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U.Q. UNLULSUL, L.Q. UU2U4S8UL, U.E. UULUNPL3BUL

MAX-3UQG(P USUSUUL BLULUYLESE 4EMT.NPONPE3NRULE
G4, ONSPUUL SGvulLN3rUEUL UNBUUSE UTUUNkUC

MAX-$uqbpp (Mni1AXn, npintiy M-p wigndughtt Uk b, A-t° hhdwwb jedpbph
wwppp, X-p' wspiwship jud wgnup, n=1...3) odnjwé ki jnipwhwnml $hqhljudbuw-
thjulwt hwnlnipinitutpny, htywhuhp b pupdp wdpnipiniup, dwdnighnipiniup, obp-
dwuyniinipiniip b Ejupudwquhuwfui pinipugpbpp: Uju nipbph yuwhwiewnpyp
owwn Uks E hwnfuwybu dhypnkEiupnuhjuynid: Uuljuyn MAX-pwuqbph quiqubdugh
wpunuypnipiniup phinbu dunud | snidqus b hwinhuwind £ hpunwy punhp:

Ushiwnwiipnid yhpnisyt) ki MAX-duqtiph nnwugdwi gnjnipinih niikgnn dkpnn-
ubipp, tkpunyu MAX-puqtpny hudwlgqus ymptph unugdut hpudknwinipghulw
Enutulp, Swinnitt dwdjjusputph towlwnudp, phthwlwt gninpohutph tunkgnudp
(£9AV), pupdpobpdwunhdwbiughtt huiptwwnwpwsynn uhtptqp (RPU), hwdwlgus MAX-
dwqtph vnwugdwt Yhpudhjujwi Enubwlp: Upyniupnid wowewplyl) k owyupduy
nkjutninghwljwh upubdwgh pinpnud b hhdtwynpnid” hknugqu dkpypuuwh bywnwlng:

Uohuunwiipnid nrumudtimuhpyly t bpjwe b uhjhghnid wupnitiwlnng MAX-$uqtph
unwugdwi gnpépupwgp FPU dkpnnny: Ywwnwpyl] ki uvinnugus tunipubph nkungbiwljw-
pnigqudpuyhl, nhtngkiwuykljnpughtt b Unpdnnghwljut Yhpnisnipnitutp: 8nyg b wipyty,
np FPU dkpnnp wppynibwybn Ehwnjuybu pupdp Epnyd b Eubpghuygh tuqugniy swhauk-
nny MAX-dwqtp unwtwnt phypnid: Unwugdws tuniptitipt nitkt juhwnn pniptnuyhtt u-
pnigdusp b dhwnwpp $wquyhtt pupfuudnipini, husp gputp hnwbupuyghtt b gupdtnud
pwpdpotpdwunhwbiughtt Swsnypubnh vnwgdwi, LEjupnuhjuyh b wy) nnpubkpnod
oquiuugnpstint hwdwp: Thwnwplyly Eu hwb vhuptqh wuwydwtitph oyyunhdwjugdwi b og-
wnwqgnpdynn nwuppbkph hwdwlgmpiniuubph phguyidwt hblnwqu hknwgnunnipiniuubph
htnwuwpukpp:

MAX-$uq unwtuym hundwp upiplqh ouunpuuy wpuydwibbph piunpty b hwdw-
dwyjt (Fe,Ti)3(ALSi)C2 pmbuwdlh: 8nyg b wpyk), np $Epnuhjhghnidh, mhwnwuh, wyynidhuh b
wsjuwsth thnphbphg ywwpwundws pnjuwjuwnunipnhg FRU dkpnnny unnwgyt) k thnok-
udwl wpquuhp, npnud MAX-$wuqh wupnibwynipiniup Juqut) k93 % pun quiugqdush, np-
wtin tipjupny hwpniuwn FesSis, FesSi b FeSi dwqbph yupnitwlnipiniup hhdtwfwb quiig-
Jwsht nmuihu E pndwquhumuwt hwnynipnitiibp: 2inisynn jpwuntnipnh wwpnibwlni-
pitp pun quiqush, Yuqunid k7% (5% TisSiz U 2% TiC): Uwnwugjus MAX-$uqkph
Uhypnjupnigyusp niuh sbpunwynp, jwdhtwnwhtt mkup b odnydws k dpndwquhuwlu
hwwnlnipnibbpng:

Unwbhgpuypli punkp. Max-pwuqlp, pupdpobipdwunhdwbiughtt huiptwnwpudynn
uhtiplq, dknmwnuthnohitp, thnobkubnwnipghw, tnwljuynud, pnipknuyhtt Junnigqubp,
dwuquyhtt hnpwlpynudukn:



Lkpwbnipjni: Fhunnipjut b mkjuuhfuwh dudwbtwlwlhg njnpunutph qup-
qugnuip wuwhwbgnid t tnp, hwdwhp hwnlnipmnibubpny odndwé tynipbph
unbnénud, npnup juyyupmbwlbt puquuphy hwnlmpniubbpny odnydws punu-
nnhsutp: Unpuhuh @ympbph nuuht B yunjuinid MAX-$wuqbpp, npnup dhw-
dudwbwl nibkt kplulh hwnlympiniubtp. dh jnquhg dbnwnubph idwb gnigu-
pipnud B pwpdp HEyunpuhwunnppujuinipnit b gbpdwhwnnppuljuinipintl,
huly Ujniu Ynnquhg Ynuwynghwnught iympbph ihw mukt popdp wdpnipgb, wyuu-
nhlnipnil, ohpdwljuyniumpinily, Ynenqhwljuyniinipnil, phph ki, Swulnnjtu b
niukb obpduyht punupdwljdwt gudnp gnpdwljhg: Uju ynipbpp juynit ko pupdp-
ohpdwunhfwiwght opuhnugdwi tjundwdyp, htpn upwplyynud ki dkjuwthu-
Juit dpuljdwl, nukh pupdp hupdwb obpdwunhdwi b skt Ynpgunid ppkug fuyne-
unipynitip 1000°C-hg pupép gbpUwunpgumutibpnud: Uju hwdwhp hwnlnipimuubph
gqniquiignuip puguinpynd £ MAX-bwqbph jmpuwhwnmly puquuduq b okpuudnp
Junnigyuspny, npniup wupnittulnud Eu unbjuhndbnpujut pununpnipjudp db-
wnwnubph Jupphngubp, uhihghnubp, hywybu bwb hpnbpdbinunujub $ugbp [1]:

MAX-bwuqtpp hbvnwgnunnutph Ynnuhg hwynbwpkpdt) tu 20-pn nuph Yk-
ubiphly, Epp wwupbdhlnu 9.U. Poipindp b tpw gnpépuljbpubpt ntunufbwuhplght
wshwsth b thnphnuyhtt dhwgnipniiubph junnigduspt nt hwnlnipmiutbpn:
‘LUpwitp yunpqtght, np npnp dhwgnipinitubp niubt wbunynp pmipnuyhtt junmg-
Jwsdp, npp sh jupnn nuuwlupgyt] npubu punpny Jepudhliuw jud dknwun [2]:
MAX-pugtph untinsdwt wnwgpuyhtt Yhnbkphg dklu b wy Ep, np nputip dwpnip
wnwpptph b dhwgnipniuubph dhol hwdwjupquyhtt dwuqtpt i, wyy hul) gqun-
dwnny npuitp kpphdt Ynsynid L «cannwybjugqnyn puqlpr ud «<MAX-duqbp»:

MAX-$wuqtinh uhtiptgh dwuhtt wmnweht qinygutipp junwpyty ki Unynwnuthh
b wying wppnwwnnipniaubpnid, npnup qpyt) Eu wugyu) quph 60-wjub pyuljui-
bpht: Pwgh npuihg, 1967 plulubhi uhtipkqytg towbh ubjhghnidh Jupphnp
TisSiC2 dwqp, npp htnwquymd gupdu] wdpnne punwithph twjuwwnhuyp b weuydd
wdktwniuntdbwuhpduwst k [3, 4]:

MAX-bwugbpp Enwotpn dhwugnipnitinbph punnwithp Eu, npntp niibku MeaAXn
whwh unkjuhndbnphw (o = 1, 2, 3...), npukn M-t wignidwght d-dbnwn b A -4
p-nnwpp (ophty Si, Ge, Al S, Sn b wyh), X—i wduwsht Jud wgnwn (uly. 1):



H| 2 M = Unuwghts fudpbinh whignuiught wupnt 13 14 15 16 17 |He
Al - U putph wuppt |
Li | Be X = CjwiN.
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Uy 1. Ciphwinip pununpnipyudp bubnjudhbunnbbph dbundnpdwi [3, 4] vmuppkph
wuppkpulpul wyniuwl

MAX-duqtiph uvnugdut bywbwlutiph pnpnipniup npnohs nhip £ punnud
npuig Jupnigqusph b hwnlimpniuubph dbwdnpdwt gnpénud: Ukunwnipghw-
Jut Enuiuwlubpp hbwpwynpnipymit Eu tmwhu wvinwbwy pupdp dwppnipjudp
MAX-pughp, umjuyt ywhwuenid ki qquih tubpghw b dudwbwly: Ykpudhljw-
Jut bnubwljubpp hwjnth &b hpkug yqupgnipjudp b dwwnskhnipjudp, payg ju-
nnn Eu qhoty yEpotwmbyniph wpynibwybnnipjudp b npulny: Fupdpeobpduunh-
Swtwght huptwwnwpwsynn uhiptqh (FPU) Enutwulji wpwtdtiwiund £ hp wpy-
miuuyknnipjudp b yniptnh wpwg uhiptqh htwpuynpnipjudp:

Ushiunuiiph tyqunnuiljn £ juinwpty MAX-pwuqbph uinugdwt muppbp iqu-
twlubph Jpmsnipmb oupnhdwy nkinnghwljwi ujubdwh puguhwpndub
tywwnwlny, ptyybu bwb ntumdbwuppl] Gpupe b uhjhghnid ywpnitwlng
MAX-pugtph vnwugdwt nuppbp dbpnnubp, pnpl] oyyunhdw) dbkpngp, ARU Jk-
ponnny uhtiplql) tdnubp b ntuntdbwuhpl] gpuitg hwnlnipniuubpp:

Runph npduispp b dbpnnhljuyh hpdiwdnpmdp: Bpljwp b uhhghnid wwpni-
twlnn MAX-bpwuqtph vnwugdwt dkpnnutphg t thnpbdbnwnipghwljut dkpnnp,
nnh nhypnid dknwnubph b ny Uknnwnubph thnphttpp fpwuntynid B ywhwueynn
suthwpwdhtbpny, wjunthtnb Eupuplyynid tpwljuwdwb pupdp obpdwunhgdw-
ubpnud: Uju tnubwlng MAX-pwuqlp nnwmbimnt hwdwp withpudbon b obpdwu-
nhduth b Lupdwt dwipuphn Jipwhulnud, npuytugh wywhnygh poipknuyhte
&hown Junnigyusph dbwynpnudp:

Unwybnipnititbphg b punungpnipjut b junnigqusph juy Jkpuhulnudp
b pupn Yndwnghnuyght wyniphp unbnstint htwpuwynpnipniup:

Nputu phpnipnit ywhwnp L uok), np wwhwigynud i kpjupunl nupwg-
dwt ghlyjkp, htsybu bwb htwpudnp E jpunhptubph wnwewugmd bwqbph phuhw-
Jut vwppnipjut hwupgnid:



Qninpohubph phthwljwmb bunkgdwmb dkpnnp (3LV) tbpunnid t ququyht
Jud hEnnil wgnid mwuppbph dpol nbwljghwt, nphtt hwenpynid E whtrn Wyniph
Alunynpnudp: Uju dbkpnnp htwpuynpnipnit £ tnuhu unwtuy MAX $wqtp pupép
dwppmipjudp, uvwluyt wyt yuwhwbenid ' pupny vwuppunpnidubp b dwdwbwlw-
wnwpn qnpéplpwg b Snnpohubph phthwlut tuntgdwt mktninghuyh nypnid
Eupuwotpinh dwltplinyph ypu dbwdnpynid £ dknwunubph jud Jhwugnipniubph
pupul] punuipwywwn Swslnyype, nph wpyniupnid Wyniph dwlbpbup jupnn &
thnthnpugt) dwpwluyniinipjuiiy, opuhnugdwi b Ynenghnt juyminipjub, hswybu b-
wl hEjunpulul, oyyunhjulul, sthughnwljui b wy hwnnl hwnljnipniuutph
wuwhwetbpnhtt hwdwwwnwupiw: Uju nkjuiininghuyh wowybjnipniiutinhg wytnp
E ok unwugquws wyniph pupdp dwppmipiniup b phdhwfub juqdh &ogphwn huljnnne-
piun: Npybu phpmipnit whwnp k uok pupdp wpdtpp b mkuuninghwljut qnpénpu-
pwigh pupgnipinilip:

Zudwuljgyus MAX-puquyhtt hwdwdnyjusputnh wpnwnpnipju hpudk-
nuwnipghuljub dkpnpubpp dbnwinipnghwgh b ynipughnmpjut nnpunid hk-
nwiljupuyhtt Unnkgnidubphg G Uju dbpnnubpp htwpwynpnipmit o mmwhu
unwbiwy kquiljh yniplp, npnup hwdwnbnnud b Yepudhlugh b dbnwnubph hwn-
Ynipniubpn:

Cunhwinip Uninkgnudubiphg dkp pupdpobpduwunhguiiughtt huptiuwnwpus-
Ynn uhupkqh dkpnnu k, tpp dknwnh b jkpudhuljut hnphubph dhob ujuynud £
wypUwh phwlghw gubiljuh Jupmguspny b hwnlm pyniitpn] MAX-$uq dluw-
Unpknt tyuwnwyny: Uju qgnpépupugn unynpupwp nknh Enibbind wpwg b wow-
owgunid k pupdp obpUwumnputibkp, husp hwiqiginud E MAX-pwuqh dbiwdnpdwip
Ukl puyny: Gnpdpupugnp hwdbdwnwuljut hdwuwnny wyupq b tukpquupnyniiw-
Jtwn k: Ukl wy) dkpnn ubpunnd | nhtwdhl tnwunmd, Epp dbnnwnuthnonig b
JEpudhulwb wyniptph thnohubphg yuunpuundws pnduwpuwuninipgp kowljug-
Umd E pupdp obpdwunpfuimy’ tywunbine hudup MAX-$ugh wnuowgiwin
whuy dwquyhtt nbwlghwtph dhongny: Zpudbunwmpghwljui wju dbpnnutpt
niukl wpwybnipiniikp, huswhuhp B wpwg dowlnidp, pupdp dwppnipiniup b
puipn ndynghwnwght nipbp uinwbiwnt nr wpnwnplne htwpunpoipiniup:

Zpudbnwnipghwlwt dkpnnubpny unwugws MAX-puquyhtt hwdwdny-
Jwsputinh npny ophtimljubiphg tu Ti-Al-C, Ti-Si-C, Cr-Al-C, Nb-Al-C, hiiyyybu twl
wy] hwdwlupgbpn] MAX-puquyhtt hhdpny Yndwynghnwghtt ynipkpp dhnw-
nuiub, Ykpudhjujut jud dhodbnunuijut $wqbph tbpurnidubpny: Upwip
puqUuokpunn b gpunhbun yynmiptp G, npnup hwdwnbnnud Gu mwuppip MAX-dw-
qtin b wy] punuyphsbp: Ldwb Wynipbpp gnigupbpnid B hwinlmipjniubph jni-
npwhwwnnty hwdwnpmipinil, tkpunjuy pupdp wdpnipmiip, shpdwljuyniunipe-
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miip, dwpwjuyniinipniip b Ynpnghnt juyniimipiniup, husp ngpubp npupdund k
Yhpwntih twuppkp npnpuntkpnud: Uju yniptph wpwybnipniuubphg G pupén
wuunhympnitp U dwsnighmpmitp. hwnjuwhu ukbjuluwjhtt obpduwunh-
Swulkpnud, hsp punpny sk Yhpudhjulwb yymptpht, niukt bwb pupdp dkow-
uhjujwut hwwnlnipmnibubp, swwn pupdp ehpdwljuyniimpinit b LEjunpwhw-
nnpulwinipnii:

MAX-puquhtt hwdwdntqusputinh unnugnidp hpuwdbnwnipghwju db-
poanutpny Jupnn L jhul) pupg b Swhiuwnwp, pwtth np yuwhweynid ki dwpnip
dbwnwnutp, pupy wkjpunnghwubtp b obpdwunhdwh, dupdwt nt dudwbwlh
dwbpuyplhn jupugwupnid, hasybu twb npny M b A fadpkph tnuppbp’ uhtiphqh
hwdwp, putl tu b hwqjugynun:

MAX-dpwuqtph (MnaAXn) unugdwt mjuinuiut dkpnnutphg o tnufw-
1nudp b hwnuip: Vuhn yuwnpuuunynd B pununphsttpp thnont wnkupny, akpun-
jup wigmuughtl dkinwnbpp (M), gjuadnp A jadph vioppbpp (ophtuly” uhjhghned,
wynidht b wyt) b wshiwshup jud wgnup (X): Uju pununphstbpp puntignud u
npnowljh Udnjuyghtt hwpwpkpulgnipjudp: Unwugdws pnuwpupwuninipnp jgdmd k
duypuhh dbe b tnwljuynid pupdp oipdwunhdwunid, npp unynpupwp junwp-
Unud £ qulninudnud jud wqupunuguithy dptinnpumu’ opuhnugniihg funtuwthbyng
huwdwp: Bonuljudw obpdwunmhfup unynpupup nunwgnd £ dh putith hwp-
jmphg Uhlish Uh pwith hwqup wunh&wh 8kjupniu’ juu]ws MAX-$ugh punun-
nnipjniihg b yuwhweynn hwnlmpniutiphg: Grujunuihg hbwnn twhwwywn-
nunyusdpp uunsnid E, b uinugymud yhty dhwdnyy) MAX-$ugh Junnigdusp: Guptnp
puy|p uwpkguwl wpwgnipyul Ykpuwhulnidt E akpphtt jupnidtitphg b nk$npuiw-
ghwutphg juntuuthbynt hwdwn:

Zukgdwt dbpngh nhypnud, hywybu tpwudwt dudwiwl, MAX-$uqh
pununphsubpp pwndnud Eu thnont jud hwnhljutph witupny, npybugh wyw-
hnyyh nputg pununpuiwubph hujuuwpusuh pupfundp: uninipyp phntdnd
E qunwupuih Uy b mwpugynid dhtgh hwjdwb okpdwunhgwip, npp unynpupup
wybkh pupdp k, put wdktugdqupuwhw) pununphsh hwjdwi gbpdwunhfwit b,
ophlwy whinwih Yud uhthghmuh Yupphnp: Zugmup wbnh E mikimd dpinmnpnh
JEpwhulnnnipyub nul] jud Julijninidnid’ opuhnugnidhg juntuwthbint hwdwn:
Zuyknig htinn jpwntnipnp vwnsnud £ dhtish ukiyuluwyhtt okpdwumhgwt, husp
hwgkginid E mipjws Juprnigyuépny b phthwljut pinipugpbpny whun Max-
$wuqh dbwnpdwip:

Gnujudwt b huydwb dkpnnutpp, MAX-puqbph uvnwugdwt hwdwp, niuku
mipwhwwnnil] wnwybinipinibubp o phipnipnibtbpp: Gouuynudp poyp E nwhu
wykh quy YEpwhuljl) $uquyhtt wagnidubpp b wwhwbenid £ wytih phy Eubkpghw,
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puyg wytt Epupunb k£ b Gpphidt wwhwienid £ pupdp £upnd: Zuynudp, djniu
ynnuhg, pniy k tiujhu wdbh wpugq unwbiu) pupdp onnipudp ynpbp, payg wyt
owwn Fubpquuun kb wwhwignmd E huljnnnipnit uvwhdwl) uvuntkgdwt gnpépli-
pugh tjundwdp:

Bpynt Ubkpnnubph b mukl hpkg wowybjmpeniubp nt phpnpgniubtpp’
Jujuws MAX-pwuqh hwwnntly yuwhweubphg, hisyhuhp Eu pupdp nbuwlupup
wupnipniip, junniguspujhtt hwdwubnnipmniup, dwpwjuniinipniip b obp-
dwjuyniunipinip: Ukpngh puupnipmiip jujuws £ wpnwugpnipjut hwnny
wuydwitphg b JEpotwljut wpunwnpuiph wwhweutphg:

MAX-bwquht iympbph uvnwugdwt pupdpobpduwunhdwbughtt hiptwnw-
pudynn uhipiqh (RPU) gnpdplipugp hhdtjws b pununphsubph dhol Eyqnptp-
Uhl ntwlghuwyh Jpw, npnup huptwpbpwpwp nwpwsnud ki nkwljghwtt wdpnne
tunionud: Uju dbpnnp pupdp obpdwunhduth hbnbwpny oqunugnpsynid t hpw-
Juynit hwugnipiniittiph uhtiptigh hwdwnp, hisuyphuhp Eut MAX-$wqbpp:

Pupdpobpiwunh&wiiughlt hiphwnwpwsynn uhiptqp (RPU) npubu ndjw-
npwhwy dhwugnipmiuiiph uvnwgdwt unp dkpnn, hujntwpbpdt) L nniu ghnbw-
Jutubkp U.Q. Ukpdwunyh, b.N. Fopnyptuljne b 9.U. TYhhpntp Yondhg 1967 . [5]:

FPU-h hhupnid pujws k Epynt b wybh phtupwlwt wwwuppbph jud dhw-
gnipniuttinh tygnptpdhl] thnpiwgntgniput nkwljghwi, npt pupwinid  ninnnpry-
Jud wypdwt nkdhunud: npdpupwugh hpujwiwgynud | Gjuiynipbph thnohikinhg
wuwnpuunyws pndujuwntnipph dwbpwhwn pkpunid’ phwlghugh nknuht
polynidhg htwnn, b wwpusymd  wdpnne hudwljupgny sinphhy stwpugus
Elwiymiptph pupdp obpdwhwnnppujuwimpju: fhwulghuh mupusdut wpw-
gnipniip b obpdwunhdwip Jupdus tu dh pwpp dhqhuphdpujub yupw-
Utwinptiphg [6] phpunphtwdhluljwi, $hqhuljwi, nkuinnghwljub b phuhwljwi:

PPU gopédpupwugubph pughwinip pwtwdlip upkh | ubpuywugut; hbnb-
ju nkupny.

YXit+ TYj= 2Zk+Q, )

nputn Xi-p Ukinwunb Ewhtn Jh&wymd (ophtwl] Mg, Al Ti, Zr, Nb, Cr, Mo, Ni), Yi-ur
ny Ukinwnp whin, hinny jud ququidwi Jhdwlnd (ophtayy” G, B, Si, S, Nz, Os,
Ho), Zk-U uhtiphqh Wmpbpp (qupphnubp, pophgubp, uhjhghnbp, ubkuhnubp,
uhwuiphnukp, opuhnutp, hhnphnubp, whun menypltp, hunkpdbnwnulijut buqkp
(kpk npwhku Yj hwinbu t quihu dkwnwnp), Q- Eyqnppdhly nkwlghush pipug-
pnid wipwinyny ghpunipiniup:

FPPU-nbktninghwtph qjuwynp wnwybjnipmitutpp, nddupuhuy vhwugnt-
piniuutph b npuig hhdw dpu ynipbph vnwugdwt wy] dkpngutph hwdbdwn,
uygl k, np gnpédpupwgubpt pipwinud i phuhwljub nbwljghwh obpunipjut hwp-
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Jht, b mwpwugdw hwdwp sh yuwhwbeynid jpugnighs obpdught Eubpghw: 9nps-
pupwugh wpnunpnyuiwiunipniip hhdbtwlwinud npnoynid £ wypdwt wpugnipe-
juadp, npp Juqunud k 10...30 #a/4/pl: Uhphqh Wynipbpp punipugpyniud B pupdp
dwpnpnipjudp, pwth np wypdwt okipdwunhdwip Juqunid £ 2000...3000°C, b own
huununipnubp pujpwyynid Eu jud gugnid: FPU gnpéppugh pupdp obpduunh-
S pny) L wnwhu Ukl thnynd wvinwbwy wupg b paqiupunungphy dhwgnipinii-
utp widhpuybu wypdwt wihpnud: FPU nkjnuninghuwyh djniu wnwybjnipniup
yndwynghwnuyht Wynipkph uhiptqgh htwpwynpmipniut £, npnilg uvnnugnidu wy
hwjnuh dkpnnubpny yuhwienud £ Uks swipuubp b pupn m putupdtp uwppw-
Ynpnudbip, hul npny nhwypbpnud nupnuyh wiuhwp £ [7]: fbU-nbkpuuninghwt hw-
gnnnipjudp Yhpunynud £ iwb nwppkp puquupunungphy MAX-pwuqtph uhtiptqh
nkupnid:

Pupdpobpdwunhgdmbiughtt puptiwnwpwsynn uhptqh dbkpnnp puwnpdb k
Epjup b uhihghnid gupnibwlng MAX-buqtp vnwbwynt hwdwp, nptt nuynu-
Yhnpkt guydwbwynpus E hbnwgnunipjub ubppnhhoju yywhwbgubipny.

1. thwljghugh pupdp okpdwunhfwip: MAX-dugbpp pupn vhwugnipmniu-
b &b, npniip wwhwbgnud ku pupdp gbplwunh&wiitp’ Juymb junmgdusp dliw-
Unplint hudwp: fPU-p punuinphsutph Byqnpbpdhy ptwlghugh gunphpy jupn-
nuinud £ hwutil] wwhwieynn obpdwunhfwith, npt wyywhnynid £ dwqbph wpyg-
mbun]tn Aunjnpnudp wpwbg Epjupunb wpnwpht nwpugldwb wihpudhy-
nnipjut:

2. Qopépupwgh wpugqmipniup: b wuppbpnipmnit wjwiguljwi uhupbqh
Ubkpnnubph, pusyhupp Eu thnobdbnwnipghwljut jud phuthwlwmb tunbkgnidp,
PPU-n suhwqug wpug qnpépupwg b Eygqnptpdhl nkwlghwt tdniph dhony
nuwpwsynid L Juypljutitbph pupwugpnid, hisp qquiphnpbu tjuqbtgunid £ uhiptqh
dudwbwlp b Ukpnyp pupdunid hwnljuybu btwpuptnpkh deswbwdwy wpunwuyg-
nnipjut hwdwp:

3. Mupqnipjniu b Swhwwpynibwytnmpni: fHU-p sh wuwhwbonid puipy
uwppuwynpnidubtp b pupdp obipdwunhgduh tpjupudwdlin ywhwywunwd, his-
whu phthwljut tunbgdwt jud hnpbdbnwnipghuyh dkpngutph ghwpnud: U
gnpéppugp nupdund £ wybkih swhuwpynibuybn, hwnljuwbu, tpp uhuptkq-
Ynud ku pupdpobpdwunhfwiwght iynipbp, htisyhuhp i MAX-bwuqbpp:

4. Unwugdws wpunugpuiph dwppmpiniip: Ghwlghuwh wpugnipjub b
opowlw Uhowuyph htwn tfwqugnijl thnjuwgnbgnipyui pinphhy RRU dkpnnp
pny] Enwhu uinwbug MAX-$uqkp hwdbdwinwpup pupdp dwppnipyub wunh-
Swiuny, husp Juplnp £ ugv ynipbph nypnud, npntp twhwnbtujus b oguiw-

11



qnpstnt hwdwp pupdp nkjbnnghwibph npnpunikpnid, ophtly’ Hkywnpnih-
Juyh jud onuwnpbqbpujut Supnwpughnnipjub dke):

5. Yhpumbjhmpiniup Gpljup-uhihghnidught hwdwljupgbph nypmd: fHU-h
wpynibuy bnnipiniut wyugnigyt) k kpuph b uhjhghnidh dpu hhdugws hpw-
Juynit hugmpiniubph b Wnipbph uhtiptqh qnpépupwugnid, hisp uyt hwpdwp
E nupdunid wyu hbnwgqnuumpjut hwdwnbpunnmd yuwhweynn puquupunuy-
nhs MAX-$wuqtipp utnwiwnt hwdwn:

ZEwnwgnunipjub wpnynibpubpp: fupdpetipdwunhfwbught uhiiptqh dbk-
pnnny tunikph Wunpuundwi hudwp oguugnpsyky ki htwnbyuy thnphubkpp
®C-75 dwiljuhoh FeSi (25% Si, 2...4 i hmnhljusuhuljut juquny), nkthlu-
Yl wshuwshl (Unip) II-701 dwljuhoh (99,5%, 2...4 i hmnhuswthwljub Jug-
uUny), I[ITC dwluhoh Ti (dwppnipniup 99 %, dwuthlubph dhoht swthup 3...6 44i),
ITA-4 dwuljuhoh wynidhih thnoh (99 %, 50 G/ hwnhluswthwlw Juquny): Lojws
ynmptnh thnohtbpp puin quuqyush npnowlh suhwpwdhuutipny ppwni]by Eu dew-
yuljju nwpnnnipjub Uk vhtish hwdwubkn quiuqdush unnwugnidp: Uhtiplqi hpw-
Jwbwgyt] Lt dpunnpuughtt fupdwt wuydwbtbipnmd mhunwt-nkuhniduwghtt hw-
dwdnJuéphg wunpuunyws nkwljnnph dbe, npnud twpiwytu 1g4t £ wdwg:
Udugqh JEunpnbwluwt dwuunid wpdby L thnuhly, npuntn mbnunpdt) £ pndupuun-
unipnp: Npubku hwpnighs oguugnpsdyty k Ti-h b C-h fpwnunipyp: SChijugus jwpny
uljhqp k gpyt; £PU gopépupwght: Ujpdwt wihpp wwpwsynud E Jtplhg thppl,
nnh wpyniupnid uhpkqynud £ hudwdnyduépn: Ujpmudp wlilg | 25...30 2, nphg
htwnn hwdwdnyJuspp uvwntgyty E onnid: Ukluwthjuljwt Enutwlng hwudwdnig-
Juspt mpwnyty E mwpwihg b Eupuplyl) nEtngbtmbwuquyhtt Epnidnipjut
(tdU): duquyhtt pununpnipjut ntuntdtwuppnipmnitt hpuwiwgyb) b nkngk-
twyhtt Ultima IV (Rigaky) nhbpwljinnph dhgngny Cuke-dunwuquypdudp: Linipubph
Junnigyusph niuntdtwuhpnipniu hpuljubiugyt) E «Mira» inkuwspnn b kljunpniw-
1ht dwtipunhinwlyny «Tescan» bhpluyh wpuunpnipyut (Qkjuhw) «Aztec» wwh-
quunpny: FPU gnpépupwugny MAX-pugh unugdw uupph wonwwnwipp tjuw-
nugpyus k [8, 9] wpjnwwnwtpubpnud:

PPU dtpnyny MAX-puq unwtiuynt thnpdbpt ppujuiugyt] o wphuunwp
[10]-nud ujupugpdus dkpnnh hwdwdw)i: Unwugdus wpquuhpubpp tupwnpydty
El muppbp bpnisnipniuttph:

(Fe,Ti)s(Si,Al)C2 pwtiwdlny MAX-puqbiph unnugdwtt hwdwp bwjupwywuwn-
puuunyly Eu bpbp pununpmpgmbibp’ FeSi-10, 20 U 30% unftgniyny: ‘Vwubwljwib pn-
Jujuuninipyp yuupuunyl) b panunphsutinh mupunbuwl putujuswuthuljut
hwpupbpulgnipnibitkpny 3Ti-1(ALSi)-2C-1FeSi, 3Ti-1A1-2C-2FeSi, 3Ti-1A1-2C-3FeSi:
Lwdugnij wpmyniupubpp, hsybu upugpdnud bp, winugyty) k 30% FeSi-h wyk-
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gnijh nhypnd, pwtth np YEpghtihu wbjugdwtp gniquihtn wbjugl)  twb tpluph
wupnibwynipinitp, npt pp htpphtt hwigkgund £ dwqhuwlwi pupdp hwnlne-
pnttubpny hwdwdnyJusph nnwugdwtp: Logws pnupiwntnipnutphg FPU UEk-
pnnny unugyl] b Jknunuljut quugusttp, npnup oqunugnpédyt; L npytu
niuntdbwuhpnipjub wnwpu nmwppbp yEpnusnipniuubph dudwbwy:

Ul. 2-nud ukpuyugdws i unugqus MAX-bugh nkungbiiwduquyhe Jtip-
nudnpput nkngblugpbpp bt puquyhtt juqup, hudwdwgi nph’ uhipkqh wpynib-
pnud unugyws wpquuhpkt ki hhdbwlw $uqp (FeTi)s(ALSI)C2 E (93 quitig. %),
tpljwph uhihghnutpp 5 quitg. %), hiyybu twb nhunwh Yupphgp (1 qubg. %) b
uhihghgp TisSis (1 quitiq. %): Upmyniuphg htnbnid E, np vnwgus hhdbwlw
MAX-pwqu niuh wthwdwswth jurnigusdp: Zhdtwfwt dhwwnwpp quaqusnid
Jut mupplp tbpypdus $wqtp, npnup hhokigind Bu bpljup ywpniiwlynng wwuppkp
uhihghnutp: 9h pugunynud twb wnhnwth b wyynudhth yupphnubph b uhjhghnubph
wupnibwlnipinibp, hisybu gnyg k inwhu nkingbiwdwquyhtt mwhgp (. 2):

R * (Fe,Ti)3 (Si,Al)C2 * Putwdlp wup.,
= | %

= ® Fe3si : -

'E 1600 A FoSSi * (FeTi)sAl SiCy 93%
EE {:} FeSi * | FesSi, FesSis, FeSi 5%
% | TisSis 19%
% 000 TiC 1%
N N U

g L 2 o5 |1} | o a

=5 gy

5 0 ———. '__l_ A —. - —— —

.209 ulumbz
Ul 2. £PU gnpdplpugny unmugyws wpquiupph nkingkaghpp FeSi 30 % wijkjgniyh
plupnuf

®npdbpp gnyg Eu wdty), np FPU dbpnnnyd btipnuphihghnuth, nhunwih, wyjnt-
Uhth b wdhiwsuh thnohutbiphg Yupkih £ unwtiuy MAX-puqtp ny hnungkt junnig-
Jwépny, nph hhdtwub dwup (Fe,Ti)3(ALSi)Cz-tn E, htiyygbu bwlb wwupnitwlnmd k
wuippbp surhtph U liph uhhghntiiph, whnwibh b kplweh Yupphnttph whin (o
Snypubkn: Ywnpkh t Wk, np dwqugnjugdun dudwtwl] mhwnwbt nt Epjupnp tnyu
Juppughstt ki gnigwpbhpnmid uhihghnutph b Jupphnubph tjundwdp, husybu
gnyg k npus twptwut phpdnphttwdhjuljut hwyduplutpny:

Ujuyhuny, uhtipligh wpyniupnid unwgyly b tphdwq ynip, npp wupne-
twlnud E Yplhuwlhh Yupphnh (Fe,Ti)C jpwuntnipy b MAX-dwq (Fe,Ti,)3(AlSi)C2 (uy.
3 w, p): Yunnigywspuyghtt njujubph oquuugnpddwdp Wyniph puwtwljuljut Ybpnt-
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Ssmipniip gnyg E wydb), np bkpunmdubph wupmibtwympmniip juqunud k7 quig-
Juduyhl %, huy (Fe,Ti)s(ALSi)C2 $uqh wupmbwlnipymip 93 quuqusught %:

busytiu punwd £ uly. 4w-hg, dbnunulijut $wuqp punugus E hhdbwlut
dwqtphg, husybu twlb Epluph uhjhghnubph hwdwp punpny ub Yhnkphg: Zoun-
ghwgdwt gnpépupugnmd tpluph unybhnuyhtt dwqbph thnpwgnbgnipniut
ninklgynid k (Fe,Ti)3(ALSi)C2 mhuh whuy (msnyplubph dbwynpdudp’ wijwint
Jupnigwdpny: Gpywph uhjhghnubpny hwpunugjws $uqp wnwybjuwytu nk-
nuiuydws kE dknwunh hwnhyh vwhdwih tpuyupny: Uy dwuqbiph hwnplukpp
25...50 /I suthuh ku b hunnwl) ywhuywinid b hpkug vwhdwitbpp:

B

Uy, 3. FPU dkpnymi] unugwé Ginuyeh Junnigjudpp Ti-Fe-Si-Al-C hudwljupgnid’
w1 - x500, p - x10000

[ em—

[ -~y |
100pum 100pm

Ul 4. Unugyjus MAX-puigh pununpnieiniip b dphpnwunnlkpp x500
Unugwd wpquupptbph jurnigdudpp b kpypijws uhihghnitph puppimdp
nuwn swthbph b dAuh wybkih ghon quwhwwnbint hwdwp junwpydl) L junnigws-
puyhtt yEpnisnipjut inp' dwdwbwljulhg dhpneptungbiwuybljnpught (URUU)

wbwihqupuph Ypw, npbt wpwnmy E wjunndwn pkdhuny: Zknwgnunipyut wpg-
niuputipp tkpuyugqus k uly. 5-nid:
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Si Kal Al Kal Ti Kal

T Soom

100pm L J

100pm

100pum

100pm

Ul. 5. FPU dkpnpny unuigywd thnpdwlidniph hkunugnuinipyul wpnyniplbpp.
w - q - pupunkqgh ypuw USUU-p wppyniapabpp
Uuninpl ubpjuyugdus E wwppbph pughwinigy  yupnibwnipniup pun
uyklunnpubph (wnmniuwy):

Unynruwly
Swppkpp phphwinip wwpniulnieniap
Uytlwunph hwdwnpubpp Al Si Ti C Fe
Uwklnp 1 0,54 22,65 7,68 1,18 67,95
Uwklup 2 0,46 22,84 6,85 1,33 68,52
Uwklnp 3 0,38 22,82 6,76 0,93 68,95
Uhghlip 0,46 22,82 7,04 0,81 68,47

Pusybu tpinud £ wnjniuwljhg, hwdwdniwspnid wnwtdhtt muppbph pup-
Junudp tnyuybu withwjwuwp b Zhdtwuwinud hwdwdnyjuspmd ghpuljpnnid
Et uhihghnudp, tpjupp b mhunwbp: Upnwdhith pwtwlnipniup thopp k(4. 5 @),
npp, pun bkplinypht, juyyws E pwpudh Uk tpw wigdwt hbwn:

Bqpuljugnipini: Zkinmwgnunipjut pipugpnid hwgnnnipjudp uhtptqty
t ymphph tnp quu’ kplup b uhjhghnid wwpnibwlng MAX-$uqp oquiugnpsh-
1ny huptwnwpwsynny pupdpeobpdwunhdwiughtt uhiptiqh (FPU) dkpnnp: Unwug-
Jwd wpyniuptbpp hwunwnnd Bu wyu dkpngh wpynibwybnnieniop MAX-$w-
qtiph uhtipkqh phypnid” slinphhy htwnlyuy dknpphpnidkph.

1. APU dhkpnnh wppnibubnmpenibp. fhwlghwibph wpwq b Byqnptp-
uhl] pupwgpp htwpuynpmipinit mwjhu tjuqugnyt tukpghwh dwjuubpnyd b
Jupd dudwbwlnmd vnwbw tyunuljuyhtt MAX-buqbpp: (fhuljghugh ppwug-
pnud mupwugdwl wnwykjugniyu gkpdwunhgwup hwuk) £ 2500°C-h, npt wmyyuhn-
b1 k Gpuiynipbph wdpnnowjut thnpowlEpynidp:

2. FEungktuwupniguspuyhlt YEpnismpnit. thunghiuljwunniguspw-
1ht JEpnismipniip hwuwnwnty E MAX-$uiqtipht pinpny pniptnuyhtt junnigyusp-
utiph wpwewgnidp: Upmyniipubpp gnyg Eu nydly, np vhipkqh hhdtwljui dwuqp

wupnibwlnud k Epypoppuljut $wqbkph sisht pubulynkip:
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3. Uhpnnkuingbimuytljinpuyght JEppmsmpii. Uhijpnnkungbtwuybljunpuw-
1ht yEpnusnipyudp (UNUU) tuniputph mmuppujut juquh ntunidbwuppnipniun
gnyg k nygky, np unugjus juqup haduyunwuppwtinid | hwupqupljyus unkjuhn-
Ubwnpulu qgnpswljhgubpht, htsp hwunwnnmd E uhiptqh dwppmipjut pupdp wu-
wnhdwn:

4. Unpdninghufjun yEpnismipni. Ujutwynpnn EEynpnuwght dwbipw-
nhunulny (SEM) niunidtwuppyly ki uhtiptiqus wynipbph dnpdninghwt b dwljtipk-
uwjhtt junnigqwspp: Linipukpp pintpugpynud b juhn jurnigguspny t]uqu-
gnyt Swlnunljkuntpjudp b hwdwubn $wquyht pupfudwdp, husp yuplnp E pupdp
wnbjuunnghwljut njnpukpnud wyy ynipbph htnwgqu oguuugnpsdw hwdwn:

Npnoyty bt uhtipbqus $ugh (Fe,Ti,)3(ALSHC: pympbnugpuljuii wwpw-
Ubkwnnptpp: Mupqyty E np wyu $uqp qunuimd k eguulnit uhuignuhught b ubp-
Juywugunid k wphn (nusnype, nph jurnigwspnid Ti b Fe wnndubpp wijwunt Eu
nuuwnpyud dknwn-wswstughl sbpnnid” junnigjuspnid hwdwuwp pudhi-
ubkpny nhppbp qpunbtgubinyg: Gpljupny hwpniun uhjhghnubph wepuwnipmniip dwg-
thuwljut hwnynipmitutp Ehunnpymd vinugus MAX-pwught:

ZEnwgninnipjut wpyniuptbpp hhdp Bt hwiinhuwinud htnlbyuy bgpuljugnt-
pjutt hudwnp. APU-p htnwijwpuyght b swjuwpymuwgtn dkpnny £ MAX-bwuqbph
uhtiptigh hwdwp pupdp kppny b tukpghwgh tfwqugnyi Swhubpnyg: Unwugwus
MAX-puigtiptt niukh wthpwdton bhqhjuphthwljut hunnlnipinikp, hyp tputg
htnwtjupuyht £ pupdund muppbp ninpunibpnid oqunuugnpstint hwdwp, tkpwun-
Jup papdpobpdwunhdwtught Swsynypubpp, LHEjupnuhljut b opunhkqbpulju
wpnibwpkpnipniip: Zkinwqu hbnwgnunipjut nipnmpiniattpp Jupnn Bu h-
Ul pununpmpyut b uhliphgh yupiwbbph oyunhdwpugmup yniph kiph pintpw-
gqplpp papbjuybnt hwdwp, hsybu twb nmuppbph wy hadwlgmpmittibph nunad-
twuhpnipyniip’ hpunkih MAX-$ugbph opowtwlyl phnyuubim hudwp:
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C.I'. ATBAJISIH, H.I'. CAAKSAH, M.E. CACYHISTH

AHAJIN3 METO/IOB ITOJITYYEHUSI MAX-®A3 U PABPABOTKA
ONTUMAJIBHOM TEXHOJOTMYECKOMN CXEMBI

MAX-dazet (Mn+1AXn, rne M — nepexoHblii MeTaiul, A — 3JIEMEHT OCHOBHOMU
rpynmnsl, X — yrJiepoj Win a3or, n=1...3) 001aaaoT YHUKIbHBIME (U3UKO-MEXaHUUECKUMHU
CBOﬁCTBaMH, TaKMMU KaK BBICOKasA IMPOYHOCTH, BA3KOCTb, TCPMHUYCCKAA CTa6I/lJ'II>HOCTI) u
3JIEKTPOMAarHUTHBIE XapakTepucTuku. Crpoc Ha 3TH MaTepHasbl 04E€Hb BHICOK, OCOOCHHO B
MUKpod3JiekTpoHrke. OmHako mpobiema MaccoBoro mpousBoactBa MAX-da3 mo cux mop
OCTAeTCs HEPELIEHHON U aKTyaJIbHOM.

B paboTe mpoaHann3upOBaHBI CYIIECTBYIOIIHE METOIBI momyueHns MAX-dassl, B
TOM YHCIIe THpOMEeTaILTyprudeckuii Meron moinydernss MAX-(}a30BeIX KOMITO3UIIHOHHBIX
MaTepuaIoB, METO/IbI CIIEKaHHUS TIOPUCTHIX IIPECCOBAHHBIX 00PA3I0B, XMMHUUYECKOTO OCaXK/Ie-
HUS U3 Ta30BOi (ha3bl, CaMOpacIpOCTPaHsIIOIIErocst BRIcOKoTeMIeparypHoro cuntesa (CBC),
Kepamuueckuii Metos noxydeHuss MAX-(a3oBbIX KOMIIO3UTOB. B pesynbrare mpeaiosKeHsl
BBIOOp M 00OCHOBaHKE ONTUMAITLHOM TEXHOJIOTMYECKOM CXeMBI JUIs JAlTbHEeHIIeH peau3aliii.

W3zyuen npouecc nonyuennss MAX-ha3sel, copepxanienl xejie30 1 KpeMHHUH, MeTo-
oM CBC. IlpoBeneH peHTreHOCTPYKTYPHBIi, PEHTI€HOCTIEKTPAIbHBIH 1 MOP(OIOrHuecKuit
aHaJM3 MoJTy4YeHHbIX 00pa3uoB. [Tokazano, uro Meroq CBC ocobenHo 3dhdekTuBeH npH mo-
nmygern MAX-}a3pl ¢ BEICOKIM BBIXOJIOM M MHHMMAJIbHBIMU SHEPTETHIECKUMH 3aTPATaMU.
ITosryuenHble 00pa3Ibl IMEIOT IIOTHYIO KPUCTAJUTMIECKYIO CTPYKTYPY ¥ OTHOPOAHOE (ha30BoE
pacnpeneneHue, 4rto AeaeT UX MEePCIEeKTUBHBIMU JUIS MOJIy4EHHUs] BEICOKOTEMIEPATYPHBIX
TOKPBITUH, MCIOJIB30BaHUS B 3JIEKTPOHHUKE U APYTUX 00JacTaX. PaccMOTpeHbI IepCreKTHBEI
JaIbHEHIINX MCCAEIOBAHUN MO ONTUMM3ALMU YCIOBUM CHHTE3a U PACIIUPEHUI0 COUYeTa-
HUU UCIOJb3yEMBIX JJIEMEHTOB.
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Jis momyuennss MAX-da3pl ObUTH BBIOpaHBI ONTUMANBHBIC YCIOBUS CHHTE3a IO
¢bopmyne (Fe,Ti)3(ALSi)C,. [Toka3ano, uro Merogom CBC monydeHa mopomikoBas cMech
U3 TOPOINKOB ()EPPOCWIINIS, TUTAaHA, ATIOMHHHUS U yIJIepoia, B KOTOPOH COJIEpKaHUe
MAX-¢a3sr coctaBmino 93% 1o Macce, rie copepikanue ooratsix sxene3oM (a3 FesSis, FesSi
u FeSi npuaaer ocHOBHOI Macce (heppOMarHuTHbIE CBOWCTBA. MaccoBoe colepikaHie HepacTBO-
pumoii cmecu cocraBisier 7% (5% TisSiz u 2 % TiC). IlonydeHHass MUKPOCTPYKTypa
MAX-a3b1 uMeeT CIOUCTHIH BU 1 001agaeT (eppOMarHUTHBIMKA CBOWCTBAMH.

Knrwoueevie cnosa: MAX-dazpl, caMopacpOCTpaHSIONIMICA BBICOKOTEMITEPATYPHBII
CHHTE3, METAUINYECKUE MOPOIIKH, [TOPOIIKOBAas METAJLTYPIusl, ClIEKaHUe, KPUCTAILTHIECKAst
CTPYKTYpa, (a30Bbie MPEBPAIICHHS.

S.G. AGHBALYAN, N.G. SAHAKYAN, M.E. SASUNTSYAN

ANALYSIS OF METHODS FOR OBTAINING MAX-PHASES AND DEVELOPING
AN OPTIMAL TECHNOLOGICAL SCHEME

MAX phases (Mn+1AXn, where M is a transition metal, A is a main group element,
X is carbon or nitrogen, and n=1...3) possess unique physicochemical properties, such as
high strength, toughness, thermal stability, and electromagnetic characteristics. The demand
for these materials is particularly high in microelectronics. However, mass production of
MAX phases remains an unresolved and relevant issue.

This paper analyzes the existing methods for producing MAX phases, including the
pyrometallurgical method for obtaining MAX phase composite materials, sintering of
porous pressed samples, chemical vapor deposition (CVD), self-propagating high-temperat-ure
synthesis (SHS), and the ceramic method for producing MAX phase composites.

As a result, an optimal technological scheme has been proposed and justified for
further implementation. The study focuses on the process of obtaining a MAX phase
containing iron and silicon via the SHS method. X-ray structural, X-ray spectral, and
morphological analyses of the obtained samples are conducted. It is shown that the SHS
method is particularly effective for producing a MAX phase with high yield and minimal
energy costs. The samples obtained have a dense crystalline structure and uniform phase
distribution, making them promising for high-temperature coatings, applications in
electronics, and other fields. Future research prospects for optimizing the synthesis
conditions and expanding the combinations of elements used are also discussed.

Optimal synthesis conditions were selected for obtaining the MAX phase according
to the formula (Fe, T1)3(Al,S1)Co. It was demonstrated that using the SHS method, a powder
mixture of ferrosilicon, titanium, aluminum, and carbon was obtained, in which the content
of the MAX phase was 93% by mass, with iron-rich phases such as FesSis, FesSi, and FeSi
imparting ferromagnetic properties to the main mass. The mass content of the insoluble
mixture is 7% (5% TisSiz and 2% TiC). The microstructure of the obtained MAX phase
exhibits a layered appearance and possesses ferromagnetic properties.

Keywords: MAX phase, self-propagating high-temperature synthesis, metal powders,
powder metallurgy, sintering, crystalline structure, phase transformations.
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HOJYYEHUE MOJIMBIATA KAJIBIIUA U3 CTAHIJAPTHBIX
MOJIMBAEHOBBIX KOHIHEHTPATOB

ITpoBenensl uccnenoBaHust U pa3paboTaHa TEXHOIOTUYECKAs! CXeMa MOIy4YEHHS MO-
J'II/IGHaTa KaJIblIA W3 CTaHAAapTHBIX MOJ'II/I6ZleHOBbIX KOHIICHTPATOB, IMPOU3BOAUMBIX U3 MECT-
HOTO PYJHOTO CBIPbS MPEANPUSTHIMH FOPHOMETALUIYPrHYecKOro KoMIuiekca PecryOiamnkn
Apmennsa. Cxema BKIIIOYACT: HU3KOTEMIIEPATYPHYIO MPOKAJKY KOHIIEHTPATOB, BBIIIECIAUH-
BaHHME MOJYNPOKAJIEHHBIX KOHLEHTPAaTOB Pa30aBICHHOW COJSHOW KHCIIOTOW, OCaKACHHE
MeJH, JKele3a U OCaXICHHE MOJIMOAaTa KaJIbIMs U3 MOIyYSHHBIX PacTBOPOB MOJINOIaTOM
HAaTpHs M XJIOPHIOM KaibLusl. B pesynbraTe mepepaOoTKHM CTaHIApTHBIX MOJIHOICHOBBIX
KOHIIEHTPATOB MOT'YT OBITH MOJIy4€HbI OYMILEHHBIE OT IPUMECEi MOIMOAAT KalbLHs, a TAKKE
TPUOKCUA MONUONEHAa M aMMOHHUIM MOJIMOAEHOBOKUCIBIN TexHUYecKoW 4yucTOThl. Ilocie
OCa)KJCHUSI MOIMOIaTa KaJbIUsl METAIIMYECKUIT MOIMOICH TaKXKe MOXKET M3BJICKAThCS U3
MaTogHoro pacrsopa (1,2 21 Mo) MeToaoM copOIuu-1ecopOnry Ha HOHOOOMEHHOM CMOJIe
Mapku D/13-1011.

Knrouesvie cnosa: MOIMOICHOBEI KOHIICHTPAT, MPOKAJIKA, OCAXKICHHUE, MOJINOIAT
KaJbIHsI, TPHOKCH] MOJIOA€Ha, aMMOHHUI MOINOICHOBOKHUCIIBIH.

