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Nupglgdws dbpnnny ntuniduwuhpyty b Enwjudus mupptp Wyniptphg paupulju-
wuwwn unnnjuljutiph fntwuwd dwudjudugponud §npqutdwi gonpdpipugh jupjuswunkdnp-
dwghnt Jhdwljp othiwt puguljuynipjui b wnjuynipjut ghuyptpnid: Yhpunyty b kpny,
puwn nph oginugnpdynid kb npuitg mwppbp Swlnwnjkunipinitutph nhwyptkpnid hnunitni-
pjut uvwhdwttph jupnudubpp, npnup dmughw Lo hhdtuwiyniph hnunminipjut vwhdwih
(upnivhg nt yniph Swlnnlkunipniihg:

Unwowpyynud L junnnquljh ghpnplugdutt wunmhgwup npnoty ny vhuyl g; nhdnp-
dwghwibph htnktupympudp, wy twlb &4 nidnplwghwtph hwdwpdtpwyhting, nph hw-
dwp unwgyly Ejupquswghtt Jhdwlih pununphsutipp hwpgh webng putiwdl: Owlnnlk-
unipju pugulwynipyui b wnuwnipyut nkypkpnud juwnwpyws hwpguplubpp gnyg L
wnuwjhu, np thnpp ghdnpdwughwutph ntwypbpnud ngpug wpdtputpp, vhtsh 50% wjwuwnhl
phdnplwghwi, pujulwiht dnn b dkyp dniupl, husp towbwlnid k, np wyy nhypbpnid
uniph pipwughy Swinunitunipniip npnony puttwdlnid Juptkjh £ oquuuugnpéty hns yni-
ptph hundwp Yhpunynn wybih wwpq & wdpuubpp: Bqughtt hwpquplubpp junup]l) bu
MS EXEL spugpuyhtt Uhpwjuypnid 14° Yntwjutnipjudp dwdjudupnid pupujunyun
unnnyuljutiph Ynpqundw nupnud:

Unwhgpughli pwnkp. pupuljuyun unnnqul, Ynpquinud, tnwudus uynip,
Swnunjkunipinit, hhdtwiynip, swhwqniply jupnidubp, hopp phdnpiwughwbp:

unnnJuhh phdnplughutt wnwigpwuhdtnphly k: Uy yuwndwnny jupnud-

ubipp, nhdnplmghwibpp b wwnh hwunmpmniip jwhjws b dhwji swnunhg:

Munundwl punquuph wpwugpwuhdbnphl widndbun pintwdnpdut dudwiiuy

punuiph popnp YEnkph jupduésayht Jhdwyp hupp E hul 0, dhgoptwljuiiuyh

bt gy opowtiughtt juupnudubipp giuwynp jupnudubp B Unwbgpuuhdbnphl pintdus

yundwb punuiphg qiluwynp hunnypubpny jupduws tmwupph hwjuwuwpuljonnt-
pjut hwjwuwpnidubpt niukt hknlbjw) nkupn [1-4].

4 — Pm? _

= (ourh) — o.h + =0, (1)
9m , 9% _ _Pv
Pm + pe h’ @

npukn pp,- p punquiph Uheopkwlul hwwnnyph Ynpnipub swpwhni t, pp-
dhgontwjutt wntnhtt mynwhwjug Yntwljut dwljtpbnypeny hwndws punuuph
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Unpmpjut pwpujhnp, r - p' pulqulhph wnwugphtt tnupjwsd ninnuhwyug huwnny-
pd opowtiugsh swnurhnp, h - p’ punuibiph ywwnh huuwnmpmip, p, -pup, - o
Uhgoptwjuth bt tnpdwih ninnnipinitubpny puojudws pEntidusph hunktupyne-
piniuubpp, a - " dwdjudwyph §ntujutnipyub whlniip:

Unluluh dudjuduypmd quuitulub unnnyulh nE$npiugdub nhugpnid’

Pm = ©, pg = 1/cosa:

Uwubwynp nhwypnid hnd iynipbphg engnuljh jnbwljwi dwdjudugpod
Unpqubdwi junnph nsdwb hwdwp ogunugnpéynid £ il hbwnlyw Uninwupldws
Uhqbuh wjuunhlym pjut wpupdwip (M0) [2]

Om — Og =M 0y, 3)

npunkn m - p Logkh gnpdwljhgu &, 0, — p* yniph hnuntinipjut vwhdwith jwpnudp,

hulj o, b 0pn° quuynp qupnudubpp® oy = oy, 0, = 0,03 = g5: Uy nhwygpnid (1)

1 (2) hwJwuwpnidubph (nwsnudp thjuyugynud L hbnlyuy inkupny [1-4]
doy,/|omuctga — mo,(1 + uctga)] = dr/r, 4)

nph htnnkgpnidhg hbwnn junnndujh fntwjut dudjudwpnd §npqutdwt nhu-
pnud 6, suthwgnipl] dheoptwjuth jupdwt npnydwtt hwdwp uinwugynmd E htiwnbi-
jup pubwdlip

Om = ri_:}, = (1 + uc:ga) {1 a (%)Hdga}' (5)

npwnkn 75- U dwdjuduyph dntnph Unnn funnnjuyjh dhohtt owunwghn k:
Cthuwl puguljuwym pjut nhypmd (5) - hg unwugynid t[2]
Gy, =mlnry/r: (6)
bus JEpwpbpnud b swihwgniplyy opowtiughtt jupdwit npnpdwp, wyw npu
hwiwp oquugnpéynid  (3) putwdlip’
0p = Om — 1, (7)
npukn 0y, = 0,,/M0oy, 0g = 09/mo, b npuig hhdwt Ypw npnoynn gnpshwlui

Juplnp wpwbwlnipnit nitikgny wmwppkp yniptnh o, U 0y hpujw jupnidubph
wpdtputipt k.

Om = 5mm0']111 09=59m011: (8)

Gnwljwjws Wynipbphg nnnuljubph wyjwunhly gednpldugdut JEpupkp-
ju ghnuljut wohtwwnwtputph YEpnwdmipiniun [4,5] gnyg wnykg, np Yntwljut
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dwdjwdwptpmd b ujulubph Jpuw bpwlupws quuuljut pupuljuywn jun-
nnyuljutph nEdnplugdwt nbuwljuwt hbnwgnunnipniaubpp hhdugus tu swljnwn-
kb ynipkph yuwunhynpyut hnuntinipjut mbumput (OULNZS) hujwuwpnid-

ubkph [4] Ypu: Uwljuyt wyny hbnwgnunipnitubpp pupng B b nddup Yhpunkih:
Zhnbwpwp, wyy ptuqujuenid Junwpynn woiwnwiplbtnh wupqlgnudp pu-

Jujutht wpphwlui k:

Ughiwwnwtiph btyyunwyj £ niunidiwuhpl] wupqigqué dbpnnny wwuppkp
Enwljujws wynipbphg nnnduijubph fntujut dwudjudugpnid jnpquitdut qnps-
nupugh jupjusuntdnplughnt Jhdwlp sthidwt wnjuympui b puguljuynipiut
ntwptpnid:

Oquugnpskiny (6) b (7) pmuwdlbpp nhdnpdwgynn junnnjulh 7 pwnwynh
wnwnpbkp wpdbputph hwdwp® npnotup 6, - p b gy -, tppm; = 1.1, =20 4/
10 = 40 /(Y. 1): Un. 1-mud pipdws &l 6, — h b 0 — h hwoJupluyht swhwgnipl,
htswbu twb hpdtwlwb &, = In(r/7) ppowbwyht nkdnpuwghugh nt g nhdnp-
dwghwtbph htnkiuhynipjut mdjuyubpp: Cun npowd, punniubny gluwynp nkdnp-
Uwghwih wpdtpubpp & = &, = —¢g, &, =&, =0l &5 = g5 — h (npunki E,-nhl
&,- u finnnjulh vhgopkwljut b vwljkpiinyph tnpuwih ninnnipinibtkpny nqu-
nhpdwlwb npdnpdughwbpt u), € - & npnoyty L hknlyuy pubwdling [1,4].

& = (\/5/3)\/(5,“ —ey)fP ey —eg)+(eg—em)? = (2/\/5)5,9| = (1.155)In(r0/r ): )

100
r“ x o

0 40 30 20

-

Uy. 1. vnpnywfh npquibndwl huogupiuyhl upibdwl
Uniniuwly 1

Om =/ 0o = €9 - h L& - h wpdlpllpp inwppbpr - kpp plypoud

r,dd | To G, = e | Gg=Gn—1 gg = In(r/ro) &
r
40 1 0 -1 0 0
35 1,14 0,134 -0,866 -0,134 0,154
30 1,33 0,288 -0,712 -0,288 0,333
25 1,60 0,470 -0,530 -0,470 0,543
20 2 0,693 -0,307 -0,693 0,800
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Grwljwjws unnnjulh Ynbwlut dudjwudwpnid wyjuunply nhdnpdug-
dwt gnpdppugttnh yupqigyusé dkpnnny htnwgnundwt hwdwn [6,7] hpunbkup
duwnunljklt swdpwgynn ynmiphg juyt skpnh hwppe npidnplughwih yuypdwbbpnd
dwpnip yuuwnply éndwt dbkpnnp [7]: Cun npnud, swnwnuyht b opowbiwght
(unpnidubph npnodwb hwdwp tnuuus tyniph 1M Swlnnltt ymptph wjwu-
nhlnipjui pidpnpdugdub mbkunipnit (OULNYS) [7] hhdwb Jpu tbpjuyugynd &
htwnlyuy nkupny’

\/% [(0y — 0,)2 + (0, — 03)%2 + (03 — 0y)?] + af* (0, + 05, + 63)2:ﬁ”+0'5 oy, (10)

npnbnay=v,- 4, f=1—-v- i, mp bnp sSwlnnlkimpjut $niughwikpp b
wyupwibwnpkph B, v-u b v, - ymph phpwghl nt uyqphwlub Swhnnljkin-
pintuutipp: [7]-nud (10)-h hwdwduy’ Enpwljudus yniph nwwppbp Swlinnljkunt-
pintuttiph nypbpnid hnuntimpjut vwhdwh oy, jupnidubpt wpnwhwynynud
El Swlnunlku yniph hhdtwyniph hnuntinipyut vwhdwth o, jupnidng b Swiljnwn-
Yhum pjut 740 pn1ighwyny: dpwip npnoynid b hknlywy pubwding [4,6,7]

Opy = Oy * B0 (11)
zhnbwpwp, bnpwuus unnnjuljubph niypnid (8) — h thnpuwpkt wthpw-
dtiown Y hth ogunugnpst) htnlyw) pwbwdlitpp
Om = Onm ,Bn+0'5 mq oy /] Og = Og ,Bn+0'5 mq og - (12)
by ybpupkpmd E junnnquyh yniph ujqpiwljut swulnnjbkuntpiut thnthnju-
dwt wpdbtputph npnodwiip, wuyyw whpwdtown Yihth oguuugnpsdty bt OULNES
htwnlyw) hwjuuwpnidubpp®

&, = 2,6’3?0&[20-5 ~o, +2a"(c, +0,)] (13)
~ g0y,
v =1 (v, )exp| - 220 %0Fe | (14
P o

nputin gy = (0m + 0)/3 - W Upght jupnult &, & - p b O, - p* hunlwpdtipught
nEpnplughwl b jupnidp: Oginugnpstyng (13) - p, junwbwip

2B3n0'eq89

€eq = 3[og—(1-2vI")0y] : (13)



Anpstwljut yupbnp tpwbwlnipnit nitth unpnuyh phdnpdugdut vnwup-
phip wunhfwubpmd &, - h wpdtpubph npnpnudp Wyniph wwpptp Swhnwunlkund-
piniuiitph nhwpnud: Un. 2 — nud b bl 2 - mu pipdws B £y - h (15) putwdbng Yuw-
nwpyws hwpqupluyhtt wfjujubpp swlnnjtinipjut pugulunipjut (v=0) b
wnluynipjul (v=0.05 b v=0.1) ntiyptpnid, hush hpwgnpsdwt hwdwp oguugnps-
yk Bu bwl (6), (7) b (12) pwbwdlbpny Juinwpdws hwrqupluyhtt ndjugbpp
(wn. 1): Un. 2-nud b @y, 2-nud pepjws Eb b (9) puwtiwdling npnpynn &, nkdnp-
dwghwibph htnktuhympjut ndjuubpp: Ypuig hwdbdwnnipiniip gnyg b nw-
1hu, np thnpp nhdnpuwghwbtph phwypmd & - h b £y - h wpdtputpp puduljuht
Unw L dkyp dnruhie ZEknbwpwp, wpwowinid £ wihpwdbynmpnit® quwhw-
nknt nputg Ukdnipmniutbpn:

Unniuwmly 2

Tunnpnyuih nkpnplugunl inuppkp wunpdwbibpnid & b eeq unfjuy ikpp

t/to &i geq(v=0) geq (v=0.05) geq (v=0.1)
1 0 0 0 0
0,95 0,059 0,053 0,048 0,045
0,90 0,122 0,111 0,103 0,095
0,85 0,188 0,177 0,164 0,152
0,80 0,258 0,251 0,234 0,218
0,75 0,332 0,336 0,316 0,296
0,70 0,412 0,434 0,411 0,388
0,65 0,497 0,549 0,524 0,499
0,60 0,59 0,686 0,661 0,636
0,55 0,69 0,853 0,832 0,811
0,50 0,8 1,061 1,052 1,042




o u,D

4 0.4

0.2

LS I J I I O
/1, 0.9 08065 0.7 0.6 0.5

Ul 2. & I geq quuuPpllalipp unpnyulih nEpnpilwgnl inupplp wunplwbbkpnid,
Epp thnpp nEpnplughwikpp quin/nud ki 170 =0,65 - p dwipn dwunid

Un. 3-nud b 4-nud pipdws G (9) b (15) pwbwdlbbtpny hwpdus &€ -h b & -h
wpdtiputipp (puip hwdwyuwnuwupnwiwpwp wiwldws Eu a, b, ¢ b d tnunkpn)
osthdwl puguljuynipjut b wnuwynipjut ghyptpnud, hyybu twb gputg pugup-
dwly b nnlnuwyghtt mwppbpnipnibibpn:

Un. 2-4 - h L uly. 2 - h myjwyubkpp gnyg kb tmuhu.

. a =& -h b b= & -h wpdtpubpp uhtgh r/rg ~ 0.65, wjuhtpl’
&j = £gq ~ 0.5 yuunhl nEdnplmghwb, pudulmiht dnin ku dkyp dniuhl, hugp
tpwtwynud £ np thnpp nEdnpuwughwitph nhypmd (14) putwdbnud £, - h thn-

fowpkl Yupkih £ oquiwugnpsty &, - nidnpuwghwiikph hiinkuhynipyub wpdtpp,
2. b, c b d - h dbdnipniuutph thnpp nwppbpnipniiup pugunpynwd | wyy

nhypbpnud Wyniph tupptp ujqpwui Swljnunlkunipniutbph hwygundwdp:
Owlnunljkt Wyniptph wuunhlnmpjut ghdnplughnt nmbunipjut Swljnun-

JEtimpyut npnpuwt (14) pwtiwdlip, bpp o, =v,, f=1-v, qpkup htwnljuy nbupny

v=1-(1- vo)ex;{— %} : (16)
€

1-v,)"o
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Ungniuwly 3

&, - h b &y - p wpdliphlpnp syl puguluynipyub plypnid

f=0, a=14°

/10 b=teq | C=€eq | d=teq
a=¢i| v= v=0.05 | v=0.1 b-a % c-b % d-c %

1 0 0 0 0 0 0 0 0 0 0
0,875|0,154| 0,143| 0,132 0,123| -0,011 7,1| -0,011 7,4| -0,010 7,5
0,750(0,332| 0,336 0,316 0,296 0,004 1,2| -0,021 6,1| -0,020 6,2
0,625|0,543| 0,614| 0,589 0,563| 0,072| 13,2| -0,025 4,1| -0,026| 4,3
0,500({0,800| 1,061 1,052 1,042 0,260 32,5 -0,009 0,8| -0,010 1,0

Uniniuwmly 4
&, - h b &y - h wpdlipllipp pthdwl wnuynipyul pluypnid
f=0.1, a= 140
1/10 b=geq | c=geq | d=geq
a=¢i| v=0 | v=0.05| v=0.1 b-a % c-b % d-c %
1 0 0 0 0 0 0 0 0 0 0

0,875| 0,154 0,147 0,137 0,127| -0,007 4,7\ -0,010 7,0| -0,010 7,1
0,750( 0,332 0,355| 0,337 0,319| 0,023 69| -0,018 52| -0,018 5,4
0,625| 0,543| 0,671 0,655| 0,639| 0,129| 23,7 -0,016| 2,4| -0,017 2,6
0,500| 0,800| 1,203| 1,232 1,264| 0,402| 50,3| 0,029 2,4| 0,032 2,6

(16) pmimadliny pyuyhtt hwodunlutp juwnwptnt hwdwp wthpudton E niuk-
tu dhohtt yjupuwtt® o, = (0, + 0, + 0,) / 3, jupmdubph b pdnplwghwbph hw-

dwpdbpwjhtibph wpdbpubpp: Cugnitibup, np Wmipp swdpwgnn b, wyuhupi’
O = Opy» U ndnplughwiiph hwdwpdtpuyhtip thnuwphtunud up nhdnpuw-

ghwiph hunbkuupympjudp’ €4 = & : OJuyht hwyduplubpp juwnwpdty tu
a = p*ctga yqupuukunh 0 b 0.4 wpdbpubph hwdwp pupujuyun junnnduy-
ubiph Wniph uqpiuut Swlnnkiunipjut 5% b 10% - h npypbpnud:
Oquugnpédyt] E MS EXEL spwgpujhtt dhowjuypp: Un. 5 - nud phipgws ki
pupwliuywuwn junnnuljubph swthwqnipl] o/mY, oo mY, oo mY jupnidubpp, his-
whiu twl e- h, &- hl v — h r/ro hwpwpbpnipmniithg jujudws thothnjunipjut wp-
dbtpubtinp, kpp mpduws L gputg sthdwt puguluynipjui (f = 0) b wojuynipjuit
(f = 0.1) nhwppmd Ynpqubdwt nkjuninghwlwb gqnpépuipwugh htnlyu ww-
pudbwnpbph dkdnipiniutibpp’ m=1, n=0.25 b a=14° : ‘LY. 3 - mud gnyg kb npJus pw-
npuijuwwn junnnjuljukph yniph v swjnunjtiunipjut thnthnpunipjut qpubhljukpp
t/10 — hg Jupjws wyniph 5 b 10% ulqpiujut Swninkinipjnibtiph nhypbpnud:
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Ugniuwly 5

Crwluyyws pupulunyunn pingnyuwabph Inbwlwi dudjudugpnid
ynpquibnful nkupnid jupjusunbpnmluughni Jhdwlh pununphsikpp, bppvo =5 b 10%

r/ro

€6

€i

f=0,0=14°

f=0.1, a=14°

0o

Vo.1

V0.05

o)

%

0,95
0,90
0,85
0,80
0,75
0,70
0,65

-0,051
-0,105
-0,163
-0,223
-0,288
-0,357
-0,431

0,059
0,122
0,188
0,258
0,332
0,412
0,497

-0,33
-0,30
-0,26
-0,23
-0,18
-0,14
-0,10
-0,05

0,1
0,084
0,072
0,062
0,057
0,058
0,065
0,080

0,050
0,042
0,036
0,031
0,029
0,029
0,032
0,040

-0,33
-0,29
-0,24
-0,19
-0,13
-0,08
-0,02
0,04

0,1
0,085
0,074
0,069
0,069
0,076
0,092
0,116

0,050
0,042
0,037
0,034
0,035
0,038
0,046
0,058

Ul 3. funpnyulhkph ynyeh ulqpiunlul vo = 5 It 10% Swiinunlkinipni dakph
hnihnfunipim bbkph gpuphfabpn o/ro - hg qupujus f = 0 (143 fnpkpp) b f = 0.1 24 4)
plyplkpnid

Bqpuljugnipinii

1. Munudtwuhpyby | bnwupus nwuppbp nipbiphg papujuywun junnn-

Jujutiph Yntujut dudjuduypmd §npquidwt gnpspupugh jupjuswuntdnpdu-

ghnt yhduljp sthdwl puguljuympiui b wejunipjut yupuquynd® oquugnpsdt-

Iny ppuug wwppkp swlinunkunipmniuutph nhypbipnid hnuntimpjut vwhdwb-
ubph op, (upnudubpp” wpnwhwjnyws Enuuyws yniptphg unnnuiljubph hhu-
bwiyniph o, - ny b sSwlnunlkt ynmpkph wiuwunhlnipjut pEdnpdughnt mbunt-
prut Swlnunkunipjut kplpnpn niulghuyny:
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2. Unwpwiplynid k junnnjuljh nhdnplugdutt wmunhgwtp npnoky ny vhuy
&, nhdnplughwitph htnktuhynipjudp, wy twb phdnplughwtbph hwdwnpdt-

puyhling &g, nph hudwp uinugyty b jupjusuyht jhéwhh pununphyttipp hugdh
wnbynn pubwdl: putgny junwpdws hwpdupluihtt mdjujubpp swlnnlkunt-
pjut puguljuynipjut b wnjuwmpjut nhuypbkpnid gniyg ku wiwjhu, np thnpp nk-
Inplwghwubph phwypbpnid npubg wpdbpubpp, dhish & =05 wjwuwnhly nhdnp-
dwghwi, pujuljuht Unn i dkyp dpniuhb, hsp bpwbwlnud b, np wyy nlypipnud
Eoq - h hnfuwpbt Yupth £ oquumgnpsty wybih htpwn npnpynn &; - h wdywybbpp:
3. Buyhtt hwpduplutpp juunwpyl) o MS EXEL spwqpuyjhtt vhowduy-
pnud o = 14° Yntwljuinipjudp dudjudwjpnid pupuljuyun junnnuljukph §np-
quiudwl, hywluyhtt pthdwt £ (0 b 0,1), unnnduljubph Wyniph uyqpiwlui Sw-
Ynunljkinipjut vo (5 bt 10%) nhwpbpnud: Unwghky kb unpnjuljubkph swhwgniply
jupnudubph, hvsybu twb e - h, & - h b v = h r/ro hwpwpbpnipnithg Jupdus

thnthnpunipjut wpdbpubpp, npnp htwpuynp Yihth hpunt) gnpdbupubiughic b ju-
pnpuinnn wuydwbiibpoud:
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I'JI. HETPOCSIH, M.A. MAPT'APSIH, I'. T'. BAPJAHSIH, A.A. BABASIH

UCCJEJJOBAHUE ITPOIECCA BOJIOYEHUS TOHKOCTEHHOM
CIIEYEHHOM TPYBbI YEPE3 KOHUYECKYIO MATPUITY

VYHOpoIeHHBIM METOJIOM HCCIIEIOBAHO HAMPSHKEHHO-Ie()OPMUPOBAHHOE COCTOSIHUE
mpoIiecca BOJOYCHHUS Yepe3 KOHUUSCKYI0 MaTPHUILy TOHKOCTEHHBIX TPYO M3 PA3IUYHBIX CIIe-
YCHHBIX MATEPUAIIOB TMPH OTCYTCTBUM W HANMYUM TpeHus. [lpuMensercs MeTona, B
COOTBETCTBUH C KOTOPBIM HCIIOJB3YIOTCS HAMPSDKEHHUS TPENENIOB TEKYYEeCTH [PU Pas3iind-
HOW TIOPUCTOCTH CIIEYCHHBIX MAaTepualioB, KOTOPbIC SBISIOTCS (YHKIHMEH HaNpsHKEHHs
mpefiesa TEeKy4eCTH BellecTBa MaTepHana M WX MOPHUCTOCTU. [Ipeiyaraercsi onmpeneiuThb
crenenpb Aedopmanuu TpyObl HE TONBKO MHTEHCHBHOCTBIO Ae(OpPMAIH &;, HO M IKBUBA-
JIEHTHOH JiepopMarmeli £,4, JUIA Yero ObuIa MosydeHa GopMyIia, yIUTHIBAKOINAS KOMIIOHEHTBI
HATPSHKEHHOTO COCTOSIHUSL. PacdeTsl, BBIOJTHEHHBIC TIPH OTCYTCTBHU U HAJWYUH TIOPUCTOCTH,
MTOKA3BIBAIOT, YTO MPU MaNbIX Aedopmanmsax ux 3HadeHus q0 50% ruractmaeckoit aedop-
MAITIH TOBOJIBHO OJM3KH APYT K APYTYy. ITO 03HAYAET, YTO B POPMYIIC ONpPEIeICHUS TEKY-
IICH MOPUCTOCTH MaTepUaia MOYKHO HCIIOJIh30BaTh JAHHBIC 00JICE MPOCTOTO &; CILIONIHOTO
Mmarepuana. YucineHHble pacueTbl ObUTH BBINOJIHEHBI B porpamMHoi cpexe MS EXCEL B
Ccilyuae BOJIOYEHHS] TOHKOCTEHHBIX TPYO 4epe3 MaTpHIly KOHyCHOCThio 14°,

Kniouesvie cnosa: ToHkocTeHHAs1 TpyOa, BOIIOYCHHUE, CIICUCHHBII MaTepHal, MOpHC-
TOCTB, BEIIECTBO MaTepuala, 0e3pa3MepHbIe HAPSHKEHHS, Malblie AehOopMaIHH.

G.L. PETROSYAN, M.A. MARGARYAN, G. VARDANYAN, A.A. BABAYAN

INVESTIGATIING THE PROCESS OF DRAWING OF A THIN-WALLED
SINTERED PIPE THROUGH A CONICAL MATRIX

By a simplified method, the stress-strain state of the drawing process of thin-walled
pipes through a conical matrix from various sintered materials at the absence and presence
of adliding friction is investigated. A method is used, according to which the stresses of the
yield points at a varying porosity of sintered materials which are a function of the stress of
the yield point of the material substances and their porosity are used. It is proposed to
define the degree of deformation of a pipe not only by the g; deformation intensity, but also
by the &, equivalent deformation for which the formula considering the stress state
components is received. The calculations performed at the absence and presence of porosity
show that at small deformations, their values up to 50% of plastic deformation are quite
close to each other. It means that in the formula definition, the porosity of the material data
of a simpler formulae; of continuous materials can be used. Numerical calculations were
carried out in the MS EXCEL program environment in case of drawing thin-walled pipes
through a matrix of taper 14°.

Keywords: thin-walled pipe, drawing, sintered material, porosity, material substance,
dimensionless stress, small deformations.
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BMYUtSUNUYUL €NTEUNUNNPSUSHL LSNREE P ZUSUNRE8NRULLE P
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Zhnmwqnuyby E wwppp yniptph obpduwyhtt pugupdwldwt gnpswyhgutph thnthn-
junipniup® juhdus ghpdwunh&wihg, nph wpyniupnid puguhwyngty ko kphubnwnw-
Ywl Yupmguspn] wpnunpunbuwlibph, wny pynd’ bwlb Gupng gnpshpubph unwugdwi
wnwidtwhwnlnipmnibubpp: @npdughinnuljut hbnwqnuinipnibibph wpyniupnid juy £
unbndyt) dbnwunuljut hnokiyniptph ebpdwjhtl pinupdwldwi gnpswligh (a), Swlnwnlk-
unipjut (0), ohipdwunmh&wih (T) b yuuwnhlnipjut vhol, hwdwdwyt nph uwgnpnyuyht
Suwnunjkunipjut dkbwgdwt nhwypnid (Uptgh 10%) okipdwyht pugupdwldwi gnpswljhgu
hounid E, npp pugunpynud £ nwpwugdwtt gnpépupugnid inbinh niikgnn wjuwuwnhly nkdnp-
dwghwbpny: 8nyg k nipdws, np swjnnljkunipjut hwpghtt jupkih £ jupqunply mmwp-
Pin wjwuwnhynipnit ntukgnn Wnmiptph okpduwyhtt punupdwldwt qnpswlhgp 30...40%-h
uwhdwbubpnud:

Unwbgpuypli pwnkp. ohpdught punuwpdwldwt gnpdwlhg, thnokndwynghwnught
ynip, bpiuknunulijut junnigqusp, Jupnn gnpshp, swjnunljtunipinil, yuuwnhl nhdnp-
dwghw, dhipnjunnigubp:

Ukpwdnipinil. Zuyjuunwh Zubpuybinnipjut nbinbumpjut qupqugdut
ghipulju minnnipniiitbphg b dbnwnipghwt b dknwunujut hhdpnd unp hwdw-
dniuspubph nt niulghniw] hwnlmipjniuitpny odinjuws Yndwynghwnuwht iynt-
pinh untnénidp, wnwig npniig whtiwp E yuwntpugul] nkthjulwt wnwe-
pupwgp, hwnjuybu dkpktwohinipjut b puqUuljutt wpynibwpbpnipjut ht-
wnuqu qupqugniup: Uju gnpdptpugnid Uks nkn L hwnljugynud ympbph nunbku-
dwtip, hywyhuhp L, ophtiwly, wmpuquhwwn ywnnuuwnikpp, gnibwynp dbknwntkpp
b wy i Glukny tpdwsdhg, mhuwn hknwbujwpuwyht  ipubnunuljut junnigdws-
pny wpnunpunbuwlitph [1, 2], wyn pynd’ jupnn gnpshpubph yunpuunndp
[3-5], npnug Yuipny dwup yuunpuunynid b wpuwquwhwwn, hulj Yntunpniljghnt
dwup® Yntiunnpnijghntt ynnuuwnbbphg: Lwth np wju ynnuuwnikpt niukt nwup-
plp obpdwdhqghjujuts hwnlnipmniuibp (pbpuniiwlnipniy, shpdwhwnnpyulju-
tnpynil, obpdught piqupdwluwb gnpswlhg b wyh), hbnbwybu nupugdub b
uwnkguut dudwbwl] ngpuip YEupuplytt nwuppbp ghdnplwghwkph, husp w-
poyuinplh L
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Gjukny Ybkpnhhojuihg, hbnnugnunipjut tyqunwlj £ ntunidiwuhply nup-
pip ymptph ekpuwght pipwpdwliwi gnpswihgitph thnthnjumpemniip” juhe]ws
obpdmunhdwtihg, Swlnunljkunipniihg, b puguwhwjnt; Epjdbnunujut junrng-
Juspny wpununpunbuwljubph unugdwt wnwbdtwhwnlnipmnibibpn:

unph npdusdpp b dkpnnhjuyh hhdtwdnpnidp. Bpsdws Jhdulnid wpuqu-
hwwn ynyyuwnibkpt niukt Epint wbhqud wbih thopp obkpdwhwnnppuljuinipentl,
pwl §ntiunpniljghntt ynnuuwnikpp, hull dpqusd Jhdwlnid wyn muppbpmipniut
wykh k dkdwund [6]: Uy hull quwmdwnny tpjutnwunuljut ntunpnijghwink-
nnud, hiswhuhp kb, ophtiwtly, «wpuguhwn ynnyuwwn-Ynttunpnijghnt ynnuyuwn»
Junnigqudpny qnpshputipp, wigniduyhtt shpunnid wnwewunud i wpwbwthnju
(wupnudubp: Uy £ yguwndwnp, np §ntiunpnijghnt ynnuuwnh ptnpnudp, npp Yne-
ukbw mpuquhwn ynnyuwnh okpdwdhqhjuljus hwnlmpniuubphtt Unn hwn-
Ynipmitkp, hwinhuwiund |k jphuwn fuplnp juunhp: Npng ynpuunubph obpdw-
dhqhjulut hwnynipmiuubpp inpdwjugnithg htunn pipdusé bu wn. 1-nud: Uw-
Juyt wyu njuubpp padupup sk Epjdknunuljut jurniguspubpny Yntun-
nniyghwitph dhonijh jud ynswdwuh ynyuyunh punpnipjut hwdwp: Mhwnp &
niuntfbwuhply pipduws ynpuunttph ebpduyghtt pugupdwldwi gnpswljgh thn-
thnpunipniiup okpdwdowljdwb pipwugpnid:

Unniuwly 1
Unplujugyus ynpuunnbkph phqhlulml hunnfnipinibikpp
MNnnuwuwnp | Lnpduy Qduyhte Qtpunt- Qtpdw- Stuw- Skuw-
dwl- |wpwdqu- |pupupdufdwt| wwyne- hwnnpnu- Jupwp | Yupup
uhop  |Yuwinipjull| gqnpswilhgp' | pnibp’ G, |juwimpniup, | EiEjunpw- | quig-
Unnnup’ 20300 °c x10° L/ Ju/(U.K) | phdwungpnt- | qudp’
E, UUWP wuwn? (0-400°C) (200°C) pinLup’ p, Y,
GOl ud | qp/uiP
45 204000 13,1 0,482 0,048 15,1 7,85
60 208000 13,5 0,528 0,053 17,2 7,80
V8 225000 - - - - 7,83
40X 218500 12,8 - 0,043 15,2 7,85
40XDA 207100 12,0 - 0,053 15,1 7,81
35XT'CA 210000 12,0 - 0,038 - 7,85
38XMIOA | 203000 12,3 - 0,038 - 7,71
P6M5 232000 11,4 - 0,097 - 8,10

ZEnmugnunipyut wpymtpikpp. ZEknwgnuinmpniiubph hwdwp wunpuun-
b1 k gniguuwpp, npbt wppumnmd E JKB-5A dwljuhoh wjnndwwn pyupguyght pbi-
nuipawluwsuhh uqpnipn (uy. 1) [7]:
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Ul 1. Smguuwuppny wipjuunnng panupdwusunhh ujulbui

Uwppp punjugws £ 1 ppithshg (pupguyhtt annnduily b hphy), 2 gniguuwp-
pny dhypnutwnphg b 3 yunwpwhg, npl nith 4 vwnkgunn swyhly: QEpdwunhlutin
swthynud £ 5 obpdwqnygh dhongny, npp thwligdws k 6 thnpdwdnigh dwlkpliny-
pht jud dingdws £ thnpdwtidnigh dujtpiinyphtt wipywé thnuhlh dke: 2Quhdwt
dudwbwl ywhkwp E yuhuywb] juynit hynid thnpdwbdniph b okpdwqnygh dholi:
@8 x 65 /if swhtipny hnpdwtdnipubph Fuljuwnughtt dwubkpp kupwplyyt) Ea thyk-
(uyundwl, npytuqh untuwthbup Jhquptthniih wnwowgdw hknbwpny sw-
thnudubinh obnnulhg: @npdwtidniputinh yuwnpuunmwdwy b wypwnwbipughtt wuy-
dwutbpp gnpdhph wohiwwnwupuyhtt wuydwkphtt dninkgubnt hwdwp gputp
Eupwuplyt) Eu obpdudpwljdw P6M5 dwljthoh ynnuwwnh nkdhdubpny [6]:

Ul. 2-nud gnyg E nipdus thnpdwidnpubph bpjupnipjut jujudwsnipniup
obpdwunhgwihg: Upmyniipubph hudbdwnwljwt bpnsnipiniup gnyg k wwghu,
np nwppbkp Yntunpnijghwtiipny pubunwnulju gnpshpubph hwdwp jupkh k
puwnpky 35XI'CA Jud 40XPA dwluhoubinh wnnuuwbbpp, hyybu bwl 40XO-TIC
thnobunnuuwnp: Uju wnnuuunbbph obpduyght pinupdwldut gnpswljhgubpp pun
Unwn ku P6M5 dwljihoh wpuquhwn ynnujunh ebpduyhtt punupdwljdu gnpsuly-
ght, hmnjuwbtu $wquyhtt hnppwltpynipjut whpoypnud, npp pwwn hwpdwp £
hwnljuybu tpydbnwunulub gnpshpukph ebpdwyhtt ywldwb dudwbwly:
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Ul 2. @opdunllinipabph Eplpupniepul jupijwdnipiniap phpluumnpdmihg.
1- wnpuunn 40X, 2- ynpuunn 45, 3- ynyuyuu 40XP-11C, 4- ynpuuin 40XPA, 5- wynpuyun
P6M5, 6- ynnuyunn 35XICA, 7- ynpuunn 9XC

Swp wpunudnyus Epjubnunujub ynptph wignudwght gbpnt niih pupap
jgdwt wdpmipini (wr. 2): Pusybu b uyquuynud tp, Ygdwbh wdpnipmiip dkdw-
unwd E wpunudndub gnpsuljgh (1) dkdwgnidny, npt hp wnwybjugnyn wpdtpht
E hwutinid A=6 nhypnid: QEpduyhtt Upwmnidp (Uund hbnnwqu tnuljh wpduwlynt-
uUny) gnpstwuinid sh wqnnud jguwt wdpnipjut Jpu:
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Unniuwly 2

Swip wpmnudpuudp (Tu=1050... 1100°C) uinugyus «P6MS5 - 40XP-IIC» tuillhoh

EphdEnunuiul niplph whgniduyhl pbpnp jgudwh wdpnipiniap judupgus
nhdpdubpny okpduwowlnidhg hkwnn

Bluiyniptpp Swipug- Upwnw- Owlnn- Yguwl wupnipnip’ oyg,
dwl Unuul kunt- UUAR
wnbnnnt- qnpéui- pinLup, ppoYws obpuiw-
pjoiup, Uhgp, % Upwlyud
duf A
P6M5-C 2 15...1,8 240...260 240...260
40X®-TIC 4 05...0,8 330...350 320...330
Uwltihoikph | 0,75...1,0 5 sh huyin 350...370 340...370
thnpbwynn- 6 -4 380...400 370...400
wuwnbkp 7 -4 350...380 350...380
8 “ 340...350 320...340
P6MS5-HUII L 2 1,0...1,3 190...220 190...210
40X®-TIC 4 0,3...0,6 300...310 290...300
dwljuhoukph 5 sh hujn 340...360 330...350
thnpbwynn- 1,2...2,0 6 -~ 350...360 330...350
wuwnbbkp 7 - 340...350 330...350
8 « 320...340 320...330
P6M5-PII i 2 1,1...15 200...220 200...210
40X®-TIC 4 0,3...0,6 290...310 280...300
dwljuthoubiph 5 sh hwjn 330...350 320...350
thnpbyng- 0,5...0,75 6 - 340...370 340...360
wuwnubp 7 - 340...350 330...350
8 -4 330...340 320...340

Owlinpnipinill" hnpbynnuuunbbpp winugyky ki PoM5-C-i' P6M5 wnnuunnp nupknihkphg,

P6M5-HII-i* P6M5 wnnuunnh dwipugyué wnwpknbkph thnpnig, P6M5-PII-i' P6M5 wnnujunnp
huynipunpsijws thnpnig

«Upwquhwwn ynhyuwn - §ntunpnijghnt wuwnuuwwny thnpknduynghunught
Wyniph wignidught okpnp Uhpnjueniguspnid hunnwyy Eplinud £ 40X®-TIC thnpn-
wnnuuwuh nnumd dbhwdnpgus Siphinughtt obipup (. 3), npt wpyniip k 40XP-IIC
ntunpnijghntt ynnuuinhg wspuwusth wjnhy nhdniqhuyny nyh P6M5 dwiljuthoh
wpwquhwwn hnpbynnuunp: Uju skpunnud yjuunplinipniip padujuiwswt
pupdp b npp byuwunmd b yjuunhl ghnplughwibph gnpspipught’ wnwig
Swplph wnwowgdwt, husyhu ghpdwdowmljumb, wytybtu k) qnpshph owhwqgnps-

dwt pupwugpnid:
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Ul 3. Sup wpunundydunlp uinugyws Ephdbnunulul hnpkuynpuyunbkph wignidughl

2kpunp Upfpnlwnnigyuépp POMS5 wpuquhunn wnnpuunnh nkdphltkpny okplun/owlnidhg
hlwnn ' w- P6M5-C - 40XP-1IC, p- P6M5-HIT - 40XP-I1C, g- P6M5-PIT -40XP-11C (x500)

Qipdwdhqhjuluit (wn. 1) b dkwthjulwi (wn. 2 b 3) hwnlmpmnibibph
JEpnidnipniup htwpuwynpnipinit £ mwhu punpl] tkppnhhojwy Yntuwnpniljghnt
wynnuuunikpp Epjubnunulut gnpshputnh hwdwp.

