeHuupyoe-
ro 3seHa [I1]/[-perynaropa COOTBETCTBEHHO.

B [2] 6b110 mokazaHo, 4Tto 3(h(HEeKTUBHOCTH YIPABIEHUS MOXHO HOBBICUTH 3a CUET UCIIOJIb-
30BaHMsA camoHacTpauBaromierocs [IH/[-perynsaropa, padoTaromero Ha 6a3e HedeTKoM toruku. He-
yeTkuil camoHactpauBatouuiics [1N/I-perynsatop siBisieTcst KoMOMHALMENH HEUETKOTO KOHTpOJIepa
(HK) u xnmaccuueckoro [TU/[-perynsaropa. B ocHOBe perynsTopa JISKUT UCIOJIB30BAHNE HEUETKUX
[paBuUJl, KOTOpbIE (OPMYIIUPYIOTCSI HA OCHOBE CBOMCTB O0OBEKTA YIPaBIECHUSI.

3. Hacrtpoiika ¢puabTpa

Bropoii mar 3akirodaercs B HacTpoiike (GuiabTpa TakuM 00pa3oM, YToObI cucTemMa Oblia po-
0acTHOM 10 OTHOILIEHUIO K BO3MYLIAIOMKUM Bo3aencTBusAM. [Ipeaukrop Cmuta ¢ GuibTpoM mnomo-
raet n30aBUTbCA OT BO3JEMCTBHUI IIYMOB Ha CUCTEMY YIPaBJICHUSI U TapaHTHUPYET BHYTPEHHIOIO
YCTOWYMBOCTH CUCTEMBI YIIPABICHUSI.

OuibTp SBISETCSA CUCTEMOM MEPBOTO MOPSIKA C OAHUM MapaMeTpoM (TIOCTOSIHHON BpEMEHHU

Ty) n umeer Bua F(s) = , e Ty = ed,,, € > 0. Kak npasuno, [3,4] mpuaumaror € = 0,5, HO ¢

14T ys
LETBI0 TOJydeHUS ONTUMabHOTO 3(dekra ympaBieHus wucnoib3oBad 010k Check Custom
Bounds nakera Matlab/Simulink, no3Bonstounuii mogo0Opars € Takum o0pa3oM, UTOObI BIMSIHHE
BO3MYIIAOIIMX BO3JECHCTBUA W HETOYHOCTEH MOJENIHM OKa3bIBaJId MUHHMAJIbHOE BO3JCHCTBHE Ha
s dekr ynpasienus. [Ipu 3ToM ogHOBpeMEeHHas HACTpOWKa MMMYHHOIO PEryiasTopa ¥ (QpuibTpa
HEBO3MOJXHBI, Tak Kak 010k ontumm3aiuu Check Step Response Characteristics momoraet moao6-
patb K03 (HUIIMEHTHI COTIIaCHO 3apaHee 3aJaHHbIM XapaKTePUCTUKaM YIPABJICHHS B MOMEHT Ha-
pactaHus ¥ ycTaHoBJeHUs curHaina, a 6mok Check Custom Bounds mo3BosisieT HaCTpOUTh BIUSHUE
BO3MYyILleHUsA. TakuM 00pa3oM HacTpolKa mapaMeTpoB PEryiaTopoB U (GuiIbTpa MOMOrarT olecre-
YUTH ONITUMAIIEHOE POOACTHOE YIIpaBJICHHUE.
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Puc. 3. Onrrumusanus ynpasnenus B 6ioke Check Custom Bounds

4. JKcnepuMeHTAJbHbIE HCCJIeJ0BAHUS

Ha ocnoBe ommcaHHOro meroja ObUIM HailieHbl MapaMeTphbl HENPEPHIBHOIO UMMYHHOTO
[N I-perymstopa: 1 =0.0034, K = 0.8571. Ilocne yero 6pu1 mogoOpan koddduiuent € = 0,2 mist
¢unbTpa.

Ha pucynke 4 npencraBieHa peakuus CUCTEMbl NPU €AUHUYHOM CTYIIEHYAaTOM CHUTHAJE,
PaBHBIM €/IMHUIIE, Ha BX0Jie U Bo3MyLIarouumM Bo3zaeicteuu d(t)=0.1*(t-40) npuinokeHHOM K BXO1ly
00beKkTa B MOMEHT BpemeHU t=40.

6e3 punsmpa

¢ hunempom

Puc. 4. Peakiyst cMCTEMBI IPU €IMHUYHOM CTYIIEHYaTOM CUTHAJIE, PABHBIM €JMHUIIE, HA BXOJIE U BO3MYILAIOIINM BO3-
nevicteun d(t)=0.1*(t-40) nprIO)kKEHHOM K BXOIy 00bEKTa B MOMEHT BpeMeHH t=40

Kak BunHo u3 puc. 4, 5 ucnonpzoBanue npeaukropa Cmura ¢ GuIbTPOM MOMOTaeT MOBbI-
CUTh CHM3UThH BIIMSIHUE BO3MYILAKOIIMX BO3JCUCTBUN. BricOTa peakimym Ha BO3MYIIAOIIEE BO3ICH-
ctBue cuctemsl 6e3 punptpa 0,087, a cucremsl ¢ npeaukropom Cvuta ¢ punbtpom 0,045. Tak xe
IIpY HETOYHBIX MapaMeTpax MOJENIU cucTema 0e3 (uiIbTpa OKa3bIBAETCS HEYCTONYMBOM, BKIIIOYE-
Hue npeaukropa CMuTta ¢ GUIBTPOM MOMOTaeT n30exarb 3T0i MPoOIEMBbI.
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Puc. 5. PeaKHI/IH CUCTEMBI IIpHU CAMHUYHOM CTYIICHYATOM CUT'HAJIC, paBHBLIM HYJIIO, Ha BXOA€ WU BO3MYIIAIOIIUM BOSHeﬁ-

crBum d(t)=0.1*(t-20) npunokeHHOM K BXOy 00OBEKTa B MOMEHT BpeMeHH t=20

BrIBOABI

B nanHOI#i cTaThe paccCMOTpeHa crucTeMa yNpaBieHUs OOBEKTOM C 3ama3/(bIBAHUEM C IIOMO-
IIbI0 KOMOMHALIMN HEMPEPHIBHBIX MMMYHHOTO PEryJiiTopa, HaCTPOEHHOIO C IMOMOIIBIO ITaKeTa OIl-
tumu3anuu Matlab/Simulink u camonactpauatomerocst [T /[-perynstopa, a Tak ke MpeIuKTOPOM
Cmura ¢ GuIbTPOM.

B nmanHoi#f ctathe 3a cuer moOaBieHUs GUIbTpa B CHCTEMY YIIpaBieHUs ObLla MOBBIIICHA
po0acTHOCTh IO OTHOILLIEHHUIO K BO3MYILAIOLIUM BO3JEHCTBUSAM, a HCIOJIb30BaHUE MTAKeTa ONTUMHU-
3aumuu Simulink Design Optimization B cucteme Matlab nmomorio ontumansHO Hoa00paTh KO-
(buIUEeHTH UIMMYHHOT'O PETYJISTOpa U PUIbTpA.

Bubimorpaguyeckuii cnucoxk
1. BobuxoB A.U., byonosa T.C. HenpepwiBHbiid ummynnsiii [TW]]-peryssitop, Matepuaisr noknanoB XX VIII Bcepoc-
cuiickoii HayuHo# koH(pepeHimn BUOMEJICUCTEMBI — 2015, Psazans, 2015.
2. bobuxoB A.W., byonosa T.C., [TonoBa A.A. HenpepbiBHbIH UMMYHHBIH camoHacTpauBaronuiicst [T1/]-perymnsarop
1 00BeKTa ¢ 3anasasiBanueM. — Ps3ans. Bectauk PITPTY Ne59, 2017.
3. J. E. Normey-Rico and E. F. Camacho, “Unified approach for robust dead-time compensator design,” Journal of
Process Control,, 2009. - Nel. - C. 38-47.
4. Z. Palmor, “Time-delay compensationsmith predictor and its modifications,” The control handbook, vol. 1, pp. 224—
229, 1996.

YIAK 681.51; TPHTH 50.43.15 .
AJAIITUBHOE YIIPABJIEHUE CUCTEMOMU OBLHIEI'O BO31YXA

BAPABAHHOI'O KOTJIA

3. lukyas
Amypcexuti F'ocyoapecmeenuwiti Ynueepcumem,
Amypckas obnacms, Brazosewenck, zex1@protonmail.com

Annomayus. B 1anHO# paboTe paccCMOTPEHBI 0COOEHHOCTH CUCTEMBI OOIIIEro Bo3ayxa, Kak 00bek-
Ta ympaBieHHusA. [IpOBOAUTCS CHUHTE3 aJalNTHBHOTO PETYJATOpa € (QHIBTP-KOPPEKTOPOM IS
CTPYKTYPHO U MTapaMeTPUYECKH HEONPEIEIEHHOT0 00bEKTa.

Knmiouesvie cnoéa. OTHOCUTENBLHBIN MTOPAAOK, MepeaaTOuHast (QYHKITH, H3MCHEHHE CTPYKTYPHI, 3a-
Ma3IbIBaHUE, AAATHBHBIN PETYIATOp, GHIBTP-KOPPEKTOP

71



ADAPTIVE CONTROL SYSTEM TOTAL AIR DRUM BOILERS
Z. Pikul
Amur State University,
Amur region, Blagoveshensk,zcx | @protonmail.com

Abstract. In this paper, the features of the total air system as the control object. Held synthesis of
adaptive control with filter corrector for structural and parameter indenermination of the object.
Keywords. The relative order of the transfer function, changing the structure of the delay, adaptive
control, filter corrector

1. Beenenue

VY HekoTopbix 00bekTOB yrpasieHus (OY) HOpManbHBIA pekUM pabOThl MOAPa3yMEBAECT
KaK MapaMeTpUUYecKylo, TaK U CTPYKTYPHYIO HEOIPEIEeIIEHHOCTh, pa3pab0TKa CUCTEM YIIPaBJICHUS
JUIS TAKUX OOBEKTOB MOXET OBITH JIOMOJHUTEIBHO OCIIOKHCHA HajJudueM 3amasabiBaHus. [1-8]
JlanHble KauecTBa 00BEKTa MPUBOAIT K U3MEHEHUI0 MAaTEMAaTUYECKOM MOJIENH, YTO 3aTPYAHSET I10-
Jy4eHUE MaTeMaTHIECKOTO onucanus oobekTa ynpasienus. [2],[3],[9],[10]

OnHO# M3 TaKUX CHCTEM SIBIICTCA CHCTeMa aBTomMaTudeckoro perynupoBanusi (CAP) pac-
xoa o6mero Boznyxa (POB). /lannas cucrema npeaHazHadeHa Juid MOJJIEpKaHus Haubosee KO-
HOMHMYHOTO peXUMa CKUTaHMsI TOIUIMBA B TOINKE KOTJAa, TaKUM oOpa3oM, oHa HMeEET MpsSMOE OT-
nomenue kK KIIJ[ xotma. [2],[11]

CAP POB u3zo6paxena Ha puc. 1., Tie: — 3a1aHue Ha JaBjieHue Bo3yXa B Marucrpaiu, P —
JaBJIeHUE Bo3ayxa B Maructpaiu 6apadannoro kotia (bK), CAP — cucrema aBToOMaTHueckoro pe-
rynupoBanusi, HA JIB — HanpaBiisiomiye anmnaparbl JyTheBbIX BEHTHIATOPOB, OY — 00bEKT ynpas-
JICHUSL.

P.g P
()~ cap|- A . oy .

0B

Puc. 1 Cxema perynupoBanus POB

CyliiecTByeT HECKOJIBKO CXE€M aBToMaTHueckoro ympasieHus POB: perynupoBaHue 3ko-
HOMHUYHOCTH IO COOTHOIIEHHIO TOIJIMBO-BO3/IYX, PETYIUPOBAHHE SKOHOMUYHOCTH MO COOTHOIIE-
HUIO CUTHAJIOB TEIJIOTA-BO3IYX, PETYJIMPOBaHHE SKOHOMHMYHOCTH IO COOTHOIIECHHUIO 3aJaHue-
BO3ayX. [1],[2]

Crout otMeTuTh, uto OV M300pakeHHBIN Ha pHC. 1, MpeAcTaBiIseT cOO0H TOCTATOYHO MPO-
TSYKEHHYIO U Pa3BETBIIEHHYIO MarucTpalib, KpOME TOTO, Ha BBIXOJIE 00BEKTa MOT'YT IPUCYTCTBOBATh
OJIMH WJIM HECKOJIBKO MOoTpeduTenel, HanpuMmep, MojotkoBas menbauma (MMT), ropenka. B pabo-
te [12] Opn 00paboTanbl dKkcriepuMeHTalbHbIe XapakrepucTuku CAP POB u nomyyeHo marema-
TUYECKOE OMMCAHUE, U3 KOTOPOTrO BUJIHO, YTO CUCTEMa O0JIaJaeT 3HAYUTENIbHBIM 3aIla3/IbIBAaHUEM U
MOXET ObITh omucaHa Iu((depeHIHaTbHBIMI YPaBHEHUSIMU C MU3MEHSIOLIUMUCS NapaMeTpamu U
CTPYKTYpOil.

B nacrosieit pabore, onupasce Ha pe3yastaTsl [10],[12—-18], mpoBoauTcs mocrtpoeHue pe-
rynsatopa st OY ¢ 3ama3aplBaHWeM, C HUCIosb3oBaHueM (uiabtp-koppekropa (PK) u sBHO-
HESIBHOTO 3TAJIOHA, UMUTAILMOHHOE MOJEIMPOBAHUE CUCTEMBI YIIPABICHHUS.

2. Cucrema peryJiupoBaHusi

N3 paboTel [12] MOKHO BBIIETUTH MAaTEMAaTHYECKOE OMMCAHUE OOBEKTA IS Pa3IMYHbBIX Pe-
xumoB (1)-(3).
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Bip+ B _
Wig1 (P) = —5——5— et (1)
Otlp +0£2p +a3p+a4

rue 0.0004329< B, £0.0006494 , 0.000001728& B, £0.000002592 , 08<¢ <12 ,
0.02369<, £0.03554 , 0.0004053< a; <0.000608 , 0.0000026< r, <0.0000040 , 7 = 60c.
)i _
Wigs (p) =———— e T, 2)
aop” Tapptoag
rue 0.001464< B, <0.002196 , 08<a,<12 , 0.02668< r,, <0.04002 ,

0.0025992< ¢, £0.003898 , 7 = 60c.

[Tapametprl o0bekTa B pexkumax (1) — (2) MOryT M3MEHSTHCS CKauKOOOpa3HO M CIIOKHO
IIPOrHO3UpyeMbl. B cucteme ymnpapiieHusi, HE3aBUCHMO OT HadaJbHBIX YCIOBHM, B YCIOBUSX allpH-
OPHO HEOIPEIEIEHHOCTH O 3HAUEHUH NTapaMeTPOB U HAJIMYUU IIOMEX, TpedyeTcsi 00ecneunThb J0c-
THUXKEHUE:

1) uenu ynpaBiaeHUs

lim‘y(t) = Y roo (t)‘ <o,,0, =const >0 3)
t—w
2) menei aganTanuu

lim|Cl (- C01| <o0,,0, =const>0

t—0

lim|C2 ) - C02| <o0,,0,=const>0 4)

t—0

lim|C3 () - C03| <0,,0,, =const>0

t—

}i_?jk(t) - k0| <o0,,0, =const>0

Tpebyetcst cunTe3upoBaTh cuctemy ynpasierus ;s OV (1) — (2).

[TonpoOHBI CHHTE3 AITOPUTMOB YIIPABJICHHS MTOKa3aH B padotax [10],[13],[14],[16],[17]. B
JAaHHOW paboTe Mbl ONpPEAETUM SBHBIN BUJ ATaJOHHON Mojenu (OM), 3agaiuM CTpYKTypy ajar-
TUBHOTO PEryJsTOpa, ONpPENEINM LU YIPaBJICHUS U LIEJU aJanTaliy, ONpeneiauM SBHBIA BUJ
¢unbTp-koppekropa (OK), cunTe3npyem alropuTMbl afanTarim.

Omnpenenum sBHbIN Bug OM s OV (1)—(2):

1
Wy (p) = 3 7 )
ayip” taypp” toysptl
CTpyKTypy aJlaiTHBHOTO PETYIATOPa 3a1a1UM CIIEIYIOIUM 00pa3oM:
u(t) = k(@u(t —7) — (C()x () + Cr (1)x, (2) + C3(£)x3(2)) :
(6)

rae k(1),C\(t),C,(t), C;(¢) —xo3ddUHEeHTb cCAaMOHACTPOIKH PEryIsTOpa, ANIrOPUTMBI KOTOPBIX OY-
YT OTIPECNIeHbI To3/Hee, X, (1), X, (1), x;(f)— mepeMeHHbIe COCTOSHUS 00BEKTA.

OueBHIHO, YTO MepeMeHHbIe cOCTOsIHUA OY He OCTYNHBI JJIs U3MEPEHUS, I03TOMY PEery-
nATOp BHUaa (4) TEXHUYECKH HE peanu3yeM. AHajmorudHo [16] BBOOUM B paccMOTpeHHE (PHIBTP-
koppekrop (DK).

(Tp + 1)n—m—l
(Top+1)""

rae 1, <<T —nocTosHHBIE BpeMeHH, m — nopsAaok uucaurens OY, n — nopsaok 3HameHarens OY.

Wor (p) = (7)
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OtMmetum, 4yto B oTiimunu oT [16] ®K umeet nmopsimok n-m-1, 9T0 3HAYUTENHHO YIPOIIACT
TEXHUUYECKYIO PEeaJIM3alllI0 CUCTEMBI 3a cueT noadopa menbnx To u T no cpaBHenuto c [16].
B namewm ciyuae siBabIi Bug OK Oyaet criemyronyum:

Porp *1
app? +app+l

Wee (p) =

(®)

Mo>xHO IMOKa3aTh, YTO €CJIN aJalITUBHLIC AJITOPUTMEI 3aJIaHbl B BUC:

dk(t) _ | v r(@), Vv(t) > A,

at o, vv()| <A,
dC(t) _ hev(#)xs,(2), V‘V(f)‘ > A,
di 0, V() <A,
dC,(t)  |heav()x;,2(0), V(0] > A, ’
dt 0, Vv(e) < A,
dCs(1) | heav(®)x53(0), V() > A,
di 0, V(@) <A,

€))
rne  h, =const>0,h, =const>0,h,, =const>0,h,, =const >0 — HekoTOpBIC YKCIA, TO TPeOO-
BaHUS KPUTEPHSI TUIIEPYCTONYMBOCTU OYAYT BBIIOIHITHCS.

Tak >xe ananoruyHo [17] MOXHO MMOKa3aTh, YTO 3a CUYET BHIOOPA COOTBETCTBYIOMIETO KO3(-
¢unnenta 7, MokHO 0O6ecneunTh L-aucCHITaTHBHOCTh CHCTEMBI YIPABICHHS.

3. UMuTanMOHHOE MOCJIMPOBAHHE
B kauecTBe uccienyeMoi cucTeMbl BO3bMeM OOBEKTHI ¢ EPEIATOUYHBIMU (DYHKIUSAMU:

0.00053p +0.000002 _
Wis1 () = — 3 L e (10)
p® +0.3p2 +0.0005p + 0.000003
0.0019 _
Wiss (p) = e P (11)

p? +0.03p+0.003

OTMCTI/IM, 4TO I IMpUMEPaA UCIOJB3YIHOTCA NEPEAATOUYHEBIC (bYHKHI/II/I PAa3HBIX MOPSAAKOB U C
pa3aM4HbIM HabOpOM mapaMeTpoB, HO ¢ ogHoM OM u @K, uro mo3BoauT nokasate paboToCnocoo-
HOCTB TIOCTPOCHHOTO BHIIIIE PETYIISATOpA.

Ha puc. 2 nokazansl nuaamudeckue mporeccs it OV (10), Ha puc. 3 Takue xe mpoIecchl
st OV (11).
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Puc.3 Tunamuueckue nporecceiist OV (11)
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INPEOBPA3OBAHHUE PAJIOHA U ET'O IPUMEHEHUE IS BBIAEJEHUSA

NPSMBIX JIMHUA HA U30BPAXKEHUU

B. B. I'yceB, A.b. ®eabaman
Psizanckuii 2ocyoapcmeennwiil paduomexHuueckull yHusepcumen,

Poccus, Psazanckas ooracme, Paszans gusevvladislavi995ya@yandex.ru
Aunnomayus. PaccmaTpuBaeTcs 3ajavya IpHUMEHEHHs npeoOpa3zoBanus PagoHa uis BbIIETIEHUS
MIPSIMBIX JIMHUI Ha H300paKCHUH.

Kmiouesvie cnosa. Tlpeodpasosanue Pagona, OpenCV, ¢puiabTp BhIACICHUA rpanul Canny, oOHa-
PYXXCHHE TPAMBIX, JIOKAJTbHBIE MAKCUMYMBI.

RADON TRANSFORM AND ITS APPLICATION TO ALLOCATION OF

DIRECTLINES ON THE IMAGE
V. V. Gusev, A. B. Feldman
Ryazan state radioengineering university,
Russia, Ryazan region, Ryazan, gusevvladislav1995ya@yandex.ru

Abstract. The problem of the application of the Radon transform to extract the straight lines in the
image.

Keywords. Radon, the OpenCV, filter selection borders Canny, detection of direct, local maxi-
mums.

BBenenue

OO6HapyxeHue MPsIMOJIMHENHBIX IPAHULl — OJIHA U3 3a]1a4 KOMIIBIOTEPHOI'O 3pEHHUs, KOTOpast
pelIaercs B HACTOSIEEe BPEMsI C MCIOJIb30BAHHUEM OOJIBIIOrO KOJIMYECTBA MOAX0A0B. OAHUM U3
MEPCIIEKTUBHBIX HAIIPaBJICHUNA B 3TOM 00JacTH SBJISETCS MCIOJIb30BAHUE AJTOPUTMOB Ha OCHOBE
CTPYKTYPHOTO aHalin3a n300pakeHnil. B cooTBeTCTBUYU ¢ HUMU M300pakeHUE 0OBEKTa paccMaTpH-
BaeTCs KaK KOMOMHAIIMS T€OMETPUYECKUX IPUMUTHBOB, TAKUX KaK TOUKH, NPSAMBIE, TyI'd JJLIUIICOB
U T.J1.

Jliia oGHapyKeHUs NPSAMOIMHENHBIX IPAHUL] 0OBEKTOB YaCTO MCHOJb3YIOT peoOpazoBaHue
Panona. B 3toit pabore moja npsMoJIMHENHOW TrpaHHIled 0O0beKkTa Ha M300pa)keHUU OyIeT MOHU-
MaThCsl 00JIaCTh CHJIBHOTO IEpenaja sipKoCTH M300pakeHUs, COCTOsIAas U3 MHUKCeNeH, Jiexallux
BJI0JIb OJIHOM mpsiMoil. OfHAaKo B cilydae OOJBIIOrO KOJIMYECTBA MPSMOJIMHENHHBIX TpaHUll, JHO0
3HAYUTEJIBHOTO YPOBHS 1IIyMa BEPOSTHOCTD JIO)KHOTO OOHApYKEHUs CUIIBHO Bo3pacTaeT. V3BecTHBI
pa3iIuyHbIe MYTH YBEJIMYEHHs YCTONUMBOCTH IIpeoOpa3zoBanus PajoHa K nrymam Ha UCXOJHOM H30-
OpakeHHH, HallpUMep, TaKue KaK Mo100p MOIXOSIIEro (GuiIbTpa BbIICICHUS I'PaHULl Ha HCXOTHOM
n3o0paxenun. Haunbonee nmoaxonsuum (QUIbTPOM BBIAEICHHS I'PAHUL, KOTOPBII HMCIOJNb30BaH B
aTOM padoTe, sBusercs puabTp Canny.

1. Anroputm o0Hapy:KeHHMs PSMOJIMHEHHBIX IPAHULl HA OCHOBe Npeodpa3oBanus Pa-
JAOHA

ANroputM, UCHOIB3YIOIUN pe3ynbTaT nIpeodpasoBanus Pagona s oOHapyKeHUs MpsIMO-
JIMHEIHBIX TPaHMUll, BKIIIOYAET CIAEAYIOIINE dTaIlbl:

1. UcxoaHoe n3o0pakeHue npeaapuTeabHo obpadaTsiBaeTcs GuibTpoM Canny amst BbIe-
JICHUS TPaHMUII.

2. Ha ocHoBe noJiyueHHOTO M300pa)KeHus BBINOJHsIETCA npeodpazoBanue Pajona ucxoaHo-
ro U300paKeHusl.

3. [IpousBoauTCS MOUCK JIOKAJIbHBIX MaKCHUMYMOB IpeoOpa3oBanus Panona, mpeasapu-
TEJIbHO 3a/1aBIIMCh KOJUYECTBOM N ITUX MAKCUMYMOM.

4. 3aTeM oCyLIECTBIISIETCS BBICJIEHNE N JIMHUNA HA KCXOHOM U300pakKeHHH.

Paccmompum smom aneopumm b6onee demanvro Ha npumepe.

Kak npaBuio, Haubosee cyiecTBeHHass HHGopMalus 0 HabJIt0JaeMoil ClieHe 3aKIIIoYeHa B

KOHTYypax m3o0paxxenus. KoHTyphI coieprkar BClo HeoOxoaumyro uHpopMmanum o Gopme 0Obek-

TOB, TIPUCYTCTBYIOIINX Ha H300paXEHHUH, U OTIEpAIHS BBIJCICHUS KOHTYPOB OYEHb 4acTo o0Jerya-
€T MOCJeyIOIUN aHanu3 HabIogaeMoi CIieHb! (KaK BU3YalIbHbBIN, TAK U aBTOMaTUYECKHIA).

[Tpumenus ¢unpTp BeLIeneHus rpanul Canny, mosydyuM OWHapHOE M300pakeHue, coaep-
xKaree rpanuibl (puc. 1-0).
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Puc. 1. IIpumep padotsr pyakmuu cvCanny() 6udimoreku OpenCV: ucxomHoe H3o0paxeHue (a); pe3yabTaT paboTh
¢yukuu cvCanny() (0)

[Tocne oOpaboTku ucxoaHoro uzoodpaxenus puabtpom Canny 1 BbLAEIEHUS TPaHUILL 10-
Jy4EeHO HOBOE M300paxkeHue, KOTOpoe InojaBepraercs npeodpasosanuto Panona. 3arem B mapamer-
PHYECKOM MPOCTPAHCTBE MPEOOPA30BAHMS OTHICKUBAIOTCS JIOKAJIbHBIE MAKCUMYMBI, KOCBEHHO YKa-
3BIBAIONIME HA TPUCYTCTBUE MPSIMOJIMHEHHON TPAHUIIBI HA MCXOTHOM H300paxenuu [1].

IIpeobpazosanue Padona 0ns ciayuas nenpepviénoco 08ymepro2o uzoopaxcenus f(x,y),
cooepoicawye2o 8vl0esleHHble 2PAHUYDL:

oo

R(s,a) = j f(s-cosa—z-sina,s sina —z-cosa)dz,
—00

riae R(s,a) — pesynbrar npeobpazosanus; (S, @) — napaMeTphl MPIMOM, BIOJIb KOTOPOM ITPOBOAUT-
Csl HHTETPHPOBAHHE.

Ecnu B3sTh n300paXkeHe CBETIION0 OTPEe3Ka, JISKAIIEro Ha mpsMoi ¢ mapamerpamu (s', a'),
Ha 4€pHOM (OHE, TO pe3yIbTaTOM MpeoOpa3oBanusi PagoHa 3Toro M300pakeHust OyIeT MOJIYyTOHO-
BOC M300payKeHHE C TII00aTbHBIM MakKCUMyMOM B Touke (s', a'). Eciim 0Tpe3KOB HECKOJIBKO, U OHH
UMEIOT Pa3lIMYHbIC PACIIOIOKECHNE, OPHEHTAIMIO U YPOBHU SIPKOCTH, TO TpeoOpa3oBanue PamoHa
MOJKET OBITH OIPEENICHO 10 MPHUHIMUITY CYMEPIIO3UIINU KaK pe3yabTaT HAIOXKEHHS MpeoOpa3oBa-
Huil PajoHa oT n300pakeHusT KAKIOTO M3 OTPE3KOB B OTACIBHOCTH. B 3TOM citydae Ha pe3ysbTH-
pymoleM n300paxeHuu OyJeT HECKOJBKO JIOKAJbHBIX MAKCUMYMOB, MHOTUM M3 KOTOPBIX OyIyT
COOTBETCTBOBATH MapaMeTpsl (S, @) OTPE3KOB Ha MCXOHBIX H300pakeHusx. Takum o6pa3oM, Tpu-
CYTCTBHE APKO BBIPA)KEHHOT'O JIOKAIBHOI0 MakcumyMma B Touke (S, @) npeobpasosanus PajgoHa no-
3BOJIACT NPCAIIOJIOKHUTh HAIMYUC OJHOI0 MJIM HECKOJBKHUX CBCTJIBIX OTPE3KOB, JIC)KAIIWX HA IIpPA-
MOH1 ¢ mapamerpamy (S, @), Ha HCXOJHOM H300paXKEHHH.

3nech u gaiee Ha n300pakeHnu npeodpazoBanust Pagona (puc. 2) och abCIUCC COOTBETCT-
BYET YIJly @ MpsMOMl Ha M300pa)XeHHH, a OCb OPJIMHAT — CIABUTY S MPSMOIl OTHOCUTEIHHO LIEHTPa
MCXOJTHOTO M300paxenus (puc. 1-a).
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Puc. 2. Uzo0pakenue npeobdpazoBanus Pamona

[Touck nOKaJbHBIX MAaKCUMYMOB BBINOJHSETCA C Y4ETOM OCOOEHHOCTEH NpeoOpa3oBaHUs
Panona [2]. [Ipeanonaraercsi, 4TO KOJIMYECTBO MCKOMBIX I'paHMI] Ha M300pa’kKeHUU M3BECTHO 3apa-
Hee. CocTraBisieTcs peiBapUTENIbHbBIN CIIMCOK BCEX JIOKAIbHBIX MAaKCUMYyMOB IIpeoOpa3oBanus Pa-
JIOHA B TIOpsAKEe YObIBaHUS MX 3HAUCHUN. B OKOHYATENbHBIN CIIUCOK JIOKAIBbHBIX MAaKCHUMYMOB I10-
ouepénHo 100aBIAIOTCA MAaKCHUMyMbl M3 IPEIBAPUTEIBLHOTO CIHMCKA, HAYMHAs C CAMOIO HEPBOIO
aneMeHTa. [lpu 3TOM Uil CHUKEHUS! BEPOSATHOCTH OOHApYXEHHUS JBYX ONM3KUX MaKCUMYyMOB, CO-
OTBETCTBYIOIIMX OJHOMN HPSMOM, /ISl KaXKJI0T0 HOBOIO MakKCHMyMa, MPETEHyIOIIEero Ha Jo0aBJe-
HUE B OKOHYATEJIbHBII CIIUCOK, IPOBEPSIETCS YCIOBUE:!

(1S: = Sil = aSmin) V (la; = a;] = actimin). (1)
rae (S;, ;) — KOOpIMHATHI IPOBEPAEMOTI0 MaKCHMYMa; (Sj, aj) — KOOpAMHAThI MaKCUMyMa
13 OKOHYATEJIbHOTO CIHUCKA; ASmin U A®min — MUHUMAJIBHO JIOIIYCTUMbIE€ PACCTOSIHUSA 110 OCAM S U
d
@ cooTBETCTBEHO; a;, @ € [ 0,360°),S;,5; €[ O’E ], Tne d — nMHEHA qEAarOHAIH MCXOJHOTO H30-
Opa)XeHUS B TTUKCETIAX.

Ouepennoit Mmakcumym (S;, a;) cpaBHMBaeTCs Ha OIM30CThH 110 BhIpakeHUIO (1) ¢ KaXabIM

MaKCUMYMOM (Sj,ozj), y)Ke MpUHAIeKAUM OKOHUYaTebHOMY cnucKy. Eciau Beipaxenue (1) BbI-

MHOJIHSIETCS UIT KaXKI0I'0 (Sj, 0(]-), 1o (S;, @;) n00aBiIAETCS B OKOHYATENbHEIM CIIMCOK MaKCUMYyMOB.
ANropuUTM BBINOJHSETCS 10 TEX MOP, OKa KOJIMYECTBO MAKCUMYMOB B OKOHYATEJIbHOM CIIMCKE HE
JOCTUTHET 33/IaHHOTO Yncia, IM00 NpeBapUTEIbHbIA CIIMCOK HE MOJONAET K KOHILY.

Ha puc. 3 Mmoxuno Habmonate n3obpaxeHnue npeodpasoBanus PajoHa ¢ OTMEUYEHHBIMU JIO-
KaJIbHBIMM MaKCUMyMaMH, COOTBETCTBYIOIIMMH HAalJICHHBIM MPSIMOJMHENHBIM I'PaHULIAM, a Ha PHC.
4 M0OxHO HaOMOaTh OOHAPYKEHHBIE MPSIMOIMHENHbIE TPAHUIIBI HA UCXOJIHOM M300paxeHuH (puc.
1, a).

2. lIporpaMMHasi peaju3alusi aJIrOpuTMa 0OHAPYKEHUSI NPSMOJIMHEHHbIX TPAHUI] HA
oCcHOBe npeodpasoBanus Paxona

[IporpamMmHuasi peanuzanus ajlroputMa oOHapyXeHHUS NMPSMOJIMHEHHBIX IpaHUIl ObLIa OCY-
LIECTBJIEHA C MCIOJIb30BAaHUEM S3bIKa MporpamMmupoBanusi C++ 1 OMOIMOTEKH MAUTMHHOTO 3PEHUS
OpenCV B cpeae nporpammupoBanus Microsoft Visual Studio 2015.

® ' Radon — O >

Puc. 3. 300pakenue nmpeodpa3oBaHus PamoHa ¢ OTMEYEHHBIMU JIOKAIEHBIMUA MAKCUM YMaMH, COOTBETCTB YIOITUMHU
HaWJIeHHBIM MPSAMOJMHEUHBIM TPaHUIIaM

79



B Originallmage - O x

Puc. 4. icxonHoe n3zo0paxkeHne ¢ 00HapyKEHHBIMU TPSIMOJIMHEHHBIMHU TPaHULIAMH

[Iporpamma cHabxxeHa rpapUYecKUM IOJIH30BATEILCKUM HHTEP(EHCOM, MO3BOJISIONIUM B
MHTEPAKTUBHOM PEKUME 3a7aTh MapaMeTpbl pabOThl AITOPUTMA U OTOOPAXKEHHS IPOMEKYTOUHBIX
1 KOHEYHBIX pe3yibTaToB (M300paxenuil). [lepeunciuM oCHOBHbIE HACTPOUKH.

Ilapamempur oemexmopa Canny (¢pynxyus cvCanny() oubauomexu OpenCV:

- Threshold1 — nopor munnmyma ¢pyukiuu cvCanny();

- Threshold2 — nopor makcumyma dynkuuu cvCanny();

- Sobel op — pazmep mns oneparopa CoGenst (MOKET MPUHUMATH 3HAUYCHUSI TOJIBKO 3, WK
5).

Iapamempor omobdpadsicenus pezyromama npeoopazosanus Paoona:

- Contrast — oTBeuaeT 3a KOHTPACT U300pakeHus nmpeoOpazoBanus PagoHa (anroput™ BH-
3yalu3alui YMHOXKAET 3HAUYCHHE SIPKOCTH KaXKIOTO MHKCEIIsl MOJyIHBIIErocs: n300paxe-
HUS Ha JaHHOE 3HAYCHUE);

- Brightness - orBeuaer 3a sipkocTh u300paxkeHus npeodpazoBanus Pajgona (anroputm Bu-
3yajii3aluu HpI/I6aBJ'I$ICT K 3HAQUYCHHUIO SIPKOCTHU KaXXAOI'0 IMHUKCEI MOJYYHUBHICTOCA H30-
OpaskeHUs TaHHOE 3HAYCHUE);

- Angle Step — ompenensier mar yriia @ npoxoja 1o BCEM IMUKCENISAM Npu GOpMUPOBAHUN
n300pakeHus mpeoOpa3oBanus PagoHa wim, IPYrUMU CIIOBaMH, KOJHMYECTBO MUKCEIEH
(mpuHy) u3o0pakeHus npeodpazosanus Pagona.

Ilapamempbl noucka 10KaIbHLIX MAKCUMYMOG npeobpazosanus Padona

- Lines — KoJIM9eCTBO JIMHUI Ha OPUTHHAILHOM W300paXCHUH, KOTOPOE MBI IPEAIOJIaraeM
HaWTH,

- Distance — MUHHUMAJILHO AOITIYCTUMBIC PAaCCTOAHUA MEKAY JIOKAJIbHBIMHU MAaKCUMYyMaMHU
npeoOpaszoBanus Pasona no ocsiM S 1 @ cOOTBETCTBEHHO ( ASmin, A%min)-

3. [Ipumep paGoThHI NPOrpaMMblI

Ha puc. 5 npuBeneHs! npumepsl paboThl aITOPUTMA OOHAPYKEHUS MPSIMOJIMHENHBIX TPaHMII
¢ oMo1IIbto npeoOpa3oBanus Pajona.
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Puc. 5. IIpumeps! 0OHApYKEHUS MPSMOIMHCHHBIX TPaHUII C IIOMOIIBIO ITpeoOpa3oBanus Pamtona

BrIBOAbI

B pesynbrare BoinosnHeHus: paboThl Obli1a pazpaboTaHa mporpamMma JJisl BbIACICHUS IPSIMbIX
JUHUN Ha W300pakeHNH ¢ TOMOIIbIO TpeoOpa3zoBanust Pagona. McxoaHoe n3oOpaxeHnue mpeaBapu-
TenbHO 0OpabarpiBaeTcst GUIBTPOM BbIAeIeHHs rpaHul] Canny, a pe3yabTaT MOABEPraeTcs mpeod-
pazoBanuio Pamona. 3arem Ha mojydeHHOM HM300pakeHHWH TpeoOpazoBaHusi Pamona wimmyrcs jio-
KaJIbHbIE€ MAKCUMYMbI, YKa3bIBalOIINE HA MPUCYTCTBUE MPSMOJIUHENHBIX TPAaHUI] HA HCXOIHOM H30-
OpaKeHUH.

Anroput™m npeobpazoBanusi PajoHa MOXeT ObITh HCIOJIb30BaH B KOMIIBIOTEPHOM TOMOTIpa-
(Guu WM B cuctemMax BUJCOCIEKEHUS Ul OEHKU C/IBUTa U300pakeHHs B 00J1aCTH UHTEpeca.

Pabora BrinoniHeHa Ha cpenctBa rpanta [Ipesunenta PO ains rocynapcTBEHHON MOIIEPKKI
Benymux Hayunsix mkosn PO HII-7116.2016.8.
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PEIIEHUE 3ATAYN OBHAPY X XEHUSA ITPENATCTBUU C UCITIOJb30OBAHU-

EM NTAPbI CHHXPOHU3NPOBAHHBIX BUJIEOKAMEP
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Annomayus. B nanHOW paboTe OmMMCaHO pelleHHE 3aa4yd OOHApY)KEHHs MPETSITCTBUHA TPH HUC-
TIOJIB30BAHUH JIBYX CUHXPOHU3UPOBAHHBIX MEXKAY COOOH Kamep, MPeICTaBISIIONINX CO00 cTepeo-
napy.
Kniouesvie cnosa. Crepeokamepa, oOHapykeHHe TPETsITCTBUI

OBSTACLE DETECTION USING TWO SYNCHRONIZED VIDEO SENSORS

M. Knyazev, A. Feldman
Ryazan State Radio Engineering University,
Russia, Ryazan, aitu@rsreu.ru
Abstract. This article deals with the solution of obstacle detection problem with using of two syn-
chronized video sensor as stereo pair.
Keywords. Stereo camera, obstacle detection

B noknane paccmarpuBaroTcsi nMpoOjeMbl YCTAaHOBJIEHUSI T€OMETPHUUYECKOIO COOTBETCTBHS
MEXy U300paKeHUsIMHU, POPMUPYEMBIMU KaXKI0M U3 KaMep, COCTABIAIONINX CTEpeonapy, a TakKe
BOCCTAHOBJICHHUS Ha 3TOM OCHOBE TPEXMEPHON T€OMETPUHN HAOIIO1aeMOU CIICHBI.

Oty 3a/1a4y MOXHO pa3feuTh Ha HECKOJIbKO YacTei:
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Kanubposka kamep.
['eomeTrpuueckue nmpeoOpa3zoBaHus U300paKECHUH.
[TocTpoenue kapThl FITyOUHBI.
[TocTpoeHue KapThl MPENSTCTBUH.
OubTpalys MyMOB U OLINOOK.

[TepBoe, uto momxKHO OBITH CcAeNaHO Tepen paboToil Co cTepeonmapoil — 3TO KaIMOpOBKa.
OnHa MpOU3BOJMUTCS C MOMOIIBIO KATMOPOBOYHOTO O0OBEKTA, KOTOPHIM B JaHHOM CIydae SIBIISETCS
maxmarHasi 1ocka. CTOMT OTMETHTh, YTO HIAXMATHAs JTOCKA JOJDKHA OBITH 00S3aTENBHO IMPSIMO-
yroasHo# ¢opmsl (Puc.1).

Puc.1. TIpumeps! KaTruOpOBOYHBIX 0OBEKTOB

[IpousBenst cb€MKY KaIMOPOBOYHOIO 00BEKTA MO/ pa3HBIMU YIJIaMU MO OTHOLIEHUIO K Ka-
MepaMm, BblaesieM mnapbl u3oOpaxkeHuid (Puc.2), Ha OCHOBE KOTOPBIX MOJYYMM KaauOpOBOYHBIE
MaTpHLbl K KaXI0M U3 KaMep, pacrlojoKeHUue UX B IMPOCTPAHCTBE, a TAKXKe PsJl APYrUX Mapamer-
pOB.

Puc.2. TTapa uzo0pakeHuii ¢ KaTUOPOBOUYHBIM 00HEKTOM

Nwmes xanuOpoBKy, a TakKe U300pakeHHs ¢ KaXJA0W U3 KaMep, BHIMOJIHUM PEKTU(DUKALINIO
n3zobpaxenuil. [lonyuuB BbipaBHeHHbIE H300paxkeHus (Puc.3), MoxeMm MoCcTpouTh KapTy TiTyOUHBI.
JIjig KaXkJ101 TOYKU Ha NEPBOM M300paKEHUH HEOOX0AUMO HAalTH Mapy Ha JIpYrom, Janee JUisk Kax-
JIOW U3 Map BBIMOJIHAETCS TPUAHTYJISALUSA, U3 KOTOPOH MOJydaeM pacCTOSIHUE JI0 MIIOCKOCTU KaMephl
[1]. BbimosHuB 10/100HbIE NEHCTBUS AJIsl KaXA0W Hapbl TOYEK, MOIy4uM KapTy rinyounsl (Puc.4).

Puc.3. TTapa pekTH(HUIMPOBAHHBIX H300paKCHUIA
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Puc.4. Kapra rimyOuHb!

Ha ocHoBe kapThl riyOHHBI, peKTU(GULIUPOBAHHBIX U300paKEHUH, a TaKkkKe KaTMOPOBOYHBIX
MaTpHUIl KaXXJI0M U3 Kamep BoccTaHOBUM 3D-clieHy, KOTOpYIO HaOII0JaeM Ha UCXOJHBIX N300paxe-
Husx (Puc.5). Ota cuena npeacrtaBieHa TpEXMEPHBIM 00JaKOM TOUYEK, KOTOpoe najiee OyaeT uc-
10JIb30BaThCsI B KAUECTBE OCHOBBI JUISl IOCTPOEHUS KapThl PEMATCTBUM.

Puc.5. Boccranosiennas 3D-ciiena

BoccraHoBiieHHast cueHa BBIVIAIUT HEHUJEalbHO, HO 3TOrO JIOCTATOYHO, YTOOBI CYAUThH O
HaJIMYUU OPENATCTBUS BIIEPE/IH.

Crnenyromum marom OyzeT IOCTPOEHHUE caMOoi KapThl npensarcTBuil. s atoro 6epercs no-
Jy4EeHHOE Ha MpeAbIAYIIEM IlIare TpexMepHoe 001ako Touek ¢ koopauHaraMu XYZ, rae X o0o3Ha-
4aeT WUPHUHY, Y - BBICOTY, a Z - JAIBHOCTh. [IpoM3BOAMTCS NPOELMPOBAHNE ITUX TOYEK HA ILIOC-
kocTth XOZ, To ecTh He yuuThiBaeTcs BbicoTa (Puc. 6).
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Puc.6. Kapra npensarcrauit

Kak MOXXHO 3amMeTuTh, TOJIydeHHas KapTa HE COBCEM KoppekTHa. MmeeTcs mocTaTouHOe
YHUCJIO OMMOOK, HO MPEMATCTBUE MOKHO PasryIsAeTh — OHO BBIMJISAUT KaK caMO€ IUIOTHOE CKOTLIe-
HUE TO4YeK. [ TOro 4TOOBI MCIPABUTh CUTYALUIO, MPUMEHUM MOPQOJIOTHYECKYIO (PHIIBTpALIUIO
(Puc. 7). 3necy mpensaTcTBUe BUAHO YETKO, OMIMOKH OTCYTCTBYIOT. JIJisi yaoOCTBa OTMEUYEH yroj
0030pa.

(0] X
Puc.7. Kapra npensrctBuii nocine Mop(honoruaeckoil 00padoTKu

PaboTa BBITIOJTHEHA MPU € MCIIOJIB30BaHUEM CpeacTB ['paHTa ayis MoaIep kKM BEIyIINX Ha-
yunbIx mkosn PO (HII-7116.2016.8).

Bubimnorpaguyeckuii cnucoxk
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2. T'oncanec P., Bync P. lludposas o6padboTka nzodpakenuii — M.: 2012. - 1104 c.
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M.B. MypaBbeBa
Psizanckuii 2ocyoapcmeeniviil paduomexHuyeckull yHusepcumen,
Poccusi, Pazanv, ritatyi@list.ru
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DETECTION ALGORITHM AND THE ALLOCATION OF PLOTS IN THE

CHANGIGNG IMAGE SEQUENCE

M.V. Muravyova
Ryazan State Radio Engineering University
Russia, Ryazan, ritatyi@list.ru
Abstract. We consider the two algorithms have been found: for the fixed and movable back-
ground. The research of the algorithmic work in different conditions has been done.
Keywords. Selecting objects, correlation algorithms, object tracking

BBenenue

Hudposas oOpaboTka n300paxkeHUI sBIsIETCS OJHONW U3 HauOoJyiee aKTyallbHbIX U OBICTPO
pa3BUBAIONINXCS 001aCcTe HAYKM W TEXHUKH. DTO CBSA3aHO C TEM, YTO CYIIECTBYET MHOYKECTBO 3a-
Ja4, KOTOpble TpeOyIoT aHaim3a BU3yadbHOW mMHGopMaruu. OaHON M3 BaXHBIX 3a7ad SBIISICTCS
oOHapyXeHHE U BBIJICIICHIE N3MEHSIONINXCS YYaCTKOB B ITOCIIEI0BATEILHOCTH N300paKEeHUH.

Jliig nostydeHus UHGOpMAaIMK O MOJIOKEHUH 00BEKTa B M10JI€ 3pEHUS ONTUYECKOH ClesIe
CHCTEMBI HCIIOJIb3YIOT pa3HOOOpa3HbIe YCTPOICTBA: OT HauboJIee MPOCTHIX, COACPIKAIINX HECKOIIb-
KO PacIiOJIOKEHHBIX PSAAOM (POTONMPUEMHHUKOB, JIO TOCTATOYHO CIIOXKHBIX YCTPOMCTB CO CKaHUPOBA-
HUEM U300paKeHHs U MOIYJSIHMOHHONW 0O0pabOTKM mpHUMeHsieMoro curraia. Ilpu sTom B momaB-
JISFOIIEM OOJIBIIMHCTBE MPAKTHYECKUX MPHIIOKEHUH TPUXOJANUTCS PElIaTh 3a/1a4y ONpeIeIeHUs KO-
opauHaT 00BEKTa Ha U300paKEHUU.

JIyst yCTOMYMBOTO CIIEKEHHS 32 OOBEKTOM peliaroiiee 3Ha4YeHHE UMEET BBIOOP alropurma
onpe/eNieHus: KoopAuHaT 00bekTa. BrIOOp KOHKPETHOIO alropuTMa OrpaHMYeH HEOOXOIUMOCTBIO
ydeTa CIeyIOIINX OCHOBHBIX 0COOCHHOCTEH YKa3aHHOW 3aa4H:

1) HanMYMe Ha €CTECTBEHHBIX M300PaXKEHHUAX CII0KHOTO, HEOTHOPOTHOTO (JOHA CHIIBHO 3a-

TPYAHSET OOHApYKEHUE U OIIEHKY IapaMeTpoB 00bEKTa, 0COOEHHO MPH CcIabbIX KOHTpacTax

Y MaJIBIX OTHOIICHUSX CUTHAI-IIIYM;

2) Manblii 00bEM WM TIOJTHOE OTCYTCTBUE alPUOPHBIX CBEAECHUN 00 00bekTe (U3-3a OrpoMm-

HOTO pa3Hoo0pa3usi BCEBO3MOXKHBIX OOBEKTOB) CHJILHO 3aTPyIHSET pa3paboTKy ajropuTMa

OT/IeJICHUS MMOTEHIIUATLHOTO 00BEKTa OT (hoHa.

Tax xaKk U3 anpUOPHBIX CBEJICHUI UMEIOTCS TOJIbKO MUHUMAJIbHBIE H MAaKCUMAIIbHBIE pa3Me-
pBI 00BEKTa, TO TAKOH AITOPUTM MOYKHO MOCTPOUTH C TIOMOIIBIO0 KOPPEISIMOHHO-IKCTPEMAIEHOTO
ITOPUTMA OTIPENIEIICHUs] KOOPANHAT 00BEKTa, OCHOBAHHOTO Ha HCIIOJIb30BAaHUH PA3HOCTHON KpH-
TepUAIbHON (PYHKLIUU.

DTOT aNrOpUTM MOIYYHII PACIPOCTPAHEHUE O TOH MPUYHHE, YTO TO3BOJIET C HaUMEHb-
[IMMH BBIYUCIUTEIFHBIMU 3aTpaTaMy HanboJiee MPOCTO OLIEHUBATh KOOPAWHATH 00BEKTA.

1. KoppeassunoHHbIe MeTOAbI

Knaccuueckuii cioco6 coBMmenieHus ABYX M300paK€HUN COCTOUT B TOM, 4YTO (popMHUpyeTcs
BEJIIMYMHA, M3MEPSIONIas KOPPEISIUI0 MEXKIY dTHMH H300paKCHUSIMH M HAXOTUTCS ITOJIOKEHHE
MaKCUMyMa QYHKIIUH KOPPEISIIHH.

[Tycth uMeroTcs JiBa M300paxenus. [Ipeacrasum ux B Buae maccuoB Fy(j, k) u F,(j, k) .
Tpebyetcsi coBMecTUTh 3TU n300paxenus. B mpocreiimiein popme Mepa KOPpEAIUU ONPEeISIeTCs
CJIEIYIOLIUM 00pa3oM:
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E(m,n) = 7 :

R R
L2 FGORG-m k=)
]

R 1/2 R R
2 Do
[ 32, 760 [ 2 ¥ R G—m k—n) |
k=1 Jj=1k=1
rae (j, k) — uamekcel anemeHToB B okHe W pasmepoMm RXR 3meMeHTOB, KOTOpOE pacrosioxkeHO
BHYTPH 30HBI TOUCKa S pazMepoM MXM 351eMeHTOB.
M

"M:U

<—— J0Ha ITOMCEA 5

M R =—t+— I Inomane orxza W

Puc.1. CooTHomieHne Mexay 30HOU morcka S u okHoM W

Ha puc.] nokazaHo COOTHOLIEHHE MEXy 30HOM MOMCKAa U OKHOM. DYHKIUIO KOPPEIALNN
Tpedyercst Beruucauthb it Becex (M-R+1)(M-R+1) BO3MOXKHBIX CMeIlIeHU OKHA B 30HE TIOUCKA JIS
TOro, 4TOOBI OIIPEJEIUTh €€ MAaKCUMaJIbHOE 3HAYEHUE U, TAKUM 00pa30M, COBMECTHUTH JiBa U300pa-
KEHUSI.

[IpumeHeHue 3TON MPOCTON Mepbl KOPPEISILIMY MOKET BbI3BATh TPYAHOCTH: (QYHKIHS KOp-
pENSALMYA MOXKET UMETh JOBOJIbHO Pa3MbIThIE MAaKCUMYyM, YTO 3aTPYIHSET €ro OOHapyXeHHUe, IyM
Ha KOPPEJSALUU MOXKET CKPbITh MAaKCUMYM KOPPEJSLUU U TpeOyeTcsl BBIIOJHATH 00JbIION 00beM
BBIYMCIEHUN. DTU TPYAHOCTH IMPHUBEIH K MOUCKY APYrux (QYHKIUH, KOTOpble CMOIJIM Obl AaBaTh
OILICHKY BEJIMYMHBI pa3Inyusi U300paKeHUM NMpy MEHBIIMX 3aTpaTax Ha BbrurciaeHus [1].

Takumu QyHKIMSIMHU OKa3aIUCh PA3HOCTHBIE KpUTEPHAJIbHbBIE (PYHKLIUN BUJIA

F(m,n) = Fl(]+mk+n) Fy(j, k)| wm

qu1= ﬂU+mk+M—5@Mf

C uX MOMOIIBI0 MOKHO HAWTH MUHUMAIIFHOE paszIndue Mexay uzoopaxeHusmu. [Ipenmy-
[IECTBOM Pa3HOCTHBIX (DYHKIUU Tepe KOPPEISIIUOHHBIMU SBISIETCS OTCYTCTBHE B HUX ONEpPAIHH
YMHOEHHS, YTO TO3BOJISICT CHU3UTH BEIUMCIIUTENBHBIC 3aTpaThl B 4+10 pas.

2. AIropuT™M BbIIeJIeHUS] H3MEHSIOLINXCS YYACTKOB B MOC/I€A0BATEJIbHOCTH H300pa-
JKEHUH 17151 NOABUKHOTO (poHA

JInist TAaHHOTO aNrOPUTMA MCXOJHBIMH JaHHBIMHU SBIISTIOTCS TIOCIIEIOBATEIBHOCTDh M300paxKe-
HUH, Ipe/IoIaracMple MaKCUMAJIBHBIE Pa3Mepbl N3MEHSIOMIETOCS y9acTKa M cIBUTa (hoHa.

N3-3a Toro, uro ¢oH cMmemaercs (13-3a ABHXKEHUS HCKOMOTO 00BEKTa OTHOCUTENIBHO (POHA),
TO MEPBOHAYAIBHO CTOMT 3aJa4a HAUTU COOTBETCTBYIOIIME Y4acTKU (i+1)-ro u i-To n300pakeHUH.
Ecmu ynmactest onpenenuTs Ha CKOJIBKO ciBuTaeTcs (JOH U3 Kaapa B Kajap, TO MOKHO HAWTH ATH CO-
OTBETCTBYIOIINE YYACTKH.

AJITOPUTM  BBIJICTICHUSI M3MEHSIOUIMXCSI YYacTKOB B ITOCIIEAOBATEILHOCTH M300pasKeHMUMA
U1 IOABHMKHOTO (hoHA pazpaboTaH Ha OCHOBE MCIOJIb30BaHUs QyHKIMH Buaa [3]:

F(m,n,a fB)=(F, —F,)— min, (D
rIe
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Fulmm) = > LG +m e+ 1) = L, bl @)
J=1k=1

rjae 3HadyeHuss BbICTy- m,n=0-+2P+ 1 mnawT B KA4eCTBE KOOPAMHAT COOTBETCTBYIOLIETO
ydacTka (poHa;

M M

Fz(a,ﬁ)=z IT,(h + &5 + B) — Ty(h,s)| — max, @)

h=1s

rae 3HaueHMs , «,f =0+ M —L + 1 TPH KOTOPBIX TOCTHIaeTCs MakcUMyM (yHKumu F,,
MIPUHUMAIOTCS 32 KOOPAWHATHI YYaCTKOB JBYX KaJpOB HanboJjee OTIIMYAIOUIUXCs APYT OT JIpyra.
Jyig TOro, 4ToObl CPaBHUTH JIBA M300pAXKEHUS U HAMTH U3MEHSIOLIUNCS Yy4aCTOK, BBIIOJIHS-
€TCs P NEUCTBUM:
1. 3apaercsa BenuuuHa P- 310 MakcuManibHO BO3MOXKHOE cMmelleHue ¢oHa i+1-ro kaapa or-
HOCHUTEJIBHO 1-T'0 Kajpa.
2. Beigensiercst gactp i-ro nzobpaxeHus- D;, TO €CTh Takas 4acTh, OTCTYIIBI KOTOPOH OT
rpaHul n300paxkeHust OyayT paBHbl P. DTa yacTh BblAeNieHa MYHKTUPHOM paMOYKoil Ha

puc.2.
0o m ] 0 m J
L - o $ P h nf - a $ P b7
L L
p B
M N M %
L %3 - L
| { ! | { T N
D1 It Dz L
; \ l1\/[ J _ ~S \ T\/I' ) -
\ ) ) \ J
! |
k v N kV N

Puc.2 CpaBHenune n3o0paxeHuid

3. Manee cpaBHUBaETCA ¢ OMONIbI0 GyHKIUU (2) m300pakeHue D; ¢ HEKOTOPHIM y4acT-
KoM (i+1)-ro n300pakeHust, KOTOPbIM UMEET TaKUE K€ pa3Mepbl mxn.

4. 3apgaroTcsi MakCHMalbHblE€ BO3MOXHBIE pa3Mepbl IOWUCKA H3MEHSIOUIErocsl ydacTKa-
LxL.

5. W3menss koopauHathl 3TOoro ydactka (o, f) wuzobpaxenuit D; u D, , ¢ MOMOIIbIO
¢byskun (3) HaxXoAATCs Takue 3HaueHus KoopAuHart (O, ), B KOTOPBIX 3TU y4acTku T;
u T, HamboJiee CoTIacyroTCs.

6. Ilynkrel 3,4,5 mOBTOPSAIOTCS [UIsl BCEX BO3MOJKHBIX 3HAUEHUN (M, n), Onpeaessiss MUHH-
MyMm QyHkuuu (1). Munumusupys 3Hadenve QyHkuuu (1) oHOBPEMEHHO HAXOIUTCS
cMmelieHue GoHa (m, n) U KOOPAMHATHI yyacTKa B ATHX Kajapax (o, ), KOTopble Hau-
00JIbIIIE OTINYAIOTCS IPYT OT Apyra

B urtore pabotsl 3T0r0 anroputma OyayT HaiiieHbl 3HaYeHUs cMelleHus GoHa B i-M u (i+1)-
M Kajpax (m, n) ¥ KOOpJAUHATHl YYaCTKOB B 3TUX KaJpax, KOTOpble Haubosee OTAMYAIOTCS IPYT OT
npyra (13-3a HaJu4yusl B HUX JBUKYIIETOCS 00bEKTa).

TakuM 00pa3oM, JaHHBIM aNrOPUTM HANOMUHAET KIACCHUYECKUN KOPPENSLUOHHBIA pa3HO-
CTHBIN allTOPUTM, BBIUUCIISIFOIIMA MUHUMYM OTIM4Us M300paxkeHnuit D, u D,, HO IpU BBIUKCICHUU
Pa3HOCTHOM KpHUTEPUATLHON (DYHKIIMU HE YUYUTHIBAIOTCS TOUYKU HEOOJBIINX ydyacTKoB T; u T, 3THX
n300paxxeHunil, KOTopble HanboJee CUILHO OTJIMYAIOTCS IPYr OT ApYyra, TEM CaMbIM, YIaeTCsl CHH-
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3UTh BIIMSIHUE JIBUXKYLIETOCsS 00bEKTa B ATUX U300paKeHUAX HA TOUHOCTh COBMEILEHUSI COOTBETCT-
BYIOIIMX y4acTKOB (poHa. COBMECTUB COOTBETCTBYIOIIME y4yacTKu (poHA B 1-OM U 1+1-0M Kajapax B
JaJIbHENIIIEM MOYHO MEPEHTH K BBIYUCIEHUIO Pa3HOCTHOTO N300pa)keH s, OMHAPHOTIO Pa3HOCTHOTO
n300paxkeHus], Kak 3TO ObLJIO B aIrOpUTME JJIs HEMOABUKHOTO (pOoHA.

3. DKkcnepuMeHTAIbHBIE UCCIIE0BAHUS

Jliia uccnenoBaHus pa3pabOTaHHOIO aJrOpUTMa paccMaTpuBaThbcsa 3 BapuaHTa IMOCIEI0Ba-
TEIBHOCTEN: C YEPHBIM 0OBEKTOM, C CEPhIM 0OBEKTOM U ¢ OeNbiM 00bekTOM. B kax 101 mocienosa-
tenbHOocTU 10 70 KazpoB. M3BecTHBI peanbHble KOOPAUHATHI 00BbEKTA B KXKJIOM KaJipe.

Bo Bpemsi mpoBefeHHsT 3KCIEPUMEHTATBLHOTO HCCIENOBaHUS 3arpyxaercs i-oe u (itl)-e
m3o0paxxkenusi. Mner mouck oobekra Ha (i+1)-m m3o0pakeHuu. HaxomsTcss KoopauHATHI OOBEKTA.
Cunraercs ommoOKa HaX0XKIECHUS KOOPAUHAT 00beKkTa. BeiBoasTCS Tpaduky.

BesSepure Howap nepeoro usofpmxenis (o7 1 40 94)
1

EniGepue Howep nocneiero waoGpmxenna (o1 3 A0 85)
0

Owwbica no X= 2

Start CuvframoY= 2

+1 waopmrene

Puc.3 INocnenoBaTenbHOCTh H300paXKEHHIA ¢ OCITBIM 00BEKTOM

18} 28r b
26+ B
241 B

221 B

08+ B

061 B

Ouwmbka HaxoAEHWsA KoOpAMHATHI
L
Owmbra HaxoNaeHNA KOOPLVHATEI

041 B

02r B

n n n n . .
0 10 20 30 40 50 60 70
Homep naobpaxkenns

L L L L L L
0 10 20 30 40 50 60 70
Homep naobpakennn

Puc.4 Ommubka o ocu X

Puc.5 Ommubka o ocu Y

B xoze npoBeneHus 3KCIepUMEHTAIBHOTO UCCIIEI0BAaHUS CPbIBa pabOThl AIrOpUTMA HE Obl-
710 OOHAPYKEHO.

Jlig uccrienoBaHusl MOMEXOYCTOMYMBOCTU Pa3pabOTaHHOTO anropurMma OyayT paccMarpH-
BaTbCA 3 BapHaHTa MOCJIEA0BATEIbHOCTEN: ¢ YEPHBIM OOBEKTOM, C CEPbIM OOBEKTOM U C OEIbIM
o0wvexkToM. B xaxaoi nocienosatenbHocT 1o 70 kaapoB. V3BeCTHBI peanbHble KOOPAUHATHI 00b-
€KTa B KaXXJOM KaJpe.

Bo Bpems npoBeneHus SKCIIEpUMEHTAIBLHOTO HCCIIe0BaHUs 3arpyxaercs i-e¢ u (i+1)-e uzo-
Opaxenus. Mckaxarores mymoM. Mnet nouck oobekra Ha (i+1)-M n3oOpakenuu. Haxoxasres ko-
opauHaThl 00bekTa. Cuntaercs ommoKa HaX0KIeHUsI KOOpAUHAT 0O0bekTa. BeiBosTCs rpaduku.
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108 McxoaHoe UaoGpaxenne i+ nexogHoe naobpakeHie o8 HaobpaeHme

Buifiepure Homep nepaoro waobpaienna (or 1 3o 94)

1
Buibepime Homep noceaHero naobpaxetus (ot 3 o 95)

70

Start Oumbia no X= 0

Ownbica o Y= 8

Puc.6 IocnenoBatenbHOCTh N300payKEHUH € YUEPHBIM 00BEKTOM

)
Oumbka HEXOM/,EHUA KOOPAHHAETEI

OuwmbKa HAXOMAEHWA KOOPAMHATE

1F
i /\/\
0 I I

I L
0 10 20 30 40 50
Homep nsobpaxenua

/\/\ 1 L L L L L L
L 0 10 20 30 40 50 60 70
60 Tl

0 Homep nsobpaxenua

Puic.7 Oumbia 1o ocu X Puc.8 Ommbka o ocu Y

Anroputm padotocnoco6nsiit mpu CKO n0 0.1. Ipu 6osbieit CKO npoucxoaut cpbiB.

BrIBOABI

B naHHOI cTaTthe paccMOTPEH KOPPEISLUOHHO-3KCTPEMAIbHBIN aJIFOPUTM OIpEAETICHUS
KOOpJIUHAT 00BbEKTa, OCHOBAHHOTO Ha UCHOJb30BaHUHU PA3HOCTHOM KpUTEpUaIbHON (DYHKIUH C TIO-
MOIIBI0 TporpaMmmbl (M-QyHKIMKA) B cucteme Matlab, ¢ moMoIpio KOTOpoit OB peaTn30BaHbI
JIBa QJITOPUTMa BBIJEICHHUS M3MEHSIOUIMXCS YYaCTKOB B IOCIIEJOBATENBHOCTH H300paxeHUil U
MIPOM3BEACHO IKCIIEPUMEHTAIBHO UCCIIEOBAHUE AITOPUTMOB.

Hcnonb3yeMblif anropuT™ COBMEIIEHUSI CIBUHYTHIX Y4acTKOB (poHa MO3BOJIAET 3PPEKTUBHO
BBIICIIATh Ha HEM JIBIXKYIIHECS OObEKTHI, OHAKO, OH TpeOyeT OOJIBIIOro KOJIMYECTBa ONepaluil 1
€ro 1ejaecooOpa3HO MCIHOJB30BATh B TEX CIy4asiX, KOTJa OTCYTCTBYIOT )KECTKHE OTpaHHuYEHUs Ha
ObIcTposiciicTBHE aymopuTMa. JlaHHBIA aaTOPUTM XOPOIIO paboTaeT JJisi HEOJHOPOJHOTO (oHa.
HpyruMm ycinoBueM ero 3pPekTUBHOro (GyHKIMOHUPOBAHUS SIBIISIETCS HAJTMYME UCXOTHOU MHPOP-
Maluyd 0 MaKCUMaJbHO BO3MOXHOM cliBUre (poHa B pa3HBIX KagpaX U MAaKCUMaJlbHO BO3MOXKHBIX
paszMepax IpeanoiaraeMoro JBUXKYIIerocss 00bexTa.

PaboTa BeImosiHeHA 1O HAYYHBIM pyKOBOACTBOM A.A. Censiena.
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2. AmmaroB B.A., JIuOusiinen D.T., CenseB A.A. ANTOpUTM BBIAEIEHHS U3MEHSIONINXCS Yy4aCTKOB H300paxkeHust. Psi-
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YJIK 004.932.2; TPHTU 28.23.15
AJI'OPUTM ONIPEJAEJIEHHUA MECTOITIOJOKEHUSA

JABUKYIIETI'OCS OBBEKTA HA ITIOABUXHOM ®OHE
C. M. JlapuoHos, A. A. CensieB
Psizanckuii 2ocyoapcmeeniviil paduomexHuyeckull yHusepcumen,
Poccus, e.Psizans, sergej.larionov. 94@mail . ru

Awnnoranms. B nanHo# paboTe paccMaTpuBaeTcs 3afada ONpeAeeHUss MECTOIOJIOKEHHS IBUKY-
mierocst 00beKkTa Ha MOABMKHOM (oHe. [Ipemiaraercss BOSMOXKHBIN ajlTOPUTM PEUICHHS ITOCTaB-
neHHoW 3azaun. OmcaHbl pe3yNnbTaThl SKCIEPUMEHTANBHBIX HccienoBanuil. [IpuBojsrcs Ha-
MIpaBJIeHHs IPAKTHYECKOTr0 UCIIOIB30BaHUS JAHHOTO aJlTOPUTMA.

KnroueBrsle cnoBa. Mecrononoxkenue o0beKTa, NBIKYIIUICS OOBEKT, MOABMKHBIA (POH, METOJ
COIOCTABJICHUSI C 3TAJIOHOM, pa3HOCTHOE N300pakeHHe.

ALGORITHM OF MOVING OBJECT

LOCATION DETECTION ON MOVING BACKGROUND
S. M. Larionov, A. A. Selyaev

Ryazan State Radio Engineering University,

Russia, Ryazan, sergej.larionov.94@mail ru
Abstract. In this paper task of moving object location detection on moving background is studied.
Algorithm of this task solution is offered. Results of experimental researches are described. Areas
of practical application of this algorithm are given.
Keywords. Object location, moving object, moving background, template matching algorithm,
template matching method, differential image.

O06paboTka M300pakeHUN SBJSIETCS OJHOW M3 MEpPelOBBIX 00JlacTell HAYKW U TEXHUKH,
MMEIOLIEH B HACTOSIIIEE BpeMsl BaXKHOE IPUKIIATHOE 3HAUECHUE KaK JUIsl MHOTUX OTPAcieil MpOMBIIII-
JIEHHOTO IMPOU3BOJICTBA, TaK U Uil NMOBCEAHEBHON XH3HU. Bech cliekTp 3ajay, BO3HUKAIOIIUX B
JAaHHOW 00J1IacTH, MOXKHO YCIIOBHO Pa3A€IUTh Ha 3a/la4yM yJIy4lICHUsS] KayecTBa MOJIy4aeMbIX CHUM-
KOB U 33J1aui aHajIn3a N300pakeHU.

[Ipu ananuze cueHbl 3a4acTyr0 BO3HHUKAET MpoOjIeMa OIpeneieHHs] MECTONOIOKEHUS JIBU-
Kyuierocs oobekTa. JlaHHast 3a/1aua SBJISETCS BECbMa aKTyaJbHOM Ul CUCTEM TEXHMYECKOTO 3pe-
HUs poOOTOB, B CHCTEMax aBTOMAaTU3aLUK TEXHOJIOTMUYECKUX MPOLECCOB, B CUCTEMAaxX BUIEOHAOIIO-
nenust np. [Ipu perneHuu MOCTaBIEHHOM 3aJayd 3a4acTyi0 HMCHOJB3YIOT aJTOPUTM BBIJIEICHUS
JBIDKYIIETOCSI 00BEKTa HA OCHOBE MEXKAIPOBOW Pa3HOCTH [2], B OCHOBE KOTOPOTO JIEKUT TOTO-
YeyHOe CpaBHEHUE JABYX U300paxkeHuil Gn U Gpii, MOJYYEHHBIX B Pa3IMuYHble MOMEHThI BPEMEHH,
3aKiroyaronieecss B QOPMUPOBAHUU PA3HOCTHOTO HM300pa’KEHUSI COIVIACHO CIIEAYIOUIEMY BbIpaxe-
HUIO:

(LG, /)~ G iy j) > E
D, j)= . éié(1+é) aJ) : (1)

rae D(i, j) — 3HaueHne pa3HOCTHOTO m300paxenus D B Touke (i,)); Gu(i,)), Gur1(i, j) — 3HaueHue
SPKOCTH TOYKHU (i, j) n-ro u (n+1)-ro uzobpaxenuit G, u G+, NOJIy4eHHBIX B n-i u (n+1)-if MOMeH-
Thl BpEMEHU COOTBETCTBEHHO; £ — MOPOT U3MEHEHUS IPKOCTU B TOUKE 32 BPEMSI MEKy MOMEHTaMH
MIOJIy4Y€HUsI CPABHUBAEMBIX N300pakeHUH.

[lapamerp E wucnojb3dyercs s TOro, 4ToObl €JUHUYHBIE TOYKH Pa3HOCTHOIO
n300paxeHust D cOOTBETCTBOBAIN M3MEHEHUSM, CBA3aHHBIMU UMEHHO C JIBKEHHUEM OObEeKTa MH-
Tepeca, a He ¢ IIYMOBBIMH SIBJICHUSMU, MIO3TOMY 3Hau€HHUE £ OOBIYHO ONPENEIIAIOT UCXOI U3 Be-
JIMYMHBI [IIyMa Ha aHAJTM3UPYEMbIX n300pakeHusx. B obmem ciayyae nopor £ MOXKET ObITh pa3iny-
HBIM ISl KaXKJ0M oTaenbHOM Touku. M3o0pakenune D mpencraBiser co0oi OMHapHOE M300paxke-
Hue. Ilocne HayanpHOrO (POPMUPOBAHUSI PA3HOCTHOTO M300paKEHUSI C LEIbIO MOBBIIIEHHUS] TOYHO-
CTH OIpe/eeHHs MOJOXKEHUSI 00BEKTa BO3MOKHO NMpUMEHeHHe Mopdoorndeckoit 0opadorku [1]
JUIS YJAJIEHHBIX Pa3pO3HEHHBIX TOYEK MM MEJIKUX CETMEHTOB, UACHTU(PHUIIMPOBAHHBIX KaK OOBEKT
UHTEpeca, Ui pelieHus MpoOaeMbl pa3Bajla CErMEHTa, JJIs YCTPaHEHUs MPOIYIIEHHBIX obacTei
BHYTPHU CEIMEHTA U T. 1. Pe3ynbTaThl NIpUMEHEHNS OIMCAHHOTO Pa3HOCTHOTO METO1a OOHAPYKEHUS
JBUKYIIErocs oObeKTa JJIs mapbl TECTOBBIX M300pakeHWi mpuBeneHbl Ha puc. 1-2. B kaudecte
0o0beKTa Ha JaHHBIX M300paKEHMSIX BBICTYHNWJI TEMHBIH MPSAMOYroJbHHUK. Bbbulo cMmonenrpoBaHO
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JBI)KCHHE 00BEKTA, B PE3YJIbTATE YEro Ha BTOPOM KaJIpe MPSMOYTOJIBHUK OKA3aJICs CMEIIEH OTHO-
CUTEJIbHO CBOETO MEPBOHAYAIBHOTO TOJIOKEHUSI.

100

150

50 100 150 200 250 EI-L:PD - 50 100 150 200 250 3L:HJ
Puc. 1. CpaBHHBaeMble H300pakeHuUs! (HETIOABKHBIH (HOH)
50 -
100
150
200

50 100 1560 200 250 300
Puc. 2. PaznoctHoe uzodpakenne D npu ucrons3oBanuu anropurma (1) s HenoaBMXHOTO oHa

B pesynbrare mpumenenus anroputMma (1) K JaHHOW mape CpaBHUBAEMBIX H300paKEHHI
OBLTO TIOJTy4eHO OMHAapHOE M300pakeHHe, MpeCTaBIeHHOoe Ha puc. 2. Kak MOXKHO 3aMeTUTbh, Cer-
MEHT OMHApHOTO H300pa)K€HUs, COOTBETCTBYIOIIMMA IBIKYIIEMYyCs OOBEKTYy, mMeeT "IeIpKy" B
HEHTPE, 9TO OOBICHIETCS OJHOPOTHOCTHIO IPKOCTH 0OBEKTa M TEM, YTO M300paKeHHsI 00hEKTa Ha
MIEPBOM M BTOPOM CHHUMKAaX MMEIOT OOJIACTh MEPEeKpHITHsA. TO eCTh TOUYKM 00BEKTa CMECTUIINCH, U
Ha UX MECTE OKAa3aJIUCh YK€ JIPYTHe TOYKH, HO B CHIIy TOTO, YTO SIPKOCTH TOYEK COBIIAJAIOT, aJlro-
PUTM HE BBIJCIWI JaHHBIA y4acTOK m300pakeHus. OmHaKo B OOJBIIMHCTBE NMPUKIAJHBIX 3a/1a4
JIOCTATOYHO YKa3aTh HEKOTOPYIO 00J1acTh, B KOTOPOH PacIoioskeH 0OBEKT, IIPU 3TOM pa3Mephl dTOH
00JTacTH MOTYT HECKOJBKO MPEBOCXOJUTH pa3Mephl camoro oObekra. Ha BTOpoM wm300paxe-
Huu (puc. 1) WTPpUXOBOM TUHUEH yKa3aHa TaHHAsI 00IacTh.

OnHako TakoW alroOpuTM HANISKHO PElIaeT MOCTABJICHHYIO 3a/1a4y B CIy4ae HEMOIBHKHOTO
¢doHa, 1 1axe HEOOJBIIOE Er0 CMEIICHIE MOXKET MPUBECTH K TPyObIM omuOKkaM. B ciydae ke Ko-
r7la caM JaT4uK M300paKeHUs HAXOJIUTCS, HApUMep, Ha HEKOTOPOM TOJBH)KHOM HOCHTEIE, OIH-
CaHHBIA PA3HOCTHBIN AJITOPUTM CTAHOBUTCS HepaboTocrmocoOHbM. Ha prc. 3-4 mpuBeieHbI pe3yiib-
TaThl MOJICTTUPOBAHUS JBIDKCHHS JaTYMKAa U300paKEHUH M Pe3yNbTaThl SKCIIEPHUMEHTAIBHBIX HC-
cnenoBanuii anroputMa (1) st JaHHOTO CIiTydas.
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Puc. 3. CpaBHuBaemble n300pakeHus (MOABMKHBIN (OH)
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Puc. 4. PaznoctHoe n3odpakenne D npu uCronb30Banun airopurma (1) wis nonsmxkHoro ¢gona

Jns pemenus qaHHOM MpOOJIEMBI TIPEJIaraeTcsl UCIOIb30BaTh CISAYIOMMA anroput™. Hc-
X0l U3 TEXHUYECKUX XapaKTEPUCTHK MOJBUKHOTO HOCHUTEIS, HA KOTOPOM PAaCIOJIOKEH IaTYUK
M300paKeHU, MOKHO OTIPE/ICIIUTh MAaKCUMAIIEHO BO3MOXKHOE CMelleHHe )oHa B MUKCENIX 32 Bpe-
MsI MEXAY KaJpaMmH, a, CICIOBATEIBHO BBIIEINTh B M300pakeHnn (G, HEKOTOPBIA OTMOPHBIA yda-
cTOK W,, KOTOpBIH, KaK MPEI0IaraeTcs, CIBUTaeTcsl B u300pakeHUH G 4.

st onpenenieHns MECTOIOJIOKEHN 00bEKTa HEOOXOAUMO OLEHUTh CMEIIEHHE OIMOPHOIO
yuactka W, n-ro kanpa B (n+1)-m xaape. s cpaBHeHUsT N300payKEHUN M HaXOXKIEHUS KOOPIUHAT
OTIOPHOTO yJacTKa MOXET OBITh MCIOJIb30BaH METOJ] COMOCTABJICHUS C dTaoHOM [2]. JlaHHBIN Me-
TOX 3aKJII0YACTCS B HAXOXKICHHHM JKCTPEeMyMa HEKOTOPOW KpuTepuaibHOW (GyHKIUHU. [IpruMeHu-
TEJBHO K YCIIOBHSIM PEIIaeMOi 3314l MOKET OBITh MCIOJIh30BaHA KpUTepUaNIbHAs (YHKIUS BHII,
MIPEJICTAaBICHHOIO HUXKE!

F(a,b)= Y (W, /)= G +a,j+b)), @
(1.)eWn
rae F(a, b) — 3HaUeHUE KPUTEPHAITBHON (YHKIIUU IS 00JIACTH ¢ KoopauHaTamHu (a, b) nzobpaxe-
uaus G,1; W,(i,j) — 3HadeHUe SPKOCTU TOYKH (i, j) omopHOro m3oOpaxenus W,; G,.(i+a, j+b) —
3HAYEHHE SIPKOCTH TOUKH (i+a, j+b) anHamm3upyeMoro u3oopaxeHust Gy .

OpnHako ciieyeT ydecTb, 4TO B M300paxkeHue W BXOIUT TaKkKe W M300pakeHue oOBheKTa,
KOTOPOE MPHU COIMOCTaBJIeHUHU ydacTka W B kaapax G, u G, KeNnareIbHO UCKIIIOYUTh, YTOOBI U3-
0exaTh OMMOKH TIPU OTIPE/ICTICHUN UCKOMOTO CMEIIEHUs. 3a4acTyi0 IMEIOTCSl allpHOPHBIE JaHHBIC
0 pa3Mepax 00beKTa U CKOPOCTHU €ro JABMKEHHS, YTO MO3BOJISET 3a/1aTh HEKOTOPOE CKOJIB3SIIIEE OK-
HO L(x, y) B CpaBHHMBaeMbIX y4yacTkax m3oOpaxenuit G, u G,+1. Ha puc. 5 mns mpencraBieHHOM
BEIIIIC TTapbl CPAaBHUBAEMBIX M300paxkeHui (puc. 3) obnact W ykazaHa IITPUX-TyHKTHPHOU JTUHU-
el, a HallJICHHas TIO3UIKs OKHa L(x, ) OTMeUeHa ITPUXOBOM JIMHUEH.
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Puc. 5. CpaBHUBaeMble N300paskeHNs IIPH HOABIKHOM (DOHE C YKa3aHHEM OIIOPHOTO y4acTKa

B kadecTBe 3TajoHa MPUHUMAETCS OMOPHBIA ydacTOK ¢oHa W, , peAcTaBISIFOIIUN cOO0H

9acTh N300pakeHus1 W, 3a UCKIIOYEHUEM HEKOTOPOTO CKOJIB3AIIETO OKHA L, B 3TOM Clly4ae KpuTe-
pHANTBHYI0 (YHKIHIO ISl IPUMEHIEMOTO METOJIa COTIOCTABIICHHS M300paKeHUSI MOKHO IEpEerTH-
caThb B BUJE CJIEIYIOIIETO BhIPAKEHHUSL:

Fla' ', x',y) = X7, /)~ Gyuli+a,j+b)) . 3
(i 3] )‘EWn
rje F' (a b, X, y') — 3HAYCHHE KPHUTCPHAIBHON (YHKIUU JUIST TO3WIUH (a, b) COBMEICHUS
OTIOPHOTO (POHOBOTO M300pakeHUs W U HEKOTOpOro ydactka kajapa G, MpH YCIOBUU OTOpachiBa-
HUS OKHA C KoopauHaTamu (x', ); Wn (i, J ) — SIPKOCTh TOYKH (i, j) 00JIaCTH Wn nzoopaxenus G,.
st xpurepuanbHOd — (QyHKIMU  BHja (3)  HAXOAWTCS ~ MHHHMAJIBHOE  3HAUe-

e F'* (a*,b*,x*, y*). Koopmaunats (a*, b*) npuHMMalOTCS B KaueCTBE MCKOMBIX KOODIMHAT

~

onopHoro ydactka Qona W, . Ha (n+1)-M U300pakeHnH, a KOOPAUHATHI (x*, y*) — B KayecTBe Ko-

OpIMHAT OKHa L, yKa3bIBarouiero o01acTh MojaokKeHUsi HCKOMOTo JABMXKYyIerocs oobekra. Ha puc. 6

MPEJCTAaBIICHO TIOSICHEHHNE K IIPOIIECCy MOKCKA OTIOPHOTO y4acTKa U300pakeHusI.
!

0 a" 0 a

bll

Puc. 6. IloscHeHue K IpoIecCy MOUCKA OIIOPHOTO ydacTKa N300paKeHHs

Oo6nacTps m300pakeHus cieBa (puc. 6), ykazaHHas MYHKTUPHOU JIMHUEH, COOTBETCTBYEeT W),
¥ UMeeT PUKCHPOBAHHBIE KOOPAWHATHI (a", b"). 3alITpuX0oBaHHAS YacTh dTOW 00JIACTH TIPEICTABIIS-

eT co00H dTaNIoOH Wn . Yaactok BHyTpH W,, 00BEICHHBII IITPUXOBOH JTUHUCH, SIBISCTCS OKHOM L,

KOTOPOE MCKITFOYAETCS M3 PACCMOTPEHHS MPH COBMENICHWM aHAIM3HUPYEeMbIX KaapoB. Ha m3o0pa-
KEHUH CcrpaBa (pHc. 6) 3aITPUXOBAH y4acTOK (n+1)-ro n300pakeHHs, CPAaBHUBAEMBIN C 3TAJIOHOM,
npudeMm, (a', b') — KoopaUHATHI ATOTO y4acTKa. B mporiecce moncka onmopHbIi (LIEHTpaIbHBIN) y4a-
CTOK U3 11-TO M300pa)KEHHsI CPAaBHUBACTCS C K10 COBMAJAIONICH ¢ HUM IO pazmMepam 00JacThio
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(n+1)-ro n3zo0pakeHus, To €CTb MEHSIOTCSI KoopAuHaThI (a', b') Ilpu kakJ1oM conocTaBlieHUU nepe-
OMparoTCcs BCe BO3ZMOXHbBIE MOJI0KEHUS OKHA L, TO €CTh U3MEHSAIOTCA KOOPAUHATHI (X', '), mpuueM,

(x', ") coBnanarot st onopuoro yuactka W, u jis ananusupyemoii o6nactu u3006pakenust Gy .

B xone paGoThl ObLTM TTPOBEACHBI SKCIIEPUMEHTAIBHBIC MCCIIEOBAHUS, KOTOPHIE MOIATBEP-
TTH paboTOCTIOCOOHOCTH MPEAJIaraeMoro aJlfOPUTMa M BOBMOXKHOCTh €T0 MCITOJIH30BAHUS IS OI-
penelieHns] MECTOTIOJIOKEHUS JBIKYIIETOCS OOBEKTa Ha TOJBIXKHOM (oHE. J[aHHBIN alropuTM
MOXET OBITh IPUMEHEH B CaMbIX Pa3JIMYHBIX 00JIaCTIX, HAPUMED: IJIs COKaTUs BUeo(alIoB, IPH
cTabmim3anuu U300pakeHusi BO BpeMs (OTO- WM BUACOCHEMKH, B PA3JIMYHOTO POJa OXPAHHBIX
CHUCTEMax, B CHCTEMax OOHAapYKCHHS W HaONIOJEHUS 3a ABMKYIIUMHCS OOBEKTAMU B YCIOBHSX
MOJBIKHOTO (hOHA ¥ ISl PEIICHHS Psijia IPYTUX 3a/1a4 B PA3JIMYHBIX 00JIACTAX HAYKU U TEXHUKH.
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IMPLEMENTATION OF THE IMAGE COMPRESSION ALGORITHM
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Abstract. This paper deals with the implementation of the image compression algorithm based on
wavelet transformation and their comparison.
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1. BBenenue

[Ipobnema cxatusi H300paKEHUH TPHUBIIEKAET BHUMAHKE CIICIUAIMCTOB TPU PEIICHUH IIIH-
POKOTO CIIEKTpa MPHUKIAAHBIX 3a1a4. Ha cerogHsmHuii JeHb M3BECTHO MHO>KECTBO AJTOPHTMOB,
OCHOBAHHBIX Ha BeiiBieT-npeodpasoBanun. Haubonee ussectusie — JPEG 2000, DjVu. CymectBy-
IOT TaKKe aJTOPUTMBI CHEIHAIH3NPOBAHHOTO TMPHMEHEHUS KOJWPOBAHUS M300paXKCHUH U BUICO-
MIOCJIEIOBATEIbHOCTEN, OCHOBAaHHBIX Ha BEMBIIET-KOMIIPECCUU.

BeiiBnieTsl — 3T0 0000111eHHOE HAa3BaHUE CEMEMCTB MaTeMaTHdeckuX (QyHKIUN ompeseieH-
HOW ()OPMBI, KOTOpBIE JIOKAJIHHBI BO BPEMEHH H T10 YaCTOTE, M B KOTOPBIX BCe (DYHKIIUHU MOJTyJarOT-
csl U3 OHOM 0a30BOM (MOPOXKAAIOIICH) TOCPEACTBOM €€ CABUTOB M PACTSKEHUN MO OCH BPEMEHHU.
Kak npasuio, BeiiBier-npeodpazosanus (WT) nonpasaenstor Ha quckpetrHoe (DWT) u nenpepsis-
Hoe (CWT). HaGop BeliBiIeTOB MOKET MPUOIHKAThH CIOKHBIN CUTHAI UM U300paKeHHE TOYHO WIIN
C HEKOTOPOU MOTPEUTHOCTBIO.

BeliBiieTsl 3aHUMAaIOT IPOMEKYTOYHOE MECTO MEXIY CUHYCOMJIaMH, KOTOPbIE UCIOJIB3YIOT-
cs1 ipu mipeoOpazoBanun Dypre (OHU XOPOIIO JIOKATM30BAHBI B YACTOTHOW OOJAaCTH M HE JIOKAJIH-
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30BaHbI BO BPEMEHHOM 001acTH), 1 UMIYJIbCHON 0a3uCHOM (yHKIIMEH, KOTOpast YeTKO JIOKaJIU30Ba-
Ha [0 BpEMEHH, HO HE HeceT MH(POPMALlMU O YacTOTe CUTHaja. ba3ucHbIMU (QyHKIMSIMHU BEHBIETOB
MOTYT OBbITh pa3iuuHble (QYHKIMH, B TOM YHCII€ HAIOMHHAIOIINE MOIYIMPOBAHHBIE HUMITYJIbCAMU
CUHYCOMJIbI, (YHKITUU CO CKauKaMu yYpOBHS U T.JA. DTO 00ECIEYMBAET JIETKOE MPEACTABICHUE CHT-
HaJIOB C JIOKAJIbHBIMU CKauKaMU U pa3pblBaMU HaO0OpaMmu BEHBJIETOB TOrO WM MHOTO Bujaa. Iloutn
BCE€ BEUBJIETHI HE UMEIOT AHAIIUTUYECKOTO IIPEJCTABIICHUS B BUJIE OJTHOM (OPMYJIbl U OIIUCHIBAIOTCS
UTEPALMOHHBIMU BbIpaxeHUs MU [1-3].

Lenbto nanHOW pabOTHI SBISIETCA peanu3alysi, aHajlu3 U CpaBHEHHE 0a30BBIX aIrOPUTMOB
Ha OCHOBE BelBIIeTOB Xaapa u Jlooemm.

2. OcHoBBI BeiiBJIeT-TIpeo0pa3oBaHus

[Ipouecc cxxarus n3o0pakeHUs AOCTATOYHO IPOCT JUIsl MOHMMaHus. BHavane k BeIOpaHHO-
My H300pa)KE€HUI0 MPUMEHSETCS BEWBIIET-IIpeoOpa3oBaHue, Jajiee U3 JaHHBIX MOJYYEHHOI'O HU30-
OpakeHHsl yIalsoTCs onpeaenacHHble KodppuiueHTsl. K octaBmumMes kodppuimeHTaMm npuMeHsi-
ercst kogupoBanue. [Ipu HeoOXoaUMOCTH ckaToe M300pa’KeHUuEe BOCCTAHABIIMBAETCS IYTEM JEKO-
JTUPOBAHUS U IPUMEHEHUs1 00paTHOTO NpeoOpa3oBaHusl.

BeliBiieT-aHanu3 OCHOBBIBAETCS Ha UJ€€ BbIAEICHUS HH(OPMALIUY, KOTOPYIO HECYT JAETalH,
U yJIAJIeHUs TeX JeTalied, KOTOpPbIe Majlbl M HE3HAUUTEJIBHO BIMSIOT Ha U300paXKE€HUE B LIETIOM.

BeliBner-npeobpazoBanue cUrHaia MOXHO paccMaTpUBaTh KaK IPE/ICTaBJICHHE CUTHAJa B
BUJIE CYNEPIO3ULIMN HEKOTOPBIX 0a3UCHBIX (PYHKIIMI — BOJHOBBIX AKETOB, 0COOEHHOCTh KOTOPBIX
3aKJIFOYAETCsl B TOM, YTO BCE OHU MOJYYEHbI U3 OJHOW MPOTOTUIIHOW BOJIHBI ITyTE€M PACTSKEHUS
(wu cxatus) u cMeuieHus. [IporoTunnasi BoiHa MOXeT ObITh pacCCMOTpPEHA B KAYECTBE UMITYJIbC-
HOM peakuuu 6a30Boro GuibTpa. B 3TOM citydae BeliBieT-mpeoOpa3oBaHue CBEACTCS K COBOKYITHO-

CTH TIpolieccoB (pribTpanuu u aenumanuu (puc. 1).
Il aTan

| DOHY I-lpope_ ____________________
MpaAMoe npeobpaszoBaHue KuBaHue
| aTan
] Mpope- | | y
DOHY KUBAHNE n-i atan
WcxogHoe
nsobpaxeHue
- L | OHY Mpope- |
XuBaHue
®HY rpope-
KuBaHue

Puc. 1. Cxema qUCKPETHOro BeiBIET-Ipe0Opa3oBaHus

Jia ¢punbTpanuu npeoOpa3zyeMoro CUrHajia MCHOJIb3YIOTCS (MIBTPhl HUKHUX M BEPXHUX
4acTOT, KOTOPbIE PA3AEIAIOT AMANA30H YaCTOT MCXOJHOIO CHUTHAJA Ha JIBE 4acTH. [lomydeHHbIE
KOMIIOHEHTBI CUTHaJIa UMEIOT B 2 pa3a 0oJiee y3KYIO I10JIOCY YaCTOTHBIX cocTaBisiomux. Iloatomy,
B COOTBETCTBHE C TeopeMor KoTenpHUKOBA, UX MOKHO JUCKPUTHU3UPOBATH C YACTOTOM, paBHOM MO-
JIOBUHE YaCTOTHI IUCKPETU3aLH BXOJIHOIO CUTHANIA, U CKaTh. [10Cie HU3KOYaCTOTHBIX U BBICOKO-
YaCTOTHBIX (UIBTPOB KaXIbli BTOPOM OTCYET MOKET ObITh MPOCTO MCKIIIOUEH, YTO O3HAuaeT Jie-
LHAMALMIO U IPOPEKUBAHNE.

Ha BTOpoM sTame npeoOpa3oBaHMsi HU3KOYACTOTHAsi KOMIIOHEHTAa BHOBb pa3JeisieTcsl Ha
HU3KOYAaCTOTHYIO M BBICOKOYACTOTHYIO COCTABJIAIOIINE C OMOUIbIO aHAIOTUYHBIX QuibTpoB. [lo-
CJie MPOPEKUBAHUS BO3MOKHO IIOBTOPEHUE ITOU NMPOLEAYPHI.

KonnuecTBo BEWBIIETOB, KOTOPBIE MCIOJIB3YIOTCS INPU PaA3JIOKEHUM CUTHANA, ONPENEIIsIET
YPOBEHb JACKOMIIO3ULIMK CUTHANA. B KadecTBe HyJlEeBOTO NPUHUMAIOT CaM CUTHAJ, & YPOBHU Je-
KOMIIO3MLIMU 00pa3yroT HUCIAAAoLIee BeiBIeT-1epeBo. TOUHOCT MPeICTaBICHHs CUrHAJIa 1a1aeT
10 Mepe Iepexosa Ha Oosiee HU3KUE YPOBHH JEKOMIIO3UIMM, OJHAKO IOSABISAETCS BO3MOXHOCTb
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MIPUMEHEHUSI BEUBIIET-QUIbTPALIIN CUTHAJIOB HIYMOB U 3()()eKTUBHOM KOMIIPECCHUH.

[Ipu npsiMom npeoOpa3zoBaHUU MPOUCXOJUT Pa3I0KEHHE MPOU3BOJIBHOTO BXOAHOIO CUTHAJIA
Ha HOBBIN 0a3uC B BHJIE€ COBOKYITHOCTH BOJIHOBBIX ITAKETOB — BeiiBIeTOB [1,2].

3. HenpeprbiBHOE BeliBiieT-ipeodpa3oBaHue

Kak npaBuio, B 0oCHOBe BeHBIET-IPEOOpa30BaHUN JEKUT UCIOIb30BAHUE JIBYX HENPEPHIB-
HBIX, B3aMMO3aBUCHUMbIX M HHTETPUPYEMBIX 110 HE3aBUCHUMOW MEpeMEHHOM (YHKIMIl: BelBIeT-
Gynkimu W (t) u maciurabupyromei Gynkiun @(t) .

+o0
j w(t)dt =0

BeiiBner-¢pyHkuuu v (1) uMeeT HyJIeBO€ 3HaYCHUE UHTerpaia — .

C noMo1pio JaHHOW (yHKLHEN, KOTOPYIO YacTO M Ha3bIBAIOT BEHBIIETOM, BBLAEISIOTCS JIO-
KaJIbHble OCOOCHHOCTH CUTHaNla. B posu BeiiBi1eTOB OOBIYHO BBICTYNAIOT (YHKIUHU, KOTOpPbIE XO-
POLLO JIOKAJIU30BAHHBI U BO BPEMEHHOM, U B 4aCTOTHOM 006sacTi. OHA MO-pOKJIAeT JETATU3UPYIO-
e ko3hGUIUEeHTHI:

d, = j SO, (t)dt

Macmrabupytomasi GyHKIust ¢ (1) , Kak BpeMEHHasi CKeUIMHT-(QyHKIUS ¢ €TUHUYHBIM 3Ha-
+00
[ o()dr =1
YEHUEM MHTErpajia -- , KOTOpOil BBINOJIHAETCA Ipydoe npubinxeHre (anmpoKCUMaliys)

curnana. OHa noposxJaeT K03(pPUIMEHTHI aNMPOKCUMALINH:
a;, = [s(0, (t)dt

@(t)-pyHKIMK TPHCYIIM HE BCEM, a, KAaK IPABUIIO, TOJIHLKO OPTOTOHAJIBLHBIM BENBIIETAM.
Onu TpeOyroTcs i peoOpa3oBaHusl HEIICHTPUPOBAHHBIX U JIOCTATOYHO MPOTSHKEHHBIX CUTHAJIOB
P Pa3JeIbHOM aHAJIM3E COCTABIIAIONINX C HU3KUMU U BHICOKUMH YaCTOTaMHU.

4. BeiiBier Xaapa

OnuH U3 camMbIX M3BECTHBIX OPTOTOHAIBHBIX BEWBIETOB — BelBieT Xaapa (Haar). Ero mo-
PO AArOIIas CKeUIMHT-(YHKITUS 3a/1a€TCS CISAYIOIUM BBIPAKCHUEM:

Lo<zt<l1
PO=10 <01
v (1) -pyHKIMS TPUHUMACT BUJI IIPSIMOYTOJIBHBIX UMITYJICOB MEaH/Ipa:
,0<t<0.5
V=1 0s<i<t

BeiiBiiersl Xaapa X0po1Io JIOKaIU30BaHbl B IPOCTPAHCTBE, HO HE OYEHBb XOPOILO JIOKAIU30-
BaHBI B YaCTOTHOU 00JIaCTU. DTO CBS3aHO C TEM, YTO MEAHAP UMEET IMUPOKUMA CTIEKTpP YaCTOT.
Paccmotpum mpeoOpazoBanue Xaapa B o0mieM BHjae i OJHOMEpHOro curHama. [Ipemmo-
JIOKUM, YTO UMEETCSI OJJTHOMEPHBIN JUCKPETHBIN curHail S . Kax o mape 3JIeMEHTOB C MHIEKCaMHU
2j;| 2j+1, j€Z TOCTaBHUM B COOTBETCTBHEC 2 3HAUCHHUS:
Syt Sy

a, = ——-—",

d Sy T8
/ 2

I 2
a.
K CI/IFHaJ'Iy J MOKHO HpI/IMCHI/ITB aHaJ'IOFI/ILIHYIO onepaumo " TAaKXKE HOJ'Iy‘II/ITI) JBa CUT'HaJ1a,
o o a o
OJIMH U3 KOTOPBIX fABJIAETCS TpyOoit Bepcuer 7/, a Ipyroi coAepKUT ACTaIU3UPYIOUIyI0 HHpOopMa-

a.
10, HEOOXOIUMYIO JUISI BOCCTAHOBJICHUS /.
Oo6partHoe npeodpazoBanue Xaapa BRIMISAUT CICTYIOMIUM 00pa3oM:
Sy, =0, +d, Saju =0 —d,

2

PaccmoTtpuMm nBymepHsbIil curHai. [IpuMeHnm K KaXX0¥ CTpOYKE MaTPHUIbI OJHWH IIar OJJHO-
MEpHOTO BeWBeT-peoOpazoBanus. [lomydnm aBe MaTpuIlbl, CTPOKA KOTOPBIX COACPIKAT aIIpPOK-
CUMHUPOBAHHYI0O W JETAIU3UPYIONIYI0 COCTaBJISIIOIIAE CTPOK MCXOJHOM Marpuibl. K kaxgomy
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CTOJIOLY MOJYYEHHBIX MATPHI] TaKKe NMPUMEHUM IIar OJHOMEpPHOro npeodpazoBanusd. [lomyunm
yeTbipe MaTpulibl. [lepBas sBisieTcs annpoOKCUMUPYIOIIEH COCTaBISAIONIEH HCXOAHOIO CUTHAa, OC-
TaJbHBIE TPU COJEp)KaT JAeranusupyromyro uHpopmanuto. [llar nBymepHoro mnpeobpazoBaHus
CBEJICSI K KOMIIO3UILIMM OJTHOMEPHBIX ITPE0Opa30BaHUM.

L "4

Puc. 2. VI300pakeHne, kK KOTOPOMY IIPUMEHEHO HpsIMOe BeHBIIeT-IpeodpazoBanue Xaapa

3amMeTuM, 4TO IS MOJTHOW PEKOHCTPYKIMH CUTHAIA MOTYT OBITh MPUMEHEHBI TOJIBKO OPTO-
TOHAJIbHBIC BEWBIIETHI, a BeWBIET Xaapa o0nmamaeT «HETJIaakocThio». PaccMoTpum BeiiBneTsr Jlo-
Oern, KOTopble 00Iaal0T CBOMCTBAMU OPTOTOHAIBLHOCTH, CpeaHee 3HaueHne QYHKIIMA PaBHO HY-
mo, 1 GyHKIUS ObICTpO yObIBaeT Ha OECKOHEYHOCTH U IepeceKkaroT och aldciucc #+1 pa3. Ilpu
9TOM 7 HAa3bIBAIOT MOPSIAKOM BEUBIIETA.

5. BeiiBaet Jo6emu

BeiiBnersr JloOemm HE WMEIOT aHATUTUYECKOTO BBIPAKEHUS U OMPENEISIOTCS TOJIBKO
¢unbTpamu. CkeilnnHr-QyHKUMY U BeiBieTsl JloOemn — 3To HenpepbIBHbIE (QYHKIIMH, KOTOPbIE HE
TOXICCTBEHHBI HYITIO U HeaubhepeHInpyeMbl HA KOHEYHOM OTPE3KE.

Bun ckeitnmunr-¢yHkiun u Beiipiera J[oOemy BHIYUCIAIOTCS MPU IMMOMOIIM METOJa UTepa-

UM, a B MPAKTUYECKUX MPUIOKEHUSIX UCIIOIb3YIOTCS TOJIBKO BEUBIET-KOA(D(ULINEHTHI by & 0e3
BBIYMCIIEHUS! KOHKPETHON ()OPMBI BEUBIIETOB.

Ob6nacTh 3amanus BeiiBieroB JloOemn mmpe, yeM BeiiBieToB Xaapa, HO IPU 3TOM OHHU
o0ecreunBaroT Mpy BEHBIET-MPe0Opa3oBaHNU 0OJIBIIIEE KOJTMIYECTBO MAIIO3HAYUMBIX KOd(huImneH-
TOB PA3JIOKEHUsI U, IpU OTOpaCchIBAaHUHU MOCIIEAHUX, 00JIee CHIIBHOE C)KaTUe JaHHBIX [4-5].

6. JlocTOMHCTBA U HEOCTATKH BeliBJeT-Ipeodpa3oBaHuid

* BeiiBner-nipeoOpa3zoBanus 001a/1al0T BCEMH JOCTOMHCTBAMU IIpeoOpazoBannii Dypee.

* BeliBner-6a3ucbl MOTYT ObITh XOPOIIO JIOKAJIM30BaHHBIMU KaK II0 4acTOTE, TaK U IO Bpe-
MeHu. [Ipu BeIIeNeHNH B CUTHAIAX XOPOLIO JIOKATU30BaHHBIX PA3HOMACIITAOHBIX MPOLECCOB MOXK-
HO paccMaTpUBaTh TOJIbKO T€ MacIUTaOHbIE YPOBHHU PA3JI0KEHUSI, KOTOPBIE MPEACTABISAIOT HHTEPEC.

* BeiiBier-0a3ucel, B OTIMUKE OT mpeobpazoBanus Dypbe, UMEIOT MHOTO Pa3HOOOpPa3HBIX
0a30BbIX (YHKIIHI, CBOMCTBA KOTOPbIX OPUEHTHPOBAHBI HA PELICHUE Pa3InYHbIX 3a1a4. BeliBneTsl,
OCHOBaHHbIE Ha Oa3ucax, MOTYT pealn30BaThbCs (PYHKIUSAMU PA3IUYHON ITIaJKOCTH.

* HenocratkoMm BelBIETHBIX MpeoOpa30BaHU SIBISIETCA UX OTHOCUTENbHASI CIIOKHOCTb.

7. Peam3anmsi M pe3yJibTaThl

bbbty peanu3oBaHbl [Ba alropuTMa BeBIeT-peoOpa3oBaHuil: IpocTeinii BeiiBnera Xaa-
pa, a Takxke OuoptoroHanbHbIN BeliBieT Kosna-Jlobemu-doso. Cpena pazpabotku — Spider 3.0.0 ,
sa3pIK mporpamMupoBanust Phiton 3.5.2. Mcnonb3oBanuchk Oubmuotexku PIL (Python Imaging
Library), Numpy, Mathplotlib, Math.

Jliia TectupoBaHusi pabOTHI IPOrpaMM IIPOBOAUIIOCH MPeoOpa3oBaHue H300paXKeHUs pa3Mme-
pom 512 x 512 px B rpajauusix ceporo.

Bo Bcex ompiTax ucxoaHoe u300pakeHre MoABEPrajioch MpsMOMY MIPeoOpa30BaHUIO, IOCTIE
4ero OOHYJISJIMCh 3HAUEHUS MUKCeNel, KOTOpbIe OKa3aluch MEHbIIe 3aJaHHoro nopora. Ilocne ye-
ro IpOMEXYTOUHBIM BapuaHT CXXUMAJICA IMpPHU MOMOIIM apxuBaropa 7zip. Jlamee mpomexyTOuHOE
M300pakeHUE TI0/IBEPrajgoch 00paTHOMY MPeoOpa30BaHUIO (BOCCTAHABIMBAIOCH).
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JIJIs OIIEHKH CTEINEHU JOCTOBEPHOCTH BOCCTAHOBIICHUS M300paKEHUSI UCIOJB30BaH KPHTE-
puii OTHOIIICHUSI MTMKOBOTO 3HaYeHUs curHaia K mymy (PSNR — peak signal-to-noise-raito):

PSNR

—10 log |, (

MSE
st

2

rae MSE — cpenHekBaapaTHyHas oummoOka (mean square error), paBHas CyMMe KBaJpaToB
pa3HOCTEN MeXIy OPUTMHAJIOM U BOCCTAHOBJIECHHBIM M300pa)keHHeM, a S — MaKCUMaJbHOE 3Haue-
HUE TUKCES:

] & 2
MSE = —— x(m,n)—x(m,n
MNZZI (m,n)—x(m,n) |

m=0 n=0

[Tox xo3dduumentom cxxarus OyaeM NOHMMATh OTHOLIEHHE pa3Mepa apXHuBa C MCXOJHBIM
n300pakeHUEM K pa3Mepy apXuBa ¢ MpeoOpa3oBaHHBIM U300paKEHUEM.
Pa3mep apxuBa ¢ ucxonHbIM n3o0paxenuem — 176 KO6. Pe3ynbrarsl pacueToB npejacrasie-
HBI B Tabnumax 1 u 2.

Ta6muma 1. Beiipner Kosna-Jlooemm-Doro

Iopsimox ITopor oOHyne- | Pasmep apxuBa ¢ mpeobpa- | Koadpdumuenr cxa- | MSE PSNR
HUS 30BaHHBIM H300paKCHUEM, | THS
K6
2 0 109 1,61 1.38 e-31 356.73
2 0,01 71,3 2,47 9.64 e-05 88.29
2 0,03 29,7 5,93 0.000344 82.76
2 0,04 25,4 6,929 0.00042 81.87
2 0,05 23,5 7,48 4.96 e-4 81.17
4 0 102 1,71 3.26 e-31 353,00
4 0,01 62,2 2,82 1.80 e-4 85.56
4 0,03 17,6 10 0.00095 78.35
4 0,05 10,1 17,43 1.80 e-3 75.57
8 0 129 1,36 1.09 e-30 347, 00
8 0,01 65,6 2,68 2.99 e-4 83.38
8 0,03 17,3 10,17 0.00297 73.41
8 0,05 9,23 19,06 9.07 e-3 68.55
Tab6muma 2. Beiipner Xaapa
ITopor oonynenus | Pasmep apxuBa ¢ mpeobpaszo- | KoaddumueHt cxatus MSE PSNR
BaHHBIM n300pakenueM, Ko
0 125 1,41 8.73 e-32 310.59
0,01 125 1,41 1.14e-5 49.44
0,05 125 1,41 1.80 e-4 37.43
0,07 125 1,41 2.23 ¢4 36.52
0,3 125 1,41 1.13¢-3 29.47
8. BuiBO/BI

Ha ocHoBanuu npojaenaHHbIX TECTOB C(OPMYIUPOBAHBI CIEAYIOLINE BBIBOIbI:

1) Haxe npeoOpa3zoBanue 0e3 OOHYJICHHS 3HAYCHUM MMUKCENEH, SPKOCTh KOTOPBIX HUXKE 3a-
JAHHOTO MOPOTa, BEJET K YJIYUILIEHUIO KOMIIPECCHH;

O6nyns1a K03()PUIMEHTH MOXKHO JOOUTHCS 3HAUYUTEIHLHOTO CKATHS MPU MPUMEHEHUU
nocJIeytolel apxupauuu (WM HHOro aroputma cxarust). Ho cienyer oTMeTuTh, 4To
CYLIECTBYET MOPOT, I10CJI€ KOTOPOTO YBEIMYEHHUE CXKATUSI CTAHOBUTCS HE3HAUUTEIbHbIM,
B TO BpPEeMs KaK KaueCTBO N300pakKeHMsI CYILIECTBEHHO YXYALIAeTCs;

Jnia BeiiBiera Kosna-JloOemm-®oBo yBenndyeHHe Mopsiika BeJET K MOBBILLIEHUIO YPOBHS
CXKaTHsl, HO COIIPOBOK/IA€TCs MOTEPEN KauecTna;

Jlia BeliBnera Xaapa He yJajloch MOA00paTh KOAPGUUUEHT OOHYNIEHUS, KOTOPBIM Obl
3HAYUTENIBHO YJIy4lllajl KOMIIPECCUIO MpH AajbHeimeld apxuBauuu. [loBbimenue koag-
¢unueHTa NpUBOAUT K YXYAUICHUIO KadecTBa, HO NpPU ropa3fo OOJbIIMX 3HAYEHMSIX,
yeM Jiy1s1 BetiBiiera Koosna-Jlo6emm-dogo.

2)

3)

4)
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BeﬁBCT-HpeO6p330BaHHG MOKHO IPHMCHATH B KaUCCTBC MOATOTOBHUTCIBHOI'O JTalla IIPpU
KOMIIPECCUM CHUTHaJa, IPU 3TOM BO3HHMKAaeT Mpobiema moadopa KodpuiueHTa oOHylIeHNus U 1o-
psaaka BerBieTta. Kpome Toro, B panbpHeieM LenecooOpa3HO MPOAHATU3UPOBATh BapUaHThI CxKa-
THS1, ONUPAIOIINECs Ha CBOMCTBA MPOJICIIaHHBIX ITPE0OpPa30BAHU.
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YK 62-526
PA3BPABOTKA METO/JA BBIAEJIEHUA U COITPOBOKIEHUA OBBEKTA
JJIA CUCTEMBI IOSUITUMOHUPOBAHMUS HIAPA HA TIVMIOCKOCTH
C ABYMs CTEHHEHAMHU CBOBO/bI

H.C. JlakTiommH, A.P.I'ageasmmn, B.B. CtpoTos
Psizanckuii F'ocyoapcmeennviii Paouomexnuueckuti Ynueepcumem,
Pazanckas obnacme, Paszane, laktushinnikita@rambler.ru

Annomayus.B maHHO#M paboTe ONMUCAHBI OCHOBHBIC MPUHIIUILI IPOCKTHUPOBAHUS W TIPOTrPaMMHEBIC
CpeICTBa I CO3/IaHUs aBTOMATH3UPOBAHHOW CHCTEMBI TIO3UITMOHHUPOBAHNS 00BEKTa Ha IIOCKO-
CTH, IPUBEACHO €€ KPaTKOEe OMUCaHHe.

Knmioueevie  cnosa.  Ilo3unuoHMpoBaHHWe  OOBEKTAa  HAa  IUIOCKOCTH,  CIEKEHHE  3a
00bexToM, MATLAB,Simulink, ArduinoUNO.

THE METHOD FOR BALL OBJECT DETECTION AND TRACKING

FOR TWO-DIMENSIONAL PLANE POSITIONING SYSTEM
N.S.Laktyushin, A.P.Gadelshin, V.V. Strotov
Ryazan State Radio engineering University,
Ryazan region, Ryazan, laktushinnikita@rambler.ru

Abstract. Thisarticle describe the basic principles of design and software tools for creating auto-
mated object positioning system on the plane and a short description of this system.

Keywords. Positioning the object on the plane, object tracking, MATLAB, Simulink, Arduino
UNO.

1. Beenenue

[Ipu mpoeKkTUpOBaHUM CHCTEM YIIPaBJICHMSI, KOTOPbIE COJEPKAT Pa3IM4HbIe UCIOJHUTEIb-
HBIC MEXaHU3MBI (JIBUTATENN TIOCTOSIHHOTO TOKA, aCHHXPOHHBIC JIBUTATEJIH, CEPBOTPUBO/IBI, IIAT0-
BbI€ JBUTATEIHN U JIp.) U JATUYUKU (TEPMOMETPHI, POTOAATUYMKHU, TEH30JaTYUKU U Jp.), B KaUeCTBE
perymsTopa, B HaCTosIIee BpeMs, y100HO ucnoib3oBaTh ArduinoUno (cm. Pucynok 1).

Pucynok 1. ArduinoUNO

Arduino — »10 mnardopma s pa3pabOTKU aBTOMATHYECKHUX CHCTEM YIIPABIICHUS, YCT-
poiicTB, poO0TOB Ha 6a3e MUKPOKOHTposuiepa. biaromaps ynoOCTBY M MpOCTOTE si3bIKa MpOrpam-
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MHUPOBaHMSI, @ TAKXKE€ OTKPBITON apXUTEKType U MPOrpaMMHOMY KONy, Arduino moJjib3yeTcsi OrpoM-
HOU MOMyJSPHOCTHIO BO BceM mupe [1].

MATLAB — 3T0 BBICOKOYPOBHEBBIN SI3bIK M HHTEPAKTUBHAS CpPea JUIsl IPOrPpaMMHUPOBAHUSA,
YHCJIEHHBIX PacyeTOB U BU3yalu3auuu pe3yapraToB. C nomonibio MATLAB MOXHO aHATU3UPOBATh
JaHHbIE, pa3padaTbiBaTh AITOPUTMBI, CO3/1aBATh MOJEIU U MPUITOKEHHUSL.

2. [IpoekTHpOBaHMe IBYMEPHOI CCTEMBbI YIIPABJeHHS 00beKTOM

Pabora Bkito4yaeT B ce0s1 JBYMEpPHYIO CUCTEMY MO3UIIMOHUPOBAHUS O0BEKTa Ha MJIOCKOCTH,
yIpasisiemasi IByMs CepBOIIpuBogamMu (cM. PucyHOK 2), B KOTOpOM MCIIONB3yIOTCs cpeactBa MAT-
LAB &Simulink, nnardopmadrduino UNO na 06aze MukpokoHTposuiepa A7Tmega328p xoMnaHuu
Atmel ¥ BUaeoJaTYMK C JMOIHON ITOAIIBETKOM.

3ajaya 3aKJIIOYaeTCAB OLCHMBAHUM KOOPAMHAT OOBEKTa C IOMOIIbIO BHUAEOJATYMKA U
cpenctB MATLAB&Simulink, BoIYMCIIEHUN YIIPABISIOUIUX BO3AEUCTBUN JUIsl BBIXOIHBIX BaJIOB CEp-
BONPHUBOAOB MocpeAcTBOM ABYX [IM]I-perynstTopoB U MOCHUIKE 3TUX YINPABISIOMINX BO3JAECHCTBHI
Ha miary ArduinoUNQO, K KOTOpPO MOAKIIIOUEHbI CEPBOIPUBOIbI.

Yo

i

a) 0)
Pucynok 2. JIByMepHast CHCTEMY MO3UIIMOHUPOBAaHHUs 00bEKTa Ha TJIOCKOCTH.
(a) —cxeMa yCTaHOBKHU
(0) — oOmIuit BUI YCTAHOBKU

Jlyis perieHus 3aa9u He0OX0IMMO 3aJIaHUe JKEITAeMOTO MOJIOKECHHS 00BhEKTa Ha TII0CKOCTH
(mammpumMmep, mEeHTp TWIocKocTH). [Tocie 3Toro ocymiecTBiIsieTcs 3aXBar Kajipa ¢ BeO-KaMepsl, OCYyIIle-
CTBIISIETCS TIOMCK O0BEKTa Ha MJIOCKOCTH M OIICHUBAIOTCS ero koopauHatel. OOpaboTKa Kajapa ocy-
mectisiercss B MATLAB 1o ciienyroomeMy aaropuTMy B IUKIIE:

1. 3axBaTpIBaeTCs KaJp C BHJICOJATUMKA U IMOJTYICHHOE H300pakeHHE TPeoOpa3yeTcs B cepoe.
2. OcymiecTBisieTcsl CeTMEHTalMsI, B X0J€ KOTOPOH OOBEKTHI JeNsTCs Ha JBa kiacca (poH u
00BEKT).

3. OcymecTisercs pa3MeTKa U napaMeTpu3aliusl.
4. HaxoasarcakoOpAUHATHIOOBEKTA.
5. OueHuBaroTcs OMMOKHM OTKJIOHEHHUS TEKYIIETO MOJI0KEHHSI 00BEKTa OT JKEeJIaeMOTO.
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6. DopMHUPYIOTCS YIPABISIONINE BO3ACHCTBUS IS IBYX CEPBOIPUBOJIOB, KOTOPHIE OTBEYAIOT
3a MOBOPOT IJIAT(OPMBI.
7. OtmpaBisieTcs MOChUIKA YIPaBJISIOMUX KoMaH 1 Ha Tuiaty ArduinoUNO.
Mogens, paboTatomas B Simulink nokazana Ha pucyHke 3. CKOpOCTb nepeaadn TaHHbIX CO-
crasisiet 115200 60.1.

COoM3
115200
8.none 1 60 + PIDE) uint16 Data COM3

Serial Configuration
9 setpoint_X PID Cortroller X
X

TOSHIBA Vieb ...
YUY2_160x120
input1

Data Type Conversion Serial Send

out

To Workspace

Compare

From Videa Device To Constant Processing videa PID Controller ¥
[ -
To Video
Image [«
Display g setport Y Constant Data Type Conversion1
Check Step Response
Characteristics
To Video Display1

Pucynok 3. Mogens Simulink, padoraromast na [1K

Hacrpoiika mapamerpos [1HI-perynsTopoB oCymecTBIseTcs B poliecce paboThl CHCTEMBI
¢ momomplo mnakera pacmmpenust SimulinkOptimizationToolbox, B KOTOpBI BXOIUT OJIOK
CheckStepResponseCharacteristics.

3axBaT KaJ[poB C BHUIEOJATUYUKA OCYIIECTBISIETCA C MOMOIIbI0 O10ka FromVideoDevice n3
naketa pacmmpenust SimulinklmageAcquisitionToolbox. Tlocklnka yrnpaBisiOMKUX BO3CHCTBHIA Tie-
penaércs nByms Oaiframu. IlepBblil 6aiiT — yroy moBopoTa NEPBOrO CEPBOABUraTelNsl, a BTOPOU —
BTOPOTO CEPBOJIBUTATEIIS.

Ha mnary ArduinoUNO c¢ nomoiubio nporpammsl ArduinolDE 3arpyxaeTcsi Clelyrolui
KOJI:

#include <Servo.h>

Servo servol;

Servo servo2;

byte pos[2]={ 0,0 };

void setup () {
servol.attach (5)
servo?Z2.attach (0)

Serial.begin(115200);

}

void loop () {

Ne N

servol.write (pos
servoZ.write (pos

if (Serial.available() > 0) {
pos[0] = Serial.read(); delay (1)
), delay (1)
01)
1]

(
(
pos[l] = Serial.read(
(
(

Q.

@

p—

Q

<
= N N

)

}
}

3. AJITOPUTM Bbl/IeJICHUS U CJIeKEeHHUS 32 00bEKTOM HA M300pasKeHu U

Tak kak 0OBEKT mpeacTaBisieT coOO0W TEMHBIM MIap, MEPEMENIAOIINIICS MO0 CBETJION MO-
BEPXHOCTH (pUCYHOK 2 (0)), TO uIsi OOHAPYKEHUS U BBIJCICHHS 00BEKTa Ha M300PAKECHHUH, TTOJTy-
4aeMOTO C Kamepbl MOXXHO HCIOJIb30BaTh MOJU(HUIIMPOBAHHBIN METOJ MOPOTOBOM CErMeHTaIluu
n3zo0paxkenus. st arorona ocHoBe Habromaemoro m3oopaxkenus [(i, j,n) chopmupyem OnHapHOE
n3zoopaxenue r(i, j,n), CIMHUIHBIE TOYKH KOTOPOTO OYIyT MPHHAIC)KATH TOYKaM 00BbEKTa, Hye-
BbIE€ — TOYKaM (JOHA MO CIECAYIONIEMY MPABUITY:
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1,ecmm (I(i,j,n) < T)u ((i,j)eR)
0, uHaue

rGijm =

Kak BuaHO, K Toukam 00bekTa OyIyT OTHECEHBI TOUKH, HaXOSIIHECS B ONPE/ICTICHHON 30He
R, spxocTh KOTOpBIX OyZeT MeHblIe 3aAaHHoro nopora 7. IIpumep mosiyueHHOTO OMHAPHOIO H30-
OpakeHHsI PUBEJICH Ha PUCYHKE 4.

File Edit View Insert Tools Desktop Window Help L

Udde | R0 EL-2|0E aD

Pucynok 4. IIpumep HoTydeHHOr0 OMHAPHOT'O H300paKECHUS

Crnenyromum 3TaroM ajropuTMa sIBJISETCS pa3MeTKa M mapameTpusaius OMHApHOIO H30-
OpakeHHsl, TO eCTh pa3OueHne OMHapHOTO U300paKEHUS Ha CBA3aHHbIE CETMEHTHI U UX MapaMeTpu-
3anus. ANrOpUTM pa3METKHU U MapaMeTpu3aluy onucaH B [5].

[TocnenqHum 3Tarom aaropurMa siBjseTcss BBIOOp cerMeHTa, HACHTUPHUIIMPYEMOTO ¢ 00beK-
TOM. {7151 3TOr0 aHaNM3UpYIOTCA TaKue MapaMeTphl Kak pa3Mepbl cerMeHTa (JOJDKHBI ObITh Oiu3-
KUMH K 33JJaHHOMY 3HAY€HUIO), COOTHOILIEHWE CTOPOH CerMeHTa (JOJKHBI ObITh OMM3KUMHU K 1),
OTHOIIEHHUE KOJIMYECTBO TOYEK CETMEHTA K KOJIMYECTBY TOUEK OIPaHUYMBAIOIIETO MPSIMOYTrOJbHUKA
(momxHO OBITH ONMM3KKUM K 71T/4). LleHTp Macc cerMeHTa mMpUHUMAETCs 3a IEHTP 00beKTa Ha M30-
OpaxeHuu. Takke, 11 YTOUHEHUS MOJIOKEHUSI 00bEKTa MOKET ObITh MCHOJb30BaH anmapaTt Kai-
MaHOBCKOU ¢uibTpamm# [5].

[IpoBeneHHbIe SKCIIEpUMEHTAIbHBIE UCCIIEI0BaHUS TOKA3bIBAIOT, YTO pa3paOOTaHHBIN ajro-
PUTM MO3BOJISIET IPOU3BOAUTH OOHAPYKEHHE 00BEKTa C BHICOKOM CTENEHBbI0 HAJEKHOCTH U OIpe-
JeNIATh €ro KOOPJAMHATHI C TOYHOCTHIO 10 1 mukcess.

4. 3aki104eHne.

B pabore omnmcana nBymepHas cucTeMa MO3MIMOHUPOBAHUS IIapa Ha IUIOCKOCTH. bpuio
pa3paboTaHO MporpaMMHOE OOECIEeYeHHE C TOMOIIbI0 HHTEIPUPOBAHHON Cpelbl pa3pabOTKU
ArduinolDE u ¢ ucnonb30oBaHUEM I'paduuecKkoil cpesibl UMUTAMOHHOTO MoenupoBanus Simulink
cucteMbl MATLAB.1lpeyoxeH anropuT™ BBIACICHUS U CIEKEHUS 3a IIApOM C IOMOIIBIK BHJIEO-
kaMmepsl. [IpoBesieHbl SKCIIEpUMEHTANIbHBIE HCCIIEI0BAHUS Pa3pabOTaHHOTO alrOPUTMA.
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2. MathWorks [Qnekrponnsiii pecype]. URL: http://matlab.ru/products/matlab (qata oopamenus 12.02.2017).
3. 3amyck mozeneit Simulink Ha Arduino. [Dnextponnsiii pecypc]. // Odurmanshbiii quctpudstorop MathWorks Ha
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CPABHUTEJIBHBIU AHAJIN3 U MOJINO®UKALIUA AJITOPUTMOB
IMOCTPOEHUS TPUAHI'YJIAIIAUA AJEJIOHE
A.A. Tenmnos, K.A. MaiikoB
Mockoeckuii I'ocyoapcmeennvlii Texnuueckuit Ynusepcumem um. H.D. baymana,
Poccus, Mockea

Annomayus. TIpuBeneHbl pe3yabTaThl CPABHUTEIBHOTO aHAJIHM3a MPAKTHYCCKH BOCTPEOOBAHHBIX
METOJIOB TpHaHTyIsIuK JlenoHe, obaamarolye BRHICOKAM OBICTPOJCHCTBUEM U HU3KOH pecypco-
eMKOCThI0. OOOCHOBBIBAECTCS BBIOOp METOAA IS IMOCICOYIOIICH MOIEPHU3AIUN C ILEIbI0 IO-
CTPOCHUS AUHAMHUYECKUX 3-D 00BEKTOB B pealbHOM BPEMEHH C OIPEICICHHON CTEIICHBIO ICTAITH-
3armu. MoauUIMPyeTcsl OJMH M3 OCHOBHBIX 3TAIIOB BEEPHOIO JABYXIPOXOIHOIO AJITOPUTMA TPHU-
aurymsarmu Jlenone. [IpeanoxeH ajaropuTM MHTEPBAIBHOTO pa30HCHUS MAacCHBa TOYCK TPUAHTY-
JIAIMHA B COOTBETCTBHU C IUIOTHOCTBIO paCHpeIeICHuUs, TO3BONISIONINI H30eXaTh OMUOOK MPH all-
MapaTHOM pean3aluu.

Kniouesvie cnosa: BUpTyanbHas pealbHOCTh, TPUAHTY/ISIMS HAa 3aJaHHOM MAacCHBE TOUCK, TPHAH-
rynsuus JlejgoHe, mocTpoeHue TMHaAMHYeCKUX 3-D 00BeKTOB.

THE COMPARATIVE ANALYSIS AND THE MODIFICATION OF

CONSTRUCTING ALGORITHMS OF THE DELAUNAY’S TRIANGULATION
A.A. Teplov, K.A. Maikov

Bauman MSTU,

Moscow,Russia
Abstract. The results of the comparative analysis of the virtually popular methods of the Delau-
nay’s triangulation with high performance and low resource consumption are described in this ar-
ticle. The choice of the method for further modernization with the aim of building of dynamic 3-D
objects in real time with a certain degree of detail is justified. One of the main stages of a fibered
the two-pass algorithm of the Delaunay’s triangulation is modified. There is the proposal of the al-
gorithm for the interval partitioning of the cell array of the triangulation in accordance with the
density of distribution, allowing to avoid the errors in the hardware implementation.
Keywords: Virtual reality, triangulation on a given cell array, Delaunay’s triangulation, building of
dynamic 3-D objects.

