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U.U. FULTSUY, £.U. FULUUULSUY, &.L. M6SrNuUsuL

BMYUtSUNUYUL NNNYUTLE P LUMJUOUNEINUUShNL dh&UYh
Z26SULNSNPUC ZUUUYULRUSPL UNYIGLUINNUUUL

unhpp (msymd £ swthwgnipl dkdmipiniuutpny: Yw htwpwynpnipnit £ wnwhu
Epyubwnwnh pununpuy junnnjuyjubph pusnudubpp unwbw) hiswybu guujugws hns,
wylytu b nwupptp Swinunljkunipjudp tpwudus yniptph ppwljut hwnlnipniuubph
hwoundwdp:

Gpyutwnwunh ubkppht junnnuljp qunuynwd £ hwuppe jupjusught Jhdwmlynid: Oguw-
gnpéynud B pupujuyun quutuut unnnyuljh wwupph Ynbwlwt dwjwudwipnid hwqu-
uwpulppmipjut nhtptughwy b Lwwjuuh hajuuwpnidubpp, hisybu twl Uhqbuh ujwu-
wmhlnipjut yuydwih wupgbgyws mbupp: Upgniupnid htnkgpting unugdus nhptptug-
ju) hwjuwuwpnudp’ swhwgnipl dhgopbulwt b opowhwght jupnudibph, hasyhu twlb v pi-
pwughy swynlkunipiniuutph npoodwt hwdwp unwugynd u pwbwdltp: Cun npnud, v-p
npnouywt hwdwp ogunugnpsynid b Swlnnlkt yniptph yiuwunhlnipywt Ednplugdu
nbunpjut putwdbibpp:

Bpyubununh wpwphtt unpnjuyp gnigniud E swuuyghtt jupdusughtt Jhdwlynid,
hush yuwdwneny twpunpph hwdbdwn thnjudnud B Luygyuuph huduwuwupnudp b wupgqgyus
yuunplnipjui wuydwbp:

MS EXCEL spwugpuyjhtt dhpwjugpnid hpujubiugyty Eu pdtnwnh pununphs jannn-
Julubph juplusunkdnpiughnt Yhgulh (LY plught hwoquplubp: Twubu]npuygbu’
wpnuphl unyndulh phypmy hwdwlwpgsuwght dnyhjuynpnudp junwpdmd b awjuw-
whu vwhdwibny dhgoptwui swthwqnipl jupdwit 6,,0- h hwdwp wuppkp uyqpwlu
wpdbpubpn: vnnnjulubph wpunwdndwi gopépipughtt Jhudwwwnwupwih wybtuhuh
Omo- h wpdtp, tpp junnnyuljh 6., theoptwjut jupmdp dwdjwdwnhg pnipu qunt dw-
dwbwl hwjwuwpgh 0 - h:

Unwhgpuyplr punkp. tphdbnwunuljut unnnqul, wpnwdnnud, towljuus yynip,
Suwjnunjkunipinitt, hwdwlwpgsuyht Unpbjuynpnud:

Lwhiwpw: Gpydbnwunuijut dkpktudwubpp juwjinpkt oqunugnpéynid tu
wpynibwpbpnipiul nuppbp npnpuntkpnud npytu Bplptipn gngdut Juybp, wnwd-

twtpdubp, wutp, pppught gngduspbp, swthhs vwpptp, tpjunuguljub jupkp,
nupphp Gowhwlnipniikpny jungnulibp (wyy pymd’ ebpdwght) [1-3] b wyb:
Tputg unwugdwt hwdwp Yhpunymd Eu inkjutuninghwljutn muppbp qgnpépupugutp,
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ubpunyu] huduyunwujiut twpwywnpuunduwsputph §non §ntujut dwdjw-
duypnud yypuunhly nhdnplugdudp dowlnudp [4-8]: Cun npnud, hns, tnuljudws
b skpwluuwé Wynipbphg dkpktwdwubph yuunhly pEdnpiugdwut qgnpdpuipug-
ubph jupjuswnbdnpdughnt ypdwlhh (L) ntundbwuhpnipjut hwdwp oguw-
gnpsynud ki hwdwyuwunwupowb ynmipbph yjuunhlnipjut nkumpmniattph putiu-
altp [4, 8, 9]:

‘Upkitip, np Epjutwnnwnh okpnbph hwdwntn wuunhl ghdnpdugdut gnps-
nupwgh Ypw wgnmud Eu puquuphy gnpéntutp. npuig dkuwithjuljut hwnlne-
pintuutipp, skputph dholt othdwt gnpdwljhgubph wpdtputpp, npuig hwuwnnipe-
jniuubph hwpwpbpnipniup, pidnplugdwt gnuinnt swihubpp b gpnplugdut wu-
nhdwin:

Guwnwpyby E np hwwnnypeny hns, sknuljudws, tnwujudws b Epjdknw-
nuiut twpwyuwnpuunyduspubph §ntujut dwdjuduypnid yjuuwnply nhdnp-
dwugdwt gnpépupugubpht tyhpjus wypwwmwpuknh (8, 9] yhniénipjni:

b huyun Gt pipdl) hswbu hnd dbnwnubph, uwjuybu b dbnunuljub thnpng
yuunpuunyws juqungh twpuyunpuundusputph wyjuunhl gdnpdugdut
hhtdtwljwt wnwdtwhwwnlnipnitubpn: [8, 10] — nud wyn juuinhpp ndyt) L oquuw-
gnpdtiny hhig hwjuwuwpmdubphg juquusd hwdwlwupg:

8nyg k wpyky, np punhwunip npdwsdpny fuunph pudnudp jupuqus b dbs
ndJupnipnibitkph htn: Zhnbwpup bpldbnuquljut ungoguljitph L nwund-
bwuhpnipiniip, hyp pny] juw vnwbtw] ndju] hwnlmpniatbpny wpnwunputp
b npnot gnpéplipwgh Eukipghnhly wupwdbnpbpp, own wpnhwlwb

Ushimwnwibph byuwnwli E bowljuus bpiubnwnuliuit ongnduyh Yn-
twlwb dudjuwdwpmd yjuunhl ghdnpdugdwt gnpéplipugh jwupjuswuntbnnp-
dwghnt Jhdwljh YEpnswljut qupqkgyus dkpnnutpny hknwgnunudp:

Glukn] woiwnwiph tyuwunuljhg, quiwlub Epdbnwngu junnnduyjh
ntwjut dwdjudupnid wpunwdndut pughpp wupgigus JEpniswljut dk-
pnnny (nusknt hwdwp, twhe' pinpymd &o gpu pununphs pupuljuuun junnn-
Jujutph dhol sthdwb pugulunipjui ghwptpp [11,12], jnwdynud L dhliingl
dwdjutugpnid npubg wpunudniwi pighpbpp, hul wjinhtnt’ junwpgod
npuig dhuwynpnud: Cun npnud, pununphs unpnuljabph Wynipbpp Yupnn Eu
1hub] hné b dwlnunljkl, htsp htwpuwynpnipnit juw vnwbw] nuppbp junnig-
Jusputipny Eplubtinwnu junnnjuljubp. hns-hné (mwppkp wnipkp), swlinunlku-
suwjninljkt (uppbp swlnunkunipniuutp), Swlnunku-hns (1ly.1) b hns-swjnnljk:

1. Gplydbwnwnh ukpphtt unynjuyjh htnwgnunmdp: [11] - md quuhwwnynid
kU junnnjuijh ndnpudwughnt b jupjuswghtt Jhwljubpp: Gpyne piypnid b uyqptiw-
Jut ry Uhohtt pwnwynny punnnduiljp (uly.1), whghting ntwjut dwdjudwypny,
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pupuwuind k, tpu ownwdhnp nununid rp: Cugnitkup, np junnnuljh ywwnh
hwuwnnipiniup sh thnfuynud:
Zpdtwljut nhdnplughwt ubnuynn funnnyulh opowbiwghtin £

J— T

g =n(5), (1)
npunbn 7-U pipwghy Upghtt punudhnu k: Uy nhypmd gjuundnp ghpnplughw-
Ubph wpdbplbpp Yhubu'e, = &, = —¢5 &, =&, =0lig; = gy — h (npuibin &, - p b
& —u junnnjulh dhgoptwjut b dwltplhnyph tnpdwih ninnmpiniuubpnyg (nqu-
phpdujut nhdnpldwughwubpt L), hulj & phdnpdughwubph htnbktupynipniup
ynpnoyh htnlbyw) putiwdling [4].

&= () V(em — &)2 + (& — £0)? + (29 — £m)? = (=) leg| = (1,155) In(ro/r): (2)

Oy + doy

Uy 1. Bplhlbunnunulul finpnywfh wpunundpuwl ujuldwl b gpoa pagunphsibphg
wlounnyws vnupplpp

Upunudnuut nhypnud junnnwijh popnp fhnbkph jupdusuyght yh&wlp hwpp
E, hulj 0., dhoopbwljmt b oy opowtuyghtt juupnidubpp giluwynp jupniudubp Gu:

01 =0,0, = o 03 = 0p: 3)

Untuljut dudjuduypnid pupujuyun qutulut pngnduyh ndnpdwg-

dwt phypnud hwjuwuwpulonnipyut hwjuwuwpnulubpt B [4]

da pPmr _

d—T(O'mTh) —0',9h+E = 0, (4)
] Dy
—=—-==, 5
o N ()

npukn pg = r/cosa- 1 Uhpoptwjwt wntnht nipnuhuwywg Yntwljut dwljkplng-

pny hwinjws punuiph Ynpmpyub swpun]hni k, h-p' ungnduh yunh hwunm -

pp, pp—p U pp,-t dhgopbwluih b tnpuwh nigynipnibbtpng junnnyuyh
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wpunupht dulbplinyph ypu hyyulught puojudws pintidusph hutnkuuhynipnii-
tkpp, @ - " dhgoptwljwith onpwthnnh b punuiiph wewigph dhel whlyniip:
Upunuundwb niypnid, hwoyh wntubny (3)-p, Uhqbkuh unnnupydws ujjuu-
nhlinipjut gquydwip (MM) gpynid £ hknlju) wnkupnd [6, 7].
O0p = —Or- (6)
Oquugnpskiny (4) b (5) hwjuwuwpwlornipjut hwjwuwpnidubpp b (6)
NN-u uvnwg]md k fubigph jnusudwi htnbywy nh$pbighw) hujuwuwpnudp
%(amr) + (1 + pctga)or =0,

nnh nusnudp wpnudndw (kppr = 14, 6, = 0) Eqpuyhtt yuydwuh nhypmd (. 2)
ubpuyugynud k &, suhwgnipl] vhpopbwjut jupdw npnpdw hbwnlyw) pubw-
dliny*
Om = — (1 + pctga)(1 = /7): 7)
by ytpwpkpnid £ 65 swthwqniply opowttuyghtt jupdwin npnpdwiip, wmyw npu
hwiwp oquiugnpsynid k (6) putiwdlip’

(8)

Ul 2. Fupuwwunn funpnyulh wpunadpdwl ufubdub
Ujuyjhuny, junnnuljh wpunudndwi nypnid jupdusughtt Jhdwlh swthw-
qnipl] pununphsubph npnodwt hwdwp oqguugnpénud G (7) b (8) pmiwdlibipp:
Bruljuwjws junnnuljubph dwdjdwit ghypnid yymph Swlnunykunipjui
npnonudp: pw hwdwp oquuugnpdymd k dwynwnlku wynipkph yjuunplnipyu
phdnplugdutt mbunipjut (OLNLS) Swlinnijtunipjut npnodwt htnbywy pw-
twdlip (8, 10]°
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9§ Gp€eq )
b
(1_170)3n‘7eq

v=1—(1—v0)exp(— 9)

npunkn vo-it mph ulqphwljui swinunlkinpmnibt k, m b n—p' mph Swlnnyk-
npjutt wwpwdbnpkpp, o, = (0,40, + 05)/3 Uhohti jupnudp:

Cunniuklp, np tympp swdpwgnn k, wyjuhtiph 6. = 0py, b nhdnpuwghwikph
hwdwpdtpwjhtp, [11] - h hwdwdwygb, thnjaowphund Gup nEdnpdwughwbtph hu-
nktuhynmpjudp’ €4 = &;:

EJuyht hwpdupljutipp junwpdty Be MS EXCEL dpugpuyhtt Uhowquypnid:

Un. 1 - mud pipdws b othdwl puguluynipjut nhypnid junnnqulh L
pununphsubph b tymiph ppwghl Swlnunjtunipjut wpdtpubph thnthnjunipmniu-
ubtpp ntuut dwdjwdwypnid r /7 - hg upadws: Cun npnud, npus L gthdwb
gqnpdulhgp u = 0, = 14°% ¢ = 1 4 puctga = 1, ymph ujqphwul Swlnnltunipe-
miuubph wpdtpukpp v; = 0,1, v, = 0,2 b vy = 0,3, hiyybu twb Wyniph dSwlnunlk-
i pyuh yupudbnpkph desnpmuukpp m = 1, n = 0,25:

Unpniuwly 1

Fnpmijwlp wowhg sthidwl wpnadydwl nuugblpp, Eppe = 1 + upctga = 1

r /Ty E=P) & r/7 Om [ 121 12 V3
12,50 1 0 0 0.6 -0.400 | -0.467 0.1 0.2 0.3
12,25 098 | -0.020 | 0.023 | 0.612 | -0.388 | -0.463 | 0.090 | 0.181 | 0.273

12 096 | -0.041 | 0.047 | 0.625 | -0.375 | -0.458 | 0.081 | 0.162 | 0.245
11,75 094 | -0.062 | 0.071 | 0.638 | -0.362 | -0.454 | 0.071 | 0.143 | 0.215
11,50 092 | -0.083 | 0.096 | 0.652 | -0.348 | -0.449 | 0.061 | 0.123 | 0.185
11,25 0.9 -0.105 | 0.122 | 0.667 | -0.333 | -0.444 | 0.051 | 0.102 | 0.153

11 0.88 | -0.128 | 0.148 | 0.682 | -0.318 | -0.439 | 0.041 | 0.082 | 0.120
10,75 086 | -0.151 | 0.174 | 0.698 | -0.302 | -0.434 | 0.031 | 0.060 | 0.086
10,50 0.84 | -0.174 | 0.201 | 0.714 | -0.286 | -0.429 | 0.021 | 0.039 | 0.051
10,25 082 | -0.198 | 0.229 | 0.732 | -0.268 | -0.423 | 0.011 | 0.017 | 0.015

10 0.8 -0.223 | 0.258 0.75 | -0.250 | -0.417 | 0.001 | -0.005 | -0.022

2. Bpljdbunnwunh wpnwpht unynjuljh hbwnwgnunnudp: [12] - nud othdwt hwp-
Jundwb phypnud Epjubnunuijut pnngndujh wpnwdndw pugph jnisdwi nk-
uwlkwnhg npu wpwnwpht junynyulyh jutgph (nisdwt hwdwp, npp Eapugpynid £
pEntwynpyws k p, ubpphti pupdp duonidny, oqunuugnpdynid k dwdjudup dnting
Juyulub hwnnypmd 6, ubqung Uhopbwlub jwpnmd Yhpunkyny: Uy nhy-
pnud 03, 0, U 03 qiluwynp pupmdibph b
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01 =0, <0,0,=03= 09 =—-p, =—pr <0, (10)
npunty p, - U dwdjuduyph tnpduy Lupnid L junnndujh Jpue
[12]nud paughpp pusynud £ swhwgniply 6, dhooptwlw b &y opowtiugghte
(wpnulubpny (6, = oy, /0, W Gy = 0g/0y), oquuugnpstiny htwnlyw) hwjuwuwpw-
Yonnipjut hwjwuwpnudp (22) [12].

d 2Dm

= (or) — 0 + e 0, (11)
g9 - _ Dy—DPr pv“'pr’ (12)
Po h 2pp

npunkn p,-U unnwiljh Ypu dwdjudwgph gapnudi b inpuwh nigynipyudp, oy, - p
hunnnyuyjh tymiph hnuntinipjut vwhdwp:

Uy niypmid junnnujh hwjuuwpwlornipjut hwjuwuwpnidu nt Wyniph
Wuunhimpjul yuydwib ntbbunud Bu hknljuw) nkupp.

r—2+aG,—aday(1+k)=0, (13)
Gg =0m — 1, (14)

npunkn k = 2f/sin2¢ - 1 othnidp hwoyh wnling gnpdswiihg k, f —p funqnijuljh Yn-
twlwb Jwdjwduwyph htw sthdwt gnpswlhgp (uly. 1):

Ujniu phypmid oquuugnpdynud k [11] hhdtwljwt hwjuwuwpulpnnipjui
huwjuwuwpdwl wupqigJuws dtpngp, tpp k = 0: Uy nhwypnud [11] - p pugnith
htwnlyw) nbkupp.

dom  —

4 + 0, —0g =0: (15)

r

(14) wyuunplnipjut wuydwihg 65-1 nknugplng (15) - h dke b wuwnp-
ubupuip Abwthnubiny junwbwip.

dom _ - _&
T‘d—+1—0,d0'm— - (16)

r

bPuwnkqphiny (16) - p, junnwtwup.
om =—Inr+IncC: 17)

bPuinbkgpuwt €, hwunuwnniip npnoknt hwdwp twfa (17) - p hnpowbpybtup
htwnlyw) mbkupp®

G = In7, (18)

hulj htiiin oquaugnpétiip kqpuyhtt yuydwp:
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Tunnnjujubph wpnuwdnduwt kqpuyhtt wuydwp, pun uly. 2-h, Epp wyt dntnwd
E dwdjwduyp, nith hknlbju) nkupp®

tpp 7 = 19, O = Omo» (19)
npp poy) Enaghu (18) -hg npnoky C-
C =1y e%mo; (20)

Stnunnkiny (20) - n (17) - mud b puyp we pwy] YEpwihnhubkny, uvnwugynd k
0 Uhgopbwljwt jupdwt npnodwt putiwdlip.

T
Om=—Inr+InC = ln?0+5m0,
Gm = —In7T + Inrgemo,
Gm = —InT +In7y + Ine%mo,
Gm = Omo + 1nrr—°: (21)

Gnwljudws unnnuljabph yymph pnwugdwt gnpépupwugh hbnmwugnundw
hwdwp Juplnp tywbwlmpemit niubgnn 6, = (6, + 0, + 3)/3 dhohtt jupdwl
swthwqmpl UEdmpymip npnoynid ' hwph wnlikyny (10) bt spowliughi & jupdwib
(14) pmtwdlikpp.

Og = 0y — 1,09 = (0 + 209)/3: (22)
Upklp twil, np mubktwny swihwgniply jwpnudubph dedmpnitubpp b ymph

hnum it pyut vwhidwlbp' Yupnny Gip npnoky gnpstwljut Uks tpwhwlnipym i n k-
gnn, oy, Ut 0g hpwljwt jupnidiatpp hnbyuy pubwdlipng

Om = 0 (1 —)"050, oy = ay(1 — v)" 050y, (23)

nnnup Yhpunkh b hyybu hns, wjtiytiu ) swynnlbi yymptph ghuypnid:

‘Uniph pupwughly Swinunljkunipjut wpdtpubph npnodwi hwdwp withpw-
dtioun L oqunuugnpst) OULNYS (9) putiwdlip:

Pupulugun fungndulh wpudpdot nph pdaghi hugguplibn G-
wnwnkint hwdwp oqunugnpstup htnlyuy Ukdnipniuttpp. dwdjuduwyph Yntiwljw-
tnipyub wilnip’ ¢ = 14°, unynulh ulqpiwlui b wpnwgpuiiph npudw-
qdtpp Dy = 25 Ud b d = 20 Uu (y.2):

MS EXCEL spwuqpujhtt thowuypnid ubpphtt Lupdwdp pintiwsd junnnduy-
ubiph wpnwdndw gnpdpupwgh pduyhtt hwyquplubpp juwnwupyt) Bu gthdwb pu-
gquljuynipjui nphwypnid (f = 0,k = 0) oquiugnpskiny (21) b (22) putwdlipp:
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Un. 2-nud phipdwé b jupJuswuntdnpiughntt Jhdwlih pununphsutnh b po-
pwughly swununikunipjut ndjujukpp k = 0 iymph uyqpufut Swlinnitinipjut
0,1; 0,2; 0,3 nphwypkpnud, tlppm =1k n = 0,25 [3]:

Ugniuwly 2

Tonpmijwlh wowbg sylwl (k = 0) dwdpdwl nyjuybbpp ulqpimlui dpeopbulmb jupdwl
Omo = —0,223 wpdlph nkupnid

r r/ro —%g & —Om —0p =0y V1o V20 V30
12,5 1 0 0 0.223 1.223 0.890 0.100 0.200 0.300
12,25 0.98 0.020 0.023 0.203 1.203 0.869 0.082 0.165 0.248
12 0.96 0.041 0.047 0.182 1.182 0.849 0.064 0.129 0.194
11,75 0.94 0.062 0.071 0.161 1.161 0.828 0.047 0.093 0.138
11,5 0.92 0.083 0.096 0.140 1.140 0.806 0.029 0.056 0.079
11,25 0.9 0.105 0.122 0.118 1.118 0.784 0.012 0.020 0.020
11 0.88 0.128 0.148 0.095 1.095 0.762 -0.004 | -0.016 | -0.041
10,75 0.86 0.151 0.174 0.072 1.072 0.739 -0.020 | -0.052 | -0.102
10,5 0.84 0.174 0.201 0.049 1.049 0.715 -0.036 | -0.087 | -0.164
10,25 0.82 0.198 0.229 0.025 1.025 0.691 -0.050 | -0.121 | -0.224
10 0.8 0.223 0.258 0.000 1.000 0.667 -0.064 | -0.153 | -0.283

MS EXCEL dpwuqpuyhtt dhpwduypnid hpuwjuuwgyty E gnpépupugh hwdw-
Jupgsughlt Unplpuynpmid’ twpruygbu vwhdwibing dheopbwljwit suthwqniply jup-
dwilt G- h hwudwip nwppbp ujqpiwljuts wpdtputn: vnnnuljubph wpunwdndwh
gnpdppughtt jhudwywwnwupiwith wytyhuh 6,,0- h wpdtp, tpp junyndulyh 6,
Uhgoptwjutt jupnudp dwdjudwyphg nnipu qunt dadwbwly jhwjuwuwpygh 0 - he
Un. 2-nud gmyg bl inpwd plipwughly r swnwyhnikph thnppugdw 0,25 puyh’ pup-
Judwnbdnplughntt Jhdwljh pununphsubph wjjujubkpp 6,9 = —0,223 wipdtph
ntypnid: Unyniuwljhg tpimd E, np junnndujubph @niph uljqpwlui 10, 20 b
30% Sswlnunjtumipiniubpp othdwt qnpéwlgh k& = 0 nphypnid nEdnplwghwubph
hunkuhuynipjut & = 0,122 - hg vhtish 0,148 dhowljuwypnid untnid L O:

QGubwub Epjdbnwunulijut unnnjuih pununpu) pupujuywn junnn-
Jujutiph dholi othumb puguljuynipjut nhypbkpnid nputg wpnwdndwi punhp-
ubpp wupglgdws hpniswjut dkpnngutpny 1niddty bu dhtiing jntwljut dud-
(wdwypnid:

3. Epyubnwunh pununpuy pnpnjuyutph vhwynpnudp: Gpydbnwunuijut
pununpju) junnnjuljubph Wnipbpp Jupng Bu jhul) hns b swinunlk, husp huw-
puynpmpnih junw winwbugne nwppkp junnguspitpm] kpdbnwunului jun-
nnuljkp, npniighg dklp swinunljki-hnsp, gnyg E npdus tl.1- nud: Anpstwljub
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Juplnp tpwbwlnipnit nith dhbinyt uyqpimfui 10, 20 k 30% swlnwnlkunipe-
miuubpny Swnunlku-swlnunljtu jurnigquspny Epjubnunuiut junnnulh
nhunwpnudp: dpu hwdwp wn. 3 — nud phpdws Eu dhuygb todws swlninykunipe-
miuubph hadwywnwupuwt wpdbpubpp:

Upgjniuwl 3

Tongmijwlp wowbg syl (k = 0) dundpdwl npuyblpp ulgpinulut dheopkwlmb jupdwi
Omo = —0,223 wpdlph nkuypnid

r, U r/ry —&g g Vio Voo V3o Vi V2 V3
12,5 1 0 0 0.1 0.2 0.3 0.1 0.2 0.3
12,25 0.98 0.020 | 0.023 | 0.082 | 0.165 | 0.248 | 0.090 | 0.181 | 0.273

12 0.96 0.041 | 0.047 | 0.064 | 0.129 | 0.194 | 0.081 | 0.162 | 0.245
11,75 0.94 0.062 | 0.071 | 0.047 | 0.093 | 0.138 | 0.071 | 0.143 | 0.215
11,5 0.92 0.083 | 0.096 | 0.029 | 0.056 | 0.079 | 0.061 | 0.123 | 0.185
11,25 0.9 0.105 | 0.122 | 0.012 | 0.020 | 0.020 | 0.051 | 0.102 | 0.153
11 0.88 0.128 | 0.148 | -0.004 | -0.016 | -0.041 | 0.041 | 0.082 | 0.120
10,75 0.86 0.151 | 0.174 | -0.020 | -0.052 | -0.102 | 0.031 | 0.060 | 0.086
10,5 0.84 0.174 | 0.201 | -0.036 | -0.087 | -0.164 | 0.021 | 0.039 | 0.051
10,25 0.82 0.198 | 0.229 | -0.050 | -0.121 | -0.224 | 0.011 | 0.017 | 0.015
10 0.8 0.223 | 0.258 | -0.064 | -0.153 | -0.283 | 0.001 | -0.005 | -0.022

‘Loklip np, 0 htigtipuny swiljninljkim piniiitlinp yepupbpnud B tbpphtt Lupnidng
phintwynpué unnnjuyjht: Ypuwg hwdbdwnnudp gnyg E wwhu, np Gpdbnwnh
wpuwphtt unnnquljp, Yntwut dwdjudwyph pupwghl owpwynhr =11 4/ - h
ntypnid wpnktu gy b (puguuwljut Swulinnunipniup tywbtwynud £ np wg
wpptu 0k ):

Bopuijugmpmnit. Ujuyhuny, gutufui kpjdbnunuijut jungndulh Yntw-
Jut dudjuduypnid wpnudndw juinhpp, yupqbgws JEpnuswjut dkpnnnyg
(nwskint hwdwp, punpyl) E gpu pununnphy pupujuyun unnndujutph dholt
othdwl puguljuynipjut nhwpp, ndyky B dhbinygt dwdjuduygpnid gpug wp-
nwdnuw ppunhpukpp, hulj wyunithbnb yunwpdt) L gputg dhwdnpnid:

Bpyubnwnh utipphtt unnnujp qudnud £ hwppe jupjusuyht, hull wpunw-
phip” Sunjuuhl jupyuduyght Jh&wlkpnid: Mughpibpp syt ko pupmadibph
swthwiqnipl] Ukdnmipniuibpny: Oquugnpdyl) tu towluydws Wyniph pupwughl
SwjnunljEtnipjut npnodwt OULNYS pwtiwdlip, Uhqbhuh wjjuunhmpjut yuydwh
wunqkgyus mbupkpp, hyybu twb pupujuyun quiuljwt unpndulh Yntw-
Jut dwjuduypnd phdnpldugdut Epniwljut hajuwuwpulornipjut hwjuuw-

pnudubinp, npnughg nhybpkughun tnyutb k:
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Uoklip iy, np mibkbwyny swthwqgniply jupnidubph dkdnipmittbtpn b tyne-
ptph hnuntim pyub vwhdwitkpp Yupng kup npnoky gnpstwluimu ks towbu-
nipjnit niikgnn, hpulub jupnidubpp husybu hns, wjtybu § swlnnlku tyne-
phph nypnud:

MS EXCEL spwgpuyjhtt hpwJuypnid hpujuwtwgyty Eu gnpéplpugh hudw-
Jupgsuyhtt Unphjudnpnid b pyuyhtt hwpdupljubp: 8nyg b wipyty, np Epdinunu-
Jut wpunwpht unnnduiljp Ynbwjut dudjudugph pipwghl punwynhr = 11 i/~ h
nhypmud (npEpnpuughwikph hinkihuympulb' & = 0,148) wpnki fonwghy b
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A.A. BABASIH, b.C. BAJIACAHSIH, I'.J1. IETPOCSIH

HNCCIEJOBAHUE HANIPAKEHHO-JE®@OPMHUPOBAHHOI'O
COCTOSAHMSA BUMETAJUVIMYECKUX TPYE KOMIIBIOTEPHBIM
MOJAEJNPOBAHUEM

3amava penraercs ¢ Ge3pa3MepHBIMU BETMYMHAMH. JTO MO3BOJISET MOIYy4YaTh PELICHHs
13 OGMMETAJUINYECKUX KOMIIO3UTHBIX TPYO C y4eTOM pealbHbBIX CBOMCTB JIFOOOTO CIUIOIIHOTO
MaTepuaa, a Tak’ke CIIe4eHHbBIX MAaTEPHUAJIOB C Pa3INYHON TOPUCTOCTHIO.

BHyTpeHH:Aa TpyOKa GMMeTamIMIecKoi TpyObl HAXOIUTCS B INIOCKOM HaNpPSKCHHOM
cocTostHAM. Vcnone3oBaHb! An¢depeHnnaIbHOe ypaBHEHHE dJIEMEHTa KOHNYECKOH 4acTh
TpyOBI 1 ypaBHeHUs Jlamnaca TOHKOCTEHHOH IMIMHAPUIECKON TPyObl B KOHUYECKOH Mat-
pHIe, a TaKKe ynpouleHHas GpopMa yCcIoBHs IIacTHYHOCTH Museca. B pesynbrate unTer-
PHPOBaHMS NONTYyYSHHOTO AU HepeHIINaIBHOTO ypaBHEHHs OITy4eHbI GOpMyIIbI JUIsl Ompe-
JienieHnst 6e3pa3MepHBIX MEPHIMOHAIBHBIX M OKPY)KHBIX HANpPSDKEHHH, a TakkKe TEeKYIIHX
nopuctocteii v. Kpome toro, uis onpeaeneHust v Ucroib3yores popmyisl aedopmanioH-
HOM TCOPUH TNIACTUYHOCTU NOPUCTHIX MATCPUAJIOB.

Bremmsas TpyOka OuMeTamindeckoil TpyObl HaXOANUTCS B 00BEMHOM HANpPsHKEHHOM
COCTOSIHHH, B PE3yJbTaTe 4Ero M3MEHSIOTCS ypaBHeHHe Jlamiaca U ynpoIneHHOE yCIOBHE
IUIACTUYHOCTH 1O CPABHEHHMIO C MPEABIIYIIINM CIy4acM.

ITpoBeneHs! YnCIEHHBIE PAcUeThl HAPSHKEHHO-1E(OPMUPOBAHHOTO COCTOSIHUS O1Me-
TAUTMYECKUX KOMIUICKTyIommx TpyO B mporpammHuoii cpeae MS EXCEL. B wactHOCTH,
BBIITOJTHEHO KOMITBIOTEPHOE MOJICIMPOBAaHNE BHEIIHEH TpyObl, IpeiBapuUTEIbHO 3ajaBast
pa3yiMuHble HadaJIbHbIE 3HAYCHHS MEPHIMOHAIBHOTO 0e3pa3sMEepHOro HampsDKEHUS Opg -
[TokazaHo, YTO MpOLIECCY DKCTPY3UHM TPYObl COOTBETCTBYET Takoe HadyajJbHOE 3HAUYCHHE
O HAaIpsHKEHUsI, IPU KOTOPOM MEPHMOHAIBHOE HAIIPSHIKEHUE Oy, TPYOBI IIPH BBIXOJIE M3
MaTpHILbl PAaBHO HYIIIO.

Knrouegvie cnoea: buveramnnueckas Tpy0a, 3KCTpy3Hsl, CIEUCHHBIN MaTepuall, mo-
PHCTOCTH, KOMIIBIOTEPHOE MOJICITUPOBAHHE.
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A.A. BABAYAN, B.S. BALASANYAN, G.L. PETROSYAN

INVESTIGATING THE STRESS-STRAIN STATE OF OBTAINING
BIMETALLIC PIPES THROUGH COMPUTER MODELING

The problem is solved with dimensionless quantities. This makes it possible to obtain
solutions from bimetallic composite pipes taking into account the real properties of any
solid material, as well as bimetallic materials with different porosities.

The inner tube of the bimetallic pipe is in a state of plane stress. The differential
equation of the element of the conical part of the pipe and the Laplace equation of a thin-
walled cylindrical pipe in a conical matrix, as well as a simplified form of the Mises
plasticity condition are investigated. As a result, by integrating the obtained differential
equation, formulas for determining dimensionless meridional and circumferential stresses
are obtained, as well as current porosities v. In addition, to determine v, formulas from the
deformation plasticity theory of porous materials are used.

The outer tube of the bimetallic pipe is in a state of dimensional stress. As a result,
the Laplace equation and the simplified plasticity condition change compared to the
previous one.

Numerical calculations of the stress-strain state of bimetallic completing pipes are
carried out in the MS EXCEL software environment. In particular, computer modeling of
the outer pipe is carried out by the preliminary determination of various initial values of the
meridional dimensionless stress Gp,o. It is shown that to the pipe extrusion process
corresponds an initial stress value 6,,, at which the meridional stress 6, of the pipe upon
the exiting value is zero.

Keywords: bimetallic pipe, extrusion, sintered material, porous, computer modeling.
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H.A. ISUNTS, A.H. DAVTYAN, V.SH. AVAGYAN

DEFORMED STATE’S SIMULATION OF THE FIRST-GRADE
TITANIUM FOIL OF THE ACCELERATOR OUTPUT WINDOW

The output accelerator windows, particularly the used metal foils are studied. The
work was carried out to assess the strength of the first-strength grade titanium foil and the
choice of variable parameters of the thickness of the foil. Depending on the latter, the
simulation was performed by the finite element analysis in the ABAQUS automated
software environment. The distributions of displacements, plastic strains of concavity
caused by pressure differences, and radial and circumferential stresses have been studied in
the foil's static state for 10 metal foils with a thickness of 50...500 microns. The basic
dimensions of the titanium metal film are introduced: thickness and diameter. Atmospheric
pressure was applied as an external force of influence, and the vacuum pressure was
assumed to be zero. The metal shells were divided into a large number of nodes, which
ensured higher accuracy for simulations. As a result of simulation, curves of the
displacements of the selected points of the metal foil in the direction of the Y axis,
depending on the values of the radiuses, and the curves of the strains intensities
distributions of the metal foil were built, which were also analyzed. The metal foil of the
output window was investigated so that simulation results could be applied to both output
windows: mechanical connection and diffusion connection.

Keywords: output window, titanium metal foil, vacuum, deformed state.

Introduction. Accelerator output windows play the primary role in accelerator
technology, especially in the linear electron accelerator AREAL. Since an ultra-
high vacuum is provided in the accelerator, it is necessary to transfer an electron
beam from a vacuum to an atmospheric pressure environment, preserving the
characteristics of the beam as much as possible.

Modern accelerators are used not only for research purposes but also for
solving practical problems. Today particles generated by accelerators can penetrate
into any surface, the size of which sometimes reaches several meters. This property
of accelerated particles is widely used in a high number of fields. Accelerated
particles are no less widely used in radiation technologies, particularly in new
materials production (modification), sterilization of medical devices, environmental
protection, radiation treatment of food, etc. Obtaining new materials significantly
impacts modern mechanical engineering, aircraft engineering, automotive
maintenance, the military industry, the production of household items, etc. New
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materials make it possible to obtain parts with higher physical and mechanical
properties in military aircraft, weapons, ammunition productions, and other places.
Polymerization makes it possible to obtain new types of modified porous materials,
which are also widely used in the production of heat pipes, filters, etc. Electron
accelerators make it possible to clean the environment, for example, natural water,
running water and its deposits, and emitted gases, as well as recycle solid waste.
Charged particle accelerators are complex equipment and combine various
fields of science and technology: radio frequency systems, magnetic systems,
vacuum systems, thermoregulation systems, radiation diagnostics technologies, etc.
Only an effective combination of all systems and subsystems allows you to control
the accelerator and get the desired result. The subsystems include the output windows
(Fig. 1), which are an integral part of the accelerator and whose purpose is to extract
charged particles from the environment of ultrahigh vacuum (10%...10'° mbar).

Fig. 1. An accelerator output window model

Since electron accelerators operate in a vacuum environment, a beam of
electrons is exited into an atmospheric pressure environment through an output
window. The latter has a simple design consisting of one or two flanges, gasket and
a metal shell(s). Along with such a simple design, it is difficult to maintain the
tightness of the connection, stability, and durability of foil. In literature, examples
of patents for output windows with a mechanical connection are given [1-3], from
which in [1] it is not determined from what material the sealing ring is made of,
and the flange geometry is not shown in the area of its landing, which doesn't
comply with international standards of vacuum connections. So, at least, there is a
problem with the system's sealing. In [2], a constructive solution is given in terms
of the strength of foil, taking two metal foils instead of one, however, in this case,
repeated problems arise with inaccuracies in the assembly of the unit and
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maintaining the stability of the foil. [3] is a solution of a mechanical construction
with two foils, between which an intermediate gas (or atmospheric gas with a lower
pressure or other inert gas) is poured, which pressure must be controlled by a
measuring and signaling unit. Thus, in [3], the problem of stability of two foils was
solved (although with the addition of assistive resources), but from the point of
view of the beam, it will have a certain scattering in four layers (foil — inert gas —
foil — atmosphere) instead of two (foil — atmosphere), which will negatively affect
the output parameters of the accelerator. In [4], was designed and calculated a
rectangular output window (for specific purposes), in which only the distribution of
stress intensity on the foil was studied, and titanium flanges were used. In [5], the
structure of the output window with a beryllium metal coating and titanium flanges
was studied. It is obvious that in [4, 5] quite expensive and not accessible materials
were used, and special-purpose output windows were obtained. In [6], a diagram of
the deformation of the first-grade titanium foil with different granule sizes and
different heat treatment temperatures was obtained experimentally. The diagrams
obtained in [6-8] are applicable for performing virtual calculations of foils as
properties characterizing their real elastic-plastic state, which are absent in all
calculations in literature, leading to big inaccuracies. Thus, having studied the
characteristics of the foils used in the output windows used in accelerator
technology, we can say that the later deserves a more thorough study.

The purpose of the work is a computer simulation of the deformed state of
the first-grade titanium foils used in accelerator technology.

The initial data of the task. The process was simulated in the SIMULIA
2019 software environment (ABAQUS) with the following initial data: the studied
foil thicknesses & =50...500 microns, diameter d =36.83 mm. Since the function of
the output windows is to conduct an electron beam from a vacuum to an
atmospheric pressure environment with minimal losses, the atmospheric pressure
of 1 atm used as an external influence.

The influence of the vacuum is assumed to be 0 afm since an ultra-high
vacuum is provided in the accelerators, the pressure of which is 107%...10"° torr.
The separation range of the foil finite element grid: the number of nodes is
1110...5166, the type of cubic elements is CAX4R, and the number of elements is
920...4422. The simulation was carried out for an axisymmetric foil section (Fig. 1).

Based on the studies carried out in [7], the deformation diagram of a pure
first-grade titanium material was used for modeling (Fig. 2) as a plastic property of it.
The following physical and mechanical properties of the material were also introduced
as initial data: density p = 4510 kg/m3, Young's modulus E = 1,05 - 10°MPa,
Poisson’s ratio u = 0,37.
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Fig.2. Deformation diagram of the first-grade titanium material

Modeling of the first strength grade titanium foil of accelerator output
windows. Due to the influence of the atmospheric pressure, the titanium foil in the
accelerator output window unit undergoes plastic deformation up to its plastic
destruction. Since there are no studies of the stress-strain states of the foils of the
output windows of accelerators in the available literature, the primary task is to
study only the foil as the most vulnerable part of the output window.