- nup wpnudnuudp unwugyus dghs gnpshplitph dhontyh hunfwp 40XO-TIC
dwljthoh Yntiunpnighnit thnpbwynnuunp,

- qnidwitt b hbinwgqu gbpdudswljdwudp uvnwgyny tpjdknunuljut gnpshp-
ubkph hpwtbbph hwdwp' 35XTCA dwljithoh Yntuinpnighnt thnpbunnuyunp,

- quiplwtt gnpdplpugp ddwt htn qniqujgus Epjdbnunuljut gnpshp-
Ubkph hpwibkph hwdwp' 40X®A dwlithoh Yntunpnighnt thnpbunnuyuinp:

Cunpyws Ynuunpnighnt thnpbynnuunttpnud, P6M5 wpuquihwwn thnok-
wnnuuwunh nkdhdubpny obpdwdowmlnidhg htwnn, nknh t nitktnd wdpuyht hwwn-
Ynipiniutiiph thnppugnid, vmljuyy nputip dunud B puduljuitht pupdp, ophtiwl,
40X®-TIC hwidwip 0¢=750 UL/1f, §=8%, L mdpnnonipjudp pujupupnid ki gnpsh-
pht ubpluyugynn ywhwietubpp: 40X®-IIC dwljuhoh Ynuuwnpnilighnt thnpbunn-
wuwnh dhipnjuenigduspp, P6M5 wipuquhwwn thnobwynnuuunh nkdhdutpny okip-
dwdpwlynidhg htinn, ukpuyugunid | unpphinwbidwt b dwp pppuynp yhnhw:
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Ungjnruwl 3

PoM5 tmliipop wipuquihunn wnpuunp nkdhdibpny inplujugyus b pkpdunowljus Inhunpnighnl qunwunibph JEpnuihlulub

TC

phmpugpkpp
Mnnuuwnh | Zonunitnie- | Udpnipjuib | Zwpupk- Zwpupk- Zupyui- Lwihuw- Yupdpnt- Qupdpnipniup
dwljthop pul uwhdwbp® puljub puljul Suyght wunpuun- pinLup 1200°C djuniuhg
uwhdwbp’ o4, UUMP | iplwpw- | thnugnudp® | dwbdnigh- Judph ppoyus 1 560°C 1 du/
on, UUP gnudp' 6, Y, % Ynipnitip lJupdpni- Jh&wlnud® wuwhdwudp towlh
% KCU, £/ pioLup’ HB, Ul wpdwlnithg
HB, U htwn® HRC
45 360 610 16 40 50,0 1900...1930 1780...1800 19,0...20,0
40X 350 670 14 35 35,0 2160...2180 1960...1980 28,0...29,0
40XPA 500 750 12 40 40,0 2410...2420 2280...2300 40,0...41,0
35XT'CA 130* 165* 9* 40* 4,0* 2340...2360 2280...2300 34,0...35,5
18XTT 430 700 18 55 100, 2160...2180 2060...2090 21,0...22,5
38XMIOA 300 700 25 50 120,0 2280...2300 1960...1980 34,0...35,0
XBI’ - - - - - 2280...2300 2000...2020 40,0...41,0
9XC - - - - - 2290...2300 1880...1900 40,0...41,5
Ix15 - - - - - 2410...2420 2060...2080 36,0...37,0
40X®-IIC - - - - - 2410...2430 2290...2320 40,0...42,0
P6M5 - - - - - 2400...2420 2290...2310 63,0...64,5

*) SYjutkpp YEpupbpnud Bb nfju ynnwuinh ddws b wpdwws Jh&wyhi, HRC 40...50:



busybu Epiind £ wnniuwlhg, obpinuynp §ndynghwnuwght yniptph hwdw-
Jwpgh uhtiptiqt wilhowljuunpt Jupws k okpunbph ynipkph obpdughtt plinup-
dwljuwt gnpswljhgubph (L) wpdtpubph dnwnnuynp hwjwuwpnipiniihg, npnig
Yupquujnplwit knutwlubphg dkyp (kghpnn nwppkpny gkpunbph yymptph 1Egh-
nnudt E: Unjuyt wyju dkpnnp phs wppynitwybn k, b QL3-h thnthnjunipniip nw-
nuwiynid k 6...8%-h vwhdwbbpnud [8]: Uju juywlgnipjudp Uks hkwnwpnpppnt-
pintt E ubpuyugunud Q0Q-h Jpu thnokindynghwnught yniptph Swlnunljtunt-
pjutt hilnwgnunnudp:

Onpdwtidniptiipp wuwnpwunyl) tu tpuph (DK4M1), wynudh (IMC-1) L
wiugh (TIIO-1) thnphtbiphg, npntp nitikt hpwiphg Juhun wwpptp gbpuwiht plgup-
dwljdwt gnpdwhgubp: Gruwljunudp juunwpyty Ehuduyuwnuwupwbupap 1150°C,
950°C 1 165°C oipdwumhgwbbpnid 2,0 dw/ ninnmipjudp: @npdh wpnyniupubpp
ubpuyugdws i uly. 4-nud:

& 100

§ T=0.75 T
ﬁ Fe
=l

o Cu
=R

? 70

"E Sn

2. 60

=

]

0 2 4 6 8

B, %
Ul 4. 209-h Ypw Swlinunlkinypnul wgnkgnipnilp. os—p Swlhnunkh dbnwunh 209 E
pull owes—p " whduinunEa dkuunhin

Pusybu wnbkuund tup, swlinunjkunipyut dkdwgdwip qnigpupug 2031
thnppuwinid E b wyupwts wpwg, nppwtt yjuwuwnhly k dbwnwnp: Ophtuly, 6=4% nty-
pnid Sn-h QL3-u hotind E ~40%-ny, Cu-p’ ~20%-ny, hulj Fe-p® ~15%-ny: Trw Ju-
bk E puuguinpl] dknwunubph hnuntimpyudp [9].

e=geteptPtrtkt,
nnh Ukdnipiniup, puin Lwyjuwuh hwduuwpdwi, guydwbudnpquws kL jupnudng [10].
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(11
c=Y (a + g)
npunkn y-u dwkptnipught Eubpghwt &, ry, r, —p° Ynpnipjub punwdhnubpp:

Gnp jupnudp gbipuquignid | hnuntinipyut vwhdwtp (o02), nidnpiwughwi
pupwinud k thnppugnyi phdugpnipiut mnnnipjudp, wjuhipt' Swjnnhubph
Ynnup, npp hwunwnymd k hnpdwjut nwjjuyibpny: Ujuybu, ophtiwly, y-h hw-
pupbkpulgnipniup juquynud £ 1,0:1,5:2,0 (yso= 730, ycu =1000 U yee=1500 UL/41P),
hul 04,-h hwpwpbpulgmipniup® 1:2:10 (c02s=11,8, go2cu=59 b co2re=11,2 U ):
Uy wuwndwnny wyjuuwnhl] dbnwnukph (Sn) QE2-h wdugnidp wykjh guyunih b

Onokndynghwinuhtt ynipbph QLI-h (@), Swlinnljkunipjub (0), shpdwu-
nhdwih (T) b ywunhlnipjul dholb thnpuwnupd juwp jupkh £ akpuyugut
htwnlyuy nkupny.

o=(cxo- af) f(T™/ gmo2),

nputn et widwlnnljtt mph 203-u | ndjuy obpdwunhdwtnud, a-u, m-p b o'
Wniph yjuunhlnipjut gnpswljhgutpp, npntp npnoynid b thnpdbwlunpk:

Zhwnwgnuunipjut wpynibipbpp gnyg ku wygky), np Swnunkunieyut hwyydht
Jupbkh bt Yupquynpl] wnwppbip wuuwnhlnipnit niubgnn ynipbph QC3-u
30...40%-h vwhdwutbpnid:

Bqpuljugnipnit. Fugwhwjnyly Eu Epfdbnwunuijut junniguspny wp-
wunpunkuwlubph, wyy pynd bwl fupng gnpshpubph unugdwi wpwbdbw-
hwwnynipniutbpp, hwdwdwyu nph Gpiubnwnujut jndynghnuwghtt Wynipkph
Aluynpdwt pupwugpnid uplnp bpwbwlnipnit ntubkt wiagnidwght gbpnh wnw-
owgnidp b oipnbph Wnipbph otipduwghtt puinupdwljdui gnpswljhgutnh hwdwp-
dtpnipjniup, pluy npnud, hwdwpdbpnipniip whwnp L wwhywigh ny dhuyh wp-
huwwnwiipuyhtt yuydwithpnud, wy) bwb okpduyht pwljdw dudwiwl® wdpnne
obpdwunhdwbughtt Uhowljuypnid:

®Onpdwghinuljut hbnnwgnunnipnitubph wpyniupnid juy L unbnddty dk-
nuwunuljul hnokyynipbnh obpduyghtt punupdwldwt gnpswlgh (), Swlinunljkuni-
Pt (), obipdwunhgwh (T) b yjmunhlnipju thel: 8niyg k mipdws, np swljnwn-
yhunipjutt hwoghtt Jupbih b upquynpl] wuppbp yjwunhlnipinit niakgnn
wniptnh obpduwyhtt punupdwldwut gnpswljhgn 30...40%-h vwhdwubpnid:

SUYULNRE3UL 8ULY

1. Unpupub U.Q., Uupquyub U.[r. Pupdp Ejnpuhwunnppuljuimipyudp b obpdwlju-
miunpjudp wnudh hhupny thnotindynghwnuwghtt yniptkpnh vnwgdwt wkhtninghwjh
Uowlnudp // 22 @UU b 2UM2 Skntwughp. S@ ubphuw.- 2017.- Zuun., LXX, Ne4.- ko 411-419:
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2. Unpupub U.Q., Uupquyuibt U.f. Mnudh hhdpnd otpnuynp thnoklndwynghwnwgh
Wnipkph tiwp wpunuwdnuut gnpdpiipwgh htnwqnuunudp / Zujuunwih fwpunw-
pughnwlwi wwunbdhuyh Lpwpkp.- 2017.- Zwwn. 14, Ne4.- Lo 586-592:

3. Manyksan H.B., Herpocsin I''JI., Ilerpocan X.JI., Ardansn C.I'. VccnenoBanue
MPOIIECCOB TONYYEHHs MPOTSHKHOTO MHCTPYMEHTa cocTaBHO# koHctpykiwu [/ VI
MexyHapOoHOE COBEIIaHKE IO MOPoITKoBoii metawutypruu B ['JIP.- JIpe3nen, 1981.-
C. 71-81.
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Zuyuunnwtth wqquyhtt ynjhunbuthjuljwt hwdwjuwpwi: Unipp tbpuyugdt &
hudpugpnipinit 12.12.2018:

C.I. ATBAJISH, A A. IIETPOCHAH, E.C. ITYXAH

BJIMSIHUE KOD®PUIIUEHTA TEILIOBOI'O PACHIMPEHUS HA CBOMCTBA
BUMETAJVIMYECKHUX ITOPOIIKOBBIX KOMITIO3UIIMOHHBIX
MATEPHUAJIOB

HUccnemoBanbl KO3 PUIUEHTHI TEIUIOBOTO PACIIMPEHHS PA3HBIX MATEPHUAIIOB B 3aBH-
CHMOCTH OT TEMIIEPATypPhl, B PE3yJIbTaTe Yero 00HaApy EHbI OCOOCHHOCTH MOTyUYESHHUS JCTATH C
OMMETANIMYECKUMH CTPYKTYPaMH, B TOM YHCJIE PEXYIIMX HHCTPYMEHTOB. B pesysbrare
9KCIIEPUMEHTATIBHBIX UCCIIEA0BAHNM YCTAHOBJIEHA CBSI3bh MEXTY KO3(D(PUIMEHTOM TEIIOBOTO
pacumpenust (), nopuctoctsio (0), Temneparypoii (T) 1 IIACTHYHOCTHIO METAIIONOPOIILI-
KOBBIX MATEpPHAJIOB, COTTIACHO KOTOPOi KOA((HIMEHT TEIIOBOTO PACIIUPEHUS YMEHBIIIACTCS B
CIlyJae TOBBIMICHHsT 0CcTaTo4HON mopucTocTH (10 10%), 4To OOBACHACTCS MITACTHUCCKON
nehopmarmeii B miporiecce Harpesa. [lokaszaHo, 4To 3a CYET TIOPHCTOCTH MOYKHO YIIPaBIIATh
K02 (PHUIIMEHTOM TEIIOBOTO PACHIMPEHHS MATEPUAIOB Pa3sHON IUTACTHYHOCTH B TIpeesax
30...40%.

Knrwouesvie cnosa: xodpPUIMEHT TEIMIIOBOTO PACHIMPEHHS, TOPOIIKOBBIH KOMITO3U-
[UOHHBIA Marepuall, OUMeTaJUTHYECcKast CTPYKTYpa, PEXYIIUiA HHCTPYMEHT, TOPUCTOCTS,
IacTuueckast aeopmaiiusi, MUKpOCTPYKTYpA.
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S.G. AGHBALYAN, A.A. PETROSYAN, E.S. SHUKHYAN

THE INFLUENCE OF THE FACTOR OF THERMAL EXPANSION ON THE
PROPERTIES OF BIMETALLIC POWDER COMPOSITE MATERIALS

Coefficients of thermal expansion of various materials are investigated, depending
on temperature as a result of which the peculiarities of obtaining parts with bimetallic
structures, including the cutting tools have been found. As a result of pilot studies, the
relation between the coefficient of thermal expansion («), porosity (6), temperature (T) and
plasticity of metal powder is established, according to which the coefficient of thermal
expansion decreases in case of an increase in the residual porosity (up to 10%) explained by
plastic deformation in the heating process. It is shown that due to parosity, it is possible to
regulate the coefficient of thermal expansion of materials within 30...40%.

Keywords: coefficient of thermal expansion, powder composite material, bimetallic
structure cutting the tool, porosity, plastic deformation, microstructure.
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YK 622.274 TEXHOJIOI'MU HEJAPOITIOJIb30BAHUS

I''A. ATAPOHSIH, JI.C. AKOIIAH, AT ATAPOHSAH

PET'YJIMPOBAHUE CTENEHHU JIPOBJIEHHA B3OPBAHHOM T'OPHOM
MACCBHI ITPH PA3BPABOTKE MECTOPOX/JIEHU HEPYTHBIX
CTPOUTEJIBHbBIX MATEPUAJIOB

Pa3paboTka MeCTOpOX/ICHHI HEPYIHBIX CTPOUTENHHBIX MaTePUAIOB, UCIIOIb3yEeMbIX
JUISl TIPOM3BOICTBA IIEOHS B3PBIBOM, BBI3BIBAET HEOOXOJMMOCTh COXPAHUTH €CTECTBEHHYIO
MIPOYHOCTh TOPOJIbI, a TAKIKE YMEHBUIUTH BBIXOJ MEPEU3MEIbUCHHBIX M HErabapUTHBIX
(bpakuuii B30pBaHHOM MacChl. Y CTAHOBJIEHO, UTO BBIXOJ HEKOHIHIIMOHHEIX (TTeper3Menb-
YEHHBIX U HEra0apUTHBIX) (Qpakimii B30OPBAHHOM MOPOJBI 3aBUCHT OT OGJIOYHOCTH (TpeIu-
HOBATOCTH) Pa3pyIIAEMOT0 MacCHBa M BEIIUYUHBI YHEPTHH 3apsjia B3PHIBYATOrO BEHIECTBA
(BB), a Takke xapakrepa pacnpeieiieH s SHEPIUU B3PhIBA B CPE/Ie.

B cratbe npeioxkeHa HOBasi TEXHOJIOTHS B3PBIBAHUS ITyTEM IPUMCHCHUS CKBAKUHHBIX
3aps/I0B, COCTOSIIMX U3 CMECH MPOMBIIUICHHBIX BB 1 rpaHyi MeHOMOIUCTUPOIIA, @ TAKIKE
CO3JIaHMsI KOHTYPHOM TPEIIMHBI 3a MOCICIHUM PSIOM CKBAXHH. DTO TO3BOJUT MOIHATH
KOJIOHKY 3apsi[ia B CKBa)KHHE, MOJYYUTh TJIaJIKYI0 TIOBEPXHOCTh OTKOCA YCTYIIA, YTO YJIyd-
ITUT Ka4eCTBO APOOJIeHHsI B 30HaX 3a00HKH U OTKOCA yCTyTa.

Kniouesnle cnosa’ BHIXO] IEpeU3MENbYCHHBIX U HEra0apUTHBIX (pakiuii, OJI09HOCTh
MaccuBa, IIOTHOCTh B3PBIBUATOM CMECH, KOHTYPHOE B3phIBAHHUE, 30HA 3apsjia B3PbIBYATOTO
BEILIECTBA, 30HA 3a00MKH.

Beenenune. M3BecTHO, UTO B IpoIiecce B3PHIBHOIO Pa3pyLLEHHUs KAaYecTBO Ipo0-
JICHUS! TOPHOM MOPOJIBl OIPEAEISIETCs] NOCIEAYOIUMY IPoLneccaMy JOOBIYH U Tie-
pepaboTKH MONEe3HBIX HCKomaeMbIX. IIpu pa3paboTke MECTOPOXKIEHUI HepyIHBIX
CTPOUTENBHBIX MaTepHalIOB, UCHONb3YEMbIX U MPOU3BOJACTBA IEOHS, Ka4eCTBO
JpOOJIEHNST TIOPOABI B3PBHIBOM XapaKTEPU3YeTCsl BHIXOJAOM HEKOHIMIMOHHBIX (Ie-
peu3MelNbueHHBIX U HerabapuTHBIX) (ppakiumii. B mpouecce oT6oiiku mopoa Ha 1ie-
0eHb HEOOXOUMO COXPAHHUTh €CTECTBEHHYIO IPOYHOCTH OPOABI, a TAKKE YMEHb-
LIMTH BBIXOJ IEpeU3MeIbUeHHbBIX 1 HeTa0apuTHBIX (hpaKiuii.

BbIxon HEKOHIMUIMOHHBIX (paKuUil B3OPBAaHHOM MOPOIBI 3aBHUCUT OT (PH3HKO-
MEXaHMUYECKHX CBONCTB M CTPYKTYPHBIX OCOOCHHOCTEI MacCHBa, a TaKKe OT BENHU-
YHHBI SHEPTHH 3apsiia B3PHIBYUATOrO BEILIECTBA, TAPAMETPOB B3PHIBHOTO UMITYJIbCA (amIl-
JIMTY/IA U JUTUTENIbHOCTD) U XapaKTepa pacipe/iesieHus SHEPIHU B3pbIBa B Cpee.

U3BecTHO, uTO yBenMUeHHE dHepruu 3apsna BB crnocoOCTByeT yMeHbIICHHUIO
BBIXOJIa HErabapuUTHBIX KycKoB. OHAKO 3TO CBSI3aHO C TAKMMU HETaTUBHBIMU SIBJIC-
HUSIMM, KaK IIOBBIIIEHHE BBIXOJA MEPEU3MENbYCHHBIX (PaKLUi, CHIKCHHE IpOoU-
HOCTH KYCKOB OTOHMTOH TOPHOH MaccChl, YBEIWYEHHE HETJaJKOW 30HBI OTKOJIA, a
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TaKKe CeHCMUYECKOIro BO3JEHCTBHS B3phIBA U pa30poca OTAEIbHBIX KYCKOB B30p-
BaHHOM MOPOJIBI.

Heo0xoauMo OTMETHTB, YTO MPH OTOOMKE TPEIIMHOBATHIX MOPOJ BIHSHHUE
BEJIMYMHBI SHEPruu 3apsiga BB Ha kauecTBO ApOOJICHUS CYIIECTBEHHO OIPaHUYEHO.
[Mpudem > dexT apodieHHs pH yBEIMYEHNH dHepruu 3apsna BB 3aBucut ot un-
TEHCUBHOCTH TPEIMHOBATOCTH MAacCCHBa U PE3KO CHUKAETCS C €€ YBETNUCHUEM.

TpenmHoBaTOCTH (0JI0YHOCTH) TOPHOTO MACCHBA U MPOYHOCTH CIIAraOIINX
UX TOPOJI SIBIISIOTCS CYIIECTBEHHBIMH TPUPOJHBIME (DakTopamH, BIHSIOMIMMHU Ha
XapaKTep B3pBIBHOTO Pa3pyLICHHs CKaJIBHBIX NOpPOA. TpeInHbl 0Ka3bIBAIOT 3Kpa-
HUpYIOIee JeWCTBUE Ha paclpOCTpaHEHHe SHEPIHU B3pbIBa, JOKAIU3YIOT pa3pylie-
HHUE OTIETBHOCTIMH, PacloiI0oKEHHBIMU BOKPYT 3apsiaa BB, a Ha Gonmbimx paccros-
HUSIX OTAEITBHOCTH MOTYT Pa3pyllIaThCs TONBKO 33 CUET UX COYyIapeHHs MEXIy COOOH.

XapaxTepHOl 0COOEHHOCTHIO HEPYIHBIX CTPOHUTEIFHBIX KaphbepoB ApPMEHHH,
NIPEACTAaBICHHBIX M3BECTHSIKAMU, IIECYaHUKAaMH, 0a3aabTaMH U APYTUMH IOPOJAMH,
SIBJISIETCSI KPYITHOOJIOYHOE CTPOSHUE MAaCCUBOB. BBIX0/ HeTabapUTHBIX (PpaKITiii Ha
9TUX Kapbepax 3HaUUTEJIEH.

Hcxons u3 BhILIECKa3aHHOTO, LIETIbI0 HACTOSILEH paOOoTHI SBISIETCS CO3AaHUE
1 000CHOBaHME HOBBIX METOJIOB YIIPaBIEHUS dHEPTUEH 3apsaaa P B3pbIBE B KPYyII-
HOOJIOUHBIX MacCUBax, ITO3BOJIIONINX ITOBBICUTH MCIIOJIb30BAHUE YHEPTUHU B3phIBa
Ha CHI)KEHHE BBIXOJa [IEPEeU3MENIbYEHHBIX U HeraOapuUTHBIX (paKIuii.

IMocranoBka 3aga4u 1 000cHOBaHMEe MeTOAMKH. [Ipu 0TOOIKE CIIOMIHBIMU
CKBXMHHBIMH 3apsilaMH B KPYIHOOJIOUHBIX OPOAAX BOJHBI HAPSHKEHUH € aMIl-
JUTYAaMH, TPEBBIIIAIONMH TPees MPOYHOCTH TOPHBIX TOPOJ, PACIPOCTPAHIIOTCS
B OCHOBHOM B Tpezenax Onoka, copeprkatero 3apsn BB. Ilpu mepexoae uepes Tpe-
IITUHY BOJTHBEI HANPSDKEHUH, TOCTUTAIONINE BEPXHEH YacTH YCTyIa, 00IaIaloT HU3KOM
aMIUIUTYI0OM B CHIy OTpPaXEHUS M NPEIOMIIEHUS HAaKOHTAKTHBHIX cloeB. B 3Tom
cllyyae BEpXHSS 4acTh YCTYIa, HAXOMASIIETrocsl B 30HE 3a001KM (HEaKTUBHOM YacTH
CKBKHHBI), HE MOJBEPraeTcsi ApOOJICHHUIO B3PhIBOM, a Pa3BajIMBACTCS Ha €CTECTBCH-
Hble OTAeNbHOCTH (puc.1). YcTaHOBIICHO, YTO B KPYMHOOIOYHBIX MAaCCHBAX YHEPIUS
B3pbIBa, 3aTpauynBaeMas Ha APOOJEHHE Cpensl, cocTaBisieT Bcero 2...8% moTeH-
uuanpHoi dHepruu BB [1]. TlpudeM mpu NpUMEHEHHH CIUIOMIHBIX KOJOHKOBBIX
3apsioB 3HaunTenbHas yacth (20...30%) sHepruu B3phiBa pacXoayeTcs Ha MIACTU-
yeckue AehopMalny U Ha Iepen3MeNbYeHue cpeibl B ONDKHEH 30He 3apsiza, uTo U
00yCJI0BIMBAaET MHTEHCUBHYIO TUCCHIIAINIO YHeprun BB.

Ipu B3peIBe 3apsmoB BB 00pasyrorcs oTmenbHBIE 30HBI paspymienus (puc.l):
Nepen3MenbueHus, JpoOIeH s, paJlaJbHOT0 TPEIIMHOOOPa30BaHUI U OTKOJbHAs
30Ha.
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Puc.1. Obpasosanue 301 paspyuwienus u OMKOIbHBIX CLOEE.
R — paduyc 30nvl nepeusmenvuenusi; Ry, - paouyc 30nul opobnenus;
Ry — paouyc 30ne1 mpewunoobpasosanus; Ry - paduyc omkonbHsix 30H,
1- 30na Hepecynupyemozo Opodaenus, 2- 30Ha pe2yiupyemozo OpooieHus

B 30He nmpoOneHus, HEMOCPEICTBEHHO MPUMBIKAIONIEH K TOJOCTH B3pHIBa,
MIPOMCXOJNUT Hanbosee MHTEHCHBHOE Pa3pyLICHUE MTOPOJIBI C 00pa3oBaHUEM 3HAYH-
TEJILHOTO KOJMYECTBA MEIKUX (pakiuii (30Ha Meper3MeTbUeHHUS).

B 30HE paguanbHOTO TPEIMHOOOPa30BaHUS TAHT€HIMAIBLHBIE PACTATHBAIOIINE
HaINpsOKEHUS TPEBBIMAIOT TpeJesl MPOYHOCTH IMOPoa U 00pa3yrT paauaibHbIe
TpemuHbl. BONMM3M TrpaHUIBI 30HBI TPEIMIMHOOOPA30BaHUS W BHE €€ CYIIECTBYET
30Ha HEPEryJIUPYEeMOro apooseHus (pa3pyiieHre mopo. MPOUCXOAUT MO eCTECTBEH-
HBIM TperrHaM). Ha rpaHuiie 30HBI TPEIIHHOOOPA30BAHUS M HEPETYJIHUPYEMOTO
IpoOJIeHUsT TIPY B3pBIBE TOCIEIHUX PSIOB CKBAXMHHBIMH 3apsiaMu 00pasyercs
HEPOBHAs TIOBEPXHOCTh OTKOJIa (HerNazKas HaKJIOHHAs MMOBEPXHOCTh YCTyIMa), KO-
TOpast ABJISIETCS 0YaroM BBIXOJIa Herabapwura.

OT0 yKa3pIBaeT Ha HEOOXOAMMOCTh M3BICKAHHUS ITyTeH CHUKCHHS IHUCCHIIA-
TUBHBIX MOTEPh YHEPTUU B3pbIBa B OrbkHEl 30He 3apsna BB, yiayumienus paspy-
IAIOMIETO NCUCTBHS B3pPHIBA B 30HE 3a00UKH, a TAKXKE CO3MAHUS TIAAKON IMOBEPX-
HOCTH OTKOJIa, HOSBOJISIIOHIGI‘/‘I YMCHBIIUTH BBIXOJ NEPEU3MEIIBUCHHBIX U Hera6ap1/IT-
HBIX (PpaKIHH.

Juig mocTKeHHs 3TOW Ledr HaMH Oblia Tpeio’KeHa HOBas TEXHOJIOTHS
B3PBIBHBIX PabO0T, MO3BOJISAIONIAS PEIIUTh CICAYIONIUC 3a1aUH:

— IpUMEHEHHNEe B3PHIBUATHIX CMECEH, MO3BOISIOIINX PETYIHPOBATh HACBHITHYIO
IIJIOTHOCTH U CKOPOCTh A€TOHAIIMH, YTO NPUBOJUT K YJIYUIICHHUIO Ka4€CTBa I[p06-
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JICHUS B 30HE 3a00WKU U CHIXKCHUIO TIEpEH3MENbUeHHBIX (Dpakiuii B OJIMKHEN 30He
3apsiga BB;

— CO3/IaHNe KOHTYPHOM TPEIIHHBI 32 MOCICIHAM PSIOM CKBXHH (KOHTYPHOE
B3pbIBaHNE), KOTOPOE 00pa3yeT IIaaKyI0 MOBEPXHOCTh OTKOJNA M YBEIUYUBACT 30HY
pa3pyLIeHHs.

MexaHu3M pa3pylieHus TPEIIMHOBATHIX TOPHBIX MOPOJ ONPEIENsIeTCs 1aB-
JICHUEM Ta3000pa3HbIX MPOIYKTOB JACTOHAITNH BB 1 poI0KATENEHOCTRIO ICHCTBHS
MPOAYKTOB JIETOHAIIMHU HA pa3pyIIaeMyIo cpeay.

[Ipu B3pBIBaHUH CIUIOIIHBIMHA CKBaXMHHBIMH 3apsaMH Ta3000pa3HbIe Tpo-
JIYKTHI B3pbIBA MCHOBEHHO CO3/alOT B CKBO)KHHE OIPOMHOE AaBiicHue (MPUMEPHO
100> MIla), K0TOpOoe HAMHOTO IPEBOCXOAUT MPOYHOCTH TOPHEIX MOPOx (OKOIO
100 MTla) u, caemoBaTenbHO, IPUBOAUT K 00pa30BAHUIO MOIIHON BOJHBI CIKATHS.
INocnenHss MPOU3BOAUT APOOJICHHE MOPOJIbI B OCHOBHOM 3a CUET pa3aBJIMBaHUs U
nepeusmenbueHust [2]. [TosTomy s noBbiieHus 3G (HEKTUBHOCTH HCTIONB30BaHUS
SHEPTHH B3phIBa HEOOXOAUMO CO3/IaTh YCIIOBHS, CTIocOOCTBYOIMMe MU dHepeHInpo-
BaHHOMY PacHpeIelICHUI0 SHEPIHH B3pPhIBA MO BHICOTE Pa3pyIIaeMOro ycTymna mnpu
HU3KOM TIpE/ICIIbHOM JIAaBIIEHHUH, HO TIPY YBEJIMYEHHOM BpeMEHH ero aeicTBus. CHU-
JKEHHE TPENeIHHOTO NaBJICHUS Ta3000pa3HBIX MPOIYKTOB B3pHIBA U YBEIHMUYCHHE
BPEMEHH €r0 BO3JICHCTBUS HA B3PHIBAEMYIO CPEIy CO3/Mal0T yCIOBHS JUIS B3aMMO-
JIEHCTBHS yIapHBIX BOJH M Ta30BBIX TIOTOKOB, OJarogaps dyemy eme Ooliee yBenu-
yrBaeTCs o0IIee pa3pyllaroliee qeiCTBUE B3PhIBA.

Pannyc 30HBI Tepen3MenbueHns PY B3PHIBAHUH TOPHBIX TIOPOJT OTIPEIeIIsIeTCs
o ¢opmyite [3]

R.= D (pes Kizpl8 6 )V )2 €y

rae D — ckopocts neronamuu BB, mlc; pes — mnotHocTh BB, kelm®; Kip — k03ddu-
[MEHT MPEOMJICHHUS] YAAPHOW BOJHBI U3 3apSIHOM TOJIOCTH B TIOPOJY; Gex — IPEILI
MIPOYHOCTH NMOPOJ Ha cxkatue, Mlla.

[penenpHOE aBieHHE Ta3000pa3HBIX MPOIYKTOB B3pbiBa coriacHo [4] om-
pelessieTcs CIeIYOINM BhIPaKCHHEM:

Pnpz 18 pBB D2 (d3ap /Zrnp)y3 (2)

rae dgap—z[HaMeTp 3apsana BB, v ; 1, — npenensHblil pagnyc 3apsiAHON IOJIOCTH, M.
U3 dopmyn (1) u (2) BuIHO, YTO MpeaenbHOE JaBlieHHE ra3000pa3HbIX Mpo-
JIyKTOB B3pbIBa, a TAKXKE PAIUYC 30HBI MEPEU3MENBYEHUSI TOPHBIX MOPOJ 3aBUCST
OT CKOPOCTH JI€TOHAIMHM U MiuoTHocTH BB, mpuuem npu yMeHbIIEHHH MIIOTHOCTH
BB cHmkaercs cKopocTh JeToHanui BB [4], uTo IpHBOIUT K CHIKEHHIO TIPEIENTh-
HOTO JaBJIeHHs Ia3000pa3HbIX MPOIYKTOB B3pbIBa. B 3T0ii CBsI3M HAMU OBLTM IPUHATHI

B3pBIBUATBHIC CMCCHU, COCTOAIINUC U3 OOBIYHOTO IIPOMBIIIIJICHHOT O BB n rpaHyJIrpo-
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BanHoro neHonomuctupona (I1I1) (muamerpom d=3...10 mm ¥ 0OBEMHBIM BECOM
ym = 0,015...0,030 2/ca®), mo3BonsrolMe peryIupoBaTh HACHITHYIO IIOTHOCTh U
ckopocTh aeroHaimu BB (Tabm. 1). [Ipumenenue rpanyiupoantoro [T B kauecTse
KOMIIOHEHTa B3pbIBYAaTON cMecu 000cHOBaHO TeM, uTo mapuku I1I1, Haxonsmuecs
MeXy rpaHysiamu BB B onpeneneHHoil nponopuuu ¢ HUM, MO3BOJISIIOT PETYIUPO-
BaTh IUIOTHOCTH CMECH 32 CUET COOCTBEHHOW HH3KOHM 00beMHON Macchl. Kpome Toro,
HaJIM4ue BO3LYLIHBIX IIOp BHYTPU B3PBIBYATON CMECH 00ECIEUMBAET AJIUTEIBHOE
JICHCTBUE MAaBJICHUS ra3000pa3HbIX MPOAYKTOB B3pbiBa [5]. B3pbiBaHHE CKBaXKHH-
HBIX 3apsoB, COCTOALIMX M3 CMECH NPOMBINUIEHHOTo BB m rpanynmpoBaHHOTO
[1I1, mo3BonsgeT MOAHATH KOJOHKY 3apsAa B CKBaXHHE, OCTaBIISISI MUHUMAJIbHYIO
JUTMHY 3a00MKM I yIydIleHus] KauecTBa ApoOieHnst BepxHel yactu ycryma. [Ipu-
MEHEHHE KOHTYPHOTO B3pBIBAHMS MO3BOJIAET MOJIyYUTh POBHYIO OKOHTYPHBAIOIIYIO
MOBEPXHOCTh yCTyIa IMpH MPaBUILHOM BBIOOpE MapaMeTpoB B3pbiBaHUSA. OCHOB-
HBIMH TIapaMETpaMU KOHTYPHOT'O B3pPBIBaHMS SIBISIOTCA JUAaMETp U JIMHEWHas Macca
3apsA70B, PACCTOSHUE MEKIY 3apsAaMU.

Tabauya 1

Hacweinuas nromnocms u CKopocmb ()eI’I’IOHClL;MM 63pbl€ll(1m0uv cmecu 8 3asucumocmu om
CO()@[?J!CCZHM}I nenonoaucmupoaa

Conepxcanne HI1 ANFO ANFO + I
ot obmrero oovreMa 3apsiaa
% IJIOTHOCTS, 2flcm® CKOPOCTb
0 0,8 4000
20 0,65 3700
40 0,58 3400
60 0,35 2600
80 0,20 2100

JIts1 TIosTydeHusT pOBHOM TTOBEPXHOCTH OTKOCA HEOOXOIMMO CO3aTh KOHTYPHYIO
OTPE3HYIO IIETh HEOOXOMMOM IUPHUHBL. DTO JTOCTUTACTCS MPUMEHEHHEM JIMHEHHBIX
3apsA70B C BO3AYIIHBIM PagralbHBIM 3a30POM, IPUYEM MEXAY AHAMETPOM 3apsioB
(Chap) 1 ckBakuH () TOHKHO COOMIOAATHCS COOTHOIICHNUE [6]

Chap < Ao 13, 1. 3

B 3TOM CItydae BoJIHA HANPSDKEHHUsE B3PhIBA HE TIPEBBIIIAET TIPEJIENa MPOYHOCTH
nopos Ha cxatue. [109ToMy BOJIHA HANPSDKEHHUS, TOCTUTHYB CTEHOK CKBaXKUH BOKPYT
3aps/ia, MOYTH HE BBI3BIBAET Pa3pyIlEHHs, OHA YCIIEBAET TOJILKO OCIA0UTh OPOIY
BCJICJICTBUE 00pa30BaHUS JIUHEHHBIX TPEIIHH.

OnbIT BejIeHNs B3PBIBHBIX pa0OT Ha KPYIMHOOJIOYHBIX CTPOUTEBHBIX Kapbepax
MTOKAa3bIBaeT [ 7], 4To MpUMEHEHHE CXEMBI KOPOTKO3aMeaieHHoro B3peiBanus (K3B)

30



C TpamneuueBUAHBIM BpyOOM O0eCredrBacT MHTCHCHBHOE OPOOJICHHE W IMO3BOJISET
COKpaTUTh HIMPUHY pa3Baja B30pPBaHHOW Macchl. [loaToMy Hamm Oblta mpuHSATA
cxema K3B ¢ TpanenneBuiHbpIM BpyOOM NpH MOMOIIM BHYTpuckBakurHoro (MS) u
noBepxHocTHoro (HTD) 3amemuteneit. KoHTypHBIE CKBa)KHHBI B3PBIBAIOTCS OJTHO-
BPEMEHHO (C MOMOIIBIO JCTOHUPYIOIIETO LIHYPa) A0 B3pbIBA 3apsI0B PHIXJICHUS
WITU B OJTHOW C HUMH CEpUH ¢ onepexxeHuneM Ha 68...136 mc (puc. 2).

gl
o MS0 | ,ﬂ”J
'5[' AT FTT T T« T Cae 3
o . 4 4 5 6
Q, 60 Q, @ fe] o }O O?
275 5 ; i
l & o &5 Q U 03 ) o 0
6 5 A3l 4 5 8
u §‘~\4J Q % 20 .<)3 ':4 ; :5
St T s
o of o= L8 o e T T
o 3 2 ey 2 3 4

Puc.2. Cxema pacnonosicerus CK8aNCUH U MOHIMANCA B3PBIGHOU CemiL NPU 63PbIBAHUU
KOHMYPHBIX 3aPA00S U CKBANCUHHBIX 3aPA008, COCMOAWUX U3 CMeCU NpOMbluLIeHHo20 BB u
2panyiuposanno2o nenononucmupoia (3):

1 - cksasrcunnbll 3aps0 peixaenus; 2 - konmyphas ckéaxcuna HTD- nosepxnocmuvie oemo-
namoput; MS- cxkeasicunnvie 0emonamopwt; JIL- demonupyiowui wnyp; /-
anexkmpodemonamop;4-ANFO;0, 1,2,3,4,5,6,7- nocredosamenvrnocmo 63pvléarus
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[TapameTpbl KOHTYPHOTO B3pPBIBAHUS MPUBEACHEI B Ta0JI. 2.
Tabnuya 2

Hapamempolr KoHmypHO20 83pbl8aHUs

llapamempu Pacuemuvie popmynvi

Juneiinasn macca 3apaoa

Gex~ NPOUHOCIL NOPOoObL Ha cocamue, Mlla;
Kno — KOSQhpuyuenm nperomieHus. npooyk-
mMo6 OemoHayulL.

o= 1,0...2,0;

Km — KOI(uyuenm mpewunogamocmu no-
poo:.

xm=1,0...3,0

Paccmonnue mexncoy ckeayrcunamu ax = (20-25) dsap, m

Px= 4pBB A2 (O'cm/Km)Km )2/3, Kelm

Usap — Quamemp Konmypnoz2o 3apsioa, m

Jnuna ckeaxycunvi
Q- YOI HAKIOHA CKEAdCUHbL K 20pU30HmManb- | lex= HISINGck + lnepx, M
HOUl NAOCKOCMU; Qe = Ayem., 2PAO; Qyem— YOI
omkoca ycmynd, 2pao

/nuna nepedypa
lipo — Omuna nepebypa npu  e3pwige
CKBANCUHHDBIX 3aps008 BB 0na puixnenus,; lnepxc=lnep.o= 0.5Kgs W, m

Kgp— pacuemmnutii yoenvHwiii pacxoo
BB;W- qunuu conpomuenenust no nooouige
yemyna, M

nuna cnaounozo 3apaoa
(0onnvuit 3apao)
Jnuna 3ab01iku bag = (10 - 20) Osap , m

Iaap: Inep.x+0.2 M

3apsn BB npu KOHTYpHOM B3pBIBaHUM MIPEACTABISIET COOOH TUPISAHAY MATPO-
HoB Ha /{111, npuuem nuHelHas: Macca 3apsaa peryupyeTcs pacCTOSHUEM MEXLy I1aT-
ponamu (puc. 3,4). B HWKHEH 4acT KOHTYPHO# CKBa)KMHBI MOMEIIAIOT CIUIOLIHON
3apsi (TOHHBIN 3apsn).
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Puc.3. Koncmpyxyus cniownozo (a) u konmyprozo (6) 3aps0os:
1 - suympucxeascunnsie demonamoput (MS); 2 - 3aboiixa; 3 - ANFO + IIT; 4 - ANFO,;
5 - namponwt BB, 6 - /[III; T - Oepessinnas petixa, 8 - 6yMasicHbvlil nuiic

SN

.
%

L_ w LU b

Puc.4. Texnonoeus espvisanus: | - cywecmsyrowas; |l - npeonacaemasn

PesynbTaThl uccaenoBanusi. [IpeioskeHHas TEXHOJOTHS B3PBIBHBIX padoT
UCTIOJIb30BaHa Ha ApaMycckoM 0a3anbToBOM Kaphepe. [loka3arenu B3pbIBa 10 mpe-
JIaraeMoi TEXHOJIOTHHU OTIPEICIISUTUCEH MPOBEACHUEM CEPUH OIBITHO-TIPOMBIILICHHBIX
B3PBIBOB C MOCIICAYIOIICH 00pabOTKOM U aHATN30M MX PE3yJIbTATOB B COMOCTABJICHUH C
MOKAa3aTeNsIMH, IOCTUTHYTBIMH MPU CYIECTBYIOIICH TEXHOJOTHH B3PBIBHBIX pa0OT.

Apamycckuil Kapbep MPeICTaBlIeH KPYMHOOIOYHBIMU 0a3abTaMy KPEIOCThIO
10...12 no mkane M.M. [IpoToibikOHOBA C 00BEMHBIM BECOM OT 2,8 mind.

Ha ombITHBIX B3pBIBaX B HIDKHIOW YacTh CKBaKHMH pasmemand ANFO
(D =4000 wmlc, pes=0,8 2/ca®), a BepXHIOI YacTh CKBAXKHH 3apsDKaIH B3PHIBYATON
cmechio ANFO + 777 (D = 3400 wlc, pes = 0,58 2/car’).

Jlnist B3phIBaHUSI B KOHTYPHBIX CKBXXHHAX MPUHUMAETCS MaTPOHUPOBAHHBIN
ammonuT 6)KB. I[TapameTpsl KOHTYPHOTO B3PBIBAHHUS OTIPE/ICICHBI COTIIACHO Tab. 2.

KputepusiMu 17151 CpaBHUTEITHLHON OIIEHKU OMBITHO-TIPOMBIIUICHHBIX B3PHIBOB
MPHUHATHI CJIEAYIOIINE MMOKA3aTeNIN: TPAHYJIOMETPUICCKUI COCTAaB TOPHOM MacChl,
yaenbHbIN pacxon BB, Beixon HerabapuTa, IMpUHA pa3Balia B3OPBAHHOW MAacChl.
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Tabauya 3

Tapamempur u pesynomamol OnbLIMHO-NPOMBIUIEHHBIX 83DbIBOS

Texnonoeus B3PDbl6AHUS

Haumenosanue nokazamenei Eo.usm. | mpaduyuonnas | npednacaemas
KoaddurmieHT KpemocTH B3phIBAEMBIX MOPOJ IO - 10...12 10...12
M.M. IIpoToabsIKOHOBY

Brounocmy e3pwisaemozo maccusa KpYnHooO104Has

[penen mpoyHOCTH NOPOJ HA CHKATHE Mlla 120 120
OOBEMHBII BEC TOPOIBI mim® 2.8 2.8
Beicora ycryna M 6.0 6.0
JlnameTp CKBakKuH M 0.115 0.115
Koncrpykmms 3apsaa ANFO  ANFO/ANFO + IIIT ANFO
ConpoTHBIICHHE 10 MOJJOUIBE YCTyIa M 3.6 3.6
PaccrosHue Mexy CKBa)KUHAMU B Py M 2.8 2.8
PaccTosiHue MEXY psilaMu CKBaXKUH M 2.8 2.8
Yucno psiaoB CKBaXKUH M 4 4
I'myOuHa cKBaXXHH M 7.2 7.2
JlnvHa 3apsiia, HKHUHA/ BepXHHI M 4.3 1.8/35
Bec 3apsiia B CKBa)XHHE HIKHHUIT BEpXHHUI K2 40.5 16.9/20.5
JlnuHa 3a00iKu M 2.9 1.9
CpenHsisi IUIOTHOCTD 3apsiia eler® 0.8 0.58
Ckopoctb aeronanvu BB mlcex 4000 3400

Cxema B3pbiBanusi K3B ¢ TpanenueBraHbsM Bpyoom KontypHoe B3pbiBaHue

Jluneiinas macca 3apsiia Kelm 1.3
PaccrosiHue MeXIy CKBaKHHAMHU M 1.4
JlnrHa CKBaKMHBI M 7.4
JUIMHa criomHoro 3apsjaa M 14
Y nenbHbli pacxon BB xelms 0.76 0.85
Beixon menkoii gppaxuuu 0...100 ym % 26.3 16.8
Beixon kpymHoii dppaxunu >800 mm % 19.8 34
upuna pa3sana M 38.6 30.8

I'panynomerprudeckuii cocTaB B30PBaHHOW TOPHOW Macchl onpeaessuin ¢o-

TOIUIAHMMETPHUYECKUM METOJIOM, a BBIXOJ Herabapura - MOLITYYHbIM 00MEpPOM Kyc-
KOB mociie akckaBaiuu. [1Iupuny pa3Baiia onpeaensiiim MapKIIen1epcko CbeMKOM.
[TapameTps! 1 pe3yabTaThl ONBITHO-IPOMBIIIUICHHBIX B3PBIBOB IPUBEACHHI B Ta0JI. 3.

AHanu3 pe3yabTaToB B3PBIBOB 110 MIPEIJIOKECHHON TEXHOJIOTUH MTO3BOJISET:

® pErylIMpoBaTh NapaMeTphl pa3Bajia B30OPBAHHONW MacChl;

® TOJIYy4UTH OOJiee paBHOMEpPHOE JPOOJICHHE, NPU STOM BBIXOJA KPYITHOM
¢dpakyn 6omee 800 vy ymensinaercs B 5,8 pasa, a BBIX0J MENKOH (pakiyu MeHee
100 rm ymensbmaercst Ha 36%6;

® [OJHATH KOJIOHKY 3apsiia B CKBaXKMHE, OCTABJISISI MUHMMAIBHYIO JUIMHY
3a00MKH [T yITydIIeHHs KauecTBa IpoOJIeHUs] BEpXHEH yacTu ycTyma;

e CO3[aTh MIAAKYI0 IIOBEPXHOCTh 30HBI OTKOCA YCTyHa Ul YJIy4IIEHHS
KavyecTBa JpoOIIeHus .
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Q.U. UZUrnusuy, LU, 20unNfsuy, U.Q. zurnuduy

MUBEESYUD LENLUSPL QULGYUOP UULIMUSYUONRE3UL UUSPKULE
YureudnNenbuc chuUusNkhetre N2 ZULLRULUNUSPL ZULRUYUSITG P
UcuyuUuUuL H6NLeNkrU

dwpwuph wpnunpmipjuit hwdwp ny hwipwpwpuwyht shttwiyniptnh hwipwduy-
ptph wuypkgludp dpwlnudp wuwhwigmu E yuhwwil] wyuph phulwt wdpnipmnip, hig-
wtu twlb thnppugil) wuypkgyus quugqush gipdwipugdwi b wpnuwsuthu dpujghwuibph
bpp: Uwhdwtdby k np wuypbgywsd wujwptbph ny Ynunhghntt dpuljghwikpp jupuqus tu
wuyptgynn quuqqush pnjwynpusnipiniihg (knpuynpjuésmpymihg) b wuypnighl
niph 1hgph Eubkpghuyh dkdnipniihg, hisybu twb vhowduypnud yuyebgdwt Eukpghuyh
puipfulwl pintpwigphg:

Unwownlyt] £ wuyplgdwt tnp wkhtninghw, npp htwpwynpnipnit £ wwhu
pupdpugily (hgph kpupnipynip, winwbiwg hupp dwlbpum] hwipuwunhgwbh ok dwib-
pugdwi npulp juguiyniph gninmd b hwipwunhdwh php duljtpbnypnud jwjughbint
bywwnwlny:

Unwbgpuyhl punkp. qbpduipugdus b wpunwywthu dpulighwtkph bip, quiqiush
pinjuynpudnipinil, wuypenighl fiwntnipnh funnipntl, kqpugsuhtt wuyptgnid, wuwy-
poighl yniph (hgph gnunh, juguymph gnunh:
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G.A. AHARONYAN, L.S. HAKOBYAN, A.G. AHARONYAN

REGULATING THE DEGREE OF CRUSHING THE EXPLODED ROCK MASS
WHEN DEVELOPING THE DEPOSITS OF NON-METAL CONSTRUCTION
MATERIALS

The development of deposits of non-metallic building materials used for the
production of rubble by explosion requires to maintain the natura strength of the rock, as
well as reduce the yield of oversized and overcrushed fractions of the exploded mass.

