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Upwlgty £ Al-Cu-Cr-MoS: pununpmipjudp huljupthwljui thnobndwynghwnuyghtt ynt-
ptrh vnnugdwt mkhuuninghw, npp hhdtgws L swljnunjtt dwdjuspubph tnwp dyuldwudp
Juunugdwt dkpnnutph Ypu Ut pungpnud b dknnwunuithnphitiphg pndujuuntimipnh wyunpuu-
unud, Sulninljkl dwdjjuspubph dwdjnud, tnwljuynud, wwownwwihy puwiyniphpny swslne-
puyyunnid, tnup wpwdnnd jud nwp gpnoudnid b wdpugung obpuuyhtt dpwlnud: Upwly-
Jh kb twl wwownwwbhs punipughtt Swsynypitph tnp Yndwynghghwibp' hhulfws plw-
Jut upjpjunughtt wmywpubph Ypu: Npybu fulbnwht ynptp yipgpydt) o hpuphow-
jht irwpuadh b puqupnh thnghtibp” dhtish 63 #/ dwuthubph swihng: Muninpyh punu-
npnipjui vke gyt ki dwljipinipuwlnhy wyniptp, npnup hiwpwynpnipynit B mwhu
Ytpwhuljti pwnunipph hwjdwb ghpdwunhgwp (uytt mhpnypenud (873...1473 8): Pwugh wyn,
dwlbpinipuwlnhy yniptpt wywhnynd Et nwp wpunwunnudhg htnn gpughtt dhow-
Juypnud swsynyph htown hknwgnudp:

Unwbgpuyplr punkp. wnudht, huljwothwlwut Yndwynghwnuyhtt ynipbp, pnduiwn-
unipn, dwdnud, tnwjuynud, wwp wpnwdnnid, dunid, Spugnud:

Lhpwbnipini: dudwtwluwlhg wkthfund wynidhth hhdpny thnpklnd-
wynqhunwjht ymptph b gpuighg thnptwpununpunbtuwjubph uvinugnudp thnok-
Ubknwnipghuwyh wdktwnhttwdhly qupqugnn &nintphg dklu b Tw pugunpynid
E ns vhuytt wwipujutt nkhutinjnghwtbph hwdbdwn thnobdbnuympghuljut nkju-
unnghwkph wnwybnipnitutpny, wlb pupdp Phqhjuju b vbpwthjuljut
hwwnnipniuutpny phpl hwdwdniuspubp uvnwtwnt hbtwpuwynpnipjudp:

Zuyunbh k [1-6], np wnudhuh thnobdbwnwnipghwyh ptwquyunnid ghunw-
Jut htlmwgnunipmnitubpt hpwjwtwugynid Bu. pupdp mbuuupup wdpnipyudp,
Jupdpnipjudp, dusnighnipjudp, npnghnbwljuniuntpjudp, shpduljuyniunip-
judp dhtsl 350...400°C obpdwunhdwuubp, hsyhu twb pupdp hwlurthuljut
hwwnlnipnitiutpny, dwpwljuyniinipjudp b hnqwdwhtt wdpnipjudp thnpbhwilw-
Antpjusputiph b thnpbndwnghunuyhtt yniptph vnwgdwt nugnnipmnittipny: Zw-
dwdwyl [7, 8] wotwnwiiptibph hwljwothwljwh tyniplphg yuhwieynn huwnlyn -
pibiikpl ki pthdwlb gusp gnpswljhgp, pupdp dwpwluyniinipmnip b Ypnnnt-
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bwlnipnibp, (wy dowlybhnipiniup, pupdp wdpnipniup unwnhly b nphtwdhly
(wupnidubph )y, pupdp obpdwhwnnpnnipiniup b owwn gusdp ohpdwghtt ptgup-
dwljuwl gnpdwlhgp:

Zujupthwlwi thnpbndwnghunughtt yniebph hhdtwlwt wnwybnipniip
hlptwymnuwi kplinyph wwywhnynidb b, wyuhtpl thnpbiymph swinunhubpnid
quinn puwiymph skpnh wwhywinudp, npp Wuonyuwimd L wnwigpuljuiih
ymphl wnbwnugh dwonidhg b (hubieht Juyskinig, htnbwpwp JEputmd £ wunwig-
puljuih htwpun]np puhwinudp puugninh dunulupupdwi pupupbgdub yun-
fwpny: Puptiwyninyny wymiptph jupnigqusph hhdtwljuwt wnwidtwhwnlnip-
ittt wyl E, np gpuugnid pununphsubph gonpswonypubpp punnpb wmuppbpuly-
Jws L Pununnphsubph dh dwup juunwupnid & wpnwpht jupnidubpp Ypnnh
ntp, hul Untubbpt wywhnymd & hwjwothdwb hwnlmpniuubpp («yphtin puw-
Wniphp»): Pununphsubp ptnipiihu wuhpwdton E hdwbtw) whin puwiynipbph
thnpuuqnbgnipjut punypep vuypuyh htwn, putth np hydwt dwlkplingenid, wjuhpt
wlgniduyhtt okpnnmd dwquyyhtt hnpupwjbpynipmibipn jupnn o qquhnpku
thnjul] wnwigpwluh Wniph pughwinip junnigduspp, hsp Jupnn b wqply
othujwt hwnlmpiniubph Jpu:

unnh npywspp b dkpnghliuyh hhdtwdnpnudp: Upjumwnwtiph byqunwl k
nruntfbwuhpl) wynudhttughtt hwljuwythwlwi hwdwdnyuspubpp b thnoklndun-
qhwnuyghtt yniptpp, puguhuwjnb] gputg vnugdwt mkuunnghujut wnwtdiw-
hwwnlnipniutbpp b dpwljl) Al-Cu-Cr-MoS: pununpnipjudp thnoblnduynghwnw-
jht ympbph vnwgdwl nkjuinnghw oquugnpstiny wuwsnwwths-punipuyhin
dwblynypubp:

Cthiwl gnpépupwgutph YbEpnisnipniup gnyg L wiwihu, np hyynny dw-
Jtpnyputpnh dupyusnipjut wipugnipmniup npnoynud £ hhdtwjuumd tpypnpmw-
1ht unnigduspubph hwwnnipnitubpny b dkduybu jupudws E wyy duljbplingp-
ubpnud Alwdnpjws opuhnuyhtt punuptbph hwnlnipniuubphg: Cun npnud,
Juplinp k ny ph Uk hunlmpintt, wy) npuitg wdpnne hudwihpp Jupspoipgmid,
wupnipntl, thupniinipniy, dwybpbngph htn juyh wdpmppia b wyji: Uw
huhun puppugunid £ hwljuothwljut yniph dugpulh pnpnipyut pughpp, npny-
htwnlt wnwugpuljuh owhwgnpsdwb nyju yuydwubtpnd pyponpnughtt junnig-
Jusputiph dbwynpdwt gnpdpupwugubpp ywhwp k puipwbwt dujpuljh dke:

busytu §ndynghwnuwht iyymptph UES dwup, wjtybu b wnidhtiwght §nd-
wnqhwnwght Wnipbpp, hwtinhuwinid i phpdnphttwdhlnpbt wthwjwuwpulon-
Jws hwdwljupgbp, npnugnid wnljw ku pununphsubph pudwtidut hwppnipmnii-
ubp b phtuhwljut wnnkughwjubph gpuphtun: Lhdhwljut yninkiughwutph gpu-
nhkinp Uhodwquhll thnjumgnbgnipyub, duubunpuwbu thnjuwnupd ghdn-
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qhuyh b phthwljut ntwlghwubph pwpdhs nidt k: Uwhdwbwthwl mppnypnid
wynuhuh thnpjuwqnbgnipmitibptt wthpudbown b juupydws hwnlnipmniutt-
nny Yndwynghunwghtt iympbph vnugdw hwdwp, vwljuji thnpowgnpbgnipniuubph
htntuhgugnmup hwighgund b §ndunghghuyh dkjpwthjuljwt hunlmpmniaubph
Junwugdwl [9-13]: Lhuhwljub thnpiwgpbnipniup Jupnn £ wbnh mubkiwg htywybu
yndynghwnuyhtt Wyniph vnwgdui, wjhybtu k) owhwgnpsdwt dudwtul: Guynit
hwwnlnipnitutpny Yndwynghnuyhtt ynipbpnud ndwnubbnibpp whnp (huku
phthwytiu hwdwlghh [14]: Zwdwihpp tbpunnd b phpdnphttwdhjuljui b fhub-
nhlulwb huwdwlgnipmitubpp [15]: hpdnphtuwdhjuybue withwdwlghh pu-
nuphsutpp npnowlh obplwunhfwbwdudwbwljuyht mhpnypnud jupnn b
1hut] yhuknhjuybu hwdwlhg b hwonnnipjudp swhwgnpdyt] Ynunpnighw-
ubpnud [7, 9]: Rhdpujut hwdwlgnipjut htkn dkjnkn ybwunp E wyuwhnybt] bwub
pununphsubph dkjpwthjulwt hwdwlgnipiniup, puth np yEpghthu wnuynipe-
jut yuydwbbpnid £ htwpudnp pudwidwt hwppnipjudp jupnudubph wpgne-
twybtwn thnpuwmtignidp [9, 16]:

ZEnwugnuum pjuh wpymbpubpp: Zknwqnuuniegniubph wpyniipnid ywupg-
Jb1 E np wynudhth (kghpnudp ynudnyg b dwqubqhnidng dkswgunid E Yndwyngh-
nuwjhtt ymph dwowjuntinipniiup: Lujpuydut wotwwnwuph Ynpt niith wow-
Jhugnyt Jhwn wnudh wydkh put 5% b dwqubkqhnidh wbkih pwt 10% wwpnt-
twlnipnitubph ghypnud (uly. 1): Bpypoppyuyhtt junnygduspubpp tbpjuyugund
Et ppywsth whin (nidnyp dknwnh htwn, npntp tjuqbgunid Eu dwpwljuyniine-
pintup b pujpwydwi ypngkup:
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Ul 1. Uwlklngph puypuydwl nnkuwmljupup wpjuunnuiph Jupnjwénieiniap jEghpnyg
wwppkph punuppnipmibhg wynudpb-ynhbd (1) b wgnmdhb-dwqbbghnid (2)
Ephindynikinn Indwynghunughl iynyebpnid
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Upnudhtughtt hmjuothwlw Ynduynghunwghtt inipbph tjundudp hknw-
ppppnipinitt wipunhwn wénid k, husp quydwbwynpnqws L nputg gusp junnt-
prudp b pupdp Ynonghwluyntunt pjudp: Cuwn [17, 18] wptwwnwitipubph wynudh-
twjht hnobkndwynghwnuyht yniptpt niukt pupdp hwljwothuljut hwnlnipmnii-
ubp, ntunh npuip hwdwpynid b wtwquyhtt b juyupuwyhtt ppnuqutpht hnpuw-
phunnubpn: Ypwbp nukt obplwhwnnppujwimpjut pupdp gqnpdwljhg, hist
wwwhnynud £ pupdp woppminniimnipynit (uly. 2) [19, 20]:

140~
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Uy 2. Uymdhbuypll Ahlpny Enwljuyywé wnwigpuluyalph (1) b ppnaqakph (2)
Eplupuwlkgnippul jupnjwdnipiniip fpnnpnilnunipinilihg (PV) wnubg jpugnighs
puwlyniph oguugnpdlwl wppruwnwiph nkwypnid

Luwyninh yuydwtbpnid wouwwnbint nhypnid swulnnljkt wnwugpwljwg-
ubpp Jupnn b yupnibwlby 10...60% swilnunhubp, npnup tkpdsynid Eu jninny
[17, 21-23]: Uubwilnunljku junniguép unwbtwnt hudwp swlnnljkt dwdjdwusdp-
ubkpp tnwuwnidhg htinn Bupuplyl) Bt mwp wpnwdndwt (kpunpniqhuygh), npp
htwpwynpnipnit | nwhu gnpstujuinud vinwbu] wiswlnnlkt junnigyusp-
ubp: Un. I-nud ubpuyugus bu ndjujubp, npnup gnyg b mujhu dkjpwtthljw-
Juwt hwnlnipnibttph jujujuésnipniup thnpbhwdwdnyusph (kghpnn wwppk-
nhg b swiynunltunipmnithg: Mnhtd b dwqubghnid wuwpnibwlnng wynidhiught
hwjwothwljwt Wnipkpp tpuouwynpynid Eu wouwwnbint gudp wnbkuwlupup
Lupudwl ul] wppuwnnn othdwt hwbignygubpnid npuyku vwhph wpwbgpwljwtkp,
npnbtn ypnbhjwlunhl JEpuinpngnudp gutlugh sk [24, 25]:

Cunn wphiwnwitp [26]-h’ 2% wnhtd wwpnitwlng wynudhtwghl thngkynd-
wynqhnwjhtt ympt muh wybh pupdp mbuwjupup wdpnipmnil, put tpluph
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Jwd ppntqh (5p10) hhupy thnokhwdwdniJuspubpp. thnpdwupldwt yuydwutbpt
. yunundwb wpugnipiniun - 1000...3400 wuy/powy ks, Supnidp —5...600 U b Ypnnnt-
uwlynipniup - PV = 34..3760 §q.u/uil

Unpniuwly 1
Upnidpbuyhl hwfuwothwlul ynipbph hudbdunnwlul hunnlniyent Gakpp

Udpnipjul Zupupkpulwb
Pununpnipniup uwhdwlip, os, UM Epupugnudp, 8, %
Al-5% Cu 140 -
Al-5% Cu 130...150 6...13
Al-(2...6)%Cu-(0,2...2,0) %Mg 240 4,0
Utnd hwdwdnijusph hwwnpljukp
Al-Pb* 75 43
‘Lnyup*™ 96 81
Tvwununipr ITA-2...5%Pb*** 80 21,0

Owhnpugpnipint nupwguml okplwmnpdwip dliunfnpnidpg wmug.
¥ -300°C, *? - 500°C, 9 - 300°C

Zandfwduh wphrunnuitip [23]-h knwlup]uws wynmudhbugh hudwdnipusphl
6% wuwugh wybkjugnidp 50%-ny dkswgunid k upw dwpwljuyniunipniip ppnugh
hwbdwn: Unun]bjugniji pogpunplh phintudnpmup b uwhph wipugm pymbtpp
ndjup mndut yupdwbtbpmd wphiwnnn wpnidhth hhdpny §ndwnghwnught bynt-
ptEnh nhwpnud tnyut By, hus ppnuqugpubhnh nhwypnud, npp Wupnibwynd E
0...4% qpudhwn b 9...10% wwg, npuug PV = 20 §g./uil.¢f: Gonujuws wynudhh
hwdwihp (Eghpnudp htwpwynpnipini E vnwhu bwybu punguyul] gpuw Yhpun-
dwb yuwpuwdbnpbpt nt wopiwnwbiph wuydwttbpp: fupdp hpudpnipndl, duyw-
Juyniunipinit b obpdwhwnnpnuljuiinienit niukt wynidhth hhdpng wy Yndwn-
qhwnuyghtt ynipkpp, npnup wupnibwnud B 5...10% Gplwph, thybh b ppodh fudph
Ukl Yud dh pwth dbkwnwnukp b 0...0,5 % uhihghnd [27]:

Upnudhth opuhnh wnfuynipmiip dkdugunud E iyniph dwpwljuyniumpnip b
httwpuynpmpnit £ tiughu wjt oqunmugnpsty vwppuohtinipjutt dke [28]: Upnidhith
hwwnplubph Jypwu opuhnuyhtt punuiph wejuynipniiap jutjund | phntwynpdwb
dudwbwy swhnunhubph UEyniuugnuip (ppiudnpnudp), huly thwdnly hhdpp
wywhnynud E Wyniph juy yEpudowlybjhnipiniun [24]:

Upjnudhtughtt thnpklndwynghwnughtt iyniptph hwjuothwljuwt hwnlnipni-
ubipp pupdpugubint tyuwnulng wbkh own oqgunugnpdynud ki whtn puwiyniptp,
htswhupp B gpuidpinp fund Unjhpnbh umiphnh nhuwbpu twubhlukpp: Swn
htwnwgnunnubph Jupshpny whty puwiympbpp Jupnn o dbwdnplp wydbjh
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wpynibuybn gupnwwihy punubptbp, npnup htwpuwynpmipni fuwt hpw-
dupyk] vmuy b puwtupdtp wiwghg nt juwwphg b wywhnyk) othdwb wqpk-
quunibkph wolnwwnnitwlnipnitt wipwpbbiyuun it guydwbtbpnid, his-
whuhp bkt vwhdwbwghtt jud Jhuwsnp othnudp: Spudphunh, unyydphnubph, ubjbihy-
ubkph, unnphnubph b hwngbuwghtt dhwugnipmmititiph wybjugnidt wynidhiught
hwdwdnJusputipnud htwpwynpnipnit k viwhu wyt oquaiugnpsty ukippht wyp-
dwl swpdhstibiph dbpkiwdwubpnid [29], huswybu twl' pthdwb wgpkqunbpmad,
npnup pujupup swihny wohiwwnnid Bu snp othdwb wuydwbtbpnud: Upnudht-
qpubhurnuyhtt hwdwdnyuspp 25 wihqud wdbjh dwowluynit k, pwt BpAXK9-4
dwljuthoh ppntgp b 1,5 whqud wdbih, putt BpOILC5-5-5 ppnuqp: Zudwdntduspl
wpugnpkl qijdmd b hwupdwpupbpynd  jhubeht, b othdwb dwlbpbup Jpw
wuownwuihs qpudhinughtt punuiiph dbwynpnidhg hkwnn wjt dknp k phpnud dw-
owljuyyniunipnil [30]:

dhpnisnipniup gnyg E miwhu, np phpudwodwt b dwodwi tjundudp
npybu pupdp phdwnpmpmnit niibkgnn hwdwdnyjuspubpp, hhdtwjuind oquw-
gnpdymud b Ejukiunphljuljui b hbnbdunkjnhjuljut jurnigqusdpny wjnidhtiu-
jht hwdwdnyjuspubp, npnugnid uhihghnidh wwpnitwlnipmniup munwbgnud
10...25 %-h vwhdwbubpnud: 2Zkug Al-Si hwdwdnyJusph hhdwb Jpw Eu dpwljynid
ubppht wypdwh pupdhyubph quuiwdl ypgwpwughljutpp b djungukpp, npniip qqui-
1hnpku tuqbgunid Bu quiqudp b pupbjudnid swpdhsh obpduyhtt ywpwdtn-
phpp:

Urn. 2-nud pipdws Eu «Al-Si» djungujhtt hwdwdnyquspubph hwdbdwwnw-
Jwt hwnlnipymibbpp, npnup unwgyl) tu hnobkdbnwnipghugh b dnydw nkju-
uninghwttpny: Un. 2-h wwjjuukphg hbnbind E, np thnpbhwdwdnijusph wdpw-
jht hwnlnipniuttpp 360°C obpdwunh&winid wbkh pwt 2,6...2,8 whqud pupdnp
El puquyhtt hwdwdnusph hwmnlnipniuubphg:

Unniuwmly 2

Uhinghliph hudwp hwpiunnbuyws uynidhiughl hwdwdniyJudpbbph
hunnlnypnibibpp “A-SI2UN”

Uunwugdwb bnubwlp | Lwiwywnpuwun- 200C 360°C
Judph Jh&myp o4, 002, o4, oo2, U
Ul UlMu Ul
Onotdtinwnipnghw QFudus Futdus 450 350 115 80
Nhpnubwnwnipghw 400 375 40 30

Swuynbwlwu «Sumitomo Electric Industries Ltd puljkpnipniup unbndt k
wpnidhtiughtt thnokghphwdwdnydusp [31], nptt wnwtdtwinmd E pupép dbw-
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uhjuubt b hnquwduyhtt wuipnipjudp: Upnudhtughtt hwdwdnyusph thnoht
unwind kb htinniy dbnwnh hwniputhydwt Enuwiwlny, htnny dbnwunuiuu
ohph ~10* &/4/ uwmntkgiwt wpugnipjudp: Cnobkhwdwdnijuspp unwugymd k
unipp ywbipwhwunhly, niith hndngkt pununpnipmnit b dhunbuwl junnigusdp:
Upnudhtughtt swnnljtu thnpbdwdjjusph pwnwgnidp junwpynid E wnwp wp-
nunuut dhongny, nphtt hwenpymuu £ Jhuwdpwpphjunbph obpduyghtt dpwlnudp:
Onhtuly, «Al+10...25% Si+ +0,15...7,0% Mg+1,0...6,0 % Cu+0,2...5,0 %Ni» pununpnip-
jut thnonmig unnwugyty E hwdwdnydusdp, nph os= 500 U %w, hull hwpduduyht dw-
sSmghlnipymibp’ 20...40 /-

Guunwpjws Jhpndnipniutph b hwdwihp hbnwgnuunipniiubph wpyg-
mibpnud dpwljly E «Al-Cu-Cr-MoS2» pununpnipinitiitpny thnoklinduynghwnwyh
yniplkph vnwugdwt nkptninghw (. 3), npp hhdtws t sSwlnnykh Wynipbpp
nup wljdwdp pnwugdwt dkpnnubph Jpu (nwp wpnwdnnud, npnounid): Ujh
npungpynud k. dknmwnuihnohubphg pnjupuwnunipnh yunpuwunnd, suljnnlku
dudjuspubph dwdinud, Enwljunud, wwownwwihy puwmiynipbpny swsynipw-
wuwnnid, mwup wpnudnnid b wdpugung okpduyght dpwlnid:

Utunwnuthnohbph fpuntintd hpujuitiugyly b obindus wnwigpny wjuunng
huwuntpsutpniud: Uyqpoid pununphy imwuppbpp puntty B snp Jhdwynud 1,5...2,0 &
nlnnnipjudp, wyinthtnl pntujugus Jhdwlnmd’ 4,0...4,5 ¢ Npuku funbun]w-
gmghs oquuugnpsylk) E kphpughtt uyhpn' 1,0...1,5% sunhn, pununphsibph nwpub-
ownniup b pnyuppwnnipnh wnunnunnidt wywhnybjnt tyuwwnwlny:

Pnjuiwntnipnh dwdwnudp juwnwpdl) b dbnwunujut Judjwdbbpnud,
nnp hwdwpynud k swlnunkt dwudjjuspubph dbwynpiwt wdwinuljut gnpdn-
nnipjntt hnobdbnwnipghwjut nkuninghwnud: Uknwunuljub thnphubkph (Al
Cu, Cr) pujuljuiwsunth pupdp yjuunhnipmniip, pugunnipjudp MoS:-h, gnpstuw-
Juunid htwpuwnpnipnit £ vwjhu dudinudp junwpl] wowtg wjmunhdhlju-
unpibtph Yhpundwb’ swpunnnkiny padwpwninpyp, hknbwybu wpnunpunt-
uwlh pununpnipmiip: Muunhdbhjunnpbph juphp hwnljuytu sjuw, npnghtnl
niuntdtwuhpdnn thnpkndwnghnughtt ynipbph Yhpetwljui unwgnidp” dhish
widswlnunltt Jhdwly, hpwjubugynid E vnnwp wpnudnduw jud tiwp gpooddw
Uhongny: Uju wpnidny dwdjjuséputph twhtwlwt swlinunkinipniup Jupny £
nuwwnwbyl) 10...15%-h vwhdwbubpnud: Lutth np dudinudp hwdwpynud £ bwpubiw-
Jut gnpdnnmipinit wpnidhth hhupny Yndwynghwnuyht iynipbph nbhupnid, npnig
oyynhuuy swjnunjkinmpmiin 10...15 %L, ntunh dwdinudp juwnwpyty k 200...300 U0w
Jupgh gubn gupnidubpny: Uju nhypnid npyjbu dudjwdlbih punip oqunugnpsyby
uyhpwn-qihginhtt yuunpwuwnniyp (80:20 hwpwpkpmipjudp): Uwdjdwb hudbdw-
nwpup gudp Supnmdubpp ny vhuyt qquihnpbt tuqigunud Bu dwdjqubph
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wpnuwdwdjdut gupmdubpp, wylb jubfund Bt dwdjuséph b dwdjwdlh hw-
puygdwt Eplnypubpp: Uudjdwt hwdwp wwhwbeynn guonudp hwpduplyty &
htunljw) pubwdling. Pe = kpS, npintn k=1,25" dwdjlwl £updwl wuwhniunwihl
qnpsulhgh b, p-it dwdjdwi wkuwlupup gapnidp (Epupuudnpynng gusdwl dh-
owljuypp, husybu tpdkg, 200..300 U7Nw t), S-n' wpnunppunbuwlh juybwlub
Yupdusph dulbpbup:

Cu Al Cr

\
~ v

Tvununid

Iunttjwgnighy MoS:2

Uwdjnud
(6 =10...15%)

.

Juwljninidughtt quanid

NMuwownwwihy puwiynipbpny
Swsynipuyuinnid (Wuwnywbwynpnid)

Gowljunud

¥ \

Swp npnounid Swp wpwnwdnnid

pénud

Uthuwthjulwh dpwlynud

Uhunud

Otpugnid

v

dhpouwmljuts Upwulnid

NMuwwnpwunh wpwunpup

Ul 3. «Al-Cu-Cr-MoS2>» pununpfs unupplbpny hulusthwlwl Gowinulnipyul thnobkindun-
ghuughl yniplph b wpnuppunbuwakph vnmugdwl nkaninghul
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Julnumdughl quunudp juunwpdby  swlnunlkh dudjdwsphg intwynipjub,
puwiyniph b wuwuwnhdhjuwnnph hknwgdwmb tywwnwlny, nph hwdwp dwdjjus
twhruyunpuunyusputpp quinimdughtt snpugdwt yuwhwpwtbpnid Bupupy-
yb1 Eu snpugdwt 353...373 T otipdwunhdwunid: Swuljuh E hpujubwgut) dwd;-
Juspubinh pupdp oipdwunhdwh qujninidwiht quanid 723...773 & ohpdwuwnp-
Swumd b 1,3.10* Dw hobgus Lupdwt yuydwtbpnud, npp padupup b jpuntinipn
dhwgnipniutbph obpduyhtt muppunisdwi b unipihdwghuyh hwdwp, hasyhuhp
tu hhnpopuhpinphnutpp, juppnuwnubpp b wyj: Qudwt nbnynpmniup juqdb b
1,0..15 &

NMuownywihs-puwiyniptpny Swslnipuyundut tywwnwlt b juijul
pupdp-obpuwunpfuught nhdnplwughuyh dadwbuy duypuljh wuwnbpht Jugsknt
wpnidhtughtt thnokndunghwnwghtt yniptph mbwlnipmniup: Mupnuwiths-punt-
puyht Swsynypubtph (nElutninghwljub yuwnyubtbph) dhengny htwpwynp k jub-
hut] Juyuygnidp tnwp dowljdw dudwwl (nwp wpnwdnnud, tnwp gpnodnid b
w ): Upgnudhtiughtt hwdwdnyuspubph hwdwp jwjugnyu swsynypubkp i hwt-
phuwiinid wyuljju puwiynipbpp [32], npnip tkpunnid tu SiO2, K20, Na20, CaO,
Al203, B203, MgO L PbO: Unuljju swslnyputptt hpkg punipuyjht hwnlnipni-
ubkipp gnigupipmud B dhuytt ypuunhly Jhdwynud: Npput dbs ohpdwunhfuiiu-
1ht dhowljuypnid E wyuwhwwinud puwiynieh dwdnighlnipmniup, uyipwt wyt wbjh
wipynibwbn b Mwonyuihs-punipughtt swsynyputph Jhpundwt tyuunwls &
ny Uhuyl yhpugt) nEpnplugynn dbkwnwnh hwpuwlgnidp duypuyh htwn, wpb tdw-
qtgub) othdwt gnpdwljhgp (Uptsh 0,02...0,05), Jwiuk] opuhnugnidp, thnppugby
otpuuyht Ynpniunttpp, thnppugubk] tnup wpunwdnuwb Luonidp, dkdwguby k-
unnghwljut vwppuynpmudubph Epupuybgnipniup, b hknbwpwp, vnugqus
wpuunpunbuwlh npuljp: UkS nwpwsdnid i unnwugh] 295a-16, 295, 269, 10C b
185b dwljuhpubph wwwljju puwynipbpp, npnup puntpwqpynid b gusdp ebpdw-
hwnnppujuimpjudp  ((0,4...1.2).104 «w/dG) L othdwl gwdp gnpdulgny
(f=0,018...0,051): ‘tpwg oywnhdw] dwdnighmpiniup munwbdmd k 10...40 Dusy
vwhdwtbbpnud: Zwynth E bwb ptwljut uhjhjuwnwhtt wywupubph oginugnpsuwi
thnpdp npybu whn puwiynie 1273...1673 @ ipdwunhdwtiughtt Uhowljuypnid [33]:

295 1t 10C dwljthoh wyuljju swsynyputnh oqgunugnpsdwi thnpdkpp gnyg
bt myk nputg wdpnnowljwt huwdwwywnwujuwtnipniup: Uufuyt thnpdkph pb-
pugpnid pugwhwynykg tunipttiph ypu wpyws puwtynipbph Yhpwndwt b dhw-
nwnpp hwunnipyudp Swsynyph 2kpnn unwbwnt nddupnipniup: Unhbkqhnt-
wjinhy hwdwdniJuspubipp dupdwdp dpwljkhu swsynypnp uvnugynd £ swljnwn-
Ukt dwdp]uspp pynutin] wyulju unmuwybiqhugh dbe jud unquitulng wji
pubny thnpdwtdnioh dwljbkptnyphl: NMwownwwihy skpunip Jupkh £ unwbuyg
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twl htnnijugphsny untuwkiqhwl thskiny tinioh Jpu jud HEjnpuunwnhly
nuonnid tunbgdwdp: Ujunthtnl twhrugunpuunduspp snpugyty | 333..353 &
ohpdwunmpfwunmd ~0,5 Jwnlnnnipjudp:

Zhwnwgnuinipnibubpp gnyg kb nwhu, np Swsynypubph uvnugdwt gnynip-
it niukgnn dkpnnutpp dhow sk, np hupdwp b swuljnnljkt dudjjusputph dpwl-
Uwl hudwp hwinuybu, hnml untuykighwi dhypnswlynnhibph dke tkppw-
thutghnt yuwndwnny: Npyku nkuinnghuljut yunyut tyunwljuhwpdwup
ogunugnpst] pupul wwunbpnd Jhpudhulwt punubpiubp (pudwlubp): Uju
ntypnid nkjuuninghwlwi vjubdwihg hwinud k swlnunljtt dwdjusph swslynt-
puywwndwl gnpénnnipjniup, nph wpyniupnid puduljuthtt wupqbgynud Eu nw-
pugdwi b wwp wpnudndwi gnpéplpwugikpp: Upu tjunwnemdibphg bk
Upwilpby ki wwpwnwywilihs-puntpught swslynypltph tnp Yndwnghghwikp hhut]ws
phwwt upjhjunuwghtt wywpubph pu: Npybu ulbnwiht ynpebp yepgpdt
El hpwppuwghtt ppwpwidh b puquijnh thnphubp dhtsh 63 ¢4 dwuhlubph suthnyg
(wn. 3): Ruih np «Al-Cu-Cr-MoS2» thnptljnduynghwmuht iyniph nwup wpnwdndu
ohpdwunhdwbiughtt mhpnypp nunwidnud £ 773...823 & uwhdwtibpnud, hknbw-
whu pnjwiuninipnp yunpuunbihu oginugnpéty ki dwsmghlmpyub okpuuu-
nh&wbl hobkghng hun]bjnudikp juwuph opuhn Pbs0s b htinnil wuyyulyh, Jkpohtiu
twl hwunhuwimd E juwwlgnn Wynip: ZEnnd] wyyulne unutiddw nibwlynipyniip
3...5 muquu wykih pupdp k, pwl uhhunught juywlguiynipbphun [34]: vwn-
unipnh pununpnipyut Uke dingyl) ko twb dwybkptnipuwlnhy Wynipkp, npnup
htwpwynpnipmt Et vnwjhu Jepwhuljl] puntumpnh hwjpdwt obpdwunhgwp
lut mhpnypmd (873...1473 8): Puigh wyn, dujkpimpwwljnhy wynippt wywhn-
Ynud kb opuyghtt vhowduypmid swsynyph htipinn hinwgnidp (nwp wpwnwdnnidhg
htwn):

Ungyniuwly 3

LEnbuyhl mmywpibph phuhwlml pununpniemniip

Pununnpnipiniip, %
Unguptibiph wijuinudp g 5 T 0 TFea0s | TiO2 | CaO | MgO | Na0 | K20
Zpwpliughtt fpwpud 573 | 196 | 38 1,8 6,0 2,3 39 | 22
Puqutn 520 | 192 | 79 | 1.7 | 7.6 | 41 | 37 | 24

NMupnuubhy pumtynipbph jurmgyuspugnyugdwt b hupdwt gnpéplpwg-
ubpt nuunidbwuhplnt hwdwp oquuugnpédyty tu phppuunnugpuju (DTA) b
nhungbhiwgpubhwljui (POA) wuwhqutph dbpngutpp: @npdtph wnweht thoyp
Juwnwpyl] £ wnwbtg dulbkplnipughtt wjnhy Wynipbph oguunugnpsdwi: Pb0sn
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oquugnpdyt] E npubu obpdwunhdwut hokgunn hhdtwlwh pununphs, ntunp
npu wuwpnibwlnipiniup nuwnwiyty k0...30 %-h vwhdwutbpnud: ZEnnil) wyuyne
pwtwlp vwhdwbwthwlyby k 20...25 %-h vwhdwbbpmd: Ujt wywhnynd E ypuu-
wnhl quiqush unnwugnudp b mkuuninghwjut wwuywh hton Abwynpnidp:
Nhinngblnugptipp hwin]ty Ea DRON-1 nhppuljnusuhh dpu 2 %png wpugn pyudp
Un|hppltughtt Sunwquyphsnyg b Co dhjwnpny: Uju ntumdbiwuhpnipiniiutbph npny
wpnnibpubp thpuyugus Eu uly. 4 b 5-nud: buswybu kplinud & Y. 4-hg, Pbs0s+-h
wyupnitbwlnipjut wény tjugnid k uhjhjuwnught jndynghghwh hwjdwb obpd-
wunhdwtip: Swp wpnudndut skpdwunhgwtughtt Uhowljuyph hudwnp (773...823 )
Pb3Os-h oyyunnhdw pwwlnipniup Juqunid k 20...25% (4np 1): Uwlbplinipught
wlnhy ympbp wupnibwlnn jpwnunipnh hwniinipniip npnodty 2-py Ynpnyg
(uly. 4), hwdwduwyt nph wynulptiwghtt hwdwdnyusputph mwp wpnudndui
hwdwp oquugnpdynn uhjhjuwnuyhtt yuwwnjwih hwdwp puduiub b JEpgubt
5...10% Pbs04:

1573

1423 \

N
1273 \

123
973 l \\
\,L(z \\

823

0 5 10 15 20 25 30
Pb3Os-h pmtwlynipyniuip, %

Qtpdwuwnmhdwip, ¥

Uly. 4. PbsOs-ph wqnlgnipiniip wwownuwips-puwlynieh huydwi okplunumnpdwih ypu.
1 - prupud+PbsOs+20% hknni ) wuywlp, 2 - prupuid+PbsOs+20% hknni
wywh+dwEphnipuyhl wilnpy inipln (IIAB)

