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Zhwnwgnunyt] | riup wpnwdnuuit dudwiuy wdpubwgnpdus dnydw wynudhugh
nhdnplwgynn hudwdnyjusputiph dbnwnupbjuyhtt jurmgjuspp, tpp §ndynukunubpp sku
usynud hpwip dbg: Uwubun]npuugbu’ muniduuhpyly ko gh$npuiwughwibitph b dbnwnupt-
1tnh Ynnuunpnodwl gnpdplipugibpp: Npuytu dugpujh ympe Jipgty E ASE dwljihoh wynudh-
tuyghtt hwdwdnyJuéspp (F'OCT 11069-74), npp 1kghpyty L (5,7...6,5)% Cu-ny b wdpubwynpyty
wnnuuwn-40 dwljthoh d=60 7/ vnpudwighd niitgnn jupkpny:

Zhnwgnuiyl) E nwp wpinudnnidhg htinn §ndynghunught nieh dbnwguptpught
Jupnigduspp' phiptph twppbp twjubwui Ynndunpnoywdnipiniuubph nhwpnud: Up-
nwdyl] ki hwduyunwupwb ophtwswihnpnibtbp b jupjwsnipynibibp hwdwdwg
npnig wpunudnduu gnpsuijgh dkdwgdwp qnigpupwg nbknh E niubunid wdpujhtt hwwn-
Ynipjniuitiph wd, npp wuydwbwynpdws E ynnuunyw phiptph ghdnplugdwdp: Opnoyty
E phiptph Ynnuunpnodwt bjuinuwhtt judupydus waljjub swhp' (@u=60°), nph nhuypnid
unnwgynid L phjph wdkiwudbs nidnplughuwi:

Unwigpuypll punkp. dnymd, wpnudhtiughtt hwdwdnyJusp, wdpwtwynpnud, dkinw-
nupklp, mup wpnwdnnid, wpunwdndwi gnpswlhg, nEdnplughw:

Lhpwdnipinih: 21-pn qupnid wkuthjulwb wowepupwugt whtiwp k yuwn-
ybpwugtul) wnwbg unp Wnipbkph uvnbnddwt, npnup Jupnn kb wojuwnt] wpunw-
Jupg wuydwbubpnd® pupdp nt gusp ghpUwunpgutbpnud, phthwybu wqpbupy
Uhowuyptpnud, uinnwwnhl n1 gphtwdhly pEntubnmipniubnh nnwly b wyjt: Fupdép
nbuwljupup wdpmpudp, hpudpopgudp, yiuunhnpgudp b wy) wpdtpunnp hun-
Ynipjniuitpny odndus inp ynipbph unbnsdw ptuqudunnd ks hbnwppppnige-
it Eu ubpuyugunid nhuybpu dwutthljubpny upspwgnng, nhuybpu hwnhljuk-
nny wdpugynn b dbnwnuljub phptpn] wdpuwiwdnpdws Yndwynghunwght ynt-
pERR huswhuhp B, ophtiwly, wnnuuuyw phptpnd wdpuwbwdnpus dnydwt wy-
midhtiughtt nEdnplwgynn hmdwdnyusputpp: Uju ynipbpnd dknwnuljut phi-
pinh mpudwghdp nmunwiynd k dky #fu~h dwubphg dhtish vh putih muubyuly b
hwipmip #4, hulj swjuwjuyhtt yupnibwlnipniup' dh puith % -hg dhisk 70 duz/. %
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b wybkih: Loqws uympbph vnwugndp dAndw mktninghwutpny wywhnymd k
ns Uhuyt muswninjtu junrnigdwsdp, wy) bl pupdp phuhwljw duppnipjnii:

Glutny Jtpnhhojwihg” wohiwwnwbph tyqunuljt £ hknwgnunk] ynnuyuwnyw
phpinny wdputwdnpyus pupdpudnip dnydwt wjnuhbught ghdnpdugynn hw-
dwdnyuspubph nwp wpnudndub nktninghwt b ntumdtwuhpl) junnigyusph
nt hwnlmipjniubph dbuwnpdwt gnpépupugn:

hunph gpquspp b dbpnnhljuyh hhdttwdnpmdp: Uknwnubph phdnpdugdut
gnpdppugh htnwgnundwt hwdwp Jhpunynud &t puquuqui honpduwfut b,
wnwdht nhyptpnud, Jepnswljut hbnwgnuinmpnitibp: Uju bnuwbwljutpp htw-
puynpnipinit Bt nnwhu vwhdwil] wpnudnynn dbnwnh Swdwh tmuppuljut
dwuthlubph thnjounupd nknuithnmpniuttpp, wyn nknuhnnipmnibtbpp npn-
onn npujuljul b pwtwljulu jupjusnmipniuttpn b, hEnbwpwp twl, wpunw-
Unynn dknwunh phdnplugdwt jupjwsughtt Jhdwljp: $npdbpp Juumwpyk)
@25 1/t h=50 vt/ ywhubinny A5E+(5,7...6,5)%Cu punupnipjudp wyjnidhtwghtt hw-
dwdnJudphg dnjjws quubwljut b Jhumqquttujut tdnipubph pue Oputu duyg-
nuyh ynie ypgyty £ ASE duljithoh wynudhtiughtt hwdwdnyJuspn (TOCT 11069-74),
npp (kghpyty E (5,7...6,5)% Cu-ny b wdpwbiwynpyt] ynnujuwn-40 dwljuthoh d=60 /G
wnpuwudwghé nittkgnn jupbpny: Cinpus Yndwntbuntubpt hpup dbe skt jmdynud ny
Uhuytt why, wyp twb hinniyy Jhdwlnud [1]: @npdbpp junnwpdty Eu oy bpny: Unw-
ohtt thnynud juwnwpdb) E wnnuuunyw phjptpny wdpubwdnpdws dngbjughtt wdn-
ubiph mwp wpnudnnud, Epp dknunupbptpp nuuuynpus Eu qniquihtn wnwp wp-
nuunuiub wnwbgpht, hull Epypnpn hnynud dEnwnupbpipbt kgl o muppbp
Ynnuunpnodubmpniittn: Upnidhtiughtt guuittwdl idnop (D=25 /2 H=50 #/1/) yyuawn-
nuwuwnyty t Epym Yhuhg, npnughg jpipupwbismiph dnynudp juwnwpdty b wunwbdhi:
Lpuilg dbpntinnud, mpunudnuub wnwtigpht gniquihtn, nuuudnpyty Eu dbknwnu-
phpbpp: Uknwunuptpiph ulgpiwlui jnqiinpnodub wilymip @u=0 (4. 1 w):

+10%

w P

Uy 1. Mnpuuuyw plyphpny bwjuopnp nuuun/npyws wynidplughl indynghwnughl ynieh (w)
I vnnp wpunundyyws nniph (p) ujubfwibpp
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Ungnih dhpwquypnid 530...540°C inwpugnivhg htwnn tdnipubpp wpunwdndty
kb 20=110° wulyjni niikgnn Yntiwdlh dwypulny: Upnudndwb gnpswlhgp 4tpg-
Jt1 k A=4: Swp wpinwdnnidhg htnn Yeubpp pudwidly o ppuphg, nphg htwnn ju-
wnunpyk] E hinwugnunynny dubpbinypnd dknwunupbipiph nhynpdughugh punt-
pugknh htmwgnunud: bugybu huynuh k [2-10] wpjuwmnwbputphg, gnpépupugh
uljqpnud junwupynud b twpiwyunpuundusph tunbgnid <iwjpuyuinpuun-
Judp — Ynunbjubipy puguljh hwpghie: ZEknbwybu, tuntgyly Eu bwb dbnwunupt;-
ptnp, npnug hwpwpbkpuljut juybtwgnudp Juqdb) E 10%, hisybu bwb wbknh k niuk-
gl Uknwunupl tph dndpnid hpkug wnwgph onipg, nptt wpyniup | wynudhuk duy-
puih b ynnuuwnyw phptph wdpuyhtt hwinlmpniatph jupndy muppbpnipyuie

Swp wpunwdnuut gkpdwunhdwunid pununphstbpp, sinmsybny ppup dke
b nibiktwny nwppbp wjwunhynpynt, wpnudndmd b Eapuplying wwppkp
ophtwswthnipiniiibph: @npdkpp gnyg L mwhu, np tnyt wpnudnuub gnpsuiljgh
ntypnid wjndhtiwghtt duypuljh phdnplugdut wmunh&win coyn/osa mbiqud Uksd
t ynquuwnyu phyptph nhpnplugdui wunhgwihg: Zknbwygbu’ wwppbp b bwb
upuig nEpnplugdutt wpugnipniattpn: Uwljuyt dkjpwthfujut junsdwt yuwn-
Swnny, npt wpyniup L ynnuunyu dbnwnphjptph sndnqusnipjul, tpu nhdnp-
dwugudwt mpugnipniip dibwinmd £ gplipt hwduuwpdtnyg wynudhtiught dugpuljh
nEdnpuugdutt wpugnipyuip: Upyntupnud ynpuuunyw dbnwunuebptpp (. 1 p)
nhdnplugytng juqynid Lt hwjuwuwp tpjupnipjudp (4,0...4,5 ¢d) dwubkph, huly
upwutg vholi Enué hknuwnpnipiniip unwgymd k 1=1...2 #2} ptn npoud, 1-t wbih
thnpp E YEnpniuui dwund wowigph dnn: Pasytu twhrunbuynid p, dhnw-
nupkpkph Epjupugnidp ufuynid E wpnidhught dwyjpulh ubgddwb gninnid
Untnph Unw, b yEppwtinid k Ejph Unnn: Ukwnwnupkptph Epjupugdwt gnpépi-
pugnid puquulnnuuih b hwjwuwpwsuth ubnunidp vnbndnid E btywunwynp
wuyUwtbp vwhph nhbnpldwughuyh hwdwp, npp hwbglkgunud £ dquwb nhdnpdu-
ghuyh wnweowgdwiin:

Zudwnkn vwhph pdnpdughuyh b ubindnn jupnudubph wqpbkgnipyut muy
wywhnyynud £ dwipwhwinhly junnigdusph unwgnudp, b mbnh £ niukinud hjpn-
wpwwntbtph Jkpugnud: Bpypopyg hoynd dbnwnupk)ph twppbwwt Yngdunpny-
dwb wlnitp yEpgytp k @u=30, 60, 90, 120 k 150% Mnnujuwnjw phjpkpny wdpwiw-
Ynpjws b rnwp wpnwdnus wynidhtughtt dugpuyny thnpdwbdnipubph dwlpn-
Junnigquspubpp, Ubnnwnupbkpiph nuppbp twptuut Ynndunpnygusnipini-
utph nhypnid, phpdws bt ul. 2-nid: dnpdh wpyniupubpp, nwp wpnwdnnudhg
htwun, pipdusé L uly. 3-nud:

Utunwnuptpinh hwpwpbpuluwi Ynpdunpnonidp npnoyl) L hbknlyuy
putwdling’ 0°<@u<90° kjuljtwnught Ynnuinpnodwt wiljjub hudwp.
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) =M.100%,
Py

huly 90%@u<180° Ljwkwrnuyht Ynnlunpnodwt wljjut hwdwp.
7T_¢u)_(77_€0w)
T =,

npuntn Qe Uknumuipkyph twubwuljub §nndinpnodwt wilgnith b hul] @u-tt’ dknw-
nupbih §nnuiunpnydwt wlniip wwp wpnudnnidhg hbwnn: 6-h wpdbpp punipwg-

6, :( -100%,

nnud £ dknwnuptph §nndunpnonudp tdnipnid tnup wpinudnnidhg hkwnn: Ophtwl,
Eupwugpbup dbnwnupbph twptwujwi wiulniip @u=30° wwp wpunwdnnidhg
htun unwuglt] E @u=11° htwbwpup’ dbnwunupkph hwpupbpulut ngdinpn-
onidp Yihth 63%: Ubtwnwnuplph hwdwp, nptt nitth @u=60° i @u=18° kjultwnkp,
unwgynid £ 6=70%:

Uy 2. Mnpuuuyw dknumuplyplpny widpubunpyws b unup wpunudyyud wynidhbuyhi
dugpulny shnpdwinlnipbbph dwlpnlunniggudpbbpp '@ u, wun, w =00 p=30, g =60, n = 90,
E=120°, q = 150

busytiu tplnwd E uly. 2-hg b uly. 3-hg, Ukwnuptph phdnpdughwt wytih hw-
Juuwpuswth b pupdp Eunwugynid @.=60° mipdtiph nhwypnid: Uju pnjnphg Jupkh
E qpujuguky, np gnynipinit niuh Ynndunpnodwt bjuljbnuwght @ wljjut ouygunh-
Uw] wpdtp, nph nhypnid dkinunuplyph tpupugnidp hwutmd b upw]bjugnygh
¢Qu-h Wuqugnyt wpdtph nhypnd: dbpniskiny thnpdh wpyniuputpp, tjunynd
E Ubnwnuptiph hwpwpbkpuljub tpjupugdwt thnppugnid 180-hg dhtisk 0%: Utk-
nwnupkptpp ghbnpdugynid kit wthwJwuwpwswd, tpp wjt nknuynpus k
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©u=90° tnul: Unwnn qunubny viwp wpunwdnduwt wnwtgpht, tputp dnymd L spow-
twjht ubnunn jupnudubph sunphhy, nph htnbwipny juwnwpynd £ nnpudwgsh
Ubkdwugnid: Sknuljwt Epupugnidp b ubnunidp, hsybu twb dpnudp thnppugnd
Eu dknwnupbph wdpubught pumipughpp, b dkswunmd b dhpndwptiph wnwgwg-
dwb htwpuynpnipjnip:

\ \ \
20 | f T
7 ‘50" ‘9 ’ ‘720" ‘750°
| | S N
| | | I
| | | | |
| | | ; |
. . . . o
[ 457 b0% ‘ 2 30% V‘X 30% r)

18°
‘ ‘ 55%
40% 50%

Ul. 3. Lwpuopnp nuiuun/npywé wnnwwuyw Jkunwngpelpkpny wdpuiunpyus
wynidhliughl hwpugunpuunywSplbph (w) b nup wpnudpyus (.=530.. .540°C: A=4;

2a=110) mlnipakpp (p) ujubdwbbpp (pykpp gnyg ki nughu hupupbpulwl bkngugnidibpp
wnnlnuiikpn))

Uuhujuuwpuwswth nhdnpdugnid L nphindnud twh @u=120° 1t 150° wiilyniing
Ynnuunpnojws dbnwunuptjpipmd: Uknwnwpt)ph jnqdunpnodwt wiljjut Jkdwg-
dwlt @u=90°— 180°, fud thnppugdw @u=90°— 0° htiwn mkinh k niubkunud dknwunw-
pheh Ynpugnid (gnquuynpnid) YEunpnuhg giyh dwybplingpe: LY. 3-p poyp E nw-
1hu Juwnupl) kqpuijugnipenil, np wdpnipjut pupdpugdut wdkiwdbs wpgniup
wywhnynid ki wjtt Ubnwnupbptpp, npntp hwjwuwpwswh nhdnpdugynid tu
wdpnne Epfupnipjudp: Glukng wyju puunnnnipmiihg, dbnnwnuptph oyyunhduy
wilut byulknwght Ynqunpnymup Jupnn bbp pigmil; @.<60°% Ujuughuny tnwp
wpiudnuut gnpdppugnid dbnwnupbkjpuihtt Ynduynghnwhtt yniph wnwi-
Autwhwnlnipniup, tpp punpphstubptt hpup dbe sk jnusynud, whwp k hth knw-
nupkph b duypulh wywunhlmpniuibph dnnwdnp hwjuwuwpnipniin:

Cuwnpbny hwdwyuwunwujut yiuwunhlnipjudp dbnwnuptbpughtt ynip,
htwtwny nwp wpnwdndui nkdhdubpp (bplwunhg&ut, tmupugdwt mingnipenid,
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nhdnplwughuwgh wpugnipniy), nEdnplugdut ophtwswthnipmnibubpp b Uknwunu-
phptph Ynnuunpnonidp, Jupkih E npnob) wdktwudks wdpugdudp §ndunghwunught
niph hwnynipmittbpp: Swp wpnwdndwb gnpépupwugnid ghpyuunhlnipjub
EdEwnn poyy E viwjhu uinwtiu dknwnuplkiph wykih thopp I/d hwpupbpnipjudp
(thnpp 80...100), pupdp wupnipjudp Ynduynghiugh iyniptp:

ZEknwugnunipjut wpgmupubpp: Upnidhih hhdpny wdputiudnpdusd dnygdwt
nhdnplugynn hwdwdniduspubinh nup wpnwdndwi gnpépiipugh hbnwgnun-
dwit b phyptph oyunhdwy puttwlh pnpuiwt hwdwp hopdbpp Junwupdt B Gpyne
thnyny: Unwehtt thnynud hbwnwgnugl) £ dnydwt dhgngny unwugus b wnwp
wpunwdnus wpnidhttughtt Yndynghwunwght yniebph dkjowthjulwit hwnlnigpe-
niuubph Juqusnipiniup phipph putwlhg: Uju tyqunwlnyg ASE dwljthoh wy-
mudhtughtt hwdwdnyuspp 1kghyk] k 6% wnudny b wdpwbwynpyl] hudwwyw-
nuwufuwbiwpwn 8, 12, 16 b 20 hun phjptpny: 2niduspubipp upwnplyt) i hnungk-
twgunn ppédwtt (Taw=500+109C; Tyuni=10dwd), nphg htiinn nnwpwgyty ku dhish
530°Cwipgnuh dhowJuypnid b wpunwdnyk) 2a=110°ntujuts dwjpulny’ A=4 wp-
nuwdnuut gnpsuigny: Upnudndus wdnipubipp, ukppht jupnidutph dhpugdwt
tywwnwlny, Eipuplyty ki ppédwt 500°Cnd 5 dwd/ vyjwhdwdp: Ujunthbnl yyun-
puuwnyl] Eu dbjuwthjujuwt hwnlnipmmiuttph hinpdwpldwi wdnipukp, npnip
Eupwnpldty ku obipduyhtt dowljdwt twpwybu pinpus jwdupljws ndhdutpny,
wt Lt djdwt  (Tgw=530°C, T wun=15pnwyk) b wphbunwluwt Shpugdwh
(Tstp=80£10°C, Twunu=36 duwl): Pnpdwplumt wpymiuptikpp gnyg Eu npdws uly. 4-nud:
busyhbu Epunud E ujunhg, phipinh pyh wykjugnidp jupnly deswgund E hwudw-
Anijywéph wdpuyht hwwnnipniutubpp, npp b vywuynid Ep:

04, 5, %

uuir

600 r”’,—4’74

550 ’//// 11
/

o
et
500 e 8
7 §
450 / 5

400 2
o 8 12 16 20

Pk ptph pwbwlyp, Awwn

Uy 4. Al+6%Curynpuuuyw dkinunuplip» Indynghwnuyhl niph wipniyeul

I hwpupbpulwl Eplupugdwl Jupnjwudnipmniip plpkph puliuihg
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Onnpdbtph hwenpn thnynud junwipyt) £ wpunudndwi gnpdwiljgh jujuplnud:
“pw hwdwp 20 hwn ynnuuwnjw phipipny wdpubwynpuws dnyduspubpp tu-
punlyt] Eu hnungnbwgunn ppédwib, nphg hkwnn ppuip Gupwpldt] Eu wmwp
wpuudnuut 530°C-hg muppkp wpnudndu gnpswiligny (A=3, 4, 5, 6): Untwlju
duypwljh phpnipjut wulniup yipgyt) b 20=110° Ujunthbnb wpunudnusé tdniy-
ubipp Eupuplyl) Bu ppsdwl, Jjudwb b wphbunnwljut skpugdwi:

Uthithjuljut hwnlnipmpnitubph jupdusnipmniit wpnudndw gnp-
Sdwljghg pipdws k uly. 5-nud:

o4, 6, %
ULAR Ogd

600 / —— ® 14
550 11

J
I A
500 7'( 8
450 5
400 2
3 4 5 6

Unpunudndwi gnpswulhgp, 4

Ul 5. Al+6%Curynpuuuyw dknunuyelyp» Indwynghunughl iynyeh widpnipyui o
hwpwpkpulwi Epfupuglul upnjudniyentp wpnunpdwi gnpéulghg

busyhu Eplinud £ ujuphg, wpunuwdndwi gnpsuljgh dkdwugnidp fupnily Uk-
Swgunid E hwdwdntqubdph wdpuhtt hwnlmpnibuubpp, npp b vyuwuynud Ep: A>6
wpdtpubph nhypnid wdpuyhtt hwnlnipnitbpp sk wdnd b inyuhuly upng Eu
houk phiptnh fuquut b ny hwjwuwpwswih pEpnplugdut unmdwnny: Fpwiny
E puguunpynid wpnwdndwt gnpswlgh jwduplus wpdtph (A=4...5) pinpnudp:

Bqpuljugnipinti: Zknwgnunnyl) £ nwwp wpnwdnnidhg hbnn wdpwbwynp-
Jus dnydwib wynidhbuwghtt nhdnpdwgynn hwdwdnyjuspubph dbnwnuptpu-
1ht unnigquspp' phiptiph muppbp twptwlw §nndunpnyqubsmpiniuutph nhwy-
pnid: Upunwsyl) Bt hwmiwywwnwupjuwub opptiwsmthmpiniutp b jupudusdnipinii-
Ubp hwdwdwyl npnig wpnwdndub gnpsulgh Ukswgdwip qnigpipug wknh k
niukunud wdpuyhtt hwnlnipnitubph wg, npp Wuydwiwynpjus b ynpuyunju
phipiph phdnpdugdudp: Npnoyty E phiptph Ynndunpnodwt Gjulbnwght qw-
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Juplus wmuljjub suthp' @u=60° nph nhypmd vnwgynid t phjph wdkiwdts nk-
Inpdwughwi:

Puguhwjunyt E niwp wpnwdndwt gnpdppugnud, Epp ndwynubunubpp sk
nwsynid hpup dbe, Ubnmwunuptjpuyht ndynghwnught iyniph hhdtwljubh wnwba-
twhwwnlnipniiup, hudwdwj nph wpnudnuut okpdwunhdfwinud dbinwnuptph
b duypuhh yywmunmplnipniuubpp whwnp L hukt hpup dnnwdnpuytiu hwjuuwn:

Zlmugnunnyeynibbkpp unnwpyly o Zuyuunumalh wqquyhl wogpunkbhliulul hu-
dujuwpuwih «Unipughwnnipinil o dbnugnipghuw» puquyhl ghnuhbnwgnunulul jupn-
punnnphuynid:

A UTULNRE3UL 8ULY

1. Moungoasgo JI.®. CTpykTypa U CBOHCTBA aIFOMUHUEBBIX CIUIABOB.- M.: MeTtamtyprus,
1979.- 640 c.

2. Ilepaun W.JI., Paiitéapr JI.X. Teopus mpeccoBaHust MeTaimioB. - M.: Merammyprus,
1975.- 467c.

3. Herpocsin I'.JI. Ilnactuueckoe nedopMHpoBaHHE IOPOIIKOBBIX MaTepualioB.- M.:
Meranmyprus, 1988. -153c.

4. Unpupui U.Q., Unbkthwiyuh U.U. dnpbpudwdn hppbiwghtt wpuquhwwn wnn-
wuwnbkp b nputg obpdudpwmnidp. Ukmgpmipinit.- Gpliwl, 2006.- 123 te:

5. Hxkoncon B., Kyno X. Mexanuka npoiiecca BbliaBiuBanusi meraivia / [lep. ¢ aHri.-
M.: Metamnyprus, 1965. — 174 c.

6. T'yn I'SL., onyxuu I1.W., Iloxyxun B.IL., IIpynosckuii B.A. [Inactuaeckoe ¢popmo-
W3MEHEeHHe MeTaiuioB. - M.: Metamryprus, 1965. - 174c.

7. Arbaasu C.I., Acransa B.JIxk., Cocan ML.E. VccnenoBanre OMy9IeHHs ITOBIX M3ICITIHIA
IKCTpy3uel // KomrosnnmonHsle MaTepralisl U ux oopadotka. - Epesan, 1985.- C.33-38.

8. Topsiuas sxctpy3us TutaHoBoii ryoku / B.A. Tlasaos, B.B. lllepouna, B.I1. Tokapes
u 1p. // IlopowkoBast merayutyprus.- 1974.- N 9.- C. 153-158.

9. Papombicenbekuii U.J1., leopan H.U., Ckanbuyk A.A. O HEKOTOPHIX 3aKOHOMEP-
HOCTSIX SKCTPY3UH M3 CIICYEHHBIX MarHUEBBIX MOPOIIKOB // [1opoLIKOBbIE KOHCTPYKIMOH-
Hble MaTepuaisl.- Kues, 1980.- C. 85-87.

10. Aroaasu C.I'., Acaansin B.J., Kypoenos B.A. TexHomorus n3rotosieHus Tpyo Maioro
IuaMmeTpa dKeTpysuei // CTpyKTypa W CBOWCTBa MOPOIIKOBBIX MaTepuaiioB. — EpeBaH,
1988. - C. 24-28.

Zujuunwtth wqquyhtt ynjhnbuthjuljut hwdwjuwput: Unipp tbpuyugyt &
hudpwgpnipinit 21.11.2023:
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C.I'. ATBAJISIH, B.A. BATJACAPSIH, I'.I'. MKPTY5IH,
T.H. CA®APSH, A.C. AT'BAJISIH

NCCIEAOBAHHUE ITPOLECCOB I'OPAYEI'O BbIJABJINBAHUSA
JIMTHEBBIX AIIOMUHUEBBIX TE®OPMHUPOBAHHBIX CIIJIABOB

HccnenoBana MeTaIOBOJIOKHUCTAs! CTPYKTYpa aJIOMUHHEBBIX J1e(OPMUPOBAHHBIX
CIIJIABOB, YIIPOYHEHHBIX IIPH T'OPSYEM BBIIABIMBAHUHM, KOT/Ia KOMIIOHEHTHI HE PacTBOPSIOTCS
Ipyr B apyre. B wacTHOCTH, H3y4eHbI MpoLiecchl Ae()OpMUPOBAHKSA U OPUEHTALlH MeTaJlId-
YECKOro BOJIOKHA. B KadecTBe OCHOBHOrO MaTtepHaia ObUT NPHHAT aMIOMUHHEBBIH CIUIaB THIIA
ASE (I'OCT 11069-74), nerupoBanssbiii (5,7...6,5)% Cu 1 apMUpOBaHHBIH BOJIOIKHAMH MAPKH
Cr140 muamerpom d=60 MKM.

HccenenoBana MeTaIOBOJIOKHUCTAs CTPYKTypa KOMIIO3MLIMOHHOTO MaTepHuaia Iocie
TOPSMET0 BBIAABIMBAHMS MNPU PA3IMYHONW HMCXOJHOW OPHEHTAIMM BOJOKOH. BrIBeneHBI
COOTBETCTBYIOIINE 3aKOHOMEPHOCTH M 3aBUCHMOCTH, COTJIACHO KOTOPBIM IIPOYHOCTHBIC
CBOICTBA MOBBIIIAIOTCS 32 CYET Zle(l)OpMaLlI/ll/I CTaJIbHBIX BOJIOKOH Hapdaay € YBECJIMYCHUCM
ko3¢ urenTa sxctpy3un. OnpeseneH UCXOIHbIN yIy4dIIEHHBIH Yrojl OpUeHTALNH BOJIOKHA
(pc=600), mpu KOTOPOM MOJIy4aeTcsi HaubobIas AehopMalHst BOJIOKHA.

Kntoueswvle cnosa: nutbe, aMIOMUHHUEBBII CIUIaB, apMUPOBAaHHE, METAININYECKUE BO-
JIOKHa, ropsiuee BblAaBIMBaHKe, KOO (OUINEHT BEIIaBIUBaHMA, JedopManusl.

S.G. AGBALYAN, V.A. BAGDASARYAN, I'I' MKRTCHYAN,
T.N. SAFARYAN, A.S. AGBALYAN

INVESTIGATING THE HOT EXTRASION PROCESSES OF CAST
ALUMINUM DEFORMED ALLOYS

The metal-fiber structure of aluminum deformaed alloys strengthened by hot extrusion
when the components do not dissolve in each other.is studied. In particular, the processes of
deformation and orientation of the metal fiber aro studied. Aluminum alloy of the type ASE
(GOST 11069-74), alloyed with (5,7...6,5)% Cu and reinforced with steel-40 fibers with a
diameter of d=60 um was used as the main material.

The metal - fiber structure of the composite material after hot extrusion with different
initial fiber orientation is studied.. Corresponding regularities and dependencies have been
deduced, according to which the strength properties are increased due to the deformation of
steel fibers along with the increase in the extrusion coefficient.The initial improved fiber
orientation angle (pc=60°), at which the largest fiber deformation is obtained is determined.

