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Unptjwynpyt) b kbnwjudws §inp hwnnypeny wunhdutwdl tdniph wpunwdndu
squynitugyud gnpdpupwgh uljqphuljut dudwtwljuopowh nhypp «<ABAQUS» wjunindw-
wnugqus spuqpuyhtt dhowjuypnid: Fpubiwljut tunioh Jtpbh fwljunp ninnuhwjwug nin-
nnipjudp hwjuwuwpuwswth mknuthnpudty k, nph hknbwipny gt nEdnpldugyty b Unwg-
b1 Eu Uhqtuh jupdwt, phdnpldughwtiph htnnkuuhynipjui, nbnpdughnt Jhdwljh pu-
nunphsubph b woiph Swlinujbunipjut pusudw gnunpubpp: Opnodty Eu dwdjudwyp
duntbkjhu (e-e) b dwdjwdwyphg nnipu quijhu (g-2) mpuljut hwignygubph, npuighg Yiplh
nt ubpplh Jiguljut wwpptph wfjujutpp: Fonp phdnplwughwibph pununphsubpp dwy-
pugnyb wpdpubphtt hwutnud ku Yntwwt dwdjudwpp htwn dnnh hydwb gninhubpnud:

“pwip htwpwynpnipinih i ndk] junnigh) e-e b -7 hwnnypubph yiplh tnwppkph
wnjuyukpny nEdnplwghwibkph pununphsutph b nputg hwignygubph Swnunljtunipyut
thnthnjunipju qpudhljutipp: Ypwtghg wdkiwdbstnp e-e - h gnuinid uwhph b wnwgpw-
jht ubinunn pEdnpdwghwibpt G -7 - h gnunwd uwhph pEdnpdughwtpp e-e - h ajun-
dwdp owwn thnpp L b thnjuby i hpkug tpwup: Uniu mjujubpp npujuybu hwdpulunid
t OBM EC 1022 - h ypu @OPTEAH - IV wgnphpdwlul (kqynd juquyws spugpny hwo-
Juplyyws ndjuyubph htwn:

Upwagpuypl punkp. touljudus Wynip, Swljnnljtinipmnit, wpnwdnnud, nhdnp-
dwghnt Jhdwl, hwdwljupgsuwyht Unnbjwynpnud:

Ubkpwbmpinit: Lkpjuynidu yjwunhlmpjut nkunipjut nkubnjughwlju
huunhputipp nusynud Eu bpniswljut dbpnnubpny b wjunnduwnwug]us spuqpu-
1htt thowuypnud (UOU) dnpljuynplundp: Gowljudws wyniphg quutuljut twpuw-
wuwnpuunywspiubph wpnudndwt gnpspupugitph hbnwgnunudp Jepniswljut
tqubwlyny pujulwbht pupy £ phy hbnwgnundus ympnid swninlkinpyub
wnjunipjul yuwndwnny [1]: GOU - nud dnpijuynpnidp htwpwynpnipmit k
wnuwihu Jupd dudwbtuynid vnwbw] puduljuitht Uks Lonnmipjudp wpnnitpubp:
Unphjwynpdwt tyqunuljuhwupdwupnipniit wyugnigyt) b puquuphy ghnw-
gnpstwlju wohtwnwupubph wpyniupubpny: Twubwynpuybu, Jupbh b ol
«ABAQUS» -h vhpwuypnid juwnwpgus [2,3] wonwmwnwupubpp: Gppldt, juhidus
huunhpubph mbuwyhg, npug msnidubpnid oquugnpénid Eu YEpniswljut byw-

5



twlh b UOU-h hwdwnpdwt dkpnnutpp [4]: Cun npnud, UOU - mud dnpjudnp-
dwdp (ndyws hknwgnunipiniiibph Uks dwunid, htsybu twl [2-4] — nud hhdtw-
Juunud ntumdtwuhpdty b dEpnisyt) B nkuinjughwljub qgnpépupwugubph up-
Juduyhtt yhgwlukpp:

[5,6] — mud, oqinuugnpstyny [1] — mu phpus Enwljuydws ympbph hwdwp dowl-
Jusd Jipgwynp mwppbkph dbpngh (4SU) wnwbdtwhwnlnipnibitpp, hinwugqnun-
b E wunhdutwdl §inp hwnnypny dnnh wpnwdndwt gnpspupwugh uljqpiw-
Jub sjumbugus dudwmljuopewth nbwpp (1ly.1): Zhdtwljuinid juwnwpyty
kb nk$npuwghnt Jhgwlh hwpjuplukp 9BM EC 1022 - h Jpu ®OPTEAH — IV
wignphpdwlub 1Eqyn] juqujws Spugpny:
Z
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Ul 1. Onihnpnulpul hunnnijpny phpnplugyué quuinulwl hwpnuyuinpuungudph
wnwhgpuyhll hunnnijen
Pusytu mbkutnud kup, e-e hmnnypnid twpjpwywnpuunydusph nhpnpdw-
ghwubph pununphsubpp puduijutht Uk tu -7 - md wpwewmgusutnh hwudk-
Uwn: Udbundbs nhdnpuiughut uwhphit b, wyimhbnl’ wewgpuyhtip, nph Gowbp
e-e - nul puguuwljul E (Jupdugnd), huly -7 -’ ppuljub (Epupugmd): Uw-
Juytt puguluynud Eu ndjuyibpp nkuuninghwjut gnpépupwgh wdktwlupbnp
hywljwjht gnunnt” Jkgkpnpn wwpph Jkpuptpyug:
‘Uoklip, np [6] — mud pipwé Ynp hwwnnypeny dnnh nhbnpdwughwubph pw-
nunphsubph pwohudwi uly. 2 —h nyjujukpt oquuugnpsyt) L dkininnnpnjws ph-
1hyutpny wdpwtuynpws pupdpnpul Yndwynghghnt yynipbph uvnugdw hwudwp:
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Uy 2. Unwiagpughl (1), punufnuyhl (2), sppwluyhl (3) b uvwhph (4) nhpnplughwbbph
gnuphllikpp (w' e-e i p' g-z hwnnnyphkph nkuypnid)

bus Jhpuwptpnud £ wyn juingph UOU - nud dnpjuynpdwiip, wyw wyt wd-
pnnowygbu sh mumutwuhpyly), hbnbwpup wy ngpmpjudp wpunwiplbpb
wpphwlwi G

Ushiwunuiph iyqunulin £ Enwljuygus wyniphg quutujui wunhduwdl
dnnh wpunwdnuuwb gnpépupwugh uljqprtwulub sjuynittugdus dudwbtwuopewth
ntdnpuwghnt Jhdwlhh UOU - nud dnphjuynpdudp hbnnwgnunidp b unwugqus
wpniupubph hudbdwwnnidp 9BM EC 1022 - h pu POPTEAH - IV wygqnphpdw-
Jut 1kqyny juquyws spuqpny hwpuplus mydjujubph hbw:

Zunfwljupgsught dnnbjundnpuwi wyqplwljut ndyugiitph b dngh swthubpp
e-e hwunnyph pwnwhnp 22,8 /1 g-x hunnnyphip 10 /2 whnuhnfunieiip dud-
judugpmy’ 3 2 Zwhgnyghtph pwiwlp' 70, tnwppbph pwbwlp’ 54 b whyp
CAX4R: Zuuljuyjhti sthudwt gnpdwiljhgp 0,05: Uunh&wbwdl dnnh iyniph funnip-
jmip’ 8000 4g/if, 8niligh Unynyp 210 @%w, Mnuwuuntih gnpswljhgp 0,3, swinwn-
Ykimpynip' 16%, huly iymph Ednpuugdut qpudbhlih (LX) wjuybibpp dbplw-
jugywé Et wn.1 - h mbkupny:

Unniuwly 1

U9 unfjuy ikpp

Ocq>» Ul Eeq

350 0
385 0,0125
466 0,025
663 0,1

730 0,20




UY. 3 - 6 — nud pipdwd ki hwdwljupgsughtt dnpljugnpdw ujubdwt, Uhqtuh
Jupdwl, phdnpldughwutnh pununphsubtph b yniph Swnnkunipjub purjudw
gnupukpp:

S, Mises

(Avg: 75%)
+5.681e+08
+5.314e+08
+4.946e+08
+4.579e+08
+4.211e+08
+3.844e+08
+3.476e+08
+3.109e+08
+2.741e+08
+2.374e+08
+2.006e+08
+1.639e+08
+1.271e+08

Y

L.

Ug. 3. Zunlwlpupgsuyhll unpljun/npiwl ufubkdwl b Upqlup jupdwil puspuful gninplilpp

PEEQ PE, PE22

(Avg: 75%) (Avg: 75%)
+2.297e-01 +6.083e-02
+2.106e-01 +3.646e-02
+1.914e-01 +1.210e-02
+1.723e-01 1.226e-02
+1.531e-01 3.663e-02
+1.340e-01 6.099e-02
+1.149e-01 8.535e-02
+9.571e-02 1.097e-01
+7.657e-02 1.341e-01
+5.743e-02 1.584e-01
+3.829e-02 1.828e-01
+1.914e-02 2.072e-01
+0.000e+00 -2.315e-01
Y Y

L.

Ul 4 Mepnplughwibph plinkhupyniprul b wnwbgpuyhl nkpnpuughugh puphnlub
qninplikpp



PE, PE11

(Avg: 75%)
+1.128e-01
+9.811e-02
+8.346e-02
+6.881e-02
+5.416e-02
+3.952e-02
+2.487e-02
+1.022e-02
-4.427e-03

-6.302e-02

Y

Ls
"

PE, PE12

(Avg: 75%)
+2.473e-01
+2.214e-01
+1.955e-01
+1.696e-01
+1.437e-01
+1.179e-01
+9.198e-02

Y

L

PE, PE33

(Avg: 75%)
+6.584e-02
+5.573e-02
+4.562e-02
+3.551e-02
+2.540e-02
+1.529e-02
+5.174e-03
-4.937e-03

-3.527e-02
-4.538e-02
-5.549e-02

Y

L.

5. Cwnurynuyh b ppowbuyhl nEpnplughwibph puppifui gninhlkpp

(Avg: 75%)

WF

+1.623e-01
+1.54%e-01
+1.475e-01
+1.401e-01
+1.327e-01
+1.253e-01
+1.179%e-01
+1.105e-01
+1.031e-01

Y

Lox

Uly. 6. Uuihph nkpnmlughuyp b yniph Sulmnlkinipiul puphulul gninhakpp

UOU unphjwynpdwt njujubpny e-e b z-x hwwnnypubph jnp hwiqnyguk-
pnud b npputg ybplth n tkpplh nwwppbpnud (. 3-6) npnoyty Eu Uhqbuh jupdwl,
nhbnpuughwtph htnbkuupynipjut b pununphsubph, hiyytu bwb yniph Swljnwn-
yhunipjub wpdtpubpn (wn. 2-7):

Unpniuwly 2
e-e hwwnijph Jeplh nwuppkph njjuyblbpn
Swipn (S, Mises, 0; | PEEQ, ¢; |PE1l,¢e,. |PE22,¢, |PE33,& |PE12,y,, |VVF,v
1 [2.93E+08 |8.99E-02 |2.27E-03 |-6.46E-02 |8.58E-05 |2.45E-02 |1.06E-01
2 |3.63E+08 |1.03E-01 |6.69E-03 |-7.46E-02 |3.13E-03 |6.22E-02 |1.04E-01
3 |4.30E+08 |1.25E-01 |1.50E-02 |-8.91E-02 |6.43E-03 |1.13E-01 |1.00E-01
4 |4.88E+08 |1.51E-01 |2.06E-02 |-1.00E-01 |9.78E-03 |1.77E-01 |9.89E-02
5 |5.55E+08 |[1.85E-01 |2.75E-02 |-1.12E-01 |1.22E-02 |2.47E-01 |9.69E-02
6 |5.56E+08 |[2.13E-01 |9.06E-02 |-1.89E-01 |1.54E-02 |1.54E-01 |8.69E-02




e-e hunnnijph hwlignijghkph wfjuybbpp

Ugniuwly 3

Zwlignyg

S, Mises, g; | PEEQ, ¢;

PElL ¢,

PE22, ¢,

PE33, £

PE12,y,,

VVF, v

1

N O U N

2.09E+08
2.56E+08
3.42E+08
4.05E+08
4.53E+08
4.32E+08
3.87E+08

8.00E-02
8.67E-02
1.03E-01
1.22E-01
1.43E-01
1.63E-01
1.71E-01

-9.87E-03
-9.09E-03
-6.08E-03
-3.99E-03
-7.90E-03
3.59E-03

1.89E-02

-3.80E-02
-4.15E-02
-5.00E-02
-5.71E-02
-5.73E-02
-7.70E-02
-9.85E-02

-1.10E-02
-1.03E-02
-8.70E-03
-7.19E-03
-6.84E-03
-7.40E-03
-7.65E-03

2.47E-02
4.41E-02
8.57E-02
1.28E-01
1.66E-01
1.44E-01
1.04E-01

1.09E-01
1.07E-01
1.04E-01
1.00E-01
9.72E-02
8.93E-02
8.34E-02

e-e hwwnnyph Gkpplh nnwuppkph njjuybbpn

Unyniuwly 4

Swpp |S, Mises, o;

PEEQ, ¢;

PElL ¢,

PE22, ¢,

PE33, e |PE12,y,,

VVF, v

A U1 W N

1.24E+08
2.42E+08
3.33E+08
3.71E+08
4.00E+08
2.18E+08

7.01E-02
8.42E-02
1.01E-01
1.10E-01
1.24E-01
1.28E-01

-2.20E-02
-2.33E-02
-2.27E-02
-2.89E-02
-5.09E-02
-5.29E-02

-1.14E-02
-1.52E-02
-2.12E-02
-1.79E-02
9.70E-04

-7.60E-03

-2.21E-02 | 2.50E-02
-2.22E-02 | 6.46E-02
-2.21E-02 | 1.03E-01
-2.29E-02 | 1.18E-01
-2.65E-02 | 1.22E-01
-3.07E-02 |5.35E-02

1.12E-01
1.07E-01
1.03E-01
9.95E-02
9.34E-02
7.98E-02

A4 hunnnyph Jeplp inwpplph ndjaybipp

Ugniuwly 5

Swpp

S, Mises, g; |PEEQ, ¢;

PE11, &,

PE22, ¢,

PE33, £

PE12, y,,

VVF, v

A U W N

1.88E+08 | 1.99E-02
2.37E+08  |2.40E-02
2.94E+08 |3.20E-02
3.37E+08  |4.33E-02
3.94E+08 |5.76E-02
4.60E+08 |7.65E-02

-1.11E-02
-1.43E-02
-2.16E-02
-3.14E-02
-4.35E-02
-5.66E-02

8.32E-03 |-
1.15E-02 |-
1.98E-02 |-
2.92E-02 |-
453E-02 |-
7.94E-02 |-

1.06E-02
1.22E-02
1.47E-02
1.85E-02
2.32E-02
3.00E-02

-3.76E-03
-1.03E-02
-1.68E-02
-2.00E-02
-3.03E-02
-3.28E-03

1.49E-01
1.47E-01
1.46E-01
1.43E-01
1.42E-01
1.56E-01
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Z-x hunnniyph hwbgnyghkph nyfjuylbpp

Unniuwly 6

Zwlignyg

S, Mises, g; | PEEQ, ¢;

PElL ¢,

PE22, ¢,

PE33, £,

PE12,y,,

VVF, v

1

2
3
4
5
6
7

2.19E+08
2.35E+08
2.67E+08
2.93E+08
3.12E+08
3.51E+08

3.79E+08

1.20E-02
1.31E-02
1.64E-02
2.09E-02
2.86E-02
4.10E-02

4.81E-02

-4.61E-03
-5.33E-03
-7.64E-03
-1.20E-02
-1.73E-02
-2.31E-02
-2.65E-02

1.79E-03
2.57E-03
5.23E-03
1.01E-02
1.73E-02
3.05E-02
3.95E-02

-4.47E-03
-4.81E-03
-5.73E-03
-7.27E-03
-9.32E-03
-1.20E-02
-1.37E-02

-1.41E-03
-2.95E-03
-6.07E-03
-8.50E-03
-8.19E-03
4.27E-03

1.56E-02

1.54E-01
1.54E-01
1.53E-01
1.52E-01
1.52E-01
1.56E-01

1.60E-01

-4 huwnniph Gkpplh nnuppbph nigjuybbpp

Uniniuwly 7

Swipp

S, Mises, o;

PEEQ, ¢ |PE1l, ¢,

PE22, ¢,

PE33, o)

PE12,vy,,

VVF, v

A U1 W N

2.51E+08
2.63E+08
2.76E+08
2.66E+08
2.53E+08
2.98E+08

4.23E-03 |1.89E-03
4.30E-03 |2.16E-03
5.12E-03 |3.22E-03
3.06E-03 |1.64E-03
1.05E-02 |4.04E-03
1.96E-02 |3.73E-03

-4.74E-03
-4.82E-03
-5.64E-03
-2.97E-03
-2.18E-03
-3.77E-04

1.66E-03
1.86E-03
2.09E-03
1.97E-03
2.42E-03
2.62E-03

-9.38E-04
-1.34E-03
-1.43E-03
-1.28E-03
-1.62E-02
-3.45E-02

1.59E-01
1.60E-01
1.60E-01
1.60E-01
1.63E-01
1.65E-01

Ul. 7 b 8 — mud pipuwé El e-e b g-7 hwunnyputph yEpbh tnwpptph nEdnp-
Uwghwtbph punuyphyutph gpupplubpp, hul b 9 - nud” nputg hwbgnygukph
wnyjuubpny urnigqus Swjnnljkunipjub thnthnumpjut gpubhljubpp:
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0.24 ~
0.22 N
0.2 A )
0.18 (N
0.16 S
0.14
0.12
0.1 .2
0.08 7
0.06 4
0.04 ,"
0.02 O
0 e ——
-0.02 1 2 3 4 5 6
-0.04
-0.06
-0.08 .
0.1
-0.12 <~
-0.14 ~
-0.16 -
-0.18 \\ 4
-0.2
-0.22

Ul. 7. e-e hwunnijph JEplh nnuppbph wfjuy bbpny junnigyws phpnplughubbph
punuppsbliph gpuphfikpp
(1 - wwhpph, 2 - punun/nuyhll, 3 - ppowluypl b 4 - wrwbgpuyphly)

&
- 4
— L d
0,06 -
8]04 /
.02
0 -1
C 4
-0.02 N":__G 3
-0.04 \ -
-
-0.06 S=2
-0.08

Ul 8. z-z hwwnnyph Jhphp nnuppkph ngjuy bkpny upnigyws nkpnpuughwiakph
purqugpfisblph gpudhlikpp
(1 - uwhpp, 2 - punurnuyhll, 3 - ppowbuyhll b 4 - wnwbgpuyhi)
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0.16
/ /

0.15

0.14
0.13
0.12
0.11 1
0.1
0.09
0.08

0.07

Ul 9. e-e (1) g-4 (2) hununnyphkph hubgnyghbph wyfiuybbpny upnigjus
SwlnmnlEinipul thnihnfuniprul gqpuppfakpn

Gqpuljugnipnib.

1. Yuunupyk] Eu bpwluwdws yniphg gquubtuljut wunhutiwdlh dnnh wp-
nuundu gnpépupugh uljqpuuljut shuntiugqus dudwbwljuopowith nidnplw-
ghnli Jh&wljh ABAQUS UOU-nud unpbjunjnpmup pugupdwly §nown dudjuduninhi
huwnnpybng 3 ¢/ muyquhujug nknuthnjunipnil, b vnwgdus wdjuutph Jbpne-
ond ni wipyniupkph hwdkdwnnid 3BM EC 1022-h ypuw ®OPTPAH-IV wgnphp-
dwjut 1kqyny juquywé spuqpny hwpuplusé ndjujubph htwn:

2. Zkmwgnuyb] kb dwdjwdwypnud dnnh e-e b a-1 hwugnygubph, npuughg
ytplh b ubppbh wwppbph wynuuwluyhtt ndyuubpp (Uhqtuh jwpdwb, nEdnp-
dwghwtph htnkuhynipjub b pununphsubtph, hsybu twb yniph Swinntunt-
pjutt wpdbpubtpp), npntighg pnpyy Eu gnpdplipugp puntpugnpnn dksnipiniuubpp, b
Yupmgk) tu nputg gpudhubpp (qEpnpuwughwbph puqunphsubph b swnwn-
Yhunipjut thnithnjunipjui):

3. Pnnp nidnpUwghwubph pununphsubipp suypwugnyi wpdbputphtt hwu-
unud i hntwjuts dwdjudwgph htwn dnnh hyuljuyhtt gninhubpnid: puwghg wdk-
twdbstpp e-e-h gnunnid uwhph (0,247) b wpwhgpwhtt ubkinunn nEdnpldughwbpu
(-0,19) kU, npnug wuwndwnny Wniph Swlnwnitumpniup 16%-hg thnppuunid k
8,3%-h (uly. 9), hulj sunwynuyhtt b spowtiwghtt nEdnpUwughwbpp pulub o n
thnpp Ut &nnh wnwbgphg hwpdws wpwehti hhiiq wwpppnid pwn dnn ku Ukyp

13



Uniuht: -1 — b gnuinud wdktwdbdp wnwgpujht dqnn nhdnpdwghwt k (0,08),
hul Ujnrutikpp puguuwljwi Eu:

4. UOU—nud dnpbyudnpuiudp uinwgyty o ndjuittp nkutninghwljwt qnpé-
nupwgh wdktiwljuplnp hyywljuyhtt gninnt” Ykghipnpn mwpph hwdwp, hsybu twb
gnyg t mipyky, np, h muppbpnipinit [6] - h, 1-1 — h gnuumd wdpwbwynpus dku-
nnopyus phihfubph hwdwp quuubquynp uvwhph nidnpdwughwibpn e-e-h hw-
Ubkudwwn pwn thnpp B b thnjuly Eu hpkg tpwtip: by Epupbkpnud £ UOU-md unwug-
Jus Upniu wpnnibpubpht, wyw gputp npuljuy by hudptunud Eu 5BM EC 1022-h
Jpw ®OPTPAH-IV wygnphpdwljul 1kqyny juqujws spugqpny hwodupljus ndyug-
ubkpht:
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I'JI. HETPOCSIH, A.C. IIETPOCSH, M.A. MAPT'APSH, A.A. BABASTH

KOMIBIOTEPHOE MOJAEJIMPOBAHUE JTE®OPMUPOBAHHOI'O
COCTOSHUSA ITPOLUECCA 3KCTPY3UH CTYIIEHYATOI'O CHIEYEHHOT'O
KPYI'JIOT'O CTEPKHA

ITpoBeneno MoaenMpoOBaHKE CIy4dasi HAYAIBHOTO TIEPHO/Ia HEYCTOHYMBOTO IIpoLecca
9KCTPY3UH CTYNEHYATOro CIIEYEHHOro 00pa3la KpPYIJoro CeUeHUsl B aBTOMAaTH3UPOBAaHHON
nporpammHoii cpere ABAQUS. B BepxHeii 4acTn UIMHAPHUYECKOTO 00pasiia JaHO paBHO-
MEpHOE NepeMEICHIE B BEPTHKAILHOM HAIPABJICHUH, TI0 IPHYMHE Yero oH redopMupyercs.
[Mosyuens! 30HBI pacrpenesieHns] HanpsbkeHus: Museca, MHTEHCUBHOCTH JieopMalinii, KoM-
MOHEHTOB JIe()OPMHUPOBAHHOTO COCTOSIHUS M MMOPUCTOCTH MaTepuaa. HaiieHbl JaHHbIC 110
CeMH y3JaM IIpH BXoJie (e-€) ¥ BBIXOAe (I-1) U3 MaTPHIbI, a TAKXKE MO IECTH IEMEHTaM
CBEpXY M CHU3Y OT HHX, KOTOPBIE ITPEACTaBICHHI B BUe Tabauibl. Bee 3HaueHus nedopma-
L[Plﬁ JOCTUTAIOT MAKCUMYMa B 30HaX KOHTAKTa MaTPUIlbl CO CTCPIKHEM.

[NomyyeHHble aHHBIE AT BO3MOXKHOCTH MTOCTPOHUTH IrpauKi 3aBUCUMOCTENH KOMIIO-
HEHTOB /1€()OPMHUPOBAHHOTO COCTOSTHUS BEPXHHX JIEMEHTOB CEUCHHH €-€ U /-1l ¥ TIOPUCTOCTH
B y371aX 3TuX cedeHHuil. Camble OOJBLINE U3 ATUX B 30HE €-€ - OCEBhIE Ae(OPMALIMN CKATHS
u nedopmanuu casura. B 3oHe 1-1 geopManuuy clBura, o CpaBHEHUIO C €-€, 0UeHb MaJIbl
1 TIOMEHSUTH CBOM 3HaK. OcTaJbHbIE JaHHbIE KaYeCTBEHHO COBIIA/IAIOT C PACUETHBIMH JIAHHBIMU
MIPOTPaMMBI, COCTaBICHHON C MOMOINBI0 anropurMmuydeckoro sizbika ®OPTPAH — IV nHa
O9BM EC 1022.

Kniouegvie cnoea: crieueHHBI MaTepHal, IOPUCTOCTb, SIKCTPY3Us, 1e(OPMUPOBAH-
HOE COCTOSIHHE, KOMIIBIOTEPHOE MOJICTUPOBAHME.

G.L. PETROSYAN, H.S. PETROSYAN, M.A. MARGARYAN, A.A. BABAYAN

COMPUTER MODELING OF THE DEFORMED STATE OF THE
STEPPED SINTERED BAR EXTRUSION

The case of an unstable period at the initial stage of extrusion of a stepped sintered
sample with a circular cross-section was simulated in the ABAQUS software environment.
From the top of the cylindrical sample, uniform movement in the vertical direction is given,
because of which it was deformed. Zones of von Mises stress, strain intensity, components
of the deformation state and porosity of the material are obtained. The data were found for
seven nodes at the entrance (e-e) and exit (n-1) from the matrix, as well as for six elements
above and below them, which are presented in the form of a table. All values of
deformations reach a maximum in the zones of contact between the matrix and the bar.

The data obtained made it possible to plot the graphs of the components of the
deformation state of the upper elements of the sections e-e and a-1 and changes in porosity
at the nodes of these sections. The largest of these in the e-e zone are axial deformations
compression and shift deformations. In the zone n-n, shift deformations are very small
compared to e-e and have changed their sign. The rest of the data qualitatively coincide
with the calculated data of the program compiled in the algorithmic language FORTRAN-
IV on the OC 1022 computer.

Keywords: sintered material, porosity, extrusion, deformed state, computer simulation.
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Upwlyty £ mhnnuting dbnwnuuyuingus HSD90 (AC200) dwiljithoh wjdwunught hw-
whlubpm] b 34%Fe+6 9%Ni+32 %Cu+8 %Sn+10 %W C+109%Cu18 uwljthoh gqnpo pnigh wnwmpknh’
thnoh pununpnipjudp juyulguiynipny pupudowuljdwut gnpshpubkph wwwnpuwundwl unp
wnkuninghw, npp tbpwenud | juyulguiyniph b mhnnwing dbnunuuyungus HSD90
(AC200) duuhoh wydwuwnuyhtt hwnhlubpny dbnwnuuwdwunughtt jndwynghuughtt pndu-
huwrtnipnh Wwwpwunnid, vwnp dwdinud, Epwwinud, nwp dwdinud b dkjpwhijuluh
Uowlnid gnpéplpugubpp: Cuwnpdl) b hhduwynpdl) ko bpwljujdwb b nnwup dwdjdwt jw-
Jupyjws phdhdubpp. tpwludwb gbpdwunhdwip 800+£20°C, wwhdwb wmlnnnipniup
0,75...1,0 dwdd; nup dwdjdwl obpdwunhgwbp’ 850+10°C, wwhiwlb wbnmipynip 25...30
pnwk, whuwljupup aondp' 80...100 U0w, npnlig nhypnid Yndwnghnh Jupspmpiniip
Juqunid £ 60...102 HRB, hwpjuésughtt dwénighmpjniup KCU 2...36 4247 fuquul
wupnipymp 23...160 U ur:

8nyyg k mpqwsd, np Yndwynghiuyht yniph niih hknbpnglkt jurnigwsp. duypulp
ubpyuyugunud E hpdtwjuimd o (wiwgh whtn (nusnypp wnudnwd® 13,5 % whwgh yuwpnibw-
Ynipjudp) b 8 dwqbph (CusSns) fnwntnipn, npnid hwjwuwpuswth pugphudws Eu a-kpluph
1 uhlth whiy (mdnyputpp b punbpdbinunujui wugkpt wihwgh b wnudh htwn, pul (gu-
niptpp’ qpudhunnh b ynpdpudh Jupphnh hwnhfubpp, tpinid Eu wnwudhtt hwnhlukph
wnbtupny: Uhudwdwtwl, gnpp pnigh wnjuynipjniup Yndynghunnid huwigkgunid £ wqun
gpudhinh wnwpwmguwp, npp bywuwnmd L jnduynghnh hwjwothwlwui hwnlnipmniuitph
Jwjugdwiip:

Unwmiigpughll punkp. Jbnunuyungus widwunwihtt hwnhlubkp, juyulguiynie,
pnjuwpuwntinipn, vwep dwdinud, tnwuynud, mwp dudjinud, dknwunuuduunuwghtt §ndun-
qhiuyght Wnip, jurniguspugnjugnid, dwpwluyniingpinil:

Ubkpwbnmipynit. Ukinwnubph b ny Ubnwnulub ymptph dowljdwb puquw-
rhy mkhuninghwljut gnpépupwgutpnid juyt Jhpwenmipnit kb gk wpdwunw-
1ht gqnpShpukpn [1, 2], mnwug npnig htwpuynp st hpuubwguk] hwwnnly dkpk-
twohunipyut Uky Juuwpynn hnydwb, husybu twb punbpph owhwgnpsdwu b
pupuilrwliul wpnwnpnipniuntd hpuljwbwgynn wojuwnwiptbpp:
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Upduunwdbnwnulub gnpshpubpnh hhdbwlwb phpnipniut widwunwght
hwwnhlutph ny wpynitwybn oqgnugnpénud b Updwuwnp, 1hubny skqnp uynip,
dUbnwnuujdwunuhtt jnynqhinnmd yuhynd | dhuyt dEpwtthjuljub juuh dh-
ongny: Uhtsnkn wjdwunuwjhtt hwinhlubkph wpynmibudbn oqunugnpsdwt hwdwp
nu pujupunp sk Uodusp puguntint tyyuinulny wjdwunwhtt hwnpljukpp bw-
Juopnp whwnp b Eipuplp]bh dkinwnuuunndwl, npp htwpudnpmpeym uw' wnbn-
Stnt wdnip Juy widwuwnuwghtt hwnhlubph b juywlguiyniph dhel [3-7]: Uhw-
dudwitialy, huptupdws nhdhuny wydwunuyghtt gopshph wipnyniu]bn wohuwnuiiph
hudwp dbnwnuljut juyuwlguiynipp whup k niikiw judupldus dwpwljuynt -
umipjnily, npp juywhnyh wjdwunwihtt hwnhubph Yupnn Eqpbph wipunhwn
unpugnudp: Bplk juywlguiyniph dwowuniinipiniun thnpp 1huth wwhwbeyny
wpdtphg, wyw gnpshpnid wjdwuwnwhwwnhlubpp ny wpynibwdbn joquuugnps-
ytu, dhtgnbn pupdph nhypnid wjdwunwhwnhljubph ququptbpp uwodtl, huy
Jwyulguiynipp ny: Upymbpmd Yupnn kqpbph puguljuympwut yungwnny
Jwnwowlwl hwppuwlubp, b sthtwi nidp dkdwiwn] Yuywunh wpdwunw-
dbnwnuljut Yndynghwnh puypuydwin: Updwuwnwghtt gnpshph hiptwupynn hwwn-
Ynipmitp juppws b juwyulguiyniph dhghjudbjuuthjuljut hwnlnipniu-
utphg b Upwljynn Wniph hwmnhljuyumpiniihg: Opput wpwg E dwpynid juywy-
guiympp, wyppub ju] t phpwind hiptwupdwh gnpsphpugp: Uniu Ynndhg
whwp L untuwtht) wdwunughtt hwnhlubph htnkiuhy ynynidhg, hul dwpdw
wunhguip yhwnp k niuktw npnowlhh vwhdwi: Yuywlguiynipp yhwnp E niukiw
twl pudupup ohpduljuym tnipinil, ebpduhnjuubiulnipntl, tuqugnyt pthdwt
qnpswilihg b phthwbu sthnpuwuqnh dpwlng ymph htan:

Loyws futinhpp juhuwn wpphwljui kb upkh b st inp juoguljguiynuptph
Uowljdwl, wjdwunuhtt hwnhljubph twhopnp dknwnuuyuwundwi, ngputighg unp
Yndwynqhunnughtt ynipbph wvnugdwt b wpdwunudbnwunujut gnpshpubph wuwn-
npuundwt mkjuninghwutph dpududp:

ugph pdwspp b Wbpnghlugh hhdbwdnpowip. Buknyg Jhpp bpdushg wy-
huwwnwiiph tyuwnuly k obipdwnhdniqhnt Enuwtwlng nhnwing dknwunuuyun-
Jud HSD90 (AC200) duiljzhoh wjdwuwnuhtt hwwnplubkph hwdwp tnp dwpwljuynit
Juyulguiymph dywulnidp b nup dwudjdwdp dbnunuupduunuhtt jndwyngh-
wnujhtt hnugnpshpubph yuwnpwundwt mEutninghuh dowlnudp, hyybu hwh
npuig Junnigqusph nt hwnnipniuaubph dbwdnpdwt gnpépupwugutph htwnw-
qnunidp:

UpJwd fuinhpp httwpuynp b nust] hnpbdbnwnipghujut Enutwlny, npp
htwpwynpnipmit  nwjhu bwjopnp ywwwnpuwundws wpduwunudbnunuijui
yndynghnuyhtt pnqupuwntnipnhg vwep dudjpdwdp vnwbu) Swlijnunljtt dund)-
Jusdplbp, npuip htnniy dwquyhtt thopwuypnid Gupwpll] tnwluwdwib, wytni-
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htwunl nup dwdjdwub dhgngny gnpstmjuiinid unnwbiu) waswlnunljku junnigus-
pny gnpdhplbp odujws Yupuwl pupdp hwnlnipynibibpnd:

Updwunughtt hwnhljubph obpuwnh$nighnt dknuquuundwb sinphphy
culuun-dbnwnuswslnyp-luyuljguiynip» wignidwjhtt obpnbpnud mbnh Eu
niukunud ghdnighntt gnpdpupwgubp, npnug wpyniupnid wnwewunud k phihw-
Jul Juy Ukswgibiny wjdwunh hwnhubph yquwhdw wdpnipyniip: Owslynt-
puyuwwnnn dbnwnp thnpwugnnid £ wjpdwunwghtt hwnhlubph hkn b wnwgwg-
unwd Jupphnubp: Fputp (gdnud Bu wpdwunwghtt hwnhlnid gnjnipynit niukgnn
Uhypndwptnh dbe b dkdwmgumd wjdwuwnwghtt hwnhlh wdpmipiniun (8, 9]:

ZEnwgnunipjut wpyniupubpp. Zwdwhp thnpdwghiwlub hbnwgninne-
pntutph wpyniupnid mhnwing dknwunuuyundus HSD0 (AC200) duljihoh
wjdwunwghtt hwnhljubph ((C]*) hwdwp phwnpdl b hhdbudnpdl) £ juygulgu-
uniph phthwlut uqup 32% Cu+8% Sn+6 % Ni+34 % Fe+10% WC+10% CU18, npp
Ubkpuyuginud Eynudh b whagh thnohtibph jownbinipn, 4:1 hwpupbpnipjudp, huly
npyku (kghpnn tuppbp plunpyty G Epiupp b thkp, npugbu guympe: yopdpadh
Yupphnyp, npujbu whin puwiymp Cal8 dwlithph gnpp prigh wwptnh thnpht [10]:
Upduunudbinunuijut §ndunghnnd wjdwunh §nugkinpughwt ipgpyty E50%:

NEungktwuybjupughtt Jpnwsmipjut dkpnnny ntunidbwuhplby b dws-
ynyph thnpiwgpbgnipmniup juyuljguiyniph paununpudwutph hbn: fuguhwyn-
b1 E, np «Swdynyp-juyulguiynip» puqbph vwhdwinid nbnp £ mubunid sws-
ynyp dbwnwnh (Ti) b juyulguiyniph (Cu-Sn) thnpiwnupd nhdniqhw, nph wpy-
ntupnid wywhnyynud | uwhdwiiughtt $uqtiph wdnip juyp:

ZEnwugnuinipiniitbph wpyniipnid yupqyly E np wpdwunudbnuguljut
yndwynghwh Jupspnipiniup, hwupjwduwghtt dwsnighlnipniup b juupdwt wdpnt-
pmiip Jupnjws G Uh swpp gnpénbitkphg, vwubu]npugbu’ wjduunwdbnungw-
Juwt Yndynghwnh pununpnipiniihg, vwunp dwdjdwi {upnidhg, Enwuljujdwt obp-
dwunhdwihg, wn okipdwunhdwtnid yuwhdwb mbnnnipniihg b nmup dudjdwb
fuonidhg: Puguhwyngty £ np uunp dwdjdwut nkumupup uonudp 300 U7Mur-hg
wykh pupdpugubint nhypnid wknh £ ntubind dknwnuuyungws wjdwunh hw-
wnhlutph gupnynid, ntunh wyt pnpyty £ 200...250 U%w, nph nhypmid swlnunlk-
mpyniip unugynud £ 6=20...25 %

Uwnp dwdjJws pphijinttpp Eupuplyl) o bnwjudwt b tmup dwdjdwl,
wpyniipnid dwdjquspubtpp dbnp Eu phpnud wuwhwgynn Junnigjusp nt hwwn-
nippnibuttp: Zwnjuybu jupbnp wopbgnipnt nith bnwupdwt obpdwunh-
Lulp, nph ghwypnud ynipnud nkinh B niibunid ghdniqhnt gnpdplpugubp b unp
bwqbph wpwowgnid: Cu-Sn hhupny juwwlguiyniptph Epwljunidu pupwbinid £
htnniy dwgnud, hulj Enwljuidwt okpdwunpgutp 650...800°C mhpnypnid E: Gow-
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Jupduwt obpdwunplwih £hon phnpnipyut hwdwp juunwpdl] Bu obpdwswt-
puswthwljw hEnwugqnuumpnibutkp, npnig wpnniipnd wyb punpyt £ 800+20°C:
Uojws ohpdwunhdminid wjdwuwnwghtt hwinplubkph gpubhunugdub gnpdpipug
gnpstwljuwinid mknh sh niuktnud: Upy £ Jiuynud quugush thnthnjunipjub gpu-
$hlyp (TG) wpgnup dhowuypnid tnwpwgubihu, hiswybu twl DTA Ynph Jpu Lu-
nnptpdhl jud tygqnptpdhl nbwuljghwtbph pauguljumipniun (u. 1):

Q o
T C == -F1 TC— L~
700 = 16 ———a—1—># 700—TG >
I (O IR N | /,/
600 ' - G600 —
D10 ¥ 11780 B s s o s e e
a0a . ?EUA 500 - // OTE
F-
400 T,/UQDl \J o 200l _a
- Z 750 Ta | J/T
400 7 OTA 300 7
200 F3#232 200F—{=4
100 /| 100 ’/
4 TG Ll L/
O 10 20 30 40 50 &0 70 B0 90 O 10 20 30 40 50 &0 70 80
—=T, pnuyk —T, pnyk
w) )

Uy 1. [Cl+juyulguiynie wyjdwunudbnugulwl §ndwynghuayhi Giniph
plphjunughpp” nwpugyws ogh (w) b wpgnlh dppwjuyplpnid (r)

Upduwunudbnunuijutt §ndynghnuwghtt yniph junnigquspugnjugnidi
wjupuynid £ nup dwdjdwb pupugpnid, nph Ypu wqnnn yqupudbnpubpt B
dwdjusph pununpnipniup, mupugdwut ghpdwunhdwin b whnnnipniup, nk-
Inplugdutt wmunhfwp, wpdwunh hupupbpuut Ynugktnpughwt b tpw hw-
wnhlwjtnipiniup, htyybu tub dwdjjusph uljqpiujut swulnntunipmniup:

Qtpdwunhfuh tkpphtt vwhdwh punpygty E 8007C; hisp wuydww]npws
E mup dwdjdwt dupdwt (Po) Ukbwugdwdp b wjdwuwnwhtt hwwinhljubph owpndwdp:
Pupéan oipdwunhdwtubpnid dkbwinid £ juyuljguiyniph yuunhlnipniup, b
htwpuwynpnipnit Eunbndymd juntuwthtnt wydwuwnught hwinhljubkph gwpnnudhg:
Sup dwdjdul gbpdwunhdwinid ywwhdwb mbnnnipniup yepgyt) k£ 0,75...1,0 dwd,
husp pudupup L wjdwunughtt hwnhlukph dbnwunuuundws sbpnh b juywuly-
gutyniph uhol nhpmqhuyh pipwgph ni jurmgjuspugnugdui gnpdpipughtph
hwdwp: Muntdtwuhpydty | nup dwudjdw dupdwb juhudusnipniup nhdnpdw-
ghuyh wunhfwithg b wdwunh Ynughtinnpughuyghg (. 2), hwdwdwyu nph nhbnp-
dwghuwjh wunhdwh (¢) Ukdwgnudnyg mwp dwdjdwt Lupnidt (Puw) wdnid E, huy
sSwlnunkunipniip (6) wwugnid: Twdjdwb £hpnidt wdnid E iwl wpdwuwnh nb-
ghitnnpughuyh (K) wght gnigpupug: Zknmwgnuinipmniuubiph wpyniupnid puwnp-
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Yt b vwp dundjdwl wupudtnpbpp T=8504107C, ©=0,5 dut/; tundj]usph uljqpliu-
jub Swlinnlitumpiniup 20%, wnwp dwdjdwt Lupdwb jwduplus wpdbpp’
Puwi=80...100 Uz, npnug nhypnid Yndwynghnh Jupdpnipniip juqund £ 60...102
HRB, hwpjwéwjhtt dwsnighnmpmip KCU 2...36 4247, uquwl wipnipjnibp
23...160 UNur

900

750

600

\

3 | o
I
N o/
. N/

9
\ . /
(AN
w-255 UNw
w p-340 UTw
q-470 UTw
n-640 UMw

10 15 20 25 30 35
Ydnpuwmghwgh wunhdwun' &, %

450

300
/

Swp dwdjuwb gpnip Puy, T

150

Ul 2. Sup dwdjuull Pov &ipdwll fushijwidnipint ap nlpnplughuyh wuwnpdwbpg €) b [C/*-h
gnbgkinpughughg (K). 1- K=50%, 2- K=100%, 3- K=150%, 4- K=200% ([ Eunugskpny ghdp
wnwpyly F1-4 nplph wdbinmguép §lnkpny)

Zhnmwuqnuinipniitiph wpyniipnid pugwhuwyundl) k np juyulguigne-
pnud Cul8 duljuhoh qnpo pnigh wykjugnidp thnppugunid £ hwpdusuyhtt dudne-
ghlynipniup, npno swthny pobgunid £ Yupdpnipniup b juupdwb wdpnipniup:
Curyy npnid, nppwtt thnpp L jguiyniph hwnhuyiinipniip, wjipwt wyt buljuin-
phb E wgynud dkuwthulwi hwnlympiabph Jpu wygwhndbynyg gnpshph Y-
wulguwiyniph huptwupdwt wuydwip: Injdpudh Jupphnh tbpdnisnudp bywu-
nnud £ hupjuwswyhtt dwsnighnipjub hokgdwup b jupédpnipjub pupdpugduip,
hulj thykp b Epupp tywuwnnd i Yndynghnh upspmipjut, wdpnipyub b
dwpwjuyniimpjut pupdpugdwin: Uknwunughnwlwb JEpnisnipjut wpynii-
pnud pugwhwpnyly k np dowjdus wpdwunudbnunuljut jnduynghnught ynipt
nih htnbpnght junniggusp. duypulp thpfuyugunid £ o (wugh whtn jnisnypen
wnudnud® 13,5% wiwgh wupnibwynpjudp) b § $uqtph (CusiSns) fuwntinipr, npoid
hwjwuwpuwswih puohidud Eu a-kpljuph b thikh whiy pusnypubpt ne whwgh
U wnudh htnbpibnunuljui puqtpp, hul guiymptpp’ gpudhnp b nydpundh
Jupphnh hwnhlubpp, Epunud Eb wnwbdhtt hwnhubph nnkupny: 3npo pnigh wn-
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Juynipmiup Ynduynghnnmd, stinphhy wquun gpubhwnh, tyuunmd t huljuythw-
Jut hwnlmpiniuubph jwjugdwp:

Nuumdbwuhpyk] £ whnwtnyg dbnwunuuungwus HSD90 (AC200) dwljuhop
wjdwuwnuyhtt hmnhlubkph swsynyph thnpuuqpbgnipmniup dbnunuljut juywy-
guiyniph pununpudwubkph htwn (bl 3): Fugwhwynyby k, np «Gwsynyp-Juyuy-
guiynip» dwqiph vwhdwinud nbnh nith Swélhnyph dknwnh (Ti) b juyulgu-
yniph hnppunupd ghdniqhw, nptt wywhnynid £ vwhdwiughtt pwqbph wdnip
Juun: 8nyg E wpdws, np nupptph pupjubnipiniip junwupynud E Swsynyph
wdpnne dwljkplinypny:

10 20 30 40 a0
pm
CuKat, CHal_2

)

Ul 3. Shunulik Swdlnuyph thnpnugnbgnieniip dknunulul junywquilyniph punuinphs-
blpp hkwn. w- HSD90 (AC200) vwiljiihop uydmumnl huninplh ((C7%) b junguwlguiiyniph
pupfinidp, p - C-h pupfuntip, q - Ti-h puigfunidp, - Cu-p puppinidp, b= Ni-h puppinidp,
q- Fe-p pusfuniup, F—Sn-p puppinidp, p — Ti-p, Cu-p b C-p ufwinughpp

ZEknugnunnipiniubph wpyniupmd puguhwyngly) k np tnwudus tdny-
ubtiph ubnUdwt wdpnipniup fupniy wdnid £ nwp dudjdwt Lupdwt dksugdwtp
qnigpupug: Uuljuyt wjdwunwdbnunujui idnubph gquunpuundwi mkin-
Inghwjut nkdhdubph dbugws huduuwp wuydwbbph ghypnid ngpuig wdpnt-
prutt gniguthoubipp twgnud Eu wyjdwunwithnont hwpuwpbpuljut §nughinpu-
ghwit 25%-hg 100% pupdpugutint ntypnud, npp puguunpdmd b juwywljguiyniph
Ubnwnulub pununphy wwpptph phthwfwb juuh wbh dks Eukpghuym]: U
E ywuwndwnp, np tunipbph by wpdwuwnught thnont Yntighimpughwt wybkjug-
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tubkhu wpdwunwdbnwnuljut §ndynghwnught yniph juyh tubpghwub tquqnid
E, b tpw puypuynidp wtnh E mubkunid wygkjh thnpp phntuspubtph nhuypnid:

Guunupjws hbnwugqnunmipniutbph wpynibpubph hhdw 4pu dowlydty k
nhinwiny dknunuuyundus HSD0 (AC200) dwljihoh wjdwunuwjhtt hwnhljuk-
nny b 34% Fe+6% Ni+32 % Cu+8 % Sn+10% WC+10% Cul8 dwljihoh qnpo pnigh -
2bnh’ thngh pumupnppup Juupulguiynipny pupuidywljdwl gnpshpltiph wun-
nuundwl tnp nktninghw (. 4), npp htwpwynpmipnit £ nwhu’ wywhnygbne
wnuy bjugnyyt wpnunponujutnipini:

Uliugh Bplyuph Uhlkih Inpbpputh Qnp)
Mntidh fuwpphnh  pmigh
thnoh thnph thngh thnoh thnoh thnoh

I S S SR S
"

Pnjujuwniinipph wwwnpuunmd
l Uhnunuuuwnyus

wjdwuwh thnoh

Tuwuntnid

S

Uwnp dudjnid

!

