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Zuljupthwlwi ynjhudkpughtt wnipbph othdwt pipwugpnid dwlkptinipughtt skpubpnud
pupwgnn othwphuhwljut ypnghuttph YEpnsnipjudp hwunwwnyws k, np gputg okpdw- b
othwjuquuynisnidt pupwinid t hhdtwwunid dhwunjtnyughtt dwuthjutph wnwewguundp,
npnup wnjhdkpubph onpumnud wwywwnihdbpugdwi jud guspudnitynyuypht pkinpukph
wpiyniup kb, hust nidquutinid £ uwhph wpugnipjut wgh htn dkjnty:

Unwibgpuyhli punkp. wnhdbp, sthwphdhwub ypngku, okplw- b othwuquunidnud,
dwowljwyniunipnii:

Mnjhdbpuyhtt ymipbph sthwughunnipyut puquyuenid junwpyus hEnwgnunnt-
pinttubpp gnyg L mwhu, np gnymipinit niith niujghniuyy thnpwnwpd fuy wynih-
Ubputiph Juplinpugnyt owhwgnpddwt punipwugpbph b dwljbpinypubph othwhuydw
nbknudwunid plipwgnn sthwphdhwlwt ypnghuutph dhel: Uy ypnghutbph ophtiw-
suthnipjniiubph pugwhwynnidt nt nputg hhdwt ypw ynjhubpubph junnigwusph
b hwnljmpiniutph jupwdupdw dkpnnubph qupqugniudp ghnnwuljut ks hkwnw-
ppppnipintl E ubpuyuginid dudwtwlulhg dwywluynttt hujwpthwlut Ynduyn-
qhwnwyhtt wnhdbpuyht ynwpbph tyywnwluihtt dowldwi wkuwilniihg [1-4]:

Npubtu hbnwgnundwt wnwplw plnpydl) Bo hbnlywy obpdwyjuunhly hwljw-
othwjut ynjhubkpuyht nipbpp (wn.1), npnbup wpnwnpynud bd Uks putwljukpnyg b
niukl juytt Jhpwnnipnit dkpkiwohtinipjut nt vwppwohtinipju Uk npujtiu uwhph
wnwigpwljuyukp, thnppuwdngnt) wnwdtwthqubp, ninnnpphsubp b wy:

NMnihdbpughtt bmiptph Jwlibpbnipuwjhtt obpnbpnid pupwugnn othwphdhwlwi
wpngbutbph nunidtwuppnipniut hpwjwbwgyt) b jurnigjuspughtt othwdkw-
uhyuyh dbkpnnubpny: $r2 dwlbpimpuyhlt okpnkph Jhdwluyhtt Jbpnisnipeniup
gnyg k viwjhu (uly. 1), np hubpwupdhp uvyblnpnud, dhigh othnudp, wnlw k qquih
Jutdwt skpun 1050 zof? whpnypnwd, hugp hwdwywwnwupwinud £ wynjhdnpduynk-
hhnph C-O-C Jujkunughtt nunwudwip:
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Unniuwly 1
ZEnwgnun/ng hwluwpthwlwl woghdkpakph Jupnigyudpuyhl puliudhkpp

Mnjhdtp Cnpwyh junnigdubpp
h
Snpuwnthhnh U nhopunjwth CH: — (O - CH2)a — O (CHz — CHz)m — O — CH:OH
hwdwuwnihdbp (H22)
Nnjhwdhy 6 (MU-6) [~ NH — (CH2)s— CO — ]n
Nnihudhy 66 (MU-66) [NH — (CH2)s— NH — CO — (CH2)s— COJn
CH;

/
Mnihdkupiopuhn (1HO) @ —OH

~\

B CH; | n

Clhnudhg htwnn, tnyupul) hwdbdwwnwlwb thnpp wpugnipmiutph (V<1 474)
wuydwubbpnud, tjunynd L wyy skpnh mdqunipjut tJugqnid b unp jubdwb
otpinh wnwowgnid 1720 zo/ mhpnypenid, hugp hwdwywunwupwind E juppnug
hudpbph Juiktnughtt munwidwtp b Jyuynud E othwopuhnugdwt wypngbutiiph
wnlwnipjnip, npnup wybkih b winhquind othdwb wpwgnipjut w&h hbn
dkjubn (V=15 #4): Munh b othdwb pupdp wpwugnipmittbph wwydwbbpnud
pipwind Eu othwopupnugdwt wpnghulbp, npnup tywuwnnd Bu wnjhdbph
dwlpnuniklnyh wpnhdwbit ot Juppntwy Jhwgmipniuibph wnwewgdwip, husp
hwuglgunid E wynjhdbph dwpdwt qquih wgh:

100

whigqupnnnid, %
B o)) x
=) =) [

[\
(=)

3500 2500 1500 7
vl 1. 32 happulpupdhp vy klnphkpp Uhlsh pyhnidp (1) b pthnidhg hlnn (2, 3) uuhph 1,0 b
1,5 U/ wpuignieinihiEpp wuydwbbkEpnid

512 dwljiplinipuyght oipnbph obpdwdswupwswthughtt b nhbpkughwy otipdw-
1ht nuunidbwuhpnipyniup (Wl 2) puguhwjnnud | btwpibwljwb thnpdwidnigh (4np 3)
Eunnptpduwjht Epint ququptbph wnjunmpmniap hudwyunwuppwbtwpunp 170 °Ch
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295 °C otipdwumhgwutbpnh hwdwp: Zwdbdwnwpwp Ynon sthdwt wuydwbbkpnd
(V=15 /) npnnud L gbpdwdwmbipusmthwljub plinyputnh b quuqush Ynpunh
nbknuownd ntyh guspuebpdwunmhfwuught mhpnyp (4 b 3 Ynpkp): Uw upng k
Yty guspuningkynyuyht dwubhlikph wolwnupput, huy tyqnpbpdhy quguph
wnwowgniup 280 °Chtuypnid’ wnihukph phuhwljut qquijh thnthnpuntpjut dwuht:

am, %
0 1
20| - T+AH
3
40}
4
60}
l—AH
sof

100 200 300 400 T, C

Ul 2. 322 dulkplinipughl pkpunkpp obpuwswipuswhuyplr (1, 2) b phdbpkighuy okpuluypi
(3, 4) npkpp dplisl prhnip (1, 3) b pyhnidpg hkwn (2, 4) (V=15 U] b P = 0,2 UTu)

Mnjhdbpubph dwlbpinipught okpnbpnud pupwgnn othwphdhwljuwt ypngtutkph
htnwqu ntuntdbwuhpnipniip juwnwpygty k dhtsh othnudp b 6 dwd/ 9thnidhg htwn,
hulj obpdw- b sthuwjuquunisdwt dwutthljubpt nt vhwgnipjut junnigguspp php-
Jws bt wr. 2-nud:

Ugniuwl 2
B2 phpdw- b pthufugquuymddwl vwubhpfbkpl ni dhwgnyeul unnigjuépp
Uwuthly (m/z) Uhwgnipjul junnigdudpp
29 -CH-0O
30 -CH2-0
31 -CH2-OH
44 -CH:-0O-CH
45 -CHs - OH-CH
100 CH =CH:2- O - CH2- OCH = CH»
104 OH - (CH2- O)2- CH = CH2
177 -CH2- O - (CH2 - O)s - CH = CHz

Y2 obipdw- b othwljuquunisdwb ypnghut pupwinud Ehhdtwwinud Jhudn-
1EYnyuyhtt dwutthlubph (m/z 29, 30, 31, 44, 45) wnwewgdwup, npnup hwdwynihdkph
onpwynid opuhutphjuyhtt (m/z 29, 30, 31) b opuhtphjuyhtt (m/z 44, 45) pkiynpukph
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wyuwnihdbpugdub, hyybu bub guspudnikyniuwyht (m/z 100, 104, 177) pklinpuk-
nh wnwewgdwh wpnyniup bu: Lodws dwutthjubiph wnwybjugnyt whgwwmnidp nhn-
Ynud £ 200...250 °C:

Uwljtpiinipuyhl okpnh Jhdwljuyghtt Jpnisnipmiup 6 dwud sthnidhg htinn Jjw-
mud E, np dwutthubph nidghtt wigwndwt ypngbup nbknuowpdynid k niygh guspw-
obipdwunhdwwght nhpnype, hyybu bwb tjunynd £ m/z 29 b m/z 30 dwuthlutph
pwtwljh wbjugnd® twppwut thnpdwtdniph hinn huwdwdwnws: tw tpwbwlnid
E np othdwt dudwiiul] wnwewumd £ guspudnitlnyuyhtt dwuthlubp wyupniwlng
«Epypnpnuyhty Jupnigywsp, hull m/z 31 dwuthlubph wnwowgdwt nidqunipjut
qquiih tjuqnudp Jupnn b yupdwbwdnpdus (huk] guspudnibynyuyhtt dwuihljubph
puyjpuydwi wnwdtwhwnlmpniubpny, dwubtwynpuybu® nhundnd £ - CH2 - OH
dwuthlutph pwtwuljut tjugnid: Uhhiunytu dudwbwly, opuhkphjuwght pkinputph
(m/z 44, 45) wnwpwugdwl nidqunipniip wwhwywinud £ twptwljwt iniph dwljup-
nulht, hiyp Yupny b puguhwpndt) pujpuyiwt tjundudp npuig wdtih pupdp
Juyniinipjudp: ‘LoJws dwubhlubph wnwowgdw pumipwugpbpp wuwwnbkpjws tu
uly. 3 nud:

Guunupjws hbnwugnunnipnibttpp puguhwjnmd i sthwuphdhuljub ypngku-
utiph punypp’ Wuydwbwynpjws hhdtwljuinid ynjhdkpubph wywwnihubpugdw
Eplnypny, hust nidquwunid £ vwhph wpwugnipjut wdh htn dbjnbn: Cunpgus
othdwl yuwjdwbibpnud hwdwynihdbph sthuljuquunisdwmt m/z 29 b 30 dwuthljuk-
nn Jyuynid Eu opupdbphjuyhtt juybph wywynjhdbpugdwt dwuht: Cthdwb gusdp
wpugnipnibbph nhwypnd (V = 0,2 4)) tjunynid £ opunjmtiwghtt dwutthlubph w-
owwndwl nidqunipjut hwdkdwwnwulwuh wg (ul. 4):

Iy /Lups, % T; / Taps, 9
—a—1hGslk 2thnudp 101 —e—hGsk pthnuip
25 | —O—thnidhg hbwinn - | —0—thniihg hbwnn
204 20
151 154
10+ 10+
5] 51
== . . ‘ -
100 200 300 T,C 100 200 30 I,C
w r

Ug. 3. 32 phplwluquuym sl dwubhlbbph m/z 29, 30, 31 (w) b m/z 44, 45 (p) wnupwguul
Gpbbnplwl Uplsh pthnidp b pthnidhg hkwnn
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Gunkph E Eupunnty, np othdwb hwdbdwwnwpwp hwthntl gquydwtbpnid othw-
phthuwmt wpnghutbpt pupwind tu hhdtwluinid hwdwynihdbph wdnpd fu-
nniguspnid: Udbkih Ynon sthdwb wuydwbtbpnud, tpp tdugnud B wnihdbkpuyght
dwljplinipuwjht okpnp obipdwbhqghluyut b $hghjudbpwthjuljuh hwnlnipniu-
ubpp, m/z 29 b 30 dwubhjubph whpwnmdwb nidqunipnitt wdnid k, husp tyywuwnnid
E m/z44 & m/z 29, 30 hwpwpbkpuygnipjut dkswgdwup dhiush 1:6: dbpp tjupugpdus
othujuquunisdwt dkjpwtthqup, Ynown sthdwb yuydwbbpnud, tyyuunnd £ guspw-
Unjnyuyhtt dwuthlubp gqupnibwlnn dwbpinipught okpntph «<phpopnuyghtes ju-
nniguéph wnwewgdwtn [5]:

Iy / LTwpn, % I/ Lupn, %
-2 22
10 Il 2 10
40 w30 10
L o—o—miz31
5 OO M/Z 45
15
Lo—o—-m/Z44
OmemeO—=0 m'z 44
L 1 1

5 10 15 20 25 30 tpng

Ul 4. Zudwynipdbpp phwfuquuynidwl hpdbwfuwh dwubhabph whowmndwl
Qhbbwnplmi 0.6 (1) b 0.2 U/ (2) wpwgnignibabph nkupnid

Ujuyhuny, ynihdbtpught tnipbph osthdwt dadwbul] duljptnipught sbpntpnd
nupwgnn othwphdhwlwb wypngbutbph JEpnusnipmnip gnyg £ wiwhu, np $npduy-
nthhnh b nhopunjuth hwdwwnihdtph obpdw- b sthwljuquuynisnid pupwinud L hhd-
twuwinud vhwdnbyniyuyhtt dwutthutph (m/z 29, 30, 31, 44, 45) wnwewgdwdp, npnup
hwdwwn|hutph onpuynid opuhdbphjuyhlt b opuhtphjuyhtt piynputph wywwynihdk-
pugdwt jud guspudnikyniyuyht piynpttph (m/z 100, 104, 177) winwewgdwl wpmyniup
Et: Mnjhwdhnubph dwpdw nidqunipniip jujudws £ wdhnuyht juuyh o -dbphju-
1ht adpny pupwugnn sthujuquunisdwt wpwgnipniihg, hulj — NH - CH2 — uwh Jwg-
dunisdwt hwjuwiwuinipjut hobgnudp tyuunmd t yniphph dwpwljuyniinipuinp:
Mnihdtuhjopuhnh obpdw- b sthwljuquunidnidu pupwinid £ hhdtwjuimy Epljthni-
lwhtt okpdwunh&wbiughtt (200 b 450 °C) whpnypubpnud. 200 °C nhypnid wpnghub
ninklgynid & puhinih (m/z 106) b vinjninth (m/z 91) wbigwwnniuny, hulj 450 °C’ nhupnid’
m/z 107 b m/z 122 dwutthhukph wnwowgdwup:
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A.K. IOI'OCsAH, A.H. KAPAIIETAH, K.B. OTAHECAH

HNCCIEJOBAHUE TPUBOXUMHWYECKHUX ITPONECCOB
AHTUO®PUKIIMOHHBIX IOJIMMEPHBIX MATEPHAJIOB

AHaM30M TMPOTEKAIOIMUX B MOBEPXHOCTHBIX CIIOSX TPHOOXMMHUYECKHX IIPOILECCOB IPHU
TPCHUU aHTU(PPUKIIUOHHBIX MOJMMEPHBIX MAaTEpPHajOB YCTAHOBICHO, YTO MX TEPMO- U TPHOO-
pacnau HpOI/ICXO}Z[I/IT B OCHOBHOM HpI/I BO3HUKHOBCHUU MOHOMOJ’ICKyJ'IS{pHBIX HpO}Z[yKTOB,
ABJISAOIIUXCS peSyHLTaTOM I[EHOJ'II/IMepI/ISaHI/II/I 500058 HI/ISKOMOHeKyJ'ISIpHBIX (I)paFMEHTOB B ICIInU
MTOJIMeEpa, YTO YCIITUBACTCS OJHOBPEMEHHO C ITOBBIIICHUEM CKOPOCTH CKOJIBKCHUSI.

Knioueswvie cnosa: nonimep, TpuOOXUMHUYECKUHN MPOLIECC, TEPMO- U TpubOpacmal, u3HO-
COCTOMKOCTb.

A.K. POGOSIAN, A.N. KARAPETYAN, K.V. HOVHANNISYAN

INVESTIGATING THE TRIBOCHEMICAL PROCESSES OF
ANTIFRICTION POLYMER MATERIALS

By the study of tribochemical processes in superficial layers at the friction of antifriction
polymer materials, it is determined that their thermal and tribodestruction mostly takes place in
case of formation of monomolecular particles which are, the result of depolymerization or low
molecular fragments in the polymer chain which intensifies simultaneously with the increase in
the sliding velocity.

Keywords: polymer, tribochemical process, thermal and tribodestrction, wear resistance.
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ZUSUUSULP ELBUSCUELEMrRESPUUYUL ZUUUYU AP LMY U dh&UUL BY,
QU.LQUSUUL 2hULUUYUL NP NRESNRULLENE SUMTOUSRQULUSHL
PuSGArUUL LUMUQOGCE ZUUUSGRUSNRU

dhpmnisyws ki Zuyuunwtth LEjnputiukpghnhjuljut hwdwljwupgh qupqugdui hwp-
ghpp, pugwhwjngb) tu 22 Rubkpghnhl npnpnh Gpupwdwdlbn qupqugudut hhdtwlwt
twpwunpuubpp nupuswopowtwht htnnkgpugdwt hwdwwbpuwnnid, b wnwewplyt) ku

nhwwpyynn punhpubph nsdwt mnnnipmnibbp:
Upwbgpuypl punkp. Lkjnputiutpghnhlw, tukipghnhjuljut widunwignipniy, Eukp-
ginhlulwt nkuniputip:

Zujuunnwith  Zwbpuybnmput  LEjunputibipgbnhjujut  hwdwlupgnid
hEynpututpghuh wpunwunpnippiip hhdwjuwinud wywhnyynd - QEY-bph,
UEY-h b 2EU-kph ounphhy: Cuy npnud” huyjuljut URY-h dwubwpwdhut Eukpghuygh
wpununpnipjut Uky Juqunid  40...43%, Zpuqnuuh b Gplhwh QEY-Eph gnidwpu-
jhtt dwubwpwdhtp® 25...30%, ZEY-tpht (Uhpwqquyht tukpghnhjujut Ynpuynpughw
(UEY), Npnuwb, npuzkY) pudht b puljunud Bubpghuyh punhwinip wpunwnpnige-
jutt 27%-p: dEpohtt muphubpht swhwgnpsdw b hwtdl] Gphwuh unp b Zpwg-
nuih 5-py Eukipqupnutph onghiququhtt mknuljuywupubtpp: 2008p. suwthwgnpsdw
E hwtdtudb] Lntuwlbpnh jEiuwququyhtt Ejunpujuyuip, gopsnud u twb thnpp
Z2EY-tp b «Lnnh-1» hnpUwljuywip (wn.):

zuipuybnmpjut fEjunpwtitipgbnhjujut hwdwljwupgh hbnwgu qupqu-
gnudp Jupuguws b twl nwwpwswoppwtughtt hinbkqpugdwt b LEjunpwkutpghwgh
wpnwhwidwt/ukpypdwt htwpwynpnipmitubphg: Munph tdwb ppusph wupw-
quynid thnpdkup Jbpnist] b guwhwink) dbp tmwpwswopeowth kpyputiph Ejupw-
Eutipgbnnhujut hwdwlupgbph b 22 Ejunpututipgbnpjuut hwdwlupgh thplju
hpuyp&wyp:

Zupuwyuwjhtt YUndyuuh Epypukpht, Ppwtht b @nipphughtt yEpwpkpnn Wniebph
Jbpnudnipniup Juynid £ uyl dwuht, np wyy pypubpt ptnpky Bu bEjunputubpgb-
nhjuiut hwdwlwupgtph qupqugdwt  huptwpwdwpupdwt  ulgpniupp, npp
wijuntuwththnpbt Yhwtgkguh ubpyuyhu tukpqubwoytlonh dkq hwdwp wbgui-
Yuih thnnjumpyutp [1): Pugh npuihg, Yuwuwhg dnyh wijwuquih Eukpgtnhly
nhuniputbpp jupnwhwibb Zujwuinwth nwpwspp opgwgnn wiplibjp-wpldninp
Junkhpunpuiuynpinughll dwjpninhibpny hwighkghbn] Zwjuunwbh phpulu-
nwpnipjui Wuqluip b Ejunputibpghuh wpnwhwidwb nhuwblyynbhg:
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Uywqujnid mwpwswoppwunid b hwyn jqu pujuljmithtt Ynon dpgulignipe-
b’ Eubpgbnhly onuymd gnpéniknipnit swjwknt hwdwp, b wihwyn b np
punupwljut nt munbuwjub wowybnipmit junnwbw wu tphhpp, npp pupdp
nbdybpny Jyupnqubw hpwljuwbwgul] hp qupqugdwi dpwugpbpp’ hwnfuybu
wpwhwidwt Ynndunpnonid mbtkgnn b pwpdp wbjuguws wpdbp uwnbnsng
Sminbkpnud: Ujp YEpy wuws, wyn Epypubph qupus punupwlwinipjut hhupnid
whwp b npdws (huh wpnwuwhdwiywt tkpppnudubph hwdwp qpudhy punu-
puwjui-ntnbuwlut dhowduyph unbnénidp: dhpohtiu wpwtduwhwwnntly wywtiw-
Ynipnit L unnwinud wjtyhuh juwhunwjwwnwp nppnh qupgugdwit phupnid,
huswhuhtt fEjunpwtutpgbnhyut b [2]: Gonipnit nibh nupuswypowiwghtt hi-
nbkqpugduip Jkpwupkpnn dky tjunwenid bu, hwdwdwt nph wyuquynid twpw-
Swppowtiughtt tubkpgbhnhy onijuutph vywuwpldwt hwdwp swjuytihp dpguljgni-
prut Ukp wnwetught nkn Yupnn k qpunbguby wyt tphhpp, npp jnitbiw wnndughu
HEjupujujuinid ny puujupdtp pughuuyhti LEunpwkiutipghw wpnwungpbjnt htw-
nuynpnipinil, npuinyg hull Wwuqkgubng QEY-kphg opquiwljw Junkihph wypdwi
wpniupnid wpnwibnygnn Juwuwlup dhwugmipniiubpng oppwlju vhowduyph
wnununidp U wyn wpunwibnndubph hudwp ptuyuwhywiwljut ywupunwunghp
J&upubph dbkdnipmiup: Uhthwjn b, np mwpuswopowinid punupwljut nt nbnk-
nwluwb wpwybnipnibitp vnwbunt tyunwlng Zwjwunwit wnwydl] pupdp
wbdwtpny whwp L hpwlwbwguh hp Lubpghnhl qupgugdwi spuqptpp: Zwpbwi
Jpwuwnwbp, np wyuop wnbinsty b juyl hwupuynpmpinibbtp pb HEyuputibpghugh
wpnwhwidwh U pk’ nwpubghl wpnwhubdwh Swpuympmabkp dwnnighn
gnpénid, hwpniun £ ukgqnuughtt hhnpntukpgbnhjuljut pbuniputiipny, pugunnipe-
judp tpynt fjunonp ZEY-bph, npnig hwdwp twppwnbuynd | qquih mupnnnipjudp
opuwdpwpubtph Jupnignid: Uwljuyl, whqud wyju qupuquynud, wyn 2ZEY-tph vuwupk-
Yt wohunwdwdbph phip YYwugquh 4000..5000 dur/ bt hknbwpwp gpuip wowyb-
lwgnyup jupnn Eb hwinhuwbw) Jhuwpuqhuwght juywiiibp: Uju 4Epeht npoypub-
nn bu Uk wuqud wuyugnignid b EiEjunpwtutpghwih wpnwunpnipjut puqhuughtu
hgnpmipniiubph  unbnddwl wthpwdbynnipmip 2Z2-nid' dhtiingt  dudwbwly
wywhnybny Zuwjwunwih bubpquhwdwlupgh tbpgpuynudp hyybe Ywuwjwl,
wjiwbu k| Ubsnyjub bpypubph dhwgpuy tubpqguhwdwlwpgbpnud: Zwjwuwnwh
EtEyunmpwtubpgbnhjuljut hwdwljupgh wpwnwnpnn hqnpmipmniuttpp hhdbwljwtnid
Junnigyty ki ujuws twjunpy quph 60-wlub plulwiikphg (pugunnipyudp npny
ZEU-tph): Un. 1-nud phipdws & BEjEjunpuljuyubtbph bwhiwgswghtt b dbwgnppuyght
ntuniputibiph Yykpwpkpju) wyjuukp, npnughg Jupbjh £ tqpuljugut), np wjuopju
npnipjudp dbwgnpyuihl nkumpup Juqinid £ 1910 U9n’ 3949 Udm hujuwgswihl
hgnpnipjut hnjuwpbi: Cuy npoud, Zuyulwt UEY-h dbwgnphuyghtt phunipup, npp
Yuqunud £ 392 Udw, uyunynid £ 2016p.-hi: Pwuwnnphi, tph widhowwbu suljuyh
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unp wpuwnpnn hqnponipniukph juonignudp 2Z-nud, wyw 2016p.-ht Ynibukuwp
dhuyyt 1518 Udwn mbnuljuyjwué hqnpnipmnii:

Zuyuunwind Eubpghnhluyh qupqugnidp hhdudws E dh swpp nwquudupu-
Yl spugpbph dpw, wyn pynud Eukpghnhlugh npnpinh qupqugidui puquwdw-
npoipjul (2007p.), npp Abwltpynid £ jumit qupqugdwi b wqquyhtt widunubgni-
prul huybguljupgtpp’ hwoyh wntbking htpwhwp ruquu]upulul tywnwlyikpp
b punhwtnip ninynipniatbkpp:

Unjnruwly
EjEunpuiuyubbbph bwpnugdughl b dinugnppuyghl phunipubkp
3 3 3 3 3
= = = =S
£Z | Fz | Bz | §Fz | T2
Ejkyunpuljuyubtitph = & gz £ 2 &2 2 £ &
widunidp E g‘ 3 2 & a E §' 2 & &
£ g & 2 e o g &
g =] 3 g s B8 8
d ~ o=} =) =)
ZUEY 1980/1995 30 3 392 392
Zpuiquitth SEY hht 1966-1974 30 0 1110 0
wqpkquunubp
Zpugqnuth QEY 5-p tnp pinlp | 2011 30 28 448 448
Cpliwlh £ hhl 1963-1966 30 0 550 0
wqnplquunubp
Gplwatth QY tnp Fubkpqupnly | 2009 30 27 220 220
Swpl ZEY4 1970 55 12
'5 = g* Cwp ZEU 1978 55 10 404 404
g ; = Uywlnupub ZEY | 1989 55 21
=8
&HE
| Lwliwpkn ZEY 1936 55 0 0
Z g |Uluuzty 1951 55 40 50
,g = | Unpgly 2B4 1953 55 0 0
2 B i Upquh 2EY 1956 55 0 554 0 (175
g 3‘; <= | 2puqnub 2EY 1959 55 1 81
SN Bl ZEY 1962 55 4 44
®npp ZEY-kph
wy] YEpuljuiquynn [ 2006 30 25 271 271
nkunipukp
Cuguukip 3949 1910

Ujdd ghuiwpltup LEjupwtibpghuh vyundwt jubjpunbuncdubpp 22-h
tbpphtt pnijuymy’ hwpdh wntkng twl wwpwswppewbwghtt Jwwbpp: VY. 1-nd
pipduwsd Eu dhigh 2030p. Likhunpwtubpghugh vyundwt jutppwnbunidubpp 200-h
5...7% w&h wwplwubkpnd: Cun dhowqquight thnpdh” tdwb Z2UU-h b ny ju]uinbuw-
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Jut dnnbkgdwb nhypnid Ejunpwkiubpghwh vyundwi mbdybh pun nuphubph sh
ghipuqugnid 2,8 mnlynup [3]

Ul.1-hg tplnid E, np 2030p.-ht, 10% hwdwlwupquyht wwowph wnjunipiui
yuyuwbubpnud, LEjupwkibpghwih wpnunpmpniup Yuqdh 18,0 Ujpn.§9wmd,
U1htuh 1,8 Ujpy. fYurndhuwdujupquyht yuowp wpnwungpbint htwpuynpnipinii:

e Mwjuaunpn

Muwhntuwn' 10%
(6U unwunwpun)

Muwjdwuwgpuyht
wpwnwhnup niyh Ppwt’
6,9 d|pn. Y4und (2022p.-hg

s Lnnhptipn <EY4

1 Tunju €LY

< pwgnuh 5-pn. ppnl

Em <puqnuibth 2EY
| s—bpLwlh £T98E
12 1 ‘ = Npnnwbih juuljwn

== Vuwu-€pugrpuih Guuljun

8 - | Uy puwnpwipwyhts (hond, wple..)

| CI<wjlulwi UEY
|

G plpwgipdwgh

= enpp <EY-Gp

====Twhniun

= Upinwhnup

2028

[%2]
[}
o
o™~

2027

“Suwinbilut 2,8% wé' <LU-h 5-7% w6l

wwwhnytinthwdwp: <wpyh GU wnwd
PLEY-tiph tnwpblwt wpnwnpwph hbnwgw Ujwgnud Fubipquiutiwgnn dhongunnudutiph
Unwn 1,64% wwnpblwt’ ptwwwhuwwbwywl unpdbph hpwl{whwgmdu nt tnhpqmwprynmwl{hm
fuunwgdw b Yihdwih ginpw| inwpwgdwt hnbwupny yh
<puqnut RE4-h Eubipquipinljubinp uwunnud B ipktg iklutihljuljut wwauipp:
Lhwnwqu ywh ip | E UbPU3U npybu pwpuwjht wwhniun
—~ ($npu-dwdnp), hhm hwhqhghnui k hmqumpquqhh Inwgnighy qqlu[h Swfuubiph:
Shuthjulwt b munbuwlwi gnigwuhyubpp fuhun wiupwyupup Gu b ey skt nwihy
ogqunwgnpdby bpwuh hbn «kj.Eubipghw-quig» wwjwdiwtwghpt wwywhnybjne hwdwnp:

Ul 1. Z2Z2-md B Eunpulibpghuyp vwundwl ulfuunnbunilbEpp dhisl 2030p.

Uhuyu ubppht onijuyh vywndwt hwdwp wuhpwdbon L jhubne onipe 11,0
upn. f4wd Likjunpututpghw: b by, 10% wwowpwjhtt hqnpnipiniup GU tplypukph
hwdwp punmws swthnpnosuyhtt Ukdnmipinih k, husp wuydwbwdnpdws L GU tpyputiph
dhowtnwljut LEjunpuhwunnppiwi hgnp gdtph wnjuynipjudp: Utp tphph ghiypnud,
bph shwgnnyh uintnst) F-dpwuinwv-22-bhZ, wyjuybu Ynydws, «Zniuhu-Zupuy»
400/500 7 qupuwt pupdp ponnibwlnmipjudp (bwpjpwnbuynd £ dhtgh 1000 Udwn
hgnpnipjult mwpwignid) LEjunpwhwunnppiub ghdp, wmyw Ejunpudwnwlupup-
dwb hntuwhnipnitt wywhnybnt hwdwp wihpwdbon Yihth twhwunbub] dnn
20% hwdwljupquht yuown (uly. 2):

YQuplnp bwjuwnpyuy £ hupbwb tpyputph hin hnjuhwpwpbpnipniaubph qup-
qugnudp: Eubkpglinhuyh npnpunud 22 hhduwluwt gnpspultputpp PhZ b dpuunwutin
k1, npntig htin dbq Juynud Eu Ejnpuhunnppiwt 3 pupdn jupdwtb gdtip Akl 220 4
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b tpynt 110 44), npnugny dhtsh 2007p.-p dpuunnut bp wpnwhwind nupkljut
Uhohtt hwpyny 350 Ut §9wr-d Fkljnnpukubkpghw:

2007p.-hg vhtsh wydd tpynt tpyputph dhol hwdwgnpswljgnipniut ppujubwg-
b1 E dhuytt ubgnught hnjuwttwnidubpny, vwljuyt uydd Zujwunwip b Jpuunwp
whwp k uljukt 400/500 49 bEjnmpwhwunnppdwt gsh Junnignidp, npp Yyuwh dpuu-
wnuth Uwnubnyh ipuuuip Zujuunwuth Zpuqput QEY-h htn, b mbnuinpudng
EEyunpututpghugh dwjuip 400 {9 jupdwbt wewehti onpuyh Jupnignidhg htinn
Jupnn E wdlk) dhtgh 650 Udur: Pupdp jupdwt gskpp juwwhnybl bwb dpwunw-
unud wpununpusd LEjunputibipghuwh dwnwjupupnudp Zujwunwing bputthie
Utpjuynidu dbp nwquujupuu gnpspuljtipp fEjupwtubpgbunhluh njnpund
bpwul k, npp fEjupukiubpghw Ewpnwhwind Zujuwunwb, Enipphw, Mwljhunud,
bpup, UPnuiunnwt b tkpypnd b Zujwunwithg nt Unpphowtihg: Zujumuwnwiht b
bPpwtht juynud tu 22049 LiEjunpwhnynppuwb tplynt gdkpp, npnig wnwykjugny
gnidwpuyhtt hqnpnipniip juqunud £ 450 Udwr: Uludby b uwb 400 49 jupdwi
hEynpwhwnnppiw Gppnpy gbh junnignudp: Bjkjupwhwnnpplwt Eppnpn qsh
htwn hwdwntn gnidwpughtt hgnpmipniup Ywuquh 1200 U

Zujuunwithg bpwt wpnwhwidw hhpdtwlw swup junwpynd £ dwjhuhg
dhtslh ubyunbdpbp b tnjbdpkp wdhubpht, dhsnin diwgus dudwbwmjuhwndu-
onud ubpypnudp gipuquignid E wpunnwhwunudp: Pputh b 22 junwupnipjut thel
EEyunpwtutpghugh nhiwg qugh dunwljupupdwt Jepupbpiuy yuypdwiwgph unn-
pwgnpnidhg htnn bpwt wpnwhwiynn LEjnpwkiubpghugh pwbwlnipmniut wgkg 4
wliqud: 2010p. wwyphiht pnyuplytkg GpRES-h unp Lukpqupinlp, nptt wppupwinnd k
Ppwth bujwdwljub Zwtpuybnnipjut htn qugny-LEjunpwkiutpghuyh wypwipw-
thnjuwtujdwt vppbdwny: EEjupututpghuh wpnwhwidwi u dh hkpwtjupught
ontju (nunbuwlut spouthwlnidp hwknig htinn) Jupnn E hwiimphuwbiuyg @nipphwic

zwpjuplubph wpyniupubpp Juynud G wyt dwuht, np ujuws 2016p.-hg dhtsh
2030p. Etyunpwtubpginpluluwt hwdwlupgh hqnpmipniup whwnp L wdh 1518
Udwur-hg dhtish 3800 Udur wnwg wuowpuihl hqnpnippub, Yud pnipe 4200 U
10% wuwowph wywhnydwt yupuquynid: Ldwt wuydwbtpnid, hhwuplk, wnwe-
twhbppnpbtt whwp L oguuuugnpsdtt mbuthjuybu b mbnbuwybu wpnupugus
hhnpntubkpqbwnhl nkuntuibpp, npnug nhnlhu soquugnpéyws hqnpnipniiup quuhwn-
Und £ onipo 450 Udur wupklwb 1,6 Ujpn. § 9wnd mpununpuipny: Unwglught whnp
E hwdwpl] bwb JEpuljwitqiynn wy nkunipuubph tkpgpuynudp, hyp tmuppbp wnp-
jipikph hwjwundwdp’ 22-h hwdwp sh gipuquiignid 1,0 djpry. f4wmd-p: Ujuyghund,
Zujuwunwith LEjunputubipgbnhjuljut hwdwlupgnud, ufjuws 2016p.-hg, whup
uljuli] jurnigk] tnp ubpunh, dudwtujuljhg nkjuininghwitpny hwgkgus tukpqu-
wpyntbwybtn vhgnijuyhtt b obpduyht Eukipquntnujuyupttp, npnup Jupunwngpbu
nupkijub Unn 9,0 Uipy. §4wd fEjnpukutpghw: Uthpudbon tup hwdwpnid by,
np Uheontjuyhtt b obipdwjht Eubpquunbnujujupubph dwubwpwdhuubpp jupdus
jhukl pt phwlwi quqh qukphg b pt” Fubkpghnhjulul vwppunpnidtibph dhewg-

375



quyht onitjuynid Uninwlju 2...3 mwphutiph pipwugpnid gnjnipinit niukgnn vhoniljw-
1ht mEnuuwjwuputnh dhunp hqnpnipjniuubphg, gpubg dwbbpughtt punipugnt-
nhg, wmyunuiugnmpjut wunhdwihg b wy] wthpwdtown gnpénukphg:

Bl g £sg g
=] 2 -3 o3 Elkjupwkitpgtuhjwjuwh hwdwjwpgonud nknuujjus
z| &3
g ==| = J§ 3b Jg R hqopnipjwl yuwlwunpn +10% ywhniuwn
gE2E| & 22| 25,
e | E25| &4 | BEFE| EFZ
S| E5e(2f |224| 22
E‘ i g1 35 5 o] g & g-
Sg8| =8 SEx| %8
oE = e B X
=2 -1 £3 £
g| 8 =t 8+
2013 0,0 0 0 0
2014 0,0 0 0 0
2015 0,0 0 0 0
2016 0,9 150 176 191
2017 1,3 217 254 275
2018 1,9 317 371 402
2019 2,6 433 507 550
2020 3,5 583 683 741 Bkl pqtuhluljub uipqoul n b ljuryys
hqnpmpyut upwljurunpn +20% wwhniwn
2021 4,1 683 800 868 o
2022 5,0 833 975 1058 oo a
2023 52 867 1014 1101 111 l
1000
2024 | 53 883 1034 1122 - I I“
2025 5,5 917 1073 1164 - \
2026 5,7 950 1112 1207 - T |
2027 1,8 300 351 381 I I I
200
2028 2,0 333 390 423 I I I
0
2029 2,2 367 429 466 § 28§88 ¢8 888888 EE8E 8§ ¢8
2030 2,4 400 468 508

Ul 2. 22 Bpkinpubhbpglnpjulpul hunlwljupgnid nknuljuyjud hgnpniyppul wwljuiunpn
+10% U +20% wwhniumnbkph plypnif

Sunp, 22-u Ypohtt kplnt nmwutwdjuljubpnid Ynpgpkg YEunpnuwlut okipdw-
dwnwljupupdwt hwdwjupgtpp, ntunh wju hngdush opowtwlutipnid htwpuynp
sk Juuulgl) otipdughtt (ohnnigdwt bywwnwlny) b LEjwpwlwt Eukpghwubkph
hwdwwnbn wpnwunpnipjuiit wetsynn hhduwpughpubpp, hyp, kp upshpny, suwn
wylh unp nunidbwuhpmippul Juphp mbh wuypdwbwdnpus dhplugnidu wy
nuowh gphpt wdpnnenipjudp thphpuugdws (hubknt b gnjnipinit niukgnn ptwljut
Uktwtinphitph htwn §non dpguljgnipjut hwbhquudwupbpny:

dtpp owpunpyush hhdwt Yypu hwignid Eup hbnlbyuht.