Keywords: casting, aluminum alloy, reinforcement, metallic fibers, hot extrusion,
extrusion coefficient, deformation.
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orruuuny

Oquuljup hwwénutph hwpunugdwt dudwbtwl wpwewgnny hwipwhwpunugdw
wnstipp wupnibwynud G muppp mkuwlh dknwnubp, phthwut wwuppbp b dhukpw-
lwyhtt dhwgnipinibubp: Uhlhingt dwudwbuly, hwiupuwyhtt hnudph tjundwdp wupkgunwph
wénn wwhwbowplp unhynid £ wpptwphh wiwppbp tpyputpnud gnpéniubinipinit sww-
1n1 (Eptwhwlpwyhl plEpnipinitubphtt pwhwgnpsty] hwbipuyhtt dwpdth wykjh pupn nk-
nuppiui yuydwutbpnyg b ognnuljup hwtwénubnh wykh gudp wupniawlnipjudp hwub-
pwquyptp: Uhuspbn hwjnuh &, np wwppbp nbuwlh oquuuljup hwhwénubpny hwpniun
wnkutwsht Swgnid nitbkgnn puwthntubpp Yupny Eu hnwdph jpugnighs bt Juynit wnpynip
hwunhuwtiuy:

Uhkphuwjugdusé ki hwiipwhwpunwugdwt ynstkph JEpudywljdwt hwdwopwphuyght
thnpdh Ybpnisnipiniutitp, hsybu twb «Quigkqniph MUY @LC Nnoh ghnh Jhpdnid nk-
nuppjuws b ukpjuyniudu Ynuubpgugus ynswdpuph wunlws ynstphg yepgpgus wdny-
utiph phUhwlwi whwihgh wpyniupubph Epnudnipniup:

Unwigpuyhl punkp. hmipwhwpunwgdwl wyngkp, ynsudpup, $nnwughw, Jhpw-
Uowlynid, wnhtd, Unihpnkl, nkutninghwljut vubdw:

Ukpwénipinit. Lintwhwipughtt dkntwpnipjut gnpéniibnipjut wpnyniu-
pnud wnwgwignn wnstinh ywhbunwnpnidp wynswdpupubpnid b npuig hbnwqu
wuwhywimpmniip pujuljuitht Swjpuwnwp B Zwupl | bwb ok, np wnstph Yne-
nuljuut nt Epjupunt ywhywidwi gnpépupugutpn phuyuwhywiwlut Uts
nhuljtip i wupnibwlnid pppwlju vhowjuyph wnnnindwb nkuwlynithg:

Mnswidpwpubpnud hwipwhwpunwgdw ynskph swduyubph wipnhwn wh
wuydwbbpnid wpphwlwi Bu qgunind hwpunwugdwt ynskph JEpudswljdwt
ubpu mkjunnghwubph qupqugnid nt wdkh Ubks dwjuny wnskph tkpunnidp
npuighg Uknwnubtph b phuhwljub wy wuppbph unwugdw gnpdptipugubpnid:

Swppbp tpypubph (krtwhwipughtt wpynibwpkpnipjut npnpunud hwipw-
hwpunwugdwt wynstph Jipudowljdw hin juwydws punhpubph nsdwb hbnw-
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UWyupubpp Jtpohtt U pwith wwubudjuitkpnid wijkjh quhwbeqws ki nupdky
Juuywsd ogunuljup hwtwsnttph wuwowptbph wpynitwybn oguuugnpsdwb nu
puthntubph tugqbgdwut ninnywsé spuqpbkph dpwljdw htwn [1, 2]:

unph gpdwédpp. Ghnwnbthjulwt qpuljuinipjut Jhpnsnipmniup
gnyg t widl, np ubpjuynmudu puquuphy Ei hwtpwhwpunugdwt wyngkph b wy
pwthntutph Jipudsuldwip wdhpyws woptmwnwiupubpp: Uju wpnhwljut jpunph
Jhpuwpkpu) nuppkp dudwbwljubpnid b wolowphph wwppbp tpypiubpnd dwu-
twglwnubph Ynnuhg hpujwiwgyl) b niowgpuy b hipwuljupuyht nunidowup-
poipjniittpn: Ywb puquuphy ophtiwljubp, npnup tjuwpugpnid Eu puthnuutph Jb-
pulowljdwi htwn juwydws nwpplp mkuwlh pughpubpt ne pputg (nisdw hnw-
puynp nwuppbpuubpp: Munidtwuhpnipnibitph dudwiwly hwodh Eu wntgly
htsybu ynywdpupubpnid wnskph nknunpdut wpwbdtwhwnlnpmnibubpp, npnb-
gny yuydwbwynpws k ynsudpunph dwupdunid wju jud wyb ogrnuljup punun-
nhsutpny hwpniun gnuinpbph Abwynpnudp, wjtybu b hwipwhwpunwugdwh tnw-
twlutph Yhpwndw hwupgbpp, npnug nhypmd puguhuwjnyl) ki oqunuljup pw-
nuphsubph Ynpniunubph hhdtwjub yundwnubpp:

Uunpl pipws L Uninulju b hinwdnp wpnwuwhdwiyut Epputipnud wn-
stiph Jipudowjdwnh wntgynn vh pupp niumdtiwuhpnipniiibph yEpnusnipincip:

Mmuwunutth Fuptnipjut (2} Pulnpunuinuith Zubipuuytnnipjut nuljnt
wpynitbwhwidwdp qpunynn puyEpnipjut (guynyunmd yguhbunmwynpgus wp-
wnwhwyklonuyhtt hwipupwnh, wynswudpupmd ywhbunuynpjws hwpunugdwb
wnskph b wy) mbkuwlh pwithnbubph JEpudowljdut tyunwlny hpuubwugyt
kU ntuntdbwuhpnipniutbp nt wpnwnpujub thnpdwpynudubp: Bwthntubph jni-
nupuisnip mkuwlh Ykpudowldwt hudwp dowljdl) Bt winwbdht nkjuininghw-
Jut upubdwttp [3]: Nunmdtwuppmpniuttpny wupqdty b np wyy pujipnpjut
Yntubpjugus ynswdpupnid punhwinip wndwdp Ynunuldl) Eu Uninwynpu-
wtiu 2,6 Upjhntt w2 putwlnipjudp ynskp, npnug Uk nuljnt hohtt yupnibwlnipe-
jmbp Juqdty k3,2 winbiw' 1,23 ¢/ dhohtt wyupntiwnipyudp: Mnswdpuph pw-
hwgnpddwt pipugpnid tpw Uy dAbwdnpyl) ku dh puwh Epjpupuiwljut gninh-
Utp nkbwshi Swgnud niikgnn nulnt wwppbp hwnlni ey abkpng:

Juunupjws ntumdbwuhpnipnitubph wpyniipnmid qupqyby E np nuljht
hhdtwfwiund JEunpntwugws b Enkp ynswdpwuph nnuthuwyhtt gnnptbpnd, b
upw Ynpgnudp tyunwluwhwpdwn b hpujuwbwugut] hupunwugdub gpugdhnwughnt
tqubwlny Yhpunking wjwquyhtt juquh wnskph Epjuunh&ut dubpugiub upb-
dwt: Cinpws dbkpnnubph b vwppuynpnidubph wpynitwybnnipmniip hwunwn-
Jb1 £ thnpdwpupujut-wpynibwpbpuljut pwhwgnpsdw thnynud:
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Mniuwunnutth Ywptnipyut 2Qhwnuygh dwpgh Fnd-Gnplunth ynidpudh hwb-
puwdunh ynswdpupnid §nunwlqus wnskph JEpudowljdwt hEnwulwpubpp
quwhwunbnt tyuwwnwlny juwnwpyl Eo nundbwuhpmpniattp: Nunudtwuhpne-
pintuubph wpyniipnid hwunwngty E Yndpudh, ninklgnn phuhwlju tnwppkph
b nputg hwnhljuswthuui juquh dhol Yuwp [4]: Pnpduwmfjub Smbwuyuphny
hwununyly E twlh wnskph dwiipugdut wthpudbonmpniup dhiish dwutthljubph
0,2...0,25 ¢/, nph wpyniupnid htwpuynp kp ynskphg Ynpdpudh Ynpquus wuwnh-
Swbp pupdpughty 2 b wykh wiqud b wwppbpnipmnih hupunugdwb phnmb-
Jwsd dbpnnubph Yhpuwndwie

dndputh hwipwduyptph dowlnilhg wpwewgusd hwpunnwugdw wnskph
JEpudowljuwt wpnynitwybnnipniip pugunpyt) L bwb tputing, np wyn ynswd-
pupubpnud, ynpdpudhg pugh, tnky Eu twb nuljh, wpswp, Ynpun, thiyk;, ghiy b
w] wpdbpwynp Uknwnukp [5]:

Zuupwhwpunugdwd wngkph mwuppunmsdwt tnubwlyng JEpudowuldui
dudwbwl punpjus nkjpuninghwljut yupwdbnpbph b dbnwunubph Ynpqdut
wpynibwybnnipjut vhoi jupudusnipniup pugwhuwynbint tyuwwnwlng Mni-
uwunwtth Twpunipyut Zmuhuwghtt Ouhuyh Zwbpuybnnipjut Uunnuulh pug-
dudbnwunuyhtt hwipwduyph hwpunwugdwt wynsbkpny juwnwupyty o ntunidbwuh-
noipjniuikp [6]: Ywnwpdws hbnwgninmipniutpny hhduwdnpdl) E nwppugns-
dwt tnwbwlnyg wynskph JEkpudowljdwt nkjutininghuyh wpynibwdbnnipynip,
nph wpynitupnid 0,015% wpswph, 0,18% wnudh, 0,95% ghulh 0,84% Jwwwph nu
wy] Ubnnwnubph wqupnibunipyudp wynskph Epudowlnudp httwpwynpnipni £
wnwihu tnp hnudpughtt puqu unbnst) (Epbtwdbnwnipghuljut gninh juynit
qupqugdut hwdwp:

(Y Zymupuughtt Ouhwih Uhqmph hwpunwgmghy dwpphuyh ghtly b
juwup wupnibwlnn ynswdpwph ipudowljdut hipwuljupubpp quuhwntine
hwdwp ppuwjuwbugus ntuntdbwuhpmipniitbpp bu hwuwnwnt) Ea, np wnstphg
htwpwynp £ dbnwnubph Ynpgnidp, dwutwnpuybu, Jipp tpdws wynsudpunh
wnstinhg qpuyhwniughnt bnwbwlny Ynpqyly Eu 56,57% Juwwp, 60,30% ghuy
28,15% nuljp [7]:

Puquuphy tu nujh ygupnibwlng ynswdpupubph JEpudoudwmt Jepw-
pEpu nuunidbwuhpnipyniiubph ophttwjubpp, npnughg Yupkjh £ wnwbdtwugty
Mgptjunnuh Zubtpuybnnipniunad junupjuws wojuunwbpubpp: Zknwgnunt -
pntuttnh wpyniupnd dpwiljyly | wnstiph gqpuyhinughnt tnwbwlng Jtpudowly-
dwt ujubdw, htsh oinphhy wnsbph yipudowlnidhg uinwgyty k 5,34...6,93 ¢/ nuljnu
wupnibwlnipjudp punwiynipe [8]:
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Zhnmwgnuyl] ko hwpunwgdwt hhppndbnwmpghwlw dkpngutph Yhpw-
nnipjut htwpunpnipinitubpp nuljh wwpnibwlnn ynstph yepudowljuwb gnps-
nupwugnid: Fupdp wpnynitptbp o uvnwgyl] ynskph muppumsdwt Enubwlng
JEpudowjdwt dudwbwy, kpp jnisnypnid ghwithnh wupnibwynipmniup juqul
£ 0,05%: Ujuntn nuljnt §npquut gnpéwljhgp Yuquky t 92,79%, pun npnud, gnyg b
wnpyb, np nusnypnwd ghwthnh yupnibwlnipju dhgh 0,01% wjuqtgdut nhu-
pnid nuljnt Ynpquut gnpsujhgn wjuqnid £ 32,9%-ny [9]:

Y Uhphph Ywptuyghtt Zwdwjuwpwith b ntuwunwih Uqquyhtt wunk-
dhuyh Uhphph pwdwudniuph Lhthuygh b phuhwlwt wkuininghwtph htiu-unh-
uninh dwutwgbnttph Ynnuhg ntunidbwuphpydly o hwpunwgdw wyngtkph $in-
nwughwjh Enutwlny Ykpudowluwt hknpwuljwptbpp: Nrundbwuppmipniuubph
duwdwtwl npytu hknmwugnundwt opjljinttp nhnwnplyty Bu 0 hwpwduyht Nipugh
Epypuwdwunid qunugnn «Untuptt Lng», QGjyuphtiujh dwpgh «Upuyndh» widub
hwpuwnwgnighy dwpphuyh, Ypwutnjupuyh dwpgh «Upngndnguyh» nuynt Ynpg-
dwtt dwpphluygh, 2nitynnljuyh hiptwduip opowith «Mnjjupuhtiuyh» (Enttwhwpunwg-
dwlt Yndphtwnh, Uwqunuith dupgh «BEndh» wiub $wpphljuyh, vwljuuhwgh
Zwupuy bnnipjut «Pujupushtuljh» b dh owpp wy) hwpunwgnighs bwpphljutkph
wnswdpwpubpp [10]:

dhpp puplws ynswdpwpubphg dkinud wdkjh put 20 nuph yuhbunw-
Ynpdly Eu dinunnwughuyh b hhgpndnwnipghugh puthnuubpp, nponup dbhwdnpyty
Eu muppbp mbuwlh wnwetuyhtt b opuhnugué hwipwpwntph Jepudsmdu
wipyniipnid: Nun dhoht yupnibiwnipniun wnskpmd nwnwint | 0,4...1,2 ¢/un:
Mnyudpupnid yuwhbunwynpyws puthntiubph puinhwinip pwbwlnmpniiup jug-
Uty £ 76 i v Uju ynswdpuipt hp dednipjudp b wuowpubph pwtwlny hwdwp-
dtip £ vhohti swthh nuljnt hwipwyuyppht: Nulnig pugh, wgjuy wnswdpwupp wywpne-
twll) E twb wpswpe, ynidpud, Swiphp b wy) ognuljup mmwuppkp: Zknmwgnunipe-
miuubkph junwpdw dudwbul ynsuyghtt idnpubpp Jepudowldt) B $innwghuygh
tnutwlny, hsh wpyniupnid nuljnt Ynpquwb gnpswljhgp Yuqul) & 29,0...45,4%:
dhpohtthu muwnwinudp ywuydwiwynpguws b gk ogunugnpdyws hwljugnhsubiph
wnkuwlhg b pwbwlhg:

Nhumputbph pbwmnnnipyuit ot oppwlw dvhowjuyph wwhyuwbdwbh
ninnjué nkpuninghwibph qupqugdwt wenudny hudwywnwupiwt wphuwnwp-
ubp ko juunupynud bwb Twquunwih Zubpuybnmppoiunwd [11]: Ujunbn
niuntdbwuhpyby Bt Mwnpuph opowth «Uuwguyhiuljh» hmpunwgnighy $upnh-
Juyh wynskpp, npnugnid nulnt yupnitbwlnipiniip juquty k1,46 ¢/vz: Niunmduw-
uhpynn tdnpubpnid unydhnuyght dhubpujibph wupnibwlnipmitp juqul) |
Uhtish 28,2%, npnig hhdbiwljwi dwup Juqdt) Eyhphup' 10%: Numdiwuhpngpe-
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jnibitkpp gnyg ki wky, np nulynt qquih dwup dnnunpuwbu 42%, dwbp Gkp-
thwljJuspubtph mbupny, quuyt] k unydhyubiph, hyybu twb 12,7% wwwup Yug-
Unn hhdtwlut dhubkpwjubph Jbe: Ppulwbwgwé thnpdbph wpyniupnd
hwunwnygty k nnughuyh tnubuwyny wynskph JEpudsujdut wpnynibwbunnt-
pintup, nph wpnniupnid, ptnpkny hwdwyuwnwupjupwt hwjuqphsubp, htwpw-
Unp E npuninud uinwbw pnuiymp 9,39 ¢/ nulnt wwpniulnipyudp b 82,39%
nuljnt Ynpquwb gnpéuligny:

Mnstiph Yepudywjuwt numdbwuhpmipniinbp bu ppujuiiugdly tub wynudh
b wynudwunihpyttughtt hwipwpwiptph dpwlnidhg wnwegwgud wnswdpupbpnid:

NMnudwdnjhppttught hwipwduyph dowlnidhg wnwewgus wnswdpwph Yb-
pudrwljdw hipwulwupubpp quwhwnygl) Bu Mqpijunnwih Zubpuybnnient-
unud mknuuwyws ynswdpwpubph ophttwlny: Uhuwyt Ujdwihyh b Lwygnjhuljj (kn-
twdbnwnipghwwu Yndphttmnttph ynsywdpupubpnid Yninwldt; o wlbh
pwl 1 jpg w2 ynsgkp wynudh 0,17% dhohtt yyupnitwlnipjudp: Thunwpldt £ Udw-
1h4h (Ertudtnunmipghuljut Yndphtiwnp ynswdpupubphg dklp, npnid ywhbu-
nuwynpyby B dnnwynpuytiu 500 #7& v2 wnskp [12, 13]: Mnswdpwph 100 quyunt-
pjudp [nnuthuyght gninnt tdnpwpjdwt wpptwnwbiptibipp gnyg Eu vidby, np updus
gnunid  Uknwnubph dhohtt wupniwlmpniup juqdl] £ 0,18..0,2% wnhtd,
0,0029...0,0033% unihpykl, 0,3...0,4 ¢/tn nuljh b 1,0-1,8 ¢/t mpdwip: Nunidbwuhpnt-
pintuttpny wwpqyt) k bwl, np dwiipuwhwnhly juqlh ynskpp wykjh htow Eu Eu-
pupiynid JEpudouljumb: Yunwupjws wpjuwwnmwupubph wpnyniupmd yunpqyty
E, np yEpudowdwt hwdwp wynskpnid -0,074 /¢ swahwdwuh wwupnittwlnipiniup
wbkwp k juquh dnnunpuybu 76%: Ywnwpjws mkjuninghuljub thnpdwnpynid-
ubph dwdwbwl nmwppunsdut tnutuyny vnwgyk) Eu pnwiyniptp, npnugnid
dbnwunubph wupnibwlnipmiip juqul) b 35...70% wnhtd, 400..800 g/nn nuljh,
400...1600 g/nn wpdwip: Ukwnwnukph Ynpgnidt hpuwwbwgdby b 52,5% wnudh,
48,7% nuljnt b 25,0% wpdwph hudwnp:

Mnswdpwipibiph Jepudywljdwt hbnwuljupubpp nhunwpldl) B twb npybu
Bypnuyuljw Uhnipjut wpynitwpbpnipjut qupqugdwt htwpwynp ninhubphg
dklp: Cun npnud, npybu wnskph htwpwynp hwpunugdw tnubwy ntunidbw-
uhpyk] E hwpunwugdut nwuppunisdwt inwiwlp [14]: Ppujubwugywus hknwgn-
nnipjul tyyuwwnwlu k Enk wupql) muppunisdwt dkpnnputph wpnpnibwybunn-
pintip Gypnuyuynid quntynn wynudh hwipuduyptph dpwljnmuhg wnwowugus wnywd-
pupubpnid weju dtugnpyuhtt dbnnwnttph Ynpqiut hwdwp: thnwplynng yn-
sudpupnid ywhphwup juqudl] Ednnwdnpuybu 60%, npt hp hipphtt yupnibwlt
E 0,06% Ynpuyun b 0,95 ¢/in nuljh: Ppujubiugdus thnpdwpynudutph wpnyniipubp
oqunugnndyt] ku wngkph JEpudwljdwt hwdpunhwinip ujpbdugh douljdw b w-
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huwgsh nkjuhjuninbuuljut gnigwhpubpp quuwhwnbnt tywwnwlny: Canpdws
Ubpnnh Yhpundw wpyniupnid wynskphg Ynpwjnh Ynpquu gnpswljhgp hwug-
Yt k uhtish 90%:

Gypnuyuljut Uhnipjut kpyputnhg Ynunynmud b Ukpphuynid wnwtdtiug-
Jb1 B UbS mwupwbpubp qpuntgunn «Innunjk Mnik» Ynsynn b Ukpphuyh Anp hwti-
pujhtt opowtnid mEnuluwws ynswdpwpubpp, npnugnid punhwinip wndudp
yninuldws i dnnnwnpuybu 3,3 #7& «f swjwny hwipwhwpunwugdut wynskp
[15]: Nuumdtwuhpmpniubpng wwpqyt) & np Ukpphuyh Bop hwipuyght opow-
unud nEnujuyjws ynswdpupnid dknunutph wupmbwlnmpmniubtpp juqul) Ea
0,41% wnhud, 0,8 ¢/m2 nuljh b 2,4 ¢/tn mpswpe: Lwpnpuwnnp wyuydwbubkpnid hpw-
Juuwgyl) tu fEjupuphdhuljuwt nuppuniddw iputwlng ogurnuljup punuy-
nhsukph Ynpquut thnpdwpynidutp, npnug dwdwbwl htwpwynp k Enk) hinny
$wuqhg whin dwqh dke Ynpqt) wynudh 91,7%, nulnt 92,1% b wpbwiph 86,8%, L his-
whu gnyg Lk gt hbnwqu hwoquplubpp, vnugdus punwiynipp nintuwybu
dtintnnmt £ minuiplt Jbknmwnipghwujut Jkpudowljdwt: Mnskph JEpudowmjdut
wnwownljws knutwlp, pugh nutnbuwybu dintinnt (huknig, hkpwblwpuyght
E hwdwpyl) twl pruywhywiwlwi pughpiubph pusdwt nkuwlyniihg:

Utpphwih £np hwtipuyght opowtinid mbnuljwdus dby wy) wynyudpupnid
hpwjuwtwugdws hippuljut ntuntdbwuhpnipiniup yepupkpl) £ ynstphg $nnw-
ghuyh tnutwyny wnudh Ynpquuwtt htwpwynpnipniutibphb [16]: @npdwpynmdubph
dudwbwl ntunidtwuppyl) b hwpunwugdw dhowduyph pH-h b dnnwghugh
dudwbwlh wqpbgnipmitip wnudh Ynpquutt wunmhfwuh dpu, nph dbdnipmniup
huwugyt) kp dhtigh 60%:

Zmuwunwinud hpujuiwgyt] ki nuunudbwuhpmpnibibp, npnig nhypnd
thnpd E wpdb] hwpunwgdwt wnstiphg Ynpql) wnhtd, dnjhppbt, qubtunghnd b
nipwb [17]: Zknwgnunipnibibiph dudwiwl Yhpwnyt) Ehwupunwgdwt muppu-
nsdwt Enuwtwlp: Yunupjus wywnmwiiph wpyniuputpp gnyg o wdby, np
wnwownlyny knutwlny wynskphg htwpwynp £ Ynpql] dnnwdnpuwybtiu 65% Jui-
twnhnid, 80% wnhud, 60...90% Unihppk b 18...75% nipwi:

Mnswdpupibph JEpudpwljdwt hipwiljupubph b npuighg ynudh Ynpqlui
htwpwynpnipnitiubph htinn wntisynn hwpgbph ntuntdbwuhpnipniikp o hppu-
Juiwgylk] twlb 2hthmd: Munidtwuhpyby i 1930-wjwb pyuljututphg swhw-
gnpdyws wnswlpwph wnykpp, npnip wewgwgh] ki jungnp wnhtd-wnpdhpuyhl
hwupwquyph dpwjdwmt wpmynitpmd [18]: Munidbwuhpnipniuubph dudwbtwy
wunqyt] &, np ynudh dhohtt yupnitwlnipniup ynstipnid Juqut k0,11. .. 0,33%:
Mnudh hhdtwlwt dhkpuubpt Eu jpuynghip, pwynyhphup, YndEhup b pop-
uhwuip: Mnstiph YEpudowljdwmt hwdwp woppmnwbpnid wpwewplyyt) k hwpunwg-
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dwt hhppnuknwmpghwljut dkpnnp, nph hpundwt wipyniipmd ynudh Ynpg-
dwt gnpéwljhgp Juqub] £ 50% b wybih:

Quuyws YEptnud ujupugpdus ophtiwljutiphty, npnugmd ntunidwuhpyty
Elu hwupwhwpunwugdw wynskphg mwupptp nbuwlh dknwngubph §npquu hbnw-
ujupubpp, wunudbiuyguhy, ynswdpupubpp gun ghypbpmd noipu o Jumd (bo-
bwhwbpuwjht pulbpmpnibtph qupqugdwt puinhwinip Spwgptphg [19]: Mnywd-
pupubpnud ntnuljyus qquth pubwlh puthnutitptt nitubu puuljutht Ubs intunk-
uwlwt wnunbkughw] unpugnytu wnbbnnghwibkph Yhpwndwdp Jtpohutbtphu
JEpudowjdut phypnid: Uwubwynpuybu, ntumdbwuhpnipniiubpp gnyg Eu
wnyk], np hwpwhwpunwugdwt nuppunsdwt inwitwlh Jhpundwt nhypnid
htwpwynp k mupplp nbuwljh hwpunugdwt wynstkphg Ynpgl) wyyhuh dknwy-
ki, huswhuhp &b wnhdp, ghtlyp, Epiupep, Ynpupnp b wyb:

ZEnwgnunipjut wpynibpibkpp. Zujuunwth Zwbpuybnmpput hwip-
wpnitwpkpulub pulkpnipniuubph gnpdntubnipyut wpyniupnd ywoswdpup-
ubpnud Yninwlynn UkS pwtwlnipjudp wnskpp tnybwbu jupnn i hwinhuw-
tiw] (pugnighs b Juynit Bjuwdninh wnpmip htyybu wyy dkntwpynipinitubph, wyb-
yhu b yhunipjut ntnbunipjut qupqugdut hadwp: Uhuyt 22 junonp (Enbw-
hwlpuyhl dkpbwpympjull «Quigkqniph MUY» ®RC gnpéntitknipjui wpnnih-
pmid Ynuubpjugws tpkp wynswdpwpubpnud jnunuljus tu dnnwynpuybtu
nuwulyul Upjhntwynp 2 hwpunugdwt ynskp:

Uy wnswdpwputphg Anoh ghnh Yhpdnd juquuynpjus hwdwinit wn-
sudpunph nwpwspnid 2022 . dwjhu-hnijhu wdhuubphtt hpuljutwugyt) b bdne-
owpluwt wohtwnwiptitpn: Uwubwnpuytiu, ynswdpuph dwljbplinygph ypu tpu
wlpnne tpljuyipny] huwpunj-wipldnunphg nhugh hnuhu-wplibp wigugdus apu-
Uhg hpwphg dUnnnwynpuybtu 100 « hinwynpnipjut Jpu Jipgdl) Gu tdnipubp:
‘Uluntpundwl dhohl junpnipnitip Juqut) £ ynswdpuph nkynyunhjughugh okpunh
unnpht hwwndwshg 0,5 1 1,1 & dEpgpyus udnipubpnid npnoyty B dknwnubph b
wy] phyhwljut wwppbph pununpnipnitubpp, npntg wpnnitipttpt wdthnthyws
Eu . 1 b 2-nud:

Munidbwuhpnipniuubph dwdwbwl juwnwpygl) bu bwl gquews ynskph
dnunnughuyh tnuwlny hwpunugdwt thnpdbp: dGnpdtph wighugdwi hwdwp
nunpyl) b ynywdpwunh nmwupplp mknuwdwubphg ipgqus udnpubpp:

Nnskph hwipwhwpunugdul npdkpt hpulubug]l) ki hwudwdugh Gu-
hruybu dowljdus mkunnghwljwt ujubduygh, nph hwdwp npybu hhdp £ hwinh-
uwgh) pulbpnipjut hwpunwgnighs $wpphljuynid gnpénn hwpunugdwt wnkjuin-
Inghuut upabdwt:
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180.000

160.000

140.000

120.000

100.000

80.000

60.000

40.000

20.000

0.000

Utwwnutph W phuhwywl twwpptph dhghu ywpniuwynipgniup udnwzned,

¢/in

157.38
153.11

63.21 62.43

34.508
18.36
11.28
234 7-36 6.86 10.02
.054 0.47 1.39 : 0.51 |:|
0.054 047 i =1 1 | 951

= Nuyh

= Updwp

= Uputu
PwphnLu

= PhuunLp

= Ynpwin

menpnu

m Lhphnot

= Lhytg

= Ywwywn

= Ulwaq

= Unnpnughnud

= Jdwluwnhnid

mundpwd
shuy

Ul 1. Noph wnswdpuph wunlws ynskppg JyEpgnyws aunipbkpnid dkbnwunbbph b
phupwlwl muppkph wwpnibwngpnibikpp wpumwhwpnfws ¢/in-bkpny

5.00

4.50

4.00

3.50

3.00

2.50

2.00

1.50

0.00

Utunwnutph W phdhwywu tmnwpptph vhghu ywpnituwynipynitup udn2ned,

o

2.78
1.33 1.36
I 5 I
0.19 0.17
0.10 0.077 0.099 0.091
- 0.011
— . — o O

= UynLuhu

® Ywighnua

= Mnhua
Gpywp

= Ywhnut

m Uwqutghnua

= Uwlugquwlu

= Unihpnbu

= Lwuwphnud

u dnudnp

m 5onudp

= Shunhnwu

Ul 2. Nopp wnswdpuph wpunlws ynskphg JEpgnyws nipbbpnid dknunbbph b
phupwlmt muppkph wwpnibwlngenibhkpp  wpmwhwgumwé %-bkpng

Mnywupuyhtt wdnpubph wigh) b twptwljut dwtipugdut b pwuptdwt

thnykpni, nphg htwnn' hpdtwlub b winmghs $nunmghugh thnbpny: Upnym-
pnid unnwugyby Ehwdwihp pnwiynie: Uknwnubph pupdp Ynpgnid wyguhnybjne
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bywwnwlny thnpdwupyndubph dudwbtuy thnthnpygk) Bt mkuininghwljub gnps-
pupwgubph wpwtdht thnybph nbngnipniup, mpynn hwjugnhsubph putwlyp:
Uywpwjyniunid whun swthwdwuh nininuujhtt dwubwpwudhup Juqdby E 30%,
hulj dhowrJuyyph pH-p wuwhwwyk t 8,5...8,7 uwhdwtiubpnid:

NMuniwé wynstph Ypudowljdwt thnpduwljut mEjutininghuljut upbdwub
pEpJwsd Euly. 3-nud:

Nunludunskp
“thqbquhtu N
Junbijhp
v
Pmphjughtiugjhpn,
Unéni jm, Na,S Uwlipkgnud OIICB
Upulup
v
wnumd

Y
4

v
Zhdtuwljut YnjEljin] i nnwughm

A 741 nZhII
Uwnnighs ngljni] $imnumghu

vunwuiymp
MNnhud- Y
Unjhpnbuught

Yo kljnhy Ahpgluuljub
nwnuiymp wnybp

LY. 3. flgohh ynswdpuphg Jkpgnyus yunlws ynskph pnunwghugh bpubwlng
thnpdwipynidabph nkhbninghwlwh ufubdwi

Un. I-nud ubpjuyugdus Eu dinunnwughugh thnpdbph hhdwljut nkjutininghw-
Jut ywupwdbkwnpbpp:
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Uniniuwly 1

Mnoph ynswdpwph Gunioblpny ppuluinugyus $pnumughuyh hnpdbpp Aplinulul
wnkiininghulul wupuwdbnpkpp

Zuljugnhsubp
®npdp | Skjutnmn- | Shngni- | Uppw-| Pmph- Ynwhup
hw- qhuiub pniup, | Juyph [ puypb zp.nu]_b]_h- Na:S thh]:l]hh Uném CaO -
dwpp thoy poy pH uyhpun h opuby Yuintihp L 10,3%
i i gun gun i g
Uwipugnid 16 - - - 40,0 - -
Tvwnunid 3 10,0 70,0 15 25 12,0
Zhdtuful
Uniklnhy 6 6,0 16,0
1 | pimnghu 87
Uwnighy
Yo iy 7 4,0 2,0 1,5
dnunwughw
Cunukip 20,0 88,0 3,0 40,0 25 12,0

dinnwghuh thnpdtph wpyniipnid uvnwgdws pnwbynipnid hwyduplyty

Et ywnudh b Unjhppkuh Ynpquwt gnpswjhgubtpp htnlyuy putwdling [20].
_ B(a-6)

"~ a(B-9)

X 100%,

1)

npuntn @-U Ukinunh wwpniwlnipyniab E Jkpudswlyng wnskpmd (%), -t wyy

tnyt Uktnwnh wupnibwnmpmnibp pnwiynpnid (%), 8-0 wyn inyg Ukinwnh

wunpnibwlnipnibip Jkpudowuldws ynskpnid (%):

Un. 2-nud ubpujugdus Et yqunlws ynskipnmd b uvnwugus punwiynipnid
wnudh b dnjhppkth wwpnitwlnipnitubp nt nputg Ynpquwb gnpéswlyhgubtpp:

Unyniuwly 2
Nnsbpnid b ppnwlynienid bnwnbbph wwpntiwlnyeniaakpl n1 gpubg §npguwi
qupdulihgltpp

@npd| Uk wpo bwmpynily
N dp h wmbph wupmbwympnibn it qupbulhg, %

wlwpn wuwnhwd wnskpnud, % YnpElnhy pwnwbympemd, %

Cu Mo Cu Mo € Emo

1 0,064 0,0032 0,65 0,036 28,63 20,21
2 0,100 0,0031 0,70 0,022 31,21 28,82
3 0,176 0,0327 3,45 0,750 46,76 65,24
4 0,212 0,0257 3,28 0,787 49,78 70,73
5 0,167 0,0169 2,10 0,250 49,37 66,66
6 0,109 0,0066 1,70 0,160 44,75 63,11
7 0,127 0,0172 1,97 0,300 31,34 44,48
8 0,127 0,0172 1,74 0,290 37,99 53,27
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Bqpuljugnipjnti.