It is established that the yield of substandard (over crushed and oversized) fractions
of a blasted rock depends on the blockiness (fracture) of the destroyed massif and the
magnitude of the explosive charge energy (EX), as well as the nature of the explosion
energy distribution in the medium.

A new blasting technology has been proposed by applying borehole charges
consisting of a mixture of industrial explosives and expanded polystyrene granules, as well
as creating a contour crack behind the last row of wells which makes it possible to raise the
charge column, to obtain a smooth surface of the escarpment of the ledge to improve the
quality of crushing in the damming zone, and in the zone slope of the ledge.

Keywords: yield of oversized and overcrushed fractions, block blockiness of the
massif, density of the explosive mixture, contour blasting, explosive charge zone, damming
zone.

36
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YK 621.311 SJIEKTPOTEXHHUKA

H.II. BAJAJISIH, M.K. BATJACAPSH, I'.11. KOJIECHHUK
MOJEJIMPOBAHUE PEXKUMA 3KPAHA CHUJIOBOI'O KABEJIS

PaccmatprBaroTcst BOIPOCHI pexnMa SKpaHa CHIIOBOIO OAHO(MA3HOTO Kabesst ¢ U30J1s-
mueit u3 cururoro nomuaThiieHa (CIID-uzosmsimeit) mpu 3a3eMIIEHUH dKpaHa Kabelst ¢ IByX
KOHIIOB. [loy4eHbI COOTHOIIEHUS I ONpeesieHHs TOKa B “3eMJIIHOM KaHayle” Ha OCHO-
BAHUM MPEIJIOKEHHOM CXEMbl 3aMEIIEHUsI C YUYETOM CONMPOTUBIEHUA 3azemuurtene. [Ipu-
BEJICHBI pacyeTHBIC 3HAUCHMS TOKa “3emim’ i kabener ¢ CIID-u3omsmumei ¢ pa3mmaHbpIMA
CEUCHUSIMH dKpaHa. BHIITOTHEHA OIIEHKA MTepeHaNpsDKeHNS Ha dKpaHe KaOels Py 0THOCTO-
POHHEM 3a3eMJICHHH.

Knioueswie cnosa: onHo(hasHoe BKIIIOUYEHNE, CHIIOBOI KaOemb, peXXnM dKpaHa, TepMHU-
YyecKas yCTOMYMBOCTh, HEBO3TOPAHHUE H3O0JIAIIN, 3a3eMJICHIE dKpaHa, TOK, TIOTEPH MOIIHOCTH.

CuioBeie Kabenu, HE3aBUCUMO OT THIIA M30JIALNH, BEIOUPAIOT IO PACUECTHOMY
TOKY, HOMHHAJILHOMY HAMpPsHKEHHIO, CIIOCO0Y MPOKIIAAKH, YCIOBHUIM OKPYIKArOIIEH
Cpe/bl ¥ TPOBEPSIIOT Ha TEPMUYECKYI0 YCTOWYMBOCTH MPU KOPOTKOM 3aMBIKaHUH
(x.3.) myTeM pacueTa MUHMMAJbHOW ILUIOIIAIU CCYCHUS] TOKOBEAyIIeH Kbl [1].
IMocne pacyeta MUHHUMAJBHOM TUIOIIAAN CEYCHUST TOKOBEIYIICH YKUIBI MO TEPMH-
YeCKO YCTOWYMBOCTU YTOUHSIOT CEUCHHE TOKOBEAYIINX JKUJI CHIIOBBIX KaOeme ¢
YYETOM YCTAHOBIICHHOW MOIHOCTH DIIEKTPONPUEMHHKOB W TMPOBEPSIOT €ro Io
JIOITYCTUMBIM TIOTEPSIM HANPSIKEHUSA, TEPMUUYECKOM CTOMKOCTH K BO3JEHCTBHIO
TOKOB K.3. U Ha HEBO3TOpaHHE TP NPOTEKAHUH TOKOB K.3. [2].

ITpoBepka cUIOBBIX Kabeneidl HAa HEBO3TOpaHHE MPH MPOTECKAHHH TOKA K.3.
OCYIIECTBIISIETCS U3 MPEANOJIOKEHHs, YTO MaKCUMAaJbHBIA TOK, MPOTEKAIOMINI B
ka0ese, paBeH JCHCTBYIOLIEMY 3HAYCHHUIO TOKA K.3. B HA4aJIe JIMHUY.

B cootBercTBHE ¢ TexamUeckoi nommtHkon [TAO “Poccetn”, mpoektupyemeie,
coopy)kaeMble M MoJepHH3UpyeMble KaOenbHble nuHHK (KJI) snmexTponepenaun
JIOJDKHBI BBIMOJTHATHCS CHIIOBBIM KaOeneM ¢ M30JIAIUEH U3 CIIUTOrO MOJUATUIICHA,
U TOCKOJIBKY TIOJIOBHHA TPOU3BOAMMBIX Kabeneit ¢ CIID-nu3omsueii oqHodazHasi,
TO 0cO0YIO aKTyaJIbHOCTh MPUOOpETaeT BONPOC o0ecredeH s pexKruMa IKpaHa Mo TOKY
U TIepeHANPsHKEHUSIM B CITydae BKITIOUCHUS Kabelsh B OHO(DA3HOM PEeIKHME.

Tepmuueckast CTOHKOCTB JIEKTPONPOBOASAIIECTO IKpaHa 0IHO(A3HOTO CHIIO-
BOTO Kabers B cetr 6 ... 35 kB ¢ N30MMPOBAaHHOW HEUTpPAIbI0 00ECTIEeUNBAETCsI, €CITH
BBIITOJTHAETCS ClIeayrolee yciaopue [1]:

37



|

(2)
I3 = 1}( ’

rae I, , — JUIMTENBHO JOMyCTUMBIA TOK MEIHOTO dKpaHa, KA, 3Ha4€HHs KOTOPOro
OrPaHUYMBAIOTCS CCUCHUEM DKpaHa, HalpuMep:

- m1s kabenst 220 kB (ceuenne sxpana 120 mn?) — 24,36 x4,

- n1s1 kabens 10 kB (ceuenue sxpana 25 um?) — 19,2 k4;

1152) =0,87" 1153) — TOK JBYX(a3HOTO K.3., KA; 153)

— TOK Tpex(a3zHoro cuMMe-
TPUYHOTO K.3., KA.

B cersax 110...500 kB ceuenue SkpaHOB 0JHO(A3HBIX Kabeel BHIOMPaIOT Ha
TOK ogHo(a3zHoro K.3. B 000HX ciydasx cedeHHe dKpaHa MOTydaeTcs OBBIIEHHOE,
IIOATOMY Takue KaOeau B HOPMAJTLHOM PEXHME PabOThI CETH TPEOYIOT peIIeHUs
Mpo0GJIEMBI C TOKaMH U MOTEPSIMHU MOIIIHOCTH B 3KpaHax. st 60pb0bI ¢ moTepsaMu
BHEJPAIOTCA TaKUe MEPONpPHUATHS, KaK OJHOCTOPOHHEE 3a3eMIICHHE HKPAHOB MU
TPaHCIIO3UIUA SKPAHOB B TpeX(l)EBHOM BKIIFOUCHHUH, YTO CO34a€T AOIIOJIHUTCIBbHBIC
mpoOIeMbl IPU IKCIUTyaTalul KaOeIbHOH JTMHUY.

OCHOBHBIM Ha3HA4YEHHEM JKpaHa SBISAETCS OOecledeHre PaBHOMEPHOCTH
AIIEKTPUYECKOTO TI0JIs, BO3ACHCTBYIOIIETO HA TIIaBHYIO M30JIAIMI0 Kabems (130Iis-
MO “JKHMJTa-3KpaH” ), YTO IOCTHIAeTCsl TOIBKO B CIydae 3a3eMIIcHHs 9kpaHa. [Tostomy
AIIEKTPONPOBOIsAIIas 00004uKa Kabens (3KpaH), Kak MpaBUilo, 3a3eMiieHa Ha €ro
KOHIIaX M B PsJIe MPOMEKYTOUHBIX ToYeK (My(Tax MM TPAHCIIO3UIMOHHBIX Yy3/1aX).
[Ipu 3TOM TSI TOKOB Harpy3Ku oHO(pA3HOTO Kabems o0pa3yercs IMyTh B 3eMJie, Ta-
paJuIebHBI TPOBOJAHUKY. B 3TOM OTHOIIEHMH MeTaiinieckas o0oJjouka Kabels
aHAIIOTUYHA 3a3€MJICHHBIM TpOCcaM Yy BO3AYIIHOHN nuHuH. Ha pacnpenenenune Toka
MeXIy 00O0JIOYKOM M 3eMiiell CyIIECTBEHHOE BIMSHHE OKA3bIBaeT HE TOJBKO COO-
CTBEHHOE COINPOTHBIICHHE 000I0UKH (IKpaHa), HO U COMPOTUBIICHUE €€ 3a3eMIICHUIA,
3HAYCHUS] KOTOPBIX 3aBUCAT OT XapakTepa MPOKIamku kabens (TpaHiies, OJOKH,
TYHHEITb, 3CTaKaaa u T.J.) ¥ psia ApyTux (haKTopoB.

[Tpu ucnons30BaHUU OAHO(PA3HOTO CUIIOBOTO Kabemnst ¢ CIID-uzonmsuuen c
He3a3eMJICHHBIM 3KPaHOM WM 3a3€MJICHHBIM C OJJHOTO KOHIIA IS TUTAaHUS OJHO-
(a3HOl Harpy3KH 3HaY€HHE JJIUTEIBHO JOIMYCTUMOTO TOKa CIEAyeT BHIOMpATh MO
CEYEHUIO DKpaHa, MOCKOIBKY CEUYEeHUE IKpaHa BCEr/la B HECKOJIBKO pa3 MEHbIIIE ce-
YEHUS TOKOTIPOBOISAIIEH JKUIIBI.

B onnodazHOM pexume mpu 3a3eMIICHUH SKpaHa ¢ ABYX KOHLIOB TOK HAarpy3Kd
MPOTEKAET 10 KPaHy | “3eMIITHOMY KaHAITy” C COTIPOTHUBIICHUSMH 3eMJIH R, 1 3a3eM-
autenei R,, (puc.). Torga i TOKa KUkl KaOeIs U CYMMapHOIO COIPOTHBIIEHUS

“3eMIISTHOTO KaHaya" crpaBeTuBe cooTHomenus I, = I, + I;; Ry = R, + 2R,..
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Puc. Kabenvras aunus ¢ oonogpasuvim kabenem ¢ CIIS-uzonayuetl. a - 6 00HOGazHoM
BKIIOUEHUU; O - CXeMA 3AMeUeHUs. ¢ CONPOmMuUeLenuamMU 3azemaumeneti Ry,

Onnodaznyto KJI, BemonaeHHyto kabenem ¢ CIID-uzomsmmed, MOXKHO cMoe-
JIPOBATh CXEMOM 3amerieHust (puc. 6), mapaMeTpsl SJIIEMEHTOB KOTOPOM orpe-
JIEIISIIOTCS 110 M3BECTHBIM COOTHOIIICHHSIM

- TIOTOHHBIE aKTUBHEIE COITPOTHUBIICHUS KWJIBI M SKpaHa Kabes:

Rye = Roge - £,0m; F"Oofc:p/sgfc’OM/KM; R, =Ry, - 1,0m; R)3=,0/33,OM/KM,

rae p=17,5+18,50M'MM2/KM - JUIs  DJIGKTPOTEXHUUECKOHW Menu U

29+3l,50M-MM2/ KM - AJI QIIOMUHUS M €T0 CIUIABOB; Sy, S5 - IIIOIIAAb IONepey-
HOTO CEUEeHHs JKUNBI M SKpaHa Kabesist, Mm°, COOTBETCTBEHHO; | — IPOTSKEHHOCTH
KaOeJIbHOU JIMHUU, KM.

3HavyeHus] CONMPOTUBICHUH 3a3eMinTenei Ry, 1 HanpsbkeHWd Boime 1 kB
npuHuMaeM 2, 4 wiu 8 Om mist moactaniuii 10 35 kB B 3aBUCUMOCTH OT 3HAYEHUS
Hu31Iero HanpspkeHus 1 Menee 10 Om st Hanpsokenuit Beie 110 kB (ITY D).

UseectHo [3], uto A5 omHO(azHoro cunororo kadens ¢ CIID-u3omnsuueii 3Ha-
YeHUs] COOCTBEHHOW MHIYKTUBHOCTH dKpaHa M B3aUMHOM WHIYKTHBHOCTH “IKHJia-
9KpaH”’ paBHBI M ONPEJIEIIOTCS 1o (hopMyIre

D

Ho
Ly =My, = %mf,

rae D, = <2'085 / x 10_9) 1073, m — SKBHBaJCHTHas ITyOMHA BO3BpaTa TOKa

4epes 3eMiIi0; d — paccTOSIHEE OT IIEHTPa TOKOIPOBOISIICH JKHIIBI 710 IKpaHa, MM;
Uo = 4m - 1077, I'ulm — MarHUTHAS TIPOHULAEMOCTD, A — y/iebHAas IPOBOIUMOCTD
semm, (Om-cm)™; f —uacrora Hanpsvkenns nurtaromeii cetn, Iy.
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WHIYyKTUBHOCTh TOKOMPOBOISIIEH >KHIBI KaOeds MOXHO ONpPEIETHTh IO
HU3BECTHOM sMIHpHUECcKoii popmyite [4]

d
L, = (0,46 lg—+ o,osu) -1073,
XK

TIe Ty - PagUyC TOKONPOBOAALICH >KMIIBI KaOems; L - MarHUTHAasl MPOHHIAEMOCTb
Marepuaa TOKOIPOBOASIIEH xuibl Kadens, I ulm.

TokopacnpeneneHne B BETBAX CXEMBbI, IOKa3aHHOM Ha PHUC. a, ONPENEIHUM,
aHAJIM3UPYS CXEMY 3aMEIIEHUs, [IPEICTAaBICHHYIO0 Ha pUC. 6, B KOTOPOH CHJIOBOM
Ka0elb KOHIEHTPUYECKOH (KoaKcHallbHO#) CTPYKTYpbl Moaenupyercs: T-o0pa3Hoit
CXEMOH 3aMelIEeHUs ¢ MapaMeTpaMH aKTUBHOTO U PEaKTHBHOI'O CONPOTHUBIICHUH U
€MKOCTBIO MEX/Ty TOKOBEIYILEH U0 M 3KpaHOM. DKpaH MOIEIUPYETCsS MPOIOIIb-
HBIMM aKTHBHBIM U PEAKTUBHBIM CONPOTUBIECHUAMHU. EMKOCTH 3KpaH-3eMiIs HE y4H-
TeIBaeM H3-3a Oombimoii (mopsimka 1000 u) rryOMHBI IPOTEKAHUS TOKA BO3BpATa,
YTO TaK)Ke PelIaeT BOIMpPOC HeydeTa crocoda MPOKIIaIKU CHIIOBOTO Kabers.

3apsaHYI0 MOIIHOCTH KaOeJbHOM JHHUM (3apsiTHBIE TOKH), MOJCIUPYEMYIO
MONIEPEYHBIMU JIEMEHTaMu X, pY HanpspkeHUsIX 6...20 kB MOYKHO He YUHUTHIBAThH
BBHJIy €€ MaJIOCTH IO CPAaBHEHHIO C PEaKTHBHON MOIIHOCTHIO Harpy3ku. C yyeTom
3TOr0 YCJIOBHS YPaBHEHUsSI 3IEKTPHIECKOTO COCTOSIHUS CXEMBI Ha PHC. O IPUHUMAIOT
BUT

Ul = I)K(Z}K + ZH) - IBZM + 13R3Zv
0= _isgs - [)KZM + i3,

rne Zy, = R, + jwL, - HOJHOE CONMPOTUBIICHHUE XKUJIbI Kabems; Z, = R, + jwL, — non-
HOE CONPOTHBIICHUE 3KpaHa Kadens, Z,, — CONPOTHUBICHUE B3aMMOMHAYKLIUH MEXIY

JIBYMs TTApaJUIEIbHBIMU JIMHUAMH “ TIPOBOA-3eMJIS ; Z,, — ITOJTHOE COIIPOTHBIIEHHE Har-
pyskn; Rs =R, + 2Ry, = R; -/ + 2R, ,Om — conpoTuBIieHre 3eMIITHOTO KaHasa ¢

yueToOM 3a3eMJIMTEIICH.

Hns KJI nanpsoxennem 110 kB u Bolle ypaBHEHUsI 3JICKTPHUECKOTO COCTOS-
HUS YPaBHEHHUS 3JICKTPHUECKOTO COCTOSIHUSA CXEMBI Ha PUC. 6 IPUHUMAIOT BUJL

U, = I, Zy — I,Zy + L,Rys + U,
0=-17,—I,Z,+ LR,

o _ i 24 (=05%0)] /
U, =1 - .
e = 2, - 05)x.]
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[Nagenue HanpsHKEHMsI HA TOKOMIPOBOSIIEH XKuJie, “3eMie” U dKpaHe Kabens
C YYETOM MPHUHSATHIX HA PUC. 6 YCIOBHBIX MOJIOKUTEIBHBIX HAPABICHHH TOKOB U
HANPSHKSHUH MTPEJICTABUM B BH/IE

AU}K = imRm +ji>KX>K _jiaXmaJ
AU:—) = jaR:-) +jj3X3 _jimea = imRm - i3(R3 — JjXu),
AU, = I,LR;zs = I,- (R'; + 2R,,).

C y4eToM BBIIIEU3TI0KEHHOTO BRIpAXKCHHUE MAJICHUS HAPSHKEHUS Ha dKpaHe
Ka0elst, IpY YCIIOBUY PaBEHCTBA PEAKTUBHBIX COMPOTHUBIICHUH SKpPaHa U B3aHMMOWH-
aykuuu X, = X, = X, HpUHUMAET BU]I

AU:-) = iaRa +jXM(ia - I)K) = j)KR3 - js(Ra _jXM) = 13R3 +jXMj3-
IMTockonbKy ISl mapajuielibHO BKJIFOUCHHBIX BETBEH (pHC. 6) BBIMOIHSICTCS
ycnosue AU, = AU,, T0 U3 paBeHCTBa
i)KRB - i3(R3 _jXM) = js(R,3 + 2R33)

TTOJIYIMM BBIpXKCHHE JIJIS pacueTa TOKa B “3eMIISTHOM KaHaue”

. R
L=I 2

| =yl
“Ry+ R, + 2R, —jXy

J Ry R,
rae k = 7 - = > e
Ry+R"3+2R33—jXy V(R +R5)2+X]

Torma BeIpaXkeHUE IS TOKA “3eMJITH MOJKHO TIPEIICTAaBUThH B BHIIE

Or — Ikle(pk

I, = Imlkle("’ixcﬂ"k) = Le®b,

[Tosy4yeHHBIE 3HAUYSHUS] MOXKHO MCIIOJIB30BATh JUISl BHIYMCIICHNS TOKa “3eMIn”
1 9KpaHa 0e3 BhIYHCIICHHUs (Pa30BbIX CBUTOB.

Takum oOpa3zoMm, TOK B “3eMIiITHOM KaHaie” B Cilydae 3a3eMJICHHS DKpaHa
omHOo(a3zHOrO Kabens ¢ 000MX KOHIIOB, IPH WCITOJIE30BAHUHM KOHKPETHOW MapKu
kabenst ¢ ClIID-u3onsnueil, MOXXHO OINpPENETUTh MO HM3BECTHOMY TOKY KHJIBI H
AKTHBHBIM COIIPOTHBIICHHSM KpaHa, 3a3eMIIUTEIICH, 3eMII U PEaKTUBHOMY COIIPO-
TUBJICHUIO UHIYKTUBHOCTH 3KpaHa. [Ipr 3TOM mpenebHO TOMyCTUMBIN TOK JKHJIBI
CIIEAyeT MPUPABHATH MPEEeNBHO AOIyCTUMOMY TOKY 3KpaHa.

ITorepu aKTHUBHOW MOITHOCTH B 3€MJI€ OT MPOTEKAIOIIETO B HEM TOKa Xapak-
TEPU3YIOTCS AOTOJHUTEIBHBIM COTIPOTHBIICHUEM R, ONpenensieMbIM MPHOIKEH-
HBIM COOTHOIICHUEM

R, =72 10" Om/fwcnm.
M



Ha npomsinennoii wacrore f =507y ymensHoe compoTHBIeHHE 3eMIH

R, pasuo, 0,050Mm/Kkm , 4TO CBUAETENBCTBYET O MPAKTUYECKOM TIOCTOSIHCTBE TOTEPh

AKTUBHOW MOIIIHOCTH B 3€MJI€ IIPH 3aJaHHOM 4acTOTe.

Ceuenue 3kxpaHa ogHo(hazHoro cuioBoro kabdens ¢ CIID-uzonsueit Hanps-
xerneM 6...35 kB Boimosasercs ot 16 1o 35 i, MIPH 3TOM TIOTOHHOE aKTUBHOE
COIPOTHUBIICHHE MEIHOT0 dKpaHa U3MeHsieTcsi B auanasone ot 1,125 no 0,5143 Omlkm.

C y4eToM 3HaUYCHHS yAETbHOTO (KMIOMETPUIECKOT0) COMPOTHBICHHS “3eMiTH”
pasHoro, o npubmmkennsiv onenkam, 0050m/km , y6exnaemes, 4To B 3TOM

Cydae TOK B 3eMJISIHOM KaHajJe 3HAYUTENFHO MEHBINEC TOKA XHJIBI KaOens H
COCTaBJISICT CAMHHIIBI MPOLIEHTOB OT TOKA XWJbl. B kadecTBe mpumepa B Tabdm. 1
IPUBEICHBl pe3yJbTaThl pacyeTa TOKAa B 3eMJITHOM KaHaile Ui Kabeis MapKd
II8ITar(A)-HF-10 ¢ CIID-uzonsuueii Ha Hanpsokerne 10 kB ¢ cedeHHEM 3KpaHa
16, 25 u 35 mm?. Tlpu pacueTe JIMTENBHO AOIMYCTUMBIH TOK KMIbI HPHHAT PABHBIM
JUTUTENIBHO TOIYCTHUMOMY TOKY 9KpaHa 33aHHOTO CEYCHUS.

PacueTHble 3HaYeHHUS IEHCTBYIONIETO 3HAUEHHS TOKA “3eMJIM” M €0 Hadalb-
HOHM (pa3bl B (DYHKIIMHU TOKA JKWIIBI M CONMPOTUBIICHUS 3a3eMIINTEIICH MPHUBEACHBI B
Tadu. 2.

Tabauya 1
Pacuemnvie snauenuss moxa “ semnu” 6 00asX moxa sHcuvl Kabeis
AxtuBHoe | Tox | Tox |Pasmep, | Munykrus- | Conporus- | IIpors- | Compo- Tok
Mapka | CONpOTHB- | KHJIBI | 9KpaHa d HOCTh JIeHHE HKEH- THUBJIC- “3emm’”
Kabest JIEHUE 9KpaHa, L, | B3aUMOMH- | HOCTb HUeE 3a-
9KpaHa, IOyKuud | kabenb- | 3eMinTe-
Ros HOH nen
Jau, |
Omkm A A MM TWkm Omlkm KM Om A
[IBITur(A)-
HF-10— 1,125 120 |120 8,12 23,308 10*| 0,732239 [1,0 4(2) 15/25,83
70(16)
I[1BITar(A)-
HF-10 - 0,72 140 | 140 10,39 |22,83*10*|0,7172 10 4(2) 11,45/20,9
150(25)
[BITur(A)-
HF-10- 0,5143 170 | 170 13,172 |22,34%10* | 0,7018 1,0 4(2) 10,17/15,6
300(35)
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Tabauya 2
Pacuemmnvie 3navenus Man/l}l u apeymenma moka 3emjiu

Tok Compo- 3HavyeHust “Tox 3emmn” Tok daza Toka
Mapxka kabenst | KHJIBI | THBIE- Moy, |k| 3emud, B % “3zemun”
Hue 3a- | mpu |=1xu TOKA JKHUIIBI
3eMIIUTe-
nen
A Om omH. eo. A % 211 epad

Mellr(A)-HF- | 120 | 2(4) | 0215(0,122) | 2583/15 | 21,5/125 | 8,05° /4,56°
10— 70(16)
IIsllnr(A)-HF- | 140 2(4) | 0,149(0,082) | 20,9/11,45 | 149/817 | 8,94° /4,67°
10 — 150(25)
IsIIar(A)-HF- | 170 2(4) [0,151(0,059) | 15,6/10,17 | 11,1/598 | 8,55° /4,67°
10— 300(35)

Hanuuue peakTHBHOTO COMPOTUBIICHHS B3aUMHON WHAYKIIMU BHOCUT JIOTIOJ-
HUTENBHBIA (Pa30BbIi CABHUT TOKA “3eMJIH”, YTO B KOHEYHOM WUTOTE MPUBOIMT K U3-
MEHEHHIO KO3 (UIIMEHTa MOIITHOCTH JTMHUU. Hampumep, mpu CeUueHUM SKpaHa Ka-
6ens 16 mm® U 3HAYSHUH COTPOTUBIEHHS 3a3eMuuTens 8 Oy BEKTOp TOKa “3eMan”
OyzmeT MOBEPHYT IPUMEPHO Ha 5 571, 2pad. OTHOCUTEIHHO BEKTOPA TOKA JKHJIIBI:

_ R, _ 1,125
~ ™R, +R,+2R,, —jX, 1,125+ 0,05+ 8 — 0,732

I = 0,125 - [,,e/*5°",

Ananu3 naHHbIX Ta0. 1 v 2 moka3eiBaeT, 4To ¢ YBEJIMYCHUEM CEUCHHS SKpaHa
TOK “3eMIJITHOTO KaHalla”" YMEHBIIAeTCs MPOTIOPIIMOHAILHO, HO a0COTIOTHOE 3HAYE-
HUE ATOTO TOKA CYIIECTBEHHO 3aBHUCHUT OT CONPOTHUBJICHHUS 3a3zemumtens. Ciaemyer
OTMETHUTh, UTO HavadbHas ()aza TOKa “3eMiu” NpPHU YKa3aHHOM CONPOTHUBICHHHU 3a-
3eMITUTeNel MPaKTHIECKH He 3aBUCHUT OT CEYCHHS DKpPaHa, YTO CBUIETEIhCTBYET O
MocTOSHCTBE (ha3bl Toka B 3kpaHe. Eciu HadanbHyO a3y TOKa >KWJIBI MPUHATH
PaBHOI HYJTIO, TO C y4eToM (ha3bl Toka “3emin” (pa3a TOKa B SKpaHE COCTABUT HECKOIBKO
JJIEKTPUIECKUX TpamycoB. [103ToMy B MHKCHEPHBIX pacdeTax OJHO(Aa3HBIX Kabeh-
HeIx auHUH ¢ CIID-u3omaumei $a3oBble CABUTH TOKOB 3KpaHa U “3eMJIH’ MOKHO
HE YYUTHIBATb.

IIpu ompeneneHuM NOTEPh AKTUBHOW MOIIHOCTU B KaOENBHBIX JIMHHUSIX C
CIID-u3onsinueld ¢ IBYCTOPOHHHM 3a3¢MIICHUEM SKpaHa MOXKHO HE YYUTHIBATh
MTOTEPH B M30JIAIIUN M3-32 MAJIOTO 3HAYCHIUS YIJIa TUAICKTPUUECKHUX TTOTEPb.

[loTepu akTUBHOWM MOITHOCTH B XWIie, “3emiie” W dKpaHe onHO(a3HOU Ka-
OeNbHOI JTMHNY C IBYCTOPOHHUM 3a3eMIICHUEM dKpaHa paBHBI

APy = I2R, + IZR, + I?R;5.



[Ipu paBeHCTBE TOKOB KHJIBI U dKpaHa OJHO(A3HOTO KaOels M C y4eTOM
BBIpOKCHHS I TOKa “3eMJIM’ TIOJyYWM COOTHOIIEHWE IS pacdyeTra CyMMapHBIX
IOTepPh aKTHBHOW MOIIHOCTH, PACIIpPElCICHUE KOTOPOH MO y4yacTkam KaOenbHOM
JIMHUY TIPH TIPEICTIbHOM TOKE SKpaHa MpHUBEJCHO B Ta0. 3:

APIK = I}%c(Rxc + R:—) + |k|2R32)-
Tabauya 3

Ilomepu mownocmu 6 kabenvioti nunuy snexmponepedasu npu R, =2 Om

IIporsxen-| YnenpHoe | YnenpHoe | CymmapHoe ITorepu axTuBHOH
HOCTb aKTHBHOE aKTHBHOE | COIPOTHBIIE- MOIITHOCTH
Mapa Ka0eNbHOM | CONpPOTUB- | CONPOTUB- | HHE “3emin’,
nuHAH, | JIeHHne JIeHUe R,s
Kabens - —
JKHJIBI, 9KpaHa, KHUIa | JKpaH 3eMIIs
R 0% R 03
KM Omlxm Omlxm Om KBm

IIBITur(A)-
HF-10— 1,0 0,2571 1,125 4,05 3,703 16,2 2,696
70(16)
IBITur(A)-
HF-10— 1,0 0,12 0,72 4,05 1,728 | 10.368 | 1,7623
150(25)
IBITHr(A)- 1,0 0,06 0,5143 4,05 0,864 | 7,405 2,669
HF-10—
300(35)

Ipu 0MHOCTOPOHHEM 3a3eMIICHUH Kabenst (HarmpuMmep, CO CTOPOHBI HCTOYHHKA
MUTAHUS) TIePEHANTPSDKCHNE Ha DKPaHe, C YIeTOM PaBEHCTBA TOKOB XHJIBI M OKPaHa,
MOKHO PaccUUTaTh MO COOTHOIIECHHIO

AUa = i)KR3 +jij3 _jimcha = I)K(R)K + Ra _jXM)'

3Ha‘leHI/Ie PCAKTUBHOI'O0 COIIPOTUBJICHUSA B3aMHOU HUHAYKIHUU Ka6eﬂ§1 C
CII3-u3ousnuei, KaK 3To cieayeT u3 Tadi. 1, ciabo 3aBUCUT OT CEUECHUS JKUIbI U
dKpaHa KaOels, MOITOMY MaKCHMabHOE 3HAYEHHWE HANPSUKCHUs DKPaH-3eMIIs B
KOHIIE JIMHUHU Oy/eT HAaOMoAaThes i Kabeael ¢ MUHUMAITBHBIM CEYEHHEM DKpPaHa.
Hampumep, mns xabenst TTBITar(A)-HF-10 — 70(16) ¢ yuerom maHHBIX TaOm. 1

: 57 90
nonyunm AJ,, =187 698e’ 219°B.

C Y4€TOM HM3JIOKECHHOT'O MOXKHO CICJIaTh BBIBO/, YTO BBIIIOJTHECHUC O)Z[HO(ba?r
HOW ABYXIPOBOIHOW JIMHUM 3JIEKTpOIepeadi ¢ TMPOBOJAMH PA3HOTO CEUEHHsI BCIE-
CTBHE YBEIMUYCHUS MTOTEPh HIIEKTPOIHEPTUH HEIEIec000pa3Ho, MOCKOIBKY HPH HC-
noJbp30BaHuK oHO(a3HOTo Kabemns ¢ CIID-ms3omsumeit 1y1s1 mepeaayun MeKTPOSHEPTHH
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B OJJHO(A3HOHN CeTH YXYAILIAKTCS MOKa3aTeIn SHeProdYEeKTUBHOCTU U 3HEProcohe-
pexenus. Kpome toro, 3azemienue skpana xkadems ¢ CIID-m3omsamueii Bo nzdexa-
HUE TIOSBIICHHS ONACHBIX MEPEHANPSIKEHUH HeOOXO0IUMO BBITIONHSTE C JABYX KOH-
1IOB JINHUH. [IpH 3TOM MpaBUIIBHBIM pEIIeHUEM SBISIETCS MTOCTPOSHUE 0 HO(a3HOMH
KJI neymst kabensmu ¢ CIID-u3oms1ueid, B KOTOPOH MOXKHO HPOBOIUTH PSIIT MEPO-
MPHUATUH 110 ONTHMHU3AINH [TOTEPh AMEKTpo3Heprun. [Ipu aToM kpuTepusiMu BeIOOpa
OyIyT HaIeKHOCTB, SHPT03PHEKTHBHOCTh U SKOHOMHUYIHOCTD.
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L.N. AUNULSUL, U.L. AUNTUUUNSUYL, &N UNLBULhY
NhdgUshL UULNRID EUCULUSPL (F64PUD UNTELUYMNCORUL

Thunwplyynd E dhwdwq nidught EEjunpujut dwnijuh Bjpubught nhdhdp Yup-
Jwd wnihkpehikuh dEiniuugdwdp (UNE-dkiniuugdwdp), tpp dwintjuughtt Eypwp hng-
wbigqus L Epynt suyptpnud:Unwewpljynn hwdwpdtp upjubkdugh hhdwt ypw, hwoyh wntk-
0] hnquiigdwh nhiwgpmpe;btbpp, unugjus kb wpynibpbp uinwbnupnibp <nnquyght
whpnid» hnuwiph Ubdnipjut npnodwb hwdwp: Ukpjujugynid i «hnnh» hnuwbph
Ubdnipjul hwoyupluyhtt wpdtpubpp nuppbp Eypubiughtt jupuwsp niukgnn YNE-Uklnt-
uwgdudp nidughtt duynipuubph hwdwp: Yunwpdly £ dhwdwg, dhwlnnuuth hnnquig-
dwdp niduyghtt fEjunpulwt dwyntjah Bypwtuyght gbphqnpnipjut guuhuwnnid:

Unwbgpughlr punkp. 6 thnyuyht vhwgnud, nidughtt dwnih, Eypwtth nkidhd, obp-
duyhtt uyniinipynil, ny wypdnn dkniuwgnid, Ejputth hnquignid, hnuwp, hqnpnipjut

Ynpniuwn:



N.P. BADALYAN, M.K. BAGHDASARYAN, G.P. KOLESNIK
MODELING THE POWER CABLE SCREEN MODE

The screen mode of a single-phase power cable with XLPE insulation is considered
when the cable shield is grounded at both ends. Ratios for the determined current in the
"earthen channel" on the basis of the proposed equivalent circuit with regard to the
resistance of earthing are obtained. The calculated values of the "earth" current for cables
with the XLPE insulation with different screen sections are given. An overvoltage
evaluation is performed on the cable screen with one-sided grounding.

Keywords: single-phase connection, power cable, screen mode, thermal stability,
non-burning insulation, shield grounding, power loss.
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«UUQLEY» FLUSLP WULNSD ELGUSUUUALPUUYUL ZUUTYUrSh
UUQLhUUYUL CVEUSE ONVULPLUUL UNBU UL BY, UUERBUUSPIUTUL
UnaeLe

«Uwqil» quugph Juhingh Ejunpudwugihuwjut hadwljupgh dwuptdunhljuljut
Unnbin juquyl) £ dwgihuwlub onpuygh hnpwphidwt ujpbdugh hhdwb Jpu: Unbdwgnod
gnuutt Ywquhuwljwt hnupp tkpluyugunn gniquhte &ninkph pwtwyp npnoyty E wdun-
dwnugué tnubwlny’ Gjuknyg puunph jmusdwb pugniuth £ogpuinipeniithg: Shpwyh nk-
nudwubph dwqhuwfub jupjuénipniuiinh wpdbputpp npnoyt) B dwquhuwfub hi-
mnijghuyh huynuh wpdtputiph dhongny, ynmiph wnniuwlh wnkupny hwdtwpupgus dug-
tthuwguwl Ynphg wyh Lugpuiidh 4-pr jupgh puquubgudng dnnwplbpm gwbwuguphng:

Unwbgpughl punkp. «luqil» quugp, hEjunpudwgihuulwt jujung, dupkudwnh-
Julwt dnpk], ywqhuwlub onpuyh thnpuwphidwt ujubidw, gpiwut dwqihuwlw hnuph
qniquihbn &ninkph pwhwly, Lwgpubdh puquunud:

«Uwqil» quugputipp owpdninnt tjundwdp ybp & pupdpugynid bEjunpu-
dwmquhuwlut juingubpny b npu punphhy «€wpupnid» b onuyhtt okpinh puyny:
Cupdninnt b guiwugph vhol wnweowgws wyn okpunp yuydwbwljuinpki wtuinid
kl «onuyjphti pupd» Jud «duqhumljuts pupd»: Uju quugpubipt hpkg widuinudp
unwghk] ki “magnetic levitation” punwlwuwwlgnipiniihg, npp pupquuiwpup
wwtwlnud k dwqihuwljut fuppuip [1-4]: LY. 1-nud wquunlbipdws b «lwugil»
quwgph Jwgnup, nphtt owpdninnig pudwinid k «dwquhuwljut pupdp»: busybu
nbulinud Gup, EEjunpudwquhumjut jupngh dwquhuwjupp jurwdupdut
thwpnyph htn vhwuht mnunpywsé E quugph hktwuwpph 4pw, huly ppwphujute
wlpugyus b owpdninnitt (Jujungh Junrnigquspwiht ujubkdwi b hhdtwljut sw-
thtpp npdws ki uly. 2-nud): ZEtwuwpphtt wdpugdws L bwb nignopgnn EEjupw-
dwmquhuph dwquhuwjupp’ junwdupdwb thwpnyph htn Jhwuht, npp bwow-
nbkujusd L oupdninnt tjundwdp quugph niyh we jud dAwju pupdnidubipp uwh-
dwtturhwlbnt hwdwp:

buswytu gutijugws LEjunpuduqhuuljut hwdwljupgh, wjiybu b «dwugls
quwgpubtph Ejupudwuguhuwljut jupungubph ntuntdbwuhpoipyub, hwquplh
1 twhuwgdtwt, wyn pynud’ wuniunugdus twpugstwh kquinaljukph dowlpiub
nbkuwllniithg yuplnp tpwbtwlnipnit nitih nhnwplynn hwdwlupgh dwpbdw-
nhjuut dnnbp: [4] wuwwnnipmniunid juingh dwpbdwnhuljuwt dnpbp
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unwbwnt hwdwp Junnigyly t fEjunpudwuqihuwljuwt hwdwlwpgh duquhuw-
Yut onpuwjh thnpowphtidwt ujubkdwl, npntn qniquhbtn mnunpusé dheonjukph
Uhol hnunn b npuig tpjupmpjudp puphudws gpdwt vwquhuwlut hnupp tbp-
Juywmgyws t Epkp gqniquihtin nintpny nt hwdwywwnwupwt hnupbpny: bpujw-
tmd wyy &ninbph pwiwlp Yupnn b hit) wfuws 0-hg, kpp gpuwl hnupbpp wh-
wnbuynud i dhtgl UkS pwwynipjudp gminkp, bpp dwqihuwljub onpuwgh thnpaw-
phidwh uubdwi htwpunjnphiu «innbgynids £ hpufui’ pusfjus gpuiwi dug-
tthuwlwi hnupn hudwlupghtl' kjiknyd thnjuwphidwh vubdwi uqung hknw-
qnuinph dwubwghnwlwi thnpdhg b juigph nsdwt wnwdtwhwnlniemniik-
phg [5:

quugph Jugnh
Uwqbhumfmb (onuyht) pupd )

munopgnn htyupulmqthu

.

