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U.G. UNLULSUL, @.U. YUUPL3UY, 4.U. URUNL3UL

IIC-H18K10M5Re UUYULRCE UULSELURSUSPL OGMUSNN, TN NUSUPNTNRS
NUSMUUSYUD 0UUNSUYEL UTLULYUOLUE P SUL UrSUUNUUL &Y,
QG UUSPL UTUYUUL @NrOCLEUSLED 26SUNSNRUT

Puipdp b dniuljghntimy hwnlnipniutpny odinjws thnokndynghwnughtt iynipkpp
unbinénudp, hsyhuhp ki puguuwlut gbpdwunh&wtttpnid thupnit puypuydwt tjun-
dudp Juynit dwpnkuhnuwght skpugnn thnpbkynnuuwnttpp, hwinhuvwind b dudwtiu-
Julhg ynipwghninipjui wowetiwyhtt ninnmipniitphg dkp: Uyu wnnuuunbbkpp juy
towljynid ki Yunpdwdp, htion nhdnplugynid ku b Bupwupyynud okpduyhtt Upwuludwi:

zknwgmnyt) kb pupry opuhntiph uhtiphquut tnwiwlyny vinwugywus IIC-H18K10M5Re
dwlihoh dwpwnbuuhnuwht skpugnn ynpuyuunuthnonig dwdjdws swulnnkt dud)jjwusp-
ubph Epwludwi, mwp wpnudndwl, ghpduyghtt dowljdwi nt junnigduspugnjugdwi gnps-
Rupwgubpp: Zhnwgnuinipnibbph wpyniupnud dowldty ' dwpubiuhwnwhtt Skpugnn
wnnyuwnwithngnig wpnunpunbuwlubph vnugdut wkunnghw, npp tkpuemd t won-
wunuthnonig swljnnlkt dwdjjuspubph dwdjdwl, dwudjjusputph Enulujdwl, nwup wp-
nuwdnuui b okpduyht Upujdwt gnpépupwugubtpn: 8nyg b wnipgws, np unwugquws thnotwng-
wuwwnttpt hpkug dhghw-dbpwhjuljwt b mkuunnghwlwb hwnlnipniutbpny sku gh-
onid utnwnupwn whnuuuntkpht, hul npny nkypkpnid gipuqugnid bu nputg:

Unpwigpuyhl pwnkp. ynnuyuunuthnoh, dwdnud, tnwjunud, wnwp wpuwdnnud,
thnobynnuun, ppénid, Upunud, Skpugnid, dwtipwhwinhl junnigywsdp, hunbpdbnwnuljuu
duq:

Lhpwbmipnil: Zuwnn nkuthjuynid, hwinjuybu nwqiujwb wppynibiw-
phpnipjutt nnpunud, yuhwbgymd b $niuljghniiw] hwnlnipniutitpny, hisyhuhp
Eu pwpdp wdpmpjudp, upspnipjudp, hupjuwsuyghtt dwdnighnipjudp, obpdw-
Juyniunipjudp, vmnbwpbklniumpjudp b wyl, Wniptph unbnénud, npnup nibwyy
1hukt wppumnbknt tpwuhnpu phnuwspubph wnwly pupdp b gusdp obpdwuwnh-
whikpmu hunluybu puguuwlwi: Upyhuh hkpwiljwpuht iympkphg b
dwpunktuhwnught skpugnn wnnuuunikpp, npnup oqguuugnpsynud b npuiuwnp-
wnuwjhtt nkjuthfuynud, huptwphnwhinipniinud, twjuohtinipniunud, uwwppuw-
shtinipniunid, wnnduyht Eubpginpjuynud, nwquuljuw wpynibwpbpnipgniinod
b wypnip [1-3]: P rnuppbpnipinit jupphnuyhtt bwqbkpny wipugynn ynnuuwnukph,
wyy pYnud’ (kghpdws, dwpnkiuhinught Skpugnn woquunibpt wth fuynt ko
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thjupnit puypupdwt tjundwdp, hunjuybu puguuwljut okpdwunhdwttbpnid:
Uju ynnuuunbbkpp quy dowlynd tu updwdp, hbon phdnpdugynid Eu b
Eupwplynid obpduyghtt dowljdw [2-7]:

Uwpunbtuuhnwihtt $bpugnn wnnuuwnubkpp phthwljut pununpnipjudp
wtwp L {hukb pupdp dwppnipjudp b syyupnitult wytyhuh pwntimipnubp, hig-
whuhp kb wspwshup, opwshup, prdwshup, wqnunp, Sénwdpp b dnudnpp: Nrunh
wnuy b tyuwinwljuhwpdup k ipdusd ynnuunutpp uvnwtiug thnpbdbwnwnipghw-
Yub wbuyny punugphstbph pupdp twppnipiudp opuhnubkphg pupn opuhnukph
uhlpbquui (8, 9], wunuhnulh yhpnttwnh wkjugdwdp pndwpuununipgh wuwn-
puundwl, Jepujutqudul, vnwugdws ynpuunuhngnt dwdjdwl, tnwjujdul,
nwp wpnuwdndub b gkpduyhtt dpwljdwi dhengny [3]: Loyws wnbkjuuninghuyny
unugyué hnokynnuunb wnwbdbwinud £ dwipwhwwnhl junnigquspny, pupén
dhqhjw-dbjumthjululb, nkltininghuljwt b swhwgnpbwljut hwnlnipnitubpny:
Uwluyt (kghpywé dbnwunuihnohubph wpnunpmipjut vwhdwbwthwlnipniat
wnuwjdd httwpunpnipjnit sh mwhu wyu hnpkynnuunubph wpnwnpnipniiup
nupdil) quiqubduyhl, hisybu btwb dhtgh wydd ntuntdbwuhpyus skt wju wnn-
wuwwnwihnohbphg dwdjdus swlnnljkt dwdjqusputph tpwljudwl, wwp wp-
nuwdnuui b oipdwyhtt dowljdwt gnpdpupugutpp, npniig yuwndwnny npubg wp-
nuwnpnipniip (uyt mwpwsnud sh unwgty:

Blukn] Jbkpnhhojuihg wolnunwbph twwwnwl E o hkwnwgnnty TIC-
H18K10M5Re dwiljihoh dwpwbkiuhwnuwyht skpugnn ynnuuunuthngnig dudjus
duwjnnttu dwdjquspubph Enwjuidwb, mwup wpnudndulb, obpdwyht dpwldw
nt jurmguspugnjugudub gnpéptpugutpn b dowll hwdwwywwnwujuwub nkjutn-
Ingpu:

hunph gpusdpp b dEpnphljuyh hhduwdnpmdp: Uowljdws IIC-H18K10M5Re
dwljithoh dwpunbkiuhinuwghtt skpugnn ynpyuwnuhngnig wpnugpunbuwlubph
wuwnpuwundw gnpdpupwugutphg b Ubnwnuhnohttiph dwdinudp b bnwjuynudp:
busyhtu gnyg L nupus wohiwnwtp [10]-nud, uvnugdus ynnuunwthnont dud-
Inttwynipjniip puduljuht pupdp E b npnpdb) £ punn gopénn unnwunupunh
(TOCT25280-82), hunlwduy nph 400...500 U Nwr updwt wpuplwaikpnid swljninlk-
unipnitip hotnud k Uhtish 18...20%:

Onoknduynghnuyhtt yniphph Epwudwt punipwuqptphg b wdpnipyniun,
hunnipinilp, EEjunpunhdunpmipniip, tunduspp b wjjt: Uupnkiuhwnwht §b-
nugnn thnobunnujunibph tpwjuydwt gnpépupught £ idhpdwsd [11] wphuwnwtpp,
npnud ntuntdtwuhpyby | Y nduynubinubph dEhwihjujubt puntidudp unugdus
dwd)udpltph Epwlupdwi gnpspipugp, hwdwdwyi nph’ 1100°C obplwunhgw-
und (14, =1...10 ¢ nwljudws hnrbynnuuni nith wthwdwube junnigdusp,
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nnh Ukp wnlw tu Ni-h, Co-h U Mo-ph sinidjws hwwnpljubp: Gnujujdwt obpdwu-
wh&wbh pupdpugnidp dhisk 1200°C, sh Yhpuginid junnigfuspught wihwidw-
ubipnipinibp, stuyws dhipnljupdpnipnitp, junnipmitip b tunguspp Ukdwtnid
ku: Glukny thnpdh wpyniuputphg, wohtwwnwip [11]-nud punpyly Bu bpwljudwt
oywhuw) nkdhdubp® Twew=1250...1300C, 7=5...6 ¢ Nnnuuwnh Junniguspp ubkp-
Juyuginid £ hwdwubn whuy jnsnyp (wShwsht syupnitwlnng dwpunbuuhwn),
nnh swlnunlkunmpmniup ~10% b Loyus pupdn otipdwunhgwukpp (1250...13009C),
nnnip Udnnn kb hwpdwb gbpdwunhgutht (1350...1450°C), b ywhdwt wbinnnipmniip
guitjuygh sk, stujws wyuwhnymy Eu junrnigduspuyhtt hwdwubonipmnitn: Loqusp
Unyht wmyugnignid | wju ynnuuwnibkph vnugdut wibywnwjuhwpdwpnipe-
miup Yndynukinubph dEpwthjulwt puntdwt dhengny, nph niypnid swljnwn-
YEunipniup juqunid £9...11%:

ZEnwgqnuum pjwit wpynibipubpp: LY. 1-nud pipdus L IIC-H18K10M5Re dwl-
uhoh ynnuuwnuthnonig 20% swlnnunipjudp dudjjus dudjdusph 1000...1250°C
obpdwunhduind tnwljujdwt phidhdubph wqpbgnipmniup thnpbynnuunh hwwn-
Ynipniiubph Jpu:

AV/V, %

v, %

HV, 3w

0,2873

0,2869

[
N
»
)
©

7, dwd

Ul 1. Bowluydwl phpulwumnpdwlh I yquhdwl nnhnnnipyul wqnkgnijenip
IIC-HISK10M5Re thnokynnuunnh hunnlinijeiniabkph ypu.
1-1100°C, 2-1175°C, 3-1250°C

Glukny swwjuyhtt btunusph Ukdnipniuhg (~4 % dwif T = 44 nhypnid),
IIC-H18K10M5Re thnpbynquuunh knwljujdw gnpspuipugp paudupun b 2wy
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wnukiny, np IIC-H18K10M5Re dwljuhoh wyynnuuwnwthnohly, npp unnugyt] | wnw-
owinljyws mktuninghuyny, nituih hwdwubkn jurmigjusdp, hknbwybu' Enwljudu
hwdwp skt yuwhwbegynid Epljup dwdwbwly b pupdp okpdwunpgwtiibp (Tw): Uju-
yhuh phdhdubp skt ywhwigynmd bwlb tuwndwsph (A V/V) dkdugdwb hudwp,
npp fhwbghgih punmpjut dkbugdwt: ‘Ldwtwnhy hwdwdnyjusputph hudwp
guuljuih E pnugdw tyunulnyg nmwup dowljuwt tnutwljubph Yhpwnnudp, his-
whuht E ophtimy, nup wpunwdnnudp ((puinpnighwiy): Muntdbwuhpyly L wwp wp-
nuwdnuut qnpépipwgn, nph ghypnid dudjjuspubph twptwljut Swlnnlkun-
pintup (15...35%) gnpstwjuunid sh wqnb] nwp wpnwdngws wdnpubiph Jpetw-
Jui junnipjut Jpue: Uyn hul yundwnny wowewpljyny wkhuininghuwygh ghupnid
sh wuhwgynid pupdp ppnnipyudp dwdjwsputiph vnwgnid, nph hwdwp withpw-
dtiown L pupdn Lupnidukin:

Ul. 2-mud gnig E wipgws Mo-h pupjujusnmipjuis uljutughpp IIC-H18K10M5Re
thnobynnuuunid, npp unwgyl) k T = 1100°C 9kpdwunhdwtnid tw = 24 mlin-
nmipjudp knwluwnidny: Pusybu Epinwd | ujuphg, Mo-h puwpjujubnipiniip hw-
Juuwpuwswith b Ujuinbinhg Jupbih L wik] hbnbnipmiy, np Bnuudu ipqus nk-
dhdutph nhypnid wnwewplynn hwdwaniwsdph jurnigyusph dbwynpnidp hhu-
twwinud wjupuynud k, b gt upbh b Eupupyl] nup wpnudndui: Npybu
Enwljuydwit oyyinpdwy nhdhdubp pinpdty Bu' Ty, = 1100...1150°C, 74, =1,5...2,0 dunt

Ul 2. IIC-HI8K10M5Re dwiliijiph thnokunnuyunnnid Mo-p puppnjudnipyul uljwminughpp.
Tin=1100°C, Ttn=2 &

zhnwuqu hbnwgninmipnibttipt nigndus bu mwp wupnwdndut duadwuy

IIC-H18K10M5Re dmljuhoh Enwljuus thnpbuynnuuwnh jupniguspugnjugdu

ophttwswihnipjniuubph pugwhwjndwin: Zhdtwluu gnpénutkpp, npnup wqnnid

kb wpnudnuiwi gnpspipugh Ypw, htnlbyut ki apouodniwi gkpiuunhguip
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(Twpw, °C), mupwugdwt minnmpnip T, pogk), upnudndut gnpduljhgp (1),
uljqpuwfub Swljnnjunipniin (Bue) b dwdjuduyph Yntwljub whlpnmun (av, wuwm):

UoJws wupuwdbuptph ogunhdwjugnudt ppuljwiwgyt) k thopdh wiubw-
Unpuwt dkpnnubpny [12, 13]: Opybu Gpuyhtt yupuwdbup JEpgpdl) E wwp wp-
nuwdnyué hnobynnuuwnp dbugnpnuht Swnnljkunipniun (6uwg):

IIC-H18K10M5Re dwljuhoh Enwjujws thnpbuynnuunh wnwp wpunudnuub
oynhuw] nkdhdubpl punplnt bywwnwlny juwnwpyt) E hnpdwutdniptbph mwp
wpunwdnnud 950°C-hg Uhlish 1250°C gbpuwunhgwlughlt whpnypnd’ 50°C puyyni:
Nputu thopdwidniy Yipgyty ko 30 2/ ipudwgdnyg b h = 50 #// pupdpnipjudp
Swljnn kit gquutwljut wdnipubkp, npnig twpibwlwb Swlnnkunipniup pnpyty
E Ouya= 25%: Swpugdw gbpdwunhdwinid yyuwhdw mbinnnipniup 4ipgyty £ 0,5 &
wpnudnuwi gnpswlhgp A = 5, vugpulh Ynbwljul wiljub phpnipymip a= 55%
Snipwpwisinip nhypnid thnpdwplty b Epkp thnpdwidniy: Onpdbph wpngniup-
Ubpp Uhohtt pwpwbwljwing hwoqws, phpgus ki bl 3-md (1-h Ynp): Puswbu
Epunud £ ujuphg, mwp wpnudndut gbpdwunhdwuh pupdpugdwdp mbnh k
niuktnud dbwgnpuyhtt Swnnjkunipjut thnppugnid, npp 1150°C-md sh gbpw-
quignid 0,3%-n: Ujunthtnlb okipdwunhdwth hbnwqu pupdpugnidp gnpsuwljw-
und dbwgnpught Swljninkunipjut ypu mqntgnipmnit sh pnnunud. wyb dund k
hwunuwwnnii:

®npn £ nnup wpnudndui gkpdwunhdwinid ywhdwb nbnnnipjut wqpk-
gnipniup vtugnppughtt swjnnbinipjut ypu (0l 3, 2-pg Ynp): busybu gnyg
wnwhu thnpdtpp, 30 oy k& yuhdwb nbnnnipjut ghypnid dbwgnpyught swlnun-
Yhunipniup sh ghpuquitgnid 0,3%:

Uy E yuunlbpp nwp wpnwdndwi gnpswljghg duwgnpnuyghtt swljnunljbine-
pjut thnthnpunipjut juhijusnipjut nkypnid (1. 4): Puswybu tpunwd £ thnpdkph
wipyniupubphg, mup wpnudndut gnpswljgh dkswugdwdp nbnh Eniukunid duw-
gnpnuyjhtt swlnunkunipyut Yupniy wulnd, b Twpn=1150°C obpdwumnhdwuntd,
Epp A = 5, hulj as= 559, dbwgnpyuyhtt swinnkinipnitp unugynid £ 6:< 0,3 %
(uly. 4): Glubny yuunwpyuws thnpdkph wpyniupubphg npybu wp wpundndu
oupnpuiw gnpswlhg Yipgyt k4 =5:

Zhnwuqu hbnwgnunnipnitiibph pupugpnid ntunidbwuhpyl) Eu dawgnp-
nuhtt Swinnljkunipjut jupwbnipniup dudjusph uljqpwljui Swljninljk-
mppniiihg Guyg (Y. 5, 1-ht Ynp) b dwdjwdugph jnbwuh wiljub desnipimihg
au (4. 5, 2-p Ynp), withnthnju ponubim] wwp wpnudndub gkpiwunh&wbp
Tupn=1150°C; wpnudndu obpdwumpfwinid yuwhdwb nbnnnipmniip’ 7wpw=30
kb wpunudniwi gnpswhgp A = 5, wyuhiph nwp wpnwdnnudp Junwpyby b
ntunpyusé oyynhdw) nkdhdubpny:
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Upunwdndwl gipdwuwnhéwlnid wwhdwl inlnnnegniipn” Twpm, nhwyb
0 20 40 60 80 100 120

2 \“\
tY— . \"\ e

950 1000 1050 1100 1150 1200 1250
Swe wpunwdndwl obpdwuwnhwlp, °C

Ulwgnpnwjhl swynwnytunipinu® 64, %

Ul 3. Swp wpununlpyuws hwfnwgunpuunywdpbbph Jhugnppuyhl SwinunlEianippul
Jupnjudnijointip wpunmwdndwl obpduwumnpdwbpg (1 np). 6 wyq = 25%, Twpn = 30 pnuglk, A =5,
au=55% I wpununpwl pkplwumnpdwinud wuwhunfwi wlhnnnyeniihg (2 np).
Tupin=1150°C, B uyg = 25%, A=5, a= 557

6

[3,]

IS

w

N

Ulwgnpnwjhl dwynunytlnienlu’ 8u. %

|

0 2 4 6 8
Upwnwdndwl gnpdwyhg, A
Ul 4. Suip wpunundyyus hwpnuguinpuungudplbph diugnpnuyhl Swlnn-
GEhniprul jupnfuénipiniip wpnwdpuwl gnpduilighg. Tupe = 1150 °C, 6 uyq = 25%,
Tuwpun = 30[11111_{17, a=559

ZEwnwgnuinipniubph wpyniopnud wupqyby  np mup wpunudndwi dw-
dwtwl dwdJusph uljqpiwjut swljnnikunipniup gnpstwjuunid sh wqnnid
dbwgnpnuyhtt Swjnnjtimpjut Jpw, hisp pugunpynid £ nwup wpnwudndub

478



wnwiudtwhwnlmpnibbpny, wjuhtipt Jupdwt nwl Swlnnyku dupdhtp Ynb-
nbjubpnid pnwtnd £ dhtgh whswlninljtt Jhgwly, hknn ujund £ hnuby, pisybu
hnd dwpuhuubpp [14]:

by JEpupkpmid k jntwjut wiljjub dkdmpjutp (uy. 5, Ynp 2), myw tpw
wqnlignipniup dbugnppuyht Swljnnbkunipjut Jpu tnyuybu thnpp b vuaghpt
uyl L, np wpnudpdut dudwtwl] wnknh b ntbbund jntwljut wiljjut jupqu-
Ynpnid wpunwdnynn knwnh hwpdhtt. wpyniupnid wiknh b ntikinud wljjut
thnthnjpunipinit b wpnwdndui Jupdwt thnppugnid [14]:

Uwdjwdwnh ynbwlwl wulynl® ayg, wuwn.
0 15 30 45 60 75 90

Ulwgnpnwjhl dwynwnytlunienil® 6., %

2

0\.&;“\1

10 15 20 25 30 35 40
Uwdidwdeh uygpliwlwl swynnybuncendu’ 8, %

—

IS

Ul. 5. Swip wpunuwdpyws hupnugunpuunyudpbbph Jhugnppuyhl SwlinunlEinyeyuwi
quwpnjuwénipiniap dwdjjudph ufqpinulmb Swinunlkinyemniapg (1 §np). Tupn = 1150 °C,
Tupn = 30 pogk, A = 5, a= 559, I dwdjudugh §nlnulpul whljub Jkdnipiniihg (2 fnp).
Tupin = 1150 9C, Twpin = 30 pnugls, 0 uyg = 25%, A= 5, a= 55

Pusytu b uvyyuwuynid Ep, wdkbwdbs wqnbgnipiniup dbugnpnughtt swljnun-
Yhunipjut ypu ponunud ki wpunuwdndui gkpdwunhdwin (Tupe) b wpunudnuut
gnpdujhgp (4), wyunthtnb hwenpymd Eu wpnwdnuiut gkpdwunhdwnid wuh-
dwl nbnnmipmiip (Twpe), twjpuyunpuundusph ujqpiuljut swlnnljiunipmniup
(Buwye) b dwdjuwduwynh Yntwjut wilniup (av): Gnpdupldu ndjujukph Jipne-
smpjui hhuwh Ypuw plumjply ki nwp wpnudniw hknbyu] qupudbnpkpp
551 <6, Tupw = 1150425 °C, Tupu= 0,5...1,0dwitf; Ouyq = 20...25 %, au=90...120°, npnup
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oyunhuw] ku b wmyywhnynid Eu mbswlnnkh jurnigyuspny thnobuynnuuwnubkph
unwgniup nt pupdp dbjupmthjuljwb hwnlnipniuubpp:

Swp wpunwdnuudp uvnwugdus twpuywnpuunyusputpp 820+20°C obipu-
wunhdwind Ukl dw/ yuhdwt mbnnnipjudp ppénidhg htnn Gupwpldb B
Ukuwthjwlulb dowldwl, wjinthbnl’ dudwi b skpugdwb:

Uwpuntiuuhnuwhtt skpugnn wnnuuwnubph okpduyght dpwlnudp tkpunnid
E ynpuyuunh nupugnid ¢ - y hnjuuljipynipjut oskpdwunhfuhg punpdp, wyu-
hmd wyny obpUwunhgumimud’ dhish wmunbihnugdwi qnpspipugh wjwpunp,
Upunid onnid Yud 9pnid b Skpugnid:

Zudbduinus wswshught wnpuunibkph htn' ddwh hwdup uunkgdub
wpugnipmniut wyu nhypnid Juplnp nbp sh pwnnud: buswytu uoyky k, wuwpu
tpwlhg, pk hiy wmpugnipjudp t hpwljwbwugynid vunkgnudp, Jepotwlju duqp
dwpunblupnt E: Untunbkuhnwghtt junnigqusph vnugdwt dudwbtwl] wknh &
niukunud hwnhlubph ws: Ujnp yqundwnny wpug uunkgdut dudwbtuly (opnid)
JEpupnipnugdut wpymbpnid (y = @) dwquyhtt dwipwhwnhlnipmniup 4b-
pulubgin]md t: Uymu Ynnuhg sbpdudpwljtub qnpdplipugp pupyubnd b, npnd-
htwnl Ni-p juynitwugunud £y dwqp (U), nph htnmbwipny U-U mhpnypnid wnw-
owtinid E obipdwunhdwbiuwghtt hhunbpbqhu (. 6):

T,°C
593 | R
2
o
1
371
¥
w)
Yo
149
\<
2
-73
Fe 10 20 Ni, {2. %

Ul 6. Ushuudhl swupniiulng Epluyplplbjughl hunfwdnyjudphkph thnpnulbpuynipjui
phugpunip. w - vwnkgni, p - nmwpwgnid, 1 - hnpnulEpynipiniip junnwpdly F 10%-n14d,
2 - thnpnuEpwynieiniip Gunnwipyky E 90%-nid
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Pusybu Eptnud | tjuphg, Fe-Ni hmdwdniguspnid Ni-h wupnitwlnipjub
Ukswgdudp U-U thnjuwlpynipniup mknuhnynid £ gusp obpdwunplwiiw-
1ht mhpnype: Upn hul] yuwndwnny Ni—p ipgynd | wytiyghuh pwbwynipjudp, np
wywhnyyh wnwykjugnyu hhunbptqhuh unwugndp (=15% Ni): dEpghtiu wuw-
hnyniud E dptgh pupdp obpdwunhdmbught mupugdwt dudwbwly dupntuup-
wnujhtt jurnigyusph ywhywinidp: Uw pnyyp L wwjhu ntuwthl] U-»U hwlju-
nupd thnjuwljipynipniihg, nph nhwypnd jpugunyh stpugdwut obpdwunhgu-
und ghuytipu upspugdwb gnpdpipugn: Uujuyt hwdwadniyjuspnid Ni-h Ynti-
ghunnpughuwyh wykjwgnidp hwigkgunud E dbwgnpnuyght wntunbkuhnh putwlynt-
prut Ukdwgdwi, nph hbnbwupny dwpnbiuhnwihtt thnjuwljipynipniup jupng
E hpuwiwgdt] Uhwt puguuwlub shpduunhfutbpnd’ dhish -73°C Uy huly
yuwndwnny dwpnkluhiuwhi Skpugnn ynnuuwntbkpnid Ni-h oyyuinhuw) yupnt-
twlnipniup hwdwpynud k 16...19%, nph dudwbwl] dbwgnpnujhtt wntunkhwnp
pubwlmpinibp sh gipuquiigmy 7...9%: Uhugnprughtt wniunkithnh ifugqbgnudp
dhlsl thnppugnyt pwbhwlmpinil, Jupudws b twb (kghpnn muppkph Juqlhg
(Co, Mo, Re i uyjj):

Uwpunbiupnughtl kpugnn wnnuunbtph, wyn pynd’ thnpbwynquunibkph
wdpugnudp Jupuduws sk dhudwtt gnpdpipuighg, ntunh wjtyhuh hwuljwugnipmnii-
ubip, hivyhuhp tu «lubjhnipmiup» b hwdjubnipniup», htsybu tub «wshiwstw-
qpinudp», wyunkn Yhpwntjh skt b hwnndy bo wshwstughtt ynnuwwnkpht: 4k-
puinud £ tul wpnunpuntuwlubph suhwpbpdwi hwipgp, hswybu twb npubg k-
huwthjuljut Upwynidp, pmtth np skpugdwi skipuplyus dupntiuhnp yjuunhy
E, wyuhtiptt «thuthnily b» b htiown Gupuplynud L dbjpwthjulub dyuldwi:

busytiu wipnkt uoyky L, djujus «thuthnilp dwpnbkiuhnh jupdpnipniun sh
ghipuquignud HRC35 dhwynpp: Uwpunbiuhnwghtt Skpugnn wnnuuwntbph, wyy
pynd’ thnobynnuuntbph wipugndt hpulwbwind b skpugdui dudwbuy
qtphwgkgus @ whin isnyph (U) ghuytpu npnhdwb wpmynibpmyd’ NisMo, NisRe,
NiRe, FeRe, FexMo 1 w1, hinbkpdbnunuljut $wuqbph wigwwnniuny:

Uhnidhg hknn dwpnbuuhnh skpugnidt hpmjubwgyt) £ 350...650°C
obpdwunhfwbwhtt nhpnypend, nph wpyniupnid hnobuynnuunh wdpnipniup
hwuty 3500 U442 b wybih, huy upspnipynitp dhish 60...63HRC:

Uwpukbuhnughtt skpugnn wnnquunbpmd, wyn pymd’ thnobuynnuyun-
ubipnud, Ni-p ppujutiuginid | dwpnbktuvhnught (y - a) hnpowljipynipjut gnps-
pupwgp, npp Juuwpynd E wwhph, wjuhtipt wunhdnighnt dkjwithqund: Uju
twwuwnnud k (kghpnn wwppbph msdwup a-Fe-h by b, hbnbwpwp, wdpugunud
E wnnuuwnp' h hwohy NisMo, NisRe, NiRe, FeRe, Fe2Mo b wy] hutnbkpubinwunuljmi
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dwugkph wnwewgdwi: Co-p, hywyku b Ni-p, inybwku odwinulnud £ ynnuyunh
wdpugdwip, vwhdwbtwthwlbny a-Fe-nid (kghpnn wwppbph muskihnipiniup,
npuiny hull Ukdwgubiny Epypnpn dwgh swdujwyht dwup skpugdwt dudwbul:
Niuwnh Fe-Ni-Co-Mo-Re hwdwljupgnid «htinbpdbinunuljuis mupptp o hwdwp-
Ynud Mo-pn b Re-p, npnlig vhongny wtnh L nitbunmd dwpnbiuhnwght skpugnn
thnobuynnuuwnubph nhuybpu wdpugnidp: Uwpnbiuhnught Skpugnn ynnuuwn-
ubpnud jujugnyt wdpwgunng wwppbp o bwb Ti-p, Be-p b Al-p: Uwjuyt wyu
wnwppbpp, pupdpugubing o, 0 HRC, Junpnly Wugbgunid B ynnuunh, wyy pynid
thnobynquuunh wjuunhympniup (8, ¥) b dwsmghympiniup (KC) qupdiknyg
wynnuuup ny Jhpunkih Yphngkt wuydwbtbpnud: Mughpt wyb £ np Jupdpnipe-
jntup (60...63HRC) b wdpnipiniup (o= 3000 UL/A) Yupkh | htonnipyudp wuyw-
hnk] gusp b Uhoht (kghpyws Fe-C hhupny wynnuuwnikph phypmu’ hpunkng
ohpdudbuwthjulwt dpwlnid [15, 16]: Niunh pupdpugubing wdpuyhlt hwn-
Ynipniutitpn (o, HRC), h hwohy wjuwunhlnipjut (6, ) b dwsnighlnipju (KC),
owbwlnd k Jubjubk] dwupnkuuhnwht skpugnn thnpbynnuuwnttph ypwljnhl
bywwnwlwhwpdwpnipmniup, nph wpdbpp 5...25 wbqud pwil L ntunpnijghnt
wbunpjudp tpjup-wshuwstwght (Eghpjwsd ynnuuwnukphg:

