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UNULRLUZUSUNRESNRLLED

Thunwplyly b Epwlwdws Wyniphg mwppkp swynunlkinipjudp okpntph dwpnip
Sonudp hwpp pEdnpuugdut wuwpdwutbpnud: Oqunugnpsyt) Eu swljnnljtu yniptph wjuu-
wmhlnipjut phpnplughntt nbumpjut hwjuwuwpnidutph hwdwpdbipuyghtt jupdwb b ow-
nwynuyht jupnidny wprwhuwyingus opowtughtt jupdwt pinhwinip pubtwdbbpp: Unwugyt)
Eu rnupphp Swynnkunipjudp Wniptiph hnuntimpyut vwhdwbubph wpdbputpp b opow-
tuyght jupnidubph npnodwh pwtwdlitpn, hyyhu bwb Jurnigyly G Swlinnltunipniihg
Jufu]wsé npuitig gpubplyubpp:

Umubigpuyhli punkp. wjjuunhly dwpnip domud, bpuljudus obpwn, Swljninljkunipinib,
huippe nphdnpdwugnid, pspowtiught jupnidubp:

Zns ynmiphg phpph snnwdp hupp gidnpdugdut wuydwibbpnud (nly. 1) gh-
nwnpdws k [1,2]-nud, npinbn ynipt pugniunud £ Ynpn-yjwunhly: Opnpdws b
stiqnp okpunh swnwdhnp b jupnidukpp’ dgdws ni ubnUdws gnunpubipnud: Unpwn-
wjuwuwnhl wdpugnidny Wyniph nhwypnid phpph dSndwt munhpp nusdws k [1]-nud:
Yhpunyws ki Znipkip-Uhgqbuh b Sphulju-Ukt-—dhuwth wyjuunhlnipput yguydwi-
ubpp, b pYuyhtt hwpquplubpp funwpdby b [1]-h dbpngng:

[2]-nud nhnwpyws Eu dwpnip ndwt Gupuplws juyu okpnh s — hwuwnnt-
pjulp, Rw - mpuwphl, R - ubkppht b 5 — skqnp dwljtiplnypubph dholi gnnipmniu
niubignn nwuppbp Juyulgnipniubbpp. skpinh Wyniph wdpugdwt puguljuynt-
pjutt b wnjuynipjui, hyyhu bwb yuunhl) ghpnplugdut gninnt wnwewgdu
b pugupdwldwut nghypbpp: [2]-nud wpwbdtwhwnntl nywnpnipmnit | npupddtg
opowtiuyghlt b pwnwynuyhtt jupnudubph npnpdwp, gpuitg gqpudhljukinh junnig-
dwp b Jbpnisdwip: Cun npnud, opowtiughtt b owpwynuyyht jupnidukph putiw-
Alutpp hwdpufunud B [1]-mud pipdws plpph Sndwt puwtwdbbpht:

[3]-nud dpwljyty b 1nidyty k Eubkpgbnhly wjumunhlnipjut gquydwih oquu-
gnpdudwdp ubn okpnp dwpnip dndwb juinhpp: Zwunwnyby b oppwtughtt b swnu-
nujhtt qupnulubph pupjnudp otipnh hwunnypmd® Jupws Jepnswljut pu-
twdlny] wpunwhwynywsé skpnh Ynpnipjub swnwynh yupwdbnpkphg: Likpun-
Jbq L skqnp wulynit hwuljugnipiniip, b uinugyly L skqnp wljjut juuyh putiwdlp
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ubkppht b wpuwpht §npnipjub sownwynutph hwpwpbpnipniihg, hyybu tub fuy
E hwuwnwwnyl) skqnp swnwynh b skqnp wuljjub dholi: Npnoyky B ukppht b wp-
wnwpht §npnipju swnughnubph hwpwpbpnipub poyjunpbih vwhdwbibpp: Fep-
b1 k skqnp dwljplinyph mtnuthnpunipjut gnpéwljhg hwuljugnipiniup, junnig-
b1 |k wyn gnpduijgh juppubnipjut gpubhlp okpinh hwuwnnipiniithg: Ywwnwp-
U £ upqud swhbpny gkpinh jupjuswyht dhdwlh hwpjwpy Fubpgtnpy b wow-
Jhugnyt onpwthnn qupnufubiph yyuunhymput swhwihputph oquugnpduudp:
Zuwunnuwnyl) k, np npny Yhnbkpnud opowtiughtt jupnidubinh wju wywunhlnipjut
wuydwuny unwgdus wpdbpubinh nmwppbpnipmniup hwutnwd E 13%-h:

Op

Ul 1. Uwipnip dmdwl Elpuplywé juyl pbpinh ufula/unl

[4]-nud ghwnwplyl) | bpwljudws swdpugynn iyniphg juyb okpinh dwpnip
dpnudp huipe pidnplugdut wuydwibbpnud: Owlnnykt ynipbkph yuunhlyni-
pjut pgEpnplughnt mbumput (OUNYS) hwjwuwpnudutphg hwdwpdtpuyh jup-
dwlt pwbwdlh hhdwt Jpu [5] unnugyly b o, sunwynuyhtt jupnudnyg wpnwhuwyn-
Jusd gy opowtiuyht jupnidutiph npnodwt pwwdlipn: Lwju ntuntdbwuhpyly k hns
niph okpunh dwpnip sndwt pughpp: Fhwhwingdb) G gijuwdnp jupnulubph k-
dnipynitibpn, npnup wowewunid ki hwpp nhdnpuugus skpintph dguwi b ubind-
dwt gninhtkpnud: FEpyk) b opowtiwght b ownwynuyyhti swithwigniply jupnidubph,
htsybu bl mwppkp nipkph nhuypnd nputg Ukdnmipniuubnh pubtwdbbpn:

Unwoht niypmid punmitdby k np hnd ymiph tdwt® tpwljuwdws skpnp
opowtiuyjhtt jupdwt npnodwtt hwdwp Jupkjh E oqgunugnpsty npu hnuntunipyub
uwhdwipn' jupjws yniph swinunljkunipmniihg: fpuw hwdwp oqguugnpéynid k
OUMNYS hwdwpdtpuyhtt jupdwt puttwdbp: 8nyg L wpdby, np Swlnnlku wyni-
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pEnh hnumbnipjut vwhdwip'yz,-u, wpnwhuwyunynd t Swlinnljkunipjub Epy-
nnpn dniuljghwyny b nith hknlbyw) mbupp’

