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Zudwhp hbnwgnuumpeniiutpph wpynipnud puguhwyngty Bu dbnwunuljut phiptpng
wdpwiwynpus Yndynghghnt ynipph uvnwgdwt ntuwfwi b nkuinnghwljwt wpwbdtw-
hwinlmpnihibpp, wyy pUnud wdpubwynpjus Yndynghghnb iympbph dAquwl wupnippui
Jujujwénipniup dbnnwunupbih Swjwjuyht swthtnhg, Epjupnipiniihg, wnwiugph ajundwudp
Ynnuunpnoywsénipniithg b wyj: 8nyg E mpdws, np dbknwnubpp ghuljpbndbnunupbiipnyg
wlpwbwynpln wbypnud dbnwnupbih Yndunpnydusnipiniup b Yphnpljuljui Epjupnipe-
it mukt jupbnp pwbwlmpmt jndwynghghnt tyniph hwnlnmpoiuubph dbwynpuiwb
qnpédpupwgnid:

Unwhgpuyhl punkp. Yndynqhghnuiynipe, hnpbdbwnwninghw, phjp, dujpuly, nhbnpuw-
gnud, mwpwpuwdnnud, dqnud, ubnunud, wihgqnuupnujhw:

Zujuunwth Zwbtpuybnmpjut unghwjuuwt b nitntuwluibq wpgugdut
Spugnptipnid UkS nkin E hwnljug]ws dbnuwynipghuyht, wpwig nph wthtiwp £ yuwn-
Jhpwugul) dbpkuiwphtnipjul, umppuwohtinipjub, LEjunpuntuthjujut wpyniiw-
phEpnipjut, pwphnunbthuuhfuygh, htsybu twl pwuquuljut wpynibwpbpnipjut hk-
nwqu wpwenpbpwgp: Cunnpnud, mkuthljuyh qupgqugdwinp qnigppwug, wykih ks
nbn E hwnljugynid Yndynghghnt b hwnjuwbtu pupdp wdnipiynipbpht: Ujunk-
nwljinhg Juplnpmpinit tu tbpiuyuginid dbnwunuyut hhipny Yndwynghghnt
yniptpp (YU), npnup wdpwbwynpyuws ki pupdp wdpnipjudp dbknwnupttpny:

Undunqhghnt Wniptkph vnwgdwt nkjuuninghwljwb pupgnipmniap yuydwbu-
Ynpduwsd k Eptipnhyh hhdtwiughpubpny:

Zhdtwpuinhpubph wrweohiunudptt wntgynd | dbwnwnupbih b dujpuyh yne-
pinh thnjuwyulgnipjutp: Uju hhdtwhiunhputph dhpw (nidnidhg b jupagus db-
nunuphbih b duypulh dhol juyh wdpnipniip, hyybu tub Shqhuphdhwlut thn-
Juwtpwnipniuitph ny guuuh phpwgpp vwhdwbughtt skpunnud:  Zhduwpatnhp-
utiph tpypnpng junudpp juydus | dugpunud dbnwunwebh hwjuuwpuswih pagudw-
Snipjwlt  htw, hull Eppnpyp  wbkjpinnghwlwt E b webynd o Gw-
hruyuwnpuungusph nt wpnunpunbtuwljukph vinugdwnp:

Uju jnunhpubph nusdwb mbuwljinhg juytt htwpwynpnipnitubp niuh thnobdk-
nwnpghwl wipubunpyuws Yndynghghnt ympkph wnwgdub hkpwilupugh
Ubpnnubphg dkyp: Ujuyhuh nipbpp whup b nitbbwt wiswlnnlkt junnigusp,
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husp gnpstwljwinplt htwpwynp £ wywhnygt) dhuytt mup wpnwdndwi (Epunpnt-
qhuyh) dhgngny:

Uwljuyt dhgh uydd (hnghtt ntunidbwuhpduws skt wdpubwynpjws pupdpudnigp
ynuwnghghnt ympkph wwp wpnudndudp wvnugdwl gnpéplipugh nhuwljwub b
nbjuunnghwjut  wnwtdtwhwnlnipmniuubpp: Uju  hwpgiph  wupqupwindp
Juywuwnh thnpbdbunwnipnghwyh tnwbwlny Jbpp woqust jniptph wpunungpnipju
Yupniy pupdpugduip: @notdbnwnipghwuljut tnpuwtwlny vnwgynn Wyniptph wp-
nunpnipiniip phunhbpwtjupuyhtt EZujuunwhZwipuy binnipjutthwdwn, npny
b wupdwbwdnpjws t unyt wphiunwbiph  wpnhwljwinipiniin: Unwownpljyny
wnkpuuninghwt pwhwytwn k btinwppbpynid £ wjuwinujub tnutwlutphg:

Ushumnnwiph tyyunulj £ puguhuwjnt] ywhwbeynn hwdwihp hwnlnipini-
tkpny odndws pupdpudnip wdpwbwynpdws Yndwnghghnt ympbph hnskdbnw-
Inipghwjut tpuwbwlyny unugdut nkuwfub b nkuinnghuljut wewtdiwhwnlnt-
piniuubpp:

Undynghghnt ynipbpt withqnuupny L, b withgqnunpnuynipjui wunhguh wnw-
oht htippht Juws b dbknwunupbtph §nndunpnyqusnipinithg: Udktwpupdp dk-
huwuhjulwt hwnlnipniabtp vnwugynid b wyb dudwbwy, tpp nipnwd pojnp Uk-
nunupkkpp gniquhte b dkyp dntuht b Ynndunpnogus Eu jupdwb nugnnipyudp,
hswhu twl dwjpulh Wyniph hwpupbpuljui bpupugnidp’ npybu uqugnigh
wuwhwhy, whwnp t hujuwuwp (hih dbnwunupkh hupupbpulub bplupugdwin’
huwdwljupgh dhwinwpmpintut wywhnybjnt hwdwnp:

Undwynqhghnt niptph hhdbwljwb hwnnipmibttpp gluwdnpuytu jupudws
b dbunwnuphih hwmnlnipniiutphg b pudwtidwt vwhdwind dknwunupt -duwypuy
Juyhnidhg: Udpwbwdnpdwb hwdwp ogunugnpéynn dbnwnupltpp wybwp b niuk-
it hnljuw hwnlmpibibpp hupdwb pupdp sbpdwunh&wi, hnpp nkuwljwpup
Yohn, pupdp wdpnipnitt wojuwwnwipuyhtt gbpdwuwnhdwuh pnnp whpnypbtpnd,
wdkwthnpp (nusybjhnipnit duypuynud, phihwjut puduljubwswt juyniingpynt-
i, wpuwmwupuyhtt gbpdwunhdwbubpnid pwquyhtt hnppwlkpynipmniuttph pugu-
Juynipnil b wyj:

Umphph wdpuiwynpnudp junupdmd t 3 ding phyhlught poupbnibpn,
dbnwnuuptpny b ny dknwnulut jhuwpniptinuyhtt dbnwunupttpny: Un. 1-nud
pipdws bt wdpwbwynpnn dh pwth dknmwnupbitph hwnlnipniuubpp, npnughg
wdktwpwpdp wdpnipiniib niukt Yhpudhulut phptpp: Uojuwnwiph pupugpnid
dbinwnupbkiipp wtwp E hpkug ypw Ypkt hhdtwub (dgdwb, uknddwb, sndwb b
wyl) qupmdtbpp, hwljunwl phypnid hwnnpmatbkpp §hubh pun gusp:
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Unniuwly 1

Udpwbhun/npnpdEnwnuplyEphppghlu-dEpnuapjulmihunnnipini bbkpp

_ Qbpduyhuiph Unwd-
—— ZuUwby | Tunnt I ]ti 21 Undpni- nw
Ut L fpfuru- pyoLlp, o wluwhd quiur-
nupkp | 1P P | ohgwtp, | x10°, | dwlpwignpsw | P! iy i pyuls
Jnipp e 10 i,
nkuwlp °C 4q/tf | Ypgp,#* 10%. U Unnnup,
wuur! QN
W 3400 19,30 7,76 405 4150
Mo 2620 10,22 6,90 225...290 3650
Be 1280 1,82 13,0...18,0 130...180 2460
Ubhrud— 1535 7,80 13,0...14,3 430 2100
e
Ukwnw- whtiynn
mu
nuljui e
Q-
gnunnnujn - 7,80 - 350 2100
nuuin
Rene-41 1350 8,25 - - 1690
Cu
Ul . 1083 8,9 17 334 1260
nupktp N? 1535 7,85 - 330 2100
! 1450 8,95 - 394 2180
Ykpunih- Asl?gs 2040 3,95 - 2100 4350
Yuljwhphk ! 2700 3,20 - 2100 4900
1Ep qpuppn 3700 2,10 - 2100 10000

Bpk duypulp b dbnwunupkp tipupynd i dhwdwdwiuljju ghdnplugdul, wuyw
dbinwnupbih nibnpuugdut juyp dujpuljh nidnplugdut hbn wpnwhwpnynud Ehinbyug
Yujujuénipyudp [1].

2V, (% I
:;fn.s(i'l)‘“l ’ )

npukn ey-i, gyp-tt dwypuh b dbnwunuptih hwpupkpujut pEbnpdugnidubtpl tu

dquuit dwdwiuly hpkig wpwigph mannipyudp, Ve-ti wdpuiwynpnn dinwnwphih
Swwyp, huly £« -, Eatt 8niugh Unnniutpp dwjpulh b dbnnunuptih hwdwp: Gpp
Ve B 1, wyu Rhdnpdugnidp whwnp L dkdwguh Yndwynghghnt yniph pughwinip nk-

I

$npuwugniip * E wiqud: Uknwunubph hwdwp wyn hwpwpbpnipmiup hhnthnpudnud
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E 1-hg dptgh 10-p pujws wnhpoypnwd [1]: Ukbwugubing dbwnwnupbih Ve, Jupbh k
unnwubtw] Yndynghghntt Wniph wdbkbwpwupdp wdpnipmniip: Fuyg hsybu gnyg b
wnuwihu (1) pwbwdlp, kel duypulh hwpwpbpuljut Epjupugnudp vwhdwbwduy
wyn nhypmd UES Ve wpdpp Yupnn b jpwpnt)] hwdwljupgh dhwwnwppoipinip:
Tpw hwdwp Wniph oynhdw) pununpnipmniitt pinpljhu wbwnp £ hwodh wnbib
dbnunupbih Swjwuyhtt pununpnipjut vwhdwbwhwldwt hbnbwipnyg ndwyn-
qhghnt ymph wdpmpjut tugnidp: Udpnipjut tdugnudp jupnn L nbnh ik
twl Uknwnqupktph ny hujuuwpusuh push]uwsniput yungweny, wyuhph’
bEptk Juyuwsd Eu dkyp Uniuple

qEpp woqudp Jupkih | jujul) dhugt wyt ghypnd, bpp dbnnwnupbkiinh dhol
Enwé & htinwynpnipniup, uquut pipugpnid dbnwunuptih dp mpudwghdn, e hw-
puptpulut tpupugnudpl dugpulh e-t niibbwb hbnbyw) juppduwsnipiniup [2]°

O'de/j—‘j—lz (2)
P

Undwnqhghnt Wniph wdpnipjut vwhdwip npnoynid £

(00 ) = (a), Vo +ou(1-%) ®

Yuhiqubdnipjudp, npuntn (0¢)p-twdpnipjuuwhdwitbdbnwnupt hdquududwtwl, hulj o
' duwypulhwdpnipeiniup phhih uquwiywhhb: Bel dbnwnupbih yywunhlniemniup thopp
t, hul wrwdquijuimpmip ks, pul duypuljhp, wyu wdpubuynpjus gmph dquub
ynpp pudwinud £ 3 whpnygph’

1. duypulp b Ubnwnuptp pidnpdugynid bt wnwdquljunpk,

2. dugpuljt wuginid £ wjwunh-wnwdqulju Jhdulh,

3. hwdwljunpgh 2 Yndwynukunubpt £ qunignud Eu yjpuunhly npebnplugdwt Jhdulnud:

Unuwnghghntt Wnipkph wdpnipjut Jupdusmpmniip  dbnwnupbh  Swjwjught
pununpnipiniithg gnyg L nipjws uly. 1-nud:

Ubtwnuwunupkh Yphuhjuluwb swujuwjughtt swihp (Vip) Jupkjh £ opnol) wdpubwdnpqus
yniptph wipnipyut vwhdwih hwjwuwpnipjut wuydwihg, hwpdh wntkng pununpnipjui
ko tipw dwuwpuyhtt dwup, kpp Ve= Vip'

(Gd )qun + o (1 Vi ) = (O'd )lj (1 ~Vin ), 4)

npuikin (0¢)p— phiph wupnipjut vwhdwit £ yynmph dqglwb pupwgpnid: Lniskiny (4)
hwjuwuwpnup, unwinid ap'

VvV, = : (5
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Con (o)

(od)u

0 Vip, Vo 100
Ve, %

Uy 1. Qmiquihkn dEnwnup by Epny wdpwbun/npywé ndynghghnt ynyeh dquwi wdpnipyui
Juwprjwénypiniip Enunuplyh Swyjuyuyhl sunhhg [17

Bpl Ve = Vi, myyu §nduynghghni iynipt nith wdkwhnpp wdpnipniup: Gph
dbnwnupbkih Swjwjuyhtt upnitwlnipniup hwjuwuwn k Vo-h, wmyw wyn nhwypnid
wdpwbwynpdus Yndynghghntt yniph wdpnipjut vwhdwip hwutnud £ ny wdpw-
twnpws duypuljh wdpnipyut uvwhdwithi'

(O'd )pVO + 0y (1 -V ) = (O'd )a > (6)

npuikin Vo-u dbnwnuptih swjuwy k, nph nlypnid Yndwynghghnt iyniph wdpnipjub
vwwhdwip hujuuwp b dwpnip dugpujh wdpnipyub vwhdwihi (6)-hg uinwimid kup
o — O
VO — ( d )lj a . (7)
(O-d )p — Oy

Udth pupdp wdpwbudnpmid vnwbwnte hwdwp, npputt jupkh £ wbwup k
thnpp dbtpgul] Vepep U Vo-r Uju phwypnud Yupbih b hwutl] dbnwunuphbh
hpulwiwdpmpyubp, pby npmd Gpw ny Uks Swfwqughlt swthh phwypmd: [3]
wphuwnwpnid gnyg b npdws, npo,5 ¢ npudwgdny Ynidpwdh jupkpny wynudh
wlpuplby wdpwbwynpdwit phwypnid  Vp-p uvnwgynud £ V=85 dwi/ %,
sdwignunynn ynnuuwnh jupbph ghypnd’ Vip=17,0 duif.%:

Vyp-h b Vo-h thnppugdwtt hwdwp wuhpwdbon b dugpuljt wdpwbwynpty
pupdpudpnipjui uwhdw niitkgnn dbnwunupt kpny:

Bprt ynipht wdpwbwynpyws k nhuljptin dbnwunuptnyg, wyw wn ghuypnd k-
nwnupkh wdpnmipjut jhupdtp oqunugnpénidp Yndunghghnt tympnud nddupu-
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unud E: @ hlukph dpu wowewtinid E wthwjuwuwpwswh jupdusnipmnii: Owgpk-
poud wytt huwwuwp k 0-h, huly dbpnbnnud wnunjbjugnyh: Uw wuydwbunpdws k
tpwuny, np pheudwsdnipniip thoppuwind E dbnwnupbh ypu wqnnnonowthng
Jupdwi nypmpudp’ dujpulh b dbnwunqupt)h pudwidwt duybpingph uvwhdw-
unud: pw hwdwp dbnwunupbip ywhnp t wdnip juydws (huh duypulh htn [4]: de
npudwgsny quiwdl dbnwnuplh swnphg X hinwynpnipjut Jpu ox dquuil t
ononthnn jupdtbph dhol gnpénid E hhnlyuy fuwp [5]°

zd ?
oy 4p =rd,X: (8)

Bpb hwoklp, np o=const, muyw unugynid k gduyhtt juijufwsnipyni’

_Ax,
“d

P

o

©)

Ubknwnupbjnmd dqgdwt jupnudp hwubtmd b dkdwgnyt wpdbph dbnmwunupth
Sduynhg xo hipwynpmipjut ypuw, nphg hinnn wjtt puninud £ hwunwnni: Uknwunu-
phih ¢ phdnplugniup ox- h wdkbwdbs wpdtph nhypnid npnoynid E hknlyu) pw-
iwdliny [6]"

O

= 10
£ oE (10)

npntn g-u ninnhy gnpdwijhgh £ 8niuigh E Unnnijh httwpwynp thnthnunipjui b dké
nEdnpUugdut ghypnud: Uknwnuptkh dwyphg xe-hg Uté htnwnpnipjut nhupnd
duypulh b dbnnunupbih vho hwpwpbpulwt uvwhp gnynipynit snitih: (9) b (10) hw-
Juuwpnidutphg htwnbinud E, np

P (11)

Cln npnud’ v = opnlypmid unugyniud £ dkinunupkih Yphnhuljwi bplupn-
pyibp
_ d,o,
2t

L =2X,: (12)
Bpt Ubinwnupth tpjupmpeinitp thopp Eyphnpjuluihg, wyw bnipp jupnng
E puypwyyty duypuljh dheny, phihlutph noipuhwidw hbnbwpny:
Upklp b Ppuntndwibt wnwewpll) b dbnnwnupbkih Yphunhjuljut tplupntpe-
jut hwdwp pugnibl] wytyhuh Wuypdwiwwh Epupnipnit, nph ghypnd dbnw-
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nupbp jupnpubw Ypkp 97% jupusnipnit: Uknwnuplih wwuppkp Epupnie-
mitubph phypnid dquut jupdudnipyut bupnipp phpdws £ uly. 2-nud [4]: Pusybu
Eplnud £ ujuphg, dbnwnupbh Epupnipniup dkswgutjhu dqnn jupnudubpp db-
nunupkh dbpnbnnmud dkdwunwd G, b tpp £=Ly, wyw wybt hwubnud £ dbdwgnyh
wnpdtph hujuwuwpykyny (o)smax: Lyp<€ phypnid dbnwunupbih wiktudks wdpnd-
pntup dbkonbnmud dumd E widhnihnpy, puyg dbdwinid £ wyt mbnudwup, npunkn
wqnnidbt wyn jupnudubpp:

(O-d)p
______ AN S (Gd)p,

)

>0,

U.2. Unuynghghnt byniph dquiwl dunfwinuly dpopl pupifwénipput puspunjwsnipmiip’
Juwprjus dbnunuplyh Eplupniyeiniihg (8]

Onpatuljutt hblnwgnunipjutt wpyniupmid, htisybu b wohtwwnwp [7]-nid
pynid L, np £/84p=10 nlypnid §ndwynghghntt yniptph wdpmipiniip juqdnud E wb-
pindky wlpwbwynpnn Ukinunupkjtpny wipwbtunpyws §nduynghghnt ympbph
wdpmipjutt 95%-n: Yhuljpbn We/Ly dbnmunuptiny wlpwiwynpjwusé Yndwynghghnt
yniptph wdpnipyub quwhwndwt hwdwp oguugnpdynud L wpunnwhwjnnipmnt,
npp hwpyh £ wntinud Jknwnupbh swjwjuyht Ynughtnpughwh b tpw Eplupne-
pyut [1, 8] dhwdwdwbwljw wqptgnipniup, hwdwdwyu nph.

¢
(04), = (04),V, {1 ~(1- ﬂ)%} + o1 -V, ) bppl > Vo>V, (13)

/
(04), = (04)s(1-V, )+ %ﬂvp (04),.tnRO SV, <V, , (14)
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nputn p-t Uklhg thnpp qnpswilihg b, hul £-p dknunupkh bplupnipnip: bykw-
Jwjut ywuuwnhly duypulh ghypnid, Epp onpwthnn jupnudubpp hwjuwuwnp ki hnunt-
tnupjut uwhdwhi, =0,5 [9]: Uyu nlypnid’

vV (Gd)u_o'a

" e 1-0-" |- |

(15)

up

Undwynqhghnt ympbph wdpmpjut Jpu dbnwunupkbh £/d hwpupbpnipjut
wqpbgnipniipdwbipudwutl niuntdbwuhpdty £ 0,075« wpudwghs niukgnn
wnnuuwjuw (Cr.55) nhuptin Ubnwnupbjipnd yniudjuw wdpwbwynpjus Yndyngh-
ghnt ymptph dhengny, npnlp unwgyl] tu pnwhiuninipph yuwnpuundwi, uwnp
dwdjdut, 850...900°C obpdwumhlwimd gpmsth dhowduypmd Enwljujdwt ul =4
wpunudniui gnpsuljgny nwp wpnwdndwi fwbwwywphny: Fuguwhwyndt) L, np
ghuljpbn b synnUunpnydus dbnmwnupbitpny ynipknh wdpnipiniup dhpn qusp k
shinpundus (wbipunhwn) dknwunupkjtpny Yndwynghghntt ynipbkph wdpnipinihg,
nug npnud, wdkbwdts wdpnipniup wvinwgynud E, bpp e/dB 100 (uy. 3): Uhwdwdwiw-
i, Uknwnuphh hwunwnnb kpljupnipyut ghypnud dbnwunupbih pununpnipjut
Ubkbwgnidp hwghgimd b Yndwynghghnt Wyniptph wdpnipjut dbdwgdwp, pug
npnud, nppuit thopp £ dbknwunuplh npudwghédp, wjiput Uks L §ndynghghnt iyniph
wdpnipinip:

busytu wppkt updtg, wdkiwdbs wdpugnudp uvnwugynud L, Epp dbnwunupbi
ninyus k jupdwt wnwgph ninpnipjudp: Gph dbnwunuph) it ninnuhwjwug b pugfudusd
phnujudnipjul ninnnipjuip, wyw §ndynghghnt yymptph wdpnpmiip uvnwugynid
t wdkbwthnppp, huly 45° whljut phypmd nbkimd £ 75...80% wpdtp wibbudbs
wdpnipjut hwdtdwwn: Rintwdnpdwt muynnipiniuhg sbnqus vknwnuptp tupwupl-
Ynud & 3 mhyh puygpuydwts (uhy. 4):

0 wuljut ny pwwn Uks wpdbpubph nhwypnid puypwynudp nbnh b niubkund
dbnwunuptih  jupdwt dwbwwyuwuphnyd: Uju  ghypnid  Yndwynqhghntt  Wyniph
wupmpnLip npnodmd | hinbju) putwdling

%

Y cos? O

nputinoe-u §nuwynghghnt iynph wipnipyniul k 6=0 nhwypnid, hulld-u’ dknwnuphih

wnwgph U Yhpunjws jupdwtt vholb juqujus wulniup: Gph 6-h wpdtpp thnpp k

(ulp-4, Ynp 1), myu 6-h dkdwgnidhg wdpmipiniup Jupnn b dkdwbwp: Uuuyt thop-

&tpp gnyg ki mwjhu, np wyn wulniubtpp sk ghipuquiugnid dh puth wunh&wp: 6

dhohtt wpdtph nhypmd Yndwynghghnt Wyniph puypuynidp juwnwpdnd £ duypulh
342



wyit hwnnyputpny, npntp qniquibbn b dbnunuptitphtt jud pudwiidw duljbpling-
phi:

280

210 ﬂ /
O/ 3 )/O

& |
140 /~

S

gy, UMw

70
10 20 30 40 Vo, %

U.3.Mpldp hpupny 0,075 Ui nnpunluighé niikgnn wnnwuwuyw (Cr.55) plybpny wdpuwiun/ng-
yws §ndupughghni yniph wdpnippul jupnfuénipiniip Jkbnwnuplkih Sunjuyuyhl upupni-
twlnypniihg b Ingutnpnojwénipiniihg’

1 - wlphnhunn dknmunuyely bpny wdpubun/npyws, 2 - phphunmng b npdinpnojws dkunw-
nuply Epny undpubunnpyws,3 - wquun Inpdinpnoyws dknunuely kpny wdpuwban/npyus

Uy phwypnid Yndwynqhghntt Wmph wdpnipniip npnoynd k- hnlyug
putwdling’
o, = —TL; (17)
" sinfcosd’
npuikn T« duypuljh wdpnipjut vwhdwbt L uwhph ghdnpdugdut dudwbwly: ULs
wlyniuitkiph oinnudutph nhwypnud Yndwnghghnt Wynipp puypuyynd E jud duygpulh
luquwt fwbwyuphny dkinunupkih dwulkplingpeht nigquhwjug nuggnipyudp, fud
dwkptnyputph pudutidut ntnudwunid:Uyn nhypnid §ndunghghnt iyniph wd-

poipnitip Yihuh

(e}
o, =—2 (18)

sin?@’
npntn ow—n dupuljh wdpnipjubt vwhdwib b dquut dudwbwly: Snjnipmnit nith
yphunhjulwh whlymi’

343



1,57;
6,, = arctg- T‘j, (19)
ar

nphg pwpdph phypnid wdpnipmitp dhwiqudhg hoimd E, pun npoud, pu
Juwnwpynud k£ 6-h dkdwgdwp qnigpupug:

PRSS
AN

)
N

Ul.4. YUndwynghghni iynijph wupnipyul jupnjwmdnipiniip dbnwnuplyh Ingdinpnodwi
whlniihg.

1 - junmgywé E(16) jupujuidnipppuul Al puw,2 — junnigywé F(17) upijuénippui
hpwl Jpw,3 - qunnigywé E(18) qupnjuwénipyul hpuwl Jpw

Ujuyhuny, dknwnubpp ghuljpin dbnunupttpn wdpwbwynpbnt glypnid
dbnunupebh §nndunpnojuwsmpeniup b Yphnpjulub tpupnipmitt niik jupbnp
pwbwlnipinit Yndynqhghnt Wyniph hwnlnipniutbph dbvwdnpudwt gnpéppwugnid:
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2M&Z (Mnjhnklthl): Uniepubpuyugybtadpugpnipeinit 11.04.2012:

C.I'. ATBAJISIH, I'.A. BACWISH, A.P. CAPTCAH

TEOPETUYECKHUE U TEXHOJIOTHYECKHE OCOBEHHOCTHUIIOJYYEHMU
APMHUPOBAHHbBIX KOMIIO3ULIMOHHBIX MATEPUAJIOB

Ha ocHOBaHMU KOMILIEKCHBIX MCCIIEIOBAaHHHN BBIABICHBI TCOPETUUECKUE U TEXHOIOTUUECKUE
0COOEHHOCTH IIOJY4€HHS KOMIIO3ULUMOHHBIX MAaTE€PUAllOB, apPMUPOBAHHBIX METAIMYECKUMH
BOJIOKHAMH, B TOM YHCJI€ 3aBUCUMOCTb IPOYHOCTH PACTSKEHUs KOMIIO3ULIMOHHBIX MaTepUajIoB
0T 00BEMHOM JONU BOJIOKHA, AJIMHBI, OPUEHTAUU B HalpaBleHUH ocu u ap. Ilokazano, 4To
Y apMUPOBAHUU METalIa C JUCKPETHBIMU BOJOKHAMU Ba)KHOE 3HAYECHUE MMEIOT OPUEHTALIUS
BOJIOKHA U KpUTHYECKas JJIMHA B Iponecce (OPMUPOBAHUS CBOHCTB KOMIIO3UIIMOHHBIX MaTe-
pHANOB.

