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Ukpjuyugdws E thnthnjuwljut hwnnypny b thnppugnyi winpunupddwdp, pupap
hwfwhwuunipyudp, tpjup wihpunwnph b wnudh hhupny Yndynghwnuyghtt ymphg wuwn-
puunywsd Yguonipph Julijniniduhtt qnpdw wkjutininghwi: 9bpohtiu dpwltjhu juwnwp-
Yt & thnpdbp nmuppbp obplwunhguiught phdhdubpnud, hugytu bwb hpundt) Bu vowuppbp
hwnynipjniuttpny yniptp: OQpybu Ynie whpwnwpuph hwdwp ponpqus b ppdustw-
qtpdywsd wnhtdp: bp hwnlmpnibitph sunphpy perdwstuqtpddws ynhtdp wykjh htown £
Uowljmd Uknnwnuwhwwn hwuwnngubph Ypw b UkS Yhpwnnipnit nith wpuqugnigswyhu
nbkuthjuynid: Npytu gqnpuiynip punpus L BVAg-8 dwljuhoh hwdwdnywuspp, npu hp
pununpnipjudp pujupupnid E Julinmniduhtt gnpdwt gnpdpupughtt hwdwwywnwujuw-
unn wuydwutbpp: Qonpuiympt wpswph b ynhdh hwdwdnydusp b Minnuiblynit hw-
wnnypny wihpuwnwph b Ygupnipph quynidt ppwljubugyty b pupdp Jqulninidh wuydwib-
ubpnud, Jujnuniduyght gnpuwt juywbpnud, npp Epuljuiqugty b dngphdhljugyty b «2GULHL»
uhuppnuipnuught hknwgnunnipiniaiph htunhuninnd:

Upwbagpuypl punkp. qulininidughtt qnpuignip, quininidughtt qnpdwb jujwbp,
GlidCop-hg wwwnpwuwnjwsé Yguonippe, pupdp hudwpuljuiinipjudp wihpwiwp, tdniph
obpdwuwnhdwt, ughlhh obpdwunhgwi:

Lhpwbmpmnil: fupdp hwdwpwljuunipjudp, hothnjuufwi jud hwuwnw-
unntl (uwjtwljut hwwnnypny wihpwwnwpubph b phuybpu jupdp ynudhg yun-
puunugws Yguonipphph qupnudp btywnwuljwhwpdwp | junwpt) Julnmdught
wuydwtiibpnud, nughntwy punipwgnphs nkdhdubpnid, hwwnniy qnpuiyniptph -
ongny: Snnnudp Juljniniduyhlt yuydwbitbpnud wywhnymd £ wdniph dwljiplingph
dwppnipiniup b qbpsd £ wwhnd ynhtdp opuhnugnidhg: Ywplinp k upky, np Jbp-
ohtiu hmbinhuwbnud t jalinghp Uh pulth wenudibpng

e Juninid. pmtth np hwbignygp whwp k jupnquiw wwywhnyb) ghppupanp
Juijninud, opuhnugud dwljpbnypep unspugnunnid £ gnpépupwght,

e ququiigwinnid. wju gnpénup hwiighgunid k jughlnid wnlju gupdwts tiw-
nwtnidubpht,
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e gqnnpont pupdn upnid:

[1]-nud nuunidbwuhpyl) £ wihph wpuqugunn Junnigqusph hwpiwnhyp
11,994 Qg hwdwwuljuunipjudp Yndyulwn gdwjhtt Ynjuyntiph hwdwp: «RGU I
uhuppnunpnuughtt hblnwgnuinmpiniiibiph htunhnninnd dowldty E pupdp hmdw-
Juwwuntpyudp wihpubph hwugnuygh tnp dnghp (u.1): Zwignygh pupn juqune-
prut yuwndwnny uyt punugws bt wupgq tphpusuthnipnit mubkgnn dwubkphg,
npnup htwpuynp £ unwbiw dbnunudsujduts hwuwnngh dhongny: dkpohuikpu
Uownidhg htinin dpdjug htnn dhwnpynud Lo (wpwpd duny) b pununud dby
dhunnp: BJuwspugnpuyhtt junwjupdwt hwunngp HAAS TM-1P dwljthph ninqudhg
dpkquutt hwuwnng E, npbt wmyywhnynud | nlinwh qunpuundwt £onnipniiup:

Uly. I-mud ubpiuyugdus b pupdp hwdwpwuuwtniput whputph hwtgnygp:
busyhu Eplinid E, tdwt §ntunpnijghuyny b qupuphuuwght swihtipng hwgnygp
wthtwp £ dpwljl) hwunngubph Jpu: Vyunwljuhwpdwp E pupn §ntiunpnijghwt
pudwtib] wykih wwpq dwubkph, npnup hbnwquynid YqnngEt Juljninidughtt wuy-
dwttbpnid: @onnudp hp htipphtt wnwewgumd E hkpdknhlinipjut wyywhnydwb
futnpp:

Ul 1. Pupdp huwdwpnulwbnyppudp wyppalph hubgniyg

Pupdp hwdwhwljwinipjudp wihpubph hwtgnygp Juquqws E snpu Ygu-
onmipphphg, npnup qnnjws B nnnuulynit hwwnnypny tpljup b jupd Epnuujut
whpuwwnwpbph htwn, npnup hpkug hipphtt wdpugynid Eu tpynt dhwlighsubpht:
U 1 dwiju upwhwtqnygubpp hpup Eu wdpugdws dhwlghsubph hhiq pudwlju-
tdwl nhwnwjukph dhongny [2-4]: 8nipwpwiynip pudwluwbdwt dhwljghstt nitih

ujudunuly:
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[5]-nud ukpyuyugqus £ thnthnowlwt hwnnypeny b thnppugnyb wbnpu-
nupddwdp pupdp hwdwhmuinipyudp wihpwnwph Juninidught qnppdwt
nkhtnnghwt: Ywnimdughtt gnynudp Juwnwpyby £ BVAg-30 dwljuhoh qnpuaitynt-
pny, npp dpwljyws E hwwnntly Julninidughtt wpjpwnwiuiptitinh hwdwp b tyuwnw-
Juwhwpdwp t jhpwnk] wjt wpjuwnwbpubpnid, npnkn wiuhpudton B dbs dwp-
nnipinil b oninipni: Unwugjus wjhpuwnwpp withpwdbown k qnnl) guonipph
htw, puyyg ny inyt qunyuiynipeny b inyh nkdhdubpnid: ‘Unyt qupuiyniph b nkdhd-
utiph oquuugnpédnidp Yhwbgkgutp thnthnowlwb hwwnnypeny b thnppugniyyt wiyg-
puupddwdp pupdp hwwhjuinipyudp whpwwnwph Epynt dwubpp dhwygn-
pnn qniyuiyniph hupdwip, npp hnubp wowewghtym] wigpkp b pugluspibp qon-
Jwd jupnid: Ldwt thnpdwidniop wimnnbjh jpnwnwi b Bipwlju sk JEpugnpdut:

dJudwbwlht hwdpipwug unbndymd L unp pununpmipjudp hudwdniy-
Jusdplbip, npnup npuybu qnpuiynipbp oqunugnpdynid Et qujniniduyhtt mnkatih-
Juynid: Ldw qnpubymiptpp wpdwth bt dwbpulphhn ntumdbwuhpnipyut:

Unwghtt huijuugphg Juljninidughtt qnipdwtt gnpdplpugp pupynipini sh ukip-
Juyugunud, puyg gnpstwljuwinid nddup b htnbl] okipdwunhdwith gnigdniuip-
utiphtt b junwdupk] nkdhdubpn [6]: Unwyk] nipunpnipjub £ wpdwith juywiph
wipwwndwt gnpdpupwgp, putth np tdnioh ny pudupup hndugnidp bu opuhnug-
dwl yuwwndwn Jupny E puntwg:

Ushiwnutiph tyyunwlyp: Upjwnwph tyyunwlj £ dowljl) thnthnpowlui
hwwnnypny b thnppugny winpunupddwdp, pupdp hwdwhpwwiuntpjudp, hw-
unntl] qnyuibyniph hwdwp twhwnbudws winuubpny, Epup wihpwwnwpbpp b
GlidCop-hg wuwwnpwuwnjws ninnublnit Yguonipptph qnpuwb wnbkhuuninghwl,
htsytu b yEpnust] Julniniduyhtt qnyuiynmiptph quppp wwnuppbp obpdwunp-
Swtwght wuydwbtbpnud:

unph gpuédpn: Npuybu mpnuilnit hwnnypny wihpwwnwph bnipe
punpjws k ppuwstuqtpdywsd wynhtdp, npp pnpdb) | hp hwnyngeniaitph b
dwppmpjui stnphp]: Ygwonipph ympp nhuybpuhnt wipugdus wnhbd £
GlidCop AL-25 dwluhoh: Umph tdwl plinpmpmbp jubjnmd t jguonippbph'
hpwp dhugdwt dudwbwl dhwgnpnughtt gidnpdughwtph wnwewgniup:

GlidCop AL-25-p puwn [7]-h twhiwnbugws E pupdp LEunpulub b obpdw-
1ht hnpwbgdwt hwnynipmitbp yuwhwienn woltwwnwbpubph hwudwnp: Ldwt
hwinljnipmiuttnh htwn dkljntn GlidCop-p wgph k puljunid hp wdpnipjudp, npp
yuwhywiymd b tnyuhuly pupdp obpdwunhgutubpnid: GlidCop-p odnyjws
pupén dhqhjudbhwihjuyut hwnynipniuutpny, npp b wthpwdbon E Ygu-
onipplph hwdwp: Puswytu ghnkup, Yguonipptpp twppwnbtudus Eu tplnt (huk-
pwbdwt nhinwkpt hpup dhwgibne hadwp, hul Junnidught wuydwbibpoud
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wojuwnbjnt nhypnid wuhpwudbow E twl, np Eplnt Yguonippbpt hpup dhwgykh
wnwlg puguwlikph onh tkphnupp Jwihiwpghjknt hwdwp: Uyu ghuypmd bugw-
nwlwhwpdwp skt jguonippbiph yuunpuwundwt hwdwp npybu Wnip phnpk,
ophtwy, ppywstwuqpndqus wynhudp, puh np Uks ninpnn Undkunbbph nhypnid
htnnyu-dwubljubph dquut wpnyniipmd Yguwonippbpp wjwuwnply YnEdnpdug-
Jtl, b Uh putth puinmu-hujupnidhg htwnn nputip yhwwth skt hth oguiugnns-
dwtt hwdwnp:

GlidCop AL-25-p nhuybpuhnt wipugdws wnhtd £ wynudhih opuhnh phs
pwbwlnipjudp: Uju punlugus k dwpnip wynudh dwinphghg, npp wyupnibwlnud
E ALOs-h dwipunhuybpu Euipudhlpnulnuhl dwutthljutp, npnup Swownd Eu
npybu wpgkip nhuinjughwibtph nknuowupddw hwdwp: AROs-p phpuhly wathn-
thnlu t, nph ptnphhy quimuntginid E wnudh yepupmnipbnugnidp: Zknbwpap
pupdp obpdmunhdwutbph mqpignipyut nhypnid towbwlwh huhljugnidubp
wntinh skt niukunid:

Ujuyhup qnnuiynipbpp, htsyhuhp tu BVAg-8-n [8] U BVAg-30-n [9], hhu-
twwind oqgunugnpdynid b wpswpk, thikk b ynudk ghnwubph dhwnpdw
hwdwp: Llw qnynidt hppwjuwtugind Bu Jekpujuiqunqujut, hukpn jud Ju-
Yniniduyhtt dhowJuypbipnud: ‘Ldwt qnpuiyniplpp ks Yhpunnipmnit niukt tub
JEpuwdhluwt dbnwnutph htn Jhwgnpdw hwdwp, nptt wdkjh pupy gnpdplpug
E: Uy qnpuiynipbpt oquunuugnpdnud ki swhwynp obipdwunhfwnbpnid, Juljnine-
dught qnppiwt yuydwbubpmd: dulnimdughtt hwdwupgbpnd tdwt gnpuiygnt-
ptnny gqnynudp UkS Yhpwnnipnit niuh, npp pugunnid E wigwtuih wugptph b
puguwljuph wnjuwynipniup:

Cunhwinip wpdwdp Jqulininidughtt gnppdwt gnpépiipugnid wuhpudton
Jhpunt] wjiyhuh gqnpuiynmip, npnid jpuguljuykt wigutuh juwuntnipnubpp
(ophtwtly ghlily, $nudnp, unhm, twnphnud, twugitqhnud b wyji), npnip ny dhugh
puguwuwpwp i wgynmud qnppdwt uph Jpu, wy bwb pupdp obpdwunhgwik-
nnud dujuljjuiynd Eu Jquininidughtt juywiph jughh wunbpnd b wnwgwg-
unud ququipwnmd: dhpohtiu puguuwpwp k wgnnud pupdp quininidh unwg-
dwtt gnpdupwgh ypw, b jughljh hbnnwgu nmupugdwt pipwugpnid dwljuljjuidus
Wnipbkpp upnn kb gninpohwtiny b whguuwih tunduspubp wnwewguby wpnkh
qnpiwl Eupwljw hwenpny nhwnwubkph Ypu:

BVAg-8 it BVAg-30 dwljthoh qnyuiym plpp hwnmly hwdwdntjjusplbp b
Juwuwlup pwebnippubph gudp putwynipjudp, npnip twppwnbudws Eu Ju-
ninidughtt qunppdwtt hwdwp: Pusybu yupqynud k [8]-hg b [9]-hg, qnyuynmipk-
nnud ghpulponnn dwup juqunmd £ wpswpn: dbppohtiu winpunupdiund k jnyup
(hwnjuwybtu huppwupdhp), juy hwnnpymd E okpunipniup b EEjunpuljuint-
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pinttp: Updwpl nith UbS yjuuwnhlnipnil, phuhuwbu phs winhy E dhwgnipe-
jibttpnid’ Uhwpdtp, bppldt bpljupdtp b kowpdtp t:

Zudwdnijuspnid punn pwtwlnipjut hwenpnp wnhudt b, npt niuh Jbs
obpdwhwunnppuljutinipinit b EEjnpuhwunnppuljutnipni: Uju hwwnlnipmiu-
utpny wnhudp qhonud k dhuytt wpswphti: Mnhudh hwdwdnijusputpp dwpnip
wynudh hudbdwn odndws ki wykh guép hwnnppuljuiunipjudp, puyg wykih
pwndp Jupdpnipjudp, hush opptwy k GlidCop AL-25-p:

BVAg-30-p BVAg-8-h hulbdwwnnipjudp nith wwjwunhnidh 4,5..5,5% pw-
nunpnipinil, nph 2unphhy dbwgws vnwungupn wpswp-ynhtd hwdwdniusp-
uliph hudbkdwnmpjudp BVAg-30 dwljuhoh qnyuiynipp odnws b wykih pupdp
ynpnghwjuynitinipjudp b opuhnujuynitinipjudp: Utugws Wyniphpp qnpuiynt-
pEnh pununpnipyub stushtt dwutl B juqunid (0,001...0,002%) b gnpstwluitinid
wqnlgnipnit skt niuktunid quljninidwyhtt gnpdw gnpépuipwgh Ypu:

Llut qnyuiyniplpt wpnunpynud ki dbnwnupunuuptbph, dbnunujw-
pEpp, thnont, wpunudndus dwbsnijubph mbkupny: Unwlt] hwdwh Juljninidughte
wphimnwbpubpnid oquuqnpéynid Lt qnpuiympbph dbnwunuupbtph b thnont
wnwppbpuljubpp: dhpohtiutbphu punpnipniip jujudws E juwywulgynn dwubph ju-
nmigubpubphg, wlnuutiph dlthg, swthtiphg jud punhwipuybu wnljuynipmniihg:

Bpyup wihpwwnwph Epupnipniip juqund k81 «/4/ punhwunip swthbkpp
wipuwphithg 82x44 «if 44 i smthp uvnwgymd E wihpwwnwph tpynt dwubphg,
npnughg Ukt nibh 21,75 44/ puyinipynit, huly dpnup’ 22,25 42 Bpljup wjhpunwph
Ygjwuputph gqnynidhg hkwnn wyn Yphhtt dpwlynid E: Ujhpwnwph Gpynt Ynndk-
pnud Upwiljynid kb wlnutikp qnywiyniph hwdwp b nqubpikp qnuiyniph ghyh
utpu hnubjp jupuwupgbiknt hwdwnp:

w) P

UG.2. Mgnuiblyni i hunnnipeny uyhpunnuph (w) b GlidCop-pg wunnpuuinyws [guonipph
(p) unplybtpp
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Uihpwinuph b Yguonipph othdwl gnunht dpwjws t wytybu, np npuip
wykih hipdbnhly vhwbwb hpup, wqwhywibng poyjuwnpbih puguljubph dhow-
Juypp: Ldwl wihpwwnwph dnpbp tkpuyugqus £ . 2w-nud, npp bwpuwgdyty &
Autodesk Inventor Professional spuqpuyht Uhpwjuypnid: Q@nnuymiph wnutbpp
wpyws L 1,6 x 1,6 ¢ smthtipny, npp dowljyl) £ 1 42/ mpudwgsh dpkqny: Oqunw-
gnpdynn qnpuiynipn 1,57 4 mpudwgdny dbnwnuun k:

Pusybtu tpinud E uly. 2p-hg, Yguonipph nituth wunmhfutwljut dwuu, npnky
whpuwwnwpp 4 ¢ swthny dnind E jguonipph dke: UY. 3w-nid wunljpdus
ninnighl dwup twjupwnbugws E wihpuwnwnh b jguonipph hipdbnhl b wipwpd
wdpugdw hwdwp: Mnnighl dwubpb niukt puguwdbun 0,1 i/ hwuwnnipntl, pw-
twlyny snpu ki b nknulupjws i whpunwph snpu Ynnutph dkgnbnh dwubpnud:
Ul 3p-nud wquunjipdws b qnuiyniph wnduljh hwwnnypp: Snpuiynipp wnbnujug-
Unud E wnjulnid, b qunintdught qnppdwt dudwbwly, Epp qnpuynmipn hwjdnud
E b uljunid hnuby, Ynnubph (1) wniuynmipmiip jutjuupglnud b qonpuiymph nhuh
ubkpu hnupp: Snnuiynipp Yupnn L hnubk) ntyh goipu, wpupny wuwnlbpgus dw-
twwuphny, wywhnybny ppodwtt Eplinypp, npp wpwbgpuyhtt ntip L pwunnud qng-
dwtt gnpéplpugnid: Uju Epljpusuthnipniutt wywhnynid | bwbh ququhtnugdwt
fwtwuyuwnhp, putth np puwpdp okpdwunhdwunbpnd qnpuyniphg whpwwnynid
Eu quqbp, npnug wnuynipniip gt gnunid puguuwljut wqpbgnipmnil
Jupnn k niubbuyg:

w) P
UG.3. Mignuiblyni i hunnnypny uyppunnuph i jguonipph wdpugdul hunlup hupo-
wkuyjwé nipnighly dwup (w) I gnpuwl gmunnid gnpuiynieh wnywyh hunnnypp ()
ZEnwgnuni pjut wpymupubpp: busybu tplnwd | Y. 1-hg, Julniniduyhl
qnppdwt tdnipiipp snpubt ki, npnughg Epyniuh wihpwwnwpubpp Epljup Bb, huly
Umu tpymuptp Yupg: Gpiup wihpuwnwpibpp hnhnwluwb nnnuilni
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hwwnnypeny ki, hul] jup&ipp hwunwnntt maquiynit hwnnypenyd: Ypwbg qno-
dwlt gnpépupwugh ntuntdtwuppyby k [10]-nud:

Unwohtp tpljup wihpwwwpny tdnot E: Uju thnpdp Ypludky E Epkp wb-
qud, pwtth np qnyuiymipn nnipu skp hnubg, b Yuph ghédp stp Eplinwd: Ldnipp k-
punlyt] E uyniniduyght hipdbnhynipjut wpunnpnydwl, nph wpyniupp pw-
guuwljut k Enty:

Onpdbkph wpyniupubpp thpuyugws tu wn. 1-nwd, npnbn ti-p wdnwh
obpUwunhgwih b, t2-p’ ughlyh:

Ugynuuwly 1

Epluwp uyppunmuph b [gupnipph gnpuwl wnwghl uniph wpyniiphkpp

I thnpa II thnpd III thnpa
t1 © t © t1 ©

790 790,7 790 789,1 790 775,7

791 786,9 792,8 789 796 778,7

792 781,2 797,5 781 800 780,5

793 775,5 797,1 769,8 806 784,6

794 769,3 798,1 769,7 810 788
794,1 767,6 805,6 776 814 790,2

Onpdbpp juwnwpdbly Eu BVAg-8 dwljihoh qnpyuiynipny: Zwpyh wnubng
ppungnygbnh swthdwt vpwuuputpp, qupuiyniph hwjpdwb okpdwunhgwin
Juijninudnid pugnigly £ 790 °Gp: Unwight thnpdh wiingnipnitin £ 10 powé t,
hpwlwtwgyty k 1,8...1,2:10° o/ vy, wywi Julninudh wuydwtubpnid: Yuwpbnpw-
gnyu pumipugphsttinhg Uklp wmhphunnph pugdwi wlyniub k, nph wpdtpp thnpdh
ulgpnid’ @i=87° t: ®npdh Jhpenid whphuninph pugdwl wilyniip wunhfwbupup
ujuqkgyt) E dhsh ¢2=82°: Ljuqbkgdwt wuwndwnp ohpdwunhdwbwihtt gnunt
wuwhwwunid k:

Swpwgnigsh hqnpnipiniup thnpdh uljgpnid b bpenid punniuky £ hwdw-
yuunwujuwbwpwp P1=9.3 §9w b P2=9 {4 mpdtputp: ®npdh wpmyniupnid gqnyw-
nipep noipu skp hnuby, haishg hwuljwbwh Ep, np tdnp Yniubbwp puguljubp:

Onpdp Ypyudly & Ephpopn wihqud, npp wwhyb) | 20 powk twunpgh hw-
dbdwwn Yplhuulh whqud wybk): Shphunnph pugdwt wulniup thopdh uljqpoid
ity E @1=87°, huly Jtpontu’ ¢2=83°: Uju whquud tiinioh obpuwunhgwip pupdpug-
yt E dhsl 805,6 °C-p, puyg jughlh okpdwunphgwp, wyintwdkuythy, tdwgby &
Swpwgnigsh hqnpnipiniup thnpdh ugpnid b JEponmid punnibky £ hwdwywwnwu-
howbwpwp Pi=9,5 §9w b P2=8 9w wipdbkpukp: Ldnipp Gipwpldl) E Julynint-
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duyght hEpdknhlnipjut wpunnpnodwi: Snpdplipugh wpjuwwnmwuph uljqpniupp
ubpuyugdws k [5]-nud: Ldniph Yupt niikgh) t onh tkphnuph wmbnkp:

®npéh Eppnpn Yplunipyut dudwbwly tuniop wwhyty k 25 pnwh: Shphu-
unph pugdwb wilyniip thopdh uhqpmid bty E @i=87°, huly Jtpenid’ ¢2=83,5°: Uju
wiqud tunioh ohpdwumnplwp pupdpugyty t dhush 814 °Cn, puyg jughlh obpu-
wunhdwit wdl) b Swpwugnigsh hqnpnipniup thnpdh ujqpnid b dhponud plunne-
ul] E hwdwywunwupwtwpup Pi=9,5 4w b P=9 [4wm mpdtputin: dwljninidughle
htpdbwnhynipjutt thnpdh wpynipnid wdnpp Gupwpldl] B wpuwnnpnodwi b
uinniqty Uhuyh pupdp quljninidh ghypnid: Ginop wwhyby b 106 o/ wby. wnil
Julninudnid: Ywpkh | bgpujugul), np upbnp E ygwhywibk] ny dhuygl wdnih
obpuwunh&wip, wy) bwl jughljh, pubh np pun wpnmipikph” dhuyh 3-py wiqud
qnnnidhg htnn Juijninudught wpunnpnonudp npuljut wipyniip tidkg: Luh ybkwnp
E k), np bywwnwlwhwpdwp E thnpdb hpujuwbwugul] wdkh tplup dudwbw-
juwhwwnjuwédny, npytuqh qnpyuiynipp hwugih hwgt], mupwsdty b ppet; wynudk
dwkpbnypubpn:

Ul. 4-nud wunljipws L Epjup wihpwnwnph b Yguonipph qupdwut wnw-
oht timoh thnpdtiph qpuibhljubipp, npuntn hnd gdtpny wunltpwd gpuphljutpp
uudniph oipdwunmphgubpt o jupjudws dudwimljhg, hull pinghwwn gstpny gpw-
$hljtkpp’ faghlh:

ti, B,
c
810
800
790

780

770

760
0 5 10 15 20 . pog

U4, Eplpup wyppunnwph b fgupnipph gupdwl wpwghl bdniph thnpdkph qpubplyalpp
Unwoht tdniop yuulbpdws t ul).5-nud: @kl qnyuiynipp wljtwnnt nnipu
sh hnub), puyg Juljnimuduyhtt hipdbnhlnipjut wpunnpnydwt thnpdh wpyniupp
ppuljuib b Zudwpbng gpujut wpyniup Jupnn tup wuby, np wyb jupkh t qn-
1t hwgnpy dwupt (Upwlghy):
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Ul. 5. Eplip wjppunnuph i jguonipph qnpiwl wnwehl (w) I Ephpnpn (p) buniphkpp

Gphpnpnp bu Epljup whpuwnwpny tdnipt b Uju thnpdp tnyybu gt
k kplp whqud:

Onpdkpp Junwpdby Eu wy. 2-mud ubpjuyugdus nkdhdubpny, npunkn P-u
&upnudt E ughlnid, @i-p b g2-p hudwyuinuuuwbwpup thopdh uljgpnid b bp-
onud whphuinnph pugdwi wilnibbbpp, Pi-p b Prp huduguinuuambwpup
thnpdh ulgpnid b Jbpgnid nwpwgnigsh hqnpnipynip, i thnpdh uwnwpdub
dudwbwljudhongn:

Unniuwly 2

Epljup wppunnwph b jgupnipph quypidwi Ephpnpy bdniph kdpdabpp

Onpd | P, ulip.wynilr | @1, wuwr | @2, wuawr | Py, §dwr | P, §dw | T, pnyy
I 2,7..1,7-10° 87,5 83 9,8 9,4 25
II 1,9..1,6:10° 89 86 10,2 9,7 14
III 15...1,410° 88 84,7 10 9,6 40

busytu Eplinud £ wr). 2-hg, tdniop quhyk) E dudwbwluwjhtt mwuppkp nbn-

nnipniupny: Gppnpn thnpdp wnwehtt Epynt thnpdbph hwdbdwnnipyudp 15
pnuykhg ujuws 30 prwyk yquhyk) £ 815 *Ctnid: dnpdtiph ohpdwunhdwbughtt wpn-
jtiplipp thpluyugqus b wn. 3-mud, npunbn t-p idnh skplwunhgwbh b, o-p'
Tughlh:
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Ugniuwly 3

Cplup wippunwph b jguonipph qupuul Ephypnpn blniph wpyniipllpp

I thnpa II thnpd IIT thnpa

t ©2 t1 © t1 ©2
790 770 790 770,2 802 782,7
794 773,7 794 773,5 805 785,2
798 777 798 777 808 7875
802 778,4 805 784 810 789,3
805 780 810 789 811 790,2
808 781,5 812 791,2 814 790,5
809,2 782,7 813 792,6 815 791,3
- - - - 815 785,6

‘Uniph wnwehtt Eplynt thopdbpp skt wyyuwhnyt] quinunidwght hipdtnhlynt-
pintl, nph yuwwndwn Junpnn E hwinhuwbwy vhuyb thopdh wbnnnipnitp, puth np,
nphunwpltyn] twpinpn tiniph thopdbph wpyniipttpn, ywpg Eguotnad, np ughlh
ohpdwunmhfwl £ wwhwywl) obpdwunmhfwih wdp: Gppnpn thnpdh wpyniupnid
Juninidughtt mpunnpnydwi thnpdp gk E ppujut wpyniup, phb jughlh otipd-
wunhgwbp hudbdwnwpup ifugh) b Zuunwnwybu Jupkih Ewuaby, np’

e wnwetwhtippe whwnp £ ywhywil) tdniph oipdwunhdwth wép,

e whup t wwhuywik] jughlh ebpiwunh&mh wép (pun wupwh' o> )
npunkn -p ughh whqpiwlul, t2'-p' Jhpotwljui obpduunhguil b),

o Jwujws tuinioh qupuphinughll swihkphg nppwb Uks E tdnipp, wyipwi
Epupwwnt whwp k1hth pott thnpdh qgnpépupugn,

e thnpdh Epupuunbinipinibp, hwunwnmt jud hwunwnni thnthnpaynn
nkdhdubph nhypnud, tyquunmd b qnpuiyniph hwdwubn mupwusdwp, npp b
wwwhnymd E Juninidughtt hkpdbknhlnipniup: Unwetuyghtt £ wyu gnpdnth
ywhywinidp whqud wyt nhwypnud, tpp niukup jughlh ebpdwunhdwuh wulynd
(thnpa 3):

Ul. 6-nud yunlipqus Eu tpljup whpuwwnwnph b jguonipph quppdwt Eply-
pnpy idniph inpdbiph gpubhlukpp:
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t, b,
°c

815 3
810
805
800
795
790 - T T ——
785 =g
780
775
770
765
0 10 20 30 % pog

U.6. Gphwp wyhpunnuph b jgupnipph gnpdwl Eplpnpn bdniph thopdkpp qpuiphlbkpp

“Yhugpuunid hné gétpny wuwwnbpywsé qpudphljubpp tunioh obpdwuwnh-
Swhikpl ki wpgws dwdwiwlhg, hulj pnghwn gstpny qpu$hlyubpp’ jughlh:

Bqpulugnipynil: Thppnistiny wpnynibptpp Jupnn bup wuk).

¢ wnwigpujhtt wywpwdbwnpkp Eu ny dhuygt tdniph obpdwunhdwun b qnjw-
wyniph hujdwt ehpdwunh&win, wy btwl dudwbwwhwngwsnp b jughlh obipd-
wuwnh&wbp,

e winioh obpdwumhfwh pupdpugdwip gqnigpiipug withpudbon E wuh-
wull) twlb jughlh obpdwunh&with wép,

o yuwhywikng okpluwunphdwiughlt wpdkpibpp thnpdh bpljupunlinge-
miip tyuwunnmd E juywuygynn ynipbph qonynn dwyEpbinyputph ppedwb qnps-
nupwght b qnyuiyniph hwdwubn mwpwsdwn:

Upjuunnwiipp hpuwlwinugyly F Zugumuumu@h Zubpugbnniypyul Ypunniepui fndunkh
wowlgnipunlp ' LELR» UZP-p «Jwlimnulughli nkfubinnghwbkpy ghnwhblbinugnunu-
qul, puquypl pupnpunnphuyh ghunwul plugh spowbw§abpnud:

GUYULNkE3UL 8ULY

1. Design, fabrication, and high-gradient testing of an X-band, traveling-wave accelerating
structure milled from copper halves / T. Argyropoulos, N. Catalan-Lasheras, A.
Grudiev, G. Mcmonagle, et al // Physical Review Accelerators and Beams.- 7 June
2018.- 21(6):061001.- P. 1-11. doi: 10.1103/PhysRevAccelBeams.21.061001.

2. Start of operation of a standing wave deflecting cavity with the minimized level of
aberrations / V. Paramonov, K. Floettmann, V. Danielyan, et al // Proceedings of
26th Russian Particle Accelerator Conference (RUPAC).- Provino, Russia, December
2018.- P. 388-390. doi: 10.18429/JACoW-RUPAC2018-WEPSBS53.
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3. Design, construction, and tuning of an RF deflecting cavity for the REGAE facility /
V. Paramonov, V. Danielyan, K. Floettmann, et al // Journal of Physics: Conference
Series.- June 2019.- Vol. 1238, no. 1.- P. 1-5. doi: 10.1088/1742-6596/1238/1/012069.

4.  Some technological features for fabrication of accelerating structures / V.Sh. Avagyan,
V.A. Danielyan, V.S. Dekhtiarov, T.H. Mkrtchyan, et al // Journal of Instrumentation.-
July 2017.- P. 1-12. doi: 10.1088/1748-0221/12/07/P07025.

5.  JasraH A.A., Ucynn I'.A. BakyyMHas nailika BBICOKOYaCTOTHOI'O BOJIHOBOA C Iepe-
MEHHBIM CEYeHHEM W MHUHHMANBHBIM oTpakeHHeM // Bectauk HITYA: Mexanuka,
MammuHoBenenne, Mammaoctpoenue.- EpeBan, 2021.- Nel.- C. 31-42.

6. Vacuum brazing of accelerator components / R. Singh, K.K. Pant, Sh. Lal, D.P.
Yadav, et al // Journal of Physics: Conference Series.- 5 November 2012.- Vol. 390,
no. 1.- P. 012025. doi: 10.1088/1742-6596/390/1/012025.

7.  https://www.hoganas.com/globalassets/download-media/sharepoint/brochures-and-
datasheets---all-documents/glidcop glidcop-al-25-applications 0668hog.pdf

8. https://www.brazing.com/Pdf/Silver%20Data%20Sheets/SA-BV-72.pdf

. https://www.brazing.com/Pdf/Silver%20Data%20Sheets/SA-BV-68.pdf

10. MHMcynn I'.A. ITaiika KOpOTKOro BOJHOBOJA U (hIaHIIA y3J1a BEICOKOYACTOTHBIX BOJIH B
yCIIOBHSX BBICOKOTO Bakyyma // BectHmk HIIYA: Mexannka, MammuHoBeneHHe,
MammnocTtpoenue.- Epesan, 2021.- No2.- C. 63-73.

«2Lury» uhippnupntughtt hbnnwgnuumipniuttph htunhnnun, Zujuwunwih wqqu-
1ht ynihnkhuhjuywb hwdwjuwpw: Unipn tkpuyugyt) b udpugpnipnii 29.09.2022:

I''A. UCYHIL, A.A. JABTSIH, B.1ll. ABAT'SIH

BAKYYMHASI MAKA BBICOKOYACTOTHOI'O BOJIHOBOJIA
MPSIMOYI'OJIbHOI'O CEYEHUSI U MUHUMAJILHOT'O OTPAKEHUS
C ®JIAHLIEM

[IpencraBnena TEXHOIOTHS BAKYYMHOM MAHKK AJITMHHOTO BHICOKOYACTOTHOTO BOJIHO-
BOJIa C MEPEMEHHBIM CEYEHHEM M MUHHUMAIBHBIM OTpa)KeHHEM C ()IAHIEM M3 KOMIIO3UTHOTO
Marepualia Ha ocHoBe Menu. [Ipu pa3paboTke TEXHOJIOTHH BBINOJHEHBI SKCIIEPUMEHTHI B
Pa3HbBIX TEMIEPATYPHBIX PEKUMAX, a TAaKXKe HCIIOJIb30BaHbI MaTepPHAIbl C Pa3HBIMH CBOM-
cTBamH. B KauecTBe MaTepuana Aji BOJHOBOIOB BbIOpaHa OecKkuciIoponHas Menb. braronaps
CBOMM CBOWCTBaM OECKHCIIOpPO/IHAs MeIb JIErKO 00padaThiBacTCss Ha METaIOPEKYIIUX
CTaHKaxX ¥ MMeEeT LIMPOKOE NPUMEHEHHE B YCKOPHTENIbHOI TexHHKe. B kauecTBe mpumos
BEIOpaH cruiaB Mapku BVAg-8, KOTOpHIH 10 CBOEMY COCTaBY YIOBJIECTBOPSET YCIOBHSM,
COOTBETCTBYIOIIIMM IIpOIlecCy BaKyyMHOW maiiku. Ilpumoi sBmsercss cruraBoM cepebpa u
Mmenu. [Taiika BOJIHOBO/A MPSIMOYTOJIBHOTO CEUSHHUs U (UIaHIA BBHIIIOJIHEHA B YCIOBHSX BbI-
COKOTr'0 BaKyyMa B yCTaHOBKE BaKyyMHOW MaiKH, KOTOpasi BOCCTAHOBJIEHA M MOJEPHU3UPO-
BaHa B MHCTHTYTE CHHXPOTPOHHBIX HccienoBanuii “KEHJI”.

Knroueswvte cnosa: BakyyMHBIH NPUIION, YCTAHOBKA BaKYyMHOMW Maiku, (uiaHell, u3-
rotoBieHHbIi 13 GlidCop -a, BBICOKOYAaCTOTHBIN BOJHOBOJ, TEMIIEpaTypa o0Opasia, TeMIie-
parypa Kamepshl.
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H.A. ISUNTS, A.H. DAVTYAN, V.Sh. AVAGYAN

VACUUM BRAZING OF A HIGH-FREQUENCY WAVEGUIDE OF A
RECTANGULAR SECTION AND MINIMAL REFLECTION WITH A
FLANGE

The technology of vacuum brazing of a long high-frequency waveguide with
variable cross-section and minimal reflection with a flange made of a composite material
based on copper is presented. When developing the technology, experiments were carried
out under different temperature conditions, and materials with different properties were also
used. Oxygen-free copper was chosen as the material for the waveguides. Due to its
properties, oxygen-free copper is easily processed on metal-cutting machines and is widely
used in accelerator technology. The BVAg-8 alloy was selected as the filler, which satisfies
the conditions corresponding to the vacuum brazing process with its composition. Filler is
an alloy of silver and copper. Brazing of a rectangular waveguide and a flange was
performed under high vacuum conditions, in a vacuum brazing unit, which was restored
and modernized at the CANDLE Synchrotron Research Institute.

