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OT PEJAKTOPA

VBaxaemsble unrarenu!

[IpencraBnsem Bamemy BHuMaHHIO ouepenHod Homep BectHuka HITYA-
“NuadopMallioHHbIC TEXHOIOTHH, JIEKTPOHUKA, paguoTexauka’ 3a 2015 rox.

B pasnene “UHdopmanmoHHBIE TEXHONOTMH~  TPEIUIOKEHBI MPOOIEMHO
OPUEHTUPOBAHHBIM METOJ] CTPAaTH(PUIMPOBAHHOW (OpMATU3aUU U 000OIICHHAS
cTpaTuUIMpPOBaHHAsE MOJEIb JJIS  OISHKM u  aHamu3a 3(dekTuBHOCTH
(YHKIIMOHUPOBAHUST CIIOKHBIX TEXHOJIOTMYECKUX CUCTEM. PaccMOTpEHBI BOMPOCHI
WCCIIEIOBaHNSI HA OCHOBE OWJIMHEHHOTO MpeoOpa3oBaHUsl AUCKPETHBIX OAHOTHUITHBIX
cucTeM perynupoBaHus. [IpemiokeHbl pelleHus OHOMapaMEeTPUYSCKUX HESBHBIX
JMICKPETHBIX MaTPUYHBIX ypaBHeHHH Trmna CrTeliHa: aHAIMTHYECKUH METOH, a TaKxKe
MOCNE/OBATENbHBIA M TNapaJUIeNbHBIH  YHCICHHO-aHAJIMTUYSCKUE  METOJBI,
OCHOBaHHbBIC Ha (P HepEeHIIHATIBHBIX MPEOOPA30BAHUX.

B pasmene “OnekTpoHWKa”’ ONUCAHO W3MEPHUTEIHLHOE YCTPOHCTBO C
mudepeHuanbHBIM  €MKOCTHBIM TIpeo0pa3oBaTeneM, a YIpPaBICHHE IPOIECCOM
M3MepeHnii u 00paboTka WX pPe3yIbTaTOB OCYIIECTBIEHBI MPOrpaMMHUpPYEMbIM
MUKpOKOHTpoiuiepoM. [IpemnokeHa MeroaWka TIOCTPOEHUS MOJAENH OHOTKaHH C
Y49E€TOM BIHMSAHHAA €MKOCTH ¥ CONPOTHBJICHUS TIIYOOKHMX CIIOEB TKaHH, KOTOpas
o0ecreunBaeT JOCTOBEPHOCTh MOJETH. 1eOpeTHYecKr HCCIEeIOBAHBl TOKH yTEUKH B
CETHETORIEKTPHUECKUX TOHKHMX IIeHKax (Pt/BSTO/Pt) B ciydae, korma IUIeHKa
MOJIBEPraeTcs BO3AEHCTBHUIO 3JIEKTPOHHOT O JTyYa.

B pasmene “PammorexHmka” oOmMCaHO yCTPOWCTBO, WMHTHPYIOIIEE BCE
OCHOBHBIE (DYHKIIMW IBIXaTEIBHOTO IpOIlecca YelIOBeKa, B TOM YHCIIE BIbIXaHHE
BO3/yXa M3 OKPYKafoIIeil CpeAbl U BBIIbIXaHNE HATPETHIX W YBIAKHEHHBIX Ta30BBIX
cMmeceil. PaccMOTpeHBI CTpYKTypa M TEXHHYECKHE XapaKTEPUCTHKH CHCTEMBI BEpPTH-
KaJTbHOTO 30HIUPOBaHHUA  HMOHOC(ephl Ha JuIMHE BOMHBI A =4,2 m, a Takke
MIPEJICTaBIIEHBI BO3MOXKHOCTH YIYUIIEHUS YyBCTBUTEIHFHOCTH HHTEP(EPEHIIMOHHOT O
paamoTeneckona MerogaoM [Hu(poBoil 0OpabOTKM MAaHHBIX HAOMIONEHHWNA C MENbIO
HCCIENOBaHMS OLECHKA CUMIITOMOB CeCMHUYECKON onmacHOcTU. [IpoBeneHbl pacuersl,
MTO3BOJISIIONIIE OIPENEINTh BJIMSHHE HM3MEHEHHUS IIOJIOKEHUH COCTaBHBIX YacTeH
AaHTeHHBl Ha JWarpaMMmy HampaBileHHocTd. MccnmemoBan pmatumk (Qortoamom) c
CENIEKTUBHOW YYBCTBUTENBHOCTBIO, KOTOPBIA MOXET OOHApYXKHTh pa3iIndYHbIC
BeIlllecTBa B OMO00BEKTaX.

I'maBHBIA penakTop XypHana
C.O. CumonsH
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EDITORIAL

Dear readers,

The next issue of the NPUA Proceedings — “Information Technologies,
Electronics, Radio Engineering” is introduced to you.

In the section “Information technologies”, a problem-oriented method for
stratified formalization, and a generalized stratified model for assessing and analyzing
the functioning efficiency of complex technological systems are proposed. Issues on
investigating discrete uniform control systems on the basis of bilinear transformation
are considered. Methods for solving one-parametric implicit discrete matrix Stein-type
equations are proposed: the analytical method, as well as successive and parallel
numerical-analytical methods based on differential transformations.

In the section “Electronics”, a measuring device with differential capacitive
transducer is described, and the measurement process control, and the processing of
the measurement results are carried out by a programmable microcontroller. A
method for constructing a model of biological tissue taking into account the influence
of capacitance and resistance of the deep layers of the tissue, providing the accuracy of
the model is proposed. A detailed theoretical study of the leakage currents in
ferroelectric thin films (Pt/BSTO/Pt) is presented, when the film is irradiated by an
electron beam.

In the section “Radio engineering”, a device, simulating all the basic functions
of the respiratory process of a human, including inhalation of ambient air and
exhalation of heated and humidified gas mixtures is described. The structure and
system specifications of vertical sounding of ionosphere at a wavelength of A =4,2 m
are considered, as well as the opportunities, improving the sensitivity of the
interference radio telescope by the method of digital processing of the data
observations to study the seismic hazard assessment symptoms are introduced.
Calculations, allowing to determine the impact of the position changes of the antenna's
components on the antenna pattern are carried out. A selectively sensitive sensor
(photodiode) for detecting mixed substances in bioobjects is investigated.

Editor -in-chief of the Journal
S.H. Simonyan
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HHDOOPMAINUOHHDBIE TEXHOJIOI' MU

YK 681.51

MMPOBJIEMHO OPUEHTUPOBAHHBIN METO/]
CTPATUO®UIIUPOBAHHOMN ®OPMAJIN3AIIAN CJIOKHBIX
TEXHOJIOTUYECKHUX CUCTEM CO MHOT'MMH COCTOSAHUAMHU

C.11l. banacansn
Hayuonanvusiil norumexnuyeckull ynusepcumem Apmenuu, Kananckutl ¢ounuan

IIpennoxenst npoOJIEeMHO OpPUEHTUPOBAHHBIN METOJ  CTpaTH(UIMPOBAHHOU
¢dopMmanu3anud ¥ 0000IIeHHAs CTPAaTU(HUIIMPOBAHHAS MOJACIbh IS OICHKH H aHaju3a
s dexTuBHOCTH (QYHKIMOHUPOBAHUA CIOXKHBIX TEXHOJIOTHYECKHX CHCTEM CO MHOTUMH
pabdorocnocoOHbIMU cocTOsHUSIMU. C TIPUMEHEHHEM TPEAJI0KEHHOro MeTozia popMaiu3alui
pa3paboTaHa KOMIIBIOTEpPHAs CTPATH(QUUMPOBAHHAS MOIENb TEXHOIOTHYECKOH CHCTEMBI
namenvueHuss pyasl  (TCHUP), onuceiBaromast mnpouecc ee  (yHKUMOHUPOBAHUS —IOJ
BO3/ICIICTBMEM  CIly4yalHOrO Mpolecca BO3HUKHOBEHMsS OTKAa30B M BOCCTaHOBIICHHUS
OTKa3aBLIEro 00OpYAOBAaHHSA HA YPOBHAX W3MEIBUYMTENBHBIX arperaTtoB, M3MeEIbYUTENbHBIX
KOMIUIEKCOB M Ha CUCTEMHOM ypoBHe. [IpuMeHeHHe mpeioxkeHHOro MeToa GhopManu3aun
no3Boiio ceectd ormcanue TCUP k omucaHuio ee yacTel M MX CONPSDKEHUS, PEAOCTaBIIAA
BO3MO)KHOCTb @HAJIUTHUECKOTO OMUCAHUSI CUCTEMBI Ha TIEPBOM U TPEThEM YPOBHSIX.

Kniouesvie cnosa: TpoOGIIeMHO OpPHEHTHPOBAHHBIH  METOH, CTpaTH(ULUPOBAHHAS
(opmanuzaIys, HaJeKHOCTb, PyJa, U3MENIbUeHHEe, MOJEIUPOBaHKe, (HYHKIMOHUPOBAHHE.

Beeoenue. TpamummoHHas Teopuss W OWHApHBIE MOAETH  HAJCKHOCTH
MPEATIONAraT, YTO CHCTEMa U €€ 3JEMEHTHl MOI'YyT MMETh JIHIIb /1Ba BO3MOXKHBIX
COCTOSIHHSI - COCTOSIHHE MOJHON PabOTOCIOCOOHOCTH M COCTOSIHUE MOJHOTO OTKa3a.
OpHako B OONBUIMHCTBE CIy4aeB Al COBPEMEHHBIX CIIOKHBIX TEXHHYECKHX, B
YaCTHOCTA aBTOMATH3MPOBAHHBIX TexHoiormdeckux cucreM (CATC), mpaxTudecku
HEBO3MOXHO OMNPEAETUTh OOIIENPUHSTOE MOHATHE OTKa3za [1, 2], MOCKONIBbKY OTKa3bl
OTZAENBHBIX 3JIEMEHTOB MOTYT IIPUBECTH HE K ITOJIHOMY BBIXOJY CHUCTEMBI U3 CTPOSI, a
JIMILB K YXYALICHUIO KauecTBa ee (DYHKIMOHUPOBAHUS. DTO 00YCIOBIEHO HATMUYUEM B
CIIOXHBIX CHUCTeMaX (DYHKIHMOHAJbHOM M CTPYKTYpPHOH H30BITOYHOCTH, Onaromaps
YeMy cUcTeMa 00J1aaeT CBOMCTBOM pEKOH(HUrypauuu (IIepecTpoeHHs) CTPYKTYpPhl U
CIOCOOHOCTBIO (DYHKIIMOHUPOBATh HPH OTKA3aX 3JIEMEHTOB C Pa3IMYHBIMH YPOBHIMU
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a¢dexTrBHOCTH. B coBpeMeHHO# TeopHH HAAEKHOCTH TAaKUE CUCTEMBI M3BECTHBI KaK
CJIO)KHbIE TEXHMYECKHE CHCTEMBI, WM CHUCTEMBI cO MHOTUMH coctosHusMu (CMC)
(multistate systems) [1, 2]. Jns CMC BMecTO OOLIeIIpHHATOrO IOHATHA HaJ&KHOCTH
paccMmarpuBaercs 3(PGEKTUBHOCTh (PYHKIMOHHPOBAHMS, OLECHKA M HCCIICAOBaHUC
KOTOpPOM MPOM3BOJATCA C TIOMOIIBIO TIOKa3aTemns, YYUTHIBAIOIIErO BIHSHHE
Ha/ISKHOCTH DJIEMEHTOB CUCTEMBI Ha Ka4eCcTBO ¢ QYHKIIMOHUPOBAHHUSL.

IIpn wumxeHepHoM aHanm3e HanexkHocth CMC BaxxHOEe 3HAY€HHE HMeEET
aJIeKBaTHOCTh MaTeMaThueckux mojaeneil. Kak crmpaBemmBo ormeuaer M. A. Ymakos
[3], anexkBaTHOCTH MaTEMAaTHYECKOH MOJIEIN HAJIGKHOCTH PEabHOMY TEXHHUYECKOMY
00BeKTy Topaszio BaxkHee ee MaTeMaTHueckod ‘“‘crporoctu”. C 3TOH TOYKH 3pEeHUs
MMUTAIMOHHBIE  (KOMITBIOTEPHBIE)  MOJENH,  PEATUCTHYECKH  OTpakaroline
JECTBUTENLHOCTE, HECOMHEHHO, 00JIaIafoT 00 JIbIIEH CTEMEHBIO aIeKBATHOCTH, YeM
aHanutuieckue mozaenu [1, 2, 4]. OaHako MOCTPOCHUE UMHUTAIIMOHHBIX MOJCICH ISt
uccinenoBanus 3pdexrupHoctr QyHkponupoBanusi CATC ¢ yderom HaAeKHOCTH
ABNISETCA JOBOJIBHO CJOXHOW ® TpyloeMKod 3amadedl. VMeHHO OombImas
TPYIIOEMKOCTh, BpeMsi pa3pabOTKH W peanu3alid MOJIENH CUYHUTAIOTCS OCHOBHBIM
HEZ0CTaTKOM METO/Ia HMUTAIIMOHHOTO MojenupoBanus (MIM).

Ilocmanoeka 3adauu. HanOomee akTyambHOM W UpE3BBIYANHO TPYOHOU U3
mpoOsieM,  BCTPEYAIOMIMXCS  IPU  TOCTPOCHWHM  HMHUTAIIMOHHOW  MOJENH
(YHKIMOHUPOBAHUST ~ HMCCIEAYEMOM  CHUCTEMBI,  peallu3ylomed  oToOpa)keHue

0 k . .
Y (t)—)Y (t), ABJIACTCA NPEOJOIECHUE €€ CIOKHOCTH, OOYCIIOBJIEHHOH OOMNBIION

Pa3sMEPHOCTHIO IPOCTPAHCTBA COCTOSTHUM CUCTEMBI.

[IpuMeneHue U3BECTHBIX METONOB M CIIOCOOOB VIS YNPOIIEHHS MMUTALMOHHBIX
Mozfened (PyHKIMOHMPOBAHUS CIIOXKHBIX CHUCTEM JIMOO HENOINYCTUMO CHHXKAET
TOYHOCTb MOZENEH M PEe3KO OrpaHMYMBAET WX BO3MOXKHOCTH, JHOO HE Mdaer
ourytuMoro sd¢exra. B cBsI3M ¢ 3TUM BO3HHUKAET HEOOXOIMMOCTH MPUMEHEHUS
Ka4eCTBEHHO HOBBIX H Oonee 3(PGEKTHBHBIX ITOAXOMOB, ITO3BOJISIONINX IIPH
nccnenoBanuu 3QGEKTUBHOCTH (DYHKIMOHUPOBAHUSI COBPEMEHHBIX CIIOXKHBIX CHCTEM
MeronoMm MM ycnemHo npeononeBaTh X OONBIIYI0 pa3MEPHOCTb, & TAK)KE COKPATHTh
CPOKH U YMEHBILINTh TPYIOEMKOCTb TIOCTPOCHUSI MMUTALIMOHHBIX MOJEIEH.

OnHuUM W3 BO3MOXHBIX ITyTE€H KOMIJIEKCHOTO PEIIEHHS YKa3aHHBIX BBIIIE
mpobsieM SBIAETCS NPUMEHEHHE KOHLENIMHM HEepapXxUyecKoro MHOIOYPOBHEBOT'O
(ctpatudunupoBanHoro) onwucanus cucreM [5]. Ee CyIIHOCTH COCTOMT B TOM, YTO
HccaeayeMas CIoKHasi CUCTEMA C MIPOU3BOJIBHON CTPYKTYPOU OMHUCHIBAETCA HE OJHOM
MOJIENBIO THIIA “BXOJ-BBIXOZ OOINBIION pa3MEPHOCTH, a HepapXued OTHOCHUTENBHO
HECJIOXKHBIX MOJeJiel, Kakaasi U3 KOTOPBIX OIMCHIBAET MOBEICHHE OJHOM M TOH e
CHCTEMBI C TOYKH 3PEHHs ONPEAEIEHHOIO YPOBHS aOCTparMpoBaHUs (JEeTaIN3alluy).
OnHaKoO COBpEMEHHBIH YPOBEHb Pa3BUTHsI TEOPUH HEPAPXUUECKUX MHOTOYPOBHEBBIX
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CHCTEM TII0OKa HE TMPEIOCTaBISIECT BO3MOXHOCTh €€ HIMPOKOTO IPAKTHYECKOTrO
npuUMeHeHusl Tpu uccienoBanun d¢dexrnBHOcTH QyHKIHoHHpoBaHust CATC c
Y4ETOM HAJKHOCTH HMX JJIEMEHTOB M3-32 YPE3MEPHO BBICOKOT'O YPOBHSI OOLIHOCTH H
(dhopManu3aMK U3JI0KCHHBIX MPUHIUIIOB U TCOPETHUECKUX IMOJIOKEHUN. B cBs3mM ¢
STHM BO3HUKAET MpaKTHUecKas HEOOXOAMMOCTh B pa3pabOTKE KOHKPETHOTO METona
CTpaTU(UIMPOBAHHON (hopMalIn3aliy U 0000IEHHON MOJIEIH, OPUEHTUPOBAHHBIX Ha
OlleHKY U aHaim3 3 exTuBHOCTH PpyHKIMOHUpoBaHuss CATC ¢ yueToMm HaJeKHOCTH
WX DJIEMEHTOB.

Ilpobnemno opuenmupoeanuvlii. Memoo cmpamuduuyuposanHoi dopmanu-
s3ayuu. B Hactosiel pabore mpemiaraloTcs MpoOJEeMHO OPUECHTHPOBAHHBIN METOJ
crpatuduEpoBaHHOi hopmanu3anuy U 0000IIeHHAs CTPaTH(UIIMPOBAHHAS MOJIENb,
MO3BOJISIIONTHE  TIpeoaoieTs TpyaHoctu dhopmanm3armu CATC onpeneneHHoro Kiac-
ca, I KOTOPBIX MPUEMIIEMBI CIICAYIOUINE NPEAITOIO0KCHUA:

1. Ha kaxxnom g -oM ypoBHE OMHCaHUs (CTpaTe) paccMaTpUBaeMasi CHCTEMa,
npeacraBji€HHasds B BHJAC COBOKYIIHOCTU B3aWMOCBA3aHHBIX ITIOJACHCTEM (/J—l) -TO
YPOBHS WJIH DJIEMEHTOB (Ha TIEPBOM cTpate), MOXKET ObITh pa30MTa Ha KOHEYHOE YHCIIO
MTOJICUCTEM £ -TO YPOBHSI.

2. CocTosiHME KaXIOW TOJCHCTEMBI JIFOOOrO YpPOBHS M CaMO i CHCTEMBI,
paccMaTtpuBaeMoil Kak OIHO IIeloe, XapaKTepU3yeTcs YIOpsAJOYeHHOH COo-
BOKYITHOCTBIO BBIXOAHBIX XapaKTEPUCTHK, OMPEIEIAIOMNX KaueCcTBO MX (yHKIIMOHH -
poBanms. CocTOSHHE CHCTEMBI Ha KaKIOM YPOBHE OMHMCAHHSA PAacCMaTpHUBAETCS Kak
YHOpPSIAOYEHHAs COBOKYITHOCTh COCTOSTHHI €€ IOJICHCTEM COOTBETCTBYIOIIETO YPOBHSI.

3. BozjeiicTBre BHEIIHUX 10 OTHOIICHHIO K paccMaTpuBaeMoil cucreme (hak-
TOPOB HEMTOCPEACTBEHHO BOCHPHUHUMAETCS JJIEMEHTAMH CHCTEMBI i MOXKET TPHUBECTH
K U3MEHCHHIO X pabOTOCIIOCOOHOCTH.

4. Ha m1060M 4 -0M ypoBHE omucaHUs (KpoMe MepBOii) COCTOSTHIE KaX IO MOI-
CHCTEMBI f/-TO YPOBHS B JaHHBII MOMEHT BPEMEHH HEMOCPEICTBEHHO 3aBHUCHUT OT
COCTOSIHMI ONpeIENIEHHbIX, B TOM YHCIIE BXOSAIIUX B €6 COCTAaB MOACUCTEM (1 —1)-To
ypoBHs. CienoBaTenbHO, HA KAXKA0M 4 - CTpaTe MOACUCTEMBI 4 -TO YPOBHS B3aUMO-
JEHCTBYIOT MEXIy CO0O# TOJIBKO Yepe3 BXOISAIINE B X COCTaB MOACUCTEMBI (1-1)-ro
YpOBHSI.

5. CocTosiHME KaKI0M TOJCUCTEMBI IEPBOI'O YPOBHS B JAHHBI MOMEHT BPEMEHU
OTHO3HAYHO OIpEAENsieTcs pad0TOCIOCOOHOCTHIO BXOAIINX B €€ COCTAaB 3JIEMEHTOB
M DJIEMEHTOB IPYTUX TMOJCUCTEM, BIHSIOMUX Ha ee paboTocrmocoOHOCTH B 3TOT
MOMEHT BpEMEHH.

CyTb npemraraeMoro Meroaa (popManu3aum 3aKIF09aeTCs B CISIYIOIIEM.
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1. Ucxons u3 xapakTepa pelIaeMbIX Ha MOJCIHU 3ajad, yJaoOCTBa OIMUCAHUSI U
CJIIOKHOCTH pPacCMaTpUBAaeMOW CHCTEMBI, IPEIABAPUTEIILHO BBIOUPAOTCS YPOBHHU
orucanus (ctpathl). [Ipu 3TOM, C LENBIO OOCCICUEHMsI TPOCTOTHI OMHMCAHUS U
rHOKOCTH MOZIENH, B 00S3aTEIbHOM TMOPSAKE MperyCMaTpUBAIOTCS CTpaThl, Ha
KOTOPBIX MPOMCXOAUT pPeKOH(UTypalust CTPYKTypel cHUCTeMbl. Ecimu  ycnmoBus
MOCTaBJICHHBIX 3aJla4y TIO03BOJISAIOT, TO JKEJIaTebHO BHIOpATh TaKUE CTPAThl, Ha
KOTOPBIX (DYHKIIMOHMPOBAHUE OTACIBHBIX IOJICHCTEM MOJICIUPYEMOM CHUCTEMBI
MOJIACTCS aHAIMTHYECKOMY OITHMCAHUIO.

2. CocTaBnsercs CIOBECHOE KaueCTBEHHOE OIMHMCAHHUE IMOCISACTBHN M3MECHEHUS
BBIXOJIHBIX XapPaKTEPUCTHK 3JIEMEHTOB CHCTEMbI MPUMEPHO B Cleayroled ¢opme:

U3MCHCHUC XapaKTEPUCTUK IJIEMCHTA EIO BBI3bIBACT M3MCHCHHUEC BBIXOJHBIX Xapak-

TEpUCTHK dJIeMeHTa £ j.) (uu cocTOsTHUE 3JIEMEHTa E? 3aBUCHUT OT COCTOSIHHUS dJie-

0
MmeHta E; ). Ha ocHOBaHMM 3TOro ommcaHus CTpOUTCs (hOpMaM30BaHHAS CTPYKTYp-
0 (g0 /0
Has cxema cucreMsl B Buae oprpada G- \E™,V ™ ), orpakaroiero B3anMHbIE BIUSHUS

0 _ 10 0
anementoB Ej,iel” ={12,...,p} B cucreme. Bepumusl rpaga G~ coOTBETCTBYIOT
3JIEMEHTaM CHCTEMBI, a JIyTH - CBSI3SIM MEXIy HUMH.

Cucrema, 3amanHas rpadom G°, pa30mBaeTCs Ha MOACUCTEMEI IIEPBOTO YPOBHS
Eiel'={2,...,p}. [pu 5ToM COBTIONAIOTCS CIEAYIONMUE YCIOBHS:
EL={EQ :kel? c1°f, UEI=E° B NE =@ icl®, jelliz].
iel®
Jlaee B KadyecTBE KOMITOHEGHTOB MOJICTHPYEMOW CHCTEMbI PAacCMaTPHUBAIOTCS
MOJICHCTEMBI TIEPBOTO YPOBHSI, T.€. MPOU3BOIUTCS YKPYITHEHHE 3JIEMEHTOB CUCTEMBI B

COOTBETCTBHH C IIPOBEICHHON JTEKOMITO3UIIMEH. 3aTeM BBITIICH3I0KEHHBIM CITOCOO0M
COCTaBJISIETCSI CIIOBECHOE KAYECTBEHHOE ONMCAHHE B3aMMHOI'O BIIMSIHUS IOACHUCTEM

1 11
Ej, 1€l B cucreme, Ha OCHOBaHMM 4ero CTpOUTCs (OpMaIn30BaHHASI CTPYKTYpHAs
111
cxema cucremMbl B BuHae oprpadpa G (E AY, ) CO MHOXECTBOM  BEpIINH
1 Li 1 1
E = {Ei el } Hanee cucrema, 3amgannas oprpadom G- , pasduBaercs Ha Ooiee

KPYIHBIE MOACHCTeMEl Broporo ypous EZ,iel?={12,..p} ¢ cobmonennem
CIEYIOIINX YCIOBUI:
EZ={Ef kellcI ), UEZ =EY EPNEZ=0@,icI?, jel?i].
icl?
[Tpouenypa MHOIOKPATHOTO pa30MEHHsl CHCTEMBI Ha TIOJCHCTEMBI Pa3JIMYHBIX

ypOBHeﬁ npoaOIZKACTCA A0 IMOCICAHCTO k-ro YPOBHA OIIMCaHUsl, Ha KOTOPOM CUCTEMA
paccMaTpuBaCTCA KaK OAHO LEJIIOC — KPYIIHAsA NOACHUCTEMA.
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Ha kaxknoil g -# cTpare Ha ocHOBaHWHM pa3buenus oprpada G* " Ha noarpags
CTPOMTCS JBYXYPOBHEBBIM oprpad (IBYIONbHBIA rpad wim Gurpad) G* (E” AVZS ),
OTpaXKAIOIIN B3aUMHOE BIMSIHUE MOJICUCTEM £/ -TO YPOBHS, OCYIIECTBIISIEMOE Yepe3
BXOJMIIME B HX COCTaB IOJCHUCTEMBI (,u—l)-ro ypoBHs. Kaxnplii Ourpad G"
cTpouTcs clienyromum obpaszom. Ilycte cucrema Ha g -i cTpare 3agaHa oprpadom
G*? co mHOkecTBOM Bepuma EX7 = {Ei’ el 71}‘ u mHoxectBom ayr VA7,
dukcupyeM HeKoTopoe pa3Ouenne E“ = {Ei” el } MHOKecTBa Bepuma EX'.
Jlannomy (ukcupoBaHHOMy pasbuenuo E”  comocraBnsiercs ByXypoBHEBBIN
oprpap G* (Ié” VA ) CO MHOYKECTBOM BEPIIINH:

E¢=E“TUE* = {E{“l: i =1,pu,1}u {Eg‘: j =m}.

ITpryeM BepUIMHBI Ei”’l, i € 1“? pacmonararorcs Ha TEpBOM YpOBHE, a
BepwinHel E{', je|#- Ha BTOpOM. BepumHbl OJHOrO M TOrO K€ YPOBHS ApYT C
JIPYroM He CBs3aHbl. JIyTW, COSTMHSIOIINE BEPIIUHBI MIEPBOrO W BTOPOrO yPOBHEH,
OTIPEENSIOTCA CIEAYIomIM 00pa3oM: u3 Bepimasl EX B Bepmmmy E{" uzer nyra,

g 1
xorna Ef eE{ wmm korma B rpape G mmeercs nyra, manpapienmas ot

-1

BepinHBl E{" B HEKOTOPYIO BepunHy n3 Ef'. OXHOHAIpPABICHHBIC MApALICIBHEIC

nyru ciuBatorcs. Ilyrem mocnemoBaTensHOW KOMITO3HWIIMK MTOCTPOSHHBIX Ourpadon

G | 6 Gt
, M €|, OTOXIECTBISAS BEPIIMHBI BTOPOTO YPOBHSA Kaxkaoro Ourpada u

COOTBETCTBYIOIME BEPUIMHBI MEPBOro ypoBHs 6urpadpa G*, cHmsy BBepx cTpomTcs
. . k
uepapxuueckuii K -yposresslii oprpadp G (E,V), rae BepmmHa E; coorBercTByer

CHCTEMe, PAaCCMOTPEHHON Kak OJHO Ienoe. MHOXecTBa BepliuH u ayr oprpada G
OMPECIISIIOTCS CISTYIONMMU COOTHOIICHUSIMHU

k . K .
E= UE*, V= UV*~«.
u=1 u=1
Takum oOpaszom, Ha maHHOM 3Tamne (OpMaNTH3ANUN B PE3YyIbTaTe MPOBEIESHHON
MPOIEAYPHl UCCIeAyeMasi CUCTeMa C IPOU3BOIBHON CTPYKTYpPOW IIpENCTaBieHA B

BHJIE CTPOTO HEPAPXUUYECKOH MHOTOYPOBHEBOM KOHCTpyKImH - oprpada G (E,V).
3. Ha xaxxmolt u-# crpare Ha OCHOBAaHMH COJIEPXATEIbHOTO ONHMCAHUS BhIJE-

JICHHBIX TIOACUCTEM 4 -TO YPOBHSA HpoBoAUTCS (opmanuzauusi uX (YHKIHO-
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HUPOBAHWsI, B PE3yNbTATe Yero Misi Kaxmoi moicucrembl EX crpourcs ee maTema-

TrHueckas Mofenb S . [Ipu 3TOM, COTNIACHO MPUHSTHIM MPEATIOIOKEHHUSIM, B KAYeCTBE
BBIXOJIHOTO CHTHaja KaXJOM MOJACHUCTEMBl x4 -TO YPOBHSA paccMaTpUBaeTCs

COBOKYITHOCTb €€ BBIXOJHBIX XapaKTEPUCTHK, a B KA4E€CTBE BXOJHOI'O CHTHaja -
COBOKYITHOCTh COOTBETCTBYIOIIMX BBIXOJHBIX XapaKTEPUCTHK Tex mojacucteM (p-1)-ro

YPOBHsI, KOTOpbIe B Tpade G(E,V) win B Ourpape G coemuneHsl ¢ JaHHOM

IIOJICUCTEMOM JlyraMH.

[MpuaepxuBasich TEPMUHOJIOTHH, TIPUMEHEHHOH B [5], moiyueHHasi B pe3yibTate
NPOBEJICHHOW (QopMann3anuu 0000IeHHAs MOJIeNlb Ha3BaHA CTPOr0 MEepPapXUYecKon
crparuduimpoBannoii cucremoir (CUCC), a ypoBHHM JeTamn3aliiy, BKIIFOYAOIINAE

cTpaTM(UIMPOBAHHOE onmcaHue, — crpatamu. Kaxmas crpata S* CHUCC
MPEICTaBIAeT COO0O0H YHNOPSAZOUEHHYIO COBOKYIHOCTh HECBSI3AHHBIX MEXIy COOOMH

KOHEYHOI'0  4YHCJa  DJIEMECHTOB Si”, iel”, uel,dBIAOmnXcs BPEMEHHBIMA
cratuyeckumu cuctemamu 0e3 mamsata (BCCBII) [6]. CtpykTypy cBsizeil Mexay
snementamu CMICC MOXKHO TIPEICTaBUTh B BHE OpHEHTHpOoBaHHOro rpada (puc. 1).

Paspaborana matemaTtmueckas wmomens CHUCC [7], Bxmouaromas ¢popMajibHOE

onrcanue ee snementToB S, i € 1*, y1e |1 umonens ux conpsokenus [8].