1. Mnsudpupubph Jepudowuljiut hwdwppiwphughtt thnpdh Epnisnipntun
gnyg £ wfby, np wju wpnhwfwb ungph JEpupbpug jub wngkphg dknwnubph
ynpquut puquuphy ophtiwlyukp:

2. Nnoh ghwnh Yhpsnid nknunpdus hwdwinit Yntubkpjugdus ynywdpw-
hg yipgpdus wdnipubph phthwljuts wwhgh wpyniupubph Jepnsnpniup hwu-
nwwnnid £ yunlws ynskpnd puquuphy putupdtp b huqugmnin dknmwnubph
wnluynipniipn:

3. dnunughuyh tnutwlng wunlws wynskph hwpunwgdw thnpdkph wpn-
jnitipnid wupqby E np thnfulgng $inunughwgh nkuinnghwljwt ygupudtnptpp
htwpunp £ hwutk] ynudh b dnjhppbuh §npquub gnpdwlhgubph qquih wéh:

4. Nnoh gbwnnh Yhp&nud mbknunpus ynswdpwuphg Jipgqus wdnipubph hw-
dwp junwupdws thnpdbph wpyniupnid wynudh Ynpquu gnpswuljhgp qugly &
28,63%...49,78%, hulj Unjhpykih Ynpquwt gnpswljhgp 20,21%...70,73% Uhgwljuypni:

5. dkpp toqws wpyniupubpp unwgyty o hhdbwljwinid wnskph dwbpug-
dwtt wmunhdwth wybkjugdw pgunphhy:

6. Zwlwuqphsutinh swthwpwbwlubph thnthnpunipjut b Ynpquwt gnpsuiljhg-
ubkph dhol wyu thnynmud junupdws wojpmwnwiptibinh nhypnid nplk juy sh huyn-
twpkpyby:

7. Nnoh ghwnnh Yhpdnd mbnuljuyguws ynswdpwph wqunlws wynsknh Jepw-
owljdw ntuntdbwuhpmipiniiibph wpnyniipbpp hwunwwnnid Bu wynyudpunph
wnstiph ntumtdbwuhpdwt wojpwnwbipbpp pwpnitwlnt wthpudbownnipniun,
npnip Jupnn b hhdp hwinhuwbwyg 22 {kptwhwipuyhtt dintwpynipniiubph Ynn-
Uhg hwpw hwpunwugmiuhg wnwowgus wnskph JEpudowmjdmt ninnnipjniup
qupqugubkint hudwp:
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JL.A. MAHYKSH, K.B. APYTIOHAH

OLEHKA IIEPCIIEKTHUB IIEPEPABOTKHU JIEXKAJIBIX XBOCTOB HA
NPUMEPE COOPMHUPOBAHHOI'O B YHIEJIBE PEKHW BOXYHA
XBOCTOXPAHWJIMIIA 3A0 “3AHI'E3YPCKHA MMK”’

OTXx0/1B1, 00pa3yIONIHECcs MPH 00OTAICHUH PY/I, COJCPKAT Pa3IHIHBIC BUIIBI
METaJIOB, XUMHUECKUX 3JICMEHTOB M MHUHEPAJIbHBIX COeMUHEHUH. B TO ke Bpems
pacTyIIUH € KaXAbIM I'OJOM CIIPOC Ha MUHEPAIBHOE ChIPHE BBIHYXKAAET TOPHOIO-
OBbIBAIOIIME KOMIIAHUH, PA3BUBAOIIE CBOIO JICATEILHOCTh B Pa3HBIX CTPaHAX MUPA,
9KCIUTyaTUPOBATH MECTOPOXKIICHHS ¢ 00Jiee CI0KHBIMU YCIOBHSIMU 3aJIeTaHus py/I-
HOTO Teja U ¢ 00Jiee HU3KUM COJICPIKaHUEM IOJIC3HBIX MCKOMAaeMbIX. Mexy Tem
M3BECTHO, YTO OOraThie pa3HbIMU MOJIC3HBIMH UCKOMAEMBIMH TEXHOTCHHBIE OTXOJIbI
MOTYT CIIYXUTh OOIIOJHUTCIbHBIM U YCTOﬁHHBBIM HNCTOYHUKOM CBIPbA.

B cTathe mpoBeIeHBI OLIEHKA PE3yIbTATOB XUMUYECKOTO aHAIINU3a MPod, 0TOO-
paHHBIX W3 JIGKAIBIX XBOCTOB XBocToxpanwiuiia 3A0 ‘“3anresypckuit MMK?”,
PACHOJIOXKEHHOTO B YIIEIbEe PeKHM Box4M M 3aKOHCEPBUPOBAHHOTO B HACTOSINEE
BpeMs, a TAKXKE OMHUCAHHE MPOBECHHBIX HCIBITAHUN MO O0OTANICHUIO XBOCTOB U
aHaJIM3 MOJyYEHHBIX pe3ysbTaToB. OCYIIECTBICH TaK)Ke aHAJIU3 MHUPOBOTO OIIbITA
repepaboTKH XBOCTOB 00OTaICHHUS.

Knrouesvie cnosa: XBoCTbl 000TANICHHUS, XBOCTOXPAHUITUINE, (IIOTAIHSI, T1e-
pepaboTka, Meb, MOJTHO ICH, TEXHOJIOTHYECKas cXeMa.
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L.A. MANUKYAN, K.V. HARUTYUNYAN

ASSESSMENT OF PROSPECTS FOR PROCESSING STALE TAILINGS
ON THE EXAMPLE OF TAILING DAM OF “ZANGEZUR CMC” CJSC
FORMED IN THE GORGE OF THE VOGHJI RIVER

Tailings generated during ore processing contain various types of metals,
chemical elements, and mineral compounds. At the same time, the growing demand
for mineral raw materials every year forces the mining companies operating around
the world to develop deposits with more difficult ground conditions and lower
content of minerals. It is known that the mineral-rich technogenic wastes can be
recycled as a source of additional and sustainable raw materials.

The assessment of results of chemical analysis of samples taken from stale
tailings of the dam of “Zangezur CMC” CSJC, located in Voghji river gorge and
currently abandoned, as well as description of the tests carried out on enrichment
tailings and analysis of the results obtained are provided in this article. An analysis
of the world experience of processing the concentration tailings is carried out.

Keywords: concentration tailings, tailing dam, flotation, reprocessing, copper,
molybdenum, technological scheme.
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BOCTPEBOBAHHASI HEOEXOJIUMOCTb AKYCTHUYECKOM CPE/IbI
B IIPOEKTUPYEMBIX 3JIAHUAX U COOPYXKXEHUAX

PaccmarpuBaroTcst BOIpockl 00ecTiedeHus aKyCTHIECKoro "koMQopTa" npu IPOSKTH-
POBaHHMU COBPEMEHHBIX 3JIaHUH U COOpYXEHHUH. B paboTe yunThIBaroTCS yCIOBUs pacipo-
CTpaHeHHUs "CTPYKTYpHOI" 3ByKoIepeauy 0 CMEXHBIM KOHCTpYKIMAM. IIpennoxens! ka-
MEHHbIE MaTepHabl, OTIIMYAIOIIUECS 10 YIPYTOCTH U INIOTHOCTH OT JKECTKHX MaTepHalloB
KOHCTPYKIMH, YTOOBI OCYIIECTBUThH Pa3pbiB B KOHCTPYKIHSX, C OMOILBIO KOTOPOrO MOYKHO
YCTPaHUTH "CTPYKTYpHBIA" 3BYK B 3MaHUAX. I JOCTHKEHUS JAHHOM LEIH B CTAaThe MpeN-
JlaraeTcs yBEIWYUTh TOJIIMHY TOPUCTOTO MaTepHaia WIH IPEAyCMOTPETh BO3AYIIHbINA MPO-
MEXYTOK MEXIY MOTJIOTHTENEM M OTpaXKalollel KOHCTPYKIHMEH. AKIEHTHUPYETCS TakxkKe
BHUMAaHHE Ha TaKuX (PU3WYCCKUX SIBICHUSX, KaK 3BYK, yIPyTrHe (3BYKOBEIE) KoJeOaHUS U,
KOHEYHO K€, BOJIHBI B Pa3HbIX CPEAaX, UX BO30YKIEHNE M BOCHPHUITHE, pacIIpOCTPaHEHHUE,
B3aUMOJIEHCTBHE CO CPeloi U pa3HOOOpa3HOE IPUMEHEHUE.

Knrouesvle cnosa: akyctuka 3j1aHuid, CTPOUTENILHBIE MaTepHalbl, 6a3aibpToBas Bara,
KaMEHHasi BaTa, 3ByKOW30JISLUS, "CTPYKTYPHBIH" 3BYK, 3BYKOBBIE KOJIEOaHNS, 3BYKOBBIE BOJIHBI.

CrpoutenbHOE MaTepHaIOBEACHUE IOCTUTIIO OMPECIICHHBIX YCIEXO0B B CO3-
JIAHUW KOMITO3HMIITMOHHBIX MaTeprasioB. Takue KOMIO3UThI 00eCIeYnBal0T Oe3omac-
HOCTb 3JIaHUI M COOPYIKEHUH, HX 3allIUTy OT ONPE/ICIICHHBIX MPUPOIHBIX, TEXHOTCH-
HBIX BO3JeicTBrl. [103TOMY OTHOH W3 INIaBHBIX MPOOJIEM MPH CTPOUTEIBCTBE 3aHUS
U COOPY)KEHUS ABISIETCS oOecreyeHre akyCcTuueckoro "komdopra", CHIKEHHE IyMa
B 37aHuAX. TakuM 00pa3oM, BOZHUKAET HEOOXOIUMOCTh BHICOKOW 3BYKOHM3OJISAIIUH
OTPKIAOININX KOHCTPYKIUH MPH NPOCSKTUPOBAHWUHU. [Ipu pelieHuu NaHHOTO
BOIIPOCA YYUTHIBAOTCS HE TOJIBKO MX KOHCTPYKTHBHBIC MTAPAMETPHI, HO M YCIOBHSI
pacipoCTpaHEeHUS CTPYKTYPHOU 3BYKOIEPEIaYH 10 CMEKHBIM KOHCTPYKITHSIM.

Ha ocHoBe pe3ynbTaToB 3KCIEpUMEHTATBbHBIX HccneaoBanuid C. Jludmma,
k. Koucre6ist, E. Metiepa, I1. [apkuna, I'. O6epcta u ap. peacTaBiIeHbI 1Ba BUIA
MIPOXOXICHUS 3BYyKa: "6030ywHblil" M "cmpyxmypHolil, T.e. N0 KOHCMPYKYUSAM —
3TO JIBOMHBIC MEPETOPOJKHA WM 3BYKOW3OJSIIMOHHBIA MaTepHal MEXIy CIOSMU
MHOTOCJIOWHBIX KOHCTPYKIIUN, WM M30JISAIMsI MOMEIICHUH 110 MeToy "KOMHaTa B
komHare". COrjaacHO MPE/JIOKCHHBIM BapHAHTaM, TOJIOKUTEIBHOTO pe3ybTaTa B
MOBBINICHUH 3BYKOH3OJLSIIUK HE MPOH30ILI0. [T0N0XUTEPHON JTUHAMUKOM MOHATHS
AKyCTHKHM OKa3ajCsi METOJ, MPEJIOKEHHBIH TpodeccopoM (U3NKOM-aKyCTUKOM
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Bepn Onusep Knyncenom: s mpeaoTBpalleHust "CTpyKTypHOTo" 3ByKa HE00Xo-
MO TIPOU3BECTU PA3Pbl6 6 KOHCMPYKYUAX. Pa3pbIBbl JOIKHBI OBITH 3aI10JHEHBI
TaKUMH MaTepHaJlaMH, KOTOPbIE OTJIMYAIOTCA MO YIIPYTOCTH U TJIOTHOCTH OT KECTKUX
MaTepHaioB KOHCTPYKUUH (MHHEpalbHble KaMEHHBIC BAaThl, KOTOPbIC BO3ZHHKAIOT
W3 OTHEHHO-)KHJIKOTO PacIllaBa N3BEPKEHHBIX Tra00p0-0a3abTOBBIX TOPHBIX TTOPO/I,
B pe3yNbTaTe 4ero MOIy4yaroTcs TeIIO- U 3BYKOM3OJALMOHHbBIE MaTepHalibl B BUIE
kamMeHHOU Bathl) [1,2]. B cTponTenscTBe MaccHBHBIE KOHCTPYKITHH UMEIOT OoJiee
BBICOKYIO 3BYKOU3OJISAIMIO, YeM O0JIerdeHHbIe KOHCTPYKIIUU 3JaHUH U COOPYKEHHUH.
OO0benuHeHne Hecylero Kapkaca 31aHusl ¢ JISTKUMU OrPaKJAI0IIMMY aHEeSIMH 3Ha-
YUTEIHHO YBEIWYUIO YPOBEHb 3BYKa B IOMEIIEHUSIX 0 MPUYUHE PACIpOCTpaHe-
HUS "CTPYKTYPHOT0" 3ByKa IO CMEKHBIM KOHCTPYKIUSIM.

AKycTu4eckue MaTepHuaibl ObIBAIOT 38VKOU30IUpyIOwjue (OTpaxaroT 3ByK U
HE TI03BOJISIIOT €My MPONTH CKBO3b CTCHBI - THIICOKAPTOH, OCTOH, KUPIUY Jp.)
38yKonocnowaiowue (Marepuanbl Ha OCHOBE MHHEpPAJIbHOH (KaMEHHOM) BaThl,
CTEKJIOBOJIOKHO, TIEHOTIOJIMYPETaH U JIP., KOTOPbIE MAKCUMAJIBHO IIPUIIIYIIAIOT LITyMBI
W HE JAl0T UM OTPa3HThCs 0OpaTHO (cM. Tabm.)). KoHeuHo ke, KoMOMHUpOBaHHE
JIBYX THIIOB PELICHUI MpelncTaBisieT cOOON Haae)KHBIH METOH, HO KaMEHHas BaTa
obmagaeT psaoM mpeuMyIiecTs (puc.2 u 3):

- OTJIMYHAsI 3BYKOM3OJISIIHA: YPOBEHb IITyMa CHIDKaeTcs Ha 43...62 Db;

- HU3Kas TEIUIONPOBOAHOCTS;

- BBICOKAs YCTOIYMBOCTE BO3AEHCTBUIO BhICOKHX (70 t=1000°C) Temnepatyp:
KaMEHHasl BaTa He IUIABUTCA, HE ABIMUT, HE TOPHT;

- MaTepHuajbl Ha OCHOBE KaMEHHOW BaThl HE JAeQOPMHUPYIOTCS, COXPAHSIOT
KayecTBa B TEUEHHUE 3KCILTyaTalluy, T.€. JOJITOBEYHbI;

- 9KOJIOTHYECKH YHMCTBHIA (COCTOUT M3 NMPUPOAHBIX MaTepHajoB, O€3BpElcH
JUTSL 4eJIOBEeKa) MaTepuat;

- BBICOKasi OMOCTOMKOCTB: KaMEHHasl BaTa OTJIMYHO CIPABISETCSA C TaKUMH
OmoornuecKuMH (pakTOpaMHu, Kak IJIECeHb WM THUEHHE.

KamenHnas Bara - mMaTepuall HEJOPOrOW C HHU3KOW CTENEHbIO TEIIONPOBOJ-
HOCTH (€10 YTEIUIIOT KPOBIIH, IIEPEKPHITUS, CTEHBI U T.1.). B coBpeMeHHOM cTpou-
TEJILCTBE KaMEHHAsl BaTa CUMTACTCS OJHUM W3 HambOoyiee d3(PPEKTHBHBIX yTEIUIU-
Tenel KoHCTpykiuit [3,4]. M3 Hee (TOpU30HTAILHO-CIIONCTOM, BEPTUKAITHHO-CIIOUCTOM,
IPOCTPAHCTBEHHON MJIM TO(QPUPOBAHHON CTPYKTYpPbI), KPOME IUIUT U MaTOB, U3I0-
TaBIMBAIOT TaKKe (OPMOBAaHHBIC M3ACNHs (LMIUHIPHI, cerMeHThl). M3menusa u3
KaMEHHOM BaThl 00JIafal0T TEIJIO- U 3BYKOM3OJIALMOHHBIMHM CBOMCTBaMH Oiaro-
Japsi OTKpBITO# nopucmocmu. Kosgguyuenm menionpogoonocmu KaMeHHOH BaThl

Haxomutcs B mpezpenax 0,035..0,039 Bm/umK. Cama Bata He roprodasi, HO IpH
t=600 ...700°C MosxeT pacmagaThcsi, 06pasys ropsayio msuib [1, 2, 5, 6]. Bosayx B
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rmopax BaThl 00JIaJaeT HU3KOH TEIUIONMPOBOJHOCTHIO, HAXOJUTCS B CTaTUYHOM
cocrostHuH. IMeHHO 3TOT (hakTop orpenenser e€ OTINIHBIE TEeIUION30JIAIINOHHbIE
KauectBa [5, 7]. U3-3a Hanu4us OTKPBITHIX MOP KaMEHHAs BaTa naponpoHuyaema
(0,25...0,35 me/m?ulla). Ilnomnocmo ee xomednercs or 30 xe/m® mo 220 ka/m?,
MOATOMY JKECTKHE TUINTHI BHEICPKUBAIOT paclpeAcsiéHHyo Harpy3ky mo 70 x/la.
Wznenust U3 BaThl MOTYT BBITYCKAThCS C TOKPBITUEM W3 AIFOMUHUEBOUW (POJIBTH,
kpa¢T-Oymaru, CTEKIOXO0JICTA U T.1I.

Puc.1. Bazanemosas eama 6 niumax Puc.2. Kamenunas eama

B coBpeMeHHOM CTPOWTENBCTBE IS 3BYKOM3OJISIINH B 3JaHUAX U COOpYIKe-
HUSX 0a3abTOBYIO BaTy (pHC.l) MPUMEHSIOT B CIEAYIOMINX KOHCTPYKIHSX: B CTE-
HaxX (B BEHTWJIHPYEMBIX (hacallHBIX CHCTeMaX, B (pacajax ¢ TOHKAM WM TOJCTHIM
MTYKaTypHBIM CJIOEM, B JIETKUX BHEITHUX KapKACHBIX KOHCTPYKIHMSX, TPEXCIOMHBIX
KUPIIUYHBIX CTEHAX, CTEHOBBIX JKEIe300€TOHHBIX MaHEIsIX, B METAJUITMYECKUX COHII-
BHY - TIAHETISX, MTAHENX MO3JIEeMEHTHONW COOPKH); B MEPETOPOIKAX; IS YTETUICHUS
IOJIOB TO JiaraM (pHC.2) WIN IJIUTaM TEPEKPBITHS C BO3MOYKHOCTBIO YCTPOHCTBA
CTSDKEK; B CKaTHBIX M B IJIOCKUX KPOBIISIX (YKJIaZKa yTEIUTUTENs 1O Kesie300€TOH-
HBIM TUTUTaM WIHA MPOQHIUPOBAHHOMY HACTWIY C JajJbHEHIEeH THApON30IAIUeH
OoutymMHBIMU MaTepuanamu win [IBX-memOpanamu); B CTalbHBIX HECYIIUX KOJOH-
Hax U 0ankax, BO3AyXOBOAAX, JKEJIE300€TOHHBIX HEPEKPHITHAX, B TPYOHBIX U KaOelb-
HBIX TIpoxojax. brnarogapst Heropro4yecTd U BBICOKOW TeMIlepaTrype IUIaBJIeHUs BO-
JIOKOH KaMEHHas BaTa MOXKET HPUMEHATHCS AJS W30JLMH MOBEPXHOCTH NPH
t = 700 °C. JlepeBsiHHBIC TIOJBI HE TaKWe IIyMHBIC, KaK KaMEHHbIE, TEM HE MeHee
HEOOXOIUMBI BO3AYIIHBIE 3a30PbI, T.€. aKyCTHUECKHE PEe30HATOPHI, KOTOphIe obec-
neyaT BEHTHWIALHMIO JEPEBIHHOMY IOy M MIPEJOTBPATAT THUEHUE U CYLIKY Mate-
puana (puc.3). B BOJOKHUCTBIX CTPOUTENHHBIX MaTepHUaiaX pacCeHBAHUE dHECPTHH
KoJieOaHus BO3oyXa MPOUCXOANT Ha HECKOJIBKUX (PU3NIECKUX YPOBHSX (pHUC.4):

1) BcnencTBHE BA3KOCTH BO3/AyXa (€Tr0 OYEHb MHOTO B MEKBOJIOKOHHOM TIPO-
CTpaHCTBE) KoJIeOaHUe YacTHIl BO3AyXa BHYTPH IOTIOTHTEIS IPUBOJUT K TPEHHUIO;
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Puc. 3. Benmunayus na oepesanHom nepexpbimuu

2) MPOUCXOJUT TPSHHE BO3IyXa O BOJOKHA, MOBEPXHOCTh KOTOPBIX TOXKE
BEJINKA,;

3) BOJIOKHA TPYTCS APYT O APYyTa, U3-3a TPEHHUS KPUCTAIUIOB CAMUX BOJIOKOH
MPOUCXONUT pacCerBaHHUe YHEPTuu. [103TOMYy Ha CpeHUX W HU3KUX YacTOTaxX BO-
JIOKHHUCTHIE MaTepUANTbl HIMEIOT BEICOKHN KO3 (PHUIIMEHT 3BYKOIOTIOMIEHIS.
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Puc. 4. Vuacmxu nponuknosenus 38yka u uwyma

Cama akyctuka (OT rped. - CIyXOBOM) sIBISIETCS HAYKOH O 3BYKe, T.€. 3TO 00-
nacTh GU3NKH (MEXaHUKH) ¥ TEXHHUKH, H3y4Jaromas yupyrue (3ByKOBbIe) KoeOaHus U
BOJTHBI B pa3HBIX Cpelax, HX BO30YXKICHHE M BOCTIPHSITHE, PaclipOCTPaHEHHE, B3au-
MOJIEHCTBHE CO CPEIOH, a TaKXKe pazHoOOpa3Hoe nmpuMeHeHue 8, 9]. 3ByKoBbIe KO-
neGaHus PacCMaTPUBAIOTCS OT CaMbIX HU3KHX (YCIOBHO OT /%) 10 BBICOKHX YacTOT.

B pabotax HekoTOpbIX yu€HBIX 3BYK B 1100 Db (meuuben, (1)) momHOCTBIO
YHUYTOXXUT BCEJICHHYIO B "depHOit abipe". HopMoii, BoCTIpHHIMAEMO¥ IeI0BEUECKUM
YXOM TIpHY OUIyIIEeHHH OO0, ABIsieTCst HHTeHCUBHOCTH B 120...130 Db (puc.5):
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Puc. 5. Vpoenu wyma

1Dh=201g—L )
20mxlla
r7e p - U3MEepUTeNIbHOE 3ByKOBOe JaBiieHue; 20 Mlla - MUHUMAIbHOE 3BYKOBOE
JaBJIEHUE, IPH KOTOPOM YEJIOBEK CIIBIIIUT 3BYK.

CwmepTts uenoBeka HactynaeT ipu 200 Db [10].

MexaHnndeckue kKoyiedaHus 3ByKa JBHIKYTCS BIIEpE]] C IIOMOIIBIO0 BOJTHOBOTO
IBIDKEHHS (OTIENIbHBIC YacTUIBI MaTepuala - MOJICKYJIbl BO3yXa, BO3BPAILAIOTCS
B HCXOJHOE TIOJIOXKEHHE, a 3BYKOBasl SHEPTHs ABIKETCA Bliepen). JBrykeHre BOIHBI
pacrpocTpaHseTcst OJIMHAKOBO BO BCEX HAIPABJICHUSX, €CITM HA HETO HE BIMSIET OOBEKT
WK Apyroi MaTepHaji Ha CBOEM ITyTH. 3BYKOBBIC BOJHBI MOTYT PACIPOCTPAHSATHCS
Yyepe3 TBepble Tela, HUAKOCTH U ra3bl, HO He Yepe3 BaKyyM. 3BYKOBEIE BOJHBI T10-
JIOOHBI TI0O0MY APYTOMY BOJIHOBOMY ABHXCHHUIO U ONMPEACTISIOTCS ¢ TOUKH 3pEHHS
JUTAHBI BOJIHBI, YaCTOTHI, CKOPOCTH:

V=v4, (2

rae V - CKopoCTh BOJIHBI, T.€. PACCTOSHUE, MEPEMEIIAEMOE 32 CEKYHIY B (PUKCHPO-
BaHHOM HaIPaBJICHUU, M/C; V - 9aCTOTa BOJIHBI, T.€. KOJIUYECTBO IIUKJIOB BUOpAIIUU
B ceKyHny, [ y; A - JUITMHA BOJIHBI (PACCTOSHUE B MPOCTPAHCTBE MEXKIY ABYMS COCE-
HUMH BOJTHAMH), M;

i=c/T=c-f 3)

nus gyesmoexka A = 0,0017...17.

[Ipu xaxkmoit BUOpanyUy UCTOYHHMKA 3BYyKa BOJIHA TIEpEMEIaeTCs BIepes Ha
OIIHY JIMHY BOJHBL ClleZI0BaTENBHO, KOJUYECTBO BUOPAIHiA B CEKYH/y YKa3bIBaeT
Ha OOIIYyIO JJIMHY, IPOHICHHYIO 3a 1 ¢ - TO e caMoe, YTO U CKOPOCTh. ITO COOTHO-
LICHUE CIPABEIUBO JJIs1 BCEX BOJHOBBIX ABMKEHHIM (1).

3ByKOBas BOJIHA PACIIPOCTPAHSIETCS OT UCTOYHHKA CO CKOPOCTHIO 344 w/c Tipu
M3MEPEHHH B cyXxoM Bozayxe 1pr t=20°C. DTo mpuiIHyHas CKOPOCTh B MOMEIICHHH,
HO JTIOCTaTOYHO MEJICHHAs HaJl 3eMJICH, YTOOBI MBI MOTIIH 3aMETUTh 33/ICPKKY MEXKITY
TeM, KaK BUIUM MCTOYHHK 3BYKa, HAIPUMEp YAAICHHBIN (eliepBepK, H ITOCIIEAYIOIINM
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ciryxoM o B3pbiBe. CKOPOCTh 3BYKa HE 3aBHCUT OT CKOPOCTH BO3HMKHOBEHUS 3BY-
KOBBIX KOJIEOAHH, CleoBaTeIbHO, YaCTOTa 3ByKa He BIHIET Ha ero cKopocTh. Ha
CKOPOCTb 3BYKa BJIUSIOT U3MEHEHUS aTMOC(EPHOTO AaBJICHUS, HAITPUMEP, BhI3BaH-
HBIE TIOTOJION, a TAK)Ke CBOMCTBA MaTepuaa, 4yepe3 KOTOPBIH OH paclpoCTpaHsAeTCs
(cm.1ab:.). CKOpOCTh pacIpOCTPAHECHHS 3BYKa 3aBUCUT OT IUIOTHOCTU CPEIbI M U3-
MEHSETCA B IIUPOKUX mpenenax [5,11,12]. Berpedast Ha cBoeM IMyTH MPEMNsSTCTBUE,
3BYKOBasi BOJTHA MOXKET OTpaKaThCs W MPENoMIIAThCs (puc. 6). Bpems 3ana3apiBa-
HUSI IPUXO0JIa OTPAKCHHOW BOJHBI OTHOCUTEIBHO BOJIHBI, HIYIIEH TPSIMO, SIBIISIETCS
peBepOepanueii. [Ipu mpoxoxkeHNN Yepe3 oTBepcTHE (OKHO, IBEPh U T.II.) HAOIO-
JaeTcs ABJeHHe TUQPaKIUK 3BYKOBOM BOJHEI (puc. 7).

AKyCTHYeCKUH pacueT Ha OCHOBE MMEIOLIMXCS JaHHBIX TO3BOJISIET 3apaHee
y3HAaTh, Kak OyzeT "3Bydars” IOMEIIECHHE, pacdyeT MPOU3BOIUTCS C TIOMOIIBIO CIIe-
UaTN3UPOBaHHBIX porpaMM: Yamaha CISSCO, Nexo NS-1.

S __j \\ \ \
%o\r,p{m:om \

A \\ Hosan sonHa
Q ]\ S mpourson i )

|

I

le—— lMeperopogka ¢ oTBepCTHEM

| \MMparmans BoaHa
: e
mE— P4 ’;—-"
: e S Bropubiil HCTOYHUK 3BYKa
Puc.6. [Iymu npsamoti u ompasicenHbix Puc. 7. Jughpaxyus 36yx0601i 601HbL

36YKO6bIX 60JIH

be3 npeaBapuTenbHOro aHaIM3a aKyCTUYECKUX XapaKTEPUCTHK MOMEINEHHS
Jjaxe Joporocrosuiee npodeccuoHanibHoe 000pyA0BaHHE HE OIPaBIAET TE€X OXKHU-
JaHui, KOTOpble HAa HEro BO3JAraloT, IOCKONbKY HHTETpalys 000pyJOBaHUS UMEET
He MeHblIlee 3HaUeHHe I KOHEYHOTO pe3yibTaTa, YeM KauecTBO TexHukH [13].

Tabruya
Cropocmb 36yKa HEKOMOPLIX MEEPObIX CIMPOUMAMEPUATLO8
CrpourenbHble IIpononpHas ITonepeunas Hopwm. BontHa
MaTepHasIbl BOJIHA, M/C BOJIHA, M/C (BostHa JIamba), wm/c
beron 3700 3200 -
Hpesecuna 3960 - -
['panut 5950
Keneszo 5950 3240 5120
Kupnmy 4200 - 3600
CrexJio (KBapIeBbIi 5100 2840 3720
TIECOK)
Pe3nna 1830 - -
Crasp 5940 3220 5180
YyryH 4994 2809 4480
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B otimume ot 2a306 B BO3IMyXe, 36yK PACIPOCTpaHseTcs: ObICTpee B KUAKOCTSIX
U TBepObLIX Menax W3-3a BIVSIHUA TUIOTHOCTH W 3JIACTUYHOCTH 3TUX MaTEpHAIIOB.
YacTHiipl TaKMX MaTepuajioB ObICTpee pearupyroT Ha BUOPAIMH U TIO3TOMY TIEpeiatoT
BHOpalny AaBIeHHs ¢ 00JbIIel ckopocThio. Hampumep, cTanb O4eHb 1acTU4HA, U
3BYK PaclpOCTpaHsIeTCs Yepe3 CTalb MPUMEPHO B 14 pa3 ObicTpee, ueM depe3 BO3ayX.
Ecmu mpowsBonsmumii 3ByKOBEIE BOJHBI OOBEKT BHOpupyeT, Hanmpumep, 100 pa3 B
CEeKYHy, TO YacTOTa TaKOd 3BYKOBOW BOJHKI OyzeT paBHa 100 /7. Yenosedeckoe
yXO BOCITPHHUMAET STO KaK 3BYK OIPEIEIICHHON BBICOTHI.

Bricora 3BYKa - 3TO 4aCTOTa 3BYyKa, BOCIIpUHUMAaEMas YCJIOBEYCCKHUM CITyXOM
(puc.1). Hu3kue HOTHI BBI3BIBAIOTCS HHU3KOYACTOTHBIMH 3BYKOBBEIMH BOJHAMH, a
BBICOKHE - BBICOKOYACTOTHBIMHU BOJIHAMH. BOJBIIMHCTBO 3BYKOB, CJIBIIIMMBIX B
MTOBCETHEBHOW JKU3HU, MPEACTABIAIOT COO00H cMech Ooliee YeM OJIHOW YacTOTHI,
XOTsI, KOTJ]a MOXKHO pacIlio3HaTh KOHKPETHYIO "HOTY'", mpeobiamaer camas HU3Kas
OCHOBHas 4acToTa.

B npuposie 3BykoBO# BOJTHBI BUOpAIHsl BOJIHBI IMEET MOTIEPEMEHHBIC H3Me-
HeHUsl aMruTy bl (a3). Ecnm BomHOBas BUOpaIws B OTHOM HAlpaBJIeHUH BCTPETHUT
PaBHYIO ¥ NMPOTUBOIMOJIOKHYIO BUOPAIUIO, TO OHM MoracsaTcs. DPQeKT ¢a3nl 3BY-
KOBBIX BOJIH 3aKJIFOUAETCS] B OTCYTCTBUH 3BYKa, a TAKXKE AT BO3MOXHOCTh IIIyMO-
nonasieHus (ANR). Kaxpiit 00beKT uMeeT COOCTBEHHYIO YacTOTy, HallpUMeEp, 3BYK
OpOIIIEHHOTO Ha TOJ METATMYECKOTO CTEPXKHS MOXKHO OTJIIMYHTH OT 3ByKa Opo-
IICHHOTO JIepeBsIHHOTrO Opycka. CoOCTBEHHAs 4acTOTa 00bEKTa 3aBUCUT OT TAKUX
(hakTopoB, Kak (popma, IUIOTHOCTh U KECTKOCTh O0BEKTa, a PE30HAHC BO3ZHUKAET,
KorJa cOOCTBEHHAs YacToTa OOBEKTa COBMAJAET C YacTOTOHW JOOBIX BUOpauui,
MPUIOKEHHBIX K 00BbEKTy. Pe3ynpTaToM pe3oHaHca ABISIOTCS OUYSHb CHUIIBHBIC BHO-
parmu Ha 3To# gacToTe. OH BO3HHKAET BO MHOTHX MEXaHUIECKHX CHCTEMaX, HaIllpH-
Mep, 3TO MOXKET MPUBECTH K Apede3ry He3aKpeIlUIeHHBIX dacTell aBToMOOWIIs Ha
OTIPEIICIICHHBIX CKOPOCTSX, KOTJ[a OHH PE30HUPYIOT ¢ BUOpaItusiMu nBuraters [14].
MeHnee apamMaTHYHO, HO MMEET NPAKTHUECKOE MPUMEHEHHE B 3[aHUSX TO, YTO
PEe30HaHC BIMSIET Ha Mepeady U MOTIIONEeHHe 3ByKa BHYTPH EPETOpPOIOK.