Gowuluymd

ey

Swp dwdjnid

Ukjnwthjului dyulnid

Unpuwnpuip

Ul 4. Pupunpwldwl hudwp uydwunwdbnunulul HSD90 (AC200) dwlahsop
wydmunuyghll hunnplabpny dbnunuuydwmnughl Gnp nduynghunughl niplph
uwnuglwll nmkuininghwlul ufubful

Zudwduwygt dpwljyws nkutnnghugh’ wjdwunughtt thnohtikpp twfuopnp -
punydl ki nhnwing dbnunuuyundwt hwngbuughtt dhpwduypnud, hul gnpo
pnioh thnohtt unwgyly k powoh dkjuwmthjuljut dowlnidhg uinugus mwptnubph
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dwbpugdudp: Munpuunyl] E juyulguiynip 34% Fe+6 % Ni+32% Cu+8% Sn+
+10% WC+10% Cul8 dwljuhoh qnpp pnigh wwpbnh thnoh pununpnipjudp, py
npnud, hwjuwuwpuswth jpuntimd wywhnybnt hwdwp wdbjugyt) k~1% k-
uhjuwt uyhpw, hull puntnidp juunwpdb £7...8 dunk

Updwunudbnunuljut pnduppuntinmipnh hwjuuupwswih puninudt wuw-
hnybnt hwdwp tpw dbke wkjugyty b qihgbphth 20%-ng uyhpuughtt (nusnye
1,5...2,0% puttmnipjudp (puin quuqush): vuntnudu hpuwljubwgyt k& 8...10 dunf
Uunugws pnjuwjuwuniinipnp Yondby £ punn ywhwigynn quuqdush b Eupwpldty
uwnp dwdjdwl, npt ppuljuiwgyty L pwindny dudjwdlh dke: Uyqphg dudjmdlih
hunnnsh dbe gyt E wpdwun syupnibwlnng skpnh pnjuuwninipgp b hwnndy
dwdjwdwwnny hupptgyt], wuyw gyt £ wjdwun gqupnibwlnn pndujuwntnipnp,
hwipptgyb], nt junwpyl) £ dwudinud: Uwdjwdbh dwubph hwoqupyp juwnwpygbp
E wjtt tyuwnwnrmidhg Gjukny, np uvnwugdus dudjjwsph swljnunjkunipniup sqb-
nuqugh 20...25%:

Gunmguspugnjugdu tuyyunwlny ppplkntbpp supygty Eu mup dudjdwub
dudjwdlih Uy, wjuinthtnl dwdjdusputpp dudjujunuuywph htin dhwuht tu-
puplyl) kb bpwlupdui’ guownuwiths theun]uypmu: Bouljupdwi dwdwbuly gqph-
gtinhuip gugnud £ b hbkpwinid, hsygbu b npnpwljh swthnyg wnbnp £ niikunid Jk-
wnwnuthnohubph Jepujuwigunid: Te=800+20°C-n1d 1::=0,75...1,0 dwd/ yupnuyu-
uhs dhowJuynud nwljuynidhg htinn dudjudlip Enuljuydus ubqubnutiph htin Jhw-
uhtt 30 pnwk punhwiunip mbnnnipjudp mwpwgyl] b wwhyby £ 850+10°C; nphg
htwnn wy by | dwdihsh viwly, b junwpyb] mup dwdind, dhish np dudjudw-
wnbph YbEpht hwppnipmiup hwjwuwpgh dwdjwdbh dEipht hwppnipjuiup: Uju
nhppny dwdjwdlip wwhyl) k 2...3 pnwgé, wyu nknuihnyt] hnqugdwi: Uwunp
dudjwdlipn pwunby £, hull ubkqubunubph wpdwun syupnibwlnn dwlkpbnygpep
kupwnlyt) hyjuwi:

Upujws juyulguiynipny yunpuundtkp Eit wpdwunuhtt dunwgh
$pbqubp (uly. 5w) pluspugpuyht jupwdwpynn (FOY) $phquyht hwuwnngh Jpu
wnwnpbp updpnipnibibpny phwljut puptph dywljdwt hwdwp: Spuithnh $pkqg-
dwl dudwiwl wnwykjugnyt wpynitbwdbnmpjudp wowbdbimgl) Eu jupdpnt-
prutt Uhohti gmguiihon $pkqibpp HRB~ 80 thurnp, hul] HRB~ 100 Uhurnp Yuips-
nipjudp dpkqubpt hpkug wpnunpnujuinipyudp 1,5 wiqud ghenid i npuitg:
Uhwdwdwlul Jtpghtitkpu wykh wpnynibwdbn b puqupnh dowljdwi dudw-
twly: Updwunughtt dwnughtt dpbqubipny phwjut pupbph $pbkquutn dudwbuly
puquhuwynyly L, np dbnunuuyunduws wjdwunwhwnhlubpp tnyuhul gupnyt-
1ny dunmd B juyuljguiyniph dbe wdnip wdpugdws b swpnittwlnud dwubiul-
gt Yupdwl gnpéplpught (4. Sp, g):
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Upduunudbnunuijut §ndynghwnttphg yuwnpuwunjws gnpshpubpph hw-
dwp hpwlwbwgyty B tpthnywih thnpdwpynudubp: Lwpibwlwb thnpdwplnid-
ukph hudwp oquugnpdyty ku 500 2/ mpudwgdny, hulj yepotwmjut thnpdwnpynid-
Ubph hudwp' 1200 2/ npudwugsny ulju]wnwljughi unngitp: Opugku dwlpynn o
oquugnpéyl) b puquijnn: @npdupynidubph wpmyniupnid npnpyty B qnpshputiph
nbuwlupup dupdusph swthbpp b wdwunh mbuwupup swppup: bpujutug-
Jt E wpdwunudbnunuljut ukqubinibph wohwnwtpuyhtt dwyjbplinyputph
niuntdtwuhpniud: Mwpgqyty b, np piws widwunwghtt hwnplubph phip juqdb E
dtwgws hwnhlubkph 8...10%n: Cwn hwnpljubp juywlguiyniphg ngnipu B Byt
hpkug swthh 50...60 %-ny, npp hwunnd E juyuljguiynipny widwunh hwnhlji
wunip ywhbnt nttwynipjut dwuplb:

‘l“ Il

Ul 5. Updwuwnuyhlt $pkqikp (w) b ppulig woprunnwbpuyhll dwEplingep
pupunlpwlynidpg hfann ' p) x40, ¢) x180

Uowljyus mkuninghuyny yuwnpwundws gnpshputph thnpdwpynidubpp
gnyg Lt nnwihu, np pputp wyuhnynid B pupdp wpununpnpuljwinipniy, huwn-
Juwybtu Yupsdp pupkph dpwljdwt dudwiwy, b ouinphhy wjdwunh hwwnpljukph
dudwiwlht pugflimi’ jupdwb nne gnpépipugh dudwbwl wyu gnpshplbtpp
sk Ynpgunud ppkug Yuupnn hwnlnipmniutbpp:

Bqpuljugmpint. Uswldt) £ mhnwiny dknwnuuyungus HSD0 (AC200)
dwljthoh ulwuinughtt hunnhljubpny b 34 % Fe+6 % Ni+32 % Cu+8 % Sn+10 9% WC+10 % Cu18
Uwljthoh gnpy pmigh wwpknh thngh puqugpmpulp Juuuhgwiynpeny pupw-
Uowljuwtt gnpshpubph wwwnpwundw tnp nkltninghw: Loyws nkjuininghuyny
wjduwunudbnunuljut Yndynqhnwghtt yynipbphg wunpuunjus gnpshpukpt
ikl pupdp wpnunpnpuljubmpmi’ sinphhy whnwing dhnunuuyunwus
wjdwunughtt hwnhljubph ogrnugnpsdw b Ynduynghwinh dke Ynidpwudh Jupphnh
nt qnpo poigh 8...12 % wdkjugdw: tw yyuwunmy | wupnunpnnujuim pjut wnw-
Jkjugniyt wpdbph unwugdwp:

ZEnmwgmunnipinibibpp Junnupyly Eo 22 9QUU hwpnupupnipyull ghnnippul §n-

vpunkh pplrbuun/npdudp Ne 18T-2F096 ghuinwluil Spugph ppowlnulbbpnid:
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C.I. ATBAJISIH, H.A. OPJISIH, A.M. MAPTHUPOCSIH, A.C. ATBAJISIH,
X.B. IOT'OCSTH

PA3PABOTKA TEXHOJIOI'MH TOJTYYEHHUS KOMITIO3NIIMOHHBIX
MATEPHAJIOB I'OPSIYUM TPECCOBAHUEM C METAJUVIN3NPOBAHHBIMHA
AJIMA3HBIMU 3EPHAMUAX

Pazpaborana HOBasi TEXHOJIOTUS M3TOTOBJIEHHS aJIMa3HBIX MHCTPYMEHTOB Ha CBSI3KE COCTaBa
34% Fe+6% Nit+32% Cut+8% Sn+10% WC+10% Cul8 u ¢ MeTaam3upoBaHHBIMU THTAHOM aJIMa3HBIMHI
3epramu Mapku HSD90 (AC200), Britrogaroiiast mporecchl U3roTOBJICHHS KOMITO3UIIMOHHOW IIUXTHI,
XOJIOJIHOE TIPECCOBaHME, CIICKaHNe, Topsiuee MPEecCOBaHUE U MEXaHHUIECKyI0 00padoTKy. BeiOpans! n
000CHOBaHBI ONTHMAJIbHBIE PEXUMBI CIEKAHUS U TOPSUYEro MPECCOBAHMS: TeMIEpaTypa CIEKaHWs -
800+20°C, Bpemst Boiepykky - 0,75...1,0 uac; Temneparypa ropsiuero npeccosanus - 850+10°C, Bpems
BBIIEPXKKH - 25...30 mun, yaensHoe gasienue - 80...100 MIla. B 3ToM ciaydae TBEpAOCTh KOMIIO3UTA
cocragnser 60. ..102 HRB, ynapnas Baskocts KCU - 2...36 x/fic/m?, npounocts Ha cpes - 23....160 Ml a.

Iloka3aHo, 9TO KOMITO3UIIMOHHBIA MaTepraia UMEET TeTePOreHHYI0 CTPYKTYpY: MaTpHIla Mpej-
CTaBJIAeT cO00I B OCHOBHOM CMECh 0. (TBEpIbIH PacTBOp 010Ba B MeaH — ¢ 13,5%-bIM colepiKaHUEM
onoBa) u & ¢a3 (CusiSns), B KOTOPOl paBHOMEPHO PACIIPENENeHbl TBEpAbIe PACTBOPHI 0L JKele3a U
HHKeJISl, a TaKKe MHTEPMETAIUIHIHBIC (a3bl ¢ OJIOBOM M MEJIbIO, a HAIIOJHUTENH — 3epHa rpadura u
KapOuaa Bosib(paMa - BUIHBI KaK OTJEJbHBIE 3epHA. B TO e BpeMsi MpUCYTCTBHE CEporo 4yryHa B
KOMITO3UTE MPUBOIUT K 00pa30BaHHIO CBOOOMHOTO TpaduTa, YTO CIIOCOOCTBYET YIIy4IICHHIO aHTH-
(DPUKIMOHHBIX CBOHCTB KOMIIO3UTA.

Knioueevie cnoga: MeTaluM3NpOBaHHBIE aJMa3HbIEe 3€pHA, CBSA3KA, IIIMXTa, XOJIOJHOE IIPEcco-
BaHME, CIIEKAHHE, TOpPsTYEe MPECCOBAHNE, METATIOAMA3HbIH KOMIO3ULIHOHHBIN MaTepHal, CTPyKTypooo-
pa3oBaHUE, H3HOCOCTOHKOCTb.

S.G. AGHBALYAN, N.A. ORDYAN, A.M. MARTIROSYAN, A.S. AGHBALYAN,
KH.V. POGHOSSYAN

DEVELOPING A TECHNOLOGY FOR OBTAINING COMPOSITE MATERIALS
BY HOT PRESSING WITH METALLIZED DIAMOND GRAINS

A new technology has been developed for the manufacture of diamond tools with a bond of
34% Fe+6% Ni+32% Cut+8% Sn+10% WC+10% Cul8 and with titanium metallized diamond grains
of HSD90 (AC200) grade, including the processes of manufacturing a composite mixture, cold
pressing, sintering, hot pressing and machining. Optimal sintering and hot pressing regimes were
selected and substantiated: sintering temperature: 800 + 200C, holding time: 0,75...1,0 hour, hot
pressing temperature: 850 + 10°C, holding time: 25...30 minutes, specific pressure: 80...100 MPa, in
this case the hardness of the composite is 60...102 HRB, impact strength KCU 2...36 kJ/m?, shear
strength is 23...160 MPa.

It is shown that the composite material has a heterogeneous structure: the matrix is mainly a
mixture of o (hard alloy of tin in copper - with a 13,5% tin content) and & phases (Cus1Sns), in which
solid solutions of a iron and nickel, as well as intermetallic phases with tin and copper, and fillers -
grains of graphite and tungsten carbide, are seen as separate grains. At the same time, the presence of
gray cast iron in the composite leads to the formation of free graphite, which improves the antifriction
properties of the composite.

Keywords: metallized diamond powders, bond, mixture, cold pressing, sintering, hot pressing,
metal-diamond composite material, structure formation, wear resistance.
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L.Q. UUZU43UL

PULCLEMUTUSPEULUSEL PLRLUSULUOYNA, UPLEERP BULUUNY
Graue 6Y UPLPSPNRU NUCOPLUUENI, MAX-DUQP USUSNKUT B9,
2USuNkhE3NhLLEND 2ESUNSNRULC

Lubwpyynud kb puquudninjghniw) Yndwngqhwnukph tnp puuh vnugdwi b hwn-
Ynipjnitutph nuunidbwuhpnipyut hwipgtpp, npnup dkop B phpynud wnwpptp dinunuijui
thnohtbph jpwntnipnh pupdpebpdwunhdwtiughtt uhiptqh (FPU) tnutwlny: Ldwt Yndun-
qhwnutpnud tbpunynud Eu MAX $wqtip:

Gunupjws ghnnuthnpdbiph wpnyniapmd gnyg b ndby, np $pnuhjhghnudh, mhinwip,
wnidhtthnudh, wspuwsuh thnohbph fuwnunipnhg £PU dbpnnny Yupbih E unwbw) thnok-
tudwt qubgws, npp ywupnibwlnud £ 93% MAX-$wq pununpmipjudp, (Fe Ti)3(AlSi)C2 b 7%
quiigjush suthny ukpwpnidubp, npnup hwpnuiun Eu tpjuph piniptnubpny® FesSis, FesSi b
FeSi, npnup Wniphtt hwnnpnnud . dwquhuwfwd hwnynipniuubp, gupnibulynud Gu
twl hhdtwluh $ugnid sinidynn TisSiz b TiC- 2%-h swthny:

Llwt tnubwlng uvnnwugus MAX §nduynqhwnwghtt yniph dhipnjuenigquspp, npp
uhtiptqynud £ thnotdbinuwynipghuyh (FPU uhtiptq) Ukpnnutpny, niuh skpunuynpdws, jw-
dhtugyws punype b jupnn b juy hnwdp hwiinhuwbtw vnwgdus dbnwunuthnoht mwuppbp
dbinwnuihnphubph htn (kghptnt hwdwp, npp, wipnipw, Jayuunp Zuyuwunwinud hnok-
dbwnwnipghwyh qupgqugdwt gnpspupwght:

Unwbgpuyplr punkp. MAX-buq, duquhuuljwi hunnlmpinibiikp, tpliwpe, uhjhghnud,
wnhunwb, Uhjpnpitngbiwuy tljnpuyghtt wbhwhg, akpypoudubp:

Uhpusmpymit: Ujuop dbkd k hkinwppppmpinitp inp wnhwh dhwgmpymubkph’
MAX-duqbph tjundudp, npnup npuuynid i ndupwhw) ympbph npuupb b pig-
hwinip wedwdp Gjupugpdmd ko htnljw) pubwdlim] MaaAXs, npubny M—p
wlgnilught jupgh d-Ukwnwn E (ophtiwy, Ti, Fe, Mn, Cr, Co, Ni bt wyjt),, A~ wwp-
phipuljut hwdwlwupgh MU jud IVU Gupwjudph tiupp (ophtiwy, Al Si, Ge, S, Sn
b wy ), X—p wpuwsh Jud wgnn: MAX-$uqbipl mubl sbpinwynp hkpuwgniug
poiptnuihtt juonigwsp, npnignmd upphnughtt jud Ghuphnughte judpkpp
ojunubnpmu juhwn npuuwynpnipinit niikgnn [MeX] diny pudwtdws tu hpuphg
Untinptipnn A-h wunndubpny [1, 2]: Thpunwynp pnipbnuyhtt junnigduspp tdwiikg-
Ynud E judhttunnught junnygh, npomd quninud o dh putth mwulyul twindbnph
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hwuting MAX-$puigh hwnnhljubph obpuntp: Sunphhy wynuhuh junmgdusph MAX-
dwqbipp gniguptipnid o dbwnwnutph b jndynghnubph §ndphtiwgws hwnlynipe-
jnititkp. Up Ynquhg dkinwnbbph tdw mikh pupdp HEjupulub b duqihualob
hwnmpnibibp, Wniu §nqdhg Yndynghinbtph tdwh gusp nkuwlwpup Yoho,
pupdn wdpnipinit b wnwdqujunipyub Unnnt, gusp okpduyht pinupdwljdwb
gnpduijhg, Juyniunipinit opuhnugdwi b okpdwihtt hmupgwsh tfuwndwdp [3-5]:

Uglwnwiiph tyyunulj | uhtipbql) tpjup b uhjhghnid yupniiwlnn dwg-
thuwlwt hunnlnipnitibpny odndusd (Fe,Ti)s(Si,Al)C2 mnhyh MAX-$wq, hudwujw-
nwufuwh thnpbidwh Wynipkph Ti-h, FeSi-h, Al-h b wsuwsth Hyhunikyntyuhl
hwpwptpmpniuibpny ppwnunipnh pupapetipdwunhdutughtt hiptrwnwpudynn
uhlphkqh tnubwlny: Ujy byunwulnyg junwuplt o thnpdwpupulut hbnwgn-
wnnipjnibubp:

Munph npuspp b dbpnghljugh hhdiugnponudp: ‘Udnpbtph uhiptqh hudwp
oqunugnpéty ki htnlyuy thnohlikpp' FeSi - ®C-75 (25% Si), 2 ¢, nkjuuhuljub
wdhwsht (Unip) I1-701 dwljuhoh (99,5%, 2 «/fd), Ti IITC (Uwppnipniip 98%, dwu-
uhYyukph dhoht suthup 100 «/Zu), wymidht ITIA-4 (99%, 50 «fi): ‘Loqwus Wniphph
thnohutipp quuquéuyhtt npnowljh swthwpwdhibpny el i dbkwuulju
nwpugh dby Uhlsh hunfwubn quitqush unwgnidp: Uhtiphql hpuljwiwgty &
Uptunnpunuyght Lupdwt wuydwtbpmd tnhnwb-nEihnud hwdwanwsphg wyuwn-
nuuwngws pkwlinnpnid, nph Uk twjpuwgbu 1gdws £ wjuq: Udugh fEtinpnunud thnu
E wpdty), nph dbky mbnuynpdby E pnduwpupwninipyp: Opybu hwpnighs oqunugnps-
b k Ti b C-juwnnipnp: Shijugws jwpny uhqp kgpdnud FPU gnpéplpught: Upp-
dwtt whpp mwpwdymd k Jkpthg ubppl, b uhiptqynud £ hudwanyduspp: Ujpnudp
wnlky £ 25...30 ¢4, nphg htunnn hwdwdnjuspp uwnsnid b Ukumthjuljwt tyw-
twlny hwdwdniJusépt wupwwnyl] Lt jpwpwidhg b Eupwuplyl] JEpnisnipjut
nkunghtwdwuquyht mbwhqh tnpubwny: dSwquyhtt pununpnipjubt ntuntdtwuh-
noieniit hpuuwiwgyl) E nktngbiughtt Ultima IV (Rigaky) ghdpuljuinph dhengny
Cuke-unuquyptudp: ‘Ldnioubph Jupnigusph ntuntdtwuhpnipmnii hpuljuiiwg-
Jt1 £ «Mira» mbuwdpnn Eikjunpnuughtt dhpnulnwh dhongny «Tescan» dhpdugh
wpununypnipjut (Qkjuhw) «Aztec» wtwhquuuinnpny: fHU gnpéplpugny MAX-bwugh
unwugdw uwpph wohtwwnwpp tupugpdus k [6,7] wpjpwnwbpubpnid:

ZEnwugnunipyniutiiph wipyniuphbpp: (Fe,Ti)s(Si,Al)Cz putwdling MAX-$w-
qtiph unwgdwi hwdwp twpwyunpuunyb b ipkp punqugpoipgnit’ FeSi - 10, 20
1 30% wykjgniyny: Lujutwlwt pnjuwiwninipyp Wyuwnpuwunygl) k pununphsubph
nwpunbuwl vnkupndtnpughtt hwpupbpnipymatbpm] 3Ti-1(A1,Si)-2C-1FeSi,
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3Ti-1A1-2C-2FeSi, 3Ti-1A1-2C-3FeSi: Lunjwgnyt wprynitipubpp, hywbu Bupunpnud
Ep, unwgyly & 30% FeSi-h wbignihh nhwpnid, pwth np Jtpohtthu wkjugdwip
qniquhtip wybjugly k bwb bpuph yupnibwynipemiup, npt pp htppht hwigkg-
unud £ pupdn dwquhuwljut hwnlnipnitutipny hwdwdniusph nnugdwnp:

PPU dbpnyny Ytpp toyws upuntumprutnhg uinwugyty o dknwunuljut quiug-
Jwsubp, hbvnuquynid nputp oqunugnpdyt) tu npujtiu ntunidbwuhpnipjut ynip
wnwppbp whwjhqubph dudwbwy:

VY. 1-nud ubpjuyugyus ki uinugjus MAX-bwugh nknnghiwdpwquyht wmbw-
1hqh pkungklwgpbpp (w) b uquyhtt huqup (p):

§ * (Fe,Ti)3 (Si,Al)C2 *
g ®  Fe3si

g ™ A FeSSi * Pwtiwdlip, wup., %
= FeSi
£ 3t Fesi * (FeTL)3sAL SiC2 | 93%
2 _ ‘l} ‘ FesSi, FesSis. | 5%
% & | ‘ * FeSi

- A e Qs

£y Il Pt e f ‘ 0]l | @& A | TisSis 1o
2 AT l : -

3 |'L NS VAN J \ Ji o A JL A TiC 1o
~0 FresS{o 3\2—.‘2‘::3 S lng .”I == | = ] — ﬁ;r = I‘ - T‘J VI‘ — 1 = |. < 1 ‘7'V| =3

0p 0715035 | ) | | 1 1 | | |
26, wunpé.
u) P

Ul 1. FPU gnpéplipuigny uumugywé wpquiupph nkingkaghpn FeSi 30% wnjbjgnijh
plypnud (w) b puquypl fuqdp ()

Nhingbiupuquyhtt whwghgh nfjuyiiph hudwdw' uhbiphgh ympkpt bo
hhdtwlwu dwqp (FeTi)s(ALSi)Ce, (93 quig.%), kpjuph uhjhghnubtpp (5 quitg.%),
htsytu bwl mhwnwuh Yupphnp (1 quig.%) b uhihghnp TisSis (1 quitiq.%) (uly. 1p):

LY. 2-nud gnyg k nipdus Ti-Fe-Si-Al-C hudwjupgnid £FHU dkpnnny unnwg-
Jwé hhdtwlwt iyniph duykptinyph unnigduspn:

VY. 3-nud ubpuyugqus k dugbph withwjwuwp puppunidp hisybu hhduw-
Jut dwqh (ulh.3w) hwnplubpnid, wyuybu k) nkuwspnn dwipunhwnwlh vhpngny
unugud wuwnljkpubkpnud (y. 3 p):
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'..x-_:d’r a =
Y1000 10pm —— =5 JhE.

Ul 2. Ti-Fe-Si-Al-C hudwlpmupgnid bpniph dwlbplhngph jupnigjwépp vinugjus FPU
Ubpnyni

| Ty S—

[ pa~~rora |
100pm

100pm

Uy 3. Unwugyués MAX- pugh wlhwjuuup pusfunidp. w - hhdinulwi pugh
hunnpfhbpnud (x500), p - inyip hwinjués Fnkuwépny L Ejupniughl dwbpunphnulng

Pusyhtu Eptind E uly. 3w-hg, dknunuljut $uqp punjugus t hhduwlw
dwqbphg, hyybu twl tpuph uhihghnubph hwdwp punpny ub Yhnbkphg: Zudw-
ubnwugdwt gnpdpupugnmd Epuph unybhnubph dwqbph hnpowugqnbgnipmiut
nnklgymu k (Fe, Ti)s (Al, Si)C2) mhuyh whun (nisnyputph dbwdnpdwdp’ wuljw-
untt jurnigquébpny: Gplwph upihghnubpny hwpunugus puqh wnudkjuybu
nbnuijuyjws £ dknwnh hwnhih vwhdwuh Epuyupny: Uy puqbph hwnhlukpp
25...50 /fjf sathuh Lt b hunnwl] yywhwywiunud kb hpktug vwhdwbtbpn:
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Udtih unnyq quwhwwnbint hwdwp vnwgdws wpquupputph qupqugdut
pupwgpp b ubpypjwsd upjhghnubph pupjunidp pun yuhubph b duh, pnpdt B
Jipmdmput inp' dudwtiljuljhg Uhpnekngtwuytljnpughtt (UNRUU) wdunn-
dwn bnuitwljp: Uy Equuling wppounwtiph uljgpntiipn, npp dEpupbpnid £ juwn-
unipnubinh YEpnisnipjutp, ubpuyugyws t uly. 4 -nud:

Ul 4. vunimpnblbph ujunndunn Jepménipiniip. w - wuwnkph pudwbnidp nuowbph,
P -LyEunpnbbbph hligh wknuupnjunidp nupnhg nkwh quigywé, q - dwubplabph suhbph
npnpnidp, npp Junwpydnid Finipupwisinip dwuahfh Jpw B EGunpnabbph hioh pEljus
dwnwquyplbph [kinnpniugdundp pun pugkph, b ppa dhongny] punuapnippul npnonidp

UnNUU knwinulny

Unmnuuunid gnyyg £ wipjuwéd wnwbdhtt mwuppbph pwgjunidp MAX-$wugh
Jwuquh dbe puwn uykljnplbph: Unwbdbtwg]ws ki 3 uwykljunpubp:

Ugyniuwl
Swppkph paphwinip ywpniwlnienap
Uwytluph hwdwpp Al Si Ti C Fe
Uybklunp 1 0,54 22,65 7,68 1,18 67,95
Uwyhlup 2 0,6 22,84 6,85 1,33 68,52
Uytljup 3 0,38 22,82 6,76 0,93 68,95
Uhghtp 0,46 22,82 7,04 0,81 68,47

busytu Eplinud £ wyniuwlh pdtphg, hwdwdnuspnid wnwidhtt twp-
pkph puounudp tnyuybku wthwjwuwp b Zhdtwljuinid hwdwdnyuspnid gt-
nulonnid L uhjhghnudp (nly. 5w), Eplupn (0. 5p) b mhunwbp (WY 51) Upnudhih
puwwynipynip thopp k (Wl 5 q), npp, pun kplingphl, wwjdwiwynpdws b apu

Juwpudh ke wmugukiny:
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Ul 5. FPU dlpnnny uinugywd hnpdwliinionid nnupplph pusfuuénieiniip.

w = Si-h pupfunuip, p - Fe-h pupfunidp, g — Al-p puipfunidp, i — Ti-h puipfunidp

Ul 6.-nud ubpluyugjws Lt dhipnpbingbiwuybljunpughtt 4Epndnipiut
wpryniuplipp puwn 1 b 2 gdbph:

]
opm ' 10pm

Bce dnemenTu

man/cex

Ukphwbikpp
Ul 6. Upgpnpkiungkinuuy Enpughll JEppnidnipyul wpyniphkpp. w — dpish 9 U suhufpr
dwulihalph pupjujuénipiniiap (x5000) , p— dhish 9 U sunpup wnwowigus inp dwuihl-
blph pushnjuénipinilp (x5000), q —24...30 UG sunhup dwalhfhkph puspnjuidnipiniip
(x10000) , - Fe-h puppnjwdnipiniip, & — Ti-p pupjujwénieiniin , q — Si-h puspujudn: -
JrnLip
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bPusybu tpind E uly. 6-hg (ghé 1n, 2k b 3q), Uhjpnnkungkiwuytljnpught
Jhpnidnipjul wpymiupubpp gnyg ko wwughu, np hhdtwlwt bwqbpp Eplupn,
wmhunwtp b uhihghnidu G

Cuwn 1-gbh (Ul 6 w, g, i) 0...9 7/ swthubiph dwubhukpp gninid & hn-
Ungkll pugnid: Uwljuyts bplinud (Y. 6 1)), np Ynpbph nbupp thnpagnid -
Jws unp dwqbkph mnwpwmgdwt htwn:

0...9 i/ swhubiph dwuthlubpp qpunbgimd Bu pudujuuhtt ks wnhpnyp,
nnnip hhokigunid Bu Epljuph uhjhghnp (FesSis), npp Ypyugnid E twl 34...40 o/ nh-
noypoud: 24...30 fd swthuh dwutthljukpt wpwtdtwinid b inpugnjugnidutpny,
npnip dqynid L dhigh 34...42 #f/ mhpnypen: Uy uhjhghnubpp gninfnud Eu hndngku
MAX-pwuqnid: @6h ybplh dwunid tjundmd B ub YEnkp, npnup hhokgunid tu
mhunwth b wynidhth qubtwuqub Yupphnubp b upjhghnubp: 2w, pun Eplnypht,
Juuyduws E Epupny hwpniun upthghnubph gnnipjut htwn (FesSis, FesSi, FeSi),
nnnup niukl mwppbp swhubp:

Cuwn 2-g5h (. 6 ¢, &, q)' 8 ¢/ swthuh dwuthukpp quinjnid ki hningki
dwgnid: 8...9¢4d swthuh dwuthfubkph whpnypp juwquws k unp dwqbph wow-
owgdwl htwn, npnp wdwb b junpuwbwpnubph: Cun Epbnyphb, wn bwugqp hhotg-
unud £ wmhwnwith Yupphnp (TiC) b uhthghnp (TiSi2): 9...11 sunhuh dwuthljutph qpw-
nkgpwué whpnypp juwyyws E duquihtt hnthnpjumpyub htiwn: Uy §nugndbpunp
Juwws E Epljuph uhihghnh wniuynipjut htwn (FesSis):

Zhkwwqu 11...14 swihubp niukgnn dwubthubph $wquyhtt hnthnhunieniia-
ubkipp Juydws Eu unp pwgh wpwewmgdwt htwn, npp hhokgunid t Epjuph tnupih-
ghnp (FesSi): 14...15 swthuh dwuthljutinh qpuntgpué wnhpnypnid quutdnn wuppbpp
hhotkgunid ku tpiuph qubiwuqui mbuwlutpng hwpniun bwqtph gnynipmiin:
15...16 ¢/ suathuh dmutthljubp niukb jinpugus nbkup: 16...25 1 28...30 i/ swith-
ubp niiignn dwuthubpp punpny G hhdbwljwind MAX-$uqtpht: Upwutg wipub-
pnid 0...8 «/fu/ swhubip niubignn nmwpwspnud gniynud £ hnungh $uqp:

Ujuwhuny, Jupbih k wuk], np uvnugdus MAX - uqh nitith wthwujuuw-
puswth junnigwsp: Zhdtwlju hndnght quiqgudnid gunidnid Gt Yniinwlnid-
Ukp, npniip hhokghmu & kpljuph quituquin nwkuwlubpny hwpniun uhihghnitph
FesSi-h, FesSis-h i FesSi -h winljuynipiniun: 2h pugunynid twl mhwnwutth nt Epljuph b
wnidhth qubwuqub Jupphnubph b uhihghnubph weluynipinitp, hisybu nu
gnyg ktt mwhu nktngkwgpbpp (. 1p):

Bqpuljugnipini: ®npdtpp gnyg Eu wygky, np dbpnupihghnidh, whunwh,
wnidhth thnohkphg Yupkh £ uvnwbw; MAX-dwq (thnyy), (Fe,Ti)3(ALSi)Cz-h ny
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Uhuinwipp junnigjuspy quiigwd b nhiwth b kpluph uhihghnutph b jupphn-
ubiph mwpuwnbuwly whin (nwsnypubp: Zwupy b ok, np $wuqbph dhwdnpdwt pu-
pugpnid whinwbp b kpljupp gpubnpynd ko dhuinbuwly Yepyny uhihghnibtph b
Jupphnubph hwdbdwn:

Zupntwpkpyl] i uhiptiqynn dwqh (Fe Ti)sAlSiC: pnipbnuyht-qpubhljw-
Jwb hhdtwlwl wwpudtnpbkpp: Opnodt b np wye ibplujugmd b whtn jmémyp:
Uh unnigywépny, npuntn Ti b Fe wmunndubpp Juinbwynp YEpuyny nbknuluwus
kb Ubnunushuwstught skpunid” junnigduspmy mibugny] hw]wuwpugnp hp-
ptp: Gpljupeny hwpniuwn uhjhghnubph wejumnipniap vnugdus MAX-duight hw-
nnpynud £ dwqihuwljut hwnlnipniuibp: ipghthu uinugnidhg hbnn dwdjdwt
Sutwyuphny unwgynid £ yymiph thnoht:

Ujuyhuny, $tpnupjhghnidh, nhnwtih, wynidhth, wspuwsuh FPU dkpnnny
thnohukph hmwntnipnhg Yunpkih £ unwbwg thnpktdwb quiugws, npp qupnibw-
Ynud E 93% MAX-pwq pununpnipjudp, (FeTi)s(AlS))C2 b 7% quuqush suthnyg
Ukpuenidibp: dpuip hwpniun ko bpljuph pmpbnbbpny FesSis, FesSi L FeSi,
npnup Wyniphtt hunnpnnud b dwqhuwljui hwnlnipmiitbp: Mupnibuldnud B
twl hhdtwljut $wuqnid $inidynn TisSiz b TiC 2%-h swthny:
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Zuyuunwh wqquyhtt ynjhunbuthjuiut hwdwjuwpu: Uniep tbpiuyugyt] &
Judpugpnipinii 06.12.2021:

H.I'. CAAKSIH

HNOJIYYEHUE U UCCJIEJJOBAHUE CBOMCTB KEJE30- U
KPEMHHUMCOJIEPKALIAX MAX-®A3 METOJI0M
CAMOPACITIPOCTPAHAIOIEIOCA BBICOKOTEMIIEPATYPHOI'O
CHUHTE3A

OO6cy>)natoTcs BOIIPOCHI MOMYYEHHSI X UCCIIE0BaHNs CBOHCTB HOBOTO KJIacca MyJIb-
TU(QYHKIIMOHAIBHBIX KOMIIO3UTOB C HCIIOJIb30BAHHEM CaMOPACIPOCTPAHSIOMIETOCs BBICO-
koTemreparypHoro cunre3a (CBC) pasnnuHbpIx MeTauindeckux nopomkoB. K kmaccy ta-
KHX KOMIO3HUTOB OTHOCATCI MAX-(a3sbl.

IMposenen cunre3 MAX-da3 tuna (Fe,Ti)3(Si,Al)C, myrem CBC cmecu Ti, FeSi, Al
" yrjiepoaa B 9KBUMOJIAPHBIX OTHOIICHUAX. CMHTCSI/IpOBaHHaﬂ OCHOBHas (1)338. IPOSABIIACT
MarHuTHBIE CBOICTBA Oaroiapsi CoAepKaHuIo Jkele3a U KpeMHHS. DKCIIEPUMEHTHI ITOKa3ally,
YTO U3 CMECH MOPOIIKOB (hepPOCHIIHIINS, THTaHA, alFOMUAHMS, yriiepoaa meronoM CBC MoxHO
MOJIYYHTh TIOPOIIKOOOPa3HYyI0 OCHOBHYIO Maccy, cozepxarnyro 93% MAX-da3oBoro cocraBa
tuna (Fe,Ti);(AlSi1)C, mo macce u 7% BHenpeHwmii, OoraTteix Kpuctamuiamu xeine3a FesSis,
Fe;Si u FeSi, xotopbie mpumaroT MaTepually MAarHHTHBIC CBOMCTBA, a TakXke COAEPIKaT
HepacTBOpHMEIe B 0cHOBHOH (aze TisSi» m TiC-2% mo macce.

MuxkpocTpykrypa Takoro MAX-maTepuana, CHHTE3UPOBAaHHOTO METOAAMHU MOPOII-
koBo#t Metawtypruu (CB cuHTe3a), UMEET CIIOMCTYIO, TAMHUHATHYIO TIPHPOLY U MOXKET CTaTh
XOpOIIMM CBHIPbEM JUISl JAJIbHEHIIETO JIETUPOBAHUS JAHHOTO COEAMHEHUS C PAa3IHMYHBIMU
MeTaJlJIaMH C 1IeJIbI0 Pa3BUTHSI TIOPOLIKOBOW METAJUTypTUi B APMEHUH.

Knrouesvie cnosa: MAX-(aza, MarHUTHBIE CBOICTBa, kKele30, KPEMHUM, THTaH,
MHUKPOPEHTI€HOCTPYKTYPHBIN aHaIIN3, BHEIPEHHUS.
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N.G. SAHAKYAN

OBTAINING AND STUDYING THE PROPERTIES OF IRON AND
SILICON-CONTAINING MAX-PHASES BY THE METHOD OF SELF-
PROPAGATING HIGH-TEMPERATURE SYNTHESIS

The paper discusses the preparation and properties of a new class of multifunctional
composites, which are obtained by high-temperature self-propagating synthesis (SHS) of
various metal powders. The class of such composites includes MAX phases.

The aim of this work is to synthesize a MAX-phase of the (Fe,Ti)3(Si,Al)C, type by
self-propagating high-temperature synthesis of a mixture of Ti, FeSi, Al and carbon in
equimolar ratios. The synthesized main phase exhibits magnetic properties due to its iron
and silicon content. Experiments have shown that from a mixture of powders of ferrosilicon,
titanium, aluminum, carbon by the SHS method, it is possible to obtain a powdery base
mass containing 93% of the MAX-phase composition of the type (Fe,Ti)3(AlLSi)C, by
mass, and 7% embedded in rich crystals iron FesSis, Fe;Si and FeSi, which impart magnetic
properties to the material, also contain TisSi, and TiC-2% by weight insoluble in the main
phase. In order to accurately assess the size distribution of embedded products in the main
phase, a new analysis method was chosen - modern automatic microradiographic analysis
(MRSA). The principle of the analysis was presented.

The microstructure of such a MAX material, synthesized by powder metallurgy
(SHS synthesis) methods, has a layered, laminate nature and can become a good raw
material for further alloying of this compound with various metals for the development of
powder metallurgy in Armenia.