Rtlpnpuniuqhumyuh yujng
Ul 1. «Uwqply glnugph Jugnin pwupdninnt ypw

Uluhuwywn k, np pojnp nhypbpnid wthpwdbown E wnwetnpnbty jaunnh (nus-
dwt ywhwbeynn (puupup) dogpuinipniut wywhnybjnt yuydwiny: Uju hny-
Juénid wnwewplynid t quugph Yupungh EEjnpudwuquhumljut hwdwlupgh
dwquhuwlwb onpuyh hnppwuphtidwb ujpidwynd gpdwit hwupbph qniquhbn &ni-
ntph Uh hus-np n pwiwlh wlnndunwug]uws npnodwi kquiwl gpuwi hnuph

hwydundwt hwynwpupyus (pungnibh) &ogpuinipjut yuwhuywinidny:
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U2, bjEunpudugipuwlul upingh Junnigyudpuyhl ujulbwb.
1-junujupuul thupnye (nkpugpyué Fuwgihuuywph hhdph Jpuwy), 2- dhontly, 3- pnuphupu,
In — prupufup Eplpupnieiniip, by — fnupufup hwainnipinilp, ac— uponifh hunnnnipiniip,
bu — tponi§h juylinipiniip, L — Uponifh Eplpupnieiniip, In — hpuph Eplpupnieiniip,
bn — hhuph hunnnnipniip, § — wppunnwiipughl onuyhl pugulabph sunhkpp
(EplwpnipntGlkpp)

Ul 3-nuid wunljipqusd kb fEjupuduquhuuljut jujungh dwgqihuwlju
onpwl (w) b npu thnpuwphdwt upjpbdwi (p): Cuny npnud, thnppwphbidwb upubdw
wujdwbwlwinpkl tkpuyugdus k tpkp (1, 2 b 3) puntpugqpuljut mknudwub-
nny: 9kpht (1-htt) hwndush pungpynd k onwjhtt wohtwwnwbpuyhtt puuguljubpt
m Juwphupp” @5 dwgihuwlwi hnupny b jewpujuh Rep 0t onuijhll puguljitph
Rms dwquhuwwb ghdwnpnipgnitubpny: Upbdugh dhohtt (2-pn) wiknudwunid
dmquhuwpuph dhonijutph dholi hnunid t gpdwt hnupp, npp, hswbu ok Eup,
upubdwynid Jupnn E ikpyuyugyty 0-hg dhtish vh hus-np n pwbwlnipjudp qniqu-
htn &muntpny: ‘LY. 3p-h ujubduygh nhnwplyynn huwngusnd ubpjuyugyt) tu gpdwt
hnuph plpwghl i-py gniquhbn §minp b honijukph npuit hwdwwywinwupuwing
hwwinquwsttpp: Ujunkn Pui—t hgnijukph nju hwndwsitpn] wghnng dwqh-
uwquph hnuph t, @e~tt gpuwb hnuph i-py qniquihbin §minh hnupp, Rmi—t" dhently-
thph hudwyuinwuimb hwn]wstbph duqihuwluwb phiugpmpniip, Rma -
gpuwlt hnuph i-py gniquhtn §uinh dwqhuwut ghidwgpopniip: @njuwphidwb
ufubduyh tppnpy winnphtt hwngwsmd, hhuph dwquhuwpuph Res dugihuwljui
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nhuwgpnipnitt k npny hnunid £ hhdph @n dwqhuwwt hnupp, hul jupwwp-
dwl hwpnyph dwqhuwwpd nidt (UTNR) wyjunts todws k F-ny (Wl 3 p):

umphufu

Uy.3. Uwqbpuwlul pppwi (w1) b gpu hnpnuppinful upulbdwl (p)

Ul. 4-nud tkpuyugus b dwquhuwljut snpwb tjupugpnn putwdlbpp,
npnp Juquyl) Eu huyinth dwpbdwnhjuljut wpnwhwjnnipniutitph [4-7] hhdwt
Jpw dwqihuwlwi onpuyh ninhn juinph msdwh hwenppuljwinpyudp [4-7):
Uju pwtwdlbph hwdwhnudpp jupnn b ghunwpldl] npybu jujungh EEjunpu-
dwquhuwluwt hwdwlupgh JEpptwljuitnpk dbwdnpdws dwptdunhljuljub dnghy,
bpt npnpyby E gpuwt dwquhuwlub hnuph gniquhtn ninkph n=i pwtwlyp:

U4 -h puwtwdltpp pdpudnpdus b wnwbdtiwgusd tu 1-3 nipnpuiblynit
opowtmljubpnid, npntp hwdwywnwupwinud B dwquhuwlwb onpugh 1-3 nk-
nuuwubpht:
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Uy 4 Uwqihuwlul pypwl dfwupmugpny dwpbdunplulwl wpunwhaynnyeinibbkph
hunfwjunidpp

Ujuytu, 1-pt oppwtimlnid ®s—t dwquhuwljus hnupt £ onuyhtt puguynid,
nnh wpdbpp huynuth £ ghvnnwplyny pugph nisdwt yupuquynid. wy upnn &
npnoyt] pugulnud Bs dwquhuwlwi hugnighuyh hwynth (puunpdws) wpdtph
Uhgngm] ®s = BsSs, Ss—tt onuyyhts pugualjh (Uhonilyh) puytuljwi hunnnyph dwljkpbub E,
wo-t Julmmuh duqihuwlub puthwighhmpmiip, Ast pugulh dwqihuwljub
hwunnpulwinipnip, Syt pwpujuh juybulwb hwnnyph dwybpbup, Bu-u
dwqihuwwl higniyghwh pwpupumy, Usp-b dwgihuwlul ynnkighwiikph
wwppbpnipmitp pwpupemid, Usss—i duqihuwlub wynnkighwyibph napph-
nnipjniun onpuygh 8-6 Yhwknph dheli (uly. 3 p): Loklp, np wjuwnkn, husyku b unnnpl
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nhunwpldny nhypkpmd, dwqihuwlwi jwpjusnipmitp (ndpuy ghygpmd’ Hy)
npnoynud k fEynpudwqthup dwquhuwjuph ghunwplynn nknuwdwup yniph dwg-
thuwguwl B(H) Ynphg [5]" hugniyghwyh hwyinbh wpdbpny (nyjug nhypnid’ By): b
wnwppbpnipnit [7] wonwnmpjut, npnkn wpqws pungph wjnndwnwugdus nis-
dwtt hwdwp Yhpundnud £ Juinp-qdughtt Uninwpljdwt dkpnngp, wjuntn wnwewnly-
Ynud £ jupdudnipjut wpdtpp npnot) B(H)-h Lwgpwudh 4-pn upgh puqluinu-
Uny dninwupljyud B«(H) nkupny [8].

n (H—H;
B4(H) — 4 ﬂ,_o( ])

i=0 i’
j=i i=o(Hi=Hj)

M

npntn H-u dwqihuwljub jupusnipjut wpdbpt £ hunniyghuyh hwjnuh Bi wp-
dtiph nhwpnud: Hi, B, i=1..4 wpdbpubpp wdjuy yniph hwdwp npgnud Bu wnne-
uwlh wnkupny:

Ul. 4-nud dmquhuwub onpuwgh 2-pn mbknudwup ubpiuyugywsé E Gplyno
wnuppkp oppwtwmljubpnid wdthnthyws wpnwhwynnipnitubpny, tpp n=0 b n>0:
Unwoht nhypnid Be b He-tt hwdwywunuwuppmbwpwp hunnijghwt b jupdwsdnt-
pmilb ki dhomlubpnid, Une-i dwqihuwlwi ynnkighuwibph wuppbpnipgmnip
dhonijutiph ypw: Gpypnpy nypmid @u—t bt Gue-n—p hwdwywunmuuppwbiwpwp vh-
onijukph i—pn b (i-1)-pn hunjwstbph dwqihuwlw hnupbpb ki, Be—u b He—t
huwdwywunwupwbwpwp hugnijghw b jupgudnipiniup hentljubph i-pn hwn-
Jusubpnid, ®ai—it b ey —p gpuwlt hnuplipp dhenijubiph hudwwyuinwumb-
pup i-py b (i-1)-pn hunfustibpmd, At dhomlubph i-py hundush gpuwbh
hnuph dwqihuwlwi hwnnpyuljwintpiniip, Uni-t, Ungi-t b Usiia-p dwugqbh-
uwlwt ynnktughwjutph nwwppbpnipmibtbpp hwdwywnwuppwbwpwunp dhenty-
ubkph i-py hwnywsutph Ypu b dwquhuwlub onpuyh i-i Yenbkph b (-1)-3G-1) Yb-
wntiph dholi:

Uwquhuwljut onpuyjh 3 -np nknudwuhtt hwywnwujuwing oppwtwlnid
(ulf. 4) Or—t1, Br—t1, Hr-11 , Unr—tt hudwyuwunuwuppwiwpup dwqithuwjwph hnupp,
hunniyghwi, jupusnipmniup b dwquhuwljut ynnkughwjubph nupppnipmniit
ki hpupnid, Unpnerp dwqithuwlub ynunbighunbph wwppbpnipmbnp dwgbh-
uwluit onpuyh n-n Yhwnkph dhol (kpp i=n), F-p’ junudupdwh thupnyph USNR-u:

Uwquhuwljut onpuyh thnjpwphtdwi ujubdwyynid dhonijutiph dholt gpdwi
hnupbph qniquhbn &nintph pugnitbjh pwbwlp ywupgbnt b ppuwung hul nh-
wwplyny wgihuwlwt pnpugh mnhy utmhpp métme F USAP-h thwnpgng
wpdbtpp npnobint tyywnwlny, wunph wjnndwnugyus pisdwt jpipupwynip
hbppwlul pujmu’ i-h plpwghly wpdbkph hwdwp, vnnigdnid £ hknbjuy wuy-
dwtip.
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F;—Fj—
lF i—1 S E, (2)
i-1

npunkn F-u b Fen—p UCNOPR-h hwoqupyws wpdbpubpt Eu gpdwt hnuph gni-
quhtn &mintph i U (-1) pubwlitph hudwp (F>Fen), huly Ep' U hus-np plnpus
phy, npt pugniubh E pugph insdwi £ogpuinipjut nbuwblyniihg:

unhpp hwdwpymud E nsqus, Epp hippwljut i-h hwdwp puupupynid
E (2) quydwlp, huynth Eyuntunid gpdwt dwquhuwlui hnuptph qniquihte gni-
ntph pwtwlp, b Jepetujuinpt dbwynpynud £ hudwljupgh dupbdunhljuljut
Unntp, F-u pugniugnud £ npyku F UTNR-h hwydupluyhtt wpdbp, huly onpuyh
Uniu pimpugpuiljuh Ukdnipibikph phpwghl] wpdtpltpp npuyku jeligph nsdwh
wiprynibpubp: Uuhwywn £ np nppwits thnpp 1hth €-p, wyupwt wykh &ogphwn hwy-
Jundws Y1hth onpugh gpdwb hnupp, b, hwmdwywwnwupwbwpwp, wjiput wbkh
&2qphn yhith fubinph unup: Uyt Wyuinh mitkiwgng, np ghnwpldnn hbnph
nusdwt jnipwpwiginip pupwghly puynd i-h hippwlut wpdtph hwdwp wykh
nt wykih E thnppuinid Fi-Fay muppbpnipmniup, npudwputuljut E punpk €-h
uUh hug-np pugnitth wpdtp b nputng hulj vwhdwbuhwlyby gniquihto &ninkph n
pwiwlyq:

Ul. 5-nud, npytu ophtiwl), yuwnltpjws tu F UCNP-h wpdtph hwoqup-
Juyhtt Juhjwsmpyniutbkpp gpuwl hnuph qmquhbn &ninbph putwlhg 8=0,01;
1,=0,481/ bn=0,121/ au=0,141/ bu=0,141/ 1:=0,561/ 1»=0,481/, br=0,161/; €=0,01 wipdtputph,
dwquhuwjuph «ynpuuwn 10» Wniph b woawwmwbpwihtt onwjhtt pugulnid Bs
dwquhuwlwb htgniyghuygh 1,4 §, 1,45 5, 1,5 S, 1,55 S wipdbpubiph hwdwp: buy-
wku tplind kE qpudhlihg, €-h hmbdtwpwpuws wpdtph nhypnid juinph (nidnudp
nunupugylk] t gpdwt hnuph qniquhbn gnintiph hwdwywnwujpwwpwp n=42,
49, 56, 67 putwubkph phypnid: Zunjuoywlwb k, np §unbph puwtwlh 0-hg Uptshk
n wéh qupwuguynid F-h wipdtipp dogpungl) b wdl) B huwdwyunwuiwbwpwn 14,
20, 30,4 L 41,8 %-ny: Puwljwbwpwp, dogpundl) ki twl dwquhuwfub pnpuygh
Uniu puntpugpuijut Ukdnipniuubph wpdbpubipn:
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Ul 5. FUCNP-p huoyupluypl wipdkph Qupnjudniemniabbpp gniwl hnuph gniquihkn
dmniypkpp puliulhg

Ujuyjhuny, jujungh HEjunpudwquhuwljut hudwlupgh dwqihuwljut onpugh
thnfuwphtidwt ujpbduynud, nph hpdwt Jpuw dbwdnpynud £ hwdwlupgh dwupk-
dunhjulub Unpkp, gpdwb dwqhuwlwb hnuph qniquhbn &nintph putwlp
npnodmd E wdundwnwug]us inubwlng bjiakng uigph nisdwi hwdwp phgnt-
ukih (hwbdtwpupgws) Logpuinipniuhg:

Upjuunnwiipp unnwpyly F Zuyuunnwip wqquyhl ynjpinkpahulul hu-
duguupulih «EjEjunpudwqbpuwlul hudwlupglpy puquyhl ghunwhbnwgnunu-
il jupnpunnnphugnid:

AUYULNRE3UL 8ULYU

1. Qphgnput Uv, Ugbtnyuit UL.8. Uwquhuwlwb pupdny wpwugpupug quwugpubp //
Qhwnnipjul wopawphnud. - 2017. - 1.- ke 58-62:

2. Hyung-Woo Lee, Ki-Chan Kim, Ju Lee. Review of Maglev Train Technologies
Koreal/ | EEE Transactions on Magnetics.- 2006. - Vol. 42, N 7.-P. 1917-1925.

3. Min Kim, Jae-Hoon Jeong, Jaewon Lim, Chang-Hyun Kim, Mooncheol Won
Design and Control of Levitation and Guidance Systems for a Semi-High-Speed
Maglev Train // Journal of Electrical Engineering and Technology.- 2017. - N 12(1). —
P.117-125.



4. Qphgnpui Uh., Udbnpywb U.Q, Swhpuquib U.U, Ugbuwh L. 8. BiEjupw-
dwquhuwul ujungh wjundunwugquws twppugsdwt hudwlupg /22 UG L
2UM2 Stntjwghp. Skuthjwlwb ghunipmnibbtph ubphw. — 2016. - 2. LXIX, N 3. - Ly
315-325:

5. DrexTpuyecKue W SJIEKTPOHHBIE armapaThl: YueGHuk mis By3oB /Ilox pen. FO.K.
Po3anoBa. - 2-¢ u3n., ucnp. u gon. —M.: Madopmanekrpo, 2001. -420c.

6. Byas BK, Byas O.Bb., AzanoB B.A., Illoppa B.H. DnekrpomMexaHuyecKre arnmapars
aBToMaThky. —M.: Briciag mxosa, 1988. -304c¢

7.  Qphgnpub U, Uponjuwu .U, Ukpniyui S. [}, 2nijuwgyub L.2. Uwquhuwlfw-
nwjupynn Jupngh fEjnpudwgihuwljut hwdwlupgh dwptdunhjujut dngbjw-
Unpnudp b punipwugpbph npnonwdp /22 @UU b 2UNZ Sknklwghp, Skuhjuljwi gh-
unipjniuubph ubiphw. -2017. - 2. LXX, N 4. - ko 439-449:

8. Uhdnywlh U.Z Zwpynnulwb dbpnnutph Yhpwrwlwi wbumpmbt. - Gphwb:
Swpunupughwn, 2009. -204 Ly:

Zuyuunwubtth wqquyhtt ynjhnbuthjujwit hudwjuwput: Uympp tbpjuyugdt) &
Judpugpnipinii 05.02.2019:

AX.TPUTOPAH, HI'. YYXAKAH

CXEMA 3AMEIEHUSI MATHUTHOM IEITA 1 MATEMATHYECKAS
MOJIEJIb DJJEKTPOMATHATHON CUCTEMBI ITOJIBECA TTOE3JIA
“MAI'JIEB”

Ha ocHOBe cXeMBI 3aMeIeHHS MAarHUTHOM I[EIH COCTaBlIeHA MaTeMaTHYeCcKass MO-
JIeNTb SJIEKTPOMATHUTHOW CHCTEMBI TIOBEca Toe3a “MarieB”. B cxeme 4ncio mapajurensb-
HBIX BETBEH, MPEICTABIAIONINX MATHUTHBIA MOTOK PACCEsSHHS, OMPEILIACTCS] aBTOMATH3H-
POBaHHBIM CIIOCOOOM, UCXO/ISI M3 TIPHEMIIEMOI TOYHOCTH pelieHus 3a1auu. [10 U3BeCTHBIM
3HAUEHHUSM MArHUTHOW MHIYKIMU ONPEACNISIOTCS 3HAUEHHUS MATHUTHOW HAMPSHKEHHOCTH
HAa OT/AENBHBIX YYaCTKax IEMU IyTeM aNpOKCUMAIMM KPUBONH HaMarHHYHBAHUS Mate-
puana, 3aJaHHO# B BUJC TaOIHIIBI, MHOTOWICHOM Jlarpamka 4-if cTemneHu.

Knroueevie cnosa: noesn “marieB”, 3JCKTPOMArHUTHBIN MOJBEC, MaTeMaTHYCCKast
MOJIEJTb, CXEMa 3aMEICHNs] MATHUTHOMN IIEMH, KOJIMYECTBO MapauIe/IbHbIX BETBEH MarHuT-
HOTO MOTOKA paccesHust, MHOrowIieH Jlarpamxa.
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A.Kh. GRIGORYAN, N.H. CHUKHAJYAN

THE EQUIVALENT SCHEME OF A MAGNETIC CIRCUIT AND A
MATHEMATICAL MODEL OF THE ELECTROMAGNETIC SYSTEM OF THE
MAGLEV TRAIN SUSPENSION

The mathematical model of the electromagnetic system of the maglev train
suspension is developed on the basis of the magnetic circuit equivalent scheme. The
number of parallel branches in the scheme, representing the scattering magnetic flux
between the system's cores is determined automatically based on the acceptable accuracy of
the solution of the problem. The values of magnetic intensity in certain parts of the circuit
are determined by approximating the material magnetization curve. The approximation is
carried out by the Lagrange polynomial of the 4th degree by using the known values of
magnetic induction which are given in the form of atable.

Keywords: maglev train, electromagnetic suspension, mathematical model,
magnetic circuit equivalent scheme, the number of parallel branches of the magnetic flux of
dispersion, Lagrange polynomial.
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Eutrapusk uNrnhrusuele o4 LeMHNRULECP ONMSPUTUL
ZULULBNUUSNRE3UL UULNR LA 2UNNMUTL SO6MNRU

&ownyk] ki hnuwtph ninbuwytu swhwybn funnipyut dkdnipniiubpp onuyht b
dwnijuughtt gdkph hwdwp: Opybu unpnyp npnodws b oyynhdw) hwpwpkpulgnipjub
wuydwip Lubpghuyh Ynpniuntibph b tkpgpnudubph dholt: Upnnwsqus b wihwdbdwn
wupq pubwdlbkp nupkiut tJuqugnyi Swhubph b tubpghuygh Ynpniunubph hwpgunpy-
utph hwdwp, npnup Yupny b Yhpunyl) gdtph jurnigdwt twppwbbpppoidughtt hbnw-
qnuinipjniubbpnud:

Unwbgpughlr punkp. uyhwnw) tkpppoudubp, Tukpghugh Ynpniunibp, nbtnbuw-
whu owhwbkwn hwwnnyputp, Wjuqugnyi Swjuubp:

1. Smpbkjwmi pipduwéd swhutph wywinwlughtt $nialjghwis busybu hwynth
k [1-3], iEyupuwhwunnppuiwt gsbph Junnigdw nkthjuninbuwljut gmgutihy-
utipp Jujuduwsd Lo npug hunnpujunptph hwnnypubph b jupnultubph Ukdnipmiu-
ukphg: Pp htipphtt hunnpnuwjuph hwnnypep npnoynud | puin hnuwbiph ntnbuw-
whu swhunfbin junnipjull onuhll b duympuught gsbph hwdwp: Luju whnp &
&ownk] hnuwtiph munbuwybu sowhwybn nnipjut tinpdwwnhy dednipniuubpp
wyuopw qubkph wuydwhikpnid, wyuhtpl' gskph vwppwynpmuditph b Eukpghugh
Ynpnrunbkph thnthnpuwé wpdtpubph nhupnid:

Zunnpndwi gdh hwnnppujuph nitnbuwybu puwhwbn hunnyph punpnt-
pjut gniguihop nmwupkwb phpdwé dwpaubph dbdnipiniut b Uhwdudwtwljw
Juuy hnwy ukpnypnudtubph nhypnd phipdws swijaubph dkdnipnitp Ynitukiw hbnbyug
wkupn [2,3].

V=Ka,+E, 1)

npunbn K- ubpypmudubph dbsmpniul ' jupdws gsh hwnnppujuph hwwnny-
phg (gpuadl), a,-t tkpypnudtkph hwnngdwt inpdwnjn] gnpswhgp (0,12), E-u
nupkljut pwhwgnpsdw swuubpp (gpwd):

K = AFL+ B, )
E=Kay+Kay+Ka,,+ CAW, 3)

npuntn A-t tpwdwq hwnnpyuwl sh dhunph wpdbpt k (gpuay/ dall? ), B-u gbh
Jupnmgiwi hwunwinmb swhubpp (gpwd)’ wijwhe hwnngph Ukdnipniihg
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(hkbwpwlibp, dEymuhsibp, shninudughtt wppwnwbipbitp), L-p gsh bpljupnt-
pmibp (&wnp), F-p’ hunnpyuyuph hunngpp (szfz), Qs a’l/,awz—h‘ hudwwyw-
nwujuwbwpwp nupkjut wdnpnhqughugh (0,03), Jepuwtnpngdwi (0,01), wy-
Jwwnw]upah (0,01) gnpswljhgubkpp, AW-u" Eubpghugh wwpkljut §npniunbbph
Ukdsnmipmip (f9w-d) , € -u tubpghwyh Ynpmuwntbph  dhwnph  wpdbpp
(21,6 pp/ §dun-d):

Eutipnghuyh Ynpniunitiph dhuynph wpdtpp Ejunpuljut juyutubphg gutg
hwnnpnnn Eubkpghuyh dhunfnph wipdtpt £ (Unuinpuyht mpdbpp) [4]: Giukny bpw-
uhg, np wwppkp Juyubtphg qjnn Hkynputibpghugh dhunph wpdtplbtpp
wnwppkp B, Fubpghugh Ynpniunttnh dhwgnph wpdbpp Jupth & npnoty dhohtu
lonwhtt wmpunnwhwynnipnithg [1,2].

C =X WiG/Xia Wy (4)

npuntn Wi-tn i-pny juywitthg hwnnppgnn Eukpghwih putwfu & G-t i-py juyuthg
hunnpnn Eubpghwyh dpwnph wpdtipp, n-p- guigp uting jujwbibph pubuyp:
Supkljwt Fukpghwgh Ynpniunbtpp hunnpniwi gdnid”
AW = 312LT/yF - 103, (5)
7= (0,124 +T-107*) - 8760, (6)

npunkn /-t hunnpuwi gsny wiging hwoqwpuiht hnuwiph t(U), T-o' hwy-
Jupluyhtt hnuwiph nbngmpymip (dw), 7-b° woufkjugnyl ynpoiunibph nlin-
nmpmilp (dwd), y-t' hungnpnupuph wkuwupup hwugnpuloimpemniop (wg-
jnudhith hundwip 32 o/ Oafaf?):

Stnunpbkny (2), 3) b (5) mpuwhwjnnipmiuubpp (1)-h Uk, Junmwbwp
nwupklwh phpws Swiubph $nibljghwi’ jupjws hwnngph dkénipyntihg.

V = AFLa + 3I°CLt/YF - 103 + Ba, (7)

npuikn a-u hwnnignidubph b hwnjugnidubph gnidwpuyghtt gnpswljhgu £ (0,17):
Uupnud wpunnbpgus b ppdus swuubph b ipu panqunphsibph Ynpkpp
Juwpuws hwnnyph dkdnipiniuhg: Unpbph ypu Yhn 1-p hwdwywnwupwinod
Yuuyhunwy tbpppoudubph mupbjut hwnugmdubph (AFLa) b Eubpghuwgh Yn-
poiunbph wpdtph (CAW) $nibljghwtbph wswiugyuubph b gputg pugupdwly
wpdbputph hwjwuwpnipyuip mbtnkuwwtu swhwytn (F) hwwnnyph nhupnud:
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Ul Suplkliul Swpuubph jupnjuénipiniip hunnniyphg

Uk 2-p hwdwyuwnwupwind £ nwupkljut pipjus swpuubph tququqgnii
wpdbpht [V,(F)], huly Yhwn 3-p” ijuqugnyi swuubphtt hwpyh wnikjn] hwuwnw-
untl punuappsp (Ba): Ybkwknp 4-p b 5-p hwdwywunwujpwbwpup ygunuwind
tu pipqud dwhuubph dbdnipnitubpht F; b F, dninwlju thnpp b dkd vnnwigup-
wnuyhtt hwnnypubph nhypnud:

vanph (msdwt hwdwnp [3] whwp k qunil] wy mbnbuwybu pwhwybn hw-
wnnypp, nph phwypmd pipdws swpaubph $nitujghut junwbw hp tuqugniy wp-
dbtipp: Mupq k np ntnbuwybu swhwybn hwnmypp wbwnp b pudupuph tpkp
whpwdbton wuydwutbph.

F>F, F>F, F3F,, ®)

npunkn F-p ipjupunt poyjunplih hnuwtphtt hwdwywnwupowtng hwnnyeh
uwjuquqnyi wpdbtpt L, Fu[—]}‘ wuwljwdl Eplnypnd yuydwiwynpjusd tduqu-
qnult hwnnypp, F,,-p hwnnygpibph uvnwbnupuugh dksnpintubbpp:

2. Stnbuwybu swhubnn hwnnyph npoomudp. Zwunnpydw gdh hwnnp-
nujuph ninkuwybu sowhwybtn hwnnyph npnodwt hwdwp pEpwé swpuubph
tywwnwluhtt $mulghwt (7) wéwmbgynid £ punn hwnnyph b hwjwuwpkgynid

qpojh.
dV/dF = ALa — 31%CLt/yF?- 103 = 0: 9)

Uju hwjwuwpnidhg (9) htnbnwd k dwjuubph nbuwjupup wdkph hwduw-
uwpnipnLlp, wjuhtipl hunnyph punpmpjui owunhdwn pjub wuydwip.
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ALa = 312CLt/yF? - 103, (10)

npnknhg mbnbuwybu swhwbn hwnnyph dksnpniip

F =1/\/Aay - 103/3Ct: (11)

Uju wpunnwhuwypinmpjut (11) hwpnwpupp hnuwtph ninbuwybu swhwdbn
Tunnipyul Uksmpyniu & (U7 dir?).

J =+/Aay -103/3Ct: (12)

bPusytu huynth k [5], muntuwybu swhubn hwnnyeh (11) b ninbuwytu
oswhuybn jponmpjut (12) wpunwhwjnnipmiutbpp Yhpundnd u 6 + 400 §9
jupnudubph onuyhtt b 6 + 35 49 dwnijiwghtt gétiph hwpduplubpnud, husybu
twl 0,4 9 onpuyht b dwnihowghtt gdtpnid, Lpk hwydupluyhtt hgqnpnipjub nbn-
nnipnitp T = 4000 dwd/t: Uju wpunwhwjunnipnibitkpp (11), (12) §hpwn kb twb
wnudk hunnpnujwupkph nypnud [5]:

Upnudhitk onuyhti gstph dhunjnph wpdbpp A; = 26 gp/ d-td?; prph Uklni-
uwgnidny dwynijuwght gskphtip A, = 50 gp/ dahil?; ntnhubk dkyniuwugnidny dw-
Intuuygh gdphiip’ A; = 60 pp/ il

Stnunphiny 4, @, y b € dkdnipniuitph wpdbpubpp mbntuwytiu swhwbn
hunnipjut wpnwhwjnnipjut dke (12), junwwip hbnlyjuw) wupg pubwdbbpp.

v Onuyht gdkph glpnud

J1 = 46,7/t (13)
v Pnpb Ukymuwgniuny dwpniuught gstph hypnud’

J» = 64,8/t (14)
v Ohinhub Ukynmuwgniung dwnuwght gstph nhygpnud’

Js = 71,0/V: (15)

Ur. 1-mud pipwd ki hnuwtiph mbnbuwybu gwhwdbn jpnnipjut wpdtp-
tbpp Gwu]us hwusgupluyht hgnpnipyub (T = 3000 + 6000 ¢) b wnw]kjugnyl
Ynpniunibph wbnnmpiniuhg:

bPusywbu tpnd £ wy. 1-h wjuyubphg, hnuwiph £undus ninbuwybu
owhwybwn funnipmniutbph dbdnipniutbpp wybkih thnpp Eo wniu tnpdwinhy k-
dnmipnitiitphg [1,2]: Mwipq E np mbnbuwybu swhwdbwn junnipjub wpdtpubph
thnppugniup hwbgkgunid £ hwnnypubph dkdwgdwip (uuhwnw) tkpgpnudabph
Ubkbwgdwtp), Eubpghuyh b jupdwi Ynpniunukph thnppugdwiin:

60



Unpniuwly 1

Znuwliph wninnkuwybu pwhunjln pnnnippul dESnipinibibpp

Znuwliph ninbuwybu swhwybwn funnipyub wpdtpibpp (U7 ui? )

Upnudhnh onquyght b Yuu]ws hqnpnipjwt nbnnnipynihg (dwd)
Uwnt uwght gsbp T(dunl) 3000 | 3500 | 4000 | 4500 | 5000 | 5500 | 6000
t(dunl) 1570 | 1970 | 2410 | 2890 | 3410 | 3980 | 4590

Onyuyhti g8tp L(o/ur?) | 1,20 | 1,05 | 095 | 085 | 080 | 075 | 070
b Uk i

©onpt dbmuwgnuind | ey | y6s | 1as | 130 | 120 | 100 | 105 | 095

dwnifuwght gdtip

Nrbwnhuk dkniuw-

gnuuny dwyntpuwghle J5(U/ud?) | 1,80 1,60 1,45 1,30 1,20 1,15 1,05

q3kp

3. Ljuquqnyt mupbljwb ppdws swhukpp. Ujunbn npybu inpnype nnipu
Eb pipwé tjuqugnyyn Swipuubph b Eukpghwyh Ynpniunubph hwoquplubph w-
hwdbdwwn ywupq puwtwdlbkp, npnup Jupnn Eu hpunyt) gdtph jurnigdwt bw-
huwtbpypnidughtt hilnwgnunnipmmibtbpnud, Bjukng ipuig yupgnipmiuhg b phy
Swjuuwtwpnipiniithg:

Lwuphg tplind £, np minbuwybiu pwhwybn hwwnnyph npnpdwt oyunh-
duynipjut wuydwip (9) hwdpujumd £ juyhunw) ubpppnudubph hwnljugnid-
ubph thnhnjuwut pununphsh (AFLe) b vnupkjut tubpghuygh Ynpniunibph
wipdbph (CAW) $niujghwbph nbuvwupup wdbph hujuwuwpnipyut wuwydwh
(10) hkwn:

Uwuwugnigtip, np juugph pusdwt oyyunhdwnipjut guydwip hudpljunod
E Jkpp tpqws plynt $n1ighwlikph hwndwi Yo htn (Yo 1), wyuhiph' nink-
uwyku owhu] b hwnnyph nhypnid wyy $niuljghwtikph wpdtputpp hujuuwnp G

Puquuuyunljtiup owywmhdwnipjut wuydwih hwjuuwpdwb (10) Epynt
ynnutpp mbnbuwybu pwhwybwn hwwnnyph dbsnipjudp.

AFLa = 31CLt/yF - 103 (16)

Ujuntnhg tplnwd E, np wbnbuwwybu sowhwdbtn hwwnnyph nhypnud
tjuqugnyt mwupblwb pipjws Swhuubkph dkdnipnmitip Jupnn t npnodt) wydbih
wunq wpnwhwynnipjudp (b, Ewn 3).

V = 2AFLa + Ba, (17)
hul Eubpghuyh Ynpniuntbiph wpdbpp
CAW = AFla, (18)
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b npwbu hknlnipynit Fukpghwyh Ynpniunibph dbsnipyniip’
AW = AFLa/C [L] = dkwnp: (19)
Mbtwp E ok, np phipduwsd oywnhdwy hwpwpbkpuljgnipjutt wpnwhwjnnipe-
miup (18) &hpwnn E dhuy Ejunpwhwunnppiwt gsh mtnbuwybu swhwdtn hw-
wnnyph nhiypnud (ul.):
Stnunpkiny 4, a € gnpswljhgubiph wpdbpubtpp Eukpghuyh Ynpniuntkph
wpuwhuwynnipju Uk (19), junwbwip htnbjuw wupq putwdbibpp.
¥ Onuyhti gdkph nbupnud
AW; =0,20- FL: (20)
v Pnpb Ukynmuwgniuny dwpniuwght gstph nhypnid’
AW, = 0,39 - FL: (21)
v Othnhuk Ukyniuwgnidng dupnijuwght gstiph nypnid
AWz = 0,47 - FL: (22)
4. Zunnppdwil gdh wowbjugnyh Epjupmipynibip. Anpstwlwinid pugnib-
Jws k Eubpghuwh Ynpniunubph dbdnipmniit wpnwhwjnt] innubpny hunnnpy-
Unn Eubpghuyh dbdnipiniuthg (W = P - T, npubn P-t hwpdupluyhtt hqnpnipynii ):
Zhdugtny tubkpghuyh Ynpnruntbph wpunwhwpnnipjui (19) Jpu, wpnw-
hwjnkip tukpghugh Ynpmunibph pubwdlp nnynuikpn] upnjws qsh bplw-
pnipjnithg, jupnidhg b mtnbuwybu gwhwybn funnipmniuhg.

AW% = 100 - AW /W = 100 - AFLa/CPT, (23)
F =1/] = P/\3U] cos o, (24)
nputn cos @-u hqnpnipjuh gnpswlhgi £ (0.85):
Stnunpkiny (24)-p (23) wpunwhwjnnpjut vk b pugniubing cos ¢ = 0,85,
€ = 21,6 gp/ §dwn-dh a = 0,17, junwbwip
AW% = 0,53+ AL/UJT: (25)
Q5h wnwybjugnyt tpupnipniup (ZEvp) tubpghuyh Ynpoiunibkph uwh-
dwtwthwldwt nhypmd (AW% = 5%) 1huh htnbyup.
L=AW%-UJT/0,53-A4 =943 -UJT/A: (26)
Ujdd, npwybu ophtwl], npnokup wnwybjmgnybu Eplwpnipnibiubpp
6 + 400 49 jupnudubph onuyhti b 6 + 10 49 dwntjawghtt gdbph hwdwp:
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v Onuyht qdh qlwgpnd (A, = 269/ il )

L, =036 UJ,T: 7)
v Enpb Ukyniuwgniuny dwintuwght gsh nhwpnid (A, = 50 gp/d-v? )

L, = 0,19 - UJ,T: (28)
v Db dbynumgniing dwyniuwght gsh phugpnid (As = 60 gp/dadir? )’

Ly = 0,16 - UJ,T: (29)

dbpp wpyws wpunwhwpnnipmniuubpp (26)-(29) juy ki hwunwwnnid hw-
nnpuwl gdkph qupnidibph U Gpubtg weudbjugnyh Epupmpnibibph dheli
Jujudws Lubpghuyh Ynpnrunubph twppbwluwt vwhdwbwhwldwi yuwydwithg:
Un. 2-nud pipjuwd i hwunnpnydwt gstiph wnwykjugnyi Epljupnipniuubpp
()" Yuudws jupnidhg, hnuwiph winkuwybu pwhwbn jonnpiniithg b hup-
Jupljuyhtt hqnpnipjuts inbinnnipiniithg:
Uniniuwmly 2

Zupnppuwl gékpp wnwkjugnyl Epliupnipniaakpn

Q8h wnwykjugniyh kpupmpmiip’ jupojws
Zunnpdwi gdtph upnidhg (AW% = 5% wpdtph nhypnid)
nbuwlukpp U ] T L
i U/l dunl Il
6 1,20+0,70 3000+6000 8,0:9,0
10 1,20+0,70 3000+6000 13+15
Upnudpiuh ought gobp 35 1,20+0,70 3000+6000 45+53
110 1,20-0,70 3000+6000 145+165
220 1,20-0,70 3000+6000 285+335
400 1,20-0,70 3000+6000 520+605
Upnudhib dugm pewghl gsbip’ 6 1,65+0,95 30006000 5,5+6,5
pnet Ukntuugnidng 10 1,65+0,95 30006000 9,5+11
Upmuhik dwynt uught gstp 6 1,80+1,05 3000+6000 5,06,0
nhnhuk dEniuwugnigdng 10 1,80+1,05 3000+6000 8,5:10

5. Unwinupunuyhtt hwnnypubph ptnpnipnitp. Ljupmd phipqus Swhu-

ubkph Ynpkphg tplinwd £, np pipdws swpaubiph gnidwpuyght dniualjghwis ny uhdbn-
rhYy wwpwpn) & Uju wqundweny nbnbuwwbu swhwybn hwnnygphg (F) tnyh
htinwynpmipjut thnpp b UES vnwipupunughtt hwnnypubph nhypnmd swhubpp
hwjwuwp sk
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Muwpq k, np thnpp b UES uvnwinupunuwihtt hwnnyputph dhohtt pyupwbiw-
Jwtpn sh Jupnn 1huk] vnwbinupunughtt hwnnyph ponpnipyut gniguithy: Unwb-
nupuujhlt mbnbuwybu owhwybn hwnnyph pnpmpjut gnigutthop qunubno
hwdwp ghuwupytup Vi (F) b V,(F,) swjuubph dkdnipmnitubph hwjwuwpnipyui
wuyuutp.

AF,La + 3I1*CLt/yF; - 103 = AF,La + 31?CLt/yF, - 103, (30)
npuikn F-p b F-p wtnbuwybu swhwtw (F) hwunnypht dnnnwlw thopp b Uks
unwbqupught hwnnypibtph b (2 2 ):

Pwdwlitny (30) hwjwuwpdwl kplynt Ynndbpp ALe-h pu, junubwip’
F, + 31?Ct/AayF; - 103 = F, + 31?Ct/AayF, - 103: (31)
Stntuwytiu pwhwybn hwnnyph putwdlihg Epind £, np
31%Ct/Aay - 103 = F?: (32)

Stnqunpliny (32)-p (31) hwjuwuwpdwh Uk, junwbwip

F, + F?/F, = F, + F?/F,, (33)
F? (Fz - F1)/F1F2 = (Fz - F1)' (34)
FZ = F1F2, F = F1F2: (35)

Uju Ubdnipiniup (35) F; b F, unwtnupunughtt hwunnyputph dhohtt punwljnt-
uwyhl wpdbpt L, npp, hhwplk, thnpp £ wyny vnwinupnutph dhohtt pyupubwlw-
uhg:

e F < /FF,, myw puunpynid £ F; thnpp unnwigupunp;

o F > /FF,, myw punpynud £ F, kS uvnwbinupnp;

o F = m " Uhblnylb b unwbgupnitphg npp punphy;:

6. Ljuquqnyit dSwijuutiph pwiiwdbh &ounipnibp. dkpp upytg, np Wuqu-
gnyt dSwpnubph pumtwdlpn (17) £honn E dhuyt mbnbuwybu pwhwybn hwwnnyph
nhypnid (11): Mwpq L, np bpk mbnbuuybu swhwtwn hunnyphg wugind Gup
unwinupuught thnpp jud dké wpdbpubphl, wyw nupbjut phpdws swpubpp
glipuquignid Lt biuqugnyuht (uly.):

Cunmutup F,,, = F £ AF l npnpkup dwhiubph tmwppbpnipniip (wép) vnwb-
nupught b ntnbuwy bu swhwybn hwwnnypubph ghypnid.

AV =V (Fyn) = V(F), (36)

AV = ALa(F + AF) + 312CLt/y(F + AF) - 10% — 2AFLa: (37)
64



Zwipyh wnlikiny (32) wpunuwhwynnipynip

3I%Ct/y - 103 = AaF?, (38)

Junwlubp
AV = ALa(F + AF) + ALaF?/(F + AF) — 2AFLa, (39)
AV = ALa[(F + AF) + F2/(F + AF) — 2F]: (40)

NMunqkgubny (40) wupnwhwjnnipmniup, junwbwbp.
AV = ALa AF?/F,, (41)
huly nnynuitkpm] uqugniyi swuubphg (2AFLa) wnwbg Ba dksmpjul’
AV% = 100 - AF?/2F - F,,, = 50 - AF?/F - F,,: (42)

“Yhunwuplkup vh owpp pdught ophttwlukp, pp mbnbuwybu swhwtn hw-
unnypp hwjuuwp b dnnwlju thopp £ b dnnwlju ks F, vnwiqupunughtt hw-
unypubph Uhohtt pwnwljniuuyhtt wpdtpht (AF dbdnipjut wnwybjugnyt wp-
dtpubtinh niypnid):

Ljuqugniju Swjuubph quwhwwndwt ophttwljubpp phpdwsd B wy. 3-nud:
Un. 3-mud pipwd wpmyniupubpp tnyub Bu piyybu ouyht, wyhybu b dwjntjow-
Jht gdkph nbypnud:

Pusybu tplinid E wn. 3-nud ubpljuyugdus wpnyniupubphg, vnwtnupuught
hwwnnyputpht whghtnt nhypnid tJuqugnyb swhiutph pwtwdbbph vjuwtkpp
(4AV1% b AV,%) quuiynud G 0,30 + 1,60%-h mhpnypnid: Uw twpwbwlnud E, np
ujuqugny Swipuubph putwdlip (17) upkih E jhpunt] hwpquplubpnud ny dhug
nntuuybu pwhwdbn, wyjk Unnnwljuw vnnwbinupunughtt hwnnypubph ghypnid:

Nwupg b, np Epl Swhubph wwppipnipjui (AV%) dbksnipniip inlnuitkpny
npnoklup ns vhuy thnthnjuwwb swhubknhg (2AFLa), wyjl hwoyh wntbkup swju-
ubph hwunwunnit punugphsp (Be), wyw wr. 3-nud pipdws ujuwih nnlynuikpp
Jujugqkt:
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Ugniuwly 3

Swipkljwl Swipuulph hnihnpunipiniip vinwinupunuyhl hunnnypbhbphl wigdwl pkypnid

Fy, Fy, F = FF, AF, =F —F, AV%(Fy), AF, = F, —F, | AV%(F,),
al? | ud? Wl? sl? % uil? %
25 35 29,58 4,58 1,42 5,42 1,42
35 50 41,83 6,83 1,59 8,17 1,59
50 70 59,16 9,16 1,42 10,84 1,42
70 95 81,55 11,55 1,17 13,45 1,17
95 120 106,77 11,77 0,68 13,23 0,68
120 150 134,16 14,16 0,62 15,84 0,62
150 185 166,58 16,58 0,55 18,42 0,55
185 240 210,71 25,71 0,85 29,29 0,85
240 300 268,33 28,33 0,62 31,67 0,62
300 400 346,41 46,41 1,04 53,59 1,04
400 500 447,21 47,21 0,62 52,79 0,62
500 600 547,72 47,72 0,42 52,28 0,42
600 700 648,07 48,07 0,30 51,93 0,30

7. Bubpghugh Ynpniunbbkph honumpmiip judws uinubgupnughb
hwwnnyplikphg. pun (19) wpnwhwynnipjut Fikpghwh Ynpniunibpp ninbkuw-
ytu pwhwytw hwwnnyph (F) ghypnid npnpymd ku AW = AFLe/C putwdlny:

Mupq L, np Epk mtnbuwybu pwhwybn hwnnyphg wiginid Bup dninwlju
thnpp jud UES uvnwinupunuyhtt wpdbpubinht, wyw tukpghuygh Ynpnruntph db-
dnipniin (19) Bupwplynud | thnthnjunipjuts £6W-h swthny: Cugpmukup F,,, = F + AF
b npnoktip Eutinghuyh Ynpniuntbph muppbpmpniip (wép jud tdugnudp) wnwb-

guipuuyght b ntnbuwybu swhwybn hwnnypubph ghypnid.
SW = AW (F,,) — AW (F),
SW = 312Lt/y(F + AF) - 10% — AFLa/C:
Zwoh wnitym] (38) wpunuhwyinnipyniip
31%1/y - 103 = AaF?/C,
b inbnunpbiny (45)-p (44)-h Uk, junmbwbp.
8W = AF?La/C(F + AF) — AFLa/C:
Yuwnwplyny npnpwlh dbwthnunpyniaikp, unwbnd kup
6W = ¥ ALaF - AF /CF,,
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hul] wnlynuttpny tubkpghuyh Ynpniunubphg munbkuwwybu swhwybn hwwnnyph
ntupnud (19).

SW% = F 100 - AF /F,,,: (48)

Nwpq k np thnpp (F) vnwinupunp ghypnid Yopniunibpp judkl, huly
uUks (F;) unwugupunh nhwypnid juguqke

Bqpuljugnipjni. Onuyhtt b dwynipowght gdtph hwdwp dongws Lu hn-
uwbph ninkuwybu pwhwybn unnipyui dksmpmnibitpp hwoyh wekng hw-
nnpnhsubpp b fEjunpwtutpghuwyh wkuwupup wpdtputph thnthnjunipniutbpp:
Pusytu Epund £ hwpduplutphg, mtntuuybu tyyunwjuwhwpdwp E dkdwugut
hwnnpnhsiibph hwwnnypbpp, wjuhtpt' dbswght) bEynpuhunnpyiwt gstph
Jurnigdwt juwyhwnwy tkpgpnudubpp, Jhwdwdwbwly thnppugubing wnwupbklijut
EEyunpuljut Eukpghwyh Ynpniunttph wpdtpp:

Yuyhwnw) ubpgpnidubph b Bubpghuyh Ynpniunttph oynpdwy hwpwpk-
pulgnipjun uljqpniipp hhdtdws E nnupklub phipduwéd swhiubph tjuqugny
Ukdnipjul Ypw, wyuhlipt hwdwyuinuupwimd t swhubph thnnpuwljub pu-
nuphsubph mbuwlupup wdkph b tputg pugupdwly wpdtputph hwjwuwnpnt-
pIul yuydwuubpht:

Npuybtu unpnyp pnipu ko pipduwsd yupq b dwwnskih pubwdbbp nupkiut
tJuqugnyu phpwé Swpubph b wwpbkiub LEjnpwkitpghuh Ynpniuntbph
hwyquplubph hwdwp, npnup Yupnn B Yhpunyt hunnppuiwt gstph jurnigdwt
twhwmtubpypniduyght hblnwgnuinmpmibtipnud: tpwtg Yhpuenipniip wybih
wupq L, dwwnskih b phy Swippumwnwp:

Unwownlymd Eu wupq wpnnwhwyjnnipniubbp, npotp juy bt hwunw-
unid hunnpydwit gstph jupnidukph b tpubg wnwykjugnyu tpjupnipniuubph
Uhol' Gwhuwd Eubpghuyh Ynpniuntbph twpbwljw vuhdwbwohuliwi uyyg-
dwthg:

Uwuwgnigws k, np ntnbuwybu sowhwdbn hwnnyphg dnnwljw thnpp b
UkS unwlnupunibphtt wighbhu npybu gniguthy whwp E Yhpwnek] vnwbnup-
wuwjhtt hwnnypitph dhehtt punwyniuwght wpdpp Uhohtt pYwpwtwlwih tn-
howpk:
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T.C.THYHHU, M.JI. XAYATPSIH

IMPUHIMII OIITUMAJIBHOI'O COOTHOIIEHMUS ITIOTEPb SHEPI'UHU N
BJIOKEHU B JIMHUSX NEPEJAYM

JI71s1 BO3MYIIHBIX U KaOENbHBIX JIMHUN YTOUHEHBI BETUYMHBI SKOHOMHYECKOH IIOT-
HOCTU TOKa. B KauecTBe HOBU3HBI OINpPEAETECHO YCJIOBHE ONTHUMAJIBLHOTO COOTHOIICHUS
MEXIy NOTEepsIMUA SHEPTUH M BioKeHUsIMH. [Ipeanoxensl 6osee mpoctbie GOpMyIIbl Onpe-
JICJICHUS] MUHUMAJIBHBIX 3aTPaT U TOJIOBBIX TIOTEPh SHEPTHH, KOTOPHIE MOTYT OBITh MPUMEHEHBI
B IIPEIBIHBECTUIIOHHBIX pacyeTax MpH COOPY>KEHUH CeTeH.