OpHMM U3 3TaNoOB ONPEIEIIAIONIUX PECYPCOEMKOCTh MOCTPOEHUS AuHaMuyeckux 3-D oObek-
TOB C 33/IaHHOM CTENEHBIO JeTallu3aluH, sBisieTcs TpuaHryasiuus [4,5]. Ha npaktuke Bo3HUKaeT
HEO0OXO0IMMOCTh OIpeAeNeHUs] MPOTOTUIIA METOJa TPUAHTYJISLUHU, YIOBJIETBOPSAIOLIEr0 TpeOoBa-
HUIO BBICOKOTO OBICTPOJEHCTBUSI U HU3KOM PECYPCOEMKOCTH € MOCIEAYIONIEH MOAU(PUKAIMEH IS
KOHKPETHOT0 Kjlacca 3aj1ad.Psa mpakTuueckux 3ajjau XapakTepHU3yHOTCs HE0OXOJAUMOCTBIO MOJIe-
mupoBaHus 3-D 00BEKTOB, ONMMCAHHBIX COOTBETCTBYIOIIMM HAaOOPOM TOYEK C HEM3BECTHBIM 3aKO-
HOM pacripesienieHus. B aTom ciydae He00X0AUMO MTPOU3BECTH TPUAHTYIISIIIUIO HA HCXOTHOM Habo-
pe Touek, oOecrneynBaroUlyl0 HauOOJBIIYI0 «CTENEeHb IMpaBWwiIbHOCTU» [l] TpeyrosnbHu-
koB.[IpoGnema «cTeneHu MpaBUIBHOCTU» TPEYTOJIBHUKOB PEIIaeTCsl TPUAHTYISALUEH, YAO0BIETBO-
pstoteit yciosuto Jlenone [3].

W3BecTHBIE aNrOpuUTMbl TPUAHTYIIALMU J[€TOHE MOXKHO pa3[esUuTh Ha CIEAYIOIINE YEeThIpe Ka-
teropuu [1]:

® UTEpaTUBHbIE AITOPUTMBI;

® AJNTOPUTMBI CIIUSHUEM;

® JIBYXIIPOXOJIHbIE aJITOPUTMBI;

® [IONIAroBBIE.

B urtepaTuBHBIX airOpuTMax peanu3yeTcsl MOocae0BaTeIbHOE J00aBICHUE TOUEK B YaCTUYHO
MIOCTPOCHHYIO TpHaHryisauuoo Jlemone [2] myrem ux nokanu3zauuu. [IpoBojasdTcs jJoKanbHbIE IPO-
BEPKU BHOBB IOJYYEHHBIX TPEYTrOJIbHUKOB Ha COOTBETCTBHME YCIOBMIO JlesoHe, ¢ mocienyromum
nepecrpoerreM. TPyI0eMKOCTh UTEPAaTUBHEIX anroputMoB Jlenone onpenensercs kakO(N?)[1], a
IS cliydasi paBHOMepHOro pactpenencaust Touek — O (N)[1]. HemoctatkamMu UTEpaTUBHBIX ajro-
putMOB [lenoHe siBisieTcs 00JbII0E YUCIO UTEPATUBHBIX LIUKIIOB, 3aBUCUMOCTh aJIFTOPUTMa COPTHU-
POBKHU OT CTPYKTYPbI HCXO/IHBIX JAHHBIX, & TAKXKE HEOOXO0IMMOCTh MPOBEPKH Ha yciaoBue JlenoHe.

ANrOpUTMBI CIHUSHUSIPEANTU3YIOT pa3OMeHUEe UCXOJHOTO MHOXKECTBAa TOUEK HAa HECKOJBKO
MIOJIMHOKECTB U MOCTPOCHUE TPUAHTYISIIIMM HA ATUX MMOJMHOXKECTBAX C MOCIEAYIOUIUM 00beIuHeE-
HUEM HECKOJBbKUX TpuaHrymsiiuil [1]. Tpyno€MKOCTh anropuTMoB CIUSHUEM COCTABISET B Cpel-
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HeMO(N)[1]. Anroput™Mam CIIMSHHEM CBOMCTBEHHa HM30BITOYHOCTB, OIpeesieMas HeoOX0IIMMO-
CTbIO TOCTPOEHUS BBIMYKJIBIX O0OJacTei i Y3KUX II0JIOC, a, CJIEeN0BaTeNIbHO, (HOpMHUpPOBaAHHEM
JUIMHHBIX, Y3KUX TPEYTrOJbHUKOB, [I€PECTPAUBAEMBIX IIPU CIUAHUU. AJITOPUTMBI CIAUsHUEM 0O0ja-
JA0T BBICOKUM OBICTPOJEHCTBUEM, YTO OOYCIABIMBAET UX MIPAKTHUECKYIO PEUMYILIECTBEHHOCTb.

[IpenmymiecTBeHHass 0COOEHHOCTh JIBYXIIPOXOJHBIX aJTOPUTMOB COCTOUT B TOM, YTO Ha
MIEPBOM IUKJIE CTPOUTCS HEKOTOpasi TPUAHT YIS, UTHOPUPYSI BbINOJHEHUE yciaoBus [enone, ko-
TOpass Ha BTOPOM LUKIE MOJUPUIUPYETCS C Y4YETOM YAOBJIETBOpEHHUs YycioBuio [lenone
[1]. Tpymo€MKOCTh IBYXIIPOXOJHBIX AITOPUTMOB cocTaBisieT B cpeaneMO (N)[1], a B xyamem ciry-
yae —O(N?) [1]. JlaHHBIii aNropUT™M XapaKTepU3yeTcsl BHICOKMM ObICTPOIeHiCTBHEM, T.K. 0UepeHOlM
TPEYroJbHUK, MONAAAIOIMUNA B TPUAHTYJISIUIO, HE MIOJIBEPraeTcsl IPOBEPKE HA yJOBJIETBOPEHUE YC-
noBuio Jlenone.

ANTrOpUTMBI MOIIATOBOT0 MOCTPOECHUS PEANHU3YIOT JIMILIb TPEYTOJIbHUKHU, YI0BIETBOPSIOLINE
ycioBUl0 JlemoHe B KOHEYHOW TPHUAHTYISIMM, a TO3TOMY HE TpeOyrolue MepecTpOoeHUs
[1].TpynoéMKOoCTh MaHHBIX AITOPUTMOB B cpeaHem coctaBisier O(N), a B XymIIeMm ciiydae —
O(N?).

[IpakTueckre 0COOEHHOCTH 33/1a4i IOCTPOCHUS JUHAMUYECKUX 3-D 00BEKTOB B pealbHOM
BpEMEHH ONPEICIIAIOT TaKue TpeOOBaHUS K aJrOpUTMaM TPUAHTYJISUH JlenoHe, KaK BbICOKOE Obl-
CTpOJEHCTBHE U HHU3Kasg PECYpPCOEMKOCTh. PacCMOTpEHHbIE aJrOpPUTMbI HE YJOBJIETBOPSIOT 3TUM
TpeboBanuAM. [103TOMY BO3HHKAeT HEOOXOIMMOCTh TOCTPOCHHUSI AITOPUTMA, KOTOPBIM HE 3aBUCUT
OT pa30ueHus 00JacTU TPUAHTYJISLUN HA IPUMHUTHUBBI, COJIEpKalle TOUYKHA CaMOU TPUAHTYJISALUU U
He TpeOyeT npoBepkH yciioBus [lesioHe Ha Kax 101 uTepanuu 100aBIeHUs TEKYIIET0 TPEyroJbHUKa
B MCXO/IHYIO TPHAHTYJSLUIO. J[ByXIIPOXOAHbIE aIrOPUTMbI TPUAHTYISALUU [leloHe ynoBIETBOPSIOT
YKa3aHHBIM KPUTEPHSIM, OJIHAKO HYXJIal0TCAd B MOAU(UKALNU C LEIbI0 MOBBIIIEHUS OBICTPOACHCT-
BUs. B xauectBe MoauduuupyeMoro anropurma Obul BbIOpaH JBYXIPOXOJHOM BEEPHBIN aJrOPUTM
[2] TpuaHrynaumuu. YKa3aHHBIA aJITOPUTM H30BITOYEH B OMpPEICIICHUH IIeHTpa Macc Touek. Ompe-
Nensis KoopanHaTy Touku 1eHTp Macc no OX unu OY, npu 607Ib110M KOJIMYECTBE TOUEK HELEIeCco-
00pa3HO BBIYUCIISTH 3HAYEHHUE CPEAHEr0 apu(METHUECKOro U IpU OOJIBIINX 3HAYEHUSAX KOOPAUHAT
TOYEK MOXET MPOU30NTH MEPENOJHEHUE JaHHbIX, YTO MOBJIEYET 3a cO0O0M OMMOKY Minu cOoi mpo-
rpaMMmbl. [loaTomy nenecoobpazHo Bce 3HAUEHUS TOYEK TPUAHTYISIUM PA3A€IUTh HA WHTEPBAJIbI
o ocu X Ha Axq,Ax,, Ax; ... Ax, uno ocu Y Ha Ay;,Ay,, Ay ... Ay,. Tak xe HeoOxoauMo orpe-
JEJIUTh KOJIMYECTBO TOYEK, MPHUHAJIEKAIIEE COOTBETCTBYIOIMM HHTEpBajaM 1o ocsaM X U Y. Pe-
3ynbTUpYIOLKE (GOPMYIIbI, MOJYyYEHHSI LIEHTPA MacCc TOYEK UMEET CIEIYIOINN BUI:

JUISL KOOpAUHATHI X .
ng - Axy +ny - Axy+.. +ny - Axy,
XC = X —X . i (1)
max min
rae X, — X-KoopAuHaTa TOUYKH LEHTPa Macc, N; — KOJIMYECTBO TOUYEK HA 1-M MHTepBaje, Ax; —i-blii
MHTEpBAI HA OCHU X, X;pgy — MAKCUMAIIBHOE 3HAYEHHE IO OCU X CPEIX BCEX TOYEK TPUAHTYIISLUH,
Xmin — MUHHUMAaJIbHOE 3HaYEHHE 110 OCU X CPeH BCEX TOUEK TPUAHTYIISIUH.

@dopmyna BbIYMCIEHUS KOOPAMHATHI Y, MMEET aHAIOTMuHYyl CTpykTypy. [locnenyromue
STanbl TPUAHTYJISLUN PEATU3YIOTCS COIVIACHO CTaHJAPTHBIM 3Tanam [2] HOCTpOEHUs BEEPHOTO all-
roputma. Pa3paboranHas cxema MOAU(DUIMPOBAHHOTO BEEPHOI'O AITOpUTMA MPECTABIIEHA HA pU-
cyHke 1.
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Pucynok 1- Cxema Moau(UIIMPOBAHHOT'O BEEPHOI'O AJITOPHUTMA
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Pucynok 2— Cxema omnpeneneHus 3HaU€HUN HHTEPBAJIOB 10 ocu X

Cxema omnpezieneHus 3HaUeHU HHTEPBAJIOB 110 OCH Y MMEET aHaJIOTHYHYIO CTPYKTYPY.

Ha stane onpenenenus yucia HHTEPBAJIOB ISl MACCUBA TOYEK 1O ocsiM X U Y NMPaKTUYECKU
BAYKHBIM SIBJISIETCSI BHIOOP KpUTEPUs OLIEHKH ONTHMAaJIbHOCTU KOJMYECTBa pa3OMEHUN OTpe3ka Ha
MHTEpBaJIbl. B KauecTBe KpUTEpUsi MOXKHO IPUMEHUTDH Kputepuu Xu-kajapar [6], Cterofenra [6] u
T.J., YTO OTPEIEIIeTCs Ceu(PUKON KOHKPETHOM 3aa4i BU3yaJIU3aIUH.

B pe3ynbraTe mpoBeeHHOTO0 CpPaBHUTENBHOIO aHAJIM3a MPAKTUYECKU BOCTPEOOBAHHBIX al-
TOPUTMOB TPUAHTYISIMK JleoHe, ToKa3aHO, YTO PACCMOTPEHHBICAITOPUTMBl HE YAOBIETBOPSIOT
TpeOOBaHUAM MOCTPOCHUSI AUHAMUYecKuX 3-D 00bEeKTOB € 3apaHee ONPEICIICHHOMN CTENEHbIO 1eTa-
JU3alluy, a, CIeI0BaTelIbHO, HyXJalTcs B Moaudukauuu. Ilpemioxkena Moaudukaus BeepHOTo
JBYXIIPOXOJHOTO aIropuT™Ma TpUaHryasuuu Jlenone, pyHKIMOHAIBHON OCOOEHHOCTHIO KOTOPOTO
SIBJIIETCS BBIYMCIIEHHWE 3HAUYEHUN 1IEHTpa Macc MaccHBa TOYEK TPUAHTYISILMMU MOCPEACTBOM pas-
OMeHUs MacchBa TOYEK Ha MOJAMHOXKECTBA MO ocu X U Y. YKa3aHHbIE BBIYUCIIEHUS MT03BOJISIOT CY-
IIECTBEHHO BBIMTPaTh B MPOU3BOJAUTEIHLHOCTU Ha OOJBIIOM MAacCHUBE TOUYEK IPU ONPEIEIIEHUU KO-
OpJMHAT TOYKH LIEHTpa Macc U K30exaTh NEPEeroHEHUs TaHHBIX, a, CI€0BATEeIbHO, OIIMOKH WIH
c00s MPOTPaMMHOMN peaTn3alnu.
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HUHTEI'PAIIUA CUCTEMbI TEXHUYECKOI'O 3PEHUS B _
ABTOMATU3UPOBAHHbBIX CUCTEMAX YIIPABJIEHUA KOHBEUMEPHOU

JMHUN JIOTUCTHYECKOI'O HEHTPA ®I'YII «IIOYTA POCCUN»

A.B. ®agkun, FO.H. Kapesckasn
Boponeoiccrkuii cocyoapemeennviil mexnuueckuti yHueepcumen
Boponeoic, Poccus, kim0005@yandex.ru

Annomayus. Pemaercs 3amaua pa3pab0OTKd aBTOMaTH3UPOBAHHON CHUCTEMBI YIPABIICHUS! KOHBEM-
epHoii nuHuelt ygactka SPS «®I'VII Iloura Poccun Jloructudeckuii neHtpy». Cucrema AoiKHA
obecrieunBaTh MIaBHYIO paboTy KOHBEHEepHOro 000opyaoBaHus 03 TOTYKOB ISl IPEIOTBPALLCHHS
NaJIeHni MaKeToB M 00pa30BaHMs 3aTOPOB, COOTBETCTBOBATH BCEM HOPMAaM M IpaBuiiam Oe3oriac-
HocTH. Bech kKoMInIekc 000py/0BaHHS JIOJDKEH OBITh PACCUUTaH Ha BOBMOXXHOCTh KPYTJIOCYTOY-
HOW M KPYIJIOrOAUYHOM 3KcIuiyaTauuu. [IpuBeneHa TexHOJOrHdeckas cxema Ipolecca U mepe-
YEeHb JIEMEHTOB.
Kniouesvie cnoséa. CopTUpOBLIMK, TEXHUUECKOE 3PEHUE, TEXHOJIOTHYECKas cXxema

THE INTEGRATION OF VISION SYSTEMS FOR AUTOMATED CONTROL

SYSTEMS OF THE CONVEYOR LINE LOGISTICS CENTER OF RUSSIAN POST
A.V. Fadkin, Y.N. Karevskaya
Voronezh State Technical University
Voronezh, Russia, kim0005@yandex.ru

Annotation. The problem of the development of an automated conveyor line control system Lot

SPS «FSUE Russian Post logistics center." Annotation. The problem of the development of an au-

tomated conveyor line control system Lot SPS «FSUE Russian Post logistics center." Full range of
equipment must be designed for the possibility of the clock and year-round operation. The techno-

logical scheme of the process and a list of elements.

Keywords. Sorter, machine vision, technological scheme.

Bonbmryro gacte nHpopManmuu 00 OKpYKAIOIIEM HAC MUPE YEJIOBEK IMOJIydaeT uepe3 3pH-
TETBHBIA KaHaT U o0pabaThiBaeM MOJIyY€HHYI0 MH()OpPMAIMIO TIPU MOMOIIM anrapara aHaiu3a U
MHTEpIpeTanuy BU3yaabHON HHPopMmainuu. COOTBETCTBEHHO BO3HUKAET BOIPOC O BO3MOXKHOM
peayin3alyy JaHHOTO MpoLiecca MalluHOM.

B pamMkax MoCTOSIHHO pa3BHUBAIOIIMXCS TEXHOJIOTHMH U YCIOKHEHHS MPOU3BOJACTBEHHO-
TEXHUYECKUX 3a/1ay, BU3yaJbHbIM aHAIN3 U aBTOMaTH4ecKas 00paboTka MH(GOPMALUK CTAHOBATCA
Bc€ OoJiee akTyalbHbIM BOIpocoM. IIpuMeHeHne MamuHHOTO 3peHust 04eHb d3()(YEKTUBHO U aKTy-
aJIbHO B CIIEAYIOUIUX cepax: TaKuX KaK aBTOMaTHU3alusl IPOLECCOB, MOBBIIIEHNE TPOU3BOIUTENb-
HOCTH, TOBBIIIIEHHE KayeCcTBa BBIITYCKAEMbIX W3/I€JIUI, KOHTPOJIb IIPOU3BOJICTBEHHOTO 000py10Ba-
HUS, UHTEJUIEKTYalIbHble POOOTOTEXHUUYECKUE KOMIUIEKCHI, CUCTEMbI YIPABICHUS JBHXKYLIUMUCS
amnmapaTramu, OMOMEIUIIMHCKUE UCCIICIOBAHUS U MHOKECTBO Apyrux[3]. C moMOIIbI0 BEICOKOTEX-
HOJIOTMYHOTO 00OpYJOBaHUS 32 HECKOJBKO CEKYHJ MOYKHO MPOBEPUTH KAUE€CTBO KaXAOW €TUHULIbI
MPOJIYKIIMH, MOACYUTATh KOJUYECTBO TOBAPOB HAa KOHBEWEpe, ONPEIeNUTh UX BEC U pa3Mephl C
TOYHOCTBIO JI0 HECKOJBKUX MUKpPOH. BHaeokamepbl TeXHHUYECKOr0 3peHHs TAK)KE HAlllJIU MpH-
MEHEHHUE B cucreMax BuaeoHaoOmoaeHus. C UX NOMOIIbI0 MOKHO YYECTh KOJIMYECTBO JItOJEH Ha
o0BeKTe, IpOaHAIM3UPOBATh UX IEPEMEIICHHUS.

Cucrema TEXHHMYECKOIO 3pEHHS OOBIYHO BKJIIOYAET: CKOPOCTHBIE BHUJCOKAMEPHI, YYBCTBU-
TeJbHbIE JaTYMKH, CIIELHATIbHYIO MOJICBETKY, KOHTpOJIIep — KoMIbioTep ¢ TpeOyembiMm 110, yer-
poiicTBa ISl CHHXpOHU3ALUU pabOThI 3JIEMEHTOB.

Bnusinue yenoBeueckoro ¢gakTopa Ha CUCTEMY CBEACHO K MUHMUMYMY. Ilocne ycTaHOBKU U
HACTPOMKHU KOMIIOHEHThI pabOTalOT B COOTBETCTBUM C 3aJaHHBIM anroputmMom. Konrtposep ¢ pa-
00UYMMHU dJIeMEHTaMu coeuHseTcs kabensamu JuinHoi 1o 100 metpoB. biaronaps atomy, ero Mox-
HO YCTAaHOBUTb BHE 30HBI IPOU3BOJICTBA, 3aLIUTUTh OT HECAHKLIMOHUPOBAHHOTO JIOCTYIIA.
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Puc.1. TunoBas cxema cucTeMbl MAIITMHHOTO 3PEHUS

B memom, B 3amaud CHCTEM MAIMHHOTO 3pEHHUS BXOJIUT NOJydeHHEe IupoBoO-
ro n3o0paxenusi, o0padoTka M300paXKeHHs C LENbI0 BbIACICHUS 3HAYMMOW MH(QOpPMAIMKM Ha U30-
OpakeHHM UM MAaTeMaTW4eCKUIl aHalIu3 MOJIYYECHHBIX JAaHHBIX JJIS PELICHUs TOCTaBICHHbIX 3a7ad.
Hcnonb3yeMm ke 3TU CBOMCTBA AJisl pelIeHMs] JaHHOM 3a/add, T.€. WACHTU(UKALMS U MHCIEKLIUS
MMOCHUIOK Ha KOHBEHEPHOM JIeHTe copTupoBmuKka SPS [2].

B 3agauax uneHTu(uKauy OCHOBHOE Ha3HAUYEHUE BUCOKAMEPHI - CUNThIBAHUE PA3INYHbIX
KOJIOB (IUTPUX-KOJIOB, 2D-K0A0B U T. I.) € LENbIO UX PACIIO3HABAHMS CPEACTBAMH KaMepbl WIIU CUC-
TEMHBIM KOHTPOJUJIEPOM, @ TaKXkKe OIpeAeTeHUE Pa3InYHbIX OYKBEHHO-IM(PPOBBIX 0003HAYEHUIL.
Kpome Toro x 3amauam JaHHOM TpyIIbl MOKHO OTHECTH CHCTEMbI, BBINOIHSIIONINE 3a7aun 0e30-
MACHOCTH, TaKu€ KaK WICHTU(PUKALUS JIUYHOCTU U TEXHUKHU, JETEKTOPbI JBHKECHUSL.

B npunoxeHusix, cBsi3aHHBIX C UHCIIEKIMEH, 11€71b MAIIMHHOTO 3pEHUS - OATBEPIUTH OIpe-
JIeJIEHHbIE CBOMCTBA, HAIlpUMED, HAJTMUME UM OTCYTCTBHE 3TUKETKHU Ha OyThUIKE, O0JITOB ISl PO-
BEJICHUSI ONepaluy COOPKHU, MIOKOJAJHbIX KOH(ET B KOpOOKEe WIM HAaJUYME Pa3IUYHbIX Jedek-
TOB[4].

PaboTa omepaTopoB Ha mocTtax KOHBEHEPHOW JIMHUM TPEANOJAraeT COCPEIOTOUYECHHOCTh U
BHUMATEJIBHOCTh Ha MPOTSHKEHUM Bceil paboueil cMeHbl. UenoBeKy TAKEIO COXPaHATh BBICOKYIO
TPYAOCIIOCOOHOCTH JI0JITO€ BPEMsl, IOTOMY KaKk OH HauMWHAEeT yCTaBaTh, ObITh HEBHUMATEIbHBIM U
omunbaerca. [loaTroMy ObLIO MPHUHSTO pElIEHHE 3aMEHUTh 2 ONEepaTOpOB KOHBEWEPHOW JIMHUU Ha
CUCTEMY TEXHUYECKOTO 3peHust pupMbl Omron.

bbbl peanu3oBaH MPOEKT MO pa3pabOTKE CTaHLUUU YIPaBICHUS COPTUPOBIIMKOM C UCHOJIb-
30BaHHUEM TEXHUYECKOTO 3PEHUSI U [10I00paHHOTO IO MapameTpaM 000pyI0BaHUS.
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Puc. 2. Texnonornyeckas cxema yuactka SPS

CHHUM 1BETOM IIOKa3aHbl BCE JIMHUHU, KPACHBIM — HEOOXOAUMasl IMHUS Ha JaHHOM JTarle.

Ckopoctpb konseiiepa 0,2 m/c. JIeHTa KOHBeliepa pa3MeueHa JJisi KOPPEKTHOTO MOJI0KEHUS
nocbUiku. OnepaTop 3aHOCUT MH(POPMAILUIO O HITPUX-KOJE B 0a3y M KiaJeT MOCBUIKY Ha JICHTY
KoHBelepa. [Ipu HercnpaBHOCTH 3TOr0 KOHBEHepa JOJIKHO MPONUTH HE0OX0IMMOe BpeMsl ISl IIpo-
XOXKICHUSI BCEX YK€ HaXOJIIIMXCS Ha MOCIEAYIOIINX KOHBeWepax MOCBUIOK M, €CIM HEUCIPaB-
HOCTb HE YCTPaHEHa, JIMHUS ocTaHaBiuBaercs. [lockuika nomkHa npoit He MeHee 30 cek OT mo-
CIIETHET0 MecCTa oIepaTropa /10 KaMephbl, CKAHUPYIOLEH HITPUX-KOJ, HAXOAAILIEHCs B KOHLE 3TOr0
KoHBelepa. CurHajl Ha CUNTHIBAHHME IITPUX-KO/1a KAMEPOH Mbl OTIIPABIISIEM IIPU MPOXOXKIEHUU T10-
CBUIKOM (poTo/aTuMKa, HaXoAsIerocs nepea kamepoil. Kamepa cuntbiBaeT MTpUX KOJ U MEepeaaeT
HaM B U(POBOM BUJIE.

VYpapiieHue TEXHOJOTHYECKMM 000pYAOBaHMEM BO3MOKHO, KAK B MECTHOM PEXHUME OT
KHOIIOYHBIX TOCTOB MecTHOro yrnpasieHus (IIMY), pacrnonoxeHHbIX HETOCPEICTBEHHO Y TEXHOJIO-
TUYECKOTO 00Opy/I0OBaHMs B Haudaje M KOHIIE JIMHUU cOpTHUpOBKU SPS, nmubo ¢ manenu omeparopa
NB 7', npousBoactBo Omron, pacnonioxkernHoi Ha mute SPS-ILCY [1], mpeamonaraercs ynpasiie-
HUE B JUCTAHIIMOHHOM pexkuMe oT APM omeparopa, KOTOpbiii OyneT pacrojioKeH B AUCIETYEp-
ckoi. Takum obpaszom, mpenarnonaraercs, 4To padbora Bcel TUHUHN OyneT peajn30BaHa B aBTOMATH-
yeckoM pexkuMe Ha 6asze [1JIK. YnpaBineHnue ocyiiecTBisieTcsi B COOTBETCTBUH € aIrOpUTMaMu, 3a-
JIO’)KEHHBIMH B KOHTpPOJUIEP CUCTEMBbI yIIpaBiIeHUs. B KaxJloM IIMTe ycTaHaBIMBaeTcs pene 0e30-
nacHoctu GI9SE, npousBoacteo Omron. K pene OyayT mocieaoBaTenbHO MOAKIIOYATHCS KHOTIKU
aBapHitHOro ocTaHoBa U Tpoc Oe3onacHocTH. [Ipu HaXkaTUM aBapUHOM KHONKYU WK cpabaThIBaHUU
Tpoca 0€30IaCHOCTH pelie OTKIIOUUT CETEBOI KOHTAKTOp M 00ecTOUuT Bce KoHBelepbl. COOTBETCT-
BYIOIIME CUTHANIBI TyOJIUPYIOTCS B KOHTposuiep. Tpoc 6e30MacHOCTH MPeArnoiaraeTcsi yCTaHOBUTD
HaJl KOHBEHEpHOU JIMHUEH 10 Bcel mnHe. Bee koHBeiepsl paboTaroT yepes mpeoOpa3oBarTesb yac-
toThl (ITH), npouzsoacteBo OMRON, 4yTo 1M03BOJISIET 33/1aBaTh HEOOXOAUMYIO ITPOU3BOIUTEIBHOCTh
JIUHUMU.
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Ha nuHum ycTaHOBIIEHBI 1Ba COPTUPOBILKKA U JIBAa CKaTa, KOTOPbIE PACIPeestOT TOCHUIKI
B HY)KHBIX HalpaBieHUsX. Takke yCTaHOBJIEH Pa3/eiIUTeNb, KOTOPBIM OCYLIECTBIISIET pa3/elieHne
MIOCBUIOK I10 Ta0apUTHBIM pa3Mepam.

[Tyck anekTponpHuBOIOB KOHBEHEPOB OCYLIECTBIISIETCS Yepe3 MpeoOpazoBaTelb YacTOThI ce-
pun MX2, npousBojactBo Omron. OHM JOJDKHBI OBITH HACTPOEHBI HA CKOPOCTh, YKA3AHHYIO IS
KaXJI0TO KOHBeiepa. MI3MeHeHne 3Toil CKOPOCTH BO3MOIKHO C MOMOIIBIO HACTPOEK 000pyAOBaHUS
MIpU CEpBUCHOM obOcnmykuBanuu. YacroTHeie mpeodpazosarenu u [1JIK, oTHOCsSmumecs k 06opyo-
BAaHUIO, PACIOJIOKEHHOMY B OJJHOM 3JIJaHUU YCTAHABJIMBAIOTCS B LIKadax ympaBlieHUs B 3TOM 3]a-
HUH.

Bo3HuKIMe ClI0)XKHOCTH MPH BBIOOPE MOJCBETKU ObUIM PELIEHBI IMyTEM CO3JaHHs CTOMKU.
Pa3paboTtana u cBapeHa cTOWKa C MOJCBETKOM AJ1s 2-X pa3HO-ypOBHEBBIX Kamep Omron ¢ 00beKTH-
Bamu VS-1.2526/M42-10.

Puc. 3.Crotlika c kamepamu

CurHansl ¢ HUX IOCTYNAIOT B MECTHBIN KOHTpoJuIep uepe3 kadenb FZ-VS3. Puc 4.

Puc. 4. Beixoas! kontposmiepa FH 3050

Heo0xoanMo npenycMoTpeTh peKUM IIAaBHOTO U NIOCIJIEA0BATEILHOIO 3aI1yCKa U OCTaHOBKH
KOHBEWEepHOro 000pyI0BaHUs ISl UCKIIIOUEHUS IEPErpy3KU CETH AJIEKTPOIUTAHUS.

Kuonku Crapt/Cromn, aBapuiiHOM OCTaHOBKM M JamIa WHAMKAIMM YCTaHABJIUBAIOTCA Ha
JOCTYIIHOM JUIsl OIIEpaTOpa YPOBHE B HA4YAJIE ¥ B KOHIIE JIMHUU.

[IpenycMOoTpeTs BO3MOKHOCTh B JAIBHEHIIEM YCTAaHOBKY JOIIOJHUTEIBHBIX JIAMII WH]IMKA-
LIUH U TPOCA aBaPUUHONW OCTAHOBKH BJIOJIb JINHUH.

Jlunus 3anyckaercs HaxkatueMm kHonku Crapt. Ilocne HakaTus 3TOM KHOINKH BCE JaMIIbl
MHIVKAIUU JUHUM MUTaoT 3€JIEHbIM LBETOM B TedeHue 5 cek. Eciu, He HaxaTa kHomnka CTom Ui
KHOIIKa aBapUMHON OCTAaHOBKH (BO3MO’KHO B JajbHEHILIEM — TaKK€ HE HATSHYT TPOC aBapUHHOU
OCTAHOBKH), JINHUS 3aIyCKAETCsl, a JaMIbl MHAUKALIMY 3ar0Pat0TCs MOCTOSHHBIM 3€JIEHBIM LIBETOM.
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Ecnu naxara xkHonka Ctor, JUHMS OCTAHABIIMBAETCS, W JIAMIIbI 3arOpaAIOTCS MOCTOSIHHBIM
cuHuM 1BeroM. Knonka Cron He noiKHA cOpachiBaTh 0YEPEAHOCTh COPTUPOBKU MAKETOB MPH IO-
clIeyIoleM HaxaThuu KHonku CTaprT.

Ecnu Ha)kata KHONKa aBapUHON OCTaHOBKH, BCS JIMHMSI OCTaHABIIMBAETCS, JIAMITbl MH/AUKA-
LMY 3aroparoTcs MOCTOSIHHBIM KPacHBIM LIBETOM U JIMHUIO HEJIb3sl 3allyCTUTh [10Ka HEe OyayT ycTpa-
HEHBbI IPUYMHBI AaBApUHHON OCTAHOBKH U HE OYJET eaKTHUBHPOBaHA KHOTIKA aBapUHHOM OCTaHOBKHU.
Ecnu HencnipaBeH UHBEPTOP, JIAMIIbl MUTAIOT KPACHBIM LIBETOM.

Wuaukanus paboThl JIMHUU OCYILIECTBIISETCS] CBETOCUTHAJIbHBIMU KOJIOHHAMHU.

3enensii uBeT — «PaboTtay, cuanit — «Ctomy, xkenTeiid — «3anoHenne/OTKasy, KpacHbIA —
«ABapus».

B kaxxnom mkady ynpasienus ycranoBiaeHsl Y 30.

TakuM 00Opa3oM, BHEAPEHUE CTAHIUM YIPaBJICHUs MO3BOJISIET aBTOMAaTU3UPOBATh KOHBEH-
epayto nuHu0 SPS,nmepenectu ympapienue coptupoBiukoMm Ha I[IK omepartopa. Ilpenmyrectra
KaMep OYEBUJHBI: BbICOKAs IPOU3BOIUTEIBHOCTh, OTCYTCTBHE YTOMJISIEMOCTH, O0JI€3HEN UM HEB-
HUMAaTEJIbHOCTH, BO3MOXKHOCTh KPYIJIOCYTOYHOW M KPYIJIOTOJWYHON pabOThl U MOJydeHHE 3a/aH-
HOM TOYHOCTHU MOBTOPSAEMBIX U3MepeHuil. B paccMaTpuBaeMoM ciiydae TOUHOCTh MHCIIEKIIUU U3Jie-
muil pocturia 98% npu BHICOKOW CKOPOCTH JBHKEHUs KOHBelepa. lleHa Ha MammHHOE 3peHue
3HAYUTENIBHO yIala 3a MOCJEIHee JeCATUIEeTHE, I03TOMY B Oyayllee aecsTuiieTue OyaeT 1eneco-
00pa3HO BHEIPATH 3TU CUCTEMBI B IPOMBIIIJIEHHO — IPOU3BOICTBEHHBIE ITPOLIECCHI.
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Annomayus. B 10knaae pacCMOTPEH AITOPUTM OIICHKH MapaMeTPOB FeOMETPUIECKUX MPeodpa3o-
BaHMIl M300paXKeHUil: MOBOPOTa M CMelleHUs. biaromapsi mepexoay B CIEKTPATbHYIO 0071acTh
yJaJ0Ch 00ECIEYUTh BBICOKOE OBICTPOMCHCTBHE PabOTHI ANTOPUTMA, JOCTATOYHOE ISl €ro MpH-
MEHEHHs B cucTeMax 00pabOTKH n300pakeHH peasibHOro MaciTada BpeMeHH .
Kmiouesvie cnosa. VI300paxkenue, reoMeTpudeckue mpeodpa3oBanus, (azoBas KOppensuus, mpe-
obpazoBanue Oypne
Annotation. In this paper the image registration algorithm is presented which is oriented to estima-
tion of mutual shift and rotation of the two images. Transformation of the images from time do-
main to frequency domain provides high performance of computation and allows to use the algo-
rithm in the realtime machine vision applications.
Keywords. Image, geometrical transform, phase correlation, Fourier transform.

1. Beenenue

I'eomerpuueckue npeodpazoBaHus U300paKEHUSI — 3TO U3MEHEHUS MOJIOXKEHUH TOYEK U30-
OpakeHHsI B NPOCTPAHCTBE, CIEACTBUEM KOTOPOIO SIBJISIETCS MCKa)XKEHHOE IMpPEJICTaBIeHHUE (CIBUT,
MIOBOPOT, U3MEHEHHE Pa3MEPOB U MPOMNOPIUIT) BCEro U300pa’KeHUs M OTAEIBHBIX €r0 0ObEKTOB.

[IpyurHBI BOHUKHOBEHUSI T€OMETPUUYECKUX MPEe0oOpa30BaHUN CBsSI3aHBI C IEpPEMEIEHUEM
oObekTa HaONMIO/IeHUs, MEepEMEIICHUEM M HM3MEHEHUEM OpHUEHTaluuu BHjaeoaarTyuka. Emie ogHoi
MIPUYMHON BO3HUKHOBEHMSI F€OMETPHUUECKUX NMpeoOpa3oBaHuil sIBIsSIETCS HENPSIMOJIMHEMHOCTh pac-
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IIPOCTPaHEHUs CBETa, KOTOpasi BO3HUKAET M3-3a NPUCYTCTBUS B aTMOc(epe pa3indHbIX BUJOB He-
OJIHOPOJHOCTEH, HallpUMep, NepenagoB TeMIIeparyp.

EcTh HECKOIBKO TTOXO0/I0B K OLIEHKE TeOMeTpuuecKux npeodpazopanuii [1]. K Hum, B gact-
HOCTH, OTHOCHUTCS KJIACCUYECKUI KOPPEJIALMOHHBINA QJITOPUTM, CYTh KOTOPOT'O 3aKJII0OYAETCs B BbI-
YUCJIEHUU B3aUMHOW KOPPENALMOHHON (yHKIMK HAOII0AaeMOro M300pa’keHUsT U 3TaJOHHOTO.
KoppensiuonHble alropuTMbl TOBOJBHO €MKHUE B IIJIaHE BBIUMCICHUN U HA MPAKTUKE UCIIOIb3YIOT-
Csl B OCHOBHOM TOJIBKO ISl OLIEHKHU C/IBUTOB.

ANbTepHATUBON KOPPENSLMOHHBIM METOJAM SIBJISIIOTCS METOJbl OLIEHKH I'€OMETPUYECKUX
npeoOpa3oBaHMil HA OCHOBE BbIOOPA OMOPHBIX A1eMEHTOB. CyTh MOJOOHBIX METOOB 3aKIII0YAETCS
B IIOMCKE OMOPHBIX 0OBEKTOB Ha KaKJIOM M3 00padaThIBaeMbIX N300paKeHU, ONIPE/ICIICHUN UX KO-
OpIMHAT, a 3aTéM HAXOXXJICHUH NapaMeTpOB I'€OMETPUYECKUX NPeoOpa3OBaHUN MEXIY HUMHU.
[Tnrocamu mojxoa SIBJASIOTCS BO3MOXKHOCTh OLIEHKU CJIOKHBIX MHOTOIapaMeTpUuecKux mpeoodpa-
30BaHUM, a TaKXKe BO3MOKHOCTh pabOTaTh ¢ M300paKEHUSIMHU, CHATHIMU B Pa3HBIX CHEKTPAJIbHBIX
nuanaszoHax. HegocraTkoM sBIsieTCS CIOKHOCTD MOUCKA OMOPHBIX 3JIEMEHTOB, a TAK)XKE TPYIHOCTH
aBTOMAaTUYECKOT0 YCTAHOBJIEHUSI COOTBETCTBUI MEKy HUMHU.

Hcnonb3oBanue annapara ObICTPBIX CHEKTPAJIbHBIX MPE0Opa3oBaHUM — 3TO MYyTh K CHUXKE-
HUIO BBIUYMCIUTEIbHBIX 3aTpaT MPH peau3allii KOPPEIsSLUUOHHBIX alropuTMmoB. [lomumo cHuxke-
HUS BBIYMCIIUTENBHBIX 3aTpaT, UCIOJIb30BaHUE CHEKTPaJIbHBIX MPeoOpa3oBaHUi MMO3BOJISET CO3/a-
BaTh aJITOPUTMBI KAUECTBEHHO MHOT'O THIIA.

B nanHOM nokiaze mpeacTaBlieH aNropUTM IOWCKa MapaMeTpoB CIBHMra U MOBOPOTAa U30-
OpakeHU, IpUBEACHA FIKCIIEPUMEHTAIbHAS OLIEHKa pa0oThl aIroOpUTMa.

Ha puc.1-3 nmokazaHo BAusHUE T€OMETPUYECKUX MpeoOpa30oBaHUIl Ha OPUTHHAIBHBIA KaJp
BHIeOCIOKeTa. OpuUrnHaIbHOE N300pakeHne mpuBeaeHo Ha puc. 1. Ha puc. 2 u 3 mokaszaHo coot-
BETCTBEHHO BJIMSIHHE NTOBOPOTA U CIBUT'OB BJOJIb KOOPAWHATHBIX OCEH.

Puc.1. OpurunansHoe u3oopaxkenue  Puc.2. M300pakeHue, mopepHyToe Ha  Puc.3. M300pakeHue, CMEICHHOE 110
30 rpamxycos BEPTUKAJIH U TOPU3OHTAIIN

2. AJIrOpuTM OLIEHKM NIapaMeTPOB reoMeTpU4YecKHX Npeodpa3oBaHuii

ANropuTM OILIEHKH MOBOPOTa U CMEIIEHMsI OCHOBBIBAETCS HAa CBOMCTBAx MpeoOpa3oBaHUs
®ypbe uzobpaxkeHuit. [loBopoT m300paxeHus] MPUBOJUT K TAaKOMY K€ MOBOPOTY €ro CHEKTpa.
CaBur B 3TOM Cilydae He OKa3bIBA€T BJIMSIHMS, IO3TOMY OLIEHKY CIIBUTa U MOBOPOTA M300pakeHU
MO>KHO ITPOU3BOJIUTH pa3zesibHo. PazpaboTaHHbBIN alIropyuT™M OLIEHKU [TOBOPOTA U CMEILIEHUS COCTO-
UT U3 CIEIYIOIIUX 3TaNOB!

Hcxonnble n3o0paxeHuss yMHOKaeTcss Ha (pyHKUMIO (OKHO) XaHHUHTA. DTO HEOOXOAUMO
JUId KOMIIeHcauuu siBieHus ['mb0ca, CBS3aHHOTO C KOHEYHOCTHIO MAacCHUBa, UCIOJIb3YEMOTO IS
XxpaHeHus: n3oOpakeHuil. Ha puc. 4 mokasaH OpUrHHaJIbHBIA Kajap, YMHOXEHHbIH Ha (DYHKIHIO
XaHHUHTA.
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Puc.4. OpurunaibHoe n300pa)xkeHne, YMHO)KEHHOE Ha (DYHKIMIO XaHHUHTA.

Boeruucnsercs AP nns momydeHHBIX MOCIE MEPBOTO IMyHKTa M300pakeHuit. [ cpaBHe-
Hus Ha puc. 5 npeacrasieHo 1D opurnnamsHOTO M300pakeHUs, a Ha pUC. 6 — OPUTHHAIBLHOTO
M300pakeHusl, yMHOKEHHOTO Ha (pyHKIHMI0 XaHHWHTA. B mepBoM citydae BUAHBI JUITHUE YaCTOT-
HbI€ COCTAaBJIAIOLIME, MELIAIONINE aJIeKBaTHOM OIIEHKE MapaMeTpoB Fr€OMETPUUYECKUX MpeoOpazoBa-
Huii. Ha puc. 7 nokazano JI1® nosepuyroro Ha 30 rpaaycoB OpUTrHHAIBHOTO W300paKEHUS, YM-
HOXEHHOTO Ha QYHKINI0O XaHHUHTA.

Puc. 5. AT1® opurnnansHoro uzopaxe-  Puc. 6. AIID opurnHaibHOTo n30paxe- Puc.7. JI1® uzobpaxenus, mo-
HUS HUS TIOCJIE €ro JOMHOXKEHUSA Ha (PyHK- BepHyTOro Ha 30 rpaaycos.
1o XaHHUHTa

OcymiectBisercs npeoOpa3oBaHUe UCXOHOTO pUc. 6 U IOBEPHYTOTO pUC. 7 N300pakeHul B
MOJIIPHYIO CUCTEMY KOOPJIWHAT.

C nomormpio anroput™ma (Ha3oBo KOpPpeIsauuu [2] BBIYHCIAECTCS CMENIEHHUE CIEKTPOB HC-
XOZHOTO U MOBEPHYTOTO M300paKEHHsI B MOJISIPHOM CHCTEME KOOPAWHAT TI0 OCH COOTBETCTBYIOIIIE-
ro cABUTY. BenmnunHa caBura ¢ TOYHOCTBIO IO MHOXKUTEIIS, CBS3aHHOTO C TIPOCTPAHCTBEHHBIM pa3-
peuieHreM 00pabaThIBa€MbIX U300paKEHUH, ONIPENIENsIeT YToJ OBOPOTa MEKY H300paKEeHUSIMMU.

BrimonHsieTcs KOMIeHcaus MOBOPOTa C YY4ETOM OICHKH, HAWJCHHON Ha MpPEeAbLAYIEM II1a-
re. M3o0pakeHue mociie KOMIIEHCAIlMA MOBOPOTA TAKKe JOJDKHO OBITh YMHO)KEHO Ha OKOHHYIO
(G yHKIHIO.

C nomompio anroput™a (pa3zoBoi KOPPEISIIMHA OCYIIECTBIISECTCS OICHKA CMEIICHUS MEXKIY
MCXOJIHBIM M300paKEHUEM H M300pakeHUEM, MOJIYYCHHBIM IOCIIE KOMIIEHCAIIMH TIOBOPOTA. 3amMe-
THM, 4TO JITOPUTM (Pa30BOM KOPPEIAINHN 00eCcTIeYnBaET CYOINUKCEIbHYIO OLIEHKY CMEIIEHUH.

3. DKkcnepuMeHTAIbHBIE UCCIIE0BAHUS

[IpoBenenHbie B X011 pabOTHI SKCIEPUMEHTAIBHBIE UCCIIEAOBAHUS MMOKA3aJIH, YTO TIOJTy4eH
J0CTaTOYHO TOYHBIA aJITOPUTM, CIIOCOOHBINH paboTaTh B peaibHOM MacuiTabe BpemeHnu. Hanpumep,
pu padote ¢ Buseo pazmepom 640x480 nukceneit, anroputM Moxxet oOpadaTeiBaTh 15-25 kanpos
B CEKYH/y Ha OOBIYHOM MEPCOHATTLHOM KOMITBIOTEPE, UTO SBISETCS XOPOIIUM PE3yabTaTOM.

Taroke ObUTH TIPOBEICHBI UCTIBITAHUS TOYHOCTH PAOOTHI aJrOpUTMa, B KOTOPBIX M300paxe-
HUE UCKaXXaJoCh 10 33JaHHOMY 3aKOHY: 3aJIaBATMCh ONpPECICHHbIC 3HAaU€HUS TOBOPOTA M CMeETIe-
Hus. OIEHUBAJIOCH OTKIOHEHHE MapaMeTPOB I€OMETPUYECKUX MPeoOpa3oBaHUil, BRIYMCICHHBIX C
MTOMOIIIBIO aTOPUTMA, OT 33/IaHHBIX 3apaHee MapamMeTpPOB.

Ha puc. 8, 9, 10 moka3zansl 3aBUCUMOCTH OIIMOOK OIIEHKH ITapamMeTpoOB MPeoOpa3oBaHU OT
WX UCTHHHBIX 3HAYEHUI Ha IIPUMEpPE OTHOTO M3 TECTOBBIX N300paKEHHIA.
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Puc.9. I'paduk 3aBUCUMOCTH OITHOKU OIEHKH TOPHU30HTAIBHOTO

OTKIOHEHHe B rpagycax
o
T

1 1 1
60 80 100
Mosopor B rpanycax

Puc.10. I'paduk 3aBUCHMOCTH OMIUOKHU OIIEHKH YTiIa MOBOPOTa

1 1
120 140 160 180

B pesynsrare, CKO s onieHKH cIBMIOB B cpegHeM pasHo 1,7- 1072 mukceneit. CKO s
OLIEHKH yIJ1a I0BOpOTa cocTaBmiio 3,3- 1072 rpanyca.

4. BuIBOABI

Takum 06pazoM, pa3paOOTaHHBIN aIrOPUTM OLIEHKH IapaMeTpOB F€OMETPUUECKUX Mpeodpa-
30BaHUI N300paKE€HUH IIPOJAEMOHCTPUPOBAT XOPOLINE TOUHOCTHBIE IT0KA3aTeNIN U CKOPOCTh pado-
ThbI, TIOATOMY OH MOJKET ObITh PEKOMEHJIOBAaH K HCIIOJb30BaHHMIO B CHUCTeMax oOpabOTKU BUIEO-
n300paxeHunil, PyHKIMOHUPYIOIIHUX B PEaJIbHOM MacIiTabe BPEMEHH.

PaGora BemosiHeHa 3a cuer cpencts rpanta llpesunenta PO mist rocynapcTBEHHOM MOANEPKKU
Benymux Hayunsix mikos HII 7116.2016.8 non Hayunbim pykoBoacTBoM A.b. denpamana.
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CEKIUA «JIPOMBIIIVIEHHASA CUJIOBASA DJIEKTPOHHUKA,
IJIEKTPOOHEPI'ETUKA U DJIEKTPOCHABXEHUE»

VYIK 621.314.57: 629.423.32; TPHTU 47.41.35
CXEMA DJIEKTPUUYECKAS IPUHIIUIIUAJIBHASI CHUJIOBOM YACTH

N METOJAbI @OPMUPOBAHUSA BBIXOAHOI'O HAITPA)KEHUA UHBEPTOPA

ML.IO. IlycToBeTOB
@I'BOY BO «/[onckotl 20cy0apcmeeHHbill MEXHUYECKUL YHUBCPCUMEN,
Poccusi, Pocmos-na-fony, mgsn2006@rambler.ru

Annomayus. TlpuBeneH KpaTKuil aHAJU3 CXEM IMOJIYIPOBOJHUKOBBIX MpeoOpa3oBateliei, HCIob-
3YEMBIX ISl TIMTAHUSI BCIIOMOTATENbHBIX IIETIel 3JEKTPOBO30B MOCTOSIHHOTO ToKa. Ilpemnoxkena
AJIEKTpUYECKasl IPUHIUINANIFHAS CXeMa CHIJIOBOW YacTH YCTPOWCTBA MHUTaHMS BCIIOMOTAaTENbHBIX
Lerei 3JeKTpoB0o3a MOCTOSTHHOI'O TOKA, OTIMYHASL OT MOJTYYMBIIMX pacipocTpaneHue. [IposeneHo
HCCIIEIOBAaHUE XapaKTEPUCTUK YCTPOMCTBA B CTaTHYECKOM pekuMe. OKHUIaeTcsi CHIDKEHUE CTOM-
MOCTH KOMIUIEKTa CHJIOBBIX KITtoueil mpeoOpasosateis a0 1,5 — 2,0 pa3 mo cpaBHEHHUIO C H3BECT-
HBIMHU TEXHHYECKUMH PELICHUSIMHU.

Kntouesvle cnosa. ABTOHOMHBI MHBEPTOp HaIpsHKEHUS, Tpex(dasHblil TpaHcdopmaTop, JIeKTpo-
BO3 IIOCTOSTHHOT'O TOKa, IIUTAHUE BCIIOMOTATEIBbHBIX LENeH, MHPOTHO-UMITYIbCHASI MOIYJISIIUS,
TapMOHUYECKHH COCTaB

THE ELECTRICAL SCHEMATIC DIAGRAM OF POWER PART AND THE

METHODS OF FORMING THE INVERTER OUTPUT VOLTAGE
M.Yu. Pustovetov
Don State Technical University,
Russia, Rostov-on-Don, mgsn2006@rambler.ru

Abstract. An article provides a brief analysis of the circuits of semiconductor converters used to
power the auxiliary circuits of DC electric locomotive and proposes electrical schematic diagram
of power part of device that is different from the widely spread. Author using computer simulation
methods investigates characteristics of the device supply auxiliary circuits of DC electric locomo-
tive in static mode. Cost reduction of the set of power switches of the inverter up to 1.5 — 2.0 times
in comparison with the known technical solutions .

Keywords. Autonomous voltage source inverter, three-phase transformer, DC electric locomotive,
the supply of auxiliary circuits, pulse width modulation, harmonic composition

1. Beenenue

B nacrosiiiee BpeMs Ha GOpPTY MarucTpajibHBIX 3JEKTPOBO30B BECbMa PAaCIPOCTPaHEHbI IO-
TpeduTenu TpéxpazHoro U 0JHO(PA3HOTO MEepeMeHHOro HampspkeHus. OfHOM U3 3a/1ady, pelraeMblix
IIpU pa3paboTKe YCTPONCTB JJIsl MUTAHUSI COOCTBEHHBIX HYXK]| 3JIEKTPOBO3a, SBJSETCS BhIOOP criocoda
peoOpa3oBaHusl BHICOKOI'O HAINPsDKEHUS! KOHTAKTHOM CETH B HM3KO€ TpEX(a3Hoe NmepeMeHHOEe Ha-
npsbkeHue. HekoTopble cXeMHbIe pelieHus il AIeKTPOBO30B IMMOCTOSHHOIO TOKa Ha 0a3e JBYXYpOB-
HEBBIX M TPEXYPOBHEBBIX MOCTOBBIX aBTOHOMHBIX MHBEpTOpOB HampspkeHus (AWH), Bxmouas ycr-
poiicTBa ¢ Hcoib3oBaHueM Tpéx(daszHbix Tpancpopmaropos (T) onyOirMKoBaHbI OTEUECTBEHHBIMHU U
3apyOexubiMu cnieruanictamu [1 - 3]. Onu oGamaroT psaoM HeAoCTaTKoB. Mcnonb30BaHne MOCTO-
BOI1 cxembl AByXxypoBHeBoro ANH siBisiercs BapuanTOM ¢ MUHUMAJIbHBIM YK CIIOM TMOJIYTIPOBOTHUKO-
BbIX KJItoueH (6 MITYyK) U Haubosiee BHICOKON HAIEKHOCTBIO, HO TpeOyeT MpH HaIpPsDKEHUH KOHTAKT-
HOM cetu 3 kB ncnonb3oBaHUs TPAH3UCTOPOB ¢ pabouuM HampspkeHueM 6,5 kB, koTopsle noporu
(ocoGeHHOCTH (DOPMUPOBAHUS BBIXOJHOTO HANPSHKEHHS B JBYXYPOBHEBOM Tpex(azHOM MOCTOBOM
AWH s cimyyas, korja 3a3eMieHa MAHYCOBas KJIEMMAa BXOJIHOTO MCTOYHHMKA IOCTOSIHHOTO Harmps-
KEHHS, XapaKTePHOIo s 3JIeKTPU(PUIMPOBAHHOTO KEIE3HOJOPOKHOTO TPAHCIIOPTA, PACCMOTPEHbI
B [4]: mpH OTKPBITOM BEpXHEM TpaH3UCTOpe (a3bl Ha BeIxoJie 3Toil (a3l AUH oTHOCHTENBHO 3eMiH
BO3HUKAET NOTEHIMAJ PaBHbII [TOJHOMY IOCTOSIHHOMY HarpsbkeHuto Ha Bxojae AWH). HMcnonb3osa-
Hue TpéxypoBHeBoro MoctoBoro AMH no3Bossier orpaHuuuThest 0oJiee AeMEBBIMU CUIIOBBIMU TpaH-
3MCTOpaMHU C BEIUYMHOM pabouero HanpspkeHus 3,3 kB. Ilpu aTom yaBauBaeTcst UX KOJIMYECTBO, yC-
JoxHsercs cxema u anroputmsl ynpasieHuss AWH. Llensto HacTosmel paboThl sBIsSETCs Mpeasio-
KUTh BapuaHT yCTPOICTBA MMTAHUS BCIIOMOIATENbHBIX LIEMEH 3JIEKTPOBO3a MOCTOSIHHOIO TOKa C
tpéxdazupiM T u AWH, no3Bonsronuii Mcnosiab30BaTh MUHUMAIbHOE KOJIWYECTBO OTHOCHTEIBHO
HU3KOBOJIBTHBIX CHUJIOBBIX TPAH3UCTOPOB IIPH MPOCTON CXEME COECTUMHEHHUS.
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2. CxeMa 3jIeKTpUYecKasi IPUHIUNHAILHAS CHJIOBOI 4YacTH yCTpoiicTBa

BBuny nydmmx mMaccorabapUTHBIX MOKa3aTelseH, Lenecoo0pa3Ho UCHOb30BaTh He TpEx(as-
HyI0 Tpymy ogHo¢a3HbiX T, a T ¢ eIMHBIM MarHUTOIIPOBOJIOM, HAIIPUMEP TPEXCTEepKHEBBIM. [Ipen-
naraemasi K ucnois3oBanuio cxema AH npennonaraer HezaBucumoe (6€3 3J€KTPUUYECKUX COETUHE-
HUH JIpYT € IPYTroM, 10 OTKPHITON cxeme) NoAKIroueHue a3 nepsuuHoit oomotku T (puc. 1).

YcrpoiicTBo Ha puc. 1 mpeobpas3yeT NOCTOSHHOE HANPSKEHNE KOHTAKTHON ceTH B Tpéx(as-
HOE TMEpPEeMEHHOE HAIPsDKEHUE, YacTOTa W BEIIMYMHA KOTOPOTO MOXKET perynumpoBathes. Kaxmas
¢daza nepBuuHO 0OMOTKH TpéxdazHoro T moakmroueHa K sUeiike mpeoOpa3oBarensi, MpecTaB-
nsrouieil coboit ogHodasuelii nomymocroBoii AVUH. Hanpuwmep, ¢asa 4 noakimtodeHa K sdeike,
BKJTIOYAIOIIEH B ceOst TpaH3uctopueie kitoun VTl u V12, muoast VD1 u VD2, xouaencatopsl Cl u
C2. Tpaunsuctopsl VT1 u VT2 OTKpbIBAIOTCS MOOUYEPETHO HA paBHbIE MPOMEXKYTKU BpeMeHHU, (op-
MHUpYS TIepeMeHHOe HampsikeHue Ha (aze 4 nepBuunoit oomMoTku T. [locnenoBarenbHO coenmuHEH-
Hele KoHaeHcaTopbl C7, C8 u C9 mpencraBissioT co00W EMKOCTHBIN ACIUTENb, Pa3ICIISIONINi
BXOJ/IHO€ TOCTOSIHHOE HANpSDKEHHE KOHTaKTHOW ceth U, Ha TpW paBHbIC 4acTH (1O KOJHYECTBY
¢da3 T u sueex mpeoOpazoBarens). [lapsl TpaH3UCTOPOB B OCTAIBHBIX IBYX (hazax pabOTaIOT TaK Ke,
Kak u B (haze 4, HO co cABUTOM BO BpeMeHH Ha 120° a1. u 240° a1., oOpa3ys Ha oOMoTkax T Tpéx-
(ha3Hyl0 CUMMETPUYHYIO CUCTEMY MMUTAIOIINAX HATIPSHKCHHH.

[lenuTent HanpsxeHs - MHBEPTOP

VD1 28 VT1 42

C1
o +~—t7:FT
C2 vD2 28 vT2A TpaHcopmatop  Harpyaka
A ””Y ! r{mm’ Llnarf
VD3 28 V73K
C8 =
C4 VD4 Z8 VT4

VD5 7K VTHCT SR —

)
al

Q
S

o
2
A | e S| RS

VD6 28 VT6

Puc. 1. DnexTprueckast IpUHIMITHATIBHAS CXEMa YCTPOMCTBA JUTsl TUTaHus TpEX(a3HbIX U OMHO(pA3HBIX
BCIIOMOTATENBHBIX LIENEH 3IEKTPOB03a IIOCTOSHHOTO TOKa

3. Metoab! (popMHpPOBAHUA BHIXOJHOI0 HAIIPSKEHUsI HHBEPTOPA

C menpl0 HAWIYYIIEro HMCIOJb30BaHHs BXOJIHOTO MOCTOSIHHOTO HampspkeHus U, criemyer
UCIO0JIb30BaTh NpU (OPMUPOBAHUM HAMOOJIBLIETO IO YCJIOBUSM JKCIUIyaTallUM HANpPSDKEHUS Ha
nepBu4HOM oOMoTKe T yros npoBoauMocCTy TPaH3UCTOPOB O =180 ° a11. TakuM 006pa3zom, MOIyIUM

KpUBYIO HalpspKeHUs B Gopme meanzapa. s peryaupoBaHus BEJIMYMHBI IEPEMEHHOTO Hampsike-
HUS MOXHO B 3TOM CJIy4ae MCIIOJb30BaTh MPSMOYIOJbHO-TPEYTOJIbHYIO MIHPOTHO-UMITYJIbCHYIO
moxayisauuio (IIIMM): nBynosisipHOe HampsbKeHHE HECyIeW 4acTOThI TPEYroiabHOM (opmbl, MOIy-
TUpymolee HanpsokeHne B hopme Meanapa (0yaem uMeHoBathb 3to «Metof 1», cm. puc. 2 a)).

OCHOBHOM HEIOCTAaTOK BBIIICONTMCAHHOTO MeTona (popMHUpOBaHUS HampsDKeHHUs (crocoba
yhpaBiieHUsl IpeoOpa3oBaTeneM) cleAyeT U3 rapMOHUYECKOr0 cOCTaBa CUrHaja (GopMbl MeaHpa:
COJIepKaTcsl BCE TaPMOHUYECKUE COCTABJISIONINE HEUETHBIX MOPSAIKOB, OTHOCUTEIbHAS aMILIUTY/AA
rapMOHUKU YOBIBaeT OOpaTHO NPONOPLUHOHAIBHO €€ HoMepy. TpeTbsi rapMOHMKAa HANpsKEHUS
BECHbMa BEJIMKA, YTO OIpPEAEseT 3HAUUTEIbHOCTh TPEThE TapMOHUKHU TOKa NEpBUYHON 0O0MOTKH T
U JOTOJIHUTENbHBIX [TOTEPH OT HEE.
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JUist IpeooIeHnsl yKa3aHHOTO HENOCTaTKA MPEeJIaraeTcsl B Ka4eCTBE MOAYJIMPYIOLIEro Ha-
MPsDKEHUST UCII0JIb30BaTh (POpMY CHrHaja «MeaHAap ¢ Hay3oi» Mpu IHpuHE ummynbca 120° aim.
(6ynem umenoBathb 310 «Metof 2», cM. puc. 2 0)).

Hns cpaBHeHuss B KadecTBe «Mertoga 3» HCHOIB3YEM alITOPUTM CHUHYCOUAAIBHO-
tpeyroapHoil IIIMM c npeamonynsauuei Tperbeil rapmMoHUKOH, mmerouieil ammmryny 0,167 ot
MepBOM FrapMOHUKU U MEepeMOAYJsLUeN epBO TapMOHUKHU B /2 pa3 (cM. puc. 2 B)). BBoaumas
TPEThsl TapMOHUKA CUH(]a3Ha C EPBOH.

UB lawanss [ Y wwEe s 4 MOAYNMPYILLEe Hanpsxetme UB [sasmensnsnnnns e b eEEE, MOAYIMPYIOLLISE HANSKEHYE

A T T T YN Y T 1 s )

AV
A \/\/\//\/\/\/ L

SN

VA T R T

HanpsXeH1e HeCyLLe 4acToTbl sswsmsmmmEnEn wamhmsmzmas wamsmmmng HanpskeHMe Hecylliel YacToTsl samsssmmmn [opp—— annn J:
12 | 12 !

; | ; }
180 185 190 195 t, mc 180 185

| 6)

190 195 t, mc

.,

RN
LBV

HanpsXeHNe HecyLen YacToTsl

RELTT O L

180 185 190 195 t mc

Puc. 2. Metonsr ocymiectienus [IIMM Hanpsokenust dassl

[Ipu ananu3ze pesxuMoB pabOTHl YCTPONUCTBA MUTAHUSI BCIOMOTaTEIbHbBIX LIETIEN AJIEKTPOBO3a
BOCIIOJIb3YEMCsl MaTeMaTtuyeckoil monenbto TpexdasHoro T cormacHo [5]. Pe3ynpTaThl KOMITbIO-
TEPHOT0 MOJEIMPOBAHUS IJIs TPEX METOAOB YIPABICHUS IIPe0Opa3oBaTesieM CBeIeHb! B Ta0II. 1.

Tabnuna 1. CpaBHUTENBHBIE PE3YIbTaThl paciyéTa XapaKTePUCTHK YCTPOWCTBA JUIS MUTAHUS TPEX(Pa3HBIX

1 0HO(A3HBIX BCIIOMOIATENBHBIX IEHEH 3JICKTPOBO3a MOCTOSHHOTO TOKA MPH PA3IMIHBIX MeToAax (hopMu-
poBaHMsI BRIXOAHOTO Hanpshkenus AH

Haumenosa- Hanpsoxenne 1-i AxTHUBHas Koaddumuenrt TN - COS @,
HUE Xapakre- TAPMOHHICH q)fl bt MOILHOCTb MOILIHOCTH Ha KIIAT -
pUCTUK [ICPBHHHOK Ha Bbixojae T Bxone T
oomorku T
VYcnosHoe * * -
00603HaueHHE Uiyt P> cos Py i K K -Uigi
[Ipu yacrore Hecymuero HanpsbxeHus 650 I'n
(13 mepuonoB Hecytiero HanpspkeHus [IIMM Ha ogHOM TIepHOjIe MOAYIUPYIOIIETO)
Meron 1 1,000 1,000 0,845 0,917 0,775 0,775
(520,9 B) (73,2 xBT)
Meron 2 0,859 0,759 0,829 0,970 0,804 0,691
Merog 3 0,969 0,925 0,833 0,939 0,782 0,758
[Ipu gacrore Hecymiero HanpsbxeHus 600 '
(12 mepuonoB Hecymiero HanpspkeHus [IIMM Ha ogHOM TIepHoOjIe MOAYIUPYIOIIETO)
Meron 1 1,000 1,000 0,847 0,910 0,771 0,771
(518,7 B) (73 xBr)
Meron 2 0,873 0,761 0,834 0,966 0,806 0,704
Merog 3 0,966 0,925 0,825 0,961 0,793 0,766
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Bo Bcex cnywasx mapamerpel T w Harpysku oamHakoBbl. Harpyska cummerpudHas c
cos ¢ = 0,88 . Hacrora Mmoxynupyromero Hanpspkenus 50 ', U, =3300 B. Bce 3HaueHus BenW4MH B

Tabnuue 1 mpencTaBieHbl B OTHOCUTENBHBIX €AMHUIIAX. MIHOBEHHOE 3HAUEHHE HANpPSUKEHUS Ha
OJIHOM TpaH3uctope He mnpespimano 1220 B. [Ipu n00oM U3 pacCMOTPEHHBIX METOJ0B HEBEIUKU
TFapMOHUKHU C MOPSAJKAaMHU, KPaTHBIMU TPEM, B (Pa3sHOM U JMHEHMHOM HANPSHKEHUSX BTOPUYHOM 00-
MOTKHU T. DTO MOJIOKUTENBHO CKa3bIBA€TCS HA TAPMOHUYECKOM COCTAaBE TOKAa BTOPHUUHOI OOMOTKH.
[ToTennman HelTpanbHON TOUKU Harpy3ku (puc. 1) 6mmsok k Hymto. [IpeanoururensbHo, Korjga Ha
MepPHOJIE MOAYIUPYIOLIEr0 HANPSKEHUS YKIAaIbIBaeTCs HEUETHOE KOJIMUYECTBO IEPHOI0B HAIpsKe-
HUS Hecyllel 4yacToThl. B MpoTHBHOM ciiyyae TOKHM U HalpsbKeHHs mpeoOpa3oBaTelis OynyT conep-
KaTh YETHbIE TAPMOHMKH (IO JaHHBIM TaOIMIBI 1 3TO c1abo BIMSIET HA SHEPreTUUYECKUE XapaKTe-
PUCTHKH 3JIEKTPOTEXHUYECKOHN cucTeMbl). MeTo 2 1no3BOJIsSeT pauKalbHO YMEHBIIUTh BETUUYUHY
TOKa 3-i1 rapMoHUKH B nepBuuHoi oOMoTke T (10 11,09% ot 1-it rapmonukn). Ilpu Metone 3: 3-1
rapMoOHHUKa Toka B nepBuyHoi oomotke T cocrasmsier 150,62 % ot 1-if, uTo HUXKe, ueM npu Me-
tone 1, roe 212,76 %. Pacuérnbie KpuBble HAPsHKCHUI M TOKOB TTOKa3aHbl /it Metona 1 Ha puc. 3
a), Merona 2 — Ha puc. 3 0) u Merona 3 — puc. 3 B), r1ie KpuBble: 1 — HanpspKeHUE Qa3bl IEpPBUY-
Hoi oomotku T Uy, 2 — Tox Gasel neppuunoit 00Motku T 7y, 3 — TOK (ha3bl BTOPUYHOH 0OMOTKH

T 1,4, 4 — nanpsoxenue ¢Gaspl Bropuunoit 00MOTkH T Uy, 5 — HHBEPTHPOBAHHOE 110 3HAKY JHMHEH-

HOE HarpsiKeHue BropuyHoit oomotku T U, .

- /\&1_,/\\ . ,/’“‘\/3 /”—Kj

02 e >

0,4

Lamn v : "
-7 ~ " 2 a) Jamene el AT TN ‘\
’ A /< ’

ol N\, N / .4 — \\
44 N -~ Fd 2N 4

~ M \ \ -
¢ N / g PO

f N :

™

0,8 04
180 185 190 195 t, mc 180 185 190 195 t, mc

Puc. 3. Hanpsokennst u Toku T nipu ynpasiennn AVH pa3zubsiMu MetogaMu (pe3ysbTaThl pacyera)
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["apmoHnYeckuii cOCTaB MOy4YEHHBIX KPUBBIX HANPSDKEHUI U TOKOB IIpUBEJIEH B Ta0. 2, T1e
TaKXKe MPeCTaBICHbl 3HAYEHUSI CYMMapHBIX KOAPPUIMEHTOB rapMoHHUYecKuX cocrapisitomux THD,
%. Hactora 1-it rapmonuku coctasisieT S0 ['1. Yacrora necymero Hanpspkenus: [HIUM 650 I'm.

BrIBOAbI

W3 tabnuupl 1 BUAHO, UTO HaWBBICIIEE 3HAUEHHE DHEPreTUUECKOro (akropa K, IEMOHCT-
pupyer Meron 2. Ho OH 3aMeTHO NPOUTPHIBAET ABYM APYIMM II0 MCHOJB30BAHUIO BXOJHOTO Ha-
NPsDKEHUS M, KaK CJIeACTBHE, MO MOJEe3HONW MOIIHOCTH Ha Bbixoe T. OTciona, Mo COBOKYIHOCTH

.

SHEPreTHUYECKUX XapAKTEPUCTHUK, TO €CTh IO 3HAYECHHUIO IPOU3BEIEHUS My -cos ¢, -Uiy, TPEAIIOYTH-
tenpHee Meton 3. [IpeanoxkeHHas cxeMa yCTpOMCTBA IUTAaHUs BCIIOMOTaTENIbHBIX LETIEH AIIEKTPO-
BO3a MOCTOSIHHOTO TOKa OOJaJaeT CIeAYIOUIMMHU JIOCTOMHCTBAMU: KOJIMYECTBO CHUJIOBBIX TpaH3H-
CTOPOB MHHHMMAJIbHO, KJIACC TPAH3MCTOPOB IO HANPSDKEHUIO OTHOCHUTEIBHO HU3KHM (IOMyCTHUMO
HCII0JIb30BaTh TPAH3UCTOPHI C BEIMUMHOM pabouero HampspkeHus 2,5 kKB ¢ yuetoM BO3MOXKHOCTH B
KOHTaKTHOH cetu U, =4 KkB), uto ynemesinser ycTpoiictBo. CTOMMOCTh KOMILIEKTA MOJIYIIPOBO/I-
HUKOBBIX Kitouelt tuna HVIGBT moxet ObITh cHIDKeHa 110 1,5 — 2,0 pa3 mo cpaBHEHHIO C U3BECT-
HBIMHM TEXHUYECKUMU perieHusIMU. MeTo bl GopMUPOBaHUS BBIXOJIHOTO HANPSHKEHUS MPEUI0KEH-
HOTO MHBEPTOpA HE OTIMYAOTCSA OT HUCIOJIB3YEMBIX B M3BECTHBIX CX€MaX, TO €CTb MOTYT IIpUMe-
HATHCSA OTPAOOTaHHBIE TEXHOJIOTMH [TOCTPOCHUS CUCTEMBI YIIPaBJIEHUS IPe0OpazoBaTEIEM.

Tab6muia 2. CpaBHUTEIBHBIN TAPMOHHUYCCKUI COCTAB HANPSDKECHUI M TOKOB

Meron | 1 | 2 [ 3 1 [ 2] 3 1 [ 213 1 [ 2] 3 1 [ 213
w ., o=
S2Z28 Uigr» % Tige» % Usgi » % Lygye » % U » %
=7 gE
1 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 1000 [ 1000 | 1000
3 3977 ] 6,27 | 2798 | 2128 | 1109 | 1506 | 0,45 | 5,07 | 0,61 | 0,19 | 2,80 | 0,44 | 0,56 | 7,51 | 0,64
5 1851 | 23791 6,26 | 537 | 5,82 | 2,88 | 1674 | 2198 | 5,94 | 6,59 | 8,64 | 2,28 | 1682 | 1523 | 7,30
7 1349 | 1159 | 5,82 | 2,80 | 2,07 | 1440 | 1191 | 1029 | 1,21 [ 3,50 | 3,08 | 0,32 | 1181 | 1246 | 1,20
9 1063 | 1508 | 1096 | 1900 | 3,51 | 3,00 | 0,35 | 1299 | 9,80 | 0,03 | 2.86 | 2,21 | 0,41 | 1442 | 9.86
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CUCTEMA JUCHHETYHEPUS AU DJIEKTPOXO3ANCTBA JJIsI MAJIBIX
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Aunomayus. B nacmosiweii pabome paccmampusaemcs 6apuanm npakmuyeckol peanusayuu
cucmemuvl QUCHemYepU3ayUU IAeKMpoxXo3sacmea 0 mManwlx npeonpusmuti ¢ npumenernuem GSM
ungopmamopa ESIM252 ¢upmer Eldes. T1o0pobHo onuceleaiomcesi 0CHO8Hble Npeumyuecmsd u
npunyunsl pabomul 0aHHOU cucmemvl. [Ipusoosames ee NpUHYUNUATbHASL CXeMa U cneyupurayus
OCHOBHO20 000PYOOBAHUSL.
Kmiouesvie cnosa. Cucmema oucnemuepusayuu, 21eKmpoxossaicmeo, maivle npeonpusmus, GSM
ungpopmamop, mexywuil OnepamueHsiti KOHMpOib.

DISPATCHING SYSTEM OF ELECTRICAL FACILITIES FOR SMALL

ENTERPRISES BASED ON ELDES ESIM252 GSM DIALLER
D.Yu. Khokhlov, A.V. Baranov
Tambov State Technical University,
Russia, Tambov, xenon-1987@mail.ru, alex7668@rambler.ru

Abstract. This paper deals with a variant of practical implementation of dispatching system of
electrical facilities for small enterprises based on Eldes ESIM252 GSM dialler. It is spoken in de-
tail about main advantages and operating principles of this system. Its wiring diagram and in-line
equipment specification is provided.

Keywords. Dispatching system, electrical facilities, small enterprises, GSM dialler, current opera-
tion monitoring.

B HacTosiee BpeMs cuCTeMbI JUCHETYEPU3AIMH IIUPOKO UCHOJB3YIOTCS B JIEKTPOIHEpre-
Trke. C UX MOMOIIbIO OCYLIECTBIISIETCS TEKYLIUN ONEpaTUBHBIA KOHTPOJIb PaOOTHI 3JIEKTPUUECKUX
YCTaHOBOK M CETe, IPOU3BOJUTCS IMCTAHIIMOHHOE YIpaBJIEHUE AJIeMeHTaMu sHeprocucreM. Kax
MpaBUIIo, Bce Mo100HbIe cucTeMbl sSBIsIOTCS SCADA-cucremamu [1, 2, 3].

Opnako coBpemenHble SCADA-cucTeMbl OT BEIyIUX pa3pabOTUUKOB MAJIONPUTOIHBI JJIs
OpraHM3alMy CUCTEM AMCIIETYEPU3ALNH 3JIEKTPOXO3SMCTBA HA MAJIBIX MPEINPUATHIX, TaK KaK Xa-
pakTepu3yrTcs U30bITOYHOM Ui 3TOro (QYHKIIMOHAIBHOCTHIO, 3HAYUTEIILHON CTOMMOCTBIO, BBICO-
KUMH TpeOOBaHUSAMHU K KBaJU(UKALUU IKCIUTyaTallMOHHOTO IEpPCOHaja, U, KpoMe TOro, He BCeraa
COBMECTHMBI C UMEIOIIMMCS Ha MPEANPUITHH 3JIeKTpooOopynoBanueM. [loaromy B nmoaasiisomem
OOJIBIIMHCTBE CIy4aeB PYKOBOJCTBO MaJIbIX INPEANpUSITUI OTKa3biBaeTcsi oT BHeapeHust SCADA-
CHUCTEM.

Bmecte ¢ TeM OMBIT 3KCIUTyaTalliy 3JEKTPOXO3AHUCTBAa MalbIX IPEIIPUSITHI MOKA3bIBaET,
YTO MaTepuaibHbIN yIIepO, BbI3BAHHbBIN, K IPUMEPY, OTCYTCTBUEM WUJIM HECBOEBPEMEHHBIM IOCTY-
wieHneM uHdopManuu o nepedosix B 3JIEKTPOCHAOKEHUH, MOXKET ObITh BECbMa CYILECTBEHHBIM.
HecnyyaifHO onpoc OTBETCTBEHHBIX JTOJKHOCTHBIX JIMI] M PYKOBOJUTENEH psiia MaJbIX Mpearpu-
ATUNA, TPOBEICHHBIM aBTOPAaMH, BBIIBMUJ, YTO IOJABIAOLIEE OOJBIIMHCTBO U3 HUX XOTENO OBl
MMETh Ha MPEANpUSATHA XOTs Obl MPOCTEUIIYI0 CUCTEMY IUCIETYEPU3ALUU IEKTPOX035AHCTBA, OC-
HOBHOM (DyHKIIMEH KOTOpOH SBJISUIOCH Obl ONEPAaTUBHOE UX MH(MOPMHUPOBAHUE O BOSHUKHOBEHUH
nepe0oeB B 3JEKTPOCHAOKEHUU C LIETBI0 MPUHATHS MEP MO MUHUMU3ALKUKA BO3MOXHOIO yIiepoa.
Cucrema noipkHa OBITH HEOPOTa, MPOCTA B AKCILTyaTaIlMH, paboTOCIIOCOOHA B ITUPOKOM JHAara3o-
HE TeMIEepaTyp W JOCTyMHA JJsi CaMOCTOSTENIbHOIO MPOrpaMMHMPOBAHMS IEPCOHATIOM, HE 00Ja-
JAIOIIMM CYILIECTBEHHBIMU ITO3HAHUSMU B JIEKTPOHUKE U BHIYMCIUTEIbHON TEXHUKE.
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C yderoM BbIIIEyKa3aHHBIX MMOXKEJIaHUN aBTOpaMu Oblja OCYIIECTBIEHA pa3paboTKa Bapu-
aHTa TMPaKTHYECKOW pealn3anuu MoJo0HON cucTteMbl. [laHHBIN BapuaHT SBiSETCS 0a30BBIM M
MpeHa3HayeH [l NPeANpUiTUi, UMEIOIINX TPU HE3aBUCUMBIX B3aUMHO PE3E€PBUPYIOIINX HCTOY-
HuKa nutadusa. OCHOBOM Ui €ro MOCTPOCHMS B Pe3ysbTaTe TEXHUKO-IKOHOMUYECKOTO COIMOCTAaB-
neHus oot BbIOpan GSM undopmatop ESIM252 gupmet Eldes [4].

Pa3paboTaHHbIi BapuaHT CUCTEMbI XapaKTEPU3YETCs CIEAYIOIUMHU TPEUMYILIECTBAMU:

- ¢pyHKIMOHUpPYET B 00X GSM ceTsx o011ero nojap30BaHus, pabOTAOIIKX B JUanazoHax
gactoT 850/900/1800/1900 MI'y, yTO MO3BOJISET OTKA3AaThCS OT CTPOUTEIHCTBA ITPOBOHBIX JTMHUM
CBSI3M, @ B KAUECTBE OKOHEYHBIX YCTPOICTB HCIIOIb30BaTh COTOBBIE HJIM CTAllHOHAPHBIE TeNE(OHbL;

- o0ecreuynBaeT BO3MOXHOCTb TEKYLIETO ONEPaTUBHOIO KOHTPOJIS COCTOSIHUSL JABYX TpEX-
(a3HbIX ANIEKTpUYECKUX BBOAOB HamnpspkeHneM 380/220 B nepemeHHOro Toka IpOMBIIIJICHHON Yac-
TOTHI ¢ OoTIIpaBkoit SMS yBemomieHu#t MO0 ToJIOCOBBIMHU 3BOHKAMH Ha 5 TIPEABAPHUTEIIBHO 3aIpO-
IrPaMMHPOBAHHBIX HOMEPOB B CIIydya€ M3MEHEHHs COCTOSIHHMSI BBOJOB (MCIOJB3YIOTCS IMpeIBapH-
TEJIbHO 3alMCaHHbIE B TaMATh CUCTEMBI TOJIOCOBBIE U TEKCTOBBIE YBEIOMIICHUS);

- 00ecreynBaeT BOZMOKHOCTh TEKYIIETO ONEPATUBHOIO KOHTPOJI COCTOSIHHSI PE3EPBHOIO
HCTOYHUKA NMUTaHUS (K MPUMEPY, TU3EIb-T€HEPAaTOPHON YCTAaHOBKH) MOCPEICTBOM MH(DOPMHUPOBA-
HUS O €ro IyCKe, OCTaHOBE, HEUCIPABHOCTH;

- OCYIIECTBIISECT OTIPABKY KOHTPOJIBHBIX SMS yBenomienuii o paboToCcrocoOHOCTH CHUCTe-
MBI 110 PACIIHUCAHUIO, 3aJAHHOMY IIPU IPOTPaMMUPOBAHUN;

- 00ecreynBaeT BO3MOXHOCTh JMCTAaHIIMOHHOTO yIpaBlieHUs nmocpeactsoM SMS yBenom-
JIEHUH IBYMSI UCHOJHUTENbHBIMU YCTPONCTBAMU MPU MOMOLIM JIBYX HE3aBHCHUMBIX PEJIEHHBIX BbI-
XOJI0B (AMCTaHLMOHHBIN MPUHYAUTEIbHBI OCTAHOB JIM3€Jb-T€HEPATOPHON YCTAaHOBKH, BKIIOUEHHE
aBapHUITHOTO 3ByKOBOT'O CUTHAA JUIsl IPUBJIEYEHHS] BHUMaHHUA IIEpCOHAa U APYyrue no00HbIe o1le-
parym) — ONUUOHAIIBHO;

- obecrieynBaeT BO3MOXHOCTb AUCTAaHLIMOHHOTO NPOCIIYIINBAHUS CUTYyalluld B MOMELICHUH,
I'/Ie yCTaHOBJIEHA CHUCTEMA — OMIIMOHANIBHO (TpeOyeTcs MOAKII0YEHnE MUKPO(OHA);

- JIETKO MPOTrpaMMHPYETCS IOCPEICTBOM HCIOJIB30BaHUS OECIJIaTHOIO IMPOTrPaMMHOIO
obecnieuenust ELDES ConfigTool, Haxoasierocs B OTKpbITOM AOCTYIE (OCYLIECTBIISIETCS MOCPE-
cteoM USB noaxmouennss GSM undopmaropa K J1r000My MEepCOHATFHOMY KOMIBIOTEPY Ha 0aze
OC cemeiictea MS Windows);

- rapaHTHPOBAHHO paboTOCOCOOEH B quana3one temneparyp -20...+55°C.

[IpunnunuaneHas cxema 6a30BOro BapuaHTa CUCTEMBI MIPE/ICTaBIeHa Ha puc. 1.

OcHoBoii cuctemsl sBisiercst GSM undopmarop Eldes ESIM252 (610kx A2), nonyuarouuit
IIATAaHHUE OT CYLIECTBYIOLIEH IEKTPUIECKOM CETH NpeanpuaThs HanpsokenneM 220 B nepemeHHOro
TOKa MPOMBIIUIEHHON 4acTOTHI yepe3 OJIOK MUTAaHUs C BBIXOJHBIM HampsbkeHueM 12 B nocrosiHHO-
ro Toka ¢ pynkuueit UBII (6ok Al), k KOTopoMy MOJKIIOUYEHA JOTOIHUTEIbHAS aKKYMYJISATOpHAS
Oarapes (6;0k A6), HeoOXxoaMMas I MOACPKaHUsT padOTOCTIOCOOHOCTH CUCTEMBI BO BpeMs Tie-
peboeB B annekTpocHaOx)eHnuu. [IpoaomKuTenbHOCTh pabOThl CUCTEMBI OT OaTapew COCTABIISIET HE
MeHee 60 yacoB, cpok ciyxObl 6atapen — He MeHee 8 jeT. CUrHaibl O COCTOSIHUU JIBYX Tpexdas-
HBIX 3JIEKTPUUYECKUX BBOAOB HanpsbkeHueM 380/220 B nmepeMeHHOro TOKa MPOMBIIIEHHOW YacTo-
Thl U PE3EPBHOIO UCTOYHHMKA MUTAHUS (POPMUPYIOTCS TPEMS CIELMATU3UPOBAHHBIMH PeJie KOHTPO-
ns1 HanpsokeHus (65oku A2-A4), pearupyrolmyuMH Kak Ha nepe0ou B 3JIEKTPOCHAOKEHUH, TaK U HA
pSAA APYTUX XapaKTEPHBIX aBapUMHBIX PEXKUMOB, MPEICTABISIONIMX OMACHOCTH Ul IEepCcoHaNa U
TEXHOJIOTHYECKOro 000py0oBaHus (IOHUKEHHOE WM MOBBIIIEHHOE HANpsKeHue, 00pbIB (pa3bl UiIn
HYJIEBOTO MpOBOIHMKA). CUTHAT 0 HEMCIIPABHOCTU PE3EPBHOIO MCTOYHUKA MUTAHUS POPMUpPYETCS
pEeJIEHHBIM BBIXOJIOM €0 KOMILJIEKTHOM MaHeIH yIpaBIeHUS.

[lepeueHp pekOMEHAYEMOT0 KOMILJIEKTa OCHOBHOTO 000PYAOBaHMSI, HEOOXOAUMOTIO JIJIsl I0-
CTpoeHusl 0a30BOr0 BapuaHTa CUCTEMbI JUCIETYepU3aliy, npuBeaeH B Tada. 1. CTouMocTh 1aHHO-
ro komiuiekta B neHax IV kBaprana 2016 r. cocraBnser nopsaaka 30 Teic. pyOneid, pu 3TOM 4acTb
000py10BaHUS MOXKET ObITh 3aMEHEHA aHAJIOTMYHBIM JIPYrUX MPOU3BOAUTENEH (peje KOHTPOJIsS Ha-
MIPSKEHHUS, aBBTOMAaTUUYECKHUE BBIKITFOYATEIN, aKKyMYJISITOpHAs OaTtapes, KOpITyc).
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Puc. 1. HpI/IHHI/IHI/IaJ'H)HaH cxeMma 0a30BOro BapuaHTa CUCTEMbI JUCIICTUCPU3ALIUN

Tab6muma 1. CrieruduKkaiyst OCHOBHOIO0 000py/I0BaHHUS 0a30BOI0 BApUAHTA CUCTEMBI JUCIIECTYCPU3AITUN

Ne O6o3HayeHue Haunmenosanue Koumu- Tun
n/n YEeCTBO
BeikitrouaTenb aBTOMaTHuecKuii ¢ KOMOMHHPOBaH- Legrand DX3-E C6A-1P
1 QF1 o 1
HBIM paclENUTEeIEM, OJHOMOIIOCHBII (aptuxyn 407260)
QF2, QF3, BeikirouaTens aBTOMaTHuecKuii ¢ KOMOMHHPOBaH- Legrand DX3-E C6A-3P
2 ., 3
QF4 HBIM pacleNnuTeIeM, TPEXTIONIOCHBIN (aptuxyn 407855)
3 Al bnok nuranus ¢ pynkuwmeit UBI1, BeixoaHoe Ha- 1 Mean Well DRC-100A
npspkeHre 12 B mocTostHHOro Toka
4 A2, wa | GSM mHdopuarop 1 | Eldes ESIM252
(c aHTEHHOHW B KOMIIIEKTE)
5 A3. A4 A5 Pene koHTpOIIS HampshKeHUs, Tpexpa3Hoe, OIUH 3 ABB CM-PVE
> HOPMAJIbHO OTKPBITHIN KOHTaKT (aptuxyn 1SVR55070R9400)

CBI/IHHOBO-KI/ICJ'IOTHaH TepMETUYHAA aKKYM YJIATOP-

6 A6 Has Oartapes, HanpsbkeHue 12 B, emkxocts 4,5 A*q ! Delta HR 12-4.5
7 i Kopnyc MeTayutnuecknii ¢ MOHTa)KHOM MaHENbIo, 1 Legrand Atlantic IP66
pasmep 500x400x200 MM (aptuxyn 039939)

Ceuenusi NPUMEHSAEMBIX MIPU COOPKE CHUCTEMbI MEIHBIX IMPOBOJHHUKOB JIOJKHBI COCTABIISTH
JUTsS. CUJIOBEIX IIeTIeH — HEe MeHee 2,5 MM2, JUISl LIeNer ynpaBieHus — He MeHee 1,5 mM>. Bemomora-
TeJIbHbIE MaTepUaibl (KJIEMMbI, PEUKH, 3aKUMbI) MOTYT NPUMEHSATHCS JIIOObIE CePTUPUIMPOBAH-
HBIE, PACCUUTAHHBIC HA HaNpspKeHUe He MeHee 250 B mepeMeHHOro Toka NpOMBIIIIEHHON YaCTOTHI
1 pabouunii TOK HE MeHee 16 A.

GSM unpopmarop nporpaMMupyeTcst Ipu nMoMomu nporpammuoro obecnedenust ELDES
ConfigTool Takum 06pa3oM, 4TO 3aAEUCTBYIOTCS €ro BXOJbl ¢ HOMepamu 1, 3, 4, 5, npu 3TOM 3a-
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JIepKKa KaKJI0To U3 yKa3zaHHBIX BXxoA0B 3amaercs 10000 mc, a ypoBHM — NC 1151 BXOJIOB C HOMEpa-
mu 1, 3, 4 u NO — g Bxona ¢ HomepoM 5. Tekcter SMS yBenomieHuit (He 6osiee 24 TaTHHCKUX
CHUMBOJIOB) yKa3bIBaroTcs B noysix «TpeBoray u «BoccranoBieHune» rpadudueckoro uarepdeiica. K
IpUMeEpYy, U BX0/1a C HOMEPOM 1, OTBEYAIOMIETo 3a Tmepenady HHPOPMAIHKA O COCTOSHUHU TIEPBOTO
Tpex(a3zHOTO AMEKTPHUECKOTO BBOJA, TEKCTHI COOTBETCTBYIOMIMX SMS yBeIOMIICHUN MOTYT OBITh
«Avariya vvoda #1!» u «Vvod #1 vosstanovlen!».

[TpombinuieHHas anpoOarusi 6a30BOr0 BapHaHTa CUCTEMBI TUCTIETYCPU3AUH Obla OCYIIe-
CTBJICHA Ha psjge o0bekToB rummana [TAO «MTCy, pacnonoxkeHHbIX B T. Tam6oBe. Dotorpadus
OJTHOTO W3 M3TOTOBJICHHBIX 3K3EMILISIPOB allpoOUpyeMOii CUCTeMBI TipezicTaBieHa Ha puc. 2. [1o pe-
3yJIbTaTaM ampoOai OTBETCTBEHHBIMH JODKHOCTHBIMU JIUIIAMU M AKCIUTyaTaIlHOHHBIM TIEpCOHA-
noM ¢unmana ObIIT OTMEUEH CYIIECTBEHHBIH BKJIAJ] CHCTEMBI B KOMITJICKCHOE TIOBBIIICHHE HAIEKHO-
CTH JJICKTPOCHAOKEHUS, BCE 3asBJICHHBIC XapaKTEPHCTUKUA M TPEUMYIIECTBA OBLIN IMOJHOCTHIO
MIOJITBEPKICHBI.

Puc. 2. U3roToBieHHBIH SK3EMILIISIPD 6a30BOro BapuaHTa CUCTEMBI JUCHIETUCPU3 AN

B cirydae ecnu Ha TpeNpUSATHA UMEETCS BCETO JIBa JIMOO OJWH MCTOYHUK MHUTaHUS, 6a30-
BbIM BapHaHT CUCTEMbI AMCIIETYEPU3ALMH JIETKO MacITaOUpyeTcsl MOCPEACTBOM YMEHbILIEHUS KO-
JIMYECTBA BXOJIHBIX Leneil (pesie KOHTPOJIsl HAPSHKEHUSI ¢ OTHOCAIIMMHUCS K HUM aBTOMaTHYECKUMHU
BBIKJTFOUATEISIMHU). A TIpU HEOOXOMMOCTH YBEIIMYCHHS KOJIHUYECTBA OTIOBEIIAEMBIX a0OHEHTOB JI0
10 Bo3MOXkHa ycTaHOBKa AomoyHUTEIbHOr0O GSM mH(bopMaropa, MOAKII0YAEMOro TNapauieIbHO
CYIIECTBYIOIIEMY (MECTO TIOJT YCTaHOBKY JonoiHuTeNbHOro GSM nHpopMaTopa MOKHO BUIETH Ha
puc. 2).

Takum 00pa3oM, MPeIIOKEHHBIE PEIICHHUS TTO3BOJISIOT Pealn30BaTh JOCTATOYHO THOKYIO U
(GYHKIMOHATBHYIO CUCTEMY TUCIIETYCPH3AINH dJIEKTPOXO3IUCTBA JJISI MANIBIX MPENNPUATHHN, OTIIH-
YaIOIIYIOCA TPOCTOTON CXEMOTEXHUYECKUX PEIICHUM, JIETKOCThI0 HACTPOMKH, BO3MOKHOCTBIO JKC-
IJIyaTaliui B IUpokoM auamazoHe temmeparyp (-20...+55°C) u cpaBHUTETHLHO HU3KOM CTOMMO-
CThIO KaK KOMITOHEHTOB CaMOW CHCTEMBI, TaK W BiajgeHus eil. Kpome Toro, QpyHKIMOHAIEHOCTH
MPEUIOKEHHOW CHUCTEMBI JUCIIETYEPU3AlMU MOXKET OBITh JIETKO pacIIMpeHa HEMOCPEICTBEHHO Ha
MPEANPUATHN CUJIAMHU SKCIUIyaTallHOHHOTO IMEPCOHAaa, YTO B COBPEMEHHBIX YCIIOBHUAX SIBIISIETCS
CYLIECTBEHHBIM MTPEUMYILIECTBOM.
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VYIK 621.314:62-83 .
YHUBEPCAJIBHBIU ITPEOBPA3OBATEJIb YACTOTbBI AJIA

JJIEKTPOIIPUBOJA

A.K. MykoHuH
Boponeosiccruti cocyoapemesennbiii mexnuueckuil yugepcumen,

Poccuiickas @edepayus, Boponeoic, mukonin_ak@mail . ru
Annomayus. PaccMaTpuBaeTcs YHUBEpCAIbHOE TPeoOpa3oBaTeNbHOES YCTPOHCTBO, HA OCHOBE KO-
TOPOTO MOKHO PEaNn30BaTh KaK KJIACCHYECKHE CXEMBbI Ipeodpa3oBaTesielt 4acTOThI, TaK U HX He-
TPaaUIIMOHHbIE BAPUAHTHI, B YaCTHOCTH, C YABOUTENIEM HampsukeHus. [IpuMeHeHHe yCTpoucTBa
MO3BOJISIET PACHIMPHUTH JUANA30H YaCTOT 3JEKTPOIPHUBOAA NP IMUTAHUU TPeX()asHbIM HIH OIHO-
(ha3HBIM HANPSLKEHUEM, COXPAHsS COeUHEHHE TpeX(ha3HOH 0OMOTKH JBUraTells B 3BE3]1Y.

Knmiouesvie cnrosa. HacTOTHO-pEryIUPYEMBIi 3JICKTPOIIPUBO, TPEOOPa30BaTENh YaCTOTHI
UNIVERSAL FREQUENCY CONVERTER FOR MOTOR CONTROLLER
A.K.Mukonin
Voronezh State Technical University ,

Russian Federation, Voronezh, mukonin_ak@mail.ru
Abstract. A universal converter is considered, which can be used to build both classical frequency
converters and untraditional ones, such as with a voltage doubler. Using this device allows to in-
crease the frequency range of a motor controller (both AC and DC) while keeping Y (star) connec-
tion.
Keywords. Frequency electric drive, frequency converter

YacToTHO - peryaupyemsble 3JIEKTPOIPUBOIbI C TpeX(ha3HbIMU ACHHXPOHHBIMU JBUTATEISIMU
(AJl) oOpraHO copeprkat nmpeodbpaszoBatesb 9acToThl (I1H) ¢ mpoMeKyTOUHBIM 3BEHOM MOCTOSIHHOTO
HanpspkeHus (311H), BbIMoIHEHHBIN 10 cXeMe «HeyNpaBJsieMblil BHITPSIMUTENb — ABTOHOMHBII HH-
Beprop HanpsukeHus» (HB-AWH). MuoxectBo BapuanToB cucrembl HB-AWH moxxHO 006001TUTH
cxeMoi Ha puc.l, conepxarieil HeynpasisieMblil Beinpsmutens HB, punstp @1, 6510k TopMOKEHUS
BT u unseprop AUH, koTopslil nuTaet craropHyto oOMOTKY asurarenst M1. B o6mem ciyyae T4
MOAKIIIOYAETCs K TpeX(Pa3zHOI YeThIPEXIPOBOIHOM CETH.

HB D1 BT AHH
— R1 VTI lvD1l VT3 IWvD3 VTS5 VD5
7N NI A R B R A A S e N . Y7
A o—e aB .
-380B B o 0’ = \O
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\'"¥ VD2 VD4 VD6

Puc.1. Cxema cuimoBoii yactu YHHUBEPCAJIBHOI'O npe06pa3OBaTeJm YacCTOThI

B knaccuueckux 14 ¢ nutanuem tpexdazubiM HanpsbkeHueM 380B oTcyTcTByeT coenune-
HUE 001Iel TOYKH KOoHIeHcaTopoB ¢uibTpa @1 ¢ HyIeBBIM MPOBOJAOM CETH, a Tpex(dazHasi 0OMOTKa
neuratenss M1 coeguHsieTcs B 3Be3Ay 0€3 HYJIEBOTO MpoBoJa. B Takom ciydyae BBIMPAMHUTENb U
AVH ¢(yHKUMOHUPYIOT Kak Tpex(a3zHble MOCTOBBIE CXEMBI. [TocnenoBaTenbHOE COETMHEHHE
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KOHJICHCATOPOB (pUiibTpa 00YyCIOBIEHO TEM, YTO UX JOMYCTUMBbIE HAMPsHKEHUsI 00bIYHO paBHBI 400-
450B, a nHanpsbxkenue Ha Bbixoje Boinpsimutens HB npeseimaer S00B. /{151 BeipaBHUBaHUS Hampsi-
YKEHUU KOHJIEHCATOPBI LIYHTUPYIOT pe3uctopamu R1,R2.

Psan ITY paccuutan Ha nutanue ot ogHo(asHoro Hanpsukenus 220B unu ot TpexdasHoii ce-
TH ¢ JIMHEHHBIMU HanpspkeHusiMu He 380B, a 220B. B Takux [TY Takke ucmons3zyercs: Tpex(aszHbii
MOCTOBOM JMOJHBIN BhIIpAMUTENb U Tpex(da3ubiii MocToBoil AIH, HO nocienoBarenbHOE COEqU-
HEHUE KOHJIEHCATOpOB B (QMIbTPE OTCYTCTBYET. TpexdaszHas oOMOTKa JBUraTels COEIUHSETCS B
TpeyroipHuk. [Ipu ogHoda3HOM NUTaHUM HaNpPsDKEHUE MOJACTCSl Ha JBE BXOJHbIE KJIEMMBbI JUO/I-
HOT'O MOCTA.

Coenunenue Tpex(da3zHOW OOMOTKM B 3B€3/ly WM TPEYrOJbHUK ONPENENSIECTCS YPOBHIMHU
BBIXOJHBIX HanpsikeHuil [14, kotopeie 3aBucAT oT HanpskeHus Uy Ha Bxone AMH u ot nocnenosa-
TEIbHOCTU KOMMYTAILIMM TpaH3UCTOpOoB uHBepTopa. [llupokoe npumenenue B [1Y4 nanuim nBa anro-
putMa kommyTauuu kitouedt AUH - "cumMerpuunas" mupotHo-uMiynascHas moayasuus (IIMM)
u "BexkropHas" LIHNUM /1/. O6a anroputma no3BoJisitoT popmupoBats Ha Bbixoge AVH tpéxdasznbie
HaNpsHKEHUsI, OCHOBHbIE TAPMOHHMKHU KOTOPBIX U3MEHSIOTCS IO CHHYCOUJAIbHOMY 3aKkoHYy. O003Ha-
YUM MaKCHMaJbHO BO3MOXHbBIE JIEHCTBYIOIIME 3HAUYEHUS BBIXOJHBIX JIMHEWHBIX CHHYCOUJAIbHBIX
HanpspkeHud Tpéxdasznoro mocroBoro AH kak Ujmax. Ecnu npeneOpeub najgeHreM HarpsiKeHUs
Ha BeHTWIIX AWH, npu cummerpuunoi [IIMM cnpaBeanBo cooTHOmEHME:

UJ]max =~ 0614Ud (D)
Korna ucnonesyercs Bexropnas LLNM,
UJImax = 0707Ud (2)

[Ipu coenunenun TpéxdasHoil 0OMOTKU JBUTATENS B 3BE€3/1y €r0 HOMUHAJIbHbIE JHMHEHHbIE
HanpsbkeHus paBHbl 380B, a npu coequHeHnn B TpeyroJibHUK — 220B.

Ucxons u3 (1), (2), moxHO onpenenuTh 3Ha4eHus Uy, HEOOX0AUMBIE IS TTOTYYCHUST HOMHU-
HaJIbHBIX HANPSHKEHUHN ABUTaTeNs NpU cUMMETpU4HOM 1 BekTopHOU LIIMM Tpexdasnoro moctoBo-
ro AUH - ta6mn.1.

Tabinumal
Tun LLIM Unmax,B Ud,B
380 622
CHMMETPHYHAS
220 360
380 537
BEKTOpHAas 220 311

bmuskue k 537B nanpsokenus Uy oOecnieunBatorcst B kiaccuueckoM [1Y ¢ TpexdasHpiM
BXOJIHbIM HampspkeHueM 380B. B atom cityuae oOMoTKa qBurarens coeuHsiercs B 3se3ay. B mpe-
obpasoBartensax ¢ HanpspbkenneM nutanus 220B Bxonnoe Hanpspkenne AWMH 6mmsko k 300B, coot-
BETCTBEHHO €T0 BBIXOJHOE HampsikeHue He mpebimaeT 220B. Hcxoas u3 storo, TpexdazHyo o6-
MOTKY AJl HEOOXOAMMO COEIUHSTH B TPEYrOJIbHUK, YTO MPUBOJUT K MPOTEKAHHUIO B JBUTATENE He-
JKeJlaTelbHBIX TOKOB HYJIEBOU 1OCIIEI0BATEILHOCTH.

CylecTBEHHO paclIupUTh (GYHKLIHOHAIbHbIE BO3MOKHOCTU [TY MOXKHO 3a cueT BKIIIOUEHUs
B CXEMY NUTaHUs OOIeH TOUKU COEAMHEHUSI KOHACHCATOPOB (DUIIbTpa, MOIYUHB YHUBEPCAIbHBII
npeobpazoBarens (YIIY) — puc.1l. Knaccuueckue Bapuanthbl 1Y sSBIAIOTCS YaCTHBIMH CITydasMH
VITY.

K onnoii u3 paznoBugHocreit YIIY M0XHO OTHECTH cXeMy, B KOTOpOH TpexdaszHas 0OMOTKa
JIBUTATENS COCAMHEHA B 3Be37y O€3 HyJIeBOrO MPOBOJA, a 00IIas TOYKa KOHACHCATOPOB (PruibTpa
coeluHeHa ¢ HyieM ceTd. [Ipu nurtanuu ot TpexdasHoil yeTblpexnpoBoiHOM cetu B TakoM 1Y BbI-
MPSIMUTENIb MOKHO Ha3BaTh CABOEHHBIM Tpex@a3HbIM HyjeBbIM /2/.Mcronb30BaHue CABOEHHOIO
tpexdaznoro nynesoro Beimpsamutens (CTHB) BmecTo TpexdazHoro MocToBoro ob6ecrneunBaeT mo-
BBIIICHUE HANPSDKEHUE MUTAHUS JBUTATENS, YTO MO3BOJIIET YBEJIUUYUTh BEPXHIOI TPaHUILy YacTOT
MIPUBO/JIA.
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B /3/ npuBonstcs pe3ynapTaThl cpaBHEeHHs kiaccuueckoro I[TY u mpeobpazoBarens ¢ CTHB,
MIOJIyu€HHbIE Ha OCHOBE MojenupoBaHus. [lapamerpsl Mozaenu: Tpex¢a3HbIi UCTOYHUK CHHYCOM-
nanbHbIX (azHbix DJ1C ¢ ux aerictByroumumu 3HadeHussMu 220B nMeet HHAYKTUBHOCTh M aKTUBHOE
conpotusnienue ¢aspl 200 mxI'H u 0,10M; MomHOCTE, TOTpebIsieMas OT 3BeHa MOCTOSTHHOTO Ha-
npsbxeHus, paBHa 175 Bt; emkocTh kaxaoro u3 konaencatopoB C1, C2 (cm. puc.l) — 65 mx®d. He-
KOTOpbIE NMapaMeTpbl CPaBHUBAEMBIX CXEM MPHUBEACHBI B Ta0I.2.

Tabnuna 2
B In, A Im,A
BINIPSIMUTEIID Ud ,B Un max > B n, m,
Tpexdazusiit MocT 533 377 0,615 2,29
CTHB 600 424 0,745 3,7

B mannoii Tabnmune U, - cpeaHee 3HaYeHNE BHIIPAMIIEHHOTO HanpshKeHus, [n u Im — neit-

CTBYIOIIICE ¥ aMILUTUTYTHOE 3HAYCHHUS TOKa ceTh. Benmwunna U

2max OIIPEIEISIIACH 1O (2).

W3 Tabn. 2 cnenyert, yro npumenenue CTHB no3Bonsier npumepHo Ha 11% yBenuyuTh BbI-
xonHoe HanpspkeHue [1Y. OcHoBHBIM HepocTaTkoM rpeoOpaszoBatens ¢ CHTB sBnsercs yxymue-
HUE BIUSHUS Ha NMUTAKOLIYI0 ceTb. OT yKa3aHHOTO HEJOCTaTKa BO MHOIOM MOKHO H30aBUThCH,
oOecrieunBasi IMpPH YaCTOTaxX BIUIOTH JI0 HOMHUHAJIBHOM YacTOTHI JBUTATENs OTKIIFOUEHUE HYJIEBOTO
npoBofa. [Ipu atom ITH pabGoTtaer kak kiiaccuueckasi cxema.

Ecnu nurtate 114 Ha puc.l ogHodazusiM HanpsbkeHuem 220B, monaB ero Ha JBe JitoOble
BXO/JIHbI€ KJIEMMBI TpeX(a3HOTO0 MOCTA, BBIIPSIMUTEIL padoTaeT Kak OAHO(A3HbINA JAUOJHBIA MOCT.
Ecnu nanHoe HampspkeHue moaath Ha Jr000W u3 BbIBOJOB A,B,C n Ha xinemmy 0, BBIIPSIMUTEIH
(GYHKIIMOHUPYET KaK YIABOUTENb HAIPSKEHUS.

Pesynbrare MoaenupoBanus kinaccudeckoro 1Y ¢ oqHodazHpiM nmuTanueM U mpeoopa3oBa-
Tens yacToThl ¢ yapoutenem Hanpsbkenus (IIY YH) npusenenst B /3/.MomHocTs, notpedisemas
oT 3BeHa nocrosiHHoro Hamnpspkenus (3I1H), 3anaBanaces paBHo#t 175BT, emkocTs unbpTpa B Ki1ac-
cuyeckoM [IY paBuna 170 Mx®, a B [I4 YH emKkocTh KaXka0ro u3 KOHIAEHCATOPOB COCTABIIAET 85
MK®. 3HaueHus eMKocTell BbIOMpANINUCh, UCXOJS U3 33/JJaHHOTO pa3Maxa IyJIbCaluil HapsLKEHUS
Ha Beixoze 3ITH Ky, = 0,05 .Bennunna K, ompenemsumach kak Ky = (Upax - Umin) /2Uq4 ,

rac Umax 158 Umin - MAakKCHUMaAJBbHOC€ U MUHHUMAJIbBHOC 3HAYCHUSA BBIXOJHOI'O HaprI)KeHI/IH
3IIH.
HekoTopsle 13 pe3ynbTaToB MOJICIUPOBAHUS OTPaXKEHBI B Ta0J1.3.
Tabnuma 3
B In, A Im,A
BINIPSIMUTEIID Ud ,B Un max > B n, m,
OnnodaszHbIil MOCT 294 208 1,7 7,0
VY aBoutenb HaNPsKEHUS 552 390 1,5 5,35

N3 1abn.3 cnenyet, uro npu ognodasznom nuranuu B [ YH mocTmxumbie BBIXOIHBIE Ha-
NpsDKeHUsE Jake Oosbiie, yeM B kinaccudeckoM [TY ¢ tpexdasupiM BXonHbIM HanpsbkeHueMm 380B.
VYpoBenb BeixoaHbIX HanpsokeHui [T YH no3Bossier coenuusaTh Tpexda3Hyto 0OMOTKY JIBUTaTels
B 3BE31Y.

Crnenyer Takxke OTMETHTb, 4TO BiusiHUE Ha ceTh [[Y YH (cm. Tabn. 3) sBnsercs 6omnee Ona-
TONPUATHBIM, YEM KJIACCUYECKOI0 MpeoOpa3oBaTess ¢ 0JHO(]a3HBIM MOCTOBBIM BBIITPSIMUTEIIEM.

YactHbiM cimydaeM cxembl Ha puc.l sasercs [1H ¢ tpexdasnsim nynessiM AWH, xoraa o6-
MOTKA JBUTATENS COCIUHAETCS B 3B€3/ly C HYJIEBBIM IPOBOAOM. J[aHHBINA IIPOBOJ MOAKIIFOYAETCS K
BbIBOAY 0 cxembl. Tpexdasubiii HyneBoit AUH umeer Oosbline ¢yHKIHOHAIbHBIE BOZMOKHOCTH,
4yeM Tpex(da3Hblii MOCTOBOM.

JIjis TOSICHEHUS IaHHOTO YTBEPXKJIEHUSI OTMETHUM, YTO TPAJUIIMOHHbIE Tpex(da3Hble MOCTO-
BbI€ MHBEPTOPHI (POPMUPYIOT B Tpex(pa3zHOH 0OMOTKE TOKH, OCHOBHbIE TAPMOHHUKHU KOTOPBIX 00pa-
3YIOT Tpex(a3Hyl0 CUCTEMY CHHYCOUJ, BBICOKOYACTOTHBIE IYJIbCALMU TOKOB MPU 3TOM HE3HAYH-
TenbHbl. [IuTanue snekTpoABUraressi CHHyCOMJaIbHBIMU TOKaMU CO3JAa€T B HEM KPYroBO€ paBHO-
MepHo Bpamatomieecss maruutHoe nosie (KPBII). Bmecte ¢ tem, B Tpexdaznom apurarene KPBII
MO>KET OBITh CO3/IaHO MpU pa3iauuHoil popMme (a3HbIX TOKOB. [IpMeHeHe HECHHYCOUIANBHBIX TO-
KOB II03BOJISIET YJIYYILIUTh PsAJl XapaKTepUCTUK npuBoja /2/. Tpexdaszusiit nynesoit AUH, B otnu-
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yye OT Tpex(a3HOro MOCTOBOrO, IMO3BOJISIET NHUTATh Tpex(asHyr0 OOMOTKY TOKaMU DPAa3IUYHOU
(bopMBI.

TpexdazHyto cucteMy CUHYCOUJAIbHBIX HANPsKEHUH MOKHO C(OPMHUPOBATH C MOMOIIBIO
nByx¢asznoro nHyneBoro AWH, conmepkamiero Ha TpeTh MEHbIIEE KOJUYECTBO TPAH3UCTOPHBIX
KIIto4eil, ueM TpexgaszHble MOCTOBOI U Hy/eBo uHBepTopsl /2/. JIByxda3ublii HyneBoit AUH mox-
HO peanu3oBarb, uckitounB B AVIH Ha puc.l ogHy U3 CTOEK M OCTaBUB BBIBOJIbI, HAIIPUMED, a, B U
0. K 3TuM BbIBOJIaM MOKHO HOJKJIIOYHUTH Tpex(a3sHyro 0OMOTKY ABUTaTelsl, COCAUHEHHYIO B Tpe-
YTOJIbHUK WIH 3BE31Y.

B oTBeTCTBEHHBIX 00BEKTaX YacTO TPEOYETCs COXpaHEHHE PabOTOCIIOCOOHOCTH IJIEKTPO-
MIPUBOJIa MPU HEUCIPABHOCTH nuTaroniet cetu. Cxema Ha puc. 1 coxpanser paboToCnoCOOHOCTb
IIpH 0OpbIBE JIFOOBIX JBYX MPOBOJIOB CETH.

YHuBepcanpHbIil npeoOpa3zoBaTesib MOXKHO pean3oBaTh Ha ocHOBe cepuitHbix 1Y ¢ Tpex-
¢a3zubiM nuTanueM 380B 3a cuer coenuHeHus oOIIed TOUYKM KOHJAEHCATOPOB (PUIBTpa C HYJIEBBIM
poBOJIOM ceTu. PaccmarpuBaemasi cxeMa MuTaHus Oblla SKCIEPUMEHTaIbHO [IPOBEPEHA B IPUBOJIE
¢bupmbr ABB ACS355-03x-08-A8-4. CranmapTHbIil BapuaHT HE paboTaeT npu oaHO(a3HOM BXOJI-
HoM HanpspkeHun 220B. TloaxmrodeHne TOYKU COeTMHEHHs] KOHIEHCATOPOB (PUIIbTpa K HYIIO CETH
obecreunBaeT paboTOCIIOCOOHOCTH Kak mpu Tpexdaznom nutanuu 380B Tak u ogHOGa3HOM MUTa-
Huu 220B.

OcHoBHbIE BHIBOJbI

1. PaccmoTpenHOe mpeoOpazoBaTelbHOE YCTPOMCTBO MO3BOJISIET peain30BaTh KaK KIIaccu-
yeckue cxembl npeodOpazosateneit yactotel (IIH), Tak 1 HETpaIUIIMOHHbBIE BAPUAHTHI, B YACTHOCTH,
C YABOMTEIIEM HANPSKEHUS U CO CIBOEHHBIM TpeX(a3HbIM HYJIEBBIM BBIITPSIMHUTEIEM.

2. YHuBepcalbHbIIl npeoOpa3oBaTesib YaCTOThl MOXKHO IUTaTh Kak TpeX(pa3zHbIM HampsiKe-
HueM 380B, tak u ogHOda3HbIM HanpsbkeHueM 220B, coxpaHss coeinHeHne 0OMOTKU IBUTATENS B
3BE3NY.

3. Henocratkom knaccudeckoro [IY ¢ ogHodasHbIM nuTaHueM sBiIsETCSI HEOOXOIUMOCTD
coeuHeHus TpexpazHOH OOMOTKH JBUTATENs B TPEYTOJIbHUK, YTO IPUBOJUT K IIPOTEKAHUIO B JIBU-
raTesie HeXelaTelbHbIX TOKOB HyJIeBOM nociieoBaTesbHOCTH. [Ipumenenue B cxeme 1Y yasoute-
JIS1 HAaPSDKEHUS O3BOJIIET YCTPAHUTD YKa3aHHBIN HEJOCTATOK.

4. Ucnonb3oBanue B cxeme 14 caBoenHoro tpexdasHoro HyneBoro BhIIpAMUTENS oOecie-
YUBAET MOBBIIICHUE HANPSHKEHUS MUTaHUSI ABUTaTeNIsl, YTO MO3BOJISET YBEIUYUTh BEPXHIOIO IPAHU-
11y 4acToT AuieKkTponpuBoa. Jlanusiii a3gpdext umeer mecto u B [1U ¢ ynBouTesneM HanpspKeHUs.

5. PeanuzoBate yHuBepcanbHbIM [1Y MOKHO HA OCHOBE CEPHUITHO BBIMTYCKAaEMBIX MPE0Opas3o-
Bareje 3a cueT BKJIIOYEHHS B CXEMY MUTaHUS O0IIel TOYKU COECIUHEHHS] KOHACHCATOPOB (PUIIbT-

pa.
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YPABHEHUSI HECUMMETPUYHBIX ACUHXPOHHBIX JIBUTATEJIEN,

BKIIIOYAEMBIX B OJHO®A3HYIO CETbH
J. A. Toun
Boponeoiccrkuii cocyoapemeennviil mexHuueckuti yHusepcumen,
Poccus, Boponeoic, tonnda@yandex.ru

Annomayus. B maHHOW paboTe pacCMaTPUBAIOTCS MATEMATHUCCKHE MOJICIH HEKOTOPBIX CXEM
BKJIFOYCHHUS B OJHO(GA3HYIO CETh IMEPEMEHHOI'0 TOKa HECHMMETPHUYHBIX OMHO(DA3HBIX aCHHXPOH-
HBIX JIBUTATEJIEH.
Kniouesvie cnosa. CxeMbl BKIIOUCHHS, ONHO(A3HBIC aCHHXPOHHBIC TBUTATENIN, MATCMAaTHICCKUE
MOJIEIIH.

EQUATIONS OF AN ASYMMETRIC INDUCTION MOTOR SWITCHED

IN SINGLE PHASE
D. A. Tonn
Voronezh State Technical University,
Russia, Voronezh, tonnda@yandex.ru
Abstract. In this paper considered mathematical models some switching circuit asymmetrical sin-
gle-phase induction motor in single-phase AC power.
Keywords. Switching circuits, single-phase induction motors, mathematical models.

ACHHXpOHHBIE JIBUTATEJIM C HECUMMETPUEN CTaTOpa HAXOJAT HIMPOKOE NMPAKTUYECKOE TpU-
MEHEHHUE, B TO BpeMsl KaK MalllMHbl C HECUMMETPHUEW pOTOpa MPAKTUYECKH HE HCMOb3yroTes [1].
HecummeTrpuuHbie 31eKTpUYECKUEe MaIIMHbI 001a/1al0T CYIECTBEHHOMN HEJIMHEHHOCThIO CBsi3el (u-
3UYECKUX SIBJICHUN, IPOTEKAIOLINX B HUX, /1aXK€ B YCTAHOBUBLINXCS PEKUMAX pabOThI. DTO cienyeT
00s3aTeNbHO YYUTHIBATH MPU UX MaTEMaTUYECKOM OMMCAHUU, U YTO 3HAYUTEIIHHO YCIIOXKHSET aHa-
JM3 PEKUMOB PaOOTHI TAKMX MAIIWH. TUMMYHBIM IpUMEPOM 0HO(A3HON aCHHXPOHHON MAIIMHBI C
HECUMMETpPUEN cTaTopa MOXKET CIYKUTh KOHJIEHCATOPHBIN acuHXpoHHBIN aBurarens (KAL), koto-
PBIii IpeICTBABIIAET U3 ce0sl ACHHXPOHHBIN JBUTAaTEIh UMEIOIINM Ha cTaTope /iBe (pa3Hble 0OMOTKH,
CIABUHYTBIE B MpoCTpaHCTBE Ha 90° 3JEKTPUUECKUX IPaayCcoB, U CUMMETPUYHBIN KOPOTKO3aMKHY-
ThIil potop. OnHA U3 0OMOTOK cTaTopa (TJiaBHAsl) BKJIFOYAETCS HEMOCPEJICTBEHHO B OJHO(A3HYIO
CeTh, a apyras oOMoTKa (BCIIOMOTATENIbHASI) BKIIOYAETCSl B OTY K€ CETh, HO uepe3 (pa3zocaBuraro-
LU AJIEMEHT, Yallle BCEro €ro poJjib BBINOJHIET pabouyuil koHaeHcarop. du3nueckrue MpoIecchl,
MIPOTEKAIOIIKE B PA3JIMUHBIX PeXUMaX pabOThl TAKUX MEKTPUUECKUX MALINH, HOCST CIIOXHBIN Xa-
pakTep, ¥ MPeACTaBIsA0T CO00M AIEKTPOMEXaHUUYECKHE MTEPEXOIHBIE MPOLIECCHI, TaK KaK IPU ITOM
MIPOUCXOUT OJHOBPEMEHHOE M3MEHEHUE CKOPOCTU BpAIllEHUS U DJIEKTPOMArHUTHBIX XapaKTepu-
CTHK JIBUTATEJI.

[Ipu cocraBneHnn ypaBHEHUH HECHMMETPUYHBIX ACHHXPOHHBIX IBUTATENCH, B KAUECTBE MC-
XOJIHOTO0, KaK HauOoJsiee oOUIMi caydail, CHa4yajga paccCMOTPUM OJHOGA3HbII aCHHXPOHHBIN JABUra-
tenb (OAJ]) ¢ obuielt HecuMMeTpueil ctatopa, KOTopasi BbIpakaeTcs B HEPaBEHCTBE MapaMeTPOB
¢a3 cratopa, B OTIIMYMH yIIa MEXIY OCSIMH OOMOTOK CTaTtopa OT 277/m SIEKTPUYECKUX PaJuaH, B

HEpaBEHCTBE 4Kciia BUTKOB (a3 craropa. Ilyrem npuHsATHS psa AONMYLIEHUN YpaBHEHUS PacCcMOT-
pennoro OAJ] Moryt ObITh TpocTO mpeoOpazoBansl B ypaBHeHuss KAJl, umeromero pasindHbie
CXEMbl BKJIIOYEHHUs, B ypaBHeHUsI Ipyrux TUnoB OAJ] wiu naxxke B ypaBHEHMs Tpex(a3HbIX acHH-
XPOHHOTO JBUTATENsl, padOTAOLIMX B PA3JIMUHBIX CXeMax 0JHO(PAa3HOTO BKIIOUYEHHUS.

Cucrema auddepeHnunaibHbIX ypaBHEHUH, ONUCHIBAIONIasl TIOBEIEHUE aCUHXPOHHOTO JBU-
rartens ¢ oOleld HeCUMMETpHUE cTaTopa BKJIIOYAeT B ceOs ypaBHEHUS paBHOBECHUS HampsHKEHUI
0OMOTOK U ypaBHEHUE JBH>KEHUS AIEKTPOIPUBOA.

[Ipu cocraBneHny ypaBHEHHU paBHOBECHS HAIPSHKEHUSI CHAavYala 11eJeco00pa3Ho HCI0JIb30-
BaTh (pa30ByIO (€CTECTBEHHYIO) CUCTEMY KOOpPAMHATHBIX oceil. IIpu aTOoM mpenmnosiaraem, 4yTo 00-
MOTKa poTopa IpuBeaeHa kK oOMoTke craropa [1]. duddepenunanbuble ypaBHeHHs IBYX(]a3HOM
ACHHXPOHHOW MalIuHBI C O0IIeH HECUMMETPHUEH CTaTopa B €CTeCTBEHHOU ((a30oBoil) cucTemMe KO-
OpIMHAT COJIEpKaT MepuoAnYEcKrue KO3(PPUIMEHTHI, YTO CYLHIECTBEHHO 3aTPYAHSET pPElIeHUue CUc-
TeMbl. C LIE€JbI0 CHW)KEHUS 00beMa BBIYMCIEHUN U YCKOPEHHS NMPAKTUYECKUX PACUETOB JaHHYIO
CUCTEMY ypaBHEHUI HYXHO IPeoOpa3oBaTh B CUCTEMY C IOCTOSSHHBIMU KO3 dUIIUEHTaMHU.

Jlyis TOro 4toOBl M30aBUTHCS OT MEPUOJUYECKHX KOI(PPUIHEHTOB B YPaBHEHUSIX OOBIUHO
MIPUMEHSIOT METOJ1 MpeoOpa3oBaHusl KOOPAUHAT, TO €CTh UCHOJB3YIOT UX JIMHEHHbIE TpeoOpa3oBa-

128



Hus. [IpeobpazoBaHne KOOpAMHAT MO3BOJISIET YIIPOCTUTh YPABHEHHUS U IOJIYYUTh MOCTOSHHBIE KO-
3¢ GuLMEeHTH Nepel IEPEMEHHBIMU, HO HE YMEHbBIIIAET YUCIIO YPAaBHEHUN CUCTEMBI.

JuddepenunanbHble ypaBHEHUS, ONKMCHIBAIOLINE paOOTy 3IEKTPUUECKON MAIIMHbI, UMEIOT
MIOCTOSIHHBIE KOA(P(GUIMEHTH! TOJIBKO B TOM CiIydae, KOrjJa ocu 0OMOTOK CTaTopa U poTopa HEmoA-
BIJKHBI YT OTHOCUTEJIBHO ApYyra. YpaBHEHUS AJIEKTPUUYECKON MaIIUHBI MOTYT OBITh 3aIllMCaHbl B
Pa3IMYHBIX CHCTEMaxX KOOPJIMHATHBIX ocel [1].

CunTaercs, 4TO B JIEKTPOMEXAHUKE CYIIECTBYET OECUMCIEHHOE YUCIIO CUCTEM KOOPJMHAT,
HO Ha MPaKTHUKE HAaXOJAT MpUMEHEHHE JHIb Haubosiee yaoOHsie [1]. dng nByxda3zHoil acCHHXpOH-
HOM MAIlIMHBI ¢ OOIIeW HEeCHMMMETpHEH cTaropa M30aBUTCS OT MEPHOIUYECKUX KOIDPHUITMEHTOB
MO>KHO, 3alKcaB €€ ypaBHEHUS! B OPTOTOHAJILHOW cHUCTEME KOOPANUHAT, HENOIBUKHOM OTHOCHUTEIb-
HO CTaTopa, TO €CTh B CUCTEME KOOpJAUHAT «, . B aTOM ciyyae B 1100011 MOMEHT BpEMEHU peajlb-

HbIE TICPEMEHHBIC POTOPA 3aMEHSIOTCS UX MPOEKIUSIMHU Ha OCU CTaTOPHBIX 00MOTOK. [lomydeHHbIC
MIPU 3TOM YPaBHEHMS 3aIMCAHBI YK€ B HEMOJABUKHBIX KOOPAUHATHBIX OCSX, KOTOPBIE KECTKO CBSI-
3aHbl ¢ 0OMOTKOM cTaTtopa. CieyeT OTMETUTh, YTO TaKoe MPeoOpa3oBaHKe BO3ZMOXKHO JIUIIb B TOM
cilydae, Korja poTop CUMMETPUYEH.

OTa cucTeMa y)Xe He COJCPKHUT NEPHOJIUYECKH U3MEHSIONMUXCS BO BpeMEHU KOA(P(PHUIIMEHTOB.
Jlist e€ pereHus: YUCICHHBIMU METOAaMH C IPUMEHEHUEM BBIYHCIUTEILHON TEXHUKA HEOOX0IUMO
MPEACTaBUTh 3Ty CHUCTEMY B HOpPMaJIbHOM BHAEC. JJi 3TOr0 HY)KHO PEIINTh CHCTEMY YpPaBHECHHM
OTHOCHUTEIIHO TOKOB M TIOJICTABUTh UX 3HAYCHHS B CHCTEMY, & TaKKE BBIPA3UTH IJICKTPOMArHUT-
HBI MOMEHT M ,, 4epe3 NOTOKOCLEIUIEHUS U IapaMeTpbl MaIlIUHBI.