Opy = 04 f05, (1)

npunkn opp hné yniph hnuntinipjut vwhdwib k f-u° Swlnunibunipjut Epy-
popn $nilghwly, n-p’ Swnnlbt ymph dkuwihjulub hunlnpymaikpp hns
wniph hwnlnpniubph phpdwt wwpuwdbnpp:

Bpypnpy ghypnd, pugh hwdwpdbipuyhtt jupdwt putiwdlihg, oguuugnps-
Unud Lt bl hwpp nhdnplugdwt wuydwup b OUNES nhbnpdugdwb nt jupnid-
utiph dholi juwh puwtwdlip, npnip pny) ki mwjhu hwdwpdbipught jupnudp ubkp-
Juywguk] oppwiughti b pwnwiynuyhtt jupnidabpny: Fpw wpyniupnid vnwgdnd
E oppwbiwghtt jupdwt punwlniuughtt hwjwuwpnud, nph (nwsnidny oppwtiwhte
(jupdwb pubwdlbp tkpuyugynud E htnbju mbkupny.

—or(2a?™+a™-1)+(a™+1) J—lZarzam(am+1)+0'T2(4a2m+5am+1)(2[)’”+0-5)2/3

% = (4a?m+5aM+1) - (2)

npnbn a-u Swlinnijkunipjut wowehtt Pnrtughwt k, m-p* Wniph hpulub sw-
ynunljkunipjut yqupudbupp:

‘Loklp, np gqpuijuinipjut Uk sjut ndjutkip mwupplp Swjnunljkunipjudp
otpunbiph dndwt Jbhpwpbkpuy: Zknbwpwp, wyy hhdbwpunhpttph (nisnwdubpp
pujuljuithtt wpphwlwh Eu:

Uoliwwnwbtiph tyuunwlju £ unwbtwy gnpstwluinid ks Jhpunnipinil
niubkgnn wnwpplp Swinuijtumpjudp Wynipbph hnuntimpjut vwhdwibph b
onowtiuht jupnudubph npnodw puwtwdbibpp:

Swippbp swnunitumpjudp Wnipkph oy, hnumbmpjub vwhdwbubph npno-
dwt hwdwp oqgunugnpéynid ki (1) putiwdlip, swlinnljEinipjut yupudbtnpbph wp-
dbpbpp bt wwpqugny Swlinnkimput $niulghwibpp n=0,25m =1
ay = v =1y, =1—v: Uy nhwypmd (1) - p Ypinmbh hknbywy nkupp

Ohy = 0p * B0 = 0, (1 — v)75: 3)
Swny stpunh hhdtwiyniph (yniph hné dwuh) hnuntunipjut vwhdwih
wipdbpp, (3) — ny Ynpnokup nyjuy Swlnnkt Wyniph Swlinnitunipjudp wpunw-
hwjynjws oy, , hnunmnipyub vwhdwbtbph jupnudubpn:
Nputu ophtimyy 05, = 200 UMz - h nhygpnd Yniubkuwtp.

Onho = 200, Op 59 = 193, On10% — 185’Uh 15% — 177,

O0p20% — 169,0-]125% = 161,0-]130% = 153 U Nur: (4)
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(4)-mud ppJwsd vy ubph hhdwb ypw jurmgy k oy, — v qpudhlyp (uly.2):

G,
UTw

T~

180 ~.

160 \..
TN

140
0 0,05 0,1 0,15 0,2 0,25 v

Ul. 2. oy, hnuniinipyul vwhdwbibph jupnidbbpn ' wpnwhaynygws iniph
Swmnlkinipunlp

(4)-h myjuubpp htwpuynpnipinit Yuwb (2) - nd uvnnwbiwg g9 — h hwdwp
htwnlyu) putwdlibpp.

0o = 0, ++/2002-4/3 = g, + 231,

09 s, = 0,7460, + 0,83 J 62224 — 0,630,2,

09 100 = 0,5700, + 0,71,/70125 — 1,320,,

09 150, = 0,4380, + 0,63,/76903 — 2,070, 2, (5)

09 200 = 0,3300, + 0,55,/82426 — 2,880,2,

g 25% = 0,2500, * 0,50,/86667 — 3,750,2,

0 305 = 0,1800, + 0,45,/89324 — 4,680, %:

Unnuuulnid pipdus Eu okpnh juyiuujun AC hwunnypmd o, b 0y jupnid-
ubph wpdbpubpp nuppbp ujqpuuljut vy Swjnnljtunipniuutph nhypbpnud, tpp
R, =80uu R;=40utf, 1, = \/R,R; = 56,57it
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Ungyniuwl

Clkpunp juylnuljult AC hunnnijenid o, W 09 jupnillibph wpdbphkpp nnuppkp ulgpiwlwi v,
Swnun§bunipinibbbph pbuypkpnid, kppoy, = 20000uw, g = vy, f=1—-v=1-v5, m=1,
n = 0,25

r 80 75 | 70 | 65 | 60 | 5657|5657 | 55 50 45 40
Ogvy=0 |231,2|216,0|200,4|183,2 |164,8 | 151,2|-311,2 | -304,6 | -282,6 | -258,4 | -231,2
O vy=0 0 |-15,3|-30,8|-48,0 |-66,4 | -80,0|-80,0 | -73,6 | -51,6 | -27,2 0

Ogvy=0.05 |209,9|198,9(186,7 (172,9 |157,6 | 145,87[-261,34| -257,7 | -244,5 | -228,8 | -209,9

O vo=0.05 0 [-14,35|-29,64|-46,2 |-63,9 |-76,98|-76,98 | -70,82 | -49,65 | -26,17 0

Ogyo=o1 | 193 18471753 (164,1 [151,14] 1409 |-225,4 | -223,5 | -216,2 | -206.2 | -193
Orvgm01 | O |-13.8|-285|-44.4 |-614 | -739|-739 | 68,0 | -47.7 | -252 | 0
Tgyp=015 1788 [171,9|165,1|153,6 |141,2 | 135,9|-197,9 | -197.3 | -194,1 | -187.9 | -178,7
Orvg=015 | O |-14.35/-27,26|-46,2 [-63.9 |-70,82/-70,82 | -65,15 | -46,7 | -24,07 | 0
Ogyp=02 |1663|161,7|1558 (1483 |138,9 |131,04-176,4 (-176,15| -175,7 |-172,56| -166.3
Orvgm02 | O |-12,62|-26,05|-40,6 56,16 -67,67|-67.67 | -62,25 | -43,64 | -23.01 | 0
Ogyp=02s |155.3 [151,8|147,2 141,03[133,01|126,07/-158,3 | -159,1 |-160,38| -159,3 | -155,3
Orvym025 | O |-12.03(-24,82|-38,7 53,52 (-64,48/-64,48 | -59,32 | -41,6 | -21.92 | 0
Ogyp=03 [145.25142,7|139,1 134,01(127,9 |121,06-143,3 |-144,52|-147,14| 1476 |-145,25
Orvgm03 | O |-11,42|-23,57/-36,73 50,81 | -61,22-61,22 | -56,32 | -39,48 | -20.81 [ 0