Zwniunipyub nhwugpudp (0. 4) juenigyt) L hopdwplyng tdnpubph obp-
dwgptph hhdwb ypu: LY. 5-nud gnyg L inpjus hbnwgninqus okipdwqnptinhg dkyn:
Pusytu mkutnud Gup (Ynp 1), hpwphwghtt pwpudp b puqupnp sniukt punggdqus
otipduyhtt wqptgnipnil, wyjuhtipt yhin Jhdwlnud nbwljghwtp nbknh sk nik-
unud: Py Jipwpkpnud £ uhhjuwnwghtt Yndwynghghwhty, wyyw DTA Ynpp (2) punt-
pugnnul £ tunnptpulhl thnpoulbpumpmnibbtpo: Bugnpbpdhugh Jtpeht Epuwnpt-
Unudp unnugytly £ 912 g-nud b hwdwyywinwupiwinud E hupdwt gbpdwunhfuith:
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Uhhuwnuhtt pununpnipjut hwdwp gquwhywidws o pwpwdht b pw-
quiunnht pinpny pktngkiyut Swnwquypltph pninp htnkuuhynipnibbpp, pugw-
Juynud Eu dhuyyt PbsOs hunktuhynipjniiibpp: Uw gnyg E wmmwghu PbsOs-h thnfu-
wqnplgnipniup hinn] wywlnt hkwn b juwwph opuhnh wugnudp nhuyh wdnpd
bwq: Edwt Wyniptpp npytu nkjuininghujut yuwnjut ogunugnpstkint htywnw-
Juwhwpdwpnipiniip hwunundby E hnpduwuinpbt: Pe=f (o) Juiudnipiniup,
nnh qpubhlp tkpuyugdus k). 6-nud, uinwugyly b jhipudhjulwt punubptbph
ogunugnpsdwdp thnpdwdniptiph tnwp wpunwdnuut wpnyniipnid:

725

869

1 Il 1 1 912 1
573 673 773 873 973

Okpuwunh&wmt, &

LY. 5. Nupnygubihs-puwbpnipuyhl Indwynghghwbkph okpuwgpkpp ' 1 - puupud (paquym);
2 - juwpund + 30% PbsO+ + 20% hknnil wiywlih

250 \,\ —./b—/ /
200 ,l ,
~Ne /a_//

30 60 90 120 130 180
Uwypuih wulyymun, ow, wuwn

Pu, Ul

150

100

Ul. 6. Swp wipunundpul sipdwl (Pu,) Jufuuidnieiniip dugpuilh Ininalpul wilyniiihg (ow).

nwp wpnudywl pkdhdakph kb, Tu = 550+ 10°C, Tu= 1,0 , Aw=3; milynqhghwbbph k&'

1 - Alhnop, 2 — pnjwppmnimpn Al + 5,0% Cu; a i b [Ewnkpp au-h owpunpuuy wpdkplbp ki
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Pusybu Eplnud E uly. 6-hg, ow=90...100° vwhdwbttpmu twp wpunudndub
Supnudp unwugynid E wdkbwthnppp (Pw=150...220 U7w): Smp wmpunwdnyus wp-
nwunpunbuwmjubph dwlkpbnypep dwpnip kb hupp: Muwownwwihs puwiyniph ht-
nwgnidp nddupnipini sh ukpuyugunid: Qpuyhtt dhowduypnid wjb puypuyynid
t (muppupjugynid £) b wigkyny thnph yh&wlh sbpurnuquunynid b hknwgymad E:

Upnudhtth b tpw hhdpny dwilnunljkt Yndwynqhwnughtt ynipbph Enwludut
gnpédpupugt ntth wnwbdtwhwnlnpmnitibp: Upnudhttuhnont dwljiplnygph opuh-
nuihtt punuipn jungpunnuinid t dhghwnhluyht sthnidubph wpwewgdwip, wy-
uhlpt bunbgdwt gnpdpupwught: Lighpny tiwpptpny (Cu, Mg, Si, b wyb) (Eghpdwi
phypnid Enwjudwt dwdwbwl nbnh E niibunud hinnily dugh wnwewgnid, npp
puypuynid t wynidhth opuhnquphtt punuipp, b hknbwpwp wpuquimd  ow-
Juydwt gnpdpupwgp [35-39]: Crujujdwt dudwbtwl] wjnidhtiughtt dwdjdwusph
tunbkgnidt wnhjugunid £ (Eghpnn wwppkpp, npnup whin Jhdwlnid phy tu
nynmd ipw Uk, hul] knwjujdwt ghpdwunhdwnid (msykjhnipniup jupnly
pupaputnud b ‘Ldwb hwinljmpiniubp niukt ynhudp, uhihghnudp, thikp b wy
wnwnnpkn [40]: Uwqubkqhnidh b ghulh wybjugnidutpn [41] trpujupdwt dudwbul
wnwewgunid kb dwdjusph suthbph dkdwugnud:

Bouuuwt hwdwp wuonwuithy dhpwduyph punpoipniip hhdwunod
nnnoyby E qunwput wgpiquunikph ptnpnipjudp, npunbn wnudhtiughtt wpuw-
ppuinbuwlubph tpwunudp junwpynud B hpdtwjuinid gpusth, wpgnuh b
Julnnudh dhpwjuypbpnud: Zknwgqnunmpiniuubpp gnyg b wdly), np Juljninudnd
Enwunidt wbkih phs twpipuwnpbih E pwb opusth b wpgnuh dhowjuypnid:
vunppt wy E, np qujninidwyhtt Bnwunud ninlgdnd E wynwdhh (Al), ghuljp
(Zn), duqukqhnidh (Mg) b wy htown gunnn dknwnubph dwubwlh hbnwgdwdp,
npnup swpphg hwinmd Lt Jupwpwih wqpbquuikpp: 6 pwh np wpnuwlhtu
niih UkS hwlnud ppdush tjundudp, oqunugnpdyty i snp opwusht b wpgni
quqtp (gnnh Ytwp tnk) oy wuljwu, pui -259:

Bruljuus twppuwyuwnpuunduspubtpp Yphuwlh mwpwugdl) G dhigh
500...550°Ch Eapuplpyk] nwp wpnudniwi' 4 >4 wpnudniwb gnpswljgn] wugw-
hndn] widwlnunljtt junnigwsp: Swp wpnudnnidhg hbnn twjuwwyuwnpuun-
Juspubinh Ypwjhg hknwgylk) tu Yepudhjuljut swsyniypubpp, nphg htwnn npuip
Eupwplyt Eu bwhtwuljub dijpuhjujut dowljdwt (opownwonid, quyhynunud,
wupnipulwhwinid b wyj)) ogunugnpstiny nhywihtt hwunngwjhtt vwppun-
nnudubp b uvnwinupun Yupnn gnpshpubp: Ukwuhjujwut dowlnithg hnn wp-
nwunpunbumjubpp punpjws oywnpdwy nhdhdubpny Bupwplyl] tu obpdwght
Upwluwl dpdwi b shpugdwb: Swpugnidp Juwnwpty E wpgnith dhowuypmd,
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hul djumidp gpnid, nphg htwnn gpuip Eupwplyl] b Jkpetwlwb dywldwd,
Udwuluynpuybu’ hnuwl, thuygbgdwi, swwpbpuwi b wyji:

Nuuniudbwuhpyty Eu AI-Cu-Cr-MoS: thnpbkndynghwnuyght yniptph othuw
b dwpdwtt gnpéppugutinp htinnily nindwty) dhopwduypnid b snp othdwt wyuydw-
ubpnud: Mupqyty E np MoS: puwmiyniph wmqpbgnipniup gpubnpynmud b dhuygb wy-
mudhttughtt thnondwynqhnwghtt ympbpp dhodtnwunuyht $uqtipny wdpugdu
ntypnid: Uowiljyty L Al-Cu-Cr-MoS: thnpthwdwadntjjusph oyynhdw) pununpnt-
pintup, b wpwewplyl) Lu sthdwt wwpwdbnpbpp. sthdw gnpsuljhgp nnunwi-
Ynud k £=0,02...0,04 vwhuwuttpnid:

Bopuugnmpinii: Munidtwuhpbing wynidhth hhdpny dnyqus b thnotynd-
wnghnwght hwwythwlwi iynipkph jurniguspl nt hwnlnpnibkpp’ pugu-
hwynyb] E, np nputg guép hwjuothwljut hwnlnipmiutbpp gquyjdubtuynpjus
Elu hupnn dwlbplinypubph juysnnnitulnipjudp, npbt ninklgdnud k tynipunk-
nuihnjunipjudp, hswybu twb pupdp sthdwb gnpswiligny (0,4...0,5) b gudp dwow-
Juyniunipjudp: Uju wnnudnyg pupdp dwowluwyniunipjudp b othdwt gusp qnp-
duiljgny wpnudhtiughtt hwdwdnyjusputph b Yndwynghwnuyhtt ynipknh unbn-
dnudp wpphwljut b wnwetiuyhtt fuinhp

Upnudhtth hhdpny thnoklndwynghunughtt nipbph vnnugdwt hnsbdbknw-
mpghuljwi knpuiwlibph nounidbwuppnipemiiibpp htwpunpoipgnih b wby
Uowlbnt hwjwothwljut hwnlnipmniuubpny odndwd tunp guup wpnidhiught
hwdwdnyJuspubp: Py Jepupbpmid £ wwhwigynn hwwnlnipnitubpny wynidh-
twyhtt thnpkndunghunwyhtt Wnipkph vnwugdwbp, wyw puwnpyby E pputghg ht-
nwijupuwyhtt muppEpulp. wynuhth hhdpny {kghpyws pnjuppwntnipnh wuwn-
pwunnd, wyn pynid phuwbpu tkpuwntndutph U whin puwiynpbph thpun-
onud, dudnud, Enwjunud, punuipuyuunnid, nnwup wpnwdnmu b obpdwjht
Upwlynid:
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Zuyuunwh wqquyhtt ynjhnbuthjujuwt hwdwjuwpu: Uniep tbpluyugyt] &
udpugpnipinii 10.04.2024:

C.I'. ATBAJISIH, I'.A. BACUJISIH, B.A. CUMOHSH, A.C. ATBAJISIH

PA3ZPABOTKA TEXHOJIOTI'MH ITOJYUYEHUS AJTIOMUHUEBBIX
AHTUO®PUKIIUOHHBIX KOMITIO3UIITMOHHBIX MATEPHAJIOB U UX
OCOBEHHOCTH

Pa3paboTaHa TEXHOIOTHUS MOTYYCHHS MOPOIIKOBBIX AHTH()PUKIIUOHHBIX KOMIIO3H-
UOHHBIX MaTepuasioB coctaBa Al-Cu-Cr—MoS;, oCHOBaHHAs Ha METOJaX yIUIOTHEHHS TOps-
4eil 00paboTKOM MOPUCTHIX MPECCOBOK. TEXHOIOTHS BKIIOUAET B ce0s1 MPUTOTOBIECHHUE TIO0-
POIIKOBOM CMeCH, HPECCOBAHNE IMOPUCTHIX MATEPUAIIOB, MOKPBITHE 3AIUTHBIMH CMa304-
HbBIMU BCUHICCTBAMH, CIICKAHHC, IOPAYYIO 3KCTPY3UIO WM TOpAYYIO HITaMIIOBKY, a TaKiKeE
YIPOYHSIONIYIO TEPMUIECKYI0 00paboTKy. Takxke pa3paboTaHbl HOBBIE COCTABBI 3alTUTHO-
CMa304HBIX TOKPBITHII HA OCHOBE MPUPOJIHBIX CHJIMKATHBIX MOPOJ. B KauecTBe MCXOIHBIX
MaTepUAJIOB ObUIM B3SATHl BYJIKAHMYCCKHHA IIJIAK U 0a3ajbTOBBIC MOPOIIKH C Pa3MepoOM
gactull 10 63 mxm. B coctaB cMecH Takke BKIIFOUCHBI TOBEPXHOCTHO-aKTHBHEIC BEIIECTBA,
MO3BOJISIOIINE PEryJIUPOBaTh TEMIEPATypy IUIABICHUS CMECH B IIHUPOKOM JMAlla30HE
(873...1473 K). Kpome TOrO, MOBEPXHOCTHO-aKTHBHBIE BEIIECTBA OOECIEUYMBAIOT JIETKOE
yAaJCHUE TIOKPBITHSI B BOJHOU CpPEIe MOCIE TOPSUeit IKCTPY3HUH.

Knrwouesvie cnosa: amomunuii, aHTHOPUKIMOHHBIE KOMIIO3UIIMOHHBIE MAaTEPUAIBI,
CMeCh, [IPECCOBAHUE, CIIEKAaHHUE, ropsYas SKCTPY3Hsl, 3aKalika, CTapeHHe.

S.G. AGHBALYAN, G.A. VASILYAN, V.A. SIMONYAN, A.S. AGHBALYAN

DEVELOPING A TECHNOLOGY FOR OBTAINING ALUMINUM
ANTIFRICTION POWDER COMPOSITE MATERIALS AND THEIR
CHARAKTERISTICS

A technology has been developed for producing powder composite materials of the
Al-Cu-Cr—MoS; composition based on the methods of compaction by hot processing of
porous presses. It includes the preparation of a powder mixture, pressing of porous
materials, coating with protective lubricating coatings, sintering, hot extrusion or hot
stamping, and hardening heat treatment. New compositions of protective and lubricating
coatings based on natural silicate rocks have also been developed. Volcanic slag and basalt
powders with particle sizes up to 63 microns were taken as starting materials. The mixture
also includes surfactants that allows to regulate the melting temperature of the mixture over
a wide range (873...1473 K). In addition, surfactants ensure easy removal of the coating in
an aqueous environment after hot extrusion.

Keywords: aluminum, antifriction composite materials, mixture, pressing, sintering,
hot extrusion, hardening, aging.
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Ucuunrurt

Stuwlut b hnpdupupuljuit hbnwgnunipeniabkph wpyniapnd dowldty b 22
hwipwpynitwpbpnipjut b dknwnipghujut wpunwungpnipjut puthnuttiphg uvnwugus
phiptph nt thnohukiph Yhpundwdp pupdpobpdwunhdwtughtt jupdwnbi-Ypluynn nkdhuh
wuydwbbpnid wojuwwnniiul nt wwhwbeynn $niuljghnw) hwnynipniiubpny wpghjw-
Juyhtt wupbutnwuqbtps Yndwnghinnughtt sthwiyniptnh unbnddwi uljqpniupubtpp: Npybu
dnighniiw) wuwpwdbnp punpbing okpunitmlmpjutt gnpswljhgp, pugwhwjnyl; tu
dniuljghntiw; hwwnynipniuubpny wpgbjuljuyhtt sthwiynipbnh dwijtpimpuwhtt otpnkph
Junniguspuyhtt hnpuwlbpynudutpp pupdpobpdwunhwtiughtt sthdwh yuydwbubpnud,
1 juwnwpyby E junnigquspugnyugdut dkjuwithquh dngbjwynpnud:

Unwohtt wmbuqud dpwljyt] £ Windows spugpuyht Uhgwjuypnid hwuwbhnipjudp,
winforms tnutwyny épwqph tkpunisdwt b wpnwsdwt nuonbkph wunybkpdwdp, dniuly-
ghntw hwnnipniiutpny Yndwnghunught othwiyniptph nbtuwuwpup okpunittwlnipjui
qnpdwlhgbph wjinniwn hwpgupliwh spughp’ juhefws pununphstbph swdwywhi uw-
nnitbwmpnithg: Puguhwyngt) ki Upudbpynt yntdwdnyuljut wpununpmpub pupud-
ubpmu yupnibwlynny duyuhnh (FexSiOs) ohpdwdhqhulju b Eupnglt hwnynipyniattpnp b
tpw’ npyku $nibiyghniiuy hwnlympnibtph Jupgunphsh Yhpwnenipntip wpgbjuljugh
sthuiyniptpnid: Uswljyk) E quhweynn $niijghntim hwnlnipniuutpny wipgbjuuyghte
puqUupunqunphy tnp Puunbihn-10 wifudp wupbunwgbps wpgbjuljughtt gkpuwlu-
it yndynghnughll pthwignipp’ wyuhnh Ghpundwdp (22 Ynunh wpnnbwghp N 752Y,
2022 ), b tpw utnwgdwb nkhuninghwi:

Unmubgpuyhll punkp. dniujghntiu hwnljnipinititbpny wpghjuljughtt sthwiynmiphp,
wnbuwupup obpUdnitwynipjub gnpéwljhg, sthdwb gnpswlhg, nitughniw wupwdbnp,
duyuhun:

Lkpwénipinil: dniulghntiuy hwnlnipiniiikpny wynjhdbpuyghtt hhdpny Ynd-
wnqhghnt Wniptpp wiptnhwwn wykih (uyt Yhpunnipmnit b quinud nbnbunipe-
jutt lmuppbp nnpuubkpnid: Fugunmpini sk juqunid twb wyn puuht yuwn-
Jwunn wpgkjuuyht sthwwt wymptpp, b ubpumdu ngpubg wijubugulyp
ubpunnud £ mupplp hwnlmpniuttpng hwpnipunp pthwiynipbp: Qpnowlh

wwtwlmpjudp pununphsttiph hwdwnpnipniup hwiqbkgunud k unp Wnipkph
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unbnédwtp, npnig hwnnipnibiubpp buubtnpbt muppipynud &b pununnhs-
utiph hwnlmpiniuubphg: @nthnjubkiny ynjhdbpuht hhdph b jguiynipbph uqup
b pwbwlmpiniup, nputg hwpwpbpulgnipiniup, (guiynipbph Ynndunpnonudp,
uinwlnid b iynipbph juytt wkuwuih twhwybu npdus phmpugptpny b ww-
hwtgynn dniljghntiw hwnynipmitbpny [1]:

Zhdp pugniuibny [2-4] wohwnwiputipnid hwunwnydws wyt hwbqudwpp,
nn obipdwunhdwith wép pumipugpynud | othwiymiph obpdnitwlynipjudp, Junpkih
E thwuwnky, np pupdpobpduiunpfuiughtt (280°C pupdn) wuydwbibpnid wphiwnng
osthwiynipbph ghypnud nppw UkS L obpunitwlnipjutt gnpdwljhgp (thnpp L obipd-
wunhfwih wép), wyipwt dwpwluynit k sthwiynipen: Uju hwihqudwipp upltnp
E wnihutEpuyhtt hhupny Yndwynghunughtt wupkunwqbpns wpghjujuyght obpdwljuynit
othwyympbph dowluwt hwdwp, puth np pupdp okpunttwlmpjudp 1gnijubpp
oquugnpénidp httwpwynpnipnit junw dkswgubnt othwbyniptph dwpwljuynt-
unipjnin [5]:

Zhknwgnunipjul tywnwlp. Zknwgnunipjut tyuwnwli k22 hwipupy-
miuwpbpnipjut b dbnwnipghwjut wpnugpnipjut putntubph Jhpundwudp
Uowljti] yuwhwigynn Pniulghntim] hwnlmpmnitubpny wpghjujuyhtt sthulu
wupbunnwqtpnd ukpghpbph vnugdwt mktinnghw b hinwgnint] junniggus-
pugnjugdwtt gnpspupwugp: Usjuwnwpnid hnwgnndby tu 22-nd pwhwgnps-
Jnn kpljuyh ywwlmpudp «Qipupy dwljithoh wjnndkptuwttph b Gplwuh dhn-
nnwynjhnkuh Jugnuubph sthwljut tEpnhpubpn:

ugph gpuspp b dbpoghljugh hpdbwdnpoudp. Fuqdwuphy ghunwlui
htwnwgnunipniiubp gnyg ko mwhu, np okpdwjuniinipiniip hwbnhuwund k
wipghjuljuyhtt Yndynghghnt sthwiymiptph hhdtwljuit $hqhjudbpwthjulyut
hwwnnipniuutphg Ukhp: QEpdnibwynipjui b othwghnwljw puimpugptph dhol
npuljului b putwjuljut juybph hwunwnnulp dudwbwlulhg sthughwnntpe-
Jul Juplinp ptighputphg Ukl £ [6]:

Ushumnnwipnid dpwljgty ku vhpwqquyhtt unwinupnubph ywhwbeubpht
hudwywunwupiwing hnpdwughinwljut hbnwqnunipniukph Spughp b Ukpn-
nulupg kukny pnpjus vappujnpnudibph Jpu sthwlub gopsphpugitph
dhqhjuwt dnpkjuynpdwt uyqpniiputphg: Npwbu hnpdbwlub sthwiympbp
nptunpyk) Eu «ipup dwljuhoh wdnndbptwtbph wpgkjuyubph hwdwp pun TY
55571-3501105-10 twjuwwnbugws (Fr-nid b Nijpuhbunmd wpnunpus othw-
miphpp b dknpnuynihntiuh qugnuubph wpgbjuljutph hwdwp pun TY 2571-049-
13173305-98 twjumwnbtujus YF-nd wpunungpjus othwiynipbpp: ZEknmwgnuntye-
miuubph pupugpnid pnpyus sthwiympbph dwjbplinipughtt obpintph ghtwdh-
Julwt dtwihnpunipnibuttpp, junnigjuspuyhtt thnthnpunipnibtbpp b $uquyht
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thnpuwujipynidubpt nunidbwuppyty Bu nktngkiyub nhdpulghuyh dkpnnutpny
Empyrean nhppuljinuswthh jhpwndwdyp [7]:

Zhnwgnuini pjut wpnyniupukpp: Zwjnuh b othwiyniptph obpunitwlnipe-
jutip wlhpdwé hhdtwpup hbnmwgnunnipinibp (3, 7-12]: Cwubwdnpuybu, upbnp
E mbuwjupup okipdnitbwnipju gnpswljhgh hwpgunnidp othwiyniptph othuwt
otpduyhtt phttwdhluyh hbnwgnundwt gnpspipugnid b sthwiymptph juwulgnn
niptph punpmipju hwpgtpnid: Uwluygt 280°C gubdp wuydwbitpnud pthwiyne-
ptnh dwpwjuyniinipjut Jpu obpuntiwlnipjut thnihnjunipniup npnohs wqnk-
gnipjnil sh niukgh): Gpk hwpygh wntkup wyh hwbqudwipp, np hnquusuyht dwy-
dwt nhypmu gduyghtt dwpdwit Jujunudp okpdwunhgwithg wpunwhwpungnud | wnw-
ohtt Gungh (nunhn ghs) Ynph wkupny [8, 9], wwyw Yuipkih E bljuunky, np pthiful
gnpéuljgh WJuquub gbpdwunhdwbiughtt yuydwiutbpnid juwnwupynd E othwiyni-
ptph dwltpinipuyht okpnbkph dwonid wy dwpdwb dkjuwthquny, pwtih np thn-
thnjuynud E juppubnipiniut wpunnuwhwjnnn Ynph plnypn:

Juunupjws hbnwugnunnipnitiph hhpdwb Jpuw Windows spwugpuyhtt vh-
owuypmd winforms Enuwtwlny dhowduypmid dowljdl) b hudwwyuwwnwuuwib
dpwighp [10, 11], npintn hwodupldby Eu mbuwljuwpup obpunitwlmpjut gnpéw-
Yhgutpt pinpdus yuydwiwljut Yndynghghnt sthwiyniptph hwdwp (wy.):

Unniuwmly

Swipplp pthwlyniplph nkuwlupup pkpuniinulniyepul gnpdwigh wpdbpiakpp

Pununpuljuqu I II 111 v A% VI
Stuwjupup ohpunitiwlnipjut
gnpdubhg, §2/4q °C

Unmniuwhg tpiind E, np wnwybjugnyt mbuwupup obpunibwnipniat

wwwhnyquws k 6-pn juquh wpghjujuyht sthwiynipbph ogunugnpdudwt nhypnid:
Uw gnyg E wviuyhu, np othdwt tnp Wyniplp dpwljljhu npuytu twjuiwljut ninkgnyg

1,2375 | 1,2058 |1,18115| 1,2191 |1,2315| 1,3219

whwup L oquugnpsytl 6-pn wuydwbwlwt yniph |guiyniptph winlnuwghtt hw-
dwdwutnipinibbpp:

Uju qupludp uvnnighnt hwdwp thnpdwpupuljut hbnwgnnnipjut b
Eupwplyl) WVA:19032, WVA:19283, WVA:17828, WVA:19620, 6KX-1B5, TUKP-457,
AO A3 YPAJI dwljthputinh othwiymipbpp, npnp hwjuwuwnwgpyty b vhowqquyht
unwinupuniubph ywuwhweubpny, b FPuunbuhwn-8 sthwiynipp, npp unbkndyty k
Zujuunnuith wqquyht ynjhnkpthjujwi hadwjuwpuinud: Uju ghypnid Fau-
nkihwn-8 Wyniph Yndynghunught juqip twhugs]ws E hwoyh weikng gkpunt-
twlnipjut gnpswljgh pupdp wpdtpp:
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Puunkthwn-8 sthuiynipt nith mkuwjupwup obpunttwlmpjut gnpsuligh
wiktwUks wpdbpp 1,05: Zwdbdwnwpwp gusp nkuwljwpup ekpunibwlntpyui
gnpéwjhgutp niukh 6KX-16 b 19283 sthwymipbpp, npnig othdwt gnpéwlhgubpp
nwnwtymu ku 0,42-hg 0,54-h vwhdwbubpnid: Uhltunyt dudwbwy, sthdwt gnp-
Swljhgubph b mbuwupup obpunitwlnipjut gnpswljhgutph dhol shw npnpwljh
hthunn npujulwb hwpwpbkpulgnipmni: Npny ympbp ntbbkt hwdbdwnwpwp
gudn nbhuwupup okpuntbwlnipjut qnpswlgh wpdbpubp, puyg ntubb sthdw
pupdp gnpduijhg b hwljunwlp: Lnyip tjuudnmd £ dwodusnmipjutn punmipugpbph
Jhpnidnipjui Uke: fuunbkithn-8 sthwiynipp pupdp wpnniupubp k gpuiigly bwb
unbkunuyht thopdwpynidubph wpnniupnd:

Ujuyhuny, mbuwljut b thnpdwpupuljui hbnwgqnuumpnibtbph wpynib-
pnid hwunwwnygby £ wjt hwuwnp, np othdwb gnpswljgh punipugpny Fuunkiuhwn-
8 dwiljuihoh othwiynipn, niukiyny pupdp opunitbwlnipjut gnpswilihg, thnpdwplynid-
ubkiph wpyniupnid gnigupkpnid £ hwdbdwnwpwp pupdp wohiwnntbwlnipinti:

Zhdtn]tny Ykpnbpjuht’ wwhwigdny $nityghniug hunlynipym bibpm] np
osthuympbph unbnddw tyuwnuljngd fuunkithn-8 sthwiyniph pununpuljuqip
pugnidl) E npybu puquyhtt pununpujuqd: Lnp sthwiynipbph vnugdwi dw-
dwbwl putiwplyty b dbpmisyty Eu btwb gnmipinit niukgnn vh pwipp nkutngn-
ghwtp: Zwdwwnbnbny vinugdus wpyniupubpp, dowljyt) b wnweownpyty £ pug-
dwpwnunphps Wynipbph Jhpundwdp wupbunwqbps wpgbjuljuyht obpdwljuynit
«Puunkihwn-10» wmududp Ynduynghwnuwghtt tnp 2thwiynip, npt wpnnbwgpdws k
22 guunp wpuintwgpny [12]: Puunbkithn-10 sthwiyniphg kpljulh ywbwlnieyudp
«Mipup» dujuhoh wynndbpbuwubph b dknpnunihnkuh Jugnuubph wpgbjuwlw-
jht tbpnhpubiph wwnpuundwb nkutinnghuljub vptdwub yunipgus tul. 1-nud:

Clhuiymph unbnddwt byuwnwli k pupdpugil] mpubuynpunughtt heng-
ubtiph wpgbhjujuyhtt othwljut ubpnhpubph dwpwluyniinipniip, sthdwt gnpsuligh
wipdbiputinp b dwljbplnipuyhtt okpuinh 240...320°C wpjuunwipught ghpdwunhguith
wyuydwbtbpmd wpghjuljdwt dudwuly sthdwb gnpsuljgh tdugnudp: Fununpnt-
prul dke Yupkih E wpwtdtwguby $uyuhinp:

Qupbnplym] dknpnunipnkih ywpdwljuqih Jugniiubph wpguljught gthw-
Jwt wynjhdbpuyht hhupny wupkuwnwqtps, ywhwbeynn punipwugpbpny ubpnhp-
Ukph unbnddwi hwpgp hbnwgnunipyul ko Eipwplyt] Puunbkihn-10, %
Puntiunh USP b Uutuljn-Nkntppningh USH wpnwunpnipnt othwiynipbpp: 9kp-
ohtiitbphu puwnpnipmniup Wuydwbtwynpjws k tpwing, np nputp tkpfuynidu Yh-
punynid ki 22 @ Yhp&uth wijut dbnpnynjhnkuh swpdujuqdh qugnubk-
poud: @npdwpynudtibpp junwpb] ki ®M-9 jupnpuinnp uwpph Jpu’ pun TOCT
P MICO 7881-94 ywhwlputinh [13]: Upyniupubipp phpdws b uly. 1-nud:
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MFhnhuk juywlgnn Udpwtwynpn Ubktihwnulwt thnphiiph
yniptip nuunpkn 1gniljutip

v v
[ Yupnud b dwbpugnid ] [ Uwlipugnud ]
v 4
[ Uhouwtljjw) fuwntunipnh yupuutinid J

A 4 v A 4

{ Nnjhukpught J Zupulyniptph

Juwuwlgnn tyniphp thngtgniljubp

) 4 v

v
[ dhpotwljutt fpwntnipnh wwinpuunnid

2

Utwnpnun hinkuh
Ubkwnwnuiwh nwuynhph htn Jugnuubph wpgljuy-
dhwuht pphytntbph uliph dktnunuljui
wunpuunnid wmwlnhpubp
Ubpnhplikph tiup
dwdjuljunuuyupnid
v
Utipnhpubph gpuught b
Ubluwthjulw dpwlnid
v

[ NMunpuunh wpnwunpup J

Ul 1. Fuunkipn-10 pthwlyniphg Epliulh bpwiulniypyudp «2ipug» duliihop unjinndkpk-
ubkpp b dEnpnygmhunkih Jugnibkph wpglbpuluyhl bbppppikph wunnpuaumilul
wnkbnnghwlwi ufubdwi

Uhohti obipdughtt swpwpbnijubnipjudp wpghjujutpnid fhpunkin tuw-
nwlny uwnwpdby i Puunbihn-10 sthwignmph thnpdupynidibp’ pun [14] unwb-
nupunp dkpnyuljupgh (ul. 2):
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Ul 2. Fuuwnkifin-10 pthwiynieh pvhilul gnpSwifgh (w) b pbplwumnpdwih (p)
Jupnjwénipniip wpgljwlnidakph pijhg

Puunkihwn-10 sthwbyniph sthdwb gnpswlhgp gpbpt dund £ hwunwwnnit
wnwoht b Epypnpny wpghyuljuwb wpynibu]bnnipyut (1-st and 2-nd baseline) npno-
dwb pipugpnid b uqunid k 0,4, husp pudupupnid | othwiymipbpht ubpluywg-
UYnn wuwhwbgutpp: Swpugdwt ghljjtiph dudwtiwl sh tjunynd sthdwt gnpswlgh
udugnid (1-st and 2-nd FADE):

Cunhwljunwlp, sthuwt gnpswlhgp dkswnd k, b 360°C dhigh 530°C okip-
dwunphdwuyght nhpoypnid (Upghtt obpluyhtt Switpwpknuwénipyudp wipgbjwy-
utiph wohiwwnwupuyhtt okpdwunhgdwtughtt mhpnyp) juqdnid k 0,5...0,55, pudw-
pupbinyg vnwinupunh yuwhwietbpp: Auunbithn-10 sthwiyniph sthdwb gopsw-
Yhgn pupdp E dunud twlb wpweht b Epypnpny wpghjujdut wpynibuyd bnnipjut
ynpniunh yEpujubqudwi (1-st and 2-nd Recovery) thnpdwpynidubph pupugpnud:
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®Onpdbtiph wpyniupubph hwdwhp Yepnusmpmiun haunwnmd B np Fuunbkihn-10
othwiynipl niih pupdp sthwdwruspuyhi punipwugpbtp b puupupmd E [14]
unwinupnp wwhwueutpn [15, 16]:

FUOUSELRS-10 SPULANPET TMSELRYUTRL T REORL R EINREITRL
SUTIUSARUT CUS SAE J-661 UR2UESUARL USTRLYACSE TR ILALENE

1-hi wpghymipinh wpgm bun]ban e 2-py mpghjulpinh wprym bun]anm pmh
o7
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Y
S g
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Upghpuynulibph pp Upgbpulnulubph pup
1-piz vnmpgml | 2} wpuignl
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% 08 fontetosy -
— 35,.‘-’" e B — N
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Uy, 3. Punnnkiipin-10 shwbyniph wpglpuldwl wpyntbugknnyppul glnuhunnnudp’
puwr SAE J-661 upowmgquyhli uimmbnupinh wuhwiohkph

Ujuyhuny, sthudwpquspuyhi pinipugpbpny Fuunbithin-10 sthwiynipen hw-
dwyuwunwupiw nhdhdubpny jwpnpunnp thnpdwpynudubph wpnyniupnud gnigu-
pipnud £ pwdupup wojpunnibwlnipinit b pujupupnid b dbnpnwnihnbph
Jugnuutph wpgbjuluyht tkpphpubph wnwinupuiubph yuwhwietbpp: Unwewpl-
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Ynud £ uyt ukpuyugul) uvnbuguyht hopdwpynidubph UNZ Epypukph Epupnt-
nujht owpdwujuquh Jugnuubtph wpgbjuluyhtt ukpphpubph hwjuuwnwugpduu
jupnpunnphuynid (Y, Unuljgw, BHAVDKT, uinkinuyhtt thopdwpynidubkp pun
TM Ne 02-001-91 BHUMIKT Ubpnnhluyh):

duyuhinh oquugnpdnidtt wpghjuljughtt sthwiynipbpnid wywhnymyd t unp
nbkhjuljut wpyntuybnmpmni:Fupdp gbpduunhdwiitipnud ipdhlnihunh,
dwpdwph thnont b duwyywjhinh puntinipnp jungpunnuinid b opqutuljutt juwwy-
gnn Wniphnh puypuwydwin: Cunphhy hpkug wadhowljw Ynbinuljundwut wpghjw-
Juyhtt ujuwduwpwljh dwljkplingph htwn, wy ynptpp hwigbo Bu qujhu npybu obip-
Unipjul Juthsubp b quownywinid ki wpghjuluyhtt othuljwt tkpphph othdw
dwlkplnypt nidghtt dwomuhg: Uy tymipbph widhpwljub Yntnnuljndw hbnbwb-
pny untndymu ki bwb wwpdwubp' pupdp b juynid sthdwb gnpswjhg wyuhn-
yJknt hwdwp:

Bopuljugnipyni: Zhdugbny nbuwluwt b hnpdwpupului dh owpp ht-
nwqnunm pntutkph wpyniipubph Ypu hwunwndty b wyb uplusp, np pupdp
otpUnitwlnipjutt gnpdwiljhg niubgnn Wynipbpp gnigupkpnud Bu Juynite othwgh-
nuwljut punipwuqpbp:Uyy hwunh wpyniipnid wnweohtt whqud dpwljdly b 22
qinh wpunnugpny wpnntwgpt] E Auunbihn-10 widudp inp pthwiymp 22
hwipwpynibwpkpnipjut b dbinwnipghuljut wpynibwpbkpnipjut puthnuubph
b duwywihnh Yhpundudp (22 Yninh wpnnbwghp N 752Y, 2022 p), b tpu unnwg-
Uwl nkjubinnghwi' wpghjwluyhtt sthwiympbpmu fhpundnn juyulgubynpkph,
1gnijutinh b $niuljghnimy hwnlnipniiubph Jupquynphstbiph ntuntdbwuhpdw
hhuwt Jpu: 8nyg t nipgky, np Fuunbkihn-10 wpghjuljughtt jndwnghwnught othw-
nipl hp othwljub hwnnipmnitutpny gnigupbpnd | wipgbjujuyhtt wdtih pupép
nt Juynit wpynibwybnnipnit b hp punipugptpny padupupnd | GYpnuyuljut
nbnbuwlut junphpph phy 13 vnwinupnh ywhwbetbpp:

ZEnmwgnunnyenibl ppuwlwinugyly F 22 ghunniyppui Indhnkh pphwbuwlul wowl-

gnupyundp 21T-2D012 Swdlumgpny] ghinulmb plduyh spowbmlabpnid 2UN2 «Chughuinip-
Jnily puquyhl ghunuhbnwgnunuul jupnpunnphuynod:

GrouuuNkhE3UL 8ULY

1. Uuywi .2 Nwhwigyny $nibyghnbwy hwnlmpniatbpn] wpgjuught sthulub
wupbkunwqtpd tkpphputph vnugdw mkjuninghuyh dywlnudp. «Unipwughunnipmniis
dwutwghunnipjudp nkuthjuljub ghnnipniuubph phlijiwsnih ghnnuljut wunhdwh
huygdwt wmnktwjununipinit.- Gphwb, 2023.- 155 Le:

279



10.