Cucrema muddepennmanpabix ypaBuenuit OAJ] ¢ oOmieit HecuMMeTpue cTatopa B CUCTe-
M€ KOOpAWHAT &, 3 U B OTHOCUTEIBHBIX €IMHUIIAX OYJAET UMETh CICAYIONTUN BHUI:

dy

a _ : o
ddT —uaszn(r+(p0) Fyig:
Ve . :
= zugszn(r+(p0)—rgzg,
dwaa_ ,
ddr =Vop® T g
NoB e
ddr 1_ Ysa 2 9B

®
aw Mo M)

rjae
M, =x,(iy i, +ig-(i,g-cos(O)=i,, -sin(®))).
CBs13b MEX/1y TOKAMH OOMOTOK U IMOTOKOCHEIUICHUSIMU YCTaHABIUBAETCS ypaBHEHUSIMU:
Vo =X, 0y X, Iy +X,, -cOS(®) 1,
YB =Xg iy + Xy (1o - €OS(O) +iyg - 5in(®)) + X, - cos(® )i,
Voq =X, iy X, -coS(®)-i;+x,, i,
Vop =X, lyg + X, -Sin(®)-i,.
B Hacrosmee Bpems uzBecTHO Oosbioe uncio cxem BkimtoueHus OAJl u KA/l B ogHodas-
HYIO ceTh IepeMeHHoro toka. Hanbosnee nonnas kiaccudukanus cxem Bkmodenus OAJ] 6bu1a co-
craBieHa A. M. Agamenko. Ydensiii paccmorpen 94 cxembl paznuuabix OAJl, BKITtOUass CXEMBbI
BKJIIOUEHUSI Tpex(a3HbIX ACHMHXPOHHBIX JABHUraresneil B oAHO(a3HYIO ceTh, pa3leiauB UX Ha 38
IPYIIL, a TaK e MPUBEJ HEKOTOPbIE TEXHUKO-3KOHOMHUYECKHE MOKA3aTEeNIN OTICIbHBIX CXEM U TH-
noB OA/l. Heob6xoanmo moauepkHyTh, uTo cxembl BKItoueHus OAJl u KAl npomomkaoT coBep-
LIEHCTBOBATHCSI, MOSABIIAIOTCS BCE HOBBIE U HOBBIE CXEMbI, HO IPU 3TOM pa3paboTKa U CO3JaHHe
CXEM OCTaeTcs akTyalbHOU 3amaued. B nmocnennee Bpems B KAJ[ mmpokoe npruMeHEHUE HAXOIUT
aBTOMAaTHYECKOE PEryIrpoBaHue (Ha30CABUTAIOLIUX CONPOTUBIICHUM, a TaKKe UCIOJIb30BaHUE HE-
JMHEIHBIX KOHJIEHCATOPOB, HACKIIAIOUINXCS TPaHCHOPMATOPOB.
B coBpeMeHHON TEXHHUYECKOW JMTEpaType MaTeMaTUYECKHUE MOJEIU PA3JIUYHBIX CXEM
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BiioueHus: KA/l mpaktuuecku He BCTpEUaroOTCs, 3a MCKIIOUEHHEM Mojeliell Hambosee pacmpo-
cTpaHeHHBIX cxeM [2]. [Ipu 3TOM B KauecTBe HEpEryIMpyeMbIX (pa30CABUTAIONINX 3JIEMEHTOB Yallle
BCEr0 MCMOJb3YIOTCSI EMKOCTH U aKTUBHBIE CONPOTUBIIEHUS. [IprMeHeHrne akTUBHOTO CONPOTHUBIIE-
HUS OINpaBJaHHO, TaK KaK JUIsl MTOJIy4E€HHUsl KPYrOBOTO BpAIlaloIIErocs MoJjsi, 0COOEHHO MpH IIyCKe,
naxke s ABuraTenei Hebombmoi MontHocTH (10 200 BT) TpeOyroTcsi KOHIEHCATOPhl 3HAYUTEITh-
HbIX éMKocTel (10 50 Mx®, a mHOTIAa M O0Jee), a rabapuThl KOHIEHCATOPOB MEPEMEHHOTO TOKA BbBI-
COKHUX HampsKEHUM BEJIHMKH, U MOTYT 10 pa3MepaM IPEeBOCXOAUTh caM ABurareis. [Ipu atom cre-
JyeT YYUTBIBATh U BHICOKYIO CTOMMOCTb TaKUX KOHJIEHCATOPOB.

Axanemuk B.C. KynebakuH nmpeiioKui psii CXeM BKJIIOUEHHUS TaKUX JBUraTellel, KOTOpble
OTJIMYAIOTCSl OT KJIACCUYECKOM CXEMbI, TeM, YTO OOMOTKa BCIIOMOTaTelbHOM (ha3bl MIYHTUPYETCS
100 aKTUBHBIM COIPOTUBJICHUEM, JTM00 EMKOCTbIO, PEKE UHAYKTUBHBIM COIPOTHUBIIEHUEM.

Maremaruueckast monens KAJl, Bkatouaemoro no cxeme KynebaknHa, mpu NTyHTUPOBAHUH
OOMOTKH BCIIOMOTATeNbHON (ha3bl aKTUBHBIM CONIPOTHBICHHEM R,,, B cHCTeMe KOOPAWHAT o, 3 B

OTHOCHUTENIbHBIX €AMHUIAX, 3alMCaHHAs Yepe3 MOTOKOCICTUICHHSI OOMOTOK OyIeT MMETh CIeayro-
WA BUJ;

d
%:u-cos(t+(p0)—ra-ia,
7}
%:u-cos(t+(p0)—uc—rg-i6,
dy
d;a VYo O, Ly,
d‘l’aﬁ
e = Wog " O—7, "1y,
do 1
—=—(M-M_),
il c)
d . + — —7 ]
CI;C =X, (1+r_6‘).lg u-cos(t (P](;) Ue —Ts " Lg
T w w

Ecnu xe B Ka4ecTBe NIyHTa UCIIOJIB3YETCS KOHJIEHCATOP ¢ EMKOCTHBIM COIPOTUBIIEHUEM
Xy » TO JAHHASA CHCTEMA YPABHCHUM NPUMET CIEAYIOIUN BU:

d
&:u-cos(1+(p0)—ra iy,
dr

—S =u-cos(t+@gy)—u, —r, i,
dt

cul

=u-cos(t+@y)—u,.

dt

PaccmoTtpum cxemy BimoueHust KAJl ¢ nByxdasHbMH MapajijieibHO COEJUHEHHBIMU 00-
MOTKaMH, II€ poJib (Pa30CABUrarOIIEro 3JIEMEHTa, BKIOUYEHHOIO B LIE€IIb BCIIOMOIATEIbHOM 00OMOT-
KU, BBIIIOJIHSIET HE pabouMii KOHIEHCATOP, a aKTUBHOE COMPOTHUBIIEHUE Rp .

Cucrema nuddepennmanbubix ypaBHeHud KA/ a1 1aHHON cXeMbl BKIIIOYEHHS B CUCTEME

KOoOpAuHaT oc,ﬂ B OTHOCHUTCJIBHBIX €IMHHUIAX, 3allMCAHHAA YCPE3 IMOTOKOCUCIUICHUA IMOCIIC YIIPO-
mICHUA UMECT BU/.
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d —
—:lla =u,sin( T+¢qy)—r, xm\‘;w ToWa |
T Xp —X,X,
d X - X
a\y@:ugsin(r+(p0)—(rg+RP) m\ggﬁ el ,
T Xm — XpXg
d _
\290‘ =Vop®@ 7, xm\lfza ratoe |,
T Xm — XyXq
d\vsB XmWe = XeWsp
d = TVYa® T 2 ’
T Xm — XyXg
do 1
Zzg(Msm _Mc)r

[Ipu 3TOM ypaBHEHHE 3IEKTPOMArHUTHOTO MOMEHTA OCTAETCS MPEKHUM U UMEET TAKOH Ke

BHJI KaK ¥ B MAaTEeMaTHYECKOW MOJIEH KJIacCHYecKoi cxembl BKitoueHus: KAJl, mpuBeaeHHoi B [2].
B KA/l oOMOTKHM cTaTopa MOKHO COCAMHSATH HE TOJBKO MapajuIebHO, HO U MOCJIEI0BATEIBHO.
[Ipu sTOM OntHA M3 a3 NIYHTUPYETCS] AKTUBHBIM COTPOTUBJICHUEM WM KOHJECHCATOPOM. 3aluIleM
cucteMbl quddepennnanbubix ypaBHeHuil KAJ[ niis cxeM BKITIOUEHHUs, B KOTOPBIX OOMOTKH CTaTo-

pa COeIMHEHBI MOCIEA0BATENbHO U O/1HA U3 (a3 MIYHTUPYETCS CONMpPOTHBICHHEM R, WM KOHICH-

CaTopoM C €MKOCTHBIM COIIPOTHUBJIICHUEM X, B CUCTEMC KOOpAWHAT &, ﬂ .

cu >

X
Ty (_Tr{wﬁa“ﬂia e

m XX, i
_ Wig — X,V
d\R X Woa — X5Vy _ Xm 9(" 7 A _&} v,
—w ] — _ ? JH ,
R e
Ma:u in( &+ O)XW,;A;,/L Sl aw% _ | XmYoB T YoV _dy,
d _ﬁlg o a ’ Xy = X, X, dt

@cw;LfM )im]wiﬁ)_)%wg _ XmVoa — Va4

dg. H o 2 2
at Xp = X, X, x

Cnenyer OTMETUTD, B JAHHON paboTe PaCCMOTPEHBI JIUIIL HEKOTOphIe cxeMbl BkItoueHus: KA/,
MIPUYEM TOJIBKO C pabouuMu (a30CABUTAIOLUIUMH 3JIEMEHTAMH.

BrIBOABI

[IpuMeHeHre MaTeMaTHYeCKOro MOJAEIMPOBAHUS HA CTaJAMSIX MPOECKTUPOBAHUS U U3TOTOB-
JICHUS] MAKETHBIX U OIBITHBIX 00pa3LOB MMO3BOJISET pa3padOTUUKY yXKE€ Ha 3TUX ATAlax paccMaTpu-
BaTh JMHAMUKY 2JIEKTPUYECKOW MAIIMHBI, OLICHUBATh €€ IIyCKOBBIE M 3KCIUTyaTallMOHHBIE CBOMCTBA,
YTO 3HAYUTEIBHO CHM)KAET 3aTpaThl HA MAKETHOE MOJIEIMPOBAHUE U COKpAIIAeT CKOK Pa3pabOTKHU.
[IpuBenennsie Monenu HecuMMeTpuuHbiX OAJl u KAJl cnyXuT g u3ydeHHs U ONTHUMU3AIMU
CIIOXHBIX HEJIMHEHHBIX IPOLECCOB, UCCIIEI0BAaHUE KOTOPBIX TPAAUIIMOHHBIMU CIIOCOOaMU 3aTpy.-
HEHO.

[Ipy MaremMaTHyeckoM MOJEIMPOBAHUU OOBIYHO MPUHUMAIOT MapaMeTpbl, BXOJAIIUE B
YPaBHEHUs, IOCTOSHHBIMU. TaKoe yIpoOIEeHHOE NPEICTABICHUE TapaAMETPOB IIPU PELICHHUH LIEJIOT0
psila 3a/1a4 HEXeNaTeJIbHO M MOXET MCKAa3WUTh pe3yibTaThl. YUET W3MEHEHUs I1apaMeTpOB C Tede-
HUEM BpPEMEHU OCOOEHHO Ba)KEH, KOT/Ia MPHU MEPEXOIHBIX MPOIECCaX CKOPOCTh JBUTATEIs U3MEHS-
eTcsl B IIMPOKKUX Ipejienax, yto Becbma xapakrepHo st OAJl u KA/l B wactHOCTH.
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B Teuenue nmepexosHOro mpoiecca KapTUHA 3JIEKTPOMAarHUTHOTO TOJIS HE OCTaeTcs MOCTO-
SIHHOM, @ BMECTE C HEel M3MEHSIOTCS U 3HaYeHUs TapaMeTpoB CXeMbl 3aMelleHus. B Hecummerpuy-
Hbix OAJl 1 KA/l manoit MmomHoCcTH HanboJIbIIee BIUSHUE HA U3MEHEHUE ITapaMeTPOB OKa3bIBAIOT
HACBII[EHUE MAarHUTHOM LIENU JBUTaTEsL.

Hacplilienne MarHuTHOM 1ienu CleayeT YYUTBIBATh BO BCEX THUIax HecuMMeTpuuHbIx OA/L.
Omnpenenenre 3aBUCUMOCTEN U3MEHEHUs apaMeTpoB HecuMMeTpuuHbix OA/Jl mpezacTaBisser co-
00l 0CTaTOYHO TPYAOEMKH mpoiiecc. [yt HaXxok1eHUsl TaKUX 3aBUCUMOCTEN HE0OX0UMO OIIpe-
JIeNIUTh 3HAYEHUs! apaMeTpPOB B CTaTHUECKHUX pexkumax padoTsl. Ha aToM sTamne cienyer mpume-
HATbH CPEJICTBA aHAJIN3a AIEKTPOMArHUTHBIX TOJIEH.

[Ipu monenupoBanun HecummeTpuyHbIX OAJ] MarHuTHOE MOJ€ MOKHO PAaCCUUTHIBATH B
nonepeyHoM ceueHuu. MccnenyeMplil JBUratenb MOXKHO MOJIEJIMPOBATh B PEKUMAaX YCTaHOBUBILIE-
rocsi KOpOTKOTO 3aMbIKaHMsI, XOJIOCTOTO X0Ja U HOMUHAJIbHOM. JlJi pacuera 3JeKTpOMarHUTHOTO
IOJISI B ATUX PEKUMax 11eJ1eco00pa3HO MCIOIb30BaTh METO]] KOHEUHBIX AJIEMEHTOB PeaJIn30BaHHBII
B YHUBEpPCAIbHOM KOHEUHO-3JIeMeHTHOM nakere ANSYS.

Ha ocHoBaHMM NOJIEBBIX pacueTOB MOKHO OINpPENEIUTh 3aBUCUMOCTH MHIAYKTUBHBIX Iapa-
METPOB CXEMbI 3aMelleHusl ucciaenyemoro tuna HecummerpuyHoro OAJl oT BpeMeHU B TeyeHHE
AIIEKTPOMEXAHUYECKOTO MEepPeXoHOro mpouecca. [Ipu 3ToM ciieqyeT pyKoBOJCTBOBATHCS TMIIOTE-
300, KOTOpas TMOJIyduJia SKCIEPUMEHTATbHOE MOATBEP)KACHHE [2], UTO WHIYKTUBHBIC TapamMeTpPhl
cxeMbl 3amelenus OAJ] U3MeHsAI0TCA N0 IKCIOHEHIMAIbHON 3aBUCUMOCTH, B KaueCTBE IOKa3aTe-
JISl CTETIEHU KOTOPOM MCTIONb3yeTCsl 3JIEKTPOMEXaHNUECKasl IOCTOSIHHAS BPEMEHU JABUTaTesl.

OnpeneneHHble 3aBUCUMOCTH HEOOX0IUMO MOJICTABJIATh B MaTEMaTHUECKUE MOJIENIN pa3iu-
yeHHBIX TUTIOB HecuMMeTpuaHbIX OAJ[ u KAJl, koTopbie B CBOIO oUepeb MOJIydaroT U3 MaTeMaTH-
yeckoit mogem OAJ] ¢ o0mieit HecuMMeTpUen craropa.

[TocTpoenHsle TakuM 00pazoM MareMaTuueckue mojenu HecuMmMmeTpuunbix OAJl u KAl manoit
MOIIIHOCTH, COJepXalliie B ce0e peuieHre 3JeKTPOMarHuTHOTO IMOJIs, MOT'YT ObITh MCIOJIb30BaHbI
CHelHalMCTaMU B 00JIaCTH 3JIEKTPUUECKUX MAIIMH U MHKEHEpaMU-3JIEKTPUKaMU MPU IPOEKTUPO-
BAaHUU U pacueTax TaKuX ABUrareseil. DTo sBIsIeTcs ¢ OJHONW CTOPOHBI CYIIECTBEHHBIM YTOUHEHH-
€M CYLIECTBYIOLIMX MaTeMaTHUECKUX Mojieel, 0a3upyomuXcsl Ha cXeMax 3aMelIeHHs], a C APYrou
— OPraHUYHBIM Pa3BUTUEM TOCIIEIHUX.

Hawnnyuiue pe3ynbrarhl Ipy IPOEKTUPOBAHUM AAET COBMECTHOE NIPUMEHEHHE MaTeMaTHYECKO-
ro MOJIETTUPOBAHUS U SKCIIEPUMEHTAIBHBIX UCCIIET0BAaHUIN ONBITHBIX 00pa3uoB OAJI.
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Annomayus. B nanHoii pabote paccMOTpeHa cxeMa KOMOMHUPOBAHHOTO TIUTAHMUS LIS YCTPOMCTBA,
paboraromiero Ha KOpOHHOM paspsjie. MccrienyloTcess 3aBUCHMOCTH CKOPOCTH 3JIEKTPHYECKOT O
BeTpa OT MapaMeTpoB MHTAroNero HampshkeHus. [TokazaHo, 4TO HMCTONB30BaHNE KOMOMHHPOBAH-
HOT'O MUTaHus 03BoJsAeT moBbicuTh KITJI.
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STUDY OF CORONA DISCHARGE BLOWER WHEN SUPPLYING

THE COMBINED VOLTAGE

N. Vereshchagin, V. Vasilev
Ryazan State Radio Engineering University,
Russia, Ryazan, vasilev_vv1988@mail.ru
Abstract. In this paper, the combined power for the device operating on the corona discharge. In-
vestigated the dependence of the velocity of electric wind parameters of the supply voltage. It is
shown that using the combined power allows gain in efficiency.
Keywords. Corona discharge, electric wind, electrode system

1. Beenenue
DNeKTpUYECKUil BETep BO3HUKAET IIPU FOPEHUU KOPOHHOTO pazpsaa [1,2]. OgHum u3 ycio-
BUI BOSHUKHOBEHMSI KOPOHHOTO paspsja sIBISETCS Pe3KO HEOAHOPOHOE AeKTpudeckoe mnosie. s
3TOr0 KOPOHUPYIOIIMM 3JIEKTPOJ JEIal0T ¢ MaJlbiM paJuycoM KpuBH3HBL. [Ipu mojaue BBICOKOTO
HaNpsDKEHUs HA KOPOHUPYIOIIUN 3JIEKTPOJI HAUMHAETCSl TeHepalysl HOHOB B 00JIaCTH KOPOHUPYIO-
uiero anexkTpoxa. Jlanee moxa aedcTBUEM 3JIEKTPUUECKOTO MOJIS MOHBI YCKOPSIOTCA IO Hampablie-
HHUIO K OCaIUTEIBbHOMY 3JEKTpOay. JBHXKYIIUICSA MOTOK MOHOB CTAJIKHWBAETCA C HEUTpaJIbHBIMHU
MOJIEKYJIaMH BO3]lyXa, MpUAaBas UM HalpaBlIeHHOE ycKopeHue. Takum 00pa3oM, BO3SHHUKAET AJIEK-
TPUYECKUN BETED.
B nacrosiee Bpems NepCleKTHUBHBIMU HAINPaBICHUSAMH HUCIOJIb30BAHUS AJIEKTPUUYECKOTO
BETpa SIBJISIFOTCSL:
® OXJIAKJICHHE JIEKTPOHHBIX KOMIIOHEHTOB [3,4];
e OeclryMHBIC BEHTHUJISTOPHI [5];
e [IpoKayka rasza ¢ o0ecrne4eHrueM BaKyyMHOW YUCTOTHI [6,7];
e ouKCTKa U 00e33apakuBaHue Bo3ayxa [5,8].
OpHMM U3 BaXXHBIX APAMETPOB JJIsl TAKUX YCTPOUCTB SIBJISIETCS CKOPOCTH BO3YITHOTO MO-
ToKa. Llenpro m1aHHOI paboThI ABJISETCS UCCIEIOBaHUE CIIOCO0a YBEIIMYEHHS] CKOPOCTHU 3JIEKTpHYe-
CKOTO BETpa, 33 CYET MUTAaHUSI KOMOWHHUPOBAHHBIM HAIIPSKEHUEM.
2. UcTOYHNK NMUTAHUSA KOMOMHMPOBAHHBIM HAINPSIZKEHHEM M 3JIeKTPOJHAasl CHCTeMa
BeHTuUnsTOp KOPOHHOTO pa3psjia COCTOUT U3 BBICOKOBOJIBTHOTO HCTOYHHMKA MUTAHUS M
aneKkTpoaHoM cucteMbl. Ha puc. 1 mpuBeneHa cxema UCTOYHUKA U1 KOMOMHUPOBAHHOTO MUTAHUS
MIOCTOSIHHBIM U MMITyJIbCHBIM HampsbkeHueM, rie I'BU — renepatop BbICOKOBOJIBTHBIX UMITYJIBCOB,
IC — anekrponnas cucrema, UITH — ucTouHUK mOCTOSTHHOTO HampsbkeHus, T1 — MOBBIIAIOMINNA
UMITYJbCHBIN TpaHcpopmaTop, KV — kunoBonst™metp C96, pA — musunamnepmerp M2038.
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Puc. 1. CtpykTypHas cxeMa UCTOYHHKA KOMOMHUPOBAHHOTO MMUTAHUS
KoMOuHupoBaHHOE HANpPSHKEHHE — 3TO TaKOW BHJ HANPSDKEHUsS, KOTJIa Ha MOCTOSIHHOE Ha-

MpsDKEHNE HaKIaAbIBaeTcs uMiyiabcHoe. Ha puc. 2 moka3ana ¢popma u mapameTpbl KOMOMHHPOBAH-
HOT'O HampsiKEHHUS.
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Puc. 2. (I)opMa HaIps>KCHUA KOM6I/IHI/IpOBaHHOFO HUCTOYHHUKA ITUTaHUA

KoHncrpykuust anexktpoiHoil cucremsl (puc. 3) cocTouT u3 KopoHupyromero (1) u ocanu-
TEIbHBIX AEeKTPoa0B (2,3). KopoHupyrouuii 37€KTpol U3rOTOBIIEH U3 IIACTHHBI HEp)KaBEIOIIeH
CTaJli, OJIHa CTOPOHA KOTOPOM UMEET 3yObsl TpeyrojbHO! (popmbl. BepiinHel 3yObeB UMEIOT Masblit
paanyc KpUBU3HBI U 337at0T (PMKCUPOBAHHBIE TOUKH 3aKUTaHUs pa3pana. OcaaurenbHbIe IEKTPO-
IIbl, BBITIOJIHEHBI B BUJIE TPYOOK M PacIOJIOKEHbI MapajljielIbHO MEXIy co0O0il Ha 3aJaHHOM pac-
crosiHuM h n Ha pacctossHuM d OT KOPOHUPYIOLIETO IEKTPOA.

_d
2
1 h
3
Z=6 MM
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Puc. 3. CTpykTypHas cxeMa 3JICKTPOIHOU CHCTeMBI (a) U (hopMa KOPOHHPYIOMIETo 3JIeKTpoa (0)

YcrpoiictBo paboTtaeT cieayromum o6pa3oM. I[locTossHHOE HampsbkeHue, MOCTyHaroliee ¢
HIIH, 3apsokaer kongercarop C1 no nanpsoxenus U2, koTopoe NpUKIaIbIBaeTCs K 3JIEKTPOTHOM
cucreme IC. [Ipu nonaye ummnynsca ¢ 'BU uepe3 nepBuunyro oOMoTKy Tpanchopmaropa T1 nHa-
YUHAeT MpoTeKaTh TOK. BO3HMKIIEe HalpspkeHWe Ha BTOPUYHOW OOMOTKE MMEET TaKyko IOJIsp-
HOCTb, YTO CKJIQJBIBACTCS C HANPSHKEHUEM Ha KOHZACHcaTtope (puc. 2).

Hanuuue mocTrostHHOrO HampshKeHUs o0ecreyuBaeT CTAlMOHApHOE paclpeiesieHUue dJeK-
TPUUYECKOIO MOJISl B ra30pa3psIHOM IpoMexyTKe d, 3a CYET 4ero MpoUCXOAUT IepeMellieHrne oopa-
30BaBIIMXCS MOHOB. VIMITynbCHOE HampshKeHUE MPUBOJUT K YBEJIWYEHHUIO KOJIMYECTBA HOHOB W,
BCJIE/ICTBHE MaJIOW JUIUTEIbHOCTH, HE IPUBOIUT K MPOOOIO ra30BOro MPOMEKYTKA.

3a cyeT KOPOTKUX UMITYJIbCOB HampsikeHus (f, << 7T) OOoJbLION aMILTUTYAbl IPOUCXOIUT
YBEJIMUYEHUE KOJIMYECTBA UOHOB, YTO MPUBOJAUT K YBEJIMYEHUIO pabOThI, MPOU3BOJAUMOMN MOJIEM IO
nepemMeneHuto 3apsaa: W=q-U, rie ¢ — cyMMapHBbIii 3apsi]] HOHOB B MMPOMEXYTKE MEXAY KOPOHH-
PYIOLIUM U OCaIUTENbHBIMU 3eKTpoaaMu; U — pa3HOCTh MOTEHLHUATIOB Ira30pa3psaHOro Ipome-
KyTka d. 3apsii 0AHO3apAIHBIX MOHOB 3aBHCHUT OT KOJIMYECTBA MOHOB M HAXOAMUTCA 1O (opMmyIe:
g=e'N, rie e — BeIMUMHA AJIEMEHTApPHOIO 3apsiia; N — KOJIM4ecTBO MOHOB. MOHBI, yCKOpEHHbIE B
AJIEKTPUYECKOM I10JIe, CTAJIKUBASICh C HEUTPAJIbHBIMM MOJIEKYJIaMU M aTOMaMH BO3]lyXa, [epelaloT
M CBOIO KHHETHYECKYIO dHEepruto. Takum o0pa3om, 4yem 0oJibie 3apsij, TeM OOJIBIIYI0 paboTy co-
BEpIIAET M0JIe U TeM OOJIblIe FHEPIUH NepeJaeTcsl HEUTPaJIbHBIM MOJIEKYJIaM U aTOMaM BO3/yXa U
TeM 0O0JIbIlIE CKOPOCTH JIEKTPUUECKOT0 BETpA.
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3. DkcnepuMeHTAJbHbIE HCCJIeJOBAHUS

B skcnepumenTax uccienoBaiach pabora yCTpOHCTBa Ha OTPULIATEIBHOM KOPOHHOM pa3psi-
ne B atMocepHoM Bo3ayxe. MccnenoBanus NpoBOAUIUCH Ml PA3JIMYHBIX BETMYUH MTOCTOSIHHOTO
HaIpsDKEHUs OoT -5 10 -17 KB ¥ npu pa3nuyHbIX aMIUIMTYyAaX UMIIYJIbCHOTO HanpspkeHus ot 0 1o -5
kB.

[IpoBeneHHbIE SKCIEPUMEHTHI MOKA3aJd, YTO CKOPOCTh AIEKTPUUYECKOTO BETpa HE U3MEHS-
€TCs IIPU YBEIUYECHUH JUIMTEIIBHOCTH UMITYJIbCHOIO HaNpsDKEHUs B auana3zoHe oT 250 He 10 2 MKC,
BO3PACTAET TOJIBKO MOTpedisieMas MOIHOCTh. V3MepeHue JUIMTeNbHOCTH UMITYJIbCa IPOBOJMIIOCH
o ypoBH0 0,5. MuHMManpHas AIUTENBHOCTh OblIa OIpaHUYEHA BO3MOXHOCTAMU MMIIYJIbCHOTO
reHepaTopa.

BBI10 yCTaHOBIEHO, YTO YBEIMYEHHE CKOPOCTH BO3AYIIHOTO MOTOKA IMPOUCXOIUT MPU yBe-
JMYEHUU YacCTOTHI clieJJoBaHNe UMITYJIbcoB B Auanazone oT 0 1o 30 kI'u (puc. 4). Ilpu yacrote um-
nyJabcoB HanpsbkeHust 6osiee 30 k'l mpoucxoaus pocT noTpedIseMoil MOIIHOCTH, a CKOPOCTh BO3-
JYIIHOTO MTOTOKA OCTaBajlach HEU3MEHHOM, 4TO NpuBOAWIO K cHKeHuto KII/I ycrpoiicTaa.

v, M/c
1,6 )/LA#J—_‘F = =
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f, kI'n
Puc. 4. DxcriepuMeHTaIbHAs 3aBUCUMOCTDh CKOPOCTH DJICKTPHYECKOT'O BETpa OT YaCTOThI UMITYJIBCHOTO HATIPSKCHUS

[Ipy yBenuueHHWH aMIUIUTYAbl HUMITYJIbCHOTO HANpPSDKEHUS MPOMCXOAUT JMHEUHBIN pOCT
CKOPOCTH BO3YIIHOIO MOTOKa (pUC. 5) IpH pa3iIMyYHbIX BEIUYMHAX MOCTOSHHOTO HAMPSKEHHS.
Kak BunHo u3 rpaduxoB Haubosiee 3(pPeKTUBHO KOMOMHHUPOBAHHOE HANPSKEHUE NPU BEJIIMYMHE
MIOCTOSIHHOTO HaIpsDKEHMsI OJIM3KOro K 3aKUTaHMIO paspsiia. B naHHO# ycTaHOBKE KOPOHHBIHM pas-
psna 3axurancs npu -6.5 kB. C yBenuueHueM ypoBHsI TOCTOSIHHOTO HalpsbKEHUsl, MpubaBKa B CKO-
POCTH OT UMITYJIbCHOTO HaIlPsDKEHUS CTAHOBUTCS MEHbIIEe. MakcuMalbHas aMILTUTY/1a UMITYJIbCHO-
IO HallpsDKEHUS OTpaHYeHa BO3MOKHOCTSIMU FeHepaTopa.

v, M/c
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Puc. 5. 3KCHepI/IMCHTaJ'H>HHe 3aBUCHUMOCTH CKOPOCTH DJICKTPHUUICCKOT'O BETpA OT aMIUIUTYAbI UMITYJIbCHOT'O HAIIPSXKE-
HUS TIPH pa3JINYHbIX BEJIMYUHAX IOCTOAHHOT'O HAITPSKCHUA
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Ha puc. 6 nokazans! 3aBucumoctu KIIJ[ oT ckopocTy BO3AYIIHOIO NOTOKA JJISl pa3IUYHbIX
BU/JIOB IIUTAOIIETO HAIIPSDKEHUS: ® — TOJIBKO [TOCTOSIHHOE HaIpsHKEHHE, M — KOMOMHUPOBaHHOE IIPU
BEJIMYMHE MOCTOSIHHOTO HamnpspkeHus -10 kB; A — KoMOMHUPOBAaHHOE MPU BEJIMYMHE TIOCTOSIHHOTO
HanpspkeHus -15 kB. CkopocTh BO3AYIIHOTO OTOKA B IMIEPBOM CJIydae YBEITUUMBACTCA 3a CUET YBe-
JIMYEHHUS TOCTOSIHHOTO HampsbkeHus. B ciyyasix ¢ KOMOMHHPOBaHHBIM IUTaHUEM — yCTaHaBJIMBa-
JIOCh 3HAa4eHHUE NMOCTOSTHHOro HanpspkeHus -10 kB m -15 kB m ckopocts yBenuumBanach 3a cuer
YBEJIMYEHUS aMIUIUTY bl UMITYJIbCHOTO HamlpsKeHUs npu pukcupoBaHHoM yactore 15 k' u amu-
tesnbHOCTH uMnyJibea 250 He. KITJ[ onpeaensiocs Kak OTHOIIEHHWE YHEPTUHM BO3IYIIHOTO IMOTOKA K
SHEpPruM, BBOJAUMOMN B KOPOHHBIN paspsan. U3 puc. 6 BunHo, yto KIIJ[ Gosbine y ycTpoiicTBa mu-
TaIOLIErocss KOMOMHUPOBAHHBIM HAIPSDKEHUEM U YBEIMUYMBAETCS C YBEJIUYEHHUEM aMIUIUTYAbl UM-
IIYJICHOTO HalPsKEHMUS.

BrIBOABI

[IpoBeneHHble Uccae0BaHus KOMOMHUPOBAHHOIO MUTAHUS IpU paboOTe 3JIEKTPOJHON CHUC-
TE€MBbI Ha OTPULIATEIILHOM KOPOHHOM pa3psizie MOKa3aau, YTO U3MEHEHHE JUIMTEIbHOCTh UMITYJIbCA B
muana3zone 0,25+2 MKC He NPHUBOJIUT K M3MEHEHHIO CKOPOCTH JJIEKTPUYECKOIO BETPA; CKOPOCTh
AJIEKTPUYECKOTO BETpPa YBEIMUMUBAETCA C POCTOM 4acTOThl uMIyabcoB A0 30 xI'1; ¢ yBenuueHnuem
aMILIUTYIbl UMITYJIbCHOTO HAIPsDKEHUS YBEJIIMUMBAETCS CKOPOCTh NOTOKA M yBenmuuBaercs KII/I,
110 CPABHEHUIO C YCTPOMCTBAMH, MUTAKOLIMMCS TOJIBKO MOCTOSIHHBIM HAIPSIKEHUEM.
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Puc. 6. 9KCHepI/IMeHTaJ'H)HHe 3aBUCUMOCTH KHI[ OT BH/JIa MUTAIOMICTO HAIIPSKCHUA

Kpome Toro, koMOMHUPOBaHHOE MUTAHKE MTO3BOJISIET YBEJIIMYUTh HA/IEKHOCTh YCTPOICTBA 32
CYET TOT0, YTO OTCYTCTBYIOT UCKPOBBIE MMPOOOH Ta30pa3psAIHOrO MPOMEKYTKA SJIEKTPOIHOM CUCTe-
MBI [IPY U3MEHEHHUH ITapaMeTPOB BHEIIHEH CPEJIbl: BIAKHOCTD, TaBJICHUE, 3allbUICHHOCTh, HAINYUE
a’p030JIbHBIX YacTull. BerencTue Manoi AMUTENbHOCTH UMITYJIBCOB HaIpshKEHUs — Mpo0oil mpo-
ME)KYTKa HE HAaCTyIaeT.
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MOJEJIb TPOHECCA TEIIVIOOBMEHA B HE'EPMETHYHBIX

AJIEKTPOMEXAHOTPOHHBIX UCIHOJTHUTEJIBHBIX MEXAHU3MAX

A.M. Bopucosa, B.JI. Bypkosckmnii

Boponeosiccrkuii cocyoapemeennviil mexHuueckuti yHusepcumen,

Poccus, Boponeorc, alinka_borisova93@mail.ru, bvl@vorstu.ru
Annomayus. B noknane paccMaTpuBaroTcs cienuduieckue 0COOEHHOCTH TEIUIOOOMEeHa B Herep-
METHUYHBIX 3JIEKTPOMEXaHOTPOHHBIX MCIIOIHUTENBHBIX MEXaHM3MaXx IOJl arpecCHio TIIyOOKOro Ba-
KyymMa ¥ HeBecoMocTH. [loka3zaHa HpeHeOpeXHUTeNbHas MaJOCTh KOHBEKTHBHOHN COCTaBIISIOIIEH
TEIUIOMPOBOIHOCTH C MPEUMYIIECCTBOM «KOHIYKTHBHO-PAIUAITMOHHOT0» OXJIAKICHUS WHTETPHU-
POBaHHBIX MEXaHOTPOHHBIX KOHCTPYKIIUH.
Kniouesvle cnosa. TemnooOMeH, 3J€KTPOMEXaHOTPOHHBIE HCIOIHHUTENBHBIE MEXaHU3MBI, TIIy0O-
KM BaKyyM, TEILUTOIIPOBOIHOCTb.

THE MODEL OF THE HEAT EXCHANGE PROCESS IN LEAKY

ELECTROMECHATRONIC EXECUTING MECHANISMS
A. 1. Borisova, V. L. Burkovsky
Voronezh state technical University,
Russia, Voronezh, alinka borisova93@mail.ru, bvl@vorstu.ru

Abstract. In the report the specific features of heat transfer in leaky electromechatronic executive
mechanisms in terms of aggression of high vacuum and weightlessness are considered. There is a
dismissive smallness of the convective component of the thermal conductivity with the advantage
of  "conductive-radiation"  cooling  of integrated  vacuum  tube  structures.
Keywords. Heat electromechatronic executing mechanisms, high vacuum, thermal conductivity.

1. Bsenenue

DKOHOMMKA MEPCHEKTUBHOTO KOCMOCA MPEAyCMaTPUBAET CUCTEMHO aKTHUBHBIA POCT JOJITO-
BEYHOCTHU 0a30BBIX 3JIEKTPOTEXHUUECKUX KOMIUIEKCOB: UCIIOTHUTEIbHBIX MEXaHU3MOB €ro pabounx
anmnapatoB (KA) nerepmernuynoro ucnonnenus (KAH) ¢ ¢yHkunoHanbHON HapalinBaeMOCTbIO U
KPUTHYECKOW CTOMKOCTBIO MPHU PAa3yMHOM KOHCTPYKTHMBHOW MHTETPALMU 3JIEKTPOMEXAHOTPOHHBIX
nsuxutenedt (OMT]]) B ycnoBusix riy0okoro (pu3H4ecKoro eaxkyymd, HEBECOMOCTH, COJHEUHBIX
U3JIy4YeHUH, TpaBUTAIllMM U MarHUTHBIX MOJIEH 3eMJIM C Yy4ETOM 3aBUCHUMOCTEH [1].

AKTyaJIbHOCTbh MCCJIEIOBAHUMN, XapaKTEPU3YIOUINX JaHHOE HAyYHO-TEXHUYECKOE HampasJie-
HUE, MPOU3BOJICTBEHHO-TEXHOJIOTMUECKUE aCMEeKThl CO3JaHUs TaKOW ammapaTypbl HOBOTO IOKOJIe-
HUs, B (pakTOpax COBMECTUMOCTU MPOTUBOMOJIOKHOCTEN «BaKyyM-pecypc- Hubpo QpyHKIusS» npu
YCIIOBUSAX NEPEMEHHBIX BHEITHUX U BHYTPEHHUX TEIUIOBBIX MOTOKOB aKTYaIM3UPYET 337auy TeIIo-
paloHaIbHBIX 0OMEHa M 3alMThl coBMelleHHbIX DMT/I-koHcTpykuuii Hanbosiee 3¢ PeKTUBHBIM
METO/IOM MaTeMaTH4eCKOI0 MOJEIMPOBAHUS MPU OMUCAHUU Ipolecca TeIUIONepeadn 1Mo CTPyK-
TYPHBIM KOHTYpaM MpoOJEeMHOTO NOJsi (PYHKIMOHAIBHON HaNpsKEHHOCTH BBICOKOPECYPCHBIX Ba-
KYYMHBIX MUKPOKOHTPOJUIEPHBIX OeCKOHTaKTHBIX puBoa0B (MK-BO/IIT-BB) [2].

O¢ddexTUBHOCTH MaTEMATUUYECKOIO MOJIEIUPOBAHUS TEIIOBBIX I1apaMETPOB, YACTO CBSI3aH-
HOE C HEONPEENeHHOCThIO (PU3MUECKUX IPOLECCOB, TPEOYET U COBOKYITHOCTH TEIUIOBBIX SKCIIEPH-
MEHTOB Ha UMUTAMOHHBIX Mojensax. [Ipu stom B npouecce TeriooOMena OMT/] akryanbHbI Bee
BU/JIbl TEIJIO3AIIUT — KOHAYKTUBHBIN, KOHBEKTUBHBIN U M3Iy4€HHUEM, KOTOpble 00eCcleunBaT OT-
BoJ Teruia 10 30% mnotpednsemoit momuocty MK-BOAIIT-BB (nmpu KI1[I<70%). B Toxxe Bpems
anekTpoMexannueckuii yzen OMT, sBisisick OCHOBHBIM SIIPOM MEXaHHMYECKOW aKTUBHOCTH CHCTEM
KAH, nokanbHO 4epe3 HeCyllnii KOpIyC HHTETPUPYETCS C €ro IMOBEPXHOCTHIO M OIIPEAEISAET OJIHY
U3 COCTABJISIOMIMX IUKIOTpaMMbl OOLIET0 TEIUIOBBIIEICHHS 32 KOHTPOJIUPYEMBbIil niepuos ¢ 0a3o-
BbIM YpOBHEM KoHOykmuegHnozo ternoooMena MK-BOITIT-BB yepes Temnepatypsl kopiycy KA B
Touke ycTaHOBKH. [3] [Ipu 3TOM, TEMIOBON MOTOK «TEIUIONPOBOJHOCTUY» OMUCHIBAETCS YPaBHEHU-
eM:

0 A
jors T .
drmn = S = b (Ql _Qz)’ rae:
m
Qi ¥ St — KOJTUYECTBO TEIUIA U TEIUTOTPOBOIAIIAS TIOBEPXHOCTD, IEPEHOCHUMBIC TETUIOBOM
notoxk (TII);
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Arm 1 b — KO3QPUIMEHT TEMIONPOBOJHOCTA W TOJIIIMHA CTEHKH MaTepuajia XapaKTepH-
3YIOIIUE €r0 CBOKCTBA;

Q1 u Q; — TemmepaTypa o 00eMM CTOPOHAM CTEHOK.

«KoHBekIusa» XxapakTepu3yeTcsi COOTHOIICHUEM:

o :
4 =< =, (0;—-0,), TAc:
Sk
0O — KO3PPUIIMEHT TeIII000MEHa IPU TEMIIEpaType Mo 00eUM CTOPOHAM.
OneHka BeNMYMHBI SHEPronocTyrieHud oTr OMT  ompenenuTcs COOTHOIIEHUEM

n
Onoc =K z N, (l—hl.), raie K — kosQduuueHT seKTpoMarHuTHOro enuHCTBa; N — MarHuTHas

COCTAaBJIAOILAS.

JUig 1-rO HEJIOKaJM30BaHHOTO MCTOYHUKA TeIula IudypaBHEHUE CpPEIHEHMHTErPabHOMN
TeMIlepaTypbl UMEET BUJI:
aTVSMT —

Ot

C ¥ M — yeJbHbIE TEIUIOEMKOCTh B Macca cocTaBisromux OMT;

o 1 F — xoadunuent remnonepenauu ot cocravisomiux OMT, K;

Tk u Tomr — Temneparypa Ha kopiyce KA u OMT.

[locnenHee mnpousBeneHUE COOTHOUICHHUS OINPENEsieT CyMMapHOE KOJIMYECTBO TeIla,
repenaBaeMoe U3ydeHUEM CBEPX TeMIIepaTyphl Kopimyca. [4]

2. AHajiu3 cOBpeMeHHBIX COCTOSIHMI MPod/eMbl

B nH)XeHepHO! IpaKkTHUKE yaydlI€HUE YCIOBHM OTBOJA TEIUIA IPU BBICOKOM JKCILTyaTalH-
OHHOM BaKyyMe€ JIOCTUTaeTCsl YBEIMUYEHUEM IUIONIA U U KayecTBa OTPaOOTKU M3JIydarolel paaua-
LMOHHON IMOBEPXHOCTU (C MOKPBITUSMHU), MOBBILICHUEM TEIIONPOBOAHOCTH KOHCTPYKIIMOHHBIX
MaTepHUaJIOB U CO3JAHUEM JOTOJHUTEIbHBIX TEIIOOTBOJIOB, UMES B BUIY, YTO YK€ MPH JIaBICHUHU
amwke 10™ k['c/cM”, KOHBEKTHBHASI COCTABIISIOIIAS TEIUIONPOBOTHOCTH OKPYKAKOUIEH CpeIbl CTaHO-
BUTCS IPEHEOPEKUTEIBHO MAJION C MPEUMYILECTBOM «PaJlalliOHHO-U3TY4aIOIIETr0» OXJIaXKICHHUS.
[Ipu ananuze Takoro DMT pacnpenesnenre TEMI0BOW MOUIHOCTH 3a/1a€TCSl OCPEJHEHHBIM IO I10-
BEPXHOCTH, HO C IMOCJIEAYIOLIUM y4YETOM JIOKAaJbHOCTEH TEIUIOBBIIEIEHHSI €r0 COCTaBISIOLINX B
MecTax KperuieHus. [5] B xone maremMaTruyeckoro MoJeNIUpOBaHUS MPOU3BOAUTCS TpadUuecKHid
BBIBOJI BO BPEMEHH BEJIMYMH BHYTPEHHUX TEIIOBBIX IIOTOKOB U pa3BepTKe Bceil moBepxHocT OMT
C LIBETOM OTOOpa)xX€HHs MpU (POPMUPOBAHUHU PACUETHBIX METOJAaX M ONTHUMU3AIMH TEIUIOBBIX pe-
KUMOB 110 (paKTOpaM COBMELIEHHS] CPOKOB CIYKObl U YCTOMYMBOCTU K «BBICOKOMY» BaKyymMy IpH
ydeTe MEeTOJ0JOIMYECKUX MOJX0JI0B JUArHOCTHKH U YCKOPEHHBIX PECYPCHBIX HUCIBITAHUM B MOJ-
TBepkIeHne kadectBa cBepxnoiroBeunbix MK-BOJIIIT-BB. CobOupartensHbiii 00pa3 parmoHaib-
HbL,(B BUI€ MPOOJIEMHOIO MOJIsl), B KOHCTPYKTUBE HOBOM BapHallly €MHOI0 MOHOOJIOKA MpPEeCTaB-
JIEH PUCYHKOM 1.

[c-m] s, Oour Hla - Floyg [Ty — Tk ], e

TaNNOOTHOAAULMA CHrMMT TononorvANpaodHo CTHOW BARyY I'll'IHDﬁ, TEMNOEOHA W CNEL MHTETRALKWK
i 3533 3338
; ) ;
Onoprsif Grarop ORGRHBIA
Y3 wiin /—\ yaan win
f’nxmauuu poTop Ha Base = Manemmil | g, =Ho) 4
| NETHPEENONOCHORA MOyNATOR M8 \\_”':;
l\ = 2pmd R
o=i(n)
-
1 Us=tfr) il Iy F=1(9)
BnemeHT
MOHETTYH- e
g KA MpecBpasoRaTanh WHBERTORHLIR =ftn._o1 PErynansp MaspooHT oo —
n—[J—L' — e g
—/
- = Q=P | ,._-'—I-_.,__ MO0y INEKTROHHES (rEpMOOTCRR)
S ,
\ : 7 8583
\_ Tennouanyqaicumi Unur=27 Wntepdenc RS4B5 a eaT
CETMBHT KOPMYCA Beon sanamn [, ] e -

Puc. 1. CtpykTypa npobieMHoro mois ¢pyHKIMOHaIbHOH HanpsbkeHHOocTH MK-BOITIT-BB
[Ipumeuanne: MYM-MarauToynpapiseMble MUKPOCXEMBI;
MK-BS/II1T-BB — OeckOHTaKTHBIH 3J1€KTPOIBUraTEIb TOCTOSHHOTO TOKA.
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3. KoHCTPYKTHBHO-TEXHOJIOTHYECKHEe ACeKThl KOHCOJIUIUPYIOTCS YCIOBHEM, YTO OTIOp-
Has kuHematuka MK-BOJIIIT-BB mis ycinoBuil OTKpPBITOr0O KOCMOCa C BAKYyMOM U COJHEUYHBIM
U3JIy4YeHUEM, OTpaHMUEHHOM TEIJIOBOM mepenaveil, Tpedyer Oojiee COBEPIICHHBIX KOHCTPYKLIUN B
KOHTEKCTe HauOoJiee CII0KHBIX Pa3/ieJOB TEOPUU «IIPOYHOCTh-TPEHUE» C KOMIIPOMHUCCOM IO Kare-
TOPHUSM OXJIAKJIEHUS, U3HOCOCTONKOCTH, CMa3KH, IPOYHOCTH BUOPOCBOUCTB | Jip. B aTOM mutane mo
HCXOJHOMY MaTepHally MPUXOJUTCS OPUEHTHPOBAThCS HA HAYYHO-CIIPABOYHYIO JIUTEPATypy JEBS-
HOCTBIX I'0JIOB, TJIe OTPa)KE€Hbl OCHOBOIIOJIAraloIIMe CBEACHUS O crocobax oOecnedeHus pecype-
HOM XapaKTepUCTUKHU, JOJTOBEYHOCTHU, JIEKTPOMEXaHUUECKOIO si/ipa Ha IIAPUKOMIOIIMITHUKOBBIX
Oropax C TBEPJbIMU CMa3bIBAIOUIMMK KOHCTPYKLUUSAMHU, JI1 SKCIEPUMEHTAJIbHBIX 3KCILTyaTalluOH-
HBIX YCIIOBUH, YTO MOJTBEPKJAETCs IITAaTHOM 3KcIUTyaTtanuel aHaioroB B TeueHue 6oiee 20000
4yacoB (B BaKyyMe€ € COJIHEUHOU paauanueit). [6]

OnHako Takas MOJENb MPEANoiaracT COBMENICHHUE BCEX AECTA0MIU3UPYyrOmuX (akTo-
POB, BIUSIOMINX HAa BBIOOP KOHCTPYKTUBHBIX Mep oOecreyeHusl HaJe)KHOCTH U, IPEXKIEe BCETO
(KpoMe Tery103auiuThl), BJaro U TpuOO CTOMKOCTH, MEXaHMYECKOM U paJuallMOHHONW MPOYHO-
CTH, JI0JITOBEYHOCTH B YCJIOBHUSAX COJIHEUHBIX M3JYyYEHUN U MarHUTHBIX MOJIEH 3eMIIu.

4. 3axiaouyeHue

Bricokopecypcasie MK-BO/IIIT-BB co BcTpoeHHBIM KOHTpoOsuiepoM, oOiagast 0OJIbIINM
CPOKOM CIYXObI U CTOMKOCTBIO B arpeCCHUBHBIX YCIIOBUSX, DJIEKTPOMArHUTHOM COBMECTUMOCTHIO,
BO3MOXHOCTSAMHU 3((HEKTUBHOTO YIIPABICHUS SIBJISIOTCS HAWIYYIIUM PELIEHUEM JJI1 KOCMUYECKOTO
npumeHenus. [loaToMy 3ajaya aHanu3a U CHUHTE3a TEXHUYECKOTO COCTOSHUS AOPOrOCTOSIIIUX Me-
XaHOTPOHHBIX CHCTEM TaKOI'0 Kjacca akTyallbHbl, OCOOCHHO B OOJIACTH TEIJIOBOW W CHELHAmnps-
KEHHOCTEM.
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Abstract. In this paper the way of production the tokosjemnykh of brushes of electric motors about
addition of carbon nanotubes, their main characteristics and advantages of their use is described.
Keywords. Tokosjemny brushes, carbon nanotubes.

1. BBeaenue

[lleTkn npuUMEHSIOCS B ABUTATENAX ISl SJIEKTPUUYECKOM CBS3M MOJBW)KHOM U HETIOIBHKHOM
4acTeil SJEeKTPOBUTATENICH, MPAKTUYECKH BO BCEX OBITOBBIX JICKTPONPUOOpAxX, IJIECKTPOUHCTPY-
MEHTaX, a TAaK’K€ BO BCEX 00JIACTAX MPOMBIIICHHOCTH. TOKOChEMHBIE IMETKH — OJTHA M3 HamboJjee
YacTO BBIXOJIIUX M3 CTPOSI YaCTEHl AJIEKTPOJBUTATENS, 3aMEHA KOTOPOW MPUBOAUT K MPOCTOIO
MIPOM3BO/ICTBA, & CJIEIOBATEIHLHO K SKOHOMUYECKUM TOTEPSIM.

Takum 00pa3om, akTyajdbHa 3a7a4a MOBBIMICHUS U3HOCOTOMKOCTH IIETOK DJIEKTPOBUTATE-
Jiel U yBETWYCHUSI BpeMEHHM UX paloThl. [Ipemnaraercss ”HHOBAIMOHHBI TIOAX0]T PEIICHUS 3a/1a4u
MTOBBIIICHUST U3HOCOCTOMKOCTH 3a CUeT J0OABJICHHUS B MCXOJHOE CHIPHE YIIIEPOIHBIX HAHOTPYOOK,
00J1a7a101ITNX BEBICOKUMHU TTPOYHOCTHBIMH MEXaHUUECKUMH U DJICKTPUUECKIMHU CBONCTBAMH.

2. XapakTepHble CBOWCTBA yII€POAHbIX HAHOTPYOOK

VYriepoaHsie HAHOTPYOKH — 3TO MPOTSDKCHHBIC IMIMHAPUYECKUE CBEPHYTHIC TpaHUTOBBIC
MOJIOCKH TOJIITUHOM 10 HECKOJIBKUX JCCSITKOB HAHOMETPOB U JJIMHOMN JIO HECKOJIBKUX CAHTHMETPOB,
HMEIOIINE YIIIEPOJIUCTYI0 KapKacHyl CTpyKTypy. lloa maHHOW CTpPYKTypoOW MOJpa3zyMeBarOT
OO0JIbIITE MOJICKYJIBI, CBI3aHHBIE MEXY COOOHM TOJIbKO atToMaMmu yriiepoaa. Ha koHIiax HaHOTpyOOK
00BIYHO 00pa3yroTcs norychepruieckre rotoBku[1].

MHoOTroKpaTHbI€ 3KCIIEpUMEHTHI, IPOBEACHHbIE PA3HBIMU YUEHBIMHU, MTOKA3bIBAIOT YTO YTJie-
POJIHbIE HAHOTPYOKHU SIBISIOTCS HanOoJiee MPOYHBIM M KECTKUM M3 BCEX U3BECTHBIX MAaTEpUAIOB -
MaTepHUaJIOM C PEKOPIHO BHICOKMMH 3HAUYEHUSMU IPEAEIOM IPOYHOCTH Ha pacTsukeHue (~60 I'Tla)
u moxaynsa FOnra (= 1 TIla). Oto cBsA3aHO ¢ COBEPLIEHCTBOM CTPYKTYPbl U CHJIBHOM XUMHUYECKOM
SP°-CBSI3bI0 MEXKIY ATOMAMH YIIIEPOa, KOTOPHIE COCTABIISIIOT HAHOTPYOKy[3].

Takxe HaHOTPYOKH TaKXke SIBJISIOTCA XOPOLIMMU TEIUIONPOBOJHUKAMU BJI0JIb TPYOKH, HpO-
SBJISSL CBOMCTBA, TaK Ha3bIBAEMOM, OECHPENSATCTBEHHOW MPOBOJUMOCTU WM CBEPXIPOBOIAMMO-
ctul3].

[upokoe UCroab30BaHUE B YIIIEPOJHBIX HAHOTPYOOK B AJIEKTPOTEXHUKE BO3MOXKHO OJaro-
napsi TOMY, YTO OHM MOTYT IPOIMYyCKaTh TOKU IMIOTHOCTBIO BBIIIE, YeM HauboJiee MpOBOIAIINE Me-
TaJUlbl, TAaKUE Kak, Hapumep, Meab. Tak oJHOCIONHbIE HAHOTPYOKU MPOIMYCKAIOT TOKU IIOTHO-
cThio 10 109 A/cm?, a MuorocoitHbIe — 10 100 MKA/CM®, @ MeIb IPH TAKAX 3HAYCHHSX [TOTHOCTH
ToKa miuaButcs. KpoMe Toro, mpu cOmpoTHBIEHHH, COIOCTABUMOM C ME/bIO, YIJIEPOJIHbIE HAHOT-
pyOKHU B UeThIpE paza Jerye.

Taxxke yrepoaHble HAHOTPYOKM MPEBOCXOAST MeEAb IO TaKOMy II0Ka3aTenio, Kak
KO3 QUIIMEHT TEIIONPOBOAHOCTH BAOIb ocu. [t menu o paBeH 400 Br/m-K, mns nHanotpyOok
500-5500 Br/m-K[2].

3. Cnocod u3roroBJieHUs] TOKOCHEMHBIX IIETOK 3JeKTpPOABUraTeJeil ¢ Jgo0aBiieHHEeM
yIJ1epOJHBIX HAHOTPYOOK

Crioco0 mpor3BO/ICTBA LIETOK /IS AJIEKTPUUECKUX MAILUH 3aKJII0YaeTCsl B TOM, YTO CMEIIH-
BAIOT OTJIEJIbHbIE MOPOILIKH KaKca UM Ca)XXH, KOTOPbIE, B CBOIO OYEPE/lb, SAISAETCSI XOPOILIUM Ha-
MOJIHUTJIEM, YTO HOBBIIIAET IUIOTHOCTh U TBEPAOCTh MIeTKU. K HUM N00aBISIOTCS CBS3yIOIIME Be-
1iecTBa, Harpume, cMouia win nek. K atoil cmecu no6aBiisieTcss MOPOLIOK YriepOoAHbINX HaHOTPY-
00k (puc.2a,0). M3 momyuyHHOM cMecH MOJ BRICOKHH naBiienuem, mopsiaka 100 - 140MIla, npu mo-
MOIIU clienuaibHbIXIpecc-PpopM (GOpMyIOTCS IIETKH. YBenudeHuu jaBiaeHus cBoiie 140MIla ne
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MPUBOJIUT K YBEJIMYEHHUIO MPOYHOCTU M M3HOCOCTOMKOCTH ILIETOK, a MpHU 00Jee HU3KOM JIaBJICHUU
TOTOBBI IIETKU UMEIOT CPAaBHUTEJILHO HEBBICOKYIO MTPOYHOCTh. [Ipr HE0OX0AUMOTH B CHIEIIUAIIbHBII
KaHaJ npecc-(popMbl BBOJUTCS TOKOIIPOBOJI,.

S, el

Puc. 2 Tloporok yriepoHbIx HaHOTPYOOK [3]
a) BUJI TOTOBOT'O K IIPUMECHEHHIO TTOPOIIKa; 0) BUJ ITOJ] MUKPOCKOIIOM.

Jlanee 3JIeKTOPOIIETKH IOJBEPraloTcs CleNUualbHON TepMUUECKON 00paboTKe B CrielHalIu-
3UPOBAHHBIX MeYax moJ BeIcOKOW Temmepatrypou (mo 2500 C). O6)ur meToK C yriepoJaHbIMUA Ha-
HOTpYOKaMH IPOU3BOJIUTCS B TEUEHUU 5-15 MUHYT, UTO 3aBUCHUT OT 00beMa BHECEHHOTO MOPOIIKa
YIIEpOJHBIX HAHOTPYOOK U criocoboMm HarpeBa. B mporecce o6kura cBs3yrOIIME BELIECTBa KOKCY-
FOTCSL; IIPU 3TOM CIIEKAIOTCS OT/IEJIbHBIE YaCTHUIIbl YTIEPOAUCTOTO MaTepHraa.

[IleTku, M3rOTOBJICHHBIA TAKHUM CIOCOOOM, OTIUYAIOTCS BBHICOKON HMUIM(HUENIEH MIOCOOHO-
CTbI0, BBICOKOW TEIJIONPOBOIHOCTHIO, BO3M)KOCTBIO MPOBOJUTH TOKU OOJIbIIEH IJIOTHOCTH, 00Ja-
JaroT OOJIBILIUM MPEIEIOM IPOYHOCTH U BBICOKOW H3HOCOCTOMKOCTBIO.

[ToyueHHble XapaKTEPUCTUKU MIETOK MPEMSATCTBYIOT CHIIBHOMY UJIM HEPAaBHOMEPHOMY H3-
HOCY IIETOK, YTO SBJISICTCS HAanOoJiee YacTON MPUIMHON BBIX0/1a AJIEKTPOABUTaTeNel U3 cTpos [4].

4. IlpuemyniecTBa MCNOJIb30BAHUS TOKOCHEMHBIX LIETOK JJIeKTPOABUraTeei ¢ 10-
0aBJieHHeM YIJIEPOJIHbIX HAHOTPYOOK.

JloGaBieHue yriaepoaHbIX HAHOTPYOOK HEMOCPEACTBEHHO B TEJIO TOKOCHEMHOM IIETKH I10-
3BOJIUT CJIeNaTh ee 0ojee yCTOMYMBOM K BO3/IEHCTBUIO BUOPAIMK U MIBUIH, IPOTEKAHHUIO TOKA 00JIb-
II0W IJIOTHOCTH, U, COOTBETCTBEHHO, Pa3pYIICHUSIM BbI3BaHHBIMU JaHHBIMU (PaKTOPAMH.

Haubonee xapakrepHble pa3pylieHus METOK: «BETBUCTOCTb» B PE3Yy/IbTaTe BO3ICHCTBUS
nbuH (puc.3); oOpasoBanue Oammaka (puc.4); TpeluHa B pe3ysibrare Kojiebanuii (puc.S); BbIpa-
00TKa OT HAKUMHOM JIETalli C BEPXHETO TOpLia (B TOM YHUCIIE C BO3JEHCTBUEM TOKA UCKPEHMUSI)

(puc.6) [5].

Puc.3 «BerBucTOCTh) 1IETKH Puc.4 O0pa3oBanue «OammMaka» B TeJe MIETKH [5].
B pe3ysbTaTe BO3ACHCTBUS MBUIH [S].
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Puc.5 Tpemuna merku B pe3ynbrare Konebanui [5]. Puc.6 BeipaOoTka 0T HAKMMHOM JIETAJIN C BEPXHETO
Topua [5].

[Ipumenne HaHOMOIM(UIIMPOBAHHBIX MIETOK MO CPEBHEHUHUIO ¢ HanboOJee pacipoCTPaHCH-
HBIMU YTOJIBHBIMHU IETKAMHU CYIIECTBEHHO YBEJIMYHUT BpPEMs HApaOOTKU SJEKTPOIABUTATEINSI, YTO
BBITOJTHO C TEXHUKO-3KOHOMUYECKOU TOYKHU 3PEHUSI.

5. BeiBOABI

B nacrosiee BpeMst Oiarogapsi CBOMM CBOMCTBAM YIJIEPOJAHBIE HAHOTPYOKU SIBIISIFOTCS OJ1-
HUM U3 HanOoJiee MePCIeKTUBHBIX MAaTEPUAJIOB, IPUMEHAEMBIX BO MHOTHUX OTPACIISIX MPOMBIIILICH-
HocTu. [Ipumenenrne HaHOTPYOOK B AJIEKTPOTEXHUKE 00YCIOBIEHO HEOOXOAMMOCTBIO CO3/ITaHUS HO-
BOr'0 Marepuaa, 6jaromapsi CBOMCTBaM KOTOPOTO MOSBUTCS BO3MOYKHOCTh YMEHBIIUTD 3aTpaThl Ha
MIPOM3BOJICTBO M IKCILTyaTalus 3JIeKTpooOopynoBanus. Vcmoap30Banme yriiepoaHbIX HAHOTPYOOK
B MPOU3BOJICTBE TOKOCHEMHBIX IIETOK AMEKTPHUUECCKUX JTBUTATEICH MO3BOJIUT H30€XKATh UX MPEXK-
JEBPEMEHHOTO M3HOCA, TEM CaMbIM MPOJITUTH BPEMs pabOThI SJIEKTPOABUTATENS 0€3 pEMOHTA.
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THE USE OF COMPOSITE CONDUCTORS IN THE INTERFERENCE
SUPPRESSION AND SURGE PROTECTION

S Buvakov, D Suvorov, G Gololobov, D Tarabrin
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Abstract. In this paper the results of numerical calculation of the frequency dependence of the
electrical resistance of circular cross-section of conductors with a two-layer structure of Cu-NiCr
are presented. Physical and mathematical model of current flow through the composite axial-
symmetric structure having regions of high (core) and low (shell) conductivities are developed.
The data on the influence of the geometric parameters of the composite conductor structure on the
frequency dependence of the electrical resistance are presented.

Keywords. Skin effect, resistive coatings, composite conductors, power electronics, and an insulat-
ing electron-conductivity.

1. Beenenue

B nacrosiniee Bpemsi B CBSI3M C MHTEHCHBHBIM Pa3BUTHEM HMITYJIbCHOM TEXHHUKH, BBICOKO-
YaCTOTHOW CWJIOBOM JJIEKTPOHMKU AKTYaJbHBIM SIBJIIETCSI MCCIIEIOBAHUE CUCTEM M YCTPOWCTB,
MMEIOLIUX CUJIBHYIO 3aBUCUMOCTb aKTUBHOTO CONIPOTUBIIEHUS OT 4acTOThI [1].

W3BecTHO sBIIeHUE CKUH-3((eKTa, MPOSBISAIOLIEECS] B YMEHbILIEHUN MPOBOJUMOCTU €IH-
HUYHOIO IPOBOJIHMKA Ha BBICOKHMX yacToTax [2]. [y OoNbIIMHCTBA 33/1a4 PaIMOTEXHUKU SIBJICHHE
CKUH-3(QpeKTa HEXKENaTeIbHO, OJTHAKO MEPCIEKTUBHBIM SIBJIIETCS €r0 HCIOJIb30BAHUE YISl YIPaB-
JIEMOW MOIYJISILIUU DIIEKTPHUYECKOTO CONPOTUBIIEHUS HA BBICOKMX 4dacToTaX. IlepcrnekTuBHBIM pe-
IIEHHEM B JJAHHOH 00JIaCTH SIBJISIETCSA UCIOJIb30BaHNE KOMIIO3UTHBIX IMPOBOJHUKOB, UMEIOIIUX I10-
KPBITHE U3 METAJVIOB U CILUIABOB C CYILIECTBEHHO OOJBIIUM JIEKTPUYECKUM COINPOTUBIECHUEM, ITy-
TE€M U3MEHEHHUS CBOMCTB U CTPYKTYpPbI IPOBOAHUKA |3, 4].

B xoMno3uTHON CTpyKType HmpOBOJHUKA (pHUC. 1) ¢ pOCTOM YacTOThI, BCIEJICTBUE CKUH-
s deKTa, MEKTPUYECKUN TOK OTTECHSIETCS U3 CEPALIEBUHBI C HU3KUM YAEIbHBIM 3JIEKTPUUECKUM
COMPOTHUBIIEHUEM B 00JACTh MOKPHITUS C OOJBIIMM 3HAUEHHUEM DJIEKTPUYECKOIO CONPOTUBIICHHUS.
[Ipu 3TOM ¢ pOCTOM YacTOTHI CONPOTUBIIEHUE KOMIIO3UTHOTO IMPOBOJHUKA OyJIET pe3KO BO3pacTaTh
B 00J1aCTH BBICOKHX YacTOT, IOCKOJIbKY OCHOBHAs 4acTh TOKa OyJeT NpoTeKaTh BOJIU3U MOBEPXHO-
CTH KOMIIO3UTHOI'O ITPOBOJIHHMKA YE€PE3 MAaTepran C BBICOKMM YAEIbHBIM CONpPOTHBIEHUEM. [
HU3KUX YacCTOT M IOCTOSIHHOI'O TOKAa 3JIEKTPUYECKOE CONPOTHBJICHUE NMPOBOJHUKA OyIeT ompene-
JATHCS CONPOTUBIIEHUEM CEPJLIEBUHBI C HU3KUM YIEIbHBIM COIIPOTUBIICHUEM.

Puc. 1. FEOMETpI/IH MMONepeYHOro CEYCHUA KOMITIO3UTHOT'O ITPOBOAHUKA

B omyOnukoBaHHBIX paboTax [3, 4] maHO KayeCTBEHHOE OMMCAHME KOHCTPYKIMHU Kabenen
PE3UCTOPOB UMEIOLINX KOMIIO3UTHYIO CTPYKTYpPY, NPUHIUI pabOThl KOTOPBIX OCHOBAaH Ha OCHOBE
s dexTa pe3Koro yBeIMUEHUS] aKTUBHOTO COMPOTHBIIEHUS C POCTOM YacTOThl. OHAKO KOJIMYECT-
BEHHBIC JIAaHHBIC O BIUSIHUM TTapaMETPOB T€OMETPUIECKON CTPYKTYPBI TPOBOIHUKA (TOJIIIUHBI CJIO-
GB) Ha 4aCTOTHYIO 3aBUCUMOCTH aKTUBHOI'O COIIPOTHUBIICHHUA OTCYTCTBYIOT.

enbto naHHON paboOTHI SIBJIAETCS MAaTEMaTUYECKOE MOJEIMPOBAHUE MPOXOKICHUS Iepe-
MEHHOTO JJIEKTPUYECKOTO0 TOKa 4Yepe3 KOMIO3UTHYIO aKCHAJIbHO-CUMMETPHUHYIO CTPYKTYpY,
MMEIOLYI0 00J1aCTH C BBHICOKOM (CcepAlieBMHA) U HU3KOM (000J104YKa) yAEIbHBIMU IPOBOAUMOCTSIMU
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U MOJY4YE€HHE 3aBUCUMOCTEH 3JIEKTPUYECKOTO COMPOTUBIIEHHUS OT YAaCTOTHI MPHU Pa3IMUYHBIX Mapa-
MeTpax CTPYKTYphI IPOBOIHUKA.

2. YcjI0BHS MATEMATHYECKOI0 MOIeJIHPOBAHUSA

OObeKTOM uccieIoBaHi B HacTOsIIEH paboTe SIBIAIOTCS €AMHUYHBIN IPOBOJIHUK KPYTJIOTO
CEUEHUs COCTOSALIUI U3 JIBYX MPOBOJALINX YACTEW: MPOBOJHUKA C HU3KUM YJIEIbHBIM AJIEKTpUYE-
ckuM comnporusiennem (Meapb (Cu) — 0,01724 OM-MM?/M) 1 TIOKPEITHS TPOBOHIKA, COCTOSIIIErO 13
Martepuaina, oOianarouero 0ojiee BHICOKHUM YIECIbHBIM JIEKTPUYECKUM COIPOTHBIICHUEM (CIUIAB
aukenb-xpoM (NiCr) — 1,4 Om-MM*/m). BbiGop Matepnasos 06yCIOBICH XapaKTEPHCTHKAMH JICK-
TPUYECKONH MPOBOAUMOCTH (pa3HHIA AIEKTPUUYECKUX MpoBoauMocTeil Oosee yem B 100 pa3) u
CTOMKOCTH K BO3JECHCTBHUIO BBICOKOW TEMIIEpaTyphbl, a TaKK€ BO3MOKHOCTHIO MPAKTUYECKOIO HC-
M10JIb30BaHMUSL.

Pacuer BnusiHus CKUH-3QeKTa Ha JEKTPUUECKOE COMTPOTUBIICHUE HAa PAa3IMYHbIX YAaCTOTaxX
OCYILIECTBJISUICSI METOJJIOM KOHEYHBIX AJIEMEHTOB C MCIIOJIb30BAHUEM CIIELUATM3UPOBAHHOTO IMPO-
rpammuoro obecnedenuss COMSOL Multiphisics [5, 6]. B pacuere yduThIBaloTCS OCHOBHBIC JJICK-
TPOJIMHAMHUYECKHE MPOLECCHl XapaKTepu3ytomue ckuH-3(deKT, onrucbiBaeMble ypaBHEHUAMH Mak-
cBesuia [8] st KBa3UCTAIIMOHAPHOTO JIEKTPOMArHUTHOTO TIOJIS.

Pe3ynbTaramMu MoAENUpPOBAHUS SBIISIOTCSA:

® pacrpejesieHue IUIOTHOCTH 3JIEKTPUUYECKOTO TOKa MO CEYEHHIO0 KOMIIO3UTHOIO Ipo-
BOJTHUKA;

® YacTOTHAas 3aBUCUMOCTb 3JIEKTPUUECKOIO COMPOTUBJICHHUS KOMIO3UTHOIO IPOBOI-
HUKA.

3. Pe3yabTaThl YUCJAEHHOT0 MOACJIHMPOBAHUS

OCHOBHBIM Pe3yIbTATOM MOJEIUPOBAHUS SBIJISETCS PACIpEIEICHHE IJIOTHOCTU IEPEMEHHO-
ro TOKa [0 CEYEHUI0 KOMIIO3UTHOTO ITPOBOJHHUKA HA Pa3IMYHbIX yacToTax (puc. 2). Ha Hu3kux vac-
TOTax OCHOBHOW TOK MPOTEKAaeT B 00JIACTU MEIHOW MPOBOMAIICH cepieBUHbI (puc. 2 a, 0), a Ha
BBICOKMX YacTOTaX TOK CMeIIaeTcsi B 00JacTb MPOBOJAHMKA C HM3KUM 3HAYEHHUEM MPOBOJUMOCTH
(puc. 2 B, 1).
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Puc. 2. PacnipezesieHre IIOTHOCTH MEPEMEHHOI0 TOKa BIOJIb pajnyca I TPOBOJHUKA I PA3IUYHBIX YaCTOT
nepeMeHHOro Toka: a) f=1 MI'; 0) f= 5,5 MI'; B) f= 15 MI'; 1) f= 100 MI'11.
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CroWT 3aMETUTh, YTO TOK MOXKET MMPHHUMATh OTPHIIATEIBHOE 3HAYCHUE, KOTOPOE YBEIUYH-
BaeTcsi BOJMM3M Tpanuibl pasaena nByx cpen (Cu-NiCr), HO yMeHbIIaeTcsl TOIIUHA CJIOs, B KOTO-
POM XapaKTEpHO 3TO yBeJIHueHHE. [[pUUnHOM ATOTO SBISETCS MOCTOSHHOE HECTAOMIBHOE M3MEHEe-
HUE BUXPEBOTO AIEKTPUIECKOTO MOJIst £ BO BpeMeHH, CO3/[aHHOTO MAarHUTHBIM TIOJIEM C WHIYKITHEH
B, xoTopoe 3aBUCUT OT U3MEHEHHUS YacTOThI IepeMeHHoro Toka I [2].
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Puc. 3. 3aBUCUMOCTb 3JICKTPUUECKOrO COMPOTURIICHUS (a) M 3aBUCUMOCTh HHTEIPAIBHBIX COCTABIIAIOIINX TOKA
nporekaromux B ooactsx Cu u NiCr (6) ot wacToTsl (paauyc npoBoanuka rcond = 0,4 MM U TOJNITUHBI TOKPHITHS

hres = 0,2 Mm).

Brienennpie TOYKM Ha prUC. 32 COOTBETCTBYIOT YaCTOTHBIM PACHpEACICHUSM IUIOTHOCTH
TOKa (puc. 2), a TouKa repeceyeHus AByX KpUBBIX Ha pUC. 30 COOTBETCTBYET TOUKe «O» (puc. 3a).

3aBUCUMOCTD JJIEKTPUUYECKOTO COMPOTUBICHUS OT YacTOTHI (pUC. 3a) UMEET TPHU XapaKTep-
HBIe oOmacTu [3]:

1)

2)

3)

Obnacmov Obicmpo2co y8enuyeHus Conpomueienus nposooHuka (0o 5,5 Mlvy). Peskuit
POCT COTIPOTHBIICHUS OOYCIIOBJIEH OTTECHEHHEM TOKa K rpaHuIle paszaena aByx cpen (Cu-
NiCr). B nanHo# o01acTu TOK MPOTEKAET MPEUMYIIECTBEHHO B MPUIIOBEPXHOCTHOM CJIO€
MIPOBOJIAIIEH CEPIICBHHBI U UMEET BBICOKOE 3HAUCHHE IJIOTHOCTH.

I panuynas obnacms (5,5-15 MIy), B KOTOPO MPOUCXOIUT MEPEXO] TOKA U3 TPOBOIS-
el YaCTH KOMITO3UTHOTO TIPOBOJIHUKA B PE3UCTUBHYIO YacTh. YacToTa 31eKTPHUIECKOTO
TOKa f;, IPU KOTOPOH MPOMCXOIUT PE3KHH Tepernd 3aBUCUMOCTH CONPOTHBIICHHS OT
4acCTOTHl MOYKHO YCJIOBHO Ha3BaTh «4acTOTOM mepexona» [7]. YacToTa mepexoaa cooT-
BETCTBYET 3HAUYCHUIO TOYKH «O» Ha pHC. 3a. M 3HAUYCHHUIO TOYKH IMEPECEUYCHUs] KPUBBIX
MHTErpajbHbIX COCTABIISIIOIIMX TOKa MpoTekaromux B o0nactax Cu u NiCr Ha puc. 36.
Obnacmv mednenHo2o pocma dnekmpuieckoco conpomusnerus (ceviute 15 MIy), B xo-
TOpPO¥ OCHOBHAsI 4acTh AJIEKTPHUYECKOTO TOKA MPOTEKAET B 00JACTH C BHICOKUM YIEIb-
HBIM COTIPOTUBIICHUEM. [ TyOMHA CKHH-CIIOS YBEIMYMBACTCS 33 CUET MEHBIIETO 3HAYCHUS
npoBoaumoctu NiCr.
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Puc. 4. 3aBUCUMOCTH 3JIEKTPUUECKOTO COIPOTUBIIEHUS POBOIHUKOB OT YACTOTHI TEPEMEHHOT0 TOKA MPHU Pa3IUIHBIX
OTHOIIICHUAX TOJIIIMHBI MTOKPBITUSA K paauycy npoBoanuka rcond/rres — 0,2; 0,5; 1; 2; 5 npu yCIOBUH TOCTOSTHCTBA

BHEITHero nuamerpa 1,2 M.
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PacdeTsl mOKa3bIBAIOT, YTO C YBEIMUEHHEM TOJIIMHBI TIOKPBITUS U YMEHBIICHUEM paanyca
MIPOBOJIAIICH CEPAIIEBUHBI YACTOTA Mepexo1a yMeHbaercs (puc. 4). 3To 00yCIOBICHO OTTECHEHHU-
€M TOKa B 00JIaCTh C MaJION 3JIEKTPONPOBOJIHOCTBIO YK€ MPU HUZKUX YaCTOTaX.

BrIBOAbI

[IpoBeneHo TeopeTHuecKoe UCCIeI0BaHUE IEKTPUUECKUX CBOMCTB KOMIO3UTHOIO MPOBO/I-
HUKa, COCTOSIIEro M3 METHOW CEepALEBHHBI U HUXPOMOBOTO MOKpHITUSA. Pa3paboTana ¢usmko-
MaTeMaTH4ecKasi MOJIEJb MPoliecca TOKOMPOXOXKAECHUS Yepe3 KOMIIO3UTHYIO CTPYKTYPY UMEIOIIYIO
00JacTy ¢ BHICOKOM M HU3KOM yJEeNbHBIMU MPOBOJUMOCTIMH. B mpoiiecce 4McaeHHOro MoAeanpo-
BaHMS OBLJIO BBISBJICHO CIIENYIOIIEE:

- KOMIIO3UTHBIN MPOBOJIHUK KPYIJIOTO CeueHus ¢ pe3ucTuBHbIM ciaoeM Huxpoma (Cu+NiCr)
UMeeT CONpoTUBIIEHUE (B 5-8 pa3) OoJjibllle CONMPOTHUBIEHUS MeaHOro npoBoaHuka (Cu) c aHaio-
TUYHBIMU ITapaMeTpaMu, Ha CPeIHUX U BbIcOKUX yacToTax (1 MI'np— 100 MI'n);

- Ha HU3KHX YacTOTaX OJHOPOJHBIA M KOMIIO3UTHBIA MPOBOJHUKK UMEIOT aHAIOTHYHBIE
CBOMCTBA, MOCKOJBKY MTOCTOSHHBIN M TIepeMeHHBIN Hu3KkouacToTHBIE (10 100 kI'11) TOKM mpoTekaroT
MIPEUMYIIECTBEHHO B 00BEME IPOBOISIICH CEPALIEBUHBL,

- YaCTOTHAs 3aBHCHMOCTBH COIPOTHBIICHUS KOMITO3UTHOM CTPYKTYPBI UMEET TPH XapakTep-
Hble 00nacTu: 00JacTh OBICTPOTO YBENWYEHHUS COMPOTHUBJICHHUS MPOBOJHUKA, OOYCIOBJIICHHAS OT-
TECHEHHEM TOKa K rpanuiie pazzaena asyx cpen (Cu-NiCr); rpanudHas 001acTh, KOTOpasi COOTBET-
CTBYET Iepexoay OCHOBHOM yacTu Toka u3 obiactu Cu B o0nacts NiCr; 00macTe MEJIEHHOTO poc-
Ta AJIEKTPUYECKOTO COMPOTUBIIEHUS, COOTBETCTBYIOLIAs MPOTEKAHUIO TOKa B 00JACTU BBICOKOTO
YEIBHOTO COIPOTUBIICHMUS;

- 3Ha4YeHHE YaCTOThI [IEPEX0/ia COOTBETCTBYIOIIECH TPAaHUYHON 00JIACTH ONpeAeNsieTcs, B OC-
HOBHOM, TOJIIIMHOW PE3UCTHBHOTO IMOKPHITHS U CMEIIACTCS B OOJBIIYIO HJIM MEHBIIYIO CTOPOHY B
3aBHCHMOCTH OT ITaPaMeTPOB TOKOTPOBOIAIIEH CTPYKTYPHI IPOBOIHIKOB.

Komno3utHble TPOBOTHUKH Ha OCHOBE JBYX MPOBOJSIINX MAaTEPUATIOB C PA3IMYHBIM 3HA-
YEHHUEM DJICKTPOTIPOBOJAHOCTH M ONTHMAIBHO IOJ0OPAHHON T€OMETPUEH CTPYKTYpPBI CITIOCOOHBI
BBITIOJTHATH (DYHKIIMU ITOMEXOTIOIaBIICHHS U 3aIUTHI B PATUOTEXHUIESCKUX (MIBTPAaX HIDKHUX Yac-
toT (PHY), a Takke UCHOIb30BATHCS B KAUE€CTBE KOHCTPYKTUBHOTO 3JIEMEHTA CUIIOBOM 3JIEKTPOHU-
KU B YCTpOICTBax 3aluThl oT nepeHanpsokenuit (Y3UID).

[TomydeHHbIE TaHHBIE MOTYT OBITH MCIIOJIB30BaHBI MIPH pa3pabOTKe CHIIOBBIX IIOMEXOTIOAAB-
JSIOMAX (PUIBTPOB M YCTPOMCTB 3aUTUTHI OT MEPEHATPSKESHHIH.
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Annomayus. B maHHOW cTaThe paccMaTpUBAaETCs peaiu3aiisa GU3NISCKOW MOCIUIEHTPAIBLHOTO
JUCIIETYEPCKOr0 MyHKTa MPUMEHHUTEIBHO K PA3JIMYHBIM THIIAMTEXHOJIOTHYECKHX IPOICCCOB B
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PHYSICAL SIMULATION OF AUTOMATED CONTROL SYSTEMS OF
TECHNOLOGICAL PROCESSES ON THE PRINCIPLE OF CENTRAL

CONTROL ROOM
V.N. Krysanov, A.L. Ruckov, Y.V. Sharapov, K.V. Ivanov

Voronezh State Technical University,

Russia, Voronezh,alex_8 90@mail.ru
Abstract. This article discusses the implementation of the physical model of the Central control
room for the various types of technological processes in the framework of a set of laboratory
stands. Provides functional and mnemonic describes the applied possibilities of the model.
Keywords. Centralcontrol, physicalsimulation, asetoflaboratorystands.

B coBpeMeHHBIX YCIIOBUSX aBTOMAaTHU3WPOBAHHOCTH IPOMBIIIJICHHBIX M XO3SHCTBEHHBIX
00BEKTOB C pacHpeesIEHHbBIMU MapaMeTpaMU CYLIECTBYET HEOOXOIUMOCTh B OpraHU3aluy CUCTe-
MbI LEHTPAIM30BAaHHOIO yrpaBieHus. JlaHHasi cucTeMa JI0JKHA: BO-TIEPBBIX, KOHLIEHTPUPOBATH U
XpaHUTh B ceO€ TEXHOJIOTMYECKHUE MapaMeTphbl MOJYMHEHHOIO 00OpYyI0BaHUS; BO-BTOPbIX, UMETh
BO3MOYHOCTb BJIMSATh HA KAXKIBIA U3 HUX; B-TPEThUX, BU3yaJIU3UPOBATh BCE HEOOXOUMBIE MTOKa3a-
TEeNU B yIOOHOM Jyisi omeparopa Bujae. B e€ paMkax HEOOXOIMMO co3/1aHue 0a3bl aJIrOPUTMOB, B
COOTBETCTBUU C KOTOPBIMU OYAET MPOUCXOJUTH YIPaBICHHUE 10 TPYIIaM PEeryJupyeMbIX MoKasa-
Teneil.B coctaBe pa3ziauMyuHbIX TEXHOJIOIMYECKUX IIPOLIECCOB MPEANPUATUS OMMCAHHbBIE BbILIE 3a/1a4H
BO3JIAraloTCsl Ha HEHTpaidbHbINA qucneryepckuit myHkT (LIIIT).

LIT siBisieTcs OAHOM M3 BaXKHBIX COCTABJISIONIMX YAaCTE aBTOMATHU3MPOBAHHOM CHCTEMBI
yIpaBieHUsl, MAaKCUMAJIbHO HCHOJIb3YIOIENH yCTPOICTBA BBHIYMCIUTEIBHON TEXHUKHU JAJIS MOJyde-
HUS, NIepe/laud U XpaHeHus nHpopmaluu ¢ 1enpio odecreyeHus: Hanbosnee 3(hHEeKTUBHOTO (QyHK-
LHMOHUPOBAHUS Mpou3BocTBa. OH IpeaHa3Ha4YeH /Il HENPEPHIBHOTO KOHTPOJS U ONEPaTUBHOIO
YIpaBJIEHUS XOJOM BBINOJHEHUSI CMEHHBIX M CYTOYHBIX IUIAHOBBIX 33JaHUIl MPOU3BOACTBEHHBIMU
KOMILJIEKCAMU U XO3SIIiCTBaMM, a TakKe NPENpusATUs B 1IeJoM, cOopa U NpeaBapuTeIbHOU oOpa-
00TKM UHPOPMAIMH O COCTOSIHUU TE€XHOJIOTHMYECKUX MPOLECCOB NPEANpUITUS C (PUKcalel OTKIIO-
HEHHUH X0/1a BRITIOJIHCHUS 3aJaHUH OT IJIAHOBBIX MoKa3arenei| 1,2].

CH0KHOCTH MPAKTUYECKOTO HCCIIEA0BAHNS OTMEUYEHHOro Kiacca 0ObEKTOB 3aKIH0YAeTCs B
HEBO3MO)KHOCTH HENOCPEJACTBEHHOI'O M3Y4€HHUs (BapbUpOBaHUS) IPYII [apaMeTPOB BBHJY BBICO-
KHX 3aTpaT, BO3HUKAIOWIUX MpH 3ToM. [losTomy Oosiee MpUMEHUMBIMU METOJaMU U3YUYECHHUS SIBJISI-
I0TCS MaTeMaTU4eCcKoe U (PU3NYECKOE MOJIEIMPOBAHHUE.

duznyeckoe MOJEIUPOBAHHUE — METOJI SKCIIEPUMEHTAIILHOTO W3YY€HUs SIBICHUH, OCHO-
BAaHHBIN Ha MOJI0OOMU peanbHOro MpoLEecca U UCHOIb3YEMOU MOJIEIH, PEATM30BaHHBIN C IIOMOIIBIO
OnpeeIEHHON TEXHUKO-AJITOPUTMHUECKOH 0a3bl ¢ yu€ToM 3dexTa MacmradbupyeMocTu. BriBoabl
U JJaHHbIE, IOJYYEHHBIE B 3TUX IKCIEPUMEHTAaX, PACIPOCTPAHAIOTCS 3aTEM Ha SIBJICHUE B pealbHBIX
Macriradax.

MeTto1 MOXKET AaTh HaEXKHbIE PE3yNbTaThl, JIMIIb B Cily4ae cOONM0ACHNU GU3UYECKOTO T10-
no0usi peasibHOTO SIBJICHUSI U MOJENU. DTO JOCTUTAETCs 3a CUET COOIOIEHUS PaBEHCTBA JJIsl MOJIe-
JIM ¥ PEaJbHOTO SIBJICHUS 3HAUEHUN KPUTEPUEB MOA0OMS — Oe3pa3MepHBIX YHCEN, 3aBUCSIIUX OT
¢uznyeckux (B TOM 4YMCJIE€ T€OMETPUUECKUX) [1apaMeTPOB, XapaKTEPU3YIOIINX SBJICHHE. DKCIEpU-
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MEHTaJIbHbIE JAHHbIE, IOJIYYE€HHbIE OTMEYEHHBIM METOIOM MOJIEIUPOBAHMSI, PACIPOCTPAHAIOTCS Ha
peanbHBIC MPOIECCHl B TEXHOJIOTHIECKUX mporieccax. [1]

B mmupokoMm cwmbicie, m000i 1a00paTopHbIl GU3NYECKUI SKCTIEPUMEHT SIBIISIETCS MOJEIH-
pOBaHMEM, MOCKOJBKY B JKCIIEPUMEHTE HAOJI0aeTCsl KOHKPETHBIM ciydail mporecca B YaCTHBIX
YCIIOBHUSX, a TpeOyeTcsl MOIy4UuTh 0011e 3aKOHOMEPHOCTH Il BCEro Kiacca MOoJA0OHbBIX SIBJICHUM B
IIMPOKOM JIMAINA30HE YCIOBUM.

C uenpio U3y4yeHus NPUHLHUIIOB MOCTPOEHHS TaKOM COCTAaBHOW YacTH aBTOMAaTH3MPOBAHHOM
CUCTEMBbI YIPaBICHUSIS OTPAOOTKHU HaBBIKOB OLICHKH Pa3IMYHbIX CUTYyaluil B coBpeMeHHbIX ACY
U CBOEBPEMEHHOTO MpHUHATHS petieHuit Ha 0aze kapenpsl DJAYTC BI'TY co3nana duszmnueckas mo-
JIeJIb BBIIIEONHCAHHOM cCcTeMbl 00BEIMHEHHOTO AUcIieTyepckoro myHkra. Ha 6a3e moaenu peanu-
30BaHbl HEOOXOAMMBIE U1 00bEeIUHEHUS U aBToMaTu3anuu GyHKkuuu. B xadecTBe MOMYMHEHHBIX
YCTPOICTB BBICTYNAIOT CJEAYIOLINE JAOOPATOPHBIE CTEH IbI:

- TEHEePALUU U PACIPENEICHHs TEIJIOBOM MOIIHOCTH C MCIOJIb30BAaHUEM HETPATUIIMOHHBIX
HCTOYHUKOB SHEPTUH;

-U3y4eHHs] PeKUMOB pabOThl U HAarpy3KW aCUHXPOHHOT'O JIBUraTelis C YaCTOTHBIM yIpaBiie-
HUEM.

Kaxnplif U3 CTEHI0B, HAXOJSIIMXCS IOJ KOHTPOJEM OOBEIMHEHHOTO IUCHETUYEPCKOTO
IIYHKTa, peACTaBisieT co00i pU3nuecKyro MOAEIb OTAEIBHOIO TEXHOJIOTHYECKOTO MpoIiecca.

OObeMHEHHBIH TUCHIETYEPCKUIN MyHKT coOMpaeT UHPOpPMALHIO C NOJYMHEHHbIX CTEH]IOB,
oJiyyasi ee ¢ mpeoOpas3oBaress 4acTOThI (HaNpsHKeHUE MUTAHUS U YacTOTa BPallleHUsl aCHHXPOHHO-
ro JBUTaTessl, HallpsDKEHHE MUTaHMUs U 4acTOTa BPAIEHMs] Harpy304HOT'O JBUraTelsl MOCTOSHHOTO
TOKa) CTE€HJa C aCHHXPOHHBIM JIBUraTelIeM U IPOrpaMMHUPYEMOr0 JIOTMUECKOT0 KOHTpoJsuiepa (3Ha-
YEeHMs C TpeX JaTUYMKOB TEMIIEpaTypbl, COCTOSIHUE HAacoca, TEKylash MOIIHOCTh OXJIAAUTENS U Te-
KyIllasi MOLTHOCTh HarpeBaTesisi) CTeH/1a FeHepalum.

[TonyueHnHble JaHHBIE OTOOPAXKAIOTCA HA MHEMOCXEME TEXHOJOTMYECKOro Ipoliecca, KOTo-
past sIBJISIETCS CBSI3YIOLMM 3BEHOM 4YEJIOBEKO-MalIMHHOTrO uHTep(deiica. OHa mpuBeaeHa Ha puc. 1.
Oneparop aHaIM3UPYET 10 MHEMOCXEME COCTOsSIHUE O0Opy/IOBaHUs, NMOKAa3aHUs JaTYUKOB U CO-
CTaBJISIET MOJHYIO KapTUHY O MPOUCXOIAIINX B OAUYMHEHHOM 000pynoBaHuu npoueccax. C momo-
LIbI0 PETyIATOPOB Ha MHEMOCXEME BO3MOXHO OCYIIECTBJIEHHE HEMOCPEICTBEHHOTO AUCIIETYEp-
CKOTOYIIpaBJICHUs apaMeTpamMu 00OpYyIOBaHMS: U3MEHEHHE 3HAYEHHs] YacTOThl BpAIllEHUs acHH-
XPOHHOTO JIBUTATENs;BapbUPOBAHUE HAINPSHKEHUS MUTaHUSI Harpy304HOTO JIBUraTelis MOCTOSTHHOIO
TOKa; U3MEHEHUE 3HaYCHHs] MOILHOCTH HarpeBaTelsl U OXJIAJUTEeNsl, BKIIOUEHNE U OTKIIIOUEHUE Ha-
coca [3].
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Ha puc. 2 npuBenena ¢yHKIMoOHaIbHAsA cXxeMa (PU3UUECKOW MOJETH 0O0BbEIMHEHHOTO IHC-
METYEPCKOTO MyHKTA.

Brok nutaHus +15B
> +3,38
~220B 50y AC/DC +158
—»
+5B
Y Y Y
VHTepdecHbIN Briok dhopmmupoBaHus
P MUKpOKOHTpOITEp (opwip | Korenaam
6nok BbIXOAHbIX CUrHamoB [
<« < > > ———*»
—
MK
K USB/RS-485/RS-232 (0)% 4’.
0..5B/0...10B
A
QT CTeHA 0B
—— » bBnok obpabotku

4,' BXOJHbIX CUrHamnos |~

R oy

0...5B/0...10B
Puc. 2. q)yHKHI/IOHaJ'II)HaH CcXeMa 06’LEI[I/IHCHHOFO JUCTICTYCPCKOI'o IIyYHKTa

Kak BugHO U3 puc. 2, 1a00paTOpHBINA CTEH]I COCTOUT U3 HECKOJIBKUX Y3JI0B, KaXKIbIH U3 KO-
TOPBIX OTBEYAET 3a BHINOJHEHHUE ONpeAeIeHHON 3a1aun. biok nuTanus npeoOpa3oBeIBaeT BXOAHOE
nepemenHoe Hanpspbkenue 220 B, 50 I'q B noctosiHHOE co 3HayeHusimu +3,3B, +5B u +15B, koto-
pble HEOOXOIMMBI /71l TUTAHUSI OCTAJIbHBIX A1eMeHTOB. HTepdelicHblil 010k oOecrieunBaeT 0OMeH
JaHHBIMU J1A0OPATOPHOTO CTEHJA C MEPCOHAIbHBIM KOMIBIOTEPOM U MOJJEPKUBAET UHTEpPErchl
USB, RS-485, RS-232.Bce curnansl, nepeaaBaeMpie OT IMOJYMHEHHOTO 000PYI0BaHUS, TIOCTYIMAIOT
Ha 070K 00pabOTKM BXOJHBIX CUTHAJIOB. B HEM MPOUCXOAUT MPHUEM U COTIACOBAaHUE YPOBHEW Ha-
NpsDKEHUsI CUTHAJIOB. Jlanee, MpUHAThIE U OTMAcHITaOMPOBAHHBIE CUTHAJIBI TIOCTYNAIOT Ha BXO/IbI
MUKPOKOHTPOJIIEPA, KOTOPBIM MPOU3BOJUT UX 00pabOTKy, (GOpMHUpYEeT MAcCHUB JaHHBIX JJS OT-
IIpaBKU Ha MEPCOHAIBHBIN KOMIIBIOTED, a TaKXKe MOJAET YIpaBlidollee Bo3AelcTBIE Ha OJI0K Qop-
MHUPOBaHMs BBIXOJAHBIX CUTHAJOB. JlJig ynpaBlieHUs NOJAYMHEHHBIM 000OpyJOBaHHMEM HEOOXOIUMO
YCWJINTh YNPAaBISIOLIME CUTHAIBI MUKPOKOHTpOJUIEpa U IpeoOpa3oBaTh B aHAJIOTOBbIM Bui. JlaH-
HbI€ MPOIECCHl MPOUCXOIAT B Osioke (hopMHpOBaHMS BBIXOAHBIX cUTrHaNIOB. Lludpo-ananorossiii
npeoOpa3oBareb B €r0 COCTaBe OTBEYAET 3a (POPMHUPOBAHUE AHAJIOTOBOTO CUTHAJA U3 LIU(PPOBOTO
KOJIa, a OTIEpAllMOHHbIE YCHJINTENIHN 00ECIIeYnBalOT COTJIACOBAHUE YPOBHEHN HANIPSKEHU.

Pe3ynbrarsl pu3znyueckoro MoieupoBaHus peAcTaBieHbl Ha puc.3, 4.

Ha puc. 3 npezacrasien nporecc Harpy3ku, Kak (yHKIUA BPEMEHH, aCHHXPOHHOTO JBUTa-
TEJsl C MOMOIIBIO JBUTATENsl MOCTOSIHHOTO ToKa. [To rpadukam MOXXHO 3aMEeTHUTb, YTO MPU YBEJH-
yenuu Toka/llIT mpoucxoauT yMeHbLIEHHE YacTOThl BpAIICHHUS] ACUHXPOHHOIO JBHIraTells, 4TO
00BSACHUMO C (U3NYECKOM TOUKH 3pEHUS NMPOTEKAIOIIMMH IpolLeccaMy MpeoOpa3oBaHUs B AJIEK-
TpOMEXaHUUeCKOM cucteme. s co3maHus JaHHOTO peXHMa pabOThl HCIMOJB3YETCSl MOJ3YHOK
«Hampspkenne AI1T», ¢ moMoLIpi0 KOTOPOro peryiupyercs 3Hau€HHUE HalpsDKEHUs, 110aBaeMOro
Ha 0OMOTKH JBUTaTessl HOCTOSTHHOTO ToKa. OH nepeMeniaeTcs B CTOPOHY YBEIHUEHUS HAPSKEHUS
(BopaBo). [Ipu nepemenieHuu B 00paTHYIO CTOPOHY HaIlpsDKEHHME Ha JIBUTATelle MOCTOSIHHOTO TOKa
CHIDKAETCS U MPOUCXOJUT pasrpy3ka aCHHXPOHHOTO jaBuratens. /laHHbIA pekuM u300paxxeH Ha
puc. 4. Ilpu 3TOM yacToTa BpallleHUs] aCUHXPOHHOTO JIBUraTels YBEJIUYMUBACTCS MPU HEM3MEHHOM
3HAYEHUH 3aJJaHUs] YAaCTOTHI.
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Puc. 4. Pa3rpy3ka acCHHXpOHHOT'O JIBUTATENs

TakuMm 06pa3zoM, coznaHHas pu3nyecKas MOJENb 00eCIIeYnBaET CONPSHKEHNE HU3KOYPOBHE-
BbIX OOBEKTOB U UX CUCTEM YIPABJIEHUS C aBTOMAaTU3UPOBAHHOM CUCTEMOM yrpaBiieHUs 0oJiee BbI-
COKOT'0 YPOBHS U YEJIOBEKO-MalIMHHBIM HMHTepdericom. JlabopaTtopHblil cTeH] UMEET yHUBEpCallb-
HbI€ BXOJIbl U BBIXOJIbl, PACCUUTAHHbIE IS MOJAKIIOUYEHUS YCTPONUCTB AIEKTPOHUKHU ITPOMBIIIJIEHHO-
ro craHjapra: KoHGUrypupyemMbie aHaioroBeie BXoAbl ¥ BeIXoAb! (0...5) B wiu (0...10) B. I[Tomu-
MO 3TOTr0, OHA 00JIaJJaeT YHUBEPCATbHOCTHIO B YaCTH BO3MOXHOCTU PAaCCMOTPEHHS pa3IMYHBIX Ba-
pHaIMil TEXHOJOTMYECKUX MPOLECCOB, MHTEPECYIOIUX HccienoBarens. KonuuectBo Makcumalib-
HBIX BXOJHBIX IEPEMEHHBIX OT MOJUYUHEHHOTO0 000PYAOBaHUS, IEPEIABAEMBIX C TOMOIIBIO aHAJIO-
TOBBIX CUTHAJIOB, PABHO 8§, a KOJIMYECTBO BBIXO/IHBIX aHAJIOTOBBIX KaHAJIOB nepenaun pasHo 6. [lox-
KIIIOYEHHE K MEPCOHATIHOMY KOMIIBIOTEPY TaKKe OCYLIECTBIISIETCS MO CTaHJApTHBIM HHTEpQeii-
cam: USB, RS485, RS232. /Ins naGopaTopHOro creHia He TpeOyeTcsl ClelnaIbHOro MCTOYHUKA
MUTAHUS U IOCTATOYHOTO NlepeMeHHoro Hanpsbkenust 220 B, 50 I'o.
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PeanmzoBanHas Mozienb 00BEAMHEHHOTO JUCIETYEPCKOTO ITYHKTAINIO3BOJISET IMPOU3BOIHNTH
MCCIIE/IOBAHUE CMEKHBIX TEXHOJIOTHUECKUX MPOIECCOB KPYIHBIX MPOMBIIUICHHBIX U KOMMYHab-
HBIX 00bekTOB: mojcucteM JKKX; mpou3BojaCTBa pa3iIMyYHBIX THIIOB HPOAYKIIMH; YIIPABJICHUS B
CTPYKTYpE TOILJIMBHO-3HEPTreTUUYECKOro KoMIuiekca [4].
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NNPUMEHEHUWE UCKYCCTBEHHBIX HEMPOHHBIX U HEUETKNX
HEMPOHHBIX CETEH B CY CUJIOBBIX TPAHC®OPMATOPOB

NUTAIOIIUX MOJACTAHIIUM

A.JL. Pyukosn
Boponeoiccrkuii cocyoapemeennviil mexHuueckuti yHusepcumen,
Poccusi, Boponeorc, alex 8 90@mail.ru

Annomayusi. B TaHHOW CTaThe pacCMAaTPHUBACTCS MPUMCHCHHE MPUHIIAIIOB HEYETKUX HEHPOHHBIX
ceTell B CTPYKTYypE CHUCTEM YIIPABJICHHS CHJIOBBIX TPaHC(HOPMATOPOB MHUTAIOIIMX ITOACTAHIIAN
220/110 kB ¢ y4éTomM M3MEHSIOMICICS BO BPEMEHH MOTPEOUTENBCKON Harpy3ku. OTMeueHbI ac-
MIEKTHI, TIO3BOJIAIONINE MOBBICHTh CTEMCHb SHEPreTHYCCKON A(P(PEKTHBHOCTH PacCMaTPHUBAEMOrO
KJacca 0ObEKTOB.

Kniouesvie cnosa. Cunobie TpaHcopMaTophl, CUCTEMa yIpaBiIeHHs, HeYéTKue HeHpOHHBIE CEeTH,
ITOKa3aTeJ Il SHEPTeTUUCCKOM 3 (HEKTUBHOCTH, IMHUTAI[HOHHOE MOJICTTMPOBAHUE.

THE APPLICATION OF ARTIFICIAL NEURAL AND FUZZY NEURAL

NETWORKS IN THE SU POWER TRANSFORMERS SUPPLY SUBSTATIONS
A.L. Ruckov
Voronezh State Technical University,
Russia, Voronezh,alex_8 90@mail.ru
Abstract. This article discusses the application of the principles of fuzzy neural networks in the
structure of control systems of power transformers supply substations 220/110 kV with accounting
time-varying consumer loads. Noted the aspects that can increase the energy efficiency of this
class of objects.
Keywords. Power transformers, control system, fuzzy neural network, energy efficiency, simula-
tion.

Ha coBpemenHoMm stane, /i anekrpocereBoi orpaciau PD xapakrepHa HeBbicokas 3ddek-
TUBHOCTBH PabOThI BCeX OOBEKTOB CUCTEMBI (B CPaBHEHUU C aHAJOTMYHBIMU 3apYOEKHBIMU CTPYK-
TypaMH B pa3BUTHIX peruonax). Kak otmedeno B [1-3], pemenue 3Toro Bompoca Hanbosee mpoIyk-
TuBHO pemaercs ¢ npusiedeHnemM FACTS konuenuun (KoTopasi moApa3yMeBaeT MIUPOKOE MprUMe-
HEHUE COBPEMEHHBIX allllapaTHbIX U aJIFOPUTMHYECKUX perieHuit). IlepBbiM 3Tamnom peanusanuu
3TOTO MOAX0/1a ABJSETCS aHaIu3 neMeHToB DIC.

BaxxasiM3BeHOM sHEprocucteM sBiisitorcs 6azobie (330 kB u Beimie) u nutaromue (110-330
kB) noxcranuu (I1C). B kauectBe mpumepa paccMoTpuM (pyHKUHOHUpoBaHue tunosoit [1C 220
kB «lOxnasy, Haxoasauryrocs B 30He oTBeTcTBeHHOCTH Boponexckoro PIIY (dpunman [TAO «DCK
EDCy»). Kak otmeueno B [1,2], Ui JaHHBINA 00BEKT C MO3ULIUNA ONEPATUBHOIO YIPaBJICHUS Xapak-
TEPU3YETCs CIEYIOIIUMHU MOKa3aTesIMu:

— crenenb 3arpy3ku AT — 1 B yacel MuHuMyMa : 32 — 43 % OT HOMHUHAJIBHOTO 3HAYCHUS; B
4acel MaKcuMmyma: 55 — 74;
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— creneHsb 3arpy3ku AT — 2 B yacel MuHuUMyMa : 27 — 37 % OT HOMHUHAJIBHOTO 3HAUEHUS; B
gacel Makcumyma: 40 — 68;

— creneHsb 3arpy3ku AT — 3 B yacel MUHUMYMa : 28 — 29 % OT HOMHHAJIBHOTO 3HAYEHUS; B
gacel Makcumyma: 42 — 50.

Takum oOpasoM, cpenusis 3arpyxkeHHocTh AT cocrasnsier 30 — 70 % B paccmarpuBaeMoit
BbIOOpKE (pexumuble aHU ¢ 2011 o 2013 rona).

Oco00 oTMETHM HU3KYI0 3(QQEKTUBHOCTh HCIIOJIb30BAHMSI JAHHOTIO O0OpyHOBaHMs, 00y-
CJIOBJICHHYIO HeucnoJib3oBanueM ycrpoiicts PITH u B/IT : mocTosiHHass paboTta Ha OJHOU U TOH Ke
OTIalKe; HEUCII0JIb30BAHUE IPUHIIUIIA [TPOJIOJILHO-TIONIEPEUHOTO PErYIMPOBaHUs (a CIe10BaTEIbHO
HEBO3MOXXHOCTh BJIMSHMS HAa NMOTOKM aKTUBHOM U PEAKTUBHON MOIIHOCTHU C LIEJIbIO CHUKEHUS 00-
IIMX HAIPy304YHBIX IIOTEPB).

[TogoGHas cuTyauus SIBASETCS CJIEICTBUEM HEJIOCTOBEPHOrO IMPOrHO3a MOTpedsieHus 3a-
rpy3ku [1C 220 kB «OxHas», 1, BMECTE€ C T€M, HEHUCIIOJIb30BAHUEM CPEJICTB PETYIUPOBAHUS Ha-
MIPSKEHUS CUIIOBOTO 000PYAOBaHUS.

AHanu3 Harpy304HbIX MOTEPh IEKTPOIHEPTUU IO TOUKaM yuéta 1o ctopoHne 110 kBB coot-
BETCTBUHU C METOJIUKOM, IPUBEAEHHON B [4], TO3BOISET TOBOPUTH O HEIOCTATOYHON CTETICHH COOT-
BETCTBHUS MOKA3aTENsAM dHPEr0dPPEKTUBHOCTH PACCMOTPEHHOTO AJIEMEHTA TPAHCIIOPTA dJIEKTpUYe-
CKOU SHEPIHH.

CrnencTtBueM TEKYIIETO COCTOSHUSI TEXHHYECKOTO OOOpYIOBaHUS U aJITOPUTMHUYECKOIO
obecnieuenus [1C 220 kB «lOxHas» sBIsS€TCS MPEBBIINICHUE PEATbHO CII0KHUBIIUXCSI HarPy304HbIX
MOTEPh B CPAaBHEHUHU C HOPMATHUBHBIMU MOTEPSIMU (IIPU CPAaBHEHUU PEaJbHOIro rpaduka norpedie-
HUSA 9/3 U pexuma npu tge,=0,5) cocraBupmux 14 891,53 xBtu/nens (22 784,05 pyO./nens 6e3
H/C B nienax 2013 rona).

Kpome Toro, 0co6eHHOCTH (PYHKIIMOHUPOBAHUS ONTOBOTO PHIHKA 3JIEKTPOSHEPTUU U MOLI-
Hoctu (OPOM), yuactHukom kotoporo siBisiercst [IAO «DCK EDCy» (nmpunamnexuocts [1C 220 kB
«IOxHasny»), 3aKII0YAI0TCS B TpeOOBaHUH K (POPMUPOBAHUIO HAMOOJIEE TOYHBIX 3asBOK (MJIH K€ BbI-
X0Jly Ha OaylaHCHpYyIOmuid pIHOK — BP — ¢ 3HaunTenbHO 00Jiee BEICOKMMHU, HEXKEJIE YEM Ha PHIHKE
Ha cyTku Briepén — PCB, Tapudamu nokynku s3HepropecypcoB) cyObeKTaMyu OTMEUEHHOM CTPYKTY-
pBL. DTOT QaKT SABJISAETCS HEMOCPEACTBEHHBIM CTUMYJIOM MOBBIIIEHUS TOYHOCTH

B sToM KOHTEKCTE 0COOYI0 3HAYMMOCTh NPHOOPETAET MPOTHO3UPOBAHHE TMOTPEOICHHS
anekTpol3Heprun cyorekramu OPOM kak Ha KpaTKOCPOYHBIM, TaKk U Ha JIOJITOCPOYHBI nepuos. B
MIEPBOM CJIy4ae, TOYHOCTb IIPOrHO3MPOBAHUS MOXKET U JIOJKHA pacCMaTpUBAThCs KaK OJUH U3 HC-
TOYHHUKOB PKOHOMHUHU 3HEPropecypcoB U JIEHEXKHbIX cpeacTB. Bo BTOpoM ciiyuae, Haubosee Bax-
HBIM SIBJISIETCSI B3aUMOCBSI3b CBOAHOTO TporHo3Horo 6amanca (CIIB) — HopMaTUBHON OCHOBBI st
(dbopmupoBanus TapuOB B AIEKTPOIHEPTETUKU U JIOJITOCPOUYHOTO MPOTHO3a MOTPEOICHUS IIEKTPO-
SHEpPruu.

CnoHOCTh NPOTHO3a 37eCh O0YCIOBJIIEHa MHOTO(AKTOPHOCTbIO (YHKIMH MOTPEOICHUS
anektposHeprun cyobexkramu OPOM. B wactHocTH, Kak Obuto moka3aHo B [3] Hanbosee ykpyrnHe-
HO MOYKHO pacCMaTpuBaTh TaKue JABE TPYIIIbl GaKTOPOB, KaK: TEXHUKO-3KOHOMHYECKUE (ITPOU3BO/I-
CTBEHHBIN rpaduK pabOThl, HArPy30YHbIE XapPAKTEPUCTUKU 00OpPYIOBAaHUS KOHEUHBIX MOTpeOuTe-
Jei, 3aTpaThl Ha MOJEpKAHUE U PAa3BUTHE JIEKTPOIHEPTreTUUECKOIO CEKTOpa) U KIMMATUYECKUE
(TemmepaTypa OKpy’Karollel cpelibl, CTENEeHb OCBEIIEHHOCTH, 0JIr0oTa JHS, (aKTOp MPHUPOJHBIX
KaTaKJIN3MOB).

[Ipu stoM, cTanmapTHbIM KpuTepueM opranHuzauuu O9C [3,5] saBisercs MHUHUMM3AIMS
¢yuknuonana @ norepb 3/3 — S, Kak QyHKIUU OT BEIUYUHBI IOTpedaeHus — P(mipu s3Tom notped-

JIeHUEe, KaK ObLJI0 OTMEYEHO BBIIIE, CaMO SIBJIIETCS MHOTO(DAKTOPHOU (DyHKITHEH): d><S (P)> — min.

B nacTosimee Bpemst Hanbosiee MEPCIIEKTUBHBIM SIBJISIETCS] PEIICHHE TTOCTABJICHHOW 3aa49H C
onopoit Ha rudpuaasie HHC ¢ BO3MOXXHOCTBIO MMPUMEHEHUSI JIMHTBUCTHYECKUX TIEPEeMEHHBIX [1].
Takoil MOAXOJ TPABOMEPEH 10 HECKOJbKUM TPUYMHAM: HEMOJHOTA JIaHHBIX, CYIIECTBEHHO
BIIMSIONIAS HA CTaTUCTUYECKUE METOJBI HE UMEET CTOJIb pEeHIaroield poJid MPU JTAHHOM IOIXOJC;
CYIIIECTBYET OpraHuyeckas BO3MOXHOCTh conpspkenus HHC c skcnepTHBIME cucTeMaMu; W30bI-
TOYHOCThH JIMHTBUCTHYECKHUX MTEPEMEHHBIX MMO3BOJIIET pabOTaTh C TOA0OHBIMU THOPUIHBIMH CETIMU
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0e3 oOpareHns K BHyTPEHHEH CTPYKTYpe B MPOIeypaM, 4TO TO3BOJISIET CYIIECTBEHHO YIPOCTHTH
paboThI IIPH MPOBEAECHUN TPOTHOZUPOBAHUS B PEKUME PEATbHOIO BPEMEHH.

O606ménnas pynkunoHanbHas cxema HHC npornosupoBanus notpeOieHus 3/3 npeacras-
JieHa Ha puc. 1.

P.,a8,
Xa, Ytokp
Basa daHHbIX
Xa, Ytokp,ae,
P HHC
PrpoaHos

dam4uku t okp

3adaHue X3

Puc. 1.®yHkumonanbHas cxema padotsl Mmogenu HHC mist nporaosupoBaHus
YPOBHS IOTPEOIEHUS NEKTPOIHEPTHH

O6o3HaveHus, NpuHATHIC Ha pucyHKe 1: X, (¢)— BennunHa HEOOXOIMMOiT BAIOBOIl BBIpY4-

ki — HBB (sxoHOMMUeckuil mokaszatenpb) oT AesaTenbHOCTH cyobekTta OPOM; Y7 (t) — Temmepa-

oxp
TYpHBIM ¢akTop (KIMMaTUYECKHIl NOKa3aTelb); @ U b — COOTBETCTBYIOLIUME PKOHOMHYECKOMY U
KIIMMaTH4ecKoMy (paxkTopy ko3 duuueHTsl Koppekuuu; P — norpebienus npeaplIyiero nepuoaa
[kBTu]; P mporuo3 — mporao3upyemasi BeIMurnHa MOTpeOaeHus 3/3 B Oy Iyluid Mepruo.

B kauectBe 6azoBoro aiaroputma oOyueHusi HauboJiee 1es1ecoo0pasHo (I MOCTaBICHHOMN
3a/1aun) ucnoJib3oBanue noaxoaa Takaru-CyreHo coriacHo BeipakeHuto (1):

R':ecnu x(t-1) ecmv X!, x(t—r) ecmv X*,mo y(t)zaok+Zalky(t—l),k=1,k €))

=
rie R'— maGop nmpasun mis pynkumonuposanus; Xx(¢) = (x,(¢),...,x, (f)) — BEKTOp BXOJHBIX Mepe-

. < . Xk Xk Yk o
MCHHBIX, y([) — BeKTOp BBIXO/ITHOHN BCJIMYNHEI, 19 — O6ﬂaCTI/I 3HAYCHHUU COOTBeTCTByIOHII/IX

m?>
BXOJIHBIX W BBIXOJTHBIX 3HAYCHHH; ¢ - KOHCTaHTA, BRIPAKAIOIIAs COOTBETCTBHUE BHIXOTHOM BEITMIH-
HBI B3BEIIICHHOMY BO3ICHCTBHIO BXOHBIX BEITUUHH.

[Tpu omeHke kKavyecTBa OOYUEHHS CETH HMCIOJIB3YETCs IiesieBasi QYHKIHS, Yale BCEro Mpes-
CTaBJIsIeMasi B BHJIE KBAJAPATUIHONW CYMMBI Pa3HOCTEH MKy (PaKTHUSCKUMHU U OXKUIACMBIMHU 3Ha-
YEHUSIM BBIXOJHBIX CUTHAJOB. [1ycTh, Mpu HEKOTOPOM KoJudecTBe (j=1,2,...,p) 00ydaromux BI00-
POK (X,e) neneBasi GyHKIUS ONIPEACTATCS Kak [6]:

P M
Eo) =23 3 () =)’
j=1 m=1 (2)
II€ M- YUCJIO BBIXO/JHBIX CUTHAJIOB CETH;
Jj- 9uciio o0ydaronmxcs BRBIOOPOK, MOIaBaEMbIX Ha BXOJ] CETH;
v
e(/’) )
m - TpeOyeMbli BBIXOJ] CETH Ha J-TOM IlIare;
E(W) _ nenesas QyHKuus HelpOHHOIT CETH.
[lenb 00ydyeHUs B TAKOM Cllydae COCTOUT B HACTPOMKE BECOB KaKJI0ro HEHpPOHA TakuM 00-
pa3oM, 4yTOOBI IIPU 3aJJaHHOM BXOJIHOM BEKTOpE MOJIY4YUTh Ha BBIXOJIE 3HAUYEHHUS CUTHAJIOB, COBIIA-

NAIOIIUX C TPEOYEMOM TOYHOCTBIO ¢ 0KMIAEMBIMU 3HAYEHUAMH - ©7  TIpU i=12,..M.
[IpencraBum B Buae Tabiumbl | BXOAHBIE W BBIXOJHBIC TTAPAMETPHI MOJICITH IPOTHO3UPOBA-
HuUs SHepronoTpedienus cyorexkra OPOM.
Crnemyer OTMETHTh, YTO YUCIIOBBIC 3HAYCHHS BXOJIOB HEUETKON HEHPOHHOUN CETH HOPMHPO-
BaHbI B quamazone [0...1].

- BBIXOJ] CETH HA }-TOM II1are;
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Tabnuna 1. BXxoJHbIe 1 BEIXOIHBIE CUTHAJIBI HEYETKOW HEHPOHHOM CeTH

Ne n/m Tun curnana Haunmenosanue Enununa WnTepBan nuzmepeHus
CHTHaJa W3MEpEeHNst
1 Bxonnoit Temnepartypa okpyxaromei Hopmuposannoe -250%...120%
cpenbiT(k) 3HayeHue, %
2 Bxonnoit Oo6maunoctbQ(k) Hopmuposannoe 0...1
3HAUYCHHE, 0.€.
3 Bxonnoit Tun BpeMeHHOr0 UHTEpBaJIa Hopmuposannoe 1...3
nporaoszupoBanusP*(k) 3Ha4YeHue, 0.€.
4 Beixognoii | IlporHo3Hoe 3HaueHHE MOTPEOICHNUS Hopmuposannoe 0,6...2,5
3/5P(k+n) 3HAYCHUE, O.€.

Ceném B TaOnuIly 2 TaHHBIC IO BRIOOPKU MOJEINIEH, TOCTPOCHHBIX B COOTBETCTBUHU C JIaH-
HBIMHU TaONUIBI | 711 CPAaBHUTENIBHOTO aHAIN3a Pa3IMdHbIX BapuanToB peannsanuu HHC kpatko-
CPOYHOTO ¥ CPEIHECPOUHOTO MPOTHO3a CyObeKTa ppiHKa OPOM.

Tabnuna 2. CpaBHUTENBHBIN aHAIH3 peann3anuii Moaene Ha 6aze HHC

Asnroput™ 00yUYeHUsT HEUETKOI TuIl BXOAHBIX TEPMOB MPUHAITICKHOCTH
HEHpOHHOM ceTH - psigmf trimf trapmf gaussmf pimf dsigmf
Cyreno(hybrid)
O0yuarormast E 0,011 0,035 0,024 0,017 0,015 0,012
BBIOOpKa c 0,054 0,123 0,089 0,095 0,077 0,073
n
r 0,983 0,934 0,956 0,971 0,983 0,981
g 2,103 4,381 4,218 3,847 3,478 2,100
%
UYucio s1ox o0y4yeHus 61 98 197 188 195 63
Bpemst oOyuenwus, c. 7,2 5,1 6,3 6,1 6,9 8,5
Tun nporeccopa AMD FX(tm) — 8350 Eight — Core Processor (4,00 I'T'mr)

Jlig ciydas ¢ HawIydlllMM TOKa3aTeneM (Ipu KCIoJIb30BaHMM TepMma Tuma dsigmf) mo-
CTpoeHbI Ipaduku, oToOpaxarouye BeanyuHy omnoku npu odyuennn HHC — puc.2, Ha puc. 3 —
BBIXOJIHbIE 3HAYEHHSI IIOBEPXHOCTEI MPOTHO3HOM BEJIMYUHBI, KaK (YHKIMHU OT BXOJHBIX IapaMerT-
pOB.

i Anfis Editor: EES_prognoz = | 5| ——
File Edit Wiew
Training Error — ANFIS Info.
0.04
# of inputs: 3
0.035 # of outputs: 1
# of input mfs:
§ ToIE 9 3 3
o025 R
0.02 M
0.015 . . ___ structure_ |
0 20 40 60 80 100 e

Epochs

Generate FIS

Train FIS Test FIS

Optim. Method:

Load data
Type: From:
Load from file Flot against:
@ Training data

Testing data

‘Checking data

hybrid -
Error Tolerance:

‘@ Training
@ file Load from worksp.
Testing
N ‘@ Grid partition
Checking
Demo

Load Data...

worksp. Epochs:

Sub. clustering 100

Train Mow | Test Mow |

Puc. 2. Bennunna omuOKky npu 00yd4eHHH HEYETKOW HEHPOHHOM ceTH (TUIT BXOIHOTO TepMa - dsigmf)

S I =TT o |

Help I

| Epoch 100:error= 0.01584 Close ] |

Kpome oTMeUeHHBIX CTUMYIIOB CHUKEHHUSI 3aTpaT B CUIIOBOM 000pynoBanuu nutatoniux [1C
(CHIKEHHE HArpy304HbBIX MOTEPb M YMEHbILEHUE J0JHM 3JIEKTPO’HEepruu, nokynaemoil Ha bP, 3a
CU€T YJIYUIIEHHOTO IPOrHO3a IOTPEOJIEHUSI YHEPropecypcoB) CIEAYET OTMETUTh BO3MOKHOCTH
NHC u HHC s perienust 3a1a4 MOHUTOPUHTA TEKYILIETO COCTOSIHUS JJaHHBIX 311eMeHTOB DOC.

OTMETHM OCHOBHBIE BbIBO/IbI:

— MOBBIIIEHUE dHepreTudeckor 3pdexTuBHOCTH IIC «B LEIOM» U CUIOBOTO TpaHchopma-
TOPHOTO OO0OpYJIOBaHUS, B YACTHOCTH, JIGKHUT B Pa3BUTHM allapaTHOM W MporpamMMHO-
alropuTMuU4eckoi 6a3bl B popmare akTuBHO-aanTUBHbIX cucteM (FACTS - TexHosorun);
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s P
Puc. 3. IToBepXHOCTH MPOrHO3HOW BETUYUHBI (TUI BXOAHOrO TepMa - dsigmf)

— CYIIECTBEHHBIM (haKTOPOM, OTIPEACISIFOIIAM HEONTUMAIBLHOCTh (yHKIHOHHpoBaHus CY
OTMEUYEHHOTO Kjiacca 31eMeHToB DDC sABiseTcs Heyu€T (PaKkTUUECKOW NOTPEeOUTENbCKON HAarpy3Ku
(1 e€ xapakTepa) B peKUME PeaIbHOTO BPEMEHH;

— CpelHss BeJMYMHA MPEBBIIICHUS HATPY30UHbIX MOTEPh (BBUAY ClIaboro y4yéra peanbHON
Harpy3Kku CeTH) OT HOpMaTUBHOTO nokasareins coctasiser ais [IC 220 kB «tOxnas» 14 891,53
kBTu/nens (22 784,05 py6./nens 6e3 HJC B nenax 2013 rona);

- npumenenne HHC B cocTaBe cucTeMBbl POTHO3UPOBAHUS MOTPEOICHUS DIIEKTPOIHEPTUI
g Hyxa cyobekta OPOM (ITAO «®CK EDCx») no3BosisieT 100UThCS TOYHOCTU NMPOTHO3a MOPSI-
ka 1,2 — 1,5% npu aHaTOTUYHBIX MTOKA3aTENSIX KIIACCUYECKUX METOI0B [2,6,7] — 3-5%);

- TIOBBIIIIEHHE TOYHOCTHBIX XapaKTEPUCTUK MPOTHO3a MTO3BOJIUT, C OJHOW CTOPOHBI, CHU3HUTh
JI0JI10, TIpuoOpeTaeMyr0 Ha OallaHcupyromeM pbiHKe cyobekTom OPOM, a ¢ npyroi, moOUThCs
CHIDKEHHS Harpy304HBIX MTOTEPh B CHJIOBBIX TpaHcPopmaropax (B paMKax CTaThbH HE YUHTHIBAJICS
acIIeKT CHWDKEHUSI Harpy304HbIX motepb B JIDII, uTo Oyner sSBISATHCS MOTOTHUTEIBHBIM MOJIOKH-
TEIBLHBIM PKOHOMUYECKUM (PAKTOPOM);

- npumenenne MHC u HHC s 3agau monutopunra CY cuiioBOro TpancpopMaTopHOTO
obopynoBanus nutaromux [1C 1mo3BosseT MoBBICUTh TOYHOCTh OLIEHKH pabo4yuX HmapaMmeTrpoB (B
YaCTHOCTHU: TEMIIEPATyphl HAN0OJIee HarPETHIX TOUEK U BIAXKHOCTH 0OMOTOK) B CPABHEHUH C METO-
kot IEC60076-7 Ha BenuuuHy nopsiaka 2-5%, 4ro sBiseTCS NPEANOCHhUIKONW JJIs YBEIUYEHUs
HaJEKHOCTH paccMaTprUBaeMoro Tuma 3iaemMeHToB J9C.

Bubimnorpaguyeckuii cnucoxk
1. Kpeicanos B.H. Bonpocs! koHuenryansHoro passurus Smart Grid B 35IeKTpO3HEpreTHKe ¢ MPUMEHEHUEM UCKYCCT-
BEHHBIX HEHpOHHBIX H Helpo-Heuérkux ceredt / B.H. KpeicanoB, A.JI. PyikoB // DnekTpoTeXHMYECKHNEe KOMIUIEKCHI U
cucteMsl yrnpasineHus - 2014.— Nel. - C.7 - 14.
2.KpricanoB B.H. Ananu3s sHeprernueckoii 3¢ ¢pekTuBHOCTH yrpasienus pexxumamu cereit 220 — 500 kB OO0 «Cuc-
TEMHBII ONEepaToOp €AMHON YHEPreTUUECKON CUCTEMBI» Ha TeppuTopuu Boponexckoii obnactu / B.H. Kpeicanos, A.JI.
Py1koB // DnexTporexHUYECKHUE KOMILIEKCH U cucTeMbl yrpasieHus - 2015.— Nel. — C.75 — 80.
3. JlutBunenko A.M., CemblHUH A.A. AnanTuBHBIE CUCTEMBI yIpaBieHus.- Boponex, 2006. —c. 136.
4. XKenesxo O.C. Ilotepu anexrposHepruu. PeaktuBHas MomHocTh. KadecTBo anexkTposHepruu: PykoBoacTBo amns
npakrudeckux pacuéror / FO.C. XKenesko. — M.: DHAC, 2009. — 465 c.: wi.
5. Kpoicanos B.H. [IporaosupoBanue noTpeOiIeH s 3IeKTPOIHPEru TEPPUTOPHATBHBIMHI CETEBBIMU OPTaHU3AIHSIMHE C
HCIIONB30BaHUEM METONOB Heipo-HeuéTkux cereit / B.H. Kpricanos, K.C. 'am0Oypr, A.JI. PynkoB // DnekTporexHu4e-
CKHe KOMIUIEKCHI U cUCcTeMBI yrpasieHus - 2014.— Ne2. — C.40 — 46.
6. B.H. Kpsicanos IIpornosupoBanue notpedIeHus! JIEKTPOIHEPT U IPOMBIIIICHHBIMU TPEANPHATHSIMH C UCIOIB30-
BaHHEM METOIOB MCKYCCTBEHHBIX HEWPOHHBIX M Helpo-Heuérkux cereil/ B.H. Kpeicanos, A.JI. Pyukos / MexnyHa-
poxnas (XIX Beepoccuiickas) koH(pepeHIHs 110 aBTOMAaTH3UPOBaHHOMY aiiekTponpusony (ADI1-2014), Capanck, 7-9
okTs10ps 2014 .
7. KpoicanoB B.H. CucremHas ontumMu3anusi 5KOHOMUYECKUX MOKa3aTeaed (yHKIMOHUPOBAHUSI CHCTEMHOTO OIlepaTo-
pa B BopoHexckoi sneprocucreme/ B.H. Kpricanos, A.JI. Pynxkos, lllykyp Omap Maxmyn // DnekTporeXHHYECKHE
KOMIIJIEKCHI U cUCTeMBbI ynpaBieHus - 2015.— Ne3. — C.62 - 67.

155



CEKIUA «PU3UKA ITOJYITPOBOAHUKOB, MUKPO- 1
HAHOJ3JIEKTPOHUKA»

YIK 621.382.3; T'PHTH 29.19.31
MN3YYEHMUE ITOJYINPOBOAHUKOBBIX BAPBEPHBIX CTPYKTYP METOJIOM
BOJIBT-IIYMOBBIX XAPAKTEPUCTUK

T.A.Xonomuna, A.FO. Xosomun, A.P. Cemenos, /I.C. Jlorunon
Psizanckuii 2ocyoapcmeennviil paduomexHuyeckull yHusepcumen,
Poccus, Pazanv, sem-a-sem@mail.ru

Annomayus. TlpoBeneH aHaiU3 CyNIECTBYIOIIUX TEOPETHYECKUX NPEICTABICHUH O MEXaHU3Max
reHepalnuy HU3KOYacTOTHOTO IIyMa B IOJYHPOBOJHHKOBBIX OapbepHBIX CTpyKTypax. IlokaszaHo,
YTO W3y4YEHHE W MOJEITHPOBAHUE BOJIBT-UIYMOBBIX XapaKTEPUCTUK CO3/aI0T BO3ZMOXKHOCTH OoJiee
TOYHOT'O pacyeTa MmapaMeTpoB IIIyOOKHX IIEHTPOB, a TAKXKe IPOrHO3UPOBAHUS HAJISKHOCTH IOy~
MIPOBOTHUKOBBIX TPHUOOPOB.
Kniouesvle cnosa. HU3KOYACTOTHBIM IIyM, TEOPHH TeHepaluu, OapbepHas CTPYKTypa, BOJBT-
LIYMOBast XapaKTEepUCTHUKA.