Knroueevle cnoea: KOMIO3UIIMOHHBIN MaTepHal, MOPOIIKOBAas MaTaJLTyprusi, BOJOKHO,
Marpuia, jedpopmanus, ropsiuee BbLIaBINBaHNUE, PACTSKEHUE, CXKATUE, aHU30TPOIUSL.

S.G. AGHBALYAN, G.A. VASILYAN, A.R. SARGSYAN

THEORETICAL AND TECHNOLOGICAL CHARACTERISTICS OF OBTAINING
REINFORCED COMPOSITIONAL MATERIALS

Based on comprehensive research the theoretical and technological characteristics of
obtaining composite materials reinforced with metal including tensile strength dependence of
composite materials on the volume fraction of fiber length and orientation in the direction of
the axis, etc fibers are substantiated. It is indicated that while reinforcing metal with discrete
fibers, fiber orientation and the critical length in the formation of composite materials
properties are of special importance.

Keywords:composite material, powder metallurgy, fiber, matrix, deformation, hot
extrusion, tension, compression, anisotropy.
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Onpauwljut tnwiwlny npnoduws ki jupnudubph dkdnipnittpp, npnip wnwewnid
pupdp hwdwpujuinipjut hnuwtpny b wwownwywithy ququhtt thowuypnid jupsp hwdw-
dniJudphg b ynnuunhg qnypjws tdniptikipnid:

Unwigpuyh bpwrkp. Gupsphwdwdnyqusp, wnnuuw, pwpdp hwdwuuinipiub
hnuwlp (P22), wuownmwwihy ququyht dhowuwyp, qnonid, qnpuljup, jupnidubp:

Utpkuwphunipjut by b dbwnwynipghuynid Yhpwenid tu ynpuuwnikphg b
Jupsphudwdnyjusputiphg yuunpuundus ks pyny dbpkiwdwubp b qnpshpubin:
Upnugpnipjul yujdwbubpnud npug wdpugnidt pugnitdws E junwpl) dkuw-
uhjujut wdpwugnidny, kpuljgdudp, qnpnidny, unubddwdp b wy] Enuwbwlutpny:
dhpnojuy Enutwlubph pynud nipnyu nbkn niith £22-] qnpdwb nkjuininghwlju
gnpépupwugp, npb wpnunpnipyut Ukphpunynid E yquunwuppwbwnnt dkpktiudw-
ubkph, jupnn b inpnguut gnpshpubtph jupdp hwdwdniyuspt phptnhlutph b wny-
wuwnk hpwbwghtt dwubkpp vhwgubint hudwp: Zudwh gonpldwt pupugpnid wnwgw-
gnn UkS jupnidubph wpnniupnid jupsdp hwdwdnyuspubpnid wpwewtinid tu qn-
nulijunph wdpnipniup ghpuqugnn jupnidubp, npnup § wpwewgunmd Eu dhlpn-h
dwljpn&wptn b puypuynid [1,2]:

Uohiwnwtiph tyqunuilja £ npnoky qnppdwts juph jupnudubpp £22-h gkukpunnp-
ubkipny b wuownywihs ququyhtt Uhowuyp niukgnn hpwhnuughtt qunwputubpnid b
qniwt nkdhdubph Jupquynpiw vhongny tjuqtgut) ukppht jupnidubpp qnpdws
dhwgnipnitubpnud:

Lwjuuybiu junupus dh owpp hbnnugnunnipniiibp hhdp Bu wdl) Bipunpbing,
nn qnipdwt jupmd jupnudubpp upkih £ hintinjul] gonpdwi juph hwuwnnipyub, his-
wku btwb gqnpydwi pupugpnid nmupugdut b vmunkgdwt wpugnipnibitph thntnlu-
dwl vhongny [2]:

YQunpédp hwdwdnijusphg (BKS), wnnuuwinhg (ynnuun 45) bgnpuiyniphg (MO)
punuguéd hwgnygnmd mpupwbsnip pununphsh ebpduyhtt gduyht punupdwy-
dwl gnpdwiljhgp wwppkpynid b dpprupununphsutph wpdtputphg: dbpnhhojuy Epkp
pununnphsutnh qnpmidhg qunpuiwit jupnid wpwewunid k pupn jupdubsuyhtt Jhdwyy
ubippht Ubs jupnudubp nt npdnpdugnidubp:

Qupédp hwdwdniyjwépnid b wnnuuwunnid qunnpmidhg wpwowgnn jupnudubph
Ubbnmipjniibpp b pwppududnipniip npnobnt hwdwp npnomd Eupljupsp hudw-
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AniJuspl  dwljplnypnid gnjugnn Ynpugdwt swnwyhnp: Ynpugdwbtipwnwyhn
upugniunud Bup gpuijui, Epk Jupsp hwdwdnyuwspt phptnhyp gudnid k nipni-
ghinipjut Ywunwd: Lwpnidubpp, npntp wpwewinmid tu Jupsdp hwdwdnijusph b
wnnuuwh wnwppkp §syndubph dudwbwl), wnwowgnn uwhph jupnidubph b k-
Inpdwgnidubinh hbknbwipny qnnpuljuph dhongny Ywpnn Bt tinjuwigyl] dkyp
Uniuhte

‘Udnioh dhottwdwunid onouthnn jupnudubpp qunpdwit Yuph Epupnipjudp whwnp k
hwjwuwp 1huku 0-h b ngpubp wpwbjugny wpdtipt L dknp phpnid Eqpuyghtt dw-
ubipnid: Uju Eqpuhwignidp hwunwwnynid k thnpdh wpynitputiph hhdwt Jpu: Qnnw-
ynipny wigunn onouthnn jupnudubpt wnwye L phpnid ubnunid Jupsdp hwdwdniy-
Juwsdph ny JEunpnuujut dwund:

Cnowthnn nidh Ukdnmipniup (Pr) tunioh Ynpnipjui swnwynh npuljmt wpdtph
ntuypnid, Epp ynnuuwnh §sdut dbdnipniup Uks E jupdp hwdwdniusph 4synt-
Uhg, hwjwuwnp |°

|
P, = —bj r(x)dx, 1)
a
npukn b- Wjupédp hwdwdnjuspk b wnnuuunk wdnigh jwjunipniub k, - ° onpw-
thnn Jupnuip qnpuibynipmd, a-u' tdniph swthp dhotwdwuhg dhugh punpdus
Yupywédpp, - n' tdniph Eplupnipjui Yrup:
P nidp Juptjh E thnjuwphub] desnmipjudp b wgpdwb ninpnipjud phwdwuwnp,
uwjuyt tdnioh JEunmpnuwljut dwuh ypw wgnnn Prnidht b Midndbuwnpl:

M, :[—%)(— Prl):%_:[r(x)dxl, @)

npukn h -p jupép hwdwdniwéph tdniph pupdpnipmii k:
Qupép hwdwdnyJuépnid ubnUdwb o0, jupnudp jupunwhwjngh htwnbjuyg
dliny’

| _ql
o, :-%:—ﬁar(x)dx:far(x)dﬁ (3)

‘Lniju ophttwswthnipjudp jupnidubnp wnnuuunt tdniph hwdwp junwuwgdb!

! I
P, =b[r(x)w@x> o, :hi.[r(x)mx’ Mzzb—gzlfr(x)uux: )
a 2a a
«2» hugkpup puinpnonid £ inyb dkdnipiniup ynnuyun hhwdwn:
Onnuwl jupnudubpp npnoyty B hhnbywy Auny. Jknwunuljbpudhljuljut jupsp
hwdwdnuépt phptnhlp" h = 3,2 v/ hwunmpjudp, b = 12 1] wjimpjudp, 1 =54 o/
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Epupnipjudp, qopbp Bup  nybywithtpny wnnuuwn  45-hg  ywuwwnpuundws
dnnhyhypu (uf.lw): Gupdp hwdwdnyuspt b wnnuuwnt phptnhlutph qopynudp
Juunwpyl) £ £2Z2-nyd b wwpwnwywithy guquhtt Uhowduyp niukgnn hwpwhnuwht Jui-
nwpubnid:

Snipupwignip tnuulnyg juwnwpyly k15 idnwpubph qonpmud: Canpy by B 4-wljut
uuUnpbp’ jnipwpwisnip dlhg, b htnnwgnugt] tu tdnubph qopuwb Jupbpnud
wnlw utippht jupnudubpp: Q@nynidhg htnn npnoty Eup qnppdwt pipugpnid wnwew-
gnn uunipubiph dyduspn: Zwenpy thmmd dpiquut hwuwnngh Jpu dpwljl) nt hk-
nuignt] kup wnnuuwwnyw hpwup b gnpuiynipn, Yplhht npnoty upsdp hwdwdnusph
phptnhlyh duwgnpnuyjhtt L4guspp: Upmyniupnid’ npnoby kup wnwdqujub nt dtw-
gnpnuyht phdnpdwgnidubipn b hwydupldws phdnpldugnidubph wpdtputinh hhdwi
Ypw npnoky jupnidubpp:

s hUJhu.lLiu.EnuLLLLﬁE(BKB} lyupdn hwhudwEnyuap (BKS)

Pt

/ -~

Moguurd SRR S

w)p)
Ul 1. Lidnipbliph ujukdwil w) dplsl gnpnidp, p) gnpnidphg hkwnn

Onnuljuph jupnidubppn pnodby Eu [3] wopumwnwupnid pipdus dbpnnhluygh b
Jtpotmljut wpnniupnid mpdws (5) - (8) pmbwdltinh Uhongny.

O =~ f‘ml fﬁ“wg[m o Ehfﬂ ©
P = —f”'l f““‘“g{ Ehy + irh(rzfiz)} @)
o =l [, EIENE | ®

Npunkn gy, - p Jupsp hwdwdntjusph wpunwpht dwljtpbniph Jpu tqus jupdwb
Ubkdnmipniut £ (U 7w), Ullnﬁn -1 Jupdp hwdwédntusph qnpuljupp onpwthny dw-
Ytpluniph jwpdwt dbdnipyniup (UMw), 0y, - p° ynquunh gnpuljupp pnpwthnn
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(updwb dedmpmiup (U Mw), O ;Bﬁn - ' wynnuuwnh wpwph dwlpbmph jupdwb db-
dnipnitp (U Mw), s - iniph qniynidhg htnn &GJusdpp (L), fsowg - 1 &YYwudpp
wynnuuwnh b qnpuiyniph hinwgnidhg htwn (@), 21 -p* wdnigh Epupnipniup (@d),
h b hy,-p* qonpynn Jupdp hwdwdnyduspt b ynnuuwntk phptnhyh hwunnipniiop
(), h+h, =64 uu, E;-p° Bniugh unpniyp Yupdp hwdwdnijuéph hwdwp,
Ei=5,48-10° U 7w, E,-p' 8nigh Unnnuyp ynnywwnh hwdwp, E=2,01-105 U %uz: Onnyni -
Uhg vnugyué qnypdwt juph hwunnipjub swthtpp phpdws b bwr. 1-nud:

Unniuwly 1

npuumbupphwainnipruisunhbpmnuppbpbyuinulGEpnyjqnpyusinipbbpnid

Onnlwt fuph hwuwnnipiniip,

Ne | Onpuwh knuil U
nnuwb kquiayp PR 7 il
1 Pundp hwdwprulwine- Gupédp hudwdniwsp (BKS),
pjwb hnuwbiph gkikpu- | qujwiynip (MO), 014 | 017 |09 0,24
wnp (R22) unnuuwn 45
2 Nuwpwnywihy ququiht Gupédp hudwdniwsp (BKS),
Uhpwuyp niikgnn qnpujnip (MO), 0.14 0.19 0.20 0.22
Junwpuil wnnujuin 45

RZz-n] qnnwl pupugpmu oquuugnpdyty t opupnuynishs, hull yupwnuywihs
ququyht Uhpwjwjpp punugus k knky tignqughg (CO+H, + N, ), nplb b swnuyty k
nputu Uhgng tuUnipubph dwltpunipuyhtt Ywubkphg opuhnuyhtt skpwnp htinwghbint
hwdwp: Qnnnudp Juwnwpyby £ ynudk gnpuiynipny (MO) - dwljuthoh, wnhta - 99,0 %):
Swpugdwl ghpdwunh&wp uqut) E 1083+(30...50°C)=1120°C:

PZ2z-ny qnynudpl wnwpyky k 33...35°C mwpugdwul wpugnipjudp, b vwunkgnudi
hpuwljwtwgyty k onnud: @npdwi puipwugpnid ntnh L niukgh) qnpué tdnioh £4ywsdp:
&Ywspp npngyky £ hwpdwpwiph dhgngny, npp jhukpwinpy dnn & nph dpwlpjws
dutplnyph Ypu nbnuljuygws b wdpugws b qunpjus udnipp, hull (hubnwnhy
ohttmbntt mbnuljuyynid £ ppwpwwughtt hwuwnngh dpw, dh Ynndu wdpugymd k
Yuyhsnud, hulj Uniu dwup htugnud £ hbnbinud pudph dpu nbnujuyuws Yenpnh
Ypu: LYJusph dbdnipniup npnpyby E huighljuwnnph dhongny, npp pudwimpup Ukl
ghép juqunud t 2,0 «§ Pughuwnnpp yuwnjwing wdpugynid E jpwnwinuwght
hwuwnngh Yunphswlwih ypw, hunhjuwnnpp dnnbkgynid b hEudnmd k qunpdws twdnioht,
npynd E npnowljh swthny dqubnipiniu (3...5) ¢, b Yuphswlwip hnphgnuwlut
ninnnpjudp wknuowpdtiny npnonid Llp &4dwsp h&how swthp: npdwplnidphg
wunqyt] £ np £2Z2-ny uinugqws tuniph d4qwspp Yuqub) B fe = 0,385 4 qnn-
dwlb Juph 0,14 #« hmuwnnipjut nwypnid: Quthnidhg htinnn tdnioh Jpuyhg hwudby
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i ynnuyuwnyuw dwup b qgnpuljupp: Uowljnudp junwpdty k dpkquyhte’ 675 dwuljuhoh
hwuwnngh dpu’ fwljunught pkqny, hndugdwt htnnijh wnjuwnipjudp: Qnnjus
uudnott wdpwgyl) b ownhpp dudjulh dbe wdpugws $ptquht hwuwnngh ubnuth
Jpu: dpkquyhtt hwuwnngh Ypu dpwljknig htnn nupdyuy tnyu dkpnnny npnoyk)
Jupdp hwdwanjuspt tunioh dydusdpp’ wyu whqud wnwtg ynnuuwnk phptnhlyh
b qnyuiyniph: Ukiwthjuut dpwljdw pupwugpnid jupsp hwdwdnijuspt phpet-
nhih &yqusdph dkdmipnibp Yuquky b fg,, = 0,153 ¢/ qnydwljuph 0,14 #/«/ hwu-
unnipjut nhypnid: Suppkp hwunnipjut qnpdwb upbph nhwypnid qnynidhgh qng-
dwl uphg dbknwnuiut dwup hinwghtinig hbnn wnwewgnn Lywsputph wpdtp-
ubipp pipywé Eu wr. 2-nud:

Unniuwly 2

Epym Enwinulny gnopijwés lniphkph, nwuppkp gnpdwl jupkph hunnnnipintbbkph pkupnid,
gnpnilpg b dEnunwlwh dwap hkmughlbinig hlnn wnupwgus dyjudpalph wpdbphbpp

Utiugnpryuyhe

Onnuwt Yuph &Yyywsdpn, iﬂl:}ulésp]},
Onnuwt Enutwlyp Onnynn ympp | hwunmpyminp fqm}m.j qnnniuhg aig

(2), &t hbuwn, i/ i

htnwgnivhg

htwnn, o/
Puipéan Yupdn hudw- 0,14 0,385 0,153
hwdwhwluinipjut | Adnyusp (BKS), 0,18 0,36 0,14
hnuwtph qnnuiymp (MO), 0,20 0,34 0,136
gkukpunnp (R22) wynnuuu 45 0,25 0,31 0,124
NMuwownuw- GQupdp hudw- 0,14 0,196 0,07
ths ququyht amudp (BK8), 0,18 0,186 0,06
Uhowywyp niikgny | qopuiynip (MO), 0,20 0,18 0,06
Junupul wnnuyunn 45 0,25 0,17 0,05

Mukuwny qnynidhg b dbkjuwthjuljut dpwlnidhg htwnn £4usph dbkénipinii-

ubipp (fqm]mﬁ, fdﬁmgnm) , ogqnnykny (5)-(8) pmwdltphg, npnoky Eup qnppdwi pipwgpnt-
U tdniph qupdwt dkdnipniup’ qnpdwt Juph 0,13 #hwunnipjub nhupnid:

P22-h ghubpwunputph dhongny gqnpjws tdniph hwoduplduws jupnmidubkph
puwpfujwdnipiniup gnyg E nipdws ul). 2 w-nud:

Shunuthnpduwjut hbnnwgnnnipniubtpp gnyg tu wyk), np jupnidubkph dbént-
pintuutph Ypu bujut wgqptgnipmit niukt dpuljdwb nkdhdubpp, npntg Uke Yuplnp £
uwunkgiwul wpugmipiniup: Qnpdwt pipwgpnid nppuitt tJugnid  uwnkgdwb wipw-
gnipniup, wjipwt jupnidubpp uvnwugynid Eu thopp:
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Glukiny Ytpnhhojuy tjununnidhg, tunipknh qnopnudp junwpyt) byupnywi-
hs ququyhti Uhgwuyp (CO +H, +N,) niitignn hwpwhnuughtt Jupwpwind, npuntn
siw opuhnugdw Juwtg, b utnwugynid £ pupdpnpul qgnydwt fup, hul] nmupugdub
n1 uwnkguwb wpwgnipmnibubpp yupkh E jupquynpl), wjuhtpt’ vunkgnidp ju-
nunk) Eup nuinun YEpyny b npuing huly tjuqbgpl] jupnudubpp gnnynn thnpdwi-
Unioubipnud:

430 LA 260 U

Wynnuuun4S —ee—_ ; wWnnuyjun -=—- ;

=)

| 685U/ ,
] 413Uy

331,9 LAY 200 UAT?

qnnuljup 7 ;/}};
- U -
huujul?r?qﬂmép B 1700 ﬂzé hwﬂwlélr?gﬁwép (_é:: -46.7°L/1 é
w) p)

Ul 2. LupnudbEph puppijwdnianiip ‘w) £22-nijqnpyué lnionid, p) qnpyud wupunguihs
ququyhl dhounjuyp (CO +H,+N 2) niikgny hwpwhnuuyhl Junwpuwinod

NMuonwwihs ququyhtid howduypnid  qnplwt  phdhdukpp Yuwqdl W
Vo =13 1,5 wuwn/iply, V,,, =0,4...0,5 wuw/ipy, T=1120°C, pwpdp okpuwu-

nhdwtnid wwhdwt nbnnnipmitp’ 12-hg 13 powk Ldwt qunpiwb pupwgpnidu
nwgyl] b hwjuwuwupuwsuth pupjujusnipjutl qnpujup’ wnwbg unnnsubph b wyp
phpnipniubnh:

bPuswbu RZZ-h nhypnud, wjtybu k) wuwowwywihs ququihtt dhowuypnud gny-
Jus udnipubph hwdwp tnyu dkpnnny npnodby b &4guspp twpptwjub qnnpjus
uuniynid b wnnuuwnk ni qnpuiyniph hinwgnidhg hknn® wnwtdht Jupsp hwdw-
AniJudnid:

Uwnwugyt) kb hbnlbyuy gnigwthpubpp® f =0,24 uuf', fsgugnup =01 U :

®npdwnlyny wdnipkph LYywspubph wpdtpubph wjwgqnudp pny; £ wnwhu
Eupwnpl), np jupnudubpp Epipopy Enuwbwyny qnpdus tdnupubpnid wthwdbdwn
wbh thnpp kb, pub RZZ-h nhwypnud (uly.2 p):

P27y b wwownywithy ququyhtt thowduypnid qndus tudnipubph jupnidubtph
wpdbpubpp phipws L wr. 3-nud, npuntinhg ywunpgqnpny Epbnd E, np qnpdwé tdniy-
utiph (upnudubph Jpuw bwwt wqnpbgnipnit niukt wjiyhuh Yuplnp gnpéntukp,
huswhuhp tu qnpuwt tnutwlp, pkdhuukpp b gnpuwt uph hwunnipniip:

qnnnud

351



Ugniuwl 3

Swipplp Enuwinulhkpny gnpyué mlniphbph jupnidbEph wpdbpikpp gnpuwl upkph w wppkp
hwuwnnipinibibph nkuypnid

) Qnr}uﬂlmplill Ty I Ty U
Swpwguwi dlip L PLAE, ’ ' ’
pug %4 Uww U Uww wuw
1| Pupdp hwdwhw- 0,14 430 - 685 31,9 77
— Julnipjul
2 0,18 395 - 630 305 70,7
—— hnuwph gkubpw-
3 wnp (R22) 0,20 390 - 622 301 -70
4 0,25 360 -576 279 -64,7
1 | Muwrwnyuithy 0,14 260 -413 200 -46,7
2 | ququjht 0,18 240 -382 185 42,9
3 | Uhgwyuyp 0,21 230 - 368 178 41,3
= niubkgnn
Junupur 0,24 220 -352- 170 -39,4

Zudwdwyt junupyws ghnwthnpdimjut hbnwgnunipmitubph, jupnidubph
Ubkdnipnitkpn Jupudwsé Eu twlb dh owpp wy) gnpénuukphg, wyp pynud” wynnuwwnh
dwljithohg, qnuiyniphg, jupsp hwdwdnijusph pununpnipjut ke dnunnpw -
nunppsubphg b pubwympinitihg:

Upununpnipjut yujdwbbbkpnud Jhpunnid Bu Jupdp hwdwdnyJuspt phptnhl-
ubipny qnpjus Liidkunubp, niuinh wthpwdbynnipnit £ wnwewgk] npnotijnt twl
qnpud uudnipubiph wdpnipjui uwhdwbip:
Udpnipjutiuwhdwipnpnobjnthwdwpyunpuunyg b kithnpdwtdnptp,  npnup b
htwnwgnunyby Eu dquubinuy (uy. 3):

wnnujwen 45

F’ N T | -

qnnuiwb Yup

Ywpép hwiwdniuép
(BK8)

Ul 3. Qopuwmbuphwdpnippuiinwhdwihnpnodwiufubuw

Onpdwnpluwt wpyniupubphg yunpqyty L np qunpulwt juph wdpnipjut Jpu
qquiihwuqnlignipnit ntuh qupiwt tnubwlp: b nwuppbpnipnit qnppdw R22-h Enu-
twljh, wuwownwwhs ququyhtt dhpwuyp niitignn hwpwhnuwght qunupwih nlypnd,
npukn mbnh k niubkunid qnpnn wdnipbph npuinununupugnid b vuntgnud, uinwg-
Ynud & pupdp npuh qnpdwt upbp' wnwig phpnipniuubph (wn. 4):
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Ungyniuwl 4
Quipdp hunlwdnijyjwdphg b wnpuunnpg gnpyws buniphkph wipnipyul wwhdwip gnpdwl
wnwpphp Enuiufakph nkuypnid

Onnnudp RZZ-ny Qnnnudp Jurwpuinod
= ) v | 88 = Y | s 8
iy &S = 25 = sy | &S| § S
T N g 5 = & B I N
g & .| 5 g = % E £ ~ S ol 8 2
g 4 = w0 == g B S & 8 - = g = 3
2 & = s 2 g ©° B E RS 3 5| &6
=] g — I =% — e,
= A3 - g & a3 g .8 g g & i
e “E iz 22| % e 23| £
e = o I 2
5 TS| RS & TS5 8
937 750 1310 1050
Qupdp hw-
Gunbn hurd 1006 805 dudntus 1320 1055
i L ,
e 780 CHETHIEER | 1300 1040
an1)Judp(BKS), (BKS8),
956 125 765 1330 125 1065
qrubymp(MO), | 70 780 qpubymp | g, 1070
45 MO),
s 987 790 (MO) 1290 1030
wnnuuwn 45
925 740 1320 1055

YQupdp hwdwdniuspt phptnhjutpny ynnyuunju qubwlutkph qopdwt ph-
pugpnid jupmdubph ijuqbkgdwt hwdwp Jupkih £ hwygh wnbik] dhpwpp tjunw-
mnidukp, npnighg Eu.