BBenenne. biaromgapsi yHUKaQTEHOMY COYETAHUIO TEPMHUECKON CTAOMILHOCTH
Y XUMUYECKOH cToiKocTH MonuOaar kainbiuss CaMoQy4 cuuTaeTcs IEHHBIM B psjie
HayYHBIX U IPOMBITINIEHHEIX n300perennii [1]. OgHo u3 Hanboiee U3BECTHBIX MPU-
MeHeHn moimoOnara kaneug CaMoQO4 - oITHYECKHE W JIIOMHUHECIICHTHBIE MaTe-
puainsl [2]. Ero ucrnons3yroT: B SA€pHON (U3UKE B CHUHTHIUIILIMOHHBIX JETEKTOpax
B KQueCTBE CPEIbl IsI OOHAPYKECHUSI HOHU3UPYIOIETro U3IyueHUs [3]; B KauecTBe
MMUTMEHTA U, B OTJIMYHE OT HEKOTOPBIX APYTUX COSANHEHUH MOJHOIEHAa U TOKCHIHBIX
XPOMATOB, CUUTAETCS SKOJIOTUIECKH YUCTOU aJbTePHATUBOM, HMEET aHTHKOPPO3HOH-
HBbIe IpUMEHEeHUs [4]; B KepaMHKe U CTeKJIe B Ka4ecTBe AOOABKHU IS YIyUIICHUS
1[BETa, HEMTPO3PAYHOCTH WJIH TEPMUYECKUX CBOICTB; B CTAJIETIIIABIIIEHOM IIPOIIECCE
B Ka4eCTBE JIMTATYpHOU ambTepHATHBEI Peppomonundaeny MoFe, B mpousBoacTee
HU3KOJIETUPOBAHHBIX CTAJIEH ISl 00OTaIIeHHsT MX MOJIHOICHOM, TIOBBIIIAsi IPOYHOCTh
1 ’KapOCTOWKOCTh TaKHMX CTayeH [5,6].

CyIIecTBYIOT pa3jMdHbIE METOABI CHHTe3a MoymOaara Kambitus CaMoOs,
Takue Kak TUAPOTEpMAaNbHBIN [6, 7], MUKpOBOJHOBEIH [8, 9], aneKTpoXxuMHUYeCKUit
[10, 11], coocaxnenue [12, 13] u ap. OaHako TpaAULMOHHBIE METOIBl CUHTE3a
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moymbOaara kanbiuss CaMoQOy4 TpeOYIOT HCIIOJIB30BaHUS BRICOKOYHCTOTO CBHIPhS U
CJIOKHBIX YCIIOBHH peakiuii CHHTE3a, YTO IPUBOANT K BHICOKHM JHEpro3aTpaTam H
OrpaHUYMBacT MacIuTalkl porecca. Vcrnoap30BaHUe YUCTOTO CHIPhS M IOPOTOCTOS-
IIMX PEareHTOB TaKXe YBEJIMYHWBAET CTOMMOCTh TMepepaboTKH, YTO OrpaHNYHUBAET
MNPUMCHHUMOCTD TOT'O WJIM MHOT'O METOAA.

Kpucramnuueckas ctpykrypa monubnaata kanbeius CaMoOg4 npeacraBieHa
Ha puc. 1.

s . L Ca
ok .r.m
@®-

Puc. 1. Kpucmannuueckas cmpykmypa moauboama xanvyus [14]

ITocranoBKa 3a1auu M 000CHOBAHUE MeTOAUKH. Vcxons 3 BIILIEU3TI0KEH-
HOTO, B paboTe OblIa IMMOCTaBIeHA 33a/1a4ya pa3padboTaTh JOCTATOYHO MPOCTON METO.
cuHTe3a MonmoOnata kanbius CaMoQs, KOTOPBIH MO3BOJIUT MPEOIOJIETh 3TH Orpa-
HUYEHUS MPH UCTIONH30BAHUN MECTHOTO CHIPbs. B CBSI3W ¢ STUM B KauecTBE CBHIPhS
IUISl CHHTE3a METOJIOM COOCaKACHUS OBUT MCIOJIh30BaH CTaHIAPTHBIM MOJNOIEHO-
BBII KOHIICGHTPAT, KOTOPBIH cooTBeTcTBOBA Mapke KM®-4 u mpousBomuTcs u3
MECTHOTO CBIPbSI OT€YECTBEHHBIMHU MPEATIPUATASIMI TOPHOMETAJLTYPTHYECKOTO KOMIT-
nekca ApmeHnn. COBOKYITHOCTh PEILICHUST BOIIPOCOB IOCTABJICHHOW 3a/1aud JOJDKHA
ObLTa 00ECTIEYHTh YCTOHUNBYIO SKOHOMHYECKYIO 3P PEKTUBHOCTb, SBISTHCS HEOOXO-
JUMOM JUIS 3alllUThl OKPYIXKAIOIIeH Cpellbl, CTaTh OCHOBOW KPYIMHOMACIITAOHOTO
MIPOU3BOICTBA MAaTEPUAIOB HA OCHOBE MOJIUO ICHA.

B mporecce nmpeaBapuTeIbHOTO HU3KOTEMITEPaTyPHOTO 00XHTa (TIPOKAITKH)
MOJHOCHOBOTO KOHIIEHTpaTa B CpeZic BO3yXa U BOJSHOTO mapa (MUCII0JIb3yeMOTO
B Ka4yeCcTBE PETYJSATOpa TEMIEepPaTyphl), KOTOPBIA MPOBOIMWINA TPU TEMIIEpaTypax
400...550°C B Teuenue 2...3 4acoB, TSKENBIE CyTb(HUIE IIBETHEIX METAIIIOB 06pa-
3YIOT CyJb(]aThl ¥ OKCHIIBI, XOPOIIIO PACTBOPHMBIC B Pa30aBICHHOMN COJITHOM KHCIIOTE
HCI, npu »ToM cynbdaTsl MOIHOACHA OKHCISIOTCS IO HEPACTBOPHMBIX HH3IIIHX
OKCHJIOB.

20



HpOI/ICXOI[I/IT pAOd XUMHYCCKHUX pCaKHI/Iﬁl
MoS; + 3,50, = MoO, + 2SO, (1)
6M002 + MOSZ = 7M002 + 2802 (2)

B mnonyo6oxckeHHOM MOJIMOAEHOBOM KOHIIGHTpATe MOJHOAEH HAXOAUTCS
npeuMyIecTBeHHO B hopme MoS; u MoO,, a Menp — B BUJE CyIb(aToB U OKCHUIOB.

YuntbiBasi, 4TO CyiIb(aThl IBETHBIX METAJIOB, OKCHIBI KAJBIUSA U MarHHUA
XOPOILO PACTBOPHMBI B PACTBOPE pa30aBIEHHOMN COMSTHON KUCIIOTHI, a CyIb(uI MO-
Tu0/IeHa U HU3IINE OKCUABI MIPAKTHYECKA HEPACTBOPHMBI B TOM PACTBOPE, MOIY-
0003KEeHHBIH MOJTMOCHOBBIN KOHIICHTPAT MOJBEPTaiy BBIIICIAYUBAHUIO PACTBO-
POM pa30aBICHHOW COJITHOW KUCIIOTHL. BrlllenaunBanue NpoBOAMIN NPU KOMHAT-
HO# Temmeparype B Tedenwue 1...3 gacos. [locie BEIIenadnBanus cyciio (puiIbTpo-
BaJIM, a 0CaJI0K TPOMBIBAIN BOJIOH JI0 MPO3PaYHOCTH MPOMBIBHBIX BOA. JIJIsl OUMCTKH
pacTBOpa OT MpUMECEH MEIu U XkKene3a ero Heurpanuzoanu cogoil no pH 7...8,
pPacTBOp KUTISTHIIH, TIPH 3TOM H30BITOK combl pasnaraics (yaamtercs CO,), KOMITIEKC
KapOoHaTa MeM TaK)Ke pasjarajcs, a jkeie3o kKoarynuposaio. [locne BricymnBa-
HUS 0CaJIKa OTIPEIEIISsITN KOJMYECTBO Kelle3a U MEJIH.

O6pazoBaHre MOIHOIATa KaJIbIUs COMPOBOXKIACTCS CICTYIONMEH PeaKIIUeH:

Na,Mo0QO, + CaCl, = CaMoQOy4 + 2NaCl. 3)

INocne neliTpanuzanuu 1 GUIBTPALUK PACTBOPA, copepxatuero 25...50 &/1 Mo-
muoaena, xiopuaoM kambius CaCl; ocaxkmancs momnoaar kansius CaMoOy. Xito-
pun xansiua CaCly no0aBisiiics HECKOIBKO pa3 TOHKOH CTPYHKOM, 4To obecrieuu-
BaJIO BBICOKYIO CTETIEHb OCa’KACHUSI MOJIMOICHA.

Ocaxnenne Monu6Onara xanpuus CaMoOy4 mpoBoaunu npu pH 7,5...8,5 B
TeueHue 3 yacoB, TeMiepatype 85...95°C npu HUHTEHCUBHOM MEPEMELINBAHUU.

OcaxxaeHne cuuTaal 3aKOHYEHHBIM, KOIJ]a paC4€THOE KOJIMYECTBO MOJIMOICHA
B MaTOYHOM pacTBope He mpesbimano 1,2...1,3 &/ [lomydeHHbI MOIMOIAT KabLIUS
CaMoO4 npombiBanu 4...5 pa3 XOJOJHOH BOAOH U BhICYLIMBaNIU. M3 MaTOUYHBIX
PacTBOPOB, MOIYUYEHHBIX MPU OCaXKIeHUU MonubaaTa kanbiusa CaMoQy, MeTamim-
YeCKUi MOJIMOICH M3BJICKAaIH HAa MOHOOOMEHHBIX CMOJAaX METOAAMU COpOLMU U
JIeCOpOITHH.

[Nonyuennsiii MonubaaT kanbuss CaMoO4 ObIT IOABEPTHYT PEHTIEHOCTPYK-
TYPHOMY aHAJIU3Y C HCIOJIb30BaHUEM MHOTO()YHKIMOHATIBHONW PEHTTCHOBCKON AN(-
pakimonno#t cucrembl Smart Lab SE Rigaku, ocnamennoit 2D-aerekropom
XSPA-400 ER.

Ha puc. 2 npencraBieHa peHTreHOrpaMMa, U3 KOTOpOH ClieayeT, YTo IMOJy-
YEeHHBIH MaTepuall MOJHOCTBIO COOTBETCTBYET TpeboBanusM cranaapta Ha CaMoOsa.

21



CaMoO:
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Puc. 2. Peumeenoeckas ougppaxmoepamma morudboama xanvyus CaMoQOq

W .J\‘.-gg-/\s_-’\.:l:

[To pe3ynbpraTram NMpOBEACHHBIX MCCIICAOBAHMIA, aHAIM3A ITOJYYCHHBIX Pe3yJib-
TaTOB, IPOBEPKH TEXHOJIOTHYECKUX OTIEPAIIH B OTBITHO-OKCIIEPUMEHTAIHHBIX

yCIIOBUSIX ObITa pa3paboTaHa TEXHOJIOTMYECKAs CXeMa MepepaboTKU CTaHIapT-
HBIX MOJHOJIEHOBBIX KOHIICHTPATOB M3 MECTHOTO CHIPhS IS TIOTYUYCHHS OYHWIIICH-
HOTO OT mpuMeceit MmommbaaTa kanbiusas CaMoQy, a Ipu HEOOXOTUMOCTH TIPOU3-
BOJICTBEHHBIX 33J1a4 TaK)Ke Tpruokcuaa monudaeHna MoOs u nmapaMmonnbiaTta aMMo-
Hust (NHy)sM070,4°4H,0 TeXHUYECKOH YHCTOTHI, KOTOPast IPUBOIUTCS HA PHC. 3.

3axmouenue. CTaHmapTHBIA MOJIHOACHOBEIN KOoHIIEHTpaT Mapku KM®-4 noz-
BEprajii npeaBapuTeIbHOMY O0KUTY (Tpokaske). OUUCTKY OT MpUMecei POBOIUITN
BBITIICTIAYNBAHIEM Pa30aBICHHBIM PAaCTBOPOM COJITHOM KHCIIOTHI M HEUTpaTH3aIluei
COJOM.

Monu6nat kampius CaMoQO4 CHHTE3UPOBAIH OCAXKICHUEM U3 TOJYYSHHOTO
pactBopa Mommbaara Hatpust Na;MoO, u xmopuna kansims CaCly. [TogoOpansr ontu-
MaJbHBIC PEKUMBI OCXIeHUS MonuoaTa Kanbiuss CaMoQOs, Tpu KOTOPHIX KOHBEP-
cus gocturana 95%.

ITocne ocaxnenus monubaara kanbiws CaMoO, MeTammiaecknit Mo u3Be-
KaJM U3 MaTo4Horo pactsopa (1,2 &1 Mo) na nonoodmennoi cmone 2/13-1011. e-
cop6uuto MonbaeHa Mo nposoamii pactBopom NH4Cl kornieHTparweit 1...2 moas/j.
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CraHaapTHbli MOIUOAEHOBbII KOHLEHTPAT

Bozmyx [Tapsl BozbI
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‘ HuzkotemnepatypHblii 06xur npu 400...550°C ‘
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OunbTpauus j Na»CO;
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Henosx:xeHHbI MOTUOAEHOBBII KOHLIEHTPAT PactBopsl (Mo, Cu, Fe)
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[ToBTOpHBII (OKOHYATENBHBII) 0OKUT CaCl Ocanku B pactBopax (Cu, Fe)
v v
T I"a3wl ¢ cogepxkarmem SOz, Re203 PactBop Monu6aaTa HaTpus Na;MoOy
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» | HonoobmenHas cmona (D]12-101T1)

v v

OunieHHbI Mmoo aat kanbuusg CaMoQOy

AHMOHUT aficOpOMpPOBaHHbII ¢ HOHAMU MoJarOaeHa Mo dunbTpar
v
IMpomeieka (7% HCI) | |H20 Hecopbuust  <€—| NH4Cl (1-2 mon/n)

v v v

IMoTopHas DJID-10I1 & PactBop (NH4):M0O4

v

[lapamonuGnat aMMOHUs  @—| KpucTammsamus pacTBopa

Puc. 3. Texnonoeuueckas cxema npouzeoocmea ouuujenno2o moauboama xanvyus CaMoQy
(u mexnuyecxu yucmoix MoQOs, (NH4)sMo ;0 z4°4H ;0)) uz moaub0enoswix KoHyeHmpamos,
HONYYEHHbIX U3 PYO APMSAHCKUX MEOHO-MOIUOOEHOBBIX MECOPONCOCHULL

Pa3paboTranHas TEXHONOTHYECKAs CXeMa MepepabdoTKU CTaHIAPTHBIX MOJHO-
JACHOBBIX KOHLCHTPATOB M3 MECTHOI'O ChIPbS IO3BOJIACT IMOJIYYaTh OLII/II]_[eHHI)If/Il oT
npumeceit Momonar kanbimss CaMoQ, Ui MOTPeOSICHNsT METALTYPrHIeCKUM KOMIT-
JIEKCOM BHYTPpH APMEHUH U SKCITOPTHBIX MTOCTABOK 3a PyOeK.
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4.z, MUdbE3UL, U.U. ZUrNkESNRLEUL, U.4. YUIh13UL,
S$.@. MUUYEIr28UL, U.[k 20UNL3UL

USUULTULS UNLPAYELE SUL3NREEMPS GULSPNRUT UNLPATUSH
ususnrur

Yuinupty ki hknugnuinmpnitikp, b dowlp]l b nkuinnghuljwh hnupughs Yuy-
ghnudh dnjhppun vnwtwnte hwdwp vnwigupn dnjhppkuh puwiyniptphg, npnup wp-
nunpynud B mbnuijut hwupuwyhtt hnwdphg 22 (kpbwdbunwnmipghwljut hwdwihph dbn-
twpympnibikpmy U tkpuend B jonwiympbph gusp gkplwunh&wiught fugghugmad,
Jhuwuighttugué funwbyniphph yugnid inup wnuppyny, ynudh, Epljuph tunkgnid b
unwugywé nusnyputphg Juighnidh dnjhppuwnh tunbgnid twnphnidh dnjhppuwnny b juyg-
ghnuth pinphnny: Unwbnupun dnjhppbuh pnwiynipbph dowldwt wpyniupnud jupkh b
utnwbiw] fuwntnippubphg dwppjuws Jughnidh dnjhppun, hsybu twb nkuthjuljut
dwppnipjudp Unjhpnkuh knopuhn b wunthnith Unjhpnun: Ywighnidh dnjhppwinh tunk-
gniudhg htinn Ubknwnuljub dnjhppkup Jupnn £ iwb wppynibwhwigl) duypulub (nidny-
rhg (1,2 ¢4 Mo) 3AC-10IT wmwypwipwhoh hnttwhnjuwbwluyht jukdh Jpu unppldwt-wyw-
unppdwi Ukpnnny:

Unpwbgpuypl pwnkp. Unthpnkuh fanwiynip, Jughttugnd, tunbgnid, juighnith
Un{hpnwuwn, Unjhpnkth Enopuprn, wiuntthnidh Unjhpyun:

K.G. DAVITYAN, S.A. HARUTYUNYAN, A.K. DAVIDYAN,
T.G. PASKEVICHYAN, A.R. HAKOBYAN

OBTAINING CALCIUM MOLYBDATE FROM STANDARD MOLYBDENUM
CONCENTRATES

Research has been conducted, and a technological scheme has been developed for
obtaining calcium molybdate from standard molybdenum concentrates, which are produced
from local ore raw materials by enterprises of the mining and metallurgical complex of
Republic of Armenia. The scheme includes: low-temperature roasting of concentrates,
leaching of semi-roasted concentrates with diluted hydrochloric acid, precipitation of
copper and iron, and precipitation of calcium molybdate from the resulting solutions with
sodium molybdate and calcium chloride. As a result of processing standard molybdenum
concentrates, calcium molybdate purified from impurities, as well as molybdenum trioxide
and ammonium molybdate of technical purity can be obtained. After the precipitation of
calcium molybdate, metallic molybdenum can also be extracted from the mother liquor (1,2
g/l Mo) by sorption-desorption on JIC-10I1 ion exchange resin.

Keywords: molybdenum concentrate, calcination, precipitation, calcium molybdate,
molybdenum trioxide, ammonium molybdate.
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Zujuutnuith Zwtipuytinnipyut dh pupp gniiugnp b wquhy dknwnubph, wyy pyoud’
Skpnbtpwuwpp b Fupdpunhph nuljni, @nitinphph nujh-wynudh, Upugbkpyne b Yuwuih
wnudh nt wy] hwipwjuyptp punipugpynid Eu hwdbdwwnwpwp hwupniuwn, vwluy thopp
pwtwlh wuwowpubpny, ghpuquiguytu swhwquig pupuy b pupwly quehpwt hwipw-
dwpuhubpny wpnwhwynyws ns huqunby pupy diwputngpyudp, thntnpwlub hgn-
ppjudp, nwpwsdwt Lpupnipjudp b wijuwt junpnipjudp, hyyhu tub hwdw
wiljuynit hwipuwpwpny b wwpthwlnn wwwpubpny:

dtpnhhojwy pwjut wuydwtubpnid uvinnpgbntyu dowljdw oyinhdw hwdwlwp-
qlinh puunpnipjub, qupqugdul, junwupkugnpsdwt b tnpkph vnbnddwt ptugquduonid
22-nud’ Zuyuuinuih wqquhtt wnjhunbebhjulwh hwdwjuwpuih « Enlwghtn gnps b ppgwljw
dhowjuyph wwhwwinipnily wdphntinid hpuljwtwugdué hknwgnuinnipniatbpp Yhuygnud
El juunph fuplbnpnipjut dwuh:

Ptpyt) B Utnpuwénph nulnt, Uyudbpgnt ynudh b Cwhnidjwih nulh-puqludt-
tnunuyhtt hwipwjuyph swthwquig pupuly b pupul quehpwth hwipudwpuhuitph uinp-
ghiniyu Uowljdwt oyyunpdw) hwdwlupgbph punpnipjul, qupqugdwi b inpkph unbns-
dwt ophtiwfutip, npnup ninpjws i dwppdw mwpwbdnipjul juyunipjut Ypdundwip,
hwunipuyhtt mwpwsnipjul jguthwldwt oguuugnpsdwi b hwipwpwph wigwn hwunyph
hpugnpsdwbp: hpohtitkpu hwighginmd kb, dh Ynnuhg hwipwpwph wpyn tuhwidwl
npnp dwiubph wykjugdwip b, e Ynquhg phgkpphg hwipwpwph Ynpquwi npulju-
pwhwlulwut gniguhputph pupdpugdwn:

Unwiigpuyhli punkp. hwupuwghtt dwipdhl, nuljh, hwipwpwp, dpwljdwh hudwlupg,
hqnpnipnil, yupnitbwlnipemni:

Ukpwbmpinit: Swjugus hwbpwduyp ubpjuyugyws b dkl jud Jp puth
hwiupwdwpuhutipny, npng jud npputg wnwtdhtt dwubph dowljdwt btyunw-
nJ nunbuwybu tyunwuhwpdup (owywunhuw)) hwdwlupgh punpoipjut hhd-
twdnpnudp suhwquitg pupy (Enbwntnbuwjuit pughp b withpwdton E juwnupty
nkthjuybu Yhpunkh dh puth douldwt hwdwljupgtphg kh" mbnbuuybu
wnwyl] tyuunuljuhwpdwuph (oyywnhdwyh) pinpnipnii:
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Zwupwpuwph unnpghnbyu wpynibwhwidwb huptwpdtph 40...60 % pudhu
E pujumd dowljdwt hwdwljupght, b ybipghtihg ki jujudws hwtipupwph Ynpguwi
npujuputuljuljut gniguthoubpp, hyytu twb oqunujup pununnphsh tuqui-
qnult pryjuinphih vwhdwbwpwtwlubpp dknunh kqpugsught, wqugnyb wpn-
miuwpkpulu b wy] wupnibwlnipniuaubpp:

Upwjdwtt hwdwlwpgh ptnnpdwt Jpu wqynn jupbop (Epbwbppuputiw-
Jwt gnpénutikiphg E hwupwdwpduh hqnpnipinitip, nphg qquihnpkt jupudws
hwupwpuph duppwhwidwb tnuwlh pnnpnipniut nt wpynibwd knntpmniin:
Utunwnulut hwtpwdwpduh jud npu wnwdht dwuh hgnpnipjut upnty thn-
thnjunipniup npdqupugund | gpuitg dowlnudp: Qunhpwth hwipudwpdhuubph
nhypnid dwppdwtt mwpwsdnipjub juyunipniip jupnjws b hqnpnipinithg, huy
nwuwjupbp hwipwdwpdhuubph ghypnid dwppdw nwpwdnipjut pupdpntgpe-
it E juhidus hqnpnipinithg:

Zwipudwpdhbitbpp pun hgnpmpyub, vinnpupudwinjmu ki hhug adph [1].

—suthwquig pupul hwpwdwpdhutbp. hqnpnipniup juqund  dhist 0,6

—pupul] hwtpwdwpdhtubp. hqnpmipniup juqunid £0,7...2,0

—Uhohtt hqnpnipjut hwipwdwpdhtuttp. hqnpoipniup juqund E2,0..5,0

—hqgnp hwipwdwpdhubp. hgqnpnipniip juqunid £ 5,0...20,0 «:

—qliphgnp hwipwdwpdhtukp. hgnpnipyniup juqunud £ 20,0 #~hg wykih:

Zuupudwpdup jud ppu wpwtdht dwup hqnpnipyniup wqpbgnipynii niih
Uowljdw hwdwljupgbph Jpue

Quthwuquitlg pupul hwbipwdwpduh jud npu wnwtdhtt dwuh dhtsh 0.6..0.8
hqnpnipjut nhwypnid Jhpwunkjh Eu gpbpt poinp dowljdwt hwdwlupgbpp, pugu-
pmipjudp hwipwpwph b wwpthwlng wywpiubph hnquudp ot hwdwlgdus
Uowljdw hwdwljupgbkph:

Zuupudwpduh hqnpnipjut tpdws mhpnypnd Jhpunkih dowljdwt hudw-
Jupgtpp wwhwienud ki yupthwlng Ynnuyhtt wywpubph htn dhwuhtt hwipw-
punh hwdwpiwunt hwinype jud k| gqupthwlng Ynnuyhtt wmyuptbphg wpwudht
hwpwpuph wgwn hwtinip:

Zudwwunt hwinypny dywljdwt hwdwlwpgbph ghwypnud nppwt thnpp k&
hwipwdwpduh hqnpmipniup, uyupwt ks E dwppiwut mupwsnipjui jujunipniup
Alwynpnn wnldwb upulju Ynnuyhtt wuptwlnn wywuptbph hwunmpiniup b,
htwnbwpwp, hwbupwpwph wnpunmugnidp: Ujuhuwjn k, np hwdwjiwunt hwtnypny
Uowljuwmtt hwdwlupgtph nhypmd mbjutuninghwjut gnpéptpwugutph hpuljwhwg-
dwt nkjuuthjuljut htwpwynpmipniip vwhdwbwhwlynid k ny el hwipbpuljh
hqnpnipjudp, wy) vwppdw mwpwdnipub juynipyudp [2]:

Uy hdwunn] wnwunwnuuunhwbuhtt dpuljdwt hwdwlwupgbph nhy-
pnud dwppdwt mupwusmpjut jujunipniup whwp k 1huh tJuqugnyip 0,6...0,8
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hul] wwhbuwnhg hwipwpwph wujpwigpuyhtt ynjdwdp dpwuljdwt hwdwljupgkph
nhypmd 1,1...1,2 #fhg ny wpuljwu (wpuwhbunu]npjwé hwbpwpuph jugubnidikpp
pugunbkint hwdwnp):

znphqnuwljut skpnbph hwunypeny b winwugnn (guiynipny guthududp
dowljdw hwdwljwupgbph nkypnid dwppdwt mwpwsnipjut tJuqugnyb juyine-
pintup yuydwtuwynpus £ hwtipwpuph wepkpdwt hudwp ogunuugnpéynn wdkw-
thnpp phpuptpbithh jujinipyudp Uninwynpuytu 1,5 o

Chpnuyht hiniquudp dpwljdwt hwdwlupgtph ghypnid duppdwt Unin-
pwthnpuéph tjuquqnyb juyunipniup juqunid £ 3,0 « puth np wyy swthh
Uhootinunuyhtt tpbuwplt wmywhnynud | wnwig jupinidubph hotgnudp:

by ykpupkpnud £ hwpwpwph wigwwn hwinyp poyjuwnpnn douldwt hw-
dwljupglpht, wyuw wjuntn hwbimipuyghtt £enph juyunipniup dbwgnpynud | hwt-
pwdwpuuh hqnpmipiniithg b hnpuwnuyuwptgdut dudwtwl wifuntuwthbh ynl-
Ynn §nnuyhtt myupitiph hwunmpmniihg (Wwqugnyup 0,1...0,.2 o) Gnpsuwljunid
hwunipuyht £Enph (wyinipyut tWuqugniyt wpdtpp Juqunid E dnnwynpuybu
0,3..0,4 £

dbpp toqws nkjuuhjuljut vwhdwiwhwlnidubpp gnpsnid ko b pw-
nuly hwipwdwpdhuttph ghypnid: Twubwnpuybu, mkuthjuybe wihtiup &
hpwljwbwgubk] thniqus yupthwlnng wyupbbph nwly hniqus hwipwpunh
wpunupnnnud: Zknbwpwp’ Yhpunkih sk hwipupwph b wupthwlnn wuyupbbph
thiniquudp dpwljdwit pninp hwdwlwpgbpp:

zuipudwpduh Jud npu wnwtidhtt dwuh 1,5 #~hg ks hgnpnipjut nhupnid
pug dwppuut nmwpusmipjudp dowljuwut hwdwlwupgbpp ywhwbymd i dudw-
twuynp jud donnuljw pnnignn ptwdwubpny jud b wphbunwljub (huynk b
pEwnntk) hEtwpwbibpny hwinipughtt mwpwdnipyub ywhwywtnud:

Uwnnpghntyu dowljdwt oyyinhudwy hwdwljupgbph pnpnipiui, qupgugdul,
Juunwpbjugnpsdw b tnpkph vnbnédwt ptwquunnid ghnwnbhjulub
wnwonpbipwgh quwuynp ninnnipnil, npybu juint, ghnwplynud £ hwipupunh
wpynibwhwidwb nkjutininghwljw gnpépipugutph dkpktwjugnudp [1]:

unnh gpjuépnp b deponhugh hhdttwdnpnudp: Unnpgbniyu dpwljdwb
oyunhuw] hwdwlwupgbph ptwnipnipjut, qupqugdul, junwupkjugnpsdwb b n-
ntph untnddwt ptuqujunnid Zujuunwiinid ppujuiugyus hbnwgnunnipni-
ubpp Yuynid B jaunph uplnpnipyut dwuhlb, npp wuydwiwgnpgws L hubpw-
whunnipjut gniiuynp b wquhy dbnwnukph hwipwduypbph wnwbdiwhwinlne-
pmiliikpny. gpuibip ki hwiipwpwpbph hwdbdwnwpwn ny ks wwowpibpp, ny hwg-
Juntiy pupn dbwpwiinipniip, hnthnpupuljut hqnpnipniup (wpnwhwyndws uk-
nugnidubpny b thpywspubtpny), mupwsdwt tpjupnipniip b wujdwb unpnipe-
jtup, hyybu twl hwdwh wujuynit hwpwpwpp b yupthwlyng wyukpp:
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Zuyuunnwinud JEpp tpdus (Eptwbppuputuwi b (Entwnbuthiului
wuydwbpny pumipuqynud th, dwubwynpuybu, SEpnbpuuwnph b Fupdpunhph
nuljnt, Fniunhph nuljh-wynudh, Upudbpgme b Yuyuith wynudh ot wy) hwbipuduypbpn:

Skpunkpunnuph nufm hwipunjugpp: Zoupuduypmd wpyymbwpbpuljub tow-
tulynipymt mukt 2° Unwght b Gppnpn plupg-puquudtnwnuiht hwbpbpulubpp:

2003 p.-h gpoipjudp Skpnbkpwuwph nulnt hwtpwduyph hwipwpwph hwpy-
YEYonughtt wwowpibpp Juqunid ku 181080 w2 nuym 11,48 ¢/tn, wpswph 90,72 ¢/in,
wnudh 0,57 % dhohtt ywpniuwlnipniuubpny. hwbipwpwph ywupwnpubph 70% Ynt-
nwlJus tu 0,7 « hqnpnipjudp hwiipudwpdhtibpnid jud nputg wpwdht mbnu-
dwubpnid:

Fupdpuppph nulnt hulpuugpp: Zwupuduypp tkpuyugdws £ 5 hwipw-
dwpdhuubkpnyd. 1,15, 2,3 1 4:

2008p. npnipjudp Fupdpunhph nulnt hwipwjuyph hwipwpwnh hwpyk-
Jonughtt wuwpwpubkpp Juqunid ka 917900 w2 nulnt 10,51 ¢/t b wpwph 15,70 ¢/in
Uhohtt yupnibwlnipiniuubpny:

niaphph nuln hwipwiugpp: Zuupwuyph vwhdwbubpnid huynibw-
plipyty Eu 25 nuljbptip b 2 ynhud-nulnt hwipkpuljuyht gninpubip:

niunhph nulnt hwiupwyuyph hwbpwpwph yuowptbpp hwoqupydus tu
51100 2 pwlulyny nulym 13,6 ¢/tn, wipswiph 29,5 ¢/tn, wndh 0,6 % Uhohti wywpnibw-
Ynipmibibpny: Zuwupwpwpp Ynunuljgus k1,0 « hqnpnipnihg thnpp hwipudwp-
Uhtitipmu, wyn pynid* 40 % Ynunwlpjws k0,4 «/ hqnpnipyniithg thnpp, 27% 0,4 t-hg
Uhtish 0,7 o hqnpnipyudp b 33% 0,7 “hg dhtsh 1,0 «/ hqnpnipjudp hwipudwp-
dhuubpnud:

Upunflpnm wnidp hwipunjuypp: Zuupuuypp ubpljuyugqus k37 quinhputh
hwupwdwpuhuttiphg punugusd skpnuwpudpny:

2002 p.-h gpoipjudp Ujudbpgne hwipwduyph hwipwpwph hwoyklonuyhte
wuwowpibpp uqunid ku 1180690 2 wnudh 5,33 % Uhohlt wwpniiwlnt pyudp, np-
b hwipwpwph Unnuynpuybu 70% pwdht E phljund swhwqubg pupuly
Uhlsh 0,7 « hgqnpnipjudp hwtpwdwpdhtubpht jud nputg wnwtdht mbknudw-
ubkphl:

Quiywih ynhdh hwbpwuypp: Zutpuujpnd hwynth b hwbipuytugdwt
tplynt Abwpwbwlwb nbuwl) hwipbpulughi b punnlpdbplughb, hasybu twb hwb-
puyiuguwl kppnpry dbwpwulub nbuwlp hwipkpuljughtt gnunpbkpp:

2008p. nnnipjudp Guwwih wynudh hwtipujuyph hwupupwuph yuwowpubpp
Utugnpyp hwoquplus t 2717900 w2 wnudh 2,03% dhohti wupniwlynipjudp:
Zwupwpwph wwowpubph dnnnwynpuybu 11% YEunpnuwugyws k0,8 «+hg thnpp,
huly 89% 0,8 1£hg Uks hqnpnipymit niukgnn hwipudwpdhuibpmud jud npuig
wnwudht nknudwubkpnud:
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22 huipujuypbiph ptwut yuydwtutph yEpuptpu hwduwpugpdus ndyuyg-
ubkpp gnyg Lt tnwhu, np nputg pinhwipnipjuip pinpny E hwbpwpwpbph hwdk-
dwwnwpwp hwpniuwn, vwluyt thnpp pwbwlnyg guowptbph, hisybu twb qhpw-
quiguytu swthwquig pupul b pupul quehputh hwbpwdwpdhitph wnlw-
jnipniun:

ZEnwgnumipjut wprynipubpp: Unnple tkpljuyugynud Eu ghuwnpljdnn hwpgh
wniynipjudp Zujwunwith wqquht ynjhnbkjpuhjujuwt hwdwjuupuwih «Linbw-
jhtt gnpd b opowlju vhowduyph wyuwhwywinipnily wdphninud ppuljutugus ht-
wnwgnunnipiniutitiph wpyniuputipp, npnup hhdp ki hwinhuwunid JEpnhhojuy phuw-
Jut yuydwibpt niikgny hwipwduypbph wpynibwpbpuju jnupugdwut wpng-
ity Ennipyut pupdpugdwt ninhubph npnudwt hwdwn:

Uwnbnéyk) k qupplpwug skpuntph hwinypeny, tpjup - phnntk vwhdwbw-
quunnn dhgobpunught Swsny dpwljdw hudwljunpgp (Y. 1) [3-5], npp poyy) E nwhu
hpwdwpyt] wdpuwjuydwb sppwbwmljutiphg, wupqkgul] twpwywnpuunuljub
b jupuwt wphtwnwbpubpp, wwyuhnyl] (Epttughtt wpjuunwtipiinh wbfunwtgnt-
pintut nt pupbjudb] wpununpujut gnpdpupwugubnh junwpdwt yuydwiubkpp,
pupdpugubk] hwupwpwph Ynpquut npujupwtuljulju gniguthoubpp:

Uy 1. Quppipug pbpunkph hwinidny, dhorkpunuypl vwhdwinuquinng Epluppbnniak
tplkuwpyny b hubpupwph plpupkplhughl wnpbpdudp owldwh hunlwlpupgp. 1 - pu-
guunupdwl puipkly, 2 - onunhnpudlwl pnipkly, 3 - dniwnpuyhll hopywdplkp, 4 - hwlpughl

Ykpplpug, 5 - dwppuwl thnpywdp, 6 -dkununudnnbp, 7 - bpluwpplunniak kpkuwpl, 8 - snp
Jguiynije

[6] wpnwmnwipmd ubpluyugyws L Uknpudnnph nuljnt hwbipwquyph pupy

Entwbppupubulub b (Eetuinkuithulwb wuwpdwibtpm] thopp dhish 1,5 « hqn-

noipjudp hwipwdwpduh hwdwp Jeppupwgutphg hwiipwpwph wuypwugpbpny
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wniuudp, ywwhbunwynpdudp b hwimpughtt nwpwsnipyub hknwqu (guthwuy-
dudp unnpghntyu ywljdut hadwlupgh pnpnipjut hhdtwynpdwb wpnyniipp
(uy. 2):

0T,

3+

=il

U, 2. dEkpplpughbphg hulpupuph wujpwigpbpny ynlhdwdp, wuhbkumnan/npdwdp o hw-
anipuyhl nmwpwnipyul hknwgu jguihwldudp uinnpgbunlyw Ywldwlh hudwlupgp.
1 - pugunnupill punpkl, 2 - opuipnpulul pinpkl, 3 - Jhpplpug, 4 — hwbnipuyhl
nwpudnipinLl

Upuiljdwtt hwdwljuipgh hhdftwjut wnwbjmpnibibpt B hynignudhg wyup-
thwljnn wwwpubph b Ephph duybplnyph yuwhywidwb htwpunpnipniip, (bo-
tuyhtt wyhuwnwiptiph hpuljuwbugdw widunwtgnipjut pupdpugnidp b hwipw-
punh hwdbdwinwpwn thnpp wnpuwnwgnidp:

Zhduwlut phpnipniiubpt Bu pinih pupn b wopunwinwn twppwywnpuu-
nnidp, twjpwyunpuunulut b jupdubd wppwwnwpubph qquath swudup b wd-
pujuydwt wtnwnwiyniph hudbkdwnwpup dks Swhiup, hwupwdwpdih ny hwu-
wnwwnnil hqnpnipjut nhypmd hwtpwpwph Ynpniunibpnh dbkdwgnidp, hwtipw-
puiph wipwn hwinyph b npu hwipwpunpoughtt mkuwluynpdwt juquulkpuyydu
withtiwnphunipntin:

®npp hgnpnipjudp hwipwdwpdhtiibpny tkpuyugdus dknwunuljut hut-
puwduynkph wpynitwpbpuut quuhwnndt wthpwdbon L hpuljuwugut) pun
hwipwdwpuhuitph hqnpoipjub, npunkn nkpthjuntntuwjuwt hwdbdwndwt
tu Eupunpldl] wijuynit hwipwpwpp b wuphwlnng wywpubpp' swhwquitg pu-
nuihg uhtist Uhohtt hqnpnipjudp qunhputh hwipwdwpdhubph nhypnid. Gplynt
unnpghntyu ywljdwb hwdwlupgbpp [7, 8]. I' Juppupwug sbpinkph hwinudng b
wyniJws Ynnuyhtt mywpubpny hwiinipwihtt mupwusnipjut (guthuldudp (ul. 3),
II' spuuyht thiniquudp (uly. 4):
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I Ypujdwtt hwdwlwpgh hhdbwlwb wowbmpiniuubpt . thiniqniudhg
Epynh dwljpbnyph gquhwywidwb, ptnpnqujut hwtnyph juqiultpydwi, thn-
thnpuujut hwipuytugdwdp b mknunpdw muppbpny hwtpwdwpdhiibph dowl-
dwt b hntuwh Gpkuwnpyh nhwpnid hwipwpwph thnpp Ynpniunubph b wnpunwg-
dwt htwpwynpnipinitubpp:

U

& = E)
I

I

4

Ul 3. Qupphpwg pkpunkph hwinidny b wnlyws Inpughl wiyyupbbpny hwbnipughl -
pwdnipyull jquihududp wldwl hudwlupgp. 1 - pugunwplul punpkl, 2 - onuihnpu-
Ul puapky, 3 - pinluyhll JEpphpwg, 4 — vwppdwl pkpunuypl Uninpunpnpiudp, 5 — -
hwbquyhl wdpuwluy

L A TR
r\ﬂ_ 100000 TLLD.IQ\ y

O ——— - & s APPSO
i
]
e
#x

Ul 4. Chpunughl iy miquundp owldwh hudwlupgp. 1 - puguunupdwb pupkl, 2 — oqu-
thnpnlwll puinpkly, 3 - pykpojug-ununp, 4 — pupddwi uniwnp, 5 - pinfuypll JEpphpug,
6 — Unuunpunhnpyudp
Zhdtwwt phpnipnibibkpt o dwppdwt nupusnieintl uinnpginiyw opkph
ubppwthuigdut htwpuynpmipiniup, wdpujuydut whnunuymph b MU ULS
dwijuup, wdpujuydw b dwnh nEknunpdut ks wohwmmnwnwpnipniup, hwi-

pwjunpowjht punph wohiwnwiph gusn wpununpnyuljwintpiniin:
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Chipnuyhtt hyniquudp dowljdwt hwdwljupgh nhwnwplynny wwuppbpulp
hhdtwlwt wpwybnipniuubpt Eo' ptnpnnuljuwt hwinyph b hwbipwnpowght
nbuwluwynpdut juquulbpydwt httwpwynpnipniup, dhohtt hqnpnipjudp b
hqnp hwtipudwpdhtubph dowljdwt nypnid hmipwpwnh thnpp Ynpniuntibph b
gudn wnpunugdwi wmywhnynudp:

Zhdtwljut phpnipiniuttpt Bu° dblhg ns wdbijh hwplbpnud swhwgnpsuljut
woumnwbpttph hpwljutugdwh withtwphunipniup, wupthwlnn wywpubph b
tpynh dwybplinyph tyniquul, hsybu bwl dwppdwt nwpwsnipnit opkph ukp-
puthugdw htnbwupny spowlju dhowduyph Jhdwljh pwpwpnidp, wownwi-
puyhtt wuydwutbkph Juupwpugnudp b opkph htn hwupuwyhtt dwiipniiph htinwg-
dwb wpyniipmd ogunuljup pununphsh Ynpnrunttph wybkjugnidp, dwppdw
hwupwhnpotph onuthnpudwt Juwn wuwydwbtkpp, hiptmqtwug (Enttughtt vmppw-
Ynpnudutph oqunnugnpsdwt nddupnipmitp, wdpujuydwut whnwnwbyniph Uks
Swipuup, Ynunnwulynn thuynt dwuh thnbnt gqundwnny hwpujhtt dpunnpunh
wnunnunidp, hwipwinpowghtt putiynph wojuwnwiph gudp wpnunpnnujuine-
pinLup:

Upgniupnid hhdwwdnpyty E, np, gnpstwljuinid, hwupwdwpduh «yphunh-
Jujwt hqnpmipniups Jupdws sk hwipwpwpuyghtt quiqusmy dbinwunh wwpni-
twlnipniihg, b hwipwdwpduh dhigh 1,75...1,89 « hqnpnipjniup ninbuwybu
wnul) tyuwunwljuwhwpdwp b Juppipug skpntph hwimodng b woldws Ynnuyght
wyunpibpny hwtnipughtt mupwdsmpjut (guthwldudp, hul] hwipwdwpduh todwus
hqnpnipynilihg Uks wpdbpbph nhypmd’ skpuwght yniquub dpwldwi hwdw-
Yuipgh Yhpunnudp:

[12] wohunwipmd ukpluyugws E Ujwdbpnnt wynudh hmbpwduyph sw-
thuquig pupul b pupul] hwbipwdwpdhuibph vnnpgbniyuw dowljdwt oyyinhuuy
hwdwlupgbph phnpnipniip, npubn nkjpthjunbnbuwljut hadbdwndwb B
kupwunlyt) hwipwpwuph wpwn hunypny b ynljyuwsd yuphwlyng wywupubpnyg
hwinipuyhtt mwpwdnipyut (guthuljdudp nt hwbipwpwph hwdwpiwntt hwiing-
pny wuhbunwynpduwdp dowljdwt hwdwlwpgbpp: Upgyniupnid hhdtwdnpdby L,
np Uyuygbpgnt wyniudh hwitpuduypnid hwipwdwpduh dhish 0,73 #~p nninbkuw-
wku wnwyk) dkntnnt Lk hwipwpwph wigwn hwinypny b yniyws wupthwlng
wyuwpibpny hwimpwhtt mupusmpjut [guthwudwdp, hull nputhg Uks wpdtp-
Utph nhypnd’ hwlpwpwph wwhbunwdnpuwdp dpwljdwi hwdwlwpgkpp:

Zudwtdwl uunpht o wdhpdus [9-11] hnnjwstbpp, npnugnid htinhtwy-
ubkpp mEuthjuninbuuut hadkdwndwt Bu Bupwuplty 3 dowljdwut hwdwlwp-
gtip. hwipwpwuph wipwn hwinygpny b ynldws yupthwulynng wyuputpny hwine-
puyht mwpusnpyui (guthwljdudp (1), hwipupwph tipuhupluyht ynljdwdp
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LEnpuyhtt hwinypny (II) nt wuwhbkunhg hwipwpwnh ynljdwdp (III) dywljdwb hw-
dwupgbpp: Upyniupnid hhdbwdnpyk) &b, np hwtpuwdwpduh dhsh 0,49 « hgn-
poipmilp owpnhuwy k1, 0,49 «£hg uhtist 0,89 «/ hqnpmipynitip 1T b 0,89 ihg ks
wpdbplbpp 1T dpwldwh hwdwljwpgp:

[13] wphwwnwtpnid, Zuywuwnwih gnpsny (Ekptwhwpuwnwgnighs Yndphiwnh
unnpglintyu hwph nhypnid, ogqunuljup pununphsh «4phnhjuljut yupnibw-
mpmnily quwhwinwlpught gmguihoh dhengnyd plunpty k oupnhdwy hnphgn-
twlwb okpnbkph hwiinypny b wunwugnny (guiynipeny [guthududp dowljiwut hw-
dwljupgp (1. 5), npp upwhwpluyht snpklukpnd dowljdwt hwdwlwpgh (ul. 6)
hwdbdwwn, hwipwpwph Ynpniunbkph b wppuwnugdut jpdundwt sunphhd,
Jupnn Ewywhngb) muptut wdkh pwt 11 $ JUV/wn pwhnyph hwlbjwd:

Ug. 5. Znppgninuljunll pEpuinkph huilingpeny I whnwgng jqulynipny jguhwldudp dowldub
hunfwlugh nwppbpulp  hubpupuph pkpuskpkpughl wnpkpdudp. 1 - pugunupdal
oupkl, 2 - opunhnjudwii-jgunhwldwl pupkl, 3 - pnfuyhl JEppapug, 4 - jquhwldul
Ybpplpug, 5 - phpuokplhughll mknwuguip, 6 - plhnnbk Epkuwply, 7 - whnugng
1gulynip

Uy. 6. Bhpwhupluyhl snpklabpny dowuldwl hwdwlupgp. 1 - jughp, 2 - pfbpojugibp,
3 — wnwunwnuqubqyud, 4 - Ehpwhwupluyhl pnpklakp, 5 - wuwhwwaps pludwukp,
6 — upofuguypli phrunfuukbp
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Mpwgpuy] £ pipupbphughtt nkqujuywiiph b pipliugiug pupdnn-wnptpnn
Utptuugh dhongny wnidwsd hwbpwpwph wnpkpdwt gnpspupwgh Yhpundwu
wnhnpnypitph hhdbwynpdwip thpdws hbwnwgninnipynitp [14, 15], npunkn nkju-
uhjuntnbuwjut hadbdundwb ki Eipupydt] hnphgnuwuljut skpnkph hwting-
pny b (guthuljdwudp dowljdywt hwdwlupgtph tplnt mwuppkpwly. hnphgnuwfwu
stputiph hwtinypny b wunwugnny (guiynipny jguthwdudp’ hwipwpwph phpuyk-
nithughtt wnpkipdwdp muppkpulp (. 5), hophgnuwlwb skpuntph hwinygpend b
wunugnn (guiynipny jguthwluwdp’ huptwguwg pupdnn-wnphpnn dbkphuwgh
Yhpundwdp muppbpulp (. 7):

BE A AA

Uy 7. Znphgninulpul pkpunkph hwbinipny b winwgng jquiynieny jguthuldudp dowldul
hulwlupgh® hipluqlug pupdnn-wnpkpny Jkpkiugh Jhpundunlp nmuppkpulh gdw-
wuwwnlkpp. 1 - pugunupdwl nuowayhl punpkl, 2 — onuihnpnlwl nuipnughl pupkl,

3 — oguuhnfudul JEpphpug, 4 - ppnluyhl nuowughli hwbphowagp, 5 — plpuwn, 6 — pkpuu-
Jhb Uninplp, 7 - Epkuwpl

Upmniupnid wyugnigyty E, np hwpwdwpdh jud npuw wpwtdht dwuh
Uhlsh 3 ' hgqnpnipjub nhypnid oyyinhdw) ki hnphgnuwlw skpinkph hwunypny
b yunugnn (guiynipny [guthuldwdp douljdut hadwlupgh® hwupwpwnph phpu-
otpbthuyhtt wnpkpdwdp, hull wykih dké hqnpmipiniuubph nhypnud® tnyt dpwly-
dwb hwdwlwpgh' hipttwqhug pupdnn-wnpbpnn dkpktwgh Yhpundwdp tmunppk-
nujubipn:

Bqpujugmpmit. Uknpuanph nuljnt, Ujuybpnnt wynudh, Swhoudjuth nuljp-
puquiudbnunuyhit b wy) dbnunujut hwupujuypbph thnpp hgnpmipjundp qunhput
hwipwdwpuhuikph vnnpgniyu dywljdwt oyunhdw] hwdwlwpgtph punpnie-
jutp, juunwpbjugnpsddwup b tnptph vnbpsdwip whpjws ghnwhbnwgnunw-
Jut wohtwnwbpubph wpynitpubph YEpnisnipinitip gnyg k wnwhu hwtpwpwuph
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dwppwhwidwt nblunnghwuljut gnpépuipugutpnid thnpp qupwphwnwght (k-
twjht vwppwynpnidubph oqunugnpsdwdp hwtinipuyhtt nwpwsnipjub [guthwy-
dudp dpwmljdwtt hwdwljupgbph Jhpundwt tyunujuhwupdwupnipniip, npnup
hwlgkgunid &b, Uh Ynquhg hwipwpwph wpymbwhwidwb npny Swhubph wk-
Juguutp b dnu Ynnuhg hwipwpwph Ynpniuniiph n wnpuinugdwh Ypgwindwip:
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Zujuunwith wqquyhtt ynjhnkpthjujwit hwdwjuupui: Umpp bkpjuyugyt) b
Judpwgpnipinit 07.05.2024:

JI.C. MAWJISTH

PE3YJIBTATBI PABOT 110 BBIBOPY OIITUMAJIBHBIX CUCTEM,
COBEPIIEHCTBOBAHHUIO U CO3JIAHUIO HOBBIX CUCTEM MOJI3EMHOM
PASPABOTKHN MAJIOMOIIHBIX KPYTONA TAIOIIUX PY/IHBIX TEJI B
APMEHHUH

Psin MecToposkaeHuid 1IBETHBIX M 0J1aropoHbIX MeTayuloB B PecryOinke ApmeHus,
B ToM uuncie Teprepacapckoe u baprzpunupckoe 3010TopyaHble, TYHAUPCKOE 30J10TO-MEA-
Hoe, AnaBepauHcKoe U KanaHckoe MeiHbIE U JpyTHE, XapaKTepU3yeTcsl CPaBHUTEIBHO 00-
raThIMH, HO HEOOJIBIIMMY 3aIlacaMi; NPEHMYIIECTBEHHO BECbMa TOHKMMH M TOHKUMH PY/-
HBIMH TEJIAMH, YaCTO BBIPKCHHBIMHU CIIOKHOIM MOPQOIOrueii; mepeMeHHOW MOIITHOCTRIO; [UTH-
HOW pacIpoCTpaHeHUsI M TITyOHMHON MaJIeHus, a TakKe 9acTO HEYCTOWYMBBIMH PYAaMH H BME-
HIAIOIUMHU [TOPOJaMH.

HccnenoBanwsi, MpOBOIUMEIE B 001aCTH BEIOOPa ONTUMAIBGHBIX, COBEPIICHCTBOBAHKS U
CO3/1aHUS HOBBIX CHCTEM IOJI3€MHON pa3pabOTKH MECTOPOXKICHUN B BHIIIICYKAa3aHHBIX MIPH-
poaHbIX ycnoBusix Ha kadexnpe “T'opHoro mena m oxpaHsl Ookpyxkatomiei cpeabl” Haumo-
HQJIBHOTO IOJIUTEXHUYECKOTO YHUBEPCUTETa ApPMEHUH, CBHUJETEIBCTBYIOT O Ba)KHOCTHU
POOIEMBI.

[IpuBeneHs! mpuMepsl BEIOOpA ONTUMANBHBIX, PA3BUTUS U CO3JAaHHUSA HOBBIX CHCTEM
MIOJI3EMHOM pa3pabOTKN BeChbMa TOHKUX M TOHKHMX PYIHBIX Tel Merpaa3opcKoro 30J10TOpyaoro,
AnaBepauHcKkoro MeaHoro U llayMsiHCKOro 30510TO-OJIMMETANIMYECKOTO MECTOPOXKICHHM,
HaIPaBJICHHOTO Ha COKPAIICHNE HMIMPHUHBI OYHUCTHOTO IPOCTPAHCTBA, HEOOXOAMMOCTh HC-
TIOJIb30BAHUS 3aKJIaJIK BEIPAOOTAHHOTO MPOCTPAHCTBA U OCYILLECTBIICHHS Pa3/IelbHON BBIEMKH
pyasl. [locneanue npuBOIAT, C OJHON CTOPOHBI, K YBEIMUEHHUIO HEKOTOPBIX 3aTpaT Ha JI0OBIIY
PYIBL, a C IPYTOH - K POCTY Ka4eCTBEHHBIX U KOJIMYECTBEHHBIX ITOKA3aTeNeH N3BICUCHHUS PYIBI
U3 HeJp.