1. Lubkpgbnpl wijuuwignipjut wywhndiwitt nmnpdus dhgngunnidubph
hpuwjuwiwugdwt hwdwp ywhwieynid B juqldwlipyswlui, inipulut b $htiwi-
nwlwb wywbwlwih nbuniputikp, wyn pyYnd’ bwb $hghjuytu nt pupnjuytu dwy-
Jué wpununpulju hqnpnipnitubnh o fEjunpulut gubigkph ukpinuthnjunipjut
hwdwnp, npnup, wionipw, ghipwquignid ku Zujuwunwih ukthwlwb htwpwynpnipe-
miuubpp: Zknbwpwp, jupbnp £ wowehtt hipphtt ppujubwguty wyt popnp dhongu-
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mnudutpp, npnup wywhnynid tu htwpwynphiu thnpp Swhiunidubpny Eukpglnply
wiunuigmpjut pudupup dwujupnul:

2. Eubpquiwunuljupupdub pugupdul] widunwbgnipniup hwuwkih sk ns Uh
Enpyph, huy JEpohthu Epuwojnwynpjuws wuyywhnydwb ghttt wbpunniubih pupdp
Eubpquiwnwlupupdwi widunuwbgnipniip jupwdupnipjut b hwuwpulnipjut
thol gnynipnih niikgnn hhdtwlwi thnjuqhgnidutnhg dklu k, npp wnwppbp wuwnh-
fwuh Eukpquuidunuwignipjut hwutbkme hwdwp wbwp £ juwywljgh wihpudbon
Swijuubpp b hwipmipjut Ynnudhg ngpup Jdwpknt htwpwynpnipniup b guuynie-
jiup [2]:

MUY ULNRE3UL 8ULY

1.  Organization of the blak sea economic cooperation. Report of the meeting of the
BSEC working group on energy BSEC headquarters, 8-9 april 2014. Sinem Caynak,
General Overview of the Turkish Energy Sector.

2. 22 bwjwgquhh 2013 pywluwth hnjubdpkph 23-h Cwyuunwih Zubpuybunn-
pjut Eubpglnhl widuuignipyutt wywhnddw huyiguljupgp hwunwnbint
dwuhti» N UU-182-1 jupqunpnipjnii:

3. Zz Juwpwdupnipjub 2014 pulijuth dupnh 27-h Cwjuunwith Zwbpuybnnt-
pjut 2014-2025 pp hEknwujwpuyhtt qupqugiwt nwuqUuduwpulwb sSpughp»
N 442-U npnonud:

2N&Z (MALPSEULRY): Unipp ubpuyugyl) k udpugpnipniu 10.06.2014:

I'.B. YI'YHSH, JI.C. OTAHHUCAH

COCTOSIHUE SJIEKTPOOHEPTETUYECKOM CUCTEMbBI APMEHUU U
OCHOBHBIE ITYTHU PA3BUTHUS B KOHTEKCTE PETHOHAJIBHOI'O
HUHTETPUPOBAHUA

[Tpoananmu3upoBaHbl BOMPOCHI Pa3BUTHS AJIEKTPOIHEPTETHYECKOW CHCTEMbl ApPMEHHH.
BbIsIBIIeHbI OCHOBHBIE MPEANOCHUIKH JIOJITOCPOYHOTO PAa3BUTHSI SHEPreTHUECKOro cexTopa PA
B KOHTEKCTE PErHMOHAIBHOTO MHTErpHpOBaHMS. [IpeoKeHbl MyTH PelIeHUs pacCMaTpHBAeMBbIX
npoOIeM.

Kniouesvte cnosa: >neKTpoIHEpreTHKa, SHEPreTHIECKask 0E30IIaCHOCTh, SHEPreTHYECKHe

pecypchl.

H.V. TSUGHUNYAN, L.S. HOVHANNISYAN

THE STATE OF THE ELECTROPOWER SYSTEM OF ARMENIA AND THE BASIC
WAYS OF DEVELOPMENT IN THE CONTEXT OF REGIONAL INTEGRATION

Issues on the electropower system development in Armenia are analysed. The basic
prerequisites of the long-term development of the RA power sector are revealed in the context
of regional intregration. Ways of solving the considered problems are proposed.

Keywords: electropower, power safety, power resources.
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nn b TIII(R) mhyh QU-h gdbwjimgdut ywpwubknptph hwpdupyubkph wpyniupubpp:
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EEjunpuljut YEpyuwhnhhsubpp (QU), npnup ogurnugnpdynid Bt hhdtwljuinud pupdnp
obipywunhdwiutph swthdwt hwdwp: Cwhwgnpsdwb plupwgpnid wnwewbnid k
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hpwdtown L hpwlwbwgubk] QU-h wwppbpuljut vnniqusuthnid: Unynpupup wyn
tywwnwlny QU-ukpp hwidnd tu opjijinhg b niquplynid swhwghunwljut jupn-
npuunphw, husp wwhwbenid k jpugnighs dwipuubp, hul npny nhyptpnid hwughgunid
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unnipjudp ndhs' unniquswthynn QU-h hwphwunipjudp: Lipjuynidu wpuwunpynid
Eu KTXA, KTXK, KTHH, KTXA, KTXKK mhuytph QU-ukp, npnug ywhwywihs yuwnjwu-
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dwn: Uwnithuiughtt widphsubpt niubt hwdbdwnwpwup pupdp sshwghinwljwb punt-
pugnbp nt thopp swihubp b tbpjuynudu juy mwpusnid B vnwimd okpdwunh&wh
swwthudwt nt huljdwt hwdwlupgbpnud [1]: Upgnitwpbpujut opjkljnnukpnid wnk-
nuypjws LU-ukph vnniqusuthdwt tyuwnwlny wnwewplynid k dowljl) dwnt-
huwghtt myhsubpny wohiwwnnng pupdnp Logpumipjut pdughtt obpdwswth: Inpstwljw-
unid 600 "C-hg pupdp obpdwunhdwtkph swhdwt hwdwp hhdbwutnid oguw-
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dwluyhtt wpdbpubpt punn @OUS 3044-94-h [2]: Zudwdwyt FOUS 8.558-2009-h [3]°
obptwunhdwh 3-py Jupgh woiwwnwbpwiht binwnuh b wohwwnwipuyhtt QY-h
Junwhbih vjpwjubpttph vwhdwbtbph hwpwpbpnipniup wkwp k 1hth thopn 0,5-hg,
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BJuyht gbpuwsmthbnh dpwljdw hhuttwljwb punhputnhg k wihsubph ny qdw-
jht unnunhly pumipugph gduwyimgnidp: LEpjuynidu oqunugnpéynid L gdujimgdut
wnuppkp tnutwljutp: Uowlynn pduyhtt okpdwswhnid tywnwljuhwpdwn k oguuu-
gnpst] nghsh unuwnply punipwghpp phljjuyny dnwnnwpllnt tnubwyn (. 1): Ununnwpy-
dwt Logpuinipniup jujudws b Unnwupldwb pujhg: BJuyght obpdwswthh ujubdugh
wupgbhguwt btywunwlng dnnwplnidp juunwpynid £ hwunwnnit puyny pun
othpdwkionith: Unnwplny phljjuh ququpibpht hwdwywnwupwing okpdwunh-
fwuitph wpdbpubpp gqpuugynid tu dhypnyntwnpniiph hhonnnipmniind, hul dn-
nwpldwt j-py minudwuh tbkpunid obpdwunmhdwh wpdtpp npnoynid £ htnlyuy
pwbwdling’

0ix = 6j_1 + K;(Ejx — Ej_1), 1)
nputn 6-1-p phljjuh jnn nknudwuh ulqptuljinhtt hwdwywnwupjuwing ekpdwu-
nwhfwbt b, K-t phljjunh phpnipmitp jpn wmbnuwdwund, Exep' phljjugh pn nk-

nuudwuh tkpunid qnuynn swithynn gbpdwunhdwuh okpdwkjonil, Eq1-p' phljjuih jpy
nbnudwuh uyqphuljbnhtt hwdwywnwupiwing gbpdwkoni:

Ugniuwy 1
LU-akph uppuypuiphlbph vwhiwbuyhl wpdkphbpp
Qtinu- QU-ubph vptwjwph vwhdwip, °C
- XAK XK(E MK,(T KK CCd HHN

- o | TP | TNGS) (K) (E) M ()] U] ™)
&ﬂ (A-2)| 2% | 2pn | It 2-pn | 1-ht| 2-py | 1-ht | 2-pny | 1l | 2-pn | 1T | 2-pn | 1-pt | 2-pny

o CE, nwu | juu | uu | WU | juu | U | juu | | | Qo | o | Qo | o | o
100 - - 15 15125152505 |10 | 15|25 |15 | 25| 15| 25
200 - - 15 15125152508 |15 |15 |25 |15 | 25| 15| 25
300 - - 15 15125 (15|25 |12 (22515 |25 |15 | 25| 15| 25
400 - - 15 16 | 30 |16 | 30| 16 [ 30| 16 | 3,0 | 1,6 | 3,0 | 1,6 | 3,0
600 - 15 15 24 | 45 | 20 | 45 - - 24 [ 45 | 24 | 45 | 24 | 45
750 - 1,87 1,9 30 | 56 | 32 | 56 - - 30 (50| 30|50 ](30] 56
800 - 2,0 2,0 32 | 60 | 40 | 6,0 - - 32 (60|32 60|32 ] 60
1000 7,0 2,5 2,5 40 | 75 - 7.5 - - - - - - 40 | 75
1200 8,4 3,0 3,0 - 9,0 - 9,0 - - - - - - -

1600 | 11,2 | 4,0 4,0 - - - - - - - - - - -

1700 | 119 | 425 | - I e e e e I I )

1800 | 12,6 | - - e e
2200 | 154 | - - N T e e e

Lkpluynidu wpnwungpynn QU-ukphg wdkbwpwpdp £ogpuinipniut niikt wjw-
wnhbwght jpdph QU-ubkpp: Lywwnwlwhwpdwp E punpl] Wunhb-yjwnhtwnnnhnt-
duyhtt TIII (R) nhwh Y, npp twpjpwnbuqws E dhish 1800 “C obpdwunhgwb swthknt
hwdwp: QU-h wnnwwnply punipwgph Unnwpdut $ntiljghuygh ququiptitph wpdtputph
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oyynhdwy ptnpnipjut hwdwp tyuwnwlwhwpdwp £ dnnwupdw pugb pun okpdw-
Eonth punpby wytwhuht, np ngpu nudbnugus wpdtpt wpunwhwyngh 2% pyny:
04

el»— ————————

O

O

[
|
©) [
|
|

|
Y,
E(61) E(6) E8) i
(Nr) (N3 (N

Ul 1. QU-p wunwwnpl) pinipugph dnumupynidp phlyuygniy

Ununuwpldwb vjpwwipp poyjuwnpbih vwhdwbibpnmd vinwbwnt tyyuwwnwlng
npuunpnud Eup k=13, npp 6>600 °C nhpnypnid hwdwywnuwuppwind E dnwnnwdnpu-
whu 68 ‘Cotipdwunhdwtht: Ljwwnh nitubkwny, np QU-ubpp hhdtwlwinid oquu-
gnpdynid B pupdp ohpdwunhdwittph swihdwt hwdwp, Jupkih E unwnhly punt-
pugph Unnwuplnudp phljjuny uljul) Nx=2048 pyht hwdwywwnwupiwb obpdwuwnh-
Swihg (112,33 °C), hulj Unnnupydwt puyjtt pnpl] AN=2048: Ur. 2-nud phpdws L
wuwwnphb-yjunhttwnnphnidwiht QU-h (R mhwh) uvinwnhly punipugph dnnwpldu
wnjuy ubpp:

Juyht obpdwswthh Yunnigjuspuyhlt upjubdwb phpdws b uly. 2-nud: QU-h
otpdwkonit nidinugynid £ DA1 uwppwjhtt nidinupupny (UM) b dhwdwdwbuly
Juunwpymd k okpdwgnygh wquu suypkph obpdwkjonth wyundwn hwdwlonnid
R1-R5 nkghunnputpny Junnigws judpowlughtt ujnbdwyny: UNi-h Gpuyghtt jupnudp
unpynud £ DA2 wtwnqupqupubughtt Yipywnpuhshtt (U6Y), nph Ejpnud unnwg-
Ynud Gu obipdwkponih tpyniwfwb Yngbpp: LEpjuynidu suthhy vwppbpnud juyunpku
oquuugnpsynid L uhguw-nhjinw UEY-utpp, npnup niukt pupdp dogpuinipmnia b
wunuUuuyuonuyuijwénipni: Uy UEY-ukph hhdtwlwb punipugptphg b Gjpu-
1ht Yngh fupgbph phyp, wnuniyhg qtps Ynnh upgph phyp, dntnpughte jupdwb
nhtwdhl nmhpnypn, hktwght jupdwb wpdtpp, tkpphtt wnuniyukph Uhohipunwlni-
uwjhtt wpdbpp: Uhquu-phjnnu UEY-h Hpuwjhtt Ynphtt hwmdwywinwupwt phyp
npnoynid £ hbnlyuy putwdlng®

U U
N, = 2= g = 20l Ui, @

npubn Us-t UEY-h Untnpuyghtt jupnid k, Us-t® UEU-h hEtwght jwpnudp, q-u°

UfY-h dntnnpuyhti jupdwt pjwbinp, n-p' UEY-h Ynnh Jupgbnh phinp:
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R3 R9
1, R1
o 1 b ll’ R4 \\{01
N R10

DA2
* DD1 HG1

pout

U2 DIN
1
SCLK

Ul 2. fjuyhl pkpulusunhh Junnigyudpuyhll upuliunl
Bpt ULY-h Ynnh Jupgbnh phyu punpkup n=16, wyw UEU-h §nnht hudw-
wuwnwupwbt wdktwdks phyp junnugyh ' Nam=65536: ZEknbwpup
Nx= 65536 Uu/Un: (3)
Gpl URU-h hkuwht jupnudt punpkiup hwjuuwp Us=2,62144 <, myw Junw-
twp' q=40 ¢/, Nx=Uu/40 (npntn Ue-p wpinnwhwjunynud £ #f4-n): Luuth np ULY-h
Untnpujhtt jupnidt mdbnugymd t Ke mdbnugdwt gnpsuilgny, wyu ULGY-h
Epuyht Ynnht hudwywwnwuhw phyp junnugyh'
Ni= K E(0,0)/40, 4)

npunkr E(0,0)-u 2U-h opdwkpnith uinwtupunugjws wpdtph | pun OUS 3044-h [2]:
QnpShpuyhtt nidinupupt punpygty £ INA333 wmhwyh: Gpl nidbnupuph nidtnug-
dwl gnpswlhgh pinpkup Ka=100, huy E(0,0)-u wpinwhuwyyngh dfd-ny, wmyu junw-
twp’
Ni= 2,5E (6,0): €)
Un. 2-mud pEipdws Eu wywnht-yjuwnhttwnnghnidwhtt QU-h vnnwnpl) punipw-
gph Ununuplydw phljjuh ququpiubpht hwdwywnwupwt okipdwunhgduutph
npuig hwdwywwnwupiwb Gjpwjht Ynnh pyuyhtt mpdbpubpt n1 nputg Epyniwlut
ynnkpp, hiswbu twh Uninwpuwb nknudwubph K;° qquytmpimbtbtpp (pkljugtkph
ptpnipmibtitpp): Unnwpliuwt nbnudwubph K qquyimipmnibikpp npnpdky ko
htwnlyuy putwdling®
Ki = (0; —0;_1 )/(N; — N;_1) =(6; — 0;_, ) /2048, (6)

npuntn Ni1—p b Ni-tu dnnwpldwit j-py mbknuwdwuh uljqpwljtnht no depptwljinp
huwdlwyuwunuwupiwt puyhtt mpdbpubinh B (wn. 2):
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Unniuwly 2

Muwwnpl-gjunplwenphnidughll QG-h vnwwnpl pinipugph dnunupydwi njjuybbpp o
phljuyh ququpbbph okpdwunmpdwbibbph obpdwloniakpp Ephniwlwi Inpkpp

i I 6, C |E e Nj-h 2-wljwb Ynyp K, T Ag;, °C
215 214 213 212 211

1 (2048 |122,33 |0,8192 (0 |0 (O |O 1 005973 0,09
2 |4096 |218,95 |1,6384 (0 (0O (O |O 0 0’04717 0,08
3 |6144 |305,86 |2,4576 (0 (0 (0 |1 1 0’04243 0,07
4 18192 (387,38 |3,2768 |0 |0 |0 |1 0 0703981 0,00
5 (10240 |465,35 |4,096 0 |0 |1 |O 1 0’03807 0,06
6 |12288 |540,45 |4,9152 (0 (0 (1 |O 0 0’03667 0,06
7 (14336 |613,25 |5,7344 (0 (0 (1 |1 1 0’03555 0,10
8 (16384 |683,03 |6,55360 (0 (0 (1 |1 0 0’03407 0,06
9 18432 |752,50 |7,37280 (0 (1 (0 |O 1 0’03392 0,08
10 120480 |819,50 |8,19200 |0 |1 |0 |O 0 0’03271 0,02
11122528 880,50 [9,01120 |0 |1 |0 |1 1 0702978 0,06
12 124576 948,50 [9,83040 |0 |1 |0 |1 0 0’03320 0,04
13126624 [1010,5 [10,649 |0 |1 |1 |O 1 0’03027 0,08
14128672 [1070,5 [11,4688 |0 |1 |1 |O 0 0’02929 0,08
15130720 [1132,0 {12,2880 |0 |1 |1 |1 1 0’03002 0,02
16 |32768 [1196,0 [13,1072 |0 |1 |1 |1 0 0’03125 0,10
17134816 |[1250,0 [13,9264 |1 |0 |0 |O 1 0702637 0,02
18 136864 |[1309,0 |14,7456 |1 |0 |0 |O 0 0702881 0,06
19138912 |1367,2 [155648 |1 |0 |0 |1 1 0702842 0,01
20 (40960 |1425,2 |16,3840 (1 (0 (0 |1 0 0702832 0,04
21 143008 |1483,8 17,2032 |1 |0 |1 |O 1 0,02861 0,02
22 145056 |1541,4 |18,0224 |1 |0 |1 |O 0 0,02812 0,04
23 147104 |1600,8 |18,2416 |1 |0 |1 |1 1 0’02900 0,00
24 149152 |1659,0 19,6608 |1 |0 |1 |1 0 0702841 0,04
25 (51200 |1719,8 |20,4800 (1 (1 (0 |O 1 0702968 0,02
26 153248 |1779,8 |21,2992 |1 |1 |0 |O 0 !

Gpt K" qqujunipjut wpdtptkpp Yinpugkup 5 tpynn pywbipwng, okpuwuinh-
Swih swthdwt vppwywipp Juinwgyh thopp 0,1 °C—hg (wdktwdts wpdbputipp junwg-
Jtu dnwnnwplnn pEljjuh ququptbpht Unn jhnbpnid, ngputp ppgué G wn .2-h AG;
yntuwlnud):

Cunpdws wwpwdbnpbph ghypnid dnnupdwt nknudwutph dhowtljuy wp-
dtputiph hwdwp junwbwbp®

Ojx = 051 + 86 = 0,1 + Kj(Ejx — Ej—1) = 6j-1 + Kj (Njx = Nj-1), (7)

npunkn A9, = Ki'(N; — N;_;) —Uninnwupljdwb j-pn inknudwuh tkpuh §nnht hwdwwyw-
nwupiwtng jpugnighs obipdwumhdutiwghtt wdh wpdtpt b, Nie-p® dnnnupldwi j-py
wnbknuuwuh tkpuh Yanht hwdwywnwupwing phyp:

Ophtiwly, tpk Nix=11240, wyw =6, tipk 011=465,35 °G K;'=0,03667 °C; Njx - Nj-1 =1000,
wyuw Juunwbwtp® 6x=36,67 °C, 0x=502,02 °C:
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Uhlpnyniunpnitph (DD1) uhgngny UBU-h bipuyhtt Ynnh 27-hg uhiish 25 Yomu-
1ht gnpdwjhgutph Yupgtpny Ynpnptu dninwupdwt nknudwuh j hwdwpp, wyn nk-
nudwuh uljqrh ququph gkplwunhdut nt K;° qqujunipynitp, huly 2°-hg dhtgh 21
Yonuyhtt gnpdwhgubph Jupgbpny® dnnwupluut nknudwuh tkpunud ABix obpdwu-
wnhdwbubnh wpdbputpp, b pwtwdl (7)-ny Ynpnrgdh suthynn obpdwunpgwin:

Uhypnynuwnpniipnid hwpduplubpp wdpnne pdbpny juumwpbint hwdwp ju-
nkih £ 10° wiqud dkdwght) 6 gbpdwunhgwbikph nt K qquymipjub wpdbplbpp,
htwnn® Jipotimjutt wpdtpp pudwty 105 -h:

URU-h pnpnipniip juwnwpynd £ Ejukny wnuniihg qtipéd Ynnh gusp fupgh
dhwnph ywhwieynn wpdtphg, npp wjuy phypnid 40 ¢4 E: Upunnwunpynn UGY9-
ubiphg tywinwlwhwpdwnp L pinplp AD7715 mhwh uhquu-nhjnw UEY (DA2), nph hb-
tuyht jupnudp 2,5 4 & huly jepyuhndwt hwdwhnipmiut ptnpdmd 2 fEpuy/ing
[4]: QU-h mquun suypbph otipdwkpnith wjundwn hudwlpndub Yudpowluwhtt upak-
dwt ubtdnud E pupdp Logpuumipjut jupdwt wupudbnpulwb juynittwpwnhg, npp
Junnigqusé k KI108B wmhwh utnwphihupnuh Jpu (Qumibtugdwt jupdwb obpdwu-
wnhgwtiught gnpswlhgp thopp £ 0,0005 %/ C-hg): Zknmbwpwp' UEU-h hktught jupnudp
bywnwujuhwpdwp £ unwbw) uvinwphjhpnpniht dhugdus jupdwt pudwiihshg (R9-R11):
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A.S. SHAGHGAMYAN, L.K. BEGOYAN
A DIGITAL THERMOMETER WITH A THERMOELECTRIC TRANSDUCER

The block diagram of a digital thermometer is developed operating with a thermoelectric
transducer. A method for linearizing the static characteristics of TT is proposed. Formulae for
calculating the linearization parameters and the calculation results for TT static R characteristics
are introduced.

Keywords: digital thermometer, thermoelectric transducer, linearization.
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MODELING THE ENERGY MANAGEMENT SYSTEM TAKING INTO
ACCOUNT THE LOAD CHARACTERISTICS AND ECONOMIC
PERFORMANCE

Electrical load management (ELM)[3] is one of the most basic and most important
branches of demand side management (DSM)[3]. Energy management in the proposed system
is carried out by load management. Load management techniques divided into three main
categories - load shading, valley filling and load shifting. However, these methods are used
depending on the load type and the desired policy of the government and also considering the
possibility of the methods used, taking into account that the most effective and popular method
is load shading. In the proposed method, the outputs of the optimal sizing using the algorithm
of Particle Swarm Optimization (PSO)[2] allowing to choose the number of wind generator
(WG)s, modules of photovoltaic (PV) and batteries. The number of variables must be
optimized in such a way that the ultimate 20-year cost of using the system is equal to the
lowest possible value.

Keywords: load management, hybrid system, energy efficiency, PSO algorithm (Particle
Swarm Optimization).

Introduction. Because of the discontinuous characteristic of wind and solar
radiation, the most important issue in designing such systems is to supply reliable load
under different atmospheric conditions according to the costs involved. Due to the
diversity in types of commercially available of the PVs, WGs and batteries, the aim to
select the number and type of equipment intended to supply continuous load with
minimum costs will be achieved.

The purpose of this study is selecting the combination from among existing
commercial equipment’s of the hybrid system studied for a complete coverage of the
load in a period of 20 years. The best combination is a compound that has the lowest
cost during the study period. These costs will include the cost of investment and
maintenance. Optimization variables are the number of PV modules, number of WG
turbines and the battery capacity needed. There are various algorithms and
optimization techniques, but we suggest using PSO algorithm having in our opinion , a
great potential. This algorithm is a relatively new algorithm and its introduction goes
back to 1995 [1]. This algorithm is based on Social Intelligence of the organisms that
live in mass. The advantages of PSO to the genetic algorithm, in terms of speed and in
terms of not being stuck in local extremes are shown. The above interpretations were
motivated that in the present study, instead of using a genetic algorithm a PSO
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algorithm is used. For organizing the simulation of the system energy management,
we need to create formal models of the investigated object, the formulations of the
system consist of the modeling systems.

Load management and methods of its application. A method applied to this
system in the energy management is described below [3].

Dimensions of demand side management: 1. Load management. 2.Energy
efficiency. 3. Energy revival. 4. Virtual power plant

Now, we'll explain these cases:

1. Load management

The goal of load management is to adjust the load curve with one of the following
methods:

- Load Shading - Valley Filling - Load Shifting

The tools needed to achieve these goals include:

Load clipping programs. This includes the following items:

1.

Interruptible demands: load of this kind of clients will be disconnected
remotely or other methods under the previous agreements by receiving a
payment.
Direct load management control: in this method of operation, the system will
disconnect certain loads of customers in accordance with the prior notice to
the customer's address and prior agreement and pay him with this load
clipping which is related to regional conditions and load curve is the final goal
of the network.
Demand bidding/buy-back: In this way, according to previous agreements of
the large customers who previously had won the bid, we do not use their
capacity during the peak and get a higher price from the entity responsible.
Emergency demand response: These programs create incentives for customers
to reduce load in the events when the load cutoff can also optionally be
included. On the whole, this program is voluntary, and customers will not be
fined if they do not interrupt their load and the final group of power network
for its planning on these programs does not count.
Load reduction proportional to the capacity: in this program, customers are
obliged to reduce their load with the receipt of funds in some events and
otherwise are fine. But customers for this case offer a fixed price and
accordingly the resources that are quickly exploited, are predicted.
Utilities: This program focuses on operational reliability as a source of great
possibilities with regard to this issue that programmers extend the ideas of
measuring the long-term and seasonal reliability in time of criteria
development.
Dynamic pricing program:
Pricing based on consumption of the Time Of Use (TOU )
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2. Critical Peak Pricing (CPP).

3. Real Time Pricing (RTP).

Other load management tools can be mentioned the following:

- Storage techniques such as Ice storage, Heat Storage, Pump Storage
Production relocation planning

Voluntary load reduction programs

- Attachment work programs included daily and weekly

2. Energy efficiency

The goal of energy efficiency is the following figure, showing the increase in the
electric energy efficiency both in production and consumption.

However, this aspect of consumption management includes the following ways:
Low consumption lamps
Lighting Control Systems
Water pumps and motors with adjustable speed
Transformers with high efficiency
Storage in the final consumer devices: furnishings and buildings and boiling
engines and pumps and ventilation systems, etc.

3. Energy revival

In this section, methods such as the following can be considered:
1. Changing the settings of the thermostats

Reducing work hours

Virtual power plants:

CHP (combined Heat and power )

. DG (Distribute Generation)

With regard to the descriptions in this section, we can say that load management
techniques are the three main categories of load shading, valley filling and load
shifting. However, these methods are used depending on the load type and the desired
policy of the government and also considering the possibility of developing whichever
method is possible, but an effective and popular method is load shading. The
comparison of the energy management with the load management and without
applying the load management is done by this procedure.

Modeling and simulation of system performance PV/WG (photovoltaic/Wind
generator). In the study conducted as shown in [4], the system performance is
simulated with time steps of 1 hour for one year. Power generated by PV and WG
during each time step is assumed constant. Thus, the power generated by renewable
energy sources will be numerically equal to the energy produced during the time step.
Characteristics of the current — voltage and power - voltage of a PV array for each
production unit shown in Figure 1[4] is composed of parallel modules NP and series

modules NS. The maximum power output of the PV array P,(t) , on the i-th day

ISARE A

NE RN
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(1 <i < 365)and at the t-th hour (1 < t < 24), using the module specification in
the standard test conditions ( STC, cell temperature of 25 °© C and radiation of 1
kW/m2 ) provided by the manufacturer, is calculated. Using the ambient temperature
and solar radiation, following equations[4] clearly express the behavior of a module.

Piy(t) = N Np. Vi (). Iic (£)- FF(t) | (1)
lic = Usc.ore + Ki[Té(0) — 25°C1) &0, @)
Voc(t) = Voc.ste — Ky TE(L), 3)
THE) = TH(E) + 2 2261(e), (4)

where I (t) is the short-circuit current of module( A ), Iscgrc is the short-circuit
current of module in the standard test conditions (A), Gi(t) is the amount of radiation
that treats with the PV module level (W/m2), K, is the temperature coefficient of short
circuit current (4 /°C), Vi¢(t) is the open circuit voltage (V), Vossrc 1S the open
circuit voltage in the standard test conditions (V), Ky is the temperature coefficient of
open circuit voltage (V/°C),T4(t) is the ambient temperature (°C),NCOT is the
nominal cell operating temperature (°C) and FFi(t), all these are provided by the
manufacturer.

N1 .\1}’?

A e

Output Current (A)
(A\) 23m04 anding
Qutput Power (W)

-
»

0 NV, 0 "(n:n V';N cur-off
(2) Output Voltage (V) (b) Wind speed (n/sec)

Fig. 1. The output power characteristics WG and PV: (a) current - voltage and power - voltage
characteristic of the PV module and (b) power characteristic based on the wind speed WG

Real power transferred from the PV to the battery bank, Pby,(t)(w), to the
maximum output power of the PV array, Pby, (t)(w) is calculated after the passage of
the conversion factor of the charger battery, ns, which is obtained from the following
equation[4]:

Py (t)

Ng =nq.Ny, (5-1)

where nyis the efficiency of power electronics devices that are specified by the
manufacturer and n; is the conversion factor that is related to the battery charging
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algorithm and shows the deviation of the actual power generated by PV from the
maximum obtainable power.

The output power Graph based on wind speed WG is shown in Figure 1-b. Such a
graph is drawn by the manufacturer and typically represents real power transferred
from WG to the battery bank and includes the effectiveness of the charger battery
efficiency, and if it exists, the functioning MPPT. (Maximum Power Point Tracker)
Consequently, there is no need to model the charger battery characteristics in the
WGs. This diagram, in the form of a lookup table in the optimization algorithm, is
introduced relating the turbine output to the wind speed. The Input power to the
battery bank from the wind turbine at an hour of the t-th from the day of the i-th,
PLc()(W) is calculated from the following equation [2]:
Py—P;

Pira(t) = Py + [VI(t) = V4] —

(5-2)

where Vi(t) is the wind speed (m/s) at the turbine installation place, and (P,,V,),
(P,,V,) are the pairs of speed and power stored in a lookup table, with the condition
that v, < vi(t) <v, The average minimum and maximum wind speed in your
region is V,-V; and average minimum and maximum power in your region is p,-p:.[3]
the total transmitted power from PV and WG to the battery bank, P, (t)(W), during
the day of i-th 1 <i <365 and hour of tth 1 <t < 24, is calculated from the
following equation [2]:

PL () = Npy. Phy(£) + Nyg. Pl (t) (5-3)

where N, is the total number of PV modules and Ny is the total number of WGs.

Minimizing costs using intelligent algorithm PSO(particle swarm optimization).
Evolutionary computation techniques (EC) benefit from a set of acceptable solutions
called population and determines the optimum solution through cooperation and
competition among the individual members of this population. In difficult
optimization problems, these techniques often find optimal point faster than traditional
optimization methods. The most common techniques of EC involve the evolution
strategies, genetic algorithms, genetic programming and evolutionary programming,
inspired by the natural evolutionary mechanisms [5].

Particle Swarm Optimization algorithm (PSO) is placed in the set of swarm
intelligence methods. Over the past decade, PSO has become increasingly popular due
to the high potential for solving difficult optimization problems.

The ideas of PSO, instead of being encouraged by the evolutionary mechanisms
of natural selection, are influenced by social behavior of flock’s organs like those of
birds and fish. It was observed that the behavior of the constituent members of a flock
is formed by a set of basic rules such as speed coordination with the nearest neighbor
and acceleration based on distance. In this context, it has been claimed that the PSO is
the mutation which is instinctively done.
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PSO is a population algorithm, where members search for a desired area. In this
bunch of population, the swarm and each member is called particle. Each particle
moves with adjustable speed in the search space and keeps the best previous position
itself in its memory. In the whole space of the algorithmic search, the best position
achieved by the whole series is to inform all other particles.

Of course, different techniques and many approaches have been proposed to
increase the efficiency of the algorithm while dealing with various problems
depending on the type of issues that may affect algorithm (approaches such as the use
of the constriction factor, multi start technique, deflection technique, stretching
technique, ...) but since in this study, there is no need to have more approaches than
the mentioned ones, the further details can be avoided in this case. More information
about the efficiency of the solutions mentioned is available in reference [5]. What will
be applied in the present study is a simple algorithm PSO using the inertia weight that
will ensure the optimized solutions obtained, the problem will be addressed to several
times and with different initial populations ( multi start technique ).

The minimization problem using PSO. In the proposed method, the outputs of
the optimal sizing using the algorithm PSO are the number of WGs, modules PV and
batteries. The number of variables must be optimized so that the ultimate 20-year cost
of the system should be equal to the lowest possible value.

The total cost of the system J(X)($) is the sum of capital costs C.(X)($) and
maintenance costs cm(X)($).[5]

minxU(X)} = minx{Cc X) + Cn (X)}' (6)

where X is the vector of decision variables mentioned above.
Therefore, the aim of this multi-variable optimization is minimizing a function
including the initial and ongoing 20-year costs of each of the parts used in the system.

J(X) = Npy. (Cpy + 20Mpy) + Nyg. (Cwg + 20My6) + Npar. [Cpar. par + 1) +
+Mpyr. (20 = ypar — DI + N&y [CH e + 1) + M. (20 — yg/ — 1] +
+ Ny [Cinvy- vy + 1) + My (20 — yppy — D], (7)

wherein:
X = [Npv, Nwq, Npar] , (8)
According to the conditions:

Npy =0, ©)
Nwe =0, (10)
Ngar =0, (11)
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where CPV is the cost of photovoltaic, CWG is the cost of wind energy, CBAT is the
cost of battery, CE) are respectively the capital cost of a PV module, WG, battery and
PV charger battery and CINV is the capital cost of inverter DC/AC required for the
system. Similarly, MPV, MWG, MBAT and M}Y are respectively the maintenance
cost ($/year) of a PV module, WG, battery and PV charger battery and MINV is the
maintenance cost of inverter DC/AC required for the system. yINV,yfY, yBAT are
respectively the number of replacement frequency of the inverter DC/AC and each of
the PV chargers battery and batteries during 20 years of the system is performance.
The number of inverter replacement frequency during the system lifetime (20 years) is
equal to that of the system divided by the mean time between the failures of the power
electronic converter. (Note that the initial installation is considered as a replacement.

The last condition is the ability or inability of the composition obtained for the
system to meet the load requirement. This condition is tested at each step of
simulation and even if in one step, it fails, the composition obtained is known to be
inappropriate and will be removed from the possible plans.

The simulation results. To evaluate the proposed method, a hybrid power plant
of wind - solar is simulated whose results can be seen below. This plant is simulated
based on the data related to the wind and radiation survey of the East region of Iran .It
should be noted that the costs obtained are based on the prices in the [4] and based on
the dollar ($) and the load profiles under study to test the reliability of a variable load
profiles with a maximum value are 20Kw. Annual profiles of wind speed sampled at a
height of 40 meters and intervals of 1-hour, an average of 24 hours in a 52-week year
is shown in Figure 2. Since wind is a random phenomenon, the probability that the
annual wind profiles in one year will be repeated identically next year is very low and,
in fact, equal to zero. Therefore, in order to enhance the credibility of the simulation
results, from the 24-hour profiles of the wind at intervals of a week are averaged.
Thus, for instance, the wind speed is averaged at 12 o'clock, during the days of the
first week of March, and 4.9 m/s are obtained. Now, it is assumed that in the coming
years as well, at 12 o'clock of the days of the first week of March, the wind will be
blowing at a speed of 4.9 m/s. This has two major advantages: first the results would
be more valid because each hour, the probability of the wind blowing at a speed equal
to the weekly average of the wind speed over the past year and at the same time much
greater than the probability of wind blowing at a speed exactly equal to the speed for
the same time of the previous year.

In conclusion, the results of simulation in terms of working with the weekly
average will have more credibility than the results obtained from the simulation with
exact duplicate data. Second, instead of the simulation during time step 8760 ( one
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year of 365 days is assumed to be equal to 8760 hours ), the simulation can be done in
time step 52x24=1248 (one year is equal to 52 weeks and each week will also include
a 24 hour profiles).

Thus, the volume and time of computations and memory requirements are
reduced about 7 times. Profiles of blowing and horizontal-vertical radiation of the
wind and load consumption during one year that are obtained by taking the average of
24 hours over 52 weeks are shown in Figures 2 and 3.
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Fig. 3. 24 -hour average of the horizontal and vertical radiation over the 52 weeks of the year

An optimum combination of solar-wind a hybrid power plant. Technical and
economic characteristics of equipment used in a hybrid power plant studied are as
follows:

- Wind turbines with nominal power 50000W, installation height 15m, low cutoff

speed 2.5 m/s, nominal speed 11 m/s, high cutoff speed 24 m/s, price 200000$.

- a PV module with nominal power 6000W, price 30000$.

- a Battery with a nominal capacity 2000 Ah, DODmax = 80%, charge and

discharge efficiency 85%, lifetime 3 years, price 6000$.

The annual maintenance cost of any equipment is considered to be equal to 1% of
the initial cost of buying them.

The main functions of the optimization are as follows:
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Generation production. Each generation comprises a bunch containing several
particles that each particle actually shows a particular combination for the hybrid
power plant intended. Each particle is shown with a three-dimensional vector
containing a number of WGs, PV modules and batteries (8).

Compare the particles (compounds)-conditions (9 to 12)

Determine the suitability of each combination. If a composition violates the
maximum one of the conditions (9 to 12), it actually becomes an unacceptable
composition for the system and very large fines are charged for it. But if, the
combination is correct according to the conditions above, it is recognized as an
acceptable combination for the system and based on Equation 7, the suitability (cost)
of the combination is calculated.