Knroueevle cnosa. KamWTalbHBIC BJIOXKEHHS, TOTEPH JHEPTUH, SKOHOMHYECKHE
CeUeHUs, MUHIMAJIbHEIC 3aTPATHI.

T.S. GNUNI, M.L. KHACHATRYAN

THE PRINCIPLE OF OPTIMAL CORRELATION OF ENERGY LOSSES AND
CAPITAL INVESTMENTS IN TRANSMISSION LINES

For air and cable lines, the values of the economic density of current are specified.
As anovelty, the term of optimal correlation between the energy losses and the investments
is deter-mined. Simpler formulae of determining the minimal expenses and the annual
energy losses are proposed which can be applied in pre-investment calculations during the
construction of grids.

Keywords: capital investments, energy losses, economic sections, minimal expenses.
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A.M. APYTIOHSIH

3KOHOMMYECKOE OBFOCHOBAHME IMPUMEHEHHUSI TOKOIPOBOJI0OB C
JUTOM U30JISIHUEN IO CPABHEHHUIO C TOKOITPOBOJAMM C
BO3JIYIIIHOM U3O0.JIAIUENA

TokonpoBOIBI € JIUTON U BO3ILYLIHOM U30JBILMEN [IPEAHA3HAYECHBI IS 3JIEKTPUYECKOrO
COCIMHEHUS NEKTPOIHEPTETHUECKOTO 000PYAOBAaHHS HA DJICKTPUUECKUX CTAHIHIX U MOJI-
CTaHIMSAX B LEMAX Tpex(a3Horo nepeMeHHoro Toka yacroroit 50 u 60 [y u HanpsHKeHHEM
1o 35 kB. IlepBoHavgambHast CTOMMOCTD TOKOIIPOBOJIOB C BO3IYIITHOM M30JISIIMEH Ha CTAAUN
3aBOJICKOTO HM3TOTOBJICHHUS, BBHIY MX KOHCTPYKTHBHBIX OCOOCHHOCTEH, HECKOIBKO HIDKE
CTOMMOCTH TOKOIPOBOJIOB C JIUTON M3oIrinueit. OHAKO Ha CTAQAUAX JOCTABKH, MOHTaXa U
aKkcmuTyaTaimu (00CTyKHBaHKS) 3aTpaThl HA TOKOMPOBOJBI C JIUTOM U30JLSIIUEH CYIIECTBEHHO
MEHbIIIE. ITO CBS3aHO C TEM, YTO B MPOIIECCE IKCIUTyaTaI[Ml OHU HE TPEOYIOT 00CITyKHBa-
HUSI, KPOME TOTO, 10 CPAaBHEHUIO C TOKOTPOBOJIAMHU C BO3AYITHOW M3OJISIIIUEH, OHU UMEIOT
MEHbIIIUE Ta0apUTHBIC pa3Mepbl M MEHBIINE MOTEPH aKTHMBHOW MOIIHOCTH. B pesysbrarte
MepBOHAYAIBFHBIE JOMOJHUTENbHBIE HHBECTHUIIMH 32 KOPOTKOE BPEMS OKYIIAIOTCS, U IIpUMe-
HEHHE TOKOIIPOBOJIOB C JIUTOH H30JIMEN Ha 00BEKTaX SHEPrOCHUCTEMBI ABISETCA SKOHO-
Mu9eckn 6oiiee 000CHOBaHHBIM.

Kntrouegwle cnoga: TOKOTIPOBOJ, JUTAs N3OS, BO3AYIITHAS W30S, IKOHOMHUS,
TPAHCIIOPTHPOBKA, MOHTAX, 3aTPATHI.

Beenenue. ToKOpoBOIBI € JIUTON U BO3AYIIHON M30JSAUUEN MPEAHA3HAYEHBI
JUISL DJIEKTPUYECKOTO COSAUHEHHUS DIICKTPOIHEPTETHIECKOTO O0OpYyIOBaHUS Ha
JJIEKTPUYECKUX CTAHIUAX U TOJCTAHLHUAX B LEMAX TPexX(a3HOTO MEPEMEHHOTO
toka gactoroit 50 u 60 [y u HanpspxkeHueM 1o 35 kB.

ITepBoHauanbHasi CTOMMOCTh TOKOIIPOBOJOB C BO3JIYIIHOM H30JSIMENd Ha
CTaJIMU 3aBOJICKOTO M3TOTOBJICHUS HECKOJIBKO HUXKE CTOMMOCTU TOKOMPOBOOB C
ol m3ossmeit (Ha 5...15%). OxHako Ha CTaaUsIX JOCTABKH, MOHTaa M KCILTya-
Tal[MM 3aTPaThl Ha TOKOMPOBOJIBI C JUTON H30JAIUCH CYIICCTBEHHO MEHBIIE, B
pe3yJIbTaTe 4ero u Mmosrydaercst oomias s3koHoMus. [lepedeHn MpH3HaKoB (CBOMCTB)
[1-3], 3a cueT KOTOPHIX MOIYyYAETCA SKOHOMHUS MIPH IPUMEHEHHH TOKOIIPOBOJIOB C
JUTOHN M30JISIUEH, TpUBeeH B Ta0u. 1.

B Hacrosmeit craTbe paccMOTpeHa SKOHOMHUS 3aTpar, MojydaeMasi B Iporecce
TPAHCIIOPTUPOBKYA M MOHTa)Ka TOKOIIPOBOJIOB C JIMTOW M30JISAIUCH B COOTBETCTBUU
cmm.l u 2 rabm. 1.
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Tabauya 1

Cesoticmea mokonposo0os ¢ Iumotl u30asayuell, 3a cuen KOmopuvix 00CMueaemcst IKOHOMUSL

Ne CgaoiicTBO OnpeneneHre YKOHOMHUU

1 | Menb1uuii 00beM Bcex PaccunrsiBaeTcsi 00beM BCEX THIIOB TOKOIIPOBOJIOB B
JUHAN TPUBOIUT K YCIIOBHSIX IOCTaBKU C YUE€TOM yIaKOBKU M YCIOBUH
MEHBIIINM 3aTpaTaM Ha TpaHCIOpTHPOBKH. Jasee paccMaTpuBaeTcs
TPAHCIIOPTHPOBKY: OTJIEIEHO CTOMMOCTH JTOCTaBKH BEIYUCICHHOTO
- J.JI. TPAHCIIOPTOM, JIOTIOJTHUTENFHOTO 00beMa IMHAN BCEMH BUAAMU
- BOIHBIM TPAaHCIIOPTOM, TpaHCIIOpTa:

- aBTOMOOHIILHBIM - .JI. TPAHCIIOPTOM,
TPAHCIIOPTOM - IepeBO3Koit Ha Oapike,
- IOCTaBKOH aBTOTPAHCIOPTOM H T.J.

2 | MeHbIast CTOUMOCTD PaccuutsiBaroTcst Macca, oAb 1 00beM I
MOHTa)Ka 3a CYeT JIMHUW C BO3AYLIHOM M IUTOM m3omsuuen. U3
MEHbLIEH 3aHUMaeMON HOPMAaTHBOB OEpYTCsI 3HAUEHUSI CTOUMOCTH
IUTOIIAAN U 00beMa IMHUHA | MOHTaXa, KOTOpbIe CPABHUBAIOTCS] CO CTOMMOCTBIO

JIMHUH.

3 | Menbmmii 00beM PaccunTriBaeTCcs 00EM TOKOTIPOBOSAIINX JTHHUH C
TpeOyEeMBIX TIOMEIICHHHA U | JTUTON H30JSIKCH U BEIYUTACTCS 00BEM JIMHUH C
TpeOyEeMBIX OTKPBITHIX BO3IYIIHOM m3osanueii. [lomydaeMsrii 00beM
IUIOIIAJIOK Hal HKOHOMUH MEPECYUTHIBACTCS 110 TaprPam
TpaHcopmaTopamu KalUTaJIbHOTO CTPOUTENLCTBA.

4 | Maiast CTOUMOCTE B ToxonpoBogax ¢ BO3AYILIHOM U30Is1MEN B
9KCILTyaTalllK, OTCYTCTBHE | MpOLecce IKCILTyaTalii HEOOX0AUMBI:
HEOOXOIMMOCTH B 3aMeHe | 1) 3aMeHa U30JIITOPOB (MMEETCsI CHCTEMa KOHTPOIIS
JeTajiell 1 KOMIUIEKTYIO0- OITOPHBIX M30JITOPOB, THa YKON);

KX 33 BECh CPOK IKCIUTya- | 2) MepHOIMIEcKast TIOKPACKa HITH MOKpacKka KOpITyca;

TaIuu 3) npojyBKa U MOIyBKa TEIIBIM U MPOCYIIEHHBIM
BO3yXOM BHYTPEHHHX ITOJIOCTEH JUTSI THKBHUIAIIH
IBUIH, TPSI3U, BO3MOXKHOTO KOHJIEHCATa BOBI 1
Haneznel. Bo3ayx nonaroT ocymeHHbIH.
[Tonnep>krBaeTCst OTHOCUTENbHAS BIAXXHOCTD
30...40%. Dta paboTa MoCcTOsIHHAS, TPEOyeT
MepPBOHAYANTBHBIX 3aTpaT (MOKyIKa 060pyI0BaHUs) U
3aTpart Ha SKCIUTyaTaIuio (omiara pabovero Tpyaa).

5 | Menbpmue motepu B karamorax yka3zaHa BeqnunHa " Y JeNTbHBIE TIOTEPH

MOIITHOCTH ISt
TOKOIPOBOJAOB C JINTOMN
H30JISIIHEN

MorHocTH Ha 1 v". Jlanee yIuThIBarOTCS AITHHA
JUHAN ¥ Tapu( OIIIaThl SIEKTPOIHEPTHA U
PACCUUTHIBACTCS DKOHOMHS 32 CUCT MOTEPh
MOIIHOCTH B MPOIIECCE IKCILTyaTaIIHH.
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JKOHOMHS 3aTpaT, moJiydaeMasi Mpu TpaHcmopTupoBke. /s pacyera
3aTpaT Ha TPAHCIIOPTHPOBKY OMpenesieTcs o0beM obopymoBanus. [Ipu s3ToM 00beM
BBIUUCIISIETCS C y4eTOM yrnakoBku. OObeM 000pymaoBaHUS Ui TPaHCHOPTHPOBKHU
OTJIMYAETCS OT 00BEMA JIMHUK B COOPAHHOM BHJIC.

CornacHo TpeboBanusM [1] u [2], TpaHCTIOPTHPOBKA TOKOTIPOBOJIOB C JIHTOM
Y BO3IYITHOW W30JIALKEH MPOBOIUTCS aBTOMOOWIBHBIM, JKEJIE3HOIOPOKHBIM HITH
BOJIHBIM TPAHCIIOPTOM B COOTBETCTBHUH C JICHCTBYIOLIMMH ITPABHIIAMHU TPAHCIIOPTH-
POBaHUS:

"IIpaBuna nepeBo3ok rpy3os”, MIIC;

"TexHUYECKHUE YCIOBUS MOTPY3KU U KPEIUICHUS TPy30B";

"[IpaBuia nepeBo3KH Irpy30B";

"OO0mue crenraibHBIE TIPaBuiia IEPEBO3KH IPy30B";

- "[IpaBuia TOpOKHOTO IBUKEHUA .

VYcaoBus TpaHCIIOPTUPOBKA TOKOIPOBOAOB B YACTU BO3ICHCTBUS MEXaHU-
Yyeckux (akTopoB H0JKHBI cooTBeTcTBOBaTh [[OCT 23216:

- sxectkue (XK) - mpu TpaHCTIOPTHPOBAHUH MOPEM,

- cpennue (C) - 1y1s BCeX APYTHX MEPEBO30K.

Takum 00pa3oMm, ycroBusi TpaHCIOPTUPOBKU B Apmenuto cpentue (C) — aBTo-
MOOWJIBHBIM BHJIOM TPAHCIIOPTA.

CpenHue yclnoBHS TPaHCIIOPTUPOBKH IMPENIONaraloT Hanuyue ymnakoBku. C
LENBbI0 YMEHBIICHUS 00beMa TOKOIIPOBO/IbI C BO3AYIIHON n3ossnuei tuna TOHE,
COCTOSIIIME BHEIIIHE M3 TPEX TPyOUaThIX KOPITYCOB U OCHOBAHMS, YITaKOBEIBAIOTCS
oTaensHo 1o yactsaM. ToxonpoBoasl TOHE Takske comepxkar TpH MHIHHIPUIECKUX
KOpITyca U OCHOBaHHE IUPHHOU 3 M, IOATOMY MX Pa3ICIISIOT MPH TPAHCIIOPTHPOBKE
Ha 9aCTH JUIS BO3MOXHOCTH Pa3MEIICHHUS B BAarOHBI M aBTOMOOHIIH (pHC.).

el

6000 makc

8000 Makc

a) 6) B)

Puc. Toxonpoeoowi ¢ 6o30ywunot u numotl usonayueu: a — TOHE, 6 — T3KP, 6 - TKJIC
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B tabn. 2 yxa3aHel 00bEMBI TOKOIIPOBOAOB C JIMTOW M BO3AYIIHON M30JSHEH
C YYETOM YCIIOBUM TpaHCHOPTUPOBKHU. JIJii TOKOMPOBOJIOB C BO3AYIIHOM H30JISILIMEN
IJIOLIAa/b TOMEPEYHOr0 CEUYEHUS OTAEIBPHOIO HWINHAPUYECKOTO KOpIlyca JuaMeT-
pom D paccuutsiBaetcs He 1o dopmyne n(D/2)? a mo ycrnosusam ynakosku D x H.
Hanee x atomy npubasisercs 5% aas TONIUHBI AMIMKOB WM e IS 00beMa,
3aHHMAaeMOTo JIEPEBSIHHBIMY PacliOpKaMH WU APYTUMH aMOPTU3HPYIOIUMH Mate-
prazamu. TOYHO Tak e MpH pacdere 00beMa TOKOIPOBOJIOB C JIUTOH M30JISIIIHEH
YUUTBIBAIOTCS Ta0apUTHBIC pa3Mephl, M MPH NojcYeTe cedeHus npubasisercs 5%
Ha MECTO YNAKOBKM JEPEBAHHBIX WM JAPYTUX PACHOpPOK M aMOPTH3UPYIOMIHX
MaTepHaoB.

Tabauya 2

Ob6vembl TuHULE MOKONPOBOO0E8, NPEOHAZHAYEHHBIX OJis MPAHCNOPMUPOBKU

ToxonpoBO/IBI C BO3AYLIHOMN H30msnueit ToxonpoBobI ¢ TUTOH H30IsIIKEi
BHemHUH nuametp D, rabaputsl B2 u
THI rabapur ¢ yuerom Hoxkek H1, TUI H2, ceuenne S2,
ceyenne Sl, YAETHHBIN 00BEM
yAenbHbIH 00BEM V1 V1
TOHE-10- D=55 cmMm, TKJIC(M)-10- B2=59,7 cm,
6000-300 H1=65 cmM, 6000-312 YXJI1 | H2=57 cmu
VXIJI1 Ocuosanne 300x10 cm $2=59,7-57 +
S1=(3-55-65+300-10) + +5% = 0,36 12,
+5% = 1,44 M2, V2=0,36 »°
V1=1,44 u?
TOHE-10- D=43,2 cm, TKJIC(M)-10- B2=59,7 cm,
5000-250 H1=44,9 cm. 5000-255YXJ11 H2=52 cu
VX1 Ocuosanne 144x12 cm $2=0597-52+
S1=(3-432-44,9 + 144 +5% = 0,33 12,
12) + 5% = 0,79 M2, V2=0,33 13
V1=0,79 »°
T3KP-6- D=62,3 cnm, TKJIC(A)-6- B2=59,7 cm,
1600-81 H1=67,3cm 1600-51 YXJI1 H2=42 cu
YXJ1 S1=1623-67,3+ +5% = 0,44 2, §2=7597-42 +
V1=0,44 »3 +5% = 0,26 M,
V2=0,26 »®

W3 Tabin. 2 BuaHO, 4TO 00BEM, 3aHUMAEMBII TP TPAHCIIOPTHUPOBKE TOKOIIPO-

BOJaMu C JIATOM I/I30JI$ILIPI€I>'I, MCHBIIC 06T>éMa, 3aHUMAacMOro TOKOIIPOBOJaMU C

BO3YIIHOW M30JIAIUEH.
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DKOHOMMHS 3aTPaT HA CTaJAMM MOHTA:ka. CTOMMOCTh MOHTaXa TOKOIIPOBOJA
3aBHCHUT OT JIByX OCHOBHBIX ()aKTOPOB!

- Macchl CEKIUI TOKONPOBOAA,

- pa3MepoB U 00beMa CEeKITHi1 TOKOTIPOBO/IA.

Meronuka pacueTa 3JKOHOMHUH OT MOHTa)Ka BKJIIOYAET HECKOJILKO DTAIOB.

Ha srane 1 paccuntbiBatoTcsi Macchl ABYyX BUIIOB JIMHUIN U MX OTHOLIEHHE K.

Ha stane 2 Haxojsrcs peaibHOE CeUeHHE JIMHUH, IPONOPIIHOHATIBHOE 00BEMY,
u oTHoIrenne ceuennii Kc.

Ecmu daxropst Kv u Kc 6onbire 1, To 3HaUnT, Macca v 00beM JIMHUAU TO-
KOIIPOBO/Ia € BO3AYIIHON M30JSAIMEH OOJIbIIe MAacChl MM 00beMa JIMHUH TOKOIPO-
BOJIa C JIUTOW M3oisinuei. Torga oHu ckiagpIBaroTcs, U d3pQekT ycunuaercs. Ecnu
xe Ku<l, a Kc¢>1, i Hao00poT, TO 3TH (HhaKTOPBI BEIYUTAIOTCS, M BRIYHCIIACTCS,
Kakoi (haKTop MPEeBaTMPYOIIUH, T.€. [JIABHBIMH.

Ha stame 3 mo pacueHkam [4] HaxomsTcsl MpsMbIe 3aTpaThl HA MOHTaX
TOKOIPOBOJIOB C BO3AYIIIHON HU30JISALIHEH.

Ha stane 4 no HaiiieHHOMY cpenHeMy K03 (QUIIMEHTY CTOMMOCTH MOHTaXa
JUHUA TOKOTIPOBOJIOB C BO3MYyIIHOW m3onsiiueld W pasHune (axropoB Kv u Kc
HaXOJATCS OOIINE 3aTPaThl HA MOHTAK TOKOTIPOBOJIOB C JINTON H30JIALIUEH.

B tabn. 3 u 4 npuBoasATCS pE3yNbTaThl pacdeTa COOTBETCTBEHHO YJEIBbHOM
MacChl M YISIBHOTO 00beMa JTUHUI TOKOIPOBOOB C BO3IYIIHON M JIUTOW H30JIS-
nuei, a taoke kodddurmenra maceel Ky = M1U/M2.

Kak BumHO W3 3THX TaOIuWIl, HECMOTPS HA TO, YTO TOKOIIPOBOJBI C JIUTOM
M30JISIIMEN B OCHOBHOM BeCAT 0OJIbINe, YeM ¢ Bo3ayIrHo# m3ossmueii (Ky < 1), a
X 00bEM 3HAYUTEIHHO MEHbIIE, YeM 00BbEM TOKOIPOBOJAOB C BO3AYLIHOW M30JIs-
mueit (Ke> 1, Kec — Ky > 0), B KOHEUHOM cYeTe, 3TO MPUBOANT K MEHBIIINM 3aTpa-
TaM Ha MOHTaX TOKONPOBOJOB C JIUTOW H30JISIUEN MO CPAaBHEHHIO C MOHTaXOM
TOKOIIPOBOJIOB C BO3AYIIHOM H30JISAIHEH.
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Yoenvnas macca moxonpogooos

Tabauya 3

ToxonpoBoAbI C BO3AYUIHON U30JISIHEH ToxonpoBoab ¢ Km
JINTON U30JUEN
yIespHas yaesbHas
THIL macca M1, THUI macca M2, Kv = M1U/M2
Kelm Kelm
TOHE-10- 69 - oxHOI (a3sl, TKJIC(M)-10- 252,7 - Bcex Km1=0,819
6000-300YXJI1 207 - Bcex 3-x a3 | 6000-312YXJI1 3-x da3
TOHE-10-5000- | 46 - na ogny ¢asy, | TKIJIC(M)-10- 184,3 - Bcex Km2 = 0,749
250YXJI1 138 - Bcex 3-x pa3 | S000-255YXJI1 3-x da3
T3KP-6-1600- 60 - Bcex 3-x (a3 TKJIC(A)-6- 57,3 - Bcex Km3 =1,047
81VXJI1 1600-51YXJI1 3-x da3
Tabnuya 4
Yoenvuoiit 06vém mokonposodos
TOKONPOBOBI U [IHHOIPOBOJIBI C TOKOIPOBO/IbI ¥ IIHHOIPOBOIBI Kc
BO3YLIHON U30JISILHEN C JINTOW n3osAuuei
rabapuTHl, rabapuTHl,
THIT ceyenue S, THIT ceuenue S2, Kc = SUS2
yAeNBHEIH 00BEM V1 YIeTBHBINH 006EM
V2
TOHE-10- D=55cm TKJIC(M)-10- 59,7 cm x 57 cm | Kc1 =297
6000- OcH. 300 cm x 10 e 6000-312YXJI1 S2 = 0,34 m?
300YXJI1 S1=3x 3,14 x 27,5+ 300 x V2=0,34x3
x 10 = 1,01 2
V1=1,01x3
TOHE-10- D=432cm TKJIC(M)-10- 59,7 cmx 52 cm | Kc2=2,39
5000-250 OcH.300cm x 10 cm 5000-255YXJ11 S2 = 0,31 m?
VX1 S1=3x3,14x 21,6+ 300 x V2=0,31x3
x 10 = 0,74 m?
V1=0,74 m3
T3KP-6-1600- D=623cm TKJIC(A)-6- 59,7cm x 42cm | Kc3=1,2
81YyXJIl1 S1=3,14x 31,152 =0,3»° |1600-51YXJI1 S2 = 0,25 m?
V1=03n° V2=0,25n3

Ipumep pacuera 3KoHOMHYECKOI I(PPEKTUBHOCTH MPUMEHEHHST TOKO-
nposoaa ¢ autoii nzoasimueit TKJIC(M)-10-6000-312 YXJI1 pounoii | =75 m
PaccMartpuBaemMble TOKOIPOBOIBL:

TokonpoBon ¢ nuroii uzosiuein TKIIC(M)-10-6000-312 YXJI1
Toxonposox ¢ Bo3mymrHOH m3osiuert TOHE-10-6000-300 YXJI1
BromkerHas ctoumMocTsh Tokonposoaos ¢ HJIC:

TKJIC(M)-10-6000-312 VXJI1 — 148 416 py6./m, Bcero 11 131 200 pyo.
THOHE-10-6000-300 YXJI1 — 135 582 py6./m, Bcero 10 168 650 py6.
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3aTDaTBI Ha TPAHCIIOPTHPOBKY

e TpaHCTIOPTUPOBOYHBINH 00BEM M Macca JIMHUH TOKOIPOBOAOB!
TKJIC(M)-10-6000-312 VXJI1 —V2m’ =V2m x | =0,36 x 75 =27 »> +
+3UII n xoMmIeKTyomue
M2 =M2x|=252,7Xx75=19 m.
JlocTaTouHO OTHOM MaIIMHBI
(eBpodypsr) rpysomnoabéMHOCTBIO 20 m.
TOHE-10-6000-300 YXJI1 - V1m' =V1m x| = 1,44 x 75 = 108 >+ 3UII
Y KOMIUIEKTYIOLIHE
M1 =M1x1=207x75=155m.
HysxHa omHa mammina (eBpodypa)
rpy3onoabéMHocThio 20 m 1 erie oxHa
MallfHa rpy30noabEMHOCTEIO B 10 m.
CTonMOoCTh TOCTaBKM Tpy3a U3 MoOCKBHI 10, Hampumep, ApmsHckod ADC
MammHOM rpy3onoaséMaocThio 10 m O6yaer mopsaka 150...200 meic. py6., B 3aBU-
CHUMOCTH OT ce30Ha. To ecTh B cilydae MPUMEHEHHS TOKOMPOBOIOB C BO3IYIIHOM
M30JSIMEH TOJIBKO TPH TPAHCHOPTUPOBKE MOTYT BO3ZHHKHYTH JOIOJHUTEIbHBIC
pacxozpl 10 CPAaBHEHHUIO C PACXOJaMHU Ha TPAHCIIOPTHPOBKY TOKOIPOBOAOB C JINTOM
u3oisiueld. B nmaHHOM mpuMepe 3TH JOTONHUTEIbHBIE PACXOABI COCTaBIISIIOT
1.5...2% oT cTOMMOCTH CaMOro TOKOIIPOBOJIA C BO3YIITHOW U30JIALINEH.
3arpaTsl Ha MOHTAX

¢ O0BEM TUHMI TOKOTIPOBOAOB IIPHU MOHTAXKeE:

TKJIC(M)-10-6000-312 VXJI1 - V2x' =V2u x| =0,34x 75 =255 x>
TOHE-10-6000-300 YXJI1 -V1y' =V1lu x| = 1,01 x 75 = 75,75 x>,
Ke=ViMm' /V2u' =297, Km =M1 /M2 =0,82. Kc —Km = 2,15.

CornacHo tabnune 8-01-078 [4], npsmble 3aTpaThl HA MOHTaXX MOTOHHOTO
MeTpa TOKOIIPOBOJIA C BO3MYNIHON m3osstuueit 0ymyt 3x774,37 = 2323 py6./m, unn
1,7% ot croumoctu TokonpoBoza. Tak kak KC — KM = 2,15, To 3aTparhl Ha MOHTaX
TOKOIMPOBOIA C JINTOH HM30JIsIKed 0KuAaroTcs B 2,15 pa3a MeHbIIIe 3aTpaT Ha MOH-
Ta)k TOKOIPOBOJIOB C BO3IYIIIHON M30JIALKMEH, T.e. cocTaBaT 2323/2,15 = 1080 py6./m.
PasHuma 3aTpat Ha MOHTaX IMOTOHHOTO METpa TOKOIIPoBoAoB Oyaet 2323 — 1080 =
=1243 py6.Im, nnu npumepHo 1% OT CTOMMOCTH TOKOMPOBOA C BO3IYILIHON H30JIs-
UEH.

OTO0 3HAYMT, YTO SKOHOMHUS 3aTpaT Ha TPAHCIIOPTUPOBKY W MOHTAX TIPH ITPHMeE-
HEHHMU TOKOIIPOBOJA C JIUTOM M30JsIuMel moiydaercs 2,5...3% OT CTOMMOCTH TOKO-
MPOBOJIA C BO3AYIIHOM U30JIsLUEH.

BoiBoabl. HecmoTpst Ha TO, 9TO OIOKETHAS CTOMMOCTH TOKOIIPOBOJIOB C
JUTON M30JsIUe M3HayabHO Ha 5...15% BbIIE CTOMMOCTH TOKOIIPOBOAOB C
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BO3IyIITHON M30JISILKEH, 32 CUET MEHBIIEH CTOMMOCTH TPAHCIIOPTUPOBKU U MOHTaXa
TOKOIPOBOJA C JUTOH H3O0JAIKEH MOXHO COKOHOMHUTH 3aTpaThl Ha 2,5...3% oT
CTOMMOCTH TOKOIPOBO/A C BO3AYIIHON H30JIALUEH.

CIIMCOK JIMTEPATYPBI

1. Texumueckue ycmosusi TY 3414-001-63740123-10. ToxonmpoBOIEI TE€HEPATOPHOTO HATIPS-
skenus / OO0 «PTK-Coro3». —M, 2010.

2. Texunueckue ycnousi TY 3414-002-66892460-2014. TokonpoBobl KOMIUIEKTHBIE JIUTHIE
tuna TKJIC(A) u TKIIC(M). OO0 «PTK-DJIEKTPO-M». - [TaBnosckuii [Tocan, 2016.

3. CuprAl Bridge. IIpou3BoacTBO TOKOMPOBOAOB. KOMITIEKTHBIE TOKOIPOBOABI U ITHHO-
MPOBO/IBI 17151 00BEKTOB YHEPreTUKH. TeXHNYEeCKoe OIHCaHHE.

4. ®denepanbHble eIUHUYHBIE PACIEHKH Ha MOHTax obopynoBanus ®EPwm-2001, Tocy-
JapCTBEHHBIE CHCTEMHbIE HOPMATHBEI.

HarmoHanpHBIH TOMUTEXHUYECKAN YHUBEPCUTET ApMeHHH. MaTepran HOCTYIIHI B
penakuumto 10.02.2019.

U.U. 2UrNkesNkuL3uL

QNPLUON UBUNkhU2NY 20UULRUSUCCECE UbMUNUTL SLSEUTYUL
ZhUuUdnNrnkhut OMU8hL UtuNkU2014d ZOUULRUSUL B P ZUUTBUUS

Onuyhtt bt dnywén dkYniusny hnuwbpwwnwppbpp twpwnbuqus i LEjnpulw-
jubibpnud b Gupuljuyuwtitipnud tnwdug 50 b 60 2g hwdwjunipyudp hnthnjuwljus hnuwtiph
dhtish 35 Y9 onpwibpnid LEjupwtubpgbnpjuljut vwppudnpnidutph LEjunpuyui
dhwgdwt hwdwp: Onquyhtt Ukyniugny hnuwtpwwnwpnptph ujqpiwljuts wpdtpp wpunwnp-
dwt thnynud npuitg jurnigquspuhtt wnwtdtwhwnlnipniattinph yuwdwnny wykjh gusp
E dnipudn dkYniugny hnuwbpwwnwppbph wpdtphg: Uwuwyt wnwpdwl, Untinwudh b pwhw-
gnpduiwt (uywuwpluwb) hoybpod Ypws swjuubpp dnywén dklniusny hnuwbpwwnwp-
ntph nhwypnd qquihnpkt phy G Ophtwy, dAnywdn dkyniusny hnuwbpwwnwppbpp owhw-
gnpéuiwt pupwugpmd skt wuwhwbenid uywuwpynud, hul] onuyhtt Ukyniusny hnuwtpw-
nwppbpp wwhwbenid bu wuppbpwpwn tkpyh pupdwugnid, onputhnunid b dkyniupsutinh
thnpuwphiunud: 2nuuén dkniugny hnuwbpwwnwppbpt niukt twb thnpp swthukp, phusp
pny] Enwhu jutuygl) hnuwbpunwpph imbnuthnpdw b juyhwunwy ohtwpupnipjui hwdwp
Juwnwpyny swhubpnud, niubkt wykh phy wlwnhy hgnpnipjut Ynpniunikp, npp poyp b
tnwihu putugl] hnuwbpwiwpph Swpuynipjul nne dwdltnh pupwgpnid: Upnniupnid
unwugymd k, np uljqpwuits jpugnighs tkpgpnudutipp jupd dudwbwlnid tn Eu qudnud, b
dnyudn Ubklniusny hnuwtpwwnwppbph Yhpwenidp Bubpquhudwljupgh wwppbpnud un-
umu ninbkuwy bu wnwyt) hhdtwdnpws:

Unwbgpuyhll punkp. hnuwpuwnwpn, dnyyusn Uklniuhy, onuyhtt Uklniuhy, ntunk-
unid, mbnuihnnd, Untinwd, swhiukp:
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AM. HARUTYUNYAN

ECONOMIC JUSTIFICATION OF USING A CAST RESIN BUSBAR SYSTEM AS
COMPARED TO AN AIR INSULATED BUS DUCT SYSTEM

Cast resin and air insulation busbar systems are designed for electrical connections
of electrical equipment in power plants and substations in three-phase AC circuit of 50 and
60 Hz and a voltage up to 35 kV. The initia price of the air insulated bus duct system, at
the stage of prefabrication, due to its design features, is slightly lower than the price of the
cast resin insulated busbar system. However, at the stage of delivery, ingalation and
operation (maintenance) costs for the cast resin insulated bushar system are significantly
lower. It is connected with the fact that the cast resin insulated busbar system does not
require periodic service during operation. Besides, the cast resin busbar system also has
smaller dimensions. As aresult, initial additional investments are recouped in a short time,
and the use of a cast resin insulated busbar system in power grid facilities is more cost
effective.

Keywords: busbar, cast resin insulation, air insulation, economy, transportation,
installation, costs.

77



ISSN 0002-306X. Proc. of the RA NAS and NPUA Ser. of tech. sc. 2019. V. LXXII, N1.

UDC 621.382 RADIOELECTRONICS

G.Y. AYVAZYAN, S.K. KHUDAVERDYAN, M.S. LEBEDEYV,
AV.SEMCHENKO

EFFICIENT SURFACE PASSIVATION OF N-TYPE BLACK SILICON

Surface recombination losses significantly reduce the efficiency of black silicon (b-Si)
for solar cell applications. Surface passivation using suitable dielectric films can minimize
these losses. This paper reports the investigation on the passivation properties of the hafnium
dioxide (HfO,) film deposited on n-type b-Si surface via the atomic layer deposition method.
It is shown that in addition to efficient passivation, HfO, film reduces the reflectance of the
b-Si surfacein the wide spectral range.

Keywords: black silicon, solar cell, passivation, reflection, atomic layer deposition,
hafnium dioxide.

Introduction. Black silicon (b-Si) or silicon grass is a needle-like surface
where needles are made of single-crystal Si and have a height 0.3...10 um and
diameter 0.05 ...1.0 um. These surfaces can be fabricated by the reactive ion
etching (RIE) method, which exhibits some distinct advantages. First, it is a
reliable and reproducible, yet self-organized process that does not necessitate any
additionally applied mask. Second, the method |leaves the crystallographic intact
nanostructure surfaces free of chemical contaminations, in contrast, e.g., to
structures obtained by wet etching. Third, it cannot only be applied to poly- and
monocrystalline wafers, but also to amorphous or crystalline Si thin films.

The unusual optical characteristics make b-Si interesting for solar cell
applications as antireflection surfaces [1-4]. This is due to the needles of b-Si that
would multi-reflect the incident light and thus reduce the reflectance, leading to an
enhancement of absorptance.

Although an especially low surface reflection ratio has been achieved by b-
Si, the final energy-conversion efficiency of solar cells is not satisfied at present.
The main problems are as follows. The b-Si solar cells suffer from increased
surface recombination rates due to the larger surface area resulting in poor spectral
response especialy at short wavelengths. In addition, the huge internal surface of
the needles tends to be progressively oxidized or contaminated by impurities when
in contact with air. The only way to overcome these drawbacks is the effective
passivation and stabilization of the b-Si surface [5, 6].

Nowadays, some works demonstrate that excellent passivation of b-Si
surfaces can be achieved using aluminum oxide (Al20s) films grown viathe atomic
layer deposition (ALD) method [7-10]. The general advantage of the ALD method
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isthat it can be used for alarge area deposition and processed at alow temperature.
With ALD, good film quality, accurate thickness control and conformality are
achieved. In particular, ALD Al,Os-passivated b-Si has been used as a materia in
record breaking solar cells reaching efficiencies above 22.1% [10].

However, an Al,Os passivation film has negative fixed charges, which result
in an inversion layer on the n-type Si surface, causing short-circuit current loss due
to the parasitic shunting between this inversion layer and metal contact. Therefore,
the passivation quality provided by Al,Os on n-type Si surfacesis limited. The dual
layer stacks of SiO./Al;Os; and Al,Os/TiO; prepared by ALD have both been
demonstrated to passivate the n-type b-Si surfaces [11, 12] but a dielectric stack
requires separate reactors in production to account for different process
temperatures and avoid the risk of cross contamination.

This paper demonstrates the use of ALD hafnium dioxide (HfO,) films as a
novel candidate for n-type b-Si surface passivation. HfO; films have positive fixed
charges and this makes it very suitable for passivation of n-type Si wafers [13].
ALD HfO, was aso chosen for investigation due to its higher dielectric constant
(k~25) than that of the Al.O;s film (k~9), alarge energy band gap (~5.68 V) and
thermodynamic stability in contact with Si surface [14, 15].

Experimental details. The experiments were performed on double-side polished
Czochralski-grown phosphorus-doped Si wafers (100) oriented and of resistivity
3.0 2.cm. The wafer thickness was 440 um and the oxygen level was 8.0 ppma.

The b-Si layers on the front surfaces of Si wafers were fabricated by the RIE
method in a gas mixture of sulfur hexafluoride (SFs) and O, by the multi-cathode
RIE chamber (Fig. 1). The mixture SF¢/O; is non-toxic and easy to handle. The
process pressure was 55 mTorr and the gas flow rates were 75 cm/min and 40
cn/min for SFe and O, respectively. The samples were placed on the water-cooled
(23°C) bottom electrode that was powered by a 13.56 MHz RF generator. The etch
durations were kept constant at 10 min.

Tl_ 0,

—

1] i L

Fig. 1. Schematic view of the RIE chamber
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After the RIE process, al samples were previoudy cleaned using the following
sequence of steps: 1) boiling in acetone to remove the presumable surface organic
contamination; 2) boiling in the NH3:H20,:H»0 (1:1:7) solution; 3) dipping into the
5% HF solution for 30 s. Rinsing in deionized water was performed after each step.

The HfO, films with a thickness of 40 nm were deposited on b-Si in a hot-
wall Picosun Oy Sunale R-200 ALD reactor (Finland) at an evacuation to about 1 mbar.
Pure nitrogen (99.999%) was used as a carrier gas and for purging the reactor after
each reagent pulse. The well-known TEMAH (tetrakisethylmethylamido hafnium (1V),
Hf[N(CHs)(CzHs)]4) + H2O precursor system was used [15]. TEMAH was delivered
into the reactor from the heated source at 100°C. The wafer temperature was 250°C.
The passivation films were activated by post-deposition in-situ annealing in N»
ambient for 50 min at 440 °C. The samples were taken out from the reactor after
cooling at room temperature. The thickness and refractive index of as-deposited
and annealed samples were measured by ellipsometry. Unetched planar wafers
(without b-Si) were coated as reference samples.

The cross-section and top-view morphology of the b-Si was observed by a
scanning electron microscope (SEM). The optical reflectance of the b-Si surfaces
was detected using a spectrophotometer T70 UV-VIS with an integrating sphere.
The charge carrier lifetime was characterized using the photoconductance method
in the transient mode (WTC-120 Sinton Instruments).

Results and discussion. Cross-section and top-view SEM images of the b-Si
surfaces with and without an ALD HfO; film are shown in Fig. 2.

The morphology of the b-Si surface without a passivation film (Fig. 2,a)
consists of dightly rounded needles with an average height of 400 nm and average
spacing of 150 nm. In Fig. 2,b, the HfO- film can be distinguished from the cross-
section as a lighter, narrow layer on top of the needles. It can be seen that the
needles have been coated perfectly conformal with a HfO, passivation film, no
blistering was observed after annealing on OH-terminated surfaces. Small changes
in the b-Si nanostructure height and shape can be seen, i.e. the needles become
shorter and denser. This can be attributed partly to the annealing of the films at 440 °C.

Thus, the ALD HfO; films precisely reproduce the morphology of the b-Si
surface without any voids or inclusions. As a result, a good chemical passivation
can be obtained.
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a) b)

Fig. 2. SEM images of the b-S surfaces with (b) and without (a) ALD HfO, film.
The upper and the lower row display top-view and cross-section images, respectively.

Fig. 3 shows the minority carrier lifetimes as a function of injection level in
planar Si wafer and b-Si surface coated by a ALD HfO; film. These two samples
were fabricated using the identical ALD process.

The minority carrier lifetime is a relevant parameter of merit to estimate the
surface recombination and surface damage. As can be seen from Fig. 3, the lifetime
difference between the planar Si wafer and b-Si surface coated by an ALD HfO;
film is not significant and the measured lifetimes are in the 10°...10* s range.
Therefore, despite the high surface area of b-Si and the potential surface damage
induced by the RIE process, the passivation quality of HfO. on the b-Si surface is
comparable to its passivation quality on the planar Si wafer. The improved surface
passivation could be attributed to a reduction in the electrically active defect
density at the Si/HfO, interface. Hydrogen from the Hf O, bulk could diffuse to the
interfacial region and provide the chemical passivation of the dangling bonds,
reducing the defect related recombination rate [13]. Note aso that the obtained
carrier lifetimes by ALD HfO; films are comparable to that by ALD Al,Os films
[7-9].
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Fig. 3. Minority carrier lifetimes Fig. 4. Reflectance of the planar S
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planar S wafer and the b-S surface an HfO2 film
coated by ALD HfO; films

Reflectivity measurements of three types of surfaces (planar Si wafer, b-Si
surface with and without a HfO, film) are given in Fig. 4. Asiit is seen, the b-Si
surface achieves a reflectance below 10% in the whole visible spectrum, as well as
in the near UV and near IR regions. As a comparison, the reflectance of the planar
Si wafer varies between 30 and 50% in the same wavelength range. By applying
the ALD HfO; films on the b-Si surfaces, the reflectivity was decreased
significantly to a minimum of 0.2...0.4% at around 500 nm. At the 700...1000 nm
region of wavelength, the reflectance for the b-Si surface with and without a HfO,
film is similar; while at higher wavelength, the reflectance for the b-Si surface with
aHfO; film is alittle lower than the surface without a HfO; film. Thus, in addition
to the surface passivation, the ALD HfO; film further reduces the reflectance on
the whole spectral range relevant for the solar cell operation. This is in agreement
with the recent results, when the b-Si surfaceis coated with ALD AlOs films[7-9].

Conclusion. The increase in the surface recombination has always hindered
the application of b-Si in solar cells. Our invetigations show that the ALD HfO,
film can solve this problem by providing completely conformal coating and
excellent passivation on n-type b-Si surfaces. Besides, the ALD HfO; film reduces
the reflectance of the b-Si surface on the whole spectral range relevant for the solar
cell operation. The excellent surface passivation and low reflectance results prove
the potential of using the combination of the b-Si surface and the ALD HfO, film
in different photovoltaic devices. In particular, their application in the spectral
selective double barrier n-type Si photodetectorsis very actual [16].
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GQ.6. US4 UL3UYL, U.Iv. vIMUIEMBUL, U.U. L6REBYEY, U4, UBU2ELUN
N-Shb UGY UPLPSPNRUE UUUGIGY NP8 UMSNRLUYES TUUURIUSNRULC

Uwlbkpinipuyhtt JEpudhwynpdwi Ynpniunbibpp qqujhnpbt thnppuginud G ulb
uhihghnuth (b-Si) wpynitbwybnnipniup wphwghtt fEdkunutpnid jhpuntint hudwp: Uy
ynpniunbbpp Jupkih b ajugbgil dwtplingen wuuuhugbbing npnowlh diymuhs pu-
nuiptkpny: Zknmwgnugt) Eu n-nhwh b-Si-h dwlkplnyphtt wnndwbkpuughtt tunkgdw
Ubkpnyny unwugyus hwduhnivh Epljopuhnh (HFO2) punuiph wuwuuhjugdwt hunlnipniu-
ubpp: 8nyg L wnpyk), np HIO2 punubien, pugh wpynibw]tn yuuuhjugnithg, utfugbgunud &
uth b-Si-h dwlkpinyph winpunupdnidp uyknpuyht juyt nhpoypnd:

Unumbgpuyhll punkp. uli uhthghnud, wplught i edkin, wuuuhgugnid, wimpunup-
And, wnndwobpuught tunbgnud, hwduhnidh Eplopuhry:

I'.E. AMBA3SIH, C.X. XYJIABEP/ISIH, M.C. JIEBEJIEB, A.B. CEMYEHKO

IOPEKTUBHASA MNACCUBALIUS TIOBEPXHOCTHU YEPHOT'O KPEMHMS
N-THITIA

[Torepu, 00ycIOBIEHHbIE TOBEPXHOCTHOM PEKOMOHMHAIINEH, 3HAYUTEIFHO CHIDKAIOT
s¢pekTuBHOCTE YepHOro kpemums (D-Si) it mpuMeHEHHS B COJNHEYHBIX DJIEMEHTAX.
[MaccuBanms MOBEPXHOCTH C HCIOIB30BAHHEM OIPEACICHHBIX THANICKTPHICCKHUX IUICHOK
MOKET MUHMMH3HPOBATH 3TH TOTEpH. McClieIoBaHbl TACCHBUPYIONINE CBOMCTBA TIEHKH
muokcuma rapuus (HfFO,), maHeceHHO#M Ha TOBepXHOCTH D-Si N-THIIA METOIOM aTOMHO-
crnoeBoro ocaxaeHus. [lokasaHo, 4to, noMuMo >(dexTrBHON maccupaimy, mwieHka HfO,
CHIKAET OTPAXKEHUE MOBEPXHOCTH D-S B IMPOKOM CIIEKTPATIBHOM JHana3oHe.