3akiouenne

Pa3pbiBBI B KOHCTPYKIUSAX TOJKHBI OBITH 3aII0JTHEHBI TAKUMH MaTepHaaMH,
KOTOpBIE OTJIMYAIOTCS 110 YIPYTOCTH M IWIOTHOCTHU OT JKECTKHX MaTepPHUaIOB KOHCTPYK-
nuii (6azanmpToBas Bara). JT0 Hambosee 3PGEKTHBHBIA METO IPEIOTBPAIICHUS
“cTpyKTypHOro” 3ByKa. FIMEHHO KaMEeHHbIE BaTbl IPUTOAHBI JJISl TAKOW POJH, T.K.
OHH 00J1a/1al0T PKOIOTUIHOCTHIO, TOITOBEYHOCTHIO, OMOIOTHIECKON CTOHKOCTHIO,
aKyCTOTEIION30JINPYIOIIEH CTOCOOHOCTBIO.

JlokazaHo, 4TO Ha CKOPOCTh 3ByKa BIHSIOT IIEpEeMEeHa aTMOC(HEPHOTO JaBlie-
HUS, HAPUMEpP, U3MEHEHUS, BBI3BAHHBIC M3MEHEHHEM IIOTO/Ibl, a TaK)Ke CBOHCTBA
MaTepurana, Yepe3 KOTOPBIH OH pacIpOCTPaHIETCS.
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Jnst ycuseHus 3BYKOIOTIIOMIEH ST Ha HU3KUX YacToTaX HeOOXOANMO YBENH-
YUTH TOJIIWHY TOPUCTOTO MaTepraa TN MPeIlyCMOTPETh BO3AYITHBINA MTPOMEXKY-
TOK MEXJy MOTJIOTUTEIIEM U OTpa)karollel KOHCTPYKIUEH.

Br16op cTpouTenhHBIX MaTepUANOB C COOTBETCTBYIOIIMMH aKyCTHYECKHMH
1 3Heprod(GEKTUBHBIMUA CBOWCTBAMU HMMEET BA)KHOE 3HAYEHHUE B COBPEMEHHOM
MPOEKTUPOBAHUH 3AaHUHI U COOpYKEeHHH. XOpOIIO CIPOEKTUPOBaHHAs 1 AP(HEKTUBHO
MOCTPOEHHAs! KOHCTPYKIIHS HE TONBKO YJIydIIaeT )KU3Hb €€ OOuTaTenel, HO U CIo-
CcOOCTBYET yCTOHYMBOMY OyIyIIeMy.

OpHE ¥ Te K€ aKyCTHYECKHE IPOIECCHl B TIOMEIICHUSX PacCMaTpUBAIOTCS
TpeMs TEOPHUSMU: BOJIHOBOM, CTATUCTUYECKON U reoMeTpuuecKoi. Bee Tpu Merona
MUMEIOT 3HAUYMTENBHYIO B3aWMOCBSI3b, JOMONHSS APYT OpYyra, W, KaKk MOKa3bIBacT
OTIBIT, TOJBKO OJTHAM METOJIOM He yIa€TCs pelnTh KOHKPETHYIO 3aa4y: 2eomempu-
yeckas (1yuesds) meopus aKyCTUYECKHX IPOIIECCOB B MOMEUIEHUSIX OCHOBaHA Ha
3aKOHaX T€OMETPUIECKON ONTHKH, T.€. ABIIKEHUE 3BYKOBBIX BOJIH PACCMATPUBAIOT
MoT00HO ABMKEHUIO CBETOBBIX JIYUEH, M XapaKTep OTPaKEHU 3aBUCHT OT (DOPMBI
OTpaskarollel MOBEPXHOCTH; BOIHOB8As Meopus OCHOBBIBAETCS HA UCTOUHHUKE 3BYKA,
TJie 3BYKOBBIE BOJHBI PACIIPOCTPAHSIOTCS B PA3IMYHBIX HarpaBieHUsIX. CIIeKTp CIoXK-
HOT'O 3BYKOBOTO (MY3BIKQJIFHOTO) CHTHAJIa MOXET COJAEp’KaTh YacTOTHI, KOTOPHIE
OTCYTCTBYIOT WJIH KOTOPBIX Mall0 B CIIEKTPE COOCTBEHHBIX KOJIEOaHHMH BO3IyXa,
HaXOJISAMIETOCS B TIOMEIIEHUH, YTO W BBI3BIBACT OTBETHOE (PE30HAHC) KoyieOaHWe
BO3/YIIHON Cpelibl Ha YaCTOTaX, COBMAAAOIINX C YACTOTAMHU UCTOUHUKA. Cmamucmu-
yeckas meopusi 3aKIIIOYACTCS B TOM, YTO UCTOUYHUKH HEOJMHAKOBO yIAJIEHBI OT pa3-
JIMYHBIX MJIOCKOCTEH, MO3TOMY HEBO3MOXKHO CUHTATh PAaBHOW BEPOSTHOCTH Maje-
HUSI 3BYKOBBIX BOJIH Ha Pa3IMYHbIC yYACTKU IIIOCKOCTEH.
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UuNkhUSPY UPRUYUSCEMP YUNedNrNkE3NPLE LURUQTI N,
CELRENPU &Y TUNNR3SLEM R U

Thunwlynud B wniunmpjuljut <hwupdwpudbnnipjuiy hupgkpp dudwbwlulhg
okptip U ohtnipnibiitp twjuwgstihu: Usjnwnwipnid hwplgh ki wntynwd hwpwyhg -
nnygubipny dwyuh qunnigyuspuyhiy hwnnpnlwi mupusdwt yuydwutbpp: Unwewnl-
Ynud kb pupk Wniptp, npnip wnwdquiljuinipjudp b §non jurnigyuspughtt nntpiudp
nwppkpymd Bt Ynon juenigquspuyht yniptnhg dudwtwjulhg wpynitwybn dtpn-
nny Junnygubpnud ghnpduwé wnwgwgutint hwdwp, npny okptpnud utthuynud k «junnig-
Judpuyht» dwyjup: Uju tyyunuljhtt hwutibnt hwdwp wowewnplynid t wkjuguty swljnwn-
kb Wniph hwunnipmiip juwd wuyuhnygb] onuyhtt pugn Yruatthsh b nkbiklnhy jurnigqusph
dholi: Nupwnpnipinit E nupdydly twl uwybiyhuh bhghjuljut tplnypubpht, hisyhuhp B
Auwyjip, wnwdqujwt (Awjuyghly) munwnudubpp, wihpubpp mupptp dhowduyptpnud, nputg
qpgonidp b puuynudp, nwpwsnidp, sppwlju vhowquyph htwn thnjuwqptgnipiniip b viup-
php Yhpwnnipniuubpn:

Unwigpuyhl punkp. »tupkph winiunhljw, shtrwpupuljub ympbp, puqupnh pud-
puly, pupk pudpuly, dwjuudtniuugnid, qunniguspughti» duyt, dAwjtwght nunwtind-
ubp, Awjtwghtt whpubp:
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I.LR. BAGHDASARYAN

THE DEMANDED NEED FOR ACOUSTIC ENVIRONMENT IN
DESIGNED BUILDINGS AND STRUCTURES

Issues on ensuring the acoustic "comfort" in the design of modern buildings and
structures are considered. The work takes into account the conditions for the propagation of
"structural" sound transmission over adjacent structures. Stone materials differing in
elasticity and density from rigid structural materials are proposed in order to make a gap in
the structures, with the help of which to eliminate "structural" sound in buildings. To
achieve this goal, the article proposes to increase the thickness of the porous material or
provide an air gap between the absorber and the reflective structure. Attention is also
focused on such physical phenomena as sound, elastic (sound) vibrations, and, indeed
waves in different media, their excitation and perception, propagation, interaction with the
environment and a variety of applications.

Keywords: building acoustics, construction materials, basalt wool, stone wool,
soundpoofing, "structural" sound, sound vibrations, sound waves.

159



ISSN 0002-306X. Proc. of the RA NAS and NPUA Ser. of tech. sc. 2024. V. LXXVII, N2

UDC 520.272.2 : 621.37 RADIOELECTRONICS
DOI: 10.53297/0002306X-2024.v77.2-160

A.S. SARGSYAN, N.H. HAMBARDZUMYAN, L.M. MARGARYAN

DESIGN OF A THREE-DIMENSIONAL MODEL OF THE ROT-54/2.6
RADIO-OPTICAL TELESCOPE

To define and verify the geometric and radio technical parameters of the ROT-
54/2.6 radio-optical telescope antenna, currently, in a preserved state, within a virtual
environment, and to virtualize various additional technical tests, a decision has been made
to design an accurate three-dimensional model of the antenna using the SOLID WORKS
software. This software application enables the calculation of antenna parameters based on
input data. Consequently, estimating the work required to revitalize this antenna becomes
straightforward, and similar calculations can be performed for other comparable antennas in
a virtual environment. This article details the research focused on creating a three-
dimensional model of the ROT-54/2.6 radio-optical telescope antenna and the preparation
process informed by the research findings. The study has utilized data from the antenna’s
technical passport recorded during its construction, and actual measurements of several
geometric parameters of the preserved antenna structure conducted between 2019 and 2021.
The three-dimensional modeling process was executed in the SOLID WORKS software,
typically employed for creating mechanical models.

Keywords: antenna, radio-optical telescope, ROT-54/2.6, SOLID WORKS, three-
dimensional model.

Introduction. The ROT-54/2.6 radio-optical telescope constructed between
1980 and 1987 (Fig. 1), boasts the world's largest double-reflector spherical
antenna. This remarkable instrument has been pivotal in researching this unique
type of antenna. Over the years, it has demonstrated its versatility by exploring
space, and for future it can be used for facilitating deep space communications and
monitoring space debris.

The ROT-54/2.6 antenna's precision allows it to operate at extremely short
wavelengths, down to 1 mm. Its primary advantages include the highest accuracy of
mirror surfaces (50 microns), high gain at the shortest wavelength (approximately
70 dB for 1 mm), and an exceptionally low level of self-noise (2.7 K), indicating its
high sensitivity. The antenna's unique optical design prevents diffraction rays from
the edges of the reflectors from reaching the focus point, effectively shielding it
from the surrounding high temperatures (around 300 K). Consequently, the antenna
maintains a very low level of self-noise [1-4].
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Since 2012, the ROT-54/2.6 radio-optical telescope has remained in a
preserved state primarily due to financial constraints. Being in a canned state for a
long time has probably led to a deviation of some antenna parameters [5].

To calculate and refine the ideal physical, geometric, and radio technical
parameters, it is essential to have access to the ROT-54/2.6 radio-optical telescope's
technical passport, which details its complete specifications at the time of
construction [6,7]. Additionally, to estimate the scope of work for its configuration,
a three-dimensional model of the antenna must be created. This model will allow
for virtual measurements and parameter adjustments, effectively simulating the
assembly work before its actual implementation and serving as a guiding tool
throughout the process. Besides the three-dimensional model, a software is
currently being created using the C++ programming language. This software will
allow users to provide starting information—which includes geometric and radio
engineering aspects—and carry out automated calculations concerning the antenna
by applying the known formulas.

Despite the antenna being in a preserved state, experiments were conducted
to demonstrate its operability in this condition. These experiments highlighted the
need to de-conserve the antenna for use in various space research activities. In
particular, recordings of the sky signal around the time of the passage of the
Cygnus region were conducted. The first recording was made, and the second one
followed 13 days later. Without any direct source identification, this data should
allow us to detect the time shift of the pattern between the two dates. Remarkable
structures, probably originating from astronomical sources, appear time-shifted
between the two epochs of recording.

Problem statement and justification of the methodology. It is evident
that the ROT-54/2.6 antenna requires repairs, including lubrication and inspection
of its portable mechanisms. It also needs to be equipped with modern digital
control systems, restoration of certain services, and comprehensive adjustments.
There is a project aimed at revitalizing the ROT-54/2.6, transforming it into a fully
operational instrument and establishing the Herouni Space Center (HUSC) on-site.

Considering several factors, particularly the current inability to perform real
measurements due to the mismanagement by CJSC National Authority for
Standardization and Metrology, which currently owns the ROT-54/2.6, and the
necessity to virtualize various scientific studies as new technologies develop, a
decision was made to simulate various parameters of the ROT-54/2.6 radio-optical
telescope using an accurate three-dimensional model. Creating a model in the
SOLID WORKS software environment allows to conduct various tests in the same
software environment, as well as process and analyze the test results using a
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computer. In order to build the model accurately, it is necessary to coordinate the
software environment. In order to ensure greater accuracy of the system of units of
measurement provided to the software environment, as well as to avoid additional
conversion of actual measurement results, the SOLID WORKS program was
switched from the standard IPS system (inches, pounds, seconds) to the MMGS
system (millimeters, grams, seconds). The MMGS system is more effective for
special cutting, grouping of elements, and building precise inclined planes (such as
the plane of the antenna’s large reflector)[8].

Fig. 1. The manufacturing process of the ROT-54/2116 radio-optical telescope

Table 1
Panel lines of the surface of antenna’s large reflector
Line number Quantity Panel form

0 1 Hexagon

1 6 Trapezoid
2 12 Trapezoid
3 12 Trapezoid
4 24 Trapezoid
5 48 Trapezoid
6 48 Trapezoid
7 96 Trapezoid
8 96 Trapezoid
9 96 Trapezoid
10 96 Trapezoid
11-27 192 Trapezoid
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Results and analyses. Firstly, in order to manufacture the model, it was
necessary to conduct an accurate study and calculation of the design of the radio-
optical telescope. The information gathered from actual measurements of the
structure conducted from 2019 to 2021 was supplemented by calculations using
various archival images during the model's creation. To provide a clear and
comprehensible description of the preparation process and the mathematical
calculations, a substantial number of photographs from the SOLID WORKS
software environment were utilized.

In the initial stage of measurements, the number of panels on the surface of
the antenna's large reflector was determined, along with their surface area and
arrangement in rows. Subsequently, a table was compiled detailing the rows and
panel structures. To accurately construct a three-dimensional model, starting from
the upper - first row of the antenna's large reflector panels, the lengths of the circles
formed by the rows of panels were calculated by reducing the radius by 1 meter at
each step, using the formula (1) to calculate the circumference:

[ = 2nr. (1)

The following relevant results were obtained for each lap.

The calculation of the circle lengths begins at 26.5 meters instead of 27
meters because the height of the panels in each row is 1 meter, while the width of
the upper and lower parts of the panel varies. For this reason, half the height of the
panel was taken as the average width data. Having the data from Table 2 and using
the ratio of this data to the number of panels listed in Table 1 (2), by row, we get
the size of panels in each row:

W = é = 21r/Q, 2)

where W is the average width of each panel of line, 1 is the length of the circle from
Table 2, and Q is the quantity of panels in each line.
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Table 2

Circumferences of the surface of antenna’s large

reflector for each meter of radius

Radius (m) Length of the circle (m)
26.5 166,4995
25.5 160,2165
24.5 153,9335
23,5 147,6505
22,5 141,3675
21,5 135,0845
20,5 128,8015
19,5 122,5185
18,5 116,2355
17,5 109,9525
16,5 103.6695
15,5 97,3865
14,5 91,1035
13,5 84,8205
12,5 78,5375
11,5 72,2545
10,5 65,9715
9,5 59,6885
8,5 53,4055
7,5 47,1225
6,5 40,8395
5,5 34,5565
4,5 28,2735
3,5 21,9905
2,5 15,7075
1,5 9,4245
0,5 3,1415
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Table 3

Average width of panels of each line

Line number Average width of each panel (m)
27 0.8671
26 0.8344
25 0.8017
24 0.769
23 0.7362
22 0.7035
21 0.6708
20 0.6381
19 0.6053
18 0.5726
17 0.5399
16 0.5072
15 0.4744
14 0.4417
13 0.409
12 0.3763
11 0.3436
10 0.6217
9 0.5563
8 0.4908
7 0.4254
6 0.72
5 0.589
4 0.9162
3 1.309
2 0.7853
1 0.5236

Using the data from the previous three Tables, the large reflector of the
antenna was assembled. The total number of panels on the model, consistent with
the actual count, amounted to 3,799.

After constructing the antenna's large reflector (Fig. 2), the next task was to
accurately build the tripod. To this end, actual measurements provided the cross-
sectional diameters of cylindrical tubes from various sections of the tripod's metal
structure. These data are essential for the construction process:

o the diameter of the large iron pipes forming the quadrangle of the tripod
legs is 150 mm;
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o the distance between 2 opposite tubes is 1000 mm;

o the diameter of the stepped legs on the legs is 30 mm;

o the distance between the legs is 300 mm;

e the number for each leg is 95;

e the diameter of large pipes of the tripod legs is 100 mm;

e the distance between them is 780 mm;

e the number on each leg is 19;

o the absolute value of the slope of the legs is 17204.94 mm.

Fig. 2. The process of carrying out the antenna’s large reflector

Once this information as gathered, detailed effort was put into the SOLID
WORKS graphics platform to craft the tripod with equal precision. To make the
tripod bases, various sections from the antenna's large reflector's panels were cut
out, and the exposed portion of the tripod legs started from these areas.

After making the tripod (Fig. 3), the next step is to make a small reflector
and an optical telescope (Fig. 4). Here are the data used to create this structure.

e the diameter of the small reflector is 5000 mm;

o the length of the small reflector—bearing structure, counting from the central
crossbar, is 14,500 mm;

e the crossbar diameter i1s 6000 mm;

o the height of the crossbar is 1500 mm;
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o the diameter of the main rods of the small mirror-bearing structure is 200 mm;

o the diameter of the additional rods connecting the main rods of the structure
carrying a small mirror is 100 mm;

o the height of the supporting structure of the optical telescope is 9850 mm;

o the length of the optical telescope body is 5200 mm;

o the diameter of the optical telescope is 2600 mm;

o the total diameter of the observation deck is 5500 mm;

o the height of the fence posts of the observation deck is 1000 mm;

o the number of fence posts of the observation deck is 100;

o the diameter of the main rods of the optical telescope 's supporting structure is
200 mm;

o the diameter of the additional rods connecting the main rods of the supporting
structure of the optical telescope is 100 mm.
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Fig. 4. The process of making a supporting structure of optical telescope and small
reflector
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Conclusion. The process of preparing a three-dimensional model of the
ROT-54/2.6 radio-optical telescope have necessitated numerous additional
measurements (Fig.5). The extensive data collection have revealed valuable
information about the antenna's structure, which can serve as a supplementary
addition to the telescope's technical passport. The process of building the three-
dimensional model has also provided extensive experience in the physical aspects
of designing and assembling similar antennas.
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Fig. 5. The final view of ROT-54/2.6 three-dimensional model

Once created, the three-dimensional model will be utilized for remote, virtual
execution of various physical and radio engineering measurements. This will
significantly contribute to the process of configuring and integrating the antenna.
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U.U. UULQUSUL, L.2. ZUURULNRUSUL, L.U. UUNrQULN3UL
N01-54/2.6 NUPNONSPUUYUL ThSUUD BNUUQ UNYELE USEN0NRULT

Zwpyh wntubkiny, np OY-54/2.6 nunhnowynhjuljut ghunwlp gnignmd k Yntubpug-
Jwsd yhdwynwd, npu Jipugnpswupluwiy, Jhpnniw] dhpwjuypnid Epjpusuhwljut b nw-
nhnnbjuhjulwt wwpwdbnpbph hwpdupyh junwpdwi, hyybu b tmwuppbp jpugnt-
ghs mkpuhyujut thnpdwpynidutph Jhpnniwugdwt tyuwnwlnyg npnoyty L unbnst) wi-
wnktuyh dogphun pwswth Unpkp SOLID WORKS spuigpuyyht dhgwduypnid: ‘Unyh twyjunw-
yny unbnsymu t spugpughtt hwdwhp hudbpdwsh wkupny, npp poyy E nwghu hwpgwp-
by whnbbugh wupudbnpbpp jupa]ws dnunpughtt udyuyitphg: Uyu wphrunwbipbibph wpn-
mibpnid pujuijuiihn hbpwnn Yihth qiuwthunnly 20%-54/2.6 nuimhnoujinhljuljutt nhinwlh k-
pugnpswupldwt wowwnwtputph swdup, hul wwbwnhy wy)] whnbkbwiubph phypnid
htwpwynp Yihuth Jhpnniw) dhpwduypnid juwnwpt) puqidwphy hwyquplubp: Zngjusnid
tjupugqpjws i nuunidbwuhpmipiniutp, npnip nminnjus ku (F01-54/2.6 nunhnouwjuih-
Julwl nphnwlh winktugh tpwswh dnpbih unbnddw gnpépupughtt’ juhijws mwppkp
wupwubnpbph suhnidubphg unwugyus njujibphg b Up owpp htiinmwgnunipiniiubph
wpnniupubphg: Zknmwgqnuinipmnitt hpujutwgyl] B winbkbwh juenigdut dudwiul
Juqujus nmbkjpuhjulwt wtdtwgph ndjujikph b 2019-2021 pduljubtkphtt whnbkuugh
Ynuubpqugué yhdwnd hpwuwtugyus dh owpp tpipuswthuljui wupudtnpkph
hpufui swthmdubph wpyniiputph hhuwb Jpu: Grwgwth dnnbjh unbnddwt gnpéplipugu
hpuwwuwgyk) £ SOLID WORKS spwugpuyhtt thpwduypnid, npt ogurnuugnpdynid k dkpawtih-
Julub dngkjutph uvnbnsdwt nhwypnid :

Unwbhgpuyhlr punkp. wunbiw, nunhnowunhluluwh nhunwy, +OY-54/2.6, SOLID
WORKS, tnwswith Unply:
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A.C. CAPI'CSIH, H.A. AMBAPLYMSIH, .M. MAPT'APAH

CO3JAHME TPEXMEPHOM MOJEJIH PAITMOOIITUYECKOIO
TEJIECKOIIA POT-54/2.6

B Hacrosimee Bpems Uil pacyeTa FeOMETPHYSCKHX M PaJHOTeXHHYECKHX MapaMeT-
POB aHTEHHBI pagroonTHIecKoro Teneckona POT-54/2.6, Haxomsmierocss B 3aKOHCEPBUPO-
BaHHOM COCTOSIHWH, & TAaKKe I BUPTYaIU3ALMH PA3IMYHBIX JOTOJTHUTEIBHBIX TEXHUUECKHX
WCIIBITAaHUH OBIJIO PEIICHO CO3/1aTh TOYHYIO TPEXMEPHYIO MOJIENIb aHTEHHBI B TPOTPAMMHOM
cpene SOLID WORKS. C 3Toii 1ensto co3faeTcsi IporpaMMHbII KOMILIEKC B BUAE MPUIIO-
JKEHHs1, KOTOPBIH ITO3BOJISIET PACCYUTATH ITapaMeTPhl AHTCHHBI B 3aBHCHMOCTH OT BXOJHBIX
MaHHBIX. B pesynbprare 3THX paboT OyOeT IOBOJNBHO JIETKO OLEHUTH 00BEM pPaboOT 1o
BOCCTaHOBJICHUIO 3TOW aHTEHHBI, a B Cllydae APYI'HX aHAJOTMYHBIX aHTEHH MOKHO Oyner
BBINOJIHUTH MHOKECTBO PacyeTOB B BUPTYaJIbHOM cpeze. B cTaThe onmcaHbl MccineaoBaHus,
HalpaBJICHHBIC Ha CO3J]aHUE TPEXMEPHOIH MOJAENN aHTEHHBI PaJHOONTHYECKOTO TEJIECKOIa
POT-54/2.6, 1 cam nporecc MOJArOTOBKH B 3aBUCHMOCTH OT Pe3yJIbTaTOB HCCIIEIOBAHUSI.
HccnenoBanue MpoBOAMIOCh Ha OCHOBE JAHHBIX M3 TEXHWYECKOTO MAclopTa aHTEHHBI,
3a()MKCUPOBAHHBIX IIPH €€ CTPOSHHH, U PE3yIbTaTOB (PaKTHUECKHX N3MEPEHHH HECKOIbKHX
TeOMETPUYECKUX ITapaMeTPOB KOHCTPYKIMU aHTEHHBI B 3aKOHCEPBUPOBAHHOM COCTOSHHUM,
npoBeneHHbIX B 2019-2021 roxax. Ilporecc co3ganus TpeXMEPHON MOJIEIH BHITIOIHSIICS B
mporpammuoit cpexe SOLID WORKS, ucnons3yemoit [ist co3JaHust MEXaHHIECKIX MOJICIICH.

Knroueevie cnosa: anteHHa, paamoonTtHueckuii Temeckor, POT-54/2.6, SOLID
WORKS, TpexmepHas MOJ€enb.
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A.C. HEPCUCHH

BO3BYJIUTEJIb MOJbI E; B KPYIJIOM BOJIHOBO/IE JIJIS1 ET'O
IEJJEBO AHTEHHBI

Hpe,Z[CTaBJ'IeHBI PE3YIbTATHI UCCIEAOBAHNA U3TOTOBJICHHOI'O, IIPOCTOTO W HAACKHOTO
B pa60Te B €CTECCTBCHHBIX YCJIOBHUAX B036y,HI/ITeJ'Iﬂ MO/JbI E()l B KPYTJIOM BOJIHOBOJAE Ha

ueHtpanbHoii wacrore f, =5,41Ty (A, =55,7mm ). Bo3Oynurens mpeqHasHauyeH s

MOCTPOEHHS AHTEHHBI Ha KPYTJIOM BOJIHOBOZAE C MONEPEYHBIMH LIEISIMU TIPH pabodeit Moze

Eo] C LCJIbIO UCCIICJOBAHUSA JUarpaMmm HaHpaBJ’IeHHOCTeﬁ TaKOW aHTEHHBI IIpy Pa3INIHbIX
IICIIsIX. OH H3rOTOBJICH HAa OCHOBE rnepecycra HW3BECTHOM KOHCTPYKIHH BO36yL[I/ITeJ'Iﬂ C

3allMThIBAIOIIUM €TO MPAMOYTOJIbHBIM OJHOMOJOBBIM BOJIHOBOAOM C BOJIHOM ]{10 , BBIIIOJI-

HSIOMIMM BO30Y>KICHHUE MOJBI E01 B KPYTJIOM BOJHOBOJE C ITOMOIIBIO JBYX IIEJCH, CHM-

METPUYHBIX OTHOCUTEIILHO CEPEAUHBI LINPOKOK CTEHKU IPSMOYTOJIBHOIO BOJHOBOAA. [Ipu-
BEJIEHbl TAKXXE KOHCTPYKLUHU U U3MEPEHHBIE XapPAKTEPUCTUKUA M3TOTOBJIEHHBIX BCIIOMOra-
TEIbHBIX Y3JIOB JJI1 HAMEYAEMbIX UCCIICJOBAHUM OTMEUYEHHOM aHTEHHBI.

Knroueeote cnosa: BO36y,Z[I/ITeJ'II) MOJIbI E01 B KPYTJIOM BOJIHOBOJZIE, BOJTHOBOJHBIE

Harpyska U KOPpOTKO3aMbIKaTeCJIb, HICJICBAsA aHTCHHA.

Beenenune. [ MOOMIBHON HAa3eMHOH CBS3M, MOABHKHBIX CITY>KO ISl pas-
JIMYHBIX TPAKIAHCKUX YCIYT (TaKCH, CKOpasl MOMOIIb U T.J.) TpeOyIOTcs BCEHAIpPaB-
JICHHBIE B a3UMYTaJIbHON (TOPHU30HTAIBHON) TUIOCKOCTH aHTEHHBI, TOCKOJIBKY a0OHEHT
MOJBIKHON CBSI3M MOXKET HAXOIUTHCS B JIIOOOW YIIIOBOW KOOPAMHATE 1O a3UMYTY
OTHOCHUTENIFHO 0a30BOM CTaHIUM, T/I€ U yCTAaHABIMBAETCS €€ BCEHAIPaBJICHHAS aH-
TeHHa. Takue Ha3eMHbIe CHCTEMBI CBSI3U OOBIYHO MPOEKTUPYIOT Ha MaKCUMaJIbHbBIE
paccrostus 110 20...30 kM, 9TO 0OecmedrnBaeTcs MpU TOCTATOYHOW MOIIHOCTH JIO
50 Bm.

B [1-6] nmpennokeHbl BceHanpaBlieHHbIE aHTEHHBI ¢ MOJOOHOHN AMarpaMMoit
HampasieHHocTd (/IH) B asuMyTanbHOW IUIOCKOCTH OTHOCHTEIBHO IPOIOTBHON
OCH aHTEHHBI. DTO KOAaKCHalbHbIe aHTeHHBI Ha padoueit TEM Moze u aHTEHHBI Ha

KPYTJIOM BOJIHOBOJIE Ha paboueii mone 1, mmerommme ps ApycoB BAOIb MPOIOIT-
HOW OCH aHTEHHBI, Ha KOTOPBIX PACIIONIOKEHBI ITOTIEPEUHBIE e PA3TNIHBIX JJIHH.
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st o6pazoBanus nonoOHo# JIH nHTepecHa 3agaua moCcTpoOeHUs MPOCTOH 110
KOHCTPYKITUH MIETIeBOW aHTEHHBI HAa KPYTJIOM BOJHOBOJE C HCIIOJIIb30BAHUEM €T0
AKCHATBHO-CUMMETPHUHOM Moxbl Ly, . st Bo3GYXKICHHS STO MOIbI H3BECTHbI
pasiauyHble BO30OYAUTENH KOAKCHAJIBLHOTO M BOJHOBOJHOTO HCIONHEHHH. OnHako
BBIOpaHHBIN TUT BO30YAUTEINS JJIsi aHTEHHBI TOJKEH OBITh MIPOCT B U3TOTOBJICHUU
" HagexeH B padote. C 3TOH TOYKH 3pSHHMS IPH HU3KUX MOIIHOCTSX (I HEOOXOIH-
MBIX 50 Bm BechMa IPUTOJEH M3BECTHBIH BO3OyauTens Moasl Ly, ¢ Bo3Gyxaaro-
IMrMHA meJsIMU, CUMMETPUIHBIMU OTHOCUTEJIBHO CEPEINHBI HIPIpOKOfI CTCHKHU IIPsAMO-
YTOJILHOTO OJTHOMOJIOBOTO BOJIHOBOJIA ¢ OCHOBHOM paGoueit H,,. B [7] Bbmonnen
pacder Takoro BO30ymWTeNs I MOCTpoeHUs W uccienoBanust JIH anTeHHBI Ha
KpyIJIOM BOJHOBOJE C MOJOHI E01 U ILEHTpanbHOM dacTtoTtoi f, =5,41Ty
(A, =55Tmm).