Keywords: MAX-phase, magnetic properties, iron, silicon, titanium, X-ray diffraction
microanalysis, rooted.
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UNMELUSPUL 26SULNSNRESNARULLEMNRU ZUUULNFER LBNEReh
SPohYUUGIULPYUYUL ZUSUNhEBNRLLENP NMNTNORUT

Npnoyly Eu dwdwjuwyhtt $hqhjuub Unphjudnpdwit hwdwp punpdus hwdwpdbp
ymph $hahjudbiwhyulwh b nEdnpulwughnt pimpugpbpp’ tdmotph myhn b kpunwbgp
Jupuwb tnwtwlny jwpnpunnp thnpdtph junwpdwy thongny: Yuwnwpyws jwpnpunnp
htwnwgnunipniutikpp gnyg B nydl), np wnlw k pwwn phs mupptpnipinit hwdwpdtp yniph

uwhph nhdwnpnipjub ninhn Yupnidhg b inpwnwigp thnpdwpyniudhg uvnugdus punipwg-
rhsutiph dhol: 8nyg b wipyky, np dhqhjuljwt dnpbjuynpiwt hwdwp piinpyus hwdwpdtp
niph wdpnipjwl punipugpbpp (bkpphtt othdwb wulniup b juwwlgyusnipniup) hw-
punnp E npnoly thnpp nE$nplwghwibph thundudp qquymt’ dudwiwljulhg jupnpunnp
ninhn Jupdwi b kpwnwigp thnpdwuwpptph dhongny:

Unwigpuyhlé punkp. hwdwupdtp wnip, ninhn fupnud, tpwnwbgp uwpp, tkppht
othdwl wlnil, juwwlgyusdnipnii:

Ukpwbnmipnil. Gpljpudbuwihiulwt dhpwjuypnid pipugnn dkwtihljw-
Jwl gnpépipwgitph nuuntdbwuhpnpjul hwdwp hwpnih b nwppbp dkpngibp
hhdudws pujut ntumdbwuhpmipiniiubph, mkuwut b gepniswjut tjupu-
gpnipniuubph, hsyhu twl dnpkjught hblnwgnunipmniuubph junwpdwt ypue:
Unnbjughtt hbnnwgnunipniiitph nhypmd wnwidiwhunnntly bpowbiwlnipenit nith
huwdwpdtp yniptph Jhpundwdp tpjpudbluouthjuljut hbnwgnunnipmiattph wwp-
ptip thnytph Juunwpnudp $hghjuljut dnpjudnplwt dkpnnutpny, npnup ukplu-
midu quy mupwdmd Eu qunky (Entiught bpypudkiwthjuljwt ypngtutbph ntund-
twuhpmpiniutbpnid: Shqhjuljut dnpijwynpiwt Empiniut wyt £, np npgws (En-
twjhtt wmyuwpuyhtt quiqyuény ubpjuyugdus Eppudbjumuhjulut vhowduypnid
pupwugnn dbjumhjuwlwb gnpépupwugubph, wmywpughtt quiugquénid jupjusw-
nhdnpdwghnt punipwugpbph ntuntdbwuhpnipniuibph hwdwp hwdwpdtp Wyniph
ogquiuugnpduwdp junwpynud Eu dnghjuyghtt hbnwgnunnipnitubp: Unnljh wun-
puundwt hudwp hpwnynid £ hwdwpdtp Wynip, nph dkuwithjuljut hwnlnipe-
bkt pinpynud ki hwodh wntbym] huynih tdwbinippub suwbhoubpp [1]:

Ltintuyhtt wywpuyhtt quuqush bhqhjudbuiwthjuljut gniguthyubpp
hwdwpynid kb qjfjuwynp gnpénuiibphg UkYp, npntp pinpugpniud G dnpbjudnpynn
Epypudtpwthjulwut Jhpwduypnd pupwugnn gnpdpupwugubpp: Unphjudnpdui
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htwnwgnunnipnitiibph hhupmd puljws k {Eptughtt wmuyqupught qubqgush b hudwp-
dtip yniph Phqhjudkwthjuljwt puinipugptph dvhob wniju hwpwpkpuljgnipmii-
ubkph unbindnudp:

‘Lupujhuimd junwpyws jupnpunnp b quonught thnpdwpynudubpny npno-
b1 B Pwowputh puguhwiph hwpujupbdnyut Ynnnid mupwsynn wuupukph,
husytu twl Epjpupwtuljut pqduspnid wnlju juduyhtt b pwpondws juqune-
piwdp ymptph dhqhljundbuwhyuljut pinipugptpp [2):

dhqhjuljut dnpbjuynpdwt nypnid hwdwpdtp wniph punpnipnlup pon-
unwd E qquith wgpbgnipnit wyu jud wyt jpugph hunwly jnusdwt ypue: dShqhlju-
Juit dnpijwynpiwdp (Entughtt wyupuyht quiquénid niumdtwuppynn fjutinph
nwsdwt b hwdwpdbp Wyniph punpnipyut dudwbul withpuwdtown b pupdpugly
wwwpuihtt quigwsh dhqhjudkwthjuljut hwnmpmpniuibph npnodwt £ounnt-
pintup: Ukjuwthulwb gnpépupwugubtpn unpbjuwynpbihu wthpwdtown £ wuuihn-
Jt hwdwpdbp tymph $hqhjudbumbhjulul pinpugpbpp’ pun tlwin ppul
swthwithpkph. pun ubnidwi, dquwl b uwhph wdpnippul, tul wewdquljuinp-
jutt Unnnip, Swjwjuyhtt quuqyusyp, juyulgjusnipniup, yjuunhlnipmniup: dh-
qhjuljui Unphjuynpdut dudwbwl] withpwdtow L dnnkth hwdwpdtp Wynipnwd b
phwljut wuydwbbbpnid pun dbdnipjut yuhuwwl] Mntwuunth gnpdulgh b ukp-
pht othdwb wiljjut tdwinipiniiup [3]: Cunhwinip wpdwdp hwpnth E, op dnpbjw-
jht hbnmwgnuumipnibitbpnd ndqup £ wwhywubl] hwdwpdtp yniph wdpnipyui b
nhdnplughntt hwnuhoubpp, ntunh junphnipy £ wipynid wnwdtwgubk] wnwe-
tuyhtt b Epypnppuljub gniguthoubipn:

Zudwpdtp Wniph uwhph ghdwnpnipmiip b Swjwuyhtt quuqusp npny-
Yt kU hwdwdw gnpénn tnpdwnpduyhtt hwunwpnpiph ywhwietbph, dwu-
twdnpuytiu, oquuugnpdyly L wdnipubph ninhny updw thnpp jupnudubph tjuwn-
dwdp qquynitt uwpptp (MatTest-h pnquplus ninhn jupdut dudwbuljuljhg qqu-
it thnpdwuwnpp):

Nugph gpjwsépp b dkpnghljurh hhdtwdnpoudp. Owjwjughtt hghjuljub
Unpbjunpuuitt Loinmpjut pupdpugdut tyunulng wnwewplynud E npnoby plwnp-
Jwd hwdwpdtp yniph dhqhijudbjpwmthjuljut ptinipugpbpp dwdwbwlulhg jw-
popuwwnnp ninhy juipdwi b Epunwigp jupdwt thnpdwuwpptph dhongny:

dhqhjujut dnpbjwynpdwt hwdwp npybku hwdwpdtp Wynipe puwnpdby k
gt wywqp, npp Yubhowy ugby b judught dwuthyubph weyugnipgnibp pa-
guntint hwdwp, hugp tpwbwlwihg wqpgnipmnitt nith hwdwpdbp wyniph Juw-
wuljgyuénipjut Ypu: @npp dwuownwph Unphjubph Jpw jupnpuwnnp thnpdwp-
Ynufutiph junupdwt dudwtul] hwdwpdtp yniph yuunpuundwt hadwp junp-
hnipg E wipynud Yhpwnky 0,20 #ifhg gusp hwnhljubpny dwpnip ghwnughtt (Jug-
Jws wjwqp (Epp punpduws dwupnwpp thnthnpugnmid k 1:100-hg 1:500 vwhdwbik-
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powd) [3]: Zwdwpdtp Wniph Juyulgdusmpjub pupdpugdwt hwdwp npytu
Yuuulyguitymp dkp Ynnihg punpt) Eunputudnpdunnpught junp:

ZEnwgnuinipjwb wpymapubpp. Lnpuw jupjusnipjui dhtiingt wpdtph
nhypnid jupdwt vwppnid huwdwpdbp yniph uljqpiwljut b JEpgtwlwb uwnnipe-
mibibpn wowbwlwhnpbt wgnnud B Unnijuynpdw wpgynipubph Jpu: Gnpdwt
vwppnid hwdwpdbp Wyniph dhohtt funipniup wkwp k 1hth hwjwuwp dnpbnud
Wyniph punnipjup, b wjt jupduws E pnugdut dudwbwlhg: Ujuybu, fupdut
thnpdwuwppnid uwhph nhdunpmipjut withnthnp wpdbiph wywhnydwt hwdwp
hunphnipy £ wnpynud wyuwhnyl] hwdwpdtp yymph twhtwjut punwugnd iququ-
gnyjup 5 b wbkih pnybk mbnnnipjudp (4], hul Swjwuyhtt unkunnid qpuydhwnw-
ghnt nidtiph wqpbgnipjut il hwdwpdbp wynipp pnnuk] 2 op, hyp (wpnpunnp
thnpdtph junupdut dudwbul yuwhywidby b

Uphumwnnwiipnid 98 : 2, 96 : 4, 94 :6 1 92 : 8 hwpwpkpuljgnmpjudp hwdwpdtp
wnipbph uwhph nhdwnpnipnitubpn, thnpp jupnidubph wejuynipjut wWuydwi-
ubtpnud, npnoydty Eu dudwiiwljuljhg ninhy jupdwt jupnpunnnp qquyntt thnpduw-
uwippny, npny ppwlwbwgynid E phinpdus hwunwnnis jupdwh wpugnipudp
hwdwpdtp Wyniph ninhn Yuipnud, hulj onpwthnn jupjusmpjut b nhdnplwughugh
wpdbpubpp tkpuyugynid Eu ndjubkph ponpupiuut hwdwwywnwupwt hwp-
puynid: Ninhn Yupdwdp thopap juwnwpyt] E ASTMD 3080/3080M-11 utnnwitipuipinh
unpdunhyuyghtt yyuwhwetbphtt hwlwywinwuwpwb: VY. 1-nid pipdus L 96:4 hw-
nupbpulgnmpjudp hwdwpdtp Wniph ninhn jupdwdp vwhph wdpmipjut npuljw-
Qb punipwghpp:

£
9=33"42" z

C=1.014Mw = = J727x+ 11182

e e 015 e

- — — o y ¥ =0.635x + 9.1973——
- ™
=
ok [= g
Yunpdwl nE$npdwghw, Ju Nunnwahg pupdwdnipgndy, §Mw

——nqwahg pEnlnudp hwdwuwp b 104.1 7w Ninnwahg pnunup hwjwuwn £ 208,21 §Mw
Nunnwahg pnunudp hwdwuwp E416,21 [Tw

Ul 1. 96:4 hwpwpbpuwlgnipjudp hudwupdbp yniph nighny hnpdwdp npulwlwi
phnipughpp b wnkupp ninhn fnpnidhg hlun
Npnoyby G bl Jepinud pipduwsd snpu wwppbpuljubph hwdwp hwdwpdtp
Wyniptph wdpmpjui pimpwgphsibpp’ pun Yniunjhqugdus b npugwus ow-
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nwigp ubnudwup jupnpunnp thnpdwpljudwb, hwoyh wntiking dnpbjughtt unbkunnmd
gnpénn Ynnuyht dupdwb dhghtugdus wpdtpn: 96:4 hupwpbkpulgnipjudp hwdwp-
dtp Wyniph Enwnwugp Juipdwdp vwhph nhdwnpnipjubt npujuwt punipwghpp
pEpqus E uly. 2-mud:

3
g1
I P - ™
!_:' / \h.-_-” L
Zl. 4
el /
-3 0B '_J--v-""-'\-ﬂq._
9=35"48' ' z usV B S e =t
3
b TSN [ T2
AT i
R F
[ TN
18 16 14 12 10 08 06 04 02 DOME+0 200E02 400E-02 600E02 BOOELZ 100E01 120E01 140E-01 1.60E01
Nuanwaheg (upJwsnoends, Unw Uliwg. nunnwahg nE$npiwghw, ud

| e DNPAWNYNLY 1 == DnpAwnYnL 2 s Onpawnynud 3|

Uy 2. 96:4 hupuipkpulignipjunlp hunluupdkp lynijph Enwnuiigp ihnpdwpldundp uwhph
phuwnpniprul phnipugpkph npnonidp
98:2,96:4,94:6u92: 8 hupupkpuljgnipjudp hudwpdtp yniptpnh Shghlju-
Juit b ndnpdwghnt puimpwugpbpp npnodby B tinpdwnhyuyht unwinupunibpht
hwdwywunuwupwl, b punipwugpbph wdpnnewljut mbupp ukpjuyugus L wn.
1-nud:

Unniuwly 1
Zunlupdbp tyniph ppghlwmlmi b phpnplughnh pinipugplpn
LgJwdph
owydwjwjhl | SGuwlwn Swpwpbpwlw | 3wwnhuwswthwwl Yuad, vu 3nitugh
Swnpwpbpwy- Swdwwihu owynu. MnLwunlh
nLIntl, % qulugywd, | wp Uzhn, quiliqyud U tunntejnd, annbwlhg dnnnyy, anndwlihg
9 ’ q/uur3 | g/uuh3 ’ 9% D10 D60 Unw
q/ud"3
98:2 1.68 0.55 34.050 0.331
96:4 1.70 0.60 30.300 0.353
2.79 1.42 54.62 0.30 0.70
94:6 1.74 0.64 27.750 0.320
92:8 1.80 0.66 25.900 0.343

Judwpdtp Wymph wdpnipyul pimpwgphsiipp unwgdws jupnpunnp

qinqquynit thnpp jupnidubph tjundwdp ninhny jupdwt b Enunwigp thnpdkph
wpryniupnid, tEpjuyugdus ki wr. 2-nud:
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Unniuwly 2

Zunlupdbp byniph wdpnippul phnypugpkpp  npnojwé niphy Gupdwl b knupwbgp
thnpdkph wpgniGpnid

Lhpehl zthJwl wliyndup, | Ywwywlgdwbnegniip,

Y .
LUUanLUHﬁLU wun. g *nd/ud2
Swdwndtg LquJ]ﬂr:rlj-JLu Twiwiwjhl
. gy,
HE:ZE Unuggniip | Nnhn | Gnwnwiige | Nhn. | Gawnwlige qifﬂz

puwn pwizh, | Yuapdwdp Junpdwdp Yunplwdp Yunplwdp
% thnpawnpynud| thnpawpynd [ thnpadwplnwd [thnpawplned]

2 33.07 35.95 0.19 0.55 1.68
gl
wijwig, 4 33.42 35.2 1.01 1.5 1.7
npwudnp-
Jwinnpuwghl 6 31.23 33.65 1.79 3.6 1.74
Jnin
8 30.47 32.3 3.77 5.35 1.8

Gopujugmpni . Unwewplyty E dpghljuljuis Unpljudnpdwt hwdwp plunp-
Jwd hwdwpdtp ymph bhqhiudbhwuhjuljut b npEdnpdwughnt ptinipwugphsubpp
nnnok] thnpp jupnidubph tjundwdp qquynit ninhy b kpwpwgp Jupdwb jupn-
nuwnnp thnpdwuwpplpny: Gnunwigp uknuuwdp (hwoyh wntbny Ynnuyht £upnidp)
uunioh Jupdwib nhypnid unwugymd Eu wykih pupdp tkppht othdw wulniu b
Juwywlgusnmpmi hwdbdunws ninhn jupnidhg uinug]ws wpnynibpbtph hbn:
Utp ynnuhg wnwewplynid E hwdwpdtp yniph wdpmpuu b ghdnplughnt punt-
pwugptpp npnoky wdnigh ninhn Yupdwh dkpanny, hull wpyniupubph pupénp hnt-
uwihnipjut wywhnydw hwdwp wjt hwdbdwwnt) bdniph tpwnwigp updwdp
unwgyud wpyntupubph htwn:
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JLA. MAHYKSH, B.B. OBAKHUMSIH

ONPEJEJEHUE ®U3UKO-MEXAHUYECKHUX CBOMCTB
IKBUBAJIEHTHOI'O MATEPHUAJIA B MOJAEJIBHBIX UCCJIE/JOBAHUAX

st 00beMHOr0 (PU3NUECKOro MOJICIIMPOBAHUSI OTIpeielieHbl (PU3NKO-MEXaHUYECKHUEe
U ae(opMalIOHHBIE CBOMCTBa 00pa3lioB BHIOPAHHOTO SKBUBAJIEHTHOTO MaTepHalla METOI0M
11a00PaTOPHBIX UCTIBITAHUH OJHOIUIOCKOCTHOTO M TPEXOCHOTO cpe3oB. Pesyinbrars! nabopa-
TOPHBIX HCCIIE[OBAHMI ITOKA3ald HE3HAYMTEIbHYIO PA3sHUIY MEXIY XapaKTepUCTHKAMH
OJIHOIUIOCKOCTHOTO M TPEXOCHOTO cpe30B. Iloka3aHo, 4TO MPOYHOCTHBIE CBOICTBA (yroi
BHYTPEHHETO TPEHUS M CLEIUICHHE) BBIOPAHHOTO SKBHBAJIICHTHOTO Marepuana il (pu3u-
YEeCKOTO0 MOZCIMPOBAHKS MOXKHO OIPEHENIHTH C MOMOIIBI0 HOBEHIINX J1a00paTOpHBIX MPHOO-
POB OJTHOIIOCKOCTHOTO ¥ TPEXOCHOTO CPE30B, KOTOpHIE 00IaatoT OOJIBIION YyBCTBHTEIBHOC-
TBIO K MaJIbIM 3HAYCHHUSIM CPE3HBIX yCHIINH.

Knrouesvle cnosa: >KBUBAJICHTHBIM MaTepual, OJHOITIOCKOCTHOW Cpe3, TPEXOCHBIH
npuoop, yroi BHYTPEHHETO TPEHHs, CLEIIICHUE.

L.A. MANUKYAN, V.V. HOVAKIMYAN

DETERMINING THE PHYSICAL-MECHANICAL PROPERTIES OF THE
EQUIVALENT MATERIAL IN MODEL INVESTIGATIONS

For volumetric physical modeling, the physical-mechanical and deformation properties
of the equivalent material for 3D physical modeling by direct and triaxial shear equipment
in laboratory conditions are determined. The results of laboratory tests showed an insignificant
difference between characteristics obtained from direct and triaxial shear tests. It has been
found that the strength properties of the equivalent material, such as internal friction angle
and cohesion, could be defined by modern, laboratory direct and triaxial equipment which
possesses high susceptibility to small shear strains.

Keywords: equivalent material, direct shear, triaxial eqiupment, internal friction angle,
cohesion.
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I''A. ATAPOHSIH

HOBASA METOJIUKA PACYHETA ITIAPAMETPOB BYPOB3PbIBHBIX
PABOT HA KAPBEPAX

[IpakTuka BeaeHHs B3PHIBHBIX PabOT M aHANM3 JMTEPATYPHBIX AaHHBIX B 00ONACTH
YIpaBJIeHUS] SHEPTUEH B3phIBa CBUJIETEIBCTBYIOT O TOM, YTO CYIIECTBYIOIINE PEKOMEH/1a-
LM TI0 OIIPENIENICHUI0 TapaMeTpoB OypoB3peIBHEIX padoT (BBP) Gasupyrorcs Ha psine npu-
OJIDKEHHBIX SMIIMPUYECKUX U I€OMETPUYECKUX 3aBUCHMOCTEW. B pesysibrare mapamerpsl
BBP paccunTbiBatoTCsl IPUOIMKEHHBIMU 3HAYEHUSIMU, YTO OTPULIATEIIBHO BiUseT Ha 3 dek-
TUBHOCTb B3PBIBHBIX PaloOT.

Cuutaercss OOMENPUHATHIM, YTO YICNBHBIA pacxoj B3peiBuaToro BemecTBa (BB)
SBJICTCS OCHOBHBIM TE€XHOJIOTHYECKHM (PaKTOPOM PEryIMpOBaHMs KauecTBa APOOJIECHHs, 1
HE3aBHCHMO OT (PU3MKO-MEXaHMYECKHX CBOMCTB B3PHIBAEMOI0 MACCHBA, YBEINUCHHE YICIb-
HOTo pacxona BB mpuBoaUT K ynydIIeHHIO CTEIIeHH ApoOieHHs nopoapl. OIHAKO peryiiu-
pOBaHMe KauecTBa APOOJICHHS B TPSLIMHOBATHIX ITOPOAAX ¢ H3MCHEHNUEM BEJIMYHMHBI Y/IeIIb-
Horo pacxozna BB Becema orpannieHo.

AHanu3 CyIecTBYIOINX METO/MK TOKa3all, 4To pacyeThl napamerpoB bBP ocHoBaHbI
Ha ONpe/eNIeHNH YIeNbHOr0 pacxoja BB 0e3 ydera TpemnMHOBaTOCTH M aKyCTHYECKOU
’KECTKOCTH B3pPBIBAEMOI'0 MacCHBa, YTO HE MO3BOJISET MOJIYyYHTh B3OPBaHHYIO Maccy Tpelye-
MO KYCKOBATOCTH, IIOCKOJIbKY TPEIIMHOBATOCTh, CIIONCTOCTh M aKyCTHUYECKasl )KECTKOCTh
B3pbIBA€MOI'0 MacCHBA SIBJISIOTCS OCHOBHBIMH HOCHUTEJISIMU SHEPTHHU B3PHIBA.

B craTbe npensiokeHa HOBask METOMKA pacyeTa napamMeTpoB OYPOB3PBIBHBIX PadoT,
YUYHUTBIBAIOLIAs CTPYKTYPHBIE OCOOCHHOCTH, IPOYHOCTHBIC XapAKTEPHCTUKH U T€OMEXaHH-
YecKHe CBOMCTBa B3PHIBAEMOTIO MacCHBa, YTO MO3BOJISAET B KOHKPETHBIX YCIOBHSX pa3pada-
TBIBAEMOT'0 Kapbepa MMETh pa3Bal B30PBaHHON MacChl TpeOyeMOoil KyCKOBAaTOCTH.

Kniwouegvle cnoga: TpemMHOBATOCTh, aKyCTHYECKast )KECTKOCTb, B30pBaHHAs Macca,
OYpOB3pBIBHBIC PAOOTHI.

Beenenue. KauectBo npo6ieHHs M KOMIIAKTHOCTh Pa3Bajia B3OPBAHHON MAacCChI
MIPH MacCOBOM B3pBIBE Ha Kaphepax OMPeAesioT 3P GEKTUBHOCTS B3PBIBHBIX PadoT
Y 3aBHCSAT OT LIEJIOTO Psiia PaKTOPOB MPUPOIAHOTO U TEXHOJIOTHUECKOTO XapaKTepa.

OCHOBHBIM TEXHOJOTHYECKHM (PakTOpoM Ipu pacuere mapamerpoB BBP
cumTaetcs yaenbHBIA pacxon BB. B mpaktuke Tpecta Coro3p3peiBnpoma [1] pac-
yeTsl napameTpoB bBP ocHOBaHBI Ha ompenencHuy yIenbHOro pacxoga BB B 3a-
BHCHMOCTH OT KPEIOCTH Topo1. B 3ToM cirydae yaenbHbIH pacxon BB BeiOupaetcs
0 MPOYHOCTH MOPOJILI O€3 ydeTa TPEIUHOBATOCTH MaccuBa. CyIecTBYeT MHEHHUE
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[1], a0 ynenbHBIN pacxon BB sBiseTcs OCHOBHBIM HOCUTEIEM SHEPTUU B3pBIBA, U
3a CYET U3MEHEHUS YJIEeIbHOro pacxoga BB M0XHO MOIy4YnTh B30PBAaHHYIO Maccy
TpeOyemoi KyckoBaTtocTu. [Ipy B3ppIBaHHM B MOHOJIMTHBIX CpeAax 3TO MOJ0KEHUE
CUHTaeTCs] IPUEMJIEMbIM. B TpemmHOBaThIX Cpefax cTeneHb APOOJICHHS 3aBUCUT
OT MHTEHCUBHOCTH TPEIIMHOBATOCTH MacCHBa U PE3KO CHIKAETCS C €€ YBEINIECHHEM.
CrnenyeTr OTMETUTh, YTO IPH B3PBIBAHUU B TPEIIMHOBATHIX MOPOJAX ONpeieiIeHUE
BEIMYUHBI yAETHLHOTO pacxona BB 6e3 ydera CTpyKTypHBIX 0COOCHHOCTEH W reo-
MEeXaHU4YeCKUX (PaKTOPOB B3PHIBAEMOI'0 MAacCHBa HE MOXKET CIY>KUTh OCHOBAaHHUEM
IUTS BEIOOpA ONITUMANTBHEIX TTApaMeTPOB B3PHIBAHUSI.

Psin aBTOpOB [2-4] B pe3ynbTaTe TEOPETUUSCKUX UCCICAOBAHUN MPEIararoT
pacueTHbie (HOPMYIIBI U ONpeneNeHus yaeapHoro pacxoaa BB B 3aBucumoctu oT
TPEIIMHOBATOCTH (0JI0YHOCTH) B3phIBaeMOro MaccuBa. OIHAKO MPEITOKCHHBIE 3a-
BHUCUMOCTH TIPY NMPUMEHEHNH Ha MPOU3BOACTBE, B OCHOBHOM, COIPOBOKAAIOTCA 3HA-
YUTETHHBIMU PACXOXKACHUAMHU. DTO OOBACHSIETCS TEM, YTO B PACUETHBIX (hopMymmax
CTPYKTYpHBIE M TEXHOJIOTHYECKHE (haKTOPHI MPEICTABICHB SMIUPUIECKIMH KO-
¢unreHTaMy, IMEIOIUMY IUPOKHUN AMAa30H W3MeHeHHs1. VIX yTouHEeHne sl KOHK-
PETHBIX TOPHOT€OJIOTUYECKHX YCIIOBUIT TpeOyeT MPOBEACHHS ONBITHBIX B3PHIBOB.

AHanv3 NMUTEpaTypHBIX NAaHHBIX B OOJIACTH yNPaBJICHUS dHEPTueil B3phIBa
CBUJETEIBCTBYET O TOM, YTO CYLIECTBYIOILINE PEKOMEHAINH 10 ONPEIEIECHHUIO Ta-
pameTpoB OYpOB3PHIBHBIX PadOT 0a3upyrOTCS Ha psjie MPUOIMKEHHBIX AMIIHPUYIE-
CKHMX U F€OMETPUYECKUX 3aBUCUMOCTEN. B pesynbrare mapamerpsl bBBP paccuunts-
BalOTCS MPUONMKEHHBIMU 3HAYCHHUSMH, YTO OTPHULATEIBHO BiIUSET HA 3(PeKTus-
HOCTH B3PBIBHBIX PaboT.

Hcxons u3 BeIIEN3I0KEHHOT0, pa3paboTka HOBOW METOIMKH pacueTa mapa-
MeTpoB bBP, yunTthiBaromield cCTpyKTypHBIE 0COOCHHOCTH, IPOYHOCTHEIE XapaKTe-
PUCTHKH ¥ T€OMEXaHUYECKHE CBONHCTBA B3PHIBAEMOTO MACCHBA, SIBISIETCS aKTyallb-
HOU 3a7adeil.

IHocTtanoBKa 3a1auM M 000CHOBaHME METOAMKH. AHAIU3 BEIACHUS B3PbIB-
HBIX paboT Ha Kapbepax MOKa3bIBAeT, YTO B MOHOJUTHBIX MOPOJAAaX Ha KadyeCTBO
IpoOIIeHNs] B30OPBAaHHOW Macchl BIUSIOT mapameTrpsl bBP. Cnenyer otmeruTs, 4TO
¢ M3MEHEHNEM TTapamMeTpoB bBP MOXHO MONy4YuTh B30OPBAaHHYIO Maccy TpeOyeMoi
KYCKOBaTOCTH.

IIpu B3pbIBaHMU B TPELIMHOBATHIX MACCHBAaX IyTEM U3MEHEHUS MapaMeTpOB
BBP, 6e3 yueTa TpemuHOBaTOCTH ¥ T€OMEXaHHUYECKUX CBOMCTB B3PHIBAEMOTO Mac-
CUBa, HEBO3MOXKHO YIYUIIIHTh KauecTBO ApoOiieHns. B 3ToMm ciydae memecooOpa3Ho
OCYLLUECTBIISITh U3MEHEHUE PACHPEIECICHHS SHEPTUH B3pbIBA B pa3pylIacMOM Mac-
CHBE 3a CUET U3MEHEHUs IapaMeTpoB pacnosoxkeHus 3apsaos BB. [lapamerps! pac-
noJyiokeHus 3apanos BB B pa3zpyiiaeMoM MaccuBe 3aBUCAT OT AUaMETpa CKBAKUHHOTO
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3apsga BB, 6puzantHocTn npumensieMsix BB (ckopocts neronanmu BB), crpykTyp-
HOW OCOOEHHOCTH (TPEUIMHOBATOCTb, CIOMCTOCTh, aHU30TPOITHOCTH, HEOIHOPO/I-
HOCTB), IPOYHOCTHBIX M I'EOMEXaHHYECKUX CBOWCTB B3pPHIBAGMOr0 MaccuBa (TIpe-
Jlea TIPOYHOCTH TOPOJI, aKyCTHYECKOW JKECTKOCTH MAacCHBa, YNPYTOCTH TOPOJ,
CKOPOCTH BOJIHBI HaNpsDKCHUN B mopoje u T.1.). [Ipu BeIOOpE THMA M JuaMerpa
3apsinma BB HeoOXoauMo y4YuTHIBATH COOTBETCTBEHHO CKOPOCTH jeToHanmu BB
(Dss) 1 CKOPOCTBH TTPOJOIBHBIX BOJH (Vip) B MACCHUBE.

JlnameTp CKBaKMHHOTO 3apsia BB 3aBHCHT OT MHTEHCHUBHOCTH TPELIMHOBA-
TOCTH, XapaKTepa MPOYHOCTH U MOIIHOCTH B3phIBAEMOT0 MaccuBa. Pacmipenenenue
3apsnoB BB B MaccuBe Tipu B3phIBaHUH OJI0Ka YCTYTIOB HA Kaphepe XapaKTepu3yeTcs
BEJIMYMHON COMPOTHBIIEHHA 10 ToAomBe ycryna (W), 1muHoi 3a00iku (/5.s) 1 ma-
pameTpamu (a X b) ceTku ckBakuH (pwuc.1). s ompenenenns onTuMaIbHBIX Tapa-
METPOB B3PBIBAHIS HEOOXOIUMO PEIIUTH CIEAYIONINE 3a1a4u:

1. Onpenenuth ONTUMANBHBIN AMAMETP CKBaXXUMHHBIX 3apsaoB BB B 3aBucu-
MOCTH OT TPEIIMHOBATOCTH (OIIOYHOCTH) MAacCHBa M KPEMOCTH MOPOA TPH pa3imd-
HOI BBICOTE yCTyTIA.

2. BreiOpats THn mpumensembix BB ¢ ydeToM akycTHYecKOW >KECTKOCTH
B3pbIBaeMOro MaccuBa (yn Vip) ¥ umrenanca BB (pes Dss ).

3. OmnpenenuTs NapaMeTpbl CETKH CKBaKWH, COMPOTHBIICHUE IO TMOJOINIBE
yCTyla W ONTHMAIbHBIC JUIMHBI 3a00WKH B 3aBUCUMOCTH OT JUAMETpa CKBAXKHH,
Tumna BB, reomexaHnyeckux mapaMeTpoB B3pHIBAEMOI0 MACCHBA U MIPOYHOCTH ITOPO/I.

Ha ocHoBe pe3ynbTaToB MPOM3BOJACTBEHHBIX B3PHIBOB Ha Kapbepax ApMeHHH
Y aHAJIM3a UCCIIeIOBaHUN B 00JIaCTH YIpaBICHUS SHEPTUEH B3phIBA B TPEIIMHOBA-
THIX MacCHBaX pa3paboTaH crocod OIpeieneHus ONTHUMAbHON BEIMYUHEI JHaMeTpa
3apsga BB B 3aBUCHMOCTH OT BBICOTHI YCTYIIA ¢ YIETOM TPEIIMHOBATOCTH MacCUBa
U KpernocTu nopon (tadi. 1).

IEsap

W

Puc.1. Cxema pasmewjenust CKEANCUHHBIX 3APSAO08 HA YCIYNe
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Tabnuya 1

Bwibop ouamempa cxeadicun 6 3a6UCUMOCTIU O MPEUWUHOBAMOCTNU 83DbIBAEMO20 MACCUBA
u Kpenocmu nopoo npu pasiuyHol BHICOTE YCTYyIIa

CreneHs Beicota yeryna Hy, m Kpenocts noposst
TPELIMHOBATOCTH 5...10 10...15 15...20 >20 no M.M.
(6noyHoCTH) MaccuBa IIpoTonpsikoHOBY,
f
JnameTp CKBaXkuH, MM

Upe3BbIuaiino 150...200 | 200...250 | 250...300 | 300...350 2...6
TPEIMHOBATHII 140...190 | 190...240 | 240...290 | 290...340 6...10
(MenKoOIOYHBIIA) 30...180 | 180...230 | 230...280 | 280...330 10...14

110...160 | 160...210 | 210...260 | 260...310 > 14

140...180 | 180...210 | 210...250 | 250...290 2...6

CunpHoTpermuHoBaThIi | 130...170 | 170...200 | 200...240 | 240...280 6...10
(cpeane6104HbLH) 120...160 | 160...190 | 190...220 | 220...260 10...14

110...140 | 140...170 | 170...200 | 200...230 > 14

130...170 | 170...200 | 200...240 | 240...280 2...6

CpenserpemuuoBatslii | 120...160 | 160...190 | 190...220 | 220...260 6...10
(kpymHoGOUHbIH) 110...150 | 150...180 | 180...210 | 210...240 10...14

90...130 | 130...160 | 160...190 | 190...220 > 14

MenkorpemunoBareiii | 110...150 | 150...180 | 180...210 | 210...250 2...6
(BechMa 100...130 | 130...160 | 160...190 | 190...220 6...10
KPYyIHOOI0YHbII) 90...120 | 120...150 | 150...180 | 180...210 10...14

80...110 | 110...130 | 130...160 | 160...190 > 14

TIpaKTHYECKH 140...180 | 180...220 | 220...270 | 270...320 2...6
MOHOJHTHBIH 120...160 | 160...200 | 200...250 | 250...300 6...10
(MCKIIFOUUTEIBHO 100...150 | 150...180 | 180...230 | 230...280 10...14

KPYHHOOIOYHbI) 90...130 | 130...170 | 170...200 | 200...240 > 14

B Tabn. 2 npusenens! obnactu npumeHerns BB. Kputepuem Brei6opa BB B
COOTBETCTBHM C aKyCTHYECKOW JKECTKOCTBHIO B3pbIBaeMOM cpeabl (¥ Vip) CIYKUT
nmrienanc BB (Ta6i.3), KoTopsIi onpenemnseTcs: MpOou3BeICHUEM TIIOTHOCTH (P BB)
Ha ckopocTh aeroHaruu BB (D gp). s mepemadn MakCHMaIBHOTO KOJHYECTBA
SHEPTUH B3PbIBA Pa3pyLIaeMoi cpeibl HEOOXOIUMO BBHITIOTHEHHE YCIOBHUS

0,5Sm=pBB—DBBS1,5, €))
\/Z}/nV

np
rAe p_ — IVIOTHOCTE BB, x2/m’; D s — ckopocTh aeTonauu BB, m/c; Viyp— ckopocTh

TIPOJIONBHBIX BOJH B MOPOJIE, M/C; Yn - THIOTHOCTB HOPOMBL, K2/’ A — aKyCTHYECKHit
MOKA3aTeJb TPEUIMHOBATOCTU MaccuBa (Tadr. 2).
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Tabauya 2

Obnacmo NPUMEHEHUs BB no aKycmuuecxoﬁ AHCeCMKoCmu 63pvleademoco Maccuea

Tun

I1I0THOCTH HOPOJIEL,
3
vx10°,
Ke/m’
Ipenen mpoyHOCTH
TIOpOJI Ha OIHOOCHOE

cKaTue, e Mlla
CKOpOCTb POJIOJIBHBIX

BOJIH B TOPOJIE, Vyp,

103m /¢

IIpenen npoyHocTH Nopox
Ha 0JTHOOCHOE
PACTSKEHUE , Gpae , MIla
AKyCTHYECKAS KECTKOCTD

B3pBIBAEMOTO MACCHBA,
10° o/ MPc

Kosddumuent
Ilyaccona, |
Kpenocts nopozs: mo M.M.

TIpoTonpsikoHOBY, f

Cubupur, I'panyino-
ToJ1, AkBaroi 65/35,
Jetonur 10A,
Omymut BIT 500,
OMyncouT

2,65...3,0 |>100

[
e

&
[=)

8

N
W

...20,5

w

11,35

0,15...0,25

> 14

I'pammonut 79/21,
Awmmonut 6 KB,
Cubuput, Apmexc,
I'panynoroun, OMynur
BOT 500

2,55...2,85

50...100

4,0...

5,5...15,5

6,3...

8,8

0,2...0,3

10...14

I'pammonut 79/21,
AmmoHuT 6 KB,
I'panynoron, Audo,
I'panymut AC-8,
WUrpanut

2,35...2,65 | <50

2,5...

3,5...10,5

3,6...

5,7

0,25...0,30 |6...

I'pammonut 79/21,
Ammonur 6 XB,
I'panynut AC-8,
Urnanut, Audo

2,0...2,3 <20

1,8...

0,8...

2,6...

3,6

0,3...0,35 |2...

Tabnuya 3

Texnuueckas xapakmepucmuka npumensiemvlx BB

CkopocTb IInotHocts, p WmnenaHe, HauanbHoe naBneHue
Tun neToHaImH, Dy, , BB p Vi, 10%2/3’c | Ta30006pa3sHbIX IPOLYKTOB,

m/c K/’ BB Py, Ila
I'pammonut 79/21 3700 900 33 1540,1
I'panynoron 5000 1000 5,0 3125,0
Apmexc 4800 1200 5,76 3456,0
Ammonut 6 XXB 4200 900 3,8 2646,0
Urgaaur 2200 900 1,98 544.5
Ando 3600 820 2,95 13284
OMyJICOUT 4500 1300 5,85 3290,6
Axsaroi 65/35 5000 1400 7,0 43753
I'pamymur AC-8 3200 900 2,88 1152,0
Omymut BIT 500 4600 1350 6,21 3570,8
Heronnt 10A 5300 1520 8,0 5337,1
Cubupur 4800 1250 6,0 3600

[TapaMeTpsl ceTKH CKBaKHHHBIX 3aps0B OMPEAEISIOTCS CoTracHo [5]:

a=b=2d_
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1

F, :ngBDéB Ma, 3)
k, =1+ (27, B )2, @)
E
V2
E = (1=2u)i+ gy, Ma., (5)

rrae d «c— AuaMeTp CKBaXKHUHBI, MM, a - PACCTOSTHHE MEXY CKBaOXHHAMHU B PSY, M;
b - paccTosiHMe MEXKIY pslaMu CKBaXKWH, M; Py —HauanpHOE JaBlieHUE ra3000pas-
HBIX TPOJIYKTOB B3pbIBA HAa CTEHKE 3apsIIHON MOJIOCTH; Gpac — MPEHEN MPOYHOCTH
MOPOJI Ha OJHOOCHOE pacTsikeHue, I1a; Yus — K0IDOUIMEHT HU303HTPOIbI, Yus = 3;
E — monyns FOnra; | - koaddunuent [lyaccona.

Ha ocHOBe aHaIMTUYECKUX pacdyeToB [6] M pe3yJbTaTOB OMBITHO-ITPOMBIII-
JICHHBIX B3PBIBOB MpeUIockeHa (HopMyra sl OmpeNeNieH s JIIUHBI 3a00WKH TpU
YCTyIHOM OTOOMKE:

1 KBdCKHY pBBDBB
3a6 33;/? 20_ ’

pac

(6)

rae K, — xoaddumment, 3aBucsammii or ¢pakmuu (@) 3a00€YHOTO MaTepHaia
(p=0...5mm, Ks=1,0; ¢ =5...10 ymm, Ks= 1,05; ¢ = 10...20 mnm, Ks= 1,1); Hy-
BBICOTA yCTyMa, M; f - Koadduiment kpenoctu mopoxa mo M.M. IIpoToabsIKOHOBY
(Tabm. 4).

Tabruya 4

AKycmuquKuL? nokaszameilb mpewjunosamocmu 6 3asucumocmu om cneneru
mpewunosamocmu maccuea

Kareropus CreneHb Cpennee paccros- Akycruueckuit Koadduuuent, 3a-
TPELIHHO- TPEIMHOBATOCTH HHE MEX]y eCTeCT- | MOKa3aTeNb TPeIIH- | BHCAINUH OT ppak-
BATOCTHU (61104HOCTH) MaccHBa BEHHBIMH TPELIH- HOBATOCTH, A uu (@) 3aboeu-

HaMu, M Horo Marepuana, K;

1 YepesBbryaitHo TpenmHo- | 10 0.1 0.1 1.15
BaThIi (MEIKOOIOUHBIH)

1I CHIIbHOTPELMHOBATHIN 0.1...0.5 0.1...0.25 1.1
(cpeHebI0uHbIIT)

I CpeHeTpeHOBAThIi 0.5...1.0 0.25...0.4 1.0
(KpyNHOOJIOYHbIIT)

v MenKoTpemuHOBaThIH 1.0...1.5 0.4...0.6 0.9
(BecbMa KpyHnHOOI0Y-
HBIN)

A\ IIpakTrdyecku MmoHONMUT- | >1.5 0.6...1 0.85
HBIH (MCKITIOYHUTEIIBHO
KPYIHOOJIOYHBIN)
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[nuna 3apsana BB onpenensercs B Buae
Lsap = lex - Lsas, M, (7
rae le - AIUHA CKBa)KUHBI, M:
lex= Hy + lLuep, 25 (8)

l,ep — nMHA TIEpEOYpA:

lm,p:,/H§+w2 -H,,m; 9)

W — COIMPOTHUBJICHUC 110 TOAOIIBE YCTyIA:

w=53K,d__ |88 u. (10)
Y

KonunuectBo 3apsaa BB B ckBaxxuHe OIIpeaCIsACTCA B BUIC

Q=0.785 133pd2mpBB, Ke. (11)

XapakTepHbIMU PU3HAKAMH IIPU BEIOOPE CXEM KOPOTKO3aMEIJICHHOTO B3PbI-
Baaus (K3B) sBisroTcs mocineaoBaTeIsHOCTh B3PBIBAHMS OTICIBHBIX 3apsinoB BB
Y MHTEpBAJI 3aMeJICHUSI.

WNurepBan 3ameqnenus npu K3B onpenensiercs cornacuo [7]:

2
L P (12)
2,5d,, gDy

T3

Pe3yabraTel uccienoBanus. [IpemioxeHHas METOIMKA pacyeTa mapameTpoB
BBP ucmnonp3oBana Ha ApaMycckoM 0a3allbTOBOM Kaphepe. Pa3paboTka mpomnsBo-
Jaunack ycrynamu Beicotoi 12 m. CornacHo Tabn. 2 u 3, B kauectBe BB npumensincst
AHpo. B Tabn. 5 mpuBeneHbl MCXOIHBIC MPHUPOAHBIE TOKA3aTelN B3PHIBAEMOTO
y4acTKa Kapbepa. B3pbiBaemble O10KHM 00ypHBaiIKMCh IO MPSIMOYTOJBHOM CETKe.
PacnonoskeHne CKBaKUH MPUMEHSIIOCH MHOTOPSATHOE.

B 3aBuCHMMOCTH OT CTPYKTYpHBIX OCOOEHHOCTEH, reOMEXaHHYECKUX Iapa-
METpPOB, MPOYHOCTHBIX XapaKTEPUCTHUK, BBICOTHI B3PHIBAEMOI0 ycTymna U tuna BB,
paccuutanbl napametpsl bBP. [locnenoBarensHOCTh pacueTa mapamMeTpoB B3phIBa-
HUS TIpUBEACHA B Ta0l. 6. YUUTHIBast OJOYHOCTh U pa3Mephl B3PHIBAEMOTO OJIOKa,
ObUIa IPUHATA CXeMa MHOTOPSAHOTO KOPOTKO3aMeIEHHOTO B3PBIBaHUS C KIMHO-
BBEIM BpyOoM (pwuc. 2).
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Tabruya 5

Hcxoouvie nokazamenu 83pbisaemozo 010K-ycmyna Apamycckoeo kapvepa

CrerneHb TPEIMHOBATOCTH (OJI0OYHOCTH)

CpenHeTpenHoBaThIe OPOIbI

MaccuBa

Koadhpunuent kpenoctu mopoa no M.M. f=10
[IpoTroabskoHOBY

BricoTa ycTyna Hy=12m
AxycTHdeckuii mokasarenb TpemmHoBaroctn | A = 0,25

MacCCuBa

I110THOCTB TIOPOIBI, K2/M>

Y = 2650 2/a?

CKOpOCTh NPOAOIBHBIX BOJH B OPOJE

v = 3700 m/c

AKycTHYecKast ’KECTKOCTh B3pBIBAEMON CPEIbI

VA(y, x v, ) =4,9%106 ke/u 2

Koadduuumenr, yanreiBaronmi K:=1

TPEIMHOBATOCTh MAaCCHBa

[Ipenen mpoyHOCTH MOPO.T HA OTHOOCHOE o= 40 MIla

CKaTHe

[Ipenen npo4yHOCTH OPOA Ha OTHOOCHOE Gpac= 5,5 Mlla

pacTspkeHHe

Koadpunumenr Iyaccona n=0,27

KoadhpunmenTt n3o03HTpOITB Vi = 3,0

Monayns FOnra 2

’ F :1y" (1—2u)1+p)y, =2,9x10°Ma

-
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Tabauya 6

Pacuem napamempoe bB

Bri6op napamerpos EBP

1. Beibop muamerpa CKBaKHH

CpennerpemunoBarsie mopost: f= 10, Hy

=12m Ky

=1.

CoruacHo Tabmune 1, nnamerp ckBaXuHBI ObLT TpUHAT 180 M.

2. Beibop Tuma BB
Yn = 2650 xe/m’, vy = 3700 m/c, \/Z(}/n

v, ) =4,9%10° ke/m’c.

CornacHo tabymnam 2 u 3, B kadecTBe BB Obia mpunsata AHdo.
Dgs = 3600 m/c, pes = 820 xa/m>, Py = 328,4 Mlla, psDsp = 2,95-10 ¢ xe/m’c,

=06
\/7’}’ . VH

p

Pacuernsle nokaszarenu napamerpos bBP

3. OmnpeneneHue CONPOTUBICHUS 10 TOJIOIIBE
ycrymna:

W = 53K pdg | 2BB = 53x1x0,18 |2 =52
i 2650

5. OnpenerneHne IMHKL Tiepedypa:

Lo w? Wt 1,0 m.

nep y 5 lnep

6. OnpeneneHye JIMHBI CKBaXKUH:
lex = Hy + lnep = 12,0+1,0 = 13,0 .

4. OnpeeneHne CeTKu
B3pBIBAEMBIX CKBAXKUH
5,5 MIa; yw= 3,0,

Opac =

K =1+ (27,57, )HT“ = 1,35,

E =2.9x10 " /7a, u =027,
Po

a=b=2dgy [—2—,
KmOpac

a=b=2x018 | -84 _438.
1,35x 5,5

7. OnpeneneHre IIHHEI 3a00WKH:

1 K dCKHY PesPrp
sa 20

=3,6m.

_1,0x0,18x12,0 [820x3600%
48x2  |2x55x10°

8. Ompenenenue UIHHBL 3apsna
BB:
13ap =l -

Lsa = 9,4 m.

9. Onpenenenue konuuectsa BB
B CKBa)XKHHE:

Q=0,785 lgadeCKpBB =196 xe.

10. OmnpeneneHue WHTEpBana 3aMeUICHUS IpU
K3B:
2
a yg 4,87 x 2650

T = = = 46 MC.
3 2,5deePypDas 2.5 % 0,18 x 3600 x 820

11. Onpenenenue ynenbHOTo
pacxona BB:

Q 196
Q=— 7 _065 ke/nt’.
awHy 4,8x5,2x12
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Puc.2. Cxema 63pvleanus u pasmeweHusi CKBANCUHHBIX 3apsa008 6 boKe;
0,25, 42...109...234, 251, 276 - unmepsan 3ameonerus (Mexcoy cKeaxcunamu - 25 mc,
MedHcOy pAdamu cKeadxcuH - 42 mc)

IIpoBeneHHbIE TPOU3BOACTBEHHBIE B3pPHIBBI Ha ApaMyccKOM 0a3albTOBOM
Kapbepe MoKa3alii, YTO MPUMEHEHHUE PEKOMEHIOBaHHbIX NapameTpoB BBP mo3Bossier
COKpaTHUTh BbIX0 Herabaputa Ha 12...14%, a Taxke 3HaUUTEIHHO YMEHBIUIUTH pa3ieT
KYCKOB B30pBAaHHON MacCHl.

BoiBoabI

1. Ilpu B3pbIBaHMH B TPEUIMHOBATBHIX Cpelax Bcerja HaOmomaercs 30HA, B
KOTOPOH Mopojia He ToBepraeTcsi APOOIIeHHIO B3phIBOM. OCHOBHBIM TEXHOJIOTHYE-
CKUM TOJIXOJIOM ISl COKPAIIEHHsI 30HBI, HE TIOABEPTaloIIeicsi APOOICHUIO, SIBIISETCS
HU3MEHEHME TapaMeTpoB pa3MeleHus 3apa108 BB B maccuse.

2. BaXHBIMH TEXHOJIOTHYECKHMHU (PaKTOpaMu MPH pacyeTe mapaMeTpoB pas-
MeleHus 3apsaoB BB cunratrorcs nuametp 3apsaa u MouiHocTs BB.

3. Inametp 3apsna BB HeoOxoauMo BEIOMpATh ¢ y4ETOM TPEHIMHOBATOCTH
MAacCuBa U KPEMOCTH MOPOJ.

4. Ilpu BeIOOpE THNa BB HE00X0MMMO YYHUTHIBATH COOTBETCTBEHHO aKyCTH-

YECKYIO XKECTKOCTh B3phIBAEMOr0 MaccuBa 1 ummnenanc BB.
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Q.U. Uzurnusuvy

PUSUZULLEMNPU 2N USUNUSECESUUL UTHUSULRLEDE NMULUUGSCErP
209 uryvutn vl UseNhuu

NMuyphgdwt wotwwnwipubph hpufjubugdwt ypuljuhljut b gpujuingpyui ndyu-
ubph Ybpnusnmipniup wuypkgdw tutinghuyh jupquynpdwt npnpunnud Jiuynid G, np hn-
punuyuphgdut wupwdbnpbph hwoqupluwt ubkpuyhu gnpénn wnwewnplubtpp hhd-
Jws Lu Uh pwipp Uninunp bdyhphl b tppuswthwljut ophiwswhnipyniintbiph ypu: Upg-
niipnmd yuyphgdut yupwdbnpbpp tipjuyugdnd bt dnnnwdnp wpdtpukpny, npp pw-
guuwpwp b ugnnud wuypkgdwb wppnibw]bunipyjub Jpu:

Cunmiuqus k, np wuypnighy Wniph (MU) nbuwupup swhup wywph dwipug-
dwl npuljh Jupquynpiwt hhdtwfwb nkjpininghwljwt gnpénut £, b wijwp guyptg-
Ynn quigush dhghjudkhwthjuljut hwnynipjniiutphg” Mu-h mkuwupup swpuh dk-
Sdwgnuup hwighgunid £ wywph dwbpugjusnipjuts wunhdwh jwjugdwin: Uwuluyt ghn-
pwnpyus wywpbbtpnid dwbpugjusnipjut npulh jupquynpnudp” MU-h mbuwwpup
Swijuuh Ubdnipjul thnthnpudwdp, swwn vwhdwbwthuy k:

Znpunwyuyphgdut wuwpwdbnpbph npnpdwt qnpénn dkpnnutph Jpnisnipmniip
gnyg k nnwjhu, np hnpunuww)pigdwt qupudtnptph hwyduplyp hhdudws £ Nu-h nk-
uwuwpup Swhuuh npoodwi Jpu’ wnwig hwoyh wnbbnt wuyptgynn quuqush ghnpu-
Ynpjwédnipinip, wyniunhuljut Ynownnipniup, npp poy] sh tnwjhu uvnwbw] wuwhwbe-
Ynn dwipugjusnipyudp wuyphgjus quuqus, puith np wuyphgynn dhgwuiph £knpw-
Unpjwédnipinilp, okpnuwyinipiniup b winiunhy Ynonnipmitp hwdwpynd tu wuyptg-
dwl Eukpghwyh hhdtwlwb Ypnnukpp:

Unwownyyt) t wuyptgynn dhowduyph Junnigjuspuyhtt wnwhdtiwhwinlnipnii-
ubpp, Eppudkwthjuui hwnlnipniuttpp, wywph wdpnipjub punipwuqptpp hwoyp
wnunn hnpuwnuwyuypigdut wohwwnwiputnh yupudbnptph hwyqupydwt tnp dkpn-
nhijw, npp poy) k nwjhu dowljyny puguwhwiiph Ynupbn wquydwbttph nhwpnud niukuug
yuyptgyusd quiugush thjjwusp wihpudton dwtipugdusnipjudp:

Unwbhgpuyplr punkp. hinpuynpudnipinil, wlniunhuljub Ynonnipnil, wuy-
phgdus quuqyus, hnpunwuyuyplgdu wopwnwupubp:
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G.A. AHARONYAN

A NEW METHOD FOR CALCULATING THE PARAMETERS OF DRILLING
AND BLASTING OPERATIONS AT OPEN PITS

The practice of conducting blasting operations and the analysis of literature data in
the field of explosion energy management indicates that the existing recommendations for
determining the parameters of drilling and blasting operations (BVR) are based on a number
of approximate empirical and geometric dependencies. As a result, the BVR parameters are
calculated with approximate values, which negatively affects the efficiency of blasting
operations.