11.

12.

13.

Mennkcerssn H.I'. Pa3paboTka TeopeTHUECKMX M TEXHOJIOTHYECKHX OCHOB CO3/aHUS
(pUKIMOHHBIX 0e3acOECTOBBIX KOMITO3MLIOHHBIX MaTepuajoB Ha IOJMMEPHOH OCHOBE:
Huc. ...n0KkT. TexH. HayK.- EpeBan, 2009.- 263 c.

@pukunoHHble KOMIIO3UTHl Ha ocHoBe nosiumepoB / A.K. TlorocsiH, I1.B. Cshicoes,
H.T'. Mexukcersin 1 ap. — Munck: Madopmtpuodo, 1992. - 218 c.

Aroansu C.I'., Mexukcersin I'.H. HccnenoBanue paboToCrocOOHOCTH TOPMO3HOTO
(PUKLMOHHOTO KOMIIO3HTA, N3TOTOBJIEHHOTO M3 MHOTOKOMIIOHEHTHBIX MaTepuajoB //
Bectauk HITYA: Meramnyprusi, MatepuaioBeieHHe, HEApOMoib30BaHue.- EpeBaH,
2017.- N1.- C.26-33.

MemnkcerssH H.I'., Acusn I'.O. IlepcnekTHBBI CO3MaHHS HOBBIX (PPUKIIMOHHBIX
MaTepHallOB TOPMO30B BaroHoB MmerponoiuteHa // Bectank HITYA: Meramtyprus,
MaTepualloBeIeHHe, Heapononb3oBanue.- EpeBan, 2020.- Ne 2.- C. 59-67.
https://www.elibrary.ru/item.asp?id=45728193.

Menukcerssn H.I'., Acusin I'.O., TageBocsin T.I. TernoemMkocTh Kak (hyHKIHO-
HaJIBHBIHA MapaMeTp TOPMO3HBIX (PPUKIIMOHHBIX KOMITIO3ULIMOHHBIX MaTepuaios // Ma-
Tepuainsl Beepoceuiickoit HayuHo-nipakTuueckoii kondepenunu «Hayka — ObecTBo
— Texnonoruu — 2023».- TekcToBOE deKTpoHHOE M3nanue.- 2023.- C.253-259.
MesukcersH H.I'., Apakeaosa J.P., Acuan I'.O., I'puropsin C.JI. CtpykTypHBIE
N3MEHEHHS TIOBEPXHOCTHBIX CJIOEB (DPUKIIMOHHBIX MAaTEPHAIOB MPU BBEICOKOTEMIIEpa-
TypHOM TperHuu // Bectank HITYA: Mertammyprus, MaTepuaaoBecHNAE, HEJPOIIONb-
3oBaHue. — Epesan, 2023. — Ne 1. — C. 48-58.

DOI: 10.5329/18293395-2023.1-48-58.

3unoBbeB E.B., Unuunangze A.B. ®usuko-xuMuyeckass MEXaHUKa TPEHUS U OLICHKA
acO0(PUKIIMOHHBIX MaTepuaioB. - M.: Hayka, 1978. - 206 c.

Mapuenko K.A. Vcranoctrnas teopust usnoca. Kparkuii 0630p (K croneruro co qust
poxnenuss U.B. Kprensckoro) / TpeHue n cMma3ka B MallMHax U MEXaHU3Max. —
2008.- Ne 06, http://www.mashin.ru/jurnal/archiv.

MesukcersH H.I'., Acusn I'.O., ApyTionsan 10.B. Matemarndeckoe MoIennpoBa-
HHE ONTHMAIBHOTO BHIOOpa KOMIIOHEHTOB TOPMO3HBIX (DPUKIIMOHHBIX MaTEpHAJIOB C
¢byHKuroHaTHHBIME cBoicTBamE // Bectank HITY A: Mertammyprusi, MaTepuaioBee-
HUe, Heporonk3oBanne. — Epesan, 2023.- Ne2.- C.35-45.

MemnkcersH H.I'., Acusin I'.O., T'aactan A.K. [IporpammHOe obecnieueHne mo-
60pa KOMIIOHEHTOB TOPMO3HBIX (PPUKIMOHHBIX MAaTEPHAIOB C y4eTOM (PyHKIMOHAIIb-
HBIX TapameTpoB // Marepuansl Beepoccuiickoil Hay4HO-pakTH4ecKkol KoH(epeH-
uun "Hayka-O6mectBo-Texnonoruu-2024".- Poccusi, Mocksa, 2024.- C. 220-225.
IMarenr PA N 752Y. ®pukumonnas komnosunus / H.I'. Memukcersin, C.I.
Aréansu, I''H. Menukcersin, I'.O. Acusin, T.III. TageBocsin // TIpomblnieHHast
COOCTBCHHOCTb: OdurmaabHbIH oroiuteress  NO7/2—  Epesas, 2022,
https://aipo.am/public/uploads/files/file-Xn0qURQ{jC.pdf.

I'OCT P UCO 7881-94. Tpancmopt mopoxubiii. Hakmaaku Ttopmo3usie. OueHka
XapaKTepUCTHK (PPUKIMOHHOTO MaTepHuaia. MeTox MCIBITaHUs MaIoro odpasia Ha
ManiiHe TpeHus.-M.,1994.

280



14. FRICTION TEST FOR BRAKE LINING. International Standart SAE J 661 201211.-
Brake Linings Standarts Cjmmittee.- 2012.

15. Acusn I'.O. HoBblii QpUKIMOHHBIN MaTepHai Ul TOPMO30B CO CPEAHEH TEIIOBOH
Harpy3koi // Bectnuk HITYA: Meramnyprus, MaTepuanoBeeHne, HEIPOINOIb30Ba-
Hue. — EpeBan, 2022. — Ne 2. — C. 42-50.

16. Memukcersin H.I'., Acusin I'.O. Bimsinue dasiira Ha TpUOOJIOrHYecKre CBOWCTBA
(hpuKIOHHBIX 0e3acOecTOBBIX MOJMMEPHBIX MaTepuasioB // COOpHUK TpyHmoB Mexmy-
Hap. Hay4HO-TexHH4. KoH(]. "Tlonumepnbie komno3uthl U Tprbonorus" (Ilonrkom-
Tpub -2022). — 'omens, bemapycs, 2022. — C.146.

17.  https://mpri.org.by/wp-content/uploads/2021/12/PolyComTrib2022-pres.pdf

Zuywunwith wqquyhtt ynthnkuhjulwb hudwjuwput, dutwdnph dwubwgnin:
Umnipn tkpuyugyty E udpugpnipnit 11.12.2024:

H.I'. MEJIMKCETSH, I'.O. ACYSH, T.1I. TAAEBOCAH

PA3PABOTKA TEXHOJIOT'UHU MMOJIYYEHUS BE3ACBECTOBBIX
TOPMO3HBIX KOJIOJOK C TPEBYEMBIMU ®YHKIIUOHAJIbHBIMHU
CBOVICTBAMHU

B pesynbrare TEOpEeTHUECKHX M SKCHEPUMEHTAIBHBIX MCCIEJOBAaHUN pa3padOoTaHbI
NIPUHLMITBI CO3/IaHus 0€3acOECTOBBIX KOMITO3UIIMOHHBIX TOPMO3HBIX MaTepUajioB ¢ HEOOXO-
JUMBIMH (YHKIIMOHAIBHBIMH CBOMCTBAMHM C MCIIOJIE30BAHUEM BOJIOKOH U ITOPOIIKOB, MOITY-
YCHHBIX U3 OTXOA0B I'OPHO-METAITYPIruieCKOro mpou3BoaCcTBa PA B YCJIOBUAX BBICOKOTEMIIC-
paTypHOro KOPOTKOro 3aMbIkaHusl. [IpoBesieHbl CTPYKTYpHOE MpeoOpa3oBaHue MOBEPXHOCT-
HBIX CJIOCB B YCIIOBHAX BBICOKOTEMIIEPATYPHOTO KOHTaKTa M MOICITHUPOBAHHE MEXaHH3Ma
CTPYKTYPHPOBAHUSI.

Co3nana nporpamMMa aBTOMaTHYECKOro pacuera Kod(pOHUIMEHTOB yASIbHON TEIoeM-
KOCTH KOMITO3HUIIHOHHBIX KOHTAKTHBIX MaTePHAaJIOB C PYHKIIMOHAIEHBIMA CBOUCTBAMH B 3a-
BHCHUMOCTH OT OOBEMHOTO COJCpKaHHSI KOMIIOHEHTOB, C JOCTYIMHOCTBIO B IPOTPaMMHOMN
cpene Windows, oroOpaaromasi IMIOPT ¥ 9KCIOPT IOJIst IPOrpaMMbl MeToJIoM winforms.
BrisiBnens! Terutodusndeckue u 3HIOTeHHBIe cBolicTBa (asumTa (Fe,Si0s), comeprkamierocs B
HIIaKax AJaBepJCKOT0 MeIeIIaBUIIBHOTO IIPON3BOJICTBA, U CIIOCOOBI €r0 UCIIOJIb30BaHUS B
Ka4yeCTBE PeryssTopa (yHKIIMOHAIBHBIX CBOMCTB B TOPMO3HBIX KOHTAKTHBIX COCAMHCHHSIX.
Pa3paboTanbl HOBBI MHOI'OKOMIIOHEHTHBIH TOpMO3 - Oe3acOecTOBbI TOPMO3HOM TepMO-
CTOMKUI KOMITO3UIIMOHHBIA KOHTAKTHBIA MaTepuay Ha OCHOBe monmMepa bactenmt-10 c
HCHoJbp30BanueM (asunta (mateHT Ha uzooperenne PA N 752Y, 2022 r.) a TakKe TEXHO-
JIOTHSI €70 TIPOU3BOICTRA.

Knroueevie cnoea: TopMo3HBIE (QPUKIHUOHHBIE MaTepHaNbl ¢ (YHKIHOHATHHBIMH
cBOMcTBaMH, KOA(P(GUIMEHT yISIbHOW TEIUIOEMKOCTH, KOA(MOUIMEHT TpeHHs, (QyHKIHO-
HAJIBHBIA TapameTp, (asuur.
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N.G. MELIKSETYAN, G.H. ASCHYAN, T.Sh. TADEVOSYAN

DEVELOPING A TECHNOLOGY FOR OBTAINING ASBESTOS-FREE
BRAKE PADS WITH REQUIRED FUNCTIONAL PROPERTIES

As a result of theoretical and experimental research, the principles of creating
asbestos-free composite brake materials with required functional properties are developed
using fibers and powders obtained from the RA mining and metallurgical production waste
under the conditions of high-temperature short-term-repetitive regime. The structural
transformations of the surface layers under high temperature contact conditions, and
modeling of the structuring mechanism is performed.

A program for automatic calculation of specific heat capacity coefficients of
composite contact materials with functional properties, depending on the volume content of
the components has been developed, with accessibility in the Windows software environment,
displaying the import and export fields of the program in the winforms method. The
thermophysical and endogenous properties of fayalite (Fe,SiOs) contained in the slags of
Alaverdu copper smelting production and its use as a regulator of functional properties in
brake contact compounds are revealed. A new multi-component brake, Bastenit-10
polymer-based asbestos-free brake heat-resistant composite contact material using fayalite
(RA Invention Patent N 752Y, 2022) and its production technology are developed.

Keywords: brake friction materials with functional properties, specific heat capacity
coefficient, friction coefficient, functional parameter, fayalite.
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L.U. UULNRY3ULY, U g, ZUCNRESNRLIUL?

QGSUSHL SPNP UNLUELIUSY U0 NMN2UUAULLENPS NNJELE ZENUSUUL
UUreh yUNNbh89U0LP YUSUNGLUSRNMONRUT

LEntwhwipughtt wpymbwpkpmipjut hwpunwugdwb wnskph hinwuqu Epudswljdw
uunppubpp dpnnuytu qgniynid Gt npnpunh dwutwgbnbbph npwnpnipjub JEinpnund:
Qhnwghtt nhyh wnswdpwpubph puunupydwi wpyniupnid htwpunp kot ns dhuyg
wynswdpwpubpnid wnskph pwtwlhh qquih tjugqtgdwb, npuig hbnnwqu Jepudowljdwi,
huswbu twl vwljwjwhnn 2Z-mud jEpiwhwpuyhtt dkntwpmpnibtbph wwydwhtbpood qu-
nwupljus ynywdpupubph Yplhuwlh ogqunugnpsiwm htn juwydws wpnhwlw hwpgbp:
Uhkpjunudu huynth b yoswdpwpibph quunupdwi puqiuphy vwppbp b nkjuthlu-
Jut jnsnudubp, npnip ks dwuwdp Jkpupbpnud Bu hwppe phjhtdughtt wuydwiubbpnud
nbknunpyus wynsudpupubph nuunupydwin: Thpnidnipniup gnyg by, np pupy (kptughe
b nhhtduyhtt yuydwubkpnud, Yhpgipoud b dnplpnud wknunpgus diswswguy wynswdpup-
ubtphg wnstph htinwgudwi tkpjuynidu hwynih Epubwlubph oguuiugnpénidp juy mwpusnid
sh qut gqnpStwljuunid hpkug gudp wpynitwybnnipjut b nknuiuph npdyupuhwu nk-
nudwubtpmy Jhpunbhnipyut htwpudnpnipiut puguljuynipyut yundwnny: Mnswdpup-
utiphg wyngkph hinwgdwt juunhpt wdbth E puppuind ginughtt mhyh yonswdpwpubph
wuydwbubpnud, pwth np wnskph hinwgdw dwdwiwl wnywdpwpitph nknunpdwb pupy
phhtduyhtt yuydwuubph, qquh unpnipiniautph b hwnwlugdnid tpljuywlub swihkph
wuwwdwnny h huywn i quhu dh pupp mbuthjulwb jutinhputp, npntg (nidnudp htwupuyn-
pnipgnil E nmwhu pupdpugit) ginuwghtt nhyh ynswdpupubphg ynstph hinwgdw gnps-
nupwgh wpynitwyknnipmiup: Fhnughtt nhyh ynswdpuputph qunwupldub tnp nkth-
Juiub nsdub dowlnudp b hbnwqu Jhpupnipeniup wowdb] wpphwlub b Zuyuunwih
Zuupuy bnmpjub (Ekpttughtt dkntupympniiubph pninp qnpénn b tkpljuygnidu Yntubpdug-
Jud wnswipwpbtph hudwp nknunpjus papny phjhb$ught wuplwbbbpod:

Unwbgpuyhl prunkp. wnguyhtt bungudp, ghinuyhtt wnswdpwp, uwpp, nunwupldwi
Enutwly, hEtwunih, dknunuljut wonwpuly:

Lhpwbmipnt. Untubpjugdus ynswdpwpubph JEpudowldwt juinhpubph
b, hbnmbwpwp, yEpohtitkiphu puunupuwt htn juydws hupgkph 4ipupbpuyg
nbkthjulut gpulijuinipniind jub puquuphy wnwewuplnipmiuutp: Uwubw-
Ynpuytu, hwynuh i wynywdpupubph quunupdut dh swpp wpunntwugpus
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Ubkpnnubp b vwppwynpnidukp, npnug vh dwup Epuyuwhmdubpny Yhpwnekih B
twl glinnughtt mhwh wnswdpwpubphg ynsuyhtt tunguwsputiph hipwgdw hwdwp
[1-6]: Cunhwinip wodwdp, tpyws hwjnh wnkthjulwub (pnsnidubpnid wnw-
ouipljynid k. wnywdpwpubph quunuplut tnutwljubp gpuubnhsutph, hnqu-
onis dbphuwgh, hswyku b wwywppwupdhy Ukhwihqiubph dhongny: Qbwnwght
nhyh ynswdpuptubphg ynswjhtt tundwspubtph hknwgdwt Jtpnhhojw) hwjnth
Ubpnnubph Jbpnisnipinitpn gnyg £ wyk), np wyn nkjputhjujwt msnidubpht
punpny L dh owpp phpnipnitiibp, npnup gnpstwlwinid tuqbgunud o npuitg
Jhpuwndwb htwpwynpnipnibpp:

Ujuyjtiu, huynuh E ghnnughtt nhyh ynswdpupbph quunupldut tqubulh
hpwgnpddwt hwdwp Yhpwoynn vwpp (22 gnunh wpunuwghp Ne 2502 A, UUA,
E21C45/00, E02F3/88, 2011p.), nph hwdwdwyl' wnswdpupnid whgugdmd E upw-
dwthnu, npp gumd B opny, wppyniupnid dbwynpmd B Jpeopju b unnpopyw
hwipwunhdwtubp: dEpopw hwipwunmphguubpp dowlnid G opuwiknpsubipnh
dhongny. wnskpp nynnnud b b hiptiwhnu duny ninnnud Bu nyh unnpgbniyu
hwipwunhdwt: Unnpghintyu hwipwunhdwitph dowlnudt hpuwjubwgunid
El ppudwthnunid nbnunpjus (nnugnn hnnqusnis dbpkuwny: vpudwihnub wig-
jugund Eu wynywdpwph Ynnh (nnuthught b (wujuyht gninhubph vwhdwih:
pwdwthnuh hbnwqu qupqugnidp b oppljugus wnskph hinwgnidp hnnudnis
Ubkpkuuyny hpujuwtwugumd b (dulh ninpnipyudp’ jujtujubt-qniquhbtn pipw-
guokpunbkpny:

Zupyh wntbng wjt hwiqudwpp, np Zwjwunwith Zubipuybknnipniund,
husybu twl wprwuwhdwyut wyp pypubpnud tkpjuynidu gnpénng b Ynuubp-
Jugyus ynswdpwupubpnid nknunpjus ynstph junpnipjniuibpp upnn o hwu-
k] b ghpuquighky 100 « pupdpnipniip, wynsuyhtt tunduspubph hinwgdwt hw-
dwp hwynuh uwpph Jhpwendp tywwnwlwhwpdwp sh fupnn (huk] hEnbyuyg
wuwwndwnubpny.

o Judwbwlwlhg wpnunpnipjut hnqusnis dkpkuwtpny hhdtwljuwinid
juunwpmd G ghnbph b (deph hwnwlubph pnpugdw hin juyduws wohaw-
wnwbpttp, nputg vhongny gpniinubph dowljdwb junpmipiniup vwhdwbtwtuy k
b sh wiginid 25 #~hg:

e Mnswdpwph jupudwthnunid mbnunpjws (nnugnn hnnquénié dkpkuugh
dhongny UkY pupwuguwobpunnid ophljugus wnskpp dhtish 25 # junpnipyniip hknwg-
ukynig htinn, hwenpy sbkpunp dpwljjhu, wuhpwdtynnipnit E wnwewnid hotg-
k] oph huybjnt dwjupnulp ppudwthnund: Ujuhtpl, ppudwthnunid oph wdkl
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Uh hwonpn dwlupnulh hotgnidp Yhwugqkgth tpwb, np hnnuémsé dbphkuwb
Yhwynugh poy b sjuwyulgdud ynswjhtt tunguwspubpny dbwdnpdws Ynntpny
wunhfwbwpwp junpugnn pupudwhnunid: tw wijiniuuhbjhnpkt jhwiglgh
hipuduthnuph wuwwnbkph hniquup, hoquénis dkpkuuygh Jrupht b wynsknh onh-
Jugdut b hknwgdwt wpumnwbpubph nunupkgdwin:

Zuyunth L twl ynswdpwpubph quunwupdwi Jky wy tqwbwlng wow-
owipljwd vwppbnh Epynt mwppbpuljutp (WUL wpnntwughp Ne3,799,614, E 21C
45/00, 1974 p.), npnugny wnsuyhtt tunnusputiph hwinyph b hknwgdwt gnpépl-
pugl hpujubwgynud E wynswdpwph dwljkplingphg niuyh hwnwljio piljus nignnige-
jadp: Mnswdpuph dpwljdwb Eipulu nupuspnd twpwybu dtwynpjus dw-
qupwdl thnuh dke wdpwupdhs Ynniulny Jupunid ki wopiwwnwipuyhtt hwppwyp
b tput wlpugyws dbnwunuljub wywnwpulp: Zuppwyh quuynp-dghs dnuuib-
ubtiph yupuwwhlubph wquun sSuypbkpp non wdpugunid B ynswdpwnh Juynit hk-
twpwtkph ypw b jupuwhljubph huptudup gnpdwpyniudng wyyuwhngnod Eu wwpphp
ninnudhgnipniip b ghppt pun pupdpnipjuit: Upnwpujhtt dhwugind Bu nkjuith-
Julwt oph dwnwljupupdu b ynswdpuphg wywpwhyniuh hinwgdw junnn-
Juijwowpbpp: Gnpsuiplling uniqupynh Yntwu dwuh b ynibwdnp hhdpbpp
Eqpuyht oputibinhy Yguhnnbpp, wownwupuht hwppwlp dbnwnuljut wynw-
nulh htwn vhwuhl, swipmput nidh wgnkgnipjub iy, hokginud Eu woiwwnwt-
puyjhtt hwonpn nhpp: Usnwpuwlh tkpunid mbnunpjué wywpwjyniuwght wnd-
wny Ykpugphljugus wnskpp inmud b nlwh wywpwjymuh eogmjujwywp, nph
Uhongny hinwgunid Lt ynywdpwuph tnwpwsdphg:

Uwipph tjupugpdus mwuppipulh pipnipntut wy k, np wohiwnwipugha
hwippulp b tpub wipwpd dhugjws ynitbiwynp wpnmwpuljp dwqupudl thnuh fun-
pugdwip gnigpupug huyniynud tu thnup Ynnkph thiniquutt hpuut Juuutgh
nul: Ldwt Ypwupp nphypnid ynitwynp hhdpny wonwpwlyh wdpnne vwppuyn-
poudlibpp, wyy pynid’ twb wotunubipuyhtt hwppwlp, Jipohthu pu nbnuljuyg-
Jud junwjupdwt dbjuwhquubph hwiugnygubph htwn dhwuht, jupng o dbuyg
thiniqus b ophljugud wywpwhyniuh wuly, wyjuhtiptt puntw wajurwdupkh b
widbpunupd Ynpugws:

Zuyunh k bwl dbp Ynnuhg wnwewpljws ghinnuyghtt mhyh ynswdpwpubph
nuwunwupuwt uvwpp, npp tdwbwnhwyp hwinpuwind £ UUU wpnnbwghp Ne3,
799,614, E 21C 45/00, 1974 p. [1]: ‘Unp wpnintwgpyws uwpph b wdbkphljub nkju-
uhjuljwt wowewplh wnwppbpnipniut wyt k, np vwpph qluwdnp Enyutkpp
qniquhtin gétpny bt wdpugdws ynswdpuph tnupwsphg nnipu nbknunpdus u-
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it hktwknbpnud, hul] wojuwwnwbpwyhtt hwppwyp hpujubtwugdus k owpdw-
Jwt uwguyh mbupny, nph wuhyubpp hpkug thnunpuljubpny ubbingws tu qrluw-
Ynp dnwyutiibph ypu: Uwyjuljt nith pwpdwpkp, nptt ppujubugyus b guwdnp
gnuububpht vhowlljuy pwpowdnuyub jupuyhlh wnkupm], puy npnud, dqhs
nuuwibwynp Juwpuyhlubph wquu swypkpp Ynpn wdpugqus b wonmwpuyh
hpduwldwhuph Jtphl pununphsutph Jpu:

dkpp owpunpyushg hbnbnud E, np.

e huijnth vwppbph owhwgnpénidp Juwyuws k qquph swjuyny twpuwww-
npuwunuwlul wywnwpibinh wihgjugdw htwn [1, 2, 4-6],

¢ Jhpwnyny uvwpptpny httwpwynp £ wnswyhtt tunguwspubph hinwgdwi
htwn juyyws wopnmnwupubp hpwljwbwgub] hwdbdwwnwpwp thnpp swthtp b ny
UkS junpnipini niitkignn wynswdpupubph nwpwsputipnhg [2, 3],

e uwppkph httwpwynp Yhpwrnudp hwdbdwwnwpwp UES junpnipniiubpnyg
wnswdpwpubpnid widunuwignipjut wywhnydw mkuwlynithg phun juuljw-
Sth k(2]

e ophwighgud b pnyy) juwulgdus wynsughtt tunduspubpny wupthwlyus
dhowjuypnid wpjuunwiptiinh wtduuignipjutt juinuutnh ywhywidwt ndju-

nnipnibn [2, 6]:

Munph gpyusdpp. 22 (Entwhwbpuwghtt dbn-
bwplnipniuubph ginughtt mhyh ynswdpwpubpp,
npybtu Juint, nknugpus Eu pupg b jupndws
nhhduyhtt wuylwhbkpmyd vwpujubebphl, Jh-
n&tpnud b Anplipnud:

Unyu wpjuumnuipmy ghinughtt mhuh wnsw-
Upwnhg wnskph hinwgdwt twphtnd dpwldus
uwpph [1] wphiwwnwiph Juwnwpbjugnpdnidp wyup-
qupuujus L «Quuqkgqnipph wynudwdnihppkuught
Ynuphtiwwn» OR puljbpnipjut Ynnulhg swhwgnps-
Unn Upsjwithih wnywdpuph oppliwayny, nbmumnp]-
wd hwdwuni gknh Yhpdnid, huish mnbupp hwnw-
LU, 1. Upsuwlihlip yosundpuph Jugdnid gnyg E nnpgus uly. 1-nud:

wknughppp (Google pupinkq) Mnywdpwpp qpuntgunud b dnnwynpuybu
600 Aw mupwdp, hul] tpw we b dwju whbkph nk-
1htdh pugupdwl thobph dhowluyph wpdtpubpp hinlyut L.
e wo wth 730,0...950,0 i/,
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e dwu wth 740,0...935,0 u:

UpsJuthlh wnywdpuph «atbtphy Epuyiwljut ypnphjubpp phipdus ko
uly.2-nud: Ukp Ynnuhg wpnntwgpdus vwupph Jhpunnipmiup Upsduuhyh glnw-
jhtt nhyh wnswdpwnhg wnsuyhtt tundwspubph hinwgdwt hwdwp Juwydws k dh
owpnp pugnighs woiwwnwiputph Juwnwpdwi htiwn, higp hokgunid k twpaljhunid
wnwownpljus nbkuuhjuljut wnwewpynipjutt wpynmibwybtnnieniuap: Upunn-
twgpué vwuppny ynswdpwuph puunupydwt dudwtwl ynskph dywljynn nmwpw-
smpjut swhbpp Uh Ynquhg uwhdwiahwlpoud B wnsudpuph ugimpyudp, hul
Ujniu Ynquhg uwpph dknuquljut wonwpulh (3) Ynquyht wwnbkph phuiwg hn-
nhqnuului nknunpdws opuknhs Yguhnntphg (6) b ynswdpwnh dwljbplng-
pht nknunpwsd gputnhsutphg (21) wpdwlyws gph ohph tplupnipundp b ju-
nnn L nunwtgty 400...500 ¢ vwhdwttpnud (uy. 3): Unwugymd E, np pun bpljuapne-
pjut Uh pwuh Yhindbwnp dqudnipinit niikgnn Upsyuthlh wynswdpwuph b td-
wiwwnhy wy] yoswdpupubph pgunupdut dudwbwl wnwewnpljws vwpph Yh-
npunnipjul phypmy withpwdbown Y1htth vwppp b wnswdpwph vwhdwbitbphg nipu
npudwgdnpktt hwjunwl minnmpniuibpny ynswdpuph dwljbplinyphtt hwpng
puwjuit nkhtdh Jpuw mbEnunpjus wipwupd httwuniubpp (12) puqduphy wi-
qud wywuntnwdl), minuihnput] ynswdpwph tnp dpwljynn nbnudwu b tinphg
wytinkn mbnunpb;: Uju gnpdpipugibph junwpnmdp puduljuht dadwbwlw-
wnup kb dwhupuwwnwp, htgp fhwtgkguh ynswdpunhg wynstkph hinwgdwt wohiw-
wnwtipubph hiptwpdtiph pupdpugdut nt wpnunpnyujuintpiut twugqtgdup:
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ZEnwugnunipjub wpyniupubpp. Shnughtt whyh wnswdpwpubphg ynsw-
1ht tunnuspubph hkpwugdw hwynuth vwpph Yhpunnipjut wpynibuybnntpjut
pupépugdutt hwdwp wpwewnplynid £ hwyjinth uvwpph junrnigqusph juwnwpbjw-
gnpddwt tnp tmwuppkpwly, nph knipiniup hbnbywgh b

Qhwnught mhuyh Yntubpjugdus wynswdpuph mupwspp hp we b dAwpa whkph
nkihkdh pugupduly thobph ninnnipjudp puwdwiynid £ wpwtidhtt dpwljyny nk-
nuuwubph wohunubpuyhtt hnphgnibitph: Puswbu kpinud £ il 2-hg, Upsquihljh
wynswdpwunh yuydwiutbph hwdwp ynywdpuph nmwupwspp hp we b dwpa wthkph
nhhbdubph pugupdwl thokph nunnnipjudp htwpwynp L pudwil) dwp Ynndhg
3000...10000 « hulj we Yynnuhg 3750...8870 «/ wnwpwspubph, npnig phpnipniip
hnphgnth tjundudp munwiynud b, hadwyunuwujuwtwpup, 0...13 1 0...10° uwh-
dwtubpnid:

Mnswdpuph vwhdwbbphg gmipu wyny wwpwsptbph wdpnne Eplupnipjudp
nkhEdh Ypw wugjugynid tu nkjutp, npnug guinphhy htwpwynpnipnit £ uintns-
Unud’ wnyuwdpuph wewtdhtt nknwdwuhg fud dh pwbh nkqudwutphg, wnskph hb-
nugdwt tyuwunwlny, ynswdpwphtt hwpnn nbhkdh tpuypny ppujwbwmgubine
hwyjnth vwpph htwuyniubph nknuhnjunipmiip (ophtiwy, Jupuwhlubpny): St-
nuihnjunipniip juwnwpbnt hwdwp ynswdpuph vwhdwbibphg gnipu npudw-
goénpkl hwjwpwl nipnnipnibubpny wnswdpwph dulbplnypht hwpnn nkhtdh
Jpu nbknunpdws wipwpd hbwuniubpp (12) hnpuwphynid o nbjuughtt ninh-
ukph Ypw mEnunpjué smpduljut hEtwuniutpnyg (uly. 3-h hwugnyg «U»), husp
gnyg E ipJud twlb bl 4-nud:

U 4 Updyuwihlih ynswdpwph dowlpyng nkpuidwunid nkjuughl nipnt Jpu wknunpjud
owpdwlwl hklnuuinil
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Zhuwuniubph (12) ninuthnjudwt pupwgpnid hwutking Ynbubpjugdus wn-
swlpuphg wnskph hkpwgdwl ptnpjws nknuwdwuht hkwumbkpp kplynn-
dwh juny wdpwugynid &b, tpuitg vhob muglhugynid ki wonwnwtpuyht &nujubi-
ubpp, hull ynswdpwphg ynskph htinwgnidp juwnwpynid L huynuh Epubwyny [1]:
ZEuwuniubph swpdwljut wuhyubph wipugdwi hudwp Yupbih E jhpuet) ju-
Jjwunuynp wipgljuutp, npnip juyunpb jhpwnynud tu judpowlughtt b wownw-
nuuyhtt wdpupdhsubpnid [7]:

Bqpuljugnipjnii.

1. Mnswdpwpubph nuunupldwi hwynith vwppbph n gpuitg hpugnpsdw
Enutwljubph Jbpnidnipyniip gnyg b wdby, np gputg swhwbn Yhpwnnipmiup -
nujhtt mhyh ynswdpwptbph nuunupydwi hwdwp htwpwynp E hpujubwgut
hwdbdwwnwpwn thnpp swihkp b ny UES junpnipinit niikgnn ynswdpwpubph vnw-
pudpltphg:

2. Unwowplyynn nbkputhjulwub nisnidp htwpwynpnipnit £ wnwjhu qquigh
suthny ujuqkgul] qhknuwyhtt mhyh wynswdpupubph nunupduwt dudwbwy
Juwnwpynn hhdtwljut b odwunuly gqnpspupwgutph wbnnnipmitp, wbjuguly
uwpph wpnugponqujubnipinip, tugtguling wojpwnwbipitinh huprwpdbpn:

QMUY ULNRE3UL 8ULY

1. Upwnintwghp Ne793Y, AM20220052Y, E21C 45/00, E02F 3/00: @Lwinuwghti mhujh wnswdpuip-
utiphg tunusputiph htinwgdw uvwpp / L. Uwtmlyul, Y. Zupmpeniyui, S. Uwuimyjwb,
U. Qunpqu; 22 dnnunp ubthwluinipyub gnpswljuynipnib.- Gphwl, 2023.- by 14:

2. US Patent Ne28,945. Method and apparatus for excavating settled body of solids / J.A. Miscovich,
J.J. Gilbert.- 1976.- 16 p.

3. Upwinuwghp Ne2502A, AM20090097, E21C 41/00, E02B 7/00: Qtwuyht wwhuh wynywd-
pupubph nuunupldwt tnutwy/ U. Upgnudwiyub, T, Twinjjui U. Ujpnnudjub,
U. Yuuyulsjui, ¢ Twqupui, . Uupquui, U, Twqupub /22 dnwdnp ubthwuljw-
unipjut gnpswjunipnib.- Gphwi, 2011.- ke 17:

4. Upwuntwghp Ne2396 A, AM20080237, UUY (2009), E21C41/00, E02B7/00: Qtwnwghtt tnhwh
wynswdpunpitinhg wnsughtt bunduspubph htpwgdwt Enwtwy / LU, Uwiniljub,
U.U. Upgnudwiyuly, @.2. Nwqupyul, k. Uwupquyui, U, Twqupyub; 22 duwdnp ubithwulw-
unipju gnpswljunipinii.- Gphwb, 2010.- Le 8:

5. Upwuntuwughp Ne2397 A, AM20080236, UU (2009), E21C41/00, E02B7/00, @kunughtt wihuh
Yntubpyugiwd ynsudpupiibph qunuplwh fqutwy/ & Uwpquyub, L. Twimljub, U.
Upgnuiwiywb, 9. Twqupyui, U. Yuqupub; 22 dnwynp ubthuuimpjub gnpsuljuynt-
pintt.- Gplwd, 2010.- 8 Le:

6. Ilarent NeSU 1782280 A3. Crnoco® OCBOOOXKICHHUS MIJAMOHAKOMUTENS OT MHUPUTHBIX OrapKOB

/A.B. IIplaes, B.H Bananau; ['ocynapcteernoe nareHtHoe BenomcTBo CCCP, 1992. - 4 c.
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7.  Keryabcknii B.IL., Jykamyk O.A. IIpoektrpoBaHue, KOHCTPYHPOBAaHHE U pacyeT MEXaHU3MOB
MOCTOBBIX KpaHOB.- Exatepun0ypr, 2016.-184 c.