Next generation production, and repetition of the above steps.

The algorithm stops after producing a limited number of generations (100
generations) and the best answer obtained is known as the most optimal possible
combination. In the simulation part, as its name implies, to simulate the compounds
produced in each generation are paid, as desired combination for one year, with data
on blowing, radiation and load shown in Figures 2 and 3 are simulated. If even, in one
of the steps of simulation, the system is unable to meet the load, then the condition is
violated, condition (12) is violated and the combination with getting a large fine
actually becomes an unacceptable combination. But if the system is able to supply the
load at all stages of simulation, the simulation is over successfully and this would
mean that the combination is correct in condition (12).

The above program runs with the initial population equal to 60 individuals and
for 500 generations.

The operation time of the above program is approximately 3 minutes on a
Pentium IV with 1024 MB RAM. Figure 4 shows the trend of convergence of the
above program in five independent executions. It can be seen that almost all
executions in less than 150 generations will converge to the optimal answer.

x 0% P80 comergznce, § muns, 60 populaticn

|Eura]

tos! function
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Fig. 4. The convergence trend of the program written in five independent executions
(Populations equal to 60 individuals and for 500 generations)
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An interesting thing is that the program execution with population of 30
individuals and 100 generations to reach the optimal solution will suffice. This, with
the same previous system lasts 60 seconds, just in order to ensure the convergence
program to the global optimal answer, the program had better be run several times (5
times) consecutively (multistate technique).

The last thing is, since the final composition should include correct arrays, it is
better to surround the space to obtain results which are real and non-integer, the search
is performed to obtain the best combination. Since, this problem has only three
variables, it will be easy to do.

Conclusions. The main purposes of combining wind and solar units are to
provide more reliable load consumption under different climate conditions and on the
other hand, to reduce the required costs of the system and also effects of load
management on the economic and energy management issue. This study focuses on a
detailed examination of the costs of a wind-solar hybrid power plant independently
over a 20 year period. The storage system used is a lead - acid battery bank and in
addition to the cost of production and storage units, costs related to power electronic
equipments such as battery systems and charger and DC/AC inverter are also
considered in calculations.

Choosing the optimal combination of a power plant has been conducted using
particle-bunch optimization algorithm. The condition that in the process of problem
solving has always been considered is the full coverage of the load in the whole year.
It seems that, since the new algorithm is used, and the effects of various factors are
considered, this work is unique in its kind. Features of this algorithm include
simplicity, speed and convergence to the global optimum point.
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Udru unrusSudusth

ELELQUUUGUAULUUL ZUUTUUCSh UNTULUMNCNRUC 2UGdE UGUD PERD
ALNPEUANELT BY SLSEUUTYUL UMSNRLUYESNRE3NR LA

NMuwhwigwplyh Jjunrwjupdwt nkuwiyniithg wdkwhpdtwlwip b juplnpp pheh HEjwn-
pujut junwjupnudl E Unwowplynn hwdwlupgnid junwjwpnidp tukpquutnigdwt wu-
wupbkqmud hpwjuwbwgynud k pieh jupwjupdwdp: Finh junwjupdwt dbpnnubpp tkpju-
juind & bpkp hhutwlwh quubpny phoh wigwnnud, wwpuwspmd phnh pwppunid, phnh
thnuwbownnid: Uwluyh wyn dkpngubph oqgnugnpsynud k' juu]ws phoh wkuwlhg b fu-
nuwjupnipjut Jupwé punupwljuinipiniihg, b ghunwplynid ki oqgunugnpédynn dkpnnubph
hwpunpmipnibbbpp hwoyh wntkyng wy, np wpynibugbn ne wwpwsjws dkpnn Ephoh
wpwwnnuup: Unwewnplynny mwppkpuynid tjptph oywuhdwy swithubkpp, ogunugnpstiny dwu-
twlh dpwynpdudp oyunhdwjugdwt wignphpup, htwpwynpnipnit £ wnnwhu npnoknt hng-
dwghkubkpunnpubph puwtwlp, $nunnynpuuuyghtt mwupptph b wynidnyjunnpibph pwtwlyp: en-
thnfuwjutitbph pwtwlp oyynhdwjugqws £ wytybu, np hwdwlupgh 20 - wdju oguugnps-
dwt wpdtipp YEpeuwjutuy bu uinugyh tjuqugnyyp:

Unwigpughl punkp. pinh Junwwpnud, hhpphny hudwljupg, tutpginhl wpynibwuygb-
unipntl, twubwlh pdpudnpdudp oyynhdwjugdwi (UTVO) wignphpd:

ADOPPA MYCTAPAEN

MOAEJIUPOBAHUE CUCTEMbI DQHEPITOMEHEJXKXMEHTA C YYETOM
XAPAKTEPUCTHUK HAT'PY3KHA U SKOHOMUYECKOM YOOEKTUBHOCTH

Onektprveckoe yrpasieHue Harpyskoit (ELM) sBisieTcss oHIM U3 OCHOBHBIX M HamboJee
BaXHBIX I yrpasieHus cupocoB (DSM). B mpemnaraemoii cucteMe MEHEKMEHT B 3HEPTO-
MTUTaHUM OCYIIECTBIISIET yIPaBICHUE HAarpy3Koil. MeTobl yIpaBieHHsI Harpy3KoH pa3iestoTCs
Ha TPHU OCHOBHBIE KaTETOPHH - 3aTCHEHHE Harpy3KH, pacrpeelieHHe Harpy3KH 10 TEPPUTOPUH U
NepeKiouYeHne Harpy3ku. OJJHaKO 3TH METO/IbI HCTIONB3YIOTCS B 3aBUCHMOCTH OT THIIa HAarpy3KH U
MIPOBOMMON TIPABUTENBECTBOM HOJIMTUKH. PaccMaTprBaroTCsi BO3MOXKHOCTH HCTIONB3yEMBIX METO-
JIOB C YYETOM TOTO, YTO CTOJIb ke I(P(HEKTUBHBIM U TOMYJSIPHBIM METOJIOM SIBIISIETCS 3aTEHEHHUE
Harpysku. B npeamaraeMomM croco6e BEIXOAbI ONTUMAIIbHBIX Pa3MEpOB C UCIIOJIb30BaHUEM all-
rOpUTMA ONTUMHU3AIMK C YaCTUUHBIM rpymrrmpoBanueM (Particle Swarm Optimization) (PSO) naror
HaM BO3MOXKHOCTH BBIOpaTh KoJm4decTBO BeTporeHeparopa (WG), momymn u3 (GOTOBOIBTAHK
(PV) u Garapen. Ynciio mepeMeHHbIX ONTUMHU3UPOBAHO TaKMM OOpa3oM, 4TOOBI B KOHEYHOM
UTOTE CTOMMOCTB MCIIOJIb30BaHUs cucTeMbl 3a 20 jieT Oblila MUHUMAaJIbHOM.

Kniouesvie cnosa: ynpasnenne Harpy3Kkoi, THOpHIHAsI CUCTeMa, dHepreTudeckas 3pdex-
THBHOCTD, &JITOPUTM ONITHMH3AINH C YaCTHYHBIM rpymnnuposanneM (PSO).
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CUCTEMA JIBYMEPHOM BU3YAJMU3AIIUM U MOHUTOPUHT A
HNEPEMEHHOI'O MATHUTHOTI'O IIOJIA

Paspaborana u mcciemoBaHa cucTeMa IS JBYMEPHOTO MOHHTOPHHIrA JCHCTBYIOLIETO
3HAYEHHs WHIYKIWHU MEPEMEHHOTO MAarHUTHOTO IOJISi B TOPU30HTAIBHOW IUIOCKOCTH KaMephl
IUIa3MEeHHON 00paboTku. JIns yBenW4eHHs CKOPOCTH W3MEpEeHWil ObUI MCHOJIB30BaH METOJ
NapaJUIeNbHBIX W3MEPEHHH TaTYMKaMH C 4yBCTBHTEIBHOCTHIO K IIEPEMEHHOMY MArHHTHOMY
nomo nopsaka 1.8 - 1078T. UsMepenus B kaMmepe TpaBlIeHHs MO3BOJISIOT IPOU3BOIUTH MOHHTO-
PHHI OJHOPOAHOCTH 3JEKTPOMArHUTHOTO TOJISI M KOPPEKTHPOBAThH €€ TOJIOKEHUEM BBICOKO-
gactotHoro (BY) nznyuarens.

Knrouesvie cnosa: mnazmeHHas oOpaboTka MaTepHanoB, MHAYKLIUS MarHUTHOTO IOJIA,
JIByMEpHasi BU3yaJlu3alus, IepeMeHHOe MarHUTHOE T10JIE.

Beenenue. [ TpaBieHUS M HAaHECEHUS Pa3IMYHBIX MATEPHAIOB Ha MOAJIOKKY,
OYHUCTKH U MOANGUKALMH UX TIOBEPXHOCTEH HCIONb3YeTCs OTHOCUTEIILHO HOBBII Me-
TOJI TJIa3MEHHOW 00paboTKM MOIYNpPOBOAHMKOBBIX MarepuanoB. [lnasmenHas oOpa-
00TKa NPUMEHSETCSA B IPOU3BOACTBE MUKPO3JIEKTPOHHBIX TPUOOPOB, MUKPOMEXaHUKE
U JIpyrux oOnacTsax HaHoTexHosoruu [1]. JlaHHBIH MeTon ObLT BIEpBBIE BHEIpPEH B
IPOLIECC TMPOU3BOJCTBA IOIYIIPOBOJHUKOBBIX NPHOOPOB B BOCBMUAECATHIX TOAAX,
rocsie 4ero ObUTH MOATAaIHO pa3paboTaHbl Oonee lLeeHanpaBieHHbIe U U30UpaTenbHble
METO/IbI TIa3MEeHHOW 00paboTku. [IpuMeHeHue I1a3Mbl B MpOLiEcce MPOU3BOJICTBA
MHTETPAIBHBIX CXEM PE3KO YMEHBUIMJIO YPOBEHb 3arps3HEHHs OKpYKaIoLIe cpeibl.
[Tna3mMoxummuecKoe TpaBieHHe 00IaJaeT PSIIOM MPEUMYILECTB 110 CPABHEHUIO C JIPY-
TUMH METOJaMH TpaeJieHus (Harmpumep, Goronutorpaduiaecknm). OHAKO HA MPAKTHKE
JAHHBI METOJ He MOXKET OBITh MCIIOJIb30BaH BO BeeX ciydasix. [lmasma u siBieHus,
CBSI3aHHBIE C €€ TIOBEJICHHEM TPH Pa3IUYHBIX YCIOBHAX, UMEIOT 3HAYUTENHHO CIIOKHYIO
CTPYKTYPY ¥ B HACTOSIIIIEE BPEMSI TIOTHOCTHIO HE OOBICHIIOTCS B paMKax CYIIECTBYIO-
IIIUX MOJIENEH.

[Tnazma, ucrionb3yemast Uit 00pabOTKH TOTYTIPOBOTHUKOBBIX MAaTEPUANIOB, BO3-
OyxmaeTcst moa Bo3zaeiicTBeM BU cuUTHAIOB ¢ 4acTOTOM OT €IWHMUIT 10 HECKOIBKUX
JIECSITKOB Merarepil B CIeNHaIbHBIX BAKyyMHBIX KaMepax, HallOJTHEHHBIX WHEPTHBIMU
razamu. B Hacrosiee BpeMs MMOIyYHIIH PACIIPOCTPAaHEHNE METOBI CO3/IaHUS TLIa3Mbl
KakK ¢ EMKOCTHBIMH, TaK U C HHIYKTHBHBIMH CBsi3sMH. [1pu pa3paboTke cucteM Bo30yxk-
JICHUSI JIS1 NCTIONIb30BAHMS B TIpOIlecce MIa3MeHHONH 00pabOoTKH MOIYIPOBOHUKOBBIX
MaTepraioB HEOOXOAMMO PEIIUTh ABE OCHOBHBIE 33/1a4H: COTIIACOBAHME KOMIUIEKCHBIX
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compotuBiernit BU m3myuarens u mia3mel A1 o0ecTiedeHus] MaKCUMAaTbHOW Iepenadn
SHEPTUU OT TeHepaTopa K IUla3Me, a TakXKe CO3/aHhe OJHOPOIHOTO TMOJIST B Kamepe.
[lepBast 3amaua pemiaeTcss M3MEPEHHEM MAarHUTHBIX M JJEKTPHYECKUX KOMITOHEHT
3IEKTPOMArHUTHOTO TIOJIS, @ TAK)KE BPEMEHHOTO (Pa30BOTO CABUTA MEXIY ITOCIECIHIMH U,
MIpH HEOOXOANMOCTH, JabHEHIIeH KOPPEKTUPOBKH C IIOMOIIBIO CIIEIHAIBHBIX COTa-
CYIOIIUX IeNed W aNTOpPUTMOB aJalTHBHOTO corjiacoBaHus. C MEIbI0 JK€ CO3IaHUs
MaKCHMaJIbHO OJJHOPOTHOTO AJIEKTPOMAarHUTHOTO ITIOJIS BO BCEM 00beMe KaMephl TPaB-
JIEHHUS TIPUMEHSIOTCST pa3HOOOpa3HbIE CHCTEMBI BO30YXICHUS, KOTOPBIE, IO CYIIECTBY,
MpencTaBisIOT co60it BU aHTeHHBLI.

Lenpto HacTOsIIEH pabOTHI SBISETCA CO3MaHWE M HCCIEIOBAHUE CHUCTEMBI IS
JByMEPHOTO MOHHUTOPHHTA JIEHCTBYIOMIETO 3HAYCHUS HAIPSDKEHHOCTH TEPEMEHHOTO
MarHMTHOTO TIOJI B TOPH30HTAIBHOH IJIOCKOCTH KaMephI TUTa3MEHHOI 00paboTKy.

Metoa u3mepenusi. V3mepeHue MmepeMEHHOTO MAarHUTHOTO TOTOKa B Kamepe
TPaBJICHUSI CBOAUTCA K M3MEPEHUIO IMOTOKA MArHUTHOTO TIOJS B Pa3iUYHBIX TOYKAX
HCCIIelyeMOH TTOBEPXHOCTH M MOXKET OBITh MPOU3BEICHO C IMMOMOIIBIO €TMHOTO JIATUYHKA,
MepEeIBUTAIOIIETOCS C MOMOIIBIO MOABIKHOTO MEXaHH3Ma IO HCCIeTyeMOoil ToBepX-
Hoctu. [Iponiecc n3mMepeHus B onpeneieHHbIX TOUYKaX HCCIeIyeMOM TNIOCKOCTH BBITION-
HSIETCS TOOYEPEeHO I BCEX TOUEK MCCIIeAyeMON MOBEPXHOCTH, Jlajee MOCPECTBOM
CHEIUABHBIX METOAOB IH(POBOH 00PaOOTKH BBITIONHSIETCS PEKOHCTPYKLUS TTOHON
KapTUHBI paclpeeIeHus] TOTOKa MAarHUTHOTO TIOJISL.

OueBUIHO, YTO Pa3pelIarollyl0 CIOCOOHOCTh M3MEPEHHUSI MOTOKAa MAarHUTHOTO
TI0JIS1 B MCCJIETyEMOM MOBEPXHOCTH MOXHO YBEJIUYUTh, JIUIIH YMEHBIIIUB pa3Mep Iiara
MepEeMEeNIeHHSI TTOJIBUKHOTO MEXaHU3Ma, U TIO3TOMY M3MEPHUTEIbHBIE CUCTEMBI, OCHO-
BaHHBIE HA JAHHOM METO/Ie, HE OTJIMYAIOTCS BBICOKOM MTPOM3BOAUTEIHHOCTHIO C TOUKH
3pEHUs] CKOPOCTH U3MEPEHUSI.

C nenpio yBeNIMYeHUs CKOPOCTH U3MEPEHHST MOYKHO MCIOJIb30BaTh METOJ], OCHO-
BaHHBI Ha HapaUIelbHBIX H3MepeHusx [2,3]. Paspemaromias CrocOOHOCTh TaKHX
W3MEPUTENBHBIX CUCTEM 3aBHCUT OT KOJIMYECTBA JaTINKOB, KOTOpPbIE (PUKCHUPYIOTCS B
OTIpeIeTICHHBIX TOUKAX MIOCKOCTH HUCCIIeIoBaHMs. MaTpuiia JaTYUKOB TOKIF0YAeTCs
K MHOTOKaHaJIbHOM cucTeMe cOOopa JaHHBIX, KOTOpas MPH KaXJIOM TaKTe U3MepsieT
MTOKAa3aHus BCEX JAATYMKOB, PACTIONIOKEHHBIX B IJIOCKOCTH UCCIIEIOBAHMS.

Onucanne cucTeMbl. YUUTHIBasg OCOOCHHOCTH, IPEUMYIIECTBA U HEAOCTATKN Me-
TO/IOB, HA KOTOPBIX OCHOBAHBI CHCTEMBI ABYMEPHOTO MOHHTOPWHTA HANPSHKEHHOCTH
MEPEeMEHHOT0 MAarHUTHOTO TOJISI B KaMmepe TpaBJieHHs, B pa3pabOTaHHOW cHcTeMe
HCIIONIB3YETCA METOJ NapalieNbHbIX U3MepeHuil. CuctemMa COCTOMT M3 MaTpHIIbI AatT-
YMKOB MarHUTHOTO TI0JIsl, CHCTEMbI cOOpa TaHHBIX U OJ0Ka ynpaBieHHs, 00paObOTKH U
BHU3YyaJIM3alluU pe3yibTaToB. CTPYKTYpHasi CXeMa CUCTEMBI IIPUBEIEHA Ha puc. 1.
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OnopHbIl
reHepartop

®HY

8 610K0B cbOpa JaHHbIX

Puc. 1. Cmpykmypuas cxema cucmemuvl 08yMepHO20 MOHUMOPUH2A

Martpuua J1aTYMKOB MATHMTHOTO MOJIsl. JJI MCClIeZIOBaHUS M MCIIOJIb30BaHUS
TUTa3MBbl B PA3IMYHBIX LENAX, B TOM YHCIE IPU MPOU3BOACTBE MOIYIPOBOTHUKOBBIX
npuOOpoB, HEOOXOAMMO HM3MEPHTh W HCCIEAOBATh MapaMeTpbl I1a3Mmbl. CaMbIMH
TJIaBHBIMH TapaMeTpaMH IUIa3Mbl SBJISIOTCS TeMIIepaTypa, JaBlIeHrue U OJTHOPOIHOCTh
3NIEKTPOMArHUTHOT'O TTOJIS.

CymiecTBYIOT paziHyHble METOIbl M3MEPEHUS! NMEPEMEHHOTO MAarHUTHOIO MOJI.
OnHuM 13 3 (HEeKTUBHBIX SBISIETCS] METOJI IPOCTOIO AJIEKTPUIECKOro KOoHTypa. [Ipun-
ILIUIT €ro paboThl OCHOBAH Ha 3akoHe Papajiesi, COriacHO KOTOPOMY JUIs JIF0OOro 3aMK-
HYTOI'0 KOHTypa HHAYLUPOBaHHAas 3J1eKTpoaBiKyas cuia (3C) nponopiuoHansHa
CKOpPOCTH M3MEHEHHUSI MarHUTHOTO TIOTOKA, MPOXOASALIET0 Yepe3 3TOT KOHTYP:

_ s
V= > (1)

rae @p — MarHUTHBIM OTOK Yepe3 KOHTYP, @ N — Kolnn4ecTBO BUTKOB KOHTYpa.

Marpwuiia JaTYMKOB MarHUTHOTO TIOJISl pealn30BaHa Ha Iiatgopme Kpyriioi Gopmbl
¢ puametrpoM 500 am, Ha KOTOPOM pacHojOXKEeHbI KOHTYPHBIE JaTYUKA MarHUTHOTO
nofisi. CTpyKTypa M paclojioKeHHe JaTYUKOB MAaTPHIIbI, pealn30BaHHON Ha 4 —CIoii-
HOM MeYaTHOM myare u cocTose u3 64 0JHOKOHTYPHBIX TOUEUYHBIX HJIEMEHTOB, IPH-
BeJIeHbl Ha puC. 2. VIIEHTHYHOCTh NAaTYMKOB, OJHOPOAHOCTH H3OJISATOpA IEYaTHOM
TUTaThl ¥ HYJIEBOW HAKJIOH IJIOCKOCTEW KOHTYPOB OTHOCHTEIHHO IJIOCKOCTH IEeYaTHON
TUTATHl 00ECTICYHBAIOT UICHTUYHOCTh U3MEPEHHI BO BCEX UCCIEyEeMBIX TOUKax. Tod-
HOCTb UCTIOJTHEHHS MEYaTHON TUTAThl COCTABIISIET €AUHHUIIBI MUKPOMETPOB.
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Puc. 2. Cmpykmypa mampuybi 0amyuxoe MazHumHo2o noJis

Cucrema cOopa JaHHBIX. J[eTeKTHPOBAaHHBIE CHTHAJBI C TIOMOIIBIO KaOemei ¢
MaJIBIMH TIOTEPSIMH TIepeAatoTest B OJIok cOopa maHHbIX. CrcremMa cOOpa IaHHBIX COCTOUT
n3 8 65okoB coopa maHHBIX. ONMH U3 OJIOKOB SIBIISIETCS YIIPABISIONMM U 00€CTICYHBaET
CUTHAJIOM CHHXPOHH3aILUK BClo cucteMy. OcTanbHbie 7 GJIOKOB SIBISIFOTCS BEOMBIMH.
Kaxnplii 010k ©MeeT 8 KaHaJIOB aHAJIOroBoro Bxoja. KonmuuecTBo OJIOKOB IPaKTHYECKU
OTPaHUYMBACTCS HArPYy30YHOU CIIOCOOHOCTBIO OTIOPHOI'O TreHepaTtopa. B ciydae HeoO-
XOJUMOCTH YBEIMUYEHHS KOJUYECTBA JaTYMKOB BO3MOYKHO MapajlieIbHOE MOJIKII0Ye-
HUE HOBOTo Oyioka cOopa aaHHBIX. Kakaas mogcucTeMa JIOMycKaeT MOJKII0UeHHE JI0
8 ToueuHbIx AaTuMKOB. CTPYKTypHas cxema CHCTeMbl cOopa JaHHBIX MPHBEJCHA Ha
puc. 1. Kaxnplii G510k mMeeT BHYTPEHHUI OTIOPHBINA TaKTOBBIH I'€HEPaTOp, CHHXPOHU3H-
POBaHHBIH € TEHEPATOPOM YTIpaBIstoNIero 010ka coopa JaHHBIX.

bnok cOopa maHHBIX COCTOHMT M3 aHaJOro-uudpoBoro npeodpaszosareis (ALII),
OTIOPHOTO TE€HepaTopa W MHUKPOIPOILIECCOpa, Ha KOTOPOM pPEaTH30BAHbI allTOPUTMBI
CHUHXPOHHOTO YCUJIEHUS U GUIIBTPA HIKHUX YacTOT.

Cucrema 00padoTKH M BU3yaau3aluM JaHHbIX. CucTtema 00paboOTKM U BU3ya-
mm3anun (COB) npennaszHauena s cOopa, nudpoBoil 00padOTKK U MpPeACTaBICHHS
rpadUUecKuX pe3ynbTaToB 00pabOTKH, TUCTOIPaAaMM U paclpelesieHHs B Pa3IMyHbIX
mnockoctsx ceueHusi. COB peannzoBana Ha nepcoHanbHOM komiibiotepe (I1K). Cucrema
cbopa nanneix nogkmouyeHa k COB uepes muorokanansueiii USB-pa3BeTBuTens, 4To
JlaeT BO3MOKHOCTh HOAKJIIOYEHHUS OOJIBIIOTO KOJIMYECTBA MOACUCTEM cOOpa JaHHBIX K
COB, ucnons3ys tonbko oguH USB -kanan. Cxema noToka nHpOpManuu oT 0JIOKOB
coopa nanueix k COB npuBenena Ha puc. 3.

Cursnan 1 ¢
EI/II‘HZUI % ) USB CurHarst
urHaj 3 =—)
Curnarn 4 =227 pasBeTBUTEIND —
CurHa n =—)

Puc. 3. Cxema nomoxa ungopmayuu om 610K06 coopa oanmnwix k COB
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[Torox vepenyromMx CHrHaJIOB Bcex Ol0KOB cOopa maHHbIX moctymaeT B COB.
[Iporpamma 00paOOTKK 1 BU3yaIHM3allMi HAKAIUIMBAET Pe3yJbTaThl U3MEPEHUI OT BCex
0510KOB cOOpa JaHHBIX AJS TEeKyllero ¢peiimMa, U MO ero 3aBEepIICHUH BBIIOIHACTCS
00paboTka makeTra JaHHBIX. Kon4ecTBO AaTYNKOB Ha UCCIIelyeMO IIOCKOCTH PaBHO
64. Ilpu TakuxX yCIOBHSIX BO3MOXKHO MONYyYUTh MH(POPMAIHIO TOJIBKO B TOYKAX, TIE
YCTaHOBJICHbI KOHTYPHBIE JaTYMKH. Y BEJIMUEHUEM KOJINYECTBA NaTINKOB MOXKHO yBe-
JIMYUTH PA3pEIIAIONIYI0 CHOCOOHOCTh chcTeMbl. Ho 1M3-3a KOHCTPYKTHBHBIX OrpaHUYIECHHI
CYLIECTBYET MaKCHMaJbHOE BO3MOKHOE KOJMYECTBO TOYEUHBIX IATYMKOB. B Takux
CIIydasiX C LENbI0 YBEJIMYEHUs] BUPTYIbHOW pa3peniaeMoil COCOOHOCTH MOJIOOHBIX
CUCTCM HCIIOJIB3YIOTCA CHCHHUAIBHBIC MATCMATHYCCKHUE AlllIPOKCHUMUPYIOHNIUC aJITro-
puT™MBL. B nanHO# cucTeMe mpuMeHseTcs MeToJ KyOudeckoi nHTeprnomnsanun. [Ipor-
pamMMmHOe obecrieyeHre BBIOTHSIET CTATUCTUIECKYIO 00paboTKy pe3ynbTaToB H3Mepe-
HUS ISl OLICHKH OTHOPOJHOCTH MarHUTHOTO mojisi. [Ipu 3ToM paccuuTthiBaroTCs cpeaHee
3Ha4YECHUE, CPEAHEKBAAPATHIECKOE OTKJIOHEHHE, MUHIMAaJIbHOE U MAaKCUMaJIbHOE 3Ha-
YeHWs 1 HOPMHPOBAaHHAS THCTOTpaMMa pe3ynbTaTtoB miMepenus (puc. 4). C mensio
JEeTaNbHOrO UCCIEIOBAHUS PE3yIbTaTOB U3MEPEHUS HUCCIIeAyeMas INIOCKOCTh yCIOBHO
paszgensiercst Ha 4 KOHIIGHTPUYECKUX KOJIbLa (pUC. 5), I KaXXIOTo M3 KOTOPBIX IO
OTACJIBbHOCTH BBIITOJIHACTCS CTaTUCTUYECKUN aHaAIN3.

v " ! v " 0 0 |
0 200 400 600 800 1000 1200 1400 1600

Puc. 4. Hopmuposannas zucmozpamma pe3yibmamos usmeperus

Cekuus
Cekuus
Cekuus

CeKumA

‘PMC.5.PaCﬂOﬂOWC@HMeCQKHuu(?nﬂOCKOC"HIMCCﬂ@OOBdHMﬂ

[IporpamMHOe obecrieueHre TaKkKe aeT BO3MOKHOCTh CO3IaHUs! MIIOCKOCTH Ce-
YeHus Ui JF000ro Mpor3BOJILHOTO yIila HakiIoHa. Ha puc. 6 mpuBeneHsl pe3ynbTaThl
ceuenus A 0, 90 u 180 rpagycoB HakIOHa.
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Puc. 6. Pezynemamoi ceuenus npu pasuvix yenax HaknoHd

I[J'ISI BU3yall3allun HpO(i)I/IHﬂ MAar"duTHOTI'O ITIOJISI BBIIMOJHACTCA 3KCIIOHCHIIMAJIBHOC
yCpeqHEeHHe BO BPEMEHH pe3ylbTaToB m3MmepeHuit. Ha puc. 7 mpuBenen Buj rpadu-
4ecKoro uHTepdeiica ynpasisiomero NnporpaMMHOT0 00eCeUeHus!.

Puc. 7. Ipapuueckuii unmepgetic ynpasusiiouje2o npoepammnozo obecnedeHus

OueHka YyBCTBMTEJIbHOCTH JaTYMKOB M pe3yJbTaThl n3MepeHuii. Kak yxe
0TMEYaJIOCh, MaTpUIla JaTYUKOB COCTOUT U3 64 37IEMEHTOB, peaIn30BaHHBIX HA MHO-
TOCJIONHOH IIIaTe ¢ MCIOJIb30BaHHEM (poTonmuTorpaduiecKkoil TEXHOIOTHH, YTO odecte-
YHBaeT WJICHTUYHOCTh Fra0apUTHBIX pazMepoB aaTurkoB. CormnacHo (1), mpu Bo3nelcTBUM
MEPEMEHHOT0 MAarHUTHOTO TOJIS MHIYIIUPOBAHHAS Ha CBOOOJHBIX KOHIIAX KaXKIOTO
natuuka J/]C paBHa

— _N%%B
e=-N% @

rae @ — MarHUTHBIN MOTOK Yepe3 KOHTYP, a N — KomMm4ecTBO BUTKOB KOHTYpa, KOTO-
poe Juisl JTaHHOTO JaTYMKa PABHO €JIMHHUIIE.
TloTok nepeMeHHOro MAarHUTHOTO TI0JISI IO KOHTYPY J1aTurlKa paBeH

®p(t) = BAcos wt, (3)

rae B — MarauTHas MHAYKOWS; A — TUIOMAAb TaTINKA; O — YIJIOBas 4acTOTA.
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CurHan ¢ KaXI0ro JaT4hKa MOCTYHaeT Ha IETEKTOP, Ha BBIXOJIE KOTOPOTo Hampsi-
JKEHHE MPONOPLUOHAIBLHO JeiicTByomeMy 3HaueHuro (RMS) BxomgHoro curxana u
paBHO

1
ERMS = EBACO (4)

Breixoanoti curnan aerekropa nonpaetcs Ha Bxoq AL ¢ paspsimaocTthio 12 6um u
JTUHAMHAYECKAM JHAITa30HOM

ERMS g, = FSRapc = 3B, (5)
rae FSR zpc — imHaMugeckwii quamazon ALLL
ERMS.
BrMS ey = —Zm‘:'}ax, (6)

a f —gacrora curaana BU renepatopa.
Ha puc. 8 mpuBeneHsl TeoMeTpudeckrne pa3Mephl KOHTYpa JaTIWKa MarHUTHOTO
TOJIs1, COTVIACHO KOTOPBIM IUIOLIAb KOHTYpa JaTYMKA PaBHA

A=47-10"*m2

Puc. 8. 'eomempuyeckue pazmepvl Konmypa 0amyuxa MazHUMHO20 NOJs

UyBCTBUTENBHOCTD U3MEPUTEIBHOIO TPAKTA K JICHCTBYIOLIEMY 3HAYECHUIO UHIIYKLUH
MarHuTHOTO MOJIA IIPH UCHIOIb30BaHuHu 12 - paspsaHoro AL paBHa

BruMSimax 8
BRMSO = ﬁ =~ 1,8 -107°Tn.

C.R.=0.3

B-Field 8-Field

28r L5k 25~ -15%

-1.5k

-200-
25-1 . A . . o . o 00 54 i . " » ' ' ‘o ' ' . g ' ' )
255 45 100 50 0 S0 100 150 200255 225 A5 100 50 0 S0 100 150 20025 A% 100 %0 ¢ 0 100 150 20025

Puc. 9. Tunuqubzepe3yﬂbmambl UsMepeHust npu pasiudHoblX OMHOULEHUAX MOKO6 dHMEHH
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B 3akmouenue ormetum, uto BY curHan Ha u3nydareib B Kamepe TPaBJICHUS,
COCTOSINUHN U3 ABYX aHTCHH, MOJ]AaCTCS Yepe3 Pa3BETBUTENb MOIHOCTH, KO3 uimeHT
nenenus kotoporo (C.R.) mensercst ot 0,3 no 3. TumuuHbIe pe3yNbTaThl U3MEPEHUI
MPY Pa3JIUYHBIX OTHOIICHUSAX TOKOB aHTCHH MPEICTaBICHbI Ha puc. 9. O4eBHIHO, YTO
MOCPEACTBOM T'E€OMETPUUECKOTO IEPEMEIICHHS HW3Iydarens, a TaKkKe ero (Qopmbl
MOKHO JTOOUTHCS MaKCHUMAIILHOW OJHOPOJHOCTH 3JIEKTPOMArHUTHOTO TIOJSI B Kamepe
IJIa3MEHHON 00paboTKH.
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L.G. 1NNU3UL

ONONUYUL UUSLPUUYUL MITSh 6U2UQ UrSUNUSYGUUL B9 HhSUrauuUL
Z0Uu4vure

Uowiljyly b hkwnwgnungty b upuquughtt dowljdwb jughljh dwqupuwljut quownh qnpénn
wpdtiph Eplswth phinwpyiut hwdwlupg: Quihdw wpuqugqnpsnipniip dkswgubint tyunw-
ny oquruugnpdyt k gniquhtn sunhmuubph dkpnnn: Uwquhuwljut nyhsubph ubthwljub qquy-
tnipyniip uqunid £ dninwynpuybu 1.8:10°% S Ukpjujugyws kb junwpyuws whwywht sw-
thnwdubpp, npnup poy) bt tiwhu ghnwpll] dfwqthuwfui puynh hwdwubonipniip ywg-
dughtt dowljuwl jagnid:

Unwhgpughll punkp. umipbph yiuquughtt dowlnud, dwquhuwlwb nuownh hunnighw,
Epyswth wpnuywnyipnud, hnthnpjuuju dwquhuwlwb gugwn:

A.A. AGHAJANYAN, A A. HAKHOUMIAN, T.V. ZAKARYAN, H.K. MELIKYAN,
N.G. POGHOSYAN

A TWO-DIMENSIONAL VISUALIZATION AND MONITORING SYSTEM FOR AN
ALTERNATING MAGNETIC FIELD

A system for two-dimensional monitoring of the effective induction value of the
alternating magnetic field in the horizontal plane of the plasma processing chamber is
developed and investigated. In order to increase the measurement speed, the method of parallel
measurement is used by sensors sensitive to the alternating magnetic field of the order 1.8 -
1078 T. The measurements in the plasma processing chamber allow to carry out monitoring of
the uniformity of the electromagnetic field in the plasma processing chamber.

Keywords: plasma processing of materials, induction of magnetic field, two-dimensional
visualization, monitoring, alternating magnetic field.
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Ljupugpjws b hwunwnmb okpdwunpduth® hnnuwswthh uljqpniipny wohiwwnnn wp-
wnwpht suswnnipjut yuwpwutnnpkph swhhs vwppp: Ripgws b swthhsh Junniguspuyght upuk-
dwb, pugunpus £ npnp hwignygubph wojpunwiipp, bt tipqws tu hhdwlu inbkjuthjulut
wuwpuwdbkwnpbkpp:

Upwbgpuypl pwpkp. hnndwswth, obipdwswith, ubkppuynid, wpnwptsnid, wpwugnipmnid,
dwjuy, onuyhtt hnup:

Cuswnnipjul yupwdbnpbph swihnn uvwppbpp jhpunynwd Eu pdolnipju dke
(ophtwaly’ stswrwljw hhwinnipnituubph, wupduygh Unthpaphiigh nhyptpnud, his-
whu twl wpnne dwpnyme otswnnipniip unnighint hwdwp): Uwpptpt ogunuagnpéynid
Et hyybu wdpniyyunnp, wjiybu b vnughnbup wuydwbubpmd: Shswnwljub yupw-
dbkunptph hbnwgnundwt pinphhy httwpunp k jhtinud ghwhwwnt) twpjupudhpuwhwnw-
Jui Jpgulyp b Jhpwhwnuljut dhpwdnnipjut wthpudbynnmpmiun: dpuithg pugh,
swwnwlwt wwpwdbnpbph swihpsubpp uytnptt jhpuwnynd G wwynpuughe
pdoynipniunid b ghnwljutt hknwgnunipnibbpnid:

Qnnipinit niukb stiswnmpjut wupudtnptph swhdwt nupptp tnwbwlubp
obhpduyhly, Ukpwihjulwl, hhnpnphtwdhulu b wyj (1] Uju bpuwbwlubpnyd ks
dwuwdp swthynud Eu piywnwljut wuwpwdbtnpbkph thopp wmhpnypep, nph ywngdwnny
lujt Jhpwpnipjnil skt unnwmghy:

Lokllp (uyt wmwpwénid unwgws hhnppnphtwdhuwui whwh swthhsubpp,
npnug nhst wppiwnnud £ nhdtpkughuy dupwywihh uhqpnitipny, huly swthhy vwppp
hwugdws E juwnwpbnipyut: Syhsh Junniguspp (d1Epuyh junnndul)) b vwppnid
nbknunpus dhipnjunwdwpsuyhtt hwdwljupgqt wywhnynud Bu wdbjh put 43 ww-
pudbwnpbph swithnudp b gmgunpniudp, pun npnud, uwppt nith hwdbkdwwnwpwp thnpp
sathubip: @hpnipniutitiphg tokup, np uwppp sh swthnid obipdwyhtt npuk wuwpwdbnp,
ntth qudwnph pupdn ghly, hulj vwpph vywuwpydwi hwdwp wwhwiueynd £ pupdp
npujuynpnid nitikgnn whdwljuqu:

Upunuwpusdwt yupudbnpbph swhdwb mbuwtlyniithg dké hbnwppppnipmit B
ubpjuyugunid hnuph wpwugnipjut gbpdught uljgpniupny wpjuwwnnn swthhsubpn [2-5]:

Uohiwnwipnid tjupugpjus uyhpndinph yuunpuwundwt hwdwp hhdp G
hwlnhuwgly (2, 4, 6] wpunuwqpbpp, npnby tjupugpjus bu wpuqugnpsd onuyh
hnuph gpuwswithp (2], onuyhtt hnuph wpwgnipyut ywhhyp [3], hudwwywpihwy obp-
dwjuynitiugng Unnnun [4]:
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Uowljyws hnnuuwsutht nith htwnlyw) wupqigdus Junniguspughtt ujubidwb
(uy. 1):
Onpuyhl houp

298!