Fig. 3 shows the zones of stress intensity distribution (g; = Mises) and
deformations (g; = PEEQ) and displacements in the direction of the y axis (u, = U2).
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Fig. 3. Zones' distribution of the stress-strain state of the titanium shell: a; (a, b), €; (c, d),
Uy (e, f), where: 6=60 microns (a, c, e) and =100 microns (b, d, f)

When the foil is mechanically connected, it is attached at the edges between
the flange and the O-ring, i.e. the fastening is carried out along the flange's knife
edge. Based on the above, in the ASE, the foil was fixed in diameter with the
deprivation of six degrees of freedom. The modeling was carried out in the APS
"ABAQUS" for the 10 thicknesses of the foils. A total of 30 distribution zones
were obtained, 6 of which are shown in Fig. 2.

The simulation output from the finite element analyses was derived from the
fixed section of the foil to the center. Since the foil bends towards the vacuum, and
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the nodes on this side receive maximum displacements, it is advisable to take the
values of the stress-strain state components from this side. The following diagrams
were obtained for the above nodes (Fig. 4).

0 2 4 6 8 10 12 14 16 18 r, mm

-1.5

Uy, mm

&M 50 60 100 120 150 200 300 350 400 500

Fig. 4. Displacements of the selected nodes of the foil relative to the Y axis depending on
the values of the radius

Fig. 4 shows the displacements of the selected nodes of the foil in the
direction of the Y axis for 10 thicknesses of the range 6=50...500 microns. The
diagrams obtained correspond to the shapes of the sections of foil. The greatest
interest are the displacements of the central nodes of the foil, which at a thickness
of 50 and 60 microns take quite large values. During the study of thicknesses, revealed
the phenomenon that at a thickness of 60 microns, radial and circumferential stresses
(om, 0g) for all nodes in the fixation zone, they take positive values, whereas at a
thickness of 100 microns, the stresses in the nodes from the atmospheric pressure
side are positive, and in the nodes from the vacuum side are negative (Fig. 5). From
the above, it is obvious that in the range from 60 to 100 microns there is a value dx
of the foil thickness, starting from which, from the vacuum side, the stresses take
negative values. Analyzing it, we can say that under the condition §<6x, the foil in
the support nodes undergoes tensile deformations over the entire thickness, and at
0x>0, the foil works like a beam (the upper fibers are stretched, the lower ones:
compressed). The phenomenon is more clearly shown in Fig. 5.
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Fig. 5. 0y, o stresses’ signs in the fixed zone of foil for thicknesses in the range from 60 to
100 microns

To choose the optimal thickness, in addition to the displacements of the nodes, it
is necessary to study another important parameter: plastic deformation. Fig. 6 shows
the strain intensity curves (&i) of the foil's nodes from the vacuum side at the same
10 thicknesses in the range from 50 to 500 microns.
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Fig. 6. Strain intensity distribution curves of the metal foil

Comparing the data obtained in Fig. 4-6 it can be assumed that the plastic
strains of the central nodes of the foil, which began with the thickness o, sharply
decrease. It can be assumed that the sharp decrease in strains is due to the presence
of the phenomenon shown in Fig. 5. As for the thicknesses 8<0y, their plastic
strains in comparison with the case >0« take on large values. For example, at a
thickness of 100 microns, plastic strains of the central foil nodes account for ~27%
of the strains at a thickness of 60 microns. Studying the support nodes for the
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above thicknesses, it is obvious that there is the following range: 350...5,...400, and
when 08,<0<d,, there are insignificant plastic strains in the support nodes
(~0.56...0.001%). This phenomenon is explained by elastic strains caused by the
tensile stresses of the support nodes at a thicknesses of 6<dx, and at 8,<0<9,, the
support nodes of the foil are subjected to bending deformations crossing the
plasticity boundary. As for the case 6>dy, atmospheric pressure doesn’t provide
sufficient stress state (despite the presence of curvature) to cross the plasticity limit
of the support nodes. Nevertheless, it should be noted that at 6>0dx, the question
arises about the permeability of the titanium foil for the electron beam, that is,
deterioration of the initial parameters of the beam is possible. That is, the choice of
the thickness of the first-grade titanium foil for the accelerator output windows
should be made in the range Omin<0<0x, where Omin is the minimum allowable foil
thickness. Since the modeling of foils in the ASE was carried out with a dynamic
load, in this work only its static state (without vibration processes) is considered, so
to accurately determine the thickness of Omin, it is also necessary to study the
dynamics of foils, since according to preliminary data, its plastic strains can
increased several times, which greatly limits the permissible thickness range.

Conclusion. Studied the stress-strain state of the first-grade titanium foils of

accelerator output windows, we obtained:

e with a thickness of 50 to 500 microns, the cross-section shapes of metal
foils in deformed states as displacement curves of grid nodes;

e in the range from 60 to 100 microns, there is a value dx of the foil
thickness, starting from which, from the vacuum side, the stresses om and
op take negative values, i.e. in the case of 6>0dy, the foil is subjected to
bending in the support zone;

e plastic strains of the central nodes of the foil, starting from the thickness 9,
decrease sharply, and plastic strains for the thickness §<dx in comparison with
the case 5>8y take large values (for example: (}20™F™m /60 mkmy . 1009% ~
~ 27%);

e at 0,<0<9d,, there are insignificant plastic strains in the support nodes
(~0.56...0.001%);

e it became clear that the choice of thicknesses should be made in the range
Omin<0<dyx, to clarify which it is also necessary to study the dynamics of
metal foils.

This work was supported by the Higher Education and Science Committee of
RA (Research project Ne 234A4-2D015).
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UruQusnks2b GLRUSHL NMUSNRZULE, UNULEL TUUP SPSULE
UtSUNULUNULED YEHNITUSIUO 1h&UUE UNTELUMNCAPUT

Nuunidbwuhpyby b wpuqugnigswihl bpught wwnnthwbibpp, dwuubwynpugbu’
tpwig Utp Yhpwnynn dbnwnupunuiptbpp: Ugjuwnwbptbp B junwpyl] woweht wd-
pnipjuil puuh whnwtk dknunupunuiph wdpnipjut quuwhwndwi hwdwp® honthnjow-
Jwl pimpughp pinplng dknuqupunuiph hwunnpyniap: Ibpehtthg juudws dnnb-
juynpnidubp E junwpyt) ABAQUS wyunndwinwgws sSpugpuyhtt thowuypnud (WOU)
Jtpowynp nwupptph dkpnnny (ASU): Unwwnpl Jpwlnid ntuntdbwuhpyty tu 50...500 4§
Uhguluyph 10 hwunmpynibikph Uknwnupunubpitph’ gapdwi wupphpmpiniihg wow-
owgud qnquynpnipjui wyjuwuwhl pidnpdughwitph, swnwynuyht b opowtiuyhtt jupnid-
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utph pwohuénipniuubpp, nnuihnjunipnitubpp: Lkpdnisdt) ki mhunwih dknwnu-
punuph hhdtwlwb swihtpp hwunmpniup, wpudwghdp: Npybu wpnwpht wgnnn nid
Jhpwnyty £ dptnnpuughtt Lugnidp, hull yulninidh dhongny gupnidt punnit]ty £ qpn: Ut-
nwnupunuuplbpp padwtyt) B ks pyny hwugnygutph, npnyd wywhnyyt) kb dnpbjw-
Ynpnidubiph Uks Lounmpnitintpp: Unpljugnpmditph wpyniipmy juonigl) Eu Y wnwigph
uundwdp Ukinunupunubph pinpgus Yenkph nbguhnpungemabtph qpubhlibpp fupe-
Jws swnwynh dkdnmipinitiitbphg, b Ubnwnupwnuiph nhidnplughwubph htnkuuhynip-
jutt puohudwt Ynpbkpp, npnip bu Yyhpnisyk) Eu: Gpuwghtt wuwnnithwith dbnunupunuiph
ntuntdbwuhpyl) b wjtybu, np dngljudnpnudubph wpnyniupubtpp Yhpwekih jhuku Gpught
wunnthwbbph U dkpwbhjulwt dhugdwl, b ghpnighnt dhugdwi nhygpkpmd:

Unwigpughl punkp. tipuhtt ywwnnithwt, nhnwik dbnunupunuip, Julnmud,
nhdnpuwugus Jhdwl:

I''A. UCYHI, A.A. JABTSH, B.1ll. ABAT'SITH

MOAEJIMPOBAHUME JE®OPMUPOBAHHOI'O COCTOSHUA
TUTAHOBOM ®0JIbI'M IEPBOI'O KJIACCA BBIXO/JIHOI'O OKHA
YCKOPUTEJIA

W3y4eHsl BEIXOHBIC OKHA YCKOPHTENSA, B YaCTHOCTH, UCIIONb3yeMas B HAX METall-
nueckas onbra. PaboTa mpoBoAMiIachk C LENBIO OLEHKH NMPOYHOCTH TUTAHOBOW (hOJBIU
MIepBOTO KJIacca MPOYHOCTH M BHIOOpA MEPEeMEHHBIX XapaKTEPUCTHK TOIIMHEL (Goibru. B
3aBUCHMOCTH OT ITOCJICIHET0 BBIIOJIHEHO MOJIEIMPOBAHUE METOIOM KOHEUHBIX JJIEMEHTOB
B aBTOMaTH3UpoBaHHOI nporpammHuoii cpeqe ABAQUS. B cratnyeckoM COCTOSIHUM U3YYEHBI
pacnpenenenus, cMemienus 10 Metaumueckux mieHok Tommuaon 50...500 mxu, miactu-
4yeckue neopMalii BOTHYTOCTH, BbI3BaHHBIC Pa3HUILICH ABICHUH, & TAKXKE pauaibHble 1
OKpY>KHBIe HanpspkeHus. [IpoBenieH cpaBHUTENBHBII aHATN3 ITOyYeHHBIX PE3yJIBTaTOB U OII-
peneneH HauOoJiee ONTUMAJIBHBIA UANa30H TOJIIMHBI METAJUTUUECKOH (OJIbrUu ¢ TOYKH
3peHsI MPOYHOCTH U BRIOPAaHHOTO MaTepuana. B kadecTBe BHEIIHEH CHIIBI BO3ICHCTBUS
MIPUMEHSUIOCh aTMOc(epHOe NaBIeHHE, a NaBICHHE CO CTOPOHBI BaKyyMa IPHHHMAJIOCH
paBHBIM HyJr0. MeTtayummaeckie 000I0UYKN ObUTH pa3/ieNieHbl Ha OOJIBIIOe KOJIMYECTBO Y3JI0B,
410 00ecrednBasio OOJIBIIYI0 TOYHOCTH B MOJEIMPOBAaHMSAX. B pesynbrare MomenupoBaHHs
MOCTPOEHBI TPA(UKHN CMEIICHNI BEIOPAHHBIX TOYEK METAUIMYECKON (DOIBI'M OTHOCUTEIBEHO
ocu Y B 3aBUCHMOCTH OT 3HaYCHUI paJiilyca U KPUBBIE paclpeaeieH si HHTEHCUBHOCTH Jie-
(dopmanuii MeTauTueckoil Gosbry, NpoBeAeH Ux aHainu3. Meramnyeckas (oibra BEIXO-
HOTO OKHa OBLIa HCCIIeI0BaHa TaKHMM 00pa3oM, 9TO Pe3yJIbTaThl MOACIUPOBAHUS IPUMEHUMBI
K BBIXOJHBIM OKHaM, KaK K MEXaHHYECKOMY COEIUHEHUIO, TaK U K TU(PPy3HOHHOMY.

Kntrouegwie cnoea: BEIXOJHOE OKHO, TATAHOBAS METAJUINYECKast (OIbra, BAKyyM, Je-
(hopMHUpPOBaHHOE COCTOSIHUE.
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Uowljyty ki phuhwjuit tkpgnpdnipnibubph tjundwdp nhdwnhp hwipuyght nkju-
twsht wnwewgnidutphg nuljnt b wpswiph Ynpquu hwjpwinpuwyhtt hwdwb gnpdpupwugh
Twjunpyyus gniguthoubpp, tpp hnwdpp hwjynud £ hwdwlgdws phthulut wqpuiyniptph
nL wquhy Uknwnubph dbnunuljut jnrnwlhsubiph guydwitbpnud:

Unwownlyly L wkutwsht wnwowgmuubph dpwljdwl hpuhhpponubinuynipghwlju
wnktnnghwljuwt mpyughsd, hwdwduyt nph hnwdph hwjdwt wpyniipmy wnwewgws Inpkh
hwdwdniuséph Juqut wugus nuljnt, wpswph b wy wquhy dknwnubph jmswhwinulp
Juunwpynud E wppuywepny mwppunisdwi hhppndbnwnipghwljuw inubwlng:

Unwhgpuyhlr punkp. nhwsht wnwewgnidubp, hwynud, FInpkh hudwdniwsp,
wnwppuwnidnid, nuljh, wpdwp:

Ukpwbmipnit. Zujuwunwih Zubpuybnnipiut ntnbkunipjut hwtpwjh
wpynibwpbpnipniip, pun [1] nkpbjunuljut wnpmphg unwugynn wdjugutph,
wuywhnyb) £ 2022 pyuljuith wpunwhwinidubph Yuhg wbhte Ujuntinhg htnbnd
E np wynp wpnwhwtnudubph dbp hhdtwwt bhtwbuwljut pudhtp dbwdnpdt) &
2Z-h wnudh, Unjhpykh, nulnt, wpswph b wy Ubnwunuljut hwwsnubpp dowlbnt
otnphhy: ‘LoJwsd ninpunh gnpénitubnipjutp YEpwpkpnn punhwipuwlut nknkhnt-
pintutpp ukpfuyugyus tu [2, 3] wonwmwnwtipubpnid, wynnihwtnbpd, npubg dwu-
twynpkgutiint wywhwbep wljuwrnt k ppudwljut thnpjpowpdnyph b jhpunujut
gyt wywtwlnipjudp odnjws nuljnt b wpdwph nhupnid [4, 5]: Uju wntsnipjudp
hwpy | bwh wpdwbwgnly [6, 7] wnpmupubph wjuybpp, pun npntg 22-h pugbp-
pnid wnju kb nujm (Skpntpuuwp, Uwupowl, Swudnin, Undh Fhtiwb, Ulknpwdénp,
nitjudwintly, Unpp b uyjt) b nuljh-puquudbnunuhtt (Uyqkdnp, Lhapyuq-ply,
Uquukl], Updwuhu b wyj) mwulywl hwtwéntkp, npnug dky nuljnt wupniiw-
mpymip hwdwyuinuuiubiupun juqund i 3...20 b 2...11 ¢/, hul] wpswphp
7..25 1 40...90 ¢/un: Zwrdwdwyti [7]-nud phpgws wdjuikph 22-h nulnt pughwbnip
wwpwpikpp 2000 pwlwitht uqut] k369 w, hul) wpswphip' 5144 v, pin npmd’
nulnt hwbtwénubpnid nuht Yuquby £ 314 2 (85%), hull wpdwpnp® 2155 w2 (42%):
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‘Lnyu wnpnipubphg nknjwund Eup, np 2Z-mud gnpénud Eu uh pwpp hwtwsnubph
YEpuwidpwljdwi hwpunwgnighy Ynuphtiunntbp, npnuagnid uinwugymd Eu nuljnt hhupny
puquudbnunuyhtt puwtympbp, hul] «GEnypndugthig Gnny b «UGUUUB» dkntuap-
ynipnibtiiph Jipotwlul wpnunpuipp nujh-upswpwght jud wkbhjulwul
wduinudny, Inpkh hwdwdniyjusph wkuph Lu:

Pusytu wkutnd kup, nuljnt b wpswph hwbhwdnubph wuowpbbpp 2z2-nud
pudupup kb, wiuem b, uvwljuygl, gpuig dowlmdhg uinugynn pnwbynipbph
npytiu YEpptmjut wmpnwunpuph qudwnpp nunupkgubjnt wwhwbep, pwth np
huptwpbpwpwip pwpninulpnn wguhuh gnpstjuljtpyp, pugh hiwbuwlub Yn-
nniunittinhg, Jupng L uyuwunt) Epiph nuqdudupuju bwbwlniepyut Spugpkph
hpwljwbwgdwiut wnpwt ywhwnwih hwtwénubph wpwg uvyundwbp:

unph npyusph n1 Ukpnpupwimipnibip: 2Z-md phihwljun dwpnip nuljnu
b wpswph Yhpotwljwl wpnwnpwiiph jutgph ppusnudp wyjbu hpudwjuub ww-
hwly b Juuyjws nupunbuwl wkpthjuub b jEigunuyhtt tygunwlikpng
Yhpwpm pjniukph htwn: dpubhg hbwnn, ophliwl, htwpunjnp t nulnt b wpswph
qupptinkuh mbtupny hpwugnudp, nph oinphhy ppttwuwljus hwunypnp ontjuyu-
Jut quh hwdbdwwnnipjudp jupnn L wbjubuy Unnwynpuytu 40%-ny: Fddup
sk tjunky, np munbuwljut Ynpniunibph Jhpugnidp, hyybu b nnpunh dkntwup-
Ynipmniutph gnpdniibnmipyutt htn hnjujuyduwsd ptuywhywiwlw jpughputph
nwdnudp, htwpunp £ hwpuyghtt hnwdph b gpuitg nkutiushtt wnwewgnmdubph hw-
Uwihp oguwhwidwl phihwljwl wpwewntd Ukinwmpghuwlwi b quiwi nkju-
uninghwitp 2Z-nd ubipgubint fwbtwwywphny:

NMuwhwbeynn mEptnnghwbph dpujdwbp tdppdus unyb wpjpwnwpnid
npubu hnudp oquiugnpéyty ki mkubwsht’ phuhulwi wqpuiympbph tundudp
nhiwluynit hwipwjhtt wmnwewgnidubp: dkpohtiubpu thwupdtp puypuybint hyw-
nuljny hwjpwinpuyhtt hupdwt qgnpdpipugnid oguuugnpsdyty Eu twnphnwdh fup-
pntwinhg (Na2C0s), twnphnidph nbnpupnpunhg (Na2B:O7) b thujinwdnijupg (C),
Juquyus hudwljgdus phihuljut wgnuigniptp, hulj hnudpnid wupnituljynn nuljhn
b wpswpp Ynpqhpm byunuyny wqih] dknwnikph’ dbnwunuluob jnonuhsih-
nny hwpwiinpuyhtt hwjdwt tuwbwlukpp [8-10]: Lodws wuydwittpnid huypdw
nupwugpnid hnudpmd wupnitwljynny wquhy dbknwnubpp, dwubwynpuybu nuljht
b wipswipp, whgunmd Eu dbnwnuljut Ynunwlhsubph Juqup, huly SiO2, Al2Os, CaO,
Fe203 It wy Uhwgnipynibitipp hwinypubph ud jowpudh dby:

Zhnmwgnuinipjul pupwugpp b wpyniupubpp: NQuint b wpswph Ynpqldui
unkutnnghwjwi hbnnwgnunmpniunud hnpdwnpyyty b 22-h dbnwnupynibwpk-
pnipjul npnpn’ «GUUURy UNC-h whin wpnunpuljut wnwgwgnudukpp: [2, 3]-nud
wnlu nfjuytkpp Juymd B, np wodws mbutiwshu Guiyniph ke uhjhjuthnnp (SiOz2)
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Juqunid k 50...519%, Fex03, MnO2 i CrO2 ul dkwwntbph opuhnutpp 34,0..35,0%,
CuO, NiO, TiO2, HgO2, PbO gnitiujnp dkwnwniph opuhnukphiip 4,0...6,0 %, ALOs-p’
CaO-h bt MgO-h htan" 1...2%, hulj ppsuwl Ynpniuwnp 8,0...8,7: Nwpqnid k uly, np
Eluyniph Juqunid yupnibwljynud Eu wqithy dknwnubp, npnip hwiinbu Bu quijhu
phthwljut thnjuwgnhsubph tjundwdp nphdwunhp dhugmpiniuubph nkupny:

ZEnwgnuinipiniunid ogunuugnpdyby Eu Gyuiyniph snpugnidubpng b dwipw-
gnudubipny twpiwywnpuwungws hnidp b JEpghtthu hwpunwgnidny unwugus
swip Ukinunibph onwiymp: Loqws 50-wljut ¢ quiiqlusm] thnpawbdnipubph’
900...1100 °C’ obpdwunh&wiughtt nhpnypnid hwjpwinpuyhtt huydwh gnpéplpw-
gnud oqinuugnpéty Ll 70..85 ¢ twwnphmup uppniunn, 30..40 ¢¢ twwnphnudh
nbknpuwpnpun b dhish 3 ¢ thujnwdnith: Fugh npughg, pnjuiwneinipy
Ubplpyty 35..40 ¢ Juwwph opuhn b 0,005...0,010 ¢ wpdwph pinphr, npniip hu-
dwl pupwugpnid Jkpusyl) tu mquhy dknwunubph juwywpuyhtt b juywpwpsw-
puyht ynunwlhsibph: Anjujuwninipyh 30...40 powyk hwnidhg htnn unwugby
kb 33,3... 34,3 ¢ quuquény Juwuph hhdpny dmusn Jud Ytpyprly, nph hknwgqu
pnjuquinidp juunwpyly b ghdbunyu hwjpwinph dke, 920...960 °C ohpdmunhgu-
tught whpnypmd’ 1 dwdyur papugpnid: Upryntipnid hwpwinph hunwljhl gn-
jugh] E dnpkh hwdwdnjusp, husp nmuppuymsl) £ wgnunuljwi ppdh’ 1:4 b 1:1
hwpwpbpmipjudp iwp opuyhtt mdnyputpny: Swppuynisdw pipwgpnid wpswpt
wtighy £ jmanyph Uy, npuntnhg wnuppn] Jtpulubqud wpswph pnphnp
pEpdt Edbnwnuiub mbuph twwnphnidh uppntiwnh htwn hwbne dhongny: ‘Uny
nwnppuniénithg mgwnyws thupnit nuljht dbwghk) E tundwsph juqunud, py
npnud, wpnwpniun wpswpwthuy] Ukinwnibph hbn' jpwetnipnh od hadwdn-
Jwdph mbupny (Y. 1-3): Ljupugpus dhongubpny b wuydwbubpnid junwupqus
thnpdbph wpyniipubpp qinbnyusd Eu wn.-nud: Ikpehtihu ke pipus nfjuutpp
wdpnnowgubint hudwp hwpl £ hwdbyty, np 1.4 tinpdbpnud nuljne b wpswph Ynpg-
dwltt hnwdpp Gluiynipl £ hull 5-nud” 300 ¢ Giuiyniph dowlnidubpny unwugdus
Swip Uknwnubph ppnwuynipp: 1,2 b 5 topdipnud uvnwugus Inpkh hwdwdnig-
Judph pryuyhtt mwppunisnidtphg hinn wpwtdiwgws nuljht Eupuplyt) &
[pugnighs pojuquidwt’ 2,5...3,0 ¢ Guyquph b dninundnpungbu 0,01 ¢ wpswph wuy-
Uwlbkpnid” tpw Ube diugus wpswpnp b wy) dknwnibph jwnbmpytpp htnwg-
ubnt tyuwnwlny [9]: YEponid hwply E hwybik), np thopdbph wpquuhpubpp Yonykg
ki KERN bhpdugh ABT 120-5DM wmbuwljh EjEjunpnuught Yotnpny:
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Unynruwl

@npdEpnid §npgyws nuln: hundwdnijwdpp b wpdwpp ' ujugws hAnidph hupdwl
gnpdplpwgnid fhpunyws dbnwnuwlub nunwpsibphg

z/h dkplply “Inpth Au-h hwdwdniJusp Ag
hwdwaniJubp, g q/in g ¢/in
ug

1 |Ywuywpuyht 0,70 0,21 4.2 0,49 9.8

2 |Ywwwpuyhl 0,73 0,35 7,0 0,38 7,6

3 | Quyup-wpdwpuyh 7,71 0,32 6,4 7,39 147,8

4 |Quwuwp-wpswpwghh 7,16 0,29 5,8 6,87 137,4

5 |Quwywpuyht 1,20 0,41 1,37 0,79 2,63

Ul 2. @npd 2: Nlulni hunfwdnijjudph dwbpulunnigywdpp, hinpnpugnidp -x 500

-

Ul 3. @npd 3: [lulni hunlwdnyyyjudph dwbpulunnigyudpp, unsonpugnidp - x 200

282



Zhnmwgnuinipjut wpyniuphtph  wdhnhoud: Unwgqus wdjukpp gnyg
kb nwghu, np bpuiyniph’ Jhpp bpdws wkuinnghwikpny thnpdwpymdubph wpn-
miupmd unwgynid Eu 0,21...0,35 g nuljnt hhupny wquhy dbnnwnulwb hwdw-
dniudp b 0,38...0,49 g wpdwpe, npnup unyb hwenppuljwinipjudp hudwww-
nwupwind ku 4,2..7,0 b 7,6..9,8 ¢/ wupnibwlmpiniuubkpht: ®npd 5-nud,
hunuiyniphg unwugduws 1,2 g tnpkjh hwdwdnyuspp phs B mwppbpynid 1.4
thnpdbph hwdwidwt wpyyniipttiphg, hul nunt hwdwdnyJuspp mbuwljuinptu
uyuujwdhg wujuu kE dnnwynpuybtu 5 whqud: Ujunknhg hbnbnid £, np jpunnw-
yniph vnugdw tywnwlng Guiyniph dowljdwb gnpspiipugnid wnwgwunud
kl nuljnt b wpswph Ynpnrunikp, b np wyy wquhy dbnwunubpp fuiyniponud Jbs
dwuwdp hwtnbu L quihu ub b wy) dSwbp dkwnwnubphg hwdbdwwnwpwup phpl
dhwgnipniuubph nbupny, hulj punypny, nkjinnghwljwt wjuh hwdwduyl,
wnu]b wpynibun]bn wbnp b pigmilk) 3 U 4-p° juuywp- wpswpuyghll §nunwlhs-
utipny thnpdkph wpyniupubpp, pwtth np gputgnd jpugnighs pnduquunud wthpuw-
dbiown sk: ‘Unyt mbnkhnipnitubpt hpkug htippht Jyuynud L, np nuljnt b wpswph
Ynpquuit thnpdtpnid wnwyt) pupdp wpnyniupubpp htwpwynp Ewwwhnyty, Epp’

¢ hujdw gopédplipugnid oguuugnpdyny nkjbwshtt wnweowgnidubph ke
100 fuf smthtiphg gqubp pununpudwup juqunid £ wydbjh put 50%,

¢ mkjutwbht wpwowgnidutph hwpwpbpmipniip hupdwt pndwiwununip-
nnud wupnitwlynn phthwljuwt wqnuiynipbph puighwinip pubtwlhtt hwdwww-
nuwupwtnd k1 : 3,35,

¢ nkjutiwshtt wnwowgnidubph, phthwlwi wqnuiynipbph b wqihy dbnwn-
Ubkph’ Yuyup-wpswpwght Yninwlhsh htn hunudp junwpnud £ 920...1050°C
obpUwunh&wiiughtt whpnypnud. Unnwynpugbu 30 pogk b wy) b

Bqpuljugnipjni: Uuhpwdtown | wpdwbiwgpby, np wppuiwnwpnid Jhpwn-
Jwd nkjutninghwlwh gnpsppugp hupudnpnipynit k pidbnk] unwbugnt wp-
swph wwuppkph nkupn b Uknunquljut punimpribph gupniuoopgudp’ nuln
hhupny wmquhy dbnnwnulub hwdwdntyqubp: Zudwduyt [11] wnpmiph mbnklni-
pibiikph pupdp dwppnipyudp nulnt unwgdwl fabigph nsnudp hwpadnp b
hnudph hwjdw wpyniupnud® Inpth hwdwdnyusph Uk wigus wquhy dbnwn-
ubkpp ndwhwibnt tywnulny, wyhwnwipmd YJhpundus wgnuuljut ppyh
udnyplkpp wppuwyuepny nmuppunisdwb hhppnubnwnipghwlub kywbwlng
thnpuwphtubnt Fmbwywphny:

zuply k JEpenud hwybky), np mbkjubwsht wnwewgnidubph hwydw wpgniu-
pnud gnjuignn juwpudp’ npubu phthwlub peniikpnud yympht mésynn howdp,
Jupny E oqunuugnpdyty hisytu nuppbp wpdtpwynp dbinwnutp wppynibwhwbng,
wyiybu k| uhihghnidh Epyopuhn unwbwnt byuwwnwlny:

ZEknwqgnunnipinibp junwpdly F 2002 «Upgpn- b wbnlyEqunpnahlus pu-
quypll jupnpunnnppuyh ghuwlul Spugplph opowhulnid:
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C.I. ANPATIETSIH, H.B. MAPTUPOCSIH, A.P. IALITOSIH,
M.3. CACYHIISIH

HCCJIEJOBAHME TEXHOJIOTMYECKOI'O ITPOLIECCA
MOJYYEHMHS 30J10TA U CEPEBPA U3 PYJHBIX TEXHOIEHHBIX
OBPA3BOBAHUM

Pa3paboTaHbl ONTHMANbHBIE TAPAMETPHI IPOLECCa TUIeJIbHOW TUIABKU U3BJICUCHHS
30JI0Ta U cepedpa U3 pyJHOYHOPHBIX K XMMHUYECKHM BO3/CHCTBUSIM TEXHOTCHHBIX 00pa3o-
BaHWM, T€ ChIPbE IUIABUTCS B YCIOBHSAX KOMOWHHMPOBAHHBIX XHMHUYECKUX PEArcHTOB H
METATMYECKUX KOJUIEKTOPOB OJIAarOPOAHBIX METAIIOB.

[peanoxeHa MUPOTHAPOMETAILTYPIUYECKasi TEXHOIOIHIECKasi CXeMa MepepadoTKu
TEXHOTEHHOT'0 00pa30BaHMs, COTNIACHO KOTOPOI SKCTParnpOBAaHUE MEPEIICAICTO B PE3YIlb-
TaTe TUIABKU CHIPBSl B COCTaB 00pa30BaHHOTO ciuiaBa Jlope 30110Ta, cepedpa u apyrux Oia-
TOPOJHBIX METAIJIOB OCYLIECTBIISIETCS C TOMOIIBI0 THAPOMETAILTYPIHYECKOro CHocoda
HapCKOBOAOYHOT'O BhIICIa4YBaHUA.

Knroueswie cnosa: TexHOreHHbIE 00pa30BaHus, IUIaBKa, ciiaB Jlope, BbllIenayrBaHue,
30J10TO, cepedpo.

S.G. AYRAPETYAN, N.W. MARTIROSYAN, H.R. DASHTOYAN,
ML.E. SASUNTSYAN

INVESTIGATING THE TECHNOLOGICAL PROCESS OF OBTAINING GOLD
AND SILVER FROM TECHNOGENIC ORE FORMATIONS

Optimal parameters of the process of crucible smelting of extracting gold and silver
from ore-resistant to chemical influences technogenic formations, where raw materials are
melted under the conditions of combined chemical reagents and metal collectors of
precious metals, have been developed.

A pyro-hydrometallurgical flowsheet for processing technogenic formation is
proposed, according to which the extraction of gold, silver and other noble metals
transferred as a result of raw material melting into the composition of the formed Doré
alloy is carried out using the hydrometallurgical method of aqua leaching.

Keywords: technogenic formations, melting, Dor¢ alloy, leaching, gold, silver.
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dtpohtt mwphubkphtt Uknwnipghww gnpspupwugutpnid nkn b gk tnp nin-
nmipinil, hwdwdwyt nph pnwiyniptph downudp juwnwpynud b dbjpwbwphdhufub b
dbknunuptpdughtt Jepujuiqudwt Epwtwlubph gniquijgdudp: tw tyuwuwnnd b hk-
wnwqu opuhnuykpuwiqudwi gnpéphpwgutph htnbuuhqugduip b ujgpniupuyghtt inp
Unnhdhljugyus wpquuhpubiph unwgdwin:

NMnudwyhtt opuhnugué vhukpwkph hwpunugdw nhypnud dulpbnyputph wy-
nhjugdw wykjh pugnibth wkuwy Bo hwinhuwimd wybjugynn nbwgknutph hwdwy-
gnipjudp Ukwtwulnhjugdwi gnpépupwugutpn: Mupqyt) b np GEdknwp §supny wynudh
opupnpugus dhubipuyubph unydhnugnudu ppwinud k wykh winpy, put uhjhghnudh unig-
$hnny: Npnoyty B wnudh opuhnugus hwipwpwptph unybhnugdw oyyunpdwy nkdhdutipp:

Zudwhp hbnnwgnuinnipinibubph wipyniupnid owlyyty k opuhnugus wnuduyghtt hwb-
pulymphph JEpudywljdul nkininghw wnugnid uny$hpugdudp b hknugqu $nunwg-
dwdp:

Unwiigpuyhll punkp. wnhtd, opuhnugué hwipwpup, unydhnupup, dwbpugnud,
sénudp, unibhnugnid:

Ukpwbmpinit: Zwupwiyniptph dwbpugdwt pipugpnid, npp junwpynid
E dEwthjuluwt nidbph wqnbgnipjut iy, nknh £ niukunid hwpwiynieh Eukip-
glinhly Jhdwlh, hghjulju nt phuhwljuts hwnlnipniuttph ooy, puyg
npnud Fubpglnhly Jh&wyh thnthnjunipinitp hhdbwlwinid Jpupkpmd E htnk-
nndwq hwmdwljupgbpht:

Uwtpugunn uuppbpnid hwupuynipbph dwipugdwt dudwtwl yhwnp
hwogh wntl] dwipugdwt qnpépupwugubph wnwbdtwhwnlnipiniuutpp, hwwn-
Juybku whin Wniptkph hnbwgdwt gnpépupwgp, npp juunwpynd £ dkjowthjw-
jwt wqnuljubpny: Py JEpwpbpnud b dbjpwwphdhwljut gnpépiipwughl, wuyw
wyu hypmy uyt ninklgynid k phuhwfjui b hqhjuphthwjut hnprwpynudubpny:

Uthuthjuljut wqpbgnipjut ntuntdbwuhpdwit Eu tdphpdus Ounduynh
wouwwnwuputipp [1], npnup hhdp gpbghtt «dbuwtwphithw» hwuljugnipjuip, b
wyt ghunnwplytg npytu bhqhjulwb phthuyh hupunipnyu pwdht: Upnniupnid
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unbnéykg hwuptiwmpbph npujujut JEpndmpjut dkpnn' hhdudus dkw-
twphuhwljwt gnpéplpwugubph wqpbgnipjudp nknh mukgnn yhtn bwquyht nkwl-
ghwubtph Jpu: Yuwnwpytghtt wmywwnhwnibphg b $nudnphinutphg dkpjpwbuphuhw-
Jut minhjugdut inwihwlnyg dnupnpuljut qupupnuiymptph, knunujut
opuhnutnhg hudwdniuspubiph, juwnwihquuunpubph, hjnuutnphy Junnigwsdp-
ubph, pwipn opuhnubph, hhyphyubph, Yupphyubph, uhihghnubph, wynhjugfwus k-
huwthjujut pwthntubiphg shttwiyniptnh, pinuiyniptph vnugdwi, gniiwiyni-
ptph b punbpdbnunujut $ugtph vhiptqh ninnnipjudp wphtwnwpitin [2, 3]:

Ukpwtiwphthuyh nignniejudp npnpwljh wphiwinwiipibp b junnwpyly) tul
Zujuutnwtth Zwutpuybnmpui @UU Cunhwinip b whopqubwlut phuhugh
htunnhunninnud, npnbkn juquuibpuyyt) L jupnpuwnnphw, b ntunidbwuhpyby B
whunbwquyhtt nbkwljghmibpp fhuknhub, pupdp upnidubph b pdnpdwughw-
ubph wuwydwbubpnud pupwgnn dbjpmbwuphdhwljut pbkuljghwbbpp, unydhnubph
Ubjpwttwphdhwt b wyja [4-7]: Ukhwbwphdhwih wnwtdht pudhuubp Eu niunpu-
dwjuuyght, hwpJusuwyht whpubph, pupdp Lupmdutph phuhwtpp: Chdwdp wuy-
dwbwynpyus thnppwlbpynidubpp Epplidt wnwbdimgynid L npytu dkowitiw-
phthuyh wnwtdht pudhl, npp Ynsynid £ iipppnphuhw: Giuknyg dbjpwtiwphdhu-
Jwl gnpépipughtph wrwbdiwhwnmpnibibphg thpluugyus jughpp, npp
Jhpwptpnud E dbluwwphdhujut wjnhjugdudp ynudh opuhnugdus hwipw-
Wniph unydhnugdwt gnpspupwugh hbnnwgnundwip, vhun wpghwiwt kb gw-
hwbowplyums:

unph gpuspn b dkpnphljuyh hhdtugnpnudp: Opuhnugws dhubpuw)ukph
dwltplinipuyht obipnh junp unydhnugdudp uniybhnuyhtt hwipwiyniptnh vinwg-
dwt Ukpnnp hhduqws b hwiupwiymiptph pniptinuyhtt junnigusph wnujun-
dwl gnpdplipwgh ypu: Zwpwiyniph Ypu dvkjpwbthjulwi Eukpghugh wqntgnipe-
mibp ppbnuyhtt gmbugnid deswgunid £ wpunubph pwbulyp, b wqpbing junnig-
Judpuphthwlwi thnprwlEpuymuutph gnpéplipugh dpu’ ssuph dhow]uypmu wknh
b ntubimd unydbhnugnmd, npp tyywunnud E wpunudnpnipjut wuinhguith, hbnbw-
whu' tkppht Hubkpghugh juquwbp: Uhtkpuyibph wpunujnpmpyub wunhgwih
£ wgnnud k jnnwugdwtt gnpdplipugh Jpue

Blutyny Yykpnhhojuihg htnwgnunm pput tyuinuli | phpdnghdhuljwi
hwoJuplutpny hhdtwynpl] @nninh hwbpwduph wynudh opuhnugué dhuk-
pujubph unydhnugdwb gnpéptipugp, nuntdtwuhpl] wnugnid unydhnugdu
gnpdpupwugubph dkjuwmthqup, Jhuknphlub, unybhnugdw gnpspupwugh hunku-
uhyugdwi b unybhnugyus wnudh dwubwpuduh wykjugdut httwpwynpnipe-
jniuutipp, hsybu twl hhduwynpl) @bnnunh wynudh opuhnuyhtt hwipwymptnhg
unwugyud untpdhnuyhtt pnwiynmiptph pnnugdut gnpépupugn:
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Qpuljutnipjut wjtwupyhh ndjutkph b junwpduws hnpdwpwpulub hb-
wnwgnunipniubbph ypnisnipjut hhdwb Jpuw wojpwnwipnid wnwewplymd k
donudp wwpnitwlynn upjhgnidh unydhnh, twnphnidh phnyndukpuh jud §sUph
wnunipjudp opuhnugwsd wnudwyhtt hwipwpwpbph hhnpnobpduyhtt uniybh-
nuguiut b dwbpugdwb gnpdpipugubph hwdwnbnnid: Snpdpupwugn Jupbkih
hpulubught) unynpulub qinunughtpnud dhish 373  obpuwunhgwind’ wp-
quuhph htinuqu $nnugdudp:

Ujuyhuny, h nwuppbpnipmit wjunljujuyht dkpngh, htwpwdnp k hinod
uwjuqtgut] unybhnugdut gnpsppwugh nkinnghwljut wuwydwubpp, wupqtg-
Ul JEpudpwljwl ujukdwi’ b hwohy unydhnuguui m dwpugdwi ougkpughw-
ubph hudwwnbndub, tJuqkgul) tub unydbhnugdut gnpdppwugh hpuwjuwtugdwt
nbnbumub swhuubkpp: Mnudh opupnuyghtt htkpwjukph b uhthghnwdh unybhnh,
twwnphnidh unydhnh ni S&Uph htwn thnpiwgnkgnipjut nkwljghwbpt ptpwbuwn.
hwjuwiwluinipmniup yqupqbnt hwdwp junwupdlp B twpjpbwljuwt phpdnnhiw-
Uhjuljutn hwodunplubp: Npybu nbwlghwibph pipwbune suhwithy, huwunwinnti
gupdwl b ghpdwunpdwh wuydwtkpnud, Shpuh Fukipghwyh' AG-h wjuqnidu k,
nnh hwyqupljubpp junwpyt) bu Skdhhu-Cyupgudwih dkpnnny [8-15]:

Lwitth np Phnmunh hwipwjuwyph opuhnugué gnuinnt hwipwpwpbpt niikh
pupy hubpuupwbwlwi juqd, b tpubignid welju b twb unydhnughte hk-
nuutp, wyy hulj ywwndwnny hwpunugdut hwdwp punpdl) | iwppbwowi dw-
Ykplnipughtt unybhyugnidp’ oquiugnpstyny unbhnupuplibp (SiSz, Naz[SiSs] b
S) b wyimhtwnl thpthpudinunmgnid: VY. 1-md tbpluyugdws bt @hgninh hubpw-
Juyph opuhnugdwé gnuint wqniphn dhubpwh dwlpnjunnigquspp: Ljwphg
Eplunud k, np wmqniphwnht ninklgnd £ dwjupehwn dhubpup: buly uly. 2-nud ubkplw-
jugyws k @hnnunh hwmipujuyph opupnugdus gninnt mbkunphwn dhbpuh nnkupnp
dwjwjuhwnh b wgniphnh htn dhwuhte

Ul 1. Plpninp hwipujuyph opupnuigiiunl gninn: hwlpwpwpkpnid wgniphn
vpbbpuyp dwlpnjunnigyudpp (x 50)
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Ul 2. Plpninp hwbpwyuyph opupnuigiinll gninn: hwlpupwph nkimppun (Tr)
Upbbpuyp bbpihulnilblpp (x 400)

ZEknwugnunnipjuh wprynitpikpp: Unwehtt wqud phpunnhtudhjuljui hwp-
Juplutipnyg hhdtwdnpdty £ @nninp hwipwduyph ynudh ouhnugus dhubipuy-
ubph dwlplimipuyghtt junp unydhnugdun mbuuninghwljw qgnpdplipwgn, npp Ju-
wupyky k sduph (S) wnuynipjudp wqniphwnh, dwjujuhnh, jnugphnh b nkin-
nhunh wnugdut nt dwipugdwt gnpdpupugubpnid:

Uuwnpl pipduéd bt hhdbwlwb nbwlghwubpp b phpdnphttudhjuljui hwo-
Juplubph wpyniuptbpp (wymnruwynud b by, 3-nud): 8nyg E mpdws, np thnpowg-
nkgnipnitt pupwinid E Ghuyuph Eubkpghuyh dké pugwuwlwb wpdbpny, npp b
wthpwdbown t ynudh unyydhnubph vnugdwts hwdwp:

1. 2Cu0 + 28 = Cu,S + S0,,

2. 2Cu0 + 35 = 2CuS + S0,,

3. 2Cuy0 + 78 + H,0 = 6CuS + H,S0,,

4. Cuy(OH),[CO3] + 2S + H,0 = Cu,S + HyCO3 + HpSO03,

5. 2Cu3(OH),[COs]; + 38 + 2 H,0 = 2CuS + SO, + T H,CO05

Opuhnugws wynuduyhtt hwpwiymptph nnugdutt twhwyuwnpuundwt
wlktwwpynitwybn dbpnnp unybhnugnidi k [16]: Uwbpugdw thnynmd hinw-
ujwpuyhli wwpptpulutphg b uhihghnudh uniybpnny, twnphnidh pholndu)bp-
uny jud &sUpny uniydbhnugnidp: Lunphnudh phnyndyipup yunpuuwngt
htunlywy YEpy. twnphnidh unydpnh Jpu wykjugyl) b unbkjuhnswth pwbwlng
uhhghnidh unipbhn, wytinthbnlb wyt nwpwgyly b, b uinwugyty Ehudwubn quiqyus:
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Unyniuwl

Qhpup Fakpghuyh thnvhnfunijepull wpdkplbph upnjuénipiniip okpdwumpdwihg

NEwlghuygh Qtpdwunhdwlp, &
hulwpp 298 308 318 328 338 348
1 -143,53 -145,88 -148,28 -150,67 -153,04 | -155,42
2 -123,46 -125,48 -127,71 -129,94 -132,10 -134,40
3 -348,30 -349,41 -350,55 -351,70 | -352,80 -354,00
4 -391,30 -391,45 -391,59 -391,74 -391,88 | -392,02
5 -533,97 -534,85 -535,73 -536,60 -537,48 | -538,40
0 T T 'Qh“{w?wbd.wh [_;Ir T 1

o 298 308 318 328 338 348

S

‘E -100 .