Kniouegvle cnoea: monesHoe ucKomaeMoe, 30J0TO, pyJa, CHUCTeMa pa3paboTKH,
MOIITHOCTb, COJEpHKAHHUE.
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L.S. MAILYAN

RESULTS OF WORK ON SELECTING OPTIMAL SYSTEMS, IMPROVING AND
CREATING NEW SYSTEMS FOR UNDERGROUND MINING OF LOW-POWER
STEEP-DIP ORE BODIES IN ARMENIA

A number of deposits of non-ferrous and precious metals in Republic of Armenia,
including Terterasar and Bardzradir gold, Tundir gold-copper, Alaverdi and Kapan copper
and others, are characterized by relatively rich, but small reserves, predominantly extremely
thin and thin ore bodies, often expressed not complicated morphology, variable thickness,
length of distribution and depth of dip, also often unstable ores and host rocks.

Research conducted in the field of selecting, developing, improving, and creating
innovations in the field of optimal underground mining systems under the above-mentioned
natural conditions at the Department of Mining and Environmental Protection of National
Polytechnic University of Armenia in Republic of Armenia indicates the importance of the
problem.

Examples of selection of optimal, development and creation of new systems of
underground mining of extremely thin and thin ore bodies of the Meghradzor gold,
Alaverdi copper and Shahumyan gold-polymetallic deposits are given, aimed at reducing
the width of the cleaning space, the need to use the backfill of the mined-out space and the
implementation of separate ore extraction. The latter lead, on the one hand, to an increase in
some costs of ore extraction, and on the other hand, to an increase in the qualitative and
quantitative indicators of ore extraction from the subsoil.

Keywords: mineral, gold, ore, development system, productivity, content.
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Zhkinwgnunyby ki «Zpugnuit-5» QEY-h hnjugdwl pug b snp hwdwljupgbph hudwlyg-
dwl htwpuwynpnipnitit nt tyyunwljuwhwpdwpnipiniip, guwhwwnyt) B hudwulgdw wpy-
mibwybwinnipnip:

Unwhgpuyplr punkp. hnjugdwt snp hwdwlwunpg, hnugdwb pug hudwljwpg, hn-
Jugdwt hwdwlgdws hwdwlupg, hnjugdwi hwdwlupgh dwpbdwnhjuljwut dngly,

guyinujuquit:

Ukpwbnipinit: Zndugdwl snp b pug hwdwupgbph hudbdwwnwlub Jtp-
(nudnipniup wlthwyn E pupdunid gputg wnwybnipniuutpp b phpnipniautpp
dhdjutg hwdtdwwn: Zudwlupgbiph hwdwlgnudp poy) £ viwhu dhwdwdwiul
oquugnpst) npuilg wowknipmibikpp htwpunnphiin Wwqkgbng phpnip-
miuubph puguuwlut wqnbkgnipniop:

QEU-tph opowtunmt mEuhjulub gpudunuljupupdut hwdwljupgipmd
hnjugdwt snp jud pug nnuppbpuljh pnpnipmniip mhun wqpmd £ hudwljupgh
wpyntbuybinmpput b hnuwghmppub Ypu: Uyuwgbu, snp, dwubudnpugbu’ 2kpkph
hwdwlupgbpp, pug hwdwlupgiph hwdbdwn, wwhwignid Eu wykh Uks Y-
whwu) ubpypnudukp, wphnwnwiph pipugpnid wyywhnynid B wbh poyp unu-
pugnid b pumpugpynud B Yihdwyujut yuydwiubphg wewdty phun jupudu-
Snipjudp, hist wpnnwhwynymd £ wpynitwdbnnipjut tduqdudp mupdu ong
tqubuljukpht b hnuwhmpyub Wwquudp’ gnipn inubwlikphb: Uhlbngh dw-
dwbwl, snp hwdwlwpgbph Yhpwnnidp htwpwdnpnipnit £ gopstwljuinid pu-
gunbnt pug hwdwlwupgtpht punpny oph gninpohwgdwdp, twupyuspny b wp-
nuwthsdwdp Ynpniunbbpp, npnup Juqund Bu oppwtiwnnt 9nh 3,5...4,0%-p b hw-
Ubdwwnkh Eu Ynunktuwnnpnid jpunwgnn ongnt pwbiwljh htwn:

vunnh npuspp b dkpnnhljugh hhdtwdnpmudp: Cwhwgnpddwt Uk qunignn
ongbwnnipphtitbph qupqugpué hqnpmipjut wnwyt] hwdwpwlh npupdnn b wnw-
Jb1 junpp swthny nkinh niikgnn wyb vwhdwbwhwlnidubpp, nponip yuydwbwynp-
Jusd phuljjhduyuut yuydwbibpny, npytu juunt, nputg hndugdwt hadwljup-
gtinh «Stpugdwiy htnbwp tu:
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ZhEph hudwlupgny juhwnpjws tubpqupnlubph wpnpmbtwbnnejut
quwhwwnndubpp, npnup hpuwhwgyt) ko Zpugnuh QEY-h ghinbu mpugdw
thnynud, gnyyg by, np 4000 /2 dwljtpbuny pwg hndupwing juhwynpus
200 Udw Eubkpqupnlp, 2kEkph hndupwing juwhwynpjush hudbdwn, nwpk-
Ywl Yunw 7 ji §9indn] wkh Eubpghw Ynigkiuwnnpmid wyguhnbjng wtjh
hunp tnupugnid wpunwphtt onh 0°C-hg gudp b +5 °C-hg pupdn ohpdwunhdwubph
ntypnid b wdbih poy) tnupugnid okipdwunhgutiught djniu mhpnypbbpnud [1]:

Pwg b snp hudwlupgbph vh Ynnuhg pupdp 0.q.q.-b, Ujniu Ynquihg woun]by
opwjutiwynnnipjut hwjwunipmiup b yipen hwigkgptg hnqugdwi hwdwljgyus
hwdwlwupgbph ubkpgpdwip, npoup, nwwppbp nkdhduyhtt b ukgnuuyghtt Wuydwi-
ttkph nypnid, htwpudnpnipynit ko wwghu wyu jud wyb swihng ogunugnpstnt
wt hwdwljungp, nph wpynibwybnnipmniuap njug yuwhht wbh pupdp t:

Zudwljgws hwdwlwpgbph ophtwlutp Lt hwdwnpdws b hhpphnuyght
hnupuwtubpp [2, 3]): Ypwbg wnwybnipniuubp k.

v onh Muwynnnipniup. pug pkdhup vhwinid E dhwytt withpudbynnipjut
ntypnid,

v puipdp wpynibwbnnipmnitit wdnwbp. Jupnn B wywhndly 5...15°Cny
wykh gudp Ynunkiumghnt gbpdwunhfwutip h hwdbdwwn dhuyt snp hwdw-
Yupgbph,

v’ opouju Uhgwuyph Jpu wfuq puguuwlfut wqpkgnipmiun, npb wpuw-
hwynynud £ oph wybkih thnpp nyundwdp,

v Juyni wouwinwpp wdpnne mwupyw phpwgpnud:

Nputu hudulgqus hudwljupgbph phpnipniattp ywbwunp L hudwpl] wybh
pupn jurwujupdwut wnndwnhlub b wybih pupdp twptwuut tkpppnudubpn:

Bpt unp jurnigynn Juywubph ghypnd twhuwyuwnynipmniip jupnn b
unpyb] hwdwljgyus hwdwljupgbph jhpundwip, wyw wpnbt gnjnipynit niikgnn
Eubpqupnljubph ghypnid mbnbuwybu puduljuithtt wpynitwdtn jupng k(-
k] qnynipnil niukgnn hndugdwt hwdwlupgh «JEpuljunnignidp» hudwlgdus
hwdwlupgh: Uju wphuwnwipp wuwhwiomd k dwipulplhn ntunidbwuhpnipyni
wudkl dh Ynupln Juyubh ghypnid wowbdbwgitng npu jnipuhwnnipm -
ubkpp, b twppunbuynn pusmdubph hwpdwpbgnidp wpnkb gnjnipnit niikgnn hw-
dwjupgbpht:

Uwubwynpuybu, «Zpuqnub-5» Lukpqupnlp, Gjukng wkjunnghulwb,
wgu £ jninh b ghubpuunnph puupup hnqugnidt wyuwhnbnt tjunwnmdub-
nhg, juhuynpyus k b hnjugdwi pug hwdwljupgny: Snglinnipphth Ynugku-
uwwnnph hndugnud hpujubwgynud k 2 Epp hwdwlwupgny, hull dbwgws uwp-
punjnpmulibphip wpwbdhi Yniinmpny wohunnn gupnuuquiny: Usjuunwiph
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punyphg kjutnyg wbih &hown E hnJugdwi wyu hwdwljwpgpht ns ph hwdwlglws,
wy] ninnuljh hwdwwnbn wtduukp, pwbqh tpw Epynt punugnighs® pwg b snp
dwubpp, gnpémud ku dpdjutighg wbjwhu, Swnwynid ki nwwppbp tyquunwljubph b
nkdhuujhtt mnnidny nplik mqnbkgnipinit sniukt hpup ajundwdp:

znjugdwtt pug b snp hwdwlwpgbpp hpuphg dhwipwiwl nupubguntyn
hwdwp gpup nbkpunnid wjunthtin jubduiykt hwmdwywnwupwbwpwup nkje-
uhjulut b opowttunnt gpudwnuljupupdui hwdwlwupghn:

Sthuthjulut opuiwnuljupupdut hwdwlwupgp punjugus k.

v piUny 2 hwn gupnu]uquihbphg 208x37 « u 172x37 o sunhbpny, b -
hunpywd gnudwpuyhtt pyny 62 huwn B-75 mhuh thnnpuljukpny,

v yndyuwluywithg, npomud nknunpjus tu J1-6300x27-2 mwhyh pyny 3 hwwn
1 20HJH whwh pyny 2 hwwn yndyhp,

v/ DN1000 dwypniquyhtt junnnjulwownpkphg (2,5 §), whgwinng wpdw-
wniphg (25 hwwn) b wyt:

Cpowtiunnt opudwnuljupupdui hwdwlupgp punjugus t.

v hnjugdwb wonwpulhg 160 « pupdpmpjudp U juhwnplus pyny
192 huwn nhpunnubkpny,

v yndywluwjwhg, npod nknugpjus tw HA-1000 whwh pYny 2 hun b
[-6300x27-2 whuyh pyny 2 hwwn yndukp,

v DN2000 duypninuyht junnnjuljuowptphg (1,5 44), whgwinnng wpdunnt-
nthg (60 hwuwn) b wy

Gnynt hwdwljupgbpt ) sowhwgnpédwi ke i qunnd wdbjh puit 20 viwph:
Uwjuyt opowtinnt hwdwljupgh wohtwnwtipuyhtt pintpugpbpp, h wuppbpnipe-
it mkthjujut gpudunuljupupdut hadwljunpgh, puduljuitht oknusé tu
hnkug twpiwgduyhtt wpdtputphg: tw hhdbwljwinud yuydwbwynpus L phjpunw-
utph punnnjuluwowptph b wpunwphtt dwbpinyputph sybpujuiqudng Juwu-
Juspltpny, wyn pUnid’ spjwugnn tunduspibiph wnljwynipyudp:

Cpowtiwnnt hwdwljupgh hnqugdwi twpwgsuwhtt b wnw punipugpbpp
ubpjuyugdws tu uly. 1-nud: bPuswbu tplinud . I-nid qunlbpdws gpudhljuk-
nhg, opowtiwnnt oph obpdwuwnmhgdwtubpp ubpuw npnipjudp pupdp Eu ppkug tw-
huwmgduyhtt mpdbtputphg 7...8 °Cny, htgh htmbwupny tukpqupinh Juntihph nk-
uwlupwp swhup pupdpuund k 2...6 g/ dwndny:
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Ul 1. Cpowinunnt goph pkplwmumnpdwlp nbpkivunnnph Ejpnid wpunwphl onh 0...30°C
okplwumnpdwbhknh whpnypnid, kpp wpuubiungng pkplupwinulp 400 U4w
opowlnunn gph Swhiup 36000 U%/d. hnyjwpwinid dpugws wnibkph pwimlp 384 hunn.
w) bwhnugduyhl njpuybkp, p) wolu ' 2024p. gpoupyudp JEpmiénippul wppyn bphkp

«Zpuqnu-5» Fukipqupnih gqupugquynid oppwwent hwdwlupgh punipw-
gptph (ujugdwt puuljuht oyynhdw nwppkpuy k npu hwdwlgnidp nkatih-
Jujut opudwnuljupupdui hwdwlupgh htwn: SEuhjulwt opudunuljupup-
dwtt hwdwljupgp tbpluynudu oqunmuugnpdynid k onipg 10...15 Udw obipdwipunn-dwt
wywhnuut tywwnwlny, nph hwdwp pudupup b pdnyg 15...20 hwwn honpuly-
ubph dhwgnudp: ‘Ljuwinh ntukwny, np guyunuduquvitph suthbpp b nknungpdus
wndybph pwbwlp poy) B vwwhu thnnpujubkph pwbwlp hwugub) 104-h b www-
hnyt) onipg 13 Awg /% wkuuhjulwb oph swuu, wnweht Uninkguwdp Juwnwp-
Jwsé hwpduplukpp gnyg Et tmwhu, np mkuthjujub opudwnuljupupdwut hw-
dwljupgp Yupnn £ wywhnyb) onipe 60 Udwr ohpdwtgwwnnid, nphg 48 Udwr-p fu-
nnn E oquugnpéyk) opowimnnt 9ph hndugdwt hwdwp:

Unwyt] dwbipudwut b puquugnpéntt hwpguiplubph hwdwp, npnup wyint-
htwnl jupnn Eu gt hndugdwt hwdwljgyus hwdwlwupgh nkdhdubph judunl-
dwtt hhdpnid, muthpwudtown k Jhpunk) opowiunnt b mkuthjuljut opudunulju-
npupdwi hwdwlupgbph dwpbdwnhljulut dnnbjubpp:

Cpowtiwnnt gpudwnujupupdut hwdwlupgh dwpbdwnhjuljwut ungkh
hhdpnid npdty Bu 2M&2 «Qbpdwkutpghnhljuy wdphnih Yondhg wybkh Jun dowy-
Jws Epynt wgnphpdukpp [4, 5]:

SEtuhjuljwt epudunujupupdut hadwljupgh duptdwnhijuljuwt dnpbp
Uowlyky k [6]-n1d npwd unungpudbph hhuwt Jpu (. 2):
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0.4 # 3 0 10 20 30 40
A :_ aa v ¢ I Onh otipdwumh6wGp L hnjwgywd opp
” 1 2 3 4 5 dhoht oipdwuwmhéwdp, tg, °C

Pf)lulim lupluqlilpjmﬁp.'u’:‘q
U, 2. Suyununjuquiah hwogupluyhl andngpudp [6]

Zudwljupgsuyhtt hwpduplubpnud Yhpwuntih qupdubine b JEpnhhpjw) un-
Ungpuidtitph hpdwb Ypu K e K, odwunuly gnpdwljhgutiph nt oph dhohti ¢, otipu-
wunh&wlbh wpdtpubpp npnokint hwdwp phgpbuhnt wiwhgh thongn] uwnwgty
Et htnbju hwjuwuwpnidukpp.

K,=51-0683xH +11,4xQ +0,044xH*—2,665xQ%—0,466xHxQ,
K, =0,3085 + 0,1843 x exp(—w),
K = Kq x K,, x At,
ty=81+0686xt,,+04775xK — 6,48x (1 — ¢)"?>,

npuntn H-p oph £upmdt k thnnpuliikphg wowy, # Q-1 nonquwil junm pynilp,
UY(l2d), w-i' pudm wpugnipynibp, /4, At-ii oph hnjuguwh swhp, G, t,p oph
uhghti ghpuwumnh&wip, °C t,,-p onh ghpiuumnh&wip, G @-t' onh hwpupbpulwh

Juntwnipniin:
ZEknwugnunnipju wpyniiplitpp: LY. 3-nud ubpuyugdws | guyunuduquitnud

hnjugjws oph obpdwunpguth jupujusnipmiip wpunwpht onh obpdwunhguithg
b juntiwynipniithg: Uuhwywn £ np onh juntwynipjut gnpéntp ny wquljwu «wgnk-
ghlp £ onh oipdwunhguithg:

43



30

25 E————

20 =

15 +

10

5

Znjugywsd oph ohipdwunh&wip, °C

0 T T T 1

20 40 6001}11 hmpulphpml%?ﬂl lunhunlm.p]mj}]g,o%
e . on=+5°C twipun. on=+10°C
= = tunwn. on=+15°C = e e tunwn. on=+20°C

Uy, 3. Sugmunjmquibnud hnjugyué oph okpulwumpdmin  jupn/ws wpunwphl ogh
okplwumpdwihg b junbunfnipiniihg, Epp wpunwbbun/ng ohplupwiup 23,2 Udw
(20 Qhuy/d) |, opp Swipuup 8200 L% (Upugyus F 62 hngpuly)

b nupphpnipmit gupnuduquith opewhuent hudwlupgh wownwbiph
Jpw onh hwpwpbpuljut juntwnipjul wqptgnipmiup gnpstwljuwinid witpwh
L, hul gbpiwunhgwlh wqpbgnipniip wowb qquh: ntudmpyub 20...100%
yuyuwbubpnid Junwpws hwoJuplubpp gnyg ki twhu, np oppwbiannt onh
ohpdwunh&with thnthnjunipiniun sh gipuquignid 0,2 G, ptn npnud, nppwt puapdp
E onh junttwynipjniip, wyiput pupdn k oppwbwnnt gph obpdwunpdwip: Zwudk-
duunmpjut hwdwp hwupl b ok, np gupnujuquing pug hwdwljupgnid wjy
wnuppbpnipniip juqunid £ 4..5°C (uly. 3):

bPusyhtu Eplnud E ul. 1, 3-nuid wuwwnlbpjws qpudhljutinhg, wpunwpht onh
ipupwisinip 1°Cny ohpdwunmhfwuh pupdpugnidp hwbghgunid £ oppwtiuunnt
onh otpdwuwnmhfwuh pwpdpugdwip 1,0..1,1°Cny, dhsphn guynuduqutught
pug huwdwlupgnid wyy nwwppbipnipmniup juqunud £ 0,5...0,65 °C:

Cpowtiunnt hwdwlupgh hwdwp dpwuljdws unnbkih dhongny ntunidiwuhp-
Yt E twl npu hndugdwb anpmpmip’ juhdws wohiuinwiph hudwp dhugdws
hnJugtnn LEdkunubph putwlhg: Pusybu Epunud E uly. 4-nid yunlpdus gpu-
$hlihg, nipupwignip hwenpny vhwgynn fEdkunh wpynibwdbnmpniut wbkh
thnpp E, pwl hp twpunprhbp:

Cpowtiunnt b nkuthjulut spudunulupupdut hwdwlupgbph hwdwl-
gnidtt ppwjwbwgynid L opwugpuyhti oipdwthnjumbimlhsitinh Yhpundwdp: Cpow-
twnnt oph Uh dwup, snp hnupwithtt qniquhbn, npdmd £ Jbpntgjug obpdwthn-
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huwtuhstibpny, npnup hndugynd Eu nkuhjuljui opny: LQepuuthnpuubigdwin pln-
hwtnip dwbptup juqunud £ 4000 /2 obpduthnpuwtwlyhsutph putwyp b jnipw-
pwigniph dwljtpbup Jupnn G npnoyb] wohwmnwtipuyht hwuwnwpnpbph dpwly-
dwb dudwbwly:
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Uhwgywé hnjuguny yyniubiph pwbwlp, hwwn
Cpowtwnnt oph ohpdwumnhlwup hnjupwih dntnpnid

Cpowbiunnt oph oipdwuwnh&uip, °C

== e=Cpowliwnnt oph oipdwuwnhdwup hnupwuh Gjpnid

L. 4. 2Ejkph hnjupulih dninpnid spowbunn gph pkplwmunpdubp jupnjus dhugfus
hnyjughng wynibkph puiwlhg, wpunuphi oph gbpduwumpdwman 15°C E wpunubbunlng
obpifwpwinulip 250 Udwn, spowbnunnt oph Suifuup 36000 L%/

Cpowtiwnnt b mkuthjulwt gpudunulupupdwt hwdwlupgtph dpwly-
Jus dwpbdunhiulut dnpbjubph jhpundwudp junwpgus hwpguplutpny hhu-
twynpynid £ huwdwljgdub tyquunuljuhwpdwpmpniip: pw wpnniipnd, ong
Enutuljughtt wuydwbibpnud, wpnwbugnn gninpont gbpdwunhgwip Ynunkiuw-
unnpnid tdugnud k 1,5...3,5 °Ctny, pln npnud, nppwt pupdp Bt wpuwpht onh obipu-
wunhguip b §nunkiuwnnph okpdughtt pbnp, wjipwt pupdp Ehudugdu wpn-
miuwybnnipmniip:

Uwutwynp nhyph hwdwp junupdus hwpduplutph wpyniupubpp ubp-
Juyugquws Eu uly. 5-nud: Uju b hnwgu hwydupljutpnud nkjutthjuljut oph swjuup
opwonpwihtt ohpdwhnjuwbwhsubpny pugnily £ 9300 %4 npp hwdwpdtp &
guynnujuquinid jpugnighs pyny 70 hwwn thnnpuljubph dhwgdwin:

Ul 5-nud tbpuyugdws, hisybu twl wy) nkdhdutph nhypnid junwupjws
hwoJuplubpp gnyg Eu mwhu, np opwepuwyhtt okpdwhniwbwlhsitbpny wugung
onowtiuinnt 9oph owynpdwy Swpaup Juqunid £ 6000...8000 /%
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e Qhpuiunthnhuwturlyhsh bpnud Cpguitunn gph dutfuup
vwntintlhg htinn obpuunhnjumburhsukpnd, w/d

Ul. 5. 2B kph hnyjwpwihp b opuopuyhl obpdunhnpiuinulpsabph Ejpkpnid b gpuibg
dpwpnuntnulhg hknn nbpkbuunnnp npyng spowiunn: oph okpilunnpdwbbbpp’
Juwpafwé pbplunpnpumbwl s ibpny ppowlnn gph Swjuupg, bpp wpunwphi oph
obpifwunpdwbp 25°C b hwpwpbpulwb junbunfnyeniip ' 60%, [ntpkbuunnph okpduyht
plop 400 Udw, spowbunn oph gnidwpughl Swipuup 36000 o%/d

Ujniu Ynquhg hwdwlgws hudwlupgh Yhpwenidp hwpudnpnipynit k
nuphu’ Ukqutym Hubpqupnh hqnpoipjutt vwhdwiwthwldwi swihp wuydubw-
Ynpjus ptwlhduyuljut guydwibpny: Uhuyt snp hndupwing b hwdwljgdwb
ufpubiduygh Yhpundwdp spowttunnt 9oph ohpdwunhfwuibnh jujudwénipniup wp-
wnwpht onh obpuwunh&wihg thpuyugdus k uly. 6-nud:

v
o

/

Qph opdwuwnh&wip, °C
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Upuwpht onh ohipdwuwnh&uip, °C
Zudwhgdwdp

== Onp hnjwpwling

Ul. 6. Uhuyl snp hnjuwpwiny b hwdwlglwl upikduyh jhpundundp inbpbiuunnnph
Uniunpnid ppowinunnt opp okplwunpdwih jujujuénipniap wpwnwphl onh
okplwumpdwihg, bpp Inbnkhuunnnph okpdluyhl pkop Ququnid 400 Udwn, ppowinunnt
oph gnudwpuyhl Swpiup 36000 U%d, huly hunfwlgdwl nwppkpulh pkypnid sop
hnfupuwiing 28000 4% b gpugpuyhl pkpilunpnpnuinulfsibpny 8000 L%
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busyytu tplinud E uly. 6-mud ukpyuyugdws qpubhlhg, hwdwlgdwb wpnynit-
pnud Eubpqupinih wnwybjugnyt phinh nhypnid vwhdwbwhwlnudp ajudmd k
wpuwphl onh 22,9 °C-hg wyt wwpwquynid, Epp dhuyg snp hndupwtng wyb juqg-
Unud k19,5 °C Zudbdwwnnipjut hwdwp tokup, np pun dpwljjws dnnlng juwnwp-
Jws hwoyuplubph dhuy snp hndupuing wownbnt nhuypmd, wpnwpht onh
22,9 °C ywuydwuubkpnud, Eukpqupnih onglinnipphth hqnpnipniip yhwnp L tdw-
qtigyh b Yuquh 240 U’ 300 Udwr-h hnpuwpki:

Bqpuljugnipjni: QEU-h hndugdwl vjubdwynud hwdwlgyus hudwljupgh
Yhpwonudp jupnn E puduljuwitht wpynitwdbtn (htl) hwdwlupgh punjugnighs
dwubph §hoin pnpmpjuitt bt npuatg Uhel hnjwghng oph, Jud np tmyhb £ obp-
duyht phntubnipjut pupfudwt jwdupljiwt wpyniupnid:

Uwubwynpuytu, «Zpuqpu-5> QEU-h phwypnid hnjugdwu snp hwudw-
Jupgh hwdwlgnuip pug hwdwlupgny, pun Enipjub, Ypnd b «ququpbugh»
punyp b tyuunwljuhwupdwp b hpuljubwgul) wpnwpht onh npuijut okpdwunh-
Suiutbph wuydwutbpnud: Zudwlgdwt jhpundwb wpyniupnud, h jpnuda QEY-h
wpynitbwdbnmpjut pupdpugdub, tjugqnid | bub wpwdbjugny pinh vwhdw-
tuthwldwb suhp wwpdwiwynpdws wpunwphb onh ehptwunh&wbm]: Ophtwly’
dhuyt snp hnJupwung wonwnbint wuydwibpnud, ujuws wpunwpht onh 19,5 °C
otbpdwunhdwithg wthpwdbown L pintiwputhb) onglnnipphtip, hulj hnqugdwi hw-
dwlgdwt Jhpundw wpyniupnud wyny obpldwunhdwip juqunud £ 22,9 °C Zupl &
ok, np vhuyt snp hndupwunyg wppwwnbint nhwypnid, wpwnwpht onh 22,9 °Cwuy-
dwbtbpnud, tubpqupinh ongbinmipphth qupqugpwsd hqnpmipmniip whwp k wu-
qtguh b Yuquh 240 w2 300 Udwr-h thnjuwpki:
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B.3. MAPYXSH, P.A. BAPJAHSH

OIIEHKA D®®EKTUBHOCTHA KOMBEUHUPOBAHHOW CUCTEMBI
OXJIA’KAEHMUS (HA TIPUMEPE T3C «PA3JIAH-5»)

HccnenoBanbl BO3MOXKHOCTh M LIEJIECO00PA3HOCTh KOMOMHHUPOBAHUS MOKPOM U CyXoi
cuctem oxnaxacHus Ha TOC «Pa3nan-5», maHa oneHka 3(p(GEeKTHBHOCTH TAKOTO COBMEIICHHSL.

Knrouesvle cnosa: cyxas cucreMa OXJIQXKACHHU, MOKpasi CUCTEMa OXJIaXKICHHS, KOM-
OMHUpPOBaHHAS CHUCTEMa OXJIAXKICHHsI, MaTeMaTHUeCKas MOJENb CHCTEMBl OXJIaXICHUS,
OpBI3TaNbHBIN OacCeiH.

V.Z. MARUKHYAN, R.A. VARDANYAN

ASSESSING THE EFFICIENCY OF A COMBINED COOLING SYSTEM (ON THE
EXAMPLE OF THE «<HRAZDAN-5» TPP)

The feasibility and expedience of combining wet and dry cooling systems at the
«Hrazdan-5» Thermal Power Plant are investigated, and the effectiveness of such a
combination is assessed.

Keywords: dry cooling system, wet cooling system, combined cooling system, cooling
system mathematical model, spray pool.
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A.B. TAIEBOCSIH, B.3. MAPYXSH, A.C. AKAPMA3SH
OYUCTKA PEYHBIX BOJ, BIIAJAIOIIUX B O3EPO CEBAH

3arpsi3HeHne o3epa CeBaH TIIaBHBIM 00pa30M OCYIIECTBIISICTCS BOAAMHU PEK BIIAAA0-
mux B 03epo. B 03epo CeBaH BirBaroTCs BoIbI 28 OONIBIINX M MalbIX pek. K cpaBHUTENBEHO
KPYIHBIM pekaMm oTHocsitcst ['aBaparer u Macpuk, KOTOpBIE SIBIISIFOTCS HauOoliee 3arpsi3HeH-
HBIMH, IPOU3BOACTBEHHBIMH H CEIBCKOXO35HCTBEHHBIMH CTOKAMH.

Pa3paboTaH ciocod OYMCTKH PEUHBIX BOII, B Ka4eCTBE 00HEKTa HCCIIEAOBAHMS PACCMOT-
peHa peka ["aBaparer. Ctenenp ouncTky Boabl oT (ocdar-nonos cocrasiser 45...60%, a
HUTpPAT, HATPUT-HOHOB — 110 40%.

Kntouesvie cnosa: o3epo CeBaH, pexa ['aBaparer, 3arps3HEHHOCTb, METOJ[ OYHCTKH
BOJl, COPOILIIOHHAS OYNCTKA.

Benenue. 3arpsasHenue Boa peku ['aBapareT ocymiecTBIsETCS B OCHOBHOM
KOMMYHAaJIbHBIMHA M MTPOMBIIIJICHHBIMH CTOKAMH, CTOKAMHU KPYTHBIX KHBOTHOBO[-
YecKuX (epM, APEHAKHBIMHA CTOKAMHU TTOJTUBHBIX U JOXAEBHIX Boa) [1].

OTuUM 00YCIOBICHO OO0JBIIOE KOMNYeCTBO QochaTHBIX U HUTPAT — HATPUT-
HBIX COEIMHEHUH B BOJaX, 4YeM U 00BACHsETCS 3arpsizHeHue ozepa CeBaH.

[Ipu Terioi moro/ie HATMYKME STUX HOHOB CIIOCOOCTBYET OBICTPOMY pa3MHO-
JKEHHIO CHHE-3eNIeHbIX Bojopociiel (codium parvolum), KOTOpEIE pacripoCTpaHsFOTCS
0 03epy, 0COOEHHO B MPUOPEKHBIX PaioHAaX.

Urto0bI MpeaoTBPaTUTh “TIBETEHUE 03epa, HEOOXOANMO CBECTH K MUHUMYMY
coniepkanme a3ota u hocdopa B pekax, Bnaaarmux B 03epo CeBan.

Mertoapl uccjefoBaHusl. AHAIN3 PE3yJIbTATOB HCCIEIOBAHHI TOKA3all, 9TO
KOHIICHTpAIHsI B peKe MPEBBIIIAST MPEAeTbHO JOITyCTUMbIE KOHIICHTPAINH, HAIPH-
Mep, docdopa - B 2,4...4,8, xkenesa - 2,6, Hatpus -1,1 pasza [2].

JI1 09MCTKY PEeYHBIX BOJ MPEUTOKEH afCcOPOIIMOHHBIN METO/I, a B KaUeCTBE
copOeHTa BEIOpaH KOMOWHUPOBAHHBIA COPOCHT, COCTOSIINH M3 BCITyYCHHOTO TIep-
JUTa B TpaBepTrHa B cootHommennu 1,0:2,0...2,5. C menpio MccaeIoBaHus TIporecca
ancopOmuu ObLIa coOpaHa abopatopHas ycraHoBka (puc. 1). Komonna (d=95 mm,
H=850 sm) 3amonHeHa copbenTom [3, 4].

[IpoOb1 Boas! peku ["aBapareT OBLTH B3ATHI 3a STHBAph-Mai W aBI'YCT MECSIIBI
2025 2, mocie gero ObLIH MOIBEPTHYTHI OYHCTKE B JIAOOPATOPHBIX YCIOBUAX. Pe3yih-
TaThI 3arps3HEHHON M OYMINICHHON BOJBI TIPUBEACHB! B TaOIHIE. AHAIN3 3arpsI3HEHHOM
¥ OYMIIEHHOHN BOIBI MPOBEACH C MOMOIIBI0 aTOMHO-20COPOIIMOHHOTO CIEKTpOMETpa
55AA ¢dupmer “Agilent tech nologies”.
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Puc. 1. Jlabopamopras ycmanoexa

Tabnuya
Peszynomamor uccreoosanuii 600 pexa I asapazem
SuBapp DeBpainb Mapt Anpenb Maii Asrycr
3ar- Oun- 3ar- Oun- 3ar- Oun- 3ar- Oun- 3ar- Oun- 3ar- Oun-
Cocras/ | P LIeH- P IeH- P LIeH- P LIeH- P LIeH- pass IIeH-
HEH- HEH- HEH- HEH- HEH- HEH-
mecsn Has Has Has Has Hast Has
Hast Hast Hast Hast Hast Hast
BOJIA, BOJIA, BOJIA, BOJIA, BOJA, BOJIA,
BOJIA, BOJA, BOJIA, BOJIA, BOJIA, BOJIA,
me/n me/n me/n me/n me/n me/n
me/n me/n me/n me/n me/n me/n
®ocdar- | 0,645 | 0,28 | 1,36 | 0,57 | 1,10 0,61 0,36 0,13 0,17 0,08 0,17 | 0,07
HOH
Hurpar- | 11,171 8,24 |25,032| 15,8 | 3,20 | 2,23 1,87 1,0 082 0,44 0,33 | 0,19
HOH
OO6uwit 0,834 | 0,63 | 0,872 | 0645 | 0,937 | 0721 | 0,57 0,41 0,42 0,28 0,37 | 0,18
Pocop
Hutpur- - - - - 2,90 2,01 0,57 0,38 0,28 0,18 0,18 | 0,08
HOH
Harpuii 14,88 (16,19 45,38 |23,65| 13,52 | 6,25 | 10,10 | 5,25 | 21,00 | 10,10 | 17,35 | 16,24
Marauit | 14,45 |11,69| 31,52 | 14,35 | 10,67 | 4,34 7,62 345 | 1506 | 6,24 | 12,75 | 10,95
Kauit - - 15,66 | 5,16 | 14,76 | 3,91 | 13,12 53 6,98 2,43 4,69 | 3,64
Kanbouit - - 40,11 [12,95] 26,91 | 10,83 | 22,41 8,6 21,0 834 | 16,81 | 4,35
Keneso 0,107 | 0,01 | 0,221 | 0,01 | 0,238 | 0,014 | 0,174 | 0,008 | 0,15 | 0,005 | 0,16 | 0,006
Pe3yJIbTaT]>I HCCJIeA0BaHUSA. I[J'IH OYUCTKU PEYHBIX BOJ Ipeajiaractcs

YCTpPOICTBO, yCTaHaBIMBAaeMOE TIOMEPEeK PEKH, BBHICOTA KOTOPOTO COOTBETCTBYET

MAaKCUMaJIbHOMY IIOTOKY PCKH. YCTpOﬁCTBO pa3aciicHO Ha OJWHAKOBBIC YaCTH, B
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KOTOPBIX YCTaHABJIMBAIOTCS KacceTbl ¢ copOeHTOM. KacceTsl M3roTOBIEHBI U3 T1O-
JUTIPOITAIICHOBBIX JINCTOB TONIIUHOHN 50 Mm, Ha TIepeTHEH U 3aQHEH JacTsIX KOTO-
PBIX HMEIOTCSI OTBEepCTUs (IuameTp orBepcTuii - 0,1 am, Ha paccTOSHUM APYT OT
npyra - 0,4 mm). I'aGapurasie paszmeps! kaccet —100 x 200 x 300 mm (puc. 2) [3, 4].

—

Puc. 2. Kaccema c copbenmom

[Ipu HackIIeHnn COPOSHTOB KacCceThl BBIHUMAIOTCS U3 YCTPONCTBA U 3arpy-
JKAIOTCS CBEXXKHUM copOeHTOM (pHcC. 3).

Puc. 3. Bvinoc kaccemsl ¢ ¢ HACbIUWEHHBIM COPOCHMOM
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Jnst npeoTBpalieHus 3a0UBKH KacCeThl TBEPABIMU KPYITHBIMH OTXOJaMH JI0
MeCTa PaCIONIOXKEHHS KACCET YCTAHABIIMBACTCS CETKA C COOTBETCTBYIOIIMMU pa3MepaMu
oTBepcTHi (puc. 4).

LI

SR KX ISR HI
N S KIS
-"'z’z‘:p:‘::”’:

Puc. 4. Cemrka 0ns npedomepaujenust 3a0U6Ku Kaccem KPYNHuIMU OMX00aMu

AHam3 IOTYYEeHHBIX Pe3yJIbTaTOB MOKA3BIBACT, UTO C MCIIOIB30BAHUEM TIPE/I-
JIO’KEHHOTO METOZa U YCTAaHOBKH MOXKHO OUHCTHUTH 3arpsi3HEHHYIO BoAy peku [ aBa-
paret ot ¢ocdar-noHoB 10 60%, HUTpAT, HUTPUT HOHOB - 40%, HOHOB *xene3a — 95%,
noHoB Na, K, Mg, Ca - 50...70%. IIpu Haimuuu MOHOB TsDKENbIX MeTamwioB (Cu,
Zn, Mo) IpakTHYECKH B OYHILEHHON BOJIC HE COACPKUTCA.

3akaouenne. PazpaboTan cnocod U mpemyiokeHa yCTaHOBKA ISl OYHCTKH
peunbix BoA. [lanHble monmy4eHsl mst peku ['aBaparer. MeTon mo3BONseT 3HAYM-
TENBHO COKPATUTh 3arPsI3HEHHOCTh PEYHBIX BOJ M, B KOHEUHOM HTOT€, 3arpsa3HeH-
HOCTH 03epa CeBaH.
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U.4. 0U164008UL, 4.2. ULLNRREUY, U.U. UTUrUUL23UL
Ut4ULU LPK UQYNN, ESELE QTGP UULCNPUC

Ui 1h&p hhdtwjuimd wnunnugmd k 1hép putynn ghntphg: Utwbw (h&p onip k
utnwind 28 Ukd U thnpp ghntiphg: Swjunwugtn b Uwuphl ghnbtpp hudbdwwnwpwp dks
kb b wdbwununnnywsh ko' wpym tupbpuljub b gmpuninbuwub hnupuepbpni:

Upwljyl) £ ghwnnwghtt opbiph dwppdwt dbkpnn, nph oppwtwljubpnid niunidiwmuhp-
Ynud £ Gujunwughn ghnp: Qphg $nudpwnuyhtt hnuubph hkpwgdw dwjupnulp juqunid
k 45-60%, hul] thupuintibph b Ghnpwnwghl hnbibkph hkpwguwi dwijwpyulp’ dnnwyn-
puyku 40%:

Unwbgpuyhl punkp: Uhwtw 1hg, Gujunwgbn ghwn, winnnunnud, oph dwppdub Uk-
poan, unppdwdp ywpnpnid:

A.V.TADEVOSYAN, V.Z. MARUKHYAN, A.S. AKARMAZYAN
CLEANING RIVER WATERS FALLING INTO LAKE SEVAN

Lake Sevan is primarily polluted by the rivers flowing into the lake. Lake Sevan
receives water from 28 large and small rivers. The Gavaraget and Masrik rivers are
relatively large and are the most polluted with industrial and agricultural runoff.

A method for river water treatment has been developed, with the Gavaraget River
being studied. The water's phosphate ion removal rate is 45-60%, while nitrate and nitrate
ion removal is approximately 40%.

Keywords: Lake Sevan, Gavaraget River, pollution, water treatment method, sorption
treatment.
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L.8MNh. MY E3UL

UUUYGredNkreUSHhL UNUVIELUUSNNULENP UNSNSIUONRE3UL
U2r63NkE3UL FLUZUSNRUL

Munidtwuhpyty £ QEYU-Eph b QES-Lph dwykplinipuyht Ynunktuwwnnpbph unnn-
Juljutiph tbppht dwybplunyph dwitptutbph wnunnunqusnipyjui wqptgnipniipn tpug
wpuwnwph wpynmibtwybnntpjut Jpu: Lutujuljut quuwhwnnidutpp juwnwpyt) Bu T-
110/120-130 Eukpqupinyh hwdwp oguugnpstiny thnpdtwlui b hwpdwplughl ndyugibp,
npnug hpdwt Jpw Junnigyl] b jujujwdnipniiubp Ynunkuwnnph junpnquljubpnid
tunjuspugnjugdwi skpunh hwunmput b HEjnpuljwt hgnpmpyub widwi dhel'
wnwpphkp uljqptuub gbplwunhdwbwghtt yuydwbubpnud:

Unwigpuyhl punkp. nunkiiuuughnt intnuljuyuitp, dwlbpinipughl Ynunkiiuwnnp,
unjuspugnjuglut pinkiuhynipnil, ghpdwthnuwigdw gnpswljhg, tunuspugnyug-
dw okipnh hwuwnnipyni:

Uhpwdmpinil: dudwhwlwlhg tubkpghnhjuymd wpgh ughputphg dkyp
gnnédnn Eubipquipinljkph, hsybu tul tinp btwpougdynnikph Eubpquunnm ] knne -
prut b ntnbuwljut swhwbnmpjut pupdpugnidi t:

QEU-tph swhwgnpsdwl wppynitwdbnnipjut Jpu bujut wqpbgnipmiu
i mubkunud guspuyninbkughwjuyhtt nknuljuywtpubph wownwtipughtt gniguiihy-
ubpp b gpuitng hhdbwljw hwgnygp' Yniinktuwnnpp: YUnuinktuwnnph junnnguly-
ubpnud oppwiwnmipinit Juwnwpnn hndugunn enipp, nputku Jubnb, yupnibw-
nud E hwipuyghtt b opqubiwjut Uhwgnipiniuubp, npnip, juhiqusé obpdwunhdw-
tuyhtt wuydwittinhg, oph hnuph wpugmpmniihg, Ynpnnipniithg b jnunktuunnph
wlpinhwwn sowhwgnpsdwi Ukp qunidbnt dudwtwjuhwngwshg, nnnuljakph
ubpphtt yuwnbph ypuw wnwowgnid ki tunduspugnyugnidubp, husp hwigkg-
unud E obpdwihnuwigdwt wpynitwgnnipyut tJuquuip b obpduyght nkdhuh
thnthnjunipyniiibpht:

zhnbwpwp, wmithpudbown L quuhwnt] wju kplinyph wqpkgnipmniup b dyw-
Y& dwppdwt oyyunhdw) nwwppbpuljinkp:

unph gpjuépp b dkpnphlugh hhttunnpoudp: Bikjupulujwih weljw
hgnpmipjutt jupqubdnipmniip gudpuynunbighwjuyht mknujujuupubph wyhiw-
wnwtph wpynitwybnnipniihg b ptwljhduywut yuwydwiubphg, h yipen, hwt-
giginud t gpwhnjugdmtt hwdwlwpgbphg dptninpun otpdnipjniup thnjuwgkint
htwpwynpnipniutbph npnodwiin:
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Uhpohtiny wuydwiwnplws wdwnughtt dudubwuhwnguwsnid hndwuginng
onh oipdmunhdwith pupdpugdwt hEnbwupny npnowlhnpkt vwhdwbwthwlynud £
Eutpqupinyh qupqugpué hqnpnipniip (bwpwgsny twppwnbudws wpwnwpu-
Juwhnqugnighsubph pmtwy, sppwbiunm pjut yndwybph wipwjwpwup wpnwunpn-
nulijwbnipniy b wyb):

QEY-tph Ynunbktvwwnnpubph ehpdwnbuuhjujwut Jhdwlp quuwhwnbine
hwdwp phnwpltup hndugunn oph dhohtt obipdwunhdwth Yupuduénipniup $h-
qhYului ywpwdtnpphg T-110/120 -130 winipphlih ophiwlyny:

2nugtnn gph Whsht gkpuunhwith Tayy-h Ypu wqnnn Phahluluh -
pudbwnnptpt .

1. Ulqruufub gpdwuinhdubip (T np)-

znjugunn oph Udntwnph pupdp ohpdwunh&wip hwighgunid t dhohtt obipd-
wunhdwbh pupdpugdwin, hiyp tuqtgund b obpdwthnpjumunipjut pinku-
uhynipniip.

Tuypo™~f (T inrinp)

2. Biph gbpdwunhdwin (Typ).

Pl np Ty, =~ Gph ghpuunanhdubh pupdpugnuip hulighg-
unid £ dhohtt oipdwuinhdwth pupdpugduip:

3. 2nh hnuph wpwugmipiniup (V).

znuph Ukd wpwugnipjut nhwypnd oph nwpwgnudp wjuqnud kb dhoht
otpdwunh&win thnppuinid k.

Tipgd> GRp V 1

4. Qkpduthnpiwtgdwt duybpkup (F).

Uyt h Ubs dwljbpbut wywhnynid £ wdbih hinkiuhy obpdwhnjuwmtiulyne-
piniu b gudn vhohtt oipdwunhgwi:

5. QEpuwthnfuwmbgdwt gnpswlhgn (k).

Euwbu juhws E oph dwppnipjutt wmunh&uithg, ubpunnnyuljughtt tuundusp-
utinhg U hhnponhtwudhl nkdhuhg.

Q=k-FAT:

6. Upwnwpht dhgwuyph gbpdwunhdwtn (Typn)-

Onuyhtt hndugdwt nhypnid oppwlju vhowduyph pupdp oipdwunhgwip
unyiybu pupdpugunid k oph dhohtt oipdwumhguip:

55



Biph obipdwumhdwiup npnoynid L obpduyhtt hwpytlonhg.
Q
Twpw = TLfmmp + G’

npunkn Q- thnjuwtgynn ehpdwpwbwli t, £ c-t oph obpunibwlympinitp, 2/(%4q-°C),
G-t 9pp quiiqwduyhli dwipaup, fg/sf

Ujuhupt
Q.
2cG

znjugunn opp dhohtt obipdwunh&win hhdtwwind Jujudws k oph Udninph
ohpdwunh&withg, Swijuuhg b obpdwthnjumtuljdwmt yuydwuubphg:

znjugdut dwljipbnyph wnnnunudp, tundusputpp b obpduthnuwmbgdut
gnpduljgh tugnidp unyyytiu hwiighgunud Bu dhohtt obpdwuinhduth pupdpugdute:

Zwynth £ np hndugunn oph gusp npuljuljuts hwnjuthpubph wwpuquynd
ohpduthnjumiuljhy wyywpunibkphtt dwwnnigynn oniptt muwy £ vwppuynpdui

Tlu[un = TL[]Jg +

Epjupunb swhwgnpddwt pupwugpnid wnunnuntnt §nunktuwnnph jungnduljubph
ubppht dwjkplinypn:

Ununktuwwnnph junpnquijubpnid  dbwdnpydnn  bunduspugnjugnidubpt
hunkuuhyuginid Eu junnnjujubph dknwnh Ynonghntt ypngkubkpp, puly opnmd
dwipwhwwnhl hnuiygniptp yupnitwlnn Ynon jupunypubpp (wjwgq, dnjupp)
hwtglkgunid tu junnnjujutiph tpnghntt — Ynnnghntt dwpqusdph: Qpuyht Ynndhg
Ynugtivwinnpubph wyunnunidt wpwewgunid k Ynugkiuwnnpnid utnupugdwt
Juunwugnid, pwiqh wnunnundwb hbnmbwupny mdnd k obpdughtt nhdwnpnipniun,
U pugh wyn, Yp&wndmd t oph swhiup Yninkiuwnnpny b htwnlwip kpehthu
hpnpunihly nhdwnpm pyut wdh:

Juunwpyly b dwlbpimipughtt Yninktuwnnpubph wpnnndusnipjut wg-
nhgnipul hwpdupluyht Jepmémpit hhdifws tlwhphly b $hqhulub dn-
pubph gpu [1]:

1. Lunjubpwugnjugdw hunkuuhynipniiup.

J=t(t,w,d,L,(,I),

npunkn t-b hnqugunn oph Uhohtt ghplwunh&wbh k, °C, w—u" hnuph dhehtt wpw-
qmupjniip, /4, d-u junnndulh tkpphtt wpwdwghsp,  L-p’ unqnjwlh bpljupn -
pmilp, -t dwppmdbph dhol piljws dudwiwwhwwnyusp, & I-u oph Yno-
wnnipjniup, dg-Eyyy:
2. Cunhwnip tundwdph quuqyusp.
M=]-5nz,

npuntn S—p Ukl junpnuljh dwlbplngph tundwspugnugdut dhohtt dwljkpkule

E o/ n—p junnniuwlikiph phip UkY pugnid, z-p” Ynbgkuwnnph puytiph phip:
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3. Ununundwlb okpnh hwuwnnipinip.

npunkn py-tu tunjusph funnipynit b, ¢/4/3
4. Unuinnnjuwsé Yntnkuwwnnph obpdwthniwbigu gnpdwljhgp.

_ 1
T 1 8y 8y, 1
y, Sy,

npunkn oy, a-p guinppnt b 9ph ghipduwnnymipyut gnpdwjhgutpt &, A, Ay~ wunnh b
tunusdph oipdwhwnnppujunipjub gnpswlhgubpp [2]:

Npuku ophtimy] nhwnwpykup T-110/120-130 dwljuhoh tubkpqupnyh Ynunku-
uwghnt nknuljuyuiph wohtwwnwipp hwydupuyht ophtiwlyny [3]: Uuhpwdtown
wupudtinpbpp phpgus b wn.1-nud, hul wnwg]us wpynibpbbph' wn.2-nud:

Ugyniuwly 1
T-110/120-130 vwljihoh Fakpqupinfh §ninkiuughni nknuluyubph julknughl
wijpulikpp
NMuwpudbnpp ‘Lowlip Unpdtpp Uhwynpp
Znjugunn opp swjuup Go 14.000 bg/y
unnnjulh wpudwghép d 25 17178
Iunnnyuyh Epljupnipniup L 9 7]
Qnh Uninph ehpdwunh&wip t 15...30 C
‘Lunjwsdph okpinh hwunnipniin Oy 0.001...0.002 u
Unpniuwly 2
T-110/120-130 dwlapop Fakpgupinlh ininkiuwghnl nkyuluyuiph vinugyus
wpnniliplkpp
Oy, Uf t=15°C t=30°C &y, U
0.001 25 Udwn 6.0 Udwn 0.001
0.0015 4.0 Udwn 9.5 Udwn 0.0015
0.002 6.0 Udwn 13.0 Udwn 0.002

Cutn unwgyud wpnyniipubph Juenigt) b okplwihnuwbgdwl gnpswlgh
Jujuubnipniun tunjuspwugnjugdw gkpunnh hwuwnnipnihg (ay.1):



k, dw/d? g
250

200
150
100

50

0 U
0.25 0.50 0.75 1.00 1.25 1.50 1.75 200 o
u

Ul 1. QEpdunpnfuiguunl gnpéwiigh Jupnjudnipiniip bungudpugnugdul pkpunp
hwuwnnieiniithg

dhpnisnipniup [4] gnyg k taiwghu, np.

1. Unuuinunnjuébnipniup tjuqbgunid £ obpduyhtt nkdhdh Juyniinipiniut nu
wpnibwy bnnipynibp:

2. Lunduwsph 0.002 # hwunnipjul ghypnid hqnpnipjut Ynpniunp upng
| hwutl) dhsh 13 U

3. &nh pupdp obpdwunh&with nhkypmd tunjuspugnjugldut wpwugqnipmniip
dbdwum k:

4. Uthpwdbtown E yuppbpuub dwppnid b oph npujh dpnnunhunwplnud:

T-110/120-130 wnmipphuh Yntinktuwnnph ophiuliny nhunwplup tuli A; gnp-
duijhgp, npp hwoyh b wntimd hnjugunng oph dhohtt oipdmunh&wting npnpynn
(un.3) dhqhjuljut yupwdbnpbph wapkgnipniup, npp tkipjuyugdus k qduyght
(ul}.2) b pwpwlniuuyhti (1l4.3) $ntuljghwnkinh mbupny:

Qduyhtt dniulghuyh mbkupny wy Yniukiw hbwnlyw) ntupp.

Al(T)=k'T+b,

npwntn k b b-t npnoynid ki ijuqugniy punwlniuhubph dkpnnny:
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Ugyniuwl 3

Luwn hnyjwighng oph dpopl okpumunpdulih Ay gnpduiligh wpdkphlpn

T (°C) Ay
0 1450
5 1600
10 1750
15 1900
20 2050
25 2200
30 2300
35 2400
40 2450
45 2500
® Syjwiutp
2600 | — Au(T) = 22.64'T + 1538.64
]
24001
2200
3
2000
1800
1600
[ ]
1400 L L " E i
0 10 20 30 40 50
T4Cl

Ul 2. Ay(T)-h qéuyhli Ununnwplnidp
Gsuyhtt Unnwpyuwl wpmyniipmd uinwbmid Eup A, (T)-h hknlyw) pubwdlp
Ay (T) =22.64-T + 1538.64,

npubn T-u hnduging oph Uhohti ghplwunhgwih t (°C), A;p ehpdwunynipjul

gnpdépupwgh hutnkuuhynipniip quwhwwnnng qgnpéwljhgp:
Uju putwdlip Jupkih £ oqnugnpst] hwpyupluyht dnnbjubpnud:
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2600+
® Sjjwubp

— A(T) =-0.2054-T% 4+ 37.90-T + 1424.13
24001

22001

< 2000}

1800

1600

1400

0 10 20 30 20 50
T(°C)
Uly.3. Ay(T)-h punulniuaypll uninuplnidp

Lwnwlntuughtt Unnwpldwt wpyniupnid wnwugynid £ A((T) gnpsuiljgh
hwdwp hbnlbyjw] wpnwhwynnipiniup.