LZwyuunwth wqquyhtt ynjhnkuthjuwt hwdwjuwput, Linbwdbnwnipghugh
b phthwub nkutninghwkph htunhwnniny, 2«Quiqkqniph ynidwdnihpyttuyght Yndph-
twwny ORL: Upnipp ukplujugyby b adpugpnipinih 03.12.2024:

J.A. MAHYKI/IH, K.B. APYTIOHAH

YCOBEPIIEHCTBOBAHUE YCTPOMCTBA YJIAJEHUS XBOCTOB U3
3AKOHCEPBUPOBAHHBIX XBOCTOXPAHMWJIMI PEYHOI'O TUIIA

ITpobGnems! nanbHeHIeH nepepaboTK XBOCTOB OOOTAIIEHHS JIUTEIIBHOE BPeMsT HaXOAATCSI
B [ICHTpe BHUMAHUS CHEIUATNCTOB OTpacid. B ycinoBmsax PecryOmixn ApMeHHS 3TH IpoOIeMbl
aKTyallbHbl €lI€ U IOTOMY, YTO OHHU IO3BOJSIIOT PELIaTh HE TOJBKO BOIPOCHL NEPepabOTKU U
yYMEHBIIECHUsI 00bEMOB JIEXKAJbIX XBOCTOB 000TalleHNs, HO U IPpo0IeMy HeXBAaTKH HOBBIX TEPPU-
TOPHH I UX CKIAAMPOBAHUS M XpaHEHHs. B HacTosmee BpeMs: M3BECTHO MHOXKECTBO TEXHHIE-
CKMX PEIIEHUI U YCTPOUCTB AIs yJaneHusl XBOCTOBBIX OTJIOXKEHUIN U3 XBOCTOXPAHHUIIMIL, OJHAKO
OHH Pa3pabOTaHBI B YCIOBHAX XBOCTOXPAHWIIHIL, PACTIONOKEHHBIX HA PaBHUHAX. Bompocsl, cBs-
3aHHBIC C OTIOPOKHEHHEM XBOCTOXPAHHIINII, TakKe SBIAIOTCS YacThIO TOH 0O0mIedl mpoOieMsl,
JUISL KOTOPBIX B HAcTosllee BpeMs pa3paboTaHbl MHOTOUUCIECHHbBIE YCTPOMCTBA U CIIOCOOBI UX
npuMeHeHns. HeobXxoqumMo OTMETHTb, YTO STH PEHICHHS Ha MPAKTUKE B YCIOBHUSIX T'OPHUCTOMH
MECTHOCTH HeE TOJYYHIIH ITHPOKOTO TIIPHMEHEHHS H3-3a CIOXKHBIX pelbe(DHBIX YCIOBUH pa3Me-
LIeHUs. XBOcTOXpaHuwiHil. OCoOEHHO cepbe3Hble NPOOJIEMBl BO3HUKIU IIPU BBIOOpE U pa3paboTKe
METOZIOB yIAI€HNs] XBOCTOBBIX OTIOKEHHH U3 3aKOHCEPBHPOBAHHBIX XBOCTOXPAHUIIHII PETHOTO
THIIA BBHAY HX Pa3MEIICHUS B CIEIU(PHICCKUX U CIOXKHBIX Pelbe()HBIX YCIOBHUAX, OOIBIION
NPOTSDKCHHOCTH B IJIaHE U INIyOUHBIL.

Kniouegvie cnosa: XxBocToBOE OTIOKEHUE, XBOCTOXPAHHUIININE, YCTPOHCTBO, METO OIO-
POKHEHHS, OTI0pa, MeTaIUTNdecKas OarTHs.

L.A. MANUKYAN, K.V. HARUTYUNYAN

IMPROVEMENT OF THE DEVICE FOR REMOVING TAILINGS FROM
DECOMISSIONED RIVER-TYPE TAILING DAMS

The issues of further processing of tailings have long been the focus of attention for
specialists in the field. Under the conditions of the Republic of Armenia, these issues are especially
relevant as they help solve not only the problems of processing and reducing the volumes of
stale tailings but also the shortage of new areas for their storage. The issues related to the
emptying of tailing dams are also part of this overall problem, for which numerous devices and
methods of application have currently been developed. It should be noted that these solutions
have not seen widespread practical use in mountainous areas due to the challenging terrain conditions
for placing tailing dams. Particularly, serious problems arise when selecting and developing methods
for removing tailings deposits from decommissioned river-type tailing dams, due to their
location in specific and difficult terrain, as well as their large extent in area and depth.

Keywords. tailing deposits, tailing dam, device, emptying method, tower, metal caisson.
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UluGedNheUSEL UNUVIGLUUSNIVENE QBLUUSPL ZUCY U yb
UGENYUECh YGMT.NARONREINPULE UNUIELUUSACUVECE MPSULPNRE8UL
urusnrncuuy Seuuuusnhuhs

Zhkwnwgnuyly E hnunkiumighnt mbknujuwyjuupubph wphiwwnwbpn: Gunwupyty L nwp-
ptip Ukpnputpny Ynugktuwnnpubph hwpduplutph wpyniuputph hwdwnpuljwt Jtpint-
Snipjnii:

Umubigpuyhli punkp. nuntiuughnt nknuljuywip, §nuinkuwnnph unpnduljuthniy,
onugninppuyht fpwntnipg, shpduhnpwugdw ptinkuuhynipnil, obpUwhwnnpuljwnt-
prut gnpswljhg, Ywppnipjut wunhgwi:

Ukpwénipinii: Ununkiuwghnt nknuwljuwjwiupubph dnthnnphgh b wpwwn-
npnodwl (phwginunhlujh) gnpswenypukph hpulwiwgnidh withtwp E wpwig
npubgnid pupwugnn ypngtuubph $hqhju-phthujut Unpbjudnpdwi:

Eny wrwup dkpnnubph Jbpnisnipjut vhongny obpduwhnpuwugdwt gnp-
Sdwlgh hwodupldw wpnyniipmd vinugdus dbdnipmniutph b thnpdtwljui ndjug-
utiph hwdwnpnudp, hwuwnwnty £ np Ynugbivwnnpubph hudbubpului hwodupl-
utiph nhwpnud, gnpstmjut bywwnwlubph hwdwp, pujupup Lqpunipyudp ju-
nnn o bpupfuwnpdl) twjulht Zudwudhmpiuwljut okpduwnbuuhjuljut htunh-
uninh, UUL-h ohpduhnpuwmigdutt htunhwnninh, Yuwyniquyh nimpphtwphttwljut
gnpéwpuith, Mpuh puotuhtt hwdwjuwpwh Ynndhg dowljws dkpnnubpp:
TYhuwupyyws dbpnnutnhg uh pwthup Cudwidhmphiulub okpdunbjuthjulwl
htunnhwuniwn, «Uknpnynjhnbu-dhiitpus b wyj) hhddnwd B nkdhdwghtt punt-
pugptph Ypu b hwpuynpnipyntt kot hu’ widhewljubnpb hwyyuplykne Ynbn-
Euuwwnnph wdpnne dwlbkplnyph obpdwthnjuwigdwi gnpswljgh dhohtt wpdtph
Ubkdnipniup: Ukpanubph dnwe junudpp (Ywyniquygh tinipphiwphtiwjuin gnpéw-
pui, Nipwh guptuyhtt hwdwjuwpwiy) hhdtws E jnugkiuwnnph gninpoughtt b
onujhtt hmnduwsubph ebpdwthniwigdwt gnpsuiligh dbdnipjut wpwn npnodwt
Ypw U htwpwynpnipnit t wwjhu hwoyh welknt jungnyulibph wnynnndwd,
gninponid onh yupnibwlmpjui b th owpp wy qgnpénutkph wqpbkgnipniup obip-
duhnjumigdwut wpynitwynnipjut Jpu piyybu btwpuwugdwht, wyjtybu b nk-
dhuuyhtt nkuwulyniiubphg:
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unnh gpuspp b dbpnnhljuyh hhdwynpoidp: Ununkiuwghnt nbnuljw-
juiph hwpdupyh hwdwp Zuwdwdhmphiulut obpdunbuthjuljut htunhinninh
(BTHW) dkpnnp [1] hpwunknt phypnid §nunktuvwnnpmd gbpdwthnuwgdwt gnp-
dujgh Ukdnipjut npnodwt hwdwp whpwdtown k oquugnpst) hknlyju) wpunw-
huynnipyip’

K =4070"a- ¢y " dr - b, - s, (1)
npuikn a-t dwppmipjub gnpswihgt k, npp hwoyh E wntind ohpdwihnjuwbgdw
dwljkpbnyph nnnuljubph Jhdwyjp b pnnnquljubph dbnnwnh okpdwhwnnpnw-
Juwinipjut wqpkgnipniip (nkuthjuwbu dwpnip, mEuthjulwt swhwgnps-
dwt juunuttpht hwdwywnwujpwt nigkuwghnt nbnuljuywiph hwdwp wyt
nugniynud k 0,65...0,85 dvhowljuypnid), ¢, -1 gnpdwljhg b, npp hwph b wntimd
hunnnjujubpnid hnunn oph supddwtt wpugmipjut wqpbkgnipniup, ¢,-u gnpéw-
Yhg E npp hwoyp £ wntnid junnpnjuljubpnid hnunn oph obpdwunhdwuh wqnk-
gnipniup, ¢,-p gnpswihg L, npp hwpygh £ wntinid Ynunkiuwnnpnud hndugung
onh puytph phyp, ¢s-t gnpdwljhg k, npp hwoyh L wnumd Ynunkiuwnnph mbkuw-
Jupuwp onghpbnujwsdph wqnbgnipniin:

UUL-h obipduthnjuwigdw htunnhunintinh (MTO CIHIA) dowljus hwpduplju-
jht Ukpnnp [2] Yhpwobihu, BTH dkponh tdwb, sbplwihnuwbgdut gnpswlgh npny-
dwt hudwp tkpunqus £, — gnpswljhgn twpawgddwt thnyymd ypgynud £ 0,75...0,85
Uhowljuypnmid bt jupud k nunkiuwnnph junnndujuyhtt hwdwlwpgh dwppne-
pjult wmunhfwithg:

bus Jhpuptpmd k S, gqnpéuljghty, muyyw wj gkpdwthniwbgdw gnpsuiljgh
hwoJupluwt dudwbiwl hwoyh E wntmd Ynunktuwnnph dninpnid hnugunn oph
wnuwpplp obpdwunhgwiibiph wantgnipniup: vnnnduijutiph dbknwnh b ppu hwonm-
prut wgntgnipjut gwhwwnndu hpujwtwgymd £ b,,— ninnhy gnpéwlgh vhongny:

Ltuhtigpunh (ubpuyhu Uwtln-NMEnbkppnipg) dbnmunuohtiwjut gnpéw-
pwih (JIM3) hwydupluyht dbpnnn [2] hhdtdnd | wyt websmpniutbph (Guju-
Juénipjniutitph) Ypuw, npbt wnwewnlyyty L «Uknpn-dhljjtpur-h Ynnuhg: Zupquplyh
nju Ukpnnp htwpwynpnipini sh nwihu hwoyh wotkn gkpiwhnuwbgdwl
gnpduljgh Jpw unnnquljh mpudwgsh, Ynunktuwnnph nbuwljupup sngbplnt-
Jusph, ohpdwthnpumbigdwt dwlbplnyph dwuppnipjutt wunhfuh b junnnquljh
wuwwnh hwunnput wqpkgmpmniuttpp: Gnpdwpupuljut b hwyqupluyhtt vidju-
utph qniquuhwnmpniip vh owpp Ynunktuwghnt nknujuywipubph nhuypnid hwy-
Juiplbtihu (JIM3-h dbkpanny) nhunymd E wnunnundwt gnpsulgh 0,7...0,8 pluyhle
wpdtpp ukpunistjhu:
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Snippndnunpuyhtt gnpswpuitth (TM3)” Nipwgh wintpphtiughtl gnpéwpwimid
(YT3) dowljqws dbkpnnny [3] Ynugkhuwwnnph huwpdupluwt ghwpnid Ynugkiuw-
ghntt nknuijuyuiph otpdwthnpuwiigdwt qnpéwlgh puquyhtt wowbwlnipniup
npnoymd £ BTU dkpnnht hwdwdwg, nphg htnn nput wybkjugynd E wnunwung
2tpunh (unnnyujubph tkppht dwltplingpe) gkpuughl thtwnpotpiniip (R, = i—‘u’j):
unnnquljubph Wyniph shpdwhwnnppuljuiinipjui hwylgh wntk)t hpujuuwgynud
E, Epk wytt mwuppbpynid k JI68-hg: Yw juwnwpynid k junnnquljh wuwwnh obpdughte
nhdwunpmpjui thpdmsdwdp hwiking wpnyptk ngndwlh

(1 f qquunp hwunmpjudp) okipduwyhtt phdwnpnipniup: TM3-YT3-h ongh-
unipphuubph Ynunktuwwnnpubph tbpuwppuynpus junnnjujuthgbph hwp-
Juplp hhdtnud k «Ubnpn-dplhitipu-h dbpnnh dpu, pln npnud, obpduthnju-
wigdwt dwltpinyph wnnnndusnipjut hwpyh wntbip juunwpynud E hhduw-
Jut unnnuljuthugh tdwl, junwpking hamdwywwnwuhiwb ninnnudubp onuhn-
Jugnigsh dmjEptnyph hwdwywwnwuhwy suthwpwduh swthny:

Ununkiuughntt nknujuywuputph Jipp pduplus pojnp hwpduplubpp
wnuihu ki §nunktumnnph obipdwithnpuwmbugdwt wdpnne dwljtpinyph okipdwthnfu-
wiguwh gnpsuljgh Ukdmpjul Uhohtt ghwhwnwlubp pun hinnkgpuy nkdhdlkph
b §ntpktuwnnph Yntunpnijnnpuub pinipugpbph (W, t140 Dy Mpusg): Ugu Uk-
ponnny hwydupyh ppugpnid onh ubkipssnidubiph b unynjuljubph wynnundusnt-
prut wgnptgnipniuibpnh nwupwilpwnnudp htwpunn sk:

Yuniqujh wnipphttwghttmjut gnpswputh (KT3) dowljws dbpnnh hwdw-
duyyli [2] pngnt dhengny obpUunnipjui gnpsulgh npnonidln hppuljwbwgymd £
hwoyh wnikiny onh Ukpsémudubpp (oqugninpowhlt jwnlinipn) Ynbnbhuwnnp
nuwn hknljuw] wpnwhwynnipyub.

ap=056-@, %%, (2)

npunkn @,-t hnphgnuwljuwt junpnuijuthgnid dwpnip gninppnt Yntnkhuwugdwt
wpngkunid gkpuwnynpjutl gnpswlgh dhohtt tpwlwynipynib k, e~ gnynponid
onh hwpwpbpuljut yupnitwlnipmiup (pun nkuthjulwut swhwgnpsdwb Yu-
untutiph hwpquplh dudwtwl wy JEpgynid £ wnwdbjugnyup):

Uju dbpnnny sh hpujubwgynid Ynuntuuwnnph dwuljtplnyph dwppnipe-
jut wunhdwh puguhwjn mkupny hwpygh wnubp:

Mipwih whnwljut nkjpuhjujut hwdwjuwpwih (Qipuh wnihnkuth-
Julwt htunhwnnin) YITY-YIIU-h §nnuhg wnweownplyny dkpnnp tdwb £ KT3-h
Ubpnnht: Uju nhuypnid hpuwbwgynid E Ynunktiuugynn sngnig jannnquljh wu-
nht obpdwwnynipjut gnpswygh a, (KT3-h Ubkpnymud’ ap) npnonid’ puwn htnlyuy

wpuuwhwjnnipjub.
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a, = any " Sw Gy bop b5 - by 3)
npunkn @y, -t ghpuwnmpjui gnpswlhgh k pun Uniubjnh, ¢, i ongnt wpugnt -
pintup hwoyh wntinn qnpdwihgp, ¢ bg—h‘ ynuntkituvwwnh hnupp hwpyh wnung qnp-
swlhgp, do,-t gninponud onh wwpmbwynipymin hwydh welng gnpsulihgp, ¢p-i
funnnwyutph Jhppughwh wwpudbnpbpp hwpyh wetng gnpswyhgp, ¢4 Jun-
nnjuljuthugh hwpdwpuwnuwunidp hwoyh wntunn gnpdwljhgp:

KT3-h U YITY-VIIU-h dbpnnubpp hwpudnpoipenit ki nwjhu’ hpuljw-
twgubint Ynunkiuwwnnph hwyquplubpp mupwipwn, gquwhwwntinyg Ynunkuuw-
wnnpnid ongnt Lupdwtt Ypw onh ubpsdnidubipnh wqpbkgnipniit wnwudht b junnn-
Juuyht hwdwlupgh wnunnunjubmpjut wqnkgnipmniut wnwbdhb, putqh wyy
Ubkpnnutpp htwpwynpnipnit ki whu’ wewbdht npnokynt ongnt b oph gbpuw-
unynipjuit gnpéwlhgubpp: Onh ubpsénidubph b wnununjudmput wqnkgnipmiup
hwogh wntubjnt hwdwp wthpwdbon k Loninpkt hdwbw) junnnduljubph tkppht
dwbplinypubtph Ypu tunduspugnugmuubtph gbpdughtt phuiwnpnipniup b nkwh
nunkuuwghnt wbknuiuwyuup onh ukpdénidubtph ubdnipnitp: Cwhwgnpsdwb
wuydwtubpnid woliwnng Ynunbiuwnnph Jpu wyn wuwpudbnpbiph widhew-
Jut swihnidubph juqlubpynudp pudujuwswth nddupht ppughp b Unljw B
twl pupynipnititp Yninkiuwghntt nnujuwywipnid skpdwhnjuuigdwt wypn-
gtiup Jbpnisnipjut nkuwtlniuhg: dhpohtiu juwydws L uyte putth htin, np wpn-
gtiuh ywpwdbwnpbph npbk JEYh hnthnjunipmniip hwighgunud E wnbnuyhtt wupw-
dbwnptph b junnnduudignid  obpdwihnwigdwt  hunbkiuhynipjut Jhpw-
puwpjudwtip:

Ununkiuwghnt mbnujuyuipnid okpduhnpumigdwt ypngkuh Jpu wgnnn
wnwuppbkp gnpénuitkinh pnthun hwyduenudp puppugdws E bwb Yninktuwnnnph sw-
Junud wpugnipjubt bpwswth quontph b onwugninpowghtt fpwntnipnh wyp ww-
npudbtnpbph npnodwdp b dwpkdwnhljuljut tfupugpdudp: Zusgh wntbng Jb-
nnugjuyp, YITY-VIIU-h b KT3-h dkpnnutph Yhpundwdp §nunktuughnt nknw-
Juwjwuph wdpnnowjut wpuwwnnpnonidp unybyku pupny pughp k:

Uunnpl ppynud E bipnbgjuy nwppbp dkpnnubpny Ynunkttuwnnptph hup-
Juplutiph (wtjubuljui pkdhung wohiwnkihu) b pwhwgnpddwt wuydwttpnid
wpynitwpbpuljut hopdwpynudubph wpyniiptbph hwdwnpujut gpudhljuljute
Jtpnidnipniip (uly.1):
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Jdun/d2 4 2
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2600 — I N i g W,
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e 3 3
2200 —
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1800

1 11 I 1V

Ul 1. Ynbipbhuunnnphkph hupguplakph b puhwgnpSdwl wuydwhbbpnud wpnpninupk-
puluil hnpdwpinulbEph wpynibphkph hudluppulwi gpuphliulul Jepiniénipiniip
1. BTH-h Ukpny (a=0.8), 2. HTO CILIA-h kpny (Pupju=0,6), 3. KT3-h Ukpny (e—p Jhpgyud F
wnuwykpugny i poyyunnplyhly), 4. YITY-YIIH-h dkpny.
I K-200-130 pnqlunnipphih Inankiuunnnp, 11 K-500-240 pnqlwnnipphih §ninkiuunnnp,
III. K-800-240 pnqlannippplip Ininkiuunnnp, IV. T-110/120-130 pnglannipphip
Unbnkiuunnnp, hnpd il nfjuy ikp

dbtpp pipJws Wjuph hwpqupluyht wdjuiubpp hwgquplty u Yntnb-
uwinnph wijuwbwljut nkdhitny wojuwnwiph r}hulpnul‘ D,= D; Z"[, G, = G;'bl/,
t1p, = 12 °C: Pugyybu kpinud | tjuphg, thnpdtwfut ndjujtkph b tnwppbp dkpng-
ubpny hwydupusd okipdwithnfuwbgdwi gnpswligh ndjujubph nwpudhunnidp
Juqunud E uninnwuynpnytu 20 %: Ujuyhup oknnudp dhwbquduyt puupunp k: Uj-
uhtipt’ Ybpp phpws dkpnnibpny Yupbih b padwpup dogpungpadp hpaljwbug-
k] mEthjuwbu dwpnip Ynunktuwnnph obpduwghtt hwoduinyp, tpp onh tbpdéniud-
ubph wqpbkgnipiniup bwljwb sk, ophtimly, ntiyh Ynunkiuwnnn ongnt Uké sSwpauh
wuwydwbubpnid:

[4] wphwwnwtpnid ubpluyugdus dbpennp, h wwppkpoipeinit Jepp pdup-
Jwsh, htwpwynpmipinit k wnwihu puduljuithtt puwnnpkt hwpgh wnbby Ynunki-
uwinnpm ongnt ghptwl Jpu onh tkpssnuutikph wqpkgnipniip’ Yninkuunnph
Swjuwnid onh wupghw) uodwt hwydupljdwt vhgngny:

Cunhwunip gdtpny wnju) Ukpennh uljqpniipuyghtt gpnypubpp hbnlbyub B
‘Uoklip, np Ukpnnp hhdugnd E §ntinkiuwnnph b EdEjuinph hwdwwntn wphiwwnwiph
punipwgnh Ypu [2] (uy. 2):
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4 i
Dy Dy Dy

Ul 2. Ynipkhuunnnph b FAElunnph hunlunnkn phnipuighpn

Untntuuwwnnph b Edbljnnph hwdwnbn pimpwughpp Yupbih £ npnht) 2 nk-
nuudwup: 1-ht nEinudwup pumipugpnid k §nuigkiuwghnt mbnujujwiph wohuw-
wnwtipp nhyh Yntgktuwnnn pngnt UkS swpiuh wwydwttbpnud: Dy-h thnthnjunt-
piut wyn vhowluypmd, onh ubkpsdnidubph tnpuwwnhy dbénipnitubph wyupw-
quynud, tdkljnnpp Yntnkiuwughnt mbnujuyutph wpluwwnwtph wpynibwygbunne-
pjut Ypu wgpkgnipnit sh nitkunid: 2-py mbnudwup tkpuyuginid E Ynunku-
uwwnnp - Edbjninp hwdwljupgh hwdwwntn pinipughpp: Uju mbnudwup punt-
pugpnud E nunkiiuwnnph wojuwwnwpp ongnt thnpp swhiubph yuydwtbpnid:
®npn dwijuuwyhtt nkdhdutipnd onh ubkpsdnudubpp kujut wqpkgnipnit ki niuk-
unud obipdwithnjuwgdw gnpswljgh Ypu: Nrunp 1-ht mbnudwup jupnn k hwy-
Juplyyty Jtpp phipjus dkpnnbphg nplk dkyny, hul 2-py wkqudwup [2, 4] - md
wnwownljws Ukpnyny:

By npyku wdthnihhy bgpuhwignid nipwgpuy dnnpnudubph wiknhp Yupny
E vy [5] -nud gpbpk By mmwulyulh hwubng wpunwuwhdwiyui dh pwpp k-
pnnubph Ykpmnisnipjut tkplwjugnidp onglnnipphliitkph Ynugkiuwwnnpitph
obpdwthnjuwtigdwt gnpswlhgubph qgiwhwundwt dhgngny unwgjws Py-ukph b
npuig thnpduwlwi ndyujutph hwdwngpdwdp 100 Tdw-hg dhugh 800 Udw hqn-
noipjudp nmppuwgplquuntitiph jupduwspny: Uy wnnudny, nputu ophtiwyy, uinnpl
wnniuulnud phpdtp £ K-220-44 XTT3 unnippunbnuljuwjwiph Ynunkiuwnnph
hwodupluyhtt b thnpdwpupulut ndjuiibph hwdwnpnidp:
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Ungyniuwl

K-220-44 XTT'3 innippunnbnwiuywiph Inankiuunnnph hwpyupluypl b hnpdupupulub

wnfjuyikpp hunlwunpnidp
Ununtuwwnnp | Zndugunn oph | Zndwugunn oph Cnqni upnudp, § 7w

wnnpynn ongne swuup, °/d | ghpUwunhgwbp ®npd | Zwoywplh wpmnibp-
dwiaup, w/d nunkuwinnph ubpp pun Ukpnnubph
Ununpnud, °C BTU | KT3 |YITY-

YIIN

144.5 15227 1.7 1.92 1.49 1.31 1.81

93.1 14595 2.1 1.83 1.41 1.10 1.70

264.1 17170 3.3 2.70 1.96 2.15 2.55

241.0 16895 35 2.57 1.89 | 2.02 | 242

336.4 18162 4.2 3.30 2.37 2.78 3.11

360.0 18275 5.0 3.59 2.61 3.12 3.39

176.5 16360 7.7 2.57 206 | 2.09 | 2.44

129.0 15945 83 2.38 194 | 1.84 | 226

221.1 17075 12.7 3.475 2.90 3.20 3.33

Bqpuljugnipjni: Ununktuwwnnnph punipwgph hwpdupyh hwdwp wyu jud
wy Ukpnnh punpnipniup npnoynid | twpiwyyungnipjudp b wuwnpuwuwnng gnp-
Swpuinid dbwynpdwsd gnpstmjut hwbquuiwtptbpny: YUntunktuwwnnpubph wp-
nwuwhdwlyul wpnwugpnnibpp ph kypnywlulb b ph wdkphul, jwjinpki og-
nwugnpémid ki UU'L QEpduthnjuwtgdwt hiunhwnntnh (QOP) hwpqupluyhtt Uk-
pogp bpphut junwptyngd npnpwlh mnnnudubp: Ophtwl, ABB-hti jpugnighs
hwoyh | winunmid junnnjuljuthiph Yndyuljunnipjut gnpdnup, npp tkpuyjuginid
E Unnnijh Suypudwuught unnnqujutiph pyh hwpwpbkpnipmiip ngnduijubph (phy
pYht: Npnowlh vnwunupup twihu b bpupjuwynpnipniiitp b wntgnipniuubp
otpduyhtt b hhppuihjuuwt hwyduplubph hwdwp, pug npoud, vwhdwiwthw-
YEny punnnuljubpnd oph swpddwb wpwugnipniup 0,9 4/ b wuquqnyt php-
nwpugnuip Jhpgitiny wyi 2,8 °C (5 °F):

Untnktuwwnnpubph obpdwghtt b hhnpuihjwljut hwouplubph qnmipmit
niikgnn dbpnnubpp hhdtwljuwinid pwduwpup b buphquptt twpuwugdsdwu b pw-
hwgnpsdwt huljnnnipjut tywwnwluknh hpugnpsdwt hwdwnp: Uwljuwgt Ynunku-
uwwwinnpubpnud pipugnn bhghjujut ypngkutkph junp hbnwgnundwt hwdwp Yh-
punynud ki dudwtmjuljhg hwpynnuljut spugpuyhtt thwpkpubph nt gnpShpw-
dhongutiph pduyhtt Unphjuwynpdw Ukpnpubpp:
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ANALYSIS OF THERMAL CALCULATION METHODS OF SURFACE
CAPACITORS FROM THE PERSPECTIVE OF DETERMINING THE
SUITABILITY OF CAPACITORS

The operation of condensing units has been studied. A comparative analysis of the results of
calculations of capacitors using different methods was carried out.

Keywords: condensing unit, condenser tube bundle, steam-air mixture, heat transfer intensity,
thermal conductivity coefficient, degree of purity.
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Qpustughtt gkibpwwnnpubph Yhpuenidp guydwbwynpjws b wshwgpwsughin Jui-
ntihph wwpwplkph pkpnwlh iwquundp, Fukpghugh wénn wwhwbgwplny, gkpunguyht
quqtph wpnwibnndubph Wwgbgdw b Eubpghnhl wifuugnipyut wyuwhnddwi juighp-
utipny: Unwu Ynnuhg’ ndqupugny nkuthulub pughp £ ayn vwpptpny qiukpugus
onwsth Yntnwlnidp b mknuthnfunidp’ pupdp dupdwb tnwl) yuhbnt whpwdbownnipyu
b winunubigmput mkuwltnhg: tw hwpgdh wntbiny” htpwtwpuyht o hwdwpdnud gynt-
puihp opwstuyhtt ghuikpwwnnpubpp’ guijugws Juypnid b wihpudtown yuwhht oguiw-
gnpdtnt hwdwp: Upwwnwipnid dpwlgt) b thopdwplyty £ hhduwght (nusnypnid wyjnt-
uhuk fupwithyny wphuwwnnn pynipulhp pustiuyhtt ghubpunnnph jupnpunnp btwpiwdniy:
Guunuwpyl] Eu gnpstwjut wpwowplubkp qhubpwwnph wppynitugbn swhwgnpsdw
hwdwnp:

Unwbgpuyhll punkp. opushi, onip, wynidhi, ghubpuwwnnn, hhdtwghn (nisnype:

Lhpwbdmpinil: Lhpjuynidu wspwenwstuyhtt quntjhph wwowpubpp (bwp,
quq, pwpwdnijy, wypynn phppwpwnkp, wnpd), htnktuhynpkt hpundbint yuwn-
Swnny, mupkgunuph tugnud Eu b dhtsh 2050 pyuljutip Yupnn Eu gpbpt uvuyyunyby:
Uppnitbwhwynn wshiwepwsh hhdtwlwt dwup (pnipg 85 %-n) oqunuugnpsynid
E nputiu unbihp, wyn pynd” LEynputubpghuyh wpnungpdw hwdwp: Curg npmd,
wdpwopwsth wypdwt dudwtul Uptininpun L wpnwtbndnd Juwuwptp quqtiph
huljujuljut quiqué, wyy pynmd’ nupkwb wdth put 45 dipy vniiw CO2 L
Unnuynpuybu 68 Uit wnifw NOx (2023p.-h wndjujutpny): Munh epwstughtt
Eutipgbnhljuyh qupqugnidp guninud | jphun wpnhwlwt' hwodh wntbnd, np
onpwidh yuwowpubpp gnpstwljuinid whwwhdwiwthuly tu (1 7 opnud wnljw k 1.2 8
opwsht): Uju hpwwnwy L hunjuybu vwhdwtwhuly phwljuwb ygupwpubp b wn-
pwwl hwbwén Junkjhp niukgnn wjiyhuh Epypubph hwdwp, huyyhuht Zuywu-
wnwth Zwupuwybnnipniu k:

2nhg opwsuh §npquu nuuwljut mkuuninghwt EEjunpnihgh tnuuwyi t,
nnp puduliwiht Swhiwwwnwp £ b wjuopyu npnipjudp nbtnbuwybu wpnupwug-
Jus sk (1 2 opustih unnwgnidp ywhwbynmd | Uninwynpuytu 5 §9wm.d LiEjnpu-
tubpghuyh dwuu) [1]: Unwdb) hinwtwpuyght koph dnjkynyubkph Bygnphpdught
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wnpnhnudp opustih b ppuwsth’ mwppkp dbnwnuiwu pwthsubph (Quunwihqu-
wnnputph) Yhpwndwdp [2, 3]: Luyunpkl jhpunynn b dwwnskih dbnwnuljub ppw-
uhsubphg i wpswpp, dwqubghmup, wynmdhup b thphnuip, npntighg wnudby qnps-
twlwb b munbtuuybu pwhwybwn k wynidhip [4-6]: Uju hbpnnipjudp dpwulynid
E, nmuh Eukipghwh pwpdp jpnnmpinit b hwdwihp hbnnwgnundws t: Upnudhth b
onh thnjuwgptignipiniihg wnwewunwd k 3 /7 opush jnipupwiigninp 2 ooy wyne-
dhth ghuwg, pug npoud, uklyuljuyhtt oipdwunhgduh b dptunnpuught £updw
wuydwtbpnid:

Uwuyt opwsth Yhpwnnidp nputu Eukpquijhp ninklgdnud t dh pwpp ph-
nupniuttpny’ yuydwbwdnpdws gpu yuwhwywidw, nkpuihnpudwi b pupudw
nkuthjulwt nt nbnbuwlub nddupnipniuattpny, gpusht-on wntnipnh wuype-
nttujunubquynpmipjudp, opustughtt qunkihpughtt muppbph pupdp wpdtpny:
Uy huly wungwnny Juplinpdmd E gympuhp opustiughtl gkikpunnnph dpwlnidp
npuiny hpujwtwgubiny opusuh qhukpugnudp ukyulughtt yuydwutbkpnud, gub-
Jugwué Juypnid b wthpwdbon yyuhh:

Ushumnnwiipnid dpwljty bt thnpdwnpljdty b wynudhik ppwithsny wohiwwnng
gnipulhp opwstwghtt ghtbpuwnnph jwpnpunnp twppwtidniy:

GEukpwnnph junmgdudpp b wonwnwuph uljqpnitipp: Uowjdus gqhuk-
npuwunnph junnigdusph ujubdwnhjujut yuwnltpp b pughwinip wkupp pipdus
Eu uly. 1-nud:

Ul 1. Ympupp opushughl qkhbpuninnph Jupnigyuéph upibdwmnmplulul qunlkpn
(dwpr Gljp) b plinhwinip wkupp (we biup)

PipJws upubdugnid 1 wymuhik gwpnnip dwbp wwoknibph b Yunpukph
wkupny, it 2 gmpp npnpwlh swduny b wpwgnippudp, tkppkni]md ka3 nkulgh-
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nl Jughy, npntn wnbnh o mubkunmd gpwsuh ghubpugdudp htwnlyuy phuhuljwt
ntwiljghwtibpp.