3 1 —1

"&,-200 5

£

300 3.

u

& 3 —4

-, | [ ———

g~ -400 A —5
-500

5

-600

Ul 3. Qpugup Fakpghuyh uwpuuénipiniip okpduwumnpdwihg

Nuumidbwuhpyty) Bo wnugnud uny$hnugdwt gnpdplipugubpp:

Uwtpugdw htnkiuhynipjut b dkjuwthquh ypw npnohs ntip Gt jpunnid
pUpniih wunundwt wpugmpniup, dwbipugunng dwpdhuttph (qugtnh) dut ot pw-
twlp, pinuws wniph (wnudh opuhnugws dhtbkpwiubp) swduyp, dwipugdu
nbnnmpmniiut ne dhpwduypp: Bdpnidyjh yuundwi wpugnipjut dkdwgdwip qnig-
nupwg, JEunpnuwpuniyu nidh wéh nt Jepudpupd wuljjut dkbugdwb hbwn juy-
Jws qunkpp ulunid ki Juyp plyuby wykih ks pupdpnipmibiitphg wykih wpn-
muugbn dwbpugubing ynpp: Mnndwt wpugnipjut hbnwqu dksugdwt

ntypnid JEunpnbwjuniju nidp Jupnn  wjupwut wdk), np qunpkpt nt dwbipugung
ynipp wununbl pupnijh htwn vhwuhtt' huyguws dbwgn] tpu gunkphi, hknbw-
wbu dwbpugnud wknh sh mkbw, wjuhtpt' juintndyh Yphuhjulwi wpugnpmi

(Nyp) jud Yphunpjujut yunninwpybp (Nuyw):
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Uuwtipugdwt wppynibwybnmpjub pupdpugdut tyyunwlny gnpstwljw-
und pupnih wnninwpdbpp Jipgynid Eu Yphnhuljuith (Nyp) 75...80%-h uwih-
dwutbpnud [17]:

Yuunupyl ki ntunidbwuhpnippniiitp dkrwhjulub wljnhjugdwb dh-
ongny unijbpnugdwit gnpdpipugh hutnkiuhjugdwt tyyunuyny: 8nyg L npjws,
nn dbjuwthjuluwt wijnhjugdwt oqunugnpénidp httwpwynpnipnit £ wnwhu
pupdpugil) whtn dupdhubbph pbwlghnt mbwympmip’ h hwohy pyopbnuht
Junnigquspnid wpuniibph wpwewgdwt b ghdniqghuyh gnpdpipugh wpuqug-
dwt: Uhjhghnuth unydhnny, bwnphnidh pholynduyipuny jud §&dpny wynudh op-
uhnugws dhubpuutph unydhnugdw gnpspuipugh wpugnipniip puiinunnuod
E dhubpwubph dwlbplinypht unydhnuyhtt punuupubph wpwewgdwt hEnbhw-
prt, hsp pugunpynud E uhihghnuh unyhnh, tunaphnuih phoynuutpuh Yud
S6Uph wniuynipjudp nhdnighuyny wnweowmgws uniybhnuyhtt (CuzS) punubph
hwunnipjut Ukdugdwdp, nptt wpgljulnud £ nkwghkintitiph hbnmwuqu ubpputhwuig-
dwtip wykih junp okpnkp: Ukhwthjujubt wjnhjugdut, wjuhtipt dubipugdut
gnpdpupwgh Yhpwunndp, nph pupwgpnid wnbknh k ntikunid opuhnugws dhbkpug-
utiph pupd dwljkpbinypubph unydhnugnid b wyy unybhnugus skpnh hinwgnid,
htwpwynpnipnit £ wnwhu ubpphtt ghdniqhuygh nkdhuhg wugub) Yhubnhjulut
ntdhup, nph hbnbwupny gnpdplipugh wpwgnipniup dbdwund k, b wdkjwund
unydhnugjws wynudh dwutwpwdhip: Ujuyhuny, unybhpugdut nkwljghugh wpw-
gnipiniup npnoynd £ dwljbplinypibnh wnwowgdmt wpwugnipyudp: Untdhnwug-
dwl gnpéplpwugn whin dwquyhtt mhywlwb nkwljghw E, npp ujuynd k dhubpug-
ubtiph hwwnhlubph dwipugnidng:

URD-63 (@Lpdwithu) nkingk nhdpujunwsuhnyg juwnwpygty Eu @nninh
hwupwquyph wgniphn b mEunphwn dhubkpwjutph pkungbtiwdwuquyhtt hbwnwgn-
wnnipiniubbp: Puyybu kptinud E uly. 4-hg, wgniphwn dhubpuh junnigusph glipuw-
lonnn dwuqu wgniphwn k, huly uly. 5-hg kpiinwd k, np wpwewnid £ ynudh unyydphy
(Cw2S), npp hwuwnmwunynid E unyydhnugnidhg hbnn wqniphnh nkingbiwgnh 4pu
ququpltph hunbbuhynipjut  WJuquudp: Upgniunud  nkungbuwgph  Jpu
huyynidnud ki wnudh unydhnh ququpttpp (Cu:S): Ldnwpubpp yuunpuuwnyl) b
343 G obpdmunhdwunid b 70 poy nbinnnipjub yujdwbubpnid:
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4004
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2004
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Uy 4. Ugnippun dptkpuyh pkinngkmghpp  bwfupwt unyy$hpugniup
900

Sio,

800 A

CUQS

700
600
500
400
300

200 4
100 A

10 20 30 40 50 60 s 70
Uy, 5. Ugnippun upbkpuyh pkinngkluughpp unyyppugnidpg hknn

Ul. 6-nid b 7-nud hwdwyuwunwupjpwbwpup tbpuyugus Eu Bhnnunh
hwbpwyuyph nkinphn dhitkpuh pkingkwgptpp twjupwl uny$hyugnidp b
unt)dhnwugnivthg htwnn:
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LY. 6. Sktnpfun Upbkpugh nktungkluughpp  bwjupwt uny$pnwgniip

Cu;S

20 30 40 50 60 70 ) 80
20

uly. 7. SEiinppun upbEpugh nkinngEinughpp ‘unyypppugnidpg hkwnn

LY. 6-hg Epunud E, np dhtkpwih ghipulonn dwup wkunphwn E, huly uly. 7-hg

kplinid E, np wowewnid ku wnidh unbhnikp’ CuzS b CuS, npp hwuwnwunynid
unijdhnugnidhg hiinn mkunphwnh nkngbiwgqph ququpttph hutnktuhynmipjut

wjuquudp: Uhudwdwbuly, nktinngkimgph 4pu hwynbgnud u unybhnubph qu-
quplbpp CuzS i CusS:

qhpnustny opuhnugws dhubpuubph unybhnugdut wunmhguth jupdu-

smpjul gpubhljulul yuunlbpbpp Jupkh b hqpuljught), np opuhnugus
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dhubpuyubph unydhnugdwt gnpépuipugh Ypu wqynid i unybhnugdut tnbinnne-
piniup, obpdwuwnmhdwp, unybhnupunph swhiup, hsybu twb hwbpwiynipbph
dwipmpjut wunhdwbn: Snpspupwugh nbnnmpjut b unydhnupuph swhiuh
wkjugnidp pupdpugimy b opuhqugus dhikpuyibph wgniphwnh, Ynigphunh,
nkunphunh b dwjwjpuhnh unydhnugdwt wmunhgwip: Unydhnpugdut wmunhdwut
ninhn hwdbdwnwlwi | unybhnupuph Swhauhie

Ul. 8—nud phpdws E opuhnugud b jpwnp wnudwghtt hwipwpwpbtph Jipw-
ouljdw ujubdwi: Uju wupgigdws E, npnghbnl pojnp dbwgus nkuninghw-
Juwl gnpdnnnipniuubpp unyt B, hy np puquyhtip, wyjuhtpt skt thnpuynid: Skju-
unnghwlfwi vjubdwt wpwykjugnyiu hupdwptgdusd L gnpénn hwiiputhwpunwg-
dwt dintwplnipnitibph mkjuninghwubpht, wtjugyty t dhuyt wnugnid unyg-
bhnugdwt gnpépupwugn: Uwppuynpnidubpp tnytybu skt thnpaynud. duanwd Bl
unyp:

Gluiynipughtt hwipwpwn
Naz[SiSs], S

Unibhnugnid qununugnid Fnuny puwlipughiun
150 @/wn, thpthphy 20 ¢/1n

y ‘ v
Pniny puwbipugbiiun Zhduwljut Hinwnmgnud
50 g/, thpthphs 10 @/en l
Uunnignnuju nnwugnid UnjElunhy fonwiynge

Futhniught ynskp

Ul. 8 Mphdp opupnuigus hubpuiyniplphg ynhdh unydpnibph wnwmgub
wnkulimnghwlul ufulb/ul

Bqpuljugnipinit: Unwghltt wbqud phpdnphttwdhluljut hwpgwplubpny
hhdtwynpyty £ @nninp ynudh ouhnugws dhukpwjubph dwlikpbnipuwghtt janp
unibhnugduts mkuninghwljut gnpdpupwgp, npp juunwpdnid | unydbhnupuph
(uhihghnidh unybhnh, btwnphndh phnyndukpuh Yud $&dph) wnliunipjudp
wqniphwnp, dwpwpethwnh, jniyphwnh b mkinphnh wnugdwi nt dwbipugdw gnps-
nupwgubpnid: 8nyg E wipdws, np thnjuwgpbignipniut pupwinud E Shwyup tubp-
ghuyh kS puguwuwljut wipdtpny, npp b wihpwdbon E wnudh unydhnubph
unwugdw hwdwp:
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Nuumdbwuhpnipnitubph wpyniapmd wupqyk) E np fEdkunwp §&dpny

wnudh opuhnugws dhukpujubph unydpnugnmd pupwinud t wybkh wljunhy, pub
uhihghnudh unydhnny: ZEnwgnunnmipiniabph wpyniupnid npnoyty B wnudh op-
uhnugws hwupwpupbph unydhnugdm oyyinhdw) nhdhdukpp:

zEknwgnuyt) E unybhnugdus hwipwiyniptph $jnnwugdwt gnpspupwgp:

Npnoyty E poiphjughtt puwipngkiwnnh dwpiup 200¢/22, thpthphsh dwipeup 30¢/n,
unyphnupuph’ HEdbnwp Ssdph nhupnid:

Upwljyty k opupnugus wnudwjhtt hwupwiymptph JEpudowljdwt mkuun-

nghw wnugmu uny$hugdudp b hknwgqu $nunugdundp: Unwgwplyynn nkpubn-
Inghwlub qnpsplipugp htwpuynpnipymb £ nwghu’ Jepudowlnt wnidwght
opuhnugué huipwiyniptpp b hwdwpynid £ hEkpwjwpuyhte
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hudpwgpnipinit 14.07.2023:

A.B. ABAT'SIH

UCCJIEJOBAHUE MPOLECCA CYJb®UIUPOBAHUS
OKMUCJEHHOM MEJHOM PY bl MEXAHOXUMHWYECKOMN
AKTUBALIMEN

B mocnemare rogbl B METALTYPrHIECKUX MPOIIECCax MOSBIUIOCH HOBOE HAINPABJICHUE,
COTJIACHO KOTOPOMY IepepadoTKa KOHIIEHTPATOB OCYILECTBIISIETCS COYETAaHHEM MEXaHU-
YECKOr0 U METaJUNIOTEPMHYECKOTO0 METOZ0B BOCCTAHOBIICHHUS. DTO CIIOCOOCTBYET MHTEHCH-
(buKany JagbHENIINX OKHCIUTEIbHO-BOCCTAHOBUTENBHBIX MPOLIECCOB U MOITYyYESHHUIO TPHH-
LUIHAAITBHO HOBBIX MOAN(GHINPOBAHHBIX MPOAYKTOB.

B ciyuae oboraiieHusi MEIHBIX OKHCIIEHHBIX MUHEPAIOB OOJiee MPUEMIIEMbIM BHIOM
MOBEPXHOCTHON AKTUBALIMK SIBJISIFOTCSI MPOLIECCHI MEXAHOAKTUBAIIMU IyTEM KOMOWHAIMH
JO0ABIISIEMBIX PEAreHTOB. YCTaHOBIICHO, YTO CYJb(QHIMPOBAHHUE OKHCICHHBIX MEIHBIX
MUHEPAIOB 3JICMCHTAPHOW CEpOH, CyIb(QHIAMH KPEMHHS W HATPHS MPOTEKACT aKTHUBHO.
OnpenencHbl ONTHMAITBHBIC PEXKUMBI CYJIb(QUINPOBAHUS OKACICHHBIX MEIHBIX PY/I.

B pesynbraTe KOMITICKCHBIX HCCIICOBAHUH pa3pab0oTaHa TEXHOJIOTHUS MepepadOTKU
OKUCJICHHBIX MEAHBIX MUHCPAJIOB B MEJIbHUILIC IMTYTEM Cyﬂbq)I/ILlI/IpOBaHI/Iﬂ n HOCHC}IleL[Ieﬁ
(oTanmu.

Kniouesvie cnosa: menp, okucieHHas pyna, CyiabpuaaTtop, M3MelbueHHE, cepa,
CyIbGUINPOBAHHE.
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H.V. AVAGYAN

STUDYING THE PROCESS OF SULFIDING AN OXIDIZED COPPER
ORE BY THE METHOD OF MECHANOCHEMICAL ACTIVATION

In recent years, a new direction has appeared in metallurgical processes according to
which the processing of concentrates is carried out by a combination of mechanical and
metal-thermal methods of recovery. This contributes to the intensification of further redox
processes and the production of fundamentally new modified products.

In the case of enrichment of oxidized copper minerals, a more acceptable type of
surface activation are mechanical activation processes with a combination of added
reagents. It is established that sulfiding of oxidized copper minerals with elemental sulfur,
silicon and sodium sulfides proceeds actively. As a result of the research, the optimal
modes of sulfiding oxidized copper ores are determined.

As a result of comprehensive research, a technology has been developed for
processing oxidized copper minerals in a mill by sulfiding and subsequent flotation.

Keywords: copper, oxidized ore, sulfidator, grinding, sulfur, sulfiding.
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Puguhwupbpnid wuypkgdwt wpynibwbnnipeniip npnonn hhdbwlju gnigu-
uhottphg Uklp wuyptkgwsd quiqiush dwipugjusnipjut wunhfwib t: Zwupnth k, nop
Ukbwgubiny wuypnighly Wyniph (ML) thgph pwbwlp hnpuwnwigpwjhtt guugh junwugdut
Subuyuphny juduimd E yuyphgdus quiqiush dwipug]usnippui npulp: Uulugh
udwt Uninbgnudp dedwgind £ hnpundwb wpjumwnwpubph swjuyp b Mu-h swpaup: bp
htppht wju tqubwlp dkdwginud |k wuyptgynn pinlh vwhdwitbphg nnipu quuqyush ptw-
Jut Jurniguwspuyhtt puwpuindwt swthbpp, husp hwighgunid £ wpnwsuthu Junpibph wow-
owgdwipn: Uhpwdtow k ok, np dkdwgubing wuyptgdwt tukpghuyh pwbwlp, htwpw-
Unp k Jupquynpl] wuyptgyny quuqiush dwipugdusnipjutt wunhfwip, puyg dhuygh
swthwquig junonp pinjuwjimpjut (hwdbdwwwpwp dnunihwn) (Enbwghtt quuqubnid
wuyplgnid hpujwbwgubint nphwypnid, hulj hohtt b junonp pinjuyimpjut wywpbbpnud
NU-h pwhwlh dkdwugnidp dwubwlhnpklt jwjugind t quiugdush wuyptgdwt npulp:
Uwhdwity £ np dhohtt b funonp pinjuyimpjut wywpibpnud yguyplgdwt tutipghuyh hhd-
twljut Ypnnp hwdwpynd £ (kntiwghtt quiguwsh wuhwdwubknnipiniup:

Ughmunwiipnid winwownlyty £ wthwdwutn skpiughtt junnigywsdpny puguwhwipk-
nnud hwiipwunpduth yuyphgdwt unp nkutninghw: Muyptgdut wpwewnpldus dkpngp
poyl Enughu dbdwgit) wywph juinbwupgjus duipugdut Jpu gquyptgdw Eukpghuygh
oquuiujup wqplgnipiniup, tjuqkgul] MU-h Swhiup, unwbw] wpjuws yupudbnpkpnyg
wuyphgus quiqush tjwsp:

Unumbigpughll punkp. wuypnighly yniph whuwupup sSwhu, (kpbwjht qubuqyush
wihwdwubnnipnil, wipugdusnipjut wunhgui:

Lhpwdnipini: Fuguhwipbpmy hnpunuyuypbgnidp hwdwpynud | whty
ogunujup hwiwénh wpynibwhwidwt wnwigpwihtt gnpdpupwg, nph wpynt-
twbnnmpniup npnohs E hwipwpwnh wpynitiwhwidwb pinhwinip swpukph
juqkgdutt hwdwp: Puguhwipbpmd wuyphgdut wphiwnwpubph junwpdwt
wpnibwybnm ettt wpnuwhwpnynd k ny §nuinhghnt $puljghwittinh thnpp Gpny
(gipUwtpugdwi b wpnwswthu Junpubph Epny) b gquyptgyus quiqush Ynd-
wulun thyuspnd:
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Zwupwunhfwtuyht pinhh wywpuhtt quugdush yuyphgdwut ypulunhp-
Juynid hnpunuwuwjpigdut oyynhudw] wupwdkwnptph hwyduplp pugnitdws k
Jwwnwpl] pun wuypmighl iniph YEpuiuigigng nkuwwpwp swuhuh dksnip-
jait, nptt wpnwhuwyunynid £ NMu-h mhyh, puwbtwlh punpnipjudp, hnpunwtgpu-
1htt guigh, MU-h 1hgph wpudwgsh b hwipwunh&with hhuph nhdwnpnipjut gsh
Ubdnipjudp: Loyws nkuininghwljwt yuwpwdbunptph hntnpdwdp htwpwdnp
E unnwbiwy wthpwdtown juyupny wuyptgdusd quiugush thijudp b jupqunpty
wyuph dwbipugdusnipjutt wunhdwip dhuyt swhwquig junsnp pinjuynpdu-
Snipjul quiguénid: Uu wuydwbwynpgws k tpwitng, np swwthwquitg junonp pin-
Juyunipjut dhpwduypp (hudbdwwnwpwp dniinjhn dhpwduyp) vhwubn k, b quig-
Juoénid jupyudnipjul whph wdyhnninh tdugnid gpbpt wnknh sh niukund, b
wyuyplkgdwt tukpghuyh Jupquynpnudp wuyptgdwt ygupudbnptph hnthnpudwdp
(hnpuwwnwugpwjhtt guugh wwpwdbwnpbph ppnwugdwdp) qpunund £ httwpudnp:
Uwljuyt vhohti, junpnp b wthwdbdwn junponp pinljujunipijut wyywpubpnd, npnp
punpnoynid E wmthudwubnmipjudp (uly.1), quyptgdwut gqupuwdtnptph thnthnpu-
dwdp httwpuynp £ jupquynpl] dwtpugdusnipjutt wmunhgdwuip dwutwyhnpkl,
pwih np whwdwubn wywpubpnd wuypkgdw jupdudnipju whph b ququ-
nwowguwlt wpquupph gupdwt dbdnipniup tjuqnid L rmwupplp wlniunhly Yny-
nnipjudp odnfws wwywpikph pudwivub vwhdwihi [1-3]: Cun BB, E$phundh’
wuyplkgdwt Eukpghwt wthwdwubn quigudnid puphuynud | withwjuwuwpuswih,
nnp sh wywhnynid wuyptkgdus wuywnh withpudbon dwtpugusénipinil [2]:

Chuwiyniptph hwipwjuypbpnid quiqush withwdwubnnipmniut wpunw-
hwynynud t pinjudnpyus wuyupubpny b Jipehtinbpu wnwbdtwugtnng wwppkp
nuuuynpnipjudp b hqnpnipjudp £nptpny, (gdws thnpp wintunhl Ynonnipjut
wyupubpny (Juy-wjuqupupbpny, jujuwhnntpny, hpwppuouyghtt pupwditpnd):
Utununulijut hwipuduyppnud pupdp qupnibwlnipjudp ogurnuljup hqnpntpe-
miup vwhdwiuhwlynud £ wwppbp dhubpujughtt juqd niubgnng wwyuwptbpng,
gudn oqgunujuip pununphy yupnibwlnn hwwdnny, nuyuttpny: Uhnwunuljut
hwupwuypbpnid withpwdbown E oqunuljup hqnpnipniip tmwpwipuint) hwpuljhg
wuywpubphg, hsp Judugqtgh oqgunuljup hwiwsnh Ynpnruntkpp b wnpuwnw-
gnudp:

‘Ukpuynidu 22 hmpwduyptpniud (Entught wywpuyht qubqush wuyptg-
dwt gnpénn nkpuininghwutpp hhduqusé tu yuypigdwt yupwdbnpbph thnthnfu-
dwt Jpu: bul] yuyptgdut yuwpwdbnptph huyupydwb dbpnnhljut vwhdw-
twthuljynid £ MU-h mbuwupwup Swhuuh dbdmipjudp, npp qpbpt sh wyywhnynid
wyuypkguut withpudbown npul b wuwhwgnid E hnpunwuwuyptgdut jpugnighs
Sdwpuukin:
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Ul 1. unpnp pinlun/npywiénipyul hwipwumpdwbhughl pnlh junnigfudpp.
A, B—whhunlwmukn dpounjuyplkp, mi, mz, ms m+- oqunuiljuip hgnpnippul I uyl
vwhdwinuquunnn wuapuphkph hgnpnipinibiakpp

NMuyplgyus quuqush dubipugudnipjut wmunhdwih jupqudnpdub Y-
nupkpu) dh owpp hinhtwlubph Ynnudhg wonwewplyus (nidnidubpp vwhdwbw-
thulj Eu b Upwljws ki jnipwpwitiynip Ynuhpbn hwipwduyptph junniguspu-
1ht wuydwbtbph hwdwnp [1,4,5]: Qunh hwipuunh&wih (Entughtt qugush Ju-
nnigwspuyhtt wuydwuttpp hwpydh wntnn yuyptgdwt unp nkutninghuygh dow-
nudp, npp withwdwubn (Epbughtt wywpughtt qubqudnid juwywhnygh whpw-
dionn dmipugdusmpjut wuyptkgyus quiqush Yndyuln hidusp, Mu-h tdu-
quqnyu Swjuuny nununid £ wpnhuljub patnhn:

unnh npudpp b htnmwqnunnipyut vkpnpubpp: Muyptgynn pinyh withw-
dwubnmipiniup punpnoynid k Epynt b wdbh muppbp punipugptpng wthwdwukbn
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otbpinbpny, npnup ubkpjuyugdws bu opwnbph wwppbp hqnpnipjudp, wwuppkp
wntunhl] Ynonnipjudp b wupnipyub pumpwugphsttpny: NMiunh yuyphgdut
oyynhuw] wupudkwnpbph hwydupl hpujubwugutihu wthpudtow k hwoyh wn-
k] wihwdwubn skpnbph hqnpnipnibp, ngputg guuwynpnipniip, wdpnipyut
punipuignphsubinp, wntunhly Ynpunnipniiip:

NMuyphgdwt Lukpghuyh oguuljup gnpéniubnipniup punpnoymd £ wyuypbg-
Ynn pinnud yipghtthu hwjuwuwpuswth puppudusnipjudp: Uyt npnoynud £ hnpw-
nwigpuyhtt gmugh wuwpwdtnpbpny b hnpunwugpnid MU-h 1hgph Epupnipjudp:
Znpunwiigpwjht guigh wwpwdbtnpbph b MU-h 1hgph Epjupnipjut pnpnigpe-
jmup jupnjws £ yuypgynn dvhowjuyph pinjujunipiniihg, wuywph wdpmpyub
punipuignphg, Yhpwnynn MU-h hgnpnipinitthg: Muypkguwt Eukpghwih hwjuwuwpu-
suth puolujudnipyut wywhnynudp wwywph wdpmipjut twuppbp punipwughp
niikgnn withwdwubn dhowduypmd puipn gnpéptipug b, b nppu hwdwp whpw-
dtoun E junwpk] hnpunwbgpuwjhtt gmugh yuwpwdbtwnptph hwpduply, Mu-h thgph
Junnigqusph b tpw Epupnipjut ptunpnipnit, hwpgh wnubking wthwdwubn
otkpunbinh hqnpnipniup, nputg puuwynpnipmniip, wdpnipjut pinipwqphsubpn,
wljnrunhl] Ynpwnipniup hnpuwnwugph nne Epljupnipjudp:

Llut dhowuypnid wyywpuyhtt qubqush wuyplgdwt npuljh wywhn-
Ynulp wuhwbenid £ MU-h 1hgph Junniggusph dpwlnud nwupphp phnnbwugdub
wpugnipinil niikgnn MU-tph Yhpundwdp:

Ujn Juwuiljgnipyudp wthpudbown k 1nisk) hkwnlywy faunhptbpp.

1. Mukbw] hunwl nnkympmnit guypkgynn pnynud withwdwubn okpinkph
hgqnpnipjul, wdpnipywb pinipwqphstutph, winiunply Ynonnipjub b nputg nu-
uwynpnipjub yEpwpkpyuyg:

2. Npnokj mhwdwukn skpuntph b" dwljkptnipuyghi, U junppuyhtt hunuy
uwhdwbtbtpn:

3. Cunply MU-h nbuwlp’ puin withwdwubn skpinkph wmunhly Ynonm pyub:

4. Npnok) MU-h (hgph Junnigduspp pun okpinkph hqnpnipyub b wdpmp-
juilt punipwqnh:

NMuyprtgyny pinlh wthwdwubn stpntph hgnpomipniuiukph b puuwynpnt-
pjut wqnkgnipjul niuntdtwuppmpniip yuyphgdwt npulh ypu ubpluynudu
hpwjuwtwgynd E wpnunputhnpdupupuljuwd tpuwbwlng Upwdniuh puqujnhp
pugwhwiph wuwydwbibph hwdwp:

Unwowunpyusd puunhpttph msdwt hwdwp hnpwwnwbgpuyhtt guigh ww-
pudbnptpp b hnpuwnwtgph junpnipniup npnoynd o pjpuswthuljut Uninkg-
dwdp, hwoyh wnubiny hwtipwunhwwghtt pinlh Epjpusuhwlut swithtpp b
hwpwunhgwuh fEdkunubpp:
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unonp  pinuyimipjut wwwptbph hwdwp hnpuwnwigph wpudwghsdp
nunpynud | dn=180 #«/ hmudwduyt [6]- h:

Zwupwunh&wbughtt pinlh fedbunubph npnoynid Eu puwn [7].

1. Zwupwuwnh&wih hhuph ghdwnpnipjut gsh Epupnipniup.

w = Hhuuctg @+ ¢=53dpy, ’flh ,u (1)
wy

npuntn Hiwe-p hubipuunh&uith pupdpmpymih b, 4 @ -4 hwpwunhgwih phpdwi
wilymibp, wun, ¢’ wifnuigmpyui phpdugh swthp, yuy-p wyuph junmpgip,

[g/iP, pusp MU-h funnipynitip, §g/if:
2. znpunwiigph ghphnpuindwi swthp.

lgup = ’Hﬁmhp + w2 -Hhuup , o/ )

3. znpunwiigph Epjupnipiniup.
Lhnp: Hhulhp + lth, u: (3)

4. Znpunwigpuwjht gmugh wupwdbnpbpp

a=b=08w=2dy, /:_Zq o, )

npukn Py-t1 MU-h ququgnyugdwt wpquuhph uljqpwljut Lugnidt £ hnpunwigph
wuwnhl.

Py = <puuDZy Ul G)
Dyt MU-h pinnnbwgdwl wpugnipinitb k, o4/

k=1+(2nqPo) =L ©®

th—]}‘ hgqnunpnyhuygh gnpdwlhgh k(v = 3), E ~u’ 8mtgh Unnnup (E = 10* Uw),
p — & Mmwunth gnpswlhgp.

B (-2 (1 + 0 v %

Zuipwunh&wibiughtt pnlh fEdkunutph npnonidhg htwnn, pun hnpuwnwg-
pwjhtt gwigh b hnpwwnwbgph junpnipjut wupwdtnpbph, junwpynid E hnpw-
wnwtgptph hnpuwwnnud htnbjw) ulqpniupny. ujqpmid wuyptgynn pinlh nne bp-
Juyupny axc yuwpwdbwnpbpny hnpuwnynd i wnwehti pupph hnpuwnwugpbpp,
npynud E hnpuwnwtgpbph Epjpuputuljut tjupwughpp, hsp punipugpmd &
quiguénid withwdwubn skpinkph nuuwynpnipymitp b hqnpoipniip pun hn-
npuwnwigph Epljupnipyui:
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Ujtnithtnl niumdbwuhpynud £ hwipwunhdwbuwghtt pinlh 2 wquun dw-
YEplunypubpnid (hwtpwunhdwih php b Epht duybplinyputp) withwudwubn obp-
nbph quuunpmipmniip pun wuypkgdny pinbh dwibplniph b pupdpnippulb,
npnuiny hulj npnobny okpunbkph puuwynpnipniup wpweht owppnid: Cun tuni-
swpluwl’ npnodmd ki wihwdwubn skpunkph winiunhl Ynonnipyniip b wdpnt -
pntup: Ldwt Yhpy npnpoynud B Gplpnpn b djniu puppbpnid wthwdwubn obp-
wbtinh hqnpnipiniup b guuwynpnipmiip yuypkgdnn pinynud, husp gnyg £ npgus
uly.1-nud:

Enynnpy b dpnue puppbpnud hnpunnwigpbpp hnpungnid B axb hnpuwnwg-
puyjhtt guugny:

Uthudwubn dhpwdupnid yuypkgdwt tukpghuyh hwjwuwpuwswih puju-
Juodnipniup Jupuguws £ N'U-h mkuwljhg b pinipugqpynud | yuyphgdwi obpunitiw-
Ynipjudp, MU-h thgpuynpuwt jpnnipjudp, MU-h nhnnbugdut wpugnipjudp:

OquJkny (1), (4) b (5) wpnuwhwynnpynibikiphg npnokp MU-h yhnnbug-
dwl wpwgnipniup, kpp a = b = 0,8w npnoynid k.

2K0,
D= 425 | Ym:‘* : ®)

Uju wpnnwhwjinnipniup hpunkih Ehwdwubn dhpwduyph hwdwp:

Ny hudwubn vhpwJuyph hwdwp nmupplp wyniunhl fnonnmipjudp wyup-
ubipnud jupdudnipjutt wihpp Ynpgunid £ hp wdyhnniqught wpdtpp: Uju nhw-
pnud poyugus jupdusnipjut wihpp, hwutbng dhowquypbph pudwidwt vwh-
dwuhl, mpnhynud E wingpugupddutl (Cwe) b pEljdw jupdudnipjui (opwy) wihp-
ubkph (ul.2), b pnoywgnn qupyudmipjut wihph dkénipnitup tdugnid E hnlbyjug
Jujujubnipjudp.

0y = (Twitg, — Tptty) K » 9)
npunbn ke —i jupjuwémpyub whph wiljdwi gqnpswljhg £ judws 2 wwppbp
wntunhl] Ynpnnipyut vhpwjuypkph wnljuynipiniihg, b npnoynud k [7].

2(y2xv2)/ 42
ku= , 10
(Y1*v1)y A1+ (y2*v2)y A2 (10)

npuitin (7 * vz )y/A; b (y1 * v1)y/A;-p wywpuyhtt dhgunjuypbiph whniunhy Yng-
nnipmilih b, §g/i2d, v, v, — p wthudwubn dhpun]uypbpnd wupuph swjwught

Wohep, §g/if, vy, v,-p wupphp Uhow]uypkpnud bpljuyiuljwi wihph nupustdwi
wpugnipniup, /4, A, AZ_E‘ Uhowduynh wlniunhlnipju gnpswljhgp [8]:
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UG.2. Suppkp winiuwnhl Inounipyudp wwwupbbpnid jupywéniprul uyhph
wpnhdwil gnpéplpugp.

1 - jupywénipyul wjpph qupquglul vwhdwinughdp (wupuph Julniulupgyus
vmbpuglwl uwhdwinughs), 2 - dkgpunupwgiunl wwhdwinughép
Oquytny muppkp wlntunhly Ynounmpjudp odndws dhowuyptpnid jup-
Jubmpjult whph wiwyhnniyuihtt wpdtph tuquul wwpdwihg MU-h phnn-
twgdwl wpugnipniup tpynt mwuppbp dhowduyptnh hwdwp Ynpnogh.