It is generally accepted that the specific consumption of explosives is the main
technological factor in regulating the quality of crushing and, regardless of the physical and
mechanical properties of the exploding array, an increase in the specific consumption of
explosives leads to an improvement of the degree of rock crushing. However, the regulation
of the quality of crushing in fractured rocks with a change in the specific flow rate of
explosives is very limited.

The analysis of the existing methods has shown that the calculations of the parameters of
the BVR are based on the determination of the specific consumption of explosives without
taking into account the fracturing and acoustic stiffness of the exploding array, which does
not allow to obtain the exploded mass of the required lumpiness, since fracturing, layering
and acoustic stiffness of the exploding array are the main carriers of the explosion energy.

The article proposes a new method for calculating the parameters of drilling and
blasting operations, taking into account the structural features, strength characteristics and
geo-mechanical properties of the exploding array, which allows, in the specific conditions
of the open pit being developed, to have a collapse of the exploded mass of the required
lumpiness.

Keywords: fracturing, acoustic stiffness, blasted mass, drilling and blasting operations.
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ZURY-b ZUUUYULAErP 0N CQULUNRULESP OrUarh USNkaNhU
NrUY-SeN6YUs4 U0 UNSESUUUR

Uhontuyyhtt jwpquufnpnn dwpdh’ wnndught bEjupulub jupobibpmd (UEY)
hpwlubugynn vinnignudubph gopépipugh dwu ki juqunud hwdwlupgbph yquppbpw-
Juwt thnpdwpynidubpnh hpuwjuwbwugdwt vnnignudubpp: Muppbpuwt hopdwupynidukpp
UEY-h hwdwlupgbph b wwppbph wojpwnntiwlnipjuit hwjuwundwt hhpdtwlwh dhong
ht: @npdwpynidubph wuppbpuuwinipyub vwhdwimidp pupn juughp b Bupugpod £ pug-
dwphy qnpénttikiph Jbpnisnipnit: ZUEY-h thnpdwpynidubtph spwughpp vwhdwbynud
thnpdwghinulwi dninbgdwdp b tkpupnd b thnpdwpynidubph mbngnipinitit nt wuppk-
puyuiunipmnitp: ZUEY-h hwdwlwunpgtph thopdwpynudubph yuwwnywd ppufjuwbugdwb, his-
whu twlb dpugph wpynibwbuntpjut winniquut hudwp dwldt) Ewbfuwiagnipyut hw-
Jubwlubughtt Jbpnwsnipjut (Uz9) wpgniupubph pu hhduqus dbpnnpupwinipeni:
Upuljyws dkpnpupwinipiniin Jhpundl) b Zuyyjuljut wnndught GEjupuljuyuih (ZUEY)
Enkp hwdwupgbph tjuwndwdp:

Unmubgpuyhli punkp dhomljught jupquynpnn dwpduh vnnignidibp, thopdwplned-
ubp, hopdwpynidubph dpwghp, U249 jhpunnipinil, nhulj-nbknkjugjus vnnignidubp:

Lhpwbmipniu. Mwppkpulut thnpdwupynidubpp dbs tpwbwlnipinit niubku
Juywth wijunubgqnipjut ypu huwdwjupgbph muppbph wiuwppnipniutibph htw-
puynp puguuwluw wqnkgnipyut juudwt nkuwblniuhg, puth np nputg -
ongny hujntwpbpymd B hwdwlwupgbph wthwwywn tnpngnid ud thnpuwph-
tnud wwhwbenn nuppkpp: Ywpquiynpnn dupdih’ wnndwiht Eunpuljwi fuo-
juutbpnd ppujwbwgynn uinnignidubph gnpéppugnid Jupbnp £ hwjuunhw-
twy), np uyuinid vinnignidubptt ppwjwbtugynud Bu vwhdwtjws wuppbipuljw-
umipjudp: @npdwupynudubph wuppbpuljunipniuubph npnonidp pupy juinhp &
b yuwhwbonid k puquuiphy gnpénuttipnh b tyuwnwljubph JEpnsnipmnii: Gnpdwp-
Ynwlutph dhohtt wuppbpujuinipjut npnodw Ypu Jupnn ki wanly juywh wi-
Junwbgmpjul nwppkph hntuwhniepub htn jugdws ipunpnipmbabpp [1]:

Gupd yuppbpuljuinipjudp hwdwhiwlh hopdupymdutpp jhujuwunhwg-
ukl, np wuwowpwihtt muppbpt wojuwwnnitwly Eu: Uwluwyt thnpdwpyndubph pb-
pugpnid wwpplpt wigwnymu ki hwdwlupghg wiplnm wl puntugny Junw-
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nEnt hpkughg yuwhweynn gnpdwurnyputpp: Uju hwiqudwtpp juyuith widunwb-
gnipjut htn juwydws puptijwsd nhuljkp k sund:

Onpdwpynidubph hpujubtwgnidp ywhwbemd E dwpnyuyht b dhtwbuw-
Juwt nbuniputbp: Qhuntpuupntunnniput hbn juydws hbnwgnuunipniuttn [2]
kb wpyly thnpdbpny] diswghty) twuq Jupinpmpjudp hudwlwpgkph nuappkph
unniqnudubph wuppbpuljwunipmnibibpp: Ujpyhuph dnnbgnidubpnd, npytu ju-
unt, Jhpundmd Eu juyuith widuubgnipjut hwjuwiwljuiiughtt Epnisnipjute
wpyniupubpp: Zknwgnunnipinibibphg Ukynud [2] gnyg E wpyb), np bjuq jupbn-
noipjudp hwdwlwpgbiph wwppbph hopdwpynudubph wwppbpuljuinipyut k-
sSwgdudp wuyuwiun]npyuws phulkph wép hnjuhunmgymu b wikh Juplnp
wnwpnpbpp wpwyb] hwdwpuwlh unnighiny:

Npny hbnmwgnuumipinibubpnd [3,4] tkpuyugdus o hunnwly phpwitbp:
Unwhuh dh hEnwgnuumipniuind [3] hpujwbwgws b thnpdwpynidubph wup-
phpuljuinipyui ouunhdwjugnid Untnk unpngh dkpnyny dnpbjudnpiwdp: Gw
pnyp E nughu pudupupl) nupph hwuwibyhmppub iWwqugniji phpufep wpwbg
1hudwurnup oyynhdwugdwt [3]: Ukl wyp hknmwgnunmipjuit tyquunulji £ uduqbg-
k) (hnpdwplnuditph Swuwnupnipiip wuppbpuljubimpyub ounhlwugdundp
hwoyh wntbny, np pupdpugud nhuljp ywhwnp b dbw poyjunplih vwhdwbbph
opowtiwlnid [4]:

Lwtth np owwhdwy wuppbpulwinipnibiph vwhdwinuwdp jupequs k
puquuphy gnpénuiknhg, npny hkwnmwgnuinnubp ubkndb) Gu uplnp gnpénuukpp
hwjuuwpuljpnqus Ypyny hwoyh wetbnt ypu: Enpdwupyndubph nuqludw-
poipjul hwdwlwpgbph wwppbph hwuwibjhnpput ypu niibgus wqnkgntpiul
yupuUbnpuluwt hbnugnuumpnibubp Bu wpdl), b wthwuwbbjhnipjut phuljiph
tjuqbgdwtt ninnué thnpdwplynidutph oywnhdwy nwquujupnipmibubp
wnwownlyt] htnnwgnunulju wppuwnwuputinhg dklnud [5]:

Ukipuynidu owhwgnpénidhg gnipu pipjus «bquujhtiw» UEY-h hwdwp
ouldud wopwnwpnmid [6] npjwsd k thnpdwplnidubiph yuppkpujuinipniup
wnwppbph hwuwibjhnipjut b hntuw hnpjut hbn juwnn dupbdwunhjulut dn-
ntp: Unplnud hwpdh B wetws dhwdwdwbwljju puquuljh puthwnidubpnp [6]:

Ubdtwuquh uppwjubphg b wbuwuppmpnibubph shuyntwpbpduwdp wuydw-
twnpyué wiuhwuwbbkihnipniithg pjunn nmwppbiph whywnpwunnipniip nh-
wnwunlyt] Ehudwlupgh thnpdwupydwb oygnhdw] yupppuljuinipjut npnodwb
tywwnwyny [7]:

Ut wy htnmwugnuunipniind [8] dowljyk) b hpuwt nwppbpuyh Yhpun-
dudp gnyg k wpdb) dwdwiwlhg jupjus hinbqpuy dnnly, npp dhwdudwuy
nungpynud k skpugdwi, huljnnnipjub, thnpdwpludwil, pupwghl tnpngquui b

56



hhdtwunpnguui, hsyhu twh nkjuuhjuljut syuuwpydwi gnpénutbkpp: Fuqg-
dwgnpént Unnbih Yhpurnudp gnyg E wnydby, np hnpdughnujut ghwhwndw dh-
ongny punpyué jwjwgniyt nusnidp pniy) £ nwhu dkdwugut) thnpdwpynidubph
wuppbpuljuinipymip vhududwiwl tuqkgitin] wnpy gnuunt Jowudwb hw-
Swhimjutnipniup, thopdwupynidubph swhuwnwpnipiniup, htyybu bwb wtd-
twljuquh Sunuquypdut pudubswthbpp:

Swppbp nnuppbph wnnignidubph gnpéppwugubpp jupnn B pun dudwbwlh
gnyws 1hul: Uju hwiiqudwipp hwoyh wntkjhu tjuundby &, np hopdwupynidubpp
wuppbpuwinipjut oynhdwjugdwi hwpwpbpuljut wpyniupubpp tduqnud
kit [9]:

ZEkwnwugnunnipjniuibphg kynud [10] thopdwpynidubph oyyunhdwjugdwut hw-
dwp ubpuyugyws E nhuljiph ypu hhdugws dninkgnid: Uninkgnidp qilumynpu-
whu hhutmd £ UZ9-h wpygnibiplibph Jpw, b dpwljyl) b wwppkph” hwdwlupgh
withwuwbb)hnpyudp wupdwiwnpyuws phuljtpp winhy gnunt Jawudw hw-
Swunipjub Ypu npuitg wqpkgnipinibbkpp tuqbgutnt hwdwp: Uninkgdwi Y-
nunnmdp gnyg E npus ophttnny: Fudwtwljh pipwugpnid nhuljtiph ypu hhdudws
Uninbkgnudubphg wignid junwpytg wnwyt) hntuwh nhulj-nbknkjugus dnnk-
gnidubinh Yhpundwip:

UERY-ukph npny hwdwlupgbp jud hwdwljupgbph vwuppbp niukt huptw-
wpwnnpnydwt hwnlnipnil: Puptwwpuwinnpnydwt hwnlnipniut oquuuljup
thnpdwpynudutph opowtuh Ypdwndwtn mbuwmbyniuhg: YEpunid pdupyus hk-
nwugnunipniutbpnud phnwpljws Eht wnwbg hiptwwpwwnnpnodwt hwnynipe-
jut hwdwlupgbpp: BJuyhtt hwdwlupgbiph hwdwp piptwwpuwnnpnodwt nitw-
Ynipjut wqpbkgnipniup thopdwpynmudubph wuppkpujuwinipjut Jpu siynunpgus
E hbnwgnunmipniiitiphg dilmd [11]: Upn wopaownwtipnid thnpdwpynidubph wywp-
phipuljuinipjut npnondt hppwjuwbwgyty b phulj-nbkntjugws dnnbkgnidubph
Yhpundwup:

buptwwpwunnpnodwtt hwnlnipnit sniikgny hwdwljupgbph wwppbpp
hwdwp, vwppuynpnidubph thnpdwpydwt wuppbpuljuwunipmnibbpp jpduntne
b wpyniupnid mwppbpt wykh hwdwp wthwuwth Jhdwlhh hwugubne thnpuw-
pkt’ twppuwnpbih E nhu-nbnijugws phpupughtt uinnignidubph hppuljwtw-
gnudp: tw bplnt hwenpuljwt thnpdwnpynidubph dhol pjus dudwbmljught th-
ouljuypnid puijut wqptignipnit jnibbbw juyuith wifunwuignipyut mkuwilynt-
uhg: (thul-nbnbjugduws vnmgnmudubph spugpdwt ppugpnid hwoyh ko wntmd
Uzd9, wpmynibpubipp, b huynbwpbpynud B uinnigdwt Eipulju wdkhg tpwbw-
Juh muppkpp: L ngputp sk upnn thnjpwphub] quppkpuwt hopdwupynud-
utphtt b wuppbkpwpwp gnigunpl] mwppbiph wohwnnibwnipniup, wwluyu
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Jupnn Eu oqgumuljup (huk] npybu uinnigmudubph qnpéplpwgn [pugtnn gnpshp:
Hpuujnpuytu hwunwpenebph, jupquunpoudibph, whwunwlkph, wwppkph
nbtnuljuwydw nhpptph vnnignudubpp upng Bu tdugbgut) hwdwljupgbph jow-
thwidwh hujwbwuinipnibibpp wwughkgitin] widtwlwuquh A whuh (Type
A) ujuwutipny yuydwiwynpud nhuljkpp:

unnh nujuspp. Pnpdwpynidubpp UEY-h hwdwlwupgbph b wwppbkph
wohuunntbwlnipjut hwjuundwt hhdtwljut dhgng i Uju wppumnwiph hhud-
twlub tyuwnwulb E ikpjuyughl) U2 Ghpuenn dkpnyupuimipnit’ 22 Uhent -
Juyhtt mujuuugnipjut jupquynpdw Yndhnkh Ynndhg Zuyjuljuit wnndught
EEjunpujujuinid oguunugnpdynn hwdwlupgtph wwwpptph thnpdwplynidutph
wupphpuljuiinipjut wpyntuybnnput vinniqguut hwdwp: Uy tygunwlyng
thnpdwpynudubph ppujubugdut dudwbwl) nupph whiyunpuunnipudp yun-
wnywé nhuljtiph wdp whwnp b hudbkdwnyh wifunubgnipiut mkuwblyniihg
Juplnp wyn nmupptpp htwpuynp wbhywnpuun Jhdulnd wybh tpljup yuwhbno
nhuljtinh htin: Uplnumunwipnmd wnwewnplyws tu ZUEYU-h hwdwlwupgbph thnpdwp-
ynudtbph hpufwiwgduwb hhdtu]npjws tnp wuppbpulwim pmniubtp” gnpsnn-
ubtph htn hudbkdwwnbnt hudwnp:

Luywiinwlhlt hwubibynt hudwp gnpénnnipym tbikpp pudwinly bu kpln tiogh

e kpnnupwtinipjut Upwlynid,

e ZUEY-h hwdwlupgtph thnpdwpynidubph spugph wpynibwbnnipyui
uwnnignid:

Unwohti thnijh tywwnwlt £ hwyntwpbpl] qgnpénnnipinitttph pninp ww-
hwligynn puyibipp b tjwpwugpty npubp [12]:

Bpypnpn thny ninnyws £ wnwehl thnynud tjupugpus dkpnyupwuniype-
jutt Yhpundwip: YEpnwsnipjut wnwplu hopdwpynidubph puqludupnipnt-
tnud wpdws hnhnunpnibibph’ juyuih winnwbgnipub Jpu mbbgus wqnh-
gnipjull quuhwwnnudu k:

ZULEY-h hwdwlwpglph thopdwpynidubph spugpp unmqiub dbpngupw-
mpniup. ZUEY-h hwdwlupgbph thopdwpynidubph Spugqpp unnigdwb dowl-
Jus dbpnyupwinipjniup hhdugnud L dhowqquyhtt thnpdh Jpu [13-18]:

Zujubwluwbughtt kpnnubpny thnpdwpynidubph spwugpp yEpnisnipnit
hpuwjuwbwgubnt hwdwp wthpwdbon b npnol) hwdwlwpgph wwwppkph opow-
twlyp: Zwdwupglph nwwpptph ptnpoipyut hwdwp jupbnp b hwdwpdl) hbnb-
jup njupibpp’ U2, wpympbpp, 2UEY-nud pugniifws wwppbph puuwlup-
qnudp, thnpdupymudibph hpuljubwgdui hwnnly yupiwbbbpp, Gkpupjuy nink-
uwlwl: Npny nwppbp Jupnn kb gnipu pon]l) owynhdwjugdwb gnpsphpughg
Eutkiny thnpdwpynudubph Swhiuwwnwpnipiniihg, wwuppbiph hwuwbb hnipjub

58



Ypw thnpdwpynidubph wmqpbkgmpniup, Epk muppp wthwuwubh E thnpdwupldut
pupwgpnid, wjtt Jupnn L wopbgnipnit nitiktu) widuuwignipjut Jpu, ghnbkp-
Uhhunwlwt kpngubpp b swhwithpubpp:

Uz4, Unnhh dhongny Yuplnp wwppbph ptnpmipjut hwdwp upnn &
oquuugnpdt] mupunbuwly swihwihoubp Fussel Vesely (FV), nhuljh w&h qnpént
(RIF) b nhulh wjuquwi qnpénu (RDF) [19]:

Uz4, wipmyniupubpp, hswbu twl hnpdwpynudubph Spugph winniquiwb wpn-
miupubipp Jupnws ki ndju Eubipqupinyht ptinpny hwjupwugpus wnbknkynyph
npuiljhg: MEwnp E hwdupuqpyh nne hwuwkh nbnbtynypep. jupbnp L udjuy Eakp-
qupinyhl pinpng nbntYynypeh weljwynipyut nhypnud sihpunt] wy Fukpquipny-
utph punhwipugywé wyjuubkpp: Uudusp yepupkpnid £ ns vhuytt thnpdwplynid-
utiph wuppbpuljwunipyut wpynibudbnnpjut quuhwndwt pugpnid wiadhew-
Juunpku pungpldus mbnkinyphi, wyp twb U2, hpupnipjub wyp npppunibkph,
ophtw] wwppbph powthwimdubph ndpujibph Jepnesmpjuip: SYyujutph hw-
Jupwugpuutt uljgpnud npnoydty E wuwhwgynn wjuyutiph opowtilp, bt wyinthbunl
hwlupyt) tu Eubpqupinhtt hwwnnml wdjuabpp: Qpnodby £ hwjupwgnty Gplyne
hhdbiwlwi junkgnphugh wkntnye Juywih tikpqupmnlnid phuwpljus hw-
dwlwpgtph thnpdwpynudubph hpujuwtugdwin dipwpbpnng nbknkinipniuitp;
wy)] odwunul] mbknkympiniukp, npnup Jupnn o wqnb] gnpéplpwugh b ybpne-
dnipjub wpyniupubinh Jpu

TYhunwpydy | Eubpqupiniht punpny wikniynyph hwjuwpugpdwi kpkp htw-
pwynp nuppbpul’ juyuih dwubugbnibph htn hwgnppulgnipni, Jipnesn -
pintt hpujuiuginng wpunwphtt dwutwgbnitiph hbn hunnppuljgnipnil; juywith
b wpuwpht vwutiwgbntibph hin hunnppulignipinii:

Eukpqupinyht punpny nbkntlnyph hwjupugpiut jwjugnyt nwppkpulp
Jupnn L (hul] wuppbph JEpupbppug (bkpunjw) gpuenudubpp b nne hwdwwh-
wnwth nbknbtynypep) juywih yunuupwtunnt wtdtwuquh b Uz9 hpuljubwg-
unn wilju wpnwphtt twutwgbnibph hwdwgnpsulgnipmniup:

Unwownlyny dninkgnidt nih tpkp hhdttwljut pununphsubp:

Pununphs 1. Uwhdwtl] unniqdwb wpwuplut: Uju pununphst pungpynid
E Epnusnipjut oppwtimjh vwthdwiiniudp b odwinuily inkinthnyph hwjupugpnidp:

Pununphs 2. bpujwiwgul] fupnuwpughnwlwi Jhpnidnipnil: Ukpw-
pnud £ hwnlywy puyjbpp thnthnfuntpjul htn Juupjws nne nknkynyph hwdw-
pugnnid, uinnigwt wnwpluyh pnbkpdhtthunwut yhpnisnipnit, UZ4, Unnbih
uinnignud, twunpn puybph wpyniipikphg judws U294 dnnhjh pupdugnad,
hwunwndus U249, dnphijh hwpdupynud, UZz9, dnpljh dbe thnthnjunipinibubph
hpujuiwgnid, npytugh pungplyh vinnigdw wpwplul, pupdugdus b thnthnfu-
Jud U249 dnpkjh hwpqupynud b wpyniupubiph ukplujugnud:
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Punuinnhs 3. Ppujutwgub] wyptviputpuyhtt muppkpuljubph Lmpunupu-
ghinuljut bpnisnipnit b unniqiuit ppwugpnid hwdbdwnnipjub swthwiihy-
ubkph npnonud: Lyunwljn £ UZ9-h dnplijnud vinniquut wnwpuygh wpunwugninudp
b Abwthnudws Uz dnnhih YEpwhwydupynudp:

Ljwpuqpyt) E thnpdwpynidutph spugph wpynitwybnnipyut quuhwn-
Uwl Jupquynpnn dupdih inkuwblyniihg hknwppppntpynih tkpljujuginng kqpu-
Jugnpniutkph kpynt hhdtwlwl npnpon’ inpdwpyniditph wuppbpuljwingp-
jutip yhpuptpnn tqpuijugnipinitiutp, thhnpdwpynidubph nbnnnipjuin Jipupk-
nnn bqpuijugnipiniibp:

Unwoht nhypnid widuwbgnipju ypu wqnbgnipniup guydubwynpus
upwiny, np hopdwupynudubpt fujuinpt tuqginud Bu tmupph wbhyunpuun
Jhdwlnd gunidbnt hwjuwtwljuwinipniup gpw gnpswplduwt withpudbynnipjut
ntypnud: Gplipnpy phypnid widunuignipjub Jpu wqpbgnipmiin yuydwbwynp-
Jws £ upwtiny, np thnpdwpynudubph dudwbwl] muppp quindnud £ wbyunpuun
Jhdwlynud:

ZUEY-h hwdwlupgkph tnpdwpynidubph dSpugph wppnitwdbnnipyui
quubhwunnuip. Zudwlwupgbph pinpnipmniip junwupdty b pun wbdunwignipyu
Jpw npubg niitkigus wgnkgnipjut: Zudwlwunpgph juplnpnipjub ghwhwndwi
hwdwp (hhdudtny Yupunpmipjui FC b RIF gnighsutph dpw) Yhpwundb) £ U249
Unnbtip [19]: Cunpnipjut gnpspupwgnid hwoyh b wntdl) twl hnpdwpynidukph
wljujuynn mqpgnipniup hwdwlwupgh hwuwbbkihnipyut Jpu: bpulwbtwgyb &
htwnlyw) hudwljupgbpl pingpynn nhwpbkph Yepmsmpmi’ Jpupugh jpuuiniui
hwdwljupg, jpuutdwt hwdwlwpg, guyunuwepdninuyhtt (uyphulkpuyht)) hwdw-
Jupg, ptnpus tpkp hwdwljupgbpp hwdwnby:

2UEY-h punpdws hwdwlupgbph thopdwupynidubph Spugpp wpynibwb-
nnipjul ghwhwndwt tyunuljt bp guwhwnt) hopdwplynidubph wuppbpuljw-
unipjul hnthnpdwt htwpwynp thnthnpunipnitubph wqnbgnipmiup: hunwnpy-
Uyt E tplyne nlgp.

e Tthuyp 1. mupkjwl Epynt mbiquuhg wykh hwgwp thnpdwpyniduknp.

e Thup 2. mupkljwl kplynt mbiquuhg yuwljwu thnpdwupynidubp:

Skuwljwinpkt Jwpnn tht phunwpll) twl hwdwpwluinpub’ w)) plw-
jhtt wpdtipny wwppkpynn thopdwpyniditp (ophtiwly snpu fud hhg whqud wty
jud yulwu b wyjb): Uujuyb wynyhuh gquppbpuuinipjudp unnignidubpp
hpujuwtwugdwt nkuwtlnithg gnpstwjuinid hpunbuwlwi sku: Cunpdws hw-
dwjupgbpnid thnpdwpynidubph mbingnipniup 30...40 pnyk E, npp huljynn ww-
npudbnpbph junitugdwt hadwp gquhwbeyny wjuqugny dudwbwlj t: @nnps-
twlwind wbih jupdwnb hopdwupynudp sh wywhndh pudupwup hntowh b
[hufunwp wknkjunympmit’ hwdwlupgh jud nwpph phwljubnt wowunwbpp
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hwwuwnbint hwdwp: ZEknbwpwp, hopdwupdwt nbingmpjut jpdundwt wqnk-
gnipjut Ykpnisnipiniup sniuth gnpstwljw hpunkjhnipnii: Niunh npwunpnipe-
miup ubbkndl) £ dhuy thnpdwpynudubph wuppbipujuinipjut thhntinjudwb Jpus:
ZUEY-h pghuwplyws hwdwlwupgbph thopdwpynidubph wuppbpujuinipjut
wpynitudbinm pjut quuhwndw hudwp wpgty o hbnlbjuy Bipunpnipmiaubpp.

o pupmiiynud k, np thnpdupldut dwdwbwl] uwnniqynn pojnp mmwppbpp
thnpdupyuut dwu ki juqdnid,

o pugninud E, np mwppbpp thnpdwpldwb pipugpnid unnnigynud ku kY
wuqud:

Snipwpwityinip hwdwlupgh hwdwp juquiynid E thnpdwpldw Bupulju
wnwnppknh, npuitg puhwidwb mhytph gutly: 8wulhg hinwgynid Eu wyt wnnwp-
nkpp, npnig wypwwnnitwlnipiniip tnpdw) pwhwgnpsdwt Jud Jpwpughtt nk-
dhdubpnid sh upnn hwjuwuwnygby: Gpp hwynbwpkpynid Eu wwpptpp, npnig -
thutdul yuwpudtnpbpp jupdws Eu thnpdwupynmudubph wuppbpuljwimnipint-
ihg, unmqynud £ dnglnid npuitig tbplupugnidp, b wpyn’p dnglp pougp | wnw-
1hu wyju tyuwnwlny Uz9, jhpwenudp: Conpduws wwppbph nuppuljui gun-
whwplbph hujwiwuinpmbtbpp oot B wbjugibng wuppbpalubn -
pjut thnthnudwt swthhg unugus puqiuuyyunldub gnpswljhg:

Zhnmugnmunni pjurh wipryniipibpp. Ctnpus hudwljupgtph thopdwplynudutph
wyupphpuwinipju thnthnfjudwt wpyniuptbpp wdthnthyws B wnmniuwnid:

Unjniuwl

Phunnuplyus nEuypkph Jhpnidnipul wpnntGpakpn

TYhunwplyws ntypp Uljnhy gnuint Juwudwb hwwpnm pjui Lluqnid /
thnthnjunipiniup, wpnwhuwynyws %-nyg UL
Jpwpuihl jpuutdut hadwulwupg

Thyp 1 1,82% Ljugnid

Yhup 2 3,26% Ug

Lpwubdwt hwdwlupg

Thyp 1 0,03% ‘Ljugnid

huyp 2 0,03% UL

Swjnwenuninuyht (uynpphulykpuyhty) hwdwljupg

Thyp 1 3,04% ‘Ujwugnid

Yhup 2 8,06% UL

Jpwpuyhl [puubdut hadwljupg, Lpuutdwt hadwlupg, Swjnwepuninuyhtt (uwyphi-

Ytpuyhty hudwlupg
Thyp 1 4,88% ‘Ujugnid
Thyp 2 11,10% UL

Yhyp 1. Smpklwi hphuwlhhg wbkih thnpdwplynid
Thyp 2. Supkjwb hpljuuyhhg wuwlwu thnpdwuplynud
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Jpwpuyht jpuuidut hwlwlwpg. Zusyuplubpp gnyg kb wdky, np unwug-
Jwd mqnkgnipiniup kS sk, phl ypwupuyhl jpuubdwt hwdwljupgp pupdp Juplin-
pnipjul hwdwlupg £ b 32 ¢ wuydwbwlwb wpudwgshg Uks wnpudwgény
obpdwlnh wpwnwhnupny Ypuph niypnid wnwghtt Ynnniph okpdwlph Ynpunh
thnpjuhwinnmigdut hwdwp twppwnbudws dhwl hwdwljupgu t:

Lpuubtdwt hudwljupg. Zwoquplubpp gnyg ki wnydlk), np wqnpkgnipmniup
wliipwt k, pwth np puuidwt hwdwljupgp ptujuint swhwgnpsdwt hadwljuipg
E, nph dhongny Jupkih k thnjuhwnnigl) dhuyt dhtsh 32 71/ yuypdwiwljwb mpw-
dwgdny wuwnnuwsdphg otpdwlnh wpunwhnupkpp: Pugh wyn, hwdwlupgh wn
gopdwnnypn jupny L junwpt) ypupuyght jpuutdwt hwdwljupgp:

Supnugpuininuyhtt (uyphilykpught) hudwlwpg. Zwywplukpp gnyg b
wnyk], np vw nhunwupyus muppkpuljutphg wdkthg ks wqpbkgnipjudp nwppk-
put E, nph hhdtwynpnud wyt E, np hwdwljupgh gnpswinnyputphg dklny tw-
huunbtuynud | obpdwlph wpunuhnupny Jpuph ywpuquinid hnqugub) pnpuppedh
nwdniypeny pupp (Bak-8/2): Uju hmdwlwpgh jputhwidw niwpnid wljinhy gnnnt
hnJugdwt gnpswnnypp (hndhl nugupmd £ ynduh puhwidub gqungunnd:

Bntp huwdwlupqtph hwdwnpdudp gbhwp. Lwhinpy ghwpbph hwdbdwn
wykh qquih wgptignipmniup wlijnhy gninm Juuudwt hwdwunipput ypu pingdnid
E pnjnp wnwewplyny thnthnpunipiniuikpp dhtitny Uz, dngbnud hwpygh wntbynt
Juplnpnipniup: Swppkp hwdwlwupgbph jud mwuppbph hopdwpynidubph wywp-
pEpujutinipjut thnthnpudwt wpynibwpup wqpbgnipmnitip htwpuygnp sk &hon
quwhwwnky, tplk hwduwywnwupwb hothnjunipnibbpl wpdws tu Uz9, wwppkp
Unnbjubpnid:

Bopuljugnipini. Uswlyty k22 Uhonijuyhtt widunwbgnipjut jupgquynp-
dwb Yndhwnkh Ynnuhg 2ZUEY-nid thnpdwplynidutiph spugph wpgniawybunpyu
unniquut dbpnyupuiimipintl, b npu hhdwt Jpw hpujubiwgyty £ ZUEY-h plunp-
Jws hwdwlupgtph thnpdwupynudubph spugqph wpynitwybnnipyutt uinnignid:
Onpdwplnudutiph owwhdw] wwppbpuwinipmnituiph npnodwtt tyyuwnwlyng
Juwijiwungpdl) Bu tnp wuppbpulwinipniuitp, npnig wqpbgnipniup ZUEY-h
widunubignipjut ypuw quuhwnbnt hwdwp Uz9, dngbnid hnthnjudby Bo hwdw-
yuunwupwl nuppulut yuunwhwpbbpp: YEkpnsnipjut pninp ntwpbph hw-
dwp hpwwbwgyl) £ 2ZUEY-h Uz9 dnpbkjh Jepwhwyduplynid, b wnhy gnunt
Juwudwt hwdwpmpjut unugdus wpdbpubpp hwdbdwngty Bu Ejulbnuht
wpdbtputiph htinn (hwpduplyk) k wljnhy gnuint Juwudwt hwdwjunipjut thnthn-
hunipniip):
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Zujuutnwth wqquyhtt ynjhnbuthjuljut hwdwjuwpui: Unipp tbpuyugyt &
hudpugnpnipinil 23.02.20221:

I'.P. KAHELISIH, A.I'. XAYATPAH, A M. AMUPI/KAHAH, A.A. TEBOPT'SIH

IPOBEPKA ITIPOI'PAMMBbI UCIIBITAHUIA CUCTEM AADC
PUCK-UH®OPMHUPOBAHHBIM IIOAXOA0OM

[TpoBepky UCTIOIHEHUS TEPUOJMIECKUX UCIIBITAHUN CHCTEM aTOMHBIX 3ieKTpocTaniuii (ADC)
SIBISTIOTCS 9acThIO IIPOIecca MPOBEPOK, IMPOBOANMBIX SIICPHBIM PETyIHPYIONIMM OPraHOM Ha aTOM-
HBIX 3JIeKTpocTaHIusIX. [lepuoanueckie UCTIBITAHUS SIBJISIOTCSI OCHOBHBIM CPEZICTBOM MPOBEPKU pado-
TocriocobHocTH eMeHToB cucteM ADC. OmnpezeneHne 4acTOThl UCIIBITAHUHN SIBIISIETCSI CIIOXKHOM 3a-
Jadeil W BKIOYaeT B cebs aHanm3 MHOTHX (akTopoB. [Iporpamma ucmbitanuit ApmsiHckoir ADC
(AADC) onpenensiercst IKCIEPTHBIM MOAXOI0M, BKIIIOYAET JUIUTEIILHOCTD U IIEPUOANYHOCTD HCIIBITA-
Huil. [y mpoBepKy HaJuiexkalero nposeneHus ucnbitanuii cucreM AADC u 3h(heKTHBHOCTH TPOEKTa
HCTIBITaHMH pa3zpaboTaHa METOJOJIOIMsI HA OCHOBE PE3yJIbTaTOB BEPOSTHOCTHOTO aHANN3a GE30MacHOCTH.
Pa3paborannas MeTomosorus puMeHeHa k Tpem cucremam AADC.

Kniouegvie cnosa: poBepKH SACPHOTO PETyIHUPYIOMIETO OpPraHa, MCIBITAHMS, IporpaMma Hc-
TIBITAHUH, IPIMEHEHHE BEPOSITHOCTHOTO aHAJIM3a 0€30I1aCHOCTH, PUCK-UH(OPMHUPOBAHHbBIE HHCIICKIIHH.

G.R. KANETSYAN, A.G. KHACHATRYAN, A.M. AMIRJANYAN,
A.A. GEVORGYAN

INSPECTION OF THE ANPP SYSTEMS TEST PROGRAM USING THE
RISK-INFORMED APPROACH

Checking the periodic test performance of the nuclear power plant systems is part of the
inspection process performed by the nuclear regulatory body at the nuclear power plants. Periodic
tests are the main means of checking the operability of the elements of NPP systems. Determining the
frequency of tests is a complex task and involves the analysis of many factors. The ANPP test
program is determined by expert judgement and includes the duration and frequency of tests. A
methodology based on the results of the PSA has been developed to check whether the testing of the
ANPP systems is properly performed and to estimate the effectiveness of the test project. The
developed methodology has been applied to three ANPP systems.

Keywords: nuclear regulatory body inspections, testing, testing program, PSA application,
risk-informed inspections.
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Zuuuuurab Ucuunhue

Upwiljyly k Uplth swpddwip tpynt wnwgpny htwnling hhpphyuyhtt hwdwlwpg, npp
opju gutjugué wwhht pnpmd k vwpph phpdwt wyt wblniup, nph nhwypnud LEjnpw-
Juib tubpghugh wpununpmipiniup (hunwd E wnwdbjugnyup: Zknbng hwdwlupgh hwdwp
Uowljdt] E wojuwnwph wignpppd, junnigyt] E jurwjupdut hwdwlwupgh ulgpniipu-
1ht upubdwb:

Unwbgpuyhl punkp. wipth owupddwip tplnt wnwigpny htwnbing hwdwlwng, hhp-
Rhnuyhtt htnbinng hwdwlwpg, dhjpnyntnpnbp:

Ukpwbmpmnii: 21-pnp npupnid hwuwpulnmipjub wipinhwn qupqugdw,
unp wnkjuuninghwibkph Yhpundwi, gputg npnpunttph pbguyudwt hbnbwipng
wnwowiniud t EiEjupwtubpghwh wykh nt wydbjh dbé wwhwbowply [1]: Fuwy-
snipjult w&ht gqnigpipug wybkjuwinud £ twb ubinh ywhwbewnlp, husp wnwye-
tuwyhtt JEuwlut tpwtwlnipmnit niih dwppnipyut hwdwp: Upgniiwpbpnipyut
nn9 puthny wopwwnwiph wpyniupnid wnunnuynid b oppwlju dhowuypp, gnt-
nuununbuwlu hnnbpp, nongdwt opkpp, 1£kpp, dndkpt nt ojhwinutpp: Uju
pojnpp ubtinh hhdtwljwt wnpniptbptt Eu, npnig poiwdnpnudp hwbglgunud E
puquuphy wupnidhjh hhyuinmipniutkph, dwppymput jjuiph npuljh b Yyutph
nbnnmpjut whjdwi [2]: EjEjupuljut tukpghugh widunuig, wpwbg wpunwt-
nnidutph b dwwngkih wpununpnipniup jupbnp ntp B pwungmd dudwbwlulhg
wphuwphnid: Ushuiwppnt quqh wptnutinmdubph Ypdwnnudp bpnyuljut tplyp-
uipnud Jbpwhuljynud £ ubpnhdhlunubph b Eukpghugh dwgnudp hwwuwnnn
thwunwpnptph vhongny [3]: Uju wppkl jujugus snitjuymd spowtiwnnipiniup
hwutinud | wthwjwbwlwt gniguithpubph:

dhpwljwiquynn Eukpgbnhuyh wbkuwilniithg wpbuwhtt Eukpgbnhjut
wnwiigpuht lpwbwlmpnih niih 22 Fukpghnhl wiwhnipyut b ninbunmpput
hwdwp: Upliught Eubpginhluygh juynit b opdu pupwugpnid wykjh tpjup ogunw-
gnpédnudp wpyniwdbn Ynupduh Eubpghugh wwhwiownpyh pudupupdwb gonps-
nupwgp: Gpint wnwgpny Uplih pwupddwtp hbnling hwdwljwnpgbpp opdw pupwg-
pnud Uplh Eubkpghwt oquuugnpénid L 20%-nyd wydbih Gplup, putt owynhduy
wuljjut mul] mEknunpjus Yuywbtbpn (4]:
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[5] wphtwtnwupnid hppwljmwgdus E Unplh pwpddwip hknlbnng hudwlwp-
qtph nunidbwuppnipmit’ owpnhulul wpyniuyEnnpput b guinpuundwb
nbutninghwtph nkuwtlniihg: [6] wohiwwnwupnid ukpuyugyws t Unplh owpd-
dwtip hknling gdwyhtt dpkubjuyhtt pnwpupubpng hwdwljupg, nph oyyunhjuju
wpynibwybnnipiniip uqdb) b pugudkup 47%: Uppgnibwdbnmpiniup dkdwg-
ubnt hwdwp hbinhtwlubptt weownll) Eu oquuwgnpsdt) unp ubpunh punniuhy
(evaluated receiver): [7] wppnwwnwipmid Uplih pupddwip hknbing tplnt wnwtgp-
utpny hwdwlupgh hnjoupbt wnwewnlyty k qunuab Ukl supdhsny htinling hw-
dwljupg, npp, vwljuyl, sh wpwbdbwinud pupdp oymhjuljwh wpynibwyknnipe-
judp: Zudwduyt hbnling hwdwljupgnud Jhpwnyn (tracing systems) Junwdupdwi
Ukpnnh wowtdwbmd kb thwl) b pug onpuibkpny (close loop, open loop) htnling
hwdwlupgbpp: Pug snpumny hwdwljupgbpmd btwhwytu npynwd £ Uplth nhpph
Uwuhti nknkYnipeinitip’ opugnigughit ndyuyikphg kjukny, huly thwly onpuyny hw-
dwlwpgtpmy ukbunpujhtt vwppph dhongny thinpynid t Uplh wdbbudbs
hunnipjudp fwnwquypttpht ninnuwhwyug hwppnipmniup: duly snpuyny hwudw-
Jupglpt wbih wohtwunwnwn b puily b, vwluyl, vhhiungt dudwbwl, wuw-
hnynud kb wnbjh Uk Sonmipnil’ oquiugnpstym] wnwykjugniyi hqgnpm pyuith php-
dwl whlnmbp wijw tqubwluht hnthnunpmatbphg: [8] wohwwnwipnid
puttwpyynud tu Uplth swpddwiip htnbing hhpphnuyhtt hwdwljupgh wphiwwnwph
uljgpniupubipp: Uplth pwpddwp htwnlting hhpphnuyhtt hwdwljupgbpt oguuiugnn-
onud ki puig b thwly onpuyny hwdwljupgbph httwpwynpnipniuaubpp b opdu knu-
twluyht wupdwtkphg jukn] plunpmd ke gpuiighg npbit dkyny wpuwnwiph
htwpwynpnipniup: Uptught opkphtt hhpphnuyjhtt hwdwlwpgtpp, wpbp pyuh
htunbkuuhympyjut wpdtputphg Gjukny, ogunnugnpénid B Uplth pwupddwtp hbnbbm
ulqpmitipp thwly pnpw, hulj wdwudws optpht opugniguihtt tfjuwubpp pug onpew
[9]: Uju hwdwlupgliptt wipunhwn nbnbnipmb b vnwind Epubwuygh
ujuibph dwuht b wdwpudws opkphll' gpuws funuquuplph nhypnud, sk thnp-
Anud gl Uplih pwupddwtp hinbinng hwdwlwupgh wybih wpynibwdbwn hpp:

ugph gpwdpp: Zkwnwgnuinipjub juughpt £ juqdl) Upth swpddwip
htwnlinng hhpphnuyhtt hwdwlwpg, npp witwje onkplintpwpwbwlwi YEuwnpnuh
qubwlughtt njubikphg  htwpudnpmpmit juw opju guiljugws dudhl
quik] Unplh owpddwip htnbnng hwdwljupgh phpdwt oyyunnhdw) walynibp:

Uptph owpddwip kplnt wnwtgpny htnbng hwdwljupgh ujpbdwu b vhwg-
Ynn wwppuynpnidubpp: Uplh owpddwbp hnbnng hwdwlwupgh bwhwgsdwb b
wojumnwbph dwbpwdwutbph tbpjuyugdwut hwdwp bwh wihpudbown  uwh-
Uwlil Uplh nhppp Ywiujws ophg b dwidhg bpwtwyking Uplh ghppp thupu-
qpnn wulniubpp:
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Ul I-nud thpuyugdus Eu Uplh nhppp punipugpnn wulnibubpp wpbw-
1ht hwdwlupgh tjundwdp: Yuplnpugnyb bywbwlnipnit muku Upbh wqh-
Untinuyhtt b qiuhpwyht wulpnibiubpp: Upbh qithpuyghtt mulniup gnyg E viwhu
wnyju wyuyhtt Uplh b Bpyph YEtnpnuukpp dhwgunn gsh b wdjuy Yennwd Gpypp
dwbpbnyphtt mupjws unpdwh juquws wilmniup: Ughdninwihtt wilpniup
gnyg L viwhu Gpyph hwppnipjut ypuw Upth b Bpyph Eanpnuutpp Jhwuging qsh
wpnjkighuyh b hwpuwjuyhtt mynnipjut juqiws wulniip: Opju gutjugws wu-
hhtt wyu wilymubbkph htwugmpmniip htwpunpnipnih £ wnwihu uinbnsknt pu-
Juijwuthtt £ogphwn wpuwnnng Uplh sowpddwip htwnbng hwdwlwupgbp:

2tUhp

Anphgnuwywl
hwppenLejwlu
Lwwundwdp Unpdwy

N
y
w E
/
/
/
/2
/ ¥s
/‘ S

Ul 1. Uplp phppp Epfhwiudwpnid b wpluyhl Fakpglanpfuynid oqunuugnpédyng plinpno
whlnihbkpp.

y - hwppnippul wghuninuyghl wblyne b, - Uplh wghununuyhl wilynil, os- Uplp
pwpdpnipyul whlynil, 6: - Uplh qEbppuyhl wblyne b, B - huppeniejui pupdpni el
whlyni i, ¢ - wppruphwgpnului juyinient i

Unlh pwpddwip htwnbing hwdwljupgp punugus £ Uplh swpddwip hnbing
Ukjuwlhjuluwb dwuhg fonwpupbbp, hwgbhbkp, wplughtt dogniyh wuungng
hhuptp b wyl, (nruwb Ejuipuljut mwuppbphg, jupwjwpnn Yhypnyntnnpnikphg,
tpynt BEjunpudbwihjuljut pujjuyhtt owpdhsubphg: Zkwinling hwdwlwpgh
dvhwgdwt upubdwt pwdwdly b ipkp quydwbwjub pinjubph: Bubpquuinigdu
pinyp Uplth owpddwip tplnt wnwugpubpny htnbnn hwdwljupgh hwdwp swnw-
mud E nputiu Eubpghugh b mbnkjunynipjut wnpnip: Uplwghtt mwuppbphg tukp-
ghw £ dwnwlupupynid junwjupdwi pinhtt b puyjuyghtt owpdhsutipht, npntp
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Ukppwthjulwt supddwt vhgngny hpuljutwgtnid b ynniynp Eplnt wnwgp-
ttph omipep: Upniu Ynnuhg wpliwghtt mwppbphg ynpundbnph b wdugbpdbnph sw-
thnudubph wpynipnid hpwljut dudwbwlnid hnuwiph b jwpdwt wpdbpubpp nk-
ntynyph nkupny thnpuwgynmd Eu dhypnntinpnitinpht, npt i hp hkpphtt nbnkynt-
pintup dpwlnud b JEpwénid £ hmdwywwnwupuwt hpudwih nt thnjawtignid wy
pwjjuyhli puipdhytiiphl (. 2):

SwjGhuGph SwjGhuGph
hnphgnUwywu nunnwhwjwg
wnwugp wnwugp

Suwjjwjhu
2wnadhy

Uthuwuhjwywl piny

Adruino Uno
uhypnynuwpnitn

A A

Up Uh 2wpddwup hiinwnn hwdwywng
Qunuiupuwl piny

Uunwgduwis pinly

/:J;'Dnmhugmu
%] Eutpghw

Ul 2. Uplip pupdiulp hEnhng hunfuljupgh dhwgdwi ulgpniipughl prnl-upibdwi

Upliwjhu
ElGusunutn

Nputu jupwyunpnn hhdbwljwb wupp punpdbg L Arduino UNO dhjpnlntin-
nnikpp, npp yupq k ogunuugnpsuiwtt wnnudnyg b puuljuthtt hwenn Yhpunnipinit
niuh wpbuwght Eubpgbnhuynud:

Uhypnyntwnpn ph dntnpbphtt thugynud o wplwghtt muppbphg wpuwng-
nnipjut gniguwihptbph wtwnquyht wipdbpubpp, npnup dhypnynunpnitpp yEpu-
omud E pyuyhtih: Gipwjhtt onuljubphg dhipnnunpnitphtt vhwugynid B puygjughte
owindhstbipp, npnip jurwdupynid ku twpuonnp nipdws dpugqnph dhongny:

Uowiliyt) £ Uplh owpddwup htwnbbknt hhpphnughtt hwdwlwnpg, nph
nhypmud Souuind E Uplh nhppp pun opwigniguyhtt widjuyiibph, wjinthbnl
wplwghtl dngmubpp phpynud ko owgunpdw) nhpph’ pun ukunplibphg unwugus
nbinklnipmniuttph:

Ul. 3-nud pipquws E Uplih owpddwip Spugpuynpqus htwnbnng hhpphnuht
hwdwljupgh wignphpdp, npp ukunputph thnpowpbi oguuugnpénid £ wplught
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wnwnpplphg nnwugyué hqnpnipjut wpdbpubpn: Uju hwdwlwupgu oqgunugnpédynid
E uwpph wownwiipnid. Jhpwnkiny wghuntnwht whljwb 1° puy), hish pinphhy

oad Calendar Data
Load Time

l

Lazimuthangle = data.azimuth(time)

zenithangle = data.zenith(time)

a0 = aZ|muthang|e
z0 = zeniththangle
a1l = azimuthangle + 1
a2 = azimuthangle - 1
z1 = zenithangle +1
z2= zenlthangle -1

resulto = sensorresult(ao z0)
result1 = sensorresult(a0,z1)
result2 = sensorresult(a0,z2)
result3 = sensorresult(a1,z0)
result4 = sensorresult(a1,z1)
results = sensorresult(a1,z2)
resulté = sensorresult(a2,z0)
result7 = sensorresult(a2,z1)
result8 = sensorresult(a2,z2)

l

azimuthangle = azmuth(max(result))
zenithangle = zenlth(max(result))

repeat, until
ax(result) > resultQ

set angles a0,z0

Ul 3. Uplip pupdiwip hkwnlng

wgnphpuh wowwnwbpp, jupjujws tnubw-
Yuyhtt wuydwbbphg, wbnd E dhsh 5 quypy-
Juat:

Opju guujugus wyuwhh hwdwlupgp
phpynud L opwugnygny twppwunmbugus wil-
judp bt suthmu Junwpnud: Bph swhdwt wpr-
jniupn thnpp E wdju) wouwphwgpuijui nk-
nuiph hwdwp Uplth ninhny fwpwquypttph
ntypmd wpununpdus dhohtt hqnpmipiniuhg,
hwdwlupgp ppymd k Ukl wunhgwunyg jni-
puwpwignip nupnnipjudp b Ypljunud surhnodp:
Bpet swihdwl wpyniuputphg npbk dkyp Jks
E opugniguyhtt wljjutt sunhdwt wipmyniiphg,
wyw npyjtiu inp hwdbdwwnnipjul wpyniiup
nuunpynud E kS wpmynipp, b gnpdnnnipniip
ynpludnud t: Uju gnpdnnmipiniiup swpnibwl-
Ynud E wnwdbjugnyup 8 wuqud, npytuqh
gnJwd Junwquypttph nhypnud htnbng hw-
dwlungp wyknpy Eukpghugh swpuu smtku:
Ujuytu hwdwljupgp opu guujugus wyuhh
guunud £ hqnpnipjut Epuniptdnidh Jwnp b
wywhnynud wnwybkjmugnyu tukpghuygh wp-
tnwnpnipnil:

Unpnyniipubp: Vwhiugdyws hwdwljupgp,
wy] hhpphyuyhtt hwdwljupgbph hwdbdwwn,
sh oqunugnpénid ubktunpubip b swhdwb wpy-
niupubipp hwdbkdwwnnud | htug wplughl dn-
nnijh hpuwt dudwtwlnid wpnwnpnipyw-
U wpynipubph hbwn: Zudwlwupgp, wiwf
Enutwluyhtt yuydwuubphg, Jjuwnwpnd k
suthnudubp b qgunnund hknlinng hwdwljupgh

hppphpuyhl hunlwluipgh wignphpdp phpjwdnipjul oyynhuw) whlniup bub wd-
wudws opkphtt: Uju Enutwlny hwdwlupgp pbwynid b ubkbunpubph hwdwp
oqurugnpdynn dhengubpp b wppiwwnnid L wpgymibwdbn® oinphhy dpwqph, npp
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wpuq b wpynitwybn Jepuyny qniunud £ unwydbjugnyt wpnunpmipju hwdwp
hwdwljupgh phpdwb wulyniup:

Bqpuljugnpjnti.