Knrouesvie cnosa: depHbll KPEMHHH, COJHEYHBIN 3JIEMEHT, MACCUBALUS, OTPaXKESHHUE,
aTOMHO-CIIOCBOE OCaXICHHUE, THOKCH]T radHHs.
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Z0UUY84 U0 $rehuUyUL UNE3NRE3NPLLELNY, URSNLNTHY
RJTUUUYUL UULSL

Lwpwugpus b pdojujut uwpp, npp twpiwnbugws | dwpnn jEuuwhniugwuspt-
powd, dwpduh mwppbp dwubpnid whunnpnodw b hknwgnunipniuubph hwdwp: Twpgne
dwolh Jpw Yupbh E wqnbk) mwppbp whwh hnuwbpubpny (hwunwnnd, hinthnwful,
huwnyuuyhtt b wyj): Cwn pdholjutinh b ghnbwljwtutph Ynnuhg hbnnwgnunygt) ko Ejunpw-
Juib wqnuipwtbph wqptgnipmniipn dwppnt dwplh ypu: Unwugyws wpnynipbpny htiw-
puynp E wjuinnpnot) hhjuwinnipjut wnjuwynipiniup: Uwppp htwpwynpnipinit £ tiwuhu
htnwgnunt) btwl ghpdwunh&withg juhjws dupnnt jEtuwnhdwnponieiniap dwolh wwp-
ptp YEnbpnud: Uwppnid twppownbugus L uwb Spugpuyhtt wyywhnymd. hwdwlwpgsh uh-
ongny Juwnwpynud £ wqnuipwith plughtt dpwlnud, quhwwinjnud Eu pdoljuljut wiyuyubpp,
hst b wywhnymud £ Epjupududljtin hinwgnunipiniuubph pwpp® jnipupwiynip wygk-
Inth hwdwn:

Upwbhgpuyhlr pwnkp. wjinnpnonid, hbunwgqnumipni, Jhtuwnhdwnpnipndd,
K EYwnnpng, hnuwp:

Ukpwbmipni: Ujunnpnodwt dudwbwl wihpwdbon b hdwbwg ny vhuygh
wqnnn qnpénih wuwpwdbnpbpp, wlh opquthquh nbwlghwt wnyjw; gnpénuht:
Uwolh EEjunpujut hwnlimpniubbpp gqujdwbtwynpjuws Eu dwolh hnrugus-
utph Junnigduspny: Ujp hwnlnipmnitiubph qhwhwndwt jwdwugnyt gnpéntp
dwolh JEuuunhdwnpmipiniut £ jud LHEjunpuwhunnppuljutnipiniup, npb b hp
htppht uprws kh pwpp wy gnpéntikphg, opptiwly™ dwpyh tngtpupwnuitiph
hwuwnnipnithg, nphg Juppws' dwpduh JEptwdwlh ghdwngpmpmniop wewbdh
hwnjusutpmd juqunid £ nnwutyulhg dhtish hwpnip hwmqupudnp Odbp [1]:

EiEjuipnnutph dhongny dwolh wmwppkp YEnbphtt nipynid £ hnuwbp, npu
Ltjupnphg REYynpng wigind £ hpdtwwinud wdktwhnpp phdwnpnipyu
2tpuniny: Uy phitwnpoipymip Jupnn b qoiinpedly” jujofws dwplh wptwhnuph
wpwgnipiniihg: Znuwbpn Uks phiwnpnipjut £ hwinhwynud bpgnyputph opowi-
ukpnud, npuntin pwwn Eu nulpbpp, 91kpp, hul Uyububpp hhdtwuunud phy Gu [2]:

Bhotpwpwnuuph Jiphtt skpnt nith ks ghdwngpnipmnit hwunwnnit
hnuwbph Gundwdp, b wyt jupbkjh E ghuwplb npogbu ghEyuphl nowlughb
hwwnlnipjudp (0,01...0,02 «/§3/uiP) [1]:
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«EEyunpny-dwolp» wugnidwyhtt ghdwgpmipjut thnpp (hubp Jupbnp tw-
hwwuwydwt E: Uy phdwnpnipnitp jujudws E HEnpnnh byniphg, dwglh hwn-
Unipniuitphg, fiEyunpnnh htn sthdwb dwljkptuhg:

Uuwolh fEjunpuljut hwnynipmniuubpp npnobnt hwdwp whwnp b ogunw-
gnpskup dwoly-EEynpnn ubndulh hwdwpdtp upubdw (. 1):

Uwol-fknpny ubndwljh (UEU) jnipwputynip wnwtdhtt dwljkipbnype ju-
nkh b ubpuyugul) hwdwpdtp Ejupuut vpibdwny, npp wqupnibwynud &
phuiwnpnipniutbp b nttwlnipniuubp:

Swdp hwdwhiwobpinnid wyn Jupkh b ubpjujugul) qgniquhbn dhugdus
ghuiwnpnipjut b ntiwnipyjut thongny (uly. 1).

{

B e

q)

1))
A e i?_—»ﬁ%; g
. -
1) &)

Uy 1. Gkhuwpwhwlul oppblpinh hundupdbp B Enpulwl nhwyuyhl ujubdwmbbkpp
gudphwdwpiughl pEkpunnid. w) wupquigny b upukdwi, p) dwplh skpnp b Eipuiluplughl
gwagkph niuniduppnipyul phkwypnid, @) Uwbuyhl hintuywdphl gniquilglyny uy;
punupphsilbp, n) dupdah wifkih junp pkpunkph b dkpphl opqubilph niunidinuuppnipyui

plagpnud, k) Gkpphl wlbpbubkpnid [3, 4]

w)

Thunwpytup gnjnipinit niitignn BEjunpngubpp, putth np ngpuitp uplnp nhp
El Juunwupmd UEU hwtgnygnud: EjEjupnnubpp pudwinnud B 3 hhduwlu judph.

e Ubwnwnulub EYyunpngutp. wju mbuwlh LEjupngubpp ks Yhpunnt-
pinit smiukl, Epp oqunugnpéynid Eu htnnily vhowuypnid, pwuh np dkwnwnukph
UkS dwup owwn wpwq opuhnubnid ke

e Ekjupnnubph Epypnpny mbuwlp yunpuwunnd ko dbnwnhg nt ndjuyg
Ubkwnwnh wnhg. Uknwn - dwpl hyydwt nhypnid duubwlgnid B dbkinnwunh wnh b
wthnuubph pununphsubpp, npnup juuginid b swhdwt gnpéppwugn:

e Ejkjupnpubph Epponpg unwdpp (qugny EEjupngubp) tkpuyugunad b
wykh pupy hwdwlwupgtp: Uju fEjupngutpp junnigyuspny swljnunljkt hwdw-
Jwpgbp &b, ophtul]’ wyunhbughtt pwninipn, gpuphun, ppldt nulh thnoh Jh&w-
Ynud:
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Updwipt LEhwnpnnubph wnwydbnipniut wjb k, np juynibugnmidhg htnn
EEYyunpnpubpt ntikt ypuljunhynpkt qpnjuljub oknnud: Ejknpnnubpp upnn tu
gquiyt] mupplp obpduyhtt yuydwbbpnud, hul okipdwunhgwibph nwppbpni-
pjut yuwndwnrny wnwewgws wynunkughwih onnudp sh wgnmd swhdwb wpn-
mibpubph Jpu: Gpphdt wpdwph LEhwnpnnputph Jpu <bunbkgunud» G pinphnh
otpu. wju nhypnid otinnudp vh Jupg wybkh wwlwu L jhunwd:

ugph npduspp b dkpnphljugh hpdtunjonpoudp: Porddwt byunwyny
L Ejunpubhqghnpipuyhumd ogurnugnpdnid b Uh owpp dkpnnubn.

o Udwjhuniqu-wynrjuughtt phpuyhw. wju dbpnpmd oguunugnpdynid k
thnthnjuwljub uhtintunhnuy 2.5 §Zg hwdwpnipjudp hnuwbp® dnnnijugus
10...150 Zg guép hwdwpwjuunipjudp: Udyjhnnigughtt Unpnijjughugh junpnt-
pyniup upquynpynid £ 0-hg 100%:

¢  Pnijunnphqughw. wyu nhypnid wgnnid i hnthnpwlwb uhintunhnuyy
thnpp jupnudny, npit wywhnynid £ gudp hnuwip b thnthnjuynid £ yunuwhwlu-
unpkt’ pun wdyhnnigh b hwdwpuwinpyui (100...2000 Zg uwhdwubbpnud):

¢ Uuwpd hdyniyuwght HEjnpuwiqquyugnid (YPE). wyu nhypmd wqnnid
ku owwn Jupd ninnuitlynit hdwniuiikpny (0,02...0,5 #pf) Jud Eplpbtn HEynpw-
Juit huwnyuubpny’ 2-hg 400 Zg hwdwhiwwbntpjudp:

¢ EEjupujpwidwb nypnid oginugnpénid ku tpuyynukughwy, ninnuiiy-
nit Uhwyy pdwynyutbp jud hdwynyuughtt owpplip nt tpuig dhol punuipubp [2, 51:

Qnnipnib niikgnn dbpnnpubtpnid puguljuynid £ hhjuunh bhqhninghufju
Jhdwljh dwuhtt mbinkjunduljut hbnnwnwupd juwp, husp poyugund | poiddut
wpynitbwdbnmpniup: Conpjws pniddw kpnph wpynibwdbnnipniip ghw-
hwwnynud £ dhwyt pniddwit Ynipuh wdwpunhg hkwnn:

Utp Ynnuhg wnwewplyus vwpph vhongny htwpuynp £ quwhwnty pnid-
dwl wpynitwdbnnipniip htug ulqphg, quuwhwint] wnwewgnn $hqhljului
thnthnpunipniutbpp b, pun wynpd, whnnpnol] b juwnwpl] huwdwyunuwupuwt
Lqpujugnipnit pniddwt pupwugph Jhpupbpu) Qupnitwll] jud punhwnk,
thnput] hpwnynn jupdwt wwpwdbknpbpp):

Utp Ynnuhg dpwlby ki uwpph, puywybu twb tkpuqynn b ywihng gjfuhyh
(L2Q) wnweht twpuwwnhybpp:

Qnnipnih niukgnn swthhstutph Uk dwunid mwupugnid bwpupwnbudws sk:
Swpugdwt nhypnid tjuwnynid i bhqhninghwjut thnthnpunipniutp, npnip
hrupun]np sk gpuitigh) stmupwgnn qupljukpm]: Adolhl wipyws E wqunnipynit’
puwnpbnt wgnnn jupdwb mkupp:

Utp Ynnuhg dpwldws uwppt nith hbnlyjw) junmguspuwjht uubdw
(uly. 2) (qupgnipjui hwdwp thpundws skt utinigdw ujubdwi b tpw thwugnid-
ukpp):
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Ul 2. Uupph upnigyuépuypl ujulb/ul

Ul. 2-nud 1-p LRS- k, 2-p obipdwljuyniiwgnighs E, 3-h dhgngny juwnwpnid
Eup UL29-h nnwpwgdwmb dvhugmd, 4-p Nihupupnuh Judpowlt E, nph dnunpht
unpynud £ hwdwlupgsny dpwljyus wqnuiowl, hull 5-p dwolju b Onthnjuwlwi
nhuwunpmput vhengny nund Eup dwplhh nhidwunpmipjutpn hwdwpdtp jupnd: 6-p
JEuuwynunbkughwih wqpupwith nidbinupupt t, npp dh dninphtt npynud L 4
Judpowh dwolhtt hwdwpdtp nhdwnpnipjut Jpu dbwynpdus jupnudp, huly
Ujmu Umwnphtl Eiuwwynnkighupuyht jwpnidp: 6-h Eppmd mubkp Jhbuwwn-
nkughwih wqnpubpwith hwunwwnnit (Us), thnthnjuowlut (Uy) b dhohtt (Uy) wp-
dtiputip, npnip htnnwquynud upwupldnud b pduyghtt Upuljdwi:

L2G-u Uknwnulut wpswph LEYwnpng k, npp guniynud | quubwdl tnupw-
gnighsh YEunpnunmd b dEniuwugqus L upwihg: Swpugnighst wwyywhnygnid k
EEyuipnnh onipep dwplh hwdwubn gbpldwunhdwin:

w) 19)

Ul 3. U299 —h bEpphl junnigywépp (w) b panhwinip wkupp (p)
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U2G-U uquyws E htnlywy dwubkphg (uly. 3).

1. Zunnpujwupkp, npnup wwyuwhnynwd u gifuhyh b vwpph dhob uwp (Us -
wnwpwugdwl jupnid, Us — oipdwnghsh jupnud, Up - JEhuwyninkughw) jupnid):

2. Yhuwhwnnpnsuwjhtt obpdwwnyps, npt wmywhnymud E dwolh opowljuyph
hwunwwnnt okpdwunhgutih huljnudp:

3. Qupwpyws thppndk jup, npbt wywhnynud E EEjunpngh tmwpwugnudp:

4. Upbwipt jup (1 4/ ipudwgdny), nph dhongny Juwnwpnud Eup YEiuwnh-
dunpnipjut swthnudp:

5. Ukyniuhs & 4-h b 6 —h dhol:

6. Swpwugynn vwpdhtt (wpswpwwwn ppnuq):

Swiguyhtt hmdwnipjut quuiwt hwdwp oquuugnpsymid E pyuyhtt qunhyg,
nnp wighugubny ognuljup wqpuipwip' hhdunght duonid £ 50 £g juwiquipnid-
ukpp: OJuyhti qnhsh wnwtnipyniit wyt £, np uyjuy dhgwljwiphg nnipu qupsp
npbk hwdwhunipinit sh dupnid b tjuwnbih thnyuwghb oinnud sh wnwewgunid:

Swpwgynn qiiuhlt nith dhtgh 50°C mwpwbwnt htwpwynpnipnil, puth
nn nputthg wykh obpduyhtt mwpugnidp jhwbqlguh dwpnnt dwolh wypdwie

Uwipptt wphiwwinnid E hbnlyuy Yhpw: Swugh dhwgnidhg hkwnn pdholju hup
E npnonid UL2A-tt mwpwgubjnt wthpwdbpunnipniup: Ujunthtnb dwplhtt wpunw-
phithg Uhwgynid ki UL2Q-kpp hwdwwyyunwupiwh Jugpbpnud:

Zwuquinh Jh&uwlnud quntgnr htnwgnudnnh dwplht gkutbpunnphg npynud
hwunwwnnt jupnud: Ujunthtnlb vwpph Gpughl jupdwb dhohtt wpdtpp qpnjug-
ynid £ Nihupupnih Judpowlh thnthnpwlwl phiwnpnipjut dhengny: pubihg
htwnn htnwgnuynnh dwolyhtt mpymd £ npnpowjh nbkupny wqnubtipwb, b npno-
Unud kb mqnutipwth thnthnpowljw b hwunwnntt pununphsubpp: Ywpdus wg-
nnn jupnidhg, hbtnwgnuynnh wmwuphphg, wnnnowljut yhdwlhg b dwplh ntinu-
dwuhg Jupnn kb uinugyby nuppbp Epught jupnidbp:

ZEwnwgnuinipjwt wpnibpubpp: 2Quthnudubpp Juwnwpdt) B hwpdnthy
wqnupwbiibph nhwpnid, pwth np ny hwpdnhl wqnuiowh nEypnmid wpwew-
gus hwpunuplubph uqdp b hhnthnjunipniip quwhwnb|t wdbih pupy B Spdtg b
500 Y wdyhninigny hwpdnhly jupnud’ nwppbp hwdwpwlwintemniiitipnyg
(qpudhyh Unrnpp tkpjuyugdus k unpdwynpjus nkupny): Zudwlupgsh dniwn-
phtt Jupnn Lup viwy 200 ¢ wnwybkjwgnyyt jupnid, pun nph b inpdwynpynid
uwipph Lipuyht jupnudp:

BJuyht dpwljdwl dwdwbwl] oqunugnpsty kup hwdwljupgsh whwnguyjh
Untnpp (Uhhpndnuh dniwnpp) b Epp (wubupwluwih Epp): Uhipndnuh dniwnph
niup jupdwt vwhdwbwhwly nhpnyp: Enyunpynn wgpquitywip gkpuquitgknt
nhypnud whwnquyhtt wqnuipwih yuwunlbkptt unuyunynud b (ququptbkpnud
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hwgkgnid), nitkunud Eup mbnkjuwnynipjut Ynpniuwn: Nidbnugdwb jupquynp-
dwt dhongny plunpmd tu wqnuiowih wjtyhuh wpdbp, np unpdwynpnidhg
htwnn yuwwnlbph wrwybjugnyh wpdtpubpp sqghpuquigk 0,8...1 mhpnypp: Spw-
Shyubpmd Untnpuhll wqnuibpwbp thpluyug]us  YEnwgsny, huly kjpujhlp
hnd gény, hulj dudwbwlp Uhihjwyplubibpnyg (. 4, 5), pln npoud, puyghll dpul-
dwl dudwiul swthdwsd nmunwtnidubph thnthnpuowljut wqpuipwitph thoyw-
jht oinnudubinp wuydwbuynpdusd Eu dhuyge Spugpmd juwnwpynn dwpbdunhlju-
Juwt gnpénnnipniuubpny: Upklp, np whwinquyhtt swihnidubiph dudwbwly thne-
(uyht otnnudp sh ghpuquitgnid 5 wunh&wbp, npt bwub sk:

w)
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Ul 4. Untunpuyplr b Ejpuyhll wmgnuiowbbbpp* 20 2g hudwjunipyul nkupnid.
w) ppowyunp ghplwumpdwinid, p) nmupugdundp

Bwdp hwdwpimipiniiubpmd (Uhtigh 100 Zg) tjuunynud ku pupdnp hwipunthy-
tkph woluynipmit b ppuiblg htnbbupgmpjui qquih dkdwgnid  nwpuglwl
ntuypnid:
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j0)

Ul. 5. Untunpuypll b Ejpuyhli wqnuipwbbbpp * 400 Zg wqnuipwih nhupnid. w) ppowguinp
okplwumpdwinid, p) nmupugdudp

Puipdp hwdwjunipmniutbpnud hwpdnuhjubph pwbwlp wytih phs k b wq-
nubpwip qpbpk Yplund £ dninpughtt wmqnuipwtip: Uy hwpunuhlubph htnkbuh-
Unipniutibpp owwn phy B Ukbwinid mupwugdwt nhuypnid:

Bqpuljugnipinil: Ujuwhuny, vwppp twhwnbu]ws b pdoiuljut hwuwnw-
nmpiniimy ogunugnpstint hwdwp' hsybu whnnpnodwl, wyygbu b hknwgn-
nwljwi tyunwlutpn]: Uwppp Jupbih b oqguugnpst) b unwghniwp, b wp-
nwhhyuiinuinguihtt wuydwittpnud, pwtth np Swuntd E thopp hqnpnipnii:
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C.I'. MAPTUPOCSH, AT'. TYJISIH, H . E3AKSIH, H.C. MKPTUYSIH

JAATHOCTUYECKOE MEJMIIMHCKOE YCTPOMCTBO C
KOMBUHHUPOBAHHBIMHA ®U3UYECKAMHA BO3JAENCTBUAMHA

Onmcano MEAUIMHCKOE YCTPOICTBO, KOTOPOE MPEIyCMOTPEHO JJIsl HCIOIB30BAHMUS
B JIMarHOCTUYECKHX W HCCIIEIOBATENbCKUX IENIIX HAa OMOTKAaHSX M KOXXHBIX IOKPOBax
pa3MYHbIX YacTel Tena yenoBeka. Ha KoKHBIM NOKPOB YEIOBEKAa MOXKHO BO3AECHCTBOBAThH
Pa3IMYHBIMU THIIAMH TOKOB ([TOCTOSIHHBIH, aTBTEPHATUBHBIN, UMITYJIBCHBIA U T.1.). MHOTAMHE
BpadaMy U YYCHBIMH HCCIICOBAHBI BO3CHCTBHS IEKTPUICCKIX CUTHAJIOB HA OPTaHM3M Ye-
noBeka. Mcmonp3yst HOTy4YeHHBIE Pe3yIbTaThl, MOKHO JIUATHOCTUPOBATh HAMYKE OOJNE3HU
y MaluyeHTa. Y CTPONUCTBO TAKXKE MO3BOJISIET BHIOJIHATH TEMIIEPATYPO3aBUCUMbIE HUCCIEH0-
BaHHUs B pPa3HbIX TOYKAX KOXKU TeJla M3MEPECHHEM OMOMMITe[aHca 4elioBeka. Pa3paboTano
TaKXKe MPOTPaMMHOE CPEICTBO, TIO3BOJIAIONICE C MOMOIIBI0 KOMITBIOTEPA BBIOIHSTE ITH()-
POBYIO 00pabOTKY CHrHajia, COXPaHITh MEAMIMHCKHE JAaHHBIC, YTO OOCCIICUMBACT JOJIrO-
CPOYHBIE UCCIICIOBAHMS ISl KAXKIOTO TMAIMEHTA.

Knioueesvie cnosa. nuarioctvka, uCCiieJOBaHue, OMONMITEAHC, DIEKTPOI, TOK.

S.G. MARTIROSYAN, A.G. GHULYAN, N.D. EZAKYAN, N.S. MKRTCHYAN
MEDICAL DIAGNOSTIC DEVICE WITH COMBINED PHYSICAL EFFECTS

A biomedical device which is supposed to be used for diagnosis and investigation in
bio tissues and skin in different parts of a human body is described.

The skin of a human can be affected by different types of currents (direct, alternate,
pulse, etc). Many doctors and scientists have investigated the effects of the electrical signals
on ahuman’s organism. The results of these studies can be used to diagnose the presence of
a disease in the patient. The device also alows to perform bioimpedance of the person
suspended by temperature in different points of the skin. A software is also developed
allowing, with a computer, to carry out the digital processing of the signa, as well as
maintain the medical data which ensures along-term research for each patient.

Keywords: diagnostic, investigation, bioimpedance, electrode, current.
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UDC 621.396.6 RADIOELECTRONICS

A.E. YESAYAN

A CAPACITANCE MODEL OF A SHORT CHANNEL DOUBLE-GATE
FINFET INCLUDING A MOBILITY DEGRADATION EFFECT

A capacitance compact and explicit model is introduced for a short channel Double
gate (DG) undoped FinFET including the mobility degradation effect. The capacitance
model is developed on the basis of the channel charge partition, and is the generalization of
previously developed capacitance model accounted only for constant mobility. The
presented analytical compact model is validated with 3D Atlas simulations performed with
the CVT mobility model.

Keywords: DGFnFET/MOSFET, capacitance model, mobility degradation, short
channel effects, compact modeling

Introduction. Multigate FinFETs are recognized as the best candidates for
down-scaling CMOS technologies. The key factors that limit how far a multi-gate
MOSFET/FInFET can be scaled come from short-channel effects such as threshold
voltage roll-off, drain-induced barrier lowering, velocity saturation followed by
mobility degradation. Among the great variety of FInNFETs the DG FinFET is
recognized as the most stable to device variability. During the last decade a great
number of scientific works have been published on modeling and characterization
of DG FinFEts [1-5]. Compact models are critically important for circuit
simulations. Based on the EKV formalism, the charge-based compact model was
developed for along channel, undoped DG MOSFET [4]. Further, this model was
extended for a ultra-scalled DG FinFETs still being fully explicit and physics-based
[5]. The static model accurately accounts for all short channel effects, and the model
was validated down to 25 nm channel length. Based on the Ward channel charge
partition [6], the trans-capacitance model was developed for a long channel DG
FinFET [2], and further it was extended for short channel DG FinFETs [5], but at
that stage of development, the mobility degradation effect was not considered in
the capacitance model. However, the velocity saturation followed by mobility
degradation is the dominating effect while shrinking the channel length. The scope
of this work is to include the mobility degradation effect in the previously
developed quasi-static model preserving the accuracy of the model. The paper is
organized as follows: inSectionl,the trans-capacitance model for the
DG FinFET is presented, in Section 2, the mobility dependence on the longitudinal
electric field is introduced in trans-capacitance equations, Section 3 presents the
validation and discussion of the developed model.
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Methodology: Capacitance model

1. A capacitance model considering the constant mobility. For the
subsequent clear introduction of the mobility degradation effect in the capacitance
model, here we briefly introduce the main equationsof the core capacitance
model. In the following derivation we use normalized quantities, and for applied
voltages, drain current, and charges, the following normalization factors are used:

2
v -y =KT Inorm:4':u'cox'HLUTv . =4.C_-U,.
q

norm T

The normalized gate charge (gs) computed from two gates can be obtained
by integrating the normalized mobile charge density (qm) over the area of the gate
region:

L

de = —H [ g,dx, (2)

0

where H and L are the device height and length respectively.
Following the channel charge partition proposed by Ward, the normalized
drain charge (gp) is defined as:

L
X
0o =H J.f 0 dX. 2
0

Theintegration variables x and dx can be expressed by means of drain
current and terminal voltages according to [7] :

X=—i—L-an-dv, )

dx:—i—L-qm-dv, (3.1)

where i(v) and gm(V) dependences are defined in the long channel charge based
model [4].

For the sake of completeness, here we remind the main relationships of that
model:

Omd

C
with o = COX andq,<0, (@@

]

i=—f+2-q, +E‘In(1—g-qmj
a 2 Ors
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vg—vto—vch:—2-qm+ln(—q—2mJ+ln(1—%-qmj. (5)

Differentiating (5) yields:
L N E— (6)
dv, dv o_ 1 ;
qm 7_qm
a
By substituting (6) into equations (3) and (3.1):
m
X:__L.|:q§1_2.qm_3.|n(1_g.qmj} (7)
I a 2
qWS
and
d=-toq 2=t |ag . 8)
i G 2_q

Further, by substituting (7) and (8) into (1) and (2), and by taking into
account (5) and (6) the expressions for gate and drain charges are calculated and
presented in the normalized form in the Appendix with equations (A1) and (A2)
respectively. Once we have the expressions for ge and o , the source charge is
easy to compute as. gs+qst o =0.

0
The capacitances are defined as: G, = i% , Where k , | refer to the gate,

|
drain and source terminals. The corresponding equations derived for Cyg, Cad @nd Cqg
are presented in Appendix A with (A3), (A4), (A5). All the other capacitance
expressions can be calculated by the same mechanism, aso by using the
relationshi ps between the capacitances.
1. A capacitance model including the mobility degradation effect. The
mobility dependence on the longitudinal electric field can be accurately modeled

=t , Where EC:& is the electric field at velocity saturation

sy, =——=L
H " T1VE, IE, 1,

(Vsat is the carrier velocity saturation), E”:Z—V is the longitudinal electric field,
X
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M, - the transverse effective and is modeled by Mathias's rule. The degradation

of transverse mobility is due to the scattering on the acoustic and optical phonons
and on the surface roughness and becomes significant for thin body FinFets. The
expressions for 1/, were presented in [5]. In the development of a static model, the
mobility degradation due tothe longitudinal electric field is modelled by the
concept of the channel length modulation. However, in the development of the DC
model, the mobility dependence on the longitudina electric field should
be accurately cinsidered in equations (1)-(2).
Thus equations (7) and (8) should be replaced by:

X = _%(sz - qu - gln(l - %‘Jm))E:s - ﬁ UT (qu + ln(_qm) - ln(% - _Qm))|::S ’ (9)

dx=(—%qm—ﬁUT) (2—i+i;>dqm. (10)
Then, for the gate charge we got:
2 dmd
q6_mob = qc t HﬁUT (qmz — 2qm — ;ln(l - %qm))|qms ) (11)
where q; isgiven by (A1) in Appenix A.
Similarly, for the drain charge from (2), (9) and (10) we calculate :
Apmob = 9p t qpm. (12)
where q, is defined with (A2) and qp,, arises due to the velocity saturation effect

and is calculated as:;

Qpm = E”—lUT(Intl — Term1 = Int2 + Int33 — Term?2 * Int22) +

i Vsat

+£(”L UT)Z Int3 —%(“ UT)2 Term?2 * Int2,

L \Vsat Vsat

where Terml, Term2, Intl,Int2, Int22, Int3, Int33 are the functions from the
normalized mobile charge at the source and drain edges and are presented in
Appendix B in the form of integrals. These integrals are easy to calculate, however
for calculations of capacitancesit is not required.

The source charge is calculated as g mob — 9pmob = smob-

Further capacitances are calculated as derivatives of terminal charges.
Taking into account (11), (12), (6) and (4), the following expression for capacitances
are calculated:

Cgg.mob = Cgg T Hﬂ_lUT(de — Qms) » (13)

Vsat
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Cag.mob = Cdg — ?ﬁ Ur (—Term?»lqmd + Terml * (qma) — Gms * 1 — —Term4|g$j + Term2 *

* (Gma® = Gms?) + %) - E(”—L UT)2 (—Term5 — i + +(qq) * Term?2), (14

H+L L \Vsqr

H
Cad mob = Cad — 7% UT(Term3|qmd —Terml - (qnq) + Term4|,,  —Term2-

(@) =2 (£ Uy) (TermS = (qua) - Term2), (15)

sa

where ¢y 4, cq4 and cyq are the capacitances calculated considering the constant
mobility and are given by (A3), (A4) and (A5), Term3,Term4 and Term5 are defined
in Appendix B. Consequently al the other capacitances can be defined in the same
way.

2. Discussion and model validation. The capacitance model is important
for the variation-aware design of FinFet. The trans-capacitances are very sensitive
to random fluctuations caused by imperfect fabrication in IC fabrication process.
The developed model is smooth, continuous and accurate throughout all operating
regimes.

The capacitance in subthreshold regime is determined by inter-electrode
coupling which is significant for short channel devices. According to Gauss' law,
the inter-electrode coupling charge density is given by the perpendicular electric
field terminating on the chosen electrode. Then corresponding capacitances are
calculated as charge derivatives to corresponding terminal voltages and introduced
in the developed model as it was described in [5]. Accordingly geometrical length
of channel is replaced with effective channel length: (L-L), where Lyis responsible
for inter-electrode charge coupling in subthreshold and saturation regimes and is
given in [5]. The velocity saturation effect is introduced through equations (9) and
(10) and so isincluded in (13) - (15).

The quantum mechanical effects (QME) are also included in the model as it
was presented in [5].

The developed capacitance model is validated with 3D Atlas simulations,
where CVT mobility model is considered. It is worth to note that there are only two
empirical parameters in the model, which are included in transverse mobility
expression [5]. Figs 1-3 present calculations for FinNFET with a channel length of
40 nm and Fin thickness of 10 nm, analytical calculations are presented with lines
and numerical simulations with symbols. The calculations are carried out both in
linear and saturation regimes (Vg= 0.1 V and V4= 1 V). The capacitance Cyq iS
presented in Fig.1, Cyyand Cygare presented respectively in Fig. 2 and Fig. 3. Fig. 4
presents calculations for FINFET with a channel length of 25 nm and a Fin
thickness of 3 nm. For thin Fins, QME become significant and in Fig.4 the

calculations including QME are presented as well. The calculations excluding
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QME are presented to make evident the accuracy of the mobility degradation effect
introduction in the model. The good agreement of the model with 3D simulations
makes it evident that the developed analytical model has good accuracy from a
weak to a strong inversion.

Fig. 1. Trans-capacitance Cyy Obtained from  Fig. 2. Trans-capacitance Cg obtained
the model and simulations from the model and simulations

Fig.4. Trans-capacitance Cgy, calculated
with and without quantum mechanical
effects, both from the model and
simulations

Fig. 3. Trans-capacitance Cyq Obtained from
the model and simulations

Conclusion. In this work the trans-capacitance model is presented for a short
channel DG MOSFET/FnFET accurately considered for the mobility degradation
effect, quantum mechanical effects, as well as inter-electrode coupling, The model
relies on the channel charge partition and is physics-based, thus the model is valid
for a large range of FINFET geometrical parameters. The analytical capacitance
model was validated with Silvaco 3D Atlas simulations for channel lengths varying
from 50 to 25 (nm).
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Appendix A

HL 2 3 2 2 4 (04
- — .| =. — . ——.nl1-=.
Os . {3 On = G o O P ( 5 qmj:|

where

Omd
2 . 3 , 4 2 a4 ( j 3
_ . —_—— In|l1-=
5qm qu {3 9.0 3« G J |G
1 2 2
+| =————+=n|1-= 2
|:C¥ 3&2 ( qmjj| qm
Intl=
Jo 8 A ey )] 30t 8
A 2 " " 9.0* 5.4°
2
44 16 o a
- —— _.In|1-= —|In|1-=
3.q° 3.a° ( quj+3{[ q”‘ﬂ .
Cg == (0= )+ =% . (A3)
H-L 2.
Cdd:_—'qrf’d_'_ iqD'qmd’ (A4)
H-L ) 2.
o =" -qij—q’miq% iqD-gm- (A5)
Appendix B

m 2 1 1
Intl = [ q,, (qmz — 2qm — 7 In(1 %qm)) (2 —otz ) “dqm,

oz dm
Terml = (qms2 — 2Qms — iln (1 - %Qms)),

nt2 = [!™q,, <2 - =+ %) g,

dm  L=dm

Int33 = [ g,,2 (2 + (=) = In (2= g, )) (2 —tT )dqm,

o dm
Int3 = fq‘;’id Om (qu +In(—gy) —In (z - qm)) <2 - ﬁ + o )dqm,

o dm
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me22 = [ g2 <2 - i + %) dqm,

o dm
Term2 = (qus +In(=gpms) —In (i - Qms))'
Term3 = (qm3 - 2qn” — %‘Im In (1 - gqm))’

Term4 = <2qm3 + gm? *In (— ;—';)),

2
Term5 = Zdez + Qma * ln(_de) = Qma *In (; - de))-
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U.E. GUUBUL

GruoUyULh, YUK NPNESUCNY, SPULDES SCULAPUSACE NhLUUNkE8UL
UNMLC curgnNkuiuNkhe3ul T6eUTUShUSh MUSUULLENRT

Lkpjuyugdws E jupd ninknwpny tplthwuuith $hudES nputiqhuinnph nttwlne-
prul Unplp, npunbn hwoyh E wntjwsd (hgpwljhpubph swpdniiwynipjut nhgpunughwi:
Muwynipjut dnpbp hhdiws E mntnwph hgph wkpdhtwgtiph dholi pudwidw qunu-
thwph Ypw b hwinhuwinud E hwunwnnit swpdnibwlnipjut hwdwp twpujhtnad dowly-
Jusd Unphkh pughwipugnudp: Utwhnhy hwpquplubph dognunipniip uinniqus k 2D Atlas
unwunupuugdus pdughtt gnpshpny, npunkn hwyquplutpp junwpdws tu CVT swpdni-
twlnipjui Unnbny:

Unwhgpuypl punkp. DGFINFET/MOSFET, nitbwnipjut Unnly, swupdnitbwlnipyub
nhqpunughu, Jupd ninnwph Ephln, Yndyuyn dnyply:

AD.ECAAH

MOJIEJIb EMKOCTH KOPOTKOKAHAJILHOI'O ®UH®PETA C JIBOMHBIM
3ATBOPOM, BKIIOYASA DODPEKT JETPAJALIMA TIOABUKHOCTHU

HccreroBal KOPOTKOKAHAIBHBIM, HelternpoBanusii FiNFET monesoii Tpansucrop ¢
IBOIHBIM 3aTBOpOM. Pa3paboTaHa KOMIIAaKTHAash MOJENb €MKOCTH CTPYKTYpBI, BKJIIOYAs
3¢ deKT aerpasanyn MOABMKHOCTH. JJOCTOBEPHOCTh aHAIUTHYECKHX PACUETOB IPOBEpEHa
CpaBHCHHEM C YHCICHHBIMH BbruucieHusMu ¢ 2D Atlas nnctpymentom ¢ yyerom CVT
MOJIETH TIOABHKHOCTH.

Kmouesvie cnosa: DGFINFET/MOSFET, mozens eMKOCTH, Jerpaiaiius MOIBHK-
HOCTH, KOPOTKOKaHaJIbHBIN 3()(EKT, KOMITAKTHAs MOJIEIb.
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A.A. DAVTYAN

I/V CHARTERISTICS OF A FERROELECTRIC NANOFILM TOWARDS THE
HYDROGEN PEROXIDE STEAM

The I/V characteristics of ferroelectric (barium-strontium titanate, BST) nano-film -
based Pt-BST-Pt structure in the environment of the hydrogen peroxide (H20.) steam in the
temperature range of t=36...42° C and densities of H>0,(0% (distilled water), 0,5%, 1%,
1,5% and 3%) is experimentally studied. It isjustified that the BST membrane shows good
sengitivity that can be used for the rapid and early invasive diagnosis of respiratory diseases.
Sensitivity mechanisms are also proposed and discussed.

Keywords: ferroelectric BST thin film, diagnosis of respiratory diseases, 1/V
dependencies, H,O, concentration high sensitivity.

Introduction. As we have already mentioned in our previous study [1], the
concentration of non-vaporizing substances that are excreted in healthy individuals
is quite low, but it is significantly increasing in patients with pulmonary-asthmatic
diseases [2-4]. When a person has lung inflammation, white blood cells release
hydrogen peroxide and other chemical elements to kill the harmful bacteria in the
body. In addition to pulmonary diseases, smoking also causes inflammatory
reactions in the respiratory tract, in other words, the H>O, concentration also
increases. Thus, the H>O; concentration in the exposed air can be a very important
indicator for the diagnosis of the lung condition and respiratory diseases of
different types for the first time.

On the other hand, due to their specific dielectric, piezoelectric, pyroelectric,
electrooptical properties, ferroelectric, ceramics and thin film structures have long
been used as passive elements of microelectronic schemes, microwave voltage-
controlled capacitors (varactors), Film Bulk Acoustic Wave Resonators (FBARS),
microel ectromechanical systems (MEMYS), electro-optic modulators, etc. [5, 6]. At
present, various constructions based on these materials are tested as high density
DRAMSs (dynamic random access memories), non-volatile FERAMSs (ferroelectric
random access memories), ferroelectric FETs (field-effect transistor) [7, §].

Numerous theoretical and experimental studies have shown that in the
crystal structure of ferroelectrics, as a result of the inevitable presence of oxygen
vacancies, their thin films exhibit chemical catalytic great activity with respect to
hydrocarbons [9, 10], hydrogen [11], ethanol [12], acetone [13], moisture [14],
ammonium [15], pH of bio(chemical) medium [16, 17], conductivity of electrolytic
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solutions [18, 19], hydrogen peroxide vapor [20-22], and has perspectives in
biological and chemical sensorsin terms of application.

Taking into account the fact that barium-strontium titanium in the family of
ferroelectric materials is the most researched and applicable, the goal of this paper
is to present the sensitivity properties of BST nano-film of a Pt-BST-Pt structure
with respect to hydrogen peroxide vapor (0% density (distilled water), 0.5%, 1%,
1.5% and 3% of H»0O,in the temperature range (36...42°C)) for the first time.

Experimental results. The study is carried out in terms of 1/U dependencies
in the interval of the applied DC voltages between —19V...+19V, in cases of
different concentrations and temperatures of steam H.O.. Studies are carried out
towards heterojunction structures shown in Fig.1, on horizontal x-direction of Pt-
BST-Pt, the sensitive upper layer of which is the ferroelectric BacSr1xTiOs hano-
film, formed by the pulsed laser deposition method.

150 nm
100 nm

y I 300 nm |

X

Pt Pt

a)

Fig.1. a- The cut of the BST/S hetero-samples, b- the look above, c- the final appearance of
the sample

The investigations were carried out at National Polytechnic laboratory of
Armenia “ANEL” (Armenian National Engineering laboratory-ANEL). The NI
PX12-SLOT6 measuring device was used to measure the current. To measure the
temperature the NI78-4353 measuring device was used to which the Jtype
thermocouple was connected. It works at a temperature of 0...760°C, accuracy +/-
2.2°C or 0.75%, and the limit of permissible error is +/- 1.1°C or 0.4%. The Jtype
thermocouple is well attached to an oxidizing environment.

The experiments were carried out for the following concentrations of H2O,:
0% (distilled water), 0.5%, 1%, 1.5% and 3%. In the case of al densities, the same
temperature limit was applied (36...42° C). The measurement results were saved
both in tabular and in graphica form. The H»O. solution was heated to those
temperatures so that on the friction surface with the membrane the temperature of
the vapor H-O,was in the mentioned interval. The table below shows the changein
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the current between Pt-contacts in the range of the applied DC voltages of —
19V...+19V, and the results of individua modes are shown in Fig's.2-4.

Table
T,.C 36°C, | (mA) 40°C, | (mA) 42°C, | (mA)
H202, %
0 (H20) -15...14 -18...18 -18...22
05 -9...13 -11...18 -15...24
1 -11...13 -16...18 -30...23
15 -8...10 -12...17 -30...22
3 -6...10 -10...14 -30...17
u=19¥F
20
28
26 |ag
24 24 33
o 22
20 l1g
18 18 e -
o 16
e — 4
12 e
0 Sy —19)
a8
[
£+
2
0
o 0.5 1 1.5 3
H202, %
m36(%) Wa0(Pc) @420

Fig. 2. Dependence of current on the H>O, vapor concentration for different temperatures
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Fig.3. Dependence of current on temperature for different densities of the H,O, vapor

Discussion of the results and the model description. From the obtained
results, it is obvious that in paralel with the increase in the concentration of
hydrogen peroxide, the sensor current decreases, and the reduction function is close
to linear. The other result is as follows: in the case of a constant concentration of
hydrogen peroxide, with the increase in the vapor temperature, the current aso
increases. First of all, adecreasein current is equivalent to an increase in the sensor
resistance. Such arecall of the sensor parameters can be explained by a change in
the density of oxygen vacancies which inevitably exist in ferroelectric membranes,
as well as by new phenomena cases to change the electrical "activity" of trapping
energetic levels in the forbidden bands of ferroelectrics which arise due to the
presence of these oxygen vacancies [23-25]. First, it has long been approved by
experimental and theoretical studies that all complex metal-oxide materials
inevitably contain various defects in the crystal network, including the oxygen
vacancies, which have the greatest density and affect the material's electro-physical
parameters [23, 24].
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Fig.4. The I/V characteristics of the sensor for different temperatures (1% H,O, vapor)

On the other hand, it was justified that oxygen vacancies in ferroelectric
materials exhibit a behavior that is inherent in donor impurities known from the
physics of semiconducting materials, give an n-type conductivity to the
ferroelectrics. At high temperatures, the oxygen vacancies are double ionized, each
supplying two electrons to the conduction band. This process at a low oxygen

partia pressure can be described as: oo<—>102(gas)+vg+2e-.An interstitial
2

oxygen atom can form different types of defects x=0°, O, O* which means,

that the triplet states of oxygen corresponds to three different energies of the
ferroelectric film. Since the interface with electrodes is poor in O?, these interfacial
layers have n — type conductivity.

In this sense, oxygen vacancies are positively charged centers, which can
attract electrons and be replaced with a conduction band. The energy levels
corresponding to these "donor" centers, from conduction band edges have an
energy distance E— E; = 0.06...0.4eV, and the density of the oxygen vacancies,
depending on the characteristics of different technologies, vary from 10 to
10"%cm® [25] (Fig. 5).
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Fig. 5. Schematics of trap levels for electrons

From the point of view of electrical charge, an oxygen vacancy can be in
different states, like donors in classical materials. A donor atom is neutral when it
attracts an electron, it is positively charged when the corresponding electron is in
the conduction band in a free state. Since oxygen is bivalent, its absence is
equivalent to a double positively charged center. An oxygen vacancy is said to be
neutral if two electrons, the corresponding ones, are occupied in the energy trap
levels or in the conduction band, and this will be considered a positively charged
unit, if it corresponds to one electron in the conduction band and trap. An oxygen
vacancy will be considered a double positively charged center, if in the conduction
band or at the trap levels there are no two necessary electrons that retain electro-
neutrality.That is, an oxygen vacancy can act as a neutral center, causing the
corresponding energy levelsin the forbidden band to attract and replace electrons.