Ay(T) = —0.3054-T? 4+ 37.90 - T + 1424.13:
Thunwpykup Eubpqupinyh hgnpoipju b fEynputubpghugh wupbiw Yo-

poiunibph gpudhljubpp’ Junjws Yninkbuwnnph unpnjwlitph dwlbplingph
wnunuyubnipniihg (1. 4,5,6,7, wy. 4):

AN
5_

fetipl (1%) Uhghl (3%) tuhuwn (5%) A

U4 Zgnpnuypyul fnpuwnp (Udw) Jupijwénipntip wpunnndwl gnpéuljghg
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AD
30000

25000
20000
15000}
10000

5000

lReErW (1%) Uhghu (3%)

A

tuhuwn (5%)

U5, BEnputakpghugh nnwupklwb fnpuwnp (Udwn &) jujujuwénipiniip wpunnundwb

qnpdulighg

Unyniuwl 4

Eabkpqupinlh hgnpnrppul b B kunpubabpghugh nwpkiul fnpnranbbph wpdbphbpp
quwjujwé nbnEhuunnnph unpnyw§abph Jwlbphnygph wpunnnyuénipintihg

Ununudwi Zqnpnipju jnponiunp EiEyupukutpghuyh nupkljut
qnpbdujhgp (Udw) Ynpniuwnp (U4 d)
0.0 0 0
0.1 5 40000
0.2 12 95000
0.3 20 160000
AN, UY9un
20.0f
175}
g’ 15.0r
z 1251
2
g
= 10.0f
E
g 7.5}
g 5.0r
~
25¢
0.0

0.00 0.05 010 0.15

0.20  0.25 0.30

Ununwndwh gkpuinh hwuwnm pynip, dd

Uy.6. Zgnpnipyuill npunp Gupifudnypini il wpunmndwl pkpunp hunuinnipyniiihg
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160000
140000
120000
100000
80000
60000 |
40000
20000

0 L
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Ununnuindwl hwuwnnipiniu (UJ)

U.7. Eunputibpghuyh nnupbiwl npunh upnjwdnipmnt bl wgunnudwl huunnieiniihg

Banuljugnipnit. Ynuinktuwnnph wnnnunjusnmipniip qguyhnpbb ijuqtg-
unud | Eubipqupinjh quipqugpus hqnpnipnitit ni pwhnipwpbkpnipniiipn: Lnythuly
thnpp wnuininnudp hwigkgumd £ qquith Ynpniuntbiph: Ujny yuwndwnny whwnp &
hpwljuiiugul] Juintuwdnp dnthpnphtg, Yhpunt] dwppdwt dudwiululhg nk-
uninghwttp b jutjuunpgbihy hongunnidubp:

EiEyunpujut hqnpoipjut Ynpniunp tunduspugnyugdwt dhbiingt hwu-
nnipjul phypnid wbkh Uks E, Epp hnugunn oph uljqphiwljuts obpdwunhgfup
pupdp k: Ophlayy’ T-110/120-130 tubpqupnlih hwdwp, 8=1 i/ nhypnd, 10 °C
wuydwbubpnid hgqnpmipjut Ynpniunp juqind E dnnwdnpuybu 6.5 U4, huly
30 ‘Cupuydwbpmd’ 15 Udur

Uju thwuwnp yyuymd E, np oph dwppnipjutt wmyuihnynudp b Ynunkiumnnph
wuppbpuuwt dwppnudp hwinhuwind Bu Eukpqupinih wppnibwdbnnipjub
pupdpugdut wnwbgpuht gnpénuubp:
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H.IO. JABTSTH

OIIEHKA BJIMSITHUS 3ATPS3HEHHOCTH MMOBEPXHOCTHBIX
KOHJAEHCATOPOB

HccnenoBano BiusHUE 3arpsi3HEHHOCTH BHYTPEHHEH ITOBEPXHOCTU TPYO IMOBEPXHOCTHBIX KOH-
JICHCATOPOB TEIUIOBBIX ICKTPOCTAHIMI U TEIUIOAIEKTpOLieHTpaell Ha 3(G(heKTHBHOCTD X PabOThI.
KonmndecTBeHHBIE OIIEHKH BBITIOJIHEHB! Is 9Heproonoka T-110/120-130 ¢ ncronbp3oBaHIEM SKCIIEPH-
MEHTAJIbHBIX U PACYETHBIX JaHHBIX, HA OCHOBE KOTOPBIX IIOCTPOCHBI 3aBUCUMOCTH MEXTy TOIIIHHOM
CJIOS OTJIOKEHUH B TPyOaxX KOHICHCATOPA U CHI)KEHHEM JJIEKTPHYECKONH MOIIHOCTH HPH Pa3IMYHBIX
HaYaJIbHBIX TEMIIEPATYPHBIX YCIOBHSAX.

Kniouesvie cnoga: KOHIEHCALMOHHAS YCTAHOBKA, MOBEPXHOCTHBIH KOHAEHCATOP, HHTCHCHB-
HOCTB OTJIOKEHHH, K03 OUINCHT TeIIonepeiauy, TOJIINHA CII0SI OTJIOKEHHH.

N.YU. DAVTYAN
ASSESSING THE IMPACT OF FOULING ON SURFACE CONDENSERS

The effect of fouling of the inner surface of surface condenser tubes at thermal power plants
(TPP) on their operating efficiency has been investigated. Quantitative assessments are performed for
the T-110/120-130 power unit using experimental and calculated data. Based on these data,
relationships are established between the thickness of the deposit layer formed in the condenser tubes
and the reduction in electrical power output under various initial temperature conditions.

Keywords: condensation system, surface condenser, deposition intensity, heat transfer
coefficient, deposit layer thickness.
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A.C. CAPI'CSIH, H. A. AMBAPLIYMSIH

MOJIEJIMPOBAHUE NMPOLIECCA U3MEPEHMSI OTKJIOHEHUI
MOJIOKEHUS MMAHEJENA MOBEPXHOCTH BOJIBIIOIO 3EPKAJIA
AHTEHHBI JJIA TIPEABAPUTEJIBHOI'O OTAIIA OCTUPOBKH
POT-54/2.6

PamnoonTraeckuii Teneckon POT-54/2.6, Haxosmiuiicss B KOHCEpBaIMU OoJiee IeCATH
JICT, MoABEPIcs BO3Z[CI710TBHIO TMPUPOAHBIX W AHTPOIIOICHHBIX (l)aKTOpOB, NpEeAnoJI0XKUTECIIbHO
U3MEHUBILNX €ro (U3MKO-MEXaHHMYEeCKUe U paauoTexHudeckue xapakrepuctuku. C 2018
rojja MHTEpHAIOHATBHAS TpyIa npoekTta “HannoHaapHbIN KocMUdeckuit enTp ['epynn”
pa3paboTayia MiIaH BOCCTaHOBJIEHHUS PaOOTOCIOCOOHOCTH TENEeCKoma, BKIodas OW3Hec-
mad. [lepBoodepenHoit 3aaueit SBISETCS IOCTUPOBKA aHTEHHBI, MIPEIIOJararoias aHaiu3
TEKYIIUX TEOMETPHUECKUX U PAAHOTEXHHUYECKIX MapaMeTPOB B CPABHEHUH C MCXOIHBIMHU
3HAYCHUSIMH, 3a(UKCHPOBaHHBIMH TP CTPOUTEIHCTBE.

Jnist oOecrieyeHust BBICOKOH TOYHOCTH FOCTUPOBKH, MHHIMH3AINH (ha30BBIX HCKAKCHUMA
AJIEKTPOMArHUTHOTO TOJI1 B PACKPBIBE M CO3JIAHWSI OCHOBBI JUTS IIU(PPOBOTO YIPABICHUS
AHTEHHOW 0e3 PyYyHOro BMEIIATEIbCTBA pa3paboTaHa aBTOMATH3UPOBAaHHAS CUCTEMa OLCHKU 1
KOPPEKIMH TIOJIOKEHUS TaHese TOBEepXHOCTH IIaBHOTO 3epkana. CuctemMa BKIIOUAET MO-
JyJIM JIa3epHOW W MH(PAKPACHOW TUATHOCTHKH TSI MOHUTOPUHIA TOJ0XKEHUS TaHelIed U
MEE30MOTOPHBIC MPUBOJBI JJI1 UX TOYHON KOPPEeKTUPOBKHU. PaspaboTana maremaTHyeckast
MOJIeTb (PAa30BBIX MCKAXKEHHH, TOATBEP)KIEHHAS Pe3ysIbTaTaMH YHCIICHHOTO MOJCTHPOBAHMS,
JEMOHCTPUPYIOLIMMH 3(PPEKTUBHOCTD NPEIIOKEHHOTO MOAX0/a B HOBBIIIEHHH TOYHOCTH
¥ CTaOMIIFHOCTH aHTCHHEI.

Cucrema obecrieunBaeT KOPPEKTHPOBKY MTOJIOKEHUS MTaHENeH B pealbHOM BPEMEHH,
TTOIIeP KUBast CTAOMITBHOCTD PAIHOTEXHUYECKUX XapaKTePUCTHK U MUHIUMH3HPYS (ha3oBbIe
uckaxxenust. [IpenBapurenbHoe MOJETUPOBAHUE U BU3YAIN3alMs [TO3BOJISIIOT ONTUMU3UPOBATH
APXUTCKTYPY CHUCTEMBI FOCTUPOBKH 10 e (hu3mdeckoil peaymsamun. Pa3paboTka co3maér Tex-
HOJIOTHYECKYIO OCHOBY ISl TIOJTHOM LM(POBU3ALMHK YIIPABICHUS! aHTCHHOM, BKJIIOYasi BO3-
MOXHOCTb MHTCIpalluyd aJallTUBHBLIX aJITOPUTMOB, YTO MOBBLIIIACT (l)yHKLIl/IOHaﬂ])HOCT]) u
UCKJTFOYAeT HEOOXOAUMOCTh TPYJA0EMKOTO PYYHOTO BMEIIATEIbCTBA.

Knrouesvie cnosa: paguoontuueckuii Tenmeckor, antenHa, POT-54/2.6, meroms
FOCTUPOBKH.

BBenenu. PamnoonTtrueckuit teneckon POT-54/2.6, moctpoenusrii B 1980—
1987 romax moja pykoBOACTBOM akaaemuka [laprca ['epyHu, sBISIETCS BBIIAIOITIMCS

JOCTHUKCHUEM B obnactu IMMPOCKTUPOBAHUSA KPYITHBIX aHTCHH IJId paJuOaCTPOHOMUHN
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U TeJdeKoMMyHuKanui [1-4]. dynknuonuposasmmii 10 2012 rona, Teneckon ObUT Te-
penan 3A0 “HarmoHasHBIN OpraH Mo CTaHAAPTH3AIMN U METpOJIoTuun” MUHHCTEp-
CTBa 3KOHOMHMKU ApPMEHHMH UM 3aKOHCEPBHPOBaH. /|JINTENbHOE BO3JAEHCTBHE BHEIITHUX
(haKTOpPOB, BEPOSTHO, BHI3BAIO OTKJIOHEHHSI B MEXaHUYECKOH KOHCTPYKIIUY aHTCHHEI,
B YaCTHOCTH, B MOJIOKEHHUH IMaHENEeH TJIaBHOTO 3epKaja, 4To TpeOyeT TOYHON OIEHKH
u xoppekuun. [Ipoext “HannonansHeiil kocmMudeckuil ienTp ['epyHn” HampaBieH Ha
BOCCTAHOBJICHHE PAJHOONTHYECKOTO TEIECKOMa, IMapaMeTpsl KOTOPOro W MO ceit
JICHb SIBIISIFOTCS HETIPEB30MICHHBIMH, HanprMep, 3QdHeKTHBHOCTD (KO3 PHITHEHT YCH-
JICHWsI) U 9yBCTBUTEIHHOCTH (OTHOIIEHHE 3()(PEKTHBHON MOBEPXHOCTH PaCKPBIBa K
CcOOCTBEHHBIM IllyMaM). MexyHapoHas KOMaHIa 3KCIePTOB pa3padoTraia IMaTH-
JICTHUI IUIaH TIepe3alycKa, BKIIOYAIONNH co3qaHnne HOBOM 1M(POBOI CHCTEMBI yII-
paBIIeHHS aHTEHHOW ¥ COBEPILICHCTBOBAHME METOMIOB IOCTHPOBKH. FOpuamdeckue pas-
Hormacusi ¢ 3A0 MPEsTCTBYIOT POBEICHUIO pabOT HA MecTe. B HacrosIiee Bpems
BCE Hay4HBIE 3a/1a4H, CBsI3aHHBIE C PACKOHCEPBAIMEH U MPEABAPUTENHHON IOCTHPOB-
kot POT-54/2.6, pemrarotcs B BUpTyanbHOU cpene [5,6].

KittoueBbIM 3TanioM MpoOeKTHPOBaHMsI aHTEHHBI B KOHIE 80-bIX T0J0B OBLIO
pa3MelleHre MaHenel raBHOro 3epKaia Juis obecrieueHns chepraecKoil TeoMETPUH C
WCIIOJIH30BaHUEM KJIACCHYECKOTO METO0J1a HHBAPHBIX TPOCOB.

Jis onTUMU3aIluU FOCTUPOBKH TPEATIOKEHO MPEIBAPUTEIHHOE MOICITUPO-
BaHHE U3MEPEHUN U KOPPEKIINH B BUPTyaIbHOU cpese. Panee Obutn pa3paboTaHbL:
3D-monens antennsl B SOLIDWORKS, meton omnpenenenus eHTpa riIaBHOTO 3ep-
Kaja, CUMYJISIHOHHast Monienb B C++ ¥ METOJMKa OIEHKH W KOPPEKIIMU OTKIIOHE-
HUi maHesned. Hacrodilee uccienoBaHue aHAIU3UPYET BIUSHHUE MO3ULIMOHHBIX
OTKJIOHEHHH TaHeJel Ha pajinOoTeXHUUYECKUE MapaMeTphl aHTEHHBI U IpeJiaracT
BCTPOEHHYIO CHCTEMY JUII MOHUTOPHHTA M aBTOMATHYECKOW KOPPEKIHU TMOJI0XKe-
HUS TIaHEJIe B pealbHOM BPEMEHHM, CKITI0YAOIYI0 pyUHYIO FOCTHPOBKY. MareMa-
TUYecKasi MOJIelb, pean3oBaHHas B Python, orieHrBaeT BIusiHUE THHEHHBIX U YTIIO-
BBbIX CMEILIEHUH TTaHesell Ha OTpakeHHe 3JIEKTPOMArHUTHOTO U3ITyUeHUs, TOBBIIIAs
TOYHOCTH U 3()(HEeKTUBHOCTD AajbHEHIeH paboThl Teneckona [7-9].

Metoabl uccaenoBanus. [loctpoenne Moaen OCyIIECTBISIIOCH C YIETOM
MOCTIEI0OBATENIFHOCTH HECKOJIBKUX 3TAroB: B MEPBYIO Ouepear HEOOXOIUMO OIpe-
JISJIATH TIOJIOKEHNE KaXKI0W TTaHe N Ha c(hepruecKoi TOBEpXHOCTH TIaBHOTO 3ep-
kana. [lomoxxenne manenw onpenenseTcs caeayonmM 00pa3oMm:

.
7= (X, Vi, Z). (D
KOMHOH@HTBI BeKTOpa BLIpa)KaIOTCSI ‘IepeB C(I)epI/I"ICCKI/Ie KOOp,Z[I/IHaTLI CJICc-

JTyIOTITIM 00pa3oMm:
x; = R - sin(0) - cos(¢),
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yi = R -sin(6) - sin(¢),
z; =R -cos(0),

rae R - paguyc Gonbiroro 3epkana (m); 6, ¢ - chepruueckne NOISIPHBIA M a3UMYTallb-
HBIF YTJIBI U1 JTI000H TOYKM i-U TTaHeN!; 7; - BEKTOP MACAITBEHOTO TOJIOKEHUS JIFO-
0011 TOuKH i-i maHenu.

OTKIIOHEHHE TOYEK MOBEPXHOCTH MaHEIH MpEeACTaBIIseTCS KaK CMELICHUE
BII0JIb HOPMAJIM K TOYKE Ha WACATBHOHN CheprIecKol ITOBEpXHOCTH:

6Zi € [_Sma)u +5max]! (2)

rne §z; - paIuaibHOE OTKIIOHEHHWE ISl JTI00O0H TOYKHM 1-i MaHenu B MeTpax (Harpu-
Mep, £0.005 m); 8ax - MAKCHMATBHO JOMYCTHMOE OTKJIOHEHHE.

Kaxnoe mo3uIoHHOE OTKJIIOHCHHE MaHeTH IPUBOAUT K (ha30BOMY CHABHUTY,
KOTOPBIA PacCUUTHIBACTCS IO POpMyJIIe

i = 47”' 6z;, 3)
rae Y; - (a3oBBI COBUT, BBI3BAaHHBIN OTKJIOHEHHWEM i-i maHenmu (B paguaHax);
A - JUTMHA BOJHEI (M).

N3-3a (a30BbIX CIBUTOB, BEI3BAHHBIX OTKJIIOHCHUSMHU MTAHEJICH, B aHTCHHE BO3-
HUKHET JIECTPYKTUBHAsT WHTep(hEPEeHINs, YTO MPUBEIET K CHIKCHUIO aMILTUTYIbI
CyMMapHOTo 1moJisi B pokyce (B mpueMHOM peskrme) [10] i B r1aBHOM HalpaBJIeHUN
n3ydeHus (B pexxume nepenaur). B pa3paboTaHHOI OHIM U3 aBTOPOB CUMYJISIHOH-
HOHM MOJENIN MHTCHCUBHOCTH DJICKTPOMArHUTHOTO TOJIS B (pOKaIbHOM 00macTi Ma-
JIOTO 3epKajia B TAaHHOM HAIPABJICHUU MPU HATTUYUH PAaTUATBLHOTO OTKIOHCHUS O-
HOW W3 MaHeNnel OONBIIoro 3epKaia B quana3one S...20 mu cocTaBuia JHIIb OKOJIO
23% 1o CpaBHEHMIO CO ClIy4yaeM HjealibHOM cepruueckoil KOH(UTypaluu O00JIBIIOro
3epKayia. ITO O3HAYACT YMEHbIIeHHE KO3(D(UIIMEHTa YCUIICHHUST aHTCHHBI, YTO MOXET
MIPUBECTH K MOTEPE MPUMEPHO ¥4 MOIIHOCTH W3IyYEHUS B JTAHHOM HaIlPaBJICHHH.
[TomoOHEI pe3yabTaT B OYEPEAHON pa3 MOMYEPKUBACT KPUTUUCCKYIO HEOOXOIH-
MOCTh 00ecrieueHus uIeanbHOi chepruieckoil MoBEpXHOCTH OONBIIOTO 3epKaa.

Meroa omnpezeneHrs BO3MOXKHBIX paJuaibHbIX OTKJIOHEHUH MaHeseil oBepX-
HOCTHU OOJIBIIIOTO 3epKajla aHTCHHBI U UX KOPPEKTUPOBKH, MPEIOKCHHBIN B CTaThe
[11], ocHOBaH Ha KCIIOIL30BAHUH JA3EPHOTO JATLHOMEPA IS M3MEPEHUS TOJI0KE-
HUS TTaHeJIeH OTHOCUTEIRHO IIEHTPA TJIABHOTO 3epKalia U MOCIEIyIONeH KOPPEKTH-
POBKH OTKIIOHEHHH. HecMOTpst Ha TOTHYECKYI0 0OOCHOBAaHHOCTh M PEaIn3yeMOCTh
METO/a, €ro MPAKTUIECKOE MPUMECHECHHE CTATKUBACTCS C PSAIOM CEPhE3HBIX TPY-
HOCTEH.
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JlaHHBIN MOAXON SBISETCS KpaliHEe TPYIOEMKUM H UTUTEIHHBIM BO BPEMCHH.
[Iporecc m3mMepeHus: ¢ MOMOIIBIO Ja3ePHOTO AajdbHOMEpa TPeOyeT WHAMBHITYallb-
HOTO aHajM3a KaXIOH W3 MaHeNeH, YTO B PeAbHBIX YCIOBUSAX MPUBOJMUT K HEO0XO-
nuMocTH BeinonHeHus nopsiaka 100000 m3mepenuit. IlockonbKy Kaxkaasi maHelb
JIOJDKHA OBITH U3MEpeHa Kak MUHUMYM B 5 Toukax (4 yria W LEHTp) AJS MoIyde-
HUS MTOJTHOW MH(POPMANIUU O e€ MOJIOKEHUH, TOJIBKO JIJIsl OJTHOU MaHe I TpeOyeTcs
He MeHee 5 u3Mmepenuil. Kpome Toro, ¢ y4€ToM BEpOSITHOCTH HAJTUUUSA TTOTPEIITHOCTEN
B U3MEPEHUAX KaXKA0€ U3 5 U3MEPEHUN ITOJKHO MOBTOPATHCS IO 5 pa3, YTOObI 1Mo
pe3ylbTaTaM MOKHO OBIJIO BEIYMCIIUTH CPETHEKBAAPATHUHYIO OIIHOKY.

[ocne monmydeHus: aHHBIX 00 OTKIOHEHHSX MaHellell HeoOXOAUMO BHITIOJI-
HUTh UX MEXAaHHYECKYIO FOCTUPOBKY, UTO TaKXe MPEJCTABIACT COOON CIIOKHBIA U
KpOTIOTIINBEIN Tporiecc. Kaxkaast manenh 3aKkperuieHa ¢ MOMOIIbI0 YeThIpex O00ITOB
perynupymomnero Mexanusma (60onT-raiika), KOTOpble ¢ TE€YEHHEM BPEMEHH MOTYT
MOJIBEPTHYTHCSA U3HOCY, YTO YCIIOKHSET BHITOIHEHHE TOYHBIX KOPPEKTHPOBOK.

YuuThIBasi, 9TO MEXaHHMYECKUH TIPOIlecC FOCTUPOBKH TaKKe JOJDKEH KOHTPO-
JUPOBATHCS IOCPEICTBOM MOBTOPHBIX M3MEPEHU, CHavajga MPOU3BOIUTCS KOPPEK-
THPOBKa, 3aT€M IOBTOPHOE U3MEpPEHHE, TPH HAJTMYUU OCTATOYHOTO OTKIIOHSHUS —
MOBTOPHAsA I0CTUPOBKA.

YuuTheBas TPyIOEMKOCTh METOJA M CIOKHOCTh MEXaHWYECKOW HACTPOWKH,
MpeJyIaraeTcsl BHEIPEHE aBTOMATH3MPOBAHHON CHCTEMBI YIIPABIEHHsI, KOTOpast T03-
BOJIUT B PEIKUME PEATbHOTO BPEMEHU OOHAPYKUBATh U KOPPEKTUPOBATH OTKIIOHE-
HUS TIOJNIOKEHHS TTaHelel 0e3 HeoOXOANMOCTH PYYHOH PEryIHpOBKH.

Cucrema OHKHA COCTOSITh U3 TPEX OCHOBHBIX MOJICUCTEM:

® TI0JICUCTEMbI MOHUTOPHHTIA TOJIOKEHUS MTaHeeH;

e HCIIOJIHUTENIEHOTO MEXaHU3Ma KOPPEKTHPOBKH;

e [ICHTPAJIN30BAHHOMN YIIPaBISIOUIEH MOJCUCTEMBI.

B ocHOBe nozcrcTeMBl KOHTPOIIS TIOJIOKEHHS JISKUT codeTaHne NHPPaKpPaCHBIX
(MK) natuvkoB U ja3epHBIX CUCTEM TO3UIIMOHUPOBAHUS, YTO TO3BOJIUT IOJIYYIaTh
BBICOKOTOYHBIE CHHXPOHHBIC JIaHHBIE 00 OTKJIOHCHHSAX. MeXaHU3M KOPPEKTUPOBKU
OyzeT mocTpoeH Ha 0a3e MbE30MOTOPHBIX MTPUBOIOB, CIIOCOOHBIX C MIJLTUMETPOBON
TOYHOCTBIO PETyJINPOBATh MOJI0KEHNUE NTaHeseil B OTBET Ha CUTHANBI TaTYUKOB.

LlenTpanu3oBaHHas yrpaBisIioIIas CHCTEMa MOXET OBITh OCHOBaHA Ha aJar-
THBHBIX aJITOPATMaX MCKyccTBeHHOTO mHTEIIekTa (M), CIIocOOHBIX aHAM3UPOBATH
BXOJISIIINE JIaHHBIC, MPOTHO3UPOBATh OTKJIOHCHUS U BBIMOJIHATh aBTOMATHYCCKUE
KOPPEKTHUPOBKH (CM. pucC. 1).
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LleHTpanu3osaHHan cacTEMa YnpaBnexsna

MOACUCTEME KOHTPONA MONOHKEHNA AHANNE faHHbIX MNogcucTema KanuBpoekm

[ N

WHbpakpacHbIe faTumKm NazepHiie cUCTEMB NOZNLNCHAPOBAHIA Bonrosn-rasuHbii MexaHi3m Mbe303NeKTPHYECKNE AKTYTOPb

Puc.1. Obwaa cxema asmomamu3suposanHol cucmemul ynpaeieHus

Hcxons m3 BBILIEONHUCAHHON ApXUTEKTYPbI, MOKHO BBIIEIUTH CIEAYIOIIHE
KJIFOUEBBIE IIPEUMYILECTBA IIPEJIaraéMON CUCTEMBI:
¢ ABTOMATUYECKUH KOHTPOJb — HEHNPEPBIBHBII MOHUTOPUHI IOJIOKEHUS

raHesell B peXHMe pealbHOTO BPEMEHH;

e HEMeJUIEHHasi KOPPEKTHPOBKAa — IbE30MOTOPHBIE MPHUBOIBI IMO3BOJSIOT
OCYILECTBIISITH OBICTPYIO IOCTUPOBKY 0€3 prcKa MEXaHMYECKOTO H3HOCA;

e aJaNTUBHOE yIpasieHue — cucreMa MM Ha ocHOBE CTaTMCTUYECKHUX AAH-
HBIX 00 YCIIOBHUSX OKpY’KaIOIIEH cpeabl ClocoOHa MPOTHO3UPOBATH TIOTEHIMAIBLHEIE
OTKJIOHEHHUS M CHUKATh MOTPEOHOCTh B 4aCTOH KOPPEKTHPOBKE.

Baenpenue naHHOTO MEXaHM3Ma IMPU3BAHO 3aMEHUTH TPaJULMOHHBIE METO/BI
MEXaHU4YeCKOW FOCTUPOBKH, 00eCIieunBas CyILIECTBEHHO 0oJiee BHICOKYIO TOYHOCTB,
OBICTPYIO PEaKIHMIO, 3HAYUTEIFHYI0 SKOHOMHUIO BPEMEHH, YEIOBEUECKUX U (prHaH-
COBBIX PECYpCOB, a TaK¥Ke, YTO OCOOCHHO Ba)KHO, JJONTOCPOYHYIO CTaOMIIBHOCTh pa-
OOTBI aHTEHHBI PAJHOONITHYECKOTO TEJIECKOTIA.

[lepBbIM KOMIIOHEHTOM aBTOMAaTH3UPOBAHHOM CHUCTEMBI YHPABJICHHUS SIBISCTCS

MOJICUCTEMA OIEHKH TOJIOKEHUS TaHelleHd, MpeaHa3HaueHHas il MaKCHMalbHO
TOYHOTO BBISIBJICHHS OTKIOHeHHH. OHa moctpoeHa Ha coderannu MK matankos (IR
sensors) u Na3epHbIX ganpHOMepoB (Laser Distance Sensors), 4To MO3BOJSAET MTPOU3-
BOJAMTH OBICTPOE CKAHWPOBAaHUE M BRICOKOTOYHOE U3MEPEHUE.

B mporniecce nccnenoBanus ObUTH PacCMOTPEHBI PA3IUYHBIE MOJAETH 000pYy-
JIOBaHUS, U3yYEHBI UX TEXHHUYECKUE XaPAKTEPUCTHKH U MPOBEEH OTOOP Ha OCHOBE
MaTeMaTHYECKOTO MOAEITUPOBAHIS COOTBETCTBUS MapaMeTpaM, HEOOXOAMMBIM JIJIst
JIaHHOM CHCTEMBL.

Oyuknuert UK 1aTymkoB sBIsSCTCS] OTHOBPEMEHHOE CKaHMPOBAHUE OOIIUX
MO3UIIMOHHBIX OTKJIOHEHHWH TOJIOXKEHUHW MOBEPXHOCTU MaHene. TemmepaTypHbie
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OTKJIOHCHUS MOTYT BO3HUKHYTH MTPEUMYIIECTBEHHO M3-32 PA3HUIIBI B CTCTICHH Har-
PEBa/OCBEIIEHHOCTH Pa3JIMYHBIX YYACTKOB TIOBEPXHOCTH TIIaBHOTO 3epkana CoiHIeM
B TeueHUe JHA. Ecimu mpencraButh uaeanbHOE MOJOXKEHUE TaHEeNd KakK (DyHKITHIO
S(x,y), a manHbIe, MOTyYeHHbIe ¢ moMotbio MK natunkoB, kak M(X,y), TOra OTKIIO-
HEHHE PACCUUTHIBACTCS KaK PA3HOCTh MEXIYy HUMHU.

AT(X:}’)ZM(x:Y)—S(x:Y); (4)

rae AT(x,y) - pa3HOCTB TeMIlepaTyp NOBEPXHOCTH B JAHHOM TOUYKE MaHEIH.

UK naTumk u3mepsieT HHTEHCHBHOCTh TEIUIOBOT'O M3YUYEHUS, OTPasKEHHOTO
OT ITOBEPXHOCTH, KOTOPAsl 3aBUCUT OT TEMIIEPATyphl IOBEPXHOCTU B COOTBETCTBUU
¢ 3akoHoM Credana-bonpumana:

I=¢-0-T*, (5)

rae | - ”HTeHCHBHOCTD M3ITYYCHUS; £ - KOYPPHUITUSHT HU3TyUaTEIBbHON CITOCOOHOCTH
MOBEPXHOCTH; 0 - noctosiHHas Credana-bonbimana, a T - Temmeparypa moBepx-
HOCTH.

[Ipu cmemnieHny MONIOKEHHUS TTOBEPXHOCTH U3MEHSETCS TETUIOBOE M3TyUYCHUE,
OTpak€HHOE OT He€, UTO MO3BOJISIET OOHAPYKUTH OTKJIOHEHUE. Ecin 4yBCTBUTENB-
Hocth MK nmatunka paBra 6T, TO OHa TOJKHA YIOBIETBOPATH CIIEAYIONMIEMY YCIOBHIO:

dl o
= 0T =~ (T = Toin), (6)

riae 0T — MUHUMANBHO pa3induMasi TEMIIepaTypHas YyBCTBHTEILHOCTh JaTYHMKA.

Hanpumep, mpu TemmeparypHbIX KoneOaHHMSX MaHenud B mpeneiax =1°C
YyBCTBUTENHHOCTH JIaTYMKa AOJDKHA cocTaBisTh He MeHee 0.1°C. boutn BEIOpaHbI TpU
MOJIETIH TATYUKOB, COOTBETCTBYIOIINE HEOOXOMMMBIM TEXHUIECKIM TTapaMeTpaM:

e MLX90640,

e VL53L1X,

¢ OMRON D6T.

Hawnnydmee cooTBeTcTBHE 3aJJaHHBIM TEXHHUYECKAM TPEOOBAHHSIM MOXKET
obecrieunth KoMOnHAanUs narankos MLX90640 u VL53L1X.

BTophIM KOMITOHEHTOM ITOICUCTEMBI OLIEHKU TOJO0XEHHUS B aBTOMAaTH3UPO-
BaHHOW cHCTEME yMNpaBJICHUS SIBIAIOTCS JIa3epHBIE CHCTEMBI MMO3UIIHOHUPOBAHUS.
Wx 3amaga - o0ecreunTh BBICOKOTOYHOE TOUEYHOE U3MEPEHHE TTOI0KEHHS TTaHeel B TeX
y4acTKax, rjie paHee ObutH 3auKCHpoBaHbI OTKIIOHEHHS ¢ TToMolIpio MK narunkos.

JlazepHas cuctema BBICTYNaeT B POJHM HHCTPYMEHTa BepU(UKAINH, TIPEao-
CTaBIIAs JaHHBIE C MIJIJTUMETPOBON TOYHOCTBHIO HA OCHOBE PE3yJIbTAaTOB MpEABapH-
TEJBHOIO CKaHUPOBaHMA. B ciydae uieanbHON MOBEPXHOCTH TOUYKA MAaHENTH JOJKHA
pacrojiaratbCsi TOYHO Ha c(heprduecKoii MOBEPXHOCTH ¢ pamuycoM R. B atom ciydae
UCANbHOE PACCTOSHUE dideal PACCUUTHIBACTCS IO POPMYIIE
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dideal = \/(x —x0)% + (Y —¥0)? + (R — 25)?, (7

PasHocTh MEXIy IBYMS IO3ULMSIMH - (DAKTHUYECKON M MICATBHOM, a Taroke Cpel-
HEKBaJ[paTUdecKasl MOTPELIHOCTh NMPH MHOTOKPATHBIX M3MEPEHHSIX YUHTHIBAIOTCS
IUIS1 ONIpEZIeTICHNs BETMUMHBI OTKIOHEHUS], KOTOPasi pacCUUTHIBaeTCs 1Mo GopmyIie

MSE = >3, (2 +7;), ®)
rae ZiA - nea’IbHOE PACCTOSIHUE; Z; - (PAKTUUECKOE PACCTOSIHHUE.

[Ipennaraemblie MOJENN Ta3€PHBIX TaTYUKOB:

e Keyence LR-TB5000,

¢ SICK DT50-2 Pro,

e Baumer OADM 20,

e Turck BOD 24K.

Jist nenelt na3epHOro MO3UIMOHUPOBAHMUS HaOOJIee 11e1eco00pa3Ho HCIOb-
30Bath HeMenkyto Moienib SICK DTS50-2 Pro, xotopast paboTaeT Ha pacCTOSIHUSX
1o 30 m m obecrieunBaeT TOYHOCTH 110 +0.5 mm. YCTpOHCTBO OCHOBAaHO Ha TEXHO-
agorun Time-of-Flight (ToF) u cooTBeTCTBYyeT MPOMBILIIEHHBIM TPEOOBaHHSIM K
YCIOBHAM DKCIDTyaTtanuu (kimacce 3amuthl P67, Temneparyprsiii quanazon —30°C
10 +60°C), yTo AenaeT ero HaA&KHBIM U BEICOKOTOUHBIM PELICHUEM AJISi TOUCYHOM
OLIEHKH OTKJIOHEHHH MOBEPXHOCTH OOMBLIOTO 3epKaa.

Crenyromas BaxxHas 3aa4ya — pa3MelIeHHE JaTIMKOB B TAKUX TOUKaX, OTKyAa
OHHU CMOT'YT CKaHHPOBATh IIOBEPXHOCTh OOJBLIOTO 3€pKajia, He CO3/1aBas Py 3TOM
JOTIOJTHUTENFHBIX TEIUIOBBIX IIYMOB 3a CYET COOCTBEHHOTO HArpeBa M HE CHHKAS
KO3 PUIIMEHT UCIIOIB30BAHUS IOBEPXHOCTH AHTECHHBI.

Haunbonee nenecooOpa3HBIM SBISIETCS pa3MEIIEHHE AAaTYNKOB B YETBHIPEX
TOYKax IO BHEIIHEMY KOHTYpY ITIaBHOTO 3epKaja, OTKY1a KaXIbIi U3 HUX CMOXET
KOHTPOJINPOBATH BBIJICTIEHHBIN CEKTOP €ro MOBEPXHOCTH.

[loncucrema ananu3a JaHHBIX OTBEYaeT 3a 00pabOTKy MHPOPMALHMHU, HOCTY-
naroteid oT MK 1 J1a3epHbIX TaTYMKOB O NOJOKEHUHU ITAHENEH, 32 OLEHKY MOTpeL-
HOCTEH, a TAaKXKe 3a TeHepaliio0 KOMaH] Ha KOPPEKTUPOBKY.

Ota mojcucTeMa COCTaBIISIET OCHOBHON “MO3I”” aBTOMaTH3UPOBAHHON CHCTEMBI
yIpaBieHHS, B KOTOPOM BBIIIOJIHSIOTCS CIeAyOIHe (HYHKIUH:

e BBOJ JaHHBIX ¢ AaT4ukoB (I/O) - cuuThiBaHue NaHHBIX ¢ JazepHbX U UK
JaTYNKOB;

e NIpeABapuTeabHas GUIbTPANNSA - TOAABJICHNE IIIyMOB C MCIOIb30BaHUEM
rayccoBOI'O MJIM MEAMAaHHOTO (QUIIbTPa;

® OLICHKA OTKJIOHCHHWi - CpaBHCHHME W3MEPECHHBIX 3HAYEHHUH C MOJEIBIO
njeaqbHOW MOBEPXHOCTH;
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e AaHAJIN3 - Pacy€T CPEJHEKBANAPATUYHON MOTPEIIHOCTH, ONPEICIICHAE Hall-
paBiICHUA U BEIMYMHBI HEOOXO0IUMON KOPPEKTHPOBKH;

e reHepanysi KOMaHIbl HA KAJINOPOBKY - aBTOMaTHYecKas mepeaada yi-
PAaBIISIOIIETO CUTHAJA B TIOACUCTEMY KaJTHOPOBKH.

[annsbie, nonydyaemsle ¢ MK u na3epHbIX JaT4MKOB, COAEPXKAT CIIydalHbIE LIy-
MOBBIE COCTaBJIAIOILIIE, 00YCIOBICHHBIE MUKPOBUOPALISIMHA KOHCTPYKLIMH, TETUIOBBIMH
GIyKTyauusiMi ¥ HOTPEIIHOCTSIMU ONTHYECKUX M3MEPEHUH. DTH IIyMBI UMEIOT, KaK
IpaBUJIO, pacipesieieHne, OIM3Koe K HOpMalbHOMY (rayccoBckomy). Ilo stoit mpu-
YMHE Ipouecc GUIbTPALUH AaHHBIX OCYLIECTBIISETCS C IPUMEHEHHEM rayCCOBOIO
¢GuIIBTpa, KOTOPBIH BBIpaXKaeTcs clieayroleii GopmMymoi:

2

1 X
G(x) =5, €% )

IJIe X — BEJIMYMHA OTKIOHEHUS; G — CPEIHEKBAIPAaTUYHOE OTKIOHCHHE.
O06paboTKa KOHKPETHBIX JTAHHBIX OCYIIECTBIIICTCS TI0 CIICAYIONEH dopmyIe:

diiered = ¥r__ G(k) - diy (10)

rae d — maHHBIe U3MEpPEHUH, r — paauyc GUIbTpa.

[Mocne mpumenenus: rayccoBoit ¢uibrpannu gopmyna (11) ucnonb3yercs
JUISL OTIPE/ICIICHUS HalpaBlICHUs KOPPEKTHPYIoLiero Bo3aecTsus. OHa OMKCHIBAET
BBIUHMCIICHHE HOPMHUPOBAHHOIO TIpajgueHTa (PUIBTPOBAHHOTO IO OTKJIOHEHUH

V(Ad{ ), KOTOpBIA OTpa’kaeT HampaBieHHE MAaKCUMAaJbHOTO M3MEHEHHS IOBEpX-
HOCTH. BekTop, NpOTHBOIONOXKHBINA 3TOMY T'PaIMECHTY, 3a1aéT HaIIPaBJICHUE KOPPEK-
TUPOBKH IIaHENH, 00ecreuuBas CMEIIEHHE B CTOPOHY YMEHBIIEHHs JIOKAaJIbHOTO
OTKJIOHEHMSL:

C(ny) = —A(x'}’)» (11)

[Moncucremy pekoMeHAyeTCsS pearn3oBaTh B MporpaMMHOi cpene C++ nm
Python, mpu 3ToM 00pabOTKy NaHHBIX YAOOHO BBIIOJIHSATH C UCTIOJIB30BaHUEM OHO-
motekd NumPy. BeiOop 3THX S3BIKOB MTPOrpaMMHUpPOBaHHs 00yCIIOBIIEH COBOKYTI-
HOCTBIO TPEOOBaHMH K CHCTEME: BHICOKOH BBIYUCIUTEIILHON MTPOU3BOAUTEIHLHOCTRIO,
TOYHOCTBIO O0pabOTKH NAaHHBIX W BO3MOYKHOCTBIO MHTETPALMM C COBPEMEHHBIMU
OMOIMOoTeKaMU aHaIu3a U BU3yamm3armi. 3k C++ obecrieunBaeT HU3KOYPOBHEBHIH
JOCTYI K anmapaTHBIM CPEICTBaM M BBICOKYIO CKOPOCTb MCIIOJIHEHHS KOJa, 4TO
KPUTHYECKH BaXKHO JIJIs1 00pabOTKY CUTHAIIOB W yIIPaBIICHHUS UCTIOTHUTEILHBIME Me-
XaHU3MaMH B peallbHOM BpeMeHH. Python, B cBOIo ouepens, onTuMaleH sl pea-
JIU3aIMY AITOPUTMOB aHAITN3a U (PUIBTpAIMK JaHHBIX, TIOCTPOCHUS MaTeMaTHISCKUX
MOJIeel ¥ BU3yalIM3alliy Pe3ylbTaToB Ojaromapsi MIMPOKOMY CHEKTPY HAyJHBIX
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oubnmnotex (NumPy, SciPy, Matplotlib, TensorFlow). CoBMecTHOE UCIIOB30BAHUE
9THX SI3BIKOB MTO3BOJISIET 0OBENUHUTD 3((EKTHBHOCTD U allIAPaTHYIO ONTHMHU3AIIIO
C++ ¢ THOKOCTBIO M aHAMUTHYECKUM NoTeHuuanoM Python, obecnieunBas OGananc
MEX]Ty TIPOU3BOIUTENLHOCTHIO U (DYHKIIMOHAIEHOW aaliTHBHOCTBHIO CHCTEMBI.

Jlyis BU3yanu3aluu pe3ysibTaTOB MOXKHO HCIONb30BaTh Matplotlib, Plotly
nin APl SolidWorks, a npu HeoOXoaMMOCTH, B CHCTEMY MOXET OBITh J00aBIICH
(hyHKIIMOHAT MAaITMHHOTO 00ydeHus Ha O6a3e Scikit-learn mimm TensorFlow.

[Moncucrema kanMOPOBKU MPEACTABISAET cOOOM aKTUBHYIO UCTIONIHUTEIBHYTO
4acTh apXUTEKTYpPbl aBTOMAaTH3UPOBAHHOTO YIIPaBIICHUS, IIe7h KOTOPOil — obecre-
YUTH MIEPEMEILICHUE TTaHEJIeH B PEIKUME PEaIbHOTO BPEMEHU C MHJUTMMETPOBOM TOY-
HOCTBI0. OHa TOTy4aeT KOMaH bl OT TIOJICHCTEMBI aHAIN3a JaHHBIX U Pearupyer Ha HUX
TP TIOMOIITH ITE€30MOTOPHBIX MIIH MEXaHHYECKUX HCIIOTHUTENHFHBIX MEXaHI3MOB.

OCHOBHBIM (DYHKITHOHAIBHBIM 3JIEMEHTOM TOACUCTEMBI KaTMOPOBKHU SIBIISICTCS
ITb€30MOTOPHBIA TPUBOJ, MOCPEACTBOM KOTOPOTO OCYIIECTBIISICTCS aBTOMAaTHUYECKas
KOppeKIus TMojoxeHns nmaHend. Ha srame BpIOOpa ocoboe BHUMAaHHWE YIENsSeTcs
TaKUM IapaMeTpamM, Kak CKOPOCTh OTKIIMKA CUCTEMBI, YDOBEHb TOYHOCTH, MEXaHHU-
YyecKasi yCTOWYHBOCTB, a TAaKXkKe YA00CTBO MOHTaXa.

[Tbe30MOTOPHBIN MPUBOJ TI0 CBOSH KOHCTPYKIIMH 00ECIICUMBACT YIIPABIISEMYIO
nedopMaIrio B MIJTUMETPOBOM JIHAITa30He ¢ MUKPOMETPOBBIM IIArOM, YTO YIOB-
JeTBOpSIET TPeOOBAHMUAM KOPPEKIINU OTKIOHEHHH MMaHenel TIIaBHOTO 3epKaJa.

TpeOyemast TOYHOCTh ObLIA ONpENelieHa Ha OCHOBE MOJICITUPOBAHUS C YUETOM
TOT0, YTO BO3MOYKHBIE OTKJIOHEHHS ITaHENIel COCTABISIOT A0 +5 MM, a TienieBast TO4-
HOCTb JOJKHA OBITH HE MeHee 0,05 mm.

Hcxons u3 cpeganero Beca naHenu (65 x2), IPUBOJ JOJDKEH COOTBETCTBOBATh
CIIEYIOIINM TEXHIUYECKUM XapaKTePUCTHKAM:

¢ MAaIa30H NEPEMEILECHHUS: > £5 MM,

e 1rarosast TOYHOCTE: < 0.01 am,

e MEXaHMYeCKasi Harpy304Has ciocoOHOCTh: > 13 ke,

e BpeMs oTkiuKa: < 10 mc.

Ha ocHoBe KITIOUEBBIX TEXHHYECKUX XapaKTEPUCTUK TPOBENEH CPAaBHUTEIHHBIN
aHayu3 ycTpoicTB. C yu€TOM KOHCTPYKTHUBHBIX U THAPOMEXAHHUUECKUX OTpaHHYe-
HUU TIpeiaraeMoil CUCTeMBl HanOoJiee COOTBETCTBYIOIIUM BapHaHTOM INPU3HAHA
MOJIEb JIJTMHHOXOJHBIX Mbe30MOTOpHBIX MpUBOJI0B cepun PI NEXLINE N-216.
Omna o0ecrieunBaeT HEOOXOMMBIN TUAMA30H MEPEMEICHUH, JOCTATOUYHYI0 TOYHOCTh
Y KOMITaKTHOE pa3MeleHne 0e3 prcKa Meperpy3Ku CUCTEMbl WIIH SHEePTeTHIEeCKOH
HEeCTaOMIBHOCTU. M3-3a OrpaHMYEHHOTO JHMana3oHa MepeMelleHIH Mhe303JIeKTPHU-
YECKUX aKTyaTOPOB ITEPBUYHAS IOCTUPOBKA JTOJHKHA MPOU3BOUTHCS BPYIHYIO — C
TTOMOIIEI0 OOJITO-TacUHOTO MeXaHu3Ma (cM. pHc. 2). Jlanee, BCe OTKIIOHCHHS B TIpe-
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nenax 10 1 cm, BRIABICHHBIE B MPOIECCE MOCTOSHHOTO MOHUTOPHUHTA, MOTYT OBITH
ABTOMATHYECKH CKOPPEKTUPOBaHBI CHCTEMOW Ha 0a3ze akTyatopoB. B pesymbrate
dopmupyeTcs eubpudHas modeib, peanuszyemas N0 NPUHIUIY [MapajiieIbHOTO
HOJKIIIOYCHU. DTO O3HAYACT CIICAYIoIIee: Mbe30MOTOPHBIM MPUBOJ yCTaHABIIHU-
BACTCSl PSIIOM C BHHTOBBIM MEXaHH3MOM HIIH BCTPAMBACTCS B €r0 CTPYKTYpY H
CMOCOOCH aKTUBHO KOMIIEHCHPOBATh OCTATOYHBIC OTKIOHCHHUS C CyOMUILTUMETPO-
BOM TOYHOCTBIO.

OnHaKo BaXKHO OTMETHUTh, YTO U3 IBYX OMOPHBIX TOUEK, PACTIONOKCHHBIX B OJI-
HOHM M TOM K€ MO3UIIUK TIAHEIH, MOIbKO Nbe30INeMEHIN MONCEM GbINOIHSNMb OUHA-
Muveckoe nepemewjenue, Torna Kak OCHOBHAs TEOMETPHs MAHEIH MPEIABAPUTEIBHO
BBIPABHUBACTCS BPYUYHYIO. DTO U CIYKUT 0OOCHOBAHHEM TOTO, TIOYEMYy OCHOBHAsI
FOCTHPOBKA JIOJKHA OCYIIECTBIIATHCSA BPYUHYIO, a aBTOMATHYECKAss KOPPEKIIMOHHAS
IOCTHPOBKA — YK€ B TEKYIIIEM PEXKUME.

Puc. 2. Yemanoexa naneneti POT-54/2.6

[lonoxxenne naHeny B KaXIOM yIJIOBOM TOYKE 3aJaéTcs Kak pe3yIbTUPYIOLIAst
(KOMOMHUPOBaHHAs) BBICOTA, OTpe/IesieMasl IByMsI OTIOPHBIMH MEXaHHU3MaMHU.

H = min(Ly, L,), (12)

[Mapamerpsi L, u L, 0003Ha4ar0T, COOTBETCTBEHHO, MEXAaHUYECKYIO U TIHE30MO-
TOPHYIO COCTaBJIIOLINE CyMMapHOTO NepeMelleHus naHenu. Bennuuna L,, Xapak-
Tepu3yeT Tpy0yI0 peryIupoBKY, BHIIOIHAEMYIO BPYYHYIO IOCPEICTBOM BUHTOBOTO
(6onTOBOTO) MEXaHW3Ma NPH NIEPBHYHON IOCTHPOBKE, TOTIA KaK L, OMUCHIBAET BHICO-
KOTOYHOE CyOMHJUIMMETPOBOE IEepeMelIeHue, 00ecleunBaeMoe be30MOTOPHBIM
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MPUBOJIOM B aBTOMAaTHYECKOM pexxuMe. TakuM 00pazoM, pe3ynbTHpYoLas BEICOTa
L = L,, + L onpenenser ¢pakTHIECKOE MOTOKEHUE MAHEIN KaK CyMMY CTaTHYECKOH
(MexaHM4YecKoW) U AMHAMUYECKOH (aBTOMAaTHYECKOW) KOPPEKLIUH, YTO OTpa)kaeT THo-
PUAHBIN IPUHIIMI HOCTPOEHUS CUCTEMBI IOCTHPOBKHU.

TTonoxeHue maHeny B KaXI0M yriIoBOM TOYKE 3aJIa€TCsl KaK pe3yJIbTUPYIOIIas
(xoMOMHUpOBaHHAs) BBICOTA, ONpeaenseMas ABYMsS OMOPHBIMH MEXaHU3MaMH —
MeXaHMYeCKUM (OOJTOBBIM) M NBE30MOTOPHBIM. Takas cxema oOecleynBaeT Kak
rpyOyIo HauYaJIbHYIO YCTAaHOBKY, TaK H TOYHYIO TUHAMUYECKYIO KOPPEKIIHIO.

Pe3yabTaTel ucciaeaoBanusi. C LesbI0 HATISITHOTO NPeACTaBICHHUS paboThI
CHCTEMBI U IIOCJICAYIOIIEH aBTOMATH3alluy BBIUMCICHUH ObliIa CO3/laHa BUPTYajlb-
Hasi CUMYJIILIMOHHAs MOJENb C WCIIOIB30BaHUEM WHCTPYMEHTOB NPOTPaMMUPOBAHUS
React u Three.js, koTopas TOUHO BOCHPON3BOJUT KOHCTPYKLHUIO PAIHOONTHYECKOTO
teneckona POT-54/2.6 (cm. puc.3).

B

15:10

» 3anycruTs Bpens
CHPBITS CHCTEMY CaHWPOBAHWS

Orxnowenna ()¢

Puc. 3. Mooeno POT-54/2.6

Ha mopnenu peanuzoBaHa BpeMeHHas aHUMAIHsI, OTOOpaKaoMasi IBUKCHHE
CouHIIa ¥ COOTBETCTBYIOIIIEE M3MEHEHUE OCBEIIEHHOCTH, a TaKKe MPHHIUIT pabOTHI
CHUCTEMBI OIICHKH U KOPPEKTUPOBKH MOJIOKCHUS TTaHEICH.

B cumynsamum oToOpaxeHbl PacloioKCHUE CKAaHUPYIOIIUX MEXaHU3MOB, a
TaKKe TATh H3MEPAEMBIX TOUEK KaKIOW MaHeNn — YeThIPe YTIIOBBIE M OHA IIeHT-
pajibHasl.

Ecnu B kakoi-mm00 U3 3THX TOYEK (PUKCUPYETCS OTKIOHEHUE, OHA OKpalllu-
BaeTCs:

® B KpACHblli Yyem, €CIIi pacCTOSTHUE OT AaHHOM TOYKH 10 TEOMETPHUUECKOTO
LIEHTpa 3epKajia mpeBblaeT 27 u;
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® B Opamoicegulll yeem, eCM PacCTOsIHUE MEHbIIE 27 M.