INVESTIGATION OF SEMICONDUCTOR BARRIER STRUCTURES BY

VOLT-NOISE CHARACTERISTICS METHOD
T.A. Kholomina, A.Yu. Kholomin, A.R. Semenov, D.S. Loginov
Ryazan State Radioengineering University,
Russia, Ryazan, sem-a-sem@mail.ru

Abstract. The analysis of existing theoretical concepts about the generation mechanisms of low-
frequency noise in semiconductor barrier structures is performed. It is shown that investigation and
simulation of voltage-noise characteristics make an opportunity to calculate deep level parameters
more precisely and to predict reliability of semiconductor devices.
Keywords. LF noise, generation theories, barrier structure, voltage-noise characteristic.

BBenenue

Crnexkrpockonust Hu3koyactotHoro (HY) unu m30bITOYHOTO IIyMa SIBJISIETCS BBICOKOUYBCT-
BUTEJIbHBIM METOJOM M3y4eHHsI 0COOCHHOCTEN (PIYKTYallMOHHBIX SIBJICHUH B MOIYIPOBOJHUKOBBIX
OapbepHBIX CTPYKTypax U ompeneneHus mnapamerpoB riayookux 1eHtpoB (I'Ll). OGocHoBanHOE
npuMeHeHre Merona HY 1mymMoBoi CeKTPOCKONUM CIEPKUBAETCA OTCYTCTBHUEM €IMHOTO MHEHHUS
uccienoBaTesieil 0 MexaHu3Max (OpPMUPOBAHMS HU3KOYACTOTHOTO IIyMa B IMOJIYIPOBOJHHUKOBBIX
OappepHBIX CTPYKTYpax ¢ riaybokumu yposHsamu (I'Y) [1,2].

[enbto HacTosIel pabOTHI ABWICA aHAJIU3 CYIIECTBYIOIIUX TEOPETUUECKUX MOJIENeN reHe-
paiuu HY 1myma B mosiynmpoBOAHUKOBBIX OaphEPHBIX CTPYKTYpax, a TaK’Ke BO3MOXHOCTEW MpuMe-
HEHUs BOJBT-IIYMOBBIX XapakTepuctuk (BLIX) nis ananusza napamMeTpoB U NPOTHO3WPOBAHUS Ha-
NEKHOCTH MPUOOPOB U CTPYKTYP.

AHajm3 npod1eMbl

Ba)xHbIMUM U aKTyallbHBIMU SIBJISIFOTCSI BOIIPOCHI, OCTAIOIIUECA JUCKYCCUOHHBIMU Ha IpPOTS-
KEHUU HE OJHOTO JIECATWIETHUS: SIBJISIETCA JM HU3KOYACTOTHBIM HIYM DPE3yIbTaToOM (QIIyKTyauun
KOHLIEHTpALlMM CBOOOJHBIX HOCHUTENEH 3apsiaa WM WX MOJABUKHOCTU; BBICOTHI MOTEHIIMAIBLHOTO
Oappepa WM TOJIIUHBI 00enHEeHHOU obnacTu; 3¢ (PEeKTOM 0O0BbEMHBIM WIIM MOBEPXHOCTHBIM U T.1.
Bo3MOXHBIMU IIpUYMHAMU LIyMa MOTYT ObITh (UIYKTyallMd TeMmIieparypbl, Tuddy3noHHas mnepe-
CTpOMKa KPUCTAUNIMYECKOHN peleTKy, XUMUYECKUE PEeakliui B TBEpAON (a3e, poKICHHE U aHHUTH-
JSA1US MUKPO1€(DEKTOB B KPUCTAIIIMYECKON peleTKe U Jp.

OpnHo u3 npubnMKeHui, yacTo Ha3zpiBaeMoe Mojienbio Mak-Yoprepa, cBoaut npuuuny HY
i mryma Bumal/f (f - yactoTa, v - mokasatenb crerneHu, n3Mensiomuiicst ot 0,8 10 2) k diaykrya-
UM 4YHclia CBOOOJHBIX HOcuTened 3apsna [3]. OTnuuutenbHOW O0COOCHHOCTHIO MPUOIMKEHUS
Mak-Yoprepa siBisitorcs (GIyKTyalluu KOHUEHTpALUKd HOCUTENEH 3apsia Ha 0ObEMHBIX JIOBYIIKAaX
KaK pe3yJbTaT T'€HepallMOHHO-pPEKOMOMHAIIMOHHBIX MpoleccoB. Eciau penakcalMmoHHBIN Iponecc
XapaKTepU3yeTcs OJHUM JIOBYILIEYHBIM YPOBHEM C MOCTOSIHHOM BpPEMEHU T, TO 3aBUCUMOCTb CIIEK-

TpasibHOM 1uI0THOCTU MoIIHOCTH (CIIM) myma oT yacToThl ompezensercss cuekrpoMm JlopeHua-
Jebas [1].
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AJNbTEepHATUBHOE MPUOIIKEHNE, Ha3bIBAEMOE MOJIeTbI0 Xoyre [4], mpeArnoaraeT, 4ro mpH-
pona HU-mryma oOycnoBieHa QuiyKTyauusiMi MOABMKHOCTH CBOOOJHBIX HOCHUTENEH 3apsiia BCIE-
CTBUE OCOOEHHOCTEN MX paccesHUsA. Takue LEHTPbl pacCesHUs, KaK HEOJHOPOJHOCTH, PE3KHe
CTPYKTYpHBIE IEPEX0/Ibl, KOHTAKTHI 10 [5] HE ABISAIOTCS HCTOYHHUKAMM JIOMOJHUTENIBbHBIX (DIyKTya-
LM, HO BBICTYMAIOT B POJIM «IE€TEKTOPOBY, KyCUIUTENIEH» 00bEMHOIO IIyMa.

B cunbHO nerupoBaHHBIX MOJYIMPOBOJHUKAX OBLIO 3aMEUEHO 3HauuTeNnbHOE cHIkeHue HY
myma. [{nst 06bsacHeHus 3Toro 3pQexra BbICKa3aHO MPEANOI0XKEHUE, YTO (QIYKTyHpPYET TOJIBKO Ta
4yacThb MOJABM)KHOCTH, KOTOpasi oOyclOBJI€HAa paccesHHEeM Ha (OHOHAX, a BKJIaJ B MOJBH)KHOCTb,
CBSI3aHHBIN C pacCesTHUEM Ha NMpUMeECsX, (IIYKTyallil He UCIIBIThIBAET [6].

B [7] npennosxxena moens, 00bICHSIONMAs 3aBUCUMOCTh MHTeHCHBHOCTH HY 1ryma oT KOH-
LEHTPALUA HOCUTENIEH 3apsijia B MPEAINOJIOKEHUH, YTO UCTOYHUKOM SIBISIOTCS (QIIYKTyallUu MOA-
BIKHOCTU. Jlyis Heomuueckoir obnactu paboter MOII-tpan3uctopa B [8] ycranosneHo, yto HU
IIyM MMEET J[Ba TUIa KOPPeIupoBaHHbIX (iaykryanui: 1) (GiaykTyaluu moaBHKHOCTH HOCUTEIIEH;
2) dbaykTyauuu 4yMcia HOCUTENeH 3apsana, o0ycioBiieHHbIe QayKTyauusMu 3¢p(HEeKTUBHOTO HAIps-
KEHUS Ha 3aTBOPE, KOTOPbIE BbI3BAHbI (DIYKTyallMsIMU MOIBUKHOCTH.

B [9] noka3aHo, 4TO MPOCTPAHCTBEHHbIE HEKOPPEIUPOBAaHHBIE (DIYKTyallMH MOJBUKHOCTH,
HE3aBHCHMO OT UX (PU3NYECKOTO MEXaHHU3Ma, HE MOT'YT CYIIECTBOBAaTh 0€3 JIOKaIbHBIX QIIYKTyaluii
oOuieil mIoTHOCTH HOocuTenen 3apana. B [5] ykazano, uto mojenu (aykryanuil yncia HocUTelen u
(GiykTyaluil MoABMKHOCTH B ONIPENIETICHHON Mepe «IIePEKPBIBAIOTCS JIPYT C IPYrOM, TaK Kak, Ha-
IpUMep 3aXBaT HOCUTENIEH Ha JIOBYUIKM JOJDKEH MPUBOJIUTH K (PiuykTyauusMm ux 3ddexTuBHOM
MOABMKHOCTH.

OTmeTHM, 4TO K ONMCAaHHOH BbIIIE MPOOJIEME TECHO MPUMBIKAET JBE APYrue KOHLEHMIUHU
onucaHus mMexaHuzma reHepauuu HY nryma B moiaynpoBOJHUKOBBIX OapbepHBIX CTPYKTypax: siB-
JSIOTCSA JIM HU3KOYACTOTHBIE (PIIYKTyallud CIEACTBUEM (DIyKTyaluii BBICOTHI MOTEHIMAIBHOTO
Oaprepa UM TOJNIIUHBI 00sacTu mpocTtpaHcTBeHHoro 3apsna (OI13). Bo mHorux paborax crpasen-
JIMBO M0JIaraioT, 4To (QIIyKTyallud KOHLEHTpPAaluu CBOOOJHBIX HOCUTENEH 3apsjia U UX MOJBUKHO-
CTH MPOUCXOJAT BCIEACTBUE (DIYKTyaluil 3aceIEeHHOCTH TNIyOOKMX ILEHTPOB, MPOCTPAHCTBEHHO
nokanu3oBaHHBIX B OI13 GapbepHbIx cTpykTyp. Moaens Xamirpena [9], onuckiBaromas MeXaHu3m
reneparuu HY myma B OI13 moneBoro tpansuctopa Ha GaAs, 00beuHsIET QIyKTyaIiy TOJIIIUHBI
OII3 ¢ ¢uykTyanusiMu COMpOTUBIIEHUSI KaHalla. BakxHbIM acriekToM Mojenu [9] sBiseTcs 3aBUCH-
MocTh cnektpoB HY myma ot Hampsbkenust Ha 3atBope IlloTTku, KOTOpoe HM3MEHSIET TONILUHY
00eHeHHOH 001acTH.

B [10] Ly mpemnoxxena monens reHepannu HY mryma B KpeMHHEBBIX AHOAaX C OapbepoM
MoTTku. OOHapyXkeHO, YTO MpeodsagarolluM MEXaHM3MOM B MOAYJISILIMK BBICOTHI Oapbepa Me-
TaJUI-MIOJIYIIPOBOIHUK SBIISIOTCS (PIIYKTyalluu 3aps0BOrO COCTOSIHUS TITyOOKUX LIEHTPOB, pacrpe-
JIEJIEHHBIX 10 HEPTrUU U 00beMY MOJIYIPOBOIHUKA.

AHanu3  CyHIECTBYIOIIMX  TEOPETHUYECKHX  MNPUOMMKEHHMM U 3KCHEPUMEHTAIbHBIX
pE3yJbTaTOB CBUAETEILCTBYIOT O TOM, YTO PACCMOTPEHHbIE MEXaHU3Mbl F€HEpaluid U30BITOYHOTO
myMa ((QUIyKTyallud 4YHCJIa HOCHTENICW ¥ TOABM)XHOCTHU, BBICOTHI W TOJIIHUHBI Oapbepa) B
MOJIYIIPOBOIHUKOBBIX MNpHOOpax JEHUCTBYIOT OJHOBpeMEHHO. B mopamistonieM OOJIBIIMHCTBE
OMyOJIMKOBAaHHBIX pabOT aBTOPHI MpUAepKUBatOTCs MHeHU, yTo HY mym cBsizan ¢ puykTyanusaMu
3apsAZ0BOIO COCTOSIHUS TNIYOOKHMX ILIEHTPOB, OOYCJIOBJIEHHBIX HalMuueM AEPEKTOB CTPYKTYpbI
MOJIYIIPOBOJIHUKOBOrO ~ Marepuana. Takol  IIyM  Ha3blBalOT  Takke  T'€HEpalMoOHHO-
pekoMOuHaMOHHBIM [ 1,2].

K nambonee oOmuM CBOMCTBaM M30BITOYHOTO HU3KOYACTOTHOTO IIyMa aBTOPHI 0030pa [5]
OTHOCSIT TO, YTO OH BCEI/Ia BBICTYMAET KAaK CIIYTHUK CTAllMOHAPHO MPOTEKAIOLIUX HEOoOpaTHMBbIX
npoueccoB. Ero Bkiaj ncyesaeT U3 CHEKTPOB (YHKIMM AJIEKTPUYECKOTO TOKA WM MOTEHIMAja,
KOI'/Ia MCU€3al0T HeoOpaTUMbIe NOTOKH, B KOTOPBIX IPOUCXOIUT MEPEHOC 3apsjia, U cUCTeMa Iepe-
XOJMT B TEPMOJMHAMHUYECKH pPaBHOBECHOE cocTtosHue. ['enepanua HY myma siBisiercs B OCHOBE
CBOEIl HEPaBHOBECHBIM IIPOLIECCOM, CBSI3AHHBIM C IIEPEHOCOM 3apsjga. MHOTHE aBTOPbl OTMEUAIOT
AKCIEPUMEHTAJIbHBIM (DaKT: U30BITOUHBIN IIyM HaONIOAAETCAd TOJBKO MPU MPOTEKAaHUM Yepe3 HC-
ClIeTyeMbIil 0OBEKT EKTPUUYECKOT0 TOKa (€ro MHOI/Ia Ha3bIBAIOT «TOKOBBIMY»® IIYMOM). DTO yKa-
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3bIBa€T Ha HeoOxoaumocTh omucanuss HY miyma kak pesynabTaTa ABMXKEHUSI HOCUTENEH 3apsna,
CO3JIAIOIIUX ITOT TOK.

OtmeTuM 00111e YepThl, CBOMCTBEHHBIE TIO{YAC AIbTEPHATUBHBIM MOJIEJISIM T€HEpaluu 13-
OBITOYHOTO IITyMa:

®  yOBJIETBOPUTEILHOE COOTBETCTBHE SKCIIEPUMEHTANIbHBIX PE3YJIbTaTOB PACUETHBIM MPU
onucanuu crektpoB HY mryma cyneprno3uiineir MHOKECTBa COCTABJISIONINX JIOPEHIIEBOU (PYHKITHH,
XapaKTepHU3yIoIIerocss HA0OPOM BPEMEH pellaKCcalliy MPOLIECCOB;

® joMuHHpYIOLIee BiIusHUE Ha crekTpel HU-myma QuykTyanuii 3apsiioBOro COCTOSHUS
CO3JaHHBIX Je(PEeKTaMU CTPYKTYphl IIyOOKHX LEHTPOB, MPOCTPAHCTBEHHO JIOKAJIM30BAaHHBIX Ha
BHEIIHEH rpanuiie (moBepxHoctu) uinu B oobeme OII3 6aprepHOit CTPYKTYpHI;

® TEpMOAKTHUBALIMOHHBIM XapakTep HHU3KOYACTOTHBIX (QUIYKTyaluii, 0O0yCIOBIEHHBIX
smuccHueit Hocutenel ¢ I'Y u nocnenyromieit pekoMOuHanuen;

® (nykryanuud  KOHLUEHTpauuu U (WIKM) T[OABWKHOCTHM  HOCHTENEH  3apsna,
COIMPOBOK/AIOIINE HEPABHOBECHBIM MPOLIECC UX HANPABIEHHOTO JBW)KEHMS TOJ JACHCTBUEM
anekTpuaeckoro moss OI13;

® zapucumocth CIIM HY myma oOT HampspKeHUS OJIEKTPUYECKOTO  CMEIICHHS,
CO3/AIOIIET0 B PAa3JIMYHBIX IOJIYIPOBOJHUKOBBIX CTPYKTYpaxX CIJIOM, OOE€THEHHbIE HOCUTEISIMU
3apsja.

[Tocnennss y3 ykazaHHBIX OOLIMX 3aKOHOMEPHOCTEW OTMEUYAeTCsi MHOTUMU aBTOPaMH, OJ-
HaKoO aJICKBaTHOW (PM3MUYECKOW MOJIENH, OOBEIUHAIONICH YKa3aHHBIE OCOOCHHOCTH TCHEPAIMH W3-
OBITOYHOTO IIyMa MOJIYIPOBOJHUKOBBIX U XapakTep BIIIX 6apbepHbIX CTPYKTYp, [TOKA HE CO3/1aHO.

[L.T.OpemkuHbIM ¢ coaBTOpamMH pa3paboTaHa U anpoOHpoBaHa aKTUBALMOHHO-ApeiidoBas
MO/I€Jb, IO3BOJISAIONIAsl OIIMCHIBATh PsiJl pelaKCallMOHHBIX MPOLECCOB B MOJIYIIPOBOJAHUKOBBIX Oapb-
epHbIX cTpyKTypax [11].

AKTHBaUMOHHO-Apel¢oBas Moaenb reHepanuu HY myma B mosiynmpoBOJIHUKOBBIX Oapb-
€pHBIX CIIOSIX OCHOBAaHA Ha PAaCCMOTPEHUH JBYX COBMECTHBIX CTATUCTUYECKUX COOBITUN SMHUCCUU C
I'V u npeiida B mone OII3 Hocuteneii 3apsna. ['enepannst HU myma B oOpaTHO cMelIeHHBIX Oaph-
€pHBIX CTPYKTYpax oOyclOBJI€HA TEIIOBBIMU (IYKTyallusiMu ypoBHS DepMu, KOTOpbIE MIPUBOJIAT K
SMUCCHH EKTPOHOB ((IyKTyallsiM UX KOHLIEHTpauuu) B akTuBHOM yactu OII3, Hanpumep ¢ no-
HOPHBIX TITyOOKUX YPOBHEH B 30HY MPOBOJAUMOCTH U UX JpeH(y K 37IEKTPOHEUTpaIbHON 00JIaCTH.
DTO0 co3/1aeT BO BHEILIHEH 1ENH NIYMOBBIE UMITYJIbLChI TOKA Pa3HOM aMILTUTYAbI U JJIUTEIBHOCTH.

AXTUBaLIMOHHO-JpeN(oBast MOIETh €CTECTBEHHBIM 00pa3oM OObEIUHSET allbTePHATUBHbBIE
MIOAXO/IbI K OIKcaHuIo nmpouecca popmupoBanus HY nryma: coBOKymHOCTH (piryKTyaluii mpoLeccoB
SMUCCUH U Jipeiia HOoCUTENEH OTpakaeT Kak (IyKTyally KOHIIEHTPAllUU HOCUTENEH 3apsiaa, Tak U
UX TOJBUKHOCTHU 3a cueT paccesHus npu apeiidpe B OII3. AxTuBannoHHO-Apen(HOBbIN MEXaHU3M
00BeANHSIET KOPIYCKYISpHBIN noaxoa K amuccuu ¢ I'Y u npetidy B OII3 oTaenbHbIX HOCUTENEH C
KOJUIEKTUBHBIM I0JIXOJIOM K ONMCAHUIO KHHETHYECKUX (UIYKTYallMOHHBIX IIPOLIECCOB B COBOKYITHO-
CTH CTaTUCTUYECKUX aHcaMOJell akTUBUPYEMBIX U IpeiPyIoIuX KOJUIEKTUBOB MUKPOYACTHII.

O60ocHOBaHMEM HIMPOKOrO JUarna3oHa U3MEHEHHUs BPEMEHU pellakCallhOHHOIro Mpolecca T
aKTUBALMOHHO-Jpel(oBasi MOJENb YCTpaHsEeT OJHY M3 OCHOBHBIX TPYIHOCTEH TEOPETHUECKOIO
onucanus nporiecca reHepannu HY myma [12]. Hanuyme mmpokoro amama3zoHa BpeMEH periakca-
U (QIYKTYallMOHHBIX [TPOLIECCOB T, COCTABIIAIOIIEI0 HECKOJIBKO MOPSAKOB BEJIMYUH, 00YCIOBIEHO
M3MEHEHHEM HE TOJIbKO SHEPIruu aKTUBALlUM HOCHUTENEH 3apsia, HO U IMPeIdKCIOHEHIMAIBHOTO
MHOXHUTENS T B npeaenax 0 < 1o < 21y, (Ty = €€op - BPEMsI MAKCBEINIOBCKOM JTUAIEKTPHUUECKOU pe-
JIAKCalUy; € — AUDJIEKTPUUECcKasi IPOHULIAEMOCTb TOJYIIPOBOJIHUKA; €) —BaKyyMHas MOCTOSTHHAS; P
— YAEIBbHOE COMPOTHUBJICHUE 0a3bl JUOJIHON CTPYKTYpHI). Kpome Toro, B psame paboT 0OTMEUYEHO, YTO
IIPOLIECCHI peaKcaly 3apsiaa B 6aze npudopa NpOUCXOAUIN € MOCTOSHHON BpEMEHH MaKCBEJJIOB-
CKOM peJlaKCalum.

VYcioBueM NpUMEHMMOCTH aKTHBAIMOHHO-Ipe(oBOM MOAENU s ONMUCAHUS peaKcaly-
OHHBIX IIPOLIECCOB U ompeseneHus: napamerpos ['Y sBisieTcss co3iaHue HEPaBHOBECHOTO 3aroJjIHe-
Hus 'Y npu obpatHoM cmeleHun GapbepHOro cios. [Ipu 3TOM NpOUCXOAAT CTATUCTUYECKH He-
npepbiBHAs renepanus Hocutened ¢ I'Y u ux npeid B none OII3 k anexkrpoHeiTpanbHOM Oase.
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AprymMeHTamMH B TOJIb3Y CHPABEUIMBOCTU aKTHBALIMOHHO-IPEH()OBON MOJENH SBISIOTCS
TaK)Ke 3aBHCHUMOCTH IapaMeTPOB peIaKCallMOHHBIX MPOLECCOB MPU HECTALMOHAPHOM CIIEKTPOCKO-
uu riay0oKux ypoBHeH u cnekrpockonuu HY mryma ot ynenbHOro conpoTuBieHus 6a3bl Oapbep-
HOM CTPYKTYpBI U MPUIIOKEHHOTO 0OpaTHOTO cMerienus [12,13].

Ananu3 onyOJIMKOBAaHHBIX PAJIOM aBTOPOB AKCIEPUMEHTAIbHBIX PE3YJIbTAaTOB MOKa3al, 4To
cnektpsl HY mryma moJsiympoBOJHHUKOBBIX HPUOOPOB (IMOJOB, TPaH3UCTOPOB, (OTOPE3UCTOPOB,
JATYNKOB MOHU3UPYIOIIET0 U3TyYeHHsI) UMEIOT aHaJIOTHYHbIN XapakTep, no100HsI 1 ux BIIX [14].
OTO CBUIETENHCTBYET 00 OOLIHOCTH MEXaHU3MOB (POPMUPOBAHUS HU3KOYACTOTHBIX (IYKTYyalui.
Ha puc. 1,2 npusenensl npumeps! criekrpoB HY nryma pa3iauuHbIX MOTYIPOBOJHUKOBBIX Oapbep-
HBIX CTPYKTYp NpPU W3MEHEHMM HAIpPSHKEHMs dJleKTpuueckoro cMeuienus [15,16], a Ha puc. 3,4 —
BIIX [17,18].
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Puc. 3. 3aucumocts uateHcuBHOCTH HU myma oT BenM-  pye 4. 3apucumoctu CIIM LIyMa OT HANPSKEHHS CMelle-
YHHBI TOKA NP BaPHALMK HANPsDKeHHs Ha fetektope U, yyg g 06paswos rpymms: Ne2—kpusast 1, Ne3 —kpusas 2,

kB: 1 —0,55,2—0,76,3 — 0,94, 4 — 1,2. Ha BcTaBKe — aNMPOKCUMAIIHS SKCITOHEHIHABLHON 3aBUCUMOCTBIO —
3aBHCHMOCTD MHTeHCHBHOCTH HU 11yMa OT HampsixeHus npsimbie 3 [18]

ipu Toke 80 HA [17]

AxTuBannoHHO-aperdoBas Mozenb Mo3BoJIsIET 00bsICHUTh ocobenHocTu BIIX Ha ocHoBe
penakcalMoHHbIX npoiieccoB B OII3 momynpoBOIHUKOBBIX CTPYKTYP U CO3JA€T MPEANOCHUIKU IS
MIPAKTUYECKOr0 MPUMEHEHUSI METOIUKY aHaIn3a U IPOrHO3UPOBAHUS apaMeTpoB MPUOOPOB 10 UX
BOJIbT-UTYMOBBIM XapaKTE€pUCTUKaM. AHAJIN3 U COMOCTAaBJICHUE ONMYOIMKOBAaHHBIX PE3YJIbTATOB I10-
kazay, 4to ¢popma BIIIX GapbepHBIX CTPYKTYp B OOJIBIINHCTBE OIYOJUKOBAHHBIX PAa0OT BBITIISIUT
UJEHTUYHO: KaK KpHUBasi C PE3KUM HayaJlbHBIM POCTOM, IIEPEXOAIIasi B yUaCTOK HAChILEHUs. AHa-
JM3 ToKa3an Takxke, yto 3aBucuMoctu CIIM myma OT MpHIIOKEHHOTO 0OpaTHOTO JIEKTPUUYECKOTO
CMEIIIEHUs UMEIOT AKCIIOHEHLIMAIbHBINA XapakTep. [lpu nocrpoenuu B norapudmuyeckom maciira-
6e BIIX cocTossT uX ABYX MPaKTUYECKH MPSAMOJIMHEWHBIX YYACTKOB C Pa3HBIMU YIJIOBBIMHU KO3(-
¢unmentamu [14,18)]. Haunnas ¢ ompeneaeHHOTO HaMpsKEHUs 00OpaTHOrO CMEIIEHUs Ha Oapbep-
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HOM cJl0€, POUcXouT Hacklenue BeinuuuHel CIIM HY myma, anamoruyHoe pesysiabTaTam, MpH-
BEJICHHBIM Ha puc. 3,4.

OnpenenenHas HaNps>KEHHOCTD MOJIS CO3/1aeT ycloBUs Ais renepauuu ¢ ['Y u npeiida Ho-
cUTeNel 3apsiia Mpu nepecedyeHuu riryookoro ypoBHsi ypoBHeM Depmu B OII3 GapbepHOil cTpyk-
Typbl. PocT HanpspkEHHOCTH MO IPUBOJUT K TOMY, YTO YBEJIMYMBACTCS 4YaCTh aKTUBUPOBAHHBIX C
I'Y Hocurenet, nponeresmux cinoit OII3, yto, B pe3ynapTaTe, NPUBOAUT K YBETUUYEHUIO aMILTUTY/IbI
ITYMOBOM COCTaBJIAIOIICH 0OPAaTHOTO TOKA CTPYKTYPHI.

DKcrepuMeHTaIbHO 00Hapy»KeHo, uTo ypoBeHb HY 11yma moiaynpoBOJHUKOBBIX CTPYKTYD,
M3TOTOBJICHHBIX B €IMHOM TE€XHOJIOTMYECKOM IIMKIIE U PACIIOIOKEHHBIX B HETIOCPEICTBEHHOM OJIH-
30CTH APYT OT Jpyra, MOXET pa3jIndaTbCs Ha HECKOJIBKO MOpPsAKOB. IIpyn 3TOM BOJIBT-aMIIepHBIE
(BAX) u BonbT-hapanubie (C-V) XapakTepUCTUKHU TaKUX CTPYKTYp WACHTUYHBI. B OombiinHCTBE
ciiydaeB (pOpMbI BOJIbT-IIIYMOBBIX XapaKTEPUCTUK MOJOOHBI, pa3inyaloTcs 3HAUEHUs HaIpsHKEHUS
nepexo/ia OT y4yacTka ObICTPOrO pocTa KO BTOPOMY C MEAJIEHHBIM POCTOM U KO3 ULIMEHTHI, Xa-
PaKTEpU3YIOIINE HAKIOH KaXI0TO U3 y4acTKOB [14]. D10 roBopuT 0 O0Jiee BHICOKOM, MO CpaBHE-
Huto ¢ merogamu BAX u C-V, 4yBCcTBUTENBHOCTH, HUHGOPMATUBHOCTH U MEPCIEKTUBHOCTH IpUMe-
HeHust Metona BIIX ans nmporHo3upoBaHus NOTEHIIMAIBHO HEHAJEKHBIX CTPYKTYpP U HOPOTOBOTO
YPOBHS [TapaMeTPOB MOITYIPOBOJHUKOBBIX MPUOOPOB.

Bormpoc o BennumHe HanpsHKEHHOCTH AJIEKTPUYECKOTO TOJIsI, IPUBOJIIEH K HACHIIIEHUIO
mpoJieTa akTUBUpoBaHHBIX ¢ ['Y HocuTenelt 3apsiia, ocraercs OTKpbIThIM. B pabote [11] ykazaHo,
YTO JUIs NTOJIy4€HUs JJOCTOBEPHBIX JaHHBIX O napaMerpax I'Y cpennss HanpsbkeHHOCTh nodist B OI13
OapbepHOM CTPYKTYPHI OJDKHA OBITH HE MEHEE 10* B/cm. B 1o 3xe BPEMSI CPEIHSA HAIPSKEHHOCTh
TOJIS HE JOJDKHA MPeBBIAaTh 3HaueHust 10° B/cM, Iy KOTOPOM MOXET HaGOAaThes, HAPHMED,
MUKpOILIa3MeHHbIN 1po0oil. OcTaéres He ACHOM 3aBUCUMOCTH Tp OT HanpsbkéHHocTH 1o B OI13.
OkcnoneHumanbable 3aBucuMoctd CIIM HY miyma oT HanmpspKeHHOCTH AJIEKTPUYECKOTO TOJIs T0-
3BOJISIFOT MPEATNOJIOKUTH BOBMOKHOCTD MPOSIBIIEHUSI OJHOTO U3 SBJIEHUH B CHJIBHBIX MOJSAX - (-
(dexra Openkens-Ilyna. YkazanHble acTeKThl OTKPBIBAIOT MEPCIEKTUBBI JAIBHEHIIINX HCCIEA0Ba-
HHUI.

BrIBOABI

N3yuenne u monenuposanue 3apucumoctd CIIM HY mryma ot HanmpspkeHHs! 3J1eKTpHYECcKO-
ro CMEIIEHUs BaXHO KaKk B TEOPETUUYECKOM, TaK U MPHUKJIAJHOM I1aHe. Bo-nepBbIX, Takas 3aBUCH-
MOCTb MO3BOJIMT BBIICHUTB POJIb HANPSHKEHHOCTH AJIEKTPUYECKOT0 MOJs B (POPMUPOBAHUU IIYMO-
BOM COCTaBJIAOIIEH 0OpaTHOTO TOKAa OapbepHBIX CTPYKTYP, @ BO-BTOPBIX, TOUHEE BHIOMPATH PEKUM
paboThl 1M0/1a B CXeMe 11 MUHUMU3AlUY [IyMa.

OCHOBHBIM ITPAKTUUYECKUM MPUMEHEHHEM PE3YJIbTATOB SIBJISIETCS BO3MOXKHOCTh 0oJiee TOU-
HOro pacuera 3Hepruu noHusauuu 'Ll mo cnexrpanbHbIM Xapakrepuctukam HY mryma, a taxxke
JKCIIpecc-aHaINu3a 0apbepHBIX CTPYKTYP HA HAJIMYME U CYMMapHYIO KOHIIEHTPALUIO 3JIEKTPUYECKU
aktuBHBIX ['1] o popme BIIIX.
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YIK; TPHTU
PA3PABOTKA NPOT'PAMMHO-AIIITAPATHOI'O KOMILJIEKCA 1J151
UCCJIEJJOBAHUSA CHEKTPAJIBHOM 3ABUCUMOCTH KBAHTOBOM

IPPEKTUBHOCTHU ®OTOIJIEKTPUIECKOI'O IPEOBPA3OBATEJIA

A.C. Canenbnnkos, }0.B. Bopooses, H.B. Bummnsikos, B.I'. MumycTun

Psizanckuii 2ocyoapcmeenmviil paduomexHuyecKkull yHusepcumen,

Poccuiickas @edepayus, Pszane, sapelnikv-aleksandr@yandex.ru
Annomayus. B nanHo# paboTe mpecTaBiIeHbl pe3yIbTaThl TEOPETHIECKUX UCCICIOBAaHNI U NpaK-
THUYECKHX PadoT 10 CO3JaHUI0 MPOrPAaMMHO-AIIIAPATHOIO KOMILIEKCA JJIsl K3MEPEHHS CIIEKTpallb-
HOW 3aBHUCHMOCTH KBaHTOBOU 3(dexkTuBHOCTH (DOTO3IEKTpUIECKOro mnpeodpasoparens. Jlis
MPaKTHYECKOH peann3anyy KOMIUIEKCa MCIIONb30BaHO COBPEMEHHOE U3MEPHUTENbHOE 000pyaoBa-
HHE ¥ [IPOrpaMMHO - anmnapatHoe obecrieueHne NI LabVIEW.
Kniouesvie cnosa. ®oTodIEKTpUICCKHIA TPeOOpPa30BaTelb, COTHEYHBIN 3JIEMEHT, KBaHTOBas 3((EKTUBHOCTS,
CHEKTpaJbHAs 3aBUCUMOCTb, IPOrPaMMHO-aNIapaTHBIA KOMILJIEKC

DEVELOPMENT OF HARDWARE-SOFTWARE COMPLEX FOR RESEARCH
OF SPECTRAL DEPENDENCE OF THE PHOTOELECTRIC CONVERTER
QUANTUM EFFICIENCY
A.S. Sapelnikov, Yu.V. Vorobyov, N.V. Vishnyakov, V.G. Mishustin
Ryazan State Radio Engineering University,

Russian Federation, Ryazan, sapelnikv-aleksandr@yandex.ru
Abstract. The results of theoretical studies and practical works on creation of hardware-software
complex for measurement of spectral dependence of the quantum efficiency of the Photoelectric
Converter are presented in this paper. For the practical implementation of the complex was used

modern measuring equipment and software NI LabVIEW.
Keywords. Photoelectric Converter, solar cell, quantum efficiency, spectral dependence, hardware-
software complex

1. Beenenue

B Hacrosiiee Bpemsi B CBSI3U € MOBBIIIAIOIIUMCS YPOBHEM 3arpsi3HEHUsI 36MHON aTMOC(epbl
JBYOKHCBIO YIJIEPOJia, APYTUMHU BPEIHBIMU MPOIYKTAMH TEXHOTEHHOTO MPOUCXOXKACHUS U BbI3bI-
BA€MOI'0 MMU NOTEIJICHUS KIMMAaTa Ha Halllel MJIaHeTe, IPUMEHEHHE U3BECTHBIX, U pa3padoTKa HO-
BBIX IKOJIOTMYECKU YHUCTHIX UCTOYHUKOB AIEKTPUUECKONW IHEPrHUH MPHOOpETaroT 0co00oe 3HaYCHHE.
Cpenu Haumbosee MepCreKTUBHBIX MCTOYHUKOB TAaKOTO POJa Ba)KHOE MECTO 3aHHMMAIOT MOJIYIpPO-
BOJHUKOBBIE (oTodekTpuueckue npeodpasosarenu (PIII) comneunoit snepruu. JJoCTOMHCTBOM
3TUX YCTPOMCTB SBJISIETCA OE30TXOJAHOCTh TEXHOJIOTHH MpeoOpa3oBaHUs SHEPTUU U OTHOCUTEIHHO
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npocTtas KOHCTPYKIIHS, YTO MO3BOJIAET UCIOJb30BaTh UX B CAMbIX Pa3JIMYHBIX KIIMMAaTHYECKUX yC-
nosusix. K Hegocratkam @11 cienyer oTHECTH 3aBUCUMOCTD OT MOTOIHBIX YCIOBUH (B TACMYypHBIE
U JIOXKJUTMBBIE JTHU, COJTHEUHAsl SHEPTUsI HE MOYKET CIIY’)KUTh OCHOBHBIM MCTOYHUKOM 3JIEKTPOIHEP-
I'MH), BBICOKAsi CTOMMOCTh M3-3a HEOOXOAMMOCTH aKKyMYJIUPOBAHMSI SHEPTUH U IPUMEHEHHUS JI0pO-
TOCTOSIIIIMX U PEAKUX KOMIIOHEHTOB (BBITYCK TOHKOIUICHOYHBIX COJIHEUHBIX IaHesnel TpeOyeT BBe-
nenust temnypuaa kaamus (CdTe) win cenenuaa meau unaus ramwms (CIGS)). Taxke k Hegocrart-
kam ODIl oTHOCAT OTHOCHUTENHHO HU3KHE (B nuamnazoHe 7-25% yisi CepHHOTO MPOU3BOJCTBA)
3HaueHus KodpduirienTa noyie3Horo aenctBud. IloBbimenrne Ko3QpPUIIMEHTa M0JIE3HOTO AEHCTBUS
OOII cBs13aHO ¢ yBeIMYEHUEM KBAaHTOBOU 3(PPEKTUBHOCTH IPEOOPa30BaHUsl CBETOBOTO U3JIyuEHUs
B DJIEKTPUYECKHUM TOK. DTOT IapaMeTp MOKHO YBEIMUYUTH 32 CUET HOBBIX KOHCTPYKTHUBHBIX U T€X-
HOJIOTHYECKUX pelieHui. B dacTHOCTH, 11 moBBImIEeHHUS 3(P(GEKTHBHOCTH MpeoOpa3oBaHMs COJI-
HEYHOW PHEPruM IMPEACTaBISETCS NMPUBJICKATEIbHBIM COCJUHUTH B OJHOM YCTpOWCTBE JABa (TaH-
7eM) uiu 6oJiee p-n Mepexog0B ¢ T€M, YTOObI KaXAbl M3 HUX paboTan ¢ BbICOKOHN 3(pPexTHBHO-
CThIO B OIPENEICHHOM CIEKTPaJbHOM Juana3zoHe cBeToBoro uinydenus [1]. Kpome Toro, B mo-
cienHee BpeMsi OypHoe pa3BuTHE morydmiia Tak HazpiBaemas HIT-trexnomorus (Heterojunction with
Intrinsic Thin layer) [2].

N3 o6mux cooOpakeHUi SCHO, YTO HE Ka)blil majgarouiuii GoToH MPUBOAMT K BO3HHK-
HOBEHHIO Iapbl HOCUTEJEH 3apsiia, co3AamuX BelpadaTbiBaeMblii CO Tok. YacTHYHO U3IydeHHE
oTpaxkaercs oT moBepxHocTH CO, yacTh morjomaercs 0e3b13aydaTesibHo. Takxke, He BCe BO3HHK-
1I1Me HOCUTENH 3apsja CMOTyT J100paThes 10 aiekTpoaoB CO BeiencTBue pekomOuHanuu. Bee atu
IIPOLIECCHI MPUBOJAT K CHIDKEHHIO 3()()EKTUBHOCTU UCIIOJIb30BAHMS CBETOBOIO M3JIY4YEHHUS JJIsl BbI-
pabOTKU ANIEKTPUUECKON SHEPruu. XapakTepUuCcTUKON 3(PPEKTUBHOCTU C 3TOM TOUKHU 3pEHUS SBIIS-
€TCsl OTHOIIIEHUE YMCIIa HOCHUTENEH 3apsiaa, cOCTaBIAIOmMUX ToK CO, K KOJIMYECTBY KBAaHTOB CBETA,
MaJieHue KOTOPbIX Ha MOBEpXHOCTh CO MpHUBENO K UX BOSHUKHOBEHHIO. JTa XapaKTepUCTUKA U TI0-
Jy4yuiia Ha3BaHUE «KBaHTOBas 3¢ (eKTUBHOCTh WM 3G (EeKTUBHBIN KBaHTOBBIA BbIX0a». Hemaino-
BAYKHOM OCOOEHHOCTBIO JIaHHOM BEJIMYHMHBI SIBIISIETCS BO3MOKHOCTh M3MEPEHUS €€ CIIEKTPaIbHOM
JMCIIepCUH, TMOKa3biBarolel 3(h(eKTUBHOCTh IPeoOpa3oBaHus H3IYHYECHUs OTIENbHBIX 00OJacTel
CIIEKTpPa U MOJIHOTY UCIIOJIb30BAHUS COJTHEUHOH 3Hepruu [3].

2. KBantoBasi 3¢ peKTHBHOCTH U KBAaHTOBBII Bbixoa DIII

[Tox kBaHTOBOM >PPEKTUBHOCTHIO (WM AIPPEKTUBHBIM KBAHTOBBIM BBIXOJIOM) ITOHUMAETCS
OTHOIIEHHE YHCJIa 3aPETUCTPUPOBAHHBIX 3apsAJI0B K YUCIY MONaBUIMX (POTOHOB Ha CBETOYYBCTBHU-
TenbHyro o0nacth kpuctamuia OII1. C noHsTHEM KBaHTOBOM 3((EKTUBHOCTH HEPA3PHIBHO CBSA3AHO
Takoe MOHATHE, KaK KBAHTOBBIN BbIX0/ BHYTpeHHETO (poTodddexra. KBaHTOBBINM BBIXO] — 3TO OT-
HOILIEHHE 4Hnciaa (POTOANEKTPOHOB, 00Opa30BaBUIMXCS B aKTUBHOM 00JacTH MOJYMPOBOJIHUKOBOM
CTPYKTYpBI UM BOJM3U €€ TpaHUullbl B pe3yibTaTe BHyTpeHHEro (Goro3ddexra, Kk yucity ynaBUIuX
Ha 3TOT NOIYNpoBOAHUK (poToHOB. KBaHTOBasA 3hPpekTHBHOCTH MK 3(p(HEKTUBHBIN KBAHTOBBIN BbI-
X0/ - 3TO KBaHTOBBIN BbIXOJ CBETOUYBCTBUTEILHON YacTu hoTomnpeoOpa3oBaTesisi, yMHOKEHHbBIN Ha

ko3 durment npeoOpazoBanus 3apsiaa GOTOINIEKTPOHA B 3aPETHUCTPUPOBAHHBIN MMOJIE3HBINA CUTHAI
[2, 4]:

O, =P, (1)
rae B - KBaHTOBBIA BBIXOJ] BHYTpeHHEro (otord¢exra, onpenensieMblii YUCIOM Hap 3JIeKTPOH-
JIbIPKa, CO3/aBa€MbIX BHYTPHU MOIYIPOBOJHHUKA KaXKIbIM MOIJIOIIEHHBIM KBAaHTOM 3a CUEeT Ipolecca
¢doTononuzanuu; Yy - 3(PekTUBHOCTH coOMpaHus HocuTesned (WM, HHaye, KOIPPUIHEHT
paszenieHuss HOocHUTeseil) NOTEeHIaIbHbIM 0aphepoM p-n-Nepexo/ia, MOoKa3blBarolas, Kakas 4acTb
n3 00lIero yucia nap, cCoO3JaHHbIX ONTHYECKUM H3JIyY€HUEM, Y4acTBYeT B (POPMUPOBAHMU TOKa
KOPOTKOI'O 3aMBbIKaHHUsI COJIHEYHOTO 3JEMEHTA NP MOJKIIOYEHUU BHELIHETO PEruCTPUPYIOLIEro
npuodopa.

[Tockonpky 3TOT KO3(PHUIMEHT Bceraa MEHBIIE €IUHMIIBI, TO KBAHTOBas d()(PEKTUBHOCTH
TaK)K€ MEHbIIIE KBAaHTOBOTO Bbixoaa. U3 ¢opmyisl (1) oueBUIHO, YTO IS ONIpeAeeHUs] KBAHTOBOM
spdpextuBHOCTH DI HEOOXOMMO 3HATH BETMYMHY KBAHTOBOI'O BbIXOJa BHYTPEHHETO (OTOIP-
dekra B u 3pdekTHBHOCTL coOOUpanus POTOTeHEPUPOBAHHBIX HOCUTENIEH 3apsia Y, CO3AI0IINX TOK
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BO BHEUIHEH Ileny. DKCIEePUMEHTaIbHOE ONPECICHNE KaKIOW U3 ATUX BEIMYMH SBJIETCS CaMo-
CTOSITETILHOW M HENpocTol 3anayeil. B Hactosmeil pabore /i U3MepeHns KBaHTOBOM A(PEeKTUB-
Hoct ®OII npeanaraercs NPUMEHUTH NOJX0J, OCHOBAaHHbBIN HAa CPAaBHEHUU TOKOB KOPOTKOTO 3a-
MbIkaaus uccienyemoro ®II1 ¢ stanonasiM Goroanoaom [5].
3. TeopeTuueckue 0OCHOBBI IPOLEAYPHI H3MepeHUs] KBaHTOBOM 3ppexTuBHOCTH DIIT
Jlnst pacdera kBanToBoi sddexrnBrocTH DOII (Qy4¢) B MEPBOM NMPUOTHKCHAN MOKHO
BOCIIOJIb30BATHCS CIEIYIOIMMHU JOMYILEHUAMU U 0003HAYCHUSIMU:
1) moBepxrocth OO paBHOMEPHO OCBEIIEHa MOHOXPOMATHYECKUM CBETOBBIM MTOTOKOM D;
2) OTCYTCTBYET 3aBUCUMOCTh KBAaHTOBOTO BbIx01a D1 0T ypoBHS OCBEIIEHHOCTH;
3) I0THOCTH TOKA, BeIpabaTeiBaeMoro ®III, paBHa jg.

ITo onpeenenuio, KBAHTOBLIH BBIXO 3 HAXOAUTCH Kak:

B = Nc 5

Np ()

rae yepe3 Nc u Np 0603HaueHO 4nciio (GOTOreHEPUPOBAHHBIX HOCUTENCH 3apsja M YUCIO Taaaro-
mux OTOHOB, COOTBETCTBEHHO [3].

Ecnu 3a equnuily BpeMeHU 9UCIIO TTagaroniux (POTOHOB U YMCIIO HOCUTENEH 3apsiia OCTaeTCs

MMOCTOSTHHBIM, TO BO3MOXEH IMEPEeX0]] K HMCIOJIb30BAHHUIO B BBIUUCICHUSX CKOPOCTEH H3MEHEHUS

O9THUX BCINYUH:

dNc
p=a 3)
dNp
dt
OCBEIIEHHOCTh MOYKHO TIPEACTaBUTh KaK OTHOIICHUE CBETOBOTO MOTOKa ® (MOIIIHOCTH CBE-

TOBOTO M3JIy4€HUs), ajarolero Ha nopepxuoctb @O, k BenuuuHe ee miomanm S

dw
@ dt d(Np-hv) hc-dNp @
S S Sdt A-S-dt
rae W - cymMapHasi 3Heprusi KBaHTOB CBETOBOTO IOTOKA, k - mocrosiHHast [lnanka, ¢ u 4 - CKopocTh
Y JUIMHA BOJIHBI IIAJAFOIIET0 MOHOXPOMATHYECKOTO CBETA.
Jist umotHOCTH hoToToKa DI, MO aHAIOTHH, MOKHO 3aMKMCcaTh CIEAYIOIIEe BEIPAKCHHE:

d
I % e-y-dNc

/ = —_—= = , 5
=g g S -dt )

rae I - porotok, koTopsiit reHepupyer OIII, Q - mporekaronuii B Harpy3ke OOI1 anexkrpuyeckuii
3aps.

Torna u3 (3) - (5) nocie cOOTBETCTBYIOIIUX OYEBUIHBIX MPE0OPa30BaHUMN MOTYYAEM:

0 Jy h-c
= (6)
e A-E
B cnydae HeBbInOSHEHUS nomylieHus 1), T.e. IpU HEPAaBHOMEPHOM pacCIpe/ieIeHUEM UH-
TEHCHUBHOCTH H3iMydeHus 1o romand OOI1 pemenne 3amaun HECKOJIBKO yeioxHsercs. [Ipu co-
XpaHEHUU OCTAJbHBIX JOMYIIEHUHN ISl OThICKAHHUsSI KBAaHTOBOW 3(PPEKTUBHOCTH B paccMaTpHBae-

MOM ClIydae MOHO pa3ouTs nmoBepxuoctb O®II1 Ha N mansix mmomaneit AS. Torga GporodyBcTBH-
TeJIbHAs TIIOIAb S MOYKHO OIIPEIEIINUTD:

S = NAS %)
Ecnu BenmnumHa KBaHTOBOTO BhIXOJA ff MOCTOSIHHA 1O BCeH riomanu S, To u3 (6) MOXHO
TIOJTYYHUTh:
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. el
Joi = h_c Qad)d)Ei ) (3
rae E; u j¢i - ocBemeHHoCTh U IIoTHOCTh Toka MOl B mpenenax { — o MIIOIAAKH.

Torna Tox I;, coOupaemplii i — 0¥ TUIOIIAAKOM, paBEH:

el
]i = h_cQa(p(pEiAS- )

CymmapHblil TOK, BbipabaTbiBaeMblii @I, paBeH cymMMe TOKOB, 00ECIIEUNBAEMbIX Kaxa0u
U3 MaJIbIX IJIOIIAIOK:

el
I:h—QalMJJEdS_ (10)

c

WuTerpan B npaBoii yactu ypaBHeHus (10) mpencranisier co00i MOUTHOCTD, 3aKJIFOUEHHYIO

B CBETOBOM IISITHE, KOTOpoe ocBeuiaer gorouyBcTBUuTENbHYIO 001acTh ®III. TlosTomy oxonua-
TEJBHO JUTSI BEIMYUHBI KBAHTOBOTO BBIX0/a B PACCMATPHBAEMOM CIIydae MOoJydaeM

O, = LA (11)
e-A-D
N3 (11) cnenyert, 4To A1 3KCIEPUMEHTAIBHOTO U3MepeHUs Q,pp HYKHO U3MEPATH TOK, BbI-
pabareiBaemblit @OI1 B 0TBET Ha OCBEIIEHUE €r0 TOBEPXHOCTH MOHOXPOMATUYECKUM HCTOUHUKOM,
a TaK)Ke CBETOBOM MOTOK MCTOYHMKA. Eciiv m3mepenne poToToka HE MpeACcTaBiiseT NPUHIUITHAIb-
HBIX IpO0JIEM, TO M3MEpPEHUE CBETOBOIO MOTOKAa MOKET MPOUCXOAMTHh HECKOJbKUMHU NyTsMU. B
IIEPBOM CIIyyae, B PACIOPSHKEHUM SKCIIEPUMEHTATOpa JIOJDKEH ObITh MPUOOpP, HEMOCPEICTBEHHO
IpeHa3HAYEHHBIN 711 U3MEPEHUSI CBETOBOIO MOTOKA WJIM MOIIHOCTHU u3NydeHus. Bo BTopom ciy-
yae, JUIsl U3MEPEHUS MOIIHOCTH MOXET MPUMEHATHCS ATAIOHHBIA (POTOIMOT, UMEIOIINHI U3BECTHYIO
XApaKTEPUCTUKY CBOEH CIIEKTPAJIBHONW YyBCTBUTEIBHOCTU. EcCiM OHa 3ajaHa Kak 3aBUCHUMOCTH
MOIIIHOCTH M3JIy4€HHUs OT JUITMHBI BOJIHBI M BBIXOJHOIO CUTHAJIa AATYMKA, TO 3Ta 3aBUCUMOCTbH HUC-
nosb3yercs st pacaera @ B popmyne (11). Takke 3Ta 3aBUCUMOCTh MOKET 33/1aBaThCs KaK CIICK-
TpajbHasl AUCHEpCUsl KBAaHTOBOM 3ddexkruBHOCTH PoToanona Q,p¢p,r. B 3TOM ciydyae MOxkHO Hc-
noJsib3oBath (11) u1s mosydyeHus: 3HaU€HUsl CBETOBOI'O MOTOKA, Ma/alolIero Ha MOBEPXHOCTh ATa-
JIOHHOTO (OTOJATUUKA:
& h-c-1,, ’ (12)
e-A- Qa(]J{]Jam
rae I, - TOK B IIEMH 3TaIOHHOTO (OTOIMOA.
[Tpu noxacranoske (12) B popmyny (13) MOKHO BBIYMCIUTH 3HaUE€HUE KBAHTOBOM 3(dek-
TUBHOCTH U151 ucciemxyemoro OOII:

1

Q3¢¢ = Qaq’)q’)am ) ]_ . (13)

om

HeobxomuMo oTMETHUTh, YTO (OTOUYBCTBUTENIbHASA IUIOIIAJb ATAJIOHHOTO (OoTOAHOA
JIOJIKHA OBITh HE MEHBIIIE Pa3MEPOB CBETOBOIO ISITHA, UCIIOJIb3YEMOTO I U3MEPEHUS KBAHTOBOIO
BbIxos1a OOII.

4. IIporpaMMHoO-annapaTHpIi KOMILIEKC JJIS M3MEPEHUs CNIEKTPAJbHOH 3aBUCMMOCTH
KBaHTOBO# 3(peKTUBHOCTH (POTOIIEKTPHYECKOT0 Mpeodpa3oBareis.

Takum oOpa3om, U3 NPUBEACHHBIX BBILIE PACCYK/ICHUN CIEAYET, YTO JJIsl U3MEPEHUs CIIeK-
TPaIBHOM AUCTIepCcUn KBaHTOBOM 3 dexktuBHOCTH CD TpedyeTcs cieayroliee 000pyaoBaHue:

— CTaOWJIBHBIA MCTOYHHUK OEJIOT0 CBETA, MEPEKPHIBAIOIINN HHTEPECYIONUNA YIaCTOK CITEK-
Tpa (COTHEYHOE M3TyYCHUE);

— CKaHUPYIOIIHUNA MOHOXpOMATOp, 00ecreynBaroIiii paboTy B 3TOM JIMaNa3oHe;

— H3MEpUTelb MOIIHOCTH CBETOBOTO W3JIy4€HHS, HapUMeEp, 3TaJIOHHBIM (HOTOaUON, pac-
CUMTaHHBIN Ha HHTEPECYIOIIKE JUIMHBI BOJH U YPOBHU MOIIHOCTH;
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- Jumadparma, obecrieyuBarolas JOKAJIW3alUI0 CBETOBOTO ISATHA Ha MOBEPXHOCTH HC-
ciieyeMoro o0pasia u U3MepUTeNIsi MOIIHOCTH;

— CBETOHENpOHMIaeMasi Kamepa ¢ CUCTEMOM KperieHus: o0pasia;

— YYBCTBHUTEJHHBIN aMIIEpPMETD.

[Tpu ycnmoBUHM BO3MOXKHOCTH KOMIIBIOTEPU3UPOBAHHOTO YIIPABICHHS OTICIBHBIMHU DIIEMEH-
TaMH, Ha X OCHOBE MOJKET OBITh COOpaH €MHBII N3MEPHUTEIBHBIH KOMILIEKC.

W3 mepedrcieHHbIX BhIIIE cOOOpakeHUi Oblia pazpaboTaHa (yHKIIMOHATIBHAS CXeMa yCT-
poiicTBa UL MCCIIEIOBAHUS CIEKTPAIBHOM 3aBHCHMOCTH KBaHTOBOH 3¢ dexkruBHOCTH (HOTOIIIEK-
TPUUECKOIO IpeoOpa3oBaress, npeacTaBieHHas Ha puc. 1.

Ceet oT ucTtouHrka | momagaeT B MOHOXPOMATOP 9, Tie ¢ MOMOIIBIO CUCTEMBI 3epKai 2,3,5
JIeNIUTCS Ha 2 Jiyya. OJUH U3 KOTOPBIX MOMalaeT Ha STAIOHHBIN doTtoauos 6, a Apyroi - Ha uUccie-
nyemblit @311 7. C nomouipio 1udpakiuOHHON pemeTku 4 MEeHsAeTCsl JUIMHA BOJIHBI MaJal0IIero Ha
¢doTomnpeobpazoBarenu cera. PotoTok ¢ oboux OIII nonepeMeHHO yepe3 KOHTAKTHI 3JIEKTpoMar-
HUTHOTO peJie 8 MOCTyMnaeT Ha BXO MPEIM3UOHHOT0 MUKpoammepmerpa 10, U ¢ HEero mo mpoToKOIy
RS232 nepenaerca Ha nepcoHanbHblil KomnbioTep 12. [onoxxenunem xmroda 8 ympasiser [IK 12
yepe3 mnaty cbopa ganubix NI USB — 6008. Boisiee neranpHO cxema ynpaBieHHUs KIOYOM Mpea-
CTaBJICHA Ha puC. 2.

10

12

&

11

Puc. 1 — ®yHkumoHanbpHas cXeMa U3MEPUTEIBHOI0 KOMIUIEKCa ISl HcclleJoBaHusl KBaHTOBOH ddextuBroctu OIIT:
1 — HCTOYHHK U3ITydeHus; 2, 3 — HeNpo3payHkle 3epKana; 4 — MupaKIMOHHAS PEIIETKa;
5 — AMXponYHOe 3epKaiio; 6 — aTanoHHbIH (horoauon; 7 — uccneayemsiit ®I1; § — anekTpoMarHuTHOE pedie;
9 — moHoxpomarop; 10 — nukoamnepmetp Keithley 6485; 11 — nnara coopa nanusix NI USB — 6008;
12 —TIK ¢ ycranosnennsm [10 LabView 10.

X1 L > vb1
KoHT Lenb @@
T B EEE—
5B 31 1
o]
PO1TL 18 N VT1
GRD | 32 KEITHLEY 6485

PICOAMMETER

Puc. 2 — ®yHkuMoHanbpHAs cxeMa yIpaBJIeHUs NepeKnoueHueM n3MepurensHoro kanana: X1 — NI USB — 6008;
K1 — anexrpomarautaoe pene POC 55A; R1 — pesucrop C2-29 (3K); VT1 — KT315b; VD1 — aranonssiii ¢poronuos;
ODII — uccnenyeMblii SKCIIEPUMEHTAIBHBIN 00paselr.

BrIBOABI

B pesynbrare TeopeTHUECKHX MCCIIEOBAaHUN M MPAKTUYECKUX pa3paboTOK Oblia Moka3aHa
BO3MOXHOCTh HCIOJIb30BaHUS 3TAJIOHHOTO (POTOAMONA JUIsl OLEHKH KBAHTOBOW 3(PPEKTUBHOCTH
(boTOANEKTpUYECKUX MTpeoOpa3oBaTeiell, K KOTOPHIM MOKHO OTHECTH U COJIHEUHbIE 3JIeMeHThI. s
MPAKTUYECKOM peann3anuu crocoda OIeHKH KBaHTOBOU 3¢ dexTuBHOCTH paspaboraHa (yHKIIHO-
HaJbHasi cXemMa U3MEPUTEIHLHOTO KOMILJIEKCA U BBIIIOJIHEH €r0 MaKeT.
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PA3PABOTKA BJIOKA YCTAHOBKHA CIIEKTPOCKOIIUHU HY

HIYMA JJIA UCCIIEAOBAHUA HU3KOOMHbBIX OB BEKTOB

A.C. Jlorunos, A.B. Epmaunxun, A.1O. Xosomun, A.P.Cemenon
Psizanckuii 2ocyoapcmeenmnviil paduomexHuyecKkull yHusepcumen,
Poccus, Pszane, al.erm@mail.ru
Annomayus. IIpoBelieH aHaIN3 CYIIECTBYIONIMX METoA0B peanu3anu HY mymoBoii cnekTpocko-
IIHH, a Takke pa3paboTKa OJ0Ka aBTOMAaTH3MPOBAHHON YCTAHOBKM criekTpockornuu HY mryma aist
HCCIIE0BAHNS HU3KOOMHBIX OOBEKTOB.
Kmiouesvie cnosa. HU urym, mymMoBasi CLIEKTPOCKOIHS, aBTOMATH3AIUs, U3MEPUTEIbHAS YCTaHOB-
ka, LabVIEW.
DEVELOPING THE PART OF LF NOISE SPECTROSCOPY SYSTEM
TO INVESTIGATE LOW-RESISTANCE STRUCTURES
D.S. Loginov, A.V. Ermachikhin, A.Yu. Kholomin, A.R. Semenov
Ryazan State Radioengineering University,
Russia, Ryazan, al.erm@mail.ru

Abstract. The analysis of the existing methods of low frequency noise spectroscopy is performed.
The unit of an automated system realizing LF noise spectroscopy to study low-resistance struc-
tures is developed.
Keywords. LF noise, noise spectroscopy, automation, measurement system, LabVIEW.

1. Beenenue

B Hacrosiiee BpeMs CyLIECTBYET Psii METOJOB JUAarHOCTUKH IMOJTYHIPOBOJAHUKOBBIX CTPYK-
TYyp:

1. KOHTPOJIb KaUyeCTBa MOBEPXHOCTH MPU OMOIIM HABEJCHHOIO 3aps/a;

2. KOHTpoJIb mnapaMmerpoB uHTerpanbHbix cxeM (MC) npu NOHMKEHHOM HaIpsLKEHUU
MUTaHUS;

3. KOHTPOJIb 3JeKTprueckux napamerpoB MC B MUKPOTOKOBBIX PEXKUMAX;

4. xoHTpoJib kauecTBa C 1o KpUTHUYECKOH BEIMUMHE JOMOJHUTEIBHOIO COIPOTUBIICHUS B
LN NUTAHUS;

5. BBIABJICHHE MOTEHUMAIbHO HeHaaexHbXx MC aHanu3zoMm (opMbl TUHAMUYECKOIO TOKa
oTpeOIIeHNs B €N MUTAHUS;

6. OTOpakoBKa MOTEHIUAIbHO HeHaAekHbIX MC Ha OUIOJIAPHBIX CTPYKTypax C MOMOIIbIO
BOJIbT-aMIlepHO# XxapakTepuctuku (BAX).

Jlig aHanu3a mapaMeTpoB MOJIYIIPOBOJHUKOBBIX CTPYKTYpP YacTO HMCCIEAYIOT UX BOJIbT-
aMIepHbIE U BOJIbT-(hapa/iHble XapaKTEPUCTUKH. YKa3aHHbIE HCCIEAOBAHMS HE 3aHUMAIOT MHOIO
BpEMEHU U SBJISIOTCSA JOCTaTOUYHO MHGOpMAaTUBHBIMU. [lepCrieKTUBHBIMU B HacTOALIEE BpPEeMs SIB-
JISIOTCS METOJbl JIMarHOCTUKM, OCHOBAHHBIE Ha M3MEPEHUU IapameTpoB HHU3KouactoTHoro (HY)
IIymMa, B TOM YHCJI€ C MCIOJb30BaHUEM BHEIIHUX BO3JEHCTBUM (DJIEKTPOCTATHUECKUX Pa3psiioB,
TEeMIIepaTypbl, paJuallMOHHOTO BO3IEUCTBUA U JP.).
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Lenbto HacTosme pabOTHI SABUIICS aHAIM3 CYLIECTBYIOIIUX METOA0B peanuzaunu HY mry-
MOBOM CIIEKTPOCKOIINY, a TaKXke pazpaboTka OJ0Ka aBTOMATU3UPOBAHHOM YCTAaHOBKU CIEKTPOCKO-
nun HY myma 1t uccneoBanust HU3KOOMHBIX OObEKTOB.

W3BectHbl aHanmoroBele M 1U(pOBbIE cxeMmbl peanuzanuu  Merona HY  mrymosoi
CHEKTPOCKOIIMM  BBICOKOOMHBIX  00bEeKkTOB  (0oOpatHO  cmemieHHbIX — AuojoB  IlloTTkw,
HECUMMETPUYHBIX p-HN-TI€PEXO0/I0B, JaTYMKOB HOHU3UPYIOLIETO U3JIy4YEHHUS U JIp.).

2. AHAJIOTOBbIii METO/ U3MepeHH s

B pabotax [1,2] nmpuMeHsscs aHaJIOrOBBIA METOJ H3MEPEHHS CIEKTPAIbHON IJIOTHOCTH
MOIIIHOCTH IlIyMa C MOMOUIbIO aHanu3aTopa cuekTpa. B 1mudpoBoM Merone, KOTOpHINA SIBISIETCS
0oJiee COBPEMEHHBIM, aHAIHN3 U 00pad0TKa (PIyKTyal[MOHHBIX CUTHAJIOB TIPOU3BOJIUTCS C IIOMOIIBIO
OBM.

CrpykTypHas cxeMa yCTaHOBKH JJIsi U3MEPEHUs IIyMOB aHAJOTOBBIM METOJOM IpE/ICTaBIIe-
Ha Ha puc. 1. MccnenyeMblil yM 1€TEKTOPHON CTPYKTYphI (00paslia) yCHIMBAETCS MATOIIYMSIIIIUM
MIPEIBAPUTENILHBIM YCHIIUTENEM C IIMPOKOH IMOJOCOM MPOIMyCKaHWsl U MOCTYHAaeT Ha aHaJIU3aTop
cnekrpa A4C-68. CnexrpanbHyto m10THOCTh MolHOoCcTH (CIIM) myma S(f) uccienoBanu B Auana-
30He yactoT 20 'y — 60 xI'1, mosioca npomyckaHus aHanu3aTopa crnekrpa cocrasisiia 3 ', 10 'u u
30 I'y B 3aBUCUMOCTH OT U3MEPSAEMON YaCTOTHI.

[lepen Hauamom M3MepeHU HEOOXOAUMO YCTPAHUTh BHEIIHHE [TOMEXU U HABOJKH, CO3Ja-
BAa€Mbl€ BHEIIHUMU 3JI€KTPOMArHUTHBIMH MOJIAMU paccesiHus. st kouTposist opMbl cUrHana, 1o-
CTYNAIOUIET0 C MPEIBAPUTENLHOTO YCUJIUTENS, U OOHApYKEHUSI MOMEX CIIY)KHJI HU3KOYaCTOTHBIN
ocrmutorpad C1-93.

KanubpoBka U3MEpUTENHLHOTO TpaKTa MPOU3BOJAMIACH C IMOMOILBIO YHUBEPCAIBHOIO I'eHe-
paTtopa HampspkeHus ['6-15, mpucoeanHeHHOTo K BXOJy ycTpoiicTtBa. Hampsbkenue cmenieHus: Ha
obOpasmax n3mepsuioch BoasTMeTpom BY-15.

CxeMa 3a1aHusi JIEKTPUUECKOTO CMENICHHS TT03BOJIsUIA MO1aBaTh Ha oOpazer; ot 0 7o 115 B.
[TuTanue cxemsbl 3a/aHus HANPSDKEHUS CMEUIEHHs OCYHIECTBIISIOCh HECKOJBKMMHM HCTOYHUKAMHU
mutanusa tina TEC-20, TEC-23, BKII0OYeHHBIMY ITOCJIEIOBATEIIHHO.

Baxkneimumu G10kaMM yCTaHOBKHM WM3MEPEHUS LIYMOB SIBJISIIOTCA BXOJIHOE YCTPOMCTBO U
IIpeIBAPUTENIbHBIN yeuiuTenb. CXxeMa BXOJHOTO YCTPOICTBa JI0JIKHA 00eCcTIeYnBaTh:

1) BO3MOKHOCTh U3MEpEHUs CHeKTpalbHOU miuoTHOCTH MoufHoctu (CIIM) myma B auama-
30He yacToT 20 I'u-60 KI'm;

2) MakCHUMaJIbHYIO YyBCTBUTEJILHOCTh B YKa3aHHOM JHaa30HE YacToT;

3) BO3MOKHOCTb 3aJaHUsI SJIEKTPUUYECKOTO CMEILIEHUs Ha HCCeayeMblid 00pasels;

4) XOpoIlIyI0 MOMEX03alUIIEHHOCTh 0 HENH MUTaHUs.

BoabsT™meTp
BY-15
Hcrounuk AHaau3aTop
nocrosinHoro ——— QOopazen [—» [Ipexycuiauresnn CIeKTpa
cMelleHUus A4C-68
I'enepatop Ocumwnorpadg
re-15 C1-93

Puc. 1. CtpykTypHas cxema st ycraHoBKH n3Mepenust CIIM mryma B BBICOKOOMHBIX 00pasnax

OaHO M3 OCHOBHBIX TPEOOBaHUM, MPEIBSBISIEMbIX K BXOAHOMY YCTPONCTBY, — 3TO HU3KHM
YpOBEHb COOCTBEHHBIX HIYMOB M OTCYTCTBHE IOMEX CETH OT HCTOYHHMKA cmemieHus. Cxema
BXOJJHOT'O YCTPOMCTBa U 3aJlaHMsl CMEILEHHUs Ha oOpasel Ry mpeacrasieHa Ha puc. 2. EMkocts Cy
CIyKUT Juid (unbTpanuu mymoB uctoyHuka nutaHusa (Cp = 30 Mx®d). ConporusneHue Rorp.
BbIOpaHo paBHbIM 10 MOwm. OHO orpaHnyYuBaeT TOK, MPOTEKAIOIINI Yepe3 CTPYKTYpPY B CiIydae ee
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npobosi, ¥ INpefoTBpallaeT IIYHTUPOBAaHUE HcciexyeMoro obpasua  eMkocTtbio  Cy,.
[IpenBapuTeNbHBINA MaTOIIYMSIIUNA YCHJIMTENb BBIMOJIHEH Ha MOJEBBIX TpaH3ucropax 2I1303A u
MUTAETCs OT OTAENIbHOTO UcToYHMKA (£, = 11 B), coOpanHOT0 Ha rajibBaHUYECKUX JIEMEHTAaX.

Rorp
o . ] , O
K
HCTOYHUKY C @ Rx K npeaycunuresnio
CMelleHus

O . l . O

Puc. 2. Cxema BXOJHOTO yCTpOWiCcTBa

3. AHasoro-unppoBoii MeToa U3MepeHust

B pabGorax [3-5] pa3paboTrana aBTOMaTU3WpOBAHHAS YCTAHOBKA JJIsi U3MEPEHUS CIIEKTPOB
HY mryma ¢ nomompbio OBM. [Ipumenenne uudpoBoil TeXHUKHU Ui aHanu3a xapakrepuctuk HY
IIymMa NpeJCTaBisieTcss B HAcTosIlee BpeMs Haubosiee MepCreKTUBHBIM. BONBIIMHCTBO HACTPOEK
MEPEHOCUTCS B 001aCTh IPOrPaMMHUPOBAHHUS, YTO 3HAYUTEIBHO YIPOILIAET SKCILTyaTalU0 U3MEpH-
TelnbHOU ycraHOBKH. Kpome Toro, nudpoBas TexHuka Ja€T NMPAKTUYECKH HEOTPaHUYEHHBIE BO3-
MOXHOCTH B cpepe 00paboTku u popMe mpecTaBICHUS SKCIEPUMEHTAIBHBIX pe3ybTaToB. OHa-
KO, Kak U Bcd nu@poBas TexHuka, OBM sBiseTcss HCTOYHUKOM 3JIEKTPOMArHUTHOTO U3JIy4eHUS B
JIOBOJIBHO IIMPOKOM crekTpe 4yacTtoT. [loaromy BcTaér Bompoc 00 YMEHBIIEHUH BIMSIHUS TIOMEX,
co3nmaBaeMbix OBM, Ha pesynbrarsl u3mepeHuii. B pabote npenioxkeH cnocod MUHUMHU3AIMH TI0-
MeX IMyTEM yCTpaHEHHUsI ralbBaHUUYECKON Pa3BSI3KU MKy UyBCTBUTEIbHBIMU LIEMSIMU YCTAHOBKH U
OBM.

OyHKIMOHANIbHAS cXeMa pa3paboTaHHOM yCTaHOBKU IpejcTaBiieHa Ha puc. 3. B cocraB u3-
MepuTeabHOTO KoMiuiekca BxoauT OBM tuma IBM PC u BHemHMi#t 650K, oOecnieunBaronuii aHa-
JIOTOBYIO 00paboOTKy BXOMHOTO curHaia. DBM u BHemHui OJOK CBSI3aHBI MEXKIY cOOOW uepes
cranaaptHbii nocnenosarenbHblii (USART) mopt. B cBoto ouepens BHEUTHUM OJI0K COCTOUT U3 OT-
JIEIPHO SKPAaHUPOBAHHBIX CyOOioka manomymsiiiero ycuiautenss (MIIY) u cy0G6ioka anamoro-
uudposoro npeodpazosatens (ALIT). Cyo6mox AL comepxkut GUiIbTp HU3KUX YaCTOT 3-TO IMO-
psiaKa, COOCTBEHHO aHAIOTO-IIM(POBOI TpeoOpazoBarens pazpsaaHocTio 10 6ut, 6yhepHoe O3V u
MOAYJb rajgbBaHudeckoil pas3ssizku. Ha Bxone ALIL ycranomien naccuBHbli RC-QuibTp HU3KHX
4acToT 3-ro mopsiaka ¢ yactotoit cpesza 1800 ['. dunbTp HEOOXOAUM IS TIOIABJICHHSI BO BXOIHOM
CUTHAJIE COCTAaBIIAIONINX ¢ YacToTamH Boiie f,/2, rae f; — gacrora muckpernsarum AL

T : v T nreriraneag 1

5BM ' BHeIIHHii GIoK : i smepHTenbHad |
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Puc. 3. ®dynkimoHanbHas cXeMa YCTaHOBKH: |-rajpbBaHHYecKas pas3Bsaska, 2-maMath (O3Y), 3-koHTposuiep,
4-aHanoro-1dpoBoi Mpeodpa3oBaTelb, S-UCTOYHUK MUTaHUs, 6-0y(epHBIA YCUITUTENb, 7-MaJOIIYyMSIIHA YCUITUTENb,
8-o0paszer, 9-nepkaTens odpasia, 10-maTuuk TeMiepatypsl, 1 1-HarpeBartens [3,4]
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Curnain, noctynaromuii ¢ oOpasua, ycuinupaercs, npeodpasyercs B uppoByto GopMmy U co-
xpansercst B Oydeproit namsatu. Takum oO6pazom, hopMupyeTcsi BHIOOpKA UCCIEAYyeMOTO CUTHAIA.
ITo xomanne ¢ OBM BbiOOpKa nepeaaéres B KOMIbIOTEp ISl MaTeMaTHueckoi oOpadoTku. Ilocie
MOCTYIUIEHUS BBIOOPKHU HccienyeMoro curtana (B HameM cinydae HY myma) B 9BM npousoautcs
e€ maTemaruueckas o0paboTka, 3akiatodatomiasics B Belurciienun CIIM BxoaHoro curnana kak @y-
pbe-TpeoOpa3oBaHms OT €ro aBTOKOPPEISIITUOHHON DyHKIMH [5].

4. YcraHoBKa IIyMOBOI CTIEKTPOCKONUM HU3KOOMHBIX 00pa31oB

Cxema ycTaHOBKH, TO3BOJISIONIAS UCCIEN0BAaTh HU3KOOMHBIE OOBEKTHI, JOJDKHA YAOBIETBO-
PATH psALy 0cOObIX TpeOOBaHUII 110 CPAaBHEHUIO CO CXEMaMH JUIsl BHICOKOOMHBIX 00bekToB. Hanbo-
Jiee CYIIECTBEHHBIMU TPEOOBAHUSMH SBJISIOTCS:

® HeoOXoauMBIN arana3oH padounx yactot ycrmrens: 20 ['-60 kI';

® HajeKHOE PUIBTPOBAHUE CUCTEMbl TUTAHUS YCUIIUTEIS,;

® TIIAaTEIbHOE SKPAaHUPOBAHHUE IJIEMEHTOB CXEMBI;

® OTCYTCTBHE WJIM CBEJCHHE K MUHUMYMY IIOMEX U IIYMOB, CO3JaBacMbIX pa3beMaMH U
COEJIMHEHUSIMHU.

s usmepenuss CIIM HY mryma Obu1 CKOHCTpYMpPOBaH aBTOMATH3MpPOBaHHAs YCTaHOBKA,
coJiepkaliasi MaJOUIYMSIIUM YCHIINTEIb, CXEMY CMEILIEHUS HANpsKEHUs C TajJbBaHUYECKUM HC-
ToYHUKOM nuTaHus U miaty coopa naHHbix NI PCle 6361 ¢ NI BNC 2120. Ilutanue ycunurens u
1oj1aya HalpsDKEHUs CMENIeHHs Ha 00pasel] IPOUCXOAAT OT FaJIbBAHMYECKUX UCTOYHUKOB MTUTAHUS
JUISl CHUYKEHUS BIUSHUS TIOMEX U HaBOJIOK U3 3JIeKTpuueckoi ceti. Co cXeMbl CMEUIeHHS OJaeTCsl
HaIpsDKEHUE Ha oOpaserl, ycuiauTenb (puc. 4) ycunuBaeT curHai, u curnai depes miatel NI PCle
6361 ¢ NI BNC 2120 3aBogutcst B O9BM, rze u npoucxoautr o0OpaboTKa U XpaHEHHE MOTYYEHHbIX
JAHHBIX. Y CTaHOBKA IMOCTOSIHHOTO HAIPSDKEHUS CMEUIEHHUS Ha o0pas3le NPOUCXOJUT IMyTeM KOMMY-
TalMy TaJIbBAHUYECKUX 3JIEMEHTOB 10 koMmaHzae ¢ DBM uepe3 650k pazpeMoB U kommyranuu NI
BNC 2120.

Ha puc. 4 npencraBieHa cxema MajOLIyMSIIEro YCHWJIUTENS, B KOTOPOM JUISl CHUKECHHS
YPOBHSI COOCTBEHHBIX IIIYMOB MCIOJIb30BaHO NapaieabHOe BKIOUeHHE 10 OTIeNbHBIX YCHIIUTEb-
HBIX KacKaJ0B.
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Puc. 4. Cxema MaJIOMIyMAMICTO YCUIIUTEIIA HAIIPSXKCHUA C MMapauICJIbHBIMA BXOAaMHU

Hcnons3oBanne N mapaiiebHBIX KaHAJIOB YCUJICHUS TO3BOJISIET CHU3UTh YPOBEHB COOCT-
BEHHBIX ITyMOB B VN pa3. HeoCTaTKoM TAKOro pEIIeHHs SBISETCS yBeTmueHue B N pa3 BXOJHOM
€MKOCTH ¥ YMEHbIIIEHHE B N pa3 BXOJHOTO COTMPOTUBIICHUS YCUIUTENs. VI3MeHsIsT HOMUHAIIBI CO-
npotusieHuit R1, R2, R3, R4, MmoxxHO mogo0paTs He0OX0AMMBIN KOI(PPHUITUEHT yCUIICHHUS.
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OneHum, Kak BXOJHOE CONPOTUBIIEHUE BIIMSAET HA HANPSDKEHUE TEIJIoBOro myma. Memnosb-
3y BeIpaxkenue CIIM temnoBoro nryma, nojay4aem:

SHf) = 4kTR, S{(f) = U*/Af, U*= 4kTRAf,

JU(R,T) =24/1,38 .10 * -RTAf

I'padmyecku 3aBUCUMOCTb HANIPSDKEHUS TEIJIOBOTO IIyMa OT 3HAYEHUS! COMPOTHUBIICHUS NTPH
(uKCcHpOBaHHON YacTOTE MOKa3aHa Ha puc. 5. [Ipsmas TuHUSA — 3TO HANpPsSHKEHUE TEIUIOBOrO IIymMa
YCUJIMTEIIS, OCTAJbHBIE KPUBBIE SIBIIIFOTCS HANPsUKCHUSAMHU IIymMa IPH Pa3HBIX TEMIIEpaTypax.
BXOZHO# YpOBeHb myMa yeumutens pases 3,9 HB/ATw mpu 1 kI,

. /
110 L
R 104en //

w R, 100)+en

(R, 300) 41 ]:rlﬂ_? /
an //

IXIU_s_”—w——’/

10 100 1:10° 1x10* 1x10° 110
R

Puc. 5. 3aBucumocTh HaIpsYKCHUA TCIIJIOBOT'O ITyMa OT BXOAHOI'O COIIPOTHUBJICHUA

Ha puc. 6 npuBeeHbl NIyMbl YCHJIUTENS U U3MEPUTEIBHOIO KaHalla IPU JBYX HAIPSXKEHUAX
Ha BXOAC YCHUIIMUTCIIA. OLIGBI/I)IHO, 4TO COOCTBEHHEIE IIyMbl YCTAHOBKH HE€ 3aBHUCAT OT MCTOYHHKA
HaIpsDKEHUS CMEIICHHMsI, TIOIKIIIoYaeMoro K oopasiy. «llukm» Ha yactotax 50, 100 ['ty u Gosiee BbI-
COKHUX IrapMOHHKaxX O6yCJ'IOBJ'IeHI)I mapa3suTHBIMU HaBOJAKaMH OT CETHU IECPEMCHHOI'O TOKaA.
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Puc. 6. CoObcTBEHHBIE ITYMBI YCUITUTENS

W3mepenue cnextpoB HY mryma 3auactyio HEOOXOAMMO MPOBOJIUTH MPU Pa3IMUHBIX Ha-
IPSDKEHUSX CMELEHHsI Ha o0paslie, I09TOMY UCIOJIb3YeTCsl IOCIE0BATENbHAs CXeMa MOKII0Ye-
HUs 00pasla K MaJIOIIYMSIIEMY UCTOYHUKY HaIlPSKEHUS U 3TaTOHHOMY CONIPOTUBIEHUIO (pHc. 7).
OTaJIOHHOE COIIPOTUBIICHHUE UCIIOb3YETC HEMOCPEICTBEHHO A1 M3MepeHus crnekrpos HY myma ¢
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IIOMOIIBIO MAJIOINYMAIIECTO YCHUIIMTCIIA, IIAThI c60pa JaHHBbIX U CH@HH&HBHOﬁ [nporpamMmabl  1JIsd
OBM, BeimosiHenHo# B cpene LabVIEW.

RoGp
Rar K yenautenio

%]

Puc. 7. Cxema BKITIOUCHHUS 00pa3iia

[Ipy wucnosib30BaHUM TOCJEIOBATEIILHONM CXEMbl 3aMEIIeHHUs HEOOXOJUMO YCTaHOBUTH
B3aUMOCBSI3b MEXK]y BEIMUYMHON HANpPSKEHHs] UCTOUHUKA U IMaJIEHUEM HAIpsHDKeHHs] Ha oOpasle.
g 3TOro HeoOXOAMMO HAWTH AMHAMHYECKOE CONPOTHBIICHHE OOpas3la MyTeM H3MEpPEHHs €ro
BAX. Tlonbupas BenuuuHy R, comocTaBUMON cO 3HaUY€HUEM COIPOTUBIEHUS 00Opa3la, MOKHO
npoBoauTh u3mMepenus CIIM nryma oObEKTOB € HU3KUM COTIPOTHBIICHUEM.

BrIBOABI

Ha nepBeix 3ranax paszsutus HY nmiyMoBOM CIIEKTPOCKONIMU IPUMEHSIIUCH aHAJIOTOBBIE yC-
TAHOBKU JUIsl U3MEPEHHs IIyMa B BBICOKOOMHBIX IOJYINPOBOJHUKOBBIX OapbEepPHBIX CTPYKTypax.
Hcnonb3oBanne 9BM paciiupuino BO3MOKHOCTH MPOBEIECHUS IKCIIEPUMEHTA U XpaHEeHUs UHpop-
MalMu B JIEKTPOHHOM BUJIE, YBEIUYHIIO CKOPOCTh 00pAaOOTKU MOJIy4YEHHBIX PE3Y/IbTaTOB.

CozlaHue NOJHOCTHIO aBTOMATHU3UPOBAHHON YCTAHOBKH I103BOJIMJIO IPOBOJUTH JKCIIEPH-
MEHTBhl 0€3 HEeNOCPEACTBEHHOI'O Yy4yacTHsl MCCIEAOBATENs M MCKIIOYUTh PHUCK BO3HUKHOBEHHS
omuOKKN M3-3a venmoBeueckoro ¢akropa. [Ipumenenne mnatel coopa ganHbeix NI PCle 6361 ¢ NI
BNC 2120 u cpenpr nporpammupoBanus NI LabVIEW mo3Bosiniio peanin3oBaTh B OJTHON Mporpam-
M€ BeCh LIMKJI U3MEPEHUsI, 00pabOTKU U COXpPaHEHMsI IaHHBIX, @ TAaK)K€ BU3yaIU3alluu MOJTYYEHHbIX
pe3ynbpTaToB Ha 3KpaHe IBM.

PaccMoTpeHbl aHANIOTrOBBIN M aHAIOTO-IU(PPOBOI METOABI U3MEPEHUN CHEKTPAIBLHOM IIJIOT-
Hoctu momHoctd HY mryma. Pa3zpaborana ycranoBka mist usmepenuss HY mryma B HU3KOOMHBIX
oOpa3uax, NpuBeJeHbI €€ XxapakTepucTuku. [IpoBeneHo MoenpoBaHUe 3aBUCUMOCTH HaIPSHKEHUS
TEIJIOBOT'O IIyMa OT BXOJIHOTO COITPOTUBIICHHUSL.
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REASERCH ON REFLECTION COEFFICIENT OF TEXTURED

SILICON SURFACE
I.O. Koshkin, N.B. Rybin
Ryazan State Radio Engineering University
Russia, Ryazan, ygrikl3@yandex.ru
Abstract. In this paper optical characteristics of silicon solar cells are investigated. Dependencies
of reflection coeficient and absorption coeficient from different textured surface are shown.
Keywords. Solar cells, textured silicon, relection coefficient.

1. Beenenue

B Hacrosee Bpemst Bce 0oJiee akTUBHO HCIIONIB3YIOTCS (DOTORIIEKTPUUECKHE MPeoOpa3oBa-
TeNH (COJHEUHbIE 3JIEMEHTHI) JUIsl OJydeHHsl SHepruu. Vcnosib30BaHWe COJIHEYHOW PHEPTUu JUis
MIOJIyYEHUS IEKTPUYECTBA UMEET psiJl MPEUMYILECTB: HE TpeOyeT TOIIMBa, pabOTAaeT MOCTOSHHO,
OeCIIyMHOCTh MpoIecca MOMYyYEHUs dHEPTUH, UTUTEIBHBIM CPOK Oe3aBaApUMHON CITY>KObI, HAJEK-
HOCTh (B ®OII Ha KpHUCTANINYECKOM KPEMHHUN), OOIIEIOCTYITHOCTh, BO3MOKHOCTh IIPOU3BOJILHOTO
M3MEHEHUSI MOIIIHOCTH CUCTEMBI, 3KOJIOIMYHOCTbD.

OpnHako TOBCEMECTHOE BHEApPEeHHE (DOTORIEKTPpUUECKHX IpeoOpa3zoBaresieil OrpaHUYCHO
(CHMIKEHHasl MPOU3BOIUTEIBHOCTh COJIHEUHBIX Oarapeil B 3UMHee Bpemsl, HU3Kasg 3(PpPEeKTUBHOCTD
JUIS MCTIOJIb30BAaHUSl B OTONMMTENBHBIX CUCTEMAaX, BBICOKAs c€0ECTOMMOCTh U Jp.). DTH OrpaHHUye-
HUS, CBSI3aHHBIC C PUBHKOM pabOThl GOTOINEKTPUIECKUX TTpeoOpa3zoBaresnieil, He0OX0AMMO TIPEOI0-
JIeBaTh.

JUig yaydiieHus XapaKTepUCTHK (OTOAIEKTPUYECKUX MpeoOpazoBareiel MPUMEHSIOTCS
pa3iauyHbIe COCOOBI: MPUMEHEHNE HOBBIX MaTepuasoB [1] u cTpykTyp, HoBbILIeHHE KO3 dUIINEH-
Ta IMOTIJIOIIEHUS C TIOMOIIbI0 HAHECEHHS] TPOTUBOOTPAXKAIOIIUX OKPBITHH, TEKCTYpUPOBAHHBIE T10-
BEpXHOCTH [2].

AoGcomotHbii ipeaenbubiid KITJ[ dhoTosnexkrpuyeckoro mpeoOpa3oBartesisi COJTHEYHOM dHEp-
MY Ha OCHOBE MOHOKPHUCTAJNIMYECKOr0 KpeMHUs cocTaBisieT 25-27 %. MakcumanbHOe 3HaYeHHE
KIIJl xpeMHHEBOTO COJTHEYHOTO IEMEHTA MOIYYar0T B KPEMHUEBOU CTPYKTYPE ¢ NOBEPXHOCTHBIM
penbedoM B BUJIE MUPAMUJ], MTOKPBITHIX CIIOEM OKHCIIA ONTUMAIbHONU TOJIIMHBI ("TEKCTYpUpOBaH-
Hasg" MOBEPXHOCTH). DPPEKTUBHOCTh TAKOTO COJTHEYHOTO AJIEMEHTA, BBIMYCKAEMOTO KOMIIaHUEH
Kyocera (Slmonus), nocruraer 17,7%, xBanToBas 3¢(eKTUBHOCTh NpUOOpa aHAJOTMYHON KOHCT-
pykuuu komnanuu Sharp — 19,0% [3].

D¢ dexTUBHBIN HAHOKPUCTATUIMYECKUI MaTeprall — HOPUCTBI KPEMHHM, CTEHKHU MOP KOTO-
pOro HpelCTaBISIIOT COO0M CHUCTEMY HEYNOpSAOYEHHBIX HaHOKpHCTauioB. [Ipobnemy BbICOKOTO
AJIEKTPUYECKOTO COIPOTUBIIEHMS MOPUCTOTO KPEMHHUS yIAETCsl PEIIUTh 3a CUET JIOKAJIBHOTO MOPO-
o0pa3oBaHUs Ha TEKCTYpPUPOBAHHON NOBEPXHOCTH [3].

Kpome TOro, nokanpHOoe TEKCTYpUpPOBAHUE HMOPUCTOIO KPEMHHUS MO3BOJISIET U3TOTABIUBATh
(OTOUYBCTBUTEIbHBIE KPEMHUEBbIE CTPYKTYPHI C PAaCIIMPEHHBIM B KOPOTKOBOJIHOBYIO 00J1acThb
CHEKTPAJIbHBIM TUANa30HOM YYBCTBUTEJIBHOCTH U XOPOLIMMH (POTOIIEKTPUYECKUMU CBOWCTBAMHU
[3].

2. UccaenoBanne ko3(pPpuuuenTa orpaxkeHus TEKCTYPUPOBAHHOI0 KPeMHUS

Bo MHOrumx mpaxkTH4ecKUX NPUIIOKEHHUSX BO3HUKAET HEOOXOAMMOCTh YMEHBIICHUS KO3(-
¢bunueHTa OTpaXkeHUs OT TPaHUIIBI MEXAY ABYMS cpefaMu. B coHeuHol sHepreTuke yMeHbIICHHE
OTpaKEeHUS OT (POTOIIEMEHTA MTO3BOJISET CYIIECTBEHHO yBeIM4HuTh ero KII/I.

B nannoii pabote nmpoBeieHO ucciaeaoBaHue K03PGUIIUEHTA OTPAKEHUS TEKCTYPUPOBAHHOM
MTOBEPXHOCTH MOHOKPHCTAJUIMYECKOTO KpeMHUs. TeKCcTypupOoBaHHE NMOBEPXHOCTH IUIACTUH Si BO-
JUJIOCh METOJOM >KMJIKOCTHOTO XMMMUYECKOTo TpaBieHMs. JlJii M3MEHEHUs CTPYKTYpbl MOBEpX-
HOCTB 00pasLoB Oblia 06paboTaHa JIa3epoM yIeIbHOMH MOmHOCTBI0 1 Br/em?.

N300paxkeHust CTpyKTYphl IOBEPXHOCTH 00pa31ioB ObLIM MOIYYEHBI C IOMOIIBIO PAaCTPOBOTO
a5eKTpoHHOTO MuKpockomna (POM) Jeol JISM-6610LV B pexume BTOPUUHBIX 3JIEKTPOHOB, MPH yC-
kopsitouieM HanpspkeHuu 30 kB. POM-u3o0OpakeHuss MOBEpXHOCTH 00pa3LOB IpeACTaBICHbl Ha
puc. 1.
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a

Puc. 1. — POM-u300pakeHust MOBEPXHOCTH TEKCTYPHUPOBAHHOI'O KPEMHUS: a - Oe3 Ja3epHoil 00paboTky; O - moBepx-
HOCTb KPEMHHS [10CIIE NIEPBOH J1a3epHOM 00pabOTKY; B - MOBEPXHOCTh KPEMHUA II0CTIe BTOPOH Jla3epHOH 00paboTKu

UccnenoBanus xo3dduimerTa oTpakeHUs] TOBEPXHOCTEH, MPUBEICHHBIX BHIIIE, TIPOBOIH-
JIUCH ¢ MOMOTIIBIO criekTpodoromerpa CD-56, OCHAIIEHHOTO MPUCTABKON JUPPY3HOTO OTPAKCHHS
[110-6. 3aBucumocTtu Kod(hPuImeHTa OTpakeHHs] MOBEPXHOCTH TEKCTYPUPOBAHHOTO KPEMHUS OT
JUTMHBI BOJIHBI M3JTy4eHHUs, IpUBEIICHHBIE Ha puc. 2. W3 puc. 2 BugHO, uTo K03(duimenT orpaxe-
HUS TEKCTYPUPOBAHHOTO KpeMHUs 0e3 00padoTKu B BUAMMOM jauariazone coctasiser 17-30%, mo-
ciie nepBoit 06padboTku ot 8 10 15 %, nocne Bropoit — ot 5 10 14 %.

Tak kKaK B BUAMMOM JHaria30He UTHH BOJH KOA(PPHUIIMEHT MPOITYCKAHUS KPHCTAILITHIECKOTO
kpemHust T = 0 %, TO MOXHO 3amucaTh:

a=1-R, (1)
rj1e o — ko3 GuImeHT noromenus, R — koahdunueHT orpakerns. 3aBUCHMOCTh K0P PHUITHCHTA
MOTJIOIICHHUS OT JUTMHBI BOJIHBI TIPUBE/ICHA HA PUCYHKE 3.

R.%

30,

0 \—\_ 4

10 \

?IIU 500 600 700

A, HM
Puc. 2. — 3aBucuMOCTb K03 (UIEHTa OTPAXKEHUS! TEKCTYPUPOBAHHOTO KPEMHUS OT [UIMHBI BOJIHBI U3JIy4EHHUS: a)
KpeMHHii 6e3 00paboTku; 0) KpeMHHI TIociie IepBOi 00pabOTKH; B) KpeMHHI rmociie 2 00paboTKH
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Puc. 3. — 3aBucumocts k03 puIeHTa TOTIOMEHHST TEKCTYPUPOBAHHOTO KPEMHHUS OT JJTMHBI BOJIHBI U3JIYYEHUSI, 3/1€Ch!
R — koa¢ppummenT orpakenus; a) KpeMHui 0e3 00paboTKK; 0) KpeMHUIT Iociie IepBoi 00paboTKU; B) KPEMHHUH mociie
2 00paboTKU

BrIBOABI

KoaddunmenT orpaxkeHus TEKCTypUpOBaHHOTO KpeMHUsl 6e3 00paboTKK B BUAUMOM JMaria-
30He cocrtaBisieT 17-30%, mocne nepBoit 06padbotku ot 8 10 15 %, mocie BTopoit — ot 5 10 14 %, T.
e. mociye 00padboTku K03(pPUIMEHT OTpaKeHUs MagaeT B cpeHeM B JBa pasza. [Ipu sTom y nosepx-
HOCTH TEKCTYPUPOBAHHOTO KPEMHHMsI Tocje epBoil 00paboTku Kod(hPULIMEHT OTpaXKEHUs B Tuamna-
3oHe amuH BoJiH oT 400 10 650 HM OombIne, yem y oOpasiia mocjie BTopoid 00padoTKH, B AUAa3oHe
JuTH BOJIH OT 650 1o 800 HM HabmomaeTcs oOpaTHasi 3aBUCUMOCTb.

Takum oOpazom, Omaromaps jazepHoi 00paboTKe KOIPPHUIIUESHT MOTIIOMICHUS TEKCTYPHUPO-
BAHHOTO KPEMHHUS YBEIMYMBAETCA, UYTO MOJIOXKHUTENbHO cKaxercs Ha KIIJ[ xoneuHoro ¢otosnek-
TPUYECKOTO ITpeoOpa3oBaTers.
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MEASURING COMPLEX FOR RESEARCH OF SEMICONDUCTOR

MICRO- AND NANOSTRUCTURES FOR PHOTOVOLTAIC CONVERTERS
V. Litvinov, V. Shubarkin, V.V. Gudzev
Ryazan State Radio Engineering University,
Russia, Ryazan, 7zmei9@mail.ru
Abstract. In this paper the implementation of measuring and analytical complex for studying the
properties of semiconductor materials and structures for photovoltaic converters is described. A
brief description of the installation and the resulting parameters are presented.
Keywords. Measuring and analytical complex, photovoltaic converter, semiconductor.

BBenenue

B cBs3u ¢ BeicOkuM crnipocom Ha (oToanekrpuueckue npeodpazoatenu (OIII) u pacry-
IIMMH 00beMaMH BBIITYCKa BOSHUKAET HEOOXOAUMOCTh U3YUEHUSI U KOHTPOJIS UX IMapaMeTpoB U Xa-
PaKTEpPUCTUK, HEMOCPEICTBEHHO BIIMAIOIIUX HAa KOA()(UIMEHT MOJIE3HOTO JEHCTBHUS COJIHEUHOTO
anieMeHTa. bapbepHble CTPYKTYphl U MOJIYIPOBOJHUKOBBIE MaTE€pPHAaIbl, UCIOJIb3YIOLIUECS A U3-
TOTOBJICHHSI COJIHEUHBIX 3JIeMEeHTOB (CD) Hen30exHO UMEIOT nedeKThl, oOpasyromue TiIyOooKue
SHEPTeTUUYECKHE YPOBHU B 3aIPEIICHHONM 30HE MOJYIpOBOIHUKOBOTO Marepuana (I'Y) umu riybo-
kue ueHtpsl (I'Ll). Hedextst unu I'Ll, Biusaor Ha 3¢pdekTuBHOCT MpeoOpa3oBaHUs COIHEUHOM
SHEpruM B 3jeKTpuueckyto. [lostomy BiusHue I'Y HE0OXOAMMO YUUTHIBATH M HCCIEAOBATH MpPU
CO3JaHUU COJIHEUHBbIX OaTapei.

Haubonee onTuMallbHBIM pelIEHHEM 33Ja4d KOHTPOJIS MapaMEeTPOB U CBOIMCTB MaTepHalioB
i (OoTO3MEKTpUUECKUX NpeoOpa3zoBaTesell ABISETCS CO3/1aHHE CHEIUATM3UPOBAHHOIO H3MEpH-
TEIbHO-aHAIUTUYECKOTr0 KoMIulekca. [lomydeHue MupoKOoro psaa XapaKTepUCTHK KOHTPOJIUpYe-
MO CTPYKTYpBI 1103BOJIsI€T CHOPMUPOBATH JTAHHBIE O €€ JOCTOMHCTBAX U HegocraTkax. 'Ll B mouy-
IIPOBOJHUKOBBIX 0apbEepPHBIX CTPYKTYpPaX TPAJAULIMOHHO UCCIETYIOTCS U3BECTHBIM METO/I0OM pelaK-
CallMOHHOM criekTpockonuu riyookux ypoBHed (PCI'Y) u3BeCTHBIM Takke B aHIJIOA3BIYHON al-
opeBuarype kak DLTS [1]. ®OIlb1 umeroT psan cneuu@uueckux ocoOEHHOCTEH, YTO Jielaer 3a-
TPYAHUTEILHBIM FJIM HEBO3MOXHBIM HCIOJIH30BAHUE TPAAUIINOHHBIX METOJIOB JUATHOCTHKH JKECT-
KHUX TpeOOBaHMI K MapameTpaM uccienyeMbix oOpasuoB. Tpagunuonnslii Meroa DLTS npumens-
€TCs ISl UCCIIeIOBaHMs 00pa3IoB ¢ 6apbepHO eMKOCThIO B Auana3zoHe npumepHo 1 — 1000 nd c
MpeHeOPEeKUTENbHO MalbiMU TOKaMu yreukd. POIIbl nan CO obnajgaroT A0CTaTOYHO OO0MBIION
IUIOLIA/1bI0, CJIEI0BATENbHO, TOCTATOYHO OO0JIBIION OapbepHOU NMEKTPUUYECKON €MKOCThIO U BBICO-
KUMHM TOKaMHM YTEUKH. B CBSI3W € 3TUM HpelcTaBisieT UHTepec pa3paboTKa H3MEpUTENbHO-
aHAJIMTUYECKOTO KOMIUIEKCa, MO3BOJISAIOLIEr0 M3ydaTh mapameTpbl U xapakrepuctuku ®OIlo c
Y4€TOM MX 0COOEHHOCTEIN.

[Tapamerprr @III 1 cocTaB U3MEPUTEIBHO-AHATUTUUECKOTO KOMILIEKCA.

Pa3paboTanHbIil KOMILIEKC BKJIIOYAET B ce0sl MCCIEOBaHUE XapaKTEPUCTHK MaTepuajIoB U
CTPYKTYp TaKuMU MeTojaMu, kKak usmepenue -V, C-V xapaxrepuctuk, cnekrpo TokoBoii DLTS
umu [-DLTS.

Meton BonbT-amnepHbiX (I-V) xapakTepucTHk MO3BOJISIET U3MEPATh TOK KOPOTKOI'O 3aMbl-
KaHuA Iy, mporekaromuii yepe3 COD, Korma HanpsHKEHHE paBHO HYIHO (TO ecTh kKorma CO 3aMKHYT
HaKopoTKo). [lockoybKy 3TOT TOK 3aBUCHUT OT Iiomaau CO, mo3ToMy BMECTO TOKa KOPOTKOTO 3a-
MBIKaHUSI PACCMaTPHUBAIOT MNIOTHOCTh TOKA KOPOTKOI'O 3aMbIKAHUS Jgc.

Jsc:qG(Ln+Lp)a (1)

rae G — ckopocts redepauuu, L, u L, — nuddy3nonnas umHa 31€KTPOHOB U JABIPOK COOTBETCT-
BEHHO, ( — JIEMEHTapHBIN 3apsia. B ypaBHeHun (1) IpUHATH HEKOTOPBIE JOMYIICHHUS, HO OHO ITOKa-
3BIBAET, HACKOJIBKO CHJIBHO 3aBUCHT TOK KOPOTKOTO 3aMBIKaHUSI OT CKOPOCTH TeHeparuu 1 auddy-
3MOHHOU JUTMHBI HOcuTenen 3apsiaa (H3) [2].

Kpome 3Tor0 MeToa mo3BOJSET M3MEPSTh HANPSHKEHHUE XOJOCTOro Xona Vo MIM MaKCH-
MaJlbHOE HampsbKeHue, cosznaBaemoe CO, BO3HHKarolee Mpu HyJIeBOM Toke. OHO COOTBETCTBYET
PSIMOMY CMEIIIEHHIO P-N TIePeX0/ia MPH TOSBICHUN CBETOBOTO MIOTOKA:

Voc:(kT/q)ln((IL/Io)+ 1 )a (2)
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rae I, — Tox HaceimeHus, I — cBeToBOi TOK, n — KOA(PHUIMEHT UICAIbHOCTH, K — MOCTOSIHHAS
Bbonbimana, T — Temneparypa.

Kosdpuuuent 3anonnenus FF onpenensercs u3 -V xapakrepucTUKN Kak OTHOIIEHUE MaK-
cuMasibHOM MolHOcTH CD K MPOU3BENCHHUIO TOKA KOPOTKOIO 3aMbIKAHUS U HANIPSKEHUSI XOJIOCTOTO
X0/1a, IBJIAETCS MEPOM KBaJApaTUYHOCTH [-V XapakTepucTuku:

FF=Vmp-Imp/ Ve Isc, (3)

rae Vwp - HalpsokeHUE B MAKCMMAIBHOM TOYKE MOIIHOCTH, Iyp — TOK B MakCHMMajdbHOM TOYKE
MomHocTH. Ha mpakTtuke 3HaueHne kod(h(GUIMEHTa 3aroJIHEHUS MEHBIE SIUHHIIBI BCIEIACTBUE
BIIMSTHUS TIAPA3UTHBIX COMTPOTUBIICHUM.

Koaddumuent monesnoro AecTBus 1 ompenensercss Kak oTHolieHue moimHoctd CO K
MOIIHOCTH MaJarolero COJTHEYHOTO U3JIyYEHHUS:

n= VOC-Isc-FF/Pin, (4)

rae Pi, — MomHOCTh magatomiero uanydenus [2]. Takke HEOOXOIMMO YYUTHIBATh MHTEHCUBHOCTH U
CHEKTp U3JIy4EHUS.

Meton BosibT-¢apagubix (C-V) xapakTepUCTHK M03BOJISET U3MEPATh KOHLUEHTPALUIO JIeTH-
pymolel NpuMecH, MIOTHOCTh MOBEPXHOCTHBIX COCTOSIHUM. [IJOTHOCTH MOBEPXHOCTHBIX COCTOS-
HUN HEOOXOJIMMO CTPEMUTHCS CHUXKATh U3-3a YMEHbIIEHUs BpeMeHHU ku3Hu H3 BciencTsue Bo3-
HUKHOBEHUS A€(PEKTOB KPUCTAJUINYECKOUN pEeIIEeTKHU.

Meton I-DLTS ucnons3yercs ans onpeaenenus napamerpos ['Ll: sHeprum aktusanuu, ce-
4yeHus 3axBara, KoHreHTpanuu. B metone [-DLTS mpore peann3oBaTh KOMIIEHCAIMIO TOKA yTed-
KM, YTO IO3BOJISIET MCCIIENI0BATh CTPYKTYphI, HE MPUTOAHbIE Ui U3YUYEHUS TPAJAULUOHHBIM METO-
noMm emkoctHoit DLTS [3].

JleexThl CTPYKTYpbl 3axBaTblBalOT W ucnyckatoT H3 u BeayT ceOs Kak 3JIEKTPUYECKH
U(MIM) ONTUYECKU AKTUBHBIE LIEHTPHI, B3aUMOJECUCTBYIOT MEXAYy COOOM MU C 3JIEKTPOHHBIMH CO-
CTOSTHUSIMHM MaTepHuaiia, BIUSIOT B KOHEYHOM MTOre Ha KodhdumueHT noiesnoro aeicreus CO [3].
B tabnuue npesacrasiieH nepedyeHb METOAMK, IapaMeTpoB M xapaktepuctuk ®3Ila, koTopsie mo-
3BOJISIET PeaIn30BaTh U U3MEPATH Pa3padOTaHHBIN H3MEPUTENbHBIN KOMILIEKC.

Jliia pereHus psiia 3a4ad 1o ucciaenoBanusa MarepuanoB uist @Ol cymectByeT HeoOX01u-
MOCTb B MPOBEACHUU SKCIEPUMEHTOB B Pa3IMUHBIX TEMIIEpaTypHBIX AuanazoHax. B kauecTBe u3-
MEPUTENBHOM SYEHKHU HUCIIONIb3YyeTCs resiueBblil kpuocTtaT 3aMkHyToro tumna Janis CCS-400/204N c
TeMrneparypHsIM auara3onoM 7-500 K.

g usmepenus [-V xapaxkrepuctuk ucnonib3yercs myinbtumerp Tektronix DMM 4020. [{ns
nostyueHus nanHbix o C-V xapakrepuctuke npumensiercss RLC-metrp Agilent E4980A, no3souisito-
IIMI OCYHIECTBIATh U3MEPEHUs UMMUTaHCca B auanaszoHe yactoT 20 I'm — 2 MI'n, nuamasone Ha-
npspkenuit cmenienust 0 — 40 B.

Tabnuna. Metonuku, napamerpsl U xapakrepuctuku OOI1a

Meron [Tapamerp ©II1
I-v Tok KOpOTKOT0 3aMbIKaHus J., HaMpshKeHHe XoocToro xoaa Uy, koadduimenT 3amos-
Henus FF, ko3 huIpieHT mone3Horo qeicTBUs 1
C-V KonuenTpanus nerupyromeil npuMecH, II0THOCTh MOBEPXHOCTHBIX COCTOSHUM
I-DLTS KoHneHTpanus ri1y00KHX YpOBHEH, YJHEPTHs aKTHBAIMH, CEUeHHE 3aXBaTa

B cootBeTcTBHM ¢ MeTO/JaMu HcCCIeI0BaHUS U 00OpyIOBAaHMEM Ha pUCYHKe | HuXe mpen-
CTaBJIeHa 0JIOK-cXxeMa pa3paboTaHHOI'O U3MEPUTENBHOTO KoMIuiekca. MMimynbcHblil reneparop Tek-
tronix AFG-3102 u npeobOpa3zoBatenb Tok-HanpspkeHue (I-V) ucnonp3yrores A peanu3ainun Me-
toma [-DLTS. I-V npeobpazoBaTens pa3paboTad CrieHAIbHO AJ1 PaObOTHI C MOBHIIIIECHHBIMU TOKA-
Mu penakcanuu 10 100 MA, yto no3Bossietr uccienoath crnekTpel ['1] B ®@OIlax. U3mepurenbHas
staeiika afanTHPOBAHA [T TOMEIISHHS B Hee 06pa3ioB pasmepamu 10 160x160 mm”. Bee mpubopst
B KOMIUIEKCE MOJIKII0YeHbl K muHe yrnpasienus GPIB. Penakcannonnsiii curnan HanpsixeHus c I-
V npeobOpasoBarens mojaercs uis oLUPPOBKH B aHajoro-nu¢posoi mnpeodpazosatens (ALIT)
matel coopa manubix NI PCle-6361. Ynpapinenue npubopamu, peaausaius METOIUK, COOp, aHAIHN3
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Y XpaHEHHE JaHHBIX ocymiecTBisieTcss B OBM B cpene mHxeHepHOro Trpaduueckoro mporpaMmmupo-

Bauus LabVIEW.

OBM

I GPIB - nHrepdetic
oy e cHeLT I1-DLTS, I-V, C-V
reHepaTop AHATI3 B cpefle
Tektronix AFG-3102 RLC — metp LabVIEW
I Agilent E4980A
Kpnocrar
Janis CCS MymeTrveTp
400/204N Tektronix DMM 4020
AITI
[-V-peobpasopaTens PCle 6361

Puc.1. bnok-cxema nsmeputenpHo-aHaauTudeckoro komimiekca ¢ [-DLTS, C-V u I-V meronamu

BrIBOABI

Haubonee 3¢ dekTuBHBIM pelieHneM 3a7auu KOHTPOJIS CBOMCTB MaTepHaioB JUIsl CO3JaHUS
OOII sBisieTcs UCNOIb30BaHUE Pa3pabOTAHHOTO U3MEPUTEIbHO-aHAIMTUYECKOTO KoMIUIekca. bia-
rojiapsi yka3aHHbIM METOJIaM KCCJIEeI0OBaHUS 10JIb30BATENb MOJIy4aeT MOJHYI0 KapTUHY XapaKTepu-
ctuk uccienyemoro ®@3Ila. Ncnonb3oBanue usmepurenbHoit stueiiku Janis CCS-400/204N uckiro-
yaeTcs He)KeJaTellbHble BHEUIHHE BO3JCHCTBHS Ha 00pasel, YTO MAaKCUMAJIbHO YMEHbILIAET IO-
IPEUIHOCTD MIPU MOJIYYEHUH PA3JIUYHOTO POJia 3aBUCUMOCTEH.

JIji KakJ10TO 3J€MEHTa KOMILJIEKCa MPEICTaBICHO KPAaTKoe OMHCaHHe U NpUBeIeHa OJI0K-
CX€Ma BCEro H3MEpPUTEIbHO-aHATUTHUECKOI0 KOMILUIeKca. BO3MOMKHOCTh pErylnpoBKU pPEXUMOB
M3MEpEeHus MO3BOJIET MOJACTPOUTHCS IO/ 000N TUII MaTepUajIoB, KOTOpPbIE B MOCIEAyIoLeM Oy-
JyT UCMOJIB30BATHCSA U1 CO3aHUSI TOJIYIPOBOAHUKOBBIX TPHUOOPOB.

Bubimorpaguyeckuii cnucoxk
1. D.V. Lang, “Deep level transient spectroscopy: a new method to characterize traps in semiconductors,” J. Appl.
Phys., Vol. 45, pp. 3023-3032, 1974.
2. IlapameTpsl colHEYHOro 3jeMeHTa [DnekTpoHHbIN pecypc], URL: http://ust.su/solar/media/section-inner14/1587
(mata oopamenus 12.02.2017).
3. Litvinov V.G., Vishnyakov N.V., Gudzev V.V., Mishustin V.G., Karabanov S.M., Vikhrov S.P., Karabanov A.S.
Measuring Complex for Analysis of Recombination Deep Traps in Semiconductor Solar Cells // Power Electronics and
Renewable Energy Conversion, 2015. pp. 1071-1074.

VK 629.7.064.56; TPHTU 444135
JIASEPHBIE TEXHOJIOI'MX MNOBBINEHUSA DOPEKTUBHOCTH

COJIHEYHBIX MOJYJIEAN
JI.T'. Trouun, H.M. Toakau
Psizanckuii 2ocyoapcmeeniviil paduomexHuyecKkull yHusepcumen,
Poccus, Pszane, rgrtu@rsreu.ru

Annomayus. PaccMoTpeHbl 0COOEHHOCTH U pe3yNbTaThl MPUMEHEHUs METOIOB Jla3epHoi oOpa-
00TKHU (DOTORIEKTPUUCCKHUX MPpeodpa3oBaTesc, MX BIUAHHE HA 3()()EKTUBHOCTH COMHEYHOTO MO-
JUYJIS.

Kniouesvie cnosea. dorosnekTpudeckuii npeodpa3oBaTesb, COMTHEYHbIH MOAY/b, JIa3epHas oOpa-
6otka, moseimeHue KI1/I comHeyHoro aieMeHTa, COTHeUHas SJHEPTeTHKA.

APPLICATION OF LASER TECHNOLOGIES FOR INCREASE EFFICIENCY

OF SOLAR MODULES
D.G. Tyunin, N.M. Tolkach
Ryazan State Radio Engineering University,
Russia, Ryazan, rgrtu@rsreu.ru

177



Abstract. The features and the results of the application of laser processing methods of photovolta-
ic converters, their influence on the efficiency of the solar module are considered in the article.
Keywords. Photovoltaic converter, solar module, laser processing, increase efficiency of solar
module, solar energetics.

1. Beenenue

Munnuons! JieT 3emiis KONWIa B CBOMX HeApaxX SHEPrulo, MOJy4yaeMyl0 OT COJHEUHBIX JIy-
4eil, 4TOObI YeIOBEYECTBO CMOTJIO BOCIIOJIB30BAThCA 3TUM JapoM Juis cBoero pa3Butus. Ho Toibko
B IMPOIIECCE «B3POCIICHUS» YEIOBEYECTBY MPHUIIIO OCO3HAHHME TOTO, YTO d(PPeKTuBHEN M OBICTpEH
[I0JIy4aTh 3HEPTUI0 HEMOCPEACTBEHHO OT COJHEUHBIX JIyyel, HEeXKeNH jK/1aTh MOKa OHa 3araceércs B
Hezpax U npeolOpa3yercs B IOCTYIIHbIE K pa3paboTke pecypchl. CoHIle — YUCThIN U HeHCCIKaeMbli
HMCTOYHHUK SHEPTHH Ha 3emiie B HameM o0o3pumMoM OymymieMm. st morydeHus: AIeKTpUIecTBa U3
COJIHEYHOT'O CBETA HE HY)KHO 3arpsi3HsTh aTMOc(epy BbIOpOcaMu BpeAHbIX ra30B, HE HYKHO Oecro-
KOUTBHCS O TOM, YTO B ONMKailline HeCKOIbKO JI€CATKOB-COTEH JIET MOILIIHOCTb COJTHEYHOTO H3JIyde-
HUS YMEHBLIUTCS. DTU MPEUMYILECTBA Jal0T TOJYOK Pa3BUTHIO COJIHEYHOM 3HEPreTUKH KaK OHO-
My U3 HalpaBJICHUN aJbTEPHATUBHON SHEPreTHKH, paboTaroliel Ha BO30OHOBISEMON pecypcHOM
6a3ze. DKOJOTrMYHOCTh U HEUCUEPIAEMOCTh JAIOT COJIHEYHOU dHEPreTUKE HEOCTIOPUMOE MpEeruMyIIe-
CTBO I€pEJ TAKUMHU «KJIACCUUECKUMM» UCTOYHHKAMU SHEPIrUu Kak yroiib, HeQTh, ra3, arom. K co-
KAJIEHUIO, TEXHOJIOTUH COJTHEUHOM SHEPreTHUKU HE COBEPIICHHBI, U TOOUTHCS MOJIHOrO Ipeodpaszo-
BaHUS dHEPruu (HOTOHOB, JIETAUIMX OT COJHIIA, B MOJIE3HYIO SHEPrUIO0 HA JAHHOM JTare pa3BUTHS
HayKH U TEXHUKHU HE MPECTABIIAETCS BO3MOXKHBIM.

Hcropus co3gaHus COMHEYHBIX 3J€MEHTOB Hadasack B 1839 roxy ¢ otkpseitusa bekkepenem
¢doToBOIBTaNUECKOTO 3 (PeKTa, U CO3qaHMs UM XUMUYECKON OaTtapeu, KOTopas o/ BO3ACHCTBHEM
coJiHIIa BeIpadaTeiBaia aekTpudectBo u umena KIIJ[ 1%. B 1888 rogy CronetoB copmynupoBan
OCHOBHBIE 3aKOHBI IpPeoOpa30BaHUs CBETA B 3JIEKTPUUYECKUN TOK U CO3JAJl MEPBYIO COJIHEUHYIO
sueiiky. B 1954 rony Ilupcon, Yanun u @ymnep npousBend KPEMHHUEBBIH COJTHEUHBIM AJIEMEHT,
nmeromuii KITJ yxe 4%. B 1963 rony komnanueir Sharp Oblna peanu3oBaHa KOHIEINS COTHEU-
HOM maHenu. B manpHelimeMm 3¢ QexTUBHOCTH stueliku Obuta moBbimieHa A0 15-16%. Ha nmanubri
MOMEHT B J1a00paTOpHBIX yciaoBUsIX yaanock noctuub KII/] npsmoro npeoOpa3oBaHusi COMHEYHOM
SHEPTHUH B IJEKTPUIECKYIO OoT 34 no 45%. Baxxueiei 3amayeil COTHEYHOM YHEPTETUKHU SBIISETCS
nosbimienne KIIJ[ dotonpeobpazoBanus. Teopernueckuii KI1J[ porosnexrpudeckoro mpeobdpaso-
BaHMS COJIHEUHOM DHEPTHUH, MO JTAaHHBIM akageMuka Andéposa, cocrasuset 87% [1].

2. Metoanl JazepHoii 00padoTku gorodiekTpuueckux (@) npeodpazoBaTeneii

CoBpeMeHHbIE TEXHOJIOTUU Ja3epHOIl MUKPOOOPaOOTKU MO3BOJIIOT KOHTPOJIUPOBATH U M3-
MEHSATh B IIMPOKHUX Ipejaenax JUIMTEIbHOCTb, (JOPMY U MOIIHOCTh JIA3€PHOI0 UMITYJIbCA, YTO IIO0-
3BOJISIET PEaIN30BBIBATH IIMPOKUN CIIEKTP NPUMEHEHUH [2].

[ToBeimenue 3¢ dexkruBHOCTH cosiHeuHOTO MOAYNs (CM) ¢ MOMOIIBI0O METOJOB JIa3e€pPHOU
00pabOTKH JOCTUTAETCS HECKOJIBKUMU CIIOCOOAMH:

1) noBeIlIEHHE MPOU3BOAUTEIBLHOCTH 3aBOJCKON JTMHHUM 3a CUET U3MEHEHHs] CKOPOCTH CKa-
HUPOBAHMSI U M3MEHEHHS! YacTOThl UMIIYJIbCOB JIA3EPHOTO HU3IYYEHMs, YMEHBIICHUS KOJIUYECTBA
MIPOBOJMMBIX TEXHOJOTUYECKUX OTIEpaLIni;

2) ynydmeHue kadectBa oOpaboTku @III nmyrem yMeHbIIEHUS BpEMEHH HMIIYJbCa Jia3ep-
HOT'O U3JTy4EHUS;

3) yBenuyenue nose3Hoi miomaau CM 3a cyeT yMeHbIICHUSI LIUPUHBI IUHUN pa3METKH;

4) npeoOpa3oBanue GOpMbI IydKa JA3€PHOTO U3IYYEHHUS C MPUMEHEHHEM AUPPAKTUBHBIX
3JIEMEHTOB;

5) nazepHas moaudukaius cioeB OII1 ¢ u3meHenuem CTpyktyp u ¢as.

H3meHeHne CKOPOCTH CKAHMPOBAHMUSA M YACTOTHI MMITYJIbCOB JIa3€PHOI0 HU3JIy4YeHus!

[ToBeiienue 3¢dextuBHoCcTH MpousBocTBa CM 3a cueT yMEHbIIEHUSI KOJIMYECTBa oOIepa-
IUH ¥ UX YCKOPEHUS], HETIOCPEICTBEHHO BIIMSET HA KOHEUHYIO CTOMMOCTb MOJYJS U, KaK CIEACT-
Bue, 3¢ dexruBHOocTh CM. Takum oOpa3om, BHEApPEHHE JIa3epHBIX TEXHOJOTUIl B MPOU3BOJICTBEH-
HYI0 chepy COTHEUHOW IHEPTETUKH TOJIOKUTEIHFHO CKa3bIBAETCS Ha MOBBIIIEHUN YPHEKTUBHOCTH,
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MIOCKOJIbKY YBEJIMYEHHUE YacTOThI CJIEI0BAaHUS UMIIYJIbCOB U CKOPOCTH CKaHHUPOBAHHUS JIyda ja3epa
10 MIOBEPXHOCTH MOBBIILIAIOT POU3BOIUTENLHOCTh 00pAaOOTKH.

YMeHblIeHN e BpeMEeHU MMITYJIbCA J1a3€PHOr0 U3J1yUeHH s

[Ipu m3rotoBieHnn TOHKOTUICHOUYHBIX CM 0OJIBIION IUIOMIAAN HEOOXOAMMO pa3eisaTh MO-
NyJb Ha OTJENIbHbIE STUEHKU JJIs1 TIOBBIIIEHHS BBIXOAHOTO HANPSKEHUS] U YMEHBUICHUS JIEKTpuye-
CKHX TTOTEPh [3]. DTa omeparus OCymecTBIACTCS P OMOITY TEXHOJOTHH JIA3EPHOTO CKpardoupo-
Banwus. JlazepHOe ckpailbupoBaHue — 3TO OCHOBAHHBIN HA B3aUMOJCHCTBUY Ja3€PHOTO MU3ITyYCHHUS C
yAaJsieMbIM BEILECTBOM IPOLECC CO3/IaHUSl PE30B Ha MOBEPXHOCTU 0OpadaThIBaEMOro MarepHala,
BBINIOJIHSAIOUIUX POJIb JUO0 KOMMYTHPYIOUINX, MO0 M30JIUPYIOIIUX coequHeHuil. B ocHoBe nasep-
HOTO CKpailOnpoBaHus JIEKUT 3(Q(DEKT 1a3epHol abisiuu — pe3yabTaT B3aUMOJICHCTBUS BEIIECTBA
1 JIa3€pHOTO U3IY4YEeHUsI, KOTOpOE MPUBOAMT K UCTIApEHHIO MaTepuana. B pe3ynpraTe nepemerieHus
Iy4Ka Mo MOBEPXHOCTH MaTepuaja oopaszyercst kaHaBka. [Ipu npaBuiibHO MOAOOPAaHHBIX Mapamer-
pax M3Iy4eHHs MPAKTUUYECKH OTCYTCTBYIOT MEXaHMYECKHUE MOBPEXKIACHUS B MPUJIETalOlUX K HEH
o0nacTsix.

Opnolt u3 3anau npu npousBojactBe CM siBisieTCs CHIKEHHUE TeHEBOro 3¢ ¢ekra OT cucTe-
Mbl KOHTAKTOB, BBICTYMAIOIIUX HaJ MOBEPXHOCTHIO MOJUIOKKHU. [109TOMY KOHTaKTHI MOJIE3HO 3a-
rI1yOJsTh B IOBEPXHOCTH MOJUIOKKU WM YOHpaTh Ha 3a/HIo0 nosepxHocTs OOI1. B o6oux ciyuda-
SIX HE0OXO/IMMO C03/1aBaTh CTPOr0 KOHTPOJUPYEMbIE IO T€OMETPUUYECKUM MapaMeTpaM KaHaBKH, C
YeM YCIEIIHO CHPaBIISAIOTCS MIPU MOMOIIY JIa3epHBIX METOJI0B 00paObOTKH.

YMeHbIIasi AIUTENbHOCTh UMITYJIbCA JIA3€PHOT0 U3IYYEHUS C BBICOKON IJIOTHOCTHIO 3HEp-
TUH, MOKHO JOOUTHCS TOTO, YTO Majblii 00beM Marepuasna OyJeT UCIapeH 3a BpeMs, MEHbIIIee YeM
TO, KOTOpoe TpeOyeTcs, 4TOObl TEIUIO M3 30HBI OOJYyYEHHUs YCIEJIO PACIPOCTPAHUTHCS B TPHUIIC-
ratomue obnactu. Takum 06pazoM, UCTIONB3YS YIABTPAKOPOTKUE UMITYJIbCHI JIa3€PHOTO U3IY4EHHUS,
MOXKHO YJIYYIIUTh KauecTBO 00paboTku. ['paduk 3aBUCUMOCTH IITyOUHBI aOJIALMN KPEMHHUS OT Yac-
TOTBI BO3JCHCTBUS JIA3EpHOTO U3JIy4yeHUs TOKa3aH Ha puc. 1.

3a cuéT UCMOJIb30BaHUS YABTPAKOPOTKUX JIA3€PHBIX UMIYJIbCOB O0OECIIEUNBAETCS BHICOKHUI
YPOBEHBb BBOJMMOM SHEPIUH B MOIVIOUIAIOIIUN MaTEPHUaIl, B CBSA3U C YEM HCIIAPEHUE CIIOEB IIPOMC-
X0 UT 0€e3 BO3/IeHCTBUS Ha OCTabHOM MaTepuai [5]. Bbibop npaBuiibHOM AJTMHBI BOJIHBI U3TY4E€HUS
BAYKEH I COXPAHEHMs] SHEPIeTUYECKOTO B3aMMOACUCTBUS B 3aJJaHHOM O0bEeMEe Ha I'paHule Ipo-
CIIOMKH, U 3TO MOXKET ObITh CIIOCOOOM JOCTUKEHHS CEJIEKTUBHOIO yAAJIEHUs CJIOEB JaXKe B cliydae
00paboOTKK CO CTOPOHBI yIAIIEMOI0 MaTepuasa, KOTOPbI SIBISIETCS €AMHCTBEHHBIM IOIXOISAIINM
JUIS CO3JaHMs COJHEUHBIX OaTapeil Ha TMOkoi ocHoBe. lcnonap30BaHuE YIbTPAKOPOTKUX HUMITYIIb-
COB MO3BOJISIET 00ECNEUNTh BBICOKYIO IIPOU3BOIUTENIBHOCTD JIA3EPHOT0 CKpallOMpoBaHus AJis TOH-
KOIJIEHOYHBIX COJIHEYHBIX AJIEMEHTOB U MCKJIIOUUTH MOCJIEICTBUS OT TEIJIOBOrO BO3JEUCTBUS Ha
obJyacTu, mpuIIeraroime K pesy [6].

[um]

— 50 kHz — 100 kHz
——200kHz —— Surface
2 I
““ | "‘ N
0 ~7 |

v=225 mm/s

-4
15 -10 -5 0 5 10 [um]

Puc. 1. Bo3aeiicTBHe HAHOCEKYHTHOTO JIA3¢PHOT0 M3JyYCHHS Ha KPEeMHU# (TepekpbiBaHre UMITYabcoB 80%90%) [4]

Ocob6enHocT 006pabOTKH MHUKPOOOIACTEH MPO3paYHBIX TOKOTIPOBOISAIINX CIOER, BXOISIINX
B coctaB CM, ¢ mOMOIIbIO HAHOCEKYHIHBIX Ja3epHbIX UMIyIbcoB Nd:Y AG nazepa 10BOJIBHO TOJI-
poOHO u3yueHsl [7]. Mcnapenue minéHok amopdHOro kpemHus (0-Si) U MJIEHOK OKCUAA WHIUM-
01100 (ITO) pa3nuuHBIX TOJIIMH JOCTaTOYHO JIETKO OCYIIECTBIISICTCS C MCIIOIb30BaHUEM H3ITyde-
Hus (KrF 248 am; DPSS 355 u 1064 HM) 1a3epHbIX HCTOYHUKOB ¢ HAHOCEKYHHOU JUIUTEIbHOCTHIO
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UMITyJIbCa. DTU Pe3yJbTaThl, a TAKXKE MHOTOUYUCIIEHHBIE CX0XKHE MyOIMKallMK 3aKPENnIu Ha IpaK-
THUKE UJCIO UCIIOJIb30BaHUSA CeNEKTUBHOM J1azepHoi adisuu ITO nHa crexie u a-Si Ha ITO.