Zupyh wntbnyg [17] wpuwwmwipnid pipdws wdjujukpp, hpuwiwgyl) &
hwdwhp dbknunugpuljut hbnnwgnunnipnit IIC-H18K10M5Re dwljuhoh dwp-
wnktuuhwnughtt Skpugnn hnpbynnuuunh obpduyghtt Upuljdw oyyinhduy nhdhdubph
puguwhujndwt iyuwnwlny: Twdjjusputinp yqunpuungl) ki guubwdl (d=30u/4,
h=50u/t/) ~25 % swuljnunjtunipjudp, wjunthtnl tpwluyt Eu Enwjujdw oyunh-
dw nhdhdubpnud (Te = 1100...11509C, Twe = 2 dwd)) b Gupwpll] vnwp wpunw-
Unuull Tupn = 1150°C, Tupn = 0,5 dunif; A = 5, aw= 55 Uwnug]us thnpdwbdnipbibpp
pRoYE] Eu wntunbhwnuwghtt mhpnyph obpdwumhfwunid (820+20°C), nphg htwn
Eupwuplyt) Judwb (uunkgnidp opnid) b skpugdwie

Ul. 7-nud (w, p, ¢, 1, &) gnyg £ mpywd ppoéyws IIC-H18K10M5Re thnybuyny-
yuunid Yndwynubunbbph puppudusnipniip tuniph bpujtuljut b jujtuub
Jupuspubpnid: buywytiu tpimd £ ujuphg, Fe, Ni, Co, Mo b Re mmwuppkph puip-
hunidp hwdwubn b, wyuhtipt hndngbiwgnidt wjupungws b: Uw hhdtwjub ww-
hwtipt £, npt wyywhnynud  pupdpwdnip Wyniptnh swhwgnpddwt hntuwhnipe-
jnttp, npnug pyht Bo wunljuind dwupnbiuhnughtt skpugnn ynnuuwntbpp, wyy
pUnd thnobwynnuunibpp: Zkig jupmgjusph hwlwubnnipniing tyupdwiw-
Ynpdws wyniptph $hghjudbjuwthjuljwi hwnlnipniuubph juyniunipniup:

YJunnigdwéspuyhtt hblnmugnunmpyniiibph dh dwup pEpdus k uy. 8, 9 b 10-mud:
Ppénidhg hknn Jurniguspp dhwdwq E (0. 8) b wmhwdbdwwn dwbpwhuwwn:
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Uwpwukuuhwup, npp unugyl] E dudwt dudwbwly (Wl 9), sniith npnpwljh junrnig-
Juwép b tdwt E mijurnigqusp dupnktuhwnpl:

Uly. 7. IIC-H18K10M5Re hnpbwynnuunnnid Inidynbbinnbbph pusfujuénipiniiip ppénidphg
hbwun. w - Fe, p— Ni, ¢ — Co,  — Mo, & — Re

Ul. 8. IIC-H18K10M5Re wnnujuinp Ul 9. IIC-HI8K10M5Re wnnuuinp
Uhipnljunnigywdpn ppénidhg hkun Uplpnlunnigywdpp dpiniilhg hkuin
(x 250) (x 600)

POM-200 dwljthph LiEjwnpnuughtt dwbipunhnwlny tjupwhwigty Eu dhe-
UEnunujub dwuthfubpp, npnup whowwnygk) kb shpugdwub dudwbwy (uly. 10):
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Uwuthljukpp Ynhbpkin juwyws i dugpuyh htan, hul) iputg suthtpn (0,01...0,12/4)
hudwywnuupwind Bu wyt dwutthubkph Yphnhjuub swihbphl, npnup wyw-
hnynid Eu nhuybpu wdpwugnid [18]:

Ul 10. Okpugdwl dudwiul wipwnyws dhodbnunulub dwuahakph
Uphpnlunnigywdpp (x 25000)

Uwutthljutiph swjuuyhtt wupnitbwlnipmiip jujudws k kghpnn nwupptph
pwibilhg, hul] dwubhlubph swihbpp b dip’ skpugdwi obpdwunhguithg b nbin-
nnipjntihg: Upwig wqnbkgnipjub ] mbnh i mubunid dwuthyubph wd b Ynw-
gnijjughw, npnup hwtgkgunmd tu gipstpugdwl, husp Epbnud E uly. 10-nud: Uhe-
dbwnwnubpp wigwnymd ki ny vhuyt hwnplhh vwhdwitbpnid, wy) twl hwnhlh
Swunuu:

NEungkiyut wtwhgh dhongny npnoyky B duqtipp b gmugkph wuwpwdbn-
ntpp: dwgh dbwdnpnudp hhdtwjuimid hpujuwwind £ Fe-Ni Jhd&wljh nhugpudh
hwiwdwji' Co-h, Mo-h t Re-h dwuliulygnipyudp: TIC-H18K10M5Re dpujw thnok-
wnnuunh guiigh wupudtnpp ' a = 0,28674 & huly skpugnidhg htann' a = 0,28603 &/
(Tstp = 450°C, Totp = 5dwdd): Suigh yupwdbnph wwgnudp wknh E niubunud dwp-
nktuhwnh npnhdwi wpymipmd h hwohy NisMo, NisRe, NiRe, FeRe, Fe2Mo uhguh-
nunulub buqph wpwowgdw: Uju dhpdbwnwnubph jpugnighs ntunidawuh-
nnudp gnyg k muhu, np upwbp hpujutnid dwuwdp (Eghpwé Bu b ukplujwg-
unwd ki (Fe, Ni, Co, Re)2Mo l (Ni, Fe, Co, Re)sMo mnhujh Uhwugnipniuibin:

I1C-H18K10M5Re duljthoh dwpwnbkiupinuyght skpugnn thnobuynnuuwnh wd-
nnipniup npnoyby | pun phthwljut pununpnipiut b stpugdwt ntidhdubph [8, 91:
Onotynnuuinh phuhwljw pununpnipniit pnpdby £ wybybu, np 20°C obp-
dwunhgduind sdbw dbwgnpnuyhtt wntunbuhwn: bus Jepupkpnid | djudwt nhdhd-
ubkpht, wyw npuitp npnohs sk b yepgyty Eu 820...8509C, npp puduipuipnid £ oujinh-
dw dbjuwtihjuljut hunlnipiniitph vinuugnudp Teen = 480...520°C, tstn = 2...4 dun/
nkdhdutipny stpwgnidhg htwnn: Pusybu woydly L, dudwl obpdwunhgwh pupd-
pugnudp bywwnwlwhwpdwp sk, pwth np wjt juwyyws £ hwnhyh wsh b ququ-
hwgbkguwb htwn:
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Unnruwlynud pipdws Eu IIC-H18K10M5Re dwljuhoh dwpnkuuhwnuwght skpw-
gn1 thnpbuynnuuwunh b H18K10M5T dwljihoh unmtnupwn dwpnkiuhwnwht skpw-
gnn wnnuuwnh dkjpwtthfulwi hwnlnmpmnibbbpp: Cun nponud, HI8K10M5T dwly-
uhoh ynnuuwnp dwupnbkiuhnughtt skpugnn ynnuuwnubkph punwithpmd hwdwp-
Unud t puquyhl b pinphpy hp pupdp hwnlnipnibtph niith wdbbwdbs Yhpw-
pnipniip: Uju ynnuuwnh hhdwb pu b hpujuiwgyty Eu IIC-H18K10M5Re dwlj-
uhoh thnpbynnuuwh punnpnidp b Upwlnidp:

Unyniuwml
Uwpunbbhupunuyhl Skpugnn wnpwunnbbph hunnlnipinibbbpn
Nnnuuwnh 002 | g4 § | P KC, Owlnpnipinil
dwljuhop UuAP % Qul
TIC-H18K10M5Re: HRC =55 -58,
- wpuudnyus, 2000...2150 | 2300... 2460 7.8 45..50 | 35..40 |Tupmu=820+20°C,
Awpn = 4 Tupmu = 1,5 dwil;

Tstp = 400+10°C,
- wpuudnyus, 2180...2240 |2480... 2550 10..12 | 51..57 | 86..92 |7stp=12 durf
Aulpm =6

H18K10M5T 1800...2000 | 1900... 2100 8..10 | 45..55 | 40..60 |Ti=0,6...0,8%,
[21] Tstp = 480-500C;
Totp = 3 duil:
Tvwnuniljubip:

C <0,03%,

S <0,01%,

P <0,01%,

Mn < 0,1%,
S1<0,1%

Zunlnipniuubph hwdbdwwnnidp gnyg L nwihu, np wdpnipyudp (co2, 09) b
wyuunhnmpjudp (4, ¥, KC) IIC-H18K10M5Re thnpbwynnuuwp ghipuquignid k
H18K10M5T unnwunupwn ynnuyuwnhl: busybu pnid £ wnmniuwljhg, mup wp-
nwdnnidp, pp Awpe = 4, sh wmywhnynud thnpnt dwubthjubph dhwgnud, b unnwug-
Jnud k ~0,5% uwhdwibpnid dbwgnpyuyhtt swjnunjkunipmit (nly. 4): Zkug upw-
uny k puguunpynud £ hnpbuynnuyunh hwnljnipniukph pupdpugnidp dupw= 6
hunjuybu hwupjwsuwyhtt dwénighnipjut (KC = 86...92 /i) nhypnudl: U
Jyuynud £ dwpnbkiuhnught $kpugnn ynnuuunubph pupdp qquytnipniup fu-
nmgywspuyghtt wpunbph tjundwdp: UL wnwbdtwhwnynipnit bu. H18K10M5T
wnnuuup wupnibuynd E 0,6...0,8% Ti, nph dquut wdpmpjub uwhdwbp
(o4=1900...2100 U/1A wykih gudp b, pwt [IC-H18K10M5Re thnpbwynnuunhup
(o4=2480...2550 UL/1A): Um pugunpymid E ipwing, np thnpbynnuuwnh dkpw-

485



gnult hpuwbwgyty E gusp obpdwunhdwtiibpnid (Tetp = 400°C) b pljup wnbinnni-
pyadp (tetp= 12 dwd), wjuhpl dwutthlubph wigwwnnidt wybkih ghuytpu £ ot hw-
Juuwpuswih, b hknbwpwp pupdp ki ipu wdpmpmniab ne jupspmpgmip (HRC =
=55...58): H18K10M5T dwljthoh unnwiinupwn ynnuyuwnh skpugnidp tnybuybu w-
nbih E hpujuwgub) 400°C 0 gudp okpdwunh&wtiunbpnid, vwljuy nhuybpu Jups-
nugnudp jupgbjuljygh Ti-h wnjuynipjut yqundwnny, npp pinjuynpnid £ nhpne-
qhnt gnpépupwugubpp: Fugh Ti-hg, wpghjulng nwwuppbp B b Al, Cr b uyie: Uy
yuwndwnny wpyntbwpbpujut dwpnbtuhnught skpugnn wnnuuuunubph Stpug-
dwt obpdwunhfuup hwutinud E dhigh 600...6509C[19-21]: Ujy ohpdwunhfuinud
wntinh E ntubinud dhodbnunuljut ugbph wg b nwgnijhughw, wjuhipt thwdw-
Uwlwly plpwinid ko hwljunhp gnpéplpugitp’ wdpugnid b poijugnid, hsp buljw-
unpku ijuqtginud £ dwpnbiuhnught skpugnn ynnuuwnubph hanynpmnibaubpn:

IIC-H18K10M5Re dwljuhoh dmipinktuhinughtt Skpwugnn thnobwnnuunh pupdp
hwwnlnipniuttpp yuydwbwynpjws tu ny vhuyt itpw phthujut dwppnipjudp
(punn jpwuntnijutph) b jurnigquspughtt hwdwubonpyudp, wy) twl wpnudndut
gnpépupwugny, nph dwdwbwl wnbknh ki ntukintd hwnpljutiph dwiipugmd b wdpnne
swjuyny hujuuwpwswth puppunid: Ywnwpdus hwdwihp hbnwgqnunipniiikpp
wpyniupnid dpwljyly) E dwpnbiuhnughtt skpugnn ynnuuunuhngnig wipiwn-
puunbuwlubph vnwgdw nkuininghw (. 11):

I1C-H18K10M5Re dwljthoh dwpunbuhinughte

Otpwgnn ywnnuwwwnwihn

Uwdimd
bnull%ul] nid
Swp wpnuinnud
Lpénud
Ukhwthlhwulwut dpwulnid
Otpwugnid
r hui[ wlnid
v
Nuwunpwunh wpnwnpuip

Ul 11. Uwpunkbupnughl Skpugng hnpbynpuunnibph b wpnuppunbuwulakph
uwnuglwl nkiininghw
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Upujwus nktninghwt tbpurnmd E dwdjjusputph dwdjdwl, tnwljwg-
dwl, mup wpnwdndut b obpduyhlt dowljdwb gnpéplpwugubpp: 8nyg L wpdws,
nn unnugyud hnokynnuunikpt hptug Shqhjuw-dbuwthjuljwi b wkjuuninghw-
Juwt hwnlnmpmniutbpny skt ghonud unwinupn wnnuuwnukpht, hull npny nhy-
pipnud gipuquiignid kb nputg:

Bqpuljugnipinii: Zknwgnuyty Bu IIC-H18K10M5Re dwiljuhoh dwipnkiiuhwn-
wyhtt skpugnn wnnuunuwthnonig yunpuungws swlijnunljy dudjuspubph tnw-
Juydwb, mup wpnudnuui b gbpdughtt dowljdwt gnpéppugubpn: Snyg b wnipdus,
nn nhkuhnudp, (huknyg sun wljnpy dbnwn b jméytyny Fe-Ni-Co-Mo hudwiljuipgnid,
wnwewgin k whiy ménypubp b nkihmuh dhoubinunuljui vhugm pyniubp
pupapugubiny thnobuynnuuunp wdpnipniup, upspnipiniup, hwpduduwght dw-
dnighlnipinilp, ohpdwljuyniimpiniup, Ynenqhwljuynitimpiniup b vwnbwpklnt-
unipjniup: Upyniupnid dpwljyby | pupdp dhqhju-dkuwbhjuljut hwnlnipmiu-
ubkpny odnjus dwpnkuhwnuyghtt skpugnn thnpbunnqujunh uvnugdw nktninghw:
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C.I'. ATBAJISIH, I'.A. BACWJISIH, B.A. CHUMOHSH

UCCJIEJOBAHME MMPOIIECCOB I'OPSTYEN DKCTPY3UU U
TEPMOOBPABOTKH NOPUCTBIX NIPECCOBOK, N3IOTOBJIEHHBIX U3
MAPTEHCUTHO-CTAPEIOIIUX CTAJIBHBIX NOPOIIKOB MAPKH
IIC-H18K10M5Re

Co3zaaHue OPOIIKOBEIX KOMIIO3HIIMOHHBIX MaTePHAJIOB C BBICOKMMH (DYHKIIMOHAIIb-
HBIMH CBOMCTBaMH, TaKHX KaK ITOPOIIKH MapTEHCHTHO-CTAPCIOLINX CTajel, yCTOHYMBEIE K
XPYIKOMY paspyLICHHIO IIPH OTPHLATEIBHBIX TeMIIepaTypax, sBJSETCS OIHUM M3 IPHOPHU-
TETHBIX HAPaBJICHNH COBPEMEHHOTO MaTepHaIOBEACHHUSL. DTH CTaIM XOPOIIO ITOIIAI0TCS Me-
XaHW4eCcKoH 00paboTKe pe3aHueM, JIETKO J1e(popMHUpPYIOTCS M TTOABEPratoTcsl TePMUIECKOM 00-
pabortke.
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HcenenoBaHbl IpoLieccsl CrieKaHusl, FOpsTei SKCTPY3UH, TEPMOOOPAOOTKH U CTPYKTY-
pPUpPOBaHUSI MOPUCTHIX MPECCOBOK, CIPECCOBAHHBIX U3 MAPTEHCHTHO-CTAPEIOLIETO CTajb-
Horo nopomuka [IC-H18K10M5Re, nony4yeHHOro myTeM CUHTE3a CIOXKHBIX OKCUIOB. B pe-
3yJIbTaTe UCCIEOBaHUN pa3paboTaHa TEXHOJIOTHUs MOJMY4EHHs U3AENUN U3 MOPOIIKa Map-
TEHCUTHO-CTAPEIONIEH CTalH, BKJIIOYAOIIAsl IPOLIECCH IPECCOBAHUS IOPUCTOTO CTAILHOTO
MOPOILKA, CIIEKAaHUSI IPECCOBOK, TOpsUel SKCTPY3HU U TepMUYecKoi oOpaboTku. [TokazaHo,
YTO ITOJTy4YECHHBIE IOPOIIKOBBIE CTATIH IO CBOUM (PH3UKO-MEXaHUYECKHM U TEXHOJIOTHYECKUM
CBOHCTBaM HE YCTYNaIOT CTAHAAPTHBIM CTAJSIM, @ B PSIE CIIy4aeB J1ake MPEBOCXOAAT HX.

Kniouesvie cnoea: ctanbHON MOPOIIOK, IIPECCOBAHKE, CIICKaHHUE, TOpsYas SKCTPY3Hs,
MOPOIIKOBAs CTallb, OTXKHI, 3aKaJIKa, CTAPEHUE, MEIKO3EPHICTasi CTPYKTYpa, HHTEpMETal-
mgeckas gasa.

S.G. AGHBALYAN, G.A. VASILYAN, V.A. SIMONYAN

INVESTIGATING THE PROCESSES OF HOT EXTRUSION AND HEAT
TREATMENT OF POROUS PRESSED METAL MADE FROM MARTENSITE
AGING STEEL POWDERS OF THE IIC-H18K10M5Re TRADE

The creation of powder composite materials with high functional properties, such as
maraging steel powders resistant to brittle degradation at negative temperatures, is one of
the primary trends of modern material science. These steels are well machined by cutting,
easily deformed and subject to heat treatment.

The processes of sintering, hot extrusion, heat treatment, and structuring of porous
compacts pressed from the maraging PS-H18K10M5Re steel powder obtained by synthesizing
complex oxides have been studied. As a result of the research, a technology has been developed
for obtaining products from maraging steel powder, including the processes of pressing
porous steel powder, sintering compacts, hot extrusion and heat treatment. It is shown that
the resulting powder steels are not inferior to the standard ones in terms of their physical,
mechanical and technological properties, and in some cases even surpass them.

Keywords: steel powder, pressing, sintering, hot extrusion, powdered steel, annealing,
hardening, aging, fine grain structure, intermetallic phase.

489



























ISSN 0002-306X. U38. HAH PA u HITYA. Cep. TH. 2022. T. LXXYV, N4.

YK 621.313.323.072.1:681.51 SJIEKTPOTEXHUKA
DOI: 10.53297/0002306X-2022.v75.4-498

O.I'. TEBOPT SH, I1.A. HIUPUHSH, I'.C. KAPOsIH

AJITOPUTM U TIPOT'PAMMHOE OBECIIEYEHUE CUCTEMBI
UMITYJIbCHOTI'O YIIPABJIEHUSI CKOPOCTHIO CHHXPOHHBIX
NBUTATEJEN

[IpexcraBneHbl alrOpuT™M U MPOrPaMMHOE OOECHEYEHHE CHCTEMbI UMITYJIbCHOTO
YIPaBIECHUS CKOPOCTBIO CHHXPOHHBIX JBUTATENEH, pealn3yeMOd NOCPEICTBOM IMHUTAHUS
CTaTOPHOW OOMOTKHM HMMITYJIbCAMH TOKa HETOCPEICTBEHHO OT CETH 4Yepe3 THUPHUCTOPHBIN
KoMMyTatop. IMImynbchl Toka CHHXPOHHU3UPOBAHEI € MOJIOKEHUEM POTOPA U PETYIUPYEMBI
1o ¢aze u BesmumHe. [Toka3aHo, 4To crocod NMITYIbCHOTO YIpaBJIeHHs 00ecrieunuBaeT ooee
BBICOKHE YKOHOMHYECKHE M KAaUECTBEHHBIE XaPAKTEPUCTHKH 110 CPABHEHHIO C M3BECTHBIM
YaCTOTHBIM YIIPaBJICHUEM.

Kniouesvle cnosa: cxopoCTb CHHXPOHHOIO ABHUIATENsS, UMITYJIbCHOE YIIPABIECHHE, UM-
ITyJIbCBI TOKA CTaTOPa, JATUUK MOJIOKEHHUS POTOPA, PETYINPOBAHHE CKOPOCTH, MUKPOKOHT-
poJep.

Beenenue. Momusle cuaxponssie asurarenu (CJ]) HaxoAsT mMypoKoe MpH-
MEHEHHE B PA3JIMYHBIX 00JIACTSIX MPOMBIIIIIEHHOCTH. [Ipu 3TOM 10CTaTOYHO OCTPO
CTOUT Npo0iIeMa UX MIaBHOTO ITycKa M yIpaBJIeHH CKOPOCTHIO BpauieHus. B HacTos-
1iee BpeMs H3MEHEHUE U PETYIMPOBaHUE CKOpOCTH BpaieHus CJl BeIOTHIETCS Mmy-
TEM HX 4aCTOTHOTO YIPABJIEHUS C MCIIOJIb30BAaHUEM CIHEIHATIBHBIX PETYIUPYEMBIX
TUPUCTOPHBIX TpeobpazoBateneil yactoTel (TIIY) u HanpspKeHUs, pacCUUTaHHBIX
Ha MOIIHOCTH aBurarens [1]. laHHble ycTpoHCTBa MO CBOMM MaccOra0apUTHBIM,
MaTeprano3aTpaTHbIM U CTOMMOCTHBIM XapaKTepUCTHKaM COU3MEPHUMBI C ABUraTe-
JIeM, a MHOTJa U PEBOCXO/AT TaKOBBIE. DTO MPAKTUUECKH UCKITIOYAET CaMy BO3MOXK-
HocTh perynupoBanusi ckopoctu CJI mocpeactsom TIIY, ocoOeHHO AJsI MOIIHBIX
CH (momHocThIO TIOpsaka 1...20 MBm), B To BpeMsl KaKk UMEHHO ISl TIOCJIEAHUX
3ajjaya peryJupoOBaHMsl CKOPOCTH, B TOM YHCIE UX HaJEKHOTO Iycka, Haubolee
aKTyaJbHa.

ITocTanoBKa 3a3a4u U MeTOAbI HccIeq0BaHusA. Pa3paboTan NPUHIMINAIBHO
HOBBIH cIT0CO0 UMITYJILCHOTO YIIpaBieHus: ckopocTbio CJI, KoTophlii oOecneunBaet
UX IUIaBHBIM yIpaBIsieMblid IyCK U U3MEHEHHE CKOPOCTH MPU MUTAHUU HETOCPE-
CTBEHHO OT CETH IIEPEMEHHOI0 TOKa MPAKTUYECKU 0e3 Meperpy3Ku MallluHbl U CETH
[2,3].

MaccoraGapuTsl 1 CTOUMOCTb 000PYIOBaHHUS UMITYJIECHOTO ITyCKa B HECKOJIBKO
pa3 MEHbIIIE, YeM JJIsl U3BECTHBIX YCTPOUCTB YaCTOTHOTO MyCKa.
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NMmnynecHOE yIpaBlieHHE CKOPOCThIO CHUHXPOHHON MAlIMHBI BBIOJIHIETCS
1o cxeme puc.l. C IOMOIIBIO CUTHAJIOB JaTYMKa IOJIOKEHHUS POTOPa BKIFOUAIOTCS
TUPHUCTOPBI COOTBETCTBYIOLIEW TIpPYNINbl TUPUCTOPHOTO KOMMYyTaTopa (aHOAHOM
WIN KaTOTHON) TaK, YTOOBI MPOTEKAIOINK WMITYJIbC TOKA JAAHHOTO HaIpaBJICHUS
CO3/1aBaJl TOJIOKUTENIBHBIN Bpalaronii MoMeHT. OTHMUPAIONIUe UMITYJIbCHI TO-
JAIOTCsl Ha TUPUCTOPHI B OIpeelICHHbIE MOMEHTHI BPEMEHH C OIpelesieHHOH (a-
3011 — yrioM ympasiueHus a. [1o 3aBepuieHnn UMITyIbca TOKa, KOTAa TOK JOCTHUTaeT
HYJIEBOTO 3HAYEHHS, THPUCTOP €CTECTBEHHBIM 00pa3oM 3amHpaeTCs.

ANTOPUTMHYECKH MCKITIOYAETCS IIPOXOXKACHNE TEX UMITYJIbCOB TOKa, KOTOPEIE,
[omnajas Ha CTBIK pa3pell€HHOr0 MHTEpBajia, CO3Jal0T OTPHULATENbHBIC CPEIHHUE
HUMITYJIbCHBIE MOMEHTBHI.

~ 50T
A B c
TK
C/I
‘—
TP MK fe— $¥
B,C
cv
(&)
cy

@&

Puc.1. Cxema umnynbcrozo nycka u ynpasienusi CKOpoCchvio CUHXPOHHO20 08U2aAMesi.
C/ — cunxponnulii osueamens, TK — mupucmopnuiii kommymamop, OHU — popmuposamens
umnynvcos, CY — cucmema ynpaenenus ¢pazamu, MK — muxpoxonmponneptnoe ynpasienue,

TP — 0amuyuxk nonoxcenust pomopa, B — 6o30youmens, fy — ycmanosnennas ckopocmo,

O - Y20Jl ynpaeneHusl, T — ONUMenbHOCHb umnyiieca mokxka

[Ipu ucnonp3oBaHMK B KadecTBe KomMMmyTaTopa Tpan3uctopoB IGBT wacts
VIMITYJIbCA, CO3JAIOIIEr0 OTPULATEIbHBIA MOMEHT BPALECHHUS, UCKIIIOYAETCS CHATUEM
CUTHAJA yIPaBICHUS ¢ TPAH3UCTOPOB KOMMYTATOPA.
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PaccMoTpum mporiecchl 00pa3oBaHMsl UMITYJIBCHBIX TOKOB, CAMOBO30YKEHHS,
BpaIaOINX MOMEHTOB U PETYJIMPOBaHUs CKOPOCTH naBuratens (puc.2). B memw,
o0pa3zoBaHHOW (ha30i CETH, OTKPBITHIM THPUCTOPOM U (a30i OOMOTKH SKOpS Ma-
LIMHBI, JEHCTBYIOT Pa3HOCTh HampspkeHus ceT Us ¢ yIIoBOW YacTOTOH ceTH
(puc.2a) u Hanpspkenue npotuBo-3C mamuubel Uy ¢ YIIIOBOM yacTOTON Bparle-
HUA wp (pUC.20).

Curnanamu aT4MKa MOJIOXKEHHS poTopa (PHUC.2B) BKIIOYAIOTCA TUPHUCTOPHI
COOTBETCTBYIOIIEH IPyIIbI THPHCTOPHOTO KOMMYTATOpa (AHOAHOW MM KaTOJHOM)
TaK, YTOObI UMITYJIbC TAHHOTO HAIPABJICHUS CO3/aBal MMOJIOKUTEIBHBIN BpaIatoNInii
MOMEHT. OTNHpPAOLINe HUMIIYJIbChl TUPUCTOPOB MOAAIOTCS B ONPEACICHHBIC MO-
MEHTBI BPEMEHHU C OMpeaeseHHONW (ha30if — yrioM YNpaBlIEHUS ¢ OTHOCHUTENIBHO
HyJieBo# (a3l HanpspkeHus ceTd Us. B MOMEHT mojaun OTIHPAaroLero NMITyjbca
MIPU TIOJIOKHUTEIBHOM aHOJHOM HANpsDKEHHH TUPUCTOP OTKPHIBACTCS, W B ILIEMH
mpoTekaeT ToK. I10CKkoNbKy B yKa3aHHOM KOHTYpE IEHCTBYeT ImepeMEeHHOEe Hampsi-
KCHUE — Pa3HOCTh HANPSDKEHUsI CeTH B MPpoTHBO-2/]C MalvHbI, a THPUCTOP MOTY-
YaeT eIUHWYHBIM OTIHPAIOIMNA HMITYyJIbC, TO TOK UMEET MMITYJIbCHBIH XapakTep
(puc.2r).