4
(i

L%l

&

)
>

7N
2 )

) . . . . . [\\i ;/ )

—~

(

Puc. 1. Cmpykmypa CUCC
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Ilpakmuuecxkoe npumenenue npeonazaemozo memooa gopmanuzayuu. C npu-
MEHEHHEM TPEMIOKEHHOr0 Merona (opMmaimzaluu  paspaboTaHa  cTpaTH(H-
IMPOBaHHAs KOMITbIOTEepHast Mozenb (yHkiuonupoanuss TCUP [7] 3anresypckoro
MEIHO-MONUOIEHOBOr0 KOMOWHATa, YYMTHIBAIOUIAS BIMSHHUE HAJSKHOCTH 00O0pYy-
noBanust. [Ipy 5TOM, HCXO0JM U3 XapaKTepa MOCTaBJIEHHBIX 3a]ad, yao0CTBa OMUCAHUS, a
TakKe KOHCTPYKTHBHBIX W (YHKIMOHAJBHBIX ocobenHocteii TCHUP, ee dynkmmo-
HUPOBAaHWE OMHMCAHO HA TPeX CIEAYIONMX CTpaTax: cTpaTa M3MENbYUTEIbHBIX arpe-
ratoB (MA), crpara usmenpuntensHbix kKomriekcoB (MK) u cucremuas crpara. B
pe3ynbTaTe MPUMEHEHUS MPEUIOKEHHON (QopManu3aiui MOCTPOSH TPEXYPOBHEBBIH

rpap G(E,V), na ocnoBe koroporo mocrpoenst mogenu S iel”, pel = {1,2,3}

HOJICKCTEM pasnuyHbIX ypoBHed EX, i€ 1”, ye | u momens ux conpsbkenus cieny-

FOLIIUM 00pa3oM.
Cmpama uzmenvuumenshulx acpecamos. Ha mannoit crpate TCHUP npencrasnena

coBokymnHocTsio P; =32 WA - noacucrem nepsoro yposus E;,iel* = {1,2,..., pl},

HOyYEHHBIX B Pe3yJbTaTe JEKOMIIO3UIIMU CUCTEMBI, COCTosAMIeH n3 P, =86 snemen-

0 ; 0 1
ToB B ,1el” = {1,2,..., po}. Kaxxnas nmoacucrema E; mepBoro ypoBHs paccMoTpeHa
Kak 00BEKT ¢ IBYMS BO3MOXKHBEIMH COCTOSHUAMH M ¢dopmanu3oBana B Buge BCCBII

1 9 1ylT1l 1
S;, ommceBaeMoii MHOXxecTBamMu X;,Y;", T, u omeparopom H;, peanu3yromum oro-

1 1 1 .
opakenue X; —Y;. MuoxectBo X; BXOIHBIX CHTHAJIOB IPECTABISACT COOOH

JIEKapTOBO IIPOU3BEICHUE MHOXKECTB {0;1} BBIXOJHBIX CHTHAJIOB TeX 3JIeMeHTOB E°,

jel ° KOTOpBIE COCTABIISIFOT TIOACUCTEMY Eil. MHokecTBO Yil BBIXOJHBIX CHTHAJIOB
BKirodaer aBa 3yeMeHTa (0 - cocTosHME OTKasza, 1 - paboTOCIIOCOOHOE COCTOSHUE).
Omepatop Hi1 MIPEeNCTaBIsIeT COOOM JOTHYECKYI0 (QYHKIHIO pPaboToCiocoOHOCTH
MTOJICUCTEMBI Eil , OIHCHIBAOIIYIO yCIIOBHE PabOTOCIOCOOHOCTH JaHHOM TOACHCTEMBI
B 3aBHCHMOCTH OT PabOTOCTIOCOOHOCTH BXOMSAIIUX B €€ COCTAaB 3JIEMEHTOB (HaIpuMmep,
s Ejy oneparop Hiy mmeer Bun: yig = His(Xs) = Xig1 A Xiga A (Xigs V Xig4) )-
Cmpama uzmenvuumenvuwvix komniexcos. Ha stoli crpate TCHUP npencrasieHa B
BHzie COBOKYIMHOCTH P, =10 M3MenbuuTeNnbHBIX KOMIUIEKCOB — MOICHCTEM BTOPOTO
YPOBHS Ei2 Liel?= {1,2,..., pz}. Kaxnpiii MK, B 3aBUCHMOCTH OT paboTOCoco0-

HOCTH BXOJAIINX B €0 COCTAaB WJIM BJIIMAIOIIMX HA €Iro pa60Ty I/IA, MOXET pa60TaTB B
OAHOM M3 TCXHOJIOT'MYCCKH BO3MOXHBIX PEKUMOB, XapaKTCPUYIOICMCS KOHKPCETHBIM
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HAGOPOM 3HAuYEHHIl €ro BBIXOAHBIX XapakTepucTuk Y = (Y7, Yis, Ys), e Yo, —
TIPOM3BO/IUTENBLHOCTh KOMILIEKCa, Y7, — MPOLEHTHOE colepskanue kiacca < 80 mxm
B M3MEIBYEHHOM MPOAYKTE (IyNIbIie), Y, — INIOTHOCT BBIXOAHOM IIyJIBIIBL.
2 2 2 2
O6o3Haunm yepes x; (t) = (X{2(t), X2 (t),... x{;, (1)) COBOKYIMHOCTh BBIXOIHBIX
XapaKTePUCTUK COCTOSIHUH B MOMEHT t Tex A, oT paboTocrmocoOHOCTH KOTOPBIX
2 .
3aBHCUT BBIOOp CTPYKTYpHI 1 pexkuma padotsl UK E.”. B kax/plit MOMEHT BpeMeHH t,
KOrjJja MPOMCXOAUT H3MeHeHHe padorocrnocoOHOocTH WA, B COOTBETCTBHH CO
2 2

3HayeHneM Bekropa X. (i) mpomcxomuT mepecTpoeHHe CTPYKTYphI Komiuiekca E° u
MepexoJl B HOBBIM PEXKUM pabOThl, XapaKTepu3yeMblii HOBBIM 3HAUYEHHEM BEKTOpa

2 " 2 2 o
y o (t). Kaxmerii UK E ¢opmanuszosan B Bume BCCBII S.”, BXomgHOW curaan

2 . .
X (t) xoropoii mpexacraBiser cOOOH YIIOPSIOYECHHYI COBOKYITHOCTH BBIXOJHBIX
CUTHAJIOB COOTBETCTBYIOIIUX TMOJCHCTEM IEPBOrO YPOBHS. a BBIXOJMHOW CHTHAJ-

BEKTOp  BBIXONHBIX  xapakrepuctuk Y7 (t) = (y7 (1), Y7, (t), y55(t)) MK EZ.
MuoxectBo Y, amementa S’ mpencTaBuser coGOH COBOKYITHOCTh 3HAYEHMIA

2
BCEKTOpa BBIXOJAHBIX XapaKTEPUCTUK IMOJACUCTEMBI Ei ,  COOTBCTCTBYIOIIIHUX BCEC-

BO3MOXKHEIM peskuMaM ee paborsl. Kaxmasrii omepatop H iz, peanu3yIoNmii 0To0pa-
xeHne X iz —)Yi2 , TIpeicTaBIsieT cO00N OMHAPHYIO IMTOUCKOBYIO MTPU3HAKOBYIO CTPYK-
Typy—aJrOpUTM, KOTOPBIH 1O 3aJaHHOMY BXOJHOMY CHTHAIy Xi2 M) e Xi2 , OIH-
CBIBAIOIIEMY PabOTOCTIOCOOHOCTD BXOMAMINX B COCTAB TOACHCTEMBI Ei2 Y BITUSTIOIIAX
Ha ee (QyHKIIMOHHPOBAHKE IOACHCTEM TIEPBOT0 YPOBHS, OCYIIIECTBIISIET TIOUCK U BBIIa-
4y COOTBETCTBYIOIIETO BBIXOJHOTO CHTHAA Yi2 e Yiz. Hampumep, ctpykrypa ore-
partopa H52 IIpeficTaBlieHa Ha pHC. 2.

Cucmemnas cmpama. Ha pannoit crpate TCHUP paccmaTpuBaercss kak onHa

3 .
KkpynHas nozcucreMa E; Tperbero ypoBHs, mpexacraBisiomas co0oil CMECUTENb

(HYJ'IBHO,I[GJ'II/ITGJ'IB), BXOAOM KOTOPOro ABJIACTCA COBOKYIIHOCTb BBIXOJHBIX ITPOAYKTOB
BCEX U3MCIIBYUTCIBbHBIX KOMIIJICKCOB, 4 BBIXOIOM — O6’B€,I[I/IH€HH3.$[ BbIXOJHAaA ITyJIbIIA,

nocrynatomasi Ha uoranuo. O603HaUMM uepes yfl (t), yfj ’ (t), yfj 3 (t) 3HAUCHUS

3 .
BBIXOJHBIX  XAPAKTCPUCTHUK  IMMOACUCTCMbI E 1 B MOMCHT BpPEMCHU . ee

OpOU3BOAUTCIIBHOCTb, IIPOUNCHTHOC COACPKAHUEC KJlacCa <80mKM W TUIOTHOCTb
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o0beMHEHHOW Mynblbl. COOTBETCTBYIOIINE XapaKTEPUCTUKU BXOJHBIX MOTOKOB

o6osmaunm uepes X (1) =y (1), X2, (1) = y7, (1), x5(t) = ya(t), i€l 2

Y Y

ya; =95 ys; =07 ys; =0 ys; =0y
j=13 j=13 j=13 j=13
v v } ¥
} Vi)

Puc. 2. Cmpyxmypa onepamopa H 52
[Toxazano [7], uto obmas npousBoguteasHOCTs TCHUP yfyl(t), MIPOLIEHT COJEp-

3 o 3
kanus knacca <80mxm Y1) (t) B OOBEIMHEHHON IyJIBIIE U €€ TUIOTHOCTh Y 3 (t)
CBSI3aHBI C XaPaKTEPUCTUKAMH OTEIBHBIX KOMILJICKCOB CIIEIYIOIIAME COOTHOIICHHUSMH,

peanusyrommu orodpakerne X, —> Y,
10 3 03 3 Vs
u0=540: 0 B 0800(0)] 210
1= 1= 1=

3 (0)= gxii (t)'xf,(nzo)(t) 10 x3; (t)
i=1 X} (i420) (1) —1000 |/ i=1 X3 1, 59) (t)— 1000

Ha ocuosanuu rpada G(E,V)nocrpoena 6nok-cxema CUCC (puc. 3), kotopas
HCIOIBb30BaHa [Tl IIOCTPOCHHUSI MATEMATHIECKON MOJICIH COMPSDKEHUS SIICMEHTOB.

VMuTanpoHHasl MporpaMMa COCTaBjlIe€Ha C HWCIONb30BaHuWeM si3bika  Ctt,
BKJIrOYaeT okosmo 350 ormepaTopoB M peanu3oBana Ha Pentium i7. PaspabGoranHas
MOJIENb WCIIOJb30BaHA B COCTABE WMHUTAIMOHHOW MOJENH, OPHEHTHPOBAHHOW Ha
uccnenoBanue sddexruBHOCTH (yHKIHOHMpoBanuss TCUP ¢ yderoM HaJeKHOCTH
obopyoBaHus [7] ¥ B cOCTaBE KOMIBIOTEPHOU MOJIEIH JJIsi CTOXaCTHIECKOTO YIIPaB-
JIHUSI TIPOLIECCOM (PIIOTAIMH MEIHO-MOIHOIeHOBOI pysI [9].
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MOTETH +OMMAPOBAHEA BROGTHRN HHTEFRAIBHRN XAPAKTEFICTHE FTCHP
EHEOMES [35J4)
PN S B 41
e .-_-I..-.___-.-__...___-.-__---___ [

18

HIWEREHHRA PAROTOCTIOCORROCTH ITEMERTOR FTCHP

{(EEELIHEA CFETA

FMETATHIHRAA MOJETE MPOIIE

Puc. 3. Cmpyxkmypa cmpamuguyuposannou mooeru TCHP



3aknwyenue. Pa3paboran mpoOIeMHO OpPHEHTHPOBAHHBIN METOJ CTPaTU(UIIM-
pOBaHHOHM (hopManM3anry, MO3BOJSIOMINN TPEOAONIETh CIOXKHOCTD (hopMannzanuu
onpenenenHoro kinacca CATC ¢ mpocTpaHCTBOM COCTOSIHHM OOJIBIION pa3MEpPHOCTH,
pa3paboTarb yI00HYI0 KOMIBIOTEPHYIO MOJIENb CONPSIKEHUSI UX DJIEMEHTOB U pacra-
paJIeNuBaTh MPOIECC UMHUTAIMH (YHKIIMOHHUPOBAHUS DIIEMEHTOB KaXKIOH CTpaThI.
[IpakTHdeckoe TpUMEHEHHE MPEUIOKEHHOro MeToAa (opMalu3aluy IMO3BOJIHIIO
ceectu onmcanne TCHP k ommcaHuio ee 4acTtell M MX CONPSDKEHHUS, MPEIOCTaBIISL
TaKk)Ke BO3MOYKHOCTh aHAJMTUYECKOTO OMMCAHMs CUCTEMBI Ha IEPBOM U TpeThel crpa-
Tax, B pe3yJbTaTe Yero MocTpoeHne KOMIBIOTEPHOI MOJIENIN CHCTEMBI B 11€I0M CYILIECT-
BEHHO YIPOCTWIIOCh. bnaropaps 3ToMy o0beM HATYpHBIX JKCIIEPHMEHTOB, HE00XO-
TUMBIX Tt TTocTpoeHust moaenu TCUP, B 1ienoM pe3ko COKpaTHiICs, YTO, B CBOIO OUe-
peab, MPUBEIO K 3HAUYUTEIIBHOMY COKpalI€HUIO CPOKOB M TPYAOEMKOCTHU IOCTPOCHUA
KOMHBIOTepHOﬁ MOJCIN CUCTEMBI.
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~UM PURUUYDPAUY SEULNLNGPULUL SUVULULNrGEM D
UsSruShdhH4US4UD A64U3LUSU UL MMNPLEUULLNIULNMNTYUD UbeNY

U.C. Pujwuwtyw

Unwowpywd tu  pwpn  pwquwyhbwly  wbfuunnghwlwu  hwdwlwpgbph
unpwnhbhugywsd  duwjuwgdwu  wypnpdwynndunpnpqwsé  dbenn L npwig
wpryntuwybinnipjwu qguwhwwndwu nt hGnwgnndwt hwdwp twfuwnbudwsd punhwupwlwu
unpwnhdbhugywsd dnnbpp Unwowpyjwsd duwjuwgdwu dbpnnh Yhpwndwdp dowlyyb) &
hwupwpwph dwupwgdwtu wbluunnghwlywt hwdwlwupgh (KUSK)  unpwinhbhlugywsd
dnnb, npp uqupwgpnd B ouwppwynpdwt  fuwthwunwdubpp b dbpwlwugundubph
wwwwhwlwu  gnpdptupwgh  wgnbgniejwt  ubppn  hwdwlwpgh  gnpdniubinyejwu
gnhpdpupwgp dwupwgunn wgpbquunubph, dwupwgunn hwdwihpubph bW hwdwlwpgwihtu
dwlwpnwyubph ypw: Unwowpyws sduwjuwgdwt dbennh Yhpwnniyeniup pnyp £ wnybg
CUS<+H  ufwpwgpneniup  hwugbgutp  hwdwlwpgh  dwubph bW npwug  dSnpndw
uywpwagpniejwup' huwpwynpnieiniu pudbinking wuwhwhynpbu Wwpwgpbint hwdwlwpgh
gnpdniubinientu wnweht U Gppnpn dwlwpnwlyubpnud:

Unwugpuyhti  pwnbp.  wpnptdwynndunpnowsd  dbpenn,  unpwnhbhlugywd
duwjuwgnud, hnwwihnyentu, hwupwpwn, dwupwgnid, dnnbjwynpnid, gnpdniubinygniu:

A PROBLEM-ORIENTED METHOD FOR STRATIFIED FORMALIZATION
OF MULTISTATE COMPLEX TECHNOLOGICAL SYSTEMS

S.Sh. Balasanyan

A problem-oriented method of stratified formalization and a generalized stratified model
for assessing and analyzing the functioning efficiency of complex multistate technological
systems are proposed. By using the proposed method of formalization, a stratified computer
model of the technological system of ore grinding (TSOG), describing the process of its
functioning under the influence of the random process of failures and the recovery of the
broken down equipment at the levels of the grinding aggregates, grinding complexes, and at the
system level. The application of the proposed method of formalization allowed to bring the
TSOG description to the description of its parts and their integration, giving an opportunity to
analytically describe the system at the first and third levels.

Keywords: problem-oriented method, stratified formalization, reliability, ore, grinding,
modeling, functioning.
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YK 62-50

HNCCIEAOBAHHUE JUCKPETHBIX OJHOTHUIIHBIX CUCTEM
PET'YJIMPOBAHUS HA OCHOBE BUJIMHEMHOI' O ITIPEOBPA30OBAHUSA

O.H. I'acnapsn, O.I'. Oransn
Hayuonanvnwviti nonumexnuueckuii ynusepcumem Apmenuu

PaccMoTpeHbl BONpOCHI MCCIIEAOBaHUS Ha OCHOBE OMJIMHEIHOro mnpeoOpa3oBaHus (B
001acTH @ ) IMCKPETHBIX OJHOTHITHBIX CHCTEM PEryTHPOBAHHS, T.€. MHOTOMEPHBIX CHCTEM C
OJWHAKOBBIMHU NEPCAATOYHBIMHA q)yHKLII/IHMI/I OTACIIbHBIX KAaHAJIOB M KECTKHMMHU B3aWMMHBIMH
cBs3siMu. [lokazaHo, 4TO MPUMEHEHHE METO/Ia XapaKTEPUCTUUECKHUX MePelaTOuHbIX (YHKIHA
TMO3BOJIACT CBECTU UCCICAOBAHUE NTUCKPETHBIX OJHOTHUIIHBIX CUCTEM C IMPOU3BOJIbHBIM YHCIIOM
kaHamoB N K HCCIICIOBAHHUIO N q)I/IKTI/IBHbIX OHOMEPHBIX CHUCTEM C KOMIUICKCHBIMH
KO3 puIMeHTaMH. YKa3aHbl OCHOBHBIE CBOMCTBA YaCTOTHBIX XapaKTEPUCTHK U KOPHEBBIX
FOJIOFpa(bOB JAUCKPETHBIX OAHOTHUIIHBIX CHUCTEM PEryJInpOBaHUS B obyactu @ . HpI/IBe)IeH
YUCJIIOBOW NMPUMEp aHajIu3a TPEXMEPHOW OAHOTUITHOM CHCTEMBI U JJAHO CPAaBHEHUE KOPHEBBIX
rozorpa¢)oB AUCKPETHOW M COOTBETCTBYIONICH HEIPEPHIBHOW CUCTEM.

Knrwouegvle cnosa: MHOTOMEpHasi NTUCKPETHAsl CUCTEMa, OJHOTHIIHAS CHUCTEMa, MEPHON
IIpepbIBaHusl, @ -NpeoOpa3oBaHHE, YCTOMYMBOCTb, XapaKTepUCTHYECKas IepeJaTouHas
(yHKIMSI, YACTOTHBIE XapaKTEPUCTUKH, KOPHEBbIE roforpadel.

Beedenue. B pa3nuuHBIX TEXHHYECKHX MPIIOKEHUSIX, HAIpPUMEpP TaKHX, Kak
A’POKOCMHUYECKas] TEXHWKA, XUMHUECKasi U CTaJeTUuTeHast POMBIIIIIEHHOCTh U Ap.,
IIIPOKO PACIPOCTPAHEHbBI MHOTOMEPHBIE OAHOTHITHBIE CHCTEMBI aBTOMATHYECKOTO
perymupoBanus (MOCAP) [1]. B MOCAP otraensHBIe KaHAJIBI UMEIOT OJTMHAKOBBIC
nepeaaToYnble (PYHKINHU, a B3aUMHBIC CBSI3U MEXK/Ty KaHAIAMU SBISIFOTCS JKECTKIMH H
XapaKTEpU3YIOTCs KBaJIpaTHOU YMCIOBOM MaTpULIEH.

AQ)

w(s) >
s &(s J(s)
#) () R Hw(s)]

£,

w(s) >
0)
Puc. 1. Pazéepuymas (npu N = 2) (a) u mampuunas (6) cmpyxmypHeie cxemol
nenpepwisrou MOCAP
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OOmias cTpyKTypHasi cxema Ha puc. 10 mpu 3ToM mpeoOpasyercs K BHIY Ha pHC.
2, rae BCe IepeMeHHble W nepenarounas (ynkuus W(Z) nmanel B ¢Qopme Z -
npeobpazoBanus [2].

@(2)

: f(2)
w(z)l

fl
=

Puc. 2. Mampuunas cmpyxmyprnas cxema ouckpemnoi MOCAP

B Hacrosiee Bpemsi uMeercs OOIIMpHAs HAyYHO-TEXHUYECKAas JIUTEPaTypa,
MOCBAIICHHAasA MCTOJaM IIPOCKTUPOBAHUA W HCCICAOBAHUA JUCKPETHBIX CHCTEM
peryimpoBaHusd ¢ OAHUM BXOAOM W OJHHM BBIXOI0M (OZ[HOMepHI)IX CI/ICTCM). Bwmecte
C TEM OTHOCHUTCIIBHO MaJI0 BHUMAaHUA YACIACTCA TCOPHUU U METOAaM HUCCICIOBaHUA
MHOI'OMCPHBIX AOUCKPETHBIX CHCTEM PEryjInpOBaHUs. Boree TOro, HNpaKTHYCCKU
MTOJTHOCTBIO OTCYTCTBYIOT IYONMKalW{, B KOTOPBIX YYHTHIBAIOTCS CTPYKTYpPHBIE
0COOEHHOCTHU MHO2OMEPHBIX JTUCKPETHBIX CHCTEM. B mpeyiaraemoii crathe Ha OCHOBE
METO/a XapaKTEPUCTUUECKUX mepeaaTounbix ¢yakinuid (XI1D) [1] paccMaTtpuBaroTcs
YaCTOTHBIC U KOPHEBBIE METOIbI IpoekTupoBanus auckperHbix MOCAP B oGmactu
@ -TIpeoOpazoBaHus, HM3BECTHOTO TaKKe Kak OWmHeiHoe mpeoOpa3oBaHue [2].
[TomoOHBI TOAXOA TO3BONAET MAKCHMAIbHO MHPUOIM3UTH METOIABI HMCCIEIOBAHUS
muckpetHeix MOCAP ¢ npou3BOjIbHBIM 4HCIOM KaHaioB N K CTaHAapTHBIM
METOJIaM HICCTIEIOBAHS OTHOMEPHBIX TUCKPETHBIX CHCTEM.

1. Bunumneiinoe npeoopazoeanue. KomiekcHas TiepeMeHHas Z CBsi3aHa C
nepeMeHHoi Jlamiaca S M3BECTHBIM BbIpaKEHUEM

z=exp(sT). 1)

Ota ¢QyHKIMSA 0TOOpa)kaeT MHUMYIO OChb S = j@ KOMIIJIEKCHOM NJIOCKOCTH S B

OKpPY)KHOCTh €IMHHYHOTO pajuyca Ha riockoctu Z (puc. 3a,0) [2]. JleBas momy-
IJIOCKOCTh TUIOCKOCTH S TIPW 3TOM OTOOpa)caeTcsi BHYTPh 3TOW OKpYXKHOCTH. boiee
CTPOro, BHYTPbh OKPYXKHOCTH €IMHUYHOTO PaUuyca OTOOPAKAIOTCS OCHOGHAs TIONOCA,

uMmeromas mupuHy ot —@s /2 no +@s /2 (3aTeMHenHas oGnacth Ha puc. 3a), a
TaKXKe OONOJHUMENbHblE TIONOCH IIUPUHONH (g . DTO CledyeT U3 TOro, 4ro IpH
Z=0+ jo u o=const nepenarounas GpyHkius W(Z), ucxous u3 BUAA BHIPAKEHUSA
(1), sBasieTcs neproaMyecKoll QyHKIHMEi yacTothl @ ¢ nepuogom @ =271 T . Jlns

YCTOWYMBOCTU JTUCKPETHOM CHCTEMBI, 3aJaHHOH B objmactu Z, HEOOXOIUMO H
JOCTaTOYHO, YTOOBI KOPHU XapaKTEPHUCTUUYECKOI'O0 YPAaBHEHMS CHUCTEMBI JISKalIH Ha
IIJIOCKOCTA Z BHYTPH OKPYKHOCTH €IMHHYHOTO panuyca (puc. 30) [2].
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S — niockocmes N\ / Z — NJ10CKOCmb \/' W — njlockocms A /

g —{l)\. =]
a) 0) B)
Puc. 3. Omobpasicenus komniekcHvlx niockocmei S, 2 u @
OpfHAaKO JUCKPETHBIC IMEPENaTOUHbIC (YHKIIMH W(Z), XOTS W TIPEACTABISIOT

co00i panuoHaJ bHbIE (QYHKIMH OT Z, HE TO3BOJSIOT NMPUMEHSTh TaKUE BaKHBIC
METO/Ibl KJIACCHUYECKON TEOpUHU PEryJMpOBaHUS, KakK JIorapu(MHUUYECKHE YacTOTHBIC
XapaxkTepucTuku [3]. DTOT HEMOCTATOK OTCYTCTBYET B METOJIE, MPENIOKEHHOM B [4],
KOTOpPBIH OCHOBAH Ha MCIONB30BAHUN OMIIMTHEWHOTO MPeoOpa3oBaHusl, UMEIOIIET0 BUT

z=1+(T/2)w. @)
1-(T/2)w

Oyukmusas  (2) xoH(GOPMHO oTOOpa)kaeT BHYTPEHHIOW YacTh CIAHUYHOM
OKPYXXHOCTH Ha IUIOCKOCTH Z B JIEBYIO IOIYIDIOCKOCTH ILTocKocTH @ =U+ jV, a
caMy’ eMHUYHYIO OKPY)KHOCTh — B MHHMYIO OCh IJIOCKOCTH @@ (pHc. 3B). OOpaTHBIH
Iepexoa OT IUIOCKOCTH @ K IUIOCKOCTH Z OCYIIECTBISETCS, ucxonsd u3 (2), mpu
TTOMOIIIX BBIPAXXKEHUS

p-20-7) @)
T@Q+z7)

[lepexon OT panMoHaNbHOM mepemartounod (Qymkumum W(Z) k mepemaTouHoin
¢ynkmun  W(@) ocymectasercs npu moMomm Beipakenus (2). Ilpu sTOM
JIMCKPETHAsl CUCTEMA YCTOMYMBA, ECIIM BCE TOJIOCHI MEPENATouHOM QyHKImMu W(@)
HaxoIATCS B JIEBOM MOJIYIUIOCKOCTH KOMIUIEKCHOU IIockocTu @ . IIpu momcraHoBke
S = jo B BeIpakeHue (3) oHO mpuHUMAET ¢ yueToM (1) Bux

p_2leecioD] 2 or
T [1+exp(—jaT)] T 2

rze MepeMeHHas V Has3bIBaercs guxmuenou 4actotoil. Ilpn S= jo xoMmiuekcHas

: (4)

nepemeHHasi @ (4) sBIsieTcss MHUMOW BenmuunHOM. W3 BelpaskeHus s (pUKTHBHON
4acToTel V B (4) BHIHO, YTO OHA SIBJISETCS IEPHOAMYECKOM (yHKUUEH OoT @ ¢

nepuoaoM, paBHBIM YaCTOTC HNPEPbIBAHUA C()S . Ecimm HeﬁCTBHTeHBHaH gacrtora @

yBenuumBaercst ot 0 10 ws/2, To puxTrBHaAA yacTora v udmensercs or 0 go . Ecnu
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@ yBenuumBaercs oT @ /2 1o @g, To v Bo3pacraer or —© no 0. DTOT mporuece
TIOBTOPSIETCA NPH @ > @ . OTMETUM, YTO HPU MAIBIX 3HAYECHUSX @, IPH KOTOPBIX
tg (T /2) =@l /2, pukTuBHAS V W AEHCTBUTENbHAS (@ YACTOTHI MPHUOIUBUTENBHO

coBnazjatoT. Takum o00pa3oM, MpH TOCIEAOBATENbHOM NpPUMEHEHHH Z- U @ -
npeoOpa3oBaHMii OCHOBHAsl TMOJI0Oca KOMIUIEKCHOW TUIOCKOCTH S Ha puc. 3a
oroOpakaeTcsi BO BCHO JICBYIO IIOJIOBUHY IUIOCKOCTH @  (puc. 3B). [lanHOe
0OCTOATENLCTBO  TIO3BONIIET TPUMEHATh K I€penaTouHbiM  QyHKumsM — W(@)
KJIACCHMUYCCKUI METOJ| JIorapu(PMHUECKMX 4YaCTOTHhIX XapakTepuctuk [3]. Cpemnu
BaXHBIX CBOMCTB TIepenaTouHoi GyHkiuuun W(@) cremyer ykasaTh, 4TO OHA SBJISETCS
patroHa bHOM QyHKIMeH epeMeHHol @ . Eciiu npeanonoxkuTh, 4To nepeaaTouHas
Gynxuus W(Z) ¢ M wynsamu Z, u N nomocamu P, , rae M<n, 3aJaHa B BUJE

Kl_!:ﬂ:l(z_zi) , (5)
Hizl(z - b )
TO MOYKHO TI0KA3aTh, YTO COOTBETCTBYIOIIEE NpescTaBienne W(@) uMeer Buj
T R ”
K, (—zw +1j Hi:l(w—zi )
n o
Hi:l(w — P )

CKITLen) L 2G-) . 20-p)
T e @y P ey 7

13 (6) u (7) BUAHO, YTO YKCIIO HyJIEH M TOM0cOB W(&@) Bceraa oaMHAaKOBO,

w(z) =

, (6)

W(w) =

rIe

HE3aBUCHMO OT YHCJIa HyJed M TOII0COB mnepenarodnoit ¢pyukiuun W(Z) (5). Dto

03Hauaer, 4To npu @ = |0 pennunza W(@) neiicTBHTENbHA M KOHEeYHA. Kpome Toro,
npu N>M nepenatounas GpyHkuus W(@) SBISETCS HEMHUHMMAIbHO-(Da30BOM, TakK
Kak uMeer N—M MONOKUTENbHBIX JCHCTBUTENBHBIX HyJel B Touke @ =2/T.
Haxoner, npu HederHsix N—M xoadunuent K B (6) sBisercs oTpuuatenbHbM

YHCIIOM, YTO SKBHBAJICHTHO MEPEXOAY K MOJOKUTEIBHON 00OPaTHOM CBS3H.

2. Kanonuueckue npeocmaenenus ouckpemuvix MOCAP ¢ obnacmu @ .
Iepenarounas marpuia N -mepHoi auckperHoit pazomkHyToi MOCAP Ha puc. 2 B
obnacTu @ uMeer BUJ

W(@)=w(@)R. (8)

Ha ocnoBanuu meroga XII® [1] ganHyro nepegaToyHy0 MaTpUILy MOXKHO Mped--

CTaBHTH NP OMOLIN TPe0Opa30BaHMsI HOAOOUS B CIEIYIOLIEM KAaHOHMYECKOM BHUJIE:
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; -1

W (@) = Cdiag{1, W(@)}C ", ©)]

rae li (i=12,...,N) ecrtb COOCTBEHHbIC 3HAYCHUS UYMCIOBOW MATPHUIIBI B3aMMHBIX
cesizeli R; C - momanmpHas matpuila, cocTaBiieHHas U3 N JIHMHEHHO-HE3aBUCHUMBIX

coOCTBEeHHBIX BEKTOpoB C; (oceil kaHoHMdeckoro Gasmca MOCAP) matpunsr R.
3aMernM, YTO COOCTBEHHBIC 3HA4YCHHsl A; BEIIECTBEHHOW MAarpHibl R MOryr ObITh

Kak Z[GﬁCTBI/ITCHBHLIMI/I, TaK U KOMIUICKCHBIMH YUCJIaMU, IMPUYEM KOMIIJICKCHBIC //Li

BCer/ia JOJIKHBI ObITh KOMITJICKCHO-COMPSDKEHHBIMU [ 1].
Ckansipabie GpyHKIMH
G(@) =4 W(@) (i=12,..,N) (10)
B (9) HaspBatorcss XIID muckpernoir pazomkHyToii MOCAP mim mepenaTodHbIMU
(GYHKIHSIME OTHOMEPHBIX XapaKTePUCTUUECKUX chucTeM. Ha ocHOBaHWHM BBIpaKCHUM
(9) u (10) MO>KHO clieaTh BBIBOJ, YTO, BO-IIEPBBIX, KAHOHUYECKHI 0a3HMC TUCKPETHOM
MOCAP 1omHOCTBIO ONpPENeNnseTcsl YUCIOBOM MaTpulle R W He 3aBUCHUT OT BHAA

W(@) ; Bo-BTOpBIX, Bee XIID (@) (10) coBmagaroT ¢ TOYHOCTBIO O MOCTOSHHBIX
“k0d(GUIMEHTOB ycHiieHus” A; ¢ IUCKPETHON mepenaTtounoit GpyHkuueidn W(w@).
[Tepemarounas matpuia 3amkayToit MOCAP B o0mact @ mpu 3TOM UMEET BUT
A W@) | oo
1+ 4, W(@)
a YCTOMYMBOCTb 3aMKHYTOM CHCTEMBbI OMNpPENENAECTCS pacupe/eIeHueM KopHen
XapaKTePUCTUIECKOTO YpaBHCHHS

(@) =[1 +W ()] "W (@) =C diag , (11)

N

det[1+ W(@)R] = H[l + A W(@)] =0. (12)

i=1
Otmerum, uto u3 cpaBHeHus (9) m (11) cmemyer, 4To KaHOHHYECKHE Oa3HCHI
(MonmanbHbie Matpuiiel C ) pa3oMmMkHyTOH © 3aMkHyTOW auckperHod MOCAP

coBnazarot, a XII® ¢, (@) pazomxuyroii u XI1D
A W(@) G (@)
¢ (@)= =
1+ A, W(@) 1+ (@)
3amMkHyTOl MOCAP cCBsI3aHBI TEMH K€ 3aBUCUMOCTSMH, YTO U IEpeaaTOYHbIE

(YHKUIMHU OOBIYHBIX PAa30MKHYTBIX U 3aMKHYTBIX CUCTEM C OJHUM BXOJOM U BBIXOJOM.
Kak ykaspiBasioch BbIlIE, AJI1 YCTOMUHMBOCTH 3aMKHYTOM auckperHoi MOCAP

(i=12,..,N) (13)

HEOOXOMMO M JOCTaTOYHO, YTOObI Bce KOpHHU ypaBHeHMs (12) HaXOOUIUCH B JIEBOH
MOJTYTIOCKOCTH KOMILIEKCHOM TJIOCKOCTH @ (pHc. 3B).
VYpasuenue (12), oueBuHO, FKBUBaTEHTHO cucteMe N ypaBHeHHI

1+ AW@) =0 (i=12..,N), (14)
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COBIAJIAIONINX C XapaKTEePUCTHUECKUMH YPaBHEHHUSIMH 3aMKHYTBIX OHOMEPHBIX
XapakTepucTudeckux cucreM. Paccmorpenue ypaBuenuit (12) u (14) nokassiBaet, 4To
MPUMEHEHHE KaHOHHMYECKOro mpencrabiieHus auckperHoir MOCAP B obnactu @
MO3BOJIIET CBECTH MCCIICAOBaHUE YCTOMUMBOCTH B3auMocBsizanHoH MOCAP k
UCCTIIOBAHUIO YCTOMUMBOCTH N  OIHOMEpPHBIX XapaKTEPUCTUYECKHX CHCTEM C
nepenarounbivn  Qpyukuusamu 0 (@) (10). Uccnemosanue TOCHETHUX TIPH ITOM
MOYKHO IPOBOJUTH HA OCHOBE OOBIYHBIX METOJIOB KJIACCHUECKOM TEOPHH AUCKPETHBIX
CHCTEM PETyJTUPOBAHUS C OJJHUM BXOJIOM U BBIXOJIOM [2].