YMeHblIeHHE pa3Mepa My4Ka J1a3epHOro U3JIy4YeHHus

Tak kak o0nactu CM, MOKpbIThIE pPa3METKOM, HE MPUHUMAIOT Y4acTHsl B MpeoOpa3oBaHUU
COJIHEUHOM DHEPTrHuH, 11eJIeco00pa3HO COKpaIlaTh MX IUIONMIAAb. Y MEHBIIUTh 30HY 00pabOTKH II0-
3BOJISIET UCIIOJIb30BaHKUE (OKycHpYIOIUX cucTeM. OlHaKO MUHUMaJIbHAs IIMpPUHA pe3a OIpenes-
€TCsl ANEKTPUUYECKUMHU CBOMCTBAMHU CJIOEB, TaK Kak HEOOXOJUMO 00ECIeUUTh OTCYTCTBUE IEKTPHU-
94eCcKOro Mpo0osi MeXIy MallbIMH NpoMexyTKaMu. [Ipu paboTe ¢ 04eHb MalbIMH PACCTOSHUSMH
CTaHOBHUTCS BaXHO M30€raTh HEraTUBHBIX C TOYKH 3peHus padotel @Il MoMeHTOB, Hampumep,
TYHHEJIbHBIX TPOOOEB.

IIpeoOpa3oBanune GopMbl MyYKA JIA3EPHOT0 U3JIyYeHUS

OpuruHanbHbIM U 3 (HEKTUBHBIM CTIOCOOOM 00pabOTKH MOBEPXHOCTH 0Ka3aJI0Ch HCIOIb30-
BAaHUE HMMITYJIbCOB Ja3€PHOTO M3Iy4EHUS! HE KPYIJIOro, a KBaJpaTHOIO MONEPEeYyHOro ceyeHus [8].
Hcnonb3oBaHue TpaAUIIMOHHBIX MYYKOB, oOiagarouux ['ayccoBbIM pacnpenesneHueM SHEPruu 1o
CEUEHUIO MYyYKa, HEAOCTATOUYHO 3PPEKTUBHO, NOCKOIbKY MaKCUMalbHasi MOIIHOCTh CKOHLIEHTPH-
pOBaHa B LIEHTPE MATHA, YTO MPUBOJUT K UCKaXKEHUSM TEIJIOBOrO GpoHTa npu oOpadoTke. Tak kak
TUICHKA PAaBHOMEPHBI ¥ TIOCTOSIHHBI 10 CBOUM TETUIO(PH3UUECKUM CBOMCTBAM, II€JIECO00Pa3HBIM SIB-
JISIeTCsl UCIOJIb30BAaHUE MTyYKOB MONEPEYHOr0 KBAaPAaTHOIO CeUeHUs (TaKuM 00pa3oM yMEHbIIaeTCs
TUTOIIA/Ih MIEPEKPBITUS ITYYKOB M OJHOBPEMEHHO C 3TUM YBEIMYHBACTCS TMPOU3BOIUTEILHOCTD JUIS
cllydasi UMITyJIbCHOM 00paboTku). BripaBHUBaHUE XK€ SHEPreTUYECKOr0 CEeUEHUs MydKa MO3BOJISIET
MOBBICUTH PAaBHOMEPHOCTH YAAJIEHUsI MaTepHalia o Bcel IUIoliau, nomnaaaroueil B 300y o0padoT-
KU U, KaK CJIe/ICTBUE, CHU3UTh KpaeBble JE(PEKThI, YTO OKA3aHO HA PUC. 2.

Puc. 2. Pe3ynbraThl HCIIONB30BaHUS TAYCCOBOTO JIy4a M KBAJIPATHOTO JIyda:
a — CdTe ckpaiibupyercsi C raycCOBBIM pacrpe/ielIeHHeM HHTEHCUBHOCTH JIa3€PHOT0 U3JTyYeHHs],
0 — 0-Si oOpabaThIBaeTCsl C KBaJpaTHBIM IPOQHIIEM paclpeesIeHus Ja3epHoro u3rydeHus [9]

JlazepHbIit myd KBagpaTHOU (POPMBI CO3TACT PE3bl CO 3HAYMTEIBHO 00Jiee MPSIMBIMU OOKO-
BBIMU CTE€HKaMHU, YEM TayCCOB Iy4OK U, KaK CJEJCTBHE, MEHbIIUM KoJn4ecTBOM nedextoB. [Ipu
TakoM Mpoduiie Jiydya pe3bl MOXKHO pacroJiaraTb Ha OJIM3KUX pacCTOSHUAX (OTCYTCTBYIOT HEraTHB-
Hble 3G (EKTHI LIYHTUPOBAHUS YAAJIEHHBIM MaTepraioM, BBIPBAHHBIM B pPe3yJbTaTe MUKPOB3PHIBA,
HO HE MCIIAPUBILIMMCS U3 CJOs) U TEM CaMbIM YMEHbILATh IJIOLIA/lb, 3aHUMAEMYIO Ja3epHON pa3-
METKOM.

Jlazepnasi moaudukauus ciaoés O@II1

[lepcnekTBHOE HampaBieHWE METOJIOB JIa3epHOU 00paboTku — Moaudukarus cioés OOII,
BXOJIALIUX B COCTaB TOHKOIUIEHOUHOTO CM.

BosnelicTBrue nazepHOro u3iaydeHus (OTXKUI) Ha MOJIYHPOBOJHHUK MPUBOJUT K PA3IUYHBIM
M3MEHEHUSIM KPUCTANIMYECKOW CTPYKTYPbI, ONITUYECKUX U ANMEKTPOPU3UUYECKUX CBOUCTB. ITO SIB-
JICHUE HA3bIBAETCS MMITYJIbCHOM OPHEHTHPOBAHHOM KpucCTauM3anuen. JlazepHblil OT)KHAT B IIHAPO-
KOM CMBICIIE — CTPYKTYpHbIE U3MEHEHHMSI, BOSHUKAIOIINE HAa TOBEPXHOCTH BEIIECTBA M0/ JeHCTBUEM
KaK UMIYJIbCHOTO, TaK U HEMPEPHIBHOIO JIa3epHOro u3nydeHus. [Ipu neiicTBuM Ha MOJYIIPOBOJIHUK
JIA3€pHOI0 U3JIy4EHUSs C SHEPrHel KBaHTa, OOJIbLIEH MIUPUHBI 3aMPEIIEHHOMN 30HbI, IPOUCXOUT €ro
MIOTJIOIIEHUE B TOHKOM IIPUIIOBEPXHOCTHOM CJIO€ TOJIIIUHON ~107-107° cm. [Ipy uMIynbCHOM BO3-
NEUCTBUM B 3TOM CJIO€ MPOUCXOJAT ObICTpbIe (Pa3oBbIE MpEBpAILEHUS: IUIABJIEHUE — OTBEpAEBa-
HUE» U (Da30BbIC TEPEXoAbl «aMOphHOE TBEPIOE TEIO — KPUCTAIUD) / «KPUCTAT — aMOopdHOE Te-
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J0». DTU TNpeBpallleHUus BEIyT K BOCCTAHOBJICHHUIO PEryISPHONH KPUCTAIIMYECKOW CTPYKTYpBI,
amopuzanmu, oOpa30BaHUIO U U3MEHEHHIO KPUCTAIIMYECKOW CTPYKTYpbl B HaHECEHHBIX Ha I10-
BEPXHOCTh CJIOSIX, IEPEpPACPEIEIICHUIO JETUPYIOIIUX IpUMecel, epepacipeieieHHI0 MaTepraa
Ha TOBEPXHOCTH C 00pa30BaHUEM YIOPSAOUYEHHBIX MOBEPXHOCTHBIX CTPYKTYp. JlazepHblil OTKUT
00yCIIOBJIEH JAEUCTBUEM TEIJIOBOIO MEXAaHU3Ma, COIVIACHO KOTOPOMY SHEPrus Ja3epHOro M3Iyde-
HUS, TIOTJIo[aeMasi HeOCPEICTBEHHO 3JIEKTPOHHON MOACUCTEMOM, MPAKTUYECKH MTHOBEHHO ITyTEM
MOATAIHOMN AJIEKTPOH-3JIEKTPOHHOM, 3JEKTPOH-(POHOHHON U (POHOH-POHOHHOM pernakcaluu nepe-
NAETCs PEMIETKE M HarpeBaeT €€ OT HadaJbHOM TeMIEepaTypsl 10 3HAYECHMS TeMIIepaTypbl OTKHUTa
[10]. braromapsi BO3HUKAIOIIMM B TIpoLiecce JIa3epHOM 00pabOTKH OOJIBIIUM TpaueHTaM TeMIIepa-
TYpbl peanu3yroTrcs OoJblINe CKOPOCTH ABWKEHHUS (POHTOB paciiiaBa M PeKpHUCTAUIM3ALNH, T10-
ATOMY HHKJI OTXHUTa Tpoucxoaut 3a Bpems mopsiaka 100 ve. [ukn pacmiaB-pekpucTain3aims
MIOJIHOCTBIO yJAJSIeT MPOTSKEHHBIE NePEeKThl (IUCIOKALNUN U KJIaCTEePbl TOUEYHBIX 1€()EKTOB), HO
OCTaBJIAET MOCIE ce0sl TOBOJIBHO BBICOKYIO KOHIEHTPALIMIO TOUEUHBIX 1€(DEKTOB, MOSBIECHUE KOTO-
PBIX CBSI3aHO C BBICOKOM CKOPOCTBbIO PEKPUCTAILIM3ALMU MPH UMITYJIbCHOH JiazepHOil 00paboTke
[11].

CornacHo nanubIM [12] mocine nazepnoit 06padbotku miéHok SiC:H npoucxoaut pexoHdpu-
rypauus cBsizel u cTpykrypbl. CTpyKTypa IUIEHKU MEpexoauT u3 amophHOU (a3bl B CMEIIaHHbIE
(a3bl KpeMHUS 1 aMOpHOro kapouaa kpeMuusi. OTHOBPEMEHHO C U3MEHEHUEM CTPYKTYpHhI ILIIEHKU
MIPOMCXOUT U3MEHEHUE MEXaHU3Ma IPOBOAMMOCTH. Tak NMpu KOMHATHOM TeMmIepaType TEMHOBAs
IIPOBOJMMOCTb 00pa0OTaHHBIX TUIEHOK BO3PAcTAaeT Ha HECKOJIBKO MOPSIIKOB OTHOCUTENIBHO UCXO-
HBIX ¥ cocTaBsieT okono 107-10° Cm/cm. Takum 06pasom, 1aszepHoe oOmydenne (OTHKHUT) MO3BOIS-
€T MOJIy4YUTh IIUPOKO30HHBIE CTPYKTYPhI C BHICOKOM MPOBOJAUMOCTBIO, a TAK)KE U30€KaTh MOBPEX-
JNEHUHM TOJUI0KEK, TUIIUYHBIX JUIsl TEPMUUYECKOro oTkura. Kpome Toro, MeTo J1a3epHOTO OTXKUTa
IJIEHOK 0-S1 [TO3BOJISIET PEryIUpPOBaTh pa3Mep KPUCTAIUTOB KPEMHHUS 32 CUET U3MEHEHUSI TUIOTHO-
CTH SHEpPruu Jiazepa (CpelHuil pa3Mep MoJydyaeMbIX KpUcTaiuToB — ~4-6 uM) [13]. B uccnenona-
HUU MHUKpOCTpyKTypupoBaHus miéHok CulnGaSe, ¢ moMouipio yabTpakOpOTKHMX HMH(PPaKpaCHBIX
Ja3epHBIX HUMIYJIbCOB BBISBIEHO, YTO B pe3yibTare oOOJIy4eHHs] BO3HHUKAIOT Ja3epHO-
MHIYLIUPOBAHHbIE TTOBEPXHOCTHBIE PEHIETKU, OPUEHTAIMSI KOTOPBIX MEHSAETCS B 3aBUCHMOCTH OT
JUHEWHOW MOJspU3alny Majaromero ceera [14]. s uupkynsspHO-MOJISPU30BAHHOTO CBETA C Jie-
BOW WJIM MPABOW KPYTOBOM MOJISIPU3ANMEH TOJYy4arOTCsl OJA00HBIE YETKO OMPE/ICICHHBIE TTOBEPX-
HOCTHbIE pelieTku. VccnenoBanus penbeda NOBEPXHOCTU € IMOMOILBIO aTOMHO-CUJIIOBOIO MHKPO-
CKOIla MOATBEPMIIN, YTO HIEPOXOBATOCTh MOBEPXHOCTU CTPYKTYPUPOBAHHBIX 00pa3LloB IPUMEPHO
B 3 pasa BbIIe, 4eM y HeoOpaboTaHHBIX TUIEHOK. [0 cpaBHEHHIO ¢ HEOOPAOOTAHHBIMH TUIEHKAMU,
M3MEPEHHOE ONTHYECKOE MPOITyCKaHUEe CTPYKTYPHUPOBAHHBIX 00pa31oB cHkaetcs Ha 30% B criek-
TpaJIbHOM 00sacTH 1-2 MKM, 4TO YKa3blBaeT Ha 3HAYUTEJIBHOE HU3MEHEHHE (POTOIIEKTPUUECKUX
CBOMCTB, 00pabOOTaHHBIX JIa3€pHBIM M3JIyY€HHEM MOBEPXHOCTEH, M cOoOTBeTCTBEHHO pocT KIIJ|
OOII.

3akio4eHue

Jlazepubie MeTonpl 00pabOTKM (OTOIIEKTPUUECKUX TpeoOpazoBaresiedl — MEePCIEKTUBHOE
HaIpaBJICHHUE MOBBIIEHUS YPPEKTUBHOCTH COJHEUHBIX Moayiaed. OJHUM M3 caMbIX Ba)KHBIX Ha-
MIpaBJICHUN SBIISETCS Ja3epHas MOAU(UKanus CI0€B COIHEUHOoro snemMeHTa. HecMoTps Ha 3Haum-
TEIbHOE KOJIMYECTBO PadOT, MOCBSIIEHHBIX TaHHOMY BOMPOCY, 3Ta 00JaCTh BEChbMa MEPCIEKTUBHA
JUIS HAy4YHBIX MCCleoBaHUI. Majaon3y4eHHbIMU OCTal0TCAd OCOOEHHOCTH TEXHOJIOITMYECKOTO IIpo-
1ecca TBep0(a3HOro HUcrmapeHusi KpeMHHUS Yyepe3 IIEHKY OKHUCIIA 0] BO3/IEHCTBUEM TOMOTIC€HU3H-
POBAHHOIO JIA3€pPHOI0 M3MydeHHs 0e3 IJIaBJICHUs] KPEMHUS, U 00pa30BaHHE UrOJIbYATOTO penbeda
Ha MOBEpXHOCTHU oOpasua. [lanbHelme uccieoBaHusl B yKa3aHHOM HAIPaBJIEHUU MO3BOJISIT BbI-
SIBUTh 0COOEHHOCTH BIIUSIHUS TEXHOJIOTHYECKUX (hakTOpoB Ha 3pdekTuBHOCTE CM.
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YK 538.97;539.23;539.216.1; TPHTU 29.19.22; 29.19.16
OOTOJIIOMUHECIHEHIHUA B IIVIEHKAX A-C:H<SNx>CUHTE3UPOBAHHbIX
METOJAOM MATHETPOHHOTI'O PACIIBIVIEHUA

A.Psary3oB, P.HemkaeBa, H.I'yceiinoB, JI.Mambip6aeBa
«Hayuonanvnas nanomexuonozuueckas 1a6opamopus OMKpbimo2o munay
KazHY um. ano-@apabu, Pecnybonuxa Kaszaxcman, Anmamol, ryaguzov_a@mail.ru

Annomayusn.B pabote yCTaHOBIIEHO BJIMSHHE HaHOYACTHI] OJIOBA HA IUIOTHOCTD 3JIEKTPOHHBIX CO-
CTOSIHUH B aMOP(HOH T'UIPpOreHM3UPOBAHHON YriIeponHOH IuieHKe. [lokazaHa3aBUCHMOCTEUHTEH-
cuBHocTH (hororomuHectenyn (PJI) ot koHueHTpanuu ojoBa. Kpome 3TOro ycTraHOBIEHO, YTO
IIpU KOHIeHTpauuu onoBa ~ 3,0 aT.% @DJI mocturaer MakcMMyma MHT€HCUBHOCTHU, U IpU Jallb-
HeWIIeM YBETUYSHUH KOHIIEHTPALUH 0JI0Ba MPOUCXOIUT €€ yMEHbBIICHUE.

Kniouesvie crosa. AMOpQHBIH THUAPOr€HU3UPOBAHHBIA YIJIEPOJ], HAHOYACTHIA, pPaMaHOBCKas
CHEKTPOCKOMHUS, (POTOIFOMHHECIICHIINSI.

PHOTOLUMINESCENCE IN THE A-C:H<SNx>FILMS SYNTHESIZED

BY MAGNETRON SPUTTERING

A.Ryaguzov, R.Nemkayeva, N.Guseinov, D.Mamyrbayeva
"National Nanotechnological Laboratory Open Type"
Al-FarabiKazNU, Republic of Kazakhstan, Almaty, ryaguzov_a@mail.ru

Annotation. The paper reveals the influence of tin nanoparticles on the electron density of states in
the hydrogenated amorphous carbon film. The dependence of the photoluminescence intensity
(PL) on the tin concentration is shown.Also itis established that at the concentration of tin ~ 3,0
at.%, PL reaches its maximum and decreaseswith a further increase of tin concentration.
Keywords. Hydrogenated amorphous carbon, Raman spectroscopy, photoluminescence, nanoparti-
cles.

1. Beenenue

DJNEeKTPOHHBIE CBOWCTBA IMOJIYITPOBOJIHUKOB OMPEACISIFOTCS PacHpeeliCHHEeM TUIOTHOCTH-
pa3pelleHHbIX 3JIEKTPOHHBIX COCTOSHUI Ha Kpasx 30H U B obsactu ypoBHs ®@epmu. B paborax [1,
2] paccMoTpeH BOIIPOC O pacrpesesieHnd oTHOCTH coctosiani B a-C u a-C:H menkax. Ha puc. 1
IIpe/ICTaBIeHbl MOJIENIN pacupeesienns mioTHocTH coctossHui (DOS) o u « anexTponos. U3 puc.1
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(a, b, ¢, d) BUIHO,KaK U3MEHSETCS IJIOTHOCTh COCTOSIHUI JIEKTPOHOB B aMOpP(HOM YIJiepoJie B 3a-
BUCUMOCTH OT MPOLEHTHOIO COOTHOIIEHUS sp2 rUOpUIM3UPOBAHHBIX CBs3ed. Pacnpenenenue
IUIOTHOCTH COCTOSIHUM B ajiMa3e MpejAcTaBiIeHO Ha puc.l(e) u B OgHOCIOMHOM rpadute - Ha
puc.1(f). O6pamaer Ha cebs BHUMAHHME, YTO 7T COCTOSHHS, 0OPa30BAHHEIE SP° y3/TaMH, JICKAT BHYT-
pH 06IIACTH G COCTOSHHIA - cOPMHUPOBAHHBIX sp° y3inamu. [T03ToMy 0GpasoBaHie Sp° U Sp y3II0B
MOJKHO XapaKTepU30BaTh HE TOJIBKO, KaK OINpEIesICHHbIC SIUHHIIBI AaTOMHOM CTPYKTYPHI HEYIOPSI-
JOYEHHOM CETKH aMOp(HOTO yriepoJia, HO U KaK HOCHUTEIN SHEPreTUYECKOTO COCTOSHHS AIIEKTPO-
HOB.

15 —

T o T o —
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3 o0l (/ {/ . / / (/
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Density of States
Puc.1. Pacripenenenne miIoTHOCTH COCTOSIHUH 3JIEKTPOHOB 110 SHEPTHHUB aMop(hHOM yriepone[2]

B paGote [2] ormeuaeTcs, yTo 0Opa3oBaHHE 7T COCTOSHUS HE 3aBUCUT OT (JOPMUPOBAHUS G
COCTOSHMS. ITO OOBSICHSIOT TEM, 9TO SP y3JIbI JOJIKHBI OBITh POCTPAHCTBEHHO CKOPPETHPOBAHEI B
HEYNOPSAIOYCHHON MaTpHIle SP y3JIOB, 1 MOTYT NMPOW3BECTH PAa3pbIB 30HBI Ja)K€ MPH OTCYTCTBHU
Sp° Y3JIOB. T - COCTOSIHHS HATMOJOBHHY 3aIlOJIHEHBI H [IO3TOMY MOTYT CO3JaTh PA3phiB HA ypPOBHE
®depmu, 4TO MPUBEIET K 00IIEMY MTOHMKCHUIO SHEPTHH T 3JICKTPOHOB HA aTOM U TEM CaMbIM CTa-
Oomm3upyer oOpasoBaHue CTPyKTyphel. OOpa3oBaHue 3ampeiIeHHON 30HBI OYJEeT 3aBUCETh OT KOH-
[EHTPAIMH U PACIIOJIOKEHHS T COCTOSHUI U KOCBEHHO OT JPYruX (PaKTOpPOB, TAKMX KaK COJEpIKa-
Hue Bojaopoja [2]. [ToaToMy 7 31eKTpOHBI UTPAIOT BaKHYIO POJb Kak B OPMUPOBAHUU CTPYKTYPHI,
TaK U B MPOSIBIICHUH AJICKTPOHHBIX CBOMCTB.

Ha puc.2 npencrasiieHa IIIOTHOCTh COCTOSIHUN T M G JIEKTpOHOB B IuieHkax a-C:H. OTkyna
BUJIHO, YTO (POPMHUPOBAHUE IJIOTHOCTH COCTOSIHUM 30HBI MPOBOJUMOCTU CBOOOJIHBIMU T* U G*
AIIEKTPOHAMH CYIIECTBEHHO OTIMYAETCS OT (DOPMUPOBAHMS IIOTHOCTH CBSI3aHHBIX T U G COCTOS-
HUW B BAJICHTHOU 30HE.

B 30He mpoBOIMMOCTH BHJHO YETKOE pa3fefieHue

11(5) | eCH dbopmupyeMbIX T* U G* cocTtosiHUM, B TO BpeMs Kak B Ba-
> 5| ! JIEHTHOW 30HE OCYIIECTBISETCS TUIABHBIN TEPEX0] G CO-
vy én”‘ XANES CTOSIHUH B 7T COCTOSIHHS.DTO CBA3aHO C YaCTHUYHOU IIacCH-
éﬁ i_) BaImue m 2COCTO;IHI/H71 BOJIOPOJIOM, YTO TIPHBOJHUT K YMCHb-

i IIICHUIO SP” Y3JI0B M MOSBIICHUIO Pa3pbiBa B 30HE HA YPOBHE

-10F UPS ®epmu. CpaBHUBAS PACTIPECICHUS INIOTHOCTH COCTOSTHHUM

ASe l amop(dHOTO Yyriepogan aMoppHOTO THIPOTCHH3UPOBAH-

20p { ) HOTO YyIJIepPOJia, BUUM CYIIECTBEHHYIO Pa3HHILY, YTO H OIl-

25 ' penenser OTIIMYME B JIEKTPOHHBIX CBOMcTBax. Tak, onTu-

Density of States yeckas HMpuHa 3anpeiieHHod 30Hbl (B, Tayma) B a-C

Puc.2. Pacnipesienenue no SHEPrun MIOTHO-  1yyepyax coctaBuia 1,67 oB [5] u 0 pesymbrataM mpoBe-
CTH COCTOSAHHU BJICKTPOHOB B 30HE ITPOBO-

JMOCTH, ONpEIeNeHHoeMeTooM criektpo-  ACHHPIX HMCCIE/IOBAHHH B JaHHOH paboTe B IJICHKaxX a-

CKOITUU TIOTJIOLIEHUS 1S aTOMOM yrieposa C:HEg~2,15 3B. )IaHHOC CpaBHCHHC Eg B a-C m a-C:H

(XANES) [3] uB BasieHTHOH 30HE,METOIOM  TUICHKAX IOKA3aHO IO MPUYMHE PAaBHBIX TEPMOJMHAMUYE-
YIBTPa GOTOIMHUCCHOHHO CIIEKTPOCKONNEH  ckpX 1 KHHETHYECKUX YCIOBUMHUX CHHTE3A.

4],B ieHKax aMmop¢HOI0 TUPOreHU3UPO-

(41, po AP P Kak oTmedeHo B paboTe [6], pasnudue MIUPUHBI 3a-

BAHHOTO yIyiepoJia . 2 o

IIPEIIEHHON 30HBI SP” M SP y3JIOB IPHUBOJUT K CHUIBHOU

. 2
daykTyams GOpMHUPYEMBIX 30H H SP° y3€/I BBICTYIAET KaK SHEPreTHUECKHil 6apbep MKy Sp° y3-
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namu. Yem Gostee pasymopsiIodeHHas CHCTEMa, TeM MEHBIIE BEpPOSTHOCTH 0OPa3oBAHHS Sp° Kila-
CTEpOB, Sp” y37IbI BOHHKAIOT BHYTPH CETKH Sp° MaTpHibl. IIpy 5ToM B OPMHUPOBAHII KPAcB 30H
BCE PABHO y4aCTBYIOT SP y3/bl. Takoe MOBEICHHE SP°H Sp° y3710B MPH (OPMUPOBAHUN CTPYKTYPHI
a-C:H nneHku MOeT NPUBOJIUTH K CYLIECTBEHHOMY OTJIMYHUIO B (POPMUPOBAHUU IIJIOTHOCTU T U G
cocrosiHuil. Ilpu cuibHBIX (IyKTyalusix 30H HaOMrogaeTcsl Majiasi MOJBHKHOCTb HOCHTENEH, HO
IIPU 3TOM BBICOKAasi UHTEHCUBHOCTD JtoMuHeceHunu. @ortotomunecuennus B a-C:H cymecTBeHHO
HE 3aBUCHUT OT TEMIIEpPATypbl, UMEET MaJlO€ BpeMs peKOMOMHAIIMU U HE UCUE3aET B AIEKTPUUECKOM
nosie [6]. Iloka ogHO3HAYHOW MOIEIH ONKcaHusl (OTONIOMUHECLIEHIIUY B aMOP(HOM YTJIepoJie HET.

B pa6orte [7] mokazano, kak uaMensiercst poromomunectennus a-C:H mieHok oT maBieHus
raza B pabodeil kamepe NpU HX CUHTE3€.YBEIUYEHHUE JaBlieHUus pabodero raza MPUBOJIMIO K
yMmenbineHuro Eya-C:H mrenoxk ¢ 2,35 3B 1o 2,0 5B. YMmenbmenue E; MOXKHO CBA3aTh C yBEINYCHU-
eM KOHIICHTPAIIIH SP° y3/I0B M COOTBETCTBEHHO 7T 3JIEKTPOHOB, YTO M OMpeaessiio mmenenue OJI.
[Tpu u3menenun masnenns ot 0,5 mo 0,9 [1a uarencuBnocts OJI (Ipr) yBenmuumnace B 5 pas. Ilono-
KEeHHe MakcuMyMma lp; He 3aBUCENO OT JaBJIeHUs Ta3a, U COOTBETCTBOBAJO 3Hepruu ~2,1 3B. Oxna-
KO ecTb psig pabot [8-11], rae mokazaHo, 4To MojoxkeHue Makcumyma u popma @JI cymniecTBeHHO
3aBUCST OT METOJ]a U TEPMOJUHAMHYECKUX YCIOBHI CUHTE3A.

2. Pe3yabTarhl M 00CyKIeHHE

Ha nanHom stane paOoThl HAMU HE MPECIIEAOBAIOCH MPOBEICHUE IUPOKUX UCCIEOBAHUI
®JI 1 ee KUHETUKU B 3aBUCHUMOCTH OT YCJIOBHM CHHTEe3a. 3ajjaya COCTOsUIa B U3YYEHUU BIUSHUSA
[apaMeTpoB CUHTE3a YIJepOAHbIX IJICHOK M KOHLEHTPAllMM BBOJUMOM MPUMECH 0JIOBA Ha MPOSB-
nenue u uHteHcuBHOCTh DJI. Ilnenku a-C:H<Sn,> cuHTe3MpoBanuchb MarHeTPOHHBIM HOHHO-
IUIa3MEHHBIM ~ paclblUIeHUEeM KOMOMHHMpPOBAaHHOW MHUIIEHM B  aTMocdepe CMecH TIas3oB
92 Ar/4CH4/4H, Ha xBapueBbix miactuHax. OnoBo He 00pa3yeT XUMMUYECKOHU CBA3M C aTOMaMH Yr-
Jepojia ¥ BBICTYIAeT B YIJIEPOJHOW MaTpUIE KaK CaMOCTOSITENbHBIN AIEMEHT CTpyKTyphl. Hanoua-
CTHIIBI 0JIOBa PAaBHOMEPHO pacrpeiensiuch no oobemy a-C:H<Sn,>mjieHku U B 3aBUCUMOCTH OT
BBOJMMOM KOHLEHTPALIMN U3MEHSJICS UX CPETHUIN pa3Mep U KOJIMYECTBO Ha €IMHULIE TUIOIIA U,

CuHTe3 IIEHOK OCYIIECTBIISIICS MPH yIEIbHOM MoUIHOCTH paspsaa 2,0 Br/ew?, TemIiepary-
pe nomnoxku <50°Cu maBnennu cMmecu razoB 0,7 [1a. CtpykTypa miaeHOK ompenensiigach METOI0M
KOMOHMHAIIMOHHOTO paccesHUsl CBETa M XapaKTepu30Bajach MOJIUMEPONOA00HBIM aTOMHBIM CTpPOE-
HUEM.

®JI a-C:H<Sn,> nnenok uccnenoanu Ha yctaHoBke NTegraSpectra(HT-M/T, Poccust). Ha
puc. 3 npencrasieHsl ciekTpsl PJI mienok a-C:H B 3aBUCUMOCTH OT KOHIIEHTpAlUu Sn.
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W3 puc.3 BUAHO, 4TO HE3ABUCUMO OT KOHIEHTPALMHU 0JI0BA, MAaKCUMYM lp;, pacnosioskeH npu
OJIHOW DHEPTUU U3Iy4eHUs U cocTaBisieT ~2,0 3B. YBennueHue KOHIEHTPAMK 0JI0BA IPUBOAMT K
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YBEJIMUYEHHUIO0 HHTEHCUBHOCTHU u3itydeHus: @JI, Ho, B TOkKe BpeMsi, CTOUT 3aMETUTh, 4TO NMpHU Xgp~3.0
aT.% HaOJt0/1aeM HachlllleHnEe (POTOJIIOMUHECLICHIIMU U TIPU JajbHEHIIeM YBEIMUYEHUN KOHIIEHTpa-
U Sn uHTeHCUBHOCTHh DJI HAYMHAET YMEHBIIATHCS.

BBenenue manblx KOHLUEHTpalMi 0J0Ba NMPUBOJIUT K YBEJIMYEHHIO E, IUIEHOK, a HauuHas
cXsp>1,3 ar.% HaobopoT, HaOMOMaeTCs yMeHbIeHne 3anpenieHHou 30Hb1. [Ipu 1,0<Xs,<1,3 at.%
E~2,4 3B. YBenuueHue KOHIEHTpaLUU 0J0Ba 10 Xsy~3,0 ar.% mpuBOAUT K yMeHblIeHUIo E, 10
3Ha4yeHus E, B uncroit a-C:H mnenke. [Ipu Xg,~3,0 at.% HabmogaeM MakCUMyM 3HEPruu U3iyde-
Hus ®JI, nanpHeiee yBenuueHue Xs, MPUBOAUT K yMEHbIIeHHIO Ipr, moMuHecueHuu. Takum o0-
pa3oM, MOXKHO YTBEpXIaThb, YTO HAHOYACTHUIbl OJIOBA BJIMSIOT HA BEJIMYUHY IJIOTHOCTH T U
T*COCTOSHUI B XBOCTaX 30H.

Hanouactunia Sn npu manslx pa3mepax, BO3MOXKHO, popMuUpyeTcss B MOJAU(PHUKALHNIO O-Sh
CTPYKTYpBI 1 CrocobcTBYeT (opmupoBanuio sp C-C y310B. YMEHbIICHHE KOHICHTPALMAT ICK-
TPOHOB IMPUBOJUT K YBEIMUYEHUIO 3alIPEIIEHHON 30HbI, UTO U HAOJIIOJaeM MPU MaJIbIX KOHIEHTpa-
[USX 0JIOBA. YBEJIMUYCHHUE PA3MEPOB HAHOUYACTHUIL OJIOBA MOXKET MPUBECTH K TIEPEYCTPOUCTBY B 3-Sn
MOIUDUKALIIO, KOTOPAsi MOKET CII0COOCTBOBATE 06pasoBanmio sp- C-C y3II0B.

Kpome 31010, 0J10BO CO37a€T NOMOMHUTEIBHYIO JOKAIU3ALUIO Pa3pelICHHbIX COCTOSIHUM Y
MIOTOJIKA BaJICHTHON 30HBI - IPUMECHBIN LIEHTP, KOTOPBIM MOXET ObITh MPUYUHON YBEIHUEHUS YHC-
J1a U3y4aTeNIbHbIX MEePeXo0B. YBelndeHue KoHueHtpauuu Sn Oosee 3,0 at.% npuBOAUT K BO3-
MO>XKHOMY UYHMCIIy T€PMAJIU30BaHHBIX MEPEX0J0B, 32 CUET YIIMPEHUS SHEPreTUYEeCKOil MOJIOCH! CO-
CTOSTHUM HUXke ypoBHA DepMu, UTO yMEHBIIAECT BEIIMUNHY Ipy.

Wtak, Ha OCHOBaHMM OIPAHUYEHHOI'O YKCJIAa BO3MOXKHBIX HCCIIEIOBAHUI, Mbl MPEATIOKUIN
IIpeIBAPUTENILHO CBOE BHUJIEHUE Ha Tpolecc poTomomuHecennu B a-C:H<Sny> niienkax.

3akiro4eHue

B pabote paccmotpen mpouecc doromomunecuennnu B a-C:H<Sn,>menkax. BreisBieno
BJISIHME KOHIIEHTPALUX 0JIOBA HA MHTEHCUBHOCTH PJI. [0 n3MeHeHNI0 3Ha4eHUI [UPUHBI 3ampe-
IIEHHON 30HBI B 3aBUCHUMOCTH OT KOHIIEHTPAIMH 0JIOBA OIPEJEICHO, YTO HAHOYACTHULIBI Sh B 3aBU-
CHMOCTH OT KOHIIHTPALHH ¥ Pa3MepOB BIHSIOT Ha (POPMHPOBAHKE SP° M SP° Y3II0B MATPHUIIBI, H3-
MEHSI UX COOTHOILIEHUE U TEM CaMbIM JIONOJHUTENBHO BIIMSAS Ha MPOIECC U3ITydaTeIbHON pEeKOM-
OMHaIuu.

Pabora BbnosiHEHAa B paMkax I'paHToBoro ¢uHancupoBaHus 3219/'® komwurera Hayku
MOH PK.

bubauorpapuyeckuii cimcoxk
1. BeemanD., Silvermanl]., LyndsR., AndersonM.R. Modelingstudiesofamorphousa-
C:H<Sn,>menkaxcarbon//Phys.Rev. B. — 1984. — Vol.30. — Ne2. — P.870-875.
2. Robertson J., O'Reilly E.P. Electronic and atomic structure of amorphous carbon//Phys.Rev. B. — 1987. — Vol.35. —
Ne6. — P.2946-2957.
3. Fink J., Muller-Heinzerling T., Pfluger J., Bubenzer A., Koidl P., Crecelius G. Structure and bonding of hydrocar-
bon plasma generated carbon films: an electron energy loss study//Solid St.Commun.. — 1983. — Vol.47. — Ne.9. —
P.687-691.
4. Wesner D., Krummacher S., Carr R., Sham T.K., Strongin M., Eberhardt W., Weng S.L., Williams G., Howells M.,
Kampas F., Heald S., Smith F.W. Synchrotron-radiation studies of the transition of hydrogenated amorphous carbon to
graphitic carbon//Phys.Rev. B.— 1983. — Vol.28. — Ne4. — P.2152-2156.
5. Ryaguzov A.P., Yermekov G.A., Nurmamytov T.E., Nemkayeva R.R., Guseinov N.R., Aliaskarov R.K. Visible
Raman spectroscopy of carbon films synthesized by ion-plasma sputtering of graphite//J. Mater. Res. -2016. —V.31. —Ne
1. -P.127-136.
6. Robertson J.Electronic processes in hydrogenated amorphous carbon//J. of Non-Cryst. Solids. — 1996. — Vol.198 -
200.— P.615-618.
7. Ryaguzov A.P., Nemkayeva R.R., Alpysbaeva B.E., Aliaskarov R.K. Amorphous hydro-genated carbon films. Syn-
thesis, structure and properties//J.Phys.:Conf.Ser.. —2016. — Vol.751. — P.012027(1-5).
8. DemichelisF., SchreiterS., TagliaferroA. Photoluminescence in a-C:H films//Phys.Rev. B. — 1995. — Vol.51. — Ne4.
—P.2143-2147.
9. Li Z.F., Yang Z.Y., Xiao R.F.Visible photoluminescence from hydrogenated amorphous carbon films prepared by
pulsed laser ablation of polymethyl methacrylate (PMMA)//Appl. Phys. A — 1996. — Vol.63.— P.243-246.

185



10. MarchonB., Guil., GrannenK., RauchG.C. Photoluminescence and Raman spectroscopy in hydrogenated carbon
films//Transactions on magnetics. — 1997. — Vol.33.- Ne5. — P.3148-3150.

11.Xu J.,, Li W., Ma T., Li Z., Li W., Chen K. Novel photoluminescence from hydrogenated amorphous carbon films
prepared by using xylene source//J. Mater. Res.— 2001. — Vol.16.-Ne2.— P.325-328.

YK 538.97;539.23;539.216.1; TPHTU 29.19.22; 29.19.16
BJIMSAHUE MATEPHUAJIA TIOJAJIOKKHN HA ®OPMUPOBAHUE CTPYKTYPbI
A-C:H<SNx> IIVIEHOKIIPHU PA3HBIX DOHEPIT'ETHYECKUX YCJIIOBUAX

CHUHTE3A

A.IL Psary3os*, P.P. HemkaeBa*, b.E.AnnbicoaeBa**, H.P. I'yceiinoB*, JI.M. MambipbaeBa*
*- «Hayuonanohas HaHOMEXHOI02UYeCKAsl 1aOOPAmMopUsi OMKPbIMO20 MUnay
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Annomayus. PaccMOTpeH BONPOC BIHMSHUS MOUIOKKH HA ()OPMUPOBAHUE CTPYKTYPHI aMOP(HBIX
THJPOT€HU3UPOBAHHBIX YIIIEPOJHBIX TIEHOK MOAU(MHUIIMPOBAHHBIX HAHOUACTUI[AMU OJI0Ba. MeTto-
JIOM aTOMHO-CHJIOBOW MUKpockornuu (ACM) HarJsiHO MOKa3aHOo OTIMYHE MOP(OIOTHH CTPYKTY-
poI oBepxHocTH a-C:H<Sn,> mieHok cHHTe3upOoBaHHBIX Ha KpeMHuepoi (100) u KBapieBoi mo-
BEPXHOCTSIX.METOIOM paMaHOBCKOW CIIEKTPOCKOINUH BBISIBJIEHO CYLIECTBEHHOE OTJIMYHE B JIO-
KaJbHOW aTOMHOHM CTPYKType JaHHBIX IUIEHOK. [loka3aHO CyIIEeCTBEHHOE BIIMSHHE SHEpreTHde-
CKUX IIapaMeTpOB CHHTE3a Ha JIOKaJIbHYI0 CTpyKTypy a-C:H<Sn,> mieHok B 3aBHCHUMOCTH OT
ATOMHOW CTPYKTYPBI MOJTOKKH.

Kniouesvie crosa. AMOpQHBIH THUAPOr€HU3MPOBAHHBIA YIIIEpO], HAHOYACTHIA, pPaMaHOBCKas
CHEKTPOCKOIHSI, AaTOMHO-CHIIOBast MUKPOCKOITHSL.

THE EFFECT OF THE SUBSTRATE MATERIAL ON THE STRUCTURE OF A-

C:H <SNx> FILMS AT DIFFERENT ENERGETIC SYNTHESIS CONDITIONS

A.P. Ryaguzov*, R.R. Nemkayeva*, B.E.Alpysbayeva**, N.R. Guseinov*, D.M. Mamyrbayeva*
*-"National Nanotechnological Laboratory Open Type"
**_Nanotechnological laboratory of engineering profile

Al-FarabiKazNU, Republic of Kazakhstan, Almaty, ryaguzov_a@mail.ru

Annotation. The question of the influence of the substrate on the formation of the structure of
amorphous hydrogenated carbon films modifiedby tin nanoparticles is considered. Using atomic
force microscopy (AFM) it is clearly shown the difference between the surface structure morphol-
ogy of a-C:H<Sn,> films synthesized on a silicon (100) and quartz surfaces. Studies of the local
atomic structure by Raman spectroscopy revealed a significant difference in the atomic structure of
obtained films. A significant effect of energy synthesis parameters on the local structure of a-C: H
<Sn,> films depending on the atomic structure of the substrate is shown.

Keywords. Hydrogenated amorphous carbon, nanoparticles, Raman spectroscopy, Atomic Force
Microscopy.

1. BBenenue

B co3nanuu onpeneneHHbIX CTPYKTYpP B TOHKOIIJICHOYHOW HAHOAJIEKTPOHUKE HEMAJIOBAKHO
3HAHME B3aMMOJEHMCTBUS MOBEPXHOCTU MOJUIOKKHU € pacTyilel mieHKkoid. CocTosHuE MOBEPXHOCTH
MOJIOKKH, aMop(dHas WM KpUCTaNIMYecKas, MOXET CYIIECTBEHHO BIMATH Ha (OPMUPOBAHHE
aTOMHOM CTPYKTYpHI IUIeHKU. B pabote [1] Obulo moka3zaHo, YTO OCHOBHBIM BHIOM B3aUMOJEHCT-
BUSI MEX]ly alaTOMOM ¥ aTOMHOM CTPYKTYpOI MOBEPXHOCTHU MOJJIOKKH SBIISETCS JIEKTpOCTaTHye-
cKoe B3aumojeiicTBue. biarogaps OTIIMYMIO B AWIIOJIBHOM B3aUMOJICHCTBUU W U3MEHEHHIO CHUII
Ban-nep-Baanbca B 3aBUCUMOCTH OT CTPYKTYPbI IIOBEPXHOCTH U COCTABJISIONINX €€ KOMIOHEHTOB,
(dbopMHUpOBaHKHE aTOMHOMN CTPYKTYpPHI IIJICHKU MOKET UATH Mo-pazHoMy. Kpome 3Toro, ocodyro posb
B (POPMUPOBAHUU CTPYKTYPBl UIPAET SHEPrUsi KOHAECHCUPYEMBIX aTOMOB. [Ipu omnpeneneHHbIX yc-
JIOBUSIX MOJKET MPOMCXOJUTh MUMIUIAHTALUS U NPEIUMIUIAHTALUs B CTPYKTYPY IMOJUIOKKH, YTO U
MPUBOJUT K OIpPENEICHHOMY MEPEMEIINBAHUIO aTOMOB W HM3MEHEHHUIO IPUPOJbl CTPYKTYpPHO-
(ha3oBoOro cocrosiHusI KOHACHCUPYeMOTO BemiecTBa [2]. Ha dopmupoBanme kKprucTauimuecKiux HaHO
CJIOEB CYILIECTBEHHO BJIMSET SHEPreTUUYECKOE COCTOSHUE MEX(a3HOU rpaHUIIbI CUCTEMbI — UHTEP-
¢eiica [3]. OTO CBA3aHO C OTIMYMSIMU B HANPSHKEHUSIX aTOMHOM CTPYKTYPhI MOJJIOKKH U aTOMHOMN
CTPYKTYpPBI pacTylllell MIEHKHU. YTIpyrue MOIyIu UHTepdeiica u MNOoUI0KKH, KaK MpaBuiIo, OTJINYa-
FOTCA.
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B paGote [4] paccMOTpeH BOTIPOC OCaXIACHUS IUICHOK Ha pa3judHbIC MPOBOAIINE, MOJTY-
MIPOBOJISIINE U IUAIEKTPUUYECKHE TTOBEPXHOCTU. BbI10 MoKa3aHo, 4To CTENeHb BIMSHUS MaTepuaia
MOJJIOKKH Ha (pa3000pa30BaHUE CUHTE3UPYEMBIX IJIEHOK 3aBUCUT OT METOJA CHHTE3a, T.€. dHepre-
TUYECKOTO COCTOSIHMSI KOHJEHCHUPYEMbIX aTOMOB U MOJIEKYI. Takyke pacCMOTpPEH BOIPOC BIUSHUS
MOJJIOKKH B IPOLIECCE MArHeTPOHHOTO PACIbUICHUS, NPU KOTOPOM SHEPrus KOHACHCHUPYEMBIX
aTOMOB CYILECTBEHHO pPa3jInyaercs. ITO MPUBOJUT K PA3JIMUMIO SHEPIUU CBS3HM alaTOMOB C MOJ-
JIO’)KKOU U 00pa30BaHus ONPEJEIEHHBIX CTPYKTYP, UTO OOYCIOBJIEHO Pa3IMuyHON KMHETHKOM, MeXa-
HU3MOM POCTa U UX TUCHEPCHOCTHIO.

ABTODSI [5] mpoBeNn UCCIeI0BaHUE IO BBISIBICHUIO YCIOBUM CUHTE3a KOMIIO3UTHOTO Marte-
puaina U3 yIbTPaHAaHOKPUCTAIUTMYECKOTO ajiMa3a B aMopdHOM yriepoae Ha nouioxkky WC-Co me-
TOJOM KOAKCHaJIbHOTO JyrOBOTO IJIA3MEHHOTO ocaxaeHus. OHU MOKa3ajau, YTO TOJbKO MPU KOM-
HAaTHOW TemmepaType BO3MOXHO Ha noioxxkke WC-Co 3apokJeHHe HaHOaaMa30B, yBEJIUYEHUE
TEeMIIepaTypbl IPUBOJUT K ONpPEJEICHHON akTuBauuu aToMoB Co, YCUJICHHIO UX KaTAIUTUYECKUX
CBOMCTB, KOTOPBIE CITIOCOOCTBYIOT 3apOKICHUIO IPAPUTOTION0OHBIX KIACTEPOB.

I. Ahmad u np. [6] ucciienoBany BIWSHAE OTPUIIATEIIHFHOTO HANIPSHKEHUE CMEIICHUS Ha TO/1-
noxkax (u3 Si, Al u Cr) B mpouecce pocta mieHok amopduoro yriepona (a-C) MeTog0M HOHHO-
IJIa3MEHHOTO0 MAarHeTpOHHOTO pacnbuleHHs. OHM HCCIeI0BaIl KOH(DUIYpaLUI0 XUMHUYECKUX CBS-
3eit a-C IJIEHOK CHEeKTPOCKONHUEN MaloyIrJIOBOIO PEHTT€HOBCKOTO MOTJIONIEHUSI TOHKOM CTPYKTYpHI
(NEXAFS). ITokazanu, 4T0 B 3aBUCUMOCTH OT HANpPSKEHUS CMEIICHUS Ha TIOJJIOKKE U3MEHSIETCS
MEXaHU3M pocTa u npu HanpsbkeHusx 6osee 100 B dopmupoBanue CTpyKTypsl TPOUCXOIUT B OC-
HOBHOM H3 SP° Y3/I0B. Y MEHBIICHHE HAMPSDKCHAS CMEIICHHS IPUBOIUT K POCTY SP° THOPHIN3HPO-
BaHHbIX cBsa3eil. [Ipu 3ToM Ha mojuioxkkax u3 Al u Cr orpunaTesibHOe HaNpsKEHUE CMELICHUS He
CYLIECTBEHHO BIIUSIET Ha U3MEHEHUE CTPYKTYphl a-C 1uieHok. Panee HamMu Toke ObLIM MTPOBEIEHBI
UCCIIEIOBAHUS BIMSHUSI aTOMHOU CTPYKTYpPHBI MOJI0KKU Ha popmupoBanue a-C miaeHok [7].

B npeacraBnenHoi paboTe UCCIeIOBaHO BIMSHUE aTOMHOW CTPYKTYPBI MOIJIOKKHU Ha (op-
MupoBaHue cTpyKTypbl a-C:H<Sn,> mieHok B 3aBUCHMOCTH OT ee Temmnepatypsl (Tgp) U yaenbHOM
MOIIHOCTH (P;) MOHHO-TIJIA3MEHHOTO pa3psja MarHETPOHHOI'O PACMbUICHUSI HAa MOCTOSIHHOM TOKE.
N3menenue crpykrypsl a-C:H<Sn,> mieHOK M3yd4eHO METOJIaMU aTOMHO-CHIJIOBOM MHKPOCKOTIHUH
(ACM) u komOunanmonnoro paccesinus cseta (KPC).

2. TexHoJI0TUsI CHHTE32 H MCCJIeI0BAHUE CTPYKTYPBbI

CuHHTEe3 IUIEHOK OCYLIECTBIISUICS HMOHHO-IJIA3MEHHBIM MAarHeTPOHHBIM CO-paclbUICHUEM
KOMOMHUPOBAHHOM MuIlleHU (U3 rpaduTa U yacTUyek 0sioBa) Ha nocrosiHHoM Toke (DC) B atmo-
cdepe cmecu razoB 92Ar/4CH4/4H,. YuctoTa KakJ10ro KOMIIOHEHTa CMECH ra3oB M IpaduToBOM
MHUIIeHH cocTaBisuia 99,999 ar.%, onoa 99,98 ar.%. TemnepaTypa MOAJIOKKHU MOACPKABAIACH C
touHoCThIO £1,5°C. JInst mosrydeHus cTabmiIbHOM yACIbHOM MOIIHOCTH TIJIa3MEHHOTO paspsiaa, T.e.
TOK pa3psiia ¥ MaJeHUe HaIpsHKeHMs], PeryJupoBalid MHAYKIUIO MarHUTHOTO MOJII MarHeTpoHa.
JlaBiieHME CMeCH ra3oB, U CPEAHSA CKOPOCTh pocTa IieHOK coctasisio 0,7 I1a u 0,2 A/c, cootBer-
cTBeHHO. O0pa3ibl NPUrOTAaBIMBAINCH HA KBApLIEBOM M KPEMHHUEBOM IUIACTUHAX OJHOBPEMEHHO B
OJINHAKOBBIX YCIOBUSIX.

CunTesupyeMbie aMopdHbIe yriaepoansie mieHKH npu Tqw<50°C umenn ypenpHOE COTpPO-
tuserne ~10'" OM-cM, 9TO PHBONIO HAKOILICHHIO CTATHYECKOTO 3apsija, KOTOPBIA BHOCHI Cy-
IIECTBEHHbIE U3MEHEHHUS B MPOBEACHUN CKAHUPOBAHUS METOJOM IMOJTYKOHTAKTHOM MUKpPOCKOIIHMH.
[ToaTOoMy pe3ynbTaThl aTOMHO-CHUIJIOBOM MUKPOCKOIHMHU MOJIYYEHbI C UCIOIb30BAHUEM METOJIa MO-
nynsiuu cuibl Ha yctaHoBke NTegra Therma (HT-MT, Poccust). 3oHab1 uMenu paguyc 3akpyr-
JIEHUSI, COTJIacHO nacroprty, 10 HM.

Metonom KPC uccnenoBanu usmeHeHre ruOpuan3aliy cBsi3ell B CTPYKType B 3aBUCUMOCTH
oT ycioBuil cuHTe3a Ha yctaHoBke NTegra Spectra (HT-MUT, Poccust). PamanoBckue criekTpsl
MOJTyJaJId C MCIOJIb30BaHUEM JIa3epa Ha JUTMHE BOJHBI 473 HM M MOIIHOCTHIO u3inydeHus 1,5 MBT.
Bo u3bexxanue BO3EHCTBUS JIa3€pHOTO M3IyYeHUS HAa aTOMHYIO CTpykTypy a-C:H<Sn,> mienox
n3mepenusi KPC npoBoauianch B IBUKEHUH CO CKOPOCThIO 10 MKM/C.

KoHueHTpauus 010Ba BO BCEX CUHTE3UPYEMbIX aMOP(HBIX IJICHKAX U3MEHSUIACh B Mpee-
nax £0,2 ar.% oxono <Xg,> cpeaHero 3HaueHus 1,5 at.% wu ompenensyiack METOJIOM SHEProJInC-
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MIEPCUOHHOI0 PeHTreHoBckoro Mukpoananusa (EDS). TounocTs onpeneneHusi KOHIEHTPALUU Me-
TonoM EDS cocrasisna +£0,01 at.%.

3. Pe3yabTaThl HCC/IeJ0BAHUH M UX 00CYXKIeHHe

[IpoBenennbie uccnenoBanus mopdosoruun nosepxHoctu a-C:H<Sn,> miieHok aTomHO-
CHJIOBOI MUKpOCKONHEeN noka3ansl Ha puc.l. [lpusenensl pesynbrarel ACM noBepxHOCTH € 0601b-
IIMM COJIEp)KaHMEM OJIOBa B YIJIEPOJHBIX IUIEHKaX, YTOOBI MOKa3aTh, YTO (pOpMa HAHOKIACTEPOB
0JI0Ba ceprueckasi ¢ MaKCUMaJIbHBIMU pa3MepaMu MPHU JTaHHOHM KoHIeHTpanuu 10 60 M. CpaBHe-
HUE JIByX PUCYHKOB a) U 0) HarJsiJHO MOKa3bIBAET, YTO CTPYKTYPHI INIEHOK MIPH OJJUHAKOBBIX yCJIO-
BUSIX cMHTe3a oTianyarorca. Ha puc.1(a) miuenka Ha amopdHOI MOBEPXHOCTHU KBAPLEBOM MIACTHUHBI
dbopmupyetcsi B Buse riaodyn. Cpasy OTMETHUM, UTO BJIMSHHE OJIOBA Ha MOP(OJIOTHIO aMOP(HOM
TUIPOTE€HU3NPOBAHHOM YIIepoAHON IUIEHKU OTCyTCTBYeT. PaHee B pabote [8] Hamu Obuin mpen-
ctaBieHbl ACM u3o6paxenus a-C:H nineHok, CHHTE€3UpPOBaHHBIX NPU Pa3HBIX YCIOBUSX, II€ MOKa-
3aHO, YTO Ha AMIJIEKTPUYECKON MOBEPXHOCTU C aMOp(HOU CTPYKTypoil (hopMUpOBaHUE IIIEHKU
MIPOUCXOUT KJIaCTEpPaMH.

&

20
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nm
um
nm

o

o

0 0.5 1,0 1.5 2,0 0035 10 15 20 235 30 3540
um um

a) [Tomnoxka - KBapIq 0) [Mommoxka — Si(100)

Puc.1.ITonyxonTtaktHass ACM nosepxHoctr a-C:H miueHok MoqudUIMpoBaHHBIX HAHOKJIACTEPAMH SN ¢ KOHIIEHTPAIIH-
N o 2
eit 2,82 aT.% CHHTEe3UPOBAaHHBIX MIPH YACIBLHON MOIIHOCTU IUIa3MEHHOr0 paspsaa 2,5 BT/cM” Ha OCTOSIHHOM TOKE U
TemnepaType nomaoxku 50°C

OTO CBSA3aHO C CYHIECTBEHHBIM Pa3jM4UEM 3JIEKTPOCTATHUECKOI0 B3aUMOJCHCTBHUS HEYIO-
PAIOYEHHOW aTOMHOM CTPYKTYphl MOBEPXHOCTH CTEKJa C aToMaMH Yrjiepoja, 4TO MPUBOJIUT K
(bopMHUPOBaHUIO YTIIEPOJHBIX KJIAaCTEPOB B Buae chepsl — rinodynbl. Tak kak pasmepsl riolyn me-
Hee 100 HM, TO Takue CTPYKTYPBI OTHOCATCS K BBICOKOUCIIEPCHBIM CHCTEMaM.

B To e BpeMms HaOI0gaeM COBEPLIEHHO APYryI0 MHUKPOCKOMUYECKYIO KapTHHY ITOBEPXHO-
ctu a-C:H<Sny> mieHOK, CHHTE3UPOBAHHBIX HA KPUCTAJUTMYECKON KpEeMHHEBOM miactune (puc.10).
CBeTiible TOUKH — HAHOYACTHIIBI 0JI0Ba. B 11e51om, ruiporeHu3upoBanHas yriepoaHas MaTpula of-
HOpPOAHA 10 MOP(OJIOTUN CTPYKTYpbl. OTCyTCTBHE 100y CBSI3aHO C OTCYTCTBUEM HM30MpaTeNbHO-
ro HallpaBJICHUs POCTa CTPYKTYpPHI IUIEHKU. PaBHOMEpHOE pacmperesieHue 3JIEKTPOCTaTUYECKOTO
MOTEHIIMAJIa AaTOMHOM CTPYKTYphI IO KPUCTAJIIMYECKON MOBEPXHOCTH KPEMHHEBOMN IJIACTUHBI MPH-
BOJUT K HauOoJiee paBHOMEPHOMY pacIpeAesieHUI0 (OPMUPOBAHUS CTPYKTYPbl MaTPUIIbl YTIEPO-
HBIX IJICHOK.

HanouacTuiel 070Ba CyIIECTBEHHOIO BIUSHUS Ha MOP(OIOTHIO CTPYKTYpBI YIJIEPOIHOMN
IUICHKH HE OKa3bIBAIOT IO IMPUYMHE OTCYTCTBUS 00pa30BaHUs XMMHUYECKOM CBSI3U C aTOMaMH yriie-
pona. EnvHCTBEHHOE Ha YTO MOTYT BIIMSATh HAHOYACTHIIBI 0JIOBA, TaK 3TO Ha (OPMHUPOBAHUE CTPYK-
TYpbl OJIMKHETO U CPEHEro MOpsAJKa YIIepoJHOW MaTpHUllbl. Takoe BIUSHUE MOXKET IepeaaBaThCs
4yepe3 JUIOJIbHOE B3aMMOJIEHCTBHE CTPYKTYPbl HAaHOYACTHUIIBI OJIOBA HA CTPYKTYPY YIJIEPOIHOMU
MaTpPHIIBL.

Jliia Gosiee 1eTanbHOTO BBISBICHUS BIUSHUS MOJJI0KKH HA (JOpMUpPOBaHHE aTOMHOM CTPYyK-
Typbl a-C:H<Sn,> niieHOKk ObUIM MPOBEAEHBI UCCIEAOBaHUsI KOMOWHAIIMOHHOTO pacCcesiHUsl CBETa.
Ha puc.2 npencrasnens criektpbel KPC B a-C:H<Sn,> miieHKax CHHTE3UPOBAHHBIX MPU TPEX pas-
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Tu4YHBIX Temrepatypax. Kak u3zsectno [9, 10], PamaHoBckHe CHEKTpBI YIIIEPOAHBIX CTPYKTYp Xa-
PaKTEpU3YIOTCS ABYMsI OCHOBHBIMH JIMHUSIMHU U3JTyY€HHUs, KOTOPhIE OTHOCATCS K MHTEpBAJIaM dac-
tor 1500 — 1600 cm™ ' 1340-1450 cm™', u 0Gosnauarorest G u D muku cootBercTBeHHO. losBie-
Hue G muKa BBI3BAHO KoJieOaHUsIMU pacTsokeHus u cxatus C-C sp2 TUOPUIM3UPOBAHHBIX Y3JIOB,
[I03TOMY €ro MOSIBJICHUE XapaKTEePHO I HIMPOKO CHEKTPa Pa3IMYHBbIX MOJIU(PUKALUNA CTPYKTYpHI
yraepona. [losBnenue D nuka cBs3pIBalOT ¢ Koje0aTeIbHOM MOJION KOJIEIl U3 aTOMOB YIJIepo/ia, HO
MIPU YCJIOBUHU CYIIECTBOBAHUS Y TAKON CTPYKTYPHI XOTSI ObI MUHUMYM JIBYX CTETICHEH CBOOOIBI.
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Puc.2 Crnextpsl KPC B a-C:H<Sn,> ruieHkax cuHTe3u-
POBaHHBIX IIPH TPEX TEMIIepaTypax NomIokku: a) S0°C,

6) 150°C u B) 250°C

Tonbko B 3TOM cCilydae BO3MOKHO BO3HUKHOBE-
HHE JIbIXaTeIIbHOM MOJbI. B BBICOKO OPHEHTHPO-
BAaHHOM THUPOJUTHYECKOM Tpadute, HAaHOTPYyOKe
wiu B rpadene nuk D orcyrcrByer. Takum oOpa-
30M, MOJXHO CKa3aTh, 4TO MUK D mposBisercs
TOJIBKO B aTOMHOW CTPYKType COJepkKauen mie-
(eKTHI.

B nuponutnyeckom rpapute G nuk npu-
HuMaeT 3HaueHne 1580 cm”. B nedeKTHOM Tpa-
dure mux D mosBuseTcs Ha wactote 1350 cm.
[Iuk anvasa Haxogures Ha nuHEE 1330 cm™. B
pabote [10] ormedeHo, uto cmemenne G B HU3-
KOYacTOTHYIO 00JacTb TOBOPUT 00 YBEIMYEHUU
Sp° THOPHIM3UPOBAHHEIX CBSI3CH.

N3 puc.2 BUAHO, YTO yBEJIIMYEHUE TEMIIE-
paTyphl MOJUIOKKH MPUBOAUT K yBeIWdeHUto D
nuka U cMmemeHnio G MuKa B BHICOKOYACTOTHYIO
obnactb. Kpome storo, HabnrogaeM yBelnyeHHE
HakjoHa KpuBod KPC B BbICOKOYACTOTHOH 00-
nactu. [losiBjeHHe HaKJIOHA CBA3aHO C (POTOIIO-
munecueniueit (®JI). Kpome storo u3 pwuc.2
BHUIHO, uT0 KpuBasg KPC oT mieHnku Ha KpeMHHe-
BoM momiokke Beime KpuBod KPC ot mienku,
CHHTE3UPOBAHHON Ha KBapLEBOW MOMJIOXKKE, HeE-
3aBHCHUMO OT MX TemIiiepaTypsl. [Ipu stom, oTiu-
yue B nHTeHCUBHOCTH DJI B nBa paza. C yBenu-
yeHueM temneparypsl cuaTeza @JI ymenbiaercs
Ha oJWHaKoByl0 BenuuuHy. [losBnenune nuka D
Ha puc.2 (6, B) ToBOpUT 00 rpapuTH3aLUU CTPYK-
TYpbl IUIEHKU U 3TO MOJATBepkaaeT cmelienue G
[IMKa B BBICOKOYACTOTHYIO 00jacTh. T.e. MOXKHO
3aKJIIOYUTh, YTO B OCHOBE (POPMUPOBAHUS CTPYK-
TYpbl TUICHKH JISKUT TEMIIepaTypa CHUHTE3a, HO
oTinuune B crnekrpax @JI mo MHTEHCUBHOCTH TO-
BOPDHUT, YTO aTOMHAas CTPYKTypa TMOBEPXHOCTH
MOJUIOXKKH BJIMSIET Ha (OPMHPOBAHHE TOHKOU
CTPYKTYpPBI — OJIMDKHETO U CpeHero nopsaka. 1 B
3TOM OIPENEICHHYIO POJb UTPAET TUCIIEPCHOCTH
— 11100y PHOCTD CTPYKTYPHI IIEHKH.

Bo3MmorxHO, omnpeneneHnpid BKIag B Gop-
MHUPOBAHUE TOHKOW CTPYKTYphl OKa3bIBAIOT Ha-

HOYACTHUIBI OJIoBa. He yuuThiBaTh MX BiusHHE ObUTO OBl ommO04yHO. OJOBO MOXET (HOpMHUPO-

BIIUATH Ha (POTOTIOMHUHECIICHITHIO.

BaTbcs B 0-Sn U -Sn MoaudUKAIIMKM CTPYKTYPHI B 3aBUCUMOCTH OT YCJIOBHM CHHTE3a U TaKKe BHO-
CUTh CBOW BKJaJ B (opMUpOBaHHE aTOMHOM cTpykTyphl a-C:H<Sn,> mieHok u, Kak cieacTBue,
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Intensity, arb.unit

Intensity, arb.unit

Intensity, arb.unit

Jpyroii HEeMaJIOBaXHOM YHEPreTUUECKON XapaKTEPUCTUKOM, BIUAIOIIEH HA IPOLECC CHHTE-
3a IUICHOK, SIBJISIETCS yJelibHasg MOIIHOCTh HOHHO-IJIA3MEHHOTO pa3psja. ¥YAeabHas MOLIHOCTb OT-
HOCHUTCSI K KMHETHYECKUM XapaKTEPUCTHKAM U OT €€ BEJIMYMHBI CYIIECTBEHHO 3aBUCUT IHEPIUs
KOHJICHCUPYEMbIX aTOMOB. ATOMHO-CHJIOBas MUKPOCKONHMSI IOBEPXHOCTU CHHTE3UPOBAHHBIX a-
C:H<Sn,> nneHok ot P; nokasana, 4To MOp(0JIOTHs IJIEHOK BBIPALICHHBIX HAa CTEKJISHHBIX MOJ-
JIO’KKaX TaKKe XapakTepusyercs rioOymsapHoi cTpykrypoil. C poctom P, paspsiaa pasmep o0y
YBEJIMYUBAETCS, U YBEIMUMBAETCSA UX arjoMepanus. OTo B CBOIO ouepe/ib BiIuseT Ha GpopMupoBa-
HUe OJIMKHETO U CPEIHETO MOPsJIKa AaTOMHOM CTPYKTYPBHI.
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Puc.3 Cnextpst KPC B a-C:H<Sn,> mieHkax cMHTE3U-
POBaHHBIX MPHU TpeX YAeTbHBIX MoltHOoCcTAX DC paspsi-

na: a) 2,0Br/eM?, 6) 2,5 Br/em® 1 B) 3,0 Br/em?

Ha puc.3 moka3aHo HacKOJIbKO CYIIECT-
BEHHO BIIMAET yaenbHas MouqHocTh DC paspsiga
Ha JIOKaJbHYIO CTpyKTypy a-C:H<Sn,> mienoxk.
Kak nmpu m3meHeHuH TemrmepaTypbl CUHTE3a, Tak
1 u3MeHeHun P, paspsana HaOiogaeM moa00HY0
KapTUHy B pacnosioxkenuun cnekrpos KPC ot
IUIEHOK, CHUHTE3UPOBAHHBIX HA PA3HbIX IMOIJIOXK-
kax. OOpamaer Ha ce0s BHUMaHUE MHTEPECHBIN
¢dakT, ¢ yBenuueHueM ynenbHo momHocTH DC
paspsaa G NUK CMEIaeTcs B HU3KOYACTOTHYIO
obnacte. IIpu P;=3,0 Br/cm® nonoxkenus G -
koB B cnekTpax KPC oT mieHOK CHHTE3WpOBaH-
HbIX Ha pa3HbIX MOJJOXKKAX BBIPABHUBAIOTCA U
npuHAMaloT 3Hadenne 1550 cm™. Takoe mosoxe-
Hue G nHuKa NPUIUCHIBAIOT AJIMa30M0A00HON
crpyktype [10]. Haxiion ®JI B muieHkax ¢ yBenu-
4yeHHeM P; Ha KBaplLEBbIX MOJIOKKAX YMEHbIIA-
ercss KpatHo 2. B Toxxe BpeMs Ha KpPEeMHHUEBOU
mwiactuie OJI npu P~ 2,5 Br/em® u P/=3,0
BT/cM” MPAKTHYECKH HE M3MEHHIIACh. JTO MOXKET
OBITh CBSI3aHO C BO3PAaCTaHMEM CKOPOCTH paszio-
KEHUSI MOJIEKYJl METaHa B IJIa3Me paspsija U ycu-
JIEHUEM JOTIOJTHUTEIBHOIO MEXaHU3Ma CTPYKTY-
pooOpa3oBaHMsl B IMpOLIECCE CHUHTE3a IUIEHKHU.
CyiiecTBeHHOE OT/IMUME B MOPQOJOTUU CTPYK-
TYphbI IUIEHOK Ha Pa3HbIX MOJUI0KKAX MO-Pa3HOMY
BIIKsArOT HAa DJL.

C apyroii cropomsl, mpu P;/=3,0 Br/cm’
MOXKET MPOUCXOJUTH (OPMHUPOBAHHUE TOJIBKO OI-
peneneHHol MOAU(pUKAUU CTPYKTYphl 0J0Ba Ha
Pa3HbIX MOJIOKKAX U 3TUM BIUATH Ha DJI.

3aki0ueHue

B nanHO#l paboTe HariIsiIHO MOKa3aHO
BIIMSIHUE MaTepuaga U aTOMHOM CTPYKTYpbI MOJ-
JIO)KKH Ha (GOPMHUpPOBAHUE CTPYKTYpPhl aMOp(HOM
TUAPOr€HU3UPOBAHHON YIJIEPOJHOM IINIEHKH MO-
TU(PUIMPOBAHHON HaHouYacTUIaMu oJioBa. Jlu-
JJIEKTpUYecKasl MOJJIOXKKAa C HEyNopsA0YeHHOU
aTOMHOM CTPYKTYpO#l (OopMHUpPYET BBICOKOAUC-
NepCHbIE TI00YISPHBIE YIIIEPOAHbIE MIEHKU, B TO
Ke BpeMsl MOJYHPOBOJSIIME IMOJJIOXKKH C KpHU-

CTAJUTMYECKON CTPYKTYpol (pOopMHUpPYIOT OJHOpOIHBIE MO Mopdojoruu cTpykrypsl a-C:H<Sn,>
wieHoK. KpoMe 3Toro, noka3aHo CyleCTBEHHOE OTJIIMYME (POTOJFOMUHECLIEHIUH TUIEHOK, CHHTE3H-
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poBanHbix Ha Si(100) u Si10, noanoxkax. OTKyna MOXHO cJieJ1aTh BbIBOJ O BJIMSHUU MaTepuasa
MOJIOKKH Ha (GOpMUPOBaHHE TOHKOW CTPYKTYpPbl CUHTE3UPYEMbIX IJIEHOK.

Pabora BbInosiHEeHa B paMkax IpaHToBoro ¢uHancupoBaHus 3219/'® komwurera Hayku
MOH PK.
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BJIMSAHUE HAHOYACTUL OJIOBA HA CTPYKTYPY AMOP®HBIX

I'MAPOI'EHU3NPOBAHHBIX YIVIEPOAHBIX ITVIEHOK

A.IL Psry3osB, P.P. HemkaeBa, H.P. I'yceiinos, JI.M. Mamsbip6aeBa
«HayuonanvHas HAaHOMEXHOI02UHECKast 1AO0pamopus OMKPLIMOo20 MUna»

KazHY um. Ano-®@apabu, Pecnybnuxa Kaszaxcman, Armamel, ryaguzov_a@mail.ru
Annomayus. B ctatbe o0cyxmaercs cTpykrypa mieHok a-C:H<Sn,>, CHHTe3UpOBaHHBIX METOIOM
MarHeTpOHHOI'O CO-pacIbUIEHUss KOMOWHUPOBaHHOW MuIeHH Ha roctossHHOM Toke (DC). Ilpen-
CTaBJIeHa BO3MOXXHOCTh CHHTE3a W30JIMPOBAHHBIX HAHOYACTHI] OJIOBA B ajIMa30MOM00HOI IHIpo-
TeHU3HPOBAaHHOW YriiepoiHoW Mmatpuue. MeronoM komOuHamumonHoro paccestHusi csera (KPC)
MOKAa3aHO BJIMSHUE YaCTHUI] OJIOBA M YCIIOBUHM CHHTe3a Ha cTpykTypy a-C:H<Sn,> mueHok.
Kntouesvie cnosa. MarHeTpoHHOE pacIiblIEHHE, aMa30oM00HbIH yriiepo/, HAHOYACTHIla, paMa-
HOBCKAasl CIEKTPOCKOIIHSI.

EFFECTS OF TIN NANOPARTICLES ON STRUCTURE OF AMORPHOUS

HYDROGENATED CARBON FILMS

A.P. Ryaguzov, R.R. Nemkayeva, N.R. Guseinov, D.M. Mamyrbayeva
"National Nanotechnological Laboratory Open Type"

Al-FarabiKazNU, Republic of Kazakhstan, Almaty, ryaguzov_a@mail.ru
Annotation. The article discusses the structure of a-C:H<Sn,>films synthesized by magnetron co-
sputtering of combined target at direct current (DC). The possibility of synthesis of isolated tin na-
noparticles in a matrix of hydrogenated diamond-like carbon is presented. The influence of tin par-
ticles and the synthesis conditions on the structure of the a-C:H<Sn,> films is shown using method
of Raman scattering (RS).
Keywords. Magnetron sputtering, diamond-like carbon, nanoparticle, Raman spectroscopy.
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1. Beenenue

Pa3nooOpazue yriepoiHbIX CTPYKTYp OINpeAesieTcs MPOCTPAHCTBEHHBIM PAaCIOJIOKEHUEM
THOPHIN3HPOBAHHBIX CBs3eH sp', sp° u sp C-C y310B. POPMUPOBAHIE PASTHUHBIX AIUTOTPOITHBIX
CTPYKTYp YriiepoJa 3aBUCHUT OT yciaoBHil cuHTe3a. lllupokoe pacnpocTpaHeHrue B 00J1aCTH CUHTE3a
IUIEHOK MOJY4YMJI METOJ MarHeTpOHHOro0 MOHHO-IU1a3MeHHoro pacnbuieHus (MUIIP) na nocrosH-
HOM M IepeMeHHOM Toke. Merogom MUIIP BO3MOkKHO B IIMPOKOM MHTEPBAJE PA3JIMYHBIX TEPMO-
JUHAMHYECKUX, KMHETUYECKHMX M T'€OMETPHYECKHX IapaMeTpoB CHUHTE3a MOJy4aTh CTPYKTYpPHO-
Moau(UIMpoBaHHbIE aMop(dHbIe yriaepoaHble MmieHku. Hebombioe oTinune B MPOLEHTHOM COOT-
HOLIECHUH spz/sp3 TUOPUIM3UPOBAHHBIX CBS3EH, Kak ObUIO OTMEUEHO Hamu panee [1, 2], mpuBoauT K
CYLIECTBEHHOMY OTJIMYHUIO CTPYKTYPBI M KaK CIEACTBHE CBOMCTB CHHTE3HpYyeMbIX IieHOK.Kpome
3TOr0, BO3MOXKHO TOJyYEHHE reTepoMOp(HBIX IUIEHOK CO CTPYKTYpOH, cocrosield u3 obiacteit
pasroii Moguduranun. Ecnu kornentpanus sp>C-C csieii nmpeBsimaer 30%, TO TakKHe IUICHKH OT-
HOCST K aMop(HbIM anMazono1o0HbM yriiepoausiM (DLC) nmienkam (o6o3Hauatot kak ta-C u ta-
C:Hretparonansasie ctpykTypsl) [3]. ['erepomopdusie ta-C u ta-C:H mnenku xapaxTepu3yroTcs
OTIpE/ICTICHHBIMH, MPUCYIIUMH TOJBKO WM, cBoiicTBamu. Panee maTepec k DLC muienkam ObLT BbI-
3BaH MX JIYYIIUMU TpUOOJIOTHYECKUMU XapakTepuctukamu [4-6]. Tem He MeHee, BaXHO paccMOT-
peTh BOIPOC 00 UX MOIYIPOBOJHUKOBBIX U AUIIEKTPUUECKUX CBOMCTBAaX B 3aBUCUMOCTU OT CTPYK-
TypHOH M mpuMecHoi Moudukanuu. CylecTBOBaHUE B YIJIEPOAHONW MaTpUIIE HM30JIMPOBAHHBIX
HAHOYACTHUI HE KapOUA000pa3yIoNINX 3JIEMEHTOB PAa3sHOW XUMHYECKOW MPHUPOJbI, KaK HM3BECTHO,
3HAYUTENIBHO BIIUSET HA pacIpe/ielieHHe 3JeKTPOHHOMN IVIOTHOCTU aTOMHON CTPYKTYpBI M, COOTBET-
CTBEHHO, Ha cBoiicTBa ta-C:H menok [7]. HaHocTpykTypupoBaHHBIE YIII€pOJHbIE IJIEHKA MOTYT
COCTAaBUTbH CYIIECTBEHHYI0 KOHKYPEHIMIO KPEMHHIO B CO3/IaHUM HOBBIX YCTPOMNCTB U CTPYKTYp B
MOJIYIIPOBOAHUKOBOM 3JIEKTPOHHUKE.

2. TexHoJIOTHSI CHHTE3a H MCCJIeI0OBAHUE CTPYKTYPBbI

CuHTe3 ruApOTeHU3UPOBAHHBIX YTIIEPOJHBIX INIEHOK, MOIU(GUIIMPOBAHHBIX HAHOYACTUI[AMHU
0JIOBA, MPOBOJMIICS METOJIOM MAarHETPOHHOI'O MOHHO-IJIA3MEHHOTO PacIblUIeHUs KOMOMHUPOBAH-
HOM MuieHu B atMocepe cmecu razoB 92Ar:4CHy4:4H, Ha noctosaHOM TOKe. a-C:H<Sny> menku
ObuTH BbIpallieHbl Ha kpeMHueBbIX (100) mnactunkax. IlpeaBapurenbHO MOBEPXHOCTH IJIACTHHOK-
MIPOXOJIMIN XUMUYECKYIO OUMCTKY IO yhayneHuto rps3u u SiO,. [ns cunresa a-C:H<Sny>miienok
HCII0JIb30BAJICS. MarHeTpOH C HecOalaHCUPOBAHHOM IJIa3MOM U PETyIUpyeMOil M0 BEIWYMHE HH-

TyKIuen (E) MarHuTHOTO MOJs. OJHUM U3 BAXHBIX IMApaMETPOB CHUHTE3a SIBJSETCS OTHOLIEHUE

E/p, rne E — HanpsHKeHHOCTH AJIEKTPUYECKOTO TOJISI MEXAY aHOJIOM U KaToJiOM U p — JaBJICHUE ra-

3a. B mpornecce cuHTE3a MPOMCXOIUT U3MEHEHHUE TOKA IIIa3Mbl U HanpsbkeHus. [loaromy nonasae-

MO€ HANPsHKEHUE OT HCTOYHUKA MOCTOSIHHOTO TOKA M AJIEKTPOH-HOHHBIN TOK B IUIa3Me paspsnua J10-
—

MOJIHUTENBHO KOPPEKTHPOBAJINCh M3MEHEHHEM B B mpolecce CHHTE3a IUICHOK. YJieNbHas MOII-
HOCTh (P;) HOHHO-IUTA3MEHHOTO paspsiza paHsuzack 2,0 Br/em?, 2,5 Br/em” u 3,0 Br/cm®. Bribop
3HAYEHUH yJEeJIbHONW MOIIHOCTH CBSI3aH CO CKOPOCTBIO PACIbUICHUS] METAJUIOB M rpaUTOBON MU-
menu. CkopocTs pacnblienus rpadura ~0,7 A/c u 3T0 ropasao MeHbIIE CKOPOCTH PACIIbUIEHHS Me-
tannoB. CKOpOCTh pacibliIeHHs o0Ba pasHa 25 A/c mpu mioTHOCTH ToKa 1 MA/cM” 1 SHEPTUU HO-
HOB aproHa 500 »3B. Kpome storo, Bb1OOp 3HaueHUil P, CBsSI3aH C BBISIBICHUEM YCJIOBH Ul MOJTY-
YEeHMsI aJIMA30M0I00HBIX YIIIEPOIHBIX IUIEHOK.

UYucroTa ra3oB aprosa, MeTaHa, BOJOpo/ia U rpadUTOBOM MULIEHH COOTBETCTBOBasa 99,999
aT.%, uuctota ojosa - 99,98 at.%. Poct a-C:H<Sn,> nneHok ocymecTBIsicS Py JaBJICHUN CMECH
ra3oB 0,7 Ila u Temnepatypax nouioxku (7Tss) 50, 150 u 250°C. Bpems pacnblieHUs] KOMOMHHUPO-
BAaHHOM MUIIICHU W3 TpaduTa u 0J10Ba cOCTaBIsUIO 45 MuH. ToJIuHA MIJICHOK MPUMEPHO PaBHSIACH
50+10 HM B 3aBUCHMOCTH OT YCJIOBUM CHHTE3a U ONPEAEIUIach HA pACTPOBOM JJIEKTPOHHOM MHK-
pockornie Quanta 2001 3D (FEI, USA), Ha cBexeM CKoJie KpeMHUEBOM TUIACTUHBI.

HccnenoBanue CTpyKTypbl aMOPQHBIX YTIepoaHbIX mIeHoK MeToioM KPC 6b110 npoBeieHo
Ha ycraHoBKe NTEGRA Spectra (NT-MDT, Russia) ¢ ucnoyib30BaHue€M CHHETrO Jia3epa ¢ JJIMHOU
BOJIHBI U3aydeHus 473 nm (2,62 eV). Bo nzbexanue BO31€HCTBUS JIa3€pPHOTO U3JIy4YEHHUS MOILIHO-
cTbio 1,5 MBT Ha aToMHYI0 CTPYKTYpY IJIEHOK 3KCIIOHUPOBAHUE OCYIIECTBISAIOCH B ABM)KEHUU CO
ckopocThio 10 MxM/c.
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Konnentpamus onoa B a-C:H tuieHkax ompeznensuiack METOIOM SHEPToJAMCIEPCHOHHOTO
pentreHoBckoro mukpoananusa EDS u mensinaces ot 0,0 1o 2,2at.%. Ha puc.1, kak mpumep, npe-
CTaBJICHBI CIIeKTPhI EDS yririepoIHBIX MJICHOK YHCTHIX M C IPUMECHIO 0JIOBA, CHHTC3UPOBAHHBIX Ha
KPEMHHUEBBIX TOJITIOKKAX.
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Puc. 1. Cnexrpst EDS mnenok a-C:H<Sn,> , cuHT€3UMpOBaHHBIX HOHHO-IUIa3MEHHBIM PaCIbUIEHHEM Ha IOCTO-
STHHOM TOKE

e

Ha pactpoBom anexTpoHHOM MuKpockone (POM) BbIsiBIE€HO, 4TO 0JI0BO (popMHUpYyeTcs B
HaHOYACTHUIBI cepruueckoil Gopmbl. Ha puc.2 B kadecTBe mpumepa NPHUBEICHB CHUMKH YHACTOM
TIJICHKH U C IPUMECHIO 0JI0BA, CAHTE3UPOBAHHBIX TIPH 2,5 Br/em® u T. wb=>0°C Ha IIOCTOSIHHOM TOKE.

CuHTE3 OCYIIECTBISUICS B CMECH Ta30B, OJJHAM M3 KOMIIOHEHTOB KOTOPOTO SIBIISICTCS METaH,
03TOMY B ()OPMHUPOBAHHMH CTPYKTYPHI TUICHOK OJJHOBPEMEHHO YYaCTBYIOT JBa Iporiecca - pu3nde-
ckoe BakyyMHOe ocaxjaenue (PVD) u mmazmenno-ycunennoe napodasnoe ocaxaenue (PECVD).
PVD-nporiecc cBsizan ¢ pacmnblUieHHEM YIJIEpOJHON MHIIEHW HMOHaMH aproHa, mpomecc PECVD
CBSI3aH C Pa3JI0OKEHUEM MOJIEKYNI METaHa B IUIa3Me paspsjia, B CBA3U C 3TUM HeoOxoauMm Oosiee Tou-
HBIM KOHTPOJIb MapameTpoB cuHTe3a a-C:H<Sn,> mieHok.

a) X5,=0,0 ar.% T 6) X=0,35 ar.%
Puc. 2. DnexTpoHHas MUKPOCKOMNMS TOBEpXHOCTH MeHok a-C:H<Sn,>

3. Pe3yabTaThl HCC/IeJOBAHUH M UX 00CYXKIeHHe

N3BectHo [3, 8-11], uto cnektpel KPC a-C:H xapakrepusyrorcs ocHOBHbIM G MHKOM B 00-
nactu 1540 — 1600 cv™ i mesom mmm D MHKOM B HH3KOYACTOTHO# 06mactn 1340 — 1400 cm™ . TTo-
JNOXKEHHE ¥ HHTEHCHBHOCTh GHD ITHKOB OIPEICISIOTCS COOTHOIICHHEM sp°/sp” 1 KOH(Hryparmeit
cBsi3eit sp” y3moB. Ipu srom a-C:H IUIeHKH XapaKTepH3yIOTCS ITOIMMEPONO00HOMH, rpaduTomno-
JTOOHOM MJTM aJIMa30T0I00HOM aTOMHOM CTPYKTYPO.

Pesynbrarel KPC B mnenkax a-C:H<Sn,>, nomyuennsix Ha Si(100) npu yaeabHOM MOIIHO-
ctu paspsiza P;=2,0 Br/cm’, npuBeens! Ha puc. 3. 3 prc. 3 BH/IHO, YTO MPH TeMIIepaTypax CHHTE-
3a 50°C u 150°C cnexkrpsl KPC xapakTepu3yoTcs 10CTaTOYHO OOJIBIIMM HAKJIOHOM B BBICOKOYAC-
TOTHOM 00JIaCTH, KOTOPBIN XapakTepusyeT mnposisaeHue dotomomurectieHimu (OJI). C yBennye-
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HUEM KOHIIEHTpAallu{ 0JI0Ba yBeIuuuBaeTcs HHTEeHCUBHOCTh DJI, a Takyke HaO/It01aeTCsl CMEIIeHHE
G mMKa B BEICOKOYACTOTHYIO 00/IACTh, UTO YKA3HIBACT HA YBEIMUCHHE KOHICHTPALHH Sp° Y3II0B HIIA
uenoveyHsIx cTpykTyp =C=C=nnu —C=C—-. YBenuueHue KOHIEHTpaluu 0JioBa 10 2 at.% Mpu CUH-
te3e T5,»=50°C mpuBoauT K cMemieHuto G nuka Ha 15 em.
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Puc. 3. Cnexrpsl KPC a-C:H<Sn,> meHoK, CHHTe3UpOBaHHBIX MpHU pa3HbIX Ty, U P/=2,0 Br/cm®

[Ipu Temneparype cuntesa 75,,~250°C nuku D u GeyiecTBEHHO yBEIMYMBAIOTCS M0 UH-
TEHCUBHOCTH. Y BEIMUEHHE UHTEHCUBHOCTH D IHKa CBSI3aHO C yBEJIMYEHHEM KoJiell, (POpMHUPYEMbIX
u3 atomoB yriaepona. [Iposisnenne D nuka u monoxxenue G mpu 1600 cm! XapakTepU3yeT Mepexo/1
B rpaduTonofobHyro ¢a3zy. IIposBisioTcs MUK BTOPOTO MOPSIIKA, KOTOPbIE XapaKTepU3YIOT KOJe-
Garnst C-H (2950 em™) u C-C (3200 cm™) casiseit. [pu Ty»=250°C 1 Xsy~2 atT.% HaGmromaeM o6-
paTHOE He3HauuTeNbHOE cMelleHrne G B HU3KOYacTOTHYIO 001acTh. OJI0BO MOXKET HaXOIUThHCS B OL-
Sn u B-Sn MoxubuKanusix. Bo3MOKHO, IpH yaenbHOI MomHOCTH paspsiaa 2,0 Br/ecm® onoBo dop-
MHUpYeTCsl B HaHO4YacTUlbl 3-Sn Moaudukanuu ctpykrypsl U rpu 50°C cuHTe3a CyIeCTBEHHO OKa-
3bIBAIOT BJIMSHUE Ha (OPMHUpPOBAHUE YIIEPOAHON MaTpUIIbl.YBEIMUYEHUE TEMIIEpaTypbl CHHTE3a
yYMEHBIIIAeT BIUSHUE HAHOUYACTHUII 0JIOBA Ha (popmupoBanue cTpykTypsl a-C:H.

Kpome 3toro, mpoBezieHbl HCCIEA0BaHUS TI0 BBISBICHUIO BIUSHUS yIEIbHOM MOIIHOCTH Ha
dbopmupoBanue cTpykTyphl a-C:H<Sn,>menok. Ha puc. 4 nmokazano m3menenue criektpoB KPC B
3aBUCHUMOCTHU OT P, IJIa3MEHHOTO pa3psja U KOHLEHTpaluu ojioBa. B nmomumepononoOHO# cTpyk-
Type HAHOYACTHIIBI SN AKTHBH3HUPYIOT 06PA30BAHKE SP~ CTPYKTYPHBIX SIHHHIL, 00 5TOM CBH/ICTEIb-
cTByeT nosoxkenne G muka 1570 u 1560 em™ s 2,0u 2,5 Br/cM? coOTBETCTBEHHO.B TOKE BpeMs
yBeNMueHue P, MiIa3MEeHHOTo paspsja MPUBOIUT K cMeleHU0 G B HU3KOYACTOTHYIO 00J1acTh U
npu P,=3,0 Br/cM’ 1 KOHIIeHTparmu o1oBa >2 at.% mieHkr a-C:H<Sn,> GopMHEpYOTCS B aIMaso-
0JI0GHYIO CTPYKTYPY C BHICOKHM COACPYKAHHEM Sp° THOPHIM3HPOBAHHBIX CBszeil ~80%, Ha 4TO
yKa3biBaeT noJioxkeHue G nuka mpu 1545 em'[11].

HauGonpmras goronmromuHecieHnys HaOMOAaeTCs B IJICHKAX ¢ KOHIIEHTpaluen onosa ~1,5
aT.%, pU ITOM €€ UHTEHCHUBHOCTh YBEIMUMBAETCS B 2 pa3a [0 CPaBHEHHUIO C IIJICHKOM 0e3 nmpumecu
osioBa. a-C:H<Sny>myeHku CHHTE3MpOBaHbl Ha KPEMHUEBON KPUCTAIIMYECKONW MOBEPXHOCTU C
opuenTanueit (100). He yuuTbiBaTh BIUSHUE KPUCTANIMYECKOM MOBEPXHOCTH HA (OPMUPOBAHHE
amop(dHO# yriaepoAHoi cTpyKTypbl Henb3s. Ha puc.4 (B) BUIHO, 4TO yBeJIMYEHHUE YAEIbHOM MOII-
HOCTH IIIa3MEeHHOro paspsaa Ha 0,5 Br/cm® puBOIUT K yMeHbleHno PJI B 5 pa3, mansHenniee
yBenuaenue eme Ha 0,5 Br/cM’k HeGoubimoMy yBemmdennto ®JI.
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Puc. 4. Cnextpsl KPC a-C:H<Sn,> mjieHOKk CHHTe3upOBaHHbIE MPHU pa3HbIX 3HaueHusix P,y u Ty,,=50°C

Ipu cpasuenuy puc. 4(6) u 4(8) npu Py =3,0 Br/cm’ymensinenne OJI ¢ yBenTudeHHeM KOH-
LEHTPALUU 0J0Ba >2 aT.% MOXKHO CBSA3aTh C YBEJIWYEHHEM 30HbI WJIM YMEHbIIEHUEM IJIOTHOCTH
COCTOSIHMI HA TPAHMIIAX 30H, YTO BHI3BAHO YBEITHUCHHEM KOHIIEHTPALINHA SP° Y37IOB.

3akio4eHue

B pabore BriepBbie MMOKa3aHa BO3MOXHOCTb CHHTE3a M30JIMPOBAHHBIX HAHOYACTHUIL OJIOBA B
aMOop¢HOI TUAPOTCHU3UPOBAHHOMN YIIIEPOAHOM MaTpHIle. MeToI0M KOMOMHAITMOHHOTO PACCESTHUS
CBETa U3Y4YEHO BIUSHHUE YCIOBUI CHHTE3a U HAaHOUYACTHUI] 0JI0BA Ha (POPMHUPOBAHUE CTPYKTYpPHI Yr-
JIepoaHON MaTpHIlbl. Tak Kak 0JI0BO MOKET CyILIECTBOBATh B 0-Sn U -Sn Moaudukanusx, To B 3a-
BUCHMOCTH OT YCJIIOBHM CHUHTE3a B YIJIEPOJHOW MaTpHUIE peau3yeTcsl 0JiHa U3 MOAU(PUKALUI 0JI0-
Ba. QOpMUPOBAHNE HAHOUACTHUIIBI SN OKA3bIBAET ONPEEIEHHOE BIMUSIHUE HAa (POPMUPOBAHHUE CTPYK-
TYpBI YIJIEPOIHOM MIIEHKH, YTO MPUBOIUT K U3MEHEHUIO €€ CBOMCTB, HapuMep, NnposiBiieHne GoTo-
JIIOMUHECHEHIIUH.

Kpome 3T0oro noka3aHo cyliecTBEHHOE BIMSHHE TEMIIEPATYphbl CHHTE3a Ha CTpYKTYpy a-C:H
IICHOK. YBEJINUYEHIE TEMIIePaTyphl IPHBOINT K YBEIUUCHHIO CTPYKTYP U3 SP° y3710B H (pOPMHIpO-
BAaHUIO rpapuTONoA00HON MaTpulbl. B Toxke BpeMs yBelMueHUE 3HEPIHMHM KOHAEHCUPYEMBIX dac-
THII CIIOCOOCTBYET yBeTHUCHHIO (OPMUpOBaHKS sp° y310B B a-C:H CTpyKType 1 mepexoay ee B ai-
Ma30MoI00HYI0 MATPHUILY.

HyXHO OTMETUTh, YTO HAHOYACTHIIBI OJIOBA MPH HU3KUX SHEPrUSAX CHHTE3a CO3JAI0T YCIO-
B U1 (DOPMUPOBAHUS SP y3IIOB, TIPH YBEIMUCHHH SHEPrHH CHHTE3a HAOMIONACTCS yBEIHUICHIE
Sp° y37I0B, COTJIACHO CMEIIEHHIO monokenns G ImiKa.

Hamu nokaszana BO3MOXHOCTb BJIMSIHUS HEKapOH1000pa3yoiX HAHOYACTHI] HA CTPYKTYPY
u cBoiictBa a-C:H nneHok, KoTopbsle MOTYT CTaTh OCHOBOM JUIS CO3/1aHUSI HOBBIX YCTPONCTB B MHK-
PO- U HAHOAJIEKTPOHHKE.

Pabora BbInosiHEHAa B paMkax IpaHToBoro ¢uHancupoBaHus 3219/'® komurera Hayku
MOH PK.
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PA3ZPABOTKA UBMEPUTEJIBHOU AYEUKU JJ1A PEAJIMSALIUU METOJA

KOMIIEHCAIIUU TOKA HECTAIIMOHAPHOM ®OTOMPOBOJUMOCTH

A.C. Kycakun, B.I'. Mumryctus, A.I'. Pomanos
Psizanckuii 2ocyoapcmeennviil paduomexHuyeckull yHusepcumen,

Poccus, Pazane, diman.62.91@mail.ru, vgmish@yandex.ru, alex737 1 @yandex.ru
Annomayus. Paborta mocBsilieHa pa3paOdOTKe HW3MEPHUTENBHON SUEHKH Uil W3MEpUTENbHO-
aHAJTMTUYECKOTO KOMIUIEKCa, PEeaM3yIOIEro METo ] KOMIICHCAIIMM TOKa HEeCTallMoHapHOH (oTto-
MIPOBOUMOCTH. Pa3paOoTaHbl NMPUHIUIIHAIBHAS JJICKTPHUYSCKAs CXeMa WU3MEPUTEIBHON sSYeHKH,
TOIOJIOTHS TEYaTHOW IUIAThI, CHOPMYIHMPOBAHBI TPEOOBAHMS K KOpIycy. Bce KOMIOHEHTHI U3Me-
PUTEIBHOM SYHIKH U3TOTOBJICHB 1 CMOHTHPOBAHEI.

Kniouesvle cnosea. Metoj KOMIIEHCAIIMM TOKAa HECTALMOHAPHOH (OTONPOBOAMMOCTH, U3MEPH-
TENbHAsA sSUekiKa, IeYaTHas IUIaTa.

DEVELOPMENT OF THE MEASURING CELL FOR IMPLEMENTATION OF

TRANSIENT PHOTOCONDUCTIVITY COMPENSATION METHOD
D.S. Kusakin, V.G. Mishustin, A.G. Romanov
Ryazan State Radio Engineering University,

Russia, Ryazan, diman.62.91@mail.ru vgmish@yandex.ru, alex7371@yandex.ru
Abstract. This paper is devoted to development of the measuring cell for measuring analytical
complex which implements transient photoconductivity compensation method. The measuring cell
circuit diagram and printed circuit board topology are worked out, requirements to the shell is
formulated. All components of the measuring cell are fabricated and installed.

Keywords. Transient photoconductivity compensation method, measuring cell, printed circuit
board.

1. Beenenue

Meroa xomrieHcanuu Toka HectaruoHapHoi ¢otonpoBogumoctd (MKTH®) ocHoBan Ha
perucTpaium Toka uepe3 0apbepHyt0 CTPYKTYpy B MOMEHT OCBEIIIEHUS €€ CBETOM C 3a/IaHHOM JJTH-
HOM BOJIHBL. YUTOOBI peann30BaTh TAKOW METOJa HEOOX0MMa CUCTEMA, TTO3BOJISIONIAs MMOJaBaTh Ha
HCCIIEIYyEMYIO CTPYKTYPY UMIYJIbC MOHOXPOMATUYECKOTO U3IyYEHUs U HAIMPSHKEHHE OT BHEIIHETO
HMCTOYHHKA, MPH 3TOM HEOOXOAMMO H3MEPATHh (POTOTOK B HCCIEAyeMOU cTpykType. s peanusa-
MU MeToJsia TpeOyeTcs yeTKash CHHXPOHU3alMsl MOMEHTA I0J1a4ll ONTUYECKOTO UMIYJIbCa U KOM-
neHcupytomiero mnoiig. [Ipu 3ToM HE0OXOIUMO MMETh BO3MOYKHOCTb U3MEHSTh BPEMS 3aJEP>KKU
MEXAY ONITUYECKUM U 3JIEKTPUUECKUM BO3JICHCTBUEM.

OynkunonanbHas cxema MKTH® — ycranoBku noka3ana Ha puc. 1. Mctounukom onruye-
CKOTO M3JIydeHus siBisiercss umnynbcHas jgamna (MJI), kotopast ynpaBisieTcsi ¢ MOMOIIbIO CXEMbl
ynpasieHus: ummyiabcHoi namnoit (CYWJI). Yipapienne nu3MepuTesbHON YCTAaHOBKOM OCYIIECTB-
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JsieTcsl MporpaMMoi, UMHUTHpYIoLel BUpTyanbHbIil npubop (BII), BeimosHEHHOU B cpene MHXkKe-
HepHoOro Tpaduueckoro npoekrupoBanus LabVIEW 2009. [lepenava curnanoB ymnpaBlIeHUs] U U3-
Mepsiembix curianos B [IK ocymectBisiercs ¢ ucnosp3oBanueM miatsl pacmuperus NI PCI6251 u
MOJKIIFOUEHHOT0 K Hell TepmuHaiibHoro 010ka BNC2120.

3amycKk MMITYJIbCHOM JIaMIIbl OCYUIECTBIISIETCA MOJIO0XKHUTEIbHBIM HUMITYJIbCOM JJIUTEIBHO-
ctbto 500 mkc (BbiBoa PFI12 tepmunanbhoro 6soka). mmynbe Gpopmupyercs cueTUYMKOM O KaHa-
ay Ctr0, WJI cpabartbiBaeT 1o 3aiHEMYy QpPOHTY 3TOro umnyibca. OIHOBpEMEHHO (GopMHUpYETCs I10-
JIOKUTENbHBINA UMITYJIbC, MOCTYMAOMUN Ha KoY S1 U yaepKUBaoIUi 3aJJaHHOE HANpPsSKEHUE Ha
UCCIIEyeMOU CTPYKTYype. DTOT uMnyibc popmupyercs cuerurkom 1o kanaiy Ctrl (BeiBoa PFI13)
U OIpesesieT MOMEHT M0JJaul Ha UCCIEAYEMYIO CTPYKTYPY 3JIEKTPUUECKOI0 MOJIsl, KOTOPOE BhbIpa-
6arpiBaetrcs kaHaioM AOQ LIAIL. M3meHsis AMUTENBHOCTh 3TOT0 UMITYJIbCA, MOKHO (POPMUPOBATH
AJIEKTPUYECKOE I0JI€ HA CTPYKTYpPE C HEKOTOPBHIM ONEPEKEHUEM WJIM 3ama3/bIBAHUEM [0 OTHOIIIE-
HUIO K UMITYJIbCY ONTUYECKOTO U3JIy4EHUS.

NmnynecHas namna ¢opMupyeT CBETOBOM MOTOK, KOTOpBIM ¢ukcupyercs (HOoTOIUO0I0M
(®[1), npeobpazyercss B UMITYJIbC HANPSKEHUS U YCUJIEHHBIN ycunuteneM dortoaunona (YD) 3a-
nyckaer AL (kanman AIO tepmunanbsHoro 6moka BNC2120). [ns 3amycka ALl ucrnonb3yercs
Bxoa PFI0 trepmunanbpHOro 650ka. M3mepurensHas siueiika (M) ¢ uccnegyemoil CTpykTypoi oc-
BEIAETCS] MOHOXPOMATHUECKUM CBETOBBIM ITOTOKOM, U TOK Y€pE3 UCCIENYEMYIO CTPYKTYpY MO Ja-
etcst Ha TOKOBBIN pe3uctop RT. Ycumurens TokoBoro pesucropa (YTP) npeanaznauen asis coria-
COBaHMSI BXOJHBIX U BbIXOJHBIX COMPOTUBIICHUN CXEMBI.

st PR3 L
R
L e
cyun - VTP AOO MK
n N\ AlO
b R L PFI0
o T Bl
Vo BNC 2120 lel—| PCI6251
I oepyo | OO | Ctrt

Puc. 1. ®ynkumonansHas cxema MKTH®-ycranoBku

CdopmupoBannsie ¢ nomomibio ALl nudpoBeie O0TCYETHI, COOTBETCTBYIOLIUE BEITUUYHHE
TOKa 4Yepe3 UCCIEIYEMYIO CTPYKTYpPY, 3alHUCBIBAIOTCS B (Daii, COXpAaHSIIOTCS U MOTYT BBIBOJUTCS
JUTSl aHAJIM3a B TAaOJIMYHOM BHJIE WJIHM B BUJE Tpaduka.
Hcnonp3yemsbiit 1o Hactosmero MomenTa B ycranobke MKTH® nporotun U nmeer cre-
JYIOIINE HEAOCTATKU:
- mUTaHue eKTpudeckoi muatel M ocymiecTBisieTcs OT BHEIIHETO0 UCTOYHMKA HAIpsi-
KEHUS, YTO BIIeUET 3a c000M HaBo kU yacToToi 50 I'11 OT anekTpuyeckoil emnu;
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COEJIMHUTENIbHBIE JOPOKKH MEXIY JIEMEHTaMU IUIaThl PaclojOXKeHbl Ha HEOOJBIIOM
PaccTOSIHUU JIpYT OT ApYyra, BCEACTBUE YETr0 BO3HUKAIOT OOJIbIINE MMapa3uTHbIe EMKOCTH, YTO Orpa-
HUYHUBAET ObICTPOJICHCTBUE U3MEPUTEILHON CXEMBI;

KOMMyTalus o0pasia K U3BMEPUTENIbHOM cXeMe MPOU3BOIUTCS MOCPEACTBOM MalKU, YTO
MPUBOJIUT K U3HOCY 3JIEMEHTOB CXEMBI.

TakuMm 00pazoM, 1eNbl0 JaHHOHM paboThl ABJISETCS YCTPAHEHNUE HEJ0CTaTKOB, UMEIOLIUXCS Y
MIPOTOTHIIA pa3padaThiBaeMON U3MEPUTEILHOM STUEHKU.

2. Pazpabdorka usmepurebHOMH cxembl st UL

[IpuHnunuanbpHas cxema HM3MEPUTENBHOM SYEHKH C COOTBETCTBYIOIIMMHM HOMHUHAJIAMHU
npeAcTaBieHa Ha puc. 2. HoMuHambel pe3aucTopoB moa0oUparoTcsi B COOTBETCTBUU C TPEOYEMBIM KO-
a¢unmdHTOM ycuneHus. B kauecTBe MpHUIIE3UOHHOTO YCHJIMTENSA B JAHHOW CXEME MCIOJIb3YeTCs
OV AD8066AR, ob6nanaromniuii BBICOKMM OBICTPOAEHCTBUEM U HU3KUM YPOBHEM COOCTBEHHBIX IIIY-
MoB. [Ipu mupokom nuanazoHe HanpspkeHui nutanus (oT 4 B 1o 24 B) u nosoce npomnyckaHus 10
150 MI'u BbiOpanHblil OV ynoBieTBOpsieT BceM TpeOOBAaHUSAM JUIsl IPUMEHEHUS B U3MEPUTEIbHOM
cxeme US. [IpeumymectBa ADS066AR: ckopocTh HapacTanus HanpsbkeHus — 180 B/Mke, HU3KuMi
YPOBEHb UCKaKEHU, HU3KOE HAIIPSIKEHUE BXOIHOTO cMeleHus — 10 1 mB.
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z
1000 kOm

o PFIO

VTI
KT31026M

Puc. 2. IlpuHiunuanbHas cxeMa U3MEepPUTENbHON STUelKu

Crnenyromum 3TarnomM pa3padoTKH cTajla MpeaBapuTeIbHasi KOMIIOHOBKA 3JieMeHTOB. Pacro-
JI0’)KCHUE KOMIIOHEHTOB U COCUHUTEIBHBIX TOPOKEK JOJDKHO YUUTHIBATh TPEOOBAHUS IO OBICTPO-
JEHUCTBUIO CXEMbl, MUHIMH3UPOBATh MAPa3UTHBIC EMKOCTH, a TAaK)KE€ 00eCreYrBaTh KOHTAKTHI JIJIs
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MOAKIIIOUEHUS BHEILIHETO HHTepdeiica U COOTBETCTBOBATH TpeOyeMbIM rabapuTam Ne4aTHOM IUIaThl
(50 MM x 50 MM) UCXOJIS U3 pa3MEPOB MOCATOUYHOTO MecTa B Kopiryce M.

a)

Puc. 3. Tpaccupoka neuatroii matel B CAIIP Altium Designer, a) — awxnuii cnoit [1I1; 6) — Bepxuuit cioii 111

TpaccupoBka pazpaboTaHHON neyaTHOW 1uIaTkl Oblia BbinojgHeHa B CAIIP paauosnexTpos-
HBIX ycTpoiicTB Altium Designer, Tonosorus miatel npeacTaBieHa Ha puc. 3. [locne Bei6opa onTu-
MaJIBHOTO PACHOJIOKECHHUS MMOCATOYHBIX MECT U COCTUHHUTEIBHBIX JOPOKEK ObLIa MPOBEACHA MpO-
Bepka matel Ha omnOku (DRC, Design Rules Check): nmpoBepka Ha 3a30pbl, 3aMbIKaHUS, HAT0Xe-
HUSI KOMITOHEHTOB.

3. Pa3zpaGorka xkopnyca aas US1

Kopmyc cymecrByromero npototumna WS u3rotosieH 3 GoIbrupoBaHHOTO CTEKIOTEKCTO-
auTa. DTOT Marepuai He o0ecleYrBaeT HAJCKHOTO SKPAaHHPOBAHUS HM3MEPHUTEIBHON CXEMBI OT
AIIEKTPOMArHUTHOTO MMITYJIbCa, BO3HUKAIOMIETo Tpu cpabateiBanuu WJI. J{s ycTpaHeHus yka3aH-
HOTO HEJIOCTaTKa B Ka4eCTBE MaTepHuaia Kopmyca paspadareiBaemoit 1S BeiOpan nepmawioi. 3ToT
CTIaB SIBIISICTCS JIYYIIMM MaTE€PHaJIOM TI0 OTHOLICHUIO K CTEKIOTEKCTOJUTY, TaK Kak o0ecreunBaeT
HA/ICKHYIO 3aIIUATY OT BHICITHUX BO3JICHCTBHIA, YTO SBJSICTCS BAKHBIM (PaKTOPOM IPU HU3MEPEHHUH
MaJsiblX 3HaueHui nepexonnoro ¢ororoka. Kopmyc umeer rabaputsl §89%x90x91 Mogens kopmyca
W1, pazpaboTtannas B nporpammuoii cpeae CAIIP SOLIDWORKS, npencrasiena Ha puc. 4.

Puc. 4. Mogens kopmyca U1, paspaborannas B nporpammuoi cpeae CAIIP SOLIDWORKS
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Puc. 5. Komnonentsr M5 B coope

B cootBercTBHM ¢ TpeOOBaHUSAMHU, CHOPMYIUPOBAHHBIMU K KOMIIOHEHTaM H3MEPUTENIbHOMN
SYeHKM Ha ATare MPOEKTUPOBAaHMsS, ObUIM M3roTBiIEHbI Kopnyc MS u nedarnas minata. Buemnuit
BU/JI U3MEPUTENBHOM slueHKU Ha 3Talle MpeIBapuTeIbHOM cOOpKU MPpeICTaBIeH Ha pUC. 5.

BrIBOABI

Pa3paborannas U nnst MKTH®-ycranoBku (puc. 5) no3BoJIIET IPOBOJUTH UCCIIEIOBAHUS
OapbepHBIX CTPYKTYp Ha OCHOBE IOJIYIPOBOJAHUKOBBIX MAaTE€pPHAIOB C HU3KOM MOJBHUKHOCTHIO HO-
cutient 3apsiaa. Paspaborannas S obecrieunBaeT u3MepeHne MaJIbIX TOKOB C OOJIBIIEH CTETIEHBIO
TOYHOCTH II0 CPAHEHMIO C CYIIECTBYIOLIUM MPOTOTUIOM. DTO PEATU3yeTCs 3a CUET aBTOHOMHOM
CUCTEMBbI [MUTAaHUsl, HE UMEIOUIECH TaJIbBAaHUYECKOM CBSI3U C CEThIO MIEPEMEHHOT0 TOKa, YJIy4IlEeHHbI-
MU XapaKTepUCTHUKAMU KOpITyca C TOUKU 3PEHUS SKPAaHUPOBAHUS U3MEPUTEIHHON CXEMbl OT BHELI-
HEro 3JIEKTPOMAarHUTHOTO BO3ACUCTBHS 3a CUET MCIOJIb30BAHUS MEPMAJUIOs, & TAKXKe MOBBIIICHUS
OBICTPOJEHCTBUS U CHM)KEHUS COOCTBEHHBIX LIYMOB 3a CUET MEPEeNpOEKTUPOBAHUS NIEYATHOH IJ1a-
ThI C YUETOM BBISIBIICHHBIX HEJIOCTATKOB MPOTOTHIIA.

Hccnenyemasist CTpyKTypa KOMMYTHPYETCS K U3BMEPUTENIBHON CXEME C MOMOILBIO CelHallb-
HBIX Pa3bEMOB, UTO YJIYYIIAeT Kaue€CTBO JIEKTPUUYECKUX KOHTAKTOB, a TAKXKE MCKIIIOUAET MEXaHH-
YeCKO€ M TEIJIOBOE BO3JCHCTBUE HAa U3MEPUTEIbHYIO CXEMY IPH MHCTAIAIUU oOpa3la B U3MEpH-
TenbHYI0 siueliky. OOMmeH curHanamu ynpasienus ¢ I1IK uaer no mporokosry RS — 232 yepes sxpa-
HUPOBAHHBIN KaOeb.

TakuM 00pa3oM, B pe3ysibTaTe BHINOJHEHUSI pabOT yCTPaHEHbI BCE HEOCTATKH, BBISBIICH-
HBIE IIPU OIIBITHOM JKCILTyaTalluy IPOTOTUIIA U3MEPUTEIIBHON SYEHKH.

Pabora BeinosHeHa npu ¢uHaHcoBoi nojaepxke PODU (rpant 16-32-00342) ¢ unomns3o-
BaHueM obopyanosanus PLI3Mk nipu PsizanckoM rocy1apcTBEHHOM paiiOTEXHUYECKOM YHUBEPCHU-
tere (ckp.rsreu.ru) B HOLl Heynops0oueHHBIX U HAHOCTPYKTYPHUPOBAHHBIX MAaTE€pHalOB U YCT-
POMCTB Ha UX OCHOBE.
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HNPUMEHEHUE HAHOCTPYKTYPUPOBAHHOI'O YIVIEPOJA B KAYECTBE

IMUCCHUOHHOI'O ITOKPBITHUA KATOAOB TEA - CO, JIASEPOB
H.T. Maii, b.A. Ko3nioB
Psizanckuii 2ocyoapcmeeniviil paduomexHuyecKkull yHusepcumen,
Poccus, Pszane, foton@rsreu.ru

Annomayus. Vcrions30BaH HAHOCTPYKTYPUPOBAHHBIN YITIEpOJ, MONYYaeMBIH 3JIEKTPOLYTOBBIM
METOJIOM B KauecTBe MOKpPhITUs paboyeii noBepxHoctH karogqa TEA - CO, na3epa. 3adukcupoBa-
HO yBEJIMYEHUE TOKA HAKA4YKU U SHEPTUU M3IIYYECHUs B IMITYJIbCE B PE3YJbTATE YBEIHMUYCHUS aBTO-
SMHCCHOHHOT'O TOKa C KaToJa.

Kniouesvie cnosa. Hanoctpyxtypsl, yrineposa, TEA-CO, na3epa, aBTO3MHUCCUOHHBIHN TOK C KaTofa.

USING NANOSTRUCTURED CARBON AS EMISSION COATING

OF CATHODES IN TEA - CO, LASERS
N.T. Mai, B.A. Kozlov
Ryazan State Radio Engineering University,
Ryazan, Russia, foton@rsreu.ru

Abstract. Used nanostructured carbon produced by the electric arc method of coating the working
surface of the cathode of TEA - CO, laser. Recorded an increase in the pumping current and ener-
gy measurement pulse as a result of increasing autoemission current from the cathode.

Keyword. Nanostructures carbon, TEA-CO, laser, field emission current from the cathode.

TEA-CO; nazep - 3TOT Jia3ep ¢ MOMEPEUHbIM BO30YXKIeHUEM, paboTaronIuil Ipu aTMocdep-
HOM JaBiieHuu padoueit cmecu razoB ( "TEA" - cokpamenue ot anrnuiickoro Transversely Excited

Atmospheric (pressure)). Ctpykrypnas cxema TEA-CO, na3zepa npuseneHa Ha puc. 1.

Puc. 1. Cxema B3auMHOT0 pacloiIoKeHuUs JIEKTPOI0B U onTHueckoro pesonaropa TEA-CO, na3ep: aHoA U KaToa Jis

Hctounux
HaKa4YKH

3a)KUTaHMs MOTIEPEYHOro paspsa; 3; U 3, — 3epKasia pe3oHaTopa.

VYBenuuenue sHepruu U MouHocty usnydeHus: TEA-CO; na3zepoB riaBHeIM 00pa3oM CBsi3a-
HO C YBEJIMYEHHEM KOHLEHTPALUU padouux MOJIEKYNl U 3HEPIrUu Hakauku. BennunHa sHepruu Ha-
KauyKHd MOJXKET OBITh YBCJIMYCHA B PE3YJIBTATC IMOBBIMICHUE TOKA ra30BOI0 pa3psaaa, B IJIa3Me KOTO-
pOro OCyIIECTBISETCA Hakayka. BeiawdymHa TOKa ra3oBOTO pa3psga BBICOKOTO JABICHUS MOXKET
OBITh yBENTMYEHA B Pe3yJbTaTe YBEIMUECHUS aBTOOMHCCHOHHOTO TOKA C KaTo/a.
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B nacrosimeit pabote uzydeHne BIUSHUE MOKPBITUS KaTOa MJICHKONW M3 HAHOCTPYKTYPHUPO-
BAHOTO yIJIEpOJia Ha BETUYNHY aBTOAICKTPOHHOTO TOKA C KaToJa, TOK HAaKauyKH, YHEPTUI0 HaKauKu
Y BEJIMUMHY PHEPTUU U3ITy4eHHs B ummyinbce ManmoradbaputHoro TEA-CO; naszepa. HanocTpykry-
PUPOBaHHBIN yriaeposa ObLI MOJY4YeH Ha YCTaHOBKE IEKTPOAYToBOro cuHresa. Hanoctpykrypupo-
BAaHHBIN yrjepoj HaHOCHJICSA Ha MOBEPXHOCTb KAaTo/a U3 BOJHOTO PacTBOPA. YCTaHOBJICHbI YBEJU-
YEHUsI 3HAYCHHUI aBTOXJIEKTPOHHBIX TOKOB, TOKOB HAKaUYKH M 3HAYEHUW SHEPTHM HAKAYKU U U3ITY-
YEHUSI.

VIK 621.315.592; TPHTU 29.19.31 .
AHAJIM3 OBBEMHOI'O BPEMEHUA )KU3HU HOCUTEJIEA 3APAIA
IIPHU PA3JIMUHBIX MEXAHU3MAX PEKOMBUHAIIUAU B COJIHEYHbIX

QJIEMEHTAX HA OCHOBE MYJIbTUKPUCTA/UVIMYECKOI'O KPEMHUA

A.B. Epmauuxun, A.Jl. Macios
Psizanckuii 2ocyoapcmeeniviil paduomexHuyecKkull yHusepcumen,
Poccus, Psazans, Maslov.a.d@mail.ru
Annomayusi. B paboTe pacCMOTPEH aHATUTHYCCKHHA MOIXO K H3YICHUIO BPEMEHH JKU3HU HOCHUTE-
neit 3apsga. [IpoBeneHa olleHKa BPEMEHH XU3HUW HOCUTENEH 3apsiia B MYJbTKPUCTALITUYECKUX
KPEMHHEBBIX COJTHEUHBIX 3JICMEHTaX Ha OCHOBE MATEMAaTHUUCCKOW MOJCITH M JICKTPOPH3IUUECKUX
SKCIIEPUMEHTAIILHBIX HCCIEA0BaHUN TECTOBBIX CTPpYKTYyp MeTonoM BD®X u cnektpockonmuu HY

uryma.
Kniouesvie cnosa. ConHeyHble 3JIEMEHTBl HA OCHOBE MYJIbTHKPUCTAJUINYECKOrO0 KPEMHHMs, BpeMs
YKM3HU HOCUTENEH 3apsiaa, MeXaHH3Mbl PEKOMOHMHAIINH.

ANALYSIS OF BULK CHARGE CARRIER LIFETIME DEPENDING
ON DIFFERENT RECOMBINATION PROCESSES IN MULTICRYSTALLINE
SILICON SOLAR CELLS
A.V. Ermachikhin, A.D. Maslov
Ryazan State Radio Engineering University,

Russia, Ryazan, Maslov.a.d@mail.ru
Abstract. In this paper an analytical approach to investigate charge carrier lifetime is considered.
Charge carrier lifetime in multicrystalline silicon solar cells is estimated by mathematical calcula-
tions and experimental data obtained from C-V and LFN spectroscopy measurements.
Keywords. Multicrystalline silicon solar cells, charge carrier lifetime, recombination processes.

B namm nHM Hamboliee MIMPOKOE pacipoCTpaHEHUE TOJYYUIIN COJIHEUHBIE 31eMeHTHI (CD)
Ha OCHOBE MYJIbTUKPUCTAIINYECKOT0 KpeMHUs. [Io cpaBHEHUIO C MOHOKPUCTANIMYECKUMU CTPYK-
TypaMu OHH MeHee Y(P(PEKTUBHBI, UMEIOT MEHBILIUN CPOK CIIYKObl M3-32 HAJINYUS 1e()EKTOB B IO-
JUKPUCTAIUITMUECKOHN CTpykType. OHaKo ceOecTOMMOCTh MPOU3BOJICTBA TAKUX 3JIEMEHTOB HAMHOTO
HUXKE, YTO 00yCIaBIMBaeT UX IOBCEMECTHOE MpuMeHeHue [1].

OddexTuBHOCTH POoTONPEOOpPa30BAHKSI U CPOK CIYKOBI ITHX IJIEMEHTOB OTPAaHUYEHBI Ha-
JUYUEM IITyOOKMX YPOBHEW B 3allPEIIEHHON 30HE CTPYKTYpPhl, KOTOPbIE Yy4aCTBYIOT B 3aXBaTe U pe-
KOMOHMHAIIMK HOCHUTENIeH 3apsia, OrpaHMYMBasl TEM CaMbIM KOHIIEHTpAIMI0 HOCUTENeH 3apsna,
MOABWKHOCTb, MU (Yy3nOHHYIO JUIMHY U BpeMs KHU3HU HOcUTeseH 3apsana [2].

B pamkax nanHO# paOoThl Oblja MOCTABIIEHA 3a/1a4a MCCIIE0BAaTh COJHEYHbIE AJIEMEHTHI Ha
OCHOBE MYJIbKPUCTAUINYECKOTO KPEMHHUS: YTOUYHUTh aHATUTHUYECKUM U 3KCIIEPUMEHTAIBHBIM CIIO-
coOOM BpeMsl )KU3HU HOCUTENIEH 3apsja, OLIEHUTh BKJIAJ Pa3IMYHbIX MEXaHU3MOB PEKOMOMHALIUU
Ha BpeMms ku3HU. HoBU3HA qaHHON paboThl 3aKI0YaeTCsd B KOMILUIEKCHOM COYETAaHUM aHaJIUTHYe-
CKUX U DKCIIEPUMEHTAJIbHBIX 3JIEKTPUUECKUX METOJIOB Il OLIEHKH BPEMEHH KU3HU HOCUTEINEH 3a-
psiia U MpOLECCOB PEKOMOMHALIMK B COJHEYHBIX 3JEMEHTaX Ha OCHOBE MYJbKPHUCTANIMYECKOTO
KPEMHHSI.

CornacHo MaTeMaTHYECKOW MOJIETH, IPEAJIOKEHHOM B [3], /UIsl KpUCTAJUTMYECKOTO COJTHEY-
HOT'O 3JIEMEHTa Ha OCHOBE KPEMHUS HAIPSKEHHUE XO0JIOCTOro XoAa Voc B citydae 0asbl p-THIIA Ipo-
BOJMMOCTH MO>KHO HaWTH KakK:
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kT . ApN kT A
Voc="—In(Z-0)+ "~ In(l+ )
q ni; q Na 1)
rae k — moctosiHHas bosibnmana, 7 — temmneparypa CO, ¢ — 31IeMeHTapHBbIN 3apsia, Ap — HU30bI-
TOYHAsl KOHIIEHTpAIUsl AJIEKTPOHHO-ABIPOYHBIX Hap B 0a3e, Na — KOHLIEHTpalUs JIETUPYIOIIEH

npuMecH, n;(1) — KOHIEHTpalus COOCTBEHHBIX HOCUTENEH 3apsa B KPEMHUU.

Takum o06pa3om, ITpu U3BECTHOM 3Ha4YeHUU Voc Beipaxenue (1) npeacrasiser co0oil KBaj-
paTHOE YpaBHEHHE OTHOCUTENBHO Ap. Ero pemenuem sBisercs:

Na Na’ . Voc
Ap=——2 4 |20 4 ni? exp(126)
2 4 kT
Hcnonp3oBaHue ypaBHEHHS OallaHCa T'€HEPAMOHHO-PEKOMOMHAIIMOHHBIX IPOIECCOB B

AaHHOM CJIy4dac IMO3BOJIACT HaUTH BCIIMYNHY 00BEMHOTI0 BPCMCHHU XKU3HU HOCHTEJICH 3apsaa:

2)

Be 4, sap, 3)
q h

rae Jsc — MIOTHOCTh TOKa KOPOTKOTO 3aMbIKaHUs, S — CKOPOCTh MOBEPXHOCTHOW PEKOMOMHAIINHY,
d-TonmmHa KPEMHUEBOH TOJIJIOKKH.

Orcrona:

_ dAp
T 4)
= SAp
q
C nmpyroit CTOpOHBI PE3YJIBTHPYIOIIEEe 00bEMHOE BpEMS KU3HU 3TO CyMMa:

Th

™ = (TS_,'e + A(Na + Ap) + r;:,ger)_' 3)

TSR — Bpems xu3HH HOcHTenel 3apsaa npu pekomouHauu Lloxkmn—Puna—Xomma, A= 6 - 10—15

cM3 /¢ — KO3PPUIMEHT U3TydaTelbHOW peKOMOMHAIIMY B KPEMHUU, TAuger — BpeMsl )KU3HU HO-
CUTEJICH 3apsia MpH 0Ke-peKOMOUHAIINH.

T e = CP(Na + Ap)Ap + Cn(Na + Ap)® 6)
rae Co=(2.8 - 107" +2.5 - 10**/(Ng + Ap) *)em® /e, C, = 107" e Je.

Takum 00pa3oM, 3Has TAKME XapaKTEPUCTUKU TOTOBBIX AJIEMEHTOB, TaKWE KaK HANPSKEHHE
XOJIOCTOTO XOJa, TOK KOPOTKOTO 3aMBIKaHUS, CKOPOCTh TTOBEPXHOCTHONH PEKOMOHMHAIINY, KOHIICH-
TPALUIO JICTUPYIOUIEH MPUMECH, TOJIIIMHBI CIIOEB MOKHO OIICHHTH BKJIAJ PA3IHMYHBIX MEXaHU3MOB
peKoMOMHAIIMK Ha BpeMs JKU3HWHOCUTENEH 3apsia. HexoTopble M3 MepeduclieHHBIX XapaKTepH-
CTHK MOTYT OBITh MOJIy4eHBI SKCIIEPUMEHTAIHHO KOMIUIEKCHBIM HA0OpOM 3JIEKTPOPH3HIECKUX Me-
TOJIOB.

Jlnst uccrenoBanusi ObUTH BBEIOPAHBI TECTOBBIE 00PA3IIbl COMHEUHBIX 3JIEMEHTOB Ha OCHOBE
MYJIbTUKPUCTAITINYECKOTO KpeMHHUs pasMepoB 1 cm2 mpousBojctBa komnanuu OOO «l'enmoc-
Pecypc». CtpykTypa nmpeactaBisieT u3 ce0s MoI0KKY (POTOAKTUBHOTO P-CJIOS MYJIbTUKPUCTAIIITH-
yeckoro kpemHus (0.5-2 Q:cM) ¢ HaHECEeHHbIM CJIOEM N-THUIA KPEMHHUS, (PPOHTATILHOM aTpuOTpa-
KAIOIIMM TOKPHITUEM Ha OCHOBE HUTPHUAA KPEMHHUS U CEpeOpsSHHBIMU KOHTakTaMu. J(pdeKTus-
HOCTb (POTOIIEKTPUUECKOTO MpeoOpa30oBaHusl HCCIeNyeMbIX CTPYKTYp cocTaBisier 10%, Hampsixke-
Hue xoJiocToro xoaa Voc = 0.6 B 1 mII0THOCTBIO TOKAa KOPOTKOTO 3aMmbikaHus Jsc = 0.8-10-3 A.

CoJutHevHBIE JIEMEHTHI OBLTH MCCIIEIOBAHBI HA CIICUAIFHO Pa3padOTaHHOM H3MEPHUTEIHLHOM
KOMIUIeKce Ha 0a3e kpuocrtarta 3amkHyToro mukia Janis CCS-400/204n, ynpaBiseMoro Temriepa-
TypHbIM KoHTpoJuiepoM LakeShore 335, snextpomerpa Keithley 6517B, RLC wusmepurenem
Agilent E4980A ¢ Option 001 u manomymsiiero ycuiurens [4].