Now, based on the abovementioned, we propose two electrophysica
versions (model/mechanism) for explanation the change in the resistance (current)
of a sample, experimented under the influence of hydrogen peroxide, according to
the aforementioned energy structure. However, it is worthwhile to notice that in
terms of defect properties of BST, the experimental results are mainly explained by
a model in which oxygen vacancies are the key defects responsible for the
conductivity behavior of this material [6, 7, 22, 23]. The essence of the first
physical model is as follows. At a temperature above room temperature, as it is
known, hydrogen peroxide decomposes into water vapor and oxygen atoms
2H,0,=2H,0+2 O'.

On the other hand, atomic oxygen, at aimost al temperatures, is a strong
oxidizing agent. Before the contact with the exhaled steam, that is, in a relaxed
state, the double positive charge is replaced (neutralized) by the existing free

electrons at the "trap” E:levels (Fig.5).
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At temperatures above room temperature, in the exhale of a sick person,
oxygen O, atoms, approaching the BST surface, as atoms endowed with high
oxidative qualities, are removed from the shell of the existing oxygen atom, and
joining them, disappear in the form of molecular oxygen. As a result, new
vacancies of oxygen appear in the BST layer, for neutralization of which the
elementary BST cell from the conduction band draws electrons and keeps them "at
the trap levels' as a binding state. Thus, the BST cell retains its electrical
neutrality.

As it is well known, the charge current located at the "trap levels' do not
participate in electrical conductivity, and as a result, the resistance of the film
increases, and the current decreases other conditions being equal. Consequently,
the higher is the density of hydrogen peroxide, the more often oxygen vacancies
will occur and the resistance will increase, and as a result, the current drops
significantly (Fig.2).

Another version of this I/V dependence is as follows. Adsorption of O™ ions
at the BST surface will cause a net surface charge. As a consequence of this surface
charge, a space charge region is induced in the interface region of the BST that
balances the charge at the surface [28]. In our case, the adsorbed negative charge of
O will lead to the creation of a positively charged space charge in the BST
interfacial region that leads to a change in the charge carrier chemical potential (i.e.
a shift in the Fermi level) and thus a decrease in the charge carrier’ s concentration,
and a decrease of conductivity occurs which, inturn, is observed experimentally.

The second experimental result is as follows. For the constant density of
hydrogen peroxide in vapor and fixed applied voltages, the current of BST film
increases with the increase of temperature. This dependence can also be explained
within the framework of the aforementioned model, if we take into account another
phenomenon, very well known in solid state physics, studied and approved: the
Pool-Frenkelionization from the "trap” levels [26, 27] (Fig. 6) and Schottky barrier
thermo ionization mechanisms.
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Fig.6. One-dimensional representation of the Coulomb attractive potential (solid line) at
the defect state E; and its changes in the presence of a uniform electric field E (dashed line)

The modification of the carrier emission process by the Poole-Frenkel effect
(barrier lowering by dE) and by phonon-assisted tunnelling is shown (@), and

lowering of the barriers by A@, for electrons and A@  for the holes under the

applied field (b) [26, 27].

The physical essence of this phenomenon is as follows. The electrons which
are “trapped” in the forbidden bands energy levels under the influence of different
external electric, thermal, optical and other fields acquire the necessary energy to
overcome the potential barrier of a "trap" center, then they can go from these
“binding” condition to the conducting band, become free electrons and participate
in conduction. In the case under discussion, an increase in temperature may lead to
an increase in the possibility of such ionization processes, and as a result, the
current will increase, which is noticeable from our experiments.

Conclusion. According to the results of the experiments, the ferroelectric
BST thin film exhibits sufficient sensitivity with respect to vapor of hydrogen
peroxide, and this can be used for the rapid and early invasive diagnosis of
respiratory diseases due to its high sensitivity and emphasized sensorial qualities.
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U.U. MUY 63UL

SELOELBUSMUYUL LULALUNULED I/V ALNREUSCENC QLUO LR
NGLOLUND GNTLACTNR URRUYUSLNRU

Onpdtwljuinpkt nruntdbwuhpyty B $EpnkjEjnpuljut twinpunuiph (puphnwd-

uinpnighmu-nhunwbun’ BST) Ypw hhdi]ws Pe-BST-Pt unnigqwsph I/V punipugpbpp
t=36...42°C_obpumunhdwbught Uhowluypnd wwppbp funmpjudp gpusth whpopuhnh
(0% (pnpws 9onip), 0,5%, 1%, 1,5% b1 3% H202) qninpohubph wnlwynipjudp: Mupqyl) k np
BST pwunuupn gpubnpmid £ pupdp qquyiunipini: Lwbnpunuiph wyy hwnlnipmniup ju-

pnn £ oginugnpéyl) oiswnwljub hhyuinmpiniuutnh wpwg b qun wppnnpnodwb hwdwn:
Unwownlyty b pumupldty b twb qquyjunipjut Ukjuwthquubpn:

Umubgpuypli punkp. dbpnbiEjnpuljut BST twinpunuipe, suywnwlwt hhjwinnt-

piutiinh whwnnpnonwd, I/V punipwqgptp, opusth whpopuhnh juwinipiniy, pupdp qquy-
unipinil:
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A.A. JABTSIH

I’V XAPAKTEPUCTUKHA ®EPPODJIEKTPHYECKOI HAHOILIEHKH B
CPEJIE IIAPOB IIEPOKCH/JIA BOJIOPOJIA

DKcnepuMeHTaIbHO HcclieoBaHbl |/V XapakTepucTHKH (HeppodIeKTpHUUECcKoit (THTa-
Hat Gapusi-cTpoHuust, BST) HaHOMIEHKH Ha OCHOBE CTPYKTyphl P-BST-Pt B cpeme mapor
nepokcuaa Bogopoaa (H202) B unrepsane temmneparyp t=36...42°C u miotaoctu H202 (0%
(muctrmupoBanHas Boaa), 0,5%, 1%, 1,5% u 3%). BeissiieHo, uto memoOpana BST nemon-
CTPUPYET XOPOIIYI0 YyBCTBHUTEIBHOCTb. DTO CBOWCTBO MOXKET OBITH HCIIOIB30BAHO IS
OBICTpOI U paHHEH MHBA3UBHOM THATHOCTUKHU PECIIHPATOPHBIX 3a00meBaHuid. [IpemoxeHb
1 006CYKICHbI MEXaHU3MBI 1yBCTBUTEIBHOCTH.

Knrouesnie cnosa: dhepposnexrpuueckie BST HaHOIUICHKH, TUATHOCTHKA PeCIUpa-
TOpHBIX 3aboneBanuii, |/V xapakrepuctuky, wWioTHOCTH HyOp, XOpOoIas 4yBCTBUTEIBHOCTb.
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YK 621.3 ABTOMATH3AINUA U CUCTEMbI
YHPABJIEHUA

T.P. MEJIKOHSIH, I''C. CYKHACSH, A.H. BABASIH

O MOCTPOEHUU CWJIOBBIX JIHHUM KYCOYHO-JIUHEMHOMN
AINIIMMPOKCUMAILIMU JIBYMEPHOM ®YHKIIMU
C TPEYT'OJIbHOU CETKOM

Pa3paboTan anropuT™ aBTOMaTH3UPOBAHHOTO TIOCTPOSHHUS CHJIOBBIX JIMHUHM KyCOYHO-
TUHEWHOW amnmpOKCHMAIlMH IBYMEPHOW HempepbBHON (yHKImu. OO0IacTH ITMHEHHOCTH
aNMPOKCUMHPYEMON JABYMEpHOU (YHKIHH OOpa3yroT TPEYTONbHYIO ceTKy. [lpn 3ToM Mu-
HUMM3HPYETCS. TOTPEIIHOCTh alNpOKCHMAIMK MPU 33JaHHOM YHUCIIE CETOYHBIX Y3IOB, a
IpoeKnus rpauka KycOYHO-JMHEHHONW ammpoKCHMalny JIByMEpHOH (QyHKIHUH oOpasyer
TpuaHrysanuio Jlenone. Pa3Buthiii moxxon anpoOupoBaH Ha MOAENH JByMEpHOU mapado-
JIMYeCcKoi PyHKIUH.

Knrouegwle cnoea. xycouyHO-THMHEHHAs aNIpPOKCHUMAIUsS, HEpEryJspHas pelleTka,
TpuaHrynsuus Jlemnone.

BBenenue. B mpommioM Beke IpH YHCICHHOM PEIICHWH 3aJad MaTeMaTH-
4eCKOi (PM3UKH B OCHOBHOM HCIIOJIb30BAJMCh PETYJSPHBIE CETKH, COCTOSAIINE U3
npssMoyronsHUKOB [1]. TTo Mepe pa3BUTHS METO/Ia KOHEYHBIX DJIEMEHTOB BCE Yalle
CTaJIkd MOJIb30BATHCA TPEYTOJIbHBIMU CETKaMU. OcHoBHOE MpEUMynICCTBO TPEYIroOJib-
HBIX CETOK B TOM, YTO C UX TTOMOIIBI0 MOKHO alllPOKCUMUPOBATH FEOMETPUUECKUE
¢burypsl 10001 KoHDHUTYpanun. A 3TO Upe3BRIUARHO BaXXHO B 3a/1avax, Ie UCCIe-
nyemasi 00J1acTh COCTOUT M3 MOJ00JAcTel ¢ pasaMyHBIME (QU3NIECKUMH XapaKTe-
PUCTHKAMH W TPAHMIIBI pa3fieNia Cpell He SBISIOTCS MPSMOYTONBHBIMH.

JpyTM TpeuMyIecTBOM TPEYTONBHBIX CETOK Iepeln MPsSMOYTONbHBIMH
SIBJISIETCSI BOBMOXXHOCTh BapbUPOBATh TYCTOTY Y3JIOB B Pa3IUYHBIX ydacTKax
nccaexyeMoit oonactr. OMHAKO 3TOW BO3MOKHOCTBIO ITOYTH HE IMOIH30BAIHCH. B
OCHOBHOM HCIIOJIb30BAJIUCH PETYJISPHBIE CETKH, y3JIbl KOTOPBIX OBLIM PAaBHOMEPHO
pacrpeneneHsl BHyTPH HCCIIEyeMOl 00IacTH.

[Ipy umcIeHHOM peIIeHWH HETMHEWHBIX 3a7ad MaTeMaTHYeCKOH (HH3UKH
YacTo IMOJIb3YIOTCS CETOUHBIMU METOAAMHU, HAIIPUMEP, METOJJOM KOHEUHBIX SJIEMEH-
TOB. OTMETHM JIB€ OCOOEHHOCTH CETOYHBIX METOJIOB. BHYTPH SUEEK CETKH UCKOMAst
GyHKIMS TpPUHUMAETCs JMHEWHOH (a cleqoBaTenbHO, BO BCEH HCCIIEMyeMOi
obmacTu nckoMasi QYHKIUS TPUHUMACTCS KyCOYHO-JIMHEHHOM), ¥ pelieHHe 3a1a4n
CBOJIUTCS K PEIIEHUIO CHCTEMbI YPaBHEHHUU C HECKOJIBKHMH HEM3BECTHBIMH, TPH-
YeM KOJIMYECTBO YPAaBHEHUN PABHO YUCITY BHYTPEHHHUX Y3JIOB CETKH.

113



Tak kKak B COBpPEMEHHBIX 3ajadax 3a4acTyl0 pelaloTcs YpaBHEHHS C OIPOM-
HBIM YHCJIOM HEU3BECTHBIX (HOPS/IKA HECKOJIBKHX THICSAY), TOYHOE aHATUTHYECKOES
pelIeHne KOTOPBIX 3aTPyAHUTEIBHO, TO NPUXOIUTCA PELIaTh TaKUe CHCTEMBI
MPUOTMKEHHBIMA METOAaMHU [2].

[Ipu 3TOM BO3HHKAIOT /IBA THIIA TIOTPEHIHOCTEN: TIOIPEUIHOCTh IIEPBOTO POA,
BBI3BaHHAs! 3aMEHON HENWHEHHOW (YHKUMH KyCOYHO-TMHEHHOM, M MOrPEeIIHOCTD
BTOPOTO POJIa, BhI3BAHHAS MPUOIMIKEHHBIM XapaKTepOM IPOLecca PEIICHUS] CUCTEMEI
ypaBHeHu#. [Ipr H3MEHEHNH Yuciia Y37I0B CETKH 3TH MOTPEIIHOCTH BEIYyT ceOs 1o-
pazHomy. C yBeIMYEHHEM YHCIIa y3JI0B B CETKE MOTPEITHOCTH ITEPBOTO PO/Ia YMEHb-
maetcst. Ho ¢ apyroii cTopoHsl, 4ueM OoJblie y3/I0B B CETKE, TEM OOJbIIEC U ypaB-
HEHHI B CUCTEME, YTO BBI3BIBAET YBEJINUYECHUE MOTPEIIHOCTH BTOPOTO POJA.

Joctiubs pazymMHOro OajaHca 3THUX JIBYX THIIOB ITOTPEIIHOCTEH, 4TOOBI He
JOMYCTUTH KaTacTpO(UUECKOrO YBEIMYEHHUs] HH OAHOM M3 HUX, IOMOTAIOT Tpey-
TOJIbHBIC IMHAMUYECKHE CETKH, YUCIIO Y3JI0B KOTOPBIX MEHSETCS 110 X0y PEeIICHUS
3amaun. TaMm, rae GYHKIMSA MEJICHHO MEHSETCs], TYCTOTa CeTOYHBIX Y3JI0B OTHOCH-
TEJILHO HEBEJINKA, a TAe (PyHKIHS OBICTPO MEHSETCS, TYCTOTa CETOYHBIX y3JIOB JIU-
HaMUYECKH PacTeT.

CrpemileHHe YMEHBIIUTHh YHCIO CETOYHBIX Y3JI0B NPHUBOAHMT K HEOOXOaH-
MOCTH T€pexojia OT OOIIENPHHATHIX PAaBHOMEPHBIX PELIETOK K HEPeryJsipHBIM
cetkaMm [3—6]. B [7] Obu1O IpemIoKeHO IPUMEHATH B KaYeCTBE JIBYMEPHON Tpey-
roJibHO# ceTku Tpuanrymsinuio [enone. B [8] ormedeno, yro mnst ¢ukcupoBaH-
HOTO Habopa y3JI0B ONTHMAIILHOW CETKOW (B CMBICIE CXOJMMOCTH Ipolecca moc-
JIe0BaTENIbHBIX MPUOIKEHUI) sBIsieTcs: Tpuanrysinus enone. B [9] mokasaHo,
YTO Ha MPOLECC MOCIeJ0BATENbHBIX NPUOIMKEHNH K YHCICHHOMY PEIeHHIO ABY-
MEpHOH 3a/1a4uM HaXOXJCHUS BEKTOPHOTO MarHUTHOTO ITOTEHINAA OTPUIIATEIIHHO
BIMSACT HAJIMYKE TYIBIX YIJIOB Y TPEYTOJNBHBIX CETOK.

B [4] Obu1 mpeanokeH aaropuT™M aBTOMAaTHYECKOTO MOCTPOEHHS KyCOYHO-
JMHEHHOHN aNmpoKCHMaIi ¢ HEPABHOMEPHOM pemeTKol Uil 0JHOMEpHOH (QyHK-
UM, AJCOPUTM MHUHHMHU3UPOBAI MOTPEHIHOCTh ANNPOKCUMALUU MPU 33JaHHOM
guciie Todek pemerkd. B [10] omHOMEpHBIH anroput™, MpemiokeHHbI B [4],
0000111eH 15 cirydast AByMepHoH (pyHkumu. [Ipu 3ToM npoeknus rpaguka KyCO4HO-
JIMHEHHOH aImpOKCUMAIIUK IBYMEpHOU (DYHKIMHK 00pa3yeT TpuaHrysinuio Jlenone.

B xone paboThl anropuTMOB aBTOMAaTHYECKOTO IIOCTPOCHUS KyCOYHO-JIMHEH-
HOW anmpoKCUMAalMy ABYMEpHOW (pyHKIMH HakamiuBaeTcs MHQOpManus o Tpey-
TOJIEHOHM CeTKe, CITyXamer 0a3ucoM I KyCOYHO-JTHMHEWHON amnmpoKkcuManuu. B
YacTHOCTH, 00pa3ylOTCsS MAacCHUBBI JAaHHBIX O TMOJOXEHUH BEPIIUH TPEYTOJBHBIX
CETOK, O TPEYroJbHUKAX, IIPUMBIKAIOIINX K JTAHHOMY y3IIy, O peOpax, BEIXOASAIINX
U3 TaHHOW BEPILIHHBI, U T.1.
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B Hacrosiieit paboTe mpeanokeHo MUCIOoIb30BaTh 3TH MACCUBBI IAHHBIX JUIS
OBICTPOTO TIOCTPOCHHUS CHUJIOBBIX JIMHUU TpUOImKaeMor Gynkiuu. [Ipu sToMm Mu-
HUMH3HUPYETCS TMOTPEIIHOCTh AMMPOKCUMAIMU TIPH 3aJaHHOM YHCIIE CETOYHBIX
y3JI0B, a TPOEKIUs rpaduka KyCOUHO-JIMHEWHOW AammpoOKCUMAalUU JBYMEPHOM
¢yHKIMU 00pa3yeT TpuaHrysuo JenoHe.

Cetkn [lenone. Hanomuum onpenenenue tpuanryisitun Jdenone [11]. TTycts
Ha TUTOCKOCTH 3a[aH0 KOHEeYHOe MHOXeCTBO Todek My = { Py, P»,..., P}. MuoxecTBO
TpeyroabHukoB { Tj} Ha3biBaeTcs ceTkoil [lenoHe ¢ cucteMoit y31moB My, eciti BbITO-
HEHBI CIEYIONINE YCIOBHS:

1) BHYTPEHHOCTH TPEYTOJIBHUKOB TOMAPHO HE MEPECEKAIOTCS;

2) BepIIMHBI BCEX TPEYTOJbHUKOB MpuHaIexar My;

3) 00beIMHEHNE TPEYTONLHIUKOB 3aII0THSET BBIIYKIYIO 000I0UKy Touek My;

4) nnst KaKAOTO TPEYroJNbHUKA Tj BHYTPH ONKMCAHHOTO BOKPYT HETO Kpyra
HET HU OJHOU TOYKH U3 My.

Cerky Jlenone ¢ cucremoii y3moB My O6ymem o6osHaudars uepes D(My). B
[11] noxazaHo, 4TO IS THOOOrO KOHEYHOTO MHOXKECTBA TOUYEK My MOKHO TTOCTPOUTH
cetky D(Mk) (nHOT 12 HE €MHCTBEHHBIM 00Pa30M).

CusoBble JUHHUH J1JI51 OTHOTO TPeyroJbHuKAa. [IycTh Ha TIOCKOCTH 3aJiaH
TpeyronbHUK T=AP1P.P; ¢ Bepmmuaamu P, mMeromuMu 1eKapTOBBl KOOPIUHATHI
(xi,yi), i=1,2,3. Paccmorpum ¢yukiuio z=Ff(X,y), THHEHRHYIO BHYTPH TPEYTOIbHUKA
T. TTonmaraem, 4TO 3ajaHbl TAKXKE 3HAUCHHUS Z anmpokcuMupyemoit dyukmmu f(X,y)
B BepumHax P, T.e. z=f(xi, i), i=1,2,3.

O603HaunM Yepe3 Zmax HanOOIbIIEE, a Yepe3 Zpin - HAaUMEHbIIIee U3 3HaYeHUN
zi, i=1,2,3. Tlomaraem, 9T0 Zmax > Zmin . II0OCTPOUM CHUIIOBYIO JHHHUIO L ypoBHS {,
Zmin<t<Zmax, T.€. MHOKECTBO TOUeK (X,Y¥) Takux, uro f(X,y) = t. Tak Kak QyHKIHs
f(X,y) sBrsieTCs MUHEHHOM BHYTPH TPEYrojbHUKA T, TO KpuBasi L ABIsIeTCS TPsMO-
JTUHEHHBIM OTPE3KOM.

B xagecTBe mepBoro mara HaieM, Kakue CTOPOHBI TPEyTroJdbHuKa T mepece-
KaeT oTpe30k L. JIJist 3TOro CpaBHUM C HYJIEM BEJTMYHHEI

W12 = (Z1-t) (Z2-t) m Wiz = (Z1-t) (z5-1).

Ecimu wiz > 0, To oTpe3ok Lt He nmepecekaeTcst co ctopoHoit PiP», a 3HauwurT,
nepecekaeT cTopoHsl P1Ps u PoPs. Ecin Wi < 0, Wiz > 0, To oTpe3ok Lt mepecekaet
croponsl PiP, n PoPs. Ecimn ke Wiz < 0, Wiz < 0, To oTpe3ok Lt mepecekaeT cTo-
pousbl P1P; u P1Ps.

ITycts orpesok L; mepecekaer ctopory PP« JexapToBbl KOOpAMHATEI (Xt,Y+)
TOYKH TepecedeHust oTpeska L¢ co croponoit PP« ompenensiorcs mpu moMoOIIH

opmyn
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Xe=AXi + (1 -A) Xk m Ye=Ayi + (1 -A) Yk, tne A = (z-t)/(z« - z).

CuiioBbI€e JIMHUH /ISl CETKH TPEYroJbHHKOB. [TyCcTh Ha INIOCKOCTH 33/1aHa
cetka tpeyronbHUKOB { Tj} n dynkuus z=f(X,y) nuHeliHas BHYTpH KaKIOTO Tpey-
rospHEKa Tj. [lomaraem, 4to 3aaHbl Takke 3HAYEHHUS Z AIMPOKCUMHUPYEMOH (YHK-
uu f(X,y) B y371ax cetku, T.e. B BepiinHax P Bcex TpeyroabHUKOB, Zi=f(X;,Yi).

O0603HaunM 4epe3 Zmax HauOomblee, a yepe3 Zmin - HAUMEHBIIEe U3 3Haue-
Hui Z. [ToctpouM cuioByro JMHHUIO Lt ypoBHA 1, Zmin < t < Zma, T.€. MHOXKECTBO
touek (X,y) takux, 4yro f(X,y) = t. Tak kak ¢ynkums f(X,y) sBusercs: TMHEWHON
BHYTPH Ka)KIOTO TPEYroJbHHUKA Tj, TO KpuBas Lt moxyduTcs 1oMaHOM, cocTosImeit
U3 MPSIMOJIMHEHHBIX OTPE3KOB.

Yucaennsle pe3yastarsl. Ha puc. 1 nmpeactaBieH npuMep KyCOYHO-JINHEH-
HO#t anmpoxcumanun st dyrkimn F(X,y)=0,457x°+0.382y? Ha mpsIMOYTOIbHHKE
[ab]x[c,d], mpuuem a=0, b=6, c=0, d=6. Yucmo y3moB n pasro 100.

Puc. 1. I[Ipumep KycouHo-nuHelHOU annpoxcumayuu

Ha puc. 2 npexncrasiena TpeyroibHas cetka JlenoHe, oMydaronascs Ipoek-
TUpoBaHueM. HarnsgHo BHOHO, YTO MHTEHCHBHOCTH CETOYHBIX Y3JIOB B Pa3sHBIX
Y4acTKax IBYMEPHOM CETKU CYHIECTBEHHO pa3Hasl.

Ha puc. 3 u3o0paxkeHbl MoJyuYeHHbIC IMHUN YPOBHS, HAIOKEHHBIE HA Tpey-
TOJBHYIO CETKY.
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Puc. 2. Coomeemcmesytowas mpeyeonvnaa cemxa enone

Kax BuiHO 3 puc. 3, B JIeBOM HIDKHEM yriy, rae GyHkuus F(X,y) MemieHHO
MEHSIETCS, TyCTOTa CeTOYHBIX y3JI0B OTHOCHUTEIHHO HEBENNKA. A B MPaBOM BEpXHEM
yriy, rae HaOmogaercs: ObIcTpoe n3MeHeHne (QYHKIWU, HHTEHCHBHOCTh CETOUHBIX
Y3JI0B BO3pPAcTaeT, U TPEYI'OJIbHUKH CTAHOBATCS MenkuMH. UeTko cobmomaercs
YCIIOBHE: TyCTOTA CETOYHBIX Y3JIOB TEM OOJIbIIIE, YeM CHUIIbHEEe MEHIETCS (PyHKIHS.

Puc. 3. Jlunuu ypoens, Hanodicennvle HA Mpey2onbHylo CEemKy

3axuroyenue. Pa3BuT U peanu3oBaH aJrOPUTM aBTOMAaTHYECKOI'O IOCTPOE-
HUsI KyCOYHO-JTMHEHHON anmpoKcHMalMy IBYMEPHBIX (QYHKIHMHA C HEpEeryJIspHOi
CETKOW. AJTOpPUTM MHUHHMH3HPYET MOTPEIIHOCTh ANIPOKCUMALMY MPU 3aJaHHOM
YUCJIE CETOYHBIX Y3JIOB. Pa3sBUTBIM NOAXOJ peaau30BaH Ha MOJEIBHOM 3anade
anmnpoKCUMAaIMU IByMEPHOH napabonniyeckoil (yHKIuu.

117



10.

11.

CIIMCOK JIMTEPATYPbI

Bepesun U.C., ’Kuakos H.II. Meronsr Beraucienuit. - M.: ®U3MATI 3, 1962.-
464c.

Tep3san A.A., Cykunacsin I'.C., Meakonssn T.P. O 3aBucumoctu 3¢ QpeKTuBHOCTH
CJIy4aiHOT'0 TIOMCKA OT Pa3MEPHOCTH MPOCTPAHCTBA TIPH ONTHMHU3AIMHU 3JIEKTPUIECKUX
marmus // M3Bectuss HAH PA u HITYA. Cep. TH.-2016.- T.69, N 3.- C. 296-303.
Cyxkuacsu I'.C., Evoksan K.P., Meakoussin T.P., Orannucsan A.A. O6 aBromaru-
YECKOM TIOCTPOCHHH DKOHOMHOM allpOKCHMAIliK pelieHnii KpaeBbix 3amad [/
Uzsectnst HAH PA n HITYA. Cep. TH.- 2017.- T. 70, Ne 1.- C. 109-114.

Enoksn K.P., Anaem M.E., Cykuacan I'.C. O6 aBTOMaTH4eCKOM MOCTPOCHUHU
KYCOYHO-JIMHEHHOM alMpoOKCHMAIMHU ¢ HeperysipHoii pemerkoii // N3sectus HAH PA
u HITYA. Cep. TH.- 2017.- T. 70, Ne 4.- C. 409-414.

Tep3san A.A., Cyknacsan I'.C. K oLeHKe NOrpeIIHOCTH YUCIEHHOTO PELIeHUs TpeX-
MepHoro ypasHenust Jlamnaca ¢ HeperyssipHoit cetkoit // U3Bectuss HAH PA u TUVA.
Cep. TH. - 2000. - T. 53, Ne3. —C. 359-363.

BopoBukoB C.H. Meton mocTpoeHUsl HeperyssipHbIX TETpadApalibHBIX pacdeTHBIX
CETOK B NMPOU3BOJIBHBIX TPEXMEPHBIX O0NACTIX C KPHUBOJIMHEHHBIMH TpaHunamMu. [luc.
... I.T.H.- M., 2005.-192 c.

Tep3sin A.A., Cyknacan I'.C., Iaponuxksn A.E. O0 onTtumm3anuy CeTKH IS
pacueTa MarHWUTHBIX TOJIEH METOJOM KOHEUHBIX dieMeHToB // M3Bectuss HAH PA u
T'NYA. Cep. TH. - 2005. - T. 58, Ne 3. - C. 570-578

Tep3san A.A., Cyknacsau I'.C., Ilapounksan A.E. O0 yriax TpeyroyipHO# ceTku Juist
pacyeta MarHUTHBIX TMOJEHd METOIOM KOHEUHBIX 3neMeHToB // M3sectus HAH PA wu
I'NYA. Cep. TH. - 2007. - T. 60, Ne 3. - C. 523-532.

Tep3san A.A., Cykuacan I'.C., Ilaponuksan A.E. O pacuere MarHUTHBIX HONeH
METOJIOM KOHEYHBIX 3JIEMEHTOB C JUHAMHYECKOH KOMITO3ULIUEH JIEMEHTOB IHCKPETH-
saruu // UzBectuss HAH PA u TUVA. Cep. TH. - 2005. - T. 58, Ne 2. - C. 332-339.
Meaxonsin T.P., Cyknacsan I'.C. O KyCOYHO-THHEHHON alMPOKCHMAIIUH IBYMEPHON
¢byuknun ¢ HeperymsipHoii cetkoit // Mzsectiss HAH PA u HITYA. Cep. TH.- 2018.- T.
71, Ne 1.- C. 80-85.

Heaoune B.H. O nycrote cdepst // 3. AH CCCP. OMEH. —1934.- Ne 4. - C.793-800.

HanuoHanbHbll NONUTEXHUYECKUN YHUBEPCUTET ApMeHHH. Martepuan nocTynun B

penakuuto 10.02. 2019.

118



S.r. UBLLRNLBUL, 2.U. UNRLPUUSUL,U. L. RURUSUL

NhdUQOELP USNUUSUSYIUD YUNNPSNRU BAULYSARLUSHL 8ULSNY
BrYU0 HNRLYSPUSE USN-G0USHhL UNSULUUUUR

Uowljyws L tplswh wupunhwwn dnitulghugh Yunp-gsuyhtt Unnwpldwi wdwunndw-
nugqus Junnigdw wignphpd: Unnnwplynny niulghuyh gduyhlt mhpnypibpp juqund
ku guug, npp punugwsd L knwulyniuutnhg: Ujgnpphpdp dhthdwjuginud £ Unnwupldu
ufuwjuiipp guiigh hwtgnuygutph wpjwd piyh nhwpmd, huy Ephswih $mbyghuyh funp-
gébuyhtt Unnnupluwt gqpubhlh wypntlighwt juqunud E Enukh owblnibwywnnid:
Unwowplws dninkgnudp thnpdwplyty E Epswth wwpwpnjuhtt $niulyghuyh dnghjh dpu:

Unwbgpuyplr punkp. Yunnp-qdughtt Unnwplnud, wiljuint gubg, Fhnukh owy-

nibwyunnd:

T.R. MELKONYAN, H.S. SUKIASYAN, A.N. BABAYAN

CONSTRUCTING POWER LINES OF A PIECEWISE LINEAR
APPROXIMATION OF A TWO-DIMENSIONAL FUNCTION
WITH A TRIANGULAR GRID

An agorithm for automated construction of power lines of a piecewise linear
approximation of a two-dimensional continuous function with a triangular grid has been
developed. At that, the approximation error is minimized for a given number of grid nodes.
The projection of the graph of the piecewise linear approximation of a two-dimensional
function forms a Delaunay triangulation. The developed approach has been tested on the
model of atwo-dimensiona parabolic function.

Keywords: piecewise linear approximation, irregular grid, Delaunay triangulation.
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YK 62-5017 ABTOMATH3AINUA U CUCTEMbI
YHPABJIEHHUA

@ I1. TPUT'OPSIH
K CUHTE3Y OIITUMAJIBHOI'O YITPABJIEHUAI. 11

B nuHeitHoi wmHTerpoanGepeHInanbHOi CTalMOHAPHON cHUCTeMe YpaBHEHUIA
paccMOTpeHa OJHA 3a/adya CHHTE3a ONTHUMAJIbHOTO YIIPaBIIEHHs, KOTOpass oOeclednBaeT
MHUHMMHU3AIUIO pacxoja TOIUIMBA caMojeTa WM KoCMH4YecKoro kopabis. OHa pemieHa c
TTOMOIIBI0 OJTHOW 3a/1a4¥ BapHAIIMOHHOTO MCUUCICHHS C TTOABIKHBIMHU T'paHUIIAMHU, KOTIa
KOHIIBl TPAaGKTOPWUH IBIDKYIICHCS MAaTepHaJbHOH TOYKH IEPEMEIIaloTCs 10 ABYM
3a/IaHHBIM TOBEPXHOCTSIM 3JUIUIICOUIOB.

Knroueswie cnoea:. cuaTe3 ONTUMANBEHOTO YIIPaBICHUS, HHTETpoanddepeHInanTsHas
CTalllOHApHAasl CUCTEMA YIIPaBJICHUS.

B Hacrosieit pabote paccMaTpuBaeTcs OIHA aKkTyalbHas 3ajada 00 ONTH-
MH3aIMY OTHOCHTENBHO CUCTeMbI HHTerpoanddepennmansaeix ypasHenuit (CUY).

IIpeanonaraercs, uro manHas CUJY ¢ moMoImpio CHHTE3a ¢ Halepe 3a/1aH-
HBIM CIIEKTPOM IPHBOAUTCS K YCTOWYMBOHM CHCTEME B 3aJaHHOM KOHEYHOM IIpO-
MexkyTKe [tg, Ty) (T; < ), cornacHo onpenencuuto K.A. Abrapsna [1,2].

ITockonbKy JaHHYIO CHCTEMY MOXHO CTaOMIM3HPOBATH C PA3INYHBIMH 3a-
JaHHBIMU CIIEKTPaMH, TO BBIOMPAETCsl TOT CIEKTP, KOTOPBIH I0JDKEH 00eCIeUnTh
MHHUMAaJIBHOE 3HaYE€HHE PacCMaTpUBAEMOT0 (hYHKIIMOHAIA.

1. B pabote [3] paccmaTpuBaeTcs cieayrolas CTalliOHapHas yrpapisieMast
cuay:

x(t) = Ax(t) + Bu(p),
w(t) =[5 g(t—t)v(t)dt', = x(t) = Ax(t) + B [ g(t — tbx(t)dr', (L.1)
v(t) = bx(t),

rae x(t) = (xl (®), x,(t), ...,xn(t))T — CTOJIOIOBas MaTpHIla pa3mepa n X 1, BEKTop
cocrostHus mporecca; X (t) — npousBojaHas ot x(t) mo Bpemenu t; xT (t) — pe3yib-
TaT TPAHCTIOHUPOBAHUS; U(t) — CKATSIPHOE YIPaBJISIONIee BO3/eHCTBIE (paccmar-
pHBaeTCs Kak BBIXOJHOW CHUTHAN perynsartopa); V(t) — ckajsip, BXOJAHOW CHTHAT
perynaropa; g(t —t') — uMIynabcHas mepexonHas (GyHKUMS peryisropa; t' — mo-
MEHT MOJa4Y¥M BXOJHOI'O CHTHAja, t — MOMEHT IOSBJICHHS BBIXOIHOI'O CHTHaja, a
TaK)Ke CTAIMOHAPHBIE MAaTPHIIBI

A =(a;),(i,j =1,n); B = (hy, hy, .., R)T; b = (by, by, .., by).
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C yd4eToM yCJIOBHIA 3aJa4d CHHTE3a, NMPHUBEICHHBIX B pabote [3], momy-
yaercs, 4To obriee perrenne cucremsl (1.1) nMeeT Ciie Iy rONTni BUI;

x(t) = WKexp(At)C,

A = diag(Ay, Ay s 1), (12

rae A; (i = 1,n) — Hanepes 3a7aHHble pasnudHble uncna; C = (Cy,C, ..., C,)" — cTon-
el U3 MPOU3BOJILHBIX IOCTOSHHBIX;
W = (B, AB, ..., A" 'B),

K= (Kl; KZ; ---;Kn); Ki = (Al(ﬂi); Az(ﬂi); ---;An—l(/li)' An(ﬂi))’r:i 1,_71 ’

A ) = N p A 4 o a D o k=T i=Tn,p, = 1.

[IpuBenem MOHATHE YCTOWIUBOCTH OTHOCHUTENBHO 3aJaHHON 00JIacTH, Mpe-
naraemoe K.A. AGrapsiHom [1].

Omnpenenenne. Ecnu mpu gocrarouHo manom p > 0 moboe Bo3MylieHHE
x(t) mpouecca, HadanpHOE 3Ha4YeHHE Xy = X(t;) KOTOPOTO YAOBJIETBOPSIET yCIIO-

BHIO
(S(to)xo, S(te)xo) < p?, (1.3
B poMexyTKe ty < t < Ty yIOBJIETBOPSCT YCIOBHIO
(S(®)x(t), S(Ox(D) < p?, (1.4)

rae S(t) — 3amaHHas OrpaHUYEHHAs MAaTpPHIAd, TO HEBO3MYIICHHBIH IPOIECC
yCTOUMB B IPOMEXyTKE [to, T;), (T; < ©0). B mpoTHBHOM citydae - HEyCTOWYHB.

U3BectHO, yTo pemenue (1.2) sBusercss TpaeKTOpueH MOABHKHOW TOYKH B
n-mepHoM (a3oBoM IpocTpaHcTse [4].

Tak kax peurenue x(t) 3aBucut ot uncna A; (i = 1,n), 3HAYNT, JIs pA3ITHY-
HBIX TPYTII TTOJYYAI0TCS Pa3InYHble TPACKTOPUH ABMKEHHS - CEMEHCTBO KPUBBIX.

ITosToMy BO3HHKAET CIEAYyIOUIMI BOIPOC: BO3MOXKHO JIM BBIOpPATh U3 ceMeiicTBa
KPUBBIX (TPaeKTOpHii) Ty, KOTOpas JAOCTaBIsSeT MHHUMAJIbHOE 3HAUYCHHE Pacxoja
TormBa [5].

EcTecTBEeHHO 0XKUIATh, YTO TakKas TPACKTOPHs, KOTOpas 00ecreynBacT Hau-
MEHBILINH PacXo/] TOIUINBA, TO0JDKHA UIMETh HAUMEHBIIYIO JUTHHY.

[ToaToMy BOIPOC CBOAMTCS K PEIICHUIO MPOCTEHINeH 3a/laull BapUallIOHHOTO
ucuucienus [6,7].

ITycts B (1.2) 0603HaUNM

W = (s;j), K = (kij),M = WK,M = (my;),i,j = 1,n,det(WK) # 0.  (1.5)
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Torna (1.2) npuBoaUTCS K BULY

x,(t) Ly Cimy et x(t) = X, Cmy et
x(t) = ) | 2 [ X Cimye™it — @)= Y, Cimgietit, (1.6)
Xy (£) n, Cimyetit X, (t) = X, Cimyehit

Vpasuenus (1.6) sIBASIOTCS MapaMeTPUYIECKUMHU YPaBHCHUSMH TPACKTOPHH
JABUXKCHHU A MaTepHaJIbHOﬁ TOYKH, apTyMCHT t Ha3kIBACTCA MEPEMCHHBLIM IMapaMcT-
pom [8].

C momorupto Beipaxkenus (1.2) mpeobpasyem neByro cropony (1.4) (ckamsp-
HOE MPOM3BE/ICHUE).

Bwmecto S(t) Bo3pMeM

S(t) = (WK)™1. (1.7)
Hozxcrasum (1.7) B (1.4) u 0603HauMM
V(t,x(t)) = (WK)"x(8), WK)™x (D)) < p?, (1.8)
otciona
V(t,x(®) = (WK)2x()) - (WK) " 1x(t) < p?,

rJie CUMBOJ * — compsbkeHHast matpuna [9].
3HaAYHUT,

V(t,x(t)) = x* () (WK)™D)* - (WK)1x(t) < p?. (1.9
Jlerko MpoBEpHUTH, UTO
(WK™ - WK)™*
ABIISETCA IPMUTOBOI Matpuiieil. JleiicTBUTENBHO,
[(WK)™D)" - WK)T']" = [(WK)™']" - [(((WK)™D)']" = [WK)™']" - WK)™,

T.€. BCE XapakTeprcTuueckue uncia spmutoBoit MaTpuils! (1.10) B (1.9) seistorcs
BEIIECTBEHHBIMHU YHCIIAMH.

Ilycte
A1y Ayp o Agy
[WEY) - W) = | A2 B B ) (111)
Ang Bpg = By

C nomomipsto Matpuisl (1.11) Beipaxenue (1.9) npeoOpasyercst Kk ciemyro-
el KBaipaTHIHOH (opme:
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V(t;x(t)) = A11x1 ()2 () + Aqp1 (D) x2() + -+ + Appx; (0)x,(8) +
FA21%2 ()1 (1) + Agpx2 (D)x5(1) + -+ + A2 (D)%, () + (1.12)
+An1xn(t)x1 (t) + Anzxn(t)xz(t) +-t Annxn(t)xn(t)-
[TpuBenem kBaapatuunyto Gopmy (1.12) Kk KAHOHUYECKOMY BUIY METOIOM
SIxo6u [8-10].
ITpu oMot MeToza uckimoueHns I'aycca npuseaem matpuiry (1.11) k cire-
nyromemy Buay [9]:
A Aty
Aqq Ay B13 - \
/ 0 A% AL - A%
Gy = | 0 o A® aA® |,A11¢ 0,002 0,400% 0,40 V% 0.
i 3.‘3 :

. 3n
\0 0 o '"Af{{”/

Torma kBagparuunas Gopma (1.12) mpeoOpaszyeTcs K CleayIEMY BHIY:

(1.13)

V(t,x(0)) = (Bg12,(8) + Ay (8) + Agsxs(8) + -+ + Alnxn(t))z +

2 (1.14)
+ (855, (6) + AR5 () + -+ A1, (1)) + -+ + (B (1)) < P2
O0603HaUNM
X1(8) = Dy1x0(8) + A% (8) + Aq3x3(E) + -+ + Ay (2),
Xo(8) = 832, () + A5 x5 (8) + ++ + A5 x, (8), (1.15)
X () = A Vxa (0.
Cucremy (1.15) ¢ momorpro MaTpuiisl G, MOKHO HAIIMCATh B BUIE
X(t) = Gux(t), (1.16)
rie
X(t) = (X1 (), X2 (8), o, Xu ()T, x(1) = (x1.(1), x2(2), oo, X ()T
PaccMoTpuM Tak Ha3bIBaeMbIe TIaBHbIE MUHOPBI MaTpuils (1.11) [8-10]
A A cee A
A1 Ay Bux Biz By A;l AZ Aln
Dl =A11,D2 = A A ,D3 = Azl AZZ A23 ,"',D.’1 = :1 . . :211 . (1.17)
21 22 A31 A32 A33 ' ' ) '
Dpg Dy Dy

ITosTomy ToxmectBo (1.14) MoskHO 3amnucaTh B Buae [8-10]

V(6X(©) = 32K (0)? + 3 Ko(0)? + -+ 222 (K (0)* S p? (Do = D). (1.18)

D
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IMpaBas cropoHna Beipaxxenust (1.18) sBisieTcss KAHOHUYECKUM BHIIOM KBaJpa-
traHo# hopmser V (t, X (t)).

Vpasuenus (1.15) sBASIOTCS MapaMeTpUYECKUMU YPaBHEHHSAMH JJIsl KaHO-
Huyeckoro Buaa (1.18).

3amevanmus.

1. T'eomerpudecku cootHomenus (1.15) wmu (1.18) B mpocTpaHCcTBE KOOp-
auHat Xq, X5, ..., X;, Ipu KaxaoM (QUKCHPOBAHHOM t mpencraBisitoT coboi n-mep-
HBIH 7uTamcons [1].

2. B n+ 1-mepHoMm mpoctpancTBe kKoopauHat Xq, X5, ..., X, U BpeMeHH t
cootHomenus (1.15) wnu (1.18) mpeacTaBisiFoT HEKOTOPYIO TPYOKY, KaxI0e ceue-
HHE KOTOPOH C THIIEPIUIOCKOCTRIO t = t* mpencraBisier sumncont [1].

Ipoussens B cucteme (1.15) unu (1.16) napasuienbHbIi IEPEHOC IO HATIPaB-
JICHUIO BPEMEHU Ha t(, TIOJyYHM CUCTEMY

X(t—ty) = Gpx(t —ty). (2.19)
HpOI/ISBe,Z[SI TO K€ CaMO€ OTHOCHUTCJIbHO Tl, MOJIy4YuM CUCTEMY

Cucrema ypasrenuit (1.19) npeacrasiseT co060it n-MepHBIH ILTUIICOU, KO-
TOpBIA siBseTCs mepecedeHreM TpyOku (1.15) ¢ rumepriockocTeio t =t,, a
cucteMma (1.20) - To e camoe ¢ THIEePILIOCKOCThI0 t = T .