3. Yacmomnmnwte xapakmepucmuxu ouckpemuvix MOCAP ¢ ooracmu @ . Jns
aHaJn3a YCTOMYMBOCTH JUCKPETHBIX OJHOMEPHBIX CHUCTEM B O0NAaCTH @ TNPHUMEHHM
4acTOTHBIN Kpurepuii HalikBucra [2], corjacHO KOTOPOMY, €CITH pPa3OMKHyTas
cUCTeMa ¢ TepenaTodnoil QyHkuueir W(@) ycrolumBa, TO JUIi YCTOMYHMBOCTH
3aMKHYTOW CHCTEMBI HEOOXOJUMO U JIOCTATOYHO, YTOOBI JICHCTBUTEIbHAS BEJIHMYMHA
W( joo) Gblra Gosbie MUHYC eauHMIbL, T.e. W(joo) > —1. Ha ocHOBaHMU ypaBHEHHH
(12) u (14) naHHBIA KpUTEpUH MPUMEHUM U K OIHOMEPHBIM XapaKTEPHUCTUYECKUM

cucreMam ¢ nepenarounsiMu Gpyrkuusmu G (@) (10). 3mech, oqHAKO, ClIETyeT UMETH

B BHJY, 4YTO COOCTBEHHbIC 3HaueHHs A, warpuibl R Moryr ObITh Kak

IIGIZCTBPITCJILHBIMPI, TaK U KOMIUJIGKCHBIMH dYHClIaMH. B IIEpBOM Cliydae OObIYHAs

¢opmynmposka kputepusi HaiikBucra ocraercs npexHeid, Tak kak Benuauna 0 (joo)
[PH 9TOM ABJISETCS [IEHCTBUTENBHOM. UTO Kacaercss KOMIUIEKCHO-COMPSKEHHBIX A, |

A=Ay, TO B IaHHOM ciydae cooTBercTBytomme Bemmuunbl 0, (joo) u Gy, (jo)
TaKKe SABJISIOTCS KOMIUIEKCHO-COMPSKEHHBIMI. 1109TOMY yCIOBHEM yCTOHYHMBOCTH
npyu 3ToM sBisercs Haxoxkaenue Touek 0, (joo) m ., (Jo) BHYTPH OKkpyskHOCTH

EIMHMYHOTO pagdyca Ha IUIOCKOCTH @ . YKaKEM, 4YTO JUIi HCCIEI0BaHUS
muckpetHeix MOCAP B oOmactTi @ MOXHO TaKkKe HCIIONB30BaTh JAHATPAMMBI
Hukonbca u norapupmuueckue uacToTHble xapakrepuctukd [3]. ITockombky
BesuunHa W( joo) Bcerya neiCTBUTENbHA U KOHEYHA, TO BBICOKOYACTOTHBIE YUACTKH

norapumuyecknx xapakrepuctuk XII® ¢ (@) (10) Bcerma ropu3oHTAIBHBL.

4. Kopmuegwie zooozpaghvr ouckpemnvix MOCAP ¢ obnacmu @ . HanomHnwm,
YTO KOpHEBBIE Toaorpadbl MPEACTaBISIOT COOOM TPAeKTOPUH KOPHEW 3aMKHYTOM
CHCTEMBI IIPH M3MEHEHNH Kod(duImenTa ycuneHus pa3oMKHyToi cuctemsl ot 0 1o
© [3]. Meron kopHEBBIX TroforpadoB OTHOCHUTCS K Hauboliee pacripoCTpaHEHHBIM
METO/AaM aHajlN3a M IPOEKTHPOBAHUSI HENPEPHIBHBIX M TUCKPETHBIX OJHOMEPHBIX
cucreM. B [1] stor Meron pacmpocTpaHsieTcsi Ha HeENpepbIBHBIE MHOI'OMEpHbBIE
CHCTEMBI Pa3IMYHBIX CTPYKTYPHBIX KJIacCOB, BKIIIOYash OJHOTHUIIHBIE cucTeMbl. Hike
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JaHbl OOINME TpaBUa MOCTPOCHHS IMOMOOHBIX KOPHEBBIX TOAOrpadoB C yUETOM
OCHOBHBIX OCOOEHHOCTEH MepenaTounbix GyHKuuin W(@) .

[Tpu noctpoennn kopHeBbIX roporpados muckpernas MOCAP npexncraBnsercs B
BHJE, MNpEICTaBIeHHOM Ha puc. 4, rae nepemarounas marpuna W (@) naercs

BeIpakeHueM (8), a BerecTBeHHbIH ckasip K usmensiercst ot 0 0 © .

gy

W (@)

Puc. 4. K nocmpoenuto kopreswix 200o2pagos ouckpemrnou MOCAP

Xapakrepuctuaeckoe ypaBaenue quckpetnor MOCAP Ha puc. 4 mmeer Bua
N
det[1+ kW (@)] = [ J[1 + kA, W(@)] = 0. (15)
i=1

3T0 ypaBHEHHUE, OUEBUIHO, SKBUBAJICHTHO CUCTEME ypaBHEHHI

1 1 .
kW(@) = ——=—-———exp{—jargi,} (i=12,..,N), (16)
A Al

OTKyJa CIAEAYIOT CIETYIOIINE YCIOBHUS 00pa30BaHMs TPACKTOPHI KOPHEH NUCKPETHOM
MOCAP B obOactu @ a7 i -l XapaKTEPUCTUUCCKON CUCTEMBI:

1 o
|kW(@) | = m argW(w) = +(2r +1)180° —arg4;, (r=0,12,...) (17)
U3 (16) u (17) BBITEKAIOT CEAYIONINE YCIOBUS 00pa30BaHUs TPAEKTOPH KOpHEN
muckperHoir MOCAP Ha puc. 4.
Hpaswiio 1. Yucno mpaexmopuii kopreii. Yuciao tpaekropuii kopueit N -mepHoi
nuckperroir MOCAP pasao N-N, rae N - 9uciio MOMOCOB TepeIaToqHON QYHKIHH

oTHenbHBIX KaHanoB W(a@) (6).
Hpasuno 2. Hauano u xoney mpaexmopuii xopueii. Ipu K =0 Ttpaexropun
KOpHEH KaKIOW XapaKTepUCTHYECKOH CHCTeMbl HayMHaoTcs B N momrocax P~

nepenaTouHoii Gpynkuuu W(w) n xoruarorcs mpu K =00 B N mymax W(a@).
Hpaswuno 3. Yucro mpaexmoputi, cmpemawuxcsa k beckoneunocmu. I1ockompky
4UCIIo HyJIel u nomocoB W(@) Bcerma OaMHAKOBO, TO TpaekTopur KopHeir MOCAP
B o0JIacT @ HE UMEIOT BETBEH, CTPeMSIIMXCA K OCCKOHEYHOCTH, HE3aBHCUMO OT
uhcna HyJeidl W IOIKCOB HENMpPEPHIBHON mepenatodHoil (yHkuuu W(S). B sTom

3aKIJIIOYaeTcs NPUHIUIHAIBHOE OTINYHE TpacKTopuil kopHel auckpetHod MOCAP B
obnactu @ ot ciydas HenpepslBHBIX MOCAP unun muckperasix MOCAP B obnactu
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Z [1], rme 4WcnO TpaeKTOpU KOpHEH, CTpeMsIIUXcs K OECKOHEYHOCTH, PaBHO
N(n—m). Vkaxkem, uto B obmactu @ N—M TpaeKTOpUi KOPHEH KaIOMH
XapaKTEPUCTHYECKOM CHCTEMBI CTpeMsTCst mpu K —>c0 kK N—M mpaBoCTOPOHHUM
HytsiMm B Ttouke S=2/T. Eciu xoaddummentr K_ B (6) mmeer orpunarensaoe
3Ha4yeHue, T.e. N —IM SBIseTCs HEYETHBIM YUCIIOM, TO KOpPHEBBIE Toorpadbl UMEIOT
BETBH, MPOXO/SIINE Yepe3 OECKOHEYHOCTh MPU HEKOTOPOM KOHEYHOM 3HauyeHHH K
[5]. Kpome Toro, camu romorpadbl MpH 3TOM COOTBETCTBYIOT CHCTEME C
nonoxcumenvHoli 00paTHOU CBS3BIO.

IpaBuno 4. Cosnadarowue cummempuutvle mpaekmopuu Kopuetl. TpaeKTOpuu
KOpHEH OIHOMEPHBIX XapaKTEPUCTHUECKUX CHCTEM, COOTBETCTBYIOIIME BCEM

BCIICCTBCHHBIM COOCTBEHHEBIM  3HAYEHUAM /Iii MaTpUIbl R , CHUMMECTPHUYHBI

OTHOCUTEIHPHO JTEHCTBUTEIHHOM OCH, COBITANAIOT MEXKIy COOOM W COBIANAIOT C
TPaeKTOpHUAMH KOpPHEW H30JMpPOBAaHHBIX KaHajoB nauckperHo MOCAP. [lannoe

CBOMCTBO CTAHOBUTCS OYCBHIHBIM IPU paccMOTpeHwH ¢azoBoro ycious B (17),
KOTOpO€E TIpU JeHCTBUTENbHBIX A;, T.e. ipu AJA; =0, nepexomur B ananoruvaxoe

YCIIOBHUE ISl OOBIMHBIX CHCTEM PETYJIMPOBAHUS C TIEPENATOUHOM GyHKIMen W(@) .

IpaBmwio 5. Komnaexcho-conpsidcennvie mpaexkmopuu koprei. TpaeKkTopuu
KOpHEH XapaKTepUCTHYECKUX CHCTEM C KOMILJIEKCHO-COINPSHKEHHBIMH COOCTBEHHBIMU

3HAYEHUSIMU /li HECHMMETPUYHbI OTHOCHUTEIBHO JEHCTBUTENBHOU ocu. Bce Takue

TPAEKTOPUH TOTyYAIOTCS OJTHA U3 JIPYTOH 3€PKAIbHBIM OTOOpaKEHHEM OTHOCHUTEIHHO
yKa3aHHOW OCH.

IpaBwio 6. Tpaexmopuu kopueii na deticmeumensvroti ocu. Jluckpernas MOCAP
MOXET UMETh TPAeKTOPUM KOpPHEH, COBMAaJaloIINe ¢ MHTEpBaIaMy JIEHCTBUTEIbHON

OCH TOJIbKO MPH HAIMYUU BEIIECTBEHHBIX A;. B 3TOM cilydae TakKMMU MHTEpBAIAMU
npu K_ >0 6Gyayr ydacTku, pacrosOXeHHBIE JIEBEE HEuemHbX OCOOBIX TOYEK
(momocoB win Hyneit) nepenatounoit Gpynkumn W(@) [1]. Ipu K_ <0 ywacrku
TPAEKTOPHIi Ha JEHCTBUTENLHOM OCH HAXOAATCA IpaBee 0coObIx Touek W(@) [5]. Uto
KAacaercs XapakTepUCTHYECKUX CHUCTEM C KOMIUIEKCHBIMH A;, TO TAKHE CHCTEMbI HE
MOT'YT UMETh YYaCTKOB TPACKTOPUI KOpPHEW Ha AEUCTBUTENBHON OCH. DTO BUAHO U3
yciosuii  (16), KOTOpbIE HE MOIYT YIOBJIETBOPSTHCA TPU KOMIUIEKCHBIX A, H
BEWIECTBEHHBIX @ , KOT/Id BEMIECTBEHHOM CTAHOBUTCS TIepenaTounas Gpynkuus W(w@) .

IpaBwio 7. 3uauenue napamempa K. 3nauenune mnapamerpa K,
COOTBETCTBYIOIIIEE TPOM3BOJIBHOW TOYKE @, Ha TPACKTOPUU KOpHEH |-

XapaKTepUCTHYECKOH cucTeMbl, Haxonutces u3 (17) u pasno: K =1/ | A, W(a@,)|.
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[lepeuncrnennple MpaBuiIa IO3BOJIAIOT TPOBOAUTH IOCTPOEHHE KOPHEBBIX
rogorpador auckpernoit MOCAP B obnacti @ HW3BECTHBIMH MeToaMH [2].
5. Ipumep. B KkadecTBe YHCIOBOTO IpPHMEPa PACCMOTPUM HEIPEPHIBHYIO
TpexmepHyio MOCARP ¢ nepenatodyHoit pyHKIMeH OTACIbHBIX KaHAJIOB
W(S) = L
s(s+1)(s+3)
1 MaTPULEH )KECTKUX B3AUMHBIX CBSI3EH
0,9 0,03 -0,01
R=|-0,05 0,866 0,5 |, (19)
0,02 -0,5 0,866

(18)

coOCTBeHHbIE 3HauyeHHs KoTopoil pauel 4 =0,9, 4,,= 0,866 + j0,502. Ecmm

BBECTH B OT/EIbHBIE KaHAJBI 3TOW CHCTEMBl CHHXPOHHBIE UMITYJIbCHBIE 3JIEMEHTHI C
nepuosioM mpepeiBanus T =0,2¢ u (ukcaropamu HyJeBOro mopsaka [2], To Z-

npeoGpasosanue nepegarounoi Gpynakuuu W(S) (18) maer
_0.0176(z —0,67)(z +0,876)

w(z) = , (20)
(z-1)(z-0,819) (z—0,549)
a COOTBETCTBYIOIIAd TepeaaTounas pyukuus W(w) (6) umeer BuL
— . _3 —
(i) — 064864 10°(5.+1,974)(5 ~10)(5 +1512) -

s (s+0,9967)(s + 2,913)

Ha puc. 5a,0 mokaszaHbl JJOrapu)MUUECKUE YACTOTHBIC XapaKTEPUCTUKK U OOIIHH
BH/JI KOPHEBBIX TOOTPA(OB TUCKPETHOW CUCTEMBI B OOJIACTH & .

40

20 \ 20
0

20

-40;

-60

OO}K

Magnitude (db)

Imaginary Axis
=)

Ey
0 -10
g2 90|
2= -180 & -20
-20 0 20 40

10° 10° 10° 10"
Frequency (rad/sec)
a) 0)
Puc. 5. Juckpemnas MOCAP ¢ mampuyeii R (19) u nepedamounoii gpynxyuesi W(@) (21):
a - 1o2apugumuneckue Yacmomubsle XapaKkmepucmuxu, 6 - obwuil 8u0 KOpHesvix 20002pados

Real Axis

Beuy orpunatensHoro kodgduuuenta ycuenus B W(@) (21) rogorpadsl Ha
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puc. 56 uMEOT OAHY BETBb HAa BELIECTBEHHOW OCH, MPOXOMALIYI0 dYepe3
6eckoneunocts ipu K =k, = 1541,8. Kak Bunno u3 puc. 5, nuckpernas MOCAP ¢
nepenarounoit pynkuueir W(@) (21) ycroitunsa.

Ha puc. 6a nmokazansl KOpHEBBIE TOAOrpadbl COOTBETCTBYIOIICH HEMPEPHIBHON
cucteMsl ¢ nepenarounon pyukuumeir W(S) (18), a Ha puc. 66 - KkopHeBbIE TOHOpadBI
Ha puc. 50 B TOM e Macmtade, YTO U Ha puUC. 6a, TJie KOPHU 3aMKHYTHIX CHCTEM
IMOKa3aHbl YCPHBIMU KBaJIpaTUKaMU.

2 ) /
x 21
< <
g0 > g0 S ==
£ £ -1

) -2 \

-5 -4 -3 -2 -5 -4 -3 -2 -1 0 1

Real Axis Real Axis
a) 0)

Puc. 6. Cpasnenue kopHeguvix 2000epaghos nenpepwvighotl (a) u ouckpemuoi (6) MOCAP

CpaBHeHHe JTHUX ToforpadoB IMOKa3bIBa€T WX CXOXKECTh, HO IpaBble BETBU
romorpadoB Ha puc. 66 Oojiee UCKPUBIICHBI B CTOPOHY MPABOH MOMYILIOCKOCTH, YTO
CBHJICTENTECTBYET O MEHBIIHNX 3amacax ycroianBoctu nuckperHoir MOCAP. I'paduku
Ha pUC. 5 U 6 ObUTM MONyYEHBI MPH ITOMOIIM pa3pabOTaHHOTO MaKeTa mporpaMm Ha
s3eike MATLAB  [6], npemHasHadueHHOrO IS KOMITBIOTEPHOT'O HCCICAOBAHUS
TCKPETHBIX MHOTOMEPHBIX CHCTEM IIPOU3BOIFHON Pa3MEpHOCTH.

3axnwuenue. Takum oOpaszoMm, mpuMeHeHHe Merona XIID IMo3BONHIIO CBECTH
HCCIICIOBAHNE YAaCTOTHBIX W KOPHEBBIX XapakTepHuCTHK mUCKpeTHBIXx MOCAP ¢
MPOU3BOJIBHEIM yuclioM kKaHaioB N B obnacti @ k uccnenoBanuto N JTUCKpETHBIX
OMHOMEPHBIX  XapaKTEPUCTHYECKUX CHCTEM, HWMEIOIMX B 0OmeM ciydae
KOMILUTEKCHBIE TTapaMeTphlI.
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nhuyptin dhwinhy hwdwlwpgbiph hbnwgnunnudp hwugbgub| Yndytipu gnpdwyhgutipny N
Gplwlwjwywu dhwswih hwdwlwpgbph htinnwgnundwup: Lowd Gu nhuhpbicn dhwinhy
hwdwlwpgbiph  hwéwfuwhtu  punpwgptiph b wpdwwnwiht hbGnwgdtiph  hhduwywu
hwwnnipniuutipp @ -nhpnyenw: Ptipdwd k Gnwswih dhwunhy hwdwlwpgh gbpinnyejwuu
ophtwy, L Ywwwpdwsd £ npuypbn b hwdwwywunwufuwtu wupunhwn  hwdwlwpgbiph
wpdwwnwihtu htwnwagdtiph hwdbdwwnniejniu:

Unwlgpuyhti pwnbp. nhuypbn pwqiwswih hwdwlwpg, dhwwhy hwdwlwng,
punhwwdwlu wwppbpnyeyntu, @ -dLwihnfunyentt, Yujniunysniu, punyewagnhs thnfuwugdwu
Pniuyghw, hwbwiuwihtu punyewagpbin, wpdwwnwiht hbnwgdtn:

INVESTIGATING THE DISCRETE UNIFORM CONTROL SYSTEMS
BASED ON THE BILINEAR TRANSFORM

O.N. Gasparyan, O.H. Ohanyan

The issues on investigating, on the basis of bilinear transform (in the @ -domain), the
discrete uniform control systems, that is multivariable systems with identical transfer functions
of separate channels and rigid cross-connections are discussed. It is shown that the application
of the characteristic transfer functions method allows to reduce the investigation of discrete
uniform systems with an arbitrary number of channels N to the investigation of N fictitious
one-dimensional systems with complex-valued coefficients. The main properties of frequency-
domain characteristics and root loci of discrete uniform systems in the @ - domain are
indicated. A numerical example of analysis of a three-dimensional uniform system, and the
comparison of root loci of the discrete and the corresponding continuous systems are given.

Keywords: multivariable control system, uniform system, sampling period, @ -transform,
stability, characteristic transfer function, frequency characteristics, root loci.
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YIAK 621.52+511.52

K PEHIEHUIO OJJHONAPAMETPUUYECKHUX MATPUYHBIX YPABHEHUM
THUIIA CTEMHA A(t) - X(t) - B(t) — X(t) = C(t)

C.0O. CumonsaH

Hayuonanvuwiti nonumexnuueckui ynugepcumem Apmenuu

IIpennoxkeHsl TpU MeETOJA PEIICHUS OJHONAPAMETPUUYECKUX HESBHBIX JIUCKPETHBIX
MaTpUYHBIX ypaBHeHU# Tuna CTeliHa: aHATUTUYECKUI METO/l, KOTOPBIN MPUTOJIeH Ui 3aja4 C
MajgbiMd ~ pa3MepaMHd  TPH  MPOCTHIX  DJIEMEHTaX  OJHOMapaMETPUUYECKUX  MaTpHIl;
MOCTIEIOBATENbHBIA W TapajuieNbHBI YUCIIEHHO-aHAIMTHYECKUE METOJIbI, OCHOBAaHHBIE Ha
mddepennmansHpix npeodpazoBanusix [.E. IlyxoBa u mpurojgHele B 0o0lIeM ciydae NpH
AQHAIUTUYECKUX DJIEMEHTaX 3THUX MATPHIl B IIEHTpe amnmpokcumaiuu. [lomydeHsl ycrnoBus
OJHO3HAYHOM pa3pelnMoCcTH 3THX YpaBHEHUIl g Bcex Tpex MeTonoB. PaccMmorpen
MOJICNIBHBIA TpUMeEp, Ui PEIICHHS KOTOPOro OBLIM HCIIOIL30BaHBI MOCIEAOBATCIBHBIN U
napauleNbHbI YUCIEHHO-aHAMTUYECKHE METOJbl, IPH KOTOPBIX OBUIO IOJYYE€HO TOYHOE
MaKJIOPEHOBCKOE pEIICHHE 3aa4u.

Knrouegvle cnoea: onHomapaMeTpuuecKoe MaTpudHOe ypaBHeHHe Tuma CreiliHa,
AHAJIMTUYECKUI METOJ pelieHus, AudQepeHraibHbIe Ipeodpa3oBaHus, MOCIeI0BaTEbHbIA 1
HapajuIebHBId  YUCIEHHO-aHAJUTUYECKHE METOIBl PEIICHUS, YCIOBUS  OJHO3HAYHOM
Pa3penMoCTH, MOAETBHBIN IPUMED.

Beeoenue. YucnoBbiec wmaTpwdHble ypaBHeHHsT CTeliHa JOCTATOYHO YacTo
BCTpPEYAlOTCSl B Pa3NWYHBIX OO0NMAcTIX Haykn u TexHuku [1,2]. Pemenumro »Tmx
YpaBHEHUH TMOCBSIIEHO MHOXKECTBO PA3MYHBIX MyONMMKanuii, B dYacTHOCTH [3.,4].
OnHako B 001aCTH METOIOB PEIICHUS OJHOMAPAMETPUIECKUX MATPUYHBIX YPaBHEHHUH
tuna CreliHa 3aMedaercsi OueBHAHOE oTcraBaHue. Hactosimas paborta mpecnemyer
IIeNTb HEKOTOPOTO 3aMOTHEHUs 3TOro podena.

Mamemamuueckuii annapam. PaccMOTpUM OJHONIAPAMETPHUECKOE MATPHUIHOE
ypaBHeHue tumna CreitHa

A@®)- X(t)-B(t) - X(t)=C(t), (1)
rne A(t) - marpuna nopsaka m; B(t) - marpuna mopsaka n; C(t) - matpuna c
pasmepamu  MxnN; X(f) - HewsBecTHas MaTpuuma Takke C pasMepaMu MxN,
MOJTEKAIIAsT OTPEETICHUIO
X11(t) .. Xgp (1)
X1 (1) .. Xn (1)

Xml(t) ---an(t)

X(t)= = (x(1)), i=Lm; j=Tn. @)
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Ananumuyeckuii memoo pewienun. Matpruunoe ypaBHenue (1) mpeactaBum B
CIIeyIOIEM BUJIE:

A(Omxm -X (t)mxn : B(t)nxn - mem X (t) ' Enxn = C(t)mxn ) (3)
rne B, ¥ E, - eqMHUYHBIE MaTPUIBI MOpsiIKa M U N cooTBeTcTBEeHHO. [laiee, ¢

y4eTOM PE3yIbTaTOB JUI YUCIIOBBIX MaTpHIl, peACTaBiIeHHbIX B [1-4], ypaBHenue (3)
MIPEJICTaBUM B BHJIE

[4) ® B" ()] X O ~[Epen ®EL | X ()=

. N . 4
= [A(t) ®B'(t)- Emnxmn]‘ X(t)=D(t) - X(t) =C(t). @
mnxmn - mnx1 mnx1

r7e cuMBOJI & - 3HaK KPOHEKEepPOBa MPOM3BEJEHNSI MATPHII, & THUIIEPBEKTOPHI
X () = (g3 (£)- X (0) -1 Xg (), X () ®)
C0) = (11 (0) - C1n ()31 (1), G (1) - (6)

CrnenoBaTenbHO, IPEATIONAras, 4To
rangD(t) =mn, (7
n3 (4) momyanm

X (@) =DL)-C). (8)

anee, B cooTBeTcTBHH C (8) JETKO MOMYyUUTh perieHre B Bue (2).

Ilocnedoseamenvuulit UUCIEHHO-AHATUMUYECKUI MemoO peuwienus. Tenepb
nomyctuM, uto it Marpun A(t), B(t), C(t) u X(t) ¢ aHamuTHIecKUMH dIIeMEHTAMHU
UMeroT MecTo nuddepeHnnanbabie mpeodpazoBanus [5,6]:

A(K>=:'<—!k-d:‘t\§” e K=0m = AD= 4L HAK), K=0m),  (9)
B(K>=H?f-dkd5t§” oy K=0 = BO)=7,(t,H,B(K), K=0.), (10)
C(K>=H?f-dkdct§” e K=0 = CO=7(tt, H.C(K), K=010), (11)
X(K)=H7r-dkd>:k(t) [ K =00 X(0) =z, (t.t,,H, X (K), K =0,00),(12)

rae A(K), B(K), C(K) u X(K) - marpuunsie muckpersl matpuil A(t), B(t), C(t) u X(t)
COOTBETCTBEHHO C pazMepaMu MxM, NxN, Mxnu mxn; K = O,_oo — LEJTOYUCIEHHBII
apryment; H — macurraGubiit koodduuuent; t, — meHTp anmpoxkcuMaryum; CMMBOI -
— 3HAaK Tepexoia W3 o0JacTh OPUTHHAIOB B 001acTh AuddepeHITnaIbHbIX H300pa-
eHuil 1 Hao6opoT; ¥ () — 4 () — HexoTopble annpokcumupyromme GyHKIMH, BOCCTa-

nasnuBatorue opuruHansl A(t), B(t), C(t) u X(t) coorBercrBerno. Torma ¢ yuerom
npaBm1 anreOpsl auddepeHnnanbHpIX npeodpa3oBanmii (cM. [5], crp.72, dopmyna
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(4.7)) npu mnepeBone (4) u3 o0JIaCTH OPUTHHAIOB B o0JiacTh MU depeHIInaIbHbIX

N300paKEHUH MOTYIHM:
npu K=0:
|4(0) ® BT (0)— Eqpyn ® ET nen | X(0) =|4(0)® BT (0) = Eypysnn | X (0) =
=D(00)-X(0)=C(0),
OTKYyJa, IIpeamnonaras, 4ro
rangD(0,0)=mn,
u3 (13) umeem
X(0)=D"1(00)-C(0),
T'I€ TUTIICPBEKTOPHI JUCKPET:
X(0)=(X12(0),0:X4n (0)i+++ Xy (0) - Xeun (0))T
C(0)=(¢11(0),--L10(0)i €y (0) - Cn(0))' ;
npu K=1:
[4(1)®BT(0)+ 4(0)® BT (1)} X(0)+[4(0)® BT (0)~ Eqpeamn | X (1) =
=D(10:01)-X(0)+D(00)-X(1)=C(1).

OTKyJa

% (1) = D(00)-[6(1)- D(1001)- X(0)],
I THUIIEPBEKTOPHI TUCKPET:
X (@) = 041050 D+ Xy (1), X D)
C(1)=(c14(1),---C1n (1) iy (1) Cn(1)) ;
npu K=2:.

[4(2)® BT (0)+ A(1)® BT (1) + 4(0) @B (2)] X(0) +
+[4(1)® BT (0)+ 4(0)® BT (1)} X (1) + [4(0) ® BT (0) = Eppyernn |- X(2) =
=D(20:11;0,2)- X(0)+ D(10;01)- X(1)+ D(00)- X(2)=C(2),

OTKy1a
X(2)=D(00)- [6(2) - D(2.0110.2)- X (0) - D(LO0) - X (1),
IJI€ TUIIEPBEKTOPBI JUCKPET:
X(2)=(%1(2),- X0 ()3 X1 (2) - X (2))
C(2) = (€11(2-sCin (D i€y (2), -+, Cn ()
npu K=K
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(14)

(15)

(16)

(7)

(18)

(19)



[4(K)® BT (0)+ A(K ~1)® BT (1)+ ...+ A(1)® BT (K 1)+ 4(0)® BT (K)|- X (0)+
+[A(K—1)® BT(0)+A(K-2)®BT(1)+..+ A4(1)® BT(K—2)+A(O)®BT(K—1)]><
xX(1) +..+][A(1)®BT(0)+ 4(0)® BT (1)] X(K ~1)+ [4(0) ® BT (0) = Eppyoamn ¥
x X(K)=D(K,0;K-1,1;...;1K —=1;0,K )- X(0)+ D(K =1,0;K = 2,1;...;1K - 2;0,K —1) x
x X(1)+ ...+ D(1,0,0,1)- X(K —1)+ D(0,0)- X(K ) =C(K),

OTKyJIa

(20)

rae

D(,0; ¢ -11...1, (-1, 0,0) = iA(z) QBT (K—-0)=
/=0
« - (22)
=YAK-0)®B'(¢), V/=1K,
/=0

a TUIIEPBEKTOPHI JUCKPET:
- .o T
X(K) = (X11(K),.o;Xq0 (K) -2 X g (KD, -+, X (K))

C(K)=(C13(K),ene 10 (K )i+ iCmy (K)o o (K
Takum 00pa3om, uMmest runepBekTopbl auckper (15), (17), (19) u (21), ux nerko
MOXHO TpaHC(HOPMHUPOBATH B MATPUIHBIC TUCKPETHI:

X11(K) . X0 (K)

Xp1(K) .. X0 (K) —

X(K)= K =0,00 (23)

Xml( K ) ---an( K )
U B COOTBETCTBHH C (12) BOCCTAaHOBHTH HEH3BECTHOE pEIICHUE 3aJa9d - OPUTHHAI
X(t).
IHapannenwvhnotit yucnenno-anaiumuieckui memoo peutenusn. OObeTMHEHHE
PEKYypPPEHTHBIX THIEPBEKTOPHBIX cooTHomeHud (15), (17), (19) u (21) mpuBogut
CIIEYIONIEMY THIIEPMATPUIHO-THIIEPBEKTOPHOMY TIPEACTABICHHIO:

D(00) 0 0 0
D(10:01) D(00) 0 0
D(20;11;0.2) D(10;01) D(00) | ... 0
ID(KQ;K-11;...4,K-1,0,K) | D(K-10;..0,K-1) | ... .. | D(00)]
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X(0)) (C(0)

X(1) C(1)
x| X(2) |=| €2) (24)
X(K)) (C(K)
i
D(e)-X(#)=C(e), (25)
OTKyJa ¢ yueroM ycioBus (14), a cienoBaTenbHO, U YCIOBHS
rangD(e)=(K+1)-m-n (26)
u3 (25) nmomyuum
X () =D (e)-C(o) (27)
NI
X©@) [Dy| 0 | 0 [...] 07(C)
X (1) D[ D, | 0 [...]0|] ¢
X(@) |=|D, | D, | Dy |...] 0[] C() | (28)
)Z(K) | Dk I Dt [ Byp | -on | Do é(K)
T7e C YI€TOM IPHUBEIECHHEIX B [6] pe3yabTaTOB OJIOKH - THIIEPMATPHITEI
D, =D*(00)=D*00)-E=D*00)-D,,
D, =-D7}(00)-[D(10;01)-D}(00)1=D%(00)-D;,
D, =-D1(00)-[D(20;11;0,2)- D1(00)—(D(10;01)-D(00))*]1 =
(29)

=DY(00)-D,,

K _
Dy =-DY(00)- ¥D(rQ;r-11;...4,r-1;0,r)-D,_, =D%(00)-D,.
r=1
W, nHakonen, mmes runepBektop (27) mim (28), B COOTBETCTBUU C OOpaTHBIM
nuddepennmansHbIM npeodpasosanueM (12) MokHO BoccTanoBUTH pemienne X (t) .
Mooenwvnviii  npumep. PaccMOTpUM — OIHONAPAMETPUUYECKOE  MATPUUYHOE
ypaBHenue tuna CreitHa:

1 jt (1+]) _— -2ttt (-j-t-jt)
t 0 1 .X(t)tt O}—X(t): (34 jtd+1) (—j-2t—jt})|
-t (jt*-t?) (-jt+ jt?)

Ouesnano, npu t, =0,H =1 umeem cienyrorine MaTpuyHbIe JUCKPETHI:
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10 (1+]) 0 j 0
A0)=/0 0 1 | Al)=|1 0 0| AK)=[0],K=>2;
_j 0 j 0 -1 0
[0 -1 ] 0
B(0)= :B(1)= :B(K)=[0],K=>2;
()_0 o}()[—lo}()[]
[0 —j =-2j (-1-1j) j 0 -1 0
C(0)=|1 -j;C(1)=| O -2 [C(2)=| O - JEC3)=[(-1+]) O}
_0 0 0 —j (j—-1) j 0 0
C(K)=[0],K=>=4;
a) IlpuMeHeHHe MOCIEAOBATEIBHOIO YHUCIEHHO-aHAJTUTUYECKOIO METOoJa
pereHus.
Nmeem:
npu K=0:

D(00)=A4(0)® BT (0)-Eg,3 ® Ey, =

3x3 2x2

D1(00)=
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-1 0|
-1 -1]

.0 0]
i(=1-3) 0

0 0 O -1 0
-] 0 - -1
(-1 0 . 0 0]
1 -1 T i1+j) 0
O ;—1 0 00
0 0 | O -1 0
j o 0 -1
0
b 0 i
-1 j
|, X(0)=1-1 j§;
0



()10 0((-1+]) (- )]
0 0 i-j0: 0 0
a1y T T 0 0 ] -1
D(1001)= A(1)®BT(0)+ A(0)@BT(1)=| 0 0 o ,
-1 - OO -1 -y
10 0 10 ! 0 0
X(1)=D"(00):[6(1)-D(10:0.1)- X(0)]=
I -2] —j ) ]
-l . 3 _ _ )
- D}0p) > ) . X(1) [o 1],
0 1 1 10
- -1 )] Lo
npu K=2: 0
D(201102) )/)@BT(OHA(l)@BT(lHA(oyf
0 ! _J 0
.0
(2)=| ‘15 0 :0
0 _j . ?O
X(2)= D(00)- [C(z) D(20:11:02)- X(0)-D(10:01). X(1)]=
j 2 (-2+1]) 0 0
0 0 0 0 0
_n-! X 0 - _j . J  RN-1 ) 0 | 0
=000y . . BRI CIOR I R
(-1+1]) 2] (-1-1j) 0 0
i 0 0 | ] -]

0 0
X(2)=/0 0 |;
0 —J

D(302L:L203) A},23€>BT(0)+A(}aéBT(1)+AMBT(2)+A}o£BT(3) [0],




0
X(3)=D7(00)- [6(3)—/9@,0;2,1;1,2;0,3)- X(0)-D(20;11;0,2)- X(1) -

-1 -7 ((-1+]) 0
0 0 0 0
. ; 1 (-1+1]) -1 j 0
~D(10;01)-X(2)]=D7*00)- A I = T 0 |
0 1 —1 0
Lo 0 o JjL o
00
X(3)=|0 0]
00
Herpyaro ybemuthest, 94T0 Takast xe KapTiHHa uMeer Mecto u ipu K >4, T.e.
0 0
X(K)=|0 0|, VK=>4.
0 0
CJIC,IIOB&TCHBHO, MAaKJIOPCHOBCKOC pEHICHUEC 3a/Ja41 BBITJIAIUT TaK:
0o jl[jo 0 0 jt j
X()=|-1 j|+|0 1|t+|0 0 |[t?=|-1 (j+t)],
0 0| |1 0 0 —j t - jt?