Unpmnuuwlh dgugdus wndjuukph hhdwb Jpu junnigdl) b oppwbughte
jupdwb sSwlnnltunipniihg jupudwt oy — v qpudhljp, npnkn A-nyd tpdus tu
dqus qupnudubph dbkdwgnyu wpdbpubpp (.1, R, = 8041, 30% ulqpumfute
Swljnnkunipjut nhypnid, og-h dbkdnipjniip hns Wniph nhypnid thnppugh) b
37,2%-n1), B;-ny" skqnp okpuinid dqus jupnidubph thnppugnyt wpdbpubpp
(r, = 56,57 i/, wju nhuypnid 0p-h Ukdnipjnitp hné Wniph nhwypmd thnppugt) £
20%-ny), B,-ny" stqnp skpuuinmid ubinUuwsd jupnulubph thnppugnyt wpdbpubpp
(1, =56,57dd; wju nlypmu’ 54%-ny) b C-n]" ubnuyws qupnidubph dkswgniyu
wpdbtpubinp (R,=4041/, wyu nhiwypnid” 37,2%-ny):

Unpmnuuwljh sdqugdus umniubkph wpdbpubpp hudwywnwupwind  bu
nju] Swlinunikunipyut wjuukpht, ophtiml® 5% swlinunijtunmpjui nkypnid
npuip quidnud L uly.3-nud wyqwd ab b cd dhowljuyypnid:
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-280 //d

-320
Ul 3. Cpowhuyhl jupdwl Swlnunlkiniprul jupnlul oy — v gpuphln

Bqpuljugnmpinii. Owlnunlttu ynipbkph yjwunhlnipjut pidnplughnt nk-
unipjul hwjwuwpndubph hwdwpdbpwghtt jupdwt b pwpwynuyhtt jupnidng
wpunwhwjnjws oppwtughtt jupdwt punhwinip pumbwdbbph hhdwb Jpu dowy-
b1 k obpunp jupdudughtt yhdwljh pununphsutph npnodwt wjgnphpd: MathCad
dpugpuyht thowduypmd Juwnwpyk) B pdughtt hwpuplubp hns, 5%, 10%, 15%,
20%, 25% L 30% swnunljtunipjudp skpnbph swnwynuyht b oppwiughtt jupnid-
ubkph npnodwit hwdwp, hyybu twb wodws Swlijnnljkunipmniuttnh nhwypnud npny-
b1 Eu hnuntimpjut vwhdwibph dkdnipnibutpp: Unwugws yympbph hnunt-
unipjut vwhdwbibph dbdnipmnitubph b opowtiught jupnudutph npnodwin pui-
twdlbtph hhdwb Jpu Juenmigyl) Eu swlnnljtunipniithg jupudws gpubhljutpp,
b uunwpyby | gpuitg JEpnwsnipniup: 8nyg L wpdbg, np yniph swlinunlkunipe-
jut wnjunipjut nhuypnid nputg pugupdwly wpdbpubpp thnppwtnid Eu: Cun
npmud, A4 §npp, 30% uljqpiwljut Swlnnljkunipjut nypnid, hné ymph nypnd
thnppwghy t37,2%-n1, By Ynpp 20%-ny, B, 54%-ny, C-u 37.2%- ny:

Nipwgpuy E, np uly.3-nd muppbp Swljnnljunipjudp yympbph b okipnkph
hwunnipjut guujugus Yhwntph oy oppwtiwghtt jupnudubph pnnp wpdbpubpp
quinid ku qpudhlh dquugdus nmhpnyypubpnid:
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H.I'. AKOIISIH

OCOBEHHOCTH OIPEJEJEHUS OKPYKHBIX HAITPSI)KEHUI
CIIEYEHHOM IOJIOCHI C PA3JIMYHOMN NOPUCTOCTHIO,
MOJABEPTHYTOMN U3TUBY

PaccmarpuBaeTcst YMCTBIH N3rHO IOJIOCH U3 CIIEYEHHOT0 HEYITPOUHSIOIIErocs: Ma-
Tepuasia B YCIOBHUSX IUIOCKOH nedopmanuu. VICmonb3yroTesl SKBUBAICHTHOE HAIPSKEHUE
Je(OPMAIMOHHOW TEOPHH TUIACTHYHOCTH MOPUCTBIX MAaTEPHANIOB M 00Iee ypaBHEHUE OK-
PYKHBIX HalpsDKEHHUH, BRIPQKCHHBIX paJiaIbHbIMU HanpsDKeHUIMU. [1omydeHb! BeTMIMHBL
NPE/IENIOB TEKYYECTH MaTepHaIoB C Pa3IMUHBIMH TIOPUCTOCTSIMH M (OPMYJIBI JUIsl OTIpe/e-
JICHUS OKPY>KHBIX HAIIPSDKEHUH, a TAKXKe IMOCTPOSHBI X TPa(UKK B 3aBUCHMOCTH OT TTOPHC-
TOCTH.

Kniwouegvle crosa: nnactiyeckuil YUCTHIA M3rud, CIEYeHHas I10JI0ca, MOPHUCTOCTS,
IUIOCKas fedopManys, OKpYKHbIE HAIIPSKSHHUS.

N.G. AKOBYAN

THE PACULIARITIES OF DEFINING THE CIRCUMFERENTIAL STRESS OF A
SINTERED STRIP WITH VARYING POROSITY

A pure bending of a strip of sintered non-reinforced material under the conditions of
planar deformation is considered. The equivalent stress of the deformation theory of
plasticity of porous materials and the general equations of circumferential stress expressed
by radial stresses are used. The boundary values of various porous materials and the
formulae for determining the circumferential stresses, as well as their graphs depending on
the porosity are plotted.