¢ Gplnt wnwigpny Uplh pwpddwip hknbnng hwdwlwupgtpp opdu pupug-
pnud wfbjh bpljup ki ogunugnpsmud wpliughtt Fubpghwt' wyquhnbjng Yuynia
Eubpquuiwunwljupupnud:

e Unlth owpddwip htwnbing puquuphy hwdwljupgbpt nt gpubg Ynbghun-
ubtpp hhdudws Eu opugniguyhtt wjuynbph b ppuwjui dudwbwlnid junwpyng
swthnudubph Jpu:

e Uowljdt Lt Uplh swpddwip tpynt wowigpubpny htwnbnng hhpphguyght
hwdwljupg, nptt oqrnugnpénid £ Adruino UNO dhypnlnuwnpnitp b hhpphnpught
wqnphpd, nph dUphpngny htwpwnp k opdu guljuugws wyuhh qunk] hwdwlunpgh
phpJwdnipjul wpw]kjugniy hqnpnipmt wywhnny wilnitp wiule bqw-
bwljuyht wuydwbubphg:
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A.A. IPHOSH, I'.Il. BAPJIAHSH, P.O. ABOSIH

PA3PABOTKA JIBYXCJIOMHOM 'MBPUITHON CUCTEMBI CJIEXKEHMSI 3A
JBUKEHUEM COJIHIIA

Pa3paboTana ruOpumHas cucTeMa ClexeHus 3a nrkeHneM ColTHIIA, KOTOpas BEIOU-
paeT TOT Yrojl HaKJIOHa CUCTEMBI B JII000€ BPEMsI CYTOK, IJI€ TIOJy4aeTcsi HAMOOJIbILIOE KOJIH-
4eCcTBO 3Hepruu. Paspaboran anroput™ paboThl THOPUIHON CUCTEMBI, IOCTPOCHA MPHHITAIHAIB-
Hasi CXeMa CUCTEMBI yIPaBIICHHUSI.

Knroueeste cnosa: nByxocHast CUCTEMaA CIIEXKEHHUs, 3a ABKeHneM CoiHIa rubpui-
Hasi CHCTEMa CJIC)KEHUS, MUKPOKOHTPOJLIEP.

A.A. DRNOYAN, G.P. VARDANYAN, R.H. AVOYAN

DEVELOPING A TWO-AXIS HYBRID SYSTEM FOR TRACKING THE
MOVEMENT OF THE SUN

A hybrid system for tracking the Sun movement is developed which selects the angle
of inclination of the system at any time of the day, at which the largest amount of energy is
obtained. An algorithm for the operation of the hybrid system is developed, the principle scheme
of the control system is constructed.

Keywords: two-axis tracking system, hybrid tracking system, microcontrollers.

71



ISSN 0002-306X. Proc. of the RA NAS and NPUA Ser. of tech. sc. 2022. V. LXXV, N1

UDC 004.832 COMPUTER SCIENCE AND
INFORMATICS

DOI: 10.53297/0002306X-2022.v75.1-72

T.B. KHACHATRYAN, D.F. DAVTYAN

DEPTH ESTIMATION AI INFERENCING COMPARISON OF JETSON XAVIER
NX AND CORAL DEV BOARD

Al inferencing, especially the real time processing of neural networks may require
excessive calculation power in terms of speed and memory, thus opening a big area for
research and design of new devices intended for Al acceleration. Examples of such devices
are Nvidia’s Jetson series, Google’s Coral. Also, there are FPGA solutions such as Xilinx’s
Al applicable FPGA. Depending on application requirements it could be difficult to choose
between these devices, as in most cases, speed and accuracy are the most important factors,
while there are also applications which require low power and low cost. Thus, investigation
and comparison of these inferencing devices in terms of speed, memory, power and cost for
the chosen field of subject may be useful for choosing the right device for the given task.
We have done such an analysis for the depth estimation task using Jetson Xavier NX and
Coral Dev Board as inferencing devices.

Keywords: a artificial intelligence, neural network, depth estimation, Jetson Xavier
NX, Coral Dev Board.

Introduction. In this work, we are analyzing the inference of depth estimation
deep learning model on Al inferencing devices to find out their advantages and
disadvantages for the specified task. We have chosen depth estimation from computer
vision subtasks, as it is more challenging and comparably less investigated in literature.
Also, the possible opportunity of replacing the traditional methods of depth estimation
increases the interest of this analysis, because the Photogrammetry which is the main
tool for depth estimation nowadays requires heavy 3D reconstruction processing,
that is only suitable on stationary processing units. Meanwhile, there are applications
that require instantaneous information on scene properties, such as UAVs obstacle
avoidance, indoor navigation, self-driving vehicles, etc. [1]. We have used aerial
footage for training and testing our models as it is the hardest in terms of picture
properties due to long shooting distances, meaning low resolution on objects.

Many authors solved the depth estimation problem, using supervised neural
networks [2-4]. Although, supervised methods provide high accuracy, they require
large datasets with accurate ground truth depth maps, thus reducing their applicability.
As an alternative, self-supervised methods can be applied, which do not require any
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ground truth depths and provide enough accuracy. There are two main methods of
self-supervised depth estimation: through stereo pairs [5, 6] and through monocular
videos [7, 8]. We have used monocular videos in this work.

The inferencing devices were compared in terms of the output image depth
quality, speed, required memory, power usage. We have chosen Jetson Xavier NX
and Google Coral as inferencing devices, as they have one of the best price-
performance ratios in the market and have not been sufficiently investigated in
literature.

The chosen model. This section briefly describes the chosen model for
depth estimation and also presents the inferencing hardware and the steps for
preparing models to inference.

For depth estimation we have used a convolutional neural network which is
similar to the network presented by [9] with some small architectural changes. One
of such changes is the replacement of Exponential Linear Units (ELU) with
Parametric Rectified Linear Units (PReLU) in the decoder part. This is necessary,
because Edge TPU Compiler [10] does not support ELU operation.

Jetson Xavier NX specifications. Jetson Xavier NX is a power-efficient,
compact module for Al edge devices. It accelerates the NVIDIA software stack in
as little as 10 W with more than 10x the performance of its widely adopted
predecessor Jetson TX2. The brief properties of this device are described below.

NVIDIA Volta architecture with

GPU 384 NVIDIA CUDA cores and

48 Tensor cores
Memory 8 GB 128-bit LPDDR4x 51.2 GB/s
Video Encode 2x 4Kp30 | 6x 1080p 60 | 14x 1080p30

Xavier NX is capable of 21 TOPS (int8) or 6 TFLOPS (fpl16) of Al
performance while consuming only 15 watts of power. When limited to 10 watts, it
can still perform at 14 TOPS. More detailed evaluation can be found in Nvidia’s site.

Coral Dev Board specifications. The Coral Dev Board is a single-board
computer that's ideal for performing fast machine learning (ML) inferencing in a
small form factor. The on-board Edge TPU coprocessor is capable of performing 4
trillion operations (tera-operations) per second (TOPS), using 0.5 watts for
each TOPS (2 TOPS per watt).The brief properties of this device are described
below.
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NXP i.MX 8M SoC

Py (quad Cortex-A53, Cortex-M4F)
GPU Integrated GC7000 Lite Graphics
ML accelerator Google Edge TPU coprocessor
Memory 4 GB LPDDR4

Inference. We have done inference on Jetson Xavier NX using Nvidia TensorRT
Python API, CUDA Python API and Jetson-inference library. For generating the
TensorRT engine which is required for the inference, first we have converted our
PyTorch model to Open Neural Network Exchange (ONNX) format, and then we
have generated TensorRT engine from ONNX model [11].

The PyCoral Python API and TFLite models have been used during the
inference on Coral Dev Board [12]. For generating TFLite models, first we have
converted our PyTorch model to Open Neural Network Exchange (ONNX) format,
then we have converted ONNX format to OpenVINO, and finally the TFLite models
have been created by converting OpenVINO model to Tensorflow and using TFLite
converter. The ONNX to OpenVINO step was necessary, because PyTorch and
Tensorflow use different data storing formats and it is difficult to directly convert
between them.

We have created various engines with different input resolution and precision
parameters and have performed extensive experiments which are described in the
following section.

Experiments. In this section we introduce the dataset and the comparison of
TensorRT and TFLite models’ results.

Dataset. We have used China video sequences from the UAVid dataset [13]
for creating training, validation and test sets. There are 34 video sequences with a
resolution of 3840x2160 in China sub-dataset.

Like [14], for testing the model performance, we compared the depth maps
generated by the model with reference depths. As reference depths the point clouds
generated through Pix4D photogrammetric tool were used. A total of 412 images
were obtained as reference depths through this process.

Evaluation metrics. To assess the performance, various pixel-wise metrics
are calculated between the predicted and reference depths. The evaluation of the
accuracy is done based on calculating several metrics between the single image
depths (d”) generated from the model and the reference depths (d) produced using
Pix4D. The evaluation metrics are: Absolute Relative difference (Abs Rel) given in
equation (1), Squared Relative difference (Sq Rel) given in equation (2), Root
Mean Square Error (RMSE) given in equation (3), Root Mean Square Logarithmic
Error (RMSE log) given in equation (4). The accuracy given in equation (5) is
described in [9] and [14]:
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Here the accuracy represents the fraction of pixels that are within a certain
threshold 0 to the corresponding pixel wise value in the reference depth map. The
thresholds chosen are 1.05, 1.15, 1.25, (1.25)% (1.25)°.

Comparison of results. We have performed the comparison of TensorRT
and TFLite models in terms of accuracy, inference statistics, memory usage, power
usage, model complexities. The evaluation of our models’ accuracies was carried
out by comparing the results with reference depths generated using the PIX4D
software. We also present the comparison with the result published by [14] which
is one of the best works that uses the UAVid dataset.

In Table 1 and Table 2 are shown the comparisons of model accuracies with
input resolutions of 256x160 and 320x192 respectively.

From Table 1, we can see that decreasing precision from fp32 to fp16 does
not significantly change the results. The results are slightly decreased when using
int8 data type, but it gives more performance boost. The results of the model with
int8 data type were measured after performing the calibration process. For that we
have used calibration dataset, which includes more than 400 images from the
original training dataset.

The difference between TFLite and TensorRT Int8 models’ accuracies may
be caused by different calibration processes of the TensorRT and TFLite converter.

From Table 2, we can see that using higher input resolution improves the
results for both TensorRT and TFLite; however, it increases the model complexity.
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Table 1

Results achieved over models with input resolution of 256x160

TFLite Results from
Model name TensorRT model (256x160) model Madhuanand
(256x160) et al (2021)
Data type Fp32 Fpl6 Int8 Int8 Fp32
Absolute relative 0.269 0.269 0.27 0.29 0.109
Square relative 17.552 17.549 17.541 23.692 7.742
RMSE 52.463 52.479 52.352 63.314 48.303
RMSE log 0.293 0.293 0.293 0.316 -
al (<1.25) 0.649 0.649 0.649 0.642 0.878
a2 (<1.25%) 0.859 0.859 0.86 0.836 -
a3 (<1.25%) 0.936 0.937 0.936 0.92 -
a2* (<1.15) 0.487 0.487 0.485 0.466 0.761
a3* (<1.05) 0.192 0.191 0.193 0.175 0.327
Table 2

Results achieved over models with input resolution of 320x192

TFLite Results from
Model name TensorRT model (320x192) model Madhuanand
(320x192) et al (2021)
Data type Fp32 Fplé Int8 Int8 Fp32
Absolute relative 0.255 0.255 0.259 0.234 0.109
Square relative 15.523 15.528 15.954 16.095 7.742
RMSE 51.523 51.552 52.132 55.275 48.303
RMSE log 0.279 0.279 0.282 0.262 -
al (<1.25) 0.65 0.65 0.643 0.709 0.878
a2 (<1.25%) 0.874 0.874 0.869 0.902 -
a3 (<1.25%) 0.945 0.945 0.944 0.956 -
a2* (<1.15) 0.489 0.489 0.484 0.517 0.761
a3* (<1.05) 0.2 0.2 0.196 0.204 0.327

Table 3 and Table 4 show the model complexities expressed in floating point
operations (FLOPs) and memory usages of the models. As we can see, TFLite models
on Coral are simpler and significantly superior TensorRT models in terms of the
memory used. Table 3 shows that TensorRT models require less memory in case of
fp16 and int8 data types.
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Table 3

TensorRT model complexities and memory usages

Input resolution 256x160 320x192
Number of parameters 148 M 14.8M
Fp32 0.85 GFLOPs 1.6 GFLOPs
Model complexity Fpl6 0.6 GFLOPs 0.65 GFLOPs
Int8 NA NA
Fp32 4 Gb 4 Gb
Memory usage Fpl6 33Gh 33Gh
Int8 3.3Gbh 33 Gb
Table 4
TFLite model complexities and memory usages
Input resolution 256x160 320x192
Number of parameters 14.8 M 148 M
Model complexity Int8 NA NA
Memory usage Int8 175 Mb 180 Mb

Comparisons of models’ performances measured by the number of frames
processed in a second (FPS) are given in Table 5 and Table 6. From these tables,
we can see that decreasing the precision significantly improves FPS numbers of
TensorRT models giving about 4-5 times higher results compared to TFLite models.

Table 5
Inference statistics (FPS) of various models with input resolution of 256x160
Video Input TensorRT model TFLite model
resolution resolution Fp32 Fpl6 Int8 Int8
640x192 256x160 65 FPS 95 FPS 106 FPS 20 FPS
720x480 256x160 48 FPS 62 FPS 68 FPS 16 FPS
1280x720 256x160 31 FPS 38 FPS 39 FPS 11 FPS
Table 6
Inference statistics (FPS) of various models with input resolution of 320x192
Video Input TensorRT model TFLite model
resolution resolution Fp32 Fpl6 Int8 Int8
640x192 320x192 44 FPS 75 FPS 85 FPS 16 FPS
720x480 320x192 30 FPS 55 FPS 60 FPS 14 FPS
1280x720 320x192 25 FPS 33 FPS 36 FPS 10 FPS

In Table 7 and Table 8 are shown the power usages of TensorRT models

with input resolutions of 256x160 and 320x192 respectively. TFLite models consume
less than 2000 mW on Coral Dev Board. We are not presenting detailed power
consumption results for Coral Dev Board, as Google has not developed yet an
accurate utility for power estimation. As we can see, Coral Dev Board is much

more power-efficient than Jetson Xavier NX.
77



Table 7

Power usage of TensorRT models with input resolution of 256x160

Video Input TensorRT model Idle power
resolution resolution Fp32 Fpl6 Int8 usage
640x192 256x160 10100 mw 7700 mW 6800 mWw 3000 mw
720x480 256x160 8800 mW 6800 mW 6200 mW 3000 mW
1280x720 256x160 7800 mW 6400 mWw 5900 mW 3000 mW
Table 8

Power usage of TensorRT models with input resolution of 320x192

Video Input TensorRT model Idle power
resolution resolution Fp32 Fpl6 Int8 usage
640x192 320x192 11000 mW 8200 mw 7100 mWw 3000 mWw
720x480 320x192 9600 mW 7400 mw 6400 mWw 3000 mWw
1280x720 320x192 8400 mWw 6600 mWw 6000 mWw 3000 mw

Conclusion. For the comparison of metrics evaluated in this work, it is
obvious that Jetson Xavier NX outperforms Coral Edge TPU in terms of inference
speed and computational power. Meanwhile, Coral Edge TPU is more energy and
memory efficient. Adding to this Coral’s low price, we can argue that it can be a
good choice in applications where low power and low cost are essential. Although,
both devices perform well, they still have to work on improving data transmission,
as we can see both of them have difficulties with high resolution inputs.

For future work, we would like to explore the depth estimation inference on
high resolution videos, as the experiments show, that increasing resolution can
significantly improve the accuracy.
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S.£. WUQUSI3UNL, 1.5, MUY 63UL

ULZBUSUYUL AULUYULAREUL UPRNSNY MUSYE P ACNREEUL
QLUZUSUUL ZUUUL JETSON XAVIER NX-P 649 CORAL DEV BOARD
SLUUULULUYUL BrUYUSNRESUL UUNLENP ZUUBUUSNRESNRLE

Uphtunuui putwuinipiui (UR) npudwpwbwljud tqpujugnipmnitp, dwubw-
Unpuytu ubpntught guughkph hpujut dudwtuynid dowlnidp, jupny bu wwhwel)
swthwquig Uks hwoywpluyhtt hgnponipnitbp, wynuhuny pugkiny ks quown UL wpw-
gugdwt hwdwp twpuntudws unp vwpptph hbnwgnundw b bwppwgsdwt hwdwp: Ujg-
whuh uwppbph ophtiwjukip ku Nvidia-h Jetson pwippp, Google-h Coral-p: Ywt twl FPGA |nt-
snultikp, hsughupt k Xilinx-h UR Yhpunkjh FPGA-p: Ywu]ws hwbp]wsh wwhwbeubphg
Jupnn L nddup (hul pinpmipyut junwpnidp wyu vwpptph dholi, pwtth np hhdtwlw-
unud wdktwljuplinp gnpénuubpp wpugnipniub nt Logpuumipiniub &y, dhspbn jub twub
hwtjusutp, npnup ywhwbgnid Eu gudp hqnpnipinit b ght: Uju kqpuijugnipjut uwp-
ptnh htnwgnuunudt nt hwdkdwnnudp, phnpduws nppunh hwdwp wpugnipjul, hhpnnnt-
pul, Swhuwsd hqnpnipjul b qih wkuwilniihg, jupnn G oquuuljup 1hutk) ipdws fuunph
hwdwp dhownn vwpp phnpknt gnpdnd: Ywnwpyb) £ wjuyhuh JEpndnipinit wqunlkpp
Junpnipjul giwhwndwl juinph hwdwp' npuybu kgpuljugm pput vwppbp oquugnpstny
Jetson Xavier NX-n i Coral Dev Board-p:

Umubgpuyhli punkp. wphbunwljut putwljuwinipiniy, thpntughtt gutg, anpnipjut
quwhwwnnd, Jetson Xavier NX, Coral Dev Board:
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T.B. XAYATPSIH, 1.®. JABTSIH

CPABHEHUE YCTPOMCTB JJOTMYECKOI'O BBIBOJIA JETSON XAVIER NX
N CORAL DEV BOARD /UIs1 OOEHKH I'NTYBUHBI U30BPAKEHUSA C
NOMOIIBIO NHCKYCCTBEHHOI'O UHTEJIJIEKTA

Jlornueckuit BpIBOA MCKyccTBeHHOro mHTe/wiekra (M), B wactHocTH - 00paboTka
HEWPOHHBIX CeTel B peabHOM BpEMEHH, TpeOyeT upe3MepHO OOJIBLIMX BBIYMCIUTEIBHBIX
MOIIIHOCTEH, TeM CaMBIM OTKPBIBas OONBIIYIO 001aCTh IS UCCIENOBAHUS U IPOSKTHPOBA-
HUsI HOBBIX ycTpoiicTB yckopenust M. Tlpumepamu Takux ycTpocts siBisitores Nvidia Jetson,
Google Coral. Imerorcs takxke pemenus FPGA, rakue kak FPGA Xilinx, s mpuMeHeHUs
WU. B 3aBucuMocTH OT TpeOOBaHHI TPIIIOKEHNUS, BEIOOP STUX YCTPOHCTB MOXKET OBITH TPYA-
HBIM, TaK KaK CaMbIMH TJIABHBIMU (PaKTOPaMH B OCHOBHOM SIBIISTIOTCSI CKOPOCTb U TOYHOCTb,
HO MMEIOTCSI IPUIIOXKEHUS], KOTOPbIe TPeOYIOT HU3KMUX MOIIHOCTEH U 1eH. Takum oOpazom,
HCCIIe/IOBaHNUE M CPAaBHEHHE ITUX YCTPOHCTB NPHUMEHEHMS, C TOYKU 3PEHHsI CKOPOCTH, MaMsTH,
NOTPa4YeHHOW MOIIHOCTY M LIEHBI JUIsl BHIOPaHHOM cdepbl, MO3BOJIST BHIOpATh NPaBUIBHOE
YCTPOWCTBO JJIsl TIOCTaBJICHHOM 3amaun. [IpoBeseH aHanu3 i 3a1a4d OLCHKHU TJIyOUHBI
U300pakeHHMs, UCIIOJB3Ys B KauecTBe yCTpoicTB npumeHenus Jetson Xavier NX u Coral
Dev Board.

Knrwouesvie cnosa: MCKyCCTBEHHBI HMHTEIJICKT, HEHPOHHAs CETh, OLIEHKA TITyOHHBL,
Jetson Xavier NX, Coral Dev Board.
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UBLBRSPNPUUSEL ULt4USHL ELEUGLSUGh ZUUU UL UUL2LAN,
UUUYGLedNR36LE P UM3NELUAESNRE8UL G LULZUSNRUL.
UUU 1. O1SpuualvL AFLNhEUALGe

Judwttwluyhtt nhpnyph Yipeunp twuppbpnipjut dbpnnny dnpbjuynpyt] b thnpd-
twuinpbb hbnwgnut) o uhjhghnudughtt wplughte B edbunubph mwupptp wkuptph wb-
hwppnipniuutpny (Uhpnjueniguspuyhtt poipg, twinjunnigyuspuyht wugp, uniu b
nt) hwjwwinpunupdunn dwlkphinyputph oyywunhjulwt pimpwugptpp: 8nyg L wpdby,
np wpwyk) wpynittwybn ki jnbwdl wthwppmpniuttpny dwtpinygputpp, npnup dtw-
Ynpynud L phwlunpy hntughtt pwswndudp vl uhjhghnith wnwgwgdwt nhdhunud: Lutiwply-
Ut £ wpynitwpbpuljut tpwtwulnipyudp wplughtt fkdkuntbkpnud dhljpn- b twbinljunnig-
Jwspwjhtt hwjwwinpunupdunn dwljtpunyputnh hhpphnuyhtt jhpurndwt tywnwlw-
hwpdwnpnipmnibin:

Unwhgpuypll punkp. wpluyght Ladbun, hujuwinpunupdung dwljbiplnygp, ub uh-
1hghnid, oyyinhjuljut puntpwqptn:

Lhpwbmpmil: Uhjhghntdughtt wplhught fedkunubph oyginpjujut Ynpoiun-
utiph thnppugdwi wpynibw]bn dbpnnubphg Ehuljuwingpunupdinng dwljiplinge-
ubiph Yhpwonidp: dputp dwljEpinipught juintwynp jud wijuwint nknupuwju-
Jwd swljnnhubph, wubinhlukph, pnipgbph ud thnuhlubph nbkupny mbkpunnipu-
ubp &, npnp, pun wihwppenipniuikph swihubph, jupnn G (hul] dhljpn- jud
twunjunniguspuyghti [1-5]:

Cunhwinip wndwdp, (nruughtt Swnwquypbph hbn hujuwbnpunupding
dwtpbnyputph hnpwqpbgnipmniip pagunpdmd t hbnbyjuy pint vwhdwbiw-
1htt dbjuwthquny [5-8].

1. Uhypnjunmigyuspuyhtt dwlbpiinyputnh nhypnid, tpp wthwuppnipjut
punpny A swthup Uk E puljunn (niuuyght fwnwquyptbph wihph A tpjupnipiniithg
(A > 2), huphwt wthwppnipniiutphg ntnh tu niubimd puquuphy wunpunup-
Anudubp' hwhghgibing fwnuquypltiph smywlunpuiwi: Upygnibpnid” buljubnpbi
ujuqnud £ pujunn (nruughtt fwnwquypttph winpunupdnidp, b ngputp hhdtw-
Jutnd yuignid L

2. Lutinurmgyuspuwihtt dwljkpunypubph nhypnid, Epp thnjuuqnbgnipmniup
nbinh £ mubkund Bipuwhpughtt mhpnypenid (A < 1), wnwgtught E nunumy nkpu-
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nnipujnd pEjdwt gnigsh oynpuuytu thnpp fannipjudp dhowjuyphg wygbih ks
hunnipjudp dhowduyp gpunhbiunughtt thnthnjunipmiip” hwbgkgubing puqdw-
opn oyynnhjulwt swsynypubph tdwbtunipyudp winpunupddwt tJuquwbnp:

Puujutupup, juytwgtipn Sunwquypdwt nhupnid wyu tpyn Ukjawtthqu
gnpédnud L, huly intpupwbisiniph tkpppnudp jujudws b puquuphy qnpénuttnhg,
wyn pUnud withwppmpiniubbph swihukphg b wkuphg:

Qpujuimpniunid hyybu nbuwwinpby, wjbybu b hnpdujut Fubw-
wuphny juyunpkt hbnwgnugl) o hwjuwwinpunupdinng dulbplnyputnh oy-
nhulub b fEjupuljwi pinipugptpp’ juu]ws wihwppenipmnibibph suthub-
nhg (pupdnpnipnil, hhuph dwlbpbu, wuppipuljuwinipinil) [9-16]: Uuljuyt gqplpk
puguljuynd Eu npug wkupkphtt wetsynn tdwbwnhy hbnwgnunipmiubbpn:
Uhtsnbn mbEpunnipuwynpdwb mwuppkp nbuininghwljut dbpnnubp hwigkgtnid
kb nwpplp nbupkiph wihwppnipmiatph dbwnpdwip” dhpnunmgduspuyght
ppqudl (wuhgnuipny punpnpuljut phthwljut puswnnd) [9, 10], twinjunrnig-
Juspuyhtt wmbgptp (Ejunpuphdhulut puswnmd swljninljtiu uhihghnuth wnw-
owigdwlt nidhunid) [15, 16], tmunljunniguspuyhtt ynitwdl (Ejupniw-dunw-
quypuyht {huingpubhw) [17], twinjurniguspuyhtt Yntiwdl (nbuwljnnhy hntwghte
hrwdwinnid ult uhjhghnidh wpwewgdwt ntidhunid) [11, 12] b wyte:

Upjuunwipnid (Uwu 1) hpuljuiwgyty £ viuppbp mbkupbph wihwppenipniu-
ubpny hwjwwinpunupding dwlkpbinypubph oyuhjuljwt punipwgptph hundb-
dumnwluwb Jbpnisnipmit: EiEkjupulwb pumpwgpbiph hEnwgnuumpniuubph
wpryniupubpp Yubpluwyugdbt Uwu 2-nud:

Unphjwynpnd: Zujwwunpunupdunn dulkplingpubpp ghunwnpydt) Eu np-
wtu tplswh hwdwlupgkp, npntp wupphpujwt Eu Eplnt nignnipnitubpng b
vwhdwbwihwl b Gppnpy nunoipjudp: Zknwgnugby o hwdwljupgtp, npnug
dhwnp pohoutipp ikpjuyuginid u jubuntwynp dhipnjunnigyuspuyhti poipng b
twbnljunniguspuhtt wigp, unit b Yni:

Uhypnjunnigquspuyhtt hwjuwunpunupdung dwlkpbnyputph oyunhluw-
Juwt hwnlnipniuutpp jupkh £ pduyinptt dnpbjudnply Eppuswhwljui ow-
nhiuyh wbunipjudp’ Jhpunking fwnwquypttph hbnnwgddwl (ray-tracing, RT)
Ubpnnn [6, 8]: dipohtiu ukpunnid b puquuphy tpjpusuhwljut funwuquyptphg
nipupwisiniph winpunupddwi-fubdwi-utgdut nhnwpnid wthwuppnipnt-
t-onp uwhdwbwgsuyhtt Jhnbpnud: Lwinjunnmgguspuyhtt dwljbplnyputph oyw-
hjuljwut punmipwgptph dnpbjuynpnudt hpwljwbwugynd £ wpynitwgbn dhow-
Juyph dnnupldudp (effective medium approximation, EMA), tpownp nwppkph
Ubkpnnny (finite element method, FEM), juhuwnn qniqujgdws whph Jtpnidnipjudp
(rigorous coupled-wave analysis, RCWA), dwwnphgujhtt thnwbgdwt dkpnnnyg
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(transfer matrix method, TMM), hwipp wjhputph ukpnnny (plane wave method,
PWM) b wyjuu [18-22]:

Cunhwinip wndwdp, uhjhghnidwyhtt wpbught LEdkunubkpnid fhpwunyng
twununnigduspuyhtt dwljkplinygpubph wihwppnipmniutbph swihubpp hwdbdw-
wkh Eu upjhghnidh hudwp «wppuunwipuyhlyy hwinhuwgnn uykljnph nkuwbh
nhpnyph wihpibph tplupnpmnitbtph htn' A~ = 400...800 ff Niunh hwlwwbn-
punupdunn dwljbkpinypubph owwnhljuljwt hwnlnipmitutph dnpbjuynpnudp
uwhdwbughtt wju jud wyt Ukpnnny Jupnn E hwiglgul) qquih uvppwjupubtph:

ity Jpntigyuthg’ Ubp Ynnihg plunpyly | dudwbwlught whpoyph qbp-
ouynp wnwpphpnipjub (finite-difference time-domain, FDTD) dbkpnnp, npp ubs
Sounnipjudp hwpyh L wninid fwnwquyptbph hbn withwppenipmnitutph thnjuwg-
nhgnipjut tpnt dkjuwthqut b b, hknbwpwp, jupnn Edhwdwdwbwul jhpundty
husytu dhypn-, wytybu b twinjurnigquspuyhtt fwltpinyputph nypnid [19,
23-25]: Uhpwnykj k FDTD Solutions (Lumerical Solutions Inc, Canada) wnlhwnpuwjht
Spwgpuyht thwuphkph Rough Surface (version 8.17.1072, 2017a) Uunnniyp, npp htiw-
puynpmipinit E nnwihu, jupudws yquppbpuljut hadwljupgh dhwygnp pooh mbu-
phg, swthutiphg, wjhph Epfupnipiniihg b wuljdwt wulyniuhg, uvnwbwg b 2D/3D
wpnuywnlinl] hwjuwinpunupdunn dwbpinypubph winpunupddwt b jjub-
dwl uykunpubpp:

Unphjuwynpdw pupwugpnid nhinnwplynn hwpp wquppbpuut hwdwlwp-
qpp pumipugpyl] o hbnlyw) puquyhtt yuwpwdbnpbpny® A-pupdpnipnt, d-
wpwidwghs (pnipgh nhwypnid hhdph tkpgsnn opowtiugsh npudwghsp), t-wwp-
pEpujutinipinit: LY. 1-nid npyku ophtiwl) gnigunpyué ku Yntwdl ppony wyup-
pEpuljut hwdwlunpgh jujtwlut hwwnnypp, wkupp yiplthg, Epwswth yuwwnykpp
1 FDTD Solutions dpwgpuyhtt thwpbtpny unugus gpudphljuljuis nkupp:

Ul 1. Yninudl poony wyuppkpuljul hudwlwpgh juyinalpul hunnnijep, nkupp JEpljg,
Enuwsunh il kpp b FDTD Solutions Spugpuyhll thuwplbpny unwgyud gnupplului

wkupp

‘Luinjunnigquspuyht dwljbpinyputph hwdwp punpdt) Bo puquyghtt ww-
pudtinpph htnlyuy pinpny wpdbpitpp h=600 &/ d=150 &/l t=250 &t Uhlpn-
Junniguspuyhtt ppqudl dwlbplinygph nhypnid wyy wqupwdtnpbph punpny wp-
dtptipp htnlyu thl'' h=4,0 «fif, d=5,0 v/ b t=6,0 dfjf Owpinhuljwb gpgomut
hpuubwgyt) k juytwptpun (4 =250...1400 i) wihpubph wypnipny:
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Unphjuynpdl) b wuppbpuui hudwlwupgiph winpunupddwt R(4) b
pwhwighnipyut T(A) uwbklupubpp, hul Juwidwb uwybupp npnodlp L
A(Q) =1-RA) — T wpunwhuwynnipyudp: VY. 2-nuid pipjws tu dhypnjunnig-
Juspuyhlt pnipgh b twinjunniguspuyhtt wtgph, ywb b Ynuh wkuptpny dhw-
np pohoubinny wuppbpuljwt hwdwlwpgbph dnphjuynpdut wpyniipnd unwg-
Jus winpunupddwl, jlutdut b whgdwb vybnpubpp: Zudbduinnipyut hwdwn
wjntn qhnbngus ki twb hupp (wpwig wthwppnipniubph) dulbplinyputph
hudwywwnwupwt uyknpubpp:

Pusywbu Eplinud L uwnwugdws wwyklunpbphg, hujuwinpunupding dw-
Ytplnypubpp hwighginud i juywpbpn mhpnypoud winpunupddwt gnpsuiljgh
qquih juquuip b jjutdwb qupswmlgh deswugdwip: Ljuqugniyyt winpunup-
dnud nhunynud E uwgkunnph wdpnne wbuwubih mhpnypnd b hudpwlupdhp np-
nnyph Jupdwihpughtt dhowluypnid: Mipnpudwinipujugnyt mhpnypnid fw-
nuquypubph qquih dwut winpununind t, hul hubpuupdhp whpnyph tplup-
wihpughtt dhowluypmd’ hhdtwluwimd puthwignid: Uhipnjunrniguspuhi
rpqudl pohoubtpny hunlwlwpgbpt hpkg ownpjuljub pimpugptpny qquihn-
nkt ghonud B twinjwrnigquspuyht hwdwlwpglpht, npnughg wnwyb) wpyne-
twbn Eu Yntwdl peony wuppbpulwi hwdwlwupgbpp:

Ljwwnduws ophtiwswthnipniubpp Jupkih b pugunpt) hbnlyw; hwiqu-
Uwipikpn]: Lufu’ twinjurmgluspughtt hwluwinpunupding dwljbplnygpibp
niukt wybkjh Uks dmybpbu, pul dhipnijunnigyuspuyhtt ppqudl dwlkplingpen: tw
Fujut E fwnwquypubph sniquljuynpdut wppynibwdbnmpjut nkuwblniihg:
Ujtunthbwnl, bwinfunniguspuwjhtt Yntwdl dhwynp pohottinh nhypnid, phljdwt
gnighsh thnthnunipymiip vwhmb £ h hwlungpnipynit wbgph b uywb nkupkpny
pohotikinh, npnug hwdwp wyn thnthnpunipmmitp jupniy b Skuwjuljwinpku hh-
duwnpyby b thopdbpnd hwuwnwwndby E np uwhnit thnthnjudnn pEjdwt gnighsub-
nny puquuptpn hwjuwinpunupding  Swslnyputpp hwotpn swsynyputph
hwdbdwwn wbih wpynibwdbwn Eu (7, 21, 26]:

Onpdtiwljut hbnwgnunmpniubtp: Mwnpuwunygl)] ko hopdtwfub tdniy-
ubp, npnig hwjuwwinpunupdung dwljbplinygputpt niubkt dhjpnjunniguspu-
1ht pnipgh b twbnjunnigyuspughtt wigph b Ynuh wnkupkpny wthwppenipnibuubp:
Npubu Gpulnughtt jhpundt o 2njupujulnt dkpnnny wdkgdws, pynipknugh-
nuwluil (100) Ynnuunpnodwdp, 2,0..10,0 Oului/ nbumjupup nphudwnpnipudp b
tplynnuwih nynplfws P-npwh dhwpmpbnuihtt wpbwght nuuh uhihghnidwgh
hwppwljutp: Zuppwlubtph suthubpp Juqunud B 100x100 /24 hulj hwuwnnieniup’
350 it

84



80
70
2 1. - 2wpp
2 60 2.- Pmpq
= 3.- Utgp
| 3 . 4. - Uil
& 5.- unb
g 40 -
5
F e
230 ! i
] oA r L
2 [ s
5 e
B2 I 4
‘nb 2 J
10 A . 3 2
s\ . =27 A
St PO PR e 5
0 s 4
200 400 600 800 1000 1200 1400
Ujhph hpluspnepad,
w)
70
60
1.~ Zupp
2 0 2. - Pmpq
& 3. - Uligp
? 120 4.- Umi
£ 5. Unb
£
=
g 30
2
&
8
20
10
0
200 400 600 800 1000 1200 1400
Uihph tphwpnepmih, Wl

100

90

80

70

60

50

40

Yutdwh gnpswlhg, %

30

20

10

200

Uly. 2. Supplp nkuplbpny dpun/np poholbpnny wuppkpulwi hunlulupglph
whppunupddwl (w), wbgdwi (p) b jjuinub (g) ugklnphkpp
‘Lwtnjurnigquspuyjht Yntwdl (ubt uhjhghnid) b wtgph mbkupny (wljnun-
Yt uhjhghnid) wuhwppnipniuubpny hwjuwinpunupdiung dwjkpbnypubph

400 600 800 1000 1200

Ujhph Epljupnipynidy, ud

9

85




Atwynpnidtt ppuwwiwgyl] b hwdwywnwupwbtwpwp pbuljnhy hntughtt b
EEyunpuphdhwjut pwswndwb dbpnnutpny: Uk uhjhghnidh yupwdbnpkph
Uhghtimgwd wpdtpubpnt b h=640 & d=130 &/l t=245 &/, hulj Swlninlkl uhih-
ghnudhp' h=670 &/ d=155 &/ 1 t=270 &t Uhpnjunmgjwdpughtl ppgudl withwp-
pnipjniuubpp dbwynpyt) Eu phdhujub punpnqujut puswndwb dbpnyny jw-
1hnwh hhnpopuhnh (KOH) (nusnypnid: Uthwppnipjniuubph wwpwdbnpbkph dh-
ohtiugywd wpdtppp htnbyuyb & h=4,1 o1/, d=5,3 vl b t=5,8 Ll

“Yhunwpyjuws hujuwiunpunupdunn dwbkpinyputph JEOL J[SM-6700F dwu-
npunhunwlny vnugdus juytwlut jupdusputph punpny SEM (scanning electron
microscope) Uhpndninnuyyunljipubtpp pipqus Eu uly. 3-nud:

19)

Ul 3. Ul upppghnidhp (w), Swlinin§kl upjpghnidh (p) b phupulul plnnpnyulub
Jrwdunndundp dbun/npyws (p) hwfuwbgpunupding dwlkphngpakph juybwiwi

quipywspakph SEM dpipnpnunnyunnbplbpn

Ouyunhljulwb swthnidubpt hpwljuwbwgyty ko jwpnpunnp towbwlnipjut
T70 UV-VIS uwyblupudnunnsuhny qwnwquypuwtt wjhputph bEplupnipju
A =300...1100 &/ mhpnypmd’ hudwgnidwpnn qunh (integrating sphere) Yhpunuwdp:
Ujhph Epupnipjut thnthnfudwt puyipp uqunud £ 5...10 &5 hull swhudwb upaw-
utpn' 2...5% Uwnwgynn uykiunpuwhtt jupudusénipnibiubpp gputgyty, dowmldty
b yuwhywidl) Eu wundwwn: Zudbdwnwlwb Epnisnipiniuubph hwdwp ghw-
hwwnyl) ki tpdws vy kljupuyghtt whpnypenid wigpunupddwut gnpswlgh tjuqu-
gyt (Rpnip), wnwybjugny (Rpey,) U Uhohtt Yondws (Ry ) wpdbpubpn: dbkpoht
wupwdbnpp hwyqunpyyty £ htnljw) wpunwhwjnnipjudp.