Yupdp hwdwdnyJuspt b ynnuuwnk phptnhiutph dwljuhputph gdhown plin-
nnipniup, wyuhtpl' Epynt pununphsubpp ywhwp b htwpwynpnipjut vwhdwbk-
nnud kit obpduwyhtt gduyht piqpupdwldwt dninpl gniguthoubp:

Uuhpwdtown k hwwnntl] nipunpnipmnit nupdub] qnnynn tdnigh tnupwugdwi
b vuntgdwt wpugmpjuip: Lywnwjwhwupdwp b quplwb phpwugpnid qgnpuljuph
uwunkgdwl wpwgnipiniup thnppught), wmthpudbtynnipjut nhypnid oquuugnpstinyg
1nugnighs hwwnnil vwppuynpnidubp:

Onnlwl pupwugpnid puwnpk] muwpwugdwt jwujwugnyu dup, npp htwpwynpnt-
pintt junnw wdpnne qnpujuph Epupmpjudp hwjwuwpwswth nmwpwugubl) Yupsdp
huwdwdnJuspt b ynnuuwnk phptnutpp, wywhnlt] qupuiyniph npuljjuy ppek-
1hnipjntl, utnwbwy npuljju) qnpdwb jup' wpwbg junpnsubnh, «onujhtt wupltpph» b
wy] phpnipniuubph:
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H. I'. OBCEIIIH

3ABUCHUMOCTD HAIIPSDKEHUY OT CITOCOBA ITAVIKY U TOJIIIMHEI ITATHOTO
IIBA

BKCHepI/IMeHTEUIBHBIM IIyTeéM OIIpe€ZeI€HbI BeJTHIHNHbI HaHp}I}KEHI/II‘/JI, 06p33yIOmHXCH IIpu

naiike o6pa3lia TBEpPAOTrO CIIJIaBa U CTalIH Ha ycraHoBKke TBY u B 3aImMTHOI Ta30B0ii cpefie.
Kniouesvie cnoea. tBepaplil cIiaB, CTajlb, BHICOKOYACTOTHBIN TOK, 3alIUTHAsl Ta30Bast
cpena, naiika, nasiHpli 1I0B, HAPSDKEHUE.

N.G. HOVSEPYAN

THE DEPENDENCE OF THE VOLTAGE VALUES ON SOLDERING AND THICKNESS
OF SOLDERED SEAM

The value of the voltage formed during alloy brazing and a sample of solid steel is
experimentally determined on the HD and protective gas environment.
Keywords.solid alloy, steel, high-frequency current, protective gas environment,

soldering, soldered seam,voltage.
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C.C. OPJAHDBJSH, C.B. BUXMAH, 1.1. HECMEJIOB, A.O. OBCEIISIH
B3AMMO/JIEICTBUE B CUCTEME SiC-YB;

HUccnenoBano crpoenue paspesa SiC- YBg. [Tokaszano, uro paspes SiC-YBg onucsiaercs
JMarpaMMOM COCTOSIHUS DBTEKTHYECKOro THIA ¢ Toi= 2200 +£30 °C U coCTaBOM 3BTEKTHKU
78...80% monSiCu 22...22% monY Bg.

Kniouesvle cnoga:xapbun KpeMHUsl, TeKCaOOpUI UTTPHSA, IBTEKTHKA, TOIUTEPMUIECKUI
paspes.

KapOuzn kpeMHus sIBIsIeTCS. OCHOBOM IJIs CO3AaHMS PA3INYHBIX 10 HA3HAYECHHIO KEPaMUK.
EMy mpHcynr KOMIUIEKC BaKHBIX OKCIUTyaTallHOHHBIX CBOMCTB (TBEPHOCTb, MalbIil
KO3 GHULIHUEHT JMHEHHOr0 TEPMHYECKOrO0 paCHIMPEHHUs, BBICOKAas TEIUIONPOBOJHOCTb U JIp.),
OTPAKAMOIIMX CIENU(PHUKY OSJIEKTPOHHOTO CTPOCHHS, €r0 IPEUMYIIECTBEHHOKOBAICHTHYIO
MEXAaTOMHYIO CBs3b. | ekcabopuipl penko3eMenbHbIXx MetawioB (P3M) xapakrtepusyroTcs
CJIOXHBIM 3JIEKTPOHHBIM CTPOEGHHEM, COYETAIOIIUM KOBAJICHTHYIO MEXaTOMHYIO CBSI3b C
SNIEKTPOHHON IPOBOJUMOCTBIO, IIPEAONPEACIISIONIMM BBICOKHE TEMIICpaTypy IUIaBICHUS,
TBEPAOCTh, TEPMOIMHUCCHOHHYIO aKTHBHOCTb.

Panee namu Obuta m3ydeHa cuctema SiC-LaBg [1], koTopas mpu Temmeparypax HHXe
TpasSiC (2760°C) omnmceiBaeTcs Kak KBa3nOMHapHas dBTeKTHUecKas. B m3yuaemoil cucreme
SiC-YBg o0ba KOMIOHEHTa IUIaBATCS IO TepHTEKTHUYeckoit peakmuu (2760 u 2770°C
COOTBETCTBEHHO). IIpeacTtaBnser wuHTepec HHGOpPMALUs O B3aUMOJCHCTBUM MEXAY
BBIOpaHHBIMU TYTOIUIABKUMH COCAMHEHMSMH YKa3aHHBIX HIDKE TEMIEPaTyp, YTO BAXKHO UL
OLIEHKH BO3MOXKHOCTH CO3aHUSI CIIEHAIBHBIX KOMITO3UIMOHHBIX MAaTE€pHajioB Ha MX OCHOBE.
Ucxonubiii mopomok YBs mapku “U” mpousBoxactBa JIOHELKOro 3aBojia XUMPEAKTUBOB
MOJ(BEprajicss BUOPOM3MENBYCHHIO O pa3Mepa vactun d=5...8 mxm mapamu u3 TiB,, a
nopomoka-SiC MpUMEHSIM JUCHepcHOCThIO §...12 wmkm. PeHTreHorpaduyecku onpenensm
HOCTOSHHBIE ~ KPUCTAUIMYECKOH pemierkn obeux (a3  (cMm. Tabm), KOTopsle ObUIH
COIOCTABIICHBICO CIIPABOYHBIMHU JTaHHBIMU.

ITo meromuke [2] u3 mopomikoB SiC u YBg ObUIM MOATOTOBIEHBI cMecH (cM. Tabi.) U 00-
pasupl Ui omnpenenaeHus T, IpU HarpeBe HPSAMBIM IMPOIyCKAHWEM TOKa 4epe3 CIEYECHHbII
oOpasen; WiIn IMpH KOCBEHHOM HarpeBe OT rpaduToBoro TpyOdaToro HarpesaTens. B meHtpe
crieuenHoro nipu 1800°C B aprone o0pasiia (v rpaUTOBOrO HarpeBarelis) JIeKTPOIPO3UOHHBIM
€rnoco0oM “HPOXKUraock” OTBEPCTUE, UMUTHUPYIONIEE “UEPHOE TENO”, 10 CBEYEHHUIO KOTOPOIO
mukponmpomerpom JIMII-014 onenuBamm Temmeparypy. B ciaydae HarpeBa mnpsiMbIM
IIPOITyCKaHUEM TOKA IIPU OINPEAEIEHHOM COOTHOLIEHUU B HarpeToM obpasue JK:Tnpoucxonun
“pa3pbIB” obpasua u ¢ukcupoBanack Ty, B CIydae KOCBEHHOTO pa3pbiBa (DHKCHPOBANach
TeMmIlepaTtypa, HpH KOTOpOH Ha TIOABEIICHHOM oOpasie (OpMHpOBaNach Kalull paciuiaBa,
KOTOPYIO IPUHUMAIH 32 TEMIIEPaTypy JINKBHIYCA.
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Tabnuya

Temnepamypvl niasnenus u ceoticmea niasiensvix oopasyos cucmemwvt SiC- YBg

MuxkpoTBepa0CTh
Conepik. Temneparypa Temneparypa (ha3oBbIxX IMapametpel Kon-Bo
SiC, paspsiBa 00pasua, JIMKBHIYCA, .
o o S cocTaBAomux, Hy, | anemenTapHoii a3
Mo % Thaap: °C T °C I'Tla STYCHKHU
. a=0,308,
91 2300 2400 SiC 29,5 o=1.5091 2
86 2270 2330 2
81 2230 2270 2
YBg a=0,4103
79 2200 2200 9BT. 25,8 SiC a=0.308 2
¢=1,5091
71 2220 2240 2
62 2240 2270 2
48 2260 2330 2
39 2270 2350 2
31 2290 2380 YBg 26,0 a=0,4103 2

ITocae TepMooOpaboTKM B 00pasmax M3yYald METAUIOrpaguuecKH CTPYKTYpY,
peHTreHorpadMIecKy OIleHUBAK ()a30BBI COCTaB M MapaMeTPhl DJIEMEHTApHON SYEHKH
(a3, onpenesnsiii MUKPOTBEpAOCTh (ha30BbIX COCTABILIOMIMX. [Ipy aHannM3e KOHIEHTpa-
1oHHOH 3aBUCUMOCTH Try (Tpasp ¥ Tow) YCTaHOBIEHO HanUuMe MUHMMYyMa U IIPaKTHU-
4ecKOe PaBeHCTBO 3HAYEHUH Tpay, U Ty B TOUKE MHHUMYyMa, YTO XapaKTEpPHO AT
CHUCTEM, B KOTOPBIX pean3yeTcsi IBTEeKTHKA. MeTtautorpaduyecknii aHam3 pacruiaB-
JeHHOro oOpasla MOATBEPIMI IBTEKTUUECKUI XapaKTep paccMaTpUBAaeMOil CHCTEMBI

(puc.1) TeMIeparypa IUIABJIICHUS OBTEKTHYECKOTO COCTaBa  OLEHUBACTCA
T, =2200+30°C.

2760 him—*+yrnepon H+YB,—— T
27004 " /

2600{
25001
24001;

i YB+H
2300

mannl 220030°
2200 1

2100

coee ¢ w© ¢ v v

0 10 20 30 40 50 &0 70O 80 90 100

Sic YB, % mon A{
—_—

(: - T paspuea ofpazua
© - ABYXDAIHLIA COCTAE
& - T NOARNEHWA KANNK PACNNARA

Puc. 1. [lonumepmuueckuii pazpes cucmemut SiC — YBg
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B sBrextuke conepxurcs 78...80% monSiC u 20...22% monY Bg. Pentrenorpa-
¢udgeckn B oOpas3max Takke MOATBEPXKIACTCS MPAKTHYECKOE OTCYTCTBHE B3aMMHON
pPacTBOPUMOCTH KOMIIOHEHTOB B TBEPAOM COCTOSIHUM KakK IOCJe IUIaBJICHHS, TaK U
IOCJIE BBIIEPXKKU TIpU dBTeKTHYeckoi Temneparype 2200°C B Teuenue 30 mun. Ilpaxru-
YeCKHU IS BCEX IBTEKTUUECKUX CIUIABOB B CUCTEMaX C y4acTHEM TYTOIUIaBKHX COENIH-
HEHUH, BKIIoYast m3ydaeMyro cucreMySiC-YBg, ycraHoBieH 2 dekT CHIKEHHS TBep-
JIOCTH 9BTEKTHK B CPABHEHUH C TBEPAOCTHIO WHIMBUIYaIbHBIX KOMIOHEHTOB IIPU HEU3-
MEHHOH TBEpAOCTH (Da30BBIX COCTABILIIOMHNX. B 3TOH cHcTeMe Takke MpOSBILIETCS
HM3MEHEeHHe MeXaHu3Ma Ae(OopMalMOHHBIX MPOLECCOB — MepeHoca u3 00beMa YacTHIl
Ha Mex(da3Hble TPaHUIIBL, TJe B MPOLECCe COBMECTHOM KPHCTAIUIM3ALMK ABYX TBEPIBIX
¢da3 (YBg u SiC) dhopmupyrotcs crienmaibHbie MeK(ha3HbIe TPAHUIIBI, CTUMYIIAPYIOIIUC
TIPOIIECC B3aUMHOTO “TIpocKasib3biBanus” 3€peH Y Bg 1 SiC npu unentupoBanum (puc.2).

Puc.2. Cmpyxmypa 3axpucmannuzosantorocniaea 6 cucmeme SiC-YBes

VYcraHOBIEHHAs 3BTEKTUYECKas TEMIlEpaTypa M COCTaB 3BTEKTHKU MO3BOJISIOT
paoOHATIEHO BEIOPATH PEXHUM TEpMOOOpabOTKH pa3padaTsiBacMOl KEpaMUKH C IIa-
HUPYEMBIM KOMIIJIEKCOM CBOMCTB.

BruiBoabl. B3aumogeiictBue B cucteme SiC-YBg HUke TeMIiepaTypbl pa3ioxKeHust
S9TUX KOMIIOHEHTOB OINHCHIBACTCS JIBTEKTHYECKONW JAMarpaMMOM COCTOSHHUSI C
T,:=2200+30°C u coctaBoM 3BTeKTHKH 78...80% Mm0oaSiC u20...22% morY Be.
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U.U. OMMuUL3uy, U4, YhUUL, 17T LEUUELNY, U2 204UGP3UL
ONULTESNRESNRULL SiC-YBs ZUUTUUN NPT

Munutwuhpyly k SiC- YBe Yunpyudph Junnigywspn: 8nyg k wipdus, np SiC- YBg funpduspp
pinmipugpynud t Hunkjnpjulwt nhyh yh&uyh ghugpudny, bppTwe=2200+30 °C, b wnfw
EJuklunhljuyh 78...80% u/ny SiC b 22...22% u/nj YBe pununpnipiniip:

Urmuligpuyh Gpunkp. Uphghnuth Ywpphy, puphnudh hkpuwpnphn, tnklnhlu, ynh-
gbpuuyht fpywdp:

S.S. ORDANYAN, S.V. VIKHMAN, D.D. NESMELOV, A.H. HOVSEPYAN

INTERACTION IN SiC-YB; SYSTEM

The structure of SiC-YBg cut is investigated. It is shown that SiC-YBg cut is characterized
by the diagram of the eutectic type condition, Tgz=2200+30°C and the composition of eutectic
is 78...80% mol SiC and 20...22% mol YBg.

Keywords: silicon carbide, itrium hexane borite, eutectic, polythermic section.
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C.H. EHI'MBAPSH

®U3UKO-XUMHUYECKH CIIOCOB KOHJIUIIMOHUPOBAHUA
HU3KOKAYECTBEHHOI' O IICEBJAOJENIIATOBOIO CUEHUTA

Paspabotan (HU3MKO-XUMHUYECKHI CIMOCOO KOHAWIIMOHMPOBAHUS HU3KOKAUYECTBEHHOT'O
niceponeruroporo cuenura (I1C) oOiaydyeHHEM TOHKOTO CJIOsi MOPOIIKOOOpa3HOTro oOpasia
KOHMYECKUM ITyYKOM YCKOPEHHBIX JIEKTPOHOB M MOCIEIYIOINM XUMUYECKHM 00eCKPEMHHBA-
HHUEM PAaCTBOPOM KayCTHUECKOM 1ienouu. [Toka3aHo, 4To CONMPOBOXIAIONINI 00yUeHHEe HarpeB
obpasia 10 BBICOKHX TEMIIepaTyp M MOCIEAYIONIee OXJIaXICHHE C BBICOKUMH CKOPOCTSAMH
SIBIISTIOTCS. HEOOXOAUMBIMH YCIIOBUSIMU €ro akTHBanuu. OnpeneneHbl ONTHMaIbHbIe 3HAUCHUS
MapaMeTpoB MPOIECCOB PaTHallHOHHO-TEPMUIECKOIT 0OpabOTKU M XMMHUYECKOTO 00ECKPEMHU-
BaHHMs 00pasiia, obecreynBarone MaKCHMaIbHYIO CTEIIeHb H3BJICUESHHS TUOKCHIA KPEMHHSL.

Kniouesvle cnoga: 1iceB0IeHINT, CUEHUT, OOTyUeHUE, PaJUALlMOHHbIH, aTIOMOCUIINKAT.

Manasi pacnpoCTpaHEHHOCTh M HCTOIIEHHE 3allacoB KauyeCTBEHHBIX OOKCHTOB
co3nanu mpoOiieMy ChIpheBOH 0a3bl MPOM3BOACTBA TIIMHO3eMa. B CBs3M ¢ 3THUM
IIPOBOJATCA MHOI'OYMCIIEHHBIE MCCIEJOBAaHMS 110 HCIIOJIB30BAHUIO MEHEe KauecTBEH-
HOTO BUJIa CHIPBSIIS MMPOU3BOJICTBA TIIMHO3EMa - aJTFOMOCHIIMKATHOTO, OCOOCHHO He-
(henMHOBBIX, TICEBAOIEHINTOBBIX U cMmemaHHbx cuenutoB (HC, IIC u HIIC) [1,2].
Crenyer OTMETHUTB, YTO BBICOKOKAYECTBEHHBIE LICTIOYHBIC aFOMOCHIIUKATHI, TaKHe
Kak He(eTUHbI, MyCKOBHUTHI, CEPULUTHI, KaTHO(QHUIUTEI, MaJIO paclipocTpaHeHbl, a HU3-
KOKa4eCTBCHHBIC, B TOM YHCIIC H apMSHCKHE, COTJIaCHO Kiaccupukamnuu [3], 3KoHOMU-
YeCKH HEBBIFOJHO IepepadaThiBaTh HA TIIMHO3EM CHOCOOOM MPAMOro crekaHus [4].
Cpenu HUX 0cOOCHHO TPYAHO repepadateiBaTh [1C 13-32 BBICOKOH SHEPTUH aKTHBAIIWH.
OpnHako Oosnplrasi MOTPEeOHOCTh KaJMEBBIX COSTMHEHHH B HAPOTHOM XO3SIMCTBE CTHUMY-
JUpYeT NPOBEACHUE UCCIIEIOBAHUH 110 UXIepepadoTKe.

Jns noBeimenus: 23QpQeKTUBHOCTH KOMIUIEKCHOH mepepaboTKi HU3KOKaueCTBEH-
Horo I1C criocoboM criekaHus PeaIoKeHbl pa3HbIe CIIOCOOBI: a) CITOCOO0 COBMECTHOM
nepepabotku [IC ¢ apyrumMu BUAAMH CBHIPbSI U OTXOJOB, OOTaTbIMH TIHHO3EMOM,
HanpuMep, OeTHBIME OOKCUTaMU [5], METaIUTyprudecKuMH jiakamu [6] u ap.; 6) pas-
HBIE BapHaHTBl MPEABAPHTENBHOTO0 XUMHUYECKOTO oOeckpeMHnBaHus (XO) MOpoasl -
obxur ¢ comoii [7], OukapOoHaTamu HaTpus W Kanus [8] W Ip. C TOCIEAYIONIMM
BBINENIAYNBAHAEM IIEIOYHBIX CHIIMKATOB HATpUs M Kajaus Bojod, a Takke XO
MOPOJBI B aBTOKJIAaBaX PacTBOPOM KayCTHUeCKOU menouu [9]. OgHako B IpOMBIIILIEH-
HBIX YCIIOBHUAX YAAeTCs peaau30BaTh TOJIbKO crocod XO mopoisl B aBTOKJIABaXx,
MOCKOJIbKY B JIDYTMIX CIy4asiX COJAEp)KaHue “‘CBOOOIHON™ IIEIOYM B IUXTAX 3HAYM-
TEeJIBHO NpeBocXoauT 5,0%, BCIeACTBUE Yero NPOUCXOAUT 3ajMIaHue Lieneil u Hapy-
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LIEHUE MPOXOAUMOCTH MKXTHI B ieun criekanus [ 10]. B o xe Bpems XO IIC B aBrokma-
BaX MpPOTEKAeT NPH BBICOKHX TemmepaTypax 240..260 "C u BbICOKOM HaBIeHHH
4,0..4,5 Mlla, npu sToM He oOecreunBas riyookoe XO moponbl. K Tomy xe
MOJyYeHHasl IMyJibla 1ioxo ¢uibTpyercsa. Takum oOpa3om, B HACTOsIIEe BpeMs HET
Ha/Ie)KHOM TEXHOJIOTUH MepepadoTKu HU3KokadecTBeHHBIX [1C.

B nuteparype MHOro myOiukanui o pagualioOHHOM CTUMYJIMPOBAHUH Ipolecca
pacTBOpeHHs WMOHHBIX KpuctaiwioB [11]. B To ke BpeMs paboT O pagHalyioOHHO-
TEPMUYECKOM CTUMYJIMPOBAHUU TBEPAO(A3HBIX B3aUMOAEUCTBUN OUeHb Majo. JTo, B
YaCTHOCTH, pabOTHI 10 CHHTE3Y aJTFOMHHATHOTO crieka [12], mopTiaaHIIeMeHTHOTO KIINH-
kepa [13] 0oOpaboOTKOW MIMXT MyYKOM YCKOPEHHBIX 3JIEKTPOHOB U MHTEHCH(HUKAIMH
mpoliecca U3BJeUeHHs TIIMHO3eMa 00Iy4eHHeM OOKCHUTOBOW IOPOJBI Mepes BhIIIea-
YUBaHUEM YJIbTPAPHOICTOBBIMU UM PEHTTeHOBCKUMHU Jiy4aMu B TeueHne 30...40 mun
[14]. Yxa3zanHBIE TpOIIECCH CHHTE3a MPOTEKAIOT, COOTBETCTBEHHO, MPH TEMIIEPaTypax
1250...1300u 1450...1500 “C.

Ha ocHOBaHMYM MTPOBECHHBIX CHHTE30B AIFOMHHATHOTO CIIEKa M IIEMEHTHOTO KIIWH-
Kepa BBIABJICHO, YTO JII0O0H MUHEpaJ [0 €ro OIUIABIEHHUs MOYHO IOJBEpraTh pajana-
LIMOHHO-TEPMUYECKOM aKTUBALUU OOIYy4EHHEM IIy4KOM YCKOPEHHBIX 3JIEKTPOHOB.
O4eBUAHO, YTO U3-32a PA3IHUNA MEXKAY 3HAUYCHUAMH TeMIepaTypHbIX K03 uimeHTon
JIMHENHOTrO pacIIUpeHUs OTAENbHBIX (pa3 Ipu HarpeBe U OXJIaXIEHUH 0Opa3lia ¢ BBICO-
KHUMH CKOPOCTSIMH BO3MOXKHBI CIIBUTOBBIE HANPSIKCHUS, CIOCOOHBIE 00Pa3OBBIBATH
MHUKpOTpEIHBI MeXy (pazamu B MHorodazHom kpucrammuieckom [1C. O6pa3oBas-
[IMECs] MUKPOTPEIIMHBI YBETUYMBAIOT yISIBbHYIO TIOBEPXHOCTh 00pasia, YMEHbIIAOT
mddy3noHHOE conpoTuBieHue mpouecca XO U TeM caMbIM HOBBIILIAIOT HHTEHCUBHOCTb
mporecca XO TIC. CnenoBarenbHO, MOXHO TPEINOI0KHATE, YTO PaIHallMOHHO-TEPMH-
yeckas oopabotka (PTO), conpoBoxkaaromascs o0pa3oBaHHEM Pa3HOPOJHBIX paaua-
[UOHHBIX H TEPMUYECKUX TE(PEKTOB B KPUCTAJUIMIECCKUX PEIISTKaX OTICIbHBIX (a3 u
BO3MOXHO MAaKpOHapyIIeHHH B MHOTro(asHbIX KpUCTAUIMYECKUX YacTUIAX B BUIC
MHUKPOTpEIIUH MeXay (azamu, crocoOHa CYLIECTBEHHO IOBBICUTh PEAKLHUOHHYIO
cnocobHocth [IC u mHTeHCHBHOCTH mporecca XO. YKa3aHHBbIE MPEANOCHUIKH JUIS
[IOHCKA IyTEH MOBBIIEHUS PEaKIMOHHON CIIOcOOHOCTH 00pasla M MHTEHCUBHOCTH
nporecca XO MOCITYKUIN OCHOBOM JIJIsl TOCTAHOBKHU HACTOAIIEH 3a1auH.

Lenbio Hacrosmel padoTsl sBnsgercs yBenuueHue riayounsl XO IIC pactBopom
KayCTUYECKOMW IIIEJIOUH B aBTOKJIaBaX IyTeM IpeABAPUTEILHON paJuallMOHHO-TEPMHU-
YEeCKOM aKTHBallMM CJIOSA IOpOLIKa OOJyYyeHHEM KOHHYECKUM IIyYKOM YCKOPEHHBIX
3JIEKTPOHOB.

JKcnepuMeHTAlIbLHAs YacThb. JIabopaTopHble HCCe0BaHNs IPOBOIMINCE Ha 60-
rateix rncepponeiinuroMm obpasiax I1C (moJoOHO CHIHHBIPBITaM), COCTOSAIINX U3 CYO-
MHUKPOCKOITUYECKUX CPOCTKOB OPTOKJIa3a M KAIMCHINTA(IIPOAYKT pacrana JieHIuTa)
CJIEIYIOIIEro XMMHYECKOro cocraBa, macc.%: rimHozeM 21...23, AMOKCHI KpeMHUS
53..55, okcun »xenesa 0,8...1,5, okcun wHatpus 0,3...1,2, okcua kamusa 18...20. B
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oOpasuax B HEOONMBIINX KOJIMYECTBAX MPUCYTCTBYIOT IPUMECH MUKPOKIINHA, OMOTHTA,
STUPHH IUOIICU]IA, MHOTIA He(enHa U JIp.