Keywords: plastic pure bending, sintered strip, porosity, flat deformation,
circumferential stresses.
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B.A. MAPTHUPOCSIH, M.3. CACYHISIH, H.I'. CAAKSTH

MNOJYYEHMHME ITOPOIIKOB MAX-®A3, TETNPOBAHHBIX )KEJIE30M U
KPEMHHUEM, METOJAOM CAMOPACIHPOCTPAHAIOIETIOCs
BBICOKOTEMIIEPATYPHOI'O CUHTE3A

Merozmom caMOpacTIpOCTPaHSIOMIErOCsl BEICOKOTEMITEPATypHOTO CHHTE3a HCCIIENO-
BaHa BO3MOXKHOCTH ITOJTy4eHHA U3 cMecu nopourkoB FeSi, Ti, Al u caxku ipu pa3HBIX COOT-
HOIIIEHUSX HOBOTO THTA TopoikoodpazHoit MAX—}assl ¢ peppoMarHUTHEIMUA CBOHCTBAMHU.
BriOpanpl onTuManbHBIE YCIOBHS cuHTe3a aius mormydeHns MAX—das3sl mo Qopmyie
(Fe Ti1)3(Al,S1)C, ¢ 90%-HBIM comepKaHUeM OCHOBHOTO MaTepHaia ¢ BKIOYeHHAMH FesSis,
FesSi, AlsTi, TiC u TiSi,. Pe3synprathl 3KCHepuMeHTa HMOATBEPKICHBI MHUKPOPEHTTEHO-
CIEKTPAIbHBIM aHAIT30M.

Knroueewie cnosa: moponiky, TUTaH, xkenes3o, heppocwmmuiuii, MAX—dasa, kapour,
cUIMLU, peppoMarHeTuK.

BBenenue. PazButre cCOBpeMEHHBIX 00J1aCTel HAyKH W TEXHUKH TPEOyeT CO3-
JaHUSl HOBBIX MaTEpHaNoB ¢ HAOOPOM Pa3TUUHBIX (YHKIMOHAIBHBIX CBOWCTB, U3-
MEHSIOIIMXCA B IIAPOKOM JUana3oHe. B CIMHTPOHUKE, SIBIAIOIIEHCS OHOU U3 Hau-
0oJsiee MHTEHCUBHO Pa3BUBAIOIINXCA 00JIACTEH, CyIIECTBYEeT NOTPEOHOCTh B MaTe-
puaie, B KOTOPOM codeTanuch Obl cBoiicTBa MAX-da3sl u peppomarneruka [1,2].

B nmocnennee Bpemst ObUT CHHTE3UPOBAaH HOBBIN TYTOIIaBKUI MaTepHal ¢ xe-
ne3oM [3]. Hammame sToro Metamia 00ecrednT MOMTyIeHHOMY BEIIECTBY JOTIOTHH-
TEJIbHBIE MAarHUTHBIE CBOMCTBA, YTO MO3BOJIMUT CO3/1aTh 0CO00 TEPMOCTOMKHUE OrHe-
YIOPHBIE MOKPBITHS W CBEPXMHHHATIOPHBIE YCTPOWCTBA XpaHEHWs WH(OpMAINH,
KOTOpbIe OYIyT OTJIMYaThCS 0COOO0M CIOUCTOH CTPYKTYPOH KpUCTAIIMYECKOH pe-
IIeTKH ¥ YHUKAIBHBIM COYE€TaHHEeM HanOoJiee BOCTPEOOBAHHBIX CBOWMCTB MeTaia
U kepamuku [4]. MAX-da3bl 1eMOHCTPHPYIOT BBICOKYIO JKECTKOCTh M YIPYTOCTh,
YCTOHYHMBOCTh K XMMHYECKOMY M TEIUIOBOMY BO3JIEHCTBHIO, HU3KHH yIETbHBII
BEC, MaJIblil KO3(GHUIMEHT TEIIOBOTO paciiupeHus. Takue MaTepraibl XOpoulo Mmpo-
BOJISIT TEIUIO U AIIeKTprdecKuii Tok. CBolicTBa MarHUTHEIX MAX-(ha3 ¢ comepikaHreM
JKeJie3a TMO3BOJIAIOT TakKXKe HCIOJB30BaTh MX, HANPUMEp, IS CO3JaHHS BBICOKO-
3¢ (eKTUBHBIX IBUTATENEH, KOHCTPYHUPOBAHHS YCTOMYUBBIX K MIOBPEKICHHUSIM TETI-
JIOBBIX CHCTEM C BBICOKOH CTOMKOCTBIO M COXPAaHEHHEM KECTKOCTH TIPH BBICOKUX
TemnepaTtypax. OTKpBIBAIOTCS HOBBIE BO3MOXXHOCTH M IS TPOU3BOJCTBA 0CO00
KECTKUX U TEPMOCTOWKHX OTHEYIIOPOB, BHICOKOTEMIIEPATYPHBIX HArpeBaTeNbHBIX
AJIEMEHTOB, TOKPBITUH ISl ANEKTPUIECKUX KOHTAKTOB, YCTPOHCTB U MEXaHU3MOB
JUISL SIIEPHOM TIPOMBIIIUIEHHOCTH.
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UzBectHo, uto MAX-(a3el mpencTaBisitoT co0oil ceMeHCTBO TpPOWHBIX
CJIONCTHIX COCMUHEHUH ¢ (opMambHON cTexmomerpuet M+ A X, (n = 1,2,3...),
rae M — nepexonnsbiii d-metain (Ti, Fe, Ni, Co, V, Cr, Mo u ap.); A — p-3neMeHT
(mammpumep, Si, Ga, Ge, Al, Cd, Sn u np.); X — yriepos uinu a3or.

B MAX-da3zax mpucyTcTByeT yriepoa. B Takux cucremax, BO-IIepBbIX, YT-
JIEPOJ] Y4acCTBYET KaK BOCCTAHOBUTENb; BO-BTOPHIX, OH PETYIUPYET POCT KPUCTaI-
JUKOB CHIIMIMAA JKeJe3a A HadallbHOW CTaIuH. YTIIepOJ yI4acTBYeT TakkKe B 00-
pPa30BaHUU Ta30BBIX My3BIPHKOB, uTO TpunaeT MAX-dasze mopucTocTs, JIETKOCTh U
CJIIOUCTOCTb.