N3meputenpHbIii KOMIUIEKC (puc. 1) BKIIOYAET B ce0sI HECKOIBKO N3MEPUTEIBHBIX METOIHK:
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® CIEKTPOCKONMS HU3KOYACTOTHOTO IIyMa;
e BAX;
e B®X 1 CIEKTPOCKOIHS aIMATTAHCA;

® TOKOBas peJaKCalMOHHAsI CIIEKTPOCKONHUS INTyOOKUX YPOBHEH.

amplifier
I-DLTS

1

Janis CCS-400/204N

amplifier

4(1/’ I-f noise
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oo~ offset | laNc 2120 |

N N scheme

SN0 LY Agilent
N N | E4980A
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I—'_—»‘/——L ~ >\ 4 Keithiey PC
w. N 65178
[ |thermocontroller PCle
LakeShore 335 .| Tektronix Ly

AFG 3102 [ 6361
L helium station PCI| GPIB

HC-4E1

4

A 4

vacuum post

Puc. 1. Cxema u3MepuTeIbHOI0 KOMITJIEKCA

[Iporpammuoe oOecrieueHrne KOMIUIEKCA PEaM30BaHO B Cpelie MHKEHEPHO-IpadUuyecKoro
nporpammupoBanusi LabVIEW ¢ wucnonszoBanuem 6ubmumorex Agilent E4980.1vlib, Keithley
6517.1vlib u Lake Shore 335.lvlib, yTo Mo3BONMIO CHU3WUTH BPEMEHHBIE 3aTpaThl Ha Pa3pabOTKy
YIOPaBISOLEH TPOrpaMMBbl JUIsl U3MEPUTEIBHOIO KOMILIEKCA. YTpaBiICHHE CXEMOW CMEIIEeHUs U
ycunuTeneM npoucxoaut npu nomouu shielded connector block NI BNC 2120 and data acquisition
NI PCle 6361.c

JlJis OLIEHKM HEPaBHOBECHOM KOHUEHTpALlMU HOCUTENEH 3apsia corjacHo (2) KpoMe OCHOB-
HBIX 3JIEKTPUUYECKUX XapaKTEPUCTHK MpuOopa HEOOXOAMMO 3HAThb KOHLEHTPALUIO JIETUPYIOIIEH
npuMecH. [yt 3Toro y uccineayeMsix CTPYKTYp OblUT H3MepeH MpoQuiib KOHIEHTpauu (puc. 2) Me-
TOJOM BOJIbT-(apaHbIX XapaKTEPUCTHUK.

2E+22+

1,95E+22

1,9E+22

1,85E+22

o L8E+22

<
176422 e

1,65E+22

1,6E+22

1,55E+22

1,5E+422+
02 0225 025 0275 03 0325 035 0375 04 0425 045

X, mkm
Puc. 2. HpO(l)I/IJ'H) KOHIICHTpAalu HOCHUTEJIEH 3apsaja COJTHECYHOI'O 3JICMCHTA Ha OCHOBC MYJIbTUKPUCTAIJIMYCCKOT' O
KpEMHUA

Buano, uro Na=1.75-1016¢cMm-3. CootBercTBeHHO Tipu Voc = 0.6 V u30bITOYHAS KOHIICH-
Tpauus coryacHo (2) cocrasmia 1,5-1014 cm-3.

Ucnonb3ys (3) npu Jsc = 0.8:10-3 A u gonymenuu, yro S~40 cm/c [5] BpeMs KU3HU HOCH-
Tene 3apsna pasHo 3,6-10-5c.
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JIJis OLIEHKH CHpPaBeUIMBOCTH IOJX0JIa BpeMs KU3HU ObLIO M3MEPEHO SKCIIEPUMEHTAIBHO
MIPU TIOMOIIA METOJa HU3KOYaCTOTHOTO myma (puc. 3).

Ha puc. 3 npezacrasiena 3aBUCUMOCTb CHEKTPAIBHON IJIOTHOCTH MOLIHOCTH HCCIIEYEMOU
CTPYKTYpBl OT YacTOTbI, HA KOTOPOM HAarjsAHO BHAHO M3JI0M mpu yactoTe nopsaka 3 kl'm. Ilo-
CKOJIbKY 4acTOTa M3JIOMa COOTBETCTBYET f=1/27°1 [6], TO SKCIIEpUMEHTAIBHOE BPEMSI KU3HH PABHO
5-10-5 ¢, 94TO XOpOLIO COrIacyeTcsi C AHATUTUYECKUM 3HAYEHUEM, IIOATBEPKIAECT CIIPABEIIIUBOCTh
[I0IX0/1a ¥ IOIYIIEHHS O CKOPOCTH MMOBEPXHOCTHON PEKOMOMHAIIMN HOCUTEIIEH 3apsija.

Omnpeneneno, 4yro uMeHHO pekomoOuHanug 1o [okknu-Xomy-Puay BHOCUT OCHOBHOM BKJIa[
B HU3KOE BpeMs xku3HH (5,6). COOTBETCTBEHHO, IPH PEKOMOMHAIINN Yepe3 TIIyOOKHE YPOBHH Bpe-

M KA3HH COCTaBUIO 3,585 107 ¢.
10u

lu

100n

10n

=
5

[y
o
o

©

PSD, VA2/Hz

10p | |

1p

100f

10f :
0,01 01 1 10 100 1000 10000

f, Hz

Puc. 3. 3aBUCHUMOCTH CTIEKTPaIbHON TUIOTHOCTH MOIIIHOCTH IITyMa OT YaCTOThI COJTHEYHOT'O AJIEMEHTa Ha OCHOBE
MYJbTUKPUCTAIITUYECKOTO KPEMHUS

Takum 00pa3zomM, B 1aHHOHN paboTe ObLIM HCCIEI0BAaHBI 00pa3lbl MYIbTUKPUCTATUNIMYECKUX
COJIHEUHBIX JJIEMEHTOB JKCIIEPUMEHTAIBHBIMHA JJIEKTPUYECKUMH METOJaMU. BBl oIpesiesieH BKI1ag
pexom6Ounanuu no Illokknu-Xony-Puny B obiiee o6beMHOE BpeMs KU3HU. AHATUTUYECKH U IKC-
MEPUMEHTAIILHO MOJIy4€HbI XOPOIIIO COIJIaCyIoInecs 3HaueHUs: 00bEMHOIO BPEMEHU JKU3HHU.

Pabora Bemonnena npu nojpaepxke I'panta Ilpesmpenta Poccuiickoit denepanun MK-
4518.2016.2 na o6opynosanuu PL[3Mkn npu ®I'bOY BO «PT'PTY» B HOLL Heynops/104eHHbIX U
HaHOCTPYKTYPUPOBAHHBIX MaTepUaoB U yCTpoicTB Ha ux ocHoBe (HHMY).
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STUDY THE POSSIBILITY OF USING ALKALI METALS AS EMISSIVE
MATERIALS FOR THE ELECTRODES OF THE SPARK GAPS

I. Baranov, D. Makeev
Ryazan state radio engineering University
Russia, Ryazan
Abstract. This paper deals with the investigate the possibility of using alkali metals as emissive
materials for the electrodes of the spark gaps
Keywords. Alkali metals, spark gaps.

1.BBenenue

Hanexnyro 3amuTy 3J€KTpPOHHOM anmaparypbl U YCTPOMCTB CBSI3M OT BO3JEHCTBUS HM-
MyJBCHOTO MepeHanpsHKEHUsl 00eCIeurnBalOT HEYNpaBisieMble pa3psaIHUKUA C MaJbIM BpEMEHEM 3a-
Ta3bIBaHMS TPOOOSL.

B HacTosiiee BpeMs B razopaspsiiHbIX Npudopax NpUMEHSIOT B OCHOBHOM aKTHBHBIE KaTo-
IIbl, B COCTaB KOTOPBIX BBEJIEHBI BELIECTBA, CHIKAIOIIKUE paboTy Bbixoaa. OQHUM U3 MyTel co3jaa-
HUS KaTOJIOB C Majoil paOOTOM BbIXOJa SIBJISETCS IPUMEHEHHE COEIMHEHUN 1IEI0YHbIX METaJIOB,
HarpuMep, aJTIOMOCUIIMKATOB WM aTIOMHHATOB, C OMPEACICHHONW CTPYKTYpPOH, CIOCOOCTBYIOMICH
CPaBHUTEIBHO JIETKOMY BBIJICJIEHUIO U3 HUX ILEJIOYHOT0 METaJLIA.

B HUU I'PII «Ilnazma» pa3paboTaHbl U MPOU3BOIATCS Pa3psIIHUKH «KHOTIOYHON» KOHCT-
pykuun cepun P-150 — P-159. B ocHOBE KOHCTPYKIIMM 3THX Pa3psIHUKOB 3aJI0KEH IEKTPOJI, BbI-
MTOJTHECHHBIA B BUJIE METAITMYECKON YaIIKK C 3aKpEIJICHHON Ha Hel «TabieTrkoi» (puc.l). OcHOBY
«TabJIETKW» COCTABIISIET METAJUIONOPUCTAsI MAaTPHLIA PECCOBAHHOTO MOPOIIKA HUKENS U aJIFOMOCH-
JIMKaTa 11e3usl, KaKk aKTUBHOT'O BELIECTBA.

é i

$8

— R

Puc.1 DnexTpon pa3psaHuKa «KHOMOYHOW) KOHCTPYKIIUH

[To u3BECTHBIM JUTEPATypHBIM JAAHHBIM, B KQUECTBE AJIEKTPOJOB AHAJOTHYHBIX MPHUOOPOB
psaa 3apyOexHbIX MPOU3BOIUTENECH UCIOIB3YIOTCS U IPYTHe BELEeCTBA U KOMIIO3HIIMHU, COJIEpKa-
1€ EJTOYHbIE METAJUIB U X COEIUHEHUS KaK OCHOBHOE SMHCCHUOHHOE BEIIECTBO.

XUMHYECKUI COCTaB BEILIECTBA MOXKET BKJIIOYATh B ce0sl TaKMe KOMIIOHEHTHI Kak BOJb(pa-
Mat kanus (K2WO4) wiu Bonsdppamar uesus (Cs2WO4), cunukar Hatpust (Na2S103) unu cuiiukar
ne3ust (Cs2Si03) B kauecTBe 0a30BBIX KOMIIOHEHTOB, M TUTaH win okcuj tutana (Ti02), terpado-
pat Hatpus (Na2B407), okcun maraust (MgO) u T.11. B KauecTBe 100aBOK.

[IpuOGopsl, U3rOTOBIEHHBIE C HCIOJB30BAHUEM TaKUX 3JIEKTPOJIOB, OTIUYAIOTCS BBICOKOM
HAJEKHOCTBIO M CTOMKOCTBIO K BO3JCHCTBUIO 3JIEKTPUUECKUX HATPY30K.

2.0nucanue IKCIEPUMHTA

Lenbto naHHOM pabOTHI ABISETCS MOUCK HOBBIX 3MHUCCHOHHBIX MaTE€pPUAJIOB HA OCHOBE LIe-
JIOUHBIX METAJUIOB, a TAK)KE€ KOMIO3UIMII Ha UX OCHOBE, CIIOCOOHBIX 3aMEHUTh CYILECTBYIOUIYIO
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TEXHOJIOTHIO TTOJTYYEHHUS 3JIEKTPOJOB, PU ITOM COKPATUTh TEXHOJIOTUYECKUN IUKJ UX U3rOTOBJIE-
HUS ¥ TIOBBICUTH HAJIC)KHOCTh M CTAOUIILHOCTh CpadaThIBAaHUS MPUOOPOB.

B nanHoil paboTe 3kcriepuMeHTalIbHbIE 00pa3Libl BHIMOIHUIMCH HA OCHOBE Pa3psIHUKOB ce-
pun P-150 — P-159.

I

#8

Puc.2 KOHCTPYKIIHS 3JIEKTPO/IA SKCIEPUMEHTATBHOTO 00pa3sia pa3psaHHUKa.

KoHcTpykIus a5ekTpo/ia mpeIcTaBiseT co00i JamKy | KOJBI0, TPUBAPEHHOE K TIOBEPXHO-
cTH yamku (puc.2). B o6pazoBaBiieiicss eMKOCTH BHYTPH KOJIbLIa Pa3MEIAETCs] aKTUBHOE BELECT-
B0. OCHOBY aKTHBHOTO BEIIECTBA COCTABJISIOT COJIM MIEIOYHBIX METAIUIOB (Kajws Wik HaTpus). B
KadecTBe J00ABOK MCIOJB3YIOTCSl TAKME BEUIECTBA KaK aTFOMOCHIIMKAT Oapusi- KAIbIUs UIH OKHChH
KPEeMHHS U OKHCh aJTIOMHHHS, a TAKKE METAJUINYECKUE JOOABKH MOPOIIKOB METAJUIOB, TAKUX KaK
HMKEJb, TUTaH, WK MOJIMOICH.

PaccmoTpuM mospoOHEe cOCTaB BEHIECTB 3MHUCCHOHHBIX KOMITO3UIIMHA, WX Ha3HAUYCHHE H
BIIMSIHUE HAa CBOMCTBA Ipubopa.

OcHoBHBIE TpPeOOBaHUs, MPEABSIBISEMbIE K CBOWCTBAM BEHIECTB SMHUCCHOHHBIX KOMIIO3H-
LU, CIIEYIOIIHE:

CIIOCOOHOCTH K AMUCCHUH (HU3Kast paboTa BHIX0/1a)
CIOCOOHOCTH K I'a30MOTJIOIIEHUIO
Temrneparypa miasienus He 6osee 800°C (o kpaitHel Mepe 0 JTHOTO KOMITOHEHTA)

Haubostee nmpeArnodTUTENFHBIMU SIBIISTFOTCS KOMITO3UIINH, BKIIFOYAIOIINE B CBOM COCTaB HO-
aun kamust (K1) wim xinopun xanus (KCl), a Taxxe xnopua Hatpust (NaCl) B kauecTBe OCHOBHBIX
BelecTB. Temneparypsl MIaBJIE€HUS 3TUX BEUIECTB HAXOAATCS B Ipeaenax ~680-800°C. Ta-
KOW TeMIIepaTypHBIM pPEeKUM MOKET 00ecreunBaThCs HEMOCPEICTBEHHO MpU Maiike mpubopa, 4To
MTO3BOJIIET HE MTPOBOIUTD JIOTIOJHUTEIHHOM TeMIIEpaTypHO 00padoTku niepea cOopkoit mpubdopa. B
npouecce naiiku npudopa temneparypa gocruraet ~800°C. Ilpu sroii remneparype KI/KCI (NaCl)
PACIIIABIIAIOTCSA C YACTUYHBIM Pa3lokeHHneM M BhieneHneM noHoB K'(Na'). OcTeiBas, 3Tu Bele-
cTBa 00pa3yloT TBEpABIH paciiaB, HAJEKHO YICPKUBAIOMIMKCS HAa MOBEPXHOCTH Yamiku. DyHK-
[IUOHAIBHO 3T BEIIECTBA HCIIOJHSIOT POJIb «MATPHUIBD» 3JIEKTPOJIA, TAK U OCHOBHOTO SYMHCCHOHHO-
ro JJIEMEHTA.

B kauectBe 100aBOK K OCHOBHOMY BELIECTBY OBLIM BBIOpPAaHBI ATIOMOCHJIMKAT Oapusi-
KaJbIMS ¥ JOOABKU MOPOIIKOB HUKEJSI, THTAHA, WITM MOJINO/IEHA. AJTIOMOCHIIKAT OapHs-KaJIbIIHsl,
00J1aasi cmocoOHOCTRIO K Ta30TOTJIONICHUIO, TaAKKe 00J1a/1aeT U YMHUCCHOHHBIMU CBOMCTBaMH. [[o-
OaBlIeHHE HUKEJs, THTaHA WM MOJIMOJICHA JTOJDKHO CIIOCOOCTBOBATH CTAOMIIM3AIIMHA SMUCCHH JJIEK-
TPOJ1a, UTO YMEHBIIUT Paz0pOC CTATUYECKOTO HAMPSKEHUs TprOopa oT mpobost K mpoooro.

Takum 0Opa3zoM, ObLITH BEIOPAHBI CIIETYIOIINE COCTABBI:

® 70% KI, 20% amromocunukat BaCa, 10% Ti

® 70% KCI, 20% amromocuimkat BaCa, 10% Ni
® 70% KCI, 20% amromocunukat BaCa, 10% Mo
® 30% NacCl, 20% ALO3, 50% Si0,

Ha ocHoBe 31eKTpoJOB C TOJIYYCHHBIMH 3MHUCCHOHHBIMH COCTaBaMU OBbUIM COOpaHBI H
cHastHbl MPUOOPbI, aHAJIOTUYHBIE BBIYCKaeMbIM cepuiiHO P-157 ¢ HOMMHANBHBIM HaNpsHKEHUEM
npo6ost 600 B. Ilocne maiiku mpuOOPOB MPOBOAUIICSA 3aMEpP CTATUYECKOTO HAIMPSHKEHUS MPOOOsL.
3aTem mpuOOpHI MOABEPTATINCH BO3CHCTBUIO CHHYCOUIATBHOTO TOKA aMIUTUTYION 5 A U JUIUTEIb-
HOCTBIO 1 ¢ (2 BKJI.) U UMIYJIBCOB TOKa aMIUIMTY10M | KA M ATUTENBHOCTHIO 125 MKC, U CHOBa 3a-
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MEpSIIOCh CTATUYECKOE HAMPSHKEHUE Mpo0osi. Pe3ynbTaThl H3MEpEHUid 10 U TIOCIIe BO3JACHCTBUS TO-
KOM IIpHUBEAEHBI B Ta0nH1ax 1 u 2 cOOTBETCTBEHHO.

Tab6muma 1. CuHycOuaambHBIN TOK.

Cocras 1: 70% K1, 20% amromocunukat BaCa, 10% Ti
Ne Uc‘r.ﬂa B/ Uc‘r.ﬂa B Uc‘r.cpa B
1 547-546-586-596-594/603-593-597-597-592 573/596
2 571-537-548-575-591/560-552-564-596-603 564/575
3 684-554-620-609-622/532-606-592-594-585 617/581
4 608-564-561-570-566/491-528-546-503-567 573/527
5 580-594-586-524-549/562-491-498-501-549 566/520
Cocras 2: 70% KCI, 20% amromocunukat BaCa, 10% Ni
6 541-539-547-535-562/545-399-411-428-479 544/432
7 585-479-439-499-498/612-472-559-530-520 500/539
8 761-666-558-627-675/712-565-564-585-599 657/605
9 555-489-477-481-505/633-527-554-557-571 501/568
10 623-629-562-586-578/434-459-503-500-495 595/478
Cocras 3: 70% KCI, 20% amromocuinukat BaCa, 10% Mo
11 878-875-866-871-864/687-705-694-675-678 870/687
12 620-617-624-611-614/670-639-639-626-626 617/640
13 717-695-614-692-690/432-417-386-390-394 681/403
14 935-895-906-907-909/876-916-918-917-919 910/909
15 613-539-546-547-507/556-546-545-542-545 550/546
Cocras 4: 30% NacCl, 20% Al,0;, 50% SiO,
16 809-762-770-772-776/802-817-812-818-812 777/812
17 781-808-682-709-713/903-909-908-892-913 738/905
18 855-719-728-742-794/747-722-742-739-730 767/736
19 1010-878-803-813-859/839-758-771-763-761 872/778
20 809-808-728-813-781/761-739-781-722-758 788/752

CrnenmyeT 3aMeTUTh, YTO OCHOBHOMW 3ajadeii pabOTHI SBJISCTCS IMOUCK MaTephayia, KOTOPBIi
MPUHIUAIAATIEHO MOT OBI CITY)KUTh OCHOBOH A1 3ekTpoaa. Camo 1o cebe adcoNMoTHOE 3HaYeHNE
CTaTMYECKOT0 HampsKeHHUs Mpo0osi He SBISETCS KpUTEPUEM BbIOOpA SMUCCUOHHBIX cocTaBoB. Oc-
HOBHBIM KPUTEPHUEM BBIOOpA CIIEAYET CUMTATh CTAOMIBLHOCTH PAOOTHI 3JICKTPOJA, T.€. )KEIATeIIbHO,

9TOOBI Pa30pOC CTATUYECKOTO HAIIPSHKEHUS OT MPOOO0s K TPOoOO0I0 OBLIT MUHUMAJIEH.
Tabnuna 2. IMITyIIbCHBIH TOK.

Cocras 1: 70% K1, 20% amromocunukat BaCa, 10% Ti
Ne Uc‘r.ﬂa B/ Uc‘r.ﬂa B Uc‘r.cpa B
1 512-480-481-475-475/448-448-455-456-453 484/452
2 422-446-480-486-505/450-444-472-490-509 467/473
3 484-474-476-472-470/446-471-473-476-474 475/468
4 509-540-568-580-564/596-593-595-598-592 552/597
5 498-486-485-484-482/404-445-436-434-440 487/431
Cocras 2: 70% KCI, 20% amromocunukat BaCa, 10% Ni
6 533-470-478-455-449/561-567-536-556-535 477/551
7 584-567-539-564-580/517-514-479-470-465 566/489
8 777-768-780-778-766/662-539-540-487-418 773/529
9 622-518-514-525-510/489-426-475-428-435 537/450
10 591-480-535-545-480/617-541-385-452-446 526/488
Cocras 3: 70% KCI, 20% amromocuinukat BaCa, 10% Mo
11 776-765-736-744-708/646-561-535-554-592 745/577
12 576-571-544-583-559/643-639-639-543-619 566/616
13 703-664-664-611-602/555-468-452-464-444 648/476
14 873-844-823-823-825/696-762-718-702-671 837/709
15 556-502-511-507-529/525-540-534-527-528 521/530
Cocras 4: 30% NacCl, 20% Al,03;, 50% SiO,
16 782-718-678-685-683/640-643-641-652-652 709/645
17 843-808-822-809-818/751-788-785-790-790 819/780
18 732-742-741-742-742/735-748-755-759-762 739/751
19 879-795-795-793-790/771-800-799-803-806 810/795
20 778-763-765-782-762/781-739-751-742-748 770/752
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Kax panee ymomunanoch, 100aBlieHHE TOPOIIKOB METAUIOB MO3BOJISET HECKOJIBKO CTaOH-
JU3UPOBATH SMHUCCHIO AJIEKTPOJIa M YMEHBIIUTh Pa30pOC CTATHYECKOTO HAMPSIKEHHS MPUOOpa OT
po6os kK mpo6oro. Jlydiie npyrux 3TH CBOMCTBA MPOSBIIMCH B COCTaBE 1, B KOTOPOM B Ka4eCTBE
N00aBKU CIYKUT THTaH. M3 pe3ynbTaToB TaOIWIBI HETPYJHO BUJIETh, YTO 0OABJICHHE TUTaHA HE
TOJIBKO TMOJIOKUTETHHO BIUSAET HA pa30pOC CTATUYECKOTO HAMPSDKCHUSI, HO M CHHKAET CTAaTUYECKOE
HanpspKeHHe Mpo0osi B 1[EJIOM, YTO, IPU MTPOYMX PABHBIX YCIOBUSX, O3BOJISICT TOBOPUTH O JIyUIICH
AKTUBHOCTH DJICKTPOJA.

CocraB 4, 0 KOTOPOM HE YIIOMUHAJIOCH paHEe, TAaKKe MOKa3all HeIUIOXHUE Pe3yabTaThl B Yac-
TH CTAOMIIBHOCTH PabOTHI AMEeKTPO10B. OTHAKO, KaK BBISICHIIJIOCH B TIPOIECCE UCTIBITAHUM, pa3psi-
HUKH C 3JIEKTPOJaMH, BHITIOJHEHHBIMIA Ha OCHOBE cOCTaBa 4, HE CIOCOOHBI MPOMYCTUTh CHHYCOH-
JTATBHBIA UMITYJIBC JUIUTEIBHOCTRIO 1 c. [IpoucxoauT rameHue paspsiga, BUAUMO H3-3a CJIa0Oit
AMUCCHUH DIEKTPOA.

3. BeiBOabI

B nanHo# paboTe mokazaHa MPUHIMIHAIBHAS BO3MOXHOCTh MCTOJIB30BaHUS TTOPOIITKOBBIX
MaTepuajoB B KayeCTBE SMHUCCHOHHBIX COCTAaBOB JUIsl MOJy4deHUs 3ekTponaoB. [logoOpaHo He-
CKOJIKO COCTaBOB, KOTOPBIE MOTJIM OBl CIIYyKHUTh OCHOBOM JIsl aKTUBHOW COCTABJISIFOIIEH JIEKTPO-
JIOB U B JaJIbHEHIIIEM 3aMEHUTH MPECCOBAHHBIC EKTPOaAbl. [IpenmyIiecTBo Takoi TEXHOJIOTHUH TIO-
JIY4EHUS SJEKTPOJOB BUIUTCS B UCKIIOYECHUHN W3 TEXHOJIOTHUHU MTPOU3BOJICTBA Psijla OMEePalUid, TAKHX
KaK COOCTBEHHO MPECCOBAHME DJIEKTPOJIOB U UX MPEIBAPUTEIHHOE CIIEKaHHWE, YTO 3aMETHO O0JIer-
YaeT M COKPAIAaeT BO BPEMEHU TEXHOJOTHYECKUH ITUKIT TPOU3BOICTBA PA3PSIHUKOB.

OnHako, CyIIECTBYET PsJi TEXHOJOTUUECKHX MPOOJIEM, CBSI3aHHBIX C TMPOM3BOJICTBOM pa3-
PSATHUKOB HAa OCHOBE IMOPOIIKOBBIX MarepuanoB. Bo-mepBeix, HE0OX0AMMO OTpabOTaTh TEXHOJO-
TUI0 HAHECEHHS] YMUCCHOHHOTO COCTaBa HA MOBEPXHOCTH 3JEKTPOJA B YACTU MOJ00pPAa XUMHUECCKH
HEAaKTUBHBIX JKHJIKOCTEH JJIsi MPUTOTOBIICHUS CYCIICH3WI U JJO3UPOBAHUS €€ KOJNYECTBA. 3aTeM He-
00X0JTMMO YTOYHUTH PEKUMBI OTKAYKH M IMaKH MPUOOPOB C YYETOM ITOTHOTO YIAICHHUS JCTYIHX
KOMITOHCHTOB. [IpuMeHss 2JIeKTpOobl Ha OCHOBE MOPOIIKOBBIX CYCIICH3UW, HY’)KHO MUMETh B BHIY
4TO mporecc obe3raxkuBaHusi Oyzner Oosiee JUIMTEIbHBIM, YEM CYHIECTBYIOIIUNW U MPOBOJUTH €ro
CJIeyeT MpHU TeMIeparype, 00eCleunBaOIIeH MIaBJICHHE OCHOBHOTO KOMIIOHEHTa. BO-BTOPHIX, B
MPOIIECCE MCTIBITAHUM BBISICHWIOCH, YTO HE IMOJHOE CIIEKaHWE DJIEKTPOJa MPUBOIUT K TOMY, UTO
YaCTh AYMHUCCHOHHOTO COCTaBa OCTAETCA B BHJIC MOPOIIKA. ITO MPUBOAUT K CHIKCHHIO TTPUOOPOB
CTOMKOCTH K BO3JICHCTBHIO TOKOBBIX HArpPy30K, T.€. IIPU BO3JICHCTBUHU HA MPUOOP UMITYIIBCAMH TOKA
MIPOUCXOJUT Pa3pyIIeHUE FIEKTPOIa U pa3dpOC SIMUCCHOHHOTO BEIIECTBA M0 00BeMy Iprbdopa, 4To
MIPUBOJIUT K CHIDKCHUIO COTIPOTHUBIICHHS M30JISIMH IPUOOPA.

[lepeuncieHHbIE TEXHOJIOTHUECKUE NMPOOIEMBI BHIATCS pelIaeMbIMH. Tak, HalpuMmep, Hc-
MOJIb30BAaHME CHCTEM TOYHOTO JO3MPOBAHUS MOTJIO OBI PEIIUThH MPOOJIEMy HAHECEHHUS U I03UPOBa-
HUSI COCTaBa Ha OBEPXHOCTH 3JIEKTPO/A, a MPOOJIEMBI CIICKaHUs TPEOYIOT OTAETBHO TOTIOIHUTEIb-
HOM MpopabOTKH.

B nenom, paborta Haa co3aHUEM TaKuX SJIEKTPOAOB BUIUTCS MEPCIEKTHUBHOM, MO3BOJISIO-
1IEH COKPATUTh TEXHOJOTMYECKUN LMKIJ IMPOU3BOJACTBA Pa3psAAHUKOB «KHOIOYHOW» KOHCTPYKIIUH,
OTKa3aThCsl OT MCIIOJIb30BAHUS HEKOTOPOIro 000py1oBaHus (IIpecc-aBToMar, BOJOPOAHbIE MI€UH), U,
KaK CIJIeZICTBHE, MTOJIyYUTh SIKOHOMHUYECKUN 3P(PEKT OT MPUMEHEHUSI TaHHOU TEXHOJIOTHH.
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Annomayus. B pabore paccmotpen nporecc audpakimu TM — Mosipru30BaHHOMN 3JICKTPOMAarHHT-
HOHM BONHBI TrayccoBa mydka Ha MJII (Meramn — AWAJIEKTPUK — MONYIPOBOIHUK) CTPYKTYpPE C
Y4ETOM HENMHEHHOCTH JUDIIEKTPHYECKOH MPOHUIIAEMOCTH TOIYNPOBOIHUKOBOW IUIEHKH. B pam-
Kax TEOpHH pa3BUT MOIOBBIM METOJ pacyera mpolecca B3auMOJICHCTBUS U3IYUYE€HHS CO CTPYKTY-
PO, TTO3BOJISIFOIIUE PAaCCUUTHIBATE A1 (DUKCUPOBAHHOTO MOTOKA SHEPTUHM BO3MYILIECHHUS MOTOKHU
SHEPIUii BOSHUKAIOIIMX B MpoIleccax TUPpaKInu.

Knrouesvie cnosa. I'erepocTpyKTypa, MOOBBIM METO/I.

ELECTROMAGNETIC WAVE DIFFRACTION ON PLANAR SEMICONDUCTOR

HETEROSTRUCTURES
K.V. Bukhensky', A.B. Dubois’, S.I. Kucheryavyy?, S.N. Mashnina', A.S. Safoshkin', E.V. Tishkovets',
A.A. Bolshakova'
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e-mail: safoshkin.a.s@rsreu.ru

Abstract: In this paper we consider the process of diffraction of TM - polarized electromagnetic
Gaussian beam wave in the MIS structure (metal - insulator - semiconductor), taking into account
the nonlinearity of the dielectric permittivity of the semiconductor film. The framework was de-
veloped the method of calculation of the mode of interaction of radiation with the structure of the
process that allows to calculate for a fixed stream flows of energies resulting in diffraction pro-
cesses.

Keywords. Heterostructure, modal method.

[Ipouecchl nepepacnpesieieHusi SHEPTUU B pe3ynbTare AU(pakiuu JIEKTPOMAarHUTHOTO H3-
Jy4eHUs B IUAIEKTPUUYECKUX CpelaX MPEeACTaBIIsAI0T cO00M OJHY U3 BaXKHEHIINX 3a7ja4 UHTErPajib-
HOM ontuku. [lo cpaBHEHMIO C MpolleccaMU PACHPOCTPAHEHUS AINEKTPOMArHUTHOTO H3ITY4EHHUS
BJI0JIb MHOTOCJIOMHBIX CTPYKTYp C MapajielbHbIMU (MJIM KOAKCHAJbHBIMU) I'paHULAMU pa3jera,
KOTOpbIE XOPOILIO M3Yy4eHbl U CUCTEMATU3UPOBAHbI K HacTosuieMy Bpemenu [1,2,8], audpakunon-
HBIE 3a/1a4¥ U3y4YeHbl Topasao ciaadbee. OCHOBHAs MpobOIeMa 3aKIII0YaeTcs B OOJIBIIUX MaTeMaTHye-
CKHUX CJIO’KHOCTSIX, CBA3aHHBIX C pellIeHneM ypaBHEHUI MakcBeia B cpefax, I/ie TpaHullbl pa3jiena
MEXAY CpellaMH CYTh He MapajuiebHble TUIOCKOCTH. Y CIOBHS HENPEPHIBHOCTU B COBOKYITHOCTH C
ypaBHeHUsIMH MakcBeia 1Sl TaKUX 3a/1ay CBA3aHbl C PEILIEHUEM CIIOKHBIX UHTErpoAu(QepeHIu-
QIbHBIX ypaBHEHUH [3], KOTOpble MMEIOT AHAIUTUYECKOE DPELIEHUE TOJIbKO JJIsi ONpPEIETICHHbIX
reomeTpuii [4]. B paboTe mpousBeeH pacueT mpoiecca OTPaKeHUs rayccoBa Mydka ¢ BO30yxe-
HUEM NOBEPXHOCTHBIX 1 OOBEMHBIX IEKTPOMArHUTHBIX IOJIEH B CTPYKTYpE, I/I€ YK€ IPH OTHOCH-
TEIbHO HEOOJIBIINX HAIPSHKEHHOCTSX 3JI€KTPOMArHUTHOIO IOJISI HEIMHEHHOCTh B JAMUAJIEKTpUYE-
CKOM MPOHUIIaEMOCTU OyJEeT CKa3bIBaThCs Ha MPOLIECC OTPAXKEHUS OT HEMHENHOU cTpyKTyphl. [lo-
CIIETHUI TpeaCTaBiIseT cOO0N YeThIpe 00JaCTH, XapaKTepU3YIOIIHECs ITUAIEKTPUUECKUMH TPOHH-
IIAEMOCTSIMHU ¢, - BAKYYM, &,(w)- METall, ¢,- TOHKas IOJyIIPOBOJHMKOBAs HEJIMHENHHAs MJIEHKa, ¢, -
TUDJIEKTPUK.

VYpaBHenus Makcsenna

ioH=crotE u ioe; (0)E =—crotH (1)
B JIGKAPTOBOW CHCTEME B COBOKYIHOCTH C FapMOHHMYECKHUM XapaKTepOM paclpOCTpaHEHUS
Ka)JIOM MOJIbI BJIOJIb OCH X {H(x, 2),E (x,z)} ={H(z),E(2)} exp(ik,x) CBA3BIBAIOT KOMIIOHEHTHI Moa TM
ic 0H v,

— nousigpusoBanHoro usnydenus (Eyx, E, Hy) cnenyromum oOpasom: €, (x,z)=——=;

0g; Oz

210



ic OH, ic dH, c
E,(x,2)=——; E(2)=——=; E.(2)=———kH (2), 4TO JICTKO mony4uTh u3 (1), yuursiBas
0g; Ox 0g; dz 0E;
mIaHapHocTh 3amauu [8]. Orubaronue monael H(z), a Takxke BostHOBOE 4HCIO ki onmpenenstores u3
BOJIHOBOTO YPaBHEHUS U IPaHUYHBIX ycloBui. BonHoBoe ypaBHeHue BbiTeKaeT u3 (1) u maer 3aBu-
cuMocTb 1o Hy(z) i kax1oro u3 KBaJpaHTOB:

d’H, [ 2
y 2 _
dZZ +|:c_28i_kx:|Hy =0 (2)

C TPaHUYHBIMU yCIOBUAMHU H  (z=—0)=H (z=+0), E (z=-0)=E (z=+0), KOTOPBIC MOJHO-

CTBIO OIPEAETSIOT CTPYKTYpY Kaxkaoi mozabl npu x<0 u x>0. Kak HeTpynHO yOeauThCs, pelieHue
ypaBHeHus (2) mpu x<0 umeeT BUA: H,,(z) = B exp(ifz)+ B, exp(-ifz),

ck®
EIZ(Z)=—$D31 exp(ipz)+B, exp(—iBz)], rjae 3 — TmomepedyHoe BOJHOBOE YHUCIO, JUISI KOTOPOTO
1

2
B +(k§')) =kie,, ky=®/c=21/\ — BOJIHOBOE YMCJIO B BAKyyMe, A— JUIMHA BOJHbI HaJAIOMIEr0 M3~

JTy4EHUsl.
JIBa BOJHOBBIX uKcia B u ky onpenenstorcs U3 0JHOTO YpaBHEHMs. ITO O3HAYAeT, YTO OJHO

U3 HUX MOXHO MPUHATH He3aBUCUMBIM. IlycTh 310 Oyzmer . OueBuaHo, yto Habop QyHKUUN (4)
OyZeT MOJIHBIM, €CJIM MBI IiepedepeM Bce Bo3MOXkHbIE 3. Buano, uyto B cpenax 1 u 3 Oyner no nBe
rapMOHUKHU (Takoe u3iaydeHue OyJieM Ha3bIBaTh BHIPOKJICHHBIM U JIJISl ONPEAEICHHOCTH 0003HAYUM
ux "+" u "-" rapMOHMKaMH) U COOTBETCTBEHHO JIB€ HEOIpeAeIeHHbIe KOHCTAHTHI JUIsl OJHOTO 3Ha-
yeHus ky. IlosTomy ompenenenue cBsi3u MeXIy JABYMsI CBOOOAHBIMU KO3((ULHEHTAMU OCTaeTcs
IIPOM3BOJIHBIM. JTOT IIPOU3BOJ YCTPAHIETCS HAJIOKEHUEM Ha COOCTBEHHBIE MO/Ibl YCIOBHUI OpTO-
TOHAJILHOCTU U HOPMUPOBKHU:

TEEHY d==0 u ] EY 1P dz=-<kD5(B—p'). (3)

—0 —0 (O]
Haiinem koad¢dunuentsl By u Bs. IloncTaBuB B ycioBre HOPMUPOBKU 3HAUEHUS AJIEKTpUYE-

o 1 |e
CKOTO U MarHUTHOT'O IOJIEH, NOJIy4YUM: B, =B, =3 }2—‘(1J_ri) . Takum oOpazom, B cpeae 1 MarHuTHOE
s

nosie Gyjer HP} (z):%B]ﬁ [(17i)exp(=iBz)+(1+i)exp(iBz) | e By = (g, /27)"* — HOpMMpOBOUHAs TIO-

CTOsIHHasI.
VuuThiBas BBHINIEU3JIOKEHHOE, 3aAIIUCHIBAEM MAIAKOIIEE M OTPAKEHHOE U3ITYyYEHHE B BHIIE
o, (v2) = [ 1 HE, + 15 1], Jexp(ik(x) ap (4.1)
0
0 . B B y
0,.2) = J| R+ R, Jeso-ikx)ap (42)
rae [y u Ry — aMIUIMTY/Ibl Iaafomieil u OTpakeHHo# BouH. ITajatoree u3IydeHHe MOXK-

HO ONIpENENUTh M3 HPENOCIeNHero ypasHeHus. I 3TOro MpeJcTaBMM MAarHMTHOE II0JIe Kak
H(x,z) = G(z)exp(=ik x) , THE G(2)=C, / (1+zz/ Woz) ,aCou Wy — mapamerpsl mydka. C y4eTOM BEIIIE-

CKa3aHHOTO yMHOMM (4.1) cHauana Ha Ef (z), 3aTeM Ha EP (z) M 1O oYepeau IPOUHTErPUPYEM
no z. IlpyHuMas BO BHUMaHHE YCIOBHS OPTOTOHAJIBLHOCTH W  HOPMHPOBKH (3), moJydaem:
[ G)EE dz =<k |
Cw o)

[TomyueHHble pe3ynbTaThl JOJKHBI YJIOBJIETBOPSTH 3aKOHY COXpaHEHUs sHepruu [5]:
P =PR+P"+P? rpe P' - majaromee msnydenue, PX - orpaxenHoe o6bemHOe m3nydenue, P! -
npourenee u3ayuenue u P¥ - moTok noBepXxHoCTHOro noaspurona. To ecTh I0KHO BBITOIHATHCS
PaBEHCTBO:

« * * — p—* * ® *1 (2
(I) Iyl — Ry Ry — Ry Ry KV dB =TT "k, + (j) LTk dp,
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KOTOpPO€ B COBOKYIHOCTH C 3aKOHOM DpeHens [6] sABiaseTcs: KpuTepueM MCTUHHOCTH IMOJy-
YEeHHBIX pe3yabTaToB. [lyig yno0cTBa 1enecoo0pa3Ho HOPMUPOBATh MOTYYEHHbIE BETUYMHBI TAKUM
o0pa3om, 4ToObI MajaroUUil MOTOK OBl paBeH eauHule, a BekTop [loitHTuHra Ol Oe3pazMepHoOit
BenuuuHOM [7]. My 3TOro BBeIEeM HOBBIE «HOPMHUPOBAHHBIC» IMapaMETpPhl TayccoBa ITydKa:

C,=C)/G, W,=(2n/M)W,, k =k /ky., G— HekoTopas pasmepHas dyHkuus. Toraa s najato-

2 2 2
R R . c 1 n | cGMA || =C W,
wero notoka P =——[ LIk dp=——CoW,~=|— || ===~ |. B kBajpaTHbIX CKOOKaxX — pa3-
4no 8n \/g 2 | 16n 2\/;
MepHasi BEJIMYMHA, B KpYriblX — HeT. [lepBblii MHOXUTENb OyaeT OJAMHAKOB Y BCEX MOTOKOB, IO-
3TOMY Ha HEro MOKHO COKpaTUTh. Torna HOpPMUPOBAHHBIN MajaloUUil MOTOK OyIeT paBeH

2o

W, '

2
TG npu C, =

x,norm 2\/5
PaccmoTtpennbie B cTaTthe mporecchl AUPPAKIIUN IEKTPOMArHUTHOTO W3Ty4eHHUs B Tac-
CHUBHOW BOJIHOBEIYILIECH CpElleé OTHOCATCS K TOW CHTYallud, KOT/la HEIIMHEHHBIC TOOAaBKHU K IH-
ANEKTPUYECKON MPOHMUIIAEMOCTH MaJIbl HACTOJBKO, YTO MPOIECChl TU(PPAKIIUN MTPAKTUUECKHA HE
3aBHUCAT OT MHTEHCUBHOCTH TOJIEW U UX PACYET OCHOBBIBAETCS HA JINHEWHON MOJEIH.
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METOJAbI HOCTPOEHUSA OIITUYECKHUX BBIYNCJIIUTEJBHBIX
YCTPOUCTB HA OCHOBE MATEPHAJIA GE,SB,TE;

H.M. Toakau, H.B. Bumnskon
Psizanckuii 2ocyoapcmeeniviil paduomexHuyecKkull yHusepcumen,
Poccus, Pszanw, n.m.tolkach@gmail.com

Annomayus. B craTbe paccCMaTpUBAIOTCA METOBI IOCTPOEHUS aPXUTEKTYPhl ONTHYECKUX BBIYHC-
JIUTENBHBIX YCTPOWCTB HA OCHOBE MATEPHAJIOB, COCTOSIIUX M3 XaJIbKOT€HUIHBIX CTEKJI000pa3HBIX
TIOJYTIPOBOJHUKOBBIX TOHKOIUIEHOUHBIX CTPYKTYp cUcTeMbl coeauHeHnit Ge2Sb2Te5. Tloka3ansrl
APXUTEKTYpPhl MAaTPUYHOTO 3€PKATBHOTO U ONTOBOJIOKOHHOI'O KOMMYTaTOPOB.

Kntouesvle cnoséa. OnTHYecKoe BHIYUCIUTEIFHOE YCTPOMCTBO, XaJIbKOI€HUIHbIE CTEKII000pa3HbIe
TIOYTIPOBOJHUKH, cucTeMa coenuHennid Ge2Sb2TeS, apxurekTypa BBIYUCIUTENBLHOTO YCTPOUCT-
Ba, KOMMYTaTOP.

CONSTRUCTION METHODS OF OPTICAL COMPUTING DEVICES BASED

ON MATERIAL GE,SB,TE;
N.M. Tolkach, N.V. Vishnakov

Ryazan state radio engineering university,

Russia, Ryazan, n.m.tolkach@gmail.com
Abstract. In the article deals the construction principles of architecture computing devices based
on materials consisting of chalcogenide glassy semiconductor thin-film structures of Ge,Sb,Tes
system of compounds. The mirror matrix architecture and fiber optic switches architecture are
shown.
Keywords. Optical computing device, chalcogenide glassy semiconductors, Ge2Sb2Te5 system of
compounds, computing device architecture, switch.
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Pa3BuTHe coBpeMEHHBIX BBIYUCIUTEIbHBIX CHCTEM HAa OCHOBE IEKTPOHHBIX KOMIIOHEHTOB B
OnukaiiieM OyayleM JOCTUTHET MpeAesbHOM 4epThl, Jalblie KOTOPOU MOBBIILIEHHE TPOU3BO/IH-
TEJIbHOCTU CTAHET HEBO3MOXHBIM 0€3 YBEJIMYEHHS KOJUYECTBA AIEMEHTOB U CJI0OEB MHTErPaJIbHBIX
aNIeKTpudeckux cxem. llepcrieKTUBHONM 3aMEHON AJIEKTPOHHBIX KOMIIOHEHTOB SIBJISIIOTCS ONTHYE-
CKHe, TI03BOJISIOLIME B Uiealle epeaaBaTh HH(POPMALIUIO CO CKOPOCTHIO OJU3KON K CKOPOCTH CBETA.

Ha maHHBIIT MOMEHT BpeMEHH Cpeii OOJBITMHCTBA N3BECTHBIX TEXHOJIOTHI CHCTEMBI ONITH-
4yeckoil 00pabOTKH U IepeiauM JaHHBIX MMOCTPOEHbI Ha 0a3e MOAYJIATOPOB ONTHYECKOTO CUTHaia
Pa3MYHBIX BUIOB, TPUHIAIT PaOOTHI KOTOPHIX OCHOBAaH Ha M3MEHEHHWU XapaKTEPUCTHK CBETOBOTO
CUTHajIa B MHPOpMaMOHHOM KaHaue [1...4].

Busiel MOyISTOPOB NPEUMYIIIECTBEHHO JIENATCS Ha JABE KaTETOPHUU: K MIEPBOIl OTHOCATCS T€,
KOTOpbIE MOTYT M3MEHSATh COOCTBEHHYIO NMPO3PAauYHOCTh, B pPE3YJIbTaTe€ WM3MEHSSI WHTEHCUBHOCTD
MPOXOJIALIMX CKBO3b HMX ONTHUYECKHX JIydei; a KO BTOPOH T€, KOTOPbIE CIOCOOHBI MEHSATH CBOU
3epKaJbHbIE CBOMCTBA, TEM CaMbIM M3MEHSISI HHTEHCUBHOCTb OTPA)KEHHOI'O CBETA.

Bce u3BecTHble ONTHYECKUE MOMAYJIATOPHI KOHTPOJUPYIOTCS C IOMOIIBIO AJIEKTPOHHBIX
CXEM YIPAaBIICHUS, B PE3yJIbTaTe YEro UX ObICTPOAECHCTBHUE OIPAHUYEHO. DTOT HEAOCTATOK IPAKTH-
YEeCKH CBOJUT K MHHUMYMY TIPEUMYIIECTBA ONTHUYECKUX CHCTEM, HE TIO3BOJISIS MTPHOIM3UTHCS K UX
MaKCHUMaJIbHO BO3MOKHOM CKOpocTH paboThl. [loaTomy, asis TOro, 4rodbl pe3Ko YBEIHUYUTH CKO-
POCTb B TAKUX CHCTEMaX, HEOOXOIMMbI HOBbIE TEXHOJIOTUHU ONTUYECKOTO YIIPABICHHUS.

B HacTosiiiee BpeMsi MUPOBBIM Hay4HBIM COOOIIECTBOM BEAYTCS aKTUBHBIE paOOTHI MO TO-
HCKY HOBBIX MaTE€pHalIOB JJIsl CO3JaHUs MOJHOCTHbIO ONTHYECKU-YIPABIISIEMOrO 3JIEMEHTA, MO3BO-
JISIOUIET0 MOCPEICTBOM CBETOBOTO BO3JEHCTBUS 3(PPEKTUBHO YNPABIATH CBETOBBIMU CUTHAJIaMH,
10 aHAJIOTUU C 3JIEKTPOHHBIM TpaH3ucTOpoM. K 01HOMY U3 BUJIOB 110I0OHBIX MaTe€pUaOB OTHOCST-
Csl XaJIbKOT€HUIHBIE CTEKII000pa3Hble NoaynpoBogHUKOBBIE (X CII) CTpyKTyphl Ha OCHOBE CUCTEMBI
coemuaenuit Ge,Sb,Tes (adb0peBuarypa GST) (pucynok 1).

2. Matepuaa GST

['maBHBIM CBOMCTBOM, TIO3BOJISIOIINM MTPUMEHATH JaHHBIA MaTepuanl B KA4eCTBE aKTHBHOTO
AJIEMEHTA, SIBJISIETCS] CIOCOOHOCTh HaXOUTHCS B JIBYX YCTOMUMBBIX (PA30BBIX COCTOSIHUSAX KPUCTAI-
JUYECKON pemIeTKH: aMOphHOM U KpucTamindeckoM [5]. M3menenne $ha30BOro coCTOSTHUS MOKHO
OCYILIECTBJISATh, HAIPUMEP, HU3KOIHEPreTUUECKUMH BO3JCHCTBUSAMHI CBETOBOrO MMIyibca. Kpome
Toro, matepuaisl Ha ocHoBe GST 06saaoT cTabMIBHOCTHIO UX (Pa30BOTO COCTOSIHUS ITPU KOMHAT-
HOH TeMmIepaType U CBEpXMaJIbIM BPEMEHEM IMEPEKII0UEHNs B HAHOPAa3MEPHBIX CTpYKTypax (2-150
HC) [6, 7]. CTpykTypHOE OTIMYNE aMOP(PHON M KPUCTALITUICCKOM (ha3bl MPUBOAUT K 3HAUUTEIbHBIM
pa3auuusM B ONTHYECKHX CBOMCTBAaX, YTO MOXHO HCIOJb30BaTh Ha MPAKTHUKE AJs OMHApHU3aluu
ONTUYECKOTO CUTHAJIA.

AmMopdHOoe cocTosme

“1”
:
<
=
[}
>
=
2.
S| 5HC
g @ Ge/Sb
Q
[}
> 10 He O Te
o

“0”

Kpucrannuyeckoe cocrossHue

Puc. 1 — Unmroctpanust coiictBe GST npu u3MeHeHnn ($pa3zoBoi CTPYKTYpHI
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Coznanne Ha ocHOBe MarepuaioB GST MOJHOCTHIO ONTUYECKOTO aKTUBHOTO AJIEMEHTA OT-
KpBIBAeT IIMPOKHE BO3MOKHOCTH NPUMEHEHUS B BBIYMCIUTENbHBIX ycTpoicTBax. Hampumep, mis
yIpaBieHUs] ONTUYECKUMU CUTHAJIaMU HET He0OXOJMMOCTH B IBOTHOM ITPe0Opa30BaHNU CUTHAJIOB:
CHauyaja M3 ONTHUYECKOH (OpPMBI B AJIEKTPUUECKYIO, U 3aT€M, HOCie MX MOoAM(pUKalUM, BHOBH B
AJIEKTPUYECKYI0. YIIPaBJIEHUE CUTHAJIAMU MPOU3BOAUTCS Cpa3y Ha ONTUYECKOM YPOBHE IyTEM M3-
MEHEHUS TPACKTOPUU ONTUYECKUX Jydel, IEpEeHaIpaBiIsiIeMblX C OJJHOTO ONTHYECKOIO 3JIEMEHTa Ha
JIPYTOM.

Bo MHOrux pabotax mpuBOJAAT pa3Hble CIIOCOObI peaTu3alny MPOCTENIINX ONTHYECKUX BbI-
YHUCIUTENbHBIX YCTPONCTB, BBIMOIHIIOMUX (QYHKIUIO NEpeKItoyaTes, 1eMenTa namaru. Haubo-
Jiee akTyaiabHble Ha ocHOBe MatepuanioB GST mpuBenensl B padotax [8 — 10]. B pabore [8] mpoae-
MOHCTPUPOBAH CIOCO0 KOMMYTAIlMM KaHAJIOB IIyT€M BapHalluM HalpaBiI€HHEM pPACIpPOCTPaHEHUS
otpaxkeHHoro ot 1uieHku GST nyua. BapbupoBaTh HampaBieHHEM XOJa Jiyda MOYHO OJyiarojaps
cBoiictBy GST marepuana, CBI3aHHOMY C U3BMEHEHUEM €ro MoKazaTeis MPeJOMIICHHUs, B pe3ylbTa-
T€ CMEHbl aMOp(HOTo (Ha30BOro COCTOSIHMS Ha KpUCTAJUIMUECKOoe. Takke B CBSI3U C M3MEHEHUEM
($a30BOro COCTOSTHUS U3MEHsETCSl KOA(P(GUIUEHT MPOIYCKAaHUS IUIEHKH, YTO MO3BOJISIET HCIOIb30-
Bath ciio matepmina GST, kak akTuBHBIHM 3aTBOD [9, 10].

Jlia nanpHeiiend peanu3anuu MOJOOHBIX BBIUMCIUTEIBHBIX YCTPOICTB W pPacCMOTPEHHS
BO3MOXHOCTH MX (YHKIIMOHMPOBAHMSI HEOOXOJMMO CO3JIaHUE OOIIMX MPUHIUIOB pabOThl MpPU
MacHITaOMPOBAHUU B MOJTHOLEHHYIO BBIUUCIUTENbHYIO apXUTeKkTypy. [loaTOMy Lienbio 1aHHOM pa-
00ThI sBIsETCS 0003HAYUTH ITU MPHUHLMIIBI U pa3padboTaTh APXUTEKTYPY KOMMYTHPYIOIIETO YCT-
policTBa.

3. lIpuHUMOBI yHIPaBJIeHUS] ONTHYECKMMH CUTHAJIAMHU

Tpu npuHIUIIA, HA OCHOBE KOTOPBIX MPEANOJIAraeTcsi OCYyIIEeCTBIATh MOCTPOEHUE ONTHYE-
CKUX CHCTEM YIPaBJIEHUS, OCHOBAHbI Ha CIIEeyIOIIUX cBoicTBax miieHok GST: 1) cnmocoOHOCTh Ma-
TepHajla MEHSTh 3€pKajlbHble CBOMCTBA, T.€. OTPAKAIOLIYI0 CIOCOOHOCTb, TAK)KE M3MEHSST MHTEH-
CUBHOCTb JIydell OTPa)X€HHOI'O CBETa; 2) CIIOCOOHOCTh MaTepuala MEHATh MPO3PavyHOCTh, TEM Ca-
MBIM H3MEHSISI HHTEHCUBHOCTh MPOXOSIINX CKBO3b IUIEHKY ONTHUYECKHX Jiydel; 3) crmocoOHOCTb
MaTepuaga U3MEHATh yroil pedpakuuu U, TaKUM 00pa3oM, HalpaBlI€HUE OTPAKEHHOTO OT IUIEHKH
aIyy4a.

4. ApXuTeKTypa 3epKajJbHOI0 MATPHYHOI0 KoMMYyTaTopa 5x16

Ha pucynke 2 nokaszaH npumep apXuUTeKTypbl MaTpUYHOTO KOMMyTaTtopa 5x16, uMeromiero
4 ynpanstonux Bxoga — S0-S3, oaun uHpopmanonsbiii Bxox — 10 u 16 Beixogos 0001-1111.
[TpunHnun paboThl OCHOBaH HAa TOM, YTO CBETOBBIM UMIYJIbCOM C COOTBETCTBYIOIIMX YIPABISIOIINX
BXOJIOB OCYILIECTBJISIETCSI KOHTPOJIb COCTOSIHUS 3€pKaJl, MOKPBITHIX TOHKOW IUIEHKOW U3 Marepuaia
GST. IIpu nojnave ynpapisIFOIIMX UMITYJIBCOB OIpPENEICHHON (POPMBI IJIEHKA U3MEHSIET CBOE CO-
CTOSIHME U JTMOO MpPOITyCKaeT, MO0 OTpa)kaeT MaJarolifil Ha 3epKajio HHPOPMAIMOHHBII CUTHAI CO
Bxoaa [0. B naHHON cxeme NpHHHMAaeM 3a YPOBHM JIOTHUECKOIO «HYJS» — PEXUM MPOITyCKAHUS
3€pKajJOM CBETOBOTO Iy4Ka U JIOTHUECKON «EeIMHUIBD — PeXUM OoTpakeHus. MHopmanoHHbIHl
CUTHAJI UMEET OTJIMYHYIO OT YIPABISIOLIETrO JUIMHY BOJIHBI U3JIyd€HUs, TAKUM 00pa3oM, UX MOKHO
OTJIEIUTH JAPYr OT ApPYyra, Npu 3TOM UHTEHCHUBHOCTh MH(MOPMALMOHHOTO CUTHAJIa TOpa3fo MEHbIIIE
YIPaBISAIOLIETr0, ’TO HEOOXO0MMO, YTOObI HE BBI3BATh U3MEHEHHUH (Da30BOr0 COCTOSIHUS IJIEHKU.
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marepuana GST; 3epKaJIo.

Puc. 2 — ApxurekTypa 3epkaibHOr0 MaTPUYHOT0 KOMMYyTaTopa 5x16

5. ApXuTeKTypa ONTOBOJIOKOHHOI0 KOMMYTaTopa 4x8

Ha pucynke 3, a moka3aH mnpumep apXUTEKTypbl ONTOBOJIOKOHHOIO KOMMyTaropa 4x8,
uMmetolero 3 ympasistomux Bxojaa — S0-S2, oqun uHpopmanmonssiit Bxoa — [0 u 8 Beixogos 001-
111. Pucynok 2, 6 neMoHCTpUpyeT OO NPUHLUI NIepelaul ONTUYECKOT0 CUTHajla B MECTE KOH-
TaKTa JIByX ONTOBOJIOKOHHBIX JIUHHUHI. B MecTe koHTakTa pacnosyoxxeHa miueHka GST, npu nmpoxox-
JCHUH YIPABIIIOLIEr0 CBETOBOTO UMITYJIbCA YEPE3 KOTOPYIO, H3MEHSIOTCSA OTPAXKAIOLIUE U IIPOILYC-
Karolle CBOWCTBA Marepuana IJICHKH. Takum oOpa3oM, IpH M0Jja4ye COOTBETCTBYIOILErO ONTHYE-
CKOTO UMITYJIbCa IO BEPXHEMY ONTOBOJIOKHY IUIEHKA MEHSIET CBOE€ COCTOSIHUE U JIMOO MPOITyCKAET U
HaIpaBJIIeT pacnpocTpaHeHue MHPOPMALMOHHOTO CUTHAJIA 110 BEPXHEMY ONTOBOJIOKHY, JIMOO OT-
paXkaeT CUTIHAJI M HAIpaBJseT €ro paclpOCTPaHEHHE Najblle N0 HUKHEMY ONTOBOJOKHY. Hampu-
Mep, Kak BUJHO Ha PUCYHKe 3, a, pH nojaye Ha BxoAbl SO, S1 onTHYECKOro UMITYJIbca CUTHAJ CO
BxoJa 10 nepenamnpasnsiercsa Ha Beixoa 110.
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Puc. 3 — ApXUTEKTypa ONTOBOJIOKOHHOTO KOMMYTaTopa 4x8: a) ONTOBOJIOKOHHOE ITOCTPOCHHE; 0) Mepeaada OnTHye-
CKOI'0 CHTHAJIa B MECTE KOHTAKTa JBYX ONTOBOJOKOHHBIX JIMHHI

3akiao4eHue

Takum 00pa3zom, B JaHHOM paboTe 0003HaUYE€Hbl OCHOBHBIE IPUHLIUIIBI TOCTPOECHUS MOJIHO-
CTBIO ONTHYECKUX BBIYMCIUTEIHHBIX YCTPONUCTB HA OCHOBE MaTEPHAIIOB, COCTOSIIUX M3 XaJIbKOTe-
HUJIHBIX CTEKJIO00pA3HBIX TOJIYIPOBOJIHUKOBBIX TOHKOIJICHOYHBIX CTPYKTYP CHCTEMBI COCIMHEHUI
Ge,Sb,Tes, Ha mpuMepe KOMMYTAaTOPOB MEPEKITIOYEHUSI CUTHAJIA C OJHOTO BXOJIa HA OJMH U3 BBIXO-
noB. Pa3zpaboTaHbl M MPOJEMOHCTPHUPOBAHBI CXEMBI TIOCTPOCHHUS ApPXUTEKTYPhl KOMMYTAaTOPOB IS
CHCTEMBI 3epKAIBHBIX 3JIEMEHTOB M ONITOBOJIOKOHHOW CHCTEMBI. JlaHHbIE KOH(DUTYpAIIMH YCTPOCTB
BITOJIHE TIPUTOTHBI JUTSI BBITIOJTHEHUS MTPOCTEUIITNX BHIYMCIUTEIBHBIX OMEPaIluii, YTO B COBOKYITHO-
CTH C MPEUMYIIECTBAMH OT MX MOJHOCTHIO ONTUYECKOTO MOCTPOCHHs, MO3BOJUT 00pabaThIBaTh
MH(POPMAIIHIO CO CKOPOCTSIMH OJTM3KUMHU K CBETOBBIM.
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AJIEKTPOOCAXKIEHUE CIIVIABA HUKEJb-MOJIMBJAEH U3 AMMHWAYHO-

IHUTPATHOI'O JIEKTPOJIMTA B PEXKUME IEPEMEHHOI'O TOKA
J.B. CyBopos, FO.M. Ctprouxkosa, I'.Il. 'ono10608, M.A. CepnioBa, H.b. Po10un
Psizanckuii 2ocyoapcmeeniviil paduomexHuyeckull yHusepcumen,

Poccus, Pazanv, kmaria023@yandex.ru
Annomayus. B n1aHHOH paboTe METOIOM HECTALMOHAPHOT'O 3JIEKTPOJIN3a UCCIEIOBaHbI CIIOCOOBI
HAHECEHUsI 3JIEKTPOIIMTHYECKOrO CIUIaBa HUKEIb-MOJIUOACH Ha HUKEIEBYIO MOUIOKKY B AUANa3o-
HE M3MCHEHHS IUIOTHOCTH TOoKa OoT 2 10 9 A/mm2. IMonyuensr COM-u300paxKeHUs] TTOBEPXHOCTEH
HAHECEHHBIX IOKPHITHA. METOIOM PEHTTeHOBCKOI YHEPrOAMCIEPCUOHHON CIEKTPOCKOIHMHU OIIpe-
JIETIEHO, YTO HUKEb U MOJIHO/IEH B MOJYYEHHBIX 0Ca/IKaX COOTHOCSTCS MPUMEPHO Kak 3 : 1 coor-
BeTcTBeHHO. OOHapYKEHO, YTO MPU HECTAMOHAPHOM HMITYJILCHOM PEKHUME DJIEKTPONIN3a, C IIa-
TOM HMITYJIbCa, COOTBETCTBYIOIIEMY COTHIM JIOJISIM CEKYHbI, U3 aMMHAYHO-IIUTPATHOTO 3JIEKTPO-
JIUTa TIONYYaroTCs HanOoee TUIOTHBIE W TJIaJIKUE OCAJKU AJIEKTPOIMTHYECKOTO CIIaBa HHUKEINb-

MOJIHOIEH.
Kntouesvle cno6a. JneKTpONNTHIECKUH CIUIaB HUKEb-MOJIHOIEH, epeMEHHBINH TOK, 3JIEKTPOJIH3

ELECTRODEPOSITION OF ALLOYS NICKEL-MOLYBDENUM AMMONIUM

CITRATE ELECTROLYTE IN THE MODE OF ALTERNATING CURRENT
D.V. Suvorov, Yu.M. Stryuchkova, G.P. Gololobov, M.A. Serpova, N.B. Rybin
Ryazan State Radio Engineering University,

Ryazan, Russia, kmaria023@yandex.ru
Abstract. In this paper the method of non-stationary electrolysis investigated methods for applying
electrolytic nickel-molybdenum alloy on a nickel substrate in the range-change of the current den-
sity of 2 to 9 A / dm 2. Obtained SEM image suffered surface-coverings. The x-ray energy disper-
sive spectroscopy determined that the nickel and molybdenum in the obtained precipitation corre-
spond approximately 3: 1, respectively tively. It was found that under unsteady pulsed electrolysis
mode with pulse step corresponding to hundredths of a second, of the ammonia-citrate electrolyte
obtained the most dense and smooth precipitation of electrolytic nickel-molybdenum alloy.

Keywords. Electrolytic nickel-molybdenum alloy, alternating current, electrolysis

1. BBenenue

DNEKTPOTUTHICCKUH CIUIaB HUKEIb-MOJIMO/IEH HaXOUT MIUPOKOE MPUMEHEHHE B HAYKE U TEX-
HUKe OJlarogaps psmy MEHHBIX CBOMCTB. M3-3a MEJIKOAMCTIEPCHON CTPYKTYPHBI, MPUOTMKAIOMIEHCS K
aMop¢HO, IPO3UOHHON CTOUKOCTH, BHICOKOW MEXaHMYECKOW MPOYHOCTH M M3HOCOYCTOWYMBOCTH,
YKAPOCTOMKOCTH U >KapOMPOYHOCTHU 3TOT CILJIAB UCHOJIb3YIOT, HAIPUMEDP, B KOHCTPYKIIUSAX KOHTAKT-
HBIX TIOKPBITHH TEPKOHOB [1], B yIpaBisieMbIX YCKOPUTEIEM SACPHBIX peakTopax. M3BecTHBI ero
KaTaJINTUYECKUE CBOMCTBA MO OTHOIICHHUIO K PEAKIIMH BBIICIECHUS BOJOPOa B KUCIBIX cpeaax [2].

B nacrosiiee BpeMs HanboJiee JOCTYIHBIM CIIOCOOOM IMOJIyYeHUs MOKPBITUH CIIIIaBOM HUKEIb-
MOJIUO/IEH ABJIETCS METOJI €r0 AEKTPOXUMUYECKOTO OCAX/IECHUS U3 PACTBOPOB, COAEPIKAILUX COIH
HUKENS U MOJMOeHa. DTOT METO/1 He TpeOyeT O0IbIINX IHEPreTUUECKUX 3aTPaT WU CHEeIUaJIbHO-
IO CJI0XHOTO 000PYAOBaHMUSL.

XapakTepUCTUKHN IEKTPOJUTUYECKOIO CIUIaBa 3aBUCAT OT COCTaBa JIIEKTPOJUTA U peXKUMA
anekTposn3a. IIpenmyniecTsa 31€KTpOOCAKIEHUS MMOKPBITUH B PEXUME HECTALIMOHAPHOTO AJIEK-
TPOJIM3a JaBHO M3BECTHHI M OMKCAHBI BO MHOTHUX MCTOYHHMKaX, Hampumep B [3]. [lokpeiTus, ocax-
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JlaeMbl€ B TAKOM PEKHME, OTINYAIOTCS BBICOKOM YHCTOTOM, KpOME TOT0, BApbUPOBAHHE dJIEKTpUYE-
CKUX IIapaMeTpOB MO3BOJIAET YNPABIATh UX CTPYKTYpoil. B nanHoil paboTe ocaxaeHue crjiaBa HU-
KEJIb-MOJIMO/IEH MTPOBOMIM B PEKUME MIEPEMEHHOTO UMITYJILCHOTO TOKA U3 TPAAUIIMOHHOTO aMMHU-
AQUHO-IIUTPATHOIO 3JIEKTPOJIUTA, KOMIIOHEHTBI KOTOPOTO HE SIBJSIOTCS JOPOrOCTOSIIUMU WU Aedu-
LUTHBIMH.

2. Metoauka 3KciepuMeHTa

[TokpeiTHe ocaxknanu Ha oOpa3usl u3 Hukens mapku HITAL. Ilepen kaxxapiM onbITOM 00-
pa3ubl nojaupoBanu anmaszHoil nacroi HOM 0,5/0 no mosiBiieHust 3epkaibHOro Ojiecka MOBEPXHO-
ctu. [locne monupoBku HUKENb 00pabaTsiBanu yiabTpa3BykoM B 5 M pactBope HCI B Teuenue 20
MuH. B nanpHeiem o6pasupl B TeueHue 30 MUHYT IPOMBIBAJIM B allETOHE, a 3aTEM B CIIUPTE B Te-
YEeHHE TOr0 K€ KOJMYECTBA BPEMEHM, Ha 3aKIIOUUTEIbHOW CTAJMU MX MPOMBIBAIU JUCTHUILIUPO-
BaHHON BoJoM. [lepen Tem, Kak HAHOCUThH DJEKTPOXMMHUYECKOE MOKPBHITHE CIUIABOM HHUKEIb-
MOJIUO/IEH, MOBEPXHOCTh AaKTUBUPOBAIM KATOJAHO B PACTBOPE, COAEPIKAILEM XJIOPUJ HUKEJNS U CO-
JSHYIO KHCIOTY B COOTHOLICHHH 1:1, B TeYEHHH 3 MHH., IPH IUIOTHOCTH ToKa | A/am’. Diektpo-
JUTUYECKOE OCAXKICHHE CIlJIaBa HUKEJIb-MOJIMOAEH MPOBOIWIN IPU JEHCTBUM MEPEMEHHOIO UM-
MyJICHOTO TOKA U3 aMMHUAYHO-IIUTPATHOTO 3JIEKTPOJIMTA, COCTaB KOTOporo omucal B [4]. [lns oca-
KJACHUS MOKPBITHUSI UCIIOIb30BAIN JIBYXIEKTPOAHYIO SIUEHKY C HEPACTBOPUMBIM IJIATUHOBBIM aHO-
JIOM M HUKeNeBbIM KaToJoM. C 11elblo onpeaeneH st 001acTy MIIOTHOCTEH TOKOB, MPU KOTOPBIX Iie-
J1€c000pa3HO HAHOCHUTD JIEKTPOXUMHUECKOE MOKPHITHE CIUIABOM HUKEb-MOJUOIEH HAa HUKEJIEBYIO
MOJJIOKKY, OBLIIM CHATHI NOTEHLMOJAUMHAMUYECKUE MOJISIPU3ALMOHHbIE KpuBble. [l monspusaun
HUKEJIEBOTO 3JIEKTPOJIa HCIOIb30BAIN TPEXIIEKTPOJHYIO SUEHKY C XJIOpPCEPEOPSIHBIM AIEKTPOIOM
CpPaBHEHMsI M IUIATUHOBBIM HPOTUBOAJIEKTpoJ oM. B pabore umcnosb3oBanu norenuuocrar [PC-
Pro.3A. Bce noteHmnmans npuBeAeHB OTHOCUTENBHO CTAHIAPTHOTO BOJIOPOTHOTO JIEKTPOIA.

3. Pe3yabTarsl M 00CyKIeHHE

Ha puc. 1 noka3anbl NOTEHIIMOJMHAMUYECKHE MOJIIPU3ALMOHHbIE KPUBBIE, CHATHIE CO CKOPO-

CTBIO pa3BepTKU MoTeHUHana obpasua +10 MB/c, mpu KoMHaTHOH Temmneparype B pacTBOpE aMMH-
AQ4YHO-IIUTPATHOIO JIEKTPOJIUTA, U3 KOTOPOTO B MOCJEICTBUE MMPOBOAUIIM AIEKTPOOCAKACHUE CILIa-
Ba HUKEIb-MOJIUO/IEH.

165 A/nm2
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10
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6

4 -7

2 e

0 E (cB3). B

0 1 2 3 4

Puc. 1. [TorenumonnHaMuyecKue NOJsIpU3aliMoHHble KpuBble HUKeNsa Mapku HITA1 B aMMHauyHO-ITUTPATHOM DJIEKTPO-
JIUTE, CKOPOCTh Pa3BepTKH noreHnuana +10 mB/c

[uknuyeckyro MOJISIpU3aLMI0 IPOBOJMIM MHOTOKPATHBIMH MIPOXO0JIaMU B HaIlpaBJIEHUU OT Ka-
TOAHOTO K aHOJHOMY MOTEHLHMaaaM U oOpaTHO. M3ydyeH MIMPOKUI MHTEpBal MOTEHIHAJIOB Ipe-
HMMYIIECTBEHHO B aHOJHOW oOsactu. Ha monsipu3aliMOHHBIX KPUBBIX IPSIMOTO M OOpPaTHOIO TOKa
HaOJII0IaeTCs CYLIECTBEHHBIN TMCTEPE3UC, OTPAKAIOLIUN U3MEHEHHUS COCTOSIHUS NOBEPXHOCTH 00-
pasla B pe3yibTaTe ero paCTBOPEHMs U MOCIEAYIOIIEr0 BOCCTAHOBIEHUSA. AKTUBHOE PaCTBOPEHUE
MMOBEPXHOCTH HauMHAeTCs mpuMepHo nipu 1,7 B Ha mpsimom xoze. Ha oOpaTHOM X0/1€¢ MHTEHCHBHBIE
OKUCITUTEIBHBIC TIPOIECCHI TPEKpaIIatoTcs nmpumMepHo npu 2,5 B, u 1o 0,7 B Habmtonaercs oTHOCH-
TEJIbHO CIIOKOMHBIA y4acTOK, HA KOTOPOM 3HAUEHHUs TOKa Majo 3aBUCST OT MOTEHIHajia oOpasua.
Bunumo, 310 cBsI3aHO ¢ ajncopOIyeil Ha NOBEpPXHOCTU HUKENS €ro coyied B 3TOM 00JacTH MOTEH-
nuanoB. [lpu nanbHeleM cMelleHUH MOTEHIMala B KaTOJHOM HaIlPaBJIEHUU CHOBA BBISBIISETCS
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3aBUCHUMOCTb CKOPOCTH PacTBOPEHUs OT NMOTeHLHana. PacTBopeHrne noBepXHOCTU HUKENS MpeKpa-
maetcst mpumepro npu 0,5 B. Ha monsipuzanimoHHON KPUBOM MPSMOTO XOJa UMEETCS OTUYETIUBO
BHJIHASI TUIOMIA/IKA TPEICTBLHOTO0 TOKa (mpuMepHo B obmactu 1,4 — 1,6 B). OcaxxneHne KoMIaKTHBIX
OCaJIKOB CIIJIaBa HUKEIh-MOJIMO/EH M3 aMMHAYHO-IIUTPATHOTO SJIEKTPOJIMTA B TallbBAHOCTATHYE-
CKOM peXUMe HauyMHaeTCs MPH IJIOTHOCTSX TOKA, KOTOPbIE COOTBETCTBYIOT 3TOM IUIOIIAJKE, 3ape-
TUCTPUPOBAHHON Ha MOJSPU3ALUOHHON KPUBOM, U MPOA0IIKAETCS MPHU 00JIee BICOKUX IITIOTHOCTAX
TOKa.

OpHako mpH CYIIECTBEHHOM YBEIMYEHHUEM IUIOTHOCTH TOKAa OCa)XJAE€MbIH CILJIaB CTAHOBHUTCS
0oJiee PHIXJIBIM M Ka4eCTBO OCAJKa YXYIIIACTCS. DTO CBA3aHO ¢ HaIMuueM T y3HOHHBIX OTpa-
HUYEHUW TI0 HUKEII0 W MOJHMOJEHY IPH BBHICOKHMX IJIOTHOCTSX Toka. Ha puc. 2 mokazaner COM-
M300paKeHNs TIOBEPXHOCTH CIUIaBa HUKEIb-MOJIMOJICH, KOTOPBIA OBLT OCaXIEH B TalbBAaHOCTATH-
YECKOM PeXHME Ha HHKEICBYIO IIOUIOXKKY IIPH IUIOTHOCTH TOKa 44 A/mnM°, Bpems ocaxaeHus 10
MUH. BUHO, 4TO MOKPBITUE OYEHb MTOPUCTOE, UMEET TPELIMHBI U OYKBaJIbHO OTCIAUBAETCS OT IO-
BEPXHOCTH.

Puc. 2. COM-u300pakeHus! MOBEPXHOC
IIpU pa3IN4YHOM yBenuueHuH. Bpems ocaxnenus 10 Mun

- %1,0000 10
A I S

N

B Buy Bcero BbINe CKa3aHHOTO B JaHHOW paboTe OBUIO PemeHO MPOBECTH CEPUH IKCIIEPH-
MEHTOB B PEXKHME HECTAIIMOHAPHOTO JJIEKTPOJIN3a C Pa3IMYHBIMHA BapUaHTAMH JITUTEILHOCTH UM-
yIbCOB B IHMANA30HE IUIOTHOCTEHl Toka oT 2 mo 9 A/nv’. Ha pucyrke 3 mokasaml COM-
M300PaKEHIS TTOBEPXHOCTEH MOKPBITHIA, OCAXIEHHBIX IPH ITOTHOCTH TOKa 5 A/IM” B PEKHME T10-
CTOSTHHOTO TOKa (puc. 3a) U B peXKHUME MEPEMEHHOTO UMITYJIbCHOTO TOKA C Pa3IuYHOMN JUTMHOU UM-
myneca (puc. 30, B, T, ). Bpems ocakaeHus Bo Bcex ciaydasx coctaBuwio 10 mMuHyT. Bumno, uto
IIPH TIEPEX0JIe OT PEKUMA TMOCTOSHHOTO TOKa K PEKUMY MEPEMEHHOTO MMITYJIBCHOTO TOKa M TPH
YMEHBIICHUN [UTUTEIIEHOCTH UMITYJIbCA Ha TOPSAOK penbed) MOKPHITHS CTAHOBUTCS MEHEE pa3BH-
TBIM, OCAXJIAaeMble OCAJKH TOJyJarTcs Ooyiee IIOTHBIMU. [lOBEpPXHOCTH CIUTaBa HHKEIb-
MOJIMO/ICH, OCAXKIEHHOTO IIPU MOCTOSTHHOM TOKE, IMEET JJOBOJIBHO JKUBOIHCHBIN penbed co 3HAUH-
TEIBHBIM TIepernaioM BeICOT (puc. 3a). [lo cpaBHEHUIO ¢ HEW MOBEPXHOCTH CIUIaBa, OCAXJAEHHOTO B
UMITYJIbCHOM PEKUME C BETMUYNHONW MMITYJIbCA, COOTBETCTBYIOIIETO JECATHIM JOJSIM CEKYH/bI, BbI-
IISTUT OOJiee TUTOTHOM, HO Pa3BUTOCTh penbeda Bcé sxe mmeercs (puc. 30). [ToBepXHOCTH 0CaIKOB,
KOTOpBIE OBLIIM MOJYYEHBI IPU JUTUTEIHHOCTH IIaroB MMITYJIbCa, COOTBETCTBYIOIIMM COTBIM JOJISIM
CeKyHJIbI (pHC. 3B, T, 1), BRITJIAIUT HanOOJIee MPEAIOYTHUTEILHO: pebed OoJiee CrilaKeHHBIH, Tie-
peraj BEICOT HE3HAYMTEIBHBIN; €CII CPaBHUBATH ATH TPU U300paKEHHSI MEXTy COO0H, TO CyIIecT-
BEHHOW PAa3HUIIBI MEXTy HUMH HE HaOIIOTaeTCsI.

219



SEl  30kV 307 2 x1,000  10pm

SEI  30kV WD9mm _ SS30 x1,000 10pm  — SEl 30kV WD11mm_ SS30 x1,000 10pm  fe—

SElI  30kV WD10mm SS30 x1,000 A0pm  —

0
Puc. 3. COM-u300pakeHusI MOBEPXHOCTH CILIaBa HUKEIb-MOJIHOJIEH, OCAXIEHHOTO Ha HUKEJIb. Bpems ocaxkaeHus
10 MUH: @ — pe)HUM OCTOSIHHOTO TOKa, TNIOTHOCTH TOKa 5 A/nm%; 6, 6, 2,0 — PEXUM MEPEMEHHOT'0 HMITYJIbCHOT'O TOKa;
6 — 1war uMITysbca: 5 A/nv?- 0,5 ¢, -0,2 A/am*- 0,2 ¢; 6 — miar UMITyJIbCa: 5 A/nv?- 0,05 ¢, -0,2 A/am>- 0,01 c;
2 — Iar UMIyJabca: 5 A/mm*- 0,05 ¢, -0,2 A/mm>- 0,02 ¢; 0 — mar uMIyJabca: 5 A/mm*- 0,05 ¢, -0,2 A/av>- 0,03 c.

AHamM3 0CaJIKoOB CIUIaBa HHUKEIb-MOJIMO/EH, MOJNYYCHHBIX B PEXHME IMEPEMEHHOTO M-
MyJIBCHOTO TOKA C JTUTEIFHOCTHIO IIara MMIYJIbCa, COOTBETCTBYIOIIETO COTHIM JIOJISIM CEKYH/BI, B
JMaTa30He IIOTHOCTEH TOKOB OT 2 10 9 A/7IM”, ITOKa3al, 9TO B 3TOM JMANa30He BETHIMHA TOKA HE
BIIUSICT Ha KadecTBO ocanka. Ha pucynke 4 mnpusencasl COM-H300pakeHHUs CIIaBa HUKEIb-
MOJIMOJICH, OCAXJIEHHOTO B UMITYJIbCHOM PEXHME DJIEKTPOJIN3a C JUTUTEIHHOCTBIO IIAar0B UMITYIIb-
ca, COOTBETCTBYIOLIEH COTBIM JOJISIM CEKYH/IbI TP MAKCHMAIBHOM MIOTHOCTH ToKa 2 A/mm’ (prc.
4a), 4 A/nm’ (puc. 46) u 9 A/am® (puc. 4B). [TOBEPXHOCTH CILIaBa HA PHCYHKE 4 TOBOJIBHO ILIOT-
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HBIC, UMCIOT HeOoIbIIIE mEePoOXOBaATOCTH. TeH,Z[eHI.[I/I}I B M3MCHCHHHU KadcCTBA NOBCPXHOCTHU IPHU
N3MCHCHHUHU BCIIMYUHBI IIJIOTHOCTH TOKa HE BHHA.

L

x1,000  10pm  e— SElI  30kV WD10mm SS30 x1,000 10pm  —

Puc. 4. COM-u300pakeHus! TOBEPXHOCTH CIUIaBa HUKEIb-MOJIHOJICH, OCAXIEHHOTO Ha HUKEJIh B PEXKUME IIEPEMEHHOTO
HMIyIbCHOrO ToKa. Bpems ocaxnenus 10 MuH: g — mar umynbca: 2 Alm>- 0,05¢, -0,2 Alnm’- 0,02 c; 6 — mar uMysIb-
ca: 4 A/mv*- 0,05 ¢, -0,2 A/am>- 0,02 ¢; 6 — mar umyisca: 9 A/nm*- 0,05 ¢, -0,2 A/nm>- 0,02 c.

MeToIoM PEHTTEHOBCKOM SHEPTOIUCIICPCHOHHON CIEKTPOCKOIMH OBLIO OIMPEAETICHO Tpo-
IIEHTHOE COOTHOIICHHE HUKENsI M MoJinOieHa B ocankax. Coaepxanue mosmoaeHa — 21-24 Bec. %,
Hukens — 79-76 Bec. %. 3aBUCUMOCTb MPOLIEHTHOI'O COAEp KaHHsI KOMIIOHEHTOB CIUIaBa OT peXUMa
3JIEKTPOJIN3a HE BbISIBIICHA

BrIBOABI
Taxum 06p3.30M, B pE3yJibTaTe Z[aHHOﬁ pa60Tr,1 YCTaHOBJICHO, 4YTO Han60nee IIJIOTHBIC U TJIaAKHUEC OCald-
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IIprU HECTAIIMOHAPHOM HUMITYJILCHOM PEKHUME JJICKTPOJIN3a, C IIaroM UMITyJibCa, COOTBECTCTBYIOIIEMY COTBIM
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Annomayus. B 1aHHO# pabote IpeacTaBlIeHbl pe3yIbTaThl AIEKTPOXUMHYECKOrO CHHTE3a CIUIaBa
NiW, nonmy4aemble MpU raJibBaHOCTATHYECKOM U rallbBAHOIUHAMHUYECKOM pexuMax . C oMol
COM-n300paxeHuii TOBEpPXHOCTH MOTYIEHHBIX TIOKPHITHIH H3YUeH €ro peibed, BHIIOIHEHA OlIeH-
Ka KIMHOBUJHBIX NedekroB. OOHapyXeHO, YTO ANIEKTpPOXHUMUYecKoe ocakaeHne NiW B rajbba-
HOAMHAMHYECKOM PEXHMME IMO3BOJISIET MOJTy4aTh OoJiee OJHOPOAHBIE MOKPHITHS 0€3 CYIECTBEH-
HOU IMMOTEpH B TONIIMHE IJICHKH, a TaK)Ke MCKIII0OYaeT BO3ZHUKHOBECHHE KIMHOBHIHBIX Ie()EKTOB,
YTO JIeIaeT STOT COCco0 Ooliee MPeAIOYTUTEIBHBIM C TOYKH 3PEHHUS Ka4eCTBa ITOKPHITHSI.
Kniouesvie crosa. Cuntes cruiaBa HUKEIb-BOJIb(paM, 3JIEKTPOJIH3, TalbBaHOCTATHIECKUI PEXUM,
raJlbBaHOJMHAMUYECKUI PEKUM

PECULIARITIES OF ELECTROCHEMICAL SYNTHESIS ALLOY

NICKEL-TUNGSTEN
D.V. Suvorov, G.P. Gololobov, M.A. Serpova, Yu.M. Stryuchkova, D.V. Budnikov
Ryazan State Radio Engineering University,
Ryazan, Russia, kmaria023@yandex.ru

Abstract. This paper presents the results of electrochemical synthesis NiW alloy semi-tea at
galvanostatic and galvanodinamicheskom modes. With the help of SEM images obtained by coat-
ing the surface to study its topography, the estimation of wedge-shaped defects. It was found that
the electrochemical deposition NiW galvanodi-in dynamic mode allows to obtain more uniform
coating without substantial losses in the thickness of the film, and also eliminates the occurrence
of wedge-shaped defects that the de-barking, this method is more preferable in terms of the quality
of the coating.

Keywords. Synthesis of nickel-tungsten, electrolysis, galvanostatic mode galvanodina-nomic mode

1. Beenenue

B nocnegHue rojapl BO3pOC HMHTEPEC K AJIEKTPOIUTHUECKOMY OCAXKIACHUIO HUKEIb-
BOJIb(PpaMoBbIX cruiaBoB (NiW), 4To 0OyclIoBiI€HO MX YHUKaJbHON KOoMOMHanueill Tpubdosioruue-
CKUX, MarHETMUYECKUX, JIEKTPUUYECKUX U BJIEKTPOIPO3UOHHBIX CBOMCTB. DTU CIUIABbI MPOSIBIISIIOT
XOpOILINE MEXaHUYECKHE CBOMCTBA (HANpPUMEp BBHICOKUH Ipeaesa MPOYHOCTU Ha pa3pbiB U OTIINY-
HYIO TBEPJOCTh, a TAKXKE MPEBOCXOTHYIO U3HOCOYCTONYHUBOCTH), XOPOUIYI0 YCTOMYMBOCTh K OKHC-
JISIOIIEMY BO3JICUCTBUIO KUCIIOT, @ TAK)KE BBICOKYIO TeMIIepaTypy IiaBieHus [ 1].

K HbIHENIHMM M NEPCHEKTUBHBIM NMPUMEHEHHSIM cI1aBoB Ni-W OTHOCHUTCS M3rOTOBJICHHE 3a-
MUPAIOIINX CJIOEB WM OFPAHNYMBAIOLIUX CIOEB NPU HAHECEHUH MEHBIX MOKPBITHH JUIsl HCIIOJIb30-
BaHUSA B CBEPXOOJBIIMX HHTETPAJBHBIX CXEMax WM B MHKPOAJIEKTPOMEXaHMYECKHX CHCTEMaXx
(MBMC), u3roToBNICHNE MITAMIIOB, MAarHUTHBIX TOJIOBOK U peJie, OMOP, PE3UCTOPOB, IEKTPOIOB
JUIS YCKOPEHUS peakluy BBIACJIEHUS BOJOPOJA B IEIOYHON Cpelie, a TAaKKe 3KOJOTMYECKH YUCTast
3aMeHa TBEPAbIM XPOMOBBIM MOKPBITUSM B a9pOKOCMHUUECKON OTpaciii, U MHOTroe Apyroe [2-3].

PaGoTbl 1o omnpeneneHuo ONTUMAIBHBIX YCIOBUM JUIS AJIEKTPOJIUTUYECKOTO OCAXKJEHUS I10-
KPBITUH U3 CIJIaBa HUKEJIb-BOJIb(PpaM ¢ TpeOyeMbIMU (PYHKIMOHAIBHBIMU CBOMCTBAMU BEIyTCA IO
BCEMY MUPY U MPOJOJIKAIOTCA 10 cUX 1op [4], 4To ¥ 00yclnaBiIMBaeT aKTyaJIbHOCTh JIaHHOU pabo-
Thl. [lo3TOMY 11€7IbI0 U3YYEHHUS AIIEKTPOXUMUYECKOTO CHHTE3a CIJIaBa HUKEJIb-BOJIb(PpaM SBISIETCS
pa3paboTKa yCJIOBUM MOIydYeHUs HanOoyiee OJHOPOIHOTO MOKpPbITUS ciuiaBa NiW ¢ MUHUMaJIbHBIM
KOJIMYECTBOM TPEUIUH, MaJbIM YPOBHEM HIEPOXOBATOCTU U YIOBJIETBOPUTEIbHBIMU (PU3NUECKUMU
CBOMCTBaMU JJIsl MOCJIEAYIOLIEr0 PUMEHEHHS B KaU€CTBE JKapOIPOUYHOr0 U M3HOCOCTOMKOTO Marte-
pHuaia MOKPHITUS JIEKTPUUECKUX KOHTAKTOB.

2. Metoauka 3KkciepuMeHTa

DKCIIEpUMEHTHI 0 3JIEKTPOOCAKICHUIO TMOKPHITUM W3 cIjlaBa HUKeNIb-BOJbGpam (NiW)
MIPOBOJMIINCH B TAOOPATOPUU Ha 3aKPHITOM CTEHJE C UCHOJb30BaHueM notenuuocrara [IPC-Pro 3A.
CuHTe3 NpOBOAMJIICS HPU PA3IUUYHBIX PEXKHMAaX MO TOKY (rajJbBaHOCTAaTHMUYECKUN W raJibBaHOMHA-
Muyeckuil). B mpeaenax oJHOro pexuMa 1o TOKY U3MEHsUIach JUO0 MIOTHOCTh TOKa (Ui MOCTO-
SIHHOTO TOKa), 1100 ¢opMa ummnysbca (JUisl UMIIYJIbCHOIO TOKa). Bpemst ocaxkieHus: ObLJIO OJlMHa-
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KOBBIM JIJISl BCEX AKCIEPUMEHTOB U cocTaBisuio 10 munyt. TemmnepaTypa 3/IeKTpoInTa Mo IIepiKH-
Basack paBHOM 40 °C (3a MCKJIIOYEHHEM OJHOTO SKCIIEPUMEHTa, TJe OHA Oblja IMOBBIIIEHA 10
60 °C). IIpu ocaxaeHNH CIIJIABOB UCIOJIB30BAJICS SJIEKTPOJIUT CIEAYIOMIETO COCTABA!

e cymbdar Hukens NiSOs — 30 v/n

e mupodocdar kamus K4O7P, — 200 r/n

e Boss(ppamar Hatpus Na,WO,4 — 30 /1

3. Pe3yabTarthl U 00CyKIeHHE

Ocadicoenue 8 2anb8aHOCMAMUYECKOM pPedcUMe.

[Tpu maHHOM peXMMe OCaKICHHUS U3MEHSUIACh IUIOTHOCTh TOKA. Ha mpeacTaBiIeHHBIX HIDKE
CHUMKAX MOJKHO BH/IETh, UTO MPH HAMMEHBIIEH [TOTHOCTH TOKA — 4 A/IM” — [IOBEPXHOCTD MOKPBI-
THSI HEPOBHAS U COCTOUT M3 chepudecKnx 00pa3oBaHUI — IIIOOYT — AUAMETPOM IMOPSIKA €ITUHHIL
MHUKPOMETPOB, KOTOPHIE, BIIPOYEM, pacIpeaesieHbl JocTaTtouHo paBHOMepHO (Puc. 1a). [Tokpeitie
IIPU 5TOM HE MMEET MIMPOKHUX TIYOOKHX TPEIIMH W Ha BHJ BHITJLSIIUT AOCTATOYHO OTHOPOIHBIM,
XOTSI 1 HEPOBHBIM.

Puc. 1. COM-u306paeHue MOBEPXHOCTH MOKPHITHS U3 crutapa NiW a) TpH mioTHocTH Toka 4 A/mv’,
6) IpHU IOTHOCTH TOKa 6 A/am”

[Ipy yBenuueHUH IUIOTHOCTH TOKa pa3Mep IJI00YNl YBEIMYMBAETCSA, @ MX KOJUYECTBO
YMEHBIIAETCs, IPH STOM Ha MMOBEPXHOCTH MOKPHITHS TOSBISIETCS CETh TTyO00oKuX TpemuH (Puc.10).
CpenHue 3HaYeHHs pa3MepoB TJI00Y M TPEIIMH, a TAKKE TOJIIUHBI IUIEHKH ObUIM M3MEpEHBbI JJIs
Ka)X/I0TO 3HAUYEHUS IJIOTHOCTH TOKA ¥ MpeCcTaBieHbl B Taom. 1.

Tabmuna 1. Mopgonoruyeckue cBOHCTBA MOKPHITHH, IOTYYEHHBIX B PEKUME IIOCTOSHHOI'O TOKA
HPH PA3IUYHBIX IIOTHOCTSIX TOKA

IInoTHOCTH TOKA, Alnm? 4 6 8 12 14 15 20
CpenHss TONIIMHA TOKPBITHS, MKM 2 7 14.2 20 33 23.6 53
CpenHss MuUprHA TPELUH, MKM 0.134 0.2 0.6 0.61 0.67 0.64 0.25
Cpenuuii uaMmerp riio0yi, MKM 2.3 34 6.1 6.6 9.7 6.5 22
Beixon no Toky, % 5,6 13,1 19,9 18,7 26,5 17,7 26,8
Hanuuue KIMHOBUAHBIX AE(EKTOB HET na HET HET HET na na

[TpuynHa MOSIBICHUS 3TUX IePEKTOB 0 CHX IMOP HE M3y4YeHa, HO ObLIO 3aMEYEHO, YTO KO-
JIMYECTBO MX YMEHbBILIACTCS MPH JAILHEHIIIEM YBEJIHUCHHUN IJIOTHOCTH TOKA. Y AMBUTEIBHO, HO Jie-
dexTel OTCyTCTBOBaNH YiKe pu 8 A/mm” (Puc. 2a), Takxke He Bo3HHKas mpu 14 A/nm® (Puc. 26).
Ipu 15 A/nM’ MOBEPXHOCTH, BOMPEKH OXMIAHHMSIM, BBITIIAT OONEe OXHOPOIHOM, HEXEIH MpH
MEHBIIMX 3HAYCHHSX IJIOTHOCTU TOKA, U TJI00YJIbl BRIPAKEHBI HE TaK OTYCTIMBO, XOTS elie npu 14
A/IM® X MOKHO 6BLIO OTYETIIUBO YBUJICTD.
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Puic. 2. COM-u306pakeHHe MOBEPXHOCTH MOKPHITHS U3 ciutaBa NiW, a) MoydeHHOro Ipy IIIOTHOCTH ToKa 8 A/mv’
6) MOJY4EHHOrO TIPH IIOTHOCTH ToKa 14 A/mv’

[IpoBeneHHbIe MO3KE IKCIIEPUMEHTHI 110 OCAXKJICHHUIO CIUIaBa B Pa3JIMYHBIX PEKUMAaX MO TO-
Ky TIPOJEMOHCTPHPOBAIN AajbHEWIIee YBEIMYCHHUE TIIO0YI ¢ POCTOM IUIOTHOCTH TOKa. [ 110OYsBI
HanOOJIBIIET0 pa3Mepa HAOIIOAAINCh Ha MOBEPXHOCTH OOpaslia MOKPBITHS, OCAXIEHHOTO C WC-
I10JIb30BAHIEM TUIOTHOCTH TOKa 20 A/IM”, TIPHUEM 31eCh e ObITH 0OHAPYIKEHBI eIle U KIHHOBH/I-
HBIC JIEPEKTHI, XOTS U B TOpa3no MeHblieM Konudecte (Prc. 3). Uro naTepecHo, neeKTsl B 3TOM
cllydae pacrpe/ieJIieHbl HEpaBHOMEPHO U JIOKAJIM30BaHbI HAa MOBEPXHOCTH HEOOJBIINX TIIOOYI, KaK
MPAaBHJIO 32)KATHIX MEXIy 0oJee KpYIHBIMHU, Ha TIOBEPXHOCTH KOTOPHIX, HAIIPOTHB, Ae(DEKTOB HET.
OTO MOXET rOBOPUTH O TOM, YTO BHYTPEHHHE HANPSHKEHUS B MOKPHITMM OKa3bIBAIOT BIMSHHE HA
MOSIBIIEHUE THX Je(EKTOB.

50pm

Puic. 3. COM-u306pakeHHe MOMePeuHOro cedeH s OKpbITHs NiW, MOTydeHHOro MpH IIOTHOCTH ToKa 20 A/aM’

M3MeHeHHne IOTHOCTH TOKA MPUBOJUT HE TOJBKO K IMOSBICHHUIO WJIM MCYC3HOBEHUIO KITU-
HOBHUIHBIX AC(PEKTOB, HO U K U3MEHEHUIO TOJIIWHBI U CTPYKTYPHI IUICHKH, a TAK)KE CTCIICHU M Xa-
pakTepa ee pactpeckaHHOCTH. C yBeJIMYEeHUEM TIOTHOCTH TOKA TUPHHA TPEIIUH YBEIUIHBAIACH, a
oOmias oIl 3aHUMAeMON UMU TUIOIIA YMEHBIIAIACh, TIOKPBITHE MPH 3TOM «Pa30MBAIOCh» HUMH
Ha Oosiee kpymHbIe GparMeHThl. TONIUHA IJICHKHA YBEITUYHBAIACH C YBEIIMYCHUEM INIOTHOCTH TO-
Ka; TaK, mpu 4 A/IM” IOKPBITHE MMENO TONIIHHY HOPSAKA 2 MKM, a ipd 14 A/nm” — yke mopsika
30 MKM, XOTsI U3-32 HEOJHOPOIHON CTPYKTYPHI MOKPHITHS TOBOPUTH B ATOM CIIy4ae MPUXOJUTCS O
CpeIHEH TOJIIHUHE — MOKPBITUE COCTOSIIO M3 KPYITHBIX TJI00YIL.

OcadicOeHue 8 2anb8aHOOUHAMUYECKOM DedHCUME.

Pe3ynbTaThl 3KCIEPUMEHTOB TI0 OCAKICHHUIO B HMITYJIbCHOM PEXHME IPEICTaBICHBI Ha
Puc. 4. JImuTeIbHOCTh OCaXKJIeHUs cocTaBisuia 10 MHHYT, COCTaB JJICKTPOJIUTA HE H3MEHUIICS, M-
HSUTUCH JIMIIBb MapaMeTphl UMITYJIbCa: B OJHOM Cllydae mX mnepuop coctaBisui 0.7 ¢, B IpyroMm —
0.07 ¢. IMMTEeIbHOCTH BKIIOUYEHHOTO/BBIKIIOYEHHOTO cocTosiaus coctaBisuin 0.5/0.2 u 0.05/0.02 c.
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COOTBETCTBEHHO. [ToMHUMO 3TOTO OBLIO MPOBEACHO OCAKIACHHUE B YCIOBUSIX JIMHEHHO HapacTaOIIeH
IUIOTHOCTH TOKa, 1-15 A/nM’ Ha NPOTSIKEHHH Bcero BpeMeHH ocaxienms (10 muH), COM-
n300pakeHNe MOJyYCHHOTO MOKPHITHS MpuBeneHo Ha Puc. 5. PesynbpTrarel n3ydeHus: Mopgoiaoruu
MIOJIyYE€HHBIX MOKPbITUI npuBefeHsl B Tabmn. 2. MoOXHO 3aMETUTh, YTO B UMITYJIbCHOM PEXUME HE
MPOUCXOTUT 00pa30BaHMsI KIMHOBHIHBIX NE(PEKTOB, HAOMIOAAEMBIX B MOKPBITHSX, IMOJTY4YEHHBIX C
HCIO0JIb30BAHUEM MTOCTOSIHHOTO TOKA TOW K€ IJIOTHOCTH.

Tab6nuna 2. Mopdonornueckre CBONCTBA MOKPBITHIA, TOJTYYSHHBIX B PEKUME UMITYJIbCHOI'O TOKA MPH
Pa3IUYHBIX BPEMEHHBIX MMapaMeTpax UMIYJIbCa U TOCTOSHHBIX MIPOYUX YCIOBHUSIX

T170THOCTb TOKa, A/IM” H TapaMeTpbI +8A 0.5¢ +8A 0.05¢c - I-15 A,
HMITyTbca -0.2A02¢ 0.2A0.02 ¢ JTUHEeHHOe HapacTaHue
Ha npoTsbkeHuu 10 MuH.
CpenHss TONMIKHA TOKPBITUS, MKM 10 11 9.8
CpenHss MuprHa TPELUH, MKM 0.43 0.38 0.85
Cpenuuii tuaMerp riio0yi, MKM 32 4.2 4.5
Hanuune KIMHOBUAHBIX AE(EKTOB HET HET HET

a

Puc. 4. COM-u300pakeHre TOBEPXHOCTH MOKPHITHS U3 ciutaBa NiW, MOIY4eHHOTO B UMITYJIbCHOM PEXHME
npu miotHOCTH Toka 8 A/nm” a) (0.5 ¢) i -0.2 A/am” (0.2 ¢), 6) (0.05 ¢) u -0.2 A/am” (0.02 c)

=

- “ - ~
- il et | 7 .
Puc. 5. COM-u300pakeHre TOBEPXHOCTH MOKPHITHS 13 crutaBa NiW, MOIY4EeHHOTO B pEKUME JINHEHHOT'0 HapacTaHus
IIOTHOCTH ToKa oT 1 710 15 A/nm” Ha npoTsvkernu 10 MuHyT
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W3 npuBeneHHbIX U300pakeHUN BHUJIHO, YTO 00pa3libl, MOJyYEHHbIE NMPU PA3IUYHBIX JIU-
TEIBHOCTSX MPSIMOYTOJIbHOIO UMIYJIbCa, APYT OT JIpyra OTJIMYAKOTCS Majo, XOTS MOBEPXHOCTh 00-
pasia COOTBETCTBYIOIIEr0 Neproay umiyibca 0.7 ¢. Beirsiaut 0oJiee ogHOpoaHO. [1o cpaBHEHUIO C
o0pa3iamu, oJy4eHHBIMU C UCTIOIB30BAHUEM TOCTOSTHHOTO TOKA TOM K€ IJTIOTHOCTH 8 A/’ (Puc.
4.10) ob6a oOpa3a uMerT 00JIee OTHOPOIHYIO CTPYKTYPY MOBEPXHOCTH, CPETHUN pazMep TII00Y
pu 3ToM Menble (3.2-4.2 npoTtus 6.1), a pacnpeneneHue raodyn 1Mo pazmepam Oojee paBHOMEpP-
HOE: B cilydae o0paslia, MOJIyYeHHOTO MPU UCHOJIb30BAHUHU MOCTOSIHHOTO TOKA, HAa MOBEPXHOCTH
BCTPEYAIOTCS HEMHOTOYHUCIICHHBIC TJI00YIIbI MaMeTpoM B 2.5-3 paza OoJbIle CpeIHero, B TO BpeMs
KaK MOBEPXHOCTU JIBYX pacCMaTpUBaeMbIX 00pa3loB MOJO0OHBIX OOJBIINX OAMHOYHBIX IJI00YNI HE
UMEIOT. ToIIMHA TOKPBITHS MIPH ITOM, OJHAKO, TOXKE MEHBIIE — 0K0JI0 10 MKM TipoTuB 14 MKM 151
MIOCTOSIHHOTO TOKa. Ho MeHblIIe U cpeiHssl IIUpUHA TPELUH.

OOpazeln, MOJY4YEHHBIH B PEKMME JIMHEHHOro HapacTaHus MiIoTHOcTH Toka (Puc. 8) mo
TOJILMHE TOKPBITUS U CPEIHEMY AUAMETPY TJI00YN HE OTJIMYAETCsl 3HAUUTENbHO OT 00pa3loB, Mo-
Jy4EHHBIX B UMITYJIbCHOM pexume. OJTHAaKO, BaKHBIM OTJIMUYUEM SBJIIETCS ropaszio Oosee pacTpec-
KaHHas [MOBEPXHOCTb; IIPH 3TOM CPEAHsIs IIMPHHA TPELMH O0JbIlle OYTH B JIBa pa3a, a caMo Io-
KpBITHE pa3OMTO Ha y4acTKH, Kpasi KOTOPbIX OTCIIAaUBAIOTCA OT MOJIOKKH. OUeBHIHO, YTO TaKoe
MOKPBITUE HE SIBJIETCS YCTOMUMBBIM K UCTHPAHUIO M NPU MEXAaHUUYECKOM BO3JECHCTBUU PACKPO-
LIUTCS JIer4Ye, 4YeM, HallpuMep, NOKPbITHE, TPOJIEMOHCTPUPOBAaHHOE Ha Puc. 7.

BrIBOABI

B xoxe aHanu3a pe3ysbTaToOB SKCIEPUMEHTOB M0 AJIEKTPOJUTUYECKOMY OCAXKICHHIO IIO-
KpbITHi 13 crtaBa NiW ObUIH BBISIBJIEHBI CIEIYIOIINE 3aKOHOMEPHOCTH:

B nupodochaTtHom 37€KTpoaUTe MPU OCAKIECHUU B rajlbBaHOCTaTUYECKOM PEKUME YBEIH-
YeHHE TUIOTHOCTU TOKAa IMPHUBOJIUT K YBEIMUEHHUIO TOJIIUHBI TUNIEHKU. DTO SBIISETCS IMOJIOKHUTEIb-
HBIM pe3yJbTaTOM, OJIHAKO, C YBEIUUYEHUEM IUIOTHOCTH TOKA TAK)K€ MPOUCXOJUT YBEIHUEHUE pa3-
MEpOB rI00yi, YTO HapyllaeT OJHOPOJHOCTh MOKPHITUS U YBEIUYMBAET €r0 IIEPOXOBATOCTh, YTO
HEXeJIaTeIbHO.

KpoMme TOro, TIpH ONPeIeNeHHbIX IIOTHOCTSIX TOKA (6 A/IM” 1 BBIIIE) BO3MOXKHO 06pa30Ba-
HUE KIMHOBUAHBIX J1e()eKTOB Ha MOBEPXHOCTH IUIEHKH, YTO OTPULATEIbHBIM 00pa30M CKa3bIBAETCs
Ha MEXaHWYECKOW IMPOYHOCTU U KOPPO3UOHHOW CTOMKOCTH MOKphITHA. IIpn miotHocTn TOkKa 20
A/mM” 1e(eKThI PHCYTCTBYIOT B MEHBIIEM KOJHYECTBE M COCPEIOTOUCHBI IIABHBIM 006Pa3oM Ha
MMOBEPXHOCTH HEOOJIBIIUX TJI00YI, OKPY)KEHHBIX TJI00yIaMu 00jiee KPYIMHOTO pa3Mepa, YTO MOXKET
TOBOPHUTH O TOM, YTO BOSHHUKHOBEHHE JE€(PEKTOB CBA3AHO C BHYTPEHHUMHU HAIPSHKEHUSMU.

OcaxxJieHue B UMIYJIbCHOM PEXHMME MO3BOJISIET OJIy4yaTh 00Jiee OAHOPOHbIE IOKPHITHS 0e3
CYLIECTBEHHOM MOTEPU B TOJIIMHE IIEHKH, a TAK)KE HE MPUBOJUT K MOSIBICHUIO KJIMHOBUIHBIX J€-
(eKTOB, UTO JAENAET ITOT crocod OoJiee MPEeANOYTUTENBHBIM C TOUKU 3peHUs KadecTBa. Mcnomnb3o-
BaHUE peXUMa JMHEWHO HApaCTAIOIIEro TOKAa IMPUBOIAUT K (OPMUPOBAHUIO MOKPBITHI C OTHOCH-
TEJIbHO OJTHOPOJHON MOBEPXHOCTHIO (C TOUKHU 3PEHUS pacHpeiesIeHUsl CPETHUX JUaMETPOB II100yi),
HO TIOBEPXHOCTh 3Ta MOKPHITA IITYOOKHMMH IIUPOKUMH TPEUIMHAMH U pa30uTa Ha OTJENbHbIE yyacT-
KM, Kpasi KOTOPbIX OTCJIAUBAIOTCA OT MOJJIOXKKH, YTO OTPHULIATENIbHO BJIMSET HA MEXaHUYECKHE
CBOWCTBA U JOJITOBEYHOCTb.
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HOJYYEHUE HAHO/IUCIIEPCHOI'O ITOPOILIIKA WO;

AJEKTPOXUMHNYECKUM METOJOM
FO.M. CtproukoBa, B.C. Jlorunos, H.b. Puioun, /I[.B. CyBopos
Psizanckuii 2ocyoapcmeennblil paouomexHuyecKull yHusepcumen,
Poccus, Pazanv, julms@yandex.ru

Annomayus. ViccnenoBaHa TEXHOJIOTHs TIONYYEHHs] BBICOKoAHcHepcHOro nopomka WO; ¢ KOH-
TPOIUPYEMBIMU FCOMETPHYCCKUMH XaPAKTEPUCTUKAMH DIICKTPOXUMHUUCSCKAM MeToaoM. [TokazaHo
BIIUSIHHC BEJIMYMHBI TUTOTHOCTH TOKA Ha pa3Mep YacTHIl TPHOKCHIA Bolb(pama.
Kniouesvle  cnosea.  Tpuokcun — Bonbppama, DIEKTPOXUMHYECKHH  CHHTE3,  pacTpoBas
3JIEKTPOHHAST MUKPOCKOITHS.

SYNTHESIS OF THE NANODISPERSE POWDER WO; BY THE ELECTRO-

CHEMICAL METHOD
Yu.M. Stryuchkova, V.S. Loginov, N.B. Rybin, D.V. Suvorov
Ryazan State Radio Engineering University,

Ryazan, Russia, julms@yandex.ru
Abstract. The technology of synthesis of the high-disperse powder WO; with controlled geomet-
rical characteristics by an electrochemical method is investigated. Influence of current density val-
ue on the size of wolfram trioxide particles is shown.
Keywords. Wolfram trioxide, electrochemical synthesis, scanning electron microscopy.

HanoaucnepcHble MaTepralibl IPOYHO BOILLIM B HAIlly KH3Hb, 3aHSIB CBOIO HUIILY B pa3jivy-
HBIX 00JIaCTSIX HAYKU M TeXHUKU. Tpuokcuj BoJib)pama Cpeau TaKuX MaTepUajoB IMPE/ICTaBIsET
0COOEHHBIN MHTEpEC JJIsl UCCIIEIOBAaHUMN U CUHTE3a U3-3a €r0 ONTUYECKUX, KATATUTUUECKUX U DJIEK-
TpUuecKux cBOMCTB. WO3; UCHIOIB3YIOT B AUeiKax /sl MPEeBpaLIeHUs U XpaHEHHs COJTHEUHOM AHep-
I'MH; B KaYECTBE I'a30UYBCTBUTENIbHBIX IEMEHTOB, JJI1 KOTOPBIX XapaKTepHO M3MEHEHHUE ONTHYe-
CKUX CBOMCTB 3a CU€T 00paTUMOIl XeMOCcOpOIMH aKTUBHBIX I'a30B HAa UX MIOBEPXHOCTHU; B KauecTBE
KaTaJau3aToOpOB Pa3IMUHbIX XMMHUECKUX IIPOLIECCOB, HAIIPUMEp, AJIs Pa3joKEeHUsl aMMUaKa Ha aTo-
MapHbIi a30T U Bogopol. Kpome Toro, u3 Tpuokcuaa Bojbdpama CUHTE3UPYIOT KPUCTAILIBI BOJIb(-
pamata kagmusi CdWO,, KOTOphIe UCIOIB3YIOT B KAUECTBE CLUHTHILISTOPOB, JTIOMUHECIIUPYIOIINX
B BUAMMOM oOnactu criektpa [1,2].

[enbto faHHOM pabOTHI ABISIOCH MCCIIEA0BAHNE BIUSAHUS IIJIOTHOCTH TOKA Ha TeOMeTpuye-
ckue xapakrepuctuku WO3, MojydaeMoro ¢ MOMOIIbIO 3JEKTPOXMMHUECKOro Meroda. Tpaauiu-
OHHO TPHOKCH]I BOJIb(ppaMa IMOTydaau, co3AaBasi BaKyyM WJIM HCIOJIb3YS BBICOKHE TEMIIEPATYpHI.
DNEKTPOXUMHUECKUH METOJl He TpeOyeT BBICOKUX DHEPreTUYECKUX 3aTpaT WU JIOPOrOCTOSIIErO
000py10BaHus, BCIAEICTBUE YETO OH MPEJCTABIISAECTCS Hanbojee TOCTYIHBIM U EePCIEKTUBHBIM.

KaronHoe ocaxaenne npoBOAWIA U3 MIEKTPOJIUTA HA OCHOBE CEPHOM KUCIOTHI CIIEAYOIIE-
ro cocrasa, I/1:

BOJIb(PaMOBOKHUCIBINA HaTpull - 30;
O0opHas kuciora - 50;

CEpHOKHUCIBIA aMMOHMI - 30;
nepekuch Bogopoa (30%) miu/n - 30;
cepHas KucioTa - 245;

pH snexrpoinnra - 2,0.

DNEKTPOXUMHYECKUA CHHTE3 MPOBOJWIM B TalbBaHOCTATUYECKOM PEXKHUME B JIBYXJIEK-
TPOJHOM sueiike Tpu nocrosHuou temreparype 50°C B Teuenne 10 muH. KaToaHyr IJIOTHOCTH
TOKa U3MEHSUIH B mpenenax ot 1 go 15 A/nv’. B KauecTBe KaToa HCIOIb30BAIH TUIACTHHBI U3 HH-
kenst mapku H1 Tonmunuoit 500 MKkM, B KauecTBe aHOJA - IJIATHHOBYIO (oibry. Pabouyro nmosepx-
HOCTb KaToJa MOJUPOBAIIN 10 3epKaIbHOTO Osiecka anmMaszHoi mactoi HOM 0,5/0, 3aTem oOpa3ibl
npombIBaiX 10 10 MUH B alleTOHE U CIIUPTE, HA 3aKJIFOYUTEIIBHON CTauu B TUCTUJUIMPOBAHHON BO-
Ie.

Crnenyer OTMETHTb, UTO M3HAYAIbHO Ha KAaTOJE BOCCTAHABIIMBAJACh MATHOKUCH BOJb(ppama
W,05 cuHe-(puoaeToBoro 1BeTa, KOTopas nocjie KOHTaKTa ¢ KUCJIOPOJOM BO3/1yXa IpeBpaliajiach B
Tprokcua Bosbppama WO3 TUMOHHO-KENTOTO 1IBETA:

2WO,* + 10H" + 1& — W,0s + SH,0;
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W205 + 1/202 — 2WO3

[Iponecc okucnenust W,0s 1o WOs3 3anuman 2 — 7 CyTOK, B 3aBUCHUMOCTH OT TOJIIIUHBI
OCaKIEHHOT'O OKCHIA.

Mopdooruro mosrydeHHbIX 00pa3ioB TPUOKCH A BOJIb(paMa H3ydalld METOJAOM PacTPOBOI
AIIEKTPOHHOU MUKPOCKOTIHH. CHHTE3UPYEMBIH 3JIEKTPOXUMHUECKUM METOJOM TPUOKH] BOJIb(pama
MIPEACTABIISIET COOO0M MOPOIIOK, COCTOSIIIIUI U3 PHIXJIBIX arjioMepaToB HaHovacTuil. Pazmep vactui
WOs; cocraBmi ot 50 o 300 aM. OOmuid BUI OAHOTO U3 00pa3IOB MPU PA3IUYHBIX YBEITUICHHIX
MIPUBEJICH Ha PUCYHKE 1.

0.50m  —— : 0. ipm  —

Puc. 1. POM-u300paxenust nopourka WOj; 1npu pa3inuvHbIX yBEeIUYeHHUsIX: a — pazmep moist 130x100 mxm”,
6 — pasmep monst 13x10 MxM%, B — pasmep mosst 6x5 MkM?, T — pasmep nonst 1,3x1 mxm”. TInoTHOCTS TOKa 2 A/M’

MeTto10M 3HEPTroIMCIEPCUOHHON PEHTTEHOBCKOM CIIEKTPOCKOIIMHU OMPEAEISIN MPOLEHTHOE
coJiepkanne Bosb(pama U KHCIOpoa B ocaxI€HHOM okcuje. Ha pucynke 2 mpusener D/[-criektp
TpHOKCHIA BOJb(pama, MOTYyIeHHBIH It OJHOTO W3 00pa3noB. CHEKTpbl CHUMAIH JOKaJIbHO B
TOYKAaX, BEIOPAHHBIX HA MPEIBAPUTEIFHO TOJTYy9eHHOM n300pakeHnH noBepxHoctd WOs, a Takke
o cetke u3 10x10 Touek. AHaNIM3 MOJYYCHHBIX JTAHHBIX ITOKA3aJl, YTO COJICPIKaHUEe BOJb(ppama co-
craBuio 22-24 at. %, xucinopoga — 70-73 ar. %. Takoe COOTHOIIEHHE COOTBETCTBYET MOJIEKYJISP-
HOHM opmyne WO;. B DJI-ciekTpax MOMUMO IMHKOB OT BOJIb()paMa W KHCIOPOJa TaKKe Ompee-
JSIOTCS MUKW OT a30Ta, cepbl U HUKens. Cienpl a30Ta U cepbl MOMAJald B MOPOLIOK TPUOKCHIA
BoJb(hpama M3 DIEKTPOJIUTA, U3 KOTOPOTO €ro OCAKIAIA Ha HUKEIEBYIO MOIOKKY. Cieabl Toj-
JIO’)KKH BUJIHBI [IOTOMY, YTO MPHU CHATHH CIIEKTPOB METOJIOM 3HEPTOAUCIIEPCUOHHON PEHTI€HOBCKOM
CHEKTPOCKONUU MYYOK IEKTPOHOB IPOXOIMJI HACKBO3b depe3 nopomok WO; 1 B3auMOJIeHCTBO-
BaJI, B TOM YHCJIE, U C HUKEJIEM.
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Puc. 2. D]/]-criektp Tpuokcuaa Bojibppama. CrekTp u3MepeH MpHu yCKopsiroieM HanpsbkeHnu 20 k3B

[IpoBeneHa cepusi IKCIEPUMEHTOB 0 MCCIEAOBAHUIO BIMSHUS KaTOJIHOM IUIOTHOCTH TOKa
Ha pa3Mmep yacTull ocaxaaemoro WQO;. B pesynpTaTe ompenenuiav, 4To ONTHUMaIbHAs KaTOIHAs
IUIOTHOCTh TOKA JUIsl OCAXKJCHUS OKCUAA BOJIb(ppama U3 UCIIOJIb3YyEMOTO AIEKTPOJIUTA CocTaBmiIa 1-
4 A/nm”. TIpu TaKoif IIIOTHOCTH TOKA OCA0K HMEET HAMb0JIee BRICOKYIO CTENeHb AMCIEPCHOCTH X,
CJIEIOBATENIbHO, YJIENbHYIO0 IOBEPXHOCTh. 3aBUCUMOCTb cpeliHero pasmepa yactuly WOs ot karon-
HOM TJIOTHOCTH TOKA MOKa3aHa Ha PUCYHKE 3.

250 +

o d, Hm e
210 /‘/N
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170 /'/
150 = /
/ -
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110 /
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50 T T T T T T T T T T T T T T T
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Puc. 3. 3aBucumocts nuamerpa yactur, WO; OT KaTOJHON MIJIOTHOCTH TOKa

W3 pucyHka BHIHO, YTO C YBEJIMYEHUEM IUIOTHOCTH TOKa cpeAHuil pasMep udactuly WO;
yBenuuuBaercs. [lpu 3ToM B ocajikax, MOJyYEHHBIX MPHU MIIOTHOCTAX Toka 10-15 A/, BCTpEYa-
I0TCS YacTUllbl ¢ pazmepoM 50-70 HM, HO B 3HAUUTEIILHO MEHBIIUX KOJIMYECTBAX, YeM B oOpa3uax,
OCAXIEHHBIX NP 00JI€€ HU3KUX IIOTHOCTAX TOKA.

B pesynpraTe npoBeAEHHBIX SKCIIEPUMEHTOB YCTAHOBJIEHO, YTO ONTUMAajbHas KaToJHAas
IUIOTHOCTb TOKA IIPU BOCCTAHOBJIEHUH OKCUJA BOJb(pama U3 CEPHOKHCIIOrO IEKTPOIMTA COCTABU-
na 1-4 A/nv’. TIpu yBeNMUEHHH TUIOTHOCTH TOKA yBEITHUMBACTCS CPEIHMIT pasmep wactury WO;.
BnusiHus mi0THOCTH TOKa HAa COCTAaB OCaX/1a€MOT0 OKCH/IA HE BBISIBJICHO.

Bubimnorpaguyeckuii cnucoxk
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BJIUAHUE TEPMAUYECKOHU U IIVIASMEHHOU OBPABOTKH HA CBOUCTBA

TOHKUX MIEHOK OKCHJIOB IMHKA U MEJU

A.A. Mapxabaesa, JI.B. I'punenko, 7K. K. Kanko3zoBa, X.A. A0gyniun
Hayuonanenas nanomexnonozuueckas rabopamopus omxpoimozo muna npu KasHY um. anb-@apabu, e. Aima-
mot, Pecnybnuxa Kaszaxcman

Annomayus. MaccuBbl HaHOcTep)kHEHZNOHa KPEMHHUEBBIX M CTEKIISTHHBIX TOIOKKaX CHHTE3H-
POBaHBI THAPOTEPMAIBHBIM METOJOM, MCCIIEIOBAHBI CIIEKTPHI (POTONOMUHECIICHIIMU U 3JIEKTPHU-
yeckue cBoicTBa. OOHApYKEHO CYIIECTBEHHOE IMaJICHHE DJIEKTPHUECKOTO CONMPOTHUBICHUS IOCIE
KpaTKOBPEMEHHOH 00pabOTKH B BOJOPOIHO 11a3zMme. [loxydeHsl reTeponepexoabl Ha OCHOBE OK-
CHJIOB ITHKA-ME/IH.

Kniouesvie cnosa.Maccupsl HaHOCcTepxkHEHZnO, THAPOTEPMAIBHBIN METO/, T€TepONEPEXOIbl.

EFFECTS OF THERMAL ANNEALING AND PLASMA TREATMENT

ON PROPERTIES OF ZINC AND COPPER OXIDES THIN FILMS
A.A. Marhabaeva, L.V. Gritsenko, Zh.K. Kalkozova, Kh.A. Abdullin

National Nanotechnology Laboratory of the open type at the Al-Farabi Kazakh National University,
Almaty, Republic of Kazakhstan

Abstract. Arrays of ZnOnanorods on silicon and glass substrates were synthesized by hydrother-

mal method. The photoluminescence spectra and the electrical properties were studied. A signifi-

cant decrease in electrical resistance after short-term treatment in a hydrogen plasma is detected.

Heterojunctions based on copper-zinc oxides have been obtained.

Keywords.Arrays of ZnOnanorods, hydrothermal method, heterojunctions.

1. Beenenue

OxcuaHble HAHOCTPYKTYPUPOBAHHBIE MOJIYNPOBOAHMKH, Takue, kak ZnO, CuO, Cu,O,
HMMEIOT IHUPOKYIO0 001acTh MPUMEHEHUs, U B HACTOSILEE BPEMsI BECbMa HHTEHCUBHO UCCIIETYIOTCS.
AXTyallbHBIMU 00JIaCTSIMU MPUMEHEHHUS 3TUX MAaTepUasoB SBJSIOTCS MPOBOISIINE U MPO3payHbIe
MTOKPBITHS, CEHCOPBI, COJTHEUHBIE eMeHThIN Ap. [1-3]. B HacTosmelipaboTe nmpuBeaeHBI pe3yibTa-
Thl IO Pa3BUTHUIO METOJOB CHHTE3a MaTepUalioB Ha OCHOBE OKCHJIHBIX MOJIYIPOBOJHUKOB ZnO,
CuO, Cu,0, mo ucciaeaoBaHUIO CBONUCTB AIEKTPUUYCCKUX, ONTUUECKHUX, JIIOMUHECIIEHTHBIX CBOMCTB
MOJIy4Y€HHBIX 00pa310B B 3aBUCHUMOCTH OT TEXHOJOTUYECKUX YCIOBUI CHHTE3A.

2. DKcnepuMeHTAJIbHbIE Pe3yJbTaThl

O6pasiplZnOCHHTE3UPOBAHBI THAPOTEPMATBHBIM MeToA0M Iipr 95°C U3 pacTBOpa ¢ HUTpa-
TOM IMHKa U ypoTpormHoM 1ipu 90°C. OGpasiisl MoJydeHbIB BUIE MACCHBA HAHOCTEPIKHEH, MOp-
(dhoorus KOTOPHIX TIOKa3aHa Ha puc. 1.

Crextpsl oTomoMuHecHeHIuu 00pa3noB ZnOnpuBeaeHsl Ha pucyHke 2. Cnektpsl (oTo-
JIIOMUHECLEHIIMU U3MEPEHbl IPU KOMHATHOM TeMIlepaType Ipu JjuHe Bo30yxaatouiero ceera 300
HM. CHeKTp COCTOUT M3 MOJIOCHI COOCTBEHHOM (DOTOIIOMUHECIEHIIMM ¢ MAKCUMYMOM Ipu 378 HM,
1 TOJIOCHI JIIOMUHECLEHIIUY, BO3HUKAIOLIEH TP U3Ty4aTeIbHbIX IEPeX01ax yepe3 ri1y0oKue ypoB-
HU, PacIOJIOKEHHbIE B 3aIPELEHHON 30HE, ¢ MakcuMyMoM nipu 560 uMm. VHTeHCHMBHAs cOOCTBEH-
Has (OTOIOMUHECHEHIHS pu 378 HM CBUAETEILCTBYET O HU3KON KOHILIEHTpallMK PEKOMOUHAIH-
OHHBIX LIEHTPOB U O BHICOKOM COBEPILIEHCTBE BBIPAILIEHHOI'O OKCH/A IIMHKA B BUJE MacCHBa HAHOC-
TEpKHEN.

[Ipu oTxure Ha BO3ayXe MPOUCXOJUT ramieHue coOcTBeHHOH (oTomomunecueHuu. Wu-
TEHCUBHOCTb JIIOMUHECLIEHLIUU Yepe3 ITyOOKHe YPOBHH BeJET ce0s1 HEMOHOTOHHO OT TEMIIEPATYpPhI
OTKHIa Ha BO3JyXe, JocTuras Makcumyma npu omkure 400°C. MakcUMyM IMOJIOCH! JIFOMHUHECIICH-
LMY Yepe3 INIyOOKHe yPOBHU CIBUraeTCs B NIMHHOBOJIHOBYIO 00nacth 610 HM.

Ha pucynke3 moka3aHbl CHEKTPbl ONTHYECKOIO MPOMYCKAaHHUS M ONTHYECKON MJIOTHOCTH
IBYX 00pa3lioB MacCMBOB HaHOCTEPXKHEHZNO Ha CTEKJISIHHBIX IOJJI0KKAaX, BbIPALICHHBIX B OJ1HA-
KOBBIX YCIIOBUSIX, HO C Pa3JIMYHON JUIUTEIbHOCTHIO pocTa: 30 MuH U 2 yaca. Bunno, uto s 06-
pasla ¢ MeHbIIMM BpeMeHeM cuHTe3a (30 MUH) onTHYecKasl IUIOTHOCTh HUXKeE, a KOA(PPUIUEHT
MIPOITyCKaHMs BbIIIE, 4eM JJIsl oOpa3lia ¢ BpeMeHeM cuHTe3a 24yaca. Ha crekrpax npomyckaHus Ha-
OmroaroTcsl HeOOobIINE KoJieOaHUsl, BbI3BaHHbIE UHTEp(EpeHIell cBeTa B Clioe, UTO TOBOPUT 00
OJIHOPOJHOCTH CJIOSI.
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V3MepeHo 3JIeKTpUYecKoe CIO0EBOE CONMPOTHBIEHHE cinoeB Zn(O, CHHTE3MPOBAHHBIX Ha
CTEKJISIHHBIX MOJUTOKKaAX. [T 5TOro Ha 0Opasisl pasMepaMi 1x2 cM> METO0M BAKYyMHOTO HAIBI-
JICHHUS aJJFOMHHHS HAHOCHIIHCH DJIEKTPUYECKHE KOHTAKTHI TaK, 9TOOBI B cepenHe 00pasIia ocTaBa-
csl He3aKpbIThIM ciiod ZnO B Bujae kBaapaTa 1x1 cM. DieKTpudyeckoe CONpOTHUBIEHUE MEXIY KOH-
TaKTaMH B TaKOH KOH(HUTypaluyd paBHO CIIOCBOMY COTPOTHBIICHHIO. BelmndmHa cI0€BOTO COIpO-
TUBJIEHUS B 00pa3Lax cpas3y Mocjie CHHTE3a COCTABIsUIO B 3aBUCUMOCTH OT BpeMeHu cuHTe3a oT 100
1o 600 kOM/[] B HenerupoBaHHbIX cliosiX. C10€BO€ COMPOTUBIIEHNE MOKET OBbITh CYIIECTBEHHO I10-
HIDKEHO MO0 TIyTeM JIETUPOBaHMS, IN0O OTXKHUTA B BaKyyMe, JIMOO IyTeM IJIa3MEHHOM BOJIOPOTHOM
00pabOTKOI.