1100nm

_ f300nm R(A)S(A)dA

R =
T Lo SO 2

npwnkn RA)-t bt S(A)-t, whph Epjupmpiniuhg juhidus, hudwwywnwujupubwpup
wnpunupdnudp b AM1.5 unwinupn phunwihtt guydwuibpnid (nruughtt $n-
wnnbubph hnupt Gu:

Unmnuuunid judpugnpus Bt mmwppbp mbupbph wthwppnipniutitpng

hwljwwinpunwupdunn duljtplnypubph oyynhjulwh punipwqpbpp:
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Ungyniuwl

Zulmwbnpunupdang dwlkplhnyphlph ouyunplwlwh pinipugnkpn

Zwunmbnpunupdang dulkplngpe Rpnin, % Ry % Ry ar> %
Zupp 31,81 (\=990 &nf) | 64,83 (A=300 &1/) 38,72
Uhlypnjunnigduspuyhlt pnipg 10,43 (A\=1000 &) | 32,52 (A=300 &) 14,19
‘Lwinljunrniguspuyhlt whgp 2,66 (\=580 i/ 23,8 (\=1100 &f) 6,33
‘Lunjunnigyuspuyhii §nu 1,05 (A=870 &) | 23,6 (A=1100 &) 2,67

busytu kplinud £ wyniuwljhg, dhipnjunnigduspuyht ppqudl withwippnt-
pntuubpny dwlbkpbnyputpt hpkug oyunpjuljut punipugptpny (Ryag = 14,19%)
ghonid ki twinfuwpmiguspuyhtt  hwwwbnpuyupding  dwlbpbnypubpht
(Rwar = 2,67 ...6.,3%): Lwjugnijit oyynnhjujutt punipwuqpbp niukt ubl uhjhghnt-
Uhg hwljwwunpunupdunn dwlbpbnypubpp (Ryar = 2,67%): @npduwmljub wpn-
miupubipp npuwjuytu hwdwywnwupjpwinid tu dnpijuynpdwt wpyniupubph:
Lubujulwt npnowljh wthwdwyuwnwupjpwtnipniuubpp Wuydwbwynpjus
thnpdtuwljut tdnipkph b nputg Unpbjutph puquyhtt yupwdknpkph nwppkpnt-
pintutbipny, hsybu twb suhdw vjpwjwpny:

Spudwpwbwlub E Eupunnt), np dhipn- b twinjunnigquspuyhtt wthwp-
poipnituubph hwdwnty (hhpphnuyhty, hhbpupjuhwlwi) Yhpuenudp jhwuglgh
hujwwinpunyupdung dwljkpbnypubph wpynibiwdbnnipyut npnowlh dbdwg-
dwtp: Ujnuihuh inwsnid wnwgwplyyky b putiuplydty k [5, 27-30] wpjuwwnwiiptibpnid:
Uwutuynpuybu, uykluph mbuwbbh mhpnypnud gputigyl] Bu gpbpt qpoyjuljub
wunpunupdnidubp, npp pugunpynid | Swnwquypibph hpbujulw Sniquljw-
Unpdudp b tbpputhwugdudp hwdwyunwuwiwpwp dhjpnlurnguspuhl b
twunjunniguspwyhtt mthuppmipniuutnh vhengny:

Utp Ynnuhg yuunpuundl] bt hwjuwinpunupding duljbplnyputpng
uudnipulip, npnugnd hwenpnupwp Juunwpdt] ko phthwlwb punpnqujut b
nhwljnhy hnbught pwswnnuditp” dbw]nplng twinlurmgjuspuhl niwdl
wubnhlubpny wuwundws dhipnjuenigJuspuyhtt ppqudl wthwppnipniuubp: Ub-
hwippipnibubph juyuljut Yupdusputph punpny SEM dhjpnbnunnuyunljtipbpp
uJwd pmbwwinnidutphg hbwnn gnyg ki tipdus uyy. 4-nud, hul . 5-nud phpdws Eu
wyn udnipubph winpunupddwt hnpduwlwt vy blnpubpn:

87



Uly. 4. Ulthwippnipmnibiabph juylnulul unpyudphkph SEM dhipnpnunnwunnykpiakpn
phupwlml plinpnyuwlul (w) b hwenpnny nkwlinpy pnbughi (p) frudunnnidlbbphg hAkwnn
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Ul 5. Liniplhkph whngpunupdiwl uiyklnphkpp phupwlwi plunpnpuiwi (1) I
hwonpnny pkwlpnpy pnbughl (2) prusunnnidibphg hkwnn

Uunwugws wpyniupubph hwdbdwnwlw bpinisnipniup gnyg b viwghu,
nn bwbnjunniguspuyhtt hwjuwinpunupdunn duljpbnyputph hadbdwwn hhp-
nhyuyht dwbpnypibph winpunupadwt gnpduligh thohtt Yondws wpdtipp tju-
qnud E punudkup 0,23...0,41 %-ny: Tw wuydwiwynpguws k wyt hwiqudwipny, np
twinuweniguspuyhtt dwlpnyputph hwjuwinpugupddwt wpynibwybnne-
pintup 2,2..5,3 wiuqud kS E dhhpnjunnigyuspuyhtt dwljkpbinyputph wpynibw-
Jknnmpyniihg: Zknbwybu hhpphnughtt hwjwwimpunupding dulplngpitph
Jhpunpnidt wpynibwpbpuljut tywtwnipyudp wpbwght fEdEunubpnmd tyw-
nwljuhwpdwup sk, puwtih np mkjuininghwljwi gnpéppwgh pupnugnidp sh tyuu-
nnud wyny dwljbplinyputph oyunhjulwb punipwuqpbph bujut jwjugdwin:

Banuljuugnipinit: Uhthghnidughtt wpbught Bkdkuntbph hujuwinpunpupd-
unn dwljtplinypubph wpynibwdbnnipniip jupews oy dhuyb wthwppnipniu-
ubiph suthubphg, wyh npuitg inbkuphg: Lujugnyt oupinpljuljut pinipwuqpbph nibku
twunjupnigduspuyhtt Ynttwdl wthwppenipniutpny ub uhjhghnidhg hwjuwin-
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punupdunng dwlkptnypubpp: Uhlpn- b twinjurmguspughtt wmthwppenipnii-
utph hhpphnuyhtt yhpuenidp hwigkgunid L hujuwinpunupdiunn dwljbpbngpe-
ubiph winpunupddwt gnpswljgh npnowljh thnppugdwip, vwjuyt tyuwwnwljw-

hwpdwp st Yhpwunt] wpynibwpbpujut bywiwlmpjudp wpbuwyht fEdkuntk-

poud wuydw ] npjws nkutnnghwlwh gnpéplipwugh puppugdudp:

ZEnmugmnnipini bl ppuwluinugyly 22 ghinnipnul fndhnkh pplnuivwlul wowlgn: -
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I'.E. AUBA3SIH

OIEHKA 3®®EKTUBHOCTHU AHTUOTPAXKAIOIUX MOBEPXHOCTEM
KPEMHHUEBBIX COJIHEYHBIX 2JIEMEHTOB
YACTD 1. OITHYECKHUE XAPAKTEPUCTUKH

MeTo0M KOHEUHBIX Pa3HOCTEH BO BPEMEHHOW 00JIaCTH CMOJEIMPOBAHBI U AKCIIEPH-
MCHTAJIbHO HMCCJICAOBAHbI ONTUYCCKUE XAPAKTCPUCTHUKN aHTUOTPAKAIOIIUX HOBerHOCTeﬁ
KPEMHHEBBIX COJIHEUHBIX 3JIEMEHTOB C HEPOBHOCTSIMU PA3IWYHBIX BUJOB (MUKPOCTPYKTYP-
Hasl IHpaMuia, HAHOCTPYKTYPHBIE OTBepCTHe, cToiber u KoHyc). [lokasano, uto Hanbonee
3¢ GEKTUBHBIMH SBJISIOTCS TOBEPXHOCTH C KOHMYECKUMH HEPOBHOCTSIMH, KOTOpBIE (hopmu-
PYIOTCSI METOIOM PEAKTHBHOTO HOHHOTO TPABJICHHS B PEXKHUME 00pa30BaHMsI YEPHOTO KPEMHHSI.
O0bcyxaeHa 1erecoo0pa3sHOCTh THOPHUIHOTO PIMEHEHHST MUKPO- M HAHOCTPYKTYPHBIX aHTH-
OTPaXAIOIINX MOBEPXHOCTEH B COIHEYHBIX 3JIEMEHTAX IIPOMBIIIEHHOTO Ha3HAYEHUSL.

Kniouegvie cnoea: cONHEUHBIH 3JIEMEHT, aHTHOTPAXKarollasl MOBEPXHOCTh, YSPHBII
KPEMHHIA, ONTHYECKHE XapaKTEPUCTUKH.

G.Ye. AYVAZYAN

EVALUATING THE EFFICIENCY OF ANTI-REFLECTIVE SURFACES OF
SILICON SOLAR CELLS
PART 1. OPTICAL CHARACTERISTICS

Optical characteristics of anti-reflective surfaces of silicon solar cells with various
types of irregularities (microstructured pyramid, nanostructured hole, column and cone) are
modeled by the finite-difference time-domain method and experimentally studied. It is
shown that surfaces with conical irregularities, which are formed by the method of reactive
ion etching in the black silicon formation mode, are the most effective. The expediency of
hybrid application of micro- and nanostructured antireflection surfaces in industrial solar
cells is discussed.

Keywords: solar cell, anti-reflective surface, black silicon, optical characteristics.
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Munidtwuhpyt) i gnymipinit niibgnn jwqkpuyhtt hbpwswihbpp, b junwpgt) &
hwdbdwinwlwh hpndnipnii: Runipwuqptph hbnwqu pupbjuduwi hwdwp punpygt |
Uni-t puljipnipjut jugbkpuyhtt hinwswthh gnpénn hwignygp: Inipu ku phpyt) hhdtwyuu
hwugnygubpnud EEjunpuljut wqnutpwh wbupbpp: Unwewplyly b punnithy hwtgnygnud
wybjugul) Fhubih 4-pn Yupgh quaps, nph wpyniupnid dkdwinud ki hkpwswihh qquiytni-
pintup, swhuwt hinwnpnipniup b Eubpqujpiwynnnipinip:

Unwigpuyhl punkp. htinwswith, dninnnhnn, wqnuitipwl, wnuntl, nidinupwp, hw-
Swhunipinil, Unpnijjughw, quihs:

Uhkpwénipjni: Zuynth k, np juqbpuyghtt hbpwswhtipnud pupdn &ogpuanipe-
it wmywhnybnt hwdwp hhdtwljuinid ogunugnpsynud E thnrjuyghtt swthdw knu-
twlp: Uju ghiypnud juqbpp Swnwquypnid | npnowljh $niuljghuyh mbupny dnnni-
ugyws (nruughtt wqnuiipwt, nph wihph Epupnipmiip qunidnud E huqpuupdhp
fwnwquyptbph mhpnypenid [1, 2]:

Opjtjinhg wiunpunupdws Sunwquypl pugniunud £ $ninngbnbkljnnpp, Jb-
pwénud EEjunpuljut wqnutpwh: Cugnithsh tpuyghtt b hhdbwyhtt wqnupwi-
ubkph dhol wnwowtnid k thnijughti oknnid, npl ninhn hwdbdwnwlut E hnwyn-
nnipjubn:

ZEnwynpnipniip nponoynud E hnlyjw) pubwdbng [3, 4].

-£.2

2f 2m’
npunkn -t (nyuh wpugnipgmh E, f-p° dngmpughugh hwgwhumpynibp, - thnt-
(uyhtt obnnudp: Pwtimdlip &how L, Lpp opjijnnh hinwynpmipniup thopp E dngniyjwg-
Jud wqpupwth whph pupnipjut Yhuhg: Fupdp hwdwhinipjudp wqpuyw-
ubkph thnyh swhdwb pupwugpnid wowewinid ki thnyyuyghtt oknnudubp, npnip wqg-
gnud Lt hinwdnpnipjut swihdwi £onmipjut Jpu: dEpohtthu dkdwgdwt hudwp
ogunugnpénid kt vh pwh hwdwpunipjudp dnnnijugunn hdwnyubp, hulj wpy-
jniupubipp dhghtmgyniud Eu: Zhdbwljuunid oquuugnpdnid ki thnijh swthdwt htink-

nnnhtwght Enwbwlp:
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unph npdwspp b dkpnphljugh hhdtugopoudp: Snynipimt niubgnn hiowswit-
ubkph hwnth mEjpuhjuliwb pumpwqgpbphg Bukny' ptnpk] des Lonnipjudp htn-
wswith, junwnk] tpu pintpugptph nuunidtwuhpmd b jwdugnid, twb hbpwsuthh
qquyunipjut b Eukpqupnbwnnnipjut paupdpugdut hwdwp qupsh dowlnud: Usp-
hounwtipnid nhunwpljws jugkpuyhtt hknwswhh jurnmiguspught ujubdw php-

Juws kvl 1-nud.
#Z 10
% >

1 Féhﬁg—zh

Ul 1. Lugkpuyghl hknusunhh unnigywdpughll ujubdwi.
1 - thnyjusunh, 2 - pninnphnph wqnulpwih mdknupup, 3,4 - gudp hwdwpnuwiughia

F 3
L

quipstikp, 5,7 - unpnijughng wqnuipwih qEhkpunnnpikp, 6,8 - fuunipsakp, 9 - pugkph
ulnmiguwil unpnijugyng mdknupmup, 10 - juqkp, 11- pninnphng

Zhnwswtht wohwwnmd £ htnlyuy Yhpy. 5 b 7 ghubpwwnnpubph Epipoud
unwgynid ki Unynijugunn jupnudubp, npnig hwdwunipniiubptt hpuphg nwup-
ptpynud Eu 5 42g —ny b qunugnud Eu 150...200 UZg wmhpnypnid: Zknwswthh npw-
juljut wuwpudbnpbpp ndju) Eputulh ghypnid juppdws tu hhdbwlwinwd
$nunnpuygnihy hwugnygh fEjunpuljut pinipuqptphg (ndbnugnid, ukppht wq-
nuiipwi/wndniy hwpwpkpnipntl, paqupldwi skpun b wyj), hul hwnnpnhs dw-
untd bwljunpbt Yuwpudws Eu Jhuwyt jwqbph hqnpnipniihg: Swnwquypws ni-
uuyhlt wqnuipwup gputgynid k 11 $ninnghnnh dhengny, wnwduwgynid £ gusdp
hwdwhught (5 44g) wqnuuywup b nidbnugynud [5, 6]:

ZEwnmwgnuinipjud wpyyniupubpp: [7]-nud junwpdws b dwbpudwut hwudk-
dwnuljut Yhpmdnipnit wnlju jugbpughtt hinwswhtiph Epupbpyuy: puthg b
Uh puwbh wy hwdbdwnndubphg kukny Ehmpl{hl }: UNI-T puljkpnipjut htnw-
suthp, nph punipwqnpbpn pipdws bu Unniuwlnud (8

Unpniuwml

UNI-T pialbpnipyub jugkpuyhl hknwswihh panipugnlpn

Uhiupuibip, 2 1/ | Zbnunfnpmipymits, 120 ¢ | Quithu, 123x50x28 o/ | Ghiip, 115$
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dhpohtiubpu bkt uppwjmph tuqugnyb wpdtp b swthynny hpwynpnipe-
jutt (uytt mhpnype (Unnuwyy): Uwuppp nEjudupynud £ hkpwinuh dhengny: Q-
thnwdubipp unwpyb) B bpu NeB707C (LY. 2 w), NeB87A (LY. 2 p) Unpkjukph hw-
duyunuwupwb Jenbpnid:

U 2. Unlw nypuiuuy halph nnkupkpp Eplnt §nnuhg.
w - B707C wnkupp, p - B87A wkupp
Ul.3-nud phipgws £ ghubpwnnputinh tpiph wgnupwuibphg dkyh mbupp:
25 + !{ —
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Ul 3. QEGEpunnnph Ejpuypl jupdwl nkupp

busytu tplinud E uly. 3-hg, opjijinh hinwynpnipjut swhdwt hudwp wnlju
El 4 nwppbp hwdwpnmpmniiibp: Lugbpughtt thottop Bupwplynud L dwthynjjw-
ghuyh ny hwdwswith hdwnyuubpny, hul hunbkuuhynipmpiup dngnyugynud k4
wnwppbp hwdwpnipniubpny:

Unlw hbinwswthh $nuinnnidinupuph uljgpniipwyhtt upubdwt pipdws kLY.
4-mud: dnunnnhnnhg htnnn mukunmd Bup 1 9 sghpuquiignn ogqunuljup wqnu-
pwl, np nidlinugynud £ pnunnnidtnugnigsh thengny:
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Uly. 4. B707C-p $nmunnghnnh nidknupuph B Eunpului abdui
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Uhlpnjurwdupsht £ nipynd $nunnnhnnh nidinugdus b qujws jupnudp
(uy. 5): LiSw-md phpyws £ widpnne wqpuuowbp: Ukq hbEwwppppnn 5429

pununphsp uy Epimud | hwunwnntt pununphsp hkpwugttinig hkwnn (LY. 5 p):

Ul 5. $munnphnph mdknugyus wgnuipwih nkupkpp.

1)

w - hwuwnunnil punuigppsny, p - hwuwnunnnil pugungppsp quuud

Quthynn nidbqupupnid gnpdnid ki wpuwpht b tkpphtt wnunijukp, npnp

Junwginid kb wgnupwi/wnuntl] hwpwpbpnipmniup: Uy junhpp (nustine hw-

dwip $ninnnhnnhg wadhpwuytiu hiinn wnwewnplynid £ nuk) quahy, npp ugugp
htnpwswthh mbEuhjuub punipuqptpp (hbnwnpnipnit, qquyunipniy, tubkpgqu-

huttwynnnipnil):

Zuyunuh Lk, np qupsibiptt mukt wignnhl] ypngtuttp, npnp wnwewgnd B
hwywnnud wgqnuipwih dkg, hull unyt upgh quupsubph nhypnid wdbwjupg wi-
gnnhl ypngbu mh Rhubijh qupsp (uly. 6) ([9]-h uY. 6.26):
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Uy 6. Phulyh b Funnkpynpnh quafisiEph anpuun/npyus wpdwquilipp
Ptubkih qupsh nhypnid hwjnth &, np wnwehtt Jupgh quupsh ponupludui
otipun 1,57 whqud wykih dks | wqnubpwih pnpupldw okpunhg ([9]-h §8.13):
‘Lnyt wypniphg hbnbind £, np wetiwqt whwp E wnunijh hwdwp puapty Epl-
nnpr Jupgh quahs (10% wqnutipwith Ynpniuwnni):



Zudbdwnmpjut hwdwp pipdws Eu wnlu TP1561A (ul. 7w) b wnwewpl-
Ynn quupsnid oqunugnpdywms AD8599 (uy. 7p) gnpdhpuyhtt nidbnupuwnubpp (F0F)
ubpphtt wnunijubph uvyknpuyhtt pnnipjut qpubhljukpp (10, 11]: Funipwuqgpk-
nhg Eplnwd E, np uyghunwl] wnunijukph nhpnypenwd® Ynpbph hnphgniwlwy dw-
ubpnud, wniu FNP-u muh Unnunpuybu 20 wbqud dbs wndjughtt wwpudbunp
1 [i2g-hg pupdp hwdwunipymibbph whpnypend (27 §94/ 2g):

Unwowplynn 4-pn Jupgh Fhubjh qupst wuhpudbon b nuk] widhpwuybu
$nuinnnhnnh b gnnipinit niikgnn mdtnupunph dhol (unynpujut jwpuwght dhw-
gnidny): LY. 8-mud phipywé ki quupsh LEjupuljut upbdwb (w) b nyuuwhyh
wnbupp hpwlw swhbpny® 24 420 i/ (p):
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Ul 7. @0P-Gkph wndfughl jupdwd b hudwpiniprul dholl jugp
w - TPIS61A, p - AD8599

Ul. 8. 4-pn [uupgh quapsh upjukdwl b wipunwiphl inkupp.
w - Equnpulub upkdwl, p -wpunwphl suwihup

ElEyunpuljui dnpbjuynpiut dudwtwl oqunuugnpst) Eup Multisim-13 spwi-

qhpn [12], hull mwuppbph hwpduplukpp 4Epgyt B pun hwdwywnwupwt wy-
mruwljubnh ([9] —h wn. 6.2):
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Quahsh Untnpuyhtt nhdwnpnipniip vh putth jupgny uks k, pub $ninnnidb-
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H.JA. E3AKSH, C.I'. MAPTUPOCSH

YIYUIIEHUE HAPAMETPOB ®OTOYCUJIHNTEJISA JIABEPHOI'O
JAJTBHOMEPA C IPUMEHEHUEM ®UJIBTPA BECCEJIA

HccnenoBanbl CylIecTBYIONIME J1a3epHbIE AaIbHOMEPBI U MPOBEIEH X CPABHUTEHHBIH
aHanu3. Jns nampHeWIero ymydiieHus mapaMeTpoB ObLI BEIOpaH JICHCTBYIONIUH y3el Jia-
3epHoro nansHoMepa Gpupmbl UNI-T. BoineieHbl BUIBI SEKTPHUECKUX CUTHATIOB B OCHOB-
HbIX y3nax. [Ipeanaraercst 106aBnsATh B IpueMHBIX y3nax (Guibtp 4-it crenenu beccens, B
pe3ybTaTe Yero yBEIMYUBAIOTCS YYBCTBUTEIBHOCTD, HaJbHOCTh U3MEPEHUS U dHEprocoe-
peXeHue JalbHOMEpA.

Kniwouesvie cnosa: nanbHomep, (GOTOAMOJ, CUTHAJ, MOMEXa, YCUINTENb, 4acTOTa,
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N.D. YEZAKYAN, S.G. MARTIROSYAN

IMPROVING THE PARAMETERS OF A PHOTOAMPLIFIER OF LASER
DISTANCE METER BY APPLYING THE BESSEL FILTER

The existing laser distance meters are studied, and a comparative analysis is carried
out. For improving the parameters, UNI-T laser distance meter was chosen. Electrical
signal types are distinguished in the main nodes. It is recommended to add the Bessel 4-th
order filter in the receiving nodes, which increases sensitivity, distance measurement and
energy saving of the laser distance meter.

Keywords: distance meter, photodiode, signal, noise, amplifier, frequency, modulation,
filter.
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A NOVEL METHOD OF POWER REDUCTION FOR A SRAM SENSE
AMPLIFIER WITH A SELF-CALIBRATION MECHANISM

A latch sense amplifier with a biasing technique is designed and a new self-
calibration unit (SCU) of power is presented for static random access memory (SRAM).
Calibration of current which is the same as power consumption is calibrated for various
frequencies is the range 0.5Ghz to 2.3Ghz. The advantage of such a sense amplifier is to
control the current due to the bias-connected, saturated NMOS transistor. The simulation
of the SCU scheme is applied in the presented sense amplifier. The results of simulation
show that using the proposed SCU, the power consumption can reduce from 19% to 73%
depending on frequency. The disadvantage of the proposed amplifier with a biasing
technique increases the propagation delay from 8% to17% depending on frequency.

Keywords: static random-access memory, FInFET, self-calibration, sense amplifier,
power reduction, FSM.

Introduction. Shrinking of the device sizes and the increase in the performance
requires the solution of a new problem: optimized power dissipation of the system.
Nowadays, integrated circuits, including SRAMs can have several operation modes
in terms of performance. Besides, due to technological processes and external
influences, such as temperature, the operating frequency of the system may change.
Therefore, it is necessary to optimize the power consumption of the system for
different operation modes and different frequencies.

An important requirement of the SRAM design is the reduction of the power
during the data reading process. For that purpose, reduction of power consumption
of sense amplifier is required. One of the common types of the used sense amplifier
is latch-sense amplifier due to its small area and performance [1]. In this work, as a
reference amplifier, basic latch type sense amplifier is selected and a biasing
technique to control the current flows during the read operation is applied to it.

A sense amplifier with a biasing technique. For the power consumption
and noise resistance, a differential pair can be used as a sense amplifier, in which
the current of the differential pairs is regulated by the saturated biased transistor
[2]. However, due to the low gain, it is more effective to use latch-type sense
amplifier. Obviously the reading frequency and the consumed power are directly
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comparable [1,3]. The purpose of the proposed sense amplifier with a biasing
technique (Fig. 1) is to calibrate the current for various frequencies.

The MNO transistor is responsible for enabling the sense amplifier before
reading the data from BL and BLB. While recharge is taking place in BL and BLB,
EN is equal to logic 0. In this condition, the amplifier is in the operational state and
can detect the minor voltage difference (AV) between the BL and BLB nodes.

The purpose of additional MN3 biasing transistor is to control the current
flowing to the MP6-MN1 and MP5-MN2 branches. During the reading process the
MN3 transistor is in the saturation region and it decides the amount of the current

that flows.
[sa}
o
40{ MPS .
MP3
‘ r .('MUT

MN2
ed

Fig. 1. A latch-type sense amplifier with a biasing technique

Depending on the reading frequency and the sensitivity threshold,
Vs = Vp of MN3 could be different. For the certain fsg frequency appropriate V),
voltage would be selected. The purpose of the latch - type sense amplifier with
bising technique is to restrict or enlarge the current depending on the data reading
frequency.

The main problem is that modern IC and SRAMs can operate with various
frequencies and the goal is to calibrate the current during the reading process for
SRAM sense amplifier [4]. The article proposes a mechanism for self-calibration
of power of the sense amplifier in SRAM depending on the established reading
frequency.

Architectural overview. The architecture of the SCU mechanism is proposed.
The sense amplifier for applying this method is presented in Fig. 1. The main idea
of the proposed SCU is to calibrate the V;, bias voltage of the MN3 transistor. The
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high level block diagram of the proposed SCU is shown in Fig. 2. In SRAM, the
reading block is an array of sensitive amplifiers. Those amplifiers must have the
same sizes, the same operation voltages and the same topology, to avoid the
timing issues during the reading process. For that reason, SCU is made as a
replica of sense amplifiers, which is the same as in the SRAM sense amplifier
array.

clbr_done

RTL
SRAM I
D:tl;mtm = Digital Logic DAC

Array of Sense
Amglifiers
ck reset
V.,.tL
Q D V+
Pulse Width Replica AV
Latch %—
¢ Detector SA V- |input
rese:
Sel

clk

Fig. 2. The block diagram of SCU for SRAM

The SCU consists of five blocks, a digital calibration block, the current
digital analog comparator (DAC), the voltage difference source (AV), the sense
amplifier and pulse width detector. The proposed calibration is meant to be for
post-production process. The principle of operation of the proposed SCU is as
follows: first, we have defined the operating frequencies and the AV voltage
sensitivity threshold. The digital calibration logic is a finite state machine (FSM)
which generates a digital 8-bit signal as an input of current DAC. As an input of
a replica sense amplifier, AV voltage is given. Depending on the output of digital
logic, the output current of the DAC will increase until the output of replica SA
will be a full swing signal (logical 1). Finally, the founded current will generate the
V,, voltage through the current mirror. The digital code for every defined frequency
will be saved.

FSM which describes the calibration logic of the proposed method is shown
in Fig. 3. There are 5 states which are:
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reset

clk_switch_
dong,

cur_freq_d
one

SAVE_DAC
VALUE

Fig. 3. FSM of the digital calibration logic

IDLE. FSM is waiting for START pulse to start operation.

LATCH. In this state bit lines of SRAM will be precharged. Depending on
the previous state, the current 8-bit digital code is given to the DAC input. To clarify, if
the previous state is Idle, the digital code will increase until the corresponding I,
current is found. In case of the LATCH state, the code will be I}, and so on. The
input value from the latch is read if SA is able to read with that bias voltage
(formed from I,; current). In that case logical 0 will be at the output of the latch
and FSM will move to the SAVE DAC VALUE state. In case of logical 1, the FSM
will stay in the LATCH state.

SAVE DAC VALUE. In this state FSM saves the digital value corresponding
to the calibrated I, current. Those values are saved in the registers. If all frequencies
are done, FSM moves to the DONE state, where it is asserting the “clbr_done”
signal to indicate to the SRAM controller that calibration is completed, and bias
current values are saved in the registers. In case the whole calibration is not
completed, FSM moves its state to the WAIT CLK CHNG.

WAIT CLK CHNG. In this state, FSM waits for the SRAM controller to
indicate that the clock switching is completed. Once received, it moves to the
LATCH state.

DONE. In this state, DAC inputs are set based on frequency values provided
by the SRAM controller.

In case of receiving the “start” pulse, FSM performs the calibration again.

Simulation results. Analog and digital parts are designed using the SAED
14 nm FinFET libraries [5]. The digital component of the calibration process is
shown in Fig. 4.
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Fig. 4. The simulation results in the calibration process

For designing the proposed SCU, the HSPICE simulator is used. Fig. 5
shows the output current of the DAC. This scenario happens in the case when current
I, and then V}, is not enough for the driving SA in SRAM. Calibration is done for
defined frequencies, which starts from 0.5 GHz to 2.3 GHz with the 0.3 GHz step.
Fig. 5 presents only calibration of the current for the 2.3 GHz frequency. Until the
marked red part is reached, the pulse with the detector will not be able to assert its
output. That output reaches the digital logic through the latch. Digital logic will
save the discovered current.

=il =

SR B

latch output

Fig.5. The calibration flow for detecting I, for 2.3 GHz

Simulations were done for TT FF SS technological processes with 0.75V + 10%
power supply. For the above-mentioned frequencies, calibrated currents and bias
voltages are shown in the Table below.
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Table

Results of the calibrated power consumption and propagation delay for the defined

frequencies
Current, ulv’
Frequency, GHz m T ”

0.5 5.61 9.61 3.61
0.8 8.97 12.97 6.98
1.1 9.97 15.37 7.32
1.4 11.81 18.91 9.81
1.7 15.22 22.22 13.22
2 16.8 27.8 14.8
2.3 20.89 35.89 19.8

The dependency of frequency and power consumption, calibrated power
consumption is shown in Fig. 6. The design is done for the maximum frequency of
2.3 GHz. The table above shows, that the proposed SCU allows to reduce the
power consumption by minimum 19% for minimum frequency of 0.5 GHz and up
to 73% for the 2.3 GHz frequency.

Dependency of Power consumption from

Frequency

40
%
= 30
o
S 20
g /
2 10 p—
S o
g 0.5 0.8 1.1 1.4 1.7 2 2.3
& Frequency, GHz

et e ss

Fig.6. The dependency of calibrated power consumption on frequency

Since the calibration process results in a sense amplifier current change, it
causes a delay in the reading process. The comparison of the propagation delay-
frequency for biased SA and simple SA is shown in Fig. 7.
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Fig.7. The comparison of the delay for the biased and proposed sense amplifier

Conclusion. The sense amplifier with a biasing technique is designed. The
purpose of sense amplifier is to limit the current and hence power consumption for
different frequencies. The SCU for the current is proposed. The SCU has analog
and digital parts. The principal of its work is to find and save the digital value for
every calibrated current for the defined frequency. The design has been done for
slow, fast, and typical technological processes. The frequencies for calibration are
picked starting from 0.5 GHz to 2.3 GHz with the 0.3 GHz step. From the simulation
results, it can be seen that power consumption of sense amplifier during the reading
process for different operating frequencies is reduced from 19% to 73%. The tradeoff
here is the increased propagation delay. Again, for different frequencies, the
propagation delay increased from 8% to 17% up to the frequency for the typical case.
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UOZU-NkU 2USNEL NRIBIULUCE 220 NRESTUL LIULESUUL Ll
UGENY PuPuUuaUraufGUUL UGULPQUE UhUNUUUR

Lwjuwgsyly b obindub mbutihjuyny qquynit nidbnuipup, b ubpuywugyty k unp hqn-
pnipjut huptwljupqupbkpdwt Ubpnn uvnwuwnhly oybpuwnhy hhonn uwpph hwdwp: Znuwtph
Jud, np unytub b, vyqundwb hqnpnipyut jupqupkpnudp junwpygt) Ewwppbip hwdwhint-
pintuutph nhypnud 0,5 24g -hg 2,3 22 Uhowluypnid: Uynuwhuh qquynit nidbnupwph wnw-
Jknipjniup hnuwph nEjudupnudt £ hkbwluwht jupnidny N whwyh dbwnwn - opuhy -
Yhuwhwnnpnhy mpwtghunnph dhongny: Puptwjupqupkpdwt ujubdugh tdwbwlnudp juwn-
wpyly b ubpjuyugus qquynit nudbnupuph Jhpundwdp: Vdwbwldwb wpynibpubpp
gng kb whu, np Yhpunking wowewnplyud hiptwlupqupbpiui hwignygp' wyundwi
hqnpnipniip Jupnn b uduqby 19%-hg 73%, Juqws hwdwhunipjniihg: Unwowpldus
otinuul nkuthjuny nidtnupuph ptpnipniap hwywundwt wét b 8%-hg 17%, Yuhiyws
hwfwhinipinihg:

Umubgpuyhli punkp. uvinunhly owykpunpy hhonn uwpp, FinFET, huptwljwpqupbkpnud,
qquyntl nidbnupup, hgnpnipju Swjuu, Jipgwynp Jhdwljubph wjnndwn:

O.A. HETPOCSIH, A.M. MOM’KSH, 1.C. INAJJIXKAH, I.B. MAHYYAPSIH

HOBBI METOJ CHKEHHS MOIITHOCTH YYBCTBATEJBLHOT'O
YCUWIMTEJIA CTATUYECKOI'O OIEPATUBHOI'O 3ATIOMUHAIOIIEI'O
YCTPOMCTBA C IPUMEHEHUEM MEXAHU3MA CAMOKAJIMBPOBKH

Pa3paboTaH 4yBCTBUTENBHBIA YCHIUTEb C TEXHUKOW CMEIIICHHUS U TIPEICTABIICH HOBBIN
METOJ] CaMOKAJTHOPOBKH MOIIHOCTH JUI CTAaTHYECKOTO OINEPAaTHBHOTO 3alIOMUHAOIIETO
ycrpoiictBa. KammOpoBKa TOKa, COBIIAAFOIIETO C IMOTPEOIIEMOi MOIITHOCTEIO, TIPOBEACHA IS
Pa3IMyUHBIX 4acToT B auanasoHe ot 0,5 o 2,3 ITy. [IpenmyiiecTBO Takoro 4yBCTBUTEIBHOTO
YCHIIUTENS] COCTOUT B TOM, YTO OH ITO3BOJISIET YIPABIATh TOKOM OJjaronaps IMOAKIIIOYCH-
HOMY CO cMeleHneM HachimeHHoMy NMOS-Tpan3ucropy. MozaenmpoBaHrue cCXeMBl caMo-
KaJIMOPOBKM IIPUMEHEHO C IPEACTABICHHBIM YYyBCTBHTEIBHBIM YCWIMTENEM. Pesynbrars
MO/JICTIMPOBAHMS [TOKA3bIBAIOT, YTO MPHU UCIIOJIb30BAaHUU NpPEAIaraeMol CXeMbl CaMOKaIN0-
POBKH MOXHO CHM3UTH 3HepromnorpebneHue ot 19 no 73%, B 3aBUCHMOCTH OT YacTOTHI.
HenocratkoMm mpeanokeHHOTo YCUIIMTENS CO CMELAOIUM MPUEMOM SBISIETCA YyBEIUde-
HUE 3aJIep>KKU pacrpocTtpaHerust oT 8 10 17%, B 3aBUCUMOCTH OT Y4aCTOTHI.

Knroueeste cnoea: cratudeckoe orepaTUBHOE 3anioMuHaromIee ycrpoictso (CO3Y),
FinFET, camokannOpoBKa, IyBCTBUTENBHBIA YCIIIUTENb, pACCEHBaeMasi MOIITHOCTh, KOHEU-
HBII aBTOMAT.
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OB UCCJIEJOBAHHMHU U CO3JIAHMUU CITIOCOBOB AJIEKTPOHHOM
PA3BEPTKH HEITPEPBIBHOM AHAJIOTI'OBOM BUJIUMOM 3AIIUCH

MexaHndeckne crocoObl pa3BEPTKH HEMPEPHIBHOW aHAJIOTOBOW BUAMMOKN 3alMCH
YCIOXKHSIOT KOHCTPYKIIUH aHAJIOTOBBIX PETHCTPATOPOB C HETIPEPHIBHOW BHINMOMN 3aIUCHIO
HM3KOYaCTOTHBIX MPOIIECCOB M IMEPUOAMYECKON BbIAaUYe KaJapoB 3alKCeil, CHUXKAIOT HX
HAJEKHOCTh U TOYHOCTb, 3aTPYIHSIOT PETYINPOBKY IIAroB Pa3BEPTKH, YBETHINBAIOT MOII[-
HOCTH M TabapuThl, a TaKXKe MPUBOAAT K JOIIOJHUATEIFHBIM ONTHYECKIM MOTPEITHOCTAM B
CBETOIYYEBEIX ociuniorpadax. s ycTpaHeHUs 3TUX HEIOCTATKOB MPEI0KEHBI, TIPOaHAa-
JIU3UPOBAHBI U MPOBEPEHBI AIIEKTPOHHBIC CIIOCOOBI Pa3BEPTKHU HEMPEPHIBHOW aHAIOTOBOM
BUJIMMOM 3aIHCH.

Knioueswvie cnosa: ananoroBasi HempepbIBHASL PETUCTPALINS, BUUMAs 3aMTUCh, KaAPbI
3aIKrCH, pPa3BepTKa 3aMiCH, CEHCMOrpaMma, CBETOTyYeBON OCIIILIOrpad), ONTUYECKHI phIyar.

BBenenue. Hecmotps Ha pa3BuTHe U MIHPOKOE MPUMEHEHNE H(POBHIX Me-
TOJIOB ¥ IPUOOPOB PErUCTPAIIMHU, JIO HACTOSIIETO BPEMEHU Pa3HOOOpa3HbIC aHAJIO-
TOBBIE PETUCTPATOPHI C BUAMMOM 3aMKChI0, B TOM YHCJIE U CBETONydYeBbie (OTO- U
3JeKTporpaguueckre OCIHUIOrpadpl, MPOIODKAIOT UMETh BXKHOE MECTO B HEIpe-
PBIBHOM pETUCTpALIMU CEMCMUUECKUX U APYTUX HU3KOUACTOTHBIX IpoueccoB [1-9].
Kax m3Bectro [1-4,10,11], HempepbIBHAS aHAIOTOBAsT BUAUMAS PETUCTPALNS HU3KO-
YaCTOTHBIX CUTHAJIOB, B TOM YHCIIE U CEMCMHUYECKHUX MPOLIECCOB, OCYIIECTBISCTCS
HaKOIUIEHUEM CHTHAlla Ha HOCHTEJE C TIOMOINBI0 Pa3BEePTKH 3alMCH IO BUHTOBOH
JUHUY U IEPUOANYECKON BhITaUe MH(GOpMAINK B BUIE OTIACIBHBIX Kaapos. [1pu-
YeM BHHTOBAs pa3BepTKa aHAJIIOTOBOU 3alMCH OCYIIECTBISICTCSI pABHOMEPHBIM TIepe-
MEIIEHHUEM BPAaIIaroIIerocs MIINHIPA ¢ HOCUTEIIEM 3alkCH BIOJIb CBOCH ocH [6,7],
PaBHOMEPHBIM MEPEMEIICHNEM 0JI0OKA H3MEPUTEIILHBIX TaIbBAHOMETPOB BIIOJb OCH
BpallamolIerocs MUIMHAPa ¢ HocuTeneM 3anucu [6,7,10,11] unu paBHOMEPHBIM TO-
BOPOTOM JOIOJIHUTEIHLHOTO 3€pKajia, YCTAHOBJICHHOTO HAa MYTH OTPAKEHHBIX OT
rajqbBaHOMETPOB Jiyueit [7].

OnHako MeXaHWYIEeCKHE CIOCOOBI pPa3BEpPTKH 3aIHCH YCIOXKHSIIOT KOHCTPYK-
I[UH PETUCTPATOPOB M OCHMILIOrPadoOB ¢ HEMPEPHIBHOM 3aIlTUChI0, CHIDKAIOT UX Ha-
JIEKHOCTh, YMEHBIIIAIOT KA4€CTBO M TOYHOCTD 3aITMCH, YBEINYHBAIOT MOIIHOCTD U
rabapuThl, a TAKXKe OTPAHUIUBAIOT BO3MOKHOCTD TUIABHON PETYJIIMPOBKH IIaroB pa3-

BCPTKU 3aIllMCH. KpOMe TOr'0, CBCTOJIYUYCBbLIM OCLII/IJ'IJ'IOI'pa(I)aM C 3aIllMChI0 Ha INIOCKOM
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HOCHUTEJIe TPUCYIIN W AONOJTHUTEIbHBIE CTATHUECKHE ONTHYECKHE MOTPEIIHOCTH,
49TO TpeOyeT UX YCTPAHCHUS Wi ydeTa pru 00paboTKe 3amucyu curaaios [12-14].

Jis ycTpaHEeHUs 3THX HEIOCTATKOB aBTOPaMH MPEATIOKEHBI, TCOPETUICCKH
WCCIIeTOBAHBI M SKCIEPHMEHTAILHO TIPOBEPEHBI 3JIEKTPOHHBIE, B TOM YHCIE U IH(-
POBBIE CTIOCOOBI M COOTBETCTBYIOIINE YCTPOHCTBA JJIsl BHHTOBOW M CTPOYHON pa3-
BEPTKH 3aITUCH, & TAKXKE y4eTa U KOMIICHCAIIUU ONTUYECKUX CTATUYCCKUX MOTPeIll-
HOCTEH CBeTOIyUYeBHIX ociumrorpados [15,16].

DJIeKTPOHHAs BUHTOBasi pa3BepTKa HeNpepbIBHOW BHAUMOI 3amucH.
CyIIHOCTh MPEMTIOKEHHOTO CIOc00a AIEKTPOHHONH BHUHTOBOHM pPa3BEpPTKH 3aIlUCH
[15] 3akmtouaeTcst B TOM, 9TO HA U3MEPUTEIHHBIC TaTbBAHOMETPHI aHAJIOTOBBIX pe-
TUCTPATOPOB, B TOM YHCJIC U Ha CBETOJIyYEBhIC TaIbBAHOMETPHI CBETOIYUYCBBIX OC-
muIorpadoB, BMECTE C PETHCTPUPYEMBIMHA HH3KOYACTOTHBIMHM CHUTHAJIAMU Uc(t)
MpejaraeTcs MoAaBaTh TakKe JOMOTHUTEIHHOE MUI000pa3HOe HAPSKEHHE Up(t).
[Tpruem nepuon HanpspxeHUs Up(t) - T, JOMKEH OBITH PaBHBIM IJIUTEIHHOCTH 3a-
MUCH OJHOTO Kanpa 3amucu Tk, a mpupamienne Au, B T€YEHHE OTHOTO 000poTa
MWIMHJPA C HOCUTEIIEM 3alMCH WIH JJIMTSIBHOCTH 3allUCH OJHOM JIMHUM Kajpa - t
- IPOTIOPIIMOHAEHBIM OTHOIIIEHHIO HEOOXOAMMOTO I1ara pa3BepTku d, K IyBCTBH-
TEJTHHOCTH TaJIbBAaHOMETpA 10 HAMPSHKEHUIO Sy [15]:

uy(t) = UpM(j—: - 1), rie 0<t<T,, (1)
H
UpM = 25 ,;,(gu, Tp =Te¢=tulNy, (2)

rae Upy — aMIuIUTya MHI000pa3Horo HanpspkeHus ¢ nepuoaoM Tp=T~t;N, B KoHIe
3aMUCH KaXIO0ro Kazpa, mB, a S’ - [UIMHa ONTHYECKOT0 WM MEXaHMYECKOIo pblyara
WU3MEPUTEIHHOIO TaJIbBAHOMETPA, MM.

Cursanel 0T UCTOYHHMKA MHUI000PAa3HOTO HaNpsDKEHHS Up(t) M JaTdnka pe-
THCTPUPYEMBIX HU3KOYACTOTHBIX CHTHAJIOB Uc(t) BBI3BIBAIOT CyMMAapHBIM MMOBOPOT
paMKu ragpBaHoOMeTpa: os(t)=ap(t)Lac(t). DTOT cyMMapHBIN TOBOPOT paMKH U3Me-
PUTENBHOIO TaJbBaHOMETPA MPUBOAUT K CyMMapHOMY OTKJIOHEHHIO Xs(t) Ha mo-
BEPXHOCTH HOCHUTENS 3alMCH KOHYMKA MEXaHWYECKOTO raJIbBAHOMETpa MM CBETO-
BOr'O IISITHA OT OTPAKEHHOTO OT 3€PKajblia CBETOJYYEBOTO raJbBaHOMETPA CBETO-
BOI'O JIy4a:

Xz(t) = Xp(t)Exe(t) = S'[8p(1)E3c(1)] = S'Sgulup(t)Fuc(t)] = S'Sguuix(b), 3)

r7Ie MPUMEHUTENBHO K CBETONYYeBBIM ocimmiorpadam Xp(t) 1 Xc(t) — OTKIOHEHUS
CBETOBOTO IISITHA HAa TIOBEPXHOCTH HOCHUTENS 3allUCH OT HANpPsDKEHHS Pa3BEPTKH
Up(t) ¥ HAMPSHKEHUsST PETHCTPUPYEMOTO cUTHaNA Uc(t), mm; Op(t) 1 Oc(t) — cooTBeT-

109



CTBYIOIIME YTJIBI TIOBOPOTA CBETOBOTO JIy4a, pad; S' - ITMHA ONTHYECKOTO PhIUara, M,
us(t) — cyMMapHOE HanpsKeHHE Ha BXOJI€ TaJbBaHOMETpa, MB.

[Mpuyem u3-3a M3MEHEHHUS UIMHBI ONTHYECKOTO phblYara MpH OTKIOHCHUH
CBETOBOTO JIy4a OT HyJIEBOT'O BEPTHKAJIBHOIO MOJI0KEHHS K HOBEPXHOCTH HOCUTEIIS
JeHCTBUTENbHBIE OTKJIOHEHHUS! CBETOBOTO IMATHA HAa MOBEPXHOCTH HOCHUTENS, yCTa-
HOBJICHHOT'O KacaTeNbHO K Iyre ¢ LEHTPOM y BEPTUKAIBLHOTO IOJIOKEHHS ONTH-
Yeckoro Jyda (puc. 1), OyayT oTandaThes OT pacueTHBIX Xs(t), Xp(t) U X(t), 4yTo mpH-
BOJAUT K JONOJHUTENBHBIM CTaTHUECKUM TaHTEHIMAJIbHBIM ONTHYECKUM IOTpell-
HOCTAM [12-14]. Takum 00pa3oM, B CBETOYYEBBIX OCIIIIOrpadax ¢ IIOCKOH mo-
BEPXHOCTHIO HOCUTEJIS 3alMCH UMEIOT MECTO ONTHYECKHE TaHTeHIIUAIbHbBIE CTaTH-
yeckue rnorpemHnocty [13,14], koTopslie B JaHHOM ciiydae OyIyT paBHBI

_tgé-6p 4
Opig=™ —5— 3

2 _1¢2
5 ap 36p. 4)

Kpome Toro, yron moBopora paMK{ H 3epKalibIla 0. HEKOTOPBIX CBETOIYYEBBIX
rajgbBaHoMeTpoB (Hampumep, Tumna I'b-1V u 1p.) cBsI3aH ¢ MOAaHHBIM HaPsHKCHHEM
110 KOCHHYCOUTAITBHOMY 3aKOHY o.(t)~u(t)cosol, 9TO MPUBOANUT TAK)KE K JOITOJTHH-
TENBHBIM KOCHHYCOUIaIbHBIM TOTPEITHOCTSIM 3aIHCH, B OTIIMYUE OT TaTbBAaHOMET-
poB tuna I'b-III 1 1p., y KOTOPBIX yroJl MOBOPOTa paMKH MPONOPLUUOHAIICH HAIPSI-
kenwro [13]:

Gpcos =

2
apcosap—ap .. ap &p

T=-2 5)

ap 2 8

Puc. 1. Onmuueckas cxema ompasiceHHbiX Om c8emoy4es020 U3MepumeIbHo20
2a1b8aHOMEMPA Jyyel nPU IeKMPOHHOL PA38epmKe HeNpepPLI8HOL AHAI02080U 3ANUCU
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Taxum o6pa3om, Kak BUAHO U3 GopMyiisl (6) U puc. 2, o0mIKe TOrpeITHOCTH
3anucu ¢ ragseaHoMmeTpamu Tuma I'b-III paBHBI TaHTeHIIMATBHBIM MOTPEITHOCTIM
(xpuBas 1), a pu 3anucu ¢ ransBanoMeTpamu tmna ['b-1V — paszaune tanrennuans-
HBIX ¥ KOCHHYCOHIATBHBIX MOTPENTHOCTeH (KpuBas 3):

sz

tg(Sgyupcosay,)—2a 5 5
_ g( gultp 17) pz_azzj:_é‘g (6)
2ap 6

So%
L2

244

F 28
| &5

-r2 -& -5

i

-’z

Puc. 2. 3asucumocmu cmamuyeckux onmuyecKux noepeuwHocmeli oy, om yena noeopoma
c8emogozo ayua o, = 2ap. Kpuevie 1, 2 - 3agucumocmu KOCUHYCOUOANbHBIX U MAH2EHYUAb-
HbIX nocpeuwiHocmell, Kpueas 3 - obujue onmuueckue cmamuieckue nozpewHocmu (npu
sanucu ¢ eanvearnomempamu muna I'b-111 u op.)