Benmnumaa OTKIIOHEHUS I KKIOW TOYKH OTOOpa)kaeTcss B TaOmuIe (CM.
puc. 4). Ilocne BhIMOTHEHNS KOMaHIbl HA KOPPEKTHPOBKY BCE TOUKH CTAHOBSITCS 3€-
JIéHbIMU, YTO 03HAYAET COOTBETCTBUE UCATHHOMY PACCTOSIHUIO - 27 M OT IEHTpA
3epkarna.

15:14

» 3anycuTs Bpems
CKPLITH CHCTEMy CKAHNDOBaHUS

Puc. 4. Uzmepsiemvie mouku naneneu

3akmouenne: [IpencrasieHHas B JaHHON paboTe aBTOMaTH3UPOBAHHAS cHCTEMA
yIpaBlIeHHs TTOJIOKEHUEM TTaHellel TIIaBHOTO 3epKajia PaHOONTHYECKOTO TeJIecKomna
POT-54/2.6 npencrasinsieT coO0ol KOMIUIEKCHOE HHXEHEPHOE pelieHue, 00beTUHSIO-
11ee COBPEMEHHbIE CCHCOPHBIE TEXHOJIOTHH, aJallTUBHBIEC aJrOPUTMbI U UCIIOJIHU-
TeJIbHbIE MEXaHNU3MbI BHICOKOH TOUYHOCTH. AHANN3 PE3yJIbTaTOB MOJAETHPOBAHUS U
OLICHKa TEXHUYECKOM peaan3yeMOCTH MOATBEPKAAIOT, YTO MPEUIOKEHHAs apXUTEK-
Typa HE TOJBKO 0OEecCIedYnBaeT BHICOKHN YPOBEHb TOUHOCTH M HaAEKHOCTH, HO U
MO3BOJIACT 3HAYUTEIBHO COKPATHTH 3aTPAThl BPEMEHH, YeJIOBEYECKHX 1 (PUHAHCOBBIX
PECYpCOB U CHHU3HUThH BIMSHUE YEJIOBEUECKOro (hakTopa MpH TEKyLIeH FOCTUPOBKE
AQHTEHHBI.

Peanuzanus ruOpuIHON CUCTEMBI, COUYETAIOMIEH MEXaHHUYECKYIO U ITbE30MO-
TOPHYIO KOPPEKIUH, AENaeT BO3MOXKHON NTUHAMHUYECKYIO IOACTPOIKY IMON0KEHUS
naHejel B peaJlbHOM BPEMEHH, YTO OCOOCHHO aKTyalbHO Uil 0OecreyeHus cra-
OunbHOIM pabOTHI AaHTEHHBI B YCJIOBHSAX BHEIIHUX BO3MYILEHHH. lcmosip3oBaHue
MPEBAPUTEILHON CUMYJISIHIUOHHON MOJIENN JAaET BO3MOXKHOCTh 3apaHee OLICHUTh
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3¢ (HEeKTUBHOCTh KOPPEKTUPOBOK U M30€XKATh JOPOTOCTOSIIUX OIIMOOK MPH MpaK-
TUYECKOU peann3aluu.

TakuMm 00pazom, pa3paboTaHHAS METOOJIOTHS M TPEUIOKCHHBIC TEXHUICCKUES
CPEICTBAa MOTYT CITy>KUTh TEXHOJOTHIECKOH OCHOBOH ISl HOJTHOIEHHON U POBH-
3allUY MPOLIECCOB IOCTUPOBKU aHTeHHBI POT-54/2.6 u, npu HEOOXOIUMOCTH, OBITh
aJaNTUPOBAHBI JJIs APYTUX aHAIOTUYHBIX KPYITHOTa0apUTHBIX aHTEHHBIX CUCTEM.
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U.U. UUNraU8UYL, L.2. ZUURUNM20RUBUL

N01-54/2.6 NRUAPNONSPUUYUL HhSUYP ULSELUSE UGO 2USGLNR
FPhEBILESD HhLUSPL CENRULEP 2UQU UL UNYELUYMNCORUT
LULUYUL ZUUULUCUUL ©ORLE ZUUUC

+0}-54/2.6 nunhnowwhljuljut nhwnwlp, 10 nupnig wykih Ynuubpqugdus Jhdw-
Ynud gnibny, puwuwbwpwp, Eupwupyyl) b ptwsht b dwuppushtt wqpbgmpenibutph, npoip
hwigkgply i dhqhjudbjupwmuhjuljwt b puphninbkjpuhjulw punipugpbph uunpwpug-
dwiti: 2018 pywljuthg «2kpniint wijwt wqquhtt nhkqbpuljut YEnpnu» dpugqph dheowg-
quyhll phup dpwymd t nhinwlh JEpuluiqivwh spughp’ npu htwn dhwuht dpwltyng bwl
hudwwywpthwl phqubu-yui: Zhdtwlwb punhpubpp winbiwh hwdwjwpnud o jup-
qupbpnidt B, npnup tbpunnd Bu phpwghly tpjpusuhwlu b pughnnbjuthjulwt wyw-
pwidbnpbph Jhpnisnipmit’ hwdbdwnws shiwpupmpyut dudwbwl vwhdwi]ws pu-
quyht wpdtputph htwn:

Upulpyly E Uk huyknt dwlbplinygph phetniubtnh nhpph qguhuwndwi b gnljdwh ung-
nndunug]us hudwlupg &ogpundub £onnipyniip pupdpugikyng thoughl sknnudbpp
ujuqugnyuh hwugubnt b dtknpny dhgwdwunnipniip pugunkint, wdpnnenipjudp pduyht
Junwqupuut hhup unbnstnt hwuwp: Zudwljupgp tbpunnd | jwgbpughtt b hudpuljup-
Uhp myhsutipny Unnnijubp, npnup juwnwpnud Bu phptnutnh nhpph wipinhwn hwdwdw-
Uwbulyw Unihpnphig, b whtqnowpdhsibp nhppught sknnudikph &g onljiwl hudwp:
Oniuyght oinmudubph dwpkdwnhjuut dnglp hwunwnnid L wunwewpyus dninkgdu
wpnibu]knnpgniip winbiwgh £onmpintuh m uyniimpynip pupbjuodbn hudwp:

Zudwupgp htwpwynpnipinit £ niwjhu hpujut dudwbwlynid jupqugnpty ph-
pnttph nhppp wwwhndbnyg pughnnkhtthjulwi ywpudtnpbph jumbnemb b wjw-
qtgutiny thnyuyht onmudubtpp: Uhsh hwdwlupgh tkpppnudp gpu wppuwnwiph bwiputiw-
Juib dSpwqpuyhtt dnphjwynpnid nt Jhgqniwjugnudp hiynwgunid i gpu fupunupu k-
unipjul oywnhdwjugnidp: Opwghpp unbknénwd k nkjutininghwljwi hhdp winbkbuwgh Ju-
nwjupiwi hwdwlupgh wipnowlub plujiugdwt hwdwp htwpu]npoipnih gy
huntgpkint hwpdwpynnuljwt wignphpdubkp, pupdpugutint niuljghnwynipmniin b pw-
gunkint dknpny wowmwnup jupquynpnidubpp:

Unwhgpuyhlr punkp. nunhnoyynhwljulwt nhunwl, whnbkuw, 0% 54/2,6, hudw-
(updwi dkpnnubp:
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A.S. SARGSYAN, N.H. HAMBARDZUMYAN

MODELING THE PROCESS OF PANEL POSITION DEVIATIONS
MEASUREMENT ON THE SURFACE OF THE SPHERICAL REFLECTOR OF
THE ROT-54/2.6 ANTENNA FOR THE PRELIMINARY STAGE OF ITS
ALIGNMENT

The ROT-54/2.6 radio-optical telescope mothballed for over a decade, has likely
experienced degradation of its physico-mechanical and radiotechnical properties due to
environmental and anthropogenic factors. Since 2018, the international team of the “Heruni
National Space Center” project has developed a project to restore the telescope’s
functionality supported by a comprehensive business plan. The primary task is the
alignment of the antenna, which involves analyzing current geometric and radiotechnical
parameters against baseline values established during construction.

An automated system for assessing and correcting the position of the main mirror’s
surface panels has been developed to enhance the alignment accuracy, minimize the phase
distortions, and establish a foundation for digital antenna control without a manual intervention.
The system incorporates laser and infrared diagnostic modules for panel position monitoring
and piezo-motor drives for precise adjustments. A mathematical model of phase distortions,
validated through numerical simulations, confirms the efficiency of the proposed approach
in improving the antenna accuracy and stability.

The system enables real-time panel position corrections, ensuring stable radio
technical performance and minimizing phase distortions. Preliminary modeling and
visualization facilitate the system architecture optimization prior to physical implementation.
The development provides a technological basis for full digitization of antenna control,
enabling integration of adaptive algorithms, enhancing functionality, and eliminating labor-
intensive manual adjustments.

Keywords: radio-optical telescope, antenna, ROT-54/2.6, alignment methods.
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MATHEMATICAL MODELING AND QUANTITATIVE SECURITY
ASSESSMENT OF HARDWARE-BASED CRYPTOGRAPHIC SYSTEMS
FOR RESOURCE-CONSTRAINED IOT DEVICES

This paper presents a comprehensive mathematical framework for modeling and quantitatively
assessing hardware-based cryptographic systems in resource-constrained Internet of Things (IoT)
devices. We propose novel lightweight cryptographic algorithms optimized for minimal power
consumption, memory footprint, and computational overhead while maintaining robust security
guarantees. Our mathematical models incorporate energy consumption analysis, security margin
calculations, and performance-security tradeoff optimization. We implement and evaluate three
cryptographic primitives: a lightweight AES variant (AES-128-L), an optimized Elliptic Curve
Cryptography implementation (ECC-163), and a hardware-accelerated hash function (BLAKE2s-HW).
Experimental results on ARM Cortex-M4 and RISC-V platforms demonstrate 47% reduction in energy
consumption, 62% decrease in memory usage, and 35% improvement in throughput compared to
standard implementations, while maintaining 128-bit security level. Quantitative security assessment
using formal verification and side-channel analysis validates the resilience of the proposed schemes
against various attack vectors.

Keywords: 10T security, lightweight cryptography, hardware acceleration, energy optimization,
mathematical modeling, quantitative security assessment, resource-constrained devices.

Introduction. The proliferation of Internet of Things (IoT) devices has
revolutionized modern computing, with an estimated 75 billion connected devices
expected by 2025 [1]. However, these devices face severe resource constraints
including limited processing power (8-32 MHz), memory (4-256 KB), and energy
budgets (coin-cell batteries) [11]. Traditional cryptographic algorithms designed
for general-purpose computers are unsuitable for such constrained environments,
creating critical security vulnerabilities.

This research addresses the fundamental challenge: How can we design
hardware-based cryptographic systems that provide provable security guarantees
while operating within stringent resource constraints? We develop mathematical
models that formalize the relationship between security strength, energy consumption,
execution time, and memory requirements. Our quantitative assessment framework
enables systematic evaluation and optimization of cryptographic implementations
for 1oT platforms.
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The main contributions of this paper are:

1. A mathematical framework for energy-security tradeoff analysis.

2. Three optimized hardware-based cryptographic algorithms.

3. Quantitative security assessment methodology using formal methods.
4. Comprehensive experimental evaluation on multiple IoT platforms.
1. Mathematical framework

A. An Energy consumption model

The energy consumption E for a cryptographic operation is modeled as:

E=oV>CfN+ p1

where o is the dynamic power coefficient; V - the supply voltage; C - the switched
capacitance; f - the clock frequency; N - the number of cycles; B - the leakage
coefficient, and I is idle current. This model captures both dynamic and static
power consumption [7].

B. Security strength quantification

Security level S is quantified using attack complexity:

S = lng(min(Cbmte, Cd{[ferential, Clinear))y

where C represents computational complexity of various attack types. The
cryptographic system is considered secure if S > 128 bits [13].

C. Performance-security tradeoff optimization

We formulate the optimization problem as:

minimize @(E, T, M) subject to S > 128 E < Emax, T < Tmax, M < Minax,

where ¢ is a cost function combining energy E, execution time T, and memory M,
subject to security constraints and resource limits.
II. The proposed cryptographic algorithms
A. Lightweight AES-128 (AES-128-L)
We propose an optimized AES variant with hardware-specific optimizations
including on-the-fly key schedule generation and S-box table compression.
Algorithm 1: AES-128-L Encryption
Input: plaintext P, key K Output: ciphertext C
cstate— PP K
: for round = 1 to 10 do
: SubBytes HW(state) // Hardware S-box
: ShiftRows(state)
: if round # 10 then
: MixColumns_Opt(state) // Optimized
rend if

~N N BN~
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8: roundKey < KeySchedule OTF(K, round)
9: state «— state @ roundKey
10: end for
11: return state as C
Complexity Analysis. Time complexity O(1) for hardware implementation
with parallel operations. Space complexity O(176) bytes for round keys. Energy
complexity O(N-f), where N= 1040 cycles.
B. Optimized elliptic curve cryptography (ECC-163)
ECC-163 operates on binary field GF(2'®®*) using polynomial basis
representation with hardware-accelerated point multiplication.
Algorithm 2: ECC Point multiplication
Input: scalar k, point P on curve E Output: Q = kP
: Q « O (point at infinity)
:R«P
:fori=0to 162 do
:if k[i] = 1 then
: Q <« Point Add HW(Q, R)
cend if
: R « Point_Double HW(R)
: end for
: return Q
Complexity Analysis. Average time complexity O(163-(m-A + D)) where A
and D are costs of point addition and doubling, m = Hamming weight of k. Space
complexity O(326) bytes for coordinates. Provides 80-bit security level.
C. Hardware-accelerated BLAKE2s (BLAKE2s-HW)
BLAKE2s-HW implements a 256-bit cryptographic hash function optimized
for 32-bit ARM processors with hardware acceleration for mixing operations.
Algorithm 3: BLAKE2s-HW compression
Input: state h, message block m, offset t Output: updated state h'
: v « Initialize(h, IV, t)
:fori=0to0 9 do// 10 rounds
:G_HW(v, 0, 4, 8, 12, m[o[i][0]], m[o[i][1]])
:G_HW(v, 1, 5,9, 13, m[o[i][2]], m[o[i][3]])
:G_HW(v, 2, 6, 10, 14, m[o[i][4]], m[o[i][5]])
:G_HW(v, 3,7, 11, 15, m[o[i][6]], m[o[i][7]])
:G_HW(v, 0, 5, 10, 15, m[o[i][8]], m[o[i][9]])
:G_HW(v, 1, 6, 11, 12, m[o[i][10]],m[c[i][11]])
:G_HW(v, 2,7, 8, 13, m[o[i][12]],m[c[i][13]])

O 0 3 N L B W N —

O 0 3 N L B W N —
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10: G_HW(v, 3,4, 9, 14, m[o[i][14]],m[o[i][15]])

11: end for

12:h' < h @ v[0..7] © v[8...15]

13: return h'

Complexity Analysis: Time complexity O(n) for n-byte message with 10
rounds per 64-byte block. Space complexity O(256) bytes. Hardware acceleration
reduces cycle count by 40%.

111. Comparative analysis

We compare the proposed algorithms against standard implementations
across multiple metrics relevant to IoT deployments.

Table 1
Cryptographic algorithm comparison
. Key Size Memory Energy Throughput Security

Algorithm (bits) (KB) (uJ/op) (Kbps) (bits)
AES-128 128 8.2 42.5 185 128
AES-128-L 128 3.1 224 250 128
ECC-256 256 12.5 156.8 12 128

ECC-163 163 4.8 68.2 28 80
SHA-256 — 6.4 38.6 142 128
BLAKE2s-HW — 2.4 23.1 192 128

Table 1 demonstrates that our proposed algorithms achieve significant
improvements: AES-128-L reduces memory by 62% and energy by 47% while
increasing throughput by 35%. ECC-163 achieves 56% lower energy consumption
compared to ECC-256 while maintaining adequate security for most IoT applications.
BLAKE2s-HW shows 40% reduction in energy with 35% higher throughput than
SHA-256.

Table 2
Platform-specific performance metrics
Platform Clock Freq. (MH?) AES-128-L Cycles Energy/Block (uJ)
VisionFive 2 (RISC-V) 1500 685 14.2
nRF9161 (ARM M33) 64 1,040 22.4
ESP32-S3 (Xtensa LX7) 240 892 18.6
Arduino Uno

(ATmogad28P) 16 2,845 42.1

Table 2 shows platform-specific performance variations. ESP32-S3 with
vector processing extensions achieves excellent performance with 892 cycles per
block. VisionFive 2's quad-core RISC-V architecture delivers superior throughput
with only 685 cycles. nRF9161 benefits from ARM TrustZone hardware acceleration
for cryptographic operations. Even on the resource-constrained 8-bit Arduino Uno,
our algorithm remains practical with 2,845 cycles and 42.1 wJ per block.
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1V. Quantitative security assessment

A. Cryptanalysis resistance

We evaluated resistance against primary attack vectors:

* Differential cryptanalysis: AES-128-L maintains differential probability
bound of 27'%? after 10 rounds, exceeding safety margin [17].

* Linear cryptanalysis: Linear bias bounded by 277°, requiring 2'°° known
plaintexts for successful attack [16].

* Algebraic attacks: Computational complexity exceeds 2'*® operations,
maintaining security threshold [14].

B. Side-Channel Analysis

We performed comprehensive side-channel evaluation using power analysis
and timing attacks [7]. Hardware implementations incorporate countermeasures:

* Power analysis resistance: Randomized S-box addressing and masked
operations [15] reduce correlation coefficient to 0.03.

* Timing attack mitigation: Constant-time implementation eliminates data-
dependent execution paths.

* Fault injection protection: Redundant computation with verification
detects 99.7% of single-bit faults.

C. Formal verification results

We applied formal verification using theorem provers (Coq, Isabelle/HOL)
to prove correctness of cryptographic properties:

* Verified encryption-decryption correctness for all possible inputs [6]

* Proved key schedule generates independent round keys.

 Confirmed avalanche effect: single-bit input change affects >50% output bits.

V. Experimental results and discussion

A. Experimental setup

Experiments conducted on four loT platforms: VisionFive 2 (RISC-V RV64GC,
1.5 GHz quad-core), Nordic nRF9161 (ARM Cortex-M33, 64 MHz with TrustZone),
ESP32-S3 (Xtensa LX7 dual-core, 240 MHz with vector extensions), and Arduino
Uno (ATmega328P AVR, 16 MHz). Power consumption measured using Nordic
Power Profiler Kit II (PPK2) with 100 kHz sampling rate and 1 x4 resolution. Each
test repeated 1000 times with statistical analysis.

B. Performance metrics

Key findings from experimental evaluation:

* Energy efficiency: Average 47% reduction across platforms, with ESP32-
S3 achieving 53% improvement due to hardware vector instructions and nRF9161
leveraging TrustZone crypto acceleration.

* Memory footprint: Code size reduced by 38%, RAM usage by 62%
through on-the-fly key scheduling and compressed lookup tables.
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* Throughput: 35% improvement on average, reaching 250 Kbps on
ESP32-S3 for AES-128-L, with VisionFive 2 achieving 340 Kbps through parallel
processing.

* Battery life impact: For CR2032 coin cell (220 mA#h), extended operational
lifetime from 6.2 to 11.7 months in continuous encryption mode.

VI. Conclusion and future work

This paper presents a comprehensive mathematical framework for modeling
and assessing hardware-based cryptographic systems in resource-constrained IoT
devices. The proposed algorithms AES-128-L, ECC-163, and BLAKE2s-HW
demonstrate significant improvements in energy efficiency (47%), memory utilization
(62%), and throughput (35%) while maintaining robust security guarantees validated
through formal verification and cryptanalysis.

The quantitative security assessment methodology provides systematic
evaluation framework applicable to diverse cryptographic implementations.
Experimental validation across multiple platforms confirms practical viability for
real-world [oT deployments.

Future work will explore: (1) post-quantum cryptographic algorithms for IoT
[3], (2) machine learning-based adaptive security mechanisms, (3) integration with
blockchain for distributed IoT security, and (4) hardware security modules for edge
computing platforms.

Author note

Al technologies were used to assist with text generation and writing refinement
in the preparation of this manuscript. All technical content, experimental design,
results, and conclusions represent the original work and analysis of the authors.
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2.7 UbLUUSUL

NTUNRCULENNY UUZUULUOUUYUO IOT UUL LR
UUEtUUShruUYUL UNYSLUYMNCNRUC BY UNUNUSUSHL RUNSLURTUL
Z0UU4U. a6k ULdSuueNhes8UL LULUTEUYUL @LUZUSNRUT

Uhpuyugynud E hwdwwyupthul dwpbdwunhjuuwt dbpon, nhumpuibpny vwhidw-
twthwlqus Punbpubn phptph (IoT) vwpphipnid wywpuinuht qupntwugpuhtt hwdw-
Jupgbpp dnphjudnpljne b pubwljuybu quuwhwntint hwdwp: Unwewplynud ku tnp phipl
qunutugpuyhtt wignphpuutp, npniup oynhudwgyws ki tuqugny Eubpghugh uyundwl,
hhonqmpjut htnph b hwoqupuyhtt swhuh hwdwp dhwdwdwbml  wyuhnybng
wijuuignipjut wdnip tpuouhputp: Unwowplyny dwpbdwnhjului dngkjubpp tkpw-
nnud L Eubkipghugh nywndwb 4Epnisnipintt, widunuwiqnipjut dfwjupnpuljh wuppkpnipe-
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niuttph hwyquplubp b wpynibwdbnnpjui-widunwignipjut hnjuqhedw ouyyunpduw-
gnud: Ghwhwunynid b bplp quunwgpuyhtt wwpqugniy nuppbp’ phpl AES tiupphpul
(AES-128-L), oyynhdmgyws Ejhwwnhly Ynph qununbugpnipjut hpwljuwtwugnid (ECC-163)
wwywpwnny wpuqugyusé htr $niuljghu (BLAKE2s-HW): ARM Cortex-M4 L RISC-V yjjuan-
$npdutph Jpuw junmwpdus hnpdwpuwpului wppynibupubpp gnyg i wwwhu kukpghuygh
uywndwl 47% wjwugnid, hhonnnipjut oquuugnpsdmi 62% Ypdwnnid b pnynibwljnipyjui
35% pupkjunud’ b hudbdwn unwbyupn hpulwiugmditph, thudwdubul guhywitm]
128-phpwiing wijunwignpiut dujupnulpn Tiduwubqmpjut pubwjuljut quuhuwnnudp
Junupyl) | oquugnpstyny] Ynnubught wqnkgnipmibikph Jhpnsnippudp $npuug Jundb-
npugnid, hsp hwunmwwnnid £ wowewnplynn ujubdwubph ghdwnpnpujwinieniip muppkp
hwpdwlnudutph tjundwdp:

Unwbgpuyhll punkp. ToT winjinutgnipinil, phph qunniugpnipmni, wuyupunw-
1ht wpuqugnd, Eukpghugh oywphdwjwugnud, dwptdunhljuljut dngbjuynpnud, wbdunwb-
gqnipjul puwtwjulu quuwhwnnid, pkunmiputitpny vwhdwbwhwlyws uvwuppbp:

A.JJl. MUHACSH

MATEMATHYECKOE MOJEJIMPOBAHUE U KOJIMYECTBEHHAS OLIEHKA
BE3OITACHOCTU AIIMTAPATHBIX KPUIITOT'PA®OHUYECKUX CUCTEM 1A
PECYPCHO-OTPAHUYEHHBIX YCTPOVCTB UHTEPHETA BEIEM

[TpencTaBneHa KOMIUIEKCHAs MaTeMaTH4ecKast OCHOBA JUIsl MOJEIMPOBAHUS U KOJIH-
YEeCTBEHHOHU OLICHKH alllapaTHBIX KPUNTOrpa(uueckux CHCTEM B PECypCHO-OTPAaHHYEHHBIX
ycrporictBax UnTepHera Bemieit (IoT). [Ipemnararorcs HoBBIe 001erdeHHBIE KpUITOTpadu-
YECKHE aJTOPUTMBI, ONTUMH3UPOBAHHBIE ISl MUHIMAJIBHOTO 3HEPTronoTpeOsieHns, 00bemMa
MIaMSTH U BBIYMCIUTENBHBIX 3aTpaT NPH COXPAHEHHH HAJEKHBIX TapaHTHH 0€301acHOCTH.
Marematiueckue MOZAEIH BKIIIOYAIOT aHaJM3 SHEPromnoTpeOsIeHns, pacyeThl 3amaca 0e30-
MIACHOCTH M ONITUMHU3ALMIO KOMIIPOMHCCa “TIPOM3BOANTEIBHOCTR-0e30nacHOCTh . Peannzo-
BaHbI M OLICHEHBI TPH KPHUIITOrpauuecKux NpuMuTHBa: oberdyennslii Bapuant AES (AES-
128-L), ontumMu3npoBaHas peanusariysi Kpunrorpapuu Ha syuinTraeckux kpusbix (ECC-163)
U anmnaparHo-yckopenHas xam-¢yHkuus (BLAKE2s-HW). DkcrnepiMeHTaIbHbIE Pe3yibTaThl
Ha wiatrdgopmax ARM Cortex-M4 u RISC-V 1eMOHCTpHUPYIOT CHIXKEHHE SHEPTrONOTPEOICHUS
Ha 47%, yMEHbIIICHNE UCTIOJIb30BAHUS MAMATH Ha 62% M yBenn4eHHne IpOITyCKHOH Croco0-
HOCTH Ha 35% TI0 CpaBHEHHUIO CO CTAHJAPTHBIMHU PEaNH3aIFsIMH, IPH COXpaHeHUH 128-0uT-
HOro ypoBHs Oe3omacHocTH. KonndecTBeHHast OLEHKa 0€30MacHOCTH € HMCIOJIb30BaHUEM
(hopmanpHON BepruUKALIMI U aHAJIH3a IO MOOOYHBIM KaHaJlaM MOATBEPKIACT YCTOWINBOCTh
TIPEAIOKEHHBIX CXEM K Pa3InYHBIM BEKTOpaM aTax.

Knrouesvle cnosa: 6ezonacHocts [oT, obnerueHHass kpunrorpadus, ammapaTtHoe
YCKOpEHHE, ONITUMHU3AIHS YHEPTONOTPEOIeHNs, MaTeMaTHYeCKOe MOJIEIMPOBAHKE, KOJIUe-
CTBEHHasl Ol[eHKa 0€30MaCHOCTH, PECYPCHO-OIPaHUUEHHBIE YCTPOHCTBA.
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CENSORSHIP RESISTANCE IN WEB3 ACCESS LAYERS: AN
ENGINEERING PERSPECTIVE ON INDEPENDENT RENDERING
GATEWAYS

Censorship resistance is a core value of Web3, yet practical access to decentralized
websites remains dependent on centralized gateways such as ipfs.io, .link, and .limo, which
are susceptible to regulatory takedowns and availability limitations. This paper investigates
the technical barriers to truly censorship-resistant access in decentralized web architectures
and presents an engineering-driven analysis of dweb3.wtf, a dedicated rendering gateway
developed within the Web3Compass infrastructure. The system directly interfaces with
decentralized name systems such as ENS and Unstoppable Domains, autonomously
resolves content hashes via on-chain resolvers, and renders the associated IPFS-hosted sites
via self-hosted infrastructure. By eliminating reliance on third-party APIs and centralized
frontends, the gateway offers a robust alternative to Web2-style intermediaries. This paper
presents the architecture, implementation, and performance characteristics of dweb3.wtf,
evaluating its effectiveness in ensuring access continuity, domain coverage, and reduced
external dependency.

Keywords:Web3, Decentralised web, Censorship Resistance, IPFS, ENS, Proxy
Gateway, Autonomous Infrastructure.

Introduction. The decentralized web aims to distribute control across proto-
cols rather than institutions. Core components-such as IPFS for storage and ENS
for naming-offer verifiable and permissionless alternatives to traditional hosting and
DNS. However, the decentralized vision encounters a critical bottleneck in
practice: access tooling. While decentralized websites can exist independently of
central servers, users still rely on Web2-compatible gateways to retrieve and render
this content in mainstream environments.

Today, most users attempting to open a decentralized site-such as one
resolved through an ENS domain-must pass through a gateway like ipfs.io, which
aggregates content from IPFS nodes and displays it in a browser-readable form.
These gateways, although technically functional, are subject to centralized policies,
regional restrictions, and legal compliance demands. Their failure or censorship
renders the decentralized site effectively inaccessible, undermining the very

premise of decentralization.
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This access-layer fragility necessitated an engineering response. Within the
development of Web3Compass-a real-time, protocol-aware search system for
decentralized domains-a dedicated rendering layer was introduced under the
hostname dweb3.wtf. Its role is to serve as a censorship-resistant, low-latency, self-
hosted gateway capable of resolving and rendering IPFS-linked content from
multiple domain registries without introducing centralized chokepoints. This paper
describes the challenges, design considerations, and technical implementation of
this gateway, contributing to the broader discourse on usable, censorship-resistant
infrastructure in Web3.

Analysis of the existing works. Censorship resistance in the decentralized
web is often cited as one of its primary advantages over traditional Internet
infrastructure. The foundational theory behind censorship resistance lies in the
removal of single points of control-namely centralized servers and domain name
registrars-which are vulnerable to legal or regulatory pressures. Systems such as
the InterPlanetary File System (IPFS) and blockchain-based domain registries like
Ethereum Name Service (ENS) and Unstoppable Domains (UD) exemplify this
design by enabling content and naming records to be stored in peer-to-peer or on-
chain networks rather than in state-governed databases.

Despite this theoretical robustness, practical access to decentralized content
is frequently routed through centralized gateways. Studies have identified that
services such as ipfs.io, cloudflare-ipfs.com, and .limo often act as chokepoints in
the architecture, rendering them susceptible to takedowns, surveillance, or content
filtering under legal obligation or voluntary moderation frameworks [1]. Research
by Mooney [2] on IPFS gateways highlights that many of these nodes cache and
serve limited subsets of content, often prioritizing popular or whitelisted CIDs,
thereby undermining claims of neutrality and censorship-resistance.

Decentralized domain resolution faces parallel issues. While ENS and UD
provide cryptographically verifiable mappings between names and content hashes,
resolution tools such as browser extensions or embedded resolvers are required to
translate these names into retrievable IPFS paths. The existing browser integrations
(e.g., Brave) support ENS resolution, but rely on fallback APIs and do not cover all
protocols or domain extensions. Moreover, even with resolution tools, content
hosting remains dependent on node availability or pinning services-often provided
by centralized actors such as Pinata or Infura-reintroducing dependence on third
parties [3].

Approaches to bypass centralized choke points have included user-side
tooling (e.g., self-hosted IPFS nodes), local resolvers, and gateway diversification.
However, these solutions require advanced technical knowledge, limiting adoption.
The introduction of censorship-resistant rendering gateways, like dweb3.wif, aligns
with prior academic recommendations emphasizing the need for decentralized
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delivery infrastructure. As identified by Raviv & Kim [1], the redundancy of access
paths and the independence from centralized DNS resolution or gateway policy are
key indicators of effective censorship resistance.

In parallel, broader Web3 studies emphasize the trade-off between
accessibility and decentralization. Systems that provide smoother user experience
often reintroduce central points of control in the name of performance, reliability,
or legal compliance [4]. Consequently, truly censorship-resistant gateways must
strike a balance: enabling universal access while maintaining technical and legal
autonomy. The engineering approach described in the Web3Compass system—
operating dedicated IPFS nodes, independently resolving domain records, and
hosting a custom rendering gateway-directly responds to this gap by providing
reliable, regulation-independent access to decentralized content.

Architecture and Implementation. The dweb3.wtf gateway was engineered
as an autonomous access layer within the Web3Compass ecosystem to ensure
uninterrupted availability of decentralized web content, independent of centralized
resolution or rendering services. Its architecture addresses two key constraints in
decentralized access: 1) resolution of domain names across heterogeneous
blockchain-based registries, and 2) retrieval and rendering of content hosted on
decentralized storage networks, primarily IPFS.

Domain resolution layer

The first stage of the gateway’s operation is protocol-aware domain
resolution. Web3Compass continuously monitors the decentralized domain name
systems such as ENS (Ethereum Name Service), Unstoppable Domains (hosted on
Polygon), and BNB NS (via SpacelD). Each registry is queried using dedicated
resolvers. In the case of ENS, a smart contract stores the resolver address for each
domain. The resolver is subsequently queried via standard interfaces such as
contenthash() to extract the content identifier (CID). Similar methods are applied to
other registries, using specific resolution logic per contract specification.

To ensure modularity and fault-tolerance, the resolution layer uses
asynchronous event monitoring from blockchain networks through APIs such as
Alchemy and subgraphs (e.g., ENS subgraph). Upon detection of a new or updated
domain, the system extracts metadata including the CID and caches the mapping
internally for lookup by the gateway.

IPFS integration and content retrieval

The CID obtained from the resolver is used to access the content stored on
the InterPlanetary File System (IPFS). To avoid dependency on public gateways
such as ipfs.io, dweb3.wtf is backed by a cluster of self-hosted IPFS nodes
maintained by Web3Compass. This infrastructure allows direct retrieval of content
without routing through centralized services, ensuring resilience against both
downtime and takedown requests.
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To guarantee persistence, Web3Compass selectively pins content on its own
IPFS nodes. Content under 100MB and identified as HTML-based is prioritized for
pinning, while non-relevant formats (e.g., videos, ZIP files, PDFs) are excluded
from indexing and delivery. If content is not pinned, the gateway gracefully falls
back to public gateways, but only as a last resort, preserving the censorship-
resistant priority of self-hosted infrastructure.

Rendering and dynamic content handling

Once retrieved, content is rendered and served through dweb3.wtf. A critical
challenge addressed here is support for Single Page Applications (SPAs) and
client-side rendered content, which require execution of JavaScript to fully build
the Document Object Model (DOM). To solve this, the gateway integrates a headless
browser stack (e.g., Puppeteer) that programmatically loads the page, waits for the
DOM to stabilize, and scrapes the final HTML before serving it to users.

This ensures that decentralized websites relying on in-browser rendering are
fully accessible through dweb3.wtf, a capability often absent in alternative
gateways that serve static content only. The system detects whether a site requires
headless rendering based on the response structure and automatically initiates
dynamic rendering if necessary.

Domain coverage and unified routing

Unlike other gateways limited to specific TLDs, dweb3.wtf is designed to
support a wide variety of decentralized domain extensions indexed by Web3Compass.
This includes .eth, .crypto, .polygon, .dao, .wallet, .nft, .zil, .x, and emerging
namespaces such as .fomi and .bnb. The routing engine recognizes the domain
extension, matches it to its corresponding resolution logic, and fetches the CID
accordingly.

Once resolved, URLs are mapped to a unified access structure. For instance:

https://dweb3.wtf/ipfs/<CID>/

https://dweb3.wtf/<domain.extension>/

This enables seamless integration of human-readable names with underlying
content identifiers, maintaining user-friendly navigation without compromising
backend decentralization.

API and rate limiting

To support programmatic access, dweb3.wtf exposes an API with a simple
authentication mechanism using API keys. The current rate limiting policy allows
60 requests per minute per key, sufficient for moderate third-party use cases while
preventing abuse. This complements the frontend interface and allows for
integration into other applications or browser extensions.

Evaluation. The evaluation of dweb3.wtf as a censorship-resistant rendering
gateway focuses on its functional alignment with the Web3Compass objectives:
independence from centralized chokepoints, broad decentralized domain coverage,

reliable content delivery, and compatibility with dynamic web architectures.
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Availability and uptime strategy

Unlike traditional IPFS gateways such as ipfs.io or cloudflare-ipfs.com,
which are subject to regional takedown orders and infrastructural downtime,
dweb3.wtf operates via a self-hosted IPFS cluster maintained by Web3Compass.
This ensures content is not reliant on public access nodes, which may become
unresponsive or filtered. While public fallback is implemented, it activates only
when internal nodes fail, preserving autonomy as the default mode of operation.

The infrastructure is intentionally redundant: multiple IPFS nodes ensure
content availability through selective pinning and fallback tolerance. For instance,
content under 100MB deemed HTML-relevant is proactively pinned across nodes,
guaranteeing persistent access even in the absence of active external replication.

Domain diversity and protocol compatibility

A key performance indicator for dweb3.wtf is the breadth of supported
decentralized domains. As indexed by Web3Compass, the gateway successfully
renders websites associated with domain extensions such as .eth, .crypto, .wallet,
.polygon, .zil, .nft, .x, .dao, .bnb, .tomi, and others. Each domain family is mapped
to its respective on-chain registry (ENS, CNS/UD, BNB NS via SpacelD), and
dweb3.wtf applies custom resolution logic per protocol.

This registry-agnostic design ensures broader compatibility than most Web3
redirectors, which typically support only a subset (e.g., ENS domains). The unified
routing format-resolving both CID and human-readable names-enables consistent
access across heterogeneous naming systems.

Rendering depth: static vs. dynamic sites

To accommodate Single Page Applications (SPAs) and client-rendered
content, dweb3.wtf integrates a headless browser rendering pipeline. This feature is
essential for Web3 content that relies heavily on JavaScript and in-browser DOM
construction, which cannot be parsed by static crawlers.

The gateway automatically detects whether dynamic rendering is required
based on the initial response and triggers headless rendering accordingly. This
design ensures that both static and dynamic decentralized websites are served in
their fully built form, avoiding incomplete or empty page loads-a known limitation
of competing IPFS gateways.

User access and API integration

Programmatic interaction is supported via an authenticated API, with a rate
limit of 60 requests per minute per key. While this is not designed for high-
throughput scraping, it enables controlled integration into third-party applications
or browser extensions. By exposing gateway logic through an API, dweb3.wtf
supports both end-user access and developer tooling, enhancing its role as a
practical censorship-resistant access layer.
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Conclusion and future work. This paper presents an engineering analysis
of dweb3.wtf, a censorship-resistant rendering gateway developed as part of the
Web3Compeass infrastructure. The system addresses the key technical limitation of
decentralized web access: the dependency on centralized gateway services for
resolution and content rendering. By integrating self-hosted IPFS nodes, dynamic
rendering support, and protocol-aware domain resolution for a wide range of
registries-including ENS, Unstoppable Domains, and BNB NS-dweb3.wtf demonstrates a
practical architecture for preserving access continuity and autonomy in Web3
environments. Unlike generalized gateway services such as ipfs.io or .limo, the
implementation of dweb3.wtf deliberately avoids reliance on centralized
intermediaries wherever feasible. The system resolves domain records using
verified on-chain data, fetches content via its own IPFS infrastructure, and renders
both static and dynamic websites with in-browser JavaScript dependencies via a
headless rendering layer. This ensures that even client-rendered decentralized sites
remain accessible through a Web2-compatible interface, without compromising on
censorship resistance.

Future work on the platform will focus on expanding domain registry
support and improving routing efficiency. While the current system integrates a
diverse range of domain extensions and resolution schemes, additional protocols
and emerging name services may require custom integration logic. Another area for
improvement is the robustness of content pinning and node reliability under
varying network conditions. While the fallback to public gateways is retained for
availability assurance, efforts will continue to prioritize access via self-hosted
infrastructure as the default pathway.

Finally, opportunities exist to integrate decentralized frontend verification
methods, enabling users to view cryptographic proofs of content origin and
immutability directly within the rendering layer. This could further strengthen the
trust guarantees of the access system without introducing behavioral tracking or
identity linkage.

Through dweb3.wtf, Web3Compass provides a concrete, deployable solution
to one of the decentralized web’s core bottlenecks: practical, reliable, and
censorship-resistant access. The architecture serves as a model for similar gateway
efforts and contributes to a more resilient decentralized internet infrastructure.
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U.C. 20Nk es8Nkhu3UL

QULLLNRESULE HhUTHUSNRU WEB3 UNRSLE CESEMNRU. ULUUV
UUsSNh8UTUL HYLNUULEL. ZU8USL KULSUMUABSh SEUTLUSNRLPS

Web3-h qpuphinipjuiip nhiwuytint hhdtwljwi wpdtpp hwjwund k jEnpnwg-
Jwd nupuuutikph (ipfs.io, link, .limo) juwhijwémpjuup: Nunidbwuhpynd Eu wywlkinpn-
twgywé Yuyptph dwwnskihnipjutt wmbkthulwt jungpugnunubkpp, b tkpjuyugdnd k
dweb3.wtf huptwqup pkunkphtiq nupyuup fupunwpughnwlui Jepnsnipmniiup, npp
Uowljyty £ Web3Compass tupujunnigyusph opowtmynid: Zudwljupgqt wiadhgwljuunpku
wpfuwinmid £ ENS, Unstoppable Domains it wj] wyujkinnpniugdus wiudwt hwdwlup-
glnp htwn, huptnipnyb nisnmud k Yntnknp htop b, dwnnignid £ IPFS-nud mbnuljuwyué
Jupkpp wnwig kppopn Ynquh API-ubph: 9hpnusynid ki Supunwpuybnmpeynip, hpu-
Juibwugnidp b wpynitwybnnipiniip gpuptiuniput ghdwnpnipjut mbuwilnithg:

Unwbgpuyhl punkp. Web3, wmyuljktinpniugyws ykp, gpuphiinipjut nhuwnpnip-
jnit, IPFS, ENS, dmnnigdwt nupwwu, huptwjup ipuljunnigyusp:

A.Il. APYTIOHSH

YCTOMYUBOCTD K IIEH3YPE B CJIOSIX JIOCTYIIA WEB3: HH)KEHEPHBII
B3I'JIS1] HA HE3ABUCHUMBIE ILTIO3bI OTOBPAXKEHUI

Y CcTOHYMBOCTE K LIEH3ype — OJIHA U3 TIaBHBIX IIeHHOCTe Web3, ogHako peabHbIN
JIOCTYI K JELEHTPATU30BAaHHBIM CaiTaM IO-TIPEKHEMY 3aBHUCHUT OT LEHTPAIM30BaHHBIX
o308 (ipfs.io, .link, .limo). B craThe nccienyrorcst TexHUueckre 0apbepbl HACTOSIIEH
LIEH3YPOYCTOMYMBOCTH U NPEACTABIECH WH)XEHEPHBIH aHAIN3 aBTOHOMHOT'O IIUTI03a PeHJIe-
punra dweb3.wtf, paspaborannoro B unppactpykrype Web3Compass. Crictema HanpsiMyro
B3aumozeiicteyer ¢ ENS, Unstoppable Domains 1 apyrumu neneHTpaIn30BaHHBIMH CHCTE-
MaMy UMEH, CaMOCTOSTENLHO pa3pellaeT KOHTEHT-XAIIH Yepe3 OH-YeHH Pe30Bepbl 1 0TOOpa-
xaet [PFS-caiiTel uepe3 cOOCTBEHHBIE Y3IIbI, HCKIIOUYUB 3aBUCUMOCTh OT CTOpOHHHX API.
PaccMaTpuBaroTCs apXUTEKTypa, peaau3anus 1 XapaKTePUCTHKN C TOUYKH 3PEHUS yCTOHUIH-
BOCTH K IIEH3Ype.

Knroueewte cnosa: Web3, neneHTpannzoBaHHas ayTHHA, YCTOMYUBOCTE K IEH3YPE,
IPFS, ENS, nutto3 peraeprHra, aBTOHOMHAs HHPPACTPYKTypa.
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THE PHYSICAL DESIGN METHOD FOR INTEGRATED CIRCUITS
USING ARTIFICIAL INTELLIGENCE

The technological advancement of integrated circuits (ICs) accompanied by an
unprecedented reduction in component sizes to a few nanometers and an increase in
transistor counts to over 100 billion has introduced new challenges related to circuit
reliability. In these conditions, the interaction between components, or "crosstalk," becomes
a key issue, arising from parasitic capacitances and inductances between adjacent wires.
Crosstalk can lead to serious failures, including signal timing parameter violations, logical
errors, and increased power consumption.

To address this problem, a novel approach utilizing artificial intelligence (Al) and
machine learning (ML) algorithms was developed to predict and mitigate crosstalk effects.
The application of this method achieved a crosstalk reduction of nearly 18%, with setup
timing improved by 17% and hold timing improved by almost 20%. These gains were
realized with acceptable trade-offs, including a 3% increase in area, a 5.5% increase in
power consumption, and a 17% increase in CTS wire length, which resulted in only a 0.8%
increase in the total wire length of the circuit.

Keywords: crosstalk, artificial intelligence, integrated circuits, modeling, design
method, machine learning.

Introduction. Crosstalk arises from the formation of parasitic capacitances
and inductances between closely spaced wires in a circuit. When a signal passing
through one wire (the "aggressor") changes, it affects the neighboring wire (the
"victim") through the electromagnetic field [1]. The effect caused by the mutual
capacitance (Cm) is described by formula (1) [1-3], and its impedance is described
by formula (2) [1,3,4]:

dv,
Icrosstalk,Cm = Cp * %a (D)
1
Xew = 2mfCm @)

As seen from the formulas, as the frequency (f) increases and the distance
(d) between the wires decreases (which increases Cm according to formula (3)), the
capacitive reactance drops sharply, leading to stronger interaction [2, 4]:

Cp =3, 3)



The consequences of crosstalk are varied and can critically affect circuit
operation, leading to timing violations, logical errors, increased power consumption,
and accelerated circuit aging. These problems demonstrate the urgent need to develop
effective methods for detecting and mitigating crosstalk. This paper proposes an
innovative approach that uses Al and ML tools to not only quickly predict critical
points of crosstalk but also to offer solutions for their mitigation.

The existing crosstalk mitigation techniques and their limitations. Over
years, various methods have been developed to combat crosstalk at different stages
of IC design, but none fully meet modern technological requirements.

Bus encoding reduces simultaneous transitions on adjacent wires but
increases area, power, and delay while being effective only in specific cases.
Differential signaling cancels common-mode noise but doubles wire count and
power usage. Repeater insertion restores the signal quality and reduces overlap but
adds area, power, and delay. Shielding lowers interference but requires extra layout
space and careful design. Routing blockage increases wire spacing but consumes
routing resources and complicates the design.

A method proposed for data collection and preparation for crosstalk
prediction. Unlike traditional approaches that require multiple analyses, the
proposed method predicts crosstalk using minimal yet highly informative data. It
aggregates physical and logical design information to build a feature-rich database
for the ML model.

As illustrated in Fig. 1, the process begins by extracting physical metal
parameters from the GDSII file followed by the extraction of signal properties from
the .nlib file [5]. Signal integrity analysis is then performed to calculate coupling
coefficients, which measure how changes in one signal affect another. Finally, all
extracted data is consolidated into a unified database containing key physical and
logical features. This comprehensive database serves as the foundation for training
and applying the ML-based crosstalk prediction model.

Fig. 1 shows a flowchart illustrating the data aggregation process. Inputs
from GDSII, NLIB, and auxiliary info files are processed to extract the physical
metal characteristics and logical signal properties. These are combined to create a
final feature database for the model.
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Analysis of Metal Extraction of GDSII Signal Integrity
Layers Textual Elements Analysis

Auxiliary Information

Itxtrac.lmn of Metal Creation of the Database
Interaction Parameters

Fig. 1. A flowchart illustrating the data aggregation process

A method proposed for architecture and training of the machine
learning model. After data collection, the most critical part of the method is
implemented: the creation and training of the machine learning model:

¢ Final data preparation. The database undergoes final processing, including
encoding categorical data into numerical values, removing duplicate and constant
data, and performing data normalization (min-max scaling) to bring all feature
values into the [0, 1] range. This is done using the following formula:

_ X—Xmin
Xnormalized - . (4)
Xmax~Xmin

e Selection of ML Model Architecture. A Branched Artificial Neural
Network (BANN) architecture was chosen.

e Activation Functions. Since all input data is normalized to the [0, 1] range,
corresponding activation functions were chosen. A variant of the ReLU function,
described by formula (5), is used in the hidden layers:

_(0,if x <0,
fG) = {x, if x >0. ©)
e The Sigmoid function described by formula (6), is used in the output layer,

as its output is always in the (0, 1) range, which is ideal for the normalized target
value:

1
l+e ™

fx)=

(6)

e Model Training and Application. The model was trained using the
TensorFlow library and its Keras API.

Fig. 2 shows a diagram of the Branched Artificial Neural Network architecture.
An input layer feeds into two separate parallel branches of hidden layers. The
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outputs of these branches are then concatenated and passed through a final layer to
produce the predicted crosstalk value.

Hidden Layers

- % ~

o ® 9
Input Layer ol Lo ol

5 I\ V2N

e e e 0 ®
ot 1 Predicted
T
? ‘? ‘? Branch
81 {8 P9l Concatenation
°© e o Layer
et I I 4

Sao-

Hidden Layers
Fig.2. A diagram of the Branched Artificial Neural Network architecture

Fig. 3 shows a flowchart of the machine learning model workflow. It starts
with the formatted database, proceeds to data preprocessing and normalization,
then to the construction and training of the ML model followed by testing,
evaluation, and finally, saving the trained model.

Formatted
Database

L
Data Preprocessing ML Model Training
ML Model Testing and

Data Normalization

|

ML Model Construction
I

Fig. 3. A flowchart of the machine learning model workflow

Quality Evaluation

Saving the Resulting
Model

The performance evaluation of the artificial intelligence model. Experimental
studies were conducted to verify the effectiveness and applicability of the proposed
ML model:
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e Experimental environment. Circuits composed of cells from the ASAP7
educational library for the 14nm technology process were used. A complex circuit
with 22,826 standard cells and an input clock frequency of 2 GHz was used for
training and evaluation. The traditional SIA method in Fusion Compiler took
8227.7 seconds for this circuit, which served as the baseline for comparison.

¢ Evaluation metrics. The Mean Squared Error (MSE) described by formula
(7), was chosen as the loss function to measure the accuracy of the model:

1 o~
MSE = <31 (i = %)% )

e Results and analysis. The model was trained for approximately 48-53 epochs,
achieving a prediction accuracy of about 91%. Most importantly, the analysis time
was significantly reduced. The proposed ML model completed the prediction in
5216.4 seconds. This represents a time saving of 36.6%. While this time saving
comes at the cost of a minor (~10%) loss in accuracy, this level of precision is
often sufficient for identifying critical areas in the early stages of design.

A method proposed for crosstalk mitigation for the clock tree. After
developing a predictive model successfully, the next step is to mitigate the effects
of crosstalk. The proposed approach involves making targeted changes to the most
sensitive and aggressive part of the circuit: the clock tree (CTS). The CTS is
targeted because its wires carry the highest frequency signals in the circuit, making
them the "main" aggressors, and they are highly sensitive to timing deviations that
can cause critical setup and hold violations. An improved combined method of
routing blockages and shielding is proposed.

1. Target pair identification: Using the ML model's predictions, all metal
pairs where at least one wire belongs to the CTS are identified.

2. Condition check: For each pair, the distance between wires is compared
to the minimum allowable distance (dui») defined by the design rules for that metal
layer.

3. Decision making:

olf the distance is less than 3 * d,,;,, the wires are considered too close. In
this case, routing blockages are applied, instructing the design tool to re-route the
wires to increase the spacing between them.

olf the distance is greater than or equal to 3 * d,,;,,, there is sufficient space
between the wires. Instead of increasing the distance further, the shielding method
is applied by inserting a protective wire connected to ground between the aggressor
and victim.

Evaluation of results. Applying the proposed mitigation method to a test
circuit yielded the results summarized in Tables 1 and 2.
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Timing and Crosstalk Violation Improvements

Table 1

Parameter Initial IC Wiﬂ? With With the
Shielding | Blockage |Proposed Method
Componénts With Setup 940 385 901 854
Violation
Total Setup Violation (ps) -1128.3 -1031.2 -1052.4 -928.6
Compone.:nts yvith Hold 605 571 579 538
Violation
Total Hold Violation (ps) -415.2 -370.1 -386.8 -329.7
Components with Crosstalk 482 369 395 307
Crosstalk Violation (ps) -11.03 -10.11 -9.96 -8.88
Table 2
Physical Design and Power Costs
Parameter Initial IC Sh\iZIi(;};ng BlXﬁde Propzziet(li1 ﬁte:thod
Area (um?) 9150.2 9150.2 9514.8 9431.54
CTS Wire Length (um) 7790.4 7790.4 9895.1 9110.8
Total Wire Length (um) 86470.3 86835.1 | 87640.7 87190.6
Total Power (uW) 1742.1 1742.1 1889.7 1837.5
Leakage Power (uW) 92.4 92.4 93.5 92.7

e Improvements:

o Crosstalk reduction: 18.1%.
o Total Negative Slack (Setup) improvement: 17.7%.
oTotal Negative Slack (Hold) improvement: 20.5%.

o Costs:

o Area increase: 3.07%.

o Power consumption increase: 5.5%.

oCTS wire length increase: 17.1%, which contributed to only a 0.83%
increase in the total wire length of the circuit.