D _ 85(y2*V2)y/ Az 2K104q1
it (V1:v1)y A1+ (V2*v2)/ Az 2O

(11)

D _ 85(y2*v2)\/Az 2K204q2

iz (71*171)\/14_1"'(72*”2)\/14_2 Y2

(11) b (12) pwtwdlbtpp pny) ki wwhu kqpuljugubing, np thnpp wjniunhy

Ynonnipjudp wyqupukpnd hpunkih E gusp thopnpuljutmpyudp MU, hulj pupap
wljntunhl Ynpunm pyudp wywpbtpnid dhehtt b pupdp thopnquiljuint pjudp MU
MU-h 1hgph Jupnigdusph punpnudp junwpynud E pun hnpunwtigph 1hgpw-
Unpdwit hbwnlywy uljgpnitipny: Cunn wihwdwubn otpnbkph wlniunhl Ynownni-

(12)

prul, wuyuph Eplpudbuuithjulub hwunnpmibibph b wipmppub pinpwugph
nunpynid £ MU-h mbuwlp: Ujunthtnb junwupdnud £ hnpuwnwbgpbph 1hgpw-
Unpnid hwpyh wnbbkym] wihwdwubn skpunbph nuuwynpmpmip b hqnpnt-
pmilp’ pun wuyptgynn pnyh pupdpmpjui: Shpunymd thbswyhu hns, wjiubu
k| onuyht pugulng wywljkunpniwgyus ]_bgph Junnigqudpp: Oquyht puguijh
Epjupnipjut pnpnipniip junwpdnud B jupudws | thnpp wyniunhly nounne-
pjudp (thhpnit) okpinh (B) hqnpnipiniuhg (ul.3), b npnoynid | hknlyuy YEpy.

mg.
. P < 3

(13)
LUl nbkjpuninghuny wuypbgnidt. wywhnynd £ ML-h wwuqugnyyi
dwipuuny wuyplkgdw pupdnp wpynibu bnnipniu:
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L3 Zopunnubgplph jhgpunjnpuwt ufubdwl jupnjws whhudwukn skpunkph
hgqnpnipiniiihg b nuiuun/npnipiniihg

ZEhnwugnuinm pjutt wpyniiptkpp: Gthwdwute dhowduyph Guljtinught gni-
guithpubph ntuntdtiwuhpnipniiin b wyn gniguthpbph hhdwt ypu wnwewnpdus
wnkjutunnghuyh Yhpwnnidt ppwljuwbwgty ot Upwdniup puquynh puguwhwiph
wuydwbtbpnud, dhohtt pinjuynpjusnipjutt hwipwunhdwbughtt pinlh wuyrbkg-
dwl nhypnud: Zwipwunh&wbh HEdkunubpp, wywph Epjpudbuwtthjuljui hun-
Ynipiniuukpp, niuntdbwuppnipjut gniguthoubpp pipdus Eu wn. 1-nud: Znpw-
nwligpuhtl gutigh wwiputinpbph pnpmpiip junwpdt) Ehwodwawg waguph
wdpnipjut punipwuqphsubph b bpjpudbjuwthjujut hwnlmpniuttph: Cuwn hn-
puwnwligph hwlmljh wyuubph npnoty ki puqupnh b jujw]wgh hgnpmpynp,
wljniunhl] Ynpunnipiniup, ngpuig nwuwynpnipniup yuypkgynn pinynwd: Mu-h
phnpmpmip junwpt] E hwudwdwgi Mo-h ghnntugdwi wpugmpjub hwy-
Jupiuut pwtwdltph: Puquuh otpunnwd Jhpundt) E Uudn, nph ghnntugdw

3600

wpuqgnipniup juqunud 3200 ... 7 (hwpqupuyhtt gmguitthp- Dy = 3070 4/4)):
Guwhnnnd Jhpwnyl) £ Tudnh b thpthpwwynihunhnih jupwntnipny Gudn+dN
[9], nph pknntwugdwt wpwugnipmitp, juws puntimpnmd @N-h wwpnibw-

nipjnitihg, nuwnwitnd £ 2400...3000 &4/ (hwpqupluiht gnigmthyp — Dy, =
= 2100 /%)) mhpnypnid:
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Ugniuwly 1

Upundniuh puquypinh pugmhwbph guyplgyng pingh phqhjudbpubhlului
hunnynyeinibiikpp b mumdinuuppnipyul wpyniiphbpp

Blujknuyght gniguthpubpp

Muunidbwuhpnipjub wpyniapbbpp

1 2
Uhowuyph Tunonp pinuynpyusnipjui Uthwuwukn okipnkph qni-
pinjunpudnipyniiin = dwpuyhtt hqnpmipyniikpp, o
Uthwdwukn Puquin, juywhnn "é E
wyupubph whjunudp “5 ";i - -
Uwuph Puqujn g '—é’ %’ —_,54 ,;g 3
wwjpkihnipniun Uhghtt wwypkihnipjul ET =l g _;L £ )
£10..14 < F| 5| =
1 6.0 3.2 25 1.3
2 8.0 2.2 2.8
Gujujuqupwup hkown 3 85 2.6 1.9
wyuypk hmpjut f=4...6 4 10.5 13 1.2
5 9.3 11 2.2 0.4
Uwuwph wipnipjub Puquu, oun= 80...120, Uhu 6 11.3 1.7
uwhdwip pun 7 93 | 09 2.8
ubnudwi 8 8.6 1.0 2.3 1.1
Yujwjuqupup, oun=4,5...18,5 9 7.9 4.2 0.9
U 10 11.0 0.6 1.0 0.4
11 10.6 0.8 1.6
Uwuwph wdpnipjut Puquu o= 40...125, Ul 12 8.8 1.8 2.4
uwhudwp pun dquul 13 53 3.7 25 15
14 7.7 0.9 3.0 1.4
Yujuywqupup oa=0,4...1,8, 15 7.8 3.2 2.0
U 16 8.6 2.3 11 1.0
Uuhwdwukn okpuntph Puiquijn, y; = 2650...2850, 17 9.5 1.2 23
Swjuwuyght Yohop, bg/P 18 10.8 2.2
19 8.2 3.8 1.0
Yuwhnn, y,=1750...2150, 7¢/f 20 10.2 0.8 1.0 1.0
21 10.3 0.7 2.0
Uuhwdwubn gbpuntpnud | Puquyun, vy,  =3700 44/ 22 10.0 1.2 1.8
Epjuytwuljwt whph 23 10.8 0.9 13
nwpusdwh 24 8.9 3.8 0.3
wpwgnipiniip Yuluwhnn, v, = 1830 44/ 25 83 34 1.3
26 9.2 1.8 1.1 0.9
Mniwuunth gnpswlhgp u=027 27 8.9 1.6 1.8 0.7
NU-h hwpqupluyh Puqujn  Dwyu = 3070u/q 28 12.0 0.4 0.6
phnntuguwl Yujuthnn Duyn = 2100UA] 29 6.9 3.0 2.3 0.8
wpugnipniip 30 7.6 4.8 0.6
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Unyniuwly 1-h pupnifnulinijeiniiip

1 2

Uuhwdwubn gkpuinkpp \/A_l(yl * ;) = 44,9100 Jg/tfy 31 7.8 2.2 2.4 0.6
wljniunhly A;=0.25 32 6.0 3.0 2.8 1.2
Ynpwunipniup 33 7.4 2.3 2.4 0.9
VA (2 * vy) =1,2°108 gty 33 6.4 3.8 2.8

A,=0.1 34 8.0 15 35

35 7.8 25 2.7
Unwdquljutinipjui Puquywn, E=2,9*10* U 36 8.9 2.3 1.0 0.8
Unnnup 37 7.5 1.8 2.3 1.4
38 9.0 1.0 1.8 1.2
Yuwhnn E=0,007*10* UMw 39 85 15 2.0 1.0
40 9.6 2.4 1.0

Znpunnwitigph (hgpun]npnidp junwpdby B hudwdwyi hnpunwigph aljw-
nugnp, npp punipugpmd £ wthwdwubn skpinbph quuwynpmipniup b hqnpne-

pinLup:

Cuwnpyty £ ubnubwdl tkphwnnudnyg wquypbgdw ujubdwt [9], nubnunbkg-
dwl inlinnnipnit pungniudly k42 ¢ Mugpbgdut quuwhwndw swhwithy Eu pb-
nuinfl] wuypkglus quiiqush Ynunhghnt b ny Yntnhghnt ywhwpwdhubph
B, Wuypkgyud quiqyush thjusdph juytpp, Mu-h Swhiup:

NMuyphgdwt wnwewpyus nkutninghwt wwywhnymd E wujptglws quiug-
Jush Ynduyuljn thiwspp, tJuqtgnid E Mu-h swipuup 12,7%-ny: FEpdwbpugus
quiiqush kpp tugmu b 6,9%-m], wpunwswthu Junpubtph kipp 7,7 %-n1, hisp

gnyg kE wnpus wrn. 2-nud:

Uniniuwly 2

Zonpuunuwuypkguul qupudbupkpp b wuypbglwl wpynipakpp

N'U-h thgph Junnigudpp puwn Znpunuyphgdwl wwpudnpkpp
hnpuwnwugpbph Nuyplgynn hwiipwunhfwtught pnljh | Nuyphgdwt nkuninghw

= = = ==Y wupudnplpp qnpdnn wnwowplwsd
£ o 2 =2 ERl

& B o E| & & g; g | Zwbpwuwnh&wih pupdpmpniip, o 10 12
"5 g E g ..ET: g ;‘* g Znpunnwgph wpudwghsp, o 0,14 0,18
22| ¥ 5| 25| =5 [ Zutpuunhdwth phpiwt wilniy, 75..80 75...80
R = 2 = g5 P JMAE
Al E| T E| EEF| wm

1 8.0 3.2 1.8

2 8.2 2.8 2.0 Puguwhwiph woutwnwpwyh 33 32

3 8.0 3.4 1.6 hpuwwwpwlh juwybpp,

4 8.5 45 Uduutgnipjub phipudwgh swihp, o 2.3 2.3

5 8.5 45

6 8.5 45 Nuyphgdwt hwyqupluyhtt gniguthputipp

7 8.0 4.0 1.0

307



Unynruwl] 2-h pupnilnulnierniip

8 | 85|45 Zwipwuwnhgwth hhuph 40 50
9 | 7.2 3.5 | 23 |gphdwnpnipjut ghdp, ’ ’
10 | 85| 45 Znpunwigpwjhtt gute
1 Tes T45 | |wmptbten o 32x32 | 42x42
12 | 8.0 | 3.5 | 1.5 | Znpunnwitigph kpljupnipiniiip, o 11.0 13.0
13 | 8.2 | 3.0 | 1.8 |Yhpwnyny NL-h mbuwlp Utipn Uudn
14 | 85|45 Uudn+ON
15 | 8.0 | 3.8 | 1.2 | NMU-h [hgph Yurnigwdpp Znd Zns, muu-
16 | 823909 YEuwnpnt.
17 | 85|45
18 | 8.0 | 4.0 | 1.0 | Muyplgdwl untdwl Utwywdlh Ubtnutwdh
19 180 (38|12 ukiphwwnnt- | tkphwwnn-
20 | 85|45 uUny uUny
21 | 7.7 | 3.8 | 1.5 | Znpunnwigpliph pwtiwljp, huwn 80 40
22 | 85|45
23 | 8.0 | 4.0 | 1.0 |Cupplph phyp, huwn 4 2
24 1684022
25 | 7.7 | 40 | 1.3 | MU-h punhwnip pwbwlyp, g 7569 6187/ 7090
26 | 85|45
27 |1 8.0 | 40 | 1.0 | Muyplgxwus quuqush punhwunip 9480 10450
28 | 85 | 45 Swywyp, f
29 | 7.1 | 3.0 | 2.9 | NU-h thwuwnwgh swuup, §g/if 0,79 0,59/0,68
30 180[3.0]20
31 | 7.3 | 3.8 | 1.9 | Muyphgxwd quiuqwush kjpp pun swhwpwdhulbph,
32 169[35 |26
33 [ 7.6 | 3.4 | 2.0 | @bpuwbpug]us quiqush bpp, 1160/12,3 565/5,4
33 180(38[12|%
34 | 7.6 | 3.3 | 2.1 |Upwnwswihu Yunpukph pp, & % 1350/14,3 685/6,6
35 75|37]|18 NMuyplgdus quiqush hijusph yupwdtwpkpp, «
36 180[40]10
37 183 ]35| 1.2 |Luylpp, ¢/ 38,5 29,5
38 18545
39 | 8.0 | 3.7 | 1.3 | Pupdnpnipniup, o 88 7,5
40 180[40]10

Bqpuljugnipinii.

1. Uthwdwubn dhgwujuypmud (Entiughtt quqgush wniunply Ynounnipniup
punpnomid £ wuyplgdwt Eukpghuyh ukipgnpémipiniup (kntwghtt wmywpubph puy-
puydwl gnpdplpugh Ypue
2. Ny hwdwukn, junpnp pinudnpjusnmipjut wwwpbpnid MU-h nbuw-
Juwpuwp dwhup dedwgnidp sh Jupnn ninpn hwdbdwnwlub jupdusnipjudp
Ubkbwgub] wyuwpubph dwipugusnipjut wunhdwip: Uy buybe jupudws &
whwdwukn skpinknh hqnpnipniuhg:
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3. MuL-h hwyuuwpuwswith puppunidp quiquénid pumpugpynid £ NMu-h
nkuwhh pnpnippudp jujudws wywph vwhdwiughtt wdpnipyub phmpwugphg

b Uhpwuyph wlntuwnhly Ynpunnipinihg:

AL UgULNRESUL 8ULY

1. Mocunen B.H., AGpamoB A.B. Pa3pyiieHue TpelMHOBAaThIX U HAPYIIEHHBIX TOPHBIX
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Zujuunwith wqquyhtt ynjhnkpthjujwit hwdwjuupuwi: Umpp bbpjuyugyt) b
Judpugpnipinin 09.06.2023:

I''A. ATAPOHSIH, B.I'. OBCEIISIH

COBEPHIEHCTBOBAHME TEXHOJIOI'MU INPOBEJIEHUS
B3PbIBHBIX PABOT IIPU PASPABOTKE HEOJHOPOJIHbIX
I'OPHBIX MACCHUBOB HA KAPBEPE

OmHUM W3 OCHOBHBIX ITOKa3aTellel, onpenestoniinx 3(peKTHBHOCTh B3PHIBHBIX pa-
00T Ha Kapbepax, sIBIIETCs CTENEeHb APOOIICHNs] B30OPBaHHOM Macchl. [IpuHsTO, YTO C yBe-
JMYEHHEM MAacChl 3apsija B3pbIBYaTOro BemiecTBa (BB) myTem crymieHus ceTKd CKBaKUH
YIIy4IIaeTcsl KauecTBO JIpoOIeHHs B30pBaHHOM ropHOM Macchl. OHAKO MOJOOHBINH MOAXO
BEJIET K YBEJIIMUCHHIO 00beMa paboT 1o OypeHHIO M MOBBILIEHHIO 3aTpar Ha BB. B cBoro
odepeb, METOJ] IPUBOAUT K YBEIWYCHUIO pa3Mepa HapyLICHHs eCTECTBEHHON CTPYKTYpHI
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3a KOHTYpPOM B3pbIBa€MOTro 0JI0Ka, YTO SIBIISIETCSl 04aroM BbIxoJa Herabapura. Ciemyer oT-
METUTh, YTO C YBEIMYECHUEM KOJIMYECTBA SHEPIUM B3pbIBA BO3MOKHO PErYJIMPOBATH CTEIECHb
JpoOJieHNsT B30PBAHHON Macchl, HO TOJILKO JIMIIb IPU B3PHIBAHUU B YPE3BBIYAIHO KPYITHO-
67104HOM (OTHOCHUTEIBFHO MOHOJIMTHOM) MacCHBe, a B Cpe/IHe- U KPYITHOOJOYHBIX MacCHBaX
¢ pocroM KosnnuecTBa BB kauecTBO B3phIBa yJydyllaeTcs YaCTUYHO. Y CTAHOBJIEHO, YTO B
Cpe/iHe- U KPYIMHOOJOYHBIX MOPOAaX OCHOBHBIM HOCHTENIEM DHEPIMU B3pbIBA CUUTACTCS
HEOJHOPOIHOCTh MaCCHBA.

B pabore npemaraetcsi HoBasi TEXHOJIOTHUSI BEJICHUS B3PBIBHBIX paboT Ha ycTymax
HEOIHOPOIHOTO, CIIONCTOTO CTPOEHUs. [IpenioxKeHHbIi MeTo] OTOOMKH MO3BOJISIET YBEIH-
YHUTH TIOJIE3HBIC ISHCTBHSI SHEPTUH B3pBIBA HA APOOJICHNE, CHU3UTH 3aTparsl BB, momyuunts
pa3Bai B30PBAHHOW MacChl 33JaHHBIX IapaMETPOB.

Knrowuegvle cnosa: ynenbHBIA pacxo], B3pHIBYATOIO BELIECTBA, HEOAHOPOIHOCTH
MaccuBa, CTENEeHb IPOOICHUs.

G.A. AHARONYAN, V.G. HOVSEPYAN

IMPROVING THE BLASTING TECHNOLOGY AT THE DEVELOPMENT
OF NON-HOMOGENEOUS ROCKS IN AN OPEN PIT

One of the main indicators that determine the effectiveness of blasting in open pits
is the degree of crushing of the blasted mass. It is accepted that with an increase in the mass
of the explosive charge by thickening the grid of holes, the quality of crushing the blasted
rock mass improves. However, this approach leads to an increase in the amount of drilling
work and an increase in the cost of explosives. In its turn, the method leads to an increase in
the size of the violation of the natural structure behind the contour of the blasted block,
which is the focus of oversized output. It should be noted that with an increase in the
amount of explosion energy, it is possible to regulate the degree of crushing of the exploded
mass, but only when blasting in an extremely large-block (relatively monolithic) array, and
with an increase in the number of explosives, the quality of the explosion partially
improves. It has been established that in medium and large-block rocks, the main carrier of
the explosion energy is considered to be the heterogeneity of the massif.

The paper proposes a new technology for blasting operations on ledges of
heterogeneous, layered structures. The proposed breaking method makes it possible to
increase the useful effect of the explosion energy on crushing, reduce the cost of
explosives, and obtain the collapse of the exploded mass of the given parameters.

Keywords: specific consumption of explosives, mass inhomogeneity, crushing degree.
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Urt4uskhu wUsUuLLtlCh HhUUrtss N6dhUNkU ULGYPL 26SEYNN,
zuuuuuraeb ycuunkhur

Uowljyt) b thnpdwpldt) b wpluwghtt juywuttph hwdwp ghuljpbn jupguynpdwt
nkdhunid wplhtt hinbinng hwdwlung: 8nyg k wipyby, np Ynndunpnodwt jupd gunupubph
Yhpwenudp hwigkginid t wuunnn vwppufuquh bEjunputubpghuh swuuh dh puih
wbquu tjuqgdwup® wpluyght juywuny qhutipugus bEjunpututpghuyh wibpwb thop-
pugdwt nhuypnid:

Unwbgpuyhl prunkp. wapluyght bidkuwn, uywui, wpbtht hbnbnwd, phuljptn nkdhd:

Ukpwdnmipinil: Upbught hkdknbbpp (UER) Jupnn Eu wpunnt) winwbg fud
Inyuph jpnwpupubpny: 9bpohtt nhypmd Yhpwnynid E pnwpuph nidbinugdu
gnpéuljgh hwdbdwwn wykh phy dwlbpbuny UE: Lnyuh fonwpupubpng UE-utiphg
ku twl, wjuybu Ynsynn, «<apnuhuwyug p-n wbgnidny» uhjhghnidwght UE-ukpp,
npnbg (nruwghtt fwpwquypttph nignnipmniup hwdpujund k p-n wbgdwt hwp-
poipjutpn [1, 2]: Fpuig hhdwb Jpu guunpuunduws wpbhughtt juywubbph gqnp-
Stwlju hpundwt hwdwp wihpudbon |k wyuwhnyt) wowdbjugnyt jnruwpjw-
il hpuljwbugkny wpliht hknbnd:

Uplpt hbnbbknt hwdwp ubpuynidu juyunpbtu oqunugnpéynid Eu niuwqg-
uynil nyhsubp, npnip Juqujws tu 2...4 Jhuwhwnnpnswjhtt dnnnkjEjnpulut
wnwnppbphg' $nunnnkqhuwnnp, $nnnphnyg, $nnnnputiqhuinnp, wpbuwght Edkun
[3-5]: Bpp wplip qnuynud £ wpbughtt hwdwljupgh fEunpnunid, pnjnp dnnnkkl-
npuljut mwuppbpp vnwbtnd b (nyuh htnbkbiuhynipjut tnyt pwbwlnipniin:
Uujuy opju pupwugpnid wpgws nhpphg sbndwt dudwiiwly npuig ypw puljuny
|ntuuhtt punkuhynipnibibpp Yihtubt wwpptn: Uju ghypnud npnowlih wigqnphpe-
Uny huduyuwnuuhiwt wqnupwbin npdnud £ wplughtt juywh yunnng vwppu-
Juquhl, npt b juywip nknupupdnd | uyuyhuh ghpph, tpp popnp pnunnkyky-
npwlwl nwuppbph yupudbuptpp Yihikt hwjuoewp: Yw eog) E wwghu £ogpun-
nku hkwnlk] mplh hbnwgsht opdu pipugpnid b mupyu funpdusdpny:

Utp Ynnuhg dpwlty b thnpdwplyyly tp Eptp Uk-hg punjugus wplihb
htwnlinn (nuwuqquynitt myhy, npp junmiguspp phpdws k uly. 1I-nud [6, 7]: pw
plp dbnunuiwb dhpunpdubph Jpuw nbnujuyguws tu kpyne ghduyght UE I b II),
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huly hhuphti' phyntipuyht UE (II): Hhifughtt Uk-ikpp twhunnbudus By wplh

nhpph npnodwt hwdwp, pulj phyntipughtp’ wpwynwnjuwt wpbuwght juywuh qnp-
dwipluwt hwdwn:

111

w)

)

Ul 1. Lmuwqquyni i wnfpsph Jupnigyudpp b phppkpl wpluyhl swnwquyphbph wildwi
mpnnipjuill hjunndwdp gniquhkn (w) b pknyws (p) nhppkpnid

Uju b huyinth wy) jntuuqquynit ndhsubpny wpbughtt juyuubph wplht
htwnlnudu hpwjubwgynud £ wbpunhun nkdhuny, npp hwiighgunud £ LEjunpuljub
Eutpghuyh qquiph Ynpniunitpnh: Unyb wpuwnwiipnid dowljyty b thopdwpldby &
Intuwqquynit nyhsubpny nhuljpbn (pugphwn) Jjupguynpdw ntdhudnid wpliht
htwnling hwdwljung:

Zudwlwupgh tyupugpnipniip: VY. 2-nud pipgus b jnruwqquyni g hsng
(LS) wplihtt hbnbinng hwdwlwpgh ulgpnitpugptt Ejunpulub uvpbdwb: Uju bk-
puonud £ hnuwbp-jupnud Yhpwwthnfuhs (ZLY), jupdwt mdbnupup (LAY b dhlpn-
Yntunpnip (UY): Znuwbp-jupmd Yepuputhnfuhsitipt ppuwbwgimd Eu Uk-ubph
hnuwbptbph Yhpyuthnjumd’ hwudwywnwuwb jupmdibph, npnip jwpdwb
nidinupuputph dhongny nidbnugynid b, npuytugh hwdwywnwuwibkgytl
dhypnyntinpniiph dntnpuyhtt wgnupwtitinh yuwhwgynn dwjuppulh: Uhlpn-
Yntnpnikptt hpujwiwginid £ unwugus nbntjungnipjut dowlnud. jupdwt
wpdbtpubpp ubpphtt whwnqu-pquyhtt Abwhnjpuhsbpny thnppwpynud £ huwdwww-
nwufuwb pyuyht Yngkph, npntp b dowlnud i (hwdbdwnnud Bu) pun dpugpu-
Unpywd wignphpdh: Uhypnyntuwnpnikph Ephg yunwnnn vuppujuquh (MU) dnin-
pht wpynud E hudwywwnwuiwb nbknklnipnit’ yunndwb ninnnipjul, pujph b
hwljwunupd 1phy yunndwt Jepupbpuy: BEjunpujwut uvjbdunid hnuwbp-jw-
nnud JEpuyuthnjuhsp U jupdwt nidinupupt ppuljubugyty i AD82 owyjtipwughnt
nidinupupubph hhpdw Jpw, hull npybu dhipnnunpnitp jhpunyb] £ Atmega 8
dwljithoh dhypnyninpnikpp: Thngubpp swnpwyniud Eu mpubiqhunnpubph wuown-
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wuinipjul hwdwp Ynuntnwughnt ks jupnudubph dudwtwly: Fwpihtiquntp
upubdwbbpp (VT, VD) twhiwwnbudws tu UY-h Ejpuyht pintdwspwjhtt htmpuyn-
nnipnibp dkdwgubint hwdwnp:

7

ZLu LOP Uh

Uh. 2. Upliplh hknlng huwdwlupgh b Equnpniughl hubgnygh ulqeniipuyhi b Eunpului
ufulful

Uowljyt) k npnowjh At dwdwiwljuyht punuputpny ghuljpbn jupqudnp-
dwl nhdhunud hwdwlupgh wohwnwipuyhtt wgnppup: Zwoyh i wntigt) htinb-
Jup wuwhwbeubkpp.

- Npukuqh pugunyh yunwnnn vuppuljuquh gnpéwnnypn opyu pupwugpnid,
tpp pninp UE-ukpt niukt dnnwynpuybu hwjuwuwp hnuwpubp (ophtiwul, thn-
thnpuujut wdyuwdwsnipyut wuydwbttpnd), wyuw hupyuynp £ hwogh wntly
IIT UE-h hnuwbph suhdwt hwpwpbpuljut vjpwjwipp: Uju gquydwip bowbw-
ynud E, np yinnnng vwppuljuquh hbnwunupd yyunyn htwpunn b dhugs wy nhw-
pnud, kpp hwpwpbpuljut vhpowjwipn thnpp kE poyjunpth obdwght wpdtphg m.

Iy = + 1yy)/2 _ Iy — Iy
I+ 0)/2

- Putih np MU-h wunibught puypp junwupynid E vwhdwbwthwl) wpw-
qugdudp b wpwugnipjudp, wyw hwenpnuljut puyptiph dholh mthpwdbtown E
twhiunbub] npnpwjh dudwtwljuyhtt punup’ Ar:

<m:
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- Uthpwdtown £ pugunt) MU-h gnpswnnypp, tpp I b II UE-ukph hnuwupubph
nwuppbpnipnibttph swhdwt hwpwpbpulwb uvjpwjwupp thopp b poyjunpkh
oduyhtt wpdtphg' k: Uju wuydwp towbwlnid k, np MU-u qunngnid £ nunuph
Yh&wynid At dudwiwljwhwngwsnd, kpp

L =1y | _
I+ L)/2l

Ul. 3-nud phipJwé bt hwdwlupgh wohmwwnwupuyhtt wygnphpudp, npmd

Al
—| <k:

Iav

Filtration qnpénnnipniip dwnbwiomd E hnuwbpubph swthdws wpdtpubph
quunid-dhohtiugnid:

| Start I
I Measure I, In, Im I

—————— -
| Wait 1-.T1| :. Filtration ‘l | Wait f_\.‘rgl

Calculate
Al=Ti-In Tav= (Ii+1u)/2

| Wait At |

I Move to RIGTH one step I I Move to LEFT one step I

—-I Continue |-J

Ul 3. fEunpnbughl huwbgnygh wojuunumulph wygnphpudp
Upgnpppuh gnpstwlui Jhpundwi hwdwp phnpdl) o hbnbjug pduyght
wpdbplkpp’ m=0.05, k=0.05, At, =10/pf b At, =604/pf, hudwwyunwuuubupup
Ukl puyip (one step) b htnnwunwpd wdpnnowljutt yunyun (return) Juwnwpbne nhuy-
pod: Zudwljupgh dhpnynnpnitph Spugpudnpnid hpuljuiwugyt) Embedded C
dpugpuyhtt Uhowuwypnid:
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Zudwljupgh thopdwpynudp: Zudwljupgp hopdwupydt) b «Pupduw» hunqu-
ghnt YEuwnpnuh wplhught hopdwljuyuith Jpu [8]: LY. 4-md phpdws tu thnpdw-
Juywih hnithu wduhb opmljwt ghubpugpws L Eynpwtutpnghuygh owhnyph dhoh-
twgqwd wpdbplbpt wipwpd (wpwig wplihtt hknlkn) ghyph hwdbdwn Yogdin-
pnoudwt nunwuph wwppbkp nbngnipniuubph phypnid (At = 0-t hwdwywnwu-
juwinid £ wpbht wipunhwn hbnbdwip): LY. 5-nud pipws tu MU-h BEjnpw-
Eutipnghuwh opwljut dwhiuh dhghttmugywus wpdtpubppn’ juwpidws Ynnudunpnodwi
nbknuowpdh nunwph mbnnnipniihg:

35

30
25
20
15
10

5

0 " " " " "

0 10 20 30 40 60

Unnlunpnydwh gumuiph dudwaly, powk

Eikyunpwtutpghuyh puhnypp, %

Ul. 4. Upliughl ihnpdw§ugulih opwful ghbkpugnus B Enpukbikpghugh puihniyph
upoplnugyué wpdbphkpp nunuph nuppbp dudwinulbbph nkuypnid
180

A
160
\

140

120 \
100 \
80 \

Nunwnnn uvwpwluquh
EEYypwtutpghuyh Swhup, <wn
3
——

20 \\

0 . 10 20 30 40 60
Unnuinpnodwh npunuph dudwbaly, powk

Ul 5. Upliughl ihnpdwuguilth upuminng vwppuljuqup B Enpulibpghuyh Supiup
Upoplnugyus wpdbphkpp Jupnjus qunuph dudwinulhg
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busybu htnlimd E phpjws wijujubnhg, At=20 pnyk mbnnnipjudp Ynnu-
unpnodwl nknuowpdh nunupp hwigkgunid £ MU-h fEjupwtutpghwgh swpauh
Uninunpuybu 10 wbqud tduquubn’ wpbhwjhtt juywing qgEutpugdus LEjunpu-
Eukpghuyh witpywb tjuquut yuydwbtbpnud:

Bapulwugnipnii: Uswiljyty Eu wpluyghtt uyubitbph wplihtt hbwnbng hwdw-
Yupg b npu wphrunwiipwiht wygnphpup: BiEyupuljwub tikpghwih dwhiuh -
nnnipjut hwdwp wewewplyty Ewplhtt hbnbinudt ppuwjutugity ghuljpbin jup-
quynpUui nkdhunid Ynndunpnydwt mbnuowndh b ywunwnnng vwppujuquh hw-
onppujwt puyptph npnowlh dwdwbwluyhtt guyupubpny: Zhdtwynpdl) L
wyy nunuptbph wingmpniatkpp’ 20 powé, 10 Jpd b 60 Ypf hadwywnwuiw-
bwpwp mEnuownd, Uk puyjp b hknmwununpd yunyun junwpbn nphyppnud: Fw
hwugkgumd E wipbughtt juywth yuunnn vuppuljuquh Ejnputiutpghugh swpauh
Unnunpuybu 10 wiqud tJuquuin’ Juyuinyg qtkpugdus HEjnputiutpghugh
wlipwt thnppugdw yuydwbubpnid:

ZEnwgnunnipinibl ppwluinugyly F 22 ghunnipnul Indhnkh $hinnbuwlul wowlgn: -
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JI.B. ATABEKSIH, A.T'. AUBA3SIH, P.A. TOBMACSH, A.A. BAPJIAHSIH

PA3PABOTKA CUCTEMBI CJIEZXKEHUSA 3A COJIHIHEM B
JJACKPETHOM PEXKWUME COJHEYHBIX CTAHITAM

JIIsl CONHEeUHBIX CTaHIMK pa3paboTaHa M UCTIBITaHA CHUcTeMa ciiexxeHus 3a CoHLeM
B PEKUME TUCKPETHOrO perynupoBanus. [IokazaHo, 4TO MPUMEHEHHE KOPOTKHX OCTaHOBOK
MO3HUIIMOHUPOBAHMS TIPUBOUT K COKPAIIEHHIO SHEPTONOTPEOICHNS TIOBOPOTHOTO YCTPOUCTBA
B HECKOJIbKO pa3, MPY 3TOM JHEBHasi BBIPAOOTKA AJICKTPOIHEPTHH YMEHBIIACTCSl He3HAUH-
TEJIBHO.

Knrwouegvie cnosa: colmHeyHbIH 3IIEMEHT, CTaHIMSA, claexeHue 3a ColHLeM, JUCKPET-
HBIN PEXUM.

D.V. AGHABEKYAN, A.G. AYVAZYAN, R.A. TOVMASYAN,
A.A. VARDANYAN

DEVELOPING A SUN TRACKING SYSTEM IN THE DISCRETE MODE
OF SOLAR STATIONS

A solar tracking system in discrete control mode has been developed and tested for
solar stations. It has been shown that the use of short positioning stops leads to a reduction
in the power consumption of the rotary device several times, while the daily power
generation decreases slightly.

Keywords: solar cell, station, sun tracking, discrete mode.
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IBIS MODEL ACCURACY IMPROVEMENT USING VARIABLE STEP

In all times of integrated circuits (IC) manufacturing, the speed of getting the
product on the market has been the main problem for all manufacturers. The main reason
for late products has always been the speed of the tools that carry out the testing. The main
simulator used by every manufacturer is the SPICE simulator, but with the SPICE simulator
it can take up to months to simulate the whole TXRX macro. But since the 1990s with the
introduction of the I/O Buffer Information Specification (IBIS) models, the testing time has
decreased dramatically.

A method is proposed to generate IBIS models with a variable step, that will help to
increase the accuracy of the IBIS model during signal integrity (SI) simulations and will
correlate with SPICE simulations better. The proposed method can be implemented for all
types of TX drivers and IBIS models.

Keywords: transmitter, signal integrity, variable step, accuracy, IBIS.

Introduction. From the start of integrated circuit (IC) design, SPICE simulation
has always been used in areas such as IC design to simulate the design because of
its high level of accuracy. However, at the system level, the SPICE simulation has
a few cons for the user and the device manufacturer. SPICE simulations could only
model a circuit at the transistor level, so the simulator should have exact information
about the circuit and PVT parameters. Many IC vendors consider this type of
information unacceptable and avoid making their models available to the public.
Even though SPICE simulations are very accurate, simulation speeds are very slow
for transient simulation analysis, which is often used when assessing signal
integrity performance. Also, not all SPICE simulators are fully compatible. Default
simulator options may also differ with different SPICE simulators. Because some
very essential options control accuracy, convergence, and algorithm type, any
inconsistency in options may produce poor correlation in simulation results between
different simulators. As SPICE variants exist, models are often incompatible between
simulators so they should be extracted for a specific simulator. Another choice for
SPICE simulation is I/O Buffer Information Specification (IBIS) [1]. Intel initially
developed IBIS to give customers access to accurate I/O buffer models without
risking their intellectual property. The core of the IBIS model consists of Vt, It, Iv,
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and capacitance tables. At first, the IBIS models included only 2 types of tables:
current vs. voltage (Iv) and voltage vs. time (Vt). But because IBIS models were
just models for TX, they would not give the same result as the SPICE simulation.
That is why the standard of the IBIS models has changed since then. During the
development of the IBIS model, developers created a new type of IBIS model
called IBIS-AMI [1].

The If simulations are used for calculating the capacitance value on the
output and the power rails. The clamp simulation is used for characterizing the
ESD diodes on the output. Then the characterization tool uses the DEC algorithm
to get power and ground clamp values. The pullup and pulldown simulations are
used for calculating the impedance of pullup (PU) and pulldown (PD) segments
respectively. The resistance is calculated on the termination voltage, which is
VDDQY/2 for most cases. ISSO PU and ISSO_PD simulations are used to calculate
the noise coming from the power and ground rails. The Vt waveforms are used to
see the transition speed, the VOH an VOL wvalues. The rise/fall gnd and
rise/fall_sup differ from each other by the 50 Ohms termination resistance (for _sup
simulation, the resistance is connected to the VDDQ and for _gnd simulation, it is
connected to the ground). For these simulations, the input signal is ideal (1 ps
transition time) as per IBIS standard. The testbenches for It and Vt simulations are
the same except for the probe values. The impedance of the IBIS models can be
calculated from the pullup(pulldown) and Vt simulations [2]. Three-state output
buffer consists of pull up/down characteristics, ESD structure and package
parameters (Fig. 1).

ESD
STRUCTURE
/ PACKAGE
7N 2N PARAMETERS

PULL UP
PULL DOWN
SWITCHING CHARACTERISTICS

Fig. 1. Three-State Output Buffer

In case of the ISSO PU simulation, the driver is in a high state, the
voltage source of the VDD sweeps form —VDDQ to VDDQ. In case of ISSO PD
simulation the driver is in a low state and the voltage source of the VDD sweeps
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form —VDDQ to VDDQ. In case of pullup/pulldown simulation the driver is in a
high/low state, voltage source of the VDD and voltage source of the VSS have
DC values and the Vtable 1 sweeps form —VDDQ to 2*VDDQ. The GND and
power clamp data need to be subtracted from the pull-up and pull-down data.
Otherwise, the simulator takes this into account twice. The ramp rate (dV/dt)
describes the transition time when the output is switching from the current logic
state to another logic state. It is measured at the 20% and 80% points with a default
resistive load of 50 Ohm. The falling and rising waveforms show the time it takes
the device to go from a high to low and from a low to high when driving a resistive
load connected to ground and VDD. For a standard push/pull CMOS, four different
waveforms can be generated: two rising and two falling (Fig. 2). In each case, one
is with the load connected to VDD and the other with the load connected to GND.

In 2 3n an 0 In n 3n an
12(lin) 12

Rising with load connected . Falling with load connected

to VDD to VDD
B Rising with load connected . Falling with load connected
" to GND Y to VDD

In bl 3n dn 0 In n 3n 4

Fig. 2. V-T waveforms of IBIS model with both terminations

Currently used IBIS models and their restrictions. There are types of IBIS
models that are currently being used. The first one is called clipped IBIS model
which contains all Iv and If tables but contain only the edge part of the Vt and It
tables [3]. The Vt and It tables have 1 ps step which gives better accuracy for
edges. But for higher frequencies it is not good to use clipped model, as it may not
include correct VOH and VOL as well as overshoot and undershoot [4]. This may
cause to a bad correlation with SPICE simulations on high frequencies. That is why
non_clipped IBIS models are used to exclude those mismatches. But with
non_clipped models, the edge of Vt and It waveforms have 10 ps step due to table
data point restriction. The restriction states that IBIS model table should not
contain more than 999 data points, or the ibischk6 parser will find errors in the
IBIS model, and the simulator that will be used for IBIS simulations will not parse
the data correctly [5]. To show the comparison of correlations between 10 ps step

IBIS vs SPICE and 1 ps IBIS vs SPICE simulations have been done (Fig. 3).
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Fig. 3. Simulation results with 10ps, Ips IBIS models and the SPICE

The proposed solution and simulation results. To exclude the restrictions
that clipped and non_clipped models have, it is proposed to have an IBIS model
with a variable step, where the edge of the Vt and It waveforms have 1 ps step
size and the DC portions of the waveforms have variable steps. This way the
edge will be most accurate, and there will be no loses as in clipped model. This
approach will give an opportunity to have better correlation with SPICE. To
achieve that, automation script has been developed which separates the edge part
from the DC part and generates the IBIS tables with separate steps by considering
that the combined data points should not exceed 999 data points. The start and
end points of the edge are given by the user. The user should open the Vt and It
raw SPICE data, check the start and end points of the edge and manually put
those values in the automation script [6].
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Fig. 4. Transition and DC regions of the Vt and It waveforms
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Fig. 4 shows the transition and DC regions of the Vt and It waveforms.
During the variable step IBIS model generation, the user should take into
account the transition time start and end point of all PVT corners. As the IBIS
model includes tables for 3 PVT corners the end point should be the value of the
furthest end point between PVT corners. Generally, it is the value of the SS
corner because the edge of the SS corner is the slowest [7]. This approach can
also be used to exclude overclocking issues during high frequency simulations
[8]. The Table below shows the results of 3 IBIS models (10 ps step,1 ps step
and variables step) and the SPICE simulations.