Uy 1. Znpuusunhp junnigyudpuyhll ujukdub,

1. pbkpufunnijps (phnn), 2. okpulwluyniiugyng ppwing wnipubghuwnnp, 3. plywnwlwi hnnnpul,
4. hEhnpnbuyhl pkpdwswih, 5. opuyhli Anuph wpwquisuih, 6. jupdwl Jupgui/npyng
Ukimuwgiwé wypnip, 7. jupdwl wgpnip, 8. whuynquyhl puquungunnlps, 9. dkpoisdwi
(wpunuisdwly) onh Sujuyuisuh, 10. onuighli hnuph dhohl okpulununinpdwip npnonn hwigniyg,
11. ghplpkaghuy nidknupup, 12. Indwwpunnp, 13 bkpoisdwl (wpunwpisdwl) dudwbwp
npnonn huibignijg

Cuswswthp punugus E htnbjw) hhdbwlwt hwignygubtphg.

e wpwqugnpd EEjupnbwght ghpuwyuh”  Ukppusynn  (wpwnwptsynn) onh

otpdwunh&wh swthdw hwdwp,

¢ hwunwunnit gbpdwunhdwh hnndwswthh hwignyg, nph Uk dntind B obip-

dwjuyniiugynn hpwing 2 npuwbqhunnpp b jupdwt jupgquujnpynn wnpoipp,

o ubkpotsywml (wpunwptsdw) gnpdpupwgh mbnnmipniuutpp npnonn hwtqnyg-

ubpp (10-13),
o ukpotydw (wpunwptsdwl) gnpdppugh dwyuwubkpp npnonny hwignygubpp
(7-9):

Uokup, np 1 nhnnp b 2 mpwtiqhuwnnpp withpw jupnigdwspny ki b qgunudnud Lu
3 sywnwlwt thonnpulnid b wdpugdusé b wpunwugnidutkph dhongny: Fugh npu-
uhg, 6 (updwl wnpnipt wywhnynid | wthpwdbon obpduyhtt npujut prhspp 2
wnpuwbqhuwnnph hpwih b onwjhtt hnuph ¢kpdwunhgwubnh dhol:

Uwppt wohuwwnnid £ hkwnbjuy YEpy: Zbnwgnnynnhtt hwggunud Bu gbiywnwlju
thnnnpulp, b vhugynud £ pinhwunip utinignidp: 4 okipdwswithh jpmid unnwbnid Eup
Jupdwi thnthnpunipyut hEnlyu yunlbpp (0. 2° wpunwnyws oughingpudh Ejpuw-
uhg):
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Ul 2. QEpdwsunpp Ejpuypl pupdwl nkupp

LY. 2-hg tplnwd E, np wpunwpbisdwt pupwgpnid onh ohpdwunmhgdwup pupdn k&
ubpotsdwt (hwuwnnpku opowyyunh) ohpdwunhfwithg: pwihg pugh, npnowlh tu
oiskint (wpunwskint) nbnynipmnitubpp: Gpunwd E, np wipunwpsnidhg ubpotsnid
wligubihu ntnh niuh ebpUnipjut wykh jupnly wiulnud, pub ukprusnidhg wpunw-
oismid Juwnwpbjhu: Yw whwnp E pugunpl] wpunwtsdwb pipwgpnid onh dke wywpni-
twlynn gpwiht gninpphtikph wnluym pyundp:

4 hEjupnuught obpdwsuthh Epuyhtt jupdwin gnidwpymd k 6 wnpmiph jupnudp
(hwdwpdtp k£ 20...40° C otipduwyjhtt hwybjdw 2 mpwiqghuwnnph hpwuh ypur) b npynud
k5 wpuquswithh wnwgtwunphsh Unuinphtt: Upw hnbwipny 2 wpubighuinnpp jpugnt-
ghs hqnpnipnit £ swjuunid ppwtth obpdwljuynit Jhfuwljp wyuhtnt hwdwp ppowignn
onh tjuundwdp hisyhu tkpotsdwl, wjiybu k wpurnwobsdwt dwudwbtwl (pwuh np
wnyhsp opowignn onp wybih uwnt L, b onuyhtt hnupp vwnkginid E wnpwuqhunnph
hpwip): Uy jpugnighy hqnpnipjub dkdnipjudp b npnoynmid | hnuph wpwgnipjut
Ubkdnipjniip: LY. 3-mud phpgwé E 5 hwbigniygh wpwgnipjub Gjpujhtt wqnuywuh
wnbupp pwjuint ouswnnipjut dudwbwl (uy. 3)°
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Ul. 3. Upwgnippul Ejpuyhl wgnulipwith nkupp
LY. 3-hg Eplunud E, np onh wpwgnipniup hwjuwuwpynud k 0-h, Epp JEpowtinid k
ubpolsdwt gnpénnnipmitp b ujuynid £ wpunupbisnidp, b hwjunwljp: Lokup twh wyl,
np, 2unphhy thnpp htkpghuwyh, 5 hwtignygh Gpnud niiktup wpugnipjut wjupwppu-
1ht wpdtpp:
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4 hEjupntwght obpdwswthh Ejpuyghtt jupnudp mpynud k10 wmqnuipwith dhop-
tiwugunn hutignygh dntnphtt b dhwdwdwwl 11 nhdpbpkughw nidtnupuph dh Unin-
pht, nph Uniu dninphtt npynud £ 10 hwugnygh Giph jupnudp: Upgniupnid® 11-h
Lypnud muktp 4 hwhignygh kph okpunipub Jupnjwsnipiniip dudwiwlhg wpubg
opowyyunh ohipdwunhdwh hwunwwnntt pununphsh: Uju jupuubnipniup 12
yndywpunnnph Epmd Jhpwsynid L npudwpwbuut dwjupguyjubph, b 13 hwb-
gnijgh thongny npnoynid ku tbpousdwi b wmpunwpbisdw mbinnnipniuubpp:

5 wpwuquisuithh Ejpuyhtt jupnudp 8 wwngquyhtt puquuuunlhsh dthongny npdnud
E 9 onujhtt hnuph ubpousdw (wpuwotisdwi) Swjwjwswthht: Uhwnquyhtt puquu-
wuwnlhsh dntu Untinphtt mpymud £ jupnud, npp hwdwpdtp k£ 3 siswnwljui thnnn-
pulh uytuui Yupjusph dulbpbup dbdnipjuin: 9 hwugnygp mupuipwnnid £
ubpotsdwi b wpunuwptisdwt wpwgnipniuttpp, npnonud £ ubppisdwt (wpunwpisdwi)
Swywutiph dbdnmipniuubkpp’ hunbgplng tbpolskint (wpunwpskint) pupwgpnid
wnlw swwutpp:

Uwpph dwuljtinnwghtt mupunbtuwlh gqunpuundwb dudwbul oginugnpsyty k
KIT201U1 nupwnwghtt mpwiqhunnph thwljuw-unip whgnidp: Ninhn obndus juynt-
ttugJwé hnuwtipp ehpunipjub swihdwb dudwbwy 8,2 -107¢ U L, nilhsh huptwwnw-
pugdwl hqnpnipynibp’ 3,28 - 107 9w, hiphwinwpugdwb gkpdwunh{wih Ukdnip-
mibp hinnnpuyh swjuynid wpwpd hnuph nhypnd” 2,3 °C, hul obpdwnyghst wuyyw-
hnynid t 10 #i/p4-hg ny mybih dwdwbwlh hwunwwnnib:

Npuytu hnuph wpwgnipjutt wmghy oquuwgnpsyt) k 2T384AM2 wnhwh wuhpwi
wnpwiqhunnpp, nph p-n wignith ohpdwunhdwuh wdkiwdts wpdtpp 408 TL, Yn kY-
unp - kdhnbp b Bdhunbp - puqu wignidubph jupnudubph wdktwdts wipdtpp 30 <,
hulj gpdwtt wnwykjugniyyu hqnponipniup’ 0,3 4wz Uju mpwiqghuwninph hhdwt dpu
untndywd E obpdwluwyniimgnighy [4], npnud npybu obpdwnyghy oquuugnpdyty k
puqu-kdhwnbp wignudp, hul npugbu gbpuwlupquidnphy YniEyunnp-kdhnkp wignidp:
Spwiighunnph YnjEunnph obpdwunhdwip jupquynpynud kY. 1-h 6-pn hwugnygh
Eph jupdudp: Fw wpwtwlnud k, np Epk oppuyquunh onh okpdwunhdwp 22 °C L,
hulj okpdwunhdwiuyhtt hwdbnudp' 40 °C, npp hwdwywwnwupiwinud k6 wnpniph
801073 ¢ jupuwl dwlupnulht, wyw §njkjnnph ebptwunh&winp whnp k hip
Ubpolisnid’ Tyupy=22+40=62 °C,

wpunuwisnid’ Tywpn=35,9+40=75,9"C:

Quuwnnpk onuwjhtt hnuph wpwgnipniup npnokjhu opowyyunh onh bt thwpwg-
Ynn wpwbqhunnph okpdwunhdwuubph nmwppbpnipniup tnyub k, npp b wthpw-
dtown k onwjhtt hnuph tkpotsdwt b wpunuwtsdwt Yhuwwwppbpnipmiutiph &2qphwn
npnoUdwi hwdwnp:

Cuswswthh Uowljyus dwljint niih hbnbjw) mEnthjulwt guwpdwhubpp.

¢ onh okipdwunhdwh swihdwh whpoypp' 0...50 °C,
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¢ onh obpdwunhdwh swhdwl poyjunpkih vjuwp'<0.2 °C,

¢ onh ohpdmwunhdwh suhdwt dwdwbwlh hwunwwnniup® <10 4ypg,

e hnnUwswihh npuighunnph hpwh wewybjugnyu okipdwunhgwup® 100 °C,

e hnnpuwswthh swjuuws hgqnpnipniup, tpp onh hnupp pugujuymd £ 15 w,

e hnnuwswthh swpuuws hqnpnipiniup, tpp onh hnupp wpwybjwugnyyt wpwgni-
pyniutbph nhypnd® 200 «Huw,

e swthynn ubpousdwb (wpnupbisdwt) nbnnnipnibttipp upptp siywnwljut
nkdhdubph b hbmwgnundnnubph hwdwp® 0.3...5 ¢pg,

e swthywé nbnnnipniutibpnh pnyjuwnpbh vjpwp <1%:

Ujuyhuny, Ypuldws duljbnwghtt mupunbuwlh thnpdwplnudp gnyg ndkg, np

Uowldud pliswswtht nih siswnwlwt wupwdbnpbph swihdwi juyt htwpwynpnt-

pinLl:

Uwppp swthmd E oiswpmipjutt mbingnipniuubpp, pupwughl] wpugnipniuubpp,

sSwywjubpp, otpunipnitiitpp b wpl, wpwqugnpénipniip pudupupmd E ousw-

nujut gqonpénnnipjut swihdwl hwdwp: 2h wupnibwlnd twb nipp dbjupwthju-

Jut dpunid wuwhwgnn hwtignygutp, tkpplisdwt (wpunwptisdw) dudwtiuly uwpph
thnnnpuljp onp hnupht nhdwnpnipnit gniyg sh mwhu: Ujt Jupnn £ ygunpuungby
ynipuhp ulqpnitipny, nitktw] hwdbdwwnwpwup gusp ghtt b uvyuwuwpludwt yunpq
wnkutthu:
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OrnmcaHo yCTPOHCTBO IUIs M3MEPEHHs BHEITHETO ABIXaHUA HAa OCHOBE aHEMOMETpa TOCTOSH-
HOM TemmepaTypbl. [IpuBeneHbl CTPYKTYpHasl cXeMa U OCHOBHBIE TEXHHUYECKHE MapaMeTphl.
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MOTOK.

R.H. SIMONYAN, N.D. YEZAKYAN, A.G. GHULYAN
A DEVICE FOR MEASURING THE PARAMETERS OF EXTERNAL RESPIRATION
A device for measuring the parameters of external respiration based on the operation
principle of a constant temperature anemometer is described. The block diagram and the main

technical parameters are introduced. The operations of some nodes are described.
Keywords: anemometer, thermometer, inhalation, exhalation, speed, air flow, volume.
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LENS REFRACTING COST EFFECTIVE PHOTOVOLTAIC SOLAR
ENERGY CONCENTRATING SYSTEMS

The overall cost reduction task is studied for photovoltaic (PV) solar energy systems. For
that purpose, a new, cost effective lens refracting system is developed. The concentrating
system consists of Fresnel lenses placed under different facet angles refracting the sun light
onto the solar cells placed along a line. The developed photovoltaic concentrating system uses
the mathematical model of Fresnel lens concentrating optics for photovoltaic systems used to
optimize the system by cost. A computer program FLCPVSys2.1 for the new concentrating
system is developed allowing to design a photovoltaic system of the required power with the
minimum cost. The program can be used for designing a cost effective photovoltaic solar
concentrating system.

Keywords: Photovoltaic; Concentrator; Lens; Refraction; Cost; Effective.

Introduction. The high cost of photovoltaic (PV) modules makes the use of
concentrators desirable and very demanded, because concentrators decrease the total
cost of PV modules. Optical concentration offers an excellent and effective approach
to the reduction of the PV system’s high cost by substituting the solar cells by
concentrator area. At present, different types of sun concentration systems are used to
reduce the high cost of flat PV modules. For concentration, solar energy designers can
use either light refraction (using Fresnel Lens) or light reflection (using mirrors). The
Fresnel lens can either be circular lens to focus the sun light on a single cell, or linear
lens to focus sun light on a row of cells. Amonix (US, California) uses an array of
point-focus Fresnel lens [1, 2], Fraunhofer ISE (Freiburg, Germany) and Loffe institute
(St. Petersburg, Russia) also use point-focus Fresnel lens in the concentrator PV syste-ms’
design [3]. The US company ENTECH has developed line-focus Fresnel lens modules
[4]. Each module uses rows of silicon cells operating at 20-suns concentration.

Besides the use of lenses, it is also possible to use mirrors to concentrate the sun
light. Solar systems in Australia have developed a dish concentrating PV systems [5].
The EUCLIDES concentrating array consists of a mirror reflecting parabolic trough
tracking the sun around the horizontal axis [6].

All the previously mentioned designs are different having various structures,
concentrating optics, concentrating ratio, tracking system, solar cells’ cooling designs
and also they have a wide variety of designs. It is worth to mention that the cost
reduction of PV concentrating systems is a must because most existing PV
concentrating systems are still expensive, moreover concentrating systems are very
clean, noiseless and belong to Green technology.
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Structure of Photovoltaic Concentrating Systems. The basic disadvantage
while dealing with solar energy is to efficiently collect this energy and cost effectively
convert it into electricity. The existing solar generating systems are still too expensive.
Electricity from solar electric systems is more expensive than that produced by
conventional electric generation systems. For this reason and not only, it is extremely
important to develop cost-effective solar electric systems. The structure of the new
cost effective photovoltaic (PV) concentrating system is a lens refracting linear focus
type. The concentrating system consists of Fresnel lens placed under different Fresnel
facet angles which are refracting the sun light onto the solar cells mounted along a
line. The Fresnel lens is placed at a specific distance from the cell called focus
distance. To design the new Fresnel lens refracting cost effective photovoltaic system
with different powers, a special computer program is developed. The program allows
to optimize the concentration ratio and to design a cost effective photovoltaic system
having an optimized cost.

Computer program for optimization and a cost effective PV system design.
In order to develop a computer program capable of designing an optimized and cost
effective PV concentrated system, we need to develop a mathematical model
competent of giving the computer program the ability to calculate the Fresnel lens
facet angles based on the given parameters [7].

In addition to the mathematical model, and in order to determine the optimal
concentration rate of Fresnel lens refracting linear focus PV concentration system, a
cost optimized algorithm is also developed. The algorithm is based on optimal
concentration rate needed in order to get most effective and minimal cost. The
algorithm passes through many calculation iterations to determine the cost of the
concentration system by increasing the concentration by 2 facets per iteration, starting
from one sun.

By increasing the number of facets by 2, we are increasing the concentration rate,
and, at the same time, the cost of the concentration system starts decreasing, and after
some iterations, the cost starts to increase due to the ineffective addition of the facets
due to the total internal reflection which will not be able to refract the sun light
effectively to reach the solar cell, this causes an increase in the concentration system
cost, without being effective. Realizing the fact of the cost change from a low cost to a
higher one will help to determine which cost to select, which is the main goal of this
article. The effective cost of Fresnel lens linear focus PV concentrating system picks
up one iteration before the cost starts increasing. To realize this optimization and the
automated design of PV system, the computer program FLCPVSys2.1 is developed.
The home page of the computer program is presented in Fig. 1.

For the given values of generated electric power, temperature (ambient and
permissible working temperature of the solar cell), solar radiation (based on the
location of the solar concentrating system’s manufacturing), parameters of the solar
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cell, focus distance, constructive material; transportation; solar array installation; heat
sink; Fresnel lens manufacturing prices in addition to many other parameters, the
computer program calculates the costs of the concentrating system by changing the
concentration rate and shows the value of concentration rate when the minimum cost
is obtained.

FLCPVSys Automated System
Fresnel Lens Concentrating PhotoVoltaic Solar Energy Systems

Main Params | Cell Specs | Amay/Lens Params | Others | Inverter|

Solar Radiation(w/m2): 1000 Load

Requested Power(w): 1000

]

Facets Number:
Minimum Cost($):

Fig. 1. Computer program home page

5. Optimal Cost Details ‘———ﬁ— | —— | — -:-El-g
Wl 40000 - CostiConc
3
nnnnn [257715738567338
o
-1 1 3 5 7 9 11 13 15 17 19 21 23 26 27 29 31 33
Overview
Output details
Cost per watt: 26775 Zenith angle: 35 deg Cell Name: GaAs9 Focus Distance: 0.25m
Total ramber of coll: 17 Ground area: 6.46 m'm Cell Prics: 4998 § o
i Aoy length: 1023m ColEF 2% Opoml
Total power: 1000.000 W o i S —_— ystem devices co oo
Lens wickh: 321 m AT m
X Add Cel System material cost
Congertration: 24.69 E Rl T l I
Facel Width m) Facet Number Refraction Angle (degres) Cell Number Heat Sirk Avea (m'm)  Total Cost (5) -
o5 13 071 6 2852 5002773
015 15 3200 2 2846 4389.935
014 17 3319 28 29.19 3837.197
2 18 3431 26 2926 3834370 =
013 21 35.36 = 2867 3873046
oz z 3635 2 2869 3819545
0z 25 728 20 2983 2681325 E
mz 27 3816 18 28.90 2679.300
o 2 39.00 17 2930 2677.157
o 7 3979 16 29.49 2678793 4
T i ,

Fig. 2. Dependence of the PV concentrator system cost on the concentration rate and all the
required data (Current option)
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As an example, the concentration rate optimization curve obtained for the 1 kW
photovoltaic system in addition to all details needed for manufacturing the Lens
(Facets number, Facet width, Refraction angles), the number of cells needed to
generate the required power, cost per watt, and heat sink temperature change are
presented in Fig. 2.

For solar array manufacturing, installing and transporting convenience the solar
cells implanted per solar array does not cause the array to be very long so that it
should be used for both small (home) and large (company) efficiently. Based on these
facts each solar array will consist of 20 solar cells only. The developed program is not
cost affected while determining the optimal facet refraction angles of the Fresnel lens
(based on the focus distance) by the critical angle of the Fresnel lens because the
program finds the critical angle of incidence which causes total internal reflection
causing no more concentration but cost. Therefore finding the critical angle helps to
determine the cost effective photovoltaic system.

The computer program does not only calculate Fresnel lens refracting PV solar
energy concentrating system optimized cost based on the required power, but also
gives the designer an opportunity to get a more optimized cost per watt based on
implanting the missing solar cells in the last solar array. This technique will reduce the
c ost per watt generated as shown in Fig. 3 and Tables 1, 2.

oSl Better Cost Option —— S— — - — T =

60000

B Cost/Conc

20000 4658 23060112583

Overview
Output details Inverter details
Cost perwatt: 1.190 Zenith angle: 35 deg Mode! name: ERP1500-12
Total number of cells: 60 Ground area: 50.65 mm Generated power: 1500 W
Total power: 3913.043 W by i 2
Lens width: 290 m

Optimal Cast

input voltage: 12 Determination

Number of amays: 3 output voltage: 220

Concertration: 28.32 Inverter price: 190 § Details
Facet Width {m) Facet Number Refraction Angle {dearee) Cell Number Heat Sink Area (m'm)  Total Cost {8) Ea
100 1 00 1412 00 54304 520
014 3 3305 487 90.19 20762845 L
012 5 35.10 302 90.28 13862.751 7
012 7 36.97 221 90.16 10807 639
| 012 ] 3869 175 90.13 8665.107
| an 1 4029 145 50.15 7208.713
| o010 13 4179 125 90.37 7055.383
| o010 15 4319 1098 90.73 6344.360
1 010 17 4451 98 90.47 5670.170
| 003 13 4576 5 s0.48 5525.096
[I nna 1 AR G4 a1 an A1 RR12 128 2
| < n »

Fig. 3. Better dependence of the PV concentrator system cost on the concentration rate and all
the required data (Better option)
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Table 1

Dependence of the required and generated powers on the cost per watt when the last solar
array misses solar cells

Required Power Solar cells . Cost per watt Power Generated
(KW) required Lens Width (m) ($/w) (KW)
1 25 0.226 1.649 1
2 35 0.271 1.249 2
10 97 0.379 0.971 10
12 111 0.391 0.962 12
15 128 0.412 0.939 15
Table 2

Dependence of the required and generated powers on the cost per watt when the last solar
array is saturated

Required Solar cells Lens Width Cost per watt Power Generated
Power (kW) required (m) ($/w) (kW)
1 40 0.226 1.168 1.6
2 40 0.271 1.125 2.28
10 100 0.379 0.946 10.31
12 120 0.391 0.9 12.97
15 140 0.412 0.869 16.41

The program allows to determine the optimal concentration rate which provides
the minimum cost of Fresnel lens refraction linear focus PV concentration system.

It is obvious from tables 1, 2 that the Fresnel lens refraction linear focus PV
concentration system cost per watt decreases with increasing the required power of the
system, and that the cost per watt calculated by FLCPVSys2.1 program is competitive
in comparison with other well known PV concentration systems as shown in Table 4.

All input parameters and some results obtained from the computer program are
presented in Table 3.

Table 3

Input Parameters and obtained results

Required Power (kW) 1 10 100
Solar Radiation (W/m?) 850 850 850
Solar cell efficiency (%) 25 25 25
Max. Allowable solar cell temp. (Cent.) 60 60 60
Ambient solar cell temp. (Cent.) 40 40 40
Cell Price ($) 15 15 15
Lens Price (%) 20 20 20
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Table 3(continued)

Array Installation ($) 25 25 25
Array Transportation ($) 20 20 20
Array Fabrication ($) 25 25 25
Constructive Material ($) 100 100 100
Inverter Price ($) 50 50 50
Convertor Price (%) 150 150 150
RESULTS OBTAINED |
Cost/watt ($/W) 1.168 0.946 0.866
Power Produced (KW) 1.604 10.31 100.74
Array Width (m) 0.226 0.379 0.477
Concentration rate 23 77 155
Cells required 40 100 680
Arrays required 2 5 34

The program allows not only to determine the optimal concentration rate, but also
determine the heat sink area needed to keep the solar cells per array in their best
efficiency, moreover, the program determines all the necessary parameters to
manufacture the Fresnel lens per solar array. In addition, the program gives the
designer all details per one solar array (solar cells cost, Fresnel lens area and cost, the
power produced and the total array cost).

Table 4

Results for cost per watt of FLCPVSys2.1 compared to well known PV concentrating systems

Required Solar Focus Costof | FLCPVSys2.1
Software/Institute Povx?er (W) Radiation Distance watt cost of watt
(W/m?) (m) ($/W) (/W)
CPVCAD/
SEUA [8] 500 1000 0.3 2.88 1.168
PVCsystl1.2/
SEUA [8] 1000 850 0.5 1.48 0.920
Germany Spain 1000 850 05 2.02 0.920
Project [9]

The results obtained in Table 4 by the new cost effective Fresnel lens refraction
type PV solar energy concentration system FLCPVSys2.1 (costs in red) under the
same conditions of temperature, solar radiation, constructing materials cost, and focus
distance are competitive compared to the projects mentioned.

Conclusion. At present, several companies have developed and installed reliable
PV concentrating solar energy systems. The price of the existing PV concentrating
systems is high. The developed new cost effective Fresnel lens refraction type PV
solar energy concentration system has several advantages in comparison with the well
known systems.
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The developed optimized method, algorithm and computer program allow to
design cost effective Fresnel lens refracting linear focus PV solar energy systems.
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4.U. OPLUYL8UL

ULBIUSPL ELEPQbPUSE NUNLSUYUSHL SUSEUUNEU TULUYMES $NSAELEUSMUYUL
YNL3ELSrUSNruUshL ZUUUYU et

Munidtwuhpduws Ewpluwghtt nnnkEjunpuut tukpghinhy hwdwlwupgtph pighwinigp
huptwpdtph hotigdwt punhpp: Upwlyt) E unp, wpynibwdbn nuyiywluhtt hwdwlwupg:
Nuuyuwljuyht Ynbugknpunnpp juqudus L nwuppbp wilnibibpny mbnunpgus $pkubjuyght
nuyywlukphg, npnup phjnud & wplh fwnwquyptbpp ntyh ninhy gényd nbknupwpqus
wpbuwghtt dwpunyngubpp: Uowjdus nnnbikjunpulut §nughtnpunnpught hwdwlwupgh
hhupnud puyws E dpkubjuyhtt nuybyuljubph oyunpluljut hwdwlupgh dwpkdwnhijuluh
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Unnkip, nptt oqgnuugnpéqus k npytu huiptiwpdtph oyinhdwjugdwt ninnjws hhltmlw gnp-
Shpwuheng: Unughinpuinnpuyhtt tnp hwdwlwupgh hwdwp dowlyt) k pndihynippught spw-
qhp, npp pnyp | nnwjhu twjuwgst] nnnhEjnpuljuwt wpynitwdtn hwdwlupg' wuhwig-
nn LEjunpulwh hgnpnipjudp b bjuqugny hupttwpdtpny: Opwughpp Jupny b oginugnps-
Jt munbtuwybu swhwybn $nunnkjEjunpujui wphuwyhtt Bubpghuyh Ynugknpunnpuyghe
hwdwljupgbp twhiwgstint hwdwp:

Unwbgpughll punkp. dnuinnbjkljinpuljub, §nightinpunnp, nuyyuly, pknud, ghli, wipn-
ity

I''A. MTMJIAB/UKAH

JIMH30BBIE 9QKOHOMHWYECKH D®PEKTUBHBIE ®OTO3JEKTPUYECKHUE
KOHIEHTPATOPHBIE CUCTEMbBI COJTHEYHOM SHEPT UM

HccnenoBana 3ajjada CHIDKEHHSA 001Iel ce0ecTOUMOCTH (POTOIIEKTPUUCSCKUX CONHEYHBIX
sHepreTyeckux cucteM. C 9TOM 1enbio pa3paboTaHa HOBasi, SJKOHOMHYECKU dPPEKTUBHAS JTUH-
30Bast cucrema. KOHIIEHTpaTopHasi CHCTEMa COCTOMT M3 PAaCMOJIOKEHHBIX IOJ Pa3IHYHbIMU
yriamu JuH3 OpeHens, KOTOpble IPeoMIIAIOT CONMHEYHBIH CBET Ha COJHEYHbIe OaTapeH, pacio-
JIO)KCHHbIE BIONb JHHUU. B pa3zpabotaHHO#l (HOTOIIEKTpHUYECKON KOHLCHTPATOPHOU CHCTEME
UCIIONB3YeTCs MaTeMaTH4ecKas MOAENb ()PEHENbHOHW JMH30BOWH KOHIIEHTPAaTOPHOH ONTHKH,
KOTOpas MO3BOJIIET ONTHMH3UPOBATh CUCTEMY IO cebecTouMocTH. Paspaborana xommbroTep-
Has IPOrpamMMa JUIsl HOBOH KOHLIEHTPATOPHOW CHCTEMBI, O3BOJIAIOIIAs CIIPOSKTHPOBATh (HOTO-
9NIEKTPUYECKYIO CUCTEMY AaHHOW TpeOyeMOl MOIHOCTH ¢ MHHUMAaJIbHOW cToMMOCThI0. [1por-
paMMa MOXeT OBbITh UCIIOJIb30BaHA JIJIsl IPOSKTHPOBAHUS IKOHOMHUUYECKH (P PEeKTUBHBIX (oTO-
ANEKTPUUECKHUX COJTHEYHBIX KOHLEHTPATOPHBIX CUCTEM.

Knrouesvie cnosa. HOTOINEKTPUUECKUHA, KOHIECHTPATOp, JIMH3a, NpEIOMIICHUE, LICHa,
3¢ G EeKTUBHBIH.
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JL.X. XAYATPSH

MMPOEKTUPOBAHHUE BE33X0OBOM KAMEPBI /1711 U3MEPEHUA
IMAPAMETPOB B IABOPATOPUU AHTEHH 'Y A

PaccmaTpuBaeTcss BO3MOXKHOCTh TPOEKTHPOBaHMSA 0€33X0BOHM Kamephl B J1a0OpaTOpuH
anteHH ["ocynapcTBeHHOrO MHXeHepHoro yHusepcutera Apmenun (Y A). OcHoBbIBasich Ha
METoJlaX TeOMETPUYECKOW ONTHKH, NP pa3paboTke 0e339X0BOIl KaMepbl MPUMEHEHO MOJIYJb-
HOoe KoHcTpynpoBanue. Hanmmane 6€33xX0Boii KaMmepsl B 1a00paTOpuy MO3BOJIUT aKTHBU3UPOBATH
Kak y4eOHYI0, TaK ¥ Hay4HO-UCCIIEI0BATENbCKYIO ACATEIbHOCTh B YHUBEPCHUTETE.

Kniouegvie cnoga: aHTCHHBbIE M3MEPEHMs, JUarpaMMa HalpaBJICHHOCTH, JUIMHA BOJHBL,
6e39x0Bast KaMepa, paJHoNOTIIOMAIOIINI MaTeprall.

BBenenmne. V3Mepenns mapaMeTpoB aHTEHH MPOU3BOIAT Ha CIEUAIBHO 000pY-
JOBAaHHBIX MOJIMTOHAX, KOTOPBIE B 3aBUCUMOCTH OT 3a7jad U COCTaBa M3MEPUTEIBHOTO
000pYIOBaHUS MOXHO Pa3leiUTh HAa HAyYHO-HCCIENOBATENBCKUE, HCIIBITATEIbHbIC
(3aBozckue) u yueOHble. HayuHo-Hccae10BaTeIbCKUE TIONMUTOHBI MTPEAHA3HAYCHBI JIs
NpOBeJIEHU Pa3HOOOPa3HBIX HCCIENOBAHUI KaK C peajlbHBIMH AHTEHHAMH Pa3HbIX
THUIIOB, TaK U C MOJAEISIMH; UCIIBITATENIFHBIE MM 3aBOJICKHE — JUTSI KOHTPOJIBHBIX H3Mepe-
HHUH cepuy OJHOTUIHBIX aHTEHH; y4eOHBbIE - AJIs1 MCCIIEIOBAHUS B yUeOHBIX LENIX 3a-
paHee M3BECTHBIX 10 XapaKTepUCTHKaM aHTeHH. YacTo OAHM U Te K€ MOJUTOHBI HC-
MOJIB3YIOTCS AJIs1 BHIIIOJHEHUS] HAyYHO-HCCIE0BATENLCKUX PadOT, 3aBOJCKUX HCIIbI-
TaHUH ¥ JUI y4eOHBIX LENeH.

[To ycTpoiicTBY MONMUTOHBI IENSTCA HA OTKPBITHIE U 3aKPBITHIE.

W3mepeHust B 3aKpbIThIX MOMELICHUSX NPOBOAUTH yloOHEE, YeM Ha OTKPBITHIX
wiomazkax. OJJHaKO B IEPBOM CTydae 00pa3yloTcsl apa3UTHBIC CBSI3M MEXK/TY HUCTIBITYeE-
MBIMH aHTEHHAMH 32 CYET MOOOYHBIX I0JIeH, BO3HUKAIOIUX IIPH OTPaKEHUH OT CTEH,
I10JIa Y ITOTOJIKA IIOMEILEHUM.

OcnabneHne nmapasuTHBIX CBA3EH MEXIy HCIIBITYEMBIMH aHTEHHaMH oOecriedu-
BaeTCs MPUMEHEHHEM 0€33XO0BBIX KaMmep.

Tunb1 6e33x0BbIX Kamep. be33x0Boi KamMepoil Ha3bIBaeTCsl OMEIEHUe, 00IUII0-
BaHHOE M3HYTPHU PaJMOIOTTIONIAIONINM MATEPHATIOM C LIENIBI0 YMEHBIIEHUS OTPayKEHNUI
OT CTEH KaMephl U CO3/IaHUSI B HEKOTOPOM 0ObeMe Kamephl (0e33X0BOM 30HE) YCIOBHH,
NpUOIDKAIOIINXCA K YCIOBHUIM "cBOOOAHOTO mpocTpancTra” [1].

K npenmymectBam 0€37X0BBIX KaMep OTHOCSATCS: HE 3aBHCAIINE OT MOTOABI yCII0-
BUS U3MEPEHMH, HAIEKHOCTh, OTCYTCTBHE IEKTPOMAarHuTHBIX momex. llupokuit nnua-
Na3oH pabovnX YacToT, 3apaHee 3a/IaHHbIN U CTA0MIIBLHBIA YPOBEHb CUTHAJIOB, 4 TAKXKE
yIOOHBIN IOCTYII B KAMEPY JAar0T UM JIOTIOJIHUTENbHBIE IPEUMYILECTBA [0 CPABHEHHIO
C OTKPBITBIMH ITOJINTOHAMH.
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K Hemoctatkam 0€39XOBBIX KaMmep OTHOCHTCS CPAaBHHUTENbHAS CIIOKHOCTh MX
MOCTPOMKH. DTH KaMepbl OOBIYHO MCIIONIB3YIOTCS VI UCCIEJOBAHUS aHTEHH CPaBHU-
TEJNBHO HEOONBILINX Pa3MEPOB, IIOCKOJIBKY CTOMMOCTh KaMephl BO3PACTAET C yBEJINYE-
HueM ee rabapuroB. HecMOTpst Ha 3TH HEAOCTATKH, IOCTPONKA 3aKPBITHIX IOJIUTOHOB
¢ 6€39XOBBIMHU KaMepaMH SKOHOMHUECKH 1eJIecO00pa3Hee, 4eM COOPYKEHUE OTKPBITHIX
MOJIMTOHOB.

upoxoe npuMeHeHHEe 0€39X0BBIX KaMep CBSI3aHO C TEHACHLUEH YBEIWYEHUS U
YCIIOKHEHUSI TOYHOCTH CTEHIOBBIX MCIBITAHUHN PaJHMOKOMIUIEKCOB M aHTEHHBIX H3Me-
peHMiA, a TakXke pa3pabdOTKOM IMOTJIOTUTENEH SIEKTPOMAarHUTHBIX BOJH, HOBEWIIIHX
LIMPOKOTIOJIOCHBIX PAaJHONOITIOIAIONINX MaTEPUAJIOB, METOJOB U TEOPUI IPOEKTUPO-
BaHUs OE33XOBBIX Kamep.

CoBpeMeHHbIEe 0€33X0BbIe KaMEPhI JESATCS B OCHOBHOM Ha KaMephl MIPSIMOYTOJIb-
HOTO U PynopooOpa3zHoro Tumos (puc.1).

AMIITUTY1a BOJIHOBOTO (PpOHTA

/

a) 0)

Puc. 1. 3epranvnvle ompasicerus om OOKOBbIX CMEHOK 8 6€33X08bIX KaMepax:
a - npamMoy20bHasn kamepa, 6 - pynopooopasHas Kkamepa

Haubonee pacipocTpaHeHHOW U €CTECTBEHHOM SIBISETCS MPSIMOYTOJIbHAS (hopMa,
TaK KaK OHAa TPOIIE BCETO BIHUCHIBACTCS B KOH(PUTYPALIMIO 3MaHHS.

[psimoyrosbHas Oe339xoBasi Kamepa OOBIYHO TpeIHA3HAYCHA JUIT UMUTALUHN YC-
JIOBU CBOOOIHOTO IPOCTPAHCTBA. BOKOBBIE CTEHBI, IO M TOTOJIOK 0€39XOBBIX Kamep
MTOKPBIBAIOTCS MOTJIONIAIOIINM MaTepuanoM. HecMoTpst Ha 3T0, OT HUX MOTYT HalIto-
JaThCs 3HAUUTENNbHbBIE OTpakeHus (puc. 1a), ocobeHHO mpu OOJBIINX yTiIax MaJCHUS.
[penenbHble YTkl TAJEHUS OOBIYHO OTPAHMYMBAIOTCS YTIIaMH, TIPH KOTOPBIX YPOBEHb
SHEPTUH OTPAKEHHOMN BOJHBI OKa3bIBAETCS 3HAYMTENHHO MEHbIE 3HaUEHUs, He00XO0-
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IAMOTO IJIsi 0OecTieueHusT 3aJaHHON TOYHOCTH M3MEPEHUH, MPOBOJMMBIX B ITaHHOM
kamepe. [Ipm MCHONB30BaHMM BBHICOKOKAYECTBEHHBIX IIOTJIOTHTENEH 3TOT Tpeaen
JOCTHTACTCS IPH YCIIOBHH, 9TO YToM Tajerns m3mensercs ot 0 10 70° (yrom msmepsercs
OTHOCHUTEIFHO HOPMANH K MOBEPXHOCTH CTEHBI). [l MpsSMOYTONBHON KaMepbl 3TO
MIPUBOIUT K KPUTEPHIO, COTJIACHO KOTOPOMY TTOJTHASI IMPYHA W BBICOTA KaMEPhI TOJKHBI
YIOBJIETBOPSTH COOTHOIICHHIO [2]

R R
T tg Amax  tg 700

R
22‘—75, (1)

rae R — paccrossHEe MeXIy OONydaromedl W UCIBITyeMOW aHTeHHamu; W - momHas
BBICOTA WU IIMPHUHA KaMephl.

dakTryecky BHIOpaHHBIC 3HAUCHHS IIUPUHBI U BBICOTHI 3aBUCST OT MPEIEIbHBIX
3HaYeHUH MOTPEIIHOCTH U U3MEPEHHBIX XapaKTEPUCTHK MOTJIOMIAIONIET0 MaTepHana,
MPUMEHSIEMOT0 ISl OOJTUIIOBKY CTEH.

st kamep OOJBIINX MO CPABHEHHIO C JJIMHOW BOJIHBI, B KOTOPBIX BBITIOIHSIOTCS
YCIIOBUSI TEOMETPUYECKOW ONTHKH, BO3MOYKHO TOKPBITH PaJAMOIOIIIOMIAIONIIM MaTe-
pHanoM CTeHBI, MOJ U MOTOJIOK JIUIIh YaCTUYHO B MECTaX 3€pPKAIbHBIX U JIBYKPATHBIX
oTpaxkeHu# (puc. 2).