Conclusion. This work presents a comprehensive solution for managing
crosstalk in IC design. It demonstrates that the application of artificial intelligence
can not only automate and accelerate complex analyses but also offer more
intelligent and targeted solutions than the traditional approaches are. The
developed methods provide designers with a powerful tool to create higher-
performance, more reliable, and energy-efficient integrated circuits, addressing the
contemporary demands of the technology industry.
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1.4, UUrneresuy

PULSEArUL UMGUULENE Ur26USU4YUL AULUYULNERESUUR ShRPUUUUL
LUMUQOUUL UGRNY

dhpohtt mwubwdjuljutpmd hnbgpus upubdwibtph nbjutinnghwljuwb qupgqugnidp,
npt mnblgynud E mmwppbiph swthtph Jupnly tduqnudng dhish dh pwih btwindbnp b npub-
qhuwnnpibph putulh wbjugdudp ghpuquiiglng 100 Whjhwpnp, wowgwgpty E tnp fulighp-
ubp Yuuyus uukdwibph hniuwhmpjub hkwn: Uju wuydwbtbpnud imuppbph thnpuwgnb-
gnipniup, hwjnuh npybu «nwppbkph vholi thnpuwmqntgnipnitibps, nununud £ hhdtwlwt
Jutinhp wpwewluyny hwplwi hwnnpwywpkph dhel wwpughnught nialnipynibibp b
hunniyunpynipnibubp: Smpptph dhol thnpuwgpkgnipniuutpp jupnn b wnwewgly 1nipe
howthwinulubp, tbpunyuwy wqpupwbibph dwdwbtwluyhl sknnudukp, wpudwpwuluh
upuwukip b Eubpghwh vyyundwb wd:

Uju utnph pmistwb hwdwp dowlpfty b inpupupului dninkgmu’ Ghpunkjn] wp-
hbunwlub putwljuimpui b dipkiwjulub numgdwt wgnphpditp’ jubjownbubn
b wjuqkgubint nupptph dholt thnpuwgpbgnipniuubpp: Ukpnnh Yhpwenidt wywhndby £
houbiqupnidutiph Uninuynpuytu 18% tjwugqnid, dudwbwljught setup yupudbwnpkph 17%
1 hold wwpwdbtwpkph qptpt 20% pupbjuynid: Uju wpnyniuputpn dknp B phipdt) punn-
lh (hnjughonudkpm] nwpudph 3% wé, tukpghugh wyumiwl 5.5% wkjugmu b CTS hu-
nnpnuqupbph Epupnipjui 17% wé, npp hwigkgpt) t dhuyt hwnnppuyuptph pighwimip
Epupnipyui 0.8% wykjugdwi:

Unwbgpughll punkp. nuppbph dholi thnjumqnbgmpnititkp, wphtunuljub putw-
Juunipinil, hinbkgpdus upubdwikp, dnpbjuynpnud, twhiwgsdwt dbpnn, dbpkhwyuljut

niunigni:
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J.K. MAPYXSH

METOJ ®PU3UYECKOI'O TIPOEKTUPOBAHUSA UHTEI'PAJIBHBIX
CXEM C UCIIOJIB3OBAHUEM UCKYCCTBEHHOI'O UHTEJIJIEKTA

3a mocneHne AECATHIETHSI TEXHOJIOTHUECKOE Pa3BUTHE MHTEIPAIBHBIX CXEM, COTIPO-
BOXIAEMOE PE3KUM YMEHBIIEHHEM Pa3MEpPOB 3JIEMEHTOB JI0 HECKOIBKUX HAHOMETPOB U yBe-
JIMYEHHEM YHcIIa TPaH3UCTopoB Oostee yeM 10 100 Muumap/ioB, IPUBENIO K HOBBIM IpoOiieMam,
CBSI3aHHBIM C HaJICXKHOCTBIO CXeM. B Takux ycIoBUsX B3aUMOAEHCTBUE MEXIY JIEMEHTaMH,
M3BECTHOE KaK "MIEpEeKpecTHbIE IOMEXH'', CTAHOBHUTCS KPUTHYECKOW IPOOIEMOi, BO3HHUKAIO-
e U3-3a MApa3sUTHBIX €MKOCTEM M MHAYKTUBHOCTEH MEXIY COCEAHHMU IPOBOAHHUKAMHU.
IlepexpecTHble TOMEXH MOTYT BBI3BIBATH CEphE3HBIE COOM, BKIIIOUas HAPYILEHUS BPEMEHHBIX
[apaMeTpOB CUTHAJIOB, JOTHYECKHE OUIMOKH U POCT SIHEPTONOTPEOICHUSL.

Jlnst perienns 3Tol mpooOsIeMbl ObIT pa3padoTaH MHHOBAIMOHHBIN MMOAXO0/, UCTIOh-
3YIOIIHUI aITOPUTMBI HCKYCCTBEHHOTO MHTEIUICKTA U MAIIMHHOTO OOYYEeHUs I IPOTHO3HU-
POBaHHMS U CHIDKCHHMS BO3JICHCTBHA MEPEKPECTHBIX MToMeX. [IpruMeHeHe MeTo 1a MO3BOIHIIO
CHU3HUTH YPOBEHb NOMeX MouTH Ha 18%, yimydmmmTe BpeMeHHbIE mapamerTpsl setup Ha 17% n
hold nouru Ha 20%. 3TN pe3yabTaThl JOCTUTHYTHI IIPU IPHEMIIEMBIX 3aTpaTax: yBEINUCHHUE
wiomaan Ha 3%, poct sHepromnoTpebienns Ha 5,5% u yBenuueHue AauHbI poBoJoB CTS
Ha 17%, 9T0 NpUBEIIO JIUILIB K pocTy o01elt b poBoaoB Ha 0,8%.

Knrouegwie cnosa: nepekpecTHbIC IOMEXH, UCKYCCTBEHHBIH MHTEIUIEKT, HHTETPaJIb-
HBIE CXEMBI, MOJIETIPOBAHHUE, METO/I IIPOSKTUPOBAHMSI, MAILIMHHOE O0yUEHHE.

101



ISSN 0002-306X. 2QUUL It ZUMZ Sk, Skjul. ghwn. ubphu. 2025. 2. LXXVIIIL, N1

251 621.382 UbUrNELGYsSrNuvhyl
DOI: 10.53297/0002306X-2025.v78.1-102

Q.U. 20Nk e3NRL3UL

SULUALLNRSE NLN8TUNIUSEL PLSEAL UL UGUULEE ZUUUSEN,
UTUSULLP UNUZNYUUL UBENY

Swpwptnyp ypnghkunpuyht htnbkqpu) ujubdwubph wopiwwnwiph hwdwwnbndundp
hwdwlwpgtpp, npnup tbpuenid Bu punhwinip tpwbwlnipjut ypngkunpuyght dheniyjukp,
qpudhljuljut ypnghunpbp, hwyduplubph wpuqugdwi hudwp twpwntuqus vhently-
ubp b wy b, tkpuynidu hwdwpdnd B pwn hbpwtljupuyhty, pwih np thwdudwbuy wyw-
hnynud tu gbppupdp wpuqugnpdnipni b gusp Fubpquuyyunnud: Llwt hwdwljupgtpoud
Jhpwrwljub spwgpuyht hwpbpubph pupdp wpynituybnnipyut wywhnydwt hwdwp
Juplnp £ nwpwplinyp ypngbunpuyghtt huintgpuy ujubdwitph wpuwnwipp qniqubbtnw-
Juwbwgunn pupquuihsh welunippiup: Unwownplynud E idwbwwnhy hwdwlwunpgbph
htin hwdwgnpsulignny pupquuithsh unbnddw dbpnn, npt wywhnynd E hwdwlupgh
pupdp wpnunponujwimipinit b gusdp Eukpquuwyunnid:

Unwigpughll punkp. ypngbunpughtt hontly, hnkqpu ujubdw, pupgumihy, qni-
quhbtnujuiugnid, hwdwntn wyhtwwnwip:

Uhpwénipynii. dkpohtt nuphubphtt pwljyl) ki puquuphy wwpwpinype
wpngbunpuht htinkgpuy uubdwtph wpownwph hwdwnbnuudp hadwljunpgtp
(§MhUU22) [1]: Umfuyu SNPUUZZ-tpmid hpwlwtwgyny hpunwlwb spugpbph
Junupuui gniquihtpujutiugnidp suthwquitlg wojpununup b paaprn: Ujny wyun-
dwnny wlwt hwdwlupgbpmd pungpldus puqiuphy ypngbunpuyhtt dheniljukiph
woluunuiiph thwdudwbwljubiugdwt hwdwp ipghtiitbphu wphiwnwpn qniqu-
htnuwljwtiugunn pupquuithsh (206) dywljdwt wthpudbonnipnit £ wnwewgty: Ut
Jupny k, wjuyubph thnjowigdwt Jepugpnudubpp hwoygh wntibnd, hwenphupwun
Juwnupynn wowewnpuiipubpp wfnndwn tnubwlny qniquhnwjubwgut): Upn-
whuhp 2f6-h wnuynipniup buwbu Juquqtguh STIPUUZZ-h Yhpunwlub dpuqpu-
jht wywhndwt dpwldwt hwdwp wihpudbon dudwtwyp: SNEUUZZ-h 26-u
Jupnn E yubwynpt] b juqultpyl] mupwpiinge ypngbunpughtt dhonijubpny
hpuwljwiwgynn wnwewnpuuputph junupdut dudwtuljugnygp:

SNbhUU.ZZ-h Q@-ukph untinddw Juplnpnipjui dwuhb Eqiuynid wyt hwb-
quuwtipp, np ubpljuynidu wyy niynnipyudp hpuljubugynd Eu hinkuhy wphuw-
wnwtpttip: Ophtiwly, [2]-nd wpwewnlyty E nkuniputiph hwuwbibhnipjut vwhdw-
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twhwljdwdp wrwownpuupubph yubtwynpnid® bphunhy wignphpdubp: Uw-
Juyb npwitp skt pudupupnud SNThUUZZ-h Q@-ukpht tkpjuynidu wnwewnpynn
wuwhwbeubpp, pwh np npup wthpwdton wunmhdwih skt gniquhnwljuwtiug-
unud qnpépupwugubpn:

MNiunh wnwewplynd E tnupwptinyp ypngbunpught hinbgpuyy ujukdwubph
hudwwnbn woliwnwiph wywhnydw dbpnn, nptt hpugnpsyk) E Q6-h mbkupny b
hhdtujwsé £ ypnghunpuyht dhonijubpny juwnwpynn wnwewnpuipuibiph utnunhy
wwibwynpludp gniquhnwjuugdwi Ypu:

Swpuwpinyp wypnghunpughtt PU-tph hwdwinby wpluwnwipt wywhnynn
hudwljupgh Swpunupuytnnipiniip: Unwewplynn qniquhbn pupgluwinipjui
Ubpnnnid 2¢-1 punhwnip oqunugnpédw ypnghunpuwjhtt dhgniljukpp judpuayn-
nd £ wjttybu, np htwpuwdnp (huh wnwybjugnyu wpymibwdbn hpugnpsty
hhtpuppuhwlwt gniquhtnwljuwbugnidp: Mpngbunpughtt dhomjubph wjuwhuh
hudpwynpuwt dudwbwl] hwpquplutipt wpuqugunng dheniljutpp sk pungplynud
punhwinip oqgunugnpddwis ypnghkunpuyhtt vhonijubph pjadpnid: tw 2f6-htt hiw-
nuynpnipinil b phdtonud jwduplty hwpduplubkpt wpuqugiunng dhontljutiph hw-
uwbkihnipniup tnyuhul wyt ghwypnud, Epp npug puwtwljn wbkih thopp L puyg-
hwunip ogquuugnpddw ypnghunpuyhtt dhonijutinh pyhg: Ujunithtnb 26-u Yhp-
wnnid £ SNhUUZZ-h hwdwp hwpdwupkguws vnwnhl yjwbwynpdut Epuwlyp
b wnwewnpuipitph Junupduwt dudwbuljuhungusttph epuswsynudutp hwpgh
wnlikny ownhdwpugnid E njuiikph thnfuwbgdwh dwdwbulitpp: Towljwus
SNPUU22-h wpunupuybnnipniunad (W.1) hwodupyubkph wpugqugdwt hwd-
wp twhwnbkuus jpipuputynip vhenihhtt hwdwywwnwupmubgynid E yupqu-
gnijt ypngbunpuyghtt dhenily, npp jurwjupnid b wyt: Uy jupwdupnn dhenilp
htwpwynp E nupdunmd dhenijutipny juwnwpynn wpwewnpupbph nupubyw-
unidt wjtiybu, np nputp Jupnnuiwt junwpgt] hwpduplutptt wpugqugung
dhoniljutipnh dhongny: Uy hwuqudwipt b htwpwynp E qpupdinid uinwnhly ypu-
twnpdwt Yhpunnudp: Pugh wyy, STEUUZZ-h jmupupwisinip dhently nith hhon-
nnipjul tnyt Fupnupuytnmpeniip: Zhonn uvwppbph tdwt dhwnbuwnipmoap
hirupun]np £ qupdinid uinwnhl wjmbudnpiwb hpulubugnidp dhwdudubuy
Q[e-h dhongny oynpdwjugubiny hhonnnipiniup b wdjujabkph hwnnpnynudp:
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Cunhwinin oqunugnpsuwi 2w juplubph
wpngunpuyhtt Uheniljubp: wpuqugung
dhoniljukp
1 | & 20U
s}
= Cunhwtnip
N2 | & 20U 2 oqnugnpéiwl
; i ; hhonnnipntu:
| — 1
I o I
1 = 1
] =) I
MU » |« ZUU m
ms<n

Uf. 1. STPUUZLZ-p dwpunupuny Eunnijeiniip

Unwownpldus SIPUUZZ-h Swpunnupuybnnipniund (1. 1) wnlu b pug-
dwphy punhwinip oqunugnpddwt ypngkunpuyhtt thontjukp (MU), npnup dhouhw-
gnulutiph dhongny thnpugnpsulgnid tu hwpduplubptt wpuqugunn dhoniljubph
(2U.U) htw, hulj hhonnnipjniut pughwinip ogunugnpsdwi k:

Unwownlyny dkpngp: Swpwpinyp wypngbunpuyhtt PU-Gph hwdwwntn wp-
Juunuiipts wyyuhnyny hudwlupgmd wnwgwnpuiupubph wjjubwynpdwb dkpnnp.

Unwownlynn yutwynpdwt depnynud (uly. 2) hwodh ki wntgnid juwnwp-
Ynn wnwewnpuuputph, MU-tph b ZUU-Eph pinipugptpt ne wwpudbnpbpp: Opng
wnugunpuipikp Yupny ko npgly” 2UU-kphl, puyg htwpudnp b twb wyiughup
wnwownpuipubph wnluynipnil, npnup htwpwynp sk wpwewnnl) 2ZUU-kph:
Udwiwinhy wnwownpuupttpp wowewnpynud Eu NU-Lpht: b wnwpplpnipmnil
20U-kph' MU-kpht Jupnn Eu wnpdb) pojinp nhybph wnwewnpupubpp: thypkph
Uks dwunid htwpwynp k (htinid wnwgwnpuupubph wwp ZUU-bpht: Npput uyy-
whuh phypbph dwubwpwdhtp puphwimipoud Uks E, uwyiputt wybjh pupdp £ wnw-
owplynn dbkpnnh wpynibw]bunienibp, wyuhtpt' wyipwt wgkjh tinpp £ pojnp
wnwownpuipubpnh jumwupdwb punhwinip dudwbwlyp:
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‘ Zwip b wnwgwnpuiiph junwpuwi dudwbwlp MU-h Jpu ‘

‘ Lowhwulyk) 20U; ‘

4—[ Lwuwywinpuunnud ]
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J
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quuhwinnudp b npu junwpdwb hudwp 20U -h punpoipyniip quuthwnnudp
! \
Yunupiwh wdkiuhnpp dudwbwlie niitkgnn MU -h ud 20U05-hi Unwgwnpwiph
wnwgwnpuiph tpwbwlynud lpwlwlnudp
N
Bpt tpwtwlJudp fupnn £ junwpyt) gniquhbe knpubwynd, Nubwynpuwb
YEpghtihu wkjugnud yiubwynpdwh gnpspupugnud qnpdplpught wkjugnud

D ¢

‘ Mubunpduwt dudwbwyh thnthnpanud

Pnpnp
wnwgumpuliplitpp
Yty b

wjn

Mubun]npdub dudwbwlh
[ thnthnjunud ]

v

I Jkpe l

Ug. 2. STPUULZ-p yyymbunnpuull Ukpnnp

Unwownpldws SNPUUZZ-h wuwbwynpdwt dbhpnnmd (uly. 2) wfjuubpp
hunnpylwt wjwpunh tes yuhp b wowewnpuiiph junwpdwi wjwpnh twy wyuwhp
npnoynid ki hknbyuy Yhpy
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Loy = max(tmp ;max[?, 1), (1)

k !
Ly =Max(l,, 1, )+ Z b + Z Loy (2)
i=1 j=1

npwnkn twy - vfjuibph phntudnpdwl, ten -t vfjujibph nqupdwl, twg - vdju-
utiph wquudwl, tw - i-py wpwewnpuuph Junwpdwl, twy -u j-py 2Z0U-Epnyd
njujubph hunnpplwt dudwbwljubpt by, x-0° Junwupynn wpwewnpuupubtph,
I-p’ ZUU-bph pwlalkpp:

Onpdwpuwpuljut  wpyniipbbpp. Uowlyws  dbkpnnp  thnpdwnpldt; k
SNhUUZz-h dvh pwth ophtimljubiph thengny, npnup wwpnitwlnud b hwdwww-
nwupwbtwpwpn 8, 16 1t 32 MU-kp b 4, 10, 12 ZUU-tp: Unwowpljdws dkpnnh fhpun-
dwt yupuquymd vhuwypngbiunpuyhtt hwdwlupgh hudbdwn unwglty £ dbpk-
twyuluwt dudwiwlh hudwywunwupwbwpwp 8,56 14,05 1t 23,19 wuqud thnp-
nugnuu:

Bqpuljugnipinti. Swpwplnyp ypnghunpuyghtt hunkgpuy ujubdwubph hw-
dwwnbn wohwnwiph wywhnydw dywldws dbpnyp b gniquhbnwljwbiugung
pupgUuihytt wyuwhnymd ki wnwownpuptbph junwupdwt dudwbwlh dhtsh
Uh pwth mwutywl] wiqud thnppugnid:
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I''A. APYTIOHSH

METO/] OBECIIEYEHHSI COBMECTHOM PABOTbI PASHOTHUITHBIX
IMPOLHECCOPHBIX UHTET'PAJIBHBIX CXEM

CucreMbl, OCHOBaHHBIE HAa MHTETPALMM Pa3HOTHITHBIX HPOLIECCOPHBIX MHTErPalIbHBIX

CXeM, KOTOpbIE BKJIFOYAIOT IPOLIECCOPHBIE s/pa O0IIero Ha3Ha4eHus1, TpaduyecKue mporec-

CODBI, SIpa JUIsl YCKOPEHUsI BBIYMCICHHH W JIp., B HACTOsIIEE BPEMsSI CUMTAIOTCS BEChMa

HEePCIEKTUBHBIMH, TaK KaK OJHOBPEMEHHO 00ECIIeYHBAIOT CBEPXBBICOKYIO POU3BOIUTEIb-

HOCTbh M HU3KOE 3HepronoTpediieHre. B Takux cucremax [yisi o0ecreueHuns BHICOKOH A dek-
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TUBHOCTHU MPUKJIAJHBIX IPOTPAMMHBIX MAKETOB BXKHOE 3HAUCHUE MMEET HAMYUE KOMIIH-
JSITOpa, MapajuIeU3yMEero padoTy pa3HOTHITHBIX MPOLECCOPHBIX HHTErPATIBHBIX CXEM.
[penmaraercst METON CO3MaHMS TAKOTO KOMITHIIATOPA, B3aUMOJICHCTBYOMIETO ¢ OAOOHBIMU
CHUCTeMaMH M O00ECIICYHMBAIOIICTO BBHICOKYIO MPOU3BOIUTEIBHOCTh CHCTEMbI MPU HU3KOM
SHEPronoTPEOICHIH.

Kniouesnle cnosa: npolieccCOpHoOE SIpO, MHTErpajbHasl CXeMa, KOMIHISITOD, Mapajuie-
JIM3alns, COBMeCTHas paboTa.

G.A. HARUTYUNYAN

A METHOD FOR ENSURING THE JOINT OPERATION OF HETEROGENEOUS
PROCESSOR INTEGRATED CIRCUITS

Systems based on the integration of heterogeneous processor integrated circuits,
which include general-purpose processor cores, graphics processors, computation
acceleration cores, and others, are currently considered highly promising, as they provide
both ultra-high performance and low energy consumption. In such systems, to ensure high
efficiency of application software packages, the presence of a parallelizing compiler for
heterogeneous processor integrated circuits is of great importance. A method is proposed
for creating a compiler that collaborates with such systems, ensuring high system performance
and low energy consumption.

Keywords: processor core, integrated circuit, compiler, parallelization, joint operation.
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HCCJEJOBAHUE POBACTHON YCTOMUYUBOCTH IIJIAT®OPMBI
CTIOAPTA PN AJAMTUBHBIX HEOIIPEJEJTEHHOCTAX

[Tomy4ens! npocTblie rpaduyueckie KPUTEPUH aHaiu3a podacTHOH yCTOWYMBOCTH MHO-
TrOMEpHO# cuctembl yrnpasienust wiatdopmoii Ctioapra (rexcarnosa) no OTHOLICHUIO K ajIjIu-
THUBHBIM HEOIIPEAEICHHOCTSAM MapaMeTPOB CUCTEMBI. M3/105KeHNE OCHOBAaHO Ha METOJE Xa-
PAKTEPUCTUYECKUX MEPEAATOYHBIX (PyHKIMH, KOTOPBIN JaeT BO3MOXHOCTh CBECTH aHAIIN3
YCTOWYHBOCTH MHOTOMEPHON CHUCTEMBI K aHAJIHN3Y HE3aBHCUMBIX CHCTEM C OIHUM BXOJ0OM
1 OJHUM BBIXOJIOM. [Ipenaraemerii Kputepuii podacTHOCTH rpaUIecKn IPEICTABIAET CO-
0011 3aIpeTHYI0 OKPY>KHOCTh Ha KOMIIJIEKCHON IJIOCKOCTH XapaKTEPUCTUYECKUX TOJ0rpa-
¢oB cucremsl. [IpuBenen 4KciIOBON NpUMEp aHaIM3a POOACTHOCTH CHUCTEMBI YIPAaBIICHUS
reKCaroaoM.

Knroueswle cnosa: nnarpopma Crroapra, Tekcarnos, cucTeMa ynpasJeHus, podact-
HOCTb, aJIUTHBHAS HEONPEEICHHOCTb.

BBenenue. Bornpocsl poOacTHOCTH CHCTEM YIpPaBICHHS MO OTHOIICHUIO K
BHEIIHUM BO3MYILICHUSAM WM HEONPENEICHHOCTSIM TapaMeTpoB Bcerga ObLIH
OJTHUMHU M3 [EHTPAITBHBIX B COBPEMEHHOI TEOPHUH YIPABICHHUS CHCTEM C OOPATHOM
cBs3bio [1, 2]. CTaThs MOCBSIIICHA HHYKEHEPHBIM METOJIaM HCCIICIOBAHUS POOACTHOM
YCTOHYMBOCTH MHOTOMEPHOW CHUCTEMBI yIpaBieHus miardopmoii CtroapTa mo ot-
HOIIEHHIO K aTUTUBHBIM BO3MYIIIEHUSM ITapaMeTpPOB.

[nardopma Crroapra, Takxke Ha3blBaeMasl reKcarofoM, Oblia MepBOHAYATBEHO
m3obperera B 1950-x rogax B.3. 'aypom (V.E. Gough) mns ucnsITaHus aBTOMO-
OWJIBHBIX IIMH, HO MOJIyYriIa IMHPOKYIO0 U3BECTHOCTH B 1965 rogy kak miuatdopma
Crroapta mocine toro, kak Jl. CTioapT mpeuioKuil HCIIONIb30BaTh €€ B KaueCcTBe
nérHoro cumyistopa [3, 4]. C Tex mop 3Ta KOHCTPYKIHS HaILIa IMAPOKOE TIPUME-
HEHHE B CaMbIX Pa3HbIX OTpacisiX, TAKHX KaK a3pOKOCMHUYEcKas U 000pOHHast Mpo-
MBIIIIEHHOCTh, aBTOMOOMIIECTPOEHHE U CYAOCTPOCHHE, MOCTOCTPOCHHUE M CTaHKO-
CTpOeHHE U Jip. | 'ekcano/pl TaKkKe UCMOMB3YIOTCS I MO3UITHOHUPOBAHUS aHTECHH
CIIyTHHKOBOH CBSI3H U TEJIECKOIIOB, B CHCTEMax BHOpOM30MsImy u T.1. [5]. KoHCTpyK-
THBHO TEKCAITOBI MPEIACTABIISAIOT cO00M TIaTGopMy C TTOJIe3HON HArpy3KoH, ycTa-

HOBJICHHYIO Ha MIECTU 06’LC,HI/IHCHHLIX rnomapHo CTOﬁKaX, Kaxaasa H3 KOTOPBIX
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MOKET U3MEHATH CBOIO JUIMHY MPHU MOMOIIU CIEUUATbHBIX JTUHEHHBIX MPUBOIOB.
CxeMaTH4ecKH 3TO MTOKa3aHo Ha puc. 1. B gambHeHmeM 11 MpOCTOTHI O TeKca-
MOJIOM OOBIYHO Oy/IeM OHUMATh IIAT(GOPMY C MOJIE3HOI HArpy3KOii.

Z
A
;{% — |
T

Y

Puc. 1. Kunemamuueckas cxema 2excanooa

B obmiem ciydae rekcarnopl 00€CIeYHBalOT MIECTh CTENEHEH CBOOO b (TpH
BpallaTenbHbIe U TPH JIMHEHHBIC). Ecn ke Kaxaas mapa cToek padoTaeT CHHXPOHHO
Ha YMCHBIICHUE WM YBEJIIMYCHUE CBOCH JUTMHBI, TO I€KCAIOIbl HIMEIOT TPH Bpalla-
TENBHBIC U OJIHY JIUHEHHYIO (BJIOJIb BEPTUKAILHOW OCH Z) CTEIIEHU CBOOO/IBI.

B Hacrostielt crathbe Mbl OrpaHHIUMCS JIJIS KPATKOCTH PACCMOTPEHUEM TOJIBKO
nocieHero cirydas. Bee momydeHHbIe pe3yabTaThl MOTYT OBITh JIETKO pacrpocTpa-
HEHBI Ha CITy4Yail CHCTEM YIPABJICHHS TeKCAOJAMH C IECThIO CTETIEHIMH CBOOOIBL.

Cucrema ynpapienusi miatgopmoii Ctroapra. CrictemMa yIIpaBiIeHUS TUIaT-
¢dopmoii Crroapra (rekcarno/ia) OTHOCUTCS K MHOTOMEPHBIM CUCTEMaM YIpaBJICHUS,
T.c. CHCTEMaM YIPAaBJICHUS C HECKOJIbKUMH BXOJAMH UM BBIXOJAMH U B3aUMHBIMH
CBSI3IMU MEXIY OTACTHHBIMH KaHATaMu [6-8].

s BBIOPaHHOTO BapHaHTa TEKCAIoJa C YETHIPbMS CTCICHSIMHU CBOOOIIBI
YEeTHIPEXMEPHYIO CUCTEMY YIIPaBJICHHUS MOKHO YCIIOBHO pa3J/ICIUTh HA JIBE HE3aBU-
CUMBIE CHCTEMEI (rmoicucTeMbl). [lepBast U3 HUX SBISETCS OJTHOMEPHOU U 00eCIIeUH-
BaeT TMepeMelIeHUE IICHTPa MacC MOJIe3HOM HArpy3KH BJOJIb BEPTHKAILHON OCH Z.
Bropast, TpexmepHas cucteMa SBJISIeTCS B3aMMOCBSI3aHHOM M TpeJHa3HaueHa JUIs
YIpPaBICHHS YIJIOBOTO JIBUKCHHS HArPY3KH BOKPYT IIEHTPa MAacc MO OCSIM KpEHa,
TaHTaXa U pbickanus [8]. C y4eToM CKa3aHHOTO CTPYKTypHAsl CXeMa CHCTEMBI YIIpaB-
JICHUSI TEeKCAlloJJOM UMEET BUJ, TOKAa3aHHBIA Ha pHUC. 2, 1€ OJHOMEpHas (CKaJsip-
Hasl) CHCTeMa M0 OCH Z M300pa)KeHa OJMHOYHBIMHU JIMHUAMH, a TpexMepHas (Bek-
TOpHaH) B3aMMOCBsA3aHHAad CUCTEMa YIJIOBOI'O0 ABMIKCHHA MOJIE3HOM Harpysku npeai-
CTaBJICHA JIBOWHBIMU JIMHUSMHU.
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o(s)|  &(s) 1: f(s)
K(s)H P(s)

[
|
|
i
[
ey | 7.(5)
i
|
|
|
|

Puc. 2. Yemwipexmepnas cucmema ynpasnenus 2ekcanooom

Ha puc. 2 npunsaTs crnenyromme o0o3HaueHus: ¢@('s ), f(s ), (s )- TpeXMepHbIe
BEKTOPHI BXOla, BEIXOJa M OLIMOKH YTJIOBBIX TOBOPOTOB I'eKcanoga OTHOCUTEIBHO
LeHTpa Macc; ¢_(s), 7.(s),&,(s) - COOTBETCTBYIOIUE CKAJIPHBIC CUTHANIBI JINHEH-

HBIX HepeMeI].[eHI/Iﬁ TreKcamnoga BJOJIb BepTHKaﬂLHOﬁ ocu Z 5

Dy(s) p(s) pi(s)
P(s)=| pi() Dy(s) p(s) (1)
Pi(s) P(s) P(s)

nepeJaToyHasi MaTpHIla, OMMCHIBAIOIIAS YIJIOBBIE JABID)KEHUS IeKcarofa ¢ y4eToM
JIVHAMUKU HCIOJHUTENBHBIX JBUrateneil; p_(s) - cCKalsgpHas IepeaaTodHast
(hyHKIMS, XapakTepu3ymolnas JHHEWHOe TepeMelleHre TeKcarnona BIoIb OcH Z;
K(s) - mepenaTouHas MaTpulla PeryJjsTopa YIJIOBBIX IBHXKEHHH; k_ ('s) - mepe-
nmaToyHas (PYHKIHS OJHOMEPHOTO KaHaja JIMHEHHBIX MTePeMEIICHUA B0 OCH Z.

Bun nepenatounoit matpunsl P(s) (1) 00yclioBieH KOHCTPYKTHUBHBIMU OCO-
OeHHOCTSAMH Tekcarnoza. JlaHHas MaTpuIia OTHOCUTCS K KJIACCY MPOCTBIX CHMMET-
puuHbIx MaTpurl [8, 9]. UTo kacaercs mepeaaTodHOM MATPHUILI PEryJIsaTopa yrio-
BBIX IBWKEeHUHA K ('s) Ha puc. 1, To oHa BEIOMpaeTCs OOBIYHO B TOU ke GhopMe, ITO
u Marputa P(s) (1), T.e. B BUIIe IPOCTOH CUMMETPUYHOIN MaTpPHIIbI, WX KE B BHJC
ckansapHoi Matpunbl K(s)=k(s)l , tne k(s) - ckaisapHas nepemaTodHas GyHK-
uud, a I - equHUYHAs MaTpula pasmepa 3x 3.

VYkaxem, 4TO MCCIIeOBaHUE HE3aBHCHMOI OJHOMEPHOHN CHUCTEMBI YITpaBlie-
HUS 110 BEPTUKAIBHON OCH Z Ha pHUC. 2 HE MPEACTaBIAET HUKAKUX 3aTPyIHEHUHN U
MOKET OBITH BHIMIOJIHEHO C UCTIONB30BaHUEM M3BECTHBIX METOAOB TEOPUH yIpaBiie-
Hus [1, 2]. IloaToMy B AadbHEUIIEM COCPEIOTOYMMCS Ha TPEXMEPHOH B3amMO-
CBSI3aHHOM cHCTeMe yIpaBlieHHs BpallaTelbHbIM ABMKEHUEM rekcarnoa (puc. 3).
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Puc. 3. Tpexmepnas cucmema ynpasnenus yenoebim O8UNCEHUEM 2eKCanood
Kanonuueckue npeacrapjieHust 4 aHAJIU3 YCTOIYMBOCTH CUCTEMbI yIIPaB-
Jgenus. Ilepenarounas matpuna W('s) pa3oOMKHyTOH MHOTOMEPHOH CHCTEMBI Ha

puc. 3 umeeT Bu
Wi(s)=P(s)K(s). 2)

COOTBETCTBEHHO, MEepeaTOuHbIe MATPHUIIBI 3aMKHYTOW CHCTEMBI TI0 BBIXOY
T(s) uommbke S(s) UMEIOT BUJ

T(s)=[L+W (' W(s), S(s)=[L+W ()] )

B 3apy0exHOl Hay4YHO-TEXHUUYECKOH uTepatype matpuna S('s ) B (3) 00bI4HO
HaspIBaeTCd (YHKIMEH TyBCTBHUTEIILHOCTH, a MaTpwma 7'(s) - MOTOTHUTEIBHON

(GyHKIMEW 9yBCTBUTEIILHOCTHA CUCTEMBI yrpaBnenus [ 1, 2, 6].
Y CTOMYUBOCTh CUCTEMBI YIIPaBJICHUS Ha pucC. 3 ONMpeaeNsseTcs paciupesee-
HHEM KOpHEH XapaKTepUCTHYECKOTO YPaBHEHHS

det[1+W(s)]=0. (4)

OpanM n3 HambOonee 3(h(HEeKTUBHBIX METOJIOB HCCIIEIOBaHMSI MHOTOMEPHBIX
CUCTEM YIIPaBIICHUS SBJSCTCS METOJ XapaKTCPUCTHUECKUX MEPEAaTOUHbIX (QYHK-
uit (XII®) [7-10]. B coorBerctBum ¢ MeTogoM XIID, mepenaToyHble MaTPHIIBI
Wi(s) (2), uT(s), S(s) (3) MOXXHO TIPEACTaBUTH NPH MOMOLIM MPEOOPa30BaAHUS

HO)_IO6I/I$I B CIICAYIOMINX KAHOHUYCCKUX (bopMax:

W (s) = C(s)diag{g,(s)}C"'(s), ()
T(s) = C(s) diag {%} C7'(s); S(s)= C(s)diag {ﬁ} C7'(s), (6)

rae C(s) - MOgabHask MAaTPHIA, COCTABIICHHAS U3 JIMHEHHO-HE3aBUCHMBIX COOCTBEH-
HBIX BEKTOPOB ¢, (s) (i = 1,2,3) (oceil kaHoHM4eckoro Gasuca) Marpuisl W(s), a

q,(s) - XIID onHOMEPHBIX XapaKTEPUCTHIECKAX CHCTEM.
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C yuerom (5) u (6) XxapakTeprcTHUECKOE YpaBHEHHE (4) MPUHUMAET BH]

N

det[7+ W (s)] = det| C(s)diag{l+q,(s)}C(s)]= [l +4q.(s)]=0, (D)

i=1

OTKYZa BUIHO, YTO JJIsI YCTONUMBOCTH 3aMKHYTOH MHOTOMEPHOM CHCTEMBI yIpaBiie-
HUS HeOOXOAMMO M JOCTaTOYHO, YTOOB! OBUIM YCTOWYHMBBIMU BCE TPH OJHOMEPHEIE
XapaKTePUCTUYECKUE CUCTEMBI.

VYkaxeM, 4To B 0011eM cirydae MopaibHas Marpuua C(s) 3aBHCUT OT KOMII-
JIEKCHOM nepeMeHHOM s , a XIID ¢,(s) He HMeeT aHAIMTUYECKOTO IIPEACTaBICHH
[6, 7]. OnHako A paccMaTpUBAEMOTIO ClIydasl CHCTEMBI YIIPaBJICHUS T€KCAnogoM
C IPOCTBIMH CHMMETPUYHBIMU MaTpuuamu P(s), K(s) u W(s) xaHoHHYECKHE

TIPEACTABIICHUS dTUX MATPHIl, a TakkKe nepenatodnbrx Marpuil 7(s) u S(s) (3)

HUMEIOT BUJI
P(s) = Cdiag{gy()}C™Y; K(s) = Cdiag{qy(s)}Ct, (8)
W(s) = Cdiagiq,,(s)}C™", tae q,,(s)=q,(5)q,(s) (i=1,2,3), )

T(s) = Cdiagd—21®) Lo (o) = Cdiagl— L. (o)
1 + qwi (S) 1 + qwi (S)
B Beipakenusx (8)-(10): C - oproroHanbHas MoAaibHas MaTpua, AJs KO-

TOPOI1 00paTHas MaTPHUIIA COBIAAAET ¢ conpskeHHoM (T.e. C '= C ") n KoTOpas He
3aBUCHT OT KOMIUIEKCHOM mepemenHol s , a XIID g, (s) u q,,(s) (i=1,2,3) onu-

CBIBAIOTCS MIPOCTHIMU aHAIUTUYECKUMHU BbIpaskeHusaMH [11]:
4, (8)=py()+2p,(s); q,,(5)=q,5(s)=py(s)— p,(5); (11)

G () =ky(8)+2k,(5); q,(8)=q5(5) =k, (s)—k,(s), (12)

rae k,(s) U k/(s) - dJIEMEHTBI NIPOCTON CHUMMETPHYHOM IEPENaTOYHOM MaTPHIIBI
perymstopa K(s).

ba3oBas MojeJib BO3MYIIIEeHUI CCTeMbI M aHAJIU3 POOACTHON ycTOHYH-
BOCTH CHCTEMBI YNIPaBJIeHHS NPH aYINTHBHBIX HeOMpeaeJeHHOCTAX. B naHHOM
paszzene B o0mieM Brae 00CYKIalOTCsl HEKOTOphIe OCHOBHBIE BOIIPOCHI, KacaroIIrecs
poOaCTHOCTH CHCTEM ympaBieHus ¢ 00paTHOU cBsi3bto [1,11]. B HacTosiiee Bpems
CYIIIECTBYIOT pa3jMyHbIC MMapaJuTrMbl MOJIEIHUPOBAHUS HEONPEACICHHOCTeH NTHUHA-
MUYECKUX CHCTEM, HaIlpUMEp, CTPYKTYPHUPOBAHHBIEC, HECTPYKTYpPHUPOBAHHEIE,

napamMeTpuiICCKUC U T.A. Hawubonee paCHpOCTpaHCHHHﬁ noaxoa K aHajlnu3y BJIHA-
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HUS HEOTIPEISJICHHOCTEH Ha YCTOHYMBOCTD CUCTEMBI YIIPABJICHHUS ¢ OOPAaTHOM CBA3BIO
MIPEITOJIaraeT, YTO HEONPEIEIEHHOCTH MOTYT OBITh TIPEICTABICHBI B BH/E TaK Ha3bl-
BaeMoii 6a30Boi Monenu Bo3MyteHui (Basic Perturbation Model), noka3annoii Ha
puc. 4 [6, 11].

—— > A(jo)

O(jo) |[<——

Puc. 4. Bazosas moodens 803myujeHuUti MHO2OMEPHOU CUCeEMbl YRPABTIeHUs

3nech A(jw) - mepeaaroyHasi MaTpHIA UACATBHON (HOMUHAIBHON) CHCTEMBI,
KOTOpas TpeJIoiaracTcss yCTOWUnuBOi, a 0ok Q(jw) mpencraBiser co0oil Bce

HEOMNPECTICHHOCTH B IMHAMUKE CUCTEMBI.

OIyH U3 KITFOYEBBIX PE3yJIBTATOB B TEOPUH POOACTHOCTH OCHOBAH HA TEOPEME O
ManoMm kodddunmente ycunenus (Small Gain Theorem) u dopmymupyercs mis
CUCTEM, TIPEJICTABICHHBIX Ha puUC. 2, caeayronmm oopasom. [lycts 6moku Q(jw)

1 A(jw) ycroitausel. Torna mis yCTOMYUBOCTH MHOTOMEPHOM CHCTEMEI C HEOTIpe-
JISIEHHOCTBIO A(j®) JNOCTAaTOYHO, YTOOBI JUISl BCEX YaCTOT () BBIMOJHSIIOCH CIIETYHO-

1Ie€e yCIIOBHE:
leGw)Il < 1/l1Ajw)ll V w € [-o, ], (13)

re ||[|| 0003HaYaeT CHEKTPAIbHYI0 HOpPMY (HAMOOJbIEE CHUHTYJISIPHOE YHCIIO)

COOTBETCTBYIOIIEH MaTpHIIbI, WK (€II€ OTHO JOCTATOYHOE YCIOBHUE)

loG@)|, <1/|aG@)

(14)

CO’

rae ||["Oo ob6o3HauaeT HOpMY Xapam [6], KoTopas Il JIF0OOW MmepeaaTouHOr MaT-

puttel O(jw) ompenenseTcs Kak
@) |l..= S‘;}P”(D(jw)” : (15)

HccnenoBanre poOaCTHOCTH MHOTOMEPHOMN CUCTEMBI yIPABJICHUS ILIATOP-
Moit Ctroapta OyJeT OCHOBaHO Ha TIPUMEHEHHH MTOCTaTOYHBIX ycinoBuit (13) u (14)
C y4YeToM CcHeuH(UYHBIX CTPYKTYPHBIX OCOOEHHOCTEH IepeAaTOuYHbIX MaTpHI]
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CHCTEMBI, CpeAM KOTOPBIX NPUHLIUNHAILHOE 3HAUYEHHE HMEET OpPTOrOHaJbHOCTH
KaHOHHYECKOTOo Oasmca.

JlBa OCHOBHBIX THIIa HEOTpEAEIEHHOCTEH (BO3MYILEHUH), UCTIONB3YyEMBIX B
0a30B0if MOJIENT BO3MYIICHUH, HAa3bIBAIOTCS IJIUTUBHBIMA U MYJIbTHILTHKATHBHBIMU
[6, 11]. Hixe paccMoTpuM A7Ist KpaTKOCTH TOJNBKO CUCTEMY C aJIUTUBHBIMU HEOTpe-
neneHHocTsAMH. Ciydail MyJbTUIUIMKATHBHBIX BO3MYIIEHHH MOKET OBITh HCCIEAO0-
BaH aHAJIOTUYHO.

Ha puc. 5 npencraBieHa CTpyKTypHas cXxema CUCTEMBbI YNpPaBJICHUS IUIaT-
thopmoit CTroapra ¢ aJTMTUBHBIMU HEOIIPEIEIICHHOCTSAMH ITePEeIaTOYHON MaTPHUIIBI
Pa30MKHYTO# cucteMbl W (s ), Tae MOCIeaHss IPEICTaBIeHA B BUIE CYMMBbI HOMH-

HaJIbHOW (NIPOCTOM CHUMMETpPUYHOM) MaTpuubl W, (s) U HEOIpPeAeIeHHOCTH

AW (s ), koTOpas onuchIBaeTcs (yCTOWIMBOM ) MaTpHIleii 00IIero Buaa:

W(s) = Wy(s) + AW (s). (16)

AW(s)

o(s) f(s)
Wy(s)

Puc. 5. Cucmema ynpasnenus nnamgopmoii Cmrwoapma ¢ adoumusHou
Heonpedenennocmulo nepedamounoi mampuyol W(s )

MoxHo mokasartb, yTo Marpuia J(jw) Ha puc. 4 B JaHHOM ClIydae COBIIa-
JIaeT co B3ATOH co 3HaKOM MUHYC (pyHKIWel uyBcTBUTENBHOCTH S( j@ ) (3) 3aMKHY-
TO cuctembl ympaeneHus tiarpopmoit Crioapra, T.e. Q(jw)=-S(jw) . C
Y4eTOM KaHOHHMYECKOTO TMpeicCTaBieHuss MaTpunbl S( jw) (6) mnpu momomu

peoOpa3oBaHus MOA00Ms CTPYKTYpHAs CXeMa Ha PUC. 5 MOXeT OBbITh IIPUBEJICHA K
BHJIy Ha puC. 6, a yclioBre podacTHOM ycToiunBocTH (13) 3anuimeTcs B BUJIE

1 1
< \v4
1+, (o) || " [aW (o)

diag @ €[—©,0] , (17)

rac
AW, (jw)=C'AW (jo)C. (18)
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AW, ( jo)

AW{(jw)

i 1 |

1] +q,.( fm)J‘

Puc. 6. [lpeobpasosannas cmpykmypHas cxema cucmemvl ypasienus niamg@opmou
Cmrwoapma ¢ a00umusHo HeonpeoeieHHOCHbIO

VY4uThIBas, YTO CHEKTpasibHAsi HOpPMa AMArOHaJbHON MaTpPHUIIBI COBIAIAET C
MaKCHMAaJIbHBIM M3 MOZYJIeH €€ AnaroHajJbHBIX JIEMEHTOB, a TAkKe TO, YTO IMpeodpa-
30BaHUE TOA00US (MM KOHTPYIHTHOE MpeoOpa3oBaHKe) MPH OMOIIN OPTOTOHAIIb-
HOU MojansHOH Marpuubl C HEe MEHSET CHEKTPaIbHYI0O HOPMY MaTpHIIBI, 1OCTa-
TOYHOE ycJIoBHE poOacTHOH ycTounBOCTH (17) MOKHO TiepenucaTh B BUIE

1 1
max —< - Yo
Flt g, (o) A (o)

€[—0,00]. (19)

Ycnosue (19) maer BO3MOXKHOCTH HCCIIENOBATh POOACTHYIO yCTOMUYMBOCTH
cucTeMbl yrpaBieHus iatdopmoit CTroapTa IpH aJIUTUBHBIX HEONPEIENICHHOCTIX
MepeIaTOYHON MaTPHUIlBl Pa3OMKHYTOW CHCTEMBI, & TaKXX€ OCYIIECTBISTH BBIOOD
MaTpPUYHOTO peryisaTopa K(s) WCXoms W3 YCIOBHUSA oOecredeHus poOacTHOCTH
NpY 33JaHHOM MaTpule Bo3mylieHuit AW (jo).

Ecmu mepeittu B (19) oT 3Haka HepaBEHCTBA Ha 3HAK PaBEHCTBA U 3aMEHUTH
CIEKTPAIBHYI0 HOPMY ||AW( ja))” Ha HOpMY Xapan ||AW( ja))"w, TO YCIIOBHIO PO-
0acTHOM yCTOMYMBOCTH MOYKHO TPHIATH MPOCTYIO IPpaUueCKyI0 UHTEPIPETAINIO
HA TJIOCKOCTH XapaKTEePUCTUIECKHX roporpadoB HaiikBucra pasoMKHYTOW CHCTEMBI.
OcylIecTBUB yKa3aHHbIE JEHCTBUS, TIOCIE MPOCTHIX alreOpandecKux mpeodpa3oBa-
HUH MOJTYYHM CIIeyFolee BEIpaKeHHE:

, 2 N RENTERS
[Reig,, (jo)} +1] + [Im{g, (jo)}] =[aAW(jo)l, (=123).  (20)
Ha xOMIIEKCHO#M TIOCKOCTH XapaKTEPUCTUIECKUX TOJ0rpad)oB HOMUHATBHON
Pa3OMKHYTOH cHucTeMsl ¢, (jw) (i=1,2,3) 5To BbIpayKeHHE ONPENETAET OKPYKHOCTb €
LIEHTpOM B Touke {-1, jO} u paguycom r = ||AW( ja))"w (puc. 7). YcnoBue podacTHOM

YCTOMYMBOCTH OYJICT BBITIOMHATHLCS, €CTA HU OJIMH M3 XapaKTePUCTUYECKUX TOI0rpa-
(OB Pa30OMKHYTON CUCTEMBI HE OyIeT 3aXOIUTh B “3ampeTHYIO” OKPYKHOCTH (20).
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r=AW( jo), i

!

I
8

{g..(jo)}

Puc. 7. “3anpemnasn’ okpyscHOCMb HA NIOCKOCTNU XAPAKMEPUCMUYECKUX 20002pados
QW‘i (J a))
[omyuenHoe rpaduueckoe yciaoBre poOACTHOW YCTOWYMBOCTU HA PHC. 7 JaeT
OoJiee KOHCEPBATHBHYIO OLICHKY 10 CpPAaBHEHUIO C ycioBHeM (19), Tak Kak 3aBUCSILIAs

OT YaCTOTHI @ CIIEKTpaJIbHAs HOpMa ||A W( /'a))” 3aMeHsIETCS Ha €€ MaKCUMAaTbHOE 3Ha-

YeHHE ||AW( jco)”oo . OmHAaKo 3TO TO3BOJIAET UCIOIL30BaTh TSI BBIOOpa TpeOyemMoro

perymsropa K('s) cuctemsl ynpasieHus Tuiatdgopmoit CTioapTa CTaHIAPTHBIE ITO-

XOZBI KJIACCUYECKOH TEOPUH PEryIHpOBaHMs, B YACTHOCTH, JIOrapu(pMHUUECKHE Xa-
pakTepucTuky Ha rmiockoct bojae n auarpammel Hukonbca [1,2].

YucaoBoii npumep. B xauecTBe mpumepa aHaian3a poOACTHOCTH CHCTEMBI
ynpasieHus miatgopmoil CTioapra pacCMOTPUM CHCTEMY CO CIECAYIOIIMMHU Iepe-
JATOUYHBIMU (QYHKLIUAMH p,(s) U p, (s) OPOCTON CUMMETPUYHOI MaTpHUIIbI Pa30MK-

HyTOH cucteMbl P(s) (1):

500000 500

s(+20)(s+100) PO 7520y

Po(s)= 1)

XN q,(s) u q,(s) (i=1,2,3) (11) obbekTa perynmupoBaHus Mpu 3TOM
HUMEIOT CIEAYIOINUNA BU;

10(s+600)
s(s+20)(s+100)’

—-500(s—900)
5(s+20)(s+100)"

QWl(S) = QWZ(S) = qw3(5) = (22)

3aMKHyTasi CHCTeMa YIIpaBJICHUS MPH 3aJaHHBIX MEePEeIaTOYHBIX (DYHKITUSIX
P, (s) 1 p,(s) (21) sABnsgeTca HEeYCTONUMBOM, TaK KAK XapaKTEPUCTUIECKUE roforpadsl

Haiikpucra XI1® (22), moka3aHHBIC Ha PHC. 8 MTPUXOBBEIMH JIHHUSMHE, OXBATHIBAIOT
KpUTHYECKYI0 Touky —1, jO.

CraBuTcs 3a7mava BEIOOpa CKAIIPHOTO TIPOITOPIIHOHATBHO-AM G hepeHITUPYIO-
miero peryisitopa ¢ uiabtpoM mepsoro nopsaka (ITJJ®), npu koTopoMm cucrema
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ynpaenenus margopmoii CTioapra sBIsSeTcs yCTOWYMBOMN NP 3aaHHOM aJIJIUTHUB-
HOM HEOIpeIeICHHOCTH MepeJaTOYHON MaTpHUIIbl pa3OMKHYTONW CHUCTEMBI C HOPMOM

Xapnu ||AW(]a))|Lc =0.65.
Pacuers!, ocymiecTBieHHBIE TpaduueckuM uHTEpdeiicoM MoIbp30BaTeNs

MIMOSysCAD, noka3anu, 4TO JaHHBIM TpeOoBaHUsAM yaoBieTBopsieT I1J]ID- pe-

TYJISTOP C TIepeNaTOYHON yHKIHeH

s 37.472(s+22.21)
k(s)=0.216+0.00969 = . (23)
0.00026s +1 s + 3845

40
30+

20+ AP perynarop

10}

0 7

-0+

20+

=307 ‘.‘; (4, ()]

40 . Wi .

0 50

Puc. 8. Xapaxmepucmuueckue 20002pag)ol pasomkHymou cucmemsl

Ha puc. 9 mokasaHbl XapakTepUCTHUECKUE TO0rpa(bl PA3OMKHYTON CUCTEMBI C
OKPY’KHOCTBIO C LIEHTpOM B Touke —1, jO, koTopas kacaercs rogorpada q,,(jo)

npu paauyce » =0.695, 4TO yIOBIETBOPSET IOCTABICHHBIM TPEOOBAHHUSM.

T

—

| !
r=|AW(jm)|=0.695

o A — X MAD peryastop

9w (@)}

-1 -0.5 0 0.5

2 -1.5
Puc.9. Xapaxmepucmuyeckue 20002pagvl pazomkHymoti cucmemvl (YKpynHennuiii 6uo) ¢
OKpYdICHOCBIO, Kacamenwvhotl 2odoepaga q,,(jw) npu r =0.695
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Ha puc. 10 moka3aHs! epexoJHbIE MPOLECCH CKOPPEKTUPOBAHHON CUCTEMBI
ynpasiesus mwiatdopmoii CTioapTa NpH eMHUYHBIX BXOJHBIX BO31EHCTBUSAX.