Keywords: vacuum filler, vacuum brazing unit, flange made of GlidCop, high-
frequency waveguide, sample temperature, chamber temperature.
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Zuyphbwui bt wpnuwuwhdwiywt gpujuinipjut Jhpnwnipjut wpynibpnid
niunwftwuhpyly B (Eighpyws dbnwnuthnphutiph uinugdwt wwpptp Ubkpnnubp, huiswhuhp
kb hwynyputhsnudp, Yuyghnudh hhngphnh dhengn unugmup, ghpdwnh$nighnt hwgkgnudp,
Yyuppnithpught gnpépiipugp, Hhpnpnihqp b pupny opuhnkph uhtiplqnuip htnuqu Jbpw-
Juuqudwdp: Upyniupnid wupqyly &, np gopnipynit niikignng pnjnp dkpagubpp, pugh pupn
opuhnubtph uhtptqnuuhg b htnnwqu Jipujuiqunidhg, tyunulupdup skt dwpunbkiup-
tnuyhl skpugnn wnnuuwnwthnohtitiph unugdwt hwdwp: Zwnypuwthsdwy dbpnnp tyuw-
tnwwhwpdwn E dwpnip vknnwnuthnohbph winugdwi nhwpnud, dhispbn juyghnidh hhy-
phnny unnwgnidp btywwnwlwhwpdwp sk, pwuh np dwpnktuhnwhtt Skpugnn wnpuuwn-
ubpp wupnibwlnud B pedusth tjundwdp thnpp ptwdwlugnipenih niikigng dhwnwn-
ukp' Fe, Ni,Co & Mo, okpuwunh$nighnti hugkgnudp hwpdwp sk dknwnulub thnont oginu-
gnpéuwl yuwwngwnny, juppnithjughll gnpsppugp’ puduwlwiht pupy k, huly hpulubug-
ubip’ ndqwp:

Zudwhp hbnwgnunnipyut wpyniupnid gnyg k wupdus, np judugny YEpwyny qoi-
quijgtiny pwprn opupnubtph uhtipkqh (PEphunh wrwewgnid) b Jhpuljubgidwh gnpdpupug-
tbpp htwpunp £ dpwlty (kghplws dbnwnuthnphibph wpnunpmpjub wpnnibu]bn
nktninghw, npp juwwhnyh gipdwpnip phuhwub pununpnipni, wwhwigynn Juw-
nnigyudph b hwwnnipiniubph unnwgnid:

Unwmigpughll punkp. Ubnwunuljut opuhnubp, uhtptkq, JEipujuiqunud, dbnwnu-
thnoh, dwdjnud, tnwfuynud, nwp wpnundnnid, dwpunbkiuhinught Skpugnn thnpbunnujun:

Lkpwbdnmipjnii: Uwpnbkiuhnught Skpugnn wynnuuwnbbkpp, npntp wnweht
wiqud dowljdly Eu 1960-wjwt pwlwuubph uyqphl, tbpuynidu vnwgl)
[yt wwpwsnid h hwohy hwnlnipynibitph ju] hudwypdwi: dpwbp odnws
El pupdp wdpnipjudp, ypuunhynipjudp, okpdwljuyniim pjudp, nwngupklniinipe-
jup, pujupup ghdwunpnipudp thiupnih pugpuydw tjundwdp b swthtph wuh-
yubdwdp okpduyght dpwljdwb pipwugpnid: YUntunpnijghntt ynnuunubphg wyw-
hwigynn hhdtwljut hunnlnipniubpt Bu pupdp Ynounnipniiup, hntuwhnipniup b
Epyupulgnipmitip: Uwpnbkiuhnwhtt skpugnn ynnuuwuikpt wyny hwnlnipe-
iutbpny ghipuquiignid B wy) Ynuunpnighntt ynnuunukphl, vwlut nppup
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wybh putl kb [1]: Uju ynnuuwnubpl muktu ogunugnpsdwt juyt opowtiwljukp,
htsp guydwbtwynpws b dudwbwljulhg wmkjuhfuh wpuownbd ninpunbpnid
pupén wdpmpjudp Wnipbph wdnn yuwhwbownpyny: Unwyhuh ninpunubkphg tu
huptwphnwhtinipiniip, hpphrwohunipniup, mhkqbpuljut vwppwohinipintip,
yphngkiwghtt whkjuthiub b wyb, npnbn wonuunb oquiugnpsnid k' sinphhy
unnph tjuundwdp pupdp nphdwunpnipjut, npp wwhwieymd L owpdhsubph b
owuuhitbph npny phwnwubphg, hiyybu twb whbqbpulut vwppwshunipyut
Ubko oquugnpdynn nnwuppkp wdpugunng nhwnwiiphg b wyj: Skjuthjuyh qupqug-
dwip qnigpiipwg pupdpwinud ki twb dwpnktivhnwghtt Skpugnn wnpuuntk-
pht ubpljuyugnn wwhwbgubpp: Ophtwl, hipwphnutph pwpdhsubph wpynt-
twybnnpjub pupspugdut hwdwp wthpwdbon ki wykih okpdwljuynitt b hpw-
Unip wynnuuwnbkp, hsh wpphwlwb jpunhp £ b yqwhwbenid E wydbih pupdp hwwn-
Ynipmiutpny dwpunkiuhwnught skpugnn ynnuuwnttph dowlnud:

Uwpunbuuhnughtt $tpugnn wnnuuwnubph wpnunpnipniup hhdtwumd
Juunwpynud £ dnyjdwt b hnpbdbnwnipghwjut tnumbwjubpny: dkpohutt niih
Uh owpp wnwybnipniitp, npnighg Jupbh b ol dbnwunuljut buiynipbph
wybh wpynitwgbn oqunugnpénidp, wpnunppnyujuiinipjut pupdpugnidp b
tutipghuyh wybih wpynibwdbn vygunnidp: Twljuyi wdkbwluplnp wowybint-
pintup phplu wyt k np hnpbdbnnwnipghwljwi tpwiwlng htwpwynp £ unwbuyg
gipdogphunn dwppnipjudp ynpuyuwntp, hwnjuybu wswsth wjuqugnyi wyuw-
pnitwynipyudp, npp htwpuwynpnipinit £ tmwjhu wmywhnygb) pupénp obpdwljuynt-
tnipynit U hpudpnipmit: Uju ynpupunibpt wdpugynid ki gkpiwdpwljdudp
nhuytpu jupspugdwt dkjuwtthquny, wjuhtipt djudwdp b skpugdudp:

Gjutiny Jtpnhhojuiihg, wpjumnwiph tyunulju £ ntunidbwuhply dupunki-
uhinughlt kpugnn thnpbynnuunubph vnwgdwt kquljwibpp puguhunty
wnwidtwhwnlmpnibbpp b wpyniupnid dpwljl) pupdp wdpnipjudp b dwow-
Juyniunipjudp gipdogphn pununpmipjudp thnpbwynnuunibph nnugdwt k-
njnghut:

vunph gpduspp b dkpoghljugh hhdtwgnpouip: Uwpnbkuuhnuwght skpugnn
wnnuunibkpp padwigmy ko kphyoe adph pun bywulmppub b wdpnppub: Cun
wbumput pudwtmy Eu pnhwtnip b hwnnly bywbwlmpjub ynnuuwnubph,
huly pun wdpmppui’ surthunp (1000...2000 J2w), pupdpuadnip (2000...3500 U2w) b
gipwunip (>3500 U7w) wnnuyuwnbbph: Quthuynp wdpnipjudp ynnuuwnbkpnp ny
putupdtp muppbpny (kghpjws ynnuuwnubpb Gu: dpwbp sk yupnitwlnid
Ynpwn, npp hwdwpymd b puwbtlupdbp {Eghpnn wwpp: Mwpnibwynid Bu phy
pwtwlmpjudp thik b dnjhpytt (Ni=4...12%, Mo=1...3%): bul] wshwsth wupnt-
twlnipniiup pupdp £ yuhwieynn puwbwlhg (C=0,04...0,1 %): Fuigh npuughg, wju
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nkuwhh ynnuunibpmd npnowlh putwnmpyudp wykjugdnd ko bwl' ynhud
(1..5%), wynudht b mhnwt (Al+Ti<1,5%): Quihwynp wdpnipjudp dwupnkbuh-
nughtt Skpugnn  wnquuunbkph ophtwljukp ' HI2X5M3  (06=1200 Uw),
08X15H5/12T (04=1300 Uu), 03X11HIM2T(0s=1600 U M) L wayjla:

Pupipudnip dwpnbkiuhnughtt Skpugnn ynnuuwnibpp yqupnibuynd B
16...19% uplty, 8...15% Ynpuijn, 4...6 % Unjhppkt b nhnwt: Uju wnnuunbbkphg ko
H12K12M10TIO (04=3000 UNw), H18K12M3T2 (0¢=2400 Uuw), HI12K12M7B7
(0¢=2600 UNMw) L wy, hulj ghpudnip ynnuuunibkpnud unynpupup wnlu tu
15...18 % Ynpwjinh b 10...14 % Un hpytith pupdp wupnibwlnipmiuubp [2]:

Onptdbinwnipghwljut gnpépuipugnid jupbnpugny puykphg bkl k
Uknwnuthnohttpg pnjwjuwniinipnh yuwwnpuwunndp: Gnujudwb wpyniapnid
unwugws wynnuuwnbbkph dh owpp hwnlnipnitubp jupgws Eu junnigdusph
hwiwubpm pintthg, wjuhlipt' nppwtt hwjwuwpwswh ki pushu]wd bnby thnpnt
pununphs muppbpp dwdjdusph dke: Anjupuwntunipnubpp yqunpuuwnygnid b
Uknwnuthnohttiph dbjuwthjuljwt jud phuhwljwt puntidw thengny:

Ubwbhjuliwl pweidwi hudwp ogunugnpsymu ki hwnntly wwppbp’
wnugubp, pupnijutp b wp: Uju iqubulp htwpugnpnipnit £ wnughu hudinbnby
Ubknwunuihnont vnwugdwt b puntdwt gnpépupwugutppn: Uw phplhu bpu Jupbn-
nugnyu wnwybjnipiniutnhg vkl E: Uujuyt dbjpwihjulwt puntdwt Subw-
wunhny ndqup k vnwbw hndngk pwnunipry, pwtth np ppjuwjuwnimipnh vnwg-
dwt dudwtwl] nknh E nitktinud dknwunuthnphtbph mupubownnmd. wykh Ubs
sathubph thnpnt hwwnhlubpp nknuowpdymd Eu dh Ynnd, hull wydbjh thnpp
swthubnyubkpp dkY wy Ynnd, hust whpnyjunpkih b pupdpnpul dwpnbiuhnw-
jht skpwugnn wnnuuwnibph vnugdwt dudwbwl: Swppuwtpwndwb ypu wgnnid
El twl dknwnuthnphubph funnipyniaubpp:

Lhihwljut Enubtuhh hhdpnud puljus k kghpnn wnwpph tunbgnudp Epjuph
thnohutinh hwnhlubph dpu: Hw, ophtiwly, htwpwynp k junwpt) dhududwwy
qninpohwglitny kwnwunh b (kghpnn wwpph wybph gpught nsnyplbpp htnkb-
upynpktt fuwntbny vnwugdus quuqdusp: Lhlhwljwt Eputulit wywhnynd k
Uknwnuihnphttiph wykh hwdwubn pwonidp, npp pupdpugiunid | bpwljudwi
nupwugpnid hnunghtwgdwt wunh&wp: Upnpyniupnid unwugynid E, np jnipupuisy-
jnip hhdbwljwt dbwnwnh thnont hwinhly yyuwwndws k {kghpnn mupph hwnhlubpny:
Ukpjuynidu phdpujut tnwuwln wdkih phy £ wnwupusqus, vmluyt ipw wpwyb-
[mppnibipp hhup b hwimhuwbmd punppm (kghpdws dhnwnuthnont uinwg-
dwt hkug wyu Enubwlyp [3]:

zZujnth L [4, 5], np dwpnbiuhnwghtt skpugnn ynpuunubpp hwdwpdnud
Eu gbpdwpnip hwdwdnyusputp b pumpwgpynid tu hunwl) phihuljuit
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pununpnipjudp, jupwnunijubph puguuynipjudp b npnowlh jurnigquspny:
Ujuntnhg Junbkih E wunk], np dwpnbkiuhnwghtt $kpugnn ynnuuwnubph dpwly-
Uwl wpyniipnid wtwnp Enisyh Eplne juplng jlinhp: Unwghtp’ whnp b unw-
tw] 1Eghpywé ynnuuuwthnohubp (payg ny muppkp dknwunuihnohubph dkhw-
Uhyulwl pwrtmpnh nuppkpuyny) b Epypopyp” wiswlnnyki unnigjuspny
hph vnwugmu’ (kghplwd wnquuunutnohbph dwiljdwdp m hknwqu nup
Lupdudp Upwljdwdp:

unph musdwt tyunulny nruntduwuhpdly Eu (kghpus ynnuunuthnym
uinwuguwi htinlyuy bquiwlubpp’ (kghpjws wnquunuthngnt uinugnudp hwny-
puthsdwt tnuwulny, Juyghnuth hhnphnh dhongny, oipdwnhdnighnt hwgkgniung,
Juppnuhjughtt gnpépupwgutpny b pupny opuhnubph uhtipbgqnuuny nt hknwqu
JEpujuuguniuny:

Zhwnwwgnuinmpjutt wipynibipbpp: Annipenit niih dbnwnuljut huwnyputph
thnohugdwdp dknunuinohtph unugdwi bplp kquwl thnpkgpnid htnny-
utpny, ququyht hnupny b wununy ujudurwulny: Lighpdwé thnybynnujunubpt
wpuugynud B wywopuhnugunn dhowduypbpnud, npp unnugynid k skqnp quqtiph
Uhowquypnid hwynyputph thnphwgdwdp: @nont hwnhljh wnwewgdwi pw wq-
nmud kb Uh owpp gnpéntlbp’ hupjws kpuiymph shph okpiwunh&win, ehpunt-
twlnipnip b mpudwghdp, ququyhtt hnuph hqnpnipiniut nt okpdwunhgwip b
hwnyph yuybpbnipught jupduwdnipniut nr dwdnighmpiniup [6, 7]: Upwnwug-
puiwb wuydwbtpmd thnobgpnidp junwpynid £ unnpl pEpdws yyuwpudbnpt-
pny, nph wpnnibpnid unwgdnid Eu pignibtgh wdjujikp” hwynyph okpdwunh-
&uitip 1650...1700°C, Ukinwnh dwhuup 15...30 §¢/p, Eubpquyph swjuup’ 0,5...1,0 26/44,
quqh &upmup 8..20 [g/ihiP, tukpqulph ehpiwunhgwlp’ 21..500°C, ppywsth
wupntbwlnupgniip Eubkpguljpnid” 0,005 % (huly thnpnud 0,01 %):

Quqny hwnyputph hoobgpdwt nkjuininghw juyunpkt jhpwunynd k
wpwquhwwn hnpbuynnuunibph wpnunpnipniinud: Gnohwgnidny httwpudnp
E vnwbwy twb bpwdmip b sdwbignunn wnnuuwnbkp [8-10]: Uju tnuuwlyh
hhdtwlwt wowybnipmniut wyt k np unwugduws (kghpdws thnphubpp hwdwubn
kU pununpmipjudp b junnigduspny:

dhpnisnipniutpp gnyg t mwhu, np wju tnwbwlyny thnphubph unw-
gnudp nminbuwybu owhwybtwn k, Epp npybu Bjuiynip swnwnid Bu kpipnppught
hnudpp, hul] dwpnip dbnmunutphg dbnnwnuihnohtibph uvnwgnudp tyyuwnwjuhwp-
dwip sk: tw pwhwybtn Jupny b (hubk] dhuygb wyt ghypnid, Epp tyyunuly juw unw-
twnt gbpdwpnip dwypuljny hmdwdnijuspubp:

Mniuuunuiyut Ywotinipjut THUWYM JEunpnund dowldl) £ hwdw-
dnmiubpubph b hwnjuybu ynnuuwntkph thnshubph vnugdwt mkluninghw,
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npp hhdtdws b dbnwnulwi thnphubph jpwntunippubph b Juighnidh hhnphnnyg
opuhnutiph hwdwwnty JEpuljutqudwb pu [11-14]:

Pununphsutpp b hbpnmipjudp JEpujuiqynn opuhnubpp ubpunidynid
Eu pnduwiwntunipgh dbe Ukinwnuihnynt wkupny, npp htwpwynpnipynit £ iwhu
tuqbgty putijuipdtp fuyghnulh hhnphnh putiulp: Pulj nddup JEpuiljuiginng
opuhnutipp 41,03, Si0,, MnO, V,0;3 bt wyjtt, Jhpuljwiguynid L Yuyghnidh hhgphgh
Uhongny 1150...1200°C-nu:

Swippbip Ubkinumuiljuits thnphtitiphg, opupnitiphg b juygnudh hhnphnhg juquijus
pnjuwpuiuntnipnp jpwntynud £ hwnntl) pwnthsubpnud: Ujunithbnb wyt (gynud |
sdwlignuinn wnnuunhg jud hwdwdmjusphg yunpuundus pnpuing k-
npujuiqubint tywwnulny: dEkpujutquniudhg htnn (kghpyws thnponig b CaO-hg
Juquyus Enwljudws uyniugp goipu | huidnud pnpuinphg, wjunthtnb wnwg-
ubpnud Bupuplynid | twptuljut duiipugdwi, nphg hbnn dwndwi b hwnntly
wnugibpnud gpughtt hew]uypnud, phuugbpu dwipugdwi: Tighpyws dhnwnw-
thnohtt opwuqpynmud ki YEunpnbuwjuniju vwpph dhgngny, wyunithbnlb snpugunid
Juinimiduyhtt Junwpwinid 60...70°C-mid: ‘Lkpjuynidu wju Enubwlng wpnwn-
pnud L dh owpp wnnuuunbbkp b hwdwdnydusputp, huyyhupp tu [IX18H15,
I1X30, TTX20H80 b wyjl:

qhpnustny hhpphnw-Juigniduyht wpnungpmpjub inpubwlp, jupkh
Eqpuljuguky, np wjtt mtnbuwybu tyyunuljuhwpdwn b pupdp obpdunhtwdhy
wlpnhympjudp Eukinubp Cr, AL Ti b wyl, wupniwlnn thnskhudwdn usp-
ubph vnwugdw hwdwp: Yupkh b Bupunpl] bwl, np wyt pugniubh sk npnp db-
nunuthnohiiph vnwgdwt hwdwp, npnug pununpnipjut Uk wnljw Eu ppdusth
tjuwndwdp thnpp ntwdwljugnipnit niitignn dbnwnubp, hasyhupp Eu Fe-p, Nip,
Co-p, Mo-p, W-n bt wyyj: Ujuinbinhg htinmlinid E, np wyu Enuwlyp tywwnwlw-hwp-
dwip sk dwpunbuhnuwght skpugnn thnpbuynpuunubp vinwbwnt hwdwnp:

Lighpjws dbnwnuihnohibph vnwgdwt hwenpy Enwtwlp hhduqus k
phthw-otipduyhtt pwljdwdp dbnwunuuyuwwndwu gnpspupwgh dpu [15, 16]: Uju
Enuwtwlp Yhpwntjh sk Cr, Mn, Si, Ti b wy) dbnnwnubp wupnibwlnng hwdwang-
Jusdputinh thnohukiph vnnwugdw hwdwn [17-19]: Qkpdwnhdnighnt hwghgdw pu-
pugpnid wnknh niikgnny hhdtwljut nkwlguhwbph puinhwiunip nwbkupp phpdus &

unnplt

Me' + HCl > Me'Cl+ H,, 1)
Me" + HCl -» Me" Cl + H,, 2)
Me'Cl+ Me" —» Me'[Me"'] + Me"'Cl, 3)
Me"Cl+ Me' - Me"Me'l 4 Me'Cl: (4)
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(I)-htt & (2)-pn nkwlghwbpp pumpwugpnid Bu knwnubph pinpugnidp,
huy (3)-p b (4)-pn phwlghwikpp Me' & Me” wljnh] wnndubph wnwgwgiwl slnp-
hhy thnppununpd ghdniqhnt hwgbkgnidp: Uju qnpépupwugh nkjuninghwljwb ph-
pugpp pujwlwitht wwpq b, hudwawy nph pnjwpiwninipnh kjuignippp’ Me'
Me" 1 NHCl, ppwninid Bt wyytinthbnl nknudhnpagmd hipdbinhjugdus pintunpyn:
Zbnn pgpuiup Bupwplynud i ghdniqghntt hwghgdwt 5..10 ¢ nbnnnipjudp,
800...1100°C-nmid, opwush dhowjuypnid: Lighpnn mwppbph pinphnubph unwugdwb
huwdwp pnjwjpiwntnipnh by wybjugynud k 1..3% NH,Cl: Puigh pinpuopwsip
unwgdwl wnpmnip (huknig, NH,Cl twb oguunugnpéynid k dbnwnuthnont thjuptg-
dwb btyqunulny: Uyt wpuquginid £ unnugdws uyniugh hkpunnipjudp dutipug-
dwltt gnpdplipugn: Ujn wquundwnny NH,Cl-h pununpnipniip pnjupiwununipgnid
Juqunud k£ 10...15% Pluplkgdwt hwdwp Jupkih k oqunugnpst) twl widnthnidh
tpyyuppntwwnp: Uju nlypmd NH,CL + (NH,),CO3-h punhwinip puwbwlnipiniup
thunwd £ 10...15%

Qtpdwnhdnighntt hmgbhguwt Enubwl £ hwdwpynid dknmwunwopuhnujh
wnkutnnghwl, npp hhduqus b dbnunuuundwt b hwdwljgdus Jepuljuibqudwt
(C+H2) gnpéplipugubtph Ypw: Upwlyk) E 1kghpyws thnphtikph uinwugdwt nkutin-
Inghw Me' + +Me,/ 0, nuunqhghwyhg, npnntn Me'-p dwjpuly dkwnwnh thnphti L,
huly Me, 0,-p* 1kghpnn dkwnwnh opuhnp [20, 21]: Munidbwuhpyk) bb $pndwbiqu-
twjht (Fe — Mn0,) i dbpnppndwjhtt thnphutph (Fe — Cr,03) unwugdwt gnpépl-
pugltpp, npnip wupnialnd ko 6% Mn b 12% Cr: Gluiympbpp k) ko dwb-
quith tplopuhyp, wunuhnidh pnphyp, IDK4M2 dwljuhoh Epjupwthnoh, OXM

dwljuhoh ppnuh opuhnp b TTM-33 dwljuthoh Udnipp: Lighpwé dbinwnuithnohbpp
unwugdwt hwdwp owywhdw) nkdhdutp tu hwinhuwind T = 1100 ...1200°C b

7=35..50d:

Lighpjws dknwunuthnohubph unwugdwt phuhwebpdwyhtt Enubwlp tww-
nwljuhwpdwp skt dwpnbiuhnuwhtt Stpugnn wynpuyuwunuhnphiph wvnwgdu
hwiwp hnungkt Junnigwsp swyuhnbjnt yuwwngwnny, hul dknwnopuhnuht
nupphpuljt pun knipjut bdwb £ hhgphnu-juignidughtt inkjutininghuyght:

Npnowljh hbwwppppnipnit Bu tkpjuyuginid twl dbnwnutnohubph
unwgdwl Ejwnpnihqh [22, 23] b juppnuhjuyht Enubwlubpp [24, 25], npnup og-
nwgnpéynud B mwppkp dbnwnttph thnphubph unugdwt quuqusught wp-
wnunpnipniutikpnud, huiswyhuhp G Sn, Ti, Ni, Fe, Co, Ta b wyj: Uju knuwljubpnyg
unugus dknwnuihnohubptt niikt pupdp phuybpuwjinipmit b phthwfw
dwppnipnit: Uuljuyl tpdus Enutwljubpn skt oqunuugnpéynid puquulndunikiin
huwdwdnJusputinh thnohkp vnwbwnt hwdwp, npnghtnb LEjunpnihqh tqu-
twlyp puwluiht Eubpquinup t, hul Juppnbhjught wkuinnghugh Yhpuenodp
2w puipry:
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dhpohtt mwutwdjulutpnid juyt mwpwsnid Lo gt dknwnuljut opuhy-
utphg pwipn opuhnubph uhtiptqmuup (pphintitiph uinwugnudp) b uhiphqus pupy
opupnujhtt hwdwlwpgkph JEpujubqududp (Eghpywé dknwunuihnohubph uinw-
gnidp [26-29]:

Opuhnuyhtt hwgmpnitbphg opuhnubph whtn nisnyp Jupkjh £ unwb,
bpt nputp hqnunpd L, b dbnwnubpt niukt Jhliungt hntughtt swnwyhnubpn:
Cunhwtnip wnkupny opuhnubph uhtipkqp htwpwynp £ hppujubiuguty, et npuighg
Utlp ppduyht k (Fe20s, Cra0s, TiO2, MoOs, Re207 bt wy), huly Upniup hhutwghl
(CuO, FeO, NiO, CoO, ZnO U wy): Gnujukun dknwnh ppduyhtt opuhnh M'e203
b Epydukin Jbnwnh hhdtught opuhnh Me"O thnjuwqptignipjutt hbnlbwipnyg
wnwgwbmu ki hunnily vhugnipynikp $phinbbp, wynidhwnibp, ppndhnip,
wnhwnwthnubp, dnjhppuntbp b wyjie

MeO+Fe203=MeFe204: (5)

Sphwnubkpt hntuyhtt Jhwgnipnikp B, npnugnud whntbbpp ppdushub b
(0?): Rmipbknuyhtt gmugh hwugnyguipmd nknuynpjusé bu puguuwlju hgpw-
Unpdws wihnbubkpp (0%), hul npulwh (hgpudnpus Yunhnuubkpp (Me?, Fe3)
upw ubkpund, wyuhtip puthnip nbnbkpnud: Mhun pwquyhtt nbwljghwgh nhypnid
wntnh b niubkunmd hnbtbph, wjuhtipt Me* b Fe* Juwhnuubph nhyniqhw, hulj O*
wlhnuubpp dunud Bu wbpwpd (. 1):

MeO MeFe;O4 Fex O3

Ul 1. MeFe204 phphun-puyhlikh winwowguul Ukpnulhquh ujub/mi.
— 3Me*" punpnaitp, < 2Fe" Gunppnbbkn
ElEjunpuskqnp Jhdwl] unwugynid k, tpk nhyniqynud tu (3Me? b 2Fe?) jw-
wnhntubph Eyghdubin pwbhwlnipmibttp: Uju Gipugpnipmiip hhdtwdnpdnud
E hntuyhtt pwnwdhnubph ks nuppbpnipejudp (wy. 1): Luth np dntndtphnikph

hntuyhtt pwpwdhnubpp (wy. 1) b poipbnuhtt gwigh wuwpudbnpbpp (wr. 2) own
Unwun kb hpup, hbnbwybu gpulip upng kb gnjugit] wiuwhdwbwhul jnist-

[hnipinit’ wnwgwgubny whin (nidnyph whuh pupry opuhnikp:

348



Unynruwly 1

Ubkununbbph pnluyhll npunfgdkpp (1o = 0,14 i)

bnl (24) r, i/ bnl (34) r, I/ bnl (4+) r, i

Fe 0,074 Fe 0,064 Mo 0,068

Ni 0,069 Co 0,063 Ti 0,068

C 0,070 Al 0,051 C 0,046
Ungniuwly 2

Blphunlikph npno phnipugpkp

dhphunubp YQuunhpnubph Bwiigh Iunnipniip,
puohujudnipiniup wupwdbnpp g/l
hwugnygutipnud o, il
FeFe204 Fe¥[Fe*Fe3]O4 0,839 5,24
NiFe204 Fe3*[Ni?Fe3]Oq4 0,834 5,38
CuFe204 Fe¥*[Cu*Fe3*]O4 0,822 5,35
MnFe204 Mn?osFe3*0,2[ Mn?0,2Fe3*1,8]Ox 0,850 5,00

Ns uinkpjuhndbwnphly hwdwlwpgbpt niukh gnpstwfut Uks tpwbwlnipmniu
thnptutinwnipghwih phwquwenid: Cun phdhwljul puqunpnippui’ gpubp
qpuntgunmd Eu gwsp, dhohti b pupdp pununpnipjudp (kghpjws thnokindungh-
wnughtt Wnipknh qpbpt nne whpnypep: Zknbwybu, jwjugnyt duny qniquijgkinyg
puipn opuhnutiph pEphtnunwewgnidp (uhtiptqp) b JEpujugunidp, htwpugnp k&
Uowlty 1kghpyws dbinwunuthnohtibiph wpnunpniput wppnibwytn nkuuninghw,
nnp juywhngh wquwhwieynn phuhwljw pununpnipniup b hwnlnipnibibpp:
Blpwyhtt opuhnutiph vhtpkqp hwdwpynud E uplnp gnpdplipwg, putth np opuhy-
ubtph dEpwuhjulwb pwetnipnubpp Jekpujubqynd Bu ptnpnnujub, wjuhtph
wnwtg hwdwdniwsph wnwewglwl [30, 31]: Zkug wju mbkuwlnithg b npdtp b
nwyby b ghpdwpnip thnpbhwdwdnyusputph thnohikph unnwugdwt mkhutnin-
ghwjul jutnhpp, npp Yhpwnekih © dwpnbbupinught stpugnn wnnuwnbbph
ntuypnid:

Zuunth L [26, 32-35], np dSwlnunltt thnobyniptph tup dowljdwt dbpny-
utipny httwpwdnp b wywhnyly hnpbhwdwdnyjuspubph gusnp swljnnljkunipmniup
Jud wnhwuwpwl npu puguluynipmibp: Uyg dbkpnngubphg o vuup dudjnudp
(TTI) [32, 33], wwwp ppnounudp (T'TH) [32, 34], nhtwdhl wwp dwdinwdp (ATTI) [35],
wnuwp wpwdnnidp (ID) [26, 36] b ququuinwnply dwdjnudp (ICII) [37]: Mnwugdwi
pnnp uwyu Ukpnnubpp Jupkih t ogqunugnpst] guijugus nmbuwlh thnokyynipbph
hwiwp: buly pnit Ukpnnh pnpnidp whnp E junwpdh hwoyh wetking ghnwih
wpumnwbpujhtt yuydwutbpp b wwhwieynn hwwnynipniuubpp: Lwih np dwp-
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nkltuhnughtt skpugnn wunuuwnibphg ywhwieynid L wbswlnnykt junnig-
Jwbp, hknbwyku' whnp E plunply jndywljnwnpdul wytyhuh dkenn, npp jw-
wwhnyh wibwlnnljtt jurnigqusph unwugnidp: Upuhuh dkpnnukp o ququ-
unwwnhl dwdjnudp (T'CIT) b nwp wpunwdnnudp (I'D) [26, 34]: Zwpyh wnubkiny qui-
quuuuwnibph puguluynipniiup Zuyjuunwih Zubpuybnnppoiancd, jndywl-
nwynpdwt gnpépiipwugh hpuljutwugyt) £ unwp wpnudndwb tnuwyny:

Yuunwpjws hwdwhp hbnnwgnunipniiubph wpyntapnud dowlyty E dwp-
wnktuhiuyght Skpwgnn thnotynnuunttph thnont b bputhg wprunpunbuwly-
ubph vnwgdwt mkuninghw (uy. 2), npp tkpunnud £ Yndynubntbtph opuhnuk-
hg pupy opuhnubph uhtiptquut b JEpuljutqudwi, husybu b vinugdus wnn-
wuwwihnonig yuwnpuunjws swlinnlkt dwdjjuspubph niwp wpnwdndudp
nuyulunuynpdwi gnpdptpwgp:

Tvuntunid

e

Uwdjmd

dbphwnwgnid

Uhuptqywé opuhnitp

Uwbpugnid
Epwlwuqinid
LEghpywé thnoh
Lwhuyuunpuwunywsph dbwynpnid

Gowljuynid

Swip ulpu*uu[gnul

Uhimd

Uh[gulh[lgmljmh Uowlnid

Obtpuignid
Lpotiw u111'1[ wlnid

<

<«

g

NMuupwunh wpnunpunbuul

Ul 2. Uwpunkhupunughl Skpugng hnpbynnuunikph b wpinuppunkawjakph
uwnugdwl nmkibninghwi
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Bqpuljugnipinti: Yuwwnwpyby £ huypitufui b wpunwuwhdwiyub qpulju-
unipyutt hwduhp JEpnudntenit dwpnkiuhnuwghtt Stpugnn thnpbunnuunbph
unwgdul ninnmpjudp: Nrumduwuhpdty o (kghpdws dbnwnuihnohtitiph uinwg-
dwl nwppbp kpngubp, husyhuhp & hwnypwihyndp, Jughnidh hhyphgh dh-
ongny uwnwgnidp, okpdwnhdniqghntt hwgbgnudp, Juppnupjuyhtt gnpdpupwgp,
HEYnpnihgp b pupn opuhnikph uhiplqmudp htnwqu Jeplubgiiundp:

Zhnwgnuinipjut wpyniipnid wupqyl k, np gnnipinit niibkgnn pnjnp
dbpnnubpp, pugh pupn opupnubinh uhtiptqnudhg b hbnnwqu Jepuljuigunidhg,
tywnwlupdup skt dwpnbivhnuwhtt stpugnn wnnyuwwwhnohbph wnwg-
dwt hwdwp: 8nyg k nipjws, np oywnpdwy YEpwny qniquijgliny pupn opuhnuubipp
uhtiptqh (biphnh wnwewgnid) b Ykpwuuqudwt gnpspupwgutpp, htwpuwynn &
Uowlly 1Eghpyws dbnwnuihnohbiph wpunugpnipjut wpynibwdbn nbkhuunn-
ghw, npp juuywhnyh wthpwdbyn phuhwljwt pununpnipniup, jurnigqusph
unwugnidp b yuhwbeynn hwwnlnipnibttpn:
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Zuywunwith wqquyhtt wnjhunkpbhjuuwt hwdwjuwpub: Uniep tbpuyugdt) b
udpugpnipinit 12.04.2022:

C.I'. AT'BAJISIH, B.A. CUMOHSH

OBOCHOBAHME TEXHOJIOTMHA NIOJYUYEHUSA
MAPTEHCUTHO-CTAPEIOIIUX IIOPOIIKOBBIX CTAJIEA

B pesynbrate aHanM3a OTEUECTBEHHOW M 3apyOeKHOM JIMTEpaTyphbl H3YUeHbI pa3iiny-
HBIE CIIOCOOBI TMOJTyYEHUs! JIETHPOBAHHBIX TIOPOLIKOB METAJJIOB, B YACTHOCTHU: PACHBUICHHE
pacIuIaBoB, MOJIyYEHUE MPU MOMOIIM I'HAPUIA Kalblus, TepMoan(Gy3MOHHOE HACHIILICHNUE,
KapOOHMIIBHBIE MTPOLIECCHI, HJIEKTPOJIN3 U CHHTE3 CJIOXKHBIX OKCHIOB C JAIBHEHIINM BOCCTa-
HOBJIEHHEM. B pe3ynbraTe OKazanock, YTO BCE CYIIECTBYIOIIME METOIbI, KPOME CHHTE3a U
MOCJIEAYIOIIETO BOCCTAHOBIIEHHS CIIOKHBIX OKCHJIOB, HE TIOAXOMAAT JUIS TIOJTyYSHUS] MAapTEeH-
CHUTHO-CTapeIOINX CTaJIbHBIX MOPOIIKOB. PacrblyieHne paciiaBoB CKaThiM BO3/yXOM MOJI-
XOJUT ISl TIOJYYEHHsI MOPOIIKOB YHCTHIX METAJUIOB, a MOJyYeHHE NP MOMOIIN THUIpUAa
KaJbIHsI HEIeJIEC000pa3HO, TaK KaK MAapTEHCUTHO-CTAPEIOLINE CTATH COJAEP)KAT METaIlIbI
Fe, Ni, Co u Mo ¢ HM3KMM CpPOJCTBOM K KHCJIOpPOJY, TepMo ] dy3HOHHOE HACKHIIIEHNE HE
HOAXOMUT U3-3a HCIOJIb30BAHUS METAJUINYECKOro MOPOLIKa, a KapOOHUWIBHBIN NpoLece 10-
BOJIBHO CJI0’KEH U TPYAHO Peallu3yeM.

KomruiekcHble nceneioBanus MOKa3alll, YT0, COYeTasi HAMTy UM 00pa3oM MPOLECCH
cuHTe3a ((heppuTHU3aLIK) U BOCCTAHOBIICHHS CIIOXKHBIX OKCHIOB, MOXKHO pa3padorath 3¢ dex-
TUBHYIO TEXHOJIOTHIO IIPOM3BOJICTBA JIETUPOBAHHBIX IIOPOLIKOB, KOTOPasi 00ECIIEYNT CBEPX-
YUCTHIA XUMAYECKHN COCTaB, TpeOyeMbIe CTPYKTYpPY U CBOHCTBA.

Knrouesvle cnoea: okcuapl METAIUIOB, CHHTE3, BOCCTAHOBIICHUE, METAJUIMYECKUIT TI0-
POIIIOK, IIPECCOBAHUE, CIEKaHHE, ropsidasi IKCTPY3usl, MapTEHCUTHO-CTApEroLIasi IOPOLIKOBast
CTaJb.
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S.G. AGHBALYAN, V.A. SIMONYAN

SUBSTANTIATING THE TECHNOLOGY FOR MANUFACTURING
MARAGING STEELS

As a result of the analysis of domestic and foreign literature, various methods for
producing alloyed metal powders are studied, in particular atomization of alloys, acquisition
with calcium hydride, thermal diffusion saturation, carbonyl processes, electrolysis and
synthesis of complex oxides with further reduction. As a result, it was found that all researched
methods, except for the synthesis and subsequent reduction of complex oxides, are not
suitable for producing maraging steel powders. Atomization is suitable for producing pure
metal powders, production with calcium hydride is impractical because maraging steels
contain metals with a low affinity for oxygen Fe, Ni,Co & Mo, thermal diffusion saturation
is not suitable due to the use of metal powder and the carbonyl process is rather complicated
and difficult to implement.

Comprehensive studies have shown that by combining the processes of synthesis
(ferritation) and reduction of complex oxides in the best possible way, it is possible to
develop an effective technology for production of alloyed powders, which will guarantee
acquisition of an ultrapure chemical composition, required structure and properties.