Henpro paboTHI ABJISIETCS ONMMCAHUE U UCCIIEA0BaHUE N3TOTOBIEHHBIX BCIIOMO-
raTeJbHBIX Y3JI0B — COIVIACOBAaHHOM HArpy3Kd MPSIMOYTOJIBHOTO BOJIHOBOZA, KOPOTKO-
3ambikaresst (K3) u cormacoBaHHOM HArpy3Ku KPyTJIOTO BOJHOBOJA, a TAKXKE BO30Y-
murenst Mogbl £y B HEM [UIS IOCTPOGHHS 1IEICBOH aHTCHHBI HA KPYIJIOM BOJHO-

BOJIC U HaMeUaeMbIX uccaeaoBanuii ee JIH npu pa3audHbIX IETsIX.
ITocTanoBKa 3aga4u U 000CHOBaHUEe MeTOAUKU. KOHCTpyKIMM corJiaco-
BaHHBIX HATPY30K, KOPOTK03aMbIKATEJIsl KPYIJIOr0 BOJTHOBOAA U BO30YAUTEIs

moast Ey, . Ha puc. 1 npencrasieno ($poTo H3roTOBICHHON HATPY3KH IS IPSMOYTOIb-

HOTO BOJIHOBOJIA C BHYTPEHHHUM cedernreM 40 x 20 v,

Puc. 1. [oenowaiowas nazpyska npsamoy2oibHo20 60IHO800A

Harpy3ka npezncrasisier cob0if MEHOIUTACTOBYIO MHUPAMHUIY C MPSIMOYTONb-
HBIM OCHOBaHHEM. BIoNb MIMPOKOM CTEHKU MUPaAMUABI 110 €€ CepeuHE C PaccTos-
HUSA B 15 MM OT OCTpus KIMHA U IO OCHOBAHMS MHUPAMHIBI OT(Ppe3epoBaH CKBO3-
HO¥ ma3 mmpuHor 4 mm. [1a3 3amoyiHEeH MOTJIONMIAIOIICH CMEChIO MOPOIIKa KapOo-
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HWJIBHOTO JK€Je3a ¢ MOJMBUHIIALETaTHON aMynibcueil. Takoil ske cMechlo MOKphITa
U BCSI IOBEPXHOCTH HArPy3KH.

Ha puc. 2 npeacraBieHo (pOTO U3TOTOBIEHHOM HArpy3KH Ui KPyTJIOro BOJ-
HOBOJA C BHYTPEHHHUM JuamMerpoM D =55 mm.

IMozaouiatoniie

IILTIHOPEL

Puc. 2. Iloenowarowas nacpysxka Kpyanozo 601H0800d

Harpyska npezncraBnsier co060i Taxke MOKPHITHIN CMEChI0 TTOpoITKa Kapoo-
HUJIBHOTO jKeJie3a ¢ MOJIMBUHUIIALETaTHOW 3MYJIbCHEN NTEHOIUTaCTOBBIM KOHYC C IIH-
JUHJIPUYECKIM OCHOBaHHEM. B IeHOIIacT BCTaBleHBI 3a0CTPEHHBIE (PeppOTOKCH/I-
HbIC TOTJIOMIAIONTNE 7 NUIUHAPOB AuamMeTpoM 12 mm u mauHOU 60 MM, CMeEIIeH-
HBIE BJIOJIb UX JUIMHBI HA BEIUYMHY YE€TBEPTH BOJHBEI B KPYTJIOM BOJHOBOZE, COOTBET-
CTBYIOIIEH IEHTpabHOM "YacToTe. Takoe cMmerenre obecriedrBaeT B3anMHYIO0 KOM-
MEHCAINIO OTPAKEHUH OT MOJIOMIAIOIINX [TUIIUHIPOB.

®oto u3roroBneHHOro K3 kpyriaoro BOIHOBOAA ¢ NPYKUHALIUMH KOHTaKTaMU
13 OepHIIIOBOM OpOH3HI IpeicTaBIeHo Ha puc. 3. KopoTko3aMbIkaTenb UMEET MOoJTy-
BOJHOBOM KOPOTKO3aMKHYTBIA IpOCCETh C KOHEUHON BBITOYCHHOW KaHABKOH B
KOpITyCce ATUHOW B YE€TBEPTD [UITHMHBI BOJHBI M O0ECTIEYUBAET MEXKIY €T0 KOPITyCOM
Y BOJTHOBOJIOM y3Ku# (B 1 am) 3a30p JUITMHOM B YETBEPTh BOJHEI.

Mpyseunsu -~
KOHINAKMEBL

Puc. 3. Kopomkozamvikamens Kpyanozo 801H08004
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Ha puc. 4a 143o6pa>I<eH 9CKU3 MNpAMOYTOJIbBHOI'O BOJIHOBOJA PACCUUTAHHOTO

meneBoro Bo3OyamTens Moxsl Ly B KpyrimoMm BomHOBOZE, a Ha puc. 46 - 3CKH3

BO36y,E[I/ITeJ'I$I IIpyu BUAE CBEPXY.

Puc. 4. Dckuz npamoyeonvHo2o 601108004 paccuumanHo2o 803oyoumens (a),
acKu3 030youmens npu eude ceepxy (6)

Ha puc. 5a mokasaHbl aKCOHOMETPHS LIETeBOro Bo3Gymurens momsl Ly u

ero rabapuTHbIE pa3Mepbl, a Ha pUC. 50 MpeacTaBiIeHO (HOTO HU3TOTOBICHHOTO
AK3EMIUIIPA BO3OYAUTEIIS.

Kpyzawiit
601H0600 .

Hacmpoeunsiit
duck

Boséydumens

a) 6)

Puc. 5. Axconomempus 6036youmens Mmool E(n (a); pomo uzeomognennozo 6030youmenst (6)

B okxonvanuu OpAMOYTOJIBHOTO BOJTHOBOda BO36yZ[I/ITCJI$I HaxXoOUuTCA HACTpOCY-

HBII KOPOTKO3aMbIKaloUMil nopuieHs. Ero nepemenieHre npu HacTpOMKe ocyle-
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CTBJIAICTCA HACTPOCYHBIM AWCKOM, HABUHYCHHBLIM Ha pe3560130171 IITOK MOPIIHA, a
@HKC&HI/IH €T'0 MOJOKCHUA OCYHIECTBIIICTCA CTOIIOPHBIM BUHTOM.

HccneqoBanne BermoMoraTeJbHBIX Y3JI0B M BO30yAWTeJ st MOAbI Ly B

KpyrJjioMm BoOJHOBOAe. /[ wmcciemoBaHus BO30YAUTEIS MOJIBI E(n B KpYyTJIOM

BOJTHOBOJIE M3MEpPeH KO3(PGUIMEHT cTosdueii BoiHBI 1o Hampspkenuto (KCBH)
KOoakcHalnbHO-BONHOBOAHOTO mepexona (KBII) oT naMepuTenbHON KoakCHaIbHOM
muann (P1-18-) kK mpsIMOYToIsHOMY BOJTHOBOAY BO30OymuTens. M3mepeHus mpoBo-
JIAJIACH Ha CTEHE, OJIOK-CXeMa KOTOPOTo N300pakeHa Ha puc. 6.

4 N

— =

1 2 '3 = I || ===
8

Puc. 6. brox-cxema cmenoa usmepenuii: 1 — ceepxevicokowacmomnuowiii (CBY) eenepamop
14-81, 2 — senmuns, 3 - koaxcuanvras uzmepumenvuas aunus P1-34, 4 — 3010 aunuu,
5 —unouxamop, 6 — KBII, 7 — npsamoy20bHblil 60THOB00 C HYMPEHHUM CeyeHueM
40 % 20 mm?, 8 — useomosnennas no2nowaOWas HAzPy3Ka NPAMOY20IbHO20 60HOE00A

Metonom noasukHOM Harpy3ku [8] uzmepsincs KCBH n3rorosnenHoit nor-
JIOIIAIOIIEH COTTIACOBAHHOM HArpy3KH IPsIMOYTOJBHOTO BOJIHOBOZA B IIOJIOCE YacTOT

Af = (5,2...5,5)F Ty . U3mepennsiiit KCBH nHe npeBsian 3nauenus 1,1. 3atem Ha

stoMm ke crerne uaMepsuicss KCBH umeronmuxcs nsyx KBII. Onu mo 3naueHuro
KCBH oxa3zanuch nOpakTHYECKHM HWACHTHUYHBIMH W HAa UEHTPaJbHOM dYacToTe

fo =5,41Ty pacCcUUTaHHOTO BO30OYIUTENS MOIbI E,, nmenn KCBH =2 . 3amerum,

yTo manpHeimme ycwnus no ynyumennio KCBH KBII He npennpuHAMaNuch -
XOJIl U3 UX YAOBIECTBOPUTEIBLHOCTH I HAMEUEHHBIX JAIbHEUIIINX UCCIeT0BaHUN

JH aHTeHHBI Ha KPYTJIOM BOJIHOBOJIE C MOJIOM E01 .

HccnegoBanus U3roTOBICHHOTO B036y,I[I/ITCJ'I$I MOIbI EO] B KPpYI'JIOM BOJIHO-

BOJI€ BBIIIOJIHAINCH HA CTCHIC, OJI0K-cXema KOTOpPOTO 1/1306pa>1<eHa Ha puc. 7.
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Puc. 7. Brox-cxema cmenoa usmepenuil: 1 — CBY eenepamop 1'4-81, 2 — genmuiw,

3 - koakcuanvhas uzmepumenvuasn wunus P1-34, 4 — 3010 aunuu, 5 — unouxamop, 6 — KBI1,

7 — 6030y0umeins MoObl E01 8 KpyaioMm 601H0600e, 8 - nHacmpoeyHwvill K3 nopuiens

NPAMOY2076HO20 8011068004, 9 - Kpyaivlil 801H0600, 10 — HazpysKa Kpyanozo 601H0800a

OnsTh xe MeTooM NoABWXHON Harpy3ku mMmepsuicas KCBH usrotoBnenHoi
COIJIAaCOBAHHOH MHOIJIOLIAIONIEH HAarpy3Kd KPYIJIOTO BOJIHOBOJA B IIOJIOCE YacTOT

Af = (5, 2...5,5 ) I'Ty . I3mepennsnii KCBH ne npessiman 3aadenns 1,17. M3mepen-

He1i ke KCBH K3 xpyrioro BonHoBoa MMen 3HaueHUE HE MeHee 12.

Ha stom e creHme mpon3BOAMIACh HACTPOWKA BO30YIUTENS C MOMOIIBIO
niepemenieHus K3 mopiss ero npsMoyroiasHOTo BOIHOBOA. [Ipu HacTpoiike Bo30y-
JUTeNs Ha LIeHTpaslbHOU YacToTe f, =5,4/7y ero K3 nopiiHem [uis H3MEpEHHOTO

KCBH y3na, Haxosmierocs mocie u3MEpUTEeNsHON TuHUN U coctosiiero u3 KBII

¥ Bo36ymurens Mogsl £y ¢ cormacoBaHHO# Harpyskoii B KPyIZIOM BONHOBOJE, HE

yAanoch TONYyYUTh 3HaUeHHe MeHee 1,9, cOOTBeTCTBYIOIEee MPUOIU3UTEIBHO 3HA-
yeHuto KCBH KBII. 9710 cBUIETENBCTBYET O NPUEMIIEMOM CPABHUTEIBHO MaloM
KCBH Bo30yautens. B nmpoTuBHOM ciydae, Mpy NepeMeIeHnH MOPIIHS OLTyTHMOe
orpaxeHue or KBII ckomneHcnpoBanoch Obl CPaBHUTEIBHO OOJIBIIUM OTPasKCHUEM
OT BO3OYIUTEIIA.

3akiiouenne. B cratbe ommcaHbl M3TOTOBJICHHBIE Y37bI - BO30YyIUTENb

AKCHABHO-CUMMETPUYHON pabodeid MOJIBI E01 B KpyrJioM BoJHOBOgAE, ero K3 u

TIOTJIONIAOINAsT HAarpy3Ka, MpeIHa3HaYeHHbIe JJIs MOCTPOCHUS IENeBON aHTEHHBI
Ha KpyTJIOM BOJTHOBOJIE C OTMEUEHHOH paboueii Momoii [IpencraBiensl pe3yabTaThl
HCCTIEOBAHUS OMUMCAHHBIX y3710B. [lonmydeHHbIe pe3ynbTaThl YIOBIECTBOPSIOT TPe-
0OOBaHUSM JIJIsl BBIITOJTHEHUS MCCIIEIOBAHUS HAIIPABIEHHBIX CBOHCTB IOCTPOCHHOM
aarennsl CBY ¢ Pa3IIMYHBIMU HICTIAMU U1 €€ IPUMCEHCHHA B KaUCCTBEC BCCHAIIpaB-

JICHHOH aHTEHHBI B MaJIOMOIIHBIX 0a30BBIX CTaHIHUAX CUCTEM HOI[BI/I)KHOﬁ CBs3U.
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U.U. LEr'urusuL
YLAC ULPLUSULCE UNULSLUSEL ULSELUSE ZUUUL Enn UNTYNY, QLD

Ukpjuyugdws tu JEtnpnbwlub hwwpuuinipjudp §inp whpunwpnid uinbkns-
Jws yupq b hntuwh nkdhuh gpgehsh ntuniduwuhpntpjut wpyniuptubpp: Cupdhsp twhaw-
nbujwsd E wowwnwipuyhtt nhdhunud juyjuwlh ghnptpny §inp wjhpwwnwph Jpu wikhw-
Jup Junmglint hwdwp, npytugh ntunidtwuhpgbt tdwt wybhwjuph funwquyypdut oph-
tuwywhmpiniibpp mwppbp denphipnud: Uyt wuwwnmpwuwngws b gpgnhsh hwjntth nhquyjuh
Ykpwhwoywplh hhdwh pu’ nuguilynil wihpunwpny, npp ubnignid  wyi wyhpny, npp
qpgonid E nkdhup Yinp wihpunwpnid’ oguugnpstyny quyh wunh dhoht dwuh tunndundp
hwdwswih Epynt ghnp: SpYws B twb wpdus wjkhwduph niunidbwuhpoipgniiutph hwdwp
wuwhwbeynn swthnidubph b gdwgqptph punipugpbpn:

Unwbgpuyhl punkp.  inp wjhpunwpnid g1 unnh gpgnhs, wihpunwph phntjwdnip-
it b upd dhwgnid, wpwtgpwyht wykhwyjwp:
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A.S. NERSISYAN

THE MODE EXCITER IN A CIRCULAR WAVEGUIDE FOR ITS
SLOT ANTENNA

The results of a studying of a fabricated, simple and reliable mode exciter in a
circular waveguide at the central frequency are presented. The actuator is designed to build
an antenna on a circular waveguide with transverse at the operating mode Eo1 in order slots
to study the radiation patterns of such an antenna at various slots. It is made based on a
recalculation of the well-known design of the exciter with a rectangular single-mode
waveguide with a wave feeding it, which excites the mode in a round waveguide using two
slots symmetrical with respect to the middle of the wide wall of the rectangular waveguide.
The designs and measured characteristics of the manufactured auxiliary units for the
planned studies of the noted antenna are also given.

Keywords: mode exciter in a circular waveguide, waveguide load and short circuiter,
slot antenna.

178



ISSN 0002-306X. 2QUU b ZUM2 Stn. Skjul. ghwn. ubphuw. 2024. 2. LXXVII, N2

2581 621.3.049.77 UburneLcasrnuhal
DOI: 10.53297/0002306X-2024.v77.2-179

4.C. UBLPR8UYL, U.U. QULUS3UL, U.U. YWULhEL3UL, 2.2. UUZUUSUL,
4.U. UUzUu8Uv, [}.U. UNN.NUNL3UL

UtLGLUSUUUL O NRUNRSUUL UNTYELE UPLUNUTUER PLSGA UL
UBUULEP UPLLMNULTULTULUSEL OULE $PQPUUUUL LUUSOUTUL
Ur1NARLUYESNRE3UL FUL2AUSUUL BLULUY

Zuyunih E, np uhippnuqputpywtiught swnh Juenignmidu hpnbiqpuy ujubdwubph $h-
qhjulut bwhwgsdwb hhdtiwlwb thnykphg b, putth np wjb pupdp wpuqugnpsnipudp
hunbkgqpuy vubdwibkpnid upnn £ uygwuet] puighwinip tukpghugh 50%-n: Ujn onpwikph
puptjuynudp Yudugtguh ns dhuyt Eubpquuyunnidp, wy) bwb Ynwsh dudwbwljughtt yw-
pudbwnpbph b pipugulupgh djniu thoripnud wnwewgnn Spwgdtihnipjwt ughpubpp:

Muwnp vhippnuqpuipwtiughtt Swnh twhiwgsdwb gnpshputpp jupnn Eu pupdpug-
ul) btwhiugsh wpynitwybnnipiniup, pwh np hwdw twppwugsdwb pupwgpp dudwbw-
Juwnwp E b hwyynquljub nkuniputiph wenidng whwpnynibwtun: Unwewplynny dnnk-
gnuup, hhdtn]ws (hikyny dbpbiuywlub mumgdwi dngkih Ypw, poy) | nwghu’ jubjount-
ubnt hweonppuijuin mwpptph Juupwpugyus yupudbtnptpp, b pun jutmpnodwt wpn-
miupubph, hpwebking wwpptph pdpuydnpjus mbnupwpjunidp, jwjuplynud b uhtippn-
wqnuipwbughtt Swnh wuwpwubtnpkpp:

Unwbgpuyhll punkp. hunbqpuy) upubdw, dkpkiwyuljut ntunigmd, uhtippnugnuiipw-
tuyhlt Swn, Phghjulwi hwhiwghs, wphbunwlwb ukpntughtt gubg:

Ubkpwénipinii: Punbgpuy) ujubdwubph (hU) twphiwgddwt pupnnipjut wsh
oinphhy npulignid wwppph pubwli wdmd E undbjh wpwg, put Uniph opkb-
pnud [1]: PU-tph ubplujhu qupqugnidubpp hwtgkgpl] Eu wpuqugnpdnipyuu
Yupnily dkdwgdwull pyuyht dhjpnuubdwiubpnid uhippnugnubowip hwuby k
Uhtsl nwulywl @2g-h, nmuppbph swihbph thnppugdwi’ dhish UkY Jud Uh pubih
i tph, fonntpjul Ukswgdwb' dhist dninudnpuybu 150 dhihnt npubiqhunnph
1 i dwljipbund: Upuqugnpénipjut dkdwgdwt htbn thnpputinid £ wqnupwib-
ubtiph hnjuwbpwindut dwdwiulyp, hull ppnnipyut Uksugmup hwtghgunid E hpup
Unw, qniquihtin juptph dhol hinwynpnipjut thnppugdwi: YEpghtiu hwmighgunud
E PU-nud ntbwlnipyniubph dbdwgdwn [2]:

Uhtuppnwqnuitpwtwghtt wnh (UO) dhqhjujut twhiwgdnudp Juplnp
gnpépupwgubphg £ PU-tph dudwbwluyhtt wupwdbnpkpp b Fubpquuywnnudp
npnobnt hwdwp: Zwynh k, np uhuppnuqpuipwip Yhpunynwd £ hwenppujui
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wnwppbpht, nph tyuwnwlp hwdwupgh huwdwdwdwbiwlbgnidu E: Uhly wqnpu-
towtip jhwutth hwenpruljwt mwuppht, mknh Eniubimd dwdwbwught nuipwugnid:
Uuhtppniwgnidp mnbknh E niukinud npudwpwtmut wwuppbph dudwbwlught
yupwdbnptph npywugdub, Ubnwnujunpbph Epjupnipjut b wy] $hghjujut guwn-
gunubpny: Zkwnbwpwp, UO-h twjuwgdnidp npnohys thnyy £ wjundwnwugyus tw-
hiwugsdwt pupugulupgipnud” hwpgh wnttng wju puguuwljut kplinyputnhg:

Upph UO-h twpjuwugsdwt wdkbwhwyjnth tmuppbpulp pauquunpnip Swnh
Jpu L hhdudws, npnbn gnpu) dhodhwgnidubpp «H» nnbuwlh junnigdusph
niuku (uly. 1) [3]:

Uy 1. UO-p wpnhp Junnmigijudpp

UO-h ybpotwltwnp Gupwbwntph hwonppuljut wwpptpt tu: H junnmig-
Judph wyu mbuwlp wpynmibwdbnnpbt tuqbkgund | uhuippnuqnuipwith dudw-
tdwl muppbpnipniuubkpp, put vnwinupn nkuwlp, vufuyt dudwtwuyh ybpne-
dnipniup wykh pupy L, b uyt wdbjh own Eubpghw £ uyyuenid pintidwdnipyut
yuwndwnny: UO-h «nbpltkiph» jud hwenpnuljut tmuppbph nibnnpnomaudp Junwap-
Jnud £ mbnupuwppudwt dudwbiuly: fuquunpmnip UO-h twpuwugsdwt Yplunipmiup
wwpunbuwy opghsuikph, pniptipbtph ud hwgnpywlub wwppbph phqhjulut
nbknupuwopudwtt hwdwp yuwhwienid E hwoynnuljui Uks nkunipuibp: Zuenpnw-
Jut mwwppbpp pdpwynpynud B, npyykugh tuqgdb mupptph dhol gnynipmnil
niutgnn duwdwbwluyhtt mwuppipnipniiubpp [4]:

Uhbdwubph puppnipnitubph wnwenptupwgny b Ukl PU-nid dhjhwuppunp
npwlighunnpibph htnkgpuudp” wnndunugjus twhugsdwb phpuguljup-
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qtpp Juplnp pbp Bu jpunugk): Snynipinit niukgnn uhiptqh b twhwgsdwb nkju-
uhywt niuh Uh pwth vwhdwbwhwlnudubp, thpunjw) Swhukpp b ujubdwubpp
dwuonupwjinipniipn: Ujp qupqugnidubpt wyuwhndty i PU-tph hwdwjunipe-
miuttiph oupmbwljujui dkdwugnidp, yquydwtuynpting UO-h twhiwgsdwt ndduw-
pugnudbp [5,6]: Ophiwl Apple-h A ubphwyh ypnghunplbpt nkt wikjh pwn
wmpwighunnpubp, put Epp 2021 pdulwithtt pputp mukht 15 dhihwpy A15-h
hwiwp 2018-htt A12-h 7 Uhjhwpnh nhiwg [7): Ldwh wép undnpupup bpwb-
ynud £ wydbih Epjup hwpwugdsdwt dudwbwly b Eppnunt Yplunipemiuubp: Utek-
duyh £ogphwnn b wpwg juthiwnbunidubpp tuqtgunud Bu bU-h oppunuipdughe
dudwbwlutph wykjugdwb pughpp:

Ukpyuyugynud £ hwgnppujutt mwuppbph yupudbnpbph juthwnbudwb,
Jupugwé wmwppbph ph Shqhfulub b pk dudwbwlwjhtt yupwdbnpkphg, b gpu
hhdwh Jpw pdpunpdwl inp dninkgnid, npp hhdifws b dbpkuwjuljwi funp
niunigdwl wphbunwljub ujpntwghtt guugkph (. 2) (8] Unnkih Ypu:

Unhunhywywu
@ wuwnph

/i
/ / wwpwutwnp

fFwpuywd 2tpintn

U.2. Unwowplyng dningdwl bbpnbughl guigh uupg Junnigyudpp

Zuwonpnuljut wwppbph wwpwdbnpbph juijnpnodw b nputg dogphwn
dhqhjuub wbnnpnodwt juinhpp Yuplnp E, pwth np bU-tph hwdwjunipjut
swpniiwlulub b npuibg $nilyghniwnipjul Ukdwguwip qnigpipug wb pup-
nugh) k: Zknbwpwp, npuig juthwnbudwb b nknupusdwi wihpudtonnip-
niup twpwgsdwb qun thnykpnud swn UbS

Uju pughpubph jmsdwt bywnwlng dowljdl b twhwgsdwt dbpnnubp
[8-10], npnuip Yhpwnymd kb pupdp hwwum pntubbpnd wownny bU-kpnid
npuig nknupwohinidp jujupyine tywnwlng:

Uy dbpennubphg E dhts dpwgdnudp dhypnujubduwynid jnipupwisinip hw-
onppujut nwpnphtt dhwgnn juph hwywnnudp hwoydbp [8,9], mwyw puwn wyy
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hwoywphh dwdwiwluihtt quwpwpp quikp: Uyu nnuppbpuljh wowdbpnipyni-
ubkphg dogpuuimipjut Ukswugnidt b, vwluyb phpnipniiubphg E tipkp wiqud wybh
owwn hwoynnujut nkunipuh swhunudp, put wyt $hqhjuut twhwgsdwt gnp-
Shpubkpp, npnup Juunupnd i wyn jutppwnbunidubpp dhty Spugénidp: Uniu
wnlw dninkgnudp [10], npp hwjnth b gpujutinipiniuhg, jEinpntwugdus £ UO-h
twhiugdnid hpujwiwgubinig htnn dudwbwluwhtt yupuwdtnptpp juthounk-
ubnily, npp hwdbdwwnwpwp htiown pughp L, vwuyt wju nwuppbpuljp htwpwyn-
nnipnit £ vnwjhu hpdunbnt twpowgsnidhg dhty wpnunpmipnit dudwbwljw-
hwwnqudp: Uju nuppbpulubpp (. 3) [8-10] hhduwsd Eu nkgpluphnt dnnbkjukph
Jpuw, wyy yundwnny wdktwdbs bU-u, nph Jpw juunwpdl) £ wohinwiph phu-
wnwynpnidp, dUnnnuynpuybu, Epkp hwupnip hwqup npudwpubujubt wwupp k,
npp uynpuit b owwn sk ubpljuw dudwbwlubpnid:
Unwowplynn Uninbgdwmt wnwybnipniautpp Yupkh k iok wyuybu.

(" R (" R e B
Spwdwpwlwywl Shghjwlwl
uhlpelq Lwhuwgdnid , US-h Uwpuwght
. J . J ¥ )
( Uwwiinpy R
dwdwlwywihu

. QUn[annLraJnLU )

'a I 'd I 'd I
) GSR wnynLuwyh MuwnwJtunptbph

lib wwwynnwynpnd AnLpuptpnL pLINYGP

\ J N J \ J

Ul 3. dundwinuljuypln yupulbupkpp Qubfuunnbudwl wnluw dnnkgnudp

e Uju nnuppbpulp sh hwpduonid dhuytt dwdwbwljuyhtt wupudbnpulwi
huughpubpp, ubpuenid | bl $hghjuljut b HEjunpuwb pughpubpp PU-Gpowd:

o Judwiwljuyhtt wwpwdtnpbph Jutjunpnonidp nhgplupnt jpughp k, huly
wowowplfudp sh JEpupkpnud wyy utnph gwppht, nph punphpy hwynphulut
nwpnpbph yqupwdbnpbph jutfunpnonidp htwpwynp £ jhunud junwpl] wbh
Jupd dudlbinubpnid:

e Unljw muppkpwljutpny UNE dnpbkjubph Yplhht ntunignidp wgbih dudw-
twluwwnwnp k, pul wju Uninkgdudp:

Unwowinliyng dkpnphlu: Upfnunuwiiph tyyunuljn E hwenpryuljuts nuppbtph
Juupupugusd yupudbnpbph juttunpnonudp: Uyt judus b nupunbuwy
dhqhjuul, LEyunpulut b dudwiwluyhtt yupudtnptphg b wn wwppkph
wpyniu]bn pdpudnpyus nknupwpidwt’ UO-h juduplnidhg (. 4):
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Unwowpldws dninbgnidt hpujubtwugubint hwdwp, Yhpurnidt wyuhn-
Yt byuwnulny, twp b wpwe unbndyt £ wyt (uly. 4): Unpbh hwdwp dks no
Fujwt tywhwlnipinit nith wdjujtutph &ogppn hwjwpwgpnidp: Unwowplidus
nwppkpwlh unpnypep, UNR dngbjh jhpundwdp b wdjujubiph hwjupugpdwt
tnp Unnbguudp, hwonpruljwh nuppbph wwpwdbnptph jubjunpnontdt £ dhbs
UO-h twhiwgdnidp:

Unn DEF m;ﬂ‘:’&‘;&‘;‘hn
SlywuEnh
DEF pL:qumn Jwiinpuwpugwd
wwpwdsnpspny
1 1 hwgnpnwywl trnwppGnh
Ywuhunpnznd
| UnhGuwtnwlwl uGpnngwugwihu dnnk | 1
Ywlhunpn2dwé tnwppknh
DEF US-h Uwjuwgsniuhg wnbnnnn2nd
htwun 1

| UB-h UwhuwgsnLd |

Ul 4. Unwowplp/nng Ukpnnh wupqg junnigyudpp

Zuonpujmt mwuppbph yupwdbnpiph UO-h twpwgsdw pupwugpnid,
Juupunpnotint hwdwp ndjuukph hwjwpwgpnidp, juwnwpdby | hbnbyup:

Upuunnwiliph plipugpnid hunjwpty b ufjugubpp hwenpruljul wwppbph
Uhouhwgnudbph hunlwp, npnup fupkih k pudwl) HEjunpuljub, $hghjuljub b
npudwpwbwlw jpdpbph: Swppbph hwdwp hwjupwuqpyty Eu ngpubg wgnubow-
twjht b uhuppnuqpubipwbuwghtt Untnpbph dpugddwt funwgdudnipjut wuwnh-
Swip, hwgnpuljut uppbph nkqupuhudwt punwugusnipjut wunhdwip, hw-
onprpujult lnupph dntnph nbknujuydwt dudwbwjubpp, mpudwpwbwlut dw-
Jupnulutpp, muppbph pintdwsénipjutt wunhdwbp, mupptphtt pudht pljunn
jupdwt wulnidp, UO-h bwpuiwgdnidhg hinnn hwenpnuljutt tnuppbph dudwiu-
Juyhtt wupwpubpp, wgnupwbughtt b uhtippnuqnuiywtughtt dnunpbph dujuwn-
ubtiph mbnnnipnibukpp, uhuippnuqpuiywwght hpdhwgnidubph dudwtwljughe
huwwnnudubpp, mknuyhtt dwdwbwuyhtt mwppbpnupniatitpp b wyii (0y. 5):
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1 REG-1_D_PIN_DENSITY REG-2_D_PIN_DENSITY REG-1_CELL_DENSITY REG-2_CELL DENSITY DESIGN_CELL_UTILIZATION SETUP TIME CONSTRAINTS

2 0.066789193 0.412262082 0.407707002 0.577575237 0.124225954 0.912347572
3 0950504338 0.718728552 0.938304485 0.298034798 0.628165052 0.05543084
4 0587371185 0.204466307 0.819174117 0.351169284 0.797154037 0.718779172
5 0.278659451 0922871286 0.246944315 0.658266816 0.930864676 0.250674691
6 0.730516495 0.28899362 0.946792696 0.288415149 0.543906644 0.400613435
7 0.755087532 0.743205483 0.603184485 0.412956489 0.093730324 0.600452803
8 0881911494 0.293472256 0.930200118 0.812729335 0.49287499 0.583454028
9 0032534095 0.131300422 0.954214198 0.44779022 0.814067076 0.785998571
10 0.368672887 0.536806441 0.091155426 0.49929764 0963328851 0.4027701
11 0.6908982 0.251453083 0.385137473 0.018326153 0.914664932 0.704262237
12 0.840618275 0.392756375 0.359656437 0.973985024 0.783355542 0.76292007
13 0.036310676 0.940372572 0.804144078 0.049468817 0964222111 0.684044316
14 0427393834 0.115504245 0.589523472 0.748409847 0.779280603 0.018321951
15 0.168289062 0.789387276 0.123276157 0.558735136 0.019136939 0.217482804
16 0.232247803 0.694156116 0.636312282 0.359827949 0361111717 0.955728581
17 0995571357 0955356247 0.415383685 0.133281102 0.615843335 0.086855508
18 0.173471957 0.356046 0.18049286 0.907257531 0.163822164 0.950542427
19 0.050096247 0.876961382 0.763787603 0.359867988 0.085168006 0.332261715
20 0.277569596 0.039228074 0.043234551 0.488466299 0.52126269 0.861578084
21 0.891867799 0.533309639 0.316609808 0.043614491 0.867464082 0.162075941
2 0.799256813 0.759033886 0.150030092 0.268848554 0.743675089 0.159567263
23 0.348124914 0.93218092 0.723817087 0.641417648 0.406259428 0.061911287
24 0.616902074 0.273468716 0.769679048 0.551181195 0.326167506 0.630933308
25 0.3035685 0.220941938 0.98886581 0.119983754 0.013562754 0.534765551

Ul 5. Zujwpwgnywés wnfjuy bbph puquyhg hunnyws

fvigph ppywépp & kpnghluyh Apdinuynpnidp: Udunndunugdus twpaw-
géuwt pupwuguljupgny UO-h twjuwmgdnid hpujwbwgutjhu hwnwuljugsh wjubw-
Ynpnidp, uinigdwt gwugh hwhiwgénidp, unwinupun pohoubph mEnupwountdp
U npubg judupynuip uebdwibpnd hwodh b wetdnd” jumuwbne hudwp
UO-h twpuwugsdwt phpwugpnid dhghjuljut b dwdwbwmluyhtt wupwdtnpbph
huwponmdubphg: Unwownlynn dbpnnh knipynitb L inp dninbkgdudp hunwljbgynid
£ UO-h junmguwh pipuguljupgp hwsdh wnikin] hwonpuljuh wwppbph ww-
npudbnptph npoonudp b mpudwpwtwljut pohoutiph wnknnpnonidp juwnwpbing
wykh Jun thnybpnud: Unwowplynn wwppbpulny wundunugus twhiw-
géuwl tppninnud httwpuwynp k dhtiy UO-h twhiwgénidp huynuwpkpt] quunpu-
npugusd wupwudknpbpny hwenpnulju nmwuppkpp b wknnpnobkiny nputp udpw-
Unpdws Unnbgdwdp niikiw) wpynibu]bn $hqhulwi bwpiwghs: UO-h $hqh-
juljwb twhwgsdwt wpynitwybnnipjut guwhwndwt hwdwp quwhwwnybhp
wuwpuwdtnpbpt tu gnpuy dudwbwlughtt muppipmpiniup, dudwbwlughtt yw-
owpp b Eubpquuuyyunnudp: Opwgpuyhtt gnpshputipny [11] twpowgsnidp hhduw-
Juwind juunwpynud E htnbjuwy thoybpny, npp undnpupwp punugus ke
puy kphg (W 06) [6]: Unwownlynny dninkguwdp jEunpnuwgnidp gpynid E Jkpohte
puynid hwonpulul nuppkph jujupyndi hppuubugibnt bywnwyng:
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[1] Iwgnpnwywl wwnptph
ulnLgJwl untndnwd

[2] Swugh untndnLu
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[3] Swlgh uunLguwu untndnd
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[5] US-h dpwgbnud
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[6] Swiugn uuntgnnh UnnGjuynpnud i
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[7] 3wgnpnwywl twpptph ]

|wywpyncd

7

Ul 6. UD-h hwpiugsdull pljpwgpp Spugpuyhl gnpShpnid
Unwewnlynn dbpnnyny (Y. 7) gnpshphtt mpymud b jutijunpnoywé wyupw-
Ukinptpny hwenpyujwl nwppkph wknupwsdwt $hqhulub vwhdwbbtp ny
Uhuyl twhiwgsnidp dudwtwljuyht b bhqhjuljwt yuwpwdbnpbph nkuwlyniiihg
wpynitbwdbn qpupdiubng wy) twb bhqhjuljui twhwgsdwt gnpéppugh dwud-
ytwntutpp Ypdunbint hwdwp:

PU-h Unp
‘unp DEF wwpwnGn

| !