B TOUHOCTH KOTOPOH TaKkKe HETPYIHO yOeIuThCs.
6) IIpuMeHeHne MapaIenbHOro YUCIeHHO-aHAMTHYECKOTO METO/IA PEIEHHS.
C yuerom (24) mpu D(00),D(10;01),D(20;11,02) u D(30;21;12;03)8

COOTBETCTBHH C (29) mMeeM

-1 0 0 | 0 0]
-1 -1 (-1-j) 0
1070 0
D= 0 a ,
P00 -1¢ -1 0
R L -0 -1
-2j 1 10 0i(-1-3)) (1+])]
L (B+]) :O_i_ 1.0 (5 21 ) .22
e 5 A ]
D, = R O o=
) o (BE)
(2-1) o0 0 (3-]) J

[(3-2j) (1-j)i-1 0}
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C(5+70) ( =3+1) ’ 2 b (6+11)) ( 5+j) |
(6-13j) (4+4j) C(=1-3j) 1 | (11-18j) (5+6]j)

D. (3+3)) (-1+7j) 10 7 (4+6)) (3+])

Sl BTy (2+2)) 1 (1-2]) 1 (5-10]) (3+3))
(-3+9j) (3-2j):(1+2j) -1 5(—6+13j) (-4-47))
1(16-3]) ( 1+6])=(2 3]) (1+j)i (24-2j) (-2+9]),

[ (-37-5j) (6-13j) ’( -7+5j) (-1- 3j)’ (-54-12j) (11-18j) |

_(23+59)) (24+j) (13+6j) (4+4j): (27+91j) (-36-]j)

C(-20-§)  (3-7))
(15+30j) (-13+2j)
(-20-37j)) (16-3j)

| (-39+60j) (—17—21]) ,

((4+3]) (1-20) %
(7+3]) (2+2j)
L (-9-3]) (2-3))
(3+16j) (-6-1])

(-29-4j) (5-10j)

(19+47j) (-19+))
(-25-58j) (24-2j)

| (-66+85)) (-23-34j)]

a B coorerctun ¢ (28) ¢ yuerom C(0),C(1),C(2)u C(3) npu mocaennnx
runiepmatpuiiax Dy, D;, D, u D3 momydaem TodHBIE 3HAYCHHS MATPHUUIHBIX JTUCKPET
X(0), X(1), X(2) u X(3), npuBeACHHBIX BBIIIC MPH MPUMEHEHUHU MOCIECIOBATEILHOTO
YHUCIICHHO-aHATMTHYECKOT0 METoJa pelicHus. EcTecTBEeHHO, MPH 3TUX MaTPHYHBIX
auckperax Oyner nonydeno u Tounoe pemrerue X (t).

3ameuanue 1. UzsectHo [3, c1p.92, dopmyina (12.10)], uTo 4rcioBoe MaTPUIHOE
ypaBHeHue CteitHa ¢ MarpuriaMmu A m B ogHO3HAYHO paspemmmo i ee JIro00i
npaeoii yactu C , eciu

A4(A)-4;(B) #1, Vi],

rie 4 (A) u A;(B) - cobcraennsie uncna Matpun A(t) mB(t) coorsercTBenHo.

i=Lm, j=1n, (30)

OTu ycnoBWsl TPUMEHUTENHHO K (QYHKIHOHAIBHOMY ypaBHeHHio (1) Oyayt
BBITJISAICTD TaK:
i=1m,

4 (A)- 4;(B(1) =1, Vi.j, j=1n, (31)

rne A4(A(t)) u A;(B(t))- cobersennbie dynkmunm matprn  A(t)uB(t) coor-

BETCTBEHHO.

C apyro#f CTOpPOHBI, UMesl B BUJY YHCIOBbIE MAaTPUYHO-BEKTOPHBIC YPaBHEHUSI
(13), (16), (18) m (20), MOXHO 3aKIFOYUTh, UYTO YCIOBHEM OTHO3HAYHOU
Pa3pelIMMOCTH STHX PEKYPPEHTHBIX MATPUYHO-BEKTOPHBIX YPaBHEHWH SIBISCTCS

D(0,0), D(0,0).
CJ‘IC,Z[OBaTCJ'ILHO, Ipy pEIICHWMN KOHKPETHBIX 3aJad ITOCIE€AOBATEIbHBIM YHCICHHO-
AHAJIUTUYCCKUM METOAOM BMECTO HCIIOJIIB30BaAHUA YCJ'IOBI/Iﬁ (30), MMPOBEpPKa KOTOPBIX

HEBBIPOXKIACHHOCTD MAaTPHUIIbI T.€. CYHICCTBOBAHUC MAaTPULIBLI

OOBIYHO  CBs3aHA C  OOJIBIIMMH  BBIYMCIMTEIBHBIMA  TPYJAHOCTAMH — M3-32
HEOOXOAMMOCTH  ompejeneHust  coOocTBeHHbIX — umcen  Aj(A) u A j (B), Vi, ],
i=1m, j=1n, MOXHO BOCIOJb30BATbCA OJHUM E€IMHCTBEHHBIM YCIOBHEM —
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yCJIOBHEM IpoBepkH HeBbIpokaeHHOCTH MaTpribl D(0,0). Dto ycnoBue, ecTecTBEHHO,
MOKET OBITh HCIIOJBb30BAHO M JUIS MPOBEPKU YCIOBHS OAHO3HAYHOH pa3pelrMOCTH
3aJaud TpU peanu3alid THapavienbHo cxembl (28), ubo u3 ycnoBus (14)
HEME/UIEHHO cleqyeT U BhINONHEHue yciaoBus (26). UTo ke Kacaercst NMPOBEPKH
OJHO3HAYHOW pa3pelIMMOCTH OJHONapaMeTpUYecKoro MaTpuyHoro ypasaenus (1), To
MIPH ATOM BMECTO MIPOBEPKU TPYJHOPEATN3YEMBIX YCIIOBHA (31), 0OBIMHO CBSA3aHHBIX C
BBIUUCIIUTENBHBIMU 3aTPYJHEHUSMH H3-32 HEMHOI'OUUCIIEHHOCTU COOTBETCTBYIOLIMX
BBIYMCIIMTENBHBIX METOJOB IO ONpENENeHUI0 COOCTBEHHBIX GyHKumMA A (A(t))u

A;(B(1)).Vi.j,i= Fn,j = ].,_n,(byHKHI/IOHaHI)HLIX matpui; A(t) u B(t) coorBercTBeHHO

(cMm., B wactHOCTH, [6]), MOKHO BOCITOJIB30BATHCS AHAJIOTMYHBIM €IMHCT-BEHHBIM
OJIHOTIApAMETPHUYECKUM YyCIoBHEM (7), K COXKAICHUIO, TAKKE TPYIHO TOIAIOIIAMCS
MpOBEPKE.
3ameuanue 2. [lpu HepbmonHennu ycioBus (31) dakThueckn Hapymaercs
yCIIOBHE OJJHO3HAYHOW Pa3peliMMOCTH UCXOMHOW 3anauu. [Ipu 3TOM, ecTecTBEHHO,
HapymawTcs u yciaoBue (7) NMpU aHATUTHYECKOM Meroxae, ycioBue (14) - mpum
MOCTIEIOBATENFHOM YHCIIEHHO-aHAJIMTHYECKOM METOJIe, a Takke ycioBue (26) - npu
napaieIbHOM YHUCIICHHO-aHAIMTHYECKOM MeToje. EcTecTBeHHO, MMeeT MecTo W
o0paTHOE yTBEpXICHHE, T.C. U3 HapylieHus omgHoro u3 ycioBuit (7), (14) nmu (26)
HEMEUICHHO ClIenyeT W HapymieHue yciaoBus (31) o0 OmHO3HAYHOH pa3perntmMoCTd
HCXOJHOU 3aJa4H.
3akniouenue. Takum 00pa3oM, peIICHHE OTHOMAPAMETPHUECKUX YpaBHEHUH
tina Creiima  A(t)- X(1)-B(t) + X(t) =C(t) ¢ amanmurudeckuMu >aeMeHTaMH Ha

OCHOBE HCIIONIB30BaHUS MPSAMBIX TU(depeHIInanbHbIX MpeoOdpa3oBaHuil CBOJUTCS K
PEKYPPEHTHBIM YHCICHHBIM TPOIEAypaM TpH pa3pabOTaHHOM MOCIEI0BATEIBHOM
YHCIICHHO-aHAJIUTHYECKOM METOJe M K MOTOYHOM YHCIICHHOM NpoLeaype mpu
pa3paboTaHHOM HapauIeIbHOM YHCIEHHO-aHAIMTHIECKOM MeTozae. B obonx cimydasx
BOCCTAQHOBJICHHE OPHTHHAJOB-PEIICHUH OCYIIECTBIISICTCS HAa OCHOBE HCIIOJIb30BaHMS
obOpaTHeIX muddepeHITnaTbHEIX TpeoOpa3oBaHMid, YTO HE IPEICTABISET OCOOBIX
BBIYHMCIINTENBHBIX 3aTpynHeHuil. UTo Kacaercss aHAIMTHYECKOTO MeEToaa, TO OH
MPENICTABIISACT, CKOpPEe BCEro, TEOPETHYECKUH HMHTEpEeC BBUAY €ro JIOCTATOYHO
CHJIBHOW OrpaHUYEHHOCTHU B ITPAKTHYECKOM ILIaHE.

U, HakoHel, 3aMeTUM, YTO MPEUIOKEHHBIE YHCICHHO-aHATNTHIECKHE METOIbI
MOTYT OBITH AP (PEKTUBHO PEeaTHN30BAHBI CPEACTBAMHU COBPEMEHHBIX HH(POPMAIIHOHHBIX
TexHojorui [7,8].
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USE3LP ShP A(t) - X(¢t) - B(t) — X(t) = C(t) UPUNULUUGS/UUUL
UUSrr8UshL ZU4UUU MM UUEP LOOUUL YEIULEMBUL

U.z. Uhunbjut

Unwownlyt i Unbkjup nhwyh dhugupudbnpuljut duwnphgughtt hwduwuwpnidubph
|mduwt bphp bnubwlibp whwhnhy bqubwyp, npp hwpdwp b oqopp swihtpnyd b
dhwyuwpuwdbnpuub dwwnphgubph hwuwwpwly wwppbpny punhptbph musdwt hudwp,
hwonpnuljwt b qniquhtn pyw-wtwihnhy tnutwlubpp, npntp hhduguws Eu .G, Mnijunigh
nhbbpbughwy Adbwhnjumpnitiiph Jpu b hwpdwp &b piphwbnp ghygpnid b wyy
Udwwinphgubph dnnupluwt Jeinpnitkpnd weu whwghnhl nwppbph ghygpnod: Unugby
Et wyn hwjuuwpmdubph dhwpdbpnpb inwskihnipjut yuydwbubpp ponp Epbp dkpnnubph
nhwypnud: Yhunwplyl] b ungbjughtt  ophtiwul, nph nisdwt twuwwnwlny oquugnpéyly Eu
hwonpnuljwt b gniquhbtn pyw-wbwhnhly tnutwlutpp, npnig nghypnid uinwugyt) k jpunph
Soqnphwn dwlynphiyub nisnudp:

Unwlgpuyhll punkp. Unkjuh whwh dhwuwwpwibnpuub dunphgughtt hwjwuwpnud,
nusdwlt whwhnhly tnutwl, nhdkpkughwy dbwthnpnipmitttp, hwenppuljut b gniquhtn
pYw-wtwhinhly nsdwt tnuwtwljutp, dhwpdbpnpkt (niskihnipjut wuydwuutp, dnpbjught
ophtwl:

THE SOLUTION OF ONE-PARAMETRIC STEIN-TYPE
MATRIX EQUATIONS A(t) - X(¢) - B(t) — X(£) = C(¢)

S.H. Simonyan

Three methods for solving one-parametric implicit discrete matrix Stein-type equations are
proposed: analytical method suitable for the problems with small dimensions at simple elements of
one-parametric matrices; successive, and parallel numerical-analytical methods based on the
Pukhov’s differential transformations and suitable in the general case at analytical elements of these
matrices in the approximation centre. The conditions of unambiguous solvability of these equations
for all three methods are obtained. A model example is considered for whose solution, successive and
parallel nuerical-analytical methods at which an accurate Mackloren solution of the problem is
obtained.

Keywords: one parametric implicit discrete matrix Stein-type equation, analytical method of
solution, differential transformations, successive and parallel numerical-analytical methods of
solution, conditions of unambiguous solvability, model example.
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IJIEKTPOHUKA

V]IK 681.586.72

HHUPOTHO-UMITYJIbCHOE IPEOBPA3OBAHUE NTH®OPMATUBHOI'O
MHHAPAMETPA JTU®®EPEHIIUAJBHOI'O EMKOCTHOI'O
INPEOBPA3OBATEJIA

b.M. MamukonsH, /I.C. Huxorocsin, JI.C. Adpaamsin
Hayuonanvuowiil norumexnuyeckutl ynusepcumem Apmenuu, Iiompuiickuii punuan

OnucaHo  M3MEpUTENBbHOE  yCTPOHWCTBO ¢ auddepeHranbHbM — eMKOCTHBIM
npeobpaszosatenem (EIT). B u3meputensHol nenu nocnenosatenbHo ¢ EIl BkiroueH yepes
3JIEKTPOHHBIN TepeKIoYaTe b 00pa3ioBbiii pe3uctop. OOpa3oBaHHBIN 3TUM COCTUHCHHEM
JEIUTENb HANpPSKEHUS] MUTAETCS CHHYCOUJAJIBHBIM TOKOM BBICOKOH 4acTOThl. BeIxomHoi
BEJIMYMHON M3MEPUTENIbHOW LIeNH SBJIAeTCs yroil caBura (a3 Mexay oOmuM HanpspKeHHEM
JenuTeNsl HanpspkeHus W Hanpspkenuem EIL. Drtor yrom mpeoOpasyercs B JUIMTENBHOCTH
OJHOIOJISIPHBIX TPSIMOYTOJIBHBIX HMITYJIBCOB, KOTOpas H3MEpSCTCsl METOIOM AUCKPETHOrO
cdeTa. YIpaBIeHHE TIPOLECCOM M3MEpeHus M 00paboTka pe3ynbTaToB HM3MEPEHUH
OCYIIECTBIISIIOTCSA IPOrPAMMUPYEMBIM MUKPOKOHTPOJIIIEPOM.

Kniouesvie cnosa: eMxocTHBIH IpeoOpazoBaTens, HHGOPMATUBHBINA apaMeTp, LIMPOTHO-
HMITYJIbCHOE IIPE00pa3oBaHue, JNIUTEIbHOCTh UMITYIbCOB, METO/ IUCKPETHOTO CUETA.

Beedenue. EMxocTHBIE TTpeoOpa3oBaTeny Oimarogapsi MpocTOTe KOHCTPYKIUH U
HU3KOM CTOMMOCTH TNPUMEHSIOTCS Ul M3MEPEHUs OOJIBIIOr0  KOJIHWYecTBa
Pa3HOO0pa3HBIX TEXHOJIOTMUYECKUX BEIMYMH, TAKMX KaK IepeMeleHe, IpuoImKeHue,
BIIQ)KHOCTb, YCKOPEHHE, YPOBEHb )KUIKOCTH, KOHIIEHTpALMs ra3oB u Ap. B nmocienuue
romel ¢ mosiBienneM MEMC-texHonoruu u yctpoicts [1], oObenunstonmx B cebe
MHUKPO3JIEKTPOHHBIE U MHKPOMEXAHUYECKHE KOMIIOHEHTBI, MPUMEHEHHE €MKOCTHBIX
YyBCTBHUTEIBHBIX 3JIEMEHTOB CUIBHO BO3POCIO. IIpH 3TOM 4yBCTBUTENBHBIE 3J1EMEHTHI
peanuzyroTcs B tuddepeHInaIbHOM HCIIONHSHIH.

Memoowt uccneoosanusn. Jlns wsmepenus wHbopmatuBHoro mnapamerpa EII
O0BIYHO NMPHUMEHSETCS ero Mpeodpa3oBaHUe B MOTEHUUAIBHO-TOKOBBIE CUTHAJIBI, YTO
0e3 IOMOTHUTENBHBIX KOPPEKTUPYIOLIMX LieTieil He MOXKeT 00eCeuynTh HHBAPUAHTHOE
H3MEpEeHHe, NOCKOIBbKY 3TH CUTHAJIBI OABEPKEHB! BIMSHUIO N3MEHEHHS HANIPSUKEHUS
MUTAHUS U3MEPUTEIBHON LN, HAaNpsDKEHWH CMelleHus U jpei¢a oneparroHHbBIX
YCUJIMTENEH, BHYTPEHHUX IIYMOB M BHEIIHUX noMeX. C 1eIbi0 UCKIIFOU €HUS BIUSHUS

43



HIEPECUMCIICHHBIX MeMIalomuX (aKTOpOB B pacCMaTpHUBaeMOM B JaHHOW padore
€MKOCTHOM  M3MCPUTCIIBHOM YCTpOI;'ICTBC IMPUMCHACTCA HMHUPOTHO-UMITYJIBCHOC
npeoOpazoBanre HH(OpMAaTUBHOTO MapaMerpa auddepenunansHoro EIT.

U
I:I R, ne H— MK juoy
UX
oI |
11
r—r—11
Ic.== ==c,|
I |
| |
| 1 _enl

Puc. 1. Bnok-cxema eMKOCMHO20 UMEPUMENLHO20 YCMPOUCMEA.:
I- 2enepamop cumycoudanvnozo moka; - snexkmpounviii nepe-
xmouamens, EIT- ougppepenyuanvhoiii emxocmuulil npeobpaso-
samenv,; [1D- npeobpazosamenv pasvl;, MK- npocpammupyemuviii
mukpoxoumponnep, LJOY- yugposoe omcuemnoe ycmpoiicmeo

B m3mepuTensHoi menm ycrpoiictBa (puc. 1) mocnenosarensHo ¢ Ell Brimrouen
uepe3 DJIEKTPOHHBINA MepeKIroUaTenb o0pasoBelii pesuctop R,, u ob6pa3oBaHHBI

39TUM COCJUHEHHEM JEIUTENb HANPSDKEHUS IHUTAeTCsl CHHYCOMIANbHBIM TOKOM
regeparopa (IpH HEOOXOAMMOCTH, HYepe3 TOKOOTPAHWUUBAIOIINN  DIIEMEHT).
BreixonHo# BenMUWHONW M3MEPUTENHFHONW IENH SBISETCS Yrod cABHTa a3 (¢ Mexmy

HanpspkeHusiMu - Ug  (obmiee HampspkeHue —jaenurTens HampspkeHus) uo U,

(manpsprxenne OlI). B obmem cirydae it yrima (0 MOXKEM HaIucaTh
Im(Us /Uy ) Im[l'(RO—jXC)/I'(—jXC)]:&:
Re(Us /Uy )  Re[T(Ry— Xc)/T(=iXc)] Xe

tgp = oR,C.

st monokernin 1 w2 DIl momyunm coorserctBenno: tg@p, =wR,C, u

tgp, =wR,C,, rne C,=C,+AC, C,=C,-AC, a C, - navanbHOe 3HaueHUE ITUX
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napaMeTpoB, KOTOPOE MOCTOSHHO M M3BECTHO (yKa3bIBaeTCS B MACHOPTHBIX JaHHBIX
EIl). Ecnmu gnsa muddepennmansHoro EIl mHpOpMaTHBHBEIM TapaMeTpoM SIBIISETCS
npupamienne AC emkocreii, To MoxkeM HamucaTh tg@i-tg@=awRo(C1-Co)=2w@RoAC,
CIIeIOBATENbHO,

1

C= .
20R, (tg¢, —tg9, )
Bugano, uro Ha pe3ynbraT npeodpazoBanus HHPpopMaTHBHOTO mapamerpa EIT ne

(1)

BIIMSIET HANpsDKEHHE reHeparopa. VI3MepuTs HaJo TOJIBKO 3HAYeHUsT O; U ¢, yriaa @,
YTO OCYILECTBIISICTCS OHUMH U TEMH XK€ alllapaTHbIMU CPEJICTBAMHU.

Hlupokoe  wcnonbp3oBaHue  JTUQHEpEHINATBHBIX EIl 00yCIIOBJICHO
CTaOMIIBHOCTBIO MX MApaMETPOB B IIMPOKOM JTHANa30He U3MeHEeHus TemiepaTyps! EIT.
Hanmuure B OXHOM KOpIyce JBYX HICHTHYHBIX [OJOBUH JaTYMKa [O3BOJSIET
OCYIIECTBUTh ~ OTHOCHTEIBbHOE TMpeodpa3oBaHue paboueil  eMKOCTH,  OJHAKO
MPEUMYIIEeCTBa, 3aJI0KEHHbIC B JU(P(epeHInaNTbHON KOHCTPYKIMHU, TPOSIBISIOTCS B
MOJHOW Mepe TOJbKO TOrJa, Korja WH(POPMATUBHBIM MapaMeTpOM  SIBIISIETCS
OTHOCHTEJIBHOE IPHpPAIICHUE SMKOCTH 8(C)=AC /Co [2]. Takoe mpeobpasoBanme

aBTOMAaTHYECKU OOECIIeUnBaeT JIOTOMETPUUECKYI0 Koppekuuio mnorpemHocty EII,
[O3BOJISIIOLIYIO CYLIECTBEHHO CHHM3UTh €r0 TEMIIEPaTypHYIO IOIPEIIHOCTh U
UCKIIIOYUTDH BIMSHUE IUIJIEKTPUUYECKOM NMPOHUIIAEMOCTH MEXKIIEKTPOIHON Cpenbl Ha
pesynbraT  mpeoOpa3zoBaHus. B paccMaTpuBaeMOM  yCTpOMCTBE  (QYHKIHS
mpeoOpa3oBaHusl 3TOro HWHGOPMATHBHOTO IapaMeTpa IIOMy4aeTcss B CIETYIOIIEM
BUJE:

8(C)=tg(P1_tg(P2 . 2)

190, +19¢,

Kax BugaO m3 (2), B 3TOM Ciiydae Ha pe3yibTaT MpeoOpa3oBaHUSA HE BIHSIOT
TaK)KE 4YacToTa TeHeparopa W 3HAYeHHE CONpPOTHUBIEHUS pe3uctopa R,
(cnenoBaTenbHO, M MEPEXOTHBIE CONPOTUBIIEHUS KOHTAKTOB OII).

Pezynomamuot  uccnedoganun. Jlnsg u3MepeHUs yria  (  HUCHONb30BaH
npeoOpasoBareb (aspl ([IP) (puc. 1), B Koropom  yronm ¢ Tmpeodpasyercs B
JUIMTEJIBHOCTE T MPSIMOYTOJbHBIX ONHOMOMSIPHBIX —HMIyjbcoB. 11D  comepxut
OBICTPOISHCTBYIOMINIA CABOSHHBII KOMIIAPATOP U JIOTHUYECKUH 31eMenT ““‘Vckirodaromiee
NJIN” [3]. Ha Bxomax Kommaparopa JeHCTBYIOT CHHYCOUAILHBIE HATIPsDKEHMS Us ¢ Uy ,
Ha BBIXOZE TONYYAarOTCSd MEAaHIpbl, CABHHYTbIE IO (a3e Ha yroia ¢, KOTOpHIE
MOCTyNaroT Ha Bxon sjeMmeHTa “Uckmouaromee WMIJIM”, Ha BBIXOAE KOTOPOTO

MOJIy4acTCs HAIIPAKCHUC UT B BUJAC IOCICAOBATCIIBHOCTU OJHOIIOJISAPHBIX HPAMO-
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YIOJIbHBIX HMITYJIbCOB, NIUTCILHOCTh T KOTOPBIX IPsIMO MNPOIOPLHHUOHAIIBHA YITIy P

(puc. 2).

OTH UMITYJIBCHI TOCTYMAIOT HA BXOJ IPOrpaMMHpyeMoro MUkpokoHTpoiepa (MK),

. T
rJie M3MepsieTcsl T , BBIUMCISIETCS (P O OUEBUAHOM opMmyne ¢ = . 360° u mo opmyiie

(2) ompenensiercs AC/C,, no 3HaueHuio KoTopoii Ha UM(BPOBOM HHIMKATOPE

oToOpaxkaercss TeKyllee 3Ha4deHHe IpeoOpa3yeMoil EMKOCTHBIM IIpeoOpa3oBaTeseM
¢m3mdeckord BenmuunHbl; MK yhpaBisier Takke IMEPUOANYECKUM TIEpPEKITIOUeHHEM
ananoroBoro mnepexmouarens Oll. Hammume MK ympormaer Takxke conpspbkeHune
ycTpoiicTBa ¢ KoMIbloTepoM, T.K. MK MoxHO mo uHTepdeiicy RS-232 coenunuts ¢
kommbioTepoM depe3 COM-TIOPT 1 HEmpephIBHO MepeaaBaTh pe3yabTaThl H3MEPEHUI
B KOMIIBIOTED.

u At
¢\/ NN
' ANV
NN
SRl
SRS
i n umnyilieCcoe E é
! N umnynvcos : !

Puc. 2. K usmepenuro yena ¢pazogozo cosuea
Memooom OUCKPemHO20 cuyema
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B MK Bpemennbie nHTEpBaibl T U 1 U3MEPAIOTCA METOIOM JUCKPETHOI'O cueTa
IIyTeM 3allOIHEHUs UX UMITYJIbCAMH 00pa3ioBoil yacToTel f, TakToBOrO remeparopa
MK c¢ wucnonbp3oBaHMEM €ro HHTEIpUPOBAHHOrO Tailmep-cueTunka. [lokazaHue
cueT4mka Oyner

nT,

@=--360° =12.360° = 1.360° .
T NT, N

C IICJIBKO IIOBBIIICHUA TOYHOCTHU I/I3MepeHI/ISI HpOI/I3BO):[I/ITC$I ycpez[HeHI/Ie
pe3ynbTaTa M3MEPEHUs, T.€. UMITYJIbCHI CUMTAIOTCA 32 M TEpPHOI0B HCCIETyEMOTo
CUIrHajia, HpI/I 9TOM JIUTCJIBHOCTH OAHOI'O IIUKJIA I/I3MepeHI/I$I BLI6I/IpaeTC$I u3 }/CJ]OBI/IH

Tiym =mT > T. ©)

IIpy BBIMONHEHMM A3TOrO YCIOBUS HAa CYETYHMK MHpoiayT M TIpynm CYETHBIX
HMHyﬂBCOB, HO3TOMy 06mee KOJINYECTBO CUCTHBIX I/IMHyJ'H)COB, IIOIIABIIINX HA BXO
CYETYHKA B MPOMEXYTKH BpeMeHHU T , Oyer

T meT
T, T,-360°

OueBHIHO, YTO B OTOM CiIy4ae IOKA3aHUS CYETUYHKA OYAyT MPOIOPIIHMOHAIBHEI

CpenHeMy 3HAUYEHMIO yIia caBura (a3 3a M IeproIoB HCCIIENYEMOro CUTHAIA:
M

TO
= 0.360°. 1,
e T m

Bbi6oowi. 1lorpemHocTs H3MEpeHHs yIina (O, ONpEeesieTCsl IOTPEIHOCTBIO

(4)

M =m-n:T‘i"-n:
T

OMpeAeneHNs KOJM4ecTBa UMITYlIbcoB M . Dta morpenHocTs onpeaensercs ciaydaifHon
MOTPEIIHOCTBIO UCKPETHOCTH, T.€. BOSMOXHOCTBIO TOTepu B umcie M omsoro
CUETHOTO HMITYJIbCa B TPYIINE ¥ BO3MOKHOCTBIO MIOTEPH YAaCTH TPYIIIBI B HHTEpBaie
ycpenaenns. llorpemHocts ompenenernss M mo dopmyne (4) TeM MeHbIE, YeM
OoIbIIe YMCII0 UMITYITECOB N B KaXKIIOHM MMavke U YeM JIydIlle BBITONHSIETCS ycioBue (3).

OTHOCHTENbHAS — TOrPEIIHOCTh  M3MEPEHHs (), OlEHMBaercss 1o  (opmyIe
8=(T/T,,)-100% . Ee Tpebyemoe 3HaueHHEe MOXKET OBITh OOECIIEYEHO COOTBETCTBYIO-

UM BBIOOPOM TaKTOBOM 4acTOTHI reHepaTropa MK 1 [ TenbHOCTH [IUKIIa U3MEPEHHSI.
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THhdEMELShUL NRLUUUBPL UEMMUPNUhP PLDNPUUSPY NULPUUESM
LU3LUPUMNRLUU3PL UM MUPNNhU L

P.U. Uwdhyntuywl, T.U. Lhynnnuywi, L.U. Uppwhwdju

Liwpwgpyws £ nhdbiptiughw) niuwluyht Yepyuwthnfuhgny (Mh4) - swihdwt uwpp:
Quihnnulwu onpwind NRY-htu hwonpnwpwp dhwgywsd k EGYwnpnuwihu thnfuwtugwinhsh
dhongny udnwwihtu ntighuwnnp: Wn dhwgnuing Yuwqdwsd jwpdwu pwdwuwpwpp uuynd
pwnan hwiwfunyejwu uphunwnphnwihtu hnuwupny: Qwihnnuwu onpwih Gpwhu dtényentup
jwpdwu pwdwuwpwph punhwunp wpdwtu b NRY-h Jwpdwu dhol thnywiht 2bindwu
wulnwu £ Wn wulynup  Yepwwihnfudnd £ dhwpbbn ninnuuyniuwél hdwynyuubph
nbnnnpywt, npp swihynd £ nhuyptitn hwpywuph dbennny: 2widhdwu  gnpdpupwgh
Yuwnwywpnuip b swihnwdubiph wpryniuputiph dowynwit ppwlwuwgynd £ dpwgpwynpynn
dhypnynuwnpnibpny:

Unwugpuyhti  pwnbp. nuwlwiht  Ypwwihnfuhs,  hu$npdwwhy  wwpwdbunp,
(wjtwhdwynyuwihtu Ypwwihnfund, hdwnyuubiph wbinnniegyniu, nhuyptiv hwowuph dbpnn:

THE PULSE-WIDTH CONVERSION OF THE INFORMATIVE PARAMETER OF
DIFFERENTIAL CAPACITIVE TRANSDUCER

B.M. Mamikonyan, D.S. Nikoghosyan, L.S. Abrahamyan

A measuring device with differential capacitive transducer (CT) is described. In the
measuring circuit, the sample resistor is connected in series with the CT via an electronic
switch. The voltage divider, generated by this connection, is fed by high-frequency sinusoidal
current. The phase angle between the total voltage of voltage divider and the voltage of CT is
the output value of measuring circuit. This angle is converted to the duration of unipolar
rectangular pulses, which is measured by the discrete count method. The measurement process
control, and the processing of measurement results are carried out by programmable
microcontroller.

Keywords: capacitive transducer, informative parameter, pulse-width conversion, pulse
duration, discrete count method.
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YK 616.728.3-001
AHAJIM3 U MOAEJIUPOBAHUE BUOJIOIT'NYECKUX OBBEKTOB
O.A. Ilerpocsin, JI.J. Xa4uKsH

Hayuonanvnwviti nonumexnuueckuil yHusepcumem Apmenuu

[pennoxxeHa MeToaMKa MOCTPOSHHS MOAENH OMOTKAaHHM C y4ETOM BIUSIHUS €MKOCTH |
COIPOTUBJICHUA TJIYOOKHX CJIOE€B TKAaHHU, KOTOpas OOECIeurBaeT JIOCTOBEPHOCTh MOJEIH.
IIpennaraercss mpu MOAEIUMPOBAHUM I[PUHUMATh BO BHMMAHUE YacCTOTHYHO 3aBUCUMOCTb
€MKOCTEell DKBMBAJCHTHBIX cxeM OuoTkaHu. [IpoBezieH aHanm3 Mopelnei, paccMaTpUBAIOLIUX
OMOJNIOTMYECKYI0 TKaHb B BHUJE JIMHEHHOH cucrembl. [IpeacTaBieHbl  pe3yiabTaThl
MOZENMpPOBaHus (HapacTaHUE TOKa yepe3 OMOTKaHb), BBIMOJIHEHHOTO C MTOMOLIBIO MPOrPaMMBI
HSPICE c¢ TtexHomornmueckumu nHopmamu SAED EDK 28 wmwm, koropele Moryt OBITh
PEKOMEHIOBaHBI ISl OIIEHKH () yHKIIMOHAIILHOTO COCTOSIHUSI OpraHU3Ma.

Kniouesvie cnoea: »snexktpuyeckass Mopenb, OHONOrMYecKas CUCTeMa, OWOTKaHb,
DKBHBAJICHTHAs CXEMa, MOJIEIIMPOBAHUE.