Keywords: metal oxides, synthesis, reduction, metal powder, pressing, sintering, hot
extrusion, maraging steel powder.
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Guunwpyl) k Zuyuunwith Zubpuybnneiniunud pgwhwgnpsynn tpuljh towbwyne-
pjudp «Mipuyp dwjuhoh dbpkuwtbph $nmuljghntiv) hunmpniiutipny wpgbyujuyhtt othw-
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zZuunuungws k, np wpghjuldwt wppnibudbunipjub, gpu jnpunh b Jipujubq-
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jniupukpp gnyg b wyk, np «Puunbkiuhn-9 sthwiympt nith twb hwdbdwnwpwunp pupdp
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zZ-mul «Puunkithin-9 nuuh sthwiyniph wpnwunpnipyut juquuibpydwt hyw-
nuwljny wowgwplynd £ Mntuwunwih twptinipjut b Zuyjuunwuih Zubpuybnnipjub
owhwqpghn Juquuybkpuynipmnibubph hbwn ppuwljubwgut] hwdwnbty dwbwywuphwgh
thnpdwpynidutp:

Unwigpuyhll punkp. wpghjuly, $niuljghntiw hwnlnipniiibp, sthwljut ubkpnhp,
othdwl gnpéwlhg, nununtgnid, wupbunwqtns Yndynghghnt tynip:

Ukpwbmpinil: 22 ntnbunipjut nwuppbp ninpunibtpmu swhwgnpéymd Bu 12}
wpunpnipul ipuljh bowtulnipyudp «Qppup dwljuhoh dephtwtbp: Ypwp
4x4, 6x6 1 8x8 wuhyutpny Ukpkuwbp El, npnug phntwdpwpdnipniip nunwi-
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Ynud k£ 4,2-hg dhtisl 10 inntitiw, b hhdtwjub wnwbympniiibphg Eu wnw bjugny
wlgnitbwlmpiniup, puquudniujghntiwnipnitp b puduljutht pupdp wpugne-
pintup: Gplulh bywbtwlnipjudp «hipup dbpkwtbpp hugbgws Eu fEjunpnuw-
1ht jurwdupdw hwdwljupgny, husp bwybu dkswgunud £ 2Z-nd jhpundwb hb-
nwijupubpp, wpynibwdbnmpniut ne gnpémibwnipniup: Cwhwgnpéynn wy-
nndbpbiimtibph wpgbjuljuyhtt hwignygubpmd oquugnpénud Eu (+YF-hg b M-
puhtiwghg tkpypynn gthwljwi tbpnhplbp (wn.1):

Unniuwly 1

dhipupy wnndbpbhwbbph wpgljuluyhl wupbunwgbpé bpphpblbph pinipugnkpn

‘Lowiulynidp punipugntp Upunwunpnn

Bpljuljh tpwwlynipjudp - Unwybjwgnyt othdwt | niuwunwith

«ipup wjunndbpiuwbph obpUmunhgwip 450 °C | hwplmpyni’

wpgbjuluyhtt wupbunwqbps | - Chuwbt gnpswiljhgh TUWP

tkpphplikp 55571-3501105-10 | thnthnhudwi nhpnypp | Mypwhba
oy 0,33...0,46 TPUBO

Mniuwunwith

Ywplnipynill
AO A3 YPAII

2z-nud owhwqnpdyny phntwwnuwp wjunndpbuwbtph wpgljuluyghtt sthwlju
ubpphpubph wojpwwnwbpuyhtt Wuydwtubpp punipwgpynid Eu nputu (Enttught
yuyuwuttpnid swhwgnpéynn wpghjuljubph yuydwuubp: Uyn wdnndbpbiwttph
wupbunuqtps wpgkjuluyhll gthwljwb Gkpyhpubph wnknsnudp” wkquljub howdph
ogurnugnpsdudp, hwdwpynud £ hpuwnwy juuinhp: Zwupgu ntuh whnwlut bywbw-
Unipjutt Juplnpnipniy, pwith np wytt widhpwlwinpkt juwydws t dtp bphph
wlunubgnipjut htw, b jEuwljut wwhwby L pupdb] nknuljwi hnudph oguw-
gnpddwdp wpunugpnipjut juquuljipynudp hwipuybnniemiind:

Mugph gpduspp: 2UN2 «Cthwghinnpnily puquyhlt ghtnwhbnwgnuujub
(wupnpunnphuynid juwnwpjws ghnwljut b npninqujwt wpliwwnwbipubph wpn-
miupnmid dowljyus b dwpnunup wyunndbkpbimbph ujujunuljuyhtt wpgbjul-
ubpnud ubpnpdus kb tnp, hinhtwlwyhtt hpwyniupubpnyg b yuwnbnubpny wpunn-
twgpjus «Puunbkithny punhwinip wtduwinidng wupbunwqbpd wpgbjulught
othwiynipln: Upn sthwiyniptph twpuljut hwdbdwnwljut thnpdupynudubpp gnyg
El mmwhu, np gpuip nukt pudupup wohwnntbwlnipnil: Gnpdughnuljut
htnwgnunipjudp hwunwndws k, np «Puunbkithny quuph wpgbjujuyht othw-
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Jut Yndwynqhunuwghtt ynipbpt hpkug sthughnwlut hwnlnipmiutbpny gnigu-
phpnud b wybjh pupdp o juyni mpghjuuyhtt wpynibwgbnnipemiu b pinipw-
gpbpny pujuwpupnud B GYpnyuljub mbnbuwljut junphpnh phy 13 unnwbtupnh
(EnunOOOpa3Hble MpenucaHus, Kacarommecs oQHIHaIbHOTO HOATBEP)KIECHHS TPAHCIIOPTHBIX
cpencts B oTHommeHnn TopMoskerus. [Ipasumo ESK OOH N 13.- OOH, 2000 r.) wjuthwitiy-
ubipn: «Puunkhuny pughwinip wtdudp unbnddws unp sthwiynipbpp htwpuyn-
nnipinih ki tnwhu Juyniiwgub) othdwt qnygh gthwdwoduspughtt pumipwugpbpp
400...600 °C dutpunipuyht ohpdwunhfwtubpnud (WUZU gnunh hy. Ne 966105,
2Z gnuinh wpunntiughp Ne 753), kpugul) hyydw dke qunidnn othwqnygh wwwppkph
dwltpbnipuyhtt wmpuwwnubkpp b gbpdwyhtt Swpkpp (WUZU ggnunp h.y. Ne 1094331),
hunttw] wpjuwwnwipuyhtt Wuydwbubpnid hwdwywnwupwbwpwn 1,6 b 1,8 w-
quu thnppugul] Ubnunuljut hwjudwpduh b gthwiyniph dwonudp (WUZU gnunp
h.y. Ne 1142488), pupdpugll) othuwt gnpsulhgp 1,5 wqud 400...600 °C dmljpunt-
puyhtt gbpwumhgubbpnid (WUZU gynunh h.y. Ne1224321), wuonwubl) dknw-
nuliwb hujudwpdhup Ynenghntt b opustiuyghtt dwpnidhg (1} gninh yuwnkin
Ne2260018, 2z qniinnh wpunntwghp Ne 2909A), jwjupll) othwghnuljub punipw-
qptipp 400...600 °C dwljtpunipuyhtt obkpdwunhdwbibpnud (22 gninp wpunnwghp
Ne 2909A) [1-4]:

Punuypudwubph oyunhdwjugdul nt qunpuundwt nkjpuninghwljut
pupuguljunpgh hnthnpudwb Epuwbwlubpny htwpwdnp E «Puunkihuns sthwigne-
pEnt oquugnpst) Eplulh towbwlnipjudp «Mipup wjnndbpbiwibph wpgbjw-
Juyhtt hwbgnygubpnud: Zuwpuwynpnipjub phypnid juwywhnyydh nkuhjulwh
b minbuwjut wpnynitwybnnipnian:

ZEknwugnuinnipju wpgniupubtpp: Gpljulh tpwiwympjudp «dipup» dulthoh
Ubptkuwubph pupnijughtt mpgkjuljughtt hwignyguipnid «PFuunbhwns nuuh othw-
wyniplnhg wuunpuunyws wpghjuluyhtt tkpphputph oquugnpsdwt tyuwwnw-
ynyJ whpwdbynnipmit E wnwewinid juwnwpknt jpugnighs ntuntdbwuhpnipe-
jniutbp.

» tnpdughnulut tpuwtwlukpnyd ntunidbwuehpl) 4%h b Mpuhtiugh
phnhttwnbthjuljut gnpswpwttbipmd wpununpynn wpgbjuuyhtt tbpphpubph
othughwnwlwb hwnlmpiniukpp,

» othwbyniptph woiwwnnitwlnipjut hwdbdwnwlwt 4Epnidnipjut dh-
ongny pugwhuwjnt] «Fuunkihun» nuuh wupbkunwgbpsd sthwiymptpnh oquuqnps-
dwb htwpwynpnipmiip nuquuljub ywtwlnipjudp pintwwnwupttph wpgbjw-
Juyht hwignygubpnid:

UoJws uunhpubph nsdwt hwdwp hbnwgnungt) b «Gthughnnipmnis pu-
quyhtt ghnnwhbnnwgnunujut jupnpunnphuynid dpwljdus b 22 gnunh wpunn-
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twgpny wdpwgpyus puquint b wywyk dwbpupbtph puntinipny yqupnibw-

nn «Puunkihwn-9» sthubynipn:
Onpdwghinnuwljut niunidbwuhpnipnibubph o Gupwuplydl] «Puunbkihwns
nuuh othwiymphg b (Y} TUHUP, AO A3 “YPAJI”, htiyyybu twlb Mijpwhuwufub
TPUBO dwljuhoukinh othwiyniptiphg yunpuwunyws thwpdwtdnipibpp: @npdwp-
Ynudubpp uunwpdby B TC-1 hukpghnt vnbunh Jpw wpgbjuluwyhtt hwignyg-
utph thnpdwpldwt vhpwqquyhtt SAE] 661 201211 unwunupunh wwhwbeubpht
hwdwyunwupwb dkpnyulupgny wn. 2-md phpdus nkdhtwght ywpudbnph-

nny [1]:
Ugyniuwly 2
Pnpdupluwl nkdhilpp I thnykpp
Onpdupldui NMwpuwdbnpbkpp
N tnikrp wpgljuliui ukpnphph wpghjuljuui wpghjw-
uhqplwlut  |obplwunh&uip | wupphpw- Ynudutinh
wpwgnipjnip 6, °C Ywlnipjnip pwwlyp,
vV, U t, i/ Z
1 2 3 4 5 6
1 Qbnud 22,2 uhtgl 100 °C — —
Upghjuljdwt 11 3
wpyntbwybinnt- ’ uljqptujule
2 22,2 — 3
prul wnwght 31.9 50 °C 3
npnpnudp ’
Unpghjuldwi
wpniuwybunnt- uljqpiiwjute
3 ppult Ynpuwnh 31,9 50 o 60 15
wnwohtt npnpnudp
4| Ungbulphoh 31,9 ulqplmljutp 50 °C 3
wpynitbwybnnt-
3-n YEknh wpgk-| hnjugdudp | wdbku dh 6-h
pjut yhpuluugu-
Tl wnwght (uydwi 15-pn 6 nhypnid
uUhtgl 100 °C
npnpnudp
Upghjuldwi
5 wpniiwyknnt- 31,9 uljqpirujut 60 15
pjut Eplpnpn 100 °C
nnpnonidp
Ungbjuljdwt uljqpiwljuitip 3
wiprynibwy binnt- 5-pn Ykwinh 50 °C Jht uh
6 |pjul Jkpujuiqh- 31,9 wpghjuliwt | hogugiundp | b b d_b
dwl kpypnpy 15-pn 6 dhusk 100 THhypot
npnonidp °C
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Unyniuwly 2-h pupninulinijeiniiip

1 2 3 4 5 6
Ubipnhpubph uljqpuwlub
7 | dwpwluyniunt- 31,9...134 100 °C — 15
pwi npnonudp dUhtsl 200 °C
Upghjuydut
wpynibuyknnt- uljqpwut
8 prul Ynpunh 31.9 100 °C 60 15
tppnpn npnpnudp
9 Unghjuljdw 319 uljqpujuiip 3
wpyniiwybunnt- ’ 8-n YEwh 50°C wdbk Uh 6-h
prut ykpuljuiiq- wpghjuldwi hnjugdudp nhuypnid
dwib Eppnpn npn- 15-pn 6
onudp uhtshk 100 °C
10| Upghjuluwi 11,1 uljqphljui — 3
wpnniiuy bwnnie- 22,2 50 °C 3
jut Lpypnpy 31,9 3
nnpnonudp

Uplwnntbwlnipjut hbnnwgnuunipjniutpp TC-1 unkugh Jpu whghug-
yt B unkunuwht b pwhwgnpdwjuwt yquwpwdbnpbiph huwdwdwjubgdwt yuwy-
dwbubpnud (wpghjuljdwb ujqpiwjut wpwgnipnit, wpghjuuyhtt hwmdwlwup-
gnud nbuwlupup §uonid, pthdwl gnnnt ghpdwunhgwh) (hukeh wnundwh
huwdwywnuupuut hwdwpwljutnipjut dudwtwjh hwyqupluwb b hukpghnu
quigusttph wthpwudbon pwtwljh nbnunpdut dwbwwywphny: Enpdwpldui
plpugpnid pthdwl gninnid wwhwywi]nid E juynih £pnid” hujwuwp 0,6 U 2w
(swthwynp dwodwl nkdhd) Yud 2 U 7w (nidghtt dwpdwt nkdhu): Gnpdwplnid-
utphg wnwe b htnnn wdklt wunmhfwih Jpu juunwpynud E othdwt qniygblph
quunud, whwhwnhly Yobnpny swihynid £ wdnipubph quiigyush Ynpniuwnp, b hwp-
Juplynd Eubpghnhl dwpdwh nidqunipinit pun hbnlbyw) pwbtwdbh’

IW:AG/37, 5 'fcp‘L,

npunkn fie-p nju] wunh&wbmd othuwlb dhghtt gnpdwilhgh b, AG-t° quiigwsh
ynpniunp, Lp othdwb Swlwguphp:

Upghjudwt wpynmibwdbnntpjul, npu §npunh b Jepujubqudwi npny-
dwb wpmyniupubpp phpdws G uljupnid:

dhpnusnipniup gnyg k mwhu, np $niuhghniiuy hwnlnipniiubpny «fuu-
nkthwn-9 nuuph sthwiynipp wpghjuldwt wpynibwdbnnipyut puntpwuqpbpny
ghipuquignid E pinnpduws pthwiynipbpht (., w): Upghjuljdwt wpynibwybunnt-
piut Ynpunh punipwugpbpny (uly., p) wdpnne otpdwunmhfwtiwghtt whpnypnud
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«Puunkihwn-9 nuuh othwiynipp gnigupbpniud E puwpdp punipwugpbp, b nputnw-
nkguwt wpdbputph gpdwt nuownp sh qhpuqutgnid 5%, hsp pudupupnid k
SAE ] 661 201211 unwtunupwunh yquhwbeubpp: Upghjuljdwt wpnynitwybnnipyut
Ynpunp Jepujutqudwb punipwugptpny (uly., @) «Fuunbkuhn-9» nuuh othwiynipn
bu sh qhonud punpdus othwiymiptpht: Cthwiyymptph gduyhtt dwodwi %-wjht
wpdbpubpp phipwé Eu wn. 3-nud:

——TVINP —@—TPUBO —A—Pulumhhhm —@—AO A3 YPAN
n, 6
% 5.5 /‘
T A—— & ~—
':‘f‘ 4‘_"
a 5 m} —l—
= - — o
g 45 — o
o
i
5 4
= 20 40 60 80 100
w)
Utplkuwgh wpuqmipintl, §u/d
—8—TUNP —o—TPUBO =0=—A0 A3 YPAJl == Luuunkithun == Qtpuiwunhdurtp
54 450
— 4
§° 2, ARRE S
Z 5 Q% %*4 1 300 B
S 48 _e- - == HIPI
2 o ~oy i g
& 46 1% M — N, o——e—e—0 | E
= 150 2
R o T E
2. o + 100 2
S 42 o= iy
5 15 &
&
4 0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Upghjulnuittph php P
—8—TUNP —e—TPUBO —e— AO 30 YPAI —@®— Puunbkihin —*— Qkpdwunhdwl
5 0
S
%" 49 50 le
- 4.8 100 5
2 Sl LTS e (et teelol¥ry 2
= 47 ] 150 3
=] * =
546 i*E:*gég 200 g
=]
5;4.5 e ;,Z & g 250 2
244 e 300 2,
= A3
g 43 350 &
42 400
1 2 3 4 5 6 7 8 9 10 11 12
Upglpulnudbph php Y

Ul Pnpduplnidibph hudbdvnnwlul wpgniGpakpp. w - wpgljuldwb
wpynibu]bwnnipinil, p - wpgljwldwh wpgntbunfbunnyeyul Inpniuw, q - wpgbjuldwh
wpynt iuykunnpul npunp JEpulubqinid
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Ungniuwly 3
Cthulyniplph qduyhl twptml qwhunimuljuip

z/h Lkpnhph Lknnhph hwuwnmpiniup, o/ Q5uyhle
Uwljupop uljqpruwuljute thnpdwplnidhg Uwgnudp, %
htwnn
1 THUHP 13,61 2,7
2 | AO“A3 “YPAII” 13,56 3.1
3 TPUBO 14 13,59 29
4 Puunkihn-9 13,64 25

Unjniuwljhg tpiinud E, np «PFwunkithin-9» sthwiyniph nith hwdbdwinwpup
pupan dwpwljuniimpini: Ujt puupupmd £ SAE ] 661 201211 unnwtupunh
wuwhwetbpp:

Bqpujugmpmi: Upghjuljuut wpymtwdbnmpjut, wpghjuljdwut wpynt-
twbnnipjut §npunh b JEpuljubqudw pinmtpugpbpny, hsybu bwb dwpwljuyne-
unipyut pniuljghntim] hwnlnipjudp «Puunbkihn-9 guuh sthwiynmpp 2Z-nud
owhwgnnpéynn tpljuljh tywwlmpjudp «dipup duljuhoh dkpkuwubph pdpnijw-
1ht wpghjuwjuyhtt hwignygubph owhwgnpdnnujut nkdhdubpny unbkunuyht thop-
dwplnudubph wpyniupmid gnigupbpnid £ wthpuwdbyn woluwnnttwlynipini b
pujuwpupnid E dhowqquyht SAE J 661 201211 unnwugupunp wwhwbeubpp: Lkp-
nnuut tyuwnulng wnwewnplynid £ (kntuwunwith fuwpumpjut b Zujwunwith
Zwupuy bnnipjut swhwgpghne juquulkpynmpmniutitph hbn hpuljutwgut) hw-
dwwnkn dwtwywphwiht thnpdwpynudubp:

ZEnwgmunnipint il ppwfuinugyly F 22 ghunnipyul Indhnkh ppimbuwlui wowl-
gnipjudp 21T-2D012 Swislugpny ghunwlwih pldugh ppowinulbbpnid:

GUYULNRE3UL 8ULY

1. ®puknuonHbie KoMo3uThl Ha ocHoBe mosmMepoB / A.K. Ilorocsin, II.B. Creicoes,
H.T'. Meaukcetsin 1 ap.- Munck: Uagopmrpubo, 1992.- 254 c.

2. Horocsan A.K., Meaukcersin H.I'., Jlam6apsan H.A. ®puknnonasie 6e3acOecTOBbIE
Marepuainsl tuna bacrenur // CO. Tp. 6-ro Mex[. Hayd.-TeXH. CUMIL. 10 ()PUKIIHOHHBIM
n3nenusM u Mmarepuanam SApodpu.- Apocnasns, PO, 2006.- C. 20-26.

3. MeaukcerssH H.I'. Knnetnka cTpyKTypHBIX M (Da30BBIX IIPEBPAICHUI TOBEPXHOCTHBIX
CJI0EB TOPMO3HBIX (PPUKIMOHHBIX MarepuanoB // IIpobaembl Mexanukw.- TOwmincH,
2007.- Ne 4.- C. 28-32.
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4. MeauxcerssH H.I'., Aroansn C.I'. Tpubonorndeckue ucciaeqoBaHNs (PUKIMOHHBIX
TOPMO3HBIX MaTepHanoB B HalmoHaIbHOM MOJUTEXHUYECKOM YHHBEpCUTETE ApMEHUH
// Collection of scientific papers on materials XIV International Scientific Conference.-
Los Angeles, 2021.- P. 33-41.

Zuyuunwtth wqquyhtt ynjhunbuthjujuwt hwdwjuwpwi: Uniep tbpuyugdtp &
hudpwugpnipini 26.04.2022:

H.I'. MEJIMKCETSH, I'.O. ACUsIH, I'.H. MEJIUKCETSH,
A.C. ATBAJISIH, A.O. E3AKSH

CPABHUTEJIbHBIN AHAJIN3 PABOTOCIIOCOBHOCTH
TOPMO3HBIX ®PUKIIMOHHBIX HAKJIAIOK C
®YHKIIMOHAJBHBIMU CBOMCTBAMU

IIpoBeneH cpaBHUTENBHBIN aHAIN3 PAOOTOCIIOCOOHOCTH Pa3IMIHBIX TOPMO3HBIX (PpPHK-
LMOHHBIX HAKIAJOK ¢ (pyHKIMOHAIBHBIMH CBOMcTBaMH. CTEHIOBBIM HCIBITAHHUAM OBLIH
MOIBEPTHYTHI (DPUKIIMOHHBIE TOPMO3HBIE Hakmanku Gupm TUNP nu AO A3 “YPAJT” npous-
BojctBa P® u ¢pupmsr TPUBO npousBoacTBa YKpauHbl, KOTOPbIE LIMPOKO MCIOJIB3YIOTCS
B TOPMO3ax aBTOMOOWIeH Mapku “Ypan”. BeinojgHeH aHaiu3 paboOTOCIIOCOOHOCTH ITHUX
MaTepHalioB U 3amaTeHTOBaHHBIX B PA n PD 6e3acOecToBBIX (PUKITMOHHBIX KOMITO3UTOB C
(GYHKIMOHAJIBHBIMU CBOMcTBaMHU THMa “bacTeHuT”, co3maHHBIX B 6a30BOW HAay4HO-HCCIIe-
JOBaTeNbCKOM aboparopuu “Tpubonorns” HarmoHATFHOTO MOJMTEXHUYECKOTO YHUBEP-
cuteTa ApMEHUH.

B pesynbrare CTEHAOBBIX HCIBITAHWH YCTaHOBICHO, YTO MO XapaKTePHUCTHUKaM
3¢ PEKTUBHOCTH TOPMOXKEHHS, oTepe 3P(HEKTHUBHOCTH TOPMOKEHUSI M TTapaMeTpaM BOCCTa-
HaBJIMBaeMOCTH Matepual tuna “bacteHut-9” obecreunBacT HEOOXOIUMYIO PadOTOCIIOCO0-
HOCTb M yJIOBJIETBOPSIET TpeOOBaHMAM MexIayHapoaHoro crannapra SAE J 661 201211, a
10 M3HOCOCTOWKOCTH - IIPEBOCXOAUT aHAJIOTH.

Jlyist opraHu3anuy NPOU3BOJCTBAa (DPUKIMOHHBIX MarepuajioB tuna “bactenur” B
ApMeHnH TpeyuIaraeTcsi IpOBECTH COBMECTHBIE JIOPOKHBIE HCIIBITAHUS C 3aMHTEPECOBAH-
HbIMU opranu3anusimMu PO u PA.

Knrouegvle cnoga: TopmMo3, GyHKIMOHAIBHBIE CBONCTBA, ()PUKIMOHHAS HAKJIAKa,
KO3 PUIHUEHT TPEeHNUs, 3aMeIeHIe, 6e3acOeCTOBBIN (PPUKIIMOHHBI KOMITO3UT.

362



N.G. MELIKSETYAN, G.0O. ASCHYAN, G.N. MELIKSETYAN,
A.S. AGBALYAN, A.H. EZAKYAN

COMPARATIVE ANALYSIS OF THE PERFORMANCE OF BRAKE
FRICTION LININGS WITH FUNCTIONAL PROPERTIES

A comparative analysis of the performance of various brake friction linings with
functional properties. Friction brake linings of the code TIIR and JSC AZ URAL produced
in the Russian Federation and TRIBO produced in the Ukraine, which are widely used in
the brakes of Ural vehicles, were subjected to bench tests. A comparative analysis of the
performance of these materials and asbestos-free friction composites patented in Republic
of Armenia and the Russian Federation with functional properties of the Bastenite type,
created in the basic research laboratory “Tribology” of National Polytechnic University of
Armenia, was carried out.

As a result of bench tests on the operational simulated operating parameters of drum
brakes of dual-purpose vehicles "Ural", it was found that in terms of braking efficiency,
braking efficiency loss and recoverability parameters, the material of the Bastenit-9 type
provides the necessary performance and meets the requirements of the international
standard SAE J 661 201211. In terms of wear resistance, the material of the Bastenit-9 type
is superior to its analogues.

To organize the production of friction materials of the Bastenit type in Republic of
Armenia, it is proposed to conduct joint road tests with interested organizations of the
Russian Federation and Republic of Armenia.

Keywords: brake, friction lining with functional properties, coefficient of friction,
deceleration, asbestos-free friction composite.
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40XH2M UUUYULPTh UNLUSCNPUSPNL LCULUUNRE3UU L ONTENNINUSE
USUSNRUL SUL UrSUUNUUUER &Y WUNP8YUOLUANSUSUTUL
QNOCLEUSE Nk UEULPEUYUL ZUSUNhESNPULLEND 26SUNSNPUL

8nyg k wipdws, np swlinunitu hnokynnuuuntbph tup wpnudndut dudwbul
pununphsitph nhpniqhnt gnpépipugutph winhjugnup wupdwiwnpjus b punun-
phettph phupulul wipnhynipyuntp, nhpniqhugh puquupbtowytmipundp b Yhpuejus
pupdpn updwdp: Zudwduy dywljus nkjutininghuyh Fe-Cr-Ni-Mo-C pununpnipjudp thnp-
Awtdnrpubpnid twp wpnudnnidt wpwegwgnid k 75-90% nhdnpldughw bt wywhnynid
unugwsd thnotwynnuuunh pupdp dbjupwbthjulwt hwnlnipniuubp: 8509C-hg jninnid
Uubnig bt 4 = 200°C wpdwlinidhg htann winwugyly B os= 1800...1820 U446 = 11%,3 = 50%,
KCU = 65 24P, HB = = 5250...5300 U, huly 600°C-nud ghpuwghl jujwgiuh nhypnid uw-
nkgnuup jmmnul. ge= 1000...1020 TUAL, 6§ = 20%, 1 = 63%, KCU = 1552, HB = 2750...2780 U
Uowjdws thnpbuynnujunt pp phthwljut pununpnipjudp hwdwwywnwuppwind £ 40XH2M
Uwltihoh dmyjws ynqupunh puqunpmpguip hwdwdwyi nph. C = 0,42...0,45%, Cr = 0,6...0,9%,
Ni ==1,25...1,65 %, Mo = 0,20...0,35 %:

Unwigpuyhl punkp. ntuinpnijghnt bywhwlmpiudp thnpbuynnupuin, tnuljuynud,
wnwp wpnwdnnd, phdnighw, Junnigjuspugnyugnid, wdpnipintl, Jupdpnipinty, dwusnt-
ghlynipnii:

‘Lhpwidnipnil: Gpljuph hhdpny Ynduynghnuwght ynpebph qquijh dwup, npnup
unwugynid ki thnpkdbnwnipghwjut dbpnnubpny, puquupununphs tu: 9bpoht
wnwphubpht dké hbnwppppnipinit ki tkpjuyuginid wjtyhuh vhugnipiniubph
hhuiwt Ypu unbndusé Ynduynghunuwghtt ynipbpp, hiswyhuhp b pupn (Ekghpdus
Jud gbphwglgus whn nisnyph Junrnigyusp niikgnn thnpbndunghwnuyght tynt-
ptnn, npniup wdpwind Eu hptnbpdbnwnujut pugtpny: Mw guydwbwynpjus
t thnpbubwnwnipghuyh Uh pwpp wpun]bjnipymiatkpm], hisyhuhp ko' phnpjus
phthpwut pununpnipjudp b pununphstibph hwjuwuwpuwswih wbnupwrjudwt
Epwopuhpny thnptndwnghwnwghtt iynipbph vinugdw htwpuwynpnipniaubpp:

Pununnhsutph thnjownupd nhdnighugh wjnhjugdw b hnudngkt junnig-
Jwdp unwbwnt hwdwp wthpwdton | dpwljl bnwjuydwt hwnniy wkjutininghw-
ubip: Zuywnuh E [1], np hnpbdbnwunuiut §ndynghnuyghtt ynipbpoud, wnwudh
dwubhfubph hpwup hbkn hwdwlgdwt gnpdptipugh hwdwp, ywhwbeynd E
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pujuljuithtt Gpup dudwbwy, nph hhdtwljuwt ywwwndwnp nhdpniqghuh thopp
wpuqnipnibul E, hwnjuybu tpt wjt pupwbnid | yhun $wugqnid: Thdniqhuygh
gnpépupwugt wykih wnhy E puputnd L Epujudwt wnwehtt pnykubpht, wybnd-
htnl gt ujund £ wjugl] Enwljujdwut nbnnnipjut dksugdwip qnigppug, npp
pugunpynid £ Epughtt pununphsutph wjnhympjut tuquudp: thdnghuygh wnw-
Jhpugnyt wjnhynipniut phpwinid b hnpdwdnipubph dwljiplinipuyghe obip-
nbkpnud b wowyly Uks wunh&wbm] npnplugus hunhubph vwhdwbibpnod
[1,2]: Ujuintinhg htwnlinid E, np dbnnwnuthnohubph pupdp wynhynipniiup b dwu-
uhlubph poipbEnuyhtt guugh wnujunnidp hwdwpdnud Eu Yndwynghunuwghe yyne-
pinh ghdnighnt gnpépupwgutnh wynhdugdwi juplnp yuydwi: Twuljuyi ow-
Jupdut dudwwly htwpwynp sk wyn wuydwih Epjupunb yuhwwinwdp, pwh
nn hndnghuwgudwt gnpdptipugp ywhwgnid £ tpjupuwdwdjtn knwljunid, npp
dhpw sk, np wywhnymud £ {hwupdtp junnigyuspugnjugnid: Zunjuwybu mbnh
niuktunid hwnhljubph junponpugnid, npp juhuwn Ypwny hotgunid E thnpklndwn-
qhinughtt niph dEhwihjuljut hwnlmpniuubpp: fugh nputthg, dbs dwuwdp
thnokhwnplubph dwljkpbinypubpnud gnymipinil niikgnn opuhnuyhtt okpuntiptt wp-
ghjulnud B nhdpmqhuyh htnwqu ppugpp: Uthwjuuwpulohne yhdwljh wyuthuyyub-
dwtt b ghdniqhuyh wpugnipmitp dkbwgubint hwdwp wihpudbon k donuybu
wywhnyt) ppinuuunguljh wnujundwi gnpdpupwugp: Bowljudwi okpdwu-
nhfwbtbkpnud nu htwpwdnp E dhuyt wpuunhl gednpdugdut jhpundundp:

Blutyny JEpnhhojuhg, wopunwiph byuwnwl E dowulty 40XH2M dwljuhoh
Yntunpmlghnt tpwbwlym pjudp thnskynquuunh unwugdwh wkuininghw wwp
wpunuwdnuuup, b hblnwgnunk] jurnigyuspugnyugudwt gnpépuipugh nt dkjuwith-
julwt hwnlmpjniubkn:

vunph npuspp b dkpnphljuyh hhdwynpoudp: Zwoyh wntbng towlwi-
dwt dudwbiwly 40XH2M dwljthoh swljninljk thnobuynnuuunh {kghpnn mwuppbph
ns 1nhy (nwsyknt hwbiqudwpp duypulnud, htsybu bwb wshwsh uypytne qnps-
nupugp’ 40XH2M dwiljuhoh thnobynnuuunh punuppnipintup, npp, hwdwdwgi
I'OCT 4543-71-h, whwp L wwpnibwlhh C = 0,37..0,44%, Cr = 0,6...09%,
Ni = 1,25...1,65%, Mo = 0,15...0,25%, Si = 0,17...0,37%, Mn = 0,50...0,80% 1tghpnn
wnwppkp, lulynipbph pubwlnipmin yepgpyly k 0,25% wkjh C = 0,46...0,55 %,
Cr= 0,75..1,13%, Ni = 1,56..2,06%, Mo =0,19..0,31%, Si = 0,21..0,46%, Mn =
=0,62...1,0 %: vununudp juwnwpyby E pupnijuyht pwnthsnid ~10 dnbinnnipjudp:
Zudwubn pnjujuwninipy vnwbwnt hwdwp wdkjugyt] £ 0,1% wmkuhjulwh
uyhpui: @30 ¢/ mpwdwgdny b h = 45 i/ pupdpnipjudp thnpdwudnipbpp, npnup
dudjyt) Eu 6 = 20% swljnunjunipjudp, tnwljuydty Eu 1150...12009C obpdwuwnp-
Swlinid opuistth Uhgw]uypmu' 3 Fwywhiwh nbnnm pjudp:
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Zhnwgnunipjub wpyniupubpp: Gowluws hopdwdnipbph Junnig-
Juspubpp hinwugnungty Bu HEOPOT-21 dwljuhoh dwtpunhwnwlnyg (uly. 1):

Uy 1. Enuluyywé thnpbuynnuunnp dpfpnlunnmgyudpp. Tw=1150... 1200°C, T yuh = 3 J (x 400)

Pugwhuwynygt E, np T=1150...1200°C okpdwunpduinid t=37 wquhdwl nlin-
noipjudp Epwljunulp puupup sk hndngktt junnigusph vnwgdwi hwdwn:
NMuwwndwnt wyu k, np (kghpnn vmuppbpp jnsynud B Epljupnud Epynt Jkjuwithg-
Uny" whin (ménypuyght, huswhuhp ki @ (Gujujulkinpni junpubwpnughb pyo-
pinuyuinuynyg) b y (thunwlbnpnt junpwbwpnuyhtt pmpbnuyutnguyng)
whtn (usnypitpp, U hinkpUbnwunulut $ugkph wpwgugdundp, huswhuhp ki
FeaMo (1-dwq), FesMos (R-duq), FesMo2 (u-duq), husygtiu twuls FeMo b FeCr (o-dwq):
Unwgwlnid £ twl kowhh dhwgmpini' FessCrizMorw (x-$uq) [3]: Mhin $wquyhb
nhdnighuyh nhypnid wpqus puqtinh wnwgwugdws b hndnght junnigdusdp www-
hnybknt byunwlny, wthpudbon b dkdwgul) wuwhdwb dudwtwyp dhusk 100 b
wybkh dwutp, hsp munbuwytu pwhwybwn sk: thdnighwgh wpwgnipniup dbkdwg-
uknt, hnunght b widwlnunlkt junnigusp vnwbwnt hwdwp towljuydus wdny-
tbpp Eipwplyl] b twp wpnudndwb 1100...1150°C ebpdwunhgwithg opusih
Uhowuwjnnid 30 pnyk ywhnidhg htiwnn, 4 = 4...6 wmpnwdnuwu gnpswulgny:

Swp wpunuunnidhg htnn thnobkynnuyuwnp unwgyt) k juhunn dwipuwhwinhly
b mudswlnnku (8=0%): ECrnujudus b mwup wpnwdnus thnpdwutdnipibph juw-
nnigjwspubph hwdbkdwnmuhg yunpqyly k np Epp junnigjuspugnyugnidp uljugnid
b tnujujdwt dudwbul, wyu nup wpnudndut pipugpnid wyt tuljut thn-
thnjumipiniuutph sh Eupupyynud: Upnudnuwb dudwbwl wyn thnthnpnipniup
plpwbmd E annh kpupmppudp hwnhlubkph gE$nprugdudp’ Epupugdudp
(uy. 2, p): Swp wpnwunduwi dwdwtwy dwjpuyh jntwlwt dwunid, npunbn wnw-
owtnid | dwdjwdwgnpy, swljnunljkt dwdjduspp tupuplyynid k tduqugny gk-
Inplwgdwty, nph wundwnny wjuntn dund £ npnowljh swlnunjtunpnit (0. 2, w):
Swp wpnudnuut dudwwl nidnpldughw pupwuncd E pojnp Ynndtphg hww-
uwpuswth ubknuuwb yguydwutbpnid:
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[4] wphiwnwtiphg hwjnuh k, np mup wpnwdndu dudwbwl ks upnid-
uliph wqpkgnipput wuydwbbbpnd inknh £ ocbikinod (Eghpnn wwppbph nhynighugh
wpugn ppub Uksugmu dwypulynid, wyuhlipt' junpm gluspugnpugdwi gnpsplpugh
wpuqugmu: Uy Eyuindwnp, np A =4...6 wpinudnuwb gnpdulgh wuydwitkpnid
1Eghpnn nwpptpp wpuwlwnwhlnpbtu nisynud o Gpljupnd jud wnwewgunid Eu
hunbpdbnunuijut dhwgnipnitubp: Upnudnnidhg hbnn thnpbuynnuuwnp dwb-
pwhwwn b, hulj hwnlmpnibubpp wihgnunpny, hsp wuydwbunpdws £ wnwp
wpunudndut wnwigph muynnipjudp hwnhlubph dqusnipjudp:

.
7

)

Ul 2. Suip wpunundpyuws hnpkuynpuyunp dhhpnlunnigyudpp nnupplp wunpdwih
phdnpluglul gnuinpbbpnid (x600). w — dwdjudinugnpnh dhontnid, p - wpunuwdnyus

dnph wnwbgph ypw

Zunlnipnibiiph wthgnuupnuynipniup Jepugubne b junnigquspught
hnungtumipniup JEpuljuiiqubint tyuwunwlng wnwp wpnwdndudp wvnwugus
dnntpp Bupwpljl) Eu hndngbiwging ppédwi 850°C ohpdwunhgwinid kplynt dwd
wuwhuwdp:

Swp wpunudndui gnpépupwugnid pununphs wwwpptph nhdniquu gnps-
pupwgubph wmhjugdwt htwpwynp mwuppkpuljubphg E ngputg phuhwljut wly-
nhynipjub pupdpugnidp, dkpwthjujut hwnynipmniuubph nuppbpnipmiup b
Fe-Cr-Ni-Mo-C hudwljupgnid nhpniqghuyh puquupbnuunipjniup: bulj mup wp-
nwdnuut dupdwmt wdp btywunmd E whun (msnypubph b htnkpdbnwunuljut
dwuqtiph wnwowgdwip:

Pusybtu tplinwd E Fe-Mo-Cr (uly. 3) b Fe-Mo-Ni (ul). 4) hwdwdnijuspubtph
Jhdwljh ghwgpudubph hqnpbpdhly  Yupwspukphg, Cr = 0,75..1,13%,
Mo = 0,19...0,31% Utugwusp Fe b Mo = 0,19...0,31%, Ni = 1,56...2,06% Uliuguép Fe
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hwdwljupgbpp hwdwywunwupwbwpwup 900°C-nud b 1200°C-md vhwdwq L, b