HV mag [0 | mode ) HFW
20.00 kV 50 000 x| Custom | 9.0 mm |5.97

HV mag O ode WD
30.00 kV| 100 000 stom |10.0 mm |2
Puc. 1. MOp(l)OJ'IOFI/IH CJIOEB ZHO, BBIpAIICHHBIX THAPOTCPMATIbHBIM METOIOM.

A470°C

E 400°G
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Puc.2. Criextpbl GoToIIOMHUHECIEHITUH 00pa30B MaccHBa HaHOCTEPKHEHZNnO, CHHTE3UPOBAHHBIX THAPOTEP-
MaJbHbIM MeToioM tipu 95°C: 1 — HCXOMHBIN CIIEKTp, 2-4 — CIIEKTPHI TOC/e OTXKUTA Ha BO3/IyXe B TeYeHHE 25 MUH [PH
330, 400 u 470°C cOOTBETCTBEHHO.
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Puc.3. CriekTpbl ONTHYECKOT0 MPOITYCKaHKs U ONTHYECKOH IIIIOTHOCTH 00pa3oB MacCHBOB
HaHOCTep)KHEHZnO Ha CTEKIISIHHBIX ITOJUIOKKAX, BBIPAIICHHBIX B OJJMHAKOBBIX YCIOBHSX 32 30 MUH (CILIOIIHAS JIMHUSA)
u 3a 2 yaca (IyHKTHUD).

[Tna3zmennast BogopoaHast o0paboTka 00pa3IOB MPOBOAMIACH B KBAPIIEBOM PEaKTOpPE, OC-
HaIlEeHHBIM OOKOBBIMH (PJIAaHIIAMH JUIsI OTKAYKW M JUIA MOJa4YM B 00BEM peakTopa pabodero rasa.
Bonopon monaBancs depe3 UrosibuaThlii HaTeKaTedb, OTKaukKa OCYIIECTBISIAch (POPBaAKyyMHBIM
HAcoCoM, JlaBJICHHE KOHTPOJIMPOBAJIOCh BakyyMMeTpoM. [InasMa co3naBanach B paspsifie €eMKOCT-
Horo Tuma Ha yactote 27 MI'i. O6paboTka Benach npu (PUKCHPOBAHHOM JIaBJICHHH ra3a B peakTope
(~60 ITa) u momrHocT BU-Teneparopa ~15 BT. CnenuanbsHbiii HarpeB 00pas3ioB MpH IIa3MEHHOM
o0paboTke He npuMeHsIcs. TunuuHoe BpeMst 00pabOTKU COCTABIIAIO 4 MUHYTHI.

B ciygae mmazmenHoit 00paboTKH B BOJIOPOHOM aTMocdepe HabI0naeTcs pe3Koe MmajieHne
cioeBoro conpotusieHus. Kak Buano u3 Tabmunpel 1, kpaTkoBpemeHHass 00pabOTKa MPUBOIUT K
nageHuto conpotunienus B ~40-300 pa3. ConpoTtuiieHre B HECKOJIbKO KOM/ | IBIsieTCSl TpruemJie-
MBIM JUISI CO3/IaHUSI POTOUYBCTBUTEIHHOTO AJIEKTPOAA, IOCKOJIBKY TaKHe dJIEKTPOIBI B BU/IE TOHKAX
cioeB (OpMUPYIOTCS Ha Mpo3padyHbIX npoBoasamux nopioxkkax (ITO, FTO).

Tab6muma 1 - CioeBoe CONMPOTUBJICHUE OOpa3IoB M3 MAaCCHBOB HaHOCTEpkHEHZnO, UCXOAHOE M TOCNE IUIa3MEHHOMN
00paboTKU B aTMOC(Eepe BOAOPOIa MPUBOIUT K MaJACHUIO conpotuBicHus B ~40-300 pa3

C110eBoe cONpOTHBIECHHE
Rucxon., kOm/[] R mocie H-rutazmer, Om/[] KpaTHOCTh yMEHBIICHUS
625 3464 180
39.2 1056 37
127.5 2113 60
655 1992 329

Takum oOpa3om, miasmMeHHas BOJAOpOaHAs 00paboTka sABisieTcs: YPPEKTUBHBIM CIIOCOOOM
YIIy4IIEHUS JIEKTPUUECKUX CBOMCTB OKCH/IA IIMHKA.

PamanoBckue cnektpsl koMno3uToB ZnO-CuO, nosyuyeHHBIX yTeM BaKyyMHOI'O T€pMHUe-
CKOTO PaclbUICHUS MEM Ha MAcCUBbI HaHOCTEPKHENZNO ¢ MOCIEAYIOLUUM OTKUTOM, IIOKa3aHbl Ha
pucynke4. [lnst cpaBHeHUs IPUBEJEH Takxke crekTp uncrtoro ZnO. Kak BUIHO U3 pUCYHKA, OTKUT
npu 300°C popmupyet daszy Cup,O, 4TO BUIHO U3 CPABHEHUS MOJTYYEHHBIX CIIEKTPOB C JIUTEPATYP-
HBIMM JaHHBIMU I paManoBckux crekTpoB CupO [4]. Omxur npu 500°C npusoaur K npeodiaia-
Huto ¢a3bl okcuaa uHka CuO.
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Puc.4.PamanoBckue cieKTpbl 00pa3loB MacCUBa HAHOCTEP)KHEW OKCHU/IA IIMHKA C HAITBUIGHHOW TOHKOH IIJIeH-
Kol Menu nociie omkura tpu 300 u 500°C, 1yt cpaBHEHHS TOKa3aH TAKXKe paMaHOBCKHit criekTp yucroro ZnO.

Ha pucynke5 mokaszaHbl CHEKTpbl ONTHYECKOTO MPOIYCKAaHUS MCXOJHOTO MaccHBa HaHOC-
Tep>KHEeW okcuJla HMHKa (KpuBas 1). 3aTeM Ha cioil OKCHAA IIMHKA Obljla HaIlblIEHA TOHKAs IJICHKA
MeId, ¥ poBeieH okur mpu 180°C. DToMy cilydar COOTBETCTBYET KpUBas 2 Ha pUCyHKeS. Bu-
Ho, uro npu omxkure 180°C pacrer norsnomenue B paiione JiuH BouH 500 HM M3-3a HOSBICHUS
Cu,0, KOTOpBIi, COINIACHO JUTEPATYPHBIM JAAHHBIM, SIBISIETCS IMPSIMO30HHBIM HOJYIPOBOJIHUKOM C
SHEprHe 3amnpeneHHon 30861 2.137 5B npu koMHaTHOU TemriepaTtype [4]. JanbHelmmii OTKUT pU
400°C npuBOIMT K IaJE€HMIO NPOIYCKaHUs ¢ KpaeM B oOnactu 800 HMm 3a cyer mossiaenus CuO,
KOTOPBIN SIBJISIETCS HENIPSMO30HHBIM MaTEpHaJiOM U MMEET SHEPrHUI0 3ampenieHHon 30Hb1 1.35 3B
[4]. O1u pe3ynbTaThl COBIAAAIOT C JAHHBIMU 110 PAMAHOBCKHUM CIIEKTpaM.
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Puc.5. CrieKTpbl ONTHYECKOro MPOMYyCKaHHMs HCXOAHOTO MacCHBa HAHOCTEP)KHEN OKCHA IIMHKA (KpuBas 1),
MOCIIE HATBUIEHUS TOHKOM TUIEHKH MEIM C TIOCTEAYIONIMM OTXHIroM Ha Bosayxe mpu 180°C (2) u 400°C (3).

boutn chopMupoBaHbl CTPYKTYphl, coctosiiue u3 cinoeB ZnO Ha [TO cTekIssHHBIX O0T0XK-
Kax, MOBEPX KOTOPBIX Yepe3 MacKy Hambuisics cioi Meau. Ilocne omxura Ha Bo3ayxe popMupoBa-
Jach MOJYNpo3padyHasl MIeHKa OKCHI0B Meau. OTKUT MPOBOAUIICS MPH Pa3IMUHbIX TEMIEpAaTypax
U JUIUTENbHOCTAX JUIsl ONTUMHU3ALINY.
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BonbT-amnepnsie xapaktepuctuku (BAX) monyd4eHHbIX CTPYKTYp UMEIOT JTUOJHBIN Xapak-
tep. HanbGonee accumerpuunbie BAXu Obutk mosydens! npu omkure 220°C B Teuenue 4 yacos.
KoaddurmenT uaealbHOCTH 1 BOJIbT-amIiepHoi 3aBucuMoctr guonaa (I = Ig(exp (V /nVr), rae I -
TOK HachllleHus, Vi — TepMUUYecKoe HaNpsKeHNe) IPUMEPHO paBHSIICS 3 B MHTEpBaJIe HANPSKEHUM
ot 0 10 0.2 B, 3aTem yBenmuuuBaiics 10 8 B 061acTu npsAMbIX cmenienuid 1o 1.3 B. Beicokue 3Haue-
HUS N COBMAAAIOT C JUTEPATYPHBIMHU JaHHBIMU [5-6] MO XapakTepuUCTHKaM mepexoaoB n-ZnO/p-
(Cuy0-CuO) u cBUIETEIBCTBYIOT O KPUTHYECKON POJIM TYHHEITBHOTO TOKAa M PEKOMOWHAIIMHM HA
rpanuue. Kak uzectro [6], rerepornepexonpl n-ZnO/p-CuO nemoncTpupyror BAXu ¢ 60abpmmmu
(dakTopaMu HI€aNbHOCTHU JHOJA N, YTO TOBOPUT O 3HAYUTEIILHOM BKJIaJI€ MPOLIECCOB TYHHEIUPOBa-
HUS Yepe3 MOBEPXHOCTHBIE COCTOSIHUSL, BBOJUMbIE CTPYKTYPHBIMU J€(PEKTaMU.

O TOMMHMpPOBAHMM MHOTOCTYIEHUYATBIX MMPOLIECCOBTYHHEINPOBAHUSA U PEKOMOWHAIIMHU Ye-
pe3noBymKUB CTpyKType n-ZnO/p-CuO CBUACTENBCTBYIOT JUTEPATypHBIC JaHHBIC IO TEMIIEpaTyp-
HbIM 3aBucHUMOCTSIM BAX [5]. CymiecTBeHeH TakKe MpoIecc TYHHEIUPOBAHUS Yepe3 TOHKUN CIION
00BEMHOTO0 3apsijia, 03TOMY Ul CHUXKEHUS (pakTopa UAeaqIbHOCTU U NMOAABJICHUS TYHHEJIbHBIX TO-
KOB YTEUKH CO3JIal0T CJIOM BBICOKOOMHOT0ZnO Ha IpaHUle FeTePOCTPYKTYpHI [5], a Takke npume-
HSIOT OT’KUT Ha BO3JlyXe, ONITUMAJIbHbIE TEMIIEpATypbl OTKUra cocTaBisitoT 250-300°C.

CTpyKTypbl IPOSIBIISIOT YyBCTBUTEIBHOCTh K OCBEIICHHUIO OEJIBIM CBETOM — IPU OCBELICHUU
raJIOr€HOBOM JIaMIIOM pacTeT MpsSMOM TOK Yepe3 TOUeUHbIH KOHTAKT. M3BecTHO [6], uTo 00paboTka
B BOJIOPOJHOM IJIa3Me CYLIECTBEHHO U3MEHSET 3JIEKTPUUECKUE U (POTOIIOMUHECIICHTHBIE CBOICTBA
Zn0O. M#bI Takke MpOBENH MIa3MeHHYI0 00paboTky mieHok ZnO u p-n-CTPYKTYyp B atmocdepe Bo-
nopoaa. O6HapykeHo, uTo 00paboTKa MCXOTHBIX MIEHOK ZnO MPUBOJUT K YMEHBIIICHHUIO CIIO€BOTO
conpoTuBiieHus mieHOK Ha 20%. VIHTepecHO OTMETUTh, YTO BOJIOPOAHAs 00pabOTKa p-n-CTPYKTYp
Ha ocHOBe ZnO U OKCHUJIOB MEIU IMPUBOJUT K 3HAYUTEILHOMY YMEHBUICHUIO TOKA YT€UKU MpHU 00-
pPaTHBIX CMELIEHUAX. DTO MOKHO CBSI3aTh C BOJAOPOJHOMN MacCUBALUE TOBEPXHOCTHBIX J1€()EKTHBIX
COCTOSIHUI M YMEHbILIEHHEM PEKOMOMHAIIMOHHOTO TOKA MEPEX0/a.

BrIBOABI

Meronom THAPOTEPMAIIBHOTO CHHTE3a MOJTYYEHBI IUIEHKU Zn0O, a
rerepoctpykrypsiZnO/CuyO(CuO) mosydeHsl TEPMUYECKAM OKUCIICHHEM IIJIEHKA MEIH, HaHeCeH-
HOM Ha oKcuJ LuHKaA. MccnenoBaHO BIMSIHUE TEPMHUECKOTO OTKUra U 0OpabOTKU B BOJOPOIHOM
I1a3Me Ha ONTHYECKHE, (DOTOJIOMUHECHEHTHbIE, AIEKTPUUECKUE U CTPYKTYPHBIE CBOMCTBA 00pa3-
11oB. OOHapy»)eHo, 4To 00paboTKa B BOJOPOJHOM IJIa3Me UCXOHBIX MIeHOK ZnO MpUBOAMT K 3Ha-
YUTEJIbHOMY YMEHBUICHUIO CJIOEBOIO CONMPOTHUBIIEHUS IJIEHOK, KPaTHOCTh YMEHBIICHHUSICOCTABIIsIIA
1o 300 pa3. KparkoBpemenHasi oO6padotkactpykryp n-ZnO/p-Cu,O(CuO) B BOIOPOIHON Mmiazme
YIIy4IIaeT UX 3JIEKTPUUECKHE XapaKTePUCTHKU.
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PA3PABOTKA ITOJYHNPOBOAHUKOBOMU CTPYKTYPbI
®OTODJEKTPHUECKOI'O IPEOBPA3OBATEJISI COJTHEYHOM DHEPTUU

JJIA ITPUMEHEHUA B KOCMHUYECKOM ITPOCTPAHCTBE

A.A. Kpusynmn', B.B. Tperymos”
“Pasanckuil 2ocydapemeennbiii meOuyunckull ynusepcumem umenu axademuxa M.I1. ITasnosa,
Poccus, Psazans, a.krivushin@rsu.edu.ru
 Pasanckuii 2ocyoapemeennviii ynusepcumem umenu C.A. Ecenuna,

Poccus, Psazauns, v.tregulov@rsu.edu.ru
Annomayus. B 1aHHOH paboTte mpejcTaBieHa cxeMa MOITYIPOBOJHUKOBOH CTPYKTYPHI (hOTOIIIEK-
TPUYECKOTO NpeoOpa3oBaTessi COTHEUHOW YHEPIHH C TOMOJIOrHeH MoBepXHOCTH. ONHCaH TEXHO-
JIOTUYECKUH npouecc (OPMUPOBAHUS MOTYIPOBOIHUKOBOW CTPYKTYPHI, & Tak kK€ NMPOBEJCH aHa-
JIU3 BOJIBT-aMIIEPHBIX XapaKTEPUCTHK SKCIEpUMEHTANBHBIX 00pa3noB ®OI1 npu ocelieHuH.
Kniouesvie cnosa. TlonmynpoBOAHUK, TOPUCTBIA KpeMHHUH, (DOTOBOJIbTaMKA, KOCMHUYECKOE IIPO-
CTPaHCTBO.

DEVELOPMENT OF A SEMICONDUCTOR STRUCTURE OF

A PHOTOELECTRIC SOLAR ENERGY CONVERTER FOR USE IN SPACE
A.A. Krivushin’, V.V. Tregulov"”"
"Ryazan State Medical University, Russia, Ryazan, a.krivushin@rsu.edu.ru
“Ryazan State University, Russia, Ryazan, v.tregulov@rsu.edu.ru

Abstract. In paper, a diagram of the semiconductor structure of the photovoltaic solar inverter to-
pology surface. It describes a process of forming a semiconductor structure, as well as an analysis
of the current-voltage characteristics of the experimental samples of solar cells under illumination.
Keywords. Semiconductor, porous silicon, photovoltaics, space.

CxeMa nmoJiynnpoBOHNUKOBOI cTPYKTYpbl DIII

Tak kak 0OJIHUM U3 BaXHEHIIMX (PAKTOPOB BIUSIHUS KOCMUYECKOIO MPOCTPAHCTBA SIBIISETCS
noHusupytomiee uznydenue, To OIII, pacrosiokeHHbIE HA BHEIIHUX MMOBEPXHOCTIX KOCMUYECKUX
anmnapaToB JIOJKHBl UIMETh MOBBIIICHHYIO PaJMallUOHHYIO0 CTOUKOCTS [ 1]. MoHu3upyromee nsiyde-
HUE CIIOCOOHO CO3/1aBaTh B 00bEeME MOJIYIPOBOJHUKA U HAa TpaHUIaX pa3fiesia akTUBHBIX CJIOEB Jie-
(bexThI ¢ TIIyOOKHMHU 3HEPreTUYECKUMU YPOBHAMU. DTU JePEKThI, KaK MIPABUIIO, BHI3BIBAIOT PEKOM-
OWHAIMIO HOCUTENEH 3apsiaa, uyTo nmpuBoAUT K cHIbkeHUto KITJ[ @311 u HeoOpatumoii aerpagamuu
ONTHYECKUX U IEKTPOPU3NIECKUX XapakTepucTuk [2]. Haubonee Bpeanoe Biusiaue Ha KI1] OIT1
OyayT oOKa3bIlBaTh Je(EKThl, JIOKATM30BaHHbIE HEMOCPEACTBEHHO Ha TpaHUIle paszjiena n- U p-
oOnacTteil akTUBHOTO p—n-Tepexoa (IOBEPXHOCTHbIE COCTOSIHUS) U B NMPUIIOBEPXHOCTHOM YacTh
0a30B0o# 007aCTH, T/I€ TPOUCXOAUT POoTOreHEpaIHsi HocuTenen 3apsiaa [3].

Pa3pabarsiBaemblit ®OI1 0azupyercs Ha TpaAULIMOHHON KPEeMHUEBOU CTPYKType ¢ ntuddy-
3HOHHBIM 71 —p-TIEPEXO0JIOM, 3aJIeTaloNMM Ha ITybuHe He 6onee 0,5 MKM OT (ppOHTAIBHOH HOBEPX-
HOCTH.

C uenbro MUHUMU3ALIUY BIUSHUS PaIMallUOHHBIX JedekToB Ha padoty DIII npennaratorcs
CJIEYIOIHE MEPBI:

— cHmKeHne >bGEKTUBHOM TIIOIIAIK 1 —p-niepexosa (IIpH HeM3MEHHOH TIOMaaN 6a30BOr0
CJI051) C MIOMOIIBIO MTPOLIEcCa HAHOCTPYKTYPUPOBAHHUS,;

— pa3MellleHre TOIJIONIAIOIIEro €0 BHYTPH IUIEHKH MOPUCTOTO KpeMHUs (por-Si).

Kax n3BectHO u3 psiga myOnukanuii, Harpumep [4,5,6,7], por-Si umeet 60see BBICOKYIO pa-
JTUAMOHHYIO CTOMKOCTH [0 CPaBHEHUIO ¢ KPUCTAUIMUECKUM KpeMHueM. [IpruunHoil 3Toro aBTopbl
[5,7] cunTaroT CHIIBHO Pa3BUTYIO TOBEPXHOCTDH por-Si, KOTOpas MOXKET paboTaTh B Ka4eCTBE 00Jac-
TH CTOKa M aHHUTWJISLIUU PaJUallMOHHBIX JedekToB. KpoMe Toro, mpu B3auMOJEHCTBUU BBICOKO-
SHEPreTHUYHBIX YaCTUIl C 3IEMEHTaMU CTPYKTYpPHI por-Si BOZMOXKHA Mepeaaya S3HEPIUu HE TOJIbKO
OTJIeIbHBIM aTOMaM, HO M KjacTepaM KPeMHHEBBIX KPUCTAJUIUTOB. Takas repepaya SHEPTUH BO3-
MO>KHA BCJIEJICTBHE M3MEHEHUsI (DOHOHHOTO CHEKTpa B KPEMHHMEBBIX KPUCTAJUIUTaX. DHEPrus, IMo-
Jy4yaemasl TpylnnamMu aToMOB B por-Si, OyJeT MEHblIe BETUYUHbI, IPUHUMAEMON OTAEIbHBIMU aTo-
MaMH, 4TO CHU3UT pa3pyllarollee BO3/IeHCTBHE BBICOKOOHEPIeTHUHBIX YaCTHULI.

Cxemarnueckoe H300pa)k€HHUE CIIOEB IMpeAJaraéMoi MOJIYIPOBOJHUKOBOW CTPYKTYpbI
OOII, npencrasieHo Ha puc. 1.
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Puc. 1. Cxema nonynpoBogHUKOBOH CTpYKTypsl DOI1

OcCHOBOH MOJXYIPOBOJHUKOBOW CTPYKTYpHI (puC. 1) siBisieTcss KpeMHHEBas MOJIOXKKA p-
tnna npoBoauMoctn 1. Ha He#l MeTomoM TepMmudeckod auddy3uu cOpMHUPOBAH 71 —p-TIEPEXO
riryOuHoM 3aneranus x;. Ha GpoHTanbHON NOBEPXHOCTH MOJIYIPOBOAHUKOBON CTPYKTYpPBI COPMHU-
poBaH cioif por-Si TakuM 06pa3oM, 4TO €ro TONMIIMHA NPEBHINAET ITyOMHY 3aleraHus n —p-
nepexo/ia Ha BenuuuHy J. Cioit por-Si oOpa3zoBaH KpEMHUEBBIMHU KPUCTAJUIMTAMHU 2, KOTOPbIE pa3-
JIeJIeHbl MOpaMH 3, 3alOJIHEHHBIMH MPOJYKTAMH PEAKLUU JIEKTPOXUMHUYECKOTO TPaBJIEHUSI KPEM-
Hus (SiO, SiO,). B pe3ynbrare IIOCKOCTh 71 —p-TIlepexoa 4 HaXOAUTCsA BHYTpH ciios por-Si. Tlpu
3TOM BEpIINHEI KPEMHHEBBIX KPHCTAILIUTOB 00pa30BaHbl MaTepHaIoOM 71 -ci1os. Ilornomenne ceeta
1 00pa3oBaHUE HOCHUTEIICH 3apsiia MPOUCXOIUT B HIDKHEH YaCTH MOPUCTON IUICHKH, HAXOISIICHCS B
p-Si (puc. 1). Takum 00pa3om, pearn3yroTcsl MPUBEJACHHBIC BBIIIC MEPhl MUHUMH3AIIUN BIUSHUS
paarannoHHbIX edekToB Ha padoty DIII.

Jia nonkmodeHust @OI1 K BHEIIHUM 3JIEKTPUYECKUM LEMsAM Ha (POHTAIbHON 00sacTH
chopMUpOBaHbl METAIIIMUECKUE (CepeOpsAHbIE) KOHTAKTHI B BUJIE TOHKUX JUIMHHBIX MTOJIOCOK 5 (pHC.
1). Ha thuibHOM oOnactu chopMupoBaHa KOHTaKTHas MeTaulMueckas cetka 6 (cepedpo-
ATIOMUHHUI).

Tomnonorust ppontansHoit noBepxHoctu GIII npencrasiena Ha puc. 2.
2

2
=
2.0 |

/—

0.2 2.5

Puc. 2. Tononorus ¢pponTtanpHoi moBepxuoctu OII1

Ha ¢ponranbaoit moBepxHoctu 1 chopmupoan LI-00pa3Hbiil MEeTaNIMUECKHT KOHTAKT 2 €
IUIOLIAIKOM 3, MpeHa3HAaYeHHO /171 TaiiKu BHELIHETo 3JIEKTPUUECKOTo BbiBoAa (puc. 2). Pazmepsl
HauboJee KpUTUYHBIX (ParMEeHTOB yKa3aHbl Ha pUC. 2 B MIJIJIUMETpAX.

Texnosnorus usrorosiaenus ®II1

B xauectBe nomnosxek ans usrotosienus @OII ucnonap3yroTcs MIaCTUHBI MOHOKPUCTAILITHU-
YECKOT0 KPEMHUS «COJTHEUHOT0 KayeCTBa» CO CIIEAYIOIIUMH XapaKTepUCTUKAMU: IPOBOIUMOCTD p-
TUIAa, yaenabHoe comnportuBiieHne 1 Om-cMm, opuenTanus nosepxHoctu (100), Bpems Ku3HH Heoc-
HOBHBIX HEPAaBHOBECHBIX HOCUTENEH 3apsiaa 50 MKc.
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TexHonorunueckuii mpouecc GopMUPOBAHUS MOJIYTIPOBOAHUKOBOM CTpyKTYpsl @11 cocrout
U3 CIEAYIOIIMNX 3TAIOB.

1. OTMBIBKa IJIACTHH OT IpyOBIX 3arps3HEHHUM (CMeCh a30THOM M COJISIHOW KHUCIOT), Ipo-
MBIBKA B TUCTWJUIMPOBAHHOU BoJE (YIbTPa3ByKOBasi BAaHHA).

2. Tpasnenue B BogHoM pactBope KOH (20%), remneparypa 90°C, 10 munyt uist popmu-
pPOBaHMS TEKCTYPUPOBAHHOM CTPYKTYpbl. [IpomMbIBKa B TUCTHILIIMPOBAHHOMN BOJie (YIbTPa3ByKOBas
BaHHA).

3. Tepmudeckas muddy3ns (muddy3anT — dochop) mis cos3maHus 1 -06macTH Ha (PPOH-
TanbHOI MOBEpXHOCTH. 1{enb onmeparuu — co3aanue 7' —p-mepexoia.

3.1. Hanecenue muddysanra H;PO,: C,HsOH, cymka 80°C, 30 MuH B CymImiibHOM IIKady.

3.2. Tepmuueckas aupdysus npu 7' = 1100°C B Teuenun 10 MUHYT B 351eKTpUYeCKOil TpyO-
4aToi €4y C Pe3UCTUBHBIM HarpeBOM.

3.3. OTmbIBKa IU1acTUHBL B BOAHOM pactBope HF (10%) s ynaneHus ¢ moBepxHoctu ¢oc-
dhopocunukaTHOTO cTekia. [[poMbIBKa B IUCTHIIITMPOBAHHON BOJIE (YJIBTPa3BYKOBAsl BAaHHA).

4. BelpanuBanue Ha (pOHTaIbHOW MOBEPXHOCTH IUIEHKH por-Si. Vcmonb3oBajics METON
aHOJIHOTO 3JIEKTPOXMMHUYECKOIO TPaBJICHUS B TalbBaHOCTAaTUYECKOM pEXHUME. DKCIEPUMEHTalb-
Hble 00pa3Iibl U3rOTaBIMBAIMCH IPU Pa3HbIX 3HAUYEHUSAX IUNIOTHOCTHU ToKa (J,,) B quanazone 10 — 20
MA/CM” U B TCYCHHH Pa3IMYHBIX IPOMEKYTKOB BPEMEHH (Toy) B auamasone 30 — 60 c. [Tocie dop-
MUPOBaHUS CJI0SI por-Si MPOU3BOANUIIACH IPOMBIBKA IJIACTHUH B AUCTUJUIMPOBAHHON Boje (yabTpa-
3BYKOBasi BaHHA) C 1I€JIbIO YIaJI€HHUsI OCTATKOB AJIEKTPOJINTA.

5. Hanecenue Ha GpOHTABHYIO IOBEPXHOCTH CEPeOPsHON macThl uepe3 Tpadapet mist Ghop-
MHUPOBaHMs TOMOJIOTUM IMPOBOJAIIEr0 KOHTaKTa. HaHeceHne Ha TBHUIBHYIO 00JacTh cepedpsiHo-
AIIOMUHHEBON MacTel uepe3 Tpadaper st GOpMUPOBAHUS ThUIBHOTO KOHTakTa. Cylika mpu TeM-
nepatype 20°C B reuenue 30 MUHYT.

6. Orxur mnactud npu remnepatype 250°C B Teuenuu 10 ¢ ans GopMupoBaHUS OMUYECKUX
KOHTaKTOB K (DPOHTAIbHON U THUIIbHON NOBEPXHOCTSIM.

Haubonee kpuTHYHBIMU 3Tanamu Mpoliecca SBISUIMCH (OPMUPOBAHHE IUIEHKH por-Si (4
3Tam) U npoBefeHue omkura (6 sram). TexHoloTHYECKUE PEKUMBI BBIOUPAIUCH U3 COOOpaKeHUM
JOCTHXKEeHHsT HanboJliee BhICOKUX Mokazareneil a¢pdexkruBHocTr OIII (HanmpspkeHHne X0JI0CTOro Xo-
7a, TOK KOPOTKOTO 3aMbIKaHus). B Xoje skcnepuMeHTOB ObLIO YCTAaHOBJIEHO, YTO ONTHUMAJIbHOE
sHauenue J,, coctaBmio 20 MA/cM’. [Ipu Gonee HUBKMX 3HAUCHUSX J,x POPMHPOBAIUCH HEOIHO-
POJIHBIE MO TOMIMHE TIeHKH. [Ipn J,,>20 MA/cM” POCT IICHKH por-Si TPOTEKax OBICTPO W H3r0-
taBimBaeMblie CTpyKTypbl @I umenn au3kmii KI1J1 (menee 0,10) yxxe mpu Bpemenax pocra 20 c.

B pe3ynbrare ObUI0 M3roTOBIIEHO 3 AKCMEPUMEHTAIBHBIX 00pa3iia ¢ TEXHOJIOTHYECKUMH Ta-
pameTpaMu, IpUBeIeHHBIMU B Tabmue 1.

Tabmuma 1.
TeXHOIOrMYECKUE PEKUMBI DIIEKTPOXUMHUYECKOTO TPABJICHHS
obpaszen J.r, MA/cM? Ty, ©
1 20 30
2 20 40
3 20 60

Boan-aMneprle XapPpaKTEPUCTUKHU IKCIIEPUMECHTAJIbHBIX oﬁpazums IIPpH OCBCLICHU N

C nenpro uccienoBanus 3PGHEKTHBHOCTH IKCIMEPUMEHTAIbHBIX 00pa3ioB OIII mpoBoau-
JIUCh U3MEpPEHUs BOJIbT-aMIIepHbIX XapakTepuctuk (BAX) npu ocsemenun B pexxume AM 1,5. [lo-
aydeHHble BAX ObUIM TUIHYHBIMU AJ1s1 TOTYHIpoBOAHUKOBBIX DOII u cooTBETCTBYIOT 001IEMY BH-
1y, IPEJCTaBICHHOMY Ha pHC. 3.
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Puc. 3. Obmwmii Bug BAX ®OI1, u3sMepeHHbIX PH OCBEICHUN

CrnomHoi nuHMEN Ha puc. 3 moka3aHa skcriepuMmeHTanbHas kpusas BAX. Ilepeceuenue
3TOW KPUBOM C OChIO HAIIPSDKEHUN XapaKTepU3yeT 3HaueHue HampspkeHust xosoctoro xoda (Us),
MePECEUYCHHE C OChI0 TOKOB — TOK KOPOTKOTO 3ambIKaHus (/;). IlyHkTrpHast nuHus Ha puc. 3 orpa-
HAYUBACT MPSAMOYrOJIbHUK MakcuMalibHOW motmHoctu DI, 3nauenus [, u U, XapakTepusyrT
TOK U HampshKeHHe, MIPU KOTOPBIX PEeaTu3yeTcs MaKCUMallbHasl BBIXOAHAsI MOIIHOCTh. OTHOILIEHHE
ATUX BEJIMYUH ONPENesoT pakTop 3anoaHeHus ceetopoit BAX [8]:

]mUm (1)
[K3Uxx

dakTOop 3amOJIHEHHS MTOKa3bIBaeT, HACKOJIbKO BAX peansHoro ®II1 npubnmxaeTcs K uae-
anpHOM. Bemmmuuna KIT ®3I1 onpenensiercs mo ¢popmye:

— ImUm — FF ) IK3UXX

m m

FF =

rae P, — MOIIHOCTh U3JIy4€HHUs, MaJal0llero Ha (PPOHTATIBHYIO TIOBEPXHOCTSH [8].

Taxxe BaxHOU xapakrepucTtukoit, Binustomeit Ha KITJI ®III sBasercs nocnenoBaTenbHOE
CONPOTHUBIIEHUE R, KOTOpOE ompenensercs u3 sxcrnepuMentanbHoii BAX Ha puc. 3 mo ¢opmyre
[8]:

AU
R, = N 3)
CcB

Benuuuna R;; B HaleM ciiyyae OINpeiessieTcsl CONPOTUBICHUEM KOHTAKTOB K ()POHTAIbHOM
1 ThUTbHOU oOnacTsM DIII, a Takke mocien0BaTEIHFHBIM COMTPOTHBICHUEM CIIOst por-Si. J{ns moc-
Tiwkennst MmakcuMmanbHoro KIIJl Benwunna Ry 1oypKHA OBITH KaK MOYKHO MEHBIIIE.

Benuuunsl, xapakrepusyromue 3p(HeKTHBHOCTh HCCIEAYEMBIX dKCIIEPUMEHTANIbHBIX 00pa3-
noB ®OII, npusenens! B Tabaune 2. B xauectBe oOpasua Ne4 BoicTynan tpagunuonHsii OOI1 Ha
OCHOBE 71 —p-Tiepexo a 0e3 TeHKH por-Si Ha GPOHTANBHOH TOBEPXHOCTH.

Tabmuma 2.
Xapakrepuctiku 3¢ GheKTUBHOCTH 00pa3ioB OOI1
obpaszen U, MB I, MA FF, otH.exn. 7, % Ry, OMm
1 530 38,0 0,86 17 6,1
2 509 19,3 0,83 11 7,0
3 499 15,0 0,77 6 9,0
4 523 27,0 0,80 12 5,9

W3 pe3ynbTaToB, NpeAcTaBIE€HHBIX B TaOnuIe 2, cleAyeT, 4YTo HauboJbuiel 3ppeKkTuBHO-
cThto obnmagaer obpazen; Nel. Ero KIIJ[ cymectBenHo Oosblie, yem y TpaaunuonHoro @1 Ge3
meHku por-Si (o6pazer; Ned). Db dexruBrocTs DII1 006pasznor Ne2 u Ne3 3ameTHO HIKE, 11O CpPaB-
HeHuo ¢ 00pa3uoM Nel. D10 MOKHO OOBSICHUTH TEM, UYTO C YBEIMUYEHHEM BPEMEHHU IIEKTPOXUMHU-
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YECKOTO TpaBJieHUs (CM. Tabnuily 1) pacTyias mieHka por-Si HapylmaeT III0CKOCTh 1 —p-Tiepexoa
U TIPUBOAMT K 00pa3oBaHHIO JAe(HEKTOB C TIIYOOKHMMH SHEPTETHYECKUMH YPOBHSMH, KOTOPHIEC BbI-
CTYNAIOT B KAYECTBE IIEHTPOB pekoMOuHaimu u cHkaroT KITJ[ OOIL
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Annotation. This paper presents the results of the properties of metallofullerenes, its characteris-
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WuTepec kK M3ydeHWI0 MeTawio(y/uiepeHOB OOYCIOBJIEH BO3MOXKHOCTBIO HMX HIMPOKOTO
MMPUMCHEHHS B Pa3JIMYHBIX 00JACTIX HayKH W TeXHHKH. MeTtamopymiepeHsl UMEIOT crerudude-
CKHE JJIEKTPOHHBIE CBOMCTBA M SBIISIOTCA NpeaMeroM nHrepeca IT-mHaycTpum Kak BO3MOXHBIE
KaHIUAAThl HAa MaTepuaibl Ui YCTPONCTB XpaHEHMs] JaHHBIX HaHomaciutaba. MccrnepgoBanue
CBOWCTB ATHUX CHCTEM CTUMYIHUPOBAJIO HAOIIOJECHWE CBEPXIPOBOIUMOCTH B KpucTtaimax C60 c

239



MpUMECSIMH Ie0YHbIX MeTayioB [1]. MccnenoBarenu u3 1lIBelinapckoii genepanpHOi 1aboparo-
pPUU TECTUPOBAHMS M MCCIEAOBAHUS MAaTE€PHAJIOB) OTKPBUIM, YTO METAJUIO(YIIepeHbl CIIOCOOHbI
(dbopMUpOBaTh YHNOPSAJOUYEHHBIE HAIMOJIEKYISPHbIE CTPYKTYpPhl C Pa3sHOOOpa3HOM OpHEHTAIUEH.
Manunynupys €10, BO3MOXHO, XpaHUTh U CUYUTHIBATh MHGOPMALUIO. YTJIEpo/l CyIIEeCTBYET B (hop-
M€ anmasa, rpaduTa ¥ HAaHOTPYOOK, a Tak)Ke Tak Ha3biBaeMbIX (yiiepeHoB. Chepuueckue cTpyk-
TYpPBI U3 TaKuX QYyJIIEPEHOBBIX "KJIETOK" — HanbOoJee YacTo UcCCcieayeMble 00pasIlbl, B KOTOPHIX CO-
nepxatcst 60 aTOMOB yriiepoJa U BbIMISAT, Kak (yTOONBbHBINA MY — TaK)KE€ MOTYT CIIY’KUTh "HaHO-
KOHTeHHepaMu'" 7151 MeTAJUTMYECKUX YacTHII.

MertamnodymiepeHbl MOTyT ObITh CHHTE3UPOBaHbI OOBIYHO ABYMSI CHOCOOaMH, MOJI0OHO
CHUHTE3y MYCTHIX (PYJIEPEHOB, KOTOpPbIE 3aKIHOYAIOTCS B (POPMUPOBAHUU YIJIEPOI-HACHIIIEHHOTO
rapa WM Iu1a3mbl B atMocdepe resus uiam aprota. Ha ceroqusiHuil 1eHp yalie BCero NpUMEHSIOT
JIBa METO/J1a JJIsl OJIy4E€HHUsI MAaKPOCKOTIMYECKUX KOJIMUECTB METAIIOPYIJIEPEHOB: BBICOKOTEMIIEpa-
TYpHOE JIa3epHOE UCIApPEHUE WM METOJI «JIa3epHOM Meur» U METOJ] 3JIEKTPOIYrOBOrO paspsija Ha
MTOCTOSTHHOM TOKe. B 3THX MeTonax omHoBpeMeHHO popmupyetcsi cMech mycThix dyiepeHoB (Cey,
Cr0, Cr6, Cs4 1 T.11.) ¢ MeTauiopymnepenamu. [IponsBoicTBo MeTaiwodyuiepeHoOB TpeOyeT mocie-
JYIOLIUX MPOIECCOB SKCTPAKIUU U3 CAXHU U CENapaluu/OYUCTKH METAUI0(YIIEpEHOB OT MyCThIX
bynnepeHos.

[Ipumensist METO/1 3IEKTPUUECKON JIyTH, MOKHO UCHIApsTh 1) rpaduTOBBINA CTEpPKEHb, MPE-
BAPUTEJILHO MPOMUTAHHBIN PAaCTBOPOM, COJIEPKAIIMM HOHBI METAJIIOB MM 2) MOJIbIM rpadUTOBBIM
CTEpXEHb C TPEOyeMbIM METAJJIOM UJIM OKCHJIOM METaslia.

B Hamieit nabopatopuu ObLIIM CUHTE3UPOBAHbI METAJUIO(DYIIEPEHBI METOIOM 3JIEKTPOIyro-
Boro paspszaa. IIpouenypa noarotoBku rpauTOBOrO 3J€KTpOJa ¢ METAIMYECKUM HANOJHEHHEM
IIPOBOJMIIACH CIIEAYIOIIMM 00pa3oM: MepBOHAYalIbHO Opaics Lenblii rpaUTOBbIM CTEpXKEeHb Jua-
METpoM 6 MM, Jajee MPOCBEPIMBAIOCH OTBEPCTHE AUAMETPOM 2,5 MM BJOJb €r0 OCH, 3aTeM
BBOJIMJICS METAJUIMYECKUN HAHOTIOPOIIOK aJIFOMUHUS ITYTEM [IPECCOBAHMUSI JUIsl €0 3aIl0JIHEHUS, KaK
BHUJIHO U3 pUCYHKa .

Puc. 1. DTam moAroTroBKM KOMITO3UTHOT'O SJIEKTPO/A ISl CHHTE3a METAIIO( yIepeHOB

Jlanee MOJIy4EHHBIM 2J1E€KTPOJ NOMEIIAICS B KaMepy peakTopa, B KOTOPOM IIPOBOIWIN
IJ1a3MOXUMUYECKUI CUHTE3 B aTMOC(epe Irefusi U3BECTHBIM METOJIOM JyroBoro pacnbuieHus. [lo-
clie TIPOBEJCHHS CUHTE3a, MPOIYKThl PEaKIIMK U3BJIEKAINCh U3 KaMEphl — 3TO JIEMO3UT U Ccaxka, KO-
TOpbIE N300paKeHbI HA PUCYHKE 2.

>

Yo T

Puc. 2. Jleno3ur u caxxa copMupoBaBIIHecs Ha KOMIIO3UTHOM 3J1eKTpoie rpadut/Al
B pe3yJIbTaTe AyroBOro paspsaa

Ha cnenyromem 3tane mosiydeHHBINA CaXXEBBIM MPOYKT PACTBOPSIOT B OCH30JI€ UK TOJIyOJIe
B TeueHue cyTok. [lomyuenHbiit pactBop nojasepraior puinbrpanuu. O4eBUIHO, YTO CI1ab0B3aNMO-
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NeUCTBYIOLIME MOJIEKYNbI 00J1a/1aili MEHBIIUM BpEMEHEM 3aJepKKU Ha (PUIBTPE U MOATOMY IPO-
XOJIWJIA CKBO3b HETO B NEPBYIO OUYEPE/Ib.

WNnentuduxaius cenapupoBaHHbIX (yJJIEpEeHOB KaUyeCTBEHHO OL[EHMBAETCs IO IBeTy. Pas-
au4Hble (yJUIepeHbl ONPEeNesUINCh M0 IBETY UX pacTBOpa B pa3iMuYHBIX pacTBopuTensax. Hampu-
Mep, B Toyoiie Ceo JaeT mypHnypHbIi WK (hUoJIETOBBIM pacTBOp, B TO BpeMst kKak C;g OKpalInBaeT
pacTBOp B KpacHOBaTO-OpaHKeBbIM I1BeT [2]. B Hamem cinyuae, B pe3ynbTare pacTBOPEHUS U
¢uIbTpanuy Mnojyyanach Npo3padyHast )KUJIKOCTh C OPaHKEBbIM OTTEHKOM, YTO M300pakeHO Ha pH-

CyHKe 3.
v

3

Puc. 3. ®ynnepenoconeprkaiiuii pacTBop mocie GUiIbTpanuu

Bripamennsie u3 pactsopa kpuctaiuibl Ceo (QymiepuTsl), KOTOpble GOPMUPYIOT pa3inyHbIe
CTPYKTYpHl U QopMbl, noaydaroT ¢ 1990-ro roga. Kpome npumeHeHus pa3iuyHbIX YCIOBUN poCTa,
COO00Ial0TCs PE3yabTaThl MOIBITOK yIpaBieHUsI POpMON PyIITIEPUTOB € UCHOIB30BAHUEM MATPULIBI
u npouecca «drip-and-dry» (kanate-u-cymuts) [3, 4]. HegaBHo OblI MpoIeMOHCTPUPOBAH METOJ
OCaXJECHHS Ha I'paHulle pa3zelia KUJAKOCTb-KHUIKOCTh, KOTOPBIN J1aBaja BICOKHM BeIX0] (yiepu-
TOBBIX KPHCTAJUIOB OJAMHAKOBBIX pa3MepoB. bbl10 moka3zaHo, YTO KpUCTAJIIMYECKasl CTPYKTypa Ta-
KHUX QyJUIEPUTOB 3aBUCUT OT PACTBOPUTENIS MPUCYTCTBYIOIIETO IpU UX pocTe [5]. DTOT ObICTPHI U
JIETKUI METOJ MO3BOJISUT MOIYy4aTh OAHOMEPHbIE MOHOKPUCTAILIBI (PYIIJIEPUTOB BHICOKOW YUCTOTHI B
MaKpOCKOMHUYECKUX KoinuyecTBax. OgHaKo, TpeOoBaJics IMOJIHBIM KOHTPOJIb Ipoliecca pocTa IS
MOJIy4Y€HHUsI KOHEYHOT'O MPOJyKTa ONpEesIeHHOTO pa3Mepa U GopMmel. [loaTomy noHnmanue mexa-
HU3Ma pocTa sBiseTcs QpyHAaMEHTAIBHO BaXHOU 3amaveil. Ha ceromHsimHuii 1eHb W3BECTHO, YTO
XapaKTepUCTUKU (YJUIEPUTOB ONPEIEIAOTCd KOHLIEHTpalle (yiepeHOB B PAacTBOPE, TUIIOM
pPacTBOPUTEIISI U €r0 COOTHOILIIEHHEM, a TaKXKe TeMIIepaTypoi mpolecca.

B paborte [6] mpencTaBieHbl pe3yabTaThl MO MOJYYCHUI0 CHMMETPUYHBIX KPUCTAIUIOB (PyIi-
nepeHoB B gopme 1BeTka u3 cmecu Cgp u C79 B pacTBOpe Me3UTHICHa/dTaHoa. [ maBHBIN (pakTo-
POM, OIpENENSIOIINMI POCT MOJOOHBIX KPUCTAIUIOB 3aKII0YAJICS B pa3audHoi pactBopuMocTd Ceo 1
Cr0, KOTOpas MpUBOAWIA K IBYXCTaAMMHOMY pocTy: cHayana C;o hopMUpYyeT LEHTp KpUCTaUIa, a
3aTeM Cg0-C70COKPUCTALIU3YIOTCSA B (POPME JICTIECTKOB.

B nameii paboTe Takxe OblI IPUMEHEH yNpoleHHbIH MeTo] «drip-and-dry». [{is TouHoro
KOJIMYECTBEHHOI0 aHalln3a MOJIY4YEeHHbIN nociie GuibTpaluuu pacTBop (QyUIEpeHOB B TOJIyOJIE Ha-
HOCWJICA Ha KPEMHUEBBIE U CTEKJIIHHBIE MOJJIOKKU U MOABEPrayics CyIIKe MPU KOMHATHOM TeMIie-
parype. Ha cHumke 4 mpejicraBiieHbl COOTBETCTBEHHO OITHYeckas MHUKpodoTorpadus (ciesa) u
COM uzobpaxenne GymIepUTOBBIX YaCTHIL (CIIpaBa), KOTOpPbIe 00Pa30BAIMCH B PE3y/IbTaTe BHICHI-
XaHUS U KpUCTAJIM3ALUY PacTBOpA.

Puc. 4. Onrrrueckast Mukpodotorpadust GymiepuroBsix kpucraiuios (ciuesa), COM nzobpaxenue QyiiepuTo-
BOr0 KpHucTasuia Ha Si (crpasa)
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Kak BUIHO W3 CHHUMKOB, TMOJy4YeHHBbIE (QYUICPUTHI UMEIOT pa3HOOOpasHyr ¢Gopmy, UTO
MOXHO 00BsiIcHUTH TipeoOnaganremM Cep mimi C79 B COCTaBE MOJEKYISIPHBIX KPUCTAIIOB.

Kpome Toro, st n3ydeHus 31€MEHTHOTO aHaIn3a JaHHbIC KPUCTAUIBl OBLITN M3y4eHbl Me-
TOJIOM 2Hep2ooucnepcuorHou peuTreHoBckon cnexkmpockonuu (EDX). Ha pucynke 5 mokazaHo,
91O (y/UIEpPUTOBAS YACTHUIIA, IOMUMO YIJIepoa M KUCIOpoAa, COAEpKUT 2 aT.% amomunus. Of-
HaKO, B&)XHO OTMETUTh, YTO JUISI TOYHON HACHTH(HUKAIMHN IHIAOSAPATBHBIX METAI0(YIICPEHOB
TpebyeTcs OoJiee THIATEIBHBIA aHAIN3, B YaCTHOCTH, MPUMEHEHUE )XUAKOCTHOU XpomaTorpadun u
MacC-CIeKTPOMETPHH.
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Puc.5. Pe3ynbTar a51eMEHTHOTO aHaIIN3a MOJTYYEHHBIX (PYJUIEPUTOBBIX KPHCTAITUTOB

Jliig onpeienieHnst KpUCTaNIMYECKOro COCTaBa, QyJUIEpUTOBbIE YACTULIBI ObUIM U3Y4YEHBI Me-
togoM PamanoBcko# cnekTpockonuu. Ha pucyHke 6 mpeicTaBieH TUNUYHBIA CHEKTP, KOTOPBII
ObLT MOJIyYeH MpHU BO30YXKIECHUU JIa3epoM C JIUHOU BoJIHBI 473 HM. J{ns npenoTBpalleHus paspy-
IIEHUs] CTPYKTYpbl HccienyemMoro matepuana, npumensuics ND  uinbTp, KOTOphIM MO3BOJIMII
YMEHBIIUTh UHTEHCUBHOCTH Jiazepa A0 3HaueHus mourHoctu 0,35 MBt (1% oT ucxoaHnoro 3Haue-
HUs).

Ananu3 Haubosiee MHTEHCUBHBIX IMHUKOB IOJYYEHHBIX CIIEKTPOB IOKa3all, YTO YacCTHIIbI
MPEACTABIISIOT CO00M KOMOMHUPOBAHHBIN Kpuctami, cocrosiuuit u3 Ceo u Crp, ¢ IpeoOnagannemM
Cro. Iuxu mipu 260, 488, 770 1 1468 cM' COOTBETCTBYIOT XapaKTEPHBIM PAMAHOBCKHAM MOJIAM MO-
nekynbl Ceo. A HaO0p mukoB 700, 1064, 1180 u 1230, 1370, 1446, 1515 u 1564 otHOCHUTCS K Y-
nepeny Cyo [7].
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Puc. 6. Tunuuselii PamaHoBCkuit crieKTp (Qy/IEpUTOBBIX KPHCTAILIOB

PamaHOBCKMi MUK mpi 1468 cM CMeIIeH OTHOCHTENBHO TaGIUIHOTO 3HadeHns 1462 cv™.
BajkHO OTMETHTH, YTO JaHHBIA MUK COOTBETCTBYET A, MOJe ckaTus rneHraroHa B C60 cuutaercs
OUYeHb YyBCTBUTEIBHBIM K TIEPEHOCY 3apsijia U HHTEPMOJIEKYISIpHBIM coenuHeHnsM §-11]. Tloatomy
Ha0rogaeMoe B Hallel paboTe CMEIICHUE MOXKET OBITh BBI3BAHO JTMO0 YaCTUIHOM MOJIMMEpU3aIH-
eil (yIepeHOB B COCTaBE MOJICKYIISIPHBIX KPUCTAIIOB, MO0 HAIMYAEM WHOPOHBIX aTOMOB BHYT-
pu dymepeHoBo# cdepsl, T.€. SHI0DYIIEPEHOB.
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PA3PABOTKA JIBYXKACKA/THOT'O TOHKOIIVIEHOYHOI'O
COJIHEYHOI'O 3JIEMEHTA HA OCHOBE

AMOP®HOI'O T'MAPOI'EHU3UPOBAHHOI'O KPEMHUA
A.B. IInprorun, B.I'. MumycTun
Psizanckuil 2ocyoapcmeenmvitl paouomexHuuecKull yHusepcumem
Poccus, Pazaus, tailer013013@gmail.com

Annomayus. Jlannas pabora nocBsuieHa pa3paboTKe IBYXKacKaIHOr0 TOHKOIUIEHOYHOT O
COJNHEYHOro 3neMeHTa Ha ocHoBe a-Si:H u a-SiC:H. Iloctpoena 30HHas 1uarpamMma, CMOAEIHPO-
BaHa BAX 1 paccunTaHbl OCHOBHBIC MAPaMETPhI pa3padaThIBACMOr0 JIEMEHTA.

Kntouesvie cnosa. ConHeuHbIH SeMeHT, aMOp(HBIH THAPOr€HU3UPOBAHHBIA KPEMHHUH.

DEVELOPING TWO-STAGE THIN-FILM SOLAR CELLS BASED

ON AMORPHOUS HYDROGENATED SILICON
A.V. Piryugin, V.G. Mishustin
Ryazan State Radio Engineering University
Ryazan, Russia, tailer013013@gmail.com
Annotation. This work is devoted to the development of a two-stage thin film solar cell
based on a-Si:H and a-SiC:H. The band diagram is described, the current-voltage characteristic is
simulated and the basic parameters of the developed element are calculate.
Keywords. Solar cell, amorphous hydrogenated silicon.

ConHeuHasi SHEpreTHKa SBJISETCS MEPCIEKTUBHBIM HAIIPaBICHUEM ISl IOJyYEHUS AJIEKTPO-
SHEPruM U 3aMEUICHUS HUCUepIIaeMbIX UCTOYHUKOB. C KaXIbIM T'OJ0M KOJIMYECTBO YHEPIHH, BbIpa-
0aTbIBa€MOM COJIHEUHBIMH 3JIEKTPOCTaHLUAMH, yBenuuuBaercss Ha 30 — 50 I'Bt (pucynok 1). Ilo
naHHbIM 32 2016 roj conHeuHas PHEpreTHKa 3aHUMaeT 4 MecTo 10 IMPOU3BOJCTBY SHEPTHM CpeIu
BO300HOBJIISIEMBIX UCTOYHUKOB [1].
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Puc. 1. BripabaThiBaeMasi MOLITHOCTh COJTHEUHOW SHEPTHHU M eKeroqHbIN nprpocT 3a 2005-2015 roast [1]

CoJtHeYHBIE AIIEMEHTHI — MOJIYIPOBOJIHUKOBBIE YCTPOICTBA HA OCHOBE BHYTPEHHETO (OTO-
s dexTa, KOTOphIE HEMTOCPEACTBEHHO MPEOOPa3yIOT COJHEYHYIO SHEPTHIO B MIOCTOSIHHBIN JIEKTPH-
gyeckuid TOK. CyliecTByeT HECKOJIbKO OCHOBHBIX THIIOB COJIHEYHBIX dJIeMeHTOB. OHUMU U3 Hanbo-
Jiee pacIpOCTPAHEHHBIX THUIIOB M TEPCHEKTHBHBIX B TOYKH 3PEHHS COOTHOIICHUS II€HA/Ka4eCTBO
SIBIISTFOTCSI MHOTOKACKaHBIE COJTHEYHBIE DJIEMEHTHI, H3TOTOBJICHHBIC 110 TOHKOIUICHOYHOH TEXHOJIO-
THH, a TAaK)KE COJHEYHBIE AJIIEMEHTHI, COUYETAIONINE B ce0e TEXHOJIOTHM TOHKOIUIEHOYHBIX U KpH-
CTAJUTMYECKUX MOJIYNpPOBOIHUKOB. Hanpumep, no nanusIM Ha ceHTA0pb 2016 roga MakcumanbHas
3¢ (HEKTUBHOCTD 711 KPEMHHUEBBIX COJTHEYHBIX AJIEMEHTOB cocTaBisuia 26.33% [2], npu 3TOM 3Ha-
yeHue teoperudeckoro mpexaena — 6osiee 30% [3]. JlocTomHCTBaMH TOHKOTUICHOYHBIX, a TaKXKe
THOPHUTHBIX COJTHEYHBIX 3JIEMEHTOB Ha OCHOBE KPHCTAIUTMYECKOTO W HEKPUCTAILTHYECKOTO KPEMHHS
SIBIISTFOTCS] IPUMEHEHHE HU3KOTEMITEPATYPHBIX TEXHOJIOTHIECKUAX TPOIIECCOB, MAJIBI PAcXo/] MOJy-
MIPOBOJTHUKOBBIX MaTEpUANIOB, a TAKXE€ BO3MOXKHOCTH (OPMHPOBAHHS COJIHEYHBIX DSJIEMEHTOB
OoJIbIIION TUTOIIATH [4].

Lenpro maHHOM pabOTHI ABISIETCS pa3pabOTKa BYXKACKAAHOTO TOHKOTUICHOYHOTO COJIHEY-
HOTO 3yieMeHTa Ha ocHoBe a-Si:H u a-SiC:H, o0nanaroniero TeXHMKO-3KOHOMUYECKUMU XapaKTepH-
CTHKaMH, COOTBETCTBYIOIIIMMH JIyUIIIUM CEPHITHO TPOM3BOIUMBIM 00pa3aM 3TOTO KJlacca COJHEY-
HBIX 3JIEMEHTOB. B kKadecTBe akTHBHOTO AJIeMeHTa 000MX KackaJoB Oblia BIOpaHa p-i-n CTPyKTypa

(pucyHOK 2).
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Puc. 2. TIpuMep CTpyKTYphI ABYXKACKaIHOTO COTHEUHOI'O JIEMEHTa

JUist TOCTKEHHSI TOCTABICHHOW eI HEOOXO0 MO PEIIUTh CIEAYIOIINE 3a/1a4H:

1. I/ICXOILSI W3 THUIIOBBLIX BO3MOXKHOCTEH TEXHOJIOTMU H3TOTOBJIEHHS TOHKOIUICHOYHEIX JJIe-
MEHTOB, TIPOMO/ICTTUPOBATH CTPYKTYPY IBYXKACKAJHOTO COJTHEYHOTO 3JIEMEHTA.

2. Ha ocHOBe cMOIENMpPOBAHHON CTPYKTYpPbl COJIHEYHOIO 3JEMEHTA PaCcCUUTATh BOJBT-
aMIIEPHBIC XapaKTEPUCTUKN KAXKIOTO KacKa/ia B OTJICIBHOCTH.

3. [IpoBeputh pabOTOCTIOCOOHOCTH COJTHEUHOTO JIEMEHTA MPH TOCIE0BATEIFHOM BKIIFOUE-

HHH KaCKaJJ0B € IOMOIIBIO IMTPOTrpaMMHBIX CPCACTB CXEMOTCXHUYCCKOT'O MOJACIIMPOBAHM.
2 50 )

— - ——

) 3 250
Ee - -

Eg=2oB

Ev

AEn = 0.19 2B

(i) a-Si:H

(i) a-SiC:H

-~ )
o] Py
i
= “
175] S
S 2
e~ =
-~

Puc. 3. 3onnas JuarpaMMa JIByXKaCKaJJHOIrO COJIHEYHOI'O 3JICMCHTa

Hannune BLICOKOM INIOTHOCTH COCTOSIHUI B eI MOABUIKHOCTHU HEYITOPAAOYCHHBIX I10JTY-
MIPOBOJTHUKOB OOYCIIOBIIMBAET XapaKTEPHBbIE 0COOCHHOCTH TPU (OPMHUPOBAHUH OAPbEPHBIX CTPYK-
Typ [5]. [Ipu pemenun ypaBHenus [lyaccona HeoOX0IUMO YUUTHIBATh UX BJIMSHUS Ha IPOCTPAHCT-
BEHHOE pacrpeiesieHne 00beMHOT0 3apsia U SJIEKTPUIECKOTO T0JIst B 6apbepHOil CTpyKType [6].

[Tpumep pe3ynbTaToOB pacueTa 30HHOHM TUarpaMMbl JBYXKACKaJIHOTO COJIHEYHOTO AJIEMEHTA
¢ p-1-n cTpykTypoi Ha ocHoBe a-Si:H u a-SiC:H npencrasnen Ha pucynke 3 [7].

Jlji TOro 4TOOBI MOJYYUTH BOJIBT-AMIIEPHYIO XapAaKTEPUCTUKY COJIHEYHOIO AJIEMEHTA B Iie-
JIOM, HEoOXomuMo ObUIO TpoaHanm3upoBaTh BAX OTAETBHBIX pP-i-N CTPYKTYp, COCTaBIISIOIIAX
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BEPXHUH U HIDKHUH KacKalbl, C y4€TOM 0COOCHHOCTEH TOKOMEPEHOCa B OapbepHBIX CTPYKTYpax Ha
HEYTNOPSAI0YEHHBIX ToJTynpoBoaHuKax [8]. s onucanmss BAX uCnonap30BaIOCh CIEAYIONINE BbI-
paxeHue:

eU
J=Js- (e—n.k-T — 1) ~Jpr (1)
rae n = 2 — Ko3pQUIHUEHT HEUICANBHOCTH; Jg = Ji; — MIIOTHOCTH (OTOTOKA, Jg — ILIOT-
HOCTh TOKa HACHIIIEHHUA (B pacyeTax MPUHUMAIIUCH CIEAYIONINE 3HAUYEHUS TOJBWKHOCTU HOCHTE-

. cm? cm?
nen: uy, = 20 (B_c)’ Hp = 2 (B_c) [5D).

MA

" cMZ

-15
0 0.32 0.64 0.96 1.28 U.B

Puc. 4. BAX nByXKackaJHOTO COTHEUHOT O JIEMEHTa ¢ p-i-n CTpyKTypoii Ha ocHoBe a-Si:H u a-SiC:H [7]

Ha ocnoBe pacuetoB BAX, mogy4eHHBIX ISl p-i-N CTPYKTYp BEPXHETO M HIDKHETO KacKa-
T0B, ObL1a cMoaenupoBaHa BAX nByXKackaJ HOTO COTHEYHOTO 3JIEMEHTa (PUCYHOK 4).

[To pe3ynapTataM MOIEIMPOBAHUS BOJIBT-aMIEPHON XapaKTEPUCTHKH OBLIH ITOTYYEHBI CJe-
IYIOIIHE TTapaMeTPhbl COTHEYHOTO AJIEMEHTA:

— MakcuMalbHas reHepupyemas miotHocth Toka JK3 = 11.2 mA/cM2;

— HamnpsbkeHue xoJsioctoro xona UXX = 1.48 B;
koapunuent 3anoaHenuss BAX FF = 0.853;
ko3 purmenT nosiesHoro nericteus n = 14.13%.

JInst IpOBEpKH Pe3yNIbTaTOB TEOPETHUECKUX PACUYETOB MApaMETPOB JIBYXKACKAJIHOTO COJI-
HEYHOTO 3JIeMeHTa ObljIa IPOMO/ICITMPOBAHA €T0 padoTa B Pa3IMYHBIX PEKUMAaX C TOMOIIBIO MaKeTa
MPUKIIAJHBIX TPOTPAMM CXEMOTEXHUYECKOTO Mozenupoanus MicroCap. [y 3Toro nByxkackai-
HBIH COJIHEUHBIN DJIEMEHT ObLI 3aMEHEH DKBHUBAJIECHTHOMN CXEMOM, COCTOSIIEH U3 IIOCIEN0BATEILHO
BKJIIOYEHHBIX cXeM 3amenieHus BepxHero (a-SiC:H) u Hmwxknero (a-Si:H) xackamoB (pucyHok 5).
XapaKTEepUCTUKH P-i-N CTPYKTYP BEPXHETO M HIKHETO KAaCKaJlOB 3aJ0XKEHBI B TapaMeTPhl COOTBET-
CTBYIOIIMX CXeM 3amelneHus. MoaenupoBanue B cpeae MicroCap moATBepAUIIO Pe3yinbTaThl, MO-
JTy4EeHHBIC ITPH TEOPETUUECKUX pacueTax JBYXKACKaIHOTO COJHEYHOTO JIeMEHTa Ha ocHOBe a-Si:H
u a-SiC:H ¢ npuMmeHeHneM MaTeMaTH4eCKOro anmnapara, pa3padoTaHHOTro JiIsl 0apbepHBIX CTPYKTYP
Ha OCHOBE HEYIOPSAOYCHHBIX MOIYNPOBOAHUKAX [9]. Taxke moaydeHHbIe pe3yIbTaThl HAXOIATCS B
XOPOIIEM COTJIACHH C JKCIIEPHUMEHTAIGHBIMU JaHHBIMU JUISI TECTOBBIX OOpa3lOB aHAJIOTHYHBIX
JBYXKACKaJHBIX COJTHEYHBIX drieMeHTOB [10]. Heckosbko 3aBBIICHHBIE PE3yNIbTaThl MO OTHOIIE-
HUIO K XapaKTePUCTUKAM CEPHITHO TMPOU3BOUMBIX COJTHEYHBIX AJIEMEHTOB OOBSICHAIOTCS TEM, YTO
npu cOOpPKE B MOJYJIH HEU30CKHBI MMOTEPH HM3-32 «3aTCHEHUS» MOBEPXHOCTH KOHTAKTHOH CETKOMH,
OOJIBIIM KOJIMYECTBOM COCTMHEHUN MEXIY DJIEMEHTaMH, YXYIIICHUEM XapaKTePUCTHK MOJIYIIPO-
BOJHHUKOBBIX MaTEPUAJIOB M CTPYKTYP MPH paboTe C 3eMeHTaMH OOJIBIION TUTOIIAIH U T.11.
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Puc. 5. DKBUBaJIEHTHAS CXeMa 3aMEIEHUS IBYXKACKAIHOIO COTHEYHOrO DJIEMEHTA C P-i-N CTPYKTYpPO
Ha ocHoBe a-Si:H u a-SiC:H

Takum o6pazom, pa3pabOTKa U CEPUITHOE MTPOU3BOCTBO JBYXKACKAIHBIX TOHKOIIJIEHOYHBIX
3JIEMEHTOB Ha OCHOBE HEYHOPSAJOYEHHBIX IMOJIYPOBOAHHUKOB SIBJSETCS 1€J1€CO00pa3HbIM HaIpaB-
JICHUCM PAa3BUTUA JAHHOI'O HAIIPaBJICHUA COJTHEYHO OHCPICTUKU C TOYKH 3PCHHUA COOTHOIICHHA
CTOUMOCTH (DOTODEKTPUUECKUX MOJIyJIel U ux dpdexruBHoCcTH. JlanpHemas padoTa mo noadopy
IMPUMCHACMBIX MAaTCPUAJIOB U ONTUMHU3AIUU CTPYKTYPBI COJTHCUHBIX 3JICMCHTOB IMO3BOJINTH YIIYy4-
IMATH UX TEXHUKO-D3KOHOMUYCCKHUE XapaKTCPUCTHUKH.

Pabora BbinoniHeHa ¢ ucmosib3oBanueM odopynoBanus PLI3Mxkn PIPTY.
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['enernyeckue aJropuTMBbl SIBISIOTCS aJallTUBHBIMU 3BPUCTUYECKUMHU PaHIOMHU3UPOBaH-
HBIMM METO/IaMHU TOUCKA U MPEACTaBIAIOT COOOM MOJACEMENCTBO 3BOIOLMOHHBIX AITOPUTMOB, KO-
TOpPbIE UMUTHUPYIOT OMOJIOTUYECKYIO BOJIOLUIO U PYKOBOJCTBYIOTCSI IPUHIMIIAMU €CTECTBEHHOTO
otOopa. OCHOBHbBIE MPUHIMIIBI PAOOTHI TEHETUYECKOTO AJIrOpUTMa ObUIM MpEeACTaBIEHbl B padoTe
[3]. OpPexTUBHOCTh NPUMEHEHUSI T€HETUUYECKUX AJITOPUTMOB ISl PELICHUS Pa3IMyYHbIX 3a7a4 OIl-
TUMH3alKK ObLTa JOoKa3aHa B padoTax [1, 4].

OcHOBHOM 3ajjauell TEHETUYECKUX AJITOPUTMOB SIBJISIETCS CO3[aHHE HOBBIX 0cobeil, oOna-
JAOIIMX HEOOXOAMMBIMU XapaKTEPUCTUKAMH, IyTEM MCIIOJIb30BaHUS ONEpalUid CKpEeIlIMBaHUS U
MyTauuud. MyTtanus siBsieTcs OJHUM U3 CaMbIX BaXKHBIX 3TAIlOB BBIIIOJIHEHUS T'€HETHYECKOIO ajro-
pUTMa, BCIIEJACTBUE TOTO, YTO OHA BIIMSAET HA CKOPOCTh HAXOXKJEHHUS TJI00alIbHOIO dKCTpEMyMa, U
MIO3BOJISIET MIPEIOTBPATUTD JIOKAJIbHBIE IPEKICBPEMEHHbBIE KOHBEPI €HIINU.

JlpyruMu BaXHbIMU IIapaMeTpaMH F€HETUYECKOro alrOpuTMa SIBJISIOTCS pa3Mep KOHBEPrH-
PYEMBIX MOKOJEHUM U KOJUYECTBO 0COOEH B ouepeIHOM MOomyasiuuu. YKa3aHHbIE IapaMeTpbl He-
MIOCPEJCTBEHHO BIUSIOT HA TOYHOCTh U BpeMsl pabOThI FT€HETUYECKOro alropuTMa, OJHaKo, B Ha-
YYHOM COOOIIECTBE HA JaHHBIM MOMEHT HE CYIIECTBYET KOHCEHCYCa [0 MOBOJY MX ONTHUMAaJIbHBIX
3Ha4YeHH [2].

[enbio JAHHOTO MCCIIEI0BAHUS SIBJISIETCS OIPE/IEICHNE ONTUMAIBHOTO 3HAYEHUS] BEPOSTHO-
CTH MYyTallUH T€HETUYECKOT0 aIropuTMa Ha MaJbIX MPOCTPAHCTBAX MOMCKA, a TAKXKe YHCia M0JIe3-
HBIX 0CO0€H 1 KOHBEPTUPYEMBIX TOKOJIEHUH.

B kauecTtBe npumMepa B 1aHHOM paboTe paccMaTpuBaeTcs 3ajadya HaX0KJIE€HUS MaKCHMallb-
HOT'O 3HAYEHUS MPOCTBIX TPEXIKCTPEMATIBHBIX (DYHKIMNA 1O OCH OpauHaT. Bce BblunciaeHus: mpoBo-
JSITCSL B OTPAaHUYEHHOM INpOCTpaHcTBe noucka (oT -128 1o +128 yciaoBHBIX €AMHHUIL O OCU adc-
nucc). OrpaHudyeHue pa3mMepa MOMCKOBOTO MPOCTPAHCTBA MPUBOJUT K YMEHBIICHUIO pa3Mepa Xpo-
MOCOMBI U, KaK CJI€ZICTBHE, YMEHbBILIEHUIO BPEMEHHU padOThl FTEHETHUECKOIO aIrOpUTMa.
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Ha nepBom sTane yctaHaBIMBAaeTCsl B3aUMOCBSI3b MEXIY ONTUMAIIBHBIM Pa3MepoOM MOMYJIs-
Uy (I0Jl ONTUMAaJbHBIM Mbl UMEEM B BUIY pa3Mep, KOTOPbIH BbI3bIBAET MAaKCUMaJIbHO OBICTPYIO
KOHBEPIeHIIMI0) U MAaKCUMAaJIbHBIM YHUCIIOM MOKOJEHUH, IPU KOTOPOM IPOUCXOIUT yBEIUYECHHE
3HaueHus 1esieBod QpyHkuuu. Ha BTOpoM 3Tame paccMOTpeHHbIE HapaMeTpbl MOBEPraloTCs BIHs-
HUIO MapaMeTpa MyTaliy C pa3JIu4YHbIMU 3HAUEHUSMU BEPOSTHOCTH.

B nanHo#t paboTe ncnoJib30Balcs KJIACCUYECKHI T€HETUYECKUI alrOpUTM CO CIEAYIOIINMU
3aJlaHHBIMM HEM3MEHHBIMU NapaMeTpaMu: CTpaTerus 3JIUTH3Ma, OJJHOTOUYEYHBIH KPOCCOBEpP, BEPO-
ATHOCTH ckpeutuBanus — 90%. Ha nepBom stane npoueHt Myrauuu coctaBuil 5%. Buauane Oblia
IIPOBEJIEHA CEpUsl IKCIIEPUMEHTOB JUIsl YMCIIa MMOKOJIEHUH, paBHOTO 5, U Jajiee X YUCIIO yBEJIUYU-
BaJIOCh JI0 TEX MOP, 0KA II00aIbHBINA SKCTPEMYM HE HAXOAMJICS B A0COJIIOTHOM OOJIBIINHCTBE JKC-
MIEPUMEHTOB cepuu. B ka0l cepuu SKCIIEpUMEHTOB pa3Mep MOMYIISILIMY BapbUpoBaJics oT 2 10 16
ocoOeit. Jlnst kaxkaoro Habopa epeMEeHHBIX 3KCIIEPUMEHT IpoBoawiIcs 10 pa3 ¢ 1eIbIo MOBBIICHUS
TOYHOCTH MCCJIEJOBAaHUS C YYETOM PaHIOMU3UPOBAHHOW MPHUPOJBI MOMCKA T€HETUYECKOro ajro-
puTM™ma.

YucnoBele pe3ynbTaThl, HOJYyYEHHBIE B X0OJI€ IPOBEIEHHBIX IKCIIEPUMEHTOB NIEPBOIO 3Talla,
npejcTaBieHsl B Tabm. 1-4.

Tabnuna 1. 3nauenns pyHKIMH MOIE3HOCTH (y.€.) MO CEPUsIM IKCIIEPUMEHTOB (YHCII0 TIOKOJIEHUH: 5)

Ne skcnepumenTa Noke 1| Nowe 2 | Nowe 3 | Nowe 4 | Nowe S | Nowe 6 | Noe 7 | Nowe 8 | Noe 9 | Noe 10
Pasmep momyssiuu: 2 ocoou 4 -446 2 4 -14 -124 | -124 | -446 4 2
Pasmep nonyssiimu: 4 ocodu 4 -124 4 4 -14 4 2 4 -124 4
Pasmep momymsiuu: 8 ocobeit 2 4 2 4 -124 4 4 -24 4 4
Pasmep momyssium: 16 ocobeit 4 4 4 4 4 4 4 4 4 4
Tab6muia 2. 3HayeHUs QYHKIMH MMOJIE3HOCTH (y.€.) IO CEPHSAM IKCIIEPUMEHTOB (YUCIIO0 MoKoeHuit: 10)
Ne skcnepumenTa Noke 1| Nowe 2 | Nowe 3 | Nowe 4 | Nowe S | Nowe 6 | Noe 7 | Nowe 8 | Noe 9 | Noe 10
Pasmep nonyssiimu: 2 ocodu 4 2 2 -14 -446 4 4 2 -14 -124
Pasmep nonyssiimu: 4 ocodu 4 2 -14 4 2 -14 -124 2 2 -14
Pasmep momymsiuu: 8 ocobeit 4 4 4 4 4 2 4 4 2 4
Pasmep momyssium: 16 ocobeit 4 4 4 4 4 4 4 4 4 4
Tab6muma 3. 3HayeHUs PYHKIMH MOJIC3HOCTH (y.€.) IO CEPHAM IKCIIEPUMEHTOB (YUCIIO0 MoKoeHuit: 20)
Ne skcnepumenTa Noke 1| Nowe 2 | Noke 3 | Nowe 4 | Nowe S | Nowe 6 | Noe 7 | Nowe 8 | Noe 9 | Noe 10
Pasmep momyssiuu: 2 ocoou 4 4 4 -446 4 -14 4 -14 -14 4
Pasmep momyssiuu: 4 ocoou 0 4 0 4 2 4 -4 2 4 -124
Pasmep momymsiuu: 8 ocobeit 4 4 4 4 4 4 4 4 4 0
Pasmep momyssium: 16 ocobeit 4 4 4 4 4 4 4 4 4 4
Tab6muia 4. 3HaYeHUs QYHKIMH MMOJIC3HOCTH (y.€.) MO CEPHAM IKCIIEPUMEHTOB (YUCIIO0 MOKoeHuit: 40)
Ne skcnepumenTa Noke 1| Nowe 2 | Nowe 3 | Nowe 4 | Nowe 5 | Nowe 6 | Noe 7 | Nowe 8 | Noe 9 | Noe 10
Pasmep nomyssiimu: 2 ocodu 4 4 2 -14 -124 4 -124 4 -128 2
Pasmep momyssiuu: 4 ocoou 4 4 -4 4 4 4 4 4 -124 -14
Pasmep momymsiuu: 8 ocobeit 4 4 4 4 3 4 4 4 4 4
Pasmep momyssium: 16 ocobeit 4 4 4 4 4 4 4 4 4 4

CornacHO NPOBEIEHHBIM 3KCIIEPUMEHTaM, MAKCUMAaJIbHOE 3HAYEHHE UCCIEeNyeMbIX (PYHK-
IUH JOCTUraeTcs MpU 3HAYEHMHM OCH OpJMHAT paBHOM 4 (JaHHOE 3HAYEHHE COOTBETCTBYET IJIO-
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OaJIBHBIM JKCTPEMYMaM HMCCIEAyeMbIX (QYHKIMI). Beraucnum cpennee 3HadeHne QYHKIUH MOJIE3-
HOCTH 14 Ka)KILOﬁ CCPUHN BKCIICPUMCHTOB C OJWHAKOBBIM KOJIMYECTBOM IMOKOJIEHUH U 0coOell B
MOMYJISAMK U IS HarJISIAHOCTH TIPEAOCTAaBUM IMOTYyICHHBIE PE3YNIbTaThl B Tpaduaeckoit popme Ha
puc. 1.

=& = Yuci10 I0KOJIEHHH - 5 =4 = Yucio nokoyieHuii - 10
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Pa3mep nonyasiuuu

Puc. 1. 3aBucuMOCTb (hYHKITUH ITOJIE3HOCTH OT YHUCTIA TIOKOJICHUH M OCOOCH B MOIYJISIIMA

CoracHO npeacTaBIeHHOMY Ha pHC. | rpaduKy, CylIeCTBYET 3aBUCUMOCTb MEXIY pa3me-
POM MOMYJISIIUKM U YUCIIOM KOHBEPIHPYEMBIX MOKOJIEHUH B reHeTHdeckoM anroputme. [lpu munu-
MaJbHOM pa3Mepe MOMY/ISINY 3HaUeHUsI PYHKLNU MTOJIE3HOCTHU TaKKe HaXOATCSl HA MUHUMAJIbHOM
YpOBHE, a TJIOOAJBHBIM SKCTPEMYM JIOCTHIaeTCsi MEHEE YeM B IIOJIOBUHE BCEX SKCIIEPUMEHTOB
(tabn. 1-4). [Ipu 3HaUeHUN MOMYNIANNH, PaBHOM 4, 3HAYCHUS (PYHKIIMHU MOJIE3HOCTH 3HAYUTEIHHO
yIIy4IIAIOTCS, HO BCE €Il€ HE SBJISAIOTCA ONTUMalIbHBIMU. [Ipu 3HaU€HHWU NOMYJISLIUHU, PAaBHOM §,
rJ100abHBIN 3KCTpeMyM jaocturaercs B ~90% mnpoBeJeHHBIX SKCIIEPUMEHTOB, OJTHAKO HAWITYYIlINE
pe3ynbTaThl ObUIM MOKa3aHbl MPU 3HAYEHUU MOMYJISAuH, paBHOM 16 (100% BeposTHOCTH OCTHKE-
HUS T100aTBHOTO YKCTPEMYMA).

[Ipu yncne KOHBEPrUpyeMbIX MOKOJIEHUM, PaBHOM 5, pe3yibTaTbl dKCIEPUMEHTOB OKas3bl-
BalOTCS pa30pOoCaHbl CIUIIKOM IIHMPOKO, YTO MPUBOJUT K HEYAOBJIETBOPUTEIBHBIM 3HAUECHUSIM
(GYHKIMY OJIE3HOCTH MPH pa3Mepe MOMysiuu MeHble 16.

Ha BTOpOM 3Tare reHeTH4ecKkuil alilrOpUTM UCIOJIB3YET MOJIyYEHHbIE Ha IIEPBOM 3Tarle KBa-
3UONTUMANIbHbIE 3HAUEHUS YUCIIa TOKOJEHUM M 0co0eil B MOMyJsALUHU, YCTAHABIMBAETCS B3aUMO-
CBSI3b MEX]ly HUIMH M BapbUpPyEMbIM 3HaUCHHEM IapameTpa MyTaiuu. [IponieHT Myrauuu usmeHsi-
cs oT 1% 1o 25%. Buauane Obliia mpoBeieHa cepusi SKCIIEPUMEHTOB JUIsl TapaMeTpa MyTalllH, paB-
Horo 1%, 3aTem OH yBelMUMBAJICS cleayronum obpaszom: 5%, 10%, 25%.

YucnoBele pe3ynbTaThl, OJIy4YEHHBIE B X0/1€ POBEICHHBIX KCIIEPUMEHTOB BTOPOI'O 3Tala,
npecTaBieHsbl B Tabm. 5-7.

Tabnuna 5. 3nauennst GyHKIUH NMONIE3HOCTH (y.€.) IO CEPUSIM IKCIIEPUMEHTOB (BEpOSTHOCTh MyTaruu: 1%)

N9 SKCIICpUMCHTa Nakc 1 Nakc 2 Nakc 3 Nakc 4 Nakc 5 Nakc 6 Nakc 7 Nakc 8 Nakc 9 Nakc 10
MaxkcumanbpHOe YHCIIO oKoieHui: 20

Pasmep momymsiuu: 8 ocobeit 4 4 4 4 -124 4 4 4 -14 4

Pasmep momyssium: 16 ocobeit 4 4 4 4 4 4 4 4 4 4
MaxkcumanbHOe YHCIIO oKoieHuii: 40

Pasmep momymsiuu: 8 ocobeit 4 4 4 4 -14 4 -14 4 4 4

Pasmep momyssiium: 16 ocobeit 4 4 4 4 4 4 4 4 4 4
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3HaueHuss (PYHKIIMU MOJIC3HOCTH, TOJIydCHHBIC B CEPUU JKCIICPUMEHTOB JIJIsl 3HAYCHHS Be-
POSITHOCTH MyTalluu, paBHOTO 5%, 0TOOpakeHsbI B Ta0I. 3-4.

Tabnuna 6. 3HaueHnst PyHKIUH MOIE3HOCTH (y.€.) 10 CEPUSIM IKCIIEPUMEHTOB (BeposiTHOCTh MyTtarmn: 10%)

N9 SKCIICpUMCHTa NaKc 1 NaKc 2 NaKc 3 NaKc 4 NaKc 5 NaKc 6 NaKc 7 NaKc 8 NaKc 9 NaKc 10
MaxkcumanbHOe YHCIIO oKoieHui: 20

Pasmep momymsiuu: 8 ocobeit 4 4 4 4 4 4 4 4 4 4

Pasmep momyssium: 16 ocobeit 4 4 4 4 4 4 4 4 4 4
MaxkcumanbpHOe YHCIIO oKoieHui: 40

Pasmep momymsiuu: 8 ocobeit 4 4 4 4 4 4 4 4 4 4

Pasmep momyssium: 16 ocobeit 4 4 4 4 4 4 4 4 4 4

Tabmuia 7. 3HaYeHUs QYHKIMH MOJIE3HOCTH (y.€.) IO CEPHSIM 3KCIICPUMEHTOB (BEPOSITHOCTh MyTaItuu: 25%)

NQ 3I<C1—[eI)I/IMeI‘I’I‘a N3KC 1 N3KC 2 N3KC 3 N3KC 4 N3KC 5 N3KC 6 N3KC 7 N3KC 8 N3KC 9 N3KC 10
MaxkcumanbHOe YHCIIO oKoieHui: 20

Pasmep momymsiuu: 8 ocobeit 4 4 4 4 4 4 4 4 4 4

Pasmep momyssium: 16 ocobeit 4 4 4 4 4 4 4 4 4 4
MaxkcumanbpHOe YHCIIO oKoieHuii: 40

Pasmep momymsiuu: 8 ocobeit 4 -14 4 4 4 4 -14 4 4 2

Pasmep momyssium: 16 ocobeit 4 4 4 4 4 2 4 4 2 4

B 0GonpmMHCTBE MPOBEACHHBIX 3KCIEPUMEHTOB BTOPOTO 3Tala MaKCHUMAaJbHOE 3HAaYeHHE
(GYHKIMH TOJIE3HOCTH PaBHSIOCH 4, MUHUMAJIbHOE paBHSIOCH -124. MakcuManbHOe 3HaUeHHE Obl-
70 npunATo 3a 100% noneznoctu, MUHUMaIbHOE — 3a 0%; JaHHbIE 3HAUEHUS UCIIOJIb30BATIUCH IS
BHU3yaJIM3allMy MOJYYEHHBIX Pe3ysbTaToB (puc. 2-3). Jlns nmoctpoeHus auarpamMm ObLTH HCIOJIb30-
BaHbI cieayronue 3HayeHus: 8 ocobeit, 20 u 40 nokoneHuil. Pe3ynbrarsl 3xciepuMeHToB yis 16
oco0eil He BU3YyaJIM3UPOBAIMCH BCJIEJICTBUE TOTO, UTO PE3YJIbTAThl, OJyYEHHbIE MPU JaHHOM 3Ha-
YEHHUH, IPAKTUUECKH BCETrJa MPUBOINUIIHN K ONITUMAIbHOMY PE3YJIbTaTYy.

3 BeposrtaocTts MyTarum: 1% @ BeposrtHocTs MyTarum: 5%

O BepositHocTs Mytanuu: 10% @ BepostHocTh MyTanuu: 25%

(I)yl-ll(lll/lﬂ MOJIE€3HOCTH,
MPOUEHTHI

o

P77 7777777777777 77777777777

7777777 777777777 77777777 777
AL LSLISTISLISTIST ST ST IS S

1 2 3 4 5 6 7 8 9 10
Homep 3xcnepumeHTa

Puc. 2. 3aBuCUMOCTE (DYHKIIMH [TOJIE3HOCTH OT BEPOSATHOCTH MYTALMU IIPH ONTHMAJIBHBIX [TapaMeTpax uucia MmoKose-
HU 1 yncina ocodeli B momysanuu (8 ocodel, 20 moKoneHui )
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&) BepositHocTs MyTauuu: 1% @ BepositHocTh MyTauuu: 5%

O BepositHocts MyTanuu: 10% B BepositHocTh MyTauuu: 25%

]

777777777777 7777777777777

DYHKIUA M0JIe3HOCTH,
MPOIEHTBI

N
N

177777 7777777777777 77777777
77777777 777777777 77777 77777
7777777777777 77777777 777777
W SLLT LTSI LI TSI LTSS LTSI SL IS T i
LSS LITSIITILIIISIIISTII ST 4
AITLLIIIII I TIIIIIIIIIIIT IS

1 2 3 4 5 6 7 8 9 10
Homep 3xcniepumenTa

Puc. 3. 3aBrucUMOCTE (DYHKIIMH [TOJIE3HOCTH OT BEPOSATHOCTH MYTALlMU IIPH ONTHMAJIBHBIX [TapaMeTpax ducia MmoKoJe-
HU 1 yncina ocodelt B momysanuu (8 ocodel, 40 mokoneHuin)

CormnacHo JaHHBIM, MPEJACTABICHHBIM Ha puC. 2-3, ONTUMAJIbLHOE 3HAUYCHUE TapameTpa My-
Tanuu HaxoAuTcs B auamnazone 5-10%. [Ipu ciaumkoM HU3KOM WIIA CIUIIKOM BBICOKOM IPOIEHTE
MYTaIluu OTKIIOHEHUSI MOTYT MOCTUTaTh ~5%-20%, a B HEKOTOPHIX CIIydasx BHIOOP TaKHX IMapaMer-
POB MOXKET MPUBECTH K 3HAUUTEITLHOMY YMEHBIIIEHUIO HJIM OTCYTCTBHIO CXOJIMMOCTH.

CnumkoM HU3Kas BEPOSTHOCTh MYTallUd HE MO3BOJISET aIrOPUTMY BBIWTH 3a TPAHUIIBI JIO-
KaJIbHBIX DKCTPEMYMOB ONTHMHU3AIMOHHON (DYHKIIMH, a CIMIIKOM BBICOKAas K TOMY € CHHKAET
CXOJMMOCTb QJITOPUTMA M CBOJUT €r0 K CIIy4allHOMY MOMCKY. BBUIO 0TMEUYeHO, YTO MaKCHUMAaJIbHOE
OTKJIOHCHUE (DYHKIIUM TIOJIE3HOCTH MPOUCXOJUIIO B mpeaenax 5%, 9ro SBISICTCS KPUTUYHBIM IS
perieHus 3a1a4 ONTHMHU3AINH.

OCHOBBIBAsICh Ha TIOJIYYCHHBIX PE3yJbTaTax MOXHO CHI€JaTh BBIBOJ O TOM, YTO NMPABHIbHBIN
BBIOOp 3HAUEHUH YMCIIa KOHBEPTHPYEMBIX MMOKOJICHUM, TIOJIE3HBIX 0COOEH M BEPOATHOCTU MYTallUH
T€HETUYECKOTO aJITOPUTMA ONITUMHU3AIMNA HA MAJIbIX MIOUCKOBBIX MPOCTPAHCTBAX SBIISCTCS BaXXHBIM
YCJIIOBHEM €ro OBICTPOACHCTBHUSA U TAPAHTHPYET CXOAUMOCTh T€HETUYECKOTO aJITOPUTMA.

Bubimnorpaguyeckuii cnucoxk
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Annomayus. B naHHON paboTe mpeaiaraeTcsi TeHeTHYECKUH aNropuT™ OajlaHCUPOBKU HATPY3KH B
ceTsiX LEHTPOB 0OpaOOTKH JTaHHBIX, UCTIONB3YIOMIMX ABYX(a3HyI0 MHOTOKaHAIBHYIO MapIIpyTH-
3aIlUI0, €r0 OCHOBHBIE TE€HETHYECKHE ONePaTopbl M OCOOCHHOCTH UX IPHUMEHEHHS.
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CHPOBKA Harpy3KH, MyTalusi, pyHKIHUS [TOJIE3HOCTH

GENETIC ALGORITHM FOR LOAD BALANCING IN DATA CENTERS
NETWORKS USING TWO-PHASE MULTI-CHANNEL ROUTING
A. SapryKkin, E. Saprykina

Ryazan State Radio Engineering University,

Russia, Ryazan, saprykin.a.n(@cnit.rsreu.ru
Abstract. This paper considers a genetic algorithm for load balancing in data center networks using
two-phase multipath routing, its main characteristics and genetic operators and features of their
application.
Keywords. Genetic algorithms, datacenter network, multipath routing, load balancing, mutation,
fitness function

Konuenuus nByxdasHoit Mapuipyrusanuu Obuia npemioxesna Banuantom B 1982 roay [4].
Omna npenmnoJiaraeT MapuIpyTu3anuo HHHOPMAMOHHOTO MTOTOKA OT y3Jia OTIPABJIEHUS 10 y3/1a Ha-
3HAYEHUS C UCIOJIb30BAHUEM CIy4alHOro MpoMexyToyHoro y3na. Cetu ¢ nByxda3Hoi MapuipyTu-
3arei 00eCIeUnBaOT BHICOKYIO OTKa30yCTOMYMBOCTh. IMEHHO ATO MX CBOMCTBO B COBOKYITHOCTH
C BBICOKOU MPOU3BOUTENBHOCTHIO JI€TIAET UX BECbMa MEPCIEKTUBHBIMU JIsl UCIOJb30BaHUs B Ce-
TSX JIaTa-IIEHTPOB, 4TO ObUIO paccMoTpeHo B padote [1]. Cetn ¢ aByxda3HO#M MapuipyTusamueit
MO3BOJISIFOT MOJUIEPKUBATh BBICOKYIO NMPOMYCKHYIO CIIOCOOHOCTh KaHAJIOB IPH Iepefaue BbICOKO-
JUHAMHYHOTO TpaduKa, a pacupeesieHHas nepeaada KaxkJI0ro MoToKa 0 HECKOJIBKUX Mapaieb-
HBIM IIYTSIM JIa€T BO3MOKHOCTh PABHOMEPHO COaIaHCUPOBATh HArpy3Ky.

Jliig pemenus 3aaauu O0alaHCUPOBKU HArpy3Kd B CETSAX LEHTPOB 00pabOTKU JaHHBIX Mpea-
Jlaraercsi MCIojb30BaTh MOAU(DUIMPOBAHHBIA M€HETUUECKUNW allOPUTM, TaK KaK CTaHJApTHBIMHU
METO/IaMHU JJaHHasl 33/]a4a He penraeTcs n3-3a O0JIbIIOTO YKciia BO3MOKHBIX BApHAHTOB pealn3aluu
COCIMHEHU M.

['enernyeckue aJropuTMBbl SIBJISIOTCS aJallTUBHBIMU 3IBPUCTUYECKUMHU PaHIOMHU3UPOBAH-
HBIMM METO/IaMHU TOKCKA U MPEACTaBIAIOT COOOM MOJACEMENCTBO 3BOIOLMOHHBIX AITOPUTMOB, KO-
TOpPbIE UMUTHUPYIOT OMOJIOTUYECKYIO 3BOIIOLUIO U PYKOBOJCTBYIOTCS MPUHIMIIAMH €CTECTBEHHOTO
otOopa. OCHOBHbBIE MPUHIMIIBI PAOOTHI T€HETUYECKOTO JIrOpUTMa ObUIM MpEeACTaBIEHbl B paboTe
[3]. OpPexTHBHOCTh NPUMEHEHUSI T€HETUYECKUX AJITOPUTMOB JJIsl PELICHUS Pa3IMyYHbIX 3a7a4 OIl-
TUMH3alKK ObLTa JOKa3aHa B paboTax [2, 5].

OCHOBHBIMU XapaKTEPUCTHUKAMU M'€HETUYECKOrO ajlfOpUTMa SBIISIOTCA: CHOCOO KOAMpOBa-
HUS XpOMOCOM, (YHKLHMS CO3/aHUs HauyalbHOW IMOMYJSLUHU, pa3Mep MHOIMYJSALUU, FeHEeTHYEeCKHEe
OnepaTopbl MyTallUM M CKpeIMBaHUs, (QYHKIMS MOJIE3HOCTH, OlepaTop oTOOpa B HOBOE IOKOJIE-
HUE, KPUTEPUH 3aBepIlEHUs pabOThI AIrOPUTMA.

PaccMoTpuM OCHOBHBIE ATAlbl FEHETUYECKOTO AJITOPUTMA OATaHCUPOBKHU HArpy3Ku B CETAX
LIEHTPOB 0OPAOOTKHU JAHHBIX.

Oman 1. Coszdanue nauanvrou nonyrayuu. Ha nanHom sTane ciiydailHbIM 00pazoM (Gopmu-
pYyIOTCA 3aJJaHHOE KOJIMYeCTBO ocoOelt 0a30Boil momyisiiuu. [IpuHIMn paH10MU3UPOBAHHOCTH HC-
MIOJIb3YETCs C 1IeJIbI0 PABHOMEPHOI'0 pacipesiesieHus: 0co0eil B IPOCTPaHCTBE MOMCKA, YTO TO3BOJIS-
€T 10OUTbCS TeHETUYECKOT0 pa3Hoo0pa3usl.

Oco0p mpeAcTaBiIsIeT cOO0M OJTHY HJIM HECKOJBKO XPOMOCOM, COICPIKAIUX 3aKOJMPOBAH-
Hble napameTpbl. CyliecTBYeT HECKOJIBKO CIIOCO00B KOJUPOBAHUS XPOMOCOM: JIMCKPETHOE, BEIlle-
CTBEHHOE, MOPSAKOBOE U JipeBooOpa3Hoe. BHe 3aBucHUMOCTH OT criocoba KOAUPOBAaHUS MTapaMeTpsl
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XPOMOCOMBI ITPEJICTABIISIOTCS KaK B JIECATUYHON, TaK U B JIBOMYHOM cuUcTeMe cuuciieHus. B Hayu-
HOM cooOuiecTBe HauboJiee paclpoCTPaHEHO MPEICTaBIEHNE XPOMOCOMBI B BUJIE JBOMYHOTO KOJIa.

B mannoif pabote xaxmas ocoOb mpeacTaBisieT cob0i HabOp XPOMOCOM, KaKas U3 KOTO-
PBIX COOTBETCTBYET OTAEIBLHOMY BXOJIIEMY CETeBOMY HOTOKY. llpu pacrpeneneHun BXOJHOTO
MIOTOKA CETU MEXAY IBYMSI IPOMEKYTOUHBIMU y3J1aMH (B JJaHHON paboTe MH(DOPMALIMOHHBINA MOTOK
CETH JCIUTCSA Ha 2 9acTH) XpOMOCOMA MPECTaBIsIeT coO0M Clenyronuii Habop IEMEHTOB, 3aIu-
CaHHBIX IOCIEA0BATEIbHO JAPYT 3a JPYroMm: OaJaHCUPOBOYHBIN MapameTp, MPOMEXKYTOUHBIN y3el
JUISl TIEPBOM YaCTH MTOTOKA U IIPOMEXKYTOYHBIN y3€JI JUIsl BTOPOH 4acTH MOTOKA.

baancupoBoYHBINM MapaMeTp MOKa3bIBACT, Kakas 4acTh MOTOKA (B MPOIEHTAaX) OyIeT mpo-
XOJUTh 4epe3 MEepBbIA MPOMEXYTOUHbIN y3en. OcTaibHas 4acTh MOTOKA OIpENesieTcsl aBTOMAaTH-
4yecku, Kak pazauina mexay 100% u 3HaueHueM ykazaHHOTO 0aTaHCHPOBOYHOTO MapameTpa, U Mmpo-
XOJUT Yepe3 BTOPOM MpOMexXyTOuHbI y3en. Ha xoaupoBanue 0agaHCHPOBOYHOTO MapaMeTpa OT-
BoJuTCs 7 6UT. [y mpeioTBpalleHus NOSIBICHUS 3allPEIIEHHBIX XPOMOCOM, COJEepKaIIUX HeCyIle-
CTBYIOILIME HOMEpPA MIPOMEKXYTOUHBIX y3JI0B, YUCJIO OUT, OTBOAMMBIX Ui UX KOJAUPOBAHUS Bapbu-
pYyeT B 3aBUCUMOCTH OT YHUCJIA Y3JI0B B ceTu (He 6osee 128) u npuHUMaeT 3Ha4eHUs oT 3 70 7 OuT.
[Ipumep KoaMpOBaHUS XPOMOCOMBI IIPEJICTaBIIEH Ha puc. 1.

/\PUIVIU\JUIVI

( '_ipuwlc}l&'UWIﬁ_W

BanaHCcKMpoBOYHbI y3en y3en
" O NepBOM YacT  Assa BTOPOW YacTu
napgmeTp noToka noToka

( Y Y \
L1lojoftjoffo]1ft]ojt]t]o[f[1]ojofofojo1]

Puc. 1. IIpuMep KoaupOBaHUS XPOMOCOMBI

Oman 2. Pexongueypayus 3anpeujenHvlx 2pynn 2eHoe 8 xpomocomax. I'eHbl B XpoMocome
00BEAMHSIIOTCS] B TPYIIIbI, KaX/1as U3 KOTOPbIX OTBEYAET 3a OIpPEJIEICHHbIN MpU3HaK: OaraHCHpO-
BOYHBI [apaMeTp, HOMEP NMPOMEKYTOUHOTO y3ja Ul IepBOM YacTH MOTOKA, HOMEP MPOMEXKYTOU-
HOTO y3J1a JJIsl BTOPOH yacTu noToka. B curyanusx, koraa 4ucio OUT, OTBOAUMBIX MO KaKOH-Tn00
rapaMeTp XpOMOCOMBI, TO3BOJISIET 3aKOJUPOBATH B ceOe OOJIbIIee YUCIIO Y3/I0B, YEM NIPUCYTCTBYET
B CETH, BO3HUKAIOT 3aMpEIICHHBIC TPYNIBI TeHOB. Tak Kak reHeTHYECKOMY aJTOpUTMY IS Hadaja
paboTsl TpeOyeTcs HadabHas MOIMYISIIUS JKH3HECITOCOOHBIX 0CO0eH, TO HE0OXOAUMO MPOBEPUTH
BCE CO3/IaHHbIE Ha IEPBOM 3Tarie 0cOOM Ha HAJMYME 3allpellleHHbIX IpyIm reHoB. [lpu oOHapyxe-
HUU OHU TIOIBEPratoTCsl peKOHPUTYPALIHH.

Oman 3. Pacuem ¢pynkyuu noneznocmu ocobeu. yHKIUS TOJIE3HOCTH OTIPEACTSET 3arpy3-
Ky BCEX KaHaJOB CETU M HajaraeT wTpadbl 3a yBEIWYEHHE 3arpy3KH OTAEIbHBIX KaHalloB. Pac-
CMaTpUBAEMbIH aJTOPUTM HCIOJIB3YeT CTaTUYECKHe mTpadbl U s KaKIOTO0 MHTEpBAJia 3arpy3Ku
KaHaja OIpeJeNsieT COOTBETCTBYMoLIee eMy wTpadgHoe 3HaueHue. Uem OoJibllle 3arpy:KeH KaHall,
TeM OoJiblliee 3HaueHue mrpada emy npunuckiBaeTcs. Llenpro onTHMU3aIuy CETH SBIISICTCSI MUHU-
Muzauust ynkuuu (1):

m
()= % Rle,). )

i=1
I7Ie m — 4YUCJIO KaHAJIOB B CETH, C;(X) — BEIMYMHA 3arpy3KH i-TO KaHamia, R(c;(x)) — HalaraeMbli

mrpad.

Oman 4. Cenexyus ocobeu 0 cozdanus Hogou nonyiayuu. OTOOP B HOBOE TTOKOJICHHUE MO-
KET OCYIIECTBIATHCA 3 crnoco0aMu: TYpPHHUPHBIH OTOOP, IUTAPHBIA OTOOP M OTOOpP YCEUEHHUEM.
[Ipu TypHHpHOM OTOOpE W3 MOMYJSALMU CiAy4dailHBIM 0Opa3oM BbIOMparoTcst 2 ocoOu, Hambosee
MPHUCTIOCOONICHHAS U3 KOTOPBIX OTOMPAETCs M JIOYCKAeTCsl K CKPEIIMBAaHUIO, a BTOPasi OTOpachIBa-
ercs. TypHupHbIil 0TOOp M30aBIIsET OT HEOOXOJUMOCTHU pacyeTa PYHKIMH MOJIE3HOCTH [yl KayKI0M
0ocoOu U copTUpoBKU ocolell B momynsuuu. [Ipu snutapHoM oTOGope ompenensiercs HawIydlias
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0c00b M 33/1a€TCsl YUCIIO €€ KOTHIA, KOTOpBIE 00s3aTEIbHO BKIIFOYAIOTCS Cpa3y B CIEAYIOIIee MOKO-

nenue. Jlanuslil crioco6 ordopa 0codeli MO3BOISIET COXPAHUTh XOPOILIHUE TPOMEKYTOUHbIE PELICHUS

B MONYJIALIMN U TapaHTHPYET CXOAUMOCTH anroputMa. [Ipu orbope yceueHrneM CHavaa mpoBOIUT-

Csl COPTHPOBKA 0COOEH B 3aBUCUMOCTH OT 3HAUCHHs ()YHKIIUU TTOJIE3HOCTH, a 3aT€M IPOHU3BOIUTCS

oTOpackIBaHnE 0CO0CH, MMEIOIINX 3HAYCHUST (YHKIIMU TIOJIE3HOCTH MEHBIIIE 33JaHHOTO 3HAYCHUSI.
Ha puc. 2 nokazana paborta paccmMaTpuBaeMbIX CII0c0O0B 0TOOpA.

500 \ | — TyprmpHELi oT6OD
450 | |— DmurapHBLt 0TOOD
! |— O1bop veeueHneM

400
350
300
250
200
150

3HaueHHe (PYHKIIHH TTOTE3HOCTH

0 10 20 30 40 50

Homep moxomenms
Puc. 2. 3aBrcuMocTh QpyHKIMY MTOJIE3HOCTH OT criocoba orbopa

I'paduk yHKIMU TOJIE3HOCTH MPHU HCIOJIB30BAHUU TYPHUPHOTO OTOOpa B OCHOBHOM CO-
CTOUT U3 CKaYKOOOPA3HBIX MHKOB, YTO OOYCIOBJIEHO OOJIBIIMM KOJIWYECTBOM 3aIlpPELEHHBIX XPO-
MOCOM U CllydallHbIM BBIOOpOM OcOOel /Jjisi CpaBHEHHMsI, OJIHAKO BEPOSATHOCTb HAXOXACHUS TIJIO-
0aJIBpHOTO PKCTPEMYMa BBIIIE, YEM IPU UCIIOJIB30BAHUU JIPYTUX crioco0oB oTbopa. OTOOp yceueHu-
€M TaK)Ke COICPXKHUT MHUKH, HO OHHM Topa3fo HIDKE, YeM IPH HCIOJIB30BAaHUU TYPHHUPHOTO OTOODA.
[Ipu snmuraproM oTd60pe rpaduk GyHKIMH MOJIE3HOCTH CHIKAETCs 00JIee IUIABHO, YTO MPOUCXOTUT
B CJIEICTBUU TOTO, YTO HAWIy4lllee MPOMEKYTOUHOE PELIEHUE BCErJa OCTACTCS B MOMYJISIUH.

Oman 5. llpumenenue 2enemuyeckux onepamopos ckpewusanus u mymayuu. Ha naHHoM
sTane oToOpaHHbIE 0COOU MOJBEPraloTCs CKpelIMBaHUIO U MyTauuu. Oneparop CKpeluBaHUs I10-
3BOJISIET IOTOMKY YHaclieoBaTh I'€Hbl 000UX poauTeneil. B anropurMe npumeHsieTcst 0JHOTOYEY-
HOE CKpPEILIMBAaHUE, CYTh KOTOPOTO COCTOUT B TOM, YTO y JIBYX POJUTENBCKUX 0COOEH 3a1aeTcs ToY-
Ka pa3pbIBa U MOTOMOK HaclielyeT Fr€éHeTHUECKU MaTepua OJHOrO POAMUTENS 10 3aJaHHON TOUKU
U TEeHETUYECKUI MaTepuan Ipyroro poautesns nocie Hee. [locie 3aBepiieHus onepanuu CKpeum-
BaHMS TOJIydeHHasi 0c0Ob moBepraercs MyTanuu. [[aHHBIN omepaTtop B CIydalHOM TOPSIKE C 3a-
JTaHHOM BEPOSITHOCTHIO U3MEHSET OT/ICNIbHBIC TeHbI. VICIIoIbh30BaHne MyTallly TIO3BOJISICT BHIBOTUTD
ITOPUTM M3 BO3BMOKHBIX «TYITHKOBBIX» CHUTYaIlMii. B Xo/e CKpemunBaHusi 1 MyTalliy CYIIECTBYET
BEPOSATHOCTH MOSIBJIICHUS 3aIPEIICHHBIX TPYIII TC€HOB.

Oman 6. Cozdanue Hosou nonyrayuu. Ha 1aHHOM 3Tarie moaydeHHbIe TOTOMKHU MOMYJISIIHH-
poauTenei ncnob3yroTes A1 (GOPMHUPOBAHUS HOBOTO MOKOJICHHUS.

Oman 7. IloBropeHue 3TanoB 2-6 10 MOTy4eHUs] KBAa3UONTUMAIIbHBIX PE3YIbTaTOB.

Bubimnorpaguyeckuii cnucoxk
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Annomayus. B 1aHHO# paboTe paccMaTpHUBaIOTCs COBPEMEHHBIE arOPUTMBI KOMIIOHOBKH KOHCT-
pyKTHBHBIX OiiokoB OBC, mpuBomuTcst MX KiaccU(pUKaNus, MPOBOANTCS CPAaBHUTEIbHBIA aHAJH3
PacCMOTPEHHBIX aJITOPUTMOB.

Kniouesvle crnosa. AnropuTMbl KOMINOHOBKH, 070ku DBC, KOHCTpYKTHBHBIE OJIOKH, SBpHUCTHYE-
CKHE aJTrOpUTMBI, MOCIIEI0BATENbHbBIE AITOPUTMBI, TTAPaJUIEIbHO-IIOCIIEA0BATEIFHBIE aITOPUTMBI,
UTEPALOHHBIE AITOPUTMBI, TEHETHYECKUE aJITOPUTMBI

LAYOUT ALGORITHMS FOR BUILDING BLOCKS OF ELECTRONIC
COMPUTING MEANS
K. Akinina, A. Saprykin,

Ryazan State Radio Engineering University,

Russia, Ryazan, saprykin.a.n(@cnit.rsreu.ru
Abstract. This paper consideres modern layout algorithms for building blocks of electronic compu-
ting means, their classification and a comparative analysis of the proposed algorithms.
Keywords. Layout Algorithms, ECM blocks, building blocks, heuristic algorithms, sequential al-
gorithms, parallel-sequential algorithms, iterative algorithms, genetic algorithms

B nHacrosimee Bpemsi OJHHM M3 BXHEWIIMX ITANlOB KOHCTPYKTOPCKO-TEXHOJIOTHYECKOTO
npoektupoBanus DBC ¢ MOMOMIBIO CHCTEM aBTOMATH3UPOBAHHOTO MPOCKTHPOBAHUS SBISETCS
KOMIIOHOBKA THITOBBIX KOHCTPYKTUBHBIX enuHUI] DBC. OHa sBIISETCS MEPBBIM ITAIIOM KOHCTPYK-
TOPCKOTO TPOCKTHPOBAHUS W OJHO3HAYHO COOTHOCHUT KOHCTPYKTHUBHBIC M (DYHKIIMOHAIBHBIC Die-
MEHTBI IPOEKTUPYEMOI'O YCTPOMCTBA.

3amaun KOMIIOHOBKH B OOJIBIIMHCTBE CIIyYaeB IPEJICTABIAIOT COOOH MpOIECcC MPUHATHS
peIIeH ¥ B OTIPE/ICIICHHBIX, U B HEOTIPEIEICHHBIX YCIOBHAX. B pe3ynbraTe 3TOTO IMpolecca mpo-
MCXOIUT 00BEIMHEHNE KOHCTPYKTHBHBIX MOJYJICH HHU3IIEro Mopsiaka B 0ojiee KpyImHbIE KOHCTPYK-
TUBHBIE MOJYJHU BBICIIETO TOpsiaka. KoMmoHoBKa TpeOyeT Haauuusi OMpPEACTICHHBIX KPUTEPUEB U
OTpaHUYECHUN.

[Tpu penrennu 3a7auu KOMIOHOBKM B KaQU€CTBE MCXOHBIX JIAaHHBIX BHICTYIIAET KOMMYTAIH-
oHHas cxema. JlJis ee perieHns He0OX0AUMO MEPEBECTH KOMMYTAlMOHHYIO CXeMY B Ipad, MynbTu-
rpad nmau runeprpad.

3amaua KOMIIOHOBKH MOXET OBITh NIOCTaBJIeHA KaK 3ajjada, COCTOSIIAs B BBIJCICHUH B I'pa-
de G=(X,U) vacreit G,=(X,,U,), X, cX,U, gU,iel={1,2,...,l}, 2ne | — Koaum4ecTBo 4ac-
Te, Ha KoTopoe rpad Oyaer moaeneH [5]. JlanHas 3amada sSBISETCS KOMOMHATOPHO-JIOTHYECKOW 1
TOJIBKO TIOJTHBIN TIEpeOop BCeX BAPHAHTOB Pa30MEHUS TIO3BOJISIET HAMTH ONTHMAIIBHOE PEIICHHE.

MeTtoapl KOMITOHOBKH KOHCTPYKTHBHBIX MOJYJEH MOTYT OBITH TOJENICHBI Ha JBE OOJIBIINE
rpynmnsl. METO bl IEPBOM TPYIIBI YIUTHIBAIOT TAKAE XapAKTEPUCTHKH, KaK KOJMIECTBO JIEMEHTOB
B OJIOKaX, KOJIMYECTBO BHEIIHUX BBHIBOJOB KaXI0TO OJIOKa | T.71. B KadecTBe KpUTEpHEB HCIOIB3Y-
eTcs CyMMapHO€ 4HCiI0 OJ0KOB, BpEMEHHBIC 33ICP)KKHA CHTHAJIOB U T.J. B 3aBUCHMOCTH OT Xapax-
TEPUCTUK U KPUTEPUEB, YUUTHIBAEMBIX METOJAaMU KOMIIOHOBKH, IPOBOJUTCS OTOOP MOyl B 60-
nee KpynHble 0;10ku. K 3To# rpyrie MeTo10B KOMIOHOBKH OTHOCST TaKUe, B KOTOPBIX ONTHMHU3a-
IIUS1 CBOJIUTCS K 33JIaHHBIM KOHCTPYKTHBHBIM TapamMeTpam, OIMUCHIBAIOIINM PACIIOI0KEHUE COOT-
BETCTBYIOIIHNX AJIEMEHTOB U UX COEIMHEHM. Takas rpyrmna MeTo0B KOMIIOHOBKH HOCUT Ha3BaHHE
KOMIIOHOBKA KOHCTPYKTHBHBIX OJIOKOB.

Metoapl BTOpPO TPYIITBI IOMAMO KOHCTPYKTUBHBIX IAapaMETPOB YYHUTHIBAIOT M (PYHKITHO-
HasbHbIe. OCHOBHBIMHU YYUTBHIBAEMBIMU KPUTEPHUSIMU SBISIFOTCS KOJUYECTBO THIIOB MCIIOJIB3YEMBIX
MOJTyJIeH, KOJUYECTBO MEKMOJIYIBHBIX COCAMHEHUH, KOJMYECTBO HEHCIIOJIF30BAHHBIX JIEMEHTOB
BO BCEX MOJIYJISIX M poune. Takas rpyria MeTo0B KOMIOHOBKH HOCHT Ha3BaHWE KOMIIOHOBKA TH-
MOBBIX OJIOKOB.

B nannoi#t paboTe paccMaTpuBaeTCst METO Il KOMITOHOBKH ITEPBOM TPYIIIIBI M IIPUBOIUTCS UX
knaccudukanus (puc. 1).
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AJITOPHTMBI KOMIIOHOBKH
KOHCTPYKTHBHBIX 0JI0KOB

TouHble AJATOPHTMBI

Hpubnuxennsie

ANIrOPHTMBI
| | | |
MapanaensHo-
Matematuueckue | |IMocnenoBarejbHbIC HUrepanmoHubie IBONIHOHHBIE
H0CJe/10BATe/IbHBIE
METO/bI AATOPUTMBI AJTOPUTMBI AJTOPUTMbI
AJITOPUTMBI
ANTOpPHTMEI | Kombunaropusie IMapHsie | I'pynnossie Tenernveckue
Jloypepa METOIBI MepPeCTAaHOBKH MepeCTAaHOBKH aITOPHTMBI
AITOPUTMEIL,

OCHOB@HHBIE Ha
MEeTO/1e BeTBeil 1
TpaHMI
AJICOPUTMBI,
OCHOBaHHbIE Ha
METO/IE
JUHAMHYECKOI0
IPOrpaMMHpPO-
BAHHS

Puc. 1. Kinaccugukanys anropuTMOB KOMIIOHOBKH KOHCTPYKTUBHBIX 0110k0B DBC

K TounBIM anropuTmMam OTHOCSTCSI alTOPUTMBI, OCHOBAaHHBIE Ha MATEMATUYECKUX METOJIaX.
Cpenyn HUX MOKHO BBIICTUTH aJITOPUTMBI JIoypepa, anropuTMbl, OCHOBaHHBIE HA METOJIE BETBEH U
TPaHMI] ¥ AJITOPUTMBI, OCHOBAaHHBIC HA METOJE TMHAMHUYECKOTO TIPOTPaMMHUPOBAHHMS

AnroputMmel Jloypepa, paccmoTpernsie B [10-11], nmpemiararor mpoueaypy MUHUMHU3AINHA
HOPMaJIbHBIX (JOPM MEPEKITIYATEIbHBIX (PYHKIHMM, OJHAKO XapaKTepU3yrTcs 00JIbIIUM 00BEMOM
BbIYMCIIEHUH. B KauecTBe MaTeMaTH4YECKON MOJIENN CXEMbl OHH HUCIIOJIb3YIOT Tuneprpad.

ANTOpPUTMBI, OCHOBaHHBIC Ha METO/IC BETBEH M TpaHull [ | ]| 3aKkir0odaroTcs B PUKCAUA OTME-
YEHHBIX 3JIEMEHTOB B OIpPEAEICHHBIX y3J1aX. OTHOCUTENIBHO 3TUX 3JIEMEHTOB PacCUUTHIBAETCS pac-
MI0JIOKEHHUE OCTAJIbHBIX 3JIEMEHTOB, Yb€ ONTHUMAJILHOE KOJIMYECTBO M TOUHOE PACIIOJIOKEHHE OIpe-
JIENSeTCs B XO€ PEUICHHS JIMHEMHOM 3a]aui Ha3HA4YeHUs U1l Kak0il BeTBU. B kauecTBe marema-
TUYECKOM MOJENIM CXEMbl OHHM HCIIOJB3YIOT Tuneprpad Wil B3BEHICHHBIA HEOPUEHTHPOBAHHBIN
rpad.

ANTOPUTMBI, OCHOBaHHBIE HA METOJI€ TUHAMHYECKOTO MPOTPAMMHUPOBAHUSI IETISAT KPYITHBIS
3a/1auM Ha 0oJiee MeJIKHE M0A3a/1a4H.

B nacrosiee BpeMsi MakCUMaJIbHOE KOJIMYECTBO MEPEMEHHBIX, KOTOPOE MOXET ObITh 00pa-
00TaHO BBIYUCIUTEIPHOW CHUCTEMOMW 3a mpuemiieMoe BpeMs He mpeBbimaet 20. BeaeactBue sToro
BMECTO TOYHBIX AJITOPUTMOB HEPEJKO MCIIOIB3YIOTCS TPUOJIMIKEHHBIE aTOPUTMBI.

[TpuOnmxkeHHble aIrOpUTMbl BKIIOYAOT B ce0s  IOCIIEN0BaTENIbHBIE,
[IOCJIEI0BATEIbHbIE, UTEPALIMOHHBIE 1 SBOJIIOI[MOHHBIE AJITOPUTMBI.

B Xoze BbINONMHEHUS MOCIEI0BATENIbHBIX AJITOPUTMOB 3JIEMEHTHI, HE paclpesiesieHHbIe pa-
Hee AJIEMEHTHI MOCIIE0BaTENbHO 3aM0IHIOT OJIOKU. 3aroIHsIONINE OJOKH JIEMEHThI BBIOUPAIOTCS
B COOTBETCTBUHU C 33/JIaHHBIM MPUOPUTETOM, KOTOPHIA B TEPBYIO OYEpPEb YUYUTHIBAET MX CBA3b C
YK€ MPUCYTCTBYIOIIUMHU B OJIOKE JIEMEHTaMU.

[TapanienbHo-1OCIEIOBATENIbHBIE ATOPUTMBI CHAayala ¢ MOMOUIBIO 33aJaHHBIX KPUTEPUEB
BBIICIISIIOT OIPEJICIIEHHYIO TPYIIIY 3JIEMEHTOB, a 3aT€M PacHpeesisioT UX Mo OJI0KaM, YYUThIBas UX
orpaHnyeHus. JJaHHBIN BUI aITOPUTMOB OTIUYACTCS 00JIee CI0KHOU CTPYKTYPOU 1O CPAaBHEHHIO C
MPEABITYIIAM BUIOM.

napauiebHO-
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WTtepanioHHbIE adrOPUTMBI UCTIONB3YIOT YK€ CYLIECTBYIOIINE BapUaHThl KOMIIOHOBKU. OHU
3aJlaHHBIM 00pa30M MEHSIOT MECTaMU AJIEMEHTHI pa3HbIX OJIOKOB, TEM caMbIM yiyuiias ux. OoMeH
0JIOKOB IIPOMCXO/AUT B COOTBETCTBUU C 33JaHHBIMU KPUTEPUSIMH U OTPAaHUUYEHUSMU.

[ToMuMO anropuTMOB, ONUCAHHBIX BBIIIE, IIMPOKOE PACIPOCTPAHEHUE MOTYUHIIN IBOJIIOIH-
OHHbIE AJITOPUTMBbI, B YaCTHOCTH, F'€HETHUECKUE aJITOPUTMBI [2-4, 6, 7]. C moMolpi0 HUX 3a Ompe-
JIEJIEHHOE YMCJIO0 UTEPALlUs aJrOpUTMa MOKHO MOJIYYUTh KBA3UONTUMANIbHbIE PE3YJIbTaThl, KOTOPbIE
OyAyT SIBISATHCS AOCTATOYHBIMU U1 OOJIBIIMHCTBA IPAKTUYECKUX IIEJIEH.

I'enernueckue alropuT™Mbl ObLIN CO3/IaHBI 110 AHAJIOTUU C €CTECTBEHHBIMU OMOJIOTMUECKUMHU
npoueccamMu otoopa. OHU SABISAIOTCA MOMYJISPHBIMU ONTHUMH3AIMOHHBIMHU aJIFOPUTMaMH, HEPEAKO
HCIOJIb3YEMBIMH JIJISl PEILIEHUS CIOKHBIX KPYIMHOMAacHITaOHbIX MPOOJIeM ONTUMHU3ALMU B Pa3IUy-
HBIX cdepax aearenbHocTH [8, 9, 12].

['eHeTnyeckue anropuTMbl OTIMYAIOTCS TEM, YTO B XOJI€ UX pealli3alli pacCMaTpuBaeTCs
HE OJIHO, a Cpa3y HECKOJIbKO MOTEHUUAIbHBIX peuieHuil. Takue pelieHus Ha3bIBalOTCS 0COOSIMU;
OHHM COJIEP>KaT MHOKECTBO 3aKOJAMPOBAHHBIX TAPAMETPOB.

OCHOBHBIMU XapaKTEPUCTHUKAMU M'€HETUYECKOr0 aJIFOPUTMa SBIISIOTCS: CHOCOO KOAUpOBa-
HUS XpPOMOCOM, (YHKLHS CO3/aHUs HauyalbHOW IMOMYJSLUHU, pa3Mep MHOIMYJSALUU, FeHEeTHYECKHEe
OmepaTopbl MyTallUM M CKpeIIMBaHUs, (QYHKIMS MOJIE3HOCTH, OlepaTop oTOOpa B HOBOE MOKOJIE-
HUE, KPUTEPUH 3aBEepILEHUs pabOThI AIrOPUTMA.

[ToaroToBUTENBHBIN ATAI K UCIIOJIB30BAHUIO FTEHETUUECKOTO aIrOPUTMa BKIIIOYAET B CeOsL:
" BBIJICJICHUE MHOKECTBA OCHOBHBIX MapaMeTpoB (CBOMCTB, BIMSIOIMIMX HA IOJIE3HOCTH

ocobeit) X = (xl, Xyyeons xn);

" OIICHMBAHME MOJIE3HOCTH JOCTYITHBIX BApUAHTOB 0co0el (pacueT PyHKIIMH MOJIE3HOCTH);

" pa3paboTKa aTOPUTMBI BEIYMCICHUS (DYHKITUH TTOJIC3HOCTH;

" 3aKOJUPOBATh MHOXKECTBO OCHOBHBIX ITAPAMETPOB B BUIE TEHOB XPOMOCOMBI;

Takune o0pa3oMm, TEHETHYECKUE AJITOPUTMBI MPEACTABISIIOT COO0M OJIMH M3 Hambojee -
(EKTHBHBIX CITOCOOOB PEHICHUsT KPYIMTHOMACIITAOHBIX MHOTOKPUTEPHAIBHBIX 33724 ONTUMH3AIHH.
3ajaul KOMIOHOBKHM KOHCTPYKTHUBHBIX Oj0koB DBC sBisitoTCs 3a7adyaMu MHOTOKPUTEPHAILHOM
OTITUMU3AIINH, BCICJICTBUE YETO OHU TPYAHO (GOpMaTU3yeMbl H TpeOOBATEIbHBI K BHIYHCIHTEIBHO-
BPEMEHHBIM pecypcaM. Peniennem qaHHO# mpoOIeMbl SBISIETCS MCIOIb30BaHIE TEHETHUECKUX all-
TOPUTMOB, KOTOPBIE ITO3BOJIIOT CHU3UTh BPEMEHHBIE M BHIYHCITUTEIBHBIC 3aTPATHL
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Annomayusi. B nanHol paboTe MpUBEACH NPOIECC KOHCTPYUPOBAHHS, OCHOBHBIC XapPaKTCPUCTHKU
MaTepHaJIOB, OCOOCHHOCTH MTPUMEHEHHS Pa3IMYHbIX MAaTCPHAJIOB B OJHOM MpHOOpE, paccMaTpu-
BaeTCsl KOHCTPYKIIUS yCTpoiicTBa yrpanieHus. OMHUChIBAETCS MIPUHIUIT BRIOOpAa MaTepHajoB B 3a-
BHCUMOCTH OT JKCIUTYaTaI[HOHHBIX TPEOOBAHHIA.
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THE CHOICE OF MATERIAL AND DESIGN OF ELECTRONIC EQUIPMENT
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Abstract. This article presents the design process, the basic characteristics of the materials, espe-

cially the using of different materials in a single device, the design of the control device. Described

are various materials depending on performance requirements.

Key words. Design, material, product, machining, alloy, chemical composition, mechanical prop-

erties.

Bo Bpemena Bo3pacranus cioxHoctu POA, nepen KOHCTpYKTOPOM BO3HHKAIOT HOBbIE 0O-
nee cinoxkHble 3a1aun. OyHKIMOHAIbHOE Ha3HAUYEHUE, YCIOBHS KCILTyaTalluu, IPOU3BOJICTBEHHO-
TEXHOJIOTHYEeCKHe TpeOOBaHUS, SKOHOMHYECKHUE MOKAa3aTeNlN SBJSIOTCS OCHOBHBIMU (DaKTOpaMHu,
BIIUSTFOIIIUMU Ha KOHCTPYKIIHIO ITPUOOpa.

Mos 3ajaua, Kak KOHCTPYKTOpPA, 3aKJII0YaeTCsd B KOMIIPOMUCCHOM PEILIEHUH SKCILTyaTaly-
OHHBIX M IPOU3BOJICTBEHHO-TEXHUYECKUX BOIPOCOB, B PpE3yJIbTaTe€ KOTOPBIX Hambosee IOJHO
YIOBJIETBOPSAIOTCS TPEOOBAaHUS K KOHCTPYKIIMH MOJYJIS YIIPaBJICHHUS.

Ha srane npenBaputenbHoil pa3paboTKi MOAYIsL YIIpaBiIeHUs ObUIM pelIeHbl OCHOBHbBIE BO-
IIPOCHI, CBSI3aHHBIE C 3AIIMTON OT AECTAOMIM3UPYIOMUX (PAKTOPOB TAKUX KaK: repMeTH3alus Kop-
myca, 3aliMTa OT BUOpaluil M ynapoB, 3allUTa OT 3JIEKTPOMEXaHWYECKHUX IOMEX, oOecredeHue
HOPMaJIbHOTO TEIJIOBOTO PEKUMA.

DneMeHTHl B MOJIYJISIX BCEX YPOBHEH pa3MelleHbl TAKUM 00pa3oM, 4TOObI KOHCTPYKTHUBHBII
00BbeM ObLJT 3aII0JIHEH MAaKCUMaJIbHO U PaBHOMEPHO, TAK)Ke JUISl IOCTyIa B Cly4ae peMOHTa, OCMOT-
pa, 3amMeHbl. J{1s yCTOWYMBOro MOJIOKEHUSI HEHTP TSHKECTH HaXOAUTCs OJMKe K OIOPHO MOBEpX-
HOCTH.

Kopnyc ycTpoiicTBa BBIIIOJIHEH B BHJE LUMIUHApPA ¢ rabapuTHBIMH pazmepamu 376 x 324
MM. Pa3mepsl, ¢popma, CTHIKOBOUHBIE COECTUHUTENIBHBIE Pa3bEMbI ONPEEIEHBl MECTOM YCTaHOBKH
JAHHOTO YCTPOMCTBA Ha 0OBEKTE.

Kopnyc Moaysnst ynpaBieHHs] COCTOUT U3 OCHOBaHUS, K KOTOPOMY C ITIOMOIL[bIO BUHTOB Kpe-
nuTCcs oOeuaiika, a TakKe JIBE KPBIIIKU, KOTOPBIE KPETSITCS CBEPXY U CHU3Y, Jieiasi IpUOOp KOHCT-
PYKTHBHO 3aKOHYEHHBIM U 3allMIIAsl €ro NpU TPAHCIIOPTUPOBKE U XpaHEHUU. KpbIIKK UMEIoT xKe-
100a, B KOTOpbIE BKJIA/IbIBAIOTCS PE3UHOBBIE YILUTOTHSIONINE pokiaaku. [Ipu coopke kopiyca mpo-
KJIQJKHU 3aIlOJIHSIIOT 3a30pbl U JIENIAI0T €ro IbuleBJIaroHenpoHunaemMsiM. [loBepx npokianok ykia-
JIBIBAIOTCSI KTYThI, KOTOPbIE KPEISITCSI HUTKaMU 3a ClieluanbHble 0TBepCTHs. KOHIIBI )KTyTOB 3a/1€e-
JIBIBAIOTCSI B Pa3bEMbl, C IIOMOIIBIO KOTOPBIX OJIOK YIPaBJIEHUS COEIUHSETCS C OCHOBHBIM H3/EIH-
eM.