2A1+6H20 —2A1(OH)3+3H:2 +Q1, (1)
2A1+4H20 »2A10(OH)+3Hz+ Qx: )

Uju nbwlghwitint Eyqnphpduyght bbb ninklgynud Bt Q = 840...880 4.2 otip-
Unipjul whpwndwdp: Niunp spowtiwnynn nkidhunid 4 oph hnupny hpwljwbwug-
Ynud k ntwlghntt jughlhh hnqugnid: (Fhwlghwukph 5 wpgquuhp AIO(OH)-p Ynt-
nwljynud E jughjh uinnphtt hwndusnd® htnwqunud wjtnbtnhg hknugdwu b
JEpudrwliwt nkthjuljuwt htwpuynpoipjundp: Utpwingus opushup dwppynid
E' wugubkny 6 opuyhtt $hjinpnd, hulj wyinthtinb jud wpdnid £ wdhowljuwunpki
7 uyyunhy uwppht, ophtwl, ququyunwpuhb, jud § jnunuljynd £ 8 qyutiwtin-
pnud: Qpusth hnupp thswhwpynid £ 9 yyndwyny b huljymid k 10 dwbundbwnpny:

QLukpuinnph wpynibudbn wyunwiiph hhdtuljwt jungpunnunt wynudhnk
hupwithsh dwtpinyphtt juynit piujub opuhnh punuiiph (ALOs) wnljwynipiniut k:
Uyt wpghjuynid b wymuhl-gnip nbkwlghugh ppugpp wwhdwbwthwlting oph
npnhdwt wpugnipniup: Uy punutph hipwgdwt hwdwp Jhpundnud B, wju-
wtiu Ynsyws, wnhjugdut dbpnnutp, dwutuwnpuybu”® wynudhuk owpynuh db-
huwthjulut thnohugdudp b guwsp hwjpdw ohpdwunhfwiny wlnhjugung
wnwnppbph tbpdnsdwdp [7-9]: Uwbpugdwt mkutnnghwt swjuwwnwp b Eubkp-
quunup qnpdplpwg b, hul] wynudhith thnpht' twl wuypnu]nwbg: Npuybu wy-
nhyugling nwppbp Yhpunymd b htgnidy dknwnbbp (ophtwly” quiphnud, hihnod,
wtwgq b ghll), npnig tEpunidnidp Uknmwunuljut ppwthsubpnid hpujutwugynid
E ubphwjdwt jud dkwbwphdhwljut puntdwt tnubwlubpny: Zwduh wlnp-
Jugunn nuppkpp (kghpugynid ki duqutqghnidh jud uhjhghnidh twtndwuihy-
ubpny [10, 11]: ZEkwmwqgnuinipnibbpp gnyg ko wydtk), np putupdtp wjnhdug-
unn nmwuppbiph wupnibwynipmiup ywhwnp E juquih wynudhk ppwithsh Swduh
ny yuljuu, put 20%-n [9]: Tw hwghgund L ghukpugdus opwsh huptwpdtph
Yupnil dkdwgdwiin:

Upnwdhuh opuhnh punuiph puypuydwut hwdwp wowdbk] ghipunguubih &
phthwlwi wjiyhuh hwdbnudubph oquuugnpénudp, hswhuhp L twwnphnudp
hhnpopupnp (NaOH) Yund Yuihnudh hhgpopuhnp (KOH) [12, 13]: Utp Ynnuhg
npybu wynuyhuht jhpwnyk) E NaOH-p, nph wnjujnmipjudp opuhnp jpuswwnynid
htwnlyu] nkwljghuh Uhongny.

ALO3+2NaOH+3H20—2Na*+2[Al(OH)4]: 3)
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Uju nbwjghuyh wpyniupnid, wnwg opuhnh wquownwuwths punuiph, wi-
judhiip thnjuwgnmu £ oph htn' hwdwdwyh (1) b (2) ppdhwljwl phwlghwibph
JEpuljuiqubinyg opwshup: Uuhpwdtown E ok, np wju thnynid wnwgwgus wyne-
dhth hhnpopuhnp tnyuwtu thnjuwgnnid £ NaOH-h hhnpopuhnh htwn.

Al(OH)3+NaOH—Na*+[Al(OH)4]: 4)

QLutpuwwnnph thopdwpynudp: Ujt thnpdwpyyt] £ fupgu hindughnt Yiuwn-
pnbh wpnuppuijut nkpwdwund htnwgnnkng dudwbwyh phpugpnid (t)
opwstih gkubpugldwl wpugmpmniip () b swjup (V) juudws wymdhik phph-
nhyh dwlbkpbnyph dultptuhg (S) b NaOH-h hhdtwghtt |nidnyph funnipjniihg
(€): dEpuljuqujwd opwdh dwuyp quwhwwnyty t phptnhyh S =1 wf dultptuh
ntypnid, hul ghibpugdwt wpwugnipniup hwyyuplyt Ehbnlyw) putwdbing.

r = AV/(AtS),
npnbtn AV-u suhnudubiph dholi ghubpugué opwsuh dwyuubph wwppbpnipe-
il At-t suhmdubph dheoli iyws nlinnnipyntp:
ZEwnwgnuinipjul wpyniapubpp pipdws o ol 2 b 3-nud:

8
(w) P
Tr , ERCay ;
6 2 Lt
= c
3 ’ = gy
34 g1
3 E ’
3 c L
's) §IO
2 Sof
1 3 st
0 L " S
0 2 10 12 0 8

4 6 8 4 6
dwdwlwy, pnwb dwdwlwy, pnuyb

Uy 2. QEabpugiué opudlih Sunjuyp (w) b qlhbpugml wpugnipyul (p) dudwinuuyhl

quwujuénipinihliikpp phplnhlh dulkplbngph nwppkp dulkpkubibph plypnid.
1-S=15wkf, 2-§S = 10wk, 3-S = 5wP

¥

(w)

®

S

Suuip, Ui
o = LISV = W (= N

Upwgnipynip, [A(pnut-ud?)

| -/
2 4 6 8
Jwdwlwl, pnwb

Uy 3. Qkabpugiué opuslih Sunjuyp (w) b qlhbpugdwl wpugnipyul (p) dudwinuluyhl

Juwpnjwbniinibakpp hhdbuyhl pnidniyph nwuppkp fiunnipinibbbph nkupnid.
1-C=5U0,2-C=10U,3-C=3U
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ZEwnmwqnuinipjul wpnniupubph YEpnisnipjut hhdw Jpu Jupkh b wukg
htunlyu gnpstwljui bywwlnmpjudp Egpuhwbgnidubpp.

* Gtbpugynn gpuidth Sunjup Yuihnfws sk wynuihuit phptnhlh dwhtplogeh
dwltptuhg (1. 2,w): tw vpwbwlnmd k, np dbnwunuljut ppwithsp inyt pnntpe-
judp hhutuwghtt (nudnypnid wdpnnenyht Ypuypuyydh dnnwynpuybu tnyh dudw-
twljwhwwnyubnid:

o Upynwlhuk phptnhyh dwlbpunyph dulbpbuh dbkdwugnidp hwighgunud £
opwsth giuipugdwt wpugnipinit dbkdwgdwn (1. 2,p):

¢ Qnuidth ghubpugdw wnwybjugny Swduy (Wl 3,w) Wwd wpwugnipnii
(uy. 3,p) wmywhnyynid £ NaOH-h hh'twghti (nwdnyph 5 U juunnipjut nhypnid:

¢ Qnusth ghubpugdwt npnpwiljh wpugnipmt wwywhnybnt hwudwp wihpw-
dionn L thnthnjul) wynudht phptnhih dwybpinyph dwuybpbup (0. 2) b/jwd
NaOH-h hpdtuwghti jnisnyyph jpnnipintun (. 3):

Upwjws nynipwljhp opwstwghtt ghubpunnpp Ynibbiw juynit wwhwi-
owipl] obpunguyhti thnpp mtnbkunipiniutibph, hnipungubph, gnpudwutph, wpwbd-
twwnubph b nupngubph wthwnwlwb gknnigdwt hwdwp: Lywnwujuhwpdwnp
twl opwstiwghtt Junkihpuwyhtt muppbph htn hwdwnkn jhpwenudp: Fpwutp Ju-
pnn &b thnjuwiphtity Yund jpugliby Pt owpdhstbph b pk thnpp BEnpuluyuttEph
upluiwwnwipp hwinbu quny npytu LEnputubpghugh wnpnip yynipuihp vwp-
punpnudbph (ophtwly pegwyht htpwjunulitp, wkuwughlukp), HEynpudnphy-
ubiph, ptwlth ot wpunpuljub okuptph hwdwp: ZEkpwiwpuyght | twb opustw-
Jht ghubpunnnp—gpuibtiughlt quinkihpuht wwpp hunfwljwpgh hhpphrught Yphpw-
pnudp dnunnynjunnuyghtt (wpluyghty) Unnnyubph htn puguntng putupdtp tubkp-
ghuyh Ynunwlhsubph (dwpunlyngubph) oquuugnpénudp: Uju hypnid hwdwljupgp
Ygnpswplyyh b Ygkubpuguh gpusht b fiEynputitpghw wplh gudp wjnhynip-
jutt dudwbtiwly (ghotipp b wmdyudws Enutwlhi), tpp dnnnynjunughtt Unnpnytkpp
sttt owthwignpdynid: Hybrid Optimization Modeling Software (HOMER, UUL) spugnpny
[14] twntwljut quwhwwnnidutpp gnyg o mwhe, np jupduws hwdwljupgh
$nunnynjunuyhtt Unnynyukph npduspuyhtt hgqnpnipniuitphg' EEyunputubpghugp
«qniin phpjws wipdtipp» (NPV, Net Present Value) U huptwpdtpp ujugnid ku
13...21%nq:

Bqpujugnipni: Uowlyt) £ opustiughtt ghukpunnn, npt wynudhuk upw-
uhsh Yhpwndwdp b hhdbwghtt tnup nsnypnd opuhnugdut-Jkpujuiiqudwi
nhwlghwibkph wpyniupnid gkubpuginid E wwhwbgynn Swjuyny opushi’ np-
wtu quq jud htinml pupdp Lupdwt nwl) wnwbg swhubph b wadunubugnipjub
htwn juyws puughpubph wyt wuwhtnt hwdwp: Ppujutugyt) o duadwbwlh pi-
pugpmd opushh ghuibpugiwi wpugmpjuit b swjwjh hbnwgnunmpniabbp’
hwodh wntbng wynudhub phptnhyh duybpbnyph dulbpiup b hhduwght ne-
Snyph junnipjniun:
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A.A. BAPJAHSIH, P.O. ABOSIH, I'.Il. BAPJAHSTH

PA3PABOTKA U UCTIBITAHUE TIOPTATUBHOI'O BOAOPOJHOI'O
I'EHEPATOPA

Hcrnonp30oBaHKe BOJOPOJHBIX IT'€HEPATOPOB 00YCIOBIEHO 3HAUUTENILHBIM COKpallle-
HHEM 3aIlacoB YIJIEBOAOPOAHOTO TOILINBA, PACTYIIUM CIIPOCOM Ha SHEPIUI0, HEOOXOIUMOCTBIO
COKpAILIEHHs] BRIOPOCOB NMapHUKOBBIX Ta30B U 00eCIIeYeHNEM SHepreTudeckoii 6e3onacHocTr. B
TO K€ BpeMs OJHOW M3 HauOoJiee CIONKHBIX TEXHHYECKHX 3a/1ad SIBJISETCS HAKOIUICHHE U
TPaHCHOPTHPOBKA BOAOPOJA, TEHEPHUPYEMOTIO STUMH yCTPOHCTBAMH, YUUTHIBAsI HEOOXOAHU-
MOCTh XpaHEHHs MOJ BHICOKUM JaBJIEHHEM M BONPOCH OezomacHocTH. Mcxoxms u3 3rToro,
NEPCIEKTUBHBIM PEIICHUEM SBJIAIOTCS MOPTATUBHBIC BOJOPOJHBIC I'€HEPAaTOPHI, KOTOPHIE
MO>KHO HCIIONIB30BATh B JIFOOOM MECTE M B HYXKHBII MOMEHT. B mpencrapienHoi padote pas-
paboTaH M HcHbITaH J1a0OPaTOPHBIH NPOTOTHII NOPTATHBHOTO BOAOPOJHOTO I'eHEpaTopa,
paboTaroIero Ha aTIOMHHIEBOM KaTaln3aTope B IIEJIOYHOM pacTBope. JlaHbl mpakTuueckue
pexoMeHaauuu 1o 3(HeKTUBHON IKCILUTyaTalluy FreHepaTopa.

Kniouesvle cnosa: Bo1opoa, Bojia, allOMUHUM, TeHEpaTop, EI0YHOH pacTBOp.

A.A. VARDANYAN, R.H. AVOYAN, G.P. VARDANYAN
DEVELOPMENT AND TESTING OF A PORTABLE HYDROGEN GENERATOR

The use of hydrogen generators is driven by the significant reduction in hydrocarbon
fuel reserves, the growing demand for energy, the need to reduce the greenhouse gas
emissions, and ensuring energy security. At the same time, one of the most challenging
technical issues is the storage and transportation of hydrogen generated by these devices,
given the requirement for high-pressure storage and safety considerations. Based on this,
portable hydrogen generators, which can be used anywhere and at any time, present a
promising solution. This study developed and tested a laboratory prototype of a portable
hydrogen generator operating on an aluminum catalyst in an alkaline solution. Practical
recommendations are provided for the efficient operation of the generator.

Keywords: hydrogen, water, aluminum, generator, alkaline solution.
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DEVELOPMENT OF AN OFF-GRID SOLAR POWER PLANT
INTEGRATED WITH A HYDROGEN STORAGE SYSTEM

An off-grid photovoltaic power plant with integrated hydrogen storage is developed
to ensure reliable and sustainable electricity in remote areas. A novel energy management
algorithm optimally balances power distribution between Li-ion batteries and hydrogen
storage, adapting to real-time conditions and both short- and long-term energy needs.

Keywords: photovoltaic power plant, hydrogen, storage system, Li-ion battery, fuel
cell, electrolyzer, energy management.

Introduction. Energy is a cornerstone of socio-economic development, playing
a pivotal role in enhancing productivity and fostering economic growth. This is
especially critical in the context of the global shift toward clean energy sources.
The production of economically efficient and environmentally sustainable electricity
is fundamental to achieving long-term societal progress. However, despite significant
advancements, energy access remains a pressing global challenge.

According to the International Energy Agency and the World Bank,
approximately 675-680 million people worldwide lacked access to electricity in
2023. Furthermore, around 2.3 billion people, primarily in sub-Saharan Africa and
Asia, still rely on traditional fuels such as wood, kerosene, and diesel for cooking
[1, 2]. The World Health Organization estimates that exposure to the combustion
products of these fuels results in approximately 3.2 million premature deaths
annually. Without additional interventions, projections suggest that by 2030, 1.9
billion people will remain without access to clean cooking solutions, and 660
million will still lack electricity [3].

The challenge of energy access is particularly acute in rural and remote
areas, where infrastructure development is complex and costly, and connection to
centralized energy systems is often economically unviable [4]. In such contexts,
solar energy emerges as a promising solution for off-grid power supply, especially
in regions where extending traditional energy networks is impractical. However,
the intermittent nature of solar energy-due to variations in solar radiation, reduced
photovoltaic (PV) output on cloudy days, and no generation at night-necessitates
the integration of reliable energy storage systems to address these fluctuations.

Battery storage systems, particularly lithium-ion (Li-ion) batteries, are
currently the most widely used solution for short-term energy storage. While
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effective for daily cycles, their self-discharge makes them less suitable for long-
term or seasonal energy storage [5]. This limitation underscores the need for
alternative storage solutions capable of addressing both short-term and long-term
energy imbalances.

Hydrogen has emerged as a promising candidate to enhance the flexibility
and resilience of energy systems. Its unique properties enable the efficient storage
of surplus energy over extended periods, from daily to seasonal scales, and
facilitate its integration across multiple sectors, including industry, transportation,
and residential applications. By leveraging hydrogen as an energy carrier, it is
possible to address the challenges posed by the variability of renewable energy
sources and ensure a stable and reliable energy supply.

The objective of this work is to design and develop an off-grid PV power
plant integrated with a hydrogen storage system (H, — SS) for remote residential
applications. A key focus is the development of an efficient energy management
algorithm and mechanism to optimize energy production, storage, and consumption.
This system aims to ensure stable and reliable operation under conditions of fluctuating
energy generation and load, thereby contributing to the broader goal of sustainable
energy access for all. For Armenia, the development of off-grid renewable energy
systems, such as solar power plants integrated with hydrogen storage, is
particularly relevant due to the country's mountainous terrain and the presence of
remote communities with limited access to centralized energy infrastructure.

The system structure and operating principle. Fig. 1 presents a schematic
diagram of the developed off-grid PV power plant with an H, — SS. The primary
source of electricity in the system is the PV array (1), which generates direct
current (DC). This DC power is converted by the hybrid inverter (HI) (2) into
alternating current (AC) to supply residential loads (RL) (4). When electricity
generation exceeds instantaneous demand, the surplus energy is initially stored in a
Li-ion battery pack (5). This approach enables the rapid compensation of transient
power deficits, such as those occurring during evening hours or sudden load
fluctuations, ensuring a dynamic balance between energy supply and demand.
Once the Li-ion battery pack reaches its maximum state of charge (SoCha), any
additional surplus power is used to operate the electrolyzer (7). While electrolyzers
inherently operate on DC, commercial models often include built-in AC/DC
rectifiers to accommodate conventional AC power sources. Considering this, the
electrolyzer is supplied with AC power via the inner electrical panel (IEP) (6),
which is connected to the HI. The water required for the electrolysis process is
drawn from a dedicated water tank (8).

For this study, a proton exchange membrane (PEM) electrolyzer was
selected due to its high energy efficiency of 80-90% [6]. However, PEM
electrolyzers require high-purity water to prevent the membrane degradation. To
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ensure the necessary water quality, most PEM electrolyzers incorporate built-in
filtration and purification mechanisms.

Within the PEM electrolyzer, water is split into hydrogen and oxygen
through electrolysis. The generated oxygen is safely vented from the system, as it
has no immediate application in off-grid hydrogen-based power systems, and its
storage involves complex and costly infrastructure. The hydrogen output pressure
from a residential PEM electrolyzer typically ranges between 1 and 30 bar [7]. For
long-term storage, hydrogen undergoes additional compression to reduce storage
volume and enhance its usability.

Fig. 1. A schematic diagram of an off-grid PV power plant with an H» - SS

The compression process is carried out by a hydrogen compressor (12),
which is electrically powered via the IEP. Pressure transducers (PT) (9) and (13)
continuously monitor the hydrogen pressure at the compressor's inlet and outlet,
optimizing the compression process and preventing equipment overload. Check
valves (CV) serve as essential safety components by preventing undesired
backflow. Specifically, CV (10) blocks hydrogen recirculation into the electrolyzer,
while CV (14) prevents backflow into the compressor.

The compressed hydrogen is then stored in a dedicated hydrogen storage unit
(SU) (16), where PT (17) continuously monitors hydrogen pressure levels (PLy,) to
ensure compliance with safety limits and prevent overpressure hazards. In case of
prolonged insufficient renewable power supply, hydrogen is extracted from the SU
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and regulated by a pressure regulator (19) to achieve the optimal operating pressure
required for the fuel cell (FC) (23). A mass flow meter (22) precisely controls the
hydrogen flow, ensuring accurate measurement regardless of pressure and
temperature variations. Additionally, PT (20) monitors the hydrogen inlet pressure
to the FC, while CV (21) prevents uncontrolled backflow into the SU, eliminating
unwanted gas recirculation.

To support the electrochemical reaction in the FC, oxygen is supplied via an
air inlet (24), which is electrically powered via the IEP. This system captures
ambient air and directs it to an integrated oxygen separation unit within the FC,
extracting the necessary oxygen concentration for optimal fuel cell performance
and efficiency.

The DC electricity generated by the FC is conditioned by a DC/DC
converter (25) before being integrated into the power system. Finally, the HI
converts the DC output into AC, making it compatible with the RL.

The developed power plant incorporates two energy storage systems: Li-ion
batteries and a hydrogen storage system. Hydrogen, with its high energy density, is
particularly suitable for long-term energy storage. However, the startup time of the
FC is highly temperature-dependent. Hydrogen FCs, in particular, require several
seconds or even minutes to reach full power output [8, 9]. This variability poses
challenges in responding to sudden peak loads. In contrast, Li-ion batteries have
rapid response times, typically within milliseconds to a few seconds, allowing them
to efficiently manage sudden power surges and daily energy fluctuations.

Development of energy management system. To ensure effective energy
management (EM) and optimize the performance of the PV power plant with H, —
SS, a well-designed control strategy is essential. This strategy must provide a stable
power supply that meets demand while efficiently utilizing energy storage resources.
Additionally, it should prevent unnecessary oversizing of components and minimize
redundant equipment installation, thereby enhancing system cost-effectiveness and
sustainability.

The control process is managed by a programmable logic controller (PLC) (26),
which collects, processes, and analyzes real-time data from all system components.
The PLC enables automatic regulation of equipment operation, continuously monitors
critical parameters, and executes predefined actions to maintain optimal performance
of the PV power plant with H, — SS.

The HI monitors the power output of the PV array (Epv), the SoChai, as well
as its charging and discharging power and energy (Epa). Additionally, it tracks the
power generated by the FC (Erc). The smart meter (SM) (3) continuously monitors
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and records the energy consumption of the RL (Eicq), providing real-time data for
analysis and optimization.

Both the HI and SM communicate with the PLC via the Modbus RTU (RS-
485) protocol. All system variables are stored in registers with specific numerical
addresses. The PLC retrieves these values by reading the corresponding register
numbers and positions. Based on this framework, a novel EM algorithm was
developed, as shown in Fig. 2.
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Fig. 2. EM algorithm for off-grid PV power plant with a H, - SS

First, the PLC monitors the current energy consumption Ejag and the PV
power generation E,,. It then calculates whether there is an energy deficit or
surplus. The PLC continuously tracks the SoCy. and activates the electrolyzer (Eg)
when SoCya reaches or exceeds 85% and surplus power is available (Enee > 0 W).
This condition indicates that the Li-ion battery pack is in the charging phase, yet
there is still excess energy that can be stored. The electrolyzer ceases operation
under any of the following conditions: a) SoCpa drops below 85%, b) the battery
discharge power surpasses the power generated by the PV panels while the
residential energy demand exceeds the available supply (Enet < 0), or ¢) the inlet
pressure PLi of the ST reaches 100%, which indicates that ST is fully stored. The
PLC interacts with the electrolyzer via the MODBUS TCP protocol.

When E,e < 0, the PLC utilizes the real-time clock (RTC) to record the time
and determine whether the load is operating in a night standby mode. The FC
operates Erc in coordination with the Li-ion battery for efficiency and reliability.
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At night, if the SoCpy drops by 20% due to standby loads, the FC activates to cover
the load preventing deep discharge. During the day, if the battery discharges
continuously for more than 5 min, the FC starts operating. This delay allows the FC
to warm up and distinguishes sustained loads from short-term peaks. For sudden
peaks, the Li-ion battery responds immediately. If the demand lasts less than 5 min,
the battery covers it. If it persists, the FC takes over to prevent excessive battery
drain. The PLC communicates with the FC via the MODBUS TCP protocol.

During the entire operation of the hydrogen supply chain, the PLC opens and
closes electro valves (11), (15) and (18) based on the PLip level of the ST.

Through these automated processes, the PLC ensures seamless integration
between renewable energy generation, storage, and consumption, optimizing the
overall performance of the energy management system.

Conclusion. The developed off-grid PV power plant with an H, — SS offers
a robust and sustainable solution for remote energy applications. By integrating Li-
ion batteries for short-term fluctuations and hydrogen storage for long-term
stability, the system efficiently manages energy resources. A dedicated PLC-based
energy management algorithm optimally coordinates the PV array, battery pack,
electrolyzer, hydrogen storage unit and fuel cell, ensuring safe operation and
maximizing surplus renewable energy utilization. This approach effectively
mitigates solar power intermittency challenges, enhancing system reliability.
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P.O. ABOSH

PA3PABOTKA ABTOHOMHOI COJIHEYHOM JJIEKTPOCTAHIIUY,
UHTETPUPOBAHHOM C BOAOPOJHON CUCTEMOM HAKOILIEHUS
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KPaTKOCPOYHBIM U JJOJITOCPOYHBIM DHEPI€TUUECKUM TOTPEOHOCTSIM.
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TUTHHA-NOHHAs 6aTapest, TOIUIMBHBIN 3JIEMEHT, 3JIEKTPOJIH3, YIIPaBICHUE SHEPTHEH.
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HIERARCHICAL MULTIMODAL TRANSFORMER FOR SIGN
LANGUAGE RECOGNITION

Traditional sign language recognition (SLR) systems primarily focus on hand
gestures, while facial expressions and body posture also play a crucial role in solving these
problems.

This paper presents a multimodal transformer architecture (MM-Transformer) that
integrates three main aspects of sign language: hand gestures, facial expressions, and body
posture. The proposed system has a hierarchical fusion mechanism that combines
specialized encoders: 3D-CNN for hand gesture recognition, a deep residual network for
facial expression analysis, and a keypoint tracking system for body posture estimation.
Testing results show that this system achieves 93.2% accuracy. The proposed model results
in higher inference time and memory consumption compared to models that process only
hand gestures. However, it achieves higher inference accuracy while maintaining real-time
performance.

Keywords: deep learning, transformers, sign language, multimodal, CNN.

Introduction. Systems for SLR focused on the primary manual gestures
made with hands, neglecting facial expressions, body posture, and other contextual
factors that are important in SLR [1]. As a result, such systems often miss the
subtleties and complexities of real-world sign language.

With evolving technology, an increasing number of systems face challenges
integrating new forms of data. For example, the sign language expressions as a
form of communication have facial expressions, body posture, and environment,
making it challenging, yet easier for these systems to understand semantic intricacies
[2]. Also, context-oriented models are especially effective in situations where
certain gestures have multifaceted meanings due to their context.

For one, the system sensing external data has to have increased memory and
processing capabilities, leading to greater system complexity.

However, these new multimodal systems present a number of problems.
They require more memory and computational resources, which increases the
complexity of the system. At the same time, the combination of multiple input
sources (hands, face, body, environment) leads to high latency and high hardware

requirements, which makes their real-time implementation difficult, especially on
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devices with limited power [3]. In addition, training such systems requires large
and diverse datasets, which are currently limited and can affect the generalization
ability of the models across different sign languages and dialects.

However, despite significant advances in deep learning and multimodal
processing, current systems for SLR continue to have fundamental limitations.

The related works. Researchers have had success in recognizing individual
components of sign language hand gestures, facial expressions, and body postures
but few approaches have successfully combined these elements into a unified
recognition system. These studies are beneficial for certain parts of SLR but the
research has mostly failed to address the multi-faceted nature of sign language
communication. The growing body of research conducted is very fragmented.

Recent studies have attempted to suggest solutions to SLR problems.
However, these studies have dealt with hand movements, contextual clues, facial
expressions or other forms in an isolated manner rather than integrating all of them
at once.

Among the most recent works, SignBank-RNet (2023) used 2800 symbols
from SignBank to propose a new CNN architecture. Through proportional sampling,
32 frames were obtained from each symbol, which improved the recognition
accuracy [4].

For facial feature analysis [5], the FaceASL-2000 dataset was used. The
proposed CNN model achieved improvement in accuracy for facial recognition.
However, the system requires high computational resources and runs slowly in real
time.

For body pose estimation, the system presented in [6] tracks 18 nodal points.
The advantage is that the system works stably regardless of lighting changes. The
disadvantage is that the system does not work accurately when body parts overlap.

In the study of the influence of contextual elements. The advantage of the
model is its robustness to background noise. This system requires pre-processed
data and is hard to adapt to new environments without retraining.

Proposed method. The proposed transformer architecture represents a new
approach to SLR, incorporating a large amount of data through a deep learning
system. The system is based on the processing of three different but interconnected
aspects of SL: hand gestures, facial expressions, and body position. The method
processes video input using three specialized encoders: (1) a 3D-CNN for hand
gestures, (2) a deep network to recognize facial expressions, (3) a body-pose
estimator. This project uses three main parts:

e a network to recognize facial expressions,

® a system to track hand movements,

e a body-pose estimator that follows key points of movement over time.
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First, it takes at hand movements and facial expressions separately. Then, it
combines the features we’ve gathered, paying attention to what’s happening around
them. Finally, position data usage to improve how the system understands gestures.

Each step is specifically designed to capture different aspects of SLR
communication. The hand gesture step utilizes 3D convolutional neural networks,
which process images in three dimensions. This approach enables the system to
accurately track complex hand trajectories and gestures in space.

Meanwhile, a deep residual network is employed to analyze facial expressions.
This network is capable of monitoring changes over time and can detect even subtle
variations in facial expressions, which are essential for interpreting the meaning of
a sign.

One notable feature of the system is its hierarchical fusion mechanism. It
combines information from hands, face, and body to determine how they work
together. The system can dynamically change this importance depending on the
situation.

For merging this there are several steps: First, each type of information is
processed separately. Then the system begins to combine them in pairs, for
example, hand movements with facial expressions. Finally, all the information is
combined, creating a complete picture of the sign.

Body position analysis systems pay attention to the positions of the
shoulders, head, and upper body; these often provide contextual information that
helps distinguish such gestures. During training, the system learns not only to
correctly recognize individual symbols, but also to understand their temporal
sequence.

The learning rate is carefully adjusted to ensure stable system performance.
The system can process video in real time, which allows it to be used in real-life
situations (Fig.).

[ )
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Hand Movement Processing

[ 3D CNN Processing ] [ Deep Residual Network ] Posture Detection

[ Trajectory Analysis ] [ Temporal Processing ] Spatial Analysis

[ Feature Extraction ] [ Expression Recognition ] Position Features
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Fig. Multimodal SLR algorithm block diagram
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Experiments. Three main datasets were used in the research. The MS-ASL
dataset [4] contains videos of SLR performances, with 1,000 hours featuring 1,000
different signs performed by multiple signers. This dataset is particularly valuable
for testing the system in comprehensive linguistic environments. The WLASL
dataset [5] is another significant collection, with 2,000 unique sign language words
captured across various contexts. The Boston ASL Dataset [6] provides an
additional 500 hours of material from native signers, offering opportunities to test
cross-linguistic SLR and cultural variations.

The system was evaluated on three benchmark datasets: MS-ASL [7],
WLASL [8], and the Boston ASL Dataset [9], covering a wide range of linguistic
and environmental variations

Table 1

Results of the experiments

Approach Modalities Accuracy (%)
Traditional CV Hand only 80.1
CNN-based Hand+Face 83
LSTM-based Hand+body 87
MM-Transformer All modalities 93.2

The results in Table 1 show that the proposed model achieved an increase of
accuracy on the MS-ASL dataset. Studies have been conducted to assess the impact
of individual modes. Using hand gestures alone, the accuracy was 80.1%. Adding
facial expressions increased it to 83%, and including all three modes reached 93.2%.

Table 2
Performance results
Model Inference Time(ms/frame) MemoryUsage(MB)
LST™M 12 245
CNN 25 386
MM-Transformer 18 312

Table 2 presents performance comparisons across three different approaches:

LSTM, CNN, and MM-Transformer. The inference time is calculated using the (1)
formula [10]:

Total Processing Time (1)

InferenceTime = ,
Number of Frames Processed

where the model's total processing time (ms) is the time, it takes to process a batch
of frames and the number of frames processed is the total number of frames
analyzed in a dataset or batch.

318



Results. The MM-Transformer delivers top performance, achieving the
highest accuracy. But it’s lost in inference and memory, compared with the simple
model. With an inference time of just 18 ms per frame and a memory footprint of
312 MB, it significantly improves computational efficiency while maintaining high
accuracy across multi-modal SLR tasks.

Conclusion. The MM-Transformer architecture shows significant improvement
in SLR by using multiple types of data hand gestures, facial expressions, and body
posture. Unlike traditional methods that focus on just one type of data, this approach
captures the full complexity of sign language communication, which leads to much
better recognition accuracy.

Tests on the MS-ASL, WLASL, and Boston ASL datasets show that the
system is effective, achieving an accuracy of 93.2%. Experiments show that the
proposed method has an improvement over the old methods.

However, the MM-Transformer is accurate, but requires more computing
power. It takes longer to process each frame and consumes more memory than
simpler models.

Overall, the MM-Transformer is a good advance for real-time use. SLR: It
provides a good mix of accuracy and efficiency, making it suitable for practical use
in assistive technologies and human-computer interaction.
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ZPGLULVPY AUQUUUNNUL SCULUSALUUSAL LTULUELE LEQIR
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‘Lowtiitiph (kquh dwtwsdwt wjwtnuljut hudwlwupgbpp hhdtwwimd jEunpntw-
unud G dbnph dhunbtph niuntdtwuhpnipyut Jpue: Ujuntwdkuwguhy, ghdph wpnuwhwynne-
pintup b dwpduh nhppp tnyuwbu own fuplnp B wyu wnhyh junhpbpp nistnt hwudwnp:
Ukpuyugynid b puquuunnuy npuudnpdbph Swpunupuytnnipiniup, npp dhwynpnud
E wpwhikph (kquh bpkp hhubwwi wuwklnikpp dknph dhunbpp, yhlph wpnwhwjnne-
miup b dwpduh ghppp: Unwowplynny hwdwlwupq nith hhkpuppuhyuwt dhwénydw
Ukjuwlihqu, npp hwdwnbnnud b ynyundnphstitp’ 3D-CNN dbinph dhuntiph fwbwstiwt hundwp,
Junp dbwgnprughtt gulg nphtwhunh Eppmisnipjut hwdwp, b nwpuswdudwbwljuh
hhdtwlknbkph hbnbdwh hwdwlupg dwpdih nhpph giwhwindwb hwdwp: Unwbngupn
ptunnuynpiutt wpynitpubpp gnyg i viwjhu, np wyju hwdwlupgp hwuetnmd £ 93.2%
&ogpumppuit: Unwowplny unpkyp hwigkghnid b kqpuijugnippuip’ wtjh ks dudw-
twlh U hhonnmput uvyundwb, hudbdwnws wyt Unnbjutiph htwn, npotp dpwlnud Gu dhug
Aknph dhunbpp: Ujintwdbtwjuhy, wyt hwubnud E wdbh pupdp dogpunnipjudp qpujugne-
Pl

Unwigpughl punkp. anp niunignid, mpubudnpdbplibp, tpwtutph (kqnt, puqdw-
Unnuy, CNN.
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JI.M. TAJICTSIH

UEPAPXUYECKHUA MYJbTUMOJIAJILHbIA TPAHC®OPMEP JIJIsI
PACIIO3HABAHMUA SI3BIKA )KECTOB

TpaauIMOHHBIE CHCTEMBI PACTIO3HABAHMS SI3bIKA )KECTOB B OCHOBHOM (hOKYCUPYIOTCS Ha
H3yYeHHUH KeCTOB pyK. OHAKO MHUMMKA M 11032 Tejla TaKKe€ OUYEHb BAKHBI JUIS PEIICHUS
TAaKoro poja 3ajgad. B HaHHON cTaThe MNpeicTaBiieHa MyJIbTUMOJATBHAS apXUTEKTypa
TpaHchopMmepa, KoTopast 00bEIUHACT TPH OCHOBHBIX ACIIEKTa S3bIKA JKECTOB: KECTHI PYK,
MHUMHUKY U 103y Tena. [Ipeiaraemasi cucreMa MMEET MEpapXUUeCKUi MEXaHU3M CIIHSHUS,
KOTOPBII O0BETUHSIET CIICaTN3UpOoBaHHbIe KoaqupoBmUKU: 3D-CNN 1 pacnio3HaBaHUS
JKECTOB PYK, ITyOOKYIO OCTaTOYHYIO CETh AJISI aHAJIM3a MUMHKH M IPOCTPaHCTBEHHO-Bpe-
MEHHYIO CUCTEMY OTCJIEKUBAHUS KJIIOUEBBIX TOYEK IJIS OLICHKH MO3bl Tena. TecTUpoBaHue
HAa CTAaHAAPTHBIX JTAJIOHHBIX TECTaX IOKAa3bIBAET, YTO 3TA CUCTEMA JJOCTUTAeT TOUHOCTHU
93,2%. Ilpennaraemast MOZEIb NPUBOJMT K O0JIee BHICOKOMY BPEMEHH BBIBOJIA U IOTpedIIe-
HHUIO MIAMATH 10 CPAaBHEHUIO C MOJEISMH, KOTOpblE 00padaThIBAIOT TOJIBKO JKECTBHI PYK.
OpHaKo OHa JOCTUraeT OoJsiee BHICOKOW TOYHOCTH BBIBOJA, COXPAHSS IIPOU3BOJUTEILHOCTD
B pealbHOM BPEMEHU.