R T ]
////’ \’:y T
A
g , &
T T ]

Puc. 2. Ompasicenus paduogoan om cmen 6€39x0801l Kamepvl

B 3aBucuMocTH OT TpeOOBaHUI K Ka4eCTBY KaMePhl MOT'YT HCIIOJIb30BAThCS pas-
JIMYHBIE TUIIBI PAIAOTIOTIIONIAOIIET0 MaTepHaa.
PainomoryIomaroIiue MaTepHaibl, HCIOb3yeMBIE B O€39XOBBIX KaMepax, MTODKHBI
00J1a1aTh CJAEAYIONIMMH CBOHCTBAMU:
v MHTCHCHUBHOC ITOTJIOIICHUC BHCKTpOMaFHI/ITHBIX BOJIH, HpOHI/IKaI-OHII/IX B I'l1y-
OMHYy MaTepuaa;
v\ MUHHUMAJIbHBIA KOI(PQUIMEHT OTPaXKEHHs IS BOJH, MAAIOIIMX HA €€ I0-
BEPXHOCTE;
v BBICOKAs MEXaHUYCCKast HpO‘IHOCTB, MaJ'IBIfI BEC U FaGapI/ITBI;
v/ Manas CTOMMOCTb.
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Jis Toro 4To0BI PaUONIOTTIOMAIIUN MaTepPHUaT MOTIIOIMIAT dIIEKTPOMATHUTHYIO
BOJTHY B IIMPOKOM JIMANA30HE YACTOT M YIJIbI OTPKEHHUS MAIAFOIIEeH BOIHBI OBLTH MaJIbI,
HEOOXOIMMO BBITOJHEHHUE CICIYIOMNX ycaoBuii [3]:

1. Papronoromarontuii MaTepruai JO0HKeH OBITh XOPOIIIO COTIIacOBaH CO CBOOO/I-
HBIM TIPOCTPAHCTBOM, YTOOBI HA TPAHHUIIE MaTepralia OTpakeHHe ObLII0 MHHUMAJIbHBIM
W SHEPTHs NaIaolield BOJHBI MAKCUMAIBHO MTPOXOIUIIA BHYTPh MaTepHaa.

1. DHeprus BOJHBI, MPOXOSIICH B MATEPUAI, IOJHDKHA UM TTOTJIONIAThCS.

[MornomeHue SHEPruu B TOJIIE MaTepHana OICHUBACTCS KOA(D(HUIIMEHTOM IMOT-
JIONIICHUS

a, = 10lg P"P;HPT, (2)

rac PT - MOIIIHOCTH BOJIHEI, HOFJ'IOHICHHOI\/'I B Marcpualic; Pn - MOIIIHOCTHb BOJIHBI,
naaroniel Ha IMOBEPXHOCTh M3 MOTJIOMAIOIIET0 MaTepHaa.

OO0pryHO BennunHa Koddduienta nornomenus Menbie -30 0b.

OtpakeHHE SHEPTUH OT MOBEPXHOCTH MaTepHasa OLEHUBACTCS KOI(DPUINECHTOM
OTpaKEHHS

Po
komp = 10lg P_r[, (3)

rae Py - MomHocTh oTpakeHHOH BOHBL. OOBIMHO KO3((UIHMEHT OTpaKEeHHUs ObIBAET
MeHbI1Ie -25 05.

[MpoekTrpoBaHKe 0E33XOBBIX Kamep SBISETCS CIOXKHOW WH)KEHEPHOH 3a/1avet,
BKJIKOYAKOUIEH paJMOTEXHUYECKUN pacyeT ¢ y4eTOM XapaKTepa IpeiaracMblx U3Me-
pEHUM.

IIpu mpoexkTHpOBaHNHU MPAMOYTONBHOI 0€33X0B0I1 KaMephl OIMPAIOTCS HA OCHOB-
HBIE TOJIOKEHUS N€OMETPUYECKOM onTuku. IIpu 3TOM B pacuer NpUHUMAKOTCS 3€p-
KaJIbHbIE OTPaKEHUS! OT MaTepualla, IPUMEHIEMOTO U OOJUIIOBAKK CTEH, NMPUYEM
WCTIONB3YeTCsl TO 3Ha4YeHHe KodPQHIMEHTa OTPaKEHHUS, KOTOPOE MPUBOIMTCS B TEX-
HUYECKOW JOKYMEHTAIUHN (PUPMBI - H3TOTOBHUTEIIS TIOTJIONIAIONIETO MaTepHaa.

Onucanne 3xcnepuMenTa. Hacrosimas paboTa MocCBsIIeHa MPOEKTHPOBAHHUIO
0€39X0BOI KaMephl B J1a00paTOPHH aHTEHH | 0Cy1apCTBEHHOTO WH)KEHEPHOTO YHUBEP-
cuteta ApMeHnd. [Jig CHIKEHHS 10 MUHIMYyMa YPOBHEH B3aMMOBIIHSIHAA MEXIY aH-
TEHHAaMH U TIAPA3UTHBIX MEPEOTPAKEHUN MEXLy CTEHAMH M OOecTieueHus] HeoOXOau-
MOH BBICOKOIH TOYHOCTH MPOBOAUMBIX H3MEPECHHN BHYTPEHHIOI MOBEPXHOCTH Jabo-
paTopuu ¢ pa3MeIleHHBIMU B HeW aHTEHHAMHM W amnmnapaTypoi HEOOXOAMMO TOKPHITh
PaAMONOTIIOMAIOIINM TTOKPHITHEM. Hanndre pamuonoriomaromero Marepraana ooecre-
YUT NOJIABJICHUE OTPAKEHHBIX CUTHAJIOB M, KaK CIIEJCTBUE, PABHOMEPHOE I10JIE B 30HE
HU3MEPECHUM.
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CoBpeMeHHBIE PAAMOIKPAHUPYIONINE W PaIHONOIIONIAIONINE MaTepralbl OTIN-
YaOTCs JISTKMM BECOM M IPOCTOTOH MOHT@XHBIX padot. Pagmorornomaromue mare-
pHAITBI KPEISATCS MEXaHIMYECKHU TUTACTUKOBBIM KperexoM [4,5].

BaxxabM pakTopom nipu pazpaboTke 0e39X0BBIX Kamep sBIsieTcs opMa ceueHUst
KaMepbl U ee pa3MepoB. FIMEHHO OT 3THX MapaMeTpoB 3aBUCAT MaTepHAIbHbIE 3aTPATHI,
KOTOpBIE HEOOXOANMBI JUTI 000pyI0BAaHHS KaMEphI; THIThI UCIIBITAHUH, TIPOBOMMBIX B
HUX; MAaKCUMaJIbHbIE Ta0apUThl yCTPONCTB, KOTOPBIE MOYKHO HCIIBITHIBaTh. Kameps! ¢
MIOCTOSTHHBIM TTOTIEPEYHBIM CEUYCHHEM HanOoJee IPOCTHI B PeasTU3anui.

B mpoekte paspabarbiBaeTcsi Kamepa NpsIMOYTOJIBHOTO CEUSHUs TS J1a00paTopuu
aateHH [ UY A. Pa3mepsr nmabopatopun: umHa — 9 m, mmpuHa — 6 v, Beicota - 3,30 .
OpHako HeoOs3aTENbHO BCIO TaOOPATOPHUIO MOKPHITH PaAHONOIIOMAOIINM MaTepra-
J0M. J[0CTaTOYHO MOKPHITH TOJMBKO pabodyro 30HY Kamepsl. Pabouas 30Ha Kamepsl
UMeeT CICAYIOLINE pa3Mepbl: JUIMHA — 7 M, IHUpHHA — 5 M, BbIcOTa - 3 M (puc. 3).

JlaGopaTopusi aHTeHH 000py10BaHa KOMIUIEKTOM I'€HEpaTOPOB M H3MEPUTEIBHBIX
MIPUEMHHKOB, TIEPEKPBIBAIOIIUX AUara3oH 4actot ot 3 mo 10 [ 7y.

Puc. 3. [IpumepHnulii 6uo rabopamopuu aHmeHH

OnTuMaNbHBIC YTIBI HAKJIIOHHOW CTE€HBI COCTABIISIFOT 25° 1 MeHbIIe [3]. IIpu Takom
HAKJIOHHOM YTIIE JIy4H, aJalolIie Ha CTEHKY, OTPaKAIOTCS B TIOTOJIOK U MPETEPIICBAIOT
e OJTHO OTPaKEHHUE 10 o aHus B pabouyro 30Hy. Ilpn pazpaboTke 6€39X0BOM Ka-
MEpBI B 1a60PaTOPHH AHTCHH BBIOMPACTCS HAKIIOH 3aHeil crenku Ha yroin 15° (puc. 4).
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3aIHss CTEHKA

i

A i

Puc. 4. Buo nakionnoi 3a0neti cmenku

JI1s IpOBEICHUS] MHXKCHEPHBIX PACUCTOB 0E39XOBBIX KaMep HCIIOJIb3YIOTCS METOIbI
reOMETPUYECKOI ONTHKH, T.€. IOCTPOCHUE X0/a JIyyel BHYTPH KaMephl ¢ y4eTOM OTpa-
JKEHHSI UX OT CTEHOK Kamepsl (puc. 5). B ocHOBe pacuera JeKUT MOCTPOCHHE JIydeH,
BBIXOJSIIUX W3 W3Iy4aTeslsl M OTPaKaIOUIMXCS OT CTEHOK Kamepsl. Jlyun crposiTes
TakK, 4TOOBI B TOUKE OTPAKEHUsI BBIMOJIHSUICA 3aKoH CHemnyca.

L

A

15°

K

Puc. 5. Pacnpocmpanenue yueil 8 kamepe

U3 puc. 5 BuzHO, uto yrom KOD = 60° snsiercst kpuTraeckum. CIeayeT HCKITo-
YHUTH CIy4ad MalbIX YIJIOB, T.K. Jy4, IEPEOTPA3UBIIUI HECKOIBKO pa3 OT 10Ja U I10-
TOJIKa, BCE PAaBHO IMOMajaeT B pabounii 00beM, HO MOIITHOCTh CUTHaa OyaeTr Mana, u
caM TIepeOTPaKEHHBIH CUTHAI He OyJIeT UIMETh CHJIBHOTO BIIMSIHHSI HA OCHOBHOM CHTHAJL.
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3ony ABEL HEoO0Xxommumo MOKPHITh paJroTIoOTIONIalonM MaTepuaioM. 1Ipu coznannn
0€39X0BOM KaMepbl IPUMEHEHO MOIYJIBHOE KOHCTPYHPOBAHUE, KOTOPOE 00ECIeYNBACT
HOBBIIICHHYI0 MOHT2XXHYI0 THOKOCTh KOHCTPYHUPOBAHHBIX KPEIUIEHUH. 151 HOKPBITHS
CTCHOK JIa0OpaTOPHH PaIuONOINIONIAONIMM MaTepUaJoM HEOOXOIUMO Pa3MECTHUTh B
HEH MOZYJbHBIE KOHCTPYKLUH, KOTOpPbIE 00ECIIEYMBAIOT BHICOKUE PATUOTEXHUUECKHE
XapaKTepUCTUKU 0€39XOBBIX Kamep, 0ojee HU3KHE 3aTpaThl HA MX CO3AaHHUE U BHITOAHBI
KaK TIPH M3TOTOBJICHUH HOBBIX COOPHO-Pa30OpPHBIX 0€39XOBBIX KaMep, TaK U IPH pe-
KOHCTPYKIHHU CyLecTByromuX. Hanpumep, non 1 noTonok 1abopatopuu MOTyT ObITh
coOpaHbl Ha MOIYJISIX pasMepoM 1 mX1 .m, Ha KOTOPBIX OyleT HATSIHYT PaluoIorIo-
maroumii Matepuai. bokoBble cTeHsl 1abopatopun OyIyT UCIIOJHEHBI B BUAE 3aHABE-
ceif-kanro3ell U3 paAroNoriIomaniero Matepuana. Hakimonnas creHa (ukcupyercs
Ha TOJIy MOJ] MPEAYCMOTPEHHBIM YIJIOM C IOMOIIBIO CHELHANBHBIX KPEHEKHBIX IUIAHOK.
Ha ocHOBe cTaHAapTH3MPOBAaHHBIX KOMIIOHEHTOB MOXXHO PEalM30BaTh DPA3IHYHbIC
KOHCTPYKITMH C YY9E€TOM BO3MOXKHBIX pa3mepoB. /s mabopaTopun aHTeHH OBLT BBIO-
paH panuonoryomaromyi Matepuan "KpoHa", TeXHUYeCKUE XapaKTEPUCTUKU KOTOPOIo
TpuBeIeHBI B Tabmuie [5].

Tabnuya
Texnuueckue xapaxmepucmuku paouonoznowarowezo mamepuana " Kpona"

Jwamna3oH 1uH BOJH 3P PEKTHBHON pabOTHI 0,8..23cm
KoadduuueHT oTpaskeHust Py HOPMAIHLHOM A ICHUN
3JIEKTPOMAarHUTHOM BOJIHBI HA IJIOCKYO, 3aKPBITYIO 17...41 oF
PaIvoNOTIOMAIOIINM MaTepruaoM METaJUTMYECKYIO TOBEPXHOCTD
Bec Bappupyercs ot 250 110 700 2/m”
Boponornomnieane TOKpBITHS He 6onee 20%

st 6e33x0Bol Kamepbl 1laboparopur anteHH [ UY A, ocHOBBIBasich Ha MaTeMaTu-
YEeCKHX pacueTax, Ipu HMOroHHOM pasMmepe 1 . morpebyercs 58 ...60 m pagmomnorio-
HIAIOLIETO MaTepuana.

3axmovenue. Pazpaborannas 6e3>xoBasi kamepa B Jaboparopun anteHH [ UV A
MO3BOJIUT:

v/ [OBBICUTH TOYHOCTH PE3YJIbTATOB H3MEPEHHUIA,

v/ [IPOBOJIUTH ATTECTAIMIO aHTEHH Pa3IMYHOrO Ha3HaueHWs COBMeCTHO ¢ Ha-
[IUOHAJIHFHBIM HHCTUTYTOM METPOJIOTHH;

v/ M3MepATH mapameTpsl 0osiee KPYIHBIX 10 rabapuTaM aHTeHH, (pa3supOBAHHBIX
anTeHHbIX pemeTok (DAP) u aktuBHBIX PAP B OnikHel 30He;

v/ M3MepATh MapaMeTpsl MaaorabapUTHBIX AHTEHH, MOOWIBHBIX Tele(OHOB, a
TaK)Ke aHTEHHBIX YCTPOWCTB OJIMKHEH CBsi3H, Takux Kak Bluetooth u WiFi;

v/ CYIIECTBEHHO PACIIMPUTh OOBHEM MOCTABJIEHHBIX JJA00PAaTOPHBIX PAOOT MO aH-
ternam CBY nmuamaszona B yueoHOM mporiecce Y A.
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L.Iv. bU2USr3UL

ULUr2UQULL UGL8UYDL LUMUGONRUL 2N&2 TILSELULEP
LULNLUSACPUSNRU ULSELUSPL ALNBEUANGh QUOUUL ZUUULN

Thuwplynud E whwpdwquip ukiyulh bwpwugsnidp 2N&Z2 winbktwubph jwpnpunn-
nhuynud: Zhdudbnd Epipuswhwljut oyunhuyh dbpngubph Jpu’ whwpdwquip ukiyul
twpuwgstihu Yhpunqws b dngnyuyhtt junnignud: 2MN&2 jwpnpunnphunid whwpdwgup
ukiyulh wejuynipniup poyp juuw wljnhjugub] hyybu niunidbwlu, wjiybu b ghnwht-
tnwuqnuuljut gnpéntubnipniip hwdwjuupuwinad:

Unwigpughll punkp. wunbkught swhnmdubp, ninnudnipjut nhuqpud, wihph tplw-
nnipnil, whwpdwquip ukiyul, punhnljjuihy tynip:

L.KH. KHACHATRYAN

DESIGNING AN ANECHOIC CHAMBER FOR PARAMETER
MEASUREMENT IN THE ANTENNA LABORATORY OF SEUA

The possibility of designing an anechoic camera in the Antenna laboratory of State
Engeneering Univesrsity is considered. Based on the methods of geometrical optics, at
developing an anechoic camera, modular design is applied. The presence of an anechoic
chamber in the laboratory will allow to activate the educational and research activity at the
university.

Keywords: antenna measurements, radiation pattern, wavelength, anechoic chamber,
radioabsorbing material.
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ISSN 0002-306X. U3B. HAH PA 1 TUYA. Cep. TH. 2014. T. LXVII, Ne 4,

YIK 621.52 +511.52 ABTOMATU3AIIUA U
CUCTEMBI YIIPABJIEHUA

C.0. CUMOHSIH, I'.B. AJAMSH, A.C. CUMOHSIH, JI.B. ITPA3SIH

AEKOMITIO3UIIMOHHBIE METO/Ibl OITPEJEJEHUS KOMIIJIEKCHBIX
OAHONIAPAMETPUYECKUX OBOBLIEHHBIX OBPATHBIX MATPHUIL (11)

IIpennoxeHpl KOHCTPYKTUBHBIE JEKOMIIO3ULIMOHHBIC aHAIUTUYECKUE U YHCJICHHO—aHaJIu-
TUYECKUE MATPUYHO—BEKTOPHBIE METOJIBI ONPEACICHHUSI KOMIUIEKCHBIX OJHONIApaMETPUUECKUX
000011IeHHBIX 00paTHBIX MaTpul] Mypa—IleHpoy3a. UnucieHHO—aHATUTHYECCKAE METO/IBI OCHO-
BaHbl Ha quddepeHnnansHpIX npeodpazoBanusx [lyxosa.

Knrouesvie cnosa: KOMIDIEKCHAS OIHOMIApaMETpUUecKasi MaTpPHIA, JEKOMITO3UIHsA, Audde-
peHIMaNbHbIe MpeoOpa3oBaHus, 0000IIeHHas 00paTHasi MaTpHld, KOHCTPYKTHBHBIE MaTpPUYHO—
BEKTOPHBIE METOBI.

Beenenue. B pa6ore [1] mns onpeneneHnss KOMIUIEKCHBIX OJHOMApaMeTPHUUECKUX
0606meHHBIX 06paTHBIX MATPUL] X(t)nym = A*(t) mpu matpumax A(z) € C™" ¢ anann-
TudeckuMu dnementamu &;(t), i=1,m , j=1,n Ha OCHOBE WCMONB3OBAHUS MEPBOTO
ycioBus Mypa-Tlenpoysa [2]

A - X(©) -A(t) = A®®) 1)

u auddepenimansapix npeodpasoBanuii [Tyxosa [3] ObuH TPEAIOKeHbI KOHCTPYK-
THBHBIC JICKOMITO3UIIMOHHBIC AHATUTHYECKHE U YHCICHHO—aHAIUTHYECKUE MaTPHUHO-
BEKTOpHbIE MeTObl. B HacTosiieil pabote mpemiaratoTcsi aHAIOTHYHbIE METOIbI OITpe-
nenenus tex e marpuil X(t), ocHoBaHHbIe Ha BTOpoM ycioBru Mypa—ITlenpoysa [2]:

X()-A(t) - X(t) = X(¢) )

u muddepeHnmanbHbIX npeodpasoBanusx ITyxosa [3].
3aMeTHM, 9TO B 00OWX CIy4asiX JOJDKHBI ObITh BBHIMOJNHEHBI TAKXKE CIIEAYIOIINE
TpeThe U YeTBepToe ycioBus Mypa—Ilenpoysa [2]:

[A XD *=AWXD, ©)
[XW-AW]* = XO-A®R), (4)

JIe CHMBOJT * — 3HAK KOMILIEKCHOTO COMPSHKEHHS.
HW3BectHO [4], uTro cooTHOmEeHus (1)-(4) Bcerna UMEIOT MECTO, BHE 3aBUCUMOCTH
OT BBITTOJTHEHUS CIICTYIOLIUX YETHIPEX BOSMOXKHBIX JJBOMHBIX yCIOBHIA:

1. a) A®) - X(t) = Emxm 6) X(@©)-A(t) = Enxn (5)
2. a) A®) - X(t) = Ermxm 6) X(&)-A(t) # Enxn (6)
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3.8) A(t) - X(t) # Emxm » 6) X(t) - A(t) = Enxn ; ()

4.2) A(t) - X(t) # Epemn » 0) X(t) - A(t) # Epyxn - (8)
MaTteMaTHYeCKHUI anmapar. Hpe[[CTaBI/IB HNCXOOHYIO MaTpHUIly B BUAC

A®mn = BOmxn + - C(mxn » (9)

rae | = v—1 — MHMMas eJMHUIIA, a COOTBETCTBYIONIYIO €if 0000IICHHYI0 00PaTHYIO
MAaTpHILy - B BUJIE

X(t)nxm =A" (t)nxm: G(t)nxm + J : H(t)nxm ) (10)

B kotopoM B(t) u G(t) — maTpurel aeicTBuTenbHbIX yacTeit, a C(t) n H(t) — maTpuisr
MHHUMBIX yacteit Matpuil A(t) 1 X(t) cooTBeTCTBeHHO, OyaeM ONEpUPOBATh YCIOBHEM
Mypa—Ilenpoysa (2), mpu KOTOpOM

X(®) = GO +JHO)= XO-AWX®) = [GH) +jH®] - [BO) +-CO] - [GO) +jHD] =
= G()BM)-G() - GU-CH)-H) - HY-B(U-H(T) - H)-C(H)-G()+
+J(GU-BU-H(Y) + G(H-C(H-G(t) + H-BX)-G(O) - HY-CHOH®D) . (11)
Hanee, uMeeM claeIyOLIYI0 CUCTEMY MAaTPUYHBIX YPaBHEHUH BTOPOro IMOpsIKa C

Heu3BecTHbIME Matpuiiamu G(t) u H(t), mopoxnéunyto npupaBHUBaHUEM JCHCTBU-
TEJIbHBIX ¥ MHAMBIX CJIaraeMbIX B JICBOH U MMpaBoil yacTsax cooTHomenus (11):

G)=GE®)-B®)-G1)—G(t) - C()-H(t) —
—H(t) B(t)-H() —H()-C(t) G(¢),
Ht)=G({t)-B(t)-H{t)+G(t)-C(t)-G(t) +
+H(t)-B(t)-G(t) —H(t)-C(t)-H(t).

(12)

Ananutryeckoe perienve (1-i Bapuanr). JIerko MOXKHO YOIUTHCS, YTO CHCTEMY
MaTPUYHBIX ypaBHEHUH (12) MOXKXHO TPEACTAaBUTH B BHJE CICAYIONIET0 MaTPUYHO—
0JIOYHO—CTOJIOLIEBOTO SKBUBAJICHTA

G(t) -B(t)—H(t)- C(t). —G(t)-C(t)—H(t)" B(t)] G(t) G(t)

G)-C(t)+H(®) B(t)! G@)-B{t)—H()-Ct)] LH®) 1'{(}')] (13)

501051
COLAO) [ se) (6] e gy
H(t) ! G(t) 2nx2m C(t) B(t) 2mx2n H(t) 2nxm H(t) 2nxm,
OTKyJa
G(e) i=H(t) NEIORRI0) -
FICREC W e oy ML 1)



HIIn

G(e) 1 —H() B(t) 1=C(t)

----------- (16)
H(t) ! G(t) Lanm C(t) B(t) ]anZm
YTO TMOJHOCTHIO COBMajacT ¢ perieHueM (16) paGotel [1], MOlydeHHBIM Ha OCHOBE
HCTIONIb30BaHus ycaoBus Mypa—Tlenpoysa (1).
Ananutudeckoe perienne (2—i BapuanT). CucteMy MaTpudHbBIX ypaBHeHnH (12)
MOJKHO TIPEICTaBHTh B BHUJE CIEAYIOIIETO MAaTPUYHO—OIIOYHO—CTPOYHOTO HKBHBA-
JIeHTA:

B(t)-G(t) —C(t)-H(t) .C(t) G()+B()-H()] _

LGWHO | 60y 6 =B HO T O 60 = ¢ A®) =
=[G()'H(t)] (17)
5010%0
. [BOCO] 6O LHO]  _
[G(t) ! H(t)]anm —C(t) i B(t) — H(t) ' G(t) prcam =
= [G(t) : H(t)]anm ’ (18)
OTKyJa
B(t)_1C(t) HONLIO
C(t) B(t)]meZn H(t) G(t) 2nx2m EZmXZm (19)
NN
G(t) . H(t) B(t) ' cO

I = [l B (20)
—H(t) ! G(t)]anzm —C(@©) ! BO)yom
YTO MOJHOCTHIO coBmajaet ¢ perienueM (20) paGotsl [1], MONydYeHHBIM Ha OCHOBE
UCIoJib30Banus ycaoBus Mypa—Ilenpoy3a (1).

YHucneHHO—aHANUTUYECKUE pelieHus. Tenepp nepeidieM K PpacCMOTPEHUIO

YHUCIICHHO—AHATNTHYECKUX METOJIOB PEIICHUS MCXOMHOM 3a[a4uH, TPEIIIONI0KHB, YTO
aust matpun A(t), B(t), C(t) u X(t), G(t), H(t) c ananmuTuueckuMu eMEeHTaMH HMEIOT
MeCTO MaTpuuHble TH(PepeHIIaTbHBIC TPe0OPa30BaHUs
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HE aKA() —
AK) == ZE8 ), K=0,0 = B(t) = X, (t,t, H,A(K),K =0,00),  (21)
K K R
BK) =1 220, K=0,0=B(t) = X, (t,t, H,B(K),K =0,0),  (22)
k K I I
CK) =" 250, K=0,00 = C(t) = M3 (t,t, H,C(K), K =0,0),  (29)
K K -
X(K) =" 28 L K=0,00 = G() = M4 (¢, 6, H, X(K), K =0,0),  (24)
_H* a6 o _
G(K) = v .Wlf:fv’ K=0,00 = G(t) = #5(¢t,t,,H,G(K),K =0,00), (25)
Hk oKH S _
HK) = =00, K =0,00 = H(t) = M4 (t, t,, H, H(K), K = 0,0),  (26)

rae A(K), B(K), C(K) u X(K), G(K), H(K) — maTprunbie u300paxeHus (IHCKPETHI)
Matpuunbx (ynkmuit A(t), B(t), C(t) u X(t), G(t), H(t) (opurunanos); K=0, o - nemno-
YHCJICHHBINA apryMenT; H — MaciutaOHbIi K03 GUIHEHT; £, — UEHTP ammpoKCUMAIIUH;
CHUMBOJI = — 3HAaK MepPexoia U3 00JNAaCTH OPUTHHAIIOB B 00JIACTh M300pasKeHU (NpsiMbIe
nipeodpazoBanus); M, (-) — My () - HEKOTOpBIE ANMIPOKCUMHPYIOIIME (PYHKIMH, BOCCTa-
HapJMBaroume opuruHansi-matpuist A(t), B(t), C(t) u X(t), G(t), H(t) coorBeTcTBeHHO.
1- # Bapmant. [lepeBoa momyderHoro B coorBercTBuu ¢ (13) u (14) maTpudHo-
OsouHoro ypaBHeHus (15) u3 o0jacTu OpUrMHAIOB B 007acTh Au(QepeHIIHATBLHBIX
m3o0pakenuii ¢ yaérom (21) - (26) IpUBOAMT K CISAYIOMIEMY ITPEICTABICHHUIO:

K
GO -HAO] BE =D =CK=D]_ .. 0o
2 i@ aay | [0 b ]~ Erow0K =0 @7
rae 6(K), K = 0,00 — TeiopoBcKas eaununa [3]:
1l,ectu K =0,

S(K) = {

0,eczin K > 1.

W3 MaTpuaHO—OJI0YHOTO CTIEKTPAIEHOTO COOTHOMIEHHS (27) MoIydnM:
mpu K = 0:

H(0) 7 6(0) 'me ' ['C'(d)";“]j(‘d)" = Eppxan »
OTKyJa
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GO . -H (0)]

_[B(0)  —c(O)*
H(0) 7 G(0) [ ] (28)

~ 1c(0) + B(0)

2nx2m 2nx2m

YTO MOJHOCTBIO coBmaaacT ¢ pemeHueM (20) padotsl [1];

mpu K = 1.
G(0) 1 —HO)] [1_3_(_1_)_ 1=C _(_1_)] n [_G_(_l_)_ iz H_(_l_)_] : [!—"i(_Q)_ . :_C_(_Q)_] [_0_ 10
H() ' G(0) ] [c(1) '+ B(1) H(1) ' G(1) ] lc() + B(0) 0:0
OTKyJa
G 1 —HA)] _ [9_(9)__:!7!(_9)_ . [Fi(_l_)__:_c_(_l)_ . [Pi(_Q)_____C_(_Q)_ (29)
H(1) ' G(1) H) '+ ¢(0) ] 1c(1) + B@) | [€(0) + B(0)
YTO J0JI2KHO TIOTHOCTBIO COBIACTH ¢ pemeHueM (29) padotsl [1];
opu K> 1:
G(K) 1 —H(K)]. [ﬁ(_o_)_ 1=CO)] _
o H(K) v G(K) Cc(0) ' B(0)
Z {Q@_-:HU)_ : [EQ_(___)__:_C_(K )]
HD) + G CK-0)+ B(K-1)
OTKyJIa
[G_(K_)__:_H_(_If )]
H(K ) v G(K)

Z[GQD___—_H_(_D] B(K =1 =CK =D [BOI=COI" 5o
HO ' ¢ | lcck-1 BEK -1 c) ' BWO)]1 "’

YTO J,0/KHO TOJIHOCTBIO COBMACTH ¢ perenueM (29) padotsr [1].

2— it Bapuant. [lepeBox nonydenHoro B coorsercTBuu ¢ (17) u (18) marpudso-
osounoro ypaBHeHus (19) u3 obnactu OpUTrHHANOB B 00JaCTh AU QEpEeHITHATEHBIX
n300paxkeHuit ¢ yuérom (21) - (26) IpUBOAMT K CIEIYIOMEMY MTPEICTABICHUIO:

Y R T

W3 MaTpruHO—OJI0YHOTO CIIEKTPaIbHOTO coOoTHOMmEHU (31) momydnm:
npu K = 0:

B(0) | €(0) G(0) 1 H(0)

—C(0) B(O)mezn —H(0) ! "5;‘({)‘)'] = Eymxom »

2nx2m
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OTKyZa

ORI OB 32
—H(0)1 G(0) ]y, 0 —C(0)! B(0))y,2m
YTO MOJHOCTBIO coBmaacT ¢ pemenueM (33) padotsl [1];
mpu K = 1:
[_1_9_(_0)_'_?_(_0)_]. G(1)_ _H_(_l_)_] + [_5_(_1_)_;_?_(_1).]_ _G_(Q)_l_li(_o)_] 0.0
c): B(0) |-HW! ¢()] T l-c@)' B(1) H(0)' ¢(0)] lo: or
OTKy/1a

[_G_(_l)_i_!i(l_)_] [_B_(Q)_l_é'_@_)] [_FZ(_l_)____C_(_l_).] : [ G (0) HO)].

—-H(1)' G(1) c(0)' B(0) C(1)! B(1)
mpu K > 1:
[_ B(0) ;. _C_(P_)_] GK) 1 HK)] _
€(0): B(0) L —-H(K)' G(K)]
—Z [_B_@_)_.__c_(_lz . __G_(!{_—__l)___f’_(!{___l)]
ch: B() HK-1D) G(K-D/I
OTKyJa
G(K) 1 HEK)] _ _5@_1_@_(92]*)(
—H(K): G(K) P C(0): B(0)
B() ' c) G(K-1) 'HK-1
§ Z eartral eyt oa=n] G

YTO MOJIHOCTBIO COBMaaeT ¢ pemenueM (36) padotsr [1].

3ameuanue 1. Anamutndeckue pemieHus (16) u (20), ecTecTBEHHO, MOTYT OBITh
NPAaKTHYECKU UCIIOIb30BAHbI MPH MAJIBIX 3HAYSHUSIX M U N U CPAaBHUTEILHO MPOCTHIX
anementax mMatpuil B(t) u C(t). B obmiem cityyae 3 peKTHBHO MOTYT OBITH HCIIOJIB30-
BaHBI YHCIIEHHO-aHanuTHYeckue pemenus (27) - (30) u (31) - (34) npu BoccTaHaBIH-
BAIOIIMX COOTHOLICHUSX — MPaBbIX yacTax (22), (23) u (25), (26).

3ameuanue 2. J[eKOMIO3UIIMOHHBIE PEKYPPEHTHBIE BBIUYMCIUTEIBHBIE CXEMBI
(27)-(30) u (31)-(34) obnagaroT 1BOWHOI M30BITOYHOCTBIO M3-3a MOJISIKAIIUX OIpe-
JIeTIeHNIO HeM3BeCTHBIX MaTpruHbIX juckpeT G (K), H(K); K = 0, 00, IBaskIbI BXOAIINX
B JIEBBIE YAaCTH 3THUX CXEeM. Takol ke U30BITOYHOCTHIO O0JIAJal0T M aHAIUTHYECKHE
pemtenust (16) u (20) ¢ TouHocThIO 10 ofHOMapamerpudeckux marpuir G(f) u H(t).
OtuMH 00CTOsATEIbCTBAME 00YCIIOBICHA HEOOXOJAMMOCTh HMCIOJB30BAHUS JIBOMHOTO
00bEMa MaMSITU MIPU MPOTPAMMHUPOBAHUN COOTBETCTBYIONIMX BBIYMCIUTEIBHBIX CXEM,
YTO SIBJISETCS MX OYEBUIHBIM HepocTtaTkoM. OHAKO 3TO siBisieTcss U d(PEKTHBHBIM
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KOHTPOJIBHBIM YCJIOBHEM MPABUILHOTO W TOYHOTO OTPEIC/ICHUS] HEM3BECTHBIX MAaTPHU-
upix auckper G(K),H(K); K = 0,00, umu marpun G(t) u H(t), u, crenosarensHo,
HEU3BECTHON 00001eHHOW 00paTHO# MaTpuibl X(1).

3ameuanue 3. C yuérom (9) u (10) nBoitHbie yciaoBus (5) IpuoOpeTaroT CIeayro-
U BUJI

La)A®)-X(@t)=[B(t)+ j-C@®]- [¢@®)+ j-H()] =
= [B(t) G(t)—C(t) -H®)] +j-[B(t) -H(t) +C(t)  G(t)] = Epzm »
OTKyJ1a

{B(t) G(t) _C(t) H(t) - mxm
B(t)-H(t)+C(t)-G(t) =0,

WA B MATPUIHO-0JI0YHO-CTOIOIIEBOM BHIE:

B(t) :_C(t) G(t) _ mem
e el sl =l (39)
) X(@)-A@®) =[G(®)+ j-H®)]-[B() + j-C@®)] =
=[G@)-B() —H@)-C(®)] +j-[G()-C(t) + H(t) - B(t)] = Enyn ,
OTKyJa
{G(t) ) B(t) - H(t) : C(t) = Enxn ’
Gt)-C(t)+H(t)-B(t) =0,
HnJIn B ManI/IHHO-6HOT-IHO-CTp0‘-IHOM BUJEC:
. B@®) 1 C@) .
G H n2m =7 " DBrA = Enxn 'Onxn nx2n - 36
GOHOban [505 55| = uon Ol (36)

Takum oOpa3om, JaBOMHBIC yCiIoBUs (5) A aHanuTH4YecKux peuieHuii (16) u (20)
tpancdopmupyrotes B yciosus (35) u (36). AHaIOrHYHO JUIs BOWHBIX ycnoBwid (6) - (8)
COOTBETCTBEHHO OyeM UMETh

B(t)_1=C(t) e = [Zrxm
2.a) C(®) ' B(t) P L (9] P [ mxm]mem’
6) [G(D) ;H(t)]anm ) [__Bé{g)_f_g%i%]z , # [Enxn ;Onxn]ann- (37)
B(t) 1-¢®) G(t) Epm,
> a) [C(t) : B(t) 2mx2n [H(It) 2nxm ” [ mxm ]mem’
) GO OLman L1051 50] = B O bz (3)
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)

B(t) ,=C®) M40
4.2) [C(t) "B ] ]
"B(e). ()

¢ [mem
2mx2n H(t)
6) [G () H ()] nx2m [—C(t) ' B(t)

2nxm Omxm ]mem

* [Enxn ionxn ]ann . (39)

2mx2n

Yro xacaercs unclIeHHO—aHanmuTHYeckux pemenunii (28)-(30), (25), (26) u (32),
(34), (25), (26), To nBoitabIe yemoBus ((35), (36)) u (37); (38); (39) ocrarorcs B cuie u
37€Ch, OAHAKO JIMIIb C TOYHOCTBIO JIO ANIPOKCUMHUPYIOUIMX COOTHOLICHHH
Ms(*) u H(-), BmMecto Tounbix pemmennit G(t) u H(t), moaydeHHBIX B COOTBETCTBHH C
MaTpUYHO-OJI0YHBIMU TipeacTaBneHusME (16) u (20).