Table
Summary table
Crosspoint (mV) | EYE height (mV) | EYE width (ps)
SPICE 128 283 313
1 ps IBIS model 133 283 312
10 ps IBIS model 135 283 311
Variable step IBIS model 129 283 313

Simulations results of the Table above are taken from the EYE diagram (Fig. 5).
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Fig. 5. EYE diagram

Conclusion. A new approach to increase the accuracy of the IBIS model has
been proposed and designed using the Galaxy Custom Designer tool [9]. The two
types of the IBIS models have been discussed and pointed out the limitations of
those models. The new approach gives an opportunity to have an IBIS model that
correlates with SPICE better than the other two models, exclude the overclocking
issues for high frequency IBIS models. To exclude human error while generating
the variable step IBIS model, automation script has been developed.
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U.U. 1.NhYUUSUYL, 2.9, YUMYULBUL, E.S. MUMBUYL, E.B. WUrUAES3UL,
[r.L. U2USr8UL

ONONUTUL LUSLE OQSUGNOUUULR UNESL/GLL UfGLhb
SENBUUSYNRE8UL UNTMELD LKCSNRESUL LUYUMUNRUL

buunbgpuy upubiwibph wpnumpmpyul’ popnp dudwiuibpnud wpnunpuibpp sndjw goipu
phpbnt wpwgmipinibip Enky E popnp wpununpnnubph hhdwljwt jpanhpp: Uypubpubph nipwg-
dwl hhdtwljut yuwndwnp dhon bk k hnpdwpynud juwnwpnn gnpshpubph wpuqugnpdnip-
Jul nibwynipeniip: Zhdbwlu uhunyjunnpp, npt oquawgnpénid b jnipupwiginip wpwnwnpnn,
SPICE udwbwluwt gnpshpt b, npnyd thnpdwplynudp Jupnn b wbb) dhiph wdhutbp wdpnne
hwnnpnhs/punmithy hwignygh dnphjwynpdwt phuypnud: Uwluygh 1990-wljubiibphg uljuws,
Ununp/tip Ypluhsh mbnkjunynipjut (UBYS) dnpkjukph tkpppuudp, phunuynpiwi dwdw-
twlp Yupny tjughy b

Unwguplym k thnhnjuwljwb pugn] UBYS ungljubp unbnstym dkpnn, npp Yogquih' pupd-
pugulint UBYS dnpkjh £ogpuinipiniip wqpuipwih wdpnnouwintipjut dnphjwdnpdut dw-
Uwtwy b wdkih juy Yuwulgh SPICE upunijjughwutph htwn: Unwewplynn dbkpnnp Jupnn &
Yhpwnyk] pninp mbuwljh hwinnpnhs hwignygubtph & UGYS dnpkjubph nkypnud:

Unwhgpuyhll puunkp. hwnnpnhs, wqnuipwih wdpnnowlwinipnil, hnthnjuwlwb puy),
Lounnipinil, UGUS:
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C.A.I'YKACSIH, A.B. BAPJIAHSH, D.T. ITAIISIH, 2.E. KAPAIIETSH,
P.H. XAYATPsAH

HOBBIINEHUE TOYHOCTHU MOJIEJIU CIIEHU®PUKALINN
NHOOPMAIIUU O BY®EPE BBOJIA/BBIBOJIA C IIOMOIIbBIO
INEPEMEHHOI'O ITAT A

Bo Bce BpeMeHa mpou3BOJICTBA MUKPOCXEM CKOPOCTh BBIBOJIA MPOAYKTAa HA PHIHOK
OblTa rIIaBHOM NPpOOJIeMOit [uIsl Bcex npou3BoauTeseil. OCHOBHOM MPUYMHOMN MO3IHErO BbI-
ITyCKa MPOAYKTOB BCeraa OblIa CKOPOCTh MHCTPYMEHTOB, BBHINIOJHSIOIMIMX TECTHPOBAHHUE.
OCHOBHBIM CUMYJISITOPOM, KOTOPBIA HCIIONB3YET KKl NPOU3BOAUTEND, siBisieTcst SPICE,
HO C €ro NoMolpl0 MozeaupoBaHue Bcero makpoca TXRX MOXET 3aHATH HECKOJBKO
mecsieB. Hauunas ¢ 1990-x To10B, ¢ MOSsIBIICHHEM Mojeiei cnenudukaui nHbOopManun
o 0ydepe BBona/BeiBoga (CUBB), Bpems TecTupoBaHust pe3KO COKPATHIOCH.

IIpennaraercs meron rerepamuu mozeneir CUBB ¢ mepeMeHHBIM I1arom, KOTOPBIHA
MTO3BOJIUT TOBBICHTH TOYHOCTH Monmenn CHBB Bo BpeMmsi MomenwpoBaHUS LEIOCTHOCTH
curHaiia u Oyzper xiyume koppemupoBaTh ¢ mozpenupoBanueMm SPICE. IlpenmosxeHHBIIH
METOJI MOXKET OBITh pealIn30BaH Ul BCEX THIOB JpaiiBepoB u moxeneii CUBB.

Kniouegvle cnosa: nepenaTuik, NEIOCTHOCTh CUTHAJIA, TIEPEMEHHBIN 1IAT, TOYHOCTS,
CUEBB.

324



ISSN 0002-306X. Proc. of the RA NAS and NPUA Ser. of tech. sc. 2023. V. LXXVI, N3

UDC 621.382 MICROELECTRONICS
DOI: 10.53297/0002306X-2023.v76.3-325

H.T. GRIGORYAN

THE DATA TO CLOCK ALIGNMENT METHOD IN QUARTER-RATE
HIGH SPEED TRANSMITTERS

Modern hyperscale data centers are increasingly using DSP-based transceivers to
compensate for high channel loss. Transceivers operating at a speed equal to or greater than
56 Gbps, prove to be a viable alternative to analog transceivers in terms of power and area
requirements, delivering better overall performance. The design process of such transceivers
is very challenging. The most sensitive parts are the transmitter and receiver which are the
main building blocks for such systems. In addition, clocking architecture and data-to-clock
alignment is critical for achieving optimal performance. This article provides a data and
clock alignment method for high-speed quarter-rate transmitters.

Keywords: SERDES, transmitter, current mode logic, clock, receiver, PAM4.

Introduction. In recent years, there has been a transition from 28 Gbps to 56 Gbps
and 112 Gbps serial links, which enable switches and networking ASICs to increase
throughput from 6.4 Thps to 12.8 Thps and 25.6 Thps, respectively. To keep up
with the exponential growth of data center servers, the throughput is forecasted to
reach 51.2 Thbps in the next few years. Higher SERDES speeds mean fewer server
ports, cables and beach-front congestion in the data center, which helps keep up
with the throughput growth. However, the power efficiency of SERDES needs to
be improved or at least remain the same. Advances in package, connectors, and
PCB technology are also necessary, but they have not been able to keep up with the
increase in bandwidth and speed. Consequently, the burden is placed on SERDES
designers and circuits innovation. For example, at a 112 Gbps speed, every channel is
a long reach channel, and a common WAN port switch channel has at least 20 dB loss,
compared to a 14 dB loss at a speed of 56 Gbps. Most of the 112 Gbps channels
have more than 35 dB channel loss.

The clocking architectures. The clock frequency and data serialization
scheme are the most critical design decisions in the TX architecture. To achieve an
output data rate of 112 Gb/s using PAM-4 modulation, one practical approach is to
use either a half-rate architecture with a 28 GHz differential clock or a quarter-rate
architecture with 14 GHz quadrature clocks [1]. The half-rate architecture eliminates
the need for quadrature clock spacing error calibration, but it has a high power

consumption in the clock distribution network due to the small fan-outs required to
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guarantee optimal jitter performance. Additionally, meeting timing requirements
across the process voltage temperature variations is challenging in the 1-Ul-window
data-serialization path. In contrast, the quarter-rate TX design mitigates clock
generation and distribution challenges by using half the clock frequency. Using
multi-phase clocks for the 4:1 data-serialization scheme, the serializer timing window
is also relaxed to 3 UL. However, the quarter-rate architecture presents challenges
in designing quadrature clock spacing error detection/correction circuits and a
high-bandwidth 4:1 serializer.

Performing the 4:1 serialization [2] before the final driver stage, as shown in
Fig.1a reduces the serializer power consumption, but increases the number of full-
rate signal nets and leads to extra power consumption in the pre-driving stage [3].

[ EQ | EQ
~ Main . \.j Main
4 é ‘
MSB a1 » MSB 744;12))(
L — L—
+ +
N~ I
LSB 4 . j
—<—4:1 2% 18—~ 4:1 lj
| — L—

a) b)
Fig. 1. A 4:1 Serialization

To extend the bandwidth at the internal nets, passive or active inductive
compensation techniques can be used, but this comes at the penalty of increased
area or additional power consumption. Combining the serializer with the output
driver and performing data serialization directly at the pad significantly reduces
overall area (Fig. 1b). However, this approach requires an inductor only at the pad
to compensate for the large capacitance from the driver and ESD protection diodes.
The main challenge with this architecture is seamlessly combining the 4:1
serializer with the driver to provide a sufficiently large output swing and bandwidth

The problem description. Maintaining sufficient bandwidth to support the
full-rate output is crucial for the final 4-to-1 serializer, which is one of the most
essential components in a quarter-rate transmitter. Let’s consider current mode
driver with 4:1 mux shown in Fig. 2.

326



RL% ) ) %RL
data_p<3>|data_p<2>|data_p<1>|data_p<0>| -I |— data_p<3>|data_p<2>|data_p<1>|data_p<0>|
k270 | clkiS0 | clk90 | clko D_{ M3 M4 ’_C k270 | clki80 | k90 | clko
k0| k270 | kIS0 | clk90 x4| | k0 | k270 | cki80 | clk9o

L L

x4
@

Fig. 2. The current mode driver with 4x1 multiplexor

The data serialization process is as follows. With quarter rate different
phases the corresponding data signals are selected. With clk0 and clk90, data0 is
sampled. With clk90 and clk180 datal is sampled respectively. It is crucial to have
correct data-to-clock alignment in order to have setup hold margins for data
selection and omit data errors.

In Fig. 3, we can see that because of PVT variation there is a data-to-clock
alignment issue for one of the 3 input NANDs which is part of 4:1 mux. As the
data selection takes place when the corresponding phases of the clock are both
logically high, the most desirable data-clock alignment will be to have the clock
overlap section in the middle of the data.

data

clk90
clko

Fig. 3. The Data-to-clock relation

The proposed method. The proposed method performs calibration before
starting the actual data transmission. The output of serializer has dedicated data
outputs which will go to calibration unit. data cal<0> and data cal<2> are shifted
from each other by 90 degrees. The purpose of this algorithm to have clk90 and
data cal<0> aligned so that from both sides of data signal there is a 1UI margin.
Calibration starts with a defined calibration code. Then it sweeps downwards. By
the code sweep phase the mixer changes the phase of the serializer clock (Fig. 4).
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Fig. 4. A block diagram for data-to-clock alignment

This results in a shift in the output serialized data. By decreasing the code,
the data is shifted left. out p and out m voltages are generated using the cell in
Fig. 6 which is inside the align block. The cells steer the current unit into the left
and right branches. When both signals are logic, high current will flow through the
unit and out_p/m will start to decrease. So, based on the time when the clock and
the data signals overlap, voltage will be generated. The calibration process ends
after out_p and out m signals are equal. This indicates that clk90 is in the middle
of the data cal p<0> signal. Fig. 5 shows how the calibrated clock and data signals
should look like.

data_cal_p<0> |

clk90

data_cal_p<2>
clk270

Fig. 5. The calibrated data-to-clock relation

The align cell is shown in Fig. 6. Eight identical units are used and input
signals are chosen in a way to have each unit operating during 1 clock period. Each
unit has 3 serially connected nmos devices. Let’s consider one scenario for the left
most unit. It has as an input clk270, data<0> and data<2>. The last 2 already have
90 degree phase shift from each other. All 3 transistors will be open when 3 of
these signals overlap and are logic high. This will steer the current to left most
branch and out p voltage will decrease. Similarly other units will start to conduct
each one after 1 UL
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Fig. 6. The schematic view of the align cell

The left 4 units are responsible for out p voltage generation and the right 4
is out_m voltage generation. If the clock is left from the center, this translates to
lower out p voltage as visible from the start process of calibration (Fig. 7).
Afterwards the calibration logic increases the code which results in the data shift
into the right. This reduces the overlap of data and clock between the right 4 units
and increases the left 4 units. This results in an increase in filtered out p voltage
and a decrease of out_m voltage because in 1 period the right branch is open more
than the left branch. Fig. 7 shows that for code 89, voltages are equal. At the end
several times code is increased and decreased to make sure that 89 is the most
optimal code.

T D TR L S s e Sl S SESSSS e e
out p  [En
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s
code * w‘—Tm
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Fig. 7. The calibration process
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Simulation Results. After this the calibration process data transmission is
started with the obtained code. Eye diagrams before and after calibration are shown
in Fig. 8. Both vertical and horizontal openings are increased. The vertical opening
is increased from 401 mv to 865 mv and the horizontal one is improved from 10.8
ps to 16.6 ps. Simulation is done with Hspice [4] simulator using various PVT
variations. Eye diagrams shown in Fig. 8 are for typical process. The temperature
for this corner is 25°C. Also, the supply noise is included in simulation to calculate
the jitter impact because of supply variation.

Besides the code value, setup time between clk90 and data<0> is calculated.
For a typical a case, after calibration, it is 18 ps. Considering that ideal UI value is
17.6 ps the obtained results are acceptable for proper operation in 112 Gbps. In
case of SS corner with 125°C the calibrated setup time is 18.8 ps and for FF this
16.6 ps respectively. Most parts that are used for the calibration process are already
available in modern transceivers [5, 6]. The only added blocks are the align unit
and the cal logic. The calibration process is performed before data transmission and
consumes 0.62 mA. The verall calibration process takes 60ns to complete.

Fig. 8. Eye diagrams for transmitter NRZ mode

Conclusion. The proposed method performs data-clock alignment by which
eye vertical and horizontal openings are improved. It can be used in high speed
SERDES transceivers. For simulations, SAED 14 nm FinFet [7] technology is used.
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2.8. arpaNrsuy

uroqeuanro fUNUCNRL SUUSUINCUTUUL 2UNNMYP2
20ueNk38LErNkhU SY3ULP B9 SUUSUSPL ULTULTULE
20UU2u3uLE8UUL UteNL

dudwbwlulhg hhybpdwupnwpuyhtt njukph YEunpnuutpt ogunugnpénid Eu
wqnuipwih plught pwljuwh Jpu hhd]ws hunnpyhs-phgnihs hwbgnygikp’ Jubugh
Ubs Ynpniunbtipp hnjuhwnnigknt hwdwp: Udbh pwt 56 @404 wpugnipjudp wouw-
wnn wju hwbqnygubipp YEiuntbwl wyptinpuip Eu whwnquyhtt muppbpuljubpht tubp-
ghuygh b qpuntgpws dwljbpbuh wuwhwbetubph wrmuny, hyybu twb wywhnymu o wykh
1wy pughwinip wpnwngpnpujuinipenit: Ujuyhuh hwdwlwpgbph twpwgsdwt gnpépli-
pugp owwn pupg b Unwyl) qquynit dwubpp mmwtng hwtgnygu ni pungnithst B, npntp
tlwb hudwlwpgbph hhdbwlub jupmg]uspuyhtl vwubpt ki b hwbmd wyn wdbh'
wnuljunught wqpuipwith fupunupuytnnipmniap b gpu hudwdwytbignidp njuh htn pwun
Juplnp towbwlnipnit nith owywhuw wpnwunpnpujwinipnitt wywhnybnt hwdwn:
Lhkpuyugynd £ ndjujutph b mujunughtt wqquowth hudwdwjikgdwt dbpnnp ghipupug
pwnwthnt] nujunwynpiudp hwunnpnhy hwignygutph hwdwn:

Unwhgpuyplr punkp. SERDES, huinnpnhs hwtignyg, hnuwtiph nkdhdnd wpudwpw-
unipinil, mwlunuwhtt wmqpuipwl, pungniths hwignyg, wqpuowh punwdwlwpyuy Un-
nnijjughu:
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A.T.TPUTI'OPSIH

METOJ COI'TACOBAHUSA JAHHbBIX C TAKTOBBIM CUT'HAJIOM B
BBICOKOCKOPOCTHBIX HETBEPTBYACTOTHBIX IEPEJATYUKAX

CoBpeMeHHbIe TUTIepMacITabHbIe TIEHTPEI 00paOOTKH JaHHBIX BCE YAIlle UCIIOIB3YIOT
MpreMoTIepeTaTINKN Ha OCHOBE IMHU(POBOI 00pabOTKU CUTHANA AT KOMIICHCAIINH OOJIb-
IIMX TIOTEeph B KaHaje. DTH TpaHCUBEPHI, paboTaromue Ha ckopocTsax 56 u 112 I'oum/c,
MIPEACTABISIOT cOOOH KU3HECTIOCOOHYIO alIbTEPHATHBY aHAJIOTOBBIM TPAHCHUBEPAM C TOUKH
3peHust TpeOOBaHUI K MOIHOCTH W 3aHMMAaeMOH IUIOIIa/IM, a TAKkXKe 00ECIIeUNBAIOT JTyUIYIO
00IIyI0 TPOU3BOJUTENHLHOCTE. [Ipoliecc NMpOEKTUPOBaHHS TAaKUX IPUEMOIEPEAaTINKOB
o4eHb cioxeH. K Hanbosiee 4yBCTBUTENIBHBIM YacTSIM OTHOCSTCS JpaiiBep U NPHUEMHHK, KO-
TOpBIE SIBJISIIOTCS OCHOBHBIMH CTPOMTENIBHBIMU OJIOKaMH Takux cucTteM. B nomonHeHme k
3TOMY apXHUTEKTypa TAaKTHPOBAHUS U B IIEJIOM COIVIACOBAHUE JAHHBIX C TAKTOBON 4aCTOTOM
HMEIOT pellaroliee 3Ha4eHNe IS TOCTHKEHHS ONTUMAIIbHOM TIPOM3BOAUTENBHOCTH. B cTaThe
TIPEACTAaBICH METO/ BEIPDABHUBAHUS JTAaHHBIX M TAKTOBOTO CUTHAJIA JUI BEICOKOCKOPOCTHBIX
YEeTBEPTHUACTOTHBIX IIEPEJATINKOB.

Knroueswie cnosa: SERDES, nepenaTyuuk, JIOTHKa TOKa, TAKTOBBIA CUTHAJL, IPUEMHHUK,
PAM4.
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POWER SNIFFER PERFORMANCE DEGRADATION AND WAYS TO
SUPPRESS THE DEVIATION OF THE WORKING PARAMETERS DUE
TO RANDOM TECHNOLOGICAL VARIATIONS

One of the most important challenges of modern ICs is power dissipation, particularly
the static power dissipation. To be able to reduce static power consumption of an IC, it is
separated into different power domains so that the supply power can be turned off for
certain domain when not in use. Separate power domains lead to several peculiarities, one
of them is the powering up and down the power supply. To represent the supply voltage
state by another domain supply, circuits like power sniffers are used. With the evolution of
the technologies, the role of random technological variations in the circuits becomes
substantial. The paper presents ways to reduce the performance degradation caused by
random variations in the 16nm technological process node. HSpice tool is used for circuit
simulations. Target sigma representing random variations is 5. For every PVT 300
iterations with random variations are run. The results are presented by QQ plots and
measurement table. By applying the proposed modifications performance degradation is
reduced by around 40% (average for all measured parameters). By implementing the
proposed circuit changes the area of the circuit is increasing by around 35%, no power
consumption increase is observed.

Keywords: power sniffer, static power, power domain, random technological variations.

Introduction. Power dissipation is one of the most crucial aspects of the
modern integrated circuits (ICs). Power dissipation affects the self-heating of the
circuits which is one of the most undesirable effects of reliability verification [1,2].
The evolution of the technological process and decrease in transistor channel
lengths result in the increase of the portion of static component of the power
dissipation in overall power consumption. And if for former technologies, the static
power was neglectable compared with dynamic power, in modern ICs, static power
consumption can reach up to the dynamic component. In the case when the
dynamic power consumption is directly affecting the IC performance and operation
frequencies, and in most cases its reduction can cause performance degradation, the
static power reduction does not affect the above mentioned aspects. Thus, to reduce
the power consumption of the modern ICs, lowering the static power consumption
can be a reasonable solution.
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Static power consumption is mainly produced from the leakage currents of
the transistors. One of the reasons for finFET technology creation is the ability to
improve controllability of the transistors (thus to have less leakage current in the
cut-off region). Although it was a good solution, in deep sub-micron technologies
the issue is again actual. So, the way to cut down the static power consumption is
to power down the certain parts of ICs which are not in use at certain time slots.
For that reason, there are different power domains in ICs to be able to turn off their
power supply. Therefore, there should be some kind of circuits which should
ensure safe power-up and power-down of different domains. It is natural that the
state of one supply should be represented by another supply. For that reason, the
circuit called power sniffer is used to notify to other circuits about the state of a
certain domain power. Also, power sniffers should ensure noise immunity as its
output should not switch in case of noise on the observed supply. In other words,
the switching thresholds for power-up and power-down should be different (the
circuit should have hysteresis).

Considering the effects of technological imperfections during the design
process is one of the critical aspects. The basic approach is to test the circuit for
different transistor types, voltages and temperature ranges. But more sensitive/
critical circuits should be checked for more pessimistic cases. For that reason,
simulations can be run taking into account random technological variations [3,4]. In
other words, when simulating the circuit for certain process, voltage and temperature
(PVT), the simulator can run multiple simulations each time varying the parameters
of the circuit elements in random order, in a given deviation range. So, when checking
the circuit with regular simulations, it may meet the specifications, but with
simulations with random variations it may fail the specifications, up to having
functional fails. That is the reason that simulations with random variations must be
run for sensitive circuits.

Section 1 discusses the power sniffer circuit and its operation. Section 2
represents the simulation results with the initial circuit. Section 3 proposes ways to
improve performance and shows the simulation results with implemented changes.
The summary of the paper is in Section 4.

1. Power sniffer circuit and operation. The power sniffer circuit is presented
(Fig. 1). As discussed in the previous section, it should indicate the presence of one
power supply with another one. In the circuit presented in this paper, the active
power supply (the main supply of the circuit) has high voltage level, and the
observed signal has low voltage level (which is given to the input of the circuit). To
avoid overvoltage issues the circuit is constructed using thick oxide or high voltage
threshold (HVT) transistors. The main idea of the circuit is to change the switching
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threshold of the circuit depending on the direction of switching of the input. By
that the circuit eliminates the cases when the output will switch because of noises
on the input signal. In other words, to be able to accurately indicate the ramp-up
and ramp-down of the observed power supply. Shifting the switching threshold
voltage is done by changing the pull-up and pull-down driving forces of the first
stage of the circuit. It is implemented by MNFB and MPFB transistors which are
shorting the middle net of the pull-up/down parts to high voltage power/ground. As
the input of the circuit is low-voltage and cannot fully open the MNINI and
MNIN?2 transistors, to be able to calibrate the pull-up strength (compared with pull-
down), resistors are used for the pull-up part. In other words, sizes of MNIN1 and
MNIN?2 transistors are set in a way to be able to set the logic low level signal on
net outO (lower than switching point of the inverter MNO/MPO). The inverted logic
level of out0 is given to MNFB and MPFB transistors by a feedback inverter. The
circuit is also performing level shifting (the input is low and the output is high
voltage level). The circuit is calibrated with a 25fF output load.

e vp_h
>RK MP;; uoi
" .l utd o t_h
-
HEM MNFE Hi
» it_fb
Fig. 1. Power sniffer circuit
Table 1
Simulation conditions
Parameter Value
Transistor types TT, FF, SS
NMOS capacitance type T,F, S
Resistor type T,F, S
Supply voltage (V) 1.1 +/-10%
Temperature (C) -40, 25, 125
Input voltage nominal value (V) 0.8
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Fig. 2. Q0 plots of the initial circuit

2. The simulation results of the initial circuit. The circuit is using 16 nm
technological process HVT transistors. All simulations are done using HSpice tool
[5]. Simulation conditions are presented in Table 1. Simulations performed for all
combinations of PVT. To test the circuit, a triangle signal to the input is applied
with a 1 millisecond rise and fall times (the typical time for power supply to turn
on/off) which represents low voltage input power supply ramp-up and ramp-down.
The following parameters will be observed for checking the functionality: the trip
point of the input signal for output rising, the trip point of the input signal for
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output falling, hysteresis of the circuit. The rising and falling trip points are
calculated in percents regarding vp | input supply voltage (as the supply voltage
differs between PVTs). The target sigma for variations is 5. As the circuit has less
than 100 devices, for every PVT 300 iterations with random violations are run (in
that case the majority of the parameter distribution values are obtained). Simulation
results with QQ plots are presented (Fig. 2).

3. The improved circuit, simulation results. The power sniffer circuit with
modifications is presented (Fig. 3). Capacitors with MNCFB and MPCFB transistors
are added to the feedback line, in the pull-down part the regular NMOS transistors
are replaced with stack transistors connected in parallel, in the pull-up part single
resistors are replaced with multiple smaller nominal resistors connected in series.
MNCEFB and MPCFB transistors are correspondingly in deep well and separate N-
well to be able to connect the bulks to source and drain terminals to create effective
device capacitances. As the power/ground should switch from its regular place to
the middle point of resistors/input NMOS transistors, there is a voltage settling
issue. The transition should be quick and stable to avoid false switchings due to
power noise.

wl 2

ot

Fig. 3. A modified power sniffer circuit
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Observe the pull-up part for example. When the input power is on (has
nominal voltage value), the circuit power is in its regular place. That means that the
gate of MPFB is logic 1 so the gate of MPCFB is logic 0 and pm net voltage is
around half of the power. When the output of the circuit switches (due to input
switching), prior to opening of MPFB transistor (due to MP2, MN2 inverter delay)
the MPCFB capacitance pulls the pm net higher as the gate of MPCFB is switching
from 0 to 1, which leads to a quicker settlement of power on pm net. By that we
prevent the circuit from bouncing around switching points.

The same process is happening in the pull-down part. On the other hand, by
stacking the NMOS transistors the effect of long channel length is achieved which
helps to reduce the negative effects from the process variation (particularly channel
length modulation). Also, when stacked, to achieve same current carrying capability,
parallel legs of transistors are added. By that, the variations are kind of spread
between a bigger number of transistors. In that case, the probability that the random
variations would be in the same direction for more transistors is less, which leads
to better simulation results. For the same reason, simulation results are better for
series connection of more resistors with smaller nominals.

Simulation results’ QQ plots for modified circuit and comparison table are
presented (Fig. 4, Table 2).

From the QQ plots, it can be observed that the data of the updated circuit is
closer to normal distribution compared with the initial circuit simulation results.
The worst-case results of all PVT corners’ simulations are presented in table 2. The
average value, minimum and maximum values of median +/- target sigma are
shown for rising and falling tripping points and hysteresis. Also, the deviation of
the results is presented for initial and updated circuits. The hysteresis is calculated
by subtraction of rising and falling tripping points, expressed by absolute values, so
the hysteresis unit is millivolt.

The rising and falling tripping points are expressed relative to power supply
in percents as the supply voltages for different simulation corners are different.
From the simulation results it can be seen that the parameter degradations of the
updated circuit are around 40% less compared with the initial design.
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Fig. 4. The QQ plots of the modified circuit

The drawback of the proposed modifications is that by adding the capacitances,
placing them in separate wells, increasing number of NMOS transistors and pull-up
resistors, the area of the circuit is increasing by around 35%. Power consumption
of the circuit is not a critical parameter as this circuit consumes power only when
the input supply voltage is turned on or off (whose frequency is not comparable
with clocking signal frequencies). But overall, after the changes, the circuit power
is practically the same as the current in serial connected pull-up and pull-down part
is kept the same and the energy of the added capacitance is kept within the circuit.
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Simulation results

Table 2

Parameter Initial design Modified design Deviation
Median+/- | Mean | Median+/- | Median+/- | Mean | Median+/-|  (initial/
target target target target modified)
sigma sigma sigma sigma
(min) (max) (min) (max)
Hysteresis TT |85.4 89.8 [94.9 85.8 89.1 [92.2 9.5/6.4
(mV) FF |107.6 112.9 |117.7 110.8 1143 (117.6 10.1/6.8
SS [75.8 79.5 |84.6 75.5 78.6 |81.5 8.8/6.0
Rise trip point |TT |53.7 54.7 |55.6 54.6 55.1 |55.6 1.9/1
relative to FF [40.3 413 |42.7 41.0 41.6 |423 2.4/1.3
supply voltage |SS [67.2 68.1 169.0 68.0 68.5 [69.0 1.8/1
(o)
Fall trip point | TT |41.9 42.8 1439 42.7 432 (438 2.0/1.1
relative to FF [25.2 262 |274 25.8 264 (27.0 2.2/1.2
supply voltage |SS |56.6 57.5 [58.3 57.6 58.0 |58.5 1.7/0.9
(%)

Conclusion. Circuit modifications are presented to reduce the performance

degradation in power sniffer circuit caused by random variations. In the paper
16nm technological process is used. For simulations HSpice tool is used. Target
sigma for variations is 5. For a single PVT 300 iterations of simulations are run. By
applying the proposed modifications the performance degradation is reduced by
around 40%, which is average for all the measured parameters. Also, the data of

the updated circuit is closer to normal distribution compared with the initial circuit.
The implementation of the suggested changes in the circuit increases the area of the
circuit by around 35%, no power consumption increase is observed.
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9.U. @64Nre30L

NUSUZUYUL SEvuNLNGPUYUL TEUNRULELP 2Z6SE1ULLNY ULUUL
9bh&UUh NCNTUUL TLEULELNRU UCUSULLUSEL NMULUUGSCEh
JUSEUrusNkUL &Y, ULS 84 UONRESUL LYUB3U UL UbQN3LET

Unnh htinkgpuy upubdwiibph twhiwgsdwi dwpinwhpwybpubphg b Eukpquunyunnidp,
Uwubun]npuybu’ unwinhy Fikpquuyuenidp: Ununhl Eukpquugupnudp ifugbgibyn
tywwnwlny hunkgpu) vjubdwt pudwidnud t uinigdwl mmwuppbp Ynquyjutph, npytugh
npuig ubtdwb jupnidubpp htwpwynp (hth whowwnk], kpp npuip skt oquuugnpéynid:
Unqujutph pudwinudp hwbighgunid £ dh owpp wnwdtwhwinlmpiniuutph, npnughg L
uldwb jupdwt dhwugnidt nt whgwwnnidp: Uh Ynquuljh vidwi jupdwt Jhdwlip kY wyp
Ynquh jupnidny wpunwhwjnbint hwdwp ogunugnpdynid ki utdwt Jhdwljh npnodwt
onpwikpn: Skjuuninghwlw gnpépipugh qupqugduip gnigpupwg nkuunnghwljub wuw-
wnwhwlub sbnnulutph nlipp Ukbwunud E: Znngusnid wjupugpdus tu 16ud nkpuininghw-
Yt gnpépupugnid yuwwnwhwlwb sknnmdubphg wnwewgws onpugh wohiwwnwpuyhtt ww-
pwubnpbph oknnudubpp thnppugubint ninhubp: Shpwibph twbhwpydwt hwdwp oguw-
gnpdyby £ HSpice spwgqpuyhtt dhongp: Mwunwhwlwt sbnnudubph phpwjuwghtt swthp 5
uhquu E: Udkt @LR-h hwdwp Juwnwpyl) k300 sknnidubpny tdwbwpynid: Upyyniupubpp
ubpuyugyus Eu QQ qpudhlutipny b mjuutph wnniuwlny: Unwewnlyny thnthnjunigpe-
mibutbpp uwnwpknig htnn wpptwnwipuyhtt ywpwdtnpkph yunpupugnidp tdugl) |
Unnuynpuytiu 40%-ny (Uhohttwgdws pninp hwpduplynny wuwpuwdtnptph hwdwp): Upg-
niupmd onpuyh dwlbpbup dbdwinid E Unnwynpuytu 35%-ny, tukquuuyundwt wg sh
nhuwupyynid:

Unpwagpuypl punkp. uvidwut Jhduljh npnodwt onpw, uwnunhl] Fukpquuywunnd,
utinigdw Ynqul, ywwnwhwlwt nkjuuninghwljub oknnid:
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B.C.TEBOPI'SIH

YXYAWEHUE MTPOU3BOJUTEJIBHOCTHU AHAJIM3ATOPA IIMTAHUSA
W3-3A CIYYAHHBIX TEXHOJIOTHUYECKHAX OTKJIOHEHU 1
CIIOCOBbI IOJIABJIEHUS U3BMEHEHUM EI'O PABOUYMX
ITAPAMETPOB

OnHuM 13 Hanboliee BaXKHBIX BEI30BOB COBPEMEHHBIX HHTEIPAJILHBIX CXEM SIBIISICTCS
paccerBaHHE MOIIHOCTH, OCOOEHHO CTaTHYeCKoe paccerBaHue. 11 CHIDKEHHS! CTaTHYECKOTO
SHEPronoTpedIeHUs] MUKPOCXEMBI OHA pa3JielieHa Ha pa3Hble JJOMEHBI HalPsDKEHNUH, YTOOBI
MOHO OBIJIO OTKJIIOUUTH MUTAHHE VIS ONPENEeNICHHOTO JOMEHa, KOr/la OH HE HCIOJIb-
3yeTcCs. OTHGHLHI)IG JAOMCHBI NIMTaHUA UMEIOT HEKOTOPLIC OCOGGHHOCTH, OAdHa U3 KOTOPBIX
— BKJIFOYEHHE U BBIKIIOYEHHE UCTOYHHUKA MUTaHUs. UTOOBI IPEJCTaBUTh COCTOSIHUE HArpsi-
JKCHUsI UTAHUS C TIOMOIIIBI0 UCTOYHMKA TMTAHUS JPYTrOro JOMEHA, UCIIONb3YIOTCS TaKHe
CXeMbI, KaK aHain3aTopsl nutanusi. C pa3BUTHEM TEXHOJIOTUH POJIb CIy4ailHbIX TEXHOJIO-
FMYECKUX OTKJIOHEHHI B CXEMaX CTAHOBUTCS CYIIECTBEHHOW. B cTaThe MNpe/CTaBICHBI
CIOCOOBI CHHXKEHUSI OTKJIOHCHUH, BBI3BAHHBIX CIy4YalHBIMUA M3MEHCHUSIMHA B 16HM TEXHO-
norudeckoM Tnpouecce. Mucrpyment HSpice ucnosnb3yercst uiss MOAENHPOBAHUS CXEM.
IeneBas curma, npencrapisiomias CirydaiiHple Bapualiy, paBHa 5. [ kaxaoro mpouecca,
HalpsDKeHUsT U TeMneparypsl BoimoiHseTcs 300 urepanuii co CirydailHBIMH BapHallUsIMU.
PesynbraThl npejcrarieHsl B Buje rpadukoB QQ u tabmuibl. [Ipu mpuMeHEHUH TpEasio-
JKEHHBIX MOJU(UKAIMK Aerpajanus Npou3BOIUTEILHOCTH CHUXKaeTcss npuMepHo Ha 40%
(B cpemHeM 1o BceM M3MepsieMbIM napamerpam). [Ipu peansaiyy NpeyIoKeHHbIX CXEMHBIX
M3MEHEHUH TUIOMIA b CXEMBI YBEIMYHUBACTCS MPUMEPHO Ha 35%, pocTa sHepromnotpedaeHus
He HaOIIomaeTcs.

Knroueesvle cnosa: ananu3atop MuTaHusl, CTATHYECKOE YHEPronoTpedIeHUe, JOMEH
HAIPSDKEHUS, CITyYaiHbIe TEXHOJIOTMYECKUE OTKIOHCHHUSL.
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INVESTIGATING THE PERFORMANCE INDICES OF YOLO MODELS
IMPLEMENTED ON A DPU: A COMPARATIVE ANALYSIS

A comprehensive analysis of the performance indices achieved by implementing
various “You Only Look Once” dataset (YOLO) models on a dedicated Deep Learning
Processing Unit (DPU). YOLO models are renowned for their real-time object detection
capabilities, making them a good choice for a range of applications including autonomous
vehicles, surveillance systems, and robotics. In this study, the YOLO models are deployed
onto a specialized hardware accelerator, specifically a DPU, to assess their inference speed,
accuracy, and power efficiency. By conducting an in-depth comparative evaluation of
multiple YOLO variants, including YOLOv3, YOLOv4, YOLOvS, YOLOV6 insights into
how each model interacts with the DPU architecture are revealed. The experiments involve
benchmarking these models across diverse datasets and varying hardware configurations.
The results not only highlight the advantages and limitations of employing DPUs for
YOLO-based applications but also help in choosing the most suitable model-DPU
combination based on specific performance requirements. This study contributes to the
optimization of real-time object detection systems and assists practitioners in making
informed decisions regarding the model and hardware selection.

Keywords: FPGA, DPU, object detectio, YOLO.

Introduction. In recent years, deep learning models have made remarkable
advancements in computer vision tasks, particularly in real-time object detection.
The YOLO architecture's ability to simultaneously predict object classes and
bounding box coordinates in a single pass allows implementation of applications
such as autonomous driving, surveillance, and interactive robotics.

As the demand for real-time processing in various domains continues to
grow, the importance of optimizing the performance of YOLO models becomes
paramount. Hardware acceleration has emerged to meet these demands, with DPUs
offering dedicated resources for efficient neural network inference. DPUs are
designed to accelerate the execution of deep learning workloads, reducing latency,
and increasing throughput, making them an attractive option for deploying YOLO
models in resource-constrained environments.

By conducting thorough experiments involving these models and varying
DPU configurations, the work shows how the synergy between YOLO architectures
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such as YOLOv3 [1], YOLOv4 [2], YOLOV5 [3], YOLOv6 [4] and DPUs influences overall
system performance. As the fields of computer vision and deep learning converge,
this study contributes to the ongoing efforts in optimizing real-time object detection
systems, ultimately pushing the boundaries of what is achievable in terms of speed,
accuracy, and efficiency.

Background. Real-time object detection requires low-latency processing to
keep up with the high frame rates of video streams or live camera feeds. Achieving
real-time performance is challenging due to the need for fast and accurate object
localization and classification, often within tight time constraints. Efficient hardware
architectures and algorithm optimizations are crucial to meet the demands of real-
time applications.

Several research articles have explored these challenges and proposed solutions
to enhance the object detection performance. For instance, “Faster R-CNN: Towards
Real-Time Object Detection with Region Proposal Networks” by Ren, et al [5]
introduces the Faster R-CNN architecture that combines region proposal networks
and CNNs for accurate and efficient object detection. “SSD: Single Shot MultiBox
Detector” by Liu, et al [6] presents a single-shot detection method that achieves
real-time performance by using multi-scale feature maps. “YOLO: Real-Time
Object Detection” by Redmon, et al [7] introduces the YOLO framework, which
achieves real-time object detection by dividing the image into a grid and predicting
the bounding boxes and the class probabilities directly.

In the following sections, we will discuss the proposed design and FPGA
implementation, aimed at addressing these challenges and provide an efficient
hardware acceleration solution for object detection.

Approach. Dataset training and evaluation is first done on the GPU device.
Then the float model is preprocessed and quantized by Xilinx Vitis Al tool.
Quantization is a technique used to reduce the memory footprint and computational
requirements of CNNs by presenting and performing computations with lower
precision data types. In a standard CNN, weights and activations are typically
presented as 32-bit floating-point numbers (FP32), which consume significant
memory and require higher computational resources. Quantization aims to replace
these higher precision representations with lower precision data types, such as
fixed-point or integer values, which have fewer bits.

To capture activation statistics and improve the accuracy of quantized
models, the Vitis Al quantizer needs to run several iterations of inference to
calibrate the activations. A calibration image dataset input is therefore required.
Generally, the quantizer works well with 100-1000 calibration images. This is
because there is no need for back propagation, the un-labeled dataset is sufficient.
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After calibration, the quantized model is transformed into a DPU deployable model
which follows the data format of a DPU. This model can then be compiled by the
Vitis Al compiler and deployed to the DPU.

The overall flow is illustrated in Fig.1.

GPU FPGA

Training
Dataset

Training the VO model Result evaluation

Test
Dataset
Float model freeze &

aluati Model inference
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DPU Deployment
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Quantize Weight &
Vitis Al Calibrate Activation

Fig.1. The DPU deployment flow
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Results. This section presents the results of our experiments on testing
YOLOvV3, YOLOv4, YOLOvVS, and YOLOv6 object detection models on the
ZCU104 FPGA platform. The evaluation is conducted in terms of accuracy, frames
per second (FPS), and power consumption.