Kntoueswvie cnosa: rnydoxoe o0ydyeHue, TpaHCHOPMEPBI, SI3bIK KECTOB, MYJIbTHMO-
nmanpabii, CNN.
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A MINIMIZATION METHOD FOR TRANSISTOR AGING INFLUENCE
IN HIGH-TO-LOW VOLTAGE LEVEL CONVERTER DESIGN

Most activities would be impossible to imagine without the integrated circuits that
are produced today. Modern integrated circuits have attained extremely high levels of
integration by adhering to Moore's law. The density of element placement on the wafer can
be significantly increased thanks to the advancements in nanoelectronics. The decrease in
operating voltages required for transistors that does not keep up with transistor scaling
leads to the emergence of unwanted voltage values between the transistor's terminals. The
inability of factories to manufacture transistors with a thick dielectric layer results in
overvoltage issues, which accelerate the aging and compromise system functionality in the
coming years. It is suggested that a level converter be designed using the proposed method
in order to address the communication issue with the aging effect.

Keywords: voltage level converter, multivoltage supply, aging effect, power
consumption, overvoltage.

Introduction. Numerous industries, including autonomous vehicles, medical
gadgets, portable electronics, and military gear, heavily rely on integrated circuits.
Computers, smartphones, and TV sets are just a few of the many electronic gadgets
that use integrated circuits to process and store data, among other tasks. They aid in
facilitating communication across a range of media, such as fiber optic networks,
satellite linkages, and wired and wireless connections. Therefore, miniaturization,
performance, cost reduction, and high productivity are the primary factors that
make ICs so crucial.

The integration level of 100 billion transistors per chip has already been
attained by foundries, who are making separate preparations to fit an increasing
number of transistors into each square millimeter of silicon [1].

Significantly increasing the density of element placement on the wafer is
made possible by the revolution in nanoelectronics. However, the decrease in
operating voltages required for transistors does not match transistor scaling,
resulting in the occurrence of unwanted voltage values between the transistor's
terminals. As a result, engineering problems pertaining to the fabrication of
microelectronic integrated circuits are challenging to be solved. Due to these

322



production issues, as the degree of integration has increased, semiconductor
microcircuit factories are now unable to supply integrated circuit designers with
transistors with a thick dielectric layer, which enables operation at relatively higher
voltages without appreciably affecting the effects of aging.

The aging effect is one of the most significant variables influencing the
reliability of integrated circuits (ICs) [2]. As a result, the circuit's characteristics
decrease with time and may eventually cause the circuit to fail [3]. For instance,
threshold voltage degradation is brought on by the NBTI effect. The transistor's
operational point changes when the threshold voltage rises. When the circuit is
operating at greater supply voltages or high temperatures, threshold changes fall
even faster. In contemporary systems, variations in transistor properties like
threshold and current become more apparent when gate length and operating
voltages are scaled. Transistor performance is also reduced by the HCI effect. It
harms the NMOS and PMOS gate oxides. Because of the high temperature and
voltage at which the transistor functions, the carriers get enough kinetic energy
from the field to get beyond the gate oxide's (SiO2) potential barrier. Since
transistor sizes are scaled more aggressively than supply voltages, as previously
indicated, the electric field will likewise increase in value as technologies get
smaller (1)[4]:

Vnom

Evertical =

(1

The velocity of hot carriers in some cases where the electrical field is high
enough could be higher than the saturation velocity [5]:

Tox

AVry ~ %eXP(Oﬁ Epx) exp(c; Vpg) t™HC. (2)

The dependency of threshold voltage change on account of hot carrier effect
is explained above (2)[6], where «; and &, are the voltage scaling factors, Vps —
the drain source voltage difference, Eox — the oxide electrical field, nyc — the time
exponent.

Once carriers have accumulated sufficient energy, they can collide with Si
atoms and remove electron-hole pairs, resulting in ionization. Consequently, the
field-accelerated produced carriers may re-initiate ionization. The produced
carriers have the potential to harm the interface or be injected into the oxide. At
significantly higher drain-source voltages than gate-source voltages, this impact is
most pronounced (Fig. 1).
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Fig. 1. Accelerated hot carriers

Injecting hot carriers into the oxide may have a second effect, since the high
gate voltage may push them in the direction of the gate. Electrons can pass over the
potential barrier and enter the oxide if the gate voltage is high enough (Fig. 2).

Vs

| Bulk I P-substrate

Vs

Fig. 2. A channel hot carrier

Tests are conducted on specific models provided by semiconductor factories
and under well-defined working settings to account for the aging phenomena of the
IC. These conditions represent a variation of +10% from the nominal value of the
supply voltage and an operating temperature of +125°C [7].

Designers research and apply a variety of techniques to address the issues
that have been found. The impacts of aging phenomena can be avoided in a variety
of ways. By using technical and circuit solutions, the impact can be lessened or
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eliminated [8]. Using regulatory protrusions found in certain contemporary IS, it is
possible to document the aging phenomenon's presence and offset the detrimental
effects of technological deviations [9]. However, the cost of adding each protrusion
is significant. As a result, control, accounting, and compensation methods that are
part of the IS must be developed [10].

Nowadays, low power systems and digital circuits are a big problem in
circuit design. Short-circuit power, dynamic power, and static power are all greatly
decreased by lowering the supply voltage. Low supply voltages, however, restrict
the circuit's speed and have an impact on the sub-block's linearity and internal gain
[11]. Utilizing the multi-voltage supply system, where each segment has its own
local voltage source, is the main focus of recent and developing applications [12].

To create an interface between sub-blocks, the voltage level converter uses a
variety of supply voltage approaches. Low-level voltages can be changed into
higher-level voltages suitable for later stages by using voltage level converters.
Voltage level converters are therefore employed as an intermediate and auxiliary
block. These voltage level converters must be high-speed, low-power, and have a
smaller silicon area to minimize their total performance impact. However, current
architectures make it impossible to construct voltage level converters without using
transistors with a high dielectric layer because stress voltage causes aging effects
that reach detectable levels.

The problem description. The issues mentioned are typical for a level
shifter since the high (VDDH) and low (VDD) supply levels can be somewhat
distant from one another (Fig. 3). Not all technologies have thick oxide devices or
are designed to withstand the high voltage differentials between transistor terminals
that generate stress.

Fig. 3. Level converter modern architecture
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Understanding the circuit's weak points is crucial when examining the level
shifter's overall architecture. The input signal is controlled by the M3 and M4
control transistors. The VDDH level, the design's high supply level, creates the
input signal, and the VDD level creates the output signal. Transistor M3 is opened
by the logic 1 level at the input (VDDH), whereas transistor M4 is in the off mode.
The gate of M2 opens as a result of M3 being open, bringing it to the zero level.
The output (OUTP) in this instance is brought to the logic 1 level by M2, but its
level is VDD. On the flip side, outm approaches level 0 and outp shuts off
transistor M1[13].

Since the maximum voltage difference between the terminals of all
transistors is VDD, it should be noted that when the VDDH signal reaches the
circuit's input and transistor M3's source is grounded, the potential difference
between the gate and source of M3 is VDDH, which is unacceptable.

The proposed solution. A circuit that converts VDDH to Vnbias without
stress voltage for the transistor can be used to address the issue of transistor
overvoltage and to provide suitable operating conditions for the transistor (Fig. 4).
This approach ensures that the transistors will have a significantly longer service
life and work under the manufacturer-specified settings (without overvoltage).

Fig. 4. Level converter proposed architecture

The principle of operation of the first stage is the same as the inverter. Since
the M6 transistor's source is also linked to Vin and the gate to Vnbias, the
conditions for opening the M6 transistor are satisfied. When Vin is connected to
the gate of the M5 transistor, it has a low level, and the M5 transistor is closed. As
a result, M4's gate is high and M3's gate is low. The output is a logical zero. When
Vin is high, the transistor M6's terminal that is connected to Vin turns into a drain,
and the transistor M6's terminal that is connected to the gate of M3 turns into a
source. The gate of VDDH and the source of transistor M5 are both subjected to
potential Vnbias at the same time. When Vgs exceeds Vth and transistor M5 opens,
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M6 is consistently closed because there is no potential difference between the
source and the gate, both of which have potential Vnbias. Transistor M3's gate is
thus brought up to the potential Vnbias, whereas transistor M4's gate is pulled to
zero by the inverter output.

Depending on the input level, the OUTN and OUTP outputs give a steady
voltage. The logic 1 level for this output is VDD, or 0.8 V, and it is 1.2 V for a high
input voltage level. Bandgap circuits or voltage dividers can be used to determine
the Vnbias value; given the right matching techniques in the designs, the voltage
shouldn't fluctuate by more than 5%.

Simulation results. Aging simulation is done for the VDDH level 1.2 V" and
125 °C temperature. This is stress conditions that are applied for 10 years aging.

With the proposed approach, the maximum current degradation is less than
10% as opposed to 52% in modern architecture, and the maximum threshold voltage
degradation is less than 50 m} as opposed to 250 m} in modern architecture (Fig. 5).
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Fig. 5. The transistor saturation current (a) and the threshold voltage (b) variation in 10
years for modern and proposed architectures of a level converter
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The plot for the proposed method (Fig.6) show that the voltage level is
settling at VDD level for the OUTP. The rising time remains relatively constant,
but the degradation of transistors M3 and M4's characteristics results in a
significant increase in the switching time from high to the low logic level.
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Fig. 6. Transient analysis of level converters

Conclusion. A level converter with a modern architecture has been designed
with the SAED 14 mm FinFet technology [14]. Overvoltage is observed on
transistors, resulting in excessively fast aging. To lessen the aging effect, an
architecture upgrade has been proposed. The findings show that the saturation
current and threshold voltage degradation are lessened, not exceeding 10 percent
and 50 mV, respectively. This has an effect on the level converter's primary
parameters, particularly rise and fall times. However, the circuit area and the
number of transistors employed rose somewhat, but this increase is acceptable for
the intended outcomes. The SAED 14 nm FinFet technology libraries have been
used during the HSPICE simulations, and outputs have been exported by Galaxy
Custom Designer tool [15].0]
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RUM20P8 sUOIC LUNUUL UUYUMUYP ONUYE 20080
SCULRPUSNALULESP OBMUSU UL BLEYNR3ELEND LIULESUUL UGN

Swpphp phwquijuniiiph gnpémiknppuh Uk dwut wihiupht Yihubp wunlkpugiby
wnuwtg tkpjuynudu wpunwugpynn hnkqpuy vjubdwibph: dudwtwlwlhg hunbqpuy upuk-
Uwlitpp hwul) kb hinbkgpdwb pun pupdp dwlwppulh’ pun Uniph opkliph: Lubnkkln-
pnbhYugh npnpunid ijwdnudibph sbinphhy wwppbph wkupwsdwb jonnpmip swpni-
tunud £ wdly: Spwighunnputph hudwp wihpudbon wphiwwnwpuyhtt jupmudubph ww-
qtignudp, npu wdkih wpwg b juunwpynud, pwt mpwbuqghuwnnputph dwupnwpwynpnidp,
hwighkgunud £ gputg Eniuntbph dhol jhpumnn ny gutuh jupdwh wpdbpubph: Zwun
phhEjunpuljut stpntpny wmpwbghunnpitp wpunwnplnt gnpbwpwbitbph whjupnnnipe-
miup hwiigkgind £ gipjupdwt pjaunhpubph, npnup wpwqugumd Eu Skpugnudp b
Juubgnud hwdwljupgh $ntuyghniwnipiniip hbnwqu mwuphubphi: Unwewplyynud E dpwlyly
[upiwi  dwlwppulih thofjuwplhs oguugnpstng wpwewplyny Ukpngp skpugdwh
Eplinyph juunhpp (nusknt hwdwp:

Unwihgpughl punkp. (wupdwt dwljupnuiljh thnjuwpyhy, puquuynjn utinignid, k-
nugdwl kplinype, Eukpquuuywunnid, ghpjupnud:

C.A.TYKACISIH, E.T. ITAIISIH, P.A. UBAHSH, C.C. MKPTYSIH,
I''A. BOCKAHSAH

METO/J MUHUMM3AILINHA SIBJEHUSI CTAPEHUSI TPAH3UCTOPOB B
KOHCTPYKLMH ITPEOBPA3OBATEJISI HAIIPSI)KEHUSI C BBICOKOI'O
YPOBHS HA HU3KUM

BonbIIMHCTBO BHIOB JSSATEIBHOCTH OBIUIO OBl HEBO3MOXKHO IIPEICTABUThL O€3 HHTET-
paJbHBIX CXEM, KOTOpbIe MPOU3BOAATCS cerofHsi. COBpEMEHHbIC HHTErPalibHBIC CXEMBI
JOCTHUIIIH YPEe3BBIYAIHO BHICOKOTO YPOBHS MHTErpaly, cieays 3akoHy Mypa. [lnoTHocTb
pa3MelIeHus JIEMEHTOB Ha IUIACTHHE MOXKET OBbITh 3HAUUTEIbHO YBElHuYeHa OJjaroiaps
JOCTHKEHUSIM B 00JIACTH HaHOAIIEKTPOHUKH. CHIDKeHHE paboumx HanpshKeHHH, He00X01u-
MBIX JIJIsl TPAH3UCTOPOB, HE TOCIEBAET 32 MacIITAOMPOBAHUEM TPAH3HCTOPOB, YTO IIPHBO-
JWT K HOSBJICHUIO HEXeNaTeNbHbIX 3HAUCHUI HAIIPSHDKEHUS] MEXKLy BBIBOAAMH TPAH3UCTOpPA.
HecnocoOHOCTE 3aBOOB IPOM3BOAUTE TPAH3UCTOPHI C TOJICTHIM JHAJIEKTPUYECKUM CIIOEM
NPUBOJUT K MPOOIIEMaM C TepeHalpsDKCHHEM, KOTOPBIE YCKOPSIOT CTApEHHE U CTaBST MOA
yrpo3y (yHKIMOHAIBHOCTh CHCTEMBI B Tociemyromue roapl. [Ipemnaraercs pa3paboTaTsh
npeoOpazoBaTeNb YPOBHEH ¢ UCMOIB30BAHMEM MPEIaracMoro METoa JJisk perieHus npoo-
JIEMBI CBSI3H € 3((HEKTOM CTapeHUsL.

Knrwouesvle cnoea: mpeoOpa3zoBaTenb YPOBHS HANPSDKEHMS, MYyJBTHHANPSDKEHHE,
3¢ dexT cTapeHus, SHePronoTpedeHne, nepeHanpsHKeHUe.
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THE SKEW MINIMIZATION METHOD USING DIFFUSION MODELS

Integrated circuit (IC) functionality increases significantly, which force to have more
strict requirements, especially in fast systems. In digital methodology the clock tree
synthesis has crucial importance, which affects the IC’s performance. One of the clock tree
parameters is clock skew, which should be minimum, otherwise it will affect the IC’s
performance. Minimal skew development is the tradeoff between timing margins, routing
congestion, etc. Currently, there are different methodologies integrated in physical design
tools, which are aimed at parameters to find good trade-off points. Some of the algorithms
do not work properly in current processes, and human should act manually, which makes
electronic design automated tools work not automatically. Fix such issues, a skew
minimization method with the use of diffusion models is presented. With the proposed
method, the runtime has increased by 5% in respond to EDA tools integrated
methodologies, and decreased in terms of Al tools, and skew decreased by 28%.

Keywords. clock tree synthesis, skew, routing congestion, machine learning,
diffusion models.

Introduction. Clock tree synthesis (CTS) is a crucial component in IC
design that guarantees the performance and functionality of digital integrated
circuits. As seen in Fig. 1, the clock signal, also referred to as a chip's "heartbeat,"
synchronizes all the design's operations.

Fig. 1. The general view of a clock tree
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One of the main objectives of clock tree synthesis is skew minimization,
which minimizes the variation in the arrival times of the clock signal at different
components. A clock skew example for two registers is shown in Fig. 2. The skew
is critical for maintaining synchronization and optimal performance in synchronous
digital circuits [1,2].

>
CLK(A) |— Clock delay CLK(B)
System
Clock
Voltage | :
! . ’ ‘ ‘ ‘ " Time
:
Voltage ¢ ,
1
1
1
'
1

%
—

| .

Clock Skew

Fig. 2. A clock skew

Even a small clock skew can cause serious timing problems in high-
frequency modern systems, such as setup and hold times. Therefore, attaining a
well-balanced clock tree is crucial to meet timing standards, which will become more
stringent as technology advances. CTS also has difficulties in controlling power
usage, routing congestion, and clock latency. Because clock networks frequently
consume a significant amount of integrated circuit power, performance and energy
efficiency must be carefully optimized and balanced [3].

To overcome these obstacles, the clock tree must be efficiently optimized
using techniques and tools that ensure all clocked elements receive the clock signal
at the same time, preserving synchronization and improving the system performance.
But there are trade-offs associated with each strategy that need to be considered.
The most widely used approaches, which can be found in the references are listed
below:

¢ Buffered clock tree synthesis.

According to the method, buffers (used inverter pairs) are used to balance
the delays and reduce the skew. By placing buffers, it is possible to achieve zero
skews while minimizing the total wire length, which improves timing performance.
The main picture of the buffered clock tree synthesis is shown in Fig 3.
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Fig. 3. The balanced clock tree example

The buffers increase the overall power consumption of the clock network.
Additionally, the buffer insertion process can introduce routing congestion,
especially in dense designs [4].

o Buffer Resizing and relocation.

The method adjusts buffer sizes and positions to optimize the clock arrival
times, reduces the insertion delay and minimizes the skew. It enhances the timing
performance of design by improving the setup and hold time margins. An example
of design before and after optimization is shown in Fig. 4.

asra [ g | gora [ lgsane 6

Design before optimization Design after optimization
Fig. 4. Design before and after optimization

The method requires more resources in terms of routing and wire length
compared to pure tree-based structures. The corresponding will be a reason for
overlaps, as a result, the re-placement will be needed, in Fig 4, notably, replacement
after CTS optimization has been done. And, achieving the optimal buffer
configuration can be computationally expensive, especially for large designs [5].

o Mixed tree-mesh clock distribution networks

Fig. 5 illustrates an overview of those networks, which combine the benefits
of mesh and tree topologies to reduce the local clock skew and increase robustness
against the process shifts. Networks of the mixed tree-mesh are especially good at
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minimizing the effects of manufacturing variations. Compared to completely tree-
based topologies, mixed tree-mesh networks demand higher wirelength and routing
resources. Because of the large mesh wiring, there may be a significant IR drop and
increased power usage. Furthermore, creating such networks is more complicated
and might not be appropriate for designs with limited resources [6].

[ Input ]
I

/ Congestion driven mesh network
construction

| Grid point generation |

| Sink connection |

| Grid point linking |

}

Top-level tree construction

| Merging |

| Embedding |
\_ J

I

Output ]

Fig. 5. The overview of mixed tree-mesh clock distribution networks

e DSO.ai — A distributed system to optimize the physical design flows.

In the method with DSO.ai, the distributed system has been built, for the
optimization of the physical design flows, and correspondingly for CTS optimization.
In the methodology, multiple iterations of parallel runs are used to optimize the
enormous design parameters search space. The methodology provides a Pareto
optimization opportunity, which opposes too long a runtime and a big CPU usage
in terms of memory and cores [7,8].

Proposed method. To decrease the skew and fix the issues described in
references, which are: routing congestion (result is short and opens), setup hold
margins and runtime, machine learning especially diffusion models have been
used. The main algorithm for the proposed method shown in Fig. 6.
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DEF file reading
(Node positions extraction)

Dataset preparation
(Skew labeling)

Diffusion model training
(Optimal placement prediction)

Node position optimization
(Optimized layout prediction)

DEF file creation
(DEF file for optimized design)

Fig. 6. The proposed method’s algorithm

At the initial stages of optimization required to have the design’s DEF file
where CTS has been done without any optimization. During the DEF file reading
process, the design’s component placement has been extracted, at the end of the
methodology output, a DEF file has been generated for the optimized design, both
functions implemented with the help of python, and the implementation shown in
Fig. 7.

: : i imiz file(i £_path, f_path, optiniz itions):

def parse_def_file(def_file_path): def write_optinized def_file(input_def_path, output_def path, optimized_positions)
writes an optimized DEF file with new node placements.

Parses a DEF file to extract node placement.

with open(input_def_path, 'r') as infile:

node_positions = [] lines = infile.readlines()

node_lines = [] optimized_lines = copy.deepcopy(lines)
with open(def_file_path, 'r') as file: node_idx = @
for line in file:
if line.startswith('-') and 'PLACED' in line:
parts = line.split()
node_name = parts[1]

for 1, line in enumerate(optinized_lines):
if line.startswith('-') and 'PLACED’ in line:
parts = line.split()
- str(int(optimized_positions[node_idx)(e]))

x = float(parts[3]) a = str(int(optimized_positions(node_idx](1)))
y = float(parts[4]) optinized_lines(1] = * ".join(parts) + "\n’
node_positions.append((node_name, X, y)) podecide §
nde_Lines. append(line) with open(output_def_path, 'w’) as outfile:

return node_positions, node_lines outfile.uritelines(optimized_lines)

Fig. 7. The input DEF reading (a) and output DEF (b) creation

For Dataset preparation, the instances initialize as a class, and there is
generates random floats between 0 and 0.5 to simulate the skew, after this
Diffusion model has been defined. Diffusion models are a class of generative
models that transform simple noise distributions into complex data distributions
through an iterative process. They work by simulating a forward process, which

teaches to remove the noise step by step to generate realistic samples. The created
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model is designed to encode input data, reconstruct it and predict a skew value
from the encoded representation. For diffusion model, a training function is
created, be using a dataset of node positions. The training epocha number specified
20 and the initialized total loss for epochs specified as 0, the 20 is a common
practice in machine learning, and 0 at the beginning of each epoch to accumulate
the loss over all batches within that epoch. This helps in monitoring the training
process by providing a measure of how well the model is performing after each
epoch. All above-described functions are shown in Fig. 8.

klass DiffusionModel(nn.Module):
def __infit_ (self):
super(DiffusionModel, self)._init_ ()
self.encoder = nn.Sequential(
nn.Linear(20, 64),
nn.ReLU(),
nn.Linear(64, 128),
nn.ReLU

)
3(4ax , dTypestorch.floatd2), torch.tensor(self.labels|iax), dTypestonch.floatil) self.decoder - nn.chuen:ialﬁ
a nn.Linear(128, 64),
nn.ReLU(),
def train_model(node_positions): nn.Linear(64, 20
dataset = ClockSkewDEF_Dataset(node_positions) )
dataloader = Dataloader(dataset, batch_size-16, shuffle-True)

self.skew_predictor = nn.Linear(128, 1)

model = DiffusionModel()
optimizer = optim.Adam(model.parameters(), 1lr=0.801)
loss_fn = nn.MSELoss()

def forward(self, x):
x = x.view(x.size(2), -1)
encoded = self.encoder(x)

N reconstructed = self.decoder(encoded)
epochs = 20

N skew = self.skew_predictor(encoded)
for in range(epochs): - (-1 1 \
return reconstructed.view(-1, 18, 2), skew
total_loss = @
for nodes, skew in dataloader: c

optimizer.zero_grad()

» predicted_skew = model(nodes)
loss = loss_fn(predicted_skew.squeeze(), skew)
loss.backward()
optimizer.step()
total_loss #+= loss.item()

return model

b

Fig. 8. The dataset class (b), the diffusion model class (b) and the model training (c)
implementation

At the end of optimization, the result is the skew improved design’s DEF
file, whose generation part is shown in Fig. 7b.

Results. To provide the best and worst sides of the proposed method 3 test
designs have been implemented with different parameters and clock frequencies.
The results are shown in Table below.

Table
Results
Reference 1-3 methods Design with DSO.ai Proposed method
fre?]l:::cy Short Short Short
Runtime count/ Max skew Runtime count/ Max skew Runtime count/ Max skew
open count open count open count

Design1  ~600K 8G 2.7h 15/2 0.252 26.4h 0/0 0.201 2.79h 1/0 0.198
Design2 ~1.5M 16G 46.03h 169/3 0.546 142.42h 1411 0.430 47.5h 141/2 0.352
Design3  ~1.5M 20G 38.87h 781 0.601 121.28h 65/0 0.501 38.25h 67/1 0.402
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Conclusion. Skew minimization is an important factor during the clock tree
synthesis. Current CTS optimization methods have trade-off between the runtime,
skew minimization and routing congestion. In the article, the skew minimization
method with the use of diffusion models of machine learning. With the proposed
method, the runtime has increased by ~5% in respond to EDA tools integrated
methodologies, and decreased in terms of Al tool usage, as a result skew decreased
by ~28%.
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U.U. 1UQU3UL

SUGUSU3PL ULTULTULE TEOIUUL ONSPUULUSNRULC YhdNPOPNL
UNYLLEE UPUNUUUR

Punbgpu ujubdwbph $niiljghniwnipiniip qquhnpbt Ukdwinud k, hyp unhynid
E niuktuy wydbtih fmhun vwhdwtuhwnudubp b guwhwgttp, hwnwljubu pupdp hwdwhiw-
Jubuyghtt hwdwlupgbpoud: BJuyhtt hnbkqpuy ujubdwibph twpwgsdwt wjnndwnwg-
Jws hnupninnid uhippnuqnuiipwh dweh uhipkqp hwinhuwind E Jupbnp Yhnkphg
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Ublp, np kwwunpbb wqpnid £ hinkqpuy ujubdwitph yqwpwdbnptph Jpue: Swljnuwgh
wqnuiowih oknnudp uhippnuqpuiiowth Swnh uptiptqh npujujut ywpwdtnpbphg k,
nnp whwnp E htwpuwynptpu thopp 1hith, hwjwuwpwl nkypnd” wyt juqnh htnkgpuy upubdwgh
wpuwnwiph Ypu: Swjnnuhtt wmqputipwih obndwi tjuqugnyy wpdtph huynuwptpnudp
ubpuyugunud k dphpdhwgnidubph ninhubp swipwpbnujwénipjul, dudwtwuljuyht wyw-
owiputiph b Uh owpp wy wuwpwubnpkph thnjughedwt YhEwn: LEpunudu jub wnwuppkp dk-
ponukp, npnup hunkgpyus tu hqhujub twhiwgsdw gnpshpubipnud, npnup tyywwnwly
niukt yupwdbwnpbph dhol quniul] httwpwynphiiu owyinhuwy thnpughguwt YEwnbkp: Npno
wgnpphdubp pupwughl qnpépupwgutpmd dogphwn sk, husp unhymd E bwjuwgdnnhu
qnpét] wjunndwnwugdus hnupninnig noipu: Ldwb jutighpubpp snljbne hwdwp tbpluywg-
b1 £ ghdnighnt dnphjubiph oginugnpdiudp muljunnuyghtt wqnuiipwh snnudp wjwqugnyp
hwugubjnt dkpnn: Lyuwwnwluyht Ukpnnny gnpswpldwt dudwbwljy wykjugk) £ 75%-ny*
h wwwnwuhiwt EDA gnpshpubph htnbgpdusd dbpnpupwinipjub, b tjwqgl) & AI gnpshp-
ubph wnnudny, hul oknnidp Wjwuqk) k 728%-ny:

Unwigpuyhli punkp. uhuppnuqnuiipwih dwinh uhlplq, mwljnughtt wgnuywih
otnnud, Spugsdwh Swupwpknujwdnipinil, dkphtuyulwh ntunignid, nhpnighnu dnnhkjukp

A.A. KA3APsH

METO/J MUHUMM3ALIAU IEPEKOCA C UCITOJ1b30BAHUEM
MOJEJEA TUDDY3UU

OyHKIMOHANBHOCTh HHTETpabHBIX cxeM (MC) 3HaunTenbHO BO3PACTaeT, YTo 3aCTaB-
JIIET MPEIBSIBIATE O0JIee CTpOrue TpeOOBaHuUs, OCOOCHHO K OBICTPBIM cHCTeMaM. B rudpo-
BOIl METOJOJIOTHH CHHTE3 JiepeBa TAKTOBBIX MMITYJIHCOB MMEET peIIaloliee 3HaYCHUE, YTO
BIHUAET Ha Tpou3BoauTenbHOCTh MC. OMHUM U3 TapaMeTpoB JiepeBa TAKTOBBIX UMITYJIbCOB
SIBIISIETCS] IEPEKOC TAKTOBBIX MMITYJIECOB, KOTOPHIH JOJDKEH OBITh MUHIMAIBEHBIM, B TIPOTHB-
HOM CJTy4ae - OH TOBJIHSCT Ha pou3BoauTensHOCTh MIC. MUHIMAITBHOE pa3BUTHE TIepeKoca -
9TO KOMIIPOMHCC MEXKAY 3armacaMi MO BPEMEHH, Ieperpy3Koil MapuipyTh3ainuu 1 T.4. B
HACTOsIIIEEe BpPEeMs CYIICCTBYIOT Pa3IMYHBIC METOJOJIOTHH, WHTECIPHUPOBAHHBIC B WHCTPY-
MEHTBI (PU3UUIECKOTO MPOSKTUPOBAHHS, KOTOPBIC CTPEMSATCS HANTH XOPOIIHE TOYKH KOMIIPO-
MHCCa MEX1y mapamerpamu. HekoTopbie U3 airOPUTMOB HE pabOTAIOT MOHKHBIM 00pa3oM
B TEKYILHUX IPOLIECCaX, U YEIOBEK JOJDKEH JCHCTBOBATh BPYUHYIO, UTO JieNaeT paboTy aB-
TOMAaTH3UPOBAHHBIX WHCTPYMEHTOB 3JIEKTPOHHOTO IPOEKTUPOBAHUS HEABTOMATH3HPOBAHHOM.
Jlis ycrpaHeHus TakuX MpobJeM MpeacTaBiIeH METO MUHIMH3AINH TIEPeKoca C UCIOIb30-
BaHHEeM Mozenei nudp¢ys3un. [Ipu HCIonp30BaHUN [ENEBOTO METOA BPEMs BBHITIOTHEHUS
YBEMYHIIOCH TIPUMEPHO Ha 5% B OTBET HAa HHTETPUPOBAHHBIC METOIOJIOTHH HHCTPYMEHTOB
EDA u cokpaTuiioch B OTHOLIEHHH UHCTpYMeHTOB U, a nmepekoc yMeHbIIIICS IPUMEPHO
Ha 28%.

Knrouesoble cnosa: cuHTte3 iepeBa CHHXPOCUTHANA, TIEPEKOC, TTeperpy3ka MapIipyTu-
3allKu, MalllnHHOE 00y4YeHue, Moaenu auddysuu.
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THE RELIABILITY IMPROVEMENT METHOD FOR THE BANDGAP
REFERENCE WITH THIN OXIDE TRANSISTORS

Nowadays the sizes of CMOS (complementary metal-oxide-semiconductor) technology
elements are shrinking to critical dimensions. As a result, previously negligible physical
phenomena begin to manifest, whose effects are insignificant at higher technology levels.
Supply voltage does not scale proportionally, and the gate dielectric thickness decreases,
subjecting devices to stronger electric fields, thus causing stress on transistors and decreasing
reliability.

A method is proposed for designing of bandgap reference with usage of only thin oxide
devices, which are improved reliability of circuit and protected from stress conditions.

Keywords: CMOS, stress, reliability, aging, thin oxide device, bandgap reference.

Introduction. Continued scaling in modern submicron technologies makes
ensuring the reliable and uninterrupted operation of integrated circuits (ICs) more
challenging. The reliability of system operation is influenced by both internal and
external factors. To anticipate such effects, it is necessary to model systems correctly
during the design process [1].

One phenomenon that leads to a deterioration in the reliability of blocks is
aging. Therefore, ignoring the impact of aging effects will lead to a decrease in the
production of reliable ICs.

The deterioration of circuit characteristics over time is known as aging. This
is primarily due to the degradation of the gate oxide layer and the interface between
the gate dielectric and silicon over time [2]. The two main aging effects are Hot
Carrier Injection (HCI) and Bias Temperature Instability (BTI). This work presents
methods to reduce the circuit degradation and proposes alternatives to the existing
solutions.

In technological processes below S5nm, semiconductor manufacturers face
difficulties in fabricating transistors with thick gate oxide layers. This necessitates
replacing all transistors with devices featuring thin gate oxide layers, complicating
the IC design stages.

Analog components, which play a significant role in modern ICs, are
responsible for receiving, processing, and transmitting signals (information) from
one system to another. These are also the most sensitive parts of ICs. A significant
portion of such systems consists of operational amplifiers that use high supply
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voltages to ensure a high DC gain and a wide input signal frequency range. Analog
circuits include voltage and current systems. In some analog circuits, such as
voltage regulators, digital-to-analog and analog-to-digital converters, it is necessary
to have bandgap reference with high precision. In other words, the accuracy of
such circuits depends on the precision of the bandgap reference. Ideally, Bandgap
reference should be independent of the technological process, supply voltage, and
temperature changes. However, it is impossible to isolate the system from
environmental influences. From this perspective, it is necessary to have
temperature-independent bandgap reference.

The proposed solution and simulation results. The concept behind a
traditional bandgap reference voltage source involves combining two voltages: one
with a positive temperature coefficient (the voltage difference between the base
and emitter of two bipolar transistors) and the other with a negative temperature
coefficient (the base-emitter voltage, VBE). This combination produces a stable
reference voltage. Its expression is:

Vier=Vge + KVr.
Among them, VBE represents the forward bias voltage from the base to the

emitter of the bipolar transistor, K is a constant, and the Vr thermal voltage.
The traditional bandgap reference power supply structure is shown in Fig.1.

VvDD

R1Z SR2
3

Y4 I
> Les
—

N N2

Fig. 1. A traditional bandgap reference voltage source

As shown in Fig. 1, this design employs an operational amplifier to equalize
the voltages at points X and Y. The amplifier’s output reference voltage is then fed
back to the bases of transistors Q1 and Q2 [3].

For the development and analysis of the bandgap reference and to test the
methods for reducing the effects of aging on transistor parameters, Synopsys'
Galaxy Custom Designer [4] schematic editor is used.

340



Operational amplifier. In the first stage, an operational amplifier with an
embedded cascode is designed. Folded-cascode operational amplifiers are widely
used inside bandgap reference to provide high DC gain. In addition to the main
constituent transistors, the circuit also includes transistors that enable power the
operation down. These transistors are marked with dashed lines: M41, M42, M43,
M44, and M54.

The schematic view (Fig. 2) and the HSPICE simulation results (Fig. 3) of
the folded-cascode operational amplifier designed by SAED14nm FinFET
technology are presented below [5-7].
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Fig. 3. The AC characteristic of the designed folded-cascode op-amp
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e Transistor M41 in power down mode sets the output of the operational
amplifier to 0 (VSS) while also setting the same value on the drains of transistors
M29 and M24.

e Transistor M43 sets a value of 0 on the gate of transistor M29, on the gate
and drain of transistor M29, and on the drain of transistor M27.

e Transistor M42 sets a value of 0 on the gate of transistor M32, on the gate
and drain of transistor M36, and on the drain of M35.

e Transistor M44 sets the VDD value on the gates of transistors M56, M25,
and M35, as well as on the gate and drain of M37.

e Transistor M54 sets the VDD value on the gates of M24, M27, and M51,
on the drain of transistor M49, and on the source and gate of transistor M50.

When the circuit is switched to the power down mode, overvoltages occur on
the following transistors: M41, M42, M43, M44, M54.

To prevent overvoltages in the circuit, an operational amplifier circuit is
developed with added transmission gates and transistors (Fig. 4), setting 0 and
VDD values on all terminals of the n-channel and p-channel transistors,
respectively.