PTO IIC mpoBoauiack Ha OPOMBIIIJIEHHOM HUMITYJIbCHOM YCKOpPUTEJE 3IEKTPO-
HoB “UJIY-6”. Jlns »sToro oOreeymopHas KioBera co cioem mopomka [IC
tommuHoi3-10° M u pasmepamu wactun — 0,16:10°m moMemazach Ha TEIEXKY,
KOTOpasl yCTaHABIMBAJIACh TMOA KOHMYECKMM ITyYKOM YCKOPEHHBIX DJIEKTPOHOB.
PaBHOMEpHOCTh 00JyueHHS IO IUIOIIAAM IPSMOYTOJBHOTO o0pasla OCYyIECTBIIUIACH
BO3BPATHO-IIOCTYNIATENbHBIMA  JIBIDKCHISIMH ~ TEJISKKH C  33JaHHOW  IOCTOSIHHOM
ckopocTbio. OOpasupl B mpouecce OOJy4YeHHs HarpeBajiCh C BBICOKOM CKOPOCTBIO,
MOYTH B aJIMa0aTHUECKUX YCIOBHUX. Temreparypa 00pasioB U3MepsuIach ¢ MOMOIIBIO
MaJIOMHEPIIMOHHOW TepMoNaphl (OTHOCUTENbHAS NOTPeIHOCTh A= + 5%) 1 Ha Hy>KHOM
YpOBHE TMOJICPKUBANIACH € TIOMOIIBIO 3apaHee OIpENeNICHHBIX 3HAYCHHH YacTOTHI
UMITYJIbCOB OOJy4eHUs] M CKOPOCTH MABWXKEHHS TeNexXku. [Ipu mpounmx paBHBIX
YCIIOBHSAX CTETICHbh aKTHBAIUK 00pa3IOB OlEHHBAJACH 110 NTyorHe XO onpeereHHbIX
IPpd  ONTUMAIBHBIX  3HAUYEHUSAX  TEXHOJNOTMYECKMX  IapaMeTpoB  Ipolecca.
DKCIIEpUMEHTAIBHO ONPEICIICHO BIMSHIE MOIHOCTH JI03bI 00JIydeHHs B Tipenenax N
=2,15...8,5 Mpaod/c, nornouennoit no3st D = 86,0...600 Mpao, Temneparypbl HarpeBa
obpasna t,, = ~ 420...850 ’c, BpeMeHH PTO 1,5,=40...187c ¥ TexHOIOTHUECKHX
napaMeTpoB Mpolecca U3BIeUCHUS AHOKcHaa kpeMHuus Ha Tryouny XO. Ilpouecc XO
UCXOIHOTO M 00xydeHHbIX oOpasuoB I[IC mpoBoauscs B aBTOKIAaBE C KPYIJIBIM
maumemM auamerpom d = 0,05 m u BeicoToith = 0,25 m, cHaOXXCHHOM MeENIaaKoW |
9JIEKTPUYECKUM HAarpeBOM B YCIOBHUSAX: MACCOBOI'O OTHOILICHUS KUIKOCTH K TBEPIOMY
JK:T= 3:1; koHeHTpauu pacTBopa kaycruueckoi mmenoun K,O, = 302 2/z; crenenu
n3Mmensuenus [IC (—O,l6+0)-10'3 m; Bpemenun XOly, = 30...55 mun; temmneparyps
nponecca XO t,, = 225...240°C, uncna obopotoB Mmemtanku n = 240 06/mun. B koHIEe
OTbITa TeMmIleparypa aBTokiaBa moBommwiack 10 80...85 oC, ¥ TyJblla W3BIEKAJIACH.
Paznenenue TBepaoil Gas3pl OT MIETOYHO-KPEMHE3EMHICTOTO PACTBOPA B OMBITaX C TOH-
kocTbio oMomna I1C (—0,16+0,05)-10”x mpou3BoMIoCck myTeM GUITPAMK HA BAKyyM-
Hoit Bopouke. B onprrax XO ¢ ToHKOCTBIO oMona (—0,16+0) -10”x mynbna crepsa
OTCTaUBAJIACh U TI0CJIE YAAIICHUS OCBETJICHHOTO pacTBOpa AeKaHTaluel (GUIbTpoBanach 1
Jajiee IpOMBIBaJIach Ha BaKyyMHOI BopoHKe. B nanpHefimem TBepaas ¢asa mpomeIBa-
Jach TEIIOW BOAOM MO €1a0OIIETOYHOM peaklry, BHICYLIMBAIach MPU TeMIIEpaType
105 “C 110 MOCTOSHHOI Macchl M MOJBEPranach XMMHUYECKOMY, KPHCTAIOONTHUECKOMY
(Mukpockon MUH-8) u pertrenodazoomy anamuzam (YPC-50 U B pexume 30 xB,
10 mA, 20 umn/c,1 epad/mun, Cu-aHTUKATON).

OO0cy:k1eHHe TOJYYeHHBIX Pe3yJbTaToB. [l oOecreueHuss MaKCUMAallbHOTO
BBIXOJa AMOKCHJIA KPEMHUS U3 aKTUBUPOBaHHBIX 00pa3uoB [1C npoueccsl obeckpeM-
HUBaHUS POBOJMIINCH MTPH ONTUMAIBHBIX 3HAYCHUSX TEXHOJOTHYECKHX TapaMeTpOB,
KOTOpBIE ONpe/eeHsl B mpeenax: Temmeparypa - 220..240 C, Bpems mpouecca
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30...60 yun, ToHEHA IOMOIA - (- 0,14+0)... (-0,18+0)-10n TIPH ITOCTOSTHHBIX 3HAYEHH-
sIX MAacCOBOTO OTHOIICHUS JXuakocth K TBepaomy — K:T= 3:1, ymcno o0opoToB
Memanka n = 300 06/mun. TlonmydeHHOE 3HAYEHHE COJACPIKAHUS JTUOKCHUAA KPEMHHUS
KoHIeHTpaTa ucxonHoro I1C mpu onTHMAaIbHBIX 3HAYEHHSIX TEXHOJOTHUECKHX Iapa-
METpPOB - TeMIlepaTypsl 225 ’c, BpeMeHH mpoteca 50 mun ¥ MaccoBOTO OTHOUICHHS
xuakoctd k tBepaomy XK:T = 3:1 cocrasnsno Si0,=37,3 %. McxonHoe comepkaHue
nuokcuna kpemaus Si0,=55,0 %.
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Puc. Bausnue paouayuonno-mepmuyeckux napamempos na 2iyouny XO I1C

Pe3ynpTaThl nccnenoBaHui MO BIMSHUIO paJUallMOHHO-TEPMHUUYECKUX [1apaMeTpoB
Ha rmyouny XO IIC npusenens! Ha pucyHke. Kak BUIHO U3 pUCYHKa, IPH MHOTOKpAT-
HOM YBEJIMYEHHH TIOTJIOMIEHHOW A03bI OT 86 10 600 Mpao u BpeMeHU OOJIy4eHUs: OT
40 no 187 ¢ npu MPHOIU3UTEIHLHO MOCTOSHHOM 3HaYEHHH MOIHOCTH J03bl O0Ty4CHHU-
AN = ~ 2,7 Mpad/c u Temneparype Harpesa odpasia t,=~435 "C rmy6una XO mo-
Beimraercst Ha 1,3 % (xpuBas 1). Ha mamr B3rmsx, HeOONBIIOE yBENUYCHNE TITyOWHEI
npornecca XO o0ycnoieHo criaboii akTuBarueii oopasia BeIaeCTBUE HU3KOW MOIIHOCTH
JT03bI OOJYYCHUS M TeMITEpaTypbl HarpeBa oOpasina (kpusast 1).

B cnenyromeii cepuu 3KCIIEpUMEHTOB (KpUBasi 2) U3y4aloch BIMSHUE MOIIHOCTH
10361 00y4eHust Ha r1youHy XO npu npuONIHU3HUTENbHO OCTOSHHOM 3HAYE€HUM IOT-
JIOUIEHHOW IT03bI, BpeMeHH o0ydeHHs U mapamerpoB mpouecca XO. YcTaHOBIEHO,
yT0 B mipenenax 3HadeHuit N ot 5,7 no 8,4 Mpao/c narpeB 00pa3ioB 10 BHICOKHX TEM-
nepatyp MPOUCXOUT ¢ OoJiee BRICOKOW CKOPOCTHIO, YTO MO3BOJISLIO SKCIIEPUMEHTHI TPO-
BOJMTH IPH BBICOKOI, MOCTOSIHHOI Temmeparype ~ 850 “C; B o6nactu 3nauenuit N =
5,7..7,4 Mpao/c nabmonaercss 3HaYMTENbHOE MOBBIEHHE TyOnHB XO ¢ 00paso-
BaHMeM MakcumyMa npu N = 6,4 Mpao/c (SiO, = 37,3%), KOTOpEIH, IO CPaBHEHUIO C
rryonaoiXO mcxomHoro HeoOJIydeHHOTo oOpasmua, Bbimie Ha 5,2 %; HUKE U BBIIIE
9TOT0 3HAYEHHUSI MOIIHOCTH 03Bl 00JIyUeHHs IPUBOIAT K YMEHbLICHUIO T1younsl XO,
B [IEPBOM CITy4ae - u3-3a cJ1aboil aKTHBaI|H, & BO BTOPOM - HA000POT, H3-32 BO3MOXK-

362



HOT'0 00pa30BaHUs PA3HOPOIHBIX MUKPO- M MAKPOCTPYKTYPHBIX Ae(EKTOB, KaK, HaIlpHU-
Mep, JIOKaIbHOTO OILIABIEHHS TOHKOMCIIEPCHBIX YacTHIl (ppakimn (—0,05+0)-107 u ¢
MEHbIIEH PHEepPruel akTUBAaLUU WIK 00pa30BaHUS IBTEKTUUECKUX CMECEH U BO3MOXK-
HOTO CHHTE3a HOBBIX (a3, yMeHbIaromux riryouny XO. O0 aHaIorMyHOM MOBEIEHUH
riyonnasl XO B 3aBHCHMOCTH OT MOIITHOCTH JI03BI OOyYEHHS CBUACTENBCTBYET Pe3yilb-
tatel XO npu N = 8,4 Mpad/c, npuuem 3aech HaOIOIAeTCs 3HAYUTEILHOE YMEHbIIIe-
Hue rryounst XO.

OnwucaHHas KapTUHA MoBeaeHus TyOHHbI XO B 3aBUCHMOCTH OT MOIIHOCTH J103-
BI 00MydeHus moarBepxmaercs Takke npu PTO ¢pakmun (—0,16+0,05)-107m (pu
OTCYTCTBHM TOHKOIUCTIEPCHOW (pakiiH) C OJHOBPEMEHHBIM M3MEHEHHEM BpEMEHH
o0iryueHus. Pe3ynbTaTsl McciefoBaHIH OKa3bIBAIOT aHAIOTHYHBIH XapakTep MoBee-
Hus ryounsl XO. [Ipeanonaraercs, 4To MPOLECCh JOKAIBHBIX OIUIaBJICHUI U CHHTEe3a-
HOBBIX (ha3 MOTYT IIPOTEKATh TAKKE Ha IOBEPXHOCTU U BHYTPU KPUCTAJUIOB, IIOCTONIBKY
YCKOPEHHBIE AIIEKTPOHBI B COOTBETCTBHU C KBAHTOBBIM SIBIIEHUEM (IIOJOOHO HJIEKTPO-
MarHUTHBIM BOJIHaM) IIPOHUKAIOT BHYTPb YaCTHIL (IIPOHUKAIOIIAS paJualys). ¥ CTaHOB-
JIeHo Takxke, uto npu N = 8,5 Mpaod/c yMmeHblIeHHE BpeMeHu o0nydenus 10 30 ¢ He
H3MEHsIeT XapakTep noseaeHus riyouss XO.

Ha ocHOBaHMYM MOJTy4YEeHHBIX Pe3yIbTATOB YCTAHOBIICHBI ONITUMAbHBIE 3HAUCHHS
napamerpoB PTO - momHOCTS 70361 00myueHust - N = 6,4 Mpad/c, MOIIIHOCTH TIOTJIO-
meHHol 10361 D = 260 Mpao, TemmepaTypa Harpesa obpasmat,, ~850 ‘C u Bpems
00IyUYeHHSI Tog,~ 40 c.

Jiisa aktuBuposaHHoro oopasua I1C npu NOCTOSHHBIX 3HaYEHUSX KOHIEHTPALUU
pactBopa kaycrudeckoi menoun K,O,, = 302 2/1, MAaCCOBOM OTHOIICHHUH JKUIAKOCTH K
tBepaomy K:T= 3:1 u uucne o6oporoB Memanku n = 240 o6/mun onpeneneHbl ONTH-
ManbHbIe 3HAYECHHS MapaMeTpoB nporecca XO: Temmepatypa t o~ 235 "C, Bpemst Jy o~
50 mun v TOHKOCTB omouia - 0,14 mm. Takum 0O6pa3oM, MOXKHO 3aKIIIOYNTh, 4T0 PTO
cnosi mopomka [IC mpu ONTHMAaNbHBIX 3HAYEHUSAX PaJUAIMOHHO-TEPMHUYECKUX H
TEXHOJIOTMYECKHX MapaMeTpoB mpoluecca XO 3HAYUTENbHO MIpeBblaeT riayouny XO.

BusyansHbpiME HaOMIOACHUSIMH OOJBIIMHCTBA OCAIKOB IOJ MHUKPOCKOIIOM yCTa-
HOBJIEHO, YTO I10JIy4Y€HHbIE KOHIIEHTPAThI COCTOST B OCHOBHOM U3 HOBOOOpPA30BaHUH C
MaccoBBIM cozepxkanneM ~90,0% Hu HMCXOTHBIXIIOPOZ00OPA3yIONINX MHHEPAIOB, HE
BCTYIUBILUX B PEAKLHIO.

Kpucrannoontudeckune ncciaeoBaHNs HOBOOOPA30BaHUIT ITOKA3bIBAIOT, YTO OHH
COCTOSIT B OCHOBHOM U3 JIBYX (ha3. [lepBas ¢a3a c MaccoBbIM copepxanueM 10 ~ 15,0 %
MPEe/ICTaBIeHa KPUCTATIIAMHI HETIPaBUIIEHOM (POPMEI ¢ pasMepaMu MPUOIN3UTENEHO 10
9 Mk, obnagaroUMH cabbIM JBYIIPEIOMICHHEM C BETUUMHOM ITOKa3aTelsl CBETOIpe-
nomnennst Ng=1,528 u peHTreHoBckuMH JaHHbIMH — 4,3505(4,35); 3,9605(3,94);
3,11049(3,09); 2,572¢(2,58); 2,2155(2,22); 2,1666(2,16); 1,490+(1,49); 1,2125(1,21);
1,1934(1,19), rme WHAEKCHI — MHTEHCHUBHOCTH; HU(pPHI 0e3 CKOOOK M B CKOOKax —
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MEXXIUIOCKOCTHBIE PACCTOSHUS, COOTBETCTBEHHO, HAIIMX M CHPABOYHBIX JaHHBIX.
INony4yennoe 3nayeHne N, U JaHHbIE PEHTIT€HOIPAMM MOYTH MOJHOCTHIO COBIAAAIOT
¢ nanabiME nipupoanoro kamucunuta (KAISiOy) [15] 1 He3HaYUTENBbHO OTIUYAKOTCS
OT JaHHBIX PEHTI€HOTPaMM, IPUBEACHHBIX B pabdore [16] MIsi CHHTEeTHYECKOTO KajH-
cwimrta. Bropas ¢asa npeacraBieHa BecbMa MENKUMH 3epHaMH € pa3MepaMu 10 ~ 3 MK
C ToKas3areneM cBeronpenomaeHuss Ngp=1,535 U pEHTreHOBCKMMH JaHHBIMH —
4,2303(4,24); 3,4104(3,40); 3,090,9(3,09); 2,600+(2,59); 2,2205(2,21); 2,13042,13) u
BecbMa Onm3ka K kamnodunuty KAISiO4 [15]. OtMernm, 4To Kanuo(uiIuT 1 Kalucu-
JUT TPEACTABISIIOT COO0M KpUCTAIIMYECKHE MOTU(PHUKAMKA KapKACHOTO ILEIIOYHOTO
amomocunukara KAISiO, rpynmsl HedennHa. KoHLEHTpaThl, COCTOSIIME B OCHOBHOM M3
YKa3aHHBIX MICJIOYHBIX KaJIMEBBIX ATIOMOCUIMKATOB ¢ conepxkanuem Si0,=37,3%,
Al,05;=30,4% n R,0=27,8%, SIBISIOTCSI BBICOKOKQUECTBEHHBIM CHIPHEM IS TIPOM3BOJICTBA
TIIMHO3eMa,y TOOPEeHUH, IICOJIMTOB, KOATYJITHTOB, KPACOK U JIp.
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U.L. BLahLUN3UL

8UorNruy NUtdNLe38hSUSHL URGURSE LUYNMUUNhU
SPOhYULPURUYUL BNULUUNY

Upwlwsd £ guspnpul) wulinnikighnnughtt uhkuhunbbph junpuljdwi hqhlw - phithw-
Ywh byl thnpkudwh wdmoh pupuly skpnh wpuqugus HEupnutbph ynbwlwb thignd
Sunwquypwhwpdw b Juniunhly hhdph nisnypny phuhwlw uhihghnidwqbpsdw Eupup-
Yknt Swhwwwnphny: 8nyg £ wipdws, np fwnwqupuwhwpdwit ninklgnn tdniph nmwpwugnidp
Uhsh pupdp obpdwumnmhdutt b hknmwqu vwnkgnudp Uks wpugmipnitubpny wthpwdton
wuydwtbtp b tpw wijnhyugdwt hwdwp: Npnodws ku tdnioh nunhwghnt - phpdhly dpwl-
dwt b phupwlub uhjhghnidwgbpsdwb wypnghutbph ypw wqnnn gnpénuubtph owunnhdwy wp-
dtputipp, npnlp wyywhnynid Eu uhihghnith tplopuhnh Ynpquub wmdktwpwpdp wunhfuw:

Unwigpuyhé pwnkp. wulnnkighw, uhtphwn, dwnwquypenidught, uhjhghnudwqbpsnud,
wnidwupihunn:

S.N. YENGIBARYAN

PHYSICAL AND CHEMICAL CONDITIONING OF LOW QUALITY
PSEUDOLEUCITIC SYENITE

A method of physical and chemical conditioning of low quality pseudoleucitic syenite
according to which thin layer of powdery substance first undergoes radiation-thermal
energization by radiation with a conical beam of accelerated electrons, then chemical
desiliconizing with a solution of caustic alkali. It was shown that heating of the sample, which
accompanies the irradiation to high temperatures and its further cooling with high speed are
necessary conditions for energization of the sample. The optimal parameters of radiation-
thermal processing and chemical desiliconization of the sample are determined, which ensures
maximum extraction of silica.

Keywords: pseudoleucit, syenite, irradiate, radiation, aluminosilicate.
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YK 621.311 SJIEKTPOSHEPTETHUKA
B.C. CA®APAH, 5.T. THYHHA

MCCJEIOBAHUE CTATUYECKON YCTOMUYNBOCTUCTAIIMOHAPHOM
TOYKHU CUHXPOHHOM MAIIUHBI C YYETOM PET'YJISITOPOB
BO3BYKJIEHUSI

[IpuBenena maremaTHuecKasi MOJENb UCCIIEAOBAHMS CTATHUECKOM YCTOMYMBOCTH CTaINO-
HapHOW TOYKU CUHXPOHHOW MAIIMHBI C MCIOJIb30BaHHEM TeopeMbl JIsmyHoBa 00 yCTOWYHBOCTH
0 TIEPBOMY MPHUOIIHIKECHUIO.

Knrouegvle cnoga: cratnueckasi yCTOWIMBOCTh, CTallMOHapHas TOYKa, MaTeMaTHYecKas
MojieNb, MaTpuna SIkoOu, peryisatop Bo30yKIeHHS.

st ucenenoBaHus MepexXoAHBIX NPOLIECCOB B DJIEKTPHUYECKUX CETAX NPH HAJTMIUU
JNIEKTPUYECKAX MAIIMH HEOOXOJUMO B MaTeMaTHYECKOH MOJENH 3a/la4yd yYUTHIBATh
YPaBHEHUS DIEKTPOMArHUTHOTO M 3JEKTPOMEXaHHMYECKOT0 NePeXOHBIX MTPOLIECCOB, a
B ClIyyae CUHXPOHHBIX MaluH (CM)-Takxke U ypaBHEHHS PEryJIsaTOPOB.

Marematnyeckast MoOJIENb IIEPEXOAHOTO IIpoIlecca BIEKTPUUECKOW MAIIUHBI
IpecTaBiieT coboil cucTeMy HeTMHEHHBIX TU(QepeHInalbHbIX YPaBHEHUI IEPBOTO
nopsiika ¢ mepeMeHHbIME Kod(h¢urmentamu. [IpeoOpasoBaHne Monenu B CHCTEME
koopauHat d, q MO3BOJSET MHONYYUTh MAaTEMaTHUECKYI0 MOJENb JIIEKTPUUYECKOH
MAIIMHBI C HOCTOSIHHBIMH Kod(durieHTamu [1, 2].

Lenbio HacTosImel pabOTHI ABJISETCS UCCIENOBAHUE CTATUUYECKON YCTOMYMBOCTH
CM ¢ ydeToM peryisiTopoB BO30OYXKICHHUS C NpHMCEHEHHEM TeopeMsl JIsmyHoBa 00
YCTOHYHMBOCTH I10 IEPBOMY TpUOIIMKeHuU!o [3].

TpaguMUHMOHHBIA METOJ OLEHKHM CTATHYECKOH yCTOHYMBOCTH CTALMOHAPHOM
Touku CM. YpaBHeHue ABHKEHUS TeHepaTopa, paboTaroliero yepe3 TpaHcdopmaTop
U JIMHHUIO 3JIEKTpOIlepeaayy Ha IIMHY OECKOHEYHOM MOIIHOCTH, IIPU NPEHEOpEKEHUH
3JIEKTPOMArHUTHBIMH NIEPEXOIHBIMU MIPOLIECCAMU UMEET cienyromuil Bua [1, 4]:

a0
dt?

M,\tex - an (1)

rae J - MOMEHT MHEPLHU pOTOpa; M ,, — MEXaHMYECKMH MOMEHT; M - DIIEKTpOMAar-

mex

HUTHBIA MOMEHT.

@EI X, U

Puc. 1. Cxema samewenus snekmponepeoaiu
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3HCKTp0MaFHHTHLII>‘I MOMCEHT IIpU CTAlTMOHAPHOM JIBUXCHHUU U npeHe6pe>1<eHHH
AKTUBHBIM COIIPOTHUBJICHUEM UMECT BUI

_ Eg sind, )

-

EY]
c

rac XC — MHOAYKTUBHOC COIIPOTUBJICHUC CUCTEMEI.

C yueroM 6 = (v, — ) + 6, tnddepeHunanbHoe ypaBHeHHe BTOporo nopsiaka (1)
MOXXHO TIPEACTABUTH KaK CHCTEMY YpaBHEHUH U3 IBYX TU((hepeHINAIBHBIX YpaBHEHAH
HEePBOrO MOPSAKA:

J d;O" mex 219
¢ M y

Marpuna Sko6u [3] nns cucremsl ypaBHeHMH (3) uMeeT BU

EU
0 ———cosd
A= X, “4)
1 0

Haiinem coOcTBeHHBIC 3HAUCHHS JAHHOW MATPHUIIBL:

EU
|/q—ﬂ,E|= -A —ﬂcosﬁ :/12+ EU
1 By X0

EU
A, =% |- chcosﬁ . (6)

W3BectHo [3], uTo Mt obecredyeHnss YCTOMIMBOCTH CTalMoHapHO Toukn CM
peajbHBIE YacTH COOCTBEHHBIX 3HAYCHUI MaTpUIbl (4) HE JOIDKHBI OBITh TIOJOKUTEINb-

cosf =0, %)

U
cosf <0. B mpoTuBHOM cilydae -COOCTBEHHbBIE
(4]

c
3HAYEHUSI MATPUIIbI OyIyT IEHCTBUTEIBHBIMHU, OJTHO U3 KOTOPBIX MOJYUYUTCS TIOJIOMKH-
TEJIBHBIM, APYTOE - OTPUIATEIBHBIM, YTO IPOTHBOPEUUT yCIOBHIO YCTOMYNBOCTH CTa-
nuonapHor Toukn CM. CremoBarenbHO, YCTOWYHBOCTH CTalMOHApHOW Toukn CM

HBIMHU, U3 YCTO CIEAYy€T, YTO —

CBOJIUTCS K U3BECTHOMY YCIOBHIO [4] 0< 0 < % .

MaTtemaTuueckasi MoJeJIb nepexoaHoro npouecca CM B cucreMe KOOPAMHAT
d, q ¢ yuerom peryasaropoB. i1 popMUpOBaHUS MaTeMaTHUECKON MOJENN MEepexo-
Horo mporuecca CM B cucteMe KOOpAUHAT d, q ¢ yUETOM PeryyisiTOpOB HampsuKEHHS
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HEOOX0aUMO MareMaThdeckylo Moaens CM JONONHUTH YpaBHEHHUSMHU PETYJIISTOPOB.
Bribepem acraTudeckuid peryJisitop Bo30yKIeHHs, IPEeICTaBICHHBINH Ha puc. 2 [5, 6].

Uso & K e, oM Us
A P(1+TP)
T
Puc. 2. Acmamuueckuii pecynsmop 6030ysicoenus
[lepenarounas GyHKIUS pEryaTOpa UMEET CICTYFONIHIA BU:
wpy=b-— K (7
e p(l+Tp)
[IpousBens coOTBETCTBYOIINE TPe0OPa30BaHHSA, ITOITYIUM
&K = pe, +Tp’e,, unn
K = pe, +Tp(pe,) . (3

BHocs o6o3Hauenue pe, =e,, , AnppepeHIHaIbHOe YpaBHEHHE BTOPOTO TOPSAKA

(8) mpeacraBuMm B Buze cucTeMbl TU(GepeHInaIbHBIX YPaBHEHUH IEPBOro MOPsIKa:

{per =€ (9)

Tpe,, =Ke—e,,.

JlomonHsiss MaTeMaTHYeCKy0 MOJENb MEPEXOAHOI0 MpolEecca HESBHOMOIIOCHON
CM [2] cucremoii ypaBHeHmi (9), TOTYyYUM MaTeMaTHYECKYI0 MOJEIH MEPEXOIHOTO
npouecca CM ¢ yyeToM ypaBHEHHUH perynaropa:

(p+p)~Ud +(1+s)-Uq +pU, =e sinb,

—(1+s)~Ud +(p+p)-Uq —(1+s)~U,‘ =—e cos0,

M e
L

>

' (10)

wU, +(p, +p)U, =
pO—-s=0,
; vU,
Jo;ps+1,5———=aM
X

s m

pe.=e,,

Tpe,, =Ke—e,,

TJle o, - CAHXPOHHAs yIJIOBas CKOPOCTh; p = d/(dtw,) - oneparop nuddepeniuposa-
Hus; p=R/X, p,=r/X,; R(r) - aKTHBHOE CONPOTHBIECHUE CTATOPHON (POTOPHOI)
OOMOTKH; X - peakTHBHOE comnpotusienue craropa CM; X, - peakTHBHOE COIPOTHB-
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nenue potopa; U, =X iy, U, =X i3 i, I,

- IPOCKIIMH TOKA CTaTOpa I10 OCsIM d , ¢q ;
i, - TOK potopa; u=15M; / (LdLr) - K03()(HULIMEHT MarHUTHOU CBSI3H; L, - UHIYKTUB-
HOCTb POTOpa; M, - B3aUMHas MHAYKTUBHOCTb MEXJy OOMOTKaMU CTaTopa U poTopa

(HanOonpIIee 3HAYCHHE); e

s

- aMILUTUTYJHOE 3HAaYCHUE HAPSDKCHUS CTaTopa; e, - 3HA-
YEeHHUE HaNpsDKEHUs poTopa; U, = w M ,i, - HAIPsSDKEHUE CTaTopa B XOJIOCTOM XOJE; & -
Yroil MeXAY CHHXPOHHO  Bpalllalollelics OChl0 U IONEPEYHOH  OChIo
poropa; s = (w, -, )/®, - CKONbKEHHE; @, - YIIIOBAsk CKOPOCTb BPAIUEHHs poTopa; M,
- MEXaHWYECKUH MOMEHT Ha Bajle poTopa; J - MOMEHT UHEPLMH POTOpa.
[Ipenmonoxxum, CM mnojkiarodeHa K IIMHE MPOCTEHINEH 3JIEKTPUUECKO ceTu

(puc. 3).
Uo

e M

Puc. 3. [Ipocmetiwas snexkmposnepzemuueckas cucmema

s ncenenoBaHus MepexXOAHBIX IPOLIECCOB MpOCTeiiell sHeprocucTeMsl HE00X0-
MO Y4ecTb TaKKe MepexXOAHBIN MmpoLece B ceTH. Tak Kak MOCTOSHHAs BPEMEHHU 3aTy-
XaHUS MEPEeXOJHBIX MPOLIECCOB CETH Ha MOPSIOK MEHbIIEe NOCTOSHHOM BpeMeHn CM,
TO ypaBHEHHUE CETH 3allUChIBaeTcs B opMe yCcTaHOBHBIIErocs pexxuma [3]:

6, =U,~Z, 1. (11)

B urore moxyunM MaTeMaTHYECKyI0 MOJETh MepexoaHoro mporecca CM ¢ yde-
TOM PEryJIsIToOpa BO30YKISHHUS U COCTOSTHUS CETH.