Tok B KOHTYpE, IPOTEKasi B MOMEHT BPEMEHH fy7, JOCTUTAaeT MaKCUMAaJIbHOTO
3HA4YEHUS] B MOMEHT BPEMEHH 7y, KOTJa HANPSHKEHUE B KOHTYPE MPOXOAUT HYJIEBOE
3HA4YEeHUE, U CTAaHOBUTCS PaBHBIM HYJIO B MOMEHT BPEMEHH fg, KOrJa CpeiHee
UHTErpalibHOE HaNpsDKCHUE B KOHTYpE HA MHTEpBAJIC CYIIECCTBOBAHUS HMITYJIbCA
CTaHOBUTCS PaBHBIM HYJIIO, T.€. KOTAa BBIIIOJHSETCS YCIIOBHE

ty

W v, d =0 Wi j(US—UM)dt=j(Us—UM)dt.(1)

B MomeHT BpeMeHH fx, KOTJa TOK UMITYJIbCa JOCTUTACT HYJIEBOTO 3HAUCHHSI,
MIPOUCXOAUT €CTECTBEHHAS KOMMYTAIUSI TAPUCTOPA (TUPUCTOP 3aITUPACTCS).

BripaxkeHne uMIryibca Toka B 0OMOTKE CTaTopa OIPEAENIeTCS PEIIeHuEM
¢ GepeHITMATBHOTO YPABHEHHUS TPOIIECCOB B KOHTYPE U UMEET BUJ [4]

] 1
is(t) =L—I[Ussinwi + Uy sin( ot +7y,)dt, 2
S a
rae Us, Uy — ammnutyna HanpsbkeHus cetd ¥ npoTuBo-2J1C nBurarens; Ls — UH-
TyKTAUBHOCTH OOMOTKH CTaTOpa; 0. — yTroJ YIPaBICHUS; Yy - HAUaJIbHOE TIOJI0KECHUE
poropa.

IIpu OTKPHITOM COCTOSIHUU THPHUCTOPA TUPHUCTOPHOTO KOMMYyTaTopa, KOria Io
00MOTKE CTaTOpa MPOTEKalOT MMITYJILCHBIE TOKH, HANPsKEHHE CETH, MPHIIOKEHHOE
K 0OMOTKE cTaropa, TpaHchopMUpyeTcsl B 0OMOTKY BO30YKAEHHs poTopa (puc.2).
Hanpspkenne Ha 00MOTKe BO30YKICHHS OTPEACIISETCS BRIpAKEHIEM
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UL ()= KU =U, )eos (0! ®

rae K — xoaddunuent tpanchopmarmu Hampspkermss Us 0OMOTKH cTaTopa B
00MOTKY pOTOpa; (1) - TEKyIIlee yTI0BOE MOJIOKECHHIE POTOPA.

DT0 UMITYyJIBLCHOE HAMPSDKEHUE CO3MaET B 0OMOTKE BO30YKICHUS UMIYJIIbChI
ToKa (puc.2e):

. 1%
(1) = L_b j U,)dt » (4)

rae Ly - "HIYKTUBHOCTh OOMOTKH BO30YXK/ICHUSI.

Us AWA \ W f AN ANFANY ANFE.
v VWV VW

L W N NN

Puc.2. Jluacpammul npoyeccos npu uMnyibCHOM YRPAGIEHUU.!

a - nanpsoicenue cemu, 6 — npomugo-I/{C dsueamens, 8 - CUSHAL OAMYUKA NOTONHCEHUS
pomopa, 2 - HanpsICeHue KOKMypa u moxk 8 00MomKe iKopsl, O - HANPANCeHUe, HageOEHHoe
6 00MOMKY 8030VHCOeHUs, € - MOK 8 0OMOMKe 8030YHCOCHUS, HC - MOMEHM 8PAUeHUS,

3 - CKOpocmb 6paujenus

Ha mMexxuMmynsCHOM WHTEpBaJIe, KOTJa 3aKPBITH THPUCTOPHI THPHUCTOPHOTO
KOMMYTAaTOpa W OTCYTCTBYIOT HalpsOKEHHUS Ha OOMOTKax CcTaTopa M poTopa, TOK B
00MOTKE BO30YXKICHIUS 3aTyXaeT B COOTBETCTBUH C TIOCTOSTHHON BPEeMEHH OOMOTKHU
BO30Y>KIEHHS — OHA JOCTATOYHO BEJIMKA, TIO3TOMY 3aTyXaHHe He3HAUUTENbHO. KaxIbrit
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MOCJICAYIOIIHI UMITYJIbC TOKAa HAYMHAETCSA U HapacTaeT ¢ TEKYIEro 3HaYCHUs TOKa
B030YxIeHus. TakuM 00pa3oM, MPU UMITYJIECHOM YTIPABICHHUH B IBUTATENC BOSHUKACT
Y TIOJIZICPKMBACTCS TIOCTOSIHHBIH 110 HAIIPABJICHUIO TOK CAMOBO30YKICHUS, TPHUEM
0e3 HCIOIb30BAHUS BHEIIHUX YCTPOMCTB BO30YKICHHUs, 0oOecCreunBas CO3IaHHC
BpaIIaloNnIero MOMEHTA.

Hmnynbe Toka, MPOTEKAONIEro B 00MOTKE CTATOPa, B3aMMOJICHCTBYSI ¢ HM-
MyJILCOM TOKa BO30YKAEHUS B OOMOTKE BO30YKACHUS, CO3IaET MMITYJIbC BpaIalo-
Iero MOMeHTa (pUC.2XK):

M(@) = Ciy(i,(0sin (1) 5)
rae C - KOHCTPYKTHBHAs MOCTOSHHAS MAIIUHBL; I (t)- ($yHKUUS UMIyJIbca TOKa B

obmotke crartopa (2); i, (t)- (hyHKIHSI UMITyJIbca TOKa B 0OMOTKE pOTOpa; 7/(t) —
YTJI0BOE TOJIOKEHHE POTOPA, BEIPAKEHHOE YIJIOM ¥ MEXKAY OChIO TONI0Ca HHAYK-

TOpa U MJIOCKOCTBIO 3KBUBAJICHTHOI'O BUTKA 00MOTKH SAKOPHL.

Ka)K,Z[BIﬁ HMITYJIbC Bpallatomero MOMEHTa CcO31aéT HUMITYJIBCHOC YCKOPCHUC
poTopa, BCJICACTBUEC YEIr0 HAa MHTCPBAJIC CYIIECTBOBAHUA UMITYJIbCa CKOPOCTH Bpa-
IICHUS POTOPa YBECIININBACTCA U ONPCACIISICTCA BBIPAXKCHUEM

o ,0) = §T[M(z) - M )] dt ©)

rae J — MOMEHT HHEPIMH poTopa; Mc(?) — MOMEHT COITPOTHBIICHUS HATPY3KH.

[MTapameTps! UMITYICOB TOKOB ((ha3a, MIMpHHA, TUIONIA/b) YCTAHABIMBAIOTCS
TaKHMH, YTOOBI MOMEHT KOJIMYECTBA JIBFKEHHSI, COOOIIEHHOTO UMITYJILCOM BpaIlaro-
IIero MOMEHTa, ObUT OOJIBIIIE MOMEHTA TOPMOXKEHHS, CO3JAHHOTO Harpy3KOi Ha MEX-
HMITYJIbCHOM MHTEpBaJie. B 3ToM ciyyae ckopocTh BpalleHHs pOTOpa UMITYJIECHO-CTY-
NeHYaTo yBennuuBaercs (puc. 23). Eciam yka3aHHbIe MOMEHTBHI ypaBHOBECHTH, TO
CKOPOCTbH BpalleHus: OyIeT HEU3MEHHA.

V3meHeHneM yriia ynpaBieHHs MOXKHO PETYJIHMpPOBATh UINTEIBHOCTD, AMII-
JIUTYAY, JIOIIahb UMITYJILCOB TOKa B OOMOTKE SKOPSI M TOKa BO30YXKIIECHHS B POTOP-
HOM 0OMOTKE, COOTBETCTBEHHO BEJIMYMHY BPAIIAIOIIET0 MOMEHTA M CKOPOCTh Bpa-
meHus. ABTOMaTH4YecKas CTaOMInN3anusi ¥ I3MEHEHNEe CKOPOCTH BPAICHUS BBITIOI-
HSIIOTCS TIOJ] BO3JCHCTBUEM YyTJIa YIIPaBICHUS.

Baknoe 3HaYeHNE IIPU UMITYIHCHOM YIPABICHUH HMEIOT BEJIMYMHA KOIeba-
HUSL CKOPOCTH BpAalllEeHWs JBUTaTelNs, BBI3BAHHOM MyJbcalieldl Bpalaromero
MOMEHTa, U, COOTBETCTBEHHO, BO3MOKHOCTh pacyéra yKazaHHBIX Koiebanuil. Co
CTOPOHBI MOTPEOUTENEH 3a4acTy0 BBIABUTAIOTCS KECTKHE TPEOOBAHMSI 110 OIPaHMU-
YEeHHIO KOJEOaHMH CKOPOCTH BpAIIEHHs ABUTATEIS M MPUBOAMMOIO MEXaHH3Ma,
BIUIOTH 0 TpeOOBaHMS IMOJHOTO HCKIIOYEHHUS KojieOaHHH. DTO 0O0CTOSTEIHCTBO
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MOYKET BBIJIBUTAThCS MPOTHB CaMOH WIEU MMITYJILCHOTO yrpaplieHus. OQHAKO TH
TpeOOBaHMsI MPEACTABISIIOTCS HE BIIOJIHE OOOCHOBAaHHBIMU M HE CTOJNb MPHUHIH-
NUalbHO BaXHbIMHU. CKa3aHHOE BBIIIE MOXKET OBITH 00OCHOBaHO cienyroumM. B
Ka4ecTBE NPUBOAHBIX JBHUIATENICH OONBIIOrO YMCiia MEXaHU3MOB U arperaToB B TEX-
HUKE IIUPOKO MCIIONB3YIOTCS MOPIIHEBIEC IBUTATeNN BHyTpeHHEro cropanus. [loc-
JieHUE TI0 CBOEMY NPHHLMITY JEHCTBUS CO3MAI0T ITyJILCHPYIOIINIA BPALIAIOIINN MO-
MEHT, OZJHAKO ATO HE SBJISETCS MPETSTCTBUEM JUIS UX IIHPOKOTO UCTIONB30BAHUSI.

Ha puc. 3 a,6 npuBeneHs! paccuntanHble Ha Monenu (MatLab Simulink) xa-
PaKTEPUCTHUKHU pa3roHa W CTaOWIIM3ali CKOPOCTH CHHXPOHHOTO JBHUTATENs THUIIA
CT-800 moutHOoCcThIO 800 KBm npu UMIYJIECHOM YIPaBICHUU.

fo i f

80~ -
40f - L 140} ;

3o} 130)

a) 0)

Puc. 3. Xapaxmepucmuku pazeona u cmabunuzayuu cKOpocmu CUHXPOHHO20 08u2amens
muna CT[-800 mownocmoro 800 kBm: a - npu pasnuyHvIx yenax ynpasieHus, 6 - npu
PA3TUYHBIX MOMEHINAX UHEPYUL POTNOPA

OOBSICHSETCS 9TO TEM, YTO, C OJJHOW CTOPOHBI, BPAI[AIOIINECS MaXOBbIe MaCChI
arperara B ONpeNesIEHHON CTENEeHH CIIIaXHUBAIOT MyJIbCALIMM MOMEHTa M CKOPOCTH
BpaIIEHHs]; C IPYTOil CTOPOHBI - 3TO KOCBEHHO MOATBEPXKIAET HEKPHTHYHOCTH 3TOTO
TpeOoBaHMs. BakHOH sABNseTcs yacToTa MyJbCALMM — BBICOKAsl 4acTOTa BBIPOXK-
JaeTcsi B BUOpauio (KOTOpasi He3aBUCHUMO OT ITYJIbCAIIMM MOMEHTA BCETlla HMEeT
MECTO B MEXaHMUYECKHUX MPHUBOJAX), HU3Kasl 4aCTOTa IIyJIbCAllUU IPUBOIUT K aBTO-
KoJIeOaHUSIM CKOpPOCTH, 4TO Oojee 3ameTHO. KopMme TOro, HenuHeWHas, MyJbCH-
pylolIas Harpy3Kka cama MpUBOAUT K KoJeOaHUAM MOMEHTa BPALIECHUS M CKOPOCTH,
U 3TO 0OCTOSITENHCTBO NMPUHUMAETCS KaK HEM30eKHOoe. DTO UMEET MECTO, HaIlpH-
Mep, B ANEKTPOMEXaHUIECKHUX MTPUBOAX MEJIBHUI Pa3MENbYeHUs Pyabl U T.A4. [5].

PesyabTaTthl uccaenoBanus. Cucrema ynpasienuss CJl peanm3oBaHa Ha
AVR mukpokoHTposuiepe Atmega8535 [6,7]. B cOOTBETCTBUU € BBIILICONUCAHHBIM
MPUHIIMIIOM W TIPUBEJICHHBIMU Ha pHC. 4 BpeMEHHBIMH JAHarpaMMaMi pa3paOoTaHbl
ITOPUTM U NIPOTPaMMHOE 00€CTIeYeHNE CUCTEMbl UMITYJIbCHOI'O YIPaBJICHHS CKO-
pocthio CJI, peann3yemMoii OCPEACTBOM MTUTAHUS CTATOPHON OOMOTKHM MMITYJIbCaMHU

TOKa HEMMOCPCACTBEHHO OT CETU Y€PC3 TPIpPICTOpHLIﬁ KOMMYTATop.
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Puc. 4. ﬂuazpaMMbl Hanpsscenusl cemu, CUCHAl06 OaMUUKA NOJIONCEHUS pomopa u CUcHAI08 UMNYI1bCHO2O YnpaeeHusl



AJropuTM IpOrpaMMBbl YIPaBICHUs IPUBEICH Ha pHC. 5.

[Tporpamma ynpaBieHus BBHIY €€ OOJIBIIOro 00beMa B CTaThe HE MIPUBOJHUTCS.
XKenaromme ¢ Hell  O3HAKOMHUTBCS  MOTYT  OOpaTUTbCS 1O  azupecy:
micro.user2020@yandex.com unu oleg.gevorgyan@polytechnic.am.

[pexncTaBieHHbIe aNrOPUTM U TIPOrpaMMHOE 00ecTIedeHHe JIENAI0T UMITYJIbC-
Hoe ynpasienue CJl 6omnee OBICTPOACHCTBYIOMMM U CTaOMIIBHBIM, YTO MOBBIIIAET
€ro HaJIeKHOCTb.

SD Control

Vrmupranmsags MK. TlepeoGbapienye B5IBOAOB OPTOB H PErHCTPOE.
Vnnupansangs STACK-a. Konduryprposanye nopros C, D.

¥
Viwumamsans Taiivepa T1. COpoc cuersuxa T1. Yeramoska
pexcuma CTC. Bapanwe yria o. Hacrpoiika BeiBogja  PORTDS #a
BerBoz; OCO raiimepa TO. Crom TO.

Onpoc xuonku START

Koppexuus o

Onpoc RPSB Onpoc RPSC
+ S~ + ¢ - -

I Ompoc SNTA I I Onpoc SNTA I I Onpoc SNTC I I Onpoc SNTC I

Het ﬂ ﬂ Het
Jla a a

it a
I 3anyck Timer0Q I I 3anyck TTimer0 I I 3anyck TTimer0 I I 3anyck Timer0 I I 3anyckTimer0 I I 3anyckTimer0 I

I Onpoc SNTB I I Onpoc SNTB I

I Boisoa Ha TKA I I BoiBoa Ha TRA I I Boisoz Ha TKB I I Boisoz Ha TRB I I Boisoa Ha TKC I I Boisoz Ha TRC I

Puc. 5. Brok-cxema aneopumma npocpammol ynpasieHusl.

Yenosuvie obosnauenusn: SNTA, SNTB, SNTC — cuenanvi cemesvix maiimepos gasz A, B, C;
RPSA, RPSB, RPSC — cuenanvt damuuxos nonooicenus pomopa gaz A, B, C;
TCA, TCB, TCC — kommymamopwr mupucmopos ¢as A, B, C

B crnenyrommx crathsx Oymer paccmorpeHo npumeHenue IGBT-tpan3ucto-
POB B CHUCTEMax YIpPaBIEHHs] CKOPOCThIO CHHXPOHHBIX JIBUTATENEN, YTO yIPOCTUT
CHCTEMY YTPABIICHUS B IIEJIOM U TIO3BOJIUT PEIIUTH TAaKHE 3a7avM, KaK, HallpuMep,
YMEHBIICHUE CUTHAJA JaTYMKA MOJIOXKEHUS POTOPA, U TEM CaMbIM UCKIIIOUUTH MPO-
XOXKICHNE OTPHUIIATEIHHBIX UMITYJIBCHBIX MOMEHTOB BpAIICHUS.
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BoiBoabI

1. Pa3paboTaHHBIC AJTOPUTM U MPOTPaMMHOE 00eCTieUeHNe SBIITIOTCS Y100-
HBIM amiapaToM JUIsS MCCIIECAOBAHUSI CUCTEMbI UMITYJILCHOTO YIPABJICHHUS CKOPOCTHEO
CUHXPOHHOTO JIBUTATEINSI C BEICOKOM CTENEHBIO a/IEKBATHOCTH.

2. TocpenctBom ummynscHOro yrpasienus C/l mpu nutaHuy ero Hermocpe-
CTBEHHO OT MPOMBIIIICHHON CETH BO3MOXXHO M3MEHEHHUE U PEryJIHpPOBaHUE CKO-
pOoCTH BpaleHws..

3. VHTEeHCHBHOCTh MyCKa M YCKOPSHHE JIBUTATENsl PETyJIUPYIOTCS MOCPE-
CTBOM yTJIa YIPAaBIEHHs U NTapaMeTpoB UMITYIbCOB. [Ipu aToM perynmupyercst kpart-
HOCTB ITYCKOBBIX U IICPEXOAHBIX TOKOB.
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UbLLrny curgh2uclh UMUaNkESUL PUNNRLUUSPL WUNUYUNUUL
20UUy4yurep ULENrpEUC 69 Oruarusru tnozndnruc

Ukpjuyugdws Eu uhippnt swpdhsubiph wpwugnipjut hdwyniuughtt junwdupdut
hwdwluwupgh wignphpup b Spugpuyhtt wywhnynidp: bdynijuuyhtt junwduwpnud ppw-
Ywlugynid E widhguybu guiighg whphunnpuht Yndnunwnnph dhengn] hnuwbiph hu-
wnyuikpny winwwnnpuyhtt hwpnyph utdwdp: Znuwbph hdwnyuubpp uhippnbugyus G
pnuinph ghpph htinn b jupwdupynud kb pun $wgh b juyunipjui: bdwyniuughtt junw-
Jupdwb tnutwlt wywhnynd t qquihnpbt wdbjh jud ntnbuwljut b npujujub punt-
pwqntp, pwt huynih hwdwhwljwbwht jurwupdwi phwpnud:

Unwbgpuyhl punkp. uhippnu owipdhsh wpwugnipni, hdwynijuughtt jurwdupnud,
unwwnnnph hnuwtiph hpdwyniyuubp, ennnph nhpph wyhy, wpugnipyut jupquynpoud, dhi-
npnynuwnpnikp:

0.G. GEVORGYAN, P.H. SHIRINYAN, G.S. KAROYAN

AN ALGORITHM AND SOFTWARE OF THE SYNCHRONOUS MOTOR
SPEED IMPULSE CONTROL

An algorithm and software of synchronous motor speed impulse control are presented.
A new way of pulse speed control of the synchronous electric motors realized by means of
feed stator winding pulses of a current directly from a network through thyristor switchboard
is presented. Current pulses are synchronized with the position of a rotor and adjustable on
a phase and on width. It is shown that the method of pulse control provides better economic
and qualitative characteristics compared to the known frequency control.

Keywords: synchronous electric motors, pulse control, stator current pulse, rotor
position sensor, speed regulation, microcontroller.
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FORMING THE REQUIREMENTS FOR EMOTION DETECTION
METHODS

In the technological age, emotion detection has gradually become a research hotspot
and one of the most important fields in human-computer interaction. Different proposed
technologies of recent years on emotion detection have been summarized and compared. The
relatively often used emotion types are presented, including Paul Ekman's, Parrot’s, Circumplex
model and Plutchik’s Wheel. Speech, Text, Facial Expressions, and Electroencephalogram
were discussed as sources of emotions. 2 main sub-branches of emotion detection are
discussed: unimodal and multimodal, which use the above sources. Each of these sources
has its own advantages and disadvantages, and depending on the problem, the use of one
may be more effective than that of the other. As a result, several important problems are
highlighted, such as real-time data processing without external servers and devices,
resource management, model creation for non-popular languages, etc. For model training a
variety of datasets are used, some authors have even combined several for higher accuracy.
Data enhancement methods were used by all authors in order to reduce noise at the preprocessing
stage. Although some sources claim that better results can be obtained with the unimodal
method, the multimodal method, if properly processed, results in a higher accuracy system.

Keywords: artificial intelligence, neural network, deep learning, unimodal emotion
detection, multimodal emotion detection.

Introduction. Emotions are complex structures that express our internal and
external states. In the same situation, people may give different psychological and
behavioral responses depending on their experience. There are many types of
emotions, including Paul Ekman's basic ones (happiness, anger, fear, sadness,
disgust, surprise) [1], Parrot’s (love, joy, surprise, anger, sadness, fear) [2], as well
as more feeling-describing Circumplex model [3] and Plutchik’s Wheel [4], etc.

Emotion Recognition is the process of identifying human feeling from
verbal and unverbal expressions [5]. Being complex and ambiguous, automatic
emotion detection has become a popular research topic in recent years. The
proposed multiple solution methods can be grouped into 2 main categories:

e Unimodal [6-11] - uses a single emotion channel for the emotion detection:
(e.g. speech, facial expressions, text, body gestures and movement, physiological
states, etc...).

o Multimodal [13-16] - uses 2 or more channels for the emotion detection
(e.g. speech + text + body gestures and movement, etc...).
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1. Unimodal emotion detection
1.1. Emotion from speech

1.1.1. On the use of pitch-based features for fear emotion detection from
speech

In [6], a study that evaluates the relationship between pitch-based features
and human emotion detection is presented. Decision Tree (DT), K-nearest neighbors
(KNN), SVM and Subspace Discriminant algorithms were chosen for research and
tested for simple and hierarchical emotion classifications.

Table

The results of fear detection using pitch-based features

Algorithm Simple Classification Hierarchical Classification
(%) (%0)
Decision Tree 72 51,74
K-Nearest Neighbors 78,7 57,1
SVM 77,3 56,44
Subspace Discriminant 72 59,32

As can be seen from the Table, the best result was obtained when using the
KNN algorithm (78,7%). The research results have shown that the acoustic features
associated with the vocal cords contribute to the recognition of emotions. Also, the
obtained results show that in the case of simple classification of emotions, the selected
algorithms recorded higher accuracy than in the case of the hierarchical one.

1.1.2. Emotion detection from speech signals using voting mechanism on
the classified frames

In the method proposed in [7], the determination of emotions from the audio
signal was made based on the Mel Frequency Cepstrum Coefficient (MFCC)
features. In the first step, the input signal is adjusted to make it more suitable for
analysis. Then it was divided into small parts - frames, in which the data contained
are relatively stationary. Each frame was matched to 26 values using the Mel-scale,
of which the lower 13 were kept, because in human speech there are more useful
data at low frequencies. From the obtained 13 coefficients, a feature vector of 13
dimensions was constructed, which was used for the classification of emotions
using the LMT classifier. Emo-DB and RAVDESS databases were used for
training machine learning models. Each input signal, depending on its size, was
divided into different number of frames, according to each frame a feature vector
was obtained, each frame was classified using the pre-trained model using the vote
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classification method. For example, if sadness was observed in the first frame, the
value of that emotion was increased by one. As a result, by analyzing all the frames
of the input signal, the emotion with the highest value was considered as the
emotion of the whole signal.

The created system can detect 7 emotions with 64,5161% accuracy in the
case of Emo-DB, and 70% when using the RAVDESS database. The level of
confusion for the detection of some emotions is high because in the MFCC
properties, several emotions have similar properties.

1.2. Emotion from facial expressions

1.2.1. Facial emotion detection using modified eyemap—mouthmap
algorithm on an enhanced image and classification with
tensorflow

In [8], a geometric method for detecting emotions from facial expressions is
proposed:

e At the first stage, the input image was subjected to preprocessing, as a
result of which the clarity of the image was increased. Then Fuzzy logic and DWT
(IDWT) methods were used for image enhancement.

e At the second stage, the Viola-Jones algorithm was used to detect the face
in the improved image (Haar feature selection, creating a complete image, Adaboost
learning, cascading classifiers). During the algorithm the detected face part was
taken in the bounding rectangle, then by rounding the edges of the rectangle, only
the face part, as well as reduced image size were left.

e At the third stage, the reduced image was converted to the Y CbCr color
range. Plans were constructed for each Y, Cb, and Cr, through which the mouthmap
was found. After that, a number of parametric modifications were made on the
image. Chan Vese's method was used to detect only the mouth area.

For eye detection, the authors again used Viola's algorithm, right and left eyes
were differentiated. The modified eyemap algorithm was used for finding special
points of the eyes. As a result, 4 points were found for each eye and in the mouth
area. With those points, 16 triangles were drawn, through which feature extraction
and classification of emotions were carried out.

The proposed geometrical method was tested by Karolinska Directed
Emotional Faces (KDEF), Oulu-CASIA and CK+ datasets. The results showed that
the proposed method does not depend on the gender of the depicted person and has
good accuracy.
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1.2.2. Real time emotion detection of humans using the mini-xception
algorithm

In [9], the MiniXception method is proposed, which is based on the Xception
algorithm and has 60,000 parameters. It simultaneously uses residual modules 2 to
adjust connections between adjacent layers and depth-wise separable convolutions
for parameter reduction. Some deep learning enhancements have been Implemented. 4
residual depth-wise separable convolutions were added to MiniXception and each
one was followed by a batch normalization block and a Relu activation function.
Also, global average pooling and a soft-max activation function are performed in
the last layer of the network.

The created model was tested on the FER-2013 dataset containing 35,887
images and recorded better results than the existing Xception architecture. Using
the confusion matrix, the accuracy of the model for identifying 7 emotions was
calculated to be 95,60%, precision 93% and recall rate 90%.

1.3. Emotion from the text

1.3.1. An experimental analysis of data annotation methodologies for
emotion detection in short text posted on social media

The method proposed in [10] can recognize Plutchik's wheel of emotions.
Since Twitter differs from other social networks in that it contains a set of tweets
(more often than texts and not video and images), it was selected as a dataset for
the study. A special developer access was obtained to access the twitter data.

At the first stage several factors of the dataset were analyzed and harmonized,
such as:

® Date / Time - teenagers are more often active at late hours.

® Hashtags - a special method planted hashtags and tried to change them
with the appropriate one in the dictionary and also solved the problem with
CamelCase (#SunnySummer replaced with sunny summer).

e URLs - as they don't give much importance for emotion recognition, they
were found and removed from the text.

® Mentions - were also removed from the dataset so as not to interfere with
the emotion classifier.

e Character repetition / Misspelled words - each sentence was davided into
words, checked for grammar, and if a mistake was found using the method of
repeating letters, they tried to correct the word and if it didn’t work, they removed
it from the sentence.

Emoji were not considered at the harmonization stage (It was determined
that only 7% of the emoji were categorized as expressing any of the Plutchik’s
wheel of emotions).
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At the second stage, the hormonized emotion dataset was categorized into 8
categories, for which the following were investigated:

® Emoji - they were divided into 8 groups and depending on the number of
emoji in the sentence and their groups, the corresponding categorizations were
identified.

o NRC Emotion Lexicon - a list of occult words where the corresponding
category was found.

® Lexical relations - WordNet dataset was used for lexical analysis.

At the third stage of data classification, the authors used Long Term Memory
Networks (LSTM); The proposed method was compared with other classifiers (A
linear support vector machine using the stochastic gradient descent classifier,
XGBoost classifier, A Naive Bayes classifier for multinomial models, A Decision
Tree classifier, A random forest classifier) wich have used the same database: As a
result of the experiments, the LSTM method showed the best results (91,9%
accuracy), followed by SVM-SGD (86,86%) and others.