Monynb ynpaBieHUs COCTOUT U3 4 yCWINTENeH, yCTpoilcTBa MpeACcTapTOBOTO KOHTPOJIS,
KOMMYTaTOpa U UCTOYHUKA TUTaHUSL.

Y CTpoHCTBO MPEACTapTOBOIO KOHTPOJISI COCTOUT U3 JIBYX ILJIaT, KOTOPbIE KPEHATCS K KOPILy-
Cy C MOMOIIBI0O BUHTOB M CcTOEK M2,5x8x13-56.016 u M2,5%20%25-56.016 TOCT 20862-81 [1],
M2,5%8.56.023 'OCT 20865-81 [2]. KommyTaTtop cocTouT u3 1 miaaTel, KOTOpas KPEMUTCs K KOp-
ycy BUHTamH, croiikamu M2,5%20x%25-56.016 T'OCT 20862-81 [1], M2,5%x20.56.023 T'OCT
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20865-81 [2]. IcToyHMK MUTaHUS TaKXE€ COCTOUT U3 IUIAThI, KOTOpask KPEMUTCA K KOPIIyCY BUHTa-
MHu U cTtoiikamu M2,5x10.56.023 'OCT 20865-81 [2].

BHyTpb KOpIyca B MecTa, IpeAyCMOTPEHHbIE KOHCTPYKLIMEH, YCTaHABIUBAIOTCA 4 yCUITUTE-
ns. OCHOBHasl YHpaBJIAOLIAsl YacTh YCHJIMTENS pa3MellaeTcs Ha 2 ABYCTOPOHHHUX NMEYaTHBIX ILIa-
Tax, KOTOPbIE KPETSITCS ¢ MOMOUIbI0 BUHTOB Ha KOIOHKH 2-8-39 OCT1 11293-73. KonoHku, B CBOIO
ouepelib, Kpemsarcs K MeTalinueckoi nanenu. Ha ocHOBaHMU KopIlyca YCHIIMTENS! PACIIOJIOKEHBI
BUJIKU COEIMHUTENIEH, C IIOMOIBIO KOTOPHIX OH MOJKIIIOYAETCs K OJIOKY YIpaBlIeHUSI.

Tak Kak yCTpOHCTBO MCHBITHIBAET OOJbIINE BUOpALMK U HArpy3KH, a Takxke i ynoOcTBa
pa3MelIeHus AEMEHTOB U MOHTa)Ka, BBIOPaHO TOPU30HTAIBHOE PACcoJIoKeHUe ycTpoiicTBa. Takas
KOHCTPYKLUSI YI00Ha MpH cOOpKe U pa300pKe yCTPOMCTBA MPU TEXHUYECKOM OOCITYKUBAHUU U pe-
MoOHTe. OT/eIbHbIE COCTaBHBIE YACTH AOCTYIIHBI Ui CHITHS U 3aMEHbI 0€3 IEeMOHTa)a JPYrux co-
CTaBHBIX YaCTEH.

KoHncrpykuus Onoka yrnpasieHus pa3padaTbiBajlach ¢ IPUMEHEHHEM CTaHIaPTHU30BaHHBIX U
YHU(PUIIMPOBAHHBIX AeTajeil 1 cOOpOUYHbIX eqUHUL. B pazpaboTke NpUMEHSIOTCSI KOHCTPYKTHUBHO —
KOMIIOHOBOYHBIE pEIICHHUs, alpoOUpOBaHHbIE B MPOU3BOJCTBE M IKCIUTyaTallUM U OOecleyuBaro-
111e TpeOOBaHUS TEXHUYECKOTO 3aJaHHUS.

Brei6op marepuana OblI clielaH Ha OCHOBE aHaiM3a (PYHKIMOHAJIBHOTO HAa3HAUEHUs JieTa-
Jeil, ycIoBUH AKCIUTyaTallii U TEXHOJOTHYECKUX MoKa3aTeseld. Tak Kak MaTepual siBsieTcs OCHO-
BOM KOHCTPYKIUH, OH JIOJPKEH IPOTUBOCTOSATH JEHCTBUIO KIMMAaTUYECKMX U MEXaHUUYECKUX (haKTO-
poB. Ilpu mpounx paBHBIX YCIOBHSIX ObLI BBIOpaH TOT MaTepHall, KOTOPBIA JOMMycKaeT oOpaboTKy
Han0oJiee MPOTPECCUBHBIMU METOJAMU: JTUTHEM, IITAMIIOBKOH, MPECCOBKOM, 00paOOTKOM HA CTaH-
Kax C YHCJIOBBIM MPOTPAMMHBIM YIIPABJIEHHWEM, TaK KaK B MOJAYJIE YIPaBJICHUS UMEIOTCS JIETalU
CII0XHOU (OPMBI U MaJIEHbKUX pazMepoB. OT CBOMCTB MeTalljla 3aBUCUT TOYHOCTh JI€TallU, OT TOY-
HOCTH JIeTaJli 3aBUCUT TOYHOCTb BCETO W3/IEIHSI.

Marepuan siBiasieTcss NpsIMBIM IOKa3aTesleM rabapuToB M Macchl MpuOopa, s IpUMEHusIa
JIOCTaTOYHO JIETKUM MaTepuall, Tak Kak MOJAYJb YIpaBiieHHUs OyAeT MCIOJIb30BaThCS Ha MOPCKHUX
cylax, U3UIIHAS TSDKECTh B JAHHOM Cilydae HempuemiieMa. TexHudeckue rnapameTpbl Marepuaa
MpsIMbIE TIOKA3aTeNIN HA/IEKHOCTU U JOJITOBEYHOCTH JIETalll, TAK)XKE OHU COIIaCOBaHHBI C TpeOoBa-
HUSMH, IPEIBIBISIEMbIMU K KOHCTPYKIIMU IIpuOopa.

B kauecTBe KOHCTPYKLIMOHHBIX MaTepualoB HauboJiee 4acTO HMCHOJIb3YIOT MeTauibl. Ho-
MEHKJIaTypa TaKUX MaTepUaloB pazHOOOpa3Ha: 3TO pa3jIMyHble MapKH YIJIEPOJUCTBIX U JIETHPO-
BAHHBIX CTaJIel, aJJIOMUHUEBBIE CIUIaBBl JUISL JIUThSI M XOJIOAHONH 0OpabOTKHM, MEIHbIE CIUIaBhI (Ja-
TYHU U OpOH3bI), MarHueBble CIuIaBbl. [IpoaHaan3upoBaB BbIIIEU3I0KEHHbIE TPEOOBAHUS K KOHCT-
PYKIMHM U MaTepualiaM, MHOIO ObLJI BbIOpaH mMaTepual, NPUMEHSEMbIH JUIsl U3TOTOBJICHUS MOMIYIIS
ynpasnenus 31o jquct AMuM I'OCT 21631-76 [3]. AMi — 3To cijiaB ajllOMUHUS C MapraHLEM.
bykBeHHOe 0003HaUeHNE MApOK XapaKTepU3yeT COCTaB M COCTOSIHHME cIilaBa: M — OTOXIKEHHBIN
(msrkuit). CiiaB 0651a7jaeT BhICOKOM KOPPO3MOHHOM CTOMKOCTBIO, TaK Kak, Mpudop OyaeT IKcIya-
THUPOBATHCSI B MOPCKUX YCJIOBUSIX MOBBIIIEHHON BIIaXHOCTU. TepMuueckoil 00paboTKON HE yIpou-
HSETCS, U U3JIENINUS U3 HETO IPUMEHSIOTCS B OTOXKEHHOM COCTOSIHMM WJIU IOCJIE YIIPOYHEHUS B pe-
3ynbTaTe XOJOAHOM nedopManuu. [ CHATHS HAarapTOBKU U MOBBIIMIEHUS IJIACTHYHOCTH MpUMe-
Hst0T oTxur 1pu 350-410°C. AMu, xopouio cBapuBaeTcsi ra30Boi, aTOMHO-BOJIOPOJHOMN, aprOHHO-
JIyTOBOM ¥ KOHTAKTHOW BUJAMU CBapKH.

Jji 3a1MThI AeTajneil uX MOBEPXHOCTH MOKPBITHI MaTepuanaMu, 0ojiee CTOMKUMU K BO3IEH-
CTBUIO pa3pyllaroiux (akTopoB, Tak KaKk MHOTHUE METAJUIbl U APYrue MaTepualbl pU 3KCIUlyara-
MU TOoJBepraioTcst paspymeHuto. [lo Ha3HaueHUI0 Bce MOKPBITHS MOXKHO MOJpa3fesuTh Ha 3a-
LIUTHBIE, 3aIIUTHO-/IEKOPATUBHbIE U CIIELIUaIbHbIE.

[Ipu BbIOOpE NOKPHITHS MHOIO OBLIN YYTEHBI CIIEIYIOIINUE YCIOBHS: Ha3HAUYEHUE MTOKPBITHUS,
YCIIOBHUS dKCILTyaTalluu, CBOMCTBA MOKPBITUS, CIIOCOO MOJYyUYEHHS] MOKPBITHUS, 3KOJOTUYHOCTb, J0-
IIyCTUMOCTh KOHTAKTa METaJlla U MOKPBITHSI, SKOHOMHUYECKas 11€71€CO00Pa3HOCTb.

J1J1s MOKPBITHS TOBEPXHOCTH KOpITyca YCTPOICTBA yHpaBiieHUs! ObLJI0 BBIOPAHO XUMHUYECKOE
OKHCHOE (pochaTHOE MOKPHITHE, TAK KAK 3TO MOKPBHITHE YAOBIETBOPSET BCEM TPeOOBAaHUSIM HU3J0-
KEHHBIM BBIIlIE. JTO 3allUTHOE HEMETAINIMYECKOE HEOPraHUUYECKOE MOKPBITHE, NOJydaeMOe HaHe-
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CEHHMEM Ha METaJJl pacTBOpa, COACPIKAIIETO a30THOKUCIBIA Oapuif, MoOHOOC)AT 1IUHKA, a30THO-
KHUCIIBIM LIMHK. J|aHHOE MOKPBITHE HCIOJIB3YETCs C LEJIbI0 3aIUThI JeTaneil atMochepHoil Koppo-
3UM, OBBIIIEHHON aJre3un JaKOKPACOYHBIX MAaTEPHAIOB, KIIEEB.

JlakokpacouHble TOKpBITHS (MacisiHble M SMaJIeBble KPACcKH, a TakKe HUTPOAIMAIH) sl UC-
MOJIb3YIO ISl 3alUTHl JeTallell M y3JI0B ammapaTypbl OT pa3pylIarollero BO3JEHCTBUS BHEIIHEH
Cpelbl U TEXHOJIOTUUECKUX (PaKTOPOB MPHU W3TOTOBICHUM U3JENINH, a TaKKe JJIs IeKOPAaTUBHON OT-
JIeJIKU U MOJIy4YEHUsI MapKUPOBOYHBIX 0003HAUEHUI.

[ToBepXHOCTb MO KI'yTaMH MOJIYJISl YIIPaBJICHUs IOKphIBaeTcs OeclBETHBIM JakoM YP-231.
B ero ocHoBe aJIKMIHO-3MOKCUAHBIN J1aK U oTBepauTenb. Jlak YP-231 npumensercs i 3alliuThl
METaJNIMYECKUX U3EJIUN U MEeYaTHBIX y3J10B BCEKIMMATUYECKOTO HCIIOJIHEHUS, SKCILTyaTUPYEMbIX
B MHTepBasie Temrneparyp oT MuHyc 60 1o ruiroc 120°C, naHHBIM TemMnepaTypHbIi HHTEpBall yJI0B-
JIETBOPSET YCIOBUSM 3KCIUTyaTaluu. JIak HAaHOCUTCS METOJIOM PacCIbLICHUS.

HapyxHas nmoBepXHOCTh KOpIyca SBJISETCS CaMOW KOHTAKTUPYIOLIEW C BHEIIHEH Cpeaow,
OHa mokpsIBaeTcst cepoil amanpio JI1-140. D10 cycneH3ust Kpacutenaeil ¥ HaNOJHUTENIEH B CMECH
SIOKCUJIHON CMOJIbI CMEIIaHHOM ¢ OPraHUYeCKUMHU PAaCTBOPUTEISAIMH C IpUOABICHUEM OTBEPIUTE-
7s. OMaib MpeiHa3HaueHa Jilsl OKpacKy IPeIBapUTENbHO 3arpyHTOBAHHBIX MOBEPXHOCTEH U3 cTa-
JIM, MarHUEBbIX, aTFOMHHUEBBIX U TUTAHOBBIX cI1aBoB. OMmaib JI1-140 obmagaeT BRICOKUMU TIPO-
THBOKOPPO3UOHHBIMU CBOMCTBAMH, aTMOC(EPOCTOUKOCTBIO, CTOMKOCTHIO K BOJE, MHUHEpPAIbHBIM
MaciaMm, OEH3MHaM, YTO HEOOXOJMMO JUISl 3alUThl METajula HApYXKHOM NOBEPXHOCTH MOAYIA
ynpasnenus. [lnenka smanu OI1-140 o6magaer MOBBIIEHHON TEPMOCTOMKOCTBIO. DMallb HAHOCST
METO/IOM paclblICHUs, KaK U JIaK.

[Ipu BIOOpE MaTepualia Al U3TOTOBJICHUS NI€YATHBIX IUIAT sl PYKOBOJICTBOBAIACh HEOOXO-
TUMBIMU TpeOOBaHUSAMU K CBOMCTBaM Matepuana. OCHOBHbIMU TPEOOBAaHUSAMU SBJISIOTCS: XOPOLINE
NEKTPOU3OJISILIUOHHBIE CBOMCTBA, BBICOKAs TEPMOCTOMKOCTh U MEXaHUYECKasl MPOYHOCTh, YCTOM-
YUBOCTh K arpeCCHUBHBIM TEXHOJOIMYECKUM CpelaM, Xopoluas oOpadaThiBaeMOCTb, HU3Kas CTOM-
MOCTb, CTAOMJIBHOCTb JIEKTPUYECKUX U MEXaHUYECKUX MapaMeTpOB MEYaTHOM IUIaThl MIPH KJIMMa-
TUYECKUX BO3JICHCTBUSX.

Ha ocHoBe ananu3za TpeboBaHMil K CBOMCTBAM MaTepHalla Ie4yaTHOH I1aThl MHOKO ObLIT BbI-
opan crexnorexcronut CD-2H-35I-2,0 1xn. 'OCT 10316-78 [4]. DTO HarpeBOCTONKHI CTEKIIO-
TEKCTOJIUT, OOJMIIOBAHHBIM C OJHON CTOPOHBI MEAHOW AIIEKTPOJUTUYECKOW TIajbBAHOCTOMKOMN
¢oubroit TommuHOM 35 MKM. PUBHKO-MEXaHUYECKUE U DIEKTPUUECKHUE MOKA3aTEeNIN CTEKIOTEKCTO-
JIUTa COOTBETCTBYIOT CJICAYIOLIMM MOKA3aTessiM: BOJIOTIOIIIONIEHHEe He Oosiee 21 Mr, TaHTeHC yria
JTURJICKTPUYECKUX TOTEPh B UCXOJHOM cocTtossHuH He Oozee 0,035, muanmekTpuueckasl MpoHUIIAe-
MOCTb B UCXOJIHOM COCTOSTHUU HE Oojee 5,5 d/m, BpeMs yCTONYMBOCTH K BO3/ICHCTBHUIO TEIJIOBOTO
yaapa npu temrepatrype 260°C ne menee 20 c.

Jliist ipukIienBaHus 3JeMEHTOB ucnoib3yercs ket BK-9. On Ob11 BBIOpaH ¢ ydyeTom Mare-
pHAJIOB CKJIEMBAEMBIX JI€TaJEH, B TOM YHCIIE UMEIOIHUX METAJUIMYECKUE U HEMeTaJuInueckue (Heop-
raHUYecKHe) MOKPBITHS, AUara30Ha TEMIIEPATyp Cpelibl P SKCIUTyaTalluid U PEKUMOB OTBEpIKJie-
HUS KJIEEB, MEXaHUUYECKUX CBOMCTB, AJIEKTPOU30JIILIUOHHBIX CBOICTB, 3JIEKTPUUECKUX MapaMeTPOB.
CnenaH OH Ha OCHOBE 3MOKCUIHBIX U MOJMAMUIHBIX CMOJI. B Monyne ynpasiieHus: Kiield npuMeHs-
€TCsl B KaueCTBE JIONOJIHUTEIBHOTO KPEIUIEHHUs PaJH03JIeMEHTOB, MUKPOCXEM M MUKPOCOOpPOK Ha
MeYaTHbIE IJIATHI.

B 3aknroueHue JaHHOM cTaTbU MOKHO CHAETIAaTh BBIBOJ, YTO B IPOLECCE KOHCTPYWPOBAHUS
BBIOOp MaTepUaioB U KOHCTPYKLIUU PaAHO3IEKTPOHHON amnmaparypsbl sSBJIsSETCS BaXXHOM 4acThIO pa-
60Tbl. H)XEeHep-KOHCTPYKTOP JIOJKEH OTBETCTBEHHO IMOAXOJUThH K 3TOMY ATaly pa3padOTKH KOH-
CTPYKUMHU u3zenus. MHOIO ObLI POBEAECH aHaIN3 OCHOBHBIX BO3JEHCTBYIOLIUX (PAKTOPOB HAa MO-
NyJlb YIOpPaBJIEHUS U B pe3yJsibTaTe OblI CJejlaH BHIOOP MaTepuaioB U KOHCTPYKIHMH 110 ONTUMAJIb-
HOM CTOMMOCTH C YYETOM BCEX BBILIECH3JI0KEHHBIX TPEOOBaHUM.

Bubimorpaguyeckuii cnucoxk
1. TOCT 20862-81 Croliku ycTaHOBOYHBIE KPEIEKHbIE IIECTUTPAHHBIE C Pe3bOOBHIMH KOHIIOM M OTBEPCTHSIMH.
2. TTOCT 20865-81 Croliku ycTaHOBOYHBIE KPEIE)KHbIE IIECTUTPAHHBIE C Pe3bOOBBIMH OTBEPCTHSIMH.
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Annomayus.B naHHOM paboTe pacCMOTpeHa aBTOMATH3AIMs HH(GOPMAIIMOHHOTO B3aMMOICHCTBUS
B CHCTeME 00s3aTeIbHOr0 MEIUIMHCKOTO CTPaxOBaHMSI OTAENBHOIO PErHoHa IPpU HPOBEIACHUH
BHYTPUTEPPUTOPHAIBHBIX PACYETOB 33 OKa3aHHYIO MEIUIUHCKYIO ITOMOIIIb.

Kniouesvie cnosa. Obs3aTeIbHOE MEIUIIMHCKOE CTPAXOBaHUE, HKCIIEPTH3a, YIaCTHUKU HHpOpMa-
LMOHHOT'O B3aUMOJICHCTBHSI.

AUTOMATIONPROCESS OF MONITORING AND PRERARATION
OF THE INFORMATION FOR EXAMINATION INTRA-TERRITORIAL
ACCOUNT OBLIGATORY MEDICAL INSURANCE

E. Tishkina
Ryazan State Radio Engineering University.
Russia, Ryazan
Abstract.In this work the automation of information exchange in the system of obligatory medical
insurance individual region during intra-territorial payments for medical assistance.
Keywords.Obligatory medical insurance, examination, participants of information interaction.

KommnbrotepHsle 1 MHQOpPMAIIMOHHBIE TEXHOJOTUMU 0€3 IMpeyBEeINMYEHHsS MOXHO Ha3BaTh
HauboJjee TUHAMUYHON 00J1aCThI0 COBPEMEHHBIX 3HAHUM, KOTOpble KOHIIEHTPUPYIOT B ce0e camble
MOCJIEHUE AOCTHKEHMS B cepe Hayku U TeXHUKU. [losBiieHne HOBBIX MOJENe MPOLECCOPOB U
KOMILJIEKTYIOIUX, BEPCUI ONEPAI[MOHHBIX CUCTEM U MPOTrPaMMHOI0 00eCHedeHUs MPOUCXOIUT Ha
(oHE MOCTOSIHHOTO YCJIOKHEHHUS HE TOJIBKO OTIENbHBIX (PU3MYECKHX U IPOrPaMMHBIX KOMIIOHEH-
TOB, HO U JIEXKAIIUX B UX OCHOBE KOHLEIIIHIA.

Ceituac B MHpe aKTUBHO MJIET MPOIIECC Mepexoia ¢ XpaHeHUs UH(popMaIuu Ha OyMaKHBIX
HOCHUTEJISIX HAa MarHUTHbIE, MarHUTOONITUYECKHE, ONTUYECKHE, DJIEKTPOHHbIE HOCUTENN HMH(pOpMa-
uuu. Hama ctpana Taxke He ocTajlach B CTOPOHE, M HE TaK JaBHO PYKOBOJCTBOM IOCYAapCcTBa ObLI
B3ST Kypc Ha MH(GOpPMATH3aLMIO0 OOIIeCTBa, B YACTHOCTH HA MEPEXO0/ K AIEKTPOHHOMY JOKYMEHTO-
000pOTYy, BMECTO «OyMasKHOTOY.

B cootBercTBUM cnipukazom DenepanbHoro Gonmanpukazom denepanpHoro doHmga 00s13a-
TeIbHOro MeauuuHckoro crpaxoBanus ot 7.04.2011 Ne 79«06 yrBepxkaenun OOMUX MPUHIUIIOB
MoCTpoeHHsI M (DYHKIMOHUPOBAHHUS MH(POPMAMOHHBIX CHCTEM W TOpPSIKa WH(HOPMAITMOHHOTO
B3aUMOJIeHCTBUS B cepe 0043aTeIbHOT0 MEIUIIMHCKOTO CTpaxoBaHUs» U npukazoM denepanpHo-
ro ¢oHma 00513aTeTHHOTO MEIUIIMHCKOTO cTpaxoBaHusa OT 26.12.2013 Ne 276 «O BHeceHun usme-
Hennit B npukaz ®OMC ot 07.04.2011 r. Ne 79», monoxxeHreMm O mopsiake WHOOPMAIMOHHOTO
B3aumojieiictBusi B chepe OMC Ha Tepputopun Pszanckoil o0iacTu, yTBEp:KIEHHBIMIPHUKA30M
Hupexropa TOOMC Pszanckoit obmactu Nel28 ot 23.04.2012 cymecTtByeT HEOOXOIUMOCTD
B pa3paboTKe eAUHOW HHPOPMAIMOHHON CHUCTEMBbl peaMU3yIOLIeH IOJ0XKEHUS, O3BYYEHHbIE B
TUXIOKYMEHTaxX. B JaHHBIX JOKyMEHTax YCTaHaBJIMBAIOTCS OOIIME MPUHIUIBI MOCTPOCHUS U
(GyHKIMOHUPOBAaHUS HHOOPMAITMOHHBIX CHCTEM H TOPSIOK WHPOPMAIIMOHHOTO B3aHMMOJCHCTBUS B
cdepe 00s3aTETHLHOTO MEAUITMHCKOTO cTpaxoBaHus [3].

VYyactHukamMu HH(pOpMaLIMOHHOTO B3auMoieicTBus B chepe OMC sBinsoTCA:

- ®enepanbHblil GoHA 00s13aTENIBHOTO MeAULIMHCKOTO cTpaxoBaHus (PPOMCO);

- Teppuropuaneubiii poHA 00513aTEIBHOTO MEIUIIMHCKOTO cTpaxoBaHus Pa3aHckoil ob6mactu
(T®OMC PO);

- IOpunuueckue nuna, OCyIIECTBISIONINE MEIUIUHCKOE CTPAXOBAaHHWE M MMEIOIIME rocy-
JApCTBEHHOE pa3pelieHre (JIMIEH3UI0) Ha NMPaBO 3aHUMAThCS 00sA3aTeIbHBIM MEIUIIMHCKUM CTpa-
xoBanueM (CMO);
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- MenuuuHCcKHe OpraHu3alky, Y4acTBYIOIINE B pean3alii TEPPUTOPHAIBHON TPOrpaMMBbl
OMC (MO)[2].

B peanuzyemoii MHPOPMAIMOHHON CUCTEME YYACTHMKHM B3aUMOJCHCTBUS OOMEHHBAIOTCS
Mexay coboil nadopmanuein. OAHOKpaTHBIA BBOJ MEPBUYHON MH(POPMALIUU — TO JaHHbIE, HEOO-
XOJUMBbI€ /Ui (PYHKLIMOHUPOBAHUS CUCTEMbI, BBOJMMbIE OJJHOKPATHO U B JAJIbHEUIIEM HCIIOIb3Y-
I0TCS Ha BCEX dTanax >KM3HEHHOTo LIMKJIa 3Toi nHpopmaruu[1].

Kaxxnpiif yuacTHUK MH(OPMAILIMOHHOW CUCTEMBI UCIIOJIb3YET OINpee/ICHHbIE BXO/IHbIE J1aH-
HbI€, KOTOPBIE ITOCJIE BHIMOJIHEHUS ONIPEIEICHHbBIX QYHKIUI IpeoOpa3yoTcsl B BHIXOAHbIE IaHHBIE.

Cotpyanukun MO obecriednBaloT BBOJ U COXpaHEHUE CBEACHUN O 3aCTpaxOBaHHBIX JIMLAX,
CBEICHMSI O MEAUIIMHCKOW MOMOIIIM, OKa3aHHOW 3aCTpaxOBaHHBIM JHlaM. Takke oHU oOecrieunBa-
10T (OPMHUPOBAHHE U OTIIPABKY COOOIIEHHH CO CYETaMU 33 MEAMIIMHCKYIO MOMOIb, OKa3aHHYIO
JUIaM, 3acTpaxoBaHHbIM Ha Tepputopun PO B pazpese mist kaxaoin CMOwu 3acTpaxoBaHHBIM JIH-
aMm 3a mpenenamu cyowrekta Poccuiickort ®deneparii, Ha TEPPUTOPHUH KOTOPOTO BBIJIAH TOJIUC
00s3aTeNnbHOr0 MeIMUMHCKOT0 cTpaxoBanus, B TOOMC teppuropuii crpaxoBaHusl.

Jljia onTUMH3AIMK 10CTya U 00pabOTKU I0JIb30BATENEM 3arpyKEHHBIX CUETOB B CUCTEMY
peann3oBaH MexaHu3M oToOpaxeHus B ¢opme «Cueray, CYETOB OmNpeneeHHOTo Tuma. B 3aBucu-
MOCTH OT BBIOPAHHOTO IMOJIb30BATENIEM IMYHKTa MEHIO B (hOpMY OTOMPAIOTCSI cueTa COOTBETCTBYIO-
LIero TUIIA:

- Cuera ot MO. 3acTpaxoBaHHbIE B JaHHOM peruone — tun cuera «Ot MO POy;

- Cyera ot MO. 3acTpaxoBaHHbIe B ApyroM peruone — tum cuera «Ot MO He POy;

- Cuera OT Ipyrux TeppuTopuanbHbIX GoH10B — THH cueTta «OT ap TD».

B moment perucrpanuu nosis3osareins B MC HacTpanBaroTCsl TUIBI CYETOB, JIOCTYIIHBIE EMY
i paboTel. OHOMY M10JIH30BATEINO0 MOTYT OBITh JOCTYITHBI HECKOJIBKO TUIIOB CUETOB.

®opma «CueTay COCTOUT U3 TPEX YaCTEH:

- Peectp — conepxxut nepeueHs 3arpyxkeHHbix B UC cueToB 3ajJaHHOTO THUIIA.

- CozeprkaHue — COJIEPKUT IO TEKYLIEMY CUETY IEpEUYeHb CIyd4aeB, EpeueHb OKA3aHHbIX
YCIIYT, @ TaKXkKe OMIMOKHU I10 CIIy4yasiM U yCIIyraMm, BbISIBIICHHBIE B PE3yJIbTaTe MPOBEPKHU CUETA.

- OmuOKY MO CYETY — COAEPKUT CIUCOK OMIMOOK TEKYIIETro CueTa, BHIBICHHBIX B PE3Yilb-
TaTe SKCIEePTU3HI CUETA.

CMO BbIIONHSAIOT cO0p, 00pabOTKy, Neperayy U XpaHEHUE CBEJCHHUIN 0 MEAMIIMHCKON MO-
MOIIIY, JaHHBIX 00 OIIaTe U pe3yibTaTax KOHTPOJs 00BbEMOB, CPOKOB, KAUeCTBA U YCIIOBUH Ipe-
J0CTaBlIeHUs! MeIULIMHCKON oMoty no OMC.

Jluna, ocyuiecTBIsiIoIINe METUIIMHCKOE CTpaX0BaHUE IPOBOJIAT:

- UJIEHTU(UKALMIO CTPaXOBOW MPUHAJIEKHOCTH 3aCTPaX0OBAHHOTO JIMIIA;

- (popMaTHO-TOrMUECKUN KOHTPOJIb PEECTPOB CUETOB, MPUHATHIX 0T MO.

- aBTOMATU3UPOBAHHYIO MOJJIEPKKY MEIUKO-IKOHOMUYECKOTO KOHTPOJS, MEAHUKO-
SKOHOMMYECKOH IKCIEPTU3BI U IKCIIEPTU3bl KaUecTBa MEAUIIMHCKON ITOMOILM [0 PEECTPaM CUETOB,
npuHATHIX 0T MO.

- (hopmupoBaHue U OTHPaBKy coobmenuit B MO ¢ mpoTokosiaMu 00pabOTKH peecTpoB cye-
TOB.

TOOMC PO ocymiecTBasier:

1) KonTponb 00beMOB, CPOKOB, KauecTBa M YCIOBUN MPENOCTaBICHUS MEIULIMHCKOM I0-
moinu o OMC, okazannol Ha Teppuropun PO, rpaxknanam, 3actpaxoBanHbiM B PO;

2) IloBTOpHBINA KOHTPOJIb OOBEMOB, CPOKOB, Ka4eCTBAa U YCIOBUN MPEJOCTABICHUS MEH-
nuHcKor oMoty no OMC, okazaHHOU Tpak/iaHaM, 3aCTPaXOBaHHBIM Ha TeppuTopuu PO:

- ®opmartHo-JIorNYeCcKuil KOHTPOJIb peecTpoB cueToB oT TOOMC PO;

- ABTOMaTU3MPOBaHHAS MOAJIEPKKA METUKO-3KOHOMHUYECKOTO KOHTPOJIS [T0 peecTpaM cue-
T0B 0T TOOMC PO;

- ABTOMaTU3MpOBaHHAsSI MOAJIEPKKA METUKO-3KOHOMHYECKON IKCIIEPTU3bI IO peecTpam
cuetoB oT TOOMC PO;

- ABTOMaTU3MpOBaHHAS MOAJIEPKKA SKCIIEPTU3bI KaueCTBAa MEAUIIMHCKON MOMOIIH 10 pee-
ctpaM cuyetoB or TOOMC PO.
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VYyactHuk cucrembl - ®enepanbHblii (GOHA 00S3aTENBHOTO MEAULKUHCKOIO CTPaxOBaHUS
et HCU (HopmartuBHo-cripaBouHasi nuHpopmManus - uHGopManus, 3aMMCTBOBaHHasi U3 HOpMa-
THUBHBIX JIOKYMEHTOB U CIIPABOYHUKOB, UCHOJIb3yeMasi IpU GYHKIIMOHUPOBAHUN UH(POPMAILIMOHHON
CUCTEMBI) U peecTpbl PeiepaTbHOTO YPOBHSL.

Pa3pabarbiBaeMble MOy M CUCTEMBI MPEAHA3HAUEHBI JIJISl PEIICHUS] CIEAYIOIINX 3a/au:

e  ABTOMAaTH3aLus Ipolecca MEIUKO-DKOHOMUYECKON KOHTPOJIS;

e [loaroroBka uHGOpMAIMHK [T IPOBEIECHUS MEIUKO-IKOHOMUYECKOM 3KCTIEPTHU3HI;

e [logroToBka MH(pOpMAIUK JUIsl MPOBEACHUS SKCIEPTH3bl KAueCTBa MEIUIIMHCKOM IO-

e [loaroToBka B 3JIEKTPOHHOM BH/JI€ CUETOB ¥ COIIPOBOAUTEIHHON JOKYMEHTALIUH;

e [loaroToBka oT4E€THOI MHPOPMALIIH.

OpHMMM U3 BaXHEWIIMX JAHHBIX B MPOEKTUPYEMOMN CHUCTEME SBISIOTCS pa3jIMyHbIE CIIpa-
BOYHHMKHM M Ki1accudukatopsl. B cooTBETCTBUM ¢ HMMM OCYIIECTBIIAETCS paboTa BCEMl CHCTEMBI.
CripaBOYHHK OTIMYAETCS OT KJIAcCU(UKATOpa HATMYMEM Yy KaKJIOM 3alMCH JaThl Hayajda U JaThl
OKOHYaHUS €€ NEeUCTBUS.

B nmporpamMmmHOM KOMILIEKCE XpaHEHHE JAaHHBIX OCYIIECTBISATHCA B CUCTEME YIPaBJICHUS
0a3aMu JaHHBIX, 00eCIIEeUNBAIOIICH:

HaKOIUIEHUE, XpaHEHHUE U 00pabOTKa JaHHBIX;

perijaMeHTalusl I0CTyIa K JaHHBIM U YIPaBJIEeHUIO 0a30i1 TaHHBIX;
M3MEHEHHE CTPYKTYPBI U COJAEPKAHUSI JaHHBIX;

L[EJIOCTHOCTD JTaHHBIX;

YCTOWYMBOCTH K TEXHUUYECKUM U IPOrPAMMHBIM COOSIM;
yIpaBJeHHE MHOTOIOJIb30BATENbCKON pabOTOM;

e  HaJIWYyHe NPOULEAYp JIOTMYECKOro U (PU3NYECKOTO PE3epBHOTO KOMMPOBAHUS U BOCCTA-
HOBJICHUSI JTAaHHBIX.

Ha ocHoBanuu uccrnenoBaHusi npeaMeTHON o0iacTu U TpeOOBaHUM K cucTeme Obliia CIpo-
€KTUpOBaHa U pealn30BaHa MOJeNb 0a3bl TaHHBIX, [Ipe/ICTaBICHHAs. B kauecTBe MHCTpyMEHTa HC-
nose3oBajics MS SQL Server 2005.

Hcnonb30BaHME COBPEMEHHBIX TEXHOJIOTUH IO3BOJISET HE TOJIBKO XPaHUTh IOJyYEHHBIE
JTAaHHBIEC HA HOCUTENSAX 3aHUMAIOUINX Majio MecTa U oOecreynBas pu ITOM MPaKTUYECKH MTHOBEH-
HBIH 10CTYyN K TpeOyemoil nHpopMaum, HO 1 KOMOMHUPOBATh U 00pabdaTHIBATh X PA3IMYHBIM 00-
pa3oM IS MOJIy4eHUS HArJIsSHbIX OTYETOB U I'pauKOB, pacueT KOTOPBIX BPYUHYIO ObLIT HEMBICIUM
13-3a OOJIBIINX TPYAOBBIX U BPEMEHHBIX 3aTpaT Ha HETO.

PazpabarbiBaemas wHGOPMAIIMOHHAST CHCTEMa MMEET OOJIBIIYI0 MPAKTUYECKYIO IIEHHOCTD,
TaKk Kak obecrieunBaeT 3PGEeKTUBHOCTh PAOOTHI M TO3BOJISET YI0OHO M SKOHOMHYECKH 0OJiee BbI-
TOJIHO pacIIUpATh GYHKLUHUOHAN POrpaMMbl IPU HEOOXOJMMOCTH.
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YK ; TPHTU
AHAJIM3 BJIMAHUA ITIEPEK/IIOYATEJIA HA HAJIEKHOCTD

AYBJINPOBAHHOU CUCTEMbI C HEHATI'PYKEHHBIM PE3SEPBOM
P.A. Huxkutun, U.A Jlebenen
Psizanckuii 2ocyoapcmeenmvitl paouomexHuyecKull yHusepcumem
Annomayus. BaxxHbIM CIIOCOOOM TIOBBIIIEHHST HA/IS)KHOCTH CHUCTEM SIBJISIETCS CTPYKTYPHOE pe3ep-
BupoBanue. Cpeny pa3IMYHbIX CXEM PE3ePBUPOBAHUS B PSIE CIydaeB IPEANOUYTUTEIbHA CXeMa C
HEHArpy)KEHHBIM Pe3epBOM, KOrAa (yHKIMHM OCHOBHOT'O 3JIEMEHTa IepeatoTcsi Pe3epBHOMY dJie-
MEHTY TOJIKO MPU OTKa3e OCHOBHOT'O.
B ncxonHO#t craThbe MONy4eHO pacueTHOE COOTHOIIEHHE, TTO3BOIISIONIEE OLIEHUTh BIMSHHE WHTEH-
CHBHOCTEH OTKa30B M BOCCTaHOBJICHUI! ITEPEKIIIOYATEIIsI Ha HAJAEKHOCTh BCEH BOCCTAHABIMBAEMOM
cucreMbl. [l BBIBOZA COOTBETCTBYIOIIEH (pOpMyIbI HCTIONB3yeTCs cucteMa ypaBHeHHH Konmo-
ropoBa paccMaTpUBaeMOH JTyOJIMPOBAaHHOW CHCTEMBI C HEHICaIbHBIM TIEPEKITI0YaTeNIeM.
Teopernueckue MoJoKeHHs: IPOBEPEHBI HA MATEMAaTUIECKOH MOJIETH, COOPaHHOH B ITPOrpaMMHOM
cpene MATLAB + Simulink. [Tonyuensl comoctaBumble 3HaYeHUsI KO3()(OUIMEHTOB TOTOBHOCTH
TI0 COCTaBJIEHHOH (hopMylie u rpadukamM cOOpaHHON MOJIEIH.
Kniouesvle cnosa. HanexHocTb, nepekitouaTesb, pe3epBUpOBaHUe, KOAPQPUIMEHT TOTOBHOCTH.

ANALYSIS OF THE IMPACT ON THE RELIABILITY OF THE SWITCH

REDUNDANT SYSTEM STANDBY
R.I Nikitin, I.A Lebedev
Ryazan State Radio Engineering University
Annotation. An important way to increase the reliability of the systems is a structural redundancy.
Among the various redundancy schemes in some cases preferred scheme dormant when the func-
tions of the main cell are transmitted backing element only when the failure of the primary.
In the original article, the calculated ratio is obtained, allowing to evaluate the impact of failure
rates and recoveries switch on the reliability of the system being recovered. To derive the corre-
sponding formula is used Kolmogorov equations is considered redundant systems with non-ideal
switch.
Theoretical positions tested on the mathematical model in a software environment collected
MATLAB + Simulink. We obtain comparable values for the coefficients ready prepared formula
and graphs collected model.
Keywords. Reliability, switch, redundancy, readiness koeffitsient.

1. BBenenue

BaxxapIM criocoOOM MOBBIIICHUST HAJIEKHOCTH CUCTEM SIBIISIETCS CTPYKTYPHOE pe3epBUPOBa-
Hue. Cpeau pa3MyHBIX CXEM PE3epPBUPOBAHMS B Psji€ CIydaeB MPEIOUYTUTENIbHA CXeMa C HeHa-
IPY’KEHHBIM pe3epBoM (puc. 1), korja (yHKIHH OCHOBHOI'O 3JIEMEHTA IEPENaroTCsl pe3epBHOMY
3JIEMEHTY TOJIBKO P OTKa3e OCHOBHOro. OIeHKa HaIeKHOCTH TaKOW CHUCTEMbI IIPOU3BE/IEHA B pa-
6orax [1, 2].

2. MaTemaTn4yecKkasi MO/ie/Ib HAE/KHOCTH IepPeKIIYaTe/ s

Mexy TeM pacueTHOE COOTHOILIEHUE, MMO3BOJISIONIEE OLEHUTh BJIMSHUE MHTEHCUBHOCTEH
OTKa30B U BOCCTAHOBJICHUH MEPEKII0YATENs Ha HAJIe)KHOCTh BCEM BOCCTAHABIMBAEMOIl CUCTEMBI, B
YKa3aHHbIX paboTax OTCYTCTBYET.

@)

|

Puc. 1. Cucrema c HeHarpyxeHHBIM pe3epBoM: O — OCHOBHOMAIIEMEHT; P — pe3epBHBINIIEMEHT;
1 — mepexirouaTens

n
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VYpaBHeHuss KosMOropoBa CUCTEMBI C HEHATPYKEHHBIM PE3EPBOM M HJICATIBbHBIM IEPEKIIIO-
qaresem:

Py (t) = =AP,(t) + uP (1);
B/ () = APy (1) = (A + w)B () + 2uP,(1); (1)

Py (1) = AR(1) = 2uP,(t).

3neck P;(t)— BepoSITHOCTh HaxoxAeHUs cuctembl B coctossHuu i(1 =0, 1, 2). Cocrosiaue 0 —
paboTaeT OCHOBHOM 3JE€MEHT, cocTosiHuE | — paboTaeT pe3epBHBIA AJIEMEHT, COCTOSIHHE 2 — 00a
AIIEMEHTa OTKa3aJId U PEMOHTHUPYIOTCS. VIHTEHCUBHOCTH OTKa30B M BOCCTAHOBJICHUH 3JIEMEHTOB
0003Ha4YeHbI COOTBETCTBEHHO A U |L.

Bripakenne ko3¢ GuIrieHTa roTOBHOCTH AyOJIMPOBAHHOW CUCTEMBI C HEHArpyXEHHBIM pe-
3epBOM U HJICIbHBIM IIEpeKIIIouaTeNieM, Kak mokazaHno B [1], umeer Bun:

2u-(A+
Ky =B+R=—t 28 @)
po+(A+ )
B pabote [2] mana olieHKa BEpOSITHOCTH O€30TKa3HOUW pabOThI U cpeHel HapaOOTKHU 110 OT-
Ka3a TyOJIMpOBaHHOM BOCCTaHABIMBAaEMOW CHUCTEMbI ¢ OOLIUM mepekirouarenemM. B [2] man cre-
oyromui rpad mporecca Mmepexo0oB B IyOIMPOBAaHHON BOCCTaHABIMBAEMOW CHUCTEME C OOIUM
MEPEKITI0YaTEIIEM.

Ao A1

» Em—

Ho Hq H>

Puc.2. I'pa¢ mporiecca nepexonoB JyOIHpOBaHHOI BOCCTaHABINBAEMOM CHCTEMBI C He aOCONTIOTHO
HaJIOKHBIM MePEKITI0YaTeIeM

OpHako pacueTHbIE COOTHOILIEHUS, [MOKA3bIBAIOIINE BIMSHUE XapaKTEPUCTUK HAIEKHOCTHU
nepexroyaTens Ha K03 UUHUEHT TOTOBHOCTH CUCTEMBI, B YKa3aHHOM paboTe HE MOJIY4YEHBI.

VYpasuenus: Konmoroposa ny06iupoBaHHONW BOCCTaHABIMBAEMON CUCTEMBI C HEHArpyXeH-
HBIM PE3€PBOM U HE HJICATbHBIM NEPEKIIIOYATEIIEM:

P/(t) = ~(Ay + Ay )By (1) + M, B (1) + My, P (0): B

B(1)= AP () = (A, + Ay + M)P(6)+ M,P(6) + M, P, (2);

PJ(1) = A, P(t) - M, P, (t); > 3)
P()/H(t) = AOHE)(t) - MOHE)H(t);

P (t)=A,P(t)—M, P, (D) _/

VYpauenus (3) pemaem mpu CIEAYIOMMUX COOTHOIIEHUSX WHTEHCUBHOCTEH OTKAa30B B CHC-
temax (1) u (3):
Ao= A=k M2 =25 My =5 Aon= Ain=A; Mon = Min = .
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Pemenue cucrems! ypaBHeHui (3) nosryyaem npu A00aBI€HUU K HUM ypaBHEHUS
Py+P;+ P+ Pog+ Pip = 1. 4)

B craunonapHom pexxuMe paboThl CHCTEMbI IIpU t — o0 BCe MPOU3BOJHBIE QyHKUMH Pi(t)
MIPUPABHUBAIOTCS HYIIIO.

Koasdunment roroBHOCTH 1yOIMpPOBAHHON CUCTEMBl C YY€TOM MHTEHCHUBHOCTU OTKa30B U
BOCCTaHOBJIEHUH nepekitodarens (puc. 1) BeIUucsgeTcs Kak cymma BepostHocTel Pou P:

2u-(A+
Ky =P +P= e - )
u2+(/1+u)2+2uu”(/1+u)
17

ComnocraBnenue BeipakeHu (2) u (5) moxasbIBaet, 4To K03PHUIIUEHT TOTOBHOCTH CHCTEMBI
C MEePEKIII0YATeNIeM CHUKACTCS C YBEJIMUYCHUEM OTHOIICHUS MHTEHCUBHOCTU Aj OTKA30B MEPEKITIO-
yaTessi K MHTEHCUBHOCTH Ll €r0 BOCCTaHOBJICHUH. [Ipu 3TOM mosrydeHHas B JaHHOUM padote ¢op-

Myia (5) MO3BOJISET YUCIEHHO OLEHUTh BIHSHUE OTHOHIGHI/ISIA—H HaHAJIE)KHOCTh CHCTEMBI, OIlpe-
Hy
nensieMyro Ko GHUIIMEeHTOM TOTOBHOCTH.
3. MopenupoBanue B cpeae Matlab
Teopernyeckue MoNI0KEHUS IPOBEPSIUCH HA MaTEMaTHUYECKON MoJienH, coOpaHHOU B IIpo-
rpamMmHO# cpee MATLAB+Simulink (puc. 3).

N[ 1
Scope Constant
W[ Lﬁ‘m =
. ’—. 2
Random Saturation Switch Scopeld
Mumb-er
0
Constant1 l I—p T
= AND i w1 . > 1
> o F
I-;I:I Logical " R Scope?
q 1 b Operator S iichi2
Scopel Constant2 Constant4
™ sEn <l
— = ’_’ 2
llEIanf:i-lelttEd Saturation S itch 1
W hite Mo e o :l
Constant3 Scoped
1
ConstantS
]ﬂpﬁf > 7+C - > I:I
—=
Band-Limited Saturation2 Switch? Soopeh
White Moise1 o

ConstantS

Puc. 3. Mozenp n1y0nupoBaHHON BOCCTaHABIMBAEMOM CHCTEMBI C HE aOCONIIOTHO Ha/ISKHBIM IIEpEKITIoYaTesieM B Ipo-
rpammHoOi cpene MATLAB+Simulink

Cxema monenupoBanus (puc. 3) BKIIOYAET 3 aHAJIOTHYHBIE BETBU BOCIIPOM3BEICHUS TIOTOKA
0TKa30B (COOTBETCTBEHHO 2 00Opa3iiaM 00opyAoBaHUs U mnepekitodarento). Kaxmpas u3 aTux BeTBe
COJICPIKHT:

- UICTOYHUK CITyJalHOTO CUTHAJA; IPH 3TOM JUISI OJHOTO 00pasiia MPUMEHEH HCTOYHUK CITy-
YaifHOTO CUTHAaJla C HOpMaJIbHBIM pactpeneneHueM (RandomNumber), 1ist BTOporo u nepexitoya-
TeJs - TeHepaTop Oesnoro myma ¢ paznudaromumucs napamerpamu (BandLimited WhiteNoise);

- IBa UICTOYHHKA MOCTOSHHBIX ypoBHEH «0» 1 «1» (6;oku Constant);
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- 010k orpanudeHus (Saturation) u ympaBisieMblil nepekiouaTens (Switch) u3 pasaena He-
nuHerHbIx 010k0B (Nonlinear).

Jly1g BocTipou3BeeHHsI TIOTOKA OTKA30B PE3€PBUPOBAHHON CHUCTEMbI IPUMEHEH OJIOK yIpaB-
JsieMblil nepexouatens Switch.

JUig MOAKIIIOUEHUS! HE HI€aIbHOIO MEPEeKIIouaTessl UCIOIb3yeTcsl JOTHYecKUil OJI0K Hiu
(OR).

YcTaHOBUM B OKHaX HACTPOEK OJIOKOB CJEAYIOIINE 3HAUEHUS UX [1apaMeTPOB:

- B OKHE IapaMeTpoB MCTOYHMKA ciaydaiiHoro curiaia RandomNumber cpeanee 3nauenue
curHaia Mean = 0 u cpeTHEKBaJpaTUIECKOE OTKIOHEHHE Variance = 2;

- 151 TeHepaTopa OesIoro myma pe3epBHOTO TeMEeHTa MOIIHOCTh 1ryMma Noisepower = 10-1,
sTasioHHoe BpeMs Sampletime = 0,1 u nHUIMaNM3UpYIolee reHeparop yuciio Seed =~ 23341;

- U TeHepaTopa Oesoro nrymMa nepexiaodaTest MOIHoCTh ryma Noisepower = 10-1, arta-
noHHoe Bpemsi Sampletime = 0,2 u nHUIIMATN3MpYOIIee renepatop yucio Seed = 32000;

- B OKHax IapaMeTpoB HEJTUHEHHbIX 0I0KOB Saturation moporu orpanuyeHus Lowerlimit =
0,8 (s nepexirouarens - 0,5) u Upperlimit = 1,0 (HU>KHUIN 1 BEpXHUI COOTBETCTBEHHO);

- mopor ynpasistomero curnaiga Threshold = 0,9 mepexmrouatenss Switch, Switchl,
Switch3;

- kputepuii Criteria for passing first input: u2 ~= 0 qia Switch2.

YcranoBUTh BpeMsi MojenupoBanus: Starttime=0 u Stoptime = 10.

MOHO yCIIOBUTBCS, YTO OJIHA €IMHHUIIA «MAIIMHHOr0» BpeMeHH paBHa 100 yacam BpeMeHU
peaJIbHOTO.

Kosd¢uuuent roroBHocTH nyOIMpPOBAHHON CUCTEMBl C HEMJICATbHBIM IEPEKII0YATENIEM,
paccuuTaHHBIN 110 GopmyIie:

K, =091.
KoaddunmenT roToBHOCTH, MOTy4E€HHBIN U3 BUPTYaIbHON MOJEIIN:
K,, =0,93.

4. BeiBoa

[TonyueHnHble KOAPPUIUEHTHI MPUOIU3UTEIBLHO PaBHBI. DTO YKa3bIBAa€T HA TO, YTO BBICJCH-
Has GopMmyna JaeT BEPHBIN pe3ylnbTaT U MO3BOJISIET paCCUUTHIBATh KOA()(PUIIMEHT rOTOBHOCTH CHC-
TEMbI C HEHarpy»XeHHbIM PE3E€PBOM U HEUJICAIbHBIM MEPEKII0YATEIeM ¢ U3BECTHBIMU MOKa3aTes-
MH HAJISKHOCTH A U L.
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HUKJINMYHBIN CITOCOb ®OPMUPOBAHMUSA SJIEKTPOHHBIX T'PAPUKOB
PABOT IO ITOAT'OTOBKE U OKCIVIYATALUU CJIOKHBIX TEXHUYECKHUX
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Annomayus. B nanHoM pabore omucaH crocod (GOpMHPOBaHHS 3JIEKTPOHHBIX rpaUKoB pador,
TMIO3BOJISIIOIUI ONTHMHU3UPOBATh HCIONB30BAHUE PECYPCOB TPH IUIAHUPOBAHUHM PabOT CO CIIOXK-
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CYCLICALLY METHOD FORMING ELECTRONIC SCHEDULE
OF WORKS FOR PREPARATION AND EXPLOITATION OF COMPLEX

TECHNICAL OBJECTS

A. Korolev, S. Spitsyn
Branch of Joint-stock company «Space-rocket center «Progress»
- Special design office «Spectry
Russia, Ryazan, korolev.lesha@mail.ru, spitsyn62@gmail.com
Abstract. This article describes the method of forming of the electronic work schedule which al-
lows to usefully optimize the resources during complex technical object work planning.
Keywords. work schedule, technical operation, complex technical object

Jiia cnoxubix Texuuueckux 00bekToB (CTO), Takux xak uznenus PKT, ogHOBpeMeHHO BbI-
MIOJIHAETCS 3HAYUTEJIbHOE YHUCII0 paboT U olepaluii, pe3yabTaTbl KOTOPHIX BIUSAIOT HA OYE€PETHOCTD
CIIeIyIOIUX paboT U onepanuii B COOTBETCTBUU C TEXHOJIOTMYECKUM IpolueccoMm. Hapymenue yc-
TAHOBJICHHBIX TPABWII M JIOTUKH CIICJIOBAHMSI OTIEPALIMi MOKET IMPUBECTH K HEIITATHBIM U aBapHii-
HBIM CUTYaIsIM. J[JIs1 KOHTPOJIsl Ka4eCTBA U MOJHOTHI BBITIOJTHEHUS! PadoOT 1O TIOJTOTOBKE CIIOMKHO-
ro TEXHHYECKOTO0 OOBEKTa K IKCILTyaTaIlMH BBITIOJIHIIOT MHOTOATAITHbIE KOHTPOJBHBIE MPOBEPKU
COCTOSIHUSL 00BEKTa U €ro KOMIOHEHTOB. C 3TOH LIebio pa3pabaThiBAIOTCS CKPYIYJI€3HbIE TEXHO-
JIOTHYECKHE Tpa(uKy BBIMOTHEHUS padoOT, COAEPIKaIIME MOPSIOK ONEepalnii C 0OBEKTOM M YCIOBUS
JUTSL X BBITIOJTHEHUS [1].

CocraBnienne rpaduka paboT SBISETCS OJHUM W3 HanbOOJEe OTBETCTBEHHBIX STAIllOB IMPHU
wiaHupoBaHuM. PaccMarpuBaemblil crioco0 GOpMUPOBAHUS EKTPOHHBIX IpauKoB padboT ¢ Ie-
b0 oOecnedyeHus COOMIOACHUS HEOOXOJIUMMBIX TEXHOJOTMYECKHMX TpeOOBaHHUM HKCIUTyaTalluu
npenmnosaraeT popmMupoBaHue rpaduKoB B YEThIPE ATara, Kak Moka3aHo Ha puc. 1.
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Puc. 1. Cxema popMupoBaHus JIEKTPOHHOT 0 rpaduka padot

OmnuceiBaembiil crioco® ocHoBaH Ha 1ukie kadectBa PDCA («uukne Jlemunray), nmpume-
HSEMOM B IPOLIECCOPHOM IOAXOJIE YIPaBJICHUsI U HANPABICHHOM Ha MOCTOSHHOE YIy4lleHHE Ka-
4yecTBa NPOAYKIMH U npenocTanisieMbix yeayr. Huxin PDCA Bkirodaer yeTslpe mara: IiaHupoBa-
Hue pecypcoB («Plany), Bemmosinenne nporecca («Doy), ananu3 nokasareneid 3QPeKTHBHOCTH TIPO-
ecca («Check») m koppektupoBka mporecca («Adjusty) [2]. Huxkn PDCA BxmrogaeT ciemyrommue
0a30BbIe TPEOOBAHMUS:

— BCE 3TaIlbl LIMKJIA BBIIOJIHSIOTCS B COOTBETCTBUU C PErJIaMEHTOM padoT;

— OIpe/IeTICHbl OTBECTBEHHbIE UCTIOJHUTEIH 110 KaXA0OMY dTaIy;

— IIpY [IPOBEJICHUY aHAJIM3a UIIOJIb3YIOTCS CTPOTO OIpPENIEICHHbIE KPUTEPUH OLIEHKH U MOKa-
3arenu 3pPEeKTUBHOCTH TEXHOJIOIMUECKOIo Ipolecca.

Huxe nmpuBeneHo onucaHue 3TarnoB GOpMUPOBAHUA 3JIEKTPOHHOrO rpaduka padoT, COOT-
BeTcBYIONIMX maraMm nukia PDCA.

269



Ha nepBowm 3tare niaHupoBaHuUsl PECYpCOB, BBIIIOJHAEMOM Ha 3aBOJIE U3TOTOBUTENE 0ObEK-
Ta KOHTPOJISL, GOPMUPYIOT TEXHOJOTMYECKUN Tpapuk onepanuil (1abioH) «Kak JAOHKHO ObITh B
COOTBETCTBUHU C OIKCIUTyaTallMOHHOW JOKYMEHTAalMelW» C yKa3aHHEM YCJIOBHI mepexoia Mexay
onepauusmu [1]. [Ipu 3ToM OTHeNnbHAs TEXHOJOrMYECKasl onepainusi KOHTPOJIMPYEMOIo O0ObEeKTa
XapaKTepU3yeTcs CIENYIOIIMMH 00s3aTeNIbHBIMU aTpuOyTaMyU — YHMKAQJIbHBIM KOJ OIepaluu, Ha-
MMEHOBAaHUEM OIlepalliy, BpeMs Hayajla BBINOJHEHUS (OTHOCUTENIPHO Hadaja paloT), IJIaHOBas
JUINTENbHOCTh BBINIOJIHEHUSI ONepaluu. JonoimHUTENbHO, IPU HEOOXOIMMOCTH, YKa3bIBae€TCsl dKC-
IUTyaTallMOHHAs JOKYMEHTALMsl, PerjJaMeHTUPYIOLasi MOPSAOK BBIIIOJHEHHS ONIEpallii, COCTaB OT-
BETCTBEHHBIX HCIIOJIHUTENCH, IEpeUeHb TUIIOBBIX HEIITATHBIX CUTYAIMIl ¢ ONMHMCAHUEM TPEBOKHBIX
COOOILIEHUH, CITUCOK 000PYA0BAaHHUS, 33J€1ICTBOBAHHOTO P BHINOJHEHUH OIEpaIiH, a TaK K€ I1e-
peUeHb KOHTPOJIMPYEMBIX AUArHOCTHYECKUX MapaMeTpoB. OTIeNbHbIE ONEepali MOTYT COIPOBO-
KJATbCA OTIMUUTEIbHBIMU XapaKTEPHBIMU MPU3HAKAMHU, BIUSIONIMMH HA UX HUCIIOJHEHUE, TAKUMHU
KaK, HETIPEPHIBHOCTH BBINOJIHEHHUS, OIIACHOCTH (K MPUMEpY, ONlepalii, CBI3aHHbIE C TOPIOYUMU Ma-
TepHajiaMu), KBUTUPYEMOCTh (TpeOyrolue MoATBEPKACHHSI BBIIIOJHEHHS OIEpaTOPOM BPYUHYIO) U
aBTOMAaTUYECKUN KOHTPOJIb (C perucTpanueil BhIIOJIHEHUS [0 KOHTPOJIUPYEMBIM TapaMeTpam).

[Topsinok crienoBaHus onepanuii Ha TEXHOJOTHYECKOM IpaduKe ONpenensercs B CTPOromM
COOTBETCTBUU CO CBSI3SIMU MEXJIy HUMHU. THUIIBI BOSMOXKHBIX CBA3ECH MEXIy OlepanusMu puBee-
HBI B Ta0I. 1.

Tabnuna 1. Tunsl cBsizeil MeXIy onepanusMu
Tun ces3eit IIpencraBaenune Onucanne
Oxonuanue-Hayano (OH). Omneparyiss b He MOXXET HavaThCs,
TIOKa HE 3aKOHYMUTCS onepanus A.

IA:l_L:I B
Hauano-nagano (HH). A Omneparyis b He MOXXET HavaThCs,
MOKa He HAYHETCS orepanus A.
b
A
b
B I:I<—|_|:AI

Oxonuanue-okonuanue (00). Omneparyis b He MOXET 3aKOHYUTH-
csl, TIOKa HE 3aKOHYMTCS OIepariys
A.

Hauano-oxonuanue (HO). Omneparyis b He MOXET 3aKOHYUTH-

Ci, IOKa HE HAYHCETCA onepaius A.

Omnpenenenre JOTUKA B3aUMOCBSI3EH MEX]y Ollepalus MU TEXHOJIOTHUYECKOro rpaduka mo-
3BOJISIET OCYIIIECTBUTH PacueT BHIMOJHEHHS padOT MO BPEMEHH U BBISIBUTH OIEPAIIMU KPUTHIECKOM
30HBI, BIHSIONIME HA OONIYIO JJIUTETLHOCTh BBITIOJHEHUS rpaduka U TpeOyromme 0co0oro BHUMa-
HUS [IPU OpraHu3aluu pador.

Ucxons n3 ocobeHHocTel opraHu3anuu pabOT MO MOATOTOBKE M IKCIUTyaTaIllMU CIIOMKHBIX
TEXHUYECKUX OOBEKTOB CTPYKTypa T'paUKOB SBIACTCS MEPAPXUUIHOM, MPU ITOM YHUCIIO YPOBHEH
BJIO)KEHHOCTH OTIEPAIIMM 3aBUCUT OT HEOOXOIUMOM CTENEHHU AeTanu3anuu coctaBHbIX yacteir CTO
Y 30H OTBETCTBEHHOCTH UcHoOJHUTeNeH. CxeMa OpraHu3aluu BJIOKEHHOCTH TEXHOJOTHYECKHUX OTle-
pauuii mpeacTaBlieHa Ha pUC. 2.
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O6umii rpadmk pabor
é)_ Texnonornyeckuii rpagm
CY CTO

Vpoenu eromxcennocmu

1 Y
OCHOBIBIC ONEPALHH Onepauun no noacuereManm || Jleranusuposannbie onepaimm
(1-piii ypoBeHs) (2-0ii ypoBeHB) (3-nii yposens)

Puc.2. CxeMa ypoBHE# BIOXEHHOCTH rpaduka pador

Ha BTopoM stane niuaHupoBaHusi pabOT, BBINOIHIEMOM Ha 0OBEKTE AKCIUTyaTalluu, GopMu-
PYIOT TIJIAaHOBBIN TpauK OmMepanuidi «KaK JOHKHO OBITh MPHU KOHKPETHOW padoTe ¢ IK3EMILISIPOM
CJIOHOTO TEXHUYECKOTO O0BEKTay, JUIsl YETr0 UCIONIb3YIOT B KAUECTBE 11a0JI0HA TEXHOIOTMUECKUM
rpaduk onepauuii, HOArOTOBJICHHBIH Ha MEPBOM 3Tale, B KOTOPOM ISl KaXJ10i onepanun ykasbl-
BaeTcs MJIAHOBOE BpeMs Hayalla U IJIJAHOBOE BPEMs 3aBEpILIEHUS OIepalliy, BbIUHUCIIEMbIE aBTOMa-
TUYECKH OTHOCHUTENIbHO KOHKPETHOW JaThl M BpeMeHu Haudajia pabot [1]. B oOmem cimyuae, mis
yno6cTBa BOCHpUATHS MH(OpPMAalMM, HA OCHOBAHWU OJTHOTO TE€XHOJOTMYECKOro rpaduka, MOMKET
OBITh MOCTPOEHO HECKOJIBKO IJIAHOBBIX T'pauKOB padoOT MO OTAEIbHBIM dTanaM noarotosku CTO.
[1nanoBble rpadukyu onepanuil UCHOJIB3YIOTCS UIsl ONIEPATUBHOTO YIIPABJICHUS BBINOJIHEHUEM pa-
00T Ha 00beKTe KcITyatauuu. TakuM oOpas3om, mar miaanupoBanus npouecca PDCA o6benunsier
IIepBBIC JIBA 3Tala, CBA3aHHBIX C (POPMUPOBAHHUEM TEXHOJOTHMYECKOIO U IJIAHOBBIX I'paUKOB pa-
00T.

Ha tperbem aTame, cooTBeTCTBYIOIIEM HIary BeinojHeHus npouecca PDCA, B xone BbInoJ-
HEHUSl TEXHOJIOTUYECKUX OIepaluuil ¢ 0ObEeKTOM, (QOpMHUPYIOT (PaKTHUECKHil rpaduk ornepanuii
«KaK pealn30BaHO», I KaXJ0W Oomepaluyd B KOTOPOM J00aBISAIOT (QakTHUECKOe BpeMs Hauaia,
(dakTuyeckoe BpeMsl OKOHUYAHUS, a TaK K€ MPU HEOOXOAMMOCTH MHOKECTBEHHBIE JaHHbIE IO He-
LITaTHBIM CUTYallMsIM C BPEMEHEM Haudajia ¥ BpeMeHeM UX paspemeHus [1].

Ha uyerBeprom »srame, coorBercTByromeM mary aHanuza PDCA, ¢akrtuueckuii rpaduk,
cOpMUPOBaHHBIN 0 pe3yibTaTaM padOT Ha OOBEKTE AKCILIyaTalluu, aHAIU3UPYIOTCS Ha 3aBOJIE
U3rOTOBUTEJIE B COOTBETCTBUU C OINpPEACICHHBIMU KPUTEPHUSAM OLEHKU 3((HEKTUBHOCTU BBINOJIHE-
HUS OTJEJIbHBIX TeXHOJornyeckux onepanuil. [lo pesynbraram oneHku nokazarenei 3ppexTuBHO-
CTH BHOCST HEOOXOAMMbIE KOPPEKTUPOBOK B MCXOHBIN TEXHOJOTUYECKUM Ipauk ¢ 1eNIbl0 ONTH-
MU3alMK UCIIOJIb3YEMBIX PECYPCOB, UTO COOTBETCTBYET mIary KoppektupoBku PDCA. Ontumusu-
POBaHHBIN TEXHOJIOTMUECKUN Ipauk pabOT UCHOIB3YETCs MPU MOCIEAYIOIUX paboTax Ha 0ObEKTe
SKCIUTyaTalu ¢ HoBbIM 3k3eMIuIsipoM CTO. Takum 06pazoM, OCyIIECTBIISETCS MJIAHOMEPHBII MO-
HUTOPUHI BBINIOJHEHUS! TEXHOJOTMYECKHX OIEepaluii co CTOPOHBI I'JIaBHBIX KOHCTpYKTOpoB CU
CTO c nenbio MOBBIIIEHUS KaueCcTBa MOAr0TOBKHU M 3kcIutyatanuu CTO B miemom.

PaccmaTpuBaemblil HUKINYHBINA CIIOCOO (OPMUPOBAHUS JIEKTPOHHBIX I'pauKoB paboT HA
ocHoBe 1ukia kayecrBa PDCA no3Bosisier noBbICUTh 3((HEKTUBHOCTD MOATOTOBKH M 3KCILTyaTalluu
CTO 3a cyet onTUMH3ALMH 3aTPaYMBAEMbIX PECYPCOB Ha 3Tale MIaHUPOBaHUS paboT ¢ 0OBEKTOM.

Bubimorpaguyeckuii cnucoxk
1. Croco0 ynpaBiieHHs! TIpolieCCaMH TOATOTOBKU M SKCIUTyaTAllMH CJIOXKHBIX TEXHUYECKHX OOBEKTOB M CHCTEMa IS
ero ocymecteiaeHus: mat. 2552881 MIIK GO6F 19/26 / B.1. Bezenos, A.B. Kopones, A.H. Ilpecuskos, O.I'. CBeTHu-
KOB; 3asBHTENIb W IATEHTOOOJAnaTelb AKIHOHEpPHOEe 00mecTBO «PakeTHo-kocMuueckuii 1eHtp «IIporpecc» (AO
«PKI «IIporpecc»). — Ne 2013152141/08; 3asBn. 22.11.2013; ony6u. 10.06.2015, Broa. Nel6.
2. Penun B.B., Exudepos B.I'.IlpoueccopHslii moaxon Kk ympasieHuto. MoaenupoBaHue OH3HEC-IIPOIECCOB. — 2-€
m3nanue — M.: PUA «Cranmaptel u kauectBo», 2005. — 408 c., wut. — (Cepust «IIpakTHUIECKUI MEHEIIKMEHTY ).
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YK 531.383; T'PHTH 50.03.03 . .
O CTEIIEHHX YCTOUYUBOCTHU UMITYJIBCHOU CUCTEMbI

ABTOMATHUYECKOI'O PET'YJIMPOBAHUS ITOJTOKEHUEM MACCBHI
J. Ky3un, B. ®enoposn
Psizanckuil 2ocyoapcmeennwiil paouomexHuyeckull yHusepcumem
Poccus, Pazanvw, kuzindmitry94@gmail.com

Annomayus. B nanHON paboTe paccMOTPEHO BIMSHHE MapaMeTpOB UMITYJIbCHOH CHCTEMBI pery-
JIUPOBAHMS TTOJIOKEHUEM MACChl Ha CTENEHb YCTOWYMBOCTH CUCTEMBI, COITOCTABIICHBI CTEIICHU YyC-
TOWYHMBOCTH UMITYJIbCHOW M HENPEPBIBHOIM CHUCTEM PETYIMPOBAHUS MOJOKEHUEM MacChl, MOKa3a-
HO, YTO JUISl UMITYJIbCHOW CHUCTEMBI 3aBUCHMOCTD CTEIIEHH YCTOHYMBOCTU OT KO3(UIIMEHTa yCH-
JIeHUsI TPaHC(OPMUPYETCsI B M3BECTHYIO 3aBUCUMOCTD HAINPSDKEHHOCTH TOJIST TSTOTEHUS! OT pac-
CTOSIHUS 1O IEHTPa MPHUTSHKEHHST Macc.

Kniouesvle cnosa. IMnynbCHOE peryimpoBaHue, CTEEeHb YCTOWYUBOCTH, TIOJIOKEHNE MACCHI

ABOUT THE DEGREE OF STABILITY OF IMPULSE AUTOMATIC CONTROL

SYSTEM POSITION OF THE MASS
D. Kuzin, V. Fedorov
Ryazan state radioengineering university
Russia, Ryazan, kuzindmitry94@gmail.com

Abstract. In this work the influence of parameters of pulse regulation system the position of the
mass on the degree of stability of the system, mapped the degree of stability of pulse and continu-
ous control systems the position of the mass, it is shown that for a pulsed system, the degree of
stability of gain transformed in the well-known dependence of the intensity of the gravitational
field from the distance to the center of gravity of the masses.
Keywords. Automatic control system, impulse control system, analog control system

CucreMbl UMITYJILCHOTO PEryaupoBaHus [ 1] HaXoAST npakTUYecKoe NpUMEHEeHHe Oaroaaps
POy HOJIOKUTEIBHBIX OCOOCHHOCTEH, TaKUX KaK IMOMEXO03alUIIeHHOCTh, BO3MOXXHOCTh MHOTOKa-
HaJgpHOTO ympaBieHus. B pabGote [2] pemanach 3agada COMOCTABICHUS NTWHAMHUKA UMITYIHCHOM
CAP mnonoxxeHueM Macchl 10 OJHON OCH C aHAJIOTUYHON HENpPEphIBHONW CHCTEMOM, Ie HCIOIHU-
TEJIBHOE YCTPOMCTBO MPEJACTABISACTCSA AEpPUOJUIECKUM 3BEHOM. BBIIO HAalJEHO YCIOBUE SKBUBA-
nenTHocTu 3TuX CAP. B nanHOM craThe cTaBUTCS 3ajJaya aHajdu3a M COIOCTABIICHUS AMHAMUKH
UMITYJIbCHOM ¥ HempepbIBHON CAP ¢ Ge3pIHEpIIMOHHBIM PETYISTOPOM.

CrpykTypHas cxema paccMaTpUBaeMOl CUCTEMBI IPUBeEIeHa Ha puc. 1.

Perynarop

FBD?M Fper

Wos(p) Wi(p) C

o
*

Puc. 1 — CtpykrypHas cxema paccMaTpuBaemMoil cuctembl: 113 — UMITYJIbCHBIN JIEMEHT;
Wa(p) — nepenarounas ¢pynkius puxcatopa (nareprnosistopa); C — Oe3bIHEPIIMOHHBINA Pe-
CYJIATOP.

[lepenarounas GyHKIusS HENMpepbIBHON YacTu pazoMkHyToit CAP mosoxeHnem Macchl pu
O€3bIHEPIIMOHHOM PETYIISATOPE UMEET BUJT
c

W,=——,
Ty p+1p 1)

rjae ¢ — ko3 duuueHT ycuieHus ()kecTKocTh perynupoBanusi), TII — nocrosiHHas BpeMeHH,
omnpezenseMas OTHOILIEHHEM MacChl m 00bEKTa PETryINpPOBaHUs K KOYPPUIMEHTY JeMI(PUPOBAHUS
h.

WMiynbChl ynpaBisitole CUIIbI PECTABIIAIOTCS Ceytolen QpyHKIue:

cy(mT) npumT <t<mT+T
Fy,,,,(t)z{y( ) np y
0

npumT <t <mT +Ty
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rae T — nepuon kBantoBanus; m=0,1,2,...; v — ko3 UIUEHT 3aN10JHEHUS YIPABIISIIOIIET0 UMITYJIb-

0<y<l1,.
ca ( ); y — peryaupyemasi KoopAuHaTa.
Bripaxkenue nuckpeTHoil nepenatouHoil pynkuuu paccmatpuaemoin CAP B pazoMKHyTOM

cocTosTHUM uMmeeT Buf [1]:

. T 1-e”
W' (z) :%{_yl + T }
z— z—e
)
17
e B=T|T;;z=e"
XapakTtepuctuueckoe ypapHeHue umnyiabcHoit CAP npu W*(z) Buaa (2) 3amuriercs ciie-
TYIOIIIM 00pa3zoM:

_ B
1+£{E+Teﬁ1 ¢ }0.
h 8 P

z—1 z—e 3)
VYpasuenue (3) nmpeoOpazyercs K BULLY:
22—z[1+e‘ﬂ—;((l—d)]+e"ﬂ+d;(—e"ﬂ)(:0, (4)
— BB C =
7€ BBEJICHBI CIICTYIONINE 0003HAUYCHUS d=e (e "= 1)/ (ﬁ 7/)’ x=cT 7// h.
KopHu Takoro ypaBHEHUs UIIYTCS, KaK U3BECTHO, B BUJIC:
. l+e” —)((l—d)_'_ VD
2 5)

2

2 - -
e D=220-d) —2x(1+d)1-e ")+ (1" ).
VYcnosue Hanuuus B uMiyiabcHoil CAP cTeneHu yCTOWYMBOCTH HE MEHEE 1), KaK U3BECTHO

[3], 3ammceiBaeTcs
< e_"T

; (6)

| i|max
rae |Zi|max — MaKCHMAaJbHBIA U3 KOpHEH (5) o MOIyio.

Borgenum Tpu ciydast pu peieHuu HepaBeHceTsa (6):

1. D>0;1+e” — y(1-d)<0; (7)

2. D>0;1+e” - y(1-d)>0; (8)
Torpaa (8) cBOIUTCS K HEPABEHCTBY:

2¢ 21+e” — y(1-d)+/D. (9)

3. D<0;4e™ 2[y(1-d)-(1+¢”)f - D. (10)

Cootnomrenust (6), (7) u (10) cBA3BIBAIOT CTENEHb YCTOWYMBOCTH C IMapaMeTpaMU HCCIIe-
nyemoit CAP. OnpenensiroliuM ¢ TOUKU 3pEHHs] YCTONYMBOCTH SIBJIsIETCS KO3 PUIIMEHT nepenadu ¢
(T.€. ’KECTKOCTB).

[Ipu o6o3Hauenuu ¢, =cy u3 HepaBeHCTB (7), (8) u (10) nmonyuaem:
=2nT _ _-nT -B -B
clsﬁxe _Te (l+e_)+e : (a0
T e"(l-d)+e’ -d

e —e(1+e)+e”

<—x 12

“ T —e‘”T(l—d)+e‘ﬂ—d (12)
h e —¢f

<—x—m— 13

“ T d-e”’ (13)

[Tpu ananuze coorHomenuit (11), (12), (13) Hamo yuyuThIBaTh, 4YTO KaKJ0€ U3 HUX CIpaBe.-
JIUBO B ONpPEAEIIEHHON 00JIacTH MapaMeTpoB. DTH 00JIACTH HAXOMIATCS PEHICHUEM COOTBETCTBYIO-
X HepaBeHCTB (7), (8), (10) ¢ yuerom paHee OTy4EHHOTO BbIpaykeHUsI D U BBEJIEHHBIX 0003Ha-
YeHuM d u .
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Tak, Hampumep, B ciydae [ >>1 nomycTumasi BEIMUYMHA JKECTKOCTH ONpEJeNsieTcs Hepa-

BeHCTBOM (11).
B cnyyae nocraroyHo BbICOKON 4acTOThl kBaHTOBaHUS (7'<<Tj;) cipaBeyIUBO
p<<1, nT<<1.

Torma ¢ 10cTaTOYHOI TOYHOCTHIO MOYKHO 3alucaTh
-
e‘ﬂzl—ﬂ;dzl—%;e"ﬁzl—nf (14)

C yueToMm 3TuX anmpoKCHUMalui MO>KHO POBOANUTE aHau3 HepaBeHCTB (11), (12), (13).
Cnyuait (7) u3 paccMoTpeHus UckitoyaeTcs, Tak kak ycioBus (7) u (11) mpu f<<1 u

nT <<1 OJHOBPEMEHHO BBINIOIHATHCA HE MOTYT.
Pemenue aByx npyrux HepaBeHCTB, (12) u (13), otHocurensHo 17 npu f <<1 HO3BOJISIOT
MOJIYYUTh CJIEIYIOIIYIO 3aBUCUMOCTb CTENIEHH YCTOWYUBOCTHU 4 OT NapameTpoB uMmyinbcHoi CAP:

UTS§+M_\/%_ﬁ%+% (2167/) ﬁ : (15)
irsh -9 (16)

VYcnosue (15) crnpaBemmiBo B 00J1aCTU 3HAYEHUU IMapaMETPOB, OMPEICISIEMOM, COTIacHO
(8), cooTHOIIIEHHEM

B
<=
£y

Tpu fB/4 < y <4[4—©2-1)B)/ B(2-7)* cupasenmeo yenosue (16).
Jlst ananoruunout HenpepbiBHOM CAP e€ nmepenarounas Gpyuakuus W(p) B pa3OMKHYTOM CO-
CTOSIHUU UMEET BUJL

c

W(p)=————. (17)
WT;p+Dp
COOTBETCTBEHHO XapaKTEPUCTHUECKOE YPAaBHEHHE 3aITUCHIBACTCS
C
1+W(p)=1+——=0. (18)
WT,p+Dp
Orcrona ciemyert, 4To
h c
pP+—p+—=0. (19)
m m
Kophu sToro ypaBHeHus:
h W ¢  —hx\h*—4cm
p= =ty = . (20)

2m dm*> m 2m
2
To ects ipu cnabom nemmndupoBanuu i° — 4cm < () moJiydaercs CJIEIyroIIasl CTEeleHb yc-
TOWYHUBOCTHU CUCTEMBI:

—h 1
=l—=—. 21
7 2m| 2T, @)
B ananoru4HoM cityyae UMIyJIbCHOW CUCTEMBI ObLIO:
T T*
nl=——-9" (22)
2T, 4m

OueBHIHO, UTO CTENEHb ycToMuMBOCTH mMmnyiabcHOM CAP, ompexnensemas BblpakeHHEM
(22), MeHbIIEe CTENEHU YCTOWYMBOCTH aHajioruuHoil HenpepbiBHOW CAP u mpubmmkaercs K Beu-

qHUHE l/(2T,7) npu I’ >0,y — 0.
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To ecTh cTeneHb YCTOMUMBOCTH MPU MUMITYJIBCHOM PEryIUPOBAHUN IMPUOIHMKAETCS K BEJH-
YUHE CTENEeHH YCTOWYMBOCTH aHAJIOTMYHOUM Oe3piHepiuoHHOHN HempepbiBHOW CAP npu 7 — 0,
y —>0.

TunoBo# rpaduk 3aBUCUMOCTH MaKCUMaJbHO JOCTUIA€MOM CTENEHH YCTOMYMBOCTU OT Be-
munnsl y =cTy/h umeer Bux;

g2l

X

Puc. 2. 3aBucumocTs cTeneHn ycToiauBOCTH # UMITyAbCHOM CAP OT BeIHUYUHBI ), IPONOPIMOHAIBEHON OTHOIIEHUIO
ko3 dumeHTa ycuiIeHus ¢ Kk koapuuueHty nemndupoBanus /i; T — nepruoj KBaHTOBAHUS

inT

v

Puc.3 — 3aBHCUMOCTE CTEIEHU yCTOfI‘IPIBOCTB # OT paCCTOAHUA 7, aHAJIOTMYHAas 3aBUCUMOCTH HAIIPSXKCHHOCTHU ITOJIA
TATOTCHHUA OT PAaCCTOAHUA 10 LCHTPA IMPUTAKCHUA MacC

HNutepecno, uto nosyueHnHas 3aBucuMoctb N7 (y) (puc. 2) tpanchopmMupyercs B H3BECT-

HYIO TPaBUTAIMOHHYIO KPUBYIO (pHC. 3), €CIH MpPeNOIO0KUTh, 4To B 00MacTH 3HaueHnit y > /4
K03 (ULMEHT ycuiIeHus ¢ (’KECTKOCTb PEeryJupOBaHUs) JIMHEWHO BO3PACTAET ¢ YMEHBUICHUEM pa-
mmycat, a B obmact y < 3/4 KecTKOCTh PerymMpoBaHus H3MEHAETC 0OPATHO PagHuyCy T.

Takast aHajorus UMEET MECTO TOJIBKO JJISi HUMITYJIbCHOTO PEryJUpOBaHUsI MOJOKEHUEM Mac-
CBI TIPH YKa3aHHOUW 3aBUCUMOCTH KOod(hduireHTa ycuiaeHus ¢ (AKECTKOCTH PETYIMpPOBaHus) OT pa-
nuyca. Bo3mMoxkHO, MOJydeHHBIH pe3ynbTaT OyneT IoJie3eH /sl 000CHOBaHHS COOTBETCTBYIOIIEH
TEOPUU I'PAaBUTALMOHHOTO B3aUMOJCHCTBHUSL.

Takum 006pa3zoM, B 1aHHOM paboTe MoJIydeHbl COOTHOLIEHUS, TIO3BOJISIONINE aHAITU3UPOBATh
3aBUCHUMOCTb CTENEHU ycTOoHYMBOCTH UMITylibcHOM CAP oT ee mapaMeTpoB U COMOCTaBIAThH CTEIe-
HU YCTOMYMBOCTH UMITYJIbCHON U HEMPEPHIBHOM CUCTEM PETYIMPOBAHUSA MOJIOKEHUEM MaCCHhI.

VYka3zaHbl yCIIOBHUS, IPU KOTOPHIX 3aBUCUMOCTb CTEIIEHU YCTOWYMBOCTH UMITYJIbCHON CHCTe-
MbI OT KO3(puieHTa ycuaeHHs! (KECTKOCTH PErylnpoBaHMs) TpaHCHOPMHUPYETCS B U3BECTHYIO
I'PaBUTALIMOHHYIO KPUBYIO.
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KPUTEPUU U METPUKU KAYECTBA CETEBBIX CEPBUCOB
B ITPOTPAMMHO-KOH®UT'YPUPYEMBIX CETAX
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Psizanckuii 2ocyoapcmeeniviil paduomexHuyeckull yHusepcumen,

Poccus, Pazanw, dmitryperepelkin@mail.ru
Annomayus. B pabote BBIIIONTHEH 0030p OCHOBHBIX KPUTEPUEB M METPHK KauecTBa CETEBBIX cep-
BHCOB B IPOIPaMMHO-KOH(QUTYPUPYEMBIX ceTsAX. Ha 0CHOBE MPOBEICHHOTO aHajK3a YCTAHOBICHO
BJIUSTHAE CETEBBIX ITAPAMETPOB Ha MPHJIOKECHUS, HCIIOIb3yeMbIC B CETH.
Kniouesvle cnosa. Mapmpyruzanusi, METpHKa, MPOrpaMMHO-KOH(DUTYpUpPYEMbIE CETH, KaueCTBO
CETEBBIX CEPBHUCOB.

QUALITY OF SERVICES PARAMETERS AND METRICS IN SOFTWARE

DEFINED NETWORKS
D.A. Perepelkin, M.A. Ivanchikova, V.S. Byshov, [.Yu. Tsyganov

Ryazan State Radio Engineering University,

Ryazan, Russia, dmitryperepelkin@mail.ru
Abstract. In work the review of the main parameters and metrics of quality of network services in
the software defined networks is executed. On the basis of the carried-out analysis influence of
network parameters on the applications used in network is established.
Keywords. Routing, metrics, software defined networks, quality of services.

BoicTphlit pocT u pa3BuTHe nporpaMMHo-koHpurypupyemsix cereit (IIKC) u pazButue tex-
HOJIOTUM TepeJjaud JaHHBIX 3aJal0T BBICOKHE TpeOOBaHUS K KaueCTBY OOCIYKMBAaHUS CETEBBIX
npwioxxenuid (Quality of Service, QoS), BBICOKOCKOPOCTHOMY M HaJEKHOMY OOMEHY JTaHHBIMH
MEXAY y3J1aMH TeJIEKOMMYHUKAMOHHONW CHUCTEMBI MIPH KECTKUX TPEOOBaHMX K 3a/IepiKKaM Iepe-
naun nHopmarmu. TouHOE OlpesieeHre ONTUMAIbHBIX MapUIPYTOB MEepeAayu JaHHbBIX TO3BOJISET
noepxkuBath [IKC B HE0OX0IMMOM JI71s1 TIOJIB30BATENISI COCTOSTHUU.

Ompenenenrue mMapuipyra — 3TO BBIOOp MOCIEIOBATEIBHOCTH TPAH3UTHBIX Y3JIOB M UX WH-
TepdericoB, Yepe3 KOTOPbie HEOOX0IUMO MepeaBaTh JaHHbIC, YTOOBI JOCTAaBUTh UX aapecary. On-
peneneHre Mapuipyra J0BOJbHO CIIOXKHAs 3a/1a4a, OCOOEHHO Korja KOH(Urypamus ceTu TakoBa,
YTO MEXJy Mapoi B3aMMOJICUCTBYIOIIMX CETEBBIX MHTEP(PEHCOB CYIIECTBYET MHOMXKECTBO IyTEH.
Yaiie Bcero BbIOOp OCTaHABIMBAIOT HA OJTHOM ONTUMAJIbHOM MO0 HEKOTOPOMY KPUTEPHUIO MapuIpy-
Te. B KauecTBe KpUTEpUEB ONTUMAILHOCTU MOTYT BBICTYNAaTh, HAIPUMEP, BPEMsI U HAJEKHOCTb
JOCTAaBKM JIaHHBIX MOJy4yaTesto 1o BelOpaHHOMY MapuipyTy. Ha mpaktuke i cHuXKeHHUs o0bema
BBIYMCIICHUN OrPaHUYUBAIOTCS TOMCKOM HE ONTUMAJIbHOTO B MaT€MaTH4YE€CKOM CMBICIIE, a PalHo-
HaJIbHOIO, TO €CTh OJU3KOr0 K ONTUMAJIbHOMY MaplIpyTa.

3anaya BbIOOpa emie Oosiee yIpouaeTcs 3a CUeT TOro, YTo IpU aHaJIu3e KPUTEpUsl ONTUMH-
3allMM YYUTBIBAIOTCS JAJIEKO HE BCce (aKTOPbI, BIUAIOLIME HA 3TOT KpuTepuidl. Hampumep, ecinu uc-
KaTh CaMbli JY4IIUN C TOUYKH 3pEHHUS] BPEMEHM JOCTaBKU MapIIPyT Mepeladd AAHHBIX, Ha BpEeMs
JIOCTAaBKH CKa3bIBAIOTCS TONOJIOTHS CETU (KOJMYECTBO TPAH3UTHBIX Y3JI0B, KOTOPbIE JOJLKHBI IIPOH-
TH JAaHHbIE), CKOPOCTHBIE XapaKTEPUCTUKHU KaHAJIOB CBS3H, UX 3arpyKEHHOCTb, HAa/IEKHOCTh KaHa-
JIOB ¥ TPAH3UTHBIX YCTPOMICTB, a TAK)KE€ MHOTHE Ipyrue GakTopsbl.

B nacrosimee Bpems B IIKC npumeHsitoTcs aaropuTMbl MapLIpyTH3alii, B KOTOPBIX Map-
HIpYT BBIOMpAETCs MO0 KPUTEPHUIO KpaTdaiiiero paccrosiHus. [Ipu atom paccTosiHue usmepsiercs B
pa3IMYHbIX MEeTpUKax. MeTpuka — 3T0 Mepa, UCIOJIb3yeMas allrOPUTMOM MapUIpyTHU3aLUK JJIs BbI-
YHCJIEHUS] HaWIy4llIero MyTH K JtoOoMy MecTy HazHaueHus. Kaaplii anroputM MapuipyTu3anuu
MOJKET HCIOJIb30BaTh pa3iuyHble MeTpuku [1]. Yaie Bcero ucnosb3yeTcs mpocreiiias MeTpuka —
KOJIMYECTBO XOIIOB, TO €CTh KOJUYECTBO MapUIPyTH3aTOPOB, KOTOPbIE HYKHO IMPEOJI0JIETh TIOTOKY
JAHHBIX J0 CETH Ha3HaueHUs. B kauecTBe METPUK MPUMEHSIOTCS TaKXKe MPOMYyCKHAasi CIOCOOHOCTh
Y HAaJIe)KHOCTh KaHAJIOB, BHOCUMBIE UMHU 33JI€P>KKU U JTF0ObIe KOMOMHALIMU 3TUX METPUK.

B 3aBucumoctu or THna Tpaduka, BaXKHOCTb TOIO WM MHOTO KPUTEPHS YBEIMYHUBAETCS
(Tabmuma 1).
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Tabnuna 1. UyBCTBUTENBHOCTH CETEBBIX NMpuiiokeHni k QoS-napamerpam [TKC

YpoBeHb YyBCTBUTEIHHOCTH CETEBBIX MPHIOKEHHUIN
K KpuTepusM kauectBa cepruca (QoS)
Tun tpaduxa ITapamerp 1. |I[lapamerp 2.| Ilapamerp 3. Tapaverp 4.
IIponycknas | 3agepxka | IlpoueHT morepsb
crocoOHOCTh | mepenaun | makeroB (Packet HX(,HTTep
(Bandwidth) (Delay) Loss Rate, PLR) (Vitter)
T'onocosoit Tpaduk (VoIP) Very low High Medium High
OnexrponHast kommepuus (E-commerce) Low High High Low
DnekTponHas moura (E-mail) Low Low High Low
[MocTosausit mouck B cetn (WEB, curnanusarms) Medium High High Low
O6wmeH ¢atitos (HTTP, FTP) High Low Medium Low
ITorokoBoe Buzeo (Streaming media) High High Medium High
Mynerukactunr (Multicasting) High High High High

Kputepuu xauectsa ceppuca win QoS-napamerpsl B [IKC paccmaTpuBaroTcs ¢ IByX TOUYEK
3pEHHSI: TIPOU3BOIUTEIHLHOCTH M HA/IS)KHOCTH. [IpON3BOINTENIEHOCTD MTOIPa3yMEBAET IOCTABKY I1O-
TOKOB JaHHBIX B TEUCHHE 3aJaHHOTO MHTEpBasia BpeMeHU. KirtoueBbIMU mapaMeTpaMu MMPOr3BOIH-
TENBHOCTHU SIBJISIFOTCS: 3aJepiKKa Iepeauu, [JUKUTTEp, MPOITycKHas criocoOHocTh. HanesxxHocTh on-
penenseTcss TOYHOCTHIO MePEeJaHHbBIX JAHHBIX W MPOIICHTOM OTEPSHHBIX ITAKETOB.

QoS-mapmipyruzanust  obGecrieunBaeT  BbIOOp — MapuipyTa  CiI€JOBaHMs,  KOTOPBIH
VIIOBJIETBOPSET TpPEeOOBAaHUSAM K KadeCTBY OOCITY)KHBAaHHS KOHKPETHOTO TMOTOKA JaHHBIX.
Bri6upaemplii MapmipyT MOKeT OTJIM4aThcs OT Kpardaiimiero mapmipyra. IIponecc ompenenenus
MapIipyTa MpearnoiaracT 3HaHue TPeOOBaHNH K KaueCTBY CEpBHCA CO CTOPOHBI IMOTOKA JaHHBIX U
HaIMYHEe WHPOPMAMK O JOCTYIHBIX CETEBBIX pecypcoB. Kak mpaBmio, mpu ompeneseHUH
ONTUMAJBHOrO Mapuipyra B  QoS-mapuipyrusanuu yuuTbiBaeTcss JuOO OJHA  ceTeBas
XapaKTEepHUCTHKA (MPOITyCKHAasl CIOCOOHOCTh KaHalla, 3aJiepKKa Mepeiadn), Tu00 X COBOKYITHOCTh
(IporrycKHasi CIOCOOHOCTh M 3aJlepiKKa, 3a/ep’KKa W IMPOILEHT TMOTEpU MAKeTOB W T.J.), BMECTE
obpasyromux QoS-merpuky [2].

B coBpemennbix [TIKC minpoko npuMeHsIOT U UCTIONB3YIOT cienytomue QoS-MeTpuKH.

1. OSPF-Cost Metric — MeTpHKa, ucnojibzyemasi B crangaptom npotokosie OSPF (Open
Shortest Path First). B npotokone OSPF BbiOop onTHMalbHOTO MapiuipyTa ONpeaeisercs 1o ajaro-
putMy JleHKCTphl. DTa METpHKa, OIEHUBAIOIIAS IPOIYCKHYIO CIIOCOOHOCTh KaHala, OTpeIeNsieTcs,
HanpuMep, komnanuend Cisco, Kak KOJMYECTBO CEKyHI, HeoOxomumoe mis nepenadun 100 MOwur.

Nmeercs cnenyromas Gopmyia Ui BIYUCIEHUS METPUKU JOCTAaBKH MH(POpPMAIMU Yepe3 KaHAaJIbI
TIKC:

OSPF-Cost Metric = 10°/ Bandwidth. (1)

B nportoxone OSPF wucnonedyercss mpuHLMII KOHTpOJiA cocTosiHus KaHana (link-state
protocol), a mMeTpuka mpeAcTaBiIseT coO00i ONEHKY 3((HEKTUBHOCTU CBS3M B ITOM KaHaje: 4yeM
MeHbIIIe METpHKa, TeM 3(QeKkTuBHee opraHu3alms CBsA3H. B mpocteiimem cirydyae MeTpuka map-
HIpyTa MOXKET paBHATHCS €ro JuinHe B nepechblikax (hops). Ho B o01em ciaydyae 3HaueHUS METPUKU
MOTYT OIpeNeNsIThCs B ropa3no 6osee mupokoMm nuanaszone. [pumepst QoS-merpuku OSPF-Cost
st ucrionb3yembix B [IKC kaHanoB nepenadu mOTOKOB JaHHBIX MPUBEICHBI B TA0I. 2:

Ta6muma 2. Merpuxku OSPF-Cost

HanMeHoBaHMe KaHAJIA IIpomyckHast cCIOCOOHOCTH KAHAJIA MeTpuka KaHajga
Kanan 1 100 Mobwur/c 1
Cerb Ethernet / 802.3 10 M6ur/c 10
Tpaxt E1 2,048 Mowur/c 48
Tpakr T1 1,544 Mowurt/c 65
Kanan 2 64 Kour/c 1562
Kamnan 3 56 Kourt/c 1785
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2. Delay Metric — MmeTpuKa, SKBHBAJIEHTHAas COOTBETCTByoLleMy QoS-mapamerpy —
3aACPKKHU MEPCAaYr ITIOTOKOB JaHHBIX, HSMepﬂeMOﬁ B MUJUIMCCKYHOAX.

Delay Metric = Delay. (2)

3agepKKa onpenessieTcss Kak BpeMs (£, - 1)) MEXIy IBYMsi COOBITUSIMHA — BBOJIOM ITaKETa BO
BXOJIHYIO TOUYKY CETH B MOMEHT t| U BBIBOJIOM I1aKE€Ta U3 BBIXOJHOW TOUKHU CETHU B MOMEHT tp, I
(b > t)u (& - t1) <= Thax. B 00Omem, mannsiii QoS-napameTp onpenensieTcs Kak BpeMs JOCTaBKH
MIAKETOB MEX/y MICTOYHUKOM M TMOJIydaTesIeM JUIsl BCEX MAKETOB — KaK YCIIEIIHO MepeJaHHbIX, Tak U
¢ omubkamu. PeueBas uHpopManus M, OTYACTH, BHUJICOMHPOpPMAIUSA SBISIIOTCS MpPUMEPAMU
Tpaduka, YyBCTBUTEIBHOIO K 3aJiepKKaM Iepenadn naHHbIX. Korga 3anepikka OCTaBKU IakeTa
MIPEBBIILIAET OINpEAEiICHHbIE 3HAYEHUS Tmax, TaKue MakeThl OTOpachiBaroTCs. B mpuioxkeHusx
peansHOTO BpeMenu (VolP) sTo BeneT k yxymameHuro kadecTBa peund. OrpaHu4YeHUs], CBI3aHHBIC C
3TUM NapaMeTPOM UIparOT KIIOYEBYIO POJIb JUIsl YCIEUIHOTO BHEAPEHUS MPUIIOKEHUIN PeabHOTOo
BpeMEHU. OTOT NapaMeTp BO MHOIOM OIpEAEsieT TOTOBHOCTh I0Jb30BaTeNell MPUHUMATh
0100HbBIE PUIIOKEHUSI.

3. LARAC Metric — B NaHHOW METpPUKE NPOITYCKHAs CIOCOOHOCTh MOXKET OCTaBaThCSA
HEU3MEHHOM, a BIHUSHUE 3aJCpXKKU IepeJadyd BapbUPYyeTCs B 3aBUCHUMOCTU OT YIPaBIISIIOIIETO
koa¢p¢unuenta. JlanHasg MeTpuKa IMpUMEHseTcsl Mpu paboTe C TaKUMHU BUJaMH Tpaduka, Kak
AJIEKTPOHHAST KOMMEPIIHS, TOCTOSIHHBIA MMOUCK B CETH, MMOTOKOBOE BUAeco  T.1. Metpuka LARAC
BBIYUCIISIETCS TI0 CIEAYIOMIEeH popMyIie:

LARAC Metric = Bandwidth + A * Delay, 3)

rae A — ynpaBiastomuii Ko3GUIIHEHT.

4. LARAC-Cost Metric — MeTpuka, TJe BIMSHME OJHOTO U3 ABYX QoS-mapamerpos:
3aJIepKKM Tepeayd WM MPOLEHTa MOTEepH MAaKEeTOB B KaHaje CBSI3M IpPeoOsafaeT Hajd JIPYTHM.
[IpouieHT moTepu NaKkeToB ONpPeAEAeTCs] KaK OTHOILIEHHE CyMMAapHOTO YKCIIa OTEPSHHBIX TAaKETOB
K 00lIeMy 4Yuciay NepellaHHBIX U IPUHATHIX MaKeTOB. DTH NOTEPU BO3HUKAIOT B CETSAX B TOM
cllydae, €CiM 3HaueHHe 3aJiepXKeK MpHU UX Iepefadye MPEeBbIIIaeT HOPMUPOBAHHOE 3HaU€HUE Tmax.
Cpenu nmpuUyuH, BBI3BIBAIOIIMX MOTEPHU MAKETOB, HEOOXOAUMO OTMETUTh POCT Oyepeneil B y3iax
CEeTH, BO3HUKAIOUIUX [IPU NEperpy3ke KaHAJIOB CBs3U. JlaHHAs METpUKa XapaKTepU3yeT TaKUe BUJIbI
Tpaduka, Kak AJIEKTpOHHAs modurta, oomeH (aitnamu u T.1. Metpuka LARAC-Cost HaxoauTcs 1Mo
COOTBETCTBYIOIICH dopmyre:

LARAC Cost Metric = (1—9) * Delay + 0 * PLR, 4)

T7i€ 0 — YIPaBIAIOMINN KO3 UIIUEHT.

5. Composite Metric — MmeTpuKa, yIUTHIBAIOIIAsI MHOKECTBO pa3audyHbIX QoS-mapameTpos.
CyIecTBYIOT pa3IMIHbIC CIIOCOOBI HAXOXICHUS JAHHOW METPUKH, CAMBIM PacIpOCTPaHECHHBIM U3
KOTOPBIX SIBJISICTCS KOMOWHAIIMS BBINIC YKa3aHHBIX KpHTepHeB. KoMIo3uTHas MeTpuka OOBIYHO
YCTaHABIIMBACTCSA BPYYHYIO aJIMHUHUCTPATOPOM CETH W, B OCHOBHOM, CIYXKHUT JUIS OTJIQJKH
KOPPEKTHOH pabOTHI aJITOPUTMOB MapIIPYTHU3AINH.

Hcnosb30Banre BhINIEyKa3aHHBIX (QOS-METpPHK 00CCIeUnBaAOT TpeOyeMbIe ITOKa3aTelu
KadecTBa cepBuca NMpH A(PGEKTUBHOM HCIIOJIB30BaHUH PECYpPCOB CETH Juiss OOJIbIIOro Habopa
Pa3IMYHBIX TMPWIOKCHUH, BKJIIOYAs, W HaWOOJee KPUTHYHBIC MYJIbTUMCIUIHBIC MPHIIOKCHUS
pearbHOTO BPEMEHH.

Paboma evinonnena npu gunancoson noodepocke epanma Ipesuoenma PD 0nst MoOI0ObIX YUEHbIX —
kanoudamos Hayk MK-6016.2016.9 u epanma PODOU 16-47-620300 p_a.
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ABTOMATU3ALUA TIPOEKTUPOBAHUA MAPIIIPYTHO-OIIEPAIIMOHHBIX
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Annomayusi. B craThe paccMaTpHBaeTCS METOIOJOTHsI aBTOMATHYECKOTO CHHTE3a MapIIpyTHO-
OIEPAIMOHHOT0 TEXHOJOTHUECKOTO IMpollecca COOPKH MevaTHeIX miaT B cucteme T-Flex TexHo-
qorus. IlpuBogurcs ¢opma omucanus HHOOPMAIMOHHONW MOJEIH HAa OCHOBE KOHCTPYKTHBHO-
TEXHOJIOTHYECKUX JIEMEHTOB, Kak 0a3a i opMai3aiyy alrOpUTMa CHHTE3A.

Kniouesvie cnosa. MapipyTHO-OIIEpaIlliOHHAs TEXHOJIOTHS, aBTOMATHU3alUsA IMPOCKTHPOBAHUS,
CAPP-cucrema, na(popMaIMOHHAS MOZEIb, KOHCTPYKTHBHO-TEXHOJOIHUSCKUE STIEMEHTEHI.

COMPUTER AIDED DESIGN OF ROUT AND OPERATIONAL
TECHNOLOGICAL PROCESSES OF ASSEMBLY OF PRINTED CIRCUIT

BOARDS IN CAPP-SYSTEM T-FLEX TEXHOJIOI'USA
0.V. Milovzorov

Ryazan State Radio Engineering University,

Ryazan, Russia, milovzorov_542@inbox.ru
Absract. In article the methodology of automatic synthesis of route and operational technological
process of assembly of printed circuit boards in the Technology T-Flex system is considered. The
form of the description of information model on the basis of constructive and technological ele-
ments as base for formalization of a synthesis algorithm is given.
Keywords, Route and operational technology, design automation, CAD-system, information mod-
el, constructive and technological elements..

Onucanue TEXHOJOIMH IPOU3BOJCTBA Ha OCHOBE MapIIPyTHO-ONEPALUOHHBIX TEXHOJIOTH-
YEeCKUX IPOLIECCOB SBISETCS XapaKTEpHOW cHenupuKONd pPOCCUICKOTO MAaIIMHOCTPOUTEIHLHOTO
IIPOM3BOJICTBA. MaplIpyTHO-ONIEpALIMOHHAS TEXHOJIOTUS TPAAUIIMOHHO CTaja OCHOBOM JUIsl IIJIaHH-
pOBaHMsS BCEro MPOM3BOJACTBEHHOTO IIPOLIECCa, B CBSI3U C YEM BHEJPEHHE CAMbBIX Pa3IUYHBIX
CPEICTB U CUCTEM JUIsSl €ro aBTOMaTH3alii B 0003puUMOM OyayllleM He MPUBEAET K 0TKa3zy OT pas3-
paboTKU MapUIPYTHO-ONEPALMOHHON TEXHOJOTUYECKON HOKYMEHTAllMU B BUJE PA3IMYHBIX TUIIOB
texHojoruyeckux kapt. CAPP-cucremsbl, obecrneunBaroiue aBTOMaTH3UPOBAHHOE MPOEKTHUPOBA-
HUE TEXHOJIOIMYECKON TOKYMEHTAIIMH 3TOr0 TUIIA TaKXKe TPAJIULMOHHO TOJIBKO POCCUMCKHUX pa3pa-
00TYMKOB, 3a uckiItoueHueM oenopycckoir CAPP-cucremsl Intermech.

B HacTosiiiee Bpemsi Ha MPEANPUATUSX NPUMEHSETCA, TJIaBHBIM 00pa3oM, J1MajoroBblil Me-
TOJ MPOEKTUPOBAHUS TEXHOJIOTMYECKON JOKYMEHTAIMH, YTO O0YCIOBJIEHO MCIOJIb30BAHUEM YHH-
¢unupoBanubix CAPP cucrem, Takux, kak Beprukanb, Adem Texnonorus, Sprut TexHonorus, yxe
ynomsiHyTasi Intermech. Cpenu yHUQUIIMPOBAHHBIX CUCTEM OTJIEIBHO MOXHO BBIJECIUTH CUCTEMY
T-Flex Texnonorus [3, 4, 5], conepxarryto B ce0e TOMAMO IHUAJOTOBBIX CPEACTBA JJIsi aBTOMATH-
YECKOT'0 CMHTE3a MapIIpyTHO-OTIEPAIIMOHHBIX TEXHOJOTHYECKUX TporieccoB. B [1, 2, 6, 8] onucana
METO/I0JIOTHSI aBTOMAaTHYECKOI0 MPOEKTUPOBAHUS TEXIIPOLIECCOB MEXaHWYECKOM 00paboTKU Ten
BpAIllEHUs] U KOPILYCHBIX JleTayie. PaccMOTpUM BO3MOXKHOCTH NMPUMEHEHHS TaHHOM METOJ0JI0r M1
JUIs aBTOMAaTHU3allMM IPOEKTUPOBAHUS MapLIPYTHO-ONEPAIIMOHHBIX TEXHOJOTUYECKUX IMPOIIECCOB
coopku nevatHbix miat Ha ocHoBe CAPP-cuctemsr T-Flex Texunomnorus.

Tunosoit Texnpouecc cOOPKH MEYaTHBIX IJIAT MOXKHO OMUCATh MOCIIEI0BATEIBHOCTBIO Clie-
OYIOIIUX ornepanui [7]:

1. KoMmiekToBOYHas Oreparusl.

. Bxonnoit koutposis UMC u OPD.

. BXO1HOI KOHTpPOJIb ME€YaTHOM TJIaThI.

. @opMOBKa U 00pe3Ka BbIBOJIOB 3JIEMEHTOB.
. JIyxxenue BoiBojjoB UMC u OPD.

. [loaroToBka neyaTHOM IJIAThl K MOHTAXY.

. YCcTaHOBKa 3JIEMEHTOB Ha NI€YaTHYIO IJIaTy.
. @arocoBaHue.

01N Wn B~ W
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9. Iaiixka.

10. Y nanenwne ¢uroca.

11. KoHTpousb KauecTBa NalKH.

12. Hanecenue H30IMPYIOMIKUX MOKPHITHH (JTaKUPOBKA).

B ykxazaHHy10 mocneaoBaTeabHOCTh B 3aBUCUMOCTH OT CEPUMHOCTH MPOU3BOJICTBA U, COOT-
BETCTBEHHO OOJIbIIIEH MJIM MEHbIIEH CTENEHHU MPUMEHEHHsI pyYHOTO TpyJa MOHTaXXHUKOB WM aB-
TOMaTU3UPOBAHHOTO 000PYIOBaHUs, BO3MOXKHO OoJjiee MOJApOoOHOE OMHCaHHUE TeXMpolecca C BHeE-
CEHHEM JOTOJIHUTEIbHBIX TEXHOJIOTUYECKUX onepanuil. Tak, HanpuMep, BO3MOKHO BBEJIEHUE OIle-
paruil 3aKperseHus COeIMHUTENEN, HaKJIeHKH Ha NI€YaTHYIO IUIaTy U30JUPYIOIIUX MPOKIaJI0K MO
NMC, 3akperuienust (npukieusanusi) UMC, BBeneHHe onepaiyuy Mo yCTaHOBKE JIETIECTKOB U Jpy-
rue. Onepanuu /Ui KOHKPETHOTO TeXIpouecca COOPKU IEKTPOHHOTO MOyl OyAyT OIUCHIBATHCS
OTEepallMOHHOM TEXHOJIOTHEH, CoiepKalllel MTOCIIEA0BATEIbHOCTh TEXHOJIOITMUECKUX ITEPEX00B.

Ecnu oTnenbHble onepanuu Beerja BXOAAT B TEXIIPOLIECC, TO HEKOTOPhIE OYAyT BXOIUTh B
3aBUCHUMOCTU OT OCOOEHHOCTEH KOHCTPYKIMH MeYaTHOM aTbl. @OpMUPOBAHNE KOHKPETHOTO TEX-
npouecca ocyuiectBisierca cuctemoil T-Flex TexHonorus myrem oT60pa U3 MHOKECTBA OIeparuii
0000IIEHHOM CTPYKTYpHI TeXIpoliecca COOPKHU SJIECKTPOHHBIX MOAYJICH, B KOTOPYIO HEOOXOIMMO
BBECTH MaKCHMAaJIbHO paclIMpEeHHbIN Habop cOOpouHbIX omnepanuil. /laHHbI HaOOp MOXET OBITH
MOJIyY€H IMyTeM aHalM3a TEXIPOIECCOB COOPKU OTPAHMUYEHHOTO YHCIIAa 3JEKTPOHHBIX MOIYIEH,
peayin3yeMbIX JTaHHBIM LIEXOM WM y4acTKOM. B0o3M0OXHO (opmMupoBaHuE HECKOJIBKHUX 0000IIEH-
HBIX CTPYKTYP JUIsl MOJYJIEH, OTJIMYAIOUIUXCS IPUHIIUIHATBHBIMUA OTJIMYUSAMH, HallpUMEp, HAIUYH-
€M WJIM OTCYTCTBHEM MOTOYHBIX y3510B. IIpu oT60pe HEOOXOAUMBIX AJIs TeXIpolecca COOPKU KOH-
KpPETHOTO 3JIEKTPOHHOTO MOJYJIS ONepaluii OCyIIeCTBIISIETCS aHaIU3 €ro KOHCTPYKIIMH Ha OCHOBE
nH(OPMALIMOHHONW MOJIETH.

O06001IeHHYI0 CTPYKTYPY OOIIEro TEXHOJOTHYECKOTO Mporecca COOPKHU MPECTaBUM KOP-

o (6]
tesxeM Mo u3 K 0606mieHHbIX TexHOIOrnYeckux omepanuii Oy :

o) o) o) o)
M0:<Ol’ D geees k""’OK>’
) (6]
rae kaxnast u3 onepaunii Oy B CBOIO 0Yepeb ONMCHIBACTCS KOPTEKEM 00OOIICHHBIX TEXHOIOTH-

(6]
4eCKHX MepexooB Py :
o) o) o) o) o) o)
Ok :>Ck :< lk’PZk""’PSk""’PSk>'

Kaxk 6pu10 mokazano B [1, 6, 8], ocHOBOM a5t yHU(HUKAIIMKA aBTOMATHYECKOTO CHHTE3a Map-
HIPYTHO-OTEPAI[MOHHOTO TEXIIPOIIEcCa CTAHOBATCS KOHCTPYKTUBHO-TEXHOJIOTUYECKUE 3IIEMEHTHI
(KTD), Ha OCHOBE KOTOpBIX BBINOJHSAETCS (OpMUPOBaHHE HWHGOPMALMOHHOW MOJAEIH OOBEKTa
MIPOEKTUPOBaHUS (B MEXaHOOOpaOOTKE — JeTalu, a HallleM CIy4ae — AJIEKTPOHHOIO MOIYIIS).

(6] o
O6o61meHHbIe mepexobl P, B 0000MEHHONH CTPYKTYpe pas[elsioTcsl Ha JBa OCHOBHBIX KIIacca:

IIepexobl, BCEr1a BXOIIIUE B JIIOOOH TEXIPOLECC, U NEPEX0/bl, BXOSIIUE B TEXIIpoLEece COOpKU
OTJENBHBIX MOIyNel. Takue nepexoapl CoAepKaT yTOUHAIOUYI0 HH(POPMALIUIO, KacaroIlyoCs 0CO-
OeHHOCTel Texmnpolecca cOOPKU KOHKPETHOIO IEKTPOHHOro Moayins. K nepexoam nepBoro kiac-
ca OTHECEM Takue Iepexojpl, Kak, «KoHTpoinpoBaTh neyaTHyio miaty», «CylmnuTh 3JIeKTPOHHBIN
MOJ1yJb I10CJIE JJAKUPOBKI» U T. II.

K mepexonam BTOpOro Kiacca OTHECEM TaKHe Iepexojibl, Kak «lIpukiaeuts nuinexrpuye-
CKHC IPOKIIAJIKKM Ha MO3UIMOHHBIC MECTa (J:[anee MNEPCUCHb MO3MIHUOHHBIX MGCT), YCTaHOBUTH Ha
nevarnyto miaty UMC (nanee HaumMeHOBaHMS) Ha MO3UIMOHHBIE MECTa (Jjajiee MEepeuyeHb MECT).

(o}
[TomoGHbIE 00OOMIEHHBIE NMEPEXOIBI L) TPUBA3BIBAIOTCA K KOHCTPYKTUBHO-TEXHOJOTHYECKAM

3JIEMEHTaM U BBIOMPAIOTCA U3 0000IIEHHON CTPYKTYphl B KOHKPETHBIN TEXIIPOIIECC MPU HAJIUYUU B
MH(OPMaLIMOHHON MOJIETN 00BEKTAa COOTBETCTBYIOIIEr0 HeHyeBoro KTO.
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Takum o0pazom, ans npuMeHeHus uHctpymentapusi cuctemsl T-Flex Texnosorust mist aB-
TOMAaTUYECKOTO CHHTE3a TEXITPOIIECCOB COOPKH 3JEKTPOHHBIX MOAYJIEH HeoOxoamma pa3paboTka
cucrembl KT3. Jlns texnpoiieccoB MexoOpabOTKH 0COOEHHOCTH MapIIpyTHO-ONEPALMOHHON TeX-
HOJIOTUM CBSI3aHbI, MPEXJIE BCEro, C yKa3aHHWEM II0CJIE[0BATEIbLHOCTH OOpPaOOTKU TE€X WM HHBIX
MIOBEPXHOCTEN U MOJIY4aeMbIX B PE3yJbTaTe pa3MepoB M KauecTBa NoBepxHOCTU. OTCI0]a U COCTaB
KTD nnpopmanoHHONW MOEIN ONpeenseTcs, IIaBHbIM 00pa3oM, IepeYHEM ITUX ITOBEPXHOCTEH
— TaKUX, KaK «HapyXHas [MWINHIPUYECKas», «OTBEPCTUEY, «OOKOBas MJIOCKAs», «KapMaH», «a3» u
mp.

B otimune ot Mmonenu aeranu MHGOpPMALMOHHAS MOJEIb 3JIEKTPOHHOTO MOAYIA P 10KHA
coJiep’kaTh HAbOP AIEMEHTOB, MMO3BOJISIOUINX BBINOJIHUTH BHIOOP M3 0000IEHHON CTPYKTYpHI Tpe-
OyeMbIX COOPOYHBIX MEPEXOJ0B, MPU 3TOM TEXHOJOTHYECKOE NeHCTBUE (II€peXoj) — YCTaHOBKA,
IIPOBEpKa, HaKJIelKa, MpUIlauBaHue U JIp. — HE TpeOyeT MOBTOPEHUM, Kakre 0ObIYHO HEO0OXO0 MBI
U1 00pabOTKU MOBEPXHOCTHU ISl TOCTHKEHUS TpeOyeMOoil TOUHOCTH.

[IpencraBuM HMHGOPMALMOHHYIO MOJENb JIEKTPOHHOIO MOJYJS KOMILJIEKCHBIM MHOKECT-
BoM [/Mp texnonornueckux anemeHToB KTE;, o0miee uncino kotopbix — /. Kaxkapiit KOHCTPYKTHBHO-
TEXHOJIOTUYECKHI 3JIEMEHT, B CBOIO OYepe/ib, TAaKXKe MPEACTABISIETCS MHOXKECTBOM U3 J mapamer-
pOB:

1 J
IM, =\ JKTE;;  KTE,=|]Jp,.

i=1 j=l
(o}
O6o6mennble nepexonasl Py , npusssanusie k KTD;, npecTaBisiorcss B yHUQHIMPOBAH-

HOM BH/JIE€ C MCIIOJIb30BaHMEM IIA0JIOHOB TEKCTOB MIEPEXOJOB C pa30MBKOIl 11a0JI0OHA HA OTAEIbHbBIE
¢parmenThl. parMeHThl, B CBOIO OUYEPE/Ib, IPUBSA3BIBAIOTCS K IEPEMEHHON, KOTOpPasi COOTBETCTBY-

eT opHoMy u3 napamerposB KTO; - p aj - [Ipu GopmupoBaHuM KOHKPETHOTO Mepexoja MapUIpyTHO-

OTEPAllMOHHOMN KapThl OCYLIECTBIISETCS MPUCBOEHUE MEPEMEHHBIM 1a0J0HA YUCIEHHBIX MM TEK-
CTOBBIX 3HAUYEHHWW Ha OCHOBE COOTBETCTBYIOIIMX mapameTrpoB KTDi mHpopManmoHHOW Moaenu
AJIEKTPOHHOTO MOAyJA. Hanuuue nprcBOEHHOTO 3HAYE€HUS (YMCIEHHOTO WJIM TEKCTOBOI'O) JaHHOM
MIEPEMEHHOM SBJISIETCSl IMPU3HAKOM BbIOOpa JaHHOrO (pparMeHTa B TeKCT nepexoaa. OTcyrcrBue
MIPUCBOCHHOTO 3HAYCHHS MEepEeMEHHON BO3HHKaeT, koraa y KTD1 oTcyTcTByeT maHHBIM mapaMmerp.
OTO SKBUBAJIEHTHO TOMY, UYTO JAaHHOE TEXHOJOTMYECKOE YTOYHEHHE, COJIepiKalleecs B Mepexoe,
MOJKET OBITh IPOMYIIEHO U (hparMeHT 11abJIoHa B KOHKPETHBIN Mepexo TEXIpoIiecca He OMaaeT.

Ha6op KTD pomkeH oJHO3HAYHO OMPENENsITh COCTaB ONEpaluid W MEPEXOA0B OymyIIero

Texmporuecca, a Habop mapamerpos p,; KTO;. momken obecrneunBats 4eTkoe pOPMUPOBAHHE BCEX

TEXHOJIOTUYECKMX YKa3aHUM W HHPOpManuu Uil OJHO3HAYHOIO OINHUCAaHUS MapUIPyTHO-
OIIEPALIMOHHOTO TEXHOJIOTNYECKOT0 IIpoLecca.

PaccmoTpum noapo6uee npuHuns! Gpopmuposanus komiuiekta KTO. B kauectse KTO s
MH(OPMALIMOHHONW MOJIENH MPEXkIe BCEro He0OXOIUMO MCIOIb30BaTh YKPYITHEHHBIA TUI 3JIEMEH-
TOB B COOTBETCTBUU C MEPEYHEM IIEMEHTOB AJIEKTPOHHOI'O MOJYJIS, YCTaHABIMBAEMbIX Ha ILIATY:
coenunutenu, UMC, nuckperHble 3J€MEHThl — TPaH3UCTOPbI, AUOAbI, PE3UCTOPHI, KOHIEHCATOPHI,
pelie, a TaK)Ke MOTOYHBIE AJIEMEHTHI — TPaHC(OPMATOPhI U JPOCCEIIH.

[1nanapHbie 371€MeHTHI, KaKk MPaBUJIO, Mepes MaiKol TOJKHBI ObITh 3aKpPEIUIEHbI Ha IaTe
(TIpUKIIEeHBI), B TO BpEMsI KaK JUCKPETHBIE 3JIEMEHTHI CO MITHIPEBBIMU BBIBOJIAMH MOTYT IIPEIBAPH-
TEJIbHO HE 3aKPEIUISIThCS.

[Tockonbky kaxabii KTO sBasercss mHCTpyMEeHTOM BbIOOpa mepexoja U3 0000IIeHHOM
CTPYKTYpPBI B KOHKPETHBIN Texmporecc, B Ha0op KTD momkHb! ObITH BBEACHBI AJIEMEHTHI, HE BXO-
JSIIIME B TIEPEYeHb IEMEHTOB, HO BXOJSIINE B ClIEHU(UKALINIO — KPEIEKHbIE 3JIEMEHTbI, TUAJIEK-
TPHUYECKHE MPOKIIAIKH, UACHTH(PHKAIIMOHHBIE TPEOCHKH, KOHTAKTHI U T. II..

Hcxons w3 BBILIEU3TIOKEHHBIX COOOPAKEHUH MOMXKHO MPEUIOKUTH CIEAYIOIIUA COCTaB
KTO:

Pesucrop;
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Konpgencarop;

UMC;

Pene;

CoeIMHUTE]Ib;

Tpanzucrop;

Huon;

Jusnexkrpudueckas NpokiIaaKa;

KonTakr;

Pozerxka UMC;

Tpancdhopmatop;

Hpoccens;

Jlenecrok.

O6umumu g Becex KT, cootBerctByromux IPD, Oynyt napamerp NAME — HaumeHoBa-
Hue, N — kosmuectBo. [lockonpky kaxasiii KTD mpencraBiser co0oit rpynmy 3J€MEHTOB, a dJie-
MEHTBI MOTYT UMETh Pa3HOE HaWMEHOBaHME, LIEJI0CO00Pa3HO BBECTU HYMEPALIMIO 3TUX 3JIEMEHTOB
BHyTpu KTD. Hanpumep, KTD «Pe3ucrop» 0yaer umers napamerpsl NAME |, NAME,, u 1.1. [lox
MMEHEM MOTYT I0Jipa3yMeBaThcsl 00OIEHHbIE Ha3BaHus cepuu pesuctopos — P1-2P, C2-33, C2-29
U T.1. )11 MUKPOCXEM 3TO MOTYT ObITh HANMEHOBAHHUSI CEPHIA.

Oco6ennoctpio cuctembl T-Flex Texnomnorus siBnsieTcss HAIMYME MOMIYJISI pacdyeToB, obec-
nevyuBaromniero (opMUpoBaHHE HECTOKHBIX aAITOPUTMUYECKUX Mpolienyp. PacueTsl MOryT moakiio-
4aTbCsl K TEXIIPOLIECCY B LIEJIOM, OT/AEIbHON Olepalyu, OTAeIbHOMY epexoy. B uactHoCcTH, €cTh
MHCTPYMEHT MPOBEPKH JIOTUYECKOTO YCIOBHUSA, B 3aBUCHMOCTH OT pe3yJibTaTa KOTOPOTO B TEXIIPO-
1ecc OyJeT BKIIIOYEHO WIIM MCKIIIOUEHO AAHHOE TEXHOJIOIMUYECKOe JeMCTBIE — onepalus Wi rnepe-
X0JI. DTO MO3BOJISIET BKIIIOYATh B 0000IICHHYIO CTPYKTYPY TEXIPOoIiecca COOPKHU AIMEKTPOHHOTO MO-
IyJsi HECKOJIBKO aJbTEPHATUBHBIX TEXHOJIOTUYECKHX JNeiicTBuil. Hampumep, mepexoapl mo ycra-
HOBKe OPD Ha IUANIEKTPUUECKYIO MPOKIAJIKY, UK C 3a30POM 3a CYET (POPMOBKHU BBIBOJOB, UJIU C
3a30pOM 3a CUET MEPEMEHHOI0 CEeUEHUs IITHIPEBOro BbiBojA. [l peann3anuu 3TOro HHCTPYMEHTa
B coctaB napamerpoB KT cienyer Bxitounts Takue napamerpsl, kak INSTALL (crioco0 ycraHoB-
KM — Ha MPOKIaJKy, ¢ 3a30poM), CASE (tun xopmyca UMC — nanapHblif uinu mwteipeBoit). Bos-
MO>KHO BBEJICHHE U IPYTUX aHAIOTUYHBIX TAPaMETPOB.

Eme oHUM BaKHBIM MOMEHTOM, 00ECTIEUYMBAIONINM MPABUIBHOCTh COOPKH DIIEKTPOHHOTO
MOJYJIS, SIBJISIETCS yKa3aHUE O MECTE PacIoJIOKEHUs TOro win uHoro OPD. 3nech BO3MOXKHO 1100
HENOCPEJCTBEHHOE NEPEYNCIIEHNE MO3UIIUOHHBIX MECT, JINOO MPOCTO yKa3aHUE «HAa COOTBETCTBHE
coopouHOoMy depTexy». s Toro, yToObl COOTBETCTBYIOWIAs MHPOpMalus coaepxkanach B KTO,
notpebytorcs nmapameTpbl POZ u DRAW. IlepBblil napameTp — TEKCTOBBIN ME€peUeHb MMO3UIIUOH-
HBIX MECT, BTOPO#l — JIOTHYECKUH, (PUKCHUPYIOIINE HATMYHE WA OTCYTCTBHE YKa3aHUS O YePTExKe.

Kpome yxe pacCMOTpPEHHBIX BBIIIE MAOJIOHOB TEKCTOB TEPEXOJIOB, MPUBSI3BIBAEMBIX K TIE-
pexoaaM, CTPYKTypa KOTOPBIX ONpENeNsercs coiepKaHueM HHPOPMALUMOHHON COJEIH, TEXIIPO-
1ecc OyaeT coaep)karh TaKKe U YHUBEpCcajbHbIE MEpexo/bl, He Mo yiexamue n3Menenuto. K tako-
BBIM OTHECEM TaKHe, KaK «BBITOIHUTE MPOBEpKyY mevyaTtHo# miaTe», «CkomruiektoBate OPD B co-
OTBETCBTHH C TIEPEYHEM DIIEMEHTOB W CIelM(uKanueii», «BBIOTHATh TaiKy yCTaHOBICHHBIX
OPD», «kKoHTpomMpoBaTh Ka4eCTBO MAMKW» | T.]I.

[1abmoH 00600111€HHOrO0 TEKCTa MEepexo/a C MPUBSI3KOW K MEPEeMEHHbIM U pa3OMBKOW Ha
(GbparMeHThbl UMEET BUJL:

{<text const><text var|[P;]>< text var,[P,]>< text vars[P;]>...< text vari[ Px]>},
rae  <text const> — HeM3MEHsIEMbIH TEKCT 11a0JIOHA, BCET1a BXOIAUINI B JIF00OH KOHKPETHBIH Iie-
pexon, hopMupyeMblii Ha 6a3e JaHHOTO 1I1a0JI0Ha;

<text var|[P;]>, < text vary[P;]>, < text vars[P;]>...< text varx[P]> — pparmenTs! mabnoHa,
BXOJILIME B KOHKPETHBIN Mepexo/] TOJIbKO B ClIy4yae, €clii COOTBETCBYIOIIAs IPUBsI3aHHAas [1epeMe-
Has P; # 0.
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Ilo ymMOm4aHUIO BCE NMEPEMEHHBIE PABHBI HYJIO U TOJBKO IOCJE MPOLETYPHl IPOBEPKH IMa-
pametpoB KTO; um npucBauBaroTcs COOTBETCTBYIONIME 3HaueHUsI py ux Hannuuu y KTO; undop-
MAallMOHHON MOJEIIN.

[Ipumep Takoro madioHa:

{<YcTaHOBUTP HAa U3OJSILIMOHHBIE MPOKIAAKU JUISI  YCTAHOBKH>  <MHKpPOCXEM
[NAME, |,><muoaubix coopok [NAME,;],> <tpan3zuctopusix coopok [NAME;]>.....}.

BriBoablI.

[Ipemioxxena  MeToAMKa  AKTOMAaTH3UPOBAHHOTO  INPOEKTHPOBAHHS  MAapUIPYTHO-
OTEpPALMOHHBIX TEXHOJIOTUYECKUX IIPOLIECCOB COOpPKU 3eKTpOHHbIX Moyiet B CAPP-cucreme T-
Flex Texnomorus, oOCHOBaHHas Ha 00IIEH METOI0JIOTHH 0000IEHHON CTPYKTYPHI TEXIIPOIIecca.

Meroanka no3BoseT B aBTOMaTU3UPOBAHHOM PEXHUME OCYIIECTBIIATh CUHTE3 MAapUIPYTHO-
OTEpallMOHHBIX KAPT Ha OCHOBE O0ILIEro TexXIpoliecca COOPKH, IPEACTABIEHHOTO COOTBETCBYIOIINM
MIPOTOTUIIOM, U MPEABAPUTEIHHOTO OMMCAHUS 3JIEKTPOHHOTO MOIYIISI MH(OPMALIMOHHON MOJIENbIO,
cocrosmen n3 komiuiekra KTD;.
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