Beeoenue. 1Ipy TMarHoCTUKE U BOCCTAHOBUTEIBHOM JICUEHUU BAXXKHOE 3HAUCHHE
AMEET JJICKTPOCTUMYJISAIIHAS OWOTKaHEH. Pe3ynbraTtoM BO3MEHCTBHSI DJIEKTPHICCKOTO
ToKka (WM TIONs) Ha OWOTKaHB SBISIETCS WM3MEHEHHE TOJSIPU3alNy  KIETOYHBIX
MeMOpaH TpH OBM)KEHWH HOHOB B IMUTOIUIA3ME W MEXKKIETOYHOM ITPOCTPAHCTBE, a
TaKKe COOTBETCTBYIOIIETO 3apsijia BIUIOTH A0 MX BO30ykneHus. Ha moBepxHOCTH
KJIETOYHONH MEMOpaHbl BO3HUKAIOT OONACTH THIEPHOJSPU3ANNN, TAE TTOTSHIIHAI
YBENWYEH, U ACTONSPU3AIIH, YTO IPUBOIUT KIETKY B Bo30yxaenue (puc. 1) [1].

—

E

+ o
+2 P
0 4 |— B t— =
+}ﬁ_{—E| +J—
NN
DE-H&CTb abmacTs
TETIGPIIOILANEFAIEE]  AETIIITR IS ATTEE

Puc. 1. [lericmeue snexmpuneckozo nojs nanpsaxjicennocmoio E na osudicenue
UOHO8 8 KIIeMKAX U NOJAPUSAYUIO KIIeMOUHBIX MeMOpaH

W3BecTHO, UYTO BNEKTPOCTUMYJSIIMS XapaKTepu3yercsi 3akoHaMu Beiica-
Jlanka (3aBHCHMOCTB TOPOrOBOTO 3HAYCHHS TOKA OT AITHTEIbHOCTH MPSMOYTOIEHOTO
ANEKTPHUYECKOro umiysbca) u Jrobya-Peiimona (Bo30yIMMOCT OMOTKaHH YBEIUYH-
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BACTCS C POCTOM CKOPOCTH HapacTanusi cuiibl Toka) [1,2]. Kierku »kupoBoii TkaHu U
BHEKIJICTOUYHBIC BOJBl TPOSIBISIOT JJIEKTPUYECKOE COMPOTHBICHHUE, a KIIETKU
KJICTOYHOH MeMOpaHBl - €MKOCTHOE compoTuBiieHHe. Kierounas wmemOpana
HEUTpaJIbHA 110 OTHOLIEHMIO K I'PAaHULE pa3/eiia BHYTPEHHEN U HapYyXHOU Cpenpl U
aKTHUBHA B Mpolecce oOMEHa pa3MYHbIX BUJIOB XMMHYECKUX BemiecTB. [laccuBHas
4acTh KJIETOYHOM MeMmOpaHbl (~ 7 #m) obOecreynBaeT MPOXOAUMOCTH JIMIIUJIOB U
MOJIEKYJl BOJBI Yepe3 MeMOpaHy, HO OHa a0CONIOTHO HEJOCTYIHA ]I HOHOB, a e
BHYTPEHHSISI JJIEKTpUYECKass MPOBOJMMOCTh OYEHb HH3KA M TI03TOMY MOXET
paccMaTpuBaTbhcs Kak JUdNeKTpuK. CTpykTypa, cpopMUpOBaHHAs W3 MOJOOHOM
IUIGHKM W BHEKJIETOYHBIX CIIOEB MeMOpaHbl, BeleT ce0s Kak KOHACHCATOp
(~1 mx®/cy®) [1]. To >roit npuumHe TPy GHOGU3MUECKEX UCCICIOBAHMUAX GHOTKAHE
paccMarpuBaeTcs B BHJE COMPOTHUBJICHHs (BKJIIOYAs COMPOTHBICHUE [EPMbI U
MOKOXKHOro ciost) R, B couerannu ¢ mapamienasHoit R,C, - memnsto, tae R, u C, -
COIIPOTUBJIEHNE M E€MKOCTh JIMHJEPMHCAa COOTBETCTBEHHO. B pesymbpTrare paccmart-
pHUBaeTcsi KOMILIEKCHOE COIPOTHUBIICHUE, AKTUBHAs W PEaKTUBHAS COCTABISIONINE
KOTOPOT0 HECyT HH(OPMAIIMIO O COCTOSHUM OWOTKAHH, MO3BOJISIS MIPH aHAIU3Ee ITUX
mapameTpoB OIIEHMBATh HOPMY U MATOJIOTHIO Ha Pa3HbIX YacToTax (puc. 2).

_..-
FHTh .

-

SO

SIOSUREN
b

Puc. 2. Dxeusanenmuas snekmpuieckasn cxema danuoepmuca u 0epmol

Memoowvt uccnedosanus. Mojenb cuCTeMB OWOTKaHW, Tpeodpasyromas
BXOJHbIE CUTHAITBI B BBIXOAHBIE, OIMCHIBAETCS BRIpaKeHHeEM [2-5]

a --- 0

Q' = AQ+i(), " | 1(s)
i Q: : y A: Oalo f C:[Clcn] ] ql = ! (1)
u(t)=CQ +d,i(t), S—q;
n & - a
rnie Q - mepematouHas ¢QyHKIuS OWOTKAHHOH CHCTEMBI C Pa3MEpPHOCTHIO

AIIEKTpUYECKOro 3apsaa; i(t) - BxomaHow curaan ctumysna; U(t) - majgeHne HanpsHKEHHS
Ha snextpomax; dy =liMzZ(S); a;, ¢, - mocrosuubIe KOdDDHUITHEHTHI.
§—

MO,[[eJ'II) CBA3BIBACT BXO,HHOﬁ TOK, HpOTeKaIOH.IPIfI 10 UCCiIeayeMomMy O6’L€KTy, )51
PErucTpupyeMoC Ha HEM BBIXOAHOC HAIIPAKCHUC 4CPE3 ICPCMCHHBIC COCTOSIHUA Q C
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Pa3MepHOCThIO 3JIeKTpudeckoro 3apsaa. Koadduiument dy mpencrapiseT 4acTOTHO-
HE3aBUCHMYIO COCTABIISIONIYIO UMITEJAHCA C Pa3MEPHOCTHIO COMPOTUBIICHUS, KOTOPAs
OTpa)kacT CBOKMCTBAa TKaHEH, WMEIONIMX aKTHUBHOE cOmpoTHBiIeHHe. Kaxmoe u3
muddepeHuanbHbIX  ypaBHeHud (1), coaepkaiiux IEepeMEHHBIC COCTOSHUS (),
OIUCHIBAET HMHEPUUOHHBIA Mpomecc (OPMUPOBAHUS HANpPSKEHUS MPU HW3MEHEHUH
Toka. TakuM 00pa3oM, IepeMeHHasi COCTOSHHS XapaKTepH3yeT HWMIIEIaHCHbIC
CBOICTBa CTPYKTYpP OMOTKaHEH, 001 IaroIMx PE3UCTUBHO-EMKOCTHBIM
CONPOTUBJICHUEM. YPaBHEHUS, MMEIOIIUE ANepHOANYECKUE PEIICHHS, OIHMCHIBAIOT
MPOXOXKICHHE JIEKTPHUECKOrO TOKa Yepe3 MapauieibHOe COCMHEHHE aKTUBHOTO U
€MKOCTHOTO conpoTuBiieHuid. Cxema MOJeIMPOBaHuUs, OTBEYaroIias ypaBHeHuio (1),
UMeEeT BHUJ SJEKTPUYECKUX OSKBHBAJCHTHBIX CXEM, IPEACTaBICHHBIX Ha pHC. 2.
[Mapamerpst Mmogenu R, C Moryt ObITh onpernerneHsl u3 3HaueHui Ko PuineHToB do,
ai, Ci. Mimes 3HaueHHs HNIEKTPOPHU3MUECKUX TapamMeTpOB BEPXHUX CIIOCB OMOTKaHHU,
MOXHO OINPEIEIUTh YACTOTHBIC 3aBUCHMOCTH OMOHMMITE/IAHCA U KOHKPETHOE BIMSHHE
W3MEHEHUH B OTJAENBHBIX CIOSX Ha OTH 3aBHUCHMOCTH. B 3TOM ciydyae mapamerpsl
€MKOCTEeH JKBHBAJICHTHBIX CXEM CTAHOBSTCS YaCTOTHO-3aBUCHMBIMHU, & H3MEHEHUS
€MKOCTH KOHJIEHCATOPa MOZEIH OT Y4acTOTHI uMeroT Buf [1,3]

C; = Co
VKF
B COOTBCTCTBHUH C OTUMH N3MCHCHUSAMH MOIH/I(bI/IHI/IPOBaHHaH
aNeKTpodu3MUecKas MOJEIh BEPXHUX CIIOEB OMOTKAaHHU TIPUBEIEHA Ha pHC. 3.
f C = R
n=p
R =

Puc. 3. Mooughuyuposannas snexmpoghuzuvecrkas Mooeib nuUdepmuca

Ha ocHoBe xapakTepucTHK >muaepMuca, AEPMBI M JIPYTUX CIOEB (POTOBOM,
OJIeCTSAIINEI, 36PHUCTBIA U T.J.), UMCIOIINX MOHMKEHHOE COMPOTHBIICHUE, a TAKKE C
YYETOM TOT0, YTO KOJTMIECTBO MTEPEMEHHBIX COCTOSHUN Mojienu (1) ompeenser 9nucio
MapajienbHO COENMHEHHBIX 23yeMeHToB R wum  C mocinegoBaTenbHOM — 1emy,
MIPUBENEHHBIX Ha pHC. 4, IPEITOKEHB MOAU(PHUIIMPOBAHHBIE YKBUBAJICHTHBIE CXEMBI
OMOTKaHU MPH YCIOBUH, 9TO R; > Ri > Rn.

Moaeanr 1. Mogens (puc. 1) cocrout u3 konmeHcatopa C, (eMKOCTb KOXH),
napauielibHO COSTHHEHHOr0 C CONPOTHBIIEHHEM Rg (TeXHHUYECKass MOJEIb POTrOBOIO
CII0s1), TPEJCTABJSIONIEro BepXHHi cioi smmaepmuca. ComporuBieHne Rj, kak
COTNIPOTHUBJIEHNE Ooiee TIyOOKHX TKaHeW SIUAEepMECca, HMeeT IOCIIeN0BaTeIbHOe
coeaunenue ¢ nenbio Co-Ry. Jlnama3on 3HaueHuit s Ry Mmoxker komebatbes ot 1000
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10 5000 kOm, B To Bpems Kak 3HaueHust 41t Ry Haxonstes B mpeaenax ot 0,1 mo 1,0
|
C R1 ¢ Ry
| Rz
I
C Ry
C
Ra
I
r,
Rz
6)

Puc. 4. Dxeusanrenmuvle s1eKmpuyeckue cxemvl OUOMKAHU.
a - nocnedosamenvro coeounennas RC - yens (modens 2),
0 - napannenvhvle 00podcKu ¢ nociedosamenvho coeounennvimu RC — yensmu (modens 3);
R u C coomeéemcmeyiom 3K8UBAIEHMHOMY CONPOMUBTIEHUIO U eMKOCIU CTI0E8 KOJICU,
NOOKONCHOU KAeMYAMKY  21YO0KO IeAHCAUUX MKAHell

xOm.

IMTomoGHas TOCTATOYHO MPOCTask MOJETb MOKET CIIY)KUTh B KAUeCTBE HAYaIbHOTO
NPEICTABIIEHHS O XapaKTEPUCTHKAaX OMOTKAHH.

MonenupoBaHue TPOBENEHO MPH 3HAYEHHUSAX CONMPOTUBIIEHUS Ro 1 Ry (puc. 5) u
emroct 1 ux® (puc. 6), 10 ux® (puc. 7) u 100 uxd (puc. 8) coorBercrBenno. Ha
puc. 6-8 npUBeIEeHBI 3aBHCMMOCTH TOKOB M BXOIHBIX CHTHAJIOB.

v1=0V
an(FYZ=0Y r=5000k Ohms
tr=04¢
=1k Ohms
NS

Puc. 5. Cxema modenuposanus ona modenu
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Graph 1
(M) 1 1(s)
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Puc. 6. BpeMeHHble 3A6UCUMOCIU THOKA U 6XOOHO20 CUSHALA npu emKocmu 1 mx®

Kak mokaspiBaioT pe3ynpTaThl CHUMYISIHH, HANPSHKEHUE YBEIWYUBACTCS BO
BpemeHHoM nuana3one ot 0,1 10 0,4 ¢. Ve uepes 0,4 ¢ npuIOKEHHOE HANPSIKCHUE
TIpH TIPOTEKAHMH TOKA Yepe3 conpoTuBiieHUs Ry m Ry mocTuraer cBoero HanOoIbIIero
3HaueHus. Pe3ynpTaThl MOIETHPOBAHUS MOKa3bIBAIOT, YTO 3HAUEHHUE TOKA 3aBUCHT OT
3Ha4YeHUil JBYX conpotuBieHuii. Kak mokazano Ha puc. 6-8, 3HaueHue eMKoCTH
MOJKET FIMETh CYIIECTBEHHOE BIMSHNE Ha OTBETHYIO PEAKITHIO.

Graph 1
e (A): (s)

i(v5)

200u

150u

glOUu

0.0 |

(V) : s)
6.0

v(nei?)

40

2.0

0.0

T
-50.0m 0.0

T T T T T T T T T
50.0m 0.1 0.15 02 0.25 02 0.35 0.4 0.45 0.5

Puc. 7. Bpemennvie 3agucumocmu moka u 6X00H020 cucnana npu emxocmu 10 mx®
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Graph 1 ) 1)

fiem i(v5)

3.0m

— 2.0m-

(A

0.0

V) i 1(s)
v(net7)

6.0

4.0 : /

V)
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Puc. 8. Bpemennvie sasucumocmu moxa u 6xo0Hozo cuenana npu emxocmu 100 mx®

Mogaear 2. Mogens (puc. 4) npencrasisieT co00i HECKOIBKO IMOCIEI0BATENBHO
coequHeHHbIX RC - memeld u paspaOoTaHa Al MOACTHPOBAHUS CONMPOTHBIECHUS C
YUETOM Pa3NUYHBIX 3HAYEHUH KOHAEHCATOpAa W €MKOCTH B 3aBHUCHMOCTH OT TUIyOWHBI
pacmoNoXKeHus: ciaoeB dmujepmuca Koknu. CoraacHO MpeIokKeHHOW MOJIENH, UMEET
MECTO yMEHbBIIIEHHE 3HAYEHWH €MKOCTH W COMPOTHUBIEHHS IJISl OTAENBHBIX CIIOEB
pPOTOBOTO CIIOSI, paHee HE YYTeHHBIX B JIKCIEpUMEHTaX. Pe3ynpTrar sKcrepuMmeHTa
“MeeT 0co0yI0 BaXKHOCTD ISl pa3paboTku Hamboliee TOYHOW MOZENH COIPOTHBIICHHS
KO)KM, TIOKa3bIBAaIOIIEH, YTO 3HAYEHHE COIMPOTUBJIIEHHUS POrOBOTO CJIOS KOXHU
JOMUHUPYET B 00IIIel COCTaBISIONIEH COMMPOTUBICHUS KOXU.

r=0000k Ohms  r=2500k Ohms  r=1000k Ohms

Puc. 9. Cxema modenuposanus 011 mpexypogHegou cxemvl (Modenv 2)
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MopnenupoBaHue IPOBEICHO MPH 3HAYCHUAX conpoTuBieHus Ry, Ry u R; (puc. 4)
u emroctr 0,1 mx® nmns TpexypoBHeBoit (puc. 9) u mectuyposueBoii (puc. 10) cxem.
Ha puc. 11 u 12 npuBeaeHbl BpeMeHHbIE 3aBUCUMOCTH TOKOB M BXOJHBIX CHUTHAJIOB.

r=5000k Ohms  r=2500k Chms  r=1000k Ohms  r=500k Ohms  r=Z30kChms  r=100k Ohms

c=01uF ¢ c=01uF

Puc. 10. Cxema modenuposanust 051 uecmuyposHesoll cxemuvl (Mooeib 2)

Puc. 11 u 12 wiIoCTpupyIOT 3HAYCHHS TOKA JJIs MOJCIH 2, HUMEIOIICH TOIbKO
Tpu cekiuu (ypoBeHb 1), COOTBETCTBYIOIIEH MOJAETH TpPEX CIO0EB KOXH TOJ
snuepMucoM. Puc. 12 mokaspiBaeT 3HaYCHUS TOKA JIJIsi MOJICH 2, UMEIOIIEH TOJIBKO
mecTh cekiuit (ypoBens 2). U3 puc. 11 u 12 BUAHO, YTO 3HAYCHUS BBIXOIHBIX TOKOB
MOTYT OBITh Pa3IMYHBIMU B 3aBUCHMOCTH OT THIIa MOAeNH. B obomx cimydasx ypas-
HOBEIIMBaHUE 3HAYEHHUH TOKOB IIPOMCXOOUT 04eHb ObICTpO (mportecce amures 0,5 ¢).

Graph 0

A): ts)
| i(v5)
1.5u
< 1u B .
[
500n e 3
1
0.0 - .
V) : 4(s)

6.0 T g v(net15)

4.0

)

2.0

0.0

T T T T T T T T T T T T T T T T T
00 50.0m 01 015 02 025 03 035 04 045 05 055 06 065 07 075 08 085 09
t(s)

Puc. 11. Bpemennvie 3asucumocmu moxa u 6Xo0H020 CUSHANA 0I5l MPEXypPOBHEGOl CXeMbl
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Graph 0
(&) 1)
labs(i(vs))

V) tiz)
vinat3)

4.0

™)

20

0.0

00 500m 0.1 015 02 025 03 035 04 045 05 055 06 085 07 075 0.8 085 08 085
=)

Puc. 12. Bpemennvie 3a8UcUMOCu MOKA U 8XOOHO20 CUSHAAA OISl WECTUYDOBHEBOU CXeMbl

Moaear 3. Mogenb (puc. 4) OGHOTKaHM COCTOUT M3 HECKOJNBKUX IapalielbHbBIX
JIOPOKEK, Kaxkaasi U3 KOTOPHIX BKIIOUaeT Heckoiabko RC - 1emei, mpeacTaBIisiommx
COOOH pa3NUYHBIE CIOM KOXH. DTa MOJIENb SBJSIETCS HamOoliee pacipoCTpaHEHHOM
JUISL COMIPOTUBJICHUS] OMOTKaHU, IPETCHAYIOIEH Ha HAUOOIBIIYIO JOCTOBEPHOCTb.

MozenupoBaHue TIPOBENEHO ITPH 3HAYCHUAX COMPOTHBIEHUH Ry 1 R, (puc. 13) u
emkoctt 1 mx®@ (puc. 14), 10 ux® (puc. 15) u 100 ux® (puc.16). Ha puc. 14-16

NPUBCACHBI BPEMCHHBIC 3aBUCUMOCTH TOKOB M BXOIHBIX CUTHAJIOB.
r=1k Ohms r=1k Ohms r=1k Ohms r=1k Ohms r=1k Ohms r=1k Ohms

r=100 Ohms

r=100 Ohms r=100 Ohms

c=100uF

r=1kOhms r=1k Ohms r=1k0hms r=1k (hms r=1k0hms r=1k0Ohms

r=100 Chms r=100 Ohms

r=100 Ohms

c=100uF c=100uF c=100uF

c=100uF

r=Tk Ohms r=1k Ohms =1k Ohms r=1k Ohms r=TkOhmz r=1k Ohmsa

r=100 Ohms

=100uF

v1=0Y

s yZ=5V
C—P tr=0ds

r=100 Ohms

r=100 Ohms

r=100 Ohrms

<

Puc. 13. Cxema modenuposanus o1 mpex 0opodicex (mooens 3)
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3aBUCMMOCTH, TpHUBEACHHBIE Ha puc. 14, 15, ananornynsl mo ¢opme, HO
OTJIMYAIOTCS JPYT OT Jpyra IO 3HAauYeHWsIM TOKOB U HampsbkeHuid. Hecmorps Ha ToO,
YTO A MOJIY4YEHHs 3TUX Ppe3yJbTaTOB HCIOJIb30BAHBI Pa3HbIE MOAEIbHBIE CXEMBI
(cexumu 3 1 6 MoOmenH), OTBETHBIC PEAKIIUH TONYYAIOTCS TTOXOKUMH JUIS Pa3TMYHbBIX
3HaYCHUH eMKOcTH. BepTukanpHas 1mKana MOXeT OBITh corjlacoBaHa IIpH
TIIATENBHOM MT0J00p€e 3HAaUEeHUH PE3UCTOPOB.

Graph 1
2.0 (A): i(s)
Om i{v5)
2.0m+
<
1.0m
0.0
(V) : U(g)
G . . . . . . : vinelds)
,/.
40 /.
s 4 :
2.0 : < :
! !
0.0 o :
T T T T T T T T T T T T T T 1
00 01 02 03 04 05 08 07 08 08 10 11 12 13 14
ts)

Puc. 14. Bpemennvie 3asucumocmu moxa u 6Xo0H020 cuenana npu emkocmu 1 mx@

. Graph 1 (A): 4(5)
3.0r i(vs)

2.0m

(A)

0.0

V) 4fs)

6.0 v(netds)

4.0

V)

20

o O OO 0O OO OO SO SO0 OO SO OIS ST TOON SOTOTOU SO

Puc. 15. Bpemennvie sasucumocmu moxa u 6xoonozo cuenana npu emxocmu 10 mx®@
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Graph 1
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Puc. 16. Bpemennvle 3asucumocmu moka u 6xo0Ho2o cuenaia npu emxocmu 100 mx@®

Bwieoowt

1. TIlpemnokeHa MeTOmWKa TIIONYYCHHS MOJENeH OHOTKAHH C  Y9IETOM
XapaKTepUCTUK JIHJEpPMHUCA, JAEPMbI M APYTUX CJIOEB (pOTOBOM, OiecTAmuni,
3€PHHUCTHIN U T.J.), HIMCIONIUX TOHMKEHHOE COMPOTHBIICHUE, B KOTOPOH MOXET OBbITh
HCTOJIB30BaHO ONTHMATBHOE KOJIMYECTBO IMEPEMEHHBIX COCTOSIHUN OMOCUCTEMBI.

2. TlpoBeaeH aHamu3 Mojelell OMOTKAaHU IIPU BIMSHHM 3HAYEHHUN €MKOCTH H
CONIPOTUBJICHNA TIYyOOKHX CJOEB TKaHHW, PE3YNbTAaThl KOTOPOTO IMOATBEPKIAIOT
JIOCTOBEPHOCTH TAHHOW MOZENH Oarofaps y4eTy YaCTOTHOH 3aBHCHMOCTH €MKOCTEH
SKBHUBAJIEHTHBIX CXeM OMOTKaHHU.

3. IlpuBeneHbl pe3ynbTaThl MOACIUPOBAHUS MOJIENCH OMOTKaHU, BBITIOJHEHHOTO
¢ nomorsio nporpammsl HSPICE, xoropsie MOryT OBITH MCHIOIB30BAHBI JJISI OIEHKH
(hyHKITMOHATBPHOTO COCTOSTHUST OPTaHU3MaA.
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LELUURULUUUL OR3BUSLEMP YEMLNRONRG@3NRLE 64 UNYsLUYNMNRUL
0.<. MEwmpnyw, LE. lvwshyjut

nwywdph funpp 2bpinbpph niuwyniejwt bW nhdwnpnipjwu hwojwndwdp wnwownyybg
b hjnwujwdph dnnbjh Yunnigdwu dbpnnhlw, npp wwwhnynud £ dnnbih hwjwuwnpnyegniup:
Unwowpyynd t dnnbjudnpdwt dwdwuwy hwoyh wnub) YEuuwhinuwdpht hwdwpdtip
ufubidwubiph  niwwynyejniutiph hwbwhiwywuwiht Ywhudwdnyejniup: Ywwwpwsd |
dnntijutph  ybpindnyeyniu, Gpp YEuuwhinwdwsdpp nhunwplynd £ gdwiht hwdwlwngh
wbupny: Lbpluywgwsd Gu dnnbjwynpdwu wpryniupubipp (Yeuuwhnudwépny  hnuwuph
waép), npp Ywunwpywsd £ HSPICE dpwgpny SAED EDK 28 4d nbfuuninghwlwu unpdbpny,
npnup Ywpnn Gu Gpwofuwynpyti opgqwuhquh $niuyghnuw ypbwyh qguwhwndwu hwdwp:

Unwiugpuyphti pwnbp. btjunpwywu dnnb|, YEuuwpwuwwu hwdwlwpg, Yeuuwhjniu-
Jwdp, hwdwpdtip ufubdw, dnnbwynpnid:

ANALYSIS AND SIMULATION OF BIOLOGICAL OBJECTS
O.H. Petrosyan, L.E. Khachikyan

A method for constructing a model of biological tissue taking into account the influence
of capacitance and resistance of the deep layers of tissue, which provides the accuracy of the
model is proposed. It is proposed to take into account the frequency dependence of capacitance
equivalent circuits of biological tissue at simulating. The analysis of the models, considering
the biological tissue in the form of a linear system is carried out. Simulation results (increase in
the current through the biological tissue) obtained using HSPICE with technological norms
SAED EDK 28 nm are introduced, which can be recommended to evaluate the functional state
of an organism.

Keywords: electric model biological system, biological tissue, equivalent circuit
modeling.
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I-V CHARACTERISTICS OF THIN FILM Pt/Ba,Sr,4TiOs/Pt STRUCTURES
UNDER THE IMPACT OF ELECTRON BEAM IRRADIATION

V.V. Buniatyan, V.M. Tsakanov, G.S. Karoyan, H.R. Dashtoyan

National Polytechnic University of Armenia

A detailed theoretical study of the leakage currents in ferroelectric Pt/Ba,St;TiO4/Pt
(Pt/BSTO/Pt) thin film structures is presented, when the film is irradiated by an electron beam.
It is shown, that both the Schottky barrier thermal/field assisted emission and Poole-Frenkel
(FP) emission from the oxygen vacancy conditioned electron traps may take place
simultaneously if the absorbed energy of electron’s from the electron beam is higher than its
activation energy to release to the conduction band of the ferroelectric.

Keywords: leakage current, ferroelectric, trapping center, Schottky barrier, Poole-Frenkel
emission, oxygen vacancy.

Introduction. The leakage current in thin ferroelectric film devices (memory cell,
varactor etc.) has been a subject for extensive studies [1-7]. The magnitude of the
leakage current and the shape of the I-V curve depend on the conduction mechanism
of the dielectric process in the ferroelectric and of the difference in the work function
between the electrode and ferroelectric, nature and density of the interface states.
Schottky emission [5,8,9], Frenkel-Poole emission [10,11], tunneling (field) emission,
space-charge limited regime [1-5, 12], ionic conductance, hopping conductance etc.
have been considered. They are characterized by their voltage and temperature

dependencies:
1

’ ( S ) (2 S )
' 2 2 . 2 2
T<-exp| LV T ,Vexp|2BV21 T )

ren () [y

where k is the Boltzman’s constant, T is the absolute temperature, q is the electron
charge. In general, it is not easy to distinguish between these mechanisms. Typically,
at lower fields and temperatures (300 K and 10* — 10° V/cm), the Schottky emission
dominates, while at high fields (10° V/cm) and high field and temperatures, the
Frenkel-Poole emission becomes dominant. The Schottky emission and space-charge
limited current are not independent. The main experimental results reported for BST
and PZT indicated a strong correlation of the leakage current with crystalline structure
of the film [1-12]. Currently, it is well established that the oxygen vacancies play a
major role. The oxygen concentration is not constant throughout the film. It decreases
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sharply near the metal electrodes [1, 4, 7, 12, 13-15], approximately 50% of its value
in the center (~20 nm from the Pt surface). This oxygen deficient region in the film
may have n-type conductivity in contrast to the p—type in the bulk of the film, where
the density of the oxygen vacancies is not high. In oxide perovskite ferroelectrics,
there are three oxygen ions per unit cell. The density of the oxygen ions in the bulk of
the film is 1,5 - 1028 m® [7-9], while in the 20 nm thick 50% depleted (by oxygen)
interface layer it is 3 - 102° /m?2. The missing oxygen results in an image charge on Pt
electrode. The surface density of the changes on Pt electrode is 3 - 10'® oxygen/cm?.
However, not all oxygen vacancies trap electrons. The increased density of the oxygen
vacancies at the interface results in a dipole layer-lowering the electrical field in the
film (due to the increase of the voltage drop over the Pt/BST interfaces). The non-
uniform distribution of the oxygen vacancies near the interfaces causes bending of the
energy bands and changes the shape of the barrier, making it for charges easier to
overcome. On the other hand, the experimentally observed leakage currents may be
explained by conductivity associated with the oxygen vacancies [1-4,13-18]. The
oxygen vacancies are the most mobile in perovskite ferroelectrics. The experimental
results of both monocrystalline and polycrystalline BSTO at high temperatures [1-4,
7-9] shows that the conductivity of undoped polycrystalline titanate oxides depend on
oxygen partial pressure of the ambient gas. At sufficiently high temperatures, the
oxygen vacancies are double ionized, each supplying two electrons to the conduction
band. This process at low oxygen partial pressure can be described as [4, 7-9]:
0,—0.50,+ V™, +2¢". Oxygen vacancies act as donors [1-6, 13-16] causing n — type
conductivity. Moreover, depending on the density of the oxygen vacancies and the
density of the background impurities, the conductivity may change from n— to p-type
[7, 8, 16, 17]. The interfacial vacancies cause distortion of the crystal lattice and
polarization fields around the vacancy. This makes the levels deeper and causes them
to act as charge traps [16, 17]. The interfacial built-in electric fields associated with
the trapping centers and oxygen vacancies results in [16] changes in the interfacial
permittivity of the films [18]. It is worthwhile to notice that the oxygen vacancies are
not to be only the main defect of ferroelectric films. The Ba, Sr vacancies in BSTO,
result in the shallow acceptor levels. Dopants also result in levels in the forbidden
band. Nb gives a shallow level [1, 16, 19], while Mn, Gr, and Fe give levels near
midgap. Pt gives a deep level near midgap, too [1, 16, 19].

Most of the metal-ferroelectric junctions lie between the Schottky and Bardeen
limits. In Pt — SrTiO;3 contact, the effect of vacancies on the barrier height becomes
important for the density of vacancies 10'*-10% cm™ [1-9, 19]. The, electrochemical
interaction of the electrodes with carriers in the ferroelectric may induce “dead layers”
[19, 20]. In the case of interfacial surface states and/or dopants there may be a transfer
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of charge, and the barrier height cannot be defined as a difference between the metal
work function @, and the insulator electron affinity y [19, 20]. In this case, the
resulting barrier height is: @ = S(®,,, — &) + (&5 — y) + SPs. The calculated
barrier height for SrTiO3 on P, is about 0.9 eV [1, 7], which is close to the 0.8 eV found
by photoemission and the 1.1 eV [1-5, 19, 20]. In summary, for low density of oxygen
vacancies’, the undoped ferroelectrics titanates films are considered to have slightly p—
type conductivity due to the background impurities (i.e. [Na* for Pb*?, Fe™ for Ti*
[1,7,16,19,20]). In reality, most of the ferroelectric films are reach in oxygen
vacancies, especially at the interfacial with the electrodes regions. The oxygen
vacancies act as donor ions, causing n-type conductivity. In fact, the Kelvin probe
study [1, 7, 12, 19, 20] proved that in Pt -BaTiOs thin film structure, the work function
changes from 2.5+ 0.3 eV for surfaces to 4.4+ 0.4 eV the bulk of the material.

1. The proposed model of the thin film Pt/Ba,St;.«TiOs/Pt structure. The three
layer model to be considered consists of metal electrodes, Fig.1, n-type interfacial
oxygen vacancy rich layers (uncompensated donor concentration ng with the thickness
of &, with the homogeneous distribution of the vacancies, and a poor p-type
ferroelectric film (core) [21]. It is assumed, that the concentration of the oxygen
vacancies is large at the interfacial with the metal (Pt) contact region, and that some of
these vacancies trap electrons and create space—charge regions.

For simplicity, both metal/ferroelectric contacts assumed to be identical. It is also
assumed that there are interfacial surface states between the metal contacts and n-type
interfacial regions. The thickness of these layers with the surface states is denoted by
&. The density of the oxygen vacancies in the middle part of the ferroelectric film
(core) is assumed to be relatively low. The work function (~ 5.6 eV) of Pt is greater,
than that of the ferroelectric film (~3.2 eV), which means that the currents will be
emission limited. In equilibrium and at low temperatures all of the trapped electrons
would be in traps: at high temperatures and in the presence of an applied field and
electron beam irradiation most of these electrons will be excited into shallow traps to
the conduction band, either due to the action of the field and electron beam interaction.

The I-V characteristic of the proposed model is considered neglecting the
diffusion currents associated with the charge concentration gradients. It is also
assumed that electrons flow generally by Poole—Frenkel emission (Schottky intrinsic
emission) under the influence of simultaneously applied electric field and electron
beam irradiation. Additionally, it is assumed that electrons are released from the trap
due to absorption of enough energy from the electron beam and can move in the
electric field so that the re-trapping process may be neglected.

These traps for electrons are assumed to be neutral when occupied and positive charged when
empty (i.e., they are donors).
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2. Model of the current mechanisms in Pt/Ba,Sr;.«TiOs/Pt structure.