Cnenyer oOpatuth oco0oe¢ BHUMaHHMe Ha MAX-¢a3bl, B 4aCTHOCTH Ha
Ti3SiC,, KOTOpBIE, B OCHOBHOM, TOJIyYaIOTCS METOJIOM CaMOPACIPOCTPAHSIOIICIOCS
BBIcCOKOTeMIIepaTypHoro cuHte3a (CBC). IlokazaHo, 9TO CHIIMKOKapOWI THTaHA
SIBJISICTCSI aHOMAJIBHO MSITKUM MatepuanoM B cpaBHeHuHU ¢ TiC, a ero TBepaoCTh
XapaKTepu3yercsl CUiIbHON aHm3oTpormei [5-7]. Ilpu obpaszoBanmu MAX-¢azb
Ti3SiC, mpomekyTouHo# (ha3oii Bcerna sisieTcs cuaumua TisSiz. B aTux cirydasx
MPEUMYIIECTBOM SIBISETCS TO, YTO OJHOBPEMEHHO 00pa3yrOTCs Kak KapOWIbl, TaKk
Y CHJTMIU/IBI TUTAHA.

Baxnyro posb urpaet takke tutad. Bo muornx MAX-¢a3zax, nojaydeHHbIX
MeroaoM CBC, npouecc HaYMHAETCSI UMEHHO C TUTaHA. TUTaH B3aUMOJAEUCTBYET C
caxeit u amomuaueM, 00pasys TiC u xkuakyio ¢aszy Ti—Al. Janee 3épua TiC mpu
OXJIAKICHUU PAacTBOPSIOTCA B kuukoil daze Ti—Al ¢ oOpa3oBaHueM, Harpumep,
Ti3AlC, [8-11].

C y4eToM BHIIECKA3aHHOTO 3aMEIICHIE TUTaHa KEJIE30M MOJIHOCTBIO HEOIl-
paBaaHo. SBissACh Takke d-32IeMEHTOM, JKeJIe30 MaJlo paCTBOPSETCS B TUTAaHE (MakK-
cumyM 10%), HO OIMHAKOBBIE AUAMETPHI STUX ABYX SJIEMEHTOB ITO3BOJISIOT 3aMe-
aTh UX APYr B Ipyre, o0Opa3ys TBepIbie pacTBOphl. [lomHOE 3amenieHue amoMu-
HUSl KpEMHHEM TaKKe Helelecoo0pa3HoO ¢ TOYKH 3peHHsS 00pa3oBaHUS WHTEpMe-
tauuaoB. Kpome toro, npu momyuenun MAX-daser Mmetogqom CBC amoMuHuit
YBEIUYUBACT TEPMUYHOCTD IIPOIIECCa.

B nmanHO# paboTe mis moiydeHHs moporrkoodpazHoit MAX-da3sl B mpu-
CyTCTBUHM OJTHOBPEMEHHO >Kejie3a U KPEMHHUS HaMU OBLT HCIIOJIb30BaH HE JIOPOTO-
CTOAIMI U NeUINTHBIN KpeMHUH, a MoHocuHnu/ xerne3a (FeSi), momyueHHbII
U3 Kelle30- U KPEMHHICOAEPIKAINX OTXOJO0B JNEHCTBYIOMINX METaJUTyPrHIeCKUX
3aBoyioB. Takum 00Opa3zoM, cuHTe3upoBaHHass MAX-¢a3a UMeeT CIIeyrOIIHii COCTaB:
(Fe Ti)3(Al,Si) C,, e »ene30 u THTaH BBHICTYyHAlOT kKak d- anmeMeHTHl, a Si u Al -
KaK p- DJIEMCHTEI.

Muxkpoctpykrypa Takoro MAX-maTtepuana, CHHTE3HPOBAHHOTO METOIaMH
mopormkoBo Metammmyprun (CB cuHTe3a), MMEET CIOWCTYIO, JTAMHHATHYIO TIPH-
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POy ¢ MarHUTHBIMH CBOMCTBaMHU H, B 3aBUCUMOCTH OT TEMIIEPATypbl U BPEMEHU

CHHTE3a, MOKET ObITh TOHKOAUCIIEPCHON U KPYITHOKPUCTAIUINIECKOM.
MocranoBka 3agauu. M3BectHo, uto mo dazosoii auarpamme Fe-Si [8], B

3aBHCHUMOCTH OT COACP)KAHMS jKele3a M KpeMHHs, 00pa3yloTcsl CHIMUUIbI, Oora-

Thie xkene3oM FesSi, Fe,Si, FesSis, FeSi u kpemuuem FeSi,, Fe,Sis, koTopsie uMeroT
pasnuyHOe Ha3HavYeHue (puc. 1).
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Puc. 1. @azosas ouacpamma Fe _Si

Oco0bI#t HHTEpEC MPEACTABISIOT MOJU(PHUIMPOBAHHBIC CHIUIIM/IBI, OOTaThie
xkene3oM FesSi u eFesSi3, KoTopble TPOSBIAIOT MarHUTHBIE CBOWMCTBA JaXkKe IpH
KOMHATHOH TeMIiepaType. DTH CHIIHIUBI IBISIOTCS (PeppOMAarHETUKAMH U BMECTE
C MOJYNPOBOJHUKOM Si TMPUMEHSIOTCS B CIHUHTpOoHKKe. OOpa3oBaHue THOPUIHOMN
CBs3U (hepPOMArHETHUK-TIOTYIPOBOIHMK HAa OCHOBE MOAU(DUIIMPOBAHHBIX CHIIUIUIOB
FesSi u eFesSis sBsieTcss HOBBIM MEPCIICKTUBHBIM HAIPABICHUEM B MUKPO3JIEKTPO-
HUKE.

"3 YKa3aHHbIX CUJIMIHUI0B HaI/IGOJIee CTAaOMJILHBIM SIBIISICTCS MOHOCHJIMIIN
JkKeJie3a, KOTOPBIN MPOSIBIIIET YCTOMYUBOCTh, HAYMHAS OT KOMHATHOU JI0 BBICOKUX
temmneparyp (~1400°C). TTomydyeHrne MOHOCHINIMA GOlee BEPOATHO TAKXKeE C IHEP-
FeTHYECKOW TOUKM 3peHus. HekoTophle HCClemnoBaTeNd NPUICPKHUBAIOTCS TOTO
MHEHHUs, 9TO Tpu KoHTakTe Fe-Si BHauanme oOpasyercs MOHOCHJIMIMA, Ha Oase
koToporo 3areM ¢opmupytorcs FesSi, FesSis, FeSiy, Fe,Sis.