[ Swenpnuwlwl twpnGnh
ubnLguwli uwnbnonud
< -

Unntuwdnpnud

hbwnn 1

| UB-h LwuwgdnLd |

[713wgnpnwbwl tnwnptinh
jwijwnynd

Sywilbph

DEF Fu,:,lqmn Junpuipwgud { [2] Swiligh untnbnud }
wnwutnpkpn s

1 hWQu:anWUMU nmuf]n‘:bnh { [3] Swlgh utnigUwl untndnul }
Ywtfunpnnd ol

| UnhButnwywU UGpngwugwih Unnb| H l [ [4] Anpug ulinigUwils unGnbnud J
4 =

St Wt T

P A [ suTgE ]

Uy 7. Unwgwplpyng dkpnnh phpugulupgp
Unwownlynn dbpnnh bppoinhtt hnbyjuygt £ UNE dnglh [12] hpundudp,
dhliy UO-h twpiwgdnudp, Jutjunpnoynid b wyt hwgnpnulju mwuppkpp, npntip

Jupnn Eu hsybu dwdwiwluyhtt b hqhulut, wjbybu ) LEjupulwt pughp-
utiph wopwewgdw yuwwndwn gunuw) PU-Epnud: Ywtijunpnonidhg htnn unbns-

Ynud E hwonppuljutt wmwppbph hwdwp judpudnpdwt vhowljuyp $hqhljului
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uwhdwutbph ujubdugh mbnuwpuopudwt hwmngusnid, b nputhg hbwnn juwnwp-
Ynud £ UO-h dhqhljujut twpupwugdsdwt jwdupynidp:

Uwnwugqus wpyniipubpp: Uojuwnwtipnid nipwnpnipnit E quipdyty hwenn-
nuiut nmwuppkph jpuphjujuinipjuit npnodwudp b gpug mnupwopunidp nk-
nnpnodwdp wqpbkgnipjuin UO-h dhghjuljul bwhiwmgsdwb hisybu bhqhiulu
b dudwtuljuyhtt yupwdbnptph, wibybu b twhwgsdwt gnpdpupugh dudljtnh
Jpu: Ugjuwnwipmd gnpstmjut Jhpurmipni £ unwgly UO-h junnigdwi bplyne
nwuppbpuly wfjuibph jupkpht gniqubte UO-h twjiwgsnmup npujbu wnlju
Ununbgnudp, b wnwownlynny wnwppbpuljp: Lwpuwgsyty ke hhig mupptp PU-Epp
Uunk?t 14 i numduwjut gpunupwiitpny [13] Epne dninbgnidubph nhwypnid,
UO-h twpumgénivhg hknn nnwugué yupwdbnpbpp (Fikpquuywnnid, hwgnp-
nuljut wwpph dntnph nknuwydwi (ZSUSH) b dninph wwhywidwb dwudw-
uwljutiph (ZSUNG) hwdwp) ubpuyugyusd i wn. 1 b 2-nud:

Unniuwly 1

PU-p wpupunltunpkph wpdkphbpp wowowplpng dkpnnh [hpundudp, Junpupugus
wuwpulkupkpny hwenppuwlwh nnuppkph Juljunpnodudp

hU Unlw dninkignid / Unp Uninkgnid
28UST (1)) 2SUNG (w)) Eubpquuyuenid (/)
rU1 -8/-6 -2/0 0.967/0.923
rU2 -11/-9 -22/-19 1.125/1.101
bU3 -2/0 -7/-5 0.905/0.894
bU 4 -4/-2 -7/-4 0.935/0.917
bUS -5/-3 -3/-2 1.219/1.204
Ugyniuwly 2

PU-p bwpnugsiiml dudwbnulp wowowplpng dkpanh [hpundudy, Junpupugus
wwpudbnplbpny huenpnulwl nwppkph Jubjunpnodwdp

hU Unljw Unintkgnid / ‘Unp Uninkgnid
Lwwgsdwl dudwbwy (Fui) UO-h hwhwgsdw dudwtwy (duwd)
PU 1 6/55 2/15
pU 2 7/65 22/18
pU3 7/6.7 24/22
PU 4 4/3.7 15/1.2
pUS 5/4.8 1.6/1.25

Uju dnnbkgdwl wppymibwdbnmpniip hhdbwdnptint hwdwp Junwupydty
k. nwpunbuwl twhwgstp: bpujuwbwugws thnpdupupuljut wpyniupubpp
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gnyg kt mwihu, np wju Unnbgdudp twhwgsnidubp hpujuwgutihu dhjpnuputk-
dwubpnud hwonpnuljwt mwuppbph dudwbwluyht, HEjunpuut b $hqhiuluu
yupwdwwnpbph jutjunpnodwdp nisymd ki nwpunbuwl junhpubp:
Bqpuljugnipinit: Unwowpljynn tnutwlny junnigyk) £ UO-p nupunk-
uwl PU-tph hwdwp: Upu dnnbgnidp’ 1) pupbjudmd E UO-h Hubpgquugupnidp
3,5%-n1, 2) 5%-ny dudwbwluhtt ywowpp, b 3) twpiwgddwb qnpdphipwugh dw-
dwlulp Ypgumfnd k onipe 7%-ny punphhy dhiis UO-h tujuwgsnidp hugnpmw-
Jut mwuppbph yupuwdbnpbph juttuwnbudut: Unwuguws wpyniipubpp gnyg
kU tnwphu, np wpwewplynn nmwppipulny UO-h twjuqusdw nhypnid ns vhuyu
dudwbwluyhtt wwpwdbnpbpt o PU-Epnud pupbjuddnid, wyp twb twpowgdne-
uhg dhty wpununpmipmit twfuwugsdwt gnpéppwgh dwdlbnubpt B Ypduunygnud:
Ujuyhuny, wju nmwuppbpuynyg UO-h junnignidp Yupnn E jhpunyl)] ubpiuynidu
wuqunpbdwlut hnupmnnt tpupnipmit niitbignn PU-bEph btwhiwgddwt pipugpnid:
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B.1IlI. MEJIUKSAH, A.A. TAJICTSAH, A.M. JAHUEJISIH, I'.T'. CAAKSIH,
B.A. CAAKSH, P.M. CO'OMOHSH

CIIOCOB NOBBIINEHUSA D®@PEKTUBHOCTU ®U3NYECKOI'O
INPOEKTHPOBAHUA JEPEBA CHHXPOCHUTHAJIOB
HUHTETI'PAJIBHBIX CXEM C UCIIOJIb30BAHUEM MOJEJIN
N1IYBOKOI'O MAIIIMHHOI'O OBYYEHUA

W3BecTHO, YTO MOCTPOSHUE AEPEBa TAKTOBBIX CUTHAJIOB SIBJISIETCS] OJJHUM U3 OCHOB-
HBIX 3TaroB (U3MYECKOTO MPOSKTUPOBAHUSI UHTETPAIBHBIX CXEM, MOCKOJIbKY OHO MOXKET
moTpednsaTe 50% oT o0Imei MOITHOCTH B BEICOKOCKOPOCTHBIX HHTETPATTBHBIX CXeMaX. YIIyd-
[IEHHE 3THX CXEM HE TOJIbKO CHU3UT MOTPEOICHHE SHEPTHH, HO U PELIUT MPOOJIEMbI CHHXPO-
HU3AIUU U MAPLIPYTU3ALKHU HA JPYTHX dTanax MpoLeIypbl.

ITo3TOMYy HHCTPYMEHTHI JJIsl IPOSKTUPOBAHHUS JIEPEBa TAKTOBBIX CUTHAJIOB MOTYT IO-
BBICHTPH €r0 3(PPEKTHBHOCTB, TIOCKOJIBKY IPOLIECC MPOSKTUPOBAHKS YaCcTO SIBISCTCS TPYAOEM-
KHM U He((PEKTHBHBIM C TOYKH 3PEHUS BRIYHCIUTENBHBIX pecypcoB. [Ipemioxken moaxon,
OCHOBaHHBIHM Ha MOJIEIN MALIMHHOTO 00y4eHHsI, KOTOPBII MO3BOIAET MPOrHO3UPOBATh YXY-
HICHHBIC MapaMeTPhl JJIEMEHTOB M, MPHUMEHSS KJIACTEPHOE pPa3MEIICHUE 3JIEMCHTOB B
COOTBETCTBHH C pe3yJIbTaTaMH [IPOTHO3UPOBAHUSI, YIAYUILIUTh IApAMETPhI JepeBa TAKTOBBIX
CHTHAJIOB.

Kniouesvie cnosa: uurerpanbHas cxema, MalllMHHOE 00y4€HHE, AePEBO CUHXPOCHT -
HAJIOB, (PU3MYECKOE MPOSKTHPOBAHKE, NCKYCCTBEHHASI HEHPOHHAS CETh.
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V.Sh. MELIKYAN, A.A. GALSTYAN, A.M. DANIELYAN,
H.H. SAHAKYAN, V.A. SAHAKYAN, R.M. SOGHOMONYAN

A METHOD FOR IMPROVING THE EFFICIENCY OF PHYSICAL
DESIGN OF THE CLOCK TREE IN INTEGRATED CIRCUITS USING A
MACHINE LEARNING MODEL

It is known that the construction of the clock tree is one of the main stages of the
physical design of integrated circuits, because it can consume 50% of the total power in high-
speed integrated circuits. Improving these circuits will not only reduce energy consumption,
but also solve timing and routability problems in other stages of the procedure.

Therefore, tools for designing a clock tree can increase its efficiency, since the design
process is often time-consuming and inefficient in terms of computational resources. An
approach based on a machine learning model is proposed, which makes it possible to
predict the degraded parameters of the sequential elements, and by applying the cluster
placement of the elements according to the prediction results, it makes it possible to
improve the parameters of the clock tree.

Keywords: integrated circuit, machine learning, clock tree, physical design, artificial
neural network.
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CALCULATION OF SCHMITT TRIGGERS DEPENDING ON INPUT
THRESHOLD VOLTAGES, THE INVERSE PROBLEM

The way and features of solving the inverse problem of calculating inverting and
non-inverting classical Schmitt triggers are presented. Equations have been derived in
which the input threshold voltages are known as the main and constant parameters, while
the other parameters are secondary to the threshold voltages. All the other unknown
parameters of the trigger circuit are calculated. The dependences of these errors on the
output voltages of the triggers and on their relative errors are shown. The equations for
calculating the relative errors of the threshold voltages are derived. It has been proved that
each of these equations is a linear function depending on the output voltages when the
difference between these voltages is constant. A methodological guideline for relative error
calculation of threshold voltages has been developed. The graphs of dependence of relative
errors of the input threshold voltages on output voltages are constructed. It is shown that for
the construction of each curve, it is sufficient to select only one pair of output voltages. A
guideline to using the graphs has been developed. A moving ruler has been proposed, by
which, without preliminary calculations a pair of output voltages that will ensure accuracy
meeting the requirements of the problem is chosen. Solutions have been proposed to reduce
the relative errors for both thresholds simultaneously in the conditions of the existing errors
of the output voltages. With the proposed methods, it is possible to calculate a new Schmitt
trigger, avoiding errors that may occur during the calculation of the direct problem, when
the choices of reference voltage, output voltages and feedback factor are not justified. The
proposed methods justify the choice of technical parameters of the triggers, which will
increase their quality.

Keywords: Schmitt trigger, inverse problem, comparator, threshold voltage,
reference voltage, output voltage, relative errors of voltages.

Introduction. One of the most common schematic solutions in radio
engineering is the Schmitt trigger. It is an inverting or non-inverting comparator
that converts the input analog signal into a logic one (analog-digital converter
ADC) depending on the direction of overcoming two pre-selected high (higher) or
low (lower) threshold voltages. The accuracy of the phase synchronization of digital
signals in the ADC and, as a result, the accuracy of information transmission depends
on the stability of the threshold voltage. In the studied literature, formulas for
calculations of the input threshold voltages triggers are presented in different forms
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[1-7]. In [1], the need to use the formula of only one general form is justified. For a
trigger running on any device, this kind of computation is considered a direct
problem. That is, the parameters of all the active and passive elements of the
trigger, the supply voltages are known, and the threshold voltages are unknown,
which must be calculated. More often, when developing a new device, it is
necessary to solve the inverse problem: to develop a new Schmitt trigger to
convert the analog signal to digital. In this case, the parameters of the input signal
and the values of the two threshold voltages (high and low) are known, at the
moment of overcoming, which the analog signal is converted to digital. It is
required to calculate all the remaining unknown magnitudes of the trigger circuit.
The formulas for calculating the inverse problem are not mentioned in the studied
literature, the choices of parameters are not justified, the issues of improving the
quality of the technical parameters of the triggers are not discussed either, expected
errors are not estimated. [2-7]. In [2-4], only the calculations of threshold voltages
(direct problem) are given, using voltage dividers to obtain the reference voltage.
In [5-8], the solution to the inverse problem is given, where the threshold voltages
are given, but the supply voltages, the reference voltage and the calculation of the
passive elements are not justified.

Problem setting. Our investigation aims at finding a clear way to solve the
inverse problem, to highlight the features. For that, it is necessary:

1) to derive formulas for solving the inverse problem of calculating triggers;

2) to find the dependence of the relative errors of the input threshold
voltages on the output high or low voltages of the trigger and their relative errors,
separately;

3) to develop a methodological guide for the calculation of the increase in
the accuracy of the threshold voltages;

4) to propose justified solutions to increase the quality of parameters of the
trigger.

As a basis, we adopted the general formulas derived in [1] for calculating the
threshold voltages. We used all designations of [1]: supply- VCC and VEE, output-
U yue and UY,;, reference-U,, and thresholds-U;,, | and U;, T. The arrows show
the directions of jumps in output voltages when the input analog voltage exceeds a
given threshold. As a feedback coefficient, we accepted K=R2/R1, where R/ and
R2 are the positive feedback resistances, through which the threshold voltages are
formed from the output voltages U2, and U2, of the comparator (Fig. 1.1). The
voltages VCC and VEE can have positive, negative and zero values. The trigger
output voltages must satisfy the condition UL, > U9, to ensure positive
feedback. Depending on the choice of the microchip, it is possible to satisfy the
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conditions VCC=UL,,; and VEE=U?,,. In the inverse problem, the input threshold
voltages are given as the main and constant parameters, all other parameters are
secondary and can be changed.

1. Inverting Schmitt trigger. In Fig./.], the classical Schmitt trigger with
an inverting comparator tested with Multisim program is shown. In Fig.1.2, the
dependence of U,,;; = f(U;,) (the curve of hysteresis) is shown. Threshold values
U | and Uy, T are indicated on the input voltage U, axis:

T R1 R2 % 1 Ut
P " ! a
1kQ | 10kQ s s o £ Uoa ‘s & >
Uz #2 @2 Osc. b
R Uout
Uin ' 5 0 b 2 4
+10V3j Uout 4 « -
-1OV Uin; Um"’b U;
Fig.1.1. The circuit with inverting Schmitt Fig.1.2. The dependence of
trigger Usur = f(Uin)

From Fig.1.2 it can be seen that U;, T< U;, L. To solve the inverse problem
of calculating the inverting trigger, let's use the equation for determining the
threshold voltages given in [1]. To solve the inverse problem, let's write the
threshold voltage equation from [1].

Uin = Uy e + Upye —-—. (1.1)
Putting the feedback factor K = R2/R1 in (1.1), we get:
Uin = Uy =+ Uour 7= (1.2)
For high and low thresholds we will have:
Uin 4= Uy 7o+ Ulye — (high), Uy 1= Uy ——+ Uye = (low).  (1.3)

From equations (1.3), it can be seen that the voltage Uy, | (high threshold)

depends on the voltage U},,;, and the voltage U;,, T (low threshold) depends on the

voltage U2,,. For simplicity, we can choose: UL,, = VCC and U, = VEE. In
equations (1.3) two unknowns remain: K and U,. In (1.3), by subtracting the low
threshold voltage from the high threshold voltage, we get K:

— Ugut_Ugut 1 14
B Uinl_UinT ) ( ’ )

192



In fact, the (vertical) height of the hysteresis rectangular curve is written in
the numerator, and the (horizontal) width in the denominator. In (1.3), by adding
the low threshold voltage to the high threshold voltage, we get U,,:

Uind+Uin T 14K Uk, +ul 1
Uz in in __ “out out — . (15)
2 K 2 K

Choosing a certain pair U}, and UY,,, only the values U, and K the
respective to that pair can be calculated. Since the number of this pairs and the
number of K-is unlimited, it is necessary to find criteria to limit their number.
That's why it should be taken into account that:

1) the voltages U, T and U;,, | are given as the main and constant;

2) K-is a calculated quantity for trigger circuit;

3) the output voltages are selected, they depend on the supply voltages.

If we consider the height of the hysteresis curve to be constant: UL, —
U2,; = C, then it can be seen from (1.4) that for a given C, for a large group of
output voltages, K will also be constant. In that case, choosing the pairs of voltages
UL, and U, in the ranges we need, we can calculate for each pair its U, voltage
using equation (1.5). By choosing another C, we will have another K and nother
groups of output voltages. To limit the number of groups, there is a need find
another criterion. We choose such output voltages, whose influence of instability
(aging of parts, thermal effects, supply voltage fluctuations, etc.) on the input
threshold voltages is smaller than the amount allowed by the technical
requirements. Let's find the dependence of the threshold voltage change (error) on
the output voltage change (instability or error). Using equation (1.2), for the input

threshold voltage we can write:
AU;, = AU, (1.6)

Now let's find the dependence of the relative error of the input threshold

out g

Voltage Ui  on the relative error of the output voltage. From (1.6) and (1.2), we
will get:
AUip Alyooztt AUip A:oot?tt AUip A:oot?tt
Uin = TK 1 Ul = UK | (h h) = UK | (IOW) (1.7)
Uout Uéut Ugut

It can be seen from (1.2) and (1.6), that if U,,; = 0, then AU,,; =0,

AU, = 0an dAU‘” =0.1fU, = 0, we get: —= AU‘" = %, asin [1]. In (1.7), we see
out

I.’fl TI.
that the relative error of the input threshold voltage depends on three variables: U,,

K and U,,;; . To show that, we conditionally choose any reasonable constant value
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' A
of the relative error of the output voltage: A; = 5"”

. Recalculating the result for

out

other values is not difficult. In the equation (1.5), let's denote the term independent
Uinl+Uin 1 1+K . ,

of U,y by the constant A,: A, = MT"I % If we put the designations in

equations (1.7), then the relative errors of the input threshold voltages will be:

Uind — 2KA,+C ~OUP y. 1t 7 2K4,—c ~ Out

(1.8)

These equations are linear equations depending on the output voltages. This
allows to construct dependence graphs (1.7) for any C, using several (2+5) values.

1.1. The methodical guideline to calculating the relative error of the
input threshold voltage. In modern operational amplifiers, the entire range of
allowable positive and negative voltages can be used from VCC to VEE. For
calculation it is necessery:

1) to select the value of the vertical gap of the hysteresis curve in equation
(1.5) and consider it constant in this example: UL,, — U%,, = C. In this case, K
will have one constant value for different pairs of UZ,; and U2,;;

2) to select several pairs of voltages U2,; and U2, that satisfy the condition
Ul —U%: =Cn(n=1,2,...). For this, the window of the given hysteresis curve
should be shifted along the vertical axis, from the highest value of VCC to the
lowest value of VEE, keeping the coordinates of the threshold voltages U;;,, T and
Uiy, 4. For simplicity, assume that VCC = UL, and VEE = UQ,;;

3) calculate K from (1.5) for the selected C, select R/, calculate R2 (R2 = KR1);

4) for each pair of voltages UL, and U2,,,, calculate U,-by (1.6);

5) having any pair of Ul,, and U?,,, and the respective U,, K, test the
circuit shown in Fig.1.1 as a direct problem [1] by Multisim program. Compare the
obtained threshold voltage values with the required values. In our examples, the
measurement error of threshold voltages is less than 1%, which is acceptable;

6) choose some constant value of output voltage relative error, for
example:0,1 (10%), or a smaller are based on the requirements of the problem;

7) for C1, calculate the relative errors of threshold voltages using (1.8);

8) select another value of C(C2, C3, ...), and repeat the calculation steps 1+-7;

9) construct the graph of equation (1.7) for each C.

1.2. Calculations according to the guide. Calculations of unipolar,
asymmetric bipolar, symmetric bipolar input threshold voltages are performed. We
have chosen a microchip LT1366 and —25V - +25V voltage range. The values of
U, are given as a fraction with the same denominator. It is convenient to choose
such values of C-s that their curves do not cover each other on the graph.
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1.2.1. Unipolar input threshold voltage:

Table 1.1
Calculation results when Uy, = +1V, U;,, T= 40,5V
Cl=5V;K=9 C2 =12V;K=23
Data Datal |Data2 |Data3 |Data4 |Data5 |Data6 |Data7 Data 8
UL,e; U IV] | 15510 10; 5 5;0 0;-5 24; 12 12;0 8; -4 0;-12

U, V] -5/9 0 5/9 10/9 0 12/23 16/23 24/23
AU /Uin L 15 10 5 0 10 5 3,33 0
AU /Ui T 20 10 0 -10 10 0 -3,33 -10

AUin/Uiny, aUin/Uint [%]1440
AUIn/Uint
30 i
T _ A c=5v
20 7 Uinm? _aUinUint |
+10% 10 -7 _ ,—”yﬁ
-4v - e | _  — s A
s 20 s 10 " %4/ AUin/Uiny U1?\|Ini
- 2 5 20 °
?U_ifﬂ'lt/""’:_':j::‘%?: v | b -10% **|ubut
$Uin/um},__/‘,1—”‘ - 20 c=5v
AUinIUi’n+ g - Cursor for| Ryler | Cursor for
17 3L USut L.léut

AUin/Uint |, -~ _a0 T

Fig.1.3. The graphs for unipolar input threshold voltage: Uy, 1= 1V, U, T= 0,5V

In Table 1.1, the graphs of Fig.1.3 are constructed, which are straight lines
passing through the point 0;0 of coordinate axis: the horizontal axis shows Uy,,;,
and the vertical one the relative errors of the input threshold voltages in %. Curves
with parameters C1 = 5V and K =9 are shown by dashed lines, curves with
parameters C2 = 12V and K = 23-by solid lines.

1.2.2. Bipolar asymmetric input threshold voltage

Table 1.2
Calculation results when Uy, 1= +1,5V, U;,, T=—0,5V
Cl1=5V;K=1,5 C2=10V;K=4
Data Datal | Data2 Data3 Data4 Data5 | Data6 | Data7 | Data8
UL,e; US V] 10; 5 5,0 3,75;-1,25 | 2,5;-2,5 15;5 [7,5;-2,5| 5;-5 |0;-10
U, V] -12,5/3 | -2,5/3 0 2,5/3 -15/8 0 5/8 15/8
AU /Ui 4 26,66 13,3 10 6,66 20 10 6,66 0
AU, /Ui T -40 0 10 20 -20 10 20 40
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In Fig. 1.4, the graphs are constructed based on. the Table 1.2.

AUin/Uiny, AUin/Uint [%]1440
AUin/Uint .2 AUin/Uiny |
AUin/Uint \ EY o7 sy AUIn/Uiny
\ 47 =1 |—"Ca=10v
\ 20 -7 K=4
‘\ 0, //
+10% N 10 %
2,5V; 10% [\ S L Ubut
1,252 = ou
5 [V]
-25 -20 -15 -10 -5 27N 3,75 |5 75 10 15 20 25| ¢
-7 =10 -10% Uout
- AY
e -200 %\
AUIn/Uiny, - N
- N\
— 3¢ 3% cq=sv c2=10v
AUIn/Uiny, - K=15 \ K=4
e -40| AUin/Uint AUin/Uin4

Fig.1.4. The graphs for bipolar asymmetric input threshold voltage: U;, 1= +1,5V,
Uy T=-05V

In Fig.1.4, curves with parameters C1 = 5V and K = 1,5 are shown by
dashed lines, and curves with parameters C2 = 10V and K = 4-by solid lines.

1.2.3. Bipolar symmetric input threshold voltage

Table 1.3
Calculation results when Uy, 1= +0,5V, U, T= —0,5V
Cl1=5V;K=4 C2=10V;=9

Data Datal | Data2 | Data3 | Data4 | Data5 | Data6 | Data7 Data8

UL, U8 IV] | 1055 5,0 12,5;-2,5| -5;-10 | 10;0 5;-5 0;-10 | -5;-15
U, [V] -15/8 -5/8 0 15/8 -5/9 0 5/9 10/9
AU fUip L 40 20 10 -20 20 10 0 -10
AUy /Uy, T -20 0 10 40 0 10 20 30

In Fig.1.5 the graphs are constructed based on Table 1.3. Curves with
parameters C1 =5V and K = 4 are shown by dashed lines and curves with
parameters C2 = 10V and K= 9-by solid lines.

AUin/Uiny, AUin/Uint [%]1440
N AUin/Uiny ~ AUin/Uiny,
AUin/Uint AUin/Uint'~ 30 c=5v ,° c=10V
N -+ K=4 7 K=9
R ,
S 20 2
So25V +25v'¢
+10% Al 10 ’
AN /. 1
N 02 Uout
[V]
-25 -20 -15 -10 -5 7N 5 10 15 20 25| o
+10% ST 10% Uout
7/ \\
20 N
=
‘ 30 cmsyh c=10V
AUin/LV AUin/Uiny,* K=a N\ K=9
L’ -40 AUIn/Uint ™ AUin/Uin}
Fig. 1.5. The graphs for bipolar aymmetric input threshold voltage: U, = +0,5V,
Uy, T=—-0,5V
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It can be seen from all the graphs that as C increases, K also increases and
the angle formed by the U,,; axis and the the respective curves of the graph
decreases. The range of output voltages with error of less than 10% increases.

1.3. A guide to using graphs. The Graphs make it possible to replace
complex mathematical calculations with the results obtained by construction
methods characteristic of nomograms. The Graphs are constructed by computer
software or on A4 (or larger) mm paper to ensure relatively high accuracy in use.
That's why:

1) for each C, we prepare a movable vertical ruler, the width of which is
equal to the linear size of the selected C on the graph, expressed in mm, and the
other dimension is equal to the vertical height of the graph;

2) based on the technical requirements of the problem, we select the
necessary range of relative errors of any C (C1, C2 or C3);

3) The right edge of the ruler (U}, cursor) should coincide with any U},
voltage on the U,,; axis (for example, the maximum). At that position, the left
border (U2, cursor) will show the U2, value corresponding to the given U2, on
the graph. In this case, the vertical edge lines (cursors) of the ruler intersect with

AU; . . AU; AU;
the —= curves and show the respective relative errors: —= and —
Uin Uind Uin 1
percentages (take into account point 9 of 1.1).
For any C, it is necessary to move its ruler parallel to itself, corresponding to

the selected pair U}, and U2, and record the relative error new values on the

, expressed as

vertical axis at the point of intersection of the cursor and graph curves. For
example, at the unipolar threshold voltage, for C1 = 5V, if we set the right edge of
the ruler on U, = 15V, then the left edge will coincide with U2, = 10V. The
corresponding relative error values at the points of intersection with the graph

curves will be: 222 = 150 b 222 = 20% (Table 1.1, Datal; Fig.1.3): By moving

Uinl Uin T -

the ruler along the U,,,; axis to the left, it is possible to select pairs of voltages any

UL, and U2, in which case the relative error is smaller than |[£10%]. If we choose
another pair of voltages, we need to calculate the voltage U, corresponding to it (1.5).

1.3.1. Some features of the graph curves. It can be seen from the Tables
and the graphs, that:

1) For unipolar threshold voltages, for example, when C1 = 5V, the range
of relative error AU;, /Ui, < | & 10%]| includes from the pair UL, = +10V,
UQ,: = +5V (Table 1.1, Datal) to the pair of voltages Uk, = OV, US,, = =5V
(Table 1.1, Data4). When moving the ruler to the left or the right from this range,
the relative error increases from [£10%| for at least one threshold. Within this
range, with the help of a ruler, we can already select a pair of supply voltages for a
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given C that will provide the accuracy required by the problem. In the case of
unipolar threshold voltages, it is possible to simultaneously reduce the relative
errors of both thresholds. In the direct problem of classical trigger calculation, the
relative error was reduced to the necessary extent for the first time in [1] for only
one threshold. When choosing a larger C and larger output voltage pairs, the range,
where the relative errors are smaller than [=10%)|, increases. From Table 1.1, Data7,
it can be seen that at C2 = 12V, U}, = 8V and U2,, = —4V, the respective
relative errors are the smallest: ?}l‘]i’l‘ =3,33%, AU;, /Uin 7=-3,33%, ensuring a 3-
fold diminution in threshold voltage errors, under conditions of 10% error of output
voltages (Fig.1.3).

2) For bipolar input threshold voltages, when U, = 0V, the minimum
relative error for both thresholds simultaneously is 10% only, for example, in the

case of asymmetric input threshold voltages, for the voltages pairs Data3 (UL, =
3,75V and U2, = —1,25V) and Data6 (U},; = 7,5V and U2, = —2,5V) of Table
1.2 (see Fig.1.4). And when U, # 0V, then when choosing another pair of voltages
UL, and U2, the error of one of the thresholds increases by |£10%|, and the other
decreases. If we move the ruler the respective to the movable C1 = 5V from its
original position to the right, select the pair of voltages U}, = 5V and U%,, = OV
(Table 1.2, Data2), then the error of the low threshold decreases, becomes equal to
% = 0%, and the high threshold error exceeds the allowable amount: f]i]ﬁ =
13,3% (see also Fig.1.4). This is a consequence of influence of all parameters (K,
C, Uyyut, Uy) on the formation of the relative error. For both threshold voltages, in
order to simultaneously provide a relative error smaller than [£10%|, a change in
the technical solutions of the problem should be made. For this there is a need to
use a VCC power supply with a smaller error. If we use a supply voltage with an
error of 3% instead of 10%, then the relative error of the corresponding threshold

voltage will be 13'130*3 =~ 4%. Thus, using only one VCC=5V power supply with
smaller error, and U, = —2.5/3 = —0.83V reference voltage (Table 1.2, Data2),
we provide smaller relative error for both thresholds: IAJI_]"’; = 0%, i,l.]i'll ~ 4%.