2.1. Poole-Frenkel mechanism. As it is noted above, if the ferroelectric film
contains traps for electrons (conditioned by oxygen vacancies) and is under the
simultaneously acting electric field and electron beam irradiation, and, if the adsorbed
energy of the trapped electrons from the electron beam is enough to release from traps,
the I-V characteristics would be exhibited not only on applied voltage dependence, but
be changed under the electron beam intensity. For the classic interpretation, in the case
of only the applied field in thin film it is expected that Poole-Frenkel emission will
“start” dominant up to 1 MV/cm. In this case, it is expected that Poole-Frenkel
emission can take place for the low electric field too due to the electron beam.
Generally, Poole-Frenkel effect [10, 11] describes the lowering of the potential barrier
for carrier thermoemission from a localized electronic state as a result of composition
of its attractive, Coulomb-like potential that is inversely proportional to the distance, r,
and of the potential of a uniform external electrical field, F (see Fig. 2). For this
phenomenon to occur, the defect must acquire a net charge upon the emission of the
carrier, i.e. in p-type material Poole-Frenkel effect is expected to occur for acceptor
traps and in n-type material — for donor traps. For trap states with Couloumb potential,
the charge transport is governed by the Frenkel-Poole emission which is very similar
to the Schottky emission [1-12]. It is necessary to note, that while in Schottky
mechanism, the lowering of the barrier occurs uniformly for all the directions of the
carrier motion in the hemisphere centered in the direction of the field, i.e. the

1
probability of escape is enhanced by the same factor exp (BSEE/kT) for all the

attempted directions of escape, the situation for Poole-Frenkel effect is more
complicated. In this case, it is necessary to take into account the effect of the angle
between the direction of escape and the direction of the field E.
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Fig.1. 1D model of a thin film Pt/BSTO/Pt structure [18]
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The obtained expression (16) is based on the model, on which the maximum

1
barrier lowering {EPF[E(x)]E} occurs only in one particular direction in space, all

other directions have to overcome a higher barrier.

Fig.2b helps to analyze the relationship between trapped electrons due to Poole —
Frenkel effect. Arrows indicate the possible mechanisms of electron emission: thermal
ionization over the lowered barrier (PF effect), direct tunneling (DT) into the
conduction band (CB), and phonon assisted tunneling (PAT) [10,11].

Assume that a ferroelectric film contains traps for electrons, which have E
energy levels below the conductance bands. The electron (donor type) trap densities
are denoted by Ny (Fig.2).

Ne Ec
|q(l): qd

[}
Nig ..0.00.0.000‘”«1‘ Ew
_____________ Et

\\\::\\‘\\ r’ 0 :O

Poole-Frenkel
emission

... Phonon assisted

Ny E,

S Pcare R

|
Contact 1 Contact 2

c) d)

Fig.2. Schematics of trap levels (one-dimensional) for electrons (a), lowering ofthe barriers
by 6E under the applied high field, F, [10,11] (b), under equilibrium condition (c) and at
irradiation of electron beam(d)

Assume that free electrons in the conduction band of the ferroelectric are a result
of only oxygen vacancies and neglecting the intrinsic free electrons in ferroelectrics.
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Let’s consider that the oxygen vacancies near the metal contact is N, which act
as “donors” and its average energy depth in respect to the edge of the ferroelectric
conductance band (E.) is E:.

Assume, that the concentration of oxygen vacancies conditioned by the trap
density/unit energy is:

N = Ny exp (EtkTEC).

Then, for the concentration of ionized “donors”, i. e, for the concentration of free

electron, we will have:
1
NU(‘]" nCo ~ Nvo [1 1+§exp(Etk_%)]’ (1)

where g is the ground-state degeneracy for donor levels (g=2), k is the Boltzmann’s
constant, T is the absolute temperature, Er is the Fermi level energy.

On the other hand, using the well-known expression for free electron
concentration:

Ep—E,
Ney = Ncexp( i(T ) )
for n., we can obtain:
~ Ne Ec—Ec L
2o (5)| o gl O

where N, is the effective density of states in the conduction band.
For the concentration of trapped electrons at thermal equilibrium we will have:

1 1
n, =N, —N += - ]
C T 1 05eap () 1+ 05eap (2) « M eap (- )
co
= - 0.5Nc€xP(Etk_TEC) ’ (4)

Now, assume that in case of the metal-ferroelectric-metal structure, the electric
field and, simultaneously the electron beam excitation (irradiation) is applied. It is
assumed that under the influence of the electric field and the electron beam, irradiation
will take place. Poole-Frenkel emission of electrons from oxygen vacancies condition
the trap levels to the conduction band of ferroelectric (Fig. 2). It means that the escape
rate of electrons from trap levels to the conduction band depends not only on the
electric field (as in usual Poole-Frenkel effect) but also depends on the electron beam
irradiation flux intensity @ (electr./cm?) if the absorbed energy of trapped electrons is
larger than the (E; — E,).

Assume that traps, which exhibit a couloumbic attraction in respect to current
carriers (electron in this case) is necessary. Thus traps are assumed to be neutral when
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occupied and positively charged when empty (i.e., they are “donors”). An expression
for the captured electrons n¢(x) under the steady condition (that is under the
simultaneously applied electric field and electron beam irradiation) may by obtained
by equating the rate of electron capture from the conduction band (r,) to the rate of
electron release from traps (rp). Considering an infinitesimal trap energy range
between E; and E.+dE; the expression for r; can be written as:

r = nNe(1 = fp)ovedE, ()
where o is the capture cross section, vy, is the electron thermal velocity, f, is the
occupancy factor which is a function of trap the energy.

The escape rate can be presented as:

Tyn = Nifyvexp (— Etk_TEC) exp(BprEY/?)exp(K,®)dE, ), (6)
Bor = 2B = 2 (kq_T) (njop)l/Z, )

where q is the electronic charge, jop is the high frequency dielectric permittivity of

ferroelectric, fs is the Schottky slope, 5, is the slope of the logl-E* plot when the
Poole-Frenkel mechanism dominates the electronic conduction, K,, = ‘Zlcni is the
to

rate of the electron escape from the trap center to the conduction band due to the
interaction with the electron beam (due to the absorption of corresponding energy
from electron beam).

Let’s assume that the entrance of electrons (after electric field is applied) from
the cathode (metal contact) into the conduction band of the ferroelectric film by

Schottky—thermoionic emission is described by
J =Jsexp (BEYY). (8)
where J is a temperature-dependent constant.

The continuity of the steady-state current inside the film requires that J be
constant and independent of the position in the film. Thus, neglecting the diffusion
since the electric field is assumed to be high, J is given by

J = anc(x)uE (x), )
where n.(x) is the free electron density when the electric field and the electron beam
irradiation is applied,uis the electron mobility, which is assumed to be independent of
the field strength, E is the electric field.

The electric field distribution in the ferroelectric field can be determined from
Poisson’s equation:

) (10)

where p(x) = q(Njy —n; —n.), n, and n, are the trapped and free electron
concentrations, respectively & is the ferroelectric film dielectric permittivity, which is
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assumed to be a nonlinear dependence on the electric field [1,19-21],
g(B) =20 = = (11)

1+AE2  (1+AE?%)
where &, = £,¢(0), £(0) is the ferroelectric dielectric permittivity at zero field, &,is
the free space dielectric constant (8,85- 1072F/m), and A is constant (for example, for
SITiOs4 = 0,45 = 10 cm?/V?) [1,19-21].
Then, using (11) for (10) we have:

& 2AE?\ dE _ _ 2
E(l—T)a—p(x)a,B—l-l'AE . (12)

Integration of Eq.(12) for boundary condition x=1, E=Eq, where 1 is the length
of the film, gives:

E a(Nfo—(nc+np)

s=al, ¢ =—— (13a)
1+AEj &
From (13), for the free electron concentration we can get:
ne = Njfp —ny = =0 (13b)

ql(1+AE®)’
On the other hand, it is well-known [22-26] that the energy AE., which may

absorb atoms from the electron beam during the interaction can be expressed as:

AEe, = 20 E, (14)
where E, is the flighting electron average energy, meis the electron mass and M, is
the atom’s mass.

Returning to ry, it is necessary to note, that r, depends upon the concentration of
centers which are occupied by electrons and on the electron relaxation time T . In our
case, when the electric field and an electron beam excitation are applied on the

ferroelectric, for T, we can use the expression:

Tox = (3) expl(Een — AEpr — AEy,) /KT], (15)
where v is the attempt to escape frequency, AEpr represents the lowering of the trap
barrier height assuming a Poole-Frenkel mechanism, i.e.

AEpp = ﬂkaTEl/z,
and AEy; represents a so called “lowering” in the trap barrier height due to the
absorption of the trapped electron’s energy from the electron beam.
If the irradiated surface of the ferroelectric is S, the intensity of the electron beam
flux is @ (electr./cm?), AE,;can be expressed as:
AEy, = SO A,y = K@ (16)

where K, = 5%, and An, is the fraction of the trapped electrons which has

release to the conduction band.
Equating r; to r, and using Eq’s (5)-(8), the occupancy factor f,, can be expressed as:
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fn - ]sexP(.BsE(lo/)z)
An expression forn.(x), the total number of the trapped electrons after the
electric field and electron beam irradiation, then it follows:

_ (Etn _ _Nyok:
ny(x) = fo Jfo Ny, dEr = (tya)kT’
E1/2 Kn®)qUE ..
vexp(Bpr )exp(l,"z JAE 2nd it is assumed that s > 2 1,
UVth]sexP(ﬁsE(o) ) kT
Determining the free electron concentration for the condition:

&Ey

ql(1 + AEZY

(18)

where y; =

— +
ne = Nyg —ng —

finally, for the J we will have:
J [C,;:l;z] = quE, {Nlj—o —Ng— (ﬂ(i:—%}- (19)

With the increase of the electric field (E), electron beam intensity, &, the
concentraction of the trapped electrons, n;, is decreased. It means, that the
concentration of free electrons is increased which, in turn must lead to an increase in
the free electron concentration and consequently an increase in J for other equal
conditions.

Conclusions. As it follows from expressions (18) and (19), with the increase of
electric field (E), electron beam intensity, ®, the concentraction of the trapped
electrons, n;, is decreased. It means, that the concentration of free electrons is
increased which, in its turn, must lead to an increase in the free electron concentration

and consequently to the increase of J for other equal conditions.

This work was supported by State Committee of Science MES RA, in the frames of the
research project Ne SCS 14AR-2f12.
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UVNERCR PUNULEUSPU Pt/BaSri«TiOs/Pt WULNES3IUDRLE P
I-V ALNRRUACEMD ELEYSNULUSEL OLoNY KUNUQUSRGLRU

9.9, Pmbhwpui, 9.U. Swljuiny, ¢.U. Qupnjul, 2.[k. Fwuonnjul

Stumlutnpktt  hkwnwgningl) i bEpnbjEnpuljut Pt/BaxSti«TiOs/Pt  (Pt/BSTO/Pt)
pupwl pwnubpughtt  Jupnigquébpubpnid  Ynpuwnywb hnuwbpubpp, bGpp  punuupnp
Eupwpyynud t LEjupntught thugh dwnwquypdwi: 8nyg L wpyk], np Ept EEjnpntuwght
thuighg pplwsdth Juliubuhwitpny wuydwbwynpjuws pwjupnuihtt  Juupnulibpnod
quiynn hEjunpnuubkph juubws Eubpghwt dks b wyn dwjwppuwljutphg hunnppuljut gninh
wowplwl  wlnhjughwih tikpghughg, www wknh Ynibkbw  bEjupnbibph Snwnhh
wpghkiphg obpuw/EEinpuljub b Mnu-dpkulkjjut dhwdwdwbwljju wnwpnud:

Unwligpuyhll pupkp. Ynpunjwt hnuwbp, $bpnbikljnphl, qpuddwt YEuwnpnt, Snwnlhh
wpglp, Mni-dpkulbpyut wpwpnud, ppywsih Juljubuhw:

I-V XAPAKTEPUCTHKH TOHKOIVIEHOYHBIX Pt/Ba,Sr;«TiOs/Pt CTPYKTVYP
o1 BO3AEMCTBUEM 2JIEKTPOHHOI'O JIYUHA

B.B. Bynuatsaun, B.M. Hakanos, I'.C. Kaposn, O.P. lamTosin

TeopeTrueckn MCCIEIOBAHEI TOKH YT€YKH B CErHETOdNIEKTpHUecKux Pt/Ba,St; TiOs/Pt
(Pt/BSTO/Pt) TOHKOIUICHOYHBIX CTPYKTYpax B cClydae, KOTAa IUICHKA MOABEPraercs
BO3JICHCTBUIO 3JIEKTPOHHOrO Jy4a. [TokazaHo, 4TO €cy OT 3JIEKTPOHHOrO Jy4a MOTJIOLIEHH O
SHEPTUH 3JIEKTPOHOB OOJIBIIE, YeM HEPTHH aKTHBAIMM SMHCCHH U3 JIOBYIICYHBIX YPOBHEH B
30HY TNPOBOIUMOCTH, TO  OJHOBPEMEHHO  NPOUCXOMIT  Iyldb-(ppeHKeNbHas |
TeMmneparypHas/snekTpuaeckas (3 6apbepa LIIoTTki) SMUCCHA HTTEKTPOHOB.

Knrouegvle cnosa: TOK yTeuku, CETHETORIEKTPHUK, IIEHTpP 3axBaTa, 6apbep LloTTky, mys-
(peHKeTpHAs SMUCCHS, KUCTIOPOIHAS BAKAHCHSL.
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PAIIUNOTEXHUKA

YK 519.711

HMHUTATOP ABIXATEJIbHBIX IIAPAMETPOB
H.JA. E3aksan, P.I'. Cumonsin, A.I'. I'yasan

Hucmumym paouogusuxu u snekmponuxu HAH PA

OmnuncaHo ycTpOHCTBO, IMUTHPYIOIEE BCE OCHOBHBIE (DYHKIIMH JIBIXaTEILHOTO Mpoliecca
YEJIOBEKA, B TOM YUCJIE BJIBIXAHUE BO3JlyXa U3 OKPYKAIOLIEH Cpellbl U BbIIBIXaHUE HAIPEThIX U
YBIIA)KHEHHBIX Ta30BbIX cMeced. B ycTpoiicTBE OCYILIECTBISETCsSl pa3feibHas pEryilupoBKa
YaCTOTbl MMHUTALMU AbIXaHWA, a TAKXKE JJIUTCIBHOCTU IIpoLECCa BAOXa WU BbIAOXA. Bce
nmapamMeTpbl MMHUTATOpa BBIAAOTCA JJId 1<an1/16p0131<1/1 CIIMPOMETPOB B BHUIAC HANPSIKCHUA
MOCTOSHHOTO TOKa, B TOM YHCIIE€ TEMIIEpaTypa BO3AyXa, 4acTOTa IbIXaTEIbHOIO IPOLECCa,
MTHOBEHHO€ 3HAYEHHME CKOPOCTEH BO3AYIIHOIO IIOTOKA IPU BJIOXE U Ta30BbIX CMECed IIpU
BhiZioxe. [IpuBeneHsl GyHKIIMOHAIBHAS CXEMa YCTPOKWCTBA U OCHOBHBIE MapaMeTphl.

Kntouesvie cnosa: BIoX, BBIIOX, 00bEM, [IOMIIA, YACTOTA, IMUTATOp, CKOPOCTb.

Beeoenue. meercs  psim  TIpuOOpPOB, KOTOPBIC TIPUMEHSIIOTCS B KadeCTBE
MMHTATOPOB CHUTHaIOB natuynkoB. Hampumep, umuratop MC4101 npemHazHadeH yis
KaJHOPOBKHU M IOBEPKH KaHAJIOB H3MEPUTEIBHBIX prOopoB [1,2]. Ou dpopmupyer Ha
BBIXO/I€ MTOCTOSIHHBIN TOK B AnamnasoHe 0,5...19,9 uA npu nanpsoxernn ot 0,5 1o 9,99
B. Ilpu 5TOM MOTpenIHOCTh YCTaHABIMBAEMOT'0 3HAUEHUS TOKA HE TIpeBhImaer +3 %.

Hawnbomnee 6mm3kiM 1Mo GyHKIMOHAIEHOMY Ha3HAYEHHIO MOKHO CUYHUTATh CTEH]I
nckycctBeHHoro neixaHusi CH/I-2, xotoperid paszpaboraH Ui TPOBEPKH U
TECTHUPOBAHMS JBIXaTENbHBIX amnmapaToB. OH CIOCOOEH MOTHOCTHIO WMHUTHPOBATH
MPOIIECC JBIXaHUsI B Pa3IMYHBIX YCIOBUSX OKpyxaromei cpenbl [3,4]. OcHoBHOU
cocraBHOW wacThio CUJI-2 sBnsercs mMHTATOp IBIXaHUS, (OPMHUPYIOMIUN ITOTOK
BJIBIXa€MOH M BBIABIXAaEMOU ra30BbIX CMECEU JIErOYHOW BEHTHIISLIMK C BO3MOKHOCTBIO
W3MEpEeHHs JBIXaTeIhbHOr0 O00beMa W YacTOTHl JeixaHuUs. lIpoltecc npIxaHus
MMUTHPYET MOPIIHEBOH HACOC, KOTOPBIM MPUBOAWTCS B ABM)KEHHUE ACHHXPOHHBIM
JNEKTPOJBUTATENEM U YIPABISIETCS DJIEKTPOMAarHuTHOW My(roil. YmpasieHue
CKOpPOCTBIO TIOPIITHEBOTO HAHOCA BBITIONHSETCS EHTPOOSKHBIM PETYIISITOPOM ITyTEM
CKONTBXXEHHUSA DSJEKTPOMAarHUTHOW My(THI, 3aMBIKaHWS WM pPa3MBIKaHUS TOKa B
ynpasistoniedd merni. OJHIM U3 HETOCTaTKOB CHCTEMBI YITPABICHUS SBISETCS TO, YTO
KOHTPOIITb W M3MEPEHHE UYaCTOThl [BIXaHUS BEIYTCS BPYYHYIO C TIOMOIIBIO
CeKyHJIOMepa. YTpaBlIeHHe OObEMOM JbIXaHHS OCYIIECTBISAETCS BPYYHYIO ITyTEM
M3MEHEHHS TIOJIOKEHUST PErYINpYIOMeH PYKOATKH W KOHTPOJIHMPYETCS IO IIKale
JIUHEHKH.
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TemnepaTypHO-BIaXXHOCTHBIN PEKUM BBIIBIXaEMOM I'a30BOM CMECU UMUTHPYIOT
IyTEM HArpeBaHus M YBJIAXXHEHUsI WIM IOACYIUMBAHUs ra3oBod cmecu. Harpes
MOCJETHEr0  OCYIIECTBISETCS  3JIEKTpOHArpeBaTeneM, KOTOPBIH  yrpaBisercs
KOHTaKTHBIM TepMoMeTpoMm. B crennme CUJI-2 mpemycMOTpEeHO TakKe H3MEpEHHE
TEMIIEPATYPbl U BIaXKHOCTU BJIBIXAEMOM U BBIJBIXaEMOM ra3oBbIX cMmecel. M3mepenne
BJI&KHOCTU OCYIIECTBIISETCS MICUXOMETPUIECKUM CITOCOOOM MO TTOKa3aHUsM “‘CyXoro”
u “MoOKporo” TepMoMmMeTpoB. B kadectBe pmaTumkoB Temrmepatypel B CUJI-2
UCIIONB3yeTCss  TepMoMmeTpuueckoe comportupienne Tuna TCII100. OcHOBHBIM
HEIOCTaTKOM AITHX JIaTYUKOB SIBJIAETCS 3HaYUTENbHAas MHEPIMOHHOCTh. BBuay Toro,
YTO CTEHJ MUMHTHPYET AbIXaHHE YeNOBeKa, WHEPIHMOHHOCTh JTATYUKOB NPUBOJIUT K
HEJIOMYCTUMBIM OOJBIINM OIMHMOKaM, CBSI3aHHBIM C 3ara3/bIBAHUEM UHQOPMAIUH IO
TeMIepaType.

Pezynomamul uccineoosanus u ux oocyyicoenue. PazpaboTraHo yCTPOKMCTBO -
HMUTATOP, UMUTHPYIOIIEE BCE JBMKEHHS Ipoliecca JbIXaHus (BJjoXa W BbIJoXa) 0e3
BBIIIEyKa3aHHBIX HEJOCTATKOB.

I[Ipy wMuTammm BAOXa BO3AYX TIOCTYMAeT U3 OKPYKAWOMIEH Cpemsl,
TEPMOCTAOMIIM3UPYETC TPUMEPHO Ha ypoBHE Temreparypbl JETKHX YeIOBEKa,
YBIQKHSETCA W BBITYCKAETCS B IENMAX KAIHOpoBKH. [Ipr 3TOM Ha BRIXOJHBIX KIIEMMax
mnpubopa GOpMUPYIOTCS HANpsDKEHUsS IIOCTOSIHHOIO TOKa, KOTOpbIE CTPOro
IIPOINOPLMOHAIBHEI BpEMEHH BJI0Xa U BBLAOXA, YACTOTE AbIXaHUs, 00bEMY UMHUTATOPA
JIETKMX, CKOPOCTH M TeMIIepaType BO3AYIIHOI'O IOTOKa IpU BAOXE WM BblIOXe. B
npubope obecrieunBaeTcs pas3zenbHas PEryJupoBKa AJUTEIBHOCTH UMUTALUU BIOXA
U BBIJI0XA, YACTOThl UMHUTALIMH JbIXaTEIILHOTO IIpOLiecca.

VYnpouéHHas CTpyKTYpHasi cXeMa pa3pabOTaHHOIO AbIXaTeIbHOrO HMHUTAaTOpa
[IOKa3aHa Ha PUCYHKE.

Jns ynpasnenus auadparMeHHBIM HAcOCOM 1 BBIXOIHOE HANPSDKEHUE HCTOYHHKA
2 moma€rcs K BXoay 3 JHMHEHHOro mpeoOpa3oBarenisi W OJHOBPEMEHHO K BXOMY
uudpoBoro  BOIbBTMEIpa 5, W, CIENOBaTENbHO, IIOKa3aHHE  BOJIBTMETpPA
IIPONOPLUUOHAIBHO YacTOT€ MMUTALMU [bIXaHUS (4acTOTa ABMIKCHUS Iua(parMsl
noMnsl 1). B umuTaTOope mpeaycMOTpeHbl HUMHTALMM PaBHOMEPHOTO JABMIKCHUS
muadparMel, a Takke MEIJIEHHOTO BAOXa M OBICTPOTO BBIIOXa (FUIH HA00OpPOT) U
pa3fenbHOE YIpaBJICHHE BpPEMEHEM [BMKEHUS HMMWTAlMM BIOXa W  BBIIOXA.
W3MepuTens aMIUIUTYJHOTO 3HAYECHUS HAIPSDKEHUS 6 TIOKa3bIBACT BEIMUUHY, KOTOpas
MIPONOPLUOHANIbHA 00BbEMY INOMIIBI IPU KpaiHeM NolokeHuH auadparmel. [lns
OIpENENICHNs CKOPOCTU BIIYCKAEMOIO M BBIIYCKAa€MOr0 BO3IYLIHBIX IIOTOKOB
MIPUMEHSIEM aHEMOMETP MOCTOSIHHOM TeMIIEepaTypbl, KOTOPBIH MOXKHO HCIIOJIB30BATh
UL U3MEPEHUsl KaK TeMIepaTypbl, TaK M CKOPOCTEH BIBIXaeMOH M BbIABIXaeMON
ra3oBeIx cMmecedd [5]. s 3TOro Ha IEHTPAIBHOM YyYacTKE ITOMEPEYHOTO CEUCHHS
matpyoka 18 mpukperiensl TpaHszuctop 15 w mmonm 16. Iwom paGortaer B
MPSIMOCMEIEHHOM DPEXHME B KauecTBE JaTUMKa TeMIIepaTyphl, TpaH3ucrop 15
paboraer B KauecTBE MHUKPOTEPMOCTaTa, IPH 3TOM B IIEPBOM IOJyIlepruoie padoThI
p-n mepexon (0a3za - KOJJIEKTOp) TpaH3ucTopa 15 paboraer B HPAMOCMEIIEHHOM
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peKHME B KadeCcTBE JaTudMKa TEMIIEpaTypbl KOpIIyca TPAaH3UCTOpa, a BO BTOPOM
MOJTYTIEPHOIE Pa0OTHl MEPEX0J] KOJICKTOP-IMHUTTEP paboTaeT B peKUME HarpeBaTelsl
JUTSI YCTAHOBJICHUSI TEMIIEpATyphl TpaH3ucTopa. B kadecTBe 3agaTurKa TeMIiepaTyphl
JUIsT TepMOCTaTa Ha TPAH3UCTOpE 15 CHYyXUT HaMpsHDKEHHE, ITPOIMOPIHOHATHLHOE
TeMIepaType NpsMOCMeIIEHHOro Auoaa 16 B O10ke 14 ¢ yBelnMueHUEM Ha BEITUYHHY
AU, npu stom AU=50-AU;, rne AU; - u3MEHEHHE BEJIUYHMHBI HAIPSDKCHHUSI
MPSAMOCMEIIEHHOTO AroAa 16 mpu U3MEeHEeHUH TeMIepaTypsl Jatuuka 16 Ha 1°C.

— 3 - _
“h1112
U Mg

Puc. Cmpykmypuas cxema ycmpoticmsa:

1- ouaghpacmennvlii nacoc;, 2- ynpaensiemulii UCHOYHUK NOCMOSHHO20 MOKA, 3- JUHElHbll
npeobpazoeamens —HanpaxceHue-yacmoma, 4- ycunumenv MowHocmu, 5-  yugposou
gonvmmemp 018 UMepeHus dacmomol, 6- yughposoi orvmmemp 01 usMepenus odvema
nomnsl 1; 7- kaanaw enycka 6030yxa, 8- Kianaw 6vinycka 6o30yxa, 9- ysen ynpaenieHus
krananamu, 10- mepmocmam Ona cmabunuzayuy memnepamypul 800vl, 11- nacpesamensv, 12-
mepmooamyux, 13- cocyo, HanonmenHwvlii 6000u, I14- usmepumenv cKopocmu 2a308biX
nomokog,; 15- damuux; 16- ouod; 17- 6nok cunxponuzayuu ouagpasmvl ¢ NOLOAHCEHUEM
K1ananos; 18- mexanuueckas mewanxa,; 19- osueamens npusooa mewianxku, 20- nampy6ok ons
8MYCKA U BLINYCKA 8030YXA

Takum 00pa3om, eperpeB Kopiyca TpaH3UCTopa — TepMocTara 15 oTHOCHTENbHO
OKpyKaromero Bo3ayxa cocrasisier 50 °C u moiepxuBaercsi CTabUIBHO MPH JTFOOBIX
BEJIMYMHAX U3MEPSAEMBIX CKOPOCTEH MOTOKa.

Hns  yBenuueHUs OBICTPONCHCTBUSL H3MEPEHHUSI CKOPOCTH IOTOKOB U
TEMIIepaTypbl B Ka4eCTBE JATYMKOB HCIIONB30BaHbI OSCKOPIYCHBIA OHOA, MPHU 3TOM
BpeMsl YCTaHOBJICHHsI TeMIlepaTypsl coctaBisier He Oomee 0,2 ¢. MomHOCTh
caMoHarpeBa TepMojaryuka < 8 mxBm.

YcrpoiictBo paboraer ciemyromuMm obOpa3zoM. llepen BkmoueHunem oOmiero
MUTAHUSl YCTAHABIMBACTCS BEIIMYMHA HANpPsDKEHHS Ha YIPABISAIOLIEM YacTOTOH
IpIxaHusi Oyoke 2 (yCTaHaBIMBAIOTCS YAcTOTa MMHUTALMHM IbIXaHWS, UIMTEIbHOCTD
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UMUTAIIMU BIOXA WU BbIIOXA, KOAQ(MUIUEHT yCUICHHUS NENUTENS 4 M YCTaHOBKA
MaKCHMaJbHOTO pa3Maxa JABIKEHHUS nuadparmel). Tarke BKIIOYACTCS MUTaHHE
tepMomerpa 10 st crabuimusanuu TemmepaTypbl cocyna 13. Ilocime ycTaHOBjICHHS
TeMIiepaTypel B cocylde 13 Bkmowaercs oOmiee MNUTaHWE HMUTaropa. lorzaa
nradparMbl TOMITBI IPUXOAAT B ABWKEHHUE CO CIICAYIOIIEH MOCIen0BaTeNbHOCTHIO:

1.

2.

B monynepuone nMuTanuu Bjoxa auadparMel MOMIBI | OTOABHTArOTCHS,
KJamaH &8 OTKPBIT, BO3AYX TMOCTyaeT B MexkIuapparMeHHOe

MIPOCTPAHCTRO.
B nonyneprose uMMTanMu BbIOXa KiamaH 8 3akphIT, a Kiama" 7
OTKpBIBAETCH, nadparmel [IOMIIBI 1 MpHUOIIKAIOTCS, a

MexanadparMeHHbI BO3IyX BBIIABIMBACTCS, & U3 OTKPBITOrO KiamaHa 7
BO3MIyX IOCTymaeT B cocyn 13.

Jia HarpeBaHWA W YBJIQXKHEHUS BO3AYX MPOXOIUT Yepe3 CETKY, MPEBpaIIaeTcs B
MTy3BIPBKH, KOTOpBIE MOJAHWMAIOTCS Ha TOBEPXHOCTH Boabl cocyma 13. Ilpu atom
BO3/YIIHBIE MY3BIPHKH TEPMOCTAOMIM3UPYIOTCA M yBIaxHsIOTCs. llocime wero 3toT
BO3/yX IMOCTYIIACT B BHIXOJAHOM — BXOJAHOH HaTpyOok 20 /it KaTHOPOBOUHBIX IIEIIEH.

Takum 00pa3om, yCTpoHCTBO 00ECIIEUNBAET CIEAYIONUE UMUTAIUH:

UMUTAIMS BJOXa: B momie | auadparMbl OTOABUIAIOTCS, KiamaH 8
OTKpBIBAETCA, ¥ BO3YyX B maTpyoOke 20 3amoiHsIeT MPOCTPAHCTBO MEKITY
nuadparMaMu ITOMITHI 1;

WMHTAIUS BBIIOXA: B moMrie 1 auadparMpl MPUOIMKAIOTCS, KIIamaH 7
OTKPBIBAECTCS, ¥ BO3AYyX 4Yepe3 KiamaH 7 BBITAIKABACTCS B HIDKHIOIO
gacTh cocyaa 13, B KOTOpOM, MPOXOAS Yepe3 CETKY C OTBEPCTHSMH, B
BUJIC MY3BIPEKOB MOJHUMACTCS JI0 TIOBEPXHOCTH BOjBI cocyna 13. Tlpu
9TOM BO3JyX YBIIAXKHSIETCS, HArPEBaeTCs MPHUMEPHO JI0 TEMIIepaTyphl
BOIBI cocyna 13.

Bo Bpems paborel mpubopa Tepmoctar 10 oOecmeumBaeT CTaOMIIBHOCTH
TeMmIepaTypsl Bomel cocyaa 13. B mpubope ¢GhopMHPYIOTCS CHTHANBI, MPOMOPIIHO-
HaJbHBIE 00BEMAM M CKOPOCTAM BO3IYIIHBIX ITOTOKOB B MaTpyOKe, TeMIiepatype H
CKOpOCTH BBOJIMMOT'O ¥ BBEIBOOAUMOrO BoO3ayxa (mpu 3ToM HarpeBatens 11 u
TepMomaTynk 12 ¢ MeXaHWYecKOoil MemIamkoi Haxomarcs B cocyne 13), wacrore
IBIXaHUS, NN TENFHOCTH MMUTALINN BAOXA U BBIIOXA H T.JI.

PazpaboTaHHbIil IMHTATOP IMEET CIEAYIOMINE TapaMeTpPhI:

CKOpPOCTB T'a30BOM CMeCH 0,2 1o 0,5 m/c
MaKCHMaIbHBIN 00bEM BO3AyXa 450 mn

YaCcTOTa UMUTAIIUN JbIXaHHS ot 0,1 10 0,5 I'y
pasMepsbl muadparMeHHON TOMITBI 220%210%220 ars®
nuTaHue nmpudopa ~220 B,50 Iy
TeMIIepaTypa ra30Boi CMecH Ipu uMuTaryu Beioxa 34,5+0,5C°,
OTHOCUTENbHAS BIAKHOCTh 95+5%.

3aknwouenue. PazpaboraHHOE YCTPOWCTBO UMUTUPYET IPOLECCH BOXA U BBLAOXA
B OONBLIOM AMana3oHe 4acToT, obecreunBaeT TpeOyemyro (opMmy mporecca BIOX-
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BBIZIOX M, KPOME TOT0, BBIIAET I KaTHMOPOBKM ITOCTOSHHOE HAIpPSDKEHHE, KOTOpOe
MPOMOPIIMOHATBHO IMapaMeTpaM JbIXaTeIbHOro mpoiecca. Pa3paboTaHHbI UMUTATOP
MOXKET HAWTH IIMPOKOE MPUMEHEHHUE i KaJIMOPOBKM KaK JJICKTPOHHBIX, TaK H
MEXaHUYECKUX CIIUPOMETPOB.
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CLAUMULYUL MUrUUESrerh LUULUWUPR
L.% bqulwi, N.<. Updnuyw, U.G. Lnijwi

Lhwpwgpjwd £ uwpp, npp tdwuwynwd £ dwpnne guswnwlwlu gnpdpupwgh pninp
hpduwlwu  $niuyghwubpp, win pYnud® opowlw onh ubppusnuip U wwpwgpwd ni
funtwjwgpwsé ququiht fuwnunipnutiph wpunwusnwip: Uwpph dhongny Yupguwynpynid £
ouswnwlwu utdwuwlydwu hwéwfunysyniup, wnwudhu Yhpwny Ywpgwynpynid Gu ubpousdw
U wpunwousdwu gnpdnnnigjniuubiph imunnnipniuttipp: Spwdwswithhsh pninp wwpwdbupbiph
dhongny unniquswithynid Bu uyhpndbnpbpp' hwunwwniu hnuwuph jwpdwu wbupny, wyn
pYnu' onh obipdwuwpbwup, 2uswnwlwu gnpdpupwgh hwwluwlwunyeniup, onwjhu
hnuptiph ubppusdwtu L quqwiht  fuwnunipnubph wpnwusdwt  wlupwpRwhu
wpwgnyyntuubipp: Spqwé Gu uwpph Yunnigywdpwiht upubdwu U hhduwlwu wwpwdbin-
nkipp:

Unwugpuyghti  pwnbp. ubppusnwd,  wpuwgusnd,  dwyqw), wndw, hwbwfunye)niu,
wnpwdwsw-thhs, wpwagnijniu:

A SIMULATOR OF RESPIRATORY PARAMETERS
N.D. Yezakyan, R.H. Simonyan, A.G. Ghulyan

A device, simulating all the basic functions of the respiratory process of a human, including
inhalation of ambient air and exhalation of heated and humidified gas mixtures is described.
The frequency of simulated breathing is regulated in the device, the length of inhalation and
exhalation are regulated separately. All the parameters of the simulator are issued for
calibrating the spirometers as a DC voltage, including the air temperature, the breathing
process frequency, and the instantaneous speed of the airflow at inhalation, and the gas
mixtures at exhalation. The functional diagram of the device and the main parameters are
given.