Jlns ynpouieHns JanbHEeHIero aHajin3a U OLeHKH MaKCUMalIbHO BO3MOYKHBIX
CTaTUYECKUX ONTHYECKUX TOTPEITHOCTEN ObUTH PacCYUTaHbl CTATHYECKHE TIOTPEI-
HOCTH TIpH 3amucH ¢ rainbBanoMeTpamu tuna ['b-111, mpu kotopeix obmme onTrye-
CKHE CTaTHYECKHE IOTPEIIHOCTH OOJIbIIE, YeM IPH 3alUCH C TaJlbBaHOMETPaMU
tuna ['b-IV. B wactHocTH, Kak BHAHO Takxke Hu3 puc. 2 (kpuBas 1), mpu
Xpv=10,5H =122 mm (mmpuHA 30HBI 3amHMCH OJHOTO KaHanma), S’=150 wmm u

H .
6pM=arctg2—Sk, =18°, UMEIOIINX MECTO NPH TPEeXKaHAJIHHOW 3alFiCH B aBTOMATHYECKUX

celicMHUeCKUX deKTporpadudecknx ocummmnorpadax tuma ACDO ' [10,11] u
MHOTHX JPYTHX CBETOJIYYEBbIX OCLMIUIOrpadax, MakCUMaabHbIC ONTUYECKUE IOT-
PEIIHOCTH 1Iara 3JeKTPOHHON BHHTOBOM pa3BepTkH He mpeBblmatoT 0,65%. Ilpu
3TOM INPEIOIAraeTcsl, YTO TalbBaHOMETPhl yCTaHOBJICHBI PABHOMEPHO 110 IIUPUHE
HOCUTENSI U OTPAXXEHHBIE OT HUX JIyYd MPU OTCYTCTBHM CUTHAJIOB MaJIal0T MEpIIeH-
JUKYJSIPHO K TIOBEPXHOCTH HocuTessd. Takum o0pa3oM, MOTPEIIHOCTH IIaros

' Ocommmorpager AC20, ACD0-1 u ACD0-1M pa3pabGoTaHsl M H3TOTOBIEHH! B CIIeHab-
HOM OIIBITHO-KOHCTPYKTOPCKOM TexHojorndeckoM nucturyte AH Apm. CCP no texauue-

ckoMy 3amaHuio U B corpynandectse ¢ UP3 AH CCCP.
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MeXaHWYEeCKOW pa3BepTKH, focTuraronye 1...1,5% 13-3a MHOrOYMCICHHBIX TOIYCKOB
1 MOQPTOB B MEXaHN3Max MEPEMENICHIS U BO3BpaTa KapEeTKH WM HOCUTEIS, IOUTH
BIBOE OOJIbILE, YEM IPHU JICKTPOHHON pa3BepTKe.

Ecmu npu otrcyTretBun curHana (uc(t)=0) yron HakJIoHa CBETOBOTO JIyda IO/
JeCTBUEM HaIpsHKEHUs Pa3BEPTKHU Up(t) paBeH Op, TO JOIOIHHUTEIHHOE OTKIOHE-
HUE JTUHUY 3aITUCH OT HaNPsDKEHUS Uc(t)=0 (cM. puc. 3) onmpenenuTcs: ypaBHCHHEM

xE'= $7[tg(5,+5.) Fted,]. (7)

, I Sr’o
__’-"-’1/ J;-eucs’

- [G°-5° 67 -4° -2° | 2° 40 6o g jpe oo

Puc. 3. 3asucumocmu MAH2EHYUATIbHbIX ONMUYeCKUux nozpeumocmeﬁ 3anucu O, om yaina

nosopoma c6enoe6oco iyva é‘c npu pa3nvblx 3HAYEHUAX 5[,

TaHTeHIMATBEHBIE ONITHYECKIE TTOTPEITHOCTH [17] BUIUMOI 3amucy CUTHAJIA
Uc(t) mpH pa3HBIX Up ONPEAETISIOTCS BBIpAKEHUEM

_ *tg(6ptb.)Ftgbp—6c
8¢

~ 624800+ 52, (8)

C

TaHreHIUaNbHbIe ONTHYECKUE TIOTPEITHOCTH 3alTUCH CUTHAJIA TP MEXaHU-
YECKOM pa3BepTKe MepeMeIIeHHEeM KapeTKH WIIM HOCHTEIS 3allMCH, €CJTH JIyd rajbBa-
HOMETpa IMajaeT MepIeHANKYISIPHO K MOBepXHOCTH HocHuTels (8,=0) mpu uc(t)=0,
paBHBI

lep_4 2
ac’zgdc —gac. (9)

CHeZIOBaTeJ’IbHO, JONOJHUTCIIBHBIC CTATUYCCKUEC OINTUYCCKUEC MOTPCUIHOCTHU
3allMCH CUTHaJia Uu3-3a 3J'IeK’I‘p0HHOfI BHHTOBOM Pa3BCPTKU 3aIlIUCU PABHBIL

AG.= 0e-0; = §5£5,8c. (10)
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U3 3aBucumocTteil 6. oT dc pu pa3HbIX O, (CM. puc. 3) BUAHO, 9TO OOIIHNE H
JIOIIOJIHUTEIIbHBIE MaKCUMAaJIbHbIE CTATUYECKUE ONTHYECKUE MOTPEIIHOCTH 3aIIUCH
cUrHaia uc(t) IpH 3JeKTPOHHOH BUHTOBOH pa3BepTKE HE MPEBBILIAIOT COOTBETCTBEHHO
4,5% u 3,5% 1put Opv=18° U Oen=18° (Xew=122 MM U Xpy=122 MM, UMEIOIIIE MECTO
NpY TPEeXKaHaJbHOM 3amicH CHrHajoB B ocumwmiorpadax tuna ACO0 u npyrux
ocumuiorpadax ¢ onTudeckuM peraaroM 150 auou v mmprHe Hocutenst 3armcy 150 i),

Bo MHOruX cBETOIYy4eBBIX ocLILIOrpadax, B TOM 4YHCIE W B OCLMIUIOrpPa-
¢ax tana ACI0, npyu MHOTOKaHATBHOW pETHCTpal (B OCHOBHOM 3 - C TaJIbBaHO-
MeTtpamu tuna ['b-3 nim 6 — ¢ ranpBanomeTpamu tuna I'b-4) ceetonydeBblie raib-
BaHOMETPHI CTPYIIITUPOBAHBI B €IMHOM MarHUTHOM OJIOKE M yCTaHOBJIEHBI BMECTE
C OCBETHTEJIEM Ha MOJBIKHON KapeTke Ui oOecredeHns BO3MOKHOCTHU €ro Iepe-
MEILEHH U pa3BepTKH 3anucu. C 3TOH 1emnbio, 1l pPABHOMEPHOTO paclpelesIeHHs
KaHAJIOB 3allMCH 110 IIMPHUHE HOCHUTENS, MPH Uc(t)=0 CBETOBOM Jy4 OT CpETHETO rajb-
BaHOMeTpa (IIPH TPEXKaHAIBHOM 3alMCH) HAPaBIISETCS] NEPICHANKYIISIPHO K HOCH-
tenro (Op2=0), a JIy4n OT KpailHUX TaJIbBAHOMETPOB — MOJ] YIIIOM Op13 (CM. puc. 4),
MIPUYEM TIPU 3TOM

Hp+A—-h,

Op1,3 - arctg < ~ 114, (11)

rae hy- paccrosane Mexay ramsBaHoMeTpamu I'b-111 B MaranTHOM O10Ke, h,=12 M
A - cBOOOTHBIE POMEKYTKH Ha HOCUTEIE MEXKITy OTICITHLHBIMHI KaHAIAMHU, A=5 ym.

ia
_ﬂ_ — 2%y = A
.&, rr2AC. J,,=/4°
i L D _z I —
Y. G;— __|_/5:- —— 23 A,
do =-4°
X rranc Z % ’ § )
~—
Begoer reer -— &, By

Puc. 4. Fopu30HmaJleaﬂ npoexkyus ONMUYECKOLL CXeMbl MPEXKARAIIbHO20 C6Emoly4es020
OCL;M]UIOZpad)a npu cpe()HeM NOJIOJCEeHUU KapemKU OmMHROoCUmelbHo Hocumelisd 3anucu

CrnenmoparenbHo, pH Uc(t)=0 MakCHMAaITbHBIN JOTIOJHUTELHBIA YTOJI OTKJIOHE-

HUSI CBETOBBIX JIydel M3-3a DJICKTPOHHON pa3BepTKH (Opy=18°) MOYTH BIIBOE MEHBIIIE

yrila CTaTHYECKOTO MEXaHWYECKOTO OTKIIOHEHHS Jydell OT KpailHMX raJbBaHOMET-

pos B ociuiorpadax tama ACI0 (8,13=114°). 10 00ecrieunBaeTcs TEM, UTO IIIEKT-

POHHAas pa3BepTKa ITO3BOJISIET YCTPAHUTH MOTIEPEYHOE MTEPEMEICHIE TaTbBAHOMET-
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POB HMJIM HOCHTEIIS, @ TAK)KE HE CIPYNIIUPOBATh rajlbBAHOMETPHI Ha €TUHOM OJIOKE,
a YCTaHOBUThH MX PaBHOMEPHO IO LIMPHHE HOCHUTENA M 00ecneyuTh ycnoBue o,=0
pu up=0 1 u~0.

CrnenoBaTtenbHO, B TPEXKaHAIBHBIX CBETOIYYEBBIX ocLmuIorpadax ¢ onTu-
yeckuM perdarom 150 mm u mmpuHON HOcuTens 3anucu 150 mm craTudeckue or-
TUYECKHE NMOTPEIIHOCTH 3alIMCH CUTHAJIOB NIPH AJIEKTPOHHOM pa3BepTKe 3aIllCH BCETO
Ha 3,5% Ooiple I cpeHero KaHaua 3allicH, a Uil KpailHuX KaHaJIOB — ITOYTH
BJIBOE MEHBILIE [0 CPABHEHUIO CO CTATHYECKUMM ONTUYECKUMU TOTPEITHOCTAMH NPU
MEXaHHYECKOW Pa3BEpTKE M CrPYNINHPOBAHHBIMH TadbBaHOMETPAMH Ha €AMHOM
MarHuTHOM OJIOKe.

AHaJIOTHYHBIE PAacUeThl U CPABHEHUS CTATHYECKUX ONTHYECKUX MOIPELTHOCTEH
aHAJIOTOBOW BUIMMOM 3alMCU C U3BECTHBIMM MEXaHUYECKUMH CIIOCO0aMU U Ipen-
JIOKEHHBIM 3JIEKTPOHHBIM CITIOCOOOM BHHTOBOM Pa3BEPTKH MOXHO TPOU3BECTH U
IUISL IPYTHX QHAJIOTOBBIX PETHCTPATOPOB M CBETOIYUYEBBIX OCLMIIIOrPadoB ¢ pasHBIMU
IIMPHUHAMH HOCHUTEIIS, KOMYECTBAMYU KaHAJIOB, JNIMHOW ONTUYECKOr0 pbyara 1 T.JI.

DJIEeKTPOHHAs CTPOYHAs pa3BepTKAa HeNpepbIBHOH BHAMMON 3amucu.
OnHuM K3 O0LIMX HEJOCTATKOB IIPEAJIOKEHHOTO BBIIIE 3JIEKTPOHHOIO U U3BECTHBIX
MEXaHHMYEeCKHUX CII0OCOOOB BUHTOBOM pa3BepTKHM HEMPEPHIBHON aHAIOTOBOW BHUANMOMN
3aIIUCH SIBIISIETCS TO, HYJIEBBIE JIMHUY 3aIIFCH CUTHAJIOB HAKJIOHSIOTCSI OTHOCUTEIBLHO
HaIpaBJIeHUs IBUKEHHUS HOCUTENSI HA HEKOTOPBIN yTOJ (y, KOTOPHIN paBeH

V; d
Pu= arctgv—p = arctg
1

- a
o arctgAu, (12)

rae Vp — CKOpOCThb MONEPEYHOro IepeMELIeHUs] CBETOBOIO JIyda Ul o0ecreueH s
BHUHTOBOW Pa3BEePTKH 3aIlMCH, MM/C, HE3aBUCHMO OT CIIOC00a BUHTOBOM Pa3BEPTKH.

N3-3a aToro peanpHas CKOPOCTh Jy4a 3alMCH CUTHana V', OTau4aeTcs oT Vy
Y paBHa

2
V= [VZ + V=V 1+(—), (13)

YTO MPUBOAUT K JIOTIOTHUTEIBHBIM aMIUTATYIHBIM U CIIEKTPAILHBIM MOTPEITHOCTSIM
BHIUMOM 3aITMCH CUTHAJIA, TPOTIOPIIUOHATBHBIM COOTHOIIECHUSM V,/V, 11 AV,/ V.
C 11enbI0 UCKIIFOUEHUS YKa3aHHOTO U HEKOTOPBIX JAPYTUX HETOCTATKOB BUH-
TOBOHM pa3BEepPTKH, MPEIIOKEH TAKKE DICKTPOHHBIA CIIOCOO CTPOYHOM pa3BepTKH
HEeTpEephIBHON BuAanMON 3anucu [16]. Ilpu 3ToM OJHOBPEMEHHO C PErHUCTpUpPYE-
MBIM CHTHAJIOM Ha W3MEPHUTEIbHBINA rallbBAHOMETP TOAETCS U AOTIONHHUTENBHOE CTY-
MeHYATOE HAMPSHKEHHE, JIIUTEIBHOCTh CTYTICHEK KOTOPOTO paBHA JUIUTEIBHOCTH OJ-
HOT0 000pOTa BPAIAOIIETOCS HOCUTEIIS WM OJHOMN JIMHUU 3allMCH, @ MTHOBEHHOE
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MpHUpAIIEHUE CTYNEHbKU TMOCIE KAXJIOTO 000pOTa HOCHUTENS PABHO OTHOIICHHIO
HEOOXOAMMOTO II1ara pa3BepTKH 3aliCH K TyBCTBUTENHOCTH TajIbBaHOMETPA.

Kpome Toro, ecnu npu CTpoUHON pa3BEepTKE TUCKPETHBIC YIIIbl OTKIOHEHUS
CBETOBOTO JIy4a M BEIMYMHBI COOTBETCTBYIOIINX CTYIIEHEK HAIMPSHKCHUS OTPEICIHTh
C YUCTOM CTAaTUYCCKHUX ONTUYCCKUX HOFpeH]HOCTeﬁ,'TO OJICKTPOHHYIO CTPOYHYIO
Pa3BepTKy MOXHO OCYIIECTBUTH C PABHOMEPHBIM IIIArOM Pa3BEPTKU C KOMIICHCA-
UEN U UCKITFOYEHHUEM CTaTUYECKUX ONTHYECKUX MOrPEITHOCTEN BUHTOBOM pa3BEPTKHU.

B aeioM, i YCTpaHCHHSA TaHTCHIUAJIBHBIX OIITHYCCKUX HOFp@HHOCTeﬁ
pa3BepTKH IpU CTPOYHOW pa3BEePTKE 3allMCH TOJTHBINA YTOJI OTKIOHEHHS CBETOBOTO
Jy4a Opy, YTOJ OTKIIOHEHUS CBETOBOTO JIy4da MEXIY COCEIHUMH JIMHUSMHU 3aITUCU
Adpn, 00IIast aMIUIUTYyAa CTYIIEHYaToro HampsbkeHus Upn, M BETWYHHBI CTYyTIEHEK
Aupy OTIpenensoTes 1o cleaAyomuM Gopmymam:

Opn = iarctg@ = (n-l)% + § [(n -1 %]3, (14)

A8y = arctg™ % arctg ™20 (%)3[(11-1)3-(11-2)3], (15)

Upn= _i:;z . isgiuarctg(n_sg, (16)

Aupn = Sgiu [arctg % —arctg m;ﬁ], 17)

rae n=1,2,3, ..., N/2 — mopsaakoBeIii HOMEp CTpokH, mpuaeM n=1, u,=0 u 5,=0

COOTBETCTBYIOT 3aIUCH CPEIHEN CTPOKH.

AHAaNOrHYHBIM 00pa30M MOXKHO ONPEIETUTh aMILIUTYLy CTYIIEHYaTOro Harpsi-
seHust Upn M BEJTMYMHBI CTYTIEHEK AUpg JUTS YCTPaHEHHs KOCUHYCOUAATBHBIX TTOT-
peLIHOCTEN, UMEIOIIIUX MECTO MPHU 3aIUCH ¢ ragbBaHoMeTpamu tumna ['b-IV u ap.

O6meli cnennuueckoil 0COOEHHOCTHIO CTPOYHOM pa3BEPTKHU SBISIETCS TEO-
peTuydecKas ONacHOCTh MCKaKCHUS 3alMCH JMHAMUYECKHMH MOTPEIIHOCTSIMH B MO-
MEHTaX CKa4K0OOpa3HOTo U3MEHEHHs CTYNICHbKH HATPSKEHUS Pa3BEPTKH, T.K. OTKIIO-
HEHHE PaMKHU TaJIbBAHOMETPA MPH MPSIMOYTOJIBHBIX UMITYJILCaX COIMPOBOXKAACTCS I1e-
PEXOAHBIMH TIPOLIECCAMHU, KOTOPBIE 3aBUCAT OT CTENICHU YCIOKOEHHS PaMKHU IajbBa-
HoMeTpa D, 1 onMchIBatoTCs CIeAyOUMMH ypaBHEeHUsIMH [6,8,12,14]:

a) npu Dg <1 (mepuoanyueckoe yCIOKOCHNUE PaMKH I'aJIbBAHOMETPA):

—Dgt
0ty = Ol (g 1-CLpn)SIN(VTHY); (18)

0) npu Dg>1 (anepuoanueckoe yCIIOKOCHUE PaMKH T'aJJbBaHOMETPa):

—Dgt
Op= apn"'eT(apn-l‘apn)Sh(NT'W’); 19)
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B) npu Dg = 1 (kpuTHndeckoe yCroKOeHNEe paMKH TaJlbBAaHOMETpA:
Olp = OlpnH(Olpn-1-Olpn )€ (147), (20)
1
IZe Olpn= ESguupn — YTOJl OTKJIOHEHUs] PAMKH TaJlbBaHOMETpa I10cie OKOHYAHUS Te-
t
PEXOAHBIX TPOIIECCOB; T=2nT—=2nfgt — OTHOCHUTENIBHOE BpeMs; Olpn-1=0.5SgUp-1 —

g
yTOJ1 OTKJIOHEHHS paMKu B MOMeHT BpeMeHH 1=0, pu kotopom do/dt=0, uy(t)=Upr;

v \/ﬁ 1)

Y= arctgl, (22)
Dyg

N=[Dj—1, (23)
N

v = Arth—. (24)
Dg

Tak Kak ATUTEIBHOCTH 3THX MEPEXOIHBIX MPOLECCOB ONpeNeIsieTcs BpeMe-
HeM ycrokoeHus Ty [12,14], To mocie Hero nepexofHble MOTPENIHOCTH Gy CTaHO-
BATCS. MEHbIIIE 33JaHHON BEIUYMHBI Gron, © PAMKA TaTbBAHOMETPA YCTAHABIMBACTCS
Ha KoHeyHoe 3HaueHHe. C momMompio GopMya U rpaukoB Ui onpeaencHus Ty
IIPU Pa3HbBIX Gron, Tg U Dg [12,14] ObL10 ompeneneHo, 4To, B 4aCTHOCTH, NIPU 3aJaH-
HOM Gon<1%, eciut 0,5<D¢<1,5, To Ty<1,8T,, ecu 0,6 < Dy < 0,75, To Ty < 1,15T,,
a ecmu 0,8<D;<0,85, To Ty<0,7T,. CpaBHEHHE ke FTUX NEPEXOTHBIX MOTPEIIHOCTEN C
MOTPEIIHOCTAME  (POTOTaTbBaHOMETPUYECKOH peructpauu (Grp, < 10%) [6-9,
12-14, 17] nokasbIBaeT, 4To mocie BpeMeHu t>Ty, ¢ MOMEHTa cKauka Hamps>KeHUs
Aup, IepexoHbIe TOTPELTHOCTH Oy < 1% 1 He MOTYT MOBIUSATH HAa TOYHOCTH 3AITUCH.

Bwmecre ¢ Tem B mpoMexyTke BpemeHU t < Ty mepexoJHble HMOTPEHIHOCTH
G >1% TeopeTHyeckr MOTYT NPUBECTH K HCKAKCHUIO 3alMCH U HAPYIIEHUIO Helpe-
PBIBHOCTH perucTpauuy curaajioB. OHAKO y4acTOK Kajpa HEHpPEpbIBHOM 3amucu
CHUTHAJIOB, B YaCTHOCTH CEHCMOIPaMMBI, C TIEPEXOAHBIMH TOTPEITHOCTAMU Gy 2Con=1%0
npu 0,5<D,<1,5 umeeT HE3HAYUTEIBHYIO JJUHY YYacTKa Ha KaJpe 3allHCH - BCETO
AL LT,V = (0,7+1,8)TyVy (wanpumep, B ocumiuiorpadgax tuma ACOO mpu
V=1 mm/c u Tg=0,2 ¢, Al,< 0,14-0,36 mm). Kpome Toro, 3TOT y4aCTOK HaXOIUTCS
Ha KOHIIE KaJipa 3aluCH, KOTOPbIH B aHAJIOTOBBIX CEHCMUYECKUX ocLuuIorpadax u
perucTpaTropax ¢ HENPEPHIBHON 3alMChI0 M MEPUOJIMYECKON BbIIauei KaJpoB 3a-
MTUCH MOKET UCTIOPTUTHCS 1 0€3 HATMYHS BO3MOXKHBIX IIEPEXOIHBIX TIOTPELIHOCTEH.
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[pennoxeHHbIe 3JEKTPOHHBIE CIIOCOOBI BUHTOBOM M CTPOYHON Pa3BEpPTKHU 3a-
MTACH Y TIPOBEIEHHBIE pacueThl ObLIH arpoOWPOBaHEI M IPOBEPEHBI Ha oCIIuIorpade
ACDO0 1, cHUMKH KOTOpOTo B 00pa3lia KaJpoB 3amuceil moka3ansl Ha puc. 5 U 6.

’\— ' | G

Puc. 5. Obpazey asmonomnozo Puc 6. Obpasey xadpa nenpepuigroll
ceemonyuegozo ocyunnoepagpa ACI0-1 BUOUMOU 3ANUCU C INEKMPOHHOU
PaA36epmKoll

3axmouenue. [Ipemioxker, 000CHOBaH 1 MPOBEPEH CIIOCO0 ANEKTPOHHON BHH-
TOBOM Pa3BEPTKU HEMPEPHIBHOM aHAIOTOBOM BUAMMOM 3alKCH, KOTOPBIA MO3BOJISIET
CYIIIECTBEHHO YIIPOCTUTHh KOHCTPYKIHIO, YBEITMYUTh HA/IEKHOCTh, YMEHBIIHUTH ITOTPe0-
JISIEMYI0 MOIIHOCTh, Ta0APUTHI, TOTPEITHOCTH 3aIHCH U IIara pa3BepTKH, a TAKKe
00ecreunTh BO3MOKHOCTH TIIABHOM PETYJIMPOBKHU IlIara pa3BepTKHA aHAJIOTOBBIX pe-
TUCTPATOPOB U CBETOIYYEBBIX OCIILIOTPa(oB C HEIIPEPHIBHON aHAJIOTOBOM PETUCT-
panuei ¥ NepuoANYECKON Bbhljaueld BUTUMBIX KaJpOB 3alucel.

[Ipenmosken, 000CHOBAH M MPOBEPEH TAKXKE CIIOCOO IITEKTPOHHOU CTPOTHON
Pa3BEPTKU HENPEPHIBHON aHAJIOrOBOW 3aIllMCH, KOTOPBIM, KpOME BBINICYKa3aHHBIX
MIPEUMYIIECTB AIIEKTPOHHON pa3BepTKH, TIO3BOJISIET TAKXKE YCTPAHUTD JOMOTHUTENb-
HBIE TIOTPEIITHOCTH 3aIMCH ¢ BUHTOBOH Pa3BEPTKOM, CBSI3aHHBIE C HAKIIOHOM HYJIEBBIX
JUHUH, a TakKKe KOMIICHCUPOBATh CTATHYCCKUE ONTHYECCKUE IMOTPEITHOCTH 3aIHCH
C WX YUETOM TIPH pacueTe aMITIATY] CTYTICHIATOTO HATIPSHKCHYS CTPOYHOM Pa3BEePTKH.
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Ubpughun tdwbwljughtt nkuwtth gpuugdwt thodwt dkpwthjuui dkpnnubpp
pupnugunid b gusphwdwpwljuuwghtt wqpuowitkph wipughwn mbuwbbih qputg-
dudp b Junpbph wuppbpuut bpny bdwbwluyhtt gpuiighsutph jupnigquspp, tjuqbkg-
unud npuiig hntuwhnipniip, dogpuuinipiniip, sSwpiuynn hqnpmipiniip b swthubkpp, pup-
nugunid thpdwt pujkph jupquynpnidp, hswyku twb hwihghginud jnrumdwnwuquypugh
oughingpuikph pugnighs oyyunpjuljus ujpwkph, npnig Ypugdwt hwdwp wpwewnly-
Jt, ntuntdiwuhpyb) b wvinnigyly B fEjunpniwght thodwi depogubp:

Unpwbagpuypl pupnkp. tdubwljuyhtt wipinhwn whuwbbih qpuitgnud, qgpubgdui
wuwnlkp, gqpuigdwi thenwd, ubjudwghp, nruwdwnuquypwihtt oughingpud, oyynhulw
1oul:

S.A. MKHITARYANH, A.P. ANTONYAN, A.R. MNATSAKANYAN

ON RESEARCH AND IMPLEMENTATION OF METHODS FOR ELECTRONIC
EXTENDING OF CONTINUOUS ANALOG VISIBLE RECORDING

Mechanical methods for extending the continuous analog visible recording complicate
the designs of analog recorders with continuous visible recording of low frequency signals and
issuing periodic frames, reduce their reliability, the accuracy, the used power and sizes,
complicate the adjustment of the extending steps, and also lead to additional optical errors
in light-beam oscilloscopes, for the elimination of which electronic extending methods have
been proposed, analyzed and tested.

Keywords: analog continuous visible registration, recording frames, recording extension,
seismogram, light beam oscilloscope, optical arm.
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THE MINIMIZATION METHOD OF THE THERMAL DRIFT
INFLUENCE ON ANALOG INTEGRATED CIRCUITS

The existing offset cancellation methods are based on digital-to-converters (DAC)
and the calibration paths. During thermal drift the parameters of transistors in calibration path
change, which increase the offset of the system. The proposed offset cancellation method
includes current DAC which is directly connected to the output of the system. The absence
of the calibration path makes the circuit more stable during temperature drifts without
voltage-current-voltage conversion. The offset variation of the circuit during thermal drift is
reduced 19 times (1.42 mV). The circuit occupies 43.2 % less area as in the current DAC,
only transistors have been used instead of the resistor-transistor structure of voltage DAC.
Power consumption increases 7 % as the branch of the current DAC is always on.

Keywords: analog, integrated circuits, offset, digital to analog converter.

Introduction. In modern integrated circuits (IC), operating frequencies have
been raised to hundred Gbps, resulting signal degradation after the channel to a
very high level of concern [1]. In modern high-speed serial-links, transmitter-
channel-receiver structures are used to transfer the data. A channel is the line which
connects the transmitter and the receiver. It acts like a low pass filter, which means
that higher frequencies will be more affected in the input of the receiver [2]. To
overcome the channel effect, a continuous time linear equalizer (CTLE), and a
decision feedback equalizer (DFE) circuits are proposed [3]. DFE is a more
complicated circuit which has nonlinear equalization and is used to cancel the inter
symbol interference (ISI).

CTLE (Fig 1) is a differential-pair-based circuit which has a different behavior
in low and high frequencies. It acts like common source amplifier in high frequencies
and common source amplifier with source degeneration in low frequencies. It gives
a chance to have a circuit with an inverse channel behavior and compensate high
frqeuency rejection by the channel [4].
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Fig. 1. CTLE circuit and gain values in low/high frequencies

To minimize the offset of such circuits, digitally assisted offset cancelation
techniques are used [5-7]. The structure of such circuits is based on R-string
digital- to-analog converters (DAC) connected with calibration path which
minimize the offset by inserting additional current to the output of the system (Fig.
2). Such a method reduces the offset till millivolts, but considering the fact that
modern circuits are operating in nonstandard environments where external
conditions could be changed even after calibration, it has some disadvantages.
During the temperature drift, the threshold of transistors in the calibration path
changes. It can affect the transistors operation leading them to triode or cut off
states.

The CTLE offset cancellation circuit has been designed by the SAED 14 nm
FinFet technology (Fig. 2) [8], and HSpice simulations have been performed. The
thermal drift effect has been checked for the CTLE circuit (-40°C to 150°C drift).
The idea is that the circuit can startup in one temperature condition with defined
codes during the calibration process and continue working in another conditions. In
ICs bandgap reference is widely used, which provides temperature independent
constant voltage [9], but in case of CMOS structured operational amplifiers and
equalizers the temperature variation may affect the circuit functionality.
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Fig. 2. CTLE circuit and gain values in low/high frequencies

The circuit has been verified with constant gy, circuit-biased current [10] and
temperature independent bias current to understand the thermal drift effect for both
cases.

In case of the current from the constant g, circuit (Fig. 3 a) the thermal drift
impact on the offset is small on low codes as the calibration path works as a
differential amplifier (DA) and the constant g, current compensates the gain
variation depending on temperature. At high-code temperature impact on the offset
is more visible because cancellation current flows through one branch, and the
constant g, current strongly depends on temperature.

In case of temperature-independent bias current (Fig. 3 b), for low code thermal
drift impact on the offset is higher as the calibration path works as DA whose gain
depends on temperature while bias current does not depend on temperature. At
high code thermal drift impact on the offset is smaller as the cancelation current
flow through one branch and bias current does not depend on temperature.
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Fig. 3. The offset variation dependence on the calibration word during the thermal drift

The results in Table 1 show that even in case when the biasing current is a

temperature-independent offset variation, ~10 m) exists. The issue comes from
calibration branches (M1, M2 transistors), as the temperature effect on transistors
(Vth change, Ids change) causing offset variation for a fixed code. Taking into
account the problems described above new offset cancellation methods are needed

to overcome the thermal drift effect.

Table 1

The worst-case PVT results with thermal drift implementation

The CTLE offset variation due to the thermal drift

Temperature independent current

constant gy, circuit current

Max offset 10mV

27 mV

The proposed solution. Instead of the voltage DAC usage, during which
operation voltage-current-voltage conversion exists, current DAC has been
implemented. To keep the logic the same, an always-on current DAC has been added,
for the case when both M1, M2 transistors have the same code and an equal current
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from each branch. As it could bring additional offset because of parasitic resistances
and capacitances of routing nets, always-off DAC has been added to keep the layout
symmetry for both branches (Fig. 4).
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Fig.4. The proposed circuit

To test the proposed circuit a 50 m} offset has been added to one of the
CTLE branches and the cancellation mechanism has been enabled, As shown in
Fig. 5. Before calibration, the offset value is 50 m} and after calibration it is less than
1 mV. Offset variation during the thermal drift from -40°C to 150°C is 1.42 mV.
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Fig.5. The simulation results with the proposed method
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As the voltage obtained directly on resistors, the offset cancellation range is
more linear (Fig. 6).
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Fig.6. The simulation results for the proposed method before its implementation

Spice Monte Carlo (MC)[11] simulations have been performed for the
proposed circuit to consider the deviations of the technological process. MC
variation is more linear compared to voltage DAC case (Fig. 7,8).

Q-Q Plot [y = 0.0005477x + -0.0006512]
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Fig.7. MC simulation results for the offset before the circuit modification (4.5 sigma)
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Q-Q Plot [y = 0.000166x + -0.0001514]
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Fig.8. MC simulation results for the offset for the proposed method (4.5 sigma)

According to the Table 2, after the proposed changes, the total area of the
circuit decreases about by about 43.2%, as the resistors in voltage DAC have been
removed. The disadvantage of the proposed method is always on the current DAC

branch which increases power consumption by 7%.

Table 2
Comparison with the existing methods
The proposed
8l (6] method
Max offset variation due to thermal drift (m V) 26.98 15.12 1.42
Area (um?) 2361.31 1631.529 1341.2
Power consumption (uW) 8341.25 8074.1 8924.87

Conclusion. The proposed offset minimization method includes current
DAC which is directly connected to the output of the system. The absence of the
calibration path makes the circuit more stable during temperature drifts without

voltage-current-voltage conversion which was the main problem of the existing
methods. The offset variation of the circuit during the thermal drift is reduced 19
times (1.42 mV). The circuit occupies 43.2% (1341.2 um?) less area as in current
DAC only transistors have been used instead of the resistor-transistor structure of
voltage DAC. Power consumption increases by 7% (8924.87 uW) as current DAC

is always on branch.
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2.5.4NUSuUL8UL

ULULNQUSPL PULSEAUL UNGUULELD 4 U QELUTUSPEULUSPL
CGNUUL UQ1TE3NhE3UL LYULESUUL UGMLNY

Chnuut jupdwt tjuqtgdwt gnjnipinit niikgnn dbpnnutpp hhdudws o pduw-
twnquyhtt dbwhnjuhsutph (BUQ) b jupqupkpdwi ninnt Jpue QEpdught npydh dwudw-
twl] upqupbpdwib ninnt mpwiqhunnpibph yupudbnptpp hnjognwd B, htgp Jkdwg-
unud E hwdwlupgh oknuwt jupnudp: Shnuut jupdwt tdugbkgdut wnwgwplqusé dkpnnp
ubkpwnnud £ hnuwtph U, npu ninnujhnpkt vhugwsé L hudwljunpgh Ejpht: Yupqupkp-
dwt muym puguljuynipiniup onpwb wybkh juynit E gupdund obpdwunhgwih sbnnudutnh
undudp wowig jupmu-hnuwbp-jupmy thnfewlbpudwi: Qpdughl pply$h dudwbul
stnUul jupdwi thnthnjunipiniup Ypdwngl) k19 whqud (1,42 <): Uubdwb qpuntgunud £
43,2%-n] wykih phy vwljtipku, pwith np hnuwtiph EURK-1 oqunuugnpénid E vhuy inpubighu-
unpibp puplwh PUQ-h nkqhunnp-npuiqhunnpught jupngdusph thnjuwpki: 2qnpni-
prut uyyunnidh wbjugh) k7%-m] hnuwbph GUR-h thown thugjws &ninh wundwnny:

Unwigpuyhll punkp. wiunquhl, hinbgpuy upjbdwibp, stndwl jupnud, pduw-
wnquhtt Abwthnjuhs:

A.T. KOCTAHAH

METOJ] MUHUMM3AIIMA BO3JIEMCTBHUSA TEILIOBOI'O IPEM®A HA
AHAJIOT'OBBIE HTHTEI'PAJIBHBIE CXEMBI

Cy1ecTByromme MeTOAbl MUHIMHU3AIWH CMEIICHNS] HAPSDKEHHUST OCHOBAHBI Ha ITH(]-
poananoroBeix npeodpaszosatersix (LIAIT) u mytn kamoOposku. [Ipu TermoBoMm npetide mapa-
METpBI TPAH3UCTOPOB HA MyTH KATMOPOBKH M3MEHSIIOTCSI, YTO YBEJIMYMBAET CMEIIEHUE CUCTEMBI.
IIpennaraemplii MeToq KomneHcauuu cmeeHus Bkiodaet LIAIT Toka, KOTOpbI HaPSMYIO
MOJIKJIFOYCH K BBIXOY CUCTeMbl. OTCYTCTBHE KaIHOPOBOYHOIO TPAKTa JEacT CXeMy Ooee
YCTOIYMBOM IPH TEMIIEpaTypHBIX Apeidax 6e3 npeodpa3oBaHus HANPsHKEHUE-TOK-HAIPsDKe-
Hue. V3MeHeHre CMeIeHHsT CXEMBI TPH TEIUIOBOM Jpeiide ymenbiieHo B 19 pas (1,42 uB).
Cxema 3anumaet Ha 43,2% MeHblie miomann, Tak kak B [IAIT Toka UCTIONB30BaHbI TOJIBKO
TPAH3HUCTOPHI BMECTO PE3UCTOPHO-TPAH3UCTOPHOU cTpyKTYpsI LIAIT HanpspkeHns. DHEPromoT-
pebnenne yBenmuuBaeTcs Ha 7% n3-3a Bcera BKitoueHHoH BeTku LIAIT Toka.

Knroueevie cnoea: aHANOTOBBIN, WHTETPAIBbHBIE CXEMBI, CMEIICHUE HAIPSHKEHUS,
nr(ppoaHaIOTOBEINA IPeoOpa3oBaTEIb.
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YULQULEMUUL ZUUUYU S

Uhpuyugjws E nibntjuundnmpjut hwenppujut thnjuwbgdwt dninp-typ hwtgnyg-
utiph pugniuhs pununphsnud wknuijuyyws kpjuuljun wuhtippnt gduwyhtt hwdwhwppetg-
dwb upubdugh gdwjinipjul Jjupqupbpdwt hwdwlwpgh jurmigdwb dkpnn: Lkpgpylk) b
Untnpuyjht jupdwb punhwinip pununphsny jupwdupyny hwdwlwupg, npp nwskny nh-
$hpbighwy &minkph hnuwbptbph hujwuwpuswth thnthnpdwb hupgp' poyp B wwghu bw-
yhtu dkdwguk] hwdwljupgh gduyunipinip, hyp hwighgunud  ujubduwyh Epuyhtt wppuw-
wnwipuwjhtt mhpnyph dkbugdwip: npduufub wpyniupubpp Juynud L, np wnwewply-
Jws Ukpnnh Jhpundwb nhypnid nidbnugdwi gnpswljgh onipg 6% thnppugdwt hwpgh
hwdwljupgh géwyjunipniup vkdwunid k ~35%-ny:

Umubigpuyhli punkp. punmuhy hwignyg, wuhppnt gduyhtt hwiwhwpphgdw upubuw,
puguuwlui nthwlnipnih, hwdwlupgh gdwjunipnit, 1 A ubnddul Yhwn, npuljun
hEwnwnwpd juw:

Ukpwbmipinit: Fwdwtwljuljhg hwgnppuljwi thnjumbgdwt b pugniidw
ghipwpug hwdwlupgbipnid wpphwlwi E nuninid hnupninnt yuwngwnny wnu-
Junus nbtnkinyph Jkpuljutqiu pughpp [1]: Zujnth E np hnupninhtt nih
gudn hudwpiuljuwiughtt quihsh puntpwghs, b thnjuwtgynn nknEjunynipjut wpw-
gnipjui Ukdwugdwip qnigpupug wénud | tul wqnuitpwth Lupdwt swthp: ZEknbhw-
pup’ wnuyunjus wqpubputh Jepuljubqunudp yuwhwbegmd E pugniuhy hwgny-
gnud hudwhwpptgdwt pupn hudwljunpgh thpunnud:

Zwpintih dninbgmdubphg Ukynid wqquiipwlp juptkjh b Jipuljuigit) og-
wnwgnpsdtny wuhuppnt gdwyhtt hwdwhwpphigdwt ujubdwi (UQ2U0) b dhwljupg
nnpnonn htnwnund juwny pduyght quuhs [2]: UR2U-0 punugus E ghtipkughuyg
nidkinupuphg b gudp hwdwpunipmniuubpp dupnn ntbhwljuyhtt nt niqghunhy wnup-
ntphg (ul. 1):
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Ul 1. Uuplippnl géuyhll hwdwhwppbguwl ufubdwi

Uubdwgh thnjuwbgdwl $mulghwi £

1
s+

gm RytiqCntiq
H(s) = =« 1

) Chpp s:lJﬁngrﬂ"q/2 S+— ' g
RntqCrkq Rpbn Chyp

npunkn g -p Uniinpughtt wpwliqhunnph hwnnpyuljwintpynih b, Reep nidbnw-

pwph phep, hull Rygp b Coie-p hudwyuunwupiwbwpup hbnwgupd uugh
nhuiwnpnipniit nt nibwnipniin:

Onuwligdwit $mulghuyh qpoi b pbnibpp npnoynid kb hknlyuy Yhpy
1 1+ gmRypq/2 LI ¢)

qpn R ’ mpmml = R.C ) wplﬂmZ =

w, _—
1nlq “nkq nhq Rphnchue

1tq

Swdp nidtnugdwt gnpdwljhg niubkwnt ywwndwnny tdwt Jupnigjuspp
htwpwynpnipnit sh muhu’ wdpnnempiudp Yepujutqubint wnuqunus wqnu-
tpwlip: Othqhuinhy phinh thnjuwpkt oquiugnpstyny hugninhy] nwwpp Jupkih k
Ukdwguty UR2U-h nidtinugdwt gnpswljhgn [3]: Umfuyt hugnijnhy wwpph ubp-
nnnudp hwighgunid £ dks dwljiptuh Ynpunhi, husybu twb hunnijnhynipjub
wpdbph Uké thnthnjumpjuip jujnjws nklbinnghwljwi gnpéplpwughg, uttwl
(unpnidhg nt obipdwunhgutihg:

UQ2U-h mdbqugiwh gnpswljhgp Jupkih b Ukdwugul] oquugnpstynm] pu-
guuwlui nttwlnipjut ujubdugh (RORU) wnwbnipnibutpp [4]: fORU-p juqd-
Jwsd L nthwlnipniihg b tplnt dhwidw npwiqhuninpubphg, npnup dhwugdus
ki npuljut hbnwnwpd Juyny (. 2):
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Ul 2 Puguuw§wh ntiwlnipyul ujubudwl
Ldut jurnigquépny dbudnpjus npujut hbnwnwpd juwp htwpwyn-
nnipnil £ nujhu’ vnwbugne puguuwljut wipdtpny Ynduytpu nghdwnpmipnit: Ut-
tlwgh Ynuuy kpu nhiwnpnipyniab £

7 _ i gm+s(clhmllmh—mqp]nm+ ZC)
huad sC gm—S CL]'Aull]ulil—Lur[p]an

) ®3)

npunbn g, -p hbnnwnupd juwh wpwiqhuninph hwnnppujuinipmniut t, huy
Cipututwnpmp-p - wyy npuabighunnph hwljwb-wnpnip gupughnught nibwlngp-
e

Stnunpbny ANRU-p wuhtippntt gduyhlt nidbnupuphg htinnn b junwjupk-
10 npw hktwlughtt hnuwlipp hnuwliph pwwbwnguht dbwtnjehsny (FUQ) Yu-
ki Eunwbwy pduyhtt Ynnny nEjudupynn b wnwygk) dks wppiwwmwpwght hw-
Swjuinpjudp nt nidbnugdut gnpswljgny nidknupup [5]: Ywpjujws nbkhuininghw-
Jwl gnpéphipughg ANRU-nud npuljub hknwnupd juyn] dhug]us npubghu-
nnpubpp juohiwnkt dhuyt Yntypbn jupnidutph wmhpnypend, hsp jhutghguh
hwdwljupgh ny gdwyjunipjut Ukbugdwp:

vunph gpusdpn b dkpnphljugh hhdbwnpoudp: Midbnupupubph hhdtw-
Jut wwpwdtnpbphg b gduyunipyniup [6]: Uju swihynid £ 1 22 ubnddw Jlnnyg
(uh. 3):
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1/ g

1k

V' 4

1nP ubnudwu Yytwn

Gpwjhu wgnwu2wuh wdwhwnniy

UnLwinpwjhu wgnwUo2wUh wdwhwnnn
Uy 3. 1 pP ubmul [Ewnp

1 g ubnudwl Jhnp dninpughtt mqnuuiipwith wdyhinmnh wjt dwjupnuy
E, nph hbnbwtpny nidtnugdwt gnpswiljhgp 1 2A4n] ywuljwu E indhtiw) wpdtphg:
Uwljuyt upbnp E twb wyy fennad Ejpuyhtt wqpupwuh dwuppuyp: Ujn whup £
1hth pujuwpwp pupdp hwenpry hwignygh Untinpuyhll wphtwinwbipwhtt whpnypep
ukpwnbknt hwdwp: Luith np UQ2U-htt hwenpnniud £ npnpnn hbinwnupd juwny
hwdwhwpptgdut vpubdwl, b wjt wyppwwnnd E dhsh 150 ¢4 dntnpuyghtt mgnu-
owth wdyhnninny, ntunp 1 A ubkinidwt Yhnh ghypnid Ejpuyhtt mqnuywh
wduyhnniyp whwnp k (hth ny wuljwu, put 150 #4 [2]:

PNPU-h wojnwwnwtph hhupp gpujut hbnwnwpd juy wywhngnn Eplyne
wnpwiqhunnpubph hunnppuljwimipniut b Znuwbph wnpmoipbpp twjuwntu-
Jwsé ku bwhunpn hwtignyghg hwununnit hnuwp sytpgubine hudwp, hgh wyyw-
hnynid E ujubdwih wiuwp wopwwmwbpp: «M» b «Ma2» impuighunnpubpt niukh
unyb swithtpp b hbitngt jupdwt wuljdwt nhuypnid wywhnynid Bu nhbpku-
ghwy &nuntpnid Yhwdwt hnuwbp: Uwljuyt dntnpughtt jupdwt thnthnjuwmlub
pununphsh wnjumipjut niypnid hnjoynwd Eu nputp junwdupnn jupnudubpp,
husp ppuljut hbnnwnwpd Juuyh hwoyght pny E nwhu wywhnygb) wdbh wpug
thnpumipwinnid: Uwljuys jupdwt gusp wpdtpubinh nhypnid «Mi» it «Mo2» tnputi-
qhunnputpp hwyninud B thwl) nhidhund, b nhpbpkughuy gnintph dhol jpwpun-
Ynud £ hwunwwnnit pununphsh tjundwdp sbngusnipjut swihp:

Unwowplynid £ «Mw» b «M2» mpuiighuninpbiphtt qgniquhbn dhwuguby «Ms»
. «Ms» nnpuighuinnpbpp, npnip Jurwupykt dntnpughtt wqnuipwh dhuygh
hwuthuwnnit pununphsny (uy. 4):
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Vhwumwu‘lnm |
ﬁ_
M M;

U4 Fuguuwlul nifnulnipyul wnwpwplyng ufubdwi

«Ms» 1t «Mo» mpuighunnpubph welunipniip poyuginid b puguuwulut
htnnwnupd juyh wqpbgmpiniup, payg wywhnymd b nhbbpbughwy &minkpp
hnuwtiph juyniimpinip: Upyniupnid nhpbpbughuy gmintph hnuwbipbpt wénud
b wjugnid Eu inytt hwdwdwubnipjudp, huyny b wyuwhnynd Bt wdpnne hwdw-
Jupgh gduyjunipmiip:

Znwgnuini eyt wprgniuplibpp: Unwewnlyynn upubdwb twjuwgsyt) k «UUNRY
14 i nkjuuninghwyny [7] b «Custom compiler» dpwgpuyhtt gnpshph dhongny [8]:
Unnbjwynpnidp juwnwnpyb) t «<HSPICE» dpugpuyhtt gnpshph dhongny [9]:

Lufuwgdyty Eu UG2U b ANRU hwugnygubpp: 1 22 ubnudwt hnh swhdw
tywnwlny juwnwpyb) | ujubdugh dudwiwlught Unpbjuynpnid: Unpbjuynp-
dwl pupwgpnid UQ2ZU-h dntnphtt ipyl) k uhtintuwghtt wqpuitowt, nph wduygh-
unninnp dudwbwlh pupwgpnid ujunid £ w&ky (Wl. 5):

Ul 5. Unuunpughl b Ejpuypl wgnulipwibkpp
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busytiu tplinud £ «Mi» bt «M2» tnipuighuinpbiph hnuwputph qpudhlhg,
npuip wdnid b iugnid Eu ny hwjwuwpuwswh (. 6):

g

I

x>JWWWW\,’\!MN‘v”\lv\lmﬂ!\fﬂfgw

”fJ‘JvUvWM

Uy 6. Mi» Il M2» nmpuibghuwnnpllph hnuwapakpp
Zudwljupgh gduyunipjut ghwhwindw tywwnwlny dngbjudnpdwt phpwg-
pnid swthyb £ hwdwlwpgh 1 nf ubnudwb YEnp wmulgnibwiht Juunwgnyt nby-
pnud’ wnwtg tkpnpyud «Ms» b «Ma> npuiighuninplitph (Y. 7):

vin_P1db = 0.037884704750125 mV
vout_P1db = 0.11482226305442 mV'
(dBm) : Pin{dBrm)
60.0 : : _ | Pout
e aa ideal
50.0 v e
BN .t B s e s L S R T sy T T (enen ey e
£ | (31.560, 412201)
o : : i
g i 4 :
20.0
10.0 : i ¢ : : i i H H : 2 i
r T T T T T T T T T T T T T T T T T T T T T T 1
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 48.0
Pin{dBrm)

Uly. 7. Unwig GEpppiués M3» I M npubqhunnplbph InF ukndiful §lunp

Ujunthtnb ubkpnpdty B «Ms» bt «Ma» inpuaighuinnpibipp wytghup hwdwdwu-
unipjudp, np 1 A ubnUdwt Yhnh dudwtul Epuyhtt wmqpupywih wdyhnnigp
1hth ns Wuljuu, put 150 < (ul. 8):
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vin_P1db = 0.054860538799005 mV
vout_Pidb = 0.15442488394503 mV
{dBm) : Pin{dBrn)

Pout

[ 785,43 774)

{dEm)

T T T T T T T T T T T T T T T T T T T T T T 1
20 40 60 80 100 120 140 160 180 200 220 240 260 280 800 820 340 360 380 40.0 420 440 460 48.0
Pin{dBrn)

. 8 Ukpgpywé «M3» I «M4» nnpuighuwnnplbpny InP ubndiwi flunp

Zudwljupgh nidbnugdw gnpswljgh thnthnpunipjut gowhwndwt tywnw-
ny Juunwpgly E tub hwdwppujubughtt dnpijudnpnud: Upyniipubpt wdthnth-
Jws ki hbnlbjw wnniuwynid:

Ungyniuwl
Zunfwlupgh wdihngh wpyniphkpn
Unulhg ilhIlIHlL]_ulB «M3» L]JIIIHILI_LHB «M3» It «M4»
M4 Swipphkpnipinil

«M4» mpuiqhuwnnputph wnpwlighuinnpubpny

fhdtnmguut gnpdwlhgn 9,88 9,25 0,63 (-6,3%)
(nP)5 Qg ’ ’ ’ ’

fhdtnugiub gnpdwihgn 10,36 9,8 -0,56 (-5,4%)

(nFP)4 Zgnud
1 pRubinuuul Yhwnnud
Elpuwyht wgqnupwih 114,8 154,4 39,6 (+34,5%)
Uwlupnulyp (/<)

Unmnuuuynid pipdué wpdtpubpp Jyuynid G, np hwdwlwpgh qéwjunipe-
miup pupdpugh] £ dnnunpuytu 35%-ny, hulj mdbnugdub gnpswiljhgp wppuw-
nuwtpuhtt hwdwhnipnibtipnud hnppugty L onipe 6%-ny:

Bapuijugmpmnil: Unwownljynn «M3» b «M4» inpuighuinnpbph tbpypdundp
1ndynud E punguuwljut nttwlynipjut ujubdugh nhypbpbughuy &nintkiph hwdwswth
thnthnpunipju pughpp, npp hwigqkginud E puinphwtnip hamdwlwunpgh gdujunipju
Ubbwgdwin: Utkpnnh Yhpundwdp htwpudnp k int) 1 22 ubinddwt Yhnnud Gjpu-
jht wqnuiipwbh wduhnmnp pupdpugity ~35%-ny hwdwlupgh nidbnugdub
gnpdulgh onipe 6% thnppugdw hwpyht:
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M.T. 'PUT'OPSIH

CUCTEMA PEI'YJIMPOBAHUSA IUHEMHOCTH SKBAJIAM3EPA B
INPUEMHMUKE

[IpencraBneHa cucrema yaydllleHUs JIMHEMHOCTU JIBYXKACKaJHOM CXeMbl aCHHXPOH-
HOTO JINHEHHOTO JKBaai3epa, pacrooxKEeHHOH B MIPUEMHUKE BBICOKOCKOPOCTHOM CHCTEMBbI
nepesady JaHHBIX. DTO MO3BOJISIET 3HAUYUTENIBHO MOBBICUTD JIMHEHHOCTh CHCTEMBI, YTO IMPH-
BOJUT K YBEJINYEHHIO BBIXOJHOTO pabodero nuana3zoHa cxeMbl. BBeneHa cucrema, ynpas-
asieMasi CHH(pa3HBIM HaIIPSHKEHHEM BXOIHOTO CHTHAJIA, KOTOpas pemaeT mpodieMy paBHO-
MEpPHOTO M3MEHEHHsI TOKOB B I ()(hepeHnnaIbHBIX Mapax. Pe3ynbTaTel MOJAECIMPOBAHHMS 110-
Ka3bIBAIOT, YTO B XY/IIEM CITy4ae MPEAIOKEHHBIN METOJl YBEIMINBACT JINHEHHOCTD CHCTEMBI
Ha 35% 3a cueT cHwKeHus koddduimenta ycunenus Ha 6%.

Kniwouegvie cnoea: pueMHIK, aCHHXPOHHBIN JIMHEIHBIN 3KBaNai3ep, OTPULATENbHBIN
KOHJICHCATOP, IMHEWHOCTh CHCTEMBbI, TOUKA CKaTHsI | 0B, TOI0KUTEIIbHAS 00paTHAS CBSI3b.
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M.T. GRIGORYAN

A SYSTEM FOR REGULATING THE LINEARITY EQUALIZER IN A
RECEIVER

The improvement of linearity of the two-stage continuous time linear equalizer circuit
located in the receiver of the high speed SER-DES data transmission system is presented. It
allows to significantly increase the linearity of the system, which leads to an increase in the
output working range of the circuit. A system controlled by a common mode of the input
voltage has been introduced, which solves the problem of evenly changing currents in
differential pairs. Simulation results show that in the worst case the proposed method increases
the linearity of the system by 35% due to the reduction of the amplification coefficient by 6%.

Keywords: receiver (RX), continuous time linear equalizer (CTLE), negative
capacitance (neg-C), the linearity of system, 1 dB compression point, positive feedback.
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C.0. CUMOHSIH

AHAJIMTHYECKHUE JEKOMITIO3ULIMOHHBIE METO/IbI PEIIEHUS
OJIHOMMAPAMETPHUYECKHUX MATPUYHBIX MAJTMHIPOMHBIX
3AJIAY THIIA A(t) - X(£) + XT () - A(t) = 0

[IpennokeHs! aHAMTHYECKUE JEKOMITO3UIIMOHHBIE METO/BI PEIICHUS] OJHOIMapaMeT-
PHUYECKHX MaTPUYHBIX MaJMHIPOMHBIX 3a7a4 OTMEUEHHOTO Kjacca ¢ KOMIUIEKCHBIMH MaTpH-
namu. Mcnone3yst pa3inoKeHHs 3TUX MaTpHIl, NPEeACTaBICHBI TPH Pa3HOBHIHOCTH SKBHBA-
JICHTHBIX THIIEPMATPUYHBIX OJHOPOJHBIX CHCTEM. B COOTBETCTBMM C 3THMH Pa3HOBHI-
HOCTSIMH TIPEIOKEHBI aHATNTHYECKHE BBIYMCIIUTENIBHBIE CXEMBI C TOYHBIMU M HAWITYYIINMH
MIPUOIIMKEHHBIME PELICHUSMH ITPH KXKA0H THIepMaTpUYHON OZHOPOIHON CHCTEME.

PaccmoTpeH MoaenbHBIN IpuUMep, KOTOPBIH PELIEH BCEMU TpeMsl NPEATI0KEHHBIMU
AQHAJTUTUYECKUMHU JI€KOMITO3UI[MOHHBIMI METOAAMHU C HCIIOJIb30BAHHEM MaTeMaTH4eCKOro
anmapaTta COOTBETCTBYIOIIMX KPOHEKEpOBCKHMX Marpull. IlokazaHo, 4ro 3amava obiagaer
0ecunCICHHBIM MHOKECTBOM pereHni. [ToaydeHs HeoOX0UMBbIE M JOCTaTOYHBIE YCIOBHS
CYIIECTBOBAHUS HEHYJIEBBIX PEIICHUN PacCMaTPUBAEMbIX OJHONAPAMETPUUECKUX MaTpHU-
HBIX MAJTMHIPOMHBIX 3a/1a4.

Knrouegvle cnosa: orHonapaMeTpruuecKue MaTPUIHBIE TAIMHIPOMHBIE 3a/1auH, aHa-
JUTHUYECKHE JEKOMITO3MIMOHHBIE METOBI PEIICHUS, aHATNTHYECKNE AEKOMITO3HIIMOHHBIE
BBIUUCIIUTENIBHBIE CXEMBI, MOEIBHBIN IPUMED.

Beenenne. B paGote [1] mpemioskeHsl METOABI pelIeHHs] OJHOIapaMeTpu-
YECKUX MaTPUYHBIX NAJTMHAPOMHBIX 3a7a4 TUIIA

A(t)mxm ' X(t)mxm + X(t)mxm ’ A(t)mxm = Omxms (D

a B [2] - HEKOTOPBIE AOMOJIHEHUS K 3TUM METOAaM.

B pa6ore [3] mpemioxKeHbl JEKOMITO3UITMOHHBIC METOBI PEIICHHUS OTHOTIapa-
METPUYECKHX MaTPUYHBIX MAJTUHAPOMHBIX 3a1a4 Tuma (1), a B [4] - MeTozs! pere-
HUS OTHOIIAPAMETPHUYECKNX TPAHCIIOHUPOBAHHBIX aHAJIOTOB MAaTPUYHBIX MMATHHIPOM-
HBIX 337124 THIIa

AR - XTH) +X(@) A1) =0, ()

OCHOBaHHBIX Ha JuQQepeHInanbHbIX Tpeo0pa3oBaHusX [5].
B Hacrosimeil pabore paccMaTpHBAOTCS aHATUTUYECKUE NEKOMIIO3UIMOHHBIC

METOABI PELIEHU 38124 TUIIA
138



A(t) - X&) + XT(t) - A(t) = 0, (3)

npeanojaras, 4To UMCrOT MCCTO PA3JIOKCHUA
At) = A1(6) +j - Az (D), “4)
X(t) =X,(0 +Jj - X2 (0). ®)

MaremaTu4yecknii annapar
I. Penyxkums 3apaumn
IIpeanonaras, uro 3A™1(¢t), us (3) nonyunm

X@)=-A7'® X" A®,
OTKyz1a
XT(t) = =AT(t) - X(£) - A7 T (o). (6)
C apyroii cTopoHsbl, U3 ypaBHeHUs (3) CleayeT, 4To
XT(t) = —A@) - X(t) - A71(b). (7)

ComocraBienne cooTHomenud (6) u (7), OY4EBUIHO, IPUBOIUT K CICIYIO-
LIEMY BBIPaXEHUIO:

—A®)-X(@®) - ATH) = —AT(@®) - X(0) - ATT (1), ®)

coJeprKalleMy JIMIIb TOJIBKO HEU3BeCTHYIO Marpuiy X (t). Teneps, ymMHOXHB (8)
cnepa Ha Matpuiy A~T (t) u cipaBa Ha Matpuity A(t), noxydum

AT - AW - X(6) - A7 (D) - A(D) = ATT(6) - AT (D) - X () - AT (6) - A(D),

E E
rae £ — ennHUYHAs MaTpUIIA.
Temneps, 0003HAYNB
ATT(@®) - A() = B(t) ©)
WIN
A(t) = AT(t) - B(b), (10)

OyneM UMeTh SKBUBAJIEHTHOE (3) peaylupoBaHHOE MAaTPUYHOE YPaBHEHNE

B(t)mxm ' X(t)mxm - X(t)mxm ' B(t)mxm = Opxm - (11)
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I1. lekoMno3UIIMOHHBIE MeTOAbI pelieHus1 ypaBHeHus (11)
1. B cootBercTBuu ¢ (11) 1 ¢ yuerom (5) umeem

B@®) - [X1(t) + - X(O] = [X1 (&) +j - X,(O] - B(¢) = 0, (12)
OTKYyJia TTOJIyYUM MaTPUYHYIO CHCTEMY
{B(t) X () =X, (©) - B(t) =0, (13a)
B(®) - X, (t) — X,(t) - B(t) = 0 (136)
WM ONHOPOJHOE TUIIEPMATPUIHOE YPABHEHHE
B@®) 0 [X® _[x@® 0 [B® _[0
[ 0 B(t)]meZm [XZ (t) 2mxm [ 0 X (t)]meZm [B(t)]mem B [O]me"nl (14)
2. [lanee, B coorBeTcTBHUHM € (11) U C yueToM pa3noxeHus
B(t) = B1(t) +j - Bx(t) (15)

HNMCEM

[By(8) +j - Bo(O)] - [X1() +j - X2 (O] — [X1(0) + - X2(O] - [By(©) +j - B,()] =0, (16)
OTKyI[a HOJ'Iy‘lI/IM ManI/I‘lHyIO CUCT! eMy

{Bl(t) " X1(8) = X1(£) - B1(t) = Bo(t) - X2 (8) + X5(¢) - B2 () =0,  (17a)
By(t) - X1(t) — X1() - B2 () + B1(6) - X (8) — X2(8) - B4 () =0 (176)

WK OJHOPOAHOC TUIICPMATPUYHOC YPAaBHCHUC

[31(t) _Bz(t)] [X(®) _[X@® _Xz(t)]
By(8)  Bi(®)

= [o], e (18)

2mxm

_ [31(t)]
2mx2m X2(t) 2mxm X)X (1) B, (1)

3. AnanoruuHo, B coorBercTBuu ¢ (13a), (136) u ¢ yuerom (15) umeem mart-
PHYHYIO CHCTEMY

2mx2m 2mxm

{[31@) +j-B(0)] - X, () — X,(t) - [B1(t) +j - Bo(t)] = 0, (19)
[B1(t) +j - Bo(0)] - X5(t) — Xo(8) - [B1(t) +j - B,(1)] = 0
WM TTOJTHOCTBIO PACIIEIVIEHHY IO SKBUBAIEHTHYIO CHCTEMY
Bi(t) - X1 (t) — X1(8) - B1(t) =0, (20a)
JBz(t) - X1(t) — X1(t) - Bp(t) = 0, (206)
By (t) - X5(t) — X, (¢) - B4(t) = 0, (208)
B,(t) - X5(t) — X,(t) - B,(t) = 0. (20r)

TTocnenHi010 MOXKHO MPENCTABUTh TaK)Ke B BUJE CIEAYIOIIErO OJTHOPOIHOIO
TUTICPMATPUIHOTO YPaBHEHUS:

Bi(t) 0 0 X1(8) Xt 0 0 By () 0
0 By(®)! RRAG) 0 X | B,®)|  _lo].1)

S, 1B@mT U X2(t) e EAGEN S By (t) 0
1 0 BZ(t) 4mx4m Z(t) 4mxm } 0 XZ(t) 4mx4m BZ(t) 4mxm 0 A4mxm
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II1. AHaauTHYECKHE BLIYUCIUTEIbHbIE CXeMbI
1. B. cootBeTcTBHH C (14) MOKHO OpTraHU30BAThH CIEAYIOIINE BEIUACITUTCIIb-
HBIE CXEMBI:

[))2%](“1) - [B(()t) B(()t)]_l ' [Xl(gt) Xzo(t)] @ [ﬁgg (22)

nIn

[X1 ®)

0 Xz(zt)](qﬂ) - [B(t) ( ] . [Xl(t) . [B(t)]+’

o Bl lol, 8o

rae “+” - 3HaK MceBIo00paTHONW MAaTPHIIBL, a ¢ — HOMEP UTEPaLHH.

(23)

2. B cootBercTBUM € (18) MOXKHO OpraHHU30BaTh CIEIYIONINE BHIYUCIUTEIb-
HBIE CXEMBI:

[Xl(o] _[B:® —Bz(t)]_l_ Xy(£) —Xz(t) _Bl(t>] 24
X2l gery 1B26)  Bi() X2(0)  Xi(0) 1y 1B2(t)

N

1O RO _[BO RO [5O] [BO”
(@

X)) X:(D) ](q+1)_ B,(t)  Bi(t) 1 1X2(b) B,(0)] -

3. B cootBercTBHHE € (21) MOKHO OpPTaHU30BATh CICAYIONMINE BBIUUCITUTCIIb-
HBIE CXEMBI:

X,(6) B(@® 0 | P oo b By(6)
X, (t) _[.0 B Jo x@®r NB0] (26)
KO T[T, RO 0 o %O 0| B
2O 41y 0 B L0 Xl B0
W
x® o o By 0 O EAGIN
0 x@) T Lo BO) REIG] I EAG] PYA
o R® 0 T, BOT0 [[[R@] |B®
i 0 XZ(t) (g+1) } 0 BZ(t) XZ(t) @ BZ(t)

3ameuanue 1. /{5t BEIUMCIICHUS OHOMIAPAMETPUYECKUX OOPaTHBIX U 0000-
MIEHHBIX OOPAaTHBIX MATPHIl B BBIUUCIUTEIBHBIX cxemaX (22) — (27) MOXHO HC-
MOJIb30BaTh METO/IbI, IPEUIOKECHHBIC B MOHOTpaduu [6].

3ameuanue 2. [Ipu peanmuzanuu NpeAIOKEHHBIX BBIYUCIHTEIBHBIX CXEM
MO>XHO HCIIOJE30BaTh U3BECTHBIN METOJ 3aMOPOKCHHBIX Kod(umueHToB [5] win
MOJIETH OBICTPOTO HEMPEPHIBHOTO TPAJUESHTHOTO AU PepeHIIMaILHOTO cmycka [7].
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MoaebHblii npuMep. IIycTs 3a1aH0 MaTpUYHOE ypaBHEHUE
t (1 +J't)]_ T [ ¢ (1 +jt)] _
a-jt) . X))+ X"(t) 1-jt) ; = [0].
Torma o4eBUIHO, 9TO
- -t (1+jt)
1(4) —
0= ")
1, CIIEIOBATEIHHO, B COOTBETCTBHH ¢ (9) nMeeM
1—2t%—2jt —2jt?
B = |72 2 AN
2jt (1—2t* + 2jt)

IIpomomxuM BeUUCICHHUS. B COOTBETCTBHY ¢ pe3yiabTaTaMu padot [1-4] u ¢
Y4EeTOM peayIHUpyolIeld MaTpuIlsl B(t) moayduMm CIEAYIOUIYI0 KPOHEKEPOBCKYIO
MaTpHUILy:

[ 0 —2jt? | =2jt? 0 ]
2jt? 0 | O —2jt?
GO =BOQE"-EQB'(t) = =25t ,
) =BO® ® B (t) 27 0 0 2
0 2jt2 1 2t2 0

IUTA KOTOPOH, oueBuaHo, rangG (t) = 2. lanee, ecinu 0603HAUNM

X11(8)  X12(t)
Xo1(t)  X2(0)

TO JUJISl HEHYJIEBBIX PEIICHUH OJHOPOIHOTO THIIEPMAaTPUYHOIO YPABHEHHUS

X = |- %" @® = G ©X20 X1 @0,

G)-X"(t)=0
HEO0XO0IUMO, YTOOBI
detG(t) =0,

YTO MMEET MECTO M, B YACTHOCTH, IPU MAKJIOPCHOBCKOM IICHTPE ampoKCHMAaIUH
t, = 0. CrnenoBarenbHo, TIpU BBIOOPE JBYX KOMIIOHEHTOB BEKTOpa X "(t) octams-
HBIC JIBa KOMIIOHEHTa MOYKHO OTPEJCIUTh C TOUHOCTHIO /IO BHIOPAHHBIX KOMITOHEH-
ToB. Takum 00pa3om, ¢ y4eToM THIepMaTpHIlsl G (t) mMeeM HEIOOTpeAeIICHHYIO
cucTeMy

—2jt% - Xq5(t) — 2jt% - X4 (t) = 0,
2]t2 'Xll(t) - 2]t2 'Xzz(t) = 0
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1. Orciona, ipu BeIGOpe X1, (t) = 1 momyunm X, (t) = —1, a mpu BbIGOpE
X11(t) = 1-X,,(t) = 1. CnenoBarenbHo, OyaeM UMETh CIEAYIOIIEE CTAIIMOHAP-
HOE pEIICHNE 3a/1a4H:

xw =" ]=x0%0=0]

-1 1

IIPH KOTOPOM peAaylupoBaHHOE MaTpuiHOe ypaBHeHue (11) wim ypaBaenue (13a)
npuodpeTaeT BUI

B@ - X(O - X BO =50 %0 - %050 =y, ¢ |=ue [ ] =m0

CnenoBatenbHo, MaTpuilbl X (t) = X, (t), AeHCTBUTEIBHO, SIBJISIOTCS PEIICHUEM
3agaun. Uto kacaercs marpuibl X, (t), TO IpU HEW, OYSBHUTHO, BBITOJIHIECTCS U Mart-
pudHoe ypaBHeHwme (130).

Janee, ¢ y4eToM TOTO, 4TO

@ —2t%) 0 |2t —2j¢e?
B = 0 (1- th)]’BZ(t) B [thz 2jt ]
B cooTBeTcTBHH € (202) 1 (200) umeem
Bi(t) - X1 (t) — X1(t) - By(t) = -+ = (1 = 2t?) - [0]/ty=0 = [0],
B0 X0 = X0 B0 = =4[ 0 ] =100

Kpowme toro, oueBumHo, uto ycioBus (20B) u (20r) mpu X, (t) Takke UuMeroT
MECTO.

2. Teneps paccCMOTPUM BapHaHT BHIOMPAEMBIX HECTAIMOHAPHBIX KOMIIOHEH-
toB peurerns X (t). Jomycrum, uto X1,(t) = 1+ jt, a X;1(t) = 1 — jt. Torna u3
BBIILICTIPUBEICHHON HEJOONPE/ICICHHON CHCTeMbI moiyduM X,4(t) = —(1 + jt), a
X,,(t) = 1 — jt, UHBIMU CJIOBAMH - HECTAIIMOHAPHOE PELIEHHUE

_[a-jn @+
O =[S0V aljo)
OTKYJIa OYEBUIHO, UYTO
1 1 —jt jt
wo=[1 Jeo=[" %]

[Ipu sTOM penynupoBanHoe MaTpuuHOe ypaBHeHue (11) OymeT
B®) - X®) - X@®)-BO) = =4t =[] J=4t-=p-[2 ] jayy=0 = 0]
i

) ty=Jj
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a MatpuuHble ypasaeHus (13a), (136) u (20a) — (20r) — npuMyT cleayIOUIHIA BUL:
a)mpu t, = 0:

B(£) - X1(6) — X1(6) - B(6) = B(t) - X2(6) — X (6) - B(€) = By(£) - X1.(6) — X1(6) - By () =
= Bz(f) 'X1(t) - X1(t) ' Bz(t) = B1(t) 'Xz(t) - Xz(f) 'B1(t) =
= B,(t) - X5(t) — X2 (t) - B, (¢) = [0];

6) mpu t,, = j:
BO® X0 - X, B@ = =4[ ] =10]
B X0 - X0 - B®) = =4-[° ] #10,
By(®) - X,(8) = Xu(8) - By () = - = [0],
By(0)- X,(6) = X, (0) - By(0) = - = 4-[ ] # 0]
By(6) - X,(8) = Xp(6) - By(0) = - = [0],
By(0) Xo(0) = Xo(®) - By = =4[ O V] =101

Ouesnnno, npu t, = 0 HMEEM MCTHHHOE PELICHUE 3a/1a4H, & IIPH ¢, = j — JI0K-
Hoe “pemienue”. Takas KapTHHA MOYKET UMETh MECTO U MPH JPYTHX [IEHTPAX aIlpoOK-
CUMaluH t, B COOTBETCTBHH C BHIPOKIEHHOCTBIO KPOHEKEPOBCKOW MaTpHIlbl G (t).
[TosToMy Ui BBIIEICHUS WCTHHHBIX HEHYJICBBIX PEIICHUH 3a1ad HEOoO0XOIMMO
MIPOBEPUTH BBITIONIHEHHE BceX ycioBuid (13a), (136) u (20a) — (20r). JIums ToIbKO
IpY OJHOBPEMECHHOM BBINIOJIHEHUM 3THUX YCJIOBHU OYyIyT HalICHBI HECHYJIEBBIC
pelIeHus 337a9u cpein OECKOHEYHOTO MHOXKECTBA MTPETCHACHTOB-PEIICHUH.

Hrak:

YrBep:kaenne 1. BripokaeHHOCT KPOHEKEPOBCKOM MaTpHIibl G (t) sBIsCTCS
JUIIB TOJIEKO HEOOXOUMBIM YCIIOBHEM JJIsl CYIIECTBOBAHUS HEHYJICBBIX PEIICHUMH
3amaqm (3).

Yr1Bep:kaenue 2. OnHoBpeMeHHOE BBINOTHEHHE yenoBwmid (13a), (136), (20a)

—(20r) B 0ZHOM U TOM K€ LEHTPE ANNPOKCUMAINH t), SBISETCA JOCTATOYHBIM yC-
JIOBHEM JIJISl CYIIECTBOBAHUS HEHYJIEBBIX pelieHu# 3amaun (3).

3akmrouenue. TakuM 00pazoM, IJIs pelIeHHsT OHOMIapaMETPHUIECKON MaTpud-
HOH MamuHAPOMHOM 3amauu (3) MpemoKeHbl TPH PA3HOBUIHOCTH aHATMTHICCKHX
JICKOMITO3UITMOHHBIX METOJIOB, BEIUUCIUTENbHAS 3(PPEKTUBHOCTh KOTOPBIX MPOWUII-
JIOCTPUPOBaHA PEIICHHEM W BCECTOPOHHHM HCCJIEIOBAHHEM OJHOTO MOJIEITBHOTO
npumepa.
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U.z. UbUNL3UL

A - X(t) + XT(¢) - A(t) = 0 SPNP UPUNULUUESCUUUL UUSCH8USPL
MULPLINUUSEL U OULECE LAROUUL ULULBSPY HM5UuNUNNSPSPNL
UtGeNYLEe

Unwewiplyt) ku Yndytpu dwnphgutpny vhwywpwidbnpuljwt vunphguyhtt gw-
(hugpnuuyhtt pughputph nusdwt wbiwhnhl gEindynghghnt dbpnnutp: Ogunugnpsting
wyny dwnphgubph Jhpmsmpiniubtpp Gbpiuyugyl) ki hwdwpdtp hhubpdunphguyht
hwdwubn hadwljwupgbph Epkp mwpuwwnbuwlitp: Uy mupuntuwliutpht hwdwwyunwu-
Juwtt wpwewnplyty ku dogphnn b jujugny Uninuynp (nisnudutipny wbwhnpl hwpynnu-
Jub ujubdwbtp jnipupwbsimp hudwubn hhybphwdwlwpgh phypnid:

“Thwnwplyty b dngbjught ophtiwly, npp (msyty £ wnwewnydus pnjnp pkp wwih-
whY pkynuynghghnt dkpnytpn] oquugnpstimy Ypnbbykpui dwnphgtph dwpbdu-
nhljuul wywpwnp: 8nyg L wpdb, npp uunhpt odnnfws L widtpy puqunipudp jnsnud-
utipny: Unwgyl) &t phunwplyyny dhwywpudbnpuluwt dwnphguyhtt ywihinpoduwgh
uunppubph ny qunyujut (nwsnidubph gnympjut wthpudtownm b pudupup wuwydwibkpn:

Unwhgpuyplr punkp. Jhuywpudbinpulwt dwinphgughtt yuhinpndwyhn jpunhp-
ubp, jnsdwb whwjhnhy ginduynghghnt dkpnnubp, whwhnhy gijndynqhghnt hwsyn-
nujut ujukdwikp, dnnbjwghtt ophiwly:
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S.H. SIMONYAN

ANALYTICAL DECOMPOSITION METHODS FOR SOLVING ONE-
PARAMETRIC MATRIX PALINDROMIC PROBLEMS OF THE TYPE
A - X +XT@®)-A(®) =0

Analytical decomposition methods for solving one-parametric matrix palindromic
problems of the noted class with complex matrices are proposed. Using the decomposition
of these matrices, three varieties of equivalent hypermatrix homogeneous systems are
presented. In accordance with these varieties, the corresponding analytical computational
schemes are proposed with exact and best approximate solutions for each hypermatrix
homogeneous system.

A model example is considered, which is solved by all the three proposed analytical
decomposition methods using the mathematical apparatus of the corresponding Kronecker
matrices. It is shown that the problem has an infinite variety of solutions. Necessary and
sufficient conditions for the existence of nonzero solutions of the considered one-parameter
matrix problems are obtained.

Keywords: one-parameter matrix palindromic problems, analytical decomposition
methods for solving, analytical decomposition computational schemes, model example.
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«Zupuunnubh  ghinmpniibitiph wqquuhb wuntdhugh b Zuguwunwbh wqgqughb
wnjhnbhabhulwi hwdwuwputh wtntughp. wbpabhlujub ghungemoiibph ubphows
hwintunid twugndmd B inbuwljub U dhnpdwpupulub hinwgnuinmipmbiinh wpn-
milpblipp nbpaihulpub ghwnnipmibbbnh htinbpug pudhbbbinhg dbphitiushimipgnd, dhnw-
npghw, Wngpwghungegni, plnbppoguugnpddwb nbjlutinnghwtp, shtnupupului Y-
migJuopltin, hhnpuwdihjuw U hhnponbobhuub Junnyglbp, Bubpgbnhluw, EEQupw-
wbhubhluw, ghrnulpub vuppuwshiingemib b swhnnuljub nbabhluw, hwodnquljubs nka-
uhlw b htipnpuiwinhljw, numbnbiblpnpnbhto, dhipnbblupnibli, wgtpuaghb nbhabbl,
wjunudunwgnid b Jumwdupdwb hudwlupgbnp:

Zulnbunud muwpuin]nd B wlwgtdhuljub U §ninuyhli ghviwhbnwgnuinuljub
htmwunhwunnuntbph, pathtiph, ghnwwpunwnpuipub Jhwdopoodbbph Uowyp ugdwlbpogne-
pbibbnh ghwnwljub gnpniibnippub wmudt) yupbnp wpyynbpbbpn:

Zmlnbuh hhdbwlwl byunwlb | jupwbb] ghnwanbobhouljob wowepbipugn b
U wunb] wprnunpnuppub Jbe wyny wprgnilplibnh bhpnpudwbn:

Zwlnbup upowinbudws b &wpunwpugtintbinh, hnwgnunntiph b ghunboob-
tbiph quyb opewbitbiph hwidwnp: Tnyu  wnbubmd tpbp wdhop 6 wibgued:

B xypuane "Wseectrda HaipioHanbHOR akagemid Hayk PA u HallmoHanbHOTO MONMHTEX-
HHYECKOTO YHHBEpCcHTeTa ApMeHHH. Cepid TeXHHUYSCKHX HayK" MyOIMHKYIOTCA Pe3yIbTaThl TE€OPETH-
YECKHX H SKCIEPHMEHTAIBHEIX HCCIIC/OBAHM, OXBATHIBAIOIIMX OCHOBHBIC Dasfellbl TEXHHYSCKHX
HayK: MalllMHOCTPOSHHE, METATITYPrHA, MaTepHaTOBeIeHIe, TEXHOIOTHH HeIPOTIONB30BaHNA, CTPOH-
TelbHBIE KOHCTPYKIHIL, THAPABIHKA H THIPOTEXHHUYSCKHE COOPYKCHILL, SHEPIeTHKA, JICKTPOTEXHIK,
HayuHoe TIPHGOPOCTPOSHHE W M3MEPHTENBHAL TeXHHKa, BRIUHCTHTENbHAA TEXHHKa H HHp OPMATHKA,
PaIHONICKTPOHMKA, MUKDORJIEKT DOHHKA, Nla3ePHAd TeXHHKa, ABTOMATH3AIIM H CHCTEMEBI YIIDABIICHHA.

HypHan aengercd MepHOMHYE CKHM H3TaHHEM, OCBENAIOIHM HaHnOomee BakHEIe Pe3yIbTaThl
HayuyHOH NedarelbHOCTH aKaJeMHYECKHX M OTPACNICBRIX HAYUHO-HCCIETOBATENBCKHY HHCTHTYTOB,
BY30B, HAYUHO-TIPOHIBOCTREHHBIX 00Be IHHEHII H AD.

OcHOBHAS IIeNb JKyPHalla - [IPOIATaHAHpOBaTh QyHIaMeHTalbHbIE M [IPHUKIIaIHbIe HCCIEeL0-
BaHHA B OONACTH TEXHHYECKHX HAYK, CTTOCODCTBOBATH BHEAPEHHIO HX PE3YIBTATOB M YCKOPEHHIO
HAayYHO-TEXHHYECKOro IIPOrpecea B IIPOH3BOICTEE.

JKypHan paccuHTaH Ha IIHPOKHH KPyD Y4eHEIX, HeclemoBaTeleldl M HHXKeHepoB. Brmxomur
OJTHH Pa3 B TPH MeCAIIa.

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

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

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

The journal is intended for a wide range of scientists, researchers and engineers. It is
published once in three months.

* %k *
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ZNFUOUEP 269 U4N U UL WULALLE L

Unipp fudpugpnipinit ikpljujugdnud k pun htiinbyju) wwhwbgubph.

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

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

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

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

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

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

7.Skpuwnnht hwyonpnnud £ gpuijuinipyut guyp' 9 wwnwswihnyg huybpk mbkpunh nhypnid b
10 wwpwswihng wiqibpkt U pniubpk whpunbph ghypnid, dhwg hinhtwhh wqquibntih m wi]ub-
hwjpwtui uljqpwnuntpp’ bold, «Fpuwljwinipjut guuly wpunwhwyinnmpmniup’ wnnh Yhunpn-
unud, quwunwnkpny: Swuynud qpuijwinipjut jmpupwiynip wnpniyp hwdwpuupnd £ pun
nbpunnd hp hndwb hhppuljuinmpui: Gpuljwinipjut wnpmiptbpp Wuppkpuljub hpunwpw-
Ynipjniuutiph nhypnud ukpluyugynid G htnbyw) Jupgny. hinhtwlh wqquuniup, wiub-hwyput-
Jub uljqpiwnwntpp, Jeptwghpp, hwinkuh wituinudp jud puinnidws hwwywynidp, hpuwnwpul-
dwb nupkphyp, hwwnnpp nt ponqupydwt hwdwpubpp, hbppwlwb hwdwpp, bniph qhnbndw kekpp,
qppbph nhwpnud’ hknhtwhh wqqubman, wigwb-hupuinjul vhqpbwnwuetpp, Yptwghpp, hpuwnw-
puljuwh Juypp, hpunwpuljynipyniip, pwljubp, tobph pubmlp:

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

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

10. Zknhtwy(ukp)t wewbdht bony ubkpluyuginud b (1) wqquinil, winil, hwjpwbnibp
(Ipp), wphmunwjuyph, umnpbynt quyph iphy widuinudp, qpunkgpus Wwpwnnbp, ghnwlub wunh-
Lulp, hinwinuwhwdwpubpp (wpuwnwipuyhly, b b peguyhin):
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MPABUJIA O®OPMJIEHUS CTATEN

Marepuan npejcTaBsieTcs B peJaKLiMI0 B COOTBETCTBUH CO CJeAYOLUMU NpaBUIaMU:

1.Cratbs B IByX 9K3eMIuisipax u ¢aiin crateu B popmare Microsoft Office Word. O6bem cratbu
HE JODKeH mpeBbmars 10 cTpaHum, o0seM coobmeHuil — 1o 4-x crpanun. dopmar crpaHums — A4.
Pabouee nmone: Top — Scm, Bottom — 5,1cm, Left — 5,75cm, Right — 1,75cm, Footer — 4,6cm, MeXcTpouHBIH
untepan (Line spacing) — 1,1, kpacHas crpoka (First line) — 0,75cm. Jlnst cTathu, HanmucaHHOW Ha
apMsIHCKOM si3bIKke, puMensiercs: mpudt Sylfaen (pasmep mpudra - 10), a Ha pyccKOM M aHIJIMICKOM —
Times New Roman (pa3mep mpudra — 11).

2.B 51eBoM BepXHEM YIJIy TEPBOTO JIHCTa yKa3bIBACTCS YHHBEPCAJIbHBIM JIECSTHYHBIN Kiacch(u-
katop (257, YK, UDC); crpokoii Hinke - nanurans! (M1.0.) u bamunus - 3arnaBHeIMEA OyKBaMu, MPHAT
Bold, pasmep 10 — Ha apm., pyc. ¥ aHIJL s3., BRIPABHUBAHUE TI0 LIEHTPY; CTPOKOI HIDKE MO HEHTPY YKa3bIBACTCSI
Ha3BaHME CTaThbU — 3aryIaBHBIMU OykBamu, mpu¢T Bold, pasmep 10 — Ha apMm., pyc. 1 aHIJI. 53.

3.Marepuall TeKCTa HAuMHAETCS C AHHOTALMHM W MPEICTAaBISCTCS HA TOM sI3bIKE, HA KOTOPOM
HalWcaHa CTaThs. TEeKCT aHHOTALMM JIOJDKEH COCTOSTH He Oosree yeM m3 500 3HAKOB, BKIFOUYAsi MPOOEIIBL.
Iocne aHHOTAIMYU MHIIYTCS KIIOYEBBIE CIIOBA — OT 4-X 10 8-M CJIOB WK cioBocoveTanuii. Pasmep Tekcra
AHHOTAIlMM U KIIIOYEBBIX CIOB 9 — Ha apm.sa3., 10 — Ha pyc. W aHri. s3., cioBocoueTanue “Knrouessvie
cnoea” - Bold, italic.

4. PekoMeHIyeTCs CIeMYIOIIMHA MOPSI0K HM3JI0KCHUsI MaTepuaia CTaThbU: BBEICHHE, B KOTOPOM
JIOJDKHBI OBITH KPaTKO TPEACTABICHBI COCTOSHHE BOIMPOCA, AKTYyalbHOCTh TEMbI M LENIb HCCIICAOBAHMS;
MOCTaHOBKA 3aJa4d ¥ OOOCHOBAaHHE METOAWKH; PEe3YJIbTAaThl HCCIIENOBAHUS; 3aKIOueHHe (9TH, a INpu
HEOOXOMMOCTH, U APYTHE pa3Jeibl JOJDKHBI HMETh COOTBETCTBYIOIIHE 3ar0JIOBKH).

5. CchUIKM Ha JIUTEpaTypy B TEKCTE JAIOTCS B KBAJPATHBIX CKOOKaX. POpMyIbl 1 MaTeMaTHYECKHE
BBIpakeHHs1 HabuparoTcsi pegakropoM Microsoft Equation, italic, pasmep — 11. ®opmynbl Habuparotcs ¢
HOBOH CTpPOKH, BBIpaBHHBaHHME MO IEHTpY. [Ipu HeoOxomumocTH, ux HymepyrorT. Homep dopmyiist
pacronaraeTcst B KOHIIC CTPOKH, B KPYTJIBIX CKOOKaX.

6. PucyHKH 1 TaONHIIBI PACIIONATalOTCS B TEKCTE 10 X0y CChUIKK Ha HUX. CnoBa “Puc.’, “Tabnuya’, a
TaK)Ke Ha3BaHUS PUCYHKOB W TaOiui nuirytes italic, pazmep 9 — Ha apm.si3., 10 — Ha pyc. U aHIIL. 5I3.

7.B KoOHIle CTaTbU JAaeTCsl CHHUCOK JINTEpaTyphl: pasmep 9 — Ha apm.si3., 10 — Ha pyc. U aHIIL s3.
CrnoBocoueranne “CIIMCOK JIMTEPATYPBI” pacrionaraercst B [EHTPE CTPOKHU 3arjaBHBIMU OyKBaMH,
Bold. IlutupoBanHas nuTepaTypa HyMmepyeTcsl B MOpPSAKE CCHUIKM Ha Hee B TekcTe. Kaxapli MCTOYHHK
MIPE/ICTABIISIETCS B CICAYIOLIEM MOPSAKE: B CIyyae CChUIKM Ha CTaThIO M3 )KypHAIa: (haMuiius, HHUIHATIBI
HN.0O. - Bold, Ha3BaHue cTaThu, Ha3BaHHE JKypHAaJa, MECTO U3/IaHUsl, TOJ] U3[JaHHs, TOM M HOMEp U3/IaHusl, C
KakoH MO KaKylo CTPaHHMIIbI 3aHHMAeT CTaThsl B 3TOM JKypHaJle; B CIydae CChbUIKM Ha KHUTY: (amuius,
uHuuaiapl M.0., Ha3BaHWE KHUIHM, MECTO H3/IaHMs, Ha3BaHHUE H3IAaTeNIbCTBA, TOJl M3AaHMs, ollIee
KOJIMYECTBO CTPAHHMII.

8.Ilocne nuTEepaTypbl MPENCTABISIOTCS AHHOTALMHM BMECTE C KIIOUEBBIMH CIOBAMH Ha IBYX
Ipyrux s3bikax. Ecnum cTaThs HamucaHa Ha apMsSHCKOM S3bIKE, TO CHayalla JIaeTCs aHHOTAlUsl Ha PYCCKOM
A3bIKE, 3aT€M Ha aHMIMHCKOM; €CJIM HalMCaHa Ha PYCCKOM SI3bIKE — COOTBETCTBEHHO HA apMSIHCKOM U
AHMIMHCKOM, a €CIIM Ha aHITIMHCKOM — COOTBETCTBEHHO HAa apMSIHCKOM M PyCCKOM si3bikax. ConepikaHue
AQHHOTALUI ¥ KIIIOUEBbIC CJI0BA IOJDKHBI OBITh HA TPEX S3bIKaX OJNHAKOBBIMH.

9. Crartbs NMOANKCHIBACTCS aBTOPOM (aBTopamu). B KkoHIE craThy cTaBUTCS nara (YMCIIO, Mecsl,
ro/1) MpencTaBieHus cTaTbi. OTPeIaKTHPOBAHHBIH M OTKOPPEKTUPOBAHHBIH BapHaHT PYKOIHCH COTJIACOBBI-
BAaeTCsl C aBTOPOM (aBTOpaMHu).

10. Ha otnenbHO#M cTpaHHIle HEOOXOAUMO MPEACTABUTH CIIEAYIOIIHE aBTOPCKHE MaHHbIe: (amiius,
HMsl, OTYECTBO; IOJIHOE HAaMMEHOBaHHE MecTa paboThl, MecTa yueObl; 3aHMMaeMas MOJDKHOCTb, ydeHas
CTEIICHb U 3BaHKE; HOMepa Telne(OHOB (CITyKeOHBIH, JOMAIIHIH, MOOWIBHBII).
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RULES FOR PREPARATION OF MANUSCRIPTS

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

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

2.0n the top left corner, the Universal Decimal Classifier is placed in the language of the
manuscript (287, YK, UDC). The initials and the surname(s) in font size 10, bold for texts in
Armenian, English and Russian should be in the centre of the next line. The title should be placed in
the centre of the line following the author’s surname in font size 10, bold, all in capital letters for texts
in Armenian, English and Russian.

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

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

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

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

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

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

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

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