And using a higher precision stabilizer (for example LM4041) and a voltage
polarity converter (to have a negative reference voltage, for example TC1220) will
ensure higher accuracy and smaller error.

3) In the case of bipolar symmetrical threshold voltages, we proceed in
the same way.

2. Non-inverting Schmitt trigger. Fig. 2.1 shows the non-inverting trigger.
In Fig.2.2 the dependence of U,,; = f(U;,) (the hysteresis curve), where U, 1<
U;p T are shown.
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% ExtTrig UOLII I
&7 Uznut s Lo,
§a @ Osc. ‘a a
Us Uout
" +1nvE—M Udut| a='b a,
—10\/ VEE b L
Uin¥ Uin4 Uin
Fig.2.1. The circuit with non-inv. Schmitt Fig.2.2. The dependence of
trigger Uout = f(Uin)

The general equations are taken from [1]. Due to size limitations in the
article, the equations for non-inverting triggers are given without comments, and
only the graphs are presented:

R1+R2 R1
U= U, Rz out 3y (2.1)
1+K 1
U = U, K Uout Ea (2.2)
1+K
Uin 1= U, K out % (hlgh) Uin 1= U out I% (IOW) (2.3)
— Ugut_Ugut
k= Uin T_Uin P (24)
U, = Uin?+Uind K | Ugye+USy 1 , 2.5)
2 1+K 2 1+K
1

AUy, = =AUy =, (2.6)

AU _AUput AU _AUput AU, _AUput

in __ Uout . in __ Uout in _ Uout
Uin - Uz(1+117(1;_19 Uin® - Uz(1+(;<1; (h gh) Uz(1+117(1; 1 (IOW), (2~7)

Uout Udue Ut

AUy =24 0o AUm _ —24 1 (2.8)

UinT 24, (1+K)+C Uy, 1 = 24, (1+K)—-Cc ~Out"

Unlike an inverting trigger, here U;,, T (high threshold) voltage depends on
UY,. voltage, and U, | (low threshold) depends on U}, .We calculated and
constructed the corresponding graphs of the relative errors of the threshold voltages, as
was the case with the inverting trigger, taking into account that UL, > U2,;. For each
voltage pair, we calculate the unknown voltage U, using formula (2.5).

199



AUin/Uiny, AUin/Uint[%1440
AUInUInY (T N 30
AUin/Uiny s 20
AUin/Uint S
AUinUing| Tz 10 +10%
—_— — ~
[ [3 320 S 1
333%===d Tay
R s e ey I 45 U?\llnl
-25 -20 15 10 -8 -5 S —— |10 15 20 25
10% 0| 338 \\__\\ Uout
< === C2=12V Hp
Saol | TR =24 AUin/Uint
C=5V -20 N c|1=$v ~~~~~
< =10 " T " .
Cursor for| 'Ruler | Cursor for SNl AUin/Uint. AUin/Uiny
udut udut - 3% NS
—~ AUin/Uiny
-40

Fig.2.3. The graphs for unipolar input threshold voltage: Uy, T= +1V, Uy, 1= 40,5V

In Fig.2.3, curves with parameters C1 = 5V and K = 10 are shown by
dashed lines, and curves with parameters C2 = 12V and K = 24-by solid lines.

AUin/Uinvy, AUin/Uint [%]440

_~€1=10V,K=5 +——AUin/Uin¥
30 *

AUin/Uint T _-~"|[c2=20v, k=10
| | 20 Pl ]
1\4' s C3=20V,K=20
Sl e, 10 x'” P +10%
ol B 1
. Uout
r
25 -20 20 25 'OV]
Uout
|C2=20V, K=10
C3=20V,K=20
[Ihee -30] AUIn/Uin4| R S1=10V, K=5
AUin/Uiny —L;" 40|

Fig.2.4. The graphs for bipolar asymmetric input threshold voltage: Uy, T= 1,5V,
Uin L= —0,5V, for symmetric input threshold voltage: U;,, T= +0,5V, U;, 1= —0,5V

In Fig.2.4, for bipolar asymmetric input threshold voltage, curves with
parameters C1 = 10V and K =5 are shown by dotted-dashed, curves with
parameters C2 = 20V and K = 10-by dashed lines. For symmetric input threshold
voltage, curves with parameters C2 = 20V; K= 20 are shown by solid lines.

2.1. Some features of the graph curves:
1) for unipolar threshold voltages, similarly to an inverting trigger, place

the movable ruler in the position of voltages: U, = —5V and U2, = —10V. In
. . AU AU, . . . .
that position, the lines Uu”i and UU"TI intersect with the horizontal +10% line
in in

simultaneously. If we move the ruler to the right and place it in the position

corresponding to the pair U}, =5V and UJ, =0V , we will see that

% =—-10%, ?ﬁ’;‘ = 0% (see Fig2.3., curves with parameters C1 = 5V and
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K = 10). In the range of these two pairs of output voltages, the relative errors of
the threshold pair voltages are simultaneously smaller than |=10%|, as in the
inverting trigger. When moving the ruler to the left or the right from this range, the
relative error increases from |£10%| for at least one threshold;

2) for bipolar input threshold voltages, the minimum relative error for
both thresholds simultaneously is 10% only when U, = 0V , just like in the
inverting trigger. And when U, # OV choosing another pair of voltages UL, and
U, the error of at least one of the thresholds increases from [+10%], and the other
one decreases. In order to ensure a relative error smaller than |£10%] for two
threshold voltages simultaneously, we make a change in the technical solutions of
the task, similar to an inverting trigger.

Conclusion: For solving the inverse problem of calculating Schmitt
inverting and non-inverting triggers:

1) we derived equations in which the input threshold voltages are known as
the main and constant parameters, and all other parameters are secondary;

2) we have shown that if K and U, are constant, then the relative errors of
threshold voltages depending on output voltages are linear functions passing
through the point of intersection of the coordinate axes, for the construction of
which it is sufficient to choose only one pair of output voltages for each C.

1. In the case of unipolar input threshold voltages:

1) when U, # 0V, we can always choose such pairs of output voltages, in
which the relative errors of threshold voltages are smaller than |+10%;

2) in case of a certain error of the output voltages, we simultaneously reduce
the errors of both threshold voltages by the necessary amount.

2. In the case of bipolar input threshold voltages:

1) the minimum relative error for both thresholds is 10% simultaneously,
when U, = 0V, and when U, # 0V, the relative error of at least one of thresholds
can always be ensured in the range of 0+]=10%|;

2) in order to reduce simultaneously the relative error values below [+10%)|,
we have proposed new solutions using only one power supply with a smaller error.

When calculating a Schmitt trigger with our proposed methods, we avoid the
errors that occur of the direct problem, when the choices of parameters U,, UL,
U2, and K are not justified. With our methods, the choices of the technical
parameters of the triggers are justified, by which their quality standards can be
improved. We have proposed solutions, to reduce the relative errors for both
thresholds simultaneously to the necessary extent, in the conditions of the
existing errors of the output voltages.
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U.Q. UUrsrrnusuy, L.k, ENrra3uL

CUDBSSP SCPQ P 2UsYU Ul YU UO UNRSRUSHL GCEUUSHL
LULrNRULENRS, ZUUUN UL R LR

Ukpjuyugduws tu Suhwnwnh oponn b sopeonn nuuwlwt wiphgptnh hwpdupyh hw-
Junwunpd junph nisdwt Smbwwuphp b wnwidtwhwnnipniuutpp: Upnwsyt) i unp
hwjwuwnpnudubp, npniugnid huwynuh ki dnuinpughti gbdwghts jupnudutbpp npuytiu giluwgnp
b withnthnju wwpwdbnnpkp, huly dnie yupwdbnpbpp bpypnppuljut Bb okdwghn jupnud-
ubph hwdbdwwn: Zwodupljdt) ko wphgbph ujubdugh dbwgws pojnp withuwyn wwpuwdbn-
ptpp: Upunwsyly Bu hwduwuwpnudubp' sbdughtt jupmdutiph hwpupbpuut upawgitiph hwo-
Juplh hwdwp: Fuwhwndl)] b Gpughtt jupnidubph vppwbiph wqpbgnipniup obdugh
jwpnwlubph wjpwubph Jpue Zwpduplytp Bo dninpuyhtt sbduyghtt jupnidubph (JGplp,
ubpplh) hwpwpbpwlwt upwjubph juppjwdnipiniuubpp wiphgbph Ejpuyhtt jupnudukph
hwpwpbpulut vpwttphg: Uywgnigyl) t, np wyn hwjuwuwpnidubphg jnipupwiynipp,
Epuyhtt jupmudubphg Yupguws, gsuyghtt dmiuljghw b wyt nhwpnud, tpp wyn jupnudubph
tnwppbpnipiniip hwuwnwnnit b Upwldl) b dEpnpuljut ninkgnyg dntnpughtt obdwgh
(wpnidubph hwpwpbpulwt vpwutph hwydupyubph hwdwp: ‘Lpw dhongny Juwnwpyty
El hwpqupfubp okduyghtt jupnudtbinh Epkp nuppipuutph ghypnd” dhwpbbe, tplplbtn
wuhdbwnphly b Eplplbe uhdbnphly: Zwodupuyhtt wynruwlutph hhdw Jpu juenigly
Eu Eppughtt jupnudubnhg Unmnpughtt obdughtt jupmudutph hwpwpbpuwi vjpuyubph Juju-
Judnipjul qpudhljutpp: 8nyg k wpyby, np wdku dh Ynph junnigdwb hwdwp pudupup b
puwnptk] Gpuyht jupnudutph dhuy dkY qnyq: Uswljyl) E qpudhlutinhg ogungtint nink-
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gnyg: Unwowplyty k owpdwljut pwint, npny htpnnipjudp (wnwbg hwpduplubph) fu-
phih £ punply bjpught jupnudtph wyjtwhuh qniyg, npp juywhnyh ugph wuwhwgtbpht
pujwpupnn Lounipinil: Lnwsnudubp i wowewnyyty Eplne otdbph hwdwp vhwdwdw-
twl) tuqkghtynt hwpupbpulwl ujewubpp’ pught jupnidibph welu ujewgibph wuay-
dwbtbkpnid: Unwowpyus dkpnnubpny Jupkih £ hwodupll) Sdhwnnh unp wiphghp' qtipsd
dtwny wyt upuwyiknhg, npnup Jupnn b wpwewbiwy ninhy juunph hwyduplh dudwbwy,
Epp htwuyht jupdwl, Epuyht jupnudubph b hbnwnwupd juuh gopswlgh Ubkdnipjuu
punpnipiniuabkpp hhdtwdnpdus sk Unwowplws dbpnnubpp hhdtwynpnid tu wphqbp-
ubph wkjthjuljwt wwpudtnptph pnpnipgnip, huyp jpapbjudh pubg npulyp:
Unwbgpuyplr punkp. Guhwnnh nphgbp, hwljunupd jutinhp, induyupunnp, shdught
(upnid, hEbwluwyhtt jupnud, Epuyght jupnid, jupnudubph hwpwpbpulw uhawgtkp:

C.I'. MAPTHUPOCSH, Ix.2. TOPUKSAH

PACYET TPUITEPA HIMUTTA B 3ABUCUMOCTH OT IIOPOI'OBBIX
HANPSKEHUIA. OBPATHAS 3AJIAYA

[IpencraBneHsl MyTh M1 0OCOOCHHOCTH PEUICHUsT OOpaTHOM 3aJaun pacdeTa MHBEPTH-
PYIOLNX U HEMHBEPTHPYIOMINX Kiaccndeckux Tpurrepos llImurra. [lomyueHs! ypaBHeHHS,
B KOTOPBIX BXOJHBIC IMOPOTOBHIC HAMPSKCHUS M3BECTHHI KAaK OCHOBHBIE M TMOCTOSTHHBIE
TapamMeTphl, a OCTAIBHBIE MMAapaMeTPHI SBIISIOTCS BTOPHYHBIMHA IO OTHOIICHHIO K IIOPOTOBBIM
HaTpsDKeHUsAM. PaccanTaHbpl Bce OCTabHBIE HEM3BECTHBIE MTApaMETPhl TPUITEPHON CXEMBI.
B])IBCZ[GH])I YpaBHEHUA JId pacu€Ta OTHOCUTEIIbHBIX HO[’peHJHOCTeﬁ TOPOT'OBBIX HaHpﬂ)KeHHﬂ.
[oxazaHpI 3aBUCHMOCTH 3TUX IOTPEIIHOCTEH OT BBIXOIHBIX HAIPSKCHUN TPUTTEPOB U UX
OTHOCHTENBHBIX TOTperrHocTel. Jloka3aHo, 9TO 3TH YpaBHEHHS B OTIACIEHOCTH SIBIITIOTCS
JMHEHHBIMU (QYHKLIUSMH OT BBIXOJHBIX HaNpsDKEHHH B TOM Cliydae, KOTJa pa3sHOCTh ITHX
HATPSDKCHUH TOCTOsIHHA. Pa3paboTaHbl METOAMYECCKIE YKa3aHUS IO pAacUeTaM OTHOCUTEIb-
HBIX TIOTPENIHOCTEH MOPOTOBBIX HampsykeHuH. [locTpoeHsl rpaduku 3aBHCUMOCTH OTHOCH-
TEJNBHBIX TOTPEIIHOCTEH BXOIHBIX MOPOTOBBIX HANPSIKEHUN OT BBIXOJHBIX HAIPSDKCHHUH.
[TokazaHo, YTO ISl MOCTPOEHHSI KaXKJOH KPHBOM JOCTaTOYHO BBIOPATh TOJBKO OIHY Hapy
BBIXOJIHBIX HampspkeHUi. Pa3paboTaHO pyKOBOACTBO MO MCHOIB30BaHUIO Tpadukos. [Ipen-
JIO’KEeHA TIOJBIDKHAS JIMHEHKA, C MOMOIIBI0 KOTOPOi 0Oe3 IpelIBapHTEeNbHBIX PACUETOB MOKHO
1oJ00paTh TaKylo Iapy BBIXOAHBIX HAINPSDKEHU, KOTOpas 00ECIEYHT YIOBIETBOPSIONIYIO
TpeOOBaHUSAM 3a7a4 TOYHOCTb. [IpeasyiokeHbl penieHus], MO3BOJSIONINE OJHOBPEMEHHO
CHU3UTHh OTHOCHTEJBHHBIC MOTPEITHOCTH i 000X MOPOTOB B YCIOBHUSX CYIIECTBYIOIINX
MOTPEITHOCTEH BBIXOAHBIX HampspkeHHH. C MOMOIIBI0 TPEATIOKEHHBIX METOIO0B MOXKHO
paccuntath HOBbIH Tpurrep llImurra, n30exaB omMOOK, KOTOPhIE MOTYT BO3HHKHYTD IPH
pacueTe TpAMOW 3amadyd, KOTAAa BBIOOPHI 3HAYCHHWU OMOPHOTO HAIMPSKCHHS, BBIXOIHBIX
HampsDKEHUH ¥ K03 (hHIIMeHTa 00paTHOM CBsI3M He 000CHOBAHBI. [IpeIOKEHHBIMH METOIaMU
06OCHOBI)IBaeTCﬂ BI)I60p TCXHUYCCKUX MapaMETPOB TPUTTECPOB, UTO MO3BOJIUT IMMOBBICUTH UX
Ka4ecTBO.

Knroueevie cnosa: tpurrep lllmutra, oOpaTHas 3amada, KOMITapaTtop, MOPOTOBOE
HaIMps’KEHUE, OINOPHOEC HAIPSAKCHUE, BBIXOAHOC HAIPSKEHUE, OTHOCUTCIIbHBIC TMOIPEHIHOCTU
HaMpsKEHUH.
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THE UNDERSHOOT AND OVERSHOOT MINIMIZATION METHOD IN
VOLTAGE REGULATORS

As in modern data transfer circuits data rate and clock frequency continu to increase,
the contribution of jitter to the overall timing error becomes increasingly significant in
high-speed interfaces.

The main techniques of jitter minimization are usage of decaps and supply voltage
regulation. There are two main groups of voltage regulators: linear and switching. In high-
speed transceivers linear voltage regulators are often used, especially low-dropout regulators
(LDOs). The main advantages of linear voltage regulators are small area and power
consumption compared to switching regulators. LDO provides regulated output voltage to
sensitive analog circuits for different load currents with the help of negative feedback.
Another advantage of LDO is big power supply rejection compared with other regulators.

In this paper, a method of overshoot voltage reduction in LDOs during load switching
is proposed.

Keywords: voltage regulator, low-dropout regulator, LDO, overshoot, negative
feedback, ripple, fast loop.

Introduction. The architecture of a typical electronic microsystem consists
of several on-chip voltage sources for regulation [1]. In modern circuits LDOs are
used to supply noise-sensitive loads, such as voltage or current mode drivers, analog
equalizers, delay-locked loops, etc. These voltage regulators should be independent
of the load current and process variation. The basic architecture of a voltage
regulator is shown in Fig.1.

It consists of an error amplifier (EA) which is used for controlling the pass
transistor gate to provide a regulated output voltage. Error amplifiers are often
based on folded cascode and active load operational amplifiers (opamp). The
folded cascode structure can achieve a high open loop gain with one stage. This
topology uses a differential pair at the input for rejection of common mode and
power supply noise. Therefore, the folded cascode offers an auto-compensation of
phase margin, great common mode range on the input and a two-stage amplifier
gain. Moreover, this topology has a better Power Supply Rejection Ratio (PSRR) is
compared to the two-stage amplifier and a telescopic amplifier, since there is no
pole splitting [2]. Op Amp based on an active load amplifier has a simple architecture
with high gain and good stability parameters.
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Fig.1. Voltage regulator architecture

The amplification factor for voltage regulator is defined by following equation:

Av=Vref (g—g + 1) [3]. (1)

As shown in the above equation the voltage regulator amplification can be
controlled by changing Rfl and Rf2 resistor values.

For improving the voltage regulator’s PSRR, a technique with adding a
capacitor between regulator output and AC ground is commonly used, which changes
the dominant pole [3]. The output capacitor is being charged during a period when
more current flows through the pass gate than required for load driving. When the
pass gate cannot provide the necessary current for load driving, the capacitor starts
to discharge, which minimizes the undershoot. By increasing the output capacitor
value, the output ripple of the voltage regulator will decrease, but it will have an
impact on response time. In addition, there is also a limiting factor for increasing
the capacitor such as area.

Problem description. A voltage regulator circuit using folded cascode
architecture Fig.2 [4] has been designed by SAED14 nm FinFet technology [5],
and HSPICE simulations have been performed.
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Fig.2. A voltage regulator based on folded cascode opamp

An output Mpass transistor is designed for driving up to 1 mA current and
middle point of feedback resistors called V1b.

In the first step of circuit verification, HSPICE simulation is performed for
TT (Vdd=0.9V, T =25°C), FF (Vdd=0.945V, T=-40°C), SS (Vdd=0.838V, T=125°C)
cases and voltage regulator stability parameters are checked. Results are shown in
Fig. 3 and in Table 1.

vdblout] 73 —
vdblout] 73.2 ==
Bvdblout] 708 3

Fig.3. AC characteristics of nmos fast loop voltage regulator stability results.
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The main voltage regulator stability parameters

Table 1.

Measurement SS TT FF

PM (deg) 74 76 78
GM (dB) 36,2 37,1 37,7

UGB (MHz) 19,6 26,9 35
Gain at low frequency (dB) 70,8 73 73,2

During the simulations, the 3 pF output capacitor was used, and the output
load has changed so that the output current value increased from 0 to 1 mA during
20 pS which caused a huge undershoot and 18 nS settling time for TT case. The
output current value was decreased from 1 m4 to 0 m4 which caused a huge
overshoot as shown in Fig. 4, Fig. 5 and on Table 2 for TT, FF, SS corners.

Tapw o vawe . lages |

‘P2P:99.3m

Vs

QX/‘
P2P:150m

uuuuuuuu

'p2P:74.7m

‘p2p:116m ’ \

Fig.5. A voltage regulator output overshoot
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Table 2

The voltage regulator output measurement results

Measurement SS TT FF
P2P undershoot (mV) 150 99.3 74,7
Settling time undershoot (nS) 24 18 17
P2P overshoot (mV) 116 78,4 58,5
Settling time overshoot (nS) 19 17 14,7

As shown in Fig.4, the output voltage of the voltage regulator drops from
900 mV to 838 mV due to load changing, which is unacceptable, because it can lead
to high jitter in clock path circuits or data errors in transceivers, because modern
high-speed critical circuits are designed to work with +-5% range of voltage
supply. In modern designs, power supply Induced Jitter (PS1J) is one of the major
contributors which limits the timing budget of high-speed systems [6].

The proposed solution. Two voltage regulators are added (Fig.6) in parallel
to the main voltage regulator to provide higher bandwidth and shorter response time.

fast loop

Vref \\

Main VREG Vout

v // S FE— J— Cout
// Vref
Vib EA pmo@—":l\ﬂm i

fast loop

Fig.6. Main and fast loop voltage regulators

Added voltage regulators are called ‘fast loop’. Because the fast loop and
main voltage regulator are connected to each other parallelly as shown in Fig. 6,
PSRR requirements for the main voltage regulator are stricter, but it’s necessary to
design fast loop regulators to have less than 0 dB PSRR.

The operating principle of the fast loop voltage regulators is as follows:
when the main voltage regulator is not able to provide a necessary current for
driving the load, MP transistor provides the missing part of the needed current and
if the main voltage regulator gives more current than necessary for load driving, the

excess current discharges through the MN transistor. Besides using fast loop
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regulators as a charge and discharge paths, they also give an opportunity to reduce
the settling time due to a higher bandwidth (800 MHz) compared to the main
regulator (100 MHz).

Error amplifier (nmos and pmos) is opamp which can be a folded cascode as
used in the main voltage regulator or another type of operational amplifier. In the
proposed architecture, an opamp is used based on active load configuration (Fig.7).
This circuit has good features in terms of self-bias capability, common-mode
rejection, voltage gain, and the gain-bandwidth product [7].

| . Nmos voltage regulator / Pmos voltage regulator

Fig.7. Fast loop voltage regulator architecture based on active load OTA

Error amplifiers used in fast loop have poor phase margin and are able to use
the proposed architectures of LDOs without any kind of external compensation. It
is necessary to implement an internal compensation that ensures stability under all
load conditions. This may be accomplished by using pole split techniques based on
the Miller effect, where the compensation network consists of a current buffer as a
differentiator that sets the dominant pole at an internal node. Other Miller
compensation techniques for multistage amplifiers can also be used, as proposed in
Fig. 8 [8](

Nmos voltage regulator

Pmos voltage regulator

Fig.8. Fast loop voltage regulator architecture based on active load OTA with Miller

compensation circuit
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Internal compensation causes a higher output voltage ripple, it can be
reduced by charging/discharging the current available to charge and discharge the
gate capacitance of the pass transistor, thus improving the settling time of the
regulator. This sets a trade-off between transient response and power consumption
because, according to the results, a reduction in power consumption penalizes the
capacity to handle the gate capacitance of the power transistor.

Results. In the first step of the method verification, HSPICE simulation
carried out and the fast loop voltage regulator’s stability parameters were checked.
The results are shown in Fig. 9 and Fig. 10 and in Table 3 for TT,SS and FF
corners.

1k 10k 100k M 10M 100M 16 106
+BUSER Istb(db) (Unit:mad Uy =———
—
40 S
20 -
—~
0 e
RN

-20 \
-40 N
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T T T T T
(log) 1k 10k 100k M ioM 100M 1G 10G

Fig.9. AC characteristics of pmos fast loop voltage regulator

— —
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Fig.10. AC characteristics of nmos fast loop voltage regulator stability results
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Table 3

The voltage regulators stability parameters

Type Corner PM (deg) GM (dB) UGB (MHz) Gain at low
frequency (dB)
PMOS SS 92,4 26,06 374,6 46,8
voltage TT 88,9 25,3 683,8 53,9
regulator FF 73,8 23,4 1141,1 58,6
NMOS SS 93,4 26,6 322,2 40,6
voltage TT 914 25,7 596,6 49,2
regulator FF 71,6 23,3 1203,4 59,5

In the second phase, HSPICE simulation was performed to check the
proposed method with transient analysis. During the simulation, the output current
value changes from 0 to 1mA and is measured undershoot, settling time values as
shown in Fig. 11 , and changes from 1mA to 0 and measured overshoot, settling time
values as shown in Fig.12 and in Table 4.

130 . Lo . . L iy

905m

“p2P:32.3m (
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880m

8som

' P2P:48m

820m

C

| 'P2P:23.5m

Fig. 11. Voltage regulator output voltage with proposed architecture
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Fig.12. Voltage regulator output voltage with proposed architecture

Table 4
The voltage regulators output measurement results comparison
Measurement SS TT FF
P2P undershoot (mV) 38 32,3 23,5
Settling time undershoot (nS) 2,87 2,17 1,95
P2P overshoot (m/V) 51 34,6 24,6
Settling time overshoot (nS) 3,07 2,8 2,47

As shown in Table 4, with the proposed version, the drop is three and the

folded cascode opamp.

settling time is approximately nine times less than in the voltage regulator based on

Conclusion. A voltage regulator based on folded cascode operational

amplifier has been designed with the SAED 14 nm FinFet technology. A huge
voltage drop is observed.

An architecture update has been proposed to reduce the voltage drop.

increase is acceptable for the desired results.

According to the results, the voltage drop is reduced 3 times. But the circuit area
and power consumption increase slightly because two stabilizers are added, but this

The SAEDI14 nm FinFet technology libraries have been used during the
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HSPICE simulations, and outputs have been exported by Galaxy Custom Designer tool.
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LULUUL TUfeUdNrpuveNhu @6r8USYk B4 A6r8USYb L4 UQE3U UL
Ut}

‘Ukpuynidu wnfjuyutph thnjuwbgdwi wpuqugnps hwnnpnhs-plugniithy hwignygub-
powd nfjuubkph b nuljnughtt wqputpwh hwdwhnipjut dkswugdwup gnigpipug wqnu-
pwtth ppprngh nhpp dwdwbwluyht ujpwpuiph Uk nuninud E tpwbwluhg:

Ugqnuiipwih ppprngh tjuqupdut hhdbwlub inuwbwlubphg o juwywqbpdng
niiulnipjniiiiph ogunugnpénudp bt utinigdw jupdwt jupquynpnudp: Gnynipinit niukh
Jupiwl jupqunpuwt hudwlwpgbph bpyne hpdbwljwlb odpbp” gdughtt b thnpuwbigunnnn;:
Upwgqugnpsd thnpuwbigdwt gdtpnud hhdbwwinid fhpwndnud ki jupdwt jupgudnpdu
gdughtt hudwljwpgbpp, dwubwynpuybu’ gusp wiljdwh jupgquinphsitpp (Low-dropout
regulators): Lupudwt Jupquynpiwb gdughtt hwdwljupgbph hhdtwljut wpwbnipinibibp
ki thnpp dwbpbup b gwsp Eubpquuyuenidp’ b hwdbdwn jupdwi jupguynpuwb tnfu-
wpwwnynn hwdwlwpgtph: LDO-utpp jupquynpdws tjpuyhtt jupnudp npudwunpmud B
qquyntt whwnquhl ujebdwibkpht wwppbp pioh hnuwbplbph hudwp, puguuwlwb hb-
tnunupd juwh dhengny: LDO-utph djniu wnwybnipniup pupdp b gudp hwdwpimlw-
tught utdwh wyUmlukph ghpdwh Uks gnpswljhgh - hudbdunws jupdwi jupgujnp-
dwit wy) hwdwupghph:

Unwownlws k pinh thnthnjudwb wuydwbubpnid LDO-ukpnud ghpjupdwi ugw-
qupiuui Ukpnry:

Unwigpughli punkpll hunnpnhy-punniuhs hwtgnyg, jupdwt jupquynpuiwt hw-
dwljupg, LDO, mqpuupwih ppprng, juwwuqbpdnng nibwlnipnii :

C.A. XAYATPSIH, A.C. TABOSIH

METOJ MUHUMMU3AININU ITPOCAIKHU U ITIEPEPEI'YJINPOBKH B
PEI'YJIATOPAX HAITPSIKEHUSA

IlockonbKy B COBpEMEHHBIX CXeMax Mepeaul - IprueMa JJaHHbIX CKOPOCTh epeadun JaH-
HBIX U TAKTOBAsI YACTOTA MPOAOJDKAIOT PACTH, APOYKAHNE CUTHAIA B OOIIEH OMMOKe CHHXPOHHU3AIMN
CTaHOBUTCS Bce OOsee 3HAUUTENEHBIM B BBICOKOCKOPOCTHBIX HHTEpdecax.

OCHOBHBIMH METOIAMH MUHHMH3ALIUH JUKUTTEpA SBILIIOTCS MCTIONB30BaHUE AEKAILTHPYHOIIMX
KOHJICHCAaTOPOB M PETyJIMpOBaHUE HampspkeHHsA nuTaHus. CyIIecTBYIOT JBE OCHOBHbBIE I'DYIIIIBI
PETYIATOPOB HANPSHKEHMS: JIMHEHHBIC M UMITYJIbCHBIE. B BBICOKOCKOPOCTHBIX IpHEMOIIepelaTdH-
Kax 4acTo MCTIONB3YIOTCS JIMHEHHBIE PETYIISITOPI HAIPSDKEHHSI, OCOOCHHO PETYILITOPHI C MAJIBIM Tajie-
nueM HanpsbkeHus (LDO). OcHOBHbIMU IPEUMYIIECTBAMU JIMHEHHBIX PETYIATOPOB HAIPSKEHUS
SIBISIFOTCS. MaJiasl IUIOINA/(b U SHEProNOTPeOIeHUE [0 CPABHEHHIO C UMITYIbCHBIMH PEryIATOpaMu.
LDO obecniequBacT peryaupyeMoe BbIXOIHOE HAPsDKEHUE 1711 UyBCTBUTEIbHBIX AHAIOTOBBIX CXEM
JUISL pa3IM4YHBIX TOKOB HAarpy3Ku C MOMOIIBIO OTPULATENIbHOI 00paTHOM cBA3U. JIpyruM npeumy-
mecTBOM LDO 10 cpaBHEHUIO C JPYTHUMU PETYIATOpaMU SBISETCS KOI(DGHULUEHT 10JaBICHUS
BBICOKOYACTOTHBIX U HU3KOYACTOTHBIX IIYMOB NCTOYHHKA MUTAHUS.

B cratbe npeuioxeH MeTo/ CHIbKEeHUS nepeHanpspkeHus B LDO npyu M3MeHeHHH Harpy3KH.

Kntouesvie cnoea: cxema mepenadv-nprueMa JaHHBIX, peryisitop Hampspkenust LDO,
JpO’KaHUe CUTHaJIa, JeKaIUTMPYIOIIMI KOHIEHCATOoP.
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T-COIL TRANSFER FUNCTION USING THE TIME AND TRANSFER
CONSTANT METHOD

The bridged T-coil (BTC) also called the T-coil circuit is often employed to extend
the bandwidth of a wideband amplifier beyond the transition frequency f r of the driver
device. The transfer function of T-coil can be derived using the extra element theorem or
the A-Y transformation. In this paper the time and transfer constant (TTC) method is used
to derive the transfer function. An inductive proof of the TTC method is given which
subsumes special cases, such as methods of zero and infinite value time constants.

Keywords: T-coil, Transfer function, time and transfer constant method, poles and
ZETO0S.