Junnigquspubpp punugws tu a whun msnyphg: Uhwdwq y whun nisnyph
Jupnigjwdp E unugymd Cr=0,75...1,13%, Ni=1,56...2,06% Utwgusép Fe huniw-

Jupgnud (uy. 5):

Fe 10 20 30 40 50 60
Cr,% (quiuqy)

Uly. 3. Fe-Mo-Cr hunlwiljiupgh pgnplpdpl inpiudpp 90°C-nuid [3]

Ni,%(quiuqy)

Uly. 4. Fe-Mo-Ni hwdwljupgh pgnplpudpl inpyjwdpp 1200°C-nid [3]
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Ni,% (wun)

Uly. 5. Fe-Cr-Ni hwdwljupgh pgnplpudpl unpywspp 1300°C-nud [3]

dtpp wpyws hunbpdbnwnuliub pugtnh wowewgnidp 40XH2M dwljthoh
thnobynnuuinnid dhwpwiwl k, npnghbnb (Eghpny wwwuppbph paphadusnipniip
wihwdwubn E, nph wpyniupnud hsy v nwp wpnwdndwb, wjbybu b hbnwqu
oshpdudrwldwt dudwiwl wpwewinid L wygws dwuqbtpp, npnup htwpuwdnpnt-
pintt ki twjhu wyu hnpbynnuuunp obpdwljuniimipniup pupdpugut) dhugh
450°C:

Uyuyhuny, hufwdwyh wnwgwplygnn nkjutninghugh” Fe-Cr-Ni-Mo-C puirjun-
nnipjudp thnobynnuuntkpmd mup wpnwdnnidt wywhnynmd £ pupdp wuwnh-
&uih nhdnpdughw (75..90%) b wiswlnunljtt junnigJusdph unwugnud: Zndbkqh-
luglinn ppénudhg htnn thnpdwininitpp Eipuplp) b gbpuiught dywldwh dhund
850°C-hg ninnud, wpdwlynup’ t wpa=200°C vwunkgnuup onnid, hywbu twb Junwp-
yh E obpuughti jujugnid’ djumd 850°C-hg jminnid, wpdwlniup’ tupa=600°C-hg
uwnbkgnudp jnignid:

Upgniupnid unnwgyl] ki hbnljuw) dbjpwthjulwt hwnlnipmniaubpp.
Upudw b gudp ohpdwunhfwiiugghtt wpdwldw ghypnid. o= 1800...1820 U445,
6 = 11%, y = =50%, KCU = 65 £/u?, HB = 5250...5300 U, otipduyht jwjugdui
nhypnd. o ¢ = =1000...1020 TUULAL, & = 20%, ¥ = 63%, KCU = 1558/uif,
HB =2750...2780 Ul

bPuswtu Eplnud £ thnpdh wpnymiuptibphg, uinugdué thnpbunnuunp, np hp
phthujut pununpmpjudp hwdwywnuwupwund £ 40XH2M dwljithoh ynnujw-
whi, hp hwnlnypniuttpnyg sh qhonid, hulj npny nhwypkpmd gkpuquugnid k dnig-
dudp uvnugws ynnuunh hwnljnipniuubpht:
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Bqpuljugmpini: Zudwihp thnpdwghnwlwi hinmwgqnunipniaubph wpn-
jntupnid gnyg k wnpdws, np Swljnunljki thnpbuynnuuwntitph wwp wpnudndut dw-
dwbiwl) pununphsubiph nhpnighnt gnpépupwgubtnh wjnhgugnidp wuydwtwynp-
Yuws E pununppsubiph phuhufut wnpmpyudp, nhdnighwih puquupbbowint-
pjudp b Yhpundws pupdp gupdwdp, hul] pupdp dkppwthjuljut hwnlnipnii-
tbpp wiswlnunykt b dwipwhwinhl junnigdusph unwgdundp:
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Zuyuwunnwth wqquyhtt ynjhnbuthjujuwt hwdwjuwpwui: Uniep tbpuyugdtp &
hudpugpnipinii 26.04.2022:

A.C.IIETPOCHIH, B.C. 'YKACSH

MOJYYEHHME MMOPOILIKOBOM CTAJIM KOHCTPYKIIMOHHOI'O
HA3ZHAYEHMUSI MAPKH 40XH2M I'OPSIYEN DKCTPY3UEN U
HCCJEJOBAHUE NPOLIECCA CTPYKTYPOOBPA3OBAHUS U
MEXAHUYECKHX CBOVICTB

[Toka3aHo, 9TO TpU TOPSYCH IKCTPY3UH MOPUCTHIX TOPOIIKOBBIX CTaJICH aKTHBALUS
¢ GY3MOHHBIX TPOLIECCOB KOMIIOHEHTOB CBSI3aHA C XUMHYECKON aKTHBAIleH KOMIIOHEH-
TOB, MHOTOIOJIOCHOH IU(Qy3uel 1 MPUMEHsIEMbIM BBHICOKHM JaBieHneM. CoriacHo pas-
paboTaHHOI TeXHOJOTHH, IpH cocTtaBe 00pa3noB Fe-Cr-Ni-Mo-C rops4ast skcTpy3us odec-
meunBaeT 75...90% nedopMariuy moydeHHBIX MOPOITKOBBIX CTAJICH U BBICOKHE MEXaHUYe-
CKHe CBOMCTBA. B cimydae 3akanku B Macie npu Temmeparype 850°C u oTiycka 1mpu Temrie-
parype t,=200°C monyuens! cnenyroume 3HaueHus: o= 1800...1820 MH/M?, § = 11%,
Y =50%, KCU = 65 [c/cm?, HB = 5250...5300 MIla, a B ciiydae TEpMHUYECKOTO YiTydIlie-
Hus npu temneparype 600°C oxnaxaenue B macie: g, = 1000...1020 MH/M?, § = 20%,
Y = 63%, KCU = 155 Jc/em?, HB = 2750...2780 MIla. PaspaboTaHHast MOPOMIKOBAs
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CTaJlb TI0 CBOEMY XMMHYECKOMY COCTaBY COOTBETCTBYET COCTABY JIMTCHHOH CTaiMm MapKu
40XH2M, cornacHo koropomy C = 0,42...0,45%, Cr = 0,6...0,9%, Ni =1,25...1,65%,
Mo =0,20...0,35%.

Knrouesvte crosa: mopoiikoBasi CTajib KOHCTPYKIIMOHHOTO HAa3HAYCHUS, CIIEKAHUE,
ropstyast 3KCTpy3ust, Audy3usi, CTPYKTYpooOpa3oBaHue, IPOUYHOCTh, TBEPIOCTD, BSI3KOCTb.

H.S. PETROSYAN, V.S. GHUKASYAN

OBTAINING OF 40XH2M CONSTRUCTIONAL POWDER STEEL BY
HOT EXTRUSION AND STUDYING THE STRUCTURIZATION AND
MECHANICAL PROPERTIES

It is shown that the activation of diffusion processes during the hot extrusion of
porous powders is due to the chemical activity of the components, the multipolarity of the
diffusion and the applied high pressure. According to the developed technology, in the samples
with the Fe- -Cr-Ni-Mo-C composition, the hot extrusion provides 75-90% deformation and
high mechanical properties of powder steel. After hardening at 850°C and annealing at
tann=200°C, the following properties ares obtained: o, = 1800...1820 MN/m?, 5= 11%,
Y = 50%, KCU=65 J/sm’, HB = 5250...5300 MPa, and after the thermal improvement at
600°C and cooling in oil, the following properties are obtained ov= 1000...1020 MN/m?,
&= 20%, Y = 63%, KCU=155 J/sm?, HB = 2750...2780 MPa.The chemical composition of
the obtained powder steel matches the composition of the 40XH2M alloyed metal where
C=0,42...0,45%, Cr=0,6...0,9%, Ni=1,25...1,65%, M0=0,20...0,35%.

Keywords: constructional powder steel, sintering, hot extrusion, diffusion, structure
formation, durability, hardness, viscosity.
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dhpnisyty ki uhtijupnt dbpktwgh Unthpnphigh b whuwppnipnibitph hwynbwptp-
dwt htwpuynpmpnibnbpp: Zhdbwdnpdty b duquyhtt jupd dhwugnidutph ghwpnid uptiju-
npnu dbpkuugh wuhdbwnphy pkdhdubph dnuhpnphugh hpwjwiwgdwi hwdwp dkdwphy
wnyjunubph Ypnisdwt htwpuwdnpnipnit wyywhnddnn wnwdl] wpynibwdbtn wignphpdh
Jhpundwt wihpudbonmpinitp: Uswlyt) ki uhttapnt dbpkuwgnud ny uhdbwnnphl nkdhdubph
wnwowgdwl Untthpnphugh wignphpedp b hwdwlwunpgh junnigyuspujht upnbdwi:

Unwigpuyhl punkp. puquyht jup& dhwgnid, Unthpnphtq, wignphpd, tkpnguig,
uhujupnt Ukphlu:

Ubkpwdmpimi: Ekjnpudbuuthjuljut hadwljupgtpnud wnwewgnn Jpup-
ubphg untuwthbint hwdwp jupbnp Bo hwdwlwupgh wwppbip hwgnygubpnd
qupqugnn whuwppnipniiibph dudwiwlhtt puguwhwpnnud o juttunodp: Fupy
hwdwjupgbpnid guuljugus whuwppnipnit jupnn | wqnl] wdpnne hwdwlunpgh
Juppwugsh Ypu: Upnnunpuljub gnpsplipugnid wnwowgnn wupq whuwppnijp-
jnttp Jupng Ehwighgut] ywhwieynn punipugpbphtt shwdwywwnwupowng wp-
nwunpuiph paqupydwip, swhwgnpsdw Swpuubph dkdwgdwip, sppwulju vhow-
Juyph Juwutbkph b wyjt: @npénn wpwbdhtt hwdwlupgnid thnpp wuwppnipjut
wlnbunudp Jupnn E hwbghgul) wnbnwh hbnbwpubph: Uhtjupnt LEjunpw-
Jut dkpkuwbpn juyt Yhpunnipmnit niubt wpgnibwpbpnipjut muppbp &nink-
nnud, U npug wudunuig nt hnuwh pwhwgnpsdwp yepwpkpnn jutinhpubph
nusnidp wnwbduwlh ghnnwugnpswljw hbnwppppnipinit k ukpluyugunid:

Thunwpydt) Eu uhjupnt dbpktwtbph whuwppnipmiiibph hwypnbwpbpdwt
uUh pwpp Uninkgnidubp:

Zuuwnwwnntt Ywquhuny uhtfjupnt dkpkuugh Jepniswjut dnnbip poy) k unw-
1hu Unpjuynpl) owpdhsh wijubwljut b whuwpp Juppughsdp: Uy h Jhdwljh k
Unpbjuynplnt unbnddws wnujunnidubph dh pwtth thny: Fputp sk wuwhwb-
onid [puignighs Wnip Jud wnghsubp, puth np hhdtdws Eu dbpkuwgh unwdup-
dwt hwdwp wpnkh yEpwhuljynn wqnutipwbubph puw [1]:
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[2] wohawwinnipiniip tjupugpnd Ehwunwnnit dwquhuny owipdhsh LEjn-
pulwb b BEjupudwuquihuwljwt wbuwppnipnibiubpp b npuig pugwhwyndwt
pupuguljungp: Usnnunhunwplynid kb dhuyt $uquyhtt hnuwtptbpp, b vDS-qqui-
il qupnughtt puighuinnpibph dhengny htwpudnpnipymt b unbnsb] wugw-
hnytnt nidwjhtt uvmppbph Yuwonwywunipniup: Uhuwppnipjut dwuht hudnpdw-
ghwtt hunnpnynid £ jupquynphsht, b hpujuwbwgynud £ whuwppntpjut inyiw-
Jutwgdwt ntdhup: dbuquyhtt hnuwbpubph Unthninphqp poy L nwjhu fwtwsky
uwhdwbjws wpdbpubinhg stnnidutpp: Utuwpp hujntwpbpdus duqi whgwn-
Ynud k, b bnwdwq dbpbiwt wuginid E Epljthny wyiwnwipuhtt nkdhuh:

Zuwyunth £ uhjupnt gkubpunnph powthwinidubph hwynwpbpdwt winpny
hwdwlupgh ypw hhdudws upubdwb [3]: Uju nhypnid ninhn b hwjwpwly hwenp-
nuiwinipjudp hnuwupubpl ogqrnugnpsymd Et npybu wbuwppmipju pugw-
hwjndwb gnighsubp b npybu Untinpuyhtt nfyujubp vipynud Bu wbuwppnipyuu
ptnkliunnphtt: Unbndymd k Epughtt hwdwlupg, b quuhwnmd k jubntubpp
puqull pugwhuwpnbiny plpwghl pununphsp wiuwppmpniubph wkuwlh
ntuypnid:

Ghunnwlwb hbwnwppppnipnit b ukpjuyugunid (4] hnpjuénid wnwewny-
Ynn knwdwq uhtijupnt pupdhsh wohtwwnwpuhtt yhdwljh hbnwgnundw dngbin:
Unphjt hpujwiwgduws £ MATLAB spuqpuyhtt dhowuypnud, EEjunpudkuwth-
Juynud juy Yhpwnnipnit uvinugws Mwpy-3npth hwjwuwpndutph hhdpny: U-
gnudwghtt Epunypubph dwdwbwl quwhwwnyl) tu owpdphsh FEjunpudwquhuw-
Jwt Undkuwnh, unnwwnnph a,b,c dwquyphtt hnuwmbpubph, ptisyybu twlb mnhn b hw-
Junwl hwonpujutnipjudp hnuwtpubph hwpwpbpulgnipnitubph thnthnpunt-
pnLutbpp: Zwunwwnyl] E np guigh vbdwt jupdwi b wkubinnghwiwub dkw-
uhquh phrh Undktnh thnthnppdwt yuydwtbpnid vinwnnph $wquyht hwpnype-
ubipnud wnwewinid kt hwjwnwly hwgnpnuljuwunipjudp hnuwbpubn:

dtpohtt mwuphubphtt wphbunwljut tEpntughtt gwugkph htwpwynpnige-
miuubpt wybih hwdwpu o hpunynid whuwppnipniuibph hwjnbwpbpdwn 4b-
pupkpnn pughpubph pusdwt hwdwp [5-8]:

Uphtunwljut uEpnguugh Jhpundwdp LEjunpudbwihjuljut hwudw-
Jupgtph wkpuhjuljut Jhdwljubph wpunnpnydw wnwyt) pughwipuljw Un-
nbkgnidubp b wowewpldly [5] wotwwnnipniiunid: Zudwlwupgh wpuwnnpnydw
hhdtwlwt wywpwwnwhtt muppp thpniughtt gwuguyhtt wvwppte k, nph Ephg
Jtpgynud ko LEjupudkwthuluwt hadwlupgh nkjuthulwt Jhdwyjutph -
nupbkpuy npnonudubpp: Uwhdwidby b wnbkuuhjujut gqupdwiiutph tipjunnig-
Jus wpunnpnydwt hwdwlupgbpmd tEpnshybph oqgugnpédwt tyuwwnwljw-
hwpdwpnipnibip: Zhdtwynpygly b ugpnhwdwlupghs b hwnnpphy hwoynnuju
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hwdwlupgbph oqgunugnpsdwt tyywnwujuhwpdwpnipmniip wjt nEypnid, Epp Yn-
puynplul, hnjpwtgdul, LEjunpudbwthjujwt hwdwlupgh wkuithjuwut
wuydwtbph Jepwhuljdwt hwdwp judpughtt wqpupwith hwduwpdwt pnlp b
nbjuthjulwt Jhduljh huljdwl, wnwetuyhlt dpwldwl, wywthwpbpudnpdut b
ubpnuuyhtt gwugh Jbpnidnipjut hwdwp jpdpuyghtt wqpuipwt vinwbiwnt pinlp
pudwiusd ki bplnt gnuinnt: Ywunwpdt) b ntumdwuehpnipgnit pupg fEynpudk-
hrthjujut hwdwlupgbiph wpunnpnydwt hwdwp tpnught guugtph dpug-
nuyhtt mwupphpuljubiph oginugnpsdwis htwpwynpnipjut yepupbpuy [5]:

Unyt wopnwnnipiniinid uhtijupnt dkpkuwgh Unthpnphtigh hwdwp wnwy-
unpnty Eup tpwting, np ny uhdbnphl nkdhdubpp wvnnunnph hwpnypubpnud wnw-
owguinid k hwjunwl] hwonpnuljwinipjudp hnuwupttp, npnup hwtgkgunid tu
wiguiluih b Jpupwyinubq kplingpitph wnugwguwin [4]

- huiquunugunn thwpnyph jud pninnph qutqusughtt dwukph Ynpniun-
ubkph dkdwignid b mupwgnid,

- unnwwnnph b pnuinph hnuwupubph pupdp hwpdnhlukn,

- hnuwlpbph U jwpnudubph ny uhimtunhyumpmi’ wuydwbw]np]us
nnunph dwquhumljub b fEjunpuut ny uhdbnphlnipjudp:

Gnwdwq uhtijupnt Ukpktwtipmd ny uhdbwnphl nkdhdubpt wnwewund
guighti hqnp vhwdwq uyqunpsh dvhwgdwi, hisyhu twlb dwqh jupdw b dhw-
bwq fud Epydwuq junpd vhugnidubph nhwpbpnud [9-11]:

Quuwjws upul, np vhwdwq b bnwdwq Jupd vhugnidubpp hhdtwljutnid
wnwowgund ki juplwinl ny uhdbnphynipmit, wjumwdbiwgthy, nputp swb-
pugunud ko fEjunpuljwt dbpkuugh wpjumwnwbpp b Yupnn ko qubwqut pup-
ubiph wuwwndwn puntwyg:

Yuunwpjws Jhpnusnipniuubpp gnyg o wiwjhu, np wwwppbp wikjuingn-
ghwlwt gnpspupwgutpnid oguuugnpdynn EEjupuljut dipktwtbpnid wnwew-
gnn Ypupibph jutjudwip dhngdws hbnwgnunipmniup ghvnnwljuw hbwnwppppnt -
pintu | ubpuyugunud, husht b nigngws k unyt wpuwwnwiipp:

Ushuwnnwiiph tyuwwnwljn t dpwljly dnthpaphugh wignphpd, npp htwpw-
Ynpnipinit juw dwquyhtt jupd dhwgnidutph ghypnud hwpntwpbpl) bnwdwug
uhtijupni dbpkuugh ununnph thwpnypiubpnud wnwewgus ns uhdtwnphlnipmiip:

ZEnwqnunmpjut wpyntbpubpp: Uptjupnt dipitugh wpiwwnwiph plpwg-
pnid wnwyb] hwdwh dwqtph plinh ny uhdbnphlnipniut wpwewinid k guiigh
gstinh dhwdwq b qpoyuljuts juph dhel, hsyytiu b tplhdpuq fups dhugnidubph
ntypnid: Unyt wojuwnnipniunid nhinwplynud kb tnwdwq uhtijupnt dkpktugh
unwwnnph thwupnyph wunnudl vhugdwt hwdwp ninhy ([ ,), hwljunuly (1 2) i1

qpuyuljuit ([ 0) hnuwtpubpp dhwdpwg, tplhpuq jups dhugnidutiph ghupnid:
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Ul 1-nud ubpyuyugyuws tu a, b b ¢ dwgbpnid dhwdwq b Epldwq b skqnph
Ypu Epdwq upd dhugnidubh ntunidtwuhpdwt ujubdwbbpn:

Ul 1. w) dhwpwg, p) Epypuq, @) sbqnphp ypw Eplpug upd dpwgnidlbph hknwmgmndwi
ufulfmbkpp
Un. 1-3-nud phipdws Eu jupd dhwugnidubph nhwypnid nminhn, hwjunwy b
qpnjujutt hnuwputph hwjwuwpnidubpp:
Uniniuwly 1

Uhwpwg Jupd dpwgnilbbph nkupnid uplfupnl JkpEiugh puupufup thuypnijph
phnipugnulul wnlsnipinibikpn

Uhwduq jupd duquyht hnuwlpubpp b 1,,1,,1, hnuwlpukph
Uhwgnudukpp Jupnudkpp hunjwuwpnudukpp
a duqnud I, =1 =0,1 =31,,U =0 ]a
b e a 0> Za I=1,=1I,= 4
b dwugnid 1,=1,=0,1,=31,,U,=0 I =1.=] _I%
11— 12— - 3
¢ pmqnrd 1,=1,=0,1,=31, U =0 [ _I/
1==4= /3
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Ugniuwly 2

Eplpuq jupd dpwugnidbbph plypnid upbfupnt dbpkhuyh praphufuf hwpnyp)h
phnipugpulmbl wnlynipnibibpn

Epypwq jupd | buquyht hnuwbpttpp 1,,1,,1, hnumtputph
Upwgnuitpp hwjwuwpnidubpp

cb puqtph b | [, =—1, [, =0, 1/ 1
o I;=j b\/_’lzz_Jb Ay =0
3 NE]
ba puqph upgl | 7 =—1, 1. =0 11=J%§, ,Zz_j%},lozo
ac puqbph bl | 1 =1, I, =0 ,]:j%},lzz_j%},lozo

Ugniuwly 3

Okqnph ypw Ephpuq jupd dpwgnidabph nkwypnid upbfupni Jkpkiuyh pruphufup
thwpniph pinipugpnulul wnisnipmnibibpn

Bplpuq skqnph | dwquyhl jupmdubpp b U,,U,,U, jupnudtph
Upw fupd hnuwtiptpp hwjuwuwpnidubpp
dhwgnudubpp

cbuqtph bt | U, =U,=0,1,=0, | ;; _30 U —U.-U _U%
a =, Y=Y =Ye = /s
ba puqkphupl | U, =U, =0, [, =0 U <30 U ~U.-U _U/
e =, U=t == 73

ac puqphupel | U, =U, =0, I, =0 U <30 U -U. -U _U%
b~ 0> 11— Y270 3

Un.1-3-nud unnwugdws wpnniupubphg hbnbmd k, np ny uhdbnphy jupd
dvhwgnudutiph dudwtwlhtt puguhwjyndwt hwdwp whpwdbon b pdwbwy dw-
quyht hnuwbpubph b jupnudubiph wpdtpp, hsp htwpuwynp L hpujwbwgut] hw-
dwyuinwupiw nihsttph dhgngny: Lijpnuuyghtt gmugknh ogqunuugnpénidp Lklun-
pudkumthjuluh hudwlupgh wpunnpnodwh pighpitpnud hkpwblwpughi £
wuydwtwynpjws wyt hwihquuwupny, np npuip jupnn kb ny dhuyte puguhuyg-
wnl] whuwppmipniubpp, wy twb JEpwhuljl] hudwlupgh wohwnwupn [5-8]:
Ushumnnwiipnid wnwgwnlynn uhtjupnt dkpktwgh duquyhtt jupd vhwugnidubph
unbnéwd htknbwupubph dnthpnphiqh hpujwbwgynid E ukpnguugh Yhpwn-
dwdp:

Uwnnpl ubpjujugynid £ wpwewplynn unuhpnphigh hwdwlwupgh hpufw-
twgdwt wgnphpun:
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1. Uhtupnt dkpktuygh dwquyphtt hnuwmbipbph b jupnudubph swthdwt hw-
dwp nknuljuyjws myghsubnhg unwgynn wqnupwtibph hwjupuqpnud:

2. Unugwué wbwnqujhtt mqnubpowmbh pyuybugnid b ubjpnguiigught
thnpumigdwtt hwdwp ywhwbeynn wgqnuipwh dbwynpnid:

3. Uljpngutgh Junnigyuéph punpnipinil, hwoyh wntbiny, np ukjpnguigh
Untinpuyhti pbipunp ywhwp k pungplh huljynn wupwdtnpbph pwbwlhtt hwdwww-
wnwupuwt bbjpnubp:

4. Ukjpnguugh ntunigdwt wygnphpdh punpmipnit b hpujwbwugnid:

5. Zuljdwl wpyniuph Jepwpkpuw) npnonidubph pugniunid:

6. Unwugywd wpyniupubph thpluyugnud:

LY. 2-nud pipduwsé k tkpuyugdus wignphpdh hpujubugdub junnigws-
puyjhtt ujubdwi:

c- - - - - - - \
| Ulpbtugh puquihl |
| hnuwputph b jupnidutph I =
| swthyws njuukph pgniinod (g{)
I "§ =
Y
| (uu tw k 25
| winqupuiht Jkputhnjuhy EES
| ! £
=
| [Lh]pnhm]]ﬁl gwight tnpynn ulqr}mhgulhh] ! =)
quitqwsh dbunfnpnud | <
\_ _ _ _ _ = ————__ J
—r—_———— e ——— — — = 3

‘Uljpntiughtt guigh funnigjwusph
[Lh]pnhhhpb dnr}hlj—{ puwnpnipnil

[ Nuunigdwh wygnphpuh ]
plunpnipmni

Ukjpnguliguyhte
Jtpnisnipnil

Niunigdwt gnpéplipugh
hpujuwugnid

[ ‘Uljpnguiguyhtt ipnidnipju ]
npnonidbliph pinpnipni

[ Uwnwugyws wpnyniupubph J
tkpluyugnid

UY. 2. Uplijupni dkpkiuynid ns updbunphl nkdhdibph wnuowgiul unippnphigh
hudwlupgh Junnigywdpuyhl upubdwl
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Bqpuljugnmpint: Uowljjws wignphpudp poyp k niwhu hwjwpwugpt), qguw-

hwwnk], nwuwlwupgl) uhtjupntt dkpkwgh ny uhdbnphly phdhdubpp punipwugpng

gnpénuubkpp b nputg Jupdigdwt wpynmibupnid punniuk] hwdwlwupgh Jhdwuyh

dwuht npnonudubp: Unwgws wpyyniupttpp Jupnn o hwonnmipjudp Yhpunyty
twl HEjunpupuibgdut hadwljupgh jupwjupduwt hadwljupgh wihwthw wy-
hrunwiph wywhnydwt hwdwn:

ZEnwgnunnipinibl ppwfubugyly F 22 ghunnippul ndhunkh pphuwivului wow]-

gnipqundp ' 21T-2B195 Swlmgpm] ghinwlmb pldugh spowbulabpnid:
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Zuyuunwh wqquyhtt ynjhnbuthjuiut hwdwjuwpwi: Uniep tbpiuyugyt] &
Judpwgpnipiniu: 04.10.2022:

ML.K. BATTACAPSH, A.I'. APAKEJISIH, /I.B. JABTSH

AJITOPUTM PEAIM3ALIMUA MOHUTOPUHT'A ACUMMETPHUYHBIX
PEKUMOB TPEX®A3HOW CUHXPOHHOM MAIIIMHBI

AHaIM3UPOBaHBI BO3MOXKHOCTH MOHHTOPHHIA U BBISBICHHUS HEHCIIPABHOCTEH CHHX-
poHHOH MammHbL. O60CHOBaHAa HEOOXOAMMOCTH MPUMEHEHHsT Hanbosee 3(h(HEeKTHUBHOTO ajl-
TOpPHUTMA, KOTOPBI oOecrieyrBaeT BO3MOXHOCTD aHaIn3a OOJIBIIOro YHCiia JaHHBIX IS pea-
JM3alli MOHUTOPHHIA aCHMMETPHUYHBIX PEXMMOB CHHXPOHHOM MaIIMHEI B ciiy4ae (asHbIX
KOpPOTKHX 3aMblKaHuil. Pa3paboTaHbl alropuT™M MOHUTOPHHIa BOSHUKHOBEHHSI aCHMMETPHY-
HBIX PEKMMOB B CHHXPOHHOU MallIMHE U CTPYKTypHAask CXeMa CHCTEMBI.

Kntouesvie cnosa: pazHoe KOpOTKOE 3aMbIKaHHE, MOHUTOPHHT, aJlTOPUTM, HEHPOH-

Hasdg CE€Th, CHHXpPOHHAA MalllvHa.

M.K. BAGHDASARYAN, A.G. ARAKELYAN, D.V. DAVTYAN

THE ALGORITHM FOR MONITORING THE ASYMMETRIC MODES
OF A THREE-PHASE SYNCHRONOUS MACHINE

The possibilities of monitoring and detecting malfunctions of a synchronous machine
are analyzed. The necessity of using the most effective algorithm, which provides the
possibility of analyzing a large number of data for monitoring the asymmetric modes of a
synchronous machine in the case of phase short circuits is substantiated. An algorithm for
monitoring the occurrence of asymmetric modes in a synchronous machine and a block
diagram of the system have been developed.

Keywords: phase short circuit, monitoring, algorithm, neural network, synchronous
machine.
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“nipu Eu phpgws wyt dhwithnjunipjut whwhwnhl patwdlitpp, nph vhongny tnwpw-
Ssnipjut guujugws opjjnp (pophtiulp) Lonnpkt wpunwwywwntpynid k hp nkjhtdughte
htpwlljupht (Yepyuph): Uy putwdbtpny juy £ hwunwndnud phophtih jnipupuisg-
nip YEnh b Yipwuph Jpu wyg inht haduywnwupwing Jinh ghjupunjut Yanpgh-
wwnbph vpol:

Unwagpuyhl punkp. wpnjtinhy wpnuywunltpnud, dbwhnunpnth, withujw-
Jut YEnkp, Yipwwp, hwppnipintl, swnwuquygp, Yplhuwlh wuppbp:

Ukpwénipni: Utp kpyph nbnbunipjub dwujupnpuljp pupdpugibtint hw-
dwip wjuop npyhu wnwetwhtppe juunhp E phndnmd hudnpdwnhljuyh, hwoynnu-
Jut mbkjuuhjuyh htwpuynpmpnitubph juyt yhpuenudp b wjnndunwugnidp gnp-
dntubnmipjut pnjnp ptwgquyjunubpnid: Uju jpugph jnsdwt hwdwp whpudtown £
wpuqugub] ghnwhbinwgnuuljut b hnpdupupulub-Yntunpnijnnpujub wy-
huwwnwtiptibph mbEdwtpp b wbh wpymbwdbn nupdub] ghunnipjut dknpphpnid-
utipnh tkpypnudp mbanbunipjut dky:

dtpnhhojuy jutinph (nusdwt munnnipniuitphg dkjp wjnnduwnwugdus tw-
humgddwt b wpnunpmpjut hwdwlwpgbph unbnénudu k, npp htwpwynp sk
wunnlkpughty wpwlbg Yhpunkne hudwljupgsught gqpudhlugh dknpphpnidibpi
nt dudwtwlulhg htwpwnpnipniiubpp: Vkpjuynidu twjuwgstph unbnsdwi
hwdwp twpwgdnnubiph wojpwwnwiph hhdttwljub (Egni jud dhongp gpudhlju-
Juwl dnglku &, 1hth qgu juenigqus pnph dpw, ph hwdwlupgsh ypuuht: Lw-
huwugddwt gnpéplpwugnid untndynid Eu opjljntitiph Unpljutp, npntp twjuwgsdw
wwpptp thoybpoud jupng u hpuphg wwppbpdty hpkig podutqulught dwlop-
nujutpny: Uwuyu hisyhuh pnjuinuynipmit b Jigubint (hukup, dhhiunyut b,
njuutinh tkpjuyugdut wdkbwyuy] tnubwlp gpubhljujuts t: dddup E yun-
Jtpugil) twhwgsdwt wjiyhuh ptwquiun, npntn btwhiwgdnnp sh oquiwqnn-
dnud gpubhljuljutt wyu Yud wytt dhowduypp:

Lwuwgduwt dhgw]uyph thnthnunipiniin” gpuphljujut hupnpuwghugh
uljdwt wjwinuiwb Jdhyngubphg hwdwlwupgsuyhtht wbgnudp, sumd Lk
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wplumwnwtiph tnp mkjutininghwbkp: ‘Lupu b wpwye nu opjkljnh Unnkh gnpsuwmljw-
unpkl wupwppwihtt hwuwtbjhnipmut £ U twjuwgddwt mwppbp thnybpnud
wyn Unpbih wdktwhwpdwp thpuyugdwt duh punpnipjut htwpuwynpnipniin:
Onhtwl, opjkjnnh alip bwpuwgstihu thnpjuhwpwpkpnipjut wdktwjuy Enubwlyp
1htuh wpjumwnwmpp opjkljnp trwswth Unnbny, pwtth np wyu nypmd httwpwyn-
nnipnit k pudtndmd opjiljnp nhunwnpll) qubwqut phnwltntphg, tbpuntjng
twl tpw gnyup, Wnipp, npntp tyuwunnd Eu £oninpkt npnobn opjjinp punt-
pugpnn wnwbdiwhwnlmpniubpp:

Spudhjujuis hubnpdwughuyh dowljdwt hudwljupgsuyghtt Epuiwh Juplin-
nugnyt wnwidwhwnlnipniut wy k, np wju nhwypnid htwpwdnp E wdundun
nhdhunid dbuthnjul) twhiwgsynn opkljnp tppuswhulut dnnbip’ wjnndw-
nugus twhwgsdw wyu jud wjt hwdwljupgh wwuppkp Bipwhwdwljupgbpnd
wt mpuuywwnlplnt b oginugnpétint tyyunwlyny:

Uyu htwpun]npnipynibip pouy | wiwghu wighbnt tuuugsdw hwdwlup-
qtinh, wpununpmipjut nkuunnghwljwt twhwywnpuundwt b poth wpnwgpne-
putt hwdwwnbniu bnp, hbnwiuwpuyhtt dbpnpupwinipjuip’ Jhwubwlut
wnyjujubph puquyh hhdwt 4pw, nph jEunpnunmd E quidnud twjuwgdynn b wp-
wnwnpynn opjjnh Unplip, nph pndutunipnit b juqunud gpudhljuljui fud
Epypuswhwlut ndyuubpp:

Udunduwnugdus twpwugsdut hwdwlupgipnud jupbjh £ unwidiugty
gpubhjuljut hwdwlupgtph jurnigdwb tplynt dukp.

* gdwqgph Ypuw Ynnlunpngyws,

¢ opjkiunh Ypu Ynnuunpnoyus:

Qswugph Ypu Ynndinpnogus hwdwljupgtpt wywhnynd Eu gdwgpu-ntiun-
pnijunnpuut hwunwpnpinh vnbnddwt hwdwp withpwdbyn pnjnp yuydwb-
ubtippn: Ujuyhuh hwdwljupgbpnid uinbndynud k ns ph opjiljinp (Unnkn), wy qpu-
dhjujut hwunwpninpn:

Udundunugdus twpiugddwt hwdwlupgbph gpubhjujut hwdwlup-
gtiph tYnpnighwtt wyjuop hwugkgnty k tpwl, np gdwgph ypw Ynnlunpnogus hw-
dwlupgbptt wunh&wbwpwp Ynpgund ke hpktg ywbhwlnipniup: buly opjiljnh
Jpw Ynndunpnoywé hwdwlwpgbpp hkpwujwpwht Bu hwdwpynid wyt wgun-
dwnwugws twhmgsdwt hwdwlwupgbph hwdwp, npnup niubkh wudhpwljut Gp
ntuh wjnndwwnwg]us wpunwnpnipniup:

Ukipjuynidu oppljnh Ypu Ynndunpnodus gpupphjuljutt hwdwljupgbpnid,
npnig onijub puduljutiht juy £, hhpdtwljutnid nisqus tu opiljnh tplpusw-
thwljul, hyybu tul ynipulut b gniukpuwtiquyhtt Unpbjudnpdw jpunhpubpp:
Lnsqws kb twl Unybjubph nuppbp wkupbph, wyy pynd twl hkpwilupughl
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wnbupbkph vnwugdwt htn Juuyws unhpubpp: Uwuwdp msgws G dnphih
Awthnpudwt juinhpubpp: Unnbkjp fupkh Eubknuowpdt), uyunnk), hnthnjub) btpu
dwupnupp, uknuk) b dqk: Upwtp gdbwyhtt whhtiwljwi Abwthnfunipmitinbp Gu:

Uwutwynpuytiu (nisdws sk wyt juuinhpp, npp poy) juup unwbwnt op-
1Eyunh wjtyhuh Swwjuyht tnwswth dnnkip, npp nknuynpybip mupwsdnipjut
twhiuybu wnwewnpdus pynt dwjkpbingputpny vwhdwuthwlws ubn sbpnh
Uk b nnwpwsdnipjut nplk jhnnmd quidnn ghunnnh dby wnwowgubp hpuljub
opkjnp nyuynpnipniin:

Opjljinh wyuwghuh sufuuyht (ehtduyhly) Yhpyupp Ynsfoud E nbihb-
duyhtt hknwuup, npp Jupbh E unwbu) opjkjnh Eunpnuwlut wpnjkinhy
Epypusuthwljw dbwthnfunipyub vhongny:

Unnpphttwwnitph dbwithnunipjui puttwdbbpp: Futwdbbph pgnipupbpdwt
hwdwp twpu oquyktp nhjhkbwyhtt hinwujwph vwhdwiunulhg (gput tbpluywg-
Unn wwhwtgtphg):

Yjupnyut ynnpphttwnttph ulqpuulinp hwdwnbnbup € nphunwljinp
htw, hulj ¥ wnwtgpp guuwynpbp ninnuhwjug wjt @ b P hwppnipniuubphl,
npnugny vwhdwbwhwljws mwpwsnipjut skpnnud yhwnp L unugyh nbjhtbw-
1ht hknwitlupp (uy.1):

T M
\\//‘
M(a, b.c)
z 1
A (M
g
o /
- >
C \x 4
F K
D

U 1 e pEpuyhl hkpwbluph Junnignidp pkiupuywl hundwljupgnod
Thuwpkup nwpwsniput judwywulwi M(a, b, ¢) Yhwup: Uju Yhnh My
YEpyupp whwnp £ mbnuynpyh Q@ & P huppnipniuttph dhol b nuwuwynpyh nh-

nuwljnny wigunn CM funwuquyph Ypu (puophtuyp b tpw YEpwwpp nhwnnnh
Uk9 ywp E wnwowgukl tnyt nyuynpnipiniup):
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SM Swnwquyph pnpnp Yenbpp, wyn pynid’ twl ipu Me wihujuljub (wi-
Ytpe htinnt) Yhwnp, Yupth t tupugnpby a, b, ¢ Ukdnipnititpny kY thnthnjuw-
jwt U wupwdbwnph dhongny (a, b, ¢, U): Uy Yhnbph nhjupwnjut Ynnpnhtiwn-
Ukpp Ynpnopdbl htnlywy pubwdlbtpngd

x=2Y=0Z=2, 1)
U U U

npunbkn U gqupwdbnpp hnthnpudmd £ O ... c0: Uju wqupwdbnph 0 wpdbph nhu-
pnud npnoymid E CM §wnwquyph Me withululjwi knp, hul o wpdph nhypnid’
C uljgpumajbwnp:

M Ytwnh M1 Yhpwwpp tupugpbip U wwpwdbnph dhengny (a, b, ¢, Us):
Upw nhupunyul Ynnpyhwnitpp Ynpnoykl hbnlyw) putwdbbtpny

X1 = —,Z1=—, (2)

Ui
npunbkn wupwdbknpp bu jupnn £ thnthnpudb) 0. oo :

M u M1 Enbph humdwywwnwupuwtnipyut opkupp (Yud, np unyub k, mw-
pusmpjui diwthnfunipinibp) jupbjh b hwuonwnt] wpwewnping U b Ur ww-
pwdbnpbph dhol juy hwuwnuwwnnn Ur = AU) dniuljghwt: Lutih np wpnku ghnbip,
nn nhhEduyhtt hipwijuph vnugdw hwdwp Yhpwnrdnn dbuthnfumpniup wyhwup k
qdwjht {hh, nunh wyu $niughwb Ynibbiw htnbyuy nkupp’

U =mU + n: ®3)

Uju dniujghwyh m & n qgnpswljhgubpp npnobynt hwdwp whwup E oqguuugnpsdty
b hkbuyhtt hipwujwuph vnwgdwi hwdwp wihpudbon twpbwjut yuydwi-
ubkpn: thunwplbup twhtwjuwl ygujdwbubph wpwewnpuwt Eplnt nkup.