Onenka craTuyeckoil ycroilumBocTH cranuoHapHoii Touku CM c yderom
peryJasitopa. B cucreme ypaBuenuit (10), nonaras p=0 u s=0, DoIy4yuM Marema-

TUYECKYIO MOJECJIb CTAIMOHAPHOI'O ABHUKCHUS CMc YUYETOM pEryJisaTopa BO36y>K,Z[eHI/I${I

pU, +U, =e sind,
-U,+pU,-U, =-e cos0,
_Me,
pU, = L (12)
5U,Uq:
X s m?
e, =0,
Ke—e,, =0.

1,
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U3 mectoro ypaBHeHHs cuUCTeMbl ypaBHeHW# (12) cimemyer, 4roKe =e,, a
IIOCKOIIBKY e, =0, CleoBaTenbHo, ue=0. W3 ypaBHenus s=(e, —e,) CIEIyeT,
YTOe,, =e, .

Honomnssas cucremy ypaBHeHui (12) ypaBHeHHeM coctosiHus cetd (11), momyunm
MaTEeMaTHYECKyI0 MOZENb CTalMoHapHOro npmwxeHus CM ¢ ydeToMm peryisitopa
BO30Y’KIACHUS U COCTOSIHUS CETH.

Jus hopmupoBanus Matpuibl SIkoou Heodbxomumo cucremy (10) npeacTaButh B
KaHOHUYECKOM BHJIE:

pU,+pU, =e, sin97(1+s)Uq -pU,,
pU, =—¢, cos@+(1+s)\U, +U,)-pU

'l

I

M
WUd +pUr :#er_pru

N

pO=s, (13)
3o vy,
Jo;ps=o M, —1.5 ,
X
pe,. =e,,,
Ke—e,
pe, = :

T

JleByto cropony cucremsl ypaBHeHHi (13) mpencTaBuM Kak MpOW3BEIEHUE IBYX
MaTpHIL;

1 o1 0 0o o o] [pu,| [ pU,+pU, |
0100 0 00 |pU, pU,
g 01 0 0 0 0] |pU, wU, +pU,
o0 0 01 0 0 0[x| pd |= po (14)
0000 Jo 00 ps J ps
0000 O 1O pe, pe,
10000 0 O 1] |pe,| | pe,

[IpencraBum cucremy muddepeHnaibHbIX ypaBHeHui (13) B BeKTOpHOI Gopme:

dz
AE = 1(2), (15)
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1 0
0 1
u 0
rre z:(Ud,Uq,U,l,Q,s,e,,e,I sAd=w|0 0
0 0
0 0
10 0
M e,
==l
fi=s,
fi=oM, -15
Js=e,
Ke—e,
f‘7= T rl

MarpuuHoe ypaBHeHHE (15) MOXKHO IPEACTaBUTh TAKKE B CIEIYIOLIEM BUJE:

dz

dt

SIS SIS~ S~

UU

q

S DD~ DD O D

S S D D

Jo?®

=

fi=e, sinH—(1+s)Uq -pU,,
fo=—e,cos0+(1+s)\U, +U,)-pU,

A7 (2).

S~ DD DD

~_~ S D S S O

q°

CocraBuM Matpuily SIkoOu aist BEeKTOpHOH QYHKIHA f(z) :

[—p —(+s)
l+s -p
0 0
g=| 0 0
0 I.SU’
X
0 0
0 0

0
1+s
—-p

0

U
1.5+
X
0
0

0

e, cosf

-U,

0
1

0
0
0

e;sind U,+U,

0 0
0 0
M e, 0
L/‘
0 0
0 0
0 1
o -1
T

(16)

(17)

Cornacuno teopeme JIssmyHOBa 00 ycroitunBocTr [3] 1O epBOMy MPHOIMKEHHIO,
crannoHapHas Touka CM ycTol4ynBa, €Clii Bce ACHCTBUTENbHBIC YaCTH COOCTBEHHBIX

3HAYEeHUH MaTpUIlbl 4~' 4 OTpHLATENbHBI. A 10 KpuTeputo Payca—I'ypBuna, ncnonssys
KO3(p(PUIIMEHTBI XapaKTEPUCTHUECKOIO MHOTOWIEHa MaTpUIIbl, MOXKHO OIPENENIUTh
TOJIBKO 3HAKM COOCTBEHHBIX 3HAYCHUH MaTpHUIbl SIKOOH, HE Ompenensis BeTUYUHbI UX

KOpHEH.
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UDbLLCNL UBLELUSE USUSPNLUS UESh USUSHY WUSNPLNARE3UL
ZBSUQNSNRUL 2UGYh ULULELNY LOU S AGUTL QUCSUINLRLEND

‘Ukpjuyugws £ uhtijupnt dkpkuwgh uinughntiup YEnh unuwnply juyniinipjut hbnw-
qnuiiwt dwphdunhjulub tngbp juniimpput vwuhb Guwniingh pun wewehl tnunupy-
dwb ptnpldubnh oginugnpduudp:

Unwhgpuyplipunip. unwunhjuyniimipnit, unwghntwpybn, dwptdwnhlulut
Unnl), Swlnphh dwinphg, gpgeuwt upgquiynphy:

V.S. SAFARYAN, B.T. GNUNI

INVESTIGATION OF STATIC STABILITY OF THE STATIONARY POINT OF A
SYNCHRONOUS MACHINE WITH EXCITATION CONTROLLER

A mathematical model for the investigation of static stability of the stationary point of a
synchronous machine using Lyapunov theorems on stability of the first approximation is

presented.
Keywords: static stability, stationary point, mathematical model, Jacobian matrix, excitation

controller.
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UbUGNEU tY &Myt eU UULARNUSPL ELBEYSMUZUNNMUUL S0P
ELGUS/UYUL TUSSE 26SUNSNRUL

Zhnwgnuyl] E wpwig dbnwunuljut Bypuih tptp vhwhpwq dwynijuubphg punjugus
dwynijuughtt vhwonpw b Eplonpw fEjunpuhunnppdw gsh LHEjunpwuljut nuonh wynunki-
ghwih b jupjuémpjub pupundp $wquihtt hunnppujupbpp 2pgwywinnng thgun]upnud:

Unwigpuyhli pwpbphitijnpulut nuownh (wpdudnipnit, wnunbkughw), huykjught
wuwwnlputph dkpnn:

ULl huppnipjut dky nknuljuyjwsé ontpny wnjhkphjtuught dkjniuugdudp
(wmnpwbg dbnunu yuuyuih) 6...10 §9 jupdwb dwinijut nith dh owpp npuljut
wnwbdtwhwnlnipnibtp [1]: Ukp Ynnuhg wnwewplynn dwnijuh $wqbpp typut
sht yupnitwynud: Ejputh pugujuynipiniup hwiqbkgnd E hgnpnipjut Ynpniuwn-
ukph thnppuguwt b dwynijuughtt gsh (Epkp Upwdwq dwynipubibph judph) huptwpdtph
qquh wjuquut: Uuljuyt wpu nhypmd puthwnnn hnuwtptibiph wnwpwgnudp b hnnh
dwljtiplnyphtt Unin quugnn Yhwnbkph dhol pujjuyhtt jwpnudp thnppugubint hwdwp
whwp L dbkntwpll) jpugnighy vhongunnidubp: Lwp wihpwdbon b hwoqupll) b
htunwqnut) fEjunpuljut quonh ynnkughwh b jupjuwdnipjut puunidp duqu-
jhtt hunnpnhstubpp opgwyunny thgwjwyph Yhnkpnid, wuw wwpgl) wpny np Jbp-
ohtiitipu skt ghpuquugnid LiEjunpuduqihuujut hwdwnbnbhnipjub gquhwietb-
nhg plunn wpdbpuikipp:

Unyt hnpJuénid wnwewpduws £ updus pupunidubph npnpdwit whwhnplju-
Jub tquiwl, npp htwpwynpnipnit £ nnwhu gsh dwuquyhtt hwnnpnujwupbph hw-
unyph b ipwig thnjuwnwpd ghppp npngnn Eppuswthwlub yuhtph, zpgugunnng
Upgunuyph nptiEyuphjuljut puthwigkhnipjut wpdtph dhengny npngk) nuizinh
wnubkughwp b jupjudnmpjut YEunnph punuygphsutpp hophgnuwlwih ninnudhg
nunnipjudp (0. 1 w, p):

Eitjupuwhwunnppuwt gsh LEjunpuljut quownh hwyduplp junwupgus b huygbjw-
1ht wuunkpubph dbpngny [2], wuydwing, np $wquyhtt hwnnpujuptpp quidnud tu
hwiwpdbp nhijknphuljwl puthwighhmpyudp hudwube theujupmu ei=gupm=2,6
[3]: Znnh dwlkpunyphtt duljuddws 1hgptph untndws LEjunpulwt puonh wqntgnip-
mniup hwodh webknt hudwp dwltpinyphg Jipb mbnugndus ta - 1, — 1,,~1, gdw-

Jht fmnnipyundp |hgptipp:
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=
[}

[}

=

&
¥ by

4 3 6 h
O C O,

1 2 3
G) G ()

D D
w) r)
Ul 1. pundminn: (w) b hnnh Jwlbplnyph djundudp hunnppuyupbph ni hugbjuyhl
wunnlykphkpp (p) ujubdwil

Mnunkughwih puphunidp hwoytnt hwdwp Ynnpphttwnuyghtt mynulynit hwdw-
Jupg punpkup wyiybu, np wpughubph wowugpt ninnuws 1huh hnnh dwybpling-
phtt qniquihtin, hulj opphtrunibphip nbwh jupwuninnt fanppn:

Eptip puquyhlt hwnnpuuptph ppgwyguininng dhgwjwyph M(xy) Yhnnud wn-
wnbkughwp npnpynud t 7,,7,,7, b —7,,-7,,~7, 1hgpkph unbndwé wnunkughwjubtph
Yndyy Epuibiph gnudwpny.

b 7, b 7, b

o, (X)) =D gptwy /n—= 4 n=2 (1)
272"‘:"180 a‘lM 272"‘:"1‘("0 a2M 2”‘9150 a3M

npuntn Dy, U @y, hipwynpnipiniutikpp npnoynid b puwn oly.1-h.

a, =X +(N-y)".a,, =(x-D)" +(h-y)" .a,, =y/(x~2D) + (h-y)*,

b,y =4/X* +(h+Y)?.b,, =y/(x=D)* +(h+y)? b, =(x-2D)* + (h+y)*:

Uuhwyun 7,,7,,7, (hgpinh mnnipmnibitpp npnoynud Bu Uwpuytijh wynunkughw-
1wyhtt gnpswyhgubpny hwjuwuwpnidubph hwdwlwpgh [2] jnisnidhg.

U, = o171 + o7 + 33,

@

Uy = ayiy + ot + aigat, ®3)
Us = gty + gty + ctagts,
npuntnU, ,U, U, -p $uquihtt hwyinbh jupmdtbph Yndwjbpubikptl b, dhunbuwy
himbputitpny ¢, qnpdwhhgitpp hwnnppuquptph wkhwlwb yninkighwugh gnp-
Swyhgbpp, huy @, wwppbp hugkpulpndp n-py b k-pg hwnnpywqwpbph hnow-
nupd ywnnkighwjuyhtt gnpswhgutpp: dEpghtuitkpu npnoynid L uly.1-htt hwdwuyw-
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nwujnwing h pwpdpnipjub, hwunnppujuptph hwnnyph R ownwynh b tpubg
thnfjuunwipd nhppp npnonn hinwynpnipmniuttph thongny, uyu k.

a, = 1 Enz—h, (4)
2ree, R
r.

a, =—1 inlm 5)
2re g, I,

npuntn r, - n-py hwnnpnujuph huykjwhtt yunkph b k-pph dheb hknpwynpnipynt-
bk

Nnnkighwughtt @, gnpswhhgibpp npnodmd b 4ly.1-ht hwdwyunwuprwb’
htwnlyw] putwdlitpny.

= —t e ©)

npukn

b, =+/(2h)? + D? b, =+/(2h)? + (2D)? ,b, =/(2h)? + D?, 7)
a,=a,=D,a,=2D:

Ujuwhuny, #,,7,,7, qduwjhtl funmpnibikph hwpnth nupdws Ukdnpmniibkph
Upgngm] ynnkughwih ¢, (x,y) $nibyghw npnpdusd E b fkjunpulub nugnh jup-
Jusnpjuin]tyunnpp jupnuwhwpngh E=-gradg hwipuhwyn wpnwhwynm pyudp:
dhpohtthu wpnyklghwikpp OX b OY wnwugpubph nupnnipjudp 1huku

g -9 g _ 0 ®)

huly jupgusmpjub Ungmyp’
E= E+E: )

Cuwn (1), (2) b (8) wpwnwhwjnnipnibkph, jupjwénipyuw Yiljnnnph pununphs-
ubkpp nphunwplyng M(x,y) Jhnnud uvnnwugynid B
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pugunpynid £ hnnh dwfbplnyph tjundwdp bwuquyhtt hwnnppujuptph ntbiwulne-
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NMupgtnt hwdwp, ptk wpynp htwpwynp £ wybkih thnppugity jupjubnipniup
hnnh dwltplnyph Yhwnbpnud, ghuwpyl] Eup twb bnygb jupudnignud Gplypnpn
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wjuundwdp thnyny otnqus tu 180°-ny, hsp Jupkih L unwbiwyg thnyuopehy tipuitiu-
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V.A.GRIGORYAN, L.H. KARAKHANYAN, N.M. SAHAKYAN

INVESTIGATION OF THE ELECTRIC FIELD OF SINGLE-CIRCUIT
AND DOUBLE-CIRCUIT CABLE TRANSMISSION LINE

Distribution of the potential and tension of the electric field of single - circuit and
double-circuit cable transmission line in the medium surrounding the phase conductors is
investigated.

Keywords. tension, potential of electric field, method of mirror images.
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MODELING AND DESIGN OF POWER SUPPLY NETWORK OF AN IC
HIGH SPEED 1I/0 INTERFACE

The parasitic inductances of a CMOS integrated circuit (IC) power supply network
produce supply rail noises. These noises introduce propagation delay variations and signal
jitters which reduce the signal timing budget. This becomes very critical in high speed
signaling. In order to compensate the effect of the IC supply system inductances and damp the
supply rail noises, an effective approach of the usage of on-die decoupling capacitances is
elaborated.

Keywords: integrated circuit, input output system, power supply network, on-die
decoupling capacitance.

The IC supply network configuration has direct impact on the operation of I/O
buffers and signal distortions. The supply voltage is provided to I/O buffers via
Power/Ground I/O cells and internal supply buses. The chip power supply network
must be designed in a way not to impact the signal integrity (SI). The main issue is
when an output buffer switches it tries to draw current quickly. The parasitic
inductances of the power network oppose to the current switching. If the power
network inductance is significant it will isolate the voltage source from the buffer
during high speed switching. Since the supply network cannot provide needed current,
the supply voltage that the buffer has will drop:

gt . (D

The buffer supply voltage noises - drops and peaks - in many cases could be
significant, in some cases inadmissible for reliable signal transferring. To reduce the
switching noise, the chip I/O interface and the package must be designed and placed on the
PCB in a way to minimize the power supply network inductances.

The decoupling capacitance along with power supply network inductance makes up
an oscillatory circuit. If the operation frequency is close to the resonance frequency of the
supply network there could be large variations of the supply voltage. One of the problems
is to damp oscillations. This can be done either by selecting package and decoupling
circuit parameters [1] or by including additional circuits into the power supply network,
for example, in [2] it is proposed to insert an RLC damping circuit in parallel to the
decoupling capacitance.

The schematic diagram of the IC I/O interface is shown in Fig. 1. In order to
achieve required SI in high-speed I/O interface the supply I/O cells should be placed
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close to the output signal drivers. Depending on the operating frequency and SI
requirements the signal I/O to power supply I/O cell ratio can vary in large margin.
The examples of the interface with different values of this ratio (8:1; 4:1; 1:1) are
shown in Fig. 1. The supply voltage is applied from the on-board power supply
through IC package power/ground (VDD/VSS) pins. To manage the required total
supply current and SI issues, an I/O interface can have several VDD/VSS pin pairs
which are electrically connected in parallel. They are connected to IC substrate
VDD/VSS rails. These rails are connected to the VDD/VSS bonding pads of 1/O cells
via wire bonds. The supply current is provided to the signal I/O cells through the
VDD/VSS I/O cells and on die VDD/VSS power buses.

k=] =l
Q==
Q=]
1751 [7] B

=] =] 7}
Q=]

SISTS[SISISIS[SI™ S[S™IsS[S
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(© 1C Supply Pins

Bond Wires
IC Substrate
Supply Rails

Fig. 1. Signal and power/ground I/O cell arrangement: (a) signal to power cell ratio 8:1; (b)
signal to power cell ratio 4:1; (c) signal to power cell ratio 1:1

The VDD or VSS pin-to-substrate inductances are electrically connected in
parallel. The equivalent pin inductance is:

@

where Lypppin and Lysspin are IC VDD/VSS supply pin inductances, Nypp.pin andNyss.pin-
are the numbers of pins, Lvppps andLyssps are VDD/VSS pin group equivalent
inductances. The minimum number of needed P/G I/O cells is determined from the
required total current:

-'-;::r. s NpLL_pad-—min -'-;-.'-::d ’ 3)
where Iy is the IC 1/O system total current and Iyq is the current of one power or
ground I/O cell. The VDD or VSS substrate rail-to-VDD/VSS 1/O cell bonding pad
inductances can also be considered as connected in parallel:

L\'I]Dpad I-‘.'SSp;d

¢ Lycgeny = —
Moo pad " Nessopaa, 4)
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where Lypppad and Lysspaa are bonding wire inductances, Nypp.pad and Nyss.paa arethe
numbers of VDD/VSS 1/O cells, Lypppaa and Lysspaa are equivalent inductances of
VDD/VSS bonding wires from I/O to IC substrate VDD/VSS rails.

Increasing the number of VDD/VSS I/O cells and pins one can decrease the
power network equivalent inductance and hence, reduce the switching noise and
improve SI. But this is achieved by die area and package pin overhead. The I/O sub-
system area usage efficiency can be estimated by

Ag Ag

Iy

A — = -
Ay Ar + Ap

; ®)

where Ag is the area occupied by signal cells, Ap is the area occupied by VDD/VSS
cells, Ar is the total I/O system area. For the signal to power ratio of 8:1 the area usage
efficiency is 8/10, while for the signal to power ratio of 1:1 the area usage efficiency is
only 8/24.

Another efficient approach for noise decreasing is the usage of on-die decoupling
capacitances. The decoupling capacitances are charged up to supply voltage and
during buffer’s switching they discharge supplying needed buffer current. Obviously,
the inductance induced noise compensation is as efficient as the decoupling
capacitance is large. The large on-die capacitance can be implemented in large area.
The available area on the die is strictly limited. The simplified circuit diagram of an IC
I/O supply system is shown in Fig. 2. Lpcg is the PCB wire inductance from supply
voltage source electrodes to chip’s VDDsp/VSSsp supply pins.

The on-board decoupling capacitance Cpcp 1is connected between
VDDsp/VSSsp pins to compensate Lpcg. Lypp-pine Lvsspin are inductances from
VDDsp/VSSsp IC pins to the IC substrate supply rails and Lvpp.pad, Lvsspad are
inductances from the IC substrate to on-die VDD/VSS supply I/O cells (pads). The Cy4
is the total on-die decoupling capacitance basically placed inside the I/O supply cells.
This capacitance should compensate the pin and pad inductances. The inductances
Lybbpas, Lvppsas and Lysspas, Lvsssn can be replaced by following equivalent inductances

(6)

Lecs VDDsp Lvoop2s Lvbbsab VDD ‘/,—" —C* DRVy

+

C) Voo —| "
Cocs
T LVSSpZS LVSSSZb CS].

Y YY)
VSSsp VSS

Fig. 2. Smplified circuit diagramof an I1C 1/O system
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The amount of decoupling capacitance should be enough to compensate the
supply network inductances. To estimate the needed decoupling capacitance we will
assume that the total amount of the current during switching is supplied only by the
decoupling capacitance. The decoupling capacitance supplies the load during the
buffer switching in a way that the voltage decrease is less than maximum allowed
value. The voltage drop can be estimated from charge sharing between decoupling
capacitance and the load capacitance. When PMOS buffer conducts, the load
capacitance charges from 0 to voltage value V:

, (M

where V is the initial nominal voltage across decoupling capacitance Cyq. V=Vpp-Vss=
=V4(t=0), C;=2C is the equivalent load capacitance. In the worst case when all
buffers are switched simultaneously, it is the sum of load capacitances of all buffers:
C=2Cy=NC,.

The supply voltage drop is restricted by the resulting maximum delay variation
which decreases the usable duration (timing budget) of the signal’s period in the
receiver side

, ®)

where t,,,, is the delay at minimum supply voltage, t,on is the delay at nominal supply voltage.

The formulas allowing estimating the output signal delay variation as function from the
supply voltage variation are obtained in [3].

Taking into account the supply network equivalent inductances discussed above, the more
realistic simplified circuit diagram can be created, as shown in Fig. 3. This circuit will show up
supply voltage oscillations if the signal switching main frequency or its higher harmonics are
close to power network resonance frequency.

The magnitude of the voltage oscillations can roughly be estimated as

AV = 1,2(w) ©)

where I is the switching current, Z (®) is the impedance of the power supply network, o is the
cycle frequency. Since the switching current depends only on the I/O signal loading, a way to
get small voltage variations is to keep Z (®) as small as possible.

The impedance of the supply network is given by the following formula:

7] = Rps B(([1- Ryd/R;s )2+ 0'2 (Lys/R;s +R,d €,d )'2)/((1- Ko'2 LisC,d)] 2+ @2 C,d"2 (Ryd 4+ Ris )2 )

(10)
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Ro/2 Lvoo VDD

Vout:Vc

VsS
Fig. 3. IC 1/O system supply network equivalent circuit

For the simplified case with very large L, Rs=Rs~=0, and ®o,<® one can get
Z=1/wCq, and the voltage variations can be estimated by (7). It is seen that increasing
R; and/or Ry will decrease the voltage oscillations. However, increasing Ry will
increase the DC voltage drop on the power network and the IC will be supplied under
reduced supply voltage Vpp=Vs-IRs, and delays will increase. The increase of the Ry
will also contribute to damping of power rail voltage oscillations. The power network
impedance-frequency characteristics for three cases of Ry are shown in Fig. 4a.
Increasing Ry can also have a negative impact — will increase the voltage drop on the
R¢-Cyq series circuit and increase oscillations.

It is obvious that it is preferable to have the resonance frequency below operating
frequency range. However, in most cases it will be very costly since a low resonance
frequency requires a large decoupling capacitance. A large inductance will reduce the
resonance frequency, but will not help to reduce voltage variations and a large decoupling
capacitance will be needed to compensate the inductance. In Fig. 4b is shown the supply
network peak impedance, Z,x, dependence on the network characteristic impedance,
p=(LS/Cd)0‘5, for a constant resonance frequency, @r=(LSCd)'O'5=1 (R=0.1 Ohm,
C4=0.0260hm). For small voltage variations it is necessary to have small Z.x, and
hence small p. For small values of p it is necessary to have small inductance and large
capacitance.

2,0hm
T OhmM

05 1 15 1 POhm

@ (b)

Fig. 4. (a) The power network impedance-frequency characteristics: R=0.1 Ohm, L&=0.5 nH,
Cq=2 nF; (b) the power network peak impedance, Z.x, dependence on the network
characteristic impedance, p
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If the network is well damped, then having the resonance frequency in the
operating frequency region could not be an issue. Considering the power supply
network as second order network shown in Fig. 3 the supply rail voltage variations can
be represented as [1]:

(11

AV is given by (8), ¢ is the damping factor. For low magnitude oscillations it is
beneficial to have large damping factor. As mentioned above the R and Ry values
cannot be increased significantly. The main means remains as reducing p by
increasing the decoupling capacitance, Cq4, and controlling Ry. The reasonable value of
the damping factor could be in the range 0.1 <¢< 0.4.

The decoupling capacitance on the chip is realized with the gate capacitance of
MOS transistors (Fig. 5). The MOS capacitance has drain, source and bulk connected
together and is tied to the ground which serves as one of electrodes of the capacitance.
The gate of the MOS device serves as the second electrode. The MOS capacitance has
also a parasitic resistance R due to nonzero channel resistance of the MOS device.

In [4] the NMOS capacitance is considered as distributed RC line and derived the
input impedance as follows.