Introduction. Scaling of integrated circuit technology has continually
increased the data rates in high-speed links. One way to increase the data rates is
development of architectures that will be able to transfer information through serial
links like high-speed Ser-Des protocols VSR (Very Short Reach) and PCle
(Prereferral component interconnect express) [1]. The advancement of process
technologies, downscaling of device dimensions, lower supply voltages, increased
the operating frequency making it very difficult to compensate the channel loss [2].
The low-pass characteristics of the channels greatly affect this process. The
problem becomes more challenging as the specifications for operating the
frequency band become wider. Therefore, degraded signal recovery in high-speed
interfaces becomes a serious challenge [3]. There are many known approaches for
restoring the corrupted data. The most well-known of these uses a continuous time
linear equalizer (CTLE) [4].

Most common CTLE architectures consist of source degenerated common
source amplifiers [5] (Fig. 1).
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Fig. 1. CTLE circuit diagram and amplitude-frequency plot

In order to compensate the parasitic capacitances of the PAD, on-chip inductors
and T-coils are a feature of modern wireline systems [6]. T-coils are also used as
the load in high-speed amplifiers to enable high gain at the required frequency [7].

The T-coil circuit diagram is shown in Fig. 2. It consists of two mutually
coupled inductors and a bridge capacitor.

Cp
i
L, L, ;
whafiu s | C2]

Fig. 2. Circuit diagram and layout of T-coil

For simplicity, a common source stage without degeneration is presented
below Fig.3(a) with the usage of inductor(b) and T-coil(c). It is shown that T-coil
can increase 3-dB bandwidth by 2.83 times, while inductor stage improves bandwidth
by a factor of 1.8 [8].
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Fig. 3. Common-Source with (a) a resistive load (b) inductor (c)T-coil

The transfer function of common source stage with T-coil can be derived by
finding its output impedance simply multiplying the result by transconductance
(gm) of the input device.

In this paper, the transfer function of T-coil is derived by the TTC method
[9]. By the mentioned method, the transfer function to any degree of accuracy can
be determined. Section 1 introduces the TTC method. Section 2 presents the T-coil
transfer function derivation by using the TTC method.

Section 1. Today’s sensitive and high-speed integrated circuits AC analysis
help to find the transfer function of the designed circuit. But it is often necessary to
derivate the transfer function by analytical methods that can be helpful for the
circuit for design objectives. More importantly, the analytical methods do not need
to carry the analysis to its end to be able to obtain useful information about the
circuit dynamics. The transfer function in circuit design usually relates the current
or voltage at one port to the current or voltage at another port. On the other hand, if
the input, x, is the current of a current source driving a given port of the circuit,
while the output y is the voltage across the same port, the transfer function,
Z(s) = vq (s)/ iy (s) would correspond to the impedance looking at that port.

The transfer function of a linear system with lumped elements can be written by:

ag+ais+azs?++ams™
14+byS+bys2+---+bys™ ’

H(s) = (1)

where all a; and b; coefficients are real, and s represents the complex frequency [9].
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Based on the fundamental theorem of algebra, equation (1) can be factored as:

(-2)1-2)-(1-5)
(=G50 @

where pole and zero frequencies, given by p; and z; respectively, are the real or
complex conjugate pairs.

H(s) =

Knowing the coefficients of (1) as poles and zeros, we can predict circuit
dynamics. By the TTC method we can determine the transfer function of an Nth
order system to the desired level of accuracy using low frequency calculations of
port resistances and low-frequency values of the transfer functions (transfer
constants) for different combinations of shorting and opening of other elements.
The system network with N energy-storing (reactive) elements can be represented
as a system with N external ports with no frequency-dependent elements inside and
each reactive element (namely inductors and capacitors) attached to one of the
ports, as shown in Fig. 4 [9].

Ly C,

No frequency Out
dependent elements

Fig. 4. A system with N energy-storing (reactive) elements

In [9] research proved, generalized, and discussed the TTC method with its
several important and useful implications.

a,, and b,, we are able to determine by

— yisi<j ¢ Jj<k SN _0_i lj
b, =Y, DA S 1y 3)

where T,ij corresponds to the time constant due to the reactive element at port k and
the low frequency resistance seen at port k when ports whose indexes are in the
superscript (i, j, ... ) are infinite valued (shorted capacitors and opened inductors).

So, the time constants will have one of the following forms depending on
whether there is an inductor, or a capacitor connected to port k:

for capacitor, C;:
ke = CiRl-jk"'i )

4
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for inductor, L;:

e = (5)
l
where Rij k'"(R{’m'") is the resistance seen at port k(n) with the reactive elements at
porti,j,...(I,m,...) at their infinite values.
And the a,,, defined as:

<i<j j<k i Lj i j
am=%; "’ Zj] XN ! L HUR (6)

where H¥ is the Nth-order transfer constant evaluated with the energy storing
elements at ports i, J, ... at their infinite values (opened inductors and shorted capacitors)
and all others are zero valued (opened capacitors and shorted inductors).

Section 2. The small signal model of T-coil is shown below, where L is the
mutual inductance (Fig.5).

é—| |
|
V.. (A
gm ln<> L4 Ls

gd

Fig. 5. Circuit diagram for calculating

Because we have infinite and zero values in transfer constants, r* and r
resistors are added where r - oo and r* — 0.
The time constants are shown below:

w=Gr W=GRIN Q=L 9ol
75 = RL-ir 73 =GR (I i = RLir ol = 1;_4
T%_I;_i Tg:i_S T‘%_RLir Tg—l;z_s
7 = L74 = RLET T8 = RLiT 2 = ks



T4 . 15 . T4 . 15 .
14 Ls 23 _ La 23 _ Ls 24 _ Ls
= T = — T = T =

5 R+71 4 r 5 T 5

34 _ Ls 123 _ L4 123 _ Ls 124 _ Ls
s =% LW =5 Ts Ts
Té34 -0 234 =0

The number of poles in the circuits is represented by the number of independent
reactive elements, i.e. initial conditions of capacitors and inductors that can be
defined independently. The initial condition for capacitor corresponds to voltage
and for inductor is current. The four initial conditions of T-coil (C;, Cy, Ly, Lg)
imply four poles. The number of zeros in a circuit is defined by the maximum
number of reactive elements for which setting infinite values (shorting capacitors
and open circuits for inductors) will lead to a non-zero output. The derivation of T-
coil poles and zeros defined by (3), (6) expressions are shown below:

5
=Z ‘L'lp= Tf+r8+rg+12+‘rg

=GR, (7

2r R +r

1si<j  js5
Z Z T?T} = 013 + V1) + o1l + 0k +
=1 =2
+1972 + 1972 + 1912 + 1973 + It + vl =
Ly | L o fla L
= GRIMZ+Z) + Cr (2 +2) = Ly + Ls) + Ly + Ls),  (8)
1si<j j<k kss

2 2 2 T lT,l(J =03 (2 + 2+ i) +

+rdei(® + T§3) + 17 11(154) + 1972 (t23 + 18) + 1973 (73 + o 91iedt =

= 21" C,RC, + 21" CLRC; = CLCoR(Ly + Ls), )

1<i<j j<k k<e es5

SOOI RT TS

0.1.12(.123 123 0.1 124 13,134 223234 _
—T1T2T3 (T + 75 )+‘L’1T ‘54 T5 +T1T3T4 T5 +T2T T4 Ts

= 1" CRC, 2 (224 25) + 7" CLRC, 2222 = €1Cy Ly (Ly + Ls) + C1CaLaLs . (10)
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The transfer constants for Fig.5 are shown below:

H° =R H' =R H> =0 H? = (r+ R)||r
H*=0 H®=r H2 =0 HB =r

H'* =R H'® =R H?3 =0 H2* =0

H*® =0 H¥*=r H3 =0 H* =0

5 .
ap = )., TPH = 1{H" + 19H? + 1{H3 + 1{H* + 1H> = 10H° = Ls, (11)
1<i<j j<5

a, = Z Z T?T}H” = 10t]H? + 107IH3 + t0tfH + 707l H1S +
=1 j=

+12t2H%3 + 112H?* + t212H? + 1013 H3* + 191335 + 1 012HY =

=RC (Ly + Ls), (12)
_ 1+a,s+a,s?
H(s) = 1+b;S+bys2+b3s3+byst’ (13)

Conclusion. Estimating the bandwidth and transfer function is essential in
SERDES systems. T-coils are an operational way to overcome bandwidth issues.
The Paper presents an efficient analysis of T-coil transfer function and output
impedance. The transfer function of T-coil is derived using the TTC method. Time
and transfer constants are calculated using just low frequency calculations for
various combinations of shorted and opened energy-storing components.
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T-UQt4 buHRESOCH @ATLSUTL SNhLUShUSh MR CURGLNRUT
duuULUuh GY oNULSUUL ZUUSUSNRULLELE UGN,

Yudpowuyphtt T-wdl hugnilunpp, nptt witduwinid b bwb T-wdb hugnijunp, hw-
&wu oquuugnpsymu k jujtwskpn nidknugmgsh pognibwlmpmiip dksughbyne hudwp'
dhtisk hwnnpnsh wugniduyht f r hwdwjunipini: T-wdl hugnijunnph hnpuwbgdwt $niuly-
ghwl Yupnn k nnipu plpdby oguugnpstyng (pugnighs wwpptiph phnptdp jud 4-Y tinpuw-
Ytpwnudp: Upjuwunwbpnid dwdwbwlh bt hnjuwbgdwt hwunwnniuibph(d®z) dkpnnu
oquiuugnnpdynid k hnjumbigdutt $niuyghwit nnipu phplnt hwdwp: Lhpuyugqus t 3oz
Ubpnnn, npb pungpynud £ npnowljh niyptp, hisyhupt b qpoyuju b wiuwhdwb wpdtph
hwuwnwwnniibp wupnibwlnn Uninbkgnudp:

Unwbgpughll punkp” T-wdl hunnijunnp, thnpwbgdwl $niighw, dwdwmbwlh b
thnjuwigdwtt hwuwmwnnih dkpny, putnutp b qpnubp:

I''A. IETPOCSH, C.K. I'YJISIH

@®YHKIMS [TEPEJAYU T-OBPA3ZHOM KATYIIKHU C
HCIOJIb30BAHUEM METO/JA BPEMEHU U ITEPEJAYHOMN
MOCTOSIHHOM

Mocrosas T-o0pa3Has KaTymika, Takke Ha3piBaeMas T- 00pa3HOI KaTyIIKOH, 9acTo
HCIIONIB3YETCS I PACIIMPEHUs MOJIOCHI IPOITYCKaHHs IIMPOKONOJIOCHOTO YCHIIUTENS JI0
MIPEeIeNIOB YacTOTHI epexona f t apaiiBepHoro yctpoiictsa. [lepenarounas GpyHKIusS

T- oOpa3HOW KaTyIIKH MOXET OBITh IOJNydeHa C HCIIOJIb30BAaHHEM TEOPEMBI O
JOTIOTHUTENBHBIX JIeMeHTax Wi A-Y mpeoOpa3oBaHus. B maHHOW cTaThe s TOTYICHUS
repeaToYHON (PYHKIMH UCTIOIB3yETCss METO BpEMEHH M nepeaaTouHoil koncTaHTsl (BIIK).
JlaHo nHAyKTUBHOE JOoKa3arenbcTBO MeToAa BIIK, BeIeneHbl yacTHBIE Cllyyau, TaKHe Kak
METO/IbI HyJIEBBIX U OECKOHEUHBIX 3HaYEHHH ITOCTOSIHHBIX BPEMEHH.

Knrouesvie cnosa: T- obpa3Has karyuika, nepeaaToqtas GyHKIHs, METO BPEMEHH
U IIEPEJaTOYHOU ITOCTOSHHOM, IIOJIFOCHI U HYJIU.
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ROBUSTNESS OF UNIFORM CONTROL SYSTEMS WITH
MULTIPLICATIVE UNCERTAINTIES

This paper aims to develop simple graphical tests for analyzing stability robustness
of uniform control systems with respect to multiplicative uncertainties. The uniform
systems are multi-input multi-output (MIMO) feedback control systems having identical
transfer functions of separate channels and rigid cross-connections described by a square
numerical matrix. The exposition is based on the method of characteristic transfer
functions, which allows reducing the stability analysis of an interconnected MIMO system
with N and N outputs to the analysis of N fictitious independent systems with one input
and one output. The proposed robustness tests are in the form of N “forbidden” circles on
the complex plane of characteristic gain loci of the open-loop uniform system. A numerical
example illustrating application of the tests to the analysis of stability robustness of a three-
dimensional uniform system is given.

Keywords: multivariable control system, uniform system, multiplicative uncertainty,
stability robustness, characteristic transfer functions.

Introduction. The issue of robustness of multivariable or multi-input and
multi-output (MIMO) control systems with respect to external disturbances and
uncertainties has always been one of the central in modern feedback control [1-3].
The paper presents simple graphical tests for analyzing stability robustness to
multiplicative perturbations of a special class of multivariable feedback control
systems called uniform systems.

The uniform systems are MIMO systems with identical transfer functions of
separate channels and rigid cross-connections described by a square numerical
matrix. These specific structural features of uniform systems allow transforming
the well-known sufficient conditions of stability robustness of MIMO systems to a
very simple and visual graphical form, which is quite close to the sufficient
conditions for single-input, single-output (SISO) control systems. The exposition is
based on the method of characteristic transfer functions (CTFs) [4], which allows
reducing the stability analysis of an interconnected MIMO control system with N
and N outputs to the stability analysis of N fictitious, but independent SISO systems.
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The proposed graphical tests of stability robustness of uniform systems to
multiplicative perturbations or uncertainties are very similar to the corresponding
analysis of SISO control systems by the Nyquist criterion, in which the critical
point —1, jO is replaced by some “forbidden” circles or areas on the complex plane
of the characteristic gain loci of the open-loop uniform system.

Canonical representations and stability analysis of uniform MIMO systems.
The matrix block diagram of a linear uniform system with N inputs and N outputs
is shown in Fig. 1, where w(s) is a scalar (SISO) transfer function of identical separat-

e channels and R is an N x N numerical matrix of rigid cross-connections.

@(s) £(s) J(s)
R [ w(s)]

Fig. 1. The block diagram of a uniform MIMO system

The transfer matrix W(s) of the open-loop uniform system in Fig.1:
W(s) = w(s)R (M

coincides, up to the complex scalar multiplier w(s), with the numerical matrix of
cross-connections R. The corresponding transfer matrix 7'(s) of the closed-loop

uniform system (complementary sensitivity transfer matrix) has the following
standard forms [4]:

T(s)=[I+W(s)] ' W(s). )

Denoting by 4, the eigenvalues of R, which for simplicity are supposed distinct,
and by C the modal matrix composed of linearly independent eigenvectors ¢, of

R, the canonical representation of the open-loop uniform system via similarity

transformation will have the following form [4]:
W(s) = Cdiag{l, w(s)}C™". 3)

As can be seen from (1) and (3), the canonical basis of the linear uniform
system is completely defined by the numerical matrix of cross-connections R and
does not depend on the transfer function w(s) of separate channels. Besides, all the

CTFs
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q.(s)=A,w(s) (i=1,2,..,N) 4)
coincide, up to the constant “gains” A, , with the transfer function w(s) . Considering
(3) and (4), the canonical representation of the transfer matrix 7'(s) (2) is:

)

T(s) = Cdiag {M}c-‘ .

1+ A, w(s)
The stability of the linear closed-loop uniform system is determined by the

roots of the characteristic equation:

N
det[1+ w(s)R] = J[1 + 2, w(s)] = 0, (6)
i=1
which is equivalent to a set of N equations:

1+ Aw(s)=0 (i=12,..,N). (7)

Basic perturbation models of uniform systems with multiplicative
uncertainties. At present, there are various paradigms for modeling dynamic system
uncertainties, e.g., structured, unstructured, highly structured (or parametric), etc. [3].

——> A(jo)

O(jo) <i—

Fig. 2. Basic perturbation model of a MIMO control system

The most common approach to analyzing the influence of uncertainties on
the stability of feedback control system assumes that uncertainties may be
presented in the form of a Basic Perturbation Model (BPM) shown in Fig. 2 [3].
Here, O(jw) is the transfer matrix of the ideal (nominal) system, which is
assumed to be stable, and the block A(jw) represents all uncertainties in the
dynamics of the system.

One of the key results in the robust theory is based on the Small Gain
Theorem [1,2], and is formulated for the systems in Fig. 2 as follows.
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Let O(jw) and A(jw) be stable. Then, for stability of the MIMO system
with uncertainty A(jw), it is sufficient that for all frequencies w, the following

condition holds:

1
i — V —00, 00 8
oo < i ¥ @< ®

with ||[]| denoting the spectral norm of the corresponding matrix, or (another

sufficient condition):

loGio), < ©)

1
[aCe)].

where || stands for the Hardy norm [3] determined for any transfer matrix

O(jw) as:
|®(jw),= sgopncb(jw)ll : (10)

Two main types of uncertainties (perturbation) used in the BPM are called
additive and multiplicative [3]. Uniform control systems with additive uncertainties
are thoroughly considered in [5]. Below, we shall discuss the robustness of uniform
systems with multiplicative uncertainties.

As can be seen from the matrix block diagram in Fig. 1, there are two
essentially different structural blocks in the uniform system, namely, the numerical
matrix of rigid cross-connections R and the scalar (diagonal) transfer matrix
w(s)I of identical separate channels. When analyzing the stability robustness of

uniform systems, it is appropriate to consider the influence of uncertainties
(perturbations) in these two blocks separately. Besides, it is also important to
analyze the case of joint perturbations in matrices R and w(s)I .

Structurally, all these three cases are illustrated in Fig. 3-Fig. 5.

i B!
o(s) | i f(s)

w(s)I

Fig. 3. Multiplicative perturbation of the numerical matrix R
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e s e s e

@(s)
w(s)]

s

w(s)R

Fig. 5. Joint multiplicative perturbation of the open-loop transfer matrix W (s)

The matrix block diagrams in Fig. 3 and Fig. 4 represent the matrix block
diagrams of the uniform system with multiplicative uncertainties in matrix R and
the transfer matrix w(s)/ . Note that the perturbation A, in Fig. 3 is assumed to be
numerical. As for the perturbations A, (s) of w(s)/ in Fig. 4, generally they may
be frequency-dependent and nondiagonal. The same concerns the case of joint
perturbation A, (s) of the open-loop transfer matrix W (s) (1) (Fig. 5).

Robustness analysis of uniform systems with multiplicative uncertainties
(perturbations). Remember that the developed in [5] graphical tests for analyzing
stability robustness of uniform systems have different forms for cases of additive
uncertainties in matrices R and w(s)/ . Besides, they are not applicable to the case
of joint additive perturbations of the open-loop transfer matrix W (s) (1).

In this respect, the situation with multiplicative perturbations shown in Fig.
3-Fig. 5 is drastically different. It can be shown that the matrix Q(j®) in BPM in
Fig. 2 for all perturbed uniform systems in Fig. 3 - Fig. 5 is the same and coincides with
the transfer matrix of the closed-loop system 7'(jw) (2) taken with the minus sign:

(11

0(jw)=-T(jw) =—-Cdiag {%} c.
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Respectively, the robustness stability conditions (8) and (9) can be rewritten
in general form, i.e. for all models in Fig. 3 - Fig. 5, as

e [ awGe) | 1 .
IT(e)|= Cahag{1+ &_W(jw)}c H < gy Tecoel 0
and
ol =lcdiaed 2D ) 1
o, ~Jeses | S5 “ Gl

where the specific form of A(jw) on the right-hand side depends on the analyzed

perturbation model.
Using conventional rules of matrix multiplication and norms, we get the

following estimate for the upper bound of the norm ||T (j a))" :

7o) = |Cdiag |22 Ll < y(Cymax| - A2UD) | gy
1+ Aw(jo) L1+ Aw(jo)
where
v(©)=c]-|c| =1 (15)
is the condition number of the modal matrix C in (3) and (5).
Based on (14), one can state that if the following condition:
| Aw(jo) | 1 (16)

ax <
i |1 + /L,w(ja))| v(C) ||A(ja))||

holds true for all frequencies @, then the sufficient condition (12) of stability
robustness of the uniform system with any type of multiplicative uncertainties also
holds true.

Expression (16) allows imparting two simple geometrical interpretations to
the robust condition (12) assuming that the uncertainty A(j®w) does not depend on

the frequency  or the norm |A(jw)| is replaced by the supreme value [A(j)|, -

In what follows, we shall just write in both cases ||A|| . If we replace in (16) the sign

< by the equality sign, then after some algebraic manipulations, that condition can
be rewritten in the following form:

[Reidw(jo)y —c | + [ImiAw(jo)] =1, (17)
228



where
1 ol
VOl -1 -[v©AlT]

(18)

Geometrically, this expression determines the complex plane of N characteristic

gain loci Aw(jw) (i=1,2,...,N) a circle with the center at the real point ¢ with
the radius » (Fig. 6a). The sufficient condition (12) is satisfied if the circle (17) does
not intersect the graphs of 4, w(jw). Note that for ||A|| =0, the circle (17) reduces

to the critical point —1, jO.

() _Jo=w
\/,

{Aw(jm)}

a) b)
Fig. 6. Analysis of stability robustness
Condition (16) can be rewritten in an equivalent form:

Y L0 ) N U B
C e wGe)| T vOaGe)]

Then, proceeding as before, we come to the following equation:

[Refw(jo)} —Re{c} T + [m{w(jw)} ~Im{c,} ] =77,
where
1 L Ol
(Ol -1

C. =

I
’ _Z[(V(C)"A”)z S

(19)

(20)

21

Geometrically, it determines on the complex plane of the hodograph w(jw)

of identical separate channels N circles with centers at the points ¢, and the radi

r., where the centers ¢, lie on the half-lines starting on the origin of the coordinate
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axes and passing through the critical points —1/ A, . This is illustrated for N =3in
Fig. 5. Again, the condition (19) is satisfied if none of the circles (20) intersects the
graph of w(jw).

It is important to note that, as can be seen from (17)-(21), the radii of the
“forbidden” circles are proportional to the condition number v(C) (15) of the
modal matrix C. This means that the uniform systems with normal matrices R,
that is the systems with orthogonal canonical bases, for which v(C) =1, are more
robust as compared with uniform systems with all other types of the matrix R.

It should also be noted that the presented graphical tests of robustness belong
to the so-called “very sufficient” criteria since an additional inequality is used in
(14). On the other hand, the tests are very easy to use and, what is also important,
they are based on the CTFs of the open-loop uniform systems.

Numerical example. Consider three-dimensional (N =3) uniform control
system with the following transfer function w(s) of separate channels and matrix

R of cross-connections:

) = 600000000(s +3)

= - (22)
s(s +0.33)(s + 400)* (s + 500)

09 003 -0.01
R=|-0.05 0866 05 |. (23)
002 -05  0.866

The eigenvalues of the matrix R (23) are equal to:
A4,=09, 1,=0.866+0.507, A,=0.866—;0.507, (24)

and the condition number is v(C)=1.112.

The analysis of stability robustness of the system with respect to multiplicative
perturbations is presented in Fig. 7 and Fig. 8. It shows that the “forbidden” circles
touch the characteristic gain loci of Aw(jw) (i=1,2,3) in Fig. 7 and w(jw) in
Fig. 8 for || A||=0.5134. That value of the perturbation norm applies to all models
of perturbed systems in Fig. 3-Fig. 5.
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Fig. 7. Stability robustness analysis based on the condition (16)
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Fig. 8. Stability robustness analysis based on the condition (19)
In other words, the stability robustness of any of the perturbed models in Fig.
3-Fig.5 is guaranteed if the Hardy norm of uncertainties A, . A,,(s), orA,,(s)

does not exceed 0.5134.

Conclusion. Simple graphical tests of the stability robustness of uniform
systems to multiplicative perturbations or uncertainties are proposed in the paper.
The analysis of the stability robustness of uniform systems is based on the method
of characteristic transfer functions. It is very similar to the stability analysis of
SISO control systems by the conventional Nyquist criterion, in which the critical
point —1, jO is replaced by some “forbidden” circles or areas on the complex plane

of characteristic gain loci of the open-loop uniform system.
Acknowledgment. The work was supported by the Science Committee of
RA, in the frames of the research project Ne 2/7-2D255.
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O.L. QUUNULEUL, 9.2. BUNPNEUL, L.U. AORULRUESUL, .U. UBLLNLIUL

UNPLSMILPYUSHY, ULNCNTCNRESNRLLELNY URUSPN YWUNUJULTU UL
0Uuuurecre NRUUSNERE3NRULE

Upwljyty i hwnhy junwdupdw hwdwlupgbph dniunpuhjuwnpy win-
nnonipnitubph tjundwdp pnpuun juynitimpjut yEpnidnipjut wwupg gpudbh-
julwb swthwihpubp: Uhunhy Ynsynid Et hbnwnwpd juyny, vh puth unin-
ptipny b Eptpny jupwwpdwt hwdwljupgbpp, npnilg wpwtidhtt juwninhukph
thnpjumigdutt $niuljghwtbpp dhbunyut L, hull Ynown thnpuunupd Juubpp
tjupugpynud Bt punwlniuwghtt pyuyhtt dwinphgny: thnwpynudp hhddnd k
punipwignhs thnpuowgdw pniiljghwtiph dbpnnh 4pw, npp htwpwynpnipniu
wnuwihu N dnunptpny b N Gptpny thinfjujuyuljgdus puquuswt junwjupdwt
hwdwljupgbph Juyniinipjut Jipnwsnipniup hwigbgubl; N hwn $hljnhy, dby
Uniwnpny b Uy Epny hpuphg wiwh hwdwupgbph JEpnusnipyuin: npuunnt-
pjut yepnidmpjutt wnwgwplynny swthwuthpubpp tkpjuyugimd tu N «upgbjus»
epgwiliautp pug vhwinhy hundwljwpgbph pinipugphy hngngpudlitph o kpu
hwppnipjut Ypu: Fipdws b pduyhtt ophtimly, npinkn gnyg b mipdws dpp aodus
suthwthoubph Yhpwnnipniip knwswth vhwnhy hwdwljupgh pnpuun juyniunt-
pjul ypnisnipjut nhupnid:

Unwhgpuyhl punkp. puquusuth junujupdwt hwdwlwupgbp, dhwnhy
hwdwljupg, dniypnhyihjunphy whnpnonipnil, pnpuun juyniunipnil, pinipw-
qnhs thnjumugdwt nruljghwmtp:
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O.H. 'ACIHIAPSIH, B.I'. UCIIUPSH, JI.M. BYHUATSH, I''A. MEJIKOHSTH

POBACTHOCTBb OJHOTUIIHBIX CUCTEM YIIPABJIEHUS C
MYJUbTUIVIMKATUBHBIMHA HEONIPEJIEJIEHHOCTSIMUA

Iensto cratby sBisieTcs pa3pabOTKa MPOCTHIX rpadMuecKuX KPUTEPUEB aHATIHN3A PO-
6acTHOH yCTOHYMBOCTH OJJHOTHIIHBIX CHCTEM YIIPaBJICHHMS MO OTHOLIEHHIO K MyJIbTHILUTIKATHB-
HBIM HeomnpeeseHHOCTsIM. OJJTHOTUIIHBIMU Ha3bIBAIOTCSl CUCTEMBI YIIPaBJIEHHs C 00OpaTHON
CBA3BI0 C HECKOJIBKMMU BXOJAMH U BBIXOJAaMU, UMEIOIUMY OJUHAKOBBIMH IEPEAaTOUHbBIE
(DyHKIMU OTZENBHBIX KaHAJIOB M )KECTKUMH B3aHMMHBIMH CBSI3SIMH, OITMCBIBAEMBIMH KBa/IpaT-
HOM 4KCNI0BOM MaTpuleld. PaccMoTpeHre OCHOBaHO Ha METO/IE XapaKTEPUCTUUYECKUX Mepe-
JIATOYHBIX (DYHKLMIA, KOTOPBIN MO3BOJISIET CBECTH aHAIN3 YCTOWYMBOCTH B3aMMOCBSI3aHHOM
MHOTOMEPHOW CHUCTEMBI ynpapieHus ¢ N BxoxamMu U N BBIXOAaMH K aHaIM3y N (UKTUB-
HBIX HE3aBHCHMBIX CHUCTEM C OJHUM BXOAOM M OJHHMM BbIxonoM. [Ipennaraemele kputepuu
aHanm3a pobacTHOCTH UMEIOT (popMy N “3ampeTHHIX” KPYTOB Ha KOMIUIEKCHOM IIOCKOCTH
XapaKTePUCTHIECKUX roforpad)oB pa3oMKHYTOW OJHOTHITHOW cucTeMbl. [IpuBeneH gucio-
BOH IpUMEp, WILTIOCTPUPYIOLINI NPHIMEHEHNE YKa3aHHBIX KPUTEPHEB K aHAIN3Y poOacTHOH
YCTOMYMBOCTH TPEXMEPHON OJHOTUITHOM CUCTEMBI.

Knrouegvle cnoga: MHOroMepHasi CUCTEMA YNPABIECHUS, OJHOTUIHAS CUCTEMA, MYJIb-
TUIUTMKAaTUBHAS! HEOTIPEIENICHHOCTh, POOACTHAsl yCTOMYMBOCTD, XapaKTEPUCTUIECKHUE TIepe-
JlaTOuHble (DYHKIHH.
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«Zuyuunnwtth ghnmpmniitbph wqquyhtt wugbdhugh b Zuywunwth wqquyh
wnjhnkpthjulut hwdwjuwpwuih nknjwughp. mkuthjuywt ghnnipmnibibph ukphw»
hwintunid nuyugpynid & mbuwub b thopdwpwpwlui hbnwgnunnipiniiubph wpy-
niupubpp nkuthjulwt ghnnipeniuitiph hbnlywy pudhtutphg dbphiwshunipenil, dknw-
Inipghw, nipughunnipinil, pugtppoquiugnpsdwt wkuuninghwukp, shttwpuwpulub u-
nmigquspubp, hhnpuyihjuw b hhppnunkthjuwt juenygubkp, tukpgbnhlju, LEjunpw-
wnkthiw, ghnwlu vwppwohtinipnit b swthnquljut wklthljw, hwyynnujub nke-
uhw b hupnplwnplu, nunhnkEupnuhu, dhipnkEupnthlu, juqbpught nkuthlu,
wjunndunugnd b junwjupdwt hwdwlwupghp:

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

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

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

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

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

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

XKyphan paccunTaH Ha IIMPOKWH KPYr YYCHBIX, UCCIIENOBATENCH M HHXCHEPOB. BBIXOIUT
OJIMH pa3 B TPU MecsLa.

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

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

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

The journal is intended for a wide range of scientists, researchers and engineers. It is

published once in three months.
% %k %
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ZNFUOUEP 269 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-
hwjpuiui ujqpuwnuntpp’ bold, «Fpujutnipjut guwul» wpnwhwnnipniip’ winnh YEunpnund,
qluununkpny: Swlnud gpuljuimipyuill pipwpwiismip wnpnip hudwpulwpnud k puin inkpunnud
hn hpuwb hEppuluinipyu: Ypulijuinipiut wnpmpubpp Wuppbpuljuwt hpuwunwpuynieniatkph
nhypnud ukpjuyugynid Eu htnlyjwy jupgny. hinhtwlh wqquntbp, widui-hujpuitdut uyqptunw-
nkpp, YEptiwghpp, hwinbuh witduunudp jud pugniauws hwywydnudp, hpunwpudwt mwupkphyp,
hunnnph m poqupluwt hwdwpibpp, hEppaljut hudwpp, nigph qeubndwb tkpp, gpplph ghugpnid’
htinhtwlh wqquiniup, widub-hujpwiqut ujqpiwnwntpp, Jeptwghpp, hpunwpulydwi Juypp,
hpwwnwpwlsnipniup, pyuluip, kotiph pubwlp:

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

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

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

Marepuan npejcTaBsieTcs B peJaKLiMI0 B COOTBETCTBUH CO CJeAYOLUMU NpaBUIaMU:

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

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

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

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

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

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

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

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

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

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

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

1. The authors are requested to submit two hard copies, and also the electronic version of the
manuscript by Microsoft Office Word. The volume of scientific paper is limited to 10 pages, and to 4
pages for short communications. The text should be printed on A4 sized paper. The text margins
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