3ameuanue 4. Tpetbe u weTBepToe ycnosust Mypa-Ilenpoysa (3) u (4) ipu neiicTBu-
TENBHBIX OHOMAPAMETPUIECKHX MATPHUIIAX, OYEBHIHO, TPAHC(HOPMUPYIOTCS B YCIOBHUS
CHMMETPUYHOCTH. B 000MX ciiydasx ¥ MpH AEHCTBUTENBHBIX, U MPU KOMIUIEKCHBIX
OJTHOTIAPAMETPUYECKUX MATPULAX OHH CIYXaT d(P(PEKTHBHBIMUA KOHTPOJIBHBIMH YCIIO-
BUSIMHU ITPABUIIHOCTH BBITTOJTHEHHBIX BHIYUCIHTEIBHBIX ITPOIIEAYP.

3akaouenue. [IpeioskeHHBIE IEKOMITO3UIIMOHHBIE MATPUYHO-BEKTOPHBIE METO-
IBI IOCTATOYHO TPOCTHI M JIETKO Pealn3yeMbl CPeICTBAMH COBPEMEHHBIX MH(OpMa-
IMOHHBIX TeXHONOTuH. OHM 00J7alal0T AOCTATOYHO BBHICOKOW BBIYHCIHTEIHHON 3(h-
(heKTHBHOCTEIO.
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U.Z. UPUNL3UYL, .9, UTUUSUL, U.U. UPUNL3UL, LY. 1NUL3UL

YNUINLERU UPUNULUUTESMUYUL CULRZULITUSYUO 2UUUTUNQ UUSCPSLED
NCNTUUL 16uNUNNRShNL UGENYIUEL (IT)

Unwownlyt) L Unip-Mkupnniqh Yndwitpu dhwywpwdbnpulwt punphwipugdus
hwjununpd dwwnphgubph npnpdwt Yntunpnijnhy gindynghghnt wbhwjhwnpl b puw-wbw-
1hunhly dwnphgu-JEjunpughtt dipngubp: Yhpehutipp hhdtdws tu Mnijundh nhbtipkughuy
Awthnjunipiniiubph Jpu:

Unwbgpuyhli punkp. Yndyy tpu vhuywpudbnpulut dwnphg, nkndwynqhghw, nhbk-
phughw) Abwhnpumipnitiutp, pinhwbipugyws hujunupd dwinphg, §ntunpnijnhy duwnphgu-
Jtjinnpuyht dkpanubp:

S.H. SIMONYAN, G.V. ADAMYAN, A.S. SIMONYAN, L.V. PRAZYAN

DECOMPOSITION METHODS FOR DETERMINING COMPLEX
ONE-PARAMETRIC GENERALIZED INVERSE MATRICES (1)

Constructive decomposition analytical and numerical-analytical matrix-vector methods
for determining Moor-Penrose’s one-parametric generalized-inverse matrices are proposed.
The above mentioned methods are based on Pukhov’s differential conversions.

Keywords: complex one-parametric matrix, decomposition, differential conversions,
generalized-inverse matrix, constructive matrix-vector methods.
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UDC. 62-50 AUTOMATION AND
CONTROL SYSTEMS

T.N. HOVHANNISYAN, N.H. VARDANYAN, E.R. KHARISOV,
O.N. GASPARYAN, N.V. HOVAKIMYAN

ON APPLICATION OF L1 ADAPTIVE CONTROL TO MULTIVARIABLE
CONTROL SYSTEMS

Part 1. General-Type Multivariable Systems

Some issues concerning the stability of multivariable square (i.e. having the same
number of inputs and outputs) adaptive control systems for rejection of external
disturbances are discussed. Based on the properties of positive real transfer matrices, it
is shown that such systems are stable for arbitrary large values of the adaptation gain,
even in the case of systems with right half plane zeros.

Keywords: multivariable control system, adaptive control, reference model, stability,
positive real system.

The paper examines application of L; adaptive control to multivariable control
systems [1]. L; adaptive control was developed to address some of the deficiencies
apparent in Model Reference Adaptive Control (MRAC), as loss of robustness in the
presence of fast adaptation [2, 3].The first part of the paper is devoted to application of
L, adaptive control to general-type square, i.e. having the same number of inputs and
outputs, Multiple-Input Multiple-Output (MIMO) control systems [4, 5], subjected to
external disturbances. Some essential dynamic features of that class of adaptive
systems are specified and discussed. A special class of the so-called uniform MIMO
systems [5] will be discussed in Part 2.

General-Type MIMO Systems. As a basic model of linear N -dimensional, i.e.
having N inputs and N outputs, MIMO systems with constant parameters let us
consider the system that can be expressed in the following standard state-space form:

%(t) = AX(t) + Bu(t),
y(t) =Cx(t),

where x(t) is an n,-dimensional state vector; u(t) and y(t) are N -dimensional
vectors of inputs and outputs; A, B, C are constant matrices of appropriate sizes. In

what follows, we will assume that system completely controllable and observable,
strictly stable (i.e. the matrix A is Hurwitz), and, maybe, with Right Half Plane
(RHP) transmission zeros.

)
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The MIMO system (1) can also be described in the operator form by the N x N
transfer function matrix W (s) ={w;(s)}, where w;(s) (i,j=12,..,N) are scalar
strictly proper rational functions in complex variable s. The elements w;j(s) on the
principal diagonal of W(s) are the transfer functions of separate (or direct) channels,
and the non-diagonal elements wj(s) (i= j) are the transfer functions of cross-

connections from the jth channel to the i th.
Generally, the transfer matrix W (s) is connected with the matrices A, B, C in
(1) by the formula [4]

W(s)=C(sl —A)'B, (2)

where | is an identity matrix.

Square MIMO systems can be divided into classes (or types) depending on their
structural properties. In this respect, if no conditions are imposed on the form of the
transfer matrix W(s) (2), we will refer to that system as a general-type (or just

general) MIMO system [5].
Disturbance Rejection by Means of Adaptive Control. In this section, we will
adhere to the L; architecture with state predictor and low-pass matrix filter presented

in [1]. Let an N -dimensional strictly stable MIMO system be described in state-space
by the following equations:
X(t) = Ax(t) + B(u(t) + o(t)),  x(0) =X,
y(t) =Cx(t),

where o(t) is an N -dimensional time-dependent vector of unknown externally
bounded (| o(t)| < Ap) disturbances that should be rejected by adaptive control, and

all other matrices and vectors have the dimensions as in (1).
The state predictor has the same structure as the system in (3):

3)

X(t) = AX(t) + Bu(t) + 5(1)),  %(0) =%,
y(t) =Cx(t),
and the only difference is that the unknown disturbance vector o (t) is replaced by its

estimate & (t) .
The disturbance rejection process is governed by the following adaptation law [1]

(4)

S6(t)=TB" P&(t), (5)

where &(t) = x(t) — X(t) is the prediction error, P (P=P" >0) is the solution of the
Lyapunov equation
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ATP+PA=-Q (6)

for an arbitrary symmetric positive definite matrix Q (Q =Q' >0), and the positive

scalar T" is called the adaptation gain [1].
The control signal u(t) of the system is given in operator form as

u(s) =Q(s)(kgr(s) —5(s)), (7)

where r(s) is an N -dimensional reference signal, ky isan N x N static (gain) matrix,

and Q(s) is the transfer matrix of a low-pass filter. In the simplest case, the matrix
Q(s) is chosen in the form

Q(s)=a(s)!, (8)
where q(s) is a strictly proper scalar transfer function ,usually, satisfying the DC gain

condition g(0) = 1. Its state-space realization assumes zero initialization.

The block diagram of the control system with the state predictor (4), the adaptive
disturbance rejection law (5), and control signal u(s) (7), is shown in Figure 1.

a(r)

r(r) u(r) x(1) »()
1 k%, 0O(s) x=Ax+ B(u+o)

X=A%+ B(u+6)

() =x(1)—2(1)

a(r)

Fig. 1. Block diagram of the adaptive MIMO control system with the state predictor and the
adaptive disturbance rejection law (5)

Thus, the architecture of the discussed adaptive control system represents a linear
MIMO system with integral feedback and therefore can be investigated by the
methods and approaches of linear multivariable feedback control [4, 5]. It should be
noted that due to the adopted L, scheme with the state predictor, the transfer matrix

Q(s) (8) in the control signal u(s) (7) is not present in the disturbance rejection law
(5). Let us consider in more detail the structure and performance characteristics of the
adaptive system in Figure 1. Toward that end, we introduce the n, x N transfer matrix

W, (s)=(sl —A)'B ©)
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relating the input to the system (1) with the state vector x(t), and the corresponding

(the same) matrix V\A/X (s) =W, (s) for the state predictor. Then, the block diagram in
Figure 1 can be recast to an equivalent form in Figure 2.

ol(r)

I

. =
B'PW (s)

I s

1

I

!

|

Fig. 2. Equivalent block diagram of the adaptive system in Fig. 1

Based on the block diagram in Figure 2, it is easy to derive the following matrix
equations of the adaptive system with the state predictor:

Y(5) = CW, (S)QUKq(5) + CW, (5)] 1 = Q)1 +Wp(S)] Wy (s) |o(s) . (10)
or, since CW () =W(s) [see equations (2) and (9)],
Y(S) =W(S)QUks T(5) +W(S)| 1 Q)1 +Wo(9)] " Wo(s) [oe) . (1)
where
Wp() = W 5): We (5) =BT PW,(5). (12)

As can be seen from (10), the output signal of the system y(s) consists of two
components generated, respectively, by the input reference signal r(s) and by the
disturbance o(s). Since the adaptive MIMO system in Figures 1 and 2 is linear, the

superposition principle holds and, according to the equation (10), the dynamics of the
system can be represented by two independent block diagrams in Figures 3 and 4.

Let us proceed to the stability analysis of the adaptive system in Figure 1. From
the block diagram in Figure 3, it is evident that it represents, since both transfer
matrices Q(s) and W (s) are assumed stable, a stable open-loop MIMO system, which

does not depend on the adaptation gain I". Therefore, no problem with stability can
arise here.
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r(1) ()

[ k, 0(s) w(s) >

Fig. 3. Equivalent block diagram of the adaptive system with respect to the input reference
signal r(t)

al(r)

— rB’PH'I(x)
A

Fig. 4. Equivalent block diagram of the adaptive system with respect to the disturbance o (t)

On the contrary, the block diagram in Figure 4 contains a negative feedback loop
with the open-loop transfer matrix W, (s) (12) and the following closed-loop transfer
matrix:

-1
Ry (5) =[1 +Wo ()] *Wo(s) {I {WB (s)} EWB (s). (13)

The characteristic equation of that system is
det[ | +W0(s)]:det[l +£WB(5)} 0, (14)
S

and, clearly, the poles of the adaptive system depend on the adaptation gain I", which
can be considered as the gain of the open-loop transfer matrix W, (s) (12).

Note now that, allowing for (9), the system with the N x N transfer matrix
W;g (s) in (12) can be written in state-space form as

%(t) = AX(t) + Bu(t),

15
Yo (0) = Cox(t) (15)

where
C,=B"P. (16)

Taking into account the form of the matrix C, (16) and recalling the Kalman-
Yakubovich lemma [1-3, 6], we come to a conclusion that Wg(s) belongs to the so-
called Positive Real (PR) transfer matrices for which the Hermitian matrix
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ReWs (jo) =2 Wa (o) + W (~jo) | a7)

is positive semi-definite (for brevity we shall write ReWg (jw) >0) for all real w, for
which je is not a pole of any element of Wy (s) .

To get some additional insight in that issue, we invoke the characteristic transfer
functions method [4, 5], on the basis of which the transfer matrix Wg(s) can be
represented in the following canonical form:

Wi (s) = L(s)diag{a (S)}LX(s), (18)

where the functions qu (s) (i=12,...,N) are called Characteristic Transfer Functions
(CTF) (we will assume them distinct), and the modal matrix L(s) is composed of the
linearly independent eigenvectors [;(s) of the matrix Wg(s). As shown in [5], the

condition ReWg(jw) >0 implies that all scalar CTFs qf(s) are also PR, that is

Re[qgP (jew)] =0 for all real . This also means that all g (s) are strictly stable and
minimum-phase, have relative degree (the excess of number of poles over the number

of zeros) 0 or 1, and the Nyquist plots of g°(jw) lie entirely in the right half complex

plane or, equivalently, the phases of q®(jw) are always less or equal to +90°.
Inspection of equations (12) shows that the matrices W, (s) and Wg(s) differ by

a scalar multiplier T"/s. Since the multiplication of transfer matrices (for s=const)
by a scalar multiplier does not change the eigenvectors and results in multiplication of
all eigenvalues by the same multiplier [5], the canonical representation of the matrix
W, (s) (12) will have, allowing for (18), the form

Wo (s) = L(s) diag{a; (s)}L(s), (19)

where
qio(s):gqu(s) (i=12,..,N) (20)

are the CTFs of the transfer matrix W, (s) (12), which differ from the CTFs g (s) of

Wg (s) by the multiplier '/ s . Therefore, the CTFs g’ (s) have relative degree 1 or 2
and are minimum-phase, even if the initial system W(s) (2) has RHP transmission

zeros. Besides, the phases of g (jw) are always less or equal to +180° (since the

phase shift of the pure integrator in g’(s) is constant and equal to +90°), which
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implies that the Nyquist plots of g(jw) cannot encircle the critical point (-1, jO),

irrespectively of the value of the gain I". In turn, the root loci of the CTFs g’ (s) (20)
will tend to infinity, as T'—>oo, along the negative real semi-axis or along the
asymptotes that are parallel to the imaginary axis and lie in the left half plane.
Summarizing, we have shown that the adaptive system in Figure 1 is stable for
any strictly stable transfer matrix W(s) and any value of the adaptation gain I". That

feature ensues from the fact that the transfer matrix Wg(s) (12) of the equivalent

MIMO system in Figures 2 and 3 always belongs to the class of PR matrices.
Example. Consider a two-dimensional (N =2) MIMO system with the transfer
matrix

500 18.75

W(s) = (s+2)(s+5) (s+0.5)(s+10) 21)
25 112.5
s+4 (s+1)(s+2)

and the matrix Q(s) =[1/(0.1s+1)]I .
The matrices A, B, and C of the state-space representation of that system are

-2 1 0 0 0 0 O 0 0
0-5 0 0 0 0 O 16 0
0 0-05 1 0 0 O 0 0
A=l 0 0 0 -10 0 0 O |,B=|0 4], (22)
00 0 0-4 0 0 4 0
00 0 0 0-1 1 0 0
|00 0 0 0 0-2] 10 8]
C{?,l.zs 0 46875 0 0 0 o] 23)
0 0 0 0 6.25 14.0625 0
The solution P of the Lyapunov equation (6) for Q=1 is
[0.25  0.0357 0 0 0 0 0 ]
0.0357 0.1071 0 0 0 0 0
0 0 1.0000 0.0952 0 0 0
P=| 0 0 00952 0059 0 0 0 (24)
0 0 0 0 0125 0 0
0 0 0 0 0 05000 0.1667
| 0 0 0 0 0 0.1667 0.3333 |
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The transfer matrix Wy (s) (12) for the system in (21)-(23) and the matrix P (24)
is diagonal (see Appendix A) and equal to

272(s +4.059)

0
_T| (s+5)(s+4)
Wo(s) = s 0 80(s +8.4) (25)
(s+10)(s+2)

The Nyquist plots, as well as the root loci of the diagonal elements w?;(s) and

WSZ (s) of the matrix W,(s) (25) are shown in Figure 5. As can be seen from the
graphs in Figure 5, the two-dimensional adaptive system with the transfer matrix W (s)
(21) is stable for any value of the adaptation gain T'>0.

10 ] 15

Imaginary Axis
Imaginary Axis

-10 ] -15

T 0 5 10 15 20 -10 0 10 20
Real Axis Real Axis

(@) (b)
Fig. 5. Nyquist plots (a) and root loci (b) of wl(s) and w3, (s)

The results of simulation of the two-dimensional adaptive system with the help of
Simulink for r(t)=[0,0]", sinusoidal disturbances with unit amplitudes in both
channels and the period T =6.28s, where the oscillations in the second channel are
shifted by +90 degrees, and three different values of the adaptation gain ' (T" =50,
I' =250, and T"=1000) , are shown in Figure 6. As can be seen from the transient

responses, the behavior of the adaptive system agrees with the frequency and root
characteristics of Wy(s) (25).

The examination of the root loci in Figure 5(b) and of the graphs in Figure 6
allows one to reveal another specific feature of adaptive systems designed for rejection
of external disturbances. From Figure 5(b), it is clear that if the relative degree of any

of the CTFs g/ (s) of the matrix W,(s) is 2, then, as the value of the adaptation gain T
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increases indefinitely, the corresponding root loci tend to infinity along the asymptotes
that are parallel to the imaginary axis and lie in the left half plane. In other words, the
imaginary parts and, consequently, the natural frequencies of the poles of the closed-
loop system with the transfer matrix F.(s) in Figure 4 increase as the gain T

increases. However, these poles do not have the opportunity to cross the imaginary
axis to the right-half plane. Because the estimation loop is decoupled from the control
loop, the external disturbance and noise cannot affect this pattern of the poles and
have no opportunity to lead to instability.

6 8 10 ) 2 4 6 8 10

Time (s)

(a) Control signal u(t) (b) Output signal y(t)

) 2 4
Time (s)

2 2 4 6 8 10 02 p) 4 6 8 10
Time (s) Time (s)
(c) Control signal u(t) (d) Output signal y(t)
0.3
0.2
0.1
0
-0.1
0 2 4 6 8 10 gl 2 4 6 8 10
Time (s) Time (s)
(e) Control signal u(t) (f) Output signal y(t)

Fig. 6. Simulation results: (a),(b) T'=50; (c),(d) T =250; (e),(f) I =1000
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Note now that the output signal y(t) of the adaptive system represents, since
r(t) =0, an undesirable (or error) motion, which is due to external disturbances. In this

respect, as can be seen from Figure 6, the increase in T' brings to smaller deviations of
y(t) from zero, i.e. to the higher performance of the L, adaptive system (the absolute

maximum deviation of the output signals for r=1000 is more than 20 times as small
as for r=50). The further increase in T will result in smaller errors tending to zero as
I'>ow.

Appendix A. The state vector x(t) in (1) can be chosen as a combination of state

spaces x; (t) of all transfer functions w;(s) forming the transfer matrix W (s) ={w (s)}
(2). Let us assume that each scalar transfer function w,(s) has the state-space
representation

% (1) = Ay () +byu; (0, v O =cixg @), (i=12...N), (A1)

where the orders of the vectors x;(t) are n;, the matrices A; are of size n; xn;, and

the sizes of column vectors b; and c; are n;x1. The system matrix A in that case
has a block-diagonal structure with the diagonal matrix blocks A;, i.e. A=diag{A;},

and the positive definite matrix Q (Q=Q" >0) in the Lyapunov equation (6) can be
chosen block-diagonal and matching the structure of the matrix A, i.e. Q =diag{Q;},

where Q; =Qj >0 (i,j=12...,N).

Under such conditions, the Lyapunov equation (6) reduces to the following set of
N? equations

AR +PRiA =-Q; (,J=12..,N). (A2)
It can be shown that, in such a case, the matrix W, (s) (12) is diagonal:
Wy (s) = diag {wy (5)} , (A3)

with the diagonal elements
Iy _
W (9) = D BRR(Sl A0 By (k=12 N). (A4)
i=1

Correspondingly, the transfer matrix F;(s) (13) also takes on the diagonal form:

Fs(s) =diag {M} : (A.5)

1+ W (s)
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and the characteristic equation (14)

det[l + diag {Wlfk (s)}} = ﬁ[l+ W, (s)] =0 (A.6)

k=1

splits up into N “one-dimensional” equations:
T N
1+;Zbﬁ<Pik(sl ~A) b, =0 (k=12,..,N). (A7)
i-1

These equations allow to investigate the stability of the N -dimensional adaptive
system in Figure 1 on the basis of standard methods of classical feedback control.
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SL. 20Y9ZULLPUSUL, L.2. YUMTULSUL, 6.2 ULPUNY, O. L. QUUAULN3UL, L.A.
2N9UuUbhU3UL

LULQUUUQ YWUNUYUNUTUL ZUULTYU QB NRU L1 ZULMT U 901 9QULUd UL T UL
YprUNRESUL YGIULGSUL

Uuwu 1. Cunhwimp wbuph puquuswih hwdwlupgbp

TYhunwplyws ki npnp hwpgtp, npnip wntyynid B wipunwpht Ypnnyuniupubpp skqnpug-
ubnt hwdwp twhpwnbudws hwpdwpynn punwlniuh (wyuhtipt” dnunpbph b Gptph dhliing
pwliuljt niikgnn) puquuswth junwjupdwi hudwljupgbph Juyniinipyup: Zhdudbng npu-
Jwl hpujwi hnjuwbgdwi dwnphgtph hunynpmnibbtph Jpu’ gnyg Eupgws, np wypyhuh
hwdwlwpgbpp juynit o hwpdwpdwt gnpswiligh judugyulwh dks wpdbpubph, tnyuhuly
wowlnnujut qpnutpny hwdwlwpghph nhwpnud:

Unwigpughll pupkp. junujupdw puqdusuth hwdwlupg, hwpdwpynn junwdwpnd,
surthwidnipuyhtt Unnly, Juyniinipnil, gpuljut hpuwh hwdwlupg:
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T.H. OTAHHUCSAH, H A. BAPIAHSH, E.P. XAPUCOB, O.H. 'ACITIAPSAH,
H.I'. OBAKUMSH

O IPUMEHEHMUHU L1 AJAIITUBHOI'O YIIPABJIEHHWS B MHOTOMEPHBIX
CUCTEMAX YIIPABJIEHUS

Yacrs 1. MHOFOMepHLIe CUCTEMBbI 06mer0 BHA

PaccMOTpeHBI HEKOTOpBIE BOTIPOCHI, CBA3aHHBIE C YCTOWYNBOCTBIO aJalTHBHBIX KBaIpat-
HBIX (T.€. IMEIOIIUX PAaBHOE YHCIIO BXOZOB M BBIXOJIOB) MHOTOMEPHBIX CHCTEM YIpaBJICHHSA,
MpeIHa3HaYeHHBIX s KOMIICHCAI[MH BHEIIHUX BO3MYyIIeHUH. OCHOBBIBasICh HAa CBONCTBAX I0-
JIOXKUTENBHBIX NEHCTBUTENBHBIX MEPEAaTOYHBIX MaTpHll, MOKa3aHO, YTO MOJOOHBIE CHCTEMBI
YCTOWYHBBI TIPH NTPOM3BOJIEHO OOJBIINX 3HAYCHUSIX KO (UITEHTa alanTaluy, JaxKe B cirydae
CHCTEM C IIPAaBOCTOPOHHUMH HYJISIMHU.

Kniouesvle cnosa: MHOTOMEpHAs CUCTEMa YIPABJICHUS, aJallTUBHOE YIIPaBJICHUE, ITAIOH-
Has MOZIENb, YCTOMIMBOCTB, MOJI0XKUTEIbHAS NEHCTBUTEIbHAS CHCTEMA.
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YAK 621.52+511.55 ABTOMATM3AIIUA U CUCTEMbI
YHPABJIEHHUA

T.A. HAJTHAKSH, I'.C. BAT'PAMSIH

MOJEJIMPOBAHUE U ABTOMATHU3ALIUA OLNEHKHU U
IPOTHO3UPOBAHMUS IMMOCTYIUIEHUA B TOCBIOI)KET

OG6Cy)Iar0TCsI BOITPOCH! KOJIMYECTBEHHO OLICHKH OFOKETHBIX TIOCTYILICHHI OT HAJIOTOB
U BO3MOYKHOCTH IMOCTPOCHHS KPUBBIX U moBepxHocTed Jlapdepa. [lokaszano, uro mpemarae-
MBI HHTErpajbHbIA KPUTEPUI HAJOTOBBIX MOCTYIIICHUH CO31aeT HEOOXOMUMbIC YCIIOBHS IS
ABTOMATH3ALUK OLCHKH MPH BCEBO3MOXKHBIX BapHAIMSIX MApaMETPOB HAJIOTOBBIX 3aKOHOB H
CTPYKTYpBI 0a3bl HanorooOnoxxeHus. PaccMOTpeH YiCIIeHHbIH mpuMep.

Knwuesvie cnosa: Monenb, OIOKETHBIC MOCTYIUICHHS, CTPYKTYpa 3apILiaThl, KPHUBbIC

Jaddepa.

UzBectHo [1], uTo amepukaHckuii skoHomucT Jladdep npu aHamm3e HAIOTOBBIX
MIOCTYIIEHUH B TOCYAPCTBEHHBIA OIO/DKET CAENaN TeOPETHIECKOe MPEATIONI0KEeHNE,
YTO TPW YBEIMYEHUH MPOIEHTHON CTaBKH HAIIOTOBOTO 3akoHa B mpenenax oT 0 1o
100% chHavana OrOJUKETHbIE IOCTYIJICHHS! BO3PACTAIOT, IOCTHras MaKCHMAaJIbHOTO
3HAYEHUsI PU HEKOTOPOM YWCIIOBOM 3HAYEHUM TPOIIEHTHOW CTaBKH, a 3aTEM IIOCTE-
MEHHO YMEHBIIAIOTCS JI0 HYJS MPH CTOMPOIIEHTHOM 3HAYEHHUH IMPOIEHTHON CTaBKH,
o0pasys “napaboNOBHIHYIO” KPHUBYIO, IPUYEM MM PACCMOTPEH CITydail, KOTrjia Hajo-
TOBEII 3aKOH UMEET TOJILKO OJIHY NIPOIIEHTHYIO CTaBKYy.

OpHako peanbHbIe HAIOTOBBIE 3aKOHBI YaCTO UMEIOT HE OJHY, @ HECKOJIBKO IIPO-
IIEHTHBIX CTAaBOK. J[JIs1 peasbHBIX MHOTOMAPAMETPUIECKIX HAIIOTOBBIX 3aKOHOB BBIBOIBI
Jladdepa mpakTHUECKH HETIPUMEHUMBI.

[IpennaraeTcst METO/T OIEHKH HAJIOTOBBIX MOCTYIUIEHUH B TOCOIOKET TI0 JIMHUU
MHOTOIIApaMETPUIECKUX HAJIOTOBBIX 3aKOHOB, JOIYCKAIOUIMA HENMpepbhIBHOE IHOO
TUCKPETHOE M3MEHEHHNE TPOIIEHTHBIX CTABOK, WIIH JIEIEHUE IIKAJBI a3kl HaJI0r000I10-
KEHHS B pa3yMHBIX Tpejienax.

Meron momyckaeT He TOJBKO MOCTPOCHUE OT/ICIbHBIX Y4acTKOB KpuBbIX Jladdepa
JUIs JTIOOBIX HAJIOTOBBIX 3aKOHOB TPU BapHaliy JIFOOBIX MapamMeTpoB (TIPOICHTHBIX CTa-
BOK WJIH JIEJIEHUSI IIKaJIbl) B OTJEIBHOCTH W OJHOBPEMEHHOM M3MEHEHUH JBYX U Oojee
mapaMeTpoB, HO M MOCTpoeHue “moBepxHocTeit” Jladdepa, 0AHOBPEMEHHO paccMmar-
pHBasi COTHU U 0oJiee BapUAHTOB M3Y4aeMOT0 HAJIOTOBOTO 3aKOHA C BBISBICHHUEM WX
BO3MO’KHOCTE.

CyTb MeTO/1a 3aKITI0YAeTCA B CIICAYIONIEM.

[ycte X — 6a3a HanorooOnoxenus. Jliist TF000TO HAJIOTOTUIATEbIUKA BEIMIHHA
9TOW 0asbl SBISETCS IMOCTOSIHHOW 3a pacdyeTHBIA MEPHOJl BPEMEHHU (JIOMyCTHM, 3a
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MECSII, KOT/Ia B KauecTBe 6a3bl HAJOTOOOIOKEHNS PACCMATPUBAETCS 3apad0THAs IIIaTa).
Ho B macmtabax Bcelt CTpaHBI, OTpaciy X03MHCTBA M KPYITHOH OpraHU3alii MHOYKECTBO
BEIMYHMH X; OOPa3yl0T MHOXKECTBO peaju3alluii HEKOTOpOW CIy4allHOW BEJMYUHEI,
NOJUYMHEHHOW HEKOTOpoMy IuddepeHIHanbHoMy 3aKkoHy f(X) pacmpeneneHus: Be-
posartHocTeii [2]. Oty QyHKIMIO OyaeM Ha3bIBaTh MaTEMaTHYECKOH MOJAECIBIO CTPYKTY-
pbl 6a3b1 HanorooOoxkeHus. O003HauYMB yepe3 ¢(X) MaTeMaTH4ecKoe MPeCTABICHUE
HAJIOTOBOTO 3aKOHA (OOBIYHO 3TO KyCOYHO- JHMHEWHas QYHKIHS X), YKaXXeM, YTO OHO
3aBHUCHT OT HECKOJIBKUX YHCIIOBBIX TTAPAMETPOB K, K5, .... U A1, A5, ... T/IC BETUYUHEI k; —
MIPOIEHTHBIE CTaBKHA HAJOTOBOTO 3aKOHA, a BENWYUHBI (q,d; ... - JEJICHUE IIKaJbl
0assl X.

Crnenys [3], B kauecTBe 00bema OFOKETHOTO MOCTYIUICHUS 10 JTUHUH OJTHOTO
CPEIHETO BUPTYaIbHOTO HAJIOTOILIATENBIINKA B MECSI] PACCMOTPHUM OTpEeAeTICHHBIN
WHTETpall

I(ky, Ky, ..yaq,ay,...,) = f;cmax c(xy, ki, ky, .y aq,ay, ... )dx, (1)
TA€ Xpqx - MAKCHMAJIHbHOE BO3MOYKHOE 3HAYCHHNE BETMYHUHBI 0a3bl HAOTO00I0KECHHUS.
TeopeTHuecKkn MOXKHO PaCCMOTPETh CIyYal, KOTAA Xppqx — +0.

M3BectHO [4], YTO OSTOT HWHTErpaj SBISETCS MATEMAaTHYECKUM OXKUIAHUEM

HAJIOroBOro 3akoHa c(x), T.e.

I'=M[c(x)], )

YTO SKOHOMHYECKH SIBJISIETCS] BEJIMYMHON HAlora OT OJHOTO HaJOrOIUIATENIbIIMKA B
MecsL (WIN B paccMaTpUBAaeMblil IEPUO BPEMEHH, B 3aBUCUMOCTH OT THIIA HaJIOTOBOT'O
3aK0Ha).

B3aumHoe pacrnosyiokeHue MoabIHTerpaibHbIX GyHKIMH ¢(X) u f(x) noka3aHo Ha
puc. 1, roe B kauecTBe npuMepa (0e3 COXpaHEHUS MacIITa0OB PEAIbHBIX BEJINYWH)
c(x) - medictByromuii ¢ 1-ro sHBaps 2013r. B PA momoxoauslit Hasor, a f (x) — quck-
pEeTHAs CTPYKTypa 3apaboTHOM 1atel B PA.
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Puc. 1. Bzaumnoe pacnonosicenue mooeneti n000X0OH020 3aKOHA U CMPYKmYpbl 3apniamsl 8 PA
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MaremaTtnueckue BBIPAKEHUS 3TUX MOJENEH Caeayolue:

kixnpu0 <x <aq,
c(x) = k,(x —a)+ kjanpua < x < b, 3)
ks(x—=b)+k,(b—a) + kyanpux > b,

x2 _(x—n;)2
0,85-x-e 2M2 e 202
f(x)—T‘FO,lSW, (4)

rae k, = 0,244; k, = 0,26; k; = 0,36;

a, = 120; a, = 2000;

M =~ 91,312; m, = 800; 0, = 500.

31eck m, - cpeiHee 3HaUeHME 3apIuIaThl HAJIOTOIIIATEIbIIMKOB BTOPOH IPYIIIIbI;
0, - CPEIHEKBaIpaTH4ecKOoe OTKIOHEHHE 3apIulaThl 3TOHM e rpymmsr; M - moxa
3apIuiaThl IEPBOU TPYMIbI HAJIOTOIUIATEIBIIUKOB.

YucneHHble 3HAYCHUS YKA3aHHBIX ITapaMeTPOB OMNpeesieHbl Ha OCHOBE 00paboTKH
o(puManbHBIX CTATUCTUYECKUX AaHHBIX HaruoHanbHOHM cTaTrcTHUECKON CIy OBl 3a
nocneaane roapl. Koapounmentsr 0,85 u 0,15 B dhopmyne (4) Taxke omeHEHBI 00pa-
00TKOI OGUIMATFHBIX MTAHHBIX U BBEACHHI B (4) B KauecTBe “BeCOBBIX K03 duimeH-
TOB” JIBYX COCTaBIISFOIINX MOZETH 3apa0O0THOM TUIAThI U 00eCTieYeH ST HOPMUPOBaH-
HOCTH 3aKOHa pacrpeeNeHus:

Jy fedx=1. (5)

[Tpuuem uucnennsie 3naueHus 0,85 u 0,15 o3nauator, uro B PA B HacTosiee
BpeMs OKOJIO 85% HaIOTOIIATENBIIUKOB 110 JIMHUHM TMOAO0XO0JHOIO HAJIOTa MOJy4yaroT
3apruiaty 10 120 moic. Opam, a ocranbhbie 15% - Gounblie 120 moic. dpam.

C nenplo MpeacTaBiIeHNs BO3MOXKHOCTEH MHTErpaibHOM oneHkH (1) paccMoTpumM
YHUCIICHHBII IPUMED.

Honyctum, uto [IpaBurensctBo PA pemmiao obOneryuts HamoroBoe Opems
TPYASLIUXCS TIEPBOW TPYIIIBI M pACCMATPUBAET BO3MOKHOCTh YMEHBIIICHHS TPOICHT-
HOU craBku k, = 0,244 B mpenenax ot 25 mo 15% c marom 1%, omHOBpEeMEHHO
YBEJIMYMBAas MPOLEHTHYIO CTaBKY k, B mpenenax ot 26 1o 35% c marom 1%.

B cpene mporpammuoro nakera Mathcad — 14 [5,6] uccnenosanbl 00bemsl (1)
OTOKETHBIX MTOCTYIUIEHUH. Pe3ynbTaTel mpecTaBieHsl B TaOIHUILE.
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Tabnuya
Juckpemnoe npedcmasnenue kpusvix Jlaghgepa na nnockocmu Ky Ko

k
' 025 | 0,24 0,23 0,22 0,21 0,20 0,19 | 018 | 0,47 | 0,16 | 0,15

ko

0,26 | 56,00| 55,05 | 54,09| 53,13 | 52,18 | 51,22 | 50,27 | 49,31 |4835| 47,4 | 46,44
0,27 | 57,24 | 56,28 | 55,32 | 54,37 | 53,41 | 52,458 | 51,501 | 50,54 | 49,58 | 48,63 | 47,67
0,28 | 58,47 | 57,51 | 56,55 | 55,60 | 54,64 | 53,68 | 52,73 |51,77 | 50,82 | 49,86 | 48,90
0,29 (59,70 | 58,74 | 57,79 | 56,83 | 55,87 | 54,92 | 53,96 |53,00 | 52,05|51,09 | 50,13
0,30 | 60,93 | 59,97 | 59,02 | 58,06 | 57,10 | 56,15 | 5519 |54,25]|53,28 | 52,32 | 51,37
0,31 (62,16 | 61,21 | 60,25 | 59,29 | 58,34 | 57,38 | 56,42 | 55,47 | 54,51 |53,55 | 52,60
0,32 [ 6339| 62,44 | 61,48 | 6052 | 59,57 | 58,61 | 57,65 |56,70 | 55,74 | 54,79 | 53,83
0,33 | 64,63 | 63,67 | 62,71 | 61,76 | 60,804 | 59,84 | 58,891 | 57,93 | 56,97 | 56,02 | 55,06
0,34 | 65,86 | 64,90 | 63,94 | 62,99 | 62,03 | 61,07 | 60,123 | 59,16 | 58,21 | 57,25 | 56,29
0,35 |67,09| 66,13 | 65,18 | 64,22 | 63,26 | 62,31 | 61,35 |60,39|59,44 | 58,48 | 57,52

Kaxnpiii 351ieMeHT TaOJIUIBI TTOKa3bIBACT BEIMYMHY OFOJKETHBIX MOCTYIUICHUH B
MeCSI] 110 JIMHUU OJHOTO HAJIOroIlaTesbluKa. B UTOre 3a HECKOJIbKO MUHYT aHAJIH-
supyercs 110 BapHaHTOB paccMaTpUBaEMOTr0 HAJOrOBOTO 3akoHa. JKupHBIM mpudTomM
B Ta0JIMIIE yKa3aHbI BAPUAHTHI MTOIOXOJHOTO 3aKOHA, IPU KOTOPBIX 00b MBI OIOIKET-
HBIX TIOCTYIUICHH OCTAIOTCS Ha CETOHSIITHEM YPOBHE. BapraHThl HAIOTOBOTO 3aKOHA,
pacmoIoKeHHbIE BBIIIE ATON JIMHUW Oe3pa3iuyusi, HEBBITOIHBI C TOYKH 3PEHHUS TOC-
OroKeTa, a BapUaHTHI, PACIOJOKEHHBIE HWXKE, — BBHITOJAHBI. OTMETHM, YTO Jro0as
CTpPOKa WITH JIFOOOH CTONOET] TaOIHIBI SABISIFOTCS AUCKPETHBIM TPECTABICHUEM KPHUBBIX
Jladdepa.

OTMeTHM TakXke, YTO BEIMYMHBI OIO/PKETHBIX MOCTYIUICHUH JIMHEHHO 3aBHCHMBI
OT U3MCHECHHMIA TMPOIIEHTHBIX CTABOK, a MPY U3MECHEHUH MapaMEeTPOB IIKaIbl @; 3Ta 3a-
BHCHUMOCTH HEIIMHEITHAs.

Ecnu B nnTerpansHoit Moaenu (1) BMeCTO YHCIIEHHBIX 3HaueHuil M, m, uiu g,
MOJACTaBUTh HUX BBIPAXKEHHUA, 3aBUCAILIME OT BpeMeHu (m,(t) = 10,2t + 1000,
0,(t) = 5,98t + 300, M(t) = 8,16t — 0,128), TO MOIYYUM AUHAMUYECKYIO MOJENIb CTPYK-
Typsl 0a3bl Hanoroobnoxenus. [loacrapnss B (1) = 15,16,17 ... , moyduM HpoTHO-
3MpyEMBIE BETHUUHBI OI0KETHBIX ocTymiaenuit I(15,1(16) B 2015 -2017 rr.