The effect of the added transistors preventing overvoltages is implemented
as follows:

Fig. 4. The schematic view of the folded-cascode op-amp after modifications

e Transistor M35 before the modifications, in the power down mode, the
drain value of transistor M35 was 0. Now, transistor M58 sets the drain value to
VDD. A transmission gate, consisting of transistors M57 and M59, acts as a switch
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that disconnects the connection between the drains of M35 and M36 during power
down mode. Without the transmission gate, this connection would cause a short
between VDD and VSS.

o Transistors M71 and M73 set the drain and source values of transistor M27
to VDD in the power down mode. Consequently, the voltage between the terminals
of M27 equals zero, as transistor M54 sets the gate value to VDD. To avoid a short,
a transmission gate consisting of transistors M66 and M67 disconnects the
connection between the drains of M27 and M28 during the power down mode.

o Transistors M70 and M72 set the drain and source values of transistor M24
to VDD in power down mode, preventing overvoltages between the transistor's
terminals. Transistors M64 and M65 serve as transmission gates to disconnect the
connection between the drains of M24 and M29, avoiding a short between VDD
and VSS.

o Transistors M72 and M73 set the drain values of M56 and M25 transistors
to VDD, while transmission gates, consisting of transistor pairs M62-M63 and
M60-M61, disconnect the drains from transistors M31 and M30, respectively.

e Modifications to the M30 and M31 input differential pair transistors are
made at a higher level.

o Transistor M69 sets the drain value of M32 to VSS in the power down
mode.

¢ In this way we also protect transistors M27 M24, M56, M25, M32, M30
and M31.

o After those changes, aging simulations are performed, and it is found that
problems are solved and there is no significant degradation in the power down
mode (Table 1).

Table 1
Vi and 1. values of devices for folded-cascode operational amplifier before and after
modifications
) Power down mode before Power down mode after
Transistors modifications modification
Name AV (mV) Al (%) AV (mV) Al (%)
M35 197 19,9 0,9 1,4
M31, M30 200 20,7 1,1 1,9
M25, M56 243 23,7 25 3,5
M27, M24 245 23,9 27 3,9
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Bandgap reference. Some of the critical components of the bandgap
reference (Fig. 5) are the transistors serving as current sources. It is essential to
reduce the aging effects on transistors M6, M7, and M8. The pair of transistors M6
and M7 equalizes the input voltages of the operational amplifier, thereby creating a
voltage independent of absolute temperature. Transistor M8 copies the current
flowing through M6 and M7 and, using a voltage divider, provides different
reference voltage values. Aging in bipolar transistors often occurs due to bias
temperature instability. However, in this case, the base of the bipolar transistors is
connected to the collector, preventing reverse bias. Even so, possible degradation
should not be ruled out. If resistors degrade, the parameter shifts will be identical,
so resistor degradation will not affect the reference voltage value. Nevertheless, to
fully protect against aging phenomena, the likelihood of resistor degradation must
also be reduced.
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Fig. 5. The scheme of the bandgap reference

e The sources of M6, M7 and M8 transistors are connected to the high-
voltage source VDD. The drain voltage varies during operation, but in the power
down mode, the drains are set to 0. The output of the operational amplifier, which
is set to 0 in the power down mode, is connected to the gates of the transistors. In
the power down mode, this causes an overvoltage between the source and the gate.
Additionally, the voltage difference between the source and the gate is sufficient to
keep the transistors in the ON state.
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o The bases and collectors of Q1 and Q2 bipolar transistors are connected to
the low-voltage source VDD, whose value is 0. The emitter of Q1 is connected to
the operational amplifier input, while the emitter of Q2 is connected to a resistor
whose other terminal is connected to the other operational amplifier input. The
floating value at the inputs of the operational amplifier in the power the down
mode occurs due to the bipolar transistors.

® One terminal of the R4 resistor (or the terminal of the last resistor in a
parallel connection) is connected to VSS, which is 0, while the other terminal is
connected to the drain of transistor M8, which, in the power down mode, has a floating
value. This can result in leakage current, albeit small. However, for designing
circuits that minimize the aging-induced degradation, it is necessary to eliminate
the potential floating values on conductors.

To prevent overvoltages in the proposed bandgap reference (Fig. 6), transmission
gates and transistors which are added set VDD values on all terminals of p-channel
transistors and set 0 values on the operational amplifier inputs and circuit output in
the power down mode.

VDDH

R

en

out_ref

e

Fig. 6. The scheme of the bandgap reference after modification

The effect of the added transistors preventing overvoltages is implemented
as follows:

o Transistor M19 sets the gates of M6, M7, and M8 transistors to VDD in the
power down mode, disabling them. Transistors M10, M11, and M12 set the drains
of M6, M7, and M8 to VDD, respectively.
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e Transistor M18 sets the emitter of the Q1 bipolar transistor to 0 in the
power down mode. Additionally, the transistor pair M64-M65, serving as a
transmission gate, disconnects the connection between the drain of M7 and the
emitter of Q1 and resistor R3, preventing a short between VDD and VSS.

e Transistor M17 sets the second terminal of resistor R1 to 0 in the power
down mode, while the transmission gate, consisting of transistors M13-M14,
disconnects the drain of M6 from resistors R1 and R2, preventing a short between
VDD and VSS.

e With transistor M29, the voltage drops across resistor R4 in the power
down mode equalling to zero. The transistor pair M15-M16 disconnects the resistor
from transistor M8, preventing a short.

At the output of the operational amplifier, a value of 0 is set in the power
down mode using transistor M41 (Fig. 4). Additionally, the output of the operational
amplifier is connected to the gates of transistors M6, M7, and M8 which in the power
down mode are set to VDD by transistor M19 (Fig. 4), leading to a short between
VDD and VSS. To address this, a transistor pair M20-M21 (transmission gate) is
added to disconnect the connection between the operational amplifier output and
the gates of transistors M6, M7, and MS.

The gates of the input differential pair transistors M30 and M31 are set to 0
in the power down mode using transistors M17 and M18. Transmission gates,
consisting of transistor pairs M13-M14 and M64-M65, disconnect the inputs of the
operational amplifier from transistors M6 and M7, respectively.

Conclusion. Circuits have been developed only using thin oxide devices.
The aging effects are studied on a bandgap reference, operating in the power-down
mode. It is observed that, with the standard architecture, aging serious impacted the
primary parameters of the amplifier, particularly in the power-down mode, due to
the stress conditions affecting the thin oxide devices. New schematic solutions
have been implemented to prevent the stress conditions on the devices due to aging
degradation in a 10-year lifetime.

The summary table of the designed bandgap reference before and after the
proposed design updates, with a 10-year aging is summarized in Table 2.

Table 2
Results of bandgap reference before and after the proposed design updates

Parametrs Initial Before modification After modification
Gain (dB) 60.5 42.3 56.1

Viet (mV) 800 + 8 600 + 40 750 £ 12

Lrer (mA) 0,25 0,19 0,24
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Q.U. NUIULBUL

PULTY ORUPYE TEBSNY, SCULRRUSACMLENNY, 2ZGLUUUSPL LU U UL
Uunesnkrh ZN0hUULPNRESUL fUM2MUSTUL UENY

Ukpluynuiu WUOY (Yndyjtdkinwn dbwnwn-opuhn Yhuwhwnnpnhy) wnkjtuninghuygh
wnwnpplph swhtpp hwuk) Bu jphunhjujuth: Upgyniipnid ujund B b hwjn qu twpaljh-
unud whipwt $hqhjulub kplinypubp, npnug wqpkgnipiniup wbkh pupdp nkjuiininghw-
Jub dwjuppuljubpnid whtjuwn bp: Utdwy jupnudubpp hwdwywnwueow YEpuyng sk
dwuonwpwynpynid, thuuwh nhhEuphih hwunnipniup hoppwunud k, hush wpnynib-
pnud uwppbpp Eipupyymd kb nidbn HEjnpujui quonh wqpbgnpjutl wowgwgityng
upptiu mpwtighunnpubpnid b hntuwhnipjut twuqnud:

Unwownlynud k twpuwgdudwi dbpnr, npp poy) k wwjhu uinbndt) hkbwljuyghtt jupdw
wnpmip’ oguugnpstyny dhwyh pupuly opuhnh skpuiny npwbghunnpbp, npnip wwown-
wyuidwsd ki upphuughtt wuwydwibphg b wywhnynud Eu ujubduygh pupdp hntuwhnipenii:

Unwbgpuyhl punk. YU0Y, upphu, hntuwhnipnil, skpugnid, pupuly opuhnh obp-
wnny npwbqhuwnnp, hktwuyhtt jupdw wnpynip:
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I''A. BOCKAHSH

METO/J HOBBIINEHUA HAAEXKHOCTH HCTOYHHUKA OIIOPHOT'O
HAIIPSKEHUS C TOHKUMHU OKCU/HBIMHU CJI0AMU
TPAH3UCTOPOB

B Hacrosiiee Bpemst pazmepsl aseMeHToB TexHojoruun KMOII (komrieMeHTapHbIi
METaJJI-OKCH-MIOTYIPOBOIHUK) YMEHBIIAIOTCA 10 KPUTHYECKUX pa3MepoB. B pesymbraTe
HAYMHAIOT MPOSIBIATHCS paHee He3HAuMTeNbHbIE (PU3HUECKUe SBICHUS, BIUSHHE KOTOPBIX
ObUIO HECYIIECTBEHHBIM Ha OOJice BBICOKHMX pa3Mepax TexXHOJIOrui. llnTaromiee HampspkeHHE
HE YMEHBIIAETCs! TPOTOPIIHOHAIBHO, a TOJIIMHA TUAJIEKTPUKA 3aTBOPA yMEHBIIAETCSI, TIO/-
Bepras ycTpolcTBa 0osee CHIBHBIM 3JIEKTPUIECKUM IOJISIM, YTO BBI3BIBACT HANPSDKEHHUE HA
TPaH3UCTOPAX U CHIXKAET MX HAJEKHOCTb.

[Ipennaraercst MeTo[ NMPOEKTUPOBAHMS ONOPHOTO HMCTOYHHMKA HANPSDKEHHS C HC-
10JIb30BAaHUEM TOJIBKO TOHKHX OKCHHBIX MPUOOPOB, KOTOPBIE 00JIaIal0T yIyqIIeHHON Ha-
JCKHOCTBIO CXEMbI U 3alllUIIICHBI OT yCJ'IOBl/Iﬁ HalpsKECHU.

Knrwueswie cnoea: KMOII, ctpecc, HaieKHOCTh, CTApEHHUE, TPAH3UCTOP C TOHKHM
OKCHJIOM, ONIOPHBIN UCTOYHUK HAIPSHKEHHUS.
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A NOVEL PVT-TRACKING POWER SUPPLY DETECTION CIRCUIT FOR
RELIABLE LEVEL SHIFTER OPERATION IN MULTI-VOLTAGE ICs

In modern integrated circuits (ICs) operating across multiple supply voltage domains,
precise power sequencing is essential to ensure reliable system initialization and prevent
undefined behavior during power-up and transient conditions. Power-On Reset (POR) and
Power-Good (PG) circuits are commonly employed to monitor supply voltages and signal
when power levels are stable and within operational ranges. These signals gate critical
functions such as level shifter enabling, state machine initialization, and downstream circuit
activation. However, the conventional design of POR and PG circuits often involves significant
overdesign to guarantee robust performance across the wide range of Process, Voltage, and
Temperature (PVT) variations present in advanced semiconductor manu-facturing nodes. A
novel power detection approach is proposed with simplified design and PVT resilient
behavior that ensures the reliable operation of the level shifting circuits with defined failure
states. The proposed methodology is implemented and verified using the SAED 14nm
FinFET technology.

Keywords: power detection, reliability, level shifter, multi-voltage IC.

Introduction. In mixed-signal and analog integrated circuits, level shifters
play a crucial role in converting low-voltage digital control signals into high-
voltage signals required for driving key analog functions [1-3]. These level shifters
interface between distinct voltage domains, ensuring that digital control logic can
effectively interact with high-voltage analog circuitry (Fig. 1) [4-6].
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Fig. 1. The classical level shifter topology (right) and its normal operation (left)
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However, for level shifters to operate correctly, both the high-voltage supply
(VDDH) and low-voltage supply (VDDL) must remain within a specific operational
range [7]. If either voltage deviates too far from its intended level, the level shifter
can enter an undefined state, where the output does not reliably correspond to the

input. This can lead to scenarios where a logic ‘0’ at the input results in a logic ‘1’

at the output, inadvertently enabling sensitive analog blocks and causing unpredictable

circuit behavior.

Traditional level shifters are highly sensitive to PVT variations due to their
simple design; hence the failure conditions can vary significantly (Fig. 2). Adjusting

the Power-Good level for the worst failure case is generally a necessary
compromise of design efficiency in favor of reliability.
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Fig. 2. VDDL failure voltage of the level shifter for VDDH=1.8V

To mitigate these risks, it is necessary to establish a well-defined operating
range for both VDDH and VDDL that guarantees the correct functionality of level
shifters under all conditions. A robust power detection system must be designed to

monitor these supply voltages and ensure that level shifters are only enabled when
both VDDH and VDDL are within their reliable operational range [8,9]. When the
supply conditions fall outside this range - whether due to power-up sequencing
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variations, brownout events, or transient power glitches - the power detection
circuit must disable the level shifters, preventing them from outputting erroneous
signals. This ensures that, regardless of power sequencing order or supply
fluctuations, the level shifters will either function correctly or remain safely
disabled, thereby enhancing the reliability of the entire analog subsystem and
preventing unintended activation of sensitive analog circuits.

The proposed approach. To minimize the overhead, the power detection
system can utilize a detection level with a negative temperature slope. This will
offer less overcompensating detection at higher temperatures, while still maintaining
large overhead at fast process corners (Fig. 3) [10,11].
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Temperature and Process

Fig. 3. Failure voltage and the proposed PVT tracking detection level

Following not only temperature but also process variations is necessary in
order to minimize the voltage overhead completely. The proposed circuit does this
by introducing minimal modifications in the existing level shifter circuit (Fig. 4).
The modifications should ensure the predictable failure state of the circuit, whilst
maintaining the PVT response of the level shifter.

The addition of N3 adds slight asymmetry in the DC characteristics of the
circuit and ensures that it will fail at marginally higher voltages than the symmetric
level shifter structure. N4 and N5 thick gate oxide transistors ensure that the N1,
N2 and N3 core devices are not subjected to overvoltage stress. The P<100:7>
chain of p-channel transistors in series acts as a weak pull-up path for the pre-
buffered output. The gates of these devices are controlled by VDDL, so that as the
difference between high and low supply voltages grow — the pull up path
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conductance increases and accelerates the PG release. The input signal can either
be tied high to VDDL or controlled by an enable signal. The design is implemented
in SAED 14nm FinFET technology but the proposed approach is not unique to this
process and can be used universally [12].

VopL

Voou

Fig. 4. The proposed power detection circuit

Analyzing the DC response of two identical level shifters—one standalone,
without power detector gating, and the other with PG enable—shows drastic
differences in current consumption in near-failure states (Fig. 5).

Vout_gated
m FF 155C
ATT 25C

® SS-45C

Vout_standalone
m FF 155C
ATT 25C

® SS -45C

IVDDH_gated
m FF 155C
ATT25C

® SS -45C

IVDDH_standalone
m FF 155C
ATT25C
® SS -45C

0

A
2

15

0.2 0.4
R T A

0.6 0.8 1
(A T S| A W S S M

A

Fig. 5. DC response of standalone and gated level shifters

Simulations are performed across PVT conditions to ensure that the actual
detection levels match with the proposed behavior from Figure 3. The results show
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the desired PVT tracking behavior and enough headroom to account for mismatch
variations (Fig. 6).
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Fig. 6. Failure voltage, the proposed and simulated detection levels

Monte Carlo statistical mismatch simulations are performed using sigma
amplification targeting 5c coverage. This ensures over 99.9999% yield or less than
1 defective part per million. The difference between failure detection voltage and
level shifter failure voltage are positive in all iterations (Fig. 7).

FF 155°C TT 25°C S5 -45°C
(Mean=46.6m, Std=7.25m) (Mean=49.4m, Std=6.53m) (Mean=32.8m, Std=4.7m)

250

150

100

40 50 60 [ 30 ) 50 60 70 20 25
Viail_det - Vfail_ish (mv) Vfail_det - Viail Ish (mV)

30 35 40
Vfail_det - Vfail_Ish (mV)

Fig. 7. 50 mismatch simulation results

Results. The implemented design achieves the desired PVT tracking
behavior, accurately detecting failure conditions and gating the level shifters before
they get the chance to form an erroneous output. This is achieved by occupying an
area roughly the size of three level shifters. Considering the commonality of level
shifters in mixed-signal IPs, the addition of the detection circuit will not be a
noticeable footprint increase next to the dozens if not hundreds of level shifters.
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The main downside of the proposed approach is that it consumes static
current during normal operation, meaning that the power supplies are within the
operational range and PG=1 (Table).

Table
Power Timing and Area of the proposed power detection circuit
Process Corner Area (um?) Delay (ps) Power (ul)
Fast 18.2 12.4
Nominal 180 30.1 7.2
Slow 74.8 3.8

Conclusions. A novel PVT tracking power supply detection circuit is proposed
and implemented in the SAED 14nm FinFET technological process. The proposed
circuit consumes moderate static power in order to maintain simple topology while
offering robust power detection. The detector tracks the PVT behavior of level
shifters and unlike traditional systems which offer robust performance by
overdesigning the circuit for the worst corner performance. This is achieved by
introducing slight asymmetries in the level shifter design via weak pull up paths
and mismatched input transistors. The design is verified against PVT and also
industry grade 5¢ mismatch variation. Compared to traditional power detection
circuits it’s also smaller in size as it does not employ reference voltage generators
or differential amplifiers.
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2.2, UU20U3UL

LUCrUUL U /Mruub oNv0ryb2uerh Z0hUULE UCVUSULLRC
AULUULUCNRUUSPL PULSEALUL ULBUULELNRU UNUZNYNAI, AL
TELNRULEIPL 26SEYN1 ULNRSU UL LULUUL ZUSSLUAGLUUL T.e-U

Judwtwljuiljhg hinkqpuyy uubdwbbponud (PU), npnip wouwunmy ko puquuphy uinigdw
(upndubph dhongny, hutnul] vimgdwt jupdwt hwenppujuwimpmniip juplnp t hwdwlupgh
hntuwh dEjuwplh, vinigdwit b wugnidughtt wwydwbbph nhypnid winpny Juppugsh Jub-
howupghjpdwi hwdwp: Undnpuwpwp Yhpundnid b uppbdwibp, npnup JEpwhuljnid Eu uinigdwt
(upnudubpn b wqnutpwt wwihu, bpp jupdwt fwljupgujutpn juynit Eu b gngnud Bu gnpsw-
nnipjul uwhdwbitibpnud: Uju wqnuiipwbibpp junwjupnud B juplnp gnpswnnyplbp, huy-
whuhp kb jupdwt dwfwpnuyh hopruplhsttph wynpjugnp b akppht pnpwikph dhugnp:
Uwjuyt wyu gnpéwnnyputptt wywhnynny wwinuijub ujpbdwibph twhwgsnidp hwdwju
wuhwigmu t twpiugstut qquih Ypltwlulp wywhnybm hmuwgh woluwnwbtpp wpnunpa-
Jui qnpépupwgh, jupnidughtt b okipdwunpdwughtt (FLL) thnthnfumpymiiubph juyt nhpnypend,
npnup weljw Bt wpwewynnp Jhuwhwnnpnsuyhtt wpnunpuljut hwignygubpmd: Unweowplynud &
unpupupului uinigdwb jupdwt huynbwpkpdw Ukpnn, npt nitih wupgbgws junnigdusp
b QLR obymudubphtt htnling Juppughs, wyuwhnybtinyg jupdwt dwjuppulh hnpwpyhsttph hn-
uwh wpiwwbpp: Unwowplynn onpwt twpuwgsyty b unpbjuynpyt) £ UUNRY 142m FinFET
wnktininghwyh hpundwdp:

Unwhgpuyhll punkp. uinigdwb jupdwt hwyntwpbpnud, hntuwhnieintt, jupdwt dw-
Yupnulh infuwplhy, puqiwjupnudwht PU:
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I'.T'. CAAKSIH

IMHT-OTCJIEX KUBAIOIIA S CXEMA JETEKTHUPOBAHUS HAIIPAKEHUSA
MUTAHUSA 1J1S1 HAJTEXKHOM PABOTBI IIPEOBPA3OBATEJIEN YPOBHSI
HANIPAKEHUSA

B coBpemennbix unrerpanpHeix cxemax (MC), paboTaronmx B yCIOBUAX HECKOJIBKHX
JAOMCHOB HAIIPSXKCHUS MMUTAHUA, TOYHOC YIIPABJICHUC MTOCICA0OBATCIbHOCTHIO IOJA4YH ITHUTa-
HUSI UIMEET PEIIAOIIee 3HAUCHNE VTS HaEKHOW MHUIMATIM3aLUH CUCTEMBI U IIPEJOTBPAILCHHS
HEONPE/IEIIEHHOTO MOBEAEHHSI BO BPEMs BKIIOUCHMS M NEPEXOIHBIX MpoueccoB. CXeMsl
Power-On Reset (POR) u Power-Good (PG) 0OBIYHO HMCTIONB3YIOTCS IUTSI MOHHTOPHHTA
HaNpsDKeHWH MUTaHUS U (OPMHUPOBAHMS CUTHANIA, KOTAA YPOBHH HAIPSIKEHHUS CTAOMIIBHBI
1 HAaXOAATCS B pabO4MX IHama3oHax. DTH CHUTHAIBl YIPABIAIOT BaKHBIMU (YHKIHIMH,
TaKMMHU KaK BKJIIOUYCHHE YPOBHEBBIX IpeoOpa3oBarereil, MHUIHAIN3AHs] KOHEYHBIX aBTO-
MaToB M aKTHBAalMs Mocieayronmx cxeM. OQHAKO TPaJULHOHHOE NPOSKTHPOBAHUE CXEM
POR u PG uacto TpeOyer 3HaYMTEILHOIO 3araca no MPOEKTHPOBAHMIO JJIsl 0OecrieueHus
HaJIeKHOW pabOThI B IIMPOKOM JIMAINa30HE U3MEHEHHH TEXHOJIOTMYECKOro Ipoliecca, Hampsi-
xenust u temneparypbl (ITHT), xapakTepHbIX JUisi COBPEMEHHBIX MOJYIPOBOJIHHKOBBIX
Mpou3BOJCTB. B maHHON paboTe mpenjaraeTcsi HOBBIA MOIXOJ K AETEKTHPOBAHUIO HAIpsi-
JKEHUS IUTAHUS C YIPOIIEHHON KOHCTPYKIMEN U ycToiuuBocThiO K ITHT-n3menenusm, ko-
TOPBI 0OecTieunBaeT HaJIeKHYIO paboTy YpPOBHEBBIX ITPe0Opa3oBaTeNel ¢ IMpeIcKa3yeMbIM
MIOBEZICHUEM B yCIOBHAX OTKasa. [IpeanokeHHass METOHOJIOTH Oblila pealn30BaHa U MpO-
Bepena ¢ ucnonb3oBanneM CAY ]l 14nm FinFET TexHomornm.

Knrouegvle cnosa: NeTeKTHpOBaHUE HANPSHKEHUS MUTAHUS, HaJleKHOCTb, IIpeodpa-
30BaTeNb YPOBHS HalpspKeHuUs1, MHOTroBousibToBast VIC.
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A HIGH PRECISION CMOS CURRENT SOURCE WITH EXTERNAL
COMPONENTS

This paper presents a novel design technique aimed at improving the accuracy of on-
chip reference current sources. The proposed approach leverages innovative circuit design
methodologies to achieve enhanced precision and reliability in reference current generation.
The proposed design technique offers a significant advancement in the field of on-chip
reference current sources, providing a robust and accurate solution for various applications.
The novel design technique has far-reaching implications for various applications,
including analog-to-digital converters, digital-to-analog converters, and other mixed-signal
systems. The improved accuracy and precision of on-chip reference current sources enabled
by this approach can significantly enhance the overall performance and reliability of these
systems. The proposed technique has been implemented in the design of on-chip reference
current source circuit in 14 nm FinFet technology. Spice simulations performed for the
developed circuit show less than 7% variation of the reference current in the -40...125°C
temperature range considering the process variations in +3 sigma range.

Keywords: on-chip current source, current generators, calibration, initial current.

Introduction. In contemporary electronic systems, the need for high-precision
and thermally stable current sources has become paramount, particularly in applications
such as sensor signal conditioning, analog signal processing, and high-accuracy
measurement systems [1]. High-precision current sources are indispensable components
that deliver a constant current output with minimal deviation, thereby ensuring
reliable performance in sensitive electronic circuits [2-4]. A crucial technical
specification for modern complementary metal-oxide-semiconductor (CMOS)
integrated circuits (ICs) is to guarantee high stability of the primary parameters,
independent of ambient temperature, supply voltage, and technology-related
deviations [5-7]. The main parameters of the elements can deviate from their
typical characteristics by values ranging from tens of percent to multiples [1]. To
mitigate these variations, high-precision current sources are designed to maintain a
consistent output despite fluctuations in load resistance or supply voltage, thereby
enhancing the overall accuracy of the system[8,9]. High-precision current sources
are distinguished by their low noise, high stability, and excellent temperature
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coefficients, rendering them suitable for applications in instrumentation,
telecommunications, and industrial automation. The proliferation of portable
devices has led to stringent requirements for energy consumption and IC surface
area, thereby limiting the use of circuits with large surface areas and high energy
consumption [2,3]. The design of high-precision current sources can be
accomplished through various methods, including the utilization of operational
amplifiers, transistor-based configurations, and integrated circuit solutions. Each
approach presents distinct advantages and challenges, contingent upon the specific
requirements of the application [4,5]. The availability of precision voltage sources
does not guarantee the design of stable current sources. This is because the
combination of resistance and a reference voltage source in the MOS structure is
susceptible to resistance variation [6,7]. As technology advances, the integration of
high precision current sources into compact and efficient designs continues to
evolve, enabling new possibilities in the fields of electronics and instrumentation.

Statement of the problem. In the realm of electronic circuit design,
achieving high precision in current sourcing remains a significant challenge. To
mitigate the effects of temperature variations on the reference current, a
mathematical model is proposed. This model enables to make accurate prediction
and compensation of temperature-induced deviations, ensuring a stable and reliable
reference current. The mathematical model takes into account the temperature-
dependent behavior of the current, allowing for accurate prediction of current
variations across different temperatures (Fig. 1). The model's ability to compensate
for temperature variations ensures that the reference current remains accurate
across a wide range of temperatures. The accurate and stable reference current
provided by the mathematical model allows optimal system performance, even in
the presence of temperature variations.
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Fig. 1. The block diagram of a high-precision DC current source
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Furthermore, the main two N-MOS transistors are deliberately sized to be
larger than nominal to ensure robustness against fabrication-related deviations. In
general, the implementation of two N-MOS transistors with increased dimensions
can be an effective strategy to mitigate the effects of process variations encountered
during semiconductor fabrication. This approach aims to enhance the robustness
and reliability of the circuit by ensuring that the transistors can maintain their
performance characteristics despite fluctuations in manufacturing parameters.
However, while this method may provide a degree of improvement in performance
consistency, it is not considered an optimal solution. The enlargement of transistor
dimensions can lead to several trade-offs, including increased power consumption,
larger die area, and potentially slower switching speeds due to increased capacitance.
Therefore, while utilizing larger NMOS transistors can serve as a practical measure
to address the process variations, it is essential to explore alternative design
methodologies and optimization techniques that can achieve a more balanced
performance profile. These may include the use of adaptive biasing, advanced
layout techniques, or the incorporation of process compensation circuits, which can
provide enhanced performance without the drawbacks associated with simply
increasing the transistor size.

The proposed solution. The proposed method works by utilizing a simple
current source and capacitor and a quartz or PLL generated stable frequency clock
to provide a precise timing reference.

Iref

/\ 1 Vin o— B —o Vout
0.5 / X 0.5 J;
0 0 I Cp

Fig. 2. A simple current source and capacitor in series

The equation for the output voltage in the proposed method for improving
the accuracy of on-chip reference current sources is a crucial aspect of the design.
The output voltage, Vout(t), is given by the following equation (Fig. 2):

Iref Xt
Vout = —————
C
The time required to charge the capacitor to a voltage of 0.5 V'is expressed as:
_C X Vref
~ Iref
where Iref represents the reference current that requires calibration.
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Consider a scenario in which the capacitance ( C ) is specified as 57 pF, and
the reference voltage Vref is set to 0.5 V. In this case, the capacitor will be charged
utilizing a current source. Given that the clock period (T) is constant, the reference
voltage Vref serves as the output voltage of a bandgap reference circuit, which is
characterized by its high accuracy and stability. The capacitor in question exhibits
high performance with respect to variations in temperature, supply voltage, and
manufacturing process discrepancies. This stability is crucial for ensuring that the
charging process remains consistent and reliable under varying operational
conditions. The charging of the capacitor can be mathematically described by the
relationship between the current supplied by the current source and the voltage
across the capacitor. The precise calibration of the current source is essential to
achieve the desired voltage level of 0.5 V across the capacitor within the specified
time frame, thereby ensuring optimal performance of the overall system. This
choice should however be adjusted based on two factors. The comparator must
have high gain and low offset at the chosen reference level, and the bigger the
capacitor area, the smaller its mismatch variation.

The block diagram of the current source consists of the following blocks:

Reference current generator which generates a stable reference current that is
insensitive to temperature and supply voltage variations, digital controller which
generates control signals to regulate the output current, current mirrors and capacitor
with high accuracy (Fig. 3).

Initial current generator

Current_diff_gen

PTAT

Initial_current

]

Start-up

Proposed Iref
calibration system

Fig. 3. The block diagram of the proposed high-precision current source

The proposed system incorporates a digitally programmable current source
circuit, an 8-bit digital controller, a high-speed comparator, and an integrated
capacitor. The current source transistors, highlighted in red, comprise eight binary-
weighted parallel cascade current sources, with each branch controlled by a distinct
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digital bit, thereby providing a programmable current value with high accuracy and
resolution. The digital controller is a Mealy finite state machine (FSM) (Fig. 4).
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Fig. 4. The Mealy machine base for the digital controller

The controller clk, reset and comp as inputs and code up[7:0], code dn[7:0]
and ready as outputs. It starts with a default code of zero, meaning that all the
parallel current sources are disabled and the cap is charged with the current coming
from internal current generator block. If the cap voltage reaches the desired value
sooner than 128 input clock cycles, which is assumed to be a 128 MHz clock, then
the current is larger than needed, dn_code is increased, cap voltage is reset and it
starts charging with a smaller current. If the cap voltage reaches the desired value
later than 128 input clock cycles then the current is smaller than needed, up code is
increased and the cap is charged with a larger current. This goes on until it takes
exactly 128 clock cycles to charge the cap. After that the calibration process is
stopped and the digital controller outputs 1 at its ready output and the code is held
constant. Full implementation of the proposed method (Fig. 5).

Fig. 5. The proposed current source and calibration system
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The current source transistors are connected to the capacitor with switches
facing the clock so that the parasitic capacitances don’t add up and skew the
calibration. To avoid wasting power during the idle period of operation, the
comparator and the resistive divider that provides reference are disabled with
COMP_EN signal. This signal is derived from —(Ready V Reset) and the
comparator will only be enabled when both inputs are passive. The designed circuit
requires 128 Mhz input clock. The capacitance value with these frequency and
resistance in mind will be 57 pF, which is roughly 10200 um? in this process:

- 28.5x 107® x 107°
B 0.5

The digital controller is implemented in Verilog and synthesized and verified
using Design Compiler and VCS respectively [6,7]. Physical design is implemented

=57x10"11F,

using IC Compiler 2 tool [8]. The rest of the proposed system consists of analog
blocks and is implemented in Custom Compiler using schematic and layout editors.
The capacitance is chosen to be significantly larger than the rest of the circuitry so
that the parasitic capacitances will not have significant contribution to the total
capacitance. The layout is designed according to all recommended design rules in
order to minimize the variation and offset. The switches in the resistance bank are
connected to the clock signal, while the other end is connected to the capacitor so
as to minimize the added parasitic capacitance on the Vcap node.

Simulation results. To substantiate the findings derived from the theoretical
analysis, a series of SPICE simulations have been conducted specifically for the 14
nm FinFET technology node. The dependence of the reference current of initial
current generator on various stabilization factors has been thoroughly analyzed and
evaluated. This investigation encompasses a comprehensive examination of the key
parameters that influence the stability and accuracy of the reference current within
the circuit design. The results show that the reference current variation for the -
40...125°C temperature range considering the process variations in +3 sigma range
and supply voltage variation in 10% range is less than 12% (Fig. 6).
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Fig. 6. The dependence of the output current on temperature, as well as supply voltage and
technological changes

The simulation of the proposed circuit, utilizing a digital controller, is conducted

under typical operating conditions. In this specific scenario, it is observed that the

initial current output is measured at 15 uA (Fig. 7).
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Fig. 7. The dependence of the reference current on the ambient temperature variation

The results show that the reference current variation for the -40...125°C

temperature range considering the process variations in £3 sigma range and supply
voltage variation in £10% range is less than 7% (Fig. 8).
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Fig. 8. The dependence of the output current on temperature, as well as supply voltage and
technological changes

In summary, the findings confirm that the reference current variation
remains below 7% across the specified temperature range, considering both process
and supply voltage variations. This performance underscores the circuit's reliability
and suitability for integration into a wide range of electronic applications, where
maintaining accurate current levels is essential for optimal functionality.

Conclusion

In this paper, we present a novel design technique for on-chip current
sources that has been proposed meticulously designed, and subjected to
comprehensive simulation analysis. The results of these simulations indicate that
the newly developed circuit is capable of delivering precise reference currents
while maintaining operational stability across a wide temperature range of -
40...125°C and accommodating supply voltage variations of £10%. The innovative
design approach focuses on enhancing the accuracy and reliability of the current
source, addressing common challenges associated with temperature-induced drift
and supply fluctuations. The simulations demonstrate that the proposed circuit can
effectively limit the variation in output current to approximately £6%, thereby
ensuring that the reference currents remain stable and within acceptable limits
under varying environmental and operational conditions. The primary limitation of
the proposed technique lies in the reliance on a digital controller, which introduces
certain complexities and potential drawbacks in the overall circuit design. The
integration of a digital controller necessitates additional components and circuitry,
which can complicate the design process and may require careful consideration of
timing and synchronization issues. Both requirements are deemed acceptable,
particularly when considering the more relaxed specifications typically associated
with certain segments of integrated circuits ICs.
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UCTOYHHMK KMOII TOKA BBICOKOW TOYHOCTH C UCITIOJIb30OBAHUEM
BHEIIHUX KOMIIOHEHTOB

IIpencraBnena HOBask TEXHOJIOTHS IPOEKTHPOBAHMS, HAIPABICHHAsI HA MOBBILICHUE
TOYHOCTH MHTETPUPOBAHHBIX HCTOYHUKOB OIOPHOTO TOKa. IIpesmaraemplii oaxo/1 CHONIb3YeT
MHHOBALIMOHHBIE METOABI IPOCKTUPOBAHUS CXEM VISl JJOCTHKEHHS MOBBIIICHHONH TOYHOCTH
1 HaJEXHOCTH TIPH TEHEPAIMH OMOPHOTo TOKa. [Ipe/uioxeHHbIil MeTo ] IPOEKTHPOBAHHS
o0ecIIeurBacT 3HAYNUTENBHBIN MPOrpecc B 00JIACTH BHYTPUKPHCTAIBHBIX MCTOYHHKOB OIOP-
HOTO TOKa, NPEJOCTABISII HA/JEKHOE M TOYHOE pEIICHHE ISl Pa3sIMUHBIX IMPHUIOKEHHH.
HoBast TexHOIOTHS IPOEKTUPOBAHUS UMEET JAJICKO MIYIINE MOCIEACTBHS VIS Pa3InIHBIX
TIPUIIOKEHHH, BKIIIOYasi aHAJIOrO-IIu(poBbIe MpeodpazoBaTeiy, U(poaHaIoroBsle npeodpa-
30BaTC/ini U APYIru€ CUCTEMbI CO CMCIIAHHBIMU CUTHaJIaMH. [loBBIllIEHHBIE TOYHOCTL H
JOCTOBEPHOCTh BCTPOEHHBIX B KPUCTAJUI MCTOYHHKOB ONOPHOTO TOKa, OOecleYnBaeMble
9TUM TIOJIXOJIOM, MOTYT 3HAYMTEJIBHO MOBBICUTH OOIIYI0 IPOU3BOJUTEILHOCTD M HAIEHK-
HOCTbh 3THX cucTeM. IIpennoskeHHbIN METO ObIT Pean30BaH MPH MPOCKTHPOBAHUH CXEMBI
OTIOPHOTO MCTOYHWKA TOKA Ha KPUCTAIJIE, BBIIOJHEHHOM MO TexHojoruu FinFet 14 mu.
MogenupoBanue Spice, BBITOJHEHHOE U Pa3pabOTaHHON CXeMBI, MMOKa3aao MeHee 7%
OTKJIOHEHHS OIIOPHOTO TOKa B AmamazoHe Temmeparyp -40...125°C ¢ yueToM OTKIOHEHHI
IIpoliecca B IMara3oHe +3 curma.