T T T I T T T T

1.2
1 [ [ L o _L S

]
? 0.8r 1
E 0.6 Ilepeperyanposanne: 6% nput = 0.046 ¢
£ Bpewms napactanns - 0.025 ¢
E 047 Bpems perynuposanna - 0.054 ¢
z 0.2

1 - = B = -l A1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Bpewms (cek)

A 1 -

Puc. 10. Peakyusi 3amkHymoil cucmemul Ha eOUHUYHbIE 6XOOHbIE 8030€UCMEUSL

3akiaouenue. [lormydeHsl npocTeie TpadUuecKie KPUTEPUH aHau3a podact-
HOW yCTOWYMBOCTH MHOTOMEPHOH CHCTEMBI ynpasieHus miardopmoii CTioapTa mo
OTHOIIIEHHUIO K aIIUTHBHBIM HEOTPEIeNICHHOCTSM TapaMeTpoB. M3moxkeHne 0CHOBaHO
Ha METOJIE XapaKTePUCTUIECKUX MEePeaaTOuHbIX (pyHKIHNA, KOTOPBIA JaeT BO3ZMOXK-
HOCTH CBECTH aHAJIN3 YCTOMYWBOCTA MHOTOMEPHOU CHCTEMBI K aHAIN3Y HE3aBHCH-
MBIX CUCTEM C OJHUM BXOJIOM U OJHUM BBIXOJOM.

OCHOBHOH CTPYKTYypHOH OCOOEHHOCTBIO CHCTEMBI YIPaBJICHUS TUIATPOPMO
Crroapra SIBISIETCS OPTOTOHATBHOCTH KAHOHMYECKOTO 0a3nca MpOoCTOl CHMMeTpHY-
HOM MepenaToyHOW MaTPHULIBI CUCTEMBI. JTO MO3BOJIIET BBIPA3UTh yCIOBHE podacT-
HOW YCTOWYMBOCTH B KAHOHMYECKOM Oa3uce HEIOCPEACTBEHHO 4Yepe3 HOpMYy Xapiu
MaTpPHULbI INTUBHON HEOTIPEIETICHHOCTH B UCXOAHOM 0a3nce CHCTEMBI.

[Ipeanaraemelii kpuTepuii poOacCTHOCTH TpagHUyYecKH HPEACTaBIsAET COOOH
OTIPEICTICHHYTO "3allpeTHYI0" OKPYKHOCTh Ha KOMITICKCHOM INIOCKOCTH XapaKTepHCT-
HYECKHX roorpadoB pa3oMKHYTOW CHCTeMBI. [IpHBelieH YMCIOBOI mpuMep BbIOOpa
He00X0MMOH KOPPEKIINU U JJaH aHallu3 poOACTHOCTH CHUCTEMBI YIIPABIICHUS TIIaT-
dhopwmoii Crroapra.
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USSNhULSE ZUreUYE (NAUUS YUSNPULNAREBUL 2ZGSULNSNRULT UNhShY,
uunrnoNkESNRFLLELE Y6NLNRT

Upunwsyby Eu Unyniwpunp huppwyh (htipuwynph) puqiuswh junwdupdw hw-
Uwlupgh pnpuun Juyniinipyui Jepnisniput wqwupgq gpuphuljui swihwihoibp’ hw-
dwunpgh wwpwdbupbph wphnhy wunpnonipnibbph tjundwdp: Yhunwpynudp hhdb-
ynud | punipugphy thnjumigdwt $niuyghwmtiph dkpnnh Jpuw, npp hwpudnpoipynit £ viwahu
puquuswth junwjupdwt hwdwlwupgbph juyniinipjub ybpinidnipniipn hwighguty dkly
Uninpny b Uy Epnd ppwphg wijwju hwdwlwupgtph Jbpnisnipjuipn: npuunnipjut
wnwownyyny swthwithop gpubhynpbe tbpluyugunid b «wpgbpud» sppwbwlutp hwdw-
Jupgbph punipwugphy hnyngpububph Yndjipu hwppnipjut Jpu: fipdws E hkpuwwynnh
Junwqupdwi hwdwlupgh pnpuunmpjut yhpnidnipjui pyuwghtt ophiwy:

Unwbagpuyhl punkp. Unniupnh hwppuly, hipuwwnn, junudupdwt hudwljupg,
pnpuunnipinill, wnhwnhy winpnonipnii:

119



O.N. GASPARYAN, L.M. BUNIATYAN, G.A. MELKONYAN, A.H. GRIGORYAN

INVESTIGATING THE ROBUST STABILITY OF THE STEWART PLATFORM
UNDER ADDITIVE UNCERTAINTIES

Simple graphical criteria for analyzing the robust stability of a multivariable control
system for a Stewart platform (hexapod) with respect to additive uncertainties of the
system’s parameters are presented. The research is based on the characteristic transfer
functions method, which allows to reduce the stability analysis of a multivariable system to
the analysis of independent systems with one input and one output. Graphically, the proposed
robustness criterion represents a "forbidden" circle on the complex plane of the characteristic
hodographs of the open-loop system. A numerical example of the robustness analysis of the
hexapod’s control system is presented.

Keywords: Stewart platform, hexapod, control system, robustness, additive uncertainties.
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COARSE-GRAINED PARALLELIZATION OF THE SPANNING GRAPH
CONSTRUCTION ALGORITHM

The spanning graph construction problem is to create a sparse graph over a given set
of points so that the graph contains at least one minimum spanning tree under a specified
distance metric. This problem is the basis for many algorithms like rectilinear minimum
spanning tree construction, efficient Steiner tree construction, obstacle aware Steiner tree
construction, etc. These algorithms are used in many fields of computer science, especially
in VLSI routing. As many of these algorithms are NP-complete problems and some of them
use the spanning graph construction approach, parallelization of the spanning graph
construction algorithm will optimize other problems as well. In this paper, we present the
coarse-grained parallelization approach of the spanning graph construction algorithm. The
proposed algorithm, compared to the existing sequential algorithm, achieves an average
performance improvement of about 40-60% and keeps the correctness of the original
algorithm.

Keywords: minimum spanning tree, rectilinear distance, parallelization, coarse-
grained parallelization, VLSI Design, Sweep-line algorithm.

Introduction. The concept of a spanning graph is defined as a sparse graph
that contains at least one minimum spanning tree. Unlike a complete graph, which
contains all possible edges, a spanning graph includes only a subset of edges but
still guarantees that a minimum spanning tree can be extracted from it. This makes
spanning graphs useful for reducing computational complexity in minimum
spanning tree (MST) related problems.

The concept of a spanning graph was introduced by Zhou,et al [1]. This idea
was applied in their algorithm for constructing rectilinear minimum spanning trees
(RMST), where they avoided Delaunay triangulation and used a sweep-line
technique. This algorithm was used in many later works. Zhou extended this idea
in [2] by using spanning graphs to construct rectilinear Steiner trees. Later, the
method was applied to non-rectilinear geometries [3], showing the flexibility of the
approach. It was also adapted for obstacle-aware routing, where the obstacle-aware
Steiner tree was constructed on the same spanning graph idea [4,5]. The minimum
spanning tree (MST) problem is one of the primary problems in computer science,
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with applications in network design, geometric computations, and VLSI routing.
The construction of a rectilinear minimum spanning tree (RMST) is a key problem
in VLSI design, especially in routing phases, where it is used as a foundation for
constructing Steiner trees and estimating wirelength in global routing.

The goal of constructing an RMST in VLSI is to connect a set of points
(called pins) on a chip using rectilinear (Manhattan) lines so that the total length is
minimal. Sometimes it is better to add extra points (called Steiner points) to get a
shorter result. The final tree with these extra points is called a Steiner tree.

Zhou’s proposed spanning graph construction approach is the basis for
problems like RMST construction, efficient Steiner Tree construction, and others.
Many of these problems are NP-complete, and improving the performance of this
method leads to more efficient computation in algorithms that use it.

However, Zhou’s approach is purely sequential. As VLSI design scales and
multi-core processors become standard, there is room for parallelization. In this
paper, a coarse-grained parallelization of Zhou’s spanning graph construction
algorithm is proposed. Coarse-grained parallelization refers to dividing a program
into large, mostly independent tasks that can run in parallel. These tasks, such as
separate threads or subroutines, are executed on different processor cores. Our
method keeps the correctness and structure of the original algorithm but improves
performance by solving independent subproblems in parallel. This makes it more
practical for modern large-scale VLSI designs.

Problem description. Many algorithms have been introduced for computing
minimum spanning trees (MST) in parallel, such as the Filter-Kruskal algorithm
[6], the parallel implementation of Bortivka’s algorithm [7], and others [8—10].
However, most of these do not primarily address the MST problem under the
rectilinear (Manhattan) metric. This metric is especially important in the VLSI
domain, where interconnections among circuits are made using rectilinear lines.

A well-known algorithm that addresses this metric is the RMST construction
algorithm proposed by Zhou. This method is important because it was later used
for constructing efficient Steiner trees [2]. The work combines Zhou’s spanning
graph construction approach with the edge substitution heuristic, resulting in a
Steiner tree construction algorithm with O (nlogn) runtime complexity and simpler
implementation. Later, in [3], the method was extended to non-rectilinear
interconnectors, which allow 45-degree connections and can significantly reduce
wire length. In that work, two algorithms were introduced. The first algorithm,
called OST-E, is based on edge substitution and the second algorithm, called OST-T, is
based on triple contraction. Both algorithms reuse Zhou’s spanning graph
construction method, adapted for octilinear geometry. These algorithms maintain
O(nlogn) runtime.
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Zhou’s spanning graph approach was also extended in [4] to support
obstacle-avoiding Steiner tree construction. By constructing an obstacle-avoiding
spanning graph (OASG) and selecting only valid edges, the method ensures
obstacle-free routing. In [5], this idea was improved in the EBOARST algorithm,
which handles obstacles during the edge generation process. Instead of filtering
after graph construction, EBOARST avoids adding unnecessary edges, making the
algorithm more efficient. These works show that Zhou’s spanning graph
construction algorithm is used as a core part in many NP-complete problems.

In this paper, we present a coarse-grained parallelization strategy for Zhou’s
proposed sequential algorithm. Our method focuses only on the spanning graph
construction step, which is reused in many problems. The constructed graph is then
passed to Kruskal’s algorithm to compute the MST.

The proposed solution. Zhou et, al [1] proposed rectilinear minimum spanning
tree (RMST) construction algorithm, which is working in O(nlogn) time. The
algorithm avoids using Delaunay triangulation, as it is not well suitable for rectilinear
metric. Instead of Delaunay triangulation they use sweeping line technique and
defined regions across each point from R1-R8. Using regions the algorithm identified
the nearest neighbors for each point.

For each point p, the algorithm searches in his active set to find points for
which p lies in their corresponding R1, R2 or R3, R4 octants. Then, p is connected
to the nearest point in each of these regions, keeping the connections optimal. At
the end of this phase, for each point, the algorithm removes the found points from
the active set for future queries. This process has been carried out in two phases by
a sweeping line by x + y and by x —y. After these two phases we have a
rectilinear spanning graph (RSG) with O(n) edges, which is then passed to
Kruskal’s algorithm to efficiently compute the MST.

While the described algorithm has quite good performance characteristics,
today’s problems require work on big data sets. To address this, we designed a
coarse-grained parallelization strategy for RMST construction algorithm. The two
main parts of coarse-grained parallelization strategy are independent sweep lines
by x + y and x — y line functions and nearest neighbor searches in corresponding
regions. These two phases are independent of each other as they have their own
active sets and share only a graph representing edge list, to which the only applied
operation is insertion. The independent sweep line operations by x + y and x — y
line functions are illustrated in Fig. 1.

Based on this, we assign two independent sweep line operations to
corresponding separate threads by passing the edge list. To avoid unnecessary
synchronization across threads we create separate local data structures for each
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thread and pass on to functions. One of the advantages of this parallelization
approach is that data across threads or processes do not need to be synchronized.
And as the data structures are linked lists representing graph, we can easily merge
them in O (1) time complexity, as we will do only one pointer operation when these
two processes are finished. After the two phases, the final data structures are
merged while maintaining consistency. The proposed algorithm, Parallelized
Rectilinear Spanning Graph (PRSQG), is shown in Fig. 2.

Job 1 Job 2
Fig. 1. The sweep line jobs parallel computation

The second part of our coarse-grained parallelization strategy is the nearest
neighbor search in each of the sweeping line phases. For the x + y phase, these
regions are R1 and R2 and for the x — y phase, R3 and R4 respectively. In Fig. 3,
the regions for x + y sweep line phase are illustrated.

Since these regions have separate active sets and the points in active sets do
not overlap, the computation can be parallelized to run independently. The same
idea is applied in this part too. As each thread works with its own active set, and
these data structures are not overlapping with coordinates, again we pass edge lists
as local data structures for each process. By this, we avoid synchronization across
threads and carry out the merging process efficiently in O (1) time.

Algorithm Parallelized Rectilinear Spanning Graph (PRSG)

1.In thread T1: Sort points by (x + y) for regions R1, R2
2.In thread T2: Sort points by (x - y) for regions R3, R4
3.Initialize two active sets for each thread.

4.Initialize local edge lists for each thread.
5.Parallel processing:
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a.In thread T1:
i. For each point p in sorted (x + y) order:
1.Create a separate thread T1 _R1:
a.Query active set for points s where p
lies in their R1 region.
b.Find the nearest point in the queried
subset.
c.Add edge (p, the nearest point) to the
local edge list.
d.Remove s from the active set.
e.Add p to the active set for future
queries.
2.Create a separate thread T1 R2:
a.Query active set for points s where p
lies in their R2 region.
b.Find the nearest point in the queried
subset.
c.Add edge (p, the nearest point) to the
local edge list.
d.Remove s from the active set.
e.Add p to the active set for future
queries.
3.Merge the local edge lists.
b.In thread T2:
i. (Symmetric logic for regions R3 and R4)
6. Merge the local edge lists.

Fig. 2. Algorithm Parallelized Rectilinear Spanning Graph (PRSG)

By applying this coarse-grained parallelization strategy, we outperformed
the sequential algorithm by 40-60 percent depending on the data size making it
useful for huge data sets especially routing algorithms where circuit design sizes
have millions of pins. Since this is a coarse-grained approach, it scales well for
larger datasets but not for a high number of threads. The required number of
threads or tasks for this approach is 6.

For the future work, we plan to extend this method to higher dimensions,
such as 3D space, where parallel sweeping and neighbor searches can be applied
across more dimensions and threads.
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Fig. 3. The Nearest neighbor search jobs parallel computation

Experimental results. The program was implemented in C++ language and
compared with the original sequential algorithm. Our experiments show that the
parallelized spanning graph construction algorithm outperforms the sequential one
on average by 40.32 percent for 10.000-100.000 points and 62.01 percent, for
100.000-600.000-point data set. The performance measurement plots are shown in
Fig. 4 and 5. All experiments were conducted on a Linux server running Alma
Linux 8.4 (kernel 4.18.0-425.3.1.el8.x86_64) with an AMD EPYC 9754 processor
(32 cores, 1 thread per core), 255[1GiB of RAM, and g++ 8.4.1 compiler using the
C++17 standard.

Performance Measurement
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Fig. 4. Performance measurements of parallelized and sequential RSG algorithm. First
data set
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Performance Measurement

149 Threading Enabled

Threading Disabled

12 4

10 1

IR L TR R rtvEy
©

100000 200000 300000 400000 500000 600000
Number of Points

Fig. 5. Performance measurements of parallelized and sequential RSG algorithm. Second
data set

Conclusion. In this paper, we present the parallelized version of the
Rectilinear Spanning Graph (RSG) construction algorithm, which is used as a core
algorithm in problems like RMST construction, efficient Steiner tree construction,
and obstacle-avoiding Steiner tree construction. Our approach outperforms the
original sequential algorithm by 40-60% using 6 threads, which corresponds to
about 23—43% parallelization efficiency. This efficiency is not very high for small
data sets because coarse-grained parallelization does not try to scale with the
number of threads. It only parallelizes the parts of the algorithm that are
independent. The main advantage is that the implementation is simple, assign
independent sweep-line and region-finding jobs to threads, split the edge lists for
each thread, and merge edge lists in O(1) time. These changes do not modify the
core algorithm structure, so the method is easy to integrate while still giving a
useful performance boost for large datasets. We parallelized sweep-line operations
and nearest-point connection processes, avoiding shared resource synchronization
by using independent data structures. This algorithm uses only 6 threads instead of
other parallelization algorithms for graphs instead other MST parallelization
algorithms which require huge CPU or GPU computational power. For the future
work we want to extend this algorithm for RMST construction algorithm in 3D
space and 3D Steiner tree construction based on that, also do fine-grained
parallelization of this algorithm.
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U.Q. ZzurnkeESNhL3UYL, kL. U2USr8UL

YUURUSPUL AL'UDH YULNRSUTL ULENCPEUUR NTNMUZUShY
oNkhQUZERUSNRUL

Spjws Yhnbph puqUmipjut ypu npnoyws dbnphluyny tnup gpud Jupnighini
uunhpp, npp wwpnibwlnd £ wetiduqt Jby tJuqugnyt Yuwhpughtt swn, Yngdnud
Yuwhpuyhtt gpudh Junnigdwt juinhp: Uju jmughpp hhdp £ hwighuwunud dh owpp wign-
phpUubtph hwdwp, hiyyhupp ki nipnulnit iuqugnyb juwpupuyht Swinh jupnignudp,
Upuwjutiph dwnh wppnittwybn junnignidp, junspunnuntphg juntuuhnng Upwjutph Swnh
Junnignidp b wyji: Uju wignphpdubpp jhpueynid Eo hwdwlupgsuyghtt ghnnipjub puqlw-
phy nnpuikpnd, hunjuybu spugsdwl wygnphpdibpnid: Lwth np wyu bnghpbtphg
owwntpp NP-1phy kb, b npuiighg vh pwtithup oguruugnpénid ku Yuwjupuyht gqpuibh Junnig-
dwil Uninkgnudp, mww wyn wpngkuh qniquhtnugnidp fupnn L oyyunhdwjwuguby hwb dniu
futinhplitipp: Lkpljujugdnud E jdwpipuyht gpubh junnigdwt wignphpuh papdp dwljwp-
nuijh gqniquhtnwgdwt Uninkgnudp: Unwownyynn wignphprup, hudbdwnws wnlju hwenp-
nuljui nwuppipuyh htn, wywhnynud £ dhghtinid dnnnudnpuwytu 40-60% wpunwnpnnu-
Juinipjub ws:

Unwbagpuyhl punkp. wjuqugniyt juwhipughlt Swn, ninnutijnit hknwnpnipnid,
qniquhbtnuignid, gipdks hunbkgpuy ujubdwtph twhiwgdnid, uvwhnn qsh wignphped:

A.I'. APYTIOHSIH, P.H. XAYATPAH

KPYITHO3EPHUCTAS ITAPAJVIEJIM3ATIMS AJITOPUTMA ITIOCTPOEHUS
KAPKACHOI'O IT'PA®A

3amava MOCTPOCHUS KapKacHOro rpada 3aKioyaeTCs B CO3JaHHHM Pa3peKCHHOIO
rpada Ha 33JaHHOM MHO)KECTBE TOUYCK TAKUM 00pa3oM, 4ToObI rpad comepKan XOTst ObI OHO
MUHHUMAaJIbHOE OCTOBHOE JEPEBO B COOTBETCTBUHU C 3aJIaHHOW METPUKOH pacCTOsIHHS. JTa
3aada JSKUT B OCHOBE MHOXKECTBA aJTOPUTMOB, TAKMX KaK MOCTPOCHHE MPSIMOYTOIHHOTO
MHHHMAIIFHOTO OCTOBHOTO JIepeBa, apdekTuBHOE mocTpoeHue aepeBa llltaitHepa, moctpoe-
Hue nepesa LlTaifHepa ¢ y4eTOM MPEMATCTBUMA U Ap. DTH aNTOPHTMBI IPUMEHSIOTCS BO MHO-
TUX O0JIACTSIX MH(OPMATUKH, OCOOCHHO B JITOPUTMAaX TPACCHUPOBKU B MPOCKTUPOBAHHUU
VLSI. TlockonbKy MHOTHE M3 3TUX 3a4ay sBISIOTCS NP-NMOJHBIME U HEKOTOpPbIE M3 HUX
MCIOJB3YIOT MOIXO0J TIOCTPOCHUST KAPKACHOTO rpada, mapauieu3aius 3TOro 3Tamna MOXeT
TaK)Ke ONTHMHU3MPOBATH U APYTHe 3a1a4yn. B maHHON paboTe mpeacTaBieH MOIX01 K BBICO-
KOYPOBHEBOW Mapajie/in3al[iy aropuTMa MmocTpoeHus kapkacHoro rpada. [Ipeanaraemprit
AITOPUTM, IT0 CPABHEHHIO C CYIIECTBYIOLIAM IIOCTIEA0BATEIbHBIM BaAPUAHTOM, 00ECTICUBACT B
cpexaem okoio 40...60% mpupocTa MPON3BOIUTEIEHOCTH.

Knroueevte cnosa: MUHIMAIbHOE OCTOBHOE IECPEBO, MPSIMOIHMHEHHOE PacCTOSHUE,
pacrapajuieiBaHue, KPYIMHO3EPHUCTHIN TMapajulen3M, MPOSKTHPOBAHUE CBEPXOOIBIITNX
HHTETPATBHBIX CXEM, alTOPUTM CKOJB3SIICH JINHIH.
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UNRC-M5LCNNRSD UNUNLERU UPUNULUUESMUYUL CULIZULIUSIUD
ZUYUNUCQ UUSCPSULECE NCNTUUL OrUuarushu bruuuuusnhun
ThIEMGULSPUL 269 UCNNNRE3NPLLET UP(UNUUUR (II)

Uhpuyugjws E Unip-Nkupnnigh Yndyiipu dhuwyupudbnpuljut puinhwiipuggus
hwljunund dwnphgubph npnpdwt niyndwynghghntt pyuw-wbwihinhy tnuwbwlh spugpuyhe
hpuutiugnidp: Zudwyyunuujuwt wiwhnhl Eubalutpp hhdudly Bo Unip-MEupnmagh 4-py
wuyUwih, hul] plu-wbwihnhl dkpnnibpp” uvnugyus wiwhinhly websmpnibibph pu,
hsybtu twb Mnipungh nhpbpkughuy dAbwhnpunipinituntnh, npytu hhdtwlwt vupkdwnh-
Juljut wywpwwn: Zupynnuijut tnuwuljubpt ppuwbwugyt) B mbnbjunduljut nkju-
tninghwitkph dwdwiwlulhg Uhgngtph spugpuynpiwl Python jkquh, huswbu tuwl
NumPy i SymPy qpunuputttph hpwndwdp: Opwgqpuyhtt hpuwbwgnidp thopdwplyty b
dhwywpudbnpulwh npnojuy dwwinphgny dngbjuyht ophtwh vhongny:

Unwigpughl punkp. Unip-Nkupnnigh Yndykipu dhuyupudbnpuljut punhwb-

pugyus hwljunupd dunnphg, wtwhwnply pusnd, nhpbpkughuy dbwthnpumipnibbp, pyw-
wtwhnhl (nsnud, Spugpuynpdwi Python 1kgnt, NumPy qpunupui, SymPy gpunupui:

Ubkpwbmpynit: [1] wpuwnwipnid wnwewplty i Yndukpu vhwwwpw-
Ubinpului A(t)me, Uwwnphgh Unip-Nkipnmgh phinhwipugus  hwljungwupd
A* (t)pem Uminphgh [2] npnodwb Ukpnnubp, npnugnd oqunugnpdyt) k. Unip-
Mtupnnigh 1-hi, 2-pg b 4-pn wuydwbtbkpp: Unyb wopiwnwpnid akpjuyugynid
i dpwljdus pyw-wbwihnhly dkpnnubph spugpuyht hpujubwgnudubph wign-
phpdutph pinlj-ufubdwitpp b Python 1kqym] gpjws dpugpuyht Ynnbpp [3]:

Blupwnpkip wpjuws E A() € C™" dwnphgp [4, 5]: Uwwnphgh swthbpp
Untnpwugphlinig htnn wthpwdtown E nnn-dtljnnputpny dninpuqpt] dwnphgh
wwppbpp (. 1), hul wyinthbnl’ wpwidught) npubg hpulwh (4,(6)) b Yhns
(A2(8)) dwubph dwnphglbpp:
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for i in range(m)

A

row = [sympy.parse_expr(element, local_dict = dict(t=t))
for element in input().split()]

A(t) = A(t).row_insert(i, sympy.Matrix([row]))

Aq(t), Ap(t) = A(t).as_real_imag()

v

numerical_analytical_method(Aq(t), Aa(t), t)

t = sympy.symbols('t', real = True)
A(t) = sympy.Matrix() @

Ul. 1. Uunnphgh suhbph b nnuppkph dninpugndwl ppn-upubdml

PJw-wwhnhy dkpnnh dpugpuyhtt hpuwtwgnidp: A(t) dwwnphgh hpw-
Jwl b Yhnd dwubpp npnokynig hwnn hwpdynud ki nputig nnuppbph wdwgyuyitpp

Uhlish wwhwigynny Lounnipjut unwugnidp [6]: Zwenpnhy, H dwupwnwpuyhtt gnp-
dwljgh ni appr_cntr dnnwupldwi YEunpnuh wpdbpubpp dnuinpwugpbinig hbwn,
wtiwp b hwodty 4; () n1 4, (t) dwunphgubph ghuljpbnttpp: LY. 2-nmud ubpjuyug-
Jws piny-ujubdwymd real_matrix & imaginary_matrix qqupuudbnpbpp hwdwuyw-
nwuiwbinid ko Ay (6) b 4,(t) dwwnphgubpht, hul variable wuwpudbnpp ¢
wwpuwdbnph:

numerical_analytical_method(real_matrix, imaginary_matrix, variable)

Y

real_matrix_derives = find_derivatives(real_matrix, variable)
imaginary_matrix_derives = find_derivatives(imaginary_matrix, variable)

A

H, appr_cntr;

A

real_matrix_discretes = compute_discretes(real_matrix_derives, variable, H, appr_cntr)
imaginary_matrix_discretes = compute_discretes(imaginary_matrix_derives, variable, H, appr_cntr)

|

Uly. 2. Uunnphguyhll phulipknbkpp npnodwl pnl-upikdwi
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A;(t) 1 A, (t) dwwnphgubph nhuljpbnibpp hwpdymd i wnwtidht niiyghuygh
dhongny (Y. 3), npp Untnpwjhtt yuwpwdbwnpkpt i dwwnphgh nmuppbph wewug-
Jutikphg Juqujwd dwnphgubph quiqqusdp, wil thnhnjuwlubp, pun nph ju-
nupyl] b wswmugnudp, dwupnwpught gnpduljgh wipdtpp, hyybu twlb Uninwny-
dwt JEunpnuh wpdbpp: dniuljghwmtt hp wpuunwtiph wpyniipmd JEpunupdunid
E dwwnphguyhti nhuptntbph quugwsdp, nph 1-htt wwppp dninpuyhte dwnphgh
0-pr} Yuipgh ghubplant b, 2-pry viwppp dunnphgh 1-ht fupgh nhuljpknp b wyyi:

compute_discretes(derivatives, symbol, scale_coeff, value)

h

discretes = list()

Y

»{ forkin range(len(derivatives}

v

discrete = (scale_coeff ** k / math factorial(k) *
derivatives(k].subs(symbaol, value))
discretes.append(discrete)

v

return discretes

Uy. 3. Umunphguyhl nhuliplanblbpp hupyng wygnppedp pinl-ujubdwh

A;(t) b A, (t) dmnphgutinh dwnphguyht nphujpbnubpn [7] hwoykinig htwnn
npnoymud B X, (t) b X, (t) dunnphgubph nhuljpbnibpp [1], pulwdltp’ [21-24] dhish
wwhwbeynn Lownnipjut unwgnidp (by. 4):
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A_0 = sympy. |_matrix_ 18
X_0=A_0.pinv()

I

X4(K) = [X_0[0:m, 0:n]"]
Xo(K) = [X_0[m:2m, 0:n]"]

v

for kin range(1, K)

v

summa = [sympy.zeros(m, m),sympy.zeros(m, m)]

y_matrix_¢ W)

fori in range(1, k+1)

!

summa[0] += (real_matrix_discretes[i]" * X4(K)[k-i] - imaginary_matrix_discretesfil” * Xa(K)[k-]")
summa[1] += -(real_matrix_discretes[i]’ * Xp(K)[k-i]" + imaginary_matrix_discretes[i]" * X;(K)[k-i")

X1 = X4(K)[O]T * summal0] + Xp(K)[O] * summal1]
X4(K).append(x1")
X3 = -X2(K)[0]" * summa0] - X1(K)[0]" * summa[1]
Xp(K) append(x,T)
T

l

Ul 4. X,(t) L X,(t) dunnphghliph nhulpbnbbph husguplh pinl-upubdwi

X1(K) b X, (K) dwnphguyht ghuljpinttpp hwoybinig hinn wipnk htwpw-
Unp k JEpuljubquby X; () b X, (t) dwunphgubpp [1, puwbwdl (18)], hughg htwnn w-
kb E npnoky twil (@Y. 5) Unip-Nkupnnigh pighwipugyuws hwunupd 4% () pem
dwwnnphgp [1, putwdl (6)]:

v
X4(t) = sympy.zeros(n, m)
Xp(t) = sympy.zeros(n, m)

for k in range(K)

X4(t) += ((variable - appr_cntr) / H)k X4(K)[K]
X;(t) += ((variable - appr_cntr) / H)k - Xp(K)[k]

I
——

A" = Xq(t) + sympy.| - Xp(t))

/*/
Cem D

L. 5. A* () pym dwnphgh npnodwl prnlj-ujuldwb
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Unpljuyhl oppinuly: Gupwunpbup, npgws k hbnlbyjuw) Yndutpu dhwwywpu-
Ukwnpwljwi npnojwy dwwnphgp.
1+t jt .
—jt (A —-jor

Jw-wtwhinhly dkpnnh ppuljutiugdwb wpnynitpp gnyg Enpdws tly. 6-nud:
Uwlynpblyul Uninwpljuwb §Enpnuh wpdtpp' t, = 0, dwupunwpwjht gnpsulgh

A(t) =

wpdbpp H = 1:

Enter mxn matrix sizes

no= 2 X2(K) = [Matrix([
- [0, 0],

Matrix sizes are: m = 2, n = 2

Enter elements of A(t) matrix: [0 9]]) MaUﬁXH
1+I%t It ! !

-I*t 1-I*t [-1' '1]:

A1(t) = Matrix([[1, 0], [©, 111)
A2(t) = Matrix([[t, t1, [-t, -t [|[ 1, 1]]), Matrix([
NUMERICAL-ANALYTICAL METHOD

Enter scaling coefficient: H = 1 [& BL
Enter approximation center's value: 0
X1(K) = [Matrix([ [@; 0]])]

[1, o],

[e, 111), Matrix([ HI(E) = Hatrix({1, 6, 6, 11)
e, o1, X2(t) = Matrix([[-t, -t], [t, t]])

[0, 01]1), Matrix([

(e, el, = Watpix([[- )
o o A+(t) = Matrix([[-Ixt + 1, -Ixt], [Ixt, Ixt + 1]])

Ul. 6. Pyjw-whuypinply Ukpnnh Spugpuyhl hpujuwinugdwl wpnyniipp

Bqpuljugmpinii: Lkpluyugyt) £ Unip-Mkupnniqh Yndwbpu vhuwyupw-
dbnpulub puphwipugywsd hwjunwupd dwnphgutiph npnodwt pyw-wbwhnhly
hwoynquijwl kutwlh spugpuyhtt hpuljubugnidp” nknEjunduljui nkhbngn-
ghwubph dudwtwlwlhg vhongubph Yhpundwdp: Utwhnhl Enutwlubkpp hhdu-
b1 Eu Unip-NEupnnigh 4-pn wuydwith Jpw, hul] hwdwyuwnuuput pu-wbw-
{hnhY dkpnnubpp unwg]ws whwihinhly hwpupbpuygnipnibibtph, huswbu tul
NMnijungh nhdtpkughw) dbwhnjunipniiubph Jpu: Lepluwywugyt] Eu wignphpd-
ukph pny-ujubudwtbpp, huy Python 1kqny gpwsd spugpuightt Ynnbpp npudwnpty
Elu nputiu pug Ynnny GitHub hnnud: Uygnphpdutph wpynibwdbnnipiniup thop-
dwunlyty k dhuywpuwdtnpuljub npnojuy duwnphgny dngbjuyghtt ophitwh dhongny:

134



aruuvunNhEe3NkL 8ULY

1. Cumonsin C.O., ABetucsin A.I'., Abrapsn O.C. K onpezeneHuto KOMIUIEKCHBIX OJI-
HOIlapaMeTpUIecKnx 0000IeHHBIX 00paTHbIX Matpul, Mypa-Ilenpoysa (1) // Bectank
HITYA: UHdopMauroHHbIE TEXHOJIOTHH, JIEKTPOHUKA, paanoTtexHuka. — 2025. - Ne 1.
—C. 9—109. https://doi.org/10.53297/18293336-2025.1-9

2. Cumonstn C.O. MetoJp! onpeieNieHus 0JHOIApaMETPUIECKUX 0000IEHHBIX 00paTHBIX
marpui: Monorpadus.- LAP LAMBERT Academic Publishing RU, Saarbriicken,
Deutschland, 2017. - 222 c.

3. HovhannesAbgaryan/MoorePenrose IV: Software implementation of decomposition
methods for determining complex 1-parameter generalized inverse Moore-Penrose
matrices (IV)

4. T'antmaxep @.P. Teopus marpuu.- M.: ®usmataut, 2010.- 560 c.

Jlankacrep II. Teopus marpun.- M.: Hayka, 1978.- 280 c.

o v

. HyxoB I'.E. luddepenumanbpupie npeodpazoBanus (GyHKUUH U ypaBHeHHU.- Kues:
HaykoBa nymka, 1984.-419 c.

7. Cumonsin C.O., ABetucsan A.I'. [Ipuknagnas teopust nuddepeHmansHpIX npeodpa-

3oBauuit: Monorpadus.- Epesan: M3a-so TMY A “Uapraparer”, 2010. — 361 c.

Zujuunwith wqquyhtt ynjhnkphjujwit huwdwjuwpui: Umpp bkpjuyugyt) b
Judpugpnipinii 10.09.2025:

O.C. ABI'APSIH

IPOT'PAMMHAS PEAJIM3ALIASA ONPEJEJIEHUSI KOMILJIEKCHBIX
O/IHOITAPAMETPUUYECKHUX OBOBIIEHHBIX OGPATHBIX MATPHUI] MYPA-
NEHPOY3A C IPUMEHEHUEM JIM®®EPEHIIUAJIBHBIX
IPEOBPA3OBAHMI (II)

IIpencraBnena mporpaMMHas pealn3alys YNUCICHHO-aHAIUTHYECKOTO IEKOMITO3H-
IIMOHHOTO METO/1a ONpe/eIeHHs] KOMIUIEKCHBIX OJJHOIIapaMeTpUIecKuX 000OIIEHHBIX 00paT-
HBIX MaTpun Mypa-Ilenpoy3a. CoOTBETCTBYIOIINE aHATUTHYECKUE METO/bI OCHOBAHbBI Ha
4-om ycnosuu Mypa-IleHpoy3a, a YHCICHHO-aHAIUTHYECKUE METO/BI - Ha IOJyYCHHBIX
aHAJMTUYECKUX COOTHOMICHHUAX U nuddepeHnnanbHbIx npeodpazoBanusx [Tyxosa kak oc-
HOBHOM MaTeMaTHYECKHI amnrmapar. BrruncnaurensHbie METOAbI p€aIM30BaHbl CPCACTBAMU
COBPEMEHHBIX HH(OPMALIMOHHBIX TEXHOJOTHH ¢ MIPUMEHEHHEM S3bIKa IPOTrPaMMHUPOBAHUS
Python, a Taxxe Oubmmorek NumPy u SymPy. Ilporpammuas peanmsanms TECTHpOBaHA Ha
MOJIEJIbHOM MPUMEPE C OAHOMAPAMETPUUECKON ONIPEIeIEHHON MaTpHIIEH.

Kniouesnle cnosa: KOMIUIEKCHAs! OHONIApaMeTprUecKas 0000IeHHass oOpaTHast Mart-
puna Mypa-Ilenpoysa, aHanuTHYEeCKOE perieHue, nudQepeHIranbHbe Mpeodpa3oBanHus,
YHCIIEHHO-aHAIMTHYECKOE PelleHHe, s3bIK NporpammupoBanus Python, 6nbmmorexka NumPy,
6ubmmorexa SymPy.

135



H.S. ABGARYAN

SOFTWARE IMPLEMENTATION OF DETERMINING COMPLEX ONE-
PARAMETER GENERALIZED INVERSE MOORE-PENROSE MATRICES
USING DIFFERENTIAL TRANSFORMATIONS (1)

Software implementation of numerical-analytical decomposition methods for
determining complex one-parameter generalized inverse Moore-Penrose matrices are presented.
The corresponding analytical methods are based on the 4 Moore-Penrose condition, and
the numerical-analytical methods are based on the obtained analytical relations and
differential Pukhov transformations as primary mathematical apparatus. Computational
methods are implemented using modern information technologies: Python programming
language, as well as NumPy and SymPy libraries. The software implementation is tested on
a model example with a one-parameter determined matrix.

Keywords: complex one-parameter generalized inverse Moore-Penrose matrix,
analytical solution, differential transformations, numerical-analytical solution, Python
programming language, NumPy library, SymPy library.
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OLIEHKA COIMPOTUBJIEHUS YCTAJIOCTHU DJIEMEHTOB
CTPOUTEJIBHBIX KOHCTPYKIIUM C YYETOM KOHIEHTPALIUA
HANPSIKEHUM

PaccmaTpuBaeTcs BiIMsSHHE KOHLEHTPALMK HAMPSDKEHUH, KaK NPUOPUTETHOTO (hak-
TOpa B YCIIOBHUSX KOMIUIEKCHOTO BO3ICHCTBUS pSAAa OCHOBHBIX (DaKTOPOB (peknMa Harpy-
JKSHHUS, MAaTePHAIIOBEYECKOT0, MACIITAOHOTO, TOBEPXHOCTHRIX MHUKPOHEPOBHOCTEH, YIIPOU-
HEHHS ¥ CYMMapHOTO TpOIIecca), Ha COMPOTUBJICHNE YCTATOCTH CTPOUTENBHBIX KOHCTPYK-
U, KOTOPOE OIIEHMBACTCS COOTBETCTBYIOIIMMHI OTHOCHUTEIEHBIMU KO3((UIIEHTaMH U HiC-
XOJIHBIM TPEJeSIOM BBIHOCIUBOCTH. JIJIsl OUEHKU JaHHOM B3aMMOCBSI3U MPEACTAaBJI€HA MHOIO-
napameTpudeckas (yHKIIMOHAIbHAS CBs3b. [locTpoeHa HOMOTpamma Ui pacdeTa ONTHU-
MaJIBHBIX MapaME€TpOB, OTHOCUTCIIbHBIX KOS(l)(l)I/ILII/IeHTOB U UX NPUMCHCHHA B PAaCYCTHBLIX
porexypax

Kniouesvie cnosa: crpoutenbHas KOHCTPYKIUS, CONMPOTUBIICHUE YCTAIOCTH, IEHCTBYIO-
i (haKTop, KOHIICHTPALIUS HAIPSDKCHUH, HOMOTpaMMa.

BBenenune. [IpoekTrpoBaHue, CO31aHUE U COBEPILIEHCTBOBAHNE KOHCTPYKITUH U
TEXHOJIOTHYECKOTO 00OPYJI0BAaHUSA — 3TO TBOPUECKUH IMPOIECC, MPOIUKTOBAaHHBIN
COBPEMEHHBIMHU MOTPEOHOCTSIMH B ONPEEIIEHHON cepe YelOBEUeCKOH JesITelNb-
HOCTHU. KOHCTpYyKIIMH TOIKHBI COOTBETCTBOBATh COBPEMEHHOMY YPOBHIO TEXHUKU,
OBITH KOHKYPEHTOCIIOCOOHBIMH, 00ECIICUUTh PEUICHHS MPEITI0KCHHBIX 3a]1a4 C MU-
HAMAJIbHON MaTepHAIOEMKOCTHIO W (PMHAHCOBBIMHE 3aTpaTaMu. Tako# momxox mpen-
MoJlaraeT MOBTOPHOE MPOEKTHPOBAHME KOHCTPYKUWH M BBIOOpP M3 HUX ONTHUMAJb-
HOTO BapHaHTa, KOTOPbIN AOHKEH UMETh COBPEMEHHBIN BH/I.

Pa3BuTue TEXHUKM U HENPEPHIBHOE COBEPIICHCTBOBAHUE CTPOUTEIBHBIX
KOHCTPYKITMH (MECTHBIE W MapHIpyTHBIE Ta30TpaHCIoOpTHBIE cucteMbl — ['TC) B
CBSI3H C TPENJIOKEHHEM MHOTO(YHKIIMOHAIBHBIX 337a4 B 3HAUYMTENBHON CTENeHU
OCJIOXKHSAIOT PacyeTHBIHN MpoIecc M TPeOYIOT MPUMEHEHH METOI0B aBTOMAaTHYECKOTO
MIPOEKTHPOBAHHUS IS peIlieHNs TPYJOEMKHX 33/1a4 U MHOTONapaMeTPUIECKOro yJyeTa
JeHCTBYOMUX (HaKTOPOB. Y TOYHEHUE PACUCTHBIX MPOLEAYP KOHCTPYKIMH CBSI3aHO
C TpeABapUTENIbHBIM HCCIIEOBAHUEM HX PEXHMOB Harpy>XeHHs, KOTOPHIE HOCST
HECIy4YalHbIM U CIOXHO-LUKINYECKAN XapaKTep, BbI3BAHHBIM KOMIUIEKCHBIM BO3-
JIEHCTBUEM 3HAYUTEILHOTO YHCIIa BHEITHUX M BHYTPpEeHHUX (hakTopoB. K BHEIIHUM
(aKTOpaM OTHOCSTCS: PEXKUM MPOU3BOACTBEHHOTO IIMKJIa KOHCTPYKIIUH, THEBHbBIE H
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CE30HHBIE OTKJIOHEHUS TTOT0/Ibl, aTMOC(hepHOE BO3ICHCTBIE, BUOpAIMH U CEHCMUY-
HOCTBb CpPEZbl, a TaKKe MPUMEHEHUE YIPOUHSIOMHUX TexHonoruil. K BHyTpeHHHM
OTHOCATCS: TeOMETpU4ecKrue HOpMBI 3JIEMEHTOB, THII COSAMHEHNH (Y4acTKU CBap-
HBIX BOB TpyOompoBoaoB I TC), MUKPOCTPYKTYPHOE COCTOSIHUE MaTepHana, MUKpO-
reoMeTpus padOUYMX MOBEPXHOCTEH M KOHLEHTPALMM HAaNpsDKEHUH B 3JIEMEHTaX
KOHCTPYKLHH. B uTore oTBeTCTBEHHBIE 3JIEMEHTHI 1 COCIUHEHUS] KOHCTPYKIMH pa-
00TaOT B peXUME HUKJINIECKOTO CI0KHO-HAPSHKEHHOTO COCTOSHHSA, U UX OTKAa3bl
B MOJABJISAIONIEM OOJBIIMHCTBE CIIy4yaeB HOCST YCTAJIOCTHBINA XapakTep (IPUMEpHO
75%). IloaTroMy B 1ensX MOBBILIEHHS YPOBHS 3KCIUTyaTallMOHHOW HAIEKHOCTH
KOHCTPYKLHMI HEOOXOIUMO BBIOJIHUTH METOBI BEPOSITHOCTHBIX PACUETOB C NpU-
MEHEHUEM IPHUHIMIIOB MaTeMAaTUUYECKOW CTATUCTUKU M NapaMEeTPUUECKON HaJex-
HOCTH, OOECNEYMBAIOUINX YPOBEHb HAJEKHOCTH HEpa3pylleHHs NPUMEPHO Ha
P(N)=0,96...0,99 [1-3].

s n3ydeHus] IpOLECCOB YCTAIOCTHOTO pa3pyllIeHHsl, KOTOPOE SIBISIETCS
OCHOBHBIM ITOKa3aTejIeM HECYIeH CITOCOOHOCTH KOHCTPYKITHH, BBITIONHEH OOJBIION
00BEM TECOPETUICCKUX U DKCIICPUMEHTANBHBIX HCCIEAOBaHMM [4-7] C LETBIO BHIS-
BJIEHUS YPOBHSI BO3JICHUCTBHS Ka)KIOTO U3 BBIIIEYKAa3aHHBIX (hAKTOPOB, a PE3yJIbTAThI
CTPYIIIXMPOBaHbL, U ITApaMETPhl KAXKIOro (akTopa B OTAEIBHOM BHJIE IIPEICTABIECHBI
B CIpaBOYHOI nuTeparype. Mcnonp3oBaHne B KOHCTPYKLUSIX HU3KO- U CPEAHEYT-
JIEPOUCTBIX CTajel MmpeanoaraeT NpIMEHEHHE YIPOUHSIOIUX TEXHOIOI Ui, Onaroa-
apsl KOTOPhIM HECYIIasi CIOCOOHOCTh 3JIEMEHTOB, B 3aBUCUMOCTH OT CTENEeHHM ILIa-C-
TUYHOCTH MaTepUaNoB, MOBbIIIaeTcs mpuMepHo Ha 150...200%, a cpok ciry>KObI —
B 2,0...2,5 pa3a. K unciry Hauboiee pacrpocTpaHEeHHBIX METOI0B YIIPOUYHEHHUS OT-
HOCHUTCS TIOBEPXHOCTHOE Tuiactiueckoe nedopmuposanue (I1I1/1) pabounx moBepx-
HOCTEH 3JIEMEHTOB KOHCTPYKIIH, KOTOpoe Ojarogapsi CO3JaHHIO B IOBEPXHOCT-
HBIX CJIOSX OCTaTOYHBIX CKUMAIOIIMX HANPSHKEHWH MpeIoTBpallaeT BOSHUKHOBE-
HUE IUKIMYECKUX MOBpEeXJIeHUH. V3 yKa3aHHBIX METOJI0B Hanbolee pacipocTpa-
HEHHBIM SBJISIETCS IUTaCTHYECKOE J1e(hOPMUPOBAHUE CIICIIUAIBHBIM HHCTPYMEHTOM
C KpYIJI000KaTOYHBIMH POJHKaMH (IIapUKaMH), TOJ BO3JEHCTBHEM HOpPMAaIbHOI
CWJIBI U TIPOAOJIBHON MoAaueii KoTOporo Ha 00pabOTaHHOM MOBEPXHOCTH CO3/al0-
TCSl ONTHMANbHAS MUKPOCTPYKTYpa M YHIPOUYHEHHBIH ciioil. COBMECTHOE BIHSHUE
YKa3aHHBIX (PaKTOPOB, KOTOPOE CPAaBHUTEIHEHO Maj0 M3y4YeHO, B 3HAYUTENBHOU CTe-
MIEHX MEHSET CTPYKTYpY HecyIel CIOCOOHOCTH KOHCTPYKIMH. [Ipu 3TOM BO3MOKHO
KaK TOBBIIIEHHE YCTATOCTHOW MPOYHOCTH (YIMPOUHSIOIINE TEXHOJIOTHH), TaK U €€
3HAUUTENBHOE CHIDKEHHE B 3aBHCMMOCTH OT KOHLEHTPALMH HANpSHKEHHH, MUKPO-
TrE€OMETPHHU TIOBEPXHOCTEH U BIMSHUS KOPPO3HH.

Hesbio padoTsl SIBISETCSA N3yYEHHE YCTATOCTHONW MPOYHOCTH KOHCTPYKLIUH
IIPY KOMIUIEKCHOM BO3/E€HCTBUU (PAKTOPOB U COCTABICHHE HOMOIPaMM JJIsl X rpa-
(buyeckoit OLIEHKH C MPUMEHEHHEM IPOTPaMMHBIX CPEJICTB.
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[ocTanoBka 3agaun U 000CHOBAHWE METOAWKH. /)i BBIMOJHEHUS J|aH-
HOT'O UCCIICOBAHSI TPUMEHEHBI CIICAYIOIINE METOIbI:

® KOHCMPYKYUOHHOU MEeXAHUKY — JUI ydeTa KOMIUIEKCHOTO BO3JIEHCTBUS (hak-
TOPOB YCTAJIOCTHOTO MpoIlecca, IPECTaBICHHBIX B BUIC OTHOCUTEIBHBIX K03(du-
[UEHTOB, MIPEJICTABJISIONIUX OTHOIICHHUS MEIUAHHBIX MMPEICIOB BBIHOCIUBOCTH UC-
XOJHBIX M PacCMaTPUBACMBIX (PaKTOPOB, KOTOPHIC MOIYYCHBI MPU YCTATOCTHBIX
UCHIBITAaHUSX CTATBHBIX 00pa3noB [8-10]:

a) MacImTabHOro KO3 UIMCHTA!

chr = ORdrn /ERdom = 1; (1)

0) Kor(dduUIHEeHTa KOHIIEHTPAIINY HATIPSIKSHNH:

K5 = 0gay / Orax > 1 (2)
B) KO3 PHUIHEHTa MUKPOIIOBEPXHOCTHOTO COCTOSIHUS:
KroOrra / Oragen < 1; (3)
r) K03 UIHeHTa YIPOYHEHHS:
Kyo = Orva / Oragen = 1; 4)
1) CyMMapHOTO KO3 dUIeHTa:
Ksp = Ko / (Kag * Ko * Kug); )

® Mamemamuieckou Cmamucmuxy — JJIs OIpe/IeNIeHUs] PErPECCUOHHBIX ypaB-
HEHHUH TapamMeTpoB B3aUMOCBSI3aHHBIX (PaKTOPOB, MIOJyUYEHHBIX B Pe3yJbTaTe ycTa-
JIOCTHBIX MCIIBITAHUHN, IPUMEHSISI CTaHAAPTHBIE IPOTPaMMHBIE CPEJICTBA;

® CUCTNEMHO20 AHANU3A 63AUMOOEUCMEUs aKkmopos — ATl Knaccu(uKanum,
0OpMIICHUS] CHCTEM PErPECCHOHHBIX ypaBHEHWH ()aKTOPOB M KOJIMYECTBEHHOM
OIIEHKH UX B3aUMOJEHCTBHUS;

® HoMOzgpaghuueckoe npedcmagienue cucmem ypaguenul — Iuis rpaduueckoro
npeacTaBieHus (PyHKIIMOHATIBHBIX CBSI3€H apaMeTpoB C L0 UX OIPEACICHUS U
IPUMEHEHUs] B YTOYHEHHBIX pPacueTax Ha YCTAJOCTHYIO NPOYHOCTH 3JIEMEHTOB
KOHCTPYKLUH.

Wnentnanocts ctpyktyp kK0d¢ddunnentos (1) - (5) n ux obiias B3auMOCBsI3b
B YCTaJIOCTHOM IIpOIIECCE MO3BOJISIOT MPENCTaBUTh UX B BHJIE MHOTONapaMeTpu-
4YecKoi (hyHKIUU

(D[(Ah, d, ao): (Kdm KO” KFO" Kva,KoD, ERdom)] =0, (6)

rae Ah,d — TonumMHA YIPOYHEHHOTO IMOBEPXHOCTHOTO CJIOS M IUaMETP HCIbI-

TAHHOTO 00pasua, Mu; A, — MEAMAHHOE 3HAYCHHE TEOPETHUECKOro Ko duimenta

KOHLIEHTpauuy HanpspkeHuid. dyHkuus (6) B pacueTHON MPaKTHKE MPEACTaBIISCTCS
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B BHJIE CUCTEM MapaMeTPUUYECKUX YpPaBHEHMH, B KaXJOM M3 KOTOPBIX MPUOPUTET-
HBIM SIBIISIETCS OJMH M3 PaCCMOTPEHHBIX (haKTOPOB, MOKA3aTENN KOTOPOTO NEUCTBYIOT
KaK apryMEHTBl JaHHOW CHUCTEMBI, a TIOKa3aTely OCTAIbHBIX — apaMeTphbl ypaBHe-
Huit. U3 B3anMopetictByromux (aktopos B [11] moapoOHO paccMOTpeHO BIHSHUE
YOPOYHSAIOLIEH TEXHOJOTUWH, KaK MPHOPUTETHOE, Ha IMOKAa3aTeNd COMPOTUBIICHHS
YCTaJIOCTH 3JIEMEHTOB KOHCTPYKUUHU. B manHO# paGore Oyner mpeacTaBieHO aHa-
JIOTMYHOE BJIMSIHUE KOHLIEHTPALMN HANPSHKEHUH KaK 04epeJHOrO 3HAYMMOro (hakropa.
Cucrema napaMeTpr4ecKrX YpaBHEHUH A1 JaHHOTO CIydast UIMEET CIIeTYIOIIUHA BU:

Kao = ¥1(@s,d,AR), x = ag,
Kao = ¥2(Ks, @5, d, AR), x = K,
Kve =¥3(Ks @5, d, AR), x = K, (7)
Ky = Y4(Kop, @5, d,AR), x = Kop,
?R(v) = Ys5(Kop, @5, d,AR), x = Kgp.