[Ipemiaraemyro MHTETPATLHYIO MOJIETH OFOJIKETHBIX MOCTYIUIEHHI MOYKHO HCCJIe-
JIOBATh TAKXKe B CITydae, KOTa IapaMeTpbl HAJIOTOBOTO 3aKOHA WJIH CTPYKTYPBI 3apILIaThl
HENPEPHIBHO MEHSIOTCS BO BPEMEHH. B Takux ciy4aex MOXHO IONyYUTh YYaCTKH
HENPEPHIBHBIX TTOBEPXHOCTEH U WX TOPU3OHTANICH (JJMHUM PaBHBIX YPOBHEH — JIMHUU
Oe3pazauuus).

B kauecTBe mpumepa Ha puc. 2 mokazaHa TpexmepHas moBepxHocTh Jladdepa
I(a, k), a Ha puc. 3 - nuHMK Oe3pasnyns Ha TIOCKOCTH (K,, @) ¢ COOTBETCTBYIOLIUMU
OTMETKAMH UX YPOBHEM.
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Puc. 2. [losepxnocmo Jlagppepa 1(a, k)

Puc. 3. Jlunuu bespaznuuus na nirockocmu (k,, a)

BriBoasbl. [Ipy nomoum npejyiaraéMoil MHTErpajIbHON MOJIENN MOKHO aBTOMAaTH-
3MPOBATH MOJyYeHUE KPHUBBIX U moBepxHocTei Jladdepa npu mro0bIX H3MEHEHHUSIX YHC-
JICHHBIX 3Ha4E€HUIl apaMeTpOB HAJIOIOBBIX 3aKOHOB, OJJHOBPEMEHHO UCCIIEAYsI COTHU
BapUaHTOB HAJIOTOBOI'O 3aKOHA.
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NESUUUL A3NPYGH UNRSLELP QLUZUSUUL B9 WU LIVUSEUU UL
UNeLudNrnbuy Nk U4SNUUSUSNRUL

Lubwpynud ki yhnwlwt pnigkh hwpyuyhtt dnunptph pwtwjujuh quuhwndwb b
Lwddtnp Ynpkph b dwlbpunypubph Juenigdwt hwpgbpp: 8nyg L wipjws, np poigkh
hwpluyhtt Untnpbph guwhwndwt wpwewplyny htinkqpujuyht swthwihop untndnd £ wt-
hpwdton wuydwubtp wyn dnunpbph quuwhwndwt wdundunugdw hwdwp hwplught opkp-
utiph wwpwdtnptph b hwpdw puquyh jurnigusph wdbiwwnwppbp thnthnjunipeniabkph
nhypnud: Thrnwplyws E ophtiul:

Upwigpuyhlt punkp. Unnl), pnigbkh dninpbp, wojpwwnwyupdh Junnigdusp, Lwddkph
Unphp:

T.A. NALCHAJYAN, G.S. BAGHRAMYAN

MODELING AND AUTOMATION OF ESTIMATING AND PREDICTING THE
ENTRIES INTO THE STATE BUDGET

The issues on quantitative estimation of the tax entries into the budget, and the
possibilities of developing Laffer’s curves and surfaces are discussed. It is shown that the
proposed integral criterion of the tax entries creates the required conditions for automating the
estimation at possible variations of the taxing law parameters, and the structure of the taxing
basis. A numerical example is considered.

Keywords: model, budget entries, salary structure, Laffer’s curves.
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YK 621.3 ABTOMATHU3AIUA U CUCTEMBI
YIIPABJIEHUSA

I'.C. CYKHACSIH

3KCTPEMAJBHOE CBOMCTBO TPUAHTYJISINUU JEJOHE U ETO
INPUMEHEHMUE ITPU PEHNIEHUMU ITOJIEBBIX 3AJTAY

IIpu perieHny MoaeBBIX 3a/1a4 METOAOM KOHEUHBIX JIEMEHTOB IPUMEHSIOTCS TPEYTOIbHbIE
JUCKPETU3AMOHHbIE CeTKU. CXOAMMOCTh aBTOMAaTU3UPOBAHHOI'O MpoLiecca MOCIEA0BATENbHBIX
MPUOJIMKCHUH K PEIICHUIO HEITUHEWHBIX 3a7[a4 CHIIbHO 3aBHCUT OT KOH(HUIypaliu ceTKdu. B
HacTosIei paboTe HCCiIe0BaH BaXKHBIN KIIAacC TPEYTOJIBHBIX CETOK — TPUAHTYIANH JleroHe.
JlokazaHo, 4TO TpUaHTyasLus JeJoHe MUHUMHU3UPYET CYMMY KOTAHI'€HCOB YIJIOB BCEX CBOMX
TPEYTOJILHUKOB. DTO IKCTPEMaJIbHOE CBOWCTBO NMPHMEHEHO NPH aHANM3€ INpoliecca peleHUs
CHUCTEM JIMHEMHBIX ypaBHEHUH, 3aBUCAIIUX OT ceTKH. [lokazaHo, 4To U1l 3aJa4d aBTOMaTU3U-
POBAHHOTO HAXOXKJIEHUS 3JIEKTPOMAarHUTHOI'O MOJISE METOJJOM KOHEUHBIX 3JIEMEHTOB IPY 33aHHOM
Habope y37I0B M3 BCEX BO3MOJMKHBIX CETOK HAWIydlled (B CMBICIE CKOPOCTH CXOAMMOCTHU
mpoliecca mociae10BaTeNIbHBIX MPUOKEHNHN) SIBISeTCA TpUaHTy s Jlemnone.

Kniouesvie cnoea:. 31eKTpOMarHuTHOE MOJIE€, METOJ KOHEUHBIX 3JIEMEHTOB, TPEYTOJIbHbIE
CETKHU, TpUaHTyssus Jlenone.

BBenenune. ABTOMaTH3MPOBaHHOE pEIlIeHNE HEMHEHHBIX MOJIEBBIX 3a/lad METOJ0M
KOHEYHBIX 3JIEMEHTOB CBOAMTCS K IMOCTPOCHHUIO TUCKPETH3AIMOHHON CETKH M HaXO0XK-
JICHUI0 MUHUMYMa 3HEPreTHYeCKOT0 (YyHKIMOHANA ITyTeM MPUPABHUBAHHS HYIIIO €TO
MIPOM3BOAHBIX. B pe3ynpTare mosyyaeTcst cucTeMa ypaBHEHHH C HEM3BECTHBIMH 3HA-
YeHHUSIMH TIOTEHIIMANa B y3JIaX CETKH, MPUYEM KOJMYECTBO YPaBHEHHU PAaBHO KOIIH-
YeCTBY HEM3BECTHBIX U KOJMYECTBY HEKPAEBBIX Y3JIOB CETKH.

CxoauMocTh Tporiecca oclie0BaTeIbHBIX MPUOIMKEHUH K PEHICHUIO HeTMHEeH-
HBIX TOJIEBBIX 33]1a4 CHIILHO 3aBUCHT OT KOH(UTrypamuu cetku. M3sectHo (cm. [1, 2]),
YTO Ha CKOPOCTH CXOIMUMOCTH TIpOIecca MOCIE0BATEIbHBIX MPUOIIKEHNI K PEIICHUIO
HEJIMHEWHBIX TOJNEBBIX 33[a4 OTPHUIATEIFHO BIMSIET HAJIMYHE B CETKE TYHOYTOJbHBIX
TPEYTOJBHUKOB.

B nacrosmieii pabote Mccieq0oBaH 0COOBI BUI TPEYTONBHBIX CETOK — TaK Ha3bl-
Baemas Tpuanryisius emone (cm. [3]). Ilokazano, uro Tpuanryssius Jleione MUHU-
MHU3HPYET CYMMY KOTAaHT'€HCOB YIJIOB BCEX CBOMX TPEYToOJILHUKOB. M3 3TOrO 3KCTpeE-
MaJbHOTO CBOWCTBA TIONyYEHO yTBEP)KICHHUE, YTO MPH 33JJaHHOM HaOOpe y3JI0B M3 BCEX
BO3MOJKHBIX CETOK HAWIIydIIeH (B CMBICIE CKOPOCTH CXOAMMOCTH TIpoIiecca ImoCiie0-
BaTEebHBIX MPUOMKEHUN) SBIsIETCSA TpUaHTyIsiius Jlemone.

Tpeyroabubie cetkn. [lycte {P}, - 3a1anH0e MHOXKECTBO Touek (Y3J0B) Ha
m
mwiockocTd. Muosxkectso {D J-} j BBIIYKIIBIX MHOTOYTOJIbHUKOB Ha IUIOCKOCTH Ha3bl-

BaeTCst CETKOI ¢ cuctemoii y3moB {P}, , eclu BBIIONHEHBI ClIEMyIOIIHE YCIOBHS:
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® BHYTPCHHOCTH MHOT'OYT'OJIbHUKOB IIOIIAPHO HC MEPECCKAOTCA,

¢ BCPHIMHBI BCEX MHOI'OYIr'OJIbHUKOB MMPHUHAAJICKAT CUCTEME Y3JI0B {P|}|n=l ,

e 00benuHEHUE LmJ D, 3amOJIHACT BCIO BBITYKIIYIO o6omnouky Touex{P}., .
=1

[pu permenny 3amaun HAXOXKAECHUS IEKTPOMATHUTHOTO TIOJISI METOAOM KOHEYHBIX
3JIEMEHTOB BHYTPH KaXKJIOT'0 3JIEMEHTa MHAYKLUS MPEAIoaraeTcs MOCTOSHHOM, a cie-
JIOBaTeJIbHO, BEJIMYMHA BEKTOPHOIO MAarHUTHOTO MTOTEHIIMANA MIPEIONAraeTcs JMHEeH-
HOW. Tak Kak KOJMMYeCTBO HEM3BECTHBIX MTAPAMETPOB Y JTMHEHHON (YHKIINHU JABYX IEpe-
MEHHBIX PaBHO TPEM, TO KOJIMYECTBO Y3JI0B B KaXKIOM 3JIEMEHTE TAaKXKe JOJDKHO OBITh
paBHO TpeM. CnenoBaTeNnbHO, P PEUICHUH MOJIEBBIX 3a/lad METOAOM KOHEYHBIX 3J1e-

m
MCHTOB IUCKPETU3allUOHHAsA CETKa {Dj}j:l JOJDKHa COCTOATHh HCKIOYUTCIBHO W3

TPEYroJbHUKOB. Takue CeTKH Ha3bIBatOTCS TPEYTOJIbHBIMH.
Tpuanryiasinusi Jlesnone. BaXHBIM KiIacCOM TPEYTOJIbBHBIX CETOK SIBIISIOTCS

m o
tpuanryysiman Jlenone. Tpeyronbhas cetka {D j} j HAa3bIBAaCTCs TpHAHTysiLmeit Jle-
noHe Ha Gase cuctembl y3noB {P.}.,, ecm BBINONHEHO ClEyIOLIEe yCIOBHE: JUIA

Ka/I0r0 TPpeyronbHuka D; BHYTpH OMMCAaHHOTO BOKDYT HErO Kpyra HET HH OJHO#
toukn u3 {P}, .

Vreepxaenue 1. Jins mo6oii koudurypamuu ysnos {P.}, tpuanrynsuus Jle-

JIOHE 00JIalaeT MUHUMAIBHONW CYMMOM KOTaHT€HCOB YTJIOB BCEX CBOMX TPEYrOJbHUKOB
Cpelu BCeX BO3MOKHBIX TPEYTOIBHBIX CETOK C JaHHBIM MHOKECTBOM Y3JIOB.
BHauase qokaxeM 3T0 CBOWCTBO s ueThipexyroibHuka ABCD (cM. puc.).

A

Puc.

Bo3MoxHBI 1BE CeTKH: TPHAHTYISAIMS | gp ¢ auaroHansio BD u tpeyromsHuKamMu
ABD u BDC, a takxe tpuanrynsiiust Tac ¢ auaroHansio AC u tpeyronsaukamu ABC
u ADC. V tpuanrynsmun Tgp cymMma Sgp KOTaHTE€HCOB BCEX YIJIIOB O0OUX CBOUX
TPEYroJLHUKOB paBHA
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Sgp =Ctg (e, + ¢,) +Clgar; +Clg o +Ctg (o + ) +Clg e, +Clg e, . (1)

Yy TPUAHTYJIALIUN TAC CymMmMa SAC KOTaHI'CHCOB BCEX YTIJIOB 000UX CBOMX TPCYTOJIb-
HUKOB paBHa

S, =Ctg(a, +a,)+Ctga, +Cctga; +Ctg (o, + ) +Ctige +Ctgas . (2)
Ecnu
o ta,+os+ag >,

TO Touka D exuT BHE OKPYKHOCTH, ONMCAaHHON BOKPYT TpeyronbHnka ABC, Tpuan-
ryJsust T ac siBIsieTcst TpuaHrysinueit Jlemone u Sac < Sgp.
Ecnn xe

o +a,+as oy <7,

To Touka C JEXKUT BHE OKDPYKHOCTH, OIHCAHHOW BOKpYr TpeyroibHuka ABD,
TPUAHTYJISAUS T gp ABISIETCS TpUaHTyIsiuert Jlemone u Sac > Sgp. CrnenoBarensHo, B
obonx ciyvasx TpuaHTymsnus [lemoHe oOmamaer MeEHBIIEW CyMMOW KOTaHTEHCOB
YTJIOB.

Tenepb JOKaXeM 3TO CBOMCTBO /sl OOJIBILIOTO KOJIMYECTBA y3/10B. Tak Kak Konu-
YECTBO BO3MOKHBIX CETOK KOHEYHO, TO CYIIECTBYET CETKa | ¢ MUHUMAaJIbHON CyMMOM
KOTaHI'€HCOB YIJIOB BCEX CBOMX TPEYTOJIBHUKOB CPEIU BCEX BO3MOYKHBIX TPHAHTYJISILUI
C JaHHBIM MHOECTBOM y310B. [Ipennonoxum, uro T He ABISETCS TpUAHTYJSLMEH
Henone. Torna cymectByer TpeyroiabsHUK ABD, BHYTpU onucaHHOM OKPYXHOCTH KO-
toporo nexuT y3en C. 3amenus B uetbipexyroasauke ABCD muaronans BD na AC,
HNOIYYUM Sac < Sgp, YTO MPOTHUBOPEUYHUT YCIOBHIO MHUHUMAJIBHOCTH ceTku 1. Utak,
yTBEepXKIeHHE | 10Ka3aHo.

IIpunoskeHue K pelIeHHI0 CHCTeM ypaBHeHUi. BrluenpuseneHHoe yTBepxie-
HHE MOKHO IIPUMEHUTH MPU aHAIM3€ IPOLECcca PELICHHUs] OJHOTO Kiacca CUCTEM JIu-
HEHHBIX ypaBHEHUH, 3aBUCSIIUX OT CeTKH. IlycTh Ha MIOCKOCTH 3a7aHa TpeyrojbHas

— m ) n o
cerka T={D;}},; ¢ cucremoit y3nos {P};. Eciu y3en npuuae:xut BeITykiioii 060-

JIOUKE CETKH, TO OH Ha3bIBAETCS IPaHMYHBIM, B IIPOTUBHOM ClIydae — BHYTPEHHHM.
O6o3naunm vepe3 I(T) MHOXKECTBO BHYTPEHHHX Y3JIOB CETKH | , @ HX KOJUYECTBO -

uepes N. Beenem Take obosnauenns: V(D;) - MHOXKecTBO BeplmH TpeyroibHuKa

D, n E, - coBokymHoCTE TpeyronbHuKkoB cetku T, copepxkarnux BepuuHy P, T.e.

E ={D,eT:ReV(D,)}, i=12,..,n.
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PaccmoTrpumM cnenyrollyro cUCTEMY JUHEHHBIX YPABHEHUN OTHOCHUTEIBHO HEU3-
BECTHBIX X,...,XN, UX KOJINYECTBO PAaBHO YHCIIy BHyTPEHHUX y3710B N:

> > cga(v,D)x, =b, Pel(), i=1..N. 3)

DeE; veV(D)nI(T)

3nece a(V, D) - BHyTpenHwuit yron tpeyronsauka D mpu Bepumue V, uMeromei
Homep K, T.e. V=B, . OrmMernm, 4To cucTeMa JIMHEHHBIX ypaBHEHHIT (3) 3aBUCUT OT

reometpun ceTku 1. [Ipeamnonoxum, 4To Mbl COOMpaeMCsl YUCICHHO peIlaTh CUCTEMY
ypaBHeHU# (3) METOIOM TOCIIEeI0BATEIBHBIX UTEpalwid. Toraa cXoauMOCTh mporecca
MOCTIeTOBATENFHBIX TTPHOIMKEHUH K PEIICHHIO CUCTEMBI (3) 3aBUCUT OT KOH(PHUTYpaIiu
ceTku. COracHO U3BECTHOMY IPUHLMITY TOMUHUPOBAHUS JUATOHAIN, CKOPOCThH CXO-
JUMOCTH IIpOLiecca MOCIEAOBATEIbHBIX UTEpAlMi YBEIMUUBACTCS IPU YMEHBIICHUH
HEeMaroHaJbHBIX AJIEMEHTOB MATPULBI CHCTEMBbI JMHEHHBIX ypaBHeHHH. OTcrona,
UCTIONIB3Ys YTBEpKIEHHE 1, IPUXOIUM K CIIEAYIOILEMY pe3yJIbTarTy.

VrBepanenne 2. [l mo6oit kondurypammu ysnos {P.}, npu permennn cuctembr

JUHEWHBIX ypaBHEHUH (3) METOOM MOCIE0BATEIbHBIX UTepaluii TpHaHryasaus Je-
JIOHE SIBJIAETCS HAWIYYIIEW CPEIH BCEX BO3MOXKHBIX TPEYTOJbHBIX CETOK C JaHHBIM
MHO>KECTBOM Y3JIOB.

IIpuioxeHue K pelieHHIO MOJIEBbIX 3a4a4. [Ipy peleHnn 3a1a4n Hax 0K ACHUSA
3JIEKTPOMATHUTHOIO IIOJII METOJOM KOHEYHBIX 3JIEMEHTOB BO3HHKAET CIIECLyHOLIAst
CHUCTEMA JIMHEHHBIX YPAaBHEHHMHM OTHOCUTEJIBHO HEWU3BECTHBIX 3HAYEHUN BEKTOPHOTO
MarHMTHOTO NoTeHImana Ay B y3ie k:

> ctga(v,D)%:Q@), Pel(T), i=1..N. 4

DeE; veV(D)nI(T) «(D)

3neck (D) - BenMuMHA MarHUTHOM MPOHHUIIAEMOCTH, MPUHUMAEMAS TIOCTOSTHHOM
BHyTpH TpeyrosibHuka D, npasas wacts b, (5) 3aBucur ot morHoctr Toka O . Konn-

YECTBO YpaBHEHMH B cucTeMe (4) paBHO YHCITy BHYTpeHHHX y3710B N.
CpasnuBas cuctemsl (3), (4) 1 ucnonb3ys YTBEp)KACHUE 2, IPUXOJUM K CIEAYIO-
IIEMY pe3yJIbTaTy.

Vreepxaenue 3. Jlns mo6oii kondurypamuu ysnos {P.}, npu pemenun 3anaun

HAXOXKJIEHUS HIEKTPOMAarHUTHOTO TOJIS METOJIOM KOHEUHBIX 3JIEMEHTOB U MOCIIEAYIO-
IIIEM PEIICHIH BO3HUKAIOIICH CUCTEMBI JIMHCWHBIX YPaBHEHHH (4) METOIOM MOCTIEN0-
BaTEJbHBIX UTEpALMiA TPUAHTYJSILMS J(enoHe SIBIISICTCS HAWIydlIed Cpeid BCEX BO3MOXK-
HBIX TPEYTOJIBHBIX CETOK C JAHHBIM MHOKECTBOM Y3JIOB.

3akmaiouenne. CXOAMMOCTh aBTOMATH3MPOBAHHOTO TPOIIECCa MOCIEN0BATENBHBIX
NPUOIIVKEHUH K PENICHUI0 HETMHEWHBIX 3a]]ad CHIIbHO 3aBHCHUT OT KOH(MUTYpaIiu
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cetku. Tpuanrynsamus Jlenone MUHUMH3UPYET CYMMY KOTaHT€HCOB YTJIOB BCEX CBOMX
TPEYTOJIBHUKOB. JTO AKCTPEMATbHOE CBOWCTBO NMPUMEHEHO MPH aHaIHM3e Iporiecca
pelIeHrsT CUCTEM JTMHEWHBIX YpaBHEHHA, 3aBUCAIINX OT CeTKHU. J{71s 3a1a9m aBTOMaTH-
3UPOBAHHOTO HAXOXKICHUS DIICKTPOMArHUTHOTO TOJIST METOJIOM KOHEUHBIX 3JIEMECHTOB
MIpH 3aJJaHHOM Ha0Ope y3JI0OB M3 BCEX BO3MOKHBIX CETOK HAaWIydIleH (B CMBICIIE CKO-
POCTH CXOIMMOCTH TIpoIiecca TOCIeI0BAaTEIbHBIX PHUOIKEHHIN) SBISETCS TPHAHTYIIS-
mus [lemone.
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2.U. UNkhLPUUSUL

TELALED GAULUNPLUNUSUUL ERUSCGUUL 2USUuNbhE3NRULE BY, LU
YhLUNNRULC HUTSUSEL MUIPLULESE LOROUUNL Y6NL2NRU

dtpouwynp mwpptph dkpnyny HEjupudwquhuwjui quonh wdundunugjus npnpdwt
hwdwp Jhpunynud i Enwuljnibwghtt nhulipbinwughnt gutgkp: Ny qdwyhtt nupwnwht faunhp-
utiph hwdwp hwenpruju Unnwpynidubph qniquuhndw gnpépipugp Jupuqus L guugh
Epypusuthwljut hunmpinitiitphg: Miundtwuppdus b Epwblpnitiught guiigkph vh juplinp
nuu Ynlkh bowilnwygunmdibpp: Ugwugmgws b, np Aanikh bowilyn ugunnidp
dhuhdwjugund k hp pnnp Eowblpnitiubph ponp wlnitubph Yninwgbtubph gnudwpp: Uy
Epunpbdw) hwnlnipmiip Yhpunjws E guighg jupjws gduyhtt hwjuwuwpniudutph hwdw-
Jupgbph (nusdwt gnpépipwgh JEpnudnipjut hwdwnp: 8nyg k wjws, np ykpowynp wnwppkph
Ubpnyny LiEjupudwquhuwljuit gupnph npnpdwit juigph ghiypnid hwbgnygubph wndyug
puqumppuit hudwp popnp hwpuynp guigkphg Hntith kpwblyn wywnnoadt | wodbbwqudp
hwonpnwljut Uninwpynidubnh gniquihndw gnpépuipugh wpugnipyut hdwuwnny:

Unwigpughlr punkp. Likjnpudwuquhuwljut nuow, Yeppwynp wwppkph dkpnn, tnwi-
Yntuuyghtt gmgkp, Hnubkh Epwblpnibwywnnd:
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H. S. SUKIASYAN

THE EXTREMAL PROPERTY OF DELAUNAY TRIANGULATION AND ITS
APPLICATIONS IN FIELD PROBLEMS

At solving field problems by the finite-elements method, the triangular digitized meshes
are applied. The convergence of the automated process of successive approximation aimed at
solving nonlinear problems strongly depends on the mesh configuration. In this paper, an
important class of triangular meshes is investigated - the Delaunay triangulation. It is proved
that the Delaunay triangulation minimizes the sum of the cotangent angles of all its triangles.
This extremal property is applied at analyzing the solving process for systems of linear
equations depending on the mesh. It is shown that for the problem of numerical determination
of the electromagnetic field by the finite-elements method at the given set of knots, the optimal
mesh is the Delaunay triangulation (in respect of the speed of successive approximation process).

Keywords: electromagnetic field, finite-elements method, triangular meshes, Delaunay
triangulation
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4.U. UUPrvuL3uL

zbhtNNkE3UL LUNRTCLE P YUNNRSYUOLUSHL UNYELE UdSNUUS
TNRMUFEMNPUC GRQUDSHYUYUL GDSII Q69U 2U0h HUSLES

Spqws k dpugnuyhtt hnuph (02) wjuwpugpnipiniip (program flow), npp htwpwynpnipniu &
nuhu wjnndwn Jipyny unwbw] uinunhl] yunwhwlui phunidnyg hhonnmpjut (UNY2)
uudniph Junnigyubpuyht Unpkjp wyn hhonnnipjut tdnigh wpunugpnipjut ke ogqurnugnpdynn
GDSII (Graphic Database System) dlwsuthny ubipjuyugdus duyihg: Lhpjuyugyus L Spugpu-
jhtt Uhowjuyph $ntuyghniiwy, Jurnigqubpuyhtt ujukdwkpp, Unnkh gnipupbpdwit wnbsynn
hhdtwpuunhpubipp, papymipeniitpp b vwhdwbuhwynudubpp: fipyws Gu thnpdbph wpnyniup-
ubkpp:

Unwigpuyhl punkp. junnigduspuyhti Unnki, hhonnnipjut tuny, tdniph GDSI dlwswth,
Spugpuyhtt dhpwuyp, UNYZ, junniguspughtt nhuybip:

Ukpwbnipinii: FSwdwtwlulhg jhuwhwnnpnsuyhtt vwppbph punpny hwnlnipe-
miuubphg Uk wyt k, np nputp pungpnud ku dké putwlnipjudp ukpypdusé hhon-
nnipjub uwppbp (2U) UNY2-Ukp: Zbnwugqu pupunpuibipnd, wukyng 2U, Gljunh Yniik-
twp vhuyt UNY2 mhyh hhonnmipniuubpp: Uy 2U-bph pwbwlp Jupng L hwutity
hwquputph, npnup puquuphy gnpswurnypiutp Eu junwupnid vwuppuynpnudubpnud:
‘Lhingpus hhonnnipjut pohoutph (LZR) gnidwpuyht puwwljp swwn nhyppnd Yug-
Unud Lt Uh pwuh dhjhnt: Cun npnud, hhonnnipjutt poheutinh pwbwlp vwppbpnud
nwpbgnuph wipimhwn wémd U pun Jhdwlugpuljui wdjuibkph [1]° 2015 p.
LZR-tpp Yqpunkgubu BEjunpniught vwppbph $hghuljui dwlkpbuh unwn 70-80%-p
(uy. 1): Npukuqh wpwybjwgnyuu Wuqtgyh hhonnnipjui pohoutinny gpudyus vwp-
ptiph phpnh Uwybpbup, wyy peheltiph Yueniguspp” wnywinghwh (layout), tw-
hiwugdynid £ wnwybjwgnijuu juhwn:

Ujuwhuny, hhonnnipjut pohotkph kplynt wpwbdiwhwinlnipmbtbkpp’ junnig-
Judph junnipniup b qpunbigpws dwljtpbup, twhwgsynn uwpptph hhonnnipniu
wupnibwlnn nwpwspnid wpnunpnipjut pbpwugpnid wnwewgus wuwnppnipmiu-
ubtiph (wpwwnubkph) pupdp hwjwiwwinipjut yundwnutpb tu:

Zwpyh wntbny wyl hwuwnp, np tnyihul junwpu) yuwjdwibbpnd wihtwp £
unnwbw] wpnunpynn dhypnupubdwiubph 100% wpunwunpnipiut ogunuljup p, nddup
sk nwhby, np wpnunpmipjut pnnwtth hhdbwut yuwndwnp hhonnnipjub vwppbph
dwunid wpwewgus wpununpuljub b pwhwgnpddwt whuwppnipniuubpb bu: Zhon-
nnipjul uwppiph wpuugpnipjut oqnuljup Eph wykjugdwt tyyunwuyny Jtpoht
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wnwnphubpht hhonnnipjwt vwppbipnid nmknunpynd kb jpugnighs, wjuwbu Ynsdws,
wykjgnijuyhtt hhonnnipjut poholibp wwpnitwlnn nnnkp b wntbbp: ZEknwquynid
nputp ogunugnpéynid Et wuwpp pohoutiph wpuwwnmwipn (nnntpp jud uniukpp)
JEpwluwiqutint tywwnwlny (Built-in Repair Algorithm-BIRA):

100%6—mm — — S - — — —
90
80

70
60 %Area Reused Logic

% Are Memory

S0
40

30
20 1 .
0 | B B =
0 4 - - - - - - -
1999 2000 2005 2008

2011 2014 2017

M %Area New Logic

Ul 1. Zhonpnipyul dwuliupwdiah pulnulp BEnpniughl vuppbpnid (Qubpnugnipwinid”
puw ITRS.net juiyph)

‘Lnyt tyuwwnwlny hhonnnipjutt uvwppbpnid mbnunpynid o ukipljupnigus
(embedded), hhpnnnipjut htn dhwdudwbtwl yuwnpwuwnynn, jpugnighy LEjunpnuw-
1ht upubdwitp, npnig tyunwljn E hhpnnnipjut hwignygubph huptwptunwynpnudp,
wluwppnipniiubph hwyntwpbpnudp (Built-in Self Test —BIST) [1-3], lt, htwpwynpni-
pjwt nypnud, hhonnnipjut wyhwwnnttwlnipjut Jpuljubqunidp:

2U-tph wowwnwiph pupwgpnid h huyn ku quihu dh swpp wjnndwnwugdu
Jutmhplkp, htswhuhp b hhpnympyub phununpoudp, hhynnmpyub pehgltph Ynnp-
nhtwwnttph hwyyuplp, twpuwgsh ke ogunuugnpéynn hhonnnipjut vwpptph owwnp-
dw mbkuwljubph b Ynudhgnipughwbph npnonidp, twpiwgsh b, dwubwdnpuybu,
hhonnnipjut uvwpph wpnuypnipjut ogrnuljun Eph juthwnbtudwt hwyyuplp b
ybpnidnudp: ‘Lodws ughputpp wwhwiond Eu mhpuybnt] b hwduywnwujwt
Spuigpuiyht Uhongubpnid oqunuugnnpét) hhonnnipjut junnigudph JEpuptpjuy wnbnk-
Ynipyniutitpp: Zhonnmipjut jupniguspuyht mbnbjuwndnipniup (24S) gunuynid k
hhonnnipjut wpnwnpnipjut Ununpuyhtt mbnkinipnit wwpnibwlnn junnigdus-
puyghtt duynid, npp unbndynud b wwhynud £ hwdwlwpghsubipnid gpudhljuljui
GDSII dhwswthny: LY. 2-nmud ubpuyugywsé L hhonnnipjut uvwpph tdnioh gpubhlju-
Juw GDSII dhwswthh ophttmlp: GDSII wbkuwljh gpubhljulut dhwswthp Swduyni
E b wyy uyih dpwlnidp wyp Spugpuyht theongubpny wswh withwpdwnp k nt dudw-
twljuwnwn:
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3 1

Ul 2. Zhongnippul uwpph blniph oppinuly GDSIT dlwsuh.
1. dphwigiml Uninpuyhly/Gipughll popolikp, 2. innnkph wyywnpuinpilul upuki, 3. ynilkph
wuymlnpunnpifwl upubdw, 4. hhongnippul pohotkp  ulpunpijwé 2U-p we dwunid, 5. hion-
poipgull poholikp  ulpunnpifwé 2U-p dwps dwunid

Opwgpuyhlt wy; dhongubpny wohwnwtph dudwbtwlp buybu yujuukgubint
tywwnwlny vnbndynud k hhonnnipjut wdniph GDSII dhwswihh wupglgqus Yu-
nmigyuépuyhtt Unpbjp: Unplip unnigws L mbkpunughtt TXT dhwswthny b, hwdw-
yuwnwujuwl unnignidhg htwnn [4], hbnwqunid oquugnpéynid £ wy jhpwnwlut
Spwugpbpnud [5,6]:

Zhonnnipjuilt Unylyp punugus E kphynt hhonympyub Juppugswiht b junnig-
Juspwjhtt dmubiphg [4]: Upnwnwtpmd ubkplujugynn spugpuyhtt dhowuypp htiw-
npuynpnipinit £ rnwjhu wjundwn duny vnwbwy jupnigywdpuyhl dnplyp: Guannig-
Juspwiht Unphp juqunn Jupnigquspwihtt mhybpp b nputg hwnynipmiuubpp
dwbipudwubnpkt tbpuyugdus tu [4]-nud: Ujunbn wupquubu Ypduplbip wyy
Junnigyuspuyhtt nhytinhg hhdtwlwuubkpp.

1. hwugkh ugnnuut swsljugpnid (address scrambling),
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putjinh wmywlnpuynpdwt niayghw (banks scrambling),

unnnbph wywnpuynpdut dniuljghw (rows scrambling),

untubph wywlnpuynpdwi niaghw (columns scrambling),
Unitnpujht/Gpuwght Eintunttph puppuntd (I/0s distribution),

True b Bar phpuyhtt jupkph nuuwynpnipinii (True and Bar bit line ordering),
phpwyhtt juptph ninpnudubph puphunid (bit line twisting distribution),
untubph npnpnudubph pupjunid (column twisting distribution),

WO N s WS

punuyhlt jupkph ninpoidubiph pwgpunid (word line twisting distribution),
wunnkph ninpnidubtph pwgfunid (rows twisting distribution),

—_—
= O

npudwpwbwluw uvjubdwbbph pupfunid (straps distribution),

._.
N

wybjgnijuyhtt innnbph b wyntubph pwpunid (redundancy rows and columns
distribution),

13. quuupl wuwonwwihs, hwjwuwpulpeny nnnbph b ymbkph pushunid

(dummy rows and columns distribution):

Uljuhuwyun k, np 2U-bEph qupgqugdut htn dhwuht pupduws jupnigguspugh
nhwtph mkuwljubpp Bupwlu Eu hnthnpudwi b jpugdwt:

Yunnigymépuyhtt Unphih wjundwwn puipupbpdwt Spuqpuyhtt dhowjuyphp
dntughnvwnipyniip U hpduwwib gpoypukpp: Ujuyhuny, Junnigquspught
Unnbip pojnp LZU uvwpplpmd wppiwinnn spugpuiht dhengubph wupununhp punun-
pudwu E: ULY wy pupn b uplnpugnybt punhp £ wyn dnpbh Lonmpjut uninignudp:
Ukipjuynidu EEYunpntughtt vwppbpp twhwgstjhu ‘LZU-Eph junniguspughtt Un-
ntip gkubpugymd t 2U-t twpiwgsnnh Ynnuhg (manual method) fud B wfundun
Ykpyny dh owpp dpugpuihll Ukpnyitpny: Yupnigwspwihtt unghjh’ twhiwugsnnh
ynnuhg gkubpuglus dkpnnh puguuwljwi §nnubphg kb’ 1. Swpnupugbnhg wu-
hwioynid L niuktw) pwpdp npuljuynpnid b uyunhy, thwupdbp wbknkynipmi 20U
Junnigyusph dwuhl, 2. unwugyus Unpkip ywupunwnhp YEpyny ybkwnp b wbguh
unniguut (quybkpugdwi) thniy, npt b hwiigkgunud E jpugnighs nbunipuitiph dwipu-
ubtiph:

Yunnigwspughtt dnplijh wdunndwn ghukpugdwt dbpnnp qbips b dhpnuojuy
phpnpniitiphg, puyg wwhwbenu t winndun spugpuyhtt thongubph theun]uyph
unbndnid: UNY2-tph hwnlnipniutbphg b uwyn wvwppbph jubintwdnp junnigduspp,
npp UkS junsplinnun E junniguspwihtt Unpbjh wunndwwn pnipupbpdwut hwdwp: Uy
unspugnuap opowtighint tyywwnwlht E swnuynid hhonnnipjut pohoutinh «bpwgpu-
Unpdwby poholikph whnpny wuwpmbwlnipmniip hwpunpupup, twwebu npng-
Jwés nmpudwpwinipjudp hwunwwnnit qpn jud Bl wpdbpubphg nplk dkyh dbe
Allwthnpudwt qunuthwpn [7]:

VY. 3-nud phipdws £ ZU-bph wdnwh gpudbhljuljui GDSI dbhwswihhg junnigjws-
puyghtt Unpbkp gnipu phpnny Spwigpuyhtt dhowduyph $niuljghntivy upubdwi: 29U-p
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unwbwnt tyuwnulny twhwgsdws sSpugpuyhtt thpwuypp Juwnwpnid E hknbyuyg
gnpénnmipjniuubph hwenppuljwbnipniun.