Zydizt (S 1/ (sCych Y+ Rych/12 (12)
VDD
1 q] .
NMOS @ PMOS
_l_ _|_ C
VSS

(a) (b)

Fig. 5. MOStransistor used as a capacitor: (a) usagein a circuit; (b) equivalent circuit

Comparing with the impedance of a lumped resistor in series with a capacitor
(Fig. 6b) one can find:

Zylumped (S 1/sC + R | (13)

It can be seen that

12 . (14)
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The decoupling capacitors consist of parallel connection of many cells. The capacitance
of a cell is determined as

C:;ff = fr:,,-'.-:-:l,',' = fi—' (15)

>

where A is the cell gate area, A.;=WL, c,y is the gate oxide capacitance [5], cox=€€¢/Tox, € 18
the gate oxide dialectical permeability, g, is the electrical constant, T,, is the gate oxide
thickness.The required decoupling capacitance is composed by parallel connection of N cells:

™~
I
p
3
!
I
!
i

¢ = Nt = Neg, WL (16)
Respectively, the decoupling capacitance area is determined as:
Ag = NApar; 17)

The effective area occupied by the decoupling capacitance is larger than given by (17)
since there is an area overhead due to the spacing between cells according to design rules.

To estimate the series resistance of a decoupling capacitor cell, we have to determine the
channel resistance R, of the cell. In the capacitor configuration of the MOS there is a
symmetrical conducting channel between the source and drain with V4=0. The simplified
current-voltage characteristic of MOS device in the linear mode (not saturated mode) is
represented in [5]

(1) kolifs — V2 — Vs Vs

2 . (18)

The resistance of the channel can be derived as

o1 = .
Ry = @lgs | _ W _ (;] 3
e éi};s) a0 k(i — V) WWTE

, (19)

where Ry is the process resistance; depends only on the process and supply voltage (Vg=Vpp
in this configuration (Fig. 5a)):

Ky Wop — Vet (20)

1t}
=1
a

For a required decoupling capacitance the equivalent series resistance is
determined as:

(2]

It is seen that with a given area (WL) the resistance depends on the MOS device aspect
ratio (W/L). So, the aspect ratio can be determined from required equivalent series resistance,
Rg.

Taking into account N=Cy/C.¢;=C4/(cox WL), from (21) is derived:

7 (22)



(23)

As a design example, let’s consider an IC I/O system that includes a 16-bit interface
with a signal-to-power ratio of 1:1 (similar to the one shown in Fig. 1c); Ny=16,
Npe=16. From the IC packaging it is given Nypp.pin=NvDD-pad=Nvss-pin=Nvss-pad=Npg; the
pin inductance and resistance, L,i,=3 nNH, R,x=0.6 Ohm; the bonding wire inductance
and resistance, Ly,=1 NH, R,,¢=0.2 Ohm. The equivalent inductance and resistance of
the IC I/O system VDD/VSS rails, Lypp=Lyss=(LpintLpad)/Npe=(3+1)/16 =0.25 nH,
Rypp= Ryss = =(RpintRpad)/Npe=(0.6+0.2)/16 =0.05 Ohm. The equivalent inductance
and resistance of the I/O power network, Ls=Lypp+Lyss=0.5 NH, Rs=RypptRyss=0.1
Ohm. The 1/O operation frequency is in the range of 100 MHz to 800 MHz, the supply
voltage is V=1.8 V, the driver’s signal output pad capacitive loading, C=5 pF. The
main SI objectives are to keep supply rail voltage and driver delay variations within
10%.

The rough estimate of the needed decoupling capacitance is determined from (7)
and (11):

AV =V CL/(CL+ Cd) (1 +exp(-nl/ (1-T"2)) (24)

Restricting the voltage variation, AV at 10% level from the supply voltage of 1.8

V and taking into account that C;=NC=16-5=80 pF, and assuming the damping
factor (=0.1, we get

a0

1.8 (1 e[ -0—=_||<0.18
T |1+ exp| - ml |<0.
and Cs>1520 pF. We will take C4=2000 pF. The buffer’s delay variations and the
VDD supply rail’s voltage variations as functions from Cy obtained by Spice
simulations are shown in Fig. 6a.
The voltage and delay variations depend basically on the decoupling capacitance.
The damping factor, and hence voltage variations, also depend on the Ry. The
optimum value of R4 can be determined by simulations. The VDD supply rail voltage
variations as function from R4y when Cd=2 nF are shown in Fig. 6b. The minimum
variations correspond to Ry=0.052 Ohm. To design a MOS decoupling capacitance
with C4=2 nF and R4=0.052 Ohm the following technology and layout parameters are
used: Aca=10 ¥, o =6 fF/um?, k,=2.132-10° AIV?, Vi=0.566 V, Vpp=1.8 V.
The goal of the design is to determine L, W and N. Using formulas (20) and (23)
the following calculations are performed: Rpoc= (2.132-107%(1.8-0.566))" =3.78 kOhm,

387



L= (12:0.0522:10°/ (6:10"°:3.78-10°))"° =7 um; W=A./L=10/7=1.5 um;
Ceat=AceCox==10-6= 60 fF; N=Cy/Cceii=33000; A=NA=0.33 mnt.

The calculated values of W and L must be consistent with technology design
rules.

The characteristic impedance of the supply network, p= VLy/C4=0.5 Ohm. The
corresponding damping factor is ¢=(Rs+R4)/2p=0.152. As it can be seen the power
network resonance frequency Fr=(2n\/Lst y'=159.2 MHz is within the I/O operation
frequency range.

The output buffer’s input, output signals and supply rail voltage waveforms when
all 16 output drivers are switched simultaneously are shown in Fig.7. The dependence
of the supply rail voltage oscillation’s magnitude on the operating frequency when
F~=159.2 MHz, VDD=1.8 V is shown in Fig. 8a. It can be seen that though the network
resonance frequency is located within the operating frequency range, the voltage
oscillation magnitude is within 10% margin (AV,,=0.1776 V). The output buffer
delay dependence on the operating frequency is shown in Fig. 8b; the delay variations
are less than 6% (7 ps).

Av,v
Av,v 025
ty,ns
! iz\ /
03 \/
08 \
07 \ 015
0.6 \
03 AV 01
04
\

03

& t B 0.05
0.2 d
01
0 0
0 05 1 15 2 Cd,nF 0 002 004 006 008 01 012 014 016Ry, Ohm

Fig. 6. (a) the buffer delay (tg) and supply rail voltage (4V) variations from Cy, (b) the supply
rail voltage variations from Ry
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Wavelorms: VDD =18V, F=150.2MHz, Ls=05nH, Rs-0.1Chm, Cd-2nF, Rd=0.0260hm
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Fig. 7. Theoutput buffer’sinput, output signals and supply rail voltage waveforms
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Fig. 8. The supply rail voltage (a) and the driver delay (b) variations from operating frequency

Summary. The output driver delay variations impact the data transfer system timing
budget. The delay variations are a result of supply voltage variations due to the driver
switching current. These variations can be reduced by using an on-die decoupling
capacitances and by using multiple power/ground 10 cells and package pins to reduce
package inductances. It is shown also that the voltage and delay variations depend on
the supply network damping factor which can be controlled by adjusting the network
characteristic impedance and the MOS capacitor aspect ratio. The performed
simulations confirm the basic concepts of this work.
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4.C. UGBLPL3UL, W.9. UNYUPUSUL

bPU-BrP UMUQUSNI0 UNRSL-BLL PLSEMPE3UE ULUUL 8ULSP
UNeLUdNrNkhU o4 LUvUGoNrU

YUOU hunbkqpuy upubdwubph (PU) uidwb guugh dwlwupnys hunnijunpynipmnibtbpp
utdwt nnppnd unbndnud B wnunijubp: Fpubtp yunmdwn o punund wqpubpwith nw-
pwddwt hwywnuwb thnthunmpniuutph b 9hnbkph, npnip thnppuginid ki wqpuitpwh dw-
dwbwljuyghtt pymgkt: Uw nuntinud £ Yphunhlwuljwh punhp hwnljuubu pupdpup wgnipnia-
ulipny wqnupwibph hnjpwigdwt hudwljupgpnud: Utdwb guigh hunnijunhdmipeniubph
wqnkgnipniutitiph thnpjuhwnnigdw b wndniyubph dupdw hwdwp dowlyt) £ FU-h piniptinh
Ypw nknunpjus juywuqtpénng nitbwlnipiniiubph ogunugnpéuwt wpynibwbn knubwl:

Unwigpuyhll punkp. hintkqpuy uubdw, dntnp-tip hwdwlupg, HEjunpuuinigdwu gulg,
PU-hypujuwuqbpénn nituynipini:

B.II. MEJIMKAH, K.B. MOBCHUCSH

MOJEJIMPOBAHUE U ITIPOEKTUPOBAHUE CETHU IIUTAHUSA
BBICOKOCKOPOCTHOI'O UHTEP®ECA BBOJIA/BBIBOJIA YIC

[Napasutaele uHaykTHBHOCTH cetd mmTaHusd KMOII wmnaTterpamsapix cxem (MC) cosmaror
noMexH B IIMHAaX mnutaHus. OHM CO3JAIOT JDKUTTEP U M3MEHSIOT 3a/IepXKKH PaclpocTp-
AQHCHUSICHTHAJIA, KOTOPBIE COKPAIIAIOT BPEMEHHOI OFO/KET CHrHaia. DTO CTAHOBUTCS KPUTHYECKON
npoGieMoli, OCOOGHHO B CHCTEMax C BBICOKOM CKOpOCTBIO TIepelaud JaHHbBIX. Pa3pabot-
aHd(PeKTUBHBIA CIIOCOO MPUMEHEHMS Pa3Bs3bIBAIOIIMX EMKOCTEH, pa3sMEIICHHBIX Ha KpPHCTaLIe
VC p1st KOMIICHCAIMY BIMSHUS HHAYKTUBHOCTEH CETH IMTAHUS U TIOJaBIICHUS TOMEX.

Knroueesvle cnosa: uHTETpalIbHAs CX€Ma, CUCTEMa BBO/A-BBIBOJIA, CETh MIEKTPONUTAHUS,
pasBs3biBatomas eMkocts Ha MC.

390



ISSN 0002-306X.13B8. HAH PA n T'MYA. Cep. TH. 2012. T. LXV, Ne 4.

YK 621.382 PATUODJIEKTPOHUKA

r.m. MEJIMKSAH
MOJEJUPOBAHUE 3AITIOMUHAIOLIETO 9JIEMEHTA EEPROM

[IpoBeneHo ucciaeqOBaHUE W MOJCIUPOBAHHE 3AIIOMUHAONIETO 3JIEMEHTa U YCHIIMTEIS
cunteiBannsi EEPROM.Mogens 3amoMHHAIOIIEr0 3JICMEHTa OCHOBaHA HA OPUTMHAIBHOW Me-
TOJIMKE pacyeTa MOTCHI[MANa TIABAIOIIEro 3aTBOPa B YCIOBUSAX MOCTOSHHOTO TOKa 0e3 (hUKCH-
POBaHHBIX €MKOCTHBIX K03(ppuuneHTOB cBsi3u. [IprBeIeHBI YaCTOTHBIC U BpEMEHHEIC XapaKTe-
PHCTHKH CXEMBI YCHUIIUTEIIS CUNTBIBAHKS C HCIIOJIb30BaHueM mporpamMmuoro makera HSPICE.

Knroueswie cnoea: TpaH3uCTOD, TIIABAIOIINHN 3aTBOP, EMKOCTh, 3apsij, MOJIEINb, MOACIHPO-
BaHUE, HACKHIIICHUE, TOPOrOBOC HAMPSKCHUE.

BBenenne. OHOI M3 OCHOBHBIX 3a/1a4 IPU MPOCKTHPOBAHUU 3aTIOMHHAOLICTO
anementa (33) Ha ocroBe MOII Tpansucropa ¢ raBaroumm 3atBopom (FGMOS)
SBJISIETCS PacyeT HaNpsDKeHUs Ha 1uiaBatorieM 3atBope (I13) [1-2].Ha puc. 1 nmpusene-
Ha TpaaunuonHas DC (mocrostHHBII ToK) MozaensFG Tpan3ucTopa (M3BecTHas Kak MO-
Je7Tb EMKOCTHBIX KO3()(HUIMEHTOB CBS3HM), C MOMOIIBI0 KOTOPOHPAaCCUUTHIBACTCS
Hanpspkenue 13 [3-6].

Vop asmarongs
FATEOR
Cer [Tmas atonpdi
SATE O
I 1
Cq _(|)_ Cg — Cp I
5 BO oD
Hetox [MTogmosxa CTok

Puc. 1. Tpaouyuonnas DC modenvs FG mpanzucmopa

B atoit mogenn Ceg, Cs, Cp u Cg ABISAIOTCSA COOTBETCTBEHHO €MKOCTSIMHU MEXIY
wiaBatoumM (FG) u ynpasnsitomum (CG) 3aTBopamu, uctoka (S), croka (D) u mox-
noxku (B).

[pu otcyrcrBum 3apsaa Ha [13 (Q=0janpsokenue Ha [13 onpexnensercs B Buie

Veg =oacgVee topVp +agVg +apVp,

e Vg, Ve Vs Vo, Vg VFG - COOTBETCTBEHHO IIOTECHIMAJbGI HA IUIABAOIIEM U YIIpaB-
JISIOIIEM 3aTBOpax, a TaKKe Ha S, D n B;
a,=C,/C; C; =(C, +C,+C, +C;)- cymmapnas emxocre FG u C, -
emkoctu Ceg, Cp, Cs.
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CrnenyeT oTMETUTH, YTO HampsbkeHne Ha [13 3aBHCHT HE TOTBKO OT HANPSDKEHUS
YIPaBISIONIETo 3aTBOPA, HO M OT MOTEHIINAJIOB HCTOKA, CTOKA M MOAJIOKKH. B ciaydae,
KOT/Ia UCTOK M TIOJIOJKKA 3a3€MJIIEHBI, TIOTYIHM

VFG = GCG(VCG +f'VDS)’ rme

f=a,/a., =C, /Cpqc.
Pacuer crokoBoro Toka. Toku FG tpansucropa npu orcyrcreum 3apsaa (Q=0)

Ha FGormpenensroTest CaeayOIUMU BbIPaKCHUIMU:
= IS IMHEWMHOM 00J1acTH:

=S [(VCG VN _1,2%6)\/;3} Vs < tee(Ves +Vos =VEE). (1)

)
= s 00JIACTH HACBIIICHUSA:

2
lps = BCG/ZO“CG(VCG +fV 5o _VTCG) Vs 2 0‘ccs(Vccs +fV g _VTCG) (2)

’
FG FG — CG. \/CG
rae Vi~ - moporoBoe HampsbkeHue tpansucropa ¢ 113, Vi~ =a...Vi 5 Vi - mo-
FG
porosoe Hanpspkenne MOIT tpansuctopa; B - mpoBoauMocTs Tpauszuctopa ¢ 13,

BFG = BCG/()LFG ; BCG - mpoBoauMocTh MOII Tpar3ucTopa.

Vpasuenus (1) u (2) ommryarorcst oT aHanoruyHbeix ypaBaenuii MOII tpaH3ucTo-
PaeMKOCTHOM CBSI3bI0 MEXK/Y CTOKOM U IUIABAFOIIMM 3aTBOPOM.
I[Ipun wammuum 3apsma Ha FG, 1.e. QZ0, HEOOXOAMMO YYECTh CIEIYIOIIUE

YTOYHCHHS B 3HAYCHUSIX Vg H Vf G, VJQG=
Vig =0gVes H0apVp HagVg oV + Q/CT-VTCG = V?oG -Q/Cq ., (3)

rrae V- noporoBoe Hanpspkerue npu Q=0.
Toxu croka FG Tpansuctopa npu Hanmmuuu 3apsaa (Qz0) va [13onpenensrorcs B
BUJIC

IDS = BCGKVCG _VTCOG + Q/CCG)VDS _(f _1/20‘(:0)\/58] J
Vs <0cg (VCG +fV s _VTCOG + Q/CCG)’ (4)
los =B 12016 (Vs +1V 55 ~VES +Q/C, f

VDSZGCG(VCG "'fVDs_V;;oG +Q/Cce)- %)
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Komnakthbie moaeauFG tpansucropa.B TpagunmonHoi mozenun kodddu-
LIMEHTHI O, U HampsbkeHue Ha I13 TpynHo paccunTaTs BBHAY HelocTynHocTH y3na FG.

CrietoBaTeNbHO, PHUBEICHHAS BBIIIIE METOIMKA pacuera HanpspkeHust FG iMeer HU3Kyro-
TOYHOCTh. MIcCieoBanus oKa3aiy, 9To KOMIakTHbeie Mojenu (puc. 2) FGrpansucropa
JIMIIEHBI 3TOT0 HemocTarka. [Ipu stom FG tpansucrop 3amensiercss MOIT tpaH3ucTopoM,
y KOTOPOTO TIOPOTOBOE HAIPSDKEHHUE MEHSACTCS BPYYHYIO JUIS MMHTALIMH 3aIPOTrPaMMU-
POBAHHOIO M CTEPTOTrO COCTOSHHMI (Mozenb OamaHca 3apsiaa) M OIepanuii 3amch /CTH-

panue.
¥ IIp ARIARI IR VI ARTAROIIREL
FATEOR Tlnasarommdt FaTEQp
[Tnas aromimet C C
S —r CG FATEOR T G
L Vo Ve
Herox Hnmn}}ma CTox Herox 1L -:n,u;g;mca CTok
a

Puc. 2. Komnaxmuoie modenu FG mpansucmopa:
a - modenb bananca 3apsaoa, 6 - Mooelb UMUmayuu onepayuil 3anucs lemupanue

Mopuenb Gananca 3apsiia coctouT u3 konaeHcatopa FG-CG puc. 2a),MOII tpan-
3UCTOpa MUCTOYHUKA HANPSOKEHUS, KOHTPOJIMPYEMOro HampsokeHueM Veg. 3apsan Ha
mnaBatonieM 3aTBopeQrg ONpeaessieTcs: U3 BEIpaKeHHS

Qs (Ve Vor Ve Va) + Ceo( Vs Ved = Qro (6)

Bapsn  Ha 3arBope MOII  Tpamsuctopa Qg mpexacraBiaser  coOoit
cnoxHyrodyHkuuo ot Hamnpsbkenunit Ha S, D, Bu FG (Vs, Vp, Vs u Vg
COOTBETCTBEHHO). B KaX7IOM KOHKPETHOM CIy4ae,MCXOJs U3 TpeOOBaHWH K
napaMeTpam,MO>KHO B3SITh KOHKPETHYIO MOJICTIb:

F(VFG) =Qq (VFG) +Ceq (VFG - Vco) ~Qre- (7)

KoMmakTHas MoJelTs UMHUTAIMK Oollepanuii 3amuch /ctupanne EEPROMpuc. 20)
cocrout u3 MOII tpan3ucropa, kouaeHcatopa Ceg, yIpaBIsieMOro HCTOYHUKA HATPSKE-
HUs Vg ¥ TeHEpaTopa ToKa TYHHETHPOBaHUS |tyy, MOJICIHPYIONIETO TYHHEIbHBIH TOK
daynepa-Hopareiima mexxny FGu S.

UccnenoBanus moka3ajm, 4TO KOMITAKTHBIE MOJIENU JIETKO MAaCHITAOUPYIOTCS U
obnanaror BBICOKOM TOYHOCTBIO (mpaBuma MacImTaOupOBaHUSAN
TOYHOCTHYYTEHBIB IIPHHATOMKOMIIaKTHOM Mozmean MOIITpansucropa), a Takke
XapaKTepU3YIOTCS MPOCTOTOH, T.K. UCTIONB3YIOTCS CTAHAAPTHBIC CXEMHBIE DJIEMEHTHI.
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B pabote npoBeneno mMoxaenupoBanue 30D s 35 Hm TEXHOJIOTHH C UCIIONIb30Ba-
HueM mporpammuoro nakera HSPICE,pe3ynbraTel KOTOPBIX MPUBEACHBI Ha puc. 3-5.
Xapaktepuctuku 30 EEPROMopoIiio coBnagamT ¢ aHaJTOTHYHBIMH XapaKTePUCTHU-
KaMH, TTOJYIeHHBIMU B pa0boTax [4-6] sKCIiepUMEHTAIbHBIM MY TEM.

ITpu macmtadbupoBannn EEPROMoHrM 13 0CHOBHBIX (haKTOPOB, OIPaHUIMBAIO-
IIUX yMEHBIIEHHE pa3MepoB 3D, SBISIOTCS MapameTpbl YCUJIMTENS CUYUTHIBAHUS,
0CcOOEHHO TIPU HU3KUX HampspDKeHUsXx nutanus. ClieoBaTelbHO, BAXKHOE 3HAUCHHE
UMEIOT pa3paboTKa W MCCIIEJ0BAaHHE BHICOKOUYBCTBHUTENBHBIX YCHIIUTENEH CUUTHI-
BaHHS C MAJIBIM BXOJIHBIM Pa3MaxoM. Pe3ynbTaTsl HCCIeOBaHUI MOKA3aId, YTO cXeMa
YCHIIUTEIS, IPUBEJICHHAs HA pUC. 6, yIOBIETBOPSIET TPEOOBAHUSM, IPEIBIBISIEMBIM K
YCUJIUTEISIM CUNThIBaHUS (HEOOXOAMMBI pa3Max BXOJHOTO HAMPSDKCHHUS, BETMIMHA
HAINpPsHKCHUS] OMTOBOM JIMHUHU U BBICOKOE OBICTPOICHCTBHE).

Graph0
(A) - VOLTS(V)
400u ! !
iimain)
300u -
< 200u -
100u A
[ I T I T I T I T I |
00 01 02 03 04 05 06 07 08 09 10
VOLTS(V)

Puc. 33asucumocmu 1d=f(\VqQ) onsn pazuvix nanpsicenuit cmoxa Vd=0.4V-1V
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Graph0
{A) - VOLTS(V)

1vv12)

3p 1

[ [ [ [ [ [ [ [ [ [ ]
0.0 0.1 02z 0.3 0.4 05 06 07 0.8 0.9 1.0
VOLTS{V)

Puc. 4. 3asucumocmo lpe=f(Vpg) mynneavrnozo moxa npu Vg=0

Graph0
(M) VOLTS(V)
400u -

i{main)

300u 4

200u 4

(A)

100u -

0.0+

-100u -

[ [ [ [ [ [ [ [ [ [ 1
00 01 02 03 04 05 0B 07 08 09 10
VOLTS(V)

Puc. 5. 3asucumocmu |d=f(Vds) o nanpsocenuii sameopa Vg=0,4V-1V
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Voo IS ST EEPROM T Veorer
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e
Puc. 6. Qﬂekmpuuecmw cxema ycuaumelist C4umsléaHusl

Yeunurenb CYUTHIBAHMS CTIPOSKTUPOBAH MPH TEXHOJIOTHYECKUX HOpMax 35 Hu U
pabouux HampspkeHusix 1...3 B. McciemoBaHbl 1 MOJEIMPOBAHbI YaCTOTHBICH Bpe-
MEHHBIE XapaKTEPUCTHUKIYCHIIUTENSI CIUTHIBAHUS C TIOMOIIBIO MIPOTPAMMHOIO MAKeTa
HSPICEB mmpokoM HHTepBaie M3MEHEHHS TEMIIEPATyphl W HANPSHKCHUS MUTAHUS
(puc. 7-10).

(V) Us)
v{vss)

vived)

vieg)
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Puc. 7. Bpemennvle duazpammul yCUIUmens CYumvl8ansi O ONepayuu CHumvléaHus
npu VDD=2,5, memnepamype 25 °C
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Puc. 8. Bpemennvie ouazpammpl yCUIUmMenss CHumvléanust Oisk ONepayuil CHuUmvléanusl
npu U3MeHeHUuU Hanpsijicenus Ha oumosou aunuu om 2,2500 2,758

Puc. 9 .Yacmommuvle xapaxmepucmuxu Kodgpguyuenma ycunienus u paszosozo cosued
ycunumens cuumvl8aHus
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(dBV) - f(Hz)

200 dBiv(sense_out))

36.9

3684

36.74

(dBv)

36.6

36.54

(deq) - f(Hz)

—— Phase{v{sense_out))

02
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T ——— — T i n T ==
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Puc. 10 .Yacmommuvle xapakmepucmuku ko3¢ guyuenma ycunenus u pazo602eo coguea
0
yeunumens cuumeisanus npu paznuunsix memnepamypax (10...88C, wae 5°C)

[MonyueHHBIC pe3yabTaThl MOKA3bIBAIOT, YTO KOIPPHUIIMEHT yCUIICHHS U (a30BbIit
CIIBUT' YCHJIMTEINISIOCTAIOTCS MPAKTHYECKA HEU3MECHHBIMU B JIMAIa30HE TUIMYHBIX pa-
00UMX YacTOT cOBpeMeHHOMW 3HepronezaBucumoit mamsatu (10...15M7y). U3mepenst
OCHOBHBIE MTapaMeTphbl ycHiuTesst: Bpemst 3aaepkku — 400nc, BpeMs BEIOOPKH CUHTHI-
Banus — 200nc, Tok norpebienus - 15 mxA u notpebiseMas MOLTHOCTE - 15 mxBm.
JIns uneHTuduKayy HaNpsHDKeHNH CYMTHIBAHUS HA OMTOBOW JIMHUM YyBCTBHTEIHLHOCTD
YCUJINTEISI IO HANPSDKEHHUIO MOKET HocTidb S0mB.

BriBoabI

1. Paccmotpena u mpoaHann3upoBaHAKIACCHYECKass MOJENb MMOCTOSHHOTO TOKa
JUISL  OTIpENENICHHsI HaNpsDKeHHsI Ha InlaBaromieM 3aTBope 30. OCHOBHBIM
HEZOCTAaTKOM O3TOM MOJENH SIBIAETCA HH3Kas TOYHOCTh  ONpeesIeHUs
HarpspkeHus Ha [13.

2. Jia yBenwueHus: TOYHOCTH ompezeneHus: HanpsokeHust Ha 13 mpemmaraercs
BOCTIOJIb30BaThCA KOMITAKTHBIMH MOJEIAMH 3D IS PEKMMOB CUWTHIBAHHA U
3anucu/cTupanus. MoJieii OCHOBaHbl HA HOBOW METOIHMKE pacueTaHAMpsUKCHHUS
Ha TIJIaBaIOIIEeM 3aTBOPE.