1.3.2. RED: A novel dataset for romanian emotion detection from tweets [11]

The method proposed in [11] is the first one for automatically deriving emotions
from Romanian text, which is not lexicon-based. In the first step, they created a
novel dataset using the method presented in this article [12] by adding “neutral”
emotion to the previous 4 emotions (joy, anger, fear, sadness). They collected data
from public posts of Twitter accounts between 2020 and 2021 using synonyms and
slang expressions for the above emotions. In order to have good dataset, the collected
data underwent a 3-step annotation. 3 different commentators successively checked
the emotions matched to the collected tweets. The text preprocessing was performed
on the received data, as a result of which usernames like @username, hyperlinks,
hashtag sign (#), artefacts like &amp and proper nouns were removed. With the
created dataset, several machine learning models were trained and compared:
Classical ML models (LinearSVC, LogisticRegression, MultinomialNB and SVC)
and newer fastText-based and BERT-based: Precision, Recall, F-score and Support
were calculated for all models. In the classical ML models, LinearSVC was the
most accurate (82,96%). Despite the high accuracy, the LinearSVC and fastText-
based (84,70%) models have a worse confusion rate than the BERT-based model
(90,37%) in the case of different emotions. These good results may be explained by
pre-trained BERT learning contextual relations between words and fine-tuning the
model to use these relations.
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2. Multimodal emotion detection

Some people express their feelings more easily verbally, some non-verbally.
And in order to obtain automated systems of higher accuracy, researchers have
studied multimodal emotion detection [13- 15].

2.1. Robust multimodal emotion recognition from conversation with
transformer-based crossmodality fusion

For feature extraction from three different sources of data, [16] three
different deep-learning models are presented. GPT, WaveRNN, and FaceNet+RNN
deep neural network were used for feature extraction.

e A Model for Text Modality - A transformer-based multi-layer GPT model
that was pre-trained on the BookCorpus [17] dataset and tuned on the MELD
dialog dataset [18] was used for the feature extraction from the text. Loss of next
sentence prediction, loss of language modeling, and loss of emotion classification
were used for fine tuning.

e A Model for Audio Modality - The WaveRNN model was pre-trained on
the LJSpeech dataset [19] and was used to extract the feature from the audio.
Torchaudio library was used for audio preprocessing.

e A Model for Face Modality - A multitasking CNN (MTCNN) was used to
detect a face’s bounding box in a video. The Inception ResNet (V1) model was then
used, which was pre-trained on the VGGFace2 [20] and CASIAWebface [21] datasets.

2 main approaches have been used for multimodal fusion and classification:
cross-modal transformer fusion and total power fusion. To enrich information for
one modality from another modality, a cross-modal converter was used. EmbraceNet
[22] to focus on careful handling of cross-modal information and avoid performance
degradation due to partial missing data was used too. It consists of 2 parts: docking
layers, and an embracement layer. The first one is designed to equalize the dimensions
of the feature vector obtained from 3 different modalities, and the second one is for
further analysis.

The extended Multimodal Emotion Lines dataset was used for the
Performance Comparison between Single Modality and Multiple Modalities. The
created MEP system showed better results with up to 65% accuracy.

2.2. Multimodal emotion recognition using a hierarchical fusion
convolutional neural network

Since the analysis of emotional behavior from the sources of emotion
detection is not always considered accurate (people can show something different
than what they really feel), [23], the physiological signals of people to solve the
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problem are used. In their experiments, subjects watched a series of video clips
depicting various emotions while sensors recorded their physiological signals. A
total of 6 forehead channels were selected (FP1, FP2, AF3, AF4, F3, and F4) along
with 4 PPS signals, including the galvanic skin response (GSR), respiration belt
(RESP), skin temperature (TEMP), and plethysmograph (PLET). In order to have
more suitable data for processing, a band-pass filter and a low-pass filter were
applied to the data during preprocessing. Then, to compute HFCNNs and feature
functions, observation-level feature fusion was applied to the set of sample data
after preprocessing that includes both EEG and PPS signals. A layered incremental
network architecture was chosen, in which different convolution kernel sizes and
convolutional layers were added. pooling layers are used to prevent overfitting.
ReLu activation function was used. Considering the error rate, a stochastic gradient
descent method was used with small batch size, then back-propagation was used to
optimize the network parameters. Various characteristic parameters were calculated
based on EEG signals. To extract the local features, a hierarchical fusion convolutional
neural network model was applied to MPs-1, MPs-2 and MPs-3 obtained from the
maximum pooling level, from which MPs-global were obtained. A weight calculation
was performed based on feature-level fusion, and the observation-level fusion of
the modalities were used as inputs.

The constructed model was tested on 2 datasets DEAP [24] and MAHNOB-
HCI [25] and compared with both CNN and multimodal versions proposed by
other authors and showed higher accuracy.

3. Results

As a result of the analysis, the following points were highlighted to solve the
emotion detection problem:

e The emotion detection process should not leave the user's system, making
it more secure and flexible (e.g. no internet case).

e Since it will run on the user's machine, it should use an acceptable amount
of resources (CPU/Memory).

e Without external devices (sensors), get competitive model accuracy based
on multiple emotion sources using machine learning methods.

e Since the model will be applied to real-time streams, it must have an
acceptable execution time.

o As the research done in this area is mainly in popular languages, it makes
sense to create methods for users of the other nationalities (e.g Armenian-speaking
users).

Conclusion. Emotions are complex structures and are expressed differently
by different people. An important point in emotion detection is the set of feelings
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to be determined by the system. Different types of emotion groups were discussed,
including Paul Ekman's basic ones, which is one of the important works in this
field. Unimodal and multimodal methods of emotion detection were analyzed. The
following sources of emotions and their combinations were discussed: Speech,
Text, Facial Expressions, EEG. Using Speech is good for avoiding fake emotion
detection. The detection of emotions from text is mainly used for the analysis of
posts made on social platforms and can increase the accuracy of the model in the
multimodal method. Facial expressions are considered the main source of
understanding human emotions, but they are easier to fake. As a result of EEG
analysis, a high accuracy system can be obtained, but additional devices and
sensors are needed. Different authors used different datasets for model training,
some even combined several at the same time for higher accuracy. All authors used
data enhancement methods in the preprocessing stage, in order to get rid of noises.
It is easier to create a unimodal emotion detection method than a multimodal one
because only one model needs to be developed. Unlike unimodal, multimodal
method needs to create more than one model for each type of emotion source and
perform precise processing to avoid loss of useful data. Although some sources
claim that a unimodal method can achieve higher accuracy, results have shown that
using multiple sources of emotion is more effective. Research will continue to
create an automated multimodal emotion detection system using Speech, Facial
Expressions and Text sources.
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E.U. 2Urnke3Nhu3uL

2QUSUNPLRULE P ZUSSLULGIUUL UGENYILENE LUUSUUUR
NUZULLALGCP 26404 NCNRUTD

Skuuninghwjwt nupuwppowinid qquguniipiinh huyintiwpbkpnulp wunhgwbwpwp
nuipdk) Ehbnwgnunnipymibiubph phd Yt b dwpnp-hwdwljupghs thnjuhwpwpkpnipyu juplin-
npugnyu npnpuutphg vk Udithnthyt] b hwdbdwngl) Ba qqugdniiputph huwjnbwpkpdwt
Ytpwpbpyu) Jipohtt mwphubphtt wowewnpldws mwppkp mbkjuninghwubp: Lkpuyugdus
kb hudbdwinwpwp hwdwj ogunugnpsynny qqugdmipitph nbuwlibkpp, wyy pynd’ Ong
Epdwtth, Mwppnwnh, ghpynudykipu dngbih b Mnunghih wuhyp: unupp, wmbpuwnp, ntdph
wpuwhwjnnipniup b fEjupunintnugpnipniup putwpyyt] b npytu qquguniupubph
wnpnipubp: Lutiwnpyyl) Eu qqugdniipubph hwynbwpbkpdw Eplne hhdtwljw tupwgni-
nbp Uhwinnupught b puquudngupughi, npnip oguugnpsmu kK Jkpp toyws wnpmplbpp:
Uju wnpnipubphg jmipupwisinipt nith hp wnwybnipiniutbpt nu phpnipeniutpp, b
Ywhu]ws utnphg Uklh oqguugnpsnidp Yupny Ewfbih wppyniubn ik, pub dpnoehip:
Upmymiupnud pngdyby &b dh pmth juplnp jutghpbbp, htywyhuhp &b udyuyubph hpuljut
dudwitwyh dpwlnidt wnwhg wpwnwpht ubpdtpibph b vwppbph, pbunipuikph junwqu-
powdp, ny hwipwdwbwy (Eqniutph dnpljutiph vnbnénwdp b wyji: Unphjubkph ntunmgdw
hwdwp oquuuugnpdyt) ki mjuubph dh pupp hwjwpwsniubp, npny htinhttwljukp tnyuhuly
Uhwnply kb Uh pulihup wbih pupdp dogpuinipjut hwiwp: Lwhbwlwb dowldwi tin -
nud wnunilp wjuqtgubint hwdwp pnnp hinhtwlutph Ynnuhg ogunugnpéyl) L ndjuy-
ubph jujupydub depnnubp: L npny wnpniptibp wungnd &, np wgbjh juy wpyniapubp
Juptijh k dbnp phipt) dhudnpujuyhtt Ukpnnny, vwjuy puquudnnujught Ukpanp, tpk dhon
Uowljyh, hmigkgunid t wbih pupan dogpuinnipjudp hwdwljupgh:

Unubgpuyhll punkp. iphbunuwljut putuljuitinipini, ubjpnbughtt gutg, junp nunt-
gnud, qquguniuputph vhwunnujuyhtt hwjntwpbpniud, qquguniuputph puquuunpujught
hwjntwpbpnid:
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J.A. APYTIOHSAH

®OPMUPOBAHUE TPEBOBAHUM K METOJIAM JIETEKIIUU
MO

B Bek TexHOMOTHI 00HAPYKEHNE AMOLINIA TIOCTETICHHO CTaJIO IIEHTPOM HCCIICIOBAHUH 1
OJTHOH M3 CaMBIX BaKHBIX 00JIaCTeH B3aMMOCHCTBUS YeIOBEKa ¢ KOMITbIoTepoM. OO00IIeHBI 1
COIIOCTABJIEHBI IIPE/UIOKEHHBIE B IIOCIIEIHHE TOJbl TEXHOJOTMH OOHAPY)KEHHS 3MOLMI.
[IpencraBineHbl OTHOCUTEIBHO YacTO WCIIOJB3yEMble THUIBI AMOLUI, B TOM YHCIIE MOJAENIb
[Tona Dxmana, mogens ITappora, Hupkymmnexc u Koneco Ilnyruuka. B xauecTBe nctounu-
KOB 3MOIMH paccMaTpuUBAJIUCh pPedb, TEKCT, MUMHKA W 3JieKTposHuedasorpamma. O0cyx-
JaroTCA IBa OCHOBHBIX HaIlpaBJICHUA 06Hapy>1<eH1/1;1 3MOHI/IﬁI OAHOMOAAJIbHOC U MYJIbTUMO-
JabHOE, KOTOPBIE UCIIONIB3YIOT BBIIEYKAa3aHHbIE UCTOUYHMKU. Kaplit 13 3THX MCTOYHU-
KOB MMEET CBOM NPEUMYIIECTBA U HEAOCTATKHU, U, B 3aBUCUMOCTH OT NPOOIEMBI, HCIIONIB30-
BaHUE OJIHOTO W3 HUX MOXeT ObITh Oonee 3(hekTHBHBIM, YeM Ipyroro. B pesynbrare Bhiie-
JSIFOTCST HECKOJIBKO BXKHBIX MPOOJIEM, TaKnX Kak 00pabOTKa TaHHBIX B pEalbHOM BPEMEHH
0e3 BHEIIHUX CEPBEPOB M YCTPOWCTB, YIPABICHUE PECYPCaMH, CO3JaHNEe MOJEICH Ui He-
TIOITYJISIPHBIX S3BIKOB M T.J1. [l 00yueHust Mofieneil NCToIb30BaIiCh CaMble pa3Hble HaOOPEI
JJAHHBIX, HEKOTOPBIE aBTOPHI Jayke 00BEIUHSIIN HECKOIBKO M3 HUX ISt OOJIBIIEH TOYHOCTH.
MerTobl ynydIIeHus] JaHHBIX HCIIOJIb30BAINCH BCEMH aBTOpaMU JJISl YMEHBIICHHS LIyMa
Ha artarne npenodopabdorku. HecMoTpst Ha TO, YTO B HEKOTOPBIX MCTOYHHKAX yTBEPKIACTCS,
YTO JIyUIIHE pe3yJabTaThl MOXXHO MOJJYYUTH C MOMOIBIO OAHOMOJAJIbHOTO METOJ1d, MYJIbTU-
MOJAIBHBIA METO/, €CIIM €T0 IPaBUIBHO 00padoTaTh, JaeT 6oIee TOYHYIO CUCTEMY.

Knrouegvle cnosa: NCKyCcCTBEHHBIN MHTEIUIEKT, HEHPOHHAs CETh, IIyOOKOe 00y4e-
HUE, OJHOMOJIAJIbHOE 00HAPYKEHHE 3MOLUI, MyIbTHMO/IAIbHOE 00HAPYKEHHE 3MOLIUH.
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FORMING THE REQUIREMENTS FOR SIGN LANGUAGE DETECTION

Sign language is a way of communicating through body movements. Body language
recognition has been one of the most challenging research problems in the last few years.
Their recognition plays an increasingly important role due to the huge spread of digital
technologies.

With the development of the fields of deep learning and computer vision, researchers
have developed various automatic motion language recognition methods that can understand
body movement.

The idea of this study is to examine the existing sign language recognition systems
in the world. These works are mainly divided into sensor-based systems and vision-based
systems. Studies have shown that sensor-based tracking is more resource-intensive and
difficult to implement than traditional image-based research, and there are also combinations
of these two methods. As a result of this study, it can be seen that there are many sign
languages in the world, most of which do not have their own databases available, and also
dynamic gesture recognition systems still need new research to improve the results.

During the work, several points have been formed that can help improve the quality
of the work by adding studies and databases for unknown languages, using them also to
obtain an acceptable accuracy of dynamic gesture detection, as well as ensuring the system
work in real-time and use of few resources.

Keywords: Sign Language, Deep Learning, Detection, Sensor-based, Vision-based,
Gesture, Hiden Markov Method, Body language

Introduction. One of the most important problems of the modern world is
improving the quality of life for people with hearing problems. Gesture
communication includes not only symbols created by hand movements, but also
takes into account the facial expressions of a particular gesture, as well as the
movements of the whole body, it can also be directed by certain sounds, it is clear
that a person can hardly pronounce some sounds, but nevertheless they exist when
communicating with certain gestures, the meaning of a particular gesture can
change significantly.

During verbal communication, problems often arise due to ambient noise or
health problems for those communicating (it is very difficult for people with
hearing impairments to communicate with the outside world). Where voice
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communication is not possible, such as between speakers of mutually unintelligible
languages, or when one or more potential interlocutors are deaf, sign language can
be used to fill the gap. To solve these problems, it is necessary to study the problems of
recognition of the language of movements (body language). Or it can be said that
sign languages are gestures derived from the movement of the body.

Recently, a number of works devoted to the development of such systems have
been carried out. In [1], a way to solve the problem of traffic language recognition
using ultra-wideband radar is presented. In [2], the language of motion with a
flexible sensor and then converted into text and voice is analyzed.

In a number of studies, artificial intelligence methods were used to solve this
problem [3,4]. Although satisfactory results have been obtained in these works, they
need improvement, since they generally record good performance in static movement,
and also work with certain limitations.

Image-based and sensor-based methods are both used to recognize sign
language. Wearing specific gloves or using localized sensors is the first method.
Using this method, you can accurately determine sign or gesture movements, rotations,
orientations, and hand positioning.

1. Gesture types
1.1. Dynamic Gesture recognition

The problem of dynamic recognition of gestures in the modern world is quite
complex since it depends not only on the sequence of hand movements but can also
change its meaning depending on cultural values. Dynamic gesture recognition has
recently become very important for machine control.

With dynamic gestures, additional computations and complexity are required,
which affects the model performance and recognition efficiency. The networks are
too complex to consider both spatial and temporal features in three-dimensional
sparkle neural networks.

There are two main approaches to dynamic gesture detection that use 2D and
3D convolutional neural networks respectively for dynamic gesture detection. Yu,
Jimin, Qin, Maowei and Zhou, Shangbo proposed to use 2D feature fusion
convolutional neural networks and found that their algorithm is efficient and has
high accuracy with low network complexity [5].

There is another work, which is proposed to build a dynamic gesture model based
on CBAM-C3D.

In this paper, the authors used the BN layer for network optimization, multimodal
joint learning, and keyframe extraction to improve the network performance.
Experiments using the Ego Gesture database show that the recognition accuracy of
the proposed 3D convolutional neural network reaches 72,4% [6].
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1.2. Static gestures

The problem of detecting static gestures is easier to solve because a lot of
scientific work has already been done in the world on recognizing objects in pictures.

Due to the fact that only one image needs to be processed as input, a low-
cost classifier can be used to recognize static gestures.

In [7], this problem was solved using CNN for static gesture recognition. In
[8], Multi-Layer Neural Network Classifier is used. 25 gestures are trained in this
paper, and the experimental results show that the proposed system is able to recognize
static gestures with an accuracy of 9,4%. In [9], a basis for the hierarchical definition
and classification of fingerprints was used. The number of fingers initially identified
the images, then, having determined the direction, position, and shape of the fingers,
the authors sorted the images into groups already divided by the number of fingers,
and as a result, this method is significantly superior to traditional image recognition
methods.

2. Sign Language Recognition
2.1. Sensor-based Sign Language Recognition

There are several types of sensors that are quite commonly used for sign
language recognition, the most popular of which are:

e Leap motion controller

¢ Soft Kinetic

¢ Kinect sensor

o flex sensor

Based on the leap motion controller's database, in [10], the method performed
machine learning with the SVN and DNN algorithms. They found that SVN fixed
70% of the results, and DNN fixed 88% accuracy in different combinations.

In [11] it is proposed to use the Kinect-based sensory method for Taiwanese
sign-language recognition, it proposes to recognize the position of the hand using
the input sensor, then determine the trajectory of their movement using the Hiden
Markov Method, and, finally, use the SVM to recognize gestures through a neural
network. The experimental results show that it fixes 85,14 percent of recognition
accuracy.

As the glove is equipped with sensors, it can be used to receive important
data such as finger flexion degrees directly.

In [12], the usage of smart gloves to channel data from the movements of
these gloves into learning that will help deaf and dumb people communicate with
the world through these gloves is presented. It helps to recognize sign language in
real time.
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2.2. Vision-based recognition

The video-based method allows real-time sign language recognition without
the use of sensors and also serves as a fast translator when communicating with
deaf people. This method basically performs segmentation of images from data
received from a webcam, and by processing these images or videos, performs deep
learning on them, which allows you to get gesture-translating text or voice
translation from real-time video.

[13] linked the problem of body language recognition with body position
dependence and conducted studies for both men and women separately, stating that
they have a decisive influence on body language recognition.

There are many different languages, and the sign language for these
languages may be different, but there are problems with dates because not all
known languages have an available data set for sign languages, which makes these
studies difficult. But in recent years, scientists have conducted many studies on
different languages, but the results are not very satisfactory, and this area of
science should be improved.

In [14], Machine Learning for Filipino Sign Language used LSTM Neural
Network is performed, and the method extracted using MediaPipe Holistic from
video, they performed a recognition system for fifteen Filipino Sign Language tests
showed that it has 72,38% accuracy. And [15] introduces a study that is based on
recognizing the thought generated by using one or both hands together, a
convolutional neural network was applied for this work, and test results of the
resulting system showed that it can recognize 19 static British Sign Language
gestures of one or both hands with an average accuracy of 89%.

2.3. Hybrid SLR system

There is also a hybrid version of sign language recognition that uses both
vision and sensory information, thus creating a system capable of deriving a
database of gestures from two inputs, for example, a smart glove can be used in
conjunction with a camera, but with this method of collecting information, the
process consumes quite a lot of resources, so it is not used very often [16-18].

3. Hidden Markov Method

Sign language detection systems based on sensors and videos very often use
the hidden Markov method, which consists in predicting a sequence of unknown
variables from a set of observed variables. In this case, during dynamic gestures, it
can be used to predict the sequence of hand gestures from which specific gestures
can be recognized, these several workflows use the Markov method [19-21].
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4. Results

As aresult, sign recognition systems can be made more effective by focusing
on several factors:

e Since sign language recognition systems are mainly developed in world-
famous languages, it is possible to conduct research in languages for which there
are no sufficiently effective sound recordings, such as Armenian.

o The system can be modified so that it can work on one device without using
additional resources.

e Ability to perform real-time sign language recognition with competitive
results.

e For dynamic gestures whose recognition accuracy still needs to be improved,
conduct research using machine learning methods and new datasets.

® Because sensor-based charging consumes a lot of resources, it is possible
to have a system that uses data from individual videos to perform recognition.

Conclusion. Sign language recognition comes to solve communication
problems, which will facilitate the exchange of information between people with
hearing or speech problems. Many studies have already been carried out in the
world to solve such problems, and systems have been developed on their basis,
which was mainly carried out using well-known databases. These works are mainly
divided into sensor-based systems and vision-based systems, studies show that
sensor-based tracking is more resource-intensive and more difficult to implement
than conventional image-based studies, and there are also combinations of these
two methods. programs developed on it, which also do not perform so well in terms
of resources. In this area, there are problems related to human characteristics, and
research aimed at dynamic gesture recognition can still be improved. One of the
problems is that there are many sign languages in the world and there are no
available databases for all languages, for example, it is difficult to find a well-
known data collector for Armenian signs. Based on the results of the research,
several requirements have been formed that can help to achieve high accuracy of
real-time sign language learning using minimal resources.
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1.U. QULUS3UL
dTtUSELE LEQUD 2USSLULEGIU UL NMUZULRALESP 264 U4 NCNRUC

dhuwnbph 1kgnit dwpduh owpdnidubph dhgngny hwunnpnuygytnt dheong t: Uwpduh
1Eqdh dwtwgnidp Yipohtt vh pwuth nwphutph pupwgpnid wdttiunddup hbnwgnunujut
uunhputphg bt E pubg fwbwsnidp guugny wydbih Jupbnp gip b pwugnud pdught
wnkuninghwibph jwytwbwyu) mupwddw sunphhy: unp nunigdw b hwdwljupgswyht
wnbunnnipju npnpnbkph qupgugdwi htn dknbn hbnwgnunnnubpp dowlb) Bu dhunbph
1Eqdh wdunndwn fwbwsdwt mwpplp dkpnpukp, npnup Jupnn Gt hwujwbw] dwpduh
owpdnulubpp:

Uju hbnnwgnunmipjut tyunwlj £ ntunidbwuhpt] wppuwphnid gnjnieini niitligng
dtuntph 1Eqyh dwbwsdwt hwdwlupgtpp: Usjuwnwbputpp hhdtwljuind pudwtué
Eu hwdwljupgtnh, npnup wojuwwnnid Eu uktiunpubph jud nwkuwiymptph hhdwb pu: 2k-
wnwqnunipjniuttpp gnyg bt wydty, np ukbunpubph ypu hhdtws hwynbwpbpnud wdbh
owwn nhunipulikp Eywhwienid b ndjup k ppujubugil), put yunltpubph Jpu hhdudus
wjuwinuiut hbnwgnunipniuttpp, b jub bwb Epyne dkpnnubph hwdwlgmipiniuubp:
Munidtwuhpnipjut wpyniupnid jupkh E hwuwbw), np wpjpuphnid jut puquuphy
dtuntph (kqniubkp, npnughg swwnbpp sniukt hplkg wjujibph puquitkpp, huly dbunbkph
wbwsiwi phtwdhl hwdwlwpgbpp ghebu juphp nbkh tnp hknwgnunmpnibtbph’
wpmniupubpp pupbjuybint hwdwp:

Upluwnwiiph pipwugpmu dbwynpyly ko Uh pwh Yhwnbp, npnbp Jupnn kb oglity
pupbpubint, woliwinwbph npulp wibpugitny htwnwgnuunipmnibibp b wdjuyukph
puquikp wuhwjwn kqnikiph hwdwp: Fpwp Jupnn G oqginuugqnpsyty dbunbkph nhtiwdhly
huwyntwpkpdwt pugniubh £oqpuinipnit vnwbwnt hwdwp, hsybu twb wywhnyt)
hudwlupgh wohwnwbpp hpuljwi dudwiwlnid oqunugnpstyny phs nkumpuiikp:

Unwbgpuypll punkp. dhuntph (kqni, junp ntumgnud, hwypnbwpbpnud, ubtunp, nbkuw-
wnip, dhunbp, Uupyngh puptdws dkpny, dwupduh (kqne:
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.M. TAJICTSIH

®OPMHUPOBAHUE TPEBOBAHU IS PACIIO3HABAHUS SI3BIKA
KECTOB

SI3BIK 5KeCTOB - 3TO crmocod 00MIeHUs TTOCPEACTBOM IBIKEeHUI Tea. PacozHaBanme
SI3BIKA TeJa SBJSIETCS OMHON M3 HamboJee CIOXKHBIX MPOOIIeM 3a IMTOCIIEAHNE HECKOIBKO JIeT
U Urpaet Bce 0oliee BAXKHYIO POJIb B CBS3H C PacIpoCcTpaHeHueM Nu(ppoBbIX TexHoioruid. C
pasBuTHEM O00JACTeld TIIyOOKOTO OOYYCHHS W KOMIIBIOTEPHOI'O 3pPEHHS HCCICIOBATEIH
pa3paboTany pa3InYHbIC METOJBI ABTOMATHUYECKOTO PACIIO3HABAHUS S3bIKA JKECTOB, KOTO-
PbI€ MOTYT IOHUMATh JABUKCHUA TCJIA.

[enpio viccneaoBaHus SBJISETCS U3YUEHHE CYIIECTBYIOIIUX B MUPE CUCTEM Paclo3-
HaBaHUS SA3bIKA JKeCcTOB. OHM B OCHOBHOM JIEJIATCS HA CHCTEMBI, KOTOpbIe paboTaroT Ha Oc-
HOBE JAaTYMKOB, M CHCTEMBI Ha OCHOBE 3peHus. VccienoBaHus MOKa3aji, 9TO METOABI 00-
Hapy>XeHHsI Ha OCHOBE JAaTYMKOB OoJiee PecypcoEMKHE W CIOXKHBIE B pealH3alii, YeM
TpaTUIMOHHBIE METOIBI Ha OCHOBE M300paxeHni. CyImIeCTBYIOT TaKkKe KOMOMHAIIUN STHX
IBYX METOIOB. Pe3ynbTaTsl HCCIIeIOBaHMS MOKA3ali, 9YTO B MUPE CYIIECTBYET MHOKECTBO
SI3BIKOB YKE€CTOB, OOJIBIITMHCTBO U3 KOTOPBIX HE UMEIOT COOCTBESHHBIX 0a3 TaHHBIX, IIPU 3TOM
CUCTEMBI JMHAMUYECKOTO PACIO3HABAHMSI KECTOB BCE €llle HYXKAAIOTCS B HOBBIX MCCIIEI0-
BaHMUSX.

B xoxe paboTel copMHupoBaHbl TPEOOBAHHUS, KOTOPHIE MOTYT MOMOYbL MOBBICHTH
Ka4ecTBO pabOThI 32 CUET HOBBIX MCCIICIOBAaHUI U J100aBiICHUs 0a3 MaHHBIX 110 HEU3BECT-
HBIM 5136IKaM. C UX TIOMOIIIBIO0 MOYKHO MOTYYUTh MIPUEMIIEMYIO TOYHOCTh THHAMHYECKOTO OTI-
peleneHus KeCcToB, a TakXKe 00ecrednTs paboTy CHCTEMBI B peKHME PeaJbHOr0 BPEMEHHU.
[Ipu 5TOM HCIIONB3yETCS MaJIO PECYPCOB.

Knrouesnle cnosa: s3pIK KeCTOB, TIIyOOKOe 00y4eHHe, OOHapyKeHHE, TaTIUK, BHICO,
JKECTBI, CKPBITBIH MeTo1 MapKoBa, s3bIK TENA.

526



ISSN 0002-306X. Proc. of the RA NAS and NPUA Ser. of tech. sc. 2022. V. LXXV, N4

UDC 621.3.049.77 MICROELECTRONICS
DOI: 10.53297/0002306X-2022.v75.4-527

V.SH. MELIKYAN, S.A. GHUKASYAN, S.S. HARUTYUNYAN,
H.T. KOSTANYAN, G.A. VOSKANYAN

THE AGING INFLUENCE MINIMIZATION METHOD FOR
OPERATIONAL AMPLIFIERS WITH THIN OXIDE TRANSISTORS

Nowadays CMOS technology feature size is being scaled aggressively. Supply
voltage is not proportionally scaled, gate dielectric thickness is reduced and as a result, the
devices are subjected to stronger electric fields, thereby causing stress on transistor. Stress
causes aging degradation, which can lead to dramatic consequences on mobile devices,
aircraft, military systems, or medical devices.

A method is proposed for designing two types of operational amplifiers with usage
of only thin oxide devices, which are protected from stress conditions, namely from aging
degradation. The proposed methods can also be implemented on other types of operational
amplifiers.

Keywords: CMOS, stress, aging, thin oxide device, operational amplifier.