Takum o0pa3oM, HaM4ME JKejie3a W KpeMHus npu nonydeHun MAX-¢a3
merogoM CBC He oTpumaeT moJrydeHus] OOTaTBIX JKEIe30M CHIIHITHIOB, KOTOPHIC
MOTYT NPHUIATH MOTYYSHHOMY CIUIaBY (heppOMarHUTHBIC CBONCTBA.
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Marepuanbl U MeToabl. /15 cuHTE3a 00PAa3LOB MCHOIB30BATIHCH MOPOLLIKH:
FeSi - ®C-75 (75% Si, 2 mxm), yraepon texandeckuit (caxa) mapku [1-701 (99,5%,
2 mrm), Ti IITC (aucrora 98%, cpennuii pasmep uvactuiy 100 mxm), amrOMUHAN
Mmapku I1A-4 (99%, 50 mxm). Ilopomky yKka3aHHBIX PEareHTOB B ONpEIETICHHBIX
MPOLIEHTaX MO Macce TIIATENbHO nepeTupaii B (apdopoBoi CTyNKe O MOTyUEHUS
oIHOpOoAHOM cMecHu. CHHTE3 IPOBOAWIM B PEAKTOpE MPU aTMOC(PEPHOM JaBICHUH.
CocTaBbl CHHTE3MPOBAHHBIX 00PA3I[0B OMPEACIISUIA C ITOMOIIBI0 PEHTTeHO()a30BOTO
anammza (POA). CreMKy MOP(HOTIOTHHU MOBEPXHOCTH M CTPYKTYPHI 00Pa3LoB MPOBO-
JIWITA Ha CKAaHUPYFOIIIEM 3JIEKTPOHHOM MHUKPOCKOIIE BBICOKOTO pa3pemnierus “Mira’’
¢upmel “Tescan’” (Uexusi) ¢ MUKPOPEHTT€HOCTIEKTPAIBLHBIM aHATIM3aTOpoM “Aztec’”.
HccnenoBanue ¢Ga3oBOro cocraBa NpoOBOJMIOCH HA PEHTTEHOBCKOM TH(PpaKTOMETpe
Ultima IV (Rigaky) B Cuko-m3mydernn [12].

OkcnepumenTsl 1o nonydernto MAX-daser metogqom CBC mnpoBoanmu 1mo
METOJIKe, OITMCaHHO B pabdote [13].

PesyabTarhl ucciaenoBaHusa U ux oocyxaenme. J[na nomyuenus MAX-
¢azel mo popmyie (Fe Ti)3(Al,S1)C, ObLIM IPUTOTOBICHBI TPU COCTaBa C U30BITKOM
FeSi— 10, 20 u 30%. McxonHas mKMXTa CMEIINBAIACH B PA3IHMYHBIX CTEXHOMETPH-
4eCKUX CooTHoIIeHusX kommoneHT: 3Ti -1(ALSi) -2C-1FeSi, 3Ti-1A1-2C-2FeSi,
3Ti-1Al-2C-3FeSi. Haunyumue pe3ysibTaThl, Kak ¥ MPEIIoyarajoch, ObUIN MOJTy-
ueHsl ipu 30% u30bITKe FeSi, mockonpKy ¢ yBenmudeHnnem coaepkanus FeSi yse-
JIMYMBAETCS COJEpKaHUE Kene3a, YTO MPUBOAUT K MOITYYEHHIO CUIUIMIOB C BBI-
COKMMHU MarHUTHBIMH CBOWCTBaMH.

Ha puc.2 npusenen oomwmii Bua noiaydeHHod MAX- ¢da3sl.

Puc. 2. Obwuii 6uo nonyuennon MAX- gpazot

W3 mpuBenenHbIx Bbilie cMeceid Metogom CBC ObumM MOJyYEHBI CILIABBI.
Janee 5TH crutaBel OBIIH MCIOJIB30BAaHBI B KaYECTBE OOBEKTOB HCCIICIOBAHUS IS
MPOBEJICHUS] PA3IMYHBIX aHAJIU30B.
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Hwxe npuBogsTcss pe3ynbTaThl PEeHTIEHOCTPYKTYPHOI'O aHajiM3a MOJy4eH-
HOTO IPOIYKTA.

BrusBnieno, 4To B MpoykTax cuHTe3a, kpome ocHOBHOH (azbl (Fe,Ti)3(AlSi)Co,
MIPUCYTCTBYIOT IUKH, IPUHAIJIeKaIIUe KapOuny u cumuuny tutasa (~10... 15 06.%)
(puc. 3). B pesynprare POA ycTaHoBieHO, 4TO B OCHOBHYIO (ha3y BXOAAT BKIIIO-
yenus kpuctawioB Fes;Si, FesSis, FeSi, a taxke AlsTi, TisSizu TiC.
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Puc. 3. Penmeenocpammor CBC npodykmos ¢ uzovimrxom FeSi 30% om cmexuomempuu

Ha puc. 4 npuBeneHbl pe3ynbTaThl MUKPOPEHTTEHOCTIEKTPAIFHOTO aHaAIN3a
(MPCA) no kapte Al HOJXy4eHHOH MeTajnmuueckoi ¢aspl. Ha pucynke nabiro-
JlaeTcsi HepaBHOMEPHOE pactpezeneHre a3 Kak B 3epHaX OCHOBHOH (asbl (puc. 4a),
Tak U Ha MHKpodoTorpadusx, MOTYyYSHHBIX C MOMOIIBI0 CKaHUPYIOMET0 MUKPO-
ckomna (puc. 40).

| s |
100pm

100pm
Puc. 4. @aszosviii cocmas (a) u mukpogpomozpagus (6) nonyuennoeo npooykma, x500

Kak BuIHO U3 pHCyHKa, MeTaJuTdecKas asa COCTOUT U3 OCHOBHOH (a3bl, a
TaKKe 3aMETHBI YepPHbIe TOUYKH, XapaKTepPHbIE s CHIIMIAAOB Kene3a. B mpomecce
TOMOTCHU3AIMU B3aUMOJCHCTBUE (a3 CyNb(UIOB XKejie3a COMpPOBOXKIACTCs (Hop-
MHpOBaHHEM JBYX W 0ojiee TBEPIbIX PACTBOPOB Pa3ymopsIOYCHHON CTPYKTYpbI
tuna (Fe,Ti);(Al,Si)Cs. 3epHa 3THX (a3 co cpeaHUM pa3zMepoM OKoJo 25...50 mxm
COXPAaHSIOT YEeTKO BBIPa)KEHHbIC TPaHUIIbL. BrimtoueHust (a3pl, 000TaleHHbIC CHITU-
[HIAMH JKelie3a, JIOKaIU3yTCs MPEUMYIIIECTBEHHO Ha TPaHHIIE 3ePEH.