1. Spynud G nkihEdh okpnp uvwhdwbughtt P hwippenipjut D hkpwynpnip-
miup € nhnwljknhg b oipnh K hwuwnnipniup (ul. 1):

Ulipupd Yhnbph @ huppnipjul hbpwynpnipiniip phnwlknhg Yihuh'

F =D-K: (4)

Uju nhypmd nnwpwdnipyub wthujulwt Yenbkph (U = 0) YEpuyuptbpp
whwnp E quuunpyt B huppnipjul dke, wyjuhtip U = 0- h nhypnid ¥, =D,

. b
b (2) - hg unwind kup U4 = 7"
Nwpudbnpbph wju wpdbpbbpp nknunptiny (3) —h Ukg, unwinid kip'

n=-: 5)



) b
Bpt pophtwl-§Ewnp nuuwynpws k Q hwppnipjutuky ¥ = FLU = I

TS

wyyw wyu hypnid ipw Jpyupp hudplomd wyy §enpt' ¥, Fu Uy =
Nwpwdbnpbph wyu wpdbpibpp nknunpting (3) ~h Uk, unwimu kup
b b b D-F K
—=m-+—,m=—ljudm=—,
F F D D D
U qnpdwlhgtph wpdbpubpp whnugplng 3) - h Uk uwnwinid kup npniibkh
$ruitghuh Ykpotulul wkupp’
DU, = KU + b: (6)
(1), @) b (6) - hg unwunid Eup npnubh dbwihnpunipjut htnlyu whwh-
nhY pubwdlbpp wpnwhwpngus ghjupuut jnnpphtunibpng.
Puonhtiwl] — YEpwwp Ykpywp— plophtiwly

( _ Dbx,
X, = Y+k
DY
1Y, = Yok’ (7)
_ Dz
\“1 ™ yik’
(x = XX1.
D-Y,
KYq
1Y =55, ®)
_ KZ4 .
kZ =1,

(7) hwjuwuwpnidutiphg plund £, np Yepyuph Y1 Ynnpphtwnp vwhdwiu-
thul) Ukdnipjnit k b sh gipuquiignid D dbkdnipjuip: I‘pnp‘

tpt Y Y oY I P
P = oo,uyu Y11= —— =lim =D -
Yoo Y+K v e K D:

1+T

Uw tpwbwlynud k, np nwpudnipjutt guujugus opjiljnp ntjhtduyhtt hbnw-
ujunt hpnp mEnudnpynud  twppuygbiu wnwgunnjus K hwuwnnipjudp okpinh dby:
(8) hwywuwpnidubphg plunid &, np ¥1 = D — h nhwpnud puophtiwljh pnjnp
ynnpphtwnttpp hwjuwuwpynud Bt widbkponipjut: Uw tpwbwlynwd k, np hpnp
nuwpwdnipjul pninp whuulub Yenbph YEpyuptbpp quuuynpdnud tu f vwh-
dwtughtt hwppenipjub dke:
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(7) b (8) hwwuwpnidubphg Yupkjh £ hwinqyby, np ¥ = (D - K) = F nliy-
pnud unnwgynid k¥1 =¥: Ujuhpt phophttwl-opjkljnp pojnp wyt Yhwnkpp, npntp
nuuuynpjus b Q hwuppnipjut ke, dhwthnunipjut dudwwly dunud Eu hpkug
wnbnbpnud:

2. Spynud Eu plophtwl-opljnh Epynt gqniquhbn hwppnipmnibttph
(a & ) htinwynpnipynibutpp ghnwltnhg (g & f) b gpuiug Yipwwpubph (o b
f1) htnwynpnipniubpp (g1 b f1) unyb nhnwltnhg (0. 2):

o1 Bi p “M
7 ///DN a B
| N,
O//
S\XY
f, K

Ul 2. Phoppinul-opyElnbbph b ppuig fepuyyupakph Junpnignidp
Uju ghiypnid dbwthnjumpniip npnonn hwduwuwpnidubpp wvinwbiuygne hwdwp
pujuljut £ (7) hwwuwpnudubpnid woljw K & D dbénipniuubpt wpnwhwynt
g gu f & f1 dbdnipmitubpny: dpw hwdwp padului £ nbknungpty ¥ =g- Y1 =g
LY =f - Yi=firwupdbputipp (7) - h Ephpopy hwjuwuwpdwi dky:

Dg,

\ 91 = g+K
Lniskny Df hwdwljupgp, vnwunmd tup D & K dksnipniuubph

1 = 7k

f+K

htwnlyw) wpdbpubpp, npntp wpnwhuwyndws tu wndju) nEyph hwdwp withpudton
U bwpiwybu wowewnpws g, g, £, & f1 Ukdnipintiikpny
K = fa(f1-g91) — [191(-9) .
fo1-f1g9 ’ f91-f19
Ujuyhuny, nhunnwnplynn phypmd wthpudton duthnfumpniut hpuljubug-
Uty hwdwp puduljui  oginugnpsty (7) b (8) hwjwuwpmutbpp tpubgnid nk-
nunpkiny D & K dkdnipiniuubph wpdtpubpp, npnup npnoynid Bt (9) hwjuuwpnud-
ubpny [1-3]:

)
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Ujdd nhhEdught hkpwuuph uvnugdwb hwdwp wthpudbon Ynnpphtiwn-
ukph dbwthnpudwt Epind poipupbpqué pwbwdlbph donnipniup unnighine
tywwnwlny vnwbwbp wyy wnyt pubwdlitpp oguugnpstny Epypuswthwlul
wignphpup:

Swpwsénipjutt judwjulwi A Yinh nkhEdughtt hipwtjuph Junnigdwb
tppuswthwlut wignphpdp wunltpbip kpynt nbkuptph (wpnjklghwubph) dh-
ongny (uly. 3):

Ul 3. Ykwnp nkjpEpuypll hkpwhluph jupnignidp wkuplbph dpongniy

znphgnuwlui ypnjtlghuyh ypu ghunwupltup SMA: i ANA: bnwblynibubpp:
Brubn] wyu knpwblnibbbph tdwinipniihg vnwbnd Gap.

SM _ MA;
AN = AN’

'Yy X1,
Y-Y, X-X1

Jund (10)

Yhunwplykny SPA1t AA1B towblnibbph tdwbm pynibp, uvnwbnd Eup

SP MA4q + D X1
- = w — .
AB A1 N Y-F X-X1

(11)



Znphgqnuwljwt wpnjkhghugh Jpw nphunwpytip ABA: b SPA: knwilymuubpp:
Glukny wju knwulyniibph tdwbnipnithg” vnwind Gup.

AB _ QA 'Y-F _ Z-Z
SP_AlR’-llw‘[ D z; (12)

(10), (11), (12) hwjwuwpnidkpp hwdwinby niskny, unwbnid kup nhihk-
$uyhtt hipwljuph jupnigdwt hwdwp wihpwdton Ynnpphtiwnubph dAbwthnju-

dwtt hbnlyjw) wbhwhnhl pamiwdliipp [4-6].

Puophtiwl - YEpwup®
DX,
X1 = vk
DY
Y, = ik’ (13)
DZ
LZ 1= vk
Ukpwywp — puophtiwly’
X = KX1,
D-Yq
_ KYq
Y =550 (14)
LZ _ kz;
D-Yq '

Bqpuljugnipini: Ujuyhuny, unnugdud pubtwdbbpp hudpulund tu (7) b
(8) pwbiwdlikph htw, npnup nnipu thu phipduws whjwj nkhidughtt hinwuwph
Jurnigdwi Epjpusuhulut wignphpuhg: Uw tpwbwynid b, np gnipu phpdus
pwtwdlbpp Juphbih b ogunugnpsdt) Erwswth vnwpwsdnipjut opjkljnnutnh nkjht-
$uyhtt hinwujwpubph juepmigdwi gnpépipugh wjnnduwnugdu hwdwp:

Uuhpwdtown L ok twly, np gnipu pipdwé pwbwdlbtpp hwiphuwinid tu
unynpulju hwpp gduyhtt hipwujuph vnwgdwi hwdwp jhpwnynn putwdbibph
punhwipugnidp: Zupp gdwyhtt hipwbljuph jupnigdwt pubwdlbpp vinugynud
Eu wyuntn gnipu phpdws (13) b (14) pwtwdliknhg, tpt gpuignud duutwlhg K
Ubkdnmipinip (nh{htduyhtt hknwuljuph wtpwpd b vwhdwwghtt hwppnipniaubpp
htnwynpmipnip, Jud, np tinyub E, nkjhEdh hwunnipiniun) hujuuwpynid k qpogh:

K dbdnmipjutip Yupkih E Eipugpl) bwb puguwuwlub wpdtpubp: Uy nhw-
pnid nhhtdh vwhdwbught hwppnipniup jnuwuwynpgh ghnnnht wkjh Unn, put
wtpwd Yhnbkph huppnipmitp, b wpyniupnid junwbwtp huljunupd (uhdbwnphly)
htnwtlun:
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Zuyuunnwtth wqquyhtt ynjhunbuthjuljwt hwdwjuwpwi: Unipp tbpuyugdtp &
hudpwgpnipinit 16.07.2022:

K.A. COTOMOHJH, M.I'. BAKYHI]

HHOJYYEHUE HEOBXOJAUMBIX AHAJIMTUYECKUX ®OPMYJI JLUISAA
MNOCTPOEHUSA PEJBE®HOM MEPCIIEKTUBbI

BeriBenenbl ananutuueckie Gopmyibl mpeoOpa3oBaHusl, MOCPEICTBOM KOTOPBIX JIHO-
0011 00BEKT B IPOCTPAHCTBE (OPUTHHAI) TOYHO MEPEAETCS B €T0 PEIbEPHYIO IIEPCIIEKTUBY
(m3o06paxenne). C moMomnIsio 3TuX (HOpMyIT YCTaHABIMBAETCS CBSI3b MEXKIy KaXKIO0H TOUKOI
OpHUTHHANIA U AEKAPTOBBIMU KOOPJAMHATAMU COOTBETCTBYIOILEH TOUKH Ha BHrype.

Knroueesvle cnosa: npoekTuBHOEe W300pakeHHe, npeoOpa3oBaHue, HECOOCTBEHHbIC

TOYKH, 00pa3, IIIOCKOCTD, JIyd, TBOMHEIC JJIEMEHTEI.

K.H. SOGHOMONYAN, M.G. BAKUNTS

OBTAINING THE NECESSARY ANALYTICAL FORMULAE FOR THE
CONSTRUCTION OF A RELIEF VIEW

Let us derive the analytical formulae of the transformation through which any object
in space (the original) is accurately rendered to its relief perspective (the image). With the
help of these formulae, a connection is established between each point of the original and
the Cartesian coordinates of the corresponding point on the image.

Keywords: projective reflection, transformation, pointless points, image, plane, ray,
double elements.
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Unwownlyt) k peowghtt jwyh hwdwlwunpgbph tubpquéwpiuh b Eukpquupnynibw-
JEtnmpjut quuhwndwt duptdwnhjujut ungb], npp hwpyh L wntinwd pwphahy tnputiu-
wnpuwghtt gdkph Ypw htwpwynp tubpghnhjulwt Ynpniunbpp: 8nyg k wpdby, np wyy
Ynpoiunibpp Jupqus i wqpuipwittph hunnpydwt hpweynn wkuininghuhg (ow-
nhljudwtpuptiuht, dhjpnuwihpuyghty), ninyninghwljui ménidutiphg (wunnudl, swunwdl,
onuljwdl) b hwiwljupgh pnpnibwlnipinihg:

Unwbgpuyhll punkp. pooughtt juw, puquhtt juyub, Eubpquswhuu, Eukpquupyne-
twdkwnnipinil, npubuwynpuught ghs:

Lhpwdmpinil: Mundwlwinpki hipwhwnnppuljgujut ptuquuemd dks
nkn E hunljuglt] peowjhtt hipwhunuwjuyh hwdwlupgbph wyt jpunghpubkpht,
nnnip Upindws L dwnnigynn swnwynipjniiubph npuljh pupdpugdwip, guhwb-
ouiplh wywhnydwp b puljipnipnititph pwhnyph dkdwgdwtp: Uy hul gqun-
Swnny hpuljutwgynn tkpypnidubpp, tnpupujub wppwnwpubpp b ghnw-Yh-
punwlwb hbnwgnunipniuutpp hhdbwwind ninndws thut hwdwlupgh wjt
dnruljghntiw) yuwpwdbnptph puptjudwip, npnup wywhnynid thu ks Sww-
10y njujubph hwnnpynud, wpwybjugnyt uyknpuhtt wpynibudbnniemnit b
thnpp huyunuwi dudwbwlubp: Uymu §oquhg dudwbwlulhg poouyht htnw-
hunuwluyh hwdwlwupgph swhwgnpsdwb pughwiunip dwjubph dbe Lubkpqu-
dwijuuh ULS Yohep (15...20%), htswybu twl tukpqunbunipulibph quh b Eukpqu-
Swuup owpnitmuljub wdp, Fubpquupynitwybnnipyut junhpp npupdpt; Bu
wpnhwlwi [1, 2]:

Poouhtt htnwjunuwjuyh hwdwljupgbph punhwinip Eukipquswpiup npny-
Ynud E htnljuw) pwtiwdling [3].

Protar = 21" MiPps; + Pou, 1)

npunkn m-p puquihll uywibkph (BS) whwbph pubwli hudwlupgnud, n-a' i
nhwh BS-ukph pwlwlp, Pes,-tt i mhugh BS-ukph Eubpquswhaup, Pg,-t' puiphuhs
npwiuynpuughtt gstph (Backhaul) ypw Eukpgbnhljuljwt Ynpniuntbpp:
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Eubpquupynitudbinmpjut guuthundwt hudwp Jhpunymd £ swsynyph

«dwjkptuh Fukpquéwhiu» (Area Power Consumption) gniguihon [4-6].
APCrorar = gzt @

npunkn Ag, -t { nhwh BS-tukph dwslnyph (wqpkgnipjut gninnt) dwtpbut k:

Qpuljutnipniunid peouyhtt hkpwinuwjuwh hwdwlwupgbph pughwinip
Eubpquéwpaup b Eukpquupnynitwdbnnipniin quuwhwnbijhu, npybu jubnt, wb-
nbuynud Bt mpwbuynpunught gstipny wuwydwbwnpjus tubpghnpljuljut Yn-
pniuntbpp [7-11]: tw pugunpynid £ ugb hwbiqudwipny, np junpnp BS-ukph
(macroBS) nwypnid nputuwynpuwght gdbph tkpgpnudp punhwinigp Eukpqusufu-
untd whywh k: Uynu §nnuhg dudwbwlwuljhg poouyhtt hknwjunuwlwugh hudw-
Jupglpnud, dwubwynpuybu, htnbpnghtt gwugtpnid (Heterogeneous Network -
HetNet), puquupwtiwil] thnpp BS-ukph (microBS, picoBS, femtoBS) Jhpwnnidp Ju-
nnn E hwtigkgutb) tpgws Eukipgbnhjuljub Ynpniuniibph qquih dkdwugdwn:

Uslumwnwipnid dtpnisyt] £ pooughtt hhnwhuinuwlwwyh hwdwlwupgbph
Fubpquupyntiwybinnipyniip” hwoyh weltyng puouhs inpubuynpuughtn gstph
Jpuw Lukpgbnhlulwb Ynpniunbbkpp:

Zwpqupluyht dnpbjp: BS-ukph tubpquéwhiup quwhwwndb) £ unnpl php-
Jus hwpdupljuyhtt wmpnwhwynnipyudp [8].

Nr,P
M+NTXPRF+fPBB

(1-6F) Pac-pc |, Ppc-Dc
Pgs = Ng 124 + + + Pps, 3
BS s (1-8ms)(1-6cool) Nac-pc  Mpc-pc PS ®

npuntn Ng-p b Ny -p hwdwywunwupwbwpwp ukunpubph @ wibhwjwpubph
pYwpwtwlu &, Prp-Ut, Pgp-Ut, Pyc_pe-ut U Ppe_pe-t' hudwwywunwujpwbwpup hw-
nnpihs-punniuhy hwdwlwupgh, pyujhtt wmqnutpwth dywljdwb vwppuynpuwl,
Jwpiwl hnjuwlpyhsh b jupquynphsh npjuspwihtt hgnpmipynitkpp, Pps-u’
thnthnjuwljutt hnuwtph uywnrhsubph gnidwpuyht hqnpnipniun, 8ys-t bt 8cpe
huwdwywunwuhwbwpwup hunnppiwt qskph ypu b jpugnighs hndugdwdp wuy-
dwtuynpws Ynpnrunbnp, n4c-pe-tt U Npe_pe-tt” hwdwyuinwupnwbwpwp jup-
Uwl thnjuwltpuyhsh b upqunphsh o.q.q.-ukpp, f-p pinipugpmu £ pjught wg-
nuipwih dowjuw vwppudnpuwt pywpwbwlp kY ukljinnpnid (f € [Ny, 1)):

Yhuwplll b wqquipwibph hwnnpyiwb bpym nkjuinnghw dhypn-
whpuyhtt (Microwave — MW) b oyunhjudwtpwptjuiht (Fiber — Fib): Unwohl
ntypnud Eubpqubswpuuh (1) pwtwdlip Yniubtw wjuyhup nbkup.
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Protar = Xi" niPps, + PR, 4)

npntin Pgj;” pununphsp Juipnn b unnbjuynpyby htnbyug Yhp.
Pl = Psin + Z?]BS PMY: &)

Uju wpinwhwpinmpniimuy P, -p pugniths (Sink) hwiignygh Fubpquswuut
L, P 41" dhypnwihpughtt npubuynpuughtt gskpny j-pn BS-h Jkpuhwnnpmdwi
qnpénnmpiniikph hpulwiwgdub hwdwp Hibpquswhiup, Npg-p' nuppbp nhuyh
BS-ubph punhwinip pwbalyp: Y-t Yupnn kip wpunwhwynk) tplynt punugph-
s Yuujwd dhypnuhpuyghl wikhwywpbbph N* pwtwlhg b dhlpnuhpught
npuwbuwynpuught gdtpny hwnnpnynn X; ppudbhlh dkénipiniuhg.

ijW =P agg (NJ) + PSwitch(Nij' xj)' ©)

nnnkn

p. () = Prow» 17]1]-’ Nj 2 T hyow,
Jaggiys PHL'gh' bﬂP N]' < TbLow ,

0’ ZZ[]P]V}TX =1,
PSwitch(Nij: Nj) = P [ Nj
s

Max
xSwitch

], EppN* > 1:

Uyuuntn P g4 (X;)-p nhunuplynud b ppubhih 2 suypwhtn dhéwyh phwpnud
(T Brow-hg gudp b puapdp), huly Psyieen (N, 8;)-nud huipyh £ wintnws Ynunununnnph
tubpqubwiup Py Ruwlubwpup, Yhpehtu Yhpundnid E wyh nhupbpmd, bpp
dhypnw hpuyhtt wkhwupubph pyupwwlyp tpynt b wydth k:
‘Ldwtwnhy qguunnnnipniitbpny b npnoynid E pugnithy hwgnygh Eukp-
quéwhuup
Psink = Psink.aggRsink) + Psink.switcn (Neinger Rsinie)» ()

nnnkn

Prow, b]lP Rsink = Thyow,

Psink,agg Rsink) = {pHi gh &pp Rsinke < Thyoy ;

0, &pp Nopye = 1,

P.. o (NEX Re ) = Ne:
Smk.SWLtch( Sink Smk) {Ps [N;:;k ]’ bﬂ}’NsTiik > 1

Switch

Owunpludwipwphkjuhtt npuuynpunuht gdtph nhypnid tubpquswpup
(1) pmiwdip Yniukiw wyjuyhup nkup.
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Protar = 21" i Pps, + Ph, ®)

npwnkn Pg Iif pumunnhsp, hudwduyt [3] wphuwnwtiph, upnn b dnpbjunnpyty hbnb-
Ju Yhpuy.
i 1
Pii = [xMax Qi n) [ P + X" n:) Pay + Now P ©

Switch

Ujuntn Py;-p npuighnughtt “h Jup” ppubhyh pgniodwt hwdwp ndne-
nunnnph Fubpquiswiul b Ny-p b Py-p “h Jbp” htnbpdljubph hwdwuyunwu-
huwtwpwp pyupwtwlp b gputg Eukpquswup:

Eubpquupnynitwgbnnipjutt ghwhwndwt hwdwp swsinyph dwlbpbup
npnoynid | hknlju) pwtiwdling [9].

_3V3 »

ACL' - 2 rmaxi' (10)

npwnkn 7,4, § mhyh BS-ukph swsynyph wnwybjwugniyt pwnwyhnb k:

Jhpnsnipjui wpyniiputpp: Thunwplyl] £ dhlungt pognibulnipinit b
dwsynyp wyywhnynn tplynt hpwyhdwl: Unwehth nhypnid peowjhtt hinwjunuw-
Juuwh hudwlupgp Junnigws k dhwyt macroBS-ukpny, hull tpypnpn nhypnd
wg pungplnid k macro, micro b pico-BS-ukp: 8nipwpwtynip ppwhdwlh hwdwp
Juwjwilbkph pubwlp npnodty £ &kny ufjuy swsnyph hwdwp wihpudton
ponniiwlnipyul wyuhnfbne wuhwbehg «Atolls (hgkiquunpjwé spugpuhl
hwppwlh dhgngny [12]:

Nputiu ubnught phunwplj i Ea [8] wphiwinwiipnid phpdws macro, micro b
pico-BS-utiph mnkjuthjuljwt gnigwuthpubpp b Eukpquswhiup, hull wyn Juywikph
swslynyph swnwdhnp pugniudl) Bu hwdwywunwupwbwpwp %,,,=4000, 1000 b
300 o PY-h b PfiP-h hwogwupyh hwdwp oqinugnpdyky Ll Ericsson plljkpnipjut
poouyhti jugh hundwljupgbph htnlyw) wndyuiubpp [13].

- Uhypnwihpuyhtt mpuwtuynpuwghtt gdtph ghwypnud. T 4;,,=500 Uphur/i,
Riwitcn=36 Qphun/t, PLoy=36 Yus, Py;gn=92.5 w1, P,=53 Ju,

- owuhjudwipupbjuhtt mpubtuynpuughtt gdtinh ghwpnud. P =300 Y,
Pyy=2 Hun, Pgy=1 Hun, N3 =24 Qpfhun/if

UY. I-nud pipdud tu APC-h quwhwwndwt wpnniipubpp macroBS-utipny Yuw-
pnigwd mwpplp mpuwbuynpuughtt gdtpny b pognitwnipjudp hwdwljupgbph
ntypnud: Bpunwd k, np oynhjudwipuptjuyhtt mpubuynpuughtt gdtpny hwdw-
Jupgpp Gjunbjhnpkh Eubpquupynibu]bn b hwnjuybu b ponmbwln -
pintuutph nhypnid (niukl thnpp APC): Tu wuydwtwynpdws L uwyt hwhqudwi-
pny, np oyynnhjudwbipupbjuyhtt npubuynpuughtt gstpny hwdwljupgtph nupw-
pwignip BS nith wpwidiugdus tpljjhnughtt thwgnud pniihs hwignygh htwn:
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MW Fib
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(=)
(=]
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(o]
(=)
[=]
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S

Uwiljtipkuh tubpquswhiu, Tn/jd?
S 3
[=) o

(=)

0.1 1.0 10 100
Enqmiiwlmpmiy, Uphp/Aal?

UY. 1. Owdlniph dulkpkup Fakpqusupiup nnmupplkp npubuynmnuyhl gdkpny b
Jnpniinulnipyudp hwdwlupgkph nkuypnid
Ul. 2-nud phipjws B macroBS-utpny b macro+micro+picoBS-ukpny Junnigqué
poouhtt hwdwlwpghph APC -h Yuujuésnipnibbpp papnibwympymiutbphg

wnwig b oyunhjudwbpuptjughtt wpubtuynpuught gdtph Ypw Eubpquljnpoiun-
ubiph hwpgundudp:

L1 ——— wnwihg mpwiuy. gdkph

. gok
1000 npubuwy. gdlipny

v

macroBS /
a4 4

r%
I~
3 800 i%"
2
2 P
% 600 P
= /’”
=400 2% macro+micro+picoBS”
5 == N
= o~ ] el
= 200 e
E: I v
=] e
0
0.1 1.0 10 100

@nynibwlnipmiy, Uphp/ad?

Ul 2. Owdhnuph dwulbpkup Fhkpguswipiup macroBS-ukpny b macro+micro+picoBS-lkpnt]
Jupnigiwé poouyhls hunlwlwpgbph plypnud ' jwpjus ppubg pognwlnipmi g
wnwhg b oyupudlwbpupljughl npubuynpunughl gskph Jpu Fakpquilnpniumnbbph
hupiundundp

Yunnn Lup thwuwnk) hbnbjw) wpwidbwhwwnlnipniuubpp.

- macro+micro+picoBS-utipny Junnigjus hwdwlupgtpp, dwubwynpu-
wku HetNet-p, wykh putt 2 wiqud Lubpquupyniiwgtn ki dhuygt junpnp BS-ukp
ptngpynn hunfwljwpgtphg,
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- 4G (I&Ill’lnlhu.lllnLIa]nLhE‘ ns thnpp 0.1 Uphp/Y/d?-hg) b 5G (pnnniuwlnip-
jnLtp’ ny thnpp 10 Uphp/d/i-hg) pepuyhtt hunfwljwpgbph nhupnud, wljwlu wqpw-
owtiubph hunnppdwt nkjutininghwyhg, mpwbuwynpunughtt gdkph tkpypnudp pn-
hwunip Eukpquupymibu] binnipiniinud wtipwb b

Uhlypnwhpuyhtt npubtuyynpuiught gétipny hwdwlwunpgbph hwdwp 4bpns-
Ut k gtiph tpbp Swpnupuybinnipynih (nnuyninghw) «aunny, «swn» b «onquly:
Uljwfu nnuyninghuyh dihg pnpnpt b nibikt §Enpniwlwb hwignuyg (Hub), npp
ppwdhlt ninnnpynud k pugniths hwgnyghte: Zknmbwpwp, JEunpnbwlut hwi-
gnjgutiph puwtwlp Juhnws Yihth BS-ukph pwbwlhg b innyninghwgh sunhubphg:
Zhpunipjut hwdwp pugnitkup, np winwnnghuynud nupupwisnip BS Jupnn k
hwunbku qu npybu YEtnpnbwlwb hwugnyg:

Unniuwlnid jadpurdnpyws i macro+micro+picoBS-ubipny uquws hwdw-
Jupgtpnh APC-h quwhwwndwb wpyniupubpp dhjpnwihpujhtt mputuynpunught
qstinh muppbp Swpunupuybnnipmiatbph hadwn Eplynt pogniiulnipjut nghupnud:

Ungyniuwl
Uwlkpkup Fabpquéwpuup, dun/[pn?
«Own» «Uuwnnp» «Onuly»
Ponnibw- | Unwlg
Ynipjnitp, | wpwbuy. » \ _
Uphp//? | gdtph ( N
. o«
s — — -,
10 265 304 328
100 384 485 522

bPusybu tpnd | wnpniuwlhg, wrwlb] Eukpquswhiuwnup tu «Onulyp»
Swupunupuy binmpjudp mpubtuynpunught gdkpp: tw hhdtwjutnid yuydwbw-
Ynpjws k plynt gnpénting: ‘Vwpu” onuiljudl wohuwnwlipp wpwthnbyne hwidwp joi-
nupwignip BS whwup E hwdwipws huh Ynudntnwunnpny: Fugh wyr, mpuughun
Juwninhlkpp dhown gnpénid ki Uks popnibumpjui nkdhund’ thgwlghly ppw-
$hyh Uks swjwh yundwnny: Uymu §nnuhg oquljwdl innuyninghuyh qhugpnid
nplbk juwnignt htwpwdnp puhwidwt dudwbwl woiwnwpp Yupbih k jup-
quynphy, husp pugunynud | Eubpgquuppnibwdbnnipjut nkuwltnhg gipunu-
ubijh «Uuwnny gupunupuybinntejudp npubiugnpuughtt gsbph nhypnud: Uju hwb-
quuwtpt pungdnid £ thnjughonidh juplhnpnipniup Lukpquuyundwi b pwbqu-
nnudwuuyminipnit dholi: Eubpquupymibudbnnmput nkuwltnhg Swnwdl nn-
wnnghwt vhowtljjuy ntn k qpuntginid djniu bplynt nnwninghwtbph tjuundudp:
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Uju nypmid dhwly BS-p, npp whwp E nitubkbw Ynuniinwnnn b Uks pnnnmibwlynipe-
jnil, JEunpntwljut hwignygh k:

Uunwgwsd wpmyniupubphg htnbnwd £ np ghppupdp ponnibwlnipjudp
HetNet Juwd udwbwwinhy Swpunwpuybnnipjudp peouyhtt guugtkph nhupnud
wnpwbuynpuuwght gdtipny wuydwiwynpgus Lubpghnhulut ynpniunikpp Ynun-
it qquyh’ utighpp ngupdityng wpphwlwb: Uthpudbow t oky, np wnljw pegw-
jht hinpwinuwluwh hwdwlwupgbpp, gputg nkuninghwubpp b fwpunupuyb-
unipniup hhdp Gt hwinhuwbwnt wettJuq bl mwubwdjull hbinn peouwghte
Jwuh hwenpy Jkghpnpn (6G) ukplinh h huwyn qunil: 2018p.-htt ITU-h Ynnuhg
wipntit hull juquuynpdby b $nlniu-punidp (Focus Group Technologies for Network
2030 - FG NET-2030), npp uljuly k qpunyb] peouhtt juuuyh gwugkph qupqugdui
huipgtipny uhtsh 2030 p.-p b htwnn [14]: Ujujudnud E, np Swnwympiniuubph
dwnniguut hhdttwljw ninpnipnibubpt tu (hubnt hnjngpudbhly juwp, swypw-
htn Jh&wljubpmyd wpwgq wpdwquiiph uwp b ninpuhwjug qupqugnn sonijutibph
pupan Sonnipjudp uwp: Gupunpymd E, np wyn gwtgbpp Jujubt gnpst] wntquqt
1 Qppp/y/if poymulnipyudp [14, 15], hull nu Jhwtqtguh BS-ukph jannipyub oto-
nuljh wybkjugdwip, hbnbwpwp, jukswbwubt npubiuynpunughtt gdphtt wntsynn
uwipplipnh b hwignygubph putwlp b nputg ypw tubpginpljulju Ynpnrunukpp:

Bqpuljugnipini: bpuljuwtwgyt] £ peouyhtt hbnwjunuwuwwyh hwdwlwup-
qbph Fubpquupnniiuybnmpput hpuh&wlughl Jpnisnpni hwoyh wntk-
1nY pwojuphs mpwbuynpuuyht qdkph Ypu Eukpgbnhyuub Ynpoiunubpp: Yh-
wnwplyl] Eu wqqubpwuttph hunnpplwt twpptp mkuuninghwitpny, popnibiw-
Ynmipjudp b Swpnuwpuybnmpjudp hwdwljupgtp: 8nyg k wnpyb], np ponp nhupk-
nnud wqnuipwitbph hwnnppdw oynhljudwpupbjuhtt nkjutininghw uljw-
wnbhnpkt Eubpquupnynitwdtn £ dhypnwihpuyht nkjuininghwihg: Unwugqus
wpniupubpp vhwpwbwl hwunnud B poowghtt hinwinuwlwuh hwdwlwpgh
punhwunip Eubpquswpuunid nmpuwtuynpiughtt gstpny wuwydwiwynpjws tukpgt-
nhlulwb Ynpnrunttph hwygundwi withpudbynmpniiup dudwtwlwlhg qbp-
pupdn ponniuwynipjudp HetNet jud wyuqu tdwbwnhy fupunupuybnntye-
julp pegujhtt hwdwlupgtph plugpnud:

ZEnmwgnuinyeni bl ppuwlwinugyly F 22 ghinnyepul ndpwnkh pphwbuwlml wow-
hgnupqundp ' 10-4/22AA-2B001 Swislugpny] ghunalul pliugh spowbnalbkpnud:
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AT. AIBA3SIH, C.X. XYIABEPISIH

OIEHKA DHEPTETUYECKHUX ITIOTEPb HA TPAHCIIOPTHO-
PACIHPEJEJUATEJBHBIX JUHUAX CUCTEM COTOBOM CBSA3H

[pennmoxena MaTeMaTHIeCcKass MOJCTb OICHKU SHEPTomnoTpedeHns u dHeprodhhex-
THUBHOCTH CHUCTEM MOOHJIBHOM CBSI3H, YUUTHIBAIOLIAs BO3MOYKHBIC SHEPIeTHYECKHE ITOTePH
Ha TPaHCIIOPTHO-PACTIPEITUTENbHBIX JIMHUX. [Ioka3aHo, YTO 3TH NOTEpH 3aBUCST OT IPH-
MEHSEMOH TEXHOJIOTHH TIepejadyl CurHaia (ONTOBOJOKOHHAS, MUKPOBOJIHOBAS ), TOMOJIOTH-
YEeCKUX pelIeHHH (3Be3/a, IepeBO, KOJIBIO) U MPOMYCKHOM CHOCOOHOCTH CUCTEMBI.

Kniwouesvie cnosa: coropas cBsi3b, 0a30Basi CTaHIMA, JHEProNoOTpeOIIeHHE, SHEPTO-
3¢ GEKTHBHOCTD, TPAHCIIOPTHO-PACIIPEACTUTEIbHAS JIMHUS.

A.G. AYVAZYAN, S.KH. KHUDAVERDYAN

ASSESSING THE ENERGY LOSSES ON BACKHAUL OF CELLULAR
COMMUNICATION SYSTEMS

A mathematical model is proposed for assessing the energy consumption and energy
efficiency of cellular communication systems, taking into account the possible energy
losses on backhaul. It is shown that these losses depend on the applied technology options
(fiber, microwave), topology solutions (star, tree, ring), and the area throughput.

Keywords: cellular communication system, base station, energy consumption, energy
efficiency, backhaul.
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VERILOG_A IMPLEMENTATION OF NANOWIRE JUNCTIONLESS
ISFET COMPACT MODEL AND READ-OUT CIRCUIT DESIGN

In this paper, we implement nanowire (NW) junctionless (JL) ISFET model in
Verilog-A hardware language. The Verilog-A implementation would allow the NW ISFET
integration with signal processing circuits. The simulated by the code pH values are
compared with the corresponding data from COMSOL simulations, and a good agreement
is observed. The readout circuit based on amperometric switched- capacitors schemes is
designed. The readout circuit has introduced good linearity in pH values range from 3 to 7.

Keywords: Nanowire, ISFET, PH-sensor, readout circuit.

Introduction. Since the first application of lon-Sensitive Field Effect
Transistors (ISFET) as bio-chemical sensors [1], the technological evaluation of
ISFETSs has passed from planar to 1D (e.g. nanowire) geometries [2-4]. Nanowire
(NW) geometry is very attractive for sensor applications as the high surface to
volume ratio and comparable to biomolecule sizes, result in very high sensitivity
[2,3]. The fabrication of NW does not require complicated technologies making the
NW-based sensor production more reliable and commercially attractive [3,4].

In line with experimental realization of these new generation of ISFETs, the
compact analytical modelling is essential for the device optimization. A uniformly
doped NW ISFET can be treated as junctionless (JL) NW ISFET and this modeling
approach has been presented in [5,6]. The ISFET model is based on JL NW FET
model presented in [7], which was later explicitly formulated in [8]. The developed
NW JL ISFET model allows an accurate description of the influence of physical
and geometrical parameters on device pH sensitivity [9]. In this paper, we
implement the explicitly formulated NW JL ISFET model introduced in [6] in
Verilog-A, to run it in circuit simulator and present readout circuit design for the
first level realization.

Methodology: Implementation of JLNW ISFET Compact model in a
circuit simulator. The SIMetrix simulator core is chosen for our simulations, since
it gives the possibility of coding and modeling in real time. This tool gives
flexibility to make modifications in the code, and to use the same model again. The
software offers simulation languages, such as PSPICE, HSPICE, and Verilog-A,
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etc [10]. We implement the model in Verilog-A hardware language as it is less
error prone, support for buses, optional parameter range checking; always-faster
evaluation speed required in the NR loop, always-lower memory footprint is required.

1. Analytical explicit model. For the sake of clarity, at first, we will
introduce the NW JL ISFET model main equations in an analytical form. The
semiconductor NW charge and current calculations are based on the NW JL FET
model presented in [7,8], and generalized for NW JL ISFET in [5,6]. The NW JL
ISFET structure and band diagram are presented in Fig. 1.