Introduction. Continued scaling in modern submicron technologies leads to
challenges in the design of integrated circuits (ICs). The increase of deviations in
inter-circuit and intra-circuit ICs which is specific to 14nm and smaller technologies,
as well as dramatic increase of the influence of various short-channel phenomena,
complicate the design process [1]. Aging is one of those phenomena that leads to
the deterioration of the reliability of the blocks. Therefore, not taking aging into
account results in decrease in the yield of the ICs, and consequently decrease the
profit [2].

Aging is the degradation of circuit performance during the time. It is mainly
due to the degradation of the gate oxide and of the interface between the gate
dielectric and silicon over time [3]. Two major aging effects are:

e Hot Carrier Injection (HCI): High electric field near the Si—SiO2 interface
causes electrons or holes to gain sufficient energy from the electric field for crossing
the interface potential barrier and enter into the oxide layer, which causes an increase
in threshold voltage (Vi) and mobility degradation [4];

e Bias Temperature Instability (BTI): Threshold voltage shifts after a negative
bias for PMOS, and positive bias for NMOS is applied at elevated temperatures.
BTI has two phases:

1. Stress phase: Traps are generated at the Si-SiO2 interface and gate dielectric
causing the magnitude of the threshold voltage to increase.
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2. Relaxation phase: Some of the interface traps are removed causing the
Vth to decrease, but the recovery cannot completely compensate the effect of the
stress phase.

Consequently, the overall effect of BTI is an increase in the magnitude of
threshold voltage and decrease in Iy (linear/saturation) over time [5, 6].

In some technological processes below 5 nm semiconductor manufacturing
companies are facing difficulties for fabrication of transistors with thick gate oxide,
which necessitates to replace all thick oxide devices with thin oxide devices,
thereby causing difficulties at the design stages [7]. Inside the modern ICs, a major
role are playing analog parts, which are responsible for receiving, processing, and
transferring the information from one system to the other, furthermore they also are
the most sensitive parts of ICs [8]. The majority of them, of which most important
are operational amplifiers, are using high supply voltages for having high DC gain
and a large working range [9]. Hitherto operational amplifiers are designed with
thick oxide devices, and their replacement with thin oxide can cause stress, because
of high supply voltages. Stress conditions between two terminals of a thin oxide
transistor are lower than for a thick oxide transistor. All thin oxide transistors are
designed and fabricated to have a maximum voltage difference between terminals
(gate-drain (Vap), gate-source (Vgs), drain-source (Vps)) equal to low supply volta-
ge, and using them in high supply voltage analog blocks can cause stress on those
devices, which will lead to more aging degradation. This problem needs a solution
to make the devices work under non-stress conditions.

The proposed solution and simulation results. In order to solve the device
overstress issue and to provide acceptable conditions for the device functionality,
cascading and connecting floating nodes to the bias voltage methods could be used
(Fig.1) [10]. With these simple methods devices will be under working conditions
defined by factories (no stress) and will have much longer lifetime. Generally, the
cascode transistors gate receives bias voltage which limits source voltage of NMO-
S below bias voltage and source voltage of PMOS above bias voltage, otherwise
transistors will be closed. The correctly chosen bias voltage value for cascode
devices will lead to a desirable effect, that is no stress in the circuit.

The vpbias and vnbias values could be generated using voltage dividers or
bandgap reference, with proper matching techniques in layout the voltage should
not vary more than 5%. The PB and NB signals are also for protecting devices from
stress, they can be applied from multi output level converters [11]. For PB signal
low level is vpbias and high level is VDDH, and for NB signal it is 0 and vnbias
correspondingly.

These methods have been used to solve overstress issues in 2 types of
operational amplifiers, which will be introduced and discussed in detail in the next
sections.
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Fig. 1. Cascading and connecting floating nodes to the bias the voltage methods

1. The Two-Stage operational amplifier. Two-stage is one of most common
types of operational amplifiers, which is to provide high DC gain and is usually
used inside the biasing circuits. The schematic view (Fig. 2) and HSPICE simulation
results (Fig. 3) of the two-stage operational amplifier designed by SAED14nm
FinFET technology are presented below [10, 12, 13].

VDDH

:

inp T VDDH
s _dL w1

|||—0

Fig. 2. Schematic view of the two-stage op-amp
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Fig. 3. Ac characteristic of the designed two-stage op-amp

The transistors indicated in dashes are used to enter circuit to the power down
mode. The P1, P2 and P3 transistors cut all the paths for the current flow, and P4
pulls up output to VDDH. Nowadays, almost all circuits have the power down
mode, some circuits can even spend more time of their life in that mode than in the
normal operating mode. Thus, it’s necessary to take into account the design challenges
at power down mode in order to avoid stress, which can cause aging degradation.

To evaluate the aging effect on the parameters of the two-stage operational
amplifier, we need to perform aging simulations. The goal of the aging simulation
is to estimate the lifetime of circuits and correct any transistor with significant
degradation or performance shift. For that investigation, semiconductor manufacturing
companies are providing their own aging models which accurately describe the
degradation of devices during lifetime.

In order to examine the aging degradation of the designed two-stage
operational amplifier, the SPICE simulations for lifetime of 10 years have been
performed in 2 operating modes: normal operation mode and power down mode.
During normal operation mode it was found that there is no significant aging
degradation on the main devices, and the degradation of I4 and Vi, parameters is in
acceptable ranges, except the P1 power down device. As a result, the op-amp main
parameters didn’t experience significant change. Instead, in the power down mode
serious aging degradations were observed for some main devices and power down
devices, which leads to the reduction of DC gain approximately by 14 db. In Table
1, devices are presented that have significant Vi and Iy shifts in the normal and
power down modes.
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Table 1

Vi and 15 variation for most degraded devices for the two-stage op-amp

Transistor Normal operation mode Power down mode
name AV (mV) Algs (%) AV (mV) Algs (%)
M6 22 2.1 175 174
M8 19 1.8 172 16.9
Pl 152 15.5 127 12.8
P2, P4 0.1 0.1 198 21.6
P3 0.1 0.1 198 21.6

The degradation of P1 power down device during normal operation mode is
due to its control signal, which varies from 0 to VDDH domain. During normal
operation mode P1 is open, control signal is VDDH level and Vs is VDDH, which
is not permissible and causes stress.

During power down mode P2 and P4 power down devices should be open,
and their control signal is 0, so Vgs and Vgp is VDDH. The P3 device gate is
connected to the VDDH level signal, thus Vgs and Vgp is VDDH. The P1 device is
operating in the off mode and gate voltage is 0 but the P2 device drives the P1
drain to VDDH, thus Vgp for P1 is VDDH, which is not allowed either and causes
stress, although it is in the off mode. The M6 device is in the off mode, because P2
drives the M6 gate to VDDH, and P3 drives the M6 drain to 0, so Vgp is VDDH
for M6. The M8 device is also in the off mode, because P3 drives the M8 gate to 0,
and P4 drives the M8 drain to VDDH, so M8 Vgp is VDDH.

The results achieved show that there is no problem in the normal operation
mode but there are problems during the power down mode, which needs to be solved.
In order to solve the observed problems, the following modifications have been
realized in the amplifier:

1. The power down enable signal has been separated for NMOS and PMOS
devices. Additionally, their logic 0 and logic 1 domains have been changed, using
multi output level converter (from O to vnbias for NMOS, and from vpbias to
VDDH for PMOS).

2. The cascading method has been used by adding the D1, D2 and D3
devices (indicated in red dashes) (Fig. 4).

531



VDDH

."vvnbiasl

I'.en_nb I

Fig. 4. Schematic view of the two-stage op-amp after modifications

D1, D2 and D3 are cascode devices and they do not change the functionality
of the circuit but will protect functional and power down devices from stress. After
these changes, aging simulations have been performed and it was found that the
problems are solved and there is no significant degradation either in normal mode,
or in power down mode (Table 2). The main parameters have not been changed either.

Table 2
Vi and 145 variation for the two-stage op-amp after modifications
Transistor Normal operation mode Power down mode
name AV (mV) Algs (%) AV (mV) Algs (%)
M6 18 1.7 0.1 0.1
M8 15 1.2 0.1 0.1
P1 17 14 0.1 0.1
P2, P4 0.1 0.1 6 1.2
P3 0.1 0.1 6 1.2

2. Folded-Cascode operational amplifier. Folded-cascode operational
amplifiers are widely used inside voltage regulators to provide high DC gain.
Below are presented the schematic view (Fig. 5) and the HSPICE simulation results
(Fig. 6) of the folded-cascode operational amplifier designed by SAED 14nm FinFET
technology [10].
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Fig. 5. Schematic view of the folded-cascode op-amp
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Fig. 6. AC characteristic of the designed folded-cascode op-amp

The transistors indicated by dashes are used to enter the circuit into the power
down mode. The P1, P2, P3, P4 and PS5 transistors cut all the paths through which a
current can flow, and P6 pulls up the output to VDDH.

To investigate the aging degradation of the designed folded cascode
operational amplifier the SPICE simulations for 10 years have been performed for
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2 operating modes: normal operation mode and power down mode. In normal
operation mode it was detected that there is no significant aging degradation on the
main devices, and the degradation of I4 and Vi, parameters is in acceptable ranges
except the P5 power down device, as a result, the main parameters have not been
changed significantly. At the same time in the power down mode, severe aging
degradations were observed for some main devices and power down devices,
which leads to the reduction of DC gain approximately by 19 db. After 10 years of
aging, the obtained results for devices with significant Vi, and Igs shifts for normal
and power down modes are presented in Table 3.

Table 3

Vi and 145 variation for most degraded devices for the folded-cascode op-amp

Transistor Normal operation mode Power down mode
name AV (mV) Algs (%) AV (mV) Algs (%)
M7, M8 24 3.1 192 19.6
M9 20 2.8 198 20.1
P1, P2, P6 0.1 0.1 252 24.2
P3, P4 0.1 0.1 254 243
P5 148 14.2 0.1 0.1

The degradation of the PS5 power down device in the normal operation mode
and another power down devices in the power down mode are due to their control
signal causing stress, which have been discussed in previous section.

In the power down mode the M9 device is off because P3 drives M9 gate to
0 and P2 drives M9 drain to VDDH, so Vgp is VDDH. Devices M7 and M8 are
under the same conditions and are also operating in the off mode because P4 drives
M7 and M8 gates to 0, P6 drives M7 and P1 drives M8 drains to VDDH, so for
both Vgp is VDDH and the sources are floating.

The obtained results indicate that there is no problem in normal operation
mode but there are problems in the power down mode to which solutions should be
given. To solve the problems that have arisen, the following changes have been
implemented in the amplifier:

1. The power down enable signal has been separated for NMOS and PMOS
devices. Additionally, their logic 0 and logic 1 domains have been changed, using
multi output level converter (from 0 to vnbias for NMOS, and from vpbias to
VDDH for PMOS).

2. The cascading method has been used by adding the D1 device (indicated
in red dashes).

3. Added the D2, D3 and D4 devices for the connecting the floating nets to
vnbias in the power down mode (indicated in red dashes).
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4. The P4 NMOS device has been replaced by the PMOS device and the
source has been changed from GND to vnbias (indicated in red dashes) (Fig. 7).

VDDH VDDH

VDDH

M13 biblas

vncasc

"=

Fig. 7. Schematic view of the folded-cascode op-amp after modifications

The D1 device will prevent the M9 device from stress. Now the P4 device
will drive the gates of M7 and M8 devices to vnbias, meanwhile D2 and D3 will
drive sources of M7 and M8 to vnbias. Thus, they will be closed and not liable to
stress, because there will be no stress conditions between the terminals.

After those changes, aging simulations have been performed and it was
found that problems are solved and there is no significant degradation either in
normal mode or in the power down mode (Table 4). The main parameters have not
changed either.

Table 4
Vth and Ids variation for folded-cascode op-amp after modifications
Transistor Normal operation mode Power down mode
name AVy (mV) Algs (%) AV (mV) Algs (%)

M7, M8 22 2.9 0.1 0.1
M9 18 2.6 0.1 0.1
P1, P2, P6 0.1 0.1 20 2.8
P3, P4 0.1 0.1 20 2.8
P5 17 2.1 0.1 0.1

Conclusion. Two types of operational amplifiers have been designed with
the SAED 14 nm FinFet technology by using the Galaxy Custom Designer tool
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[14]. Schemes have been designed only using thin oxide devices. The phenomena
of aging have been examined on the designed amplifiers during normal operation
and power down modes. With standard architecture it was found that there is a
serious aging impact on the main parameters of amplifiers especially in the power
down mode, due to stress conditions on the thin oxide devices. New schematic
solutions have been implemented to prevent stress conditions on the devices, which
improved the variation of Ids and Vth parameters due to aging degradation in a 10
year lifetime.

The summary table of the designed amplifiers before and after the proposed
design updates, with a 10-year aging is summarized in Table 5.

Table 5
Summary table
Parameter Two-stage Folded-cascode
Before After Before After
DC gain (dB) 40.2 54.2 66.2 85.2
AV (mV) 198 18 254 22
Algs (%) 21.6 1.7 243 2.9

In conclusion, the proposed methods can be implemented on all types of
operational amplifiers for decreasing degradation due to aging.
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4.C. UGLPL3UL, U.U. \.NRYUUSUL, U.U. 2UrNkE3SNRLEUL,
2.5.uNUSUL3UL, &.U. NUUUL3UL

PUCUY OLUNMD TESNY, SCULRPUSNCULENNY, ONEMUSPNL
NkhFcULUSUECh OBMUSUUL GLEUYNR3E LGP UNESNRE3UL
LIUQG3UUL U6

Ukpjumudu YWUNY nbjuninghwitph swihtpp gipuyunpynpkt dwupmnmwpudnp-
Ynud ki, vwluyt vbdwi jupnudiubpp hwdwywnwujuwt YEpwyngd sk dwupnwpuynpynid,
thwjuth ghiEjunphyh hwunmpniup thnpputnd b, hush wpynitipnid uvwpptpp Gupwply-
Unid & mdbn Ejnpuljut nuonh wqnbgnipput’ wnwgwgkyng upphu npuiqghunnpib-
powd: Uppliup wnwewgunid b $kpugnud, npp upnn b hwiqhlgul) winuntwih htnbwip-
utiph owpdwlwt uwwpptph, huptwpheutph, puquulijut hadwlupgbph Jud pdoufu
uwppbkph nhuypbpnud:

Unwguplynud £ kpynt mbuwlh owbpughnt mdtqupupbph twhwgsdwi dbpnng
oquiuugnpstiny dhuyt pupwly opuhnh okpuinyg wpwiqhunnpubp, npnip Wuonyuwidws tu
upphuughtl wuplwbkphg, wjuhtph’ skpugnmuhg: Unwewplny Ukpnnubpp Yupnn b
Yhpunyt) twb wy] wkuwlh oybkpughnt nidknupupubtph nhypnid:

Unwhgpuyhlr punkp. WUNY, uppbu, skpugnud, pupwly opuhnh skpuning wpwuqhu-
wnnp, oykpughnt nidknupup:
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B.ILII. MEJIMKSH, C.A. 'YKACSHH, C.C. APYTIOHSH,
A.T. KOCTAHSH, I''A. BOCKAHSAH

METOJA MUHUMU3ALUU BIIMAHUA CTAPEHUSA OITEPALIMOHHBIX
YCWIHUTEJIEA HA TOHKUE OKCUJHBIE TPAH3UCTOPBI

B nacrosiee Bpemst pazMep QyHKIHMH TEXHOJIOTUM KOMIUIEMEHTapHBIX METaJlI-0K-
cun-npoBoauukoB (KMOII) arpeccuBHO Mactitabupyercst. HampsbkeHue nutaHus Maciita-
OupyeTcsl HEMPONOPIUOHAIBHO, TOJIINHA AUIEKTPUKA 3aTBOPA YMEHBIIAETCS, B PE3yiIb-
TaTe 4ero yCTPOWCTBAa MOABEPTarOTCs 00JIee CHIbHBIM 3JIEKTPHUECKUM IIOJISIM, BBI3BIBAs TEM
caMbIM CTpecc Ha TpaH3ucTopax. CTpecc BBI3BIBAET CTAPEHUE, KOTOPOE MOXKET MPUBECTH K
JPaMaTHYECKUM TTOCIECACTBUSAM AJISI MOOMIIBHBIX YCTPOWCTB, CAMOJIETOB, BOCHHBIX CHCTEM
WM MEAULIUHCKUX YCTPOMUCTB.

IIpennaraercs MeTo[ MPOEKTUPOBAHUS JByX TUIOB ONEPALUOHHBIX YCHUIMTENEH ¢
HCIOIb30BAHUEM TOJIBKO TOHKHUX OKCHUIHBIX YCTPOMCTB, 3alUIEHHBIX OT CTPECCOBBIX BO3-
[lelCTBl/Iﬁ, a UMCHHO - OT CTapC€HUs. Hpe;[naraeMble METOJbI MOTYT 6]>ITI) pCain30BaHbl U Ha
JpYruX TUIaX OIEPalMOHHBIX YCUIIUTEIIEH.

Kntoueswvie cnosa: KMOII, ctpecc, crapenue, TpaH3UCTOp C TOHKAM OKCHIHBIM CIIOEM,
OTIEPAIIMOHHBIN YCUIHUTEIb.
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THE OUTPUT NOISE REDUCTION OF A LOW-TO-HIGH SUPPLY
VOLTAGE LEVEL-SHIFTER

A new approach for reducing output noises in the level-shifter is presented. The
level-shifters which are intended for making the high-voltage amplitude signal from low-
voltage amplitude signal, has a big issue related to the output noises. The noises that come
from parasitic capacitances and other sources become much higher in the output as the
circuit increases the amplitude of the input signal in the output, so it also increases the
noises. These level-shifters also have the delay time issue. The delay time range between
the input signal and output signal is not so low. Using the capacitances in the output for
reducing the noises can increase the delay time range, which is not a good feature for the
circuit. The new method reduces the output noises without increasing the delay time range,
also it increases the area of the circuit with a little percent. By using this method in 32nm
technology, the area of the circuit increases by 14% and the noise error decreases by 68%.

Keywords: level-shifter, capacitor, resistor, invertor, comparator.

Introduction. In electronics, a level shifter, (logic-level shifter, voltage level
translator) is a circuit for signal translation from one voltage level to another,
allowing compatibility between the circuits with different voltage requirements.
Level shifters are used in modern systems to bridge domains between processors,
logic and other circuits. The three most common logic levels are 1.8V, 3.3V, and
5V. Levels above and below these voltages are also used. Level shifters have a
wide application in interfacing legacy devices, also in SD cards, SIM cards CF
cards, audio codecs, UARTS, etc.

The two main types of the level-shifters are the circuits which translate the
high voltage to low voltage and the ones which translate low voltage to high
voltage. The first type is simpler than the second, because getting a low voltage
signal from a high voltage does not require a complex structure of a scheme. Also,
as the circuit is simple and low output voltage does not require high power
consumption, there are no such circumstances that can lead to big noises in the
output.

In case of level-shifters which translate a low voltage signal to a high
voltage, the working principle of the circuit is more complicated. The circuit
structure has some components that bring about noises in the output, also the high
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voltage switch causes a bigger amplitude of generated noises. The more complicated is
the circuit of the level-shifter, the higher will be the noises in the output signal. So,
there is a requirement to use an approach which will help to get an accurate high-
voltage output signal for the level-shifter.

Literature review. There are several methods and approaches for reducing
the output noises for different level-shifter circuits. For example in [1] a level shifter
for noise and leakage suppression is presented. The level shifter is insensitive to
noise on the input and also reduces the leakage current.

A level-shifter circuit characterized by high noise immunity and improved
capacity is proposed in [2]. In difference to the conventional structure, the proposed
circuit adopting two cross-coupled p-type transistors realizes the selective filtering
ability by exploiting the path which filters out the noise. A differential noise
cancellation scheme is designed to enhance the noise immunity further.

An improved noise immune level-shifter with gate-emitter voltage detection
is presented in [3]. The circuit includes detection and pull down modules with
process matching robustness and low circuit complexity. The noise is removed by
monitoring the interval of the gate-emitter voltage variation and locking the output
logic at the noise coming period.

A high-voltage level shifter with noise shielding is presented in [4]. The
main principle is to determine whether there is noise through signal changes. When
there is noise, the designed level shifter’s output is locked by the noise shielding
circuit. So, the designed level-shifter has infinite immunity, and it is not affected by
the supply voltage, or processes.

A switched-capacitor level-shifting technique with sampling noise reduction
for rail-to-rail input range instrumentation amplifiers is presented in [5]. In the
proposed circuit, two adaptive level-shifting (ALS) schemes are combined with the
two input stages of an Indirect Current-Feedback (ICF) instrumentation amplifiers.

A level-shifter for low power application is presented in [6]. The proposed
schemes take advantage of the stacking technique's advantages of lower leakage
current and also of the reduced leakage power. But the reduced supply voltage
includes problems such as low voltage swing, insufficient noise margin, currents
escaping from a leak. Power loss has increased to constitute a significant part of
power dissipation as technology advances into the submicron range.

A level shifter for low power applications with a body bias technique is
presented in [7]. In the work, three new innovative designs of the level shifter in
the 0.35 um technology using body bias approach are introduced. Issues of small
voltage swing, insufficient noise margin, leakage currents are originating with the
scaling of the power supply voltage.
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The proposed low-to-high supply voltage level-shifter circuit. The experiments
are carried out on the simple circuit of level-shifter, which is shown in Fig.1.

Vddh

;

—> Vout

b
£ > Vout!

vddl

T

Vin Y

Vss

Fig. 1. Primary circuit of the low-to-high supply voltage level-shifter (1 — invertor,
Vout -straight output, Vout! — inverse output)

The comparator with high supply voltage generates high noises in the output.
Using a capacitor in the output can solve the issue with noises, but it can lead to a
bigger delay time range between the input and output signals, and it is not preferred
as the delay time is long without using a capacitor because of a big output rise-fall
time. So, there’s a requirement to develop a method by which the delay time range
will not increase and the output noises will reduce. The idea that can lead to the
expected results use a transmission gate between the straight output and the inverse
output, so that it will be on at the input switch moment with a very short time and
will compensate the noises of the straight and inverse outputs. At the constant
signal time it must be off.

Two chains with the capacitor and the resistor are connected to the input.
The resistor of one chain is connected to the ground and the node between the
resistor and the capacitor reaches the high voltage in a short time when the input
signal changes from 0 to VDDL. That node is connected with the n-type transistor
of the transmission gate, so, the n-type transistor appearing on a triode region
compensates the noises of the straight and inverse outputs at the rise time.
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Also, the resistor of a second chain is connected to the high supply voltage
source and the node between the resistor and capacitor gets to the lower voltage
from VDDH in a short time when the input signal changes from VDDL to 0. That
node is connected with the p-type transistor of the transmission gate, so, the p-type
transistor appearing on a triode region compensates the noises of the straight and
inverse outputs at the fall time. By this approach, we get an output signal with
reduced noises without increasing the delay time range. The circuit of the optimized
level-shifter is shown in Fig.2.

1
Vx%lx_ih —t
C
Vzut
:|: > Vout!
Vvddl
Vin » T 1

Fig.2. The optimized circuit of low-to-high supply voltage level-shifter (1 — invertor,
2 — transmission gate, Vout -straight output, Vout! — inverse output)

Simulation results. The main block of a low-to-high supply voltage level-
shifter is designed. Simulations are performed using the HSPICE simulator
(described in [8]) for a number of PVT corners including 3 main conditions (TT,
FF and SS processes with respective voltage and temperature values). Here the
results of the TT typical corner are presented. The circuit is designed and
simulation is performed in the 32 nm technology. The primary circuit of the level-
shifter designed in 32 nm technology is shown in Fig.3. Low supply voltage (VDDL)
is 1.2 V, high supply voltage (VDDH) is 3.3 V, and the signal frequency is 1 G.
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Fig.3. The primary circuit of low-to-high supply voltage level-shifter designed in 32 nm
technology (1 - invertor)

The optimized low-to-high supply voltage level-shifter is shown in Fig.4.
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Fig.4. The optimized circuit of low-to-high supply voltage level-shifter designed in 32 nm
technology (1 — invertor, 2 — transmission gate)

The added two capacitors, two resistors and the transmission gate increase
the area of the circuit by 14%. The input and output signals of the primary level-

shifter are shown in Fig.5.
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Fig.5. The input and output characteristics of the primary level-shifter (Vin — input signal,
Vout — straight output signal, Vout! — inverse output signal)
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The input and output signals of the optimized level-shifter are shown in Fig.6.

Fig.6. The input and output characteristics of the optimized level-shifter (Vin — input signal,
Vout — straight output signal, Vout! — inverse output signal)

0
O 1.2 (i)

o8
Vin| .

Vout| s

2
Vout!
15

Noises of the output signal become less by 68% in the output signal by using
the method.
Conclusion. A new method for noise reduction of the low-to-high supply
voltage level-shifter is presented. In those level-shifters the higher is the supply
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voltage, the higher will be the noises in the output signal, also the bigger the delay
time range between the input and output signals. The experiments are carried out
on the simple level-shifter circuit with an invertor and a comparator. By using the
new method 2 capacitors, 2 resistors and one transmission gate are used. The
advantage of this method is that it increases the area of the circuit by a very low
percent in any technology, it does not increase the delay time range between the
input and output signals in difference with output capacitors (which can also be
required for the output noise reduction), it decreases the noises in the output with
high percent and this method can be used almost in any type of low-to-high supply
voltage level-shifter. By using the method, the area of the circuit increases by 14%
and the noise strength decreases by 68% in the low-to-high supply voltage level-
shifter designed in 32 nm technology.
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2.U. RURLULQULBUL, U.Iv. vNRIUYEMBUL

8UOIres _UC2C ULNRSUUL LUNTUTL ONMULSUUUL UUSPEKULUSRL
ONWUNTP GLLRUSHL UNUNRYLESP LJUQUruNkhUC

Ukpjuyugdws b wunhgubiughtt thnpuwphsnid Gpuyghtt wnunijubph tuqkgdwi
unp Unnbgnud: Uunhdwbwghtt thnjuwphstbpp, npnup twjpunbtugus u gudn wdwhunnt-
nuyhtt jupdudp wqnuiowihg pupdp wdyhnniqujhtt jupdwt wqpubtput vnwbwnt
hudwp, Ukd uinhp mbkt juuyws bjpujhl wnunidyabph htn: Undmlakpp, npnip wow-
owunud b wupwqhwnwhtt ntbwnipniiutbphg b wy] wypnipubphg, Epuyhtt wqpuow-
und wybph b dkdwunud, putth np upubdwb Ukwgunid E dntnpught wqnutpwith wduygh-
wnnigp Gpnud, ntunh dkdwgunud | tub wndnujubipp: Uju wunhdwbughtt thnpawplhst niih
twl hbnwdquut dudwiwlh jughp: Upw dntnpughtt wqpuipwih b Gpuyghtt wgnu-
upwth dhol nipwgudwtt vhowluypl wyupw ) qudp sk: Ununijubpp tduqkgutint hwdwp
Eipughtt nibwlnipiniiibph oqunwugnpénidp Jupnn b dkdwgut] htinwdquub dudwbwlh
wmhnpnypn, hiyp (wy hwnfwihy sk ujubdugh hwdwp: ‘Unp dbpnnp bjuqbgunid b Epugh
wnunijubpp wowbg nowgdwh dudwbwlh whpnypp Ukswgikng, husybu wb thopp
unlnuny k dkdwginid snpuyh dwljtptup: Uju dbpngp 32 bwbndbunp nkutininghuygh dke
oquiuugnpstint nypmu onpuyh dwlbpbup dedwunud  14%-ny, hul wnuniyh uppwjwipp
ujuqnud & 68%-ny:

Unwhgpuypli punkp. wunh&wbughtt thnfuwplhs, Ynunkiuwnnp, nhiqhuwnng, opehs,
Yndywpuwnnp:

A.A. BABA/UKAHSH, C.X. XYJABEP/STH

MUHUMM3ALNUA BBIXOJHBIX ITYMOB ITPEOBPA3OBATEJISI YPOBHSA C
HEPEXOJOM OT HU3KOI'O HICTOYHUKA HANIPAKEHHUSA 10 BBICOKOT'O

[IpencraBneH HOBBIN MOJAXOJ] K CHWKEHHIO BBIXOJIHBIX IIYMOB B IIpeoOpasoBarere
ypoBHSL. Y mnpeoOpasoBaresnieil ypoBHsl, IIpeiHa3HAYeHHBIX U1l MPEeoOpa3oBaHMsl BHICOKOBOJIBT-
HOT'O aMIUIUTYHOTO CHTHAJIa U3 HU3KOBOJIFTHOTO aMIUIMTYAHOTO CHTHAaJla, €CTh OOJbLIas
npoOJieMa, CBSI3aHHAs! C BHIXOAHBIMH IryMamu. [1lyMbl, HCXOnsIIME OT NapasuTHBIX eMKOCTEH
U JPYTHX UCTOYHHUKOB, CTAHOBSATCS HAMHOT'O BBILIE HA BBIXOAE, IOCKOJIBKY CXeMa yBEJIUYH-
BaeT aMIUIUTYIly BXOJHOTO CHTHAja Ha BBIXOJE, II09TOMY OHA TAKKe yBEJIUYMBACT LIYMBL.
[pyras npoGiiemMa cBs3aHa C BpEeMEHEM 3aJIepKKU. lHara3oH BpEeMEHHU 3aJepPiKKH MEKIy
BXOJHBIM CHT'HAJIOM U BBIXOJHBIM CUTHAJIOM HE Tak Y Majl. Vcrosip30BaHHE eMKOCTEeH Ha
BBIXOJIE [UISl YMEHBLICHHS IIIyMOB MOXKET YBEJIMYHUTh AUAINa30H BPEMEHH 3aJCPHKKH, 4TO HE
OYEHb XOpOIIO yIsi cXeMbl. HOBBII MeTO/1 MO3BOJISIET YMEHBIINTD BBIXOIHBIE IIyMBbI, HE yBe-
JMYMBasl AMANa30H BPEMEHH 3aJIEP)KKH, a TaKKe YBEJIMYUTh IUIONIA/b CXEMbI Ha HEOOJIb-
o nmpoueHT. IIpy MCHONIB30BaHUM ATOTO METO/A B TEXHOJOTMU 32 HM TUIOLIAh CXEMBI
yBennuuBaeTcs Ha 14%, a nrymoBast ominOka yMmeHbIaercst Ha 68%.