‘Luniph Ynbhgnipughuyh bpnidnid b ‘Lunioh ndbhgnipmghnt uy
Spugpuynpdwin $uytinh ghubpugnid Upwnwpht wupwdbnpkp
‘Luniph GDSII buyih dpugpuynpnid pun ‘Luniop spugpuidnpnn spughp, 0 by
Spuigpuihll puyibph 1 dpugpunnpuwh pohoutip
(Onwqpuynpus GDSII iy tphg SPICE duyih LVS unwtiwnt juuntubpp,
uwnwgnid b uhunijhwugnid SPICE unnpkjutp
Uhunihwughwyh wpnniupubph Epnudnid,
Yunnigyuspuyht nhwytph b dnpkh
unwgnid

Ul. 3. Quinnigywdpuyhli unplyp pnipu pkpnn Spugpuyhl dhowjuyph pniilghniuy upubdw
1. Lunioh Ynudphgnipughuyh Jbpnisnipniup, nph wpyniupnid ghubpugynid
Elu wdnioh Spugpuynpdwt duyikipp (0d): Fhubpugyus 0d-tph niubkt mbkpunuwgh
dltuswth bt yupnibwlnud Eu mbkpunughtt mbnklnipnit hhpnnmipjub dke dpuqpu-
Ynpynn ophttwyutinh (OO) (programmed pattern) ytpwptpyuy: Uyn ophttwlukiph pw-
twlp thnthnpowlui £ b jujudws E hhonnnipjub tdnioh $hqhjulju swthbphg: Lw-
Jugnyyh mupphpulnid wyn pubwlp hudwuwp E Epnuh’ qpojuljui b wilyndo-
gdbuyht (uyy. 4), hul] Juunwgny nhwypnid Jupnn E hwutil] dhtish hhugh: Lwjwugny
ntwp E hwdwpynud hhonynipjut tdniph wyit $hghjuljub junnigqudpp, Epp hhon-
nnipjub poholkpny qpuntgyusd dwytpbkup punwyniuh k, wjuhtiptl' $hqhuljub nin-
ntph b yniubph pwbwlyp tnyub k: Uju nhypnid htwpwynp E qununid JkY spuqpu-
Ynpnn «ulnibugswih» ophtiwlny swsyt] hhonnnipju nne dwljkpkup: LY. 4-nud
ubpjuyugdws ku opptiwljukip qpnyjujut b wulnitugqdwghtt 0O-tpp 8 winy b 8 uyni
wupnitwlnn hhonynipjut tdniph hudwp: @pnjuljut OO-1 wwipwnwnhp b dnipubiph

pninp mwupphpwljubpnh hwdwp: OO-tpp dwbipudwutnpkt tjupugpdus Eu [7]-nud:
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2. Oquugnpskiny unugfus OO0-tpp Spugpuyhtt hnupp Juwnwpmd E dnioh

00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000

w. gpoyulpuln - powhlym nugduyhl

Ul. 4. Opugpuyhli opplnulakpp
8x8 hhonnnipjul iniph hunfup

11111111
01111111
00111111
00011111
00001111
00000111
00000011
00000001

gpubhluljut GDSII duyih Spwugpuynpnid dpwg-
pwynpnn pehgutpny (uly. 5), nph wpynibpnud
utnugynid kit OO-h pwhwlnipjudp spuqpuynp-
Jwd GDSII $uyyibip:

3. Oquykyny GDSII $uyhg" SPICE dtwswthp
duyip uvnwbwnt untubpny463(LVS rule deck)
Oz-u gnipu b phpnud hwdwwywwnwupuwi SPICE
dwytpp b juunwpnid wyy $wytph Unpbjuynpnidp:
Unphjuynpdwt pupugpnid OU juuwpnd k
hhonynipjut wdnighg «Yupnuy» gnpdnnnipjntp,
nph wpyniipnid unugyus b hwdwywnwupiwt
dliny dpwiljqud nbpunnuyghtt dwgwthny duytipp

wupnibwynud Et tdnigh dnpbip vnwbwint hwdwp wihpwdbon Junnigguspuyhu
wnwppbtph, mhytph dwuht mbkntynipniu:

Left short “L”

T

J—_ Right short “R”

Ul 5. Zponnnippul Spugpuninpnn poholikph B kjnpuluwl upnkdwl

Zhonnnipjut tdniph 0 bt 1 Jhdwljp dSpwqpuynpnn pohoubiph LEjupuljut upuk-
dwb thpuyugdws k uly. 5-nud: Zhonnmipju pphott nith uhudbwphly jupnigdusp, b
hwpyunpwpwn 0 b 1 Jhdwl] vnwbiwnt hwdwp puduljub £ jpwpunt] uhdbnphlni-
pmiip wbjugikiny jupg hnquljgnid upabdwgh we Jud dwu dwubpnid: VY. 6-nud
ubpujugws E hhonnnipjut pohoutph spuqpuynpnidtt wywhnynn upubdugh nn-
wnnghwt: Opwgpuijhtt hnupp nknunpoid £ spugpuijnpnn pohotpp hhpnnnipjut
pohgltiph dpur’ thhukiny pohotikph wpdbpltpp, wuywhnybiny hhonnntpyurt Spuigpu-

Ynpnudp pun O0-h duyy kph:

463



/Cells border\ Text (Usually in the Cell border)
/ /

\/\chzﬁ uljqrlmtiinp Onpwqpuynpnn vhwugnid

Ul. 6. Zponnnippul Spugpuinpuwl poholikph nnuyninghwui

\
!
R

OnpAtwljwt wpyyniuplibpp: Ywenigquspwiht dnpbip wjnndwn YEpwny gnipu
plipnn Spwgpuyhtt hnupp hwennnipjudp ogunuugnnpéyt) k nwwppkp nbtutninghwubtph
(45 £, 28 fd) hhonnmipniuttnh Junnigquspuyhtt Unpbjubpp unwbwnt tyunwlny:
0Z-h wohuwwnwiiph vhohtt mbinnnipniup Yhu dwd , b jupnn L nbk dhgh dh puth
dud: OZ2-h hhdtwlut dudwbwlh vk dnbnwd Eu SPICE dwykph unnwugnidp b npuug
Unpjwynpnudp: SPICE bwyjtkph dnphjudnpdwit dudwiwlp ninnuljhnpki jujudws
t (mnhn hwdbdwnwlwi B) hhonympyub tdnioh dksmpiniihg pehetiiph pululhg:
Pugh wyn, vhowuyph wpjuwwnwiph dudwbwlp jupudws t tdnigh tplhpuswthw-
Jwl wkuphg O0-h pwlwlhg: Upymuwlmu phpdmu ku thnpdbwlwi wpnymbplbp
wnwpplp nkuuninghwknph b §nudhgnipughwitkph hhonnnipjut wdnpubph hwdwnp:

Unniuwl
NW | NB | CM PR PC NPP ST T
2048 | 24 4 512 96 4 30 120
2048 | 32 8 256 256 2 30 60
1536 | 24 16 96 384 4 30 120
2048 | 192 4 512 768 3 30 90
1536 | 16 8 192 128 3 30 90
192 | 256 4 48 1024 5 30 150
2048 | 12 4 512 48 5 30 150

NW (Number of Words) — puntph pwtiwjp hhonnnipmniunud,

NB (Number of Bits) — hhpnnnipjut Uninpbph/Giptph putiwlyp,
CM (Column Mux) — yjniutiph thnpjuwmipwwnhs,

PR, PR=NW/CM - bhqhjulwl mnnkpph pwbwlp hhpnnnipniind,
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PC, PC=NBxCM - bhqhliuljutt uyniutph pwtwlp hhonnnmipjniunid,

NPP (Number of Programing Patterns) - spuqpuynpuwt oppimjubph pwwlyp,

ST (Simulation Time in minutes) - tuniph SPICE dujh Unphjuynplwt dudwbiwlp,

TT (Total Time in minutes) TT=NPPxST - punhwunip dudwbwlp:

®npdkph pupwugpnd tjuundtg, np dnpbih gnipupbpdwt dudwbulp jujudws
sk hhonnnipjut yuwwpuwundwt wkjtninghwihg, bt OZ-h wyliwwnwiph mbnnnipniup
hhttwjwinid Jupdws t wdnioh Ynubhgnipughuyh wwpuwdbnpubphg (NW, NB,
CM) b juunwpynn dnphjuynpdu dudwwljhg:

bhupljt, OZ-nud wpliuwnwuph punhwinip dudwbwlp guwhwwnbjhu withpudbon
E twiwyiu hwpygh wetil] twpuwywnpuunuljut wpjuwnwipubph Jpu swhugus
duwdwbwlyp, npp jupnn k nbl) 4-hg 8 dud: Ujunindwn hpuyny nnipupbpdwt dhow-
Juypnid unugjws Junnigjuspujhtt Unplp quytpugdus £ b yunpwuwn k wudh-
oujull oqgunugnpéuw:

G UYULNRESUL 8ULY

1. Advanced Test Methods for SRAMs. Effective Solution for Dynamic Fault Detection in
Nanoscaled Technologies / A. Bosio, L. Dilillo, P. Girard, et al.-Springer. 2010. -171 p.

2. Amirkhanyan K. Defect injection and a memory test algorithms verification flow //
CSIT. - 2011 -P. 283-286.

3. Application of defect injection flow for fault validation in memories / K. Amirkhanyan,
A. Davtyan, G. Harutyunyan, et al // EWDTS. — 2012.- P. 19-22.

4. US Patent 7786840 Memory Modeling Using an Intermediate Lave Structural Description/
Y. Zorian, V. Vardanian, K. Aleksanyan, K. Amirkhanyan. - August 3, 2010.

5. US patent 8112730 Various methods and apparatuses for memory modeling using a struc-
tural primitive verification for memory compilers/ K. Amirkhanyan, K. Aleksanyan, S.
Karapetyan, A. Shubat, S. Shoukourian, V. Vardanian, Y. Zorian. - Feb.7, 2012.

6. US 8850277 B2 DETECTING RANDOM TELEGRAPH NOISE INDUCED FAILURES
IN AN ELECTRONIC MEMORY/ K. Amirkhanyan, A. Davtyan, G. Harutyunyan, T.
Melkumyan, S. Shoukourian, V. Vardanian, A. Shubat, Y. Zorian. - Sep. 30, 2014.

7.  Generation of Memory Structural Model Based on Memory Layout / K. Amirkhanyan,
K. Darbinyan, A. Davtyan, G. Harutyunyan, S. Shoukourian, V. Vardanian, Y. Zorian;
US Patent application number: 20130346056 Publication date: 2013-12-26
(http://www.fags.org/patents/app/20130346056)

Uhtnthuhu Updkhw ®RLC: Unipp bbpuyugyt] E pdpugpnipinit 20.05.2014:
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K.C. AMUPXAHAH

ABTOMATHUYECKOE U3BJIEYUEHUE CTPYKTYPHOM MOJIEJIM OBPA3IIA
INAMATH U3 TPAOUYECKOI'O ®POPMATA GDSII

[pencraBieHa mporpaMMHas cpefia, KOTOpas MMO3BOJISIET B ABTOMATHYECKOM PEXUME H3B-
JIeYb CTPYKTYPHYIO MOJIEIb 00pasiia CTaTHIECKO# MaMsATH U3 UCIOJB3yeMOTO B MPOU3BOICTBE
¢aiina rpadmuueckoro dopmara GDSII. IlpuBeneHsr GpyHKIHOHANBEHAS U CTPYKTYpHAs OJOK-
CXEeMBI IIPOrPaMMHO#1 cpelibl. PaccMoTpeHBl IPOOIIEMBI, CIIOKHOCTH M OTPaHUYCHUS, CBS3aHHbIC
C M3BJICYCHUEM CTPYKTYPHOW MOJEIH, a TaK)Ke HEKOTOPbIE Pe3yJIbTaThl IKCIIEPUMEHTOB.

Knrouesvie cnosa: ctpykrypHasi monenb, oopazen namsryu, GDSII popmar oOpasua, npor-
paMMHas cpena, cTaTHdeckas maMsaTh NPou3BoJabHON BEIOOpkH (CIIIIB), cTpyKTYpHbIE THIIBL

K.S. AMIRKHANYAN

AUTOMATIC STRUCTURAL MODEL EXTRACTION FROM THE MEMORY
INSTANCE GRAPHICAL FORMAT GDSII

A program flow is presented which allows to automatically extract the structural model of
SRAM instance from the graphical file GDSII. The functional and structural block diagrams
are presented. Problems, difficulties and limitations connected with the extraction of the
structural model as well as some results of experiments are considered.

Keywords: structural model, SRAM, memory instance, instance GDSII format, program
flow.

466



ISSN 0002-306X. U3B. HAH PA 1 TUYA. Cep. TH. 2014. T. LXVII, Ne 4,

ZS} 621.382.13 UdsSnuususnky td vuNuquruuy
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L.Q YUrumnss3uuy
NUSUZUYUL FEUSUINCUUL Z2Urvir4nN1uuul ULeNrreu

Unwouwplynud £ yuunwhwljut phtunwynpdut hupdwupynqujuwt dbpnn, npp twpow-
nbujws k ny Jhnwghtt mbuwlh dwpinndwt yuwnltpttp nittgnn dninpwjhtt nhpnypubpny
Spwgpuyht dhgngubph hwdwp: Onpdwpluwi dwdwbwl] uUnitnpuyht nwpwbdmpjui Uke
ptup-ntyptph hwdwswh puphlwt sinphpy wnwehtt ujupwh pugwhwpndwt hwjuwlwne-
pintup dkdwund E wybjh phy phun-niypbph oquuugnpénidny, pwth np unynpujut ww-
nwhwlut thnpdwpliwt hudwp oqunugnpsynid ki wykjh own phun-nhuyphkn:

Upwbgpuypl pupkp. wyuwnwhwljut phunuynpoud, phun-nhuptph qubpugnud, hw-
Juuwpuswth pugpunid, Untwnpuyhtt indjujibipph dwpanpniduakph wuwwnlbp:

Lhpwénipmil: Twnwhwljub phunwynpdu (16) wdundwnwgnidp hhdugnud
E dntinpughtt mhpnypnid yuunwhwlwinipejut nplk ugpniupny phun-nkwypbtph hw-
onprpujutt punpnipjul’ ghubpugdwt Jpu [1]: Zuduuwpuwswth jud puppudwts wyp
opkuph Yhpundwdp phun-ntwypbph qbkubpugnidp unynpwpwup hwdwpynd E ny
dhuytt wung, wy] bl ghubtint hnnithwnpy dl [1]: Unuinpugpdwt whpnyph wwwppk-
np huwynth Eu npuybu dAwpunnnud wuwndwnnn ndjuyubp, ek gpuip unbnsnud tu
upuw wipyniupbp:

NE-h wpynibwybnnipniup (2], Jhdwujugqpuljut quuhwnwlutibph wpunws-
Uwl mbwlnipiniih nt hntuwghmpiniip jupnn b qquhnpbb pupbju]dl] phuna-
1hu gpduqubph wpynmitwytn pwppuntd Jhpwekint b phs thnpdwupjiudp wnweht
Awjunnnudp puguwhuwjnbint wqupugquynid: Ghunughtt npduqubph pupudwi wwp-
php Uninbgnidubp B wpwownpnid hupdwpynnujut yquunwhwljub ptunuynpdut
(2M) dbpnnutpp: Unju ki hwpdupynpuljut yuunwhwlwh phunwuynpdwi swn
huunhpubp [3], npnup JEpwpbpnid G, ophtiwly, nwwpplp suhwithpubpng hwjuuw-
puswth nmwpwsdwp, phjuwént phun-nkypknh hwjwpwdniubp Juqubjnt ninhuk-
pht: [B]-nud wmwywgnigynid k, np phununpdut nwquuupnipjut wppnibwuygb-
nnipniip jupuws k ny vhuyt Awpinnuwi swthhg, wyjlh nuw wnwewgunn wdjuitph
Epypuswhwlwt yunltiphg: Uu tywhwlnd k, np quunuwhwljut ptunwuynpdui
hpuyuwtwgnidp Yupnn t pupbjudyt], Ept hwogh wetdh dwpunnnid yuwnmgdwnny
Untinpughtt ndjuubph Epypuswthwlwt yunybpn:

Cuwn [4]-h yuunwhwljub hopdupyndubph’ Epnt wdktwnwupwsqus wpnynt-
twybwn swthnidubpt Eb wntjuqt Uk dAwpunynid huynbtwpbptnt hwjubwlwinip-
niup (P-swthuwt dhong) b hwjinbiwpbpyus dwhmnnidubph wjuuyynn swppp (E-swuth-
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dwl vhong): Unjuyt uyry vhongubpp Junwpjuy sk, Jub npny puiwgunnipniuikp
npuibig Jpupbpuy stuyws hpkig hwipugwbwsmpyuip: Ujuhlipl' kpphut shw E-swth-
dwl dhongh Yhpurmpjui wihpudbynmpmb' bipunpling npny ujuwyukp, huly P-
swthdwl Uhongp sh wwpphpuynid nhwpbpp’ pun pwhwimdibph puguwhwpndui
pwtiuljh:

Uunpl  P-sunhdwtt Uhgngh nt E-swthdwt vhongh thnjuwpbki wnwewplynid L
wpynibudbinmpjut swhdwt dkl wy dijpwthqd’ wnweht dwjunnnidp puguhuy-
wnn phyplph withpudbown (wjuuyny) pwbhwlp' F-swhdwb vhongn:

Bph Untnpughtt D nnukih swihp bpwbwlbup d-m), hul m-n b n-ny hwdwuw-
nuwupwbwpwp dwpunnnid ywndwnnn ndjuubpp b phuntph pughwing putwlp,
wyw thnpdupdui b puhwinwdubph hwdwpunipniaubpn Jswhybt hwdwyuwnwu-
Juwttwpwp o= n/d b 6=m/d pwtiwdltpny:

Yhyptph hnpwphtidudp yuunwhwliwt hopdupldwt giypnid F-swthdw
Uhongp Ynpnoyh npugtu F=1/6, Y, np hwdwpdtp k, F=d/m: Ujuhlipi' F-swthdwb Uh-
onglt wipinugninud £ phunudnpuiutt nuquujupnmipyut wppnitwdtnmpmniip wybh
niqnuljhnpku b ptwljunpky, pwtth np wnnpht F-swthnidp ipwwynud k, np wydkh
phs phup-ntwyptp bt wwhwigynd wnwehtt Awpunnnudp pugwhwjnbint hwdwp:
Anpstwljuunid, bpp Awpunnnid £ hwjntwpkpynud, thnpdwpynidp unynpupwp jubg
E wntnud, b uuynud £ jupqupbpnudp: Ghunudnpdwt tinygp undnpupup epuljudnud
E dhwylt wylt puthg htwnn, pp wdpugpynid b dwjunnnid: Zkwnbwpwp, F-suhdw dh-
ongn ny vhuytt wdbkih htninthnhy &bk wpl wdbh ppunbuwlui b gnpstwljui
nbkuwlyniupg:

[3]-nwd upynud Lk, np thnpdwpldwb npny nwquuyupnipnibutp  plunwd bu dw-
hunnnud yuwngwnnn dnunpuyht mdjuyubph pjpuswhulut yqunlbputphg: dbp-
ohtubpp puuwljupgynud L pun tpkp junkgnphwubph® Ynwghl, okpnught b nk-
nuuwuught: Mwpgnipjut hwdwp ghnwplynd Bu tplswth dninpuyghtt whpnyphk-
nh ywuwwnltpubp: UY.1-3-mud gnigunpdus bu wyny gqunlbkpiubpp hwdwywnwuow-
twpwp Yhwuyghl, skpnughtt b mkpudwuwghtt Unpbjubpny: Upunnwphtt uvwhdwbttpp
ubpjuyugunud Eu dnminpugpdwut whpnypn, hul jpugyus oppwbitkpp duntwtynid
Et dwpunnnid yuwwngdwnnn nyjujubpp’ wunkpubph ud twhustph mtupny:

Uy. 1. Gkwughl unnly Ul 2. Chpunuyhl unnky Ul 3. SEnunlwiuuyhln unnpky
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Ghnughlt ophttwnid Awpinnmud yuwwndwenny wyjujakpp dhuyiwy Yenbkp B,
npnup Alwynpnid i owwnn thnpp suwthh opowtbp’ uthndws wdpnne nhpnypny:
Ctpunh ophttwnud dAwhinnnid wuwwndwenn wjuukpp dbwynpnud G tkn okpun [5],
hul] mknudwuughtt opptiwh hhttwljwt hwnwuhop dwpinnnud ywwndwnnn wnyfjug-
ubkiph JEunpntwugnidu E dkl jud dh pwih mupuswopowtnbpnid:

Thunwplbup quiuntwynp» Epjpuswthnipnit niukgnny dninpugpdw vh D nh-
nnyp, npnwd htiown b ghtkpugil] dAwpunnnmud yungdwnnn ndjujutp’ yunwhwlub
Aliny: Uwutwynpuybu, upwugpbup D whpnypep punwyniuh b, nph swihbpb Bu' xn
b y-p, piy npmud” {(x, y)
Jub wpunwhwynnipjub Uk k, hull &hpnn wpunwhwjnnipniup whwnp b huh x+y >4:

Uy phypnud guiljugws dwpunnnid yunubnud £ {(x, y) | 3 <x + y < 4} nbnu-

0 <%, y < 10}: Bupunpkip ujuwyp spugph x+y>3 wuydwiw-

dwuht, npp D punwljniuwghtt mhpnypnid Uk dhwynp juyunipjudp otpun k:

NMuwunwhwljul thnpdupliut Jhpurnidt wyy Spugpmid Eupunpnid £ wjiyhup
Jtwntnph ghutpugnid, np phuntph hwenppuljwinipnitp (huth htwpwynphtiu dqyus,
wjuhtiptl' pinpfws hwenpry phunp quindh twunpnhg wet]wqi Uk dhunp htnw-
Ynpnipjut Ypu:

Ujuyhuny, wnwewnplynd L yunwhwljut thnpdupldut dudwbwly tnp plunh
ghutpugdwi nhypnid hwdnqyby, np wjt own Unwn sk nplk bwjunpy phunh: Lyuqu-
gyl F-h hwublym dwhwwupht £ dwpe’ Uh swpp yqunwhwlwi phun-nhupkph
qbukpugnidp, wyw' npuibighg "Jwjugniyy” kG plipmpiniip, npl wywhndnid &
npuig htwpwynphiu hwdwswth nwpwsnudp  (uthpnudp) wdpnne Untnpuyhtt uip-
wnnid:

unnph gpudpp b wygnphpedh hhdtwdnpoidp: Spdws o bpyn' gopduplyus
T ={T1, T2, -, TN} b pp&fjlnuéne C = {Cy, Co, -, Ck} phunn-nyptph hwjwpwdniutip, npnp
skt hwnnud CN T =

Anpsupldus phun-nhypp vwhdwiws t npybtu ny Uh dwpunnnid spuguhuy-
unnn wppkl juunwpdws ptun, hul phijuwsnit vwhdwiws k npuybu dntnpuyghie
wnhpnyphg yunwhwljuinpki pinpdws nplk phun:

NMuwhwbgynid L gnpsupluéd ptun-nphyptph hwjwpwsdnit wunhfwbwpup
hwdwpl phliuwsént hwjuwpwsnihg pinpyws mwppny’ dhsh dwhinndwi b hwjn
qup: OLjuwdnt hwjwpwsnih wmwppp, npt wdkbwhbenit E popnp juunwupdws
ptun-ntypkphg, punpynid £ npyjbu hwenpn phun-ntup:

Zuyunth bt hwpdwpynpujut yquunwhwljub phunwynpdut hwdwp phljuwdnt
ptun-ntypbph hwjwpwsdnt ghukpugunng b «adktwhbpnih» qunuthwpt hpwlw-
twgtnn mwppbp wgnphpdubp:

Unwpwiplyng dkpnpp (pkhlwdén plkumkph plnpnipnil Zpjpkpnp nph Ju-
pigdundp  HT) hpuftunjnplynt hundwp uyl hudbdunnipyul dke F gpifwé hupidwp-
ynpulwl wunwhwlwh phkununnpdwb (pklhwén: phunkph phpuifws supny’
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FSCST) uygnpppup [4] b unynpuilwl wannwhwlwi phanun/npdwl uygnpppuh (RT)
hEan:

FSCST utpnnh bnipjniup phun-nbuyptph hwjuwuwpuwswih wwpwsndu E qnp-
Supljws b dbhwgus ptunbph dhot hkpwynpmpiniuubph dhthunidutph dwpuhunidh
suthwtihony:

PEhtwsént phunbkph puqunipniut nith hwuwnunntt swth (k), b pipwpwsnip
wtqud, tpp pnpynid k nplk pluwn, unbnsynd b phljuwsniubnh tnp hwjwpwsdn:
FSCST wygnphpup tjupugpnid k, pt hyytu b qhubpugdnid hwupdwpdnqujut gu-
wnwhwlut thnpdupfut wju muppbpulmd ptljuwsnt ptuntph swppp b puwnp-
Ynud thnpdwupydui phun-nhuypnp:

EhEuwdnt phuntiph C hwjupwdnihg ptnpynid L cn tnuppt wytybu, np pojnp j
€ {1, 2, -, k}-h hwdwp ntnh ntutbw htnlju; gudwup®

n n
rr|1=|1n dist(c,,t,) = rr|1=|ln dist(c;.t;),
npuntn disep uwhdwin]mu E npugbu Byhgwt hbow]npnipyni, wjuhipt' m-swihwbh
Uninpujhtt mhpnypnud Eplynt’ a=(ay, a2, *© ¢ ¢ ,am) b b=(by,bz, © * * ,bm) Yhwnmknh Uvhol
htinuwnpnipniup npnoynud E htnlbyu) putwdbng’

dist(a,b) = /Zm:(ai ~b)?:

Guunwpjws E twptujut ntuntdtwuhpnipnit’ wkutbnt hwdwp, ph hyybu
E pljuwént hwjwpwénih swthtt wgynid hwpdwpynqujut yunwhwlwb thnpdwnpy-
dwul wppymibwyinmpjut Jpu: Cughwiunip wndwdp, nppwt Uks E k-u° phlijuwént
hwjwpwédnth swthp, wyipw thnpp pyny phun-ghyptp bt wbhpwdbyn wnweht
dwfunnnudp pugwhuynbint hwdwp: Fugh wyy, k > 10-h phypmd s wnweht dw-
hunnnudp  pwgwhuwjnbnt  hwdwp  wbhpwdbsn  phun-nhwypbph pwtwlh JUkS
nwpphpmipinie: Zknbwpwp, hwunwndws £ k = 10 phyp:

FSCS-t nith qqujhnpkl wykh thnpp F-swth (Awjunnnmid hwpnbwpbpbint hwdwp
Juunupjws ptunbph pwbwly), pwt RT-: @npduwlwmb wpyniupubpp gnyg bl
wnwjhu, np FSCS-u nith RT-htu ghpuquigkint juy httwpwynpnipnit (pwwn qquih
swthny ' wykih pwt 50%-n1): Umniu Ynnuhg, hwonpny phun-niypt punpkihu FSCS-h
wihpwdbon Lt wykjh swwn nhuniputikp, pwt wwhwienid £ RT-u: @Bnn N-p 1hh
wnwohtt Awjunnnud hwynbwpbptint hwdwp junwupus ptuntph pubwlp, puy K -’
FSCS phljutwént hwjwpwsénih swthp: Cunpnipjub pupnmipniup KN? jupgh k:

Uignphpd FSCST
/*selected set := { test data already selected },
candidate set := /};
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total number of candidates := M*M; */
function Select The Best Test Data(selected set, candidate set,
total number of candidates);
best distance := -1.0;
fori:=1 to total number of candidates do
candidate := randomly generate one test data from the program
Input domain, the test data cannot be in
candidate set nor in selected set;
candidate set := candidate set + / candidate }
min candidate distance := Max Integer;
foreach j in selected set do
min candidate distance := Minimum(min candidate distance,
Euclidean Distance(j, candidate));
end foreach
if (best distance < min candidate distance) then
best data := candidate;
best distance := min candidate distance;
end if
end for
return best data;
end function

HT-dbkpnnh tmipniiup phljuwdnt ptunbph hwjupwdnih dhwynpnud k Zhjpkpinh
Unpp nhuljptn dnnwpluut jurmigdwdp b wyn hwjwpwsnihg hippwuljut «<hbnn»
phtuwnh punpnipmniup:

Uwpwiwhgh nkuntpju hwdwduwyt® Epljsuh dhudnp punwlniunt (fud wybh
puphwipulwi’ N-suthwth hhybppjunputwpgh) dhke vwhdwuhwlus tnupwsntye-
miup Jupbh Ehwdwsw (gul) pwupnitwuljut §npny: Bplswt jud nwswth (Gud
unjlijh pupdpswthwh) pupmiboljuljub Ynpp hinnihinpy jupnn £ npuidl) npytu
wipunphwwn owpdynny Jhn: Uujuyt wytt vwhdwiynd £ twb npytu whuwhdwbw-
thul] hpwljut wowbgph wupunhwn Ynp Jud dhwdnp (0, 1)  pug dhowluyph Ynp:
Unwyl juy ntunidtiwuhpquws kb tplsuwth Jud Enwsuh EJYjhyub nupwsnipiniip
owpnitbwjuljut Ynpny (gubknt nyptpp (wignphpdutpp): Swpwsnipmiup hudwswh
1gunn wipiphwwn $pwlnup’ Zhypkpnh Ynpp, hwupnbwpbpl b ghpiwiugh dwpk-
dwwnhlynu Mwyghe Zhjpipunp 1891p., npybu Quniu-Nhwingh hwynbwpbpws whkqb-
pwljut nmwpwénipniukpnp (gung Ynptph dh mwuppbpuly:

Zppkpuih Ynph ghuljpbin dnnwpynidubpp pun oguuujuip Eu bpljsuth b knwswth
wnuwpwdnipmiutbpp «<huljine hwdwnp (0. 4) b jupnn & jhpurdt] twb yuwnwhw-
Jul phutnwynpdwt nwypnid:
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Uy. 4. Zppkpunp §nph bplkp dwlupnulbipp

Uju Ubkpnyny nupusnipmnip phulplunwgynid £ jnipupwbsnip swhp pudw-
tubny 2-h wunpdwl hutinhuwgnn m pyny pohglibph (pegh suthp Yupuus £ dwjunn-
dwt mphpnyph Eupunpuy swihtphg), b ujuynud k §nph juenignudp [m x m] swthk-
pnt whpnyph P(0,0) peohg uhtish P(m,m) pohop:

Yupnighiny Untnpughll whpnypmd n-pry wunh&with Ynp (N=10g, M), Yupkh
E wjt nhunwunpyl] npybu phljtwént phunbph puyny wigunn Swbwwywnph, nph k-
wbph pubwlp 4° : Ujuhtpl' Ha Ynph n-py ghulpbn donwpliwt byhnwb bplo-
npoipniup, Ynph duupnulhg jujudws, wénd E Epuynubughwy opkipny, dhwdw-
dwbwl Jtwny vwhdwtwhuldus Jeppunp mppnypnid:

Ept P(x, y)-p npnonud E nplk phuwn, hulj wyy phunp nhppp Yoph dpu d-u L,
wyw d-htt dnwnn hipwnpnipjut ypu Ygunudh P(x, y)-htt dnnhly npbk wy phuwn: Zw-
Junwl wugnudp, vwluyl, vhow sk &odwphw: LY. 4-nud wupg tplhinwd £, np Ynbkph
puquuphy qnuygtp quignud tu kY Jhwdnp BHYjhywi hipwynpnipjui Jpu, puyg
Ynph Jpu gunidnid ki vhdjuighg pwn wygtijh htnnt:

NMuunwhwljwt hupdwupynqujut phtunuynpdwt wju dbkpnnnd plunh plhwn-
poipgniip (high wnwehtt Awjunnnudp) Juwnwpynud Lt Zhjpkpnh Ynph Eplupnipe-
jadp (. 5) wuwhwwibkn nkquowpdh npnowlh hkpwynpnipmnit: n wunhg&wih
Unph nhwypnid n hnbkpughwttphg hbppwliwl i-pyp nknh £ mukund i-py Yenhg
d=4"1 puyjny, npytugh pugunyh «dnnuljw-htnn» phunh hopdwupynudp:
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Ul 5. ZpypEpunp §npny thnpdwpgnidbbph pukpughwiabph puyEpp n b n+l dwlupgubbbpnid
Uju wgnphpdny thnpdwupynidubpt hpujwiwgubjhu unugny nypnud Ynt-
ubktwmtp F- quwhwnwuljuh 4* wowybjugny pwbwl:
Cutn wyu Ukpnnh’ Yhpundws &u Zhypkpnp §nph junnigdwi pkynipupy b §nph
Epyupnipjudp hnkpughnt npnunidubp hpujubwginng wignphpdubpn:
Zphippwp Ynph Junmgdwh pipuguljupgp
/*Algorithm Hilbert-curve */
procedure hilbert(x, y, xi, xj, yi, yj, n) /*n-current level */
if (n<=0) then LineTo(x + (xi+yi)/2,y + (xj +yj)/2");
else
{
hilbert(x, Y, vi/2, yj/2, xi/2, xj/2, n-1);
hilbert(x+xi/2,  y+xj/2, xi/2,xj/2, yi/2, yj/2, n-1);
hilbert(x+xi/2+yi/2, y+xj/2+yj/2, xi/2, xj/2, yi/2, yj/2, n-1);
hilbert(x+xi/2+yi, y+xj/2+yj, -yi/2,-yj/2, -xi/2, -xj/2, n-1); }
end procedure
Pubkpwughni npnimidihk niihghwis
/*Algorithm recursiv search */

candidate set := /Hilbert curve},

total number of candidates := M*M;

Nf=0;

function Select The Best Test Data(candidate set, total number of candidates);

level := n;

fori:=1tondo

for j := i to total number of candidates step 4
do
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Nf++;
candidate := candidate set[j];
if (candidate is best test) then
break; break;
end if
end for
return Nf;
end function
dhpnswjut ntumdbwuhpnipjut (Ukpnputph hwdbdwnnipjut) hpujubwg-
dwl hudwp wwnwhwluinpkh phnpjws & Uh puwbh dmunpught  goubaubp
dwpunnuwtt mhpnyputph wwpptp ghpplpny b suhbpny: 8nipwpwignip dntinpuyghe
nnukuh hwdwp vnwgyty Eu (Ns, Ni, Nr) pytpp, npnup hwdwyunwujupwutnid &a HT,
FSCST b RT wygnphpuutpny thnpdwupluwut nhypbpnid wnwehtt Awjunynudp pugu-
huwjuntint hwdwp wthpwdbyn thnpdwupynidutph pwtwljutpht: Upyniuputpp, npntp
pEpyws Bt wnpnruwlnud b uly.6-nud, gnyg ki wmwhu, np dhohtt hwpyny Na<Ne<Nr,
wjuhliptl’ wpwehll dwpnnnudp pugwhwynbint hudwp HT-h hudwp wwhwieynid
kb dhohtt hwpyny wilkih phs phuph-nkypkp, pul FSCST-h, wnwyk] bu’ RT-h phu-
pnud: Upnugpnuljuinipjut pupkjuddwt hwydupyp juwnwpdws k htnlbyju) pu-
twdltpny’
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Unniuwml
Ni Ny, Hr wipdbplbph hwdbdunnwlwl widihnipnid

Juunniful Quijunnuwi L Z_I g A 'oﬂ g

i whpnyph swthtpp =2 E| 5% £

N ulqphiwynp No | Ne | N a3 g| =3 B
Ynnpphuwwntbpp F'i = = f = i

z 3 T 28 1%

X Y \\4 H Z Z

1 655 427 91 85 18 | 243 34 93% 47%
2 149 774 125 175 11 29 3 62% -267%
3 748 14 118 153 20 79 112 75% 82%
4 634 282 80 174 76 134 100 43% 24%
5 72 141 63 51 92 | 163 | 259 44% 64%
6 709 24 122 103 20 12 27 -67% 26%
7 391 866 156 167 47 45 17 -4% -176%
8 327 174 142 169 27 13 20 -108% -35%
9 326 817 155 142 47 13 25 -262% -88%
10 518 676 138 148 14 | 163 23 91% 39%
" 615 2 166 141 80 57 124 -40% 35%
12 271 796 125 148 11 63 87 83% 87%
13 666 874 176 78 59 | 107 44 45% -34%
14 665 610 61 51 | 219 | 208 | 759 -5% 71%
15 436 230 57 171 111 157 97 29% -14%
16 65 742 163 156 44 60 67 27% 34%
17 856 104 126 171 83 | 144 | 123 42% 33%
18 588 629 69 68 226 433 | 218 48% -4%
19 127 546 167 163 38 75 39 49% 3%
20 293 244 87 85 7 67 | 323 90% 98%
21 101 132 174 92 23 95 | 175 76% 87%
22 802 444 130 114 271 419 119 35% -128%
23 165 419 130 102 8 26 40 69% 80%
24 522 118 103 119 78 | 137 | 181 43% 57%
25 202 687 92 117 | 158 | 674 | 179 77% 12%
26 815 784 62 137 61 187 | 214 67% 71%
27 674 882 160 158 59 63 102 6% 42%
28 266 219 176 127 7 | 106 77 93% 91%
29 878 848 171 95 64 69 74 7% 14%
30 316 565 83 139 51 147 331 65% 85%

Bqpuljugnipinii. Mwnwhwlwb thopdwpnudp huykguljupgny wupg £ b htown
E hpuutwgut): Fugh wyn, Jupkih E wik] hntuwihnipjut b Jhdujugpuljus hwy-
Juplitp: Zkwbwpwp, wjb oqunugnpsynid £ puquuphy phunnwynpnnutph Ynndhg:
Lwtth np yuunwhwljub hopduphdw nhypnid sh ogunugnpsynid nplk wnbnkynipe-
it ghibpugywé phun-nhypbph dwuhb, wyb sh Jupnn 1hil) phunwynpdwt hqnp
Ukpnn, b nppu junwpnidp jupudws | dhugb Awpunndwb punbkiuhynipjub swthbphg:

Ny Yhwnughtt Awpunniut dnpbjubph hwdwp yunwhwlwt hwupdwupynqulju
thnpawpynudupp’ Zhipbpunh Ynph bpupmppudp phun-nhyptph hwdwswt nw-
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pusdudp, hwthwinidubph wpwg hwjntwpbpdwt b nputg ophtiwswthnipniup
gquuknt juy htwpwynpnipmnibitp B twhu:

Uju qunuthwuph ognmuljupnipjniup hhdtwynpyl b puquuphy thnpdwuplynid-
ubiph dhongny:
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JL.T. KAPAIIETSIH
AJITOPUTM AJJATITUBHOT'O COYYAWMHOI'O TECTUPOBAHMS

[Ipemmaraercss METo aganTUBHOTO CIIYYaifHOTO TECTHPOBAHHS, KOTOPHIH IpeTHA3HAYCH
JUTST TECTUPOBAHUSI MIPOTPAMMHBIX CPEJICTB C HETOUEUHBIM H300paKEHHEM OTKAa30B BXOJHON
ob6nactu. 3a cyeT paBHOMEPHOTO paclpeieNieHns TECTOBBIX KeCOB MPU TECTUPOBAHUH BO BXOJ-
HOM TPOCTPAHCTBE BEPOSTHOCTH OOHAPYKEHHS ITEPBOH OITUOKN YBEIUINBACTCS C MCHBIIIUM HC-
MOJIb30BaHUEM TECTOBBIX KEHCOB, TaK KaK Ui OOBIYHOTO CITyYaifHOTO TECTHPOBAHHUS HCIIOJNb-
3yeTcs HAMHOT'O OOJIbIIIe TECTOBBIX KEHCOB.

Knrouesvie cnosa: ciydaitHOe TeCTHPOBAaHUE, TCHEPAIN TECTOBBIX KEHCOB, paBHOMEPHOE
pacupenenenue, n300pakeHre HEYAaYHbIX BXOJHBIX JAHHBIX.

L.G. KARAPETYAN
AN ALGORITHM FOR ADAPTIVE RANDOM TESTING

A method for adaptive random testing is proposed for testing softwares with non-point
types of patterns of failure-causing inputs. At the expense of an even spread of test cases in the
input space, the probability of finding the first error increases with little application of test
cases, as for ordinary random testing, many more test cases are used.

Keywords: random testing, developing test cases, even distribution, failure input patterns.
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