BerlmensnoxeHHpIi  MaTepuan I03BOJIAET C(OPMYIMPOBATH CIIEAYIOIIYIO
3agauy.

2. TloctanoBka 3amaun. [lycte knmace dynkimii (1.2) uMeeT HeMpephIBHYIO
npou3BOIHYIO X(t) Ha oTpeske [ty, T;). Torna BepaxkeHne

Je1 (0, %2(), o 2 (O)] = [ V@ + 2O+~ +E(Ddt  (21)

OynmeT (QYHKITMOHAJIOM, OMPEICIICHHBIM Ha 3TOM Kiacce (pyHKImi. JIeBBI KOHEI]
tpaektopwuii (1.2) mepemermaercs mo moBepxHocTH smmunconaa (1.19), a mpasebrif -
(1.20).

TpeOyeTcs onpenennTs.

1) skcTpemanb 1 MUHMMabHOE 3HaueHHe (yHKIMOHana (2.1), korna JieBbie
KpaiiHue Toukd Tpaektopuii (1.2) mepemernarTcs Mo MOBEPXHOCTH SJLTHIICOMIA
(1.19), a npaseie - aumnconsa (1.20);

2) umcna A; (i = 1,1n), KOTOpBIE COOTBETCTBYIOT HANICHHON YKCTPEMAIIH.

Perrenne. O603HaYMM MOABIHTErpaANbHY0 hyHKIHIO (2.1) gepes

F(y(£), x5 (£), oo, X (£)) = JX2(E) + %2(t) + -+ + %2 (). (2.2)
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®Oynkuuonan (2.1) reoMeTpuYecKH BhIpaXKaeT IUIMHY AyrH KpHBOit x(t) ¢
koHuamu x(0) mpu t = 0 u x(t,) npu t = t; [6].
CucreMa ypaBHeHMi Ditnepa umeeT Bun [6,7].

d
Tk dt *k = —F, =0= F , " Oz{xk
s dt k k*k kaxk ¢ 0
E, = 0,k=1,n
=%, =0k=1n,
WA

¥, (t) =0, % (t) = ay, x1(t) = ast + By,

¥,(t) =0, N x(t) = ay N x,(t) = azt + [, (2.3)
Xn(t) =0, xn(t) = Ay, xn(t) =apt + .Bn:

rae a;, B, (i = 1,n) — npou3BOIBHBIC TIOCTOSIHHEIE.
O6o3HauNM

X(t) = (xl(t)l X2 (t): ey Xn(t)), a = (alJ Ay, ..., an)T' B = (ﬁll 32' Ty Bn)Tl (24)
Toraa cuctema (2.3) IpUMeT CIACAYIONIMNA BUI:
x(t) = at + B. (2.5)

Vpasuenus (2.3) SBISIOTCS MapaMeTPUUECKUMHU YPABHEHUSIMU dKCTpeMase
[6,8].

[Tapamerpuyeckyto cucreMy ypaBHenuit (2.3) MoxkHO mpeoOpa3oBaTh K Clie-
JyIOLIEMY KaHOHUYECKOMY BH/IY:

x1O=p1 _ x2O=B2 _ | _ %n®=Pn _ t (2.6)

a1 4%) an

C nomorpio (2.3) MOKHO MOTYYUTh MUHUMAJIbHOE 3HaUCHHE (YHKIMOHANA
(2.1)

min/[x,(t), x,(t), ..., x,(t)] = f:;l a?+ai+-+aidt= \/a’% +ai+-+ak- tIZO1 , (2.7)

NI

minf[x,(£), x; (@), ..., x, ()] =V - (T} — tp), (2.71)

rae

V=ya?+a?+-+a? (2.8)
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Beipaxenue V u3 (2.8) siBisiercss BeIMYMHON CKOPOCTH PaBHOMEPHOTO TIpsi-
MOJIMHENHOTO JIBUKEHHUS 110 HAMIPABIECHUIO BEKTOpa & = {@4, Ay, ..., Ay} [8]. Torna
npaBasi CTOpoHa BbIpakeHus (2.71) mpeacTasisier co0oi MPOU3BEICHHE CKOPOCTH
Ha TeyeHue BpeMeHH, T.e. V - (T; — ty) BbIpakaeT IUIMHY IyTH MAaTepHaJIbHOM
TOYKH PaBHOMEPHOTO JIMHEIHOTO IBM)KEHHS Ha KpaT4aiiieM myTH (IKCTpeMasb).

CrenoBaTenbHO, MOKHO 3aKJIIOYHUTh, YTO MUHUMAJIbHOE 3HAYEHUE (PYHKIHO-
Hana (2.1) paBHO [UIMHE SKCTPEMald B TPOMEXKYTKE BpeMeHH [tg, T7).

VYcnoBus TpaHCBEPCAIbHOCTH UMEIOT BUJI [ 6]

[F+ (X, — %p)Fy, + (Xp — %) Fe, + -+ (X — "Cn)Fxn”t:to :

orcrona ipu (2.1)

[F+ (=) 2+ (e —i) 24+ (K =) 2|, =0,
nim
[F2+ (X; — %)% + (Xo — %)%, + -+ (X — a'cn)fcn“t:to =0,
3HAYUT,
[F2 + Xy, + Xoy + -+ + Xk — (02 + %3 + - + xﬁ)]|t=t0 =0,
CJICAOBATCJIBHO,
(Xyty + Xody + - + ancn)|t=t0 =0, (2.9)
(X% + Xpdp + - + X'nfcn)|t=T1 = 0. (2.10)
IMoacraBus 3Hauenust X;(t) = a;,i = 1,n u3 (2.3) B (2.9) u (2.10), nonyuum
(Xiaq + Xpap + -+ + Xn“n)L:to =0, (2.11)
(Xyay + Xy + - +Xna")|t=71 = 0. (212

CootHomrenus (2.11) u (2.12) BbIpakaroT NEPIECHIUKYISIPHOCTH HCKOMOMN
skcTpemanu (2.5) (mmm (2.3)) COOTBETCTBEHHO Ha JIEBOM CTOPOHE MOBEPXHOCTH
samwmnconna (1.19) u Ha npaBoii cropoHe noBepxHocTH ruunconaa (1.20).

Teneps nepeiinemM K ONPEETEHUIO TIPOU3BONIBHBIX MOCTOSHHBIX @, fB;,i = 1,1
u3 (2.3).

Bocronb3yemcst TeM (akTom, uTO JEBbIi KOHel skcTpeman (2.3) mepeme-
maercs mo mosepxuocTH smmmnconaa (1.19), a npassriii — o (1.20).

CornacHO TMPUBEICHHBIM BBIIIE 3aMEUaHUsIM, CIEIYeT, YTO KOOPAMHATHI BCEX

Touek autunconna (1.19) uMeroT oArHAKOBBIC 3HAYCHUS t = t(, a TS DIUTUIICOUIA
(L.20)-t =T;.
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HetpynHo 3aMeTHTb, YTO JIeBBIi KOHEI SKcTpeMaiu (2.5) nmeer Bux

x(ty) = aty + f, (2.13)
a MpaBblid KOHEI!
x(Ty) = aTy + . (2.14)
Takum 06pa3oM, IMEeM CIIeAYIOIINE YPAaBHCHHUS:
{ato +B = (to, tg, ., to)" =to - (1,1,..., )7, (2.15)
aly + B = (T, Ty, .., TD)T =T, - (1,1, ...,DT. (2.16)

Beruutas (2.15) u3 ypaBuenus (2.16), momyuum

a(T; —ty) = (T; — to)(1,1,...,1DT,

T.C.
a=(11,..,D7,(t, # T)). (2.17)
U3 (2.15) u (2.17) cnenyer
to- (L1,.., DT+ B =t,(1,1,.., D7,
3HAYMT,
B =ty (1,1,... 07 — ¢ty (1,1,...,1)T,
CIIeIOBATEIBHO,

B =1(0,0,...,0)T. (2.18)
W3 (2.17) u (2.18) cnemyer okOHYATEIBHBIN BUA A1 SKCTpeMai (2.6):
x1(t) = x,(t) = - = x,(t) = t. (2.19)

CreoBaTenbHO, HCKOMasi SKCTPEMallb MPOXOAUT Yepe3 Hadaio KOOpAWHAT
(0,0, ...,0) 1 UMeeT HATIPABJISIOUINIA BEKTOP

a={11,..1} (2.20)

C nmomoineio (2.17) noiydyeHHOE MUHMMAaNbHOE 3Ha4YeHue (2.7) amsa QyHk-
nuonana (2.1) npuobpeTaeT Buj

minf[x,(t), x,(t), ..., x,(£)] = ftzl Vi+1+4 +1dt=+vn- t|2
NN

minJ[x,(t), X, (t), .., x, ()] =Vn - (T, —ty) =V - (T — to), (2.21)
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rue
V =+n (2.22)
SIBIISIETCS. BETMYMHON CKOPOCTH PaBHOMEPHOTO MPSIMOJIMHEWHOTO JBMKEHUS 10
Hanpasienuio Bektopa & = {1,1, ...,1}.
Ocrascs ouH U3 CIEIYIOINX OCHOBHBIX BOIIPOCOB: KaK ONPEACINUTE 3Haue-
uus A; (i = 1,1n), KOTOpbIe COOTBETCTBYIOT MOJTYyYSHHOM BbIle dKcTpemanu (2.3)?
[Hoctynum cnenyrommmM 0o0pa3oM: MyCTh NMPOU3BOJBHBIE MOCTOAHHBIE C;,i = 1,1

u3 (1.6) y»xe u3BeCTHBI IPH HAYAIbHBIX YCIOBUSIX, Koraa t = t,. Dkcrpemalp (2.3)
JIOJDKHA COBIACTh C OJHOM M3 Jr0ObIX TpaekTopuii (1.6) mpu cooTBeTCTBYyMOLIIEM

BeIGOpE A;, i = 1,n. CpaBruBas cucrems! (1.6) u (2.3) npu (2.14), (2.17), (2.18) u
t = T,, HOJIyYUM CIIEIYIOIINE CHCTEMbI YPaBHEHUIA:

(Clmllell’[i + szlzeAZTl + -+ CnmlnelnTl — T1;
{ C1m21e'11T1 + szzzelzﬁ 4+ 4 CnmznelnTl =T, (2 23)

kClmnle/th + sznzelzﬁ 4+ 4 CnmnnelnTl =T,.

penmomnaras, C; # 0 (i = 1,n) u Bo3Bpamasics k pabore [3], MOXHO 10Ka-

3aTh, yTo MaTtpuua N = (Cimji) (i, j=1, n) HeBbIpOKAeHHas1. Cle10BaTeNbHO,

(eMTr e, e*nT) = N1 (T, Ty, ..., T))T. (2.24)

Marpuiy N~ npezncrapisiem ¢ IOMOLIBIO CTPOK CIEAYIOMIUM 00pa3oM:

Ny,
Torma Beipakenue (2.24) MOXHO MPeodPa3oBaTh K BUIY
(e/11T1, elle, ey e/lnTl)T = (Nll NZ! ---INTL)T ) (1’1' '"'1)T | Tl'
OTKyJa ClIeayeT
ellTl = Nl . (1,1, ,1)T ' T]_'
et = N, - (1,1,...,1)7 - Ty, (2.25)
eAnTl = Nn . (1,1, ...,1)T ) Tl'

Tak kak jeBbie CTOPOHBI B (2.25) - MOJOKHUTENbHBIC YHCIA, TO 3HAYHUT, U
IIpaBbI€ CTOPOHBI - TAKIKE MOJIOKUTEIIbHBIE YHCIA.
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[posnorapudpmupoBas 06e cTopoHsl cuctembl (2.25) u pasgenus Ha Ty # 0,

OKOHYATCJIBbHO HAXO0AUM

10.

A = T—111n[1v1 (11, .., D7 Ty,

{ A, = %m[Nz -(11,...D7 - Ty, (2.26)

l/ln = %ln[Nn (1,1, ..., DT - Tyl
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$.1. &rrANr3vn
OMNSPUUL YUNUYULTUUL UPLEERD 4GMULG8UL. 1T

QSuyht htnbigpunhdtiptighw) hwjuwuwpnidubph uinwughnwp hwdwlupgnid nh-

nuplyuws L oynpdw) junwupdwi uhtipkqh Up juunhp, nptt wmywhnymud | huiptwphnh
Jud wmhtgbpuwtwygh Juetjuiyniph swuh tjuqupynudp: Uy jmsydt] £ quphwghnt hwpgh
utnwpwpdynn kqptpny uh juugph dhgngny, kpp pwpddnn ympwljwb YEnh htnwgstph
Suyntinp owpdynid b ipdws Epynt fhyunhyubph dwlkpbnygputph Jpuyny:

Upwbagpughl pwnkp. oupnhdw) junwywpdwt uhlipkq, hunbkqpunhdpkiighuy

hwjuwuwpnidubph uinughniwp hwdwlwng:
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F.P. GRIGORYAN
THE SYNTHESIS OF OPTIMAL CONTROL. 11

In a linear integro-differential stationary system of equations, one problem of
optimal control synthesis is considered which ensures the minimization of fuel
consumption of an airplane or a space jar. It is solved with the help of one problem of the
calculus of variations with moving boundaries when the ends of the trajectory of a moving
material point move aong the two given surfaces of the ellipsoids.

Keywords: synthesis, optimal control, integro-differential stationary system of
equations.
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ISSN 0002-306X. U3B. HAH PA u HITYA. Cep. TH. 2019. T. LXXII, N1.

YK 556.01+627 I'NAPABJIMKA U THAPOTEXHUYECKHE
COOPYXEHMUSA

B.I1. BAJIJIKAH

PA3PABOTKA TEOPETHYECKHUX OCHOB YCTAHOBUBIIENUCS CTAJIAA
PYCJIOBOI'O NTIPEOBPA30BAHUSA

HcenenoBanbl pycioBble MpeoOpa3oBaHKs, IPOUCXOAAIINE Ha Pa3IMYHBIX y4acTKax
BOJJOCTOKOB H3-3a Pa3MbIBa pyclla WIN OTIIOKEHUs HaHOcOB. Co BpeMEHEM 3TOT NpoLece
3aTyxaeT, U Pyclio IpruoOpeTaeT HOBYIO cTabmibHyI0 popmy. Pazpaborana obmas maTeMa-
THYeCKas MOJENb U CTaOMIN3UPOBAHHON CTaIWH PYCIOBBIX mpeobOpa3osanuii. C 3ToM
LEJIBI0 MIPEIUTOKEHa TaKas MOCTaHOBKA 3aJa4i, KOTOpas IMO3BOJIIET pacCMaTPHBaTh HOBYIO
(opMmy pycna He Kak KOHEUHBIH pe3yJbTaT CI0KHOTO HECTAI[OHAPHOTO Mpolecca, a Kak
OTJENBHO PEIIaeMylo 33ady CTAIMOHAPHOTO NBIKEHMs. C HCITOIh30BaHIEM OCHOBHBIX 0Oa-
JIAHCOBBIX YPaBHEHUH T'MAPOAMHAMUKHK IBYX(a3HOTO MOTOKA MOJydeHo mpocroe audde-
peHImanbHOe ypaBHeHue. Ero pemreHue faet BO3MOXKHOCTh IIPOTHO3UPOBATH KOOPIMHATHI
JTHa HOBOT'O pyciia, 00pa3oBaHHOTO B PE3YJIbTAaTe CTAOMIN3alUK PYCIOBBIX H3MEHEHHH.

Knioueevie cnosa. BOIOCTOK, PyCIOBOE MpeoOpazoBaHKe, CTAOMIM3UPOBAHHOE PYCIIO,
’KHUBOE CeUeHHe, IIMPUHA pycla.

BBenenue. Jlro6oe mpupogHOe HECTAllMOHAPHOE SBJICHHWE OepeT Hadaio C
YCTOMYMBOTO COCTOSIHMS U CO BPEMEHEM BO3BpAILAETCs K MPEKHENW CTAIMOHAPHOCTH
WIN PUOOPETaeT HOBYIO YCTOMYMBYIO (hOpMY. AHAJIOTMYHBIN Nporiecc HaOIMI0AaeTCs
¥ B XOJ€ PYCIOBBIX IMpeodpazoBaHnuii. ECIM 1o Kakoi-TO MPUYHHE HA ONPEACIICH-
HOM y4YacTKe BOJIOCTOKA HAUMHAIOTCS PYCIOBbIE H3MEHEHHs (Pa3MbIB HIIH OTIOXKeE-
HHE HAaHOCOB), TO CO BPEMEHEM O3TOT IMPOIIECC 3aTYyXHET, U PYCJIO 00sA3aTEIbHO
MproOpeTeT HOBYIO cTabuibHyIo GopMmy. [Ipu 3TOM BoccTaHaBIMBAETCS YCIOBUE
MOCTOSIHCTBA pacxo/ia HAHOCOB MO JJIMHE pycia, UMEIOIIEro MecTo A0 Hayaja mpeod-
paszoBaHnii. CyIIecTBEHHBIEC 3HAYCHHS PYCIOBBIX MpeoOpa3oBaHUil HAOIIOMAIOTCS
IIpU MPOXOXKIACHUU IABOJKOB U CEJIEBBIX MOTOKOB. Ha rOopHBIX M IpenropHeIX
y4acTKax peK, TIe pyclioo0pasyromlue mopoasl HeCKaJIbHBIE U JOCTATOYHO JIETKO
e OpMUPYIOTCS, 3TOT MPOIECC CPABHUTEIBHO CKOpOTedeH. [ Takmx BOAOCTO-
KOB 0oliee XapaKTepHO BEPTHUKAIBHOE HAIpaBICHHE PYCJIOBOTO MpeoOpa3oBaHMUs,
T.€. I3MEHSETCA MOJIOKEHNE JTHA Pyclia: B BEPXHUX TEUEHUSIX MPOUCXOIUT Pa3MbIB
U TPAaHCIIOPTHPOBKA I'PYHTA, a B HUXKHUX - UX OTJOXeHue. Ha paBHUHHBIX ydacT-
Kax CPaBHUTEIbHO YBEIMUYMBAETCS YIENbHBI BeC M3MEHEHHS IIAHOBOTO OuYepTa-
HUSl PeKW. AHAJIOTHYHBIE MPOIECCH MPOUCXOAAT M B CIydae YCTAaHOBICHHS Ha
peKax THAPOTEXHUUECKUX COOpYKeHUH. B gacTHOCTH, mepen momnepeuHbIMU pyc-

JIOBBIMU COOPYIKCHUAMHA (HJ'IOTI/IHa, CCJICYJIOBUTCIIb U T.l'[.) n3-3a OTIOXKCHUA
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HAHOCOB JTHO TIOAHUMAETCS. Y MOCTOBBIX MEPEX0A0B, OEPETO3aIUTHBIX U MPOYNX
COOPYKEHHH MO’KET HaOJII0JaThCsl KaK Pa3MbIB JHA, TaK U OTJIOKCHHE HAHOCOB.
Heo0xomumo oTMETHTB, YTO B HAYYHOH JUTEpaType 3a1auu PyCJIOBBIX Mpeodpaso-
BaHUH HE paccMaTpUBAJIMCh KaK YacTHbIE pelieHus obuieid moxenu. JloctaTouHO
HA/IC)KHO PEICHBI 3a/1a4M M0 pacdeTy IedOopMalui MOCTOBBIX MEPEXONIOB Hepes3
paBHUHHBIE Oonbinve peku [1]. Xopomo u3ydeHa mpodieMa HMPOrHO3HPOBAHUS
IUIAHOBBIX M BEPTHKAIBHBIX M3MEHEHHUHl pycein Tex xe pek [2,3]. U3BecTHO, 4TO
3HAYUTENIbHBIE PYCIOBbIE U3MEHEHHUS MIPOUCXOAIT B BEPXHUX TEUEHUSIX MHOTOYHC-
JICHHBIX BOJOCTOKOB. IIpn 0CBOEHMM TOpHO-TIPEATOPHBIX TEPPUTOPUIN yCTaHABIIU-
BaeTcss OONBIIOE KOJUYECTBO PYCIOBBIX COOPYKEHHH CpPaBHUTEIBHO MaJlbIX
pa3zMepoB. DTO NPUBOAMUT K U3MEHEHHIO €CTECTBEHHOI'O peXXMMa PEKU U Pa3BUTHIO
PYCIOBBIX M3MeHeHnH. HecMOTps Ha akTyallbHOCTh JaHHOW MPOOJIEeMBI, OHA H3Y-
YeHa J0CTaTouHo cyabo. IlpemnoxeHbl HECTpOTHMEe YacTHBIE PpEIIeHHUs, OJHAKO
000011IeHHasl JOCTOBEPHAs IOCTAHOBKA MPOOJIEMBI OTCYTCTBYET.

HaneHOCTh pacyeTHBIX pa3MepOB COOPYKEHHs (BbICOTa IUIOTUHBI MU
CeINeyJIOBUTEII, ONpeiesieHe Ty OHHbI 3a10KeHnsT PYHIaMEHTOB MOCTOBBIX H Oe-
PEro3aIIUTHBIX KOHCTPYKIUH M T.J.) 0OYCIIOBJIE€Ha TOYHOCTHIO MPOTHO3HPOBAHUS
KOOpAMHAT MOBEPXHOCTH, YCTAaHOBHUBIIIEHCA B XOA€ CTaOMIM3allMHU Ipolecca, T.€.
MIOCIIE 3aBEPLIEHHS PYCIOBBIX M3MeHeHHH. Ciae1oBaTenbHO, JOCTOBEPHOCTh MPOT-
HO3a MOJIOKEHUS JHA PYClIa UMEET BaXKHOE IIPAKTUYECKOE 3HAUCHHUE.

Henbto paboThl ABIsieTCSl pa3padOTKa MaTEeMaTHYECKOW MOJENU PYCIOBBIX
npeo0pa3oBaHUi HAa CTaJUH NPUOOPETEHUS YCTOHUNBON ()OPMBI.

IHocTanoBka 3agaum. [Ipenmonoxum, 4TO Ha KAKOM-TO yYacTKE PEKU C
KOOpAMHATAMH TIEPBOHAYAIBLHOTO JHA Zc (puc. 1) MpoHCXOomsIT pyCIOBbIC H3MEHE-
HUS, B 4aCTHOCTH, M3-3a OTJIIOXKECHHA HAHOCOB JHO NOAHMMAaeTcs. Uepes ompene-
JIEHHOE BpeMs 3TOT Mpolecc Ha AaHHOM Y4acTKe OyJeT 3aBepllieH, U MO JUINHE
PEKU CHOBAa BOCCTAHOBUTCS TPaH3UTHAs TPAHCIOPTUPOBKA MTOCTYMAOIIMX HAHOCOB,
T.€. PacXo/i HAHOCOB CTAaHET MOCTOSHHBIM. [locie 3aBepiieHHsT PyCcIOBOTO MPeod-
pa3oBaHUs Ha 3TOM Y4acTKe HOBOE YCTOHMUMBOE IHO S-S XapakTepu3yeTcsl KOOpAHU-
HataMd Z W TOJIIMHOW CJIOS OTJIOXKeHWH HanocoB H. B ykazaHHBIX ycinoBHIX
JBIDKEHHE ITOTOKA B PyCIIE CTaHET CTallMOHAPHBIM, XapaKTePU3YIOLUMMCS THIPaBIIH-
yeckuMu mapametrpamu b, AV, i (puc.l), roe ykioH moBepxHocTH S-S ompene-

. dz
JIACTCA KaK | = — (HOJ’IO)KI/ITCJ'IBHOQ HanpaBneHHe X HpI/IHHTO HpOTI/IB Te‘leHI/IS{). B
dx

COOTBETCTBHU C MPOAOJIBHBIM CEUCHHEM CTaOMIM3MPOBAHHOTO Y4YacTKa pycia,
yYKa3aHHbIM Ha puc. 1, miaHoBoe ouepraHue OyAeT MMETh PaCIIUPSIOIIMINCS IO
JBHKEHHIO BUJT (HEPU3MATHYECKOE PYCIIO, PUC. 2).
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[IpennoxxenHas MOCTaHOBKA MO3BOJSET pacCMaTpPUBATh 3aady M0 YCTaHOB-
JeHUI0 (OPMBI CTAOMIIM3UPOBAHHON IMOBEPXHOCTH HE KaK KOHEYHBIH pe3yibTaT
CJI0’)KHOTO HECTALMOHAPHOIO MPOLECCAa, @ KAK OTAEJIBHO PEIIaEMYI0 3aJady CTa-
LUOHAPHOTO ABMKEHUS. [Ipy 3TOM MCKOMBIMHU BETMUMHAMU SIBIIIIOTCS KOOPAUHATHI
MOBEPXHOCTH S-S M mapaMeTphl CTAIlMOHAPHOIO HAHOCOHECYIIIETO MOTOKA, TBUKY-
LIETOCs 10 HEeM.
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Puc. 1. Pacuemnas cxema npoooivbHo20 ceueHus yuacmka 6000CMOKa Ha 3a6epuiaroujeit
cmaouu pycnoobpasyrouux npoyeccos u epanuynsle yciosus. 1— ono eodomoxa 0o
PYCLOBLIX UBMEHEHUIL, 2— HAHOCHbIE OMIOACEHUSL, 3- OHO 8000MOKA NOCIE PYCAOBbIX
usmenenutl (cmaburuzupo8anias nogepxHocms S-S), 4 — 301a O8udICeHUS CMAYUOHAPHO20
0OHOMEPHO20 NOMOKA
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Puc. 2. I[Tnanosoe ouepmanue yuacmka 6000Cmoxa Ha 3asepuiaroujeti cmaouu
DPYCLO0OPAZYIOWUX NPOYECCO8 U PAHUYHBLE YCI08USL: 3 - OHO PYCAA NOCTEe PYCLOGbIX
usmenenuil (cmabumu3upo8antas NO8epXHOCns S-S)

Pe3yabTaThl ucciaenoBanus. [loctaHOBKOM 3a7aunl JOKAa3aHO, UTO JBUXKE-
HHE HAHOCOHECYIIETO MMOTOKAa B HOBOM PYCJIe HIMEeT CTallMOHAPHBIN XapakTep. Jist

TAaKOIro cCiiy4ass NPpUMCHHMBI 3aKOHBI TUAPOAWMHAMUKHU OJHOMCPHOI'O YCTAaHOBUB-
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IIETOCsI IBUXKCHHSI, B KOTOPhIX UMEIOT MECTO TpU OallaHCOBBIX YpaBHEHUS. ypaB-
HEHME JBMKEHUS WM SHEPTHH, TOCTOSHCTBO PAaCcX0/I0B ITOTOKA U HaHOCOB [4,5]:

dz dh d V? d h;

—a+a+a(2_g)]: dx’ ()
Q=V A=congt, @)
Qs =const mwm S=const , ©)

rae Qs- pacxom HaHOCOB; S — 00BEM HAHOCOB B €AMHUIIE 00beMa MOTOKA (KOHIIEHT-
pauusi motoka). JlomycTUMOCTh MpUMeHeHHs1 ypaBHeHus! (1) Ui HaHOCOHECYIIHX
moTokoB 110 koHieHTpanuu 0,5 (00beMbl HAHOCOB W BOJBI PaBHBI) JOKa3aHa B
pab6ore [6].

C yyeroM NpHBEICHHOH CHUCTEeMbl ypaBHeHHH B paborax [7,8] pemieHb
YacTHbBIE 33]]a4¥ PyCIOBBIX MPeoOpa3oBaHUi MO YCTAHOBICHHIO YKIOHA KOHEYHOM
MOBEPXHOCTH CEJIEBBIX OTIOKeHHUil. [Ipr 3TOM B yCJIOBHU MOCTOSHCTBA Pacxoja
HaHocoB (3) MCHONb30BaHbl KOHKpETHBIE (hopmysibl. Ho, Kak MOKa3bIBalOT MHOTHE
asTopsl [9,10], mpM OAMHAKOBBEIX MCXOOHBIX NAHHBIX IS BenuuuHbl Qs (umm S)
pa3Hbie (GOPMYJIBI JAFOT OTJIMYAIONIMECS IPYr OT Apyra B HECKOJBKO pa3 pe3yJib-
TaThl. YUUTHIBAs YKa3aHHbBIC U PSII APYTHX HEJOCTATKOB CYIIECTBYIOIINX METOMIOB,
B JJaHHOM paboTe ceNaHa MOmbITKa pa3padoTaTh OCHOBEI 0000IIIEHHON TEOPHH IS
ONMCaHMs MCCIIEAYEMOro TMpolecca, a s NpsSMOYToJbHOM (opMBI pycia
MPEIOKHUTD PElIeHUe 3aJauu.

ITo nBIKEHUIO TIOTOKA MPOAOJIBHBINH YKIOH pyclia 0OBIYHO yMeHbIIaeTcs. B
BEPXHHUX TECUYCHHUIX HAHOCOHECYIIAs CIIOCOOHOCTh MOTOKA BBIIIEC, U M3-3a €r0 HU3-
KOH 3arpyk€HHOCTH HaHOCaMM HaOJIoJaeTcs TpaH3UTHOe ABIKeHue. C yMeHbIle-
HHEM YKIIOHA pycjia YMEHBIIAEeTCsl U HaHOCOHecylas crocoOHocTh. Ha ompene-
JICHHOM YYacTKe PEKH 3arpy’KeHHOCTh TMOTOKa MpUOoOpeTaeT MpeienbHOe 3Haue-
uue. [Tocie 3Toro yyactka MoTOK He B COCTOSIHUM HECTH BCE KOJIMYECTBO HAaHOCOB,
W HaumHaeTcs ux omioxkenne. OOo3Hauas wHiekcom ‘07 Bce mapamerpsl Ha
ydacTKe MpeAebHON 3arpyKEHHOCTH MMOTOKA M MCIOJb3ysl YpaBHEHHE Hepa3phiB-
HOCTH MoTOKa (2), BBeZieM Oe3pa3MepHble BEHMYMHBI (JIMHEHHBIM MacmTabom Oe3-
pasMepHOCTH PUHATA IMHPHUHA YKA3aHHOTO ydacTKa Do)

L 7=2,0-2-1v

A-R v
Ab Xo Qo Vo

_ h -
h=—,b= 4
b, 4

b
™
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CornacHo ypaBHeHHIO (2) Q =1, OyneM UMeTh

Vo= =,

A ©)

Ha ocnoBe ananm3a n 00paboTKH OoJiee copoka GOpMYIT IO OMpPEaeICHUIO

pacxola HAaHOCOB B YCJIOBHSAX COOJMIOICHMS OanaHca HaHOCOB B pabore [11]

MOJTyYeHa 3aKOHOMEPHOCTh MEXKIY CMOYEHHBIM EPHUMETPOM U TIOIIAIBIO KHBOTO
CCUCHHUS

7= A (6)

rlie TIOKa3aTellb CTENeHH a C YYeTOM MHOroo0Opa3us aHaIM3HPOBAaHHBIX (Gopmyd,

COOTBETCTBYIOIINX Pa3HBIM PYCIIOBBIM pexXUMaM, MeHsieTcs B uaTepBaie ot 3,0 1o 4,5.
IMpencrasnss ypaBuenue (1) B 6e3pa3mMepHOM BHUjIE, HCIONB3YSI PSI U3BECT-

HBIX B THJPOJMHAMUKE 3aKOHOMEPHOCTEH U COBMECTHO pellas €ro ¢ 3aBUCHMOCTAMHU

(5) u (6), paree HamMu OBLIO MOTYYEHO cieayroliee AubPepeHIraTbHOe ypaBHEHHE
[12]:

dz dh  Fr, dA . -5~
- =5 ——=ldor A ", 7)
dx dx g, A° dX
. b
rae Fry - wncno ®pyna; lp - yKIOH pycna B [, =— COOTBETCTBYIOT YYacTKy

0

pycna ¢ MHUpHHO#H bo.

D70 ypaBHEHHE MPUMEHHUMO [UIsl Pa3HBIX PEKUMOB JBHKCHHUS HAHOCOHECY-
IIEro TOTOKa HEOOJBIION TIIyOHHBI, KOT/Ia PYCJIOBbIE MPeoOpa3oBaHus HA JaHHOM
y4YacTKe PEKH MPAKTUYECKH 3aBEPIICHBI, U PyCJIO NPHOOpeTaeT HOBOE yCTOMYMBOE
cocrosinue. B ypaBHeHuu (7) MMeeTcs TpU HEU3BECTHBIX: KOOPAMHATA CTAOWIIU3H-
pPOBaHHOW MOBEPXHOCTH Z, TJIyOMHAa MoToka h W Iuom@ags ero MomnepevyHoro
cedeHust A. TI0CKOJIBKY B HEPH3MATHUECKUX PyciaX BElNUYMHA A MEHSETCS U 110
rayouHe, U mo anuHe pycia, T.e. A = f(h, X), To mpousBoxHOe TUIOLIAM TIpE.-
CTaBIISICTCS KaK

dA oA A dh

X ox ohdx ®
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C yuetom Ge3pa3MepHBIX MapaMeTpoB OyAeM UMETh
dA oA 0Adh
dx o0Ox oh dx
IMoncraBmnsist Oe3pa3MepHOE 3HAYCHUE MPOU3BOIHON IUIOIIAAN B ypaBHEHHE
(7), momy4um

dz dh _ P, (9A  9Adh|_; qus g% (10)
dx  dx B A |(ax  ohd o

ol

[lomyyeHHoe ypaBHEHHE IOKA3bIBAET, YTO 33aJady HEBO3MOXKHO PEIIUTH Oe3
KOHKpEeTH3ally mornepedHor Gopmbl pycia. Bce MHOrooOpasue mornepeuHsix ceue-
HUH BOJOCTOKOB OOBIYHO NPEACTAaBIISETCS B BUAE NMPSIMOYTOJBHOW, Mapabosons-
HOIl WM TpamenengansHoit ¢opm. YacTHoe mpomsBoaHoe d A/ h mpeacTaBiseT

cO0OH HEKYIO IIMPUHY KUBOTO CEUYEHHs U 3aBUCHUT OT MOINEPEUHO QOPMBI pycia.
B ob6mem ciyuyae oHO MeHsieTcs 1o riryouHe. Ecnu ke pyciio npsiMOyrojbHOe, 3Ta
IIMpUHA JUISI TaHHOTO CeYeHHs OyJeT MOCTOsHHOW. UTo Kacaercss MpOM3BOIHOM
0 Al O X, TO OHa MOJKET ONPEeNAThCA JINIIb MPU M3BECTHOH MITAHOBOH KOHUTY-

panum yyacTtka pyciia, HOABEpPrHyTOTO PyCIOBbIM mpeobpa3oBanusaM. Kpome nome-
peuHoii Gopmbl, I peleHus 3aaaun no ypaBHenuo (10) momkHa ObITh H3BECTHA
U 3aKOHOMEPHOCTh M3MEHEHHS OOKOBBIX CTEHOK C(OPMHPOBAHHOTO HETPHU3MaTH-
yeckoro pycia. C y4eToM CKa3aHHOTO MOCIEIYIOIINE PEIeHHs 3a[a4i MOTYT ObITh
YIPOILEHBI, eclii B Au(depeHaibHoM ypaBHeHHH (7) mapaMeTphl )KUBOTO cede-
Hus A U h 3amenuTs Ha mMpuHy pycna b. IIpu 5TOM monepedyHoe cedeHue pycia,
Kak 0oJiee MPaKTUYHOE, IPUHUMACTCS TparnelenaanbHbpM (puc. 3 a).

IMocne 3aBeprieHHs Mpolecca OTIOKEHUs HAHOCOB B 3TOM pycie o0paso-
BAJIOCh HOBOE ycToiunBoe aAHO S-S (monoxenue 3 Ha puc. 3 a). B panpHeiiem
CTaI[MOHAPHOE JBIKCHNUE HAHOCOHECYIIETO ITOTOKA MPOUCXOIMT IO ATOW TOBEPX-
HOCTH. 30Ha JIBU)KCHUsI €CTECTBEHHO TpaneuenaanpHas (rnonoxenue 4 Ha puc. 3 a).
Jnst ynporieHus: JanbHeHmux pa3paboToK JeaeTcsi NPaKTHYECKH He3HAYUTEIbHOES
JOMyIIeHNEe — 30Ha ABIKEHHS NPUHUMAETCS NPSMOYTOJIbHOH (TonoxeHne 5 Ha
puc. 3 6). OTO 03HAyaeT, YTO B IONEPEYHOM CEYCHHU NPEHEeOperaloTcs 3aTeMHEH-
Hble TpeyronbhukH (prc. 3 6). Ha Bomoctokax cootromenne b/ h o6brano MensieTcst
B poMexxyTke 3-15. C ydeTom 3TOro, o cpaBHEHHUIO C OOIIEH IIIOMAIbI0 )KUBOTO
ceyeHust 4, 0e3 CyIIeCTBEHHBIX ONIMOOK CyMMOH ILIOIIA/CH 3TUX TPEYyrOJIbHUKOB
MOJKHO MTPEHEOPEYb.
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Jns npsMOyronbHOM monepedHol (opMbl pyciia IUIomaas U CMOYEHHBIH
HEPUMETP KUBOT'O CEUCHHUS ONPEIEIIAIOTCS CIEAYIOINMHU Oe3pa3sMepHbIMH 3aBUCH-

MOCTSIMH:
A=f,-b-h, (11)
7= (6+2h), (12)
Bo +
rae [, - U3BeCTHOE B rMApaBiuKe cooTHoueHue b, / hy
\ b / \J : |
h\s - T @ :7’ hY, e 4}/
NN
H (3 - @ H 2 /; 2
o )
//\"’ 2 e &
2 2
Bl cion e me ges s ge pey t0 B o v s ome wme _ven e s a8

Puc. 3. Cxema nonepeunoco ceuenus yuacmka pycida, n008epeHymozo npeoopaso8aHusm.

a- pakmuuyeckas;, 6- pacuemuas; 1— 0Ho 600omoka 0o pycrosvix uzmenenull, 2— omiodxce-

HUsL HAHOCO8, 3- OHO B0OOMOKA NOCE PYCIIOBbIX U3MeHeHUl (cmabuIu3upoeartas nogepx-

Hocmb $-S), 4 — haxmuueckas 30na dsudicenust (mpaneyeudanvhas), 5 — pacuemnast 30Ha
osudicenust (PAMOY20bHAS)

CoBmectHo periast Beipaxenust (6), (11) u (12) u mpoBens psi yInpoIeHH,
MOy IUM

he =
Po Ba_}/a.

C yuerom 3aBucumoctu (13) 3akoHOMepHOCTH (11) TpUMeT CitemyroIIuit

(13)

BUL
A=bY? (14)
a BMecTo BeIpakeHus (5) moaydunm
— 1
V=— 7 (15)
b a
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CornacHo Beipakenusm (13) u (14), umeem

dh_a-1 1 db

dx  afy g®0 dx’ (0
dA_ 1 db an
d x aB(a_% dx’

VYuureiBas Beipaxenus (14), (16) u (17), nuddepenumansHoe ypaBaenue (7)
OPUMET BH/

dz a-1 1 db  Fr, 1 db . oy a0
dx 221, 4% @2/ gy lodor » (18)
dx ap, b Y, dx  p,a b ) dx
HWJIM B OKOHYATCIIBHOM BUIC 6y,Z[CM NMCTH
dz 1 a-1 Fro |db . =5 =420
qz _ + —=i,dx°Db 2 19
X ag B(2:;1—% 6(a+2% dx 0 loer (19)

C nomorsio ypaBaenns (19) ycTaHoBIEHA CBS3b MEXKIY KOOPAMHATON THA
pyciia ¥ ero MIUPUHOW Ha TOM Y4aCTKE BOJOCTOKA, TJIe B Pe3yIbTaTe PYCIOBBIX U3-
MEHEHHUI 00pa30BaHO HOBOE CTAOMIM3UPOBAHHOE PYCIIO M BOCCTAHOBJIEHA CTAIHO-
HapHOCTH JABIXKEHUS. DTO YpaBHEHHUE ITOJyY€HO COBMECTHBIM peEIIeHHEM Tpex Oa-
JAHCOBBIX YPAaBHEHUH THAPOJUHAMHUKH MPUMEHUTEIEHO K YCIOBHSM JBIIKCHUS
TOTOKa HEeOOJIBIION TayOouHsl. I uHTErpupoBanus ypaBHeHus (19) HE0OXOMMMBI
KpaeBbIC M Ha4YaJIbHBIC YCJIOBHA I[aHHOﬁ 3aga4dy, T.C. HY)KHO MMCTb 3aKOHOMEpP-
HOCTh M3MCHEHHs MHUPHUHBI pycia (HampuMep, KOHPHUrypanuss MOCTOBOTO Iepe-
X072 OOBIYHO 3aa€TCs) MM 3aBHCUMOCTh MexIy Z u b (Hampumep, Ha puc. 3 Takas
CBSI3b HAOJTIOIAETCS).

3akmouenue. Pemenne ypaBHenus (19) maeT BO3MOXHOCTH IMPOTHO3HMPO-
BaTh KOHEYHBLIN PE3YIbTAT €CTECTBEHHBIX W MCKYCCTBCHHBIX PYCJIIOBBIX Hpeo6pa-
30BaHUH KaK B CITyJae OTJIOKEHHsI HAHOCOB, TaK U IPU CMBIBE JIHA BOZOCTOKA. B yact-
HOCTH, MOXKHO PacculTaTh JeOopMaIdi MOCTOBOTO MEPEX0/ia, YCTAHOBHTH KOOP-
JIMHATHI BEPXHEH MOBEPXHOCTH CEJICBBIX OTJIOKEHUI, 00pa30BaHHBIX HA KOHYCax
BBIHOCOB HJIH B BEPXHEM Obede MOMEePEeYHbIX 3aICPIKUBAIOIIUX COOPYKECHUH, U T. 1.
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9.1 RULL3UL

Z2NPLUSHL Y6 UYUQUUYNNUUL YUSNRLUSUT ©NRLP SEUULYUL
ZhULErh UTUUNRUL

Nuumdbwuhpyl) ot hmbwghtt Jepujuqiuynpnidutpp, npnup hnitbbkph npnndwt
Jud opwpbpniljutph Ynrnwljdwd yuwndwnny pipwinid b gpuwhnupbph nwwppbp nbnu-
dwubpnud: dudwtwlh pipugpnid wyn gnpdpupwugp dwpmd k, b hotp dtnp b phipnud
Quyniimgws tnp wkup: Zmbwght Jkpwlwuquudnpoudubph juyniiwgus thoyh hwdwp
Uowljyty k puinhwinip dwpbdwnhlulut dngkp: Uy byguwnwyny wpwewnplyby £ unph
wjuyhuh gpyuwdp, npp peny] £ riwjhu hnitth inp wkupp ny Juynibwgws pupg Gplnygph
Jtpotiwupnniiph thnjuwpk phuwpll] npybu juynitugus swpddwt wiljwju punnph ne-
snud: Bpldwq htinnijh hhgpnphtwdhluh hhdbwluwi hwoyklonuyhtt hwjwuwpnidubph
oqunugnpéuimdp unwugyl) t yqupq nhdtpkughw) hwjuwuwpnid: Fpw pisnwdp htwpwyn-
poipinit £ rwjhu juthpwwnbub) hnittughtt thnthnunipymitiitph juynibiwgdwt wipgnipnid
Aliwynpyws unp hniuh Ynnpphtwntbpn:

Unwigpuyhli punkp. opuhnup, hmtuwghtt Jhpujuqiuynpoud, juynibugus hotd,
Yhunwuh Yupusdp, hniuh juyunipni:

V.P. BALJYAN

DEVELOPING THE THEORETICAL BASES OF THE ESTABLISHED STAGE
OF THE RIVER BED CONVERSION

The river bed conversions that occur in different parts of the drainage due to the
erosion of the river bed or sediment deposition are investigated. Over time, this process
fades, and the river bed acquires a new stable form. A general mathematical model has been
developed for the stabilized stage of the river bed conversion. At that, such a formulation of
the problem is proposed which allows to consider a new form of the river bed not as the end
result of a complex non-stationary process, but as a separately solvable problem of the
stationary motion. Using the basic balance equations of hydrodynamics of a two-phase
flow, a simple differential equation is obtained. Its solution makes it possible to predict the
coordinates of the bottom of the new river bed formed as a result of the stabilization of the
river bed changes.

Keywords: drain, river bed conversion, stabilized river bed, living cut, width of the
river bed.
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