The accuracy of the object detection models was assessed by using standard
benchmark datasets, including COCO. The models were evaluated on a range of
object classes and sizes to measure their ability to detect objects accurately. Object
detection models are typically evaluated and checked for their performance using
various metrics and methods. One of the common ways to check is the mAP. It is
calculated using the following formula (1):

mAP = %Z?’zlAPi, (1)

where N is the number of the classes, AP; the average precision of the class i.
Average precision is calculated based on formula (2):

AP = Y¥=""1[Recalls(k) — Recalls(k + 1)] * Precisions (k). 2)

Precision and recall are described in formulas (3) and (4).
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The precision is calculated as the ratio between the number of positive samples
correctly classified to the total number of samples classified as positive. The
formula for the precision is as follows:

Truepositive

Precision = 3)

Truepositivet TrUenegative

The recall is calculated as the ratio between the number of Positive samples
correctly classified as positive to the total number of positive samples:

L. Trueypsiti
Precision = postt e

“)

Truepoesitivet FalSenegative

Table 1 shows the evaluation of several objects. The metrics used for

evaluation include the mean average precision (mAP).

Table 1
The object detection mean accuracy
yolov3 yolov4 yolov5 yolov6
Mean Accuracy 0.755967731 | 0.766655457 | 0.719760493 | 0.768194773
Person 0.917891229 | 0.896341966 | 0.818452187 | 0.878627467
Car 0.752605661 | 0.77842973 0.713794419 | 0.745153376
Bicycle 0.774284912 | 0.77842973 0.713794419 | 0.745153376
Dog 0.865213667 | 0.876938071 | 0.779942692 | 0.866484686
Chair 0.684339229 | 0.697351131 | 0.64940328 0.696721576

Table 1 presents the accuracy results for YOLOv3, YOLOv4, YOLOVS, and
YOLOV6 on the COCO dataset. The mAP values indicate the overall detection
performance of each model.

The real-time processing capability of the FPGA-based models is crucial for
applications such as autonomous vehicles and surveillance systems. The FPS rate is
achieved for each model during the inference on the ZCU104 FPGA. It is
calculated based on the number of processed images divided by the process time in
seconds. The results are shown in Table 2.

Table 2
The frame per second rate results
yolov3 yolov4 yolov5 yolov6
FPS 28.9241 21.6409 18.972 25.668

These results highlight the models' varying computational demands and their
ability to process the frames at high speeds.
Efficiency in power consumption is a key factor in embedded systems,

particularly in resource-constrained environments. The power consumption of the
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FPGA-based object detection models was measured using power monitoring tools.
The DPU architecture was synthesized and implemented on the ZCU104 FPGA
using the Xilinx Vivado tool. The synthesized and implemented designs are shown
in Fig.2 and Fig.3.
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Fig. 3. Implemented DPU design
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The resource utilization for the DPU architecture implementation on the
ZCU104 board is as follows: LUT —28%, FF — 24%, BRAM — 83%, DSP — 34%.

Table 3 provides an overview of the power consumption for YOLOV3,
YOLOv4, YOLOVS, and YOLOv6 on the ZCU104 FPGA. The power consumption
was measured using the Xilinx Power Estimator (UG440) [8].

Table 3

Power consumption results (W)

yolov3 yolov4 yolov5 yolov6
Power 13.812 15.282 14.625 13.326

Conclusion. In this study, a comprehensive analysis of the YOLO object
recognition models is conducted, focusing on their potential benefits when
implemented on Field-Programmable Gate Arrays (FPGAs). The performance in
terms of real-time processing, latency reduction, energy efficiency, customizability,
and resource utilization were evaluated for each model.

The results demonstrate several notable advantages of implementing YOLO
models on FPGAs. Firstly, FPGA acceleration allowed to achieve real-time
processing capabilities with a minimum of 19 fps for yolov5 and 29 fps for yolov3.
The mean accuracy of the YOLO models consistently shows promising results,
with yolov6 showing an average mean accuracy of approximately 0.7682.

Another benefit is low power consumption of FPGA-based YOLO
implementations, with a worst case of 15.282w for yolov4 model. This factor
makes them particularly attractive for resource-constrained environments and
battery-powered devices, aligning well with the growing demand for energy-efficient
computing.
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DPU-b 40U PrUYULUSYUOC YOLO UNMELUEE UTIWUSULLE
2UONRULErP NPUNRULUURMNRU. ZUUGUUSUYUL 46 T.NRONRESNRL

Ukphuwyugyt) E junwupnqujuinipjui gniguithputph hwdwwwpthwl Jhpnidnipe-
i, npp dknp E phipgt) «You Only Look Once» nyjuutinh puquyp (YOLO) wnwppkp Unnliy-
ubph thpypuudp’ oquiugnpstyny hwdwygunuuprut unp nuumguut dywldwh wwpp (DPU):
YOLO unpkjutipp hwynh ki hpkug ppujut dudwbwuynud opjkljnttpnh hwjnbwpbpdwt
htwpwynpnipiniutpny, husp tpubg nupdund £ jwy puwnpnipnit dh owpp dpwugpkph
nhwypnud, tkpunjuy htiptwdup dkpbuwbbpp, huljnnnipyut hwdwlwupgbpp b onpnwnwoh-
umipinitp: Unyb niuntduwuhpnipjut ke YOLO dnphjubpp mbnunpynud Gu dwutiwmgh-
wwglws uwppuihl wpuqugnigsh, dwuludnpuybu’ DPU-h Ypuw, npp junupdmd k ppu
wpluwwnwiiph wpwgnipniip, dogpumpiniup b Eubpghugh vyundwt wpgniuEnmpniip
guwhwwnbinmt hwdwp: Yuwnwpbing YOLO dnpkh puquuphy wwuppkpuwlutph hwdbdw-
nwlut qghwhunnd’ gnyg upynud, ph hsybu b mpupwinip dngl) infewgynid DPU
Supunupuybnnipjut htwn: Unpbjubpp tkpuend Ea YOLOvV3, YOLOv4, YOLOVS, YOLOV6:
®npdtpp tkpunnud i wyu dnpbjubph swthnpnohsutiph ntunidbwuhpnudp tmwppbp nyuyg-
utiph hwjwpwéniubpnid b wwppkp vwppuyhtt juquudbtpnud: Upyniuputpp ny dhuyh
nungénid Eu YOLO ungpkjutiph hhupny twhiwmgstph DPU-ukph ypw Yhpundwt wnwybjni-
pLutkpt n vwhdwbwwlnubpp, wy twb tywunmd bo phnpbn weub] hwpdup
unnk]-DPU hwdwlgnipiniup, mfju] wwhweubpp hwoyh wntbnyg: Niunidbwuppnipniup
tywunmy E hpujut dadwbwulnmd opkljnutkph huyntwpbpdwt hwdwlwpgbph jwjuny-
Uwbp b ogimu twiugsnnibphtt Unpbjh b vwppunnpiwb pinpmpput phuypmu’ pupa-
nugubny nkntjugdusdnipniup npnonudubp Juyugbint hwpgnid:

Unwbgpuyhlr punkp. FPGA, DPU, opjkljnutph hujintwpbpnid, YOLO:
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M.T. 'PUT'OPSAH

HCCJIEJJOBAHUE IMTOKA3ATEJIEN ITIPOU3BOJIUTEJIBLHOCTH
MO/IEJIEHA YOLO, PEAJIN3OBAHHBIX HA DPU: CPABHUTEJIbHBIN
AHAJIN3

[pencraBneH BCECTOPOHHMWIT aHANM3 MOKa3aTeNei MPOM3BOJUTENBHOCTU PAa3INYHBIX
MOJIeNieid, CO3IaHHBIX Ha OCHOBe Habopa AaHHbIX “You Only Look Once” (YOLO) u pea-
JU30BaHHBIX Ha mporeccope rirydokoro ooydenust (DPU). Moaemn YOLO n3BecTHBI CBOUMH
BO3MOKHOCTSIMH OOHApy>KeHHUsI OOBEKTOB B PEalbHOM BPEMEHH, UTO MO3BOJISAET MX MCIONB30-
BAaTh JUIA TIEJIOTO Ps/Ia TPUIIOKEHIH, BKIIFOYas aBTOHOMHBIE TPAaHCIIOPTHBIC CPEICTBA, CHCTEMBI
HaOMOAeHNS U poOOTOTeXHUKY. B necnenoBanun moxemn YOLO pa3BepThIBalOTCS Ha CIie-
[UATM3UPOBAHHOM aIllIapaTHOM YCKopHTele, B yactTHocTd DPU, 1iist OlleHKH CKOPOCTH, TOY-
HOCTH U SHEProdPPeKTHBHOCTU WX padoThl. ITyTeM mpoBeleHUs CpaBHUTEIHHON OLICHKU
Heckobkux BapuantoB YOLO, Bkmouass YOLOv3, YOLOv4, YOLOVS, YOLOV6, nokasaHo,
KaK Kakjasi MOJIelb B3aUMOJEHUCTBYET ¢ apxuTekTypoil DPU. DkciepuMeHThl BKIIOYAIOT
CpaBHEHHUE STHX MOJeNell C pa3MuHbIMH HaOOpaMu AaHHBIX U Pa3IMYHBIMH KOHQHIY-
panusaMu o0opynoBaHus. Pe3ynbTaTsl He TOJIBKO MOAYEPKUBAIOT IPEUMYIIECTBA U OTPaHH-
yeHus1 ucrnonbzoBanust DPU st pumoskennit Ha ocHoBe YOLO, HO Tarxke TIOMOTar0T BBIOpATh
Haubostee moaxoaAmyo komOnHanuo Morenb-DPU Ha 0CHOBE KOHKPETHBIX TpeOOBaHUI K
TIPOU3BOAUTENHHOCTH. VccaemoBanre CiocoOCTBYET ONTUMU3AINN CUCTEM OOHApYKEHHUS
00BEKTOB B PealbHOM BPEMEHH W ITOMOTAET CHeNUaTCcTaM-IIPaKTHKaM MIPUHAMATh 0O0CHO-
BaHHBIC PEIICHUS OTHOCUTEIHHO BBIOOPA MOJICITH 1 000PYIOBaHUS.

Knroueswie cnosa: FPGA, DPU, oGHapyxeHue oobexToB, YOLO.
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AN ACCURACY IMPROVEMENT TECHNIQUE FOR ON-CHIP
CURRENT SOURCES

A new design technique for accuracy improvement of on-chip reference current
sources is proposed. A mathematical model has been developed describing the operation of
the proposed technique. Based on the obtained equations, the variation of the reference
current caused by the changes in operating conditions and process inaccuracies of the
technological should not exceed 1...2%. The proposed technique has been implemented in
the design of on-chip reference current source circuit in 14 nm FinFet technology. Spice
simulations performed for the developed circuit show less than + 5% variation of the
reference current in the -40...125°C temperature range considering the process variations in
+3 sigma range. The circuit keeps that accuracy for the supply voltage drop up to 0.66 V.

Keywords: on-chip current source, current generators, reference current sources.

Introduction. ICs have found wide application in various systems such as
household appliances complex electronic systems, computers, military, aviation,
space stations, etc. One of the technical specifications of modern complementary
metal-oxide-semiconductor (CMOS) ICs is to ensure high stability of the main
parameters, regardless of ambient temperature, supply voltage, and technology
deviations. The main parameters of the elements in relation to the typical
characteristics may deviate from values reaching tens of percent to multiple [1]. As
a result, it becomes clear that the issues of maintaining the stability of various IC
parameters have become crucial for chip designers. With the advent of portable
devices, the energy consumption and requirements for the IC surface have also
tightened, limiting the use of circuits with a large surface area and high energy
consumption [2,3]. The design of stable reference voltage sources and the
development of voltage stabilizers have also become an important task. The
existing deviations in the latest technological processes and new developments, as
well as the strict requirements imposed on the IC, have made the need for new
methods and solutions urgent conditioned by reducing the deviations in the output
values of these nodes and ensuring the safe operation of circuits connected to them
as a load [4,5]. The availability of precision voltage sources does not ensure the
design of stable current sources. The combination of resistance and a reference
voltage source in the MOS structure depends on resistance variation [6,7].
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However, in nodes requiring high accuracy, such indicators lead to large deviations
either from standard results or the requirements of the technical specification. So,
with the development of CMOS technology, a number of difficulties have arisen
due to the need of stable current sources, supply voltage values in the IC, the
provision of which is an essential reliability indicator.

Statement of the Problem. The modern CMOS IC design process allows
the resistance to be produced in two ways: by a transistor operating in a triode
mode, or by polysilicon. The resistance of a transistor operating in the triode mode
depends on the ambient temperature and technology. Changing the resistance of
such a device won’t provide high stability of the current source, therefore, the use
of such structures in the stable current source design does not make sense:

1
R = .
,U*Cox*W/L*(Vgs_Vth)

The resistances obtained on the basis of polysilicon is independent of the
applied voltage values, and the temperature impact is about 1.5%. While the
technology process shifts of result in £ 20% resistance change. So, it becomes clear
that the design of stable on-chip current sources are relevant and require the
development of new design technique.

The Proposed solution. The block diagram of the current source consists of
the following main blocks: PTAT block, voltage and current generator (Fig. 1).

matching

PTAT current refference DELTA_V generator Current generator Current diff

3
-

a‘l ) anlz

ol ms

R

s : J ai
i AV T aveve

Fig. 1. The block diagram of a high-precision DC current source

It is known that the current flowing through a N-MOS transistor in a linear
mode is determined by:

Iy = B[(Vys — Ven)Vas — 0.5V457]
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where

ﬁ — (W/l;)ﬂngox )
ox

Hence, it is obvious that if the transistor dimensions are large, the changes in
the remaining parameters under the above influences can be ignored. If the temperature
is constant, mobility is a fixed parameter. In cases of all possible processes, the
thickness of the oxide layer t,, varies approximately within + 4.5...5%. If we
assume that the temperature is stable, then the change in B will be approximately
within 5%. The difference of currents flowing through two N-MOS transistors
operating in linear modes will be determined by the expression:

Loy — Loz = B[(Vgs1 = Ven)Vass — 0.5Vas1 ] = B[(Vys2 — Ven)Vasz — 0.5Vas2?]
Al = B(Vgsl - VgsZ)Vds >

B — (W/L)unEox

tox

pr) = L) () = b7,

Al = ,B(Vgsl - VgSZ)VdS H

Vgsl - VgsZ = AV + VO .

b

The difference of gate source voltages is designated as AV+V,. It is
necessary to get this designation according to the circuit, and imagine that AV is
the drain source voltage:

Vas = 4V,

where AV is the output voltage of the PTAT unit. AV is directly proportional to
temperature, and Vyis a voltage independent of temperature,

Al = B(AV + VAV,
AI(T) = baT~ > T(Vy + aT) = abVyT %5 + a?bT%5 .

To understand how the resulting expression depends on the temperature
change, it is necessary to derive it in time and get the following expression:

AI(T) = baT~>T(Vy + aT) = abV,T™%° + a?bT%>,

dAI(T
a; ) = —0.5abV,T~1% + 0.5a%bT %% = 0.

From the graphical presentation of the resulting expression, it can be seen
that the current depends on the temperature variation (Fig. 2).
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Fig.2. The graphical display of the obtained equality

Simulation Results. To justify the mean of the theoretical analysis Spice
simulations for 14 nm FinFet technology note has been performed. The dependence
of the reference current on several in stabilization factors has been considered and
checked. Based on the simulation results, it is possible to reach a less than 3%
current change from the temperature variation in the range - 40...125°C (Fig. 3).

150u

125u 4

100u 4

0.0

T T T T T T T T
40.0 -20.0 0.0 20.0 40.0 80.0 20.0 100.0 12000
Temperat ureideg)

Fig. 3. The dependence of the reference current on the ambient temperature variation

Based on the simulation results, it is possible to reach less than + 3% current
change from the supply voltage and process variations (Fig. 4).
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Fig. 4. The dependence of the output current on technological changes

The results show that the reference current variation for the -40...125°C
temperature range considering the process variations in £3 sigma range and supply
voltage variation in £10% range is less than + 5% (Fig. 5).

200u
150U
100u A
50u
0.0+
[ I I I I I
0.0 500n 1u 1.5U 2u 2.51

t(s)
Fig. 5. The dependence of the output current on temperature, as well as supply voltage and

technological changes

The next reformed analyze is the power supply noise impact on the designed
circuit. The PSRR analysis performed in 100...101° Hz ensure more than -10 dB
noise rejection and more than -35 dB rejection in a low frequency range (Fig. 6).
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Fig. 6. The results of the frequency analysis

Conclusion. A novel design technique for on-chip current sources has been
proposed, designed, and simulated. According to those simulations, the new circuit
is capable of providing accurate reference currents and operate in the -40...125°C
temperature and £+ 10% supply variation ranges by providing around + 5% variation
compared to the existing resistor-based architecture, which provides several times
lower accuracy. The main limitation of technique is the usage of bipolar transistors
as well as the estimated area increase by 20%. Both requirements are acceptable
considering more relaxed requirements for such parts of IC.
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LELR3NPLTENUSPL ZNUULLE UNASNRLT LKTSNhE8UL FUM2MMUSUTL
BNULUY

Unwownlyty t ubppniptinuyhtt hnuwtiph wnpniputiph £ogpuinipjui pupdpugdut
unp tnwbwly: Unweowpyyuws knuuwlh hhupnid pujws E dowldus dupbdwnpljulwui un-
nhp: Unwugquws hwjuwuwpnidubph wppyniipnid hhdtwdnpdty E np wojuwwnwipughe
wuydwutbph thnthnpjumpnibtiph @ mkjpuninghwlwt gnpépupwgh wudownnipniuubpp
htwnbwupny wnwewgnn hnuwph otnnudp swybtwnp b gkpuquigh 1-2%: Unwowplws tnu-
twlt hpwluwbwg]ty t 14 &/ FinFet wikuuninghwljwl qnpsplpwgny tkppmiptnuyht hb-
twljuyhtt hnuwtph wnpniph dpwljuwt hwdwp: Yunupyus spice tdwtwuljdwb wpnyniipnid,
obpdwunhdwuuyght -40...125°C dhowluwypnid, wkjuuninghwjwb gnpépupwugh +3 uhquw
otinnudubph nhwpnid, dowljyws upubdwi wuyyuhndt) E hbtwluyhtt hnuwbiph + 5%-hg wuljuu
otnudubp: Upubdwh mbwy £ wywhwywbibym Gogws dpgpunipiniip uidwhb jupdwb’ paghnig
uhlsh 0,66 o wjuqugniyi wpdtiph ywpwuquynud:

Unwbgpuyhl punkp. ukppnipknuyhtt hnuwtiph wnpynip, hnuwtiph qhubpunnpubp,
htwljwjhtt hnuwbph wnpniptkp:

B.A. CAAKSIH

CITIOCOB NOBBIIIEHUSA TOYHOCTHU BHYTPUKPUCTAVIMYECKUX
NCTOYHHUKOB TOKA

Hpe;[non(eﬂ METO MOBBIIICHUA TOYHOCTU BHYTPUKPUCTATUIMYECKUX NCTOYHHUKOB TOKA.
[IpenmaraeMslii METO OCHOBAH Ha pa3pabOTaHHOW MaTeMaTH4YecKoWl MoJnenu. B pesymbrare
MOJTyYCHHBIX YPaBHEHUH YCTAaHOBJICHO, YTO OTKIIOHEHUE TOKA, BRI3BAHHOE U3MCHCHUEM YC-
JIOBUH pa60T1>1 N HETOYHOCTAMHU TEXHOJIOI'MYECKOro mnpouecca, HE OOJDKHO IMPEBLINIATH
1...2%. Ilpennmaraemblii MeTO OBUI peaM30BaH C HCIIONB30BaHHWEM 14 #y TEXHOJIOTH-
geckoro mporecca FinFet ams pa3paboTku BHYTPHUKPUCTATUIMIECKOTO ATATOHHOTO HCTOY-
HHUKa TOKa. B pe3ynbraTe SKCIepHMMEHTAIFHOIO MOJCIMPOBAHUS B AUAINA30HE TEMIIEPATyp
-40...125°C mpu OTKJIOHEHHUSAX TEXHOJOTHMYECKOTO TMporecca +3 curma paszpaboTaHHas
cxema obecrieunBana +5% OTKIOHEHHH OT STATOHHOTO ToKa. CxeMa CIiocoOHa TTOIep KUBATh
YKa3aHHYIO0 TOYHOCTb IIPU NaJeHUH HanpshkeHus nuranus 1o 0,66 B.

Kniwouegvle cnoea: BHYTPUKPHUCTAJUIMUECKMH HCTOYHHMK TOKa, T'€HEPATOpPBI TOKA,

OIIOPHBIC HCTOYHUKHU TOKA.
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BJuht Unpljwynpiub Enubiwlny hpphrukph wpunwphtt Aqupwinipjut hwjuwuw-
powdubph nsdwt hwdwp dowlyus hwdwlupgsuyhtt Spwgph Yhpurndwdp ntuntdbwuhp-
Yt B uvnnwugynn wpmyniupttiph stnnudutpp hbpwhwpnipyut wnnuuwlubpnud pipdws wndjuy-
Ukphg U-2109 hpphnh ophlwlny: 8nyg b wipdby dowljws hwdwlupgsuyht sSpugph Yh-
pwnkjhnpintip hpulwi piughpibpmd’ wynuwlught wljujibph puguljuympub phog-
pnud, hpuybu twil tnp hpphnttph dowluwi thnymu npuitg hbpwhwpnipmiip guuwhwwnbn b
Aqupwtwui wnniuwlukp juqutint hwdwp:

Unwiigpuyhli punkp. wipnwphtt dqupwinipinil, hppheh whpnphtwdhlw, hwoyn-
nuljut dkpnnubp, pduyhtt dngbjwdnpnud:

Lkpwbmpinii: Zpphnuyhtt Ypulh qupdwd hwdwp juyunpki jhpunynid
kU pputg dqupwtlut wnpnruwljutph ypu hhdugws jnusnwdubpp, npnup hpuljw-
twgynud kb dknpny Junwpnn hwygwplikpny, huly wydd” twl Spugpught db-
pnnubpny: dkpohuiikpu, oqunugnpstiny hpphnutph dqupwtuljut wnnruwlutph
njujubpp, junwpnid kb htnkpynpjughw b Unnwpynidabpny JEpunupdiund
hwqupluyhlt wpnyniplitpp:

dudwbwlulhg wudwibubpmd pduyhtt Unpbjuynpnid  hpuljutwuging
Spuwgpuyhtt nusnidubpnud htwpunp £ htinkqply hppheh swpddwt hwduuw-
poudibpp’ puyhtt hinbkgpuwt hwpnth hwodupljughtt Ukpnnubkpny: dpw hwdwp
wthpwdbown k niuktwg hppheh b btpwinid knué Junkihph pwowhubpghnt plint-
pwugpkpp, ypohuutiphu Yupunidp dudwtwlyjhg, hppheh whpnphtwdhjuljub punt-
pugptpp b npuig jupinudp gpgwhnunn onh wpwgmpinithg, pwpdhsh pupynidh
Yuuniip dwdwitlhg, wpdwynn uywiph b npu nignpynnh pintpugpbpp, hty-
whu twb wpdwliwt mEnuipht b wniw onkpimpwputuult yuydwuubpht
Ytpwpbpnn wwydwbibpp: Zpphoutph pwpwhitpghnt pimpwugpbpp Jupkh E
quik] hwlwywnuupiut gpujuinipniinid jud hwyqupll] wjnndunugyus
twhiugsdwh hwdwljwpgtph dhengn npuig knwswth dnpkjubph b gputignid
Jhpunynn Wwnipbph dwuht Gqws wdujubph hhdwb dpw, hull hpphrught
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puponiduyhll pinpugpbpp Jupkih qul] ikpphtt dqupwitinipyub Ukpnnibpng
hhututyny npwbignud Yhpwndnn qunkihph, wiptwh fughh b hpudnnh Eppw-
surthwljw punipwqnpbph Ypus:

Ubkpnphtwdhjulwb puimpugbph uvnugdwut hwdwp Yhpundnid B wkpn-
phtwdhjulwb pnpnquljukp, hpphrubph wkpnphttwdhljuyht JEpupkpnn mbuw-
jut dkpnnutph b thnpdupupuljui ndjuutph hwdwnpdwt hhdwt Jpu dowly-
ynn Yhuwbkdwyhphy dkpnnubp [1-7], hyybu bwb htnnijubph hwpynnuljwt nh-
twdhljuyh dbpnnubpny dwupdup oppwhnunidp onny Unbjwynpnn hwdwlwupgsw-
1ht dpugpkp (8, 9]:

Zpphoubph prhsph pduyhtt Unpijwdnpnudp poy) k nwghu juunwpty hwy-
Juplubp hsybu wyniuwlught Yenkph dhowluypmu’ wpwig dninwplynidikph,
wyiybu b wyn YEnkphg nnipu, hsp wthbiwp L wunniuwljubph hhdwb ypu dpwly-
Juwsd nusnidubpnid: Puigh wyn, hpphnh oyyunhdw) jndmudubpht dhndws hwhubiw-
Jut b yEpotwub dpwlnidubph ppwljwbwgnidp, hyybu twb hknwhwpmpjut
wyniuwljubph uqunidp htugkng dhugt nbwy thopdwupymdubph Ypu, pwn
Swiuwnup kb dudwtwljunup: Bquyht dnpbjugnpnudy buybu hipnwgnid |
Uowljdwt ypngbup b hwhghgunid wykh pupdpnpul] wpyniiph wdbh ubnd
dudljbnttipnid: Zbnwbwpwnp hppheutph dowljdwt hwdwp nputg wpunwpht dqui-
pwtinipjut hwyduplubpnud pduyhtt dngijudnpnud hpwnkip b wyguhuh dnnk-
(jwynpuwit dbpnnutph junwpbjugnpsnidp pphun juplnp wpphwljwt jpughp b

Zmpynnujub ujubdwi: Zknwgnunujut wojupwnwiph pupwugpnid dowl-
Jwsd sSpuqpuyhtt wywhnydw ke wnluw t hpphrh whpnphttwdhjuwb pinipw-
qptph YhuwhiwhphY hupduwplught Gu’ hjutws hpphotlph wkpnnhtudhlugh
nbkuwlwi b hnpdwpupuljui Unnkgnidubph [3-9] ypu: Unjw E bwlb htwpuyn-
poippnih wy] thnpdwpupwlub jud htgniyiatph hwpdnquwb phtwdhugh db-
ponutpny unwugus whpnphtwdhjujut punipwgptph tbpdniddwt hwdwp:
Tw hpphnutiph wpnwphtt Aqupwuinipjutt hwoddwt hwdwnp dkp Ynnudhg dpwly-
Jud hwdwljupgsught sSpughpp nupdimd E nithdbpuwy guiljugus dlih nt sw-
thtnh hppheh phypnid, pwith np puguenud | wyt vwhdwtwthwlynidukpp, npnp
wuydwtwynpduws tu wkpnphttwdhulwi pinipwqptph hwydwi hwdwp dpuw-
gpnud ubpnpdws Yhuwbdwyhphl hwyuplyuyht dwuh Yhpunkjhnipyut vwhdwi-
ubkpny:

U-210% hpphrh wkpnphtwdhiulwb nhdwnpnipjub nidh €, gnpdulgh fu-
Junudp prhsph wpugnipmiihg (Uwjuh M pidhg) unwugdus whpnphtwdhijulul
nbuwluwb b thnpdwpupuljub dnnbkgnmdubph Yhpundwdp, tkpjuyugqus tu
[10]-nud, huly [2]-mud phpdws Eu wpnyniuputp, npnup unwgyly B hignijubph hwy-
Ynnuljut phtwdhfuygh dbpngubph Yhpundwdp: VY. 1-nud phipdws Bu dEpntguy
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woluunwiipikpnid uinugws gnpswihgubph gpudhlikpp” wowewplyynn Yhuwkd-
whphY nwsdwdp uvnwgws gpudhljh hbkn hwdbdwwnbint hwdwnp:

065 Unwowplyny
f\"\
0.55 -—=eUplu [9]
- = Ul [10]

0 0.5 1 M 1.5 2 2.5

Uy 1. U-210% hpphnh phdwunpnipiul nidh gnpduligh Juwjuwénipinian pnpsph
wpuwgmipymbihg blpluyugfus Uafup pylpng

Upwljwé hwdwfupgyuyhtt Spughptt hpuljwbmginud t hppheh prhyph
nhtdhljugh hwoguplubp hhutgkny unwgdws jud kpunisdws whpnphiw-
Upjuljwte pumpugptph, hppheh pwpwhubpghnt b npu pwpdhsh puppniduht
pumipwgntnh Ypw, pupddwt thnnuyht (1), wnhy (2) b guuuhy (3) thnykph hw-
dwp hwdwyuwnuujupwbwpwp hknbyjw) hwjuuwpnudubph dhengny.

1 t
Vo :m—ofoont, (1)

dv T v? ,
E=;—CX%S —gsini,
di
dt
dx
— =vcosA, 2)
dt

—gcos/l,
v

d ,
=y sin i,
dt

dm _ my—mg

dt ty

’

dv pHV? .
—=—(,——S§ —gsini
[dt X 2 g ’
da

= = —gcosl,

dt v

®3)

dx
—=vcosA,
dt

d .
t—y =vsinA,
dt

npunbn vo-it wpdwldwh Yuwjwiph tnnhg nnipu qum wpugnipgniub ko my -
hppheh dbuwplughl quiqyusp, to-t' thnquyht thnwgh wbngopgoiap, m-p' hpphoh

quiiqudp, my -t pohsph whwnhy dwuh Jepenid hpphoh quiguép, v-u’ prhsph
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wpugnipynibp, A-t hppheh hkinwgsh phpdwi wilniip hnphgnuh Guwundudp,
Cy-n hpphoh phtwpmpyut mdh gnpswlhgp, py-p onh funnipnin A pupdpnt-
prut ypu (hwpdupyynud £ hwdwdugt vhpwqquyhtt unwtnupun dptnnpup), Sp°
hppheh dhnbjh hwnngph dwulbpbup, g-o° wqun wiljdwi wpuqugndp, T-o
hpphph swpdhsh puponidp, xp b y-p' hpphrh swpnipjut YEunpnuh nnpnhun-
Ubpp wpdwldwi YEnh Gjwndudp, hulj t,-i hkinwugsh wlnhy] dwuh (pupdhsh
wphuwinwiph) mbnnnipjniup:

Uowljyué hwdwljupgsuyhtt spuqph dhongny unnwugus U-210D hpphnh
prhsph htinwughdp wnwbjugnyyt hinpwhwpnipjut ghypnid ubpjuyugdws k ul.
2-nud:

Swp  Uepdil  embhe  ounde  Unbudnbeple SO

== ae
- - t

hlunbgpiulinbdpd™ @20 + Do + Doz O 3p 76.7859 4

201813 u

N onubn J atpwl Yy Lwnwl 8 Udwinunh wwuwlibtn ¥ -2.52525 u

[ | [ =1 a2 - g

AR

I =] [ = = =
I | [ =T == (|

v,
Vy -285.505 U
= v, U
[ onbnlnpwpwbulul wuplwlttn O & @hpwhu ta s e "
o V 3410 U
Uuntln, Pus 750 Ul Tu 159 C Xa Va U

u
. M o.sases2
Undwlnul Pazso Ul T C Ya o u @
J

Xy 117183 U
LocHe(h)+T(h)| Ve o UM e 235619 Zo Bo ° X 1o u
G p.e359
A fenhsp(Ltn) Lowbwnnwd € C 1.1
O unle ey [ <] -hguht - O utl pohie a0
hopdsnd [ =]+ [T 2+ [+ [ po 0 O Feaxes T oommm 26 1 MAXZ00M
- . S
@S gD O dnnspundnprung 0 L 1
- — O wnnwuwtny @0 N . = )
O Uuntngti, hbnuwhuwnnueial wnnuwl — n L AcTURLMmo 265.000(1% 265, MAX ACTUAL
O 8nug nwy wwhuwlbl  pahsehg Ubln m a6 U O mwhuwibby
#9 -0.84552 9 Unwibiwani X 24000 W Y mooo zZ om0 W
7 2wzl walby sngunniub put 1
O guibadwsh wnuwhnuph dwnnn dndlang O Uualnuh EStlunn T enguow
O tnlnh UnnnLeALLL AL winnunn — O 3mwaeth wnnbliohul gbunlhl O ewdnt ybLumnnn
— O reohson hnuwluwl dwiulwlnu O Lutunnn hbuwahon ==
O vwliuwintudnn htuwahén - O @hnwiun b Ve sl +—>
O ubgws hibnwahép O @ngnn uwnen
AL wwre | e | TR Y aoxip»

Ul 2. U-210% hpphnh popsph hknwghép  dowlpjwé hunfwlupgsughl Spugph

gnupplulpul hankpplyunid

Upyyniuputph wdthnthnd: Zhdudbing U-2109 hppheh hinpwhwpnipjut
wyniuwliukpmd [11] ibpuyugdus wdjubtph Jpu’ dowldws hudwljwpgsughi
Spwgnny hpuubwgyt) E npu prhsph dnpljuynpnid wpdwljdwt wnniuwlught
wulyniutkinh hwdwp, b vnwgws hinwhwpmipnitubpp hwdbdwngby Bu wnnt-
uwjuyhtt wpdtiputiph htw:

Unnuuuljuyhtt b wnwewnlynny jnisdwt vhgngny uinmgyué htnwhwpnipe-
mbtkpp juhndws wpdwlpdwi whlymbtphg (Smlh dwljuppuljhg wpdwlm wuw-
puquynid), tkpjuyugdus ki uly. 3-nud, hulj vnwugud hinwhwpnipniubph hw-
pupbpulut oknnmdubpp, wnniuwluihtt ndjuttphg mnlnuughtt wpunwhwjn-
dudp, jujuus wpdwldwb walniuubphg, phpdws tu uly. 4-nud:
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U.3. ZEnwhwpnipyul Jupnjudnipmntip wpdwidwi whlyniiihg

Ul 4. Zupjuplyws hknwhwpnipinibabph hupupbpulwh pkgnidakpp
huwlwmyunnwupnul wyniuwjuyhl ngjay bkphg

Unugjws sknmuubpp (Uhohtt hwpwpbpuul pugupdwl sknnudp” 3,6%,
pugupdwl oknmutbkph whpnypp 0.49...17,06%) unwn kb [10]-mu abpluyuglus
Unpjuynpudwt sbnnudubinh vwhdwibpht (10 %):

Unwownlyny jniddwit ke sbnnidukiph vinwugnudp Ukd dwuwdp wuydwiw-
YnpJwd k thnnhg hppheh gnipu quynt pupwugpnid thnnh wnwigph tjundwdp
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hpphrh phpnudp Unpbjuynpnn doqphwn Enwswth Unphjuynpldu puguljuynipjudp b
npyku Untinpujhtt nyjuy hpundnn pinipugpbipnid wnw sbnnudubpny. dwubw-
Ynpuybu’ buljwb nhp b pugmd wkpnphtwdhulwi pinipugpbph hwoyupy-
dwt hwdwp Jhpundws Jhuwtduyhphly hwpqupuyhtt dwuh wbudonnipniuubpp:

Bapuijugmpmit: Uowljqus dSpugpuyhtt jnidnidt hpujuwtugunid E hpphn-
utph prhyph nhtwdhfugh unnbpugnpoud b upng £ yhpumlt) gpubtg iwbaljut
Uowljdwt, hinwhwpnmpjub wynuuuljutkp vnbnstne b jpuhh junwdupdwi wy-
nndunugus hwdwljupgbph dpwljdwt hwdwp: Zpphoutph dowljdw thnynod
wylt poy] L wwhu quwhuwink) gpuitg hbpwhwpnipmiip, gpu jupejudnipniip vw-
puwnbtuwl junniguwspuhtt wwpwdbknpbphg, hpujuwtwgub] gputg oyunhdw-
(ugnud b uqut) hinwhwpmpjut wnnuuwljutp: U-2105 hppheh ophttualny unnwg-
Jws wpyniupubpp gnyg Etu vnwhu wnwewplynn (nisnidubph Yhpwunkihnipniup
hpuwljwt yuydwbubpnid ppuljub hpphrubph nhypnud:

ZEnwgnunipint bl ppwlwinugyly F 22 ghunnipyui Indhnkh pphwbuului wowl-
gnupgudp  21DP-1B018 Swdlugpm] ghinuljub pldugh spowbulakpnid:
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A.A. BATHUSH, 0.9. CAPI'CSIH, A.A. TPUT'OPAH

BOIIPOCBHI TOYHHOCTHU YUCJIEHHOI'O MOJAEJINPOBAHUA
BHEIIHEM BAJUIMCTUKU PAKET HA IIPUMEPE PAKETbBI M-210®

Ha npumepe paxersl M-210® uccnenoBaHbl OTKIOHEHUS Pe3yJbTaTOB, MOJIYYEH-
HBIX B Pe3yJbTaTe MPUMEHEHH KOMIBIOTEPHOH IIPOTPaMMBI, pa3paboTaHHON IS PEIICHUS
ypaBHEHH BHEITHEH OAJUITMCTHKH pPaKeT METOIOM YHCICHHOTO MojaeianpoBaHus. IlokazaHa
MIPAUMEHUMOCTH pa3pabOTaHHON KOMITBIOTEPHOM ITPOrpaMMBI B PEABHBIX 337adax B CiIydae
OTCYTCTBUS TAONMYHBIX JAHHBIX W TPU pa3padOTKe HOBBIX THUIIOB PaKeT I OLEHKH HX
IAIBHOOOMHOCTH M COCTaBJIEHUS OAIUIMCTUYECKNAX TAOJIHII.

Knroueswvie cnosa: BHEIIHSS 0AJUIMCTHKA, adPOJAMHAMHUKA PAKET, BEIYUCIUTEIHHEBIC
METO/Ibl, YACIIEHHOE MOJEIUPOBAHUE.

A.H. BAGHIYAN, H.E. SARGSYAN, A.A. GRIGORYAN

THE ACCURACY OF NUMERICAL SIMULATION OF HUROKET
EXTERNAL BALLISTICS BASED ON THE EXAMPLE OF THE M-210F
ROCKET

Using the example of the M-210F rocket, the deviations of the results obtained by
the software developed for solving the equations of external ballistics of rockets by
computational methods, are investigated. The applicability of the developed software in real
problems in case of the absence of tabular data and during the development of new types of
rockets for evaluating their range and compiling ballistic tables is shown.