MenuanHble TIpeeibl BHIHOCIUBOCTH, IpeacTaBiaeHHble B (1) — (4), momydeHs
B pe3yJibTare mpoBeneHus 16 cepuil ycTanoCTHBIX HCIBITAHUNA 00pasLoB U3 CTaJIH
40X npu IepeMEHHOM CJIOKHOM Harpy>KeHHH, [0 KOTOPBIM U PaCcCUMTaHbl YKa3aHHbIE
oTHOcHTeNbHBIE KO3 dumuentsl. CoBoKynHOCTh JaHHBIX K5, Ky, Kpg, Ko
Ksp, Orayra» cOTIIacHo cucteme (7), cratuctudecku obpaborana [12-14], u momy-

ueHbl perpeccHoHHble cBs3u (R? > 0) a1 napamMeTpHueckux ypapHeHwuii (7).

PesyabTaThl ucciaenoBanus. B Ta0n.1 mpencraBieHbl MHTEPBAIBLHBIC 3HA-
yeHust (pakToOpoB A, AR IS ONTUMAIBHBIX KO3()(HUIIMEHTOB, a TaAKKE W3MECHEHUS
MpeaeoB BEIHOCTUBOCTH 60 = (Kyp — 1)% Ui AMaMeTpoB UCIIBLITAHHBIX 00pa3-
noB d=17,5...20,0 mm.

OddekT KOHIEHTpAIUN HANPSHKCHUH, KaK MPUOPUTETHOrO (DakTopa, uMeeT
CYLIECTBEHHOE BIMSHUE HA CONPOTUBIICHUE YCTATOCTU 3JIEMEHTOB KOHCTPYKIHM, 1
PETyJIMPOBaHNE KOHIICHTPAIUU HAIPSDKEHUH ¢ IPUMEHEHUEM YIPOYHSIONICH TeX-
HOJIOTHHH TaKKe UMEET BAXKHOE MpaKTUuecKoe 3Hauenue. 13 koaddumentos (1) — (5)
10 CBOEH CTPYKType 0coObIMU sBISIFOTCS K5 M K. JINsl MCTIBITaHHBIX 00pa3oB
CO CpeIlHUM YPOBHEM KOHIICHTpaluu HanpsbkeHuit (a, = 1,25...1,50) ucxonnsrii npe-
JIeJT BRIHOCIIMBOCTH CHIDKAETCS MpUMEpHO Ha 45...95%, a npu Bo3aeiicteum [111]]
(Ah = 0,10...0,15 mm) oH BoccTaHaBnuBaeTca U Jaxe Ha 8...15% mnpeBblmaet
HCX0JHOE 3HaueHue. Ha BRICOKOM YpOBHE KOHIIGHTPALUU HanpsukeHud (a,=2,75)
CHUKEHHE O Ry, r; 3HAUUTEILHOE, U OHO TIPEIIIOIATaeT 00s3aTeNbHOE IPUMEHEHNE
MITA. CornacHo 3KCIEpUMEHTAIBHBIM JaHHBIM, ipu Ah = 0,15 mm 3TO CHUXKEHUE
yMeHbiaetes A0 6...14%, a npu Ah > 0,15 mm BO3MOXKHO MOJIHOE BOCCTaHOBJIC-
HHUE MCXOIHOTO 3HAYEHUS O Ry ry-
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Tabnuya 1

Humepsanvuvie snavenus «yz;, Ahy, mn, Ky /Ky, Kyg Kop v 60 npud = 7,5...20,0 mm

Ne Eo‘i Ahl MM KU‘/Kdo‘ Kvo‘ KO’D 53}3(1;),%
0 1,00...1,25 1,00 1,00...1,23 0...+23
1 Ayq, 0,05 1,00...0,86 1,01...1,07 | 0,99...1,08 -1...+8
1,00 0,10 1,00...0,88 1,07...1,15 | 0,94...0,99 -6...- 1
0,15 1,00...0,90 1,15...1,27 | 0,87...0,90 -13...-10
0 1,46...1,56 1,00 1,46...1,57 | +46...+56
) Ayy s 0,05 1,25...1,18 1,19...1,30 1,05...0,91 +5...-9
1,25 0,10 1,30...1,21 1,20...1,34 1,08...0,91 +8...-9
0,15 1,34...1,32 1,25...1,37 1,07...0,96 +7...-4
0 1,68...1,95 1,00 1,68...1,95 | +68...+95
3 Ays 0,05 1,35...1,30 1,26...1,42 1,07...0,91 +7...-9
1,75 0,10 1,34...1,36 1,34...1,48 1,00...0,92 0...-8
0,15 1,36...1,38 1,42...1,60 | 0,96...0,87 -4...-13
+156...+
0 2,56...3,00 1,00 2,56...3,00 200
4 Ays 0,05 1,88...2,07 1,38...1,46 1,36...1,42 136, + 45
2,75 0,10 1,86...2,01 1,47...1,59 1,27...1,26 +27'”+ 2
0,15 1,83...1,90 1,60...1,79 1,14...1,06
+14..+6

Jlormyecku MmoceOBAaTENIFHOE PAacCMOTPEHHE 3HAYCHUH KOX(PPHUINEHTOB
(1) = (5) 1 GRgyrn> KOTOPOE CHEAYET U3 TPEOOBAHMI TONYYEHHS OKOHYATENBHOIO
pe3yJbTara HCCIIEI0BaHUsl, JUKTYEeT HEOOXOIUMOCTh MPEICTABICHUS B3aMOCBSI3aH-
HBIX TapaMmeTprdeckux ypaBHeHui (7) B I — IV kBagpaHTax KOOPAMHATHON CHCTEMBI
(X, ) ¥ IOCTPOEHUSI COOTBETCTBYIOIIECH HOMOTPaMMBI C LEJbI0 YCKOPEHHOTO OTpesie-
JICHUS 3HAYCHHUH COOTBETCTBYIOIUX KOI(D(HHUIIMEHTOB IpahuIeckuM CriocoOoM.

OcHOBHO# 3afauell JaHHOH pPaOOTHI SBJISICTCS KOJUYECTBEHHAs OIICHKA
npuoputeTHsIXx Gaktopos (II1]], koneHTpanus HanpsbkeHuii). CoriacHO JaHHBIM
YCTANIOCTHBIX HCIBITAHUHN, OMpPEeNeHbl dKCIepUMEHTanbHble 3HaueHus K, K,
Kro) Kyo,Kop, Ord,rn TIPY 33/IAHHBIX YPOBHSX Q5 M AR, KOTOpBIE O 4 IIT. TIPE/ICTaB-
JeHsl B 16 moarpynmax mais Kaxaoro kKodhdUIMeHTa, ¥ 10 HAM OTIPECIICHBI per-
peccuonHble ypaBHeHus (R? = 0,91 ...1,00) byakiwu K,,; = (Kyp, @y, d, AR) (Ta01.2).

ITo monydYeHHBIM PErpecCHOHHBIM ypaBHEHUsIM, cornacHo (7), MOCTpoeHa
HOMOIpamMmMa il IPUOPUTETHOM OLCHKH KOHICHTpaluu HanpsukeHui (a,). [lpu
3TOM TNPUMEHEHBI MPUHIIMITEI COOTBETCTBUS BHJa (DAKTOpa M HMICHTHYHOCTU UX
MacITaOHBIX apaMeTpoB (%, y) (puc.) [15].

Merton HOMOTpaduH MO3BOJISET PEIIUTH CICAYIONINE 3a/1aUH:

® COTJIACHO AKCIUTYyaTal[HOHHBIM PEXKUMaM MPOSKTUPYEMOTO U3/ICITUS, BBITION-
HUTb ONTHMAJIBHBIC YIIPOUHSIONINE TEXHOJIOTHH K DJIEMEHTaM KOHCTPYKIIUH;
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® CXOJIS M3 KOJIMYECTBA CEPUIHO BBIMTYCKAEMBIX KOHCTPYKIIHH, BHIIOIHUTD
MIPOEKTHBIE MPOLEAYPHI ISl OOeCTIeueHHUsI HOBOK COOPOYHON TEXHOJIOTUH C LETHI0
YBEJIMYEHISI X BBITYCKa;

® HA3HAYUTH OOOCHOBAHHBIC CPOKH CIYKOBI KOHCTPYKIUH M TEXHHUYECKHE
MoKasarenu, 00ecreynBaroIie HOpMaJIbHbIE yCIOBUS HX paboThI;

® YUUTHIBas MPOTHBOIOJIOKHBIE TPEOOBaHUS K MPOSKTHPYEMOH KOHCTPYKIH
(BBICOKAs pabodasi CKOPOCTh M MPOU3BOIUTEIHHOCTh, HU3KOE DHEPTOTIOTpeOIeHE
U MaTepHaTOeMKOCTh, aBTOMAaTH3aLHs paboyrx MPOLIECCOB H Jp.), CO3AaTh KOHCTPYK-
LU0, KOTOpast 00eCrednT BHICOKYIO HA/Ie)KHOCTh M 0E30MMacHyI0 JKCILTyaTaIuio,
OyIeT nMeTh 0O0CHOBAHHBIE CPOKH CITYKObI U PEMOHTHBIX paloT.

Tabauya 2
Vpasnenus pecpeccuu gpynkyuu K,; = P,(K,p, @y, d, AR)

No AR, mm d, mm Ko =Y, (Ksp) R?
1 75 Ky = 1,0

2 10 K,, =10

3 0.0 15 K,y = 1,0 1,0
4 20 K,; =1,0

5 7,5 K,; = —0,475x% + 1,841x — 0,315 0,978
6 0.05 10 K,, =—0,734x% + 2,839x — 0,951 0,989
7 ’ 15 K,, =—1,170x% + 3,942x — 1,628 0,995
8 20 K,, = —1,229x? + 4,130x — 2,743 0,929
9 7,5 K,, = —0,371x% + 1,740x — 0,124 0,934
10 010 10 | K,, = —0,743x% + 2,817x — 0,527 | _ 0,963
11 ’ 15 K,; = —0,847x% + 4,072x — 1,187 0,983
12 20 K,; = —1,342x% + 4,580x — 1,437 0,941
13 7,5 K,, = —0,045x% + 0,327x + 0,504 0,921
14 0.15 10 K,, =—0,297x* + 1,628x + 0,176 0,932
15 : 15 | K,, = —0,511x” + 2,375x — 0,256 | _ 0,937
16 20 K,; = —0,127x% + 1,214x + 0,358 0,910

B omnuyme OT KIacCHYeCKOi METOMONIOTHH MPOCKTUPOBAHUS KOHCTPYKIIHH,
KOTOpasi OCHOBaHa Ha MUQhEepEeHITHATBHON OIIEHKE BIHAAIOMNX (HaKTOPOB, HOMOTpa-
(huveckuii METO/I TTO3BOJISET C PA3TMYHBIM YKCIOM U COUCTAHUSME Pa3HOXapaKTep-
HBIX (DAKTOPOB KOMILICKCHO OIICHUTh BO3JICHCTBHE W BBIOpATh ONTHUMAIIbHBIC
WHTEPBAJBl UX MApaMeTPOB B KpaTUailliie CPOKU MPOSKTUPOBAHUS O3 BBITOIHEHUSI
CIIOKHBIX PACUYCTHBIX MPOLEIYP.
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oA 10 12 44 118 20 22 24 28 28 30 Kw

Puc. Homoepamma cucmemvt ypasnenuii (7) u yuxyuu Ogyy = Ps(Kqp, @y, d, Ah).
Obosnauenus: o, ®, +, x - Ah =0, 0,05, 0,10, 0,15 mm; kpuevie Nohel, ..., 16
COOMBEMCMBYIOM KaXCOOMY ypasHenuro cumemvl (7)

BoiBoabl. /1)1 oNTUMANIbHOM OLIEHKU BJIMSHUSA (PAKTOPOB COCTABJICHA CBOJI-
Has MaTeMaTu4eckasi Moielb 3P QeKTa KOHIIEHTPAIlM! HAMPSHKEHUN B BUJE MHOTO-
nmapamMeTpuuecKoi (PyHKIIMOHATLHOM CBS3H, KOTOpas IS MPaKTHICCKUX IeIeH 3a-
MEHEHa YaCTHOW CHCTEMOH MmapaMeTpU4ecKHX ypaBHeHHH. [lomydeHsl perpeccruoH-
HBbIC YpaBHEHHS YKa3aHHOW CHCTEMBI, KOTOpPBIE MO3BOJISFOT ONPEISIHTh B3aUMOCBSI3aH-
HBIE ONTHMAJIbHBIC 3HAUYCHHUS BCEr0 KOMILIEKCA TapaMeTpoB 0e3 BBITIOIHEHUs IOTOJI-
HUTEILHBIX HCIILITAHUT.

Jlns w3ydeHus BIUAHAS KOHIIEHTPAIINH HANPSHKEHUH BBHITIOJTHEHO KOMILIEKC-
HOE MCCIIeI0BaHuUe TS Pa3HBIX TUIIOB KOHCTPYKIHHA, KOHCTPYKIIHOHHOTO MaTepHaia
(ctanp 40X) u III1]] (oOkaTka POIMKOBBIM J1e(hOPMUPYIOIIUM HHCTpYMEHTOM). [1o-
Ka3aHo, YTO BBISBIICHHBIE (DYHKIIMOHAIBHBIE CBA3H, KOTOPHIE ABISIOTCS YACTHBIMHU
MaTeMaTHYECKIMHA MOJAEISIMHA, TTOJITBEPIKIAIOT YIyUIIEHHE COCTOSIHUS IOBEPXHOCT-
HBIX CJIOCB W TMOBBIIICHHUE MPOYHOCTH 3jieMeHToB. [1I1]] adpdexTrBHO KOMITCHCHUpYET
COBMECTHOE BIUSHHE MacIITaOHOTO 3P deKTa W KOHIEHTPAMN HATPSDKCHHM, Tpro-
JIMKAs O g(y) K HCXOIHBIM 3HAYEHHUAM TIIAJIKMX 00pa3IOB. AHAIU3 BIMSHUS KOHIICHT-

paumu Hanpsokenui Ha Kgq, Ko, Kpo, Kyg Kop ¥ O (y) TIDH Pa3IMYHBIX COYETAHMAX
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JOMUHAHTHOCTH mapaMeTpoB Ah, d M &, BBIABUTAEMOW TPEOOBAHUSIMH PacueTHO-
TEXHOJIOTHYECKUX U KCIUTyaTallMOHHBIX NMPOLEAYP NPOEKTUPYEMOIl KOHCTPYKIIUH,
MoKa3aJl BO3MOKHOCTh IIPUMEHEHUS B pacueTax paHee HEYYTEHHOI'0 KOMIUIEKCHOTO
BO3/ICHCTBUS KOO(DDUIMEHTOB U T (y).

[Nomyyena cBomHas HOMOTpamMMa, ¢ TIPUMEHEHHEM KOTOPOW peliaroTces 3a/1auu

BbIOOpa ONTUMAIILHBIX TAPAMETPOB KOHIICHTPAIIMH HANPSHKCHUH, YTOUHSIOTCS Xa-
PaKTepUCTUKH pabOTOCIIOCOOHOCTH KOHCTPYKIIMM, IOCTUTAIOTCS HU3KHE MaTepha-
JOEMKOCTh B C€0ECTOMMOCTh KOHCTPYKIUI, KOTOPhIe B 33JJAHHOM CPOKE CITYXKOBI
obecrieyaT MX HAASKHYIO U O€30TIaCHYIO padoTy.
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MOCTYTIWI B pefakimio 26.11.2025.

U. @. USUU3UVL, uL.4. PhrNhU3UYL, U.8Nk. UUDSUN3UL

ChuULULUYUL BNLUSCNRYShULEMNEU ELEUBLSULE P 203LU0USEL
ThUUNRESUL ALUZUSORUC LUCNRULECE UNERSUYUTUL
ZUc9unNuUuuUer

Thuwuplydws k ohttwpupului Yntunpniyjghwikph hngwsuyhtt ghiwnpmipyut Jpu
uh pwipp hhdtwljutt gnpénubph (phntdwénipjut ntidhd, wnipwughnwljui, dwupnwpuyhl,
dwljtpinipughtt Uhhpnwthwppenipiniiubph, wdpugdwt b gnidwpuyht gnpépipugutnh)
hwdwihp ubpgnpsdwt wuypdwbubkpnud jupnudutph Ynunwljdwt wqpbgnipniip npytu
wnwelwyht gnpéntth, npp guwhwwnynd L hwdwwywunwupwt hwpwpkpulut gnpswljhg-
ubpnyd b Ejpuyhtt phlwgyniunipiui vwhdwing: Lkpuyugyws k wudjuy thnjuwgnbgnipiniup
quwhwwnny puqUuyupudbnpuut pniughniug juy: Yurnmigjws L undngpud gnpéw-
Yhgutph, phdwgyniunipjut vwhdwbubph owwnhdw) wpdbpubpp vnwbwm b npuip
hwodupluyhtt gnpépupwugutpnid Yhpwunknt hwdwp:

Unwhgpuyhlr punkp. ohtwpupului Yntunpnighw, hnquwswyht nhdwnpnipntd,
wiqnnn gnpdnt, (wpnidubph hnunwlnud, undngpud:

M.G. STAKYAN, N.V. PIRUMYAN, A.YU. SAFARYAN

ASSESSMENT OF FATIGUE RESISTANCE OF BUILDING STRUCTURE
ELEMENTS TAKING INTO ACCOUNT STRESS CONCENTRATIONS

The influence of stress concentration is considered as a priority under the conditions
of the complex impact of a number of crucial factors (loading mode, material, scale, surface
micro-irregularities, strengthening and the total process) on fatigue resistance of building
structures, which is estimated by the corresponding relative coefficients and the initial
endurance limit. To assess this relationship, a multi parametric functional relationship is
presented. The nomogram is created for calculating optimal parameters, relative coefficients
and their application in calculation procedures.

Keywords: building structure, fatigue resistance, acting factor, stress concentration,
nomogram.

145



202NNk E3NRULLELD KULUNULCZOY,
4UatL UGLPL3ULE 70-UUSUYD UlrEhY,

Lpugu] ZUNZ-h «UhypnkEyinpntught k-
dwbbp b hwdwlupgp» (UU b 2) wdphnuh Ju-
phs, «Uhtnthuhu Updkihw» ORC miunidbwljuib
nhywpunwdkiinh mbopkl, 22 AUU prpwljhg wt-
nu, 22 ghumpjut quuuwlu]np gnpshy, 22 tw-
hiwquhh b 22 QUU dpgwbwlubph nutuklhp,
n.q.1., ypndtunp dwqqkt Cwdupoh Ukihpyuuh
Sty 70- wdjulyn:

Juqgktt Ubklhpjuip 1978p. wquwpub] L
Bplwth wynhnbkjpuhjuljui htunhnninh «Skju-
uhjuljut Yhpbnubnhur dwlnyunbnp: 1984p.
Unuljuyh hudkubpubhqhjuju htunhwunionnid
unwgh] £ nkjuuhjuljut ghnnipnitubph phjtwdnih ghnwljwt wunhdwi, Uy
nwph wig nngknh ghnwljwi Ynsnid, 2006p. nktthjulwi ghnntpinibikph
nnlunph ghnwlwl wunhgwlb b inyt nupnid ypndbunph ghnwywi Ynsnud:
2010p. puupdby k22 dwpnupughnwlut wiunkdhugh wiunbdhynu, 2012p.
Mniuwunwth, Mpwhtwgh b fjweniuh jhpunwlwb nunhnbEjunpnthluygh gh-
nmpmitbkph wjunbdhuh whuntdhnu, 2014p. Uhewqquyhll Supunwpughu-
Jut wjunbdhwih wjugbdhlnu:

2014p. punpyl) k22 Ghunnipnitubph wqquyhtt wiwunbdhuh prpwlhg
wluund:

PuqUuptnnit £t 9. Ukjhpjwuh ghnnwului b ntunidtwfppuljut gnpént-
Ukmpyniip: Lw 13 dktugpnipynitithph (nphg kptpp hpuwnwpuljjws Springer-mu),
350-hg wykih ghnnwlut b 140-hg wykjh dEpnpuljut wopwwmwbpubpnh hinhtwl
E, dhowqqujhtt ghnnwdnnnyubpnid ukpyuyugntiy k 200-hg wybih qiynignidukn:

d. Ukjhpjuth ghnwlwb hbnwgnunmpymubph opowbwlj plngpynud £
htunbkqpu upjubdwtph (PU) hwdwlupquyhtt dwjuppulh twhwgdnudp b hw-
dwwjuwgdnidp, dnnwynp ubthwljwinipju b hEupwhbt twpjuwgdnidp, pniptinh
Jpu guiugkph twhwgsdwut dkpnyupwinipniup, PU-tph $niuljghntiuy, dhonk-
ghunnpuyhlt hnppwbgnidubph b hwljuwbwhtt dwjupgujubph dogbjugnpnodi no
unnignudp, LEjupniught vppbdwibph LEjupuwl, npuduputulul, juwunp
ujubdwnbkthjujwi b dudwbwlwht Unpijudnpnidp, PU-bEph phunwynpnidp,
bPU-Eph dhouhwgmdubph dnpbjuynpnudp b punuspp, uyyunynn hqnpnipjut Jtp-
nudsnipiniup b guwdp hgqnpnipjudp PU-Eph twjuwgdnidp, wpuqugnps bU-Eph
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twhiwgdnidp, mpudwpwtwluwt twhwgsndp b ujubdwttph oyunhdwjugnidp,
wqnubtpwiibph wdpnnowjutinipjub b htwhiwmgstph hntuwhnipjub JEpnidnipe-
miup, Jhuwhwnnpnsuyhtt uvwppbph dnpjuygnpnudp, $hqhuljut twppwgdnidp b
wpuunpnipjuip §nndunpnoqus twpiwgsnidp:

9.Utkhpyutip dhpwqquyhtt mupptp ghinudnnnyubpnud puquhgu wpdwutiugty
b «Ludugnyyt hnnjud» dpguwljh: ‘Lpw ghinujut wpuwnwbiptbpp nywgpynid
tu pupédn Jupluithy niukgnn dhowqquyhtt mduwgpbipnud, qiynigynud b dhowqg-
quyjhtt ghnwudnnnyubph yktwp thunbpnid: Zwennnipjudp nEjudupnd k puqg-
dwphy dhowqquyhtt b hwipuybnwljut ghnwlut b jppuljut twpwgstp: Zwt-
nhuwbmd £ 22 YGU whglugpus ghnwshiwnnnibph «Cwpdp wpnynt o] bun -
pjwlp wphiunnnn» pojnp Upgnypltph hwnpeny:

9. Ukihpjutth nEjwdupnipjudp 90 wuy hpwuwnubp hwennnipjudp wyuown-
wubl] ki pEiutwsniujut wnkiwpinumpniubbp: TEqujupt) £ twub 200-hg
wyk h dmghunpnuwlui phqbp b onipe 350 nhyynduyhtt nt wjwpunulub wyhw-
wnwtptbip:

Juqqbkt Ukjhpywip 2UMNZ «UhypnkEjupnbught ujpbdwibp b hudwlwp-
qtip» wiphntih Juphsh £ ipw hhdtwnpdwi opgwihg 2001p. -hg, Uhudwdwbuy
hwinhuwiund £ «Uhtuinthuhu Updkthws puEpnipyut ntunidbwjut nphywpuw-
dkuwnh wtopkup, 2UMN2-h b EEjupntuht wjunndwnugduws twpuwgsdwt puw-
gujunh hwdwyhwphuyghtt wnweunwp «Uhtunthuhus puljbpnipjut hbn hudwntn
Juwnwpynn EiEjupntwiht wjundunugus twpwugsdwub phuquyunrh hudwy-
huwphuyhtt wnwowwwp «Fnih - Uptnnunpnipniiy Yppuljubt dnnbih hhdtwlwb
hnpwgnpénnp: Lpw Ynnuhg unbndyws ntundtwljut ynipbpp b nkunipuitpp quy-
unpkl Yhpunynd tu puquuphy Epyputph 2000-hg wybih wnwewwnwp pnthkph
(Uwuwsniubpuh nkjuninghwljwt, Unkudnpnh, Fhpyihh, £Edppheh, Opudnpnh
hudwjuwpwutp b wy) nuunidtwljut gnpspipugnid b hwdwojuwphwht tow-
twlmpjut puytpmpmitubph (Pupt), UyEdYh, Lniwpnd, By, Uwudunttg, Ultung
Thduyuhu b wy ) nuuntdtwljut Yeunpnuubpnud: 9.8, Ukjhpjutp hwdwpe hpw-
Yppdmud £ wpnbpyph puquuphy hupnih hudwjuwpubitp quuwemunp-n-
ubip juppune:

2004p. nljnntdpbph 1-ht «Uhtinthuhu Updkuhuw» @RC-h bt Z2N&Z2-h vhol upywd
hwdwgnpsulgnipjut hwdwdwjuwgpny UU b Z wdphnup qupdwy «Uhtunthuhup»
hudwohwphuyhtt hwdwjuupubwlw Spugph winud b oqunynud E pulbpnipjut
ynnuhg pupdpnpul] Yppnipjudp nuwbnnubph yuupuundwip btyunulw-
niqnjus hudwppwphwhtt hwdwjuupubmjut spuqpbph unnnulny Yppw-
Jut b hbnwgnunuljui 1900 hwuwnwwnnipnibibpht mpudwnpynn gnpshpuyht
Uhongutinhg nt mkuninghwutiphg:
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Udphntut hpujwbwginid t pujujudpuljub, dughunpnuwljuw b wuwh-
pubinwlut Yppulut dpwugpbp: Muwbnnubph pbupnipmniip junwupdnmd k
«Uhtnthuhu» pulipmipjut thnpdwnnt dwubtwugbnttph b hwdwjuwputh wow-
ownwp uuwjunuibph Ynnuhg: Pujujudpulub spugph hhdtww Yppuljut
thnyhg 2-pn Ynipuhg hbnn muwbngbpp dpgnypny wighkng Jupnn b pwpnt-
twl ki hpkug ntunignudp hwdwntn Yppulju wju Spugpny:

Puljuupulul, dwughunpnuulju b wuyhpwbnwlut spwugpbptt hpw-
Juwbwgyniud tu UUNRY-h Ynndhg dowljyus «bunbqpuyy ujubdwibph twpwgsnid
b BjEjunpntughtt twhowugddwt wjundwnwgnud» niuntdiwljut Spugpbpny: Uju
huwdwwwpthwl ntundbwlwt Spwgptpp juqudl e SS b jhuwhwnnpgsuyht
wpynibwpkpnipjut nnpnubph wpwewwnwp pulkpnipnitubph tbpluwhu ww-
hwottph hwoqundwup b ninpnh jujugnyb thnpdwgbnbph b nwuwpinuubph
ubpgpuydudp:

Tuubpt wighugynid ki hwwnntl] vwppuynpnidubpny hwgkgus jumpui-
ubpnud, npunkn mipwpwbynip ntuwbing nith htwpwynpnipmit® ogunnykint «Uh-
unthuhu» pulbpnipjut Ynnuhg tdhpwpkpjusé tnpugny ELU Spuqpuyght gnpsh-
puyghtt Uhgngubphg b untinstnt puquuuyhuh ntunudbwjut twhiwgstp: Ffwuw-
Juunnudp, hsytu b Ynipuuyghtt twpuwgstph, wjupunuwlui wopwnwiputph, dw-
ghunpnuwljut phqtph b pjutwsniwljut wnbiwjnunipmnibtitiph nEjwupnod-
ubpt nunynpydws Lu «Uhtnthuhu UpdEthuwgnid» Juunwpynn wppnibwpbpujut
wtwlmpjudp twpwgstpht, npnup hpwjwiuwgynid tu «Uhtunthuhup» wnw-
ownwp thnpdwghnubph b hwdwjuwpwutbph thnpdwpnt nwuwpinuubph Ynnuhg:
Cunn hwdwjuwpub-wpyn wpkpnipymt Yppwlul dnghih’ htsybu 2UMN2 npul-
Ju puuwinuubkpp, wyuybu b «Uhtnthuhws puyEpnipjut jadugny dwubwugbn-
ubkpp dpgnipuyhtt Enubtwlng hpwdhpynud bu puuwduunbint wdphnund: Yppenn-
ubph wyuyhuh (uyt puqUuqunipyudp wywhnyynud £ inbuwljut ghnkihputph
b wpwewynp fwpunupughnnulu thnpdh hwdwnbnnidt wdphnunid:

2UMZ-mud wpnk 23 tnuph hwennnipjudp Jhpundws «Uhunthuhuh» Yppw-
Jwl unylyp Uprgniiupbpmpymt/Roth ubpun hudwgnpsulgm prundp, wyguthngnud &
dwubugbnibph yunpuundwb gnpspipugh’ wpyniupkpnipyui ywhwiyhh-
nhtt wnwykjugnybu dnw huknt htwpwynpnipni: «Uhtunthuhu» plljEpnipjut
nusnidubipnh oqgunugnpénid ntuwbinnubpht nEnbu ntunmdtwnnipjwt ptpwugpnid
npudknnud | wohiwmnwonijuyhtt wmthpwdtown ghwnbkihputph nipugdw htwpuyn-
nnipnil, hulj oppwtwjupunitpp dknp i phpnid pupdp npujuynpnid b nhpw-
whinmd ki withpwdton hunmpniubph’ husybu «Uhtinthuhu Updbihugnuds,
wyiyku £ SS ninpunh wy) wpwewwp pulkpnipniuubpnid wypwnbnt hwdwp:
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2UMz-Uhunthuhu hwdwnbn gnpénn wdphnut hp dpwugph hpugnpsdwb 25
wnwnhubph ppugpnid hwub) E witwnnt hwonnnipnititph. 90 wuwyhpwuwnubp
hwonnm pjudp wwonwwil) ki wnkiwpmum pmnibikpp” unwwgny ghunm pynia-
utiph phliuwénith npuljuynpnid: Uhts opu wdphnp pnnunlky k1500 opgwtuduipun,
npnig 100%-t wohiwnmd k dwutiwghnwlwi npnpuntd, wyy pyntd onipe 70%-p
«Uhtnthuhuntuy, dhugusp nkquljui SS npnpunj wy phljpnipymbibpnud:

Lowlimljujhg k 9. Ukjhpjutth gnpénitubinipniip bwb jppuljuit-hwuwpu-
Julwt wuyupkgnid. 2007p. -hg hwinhuwind £ 2ZUNZ Ghunnwljut junphpnh wb-
nuid, 2020p. -hg 2UMNZ Znqupupdnibph junphpph winud, 2021p. -hg 22 SUU
wuuquhm pjul winud, 2021p. -hg IEEE unjuq winud: Uh pwpp pathbph, wyy
pyYnud’ twl Lupjutth hwdwjuwpuh (Rhtwuwnwl), Unuljduyh HEjupnuught inkju-
uhyuyh httunhnnunh (nruwunut), Gypnyuljut Yppuljut mupuswopewiu-
1ht whwntdhugh yunuignp wpnptunp k puquupiy] dhguqqughte hinhwljudnp
ghnnujut yuppbpuuuubph jpdpugpuljub Ynjkghwubph winud b gjawynp
hudpughp, vhowqquyhti ghvnnwdnnnyubiph spugpuyhtt hwdwdnnndubph twpw-
quh, wunud jud pudwindniph njudup, wnkiwpimumpniiitph yuwonwwint-
puubph dwubwghnwlut junphnippubph btwpuwquh b wunwd, Uhlpnkky-
npnuhugh huywunuiyut wdkudjw Thgwqquyhtt ojhdwhwnuygh Spugpuyht Yn-
dhwnth twhiuquhb, SS ninpunud Zwjuunwth Zubpuybnmpjut Lupowuqubh dpgu-
twljupwphinipyut hwtdtwdnnnyh winwd, ghnnmipjut b mEjtuninghuyh ninpunud
22 twjuwmquhh dpgutwlh hwtdbwdnnngh twjuwquh, SS phwquuenid judw-
gnyjtt ntuwbnnubpht b wowlbkpwnubpht sunphynn Yppulub yupqhubpph dpgu-
twljwpwppunipyut hwtdtwdnynyh wunwupwbwnnt pupnniup:

‘Lpu Juutnuljp tpwtwynpgus E puquuphy yhnwljut gqupqhttpng b gk-
puunbtuswju dknuyibpny. 22 qupsuytinh «nipwdtnup» Shuinniput b jpenipjut
qupqugiui gnpémid tkipppus wjwunh hwdwp, Zujuunwuh Zubtpuybnn pyut
Yppmipjut b ghunipyul twwpupnippub pupdpugnyi wupgh' «Qulk Uk
Uppnipjult U ghumpjut nnpunud tkpppus dkdwgnyt wwiinh hwdwp, 22
wunyuwinipjut twhwpupnipjut «dwqqkt Uupgquyuiy, «Fupkghl ‘Ldgkh» b
«2Z ghiqué nidkph 20 nwuph» dknujubp, 2UMN2 «Nulk dnuyp», Gplwth wyhnw-
Jut hwdwjuwpwuh «luljt dbnuypr, Onuu-huyjujut (Ujuynbwljwl) hudwjuw-
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«Zuyumuinuth ghuumpniattph wqquyhtt wugtdhuh b Zujwunwth wqquyht
wn hnbuthjujut hwdwjuwpwih nintughp. mbuthjuywbh ghunipnitutph ukphuw»
hwinbunid nyugpynud . mbuwui b thopdwpwpwlui hbinwgnunnipnibubph wpn-
jniuputpp nwkuthjulwi ghnnipniiutph htnbyjw) pudhuutphg dipkiwohunipeinil, dkinw-
Inipghw, ynipwghwunnipinil, pugtppoquuugnpsdwt mktninghwubp, shttwpwpulu Yu-
pnigdusplitp, hhnpuyihju b hhppnnkjuhfjulwt juenygubkp, tukpgknhlw, LEjunpw-
wnkhthlw, ghnwljut vwppuohtnipnit b swhnquljut wkthw, hwrynnujub nk-
uhjw b hudnplwnhluw, nunhnbEunpnuhw, dhypnbiupnuhu, jugbpughtt wkjuuhiu,
wyunndwnugnid b jurwujupdwt hwdwlupgbp:

Zuwnhunud (nuuwpwidnud o wjunbdhwlub b gniqughtt ghnwhbnwgqnuuub
htunmhwnnunubph, pothkph, qhrnwwpuunpujun Jhwynpmudutph b wyp juqiulbpynt-
pntuttinh ghnwlui gnpéniubtnipjut wowyk) juplnp wpyniupubpp:

Zwbnbuh hhdtwlwt tyuunwlt b upuil] ghnwnbuthjuljut wowgptipugp b
tywuwnb] wprunpmipyut Uk wyn wpyniupubph ukpppdwin:

Zuunbup twjpuwnbuuws b fupunwpugbnibph, hbnwgnunnutph b ghntwljwi-
ubtiph (g opowbittinh hwdwn: Lnyu E mbkutnud Epkp wdhup dkl whqud:

B xypnane "UsBectus HanuonanbHoil akazemuu Hayk PA u HanuonanbHoro mnomurex-
HUYECKOTO YHUBepcuTeTa ApMeHnH. Cepusi TeXHHYECKUX HayK" MyOIMKYIOTCS pe3yIbTaThl TEOPETH-
YeCKUX M IKCHEPUMEHTAJbHBIX MCCIIEJOBAaHUH, OXBATHIBAIOLINX OCHOBHBIC pa3]eibl TEXHHUYECKHX
HayK: MalllHHOCTPOCHUE, METAUTYPrHisi, MATePHAIIOBEICHHE, TEXHOJIIOIUH HEPOIIOIb30BaHus, CTPOU-
TEJbHbIC KOHCTPYKIMH, THAPABINKA U THAPOTEXHUYECKUE COOPYKEHHsl, SHEPTeTHKA, IEKTPOTEXHUKA,
Hay4YHOE NPHOOPOCTPOCHHE M M3MEPUTEIIbHAS TEXHUKA, BEIYUCINTENbHAS TEXHUKA U HH(pOpMaTHKA,
PaaNOdIIEKTPOHNKA, MUKPONICKTPOHHKA, JIa3epHAs TEXHUKA, aBTOMATU3ALUs U CUCTEMbI YIIPABIICHUS.

KypHaun siBisieTcs: HEPUOIMYECKUM M3aHHEM, OCBELIAIONINM HanboJee BaXKHbIC PE3yJIbTaThl
HAay4YHOH NEATeNBHOCTH aKaJIEMHUYCCKHUX U OTPACIEBBIX HAyYHO-MCCIIELOBATEIbCKMX HHCTHTYTOB,
BY30B, HAy4YHO-IIPOU3BOICTBEHHBIX OOBEANHCHHUN 1 1I.

OcHOBHasl 1IeNb JKypHaJIa - PONaraHaupoBaTh QyHIaAMEHTAIBHBIE U MPUKIAAHbIC HCCIEN0-
BaHMS B O0JACTH TEXHHYECKHMX HAyK, CIIOCOOCTBOBATH BHEAPECHMIO HX PE3YJIbTaTOB M YCKOPCHHIO
Hay4YHO-TEXHHYECKOTO IPOrpecca B IIPOU3BOACTBE.

XKypnan paccunTaH Ha IIMPOKHHA KPYT YYCHBIX, HCCIICIOBATENCH M MH)XCHEPOB. BhIXOIHUT
OJIMH pa3 B TPU MeCsLA.

The journal "Proceedings of the Republic of Armenia National Academy of Sciences and
National Polytechnic University of Armenia. Series of Technical Sciences" publishes the results of
theoretical and experimental investigations concerning the main branches of technical sciences:
mechanical engineering, metallurgy, material science, mining engineering, natura utilization, building
constructions, hydraulics and hydrotechnical constructions, power and electrical engineering, scientific
instrument making and measuring devices, computer science and informatics, radioelectronics,
microelectronics, laser eqeupment, automation and control systems.

The journal is a periodical edition that presents the most important results of scientific
activities at academic and branch scientific-research institutions, universities, research - industrial
companies, etc.

The main task of the journal is the propaganda of fundamental and applied investigations in
the field of technical sciences, and the promotion of their introduction and the acceleration of
scientific and technological progress in industry.

The journal is intended for a wide range of scientists, researchers and engineers. It is

published once in three months.
3% % %
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2NHUOLECP 269 U4 NI UUL TULauuert

Upnipn ludpugpnipeintt ukpuyugynud k pun hbnbyw) yuwhwbeubph.

1. Bplynt ophtiwy, twl EEhupntughtt mwppkpuynyg, huwdwlupgsuyhtt pupduspp’ Microsoft
Office Word: ZnnJwsh swjuwyp Yupnn b huk) dhtgh 10 ke, hwnnpynudubphup' dhigh 4 te: Skpuwnp
swpunpymd £ A4 swithuh pnph ypw, wojuwwnwpughtt nupwnp' Top-5ud, Bottom-4,75ud, Left-6,2ud,
Right-1,8ud, Footer-4,5ud, dhpnnnujhtt mwpwsdnipniup (Line spacing)' 1,15, wupphpnipniup (First
line)* 1 udl: Zwjkpkl (hlynt nhypnid ympp supunpgmd k Sylfaen tnwpwnbuwlny, nwpwswhp' 10,
huly pniubpbl Jud witgbpkt (hukm gypmy® Times New Roman nwnwinbuwlyny, nnunwsudp' 11:

2.@nph Ykpbh dwjp wilpniund gpdmud E hudwyhunwih nuutnppuljut nupuljuihop
wnbkpuinhtt hulwyuinwupiub 1kqyny (28%, YAK, UDC), hwgnpn nnh Yhnpniunud® gjluunnwntpny
htnhtwl(ubkp)h wijwi-hupwidui uljqpiununtpp b wqquiunib(ubp)p' bold, 10 mwnwywthny
huykipkt, whqkpkt & pmubpkl nbkpunbph nhuypnud: Zonjwsh Ykptwghpp npynud £ hinhtwlh
wqquinjwlp hwenpynn wnnh Jenpntnud® bold, wdpnnenipyudp quwnwnkpny 10 nwnwswihny
huytipkb, wiugbpku b pniubpk wkpuntph phypnud:

3.Unipp ujuynud E wdthnthnudng (winwnwghw) wjt 1kqyny, npny tkpjuyugdus t: Ud-
thnthndt wjuwpuynd £ wpwgpwjht puntpny’ nmwnwswithp' 9 hugbpkt wkpunp pliypnid b 10
wwnpwswihng whqkpkt b pniubpk wkpunkph nhypmy, b dhwgi «Unwbgpuiht punkpy wpnwhug-
unpniip® bold, italic: Unithnthniup wlwnp E hith 500 tthohg ny wjtyh’ Gbpunyuy dhgwluypbpp, wnwbg-
pughtt puntpp fud punpwlwyulgmpiibtpp’ 4-8 pun:

4. Bpupliwynpynd | yniph owpunpdwt hbnlyju) jupgp. «Ukpwdnipniu», npp whwp b
hwdwrnun ubkpweh hwpgh hdwlp, phduyh wpnhwlwinipniip b hbnwgqnunipyut tyyuwnulp,
«vunph npduspp b dkpnnhlugh hhdbwynpnudpy, «ZEnwugninmipjut wpyynibpbkpp», «Gqpulju-
gmpniiy, withpudbynnipjub nhypnid’ twl wy) pudhutbp” hudwyunuuuwi Jeplugpbpn:

5.Skpuinnud hnmulubpp gpuijutinipjubip tognud ko mpnuitiynit thulugdtpny: Autiwdlitpp
tbpyuyugdmu ki tnp nnnhg, Equation Editor dpwugpny, italic, munwswthp' 11, wihpudbonmput
nhypnid hwdwpwluwdnud B minnh Jipenud” unynpuljut (4np) thwljugsh dbe:

6. Vjuputptt nt wnniuwfutpp hwenpynud . wkpunnid hwdwwywwnwuppw hnnudubpht:
«UY. » b «Unyniuwly puntpp, tjupubph dwjugpnipniop b wynuuwubiph widuiunudubpp gpgnud
kb Italic 9 nwpwsuhny hwjkpkt nhkpunh ghypnid b 10 nwpwsuhny  whgkpkl b pnubpki
wnbipunbph nhypnid:

7.Stpuwnhtt hwgnpymd £ gpuljuuinipjut gmulp' 9 nwnwsuhny huybpt mkpunh nhypnid b
10 wunwswihny] wigibpky b pniukpbll nkpunbph ghypnid, dhug hinhwlh wqquim b e wigub-
hujpuijui uljgpunwntpp’ bold, «Fpwljwtnipjui guuly wpnwhwynnipmiup’ wnnh junpnund,
qlluununkpny: Swlmu gpujuwimipjut mpupwisnip wnpmnip hudwpwlwpnud E puin inbkpuinnud
hp hndwt hEppuljuinipyui: puljuinipjut wnpnipubpp Wuppbpuwt hpuwwnwpulnienititph
nhypnud ubpluyugynid ki hbnlyuy Jupgny. hinhtwlh wqquiniip, widui-hujpubub uyqpunw-
ntpp, ykptwghpp, hwinbuh wiquinudp jud pugmdws hwywnudp, hpunwpuldwh wwupbphdp,
hwnnph ni poqupluiwh hudwpibpp, hippuljut hudwpp, hoeh qenbgiwb tbpp, qppph phygpnad’
htnhtwlh wqquuniup, wijub-hupuwijui uqpiwnwetpp, iptwghpp, hpunwpuldwi Juypp,
hpuwwnwpwlsnipniup, pyuljuip, kotiph puwtwlp:

8. Apulwimpjut guwuljhtt hwenpynud Eu wdthnthnudubpp djniu bplyne (kqnitkpny (pt wikpuwnp
hutpk £, wdthnthmuubpp bwh' powubpbt, wyw® wigbpkl, ek pnwubipkt b, twje® hwybpby, wyuw®
whqbpkl, Ept whqbpku £ twpe’ hugbipbt, wyw' pnubipby): Udhntnudubpp popnp Epbp (Eqniitkpng
hptug pnjwinulnipjudp b wnwigpwjht puntpny whwnp k1hukt tnybwlwi:

9. Skpuwnp unnpuignynid k hinhtily(ukp)h Ynndhg, tognud £ yympp fadpugnnipinis hwbdubno
wduwphyp: Skpunh dpugpyus b uppugpyus nwppkpulp hudwdwyitgynd Ehtnhtwl(ukp)h htwn:

10. zEnhtwl(ukp)u wowbdht keny ubphuyuginud £ (k) wqquinih, winth, hujpwiniip
(inhd), wohrwinwjwyph, unnpbim Juyph iphy winjwnwdp, qpunbgpus yupwnnbp, ghunwlub wuwnh-
Lwlp, hinwhinuwhwdwpubpp (wojuwwnwipuyhty, b b peouhl):

164



MPABUJIA O®OPMJIEHUSA CTATEM

MatepuaJ npefcTaBaseTcsl B peJJakIiUI0 B COOTBETCTBUU CO CJIelyIOLIUMHU NPaBU/IaMHU:

1.Cratbs B IBYX dK3eMIUIsIpax U Qait crateu B hopmate Microsoft Office Word. O6bvem cratbu
He Jo/DKeH npeBblmarh 10 crpanun, o6beM cooOmenuit — 1o 4-x crpanun. ®opmar crpanunpsl — A4.
Pa6ouee mone: Top — S5cm, Bottom — 4,75¢m, Left — 6,2cm, Right — 1,8cm, Footer — 4,5¢cm, MexcTpo4HBIit
unrepBan (Line spacing) — 1,15, xpacHas ctpoka (First line) — lcm. Jlist craTeu, HampcaHHOW Ha
apMSHCKOM si3bIke, npumMensiercst mwpudt Sylfaen (pasmep mpudra - 10), a Ha pycCKOM M aHIIIMICKOM —
Times New Roman (pa3mep mpudra — 11).

2.B 51eBOM BepXHEM YIJIy MEpPBOrO JIMCTa YKa3blBACTCS YHHBEPCAIbHbIA AECITHYHBINA KilacCH(DH-
karop (2SS, VIIK, UDC); crpokoii Himke - uannuans! (M.0.) u damunus - 3ariaaBHIMA OyKBamu, WpuT
Bold, pasmep 10 — Ha apMm., pycC. ¥ aHIIL. 513., BRIPABHUBAHHUE TI0 LICHTPY; CTPOKOH HIDKE IO IIEHTPY YKa3bIBACTCS
Ha3BaHUE CTaThU — 3arjiaBHbIMU OykBamu, wipudT Bold, pasmep 10 — Ha apm., pyc. U aHrII. 513.

3.Marepuan TeKcTa HAUYHMHACTCS C aHHOTALMHM W TPEJCTaBISIETCS HA TOM s3bIKE, Ha KOTOPOM
HamucaHa cTaThs. TEeKCT aHHOTAIMK JOJDKEH COCTOATh He Ooyiee yeM u3 500 3HAKOB, BKIFOYasi MPOOEIIBI.
[Tocne aHHOTAUMK MHUIIYTCS KIFOYEBBIE CIIOBA — OT 4-X /10 8-U CJIOB MM CIIOBOCOYETaHMil. Pasmep Tekcra
aHHOTAIlMM W KJIIOUEBBIX CIOB 9 — Ha apm.s3., 10 — Ha pyc. W aHrI. f3., cioBocodyeranue “Knrouesvie
cnoea”- Bold, italic.

4. PekoMeH/IyeTCsl CIeAYIOMINIA MOPSA0K HM3JI0KEHHSI MaTepuaia CTaThbH: BBEICHHE, B KOTOPOM
JIOJDKHBI OBITh KPAaTKO TPEACTABICHBI COCTOSHHE BONPOCA, aKTyaJbHOCTh TEMbI U IIEJIb HCCICIOBAHHS;
MOCTAHOBKA 33Ja4d M OOOCHOBAaHHE METOMMKH; PE3yJIbTaThbl HCCIICIOBAHUS; 3aKIIOUCHHE (ITH, a IpU
HEO0OXOJMMOCTH, U APYTHe pa3aeibl J0JDKHBI HMETh COOTBETCTBYIOIIHE 3aT0JIOBKH).

5. CCBUIKH Ha JIUTEpaTypy B TEKCTE JAIOTCS B KBAJIPATHBIX CKOOKax. PopMyIibl U MaTeMaTHYECKHE
BhIpaKeHUs1 Habuparotcs pepakropom Microsoft Equation, italic, pasmep — 11. ®opmyiel HabuparoTes ¢
HOBOM CTpOKH, BbIpaBHMBaHWe MO LeHTpY. [Ipm HeoOXxoaumoctH, uX Hymepyior. Homep d¢opmyibt
pacrosiaraeTcsi B KOHIIE CTPOKH, B KPYTJIbIX CKOOKaX.

6. PucyHKE 1 TaOIHIBI PACIIONAraroTCsi B TEKCTE 0 XOIy cChbUiky Ha HuX. CroBa “Puc.’, “Tabnuya’, a
TaK)Ke Ha3BaHUsI PUCYHKOB U Tabnui nuinytcs italic, pazmep 9 — Ha apm.s3., 10 — Ha pyc. u aHIIL. 53.

7.B KoHIIe CTaThH JaeTcs CHHCOK JMTEpaTyphl: pasMep 9 — Ha apm.si3., 10 — Ha pyc. U aHIIL. sI3.
CioBocoueranne “CIIMCOK JIMTEPATYPBI” pacrionaraercst B IEHTpe CTPOKH 3ariIaBHBIMU OYKBaMH,
Bold. IutupoBanHas jauTepaTypa HyMepyeTcsl B MOPSAKE CCBUIKM Ha Hee B Tekcre. Kaaplii MCTOYHUK
NpENCTaBISIETCs B CACAYIOLIEM MOPSAKE: B CIydae CChUIKM HA CTaThIO M3 )KypHaa: (paMuiIusi, MHUIMAJIBI
HN.0. - Bold, Ha3Banue ctaTbu, Ha3BaHUE JKypHAaIa, MECTO U3JIaHUsl, TOJl U3[aHUs, TOM MU HOMEp U3JaHus, C
Kakol 10 KaKyl0 CTPaHHUIIbl 3aHMMAeT CTaThsl B 3TOM JKypHalle; B Cllydyae CChUIKM Ha KHUTY: (hamuims,
ununuaiabl M.0., Ha3BaHMe KHUTH, MECTO H3J[aHWs, Ha3BaHWE W3JATeNIbCTBA, I'OJ H3JaHHs, oOliee
KOJIMYECTBO CTPAHHUII.

8.Ilocne nmuTepaTypbl MPEACTABISIIOTCS AHHOTALMKM BMECTE€ C KIIOYEBHIMU CIIOBAaMH Ha JBYX
Ipyrux s3bikax. Eciam craThs HammcaHa Ha apMSHCKOM SI3bIKE, TO CHayasla JAeTCsl aHHOTAIUS Ha PYCCKOM
S3bIKE, 3aTEM HA AHIVIMMCKOM; €CIM HalMCaHa Ha PYCCKOM S3bIKE — COOTBETCTBEHHO HA apPMSHCKOM H
QHIJIMHCKOM, a €CIIM Ha aHIJIMHCKOM — COOTBETCTBEHHO Ha apMSHCKOM U pYCCKOM s3bikax. ConepxaHue
AQHHOTALMH U KITFOYEBBIE CIIOBA JIOJKHBI OBITh HA TPEX A3bIKAX OJHHAKOBBIMU.

9. CraThs MONKCHIBACTCS aBTOpOM (aBTopaMu). B KoHIE cTaThu craBWTCS AaTa (YHCIIO, MECAL],
roj) mpenacraBieHus cratbi. OTpeIaKTHPOBAHHBIH M OTKOPPEKTUPOBAHHBIH BAPUAHT PYKOIUCH COTJIACOBBI-
BAaCTCS C aBTOPOM (aBTOpamH).

10. Ha otnmenbHO# cTpaHuile HEOOXOUMO MPEACTABUTH CIIEAYIOIINE aBTOPCKHE JaHHbIC: (haMiIus,
UM, OTYECTBO; MOJIHOE HAUMEHOBAaHHE MecTa paboThl, MecTa yueObl; 3aHMMaeMas JOJDKHOCTb, Y4eHas
CTeIeHb U 3BaHue; HoMepa Teae(OHOB (CITy>KeOHbIH, JOMALIHUH, MOOWIIBHBIN).
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RULES FOR PREPARATION OF MANUSCRIPTS

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

1. The authors are requested to submit two hard copies, and also the electronic version of the
manuscript by Microsoft Office Word. The volume of scientific paper is limited to 10 pages, and to 4
pages for short communications. The text should be printed on A4 sized paper. The text margins
should be: Top — 5cm, Bottom — 4.75 c¢cm, Left — 6.2 cm, Right — 1.8 c¢cm, Footer — 4.5 cm, Line-
spacing — 1.15 cm, the first line — 1 cm. Texts in Armenian should be printed by the Sylfaen, font size
10, and the texts in by Times New Roman, in font size 10 .

2.0n the top left corner, the Universal Decimal Classifier is placed in the language of the
manuscript (287, YK, UDC). The initials and the surname(s) in font size 10, bold for texts in
Armenian, English and Russian should be in the centre of the next line. The title should be placed in
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