Keywords: inhalation, exhalation, volume, pump, frequency, simulator, speed.
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PAIMOACTPOHOMUWYECKASI CUCTEMA JIJIS1 OHEHKHA CUMIITOMOB
CEMCMHMYECKOM OIMACHOCTH

A.I'. I'yasn, I''A. llnpymsn, I'.C. ABeTucsin
Hucmumym paouogusuxu u snekmponuxu HAH PA

PaccMoTpeHBl CTpyKTypa M TEXHHYECKHE XapaKTEPUCTHKH CHCTEMBI BEPTHKAJIHHOTO
30HIUPOBaHUS MOHOCHEPH! Ha JuiuHe BOMHBL A = 4,2 m. 3ydeHbl BO3MOKHOCTH YIyULICHHS
YYBCTBUTEIBHOCTH HHTEP(EPEHIIMOHHOTO PaJnOoTeNecKona MeToAaoM IudpoBol 00paboTKu
JAHHBIX HAOIIOIEHUIN C LIEJTBI0 MCCIIET0BAHMS OLEHKH CMMIITOMOB CEHMCMHUYECKON OITACHOCTH.
[IpencraBiensl mporpaMma M METOJIMKA HAOJIONEHHH, a TaKKe MPaKTUYECKHE peain3aluu
Y3KOIOJIOCHOW YacTOTHOW M CTeleHHOW (uibTpauuu HHTEPPEPEHIIMOHHOW TapMOHUKH.
AHanu3 pe3ynbTaToB HAONIOACHWH TONTBEPAMII KOPPEISLUI0 MEXAYy CEeHCMHYECKUMHU
SBJICHUSMH M TIOIJIONIEHUEM HWOHOC(EpOH pajMOu3IydyeHus] NPUPOAHBIX KOCMHYECKUX
MCTOYHUKOB B MIEPHOJI TIOITOTOBKH K 3€MJIETPSICEHHIO MarHUTynoit M > 4.

Kntouesvie cnosa: woHocdepa, paaUOTENEcKON, HHTEp(EPEHIIMOHHAS TapMOHHUKA,
dpoBoi aHaIU3.

Beéeoenue. OrieHka CEHCMHYECKOH  OITACHOCTH  OCYIIECTBISIETCS — ITyTEM
HENPEpPBHIBHOM  PErMCTpallid  Pa3HBIX  (IJIEKTPOMArHUTHOIO, TE€OMAarHUTHOTO,
noHoc()epHOrO M T.O.) CHMIOTOMOB B 30HE oOIlacHOCTH. B psame pabor [1-4]
MPEeUIOKEHBl  MOAENH BO30OYXKIeHHOH woHOochepsl B CBA3M C aHOMAJIbHBIM
HapacTaHueM JUTOChEepHO-HOHOC(HEPHOro B3aWMMOAEHCTBUSA. B ormimume OT
HaKJIOHHOTO  30HAWPOBaHUA, pPaAHOACTPOHOMHYECKHH CIIOCOO BEPTHKAIBHOTO
30HANPOBaHUSA  HWOHOC(EpPHl  OJHO3HAYHO  OXBATHIBAET 30HY  IOATOTOBKH
3eMJIETPSICEHHs, BCE€ CIOM HWOHOCepbl W  Omaromaps  YyBCTBUTEIHHOMY
paauoreneckony ob0nazaer BBICOKOM wWH(pOpMaTHBHOCTEIO. C 3TOH IMENbI0 B
Wuctutyre pammodmsmkn u anmextpoHnkun HAH Apmenunm Obpim pa3paboraw,
W3TOTOBIIGH W B  HAYYHOM TIONUTOHE YCTAaHOBIEH HMHTEP(EepEeHIIMOHHBIH
pajuoTeneckon B Juana3oHe BOmHBL A =4,2 M, Ha KOTOPOM MPOBOIATCS
MIPOJOJDKUATENbHbIE HAOMIOMEHUs TalaKTHYecKoro (JoOHa M HEKOTOPHIX TOYEYHBIX
KocMudeckux pamuonctouHnkoB (Kaccmomes-A, Jlebenp-A), KyIbMHUHUPYIOIIHX
BONMM3M 3eHWTAa. Hmke TmpuBeneHB CTPYKTypa H TEXHHYECKHE ITapaMeTph
PaJMOTENECKOITa, a TAKXKE IaH aHAIIU3 PE3YJIbTATOB HAOIIOISHIH.

Paouomeneckon. AHTEHHa pPaJHOTENECKONa - IIOJHOMOBOPOTHOE TILIOCKOE
3epkaiio ¢ JuHeWHbIMH pasmepamu 4 A X154, cocrosiiee W3 JABEHAALATH
PaBHOMEPHO pacIpeleIeHHbIX CHH(Aa3HO BO30YKIEHHBIX BOTHOBBIX qunonei (puc.l),
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CTOJIOMKH KOTOPBIX COCAMHSIOTCSA KaOCIsIMH C JJICKTPUYSCKUMHU JJIUHAMU A2, a
BOJIHOBBIE€ COIPOTHBIICHUS OTASNBbHBIX aunoned (R~ 900 Om) paccuuTaHbl U3 ycio-
BHS COTJIACOBAaHHWSA. BBIXOA aHTEHHBI Yepe3 CHMMETPHPYIOIINN y3el IMomaeTes K
paguoMerpy. s OCYIIECTBIECHHS PaTHOMHTEPHEPOMETPUN TPH PETUCTPALAN
CaObIX TOYEYHBIX KOCMHUYECKHX DPaJMOMCTOYHMKOB HAJ YPOBHEM TaJaKTHUYECKOTO
(oHa Ha TEPPUTOPUHU IOJUTOHA OBLJIO YCTAHOBJICHO BTOpPOE 3epKayio (OJUH CTOJIO
OCHOBHOT'O 3epkana). [Tapamerprr AHTEHHBI (Tabn.) OTIPEACTISITUCH
PagnoacTPOHOMHUYIECKHM METOIOM C TOMOIIBIO PAaIHOMCTOUYHHKOB Kaccuores-A u
JleGenpb-A.

Tabnuya

HapaMerp A3Cb(b Q3 ob @3 ob fo Af ch Fm
Bennunna | 50 m° 40° 15° | 72Mry | 400xkly | 7005 | >2.5

Pagmnomerp, cTpykTypHasi cxemMa KOTOpPOTro MpUBEAeHa Ha pUC. 2, TPEACTABISIET
cO0OH CyIeprerepoMHHYI0 CHCTEMY TMPSMOr0 TPeoOpa3OBaHUS CO BXOIHBIM
MajlomyMsaaiyM  yCHUJIUTEIIEM, B KOTOpOI>'I C MNOCIbIO OTCTpaHCHHA OT IIOMEX
MIpenyCcMOTpEHa JeBuanus pabodeii 9acToTsl B ipenenax I Ml y.

-

-

15

SIS

Puc. 1. CmpyxmypHas cxema aHmeHHbl.
1 - aumenna, 2 - cummempupylowuil y3en, 3 — paouomemp

Ilpozpamma u memoouka Habat00eHusA. YIUTbBas TOT (HaKT, YTO TIIOTHOCTH
MMOTOKOB pamuoncToyHnkoB Kaccuomes-A u JleOemp-A w3BeCTHBI € OOMNBIION
TOYHOCTBIO, M OHHM KYJIBMHUHUPYIOT BONW3M 3€HUTA, TJI€ TalaKTHYecKuii (OH
WHTEHCHUBHEe, i1 HaOmofeHni Oblla BhIOpaHa Mpuiexamias o01acTb HeOOCBOA.
HaGmonennss mpoBOAMINCE €KEIHEBHO C JIEBATUYACOBOW IPOJOIKUTEIBHOCTHIO,
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JOCTATOYHOM Ui TPOXOXKACHHS OOOMX  HMCTOYHHKOB — 4Yepe3  JuarpaMmmy
HATPABJICHHOCTH HEMOBIKHOTO pajuoTeneckona, B nutepsare 17" 30™ < o < 26" 30"
IpAMOro BOCXOXKIACHHA HNCTOYHHUKA. COBMCCTHaﬂ perucrpaiysa paguonu3IydCHHUA
TaJIAKTUYECCKOI'O (bOHa U OUCKPETHBIX PaJUOMCTOYHHUKOB OCYHICCTBJIsAJIaCb M B
aHaJIOrOBOM BHUJE — HA JIEHTE CAMOIMCLA, U B BHJE HU(POBOrO pAa - B MaMATH
KOMIIBIOTEpPA. C HEIbI0 YIIYYIICHUA YYBCTBHUTCIBHOCTU CHUCTEMBI OCYHICCTBJIAIUCH
MeTO/1bI IM(POBOTO aHATN3a JaHHBIX HAOIKOICHHUS.

A
©
Y

2 5 10 11

Puc. 2. Cmpyxmypnas cxema paduomempa:
1 - aumennwvui nepexmouamenv, 2 - zenepamop wiyma, 3 - MATOWYMAWUU YCUTUMEND,
4 - cuecumens, 5 - eemepooun, 6 - ycunumenv npomedxcymounou yacmomol, 1 - demexmop, 8 -
yeunumens nOCmMoanHHo2o moxa, 9 - nakonumens, 10 - komnviomep, 11 - camonucey

Y3kononocnan wacmomnasa uavmpayus unmepghepenyuonnON 2apmoHuUKU
(UTI'). MeToa MPaKTHYECKHA PEANTM30BANICS HA TpUMepe HAOMIOACHHUS KOCMHYECKOTO
pamuoncrounnka Temen-A Ha  muHE BOJMHBI A=4,2 M C  IIOMOIIBIO
paguonHTepdepomerpa UPDD ¢ 6azoit D =15 A u 3(exkTuBHON MOBEPXHOCTHIO
auten 50 M° wu 10 M. TlonHbIi AHANOrOBBIH CHrHAN (PaIHOMCTOYHHKA,
rajakTrdeckoro (hoHa ¥ IIyMOB), 3apPETHCTPUPOBAHHBIN Ha BBIXOZAE paaroMerpa (puc.
3a) omnudpossBaics 10-pa3psSgHBIM aHAJIOTO-IH(PPOBEIM  IPEoOpa3oBaTEIeM C
BpemeHHbIM pazpemenneM 0,01 ¢ w BBogmJICS B KOMITBIOTED B  BHIE
ITOCTIEIOBATENFHON 3aIMCH JTAHHBIX B OTJCIHHBIA WHUIIUHUPYEMBIH TEKCTOBBIA (aiii.
I[lo BTOpOMY mapaieTbHOMY KaHaldy 3aluChIBAINCh METKH BpeMeHH. Taxas
perucTpanys mo3BoJsiia ¢ OONBIION CTEIEHBI0 TOYHOCTH YUUTHIBATH (Da30BBIA CIHBHUT
pu  TIocienyoomeil oopaboTke pe3ynbTaToB m3MepeHui. [lampHeimas obpaborka
JaHHBIX TPOM3BOMMIACH C MOMOINBI mporpammel  “Origin-6”, koropas wumeer
BcTpoeHHBble  pyHknmm ~ Dypbe-aHanmmM3a,  pacHIUPEHHBIE  MaTeMaTHYECKHe
BO3MOXKHOCTH JJIs1 TOCTPOSHHS Y3KOITOJIOCHBIX A(POBEIX (DUIBTPOB, HACTPANBAEMBIX
Ha 9acToTy rapMoHukH. [Ipornecc nudpoBoit 4acToTHOH (PUIBTpaIIUl TPOUCXOTUT TIO
cienyrouiedl mnpuMmepHod cxeme. M3 3aperucTpUpOBAaHHOrO IMOCIE JETEKTOopa
aHAJIOTOBOTO CHUTHaNa (pHC. 3a) C MOMOIIBI0 TMOMMHOMAa N-i CTENEeHU BBIAETSIETCS
(doHOBOE WM3MydYeHHE, KOTOpoe 3aTeM BbauThiBaercs. Jlamee mins UIT mcrounmka
CTPOHUTCS YaCTOTHBIA CIIEKTP MOIIHOCTH W OINPEAEISAIOTCS MapaMeTphl MOJIOCOBOTO
¢dunbTpa F u AF.
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Pesynbratel nnpoBoil (GUIBTpaUHM Jald BO3MOXKHOCTh BBISIBUTH CIa0BIH
MoJe3HbI curHanm Ha ¢QoHe MmymMoB U paguomomex. Iloutm HezamerHas
nHTeppEepeHIMOHHAsl TapMOHUKa paauoucTouHuka Tenmen-A mocine uudpoBoi
GUIBTPALM YETKO BBIIEISETCS Ha YPOBHE HECPAaBHEHHO Oojee CUIBHOrO (hOHOBOro
n3nydeHus ['anakTiky, nryMoB u momex (puc. 36). Jlaxke nanekue ot neHTpa OOKOBBIC
neriectku U, koropble BooOIIe HE 3aMeTHBI 0 (UIBTpPALMHU, TOXKE XOPOIIO
BBIJIEIISTIOTCAL.

Teneu-A

(@)

Amvnautypa

-1 i i 1 i
1250 2500 3750 5000

CekyHabl

Puc. 3. UT' paououcmounura Teney-A 0o (a) u nocre (6) yughposozo y3xononocnozo
uacmommnozo purvmpa

3TO CBUACTENLCTBYET O TOM, YTO PAJUOMCTOYHHKH, UMEIONME HA TOPSIOK
MEHBIIYI0 HWHTCHCHUBHOCTH, ueM Tenen-A, MOXHO HaOM0JaTh € TOMOIIBIO
paanonHTEPPEPOMETPOB, UMEIOIINX Mable 3 (PEKTUBHBIC TLIONIAH aHTCHH.

Cmenennaa ¢unempayua. CreneHHoir 1udpoBoi GUIBTP YCHIUBAET
MepEMEHHYIO COCTABIISIIONIYI0 3apErUCTPUPOBAHHOTO TIOCHIE JICTEKTOPa CUTHATA
KOCMHUYECKOT0 PaJIMOMCTOYHHIKA, B JAHHOM CITy4dae - €ro MPOCTPAaHCTBEHHYIO TapMo-
Huky. [Ipu sToM dYem Oonblie ee aMIUIMTYAa, TeM OOJbIE OHA YCHUIIMBAETCH,
COOTBETCTBEHHO YITy4IIIaeTCsl U30MPATETHHOCTh CHCTEMBI.

[penacraBum uHTEpPEPUPOBAHHYIO 3aMMCh KOCMHUYECKOr0 HW3IydYeHHS (CHTHAI
TVICKPETHOT'O HWCTOYHHMKA, TaJakTHUeckoro (OHa ¥ IIyMOB) B BHAE IH(PPOBOM
MOCJIEAOBATEIBHOCTH BO BPEMEHU U BBeleM €€ B maMsATh DBM. YMHOXKUM KaKIblil
uren P(t) mocnemosaremsHocTH Pj(f) cOOTBETCTBEHHO HA CTENEHHOM MHOMKHUTEND,

I:)m _ P|(t)
I:)m

III/IC.]'IO), W 3alHIieM €€ B BHJE HOBOM IIOCIEAOBATEIIBHOCTA BO BPEMCHU:

Hampumep exp - (B KauecTBe OCHOBaHHS MOXKHO B3SITh JIOOOE LENTOE

P(t)=Pi(t)exp- Pm;—P'(t) , Toe Py, - unen nocnenosarensHoctu Pi(t) ¢ Makcumans-
m
HBIM 3HAYEHHEM.
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OueBupHO, 4YTO B  pe3yiabTaTe TaKOro MpeoOpa3oBaHUS  TOIYyYUTCS
OTGWIFTPOBAHHOE 3HAYCHHE TIEPEMEHHON COCTaBJISIFOIICH MOCIEAOBATEIbHOCTH. DTO
XOpOIIO BUIHO Ha TpuMepe GWIbTpaluu WHTePPEpPeHIMOHHON 3amuch CUTHaIa
paauounctounuka Jlebenp-A (puc. 40), KOTOpBIH, KaK U3BECTHO, HAXOAUTCS B 001aCTH
CHJIBHOTO (DOHOBOT'O TaJIAKTUUECKOr0 U3ITydeHUs (puc. 4a)

Jlebenp-A

-

1,01

0,5 / 0

0,01

1 " 1 " 1 " 1 " 1

0 1000 2000 3000 4000

Puc. 4. UT" paououcmounuka Jlebedo-A 0o (a) u nocre (6) cmenenno2o yughposozo
Gurvmpa

Pe3ynomamol  uccnedoeanuna. I'padpuyeckue wu300pakeHHs 00paOOTaHHBIX
pe3y/IbTaTOB HAOIONCHUM ITPUBEIACHBI HA puc. 5-7. Ha puc. 5 crpenkoit nzodpaskeHa
aHOMAJTHsl BPEMEHHOT'0 psijia HaONIOJIEHUI UCKPETHOro pamuouctodnuka Jlebeap-A
niepen ['anm3akckum 3emieTpscerneM (Asepoaiimkan, 25.03.2015r., M=3,5). Ha puc.
6, 7 mpuBeneHBl HOPMATBHBIM U aHOMAJIBHBI BpPEMEHHbBIE PSIBI PaJHONCTOUYHIKOB
Kaccuones-A u  Jlebemp-A 1m0 CremaHaBaHckoro 3emierpscenns (Apmenus,
24.03.2015, M=3,7).

LEBED 09.03.2015 Ps

120
100

\/ _\'\/'\/\/ /\/\‘/\J—\_/—\/\/ AN
80 - AN
60 1
40 -

20 4

5:40
6:00
6:20
6:40
7:00
7:20
7:40
8:00
8:20
8:40
9:00
9:20
9:40
10:00
10:20
10:40
11:00
11:20
11:40
12:00
12:20
12:40
13:00
13:20

Puc. 5. Bpemennotl pso nabnooenus paduoucmounura Jlebeov-A (09.03.2015e., [Lywu, HKP)
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Puc. 6. Bpemennoii psio nabniooenus paououcmounuxos Jlebeov-A u Kaccuones-A be3
anomanuu (16.03.20152., Capasano)
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Puc.7. Bpemennoii psio nabniooenust paduoucmounuxog Jlebeov-A u Kaccuones-A ¢
anomanueti (17.03.20152., Capasano)

Bo1600bl. Pe3ynbraThl €XETHEBHBIX, [UIMTENBHBIX HAONMIOJEHWN, Mamas 4YacTh
KOTOPBIX TIPEACTaBIeHA Ha PUC. 5-7, TOATBEPKIAIOT (HAKT M3MEPUMOIN KOPPEISIIUU
MeXIy (a3oil MOATOTOBKH 3EMIIETPSCEHHs] W TIOTJIONICHUEM paIHOU3Iy4eHUS B
BO30YX/JIEHHOW wWOHOC(hEpe, HYTO MOXHO OOBICHHTH YXYAIISHHEM pagHoONpo3-
padHOCTH HOHOC(EPHI, O0YCIOBIEHHBIM JIIEKTPOMArHUTHBIM HW3NTydeHHueM jaedop-
MHPOBAaHHOTO TPYyHTa B 30HEe 3emieTpsceHus. [lomydeHHBIe OOHaIEKHBAIOIINEC
pe3yIbTaThI 00OCHOBBIBAIOT HEOOXOJUMOCTh MIPOBEICHUS JaJIbHEHIIINX
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UccIeIOBaHUH celicMOMOHOC(EPHBIX CBA3CH U MPUMEHEHUS PaI0acTPOHOMHYECKOTO
MeTo/[a BEpTHUKAIHHOI0 30HIUPOBaHUS.
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Tpunsma k onyonuxosanuro 25.11.2015.

Ut3uUhLULUL LUULTULLErP GLUKUSUUL UHhNUUSTUShSUHUL
cuvuuure

U.G. Inyyuwi, L.U. Phpnufjut, G.U. Ubnhujwt

THhunwpyws GU hnunnpnp nipnuhwjwg gnunwynpdwu A = 4,2 J wihph Gplupniejwu
whpnyph  hwdwlwpgh Yuwnnigwépp U wbluuhjulywu punipwgpbpp, huswybu  twl
ubjudpwywu  twhuwupwuubph  quwhwwndwt  twywwwyny nhunndubph wndywiubph
pUwuowiht  bGnwuwyn dowlydwdp hunbippbipbughn  nwnhnnhwnwlyh  qqujunyejwu
dtdwgdwu huwpwynpnipniuutipp: LbpYwjwgwd Gu nhunwdubph  dpwaghpp, dbennp,
huswytiu uwl hunbpdbpbughnu  hwpdnupyh ubnpbpn hwéwpuwiht b wunhbwuwihu
quinudubiph hpwlwuwgnwiubipp: “thwnnwubph wprynwupubph yepindneniup hwuwnwnt) £
thnfuywwwygniejniu. M<4 dwqupwninny  Gpypwowpdtiph  twuwwwwpwundwtu  thnynd
ubjudhywywt Gpunypubiph W hnunnpunp Ynndhg Ynudhlwlwu wnpnipubph nwnhntw-
nwgw)jpdwl Ywudwu dhol:

Unwugpuyhti pwnbp. hnuninpu, nwnhnnhunwy, hunbp$bptughntu hwpdnupy, pqw-
Ugwjhu ybpnidniegntu:

A RADIO ASTRONOMY SYSTEM FOR ESTIMATING SEISMIC HAZARDS
A.G. Ghulyan, H.A. Pirumyan, G.S. Avetisyan

The structure and system specifications of vertical sounding of the ionosphere at a
wavelength of A =4,2 m, and the opportunities to improve the sensitivity of the interference of
the radio telescope with digital data observations to study the seismic hazard assessment
symptoms are considered. The analysis of the observation results has confirmed the correlation
between the seismic phenomena and the absorption of radio waves by the ionosphere natural
cosmic sources while preparing to face earthquakes of a magnitude of M <4,

Keywords: ionosphere, radio telescope, the interference harmonica, digital analysis.
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Becmuux HIIVA. “Unpopmayuonnvie mexnonocuu, snekmponura, paouomexuuxa’”. 2015. N2.

VK 621.396.677.8

UCCJIEJJOBAHUE DJEKTPOMATHUTHOTI'O MOJISI B ®OKAJIBHOM
OBJIACTH JIBYX3EPKAJIbBHOM CO®EPUYECKON AHTEHHBI

H.C. My:xuksin’, A.C. Capresn’

110X ENGINEERING" LLC
2 Hayuonanshbiii noiumexmuieckuii yHugepcumem Apmenuu

[IpoBeneHo wuccnenoBaHHE 3JIEKTPOMAarHUTHOrO 1ol B (oKaabHOH — 00JacTH
JBYX3epKalbHOU chepuueckol aHTeHHBL. [lonydeHbl GopMynbl, TO3BOJISIONINE ONPENETUTh
BJIMSHUAC W3MCHEHHS IOJIOKCHUH COCTaBHBIX YacTeld aHTEHHBI (OOJBIIOrO CHEepUIecKOro
3epKajia, MaJioro 3epkana, oOmy4arelns, Hecylled KOHCTPYKIUHM “xo0o0Ta”) Ha auarpammy
HanpaenenHoct (JJH). BeiBenena ¢opmyna dhazoBoro pacnpenenenus B GpokaibHOH 001acTu
antennsl POT-54/2.6. B cpene mporpammupoBanus LabVIEW paspabGoraHo mporpammuoe
obecreueHre, KOTOpoe BBIIONHACT pacyeT yria OTKIOHEHHS M NPEACTABIAeT pe3ylbTaThl B
BHUie TrpauKoB.

Kniouesvie cnoea: aHTeHHa, IUarpaMMa HAIpPaBICHHOCTH, (ha30BOE pPaCIpEAeICHHUE,
yroJl OTKJIIOHEHHUS, cpefia nporpammupoBanus LabVIEW.

Beeoenue. Hexoropble BOINPOCH], CBS3aHHbIE C WHXEHEPHBIMH pacueTamMu
JBYX3EPKIGHBIX AHTECHH OOJNBIIMX PaJUOTEIECKONOB, elle B Hadane 60-x TomoB
paspaboran akagemuk Ilapuc Mucakosuu ['epynu. B Apmennn Ha 10)KHOM CKIIOHE
ropel Aparamn, Ha BbicoTe 1700 m Hag ypoBHeM MoOps ObLT TOCTPOEH paawo-
ontudyeckuii Temeckorn POT-54/2.6. I'maBHast ock 54-MeTpOBOH ABYX3€pKAIbHOM
cheprdeckoi aHTEHHBI 00BEIMHEHA C OCHI0 OOJIBIIIOTO ONTHYECKOro Teneckona [1]. B
HacTosAIIee BpeMs paIHOTENEeCKON 3aKOHCEPBUPOBAaH, HO BEIETCS ITOHCK HamOoiee
MIPUEMJIEMBIX PEIIeHUH TI0 ero MOJEPHU3AINY B BBOAY B CTPOM, YTO MOXKET CHITPATh
Ba)KHYIO POJIb JIJISl PA3BUTHS PAJHOACTPOHOMHH M CBEPXJANbHEH KOCMUYECKOHN CBS3H
Kak Jsi ApMEHWH, TaK U JUISI MEPOBOTO HAYYHO-TEXHHYECKOro coodiecTBa. B Hem
CKpPBITHI OOJBIINE BO3MOXKHOCTH ISl popMupoBaHus u Koppekinu J|H anTeHHBI, Ha
0a3e aHTEHHBI PATUOTENECKONa BO3MOXKHO CO3JaHHMEe MHOTONYYEBOH pPEKOHUTY-
PUPYEMOI aHTEHHOM CHUCTEMBI.

IHocmanoeka 3a0auu u 060cHosanue memoouku. VI3BeCTHO, YTO KIIACCUYECKUE
CXEMBbI OOJNBIINX IOJHONOBOPOTHBIX ITapabOMYeCKNX aHTEHH HE COOTBETCTBYIOT
COBPEMEHHBIM TpEOOBaHMSIM AaHTEHHOW TEXHHKH U3-3a e OpMUPYEMOCTH
CTPYKTYpBI, 9TO 00yCIIOBIIEHO U3MEHEHHEM TeMIIepaTyphl, BETPOM M BO3JIEHCTBHEM
Ipyrux (akTopoB, a TakXkKe IepepacrpesielIeHneM COOCTBEHHOTO Beca BO BpeMs
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BpallleHUs aHTEHHBI. YCIEIIHBIM pEIICHHEM MpOOJIEeMBl SIBIISICTCS CO3JaHHC
IBYX3EpKaIbHONW CQepruecKold aHTEHHBI C HEMOABHXKHBIM OONBIIMM 3EPKajoM.
JIBuKeHue JTyda B MPOCTPAHCTBE BBIMOJHAETCS MPU MOMOILM MEPEMEIIEHHs MaJloro
3epKajia, MMEIOIEro CHelHuaibHyl0 (OpMy, OTHOCHTEIBHO LEHTpa HENOJBHXKHOTO
cdeprueckoro 3epkana. Kpome Toro, JaHHBIA THI aHTEHH UMEET Psii IPEUMYILECTB:
BBICOKAsl TOYHOCTh, OONbIIMK Kod(duuueHT ucnonabp3zoBanusi nosepxnoctu (KUIT),
HU3KWI YpOBEHb COOCTBEHHBIX IIYMOB U T.l. Bricokoe 3nauenue KUII mocruraercs
BO3MOKHOCTBIO TMOJTyYEHHs] TOYTH PAaBHOMEPHOI'O aMIUIUTYIHOTO PACIpENENeHUus B
packpeiBe aHTeHHBI. Kpome Toro, nByX3epKajbHbIe cepHuecKUe aHTESHHBI SBIISTIOTCS
HU3KOIIYMSIIMMH M TIOMEXOYCTOMUMBBIMH CHCTEMaMH. B 3TOM cMbIcie UX MOXHO
Ha3BaTh aHTCHHAMH “‘0e3 KpaeB”.

B Hacrosimeld paboTte UCCIIenoBaHO 3JEKTPOMArHUTHOE TIOJIE B JIBYX3€PKaIbHOU
chepryeckoll aHTEHHE, TOYHEE - B e¢ (hOKAJIBbHOM 00JIACTH, T.€. B PACKPHIBE MaJIOro
3epKkaja, 4TO MO3BOJSET ompenenuts m3meHeHus JH, korma omHa w3 cocTaBHBIX
yacTeli aHTCHHBI IIOJBEPIraeTCs MEXaHUYeCKOW jaedopMalldd, CBS3aHHOH C
nepemenieHneM. B xoze mccnenoBanus pa3paboTaHO MporpaMMHOe obecrieueHHne B
cpene mporpammupoBanus LabVIEW, koropoe mo3Boisier, unMess mapaMeTps
AHTEHHBI, TONY4YUTh yrioBoe oTkioHenne JIH.  bBiok-nmuarpamma mporpammel
TpuBeneHa Ha puc. 1.

| "Charagaytchi sharjum y arancqov”, Default 'F

Delta y ch ¥
f G

| U ——— ;] S I — 7l — poct | Grafik
(Tettz) |Lo5t r—f[o/180.0)*pil}] 2 -

degrees to radians

Iteracianeri ganak

Hashvarki @ntrutyun [CLe0

Qayl

B 1| Tab Control stop

m = ®

Puc. 1. Bnok-cxema npoepammuoll Mooeau pacyema yaia OMKIOHeHUs 08YX3ePKAIbHOU
cghepuyeckol anmeHHul

Pesyniomamer uccnedosanusn. Vicxons w3z toro, yro (pasoBOe pacrpeielieHue
UIpaerT BaKHYIO POIb, NMPU pacyerax JaedopMaidd COCTaBHBIX YacTell aHTEHHBI,
CBS3aHHOW C IepeMelleHneM, MojiydeHa (opmyna (as3oBOro pachpejueieHus B
dboxanbHO# obmactu (cm. puc. 2) [2,3]:
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Q= 27”[(c050 + \/(COSQ —f)?+ (sin@ —y)z) -2-N1,
y =sin@ — (cos 8 — f)tg20,

OTKYyZa MOJTy4aeTcst

Q= 27n[<c059 + J(cos@ — )% + (tg26(cos 6 —f))z) -2 _f)]' (1)

Puc. 2. Onmuueckas cxema 08yx3epranivbHoll chepuieckoli aHmenHol

Bce mnpuBencHHbIe B JaHHOH paboTe (GopMynbl M rpadUKd ObUIM IMONYYEHBI,
WCIIONB3ys 3aKOHBI TeoMeTpuueckod ontuku. OCHOBBIBAsSCh Ha pe3yibTaTax
COOTBETCTBYIOIIUX paboT [4], chemad pacderT yria OTKIIOHEHHS JIyda W B Cpelne
nporpammupoBanus LabVIEW paspaboran crenuaibHBIN anropuTM pacdera. Ha
(bpOHTAIBHON TMaHeNmW MPOrpaMMBI C TIOMOINBIO BBIMTANAIOMIETO MEHI0 HMeEeTCs
BO3MOXXHOCTh BBIOpaTh COOTBETCTBYIOIIYIO YacTh pacuera W IMEpPerTH K JaHHOU
gactu. [lapamerpaM B KaX[OH YacTH MJafOTCAd COOTBETCTBYIOIIME 3HAYEHUS, W
Ha)XKaTHeM KHOMKH ‘“‘fUN” mporpaMMa HaduHaeT paboTy (BBIMONHSIOTCS pacdeThl U
cTpostca TpadWKH 3aBUCHMOCTEH yrioB oTkinoHeHus JIH aHTeHHBI wW3-3a
coorBercTByromeld nepopmanmm). Ha pmc. 3 w300pakeHa MaHeNb YIpPaBICHUS
MIpOrpaMMOi pacdera yria OTKIIOHEHHUS MPU OTKIIOHEHHWH O0JTydaTells 1O OCSIM Y U X.
I'pacduku 6bUTH TOCTPOCHBI 110 popMmyitam (2) u (3), mpuBeneHHBIM HIXKE [2-4].

Puc. 3. Yeon omxnonenuss 6 3a6UCUMOCU O OMKIOHEHUs 06ﬂy’{am€ﬂ}l no ociamy u x

85



Ha puc. 4 wn3obpaxkeHa IaHeNb YNpaBleHHs HPOrpaMMOHM  pacyera yria
OTKJIOHEHHMsI TIPH OTKIIOHEHHH MAJIOr0 3epKaja 1Mo ocsiM y u X. ['paduku Obutn
TIOCTPOCHBI UCXOJIs M3 HIDKENpUBeneHHBIX hopmyi (4) u (5) [2-4].

Puc. 4. Yeon omknonenus 6 3asucumocmu om OmxIOHEHUSI MALO20 3epKajia no ociamy ux

Ha puc. 5 wm300pakeHa MmaHenh YIpaBIICHHUS MPOrpaMMON pacdera yria
OTKJIOHEHHsT TPH IOBOPOTE MAajoro 3epkana BOKpYyr cBoeit ocu. ['padux ObL1
MTOCTPOEH, MCITOIB3Ys hopmyiy (6) [2-4].

UTOOBI MONYYHUTh HEMPEPhIBHBIN rpaduK, HYKHO B3aTh mpuMepHo 10000 Touek, a
mar - mpuMepHo 1 rpamyc (Kak IpuBeIeHO Ha puc. S).