JInst TOYHOTO BBISCHEHUS ONPENSNICHUS] COICPKAHMS MMOTYYCHHBIX TPOIYK-
TOB M IBOJIIOIMU pacipesieneHus Me 1mo pa3mepam ObLT MPUMEHEH COBPEMEHHbIH
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MUKPOPEHTTEHOCTIEKTPAIbHEIN METOI aHanu3a. X0/ aHaIu3a MPOXOAUT B CICAYIO-
el mocenoBaTeIbHOCTH (prc. 5a-B). i Hamrero cirydasi CHATHI TPH CIIEKTpa. B
Ta0JIUIE MPUBOIUTCI XUMHUIECKUN COCTAB OTCIEHBIX CIICKTPOB.

Puc. 5. Asmomamuyeckuii ananuz xuoueHull: a - pasoenenue u300paxicenus Ha noisl;
0 - nepemewyenue SNEKMPOHHO20 NYYKA NO NOTIO 8 MACCUBE, 6 - OnpedeneHue pasmepos
yacmuy, OOHAPYHCEHHBIX OOPAMHO PACCESHHBIMU INEKMPOHAMU, YEHMPUPOBAHIE NYUKA HA
Kaocoou uacmuye u noayyenue cocmasa ¢ nomouivio MPCA

Kak BuHO M3 TaOJMUIIBI, KOJUYECTBO ATFOMHHMS 3aMETHO CHU3WIOCH. [1pu-
YHHa 3TOT0 B TOM, YTO 4aCTh aJIDMHUHHA BXOJHUT B COCTaB IIJIaKka B BUAC aJIlOMUHA-
TOB. AIIIOMUHHN ¢ KpEMHHEM He pearupyeT. THTaH Takke IIOXO PacTBOPSETCS B
xKenese (pacTBOPUMOCTh TUTaHa B a-Fe He mpeBbimaeT 9,8 at. % ), HO Tak Kak pa-
OUYCBhl THTaHa M JKeue3a MOYTH OAWHAKOBBI, OHH B KPHUCTAJUIMYECKOHW peIeTKe
MAX-¢a3sl 3amMeHAI0T Opyr apyra. YacTe yriepoga cBsi3aHa C TUTaHOM B BHC
KapOHUIOB.

Tabruya

Obwuii cocmas snemenmos, 8 % no macce

HasBanue criektpa | Al Si Ti C Fe

Cnextp 1 0,54 | 22,65 | 7,68 | 1,18 | 67,95
Cnektp 2 0,46 | 22,84 | 6,85 | 1,33 | 68,52
Crnextp 3 0,38 | 22,82 | 6,76 | 0,93 | 68,95
YcpenHenue 0,46 | 22,82 | 7,04 | 0,81 | 68,47

Ha puc. 6 mokasaHo pacnpeneieHuEe OTIENBHBIX DJIEMEHTOB B COCTaBe
MAX-da3zbr

Fe Kal Al Kal

™ 100pm ! r

100pm f '

100pm

Puc. 6. Pesynomamul uccneoosanus oopasya CBC npodykma: a — 2 - pezyremamur MPCA
no kapme
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Kak BUIHO U3 3TUX PUCYHKOB, paclpe/ie/ieHHe OTACIBHBIX SJIEMEHTOB B CILIABE
TaKk)ke HepaBHOMEPHO. B OCHOBHOM B CIuIaBe Ipeo0IiagaoT KPEMHHNH, JKene30 U TH-
taH. KonuvectBo anromuHus HeOobIOe (pUC. 6B), UTO, MO-BHIUMOMY, CBS3aHO C Tic-
PEXO0JIOM €ro B ILJIaK.

IIpoBenena Bu3yalibHasi OllEHKAa Bapualllii XUMUYECKOTro cocrasa. [Iukcenu
CO CIIEKTpaMu (OJMHAKOBOT'O COCTaBa) MPECTABIICHBI OJIMHAKOBBIM I[BETOM.

Ha puc. 7a,6 mpuBemeH KOHIIEHTPAIMOHHBIN MPOGHITH paclpeaesieHus dJie-
MEHTOB 10 JuHMsIM 1 u 2 1t oOpasia 2.

1. Fe K cepual
2. TiK cepua
3.5i K cepua
4.4l K cepun

mn/eee

it
T

|
42 44 46
L]

Boe anemenTn

‘1. Fe K cepua
2. Ti K cepua
3.5i K cepua
4.Al K cepua
5.Mn K cepua

wan/cex

cepus

Puc. 7. Pesynomamot MPCA no aunusm obpasya Ne 2
254



PesynbraTtet MPCA TOKa3bIBaIOT, YTO OCHOBHEIC (Da3bl MPECTABIIIIOT COO0M
JKene30, KpeMHUH u tutaH (puc. 7T u e). [lo maHHpIM KonmmdyectBeHHOTO PDA, co-
neprkanue kapouna Turana (TiC) B oOpasiie HaumeHblnee. Takke 00Hapy)KUBACTCS
5% TiSiz. Ho 3Tu coeannenus Ha peHTreHorpammax (puc. 3) u Ha puUcyHKax (puc.
7T ¥ €) He (PUKCHUPYIOTCA.

[To muaum 1 (puc. 7a,B,r) mpoctpaHncTBa pazmepamu dactuil 0...9 wxwm Ha-
XOJATCSl B TOMOTeHHOH (aze. Ho KoHIIeHTpaioHHbIE MTPOQUIIN TTOKa3hIBAIOT (pHC.
7r), 9TO BUJA KPUBBIX YaCTO MEHSIETCS B CBSA3U C 00pa30BaHUEM Pa3HbIX HOBBIX (a3.
IMpoctpancTBa pazmepaMu dactull 9...21 mxu 3aHUMAIOT OOJBIIYIO TEPPUTOPHIO,
HaIlOMUHAIOIIYIO 001acTh CIMIKAOB *kene3a (FesSiz), KoTopas mOBTOPSETCS TaKKe
ot 34...40 mxm. IlpoctpancTa pazmepamu 24...30 mxm CONPOBOXKIAIOTCS HOBOOO-
Pa30BaHUAMU, KOTOPbIE TAHYTCA N0 AnuHe 34...42 mrxm. DTU CUITULIUABI HAXOISATCS
B romoreHHO MAX- (aze. B BepxHeil 4acTu B HECKOIBKUX MECTaX JIMHUU 3aMETHBI
YepHbIE TOUKH, HAIIOMUHAIOIINE PA3IUYHbIe KapOUAbl M CUIMLUABI TUTAHA U aJIIo-
MUHUS. DTO, MO-BUIUMOMY, CBA3aHO C MEPEX0JaMH OOTaThIX JKEIe30M pa3iIMIHBIX
cmummnuaos (FesSis FesSi, FeSi) pasusix popm.