IR

N

Electrolyte

Solution

\Oxide

__________

Fig. 1. The structure of the NW JL ISFET (a), and the energetic diagram of vertical cut (b)

The relationship between the bulk pH in electrolyte and the gating potential
on the oxide surface (®g) is given by the following equation:

Vs* . Ce‘:b_vs*_sc
2.3 (pHzpc — pH) =$—:ULTarcsmh( ir(P6—Ves )=Q ),

qNg6

(1

where Q. is the total charge density in the semiconductor, @; = V5" + @y, where
®,, is the potential drop across the electrolyte (see Fig. 1(b)), and V™ is the effect-
ive gate voltage applied to the reference electrode inserted in the electrolyte. All
other parameters in equations (1)-(3) are well defined in [6].

The increase of pH in the bulk electrolyte causes the depletion of the
semiconductor channel, consequently, for pH > pHypc, the JL ISFET will operate

in depletion if Vos* < Vpp, where Veg = Uy - In (IZL—D) Once the device operates in

1

depletion, we can use the explicit charge [8]:
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* 8QCsiU Og—=V-=Vr+fy 'V
Qgo(@g, V)= — Cy+Q; |1 - %m (1rexpRe=itins) - ()

U
b T

By substituting (3) into (2), the bulk pH is explicitly defined for a given ®g,
whereas @ will be defined from the drain current equation by substituting the
drain current value measured by the sensor.

The explicit drain current equation for the NW JLFET is:

_mR N 1\, 2|"P_ 1 3P, (Qa 'p
IDep(CDG: VD, VS) L u {(Scsi 4Cox) Qsc Vs 12Q4Csi Qsc Vs + (ZCox + 2 UT) Qsc Vs
Vp
_ 0sc)?
UrQulin(1+ Qd) VS}. A3)

The Verilog-A code of NW JL ISFET model starts with the initialization of
“disciplines.vams” and "constants.vams" libraries, then constants such as geometrical
and physical parameters, as well as variables used in the model are defined. Finally
the main part of the model starts. For clarity, two pieces from the model code are
presented in Appendix 1.

By measuring the sample, we fix the measured current, therefore, in SIMetrix
simulator the drain current value is considered to be known. We have validated pH
values calculated at a given drain current by the circuit simulator with the
corresponding data from COMSOL simulations. The comparison is illustrated in
Fig. 2, and indeed very good agreement is observed. The difference between the
data from these simulations is less than 0.01 for PH range from 3 to 8.

50.0
40.0 Vg=0.5V, Vd=1V
T 300t
t
g
5 200 —— Circuit simulator
At © COMSOL data
10.0
00 o ¢
1 1 L 1 1 L L 1 ]

PH

Fig. 2. Current dependence on pH calculated from COMSOL and SIMetrix
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2. Readout circuit for NW JL ISFET. The next step is to design a readout
circuit for the NW JL ISFET. There are different readout circuit types: (i) potentiometric;
(i) amperometric; and (iii) impedance-based [11, 12]. Amperometric techniques
require three electrodes, namely “working” (sensor), “reference”, and “auxiliary”
electrodes, consequently as we use three-electrode configuration (reference, drain,
and source), the amperometric measurement configuration is the correct choice.

A classic switched-capacitors reset mechanism, that also performs
correlated-double sampling circuit, we choose as a reference for designing our
amperometric measurement circuit [11, 13].

The designed readout circuit is presented in Fig. 3. The circuit consists of the
following blocks: 1) NW_JL ISFET model configuration circuit; 2) The first stage
current amplification; 3) The second stage current amplification; 4) Current to
voltage converter circuit. We have used two stage current amplification circuits,
namely 3 LM7171 op-amps, which are known as very high speed, high output
current, and voltage feedback amplifiers [14]. For simplicity, op-amp voltage
supply sources are not shown here.

Ref] | D

lﬂiE Kl_ _ _
B L, [

1 irf540ns irf540ns
| X6 X5 x4
A 500m * 200m
w2 v -
NW_JLFET Xt-out

- c7

C5
wrrens | QLRI T wrrens | 013111

irf4905 RF1K49093

Referencet  drain
—pH

LM7171BINS

100k
de

sourc R7

1k
att J a4 J X
| irf540ns u. | irf540ns u.

500m 200m

Cé c8
Q10

1 14905 ] f_‘mg,
= RF1K49003 =

b) = =

Fig. 3. (a) Sub-circuit block of JLFET, (b) Amperometric switched-capacitors circuit
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The sub-circuit, illustrated in Fig. 3 (a), consists of: Reference (Ref), Drain
(D-) and Source (S) electrodes and (pH)-solution pH value. In Reference and Drain
pins we set 0.5V and 1 V DC power supplies respectively. The first block (U2 block)
simulates the NW JL ISFET model written in Verilog-A. The measured drain current
is given to dc output pin of U2 -NW_JLFET block (see Fig. 4 (b)). The calculated
PH value is set to pH pin.

In addition, we calculate the circuit output voltage versus the output current
in dc pin. The current data correspond to pH values varying from 3 to 7. The
calculations are presented in Fig. 4. It is seen that the designed circuit exhibits a
good linearity.

1.05 :
1.00 :
0.95 -—
0.90 .-
0.85 : [
0.80 -—
0.75 :
0.70 .- [
0.65 : l

0.60 1 . 1 i 1 i 1 . 1 . 1
0 10 20 30 40 50

Current, nA

Output Voltage difference, V-Vg, mV

Fig. 4. The circuit current to output voltage conversion

Conclusion. The analytical compact model of the NW JL ISFET has been
implemented in Verilog-A, and the measuring circuit of ISFET has been designed.
The sensing readout circuitry of ISFET has been developed on the basis of
switched-capacitors amperometric schemes. The pH sensor circuit exhibits good
linearity.
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Appendix 1.
Here are presented two main pieces of Verilog_ A code.

//Libraries are called and the main parameters are already defined.

for (i=0; i<20; i1i=i+1)
begin
k=0;
for (i=1;i<Z000; i=i+1)
begin
fsms = S—0.5*tanh (0.2 * (FIG—V(source)-VT)/UT)
fsmd = S—0.5%*tanh (0.2 * (FIG-V{drain)-VT)/UT)
QDeps = —RD*Cn + QDa* sgrt
(
QDepd = —QD*Cn +
|QDa* sgrt(l—c*{1/{(QDa* (1+Cn) ) *Csi*UT*1n
Tdep = pi*R/TLS1 * u * ((1/(5*Csi)—
FIG =FIGE — SE-—-4;
I{drain)<+ Idep;
if (abs(Idep-ID)<0.c*pow(l0,-nm})
begin
k=k+_ ;
o = 0.072;
Voceff = V({Referencel) - By
PH = -
if (k==1)
begin
Sstrobe ("FIz=",,FIG) ;
/fSstrobe ("flatband=", ,VFB):
Sstrobe ("ID=",,Idep) ;
Sstrobe . sPH) ;
$strobe ("none",, ) ;
end
end
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/I equations are shown in short form

for (i=0; i<20; i=i+l)

H begin

if (k<C.1l) n=n+l;
k= 10 *k;

L end

for (i=1;i<2000; i=i+l)

H begin
] fsms = 0.5=-0.5%tanh (0.2 * (FIG-
a) famd = 0.5-0.5*%tanh (0.2 *
QDeps = -QD*Cn + QDa* sqgrt
3 (
] QDepd = -QD*Cn + QDa* sqgrt(l-
3| Idep = pi*R/LSi * u * ((1/(5*Csi)-
Av = 0.072;
VGeff = V(Referencel, source)
- Av;
H PH = -

FIG =FIG - SE-4;
if (abs(Idep-ID)<l*pow(l0,-n))

H begin
kl=kl+1;
if (k1=1)

] begin

- end

//PH= PH+0.5;

L end
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L.} GAUUSUL, U.E. GUUSUL, d-U. UULLGU

VUULALUMUSPL UL-ULSNRUUSPU ISFET UNYSLE VERILOG-A PLUSNRULC
B4 wurMusni, ceusk LUvUQONRUL

Ppujuiwugyt) b twinjupuhtt wb-wignidughtt hnbtwqquynit qupnughtt npwub-
qhunnph dnnbih hpugnudp Verilog-A 1kqny: Unnkjh Verilog-A hpwgnudp pnyp E wiwhu
hntwqquynit wpwuqhunnph wqpupwh dowldwh upbdwutph dhljuig hunbgpoud:
Uwnwugws pH wpdbputpp hwdbdwnygt) tih COMSOL Unphjuynpdut hwmdwwwnwuiw
nfjuukph htwn, b tuundl] E wdjuiubph juyd hwdwdwjinipnit: Luwpjuwgsyty t pupbtpg-
dwt ujubdw’ hhdtws wdybkpuswthhy wbigwnhs Ynunttuwnnpibpny ujubdwbph Jpu: Co-
phpguwt ujubdwi gnigupbpty b juy gdwyunipeinit pH-h 3-hg 7 wpdtpubph dhowljuypnud:

Unwhgpuyhl punkp. twlinjup, hntiwqquynit IS, PH — wnhy, pupbpgnn onpu:

H.J. E3AKSH, A.9. ECASH, K-M. CAJJIE3

PEAJIM3AIIAA KOMITAKTHOM MOJIEJIA HAHOITPOBOJIOYHOT' O
BECIIEPEXOJHOTI'O ISFET HA SA3BIKE VERILOG-A U
INPOEKTUPOBAHHUE CXEMbI CYUTBIBAHUSA

Peaym3oBana MojieNb HAHOPOBOJIOYHOTO OECIICPEXOTHOTO HOHHO-YYBCTBUTEIBHOTO
TpaH3HuCTOpa Ha s3bIKe Verilog-A, 4To MO3BOJISIET MPOBOAMTE €r0 UHTEIPUPOBAHHE CO CXE-
Mamu 00paboTku curHaioB. ComocTaBiieHUe MOTyUYeHHBIX 3Ha4YeHui pH ¢ cooTBeTCTBYIO-
My aaaeiMu pacuetoB COMSOL nokazano xoporiee coBnaaenue. CrpoeKTupoBaHa
CXeMa CYMTbhbIBaHUA Ha OCHOBE aMIICPOMETPHUCCKUX CXEM C INEPEKIOYACMbIMHU KOHJACHCA-
Topamu. JlaHHAs cXxeMa CUMTHIBAaHHMS 00ECHEeUMBACT XOPOIIYIO JTMHEWHOCTh B JHAIAa30HE
3Hauenuit pH ot 3 1o 7.

Knroueevie cnosa: HaHOTIPOBOIIOKA, HOHHO-UYYBCTBUTENBHBIN TpaH3UCTOp, pH-ceH-
COp, CX€Ma CUUTHIBAHHS.
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LY. UGLhLSUL, L.U. UJUAG8UYL, U.U. 1 UQUr3UL

qunuetron NhuuuNkE3NhLLENP SENULUTIVUUL UtEN Y
ucuuNrUC UuUUL MNIGCNRU 2hLUUPY LUMUUL UuaUUL
1LIUL2E8UTL &Y huSEA UL UEUULE P 20 UULPNRESUL
FUr2AUSUUL ZUUUL

Lkpjuyugdws E juywqbpdnn nttwlnipniutph nbnupwojudwt dkpnn, npp nu-
uwjui Unnbkgiwt hwdbdwwn htnbgpuy ujubdunid 714%-n wdbjugunid E ppubg
pwltwlp, hugh wpyniupnid vpjubdwnmd ghtwdhl jupdwt wilnudp tugnud £ 725%-n4y:
Utpnnyp twpbwlwt thnynd bjugqbgund £ hinkgqpuy upubdwgh uinunhl Eukpquuww-
pnwdp, high hwoyht b hkug httwpwnp E jhuinud hudbjjuy juwuqbtpdnn nitwlynipeiniatitinh
wykjugnidp: Yuwwnwpyl) b npnpwlh htnkgpuy ujukdwitph dopbjuynpmudubtp Skpug-
Jus mpudwpwbwljut pohoutinh dnpbjutpny: Unwgdwsd uvnwunhl dudwbwluyght 4Epnt-
Snipjut wpmyniupubpp, hsytiu b Eukpquuyundwi mdyuyutpp gnyg Eu wwnwhu, np wow-
owpljws dbkpnnh Yhpwnnwdp sh wgnnud hnkqpuy ujubdugh Gpupuybgnipyut Jpu:
Unwownldws dkpnnp wnwig nplk pwthwidwb Jupkh £ ptnkgpl] purp wqnutpwbw-
jhtt hinbgpuy ujukdwtph wjnndwnugjws twjuwgsdwi gnpspupugnid:

Unwhgpuyhlr punkp. hunkqpu upbidw, tubipquuuywenid, nhtwdhly jwupdwb wi-
ynud, juywqtpdnn nittwynipinitiikp, hntuwhnipniu:

Ukpwbmpinit: Punbqpuy upjbdwubph (PU) wkubnnghwljwt swthtph owp-
nLtiwjuljut dwupnupunpnudp, hsybu twb LEjnpniught hwdwwpgbpnd gyn-
puhp dwpnlngubph ywhwbgwplih wjtjugnudp Jipght Uh pubh nwphukph
nupwugpnid wnwetiuyhtt B guipdpty PU-tpnud bEjunpwtiubpghugh junwdupdwb
hutinph nuunidbwuhpnipniip: Nunh tkpuynudu dgunid Bu PU-Eph bwhuwgsdwb
wjuyhuh hwdwlupquyhit jnwsnidubph, npnup juwwhnybtu yEpohthu thnpp Eukp-
quuywnenidp: BiEjunpwkiutpghuh jupwupnudp tyunwl nith pupbjuygbn
uwnph hntuwhmpjniup:

BU-tiph hmuwghmpjuit wnlisynn futmhpbtphg ko hiphwnwpwugnudp, Skpu-
gnudp, LiEjunpudhgpughwi, vbdw gonnipmd jupdwt winudubpp b wyp [1,2]):
PJuplyws ponp pughpubpp wedhpwlwt juhjusnipyju ke tu PU-h Eukpqu-
uyundwi htwn:
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PU-Eph bwhiwgddwb wpnh gnpépupugnid ubdwb nonipnd jupdwb wy-
dwt jaunph (musdwt hwdwp ogunugnpsynid ku Uk pwtiwlnyg juwwqbpdnn nitw-
Ynipjnibtikp, htsp qquh YEpuyny dkdwgumd £ PU-h Fubpquuywpnudp® pugu-
uwpwnp winpununtwny hntuwhnipjut dniu pughpubph pupbjuddwt Jpus:
Niunh Juplnp b quptinud vbdwb gonipnud jupdwt wijdwt pugph nsdwb
wjuyhuh dbkpnnh dowlnidp, npp htwpwynphtiu phs juinpununiw bU-h tubkpqu-
uyundw Ypu:

unnh gpuspp b Ukpnnhluyh hhdtwdnpoudp: Uudwb gonbpnud jupdwt
wlldwb wqpkgnipniup owwn wpwug wénwd £ PU-Epp mEutninghwljwt swihkph
dwupnupwynpduipn qnigpipug:

Utdwt nonpbpnid jupdwt wijdwt pwponnudutph snljdwt htwpwydnp
nusnudubphg £ PU-mud hwdbjjuy utidwb nnnbpp wybjugnudp: Ukpnnp PU-md
wywhnynud £ utidwb guigh wykjh dké swsynnuljunipinil, hsp tjuqbgunid
ulidwt hnuwipp nknuyhtt hwndwsh Jpw b, npyku hinbwp, tJuqkgunud tul
updwt wiynudp ndju) hwnguwénid: Uju dbpnnh phpnipiniut wjt £, np wyk-
(ugyus udwt nnntpp PU-md qpunbgumd i dhpdhwgnudutiph hwdbjjuy nbunipu,
husp vwhdwbwthwlnud £ ipdus dbpnnh Jhpwnnidp juhn dhodhwugnidubph ghw-
pnid: Upqwb plipnipniuhg untuwthbnt hudwp jub dpwljyus npnpwulh dkpnnukn,
npnughg klt, ophtiwly, PU-h twhiwugsdwt uljqpimjuits thnymd wykh tnup vtdw
guigh oguuugnpéniup, Ut twhiwgsh Jkpotwwl thnynid pugwhwjnws uwju-
unudubph opowljuypnid, whnuyht uidwb nonkph dheuhugdwi hpuljwiwgnidp
Uhouhwugdw hwugnygutiph (via) vhongny [3] jud puwpunnmidubph opowljuyphg
nwljnuyhtt wqnuipwth swnh pununphs dwu hwunhuwgnn, Uks hqnpnipjub
dwijuu wwhwenn pohottinh minupwohidwt hpuwjuwtwgnidp [4]: Uwluyt upgws
Ubpnnubph phpnipniut wyt k, np gputgnd hpujutugdnid E ugph wbnuyht
nudnud, hyybu bwl oyws (nisnidubpp sniukt wytiyhuh pwnunnhs, npp fuqnh
nunphwunip ujubdugh Eubpquuyundw pupbjuddui Jpu:

Ut wy) dkpnnh hhupnud pujws E wiuguiuh thnpowbguinnidutinh tdwgtg-
dwt dkpnnuwpwtnipmniup [5,6]: thtwdhy hgnpnipjut swpaup b nhuwdhly jwp-
dwt whljdwt hhdtwlwb yundwnp htig npudwpwtuljut pphotiknh Untinpu-
jht wqnupwtinbph ny guujuh hnpjupwbpwnnidubp Eu: dpug tjuqtgdu hw-
dwp Jhpwnynn hhdbwlwb dbpnnutphg b npudwputwlut pohoutinh wmwpptp
Ununp-kip hwignygubph dhol poyjunpbih dudwbwluyht sbndwt wnwewgniup:
UpJws okinnuup htwpuynp k {hund wmywhnyb] mpudwpwtwljut pphotibph un-
phjuynpdwt gnpépupwugnid hwbyu] npuwtqhunnpubph jud phnukph, hsybu
twl yuwnpwunh dnpbjuynpjus npudwputuljut pphoitnh dnunptpht thnfu-
wbgdwl thwljwbtkph Yhpwndwdp: ‘Updws dkpnnubph phpnipeniut wya b, np bp-
Jupnud £ npudwputmjub pohoubph twpuwmgddwt gnpdppugn:
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Guywqbkpdnn nibwlmpnibtbph Jhpupnudp inybybu jugt nwpusnid
niikgnn dbpny t [7]: Fw hhdtwuinid Jhpunynd £ PU-h wjt hwndusubpnid,
npunbkn nbknuliuwws ki Jks hgqnpmipjut swhiuny wnpudwputwlub pohottin:
Uju dbkpnnh phpnipmnitt wyl, np dbs putulnmpjudp juywuqbpdnng nttwlnipinii-
utiph Yhpunnidp PU-nud wnwowgunid E ks Eukipquuuuywnnud:

Unwownlymd L udwt nnpbpnid phtwdhly jupdwt wijdwt tquqkgdut
hwdwp Yhpwnynn dbpnn, nph hhdpnd puljus £ juywqbpdnng nttwlnipniuubph
nbnupuwphunudp: Ubpnnp tbpljuyugdus k uly. 1-mud pipdus pinl-upubdugh mbupny:

{oJuyha
U hy .
dmﬂﬁil:lulfll]m]]m i ilriali

npudwpubuljmb
bwpowmghd rehgbitph

hEnwqnunnipymi gnuupupwb

Junfwbiuljuyghle
wwowpbph httinwgnunul
‘ 1
i Spundwpwbwlwib pohelibph |1
Yunguqlipdnn ! | mwiting nudtph thnppugnid
m bulym pgm bkph < > T
nbnupwzinfwb hudwljmpg TR R EE)

i Yphuhsulinh hlowgnd

Uwpumb bJ !
twfumghd Uumyuglpbnn
mbwljmpymubtph

hinnbgpnud

Ul 1. Ujgpnppdh pin-ufubdwi

Guywgqkpénn nttwlmpiniuttph nknupwohdwt dkpnnh hwdwp dninpw-
jht myjuutp B hwinhuwtnud PU-h vnwunhl] dudwbwluhtt hbnnwgnunipjut
wpmnipitpp, PU-h dhqhjuljul twpimughdp b pughlt npudwpubwlub pohy-
ubtiph gpunupuip: Unwewpljynn dbpnnmud vinwnhl dudwtiwljuyht hinwgnunni-
pjutt wpnniupubph hhdwb Jpuw juunwpynud b dudwbwluyht yuowputph ht-
wnwqgnunid, nph hhdwt ypu hppuwjubugynd £ upudwpuwtwljut pphottph nw-
unn nudtiph tinppugnud, ndyuyutiph mnhubpoud hubpjuy wupwp untndnng opohs-
Ubph qnugkph b YpYuhsukph hbpugmd b Ykpotwwl thnynid’ (pugnighs Yu-
wuqbpénn nttwynipniubph hunkqpnud:

LY. 1-hg Eplnud E, np hpundus dbpnnp pny) L nwhu PU-nid wbpuguty
Jwuwgkénn nibwympymubph pulwlp swqnkng Jbpghthu Fukpquuuywndwl
Ypu: Zhknmwgnuinipjut pupwugpnid juuwpdl] £ bwb bU-h Eubpquuyyundw
nhunupynud npudwpuiuljub pehetitph skpugws unnkyikph Yhpundudp:

409



Zhnwgnuunm pjut wpympbbkpp: Chpp Wquwpugqpdus dkpnnubph, husybu
bwl wnwownpws Yuuywqbpdnn nitbwlnipniiubph mbknupwoidwt dbpnnh
Jhpundwt wnwybmpniuttpp b ppnipnibubpp hunwl mupubpwnbint hw-
dwup ppwluwbwugyl] tu dopbjugnpnudubp muppbp puwtwlh npudwpubulut
pohoubin ywpnitwynn bU-bph Jpu:

Quuhnudubph wipgyniupubipp tkpuyugusd b wy. 1-nud:

Unniuwly 1
Sunpnidbbph wpmyniipblpn
Ulenn Pupdp
hwdwhulubught Uliguiliuh Uwujuqkpdng
Ulimgdwh gubigh thnjuwbigunnnudiiph Uhiphuyugud
finupuagnd [3] wnpufwpwbuljub frnjuqhguuh Ukpny niblmpniiibph wgnphp
peholikph 5.6] uknupwzfunud [7]
Muwpudbnp Epupuphunud [4] o
R L 0,009 0,005 0,0067 0,009 0,0041
wiliynud, & ’ ’ ’ ’ ’

Tuyyuqbpdnn
nibwlympnikiibph 32324 32324 32324 31791 36345
purbiuly

Opwugddwh
Eplupmpndds, #fy

209,1 183 4 189,6 186,7 197,6

Un. I-nud tplinud E, np upgws dbpnnp tyuwuwnnd £ PU-Eph uvnnwnply Eubkp-
quuuyundwi b nhttwdhly jupdwt wuljdwt tquqduip, hisybu b Bupwunpdnd Ep:
Uwljujt dkpnnh punhwinip tjupugnphg Epiinwd £, np unwunhl Eubpquuyyundwt
b phtudhl jupdwt wbijdwt ngpuljut nknuownpdtpp ghundnud B h hwphy PU-nud
Enué dudwtwuyhtt wowpubph:

VY. 2-mud gnyg L nipqus Jtpp ghunnwupyws bUL-h Jpu hpujutug]ws unw-
wnhl dudwtwluyhtt hblnwgnunm pyutt wpyniupubph hwdbdwnmpniip juwwqtp-
onn niwlnipniutkph nknupwoidwt dkpnngh wohiwnwiphg wnwe-hkwn: Upy-
jniupnid wupg b guntnud, np dowldus dkpnnp ponunud b thnpp wqplgnipniu
bU-h dudwmljuyhtt yuwowpubph Ypu:

Ldwbwpynidubpp juwnwpdt) B btwb mpudwpwbwlut poheitnh stpug-
Jws dnnpbjukpny, pwth np hwyunuh k, np dudwbwlh ppugpnid mpudwpwiu-
Juit pohotkinh pnnnitwlnipmiup tugnid k, ntunh b tqugnid | nputig uinunhy
Eubpquuuyunnidp, hyybu twb didwiunid E hwwwunnudp: Un. 2-nud ubpluyug-
Jws Lu Jipp phnwuplydus bU-ukph tubkpquuyundwt tndjujitbpp mpudwpuiiu-

Jwl poholikph shpugdws unykyukpmy 10 wwpw hwpwpln:
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y = 1.0084x - 0.0957
R? = 0.9998

PU dudwtwljughtt yupwpubpp dpwljdud dkpnnhg
htivnn

0 1 2 3 4 5 6 7 8

PU dundwuljuyht ywpupubpp dpwljjus dbpnnhg wowy
Ul 2. Unwunpl) dudwinuuyhl hbnwgnunnippul wipyniipbbph hunlbuunnnipinil
Ugniuwly 2

bU-tkpp Fakpquuwuntul njjuyblpp npudwpuiiuub
poholikph Skpugyws unykyikpny 10 nwpyw husdwplng

rU Quthdwh vhuwnp, 44w
1 05
2 0,03
0,026

Ul 3-nud ubpjuyugusd b juwwuqbpdng ntwlnipniiubiph nbknupwoju-
dwt Ukpnnh Yhpwnnulhg htiinn bU1-h dpu ppujuiugus nmpudwpuiuljut pohy-
utph dtpuguws dnpbkjubpny b quwuwlw dngljubpng vnwnpl dudwbwluht
YEpnusnipjut njuikph hwdbdwwnnipiniin:

NMunq E nquptnud, np jhpundusd juwwuqkpénng nttwlnipnitubph mbnu-
pupfudwtt Ukpnnn sh wqnnud PU-h Jjutiph mbnnmipjut Jpus:
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6 y = 1.0006x + 0.023
RZ=0.9971 .~

U dudwbuljuyhtt yyupwpubpp dpuljdud
Ulpnnhg htiun

0 1 2 3 4 5 6 7

PU dundwiajuyyht wyuipwipubipp douiljjus dkpnnhg wnwye

Ul 3. Unwnpl dudwiwughl hknmuwgnnnipyul wpyniGpakph hudkdunnnipinii

Bopuljugnipini: Usuwnwipnid ukpjuyugdws E juwyuqbpdng ntbwlyne-
pntutbph nknupwojudwb dkpnn, npp quuuwljut dninkgdwut hwdbkdwwn bU- nud
Jwwwgbpsnn nibwlympniubph pubwlp wykjughmd t dhohti swthm] 14%-ny’
PU-nud tqué dudwtiwljuyht yuwownpubph hwpydhtt: Uowljdws dkpnyp tyyuunmd
twh PU-nud winunnply Fubpquugunduh ifugbguwip theht suhny 38%-n: Ukp-
Juyugyws dkpnnh jhpundwt wpyniipnid bU ghtwdhl jupdwt wilynidp wdu-
qt E dhoht suthny 25%-ny: Upfjuwnwiiipnid juwnwpgus stpugdw hbnwgnunt -
pintutubpp hwunnud B, np wnwewpdus dbpnnp sh wgnnid bU hniuwhnipyut
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Gplwth ywhnwjwi hwdwjuupui: «Uhtinthuhu Updthws ntunidbwljut phuup-
nwdkuwn: Umipp tkpluyugyt) k mdpugpnipni 09.09.2022:

H.B. MEJIUKSH, H.A. ABAKSIH, A.A. KA3BAPSIH

PA3PABOTKA METOJIA PACTIPEJIEJIEHUS BY®EPHBIX EMKOCTEN
JJIs1 CHUKEHUA JUHAMAPMYECKOI'O TAJEHUSA HATIPS’KEHUS B
HIUHAX IIMTAHUSA U IIOBBIINEHUA HAJEXKHOCTHU
HUHTEI'PAJIBHBIX CXEM

[IpeacraBnen MeTox pachpeneneHus Oy(epHbIX eMKOCTel, KOTOPbIH yBEIUUYHUBACT
ux KommdectBOo B mHTErpanbHOi cxeme (MC) Ha ~14% mo cpaBHEHHIO C KITACCHYECKUM
MOJIX0/I0M, B pe3yJIbTaTe Yero AMHAMHYECKOE MaJAeHUE HAIPSDKEHHS B CXeME YMEHBIIIAeTCs
Ha ~25%. Ha HagaipHOM 3Tare METo] CHIDKAaeT crarnieckoe sHepromnorpedienne MC, 3a
CYeT Yero BO3MOXKHO YBEIMYEHHE IOIOIHHUTENBHBIX OydepHBIX emkocteil. [IpoBemeHo
MojenupoBanue HeKoTopblx MC ¢ MCHONb30BaHUEM CTaperOIIMX MOJAENEH JIOTMYEeCKUX
siueek. [lomydeHHble pe3ynbTaThl CTATHYECKOIO BPEMEHHOIO aHalu3a, a TaKkKe JAHHBIE 110
SHEPronoTpeOIeHUI0 MOKa3bIBAIOT, YTO NPUMEHEHUE MNPEIUIOKEHHOTO METOAa HE BIIMSIET
Ha nonroseunocts MC. IIpennaraeMelii METOA MOKET OBITh JIETKO HHTEIPUPOBAH B aBTOMa-
TU3UPOBaHHKIH nporecc nmpoekTuposanus MIC co cMeIIaHHBIMU CUTHAJIAMH.

Knroueevie cnoga: wHTErpanbHas CXeMa, JHEPromnoTpedieHre, AMHAMHYECKOEe
najieHue HanpspkeHus, OyhepHble eMKOCTH, HaJeKHOCTb.
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N.V. MELIKYAN, N.A. AVAGYAN, A.A. GHAZARYAN

DEVELOPING A METHOD FOR DISTRIBUTION OF DECAP CELLS TO
REDUCE THE DYNAMIC IR DROP IN THE POWER SUPPLY AND THE
INCREASE IN RELIABILITY

A method is presented for distribution of decap cells, which increases their number in
the integrated circuit by ~14% compared to the classical approach, as a result of which the
dynamic IR drop in the circuit is reduced by ~25%. At the initial stage, the method reduces
the static power consumption of the integrated circuit, due to which it is possible to increase
the additional decap cells. Some integrated circuits are simulated using the aging logic cell
models. The obtained results of static time analysis, as well as data on energy consumption,
show that the application of the proposed method does not affect the durability of the
integrated circuit. The proposed method can be easily integrated into the automated design
process of integrated circuits with mixed signals.

Keywords: integrated circuit, power, dynamic IR drop, decap cells, reliability.
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A.V. BABAYAN

VALIDATION AND TEST TIME REDUCTION APPROACH FOR BUILT-
IN-SELF-TEST AND REPAIR OF MEMORIES VIA A SHARED
INTERFACE

A memory built-in self-test and repair (MBISTR) is a key component in improving a
system-on chip (SoC) yield under daily raising new challenges in IC industry where
memories very often make up the bulk of a SoC. Once a given SoC has a huge number of
memories, it iS convenient to test them via a common test network. Meantime, some
designs do not allow to insert this network into an already existing functional design via
adding new nodes in the existing paths but do allow to add it to the design via already
existing functional connection interfaces instead. For example, a shared interface for
connecting a central processing unit (CPU) and cache memories in SoCs is already used for
testing these memories via special MBISTR engines connected to this shared interface.
These MBISTR engines have specific features which may impact essentially the validation
and test time.

A way for validation and test time reduction is proposed in this paper for the multi-
port memories connected to MBISTR engine via a shared interface.

Keywords: memory BIST, test and repair, multi-port memory testing, shared bus
architecture, test and validation time reduction, system-on-chip, parallel testing.

Introduction. The experience of several decades shows that the Built-in
self-test (BIST) solutions keep up the IC reliability and yield [1]. Once up to 80%
of a system-on-chip (SoC) may consist of memories [1] which in that case have a
high impact on the SoC yield, one of the possible solutions could be the use of the
memory BIST (MBIST) infrastructure [2,3]. This infrastructure has multiple
advantages and some of them are listed below:

¢ A unified interface with MBIST engine (processor) which wraps memory
peculiarities via a special component of the infrastructure named “wrapper” (Fig. 1)
and allows to use the same processor instructions for essentially differing memories.
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. Memory IP
Processing

unit

Wrapper

Fig. 1. MBIST processor

e A possibility of merging different processing components of the
infrastructure which in the SoC are located sufficiently far from each other in one
common test network via a special component named “server”. Moreover, it
becomes possible to build a hierarchy of test levels within the network and
combine parallel and sequential test of sub-networks inside the network.

¢ A possibility of merging the test of memories, logic BIST and the test for
analog and mixed signal IPs in one network.

e A simultaneous use of different test algorithms within the same test network.

Meantime, the insertion of this infrastructure into a functional design of the
given SoC might not be desirable for some customers due to an impact on the
reliability and yield of the SoC. In such cases it is preferable to perform built-in test
via an interface shared between the functional design and MBISTR [4, 5].

The usage of shared interface has some limits and the deep validation of it
must be applied. Testing memories through shared interface takes a relatively long
time compared with SMS where the user can test all the memories in parallel. In its
turn, the test time has a direct impact on the validation time.

In this paper the memory testing and validation methods are discussed for
shared interface architecture. The first paragraph describes the structure of SoC
with shared interface. The second and third paragraphs are related to algorithm
execution on this architecture. Hence, the validation steps are pointed out. In the
last chapter an optimization method is suggested which reduces the validation and
test time for multi-port memories.

1. Shared interface architecture. Testing memories can be applied using
the functional connections existing in SoC. In this architecture SoC consists of
shared interface and the memories. As shown in Fig. 2, there are functional connections
between that interface and the memories. The main question is how to test these
memories using the existing connections.
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To test these memories, information about memory locations is required [6].
Using that information, it is possible to apply test algorithms under considering the
limits of the functional connections. In general, the mentioned information should
contain the shared interface and memory related descriptions in some specified

format.
Mem Mem
Shared P2 P2
Mem
Interface Memory P
P1 Mem Mem
P2 P2
Mem Mem Mem Mem Mem Mem
P2 P2 IP3 IP3 IP3 IP3
Mem Mem
P2 P2 Memory IP 4
System on Chip

Fig.2. SoC with memories

2. Test algorithm limitations. The architecture specific limitations may
exist in the SoCs with shared interface. Some memory ports can be unreachable to
that interface or have indirect connections which might change the algorithm
execution sequence. Thus, the definition of test algorithms for the case should take
into account the peculiarities of the considered architecture.

Application of test operations inside a given algorithm for the considered
case also has some specifics.

3. Test operations. The operations used in test algorithm are applied
through the shared interface. To implement single read and write operations the
corresponding connections should be present in SoC (Table 1, Fig. 3).

Usually the chip-select control for multiple memory instances is implemented
via the address bus bits. The “i” in the third line of Table 1 is the corresponding
address bit on the shared interface.

Table 1
The bus to memory connections
Bus Memory Port Operation
WE 1 WE Write
RE 1 RE Read
ADDR 1]i] CS Chip-select
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If the memory has multiple read and write ports, all read and write ports
should be connected to some of the interface outputs. If the memory has two read
and write ports then all these ports should be accessed by the shared interface as in
Fig. 4, otherwise the memory test is forced to work with the memory as with a

Memory
IP

single-port memory.

MBIST
Control
Signals

L

4. Validation. Once the MBISTR engine is created, it should be validated:
whether the memories in the SoC are tested properly. The validation of such
systems includes the generation of the SoC, MBISTR engine, and specific steps of
simulation for test algorithms and test environment. From this point of view the
SoC generation should create memories with corresponding connections to the
shared interface. Next, the MBISTR engine generation step should create a
corresponding controller or processor which applies test algorithms to the SoC

Fig. 3. The bus to the memory connection for a single port memory

Shared

fl> Interfa

Address_1

—_

Address_2

—

—_—

Write_en_1

Pipes and combo logic

-

Internal
Connections

ce |Write_en_2
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Read_en_1

e

WE_1
| Memory
RE_1 P
WE_2 I RE_2

pipeline

Fig. 4. A multi-port memory connection

memories, i.e., should execute these algorithms.
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The validation flow has also other steps such as logic synthesis and post
synthesis simulation steps which do not impact the considerations in this paper and
are not discussed here.

5. A proposed solution. For increasing the scope of validation of the MBIST
processor, the SoC generation scenarios must sensitize a large number of different
cases, particularly, covering an important branch of testing multi-port memories.

In general, the multi-port memories require more than one driver on the
shared interface. For example, if there are two dual-port memory instances which
have 64-bit data port (Fig. 5), the shared interface must have two 64-bit data buses.

The simplest way of testing multi-port memories is to apply test algorithms
on each memory port for each memory instance located in the SoC. As it was
noticed above some of the MBISTR engine buses are factually unused during the
validation of test functionality which leads to additional test time and, thus, test
time wise is not efficient.

ADDR_A[6]
l A
ADDR_A[5:0] ADDR_A[5:0] ADDR_A[6:0]
! i DATA_A[63:0]
—» DB ADDRA CSA CSA ADDRA DA
L—— | WEA WEA WE_A
Mem 64x64 Mem 64x64 WE B MBIST
— | WEB WEB = Controller
—> DA ADDRB CsB csB ADDRBI DB SATA BI630]
ADDR_B[5:0] ADDR_B[5:0]
ADDR_B[6:0]
I B
ADDR_B[6]

Fig. 5. Two dual-port memories with MBIST controller

On the other hand, there are algorithms that use different ports of one
memory instance simultaneously during the memory stress test when the MBISTR
engine buses are used for. Nevertheless, it is possible to optimize validation time
for the cases, where only one of the memory ports is used.

Let’s suppose that an algorithm’s execution time is Ta for one port. It is
evident that the test time of this algorithm for two dual-port memories is 4T when
each port is tested separately. This time can be reduced if different memory ports
of different instances are tested at the same time. To perform this, an additional
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switching logic should be added to the MBIST processor. This switching
mechanism decides whether the access sharing between multiple memory instances
is possible. For the described case, the simulation time is twice reduced by setting
different chip select (CSA,CSB) values on the memories. As a result, the test
sequence will be executed in this order.

e Run test algorithm with CSAO := 1, CSA1 :=0; CSBO := 0, CSB1 = 1.

e Run test algorithm with CSAO := 0, CSA1 :=1; CSBO := 1, CSB1 :=0.

Finally, if there are N=pk memory instances (k is a natural number) with p > 1
ports, the test time will be reduced by p times.

In fact, the switching unit in the MBIST processor controls the chip select
sharing mechanism. It distributes memory chip select signals if the algorithm does
not require multiple port access.

Without loss of generality, further considerations will be carried out for
three-port memories. The conventional and proposed approaches for testing these
memories through A,B and C ports are presented below (Fig. 6, Table 2).