3. PesynbraTel MpoOBEIEHHBIX MCCIIEIOBAHIA MTOKA3alIH, YTO YaCTOTHBIE U BPEMEHH-
bI¢ XapaKTEPUCTUKH YCHIIUTENS YIOBICTBOPSIOT TPEOOBAHUSM, MPEIBSIBIISEMBIM
K XapaKTEpUCTUKaM COBPEMEHHON SHEPrOHE3aBUCUMOM MaMSITH.

4, HccnemoBanHas cxeMa YCHIIMTENIS COXpaHseT pPaboTOCHOCOOHOCTh B
MTUPOKOM JHAIa30He N3MECHEHHUS TEMIIEPATYPhl U HATIPSDKCHUSI ITUTAHHUS.
5. [TokazaHo, YTO YYBCTBUTEIHLHOCTH CXEMBI YCWIIMTENS IS WACHTH()UKAIIAN

JIOTHYECKHMX YPOBHEH Ha OUTOBO# iuHMM cocTaBisieT 50.mB.
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Q.C. UGLPL3UL
EEPROM ZbtNNNRE3UL SULTH UNTELUYNCNRULC

Thuwplus b vppbdwnbthjuwi dogbjudnpduit hwdwp Jipnisqus ku hhonnnipe-
jul wwpph Unghjoip b EEPROMpupbpgdwt nidbnupupp: Zhpnnmpyjut wwpph tbpluywug-
Jwsd Unnln Junnigqws E hwunwnnit hnuwbiph wuydwbtbpnid] nqugnn thujwih ynnk-
ghwih hwyduwt mpwhwnntl dkpnphjuyny’ wewhg Yuwh ntbwluhtt gnpdwlhgutph: Qw-
nwpjws E hhonnmipjutt mwpph b pupkpgdwt nidknupuph dnpbjwynpnud HSPICESpwuqpu-
1ht thwptph Uhgngny:

Unwlgpuyhl punbp. npuughuwnng, [nnugnn hwlwi, nitbwynipinil, hgp, Unnk], Unnk-
Jwynpnid, hmglgnud, pbdwghtt jupnud:

G.Sh. MELIKYAN
SIMULATION OF MEMORY CELL EEPROM

The investigation and modeling of the storage efgraad the readout amplifier EEPROM
is carried out. Model memory element is based a@n dhiginal method of calculating the
potential of floating gate in DC without fixed cajitive coupling coefficients. The frequency
and temporal characteristics of the amplifier readasing a software package HSPICE is
presented.

Keywords: transistor, floating gate, capacitance, chargedehomodeling, saturation,
threshold voltage.
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2. [x. FUTSN8UL

Bao2sSro7sTi0s ZPULNY, UBSUN-DGNELEUSMPU-YhELEUSMPU-UhUUZUNNM DY
YULNRSIUOLP ZUSUNRE3NPLLELP 2BSULNSNPUT

Zhnwugnudt) B BaoasSrozsTiOshuwnijuughtt jugbpughtt thnokiunbgdwdp unwugdus
Utinwn-ppntykljinphy-nhikynphly-Yhuwhwnnpnhy jueniguspny Juphynugubph hudw-
Jwpb hmipniap, nitwlmpyut b Ynpnuuntbph wiljjwd wwbqkuh ghpdwunmhgwbughtt b
hwdwjppwlwiwhtt juhuwdnipjniutpp:

Unwigpuyhll punkp. Bao2sSrozsTiOs, huwnijuuht juqpughlt thnokiunbgnud, quphlntn,
dbwnun- pepntikhnphy-nhiiEynphy-Yhuwhunnpnghy:

Ukpwénipynil: Sunphhy Uh pwpp EEjunpubhqhulub hwnlmpmnibibph Ubs
b hwdwjuptjh ghiEyunphy puthwigbihnipjul, thnpp Ynpniunubph wiljjut nwb-
gklah (tgd), nhkiEjunphy b oywnhjulwt wwpwdbwnpbph ny gduyinipjul, wkpnuljhn
wnhuh puipn opuhnubpb nitkt juytt Yhpwpnipnit Eukpquuitwjn hhpwuwppbpnud,
Lz LiEjupnupjuynud, wintunwbtjuphjulut b Jhipndbuwthjuuwt vwppk-
poud [1]: MEpnduihw wmhyh pupn opuhnubtphg LEupnuhjuynid wnwbjuybtu Yh-
punynwd ku BaTiOs, SrTiOsu nputg whin nudnypukpp Ba;,Sr,TiO; (BST), ounphhy
Ukd & nhiknphYy puthwighihnipyub, e-h HEjnpulwh quonhg b ghpdwunh&wihg
ntutigwé ny qduyhtt juppubnipjul, dks sSwljdwt jupnidutph b thopp Ynpunjuie
hnuwtpubtph: BST whuy jnusnyph dbpnhikjupujut pimipugpbpp, dwubwynpuytu
Ymphh epuwunhguip, htwpunp b thnthnjuby juy whpnypmd’ thnthnjutyng Sr-h
wupnitwynipinitip: BST-h Yniphh ehpdwunhdwp gduwyunpbi E jupagws Sr-h yu-
pniuwynipniihg b thnpuynud £ 120 °C-hg (x=0) dhtgh -230 °C (x=1) [2]: @RZ ELupn-
uhjuynid hhdtwljuinid oqunugnpéynid b yyupuwkEjunphl dwugnid qunugnn dtpn-
EEyunhyutp, hulj hhonn uvwpptpnid, npntn hudnpdwughwt hhoynid t piknugdwt
Uhongny, oquuugnpsynid L tpntiEiuphly duqp: Bag,sSrg75TiO; Yniphh ohipdwuwnh-
&wlp -145 °C, uyuptph ukiyuljuyhtt gbpuwunhfuimd uyt quinfoud £ wyupwkbEynnphly
dwugnrd:

dtpohtt muphubpht jujtwswyuw) woumnwiptbp bu junwpynd htnbkqpuy
Uhypnupubdwibph wpnugpnipjut hbn hwdwwnbnth BST unipp punubipttph uinwg-
dwl mktunnghwibph dywldwb ninnnipjudp: Ujnyhup wnktuninghwbph pyhi k
wyuwnjuiund hdwynijuught juqbpught thnpktunbgnudp (PLO) [3]: Uju wkutninghwi
pnyy E riwjhu unnwtiwg pupdpnpuly BST unipp punuipttp, npnup Ypluncd i ph-
nujuph unbjuhndbnphwi:
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QL2 Lkjupnupjuynid oquuugnpdynn dbpnkjEinphly punuiptbph jupbnp
punipwqnbpt Bu nhEjunphl puthwighhnipniup, npoiuntbph wiljjut mubgkiuup b
hwdwjupbhmpniup: StpnhEuphy punuipttph jhpundwi mbuwilyniihg upbnp
E wupql] wyy pimpugpph’ hwdwimpinithg b ghpdwunh&wihg niikgus Y-
Juénipjnibiitpp: Unyb woluwwnwiiiph btyuwwnwlp PLO wnkjuuninghuny unwugjus
Bag 2581075 TiOshhupny  dkwnwn-dEpnkEjnnphy-nhtiEyuphy-Yjhuwhwnnpphs (UdTY)
Jupnigusphhwnlnipniutikph hbnwgnunudu E:

Onpdwpupujub duu: buptwwnwpwsynn pupdpotpdwunhfwtuyhtt uhtiptgh
unbktninghuyny wuwwpwunyws BST Yhpwuhjulwt phpwpittphg SiOx/p-Si hwp-
pulutnh Jpu PLO® dbpnyny tuwnbgdl] i punuuptbpp: pwig wnwugdu
nbkpuninghwt dwipwdwut nhnwpldus b [3,4] wohmwmwnwupubpnid: Lunbkg]us
punuipibph hwunmpmip 100 &/ t, SiO>-h hwunmpymip 30 & Uhjhghnudh
hwppwlh nbuwlupup ghdwnpnipmniap5 Odtud b BST punubph dwlbkplnypht
wquun nhuiwlny quimnidwghtt gnnpohugdudp unbgyty Ei Ag-h 500 &/ hwuwnnipe-
judp 1x1 22 dwljtiptuny 6 fEjwnpnnubp: Bikjunpngutph dhol a hinwdnpmipniup 2 4/t
(uy. 1):

BST 100 ud

Ul 1. SkpnlyEnphl Ininkbuunnnph ujubdunnhl Junnigyudpp

zhnwgnuyty tu dbhwdnpduws Jupnigduspubtph ynjn-dwpunuyhe (C-V) punt-
pwghdp, ghiEjunphl puthwigbihnipjut b Ynpniunibph wiljjut mwuighkuh juju-
Juénipiniup hwdwpunipiniihg b oipdwunhduhg: Ftwhwwngl) E wju junnigjws-
pny Ynunkiuwnnnph hwdwjupbhnipniiup:

dtpp pduplus hwwnynipmniubph hbnwgnundwt hwdwp fEjunpngubp B
Swnuyl] tunbgyué wpswph Yntnwlunubpp: Quihndubpp junwpdl] Bu bpln
hwplwt LEYywnpngutph dhol: Uy phypnid unnwgynud b tpynt hpup hwljunwy
dhwugqué UDMT junnigusp: Uy Junniguspp fupbih b ubpuyugut; hbnlyuyg
hwdwpdtp upubdwgh mbupny (uly. 2) [5]:
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vl 2. Eplni ppap huljunwl dhwgyus USRY Junnigyudph hulupdbp ufubdubl

Ca-puCo-pdlpnkilnphly okpnh mbwlmpmuibpt b, Coa-p uCeop  SiO:
otpuph nitwynipnitiibpp, Cos-plt Co2-n* opuprn Yhuwhwnnpphy vwhdwbwght nitw-
Ynipjnitutpn, Rsi-t wpunwhwynnd £ uhjhghnudh hwppulng wuwjdwbwdnpjws Yn-
pniuntbpp:  Cpdwlbpunipughtt mbwlmpniut E, npp EEyupnnubkph  Jbs
htEnunpmipjut yuwndwnny Jupkih L wbnbubg:

Inpun-dwpunuyht (C-V) punipwgstpn swihyk) L E7-14 R,L,C dkwnph dhongny
1 fghwdwunipyul nhypnud (ul. 3):

C,ud
150+

-4 -3 2 -1 0 1 2 3 4 V,q

Ul 3. UDHY Qunmgiudph nilualnipyul jujuuwénieniip jhpungws jupnidhg

Yunnigyuéph nitbwlnipju b Ynpniunttph wuljjut nmubqbiuh hwdwpwlu-
tuyhtt Jupwénipnibubpp hbnwgnugl) ko E4-11 pupnpujwswthny, 30-300 UZg
hwdwhwljuuwghtt whpnypenwd (ul. 4):
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C,uwd tgo

125 0,035
4 0,03
1004
40,025
75+ 4 0,02
501 10,015
1 0,01
25+
1 0,005
0 50 100 150 200 250 300 350
f, Uzg

Uly. 4. BST punubipny USFY Junnigywdph nilnulnippul b npniuwnbkph whlpul nwbgkiup
hwdwhnuljmbuyhl upnjwdnipniip

UdTY junnigusph nitbhwlnipjub b Ynpniunttph wiljjub tmwbqbuuh obip-
dwunhdwbwghtt jupududnipjniiutpp hinwgqnundty bu ubkyuljuyhthg dhtgh 110 °C
dhowluypnid (. 5): Lunipubpp nwpwgyt] i pipdnunnwnh dhengny, swthnidubpp
Junwpyt Eu P5079 thnthnpuwljwt hnuwbph Juupewlny:

C,uyd tgo
15L(L)1 0,025
1254 1 0,02
100+

1 0,015
75

1 0,01
504
25 1 0,005
0 20 40 60 80 100 120

T,°C

Ul. 5. BST punubpny US?PY Junnigywdph niliulnipiul b npniuwnbkph whlpul nwbqkiup
olplwumnpdwbiuyhll [uupnjudnipiniip
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Upmyniupubph tpnudnipimi: PLO dkpnnny unnwugdué Ag/BST/SiOx/p-Si Jw-
pnigdudpp ubpuyuginid E Juphyntn, nph hwnlnipiniuubph hknwgnunudp gnyg
wnykg, np uylt jupnn £ wohiwnt) @2 nhpnypnud b nith punipugpbph poy) okpdwu-
wnhdwbwyhtt jufudwsnipinii:

Juphinunh hwdwjwpbihnieniup npnoynid E T=C(0)-C(V)/C(0) pwtwdluny [3]:
Uju junniguépny Ynughtiuwnnph hwdwp 3 4 phjujupdwut jupdwb nhypnd
unnugyl] £ dnnn 70% hwdwjupbihnipnit: dwuphyntugubph hwdbdwndwi hwdwp
oquiugnnpdynid k thnjuwigwndwl npuljh gnpénup (K), npp tkpunnd E hwdwjwupb-
1hnipniut o phlEuphly Ynponuunibpp b wughu b wdbh adpnpowljut hupnplughw
Ynunktuwwnnph YEpwpbpyuy: K- npnoynid | htnbjw) pwbwdtng [2].

B (n—1)*
195Uy, ) 198 (U )’

nputn n=C(0)/C(V), tg8 (Umin)l1 tgd (Umax) Ynpniuniibph wiljjub wwiqbull’ E §hpun-
Jwd wnwykjugnyt b tuqugnyt jupnudttipnh nhypnid: ‘Ldnpubkph hwdwnp K-h qw-
Jugnyb wpdtpp unwgyly £ 7,8:10% Uji qquhnpbu ghipuquugnid k [6, 7] wpjuw-
nuwpttipnd uvnwugué wpyniupubpp: Anpsuljgh wyu wpdbpp JYuynid k, np BST
Juphlynunp qniquljgnid k dbés hwdwjupbjhnipiniup b thnpp Ynpniunitbpp: Uju Ynb-
nhiuwwnnpubpp Jupnn ko ogunuugnpsyt) gudp jurwdupdwt jupdwudp @LZ vwppk-
noud:

Bqpujugnipinii: PLO dbpnnny SiOx/p-Si hwppwlutph ypuw tunbtgdus BST
punuiputpny Jurniguynpjus tpyne UDTY (Ag/BST/SiO/p-Si) hwljunwl] dhwugnidp
ubpluyugund E quphyntn, nph obpdwunhdwbughtt b hwdwpujuwughtt hbnwgn-
wunudp gnyg wykg, np wyt Jupkih E Yhpunt) @LZ fEyupnthjuynmd npytu hudw-
lwpkih vwpptph hhdtwlwt wwpp: Uju ntth ghjuwdupdut gusp jupnud® 3 4 b
hwdwunbnth t uhjhghnidwyhtt mkjatininghuyh htwn:
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A.P. JAIITOAH

UCCJIEJOBAHUE CBOMCTB CTPYKTYPbI
METAJJI-PEPPOIJIEKTPUK-AUIJIEKTPUK- TOJYITPOBO/JHUK
HA OCHOBE Bao,zssroﬂsTiOg,

HccnenoBanbl MEpecTpanBaeMOCTh, TEMIIEPATYPHAs M YaCTOTHAsI 3aBHCUMOCTh €MKOCTH
Y TaHTeHCca yIJia MOTePbh BAPHKOHIOB CO CTPYKTYPOH MeTaI-(heppOIIEKTPUK - THUINEKTPHK -
HOJIYIPOBOIHUK Ha OCHOBE Bag»5Sry75Ti03,0MyYEHHBIX METOIOM HMITYJILCHOTO JIa3€PHOIO
HAIIbIJICHUS.

Kniouesvie cnosa: Bag,sSt);5T10;, UMIyNbCHOE Ja3epHOE HalbLICHUE, BapUKOHI,
MeTauT-(peppodTEKTPUK-TUIIEKTPHUK-TTOTYTIPOBOTHUK.

H.R. DASHTOYAN

INVESTIGATION OF PROPERTIES OF Ba ;551 75TiO;BASED
METAL-FERROELECTRIC-INSULATOR-SEMICONDUCTOR STRUCTURE

Tunability, temperature and frequency dependences of the capacitance and the loss
tangents of BaosSro7sTiOsbased varactors with metal-ferroelectric-insulator- semiconductor
structure obtained by pulsed laser deposition are investigated.

KeywordsBaoxsSro7sTiOs, pulsed laser deposition, varactor, metal-ferroelectric-

insulator-semiconductor.
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YK 621.3 ABTOMATH3ALNA U CUCTEMBbI
YIIPABJIEHUSA

A.A. TEP35IH, I'.C. CYKHACSIH', A.3. AKOIISIH

O CBOMCTBAX BEKTOPHBIX XAPAKTEPUCTHK ITPY KOHEYHO-
SJJEMEHTHOM MOJAEJIUPOBAHUU TPEXMEPHOI'O
MAT'HUTHOI'O I10JIA

Hccnemyercs moBeleHHe BEKTOpa MAarHUTHOW MHAYKIWH, TTOJYYEHHOTO MPU YHCIEHHOM
pelLIeHNH TPEXMEPHBIX MOJIEBBIX 3a/1ad METO0M KOHeuHBbIX »ieMeHToB (MKD). ITokazano, uto
KyJIOHOBCKasl KaJIMOPOBKA HE SABIIIETCSI 00s3aTEIbHBIM YCIOBUEM PEILEHUS TPEXMEPHOH 3a1aunl
MarHUTOCTaTHKH. [10Ka3aHO TaKkKe, 4TO U3 (PU3UUECKHX COOOpaKeHHH HEOOXOIUMO COBIIAIICHUE
HOPMAJIbHBIX COCTaBJIAIOIIMX BEKTOpa Mar HUTHOM HUHAYKIMU U TaHTCHIHUAJIBHBIX COCTAaBJIAIOIINX
BEKTOpa HANpPsHKEHHOCTH Ha TPAHMIAX DJIEMEHTOB, a TAKKe PAaBEHCTBO HYJIO THBEPrEeHLUH
BCKTOpa MarHUTHOM UHIOYKIUH. ILOKa?)aHO, YTO COBIAJICHUEC HOPMAJIbHBIX COCTABJIAIOIIUX BCK-
TOpa MarHUTHOM MHIYKIIMY Ha TPaHHUIAX JIEMEHTOB UMeeT MecTo B pamMkax MKD.

Knrouegvie cnosa: snekTpoMarHUTHOE I10JIE, METOZ KOHEUHBIX DJIEMEHTOB, TETPadApuyecKast
ceTKa.

Beenenne. PemieHne n1ByMepHOH 3ajaul MarHUTOCTAaTHKU SIBIISIETCS] TPOCTHIM IO
CPaBHEHUIO C TPEXMEPHOM 3aJaueii,Tak KaKk IByMepHas 3a/ladya CBOAUTCS K CKaJSIPHBI-
M BeJIMYMHaM, 4YTO MPUBOJUT K OJTHO3HAYHOMY pEIIeHHI0 ypaBHeHH [lyaccona:

odlo4 odlo4__, (1)
Ox ptOx 0Oy u oy

B TpexmepHoM ciyuyae ans TOro, 4yroObl ypaBHeHHE MakcBeiula NPUBECTH K
ypaBHeHuto [lyaccoHa, NPUMEHSIOT KyJOHOBCKYIO KanuOpoBky. Omnako B [1]
YTBEpP)KIAETCsl, YTO MPU NPUMEHEHUH KYJOHOBCKOM KaJMOPOBKU pELIEHUE Tpexmep-
HOU 3a/1a4l MarHUTOCTATHKH CTAHOBHUTCSI HECTAOUIILHBIM.

PaccmoTpuMm 1oApoOHO KyJIOHOBCKYIO KanuOpoBKy. IlpeacraBum BeKTOp
MHAYKIMYA MarHUTHOTO TIOJISt B BU/I€ BUXPSI BEKTOPAa MarHUTHOT'O MOTEHIHANIA!

B = rotA. 2

CornacHo TeopeMe opa3ilokeHuu ['enbMronblia, €ClIM JUBEPreHIMs U POTOP
TOJISL OTIPEJIeNICHBI B KXKA0M Touke I obnactu V, To BO Bcel 00nacTi V BEKTOp MO
MOXXHO TIPE/ICTaBUTH B BHJE CYMMBI OE3BHXPEBOTO M COJICHOMAANBHOTO moiei [2,3].

! PaGora BTOpOro aBTOpa OCYIIECTBJIEHA MPH MOAAEPIKKe [0CYIapCTBEHHOrO KOMHTETa MO HAaykKe
Pecny6muku Apmenns, rpast 11-1A-125.
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T.e. BEKTOp MATHUTHOTO MOTEHI[MAIA MOXHO MpeNCTaBuTh B Bune A' = A+ grad@

3HAYUT, JUIsl JTI000H CKaIApHOU (pyHKINU ¢ E' = E , T.K. rot( grad ¢) =(. Cnenona-

TEIBHO, NIMEETCSI MHOYKECTBO PEHICHHMN ypaBHeHHMs Makcsemna.llpu pemenun Tpex-
MEpHOH 3aJaul MarHUTOCTATHKH Ul TOTO, YTOOBI PElleHHEe YpaBHEHUs MakcBesia
OBbUIO OIHO3HAYHBIM, IIPUMEHSETCS KYJIOHOBCKas KaauOpOBKa, T.€. B ypaBHEHUM Makc-
BeJUJIa MPUHYIUTEIBHO CTaBUTCS yciioBue[4-6]:

divA=0.

C npyroii CTOpOHBI, Ui TOTO, YTOOBI pelieHne AugGepeHInanbHOro ypaBHEeHHS
BYACTHBIX MPOHM3BOAHBIX ObLIO CITUHCTBEHHBIM, HEOOXOAMMO MPUMEHUTH KaKOe-TTHO0
13 HIDKETIePEUYHCIIEHHBIX TPAHUYHBIX YCIOBHM[6-9]:

® TpaHWYHble ycioBUS [lupHuxie - Ha TpaHUIe 3aJaeTcsi 3HaYeHUE HCKOMOM
dyHkumm, T.E. @ = f| (x, y,Z) , TIe (x, y,Z) - IE€KapTOBBI KOOPAUHATHI TOUKH, KOTO-
pBIe IPUHAAJIEKAT TPAHHLIE;

e TrpaHuuHble ycinoBus Heiimana - 3amaercs M3MEHEHHE 3HAYEHUS HCKOMOM
(yHKIMHK 110 HOpMaIM TpaHuLbL, T.e. 0Q/0n = f, (x, y,z) , TIe (x, y,Z)—,Z[eKapTOBLI
KOOPIMHATHI TOYKH, KOTOPBIC IPUHAJIEKAT IPaHUIIE.

Ecnu nuHMM MarHMTHOM MHIYKLMHM II€PECEKAlOT IOBEPXHOCTh pas3ziena ABYX
YY4aCTKOB MarHUTHOMW IeTTH, HMEIONINX Pa3INYHbIe MATHUTHBIE IIPOHUIIAEMOCTH, TO Ha

MOBEPXHOCTH pa3zesia JIMHHHA MarHUTHOM HHAYKIME H3MEHSIOT CBOC HAaNpaBIICHHE.
PaccmoTpuM OeckoHEUHO Mallylo TIOBEpXHOCTH abcda Ha TpaHHIE paszena IByX

cpel ¢ MarHUTHBIMH IIPOHHILIAEMOCTSIMU L4, /4, , IpudeM bc<<ab, bc=ad, ab=cd (cm.

puc.)

H,

B2

Puc.
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3anuiiem TCOPEMY O HUPKYJAIHUNU BEKTOPA HAIPSKCHHOCTH MArHUTHOIO I10JIA

J‘ Hdl = Z i, TIe [ - anreOpanveckas CyMMa TOKOB, KOTOPYIO OXBAThIBAET KOHTYD /.
1
Torga

IHdI =—H,sin(©,)ab—H, cos(®,)bc+H,sin(0,)cd + H, cos (0, ) da. (3)
!

Tak kakbc<<ab, To monmyyaem

[ Hl =~H, sin(©, ) ab+ H, sin (0, ) ed 4)
1

niIm

[ Al =, xii, - H, x7,. (5)
!

CrnenoBaTenbHO, IPU OTCYTCTBHHM TOKa B KOHType abcda TaHreHIMajIbHbIE
COCTABIISIOMINE BEKTOPA HANPSHKEHHOCTH MATHUTHOTO I0JISl Ha TPaHMIIe pa3Jieia AByX
Cpell paBHBI.

B cuny HenpephIBHOCTH MarHUTHOT'O TTOTOKA des = 0 mosyuaem

s

des=B]'cos(®,)~As—Bz~cos(®2)~As=O. (6)

CrenoBaTenbHO, HOPMasbHbIE COCTaBIIAIOLINE BEKTOpAa MAarHUTHOW MHAYKIUY Ha
rpaHuIle paszena AByx cpen passsl [10-12] (T.e. Eln = §2n ).

Hcxons 13 BBILEN3IOKEHHOTO, HEOOXOAUMO JaTh MaTeMaTHYeckoe 0OOCHOBAaHHUE
TOTO, YTO TPHU 33JaHHBIX TPAaHWYHBIX ycioBusix Jupuxne mim Helimana B pamkax
MKD X0Ts BEKTOpbl HHAYKIIMU B Pa3HbIX 3JIEMEHTAX W pa3Hble, HO BCETa HOpMaib-
HbIe (K 00IIel rpaHu) COCTABISIONINE COBIAIAOT.

Inocknii cayyvaii. [Ipeanonoxxum, 4to B TpeyroiabHUKe 123 BEKTOPHBIM MarHUT-
HBIA MoTeHnuan A MeHsiercs JnHeitHo. Torma nHayknust B OyneT mocTosHHOM U ToJI-
HOCTBIO OTpeJieNisieTcs 3HAYeHUAMH NoTeHnrana A B BepmmHax 1, 2 u 3. O6o3HauNM
yepe3 N ocb, HalpaBJIeHHYIO EPIEHIUKYJISIPHO CTOpOHE 12 B IIpaByIo CTOPOHY.

Teopema 1. [Ipoexmmsa By BekTopa nHIyKIMK Ha ock N 3aBUCHT TOJBKO OT 3HAYeE-
HUU A, A, moTeHMana A B BeplMHax 1, 2 1 He 3aBUCUT OT 3HaU€HUA A3z, a UMEHHO:

1
BN Z_(Az _A1)>

P2
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rie p,, - VIMHA CTOPOHBI 12.