Pogr hayelu ptuyt ir gagati shurj Iz‘

i
20

Grafik
I
19

O (Tetta)
30

psi

Ptuyt
10

Iteracianeri ganak
10000

Qayl

1 - | | 0 | 0 | 0 | 0 | i
0 1000 2000 3000 4000 5000 @000 7000 8000 9000 10000 11000
delta

B i

Puc. 5. Yeon omknonenus 6 3asucumocmu om nosopoma mMajloco 3epKajia 60Kpye ceoetl ocu

Ha puc. 6 wuzobpakeHa maHens yIpaBieHHs MNPOrPaMMOM pacdera yriia
OTKJIOHEHHs B 3aBHCHMOCTH OT CMEIICHHS LIEHTpa U paauyca chepsl. ['paduk Obu
MOCTPOEH, Mcnonb3ys hopmyiy (7) [2-4].
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Sferayi kentroni u sharavxi texasharj
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Puc. 6. Yeon omxnonenus npu cmewenuu yenmpa u paouyca cgepvl

Ha pwuc.7 wuzoOpakeHa IMaHenb yIOpaBJICHWS NPOrpaMMON pacdera yria
OTKJIOHEHHS B 3aBUCHUMOCTH OT yJUIMHEHHUs Hecyliero xooora. I'paduk ObLI TOCTPOEH,

ucnonb3ys hopmyny (8) [2-4].
Krox hartaki erkaracum [=]

1
0
I
19
0 (Tetta)
0
Deita 1
0
Iteracianeri ganak
10000

Qayl
0,001

Puc. 7. Yeon omkionenus 6 3a8ucumocmi om y()ﬂMHEHM}Z Hecyweco xoboma

[TpuBeneHs! (HOPMYIIBI OMPEICIEHUsT YIiia OTKIOHEHHs [3] COOTBETCTBEHHO MpH
repeMenieHny obaydaTers o ocsiM y (2) u x (3), mepeMenieHnd  Majoro 3epkaia 1o
ocsM y (4) m x (5), TOBOpPOTE MAJOro 3epKayia BOKPYr CBoel ocH (6), CMEleHHH

IeHTpa u pajauyca chepsl (7) U yIIMHEHUHU Hecyiero xooora (8):
f-lxl f-lxl
= arctgm - arcth + 260 —2¢ (2)
w=20+ arctg%_lxl - arctgf_Tlxl —-2¢ , (3)
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v =20 — 2arcsin(x sin260 — (y + Ay) cos 26) , 4

w = 260 — 2arcsin((x + Ax) sin 260 — y cos 26) , (5)
w=260 —a—2arcsin(xcosa —ysina + [(1 — cos @) sin (20 — a) +
+(asina+ycosa—Lina)cos (26-a) (6)
_ _ . ((xt6)sin26+y cos26)
w = 260 — 2 arcsin YE , (7
w =20 — 2arcsin((x + 8,) sin 26 — y cos 26), 8)

IJIe | — yroji OTKIOHEHUs; 6 M ¢ — yroi majJieHus U yroji OTpakeHHsl Ha OojbInoe
3epKaJl0 COOTBETCTBEHHO A0 M IOCTE MEPEMEIIeHUs; X U Y — KOOPIUHATHI Majoro
3epkana; 8, u 6, — OTKIOHEHUE 00JTyJaTellst COOTBETCTBEHHO 110 OCaAM Y | X; Ay u Ax
— OTKJIOHEHHE Malloro 3epKajia COOTBETCTBEHHO IO OCSM Y M X; & — YroJl OBOpPOTa
MAaJIoro 3epkKajia BOKPYT CBOei ocu; 8, W § — cMelleHrne IeHTpa U paauyca chepsl
COOTBETCTBEHHO; §; — y/UTMHEHUE HECYIIEro Xo0oTa.

[IpuBenennsie Qopmynsl  (2)-(8) ObUIM  WCHOIB30BAHBI IS CO3TAHHS
MIPOrpaMMHOT0 00ecIeueHusI.

3aknwuenue. VI3 TONYYEHHBIX PE3yJNbTATOB MOXKHO CJENaTh BBIBOM, YTO
nepeEMEUICHNUE COCTaBHBIX gacTeld aHTEHHBI IIPUBOOUT K OIMPEACICHHOMY OTKJIOHCHHIO
JH ot riaBHOr0 HampasieHHsI, KOTOPOE MOXKHO OLIEHHUTh. M3 TpadMKoB, MOIy4eHHBIX
B pe3yibrare palboThbl, MOXHO YBHUJAETb, YTO OTKJIOHEHHE Jiydya IPOUCXOAUT IIO-
pa3sHOMy B CIydasX pa3lIM4HBIX MEXaHWYeckux aedopmarmid. IIpn mepemernieHnn
00JryyaTesst BAOJAb OCH Y yroj OTKJIOHEHUS B 3aBUCUMOCTHU OT CTEIEHU IIepeMELIeHUs
IIPOMCXOAUT 10 SKCIIOHEHIMAJIBHOMY 3aKOHY; IIPHU IMEPEeMELICHUU 110 OCH X - IO
napaboIn4ecKoMy 3aKOHY, YTO OYCHb ITOXO0KE Ha CIydand CMELICHUs LEeHTpa chepsl.
B cnyuasix nepemeleHus Majloro 3epkajia Mo OCH X U IPU yUIMHEHUU HECYLIEro
X000Ta 3aBUCUMOCTb OT CTEHEHM NEPEMEILIEHUs IPOUCXOIUT 110 OZHOMY U TOMY K€
mapabomu4eckoMy 3akoHy, 4To oueBHaHO u3 Qopmyn (5) u (7). W nHakonen,
W3MEHEHUE yIJla OTKIOHEHHS B 3aBHCHMOCTH OT yrja II0OBOPOTa Majoro 3epKaia
BOKPYI' CBOEH OCH IPOMCXOAWUT IO JHHEHHOMY 3akoHy. Cienyer OTMETHTbh, 4TO
MOJEpPHHU3AIMS C LEIbI0 SKCIUIyaTallud Y>K€ HMEIOIIErocs Hay4HO-TEXHHYECKOrO
HHCTPYMEHTAa HAaMHOIO IIpOIle, 4YeM CO3JaHhue HOBOro. lMeHHO mmo3ToMy B
l'ocymapcTBeHHOM KOMHMTETe 1O Hayke MuHHCTepcTBa 00pa3oBaHUs U HayKd
PecniyOnuku ApMeHHsI CO3[aH CIIEIUATBHBI KOMHUTET, 3aHHMAFOIIUICSI BOIPOCAMHU
3amycka anTeHHB POT-54/2.6. Hactosimas paboTa MOCBSIIEHA TEOpETHIECKOM
MOJ/IEPKKE ITEPBOTo 3Tarna MOAESPHU3ALUH: OCTUPOBKE aHTECHHBI.
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L.U. Unudhljjut, U.U.Uupqujuia

Ywwnwpyb Gu hwodqupyubp, b unwgyb) Gu pwuwalbp, npnup pny| GBU wwihu qunub]
tpyhwitih ubbiphly wuwnbuwh pwnwunphs dwubiph (UGS hwybind ubbipwgh, thnpp hwybine,
Gwnwquwypsh, Ypnn dbluwuhquph  «Yubhph») nhppbiph  dinthnfunipjut wantignigniup
wunbuwih ninnjwdnejwu nhwgpwdh (NRY) dwnwquwjpeh Ypw: Uwnwgyb) £ MON-54/2.6
wuwnbtwih Yhquytitnwihu wnhpnyenud thnywihtu pwofujwdnygjwu pwuwdlp, huswbu twl
LabVIEW dhowdwpnud dowlyyti tu wuyntuwghtu otindwt hwadwnyp b gpwdphluwlyw nbiupny
wpryntupubipp ubipYwywgunn dpwghpp:

Unwugpuyhti pwnbip. wunbuw, ninnjwdnipjwu nhwapwd (NRY), thnywiht pwotudw-
oniejntu, otindwu wulntu, LabVIEW Spwgpwihu dhowywn:

INVESTIGATING THE ELECTROMAGNETIC FIELD IN THE FOCAL REGION OF
DOUBLE-REFLECTOR SPHERICAL ANTENNA

N.S. Muzhikyan, A.S. Sargsyan

Formulae allowing to find the impact of the position changes of the antenna's components
(big spherical mirror, secondary mirror, feed, bearing structure) on the antenna pattern are
obtained. A formula of phase distribution in the focal region of the ROT-54/2.6 antenna is
derived, as well as a software in the LabVIEW programming environment, calculating the
deflection angle and presenting the results in graphical forms is developed.

Keywords: antenna, pattern, phase distribution, deflection angle, LabVIEW
programming.
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PHOTOCURRENT ANALYSIS IN SECURITY AND SAFETY SYSTEMS

S.H. Tsaturyan

National Polytechnic University of Armenia

A new approach to using selectively sensitive sensors (photodiode) for detection and
identification ofmixed substanceshas been studied. The studied application is the optical
photocurrent analysis for identification and quantification of mixtures in natural objects with
calculation capability of quantitative data (the spectral sensing range of 230...1000 nm). In this
work, a new portable photospectrometer concept has been designed which is using a selectively
sensitive sensor and makes the device to be low-cost and multipurpose.

Keywords: photocurrent, photodiode, photodetector, algorithm, spectral analysis, safety,
drugs, explosives.

Introduction. Contactless photospectrometry of mixed substances means the
identification and quantity measurement of the substance(s) in natural objects at a
distance. Detection and assessment of dangerous substances is one of the important
aspects of this study. Therefore, development of primary sensors allowing to provide
a spectral analysis of the electromagnetic waves emitted from the object is of utmost
importance today.

Especially important is the research and development of a selectively sensitive
sensor capable of sensing in different environments [1, 2].

Currently, such analysis of the electromagnetic radiation spectral distribution is
obtained using light filters, prisms with high precision mechanical devicesand
diffraction grids [3]. The spectrophotometric systems that are available in the market
using the listed methods are limited in flexibility of adding new features, as additional
devices are required and external computer software modifications are needed. These
factors are making the system expensive and limiting its use in the field.

Besides, these methods of analysis are accompanied bydata destruction, in
guantitative and qualitative aspects. The credibility of the results depends directly on
the parameters of the equipment used and requires improvements of measurement
devices, and the development of rational methods for the analysis of experimental
results. Moreover, the more information is received, the more complicated becomes
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the interpretation of measurement results, requiring the development of new signal
processing methods and new algorithms for massive data processing [4].
An attractive way to solve this issues is to:

e Design a new silicon based sensor (semiconductor structure), capable of

providing accurate spectral sensing of electromagnetic radiation;

o Design a data acquisition and signal processing unit;

o Develop a complex algorithm for data analysis and data visualization.

The existing investigations of multicolored photo detectors [5, 6] used cascade
multi-layer structures with various thickness active layer bases. In these, different
depths of penetration of the beam provides different sizes of photoconductivity. The
mathematical processing of measurement results provides information on the spectral
intensity distribution. Theregistration accuracy in such structures strictly depends on
the absorption condition identity and necessity of developing nanoscale multilayer
structures with numerous photodiodes. The obtained sophisticated technology and the
impossibility to control the spectral sensitivity complicates their manufacturing and
makes them non-usable for the multifunctional and multipurpose applications [7, 8].

Obijectives. It is significantly important to design and develop new methods of
identification of dangerous substances in distance. The primary goal of this study is
aimed at developing a technology which could be used to create security and safety
solution for the dangerous substances identification with high accuracy and high
performance.

This solution should be able to solve the photocurrent analysis problems and be
easily integrated in general and multipurpose monitoring systems, such as food or
drug inspection, security check for the explosives, etc. The achieved spectral
sensitivity should be in the range of 230...1000 nm.

This will allow the security or operational personnel to use the device to
remotely identify, quantitatively analyze and mark the contaminants contained in
this spectral range in natural objects, and classify the results by multiple patterns
stored in the database.

This technology and method could be used and extended for other safety,
security or inspection-related application.

Methods of research. This study proposes to research a remote explosive
identification and monitoring system with a sensor that registers the information. The
sensor is a semiconductor structure with two back-to-back p-n junctions (p + -n-p + -),
in which the n — area is the base. The base is occupied by the p* - n andn - p*depleted
barrier layers (Fig. 1). By the manipulation of external voltage, the point of contact of
the depleted layers xmcan be moved towards the photosensitive surface.

The electromagnetic wave absorption is depicted in Fig. 2.

91



The p* -n junction is biased positively, and the n- p+ junction - negatively. The
photocurrent is generated in the base (d-x,) segment of the structure. The photo
charges generated in the range of 0 to x, are reunified and because of that they are not
moving to the external circuit and not creating photocurrent.
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Fig. 1. p*-n-p*semiconductor structure
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Fig. 2. The curves of different waves’ absorption in semiconductor structure, F is the
radiation intensity

By the application of external voltage, X, is moved to the surface, in the direction
of 0 (Fig. 2), thus the photocurrent range includes the absorption of new wavelengths,
resulting in the change of photocurrent. It is known that, the shorter the wavelength,
the smaller is the absorption depth. However, in an integral radiation flux, it is often
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possible that, for a given xn, a high intensity short wavelength may have a higher
intensity residual amplitude compared with lower intensity but longer wavelength.

In these conditions, there are multiple uncertainties at different depths, and
because of this, the resulting photo signal is mainly due to the two high intensity
wavelengths. Therefore, for two different close values of x,, the corresponding total
photo signal waveform correlation would be conditioned by that wavelength.
Moreover, the bigger is the contribution of that Particular wavelength on the
waveform photocurrent, and depending on how close these two x,, values are, it would
be much more accurate [9].

Registration difficulties during the wave recognition could be easily managed if
the objects are investigated under the radiation of Tungsten filament lamp. The
intensities of wavelengths are increasing in parallel to the increase of wavelengths.

Thus, moving from the depth to the surface in photodetector’s registration
environment, the registration of the waves will be executed sequentially from long to
short waves. This gives us an opportunity to develop an algorithm capable of
differentiating the photocurrent of a particular wave from the total generated
photocurrent and, based on that effect, to recognize the absorption material and the
absorption portion, which will be the quantities value of the material.

The following equations contain parameter-specific relations for modeling the
physical processes in researched structures. The specified parameters are correlated:
the electron’s potential energy minimum-point position in the base, photons full flow -
Fo, base width - d, absorption ratio — a, deviation voltage — V, photocharges density
[10].

P-zone, diffusion current,

oy g 1)
l+aw

Idiff = SqFo

In this work, the expressions for drift currents formed in the base of such

structures are obtained:

an :qFOS(l—e_‘”(m), (2)
lypp = qFOS(e‘lem —e™ ) (3)
Photocurrent produced by integral radiation is:
Zlon i j=Zlarvij—2Zlaraij —2lair i, =
i i i i

e—aid ] (4)

=SqY F(4 )[1—2e“ixmi +
i l+o; w
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Assume, the informative signal to be the photocurrent. By the external voltage,
we can obtain the largest values of x,,, — x,,; and x,,,with the difference of 1nm, and
the corresponding photocurrents I, and l,. From Lambert’s law of the radiation
absorption in the homogeneous environment, we will have the coefficient of the wave
absorption,

1 )
ai = Zlnl_l' ®)
where Ax,, = X2 — Xm1 -

Then, with the help of @ = f((4 ,)and with the corresponding program we can
determine the length of the wave for the initial material of the photodetector, e.g. for
silicon.By means of the formula for the photocurrent (1), we will obtain the intensities
of separate waves in the absorbed radiation,

I
Foi = : (6)

—a,d
qS|1-2e ™ 4

e I
1+05i Ln

The object under investigation for safety and security reasons. There are three
main factors which are feasible for remote (~3m) identificationof explosives using the
phenomenon of molecular substance fluorescence of the Nitrogen oxide (NO) caused
by photolysis of the vapor concentrated on the surface of the natural object which
somehow had a contact with explosive [11].

1.  The Nitrogen oxide (NO) nitro group is the widely used chemical
component in most explosives.

2. (C-NO,;, N-NO,, O-NO,) functional groups have the minimum
connection energy and during the photolysis process the Nitrogen oxide (NO)
portion is separating and producing the fluorescence (236 nm).

This allows to use the spectral analysis of the fluorescence wave and
identify the explosive chemicals.

3. The molecules of explosives exhibit a wide absorption spectrum
specific for Nitrogen oxide (NO) molecules. Therefore, in many cases, we can
use the same radiation sourcefor absorption which is used for the emission
spectra.

When irradiated by a Krypton (Kr) laser beam (310 nm wavelength), the vapors
of explosive materials undergo photolysis and, as a result, electronically excited
molecules of Nitrogen oxide (NO), Nitrogen (N2) and Oxygen (02) are formed. This
excitation is accompanied by fluorescence at corresponding wavelengths (Fig. 3).
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Fig. 3. The dependence of the intensity of the fluorescence wavelength from the Spector

During the modeling of the photodiode we used a corresponding range of solar
spectrum [12, 13] (Fig. 4). Using the software developed based on our algorithm, we
obtained spectral distribution of the radiation intensity for 13 selected wavelengths.
The red dots signify the lack of adsorption, and the blue dotsrepresent adsorption
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Fig.4. The spectral distribution of radiation relative intensity in the visible radiation range
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Conclusion. The new studied model of the selectively sensitive sensor
(photodiode) developed for contactless detection of optical information, and the
identification and quantitative analysis of mixed substances in natural objects are
investigated. In the radiation spectrum, the waves have different absorption depths,
and the process of the selection of these waves is carried out via widening the
registering volume by means of gradual change of the external voltage applied to the
sensor. The developed complex algorithm allowed to perform spectral analysis
without preliminary calibration. The usability of this sensor and the developed
algorithm could be a best fit in the security and safety related applications where
contactless detection of the explosives or harmful substances is required.

This study could provide a significant development in the production of sensors
that are used in the new knowledge-based and multi-purpose devices applicable for
economic, security and defense applications. The low-cost advantage of the
technology is opening a new horizon for the natural objects investigation in wide areas
where high volume of sensors is required.
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U.<. Swwnnipjw

Unp dnunbigdwdp nwnwiuwuhpyby £ punpnnuywu qqujunigjudp nghs ($nninnhnn),
npu nbwly £ qquint b hwjnuwpbpbine wwppbp  fuwnunipnuiht ynebp puwlwu
opjiywnubpnud: Yhpwnjwd dbpnnny owunhlwlwu pnuinhnuwuph Ybpndnyejwu dhongny
hwjiuwpbpynd U fuwnunipnwihu unebpp, b dwyjwd wignphpdn Juwwpynd |
pwuwluwlwt hwodwply' wnwudhu ynyebph wywpniuwynypjwu wpnwgndwdp (230...1000
ud uwbYinpwihu qqujunyejwu dhowlwpnid): Udthnthjws £ uwl unp dninbgdwdp unbindjwd
Pnunnuytlyuipwdbnpwiht, swpdwlwu uwpph Ynugbwywp, nph hhdpnd ogquwgnpdywsd &
punpnnulwu qqujunyzjudp ynipwlhp ndhsp: Uju dnintigndp qquihnpbu Edwuwgunud |
pwqiwlwuwly pninnuwblnpwdbnpwiht uwppbiph wpunwnpnieintup:

Unwlgpuyhti pwnbp. dninnhnuwup, dnunnnphnn, ninnnbinbyunnp, wignpphed, uwty-
wppwjhu ybpnidnyeniu, wuywnwugnieniu, pdpwuiniyetin, wwjrnighy unystip:

AHAJIN3 ®OTOTOKA B CUCTEMAX BE30ITACHOCTH U OXPAHbI
C.Y. larypsan

Hccnenyercss HOBBIA  MOAXON K  MCHONb30BAHUIO  JAaTYMKOB C  CEJIEKTUBHOM
YYBCTBUTEIBHOCThIO ((DOTOMMOMOB) JUIsi OOHApYXKEHUS U HMISHTU(PHUKAIMH Pa3IMIHBIX
XIMHYECKHX BemiecTB. V3ydeHBl BO3MOXKHBIE CIydall MPUMEHEHHsS ONTHYECKOrO aHajm3a
¢doroToka s HMACHTH()UKAMA M KAYECTBEHHOTO OOHAPYKEHMS pa3jMYHBIX CMecei
XIMHYECKAX BEIIECTB B NMPHPOIHBIX OOBEKTaX C BOSMOXKHOCTBIO pacyera KOJIMYEeCTBEHHBIX
mokazatened (B cmekTpambHOM amama3zone 230...1000 w#m). Ilpeanmaraercs KOHIIECHIIHA
MOPTaTUBHOTO (POoTOCHEKTpoMeTpa Ha 0a3e JaTdIWKa C CENeKTHBHON YYBCTBUTEIHHOCTHIO,
MTO3BOJISIFOIIAS CO3ATh HEIOPOroe YCTPOMCTBO I MHOXKECTBA PA3IMYHBIX TIPUMEHEHHH.

Knrwuesvte cnosa: $Hototok, Gporoanon, GpoToaeTeKTop, aNropuT™, CIIEKTPAIbHbBIH aHa-
nu3, 6€30MacHOCTh, HAPKOTHIECKIE BEIIECTBA, B3PHIBYATHIC BEIECTBA.
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N1 LNRuUdNr LhLp 61 sutunur<e <uderdnhe3ut
UL usSuLLErnny...

IIYCTh BYJIET CBETIIBIM BAIIL I1YTh B ITPOCTOPAX BEYHOCTH...

MAY YOUR PATH BE BRIGHT IN THE ETERNITY...

MUMrNK3r U46ShUbh UULEREYNU3UL JdLUhUPr 6P4UL UMHNRUSUU3UL

MAPYIIP ABETUCOBUY MATEBOCSIH  BJAJUMHP EPBAHAOBUY APYCTAMSIH
PARUYR AVETIS MATEVOSYAN VLADIMIR YERVAND ARUSTAMYAN

(1928-2015) (1934-2015)

wunbup fudpwgpwywu funphnipnp funpwwbu Yonmwgwsd £ hwdwuwpwup
pwqiwywuwnwly  woluwwnwyhgubp'  wn.g.n.-ubip, wpndbunpubp  Mwpnyp
Uybwnhuh Uwplnuywuh b Yjwnhdhp Gpdwunh Unnwunwdjwup dwhywu
Ywwwygnipjwdp:

PenakunonHas Komjgerust XypHaja TIJIyOOKO CKOPOMT B CBSI3M C KOHYMHOM
MHOTOYBa)kaeMbIX Pa0OTHMKOB yHHBepcuUTeTa A.T.H., mpodeccopa Ilapyiipa
ABerncoBnua MareBocsHa W A.T.H., Tmpodeccopa Bmamumupa EpsanmoBnua
ApycramsHa.

The Editorial Board of the Journal is deeply sorrowed at the passing of life
professionals of the University Professors Paruyr Avetis Matevosyan and Vladimir
Yervand Arustamyan.
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IIPABIJIA O®OPMJIEHUSI CTATEN

Becrank HanuoHansHOTO MOJIMTEXHUYECKOTO YHHBEPCHTETa ADMEHHH - PELIEH3MPYEMBIi XKypHa, B KOTOPOM
yOIMKYFOTCS. CTaThH HAy4YHO-TEXHHYECKOTO XapakTepa, COOOLIEHMs, 3aKa3Hble 0030pHO-aHAIUTHUYECKHEe CTAaThH, a
TAaKKEe MaTepHabl, TOCBSIIECHHbIC FOOWICAM HM3BECTHBIX B JAHHON OOJACTH yYEHBIX, HOBBIM KHHTaM, HayYHBIM
KOH(epeHIUAM IIPH YIaCTUH YHUBEPCHUTETA, U IMChMa B aJIpeC PeJaKIUH.

Marepuai mpeacTaBiseTcs B PEAKINI0 B COOTBETCTBHH CO CIIEYIOIMMH MPAaBHIAMH:

1.Cratest B AByX dK3emiupipax u (aiin (banber iter@seua.am) craten B dopmate Microsoft Office Word.
O6beM crarsy He foJDKeH npeBbiwars 10 crpanu, o6bem coobuenuit — 10 4-x crpanun. Popmar crpanuus — A4.
PaGouee mone: Top — 5cm, Bottom — 5,1cm, Left — 5,75cm, Right — 1,75cm, Footer — 4,6cm, MexcTpoduHbIit
unrepsan (Line spacing) — 1,1, xpacuas crpoka (First line) — 0,75cm. [lns craThy, HamMCaHHOM HA apPMAHCKOM
s3pike, mpumensercs mpudr GHEA Grapalat (pasmep mpudra - 10), a Ha pycckom u aHrimiickom — Times New
Roman (pasmep mpudra — 11).

2.B y1eBOM BepXHeM YTJIy IEPBOTO JIMCTA YKa3sIBAETCSA YHUBEPCAIBHBIMA JecATHIHbIH Knaccuduxarop (287,
VIK, UDC); cTpokoil HuXe IO LEHTPy yKasblBAeTCsS Ha3BaHHe CTAaThU — 3arjaBHBIMHU OykBamu, mpudr Bold,
pasmep 10 — Ha apm.si3.,, 11 — Ha pyc. u aHrI. 3., cTpokoil Hyxe - nHunyanst (M.0.) n damunns - cTpouHsIMU
6ykBamu, mpudr Bold, pasmep 10 — Ha apm.si3., 11 — Ha pyc. u aHIJI. 3., BRIpaBHUBAHUE II0 LEHTPY; CTPOKOM HIKE
— MecTo pa6oTs! - mpudr italic, pasmep 9.

3.Marepuas TeKCcTa HAaYMHAETCA C AHHOTALMM U IIPEZCTABISAETCA HA TOM s3bIKe, HA KOTOPOM HAaIlHCaHa
crarba. Texcr anHOTanuM AomkeH BKIodaTs 200-250 cios. [Toce aHHOTaI MU MTUITYTCS KJIIOYEBEIe CIOBA — OT 4-X
I0 8-M CJIOB WUIM CJIOBOCOYeTaHUil. Pasmep TekcTa aHHOTALMHU M KIIOYEBBIX CI0B 9 — Ha apm.s3., 10 — Ha pyc. u
aHIJIL 513., cIoBocoderanue «Krrovessre croBa» - Bold, italic.

4.PexoMeHmyeTca CefylOmMi MOPAZOK HM3IOKEHMA MaTepHajaa CTAaThH: BBeJleHHe, B KOTOPOM [OJIKHBI
GBITH KPAaTKO IIPe/ICTAaBIEHEI COCTOAHME BOIIPOCA, AKTyaIbHOCTh TeMBI U IeJIb MCCIeJ0BAHM; IIOCTAHOBKA 33JaUH U
060CHOBaHME METOZMKH; Pe3yIbTaThl UCCAEOBAHMA; 3aKTIOUeHUe (9TH, a IIPU HEOOXOAUMOCTH, U JPYTHe Pasjeisl
JIOJDKHBI MIMETh COOTBETCTBYIOIYE 3aT0JI0BKH).

5.CcpiIKM Ha JIMTEPATypy B TeKCTe JAIOTCA B KBAaJPATHBIX CKoOKax. QopMysnsl M MaTeMaTHYeCKHe
BBIpa)KeHUs Habuparorcs pemaktopom Microsoft Equation, italic, pasmep — 11. ®opmyssr HaGuparoTcs ¢ HOBOI
CTPOKH, BBIpaBHHBAHHE IO LeHTPYy. IIpu HeoGxopmmoctu, ux Hymepyior. Homep dopmynsl pacmosnaraercs B
KOHIIe CTPOKH, B KPYTJIBIX CKOOKaX.

6. PucyHKy U TaGIMIIBI PACIIONATAIOTCA B TEKCTe 0 XOAy cChUIKM Ha HUX. CnoBa «Puc.», «Tabruia», a Takxe
Ha3BaHUA PUCYHKOB U TabuuL muinyTcs italic, pasmep 9 — Ha apm.s3., 10 — Ha pyc. u aHrIIL. 3.

7.B KOHIle CTaTBU JaeTcs CIMCOK JHUTepaTypsl: pasmep 9 — Ha apm.si3., 10 — Ha pyc. u auri. g3. CiroBo
«Jlureparypa» pacrmonaraercs B II€HTpe CTPOKM CTpouHbIMH Oyksamu, Bold. IlutmpoBanHas suTeparypa
HyMepyeTcs B IIOpAJKe CCBIIKM Ha Hee B TeKcTe. KaXbpIii MCTOYHMK IIPe/CTaBIAeTCA B CIEyIOImeM IOpAKe: B
CJrydae CCBUIKH Ha CTAaThIO M3 KypHana: damuwrns, uaunmanst V1.0, - Bold, HasBaHue cTaThy, Ha3BaHUe )XypHaa,
MeCTO HM3JaHHA, IO/, M3TAaHHUA, TOM M HOMEp HM3[aHHA, C KaKOH IT0 KaKyl0 CTPAaHMIIBI 3aHMMAeT CTaTbsd B DTOM
XypHaJe; B Cy4ae CChUIKM Ha KHUTy: pamwind, uumnuansl 11.0., HasBaHHe KHWIH, MECTO M3[aHUsA, Ha3BaHHe
M3/laTeNbCTBA, TO/], M3JaHu, obllee KOTMYECTBO CTPAHHUII.

8.Iloce iuTepaTyphl NPeCTAaBIAIOTCA AHHOTAIMK BMeCTe C KJIIOYEeBRIMU CJIOBAMU Ha IBYX JPYTHX A3BIKaX.
Ecmu crares HamucaHa Ha apMAHCKOM Sf3bIKe, TO CHAayaja JaeTcsi aHHOTAIMA HAa PYCCKOM S3BIKe, 3aTeM Ha
aHIJIMICKOM; eCJIM HaIlMCaHa Ha PYCCKOM fA3BIKE — COOTBETCTBEHHO HAa apMAHCKOM M AHTJIMICKOM, a eCIH Ha
aHTJIMICKOM — COOTBETCTBEHHO Ha apMAHCKOM M pyccKoM sasbikax. ComepkaHHe aHHOTalMi M KIIOYeBBIe CJIOBA
JIOJDKHBI GBITH HAa TPeX A3BIKAX OJMHAKOBBIMH.

9. CraTps NOZIMCHIBAETCS aBTOPOM (aBropamu). B KoHIle craThu cTaBUTCA fara (YMCIO, MeCSI, TOZ)
npescrapieHus craTbi. OTpeJaKTHPOBAaHHBIM M OTKOPPEKTMPOBAaHHBIH BapHaHT PYKOIIMCH COTJIaCOBBIBAETCA C
aBTOpPOM (aBTOpaMH).

10. Ha orpenpHO# cTpaHMIle HEOOXOAMMO NPeACTaBUTH CeAylOllMe aBTOPCKHe JaHHbIe: GaMuind, umi,
OTYeCTBO; NOJIHOe HAMMeHOBaHHe MecTa paboThl, MecTa y4yeObl; 3aHMMaeMad [JO/DKHOCTh, ydeHas CTeleHb M
3BaHIUe; HOMepa Te1e(DOHOB (CIyKeGHbIH, JOMAIIHUN, MOOUIBHBIN).
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RULES FOR PREPARATION OF MANUSCRIPTS

Proceedings of National Polytechnic University of Armenia is a peer-reviewed journal which
publishes scientific-technical and also analytic —review papers, short communications, as well as
materials about the jubilees of prominent scientists, new books, scientific conferences coorganized by
the University , letters addressed to the editorial board.

The material should be presented to the editorial staff in accordance with the requirements given
below.

1.The authors are requested to submit two hard copies, and also the electronic version
(banber_iter@seua.am) Of the manuscript by Microsoft Office Word. The volume of scientific paper is
limited to 10 pages, and to 4 pages for short communications. The text should be printed on A4 sized
paper. The text margins should be: Top — 5¢cm, Bottom — 5.1 cm, Left — 5.75 cm, Right — 1.75 cm, Footer
— 4.6 cm, Line-spacing — 1.1 cm, the first line — 0.75 cm. Texts in Armenian should be printed by the
GHEA Grapalat, font size 10, and the texts in Russian or English by Times New Roman, in font size 11

2.0n the top left cornerof the first page, the Universal Decimal Classifier is placed (2S7%, VK,
UDC). The title of the article in capital letters, bold, font size 10 for texts in Armenian, and 11 — for
Russian and English should be placed in the centre of the next line. The initials and the surname(s) in
small letters and bold, in font size 10, for texts in Armenian, and in font size 11 for the ones in English
and Russian should be lined up in the centre of the next line. In the following line, the workplace of the
author (s) should be mentioned, italic, font size 9.

3.The text begins with an abstract in the language it is presented. The abstract should include 200-
250 words. It ends with keywords in font size 9 for texts in Armenian, and in font size 10 for the ones in
English and Russian. Only the word “Keywords” should be bold, italic. The number of keywords or word
combinations - 4-8.

4.The papers should include an introduction briefly introducing the state of the problem area, the
importance of the subject and the aim of investigation, as well as sections describing the statement of
the problem and selection of the methodology, the results of investigation, conclusion (other sections if
necessary) with subtitles, and it should end with the list of references.

5.The references in the text should be given in square brackets. The formulae should be introduced
by the Microsoft Equation Editor. They are printed from a new line in italic, font size 11 in the center of
the line, and if necessary numbered at the end of the line in round brackets..

6.Figures and tables should follow their references given in the text. The words “Fig”, “Table”, the
figure inscriptions and the table names should be printed in italic, in font size 9, for texts in Armenian,
and in font size 10 for texts in English and Russian.

7.The text is followed by the references in font size 9 for texts in Armenian and in font size 10 for
texts in English and Russian. Only the author’s initials and surname should be bold. The word
“References” should be placed in the centre of the line in small letters bold. In the list of references each
source should be enumerated according to its reference number in the text. For the periodicals the
references should be introduced in the following style: the author’s surname, initials, bold, title, year,
numbers of the volume and issue, page numbers, and for books — the author's name, initials, full title,
publication place, publisher, year, total number of pages.

8.The references are followed by the abstracts in the other two languages. If the text is in Armenian,
the abstracts should be first in Russian and then in English. The text in Russian should be followed first
by Armenian and then by English abstracts, while the texts in English should be followed first by
Armenian, then by Russian abstracts. The abstracts in all the three languages should be identical in
content and keywords.

9.The manuscript should be signed by the author(s) with indication of the submission date. The
edited and proofread version of the manuscript should be agreed upon by the author(s).

10. On a separate page, the author(s) should introduce his/her/their full surname(s), name(s),
patronymic(s); the full name(s) of employment place, educational institution; the position occupied
scientific degree, telephone numbers (office, home, mobile).
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