ADDR_C
ADDR_B
ADDR_A . )
L B L B L B
A c ||A C A C
Memory 1 fe— Memory 2 f— Memory 3
Fig. 6. Connection of three port memories
Table 2
Test Sequence Execution
Step Access Port Access Port
Conventional Method Proposed Method
1 Al (A port, first memory) A1,B2,C3 (3 different memories)
2 B1 (B port, first memory) A2,B3,C1 (3 different memories)
3 C1 (C port, first memory) A3,B1,C2 (3 different memories)
4 A2 (C port, second memory) -
5 B2(C port, second memory) -
6 C2(C port, second memory) -
7 A3(C port, third memory) -
8 B3(C port, third memory) -
9 C3(C port, third memory) -

Via this approach, the number of test sequence executions is reduced from 9
to 3. If there are 6 three-port memories, the number of iterations is reduced from 18
to 6. To activate these A, B and C ports, the corresponding chip-select values should be
applied in such a way (Table 3).
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Table 3
Testing three-port memories

STEP Chip Select Memory 1 Memory 2 Memory 3
CSA Active Inactive Inactive
1 CSB Inactive Active Inactive
CSC Inactive Inactive Active
CSA Inactive Active Inactive
2 CSB Inactive Inactive Active
CSC Active Inactive Inactive
CSA Inactive Inactive Active
3 CSB Active Inactive Inactive
CSC Inactive Active Inactive

Actually, the shortening of the validation time reduces on-chip test time too.
The switching unit allows the memories to be tested in parallel. Thus, the additional
hardware which makes the validation faster does not affect actual memory testing
but improves it.

Note that this approach is not applicable for the test algorithms which require
access to few memory ports simultaneously, e.g., for testing the memory under
stress conditions when an initial approach to the test should be used.

Let us consider an example when there are 10 test algorithms and 2 of them
have simultaneous operations on multiple ports (Fig. 7). For the rest - 8 test
algorithms, only one port is used during the test run. We consider a memory with
1024 words; each operation takes one cycle on each word. In the initial case where
no support is present, each algorithm spends Ta; time. Using the proposed
approach, the 8 algorithms will be run two times faster than the initial algorithms.
The overall test time is reduced by 37.72%.

Test time for different algorithms (cycles)
140000

120000
100000

80000

60000
40000
20000

0

ALGI AL®R ALG3 ALG4 ALGS ALG6 ALG7 ALGS  ALGY  ALGIO
Fig. 7. Test time reduction for dual-port memories
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This solution is not applicable for the flows where there are no test algorithms
accessing only one of the memory ports.

Conclusion. For multi-port memories tested via a shared interface a
corresponding MBISTR engine validation method is suggested for test algorithms
that do not deal simultaneously with multiple ports. This method requires some
minor changes in the MBISTR engine and reduces the validation time p times as
well as the on-chip test time where p is the number of memory access ports.
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U.4. fFULUBUL

CUXZULNRC TUNNRPAY, UPUSYUD 2PTNN, UULLECE LEMYUNNP8YUD
PBUSUYINrUUL zUUTYU AP JUIEIUSUTL G £6USUYNCUTUL
dUUUTLUYDh U KUSUUL UNSE3NRU

Zhonn uwpptph tkipjuemigws phunuynpdwi b Jepwinpnquut hwdwlupgp
(MBISTR) Ywplnp pununphs E pnipkinh kjph winfnup pupdpugibint hwdwp' hinkgpu-
1uyhtt upubdwttph wpynibwpbpmpjut tnputinp ywpunwhpuygbpibph yuydwtubponud, np-
wbn hhpnn uwwppbpp ghpwlphe dwu &b juqdnd Bi: Zudwupgnid wnju puqduphy
hhpnn vwpptpp hwupdwp £ uinnigh) pinhwinip phunuwnpdw guugh dhengny: Uhlitinyu
dudwtwy, npnowilh twhiwgstpnid sh poyjunpynid wybjugul)] wju phutnnwynpnn gugp
tnp Upwgmulipny, thnjuupbip’ wowewnltim] oqunugnpéty wnljw $nillghniury Uhugnid-
ubkpny htnbpdbjuubtpp: Ophtuly, YEtnpnbiwlub dpwljdwt hwiqnygp (CPU) b php hhonnni-
pintuttinp hpwp dhwgunn punhwinip juwninht b juwnin dhwugyws hwwnnity MBISTR
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hwdwlwpgbpt wppkb hull oginugnpdynid ku uwyn hhonnnipniuubpp phunwynpbint hw-
dwp: Uju MBISTR hwdwlupglpt niubkt npnowlhh wnwdtwhwwnlnipniuttp, npnup Ju-
nnn ku qquph YEpwny wqpt] Juytpugdwt b phunwynpdut dudwiwlh Jpu:

Unwownyynud k pinhwnip juwninnit dhwgdus puquuuynpun hhonnnipniutbpp
ptunwynpnn hwdwlwpgh Juykpugdut b phunwdnpdwt dudwbwlh Ypdundwi Un-
wnbgnid:

Unwbagpuyhl punkp. hhpnnmpnibibph phutnudnpnud, phunwynpnid b Jkpuitin-
pngnud, puquuwnpun hhonnnipinitiibph phunwynpnud, puinhwinip juwyninny gwpiwpu-
whnnpntl, phunwynpiut b Jutpugdut dudwtwlh Ypwnnid, hwdwlwpg ponuptnh
Ypuw, qniquhtin phutnuynpnid:

A.B. BABASIH

MOAXO0/ K COKPAIIIEHUIO BPEMEHU ITIPOBEPKU U
TECTUPOBAHUS 1151 BCTPOEHHOM CUCTEMBbI
CAMOTECTHUPOBAHUSA U BOCCTAHOBJIEHUS NAMSTU YEPE3
OB UHTEP®ENC

Berpoennas cucrema camortectupoBaHus u BocctaHoBieHus nmamsata (MBISTR) sB-
JSeTCA KIFOYEeBBIM KOMIIOHEHTOM B ITOBBIIICHWH MPOWU3BOAUTEIEHOCTH CHCTEMBI Ha KPHC-
taiwie (SoC) B yCIIOBHSX MOSBIICHHUS HOBBIX 337a4 B IIPOMBIIIICHHOCTH WHTETPATIBHBIX CXEM,
TJIe TaMSTh OYCHb YaCTO COCTABISIET OCHOBHYIO YacTh KpucTauia. Korma y naHHOTO KprcTania
OTPOMHOE KOJIMYECTBO MaMATH, yJIOOHO TECTHPOBAaTh UX 4Yepe3 OOIIyI0 TECTOBYIO CETb.
Me)K;[y TEM HCKOTOPBLIC MPOCKTHI HE MO3BOJIAIOT BCTABUTH 3TY TECTOBYIO M BOCCTAHOBU-
TEJBHYIO CETh B YK€ CYIIECTBYIOIMINN (DYHKIIMOHAIBHBIA IPOCKT IMyTeM JH00aBICHUS HOBBIX
Y3JIOB B CYIIECTBYIOIME, HO BMECTO 3TOMY IMO3BOJISIOT 100aBUTh €€ B IIPOEKT Yepe3 yxKe
CylIeCcTBYIOIINE (yHKIMOHAIBHBIE COeIMHeHns ¢ uHTepdericom. Hanpumep, oOuwmii nurep-
detic ans moakmoueHUs IeHTpanbHoro mporeccopa (CPU) u K3II-namMsaTH B KpHUCTaLIe
YK€ HCIIONB3YeTCs IS TECTHPOBAHHS ATOM MaMSATH dYepe3 CHelHalbHbIE MEXaHU3MBI
MBISTR, mogxiroueHHsle k obmemy uHTepdeiicy. Otu Mexanmsmsl MBISTR umeror om-
peneneHHble (PYHKIUH, KOTOPbIE MOTYT CYIIIECTBEHHO TIOBIIMATh HA BPEMs TIPOBEPKH M TECTH-
poBaHUs.

[pemmaraercst cioco0 COKpaIIeHUs] BPeMEHH IPOBEPKU U TECTUPOBAHKS MHOTOIIOP-
TOBO# AMSATH, TTOAKIFOUeHHOM K MexaHm3mMy MBISTR uepe3 obmumii naTEpdeiic.

Kniouesnle cnoea: BCTpOEGHHOE CaMOTECTHPOBAHUE MAMSTH, TECTUPOBAHHE U BOCCTa-
HOBJICHHE, TCCTUPOBAHHE MHOT'OIOPTOBOM MaMsTH, apXUTEKTypa ¢ 00muM uHTepdericom,
COKpAIlIeHHEe BPEMEHH NPOBEPKH M TECTHPOBAHUSA, CHCTEMa Ha KPUCTAJUIE, MapauIeIbHOe
TECTHPOBAHUE.
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PURLUSULUSU UL GMEYNk3eh BY 220 NhE8UL OUNUP
YUNYUONRESUL 26SULNSNPUL UOI ELEMRUUNULUUUR ULULNYU-
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Yuunwpyl] k hunkgpuy ujpbdwbbpnid puiptwnwpugdwi Eptinygph b hqnpoipjut
Swuuh Juppwdnpjut httnugnunudp: Oputu ophtiwl oquiugnpédyty L gudp Eukpquuuwun-
dudp wwnqu-pyuyht Yipwwthnhhsp: Yhpywthnphsh hwdwp gnyg b wnpyk) huptwnw-
pugdwi EhLjntutph juugnidp:

Unwigpuyhli punkp. huptwwnwpugnid, htnbgpu) ujubdw, UOY, mpulighuwnnp,
wbwnqu-pyYuyht jpyuthnpuhy, Eukipquuywnnid:

Lkpwbnipjniu: bunbkgpuy ujukdwibph hntuwhnipniup qunund £ wykih
nt wykih Yuplnp jubinhp' oinphhy npuitlg oquugnpésdwl piyuyidwi b nkbn-
Inghwtikph wpwq qupquglwi:

bPunbgpuy ujubdwttph hntuwhnipjut hhdbwlwu ptnhpubphg £ huptw-
nuwpwgnidp, npp nkjuuninghwlwb gnpdptipwugh qupqugduup qniquhbn nun-
unud £ wnwyby tpwbwluh npubg twhwgsdwt dudwtwl: Uw wnbknh E niukunid
nbhininghwljut gnpépupwgh qupquguut hnbwipny htnkqpuy vjubdwmnd
Hkdkunttph thnppugdwh bt hknbwpup pululh punugdui wpyntapnid, hisp
hwighkgunud k wdth Uks ukipghuyh dwhiuh, nphg b widhgwwbu Yujuduws b hip-
twnwpugnudp: Pugh LEdkunutph putwlhg, nkutininghwljw gnpdppwugh qup-
qugnuip wywhnyniud k twb Lhdkunubph wpuqugnpdnipnil, hugp tnyuwybu
hwugkgunid £ wbkih dké tubpquuuywndwi: Lwuh np hiptwwnmwpugnidp ninhn
Juhujws t Huikpquuyunnidhg, hnbwpwp hipunwpugdwi kplmygphubph igu-
qigdwit dkpnnutinhg E Eubipquuuyundwt iduqtgnudp:

unnh npduspp b dEpaghljuyh hhdtwynpoudp: Puptiwnwpwugnidp hinkg-
nuy upukdwtbpnud Jupbh | pudwbl) Epyn Bipuwhwindusubph: Unwghtp huptw-
wnwpwugnidt t hwnnpphsubpnid, npp hwpduplymd £ Qnmijh pwbwdlng, huly
kpypnpyp wpwiqhunnpitph hiptwwnwpugnuip: Thwpnqu-pyughlt jhpuywihn-
huhsp nrumidbwuhplnt hwdwp puupup E dhuyg mpuighunnpbph hiptwnw-
pugdwtt hwyduplp: UOY wpwqhunnpubpmid obipdwunmhgwip ninhn jupudus
E hgqnpnipynithg [1, 2]: Gpt hwpyh wntukup wyl, np gkpdwunhdwuh thnthnjunipe-
niup wnbnh sh niubkund wipwppenpky, jupkih § wuby, np okipdwunhgwih thn-
thnpunipjniip gduyunpbt jupuquwsd t hqnpnipjut thohtt punwljniuwghthg:
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AT = Ry, * B,

npunkn Ry, Ynsynid £ oipdwunmhdwtiught gnpéwljhg Yud okpdwunhgwbughti nh-
dunpmipnii: Qppwt dbs E dSwhiugws hgnpmipintup, wjipwt pupdp £ jubwgh
otpdwunhdwn: Ry, gnpswijhgp, npp jupudws L uwpph junnigqusph yupuwdtn-
ntphg, hwjuwuwn b obpdwunhfui-hgnpnipinit jujujubdnipniin gnyg wdnn ninnh
ynpnipjubp: Ry, Jupkh £ hpunipudp hwoqupll] mukiwym] npubqhunnph
Junnigusdph wwpwdtnpbpp:

Ul 1I-mud gnyg E npjws okpdwunhdwh Jupunidp hqnpmipjut dhohtt punw-
Yniuwjhthg: Owpaudwsé hgqnpmipjut inyt wpdbph nhwpnid, wykh tnp wkhutn-
Inghwljwt gnpépupwugnid ogunugnpsynn npubuqghuninph hwdwp, wykh Uks obipd-
wunhdwth thnthnjunipinit £ unwugynid [3]: Uju hwtwqudwtpp wdbih £ jupln-
nnud huptiwnwpwugdw Eplinyph dognhin guiwhwwnnidp, puth np wykh unp nkju-
unnghwjut  gnpépupwgutnh phwpnid huptwwnwpugnidng  wuydwbwdnpdus
thnthnjunipnibitpt wbh ks
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Ul 1. Qbpuwmumnpdwah upinidp hgnpoippul dpopl punwiniuuyplihg
Uphiutnwipnid oqunuugnpédyws FinFet mputiqhunnnph Unpbkh hwdwp otipd-
wunhfwiught gnpswiljhgp hwodynid k hhnlbyw) puwtiwdlng [4].

_ RTHO
Rth - )
NF+(WTHO+FPITCH*NFIN)

npnkn RTHO-u b WTHO-u gnpswijhgubp ki, npnup jupudws B wmpuwqhunnph wih-
whg, duhg b oqunugnpdynn umptphg, NF-p hpup hbn hwdwlgdws wiputqhu-
wnpitph pwtwlb k, FPITCH-p $hth Yud $hubph puyp, huly NFIN-p° $hubph
pubwlp: Oqunykny wyu ndjupukphg Yupkh t niunidwupply hiptwnwpug-
dwb tplnyph Juwjunidp hgnpnipjubt Swhiuhg whwinqu-pduhtt YEipyuithnhhsh
ophtwlny:
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ZEwnmwgnuinipjul wpniupubpp: Swép tubpquuyundwdp whwnqu-pdu-

Jhis Ypuguihnfubsh b punluh whwngu-plwhl Ypuuhnluhsh ghpuunhgo-
bwyht hwnlmpnibtiph mwuppipmipiniup Eukpquppbrugnipyw wpyniupt k [5]:
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UG.2. Swép Fhkpquuupundunlp gniquhkn whuynguypli-pyughll jEpwyunpnfupsh upikdwi
(w), pghsh b jupilwl dmfupnmlh hnpuuplpsh quenigyuwspp ()
Swsp Eukipquuuyyundwdp wtwinqu-pyuyhtt Yipyuwthnjupsh obpdmunhdw-
twjhtt hmnlnipnitubph ntuntdbwuhpnipmnitp juunwupynd E puuwljuwt wbhw-

nqu-pYuyhtt Ypyuthnhihsh htin hudbdwnbnt dhgngny: Ukpuwwthnjuhsbinh uub-
dwtkpp tkpuyugdus i vy, 2-nud b 3-nud: Npybu whwnqu-pyuyht jEpyuwthn-

huhsh puuwlwi Unpky E piinpjus qniquhtn whwnqu-pduyht jipyuthnpehsp:
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Uy 3. hwuwlwl gniquihkn whuynguyhl-pyughl jEpwyunhnfupsh ujubdwi (w),
phlunpnippul b hundbdunnpsh junnigyudpp (p)
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Swdp Eukipquuuyundwdp whwinqu-pdujhtt Yipywihnhhsh b puuwljuih
wupwdbnpbiph nuppbpnipmniup tkpjuyugdws E wunniuwlnd: Cunhwinip wn-
dwdp Jupnn Gup wuk), np guép Eubpquuuyundwdp whwnqu-pduyht jepuyu-
thnjuhsp Unwn 100 mqud wytih phy hqnpnipjut Swihuu niuh, put puuwljubp:

Unjniuwly

Twuwlul b guép Fakpquuyyundudp whuynqu-pyuyhl jhpuyunanupsdbph Fabpghuyh
uyundwl hunlkduwnnnipint i

Swdp Luk dwd
Nwuwlub YEpuywithnjuhs w Ill:h pquuyundulp
Ytpuunthnjuhy
Eubpquuywnnid 8.033e-03W 7 3586-05W

Puptiwnwpugdws hbnbwupubpp hbnwgnntint hwdwp ghuwpydt) E unyt
Untnpujhtt mqnuiputh nhypmd tpljnt wmbtwnqu-pYuyht YEpyuthnhhsubph G-
puyhtt mqpuitpwhikinhg dkyp: Npytu dntnpughtt wmqpuipw oginugnpdytiy £ up-
untunhnuyjhtt wmqpupwt 50 UZg hwdwpwlwinipjudp b 1,8 4 jupdwut wdugjh-
wnninny:

Ul.4-md b 5-nud ubpuyugdws E puuwlwt whwnqu-pyuyhtt Yepywihn-
Tuhsh Untnp-tip pimpwghpp Ukl kpuyht wqquiowih hwdwp: VY. 4-mu hnw-
g6ywus hunquép wykjh unonpugdus ukpuyugdws k . 5-nud: Unyytwhuh plnt-
pugpbp yuwlbpgws tu ulf. 6-nd b 7-nud gudp Fubpquuyundwdp wmtwnqu-
pUuht Ypuguthnfuhsh hudup:
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Eipuyhl wqnuiipwih nkuypnid
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Ul. 6. Swdp Labpquuuyundudp whuynqui-pyuyhl jeipyunhnfupsibph dninp-tip
phnipughpp JEG Epuyhl wqnuiowiah nbuypnid
Ul. 4,5, 6 b 7-nud ubpuyugdus i dntnpught wmgqnutipwp, Epuyht wqnu-
owtip b ipw mEnuowpdp haipttwnmuwpugdut hbnbwbpy: Fwuwljwb Supnupu-
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Onpumipwindwt Yhnh junonpugdus hwndwshg wupq tpind E, np hgn-
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II.C. IETPOCSH

HNCCIIEJOBAHUE 3ABUCUMOCTHU ABJEHUA CAMOHAT'PEBA OT
PACXOJA MOIIIHOCTHU HA ITPUMEPE AHAJIOI'O-IU®POBOI'O
IMPEOBPA3OBATEJISI C HU3KUM SHEPI'OITIOTPEBJIEHUEM

[poBeneHO UccienoBaHNe 3aBUCUMOCTH SIBIICHUSI CAMOHArPEBa OT PAacXojia MOLIHOCTH
B MHTErPAbHBIX CXxeMax. B kadecTBe mpumepa ObUT HCMONB30BaH aHATOTO-IM(MPOBOI mpeod-
pasoBareiib ¢ HU3KUM 3HepromnoTpednenueM. [lokazaHo ynydiienne 3¢dexToB camoHarpesa
JUTs IpeoOpa3oBaTels.

Kniouesnle cnosa: camoHarpes, UHTErpajibHAsI CXeMa, METaLI-OKCUI-TIOJTYIPOBOIHHK
(MOII), Tpan3ucTop, aHaaoro-IudpoBoil Mpeodpa3oBareb, IHSPromnoTpeOICHNUE.

P.S. PETROSYAN

STUDYING THE DEPENDENCE OF SELF-HEATING AND ENERGY
CONSUMPTION ON THE EXAMPLE OF ANALOG-TO-DIGITAL CONVERTER
WITH LOW POWER CONSUMPTION

The relationship between the phenomenon of self-heating and power consumption in
integrated circuits is studied. A low power analog-to-digital converter is used as an
example. The improvement in self-heating effects has been demonstrated for the converter.

Keywords: sclf-heating, integrated circuit, MOS, transistor, analog-to-digital converter,
power consumption.
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AN EFFICIENT PRIMARY POPULATION INITIALIZATION METHOD
FOR METAHEURISTIC ALGORITHMS

It is widely recognized that convergence capabilities of metaheuristic optimization
algorithms can be enhanced by properly chosen initial population. Most of the state-of-the-
art initialization techniques are suffering from numerous shortcomings, that ultimately
make them non-viable or not efficient enough. To overcome this, this paper proposes a new
algorithm for population initialization, which adopts the approach of dividing the search
space into nested cubes and picking edge-points for sampling. Based on the data obtained
after testing the method on 8 complex benchmark functions against other popular initialization
strategies in the scope of WOA algorithm, the proposed approach outperformed all of the
candidates in finding the global optimum.

Keywords: metaheuristic algorithm, population initialization, swarm intelligence,
evolutionary algorithm.

Introduction. Solving optimization problems generally indicates traversing
through the set of all feasible solutions, that satisfy the given constraints in order to
identify the one that, depending on the problem statement, either minimizes or
maximizes the figure of merit (FOM). These problems, when expressed via
mathematical expressions or functions, can have a variable number of properties,
control parameters and diverse behavior (continuous/discrete, linear/nonlinear,
etc.). So, the general problem formulation is as follows:

minimize /maximize f (x), subject to: x;, < x; <x; , forallj=12,..,D,

where f(x) is the objective function, the value of which for the given
x = [x1, X, ..., Xp] represents the FOM and x;,, /x; , represent the lower and upper
bounds of the search space, respectively.

So far numerous approaches have been devised to tackle this kind of
problems, each having their advantages and drawbacks. For instance, among the
most popular precise methods being the Gradient Descent, which requires the
target function to be convex and needs to calculate its derivatives for each domain
point (i.e., it should be differentiable), which for most non-conventional situations
is not implementable. On the contrary, there are sets of approximate solution

finding approaches that do not impose specific limitations on the objective function
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but sacrifice some of the accuracy. These include evolutionary algorithms
[Differential Evolution (DE), Genetic Algorithms (GA), etc.] [1] and nature-
inspired metaheuristics or so-called swarm-based intelligence [ Whale Optimization
Algorithm (WOA), Ant-Lion Optimizer (ALO), Gray Wolf Optimizer (GWO),
etc.] [2]. Recent particular interest in this type of optimization routines stems from
their generalization possibilities, relative ease of implementation and sufficient
reduction in the amount of calculations required through iterations. So, it comes as
no surprise that more and more natural phenomenon are getting mathematically
modelled to simulate certain behaviors and thus designing new algorithms.

One particular step that is crucial for efficient operation in all of them is
primary population initialization [3]. Since all of these stochastic techniques
operate on populations of individuals (potential solutions or x vectors), properly
chosen initial population can give a kickstart to the search process or cause it to
stagnate and eventually get stuck in local optima. To surmount that obstruction a
number of initialization techniques have been proposed, the primary goal of which
is to distribute individuals in the search space as uniformly as possible, thus
increasing the odds of finding global optimum [4]. Some of the most widely
utilized ones are PRNG, CI, OBL and LHS.

Pseudo-random number generator (PRNG) is by far the most commonly
used initialization technique, which generates truly random number sequences
scattered across the search space. The only external parameter that can control the
generation process is the “seed”, that controls the process. The primary downside
of this approach is inability to guarantee sufficient coverage of the search space.

Chaotic initialization (CI) is characterized by the chaos theory [5] and has
been successfully implemented for metaheuristic algorithms [6]. To generate
numbers this approach uses chaotic maps (e.g., Gauss map, tent map, etc.), which
produce real values that can be exploited to generate numbers of interest via
scaling. The drawback of this technique is the likeliness to miss out on potentially
significant features when scaling up to higher dimensions, which is also known as
the “curse of dimensionality”.

Latin hypercube sampling (LHS) is a statistical method, that generates near-
random numbers satisfying additional constraint apart from search space limitations
[7]. That being if the area is divided into equally spaced grid mesh, called Latin
squares, then each row and each column should have only a single sampling point,
which leads adequate representation of problem dimensions in the population [8].
Similar to CI, this strategy also suffers from the “curse of dimensionality”.

Opposition-based learning (OBL) is comprised of 2 steps, in which during
the first one a population P is initialized for a given number of individuals using
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any of the above or other methods based on that the opposite population Y is
generated via the following formula:

Y[i,j] = UB[j] + LB[j1 - P[i,jl; fori=1,..,N;j=1,...,D,

where P[i, j] is the ji;, parameter of the i, individual in population P, UB[j] and
LB[j] are the upper and lower bounds for the j;;, parameter respectively, and Y[i, j]
is the corresponding opposite parameter. Finally, a subset of best individuals based
on fitness is chosen from both P and Y, which gets returned as the final result [9].
Though it was successfully implemented for metaheuristics [10], the major
shortcoming of this method is the need for 2 * N function evaluations to generate a
population of N individuals, which tends to be computationally expensive if the
FOM is not a regular function, but for instance a circuit that needs to be simulated
to get the fitness value.

The proposed approach. To overcome the above-mentioned issues from which
other algorithms are suffering, a Double-diagonal uniform initialization (DDUI)
technique is proposed in which the entire process is divided into several steps. As a
first step, the entire search space is divided into N /4 nested cubes, the final points
will be the 4 edge points of each cube. That is achieved via diagonals that are going
through the space and crossing each other (in this paper they are regarded as the
main and the secondary diagonals). Examples of what the endpoints might look
like for 2D, and 3D planes are presented in Fig. 1 (a) and (b) respectively, in which
red marks indicate the final sampling points that should be returned.

a)
Fig. 1. DDUI sampling points for 2D plane (a) and 3D plane (b)
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Input: Population size N,values upper bounds UB, values lower bounds LB
number of dimensions D
Output: Initialized population
// Calculate number of points on each diagonal
main_diag, second_diag = 0
if N modulo4 =0

main_diag = second_diag = [N /2]
elseif (N— 1) modulo4 =0

main_diag = second_diag = [N/2] + 1
else

return Error
end if

\Allocate memory for population P(xl-,j)

or P(xirf )(N+1)><D
Initialize main diagonal
Initialize secondary diagonal
// Remove duplicate point
Delete P[main_diag/2] if main_diag modulo 2 = 1
return P(x; ;)

NxD
if main_diag modulo 2 =1

Algorithm 1. DDUI main routine

foriinrange(1,2,...,main_diag)

ifi=1
Pli]=LB
elseif i = main_diag
P[i]=UB
else

forjinrange(1,2,..,D)
dx = (UB[j] — LB[j])/(main_diag — 1) // Step
P[i,j] = LB[j] + i * dx
end for
end if
end for

Algorithm 2. DDUI main diagonal initialization
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foriinrange(1,2,...,second_diag)
ifi=1
P[main_diag + i]
= merge(every second element from LB starting from 1
+ every second element from UB starting from 2)
elseif i = second_diag
P[main_diag + i]
= merge(every second element from UB starting from 1
+ every second element from LB starting from 2)
else
forjinrange(1,2,..,D)
dx = (UB[j] — LB[j])/(second_diag — 1) // Step
if jmodulo2 =0
new_value = LB[j] + i * dx

else
new_value = UB[j] — i * dx
endif
P[main_diag + i,j] = new_value
end for
endif
end for

Algorithm 3. DDUI secondary diagonal initialization

The point coordinate calculation process starts from initial memory allocation
and parameter setting as depicted in Algorithm 1. Afterwards the computational
process begins for the main and the secondary diagonals, the pseudo-codes for
which are presented in Algorithm 2 and Algorithm 3, respectively. In terms of
implementation complexity, the entire process involves only several loops and does
not conduct any auxiliary calculations and as experiments will further show, the
performance does not decline with increasing the dimensionality of the problem.

The only limitation that gets imposed to the user by this technique is that the
number of the sampling points cannot be arbitrary, but rather should be either 4 * i
or4 i+ 1, wherei = 1,2,3, ..., but this still covers most commonly used round
numbers like 20, 40, 100, etc.
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Fig. 2. Convergence plots of different initialization methods on 8 benchmark functions:
Ackley (a), Easom (b), Griewank (c), Rastrigin (d), Rosenbrock (e), Schwefel (f),
Styblinski-Tang (g), Zakharov (h)



Comparison of different initialization methods (dimensions = 10)

Table 1

Func | Value DDUI Uniform LHS OBL Cl
1 2 3 4 5 6 7
Best 0 0 0 0 3.55E-15
f1 Worst 1.07E-14 1.42E-14 1.42E-14 1.42E-14 1.42E-14
Mean 5.51E-15 5.86E-15 6.22E-15 6.39E-15 6.04E-15
Best -1 0 0 0 -1
f2 Worst -0.995393 0 0 0 0
Mean -0.998617 0 0 0 -0.42688
Best 0 0 0 0 0
f3 Worst 0 0.474477 0.447371 0.248930 0.74061
Mean 0 0.115378 0.061806 0.055661 0.11250
Best 0 0 0 0 0
fa Worst 1.42E-14 0 38.40678 59.52248 6.20447
Mean 7.11E-16 0 3.165975 6.439556 0.31022
Best 5.29E-09 5.156798 0.006609 0.006203 0.00043
fs Worst 0.007103 7.165505 7.180006 7.206342 7.19182
Mean 0.000926 6.488363 6.474888 6.155187 5.64577
Best -4189.828 -4189.748 -4189.828 -4189.818 -4189.82
fe Worst -4189.598 -2650.022 -2662.835 -2664.699 -2345.75
Mean -4189.793 -3411.158 -3531.479 -3597.201 -3798.93
Best -391.6616 -391.6587 -391.6614 -391.6557 -391.659
fq Worst -391.6549 -320.6448 -334.3338 -333.9817 -391.619
Mean -391.6604 -370.3126 -383.0364 -378.7673 -391.647
Best 4.499357 10103.10 8090.126 9829.655 45.7919
fs Worst 8.584559 35568.96 42038.54 34923.42 22127.7
Mean 6.389910 19309.57 23440.08 22512.79 5920.59

Experimental results. To comparatively evaluate the effectiveness of the
proposed method a set of 8 benchmark functions was chosen, that contains both
unimodal and multimodal functions with narrow global and numerous local
optimums. Namely the benchmarks are Ackley (f;), Easom (f,), Griewank (f,),
Rastrigin (f, ), Rosenbrock (f.), Schwefel (f,), Styblinski-Tang (f,) and
Zakharov (fg) [11]. As an optimization routine one of the most recent additions to
swarm-based intelligence algorithms family, namely the Whale optimization
algorithm (WOA) [12] was chosen, that has since gained a lot of popularity and
modification proposals [13, 14]. The WOA mathematically models the hunting
behavior of humpback whales and offers several routines for exploration and
exploitation. As reference initialization candidates for DDUI evaluation Uniform
PRNG, LHS, OBL based on uniform PRNG and CI with tent-map as a chaotic map
were chosen.
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Comparison of different initialization methods (dimensions = 50)

Table 2

Func Value DDUI Uniform LHS OBL CI
1 2 3 4 5 6 7
Best 3.55E-15 0 0 3.55E-15 3.55E-15
f1 Worst 7.11E-15 1.42E-14 1.42E-14 1.42E-14 1.42E-14
Mean 5.15E-15 6.04E-15 6.39E-15 8.70E-15 7.46E-15
Best -1 0 0 0 -1
f2 Worst -0.215439 0 0 0 0
Mean -0.855592 0 0 0 -0.10789
Best 0 0 0 0 0
f3 Worst 0 0.312606 0.224252 0 0.25278
Mean 0 0.015631 0.011213 0 0.01264
Best 0 0 0 0 0
fa Worst 0 5.68E-14 0 5.68E-14 5.68E-14
Mean 0 2.84E-15 0 2.84E-15 2.84E-15
Best 1.21E-05 46.94658 47.25961 47.57934 4.90902
fs Worst 0.363177 48.48067 48.51746 | 48.52713 48.5143
Mean 0.022933 47.94278 47.87552 | 47.89927 45.7317
Best -20949.14 -20945.48 -20947.02 |-20947.64 | -20948.5
fe Worst -20946.24 -12764.78 -14170.39 |[-14634.68 | -14999.6
Mean -20948.70 -17584.73 -18355.21 |-18933.11 | -18982.1
Best -1958.308 -1958.258 -1958.181 |[-1958.084 | -1958.28
f7 Worst -1958.237 -1457.922 -1591.349 [-1552.201 | -1956.58
Mean -1958.294 -1915.232 -1886.188 |-1834.910 | -1957.87
Best 201.2862 129088.2 149936.4 133597.9 230443
fs Worst 215.3145 187324.9 223126.8 | 210587.4 159037
Mean 208.6043 156493.7 176492.5 168902.9 52760.3
Table 3
Comparison of different initialization methods (dimensions = 100)
Func Value DDUI Uniform LHS OBL CI
1 2 3 4 5 6 7
Best 3.55E-15 3.55E-15 0 0 3.55E-15
f1 Worst 1.42E-14 1.42E-14 1.42E-14 1.42E-14 7.11E-15
Mean 7.11E-15 7.28E-15 5.33E-15 6.04E-15 5.86E-15
Best -1 0 0 0 -0.99997
f2 Worst -0.003422 0 0 0 0
Mean -0.682719 0 0 0 -0.39638
Best 0 0 0 0 0
f3 Worst 0 0 0 0 0
Mean 0 0 0 0 0
Best 0 0 0 0 0
fa Worst 0 2.27E-13 1.14E-13 1.14E-13 0
Mean 0 1.14E-14 5.68E-15 5.68E-15 0
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Continuation of the Table 3

1 2 3 4 5 6 7
Best 1.45E-07 97.34662 97.80314 | 97.31989 | 97.2842
fs Worst | 2.525692 98.15001 98.12555 | 98.12313 | 98.1099
Mean 0.131511 97.83444 97.96993 | 97.89779 | 97.8350
Best 4189828 ~41897.52 41892.49 | -41894.94 | -41898.2
fo Worst | -41895.67 -28071.92 -24079.93 | -23955.85 | -30007.9
Mean | -41897.71 -38405.96 34462.54 | -36111.84 | -38064.6
Best 3916.616 -3916.149 3916.026 | -3916.548 | -3916.37
fr | Worst | -3916.493 -2983.068 -3506.109 | -3005.931 | -3912.43
Mean | -3916.594 -3756.602 -3865.889 | -3742.011 | -3915.02
Best 408.2037 282207.7 276021.2 | 277208.6 | 39730.8
fe | Worst | 4285733 394584.2 376304.1 3949643 | 590361
Mean 417.9449 331750.8 333909.9 | 338027.5 150988

For all benchmark problems 10, 50 and 100 dimensions were used for an x
vector, the number of individuals in a population was set to 100, while the total
number of iterations for finding the optimum was set to 200. On top of that, 20
independent runs were conducted for each of the initialization methods and results
are generalized by fetching out “Best”, “Worst” and “Mean” values after the process
was over.

Fig. 2 depicts the overall convergence rate of WOA for the chosen initialization
methods and DDUI when the problem dimensions equal 10. As can be inferred
from the images, without exception for all of the functions DDUI was either
finding or getting close to the optimum much faster, consequently for the problems
where approximate solution is also acceptable, the entire process can be terminated
much sooner.

Tables 1-3 represent the detailed run results data for all the benchmarks and
corresponding initialization methods for the problem dimensions of 10, 50 and 100,
respectively. It is worth mentioning that the selected number of iterations is
generally not sufficient for global optimization problems, where the recommended
value is 400...500, but, since in the current problem, we need to evaluate only the
initialization method and its impact, instead of performance capabilities of the
chosen optimizer, 200 should be sufficient to assess the method efficiency.

Starting from Table 1 (D=10), during those 20 runs DDUI managed to find
optimums for 6 out of 8 functions, failing to find one only for Zakharov function and
getting very close to Rosenbrock, and, even in that case, the overall performance
was incomparably better than for other techniques, which also was generalizing
adequately well to state the clear advantage of the method. When D=50 (Table 2),
performance does not get diminished, still having some complication with respect
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to Zakharov and Rosenbrock, but nonetheless managing to get much closer to
optimum than any other technique. It should be stated that for Ackley also the
global optimum was not detected, but the impact of optimizer also should not be
underestimated, as it involves a lot of randomness when choosing between
exploration and exploitation. And finally, Table 3, where D=100, the same issues
can be deduced from analyzing the data, but still performing much better than any
other counterpart.