Jokaszamenscmeo. B TpeyronpHuke 123 BEKTOpHBI MarHUTHBIN MOTEHOHAT A
JIMHEWHBINA U UMEET BUJT

3
A= ZAibi(xay)a
=1

rae b,- nuHeiinas GazucHas QyHKLUMs, PaBHAs SAMHHILIE B BEPLIMHE i U HYJIO B APYTHX

BepLIMHAX TpeyronbHuka. Hanpumep, b, umeer Bz

x y 1
b (rn) - s AR EE S
TN (i TN P e A
X3y 1

rae A — miomiaap Tpeyroabuuka 123. IMpoeknus B, BekTOpa HHIYKIIMH HAa OCh aOCIHCC
paBHa

sza_A:iAiMZ ! [Al(x3—x2)+A2(xl—x3)+A3(x2—xl)]. @)

oy ‘3 y 24
Amnajnoruyso,
04 1
y:_EZZ[AI(%_yz)'FAz(M_y3)+A3(y2_y1):|' ®)

Enuanuanbii BEKTOp N 1o HAIlpaBJICHUIO OCH N wumeer KOOpAWHATHI

(cos ®,sin go), rae @ - yron mexnmy ocsimu abcuuce u N. Ilpoeknust By BekTopa
MHAYKLIUU B Ha och N paBHa CKaJSIPHOMY
HPOM3BEICHUIO B, = (E ° ]V) =B, cosp+B sing.

Hcnions3yst popmynsr (7) 1 (8), moxydnm
1 . .
By = Z {4 [(x3 X )COS(/H' (y3 -V )Sm(/’] +4, [(‘xl X3 )COS¢)+ (yl -V )Sm(/’] +
+ A3[(x2 —X, )cosgp + (y2 - )sin(o]} )

—

O003HaYUB BEKTOpP C HAYAIOM B BEPIIHHE I U KOHIIOM B j 4epe3 ij , BRIpa3uM

Bnuepe3 cTOpoHBI TpeyroJbHUKA!

B, :i[Al(2—3-N)+A2(3—1-N)+A3(ﬁ-2\7)}.
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[Ipunss, 4to (yN ) €CTh JUTHHA (CO 3HAKOM) IPOEKIIUH CTOPOHHI ij HA OCh N,

oJIy4YuM
(ﬁ-]\‘/) =—h, (ﬁﬁ) = +h, (Tz’-ﬁ):o,

rae h — BeicoTa, omyIeHHas U3 BepIIuHbI 3 Ha cTopoHy 12. Takum oOpaszom,
1
B, =—(4,—-4)h.
v=oa A= A)

Ocraercst 3aMeTHTh, 4TO JUISL ILUIOMAAN TpeyroisHuka 2A = hp,, . Teopema no-

Ka3aHa.

Brimme npennonaranocs, 9TO BEpUIMHBI TPEYTOJIbHUKA MPOHYMEPOBAHBI IIPOTHB
4acoBOM CTpeikH, a ocb N HampaBieHa BhpaBo. Eciu OIHO U3 3TUX YCIOBHH
HapyIIeHO, TO Bce (POPMYIBI COXPAHSIOTCS ¢ TOYHOCTEIO JIO 3HAKA.

CaencrBue. B TpeyronpHukax, MMEIOIINX OOLIYI0 CTOPOHY, XOTS BEKTOPBI
WHIYKIUW pasHble, HO BCErJa HOpPMalbHBIE (K OOMmEH CTOpPOHE) COCTaBISIOIINE
COBIAAIOT.

TpexmepHblIii ciay4daii. AHanor Teopems! | CIpaBeUIUB U U1 TPEXMEPHOT'O CITydasl.
[IpenmonoxuM, uto B TeTpasape 1234 BEKTOpHBIM MarHUTHBIN MOTEHLMAN A MeHseTcs
nmuHeiHo. Torna uaAyKus B OyJeT MOCTOSIHHOM M IOJHOCTBIO ONpeneNseTcs 3Haue-
HUSMHU noTeHnuana A B BepmnHax 1,2,3 u 4. IIpeanonoxum, uto rpanb 123 nexur B
mwiockoctr X0Y. Torna ock 0Z HampasiieHa MepHeHIUKYISIpHO TpaHu 123 B mpaByto
CTOPOHY.

Teopema 2. HopmansHas coctaBistomas B, k rpanu 123 BekTtopa MHAYKIIHMH
3aBHCHT TOJIBKO OT 3Ha4eHHH A, A,, A; moteHnuana A B BepmmHax 1,2,3 u He 3aBH-
CHUT OT 3HaueHHs A4, 8 UMEHHO:

1 X X A
B, :E Aly(yz —y3)+A;(y3 _y|)+A3y(y1 _yz)]+

1 X X X
+£[Af (xz —x3)+A2 (x3 —x1)+A3 (xl _xz)]~

JHokazamenvcmeo. Umeem

o4 oA

oox oy

Ortcrona, B cuity paBeHcTB (7) 1 (8), crneayeT Teopema 2.
Paccmorpum ciywait HaknonHoM rpanu. [lycth meprneHaukyisip K rpaHu 123

B

umeeT HanpasieHue N . PaccumraeM HOpMaabHYIO COCTABISIONIY0 By k rpanu 123.
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Teopema 2a. [l npou3BoJabHOTO TeTpadapa 1234 HopmanbHasl COCTaBIIAIOIIAS
B BekTOpa mHIyKIuM K rpaHd 123 3aBUCUT TOJBKO OT 3HaUYe€HHUU A, A,, A; MOTEH-
nuana A B BepminHax 1,2,3 1 He 3aBUCHUT OT 3HAUCHUS A4, 2 UMEHHO:

1 X X X
N ZE[A1 (xz —x3)+Aé (x3 —x1)+A3 (xl _xz)]+
1 ’ X ,
oA 0y =)+ 43 (=3 )+ 4 =)+
1 V4 V4 V4
+£[A1 (Zz _Z3)+Az (Z3 _Zl)+A3 (Zl _Zz)]’

rae A — moniaas TpeyroiapHuka 123.
Joxazamenvcmeo. Paznoxum ByHa COCTaBIISIONIME 110 KOOPAUHATHBIM OCSIM:

B\ =B, cos(N,x)+ B, cos(N,y)+ B, cos(N,z) =
z y X z y x
:[GA _od jcos(N,x)Jr[aA _agl jCOS(N,y)-i‘(aA _6(/;4 )cos(N,z).
X V

oy Oz 0z Ox

B rerpasape 1234 BeKTOpHBIN MarHUTHBIN MMOTEHIMAT A JTUHEWHBIA U UMEET BUJ
4
A= ZAl.b,. (x,,2),
i=1

rae b;- TpexmepHas nuHelHas GasucHas (QyHKUMS, paBHAs CAMHHLE B BEpLIMHE i U

HYJIIO B IPYTHX BepIIMHAX TeTpasapa. Hanpumep, b, umeer Bux

x y z 1
X=Xy YV=YVy Z72Z4
b, (x z)—sz Y2 % 1——x -X - z,—z
(X, ), |, v, z 1| 67 2T Xy Vo T Vs 2,72
1

X3 =Xy V3—Vy 23724
Xy Vi 24

rae V — o0bem terpaszapa 1234. Orcrona cnenyer

(chl :é[(yz —J’4)(Z3 _24)_(22 _24)()’3 _y4)]’
ob, 1
5_5[(22—24)(x3—x4)—(x2—x4)(z3—z4)],
ob, 1
s —5[(352 _x4)(J73 _y4)_(y2 —y4)(x3 —x4)].
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Hrak, umeem

4 0ob. ob, 4 . Ob. 0ob.
B, = A7 —L— A" —L |cos(N,x)+ A —L— A" —L |cos(N, y)+
N (; i ay i aZ j ( x) (; i 82 i ax ) ( y)

- ob. ob.
+ AP —— A" —L |cos(N, z).
[Z A 6y] (N,z)

3ameTnM, 9TO M1 00BEMa TETPAdApa UMEET MECTO 6F = 2Ah, , THE A — momans

TpeyroipHuKa 123; hy — BeIicOTa, OmyIIeHHas: U3 BepUIMHBI 4 Ha rpaHs 123 u umeromas
HanpaeieHue N . CienoBarensHo,

4
2AB, =Y (A'c, +Ajc, + Ac.),
i=1

rae

¢, = 2A[ b, cos(N,y)— %COS(N, z)) ,
; 0Oz oy

c;, = ZA[% cos(V, z) —%COS(N, x) |,
’ Ox 0z

¢, =2A %COS(N, x)— %COS(N,)/) .
oy ox

Hampumep, nnsa ¢, umeem

Cix =2—§{[(x2 —x4)(y3 _y4)_(yz —y4)(x3 —x4)]COS(N,y)+

+|:(x2 —x,)(z-2,) (2, 2,) (% —x4)]cos(N,z)} =X, —X,.
AHAJOTHYHBIM 00pa30M pacCUnTaB OCTANBHBIE KOI((GHUIIUCHTHI, Oy IIM
2A-By = A (x, —x;)+ A5 (xy —x, )+ A (x, —x, )+
A 1y =y )+ A =)+ 4L () = 3o+
+Alz(22 —23)+ A2Z(z3 —zl)—i- A;(z1 —zz).
Teopema j0Ka3aHa.

CneacrBue. B terpasapax, UMEIOMNX OOLIYIO TPaHb, XOTS BEKTOPHl HHIYKIHH
pas3Hble, HO BCeraa HopMasbHbIe (K 00LIel TpaHn) COCTaBIIAIOLINE COBIAAAIOT.
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JEusSNruuun AFLNbEUALE P ZUSUNkh 8NP LLELP UUUDL

zhnugnunnud | uinugdus dwqhuwlw thunniyghuyh JEjunph quppp JEpgun]nnp wwuppk-

h Ukpnnny Enwswth nuownwght fpughpubph pyuwghtt (nusdwi pupwgpnid: 8nyg E mipquws, np
Enwswth dwquhuwuwnwnhl punhpubph msdwt nhypnid §nyniyut dhwthnjunipniipn wup-
wnunhp wuydwb sk: Glukny $hqhhuljub tjunwnnidutphg, wthpwdtown b, np dwqhuwlju
htgmyghuyh nhyjpgkughwt hujuuwp jhuh qpogh, vwqhuwljub higniyghuyh Jljinnph inp-
dwy pununphsp b dwquhuwfub nuonh jupjudnipyut nwbigkighw) pununphsp hwdpuyuku
wnwppbph vwhdwih: Uywgnigws &, np dippwynp mwpptph dipnnp Yhpwekjhu hwplwt
wnwppbph dwqhuwlub hunnighugh yEjunnph tnpdw) pununphsubpp hwjuwuwpki:

Unwigpuypiipwnkp. Bikjnpudwuqihuwljut nuown, Yepgwnp wwppkph dkpnn, punw-

uhuwn guitg:
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H. A. TERZYAN, H. S. SUKIASYAN, A. E. HAKOBYAN

ON THE PROPERTIES OF VECTOR CHARACTERISTICS AT FINITE ELEMENT
MODELING OF THREE-DIMENSIONAL MAGNETIC FIELD

The behavior of the magnetic induction produced in the numerical solution of three-
dimensional field problems by finite element method (FEM) is researched. It is shown that the
Coulomb gauge is not necessary for three-dimensional magnetostatic problem. It is also shown
that from physical considerations, the normal components of the magnetic induction and the
tangential component of tension on the boundaries of the elements must coincide. Also, the
divergence of the magnetic induction must vanish. The coincidence of the normal components
of the magnetic induction on the boundaries of the elements in the framework of the finite
element method is proved.

Keywords: electromagnetic field, finite element method, tetrahedral mesh.
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UDC 62-50 AUTOMATION AND CONTROL
SYSTEMS

O.N. GASPARYAN, A.T. ULIKYAN

DESIGN OF MATRIX REGULATORS FOR CIRCULANT CONTROL
SYSTEMS

The paper is devoted to the problem of designing matrix regulators for a special class of
multivariable feedback control systems called circulant systems. The exposition is based on the
characteristic transfer function method, which allows reducing the investigation of N -
dimensional multivariable control system to investigation of N fictitious one-dimensional
systems. An analytical formula for elements of circulant matrix regulators is derived.

Keywords: multivariable control system, circulant system, permutation matrix,
characteristic transfer function, matrix regulator.

Introduction.The problem of multiple-input multiple-output (MIMO) control
system design is one of the centrals in multivariable feedback control [1-3]. The paper
is devoted to the issue of designing matrix regulators for a significant class of MIMO
control systems described by circulant transfer matrices.Such systems are widespread
in various technical applications, especially in process control and aerospace
engineering [1-3]. The proposed approach is based on the characteristic transfer
functions (CTF) method [4]. That method allows reducing the task of analysis and
design of an N-dimensional square (i.e. having N inputs and N outputs) MIMO system
to N one-dimensional tasks, which, in many cases, can be solved by conventional
methods of classical control [5].

The general matrix block diagram of a MIMO system with the matrix regulator
K(s)is shown in Fig. 1, where: ¢ (s) and f(s) stand for Laplace transforms of the N-

dimensional input and output vectors ¢@(t) and f(t); W(s) denotes the transfer

matrix of the plant with entries that are scalar rational functions in complex variable
s. The destination of the matrix regulator K(s)consists of providing the required

performance indices of the closed-loopMIMO system [1, 2].

P(3) S(s)
K(s) & W)

Fig. L Sgquare MIMO control systemwith plant W (s) and matrix regulator K(s)
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Circulant control systems. The distinctive feature of circulant MIMO systems is
that their transfer matrices are circulant [6, 7]. In a circulant matrix, each subsequent
row is obtained from the preceding row by shifting all elements (except for the N th)
by one position to the right; the N th element of the preceding row then becomes the
first element of the following. For the circulant matrix W(s) of the plant we have:

WS WS WL(S) e Wy (9)
W(s) = Wy (S) Wi (9) W(s) ... W, (9) . (1)
W(S) WS W) o W, (9)

Each diagonal of a circulant matrix consists of the same elements, and the
diagonals located at the same distance from the lower left corner and from the
principal diagonal consist of identical elements. Physically, this means that in
circulant systems, it is possible to single out some groups of subsystems with identical
transfer functions of all cross-connections, i.e. having some internal symmetry. It is
easy to see that any circulant matrix is completely defined by the first (or any other)
row. Using the designations W, (s), W(s) (i=1,2,...,N —1) for the first row of the

circulant matrix W(s) (1), the latter can be represented in the matrix polynomial form
(2, 3]:

N-1
W(s) = Wy(s)l + D W (s)U*, (2
k=1
where
010 ..0
e G)
100 --0

is the orthogonal permutation matrix [6, 7].
The eigenvalues S, of the permutation matrix U are the roots of the equation

det[gl —U]=p" -1=0, (4)
and, for any N, are expressed in the analytical form:
B =exp{j$} (i=1,2,..,N). 6)
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The CTFs q;(s) of the circulant matrix W(s) (1), (2) can be represented, for any

number N of separate channels, as

6.(9=W(9) + Y W,(9) exr{j%k} (i=1,2,..,N), (©)

Besides, the canonical basis of the circulant matrix W(s) and the modal matrix

C are inherited from the permutation matrix U (3) [2, 3].
Design of circulant systems with matrix regulators.Let both the plant W(s)

and the regulator K(s) in Fig. 1 are circulant, i.e. are described by circulant transfer

matrices having the following canonical representations [2, 3]:
W(s) = Cdiag{q;(s)}C"',K(s) = Cdiag{p;(s)}C", @)

where the orthogonal modal matrix C is composed of the normalized eigenvectors C;
of the permutation matrix U (3). Then, the transfer matrix G(s) of the open-loop
corrected system is equal to

G(S)  G(9 Gy(9 . Gy,y(9)

®)

or, taking into account (7),to
G(s) = Cdiag{q,(s)}C 'Cdiag {p, (5)}C"' =Cdiag{q,(s)p, (9)}C"' =Cdiag{g, (s)}C",(9)
where
9 (9=a(p(s) (=12,.,N) (10)

are the CTFs of the corrected circulant system with the circulantmatrix regulator.

Let us find the relationships between the transfer matrices G(s), W(s) and K(s)
for circulant systems with matrix regulators. Giving the desired transfer matrix of the
open-loop system G(S), we can immediately write down, based upon equations (8)-(10),

K(s) =W (s)G(s) = Cdiag{p,(s)}C, (11)
where
n©=39  (_12.N) (12)
g (s
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are the CTFs of the required matrix regulator K(s) in (7).

Formally, the N equations in (12) are quite similar to the corresponding
equations for single-input single-output (one-dimensional) control systems. On the
other hand, here, we have a set of N equations, which depend on 2N transfer
functions w, (), W,(S), ...,W,_,(S) and G,(S),G,(9),..., Gy_,(s) in (1) and (8).

The issue is to find the rational transfer functions k,(s),k,(9),...,Ky_,(S) so that,
the given transfer matrices W(s) (1) and G(s) (8), the N scalar equations (10) [or
the matrix equation (8)] be satisfied. The analytical solution of that task cannot be
generally found. Therefore, we shall try to bring the equations in question to a form,
which will simplify the numerical solution of the task by means of modern computer
aids.

Towards that end, let us derive the analytical equations for CTFs g;(s) for N=3.

Based on (6)-(12), we have

(9

()= (5)+ w(Jexp| 12|+ (sJexp 127, )
U]
)

pz(s):ko(s)+k1(s)exp{j;—”}+k2(s)exp{j47”}, (14)

The substitution of equations (13) and (14) into (10) and examination of the
obtained equations shows that the relationship between the elements of the transfer
matrices G(S), W(s) and K(s) can be written in the following compact form:

G,(5)) [k ()W (s)+k (s)w:(s)+k,(s)wi(s)
G(9) | = |k (s)W ( s)+k ( )W0 s)+k, (s)w,(s) |=
G,(s) k, ()W, (5)+k (S)w(s)+kK, (s)w,(s)

(15)

= | W(s) W(s) wy(s) || k(s)

(
(
(
W,(9) W, () W(S)Mw)}
w,(9) () w(s)) k(9



Note that the matrix
Wy(s)  Wy(s)  wi(s)
W(s) = | w(s)  w(S) Wy(9) (16)
W (S)  wi(s) Wy (s)
in the equation (15) is transposed with respect to the transfer matrix of the plant W(s),
ie. W(s)=W'(s).

It can be shown that analogous [to (15)] relationships hold true for N=4, N=5
and N =6. Therefore, by induction, the relationship between the N -dimensional

column vectors G(S) =[G,(S) G(S) .... Gy ,(9)]" and K(s) has the form
G(s) =W' (s)K(s). (17)
From (17), we get the formula

K(s)=[W" (9] G(s) (18)

relating the vector K(S), composed of the elements of the first row of the circulant

regulator K(s), with the transfer matrix of the plant W(s) and the vector é(s),

composed of the elements of the first row of the desired open-loop transfer matrix
G(s).

Since the matrix W(S) =W'(S) is circulant, it has a standard canonical

representation
W(s)=CdiagiG(s)}C", (19)
where the CTFs ¢ (s) are given by the following expressions:
- - 27(i -1
6.(9) = W(S) + > W, (9 exp{J%k}. 20)
k=1
Taking into account (19) we have, instead of (18), the final expression
K (s) =Cdiag {;}C‘é(s) = Cdiag {;}C*é(s), 1)
a(s G (s)

which relates two vectors é(S) and K (s) and is well-suited for numerical computations.
Example.Assume we have a three-dimensional circulant plant with the following
elements of the first row:
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100 50 —-60

W, (S) = ——, w(s)=———, w,(8)=—. 22
(9 0.88' +s H(9) 0.8’ +s (9 0.168 +s* +s 2)
The CTFs q;(s) of that matrix can be represented analytically in the form:
10(3s+9) 10[(1.5-0.866])s+10.5F9.526 |
G =—"35"—"73"" %:(9= (23)
0.168’ +S +s 0.168’ +S +s

The Nyquist and Nichols plots of the CTFs (23) are shown in Fig. 2. The
inspection of the graphs in Fig. 2 indicates that the initial circulant system is unstable.
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40
g, ( jer)

20
) = o
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-10 q,( jar)
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-15 -10 -5 o 5 10 =300 =200 -100 0
Real Axis Phase (deg)
(a) (b)

Fig. 2. Frequency characteristics of the three-dimensional circulant plant W(s) (22).
(a) Nyquist plots; (b) Nichols plots

Let us find a circulant matrix regulator K(s), which will provide stability ofthe
given system and, in addition, provide that the value of the oscillation index M with
respect to output signals be equal to unity, i.e. M =1. Towards that end, we need to
find such a circulant transfer matrix of the corrected system G(s), which possesses the
required performance characteristics. The analysis shows that the goal can be achieved
by the 3x3 matrix G(s) with the following elements of the first row:

0.1907s’ +1.4775" +2.691s+1

G S)= s
(9 0.004s’ +0.081s" +0.5355* +1.358° + s

_0.056385’ +0.141S’ +0.05638s
©0.0045’ +0.081s" +0.5355" +1.355" + s’
0.08624s’ +0.21565° + 0.08624s
0.004s’ +0.081s" +0.5355° +1.358* +s

Gi(9)

24

Gz (9=
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The CTFs g,(s), 9,(s) and g,(s) of the corresponding system have the

0.3332s’ +1.83365" +2.83365+1

form: g, (S) = ,
9.0 0.004S’ +0.081s" +0.5355’ +1.358* +

6,.(s)- (0.1939F j0.02586)S’ + (1.2987 F j0.064605)S* + (2.6197 F j0.02586)s+1
3 0.004S’ +0.081s" +0.5355° +1.358> +S '

The Nyquist and Nichols frequency characteristics of these CTFs are shown in Fig. 3.
The frequency characteristics of the closed-loop CTFs are presented in Fig. 4(a).

40

Magnitude (dh)

Fg,( jor)

1g,(jw)} 40
g, ( _}‘f‘.{]‘]

5 0 5 360 21 180 90 [
Real Axis Phase (degh
(a) (b)

Fig. 3. Frequency characteristics of the three-dimensional corrected circulant system G(s)
(24). (a) Nyquist plots; (b) Nichols plots
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Fig. 4. Frequency (a) and transient (b) responses of the closed-loop circulant system
The transient responses of the system under the unit steps applied simultaneously

to all inputs at time t=1.0 s are given in Fig. 4(b). The same overshoot of all channels
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is OS = 5.3 % . Note that the transient responses of all channels of the system are the
same, which is explained by the fact that, in the circulant system, only the first
characteristic system is activated under the applied input unit steps.

The solution of the equation (21) gives the following elements of the first row of
the circulant matrix regulator K(s):

0.43128° +1.078s+0.4312

S) = ,
() S +14s+40
k(s) = —0.04643s> —0.1161s—0.04643
' S* +14s+40 ’
0.2819s” +0.7055+0.2819
k,(s) = 5 .
S +14s+40

Conclusion.An analytical formula relating the elements of the first row of the
matrix regulator and the given transfer matrices of the corrected circulant system and
the plant is derived in the paper. That formula exploits the canonical representation of
circulant control systems on the bases of the CTFs method. It should be emphasized,
that for circulant systems, the CTFs and the modal matrices can be written in
analytical form for any number of channels N . That allows one to develop effective
program codes (e.g., in the MATLAB language [8]) for computer-aided design of
circulant control systems of an arbitrary dimension. It can be shown that the derived
formula applies also to anticirculant systems [2, 3], i.e. to MIMO control systems with
anticirculant transfer matrices.
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O.L. &UUNUr3UYL, U.fe. NPLEY3UL

8hUNPI3ULS WUNUYULUUL ZUUUUULSECE UUSP8USPL
YUreUudNrpueErh LUVUQONRUL

“Yhunwpyynud £ hbnwunupd juwny puquuswth junwjupdwi hwdwljupgbph hwnntly
nuuh, wyjuybu Ynsyws, ghpynijjutnn hwdwljwpgbph dwwinphgujh tjupquynphsubph twhiw-
gédwl utnhpp: Lkpjuyugdudp juunwpus b punipugphy thnpuwigdwt $nibljghwbph db-
pnyny, npp poy) E nwhu VN -swthwbh hnpwngupd juybpny jurujupdwd hwdwlwpgbph
htwnwgnuunudp hwtighgul) Uk dnunpny b Ejpnd &V hwnbp hwjuyujut hwdwljupgtph ht-
nugnuniwi: nipu b pipduwé whwjhnhl] putwdl’ ghplnyjubn dwnphguygh tjupquynphsh
wnwnpphph npnoudwt hudwp:

Unwhgpuypli punkp. Puquusuth junwjupdwt hwdwlwpg, ghpynigyuin hudwlwupg,
unbnuithnpunipniiitiph dwwnphg, punipugpps hnjupwbgdwi $niyghw, dwnphgugh tjupgqu-
Unphy:

O.H.TACHIAPAH, A.T. YIIUKAH

HNPOEKTUPOBAHHUE MATPUYHBIX PEI'YJIATOPOB JJIA HUPKYJIAHTHBIX
CHUCTEM YIIPABJIEHUSA

PaccmaTpuBaetcs 3agada NPOEKTUPOBAHUSA MAaTPUYHBIX PETYJIATOPOB AJ CHELUAIBHOIO
KJIacca MHOIOMEPHBIX CUCTEM YIIPaBIEHUS ¢ OOPAaTHOH CBSI3bI0, HA3bIBAEMBIX LIUPKYJISIHTHBIMH
cucreMaMu. M310)xeHue OCHOBAaHO Ha METOJIE XapaKTEepUCTHYECKUX MepeaaTouHbIX (QYHKINH,
KOTOpBIH N03BOJIAET CBECTU HcclieoBaHue N-MepHOH B3aUMOCBSA3aHHON CUCTEMBI YIIPaBIECHUS
K uccienoBanuio N (GUKTUBHBIX CHCTEM C OJHMM BXOJOM M BBIXOAOM. BhIBeneHa aHanuTu-
geckas opMyna IS ONPEAeIeHHs IEMEHTOB IUPKYJITHTHOIO MAaTPUUHOTO PETyIsATOpA.

Knroueevie cnoea: MHOrOMeEpHas CUCTEMaA yNPABJICHUS, LIMPKYJIIHTHAs CUCTEMA, MaTpUIa
[IEPECTAHOBOK, XapaKTePUCTHIECKas IepeAaTouHas (pyHKIH, MATPUIHBIN PErysTop.
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