Kniouesvle cnoga: mepexiodaTesb YpOBHS, KOHAEHCATOP, PE3UCTOpP, MHBEPTOD,
KOMIIapaTop.
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CUINPUR 2ULaNh88NRU ZUUUZULSEESU UL UBUUSE UNRSLUSPL
LUCUUL CUYZULARE FUNUCHR UWUCQULBLUUL ZUUUTYULSS

Uhpluyugjws | nbnjungmpjut hwenpnuljut thnpawbigdwt dnunp-tjp hwtignyg-
ubph pugniuhsmd nnuuwydws dnitnpughtt wmqputipwth punhwinip pununphsh upqu-
phipdwt hwdwlwpgh juenigdwy dkpnn: Lkpgpdl) | puguuwub hbnwgupd juwy hwuo-
tnwwnntt hunnppujwinipyudp hnuwbph wnpniph b hwenpyujwb nhdwnpnipniubph
dwnphgh vholy, npp poyy) £ nnwjhu Juynibiwgly wuhippnt gduyhtt hwdwhwppehgdw upub-
dugh dntinpuygptt jupdwt dwjupnulh thothnjunipiniip: Uguwhnybng jupdwt pupanp dw-
Jupnul, hnuwbph wnpnip hwinhuwgnn wpuiqhunnpubpt wpupwnnid tu hwghkgdwt nk-
dhunid b wywhnynid gusp nidbnugdwi gnpdwiljhg gusp hwdwwlwbwghtt nhpoypod:
Onpduuut mdyuyutpp Juynud Bu, np wpwewpljws dkpnnh Yhpundw nhypnid wphiw-
tnwtpuyhtt hwdwhimipniiibpmyd nidbnugdw gnpéwligh onipg 4,8% thnppugdwt hwoyhte
hwdwlwunpgh nidtnugnuup gusp hwdwjunipniuubpnid tdwuql] EUnnwdnpuuytu 76%-ny:

Unwbgpuyhll punkp. puguuulwh hbnwnupd juy, dntnpuihtt jupdwb punhw-
unip pununnhs, hwunwnnit hunnpyuwinipjudp hnuwbph wnpmnp:

Lkpwbnmpinii: Fwdwtwlulhg hwonppuju thnppwbgdw b pugniudwi
gipwpuwg huwdwlwupgbipnid gipunguubih £ hnupmigmud ubppul] puduju dks
ntbwlnipinil, htsh wighugumd E wqnutipwh dhuyt hnthnjumjut pununphsp
[1]: dpw hhdtwlubh wpwybnipnitip punniths hwignygnid jupdwt hwunwnni
pununphsh jupqupbpdwb htwpwynpnipinit ntikbw b k: Uju poy) £ wnnwghu pb-
yniuhs hwignygnid hwdwhwppligdwt ujubkdugh dntnpughtt mpuiqghunnpbpp
wuwhb] hmgbkgdwt nkdhudnid b wmywhnyb] wthpwdbyn nidknugdwb gnpdwljhgp:
Uwljuytt idwt yqupuquynud withpudbonnipnit E wnwewiinid twpupwuybu Ynnw-
Unpk hnjuwtigynn hupnplwghwi, npuybugh Ypluynn phptph weluynipyub phy-
pnud wywhnyygh wqnpwth thnpjuwbigdwt hwdwhnteniup [2]:

Niuynpymip Yhpum]nd E hnupnigne Jkpemd” wdhgwugbu hwdwdwg-
ukguwt hwtigqnyghg wnwy (Y. 1):
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Ul.1. Uniunp-kjp hwbgnijgh Junnigyuépp

Cungniihy hwignygnid fhpwnynid E oyybpughnt mdtnupunph hhdwi ypu
jurnigusd puguuwlwb hbnwnupd juwyny jupdwt punhwinip pununphsh
Jupqupbpdwt hwdwlwupg (uy. 2) [3]:

VUang+ \ Vuug+
— > >

uaQlu
VUnLLnQ- VblB'
t . »

1~ .

+ hwuwnwwnnlu
\ 4 v hwnnpnwlwlncejwdp

\ hnuwlph wnpjntph W
< hwgnpnwywu
On l- - e Vh nhuwnpntejnliltph
hwdwywpg

UG.2. Lupdwl panhwlnp pununpish jupgqupbpdui hudwlupg

Zwpyh wntbny wkuninghwljut sknnudukpp, hyybu twb vbdwb jup-
dwl b ohpdwunhfwith thnthnjumipyniuibpp, hwdwlwpgnud hkbwluyhtt jupnudp
unwugynid £ hwunwwnni hunnppuljutnipjudp hnuwph wnpmniph b hwgnpnw-
Jut nphdwnpmpniubkpnh dhengny (. 3) [4]:
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Vth

Ug.3. Zwuwnunnni i hupnppuwinyeyudp hAnuwiph wnpniph b hwenpnuliul
phdwngpnipntGikph hudwlupg
«Ms» it «Ma» mpuiqhunnnpubptt wywhnynid Et hwjwuwp hnuwp Gplnt
&ninbtpnud: <M b «M2» mpuwiighuninpubph swthbph hwpwpbpwlgnipiniu ni Rs
nhuwnpnipjui wpdbpp npnonid ki hnuwiph wpdbpp'

2 lap v el Viny + I, % R (1)
_— = |[———— 4 * R,
ub*copuﬁq* W/L)g thi ub*copuﬁq*(W/L)ZI thi bp s

2xl g, 1 1
Iy, = 4 * —*x|1——

2
& waCopupy*W/L)y - Rs ( VK ) ’ 2

ugph npjuéspp b dkpnnhljuyh hhdbuwnpnidp: LTwpdwb pinhwinip pw-
nunphsh jupqupkpdwt hwdwunpgh tyuwwnwlt £ wiljnitwghtt pninp nbupt-
nnd wywhnyb] wuhuppnt gdwyhtt hwdwhwppbgdwt vjubdugh (UQ2U) mpwb-
qhunnpubph woiwwnwbupwiht nkdhdp (. 4) [5]:
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Ul. 4. Uuplippnl géuyhll hwdwhwppbgdwl ufulbiwi

Ltipjujhu wkpbininghwljut b wpuwphtt yuydwbubph sknnidubph nhw-
pnud npny wulnibughtt ghypipmd vnwgynid B puduljub gusp jupdwt wp-
dbipubtip: Ll yupuquynud wihtiwp £ gununid «Ms» it «Msa» impuiighunnpubpp
wuhl) hwgkgdwt nkdhunud, pwtth np npuitg Vegmip-wpameptp juapiut gupwpp uywn-
Ynud £ Ytw hwighgunid £ «Ms» b «Ma» tnpuiighunnnputiph hnupninnt nhdwnpnip-
jut thnppuguwbp, hisp Retq phtwnpnipjut htn qmiquihtn thwgws (hkng wg-
nnud £ UQ2U-h mdbnugdwt gnpswygh ypw gusp hwdwjunipniuubpnud: Fw fu-
nnn E hwtigkgub] nidbnugdwt gnpswligh upqupbpdw ufuwtkph, husybu bwb
hwdwlupgh gduwjunipjut ijuqlui:

Unwowplynid £ jhpwnk] puguuwlju hbnwunupd juy hwunwnntt hw-
nnppuluwinipjudp hnuwph wnpniph hwenppuljwt phdwnpnipmitubph upek-
dwutph dhol (Y. 5):
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Utdwt jupdwl pupdp wpdbpubinh nhuypbipnid «Ms», «Ms» bt «Me» tnpuiighu-
nnpubph Veymipwpowptn (uapdutl wpdtpp Juippws b «M2» impuiighuninph Vipuiut-uymp
Jupdwb wpdtphg

V\lﬂ{nﬂlpﬂnpm\uphp = Vhuunwnmb - Vlhmllmhfmtlmhp : (3)

Utdwl jupdwt gusp wpdbpubiph ghypnid «Mi» bt «M2» mmpuiighuinnpubiph
Vipuiut-wymep (uipiwl wpdbplbpp wuppbpdnd Ba

V\bmllwh—uﬂlmhp (MZ) = Vu.lhgnu[u.l]]lh f (4)
Vthmhmh—ml{mhp (Ml) = thgm.dm]bh - AV B (5)
VL]nulehfml{mhp (MS) = thgnulul]]lh -AV: (6)

Zupyh wntikny, np «M» b «M2» inpuiighuninpitbiph Viwyes juapnudp pughwinip
t, Yuphih b huduuwpbgiby wyy kplm gnugtipn] jupduh wiymubph gnuodwpbtpp

Vl.]uullulh—u.ll{nlhp (MZ) + Vuﬂlmhp—wpmmpbp (M4) = V\bmllu.lh—uﬂlmhp (Ml) + Vlhuﬂlu.lh-wllmhp (MB) ) (7)
Vu.lhgnu[u.l]llll + VLUllIlLUp-LUIl\nL\lpbp (M4) = Z*V\uhgmﬂm]bh -2*AV ! (8)

Zhnlupwp «Ma, Ms» it «Me» npurtighuninpbph Ve wpawpkn updwl wp-
dtpp unugynid £ wnun]by pupap b wyuwhndnud gpu hugbgdwi wyuydwbp

Vu.lllm.hp—u.lpmmphp = thgmdm]lﬂl -2*AV: (9)
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Upyniupnid wyywhnyynud £ bl UQ2U-nuid hnuwtph wnpniph hwgbkgdwt
wuyuwtp tub vtdwb jupdwt gudp wpdbpubph nhupnid:

ZEknmwmgnuinipjud wpyniipubpp: Unwowplynny upjubdwt twjuwgddl) k
«UUuNPk?Y 14ud» nkjuuninghwyny [6] b «Custom compiler» dpwugpuyht qnpshph Up-
ongny [7]: Unphjwynpnudp Juwnwpyty E «HSPICE» spuqpuyhtt gnpshph thongny [8]:

Lwhuwgdyl) Eu U2ZU b dninpuhtt mqnuipwth punhwinip pununphsh
Jupqupbpdwi hwdwlupgh hwignygubpp:

Guunwpyl] b ujubdugh dngijudnpnud hwunwngws Jhdwulnud, b suthyty
tt UQ2U-h hnuwtph wnpmnip hwinhwuwgnn impuighunnpbph ywpwdbupbpp
dbpnnh Yhpwenidhg wnwe b htwnn (wn. 1,2):

Unyniuwly 1
UQ2U-p hnuwbph wnpnip hwinhwuwgng npubqhunnpbbph qupudbnpbpn Jkpnnh
yppunnidhg wnuyp
M/Ms gmid[gain [sat marginfgds [gm [vod [vdsat [vth [vds [vgs [id
MAX 32.85(1.32k | 0.46 7.11m[27.72m|114.10m203.30m 0.43  [0.56  [0.51 1.52m
MIN 11.36 12.56u] 10.26m| 33.82m |86.23m | 226.40m| 89.06m |301.60m|0.49m
AVERAGE 20.48[213.78145.29m [ 0.74m [18.25m|69.12m [139.93m[0.33  [285.22m[0.40  [0.94m
STD 547 [0.32k [143.01m [1.34m [3.80m [19.62m |31.56m [60.55m | 124.12m[54.65m |281.92u
Uniniuwly 2
UQ2U-h hnuwlph wigpnip hwinhwuwgng npubqhunnpbbph gqupudbupbpp Jkpnnh
yppwnnidhg hkun
Ms/Ms [gmid] gain [sat margiffgds  [gm  [vod vdsat | vth vds vgs id
MAX 32.64]1.43k 0.48 0.72m |28.23m|114.40m|203.40m{ 043 057 0.5  |1.55m
MIN 13.12/33.79{60.50m | 11.64u |13.80m| 34.66m |86.45m |225.80m| 212.00m| 301.50m| 0.51m
AVERAGE 21.29)0.36k| 233.76m | 192.57u)19.21m| 67.74m |136.71m|0.33  [0.37  |0.40  [0.96m
STD 5.47 |0.40k115.05m | 174.10u|3.44m |19.72m |32.62m |58.37m | 94.52m |52.55m |295.04u

UQ2U-h hnuwtph wnpnip hwinhwuwgnn mpuwughunnpitph yupuwdbn-
ntph wpdbpubpp wnwyl] dfwipudwut tbpuyugus o gpubhjuljuis mbkupny
(uy. 6):
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Ul 6. ULU-p hnuwlph winpnip hwinhwuwgnn ipuaghumnnpibph qupuwdbupkpp
Ukpnnh fhpwnnidhg wnwye (w) b hkwnn (p)
Zudwljupgh ndbnugdw gnpswiljgh b gdwyunipjut hnthnjumpjut ghw-
hwndwt tywnwlnd junwpdly k twl hwfwpoujuwbuht b dudwbulught Un-
phjuwynpnid: Upmynitpubpt wdthnthgws b wr. 3-nud:
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Ungniuwly 3
Zunlwlupgh wilihnih wpnyniphkpp

Utpnnh Utpnnh fhpunnudhg
Yhpwpnilhg wnwye htwnn

Swpphpnipinil

Nidtnuguwi
qnpdulhgh
ujuquqgniyt mpdbpp
5 @Zg-nud (2F)
Mdtnuguwt
qnpswyhgh
ujuquqgnyt wpdtpp
4 Ug-nud (gf)
Mdtnuguut
qnpoéwlhgh
ujuqugnyl wpdkpp
10 UZg-nud (A
1 pRubnudul
Ytwnnwd Gpuyht
wqnuipwh
dwljupnulyp (/)
Un. 3-nud phpdws wpdbpubpp Jiuymd G, np hwdwlupgh nidknugdut
gnpdwjhgh twqugny wpdtpp thnppugky b 76%-ny, hulj nidkinugdwt gnpéw-
Uhgp wolunwipuhlt hwdwm pniubpnud onipe 5%-ny: Ukswgh) t iwb hw-
dwljupgh qdwjuntipiniup onipe 12%-n4y:

6,35 6,04 -0,31 (-4,8%)

6,86 6,7 -0,16 (-2,3%)

-1,81 3,2 1,39 (-76,7%)

146,8 164,3 17,5 (+11,9%)

Bqpuljugnipjni: Zwunwwnnit hunnppuljuinipjudp hnuwtph wnpmniph
b hwonppuljw ghdwnpmipnitubph hwdwlupgnid wowewplyny puguuwljut
htnnwnupd juwh wbpppdudp mesynud £ UQR2ZU-nud wnlw hnuwtph wnpmip
hwunhuwgnn wnpwbqhunnpubph hwgbguut wuwydwih wywhnddwb futinphpp,
npp hwighgumd E pinhwinip hwdwljupgh nidbnugdwt gnpswljgh tduquuip
guédn hwdwpunipniiubpnid b nudbnupuph gduyumpjut dkdwgdwup: Ukpnnh
Yhpundwdp htwpwynp b nupdl] hwdwlupgh mdbnugdw qnpswljhgp gudn
hwdwnpmbtbpmd w]uqkght) ~76,7%-m] wolnunwbpughtt hwgwuntpynih-
ubipnud hwdwlupgh nidbnugdw gnpswlygh onipg 4,8% thnppugdw hwpyhte:

ZEunmugminmpini bl ppulminugyly 22 pnnippul fndpnkh phlnuiuulub
wowlgnipyunlp ' 21T-2B002 dwslwqgpny] ghunwlwb phiugh spowtnulbbpnid:
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M.T. 'PUT'OPSIH, A.C. CAAKSIH

CUCTEMA PETYJIMPOBAHUA OBIIEN COCTABJSAIOIIEN
BXOJHOI'O HATIPSI)KEHUS CXEMBI DKBAJIAM3EPA B IPUEMHOM
Y3JIE

[IpencraBieH METO HOCTPOCHHUSI CUCTEMBI HACTPOWKHU OOIIel COCTaBIAIONIEH BXO-
HOTO CUTHAJIa, PACMOJIOKEHHO! B IMPUEMHHKE BHICOKOCKOPOCTHOI CHCTEMBI ITepeiaull JaHHBIX.
BBeznena orpuuarensHas oOpaTHasi CBS3b MEXIy MCTOYHHKOM TOKa C IOCTOSIHHOM MPOBO-
JVMOCTBIO M MAaTPHILEH MOCIEA0BATENbHBIX PE3UCTOPOB, MO3BOJISIONIAsT CTAOMIN3MPOBATh
M3MEHEHHE YPOBHSI BXOAHOTO HANPSKEHUS] CXEMBI aCHHXPOHHOTO JIMHEWHOT 0 3KBajai3epa.
TpaH3uCTOPHI HCTOYHMKA TOKA, 0OECHeunBas BHICOKUI YPOBEHb HANpPsDKCHUS, paboOTaOT B
peKrMe HACHIIIEHHS, YTO TIO3BOJISIET 00ECIIeUNTh HU3KHN KOI((PUIMEHT YCUIICHHS B THATIa30HE
HHU3KHX 9aCTOT. DKCHEPUMEHTAIbHbIEC JaHHBIE TOATBEPIKIAIOT, YTO B CITydae HCIOJIb30BAHHSA
MIPEATIOKEHHOTO0 METO/1a YCHIICHHE CUCTEMBI Ha HU3KHUX YacTOTaX YMEHBIIWIOCH IPUMEPHO
Ha 76% 3a cueT cHrKeHns1 Kod(duIeHTa yeuieHns Ha pabounx JacTotax npumMepHo Ha 4,8%.

Knioueswvie cnoea: otpunatenbHas oOpartHasi CBsi3b, 00Iasi COCTABIISIONIAs BXOAHOTO
HaIpsHKEHUs], ICTOYHHMK MOCTOSHHOTO TOKa MPOBOANMOCTH.
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M.T. GRIGORYAN, A.S. SAHAKYAN

A SYSTEM FOR REGULATING THE COMMON COMPONENT OF THE
INPUT VOLTAGE IN A RECEIVER

A method of building a system for adjusting the common mode variation of the
input signal of the receiver in SERDES systems is presented. A negative feedback connection
between the current source with constant conductivity and the matrix of series resistors is
introduced, which allows to decrease the variation of common mode voltage level of the
continious time linear equalizer circuit. By providing a high voltage level, the current
source transistors operate in the saturation mode and provide a low gain in the low
frequency range. The simulation results show that in the case of using the proposed method,
the amplification of the system at low frequencies decrease by approximately 76% due to
the reduction of the amplification factor at working frequencies by about 4.8%.

Keywords: negative feedback, common input voltage component, constant conductance
current source.
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S.G. MARTIROSYAN, J.E. TORIKYAN
SOME PECULIARITIES OF THE SCHMITT TRIGGER

It has been shown that the use of an additional reference voltage at the input of
Schmitt inverting and non-inverting triggers and an analog switch at the output increases
the accuracy of the threshold and output voltages, regulates the position of the hysteresis
curve on the horizontal axis. Hysteresis does not depend on reference voltage. General
formulas have been derived for determining the threshold values for inverting and non-
inverting triggers, where the two threshold voltages and the two output voltages, depending
on the problem setting, can be positive and negative, or unipolar positive or unipolar
negative. Those are presented in the form of the sum of stable and unstable components, by
increasing the stable component, it is possible to improve the accuracy of threshold voltage
values in classical schemes. The necessity of using additional reference voltage is justified.
In the proposed scheme, the output parameters of the triggers do not depend on the parameters
of the microchip working as a comparator. A guideline of recalculation for increasing the
accuracy of threshold voltages using a reference voltage has been developed. A graph is
constructed that allows to quickly calculate the relative accuracy increase in the threshold
voltages when the reference voltage is applied. This is obtained by increasing the ratio of
positive feedback resistances. The reverse problem can also be solved using that graph.
New designations of threshold voltages that facilitate the visual understanding of threshold
voltage equations have been proposed.

Keywords: Schmitt trigger, analog switch, comparator, threshold voltage, reference
voltage, accuracy.

Introduction. The Schmitt trigger is an inverting or non-inverting comparator
that converts an input analog signal into a logic signal, depending on the direction
of crossing two preselected threshold voltages: high or low. Due to the noise
generated on the signal at the moments of overcoming the threshold voltages, the
output voltage of the comparator constantly oscillates, accepting its high and low
values. To avoid this, hysteresis, which is the difference in threshold voltages, is
created by positive feedback. In the reviewed literature, there are various formulas
for calculating the input threshold voltages of inverting or non-inverting triggers
that operate in a certain voltage range. Different versions of these formulas confuse
the user, and the hysteresis curve is placed either in the first quadrant or in all four
quadrants simultaneously. The case of two threshold and two output voltages of the
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triggers being only positive or only negative at the same time is not discussed. The
necessity and role of using an additional reference voltage source in increasing the
accuracy of the threshold voltages is not discussed either.

Problem setting. Our investigation aims:

1) to find new schematic and technical solutions to increase the accuracy of
input and output voltages;

2) to find general formulas applicable to any conditions for inverting and
non-inverting triggers and justify their advantages;

3) to justify the need to apply the U, reference voltage in order to increase
the accuracy of the threshold values in classical trigger circuits;

4) to develop a methodological guide for the calculation of the increase in
the accuracy of the threshold voltages.

For a workable trigger, such a calculation is considered a direct problem. As
a basis, we chose the circuit of the inverting trigger with an analog switch proposed
in [1], to which we added a reference voltage U, . The circuit of non-inverting
trigger is also developed in the same way, which is missing in [1]. The constant
voltages U,,; = UL, and Uy, = US,, controlling the hysteresis satisfy only one
condition: UL, > U, (as in the classical circuit) to ensure positive feedback.

As hysteresis control parameters, we have chosen voltages with stable and
accurate values such as U,y = Uy, and U, = UQ,, which must satisfy only one
condition: U}, > U2, (as in the classical scheme) to ensure positive feedback.
They can be placed on the coordinate plane in three ways:

1) Uk, =0, U, < 0 (positive and negative voltages).

2) Uk, >0, U2, = 0 (unipolar positive voltages).

3) Ul <0, U, < 0 (unipolar negative voltages).

In this case, the hysteresis curve is placed in any of 1/4, or 2/4, or 4/4 of the
coordinate planes. That is, the two threshold voltages and the two output voltages,
depending on the problem setting, can be positive and negative, or unipolar positive,
or unipolar negative.

1. Inverting Schmitt trigger. Fig. 1.1 shows the proposed Schmitt trigger
with an inverting comparator. The external voltage sources U°,,; or Ul,,; are
applied to the circuit with positive feedback resistors R/ and R2 with a switch
depending on the magnitude of the input voltage. The analog switch placed at the
output of the circuit is logically controlled by a comparator with all possible forms
of communication, electrical and non-electrical.
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Fig.1.1. The circuit with inverting Schmitt Fig.1.2. The dependence of
trigger Uout = f (Uin)

Such a circuit also includes the classical form of trigger connection, where
R2 is directly connected to the output of the comparator. In Fig.1.1 /-is the contour
current flowing through the closed circuit in the direction indicated by the arrow.
Fig.1.2 shows the dependence U,,; = f(U;). The point of intersection of the
coordinate axes is not specifically indicated because the equations must be of a
general form regardless of the position of the hysteresis curve in the plane.
Threshold values U;,, | and U, T are indicated on the input voltage U;, axis. Such a
designation of threshold voltages is introduced to facilitate the visual perception of
the input-output functional connection. U;, l-indicates that the U,,;-voltage takes
from high U},.value to low U?,, value and U;, T indicates that U,,;-voltage takes
from low U2,,value to high U},,value. It can be seen from Fig.1.2 that U;,, 1< Uy, L.
The hysteresis will be: AU = U;;, | —U;,, T. The dependence U,,; = f(U;,) is called
the hysteresis curve. It consists of two broken curves: a and b, with a-indicates the
increase in voltage U;, direction and b-indicates the direction of decrease of Uj,
voltage. At the transition moments the non-inverting input voltage of comparator is
equal to the voltage of inverting input: U;,, = Uy, L or Uy, = U;y, 1. For a closed circuit,
from the Kirchhoff's law we have IR1 + IR2 = U,-U,,; and U;;, = U, — IR1. From
these equations we can find the threshold voltage U;;,,, assuming that quantities R1,
R2, Uy, Upye (@ Upye = US4, b. Upyr = Ul,) are known, and given in [2]:

R1
Un=U; + (Uout - Uz) R1+RZ' (L.1)
From (1.1) we get:
Uy R24Ugy R1
Uin = R1+R2 (1.2)

This equation is given in [3, 4]. From (1.2) we get:

R2 R1

Uin =U + Uout m

Z R1+R2

(1.3)

Equation (1.3) is a general equation for determining the threshold voltages. Here,

the first summation depends only on the U, component and the R2/(R1 + R2)
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ratio, and the second one-only on the U,,,; component and the R1/(R1 + R2) ratio
[5, 6]. From equations (1.1), (1.2) and (1.3), only (1.3) shows the dependence of
the threshold voltage U;,, on the voltages U, and U,,; separately. Equation (1.3) is
applicable to any choice of threshold and output voltages and allows easier selection
of U, and U, voltages. From (1.3), we find the threshold values U;;,, T and U;;, |,
which are determined by the output voltages of the comparator before the jumping
moment: U;,, T-corresponds to U2, voltage, Uin l-corresponds to U},,; voltage [3, 5]:

R2

Uin = U, FYITTI U(}ut R1TR2 (high threshold), (1.4)
U T=U,—— wioms T Ugut FIEvS: (low threshold). (1.5)

From equations (1.4), (1.5) given in [3, 5], it can be seen that the threshold
voltages can be located with respect to the constant component U,R2/(R1 + R2)
in three ways, depending on the magnitudes and signs of the voltages U},, and
UQ,;. Both thresholds at the same time can be greater than, less than U,R2/(R1 + R2),
or placed on both sides of it. The hysteresis will be:

R1

AU = (Uout - U((J)ut) R1+RZ "

(1.6)

From (1.6) it can be seen that AU does not depend on U,. This allows the
hysteresis curve to shift the along the horizontal axis only by selecting U,.
If U, = 0, then from (1.4), (1.5) simplified equations are obtained:

Ui, 1= UL, —— (high threshold) [1, 7-9], (1.7)

out p14R2

Ui, T= U2, ——— (low threshold) [7, 8]. (1.8)

out p14+R2

In [2-6], U,-additional reference voltage is applied without justifying the use
of it.

Comparator output voltages are often used as output voltages U2, and U2,;,
which depend on the supply voltage and comparator output voltages, output and load
resistances, ambient temperature. The accuracy of the Hysteresis parameters also
depends on these parameters. Due to the reference voltage U, used in the scheme
of Fig. 1.1, a stable component appears in equation (1.3). As a result, the influence
of unstable U2, and U2, parameters on threshold voltages and hysteresis parameters
is reduced, increasing their accuracy and stability. The proposed solutions were tested
with the Multisim program, with classic circuit diagram, and the LM7332 chip.
Four combinations of VCC, VEE supply voltages and U, reference voltage were
used: VCC =10V, VEE =0V, VEE = -10V, U, = 2V, U, = OV and the same
R1 = 2k, R2 = 20k resistors. We considered that U},, = VCC, U%,, = VEE.
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In Fig.1.3, the circuit diagram of the comparator with the first combination is
shown. In Fig.1.4, the hysteresis curves of the inverting trigger for four combinations is
shown, the threshold and reference voltages are given on the x-axis and the output
voltages of the comparator on the y-axis for each hysteresis curve separately.

XSCL -1 0 1 2 3 Uin[V]
: : 1 Vac=10v. H :
wer Uz % | | s —
¥ I | vee-1ov ! .
o 4 ‘ ‘ T———
5 | i 4 ! Uin
: e  eit——+
[ ! ‘ ! |VEC-10V o ! vz=2v i
I Uin
Uz=0v i

Fig.1.3. The diagram with first combination Fig.1.4. Hysteresis curves for four
combinations

It can be seen from Fig. 1.4 that by choosing the sign and magnitude of the
U, voltage, the hysteresis curve can be shifted to the range of both positive and
negative threshold voltages. When U, = 0V, the circuit is deprived of the ability to
easily shift the hysteresis curve.