Conclusion. The proposed primary population initialization method involves
calculation of equally spaced points on the diagonals of the search space, leading to
efficient representation of all the search dimensions in the final result. The clear
advantages of the method over conventional approaches was discussed and analyzed
through test runs on 8 benchmark functions and the results were summarized. The
implementation complexity of the approach goes in par with other methods, while
imposing a limitation of not being able to choose an arbitrary number for the
individuals in the population in other to guarantee a fair distribution.
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U.4. 4UrNkUsuL

UGSUZBYPUSPUUYUL ULSNCPEULE P UNULQLUSPL TNNNRL3USPUSE
UUFLUrd6RUANNITTUL UMBSNRLUYES UGN )Y

Cuyniudws k, np dbnnwhuphunpjuljut oyyunhdwghnt wjgnphpdutph gniqudhndwt
Jupnnmpnibubpp Juptih b pupbpudl) wuwwnpwd YEpuynyg phnpjus wnwetughtt wn-
wnijjughwjny: dudwbhwlulhg uyjqphwpdtpuynpiutt mkjpuhywubtph dbés dwut nith h
owpp phpnipjniutkp, npnip ny Jhhunttwy jud ny wpynibwdbn o qupdunid gputp: Uy
ptpnipniuttph hunpwhwpdwi hwdwp wnwewnpyynid E wynunijjughwih uyqpiupdtpu-
Unpdwib tnp wignphpd, nph nhypnid Jhpwnynwd i npnudwt nwpwsph ukpppqus unp-
wbwpnutph pudwidwt dnnbgnudp b Swypudwuwghtt Yhnbph punpnudp tdnupwndw
hudwp: Zhdigkn] wowewplynn Ukpnnh hwipugwbws wy uhqplupdbpu]npuiwi unpu-
wnbghwubkph htnn hwdwwntn 8 pupny hktwthy niuljghwtpny, Yt Ownhuhqughnt Uj-
gnphpth (WOU) sppwbiwljubpnid phunwynpdwt wpyniupnid unwgqus nyjuutph Ypu,
gqnpw] oyynnhunidp quutkint punpnid wnwewplyny dnnbkgnidp juwnwpnyuljuwinipiudp
ghipwquigt) k pninp ghunnwpyynn dkpnnubphe

Unwhgpuypll punkp. Wknnwhtphunhjulwt wgnphpd, ynwnijjughuh ujqpupdt-
puwynpnud, wdpnpuuyhtt pubiuwiinipyni, bYnjnighnt wygnphped:
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A.B. BAPIYMSAH

3®PEKTUBHBIN METO]I THUIUAJIA3AIIMA IEPBUYHOM
nonyJjsauuu 1Jis1t METASBPUCTUYECKHUX AJITOPUTMOB

[IpuHATO, YTO BO3ZMOXKHOCTH CXOIJMMOCTH METadBPUCTUYECKUX ONTHMU3AIMOHHBIX
AITOPUTMOB MOTYT OBITH YITy4IlIeHBI TIPABHIHHO BRIOPaHHOHN HAYaIbHOW MOIyJsiuei. boib-
IIMHCTBO COBPEMEHHBIX METO/OB MHUIMAIM3ALMU CTPaJaloT MHOTOYHMCICHHBIMH HEJOCTAT-
KaMH, KOTOpble B KOHEYHOM HTOTE€ JENal0T WX HEXHM3HECIIOCOOHBIMHM WMJIM HEZOCTATOYHO
s¢ppextuBHBIMH. C 3TOMH 1IETBI0 IpeIaraeTcss HOBBI aJITOPUTM MHULMAIN3ALNN TTOITYJIs-
U, B KOTOPOM HMCIHOJIB3YETCA MOAXO0 pa3dAcJICHUA NPOCTPAHCTBA MMOUCKA Ha BJIOKCHHBIC
Ky6bl )44 H0)160p TPAaHUYHBIX TOUYCK IJIsA BbIGOpKI/I. OCHOBBIBasACHL Ha JaHHBIX, TMOJTYYCHHBIX
1I0CJI€ TECTUPOBAHUSI METOAA Ha BOCBMH CJIOJKHBIX 3TAJIOHHBIX (YHKIHSAX, B CPABHCHUH C
JPYTHMH TOMYJISIPHBIMU CTPATETHAMH MHUIMATM3aHN, B paMkax Kur-OnTumMu3aioHHOTo
Anroputma (KOA) npemioxeHHbIN MOAX0I MPEB30IIeNl BCeX KaHAMIATOB B IMOUCKE TJI0-
0aTBbHOTO ONTHIMYyMa.

Knrouegvle cnoea: MeTa’BpUCTHUECKUN QITOPUTM, WHHIMAIHM3ALMS TIOMYJISAINH,
POEBOI MHTEIUIEKT, IBOJIIOLIOHHBIN aJlTOPUTM.
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TEOPETHYECKAS MOJEJIb TIPOLECCA OTJIOXKEHHUSA JOHHBIX
HAHOCOB B BOAOXPAHUJIMIIE N EE IPAKTHYECKOE
HNPUMEHEHHUE

Bopoxpanumia urparoT BaXKHYIO POJIb B Jelie pa3BUTHS KaKION CTpaHbl U obectie-
YeHHS €€ YKOHOMHUYECKOoH Oe3omacHoCTH. OHAKO HX COOPYKEHHE MPUBOAUT K PSAAY OTPH-
[ATETBHBIX ITOCIIEACTBUI: HApyIIaeTcs BeKaMH 00pa30BaHHAs YKOCHCTEMA PEKH, a PEUHBIC
HaHOCBHI, OTJarasich B BOJAOXPAHMIIHIIE, TOCTETIEHHO YMEHBIIAIOT €0 PETYJIHPYIOIIYIO CIIOco0-
HocTb. C yKa3zaHHOW NPOOJIEMOI CTAIKMBAIOTCS COTHH THICSY BOJIOXPAHWIMIL, TOCTPOSHHBIE B
IIITU KOHTHHCHTAaXx. I/ICXO[[H N3 BBINICU3JIOXKCHHOI'0O, 3aJadyu KOJIMYECTBEHHOM OLICHKH
OTJIO)KEHHH HAaHOCOB M MPOTHO3a (OpMBI X PACHOJIOKEHUSI B BOJOXPAHWINIIE SIBIISIOTCS
akTyanbHBIMH. [lepBast U3 3TUX 3a]ja4 JOCTATOYHO XOPOLIO PellieHa, OJJHAKO BTOpas 3ajada
MIPaKTUYECKH OCTAeTCs OTKPBITOH. [lenmbio paboThl sBIsAeTCS pa3paboTKa TEOPETHUECKOM
MOJIENIM TIpOoIIecca OTIOKEHUH JOHHBIX HAHOCOB M IPOTHO3MPOBAHKE Ha €€ OCHOBE KOOP/IHU-
HAT PacCIIOJIOKEHMsI 00BEMa aKKyMYJLIMH B BOJOXpaHWHIIE. [Ipeanoxer KpUTepHid, mo-
3BOJISTFOIUI BBIYMCIUTH MECTOITOJIOKEHHUE T€X CEUYCHHUH BOJOXPAHIIIHIIA, TAE MOTYT OTJIa-
raThCs JOHHBIE HAHOCHI Pa3HOro pasMepa. [Ipu HCXOAHBIX THAPOIOTHIECKUX, TPAHYIOMET-
PUYECKUX U TEOMETPUYECKUX XapaKTepUCTHKaX I[OTOKa, HAaHOCOB U pycjia BbIBEJEHA
3aBHCUMOCTb pacueTa KOOpJMHAT OTJIOKEHUII HaHOCOB BAOJIb BOAOXpaHWIHIIA. PerieHa
TaKXKe 3aJjaya MMPOrHO3UPOBAHUS U3MEHEHUS CIIOSl OTJIOKEHUH C HCIIOJIb30BaHUEM ypaBHE-
HUs OanaHca HaHOCOB. [lojyuyeHHOE BbIpa)KEHUE TO3BOJISIET B 3aBUCHMOCTH OT BPEMEHHU
YCTaHOBHUTH TEKYIIUH ypOBEHb OTJIOKEHHI HaHOCOB. Ha OCHOBe pe3ynbTaTOB NPOBEJCH-
HBIX pa3paboTOK C y4eToM M3MEHEHHUH, MPOUCXOAANINX B 00beMe BOAOXpaHMIIHIIA B Iie-
PHOI SKCIUTyaTalliH, IEPUOTUIECKH YTOUHICTCS ero MPOeKTHAS XapaKTePUCTHKA.

Knroueevte cnosa: BOIOXpaHWINIIE, TOHHBIE HAHOCHI, aKKyMYIIALUS, PACX0 HaHO-
COB, YYaCTOK OTJIO)KEHHUH.

BBenenue. Bonoxpanwmnuiie - He3aMEHIMOE COOPYKEHHE, Perylrpyroliee
pedHoit ctok. TonpKo s BOZOCHA0XKEHHS U THAPOIHEPTETUKH B MUPE TIOCTPOCHBI
COTHHU ThICSY BopoxpaHwiuml. B PecnyOnuke ApMeHUs 3KCILUTyaTHPYETCS OKOJIO
CEMH JIECATKOB OOJBIINX U CPETHUX COOpy)eHHiH. OHAKO TPHU AKCILTyaTaluy BO-
JMIOXpaHWININA B pEUYHOM OacceifHe BO3HUKAET PsJ HETaTHBHBIX sBiieHui [1,2]. B
YaCTHOCTH, MOJHITHE YPOBHS BOJIBI CYLIECTBEHHO MEHSIET THIPOr€OJIOTMUYECKUE yC-
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JIOBUS OKpY>Karomien cpenbl. st HaceaEHHBIX MYHKTOB U CEMbCKOXO03SHCTBEHHBIX
3eMenb K Hanboliee He)KeIaTeIbHBIM MOCIEICTBUSIM MOXKHO OTHECTH TOBBIIIEHUE
TOPU30HTA MOA3EMHBIX BOJ. Cpeln OTpULIATENbHBIX BO3ACUCTBUM BOIOXPAHUIHINA
camMoe HEraTUBHOE - 3TO pa3/ielieHne PeYHOro OacceiiHa Ha qBe yacTu. BemencTue
3TOrO:

» PpE3KO YCIIOXKHSETCS CBOOOIHOE IMEPEIBUKCHHUE JKUBOTHBIX BIOIb PEKH,
Hapymaercsi cChOpMHpPOBaHHAS BEKAMHU Cpelia NX OOMTAaHUS U PAa3MHOKEHUS;

» OCHOBHAs 4aCTh HAHOCOB, MOCTYMAIOIIMX PEUHBIM IMOTOKOM, aKKyMYJIH-
pyeTcs B BOJIOXPAaHUJIHIIE, HAPYIIas MPUPOIHBIEC YCIOBHS HUKHUX TCUSHUH PEKH;

» pasrpy’KeHHbBIM OT HAHOCOB BOHBIN MOTOK MOCJIEC BOJOXPaHUIHIIA HAYH-
HaeT pa3MBIBaTh PyCJIO PEKU.

B ropHBIX ¥ IpenropHBIX 30HaX CTOKH PEK MMEIOT SIPKO BBIPaKEHHBIN Ce30H-
HBIN XxapakTep. Hanbonee HepaBHOMEpHOE paciipenesieHre HabaoaaeTcst B TBEPAOM
ctoke. OCHOBHasI 4acTh XKUAKUX U TBEPABIX CTOKOB PEK MPOXOIUT BO BpeMs KpaT-
KOBPEMEHHBIX MTAaBOJKOB U CENEeBBIX MOTOKOB [3]. KonmmuecTBeHHOE COOTHOIIEHNE
B3BEIICHHBIX M JOHHBIX YaCTHI[ TIOTOKA, COCTABJISIONIMX OONIUI TBEPABIA Pacxo/,
00yCIIOBJIEHO TPaHYJIIOMETPHUYECKUMH U (PU3NKO-MEXaHIMUYECKUMH XapaKTePHUCTHKAMU
HECBS3aHHOW T'PYHTOBOM MacChl pedHoro OacceifHa. Kak mokaspIBalOT HaTypHBIC
rccreoBaHus, mpoBeaeHHble st FOxxHoro KaBkasza [4], B o0miem pacxone HAHOCOB
JIOJIST TOHHBIX YacTHIl cocTaBigeT He Oomee 50%. Ilpn Hanmunm Ha peke BOgoXpa-
HWIHINA 3TH HAHOCHI CKAIIMBAIOTCS B €ro MepenHeil 4acTu. A u3 oOIIero Koyum-
YecTBa B3BEIICHHBIX HAHOCOB B BOAOXPAHWJIHIIE, B OCHOBHOM, OTJIATalOTCSl YaCTHUIIBI
nuamerpom oosiee 0,05 mm (B KpyITHOM BOAOXpaHUIHIIE - AuameTpoM Goiee 0,02 aum).
Mernkue, KOJUIOUAHBIE YaCTHIIBI MIPOXOJAT BBITYCKAEMbIM W3 BOJOXPAHIIIUINA T10-
TokoM. C IEeNpI0 M3ydeHHs Mpollecca aKKyMYJIAIWNA HaHOCOB B BOJOXPAaHMJIHIIE
BQKHBIM YCJIOBHEM SBIISETCS HAJTUYKUE JOCTOBEPHBIX NAHHBIX O THAPOIOTHUESCKOM
pexxume peku [S]. it MHOTHX peK W WX MIPUTOKOB TOJO00HBIE TAHHBIE WIH OTCYT-
CTBYIOT, WJIM HEAOCTATOYHO HaN&XHBL [loBegeHHEe HAaHOCHOTO pEXMMa, a TaKKe
HU3MEHEHHUE YPOBHS BOJBI B BOJOXPAHWIUIIE OKa3bIBAIOT CYIIECTBEHHOE BIHUSHUE
Ha KOJIMYECTBO, (popMy pacrpeneneHus U TpaHyIOMETPHIECKHN COCTaB OTIIOKECHUI
HaHOCOB.

OTno’keHre HAaHOCOB B BEPXHUX y4YacTKaxX BOJOXPaHHJIHINA PUBOIUT K TIPO-
JIOJDKATETFHOMY YMEHBIIEHHIO 00bEMa peryupoBaHus. J{ecaTKu ThICSY BOIOXpa-
HUJIUI, TIOCTPOCHHBIX BO BCEM MHUpPE, MPOAOKUTEIFHO HAMOJIHSIOTCS OTPOMHOM
Maccolt TpyHTa [6,7]. P BomoxXpaHWIHII, TTOCTPOCHHBIX Ha BOJIOTOKAX ¢ OOJBITION
MYTHOCTBIO, BBIIIUTA U3 SKCIUTyaTaIllK JOCTATOYHO PAHBIIE MPEeIHA3HAYCHHOTO CPOKa
ciryx0bI (puc.1, 2). Takum 00pazom, rccieoBaHNe MPOOIIEMbl aKKYMYJISIIIANA HAHO-
COB B BOJIOXPAHIIHIIE UMEET BKHOE 3HAUYEHHE KaK C HKOJIOTHYECKOH, TaK M C IKO-
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HOMHYECKOH ToueK 3peHus. B uucne 3amay, BXOAAIINX B pobieMy, Haubosee mpuo-
PHUTETHBIMH SIBIISTIOTCSI OI[eHKa 00BEMa OTIIOKEHWH HAaHOCOB M MPOTHO3 (DOPMBI UX
pacmpeneneHus A SKCIUTyaTHPYEMBIX U TeM 0oJiee MPOEKTHPYEMBIX BOJOXpaHH-
vl B Hacrosiiee BpeMsl onpenesieHne KOJIMYeCTBa OTIA0KEHUH HAaHOCOB U (hOPMBI
UX pachpeneneHns Uil HEMHOTHX JKCILTyaTHPyEeMBIX BOJIOXPAHIIIHII] OCYIIIECTBICHO
METO/IOM T'e0JIe3UYeCKUX u3Mepenuit [1,8].

Hapsiny ¢ 3TuM CymecTByrOT JOCTATOUHO HAAEKHBIE TEOPETUUECKHUE MPEAIIO-
JKEHHS TI0 KOJIMYECTBCHHOM OlIEHKE OTJIOKEHU. B OOJIBIIMHCTBE CIy4YacB HCIIONb-
3yeTCs IPUHIIUI OaNaHCa TMOCTYTAIONNX B BOJOXPAHIITUIIE U BEIXOIAIINX U3 HETO
HaHocoB [9,10]. OgHako Ty penieHus He TAI0T BO3MOYKHOCTH YCTaHOBUTH Kak (hopMy
pacnpesienieHusl HaHOCOB BAOJb BOJOXPAHWIMINA, TaK U POCT aKKyMYJIHPYIOIIEro
CJI04 10 BBICOTE.

Puc. 1. Boooxpanunuwe Ilonus na p. Konopaoo. 3a 50 nem sxkenayamayuu 85%
80008bINYCKHOU DawHU 8blcOMOU 21 M ObIIO 3AMONIEHO OMIOACEHUAMU HAHOCOS8

Puc. 2. 3anonnennoe nanocamu 6odoxpanunuwe 6 Lllsetiyapckux Anvnax
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OTH NPOTHO3BI OUCHb BAXKHBI JIJIsI BBISCHEHHUS TOTO, KAK YMEHBINAIOTCS MEPT-
BBIE U TIOJIe3HBIE 0OBEMBI BOJOXPAHMITHINA B XO/I€ €T0 SKCIUTyaTalud. TeopeTndeckre
pEIIeHUs 3THX 3a/1a4 B JIMTEPaType MPaKTUUCCKH OTCYTCTBYIOT. Heobxomumo oT-
METHUTb, YTO TPOIECC aAKKYMYJIIIIMKA HAHOCOB XapaKTepPHU3yeTcsl pasHOOOpa3ueM 3a/1ad,
YTO OOYCJIOBJIEHO CYIIECTBEHHOU pa3HMIICH (HU3MUSCKUX KApTUH U MAaTEeMaTHYECKUX
MOJIEJICH Mpoliecca OTIOKEHUS IOHHBIX U B3BEIICHHBIX YaCTHII.

Lesanio padoThI sBIsIETCA pa3padOTKa TEOPETUIECKON MOJENH Mporiecca OT-
JIO)KEHUH TOHHBIX HAHOCOB W IPOTHO3UPOBAHKME HA €€ OCHOBE KOOPIWHAT Pacro-
TOXeHHsI 00bEMA aKKyMYJISIIIAY B BOIOXPAHHIIHIIIE.

IMocranoBka 3a1auu U 000cHOBaHUEe MeTOAUKH. V3yuatoTcs pusmueckas
KapTUHA JBYDKCHUS JIOHHBIX HAHOCOB M WX JalIbHEHINAsS aKKyMYJISIIIUS B BOJOXpa-
HUJIUIIE, PUBOAAIIAS K U3MCHEHHUIO €r0 O0OBEMHON XapakTepucTuku. [IpuawmHON
NPOTEKAIOMIET0 THAPOIUHAMUYECKOTO MPOIlecca SIBISETCS MOCTENEHHOE YMEHbIIIe-
HUE CKOPOCTH TIOTOKA TI0 JTMHE BoJoXpaHmnuiia. [lapamiensHo ¢ 3TUM HauHMHAETCS
AKKyMYJISIFS 9aCTHI] HAaHOCOB. [10 OTHOIIEHHFO K MEJIKFM YacTHIIaM CKOPOCTh COXpa-
HEHHMS JIBWKCHUS KPYIHBIX YaCTHI[ CPABHUTENBHO Oobie. [1o3ToMy B X0/1€ yMEHbB-
[IEHUS CKOPOCTH MOTOKA B BOJOXPAHWIHIIE B MIEPBYIO OYepeab OTIATAIOTC KPYII-
HBbIC YaCTHUIIbI. 910 IMPOUCXOIUT Ha HaYaJabHOM YacTh Y4aCTKa aKKyMYJIAIUH. B KOHIIC
y4acTKa OTJIAraroTcst Mejkue yacTUibl. Co BpeMeHeM TPaHUIIbl yJacTKa aKKyMYyJISIN
OyIyT U3MEHSTHCS H3-32 POCTA CIOS aKKYMYJISIIUH, YTO MOXKET MMPUBECTH K YMEHb-
IICHHUIO TIIyOWHBI MOTOKA, a CJIEAOBATEIILHO, K YBEIIMUCHHUIO €r0 CKOpOoCcTH. B xome
AKCIUTyaTalliH JaHHBIN MPOLECC YCKOPSAETCS MPH MOHMKEHUH YPOBHS BOJBI B BO-
noxpanunmiie. [Ipu pazpaboTke MaTeMaTHYeCKOH MOJEH YKa3aHHOTO (DPU3HMIECKOTO
Ipolecca yu4TeHO H3MEHEHHUE CKOPOCTH MOTOKA BJIOJIb BOJIOXPAHUJIMINA U HCIIOJNb-
30BaHBI MIPEJIOKEHHS 110 OIEHKE MUHUMAJIBHBIX CKOPOCTEH, yAePKUBAIOIINX TOH-
HBIC YaCTHIIBI B JBWKCHUU. [Ipy OIICHKE MPUPALICHHS CIIOS AKKYMYJISILIAKA UCITOIb-
30BaHO ypaBHEHHE OajaHca HAHOCOB JJIS dJIEMEHTapHOTo nepuona. B pesynprare
00paboTOK MOTydeHBI (POPMYIIBI TSl pacyeTa TeOMETPUUCCKUX apaMeTPOB OTJIO-
JKCHUI HAHOCOB B BOJIOXPAHWIHIIE B 3aBUCIMOCTH OT BPEMCHH.

PesyabTatsl ucciaegoBanus. ['mapoguHaMrUUecKuid MPoNece akKyMyJIsiuu
HAHOCOB IMPOUCXOOUT IIPpU BSaHMOHeﬁCTBHH pycia, HAaHOCOB U ITIOTOKaA. OCHOBHBIMU
napaMeTpaMu, XapakTepU3YIOIIHNMH 3TH (DaKTOPEI, SBIISIOTCS:

» pacxoj xKuAKoCTH 1 HanocoB (Q , Qs);

» cpennuii muamerp HaHOCOB (ds);

» reoMeTpHYECcKUe TapaMeTphl BOJOXPaHWIMINA No juuHe: Tiiyouna (h),
mpuHa pycina (B), mmomanp xuBoro ceueHus (A).

Ot BCJIIMYHMHBI, ABJIAIOINUCCA UCXOJHBIMU JJISA MMOCTaBJICHHOMN 3agadu, ycra-
HABJIMBAIOTCS MIPEIBAPUTEIHLHBIMU HCCIICIOBAHUSIME PEYHOTO OacceifHa.
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Yacruiia HAaHOCOB, HAXOAAIIAACS B IOHHOM CJIO€ ITOTOKA J0 OCTAaHOBKH, JIBU-
raercsi ¢ MUHUMaJIbHON CKOPOCTBIO, HHXKE KOTOPOM OHa oTiaraercs. J[octaTouHo
XOPOIIO M3y4YeHBI 3aJaYu ONPE/CIICHUS] Pa3MbIBAIOIIUX U HEPA3MBIBAIOIIUX CKO-
pocteii HecBsizaHHbIX yacTull [11,12]. JIns B3BELIEHHBIX HAHOCOB MPEJI0KEHBI Ha-
JIe)KHbIE pelIeHHns He3amIIonmX ckopocTeil kananoB [13]. Hapany ¢ atum 3amaya
oTpeeNiCHs] MUHUMAIbHONH CKOPOCTH MOTOKA, MPU KOTOPOW YaCTHIIA €IIe HaXO-
JIATCS B TBIDKSHUH, U3ydeHa HeMoCTaTOTHO [ 14]. MOXKHO OTMETHTE HECKOJILKO TIPHOITH-
JKEHHBIX OIIEHOK 3TOM cKopocTH [15], KoTopsie ObUTH MCIONB30BaHb B padore. C
y4eToM (PH3NIECKOi KapTHHBI U3y9aeMOro MPOIecca YCIOBUE aKKyMYJISIMH HAHO-
COB, TIOCTYTIAIOIINX B BOJIOXPAHIITHUIIE, TPEICTABIISICTCS CICAYIONIINM HEPABCHCTBOM:

Ve2 BV, . (1)

rae Vg - MUHUMalbHask CKOPOCTh, PH KOTOPOH YacTHLa AuaMeTpoM d HaXOIUTCs B
IOBIDKEHHUH; Vj, - cpenHssl CKOPOCTh NMOTOKA; 3 — mepexogHblil Kodh(GHUIHUEHT OT
CpeAHEeH CKOPOCTH TTOTOKA K CKOPOCTH PUIOHHOTO CIIOSL.

Hcnone3ys ycnoBue Hepa3pbIBHOCTH IMOTOKA!

m o (2)

MOXXHO HaITucaThb

VS 2 %’ (3)

rae A - TeKyIas morepevHas IIoaas BOAOXPAHMIIHIIA.

ITpaBas cTOpOHAa HEpaBEHCTBA MPEACTABIAET COOOI CKOPOCTH MPUIOHHOTO
CJIOSI TTOTOKA B BOJOXPAHHJIMIIE, TPH KOTOPOH MO Mepe KPYIMHOCTH OTIAraroTCs
YaCTHIIBI HAHOCOB. B 4acTHOCTH, B MEPBYIO OUEPEb OTIAralOTCsA YaCTHUIIBI ¢ MaK-
CHUMAJIBHBIM JHAMETPOM dmax, & B TIOCIEIHIO — ¢ AUAMETPOM dpmin. T.€. OTIOKEHHE
HAHOCOB MPOMCXOJIMT HA YYACTKE MEXIY STUMHU CeUeHUIMHU (JUTMHA ydyacTka 0003-
HaueHa L).

CornacHo pabote [15], umeem

Ve =y V,, 4)

rae V, - HepasMbIBaOIIasi CKOPOCTb PYCIO(GOPMHUPYIOLIEro TPYHTa; ¥ - TEePEXOIHbII
ko3 durenT Mexay ckopoctsimu ¥V, u Vg, cpenHee 3HaueHHE KOTOPOTO MPHHHM-

maercs 3/4.
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Cornacuo pabore [11], umeem

Vn=@dh, Q)

rae h - rmyOuna moroka; d - fuaMeTp 4acTHIIBL.
C yuaérom Belpaxenuii (3), (4) u (5) momydaercs

A > ﬁ Q— (6)
V4 gzd h
[MomyuenHoE HepaBEHCTBO MAET BO3MOXKHOCTH YCTAHOBUTH MECTOIOJIOKCHHUE
CEYeHUs, T]Ie OTIIaraeTcs 4acTUIa C TPOU3BOIBHEIM pa3mepoM d. Jliis mpoBeneHwus
pacderoB Ha paccrosHmIX X 1=AX; Xo=Xi+AX; ...; Xo=Xu-1+AX (HaumHas c
IJIOTUHBI) BEIOWpaeTcs n - € KOMM4ecTBO ceueHuil. (Bribop BenmumHbl mara AX
00yCIIOBIIEH JUIMHOW BOJOXPAaHWIHINA: YeM OOIbIIe BOJOXPAHMIIHINE, TeM OOJIbIIe
MOKHO YBEJMYUTH JIUHY I1ara). Ha oCHOBE M3BECTHBIX T€OMETPHUECKUX XapaKTe-
PUCTHK BOJOXPAHIJIUINA YCTaHABIUBAIOTCS IUIOMIATN BBIOPAHHBIX cedeHui (Ai,
As, ..., An).
Jl1s caMBIX KPYITHBIX U MENKHUX 9aCTHI (dmax, dmin) TOHHBIX HAHOCOB BBIYHC-
JIAIOTCS BEJIMUMHBI 3HAMEHATEIIS BhIpaKeHU (6), @ MMEHHO - MaKCUMaJlbHAs U MH-
HuMainbHas ckopoctu (V"™ u Vs‘“i”), MPU KOTOPBIX COXPAHSETCS NBHKCHUE YACTHII.

max

Hcnonp3ys 3HadeHns pacxoma Q, ckopoctu V™, koadummenTos P u y, paccun-
THIBAETCS TpaBas 4acTh HepaBeHCTBA (6). M3 uncna mmomaneit Aj, Ay, ..., An BBI-
OupaeTcs To MUHUMAJIbHOE 3HAYCHHE, KOTOPOE YAOBIETBOPSET ycioBuio (6). 3To
CCUCHUE SIBJIICTCS HAYAIOM 30HBI aKKyMYJISIIMK JJOHHBIX HAHOCOB. JIJif ycTaHOBIIE-
HUS MECTa KOHCUHOTO CEUCHUS OTIOXKCHUI aHAIOTUYHBIC PACUYETHI BBITOIHIIOTCS
TIpH 3HAYeHHH cKOpocTH V™", OTIOXKEHHe OCTAaNbHBIX YacTHI] HAaHOCOB B BOJIO-
XPaHWIHIIE TPOUCXONUT HA YYACTKE JUTMHOMN L MKy STUMH JBYMS CEUCHUSMHU.
Co BpeMeHeM 00BEM OTIIOKEHHH HAHOCOB YBEIMYMBACTCS HE TOJBKO IO
JUTMHE BOJIOXPAHMIIUING, HO H IO €r0 BBICOTE. ITOT POCT OIICHEH Ha OCHOBE OanaHca
HaHOCOB. Macca HaHOCOB, TIOCTYMAONIUX B BOAOXPAaHWIUIIE 32 TIPOMEKYTOK Bpe-
MeHH dt, IPUBOJUT K CIIEAYIOMEMY U3MEHEHHIO B aKKYMYJIHPYIOIIEM 00hEMe:

Q, dt=py B, L dhy, )

I/ie ps - INIOTHOCTH OTNOXeHuH; dhs - cpemHuil pocT cost OTI0XKeHuH; By — cpemuss
[IMpUHA pyciia Ha yYacTKe OTIOKEHUH.

Hcnonb3yss U3BECTHBIC 3HAUEHHUS PAcX0Ja U IUIOTHOCTH HAHOCOB, JTMHBI
ygactka L w cpemnel mmpunbsl B, ypaBHeHme (7) WHTErpHpyeTCs B Tpenesax,
COOTBETCTBYIOIIUX JAaHHOMY IEPUOIY:
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jth =%j%dt. (3)

B pesynbTare monmy4aercs 3akOHOMEPHOCTD MPUPAIICHHsT aKKyMYJIHPYIOIIETO
CIIOSI TIOHHBIX HAHOCOB B 3aBUCHMOCTH OT BpeMeHH. [Ipenmonaras, uto hopma ce-
YEeHUH NPSIMOYTOJIbHAS, 32 IPOMEKYTOK BPEMEHH (t2- t1) pOCT MOBEPXHOCTH OTIIO-
»eHuit Ah=hy-h| Oyzmer

Ah=%(r2 —1). 9)

Pemienust, momyueHHbIe A OLIGHKU Mpoliecca aKKyMYJISIIMA HAHOCOB B BO-
JOXpaHWJIHILE, TPUMEHUMBI KaK IPY HOCTOSHHBIX, TaK U IPHU MEPEMEHHBIX 10 Bpe-
MEHH 3HAUYEHMSIX MCXOJIHBIX MapaMeTpoB. TeopeTndyeckne 000CHOBAHUS U MOTYYEH-
HBIE PELICHNUS MPOLIEcCca OTIOKEHNI HAHOCOB MOTYT 00€CTIeUNTh Hall&KHbBIE PE3yJib-
TaThI IIPU YCIOBUM HAJIMYMSI JOCTOBEPHBIX JAHHBIX 110 PACX0JaM BOJbI U HAHOCOB,
IpaHyJIOMETPHYECKHM XapaKTEepUCTHKaM HAaHOCOB, a TaKkKe [€OMETPHYECKHM I1a-
pameTrpam BogoxpaHunuma [15].

3akarouenue. [IpenoxeHHbIe 3aBUCUMOCTH 10 PacyETy MapaMeTpoB OTIIO-
JKEHUH HAHOCOB MOTYT HCIIOJIb30BaThCS UI YCTaHOBIICHUS (DOPMBI PACTIONOKEHHS
00BbEMa aKKyMyJIALUH 110 [UIMHE U BBICOTE BOJOXPAHMIHUILA B XOJI€ €ro IKCILTyaTa-
1uu. Hane)xkHOCTh pe3ynbTaToB pacueTa 00yCIOBIeHa HATUYHUEM JTI0CTOBEPHBIX HC-
XOIHBIX NaHHBIX MO0 TUAPOJIOTMYECKUM, TPAHYIOMETPUIECKUM U TEOMETPHUCCKIM
XapakTepucTUKaM pedyHoro OacceifHa. IlomydeHHble pe3yabTaThl pacuéToB HaxyT
BO3MOXXKHOCTB B IPOLIECCE IKCIUTyaTally BBOIUTH YTOYHEHHsI B IPOCKTHON Xapak-
TePUCTUKE BOJOXpaHWiuIna W=f(H) u B DOCTaTOYHON CTEIICHW MPOTHO3UPOBATH
CPOK CITyOBI COOPYKEHHS.
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n.2. RULLR3UL, U.4. RULUSUL

QLUURLULNRU ZUSUUUSEU 2L ULBLNRYLEE UNhSUUU UL SEUUUUL
UNMELL G4 U eNrovdauy ubrunhuc

Qpudpwpubnp Juptnp ghpuwnwpnid niuky mpwpwbynip tpph nanbuwfun
wijunuignipyut wywhnydw b qupqugiut gnpénid: Uwljuyt opudpuph Junnigniudp
hwgbgunid £ Uh owpp pugumuwljus hbnbwupubph. ppwpundnud £ ghnp nupkpnyg dhw-
Ynpyus JEhuwhwdwlupgp, hulj ghwvnughtt opwpkpnijutinp, Ynrnwlytny opudpupnid, sw-
pnibwluwpwp thnppugunid ki npu juintwdnpdwt htwpwynpnipnibip: Logws hhduw-
hwipghtt wntisyty G hhtg dwypgudwptbpnid jurnigws hwpnip hwqupudnp opudpup-
ubph ghwpnud: Gk Ykpp toqwshg wpnhwlui kb opupkpmluyhtl ynunwlnidbph
putwjulwt ghwhwwndwl b npuitg nknujuydwb duh juthiwnbudwb pughpubpp: Upn
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utinhpttphg wewghtp puduwb jun] £ jmégws, uwwluyh tpljpnpy bghpp gnpstuw-
unud dunud £ pug: Upjuwnwiiph twyyunwljn £ dowljl] opupbpnijutiph Yninwljdwt pipwugph
nbuwui dnnk) b npu hhdwl Jpuw jutjpmntub) gpudpupnid §ninwljdwt Swdwh nk-
nupuohudwl Ynnpphtwntbpp: Unwowpjws swthnpnohsp htwpwynpmipini £ wnwhu
hwoJunyl) opwdpuph wyt hwnnypubph winunhppp, npuntn jupnn i jubq wetb) twp-
php swthtph hwwnwlught opupkpnidyubipp: Znuwbiph, opwpbpnijutph b hniuh hhnponghw-
Juib, hwnhjusuhwlut b pjpuswthulu Gpuyht punipwuqptph ghypnid wvnnwugyl) £
opulpwph Epjupnipjudp pipjwspubph Ynunwljdwh Ynnpghtuntph hwpjwpyh upe-
Juénipnil: Qpupkpnijutph hwoyklopuwyhtt hwjwuwpdwi Jhpundwdp nisdt; £ uwb
yninwljdwb gkpnp thnthnpjumpjub juthiwnbudw juinhpp: Unwgdus wpunwhwynnipe-
niup pny) Eniwhu dudwtuyhg jujudws npnoty opupkpnijuyhtt jnunwlnidubph plpw-
ghl] dwjuppulp: Ywnwupjus dowlnidubph wpyniupubph hhdwb Jpuw, hwoyh wniking
owhwgnpsdwb pupwugpmd gpwdpwph swjwinid juwnwpyny thnthnpnipnibtbpp, wup-
pEpwpwp Lonynud k npu twpuwgduyghtt punipughpp:

Unwhgpuyhlr punkp. opudpun, hwnwlughtt gpwpbkpnijubp, Yninwlnd, opupk-
pnijubph Ep, ntnujdut mnudwu:

P.H. BALJYAN, A.V. BALAYAN

A THEORETICAL MODEL OF THE BOTTOM SEDIMENT
ACCUMULATION PROCESS IN A RESERVOIR AND ITS PRACTICAL USE

Reservoirs play an important role in the development of each country and ensure its
economic security. However, the construction of reservoirs leads to a number of negative
consequences: the river ecosystem formed over centuries is disturbed, and river sediments
deposited in the reservoir, gradually reduce its regulatory capacity. This problem is faced
by hundreds of thousands of reservoirs built in five continents. Based on the foregoing, the
tasks of quantitative assessment of sediment deposits and forecasting the shape of their
location in the reservoir are topical. The first of these problems has been fairly well solved,
but the second one practically remains open. The purpose of the work is to develop a
theoretical model of the process of sedimentation of bottom sediments and, on its basis, to
predict the coordinates of the location of the accumulation volume in the reservoir. A
criterion is proposed that makes it possible to calculate the location of those sections of the
reservoir where bottom sediments of various sizes can be deposited. Given the initial
hydrological, granulometric, and geometrical characteristics of the flow, sediment, and
channel, the dependence of calculating the coordinates of sediment deposits along the
reservoir is derived. The problem of predicting the change in the sediment layer is also
solved using the sediment balance equation. The resulting expression allows, depending on
the time, to set the current level of sedimentation. Based on the results of the developments
carried out, taking into account the changes occurring in the volume of the reservoir during
the operation period, its design characteristics are periodically updated.

Keywords: reservoir, bottom sediments, accumulation, sediment expenditure, sediment
area.
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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 U4N 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-
hwjpwtui uljqpwnuntpp’ bold, «Fpuwljwinipjut guuly wpunwhwyinnmpmniup’ wnnh Yhunpn-
unud, quwunwnkpny: Swuynud qpuijwinipjut jmpupwiynip wnpniyp hwdwpuupnd £ pun
nbpunnd hp hndwb hhppuljuinmpui: Gpuljwinipjut wnpmiptbpp Wuppkpuljub hpunwpw-
Ynipjniuutiph nhypnud ukpluyugynid G htnbyw) Jupgny. hinhtwlh wqquuniup, wiub-hwyput-
Jub uljqpiwnwntpp, Jeptwghpp, hwinkuh wituinudp jud puinnidws hwwywynidp, hpuwnwpul-
dwb nupkphyp, hwwnnpp nt ponqupydwt hwdwpubpp, hbppwlwb hwdwpp, bniph qhnbndw kekpp,
qppbph nhwpnud’ hknhtwhh wqqubman, wigwb-hupuinjul vhqpbwnwuetpp, Yptwghpp, hpuwnw-
puljuwh Juypp, hpunwpuljynipyniip, pwljubp, tobph pubmlp:

8. Apuljutinipjut gwuht hwenpynid G wdthnthnudubpp djniu kplne (kqniutpny (pt nkpuwnp
huwytipku £, wdthnthnudubpp twhe' pnwubpb, wyw® wgibpk, bpk pnwubpbt b, twpe® hugbipbl, wyw®
wq kpkl, kpk wuqbkpku E, twju® hugbipkt, wyw® pnwubpk): Udthndinwdubipp pognp Epkp (Eqniubpng
hntug ppyuwiinuinipjudp b wpwigpuyhtt puntpny whwp k1hukh tnyuwlwi:

9. Stpuinp unnpuigpynud k hknhily(ukp)h Ynndhg, tognud £ igmpp fadpugpnnipnit hwtdibiny
wduwphyp: Skpunnh fdpugpqus b uppugpyus mwppbpulp hwdwdwytgynud Ehtnhtwl(utp)h htw:

10. Zknhtwy(ukp)t wewbdht bony ubkpluyuginud b (1) wqquinil, winil, hwjpwbnibp
(Ipp), wphmunwjuyph, umnpbynt quyph iphy widuinudp, qpunkgpus Wwpwnnbp, 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, mpHOT
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 craBUTCS naTa (YUCIIO, MecAl,
roj) mpencTaBiieHus: cTaTbi. OTpeIaKTHPOBAHHBIH M OTKOPPEKTUPOBAHHBIM BapHaHT PYKOIHCH COTIIACOBBI-
BAaeTCsl C aBTOPOM (aBTOpaMH).

10. Ha otnmenbHO# cTpaHuile HEOOXOAUMO MPEACTABUTH CIISAYIOIIHE aBTOPCKHE MaHHbIe: (amuus,
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 (287, YK, UDC). The initials and the surname(s) in font size 10, bold for texts in
Armenian, English and Russian should be in the centre of the next line. The title should be placed in
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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