Krouegvie cnosa: BHYyTPUKPUCTAIBHBIM MCTOYHHMK TOKa, TEHEPATOPBl TOKA, KAIMOPOBKa,
HayaJIbHbIHN TOK.
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DESIGN AND UVM BASED VERIFICATION OF FTL MEMORY
CONTROLLER

This paper presents the design and implementation of a memory controller based on
FIFO-to-FIFO transfer level (FTL) design methodology, which lifts the abstraction level
from RTL to value-passing semantics of FIFO to FIFO transactions, or mixed model where
global communication is done with FTL and local modules can be implemented with lower
level abstractions such as RTL. While FTL architectures provide a powerful framework for
handling complex data transactions, verifying these designs poses significant challenges
due to their intricate communication patterns and timing violations. For the functional
verification of such systems, a special testing environment is needed where the data
transfers with FIFO modules will be calculated. To create such a testing environment, the
Universal Verification Methodology (UVM) is used, which makes it possible to perform
testing that meets the modern requirements of digital circuits. The proposed method makes
it is possible to test the FTL memory controller by increasing the test coverage to 100%.

Keywords: functional verification, UVM testbench, Memory Controller, Random
access memory, FIFO-to-FIFO tranfer level.

UMYV. The Universal Verification Methodology is a standardized framework
for functional verification that provides a comprehensive approach to verifying
complex digital designs [1]. Developed to address the increasing complexity of
modern semiconductor designs, UVM is built upon the IEEE 1800 SystemVerilog
standard and incorporates the best practices in verification methodology. UVM
emphasizes key principles such as reusability, standardization, and automation,
making it a powerful tool for creating scalable and maintainable testbenches [2-5].

Introduction to FTL. FTL (FIFO to FIFO Transfer Level) transactions
represent a design model that specifies data transactions through sequential processes,
utilizing message-passing interfaces for non-blocking communication [6,7]. This
model is particularly suited for managing complex data flows in digital systems by
leveraging FIFO (First-In, First-Out) queues. In the FIFO Transfer Level (FTL)
abstraction, FIFO queues replace traditional registers to handle data storage and
transfer between various components. This design approach is advantageous in
scenarios where data flow must be managed sequentially, ensuring that data is
processed in the exact order it was received [8].
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A key advantage of the FTL approach is its support for asynchronous data
transfer. When transferring data from one module to another, the initiating module
does not need to wait for a response from the receiving module. Instead, it can
simply push data into the FIFO queue and continue processing other transactions or
interacting with different modules. This asynchronous mechanism allows for
greater flexibility and efficiency in data management, as the module can proceed
with other tasks without being blocked by the data transfer process.

The use of FIFOs in the FTL abstraction streamlines data flow, enhances
modularity, and allows for scalable system design. It supports precise control over
data processing and reduces the risk of data corruption or loss, making it ideal for
complex systems requiring reliable and efficient data handling.

One more advantage of FTL is it's correct by constructions design pattern
where design functionality is separated from data communication, which gives strong
modularity to the design. Utilizing the FIFO-2-FIFO data transactions between the
modules gives flexibility in design customization at every stage [9].

FTL Memory Controller. The FTL Memory Controller is a crucial
component responsible for managing the flow of data between the system’s FIFO
(First-In-First-Out) buffer and the memory modules. It operates based on a finite
state machine (FSM) with six distinct states: IDLE, WAIT_ADDRESS_MODE,
GET_ADDRESS _MODE, WAIT _TO_PUSH_DATA, WAIT DATA, and
GET_DATA. The controller's primary functions include handling read and write
operations, setting appropriate control signals, and managing data flow to and from
the memory modules. The FSM diagram of FRL MEMORY CONTROLLER is
shown in Fig. 1.

pop =1 jo

' WAIT_ADDRESS

_MODE

GET_ADDRESS_

GET_DATA

pop!=1
]
pop 2] ‘/WA;_DATA

Fig. 1. FTL Memory Controller FSM
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IDLE: The initial state where the controller inactivates MemoryEnable ports
for all memories and awaits the arrival of a packet in the RX FIFO. If the RX FIFO
is empty, the controller remains in the WAIT _ADDRESS_MODE state. Once the
RX FIFO contains data, the controller transfers to the GET_ADDRESS _MODE state.

WAIT_ADDRESS _MODE: In this state, the controller waits for the first
packet from the RX FIFO, which contains the MODE (either READ or WRITE)
and the target memory address. If the RX FIFO remains empty, the controller stays
in the WAIT _ADDRESS MODE state. Upon receiving the packet, it transfers to
the GET_ADDRESS_MODE state.

GET_ADDRESS_MODE: The controller processes the MODE and addresses
information from the first packet. Based on the MODE:

e WRITE Mode: The controller sets the WriteEnable signal for the target
memory module. If the RX FIFO has more data, the controller transitions to
GET_DATA. If the RX FIFO is empty, it transthers to the WAIT DATA state.

e READ Mode: The controller sets both MemoryEnable and ReadEnable
signals for the target memory module and will move to WAIT TO PUSH_DATA state.

WAIT_TO_PUSH_DATA: In this state if f the TX FIFO is full, the
controller stays in the WAIT_TO_PUSH_DATA state. When TX fifo becomes
not full controller will move to GET_ADDRESS MODE state if RX FIFO is not
empty or will move to WAIT_TO_PUSH_DATA when RX fifo is empty. Upon
receiving the packet, it transitions to the GET_ADDRESS_MODE state.

WAIT_DATA: If the RX FIFO is empty, the controller remains in the
WAIT_DATA state. Once the RX FIFO contains data, the controller transitions to
the GET_DATA state.

GET_DATA: In this state, the controller retrieves the data packet from the
RX FIFO for writing to the memory. After setting the MemoryEnable to 1, the
controller writes the data into the designated memory module. If additional data
packets are available in the RX FIFO, the controller transfers to the GET_
ADDRESS MODE state  othervise controller  transfers to  the
WAIT_ADDRESS_MODE state.

Architecture of Memory Controller with multi memories. The memory
controller is designed to interface with o ROM module as Instruction register and
two RAM module as Stack and Data register of varying sizes and configurations:

e Instruction Segment: 128x8 ROM

e Stack Segment: 1024X32 SRAM

e Data Segment: 2048X32 SRAM

The memory controller is connected to the following tree ROM and RAM
memory modules, each with a unique configuration as shown in Fig. 2. Each of
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these modules is independently controlled by the memory controller through
dedicated control signals such as MemoryEnable and WriteEnable. The architecture
is centered around efficiently managing read and write operations to these memory
modules, using a combination of an address decoder, control logic, and a FIFO
buffer to streamline data transactions.

FTL MEMORY
CONTROLLER

| X4 0414 |+{]
| X1 04l4 |1

MEMORY CONTROLLER

)

wJ

DI DOJ
Address
STACK
SEGMENT
1024x32

DI DO|
Address
DATA
SEGMENT
2048x32

WE
ME

WE

ME ME

Fig. 2. Architecture of Memory controller with multi memories

UVM Testbench Architecture for FTL Memory Controller. The proposed
testbench consists of an UVM environment and interface components to connect
with the RX and TX FIFOs of the memory controller. Within the environment, an
UVM Agent component is responsible for driving the verification process, which
includes a UVM Driver that sends data packets to the RX FIFO, a UVM Sequencer
that generates the sequences, and a UVM Monitor components that collects inputs
and outputs from the RX and TX FIFO interfaces as shown in figure. These
collected signals are then sent to the Scoreboard for comparison with expected data
and to the Coverage component to evaluate the test coverage using UVM analysis
ports.

The testbench is designed to generate random address and data sequences for
comprehensive memory testing. It creates sequences to write data into and read
data from memory, while also managing FIFO operations through push and pop
signals. To ensure thorough validation of all aspects of the memory controller’s
functionality, multiple sequencers are utilized. These sequencers are responsible
for managing the different types of memory operations and are started to
manipulate the ROM and RAM memories. In Fig.3, a UVM-based testbench
architecture of FTL memory controller is shown.
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Fig. 3. UVM Environment Architecture of Memory Controller

For simulation different packets were created to validate all RX and TX
FIFOs memory controller and sub memories. Using traditional methods to push
WRITE_ADDRESS, WRITE _DATA and READ_ADDTESS packets to RX FIFO
then pop read data from TX FIFO and compare with written data in scoreboard, we
can achieve about 40% present of coverage:

read_dataaddres(,v) = writte_dataaddres(,v).

To increase coverage by 20%, we used randomization to generate random
address and push WRITE _ADDRESS, WRITE DATA to RX FIFO multiple time
to write all addresses in memories, then pushed READ ADDRESS to RX FIFO
with randomly generated addresses, then pop read the data from TX FIFO and
compared with the written data kept in scoreboard. Using this techniques we can
cover only about 60%. The remaining 40% are the cases where RX and TX FIFOS
are full and the pushed data are in fifo queue:

Tead_dataaddres(N) = MEeMOTY core[address]-

The main challenge is to keep the written data in scoreboard for further
comparison during read operation taking into account the number of the sent
write/read packets to the DUT which can be data that can lead to overwritten of
data in the same address. To do this the new mechanism is developed in
scoreboard. The 2 dimensional SystemVerilog queue primitive was initiated with
N+1 bit data width and M address length to keep the written data of the
corresponding address in queue if the write packet has been sent or n+1 length of
sequence of 1s if the read packet has been sent. The illustration of 2 dimensional
SystemVerilog queue primitive is shown in Fig. 4.
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Fig. 4. lllustration of data packet keeping in scoreboard

read_datQgqares(ny = MEMOTYoreladaress|[i)y tf ¢ + 1= READ.

When Pop is send to TX FIFO the poped data should be sent to the scoreboard
where it will be compared with the last WRITTEN after the last READ data from
the corresponding addres queue. The address is also sent to the scoreboard via
systemverilog queue primitive.

The simulation was conducted in edaplayground.com platform with
Synopsys VCS, leveraging various techniques tailored to different aspects of the
test cases. Random test cases are used to explore a broad spectrum of input
conditions and validate the robustness of the memory controller, while directed test
cases focus on specific scenarios to verify critical functionality and edge cases.
This mixed approach is ensured thorough validation of the memory controller’s
performance and accuracy across diverse operating conditions. The System Verilog
code of design and UVM implementation could be found in
edaplayground.com/x/GVWx link. The simulation results are shown in Fig. 5.

Fig. 5. Simulation Results

Table below shows a brief summary of features supported by ARMX
generator comparing with other generators.

Table
Summary comparison of coverage and spend time of the used method
METHOD NAME COVERAGE TESTBANCH CREATION TIME
Direct Inputs 40% VERY LONG
Randomization 60% LONG
Purposed Method 100% SHORT
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Conclusion. Traditional verification methods often face challenges in
addressing stringent timing constraints and achieving comprehensive functional
coverage. In contrast, the proposed testbench effectively utilizes UVM's support
for constraint randomization to accelerate testing and achieve high functional
coverage in validation of FTL memory controller. By employing a combination of
random and directed test cases, our methodology ensures, thorough validation, the
FTL memory controller’s functionality. Our results demonstrate that this approach
not only meets verification requirements but also achieves 100% functional
coverage for FTL memory controllers. The application of UVM randomization and
its comprehensive framework significantly enhances both the reliability and
efficiency of the verification process.
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U.Q. UUuNPhY3UL

FTL zbTUUULD YU UINCRD LUMUGONRUL B9 $NhLUSPNLUL
usSNraNhUC UVM UGLNTULULAREBUUR

Ukpuyugynid ku htippuyht pnidbpugynn muppkph hnppwbgdwt dwjuwppulng
(ZPSOU) twjuwgsdwt Ubpnpupwinipju Jpu hhdtdws hhpnnnipjut jupgquynphsh tw-
fuwgdnidp b hpwljwwgnidp, npp pupdpugunid £ nkghuwnpubph thnpwgdwt dwljupnu-
hhg (3®U) FIFO Unnnijukph Jpw hhutws thnjumbigdw Jkpuguljuinipjut dtwjwupgulp,
nputn qnpw) hwnppulgnipniup junwpynud L hEppuyht pniptipugunn wwppkpny, huy
nbquljul Unynuyibpmd’ tOU-n]: Ujuyghuh hwdwlupgkph $ntihghniug unniguwi hw-
dwp wihpudbon k hwnnly phunnugnpuwis dhpwduyp, npuntn hwpdupldus Yihuku ndjuy-
utiph mknuihnpjumpiniuutpp hippught poibtpugung dnnniyubpny: Uynyhuh phunwydnp-
dwb dhowquyp unbnstint hwdwp oquugqnpdyt) £ UVM dbpnnupwinipiniip, npp htiw-
puynpmiphynit £ wnwhu junwpk] pdughtt vubdwttph wpphwjut wwhweubphtt hwdw-
wuwwnwupwing phunwynpnud: Unwewpyws dbpnnp htwpwynpnipinit £ viwjhu unnt-
gt ZRSOU hhpnynipjul jupgquynphsp’ phunu]nplwi Swsynypp huugibing 100%:

Unwigpuyhl punkp. dniuljghntw) uinnignid, UVM plunwynpdwt dhowquyp, hh-
onnnipjul jupquynphs, oybpughnt hhpnnnipinil, FIFO-FIFO thnjuwbgdwi dwljwpnul:

A.I'. MAHYKAH

INPOEKTUPOBAHHUE U BEPUOUKALIUA KOHTPOJIJIEPA TTIAMATHU FTL HA
OCHOBE UVM

IIpencraBneHbl IPOEKT U peam3alisl KOHTPOJUIEpa MaMsITH Ha OCHOBE METOIOJIOTHU
mpoektupoBanns FTL (ypoens mepemaun FIFO-to-FIFO), xoTtopas mepeBOOUT ypOBEHBb
abcrpakunu ¢ RTL mo cemanTuku nepenaun 3HaueHwnid Tpau3akinuii FIFO-FIFO wmu cme-
[IAHHOW MOJIEIH, TJe Tio0anbHas CBA3b ocymiecTBisiercs ¢ momormipio FIFO, a nmokansHbie
MOJTyJIK MOTYT OBITh PEaIM30BAHBI C TIOMOIIbI0 a0CTpaKIuil OoJiee HU3KOTO YPOBHS, TAKHX
kak RTL. Xors apxurekrypsl FTL 00ecrieunBaroT MOIHYIO CTPYKTYPY U 00PaOOTKH CIIOXK-
HBIX TPaH3aKLHH, IPOBEPKa 3TUX KOHCTPYKIMH CO3/1aeT 3HAUUTENIbHBIE TPOOJIEMBI H3-3a UX
CJIOJKHBIX CXEM CBSI3M U MPOOJIEM CBOEBPEMEHHBIX TpaH3akMi. /st GyHKIMOHAIBHOI TIpo-
BEPKH TaKMX CHCTEM HEoOXOoIuMa CIielalbHasi TECTOBas Cpeaa, B KOTOPOH OyAyT paccuu-
TBIBATHCS Tlepeiadn JaHHBIX ¢ momonrsio Monyiei FIFO. [Ing co3manus Takod TecTOBOMH
cpernsl OplIa McTOIb30BaHa MeTonoiorus UVM, KoTopast MO3BOJISET BHIITOTHATH TECTUPO-
BaHHWE, OTBEYAOIIEE COBPEMEHHBIM TpeOoBaHUAM IH(PPOBEIX cxeM. [Ipeanaraemsrii MeTox
MI03BOJISIET TECTHPOBaTh KOHTposutep namsatu FTL, yBennunsas nokpeirue go 100%.

Knrouessle cnosa: hyHkumoHanbHas Bepudukanys, TectoBas cpena UVM, KOHTpOII-
Jep naMATH, onepaTuBHas namats, FTL.
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«Zuyuunnwtth ghnmpmniitbph wqquyhtt wugbdhugh b Zuywunwth wqquyh
wnjhnkpthjulut hwdwjuwpwuih nknjwughp. mkuthjuywt ghnnipmnibibph ukphw»
hwintunid nuyugpynid & mbuwub b thopdwpwpwlui hbnwgnunnipiniiubph wpy-
niupubpp nkuthjulwt ghnnipeniuitiph hbnlywy pudhtutphg dbphiwshunipenil, dknw-
Inipghw, nipughunnipinil, pugtppoquiugnpsdwt wkuuninghwukp, shttwpuwpulub u-
nmigquspubp, hhnpuyihjuw b hhppnunkthjuwt juenygubkp, tukpgbnhlju, LEjunpw-
wnkthiw, ghnwlu vwppwohtinipnit b swthnquljut wklthljw, hwyynnujub nke-
uhw b hupnplwnplu, nunhnkEupnuhu, dhipnkEupnthlu, juqbpught nkuthlu,
wjunndunugnd b junwjupdwt hwdwlwupghp:

Zuwinbunud (nruwpwidmd i wjwunbdhwuub b guqughtt ghnwhbnwugnunuljui
htunmhwnnunubkph, pothtph, ghnnwwpununpujut dhwynpnudutiph b wy) juquwlbpyne-
pinituttnh ghnwljui gnpéniutinipjut wnwyl] Juplnp wpyniupubpp:

zwbnbuh hhdtwlwt tyuwunwlt b upuil] ghnwnbthjuljut wowepipugp b
bywuwnk] wpnunpnipyub Uk wyn wpnniupubph ukpypdwin:

Zuungbup twppuwnbuws b fwpunwpugbnibph, hbnwgnunnuiph b ghntwfwb-
ubkph juyt opowititkinh hwdwn: Loyu £ wmbkutind Eptip wdhup dkl wbqud:

B xypnane "UsBectus HamuonanbHoil akamemuu Hayk PA u HanuonansHoro momurex-
HUYECKOTO yHUBepcuTeTa ApMeHun. Cepus TeXHHUECKHX HayK" MyOIUKYIOTCS PE3yIbTaThl TECOPETH-
YECKHX M IKCIICPHMEHTAIbHBIX HCCIEAOBAHUH, OXBATHIBAIOIIMX OCHOBHbBIE Pa3/eibl TEXHUYECKHX
HayK: MalIHHOCTPOCHHE, METAJLIypriis, MaTepHAIOBEICHHE, TEXHOIOIUH HEAPOIIOIb30BaHHUs, CTPOU-
TEJIbHbIC KOHCTPYKLHH, THAPABINKA U THAPOTEXHUYECKUE COOPYIKEHHs, SHEPreTHKa, SIeKTPOTEXHHUKA,
Hay4YHOE MPHOOPOCTPOCHUE M M3MEPUTENbHAS TEXHHUKA, BHIYMCIMTENIbHAS TEXHUKA U HH(MOPMATHKA,
PaJMOdIEKTPOHNKA, MUKPOJIEKTPOHHKA, JIa3ePHAsl TEXHUKA, aBTOMATH3ALMSA 1 CUCTEMBI yIIPaBICHHUS.

Kyphain sBIsIeTCS IEPHOJUICCKUM H3IaHUEM, OCBELIAIONINM HanOosee BaXKHbIC Pe3yJIbTaThl
HAay4YHOH NEATEILHOCTH aKaJeMHMYECKUX M OTPACIEBBbIX HAyYHO-MCCIEAOBATEIbCKHUX HHCTUTYTOB,
BY30B, HAy4YHO-TIPOU3BOICTBCHHBIX O0BCANHEHHUI 1 JID.

OcHOBHas 11eNb XKypHaJla - NPOIaraHAupOBaTh (QYHIAMEHTAIbHBIC U NPHKIAJHBIE HCCIEH0-
BaHMS B OOJNACTH TEXHHYECKHX HAyK, CHOCOOCTBOBATh BHEIPEHUIO HX PE3YJIBTATOB M YCKOPEHMIO
Hay4YHO-TEXHUYECKOT'0 IPOrpecca B IPOU3BOACTBE.

XKyphan paccunTaH Ha IIMPOKWH KPYr YYCHBIX, UCCIIENOBATENCH M HHXCHEPOB. BBIXOIUT
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.
% %k %
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ZNFUOUEP 269 UIN U UL WULALLE L

Unipp fudpugpnipinit ikpljujugdnud k pun htiinbyju) wwhwbgubph.

1. Bplynt ophtiwly, twb LEyupntwghtt nwppkpuyny, hwdwlwupgswyhtt pupduspp’ Microsoft
Office Word: Znnjwish swjwip Jupnn b (hul) dhtsh 10 by, hwnnpynudubphiup® dhigh 4 ke: Skpuwnp
owpunpymd £ A4 swihuh pnph Ypw, wpnwmnwbpuyhtt nuownp’ Top-5ud, Bottom-5,1ud, Left-5,75ul,
Right-1,75ul, Footer-4,6ud, dhowninnuyhtt nwpwénipiniup (Line spacing)' 1,1, wuppbpnipjniup (First
line)* 0,75 udl: Zuybipkl (hubknt nhypmy ympp swpugpdmy t Sylfaen nunwnbuwyny, nwnwsudp’
10, huly pmubpbb fud whqpbpkl jhkn ghypnud® Times New Roman nununnbuwlny, nwnwswthp' 11:

2.@nph Ytpth dwp wulpniund gpynud E hwdwwyhunwih nmwubnppujut pupuluthop’
nbpunhtt hwdwyunwupiu 1Eqny (28%, YVAK, UDC), hwgnpn nnh Yhinpnunud® qjluminwunkpny
htnhtwy(utkp)h wijui-hwjpuidui uljqpiwwnwuntpp b wqquuniu(ukp)p' bold, 10 mwnwswthny
huytipbt, wugbpbi b pniubpbt mbpunbph phwpmd: Znnjwsh kptwghpp wipynud t hinhuwlh
wqquinjwlp hwgnpynn wnnh Yhnpnimd® bold, wdpnpempyudp quwinwntpny’ 10 wwnwswihng
huwytipt, wigbpkh b pniubpbt wkpuntph nhypnud:

3. umnipp ujuynid E wdthnthnudny (winwnwghw) wjt 1kqyny, npny ukpjuyugdus bt Ud-
thnthnidt wjuwpunynd |k wpwigpwjhtt punkpny’ wwnwswthp® 9 huykpbit mbkpunh phypnd b 10
wwnwswihng whqkpkl b pniubpkl whpunbph nhwypntd, b dhwgl «Unwigpught punkpy wpunwhug-
wnipynip® bold, italic: Unithmhmup whwnp E (htih 500 Wthohg ny wibh tkpunyug dhewluwyphpp, wewbg-
pughtt puntipp Jud punwljuggulgntpmttibpp 4-8 pun:

4. Gpwouunpynud £ ymiph owpunpdwb hbnlyjuy jupgp. «Ukpwsnipiniy, npp whwnp
hwdwpnun tkpwnh hwpgh dhdwlp, phduyh wpphwiwiniemniup b hblnwgqnuumpyut tywwnwyp,
«wunph npduspp b dkpnphljuyh hhdtwdnpnudpy, «Zknwgnuinmpjut wpyniupubpp», «Gopuilju-
gnipyii, withpudbynnipjub nhypnid” twl wy) pudhbibp hwdwyunwuhub JEplugpbpny:

5.Skpuinnid hynudubpp qpuljuiinipuip pdnud ki mpnulymit thuljugstpny: Pubwdlbpp
ubpuyug]mu ku np nnnhg, Equation Editor pwgpny, italic, nupwswithp' 11, withpudbynnipjut
nhypnid hwdwpwluwynud G mnnh JEpenud” unynpuljut (Ynp) thwljugsh dke:

6. Vjupubpt nt wnniuwlubpp hwenpynud i wnbipunnud hwdwywnwupiwt hnnudubpht:
«Ul. » b «Unyniuwlpy puntipp, tjupibph dwujugpnipniup b wpniuwljutph wijuinwdutpp gpgnod
Ll Italic 9 nwnwsuhm] hwjkpkt wkpuinh ghypnid b 10 mupwsuhny  whgkpkt b noiubpki
wnbipuntph niypnid:

7.Skpuwnnht hwyonpnnud £ gpuijuinipyut guyp' 9 wwnwswihnyg huybpk mbkpunh nhypnid b
10 wwpwswihng wiqibpkt U pniubpk whpunbph ghypnid, dhwg hinhtwhh wqquibntih m wi]ub-
hwjpuiui ujqpuwnuntpp’ bold, «Fpujutnipjut guwul» wpnwhwnnipniip’ winnh YEunpnund,
qluununkpny: Swlnud gpuljuimipyuill pipwpwiismip wnpnip hudwpulwpnud k puin inkpunnud
hn hpuwb hEppuluinipyu: Ypulijuinipiut wnpmpubpp Wuppbpuljuwt hpuwunwpuynieniatkph
nhypnud ukpjuyugynid Eu htnlyjwy jupgny. hinhtwlh wqquntbp, widui-hujpuitdut uyqptunw-
nkpp, YEptiwghpp, hwinbuh witduunudp jud pugniauws hwywydnudp, hpunwpudwt mwupkphyp,
hunnnph m poqupluwt hwdwpibpp, hEppaljut hudwpp, nigph qeubndwb tkpp, gpplph ghugpnid’
htinhtwlh wqquiniup, widub-hujpwiqut ujqpiwnwntpp, Jeptwghpp, hpunwpulydwi Juypp,
hpwwnwpwlsnipniup, pyuluip, kotiph pubwlp:

8. Apuljutinipjut gwuht hwenpynid Eu wdthnthnudubpp djniu bplne (kqniutpny (pt nkpuwnp
hwytipku £, wdthnthmudubpp btwhe' pnwubpbt, wyw® wagibpk, ek pnwubpbt b, twpe® hugbipbl, wyw®
wlq kpkl, kptk wuqkpku E, twju® hugbipkl, wyw® pnwubpk): Udthndinwdubpp pognp Epkp (Eqniubpng
hntug ppyuwiinulnipjudp b wpwigpuyht puntpny whwp k1hukb tnyuwlwi:

9. Skpuinp unnpuigpynud k hknhily(ukp)h Ynnuhg, tognud £ igmipp fadpugnnipni hwtdibiny
wduwphyp: Skpunh fdpugpqus b uppugpyus mwppbpuljp hwdwdwyitgynud Ehtnhtwl(ubp)h htwn:

10. Zknhtwy(ukp)t wewtdht btony ubkpluyuginud b (k1) wqquinil, winil, huwjpwbnibp
(Inh), wphmunwjuyph, umnpbynt quyph iphy widuinudp, qpunkgpus ywpwnnbp, ghnwlub wunh-
Lulp, hinwinuwhwdwpubpp (wpuwnwipuyhly, b b peguyhin):
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MPABUJIA O®OPMJIEHUS CTATEN

Marepuan npejcTaBsieTcs B peJaKLiMI0 B COOTBETCTBUH CO CJeAYOLUMU NpaBUIaMU:

1. Cratpst B IBYX 3K3eMInIsipax u ¢aitn crareu B ¢popmate Microsoft Office Word. O6vem cratbu
HE JOJDKeH mpeBblmats 10 cTpanun, o0beM coobmeHuit — 1o 4-x crpaHun. dopmar crpaHums! — A4.
Pabouee none: Top — Scm, Bottom — 5,1cm, Left — 5,75cm, Right — 1,75cm, Footer — 4,6cm, MeXCTpOUYHBIH
untepan (Line spacing) — 1,1, kpacHas crpoka (First line) — 0,75cm. Jlnst cTathu, HanmuMcaHHOW Ha
apMsIHCKOM si3bIke, mpuMensiercs: mpudt Sylfaen (pasmep mpudra - 10), a Ha pyccKOM M aHIJIHICKOM —
Times New Roman (pa3mep mpudra — 11).

2.B 51eBOM BepXHEM YIJIy IEPBOTO JIMCTa yKa3blBACTCS YHHBEPCAJbHBIM JIECSITHYHBINA KiacCH(H-
karop (2SS, YK, UDC); crpokoii Hinke - nannuans! (M.0.) u damunus - 3arnaBHeMEA OyKBaMu, mWpHAT
Bold, pasmep 10 — Ha apm., pyc. ¥ aHIIL s13., BRIPABHUBAHUE TI0 LICHTPY; CTPOKO# HIDKE MO LEHTPY YKa3bIBACTCSI
Ha3BaHME CTaThbU — 3aryiaBHbIMU OykBamu, mipu¢T Bold, pasmep 10 — Ha apMm., pyc. U aHIJI. 53.

3.Marepuall TeKCTa HAYMHAETCS C AHHOTALMM W MPEJCTAaBISACTCS HA TOM sI3bIKE, HA KOTOPOM
HalMCaHa CTaThs. TEKCT aHHOTALMM JIOJDKEH COCTOSTH He Oosiee yeM m3 500 3HAKOB, BKIFOUAsi MPOOEIBL.
INocne aHHOTAIMY MHIITYTCS KIIOYEBBIE CIIOBA — OT 4-X 10 8-M CJIOB WM cioBocoveTaHuil. Pasmep Tekcra
AHHOTAIlMM U KIIIOYEBBIX CIIOB 9 — Ha apm.sa3., 10 — Ha pyc. W aHri. s3., cioBocoueTanue “Knrouesvie
cnoea” - Bold, italic.

4.PekOMEHyeTCs CIIeIYIOIIMIA MOPSI0OK HM3JI0KCHUsI MaTepuaia CTaThbU: BBEJICHHE, B KOTOPOM
JIOJDKHBI OBITH KPaTKO TMpPEACTABICHBI COCTOSHHE BOIMpPOCA, AKTYyalbHOCTh TEMbI M LeNIb MCCIICAOBAHHMS;
MOCTaHOBKA 3aJa4d M OOOCHOBAaHHE METOAMKH; PEe3YJIbTAaThl HCCIIENOBAHUS; 3aKIOueHHe (9TH, a Npu
HEOOXOJUMOCTH, U APYTHE pa3Jeibl JOJDKHBI HMETh COOTBETCTBYIOIHE 3ar0JIOBKH).

5. CchUIKM Ha JIUTEpaTypy B TEKCTE NAIOTCS B KBAJPATHBIX CKOOKaX. POpMyIbl 1 MaTeMaTHYECKHE
BBIpakeHHs1 Habuparotcsi pepakropom Microsoft Equation, italic, pasmep — 11. ®opmynbsl HabuparoTes ¢
HOBOH CTpPOKH, BBIpaBHHBaHHE MO IeHTpY. [Ipu HeoOxomumocTH, ux Hymepyror. Homep ¢opmyiist
pacroniaraercsi B KOHIIE CTPOKH, B KPYIJIBIX CKOOKax.

6. PucyHKH 1 TabNHIIBI PACIIONAraroTCs B TEKCTE 10 X0y CChUIKU Ha HUX. CnoBa “Puc.’, “Tabnuya’, a
TaK)Ke Ha3BaHUS PUCYHKOB W TabOiuil nuiytes italic, pasmep 9 — Ha apm.si3., 10 — Ha pyc. U aHIIIL. 5I3.

7.B KOHIIE CTaThH JAaeTCsl CHHCOK JIUTEpaTyphl: pasmep 9 — Ha apm.s3., 10 — Ha pyc. U aHrIL. 3.
CinoBocoueranne “CIIMCOK JIMTEPATYPBI” pacrionaraercst B [EHTPE CTPOKHU 3arjaBHBIMU OyKBaMH,
Bold. IlutupoBanHas nuTepaTypa HyMepyeTcsi B MOpPSAKE CCHUIKM Ha Hee B TekcTe. Kaxapli MCTOYHUK
MIPE/ICTABIISIETCS B CICAYIOLIEM MOPSAKE: B CIyyae CChUIKM Ha CTaThIO M3 )KypHANa: (haMuiius, HHUIHATIBI
HN.0O. - Bold, Ha3BaHue cTaTbu, Ha3BaHHUE JKypHAaJa, MECTO U3/IaHUs, TOJ] U3JJaHHs, TOM M HOMEp U3/1aHusl, C
KaKkoH MO KaKylo CTPaHHMIIbI 3aHHMAeT CTaThsi B 3TOM JKypHAJle; B CIydyae CChbUIKM Ha KHUTY: (amuius,
uHuuaapl M.0., Ha3BaHWE KHUIHM, MECTO H3/aHMs, Ha3BaHWE H3JaTelIbCTBA, O] H3JaHMs, ollIee
KOJIMYECTBO CTPAHHMIL.

8.Ilocne nuTEepaTypbl MPEACTABISIIOTCS AHHOTALMKM BMECTE€ C KJIIOYEBBIMH CIIOBAaMH Ha JBYX
Ipyrux s3plkax. Ecnm cTaThs HamucaHa Ha apMsSHCKOM S3bIKE, TO CHayasia JaeTCs aHHOTAlUs Ha PYCCKOM
A3bIKE, 3aT€M Ha aHMIMHCKOM; €CJIM HAIlMCaHa Ha PYCCKOM SI3bIKE — COOTBETCTBEHHO HA ApPMSHCKOM U
AHMIMHCKOM, a €CIIM Ha aHIVIMHCKOM — COOTBETCTBEHHO Ha apMSIHCKOM M PyCCKOM si3bikax. ConepiaHue
AHHOTALUI ¥ KJIIOUEBbIE CJI0BA IOJDKHBI OBITh HA TPEX S3bIKAX OJMHAKOBBIMH.

9. CraTpg MOANHCHIBACTCS aBTOPOM (aBTopaMu). B KoHme cTtathm craBHUTCS naTa (YUCIIO, MecAl,
roj1) mpencTaBiieHus cTaTbi. OTPeIaKTHPOBAHHbBIH M OTKOPPEKTUPOBAHHBIM BapHaHT PYKOIHCH COIIIACOBBI-
BAaeTCsl C aBTOPOM (aBTOpaMHu).

10. Ha otnmenbHO# cTpaHHile HEOOXOAUMO MPEACTABUTH CIISAYIOIIHE aBTOPCKHE MaHHbIe: (pamuus,
UM, OTYECTBO; IMOJHOE HAaMMEHOBAaHHE MecTa paboThl, MecTa yueObl; 3aHMMaeMas MOJDKHOCTb, ydeHas
CTEINEeHb U 3BaHKe; HoMepa Tele(hOHOB (CITy>KeOHbIN, JOMAIIHUHA, MOOUIIBHBIH).
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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 — Scm, Bottom — 5.1 cm, Left — 5.75 cm, Right — 1.75 cm, Footer — 4.6 cm, Line-
spacing — 1.1 cm, the first line — 0.75 cm. Texts in Armenian should be printed by the 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 (2S%, 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
the centre of the line following the author’s surname in font size 10, bold, all in capital letters for texts
in Armenian, English and Russian.

3.The text begins with an abstract in the language it is presented. It ends with keywords in
font size 9 for texts in Armenian, and in font size 10 for the ones in English and Russian. Only the
word “Keywords” should be bold, italic. The summary should not exceed 500 characters including
the spaces, the number of keywords or word combinations - 4-8.

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

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

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

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

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

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

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