Keywords: external ballistics, rocket aerodynamics, computational methods, numerical
simulation.
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Lutupyyy ko «lugib» quugph HEjunpudwqhuuljub jwhingh twhwgsdwt junph
wnwbdtwhwnlnmpnibiubpp: Uowljk E dpugpuyhtt gnpshp, npp httwipunpnipnit £ wnw-
1hu wfunndunughty HEjnpuiugihuwlub jungh tujuwgstuh gnpspipugp Untnpu-
jht yupwdbnpbph wpdbpubtph wpwewnpiudp b ujungh punipuqpulju dbdnipnibubkph
wpdtputiph npnodwdp: Uowljdus wjnndunwugqus hwdwlupgnid (nisynid Eu jujungh
twhiwgdsdwil ninhn b hwjunwpd jpunhptubpp, hwoduplynud ki junwjupdwb thwupnyph
wuwpwdbnptpp, oyunhdwjugynd tu puntpuqpulijut dkdmpjniuknh wpdtpukpp: Lkp-
Juywugynud it hwdwlupgh jueniguspuyhtt ujubdwitpp b guubpp:

Unwhgpuyplr punkp. «fwuqily quugp, LEjupwdwquhuwlwt Yuiing, dpugpuyght
gnpshp, wjnndwnugus twpuugsdwt hwdwlwupg, dwpbdunhjulju Unpl), Junnig-
Jwspuwypht ujubdw, tyyunwljuyht $nrualghw:

Ukpwénipynil: «Uwgil» mhyh wpwgppwg quwugpubpp, h wuppbpnipnia
unynpuju quugptitiph, npng wthyubpp qopynid b Epjupgsh ypuyny, «utpu-
nnud» L quwugph b pwipdninnt dhot Ahwdnpyud onuightt obpinh Jpuyny [1-8]: Uju
quwgpubpp owpdninnig Ytp ki pupdpugynid b pupddwt pipwugpnid swpdninnt
ujuundudp npnowlh puwpdpnipjudp wwhywiynud b Ejupudugqihuwjut ju-
hungh dhongny. LiEjunpudwquhup dwquhuwjwph phtnutph b pwpujuh dholi gnp-
onn HiEynpudwqthumjui ndp dqniud | dwquhuwupp nbuyh jpwphupup b ppuatng
hul] mknuowpdmu jpwpujuptt Ygqus (hkugws) qumgph swpdwuljuqut nt wy Jtp
pupspugumd swipdninnig: Fuwljubtwpwp, quugpp pupdpugubint hudwp wyy
nidh wpdbpp whwp k gipuquiigh Juwlungh dwqithuwquph hwlugnnng ndh wpdbpp
quugph ohrop, hul quwgpp npngwh nhppnud uyni wuthtjm hwdwp bjEyunpw-
dwquhuwlwb nidh wpdtpp whwp £ hwjuuwpgh hwljwqynn nidh wpdtpht [8]:
U 1-nid yqunlipus b «dwugi» quugph LEjunpudwqihuwljut jujungp, nph
twhiwgddw pupwugpnid npnoynid b LEjnpudwquhup swithbpp, pinpdnud w-
hpwdtown wnipbpp, huyquplyynud pinipuqpuljut dkdnipniuttiph wpdbpubpp,
unnigynid bt wywhnyynid wwpph wpnwnniwlnipyuit hwdwp withpudtown
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wuyudwutbpp: Ukp twjunpn woiwnnipinitubpmud, juhungh twjuwgsdwt wpnhw-
Jut nt Juplnp pubunpp nsdwb byunwlny, juquyt o juungh dwquhuwlu
onpuyh thnjuwphtidvub vpubdwt b dwupbdwnhuljuwt dnpbp, fEjupudwuqthuh
Jurwqupdwl thwpnyph duquhuwownd nidh (UTNOR) punipugpuljub wipdtpubph
npnodwtt b jurwjupdwt thupnyph hwoquplh nubwlubpp, dwltpydt b
ghubnpljulwt wignphpuh Yhpundwdp nsyt E jujngh oyynhdw) twjuwugddmi
hutinppp [5-8):

Ul 1. vwpnugdyng B Enpuduqipuwmlul jupungh Junnigywdpughl uppbdwi.
1-Junuupdl hapnype (nkpuppyws Fdugqhpuayuph hhdph ypw), 2 - dpont(,

3 - jmuppufy, I — prupufup Eplupnijpniap, by — frupupup hwuwnniyeiniip, ac— dponifh
huwunnnieiniip, be — uponih juybinipniiap, Ir— uponih Epljupnipiniip, In — hhuph
Eplpupnierniap, by — hhuph hwnuwnnieinilp, 8§ — wopiumnwbpuyhl onuyhl pugulakph suihp
(Eplupnipniip)

Lwhugsudwb wjunduwnugdut hudwljupgp: Uju wpupwnwbipnid ujupuw-
qpynud k fEjunpuduguhuuljut jujungh wjnndunwug]uws twpjuwugsdwt hudw-
Jupgp, npp unbndyly L Jbpp swpunpjws hbnwgnunipniiubph wpnyniupubph
hhdwt Jpu: Uowljyus hwdwlupgp htwpwynpnipinit £ mwhu wowownpyus
wuydwbubphtt hwdwywunwupwt twpuwgst] «dwgqii» quwugph swhwgnpsdwb
hudwp whinwth HEjupudugihuwlwi jujung oquiugnpsynn iyniphph b wwpph
owhwgnpsuywmt hwdwp yuwhweynn LEjunpulwub hqnpnipjut tuqugniyt wp-
dtputipny: Lwpwgsdwt wyunndwnugué hwdwlupgqt hpujubwgyl; E C++
Spugqpuynpdut (kqyny b punjugws £ 3 hhdbwlub $niuljghniwy obpinkinhg.

- qpqubhjujutt hutnbpdtjuh dhongny wndjujukpnh dntnpugpduin b wpy-
ntupubiph wpunwsdwi pbpun,
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- yjuutph Juybkpugdwi obpun,

- Uhonily, npp yuwwnwuppwmbwwnnt k pnjnp wthpwdbon hwpquplubph Ju-
nwnpuwt hwdwp:

Qpuwdhjuljwi punbpdbjup: Fpudpjuljui skpup twpiwgdnnh b wywn-
dmnugyué hwdwlupgh Epjjununipjutp hupdwuptgws hunkpdbyu £, npt wd-
pongmpjudp hpuljubwgyty £ Qt gpudhjuljuts wwpptph gpunwpuih dhengny:
Zudwlupgh dkjuwplh wuhhg pugynud £ hhpdtwluwt yuwunnthwp (0l 2), npp
twpuwgdnnhtt (msynn puuinph wmbuwli punplne htwpwynpnipmni £ wiwhu:
unhplbpp snpul o' HEpunpudugihuulub juingh twhugsdwb nighn ubghp
[5], twjuwgsdw hwjununpd jutghp (5], jujungh junwjupdub hwpnyph twhow-
gbéuyhtt hwoqupy [6], fEjnpudwquhuwljub juhingh punipugpujub Ukdnipnii-
utiph oyyuhdwjugnid [7]:

Diret ca Leulation.

Bulk 3l 014 steel 10.txt

U2, Zhdtnulpl yuninnihwiip

vunph mbuwlh punpnipniithg hbnn pugynd £ unp hwdwywnwupuw
wwwnnthwb (. 3), npp bwpuwgsnnhtt hwpwynpmpynit Enwghu’ dnunpugpbyng
EEyunpudwugihuuljut twhiwgdynng jujungh wuwpudbtnpbph dninpught wpdtp-
Ukpp: ugph wkuwlhg Yupjws dninpught wwpwdbnptpp jupng ki wwppbp
1huk], opptiwly, mnhn puunph usdwt hwdwp wwhwbeynn wwpudbkwnpbkpt
Yufungh qupquignws ynpuniugihuulut mdh wpdkpp, htnmyghuyh wndtpp,
wynnuuwnh nkuwulp: Uju ndjujubpp puupup &b, npybuqh dowldus hwdw-
Jupgt wyunndwwn Ypwny npnoh EEjunpudwquhup juwpupuh Eplupnipmiip,
huwpupuh hwuwnnipniip, dhentjh hwunnipniup, vhentlhh juyunipemiup, vhenijh
Epupnipmitp, hhdph Gpupnipniip, hhdph hwunmpniup, wywnwpuwh
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onqujht pmguljubipp swthp (uly. 3): Swulnipjut nEypnid twpawgsnnp httwipuyn-
nnipjnit nith pnjnp tpywé yqupwdbnpbph wpdbptbpp dninpwuqnpt) twb puplne-

nnyi, npp hudwp wnlju o hwdwywnwupuwt wbimbtbpny qpudphljuljuin muppkp,
npnup Ygyws L unp pugus yuwnnithwhi (4. 4):

| Wew Calculation Al
Bulka (m): ¢ steel_10.txt
kb
Bulk len ) 02 wla S !
25 el
Bulk helgh fm): 04 08 ‘of len =T
Bulk base height (m): 0.16 05 ofb s
Pelect N): 10000 15
o 1 ‘
Cap B (Ts): 12
aie g 01 o
FiEhon th T E R
UG.3. Mlighn jipph quinnihwip
» iculati N
e —y NPETC0_50.txt 5
pure_iron.txt
Bulk 3 (m): 014 o
Bulk b (m) 014 steel_10.txt
Bulklen (m): 02 09 o2 [steel 1211 1212 1311.txt
—iThz @ = olen | steel 1411 1412_1413.txt
ik base height (m): fb
e = = " |steel_1511_1512_1513.txt
P elect (N): 10000 - ek —
R steel_20.txt
GapB (Ts): 12 steel_2013.txt
Racgep g e steel_22.txt
Epsilon € (%): 0.001

Start Calculation

steel_2211_2312.txt
steel_2411.txt
Steel_3.txt
steel_3409.txt
steel_3413.txt
steel_m19.txt

=)

U4 Mupudbnplkph wpdbpakph b wnpuunnh wkuwih phwnpnippul yunnnihwinp

Pninp wthpwdbyn wpdbpubipp dntinpwugpbinig htnn ujunid £ wppuwnty

ujutpp Juyjtpugtng ppagp, npp dninpugpiwd wjuitph quijbp jhubpm
ntypnid wjnhjugumud k <hwpdupltp §ndwuljp (wjnndwnwugqus hwdwuljupgh
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Epypnpn obpwn): Upuw) dnminpwugpus wpdbpubph nhwypnid wyt twjuwgsnnht
hnonid E dnnpugpus njujiikph upuwy (hitkne dwuht' nigpuijhnpkl wyunh-
Jugubny wytt nuownp, npp upuwy £ wupnibwlnud: ‘Loqus «<hwoquplkp Yndwljh
ubnunidny ujuynud k jungph musdwb gnpdpupwgp, hull (nisdw wpnyyniuputpt
wpunwsynd ki hamdwywwnwupwt wnpnruwljutph wkupnyg (4. 5): Ujunithbnb
unyt wuunnithwind wnhguinud £ hwenpn juinphtt mbgdwt Yndwljp: Mughp-

ubtiph nuddwt hEippuljwinipiniin gnyg knpgusd uly.6-nid:

(3 Direct calculation. =1
Bakem: o1 steel_1511_1512_1513.txt .
Bulkb (m: 014 = = =
Bulk len (m): 0.2 0.9 :ofa
Bulk height (m): 0.4 09 of len 2
Bulk base height (m): [0.16 09 «of b
P elect (N): 10000 2
Areasquare K (b/a): |1
Gap B (Ts): 2 !

Air gap (m): 0.01

05f
feallon O0) = 50000 100000 150000 200000 250000
Start Calculation Reverse Calculation
Create graph Export Data
0 | 1:246% 2:1.68% 3:1.2% 4:0579% 5:0.478% | 6:0.184% | 7:0.256% 8:0.0984% | 9:0.152% 10:0.0622% >
Fi_d Fi um um_ii mag_B mag_H um_gap um_base B_base

Gap |0.000000000 |0.02352 931.2 20039.481038521 1.4 1940 9554.14 0 0 0
Cr1 0.000880936 |0.02352 36.5 20112.481050734 1.2 730 [ 0 0 0
Cr2 0.000884145 0.0244009  42.7419 20197.964774212 | 1.24495 854.837 0 0 0 0
Cr3 0.000887903 0.0252851  51.5133 20300.991437540  1.29006 1030.27 0 0 0 0
Cr4 0.000892432 0.026173 65.3747 20431.740857639  1.33536 1307.49 [ 0 0 0
Cr5 0.000898179 0.0270654 803178 20592.376522057  1.38089 1606.36 0 0 0 0
Cre 0.000905241 0.0279636  114.638 20821.653224872  1.42671 2292.77 0 0 [ 0
Cr7 0.000915320 0.0288688  160.305 21142.264019752  1.4729 3206.11 [ 0 0 0
Cr8 0.000929414 0.0297842  214.033 21570.330160861 1.5196 4280.66 0 0 0 0
Base 0.000000000 0.0307136 0 22334.458686477 | 1.56702 5543.4 0 764.13 137114 1
0

U5, Migph imddwl wpyniiphkph wunnnihuip

| Nunhn jatmbp

\ 4

Zujunwpd putinhp

Gunwjupdwi
thwpniyph hwpjwupy

Owyunhdwjugnid

Ul.6. Zunlwlpupgnid jmiéinng julipppbbpp b npubg hbppwluinyeniip
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Ujuyjhuny, tpt twpuwgédnnp 1nistk) E fEjnpudwquhuujut jupungh minhy
futnppp, wyw wyn geypmu «ubignid glwh hwgnpry pathps §ndwfp pugnud k
hwljwunupd punnh jnsdwt hwdwp twhwnbuquws yunnithwbp (4. 7): Lnp yw-
unnthwinid dntnpujhtt wwpudbnpbph hwdwp twppunbuus puonbpnid wy-
nnduwn Jhpuyny (pugynid Eu ninphn jpunpph dudwbtwl] dntinpugpyus b nusdwb
nupugpnid uvnugjus hwdwywwnwupiwb wpdbpubpp, hsp twhiwgdnnht phdk-
nnwd £ hippwljut jpunph msdwt gnpdplipugn uljublint htwpuwnpnipiniie

Direct calculation

Bulka (m): 014 steel 1511 1512 1513.txt
Bulkc (m)

iy b steel 1511 1512 1513.txt

Bulkb (m): z
Bulklen (m}: 02 03 ) P
Bulkheight (m): 0.1 0s oflen 2 A

Bulk base height (m): [0.16 os «fb /-/

U7, Zuljunupd fulmpph jméuwl wyunnnihwip

Udundwnwugdus hudwljupgh dhenjp: EiEjnpudwqhuwljut jupungh
twhimgddw pnjnp snpu puuinhpubpp (04.6) nsynd Bt wjunnduwnugqus hudw-
Ywpgh tppnpy okpumd’ dhemmd: Ujunbn bEjnpuduqihuwlub jupmgp b
npu pununphsubpp tbpuyugdus bt hwdwywinwupjuwt npuubkph dhongny: Lhw-
nugptip HEjunpudwuquhuulut jujungh twhiwgsdw puplus snpu jpughpubph
nusdw Ukpnnubpp:

NMinhn juunph nsdwt tywnwlp bEjupuduqihuwaljut jujngh dwgih-
uwpwpd nidh wytt wpdtiph npnonidt k, npt mthpwdbown £ quugph wnwewunpyus
quiquép wnwownpus puguh swithny onmu wwhbnt hwdwp: Mugph nis-
Uwil hwdwp withpwdhown t wnwewnply hknljw) Untnpuyhtn vfjuibpp’ Jugnih
4ohop, Uty Jugnth Yufunglibph pubidyp, HEynputugbhuwlut julngh wyhu-
wwtipught onuyhti puguiyh yuthp, fEjnpudwguhuwlut jupngh swthbpp, dwg-
thuwjuph wynpuuwnh nkuwlp b hwyquplubph wthpwdbownm fogpuinipiniup:

Udunduunwugus  hwdwlupgnid  wuwpuwdbnpbpp  tbpuyugdnud G
mag_suspension nwuhlt wuwwnljwiny winwdubph wbkupny [9], npp tyuwnwlt k
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ul.1-nud wunlipduwsé Jujungh b nput hwdwwywnwupwb yupuwdbnpbph tkp-
Juyugniup: mag_suspension nuuh opjkljnp mag _model nuuh winwd £ b oquw-
gnpéynid E hwdwywnwupiwt hwpqupljubp Juwnwptine hwdwp: mag model nuup
EEyunpudwgquhuwljut juhngh [5]-nud tjupugpus duptdunhjuljut dnpbkih
hpuwjuwtwugnidia £ C++ spugpuynpdwb 1Eqyh dhongny [9-11]: Uyn nuuh hhdtw-
jut byuwwnulp hwdwywnwupwh htnbpdljuh wywhnynudu b EEjupudug-
thuwljut yuwpungh ninhn b hwjunupd pughpubph (nsdwi, husybu twb junw-
Jupdwi thupnyph hwpdupldwt hwdwp: Bqupydus pughpubph inisdwb pi-
pugpnud unugus pojnp wpyniupubpp wwhuywignd Eu susp_data inhugh uwinpnily-
wunipuynid, nph opjljnnp thnfjuwiigynud k mag model-ht hwdwywunwupuwt htunkp-
$bjuh dhengny calculate_direct [9, 10]: Ujuughuny, mnhn utighpp nistynt hudwp
wuhpwdton t mag suspension nuuh b susp_data unpnijnnipwjh opjklnnkpp
thnjuwigh] mag_model nuuh opjkljnpti wyn nuuh hwdwywwnwupw htnkpdtjup
Uhongny, hul] hwoqupljubph wjwpwnhg hknn wpynibpubpp hwuwubh Yhuku
thnpuwmigyws susp_data unnpniljninipugh opjkljnh thengny:

Zujunupd pughpp ninphn pugph (nwsdwt vinnignnujut hwydupli k [5],
b ninhn juugnph pusdwb pupwugpnid uvnugus wpyniupubpp hwjunwpd paungph
Untnpuyjht ndjuukpt ki Uju nhypnd dwquhuwpwpd nidh hwpdupldws wp-
dtiph hhudwt Jpw npnoynud | LEjunpudwquhuwlwt nidh wyt wpdbpp, npp u-
nnn k qupqugil) twhiwgsynn Juhngp [5]: Ujundwnwugdus hwdwlupgh dhen-
gny hwljwnupd ptnhpp musknt hwdwp hwupludnp £ mnhn jotnhpp (nsknig
htwnn Juisk) mag model nuuh hudwwywnwuhiwb $niuljghwi’ calculate_reverse,
thnpuwtighny susp_data unpniljiinipugh wyt opyilnp, npp thnjuwtigyk) kp ninhn
huunhpp (nustint hwdwp, pwth np wyy susp_data opjljinp wytt nupwnbkph wpdtp-
ubpp, npnlip wthpwdbown L hmjunupd punph msdwt hwdwp, twhwybu hwy-
Juplyty b uljqpuupdtpuynpyty Eu ninhn pugnh insdw dudwbul:

Zujunupd juinph msdwt pipugpmy uwnwugyws wpdtputpp inyguwbu yuh-
wuynid L susp_data unnpnijinnipugh opjijnh hwdwywnwupjwt ygupnbpnid
b wyy opykljnh dhongny thnpuwigynid junwjupdw thwpnypp hwyduplbn [6]
hwdwp twhiwnbtudws mag model nuuh calculate_coil dniuljghuyhtt nt junwdup-
dwb thwpnyph hwoduplh wjwupnhg hbnn hwuwibh o guntind tnyb
susp_data unnipniljiinipugh opjiljnh thengny:

Uoklip, np susp_data unpnijiiniput pwwn Juplnp Gowbwlnipmit niuh
yYtpp tpdws puunhpubph pusdwt dudwbwly® withpudton dntnpughtt ndjutkph
b punnh (nsdwt wpyniipubph yuhywidwt hwdwp: Uju pughpbbph jmsdwt
hwdwnp wjunndunugjus hudwljupgh hwdwyunuupuwt hunduist nith ly. 8-mud
wuunlbpjws Junnigyusdpp [9, 12]: Ujuntn steel nuup ukpjuyuginid t dwqup-
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uwuph hwdwp pnpdws ynnuuwnh nbkuwlp: Lokup, np twpawgsynn hwdw-
Jupgh hwdwp unbnédyt) £ ynnpyunh nkuwljubph gpunupwi, b jupingp bw-
huwgdnn hudkubpht htwpwynpnipmit £ wpynud ptnpl] hwdwwywnwupwt nk-
uwljp: bp htippht steel nuu pungplnid k curve nuuh opjkljnn, npt oqunugnpdynid
E dwqupuwpunph hudwp pinpdus ynnuunp duqthuwlub Ynpp tbpujuging
dwqthuwlu jupjusnipjut b dwqihuwlwb hunniyghugh wpdtputpp npnobine
hwdwnp:

mag_model

calculate_direct(SuspDataType& D)
calculate_reverse(SuspDataType& D) SUSp_data
calculate_coil(SuspDataType& D)

run_all(SuspDataType& D) typedef struct

{
float Fi_m = 0.0f;

float Fi_s = 0.0f;

float U_in = 0.0f;
float U_out = 0.0f;
mag_suspension float mag_B = 0.0f;
float mag_H = 0.0f;
float U_gap = 0.0f;
set_a_m(float am) float U_base = 0.0f;
get_a_m() float mag_B_base = 0.0f;

set_b_m(float bm) float mag_H_base = 0.0f;
get_b_m() } circle;

:

steel curve

get_H(double B) "—’ get_value_X(double Y)
get_value_Y(double X)
init_curve()

string file_name;

Uy 8. Bjkhunpunduqbpuwmlul ufungh nighn b hulunupd pbnhpbbph iniduwi hunfup
hwprumnbuyws wynndunugyus hudwlupgh huwwngush junnigyudph UML
aEplupuignidp

Zippwljut jutghpp, npp jupnn B pmsty dpwlpjws pugpuyhti gnpshpp,
EEjunpuduguhuwut jujungh owwnhdwy punipugpbph npnonudu & [10]: Uju
tywinwlny mag_model quut plpwpdwlyty k tinp’ ratio_mag_model dwinwliq nuuh
uwhdwbdwb Jdheongny, npp htwpwynpmipmit £ wiwjhu hwnntl) Equwbwlng
uljgpimpdtpuynpk] mag suspension nuuh opjkljunp: Uju uljqpmapdtpuynpynid k
EEjunpudwugquhuwut ujungh swthtph dhob hwpwpkpnipjnitubpp tjupugpng
gnpduijhgutinh dhongny [7], npnug wpdbpubpp punpdnud B twpuwybu vwhdwidws
wnhpnyphg b uhwwiynwd susp_data nuiuh dwnwqg ratio_susp_data nuuh thongni:
ratio_susp_data npuuuh opjtljuip thnpuwbigynud  ratio_mag_model nuuhtt’ LjEjunpw-
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dwquhuwlwb Jupngh nminhn, hwjunwupd ptghpubph (nsdwt b jurwdupdwu
thwpnyph hwpquplubkpp juwnwpbnt hwdwp, npytugh hwenpn thnynid nsyp
oyyinhudwugdwl jainhpp (. 9) [9-13]:

0
' SuspDataType :
b H
.~ ]~~~ """ """~~~ °°=< T
mag_model ratio_mag_model '
calculate_direct(SuspDataType& D) init_suspension(SuspDataType& D) ratio susp, data
calculate_reverse(SuspDataType& D) run_all(SuspDataType& D) - -
calculate_coil(SuspDataType& D) def
run_all(SuspDataType& D) ;VPe ef struct
std::optional<float> k_e;

std::optional<float> B_air;

std::optional<float> k_m;

std::optional<float> k_mm;
std::optional<float> k_x;

mag Suspension std::optional<float> k_h;

std::optional<float> k_delta;

std::optional<float> k_p;
set_a_m(float am) } cpack;

get_a_m()
set_b_m(float bm)
get_b_m()

’ T

‘ susp_data

typedef struct
steel curve (
float Fi_m = 0.0f;
float Fi_s = 0.0f;
get_H(double B) ‘ | get_value_X(double Y) float U_in = 0.0f;
get_value_Y(double X) float U_out = 0.0f;
init_curve() float mag_B = 0.0f;
float mag_H = 0.0f;
string file_name; float U_gap = 0.0f;
float U_base = 0.0f;
float mag_B_base = 0.0f;
float mag_H_base = 0.0f;
} circle;

U.9. ratio_mag model b ratio_susp_data nuukph Junnigjudph UML bbpluyuignidp

Npuytu oyynhdwjmugdwt juunph (nisdw wignphpd oqgunuugnpédynid k; ghuk-
wnhl wignphpedp (7], hulj npu hpujubugnidp wjnndwnwugdus hwdwlupgnid
ubpjujugubint hwdwp vwhdwiymd E GenOptimizer nuup, npt hpujutwugunud
t gklikinhly wygnphpuh popnp withpudbon gnpdwenypibtpp” twhibwlub ynugngw-
ghuyh untindnudp, pwswubpnudp, Untinughwb, wnwbdiyuljubph phunpnuda b nk-
nupwphunid wpnkt gnynipinit ntikgnn wnunijjughuynid [9-11]: Uju nuup ogunw-
gnpénnhtt htwpwynpnipnitt £ nwhu hwbdtwpunpt) bwpiptnpus tyunulju-
jht nrulghwb, ulqpiwljutt wnwnijjughuyh dbdnipniup b jnipupwignip hnk-
nughuyh pupwgpnid pwswubpynn wnwtdywljubph pubwlp:

Lyywnuljughtt dnitiljghwbbpp ogunugnnpénnh Ynnuhg vwhdwbidué hwwnnily
nuubp Eu (pniuljunnp) [12]: Ugunndunwugus hadwljupgmy jnisynd B vwhdwb-
Jws tptp tyunwljughtt $nilyghwlikpny ownhdwjugdwl pnhpukp Jupingh
ujuqugnyt LEjunpuljui hqnpnipjut npnonid, juijungh wjnhy ymptph (ynhtd b
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wnnuyuwn) tjuqugnyb qguh npnonid b tJuqugniyt Uhohtt punwlyniuughtt obnnid-
ukpt mywhnynn puquiusmthwhowhtt oyynpdwjugdw jaunnh (nidnud:

Oyunhdwjugdwb gnpdplipwgp ujubnt hwdwp unknédyk) & GenOptimizer
nuuh opjiln’ thnfuwbighiny tyywnwlught $nrtiyghwyh whwp: Upy opykljinh then-
gny Jubsynid k runOptimization hwdwyuwnuupjwt wunud-$niughwmi: Owywnp-
dwjugdwt wignphpdh wnwybkjugnyt hnbkpughwutph pwtwlp [10] wquwnlbp-
Jws ophiunid hwquip k. v GenOptimizer nuuunid nwhdwiqus twppbwljut wp-
dtipt L, npp oqunuugnpdnnp Yupny b hinjub] hwmdwywnwupw hunkpdtjuh dheon-
gny: Oyunhdwjugdwi gnpdpupugn wjwpntinig httnn Spughpp Jpotwlju wpn-
jntupt wpunwdnud E Eyputthn jund gpnud E hwidtwpupgus duynud: Ujuntn wyuh-
wubyws wpyniupubpp Jupnn ko ogqrnugnpsyty npybu uljqpujub ynuynijjw-
ghujh wpdbpbp hbppuljui oupnhuwugiuh gnpdplipwugh dwudwbwl: GenOptimizer
nuu wnynijjughuyh jurnigquspp tkpjuyugyus k uy. 10-nud [10, 12-16]:

GenOptimizer
runOptimization() PowerFit
createlnitialPopulation()
doCrossing() operator()(auto&, auto&)
doCrossing()
finishOptimization() . .
PriceFit
? operator()(auto&, auto&)
‘ L SuspDatalype | PowerPriceFit
ratio_mag_model operator()(auto&, auto&)
init_suspension(SuspDataType& D)
run_all(SuspDataType& D) -
ratio_susp_data

typedef struct
{

} cpack;

U 10. Uyjunndunnugyus hudwlupgh GenOptimizer nuiup Junnigyudph UML
aEplhuguignidp

Bopulugmpinii: Ujuyhuny, dpwuljyt] E wjnndunwugyws hwdwlupg, npp
htwpunpnipinit £ wwhu twpwgsdt) «dwugily quwugph HEjnpudwgihuulu
Juwfungp, (nusk] twhiwgsdwt ninhny b hwjunwpd jpunhpubtpp, npnoky junwygwunp-
dwt thwpnyph wupuwdbnpkph wpdbptbpp, hsybu twb hwoupyl] Jujungh
puntpugpbph oynpuw) wpdbpltpp hwbdtwpupguws tyunulught $nblghw-
ukph hudwnp:

Upprunnwbipp unnupyly b Zuywunwip wqquyhl ynjpunbpbhulol huduyuw-
pulh «<Ujunnduwnmugnid o B Eunpudugihumlub hudwlupgbp» puquyhl ghunwhbunwgn-
wnwlul jupnpunnnphuynid:
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H.I'. YYXAKAH

ABTOMATHU3UPOBAHHAS CUCTEMA INTPOEKTUPOBAHMUA
SJIEKTPOMAT'HUTHOTI'O ITIOJABECA IIOE3 1A “MAI'JIEB”

OO6cyxaeHpl 0COOCHHOCTH MPOEKTHPOBAHUS JIIEKTPOMATHUTHOTO IIO/IBECA Moe3na
“MarzeB”. Pa3paboTaH HHCTPYMEHT IPOrPaMMHOTO OOECIICUeHHs], MO3BOISIFOLINIT aBTOMA-
THU3UPOBATH MPOLIECC MPOSKTHPOBAHNUS 3JIEKTPOMATHUTHOTO ITOJ[BECA C 3a/IlaHUEM 3HAYEHUH
BXOJIHBIX IIAPaMETPOB M ONpeJIeNICHHEM 3HaUCHNI XapaKTepHbIX BEJIMYMH IoaBeca. B pas-
paboTaHHOM aBTOMaTU3MPOBAHHOM CHCTEME PEIIAIOTCS IpsiMasi 1 oOpaTHast 3a/laukl MPOEKTH-
POBaHUA BJICKTPOMATrHUTHOTO IMOJBECA, OIPCACIIAIOTCA MapaMETPhbL 00MOTKU YyIipaBJICHUA,
OINITUMU3UPYIOTCS 3HAUCHUSA XapaKTCPHBIX BEJINYUH. HpeﬂCTaBﬂeHbl CTPYKTYPHBIC CXEMbI U
KJIACCBI CHCTEMBI.

Kniouesvie cnoea: moesn “MariieB”, 3MeKTPOMAarHUTHBINA TOIBEC, MPOTPAMMHBII
WHCTPYMEHT, aBTOMATH3HPOBAaHHAS CHCTEMa MPOCKTHPOBAHUS, MAaTeMaTH4ecKas MOJEIb,
CTPYKTYpHas cXeMa, IienieBast QyHKIHS.

N.H. CHUKHAJYAN

AN AUTOMATED SYSTEM FOR DESIGNING THE
ELECTROMAGNETIC SUSPENSION OF THE TRAIN “MAGLEV”

The design features of the electromagnetic suspension of the Maglev train are discussed.
A software tool has been developed, allowing to automate the process of designing the
electro-magnetic suspension by setting the values of the input parameters and determining
the values of the characteristic quantities of the suspension. In the developed automated
system, the direct and reverse tasks of designing an electromagnetic suspension are solved,
the parameters of the control winding are determined, the values of the characteristic quantities
are optimized. Block diagrams schemes and system classes are presented.

Keywords: “Maglev” train, electromagnetic suspension, software tool, automated
design system, mathematical model, block diagram, objective function.
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Upguhih ywhnwut hwdwjuupwith hhdtwnpnidp jupbnp ppungupdnipni kp
unpuiijuju LEntuwghtt TMwpwpunh Zwubpuybnnpyut dwlnipughtt jjuipnud: Upguhih
wqquptulsmpjui hwdwp ndduphtt dudwbwlwdhengnid whnwlwt hwdwjuwpwih
hhdtwnpdwi gnpdpipwugh yundwghnwljui Jipuhdwunwynpnudp yuwhwbequs b hh-
owpdwt hnpbjjuut wpdbpuynplnt, wuwnbhwdwdnpkt punupuljut hwdwpdwlnipju
npulinpdwi b £4nit npnonudutinh pugnitidwt ns htnnt wigyuh thopdp nupwskint, unkns-
Jwd hpwiyhdulnid Upgujup Zwbpuwybunipjut pupdpugny Yppnipjut hwdwljupgh
wnwg Swnwgwd fuunhpubph (nusdwip wpynibwdbn dninkignudutp gquiknt wenidubpny:

Uny nuunidtwuhpnipjut tyuwnwlj E wuppjuhduyhtt thraunwpnpebph b ulqpbwnpnt-
pujht Bpwbwlnipnit dknp phipwé wohiwnnipnitubph YEpnismipjut hhdwb Jpu wd-
ponowguty] Upgujuh yhnwlwt hwdwjuupwuh hhdtmwnpdwu gnpspuipwugn b JEkpuhdwu-
nuynpl] gpu yundwlud tywhwlnipniup Upguwjuh Zubpuybunnipjut wqquyht (hw-
1kgh) ghnwlppuljui hwdwlwpgh mbuwulniuhg:

Ujn tyuunuljptt hwutbnt hwdwp wnwgwnply nt 1nistk) kup htnlbyw) hnwgnunw-
Qut fnunhpubpp. twh gnyg up vt Zuyjuljuwt MUZ htn Jkpudhwynpdtne LOYPU wgqu-
phwlysnipjul Swjwjws dnnnyppyudupuliu yuypuph hwudwp Z0UZ pupdpugny Yppu-
Jub hudwfupgnud Yhpndujwih (Qdwiwdnph) yhnwluwh dutjujupdufui htunhuninp
(4UDP) Unbthwtwltpnh b Z0UZ wyp yhinwlwb pnithbph dwubwgnintph (pudwindnip-
ubkph) tbpundwi hiywbu Yppuljul, wjhybu b punupuljwt nt pupnjwhngbpubiuljui tpw-
twlynipniiup, 2UZ poithwljut hwdwlwupgnud Unbhwbwlpunh ginwluwt dubudup-
dulju btwpuyhtt ptunhunninh dudwuwuynp thwlnidhg htnn vinbndjws YUP Unbthw-
twlipnh pwdwidniuph b 2MN&Z2 Unbthwtwlbkpnh dwubwgninh pingpinudp ghuwpyby

11994 p. wjwpul) £ L2 yundwpwbwuhpulub pwlnyunbnh «lundnipnit b onwp (kqn, pw-
dhip: 1999-2023 ppe. UpMz wununipjul (wjinthknl’ wundnipyub b punupwughnnipjut) widphnbh
nuuwunu, 2008-hg’ nngkinh wupnnwluwnwp k:

21990 p. hniujuipht towbwlyt) k Bplwbh wynhnbuuhjuljwut htunhununh htiowju bwlnyntnp
Uunbhwbwlkpuh inpuunting plphwinip nkjubhiulut pudwiiniiph wiopkl, 1991 p.” GpMk Unk-
thwbwlkpunh dwubugmnh nbopkl, 1992-hit’ Uknbught Ywpupunh (hbwnwquynid” Upgwuh) whnwlui
hwdwjuwpwith wpweht pkljinnp: 1994 pywljuih hnijhuhg wohiwwnt) E UpMZz $hqhluyh wdphnuh nn-
ghtun, 2004 pYwlwith hnubdpbphg wiphnth Juphy: 22 dwiuwjupdwhnghpubwlui ghunnipymb-
ubiph wugbdhuyh hujujut winud-wugtdhynu & T2 b 22 dh owpp hudwjuuputitiph wwwnyunp
nniunnp nt ypndtunp:
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kup LNPU hhdtwpy-dkptwpynipmitbtph’ 2002 hwdugwinuuhwb juenygibph ke
ukpwntkint hinwujupuyhtt punupuwinipjut hudwinbpuinnud, Jipuhdwununply tup
2uU02Z-h dbp hwypkwlhgutph gnpénit wowlgnipjuup funphpnuyhtt wdpnnownhpnipjul
wuydwbbkpnud opkiunpujutt nt pnipnjpuunuljui junspunnunutpp hwennnipjudp hwn-
pwhwpbnt twiwugbyp, Upguwjuh yhnwlwi hwdwjuwpuwih hhpdtwngpnidp jupbnply Gup
npyku L2 whnwwinpjut anphpyuthpubphg b npuljudnpjws junptph nuppingub-
nhg ukyp:

Unwigpughll punkp. Yppnipmnih, hwdwjuwput, hwipuwybunienil, hnphjub,
Upgwjuh Zwipwybunnipeiniy, Zujwunwl, hhdbwnpond, yuonnbwlui pugnid, Cwpdnud:

Pusybu jnipupwignip whnnipjut, wjiybu k) tnputjwpe LEntwjhtt Lw-
puwpwnh (Upgwuh) Zwbpuybunnipjut dpwlnipughtt jjutpnid hudwjuwpuh
hhdtwgpnudp Juplnp hpugupdnipnit kp, nph wpwbdiwhwinlnipniuitnhg
hwwnljuipbih L, np wyt hupuhtt htwpwdnp tp nupdl] Upgujuh wqqupbwlsnt-
pjut hwdwp ndjuphtt dudwbwlubpnd, Unpplowth nwquuljub wgpbuhuwght
phiwgqpuytnt wuydwbthpmd: LEntughtt GYwpuwpunh yhnwlut hwdwjuwputh
hhdtugpdw gnpépupugh wundwghnwljut JEkpuhdwunuynpnidt wpghw-
Jwl E n wwhwigyws hhowpdwi hnphpjuih wpdnpdwh, wwnbhwdudnpbi
punupwlu hwdwpdwlnipnit gpubinpbnt b £4nit npnonidubp pugniubng, ny
htpnt whgyuh thopdp nwpwskint, vnbndduwsd hpughdwlnud Upgwjuh Zutpu-
whwunnipjut pupdpugnyu Yppnipjut hwdwljupgh wpwy dwnwgws futinhpubph
nsdwbp wpynibwdbn dninkgnudubp quubint, twhunbuyuwght ophtiwlp ykpw-
hdwunwynplnt tjuwnunmdubpny:

Unyb nuunidtwuppmpjut byunwlt b wppuhyujhtt hruunwpnptph b
uljqpiwnpnipwyhtt iywbwlnmpini dknp phipwsd wpjpwwnnipmnitutph hhdwb Jpw
wupnnowgt] Lntwght Mwpwpwnh (1996 pwluihg Upgwhih) whnwlub hw-
dwjuupwh hhdtwnpdwt gnpdpipwgp b JEpuhdwuwnwynpl) nppu yundwljub
wpwbwlnipjniip Upgujuh Zubpuybnmput ghnwlppuljut hwdwlwupgh nku-
wllnithg: Uy tyquunwljhtt hwubbnt hwdwp wnwewnpk) tup htwnlbyuy hknw-
qnuuujul juinhpubtpp.

w) gnyg ) Zuyjuiut MUZ htn Jepudhwdnpytnt LU wqquptwlsnt -
piut dwjuyws dnnnyppudupuljut wuypwph hwdwp ZUZ pupdpugny Yppw-
Juwt hwdwlupgnud 2ZUZ ywhnwlwt pothtiph Unbhwbwlipnh pudwidniiph
nt dwubw&ninh dhwynpdudp unbnddus Lintuyhtt Ywpwpunh yhnwlwi hw-
dwjuwpuwh thpundwi hyybu Yppujul, wjuybu ) punupuljut nt pupnjw-
hngbpwtwljut tpwtwlnipnip,

p) 2ZvUZ pnthujut hwdwlupgnud ZvUZ whwnwlut pothiph Unbthwbw-
Jtpinh pudwtidniiph nt dwutwgninh dhwynpdwdp unbindqus LEntwghtt Qw-
npupwunh ywhnwlwb hadwjuwpwih puggpldw gnpépipugp gphnwpyl LU
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hhdbwply-dkpbwpnipmniiph 202 hwdwywinwupiwb juenyggibph dke hi-
wnbgpbnt hipwtljupuwyhtt punupuljuwim pjut hwdwnbpuwnnud,

) Ybkpuhdwununpl) 2ZvUZ dbkp hugpkuwlhgubph qnpénit wgwlgnipyudp
hunphppuyhtt wdpnnownmhpmipjutt Wuydwbbpnid opkhugpujutt nt pnipnlpuw-
nwljut junspiunnunibpp hwennnipjudp hunpwhwupbint twhwunbwp,

1) Upgwjpuh ywhnwlwt hwdwjuupwuith hhdtwunpnidp jupbnpbk; npybu
L2 whinwlwunipjub anphputthputphg dkyh b npulurnpjws jungpbph qupp-
ungh juyugdwb tyunujuujug gnpéplpwug:

Upguuh ywhnwlwt hwdwjuwpwith hhdtwnpdwb gnpdpipughtt wunpw-
nuipdl) bt hsybu pothwljuwt hwdwljupgh tbpluyugnighsutpp, wjuybu k Up-
gujuh wuudnipjub inpugniyt spowp ubpjuyuging yuundwpwibpp: Mungpn
wnwpluw phdugh ntuntdbwuhpjuwdnipjutt wunhdwih tkpjuyugnudp, Jupsnud
kup, htwpuwynpnipinit Ypudtnh ny vhuytt yunljtpugnid juqdl] ppu gundw-
gnnipjut dwupl, wy] twb npnoty unyt tinntph htinhttwlubph wknp hhdbwpunph
ghnnujut ntuntdtwuhpnipjut gnpénid:

Upgwjuh whnwlwt hwdwjuwpwih uvnbpsdwt gquundnipmiip hwiqu-
dwbwhg niunidbwuhply b uljqpiunpnipibph nt hpudujuquljbpyulut hwuu-
wnwpnpelinh hhdwt Jpu wnwdhtt gppbipnud® nt ghnwjut hnypusubpnid hwi-
quuwtwhg pwpunply £ 1993-1994 pre. nkljiinp Upyyuwn Uduitbuywip: UpMZ unbns-
dwl, tbpunyuy juyugdw gnpéplpwugh nunidtwuppnipniuibpp tw hknwqu-
mud owpnibwl by | wy dwubwugbnubph hinhtuuygnipyudp®:

8 Ujmbbwulr U, U, 1N\N2 (UpN2). huyjulub tplipnpn whnwjut hwdwjuupu(1990-1994 ppe.), U,
«Yhquy wynius, 2008, dnyfp Upgwluh pothwlui hudwhwpgp b ghwwyppulwh dkpoidp, U,
«Yhquy wynius, 2008, 13-83, fagyéh Upgwluh yhinwlui hudwjuwpwl. dudwbulh yuhwben]' dw-
dwbwyht hwdwpuy): Uppjuhquyghtt nipbph dognduisnt, Zujuwunwih yhnwjwt fupunupughnuljui
hudwpuwpub (Mnjhukthy). bp., Swpnwpugtn, 2011, éegik Upgujuh ghunwyppalui hudwlupg.
Yujugiwh pipugp, qupqugiui Uhnnulukp, Un., «thqul uynws, 2011, ke 35-110, &nylp  Upgujuh
pothwljut hwdwlupgp. U, «thquly uyniu, 2013, te 63-175, Asanecan A. C., Apraxckuii rocy1apcTBeHHbII
YHHBEPCUTET: 1O TPeOOBaHUIO BPEeMEHH — B HOTY co BpeMeHeM (COOpHHK apXHMBHBIX JOKyMeHTOB), E.6., Apt-
npuHT, 2011 b wy

4 Ujmblwml U, U., Udwpwuhg dhtish Lintwghtt ©wpwpunh whnwljwh hudwjpwpwt: Twbljudup-
dwhnglhpwtwljub ghnnipniiutph wjunbkdhw, ghnwlwt hnnjusubph dnnndwsnt, 1V, Bp., 2005, ke
33-45, hoylh, Zwdwuwpuwbwlwb Yppoipjut dhwynponidp Upguwjumd b tpw htwpuwnp tkpunnudp
dhowqquyhtt Yppwljut hwdwlwpgnud: Uwijudupdnipjut b hnghpubnipjut hhultwlinhpubp,
Uhgpnthwljwt Ynbunpghmuh ghunwlwi hwinbu, 1 (4), Bp., 2009, ke 22-23, bnyih Zudwjuwpubulwb
Yppnipjut gnpdplipugp Upguinid, «Ukupny Uwpwngs hwdwjuwpuith «Lpuwnnw, N 1, Un, 2007,
b9 3-27 Luyl:

SUjwhbwywl U.U, Zupmpmilywi 9.2., Uhgwlwpg dwubwghnwlwl b pupdpugnyh Yppnipjui
hwdwupgp LLVPU-nd b LEptwght Twpwpunh Zubpuwbnnienianud (1923-2018pp.), Zwwnnp 4-piy:
U, «Yhqul wyyniu», 2019, by 343-382, 4 an A.C., Apy an I'.A., Cucrema cpeHero npogeccHOHaILHOrO
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Upgujunid pupdpugnyu Yppnipjut hhduwpunhpubpht wmbnpunwpdt) Bu
tub Zuywunuth ponthwljwt hwdwlwpgh wyt wpwewwnwp dwubwgbwnubpps,
nyphp dwiipwlohr wuty Lu niukgh] Linbuyhtt Twpwpunh yhnwjub hwdwg-
uwpwih unbnddwb gnpénid:

unpn wnwpyu ptdughl, twbtwuduin Upgujuh wquunugpujut ygujpu-
nht, UpNz dwubwlgnipjut hhdtwhwpgbphtt wigpunupdl £ owb gundwput
Uhbtp Zwupnipniyuip”

Zudwjuupuith yuwudnipjutt npny hwupgkp pruwpuitws b hnpwgpu-
Jub?, JEhuwgpuljut b wy) punyeh hpunnwpuwlnipjniubpnd:

Zudwjuupwih hhdwugpdwt b juyugdw gnpsdpupugp nruwpwily b awb
wuppbkpuut Jwudnynud?, npunbn hwiinhynd Bu nipwgpuy ghwhwwnwljuikn,
npnup Juplnp B uny nnumdtwuhpnipyut whppipughnwljut wnwundp hwpu-
nwugukint inkuwulynithg:

Upguyub owpddwt Jipuquppeniuph sunphhy hwdwdnnnyppuljub wyuy-
pupp Wjwdnidubphg Yupkh B hunjuiol] yhknwujuinipjut unkndnudp, htsp
nuquupunupuljutt dwpunwhpuwdbpiubpp hwunpwbhwpbne twpwgpuyukp &
unbtnsdt: Upguwjunid yhwnwljuwb shtwpupnipjut wnwbgpuyghtt ninnnipiniuttphg
Ukyp Yppnipjui qupqugiwi gpuduljwip, hpududp hwdwpdby b Zujuunwuith
Uppwlwi hwdwlwpgh Uk wyli htnkgplip: Puswbu hwynuh b Upgwhywul
owpddwl ywwhwbeubphg kp huy pwlsnipju huykgh Yppnipjut wywhnynidp,

u Boicuiero obpasosanus B HKAO u Haropho-Kapa6axckoii Pecriyonuke (1923-2018 rr.). Tom uerBeptsiii. Cr.,
JHuzak mroc, 2021, ¢. 317-354:
¢ Unylypwiywlh U, Linuughtt Ywpwpunh whnwluwb hudwjuwpuwih vnbnddwb wynibpubpnwd, Bp,
1998, Egnjuls £}, Pupdnugnyl Yppnipjul fuinhpubpt Upguwifunud 1988-1992 pp., «Lpwpkp hwuwpulw-
Jub ghnmipnibtkph», N 3, 2009, Ly 285-289:
7 Puyuymly [}, Puqugmb (.U, Zupnypioclyul U. U, Znipudunyul ujupwiiph, Un., «Thqul wnius,
2002, Utjuunipjut whpyuyutpp: UpMZ2 ntuwbngubpp Upgupygut wgquyhtt wquunugpujutt yuypwph
wnwphiibphl, Pupuyub 9.0, Pupuyub (U, Zupmpmnigut U.U., Bp., «Quiquilj-97», 2009, Zwpnipm apuh
U, UnMz-u Upgujyut wqqujhti-wquuinugpujuts yuypwph wwphiubph, UpMz ghnwfub pupbp-
gnudubp/Qtynignudbiph hhdtwnpnypitp, 20-21 wwyphth 2009p., Bp., «Quiiquily-97», 2009, te 6-8, bnyih’
Upguwjuh duyp poithh ntuwbnnnipmniap hwypkuhph wuwpwnwwinipjut nhppipnud, «dvunun Yndiuup
nwpwswopowh qupgqugdwi gnpsnty. L2 b 22 wuljuwhunipjuip tdhpdws dhpwqquiht ghinwdnnnyh
wniphp, Gp., 2011, ke 235-244, UpMNZz dwutwlgnipmniup Upguhyul wqqujhti-wquuinugpuljuin uyuy-
pupht/Pupuyuib [}, Zwupnipmniyut U, Uupnidjub U, Ununwdjwt U, Uw., 2012, Zupnipmpiiyui U,
dhpuinhtt wqquhtt wmquuugpujui tnpopju wuypwpnid Upguijuh duyp pnithh nbph dwuhb, Upguhih
whnwwt hwdwjuwpwih «Fhnwlubt nknkjughp», Mpuy 1, Un., UpM2 hpuwn, 2015, by 244-249 hu:
8 Pupubgyul U. B, Swljuunwugnh pwyniphukpnud, Unbthuwbwlbpun: «<thqul wpynius hpua., 2017.-
264 to (hwdwjuwpubh dwuhb' by 204-240):
® Upyuwwn Uduibuywb. «Fhnwluwlt ynnkighw) mubkup» (hwpguqpnyg),«Upgux(LN2 Fhpugnyl
lunphpnh wupnntwptpe), N 82, 29 ptunbtdptph 1992 p., ke 3: Unpnuniywb U, Pmhh wwpbnupdp,
«Upguijur, N 112, 13 hnljnkdpkph 1993 p.: Zupnipmbyut U., Mundmpndy, ph onwp (kqnt (Uhuw-
phup Yhuwphl, Uunsniip Uunsnit), duwskis (Zuuupululjui-punupuljub phpp),N 1, 13 hmuguph
1994 p., ko 3: Upyuwn Uduibujwt. Ubkp tpuquuptbph tnpuwsht dwindjp, «LN hwdwjuwpuin
(LEntughtt Y wpwpwnh whnwljub hwdwjuwpuith yquwownnbwpbpp), N 1, hnttdup 1994 ., ke 2:
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husp, pun tnipjuit, htwpwynp tp dhwy huptwdup dupgp Zuguljui UZ juqd
JEpunupdutint punphhy:

Uju hudwnbpuinnid wnwowtighly tywbwljnipinit kp unnwgl] pupdpugnyu
Yppniput tkpurnudp ZUZ hudwyunwupuwb hwdwljupgnud, putth np npnpunp
qupqugdui b Upgupyut swpddwt byyunwljikphg dkhh hpujuwgdwt wy wpn-
miuuybn dwbwwuph shup, dwbwduin np Ugpphowtwljut MUZ duypuwhbnu-
Jut hopjpwinipniuubpp wdbt Yipy wnbndnud Eht wphtunwljwt jungpungnunitp:

Quinuthwpwpunupwljutt Wuypwph nt nknkjunjuljui-pupngsuljut yuw-
nkpuquh yupdwbikpnd TOAU dhwl) pathh Unbthwiwlponh wyhnwlob dub-
Jujupduljwi htunhnninh ypnpbunpunuwuwunuwlui b ntuwbinpuijut whd-
twluqutpp Juplinp wowpknipnih uvnwidikght' hpkg dnwynp nt juquw-
YEpuswljut Jupnnnipnitubpp swrwykgubing  hwdwdnnnyppujub swpddwt
Swjujdwin: dnnnypujupuljub pupdndp nkypbuphy dbpnpubpny dupkint Uun-
nigpny nupjws wnpphewigh Ymuwlguljwi i junphpryught wwownniywltpp ph-
npupiuynpkghtt dbp jujugnyt dnwgnpuljubibphtt b ntuwbnnubpht, punhwi-
puwbu huypkiwubp dnudnpuljuibtph quppingp qupdws  Unkhwbwlbpnh
whnuljut dubtljujupduljut htunhwnnunp, npp (nswupdbg dhnipbwljut junw-
Jupmpjul’ MUZU dhithunpbph junphpnh 1988 p. hnluikdpbph 14-h npnputundpl:

Npnodwt nbkpuinnid Jupstu ph wpunwhwjyndws kp Upgujuh huy phwlysne-
prutt uy hndp, np htunhwnninh htn hwljynd tp twb LOYHU-nd Ungpplowiiu-
Jut MUZ donnyppujut Yppoipjut dhthunpmpyut pothwljut hwdwlwupgh gn-
mipjut b unphpnujhtt Uhnipjut Epynt umpjknubphg dbhh qunnipuwnhpw-
Jwt hwjuwltnipnitubpp unphpnutignn Undbunwlut Unppiowtih 60-wdju wp-
miunun ubpjuynipjut Jkpght top: Bhplhu wju mpudwpwinipju hwdwwnbpu-
unid Jupbjh £ huuljubug) htunhnnunp dadwbwljugnpugtu ajbnt Undlniuh
Ltintwghtt Twpwpwunh dwpqyniuh b dngnppuljut yunguiwynpubph dwpqu-
1ht fanphpnh gnpélynuh wowgwpympynitp, npp, htywbu whtkpl £ pigpn wewplw
npnodwtt mbipuinhg, hwdwduwyubgyus tp  Ugpphpwtth Yndlniuh Yhunyndh b
UZU dopnyppuljut Yppnipjut yhknwlwt jndhnkh wnwowpynipjui htwn:

«Judutujuynpuytu» thwlbnt gpnypp Jupnn Ep tpputwnnipnia
1huk] wqquuihopub jupdws Uptnnpumd wyknpy Yppbp spappnplynt aljunw-
pnudny, Jud phjungpdus (hubk) hwjudwpunipyut shwignigunisqusnipjut wuy-
dwtbbpnud wywquh winpnpnipjudp, wnnihwinbpd, wjt wuwpwuph Gws dn-
nnypgh hwdwp hipttwdup dwpgnud hwiqudwipubph wipwpbhwenn npuuwyn-

0 Ujwhbkuypuwl O.U., Upguuh ghnwlppulut hudwlupg. juyugdwub plipwugp, qupgugdut dvhunud-
ukp, by 34:
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nnipjut nypnd, Ungppliowtwlwi MUZ donnyppuljub Yppnipjut dhthuwnpnt-
prut pnthwuwt hwdwlunpgh Jkpujkinutugdwut hpwjut Juubg kp akplu-
jugunid:

Pujuljutt wthwiquunugung tht twl wyy npnodwt Yhpwpldw hbnbwp-
ubpt wytt hwunh hwpdundwdp, np Unbthwtwlipnh ybnwljut dwtuwdupdw-
Juwl htunhwinninh wypphpwbwlwb pudhtip mbinuihndtg Cniph, wyjuhtip dwug
Jupnjwhnyyq Upguund, hul] whw hugulub pudhip Swbwdnph Zngh. Bnudub-
juth wijut dwijujupduljui htunhnninnid, wyjuhipt gnipu ppdtg dwpgh
wnwpwsphg, bpp wquuugpuljut wuypunph quputhwpwpunupulu thoynd
wjupwtt ywhwiggws thu tphnnwuwpy nt ghnnwljhg dwpphly: &hown L, jupdunb
himippuljunipyu pupwugpnid wpgujugh ntuwiingubkptt nt npuuwpinuttpp inp nid
hwnnpplightt dwbwdnph dbp huyptuwlhgubph dnnnppudupuljui supddwp
b tppuowndh yuwndwnny Jhpunupdwt Unbkthwtwlbpn, vuljuyh wyptght junp
guy nt hnghpwbwlwb gugndubp: Ujuyhuny, dwhuinnytkg Upguhyut swupddwt
Jhquljiinhg wpgupyyut dnnwnpujuinipjut dh qqujh dwuht hbinwgubint wnppk-
owbwlwb pniujghnubputiph dnwhnugdw hpwugnpénidp:

Uunbthwbwybpnnid pupdpugnyt Yppoipniup juqdubpybitn wihwp
Ep nupdund MUZU pupdpugni pupngh wyb dudwbwl gopdnn jubnbwnpni-
pintup, npp htwpwdwnnpku oppwtighnt gwtptpp wuwlytghtt Unbkthwtwljbpunid
Jubwdnph dwtjudupduljut htunhwnninh pudwidntiuph vnknddwdp: Zuyjw-
Juwt UZ dopnypyuljut Ypporpjut dhthunpmipjut §njkghwt 1989 p. dwpuh
13-h npnodwdp unwbdtnid Ep Unbthwbwlpnnid twpajhtt h(btunhwnninh wnu
b hknwjw nrunigdudp nruwbinnujub pubtwluljuquh Yppnipmiip oupnibwling
b nuuwhinuwlut juquh wohmwwnwtpp juquultpybnt gnpsp ': Uy b hknwuqu
puy bpp Zuyjulwi MUZ pupdpugnyg Yppnipjut hwdwljupgnud thpuntne dh-
ongny Ykpwlkunutwgnphtt Upgwpuh juquunisyws pupdpugny Ypenipmiin:
Juwbwdnph dwiljujupduljut htunhinnunh Unbthwwlpnh paudwindniip uinky-
Stint dwuhtt Zuguljwt MUZ dnnndppujutt Yppnipjut Ynjkghugh npnodwit b
Zuyujut MUZ donnypyuljut Yppomipjut dhthunpnipjut 1989 p. dwpwnp 15-h
hpwdwuh!? wkpunbtphg wluhwyn k, np wyn hnyd uplnp dintwplh hpuljwiwg-
dwtip 1ynud Eh ny vhuyt dwbwdnph dwtjujupduljut htunhwnninh, wyb Zw-
juutnuth wpwewnwip wy) pnthtph wwdbwlwuqutpp, npntp ympwlub, dbpngw-
Jut b wy) Jupgh wipwhwjiunhp ogunipnitt Eht gnigupbipmd Zugjuju vUZ
pupdpugnyt nupngh’ Unbthwiulbpunnd wewetklp hhuunpbym b juyughbyn
gnpdhi: Loyws hhdtwunhp thwunwpnpbinh ntuntdbwuhpnipniip hwigkgund k

1 Zwywuwnwth wqquyhb wphuhy, $. 1171, g. 1, g. 4, ppe. 41-43:
2 Zwjuwunwth wqquyhb wpluhy, $. 1171, g. 1, g. 30, ppe. 184-1863:
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wgt kqpuljugnipjuip, np, ujuwsd pudwbdniiph Jurnigusdphg, woawwnwmljhg-
utiph hwunhpugniguljhg, dwlnyyntnkph, wdphnuutph b dnie vnnpupwdu-
unudubph guthhg, 1989 . wwhwieyny $htwbvwynplw hwdwp btwpuwhwoyp
twfuwgsdhg, Jipgugpus pudwininiiph Jupswlwuquh b pupdpugnyt qupngh
Juintwljupgny twhuwnbudws dinie wphiwnwlhgubiph pnpoipyui, ghnwlju
hunphpph Juquh dAbwdnpdwl, ntuntdbwjwpnpunnp vwppuwynpnidubph, juph-
ubwnubph, qnuyph, qpujuinipjut b withpudbion wy wupuquubph Unbthwiw-
Ytpun nmEnuihnpjudwt juqduljipydwdp, hpujwiwgynid tp Zujjuljut UZ pot-
huwljwb hwdwljupgh wpwbgpuyht gnpshsukph owpkpny nt gnpénitt dwubiwmly-
gnipjudp: Ujn wnwpbimpjut junwupdw gnpénid winipuiwgh ghip £ junwunpty
Zuguljut vUZ dnpnyppuljub Yppnipjutt Ynikighuyh twjuwquh, dhthunp U.
Zwpunidjulip, nph punupwughwluwi nt hupktwuhpului phqujunudp unkns-
Jws hpuyhdwlmd Juwujunpnot) b twpiwdbnumpjut hwennmpiniup: bul] wyn
npnonidubpp Yyubph G §nsyt] dwbtwdnnph dwtjuupduljut htunhwnninh nkly-
unp [} Gynjuth Epwunmb owbpkph nt juquulbpyswlui hdnmpiniuubph
ounphhy: Zuyulwt MUZ pwdpugnyt ntunidtwlut hwunwinnipyut inpudninn
Upgufu unphppuitpnd E duygp Zuywunwth wpdwih quyuljubph wewlgnipjundp
guiljugus ndjupmpenit hunpuhwptnt b juplnp twhwdbninipniiibpp Yyutph
Unstint Ukp dnpnypnh wbhuwuwb Judpp, npp hhwtwh JEpwny npubnpdtg twb
1991-1994 pp. Zuypktwjut yunbkpuqund whwpg potwdnt wgpkuhuyght Jhw-
hwdnin nhiwqpuybint dudwbuly:

‘Lny nqny huptwdup dupgnud Zugulub vUZ dnua pochtiph pudwindndiip-
utph unbnédwt LVPU nhjujupubph twpwdwhiinpnipmniup kg hp wunniy-
ubipp. pugnud ndupnipnibubph hunpuwhwpdwdp 1990 p. hnttdunph 4-ht unbns-
kg Gphwuh ynhnkjpuhjuljut htunhnninh hkpwljw $wlniyintinp punhwinip
wnbputhjuljut pudwindniipp'®, npht Zuywunwh Zutpuybnnipjub pupdpugnih
Unpnipjut b ghinnmpyut ywhinwlw Yndhnbkh Ynikghugh npnodwdp 1991 p. ungbd-
ptiph 4-hu ounphdtg 2N&Z dwutwdninh Jupquyhdwl™: Unbthwbwlbpunnd
Zujuwunwih pupdpwgnyl nupngh tphpopy pudwidniiph hhdtwnpnidp huw-
pwynp tnuy 2N&Z nkljuinp 8nt. Uwpqujutth, Zuyuunwith donnypnuljut Yppnt-
pjut b puptwdup dwpgh huypbbwubp nEjwdupubph hbnbnnuijwt owupkpp
otunphhy:

Upguijunid yhwnwlwb shttwpupnipjub gnpépupwugn, ruquudwlumnnid
tjudué hwonnnipniuubpp pupbbiyuun yuydwubbp unbnstghtt hwdwjuw-

B Ujwhbkywi U.U.,, Upgujuh whnwlub hudwjuwpub. dudwiulh guwhwiyn]’ dudwbwlhit hw-
dwpuy: Uppuhquyhtt iyniptiph dnnnquéne, ke 20:
4 Unyt wnbnnud, ke 29:
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npui hhdtwngpljne hwdwp, hugp whnwlwunipjud unphppuwthoubphg vyt b Zw-
unttiugws hwupgp 22 junwupnipniind putiwplnig htnn 1992 g. holjnbdpbph
13-h npnpdudp unbndytg Lbntughtt QTwpwpunh whunwljuwt hwdwjuwpuip
(1996-hg Upgujuh whinwlwb hwdwjuupub), hsybu wn huunnwpneh dbe k
Abwlbpuyjus’ wyt «plingpybiny 22 pupdpugnyl Yppmippub b ghnnipjub Gw-
hrwpupnipjutt hwdwlupgnid»®: Ujg juplnp hpunwpdnipyuip bwhunpnl)
Unpguijuh Zubipuybnnipjut nhjudupnipjut b Yppotpjut piuqujunh tpufu-
nwynpubph wuownnwljub gqpugpnipniip 22 jurwjupnipjut hwdwywnwu-
ot ninpnh Wuunwupwbwwnnittph htw, npnip pdpnunudnyg Uninkgut b pun
wdktwjth tyuwuntght hwdwjuupwth hhdtwunpdwt quyuthwph YEhuwgnps-
dwtip: Uju gnpénud wpwbwluh Ep hwdwjuwpwih wowehtt nhljiinp Upwyun
Udubbuywih tbpppmudp’ hwjwlinn quyutwph YEiuugnpsiwi nugnnipyudp
htnlnnuiwt ewuptph nt juquulitpyswlui hdnnipmiuttph huwdwnpdwdp:
Ulpniown, tpw hwpupwdbninipinitiippn hwennnipjudp wuwlytght pupdpugnyu
Yppnipjut b ghunipyut gnpsh wyy whpjwiubph, dtp dnnnypph jwjugnyt dunw-
Ynpuwibph dhwhwunin gwuptph ouinphhy: ‘Lpwtghg hwwnljwuokih Eu 22 Jup-
swybn LU, Zupmpniyubp, 22 AY twppwpuph wewght nknujuy LA Qwphp-
owilyutp, 22 Y& hwpwpup 9.8. Funith, 22 AY twjuwpup 9.U. Zupnpniyyuinp,
Zujuunnwih whnwlwb dwpnwpughnnufuwt hwdwuwpwih pbjunp 8ni.L.
Uwpquuip, Yhpnjuljuih yhnwljub duijujupduljuit htunhwnninh nkljnnp
[r.z. Gynjup, 22 @UU wpkqhgkun 3.S. Uupquubp, 22 UU wugbdhlnu-pup-
nniqup 9.8, Puplnuupup, BpM2 pkjunp U2, Unwpbjuip, 22 @UU SER
wmbonkt (. U.Uwpuhpnuuip, 2N&2 yponkunnpubp U.Z. Unydwiywubp, 9.2
Uwpquuitp, ZN&Z nljnnp N.2. Uwpnifywtp, Gp&SNh nhljunp U.Q. Riquupjubnp,
2Mab pkijunp U.U. Qnijjuuuwutp, 2190 nuuntdbwluwb dwuh Juphs 8.U.
Quunyuip, ZNUZ nkljunp U.N.Gwupdbpyuin, ZN3h fupunupughunnipui bu-
Ynyuntnh ghjut U.L. Unuwuwpuip, 2@ Jhdwlugpnipjutt wdphnth nngkn
U.Z. Uwddbputp, 2M9P 2SY wdphnth quphs U.U. TYwqupuip, GpUUP nkljuninp
U.U. ULpniyuip, GpUUDP WYU wdphnuh Juphs (.U, Rhiquupuip, BpdSh
pkijunnp LB dwpquiyuip, GpdSk ntljuinp 6. U. Lwpswejup, GpdSh nkljuinp
Q.6. Uhpwlynuyuwlip, GpdSk ypnnkljunp 8ni.U. Uniupjup, GpdSh phghun
N.U. UJuiubkywup, NSk wdphnuh quphs U.U. Ubkpnudjutp, GpfRh nkljnnp
.M. Zulnpjuip, GpfRh wuphnuh Juphs L. niuybpywip, GpRb wdphnuh
Juphs U.d. Uquumipjubp, Gpfh wdphnth Juphy U.2Z.Uhuwljuip, 5Nz ORU
Juiphy U.Z. UhUntywtp, BN2 jupnpunnphugh Juphy O.U. Ludwyjutip, dwwdnph
MUP ntljuinp @.4. wswnpyutp, v. Upndjuth widut ENUP nkljunnp UU. Nnt-

15 Unyl wbnnud, ke 33:
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Juuwtp, tnyu hwdwjuwpwih ypobbunpubp U.2. Upgnudwiywbp, U9, Uppw-
hunljwup, nngktn U.U. Ukpnudjuip, 9. Ppyniungh widut GOLNP nkljuinpubkp
b.U. Unwpkjjup b U.S. Qnpjyuip, 22 QUU dbjumuhiugh htunhinninh wuopku
L.U. Ununyjuip, gpnn-hpuyupuljujunu Q.2 fujuywtp, Zuywuwnwith Udkphljjut
hwdwjuupwh qupswljub nbopkl, ypnnkunnp U.Lnpwpsjubp, 22 YL LUZLT
niunidtwut JEunpnh mbopku UL, Zujpuybnjutp, Zujwunwth yhnwuluh
wuunlbpuupwhp dwutwéninh wbopkt ©.U. Ulpunsjup, L2 v twjuwquhh
wwonnbwluwwnwp ¢.U. MEnpnujubp, L2 MNMY bwhwquh (+.U.Lnswpjutip:

Cniohh wmquunugpiut nnwupbnupdh wephy Linbuwghtt Ywpupunh yhnw-
jut hwdwjuwpwih yuwrnmnbwluwt pugdul hwinhuwynp wpwupnnmpniup
1993 p. dwjhup 10-ht Jhpwdytg hujujuit nntwpdpmpjui: 22 pupdpugniy
Yppoipjut npnpunh tbpuyugnigsujutt yuwnyghpulnipniup, Upgwjpuh Zutpu-
whnnipjut nEjwdupnipmniup jupbnpkightt hwdwjuupwuh hhdbwnpnudp b n-
puwuwnkné pnihh wnwpkjnipniip ghnudwtjwdupduljut junpbph yunpuun-
dwl, whnwljuinipjut wdpuyundwut gnpénid!s:

«dtpohtt tnwphubtph hnglinp duyppudwt wpnynitpt tp Gplwbh wnihwnkh-
uhy htunhnnmunh dwubwgnnh b Fupyh Ynnlhg nsupjus dujujupduljut
htunhuninp pudwtdniiph pugnidp Unbthwiwlipunid,-gpt; £ TONZ2 dwtlw-
Jupdnipjut b dwupdbwyppnipjut dulnyjntnh npkijul, dutjujupduljut gh-
wnipjnibubph phljuwdnt, yngkun Aphpw Zwupnipniywin:- M, Yhppwuybu, wyu
tnYynt pnihtph hhdwb Jpu L, whnwlwt hwdwjuwpwh suntunp<...>»17:

Zudwjuwpwih dwuhtt T2 junwdupnipyui hhdtwpwp npnonudubpp
nwpplupbpgnudubph m juduwjuljut JEjuwpwtnipnitubph nbn skt ponunid,
niunp tyunuwlwhwpdup tup gninid Jyuyulnst] wynuhuh dh pwth hwuwnw-
poupe: L2 whnwljuwt hwdwjuwpuih dudwtwuluwynp opktugpnipjut dky, npp
hwunwwndt) £ T2 NNMY 1994 . htwnpduph 2-h N 375 npnodudp, hunnwl] wpdw-
twgpyus b «Lhnbught Qwpwpunh whnwluwt  hudwjpwpubphuguodndp
L1NZ, wyunthbnl hwdwjuwpwiy) hhdbwngpdt) £ L2 junwdupnipjub wowewp-
Ynipjudp, Zujwunwih Zutipuybnnipjut junwdupnipjut «Linbughtt Lwpw-
punh ywhnwlwt hwdwjuwpwt unbnstnt dwuht» 1992 p. hnljutdpbph 13-h phy
509 npnyduwdp»8:

16 1NMN2 hadwjuwpwby,, N 1, 1994 p.:
7 Zupmpynt iyl ., Udwpwuhg dhigh Zudwjuwpul, <N hwdwjuwpub, N 1, hntidwp 1994 p., b 3:
18 Sku Upgwijuh Zwbpuybnnipjut jurwjupnipjut wpdwbwgpught pudiuh wpjuhy, Linbuyght Twpw-
punh Zwipuybnnmpjut Mwynywinipiut yhnwiub jndhnkh npnonuditp (gnps 1994 @. NN 355-
432 npnonudubiph), Opktuunpnipnit (dwdwbwluwynp) LEntughtt Twpwpunh ywhnwuwi hwdwjuw-
nuip, p. 1:
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2020 p. wnpphowtmpnippujut mqpbuhy wwwnbpuquh htnbwbpny untns-
Jws hpuyhdwlnid hwnjuybu Juplnp bywbtwlimpinit E unwbtnid Upgujuh
Zutipuybnnipniunud. whnwljut hwdwjuwpwt hhdbwnplnt hpwdwth 2-pg
Ykwp hppl ophliwly UpMz-u 22 Yppulwi hwdwljwpgnid pingpltynt dwupb:

bp wpquuwpkp gnpénitbinipjut wpnbkt tpkp nuubwdjulp plwlnjuws
Upguijuh ywhnwljwt hudwjuwpuwin gqundny tp junwupnid npuljju] duubw-
ghnubph yuunpuwundwl, ghnwdwtjujupdujut jugpbph juyugdwi, ghnw-
juwb hbwnwgnuunipnitubph wpyniipbph hwitpwhnswljdwtt wnwpbnipniin:
Zudwjuupwith guuwpnuubpp b ntuwbngubpp wnhynpbt dwubwygl) o Up-
gujyut pupddwt punupuljui thnoyhl, Upgujyywt yunkpuquh 1991-1994 ppe.,
2016 p. b 2020 p. nwqUupowyubpht!?, pmwntpp twb hpkug Yyubph quny ki dninkg-
ntp hunpwbwlp, wdpuwint)] tpiph Wuonwywintbwlnipniip, punupughuljut
nt huypbbwuhpuuwt yupuph ghnwlgdwt nt junwpdwt ophtiml Swnuyky
puqnud Ephinnwuwpnubph hwdwn:

Uunbthwiwybpnnid Upgwjuh ybnwluwt hwdwjuuputh yuonnbwlub
pugdwit 30-wdjw nwupbkihgp (wy wehp b dbp yknwjuinpjut jupbnpugnii
tjudnudp wpdunplint, hyywhu wrhwuwpuly 22 pnithkph b dwubwdnpuybu
2UMZ-h ukpgpoudp quwhwnbing, wjiybu b quihp ubpnibnubphtt Zuypbuhpp
widtiwugnpn uhplnt b whilynit Yipynyg yupnwukne dpnbgbwljub yuingqudp
thnpuwghint hwdwnp:

19 Sk'u «Qbq puguiljw skup nupy, 9.0 Pupuyul, .0, Pupuyut, U.U. Zupmpeniyub, 2.3, Uunwgyulb,
L.U. Uupqupui, Uwn., Upgujuh yhnwlwh hadwjuwpul, 2021:
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M.A. APYTIOHSH, A.C. ABAHECSH

CTPAHUIIA U3 NCTOPUU CO3JAHUA APHHAXCKOI'O
I'OCYJAPCTBEHHOI'O YHUBEPCUTETA

Cozgaane ApHIaxcKoro TOCyJapCTBEHHOTO YHHBEPCHUTETA CTAJI0 BaXKHBIM COOBITHEM
B KyJBTYPHOI! XH3HH HOBOHe3aBucuMoi Haropro-Kapabaxckoit PecryOmuku. B Tpyaubrit
JUIs Hapoja Apuaxa rnepuoj Tpedyercs: ncTopuorpaduieckoe mepeocMbICIICHHE TIpoliecca
OCHOBaHMS rOCYJIapCTBEHHOTO YHHBEPCUTETA C TOYKHU 3PEHHS OLICHKN MaMsTHOTO ro0Ouies,
NIPOSIBJICHUS B HYXKHOE BpEMsI TIOJINTHYECKOTO MY>KECTBA M PACIIPOCTPAHEHHMS! ONIBITA HElAIIE-
KOTr'0 MPOLIIOTO, MPUHSTHS THOKUX pelleHnH, NoucKa 3P (PEeKTUBHBIX MOJIX0JI0B K PEIICHUIO
3aja4, CTOSIIMX IEPes] CUCTEMOM BBICIIET0 oOpa3oBaHusi PecriyOnmku Aprax B CIIOKHB-
LIEICS CUTyalH.

Lenpro JaHHOTO MCCIIEIOBAHMS SABJISIETCSl YTOYHEHHE ITPOLIEcca OCHOBAHMUS APIIAXCKOTO
TOCYJapCTBEHHOTO YHHBEpPCHUTETa HAa OCHOBE APXMBHBIX JIOKYMEHTOB M TIPOW3BEICHHUH,
MPUOOPETUINX TEPBOUCTOYHUKOBOE 3HAUCHNUE, U IIEPEOCMBICIIEHIE €r0 HCTOPUIECKOTO 3Ha-
4YeHH U1 HAy9HOH 1 00pa3oBaTenbHOM cucteMbl PecnyOmmkn Aprax.

Jist 1oCTH)KEHMs MOCTaBJICHHON e OBbUIN NPEIIoKEHbl M PEIeHbl CIIeayIoIue
HCCIIEIOBATEIbCKUE 3aJlaui: MOKa3aHO BOCIIUTATENIbHOE, MOJIMTHYECKOE M HPAaBCTBEHHOE
3HaUEHME BKJIIOYEHHs ObiBIIero CTernaHaKepTCKOro roCyJapCTBEHHOTO IEJarorndeckoro
WHCTUTYTa B CHCTEMY Bbiciiero obOpasoBanusi ApmsiHckoit CCP s nemoxpaTndeckoi
060pn0BI Hacenenus Haropuoro Kapabaxa 3a Boccoenunenue ¢ Apmsuckoit CCP; Bxiroue-
Hue OpBuIero CTenmaHakepTCKOTO TOCYAAPCTBEHHOTO MEarornieckoro MHCTUTYTA B CHCTEMY
yauBepcuteToB ApmsiHcKoir CCP paccMOTpPeHO B KOHTEKCTE JOJITOCPOYHON MOJUTHKH MH-
Terpauun yupexxaeHui-npennpusataii Haropaoro Kapabaxa B COOTBETCTBYIOIIHE CTPYKTYPHI
Apwmsackoit CCP; mepeonpenesneH npeteaeHT YCIEeuHOTO IPeoI0JIeHHAs 3aKOHOJaTeThHBIX
1 OIOPOKPATHYECKHUX IMPETATCTBIHA B YCIOBUSIX COBETCKOTO TOTATUTApU3Ma MPH aKTHBHOM
MOJAJIEP’KKE HAIIUX cooTeyecTBeHHUKOB U3 ApmsiHckoil CCP; oTmeueHo coznaHue Aprax-
CKOT'O TOCYJIapCTBEHHOTO YHHBEPCHTETa KaK OJHOIO M3 CHMBOJIOB T'OCYAapCTBEHHOCTH
HKP u oHO# U3 Ky3HUI KBUIN(HINPOBAHHBIX KaIpOB.

Knroueswie cnoea: obpazoBaHue, yHUBEPCUTET, pecyOinka, oouiei, Pecmyoirka
Apriiax, ApMeHus1, OCHOBaHKe, 0OQUIIHAIEHOE OTKPBITHE, J|BHXKEeHNE.
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M.A. HARUTYUNYAN, A.S. AVANESYAN

A PAGE FROM THE HISTORY OF THE FORMATION OF ARTSAKH
STATE UNIVERSITY

The creation of Artsakh State University became an important event in the cultural
life of the newly independent Nagorno-Karabakh Republic. In a difficult period for the
people of Artsakh, a historiographic reinterpretation of the process of founding a state
university is required in terms of assessing the memorable anniversary, showing political
courage at the right time and disseminating the experience of the recent past, making
flexible decisions, and finding effective approaches to solving the problems facing the
higher educational system of Republic of Artsakh in current situation.

The purpose of this study is to clarify the founding process of the Artsakh State
University on the basis of archival documents and works that have acquired primary source
value, and to reinterpred its historical significance for the scientific and educational system
of Republic of Artsakh.

To achieve this goal, the following research tasks were proposed and solved. Firstly,
the educational, political and moral significance of the inclusion of the former Stepanakert
State Pedagogical Institute in the higher education al system of the Armenian SSR for the
democratic struggle of the population of Nagorno-Karabakh for reunification with the
Armenian SSR is shown, State Pedagogical Institute into the system of universities of the
Armenian SSR in the context of a long-term policy of integrating institutions-enterprises of
Nagorno-Karabakh into the corresponding structures of the Armenian SSR, overcoming
legislative and bureaucratic obstacles under the conditions of Soviet totalitarianism with the
active support of our compatriots from the Armenian SSR, we noted the creation of the
Artsakh State University as one of the symbols of the statechood of the NKR and one of the
forges of qualified personnel.

Keywords: education, university, republic, anniversary, Republic of Artsakh, Armenia,
foundation, official opening, movement.
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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 craBHUTCS naTa (YUCIIO, MecAl,
roj1) mpencTaBiieHus cTaTbi. OTPeIaKTHPOBAHHbBIH M OTKOPPEKTUPOBAHHBIM BapHaHT PYKOIHCH COIIIACOBBI-
BAaeTCsl C aBTOPOM (aBTOpaMHu).

10. Ha otnmenbHO# cTpaHHile HEOOXOAUMO MPEACTABUTH CIISAYIOIIHE aBTOPCKHE MaHHbIe: (pamuus,
UM, OTYECTBO; IMOJHOE HAaMMEHOBAaHHE MecTa paboThl, MecTa yueObl; 3aHMMaeMas MOJDKHOCTb, ydeHas
CTEINEeHb U 3BaHKe; HoMepa Tele(hOHOB (CITy>KeOHbIN, JOMAIIHUHA, MOOUIIBHBIH).
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RULES FOR PREPARATION OF MANUSCRIPTS

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

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

2.0n the top left corner, the Universal Decimal Classifier is placed in the language of the
manuscript (2S%, YK, UDC). The initials and the surname(s) in font size 10, bold for texts in
Armenian, English and Russian should be in the centre of the next line. The title should be placed in
the centre of the line following the author’s surname in font size 10, bold, all in capital letters for texts
in Armenian, English and Russian.

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

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

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

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

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

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

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

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