2. Non-inverting Schmitt trigger. Fig.2.1 shows the proposed circuit of
Schmitt trigger with a non-inverting comparator and an analog switch. The switch
is logically controlled by a comparator in the same way as in the inverting trigger.

e —— gy — —— — — — — -
L R Rz L Uout Uout
1
: : Uout b b .
| Yin * Qutlogic | a
\ S
U - 1
|
| b
[} 1 0 a
: Uout T ) Uout U out y a
ik ! Uin it Ui
L - —_ in Uin' in

Fig.2.1. The circuit with non-inv. Schmitt ~ Fig.2.2. The dependence of Uy, = f(Uin)
trigger

Fig.2.2 shows the dependence of U,,; = f(U;,). When the input voltage
reaches the threshold values U;, T and U, ! indicated on the axis of the input
voltage U;,,, there are jumps in the output voltage: U;;,, T indicates that the voltage
Uyye from a low value U2, takes a higher U},,;, value, and U;,, | indicates that the
voltage U,y , starting from a high value U}, takes a low value U$,,. Fig.2.2
shows the high threshold for non-inverting trigger U;, {< U;;, T. Therefore the
hysteresis will be: AU =U;; T — U, 1. In the transient moments the non-
inverting input voltage of the comparator is equal to the inverting input voltage:
Upn =Uin Lor Uy = Upy .

From the Kirchhoff equation for a closed circuit we obtain U;, — IR1 =
= Uyye + +IR2, where, on both sides of the equation is the voltage of the non-
inverting input of the comparator. At the inverting input of the comparator at
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transient moments, it is equal to the voltage U,. Let's find the threshold voltage
Ui, assuming that quantities R1, R2, Uy, Ugye (a. Ugye = U6, b. Ugye = ULyp)
are known [2]:

Uin = Uy = Uoue — Uz) = @.1)
From (2.1) we get the equations, given in [3] for two thresholds:
Uin 7= {(R1 4+ R2)U, — R1U2,,}/R2,
Ui 1= {(R1 + R2)U, — R1U},}/R2. (2.2)

From (2.2) we get an equation with separate summables, as in the case of the
inverting trigger:
R1+R2 R1
5~ Uout - (2.3)

Equation (2.3) is a general equation for determining the threshold voltages.
R1+R2

Uin = U,

Here, the first summation depends only on the U, component and the ratio,

R1 .
and the second one-only on the U,,; component and the - ratio.

From equations (2.1), (2.2), (2.3), only (2.3) clearly shows the dependence
of the threshold voltage U;, on the voltages U, and U,,,; separately. An equation of
this form is applicable to any choice of threshold and output voltages and allows
easier selection of U, and U,,,; voltages. From (2.3) let’s find the threshold voltages
Uin Tand U;;, |, which are determined by the output voltages of the comparator

before the jump, U;,, T-corresponds to U2, Uy, L-corresponds to UL,

Uin 1= U, =2 = Uy = (high threshold), (2.4)
Un = U, % - Ul % (low threshold). (2.5)
The hysteresis will be:

R1

AU = (Uc}ut - Uz())ut RZ

(2.6)

From (2.6) it can be seen that AU does not depend on U,. This allows the
hysteresis curve to be shifted by selecting U, only. If in (3.4) and (3.5) U, = 0,
then

Uin 1= —USy = (high threshold), 2.7)

Uin 4= —Uye = (low threshold). (2.8)
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Equations (2.3), (2.4), (2.5) are missing in the investigated literature, and in
[1] are given only equations (2.7) and (2.8).

In the scheme of Fig.2.3 an additional U, reference voltage source was used
to increase the accuracy and stability of Uy, T, U, |, AU parameter values. By
reducing the influence of unstable UL,, and U2, parameters on threshold voltages
and hysteresis parameters, their accuracy and stability increases.

The proposed solutions were tested by the Multisim program, with classic
circuit diagram, and the LM7332 chip. Four combinations of supply and reference
voltages were used: VCC = 10V, VEE =0V, VEE = =10V, U, =2V, U, =0V
and the same R1 = 2k, R2 = 20k resistors. We considered that U}, = VCC,
U%,; = VEE.

In Fig. 2.3 shows the electric circuit with the first combination.

xscl - 0 1 2 3 Uin[V
XFG1 % R ! ' VEC-10V__ I ! ! "
=<3 ¢ 7om Lm % =i : e s s
s - . Vo vec-tov - ,’—l—l_r,
= £l o E | i - . - Uin
3L L7 1 ! ‘ I ' ! VEE:'IDV<—¢—.—‘: v :
Uz vee Uout Vcc:mv,j:w: | == |
+ e VEE=0V _ L ,.uin '
@2\’ l/OEVE D—,_LLNWSSZMA VeC=10v.— T ;
- oy P ! Ly Uin
V‘E:'”‘i:u;w:k
Fig.2.3. The diagram with first combination Fig.2.4. Hysteresis curves for four
combinations

Fig.2.4 shows the hysteresis curves for all four combinations. In this figure,
the threshold and reference voltages are given on the x-axis and the output
voltages-on the y-axis for each curve separately. It can be seen from Fig. 2.4 that
by choosing the sign and magnitude of U,, the hysteresis curve can be shifted to
the range of both positive and negative threshold voltages. When U, = 0V, the
circuit is deprived of the ability to easily shift the hysteresis curve.

3. The effect of U, voltage on Schmitt trigger parameters. Let's show that
by applying the U, voltage, it is possible to increase the accuracy of the threshold

voltage. For this, in equation (1.3), let's assign: K = % (feedback coefficient), in

this case we get. Let's show that by applying the U, voltage, it is possible to
increase the accuracy of the threshold voltage. For this, in equation (1.3), let's

assign: K = % (feedback coefficient similar to an operational amplifier), we get:

K 1
Uin = UZH_K+ Uoutl_'__K- (3.1
For two thresholds we will have:
Uin 4= U, 7 + Ulye —— (high threshold), (3.2)
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U 1= U, —— + U2, — (low threshold). (3.3)

Z1+K out 14

Let's consider that the resistors used in the circuit and the additional reference
voltage, have very high accuracy and stability. When U, = OV, the threshold voltage

Uin = Uput ﬁ depends only on the output voltage, therefore the relative volatility

of its value is as much as the volatility of U,,;. When using U,-reference voltage,
the instability of the voltage U;, depends only on the second component-U,,;. By
choosing the magnitude of the stable component to be much larger than the
magnitude of the unstable component, the effect of the transient voltage U,,; on
U;, will be much smaller than it would be in the absence of U,. For this it is
necessary:

1) when U, = 0V, with (3.2) and (3.3) the calculate the values of the high

and low threshold voltages for a certain value K1 = g;

2) to estimate their percentage changes depending on the output voltage
changes,

3) as a threshold requiring a stable value, to choose either the high or the
low threshold and consider its value unchanged;

4) in order to soften the unstable component of the threshold voltage selected

in (1.3) to the necessary extent, to select a new larger value of K (K2 = %);

5) from (3.2) or (3.3) to calculate the necessary U, voltage, that will provide
the selected threshold voltage;

6) to recalculate the new value of the other unknown threshold having the
voltage U,.

Using equations (3.2) and (3.3), let's show the necessity and features of
applying U,-reference voltage with example of a circuit with bipolar power supply.
The following initial parameters are given: UL, = 10V, U2,, = —10V, U, = 0V,
K1 =9, voltage error: +10%, permissible error of threshold voltage: 1%. By
carrying out steps 1-4 of the guide, we choose K2 = 99 and complete the calculation.
The results are presented in the Table below.

The same method is used to calculate in the case of a non-inverting trigger.
In cases where the changes in the second threshold voltage and hysteresis, due to
the use of the classic scheme are not satisfactory, the circuits with the analog switch
given in Fig. 1.1 and Fig. 2.1 should be used. A partial solution can be the use of a
bidirectional, parametric stabilizer of the output voltage in a classical circuit.
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Table

Calculations results of initial and final values of the threshold voltages and their errors

Initial data without ref. Calculation data Initial data for recalculation Recalculation data
voltage
Ulout anut Uz K1 Uin ’L Uin T Ulout anut Uz K2 Uin ‘L Uin T
+10V [-10V |0V |9 |1V -1V +10V -10V 0,909V |99 |1V 0,7999V
+11V  |[-11V |0V |9 |11V -1,1V +11V -11v 0,9097 |99 |1,00997 |0,7899V
10%err | 10%err | - - | 10%err | 10%err | 10%err | 10%err | 0%err - 1%err 1,25%err

Using equations (3.2) and (3.3), let's calculate the dependence of the threshold
voltage change on the output voltage change, when applying U,,.
The change in the threshold voltage is directly proportional to the change in

the output voltage: AU;, = AU, ﬁ Assume the ratio of the threshold voltage

change (AU;;,,) and the output voltage change (AU,,;) is A = ﬁuﬂ = ﬁ
out

Al = ;, where K1 = 22 (first feedback coefficient), when U, = 0V,
1+K1 R1

2= ;, where kK2 = 22 (new feedback coefficient), when U, # OV.
14+K2 R1

. A1 . .
Let's calculate the accuracy coefficient, N = o which shows how many times

the accuracy of the threshold voltage increases when the reference voltage U, is

applied, or how many times the error depending on AU, decreases. N = &+ = 1X%2

A2 1+K1
Let's assume that K2 = nK1, then
1+nK1 1 K1
T 14K1 | 1+K1 tn 1+K1° (3.4)

This is a linear equation or graph as a function of » for fixed values of K1,
where n-indicates how many times the initial K1 coefficient must be increased in
order to increase the accuracy of the threshold voltage by the necessary N-times.

In equation (3.4) n shows how many times the initial K1 coefficient should
be increased in order to increase the accuracy of the threshold voltage by the
necessary N —times. In Fig.3.1, the table on the basis of which the graph of Fig.3.2
is constructed. The table is constructed for several fixed values of K1 and n (a-point
and b-points) calculated using equation (3.4). For any value of K1, whenn =1,
the set of lines N = f(n) intersects at the point N =n =1 (Fig. 3.2, point a),
when K1 > 1, then N = n. This graph allows to calculate the amount of increase
(N) in the relative accuracy of the threshold voltages when applying U,, which is

. . R2. . . . . .
obtained when the ratio o5 18 increased n-times. Using the graph, it is also possible

to solve the opposite problem. For this, N must be calculated, having in advance
the numbers A1 and A2 (the resulting and permissible error sizes). Then, using N
and the known curve K1, the required » must be found.
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Fig.3.1. Calculation data Fig.3.2. Graph of the function N=f(n)

Conclusion. It is shown that the use of an additional reference voltage at the
input of inverting and non-inverting triggers, and an analog switch at the output
increases the accuracy of the threshold and output voltages, adjusts the position of
the hysteresis curve on the (horizontal) axis of the input voltage. The magnitude of
the hysteresis does not depend on U,. It is shown that threshold and output voltages
of the triggers do not depend on the supply and output voltages of the microcircuit
used.

The use of general formulas (1.3) and (2.3) for determining the threshold
voltages of triggers under any conditions presented as the sum of stable and
unstable components is justified. The need to use additional reference voltage in
triggers is justified. By increasing the dose of the stable U, component in equations
(1.3) and (2.3), the accuracy of the threshold voltages in classical circuits can be
increased. It is shown that the hysteresis curve can be placed in any 1/4, or 2/4, or
4/4 of the coordinate plane. That is, the two threshold voltages and the two output
voltages, depending on the problem setting, can be positive and negative, or
unipolar positive, or unipolar negative.

A guideline of recalculation for increasing the accuracy of threshold voltages
using a reference voltage is developed. The calculation process by example of the
inverting trigger is shown.

An accuracy increase factor-N, showing how many times the accuracy of the
threshold voltage increases when applying the reference voltage is introduced. It is
shown that (3.4) is a linear equation depending on n: N = f(n). The graph of this
dependence, where n shows how many times the initial K1 coefficient of positive
feedback should be increased in order to increase the accuracy of the threshold
voltage by the necessary N-times is built. The opposite problem is also solved with
the same graph.

With the proposed designations of threshold voltages, it is possible to
determine what kind of trigger is used in the comparator scheme: inverting or non-
inverting. They facilitate the visual understanding of threshold voltage equations.
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U.Q. UULSPrNUSUL, Q.E. £NMHYSUL

CUDBSSPh SCPQGCP NONT UULRAULUZUSUNRESNRLLEE UUUBL

8nyg k wipgky, np Suhwnh openn b soponn wphghpibph dntnpnud jpugnighs hkw-
Juyhtt jupdwt, hul Epnid whwngquyht hnpjuwtipwinhsh oguuugnpénidp dkdwugund £ Lplynt
otidwjhti b Eplynt Eppughtt jupnudubph donnipiniup, jupquynpnud £ hhunbpkqhuh Ynph
nhppp Untnnpughtt jupdwtt wnwugph Yypu: Zhunbpbqhup Jujudus sk hEtwluyphtt jupnudhg:
8nyg k wpyly, np ohdwyhtt b Eppuyhtt jupnidubpp jujudws sk oguuugnpéynny dhpnujub-
duyh vtinigdwi b Gpuyhtt jupnidubphg: Zhdtwdnpdly) E guijugus guydwitkph nhypnod
wnphgbpubph obduyht jupnudubph npnodwt punhwinip pwbwdbbph Yhpwenudp, npnp
ukpuyugyl) o Juynit b wijuynit pugunphsiph gnudwph wbupny: Zhdtwdnpjws &
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wphgbpubpnud (pugnighs hbwuyhtt jupdwt ogunnugnpsdwt wthpwdtynnipiniup: Cuy-
hwunip hwjuwuwpnudibpnud Juynit punungphsh swhwpwdhip dkdbwgubjhu npuuwlu
upubdwtbipnud dkdwtinud E obduyghtt jupnudubiph &onuimipiniup: 8nyg b wnipyty, np hhunbpt-
qhuh Ynpp Jupnn £ wnknupwohyty nnpphtiwnwhtt hwppnipjut guujugws dkl punnp-
nnud Jud Epynt pupnpynid, jud snpu punnpnnud, huy okduyghtt Eplnt jupnidubpt o Gjpw-
jht Epynt qupnudubipp Yupnn o (hih) gpujut b pauguuwfub, jud dhwplbe gpuljul,
Jud dhwplbkn puguuwlu: Uswljyt) E hktwluyht jupdwt jhpundwdp sbdughtt jupnud-
Utph dpumpyuit pupdpuguut Yepuhwpquplh ninkgnyg: Spenn wiphgtph ophliwyny gnyg k
wnpyt] hwoqupyh pipwugpp: Lkpdnwsyl] L donmpjut diswgdwb gnpdwlhg, npp gnyg
wnwhy, ph putth wiqud E wdbjuinwd skduwyhtt jupdwi £ounnipiniup hkbwuyhtt jupdw
Jhpundwt dudwbwly: Lpw dhongny Junnigyt) t qpudhl, npt ogrnugnpdynid k otidugha
jupnulubph hwpwpbpufwi Lonnipniup’ wihpudbon suhnyg dkdwgubnt hwdwp Ju-
wnwpyny hwyquplubph dudwbwl: Loyt qpudhlh dhengny nisynid k twb hwljunuly
uunphpp: Unwewnldty b obduyhlt jupnudubph tnp tpwbwlnidukp, npnup htynwugund ku
otduyhtt jupdwt hwjwuwpnidubph mkunquljub phljunodp:

Unwbgpuyhli punkp. GUhnnh wnphgbp, whwnguyhtt hnfuwbgwnhy, Yndwywpu-
wnp, pkduyht jupnud, hEtwluyht jupnd, Lonnmipiniie

C.I'. MAPTHUPOCHH, Ix.9. TOPUKSAH
O HEKOTOPBIX OCOBEHHOCTSAX TPUITEPA HIMUTTA

[Toka3aHo, YTO MpPH HCIIOIH30BAHUU JIOTIOIHUTEIHHOTO OIIOPHOTO HANPSDKEHUS Ha
BXOJIe MHBEPTUPYIOIIETO U HEWHBEPTUpYIomIero Tpurrepos [lIMutra n aHamorosoro ximoda
HA BBIXOJIC MOBBIIIACTCS TOYHOCTh JIBYX IMOPOTOBBIX H JIBYX BBIXOJHBIX HATIPSKCHUH, KOP-
PEKTHpYETCS MOJI0KEHNE KPUBOW TUCTEPE3rca Ha OCH BXOIHOTO HaIpspKeHHA. | mcrepesnc
HE 3aBHUCUT OT ONOPHOTO HANPSHKEHUS. Y CTAHOBIIEHO, YTO TIOPOrOBOE HANPSHKEHHUE U BBIXOJI-
HO€ HANpsHKCHHE HE 3aBHUCAT OT MHTAIOIIEr0 M BBIXOJHOTO HANPSHKEHHUN HCIIOJIB3YeMOM
MuKpocxeMbl. OOOCHOBaHO HCIOJB30BaHUE OOMIMX (HOPMYI JUIS OMpPEACIICHHUS TOPOTOBBIX
HaTPSOKCHUH TPUTTEPOB IMPH JTIOOBIX YCIOBUSIX, KOTOPHIE MPEICTABICHBI B BHAE CYMMBI
CTaOMIBHOM U HeCTaOWIBHON cocTaBIsroIuX. OOOCHOBaHA TaKKe HEOOXOIUMOCTh HCIIOJb-
30BaHUS JOMOJHUTEIHHOTO OIOPHOTO HAmpsDKEHUs B Tpurrepax. [lpu yBenwmueHuH m0iH
CTaOMIIFHOM COCTaBIIAIONICH B OOIIMX YPaBHEHHSAX B KIIACCHYECKUX CXEMaX BO3PACTACT TOY-
HOCTB OIIPEJICIICHNS IIOPOTOBBIX HaNpsKeHUH. [1oka3aHo, 4TO KpUBYIO THCTEpE3nca MOKHO
PaCIIONOXHUTH B JJFOOOM OJHOM KBAaJpaHTE, WM JIBYX, HJIHM YETHIPEX KBaJpaHTaX KOOPIHUHAT-
HOW IUIOCKOCTH, a JIBa IOPOTOBBIX HANPSDKEHUS ¥ 1BA BBIXOTHBIX HAMPSKEHHUS MOTYT OBITh
MTOJIOKUTETHHBIMY ¥ OTPHIATESILHBIMHE, JTUOO OTHOMOJISPHBIMY TOJIOKUTESITHHBIMHI WITH OJT-
HOTIOJIIPHBIMH OTPHUIIATENbHBIMA. Pa3paboTaHo pyKOBOACTBO IO MEPECUETy IS MTOBBIIIC-
HUS TOYHOCTH TIOPOTOBBIX HAIPSDKEHHN C MCIIOJNF30BAaHHEM OIMOPHOIO HampspkeHus. [Ipo-
ecc pacuera IoKa3aH Ha MpUMepe UHBEPTUPYIOLIero Tpurrepa. Beeaen koaddunment yse-
JIUYEHUSI TOYHOCTH, KOTOPBIA TOKA3bIBACT, BO CKOJBKO Pa3 YBEIHMUMBACTCS TOYHOCTH ITOPO-
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TOBOT'0 HaNpsDKEHUS IMPU MPUI0KEHUU ONOPHOTro HampshkeHUs. C ero MoMoIblo MOCTPOEH
rpaduK, KOTOPBIH UCIIONB3YETCs MPU pacueTax sl IOBBIILIEHNUS OTHOCUTEIEHON TOYHOCTH
MIOPOTOBBIX HampspkeHWH. IIpoTuBoOmoONOXKHAs 3ajada pemaercs C MOMOLIBIO TOTO K€
rpaduka. [Ipenyoxensl HOBble 0003HAYEHHS TOPOTOBBIX HAMPSDKEHHUH, C TIOMOIIBIO KOTO-
PBIX MOKHO OIPEAEINTh, KAKOW TPUITEP HCIONIB3YETCs B CXEME KOMIIapaTopa: HHBEPTUPYIO-
K WM HeMHBepTHPYIOKil. OHU 00JIer4aloT BU3yaibHOE TIOHMMaHUE YpaBHEHU 1Opo-
TOBBIX HAINPSKEHUN.

Knioueevie cnosa: tpurrep llImurra, aHaIOroBbIi KIIOY, KOMIApaToOp, IOPOroBOE
HaNpsHKEHNE, OTIOPHOE HANPSHKEHNE, TOYHOCTb.
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Thunwpldt o dhuyupudbinpujut pinhwipugjws wuhinpnuught minhputph
nsdwt hwdwp dowljyws tnuwbwlutph b nputg hhdwt ypw Python 1kqyny qpywé pndth-
miplpuyhtt Spugph Yhpundwb hwupgbpp: LEpuyugyt) tu Ukl dngljught ophttmyh nis-
dwl wpmyniupubpp, b gnyg knpdt) dowlduws dhongubph hwoynnujut wpynibwdbnnp-
oLt

Unubgpuyhl punkp. hwwywnpudbinpuljut puinhwtipugyus wwhtnpnuught atighp-
utip, phdtipkughwy dbwhnjunipnibutp, hwenppuljut b gniquhtn hwpynnujut pipugw-
Yuinghp, pouthymptpuyht dSpughp, Unnbjught ophtiury:

Lhpwbnipnit: [1] wohwwnwipnid phunwplyby b

A nan " X(Onxr = A0 121 * B(Onan * X (O nxa
dhwyupudbnpuljut punhwipugduws ywihunpndwihtt punghpp, npntn B(t) -u
npny sybpuubpjué dwnphg b A;(8),i = T,n-tpp uugph ubthwlwi wpdbplbp-
$miulghwibpp; X;(¢),i = T,n-tpp npuig hudwywnwuuwb ukthwlub -
nnpubip-dpniutjghwbipp: Mungph (niddwt hwdwp wnwewnlyty Eu hwenpnuljut b
qniquihtin hwpynnquljut phipugulupgtn: Zupguplubph pojnp oy kpnud npybu
hhdtwluwt dwptdwnhjulut wywpun i swunuyl) nhdkptughuw) dbwhnjunt-
pniutkpp [2]:

[3] wplnunnwbipnud nhwnwplyly b juplnp ntup, tpp B(t) = AT(), hswybu
twl Unpbjwyhtt ophttwl, nph ndnudp unwgyl) £ wtwjhnhl b pw-wbtwhnhy
Enubujutipny: 8nyg k wnpyb wyn Enutwljubpny vnwgdus jnmusnwdubph pugniubih
hudpuluinudp t, = 1 phynpyut Uninwpldwb §Eunpnih ppowljugpnid:

[4] wolnwwnwiupnmid pyuyhtt pughpubph hwdwidwiimipjudp phunwplyt b
B(t) = A" (t) wquydwuh nhypnud Uhuywpuwdbnpuljub pinhwipugdwus wyughunpn-
duyht jnughpp: dhpohtiu msynud k Epkip thnyny. wnwehtt thnynid juinhpp Yhp-
wuwihnfuynud E ipwtt hwdwpdbp unynpujut punhwipugus nuppuywnlt-
pujht fuipph’ npnpwlh dninwplynny dwnphgny, kpypnpnnid npnpdnid B wyy dn-

571



nwplnn dwinphgh ukthwlwi wpdbpubp-$muyghwikpp, kppapynid’ hwdwugw-
nwufuwb ukthwlwb JEjunnpubp-pniuyghwubpp: Zuoquplubph ponp thoybpnd
npybu hhdtujub duptdunhjujut wyupun hwinbku tu Yk nhdtpkughug
Alwthnpunipniibpp, npntp pny) Bt gl hwdbdwnwpwup hbpnnipjudp hpuljw-
twgub] twpptwlwut wipunhwwn jpunph (ndnudp nbknkjunduijut nkuininghw-
ubph dudwwljuljhg Uhongubpny:

dtpnhhojuy [1] wowwnwipmd uvnnugus nmbuwlwb wpyniupubph htin
Ubklunbn sk nhunwpldl] wnwownpjws hwoynnujut pupuguljupgtph oguw-
gnpddw Jhpwopwlw nkuwtlyniubpp, npntp wowewinid Eu Ynulptin juinhp-
ubph nusdwt dudwiwly: Nrunh [5] wphiwnwpnid phnwplyty L dngbjught oph-
uwy (B(t) # A(t)), nph jmusnudubpt uvnwugyl] b wiwhnhy b pdw-wbwhuhl
Enuiwljubpny: 8nyg k wpyk] wyy jmisnudubph ptnnitbh hwdpbunudp t, =0
duljnpkiyut dnnnwupldwi YEunpnih oppwljuypnid:

[6] woluwwnwpnud ghunwpldl) B ntuntdbwuhpynn hhdwpeunph jnusdwt
Jhpunwljut nmkuwblnitubpp: Unygt wojuwnwipp bu JEpwpbpnid £ wyn nh-
nnypht, npnud nkn Bu qub] nsdwt hwoynnujut ujubkdwl, ngpu hhdwt Jpw
Uowljdwd pnUthymptpuyht Spwugph npny dwbipudwutbp b nppu oqunugnpddwdp
unwugywsd UkY Unnkjught ophttwljh jniddwt wpryniiptbpp:

Zupynnuljuu upubdwi: Ukpjuyugdus k. 1-nwd, npntn pungpqus tu
YEpnhhoyur tptp twubuninp ntwptpp:

Ujuhuwyun £, np

1) kpk B(t) # A(t), mww Dy (t) p = B71(t) - A(t) Yud A(t) = B(t) * Dy (t) wao

2) tipk B(E) = A7 (£), wuqu Dy(6) 4y = [A7 (O] - A(®) uad A(E) = AT(£) * Dy(E) i

3) bk B(O) = 4°(8), wugu Ds(6),,, = [4° (O] - A(®) Yud ACE) = A°(€) * D (E) i
npwnkn Dy () ya-W Do (1) ws Ut D3 (t) -t npuiiupnplugunng wbwjhnhl duwnnphgubp
El hwdwwywwnwupiwt nkypbph hwdwp: ‘Ljwwnkup, np pnnp Epkp hhdtwpaunhp-
ubph pYw-wbwhnhy nsndubpp qnind B hwoduplubph tpkp thnybpny.
wnwohti thnynud quinud k. wpuwtudnpdugunn dwwnphgutph dwwnphgught
nhuljptntbpp, hul] wjinithtnb JEpuljutqtynid & Dy (8) oy wa s D2 (8) py-wstt b
D3(8) py- wstt, GRYnnpD thnymu’ wyy dwnphgubph ubthwlwi wpdbplbp-$myghw-
utph JEyunpuut phuljptnubpp, hull wyunithbnl  Jepuljubqynd  Eu
() py- i~ A2(8) =0 0 A3(t) py— -1, GRPDPY thmynud Jlpghtiitphu hw-
dwyuwunwupw ubkthuljub JEjnnpubp-pniujghwtph JEjunnpuljwui ghuljptn-
ukpp, hulj wytnthtnb Jpuljuiqtynid Bu Xy (8 py-wn- X2 (O pg-wn=0 U X3 (0 pg-wu-t:
dhpuljuiiqunidutiph hwdwp ponp ghyptipmd oquuugnpéyt) ki plynput ubkp-
Juyugnidutipny hwjunupd ghbbpbkighuwy dhwthnpuntpniutbpn:
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Endthymphpuyhtt dpwghpp qpyty £ «Python» 1kquny [7]: Oquugnpdyty ku
htwnlyuy gpunupwtubkpp.

e SymPy-p, npp thnthnjuwjutitbpny hwoJuplubp juwnwpbnt hwdwp bw-
hnunbtuwé gqpunuput b Fw pndthynipbpughtt hwdwljupg b, npp Jupng E gnpéty
hiswybu htptnupnyi hunbpws, wigbu b gpunupuitn’ wy hwdbpdusibph hudwp:

¢ NumPy-p ghtnujut hwipdupljutip junwpbjnt hhpdwjub hwpkpt b Tw
gpunupui k, nptt wywhnymd k puquusuth quiqusutph opjijnttph b wnwp-
phip wéwbgnuy opjnitph (ophtiwl JEYnnpibp b dwnphgitp) htn dwpbdunh-
Juiwl, npudwputulul, ntuwludnpdwit b wy] qopénnnipnibttph wpwg
Juwnwpnudp:

| A(1)-x (1) = 20 By X(1) |

|
+ v
B(1) = A(f) B(t)= A" (1) | B(1)=4 (1) |
| | [
v v v
| aw-son0 | | a0=dwp0 | | aw=40D00 |
K K
AK) = gB(l)'D,(K—l) AK) =X AT(l)-Dz(K—l) AK) =2 A*(1)~D3(Kfl)
i=0 i=0 i=0
! ! ! oy
thny
D)= % (t-)*-D(K) D,(t)= % (t-1,)%-D,(K) D, =% (t-1,)X -Dy(K)
k=0 K=0 K=0
T | |
v v v
det[Dy(1) =4, (1)- E]=0 det[D, (1)~ 4,(1)- E] =0 det[ Dy (1)~ 4,(1)- E] =0
HY 0% 2,() HY 8%2,() HX 0%2,,(1) L 2o
) = . i (K)=—. 2 ) _a 3i
% (K) K at () Kl " e, A (K) KU ek, ||
A,(t):g(t—m‘»A,(k),i:?n @,(r):i(t—r,)wz,(k),i:l? A(t)=7i<z—t,)‘»ﬂq,(k>,i=l,7
____________________________ I ~
1 + EE—
_H" 2'x, () _H" ' X, (0 _HY X0
X (K) = 5 i, oK) =T ok i, X (K) =T 5 e,
: I !
- — - — - _ thny
X, ()= =1) X, (K)i=1n Xy, (1))=Y t=1)" - X, (K)si=1n X, (6)=Y (t=1) X, (K),i=Ln

Ul. 1. Bplp dwubun/np pbwypkpl pingplnn hwoynnuilwmb ufubdwl
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Uju qpunupubttpt oqunugnpéynid Lt hkwnbjw) tpkp hhdbwlwb tuw-
wnwljubpny.

1. Uwhdwibnt hwdwp dntnpughtt mjujubpp, nph hwdwp oquiugnné-
Unid ki htnlywy dkpnnubpp

w) sympy. Symbol() — uwhdwinid k t b H thnthnpuwljwtiubkpp,

p) sympy. Function() — uwhdwinid £ A(t) b X(t) dnitughwibpp:

2. Skuwtikih 1hukt $niuljghmikpp. SymPy-n JupyterNotebook dhowuypnid
nbuwbbkh £ gupdumd dnulyghwubpp, husp pny) L wnwjhu oquuwgnpénnht
dwiipudwutinpkt mbkutl) dhowuljjuy wpyniupubpp:

3. Ppujutwugdti wiwhnhly b pqu-wiwhnhl hwyduplukp, b unbnsgh
hwdbdwwndwt huppwly: SymPy-p b NumPy-u niukt Uh owpp htwpwynpnipnii-
tlp dwwinphgubph htwn wpiwnbyne hwidwp, hsuhuhp ko

w) Matrix. transpose() — ykpunupdumd E nipws dwnphgh nnputiunnbiw-
gnulhg unwgynn dwnphgp,

p) Matrix inv() — ykpunwpdunid £ inpjus dunphgh hwljunupd dwnphgp,

@) Equation. subs() — hwjwuwpdwi dky thnthnpumljutht npynid £ hwdw-
wuwnwupwt wpdbp,

1) Equation. diff() — hwpqupljynid E hwjuuwpdwt wswbgyut pun mipjus
thnthnfuwljutih,

&) Sympy. solve() — nuéynid E hwjuwuwpnudp:

Ju-wbwihnhly dbpnyny hwoduplubph hwdwp hpwjuwbugdnd tu
htwnlyw) gnpdnnmipjniubpp.

1. Zwpquplynid k D(t) mpuwbudnpiuging dwnphgp wiwjhnhly b pw-
wbtwhnhl tnubwlubpny:

2. Zwoyuplymd & ukthwlwl wpdbpibp-$niyghwbkpp whwjhnply b
pYw-wtwhnhly bnutwljutpny:

3. Zupquplynud ki ubthwlub JEjnnpibp-$nibljghwibpp whwphnhply b
pYw-wtwhnhly bnutwljutpny:

Opwghpp Jupnn £ ogqunuugnpéyty A b B dwinphgutipny, tnwppbn t, uninwpy-
dwt JEunpntubpny b K wupwdbnph nwnupptp wpdtpubpny hwpquplubp junw-
nhnt hwdwnp:

Uwnnpl tbpluyugdus ko hwoyuplibph wpnynibpubpp

Bo=a0=[ | ]

dwwnphgny wuwhtinpnuwghtt pinph hwdwp: Zwpquplubkpp junwpdb Bot, =1
Unwnnwplydwi YEunpnuh b K wdpnnowphy wpgnidkunh 10, 30, 50 b 100 wpdtputph
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nhypnud: LY. 2-17-mud ubplugugqus u A, (1), A, () b X, (1), X, () wntgnipiniuttph
wtuwhnhy b pw-wbwhnhl judusnipnibttpp: Ujuhwyn tu punph pusdwu
punnitikih wpymiiptikpp t, = 1 dnnwpljdwt jEtinpnth opowljuypnid:

t,=0,K =10

I H
' '
! 1
; i
=S ' v 3 3 :
'
A2un (04 1 i\lzp e ®
: |
' 1
;

A (0 [

A1 pu—win (2)

- heuil
-

Lq 3. /12 mll(t) lllz pl[—miz(t) ubz]nuézub
wnpdbpblp-pm blghwlkph gpuphlatpp

LQ 2 /11 wZI(t) ll/llpz[—wb(t) Ubl]””QHIb
wpdlbpllbp-pnibyghwblbph gqpuphlalpp

ty

0,K =30

A1 - (2)

? wn (£)

2 1] 6 2 1] 6

5 m ;
uw® | | e

E Ay la\l—\\u\l(t)

P

ot @)

'
% LI

Ul 4 A () U Ay pye () ubipualpuly
wpdlbphlbp-pnibyghwblbph gqpuphlblpp

Ul 5. A () U Az gy () ubthuljiunls
wpdbplbtp-pm blghwlkph gpuphlatpp
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! ! //11 wn (€)
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i |

At (€) [ au
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! ! A1 - (8)

I

.

' 1

' '

! 1

' 1

; :

N 0

2w | D e

i 1

B 1

B 1

:

Ul 6. 21 () U A py- () ubthulpuuls Ul 7 23 wi(t) U2z py(t) ulishljiuls
wpdlbplbp-pniblghwblbph qpupplblpp wpdlplbp-pnibghwbibph qpupplblpp
t, = 0,K = 100
: : C A
1 I 1 1
EpsT— (ti) N i H
A 1
! | | H
i ! A () ; :
725 A1 (2) i ﬁ ' S ) /lth ;2) i E \lzp:_mu(t) ' B
1 | : :
: -2 : Al ra\l—m\x(t) : -2 :
E ! | |
| ! i :
/- o
! | | \
! 1 1 1 /
AT Ho e
N :

Ul 8. 24 yus(t) Ay py- () ubthulpuuls Ul 9. Az us(t) U Az pyie(t) ubthululs
wpdlbpllbp-pniblghwbbph qpupplblpp wpdlplbp-pnibghwbibph gqpuphliblpp
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X16 pu-wt ()

1
Xy (0

11z
Vi

e

1

X2a p’q/\—um(!‘)

|
|
|
1
|
|
1
1
1
1
1
'
1

Lq 10. Xl wiz(t): Xla pY— wiz(t) lleb pz{—w[z(t) LQ 11 XZ wlz(t): XZa PY- wlz(t) b Xzb pz[—wiz(t)
ulthwlul JEunpbbp-pniafghwikph

qpuphlilibpp

ukthwlul JEunnpbbp-pnibfghwibph
gpupflltpp

|
|V X et (t)

Xygn () 1

X _an(t
tapl "{) X1 py-un ()

I
B H Xob pi-un(t)
|
|

N

-2

Lq 12 Xl Lllll(t)’ Xlapl[— wb(t) ZIle pz[—u.zll(t) Lq 13 X2 wb(t)f XZa Y- wb(t) b X2b Y- Lllll(t)
ulbthwlul JEunnpakp-pniahghwakph

qpuphllitipp

ulthwlul JEunnplbp-pniaghwabph
gpuphyltpp
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X2a py-un(t)

X2 pi-un(t)

i
E X16 py-wn(t)
|

X (0 2
7

fg-un ()

; N
: h(r) xj /
| =

X fu @

-

/ ]
KiapyTun(®) Xab pi—un()

Lq 14 Xl wlz(t)’ Xlapz[—wlz(t) Zleb [ol[—m[l(t) LQ 15. XZ wlz(t)’ XZapl[—wlz(t) ZlXZb pz[—mb(t)

ulthwlml JEunnphbp-pniafghwaknph ulthwlul JEunnphbp-$niaghwakph
qpuphlitpp gpuphlilpp
t, =1,K =100
X1a pg-un(t)
7 1
E Xip py-wn () é
5 oo e ©
\ X ,Sq-m.(r) /
é Xiun () 1 ; hu ® !
i xlza pi—un(®)

Xzun ()

X élb pq—um/(f) i
-2

Ul 16. X1 i), X1a py-wi) & X1p py-wt(6) U 17 X5 (), Xaa py-uat(8) & Xap iy utr(E)
ulthwlml JEunnphbp-$nibghwmbknh ubthwlul JEunnphkp-$nibalghwbkph
gpuppylilkpp qpuppllikpp
Bqpuljugnipini: Ukthwlwb wpdtpubp-dniujghwibkph b ubthwfwb kY-
nnpubp-dniujghwitph dhwywpuwdbnpuljut punhwipugdus yuhunpnduwght
hunphpubph (nsdwt hwdwp bwphhunid dowljdws dkpnnutph hhdw Jpu juqu-
Ut E Ubptuwyuut spwghp Python 1kqyny, nph Yhpundudp 1nusdly L by Unnpk-
1ught ophtiwtly: YEpghtthu hwdwlnndwih htnmwgqnuinipjudp hhdbwdnpdty L dowl-
Jws dhongubiph hwpynnulju wpynibwbnninipniiinp:
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Zujuunwith wqquyhtt ynjhnbuthjuljut hwdwjuwpu: Umpp tbpjuyugyt
Judpugpnipinit 15.11.2022:

C.0. CUMOHJsIH, A.B. HYPJ/KAHSH, A.B. MEJIUKSAH, M.I'. XAUYATPSH

K PEHIEHUIO OJHOITAPAMETPUYECKHNX OBOBLIEHHBIX
IHAJIMHAPOMHBIX 3ATAY

PaccMOTpeHBI BOIPOCH! NPUMEHEHMSI KOMIIBIOTEPHOM IPOrpaMMBbl, CO3AAHHON Ha
s3bike “Python” Ha ocHOBe pa3paboTaHHBIX METOJOB JJIsl PEIISHHsT OTHOIIAPAMETPHUYECKUX
0000IIIeHHBIX TATMHAPOMHBIX 3a1ad. [IpeacTaBiaeHs! pe3yapTaThl PEIIeHHS OAHOTO MOJIEINb-
HOTO TIpMepa U ToKa3aHa BIUUCIHTEIbHAS 3P PEKTUBHOCTD pa3paboTaHHBIX CPEICTB.

Knroueeste cnosa: ogHOMapameTpmdeckiue 00OOIICHHBIC MaTWHIAPOMHEIC 3aIadH,
nmuddepeHraIbHbIe MPeodpa3oBaHus, MIOCIEAOBATEIBHBIC H MAPAIUICIIEHBIC BEIUHCINTETb-
HBIC TIPOIIEYPHI, KOMIIBIOTEPHAS MIPOTPaMMa, MOACTBHEIIN TPUMED.
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S.H. SIMONYAN, A.V. NURJANYAN, A.V. MELIKYAN,
M.G. KHACHATRYAN

SOLUTION OF ONE-PARAMETER GENERALIZED PALINDROMIC
PROBLEMS

The issues on applying a computer program created on the language "Python" on the
basis of the developed methods for solving one-parameter generalized palindromic
problems are considered. The results of solving one model example are presented, and the
computational efficiency of the developed tools is shown.

Keywords: one-parameter generalized palindromic problems, differential transfor-
mations, sequential and parallel computing procedures, computer program, model example.
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uhjw b hudnplwnhluw, nunhnbEunpnuhw, dhypnbiupnuhu, jugbpughtt wkjuuhiu,
wyunndwnugnid b jurwujupdwt hwdwlupgbp:

Zuwnhunud (nuuwpwidnud o wjunbdhwlub b gniqughtt ghnwhbnwgqnuuub
htunmhwnnunubph, pothkph, qhrnwwpuunpujun Jhwynpmudutph b wyp juqiulbpynt-
pntuttinh ghnwlui gnpéniubtnipjut wowyk) juplnp wpyniupubpp:

Zwbnbuh hhdtwlwt tyuunwlt b upuil] ghnwnbuthjuljut wowgptipugp b
tywuwnb] wprunpmipyut Uk wyn wpyniupubph ukpppdwin:

Zuunbup twjpuwnbuuws b fupunwpugbnibph, hbnwgnunnutph b ghntwljwi-
ubtiph (g opowbittinh hwdwn: Lnyu E mbkutnud Epkp wdhup dkl whqud:

B xypnasne "UsBectus HanuonanbHoil akazemuu Hayk PA u HanuonansHoro mnomurex-
HUYECKOTO yHUBepcuTeTa ApMeHnH. Cepusi TEXHHYECKUX HayK" MyOIMKYIOTCS Pe3yIbTaThl TEOPETH-
YeCKUX M HKCIEPUMEHTAJbHBIX MCCIIC/OBAaHUH, OXBATHIBAIOLIMX OCHOBHBIC pa3Jeibl TEXHHUYECKHX
HayK: MallMHOCTPOCHUE, METAJUTYPrHisi, MaTePHAIIOBEICHHE, TEXHOJIIOIUH HEIPOIIOIb30BaHus, CTPOU-
TEJbHbIC KOHCTPYKIMH, THAPABINKA U THAPOTEXHUYECKUE COOPYKEHHsl, SHEPTeTHKA, IEKTPOTEXHHUKA,
Hay4YHOE NPHOOPOCTPOCHHE M M3MEPUTEIIbHAS TEXHUKA, BEIYUCINTENbHAS TEXHUKA U HH(pOpMaTHKA,
PaaNOdIIEKTPOHUKA, MUKPOVIEKTPOHHUKA, JIa3epHAs TEXHUKA, aBTOMATU3ALUs U CUCTEMbI YIIPABIICHUS.

KypHaun siBisieTcs: HEPUOIMYECKUM M3aHHEM, OCBELIAIONINM HanboJee BaXKHBIC PE3yJIbTaTh
HAay4YHON NEATeNbHOCTH aKaJIEMHYCCKUX M OTPACIEBBIX HAyYHO-MCCIIEIOBATEIbCKMX HHCTUTYTOB,
BY30B, HAy4YHO-ITPOU3BOICTBEHHBIX 0OBEANHCHHUN 1 1IP.

OcHOBHasl 1IeNb JKypHaJla - [PONaraHaupoBaTh (QyHIaMEHTAIBHBIE U MPUKIAAHBIC HCCIEN0-
BaHMS B 00JACTH TEXHHYECKHMX HAyK, CIIOCOOCTBOBATH BHEAPECHMIO HX PE3y/IbTaTOB M YCKOPCHHIO
Hay4YHO-TEXHHYECKOTO IPOrpecca B IIPOU3BOACTBE.

XKypnan paccunTaH Ha IIMPOKHH KPYT YYCHBIX, HCCIICIOBATENCH M MH)XCHEPOB. BhIXOIHT
O/IMH pa3 B TPU MeCsILA.

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

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

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

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

published once in three months.
3% % %
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2NHUOLECP 269 U4 NI UUL TULauuert

Upnipn ludpugpnipeintt ukpuyugynud k pun hbnbyw) yuwhwbeubph.

1. Bplynt ophtiwy, twl EEhupntughtt mwppkpuynyg, huwdwlupgsuyhtt pupduspp’ Microsoft
Office Word: ZnnJwsh swjuwyp Yupnn b huk) dhtgh 10 ke, hwnnpynudubphup' dhigh 4 te: Skpuwnp
swpunpymd £ A4 swithuh pnph Yypw, wojuwwnwpughtt nuownp' Top-5ud, Bottom-5,1ud, Left-5,75ud,
Right-1,75ud, Footer-4,6ud, dhonnnnuyhtt tnwpwdnipjniup (Line spacing)' 1,1, wupphpnipniup (First
line)* 0,75 uu: Zwykpkl huknt nhypnid Wympp swpwnpnud t Sylfaen nwnwinbuwlny, nwwnwswihp'
10, hulj pnubpbb Yud whqbpkb jhitgnt ghypnid® Times New Roman wnununnbuwlyng, nwnwsunhp' 1:

2.@nph Ykpbh dwjp wilpniund gpdmud ' hudwyhunwih nuubnppuljut nupuljuihop
wnbkpuinhtt hwlwwyuinwupiub 1kqyny (2S%, YAK, UDC), hwgnpn nnh Yhnpnunud® gjluunnwntpny
htnhtwl(ubkp)h wijwi-huypwidui uljqpiununtpp b wqquunib(ubp)p' bold, 10 mwnwywthny
huykpkt, whqkpkt & pmubpkl nkpunbph nhuypnud: Zonjwsh Ykptwghpp npynud £ hinhtwlh
wqquinjwbp hwenpynn wnnh Jenpntnud® bold, wdpnnenipyudp quuwnwnkpny 10 nwnwswihny
huytipkb, wiugbpku b pniubpk wkpuntph phypnud:

3.Unipp ujuynud E wdthnihnudng (winwnwghw) wjt 1kqyny, npny tkpjuyugdus t: Ud-
thnthndt wjupuynud £ wpwgpwjht puntpny’ nmwnwswithp' 9 hugbpkt wkpunp pliypnid b 10
wwnpwswihng whqkpkl b pnubpk wkpunkph nhypmd, b dhwyi «Unwbgpuiht punkpy wpnwhug-
umnpniip® bold, italic: Unithnthniup wlwp E hith 500 tthohg ny wjtyh’ Gbpunyuy dhgwluypbpp, wnwbg-
pughtt puntpp Yud punwluyulgmpiibtpp’ 4-8 pun:

4. Bpuoliwynpynd | yniph owpunpdwt hbnlyju) jupgp. «Ukpwdnipni», npp whwp b
hwdwrnun ubkpwph hwpgh hdwlp, phduyh wpnhwlwinipniip b hbnwgqnunipyut tyyuwnulp,
«wunph npuspp b dkpnnhljuyh hhutwdnpnudpy, «Zknmwgnnmput wpyniapbbppy, «Gopulju-
gnipnily, withpudbpunipjut nhypnid” twb wy) pudhbtkp hudwywnuuwt Epiwgpbpny:

5.Skpuinnud hnmulubpp gpuijutinipubip tognud i mynuitlynit thwlugdtpny: Autiwdlitpp
tbpYuyugdmu b tnp nnnhg, Equation Editor dpwugpny, italic, munwswthp' 11, whpudbonm put
nhypnid hwdwpwluwdnud B minnh Jipenud” unynpuljut (4np) thwljugsh dbe:

6. Vjuputptt nt wnniuwfutpp hwenpymud . nkpunnud hwdwwywwnwupiw hnnudubpht:
«UY. » b «Unyniuwly puntpp, tjupubph dwjugpnipniop b wpnuuwubph widuiunodubpp gpgnud
kb Italic 9 nwpwsuhny hwjkpkt nhkpunh ghypnid b 10 mwpwsuhny  whqkpkl b pnubpki
wnbipunbkph nhypnid:

7.Stpuwnhtt hwgnpnmud £ gpuljuiinipjut gmulp' 9 nunwsuhny huybpt mkpunh nhypnid b
10 wunwswithny] wigibpky b pniukpbl nkpunbph ghypnid, dhug hinhtwlh wqquim b e wigub-
hwjpuwidui uyqpuunmntpp’ bold, «Fpwljwinipjut guuly wpnwhwjnmpmniup’ wnnh YEuwnpn-
unud, qluununbpny: Swulmu gpuljwinipjui jpipwpwismp wnppip hwdwpulupnd £ pun
ubpunnd hp hpuwt hippuljuinipyu: Fpujuinipjut wgpnipttpp Wuppbpuljuwi hpunwpw-
Ynipjniutiph nhypnd ukpjuyugynid i hinlbjw) jupgny. hinhtwh wqquuntup, widwi-hwypwi-
Juil ujqpiwwnwntpp, JEiptwghpp, hwinkuh wtduinudp jud pugniadus hwwywynudp, hpuwnwpuy-
dwb nupkphyp, hwwnnph nt pnpupydwi hwdwpubpp, hippwlwi hwdwpp, Wniph qnbkndwb ketpp,
gppbph nhwypnud’ htnhtwhh wqquimbp, wigwb-hupuinjuh vhqpbwnwunkpp, YEptwghpp, hpunw-
puuwl Juypp, hpunwpulsnipnibp, pywljwip, kgkph putwlp:

8. Apulwimpjut guwuljhtt hwenpynud Eu wdthnthnudubpp djniu Eplyne (kqniitkpny (pt wikpuwnp
huwjtpk £, wdthnthmudubpp bwh' powubpbt, wyw® wiqbpkl, tpb pnwubpbt b, twje hwykpby, wyuw®
whqbpkl, Epl whqbpku £ twpe’ hugbipbt, wyw' pnwubipby): Udhntnudubpp popnp Epbp (Eqniikpng
hptug pnywinulnipjudp b wnwigpwjht puntpny whwnp k1hukt tnybwlwi:

9. Stkpuwnp unnpuignynid k hinhtialy(ukp)h Ynndhg, tognud £ yympp fadpugpnipinis hwbdubno
wduwphyp: Skpunh dpugpyus b uppugpyus nwwppkpuljp hudwdwyitgynud Ehtnhtwl(ukp)h htwn:

10. zEnhtwl(ukp)un wowbdht kenyd ubphuyuginud £ (k) wqquinih, winth, hujpwiniip
(inpd), wohrwinwjwyph, unynpbim Juyph iphy winjwnudp, qpunbgpus gupwnnbp, ghnwlub wuwnh-
Lwlp, hinwhinuwhwdwpubpp (wojuwwnwipuyghty, b b peouyhl):
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MPABUJIA O®OPMJIEHUSA CTATEM

MatepuaJ npefcTaBaseTcsl B peJJakIiUI0 B COOTBETCTBUU CO CJIelyIOLIUMHU NPaBU/IaMHU:

1.Cratbs B IBYX dK3eMIUIsIpax U Qait crateu B hopmate Microsoft Office Word. O6bvem cratbu
He Jo/DKeH npeBblmarh 10 crpanun, o6beM cooOmenuit — 1o 4-x crpanun. ®opmar crpanunpsl — A4.
Pa6ouee none: Top — 5cm, Bottom — 5,1cm, Left — 5,75cm, Right — 1,75c¢m, Footer — 4,6cm, MeXcTpOYHBIi
unrepBan (Line spacing) — 1,1, xpacHas crpoka (First line) — 0,75cm. Jlns cratbu, HamucaHHOW Ha
apMsHCKOM si3bike, npumensiercst mwpudt Sylfaen (pasmep mpudra - 10), a Ha pycCKOM M aHTIIMICKOM —
Times New Roman (pa3mep mpudra — 11).

2.B 51eBOM BepXHEM YIJIy MEPBOrO JIMCTa YKa3bIBACTCS YHHBEPCAIbHbIA AECITHYHBINA KilacCH(DH-
karop (2SS, VIIK, UDC); crpokoii Hmke - uannuanst (M.0.) u damunus - 3ariaaBHeIMA OyKBamu, WpupT
Bold, pasmep 10 — Ha apMm., pycC. ¥ aHIIL. 513., BRIPABHUBAHHUE TI0 LICHTPY; CTPOKOH HIDKE IO IIEHTPY YKa3bIBACTCS
Ha3BaHUE CTaThU — 3arjiaBHbIMU OykBamu, wipudT Bold, pasmep 10 — Ha apm., pyc. U aHII. 513.

3.Marepran TeKcTa HAUYHMHACTCS C aHHOTALMHM W IPEJCTaBISIETCS HA TOM s3bIKE, Ha KOTOPOM
HamucaHa cTaThs. TEeKCT aHHOTAIMK JOJDKEH COCTOATH He Ooyiee yeM u3 500 3HAKOB, BKIFOYasi MPOOEIIBI.
[MTocne aHHOTAUMK MHUIIYTCS KIFOYEBBIC CIIOBA — OT 4-X /10 8-U CJIOB MM CIIOBOCOYETaHMil. Pasmep Tekcra
AHHOTAIlMH U KJIIOUEBBIX CIOB 9 — Ha apm.s3., 10 — Ha pyc. W aHrI. f3., cioBocodyeranue “Knrouegvie
cnoea”- Bold, italic.

4. PekoMeH/IyeTCsl CIeAYIOMINIA MOPSA0K HM3JI0KEHHSI MaTepuaia CTaThbH: BBEICHHE, B KOTOPOM
JIOJDKHBI OBITh KPAaTKO TPEACTABICHBI COCTOSHHE BONPOCA, aKTyaJbHOCTh TEMbI U IIEJIb HCCICIOBAHHS;
MOCTAHOBKA 33Ja4d M OOOCHOBAaHHE METOMMKH; PE3yJIbTaThbl HCCIICIOBAHUS; 3aKIIOUCHHE (ITH, a IpU
HEO0OXOJMMOCTH, U APYTHe pa3aeibl J0JDKHBI HMETh COOTBETCTBYIOIIHE 3aT0JIOBKH).

5. CCBUIKH Ha JIUTEpaTypy B TEKCTE JAIOTCS B KBAJIPATHBIX CKOOKax. PopMyIibl U MaTeMaTHYECKHE
BhIpaKeHUs1 Habuparotcs pepakropom Microsoft Equation, italic, pasmep — 11. ®opmyiel HabuparoTes ¢
HOBOM CTpOKH, BbIpaBHMBaHWe MO LeHTpY. [Ipm HeoOXxoaumoctH, uX Hymepyior. Homep d¢opmyibt
pacrosiaraeTcsi B KOHIIE CTPOKH, B KPYTJIbIX CKOOKaX.

6. PucyHKE 1 TaOIHIBI PACIIONAraroTCsi B TEKCTE 0 XOIy cChbUiky Ha HuX. CroBa “Puc.’, “Tabnuya’, a
TaK)Ke Ha3BaHUsI PUCYHKOB U Tabnui nuinytcs italic, pazmep 9 — Ha apm.s3., 10 — Ha pyc. u aHIIL. 53.

7.B KoHIIe CTaThH JaeTcs CHHCOK JMTEpaTyphl: pasMep 9 — Ha apm.si3., 10 — Ha pyc. U aHIIL. sI3.
CioBocoueranne “CIIMCOK JIMTEPATYPBI” pacrionaraercst B IEHTpe CTPOKH 3ariIaBHBIMU OYKBaMH,
Bold. IutupoBanHas jauTepaTypa HyMepyeTcsl B MOPSAKE CCBUIKM Ha Hee B Tekcre. Kaaplii MCTOYHUK
NpENCTaBISIETCs B CACAYIOLIEM MOPSAKE: B CIydae CChUIKM HA CTaThIO M3 )KypHaa: (paMuiIusi, MHUIMAJIBI
HN.0. - Bold, Ha3Banue ctaTbu, Ha3BaHUE JKypHAaIa, MECTO U3JIaHUsl, TOJl U3[aHUs, TOM MU HOMEp U3JaHus, C
Kakol 10 KaKyl0 CTPaHHUIIbl 3aHMMAeT CTaThsl B 3TOM JKypHalle; B Cllydyae CChUIKM Ha KHUTY: (hamuims,
ununuaiabl M.0., Ha3BaHMe KHUTH, MECTO H3J[aHWs, Ha3BaHWE W3JATeNIbCTBA, I'OJ H3JaHHs, oOliee
KOJIMYECTBO CTPAHHUII.

8.Ilocne nmuTepaTypbl MPEACTABISIIOTCS AHHOTALMKM BMECTE€ C KIIOYEBHIMU CIIOBAaMH Ha JBYX
Ipyrux s3bikax. Eciam craThs HammcaHa Ha apMSHCKOM SI3bIKE, TO CHayasla JAeTCsl aHHOTAIUS Ha PYCCKOM
S3bIKE, 3aTEM HA AHIVIMMCKOM; €CIM HalMCaHa Ha PYCCKOM S3bIKE — COOTBETCTBEHHO HA apPMSHCKOM H
QHIJIMHCKOM, a €CIIM Ha aHIJIMHCKOM — COOTBETCTBEHHO Ha apMSHCKOM U pYCCKOM s3bikax. ConepxaHue
AQHHOTALMH U KITFOYEBBIE CIIOBA JIOJKHBI OBITh HA TPEX A3bIKAX OJHHAKOBBIMU.

9. CraThs MONKCHIBACTCS aBTOpOM (aBTopaMu). B KoHIE cTaThu craBWTCS AaTa (YHCIIO, MECAL],
roj) mpenacraBieHus cratbi. OTpeIaKTHPOBAHHBIH M OTKOPPEKTUPOBAHHBIH BAPUAHT PYKOIUCH COTJIACOBBI-
BAaCTCS C aBTOPOM (aBTOpamH).

10. Ha otnmenbHO# cTpaHuile HEOOXOUMO MPEACTABUTH CIIEAYIOIINE aBTOPCKHE JaHHbIC: (haMiIus,
UM, OTYECTBO; MOJIHOE HAUMEHOBAaHHE MecTa paboThl, MecTa yueObl; 3aHMMaeMas JOJDKHOCTb, Y4eHas
CTeIeHb U 3BaHue; HoMepa Teae(OHOB (CITy>KeOHbIH, JOMALIHUH, MOOWIIBHBIN).
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RULES FOR PREPARATION OF MANUSCRIPTS

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

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

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

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

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

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

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

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

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

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

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