[lo nuamm 2 (puc. 7 0,1,€) MPOCTPAHCTBO pazMepaMy YacTHIl 1O 8 MKM Ha-
XOJIUTCSI B TOMOT'eHHOH ¢a3e. B mpocTtpaHcTBe pazMepamu yactull §...9 mrm 00-
pa3yertcs HoBas (aza, HanoMuHaromas kBajpart. Ilo-Buaumomy, ata daza HarmoMu-
HaeT BiuroueHus kap6ouna (TiC) wmm cwmnuaa tutana (TiSiz). Jis npocTpaHcTB
pasmepamu vactull 9...11 mrxm Takke XapakTepHO u3MeHeHue (a3, ITOT KOHIJIO-
MepaT 1moxox Ha cunuuug xenesa (FesSis). IlpoctpancTBo yacTun pasmepamu OT
11...14 mxm HamomMuHaeT oOpa3oBaHHE HOBOH (ha3bl, UyTh OKPYIIIEHHOH (OPMBEI,
HarmoMuHaromel apyroi cummnun xenesa (FesSi). IIpoctpancTBo pazmepamu dac-
tanel 16...25 u 28...30 mrm - 370 ocHOBHas MAX ¢aza. Mexny aumH ¢asa,
HarmomuHaromas ¢asy 0...8 mxm, TakKe TOMOTeHHasl.

Takum o6pazom, pesyastatel MPCA moarBepammm nanabie POA. [omyden-
Has ocHoBHass MAX—da3a HaxoquTcs B CMECH C APYTHUMHU (pazaMu, T.e. pasHOPO-
Has. B OCHOBHOI TOMOT€HHOH Macce €CThb pa3HbIe BKPAIIICHUS CHIIULHUIOB, aITFOMH-
HUJIOB ¥ KapOWAOB TUTaHa M jKeJe3a, YTO TaKXKe MOATBEpKAaeTcs AaHHbIME POA
(puc. 3).

OKclepruMeHTalIbHBIE NCCIIEOBAHNS MTOKA3aJId, YTO [1OCIE NHUIUHNPOBAHUS
ropenus B peskume CBC ynaeTcs HoayduTs NPOLYKT, KOTOPBIHM MOCTIE OXIaXICHHS
MpeACTaBIsACT cOOOM CIIOMCTHIHN, JETKUI 1 OoJiee yCTOMYMBBIN MOPUCTHI MaTepHal
(puc. 8). Ilocie m3MenpaeHUS TIOTydaeTcsi moporkoodpaznas MAX-daza, mpencran-
JsIFoLast COO0M KOMITO3UT VISl OJTYyYEHHsT Pa3INYHbIX MaTepHaioB METOJIOM HOpOLI-
KOBOM MeTalTyprud. braromaps coJepKaHHMIO jkKelie3a M KpPeMHHUS IOJyYeHHbIN
MPOAYKT XECTKHMM M COXpaHAET BCE CBOWCTBA KOMIIO3MTOB, NOCKOJIBKY B HEM,
KpoMe KapOUIOB JKeJie3a ¥ TUTAaHa, COAEPIKATCs TAKKE CHIIMIUIBI 3TUX METaIJIOB.
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Puc. 8. Cmpykmypa nosepxnocmu npodykma cunmesa ¢ cucmeme Ti—Fe—Si-Al-C,
nonyuennozo memodom CBC

3aka0uenne. DKCIIEPUMEHTHI TIOKa3alH, YTO U3 MOPOIIKOB (heppOCHITUIIS,
TUTaHa, ATFOMUHUS U caxku MeTo oM CBC MokHO noayuuth MAX-(a3y HepaBHO-
MEPHOTO CTPOCHUs, cojepxairyio ocHoBHyto Maccy (Fe,Ti);(AlSi)C, u Bkparuie-
HUS Pa3NAYHOrO pazMepa u (GOpPMBI TBEPIBIX PACTBOPOB CHIIMIUIOB M KapOHIOB
TUTaHa U xeje3a. Cieayer OTMETUTb, YTO B X0z€ (a3000pa30BaHuUs THTAH M JKEJIE30
MIPOSIBIISIIOT OJJMHAKOBEII XapaKTep 10 OTHONICHHUIO K CHJIMIUIAM B KapOuam.

Takum 00pa3om, B pe3yibTaTe CHHTE3a OBLI MOTydeH HEOTHOPOTHBIA MaTe-
puai, cogepxamuii kyouueckyto (asy nBoitHoro kapouaa (Fe Ti)C u MAX-da3sy
(Fe Ti)3Al, SiCs. IIpoBeeHHBIH C HCIIOIB30BAaHUEM CTPYKTYPHBIX JaHHBIX KOJH-
YECTBCHHBINM aHAJIM3 MaTepuayia TPEX HE3aBUCHUMBIX 3KCIIEPUMEHTOB IMOKa3aj, YTO
coliepkaHue BKIOUYeHWH cocraBiusier 10% mo Macce, a coxaepkaHue ¢asbl
(Fe T1)3(AlSi)C, mocturaer 90% mo macce.

OnpeneneHbl OCHOBHBIC KPUCTAIUIOrPAadUIECKHE TapaMeTpbl CHHTE3UPOBAH-
Hoit ¢assl (FeTi)3;Al SiC,. YcranosneHo, uTo 5Ta da3a OTHOCUTCS K T€KCaroHalb-
HOH CHHTOHHMHM U TIPEICTABIICT cO00M TBEPBINA pacTBOP CO CTPYKTYPOM, B KOTOPOH
atoMbl Ti u Fe pacrioyioxkeHbl B METaNIOYTIICPOIAUCTOM CJIO€ Pa3ymnopsIOUYeHHO,
3aHMMas B PaBHBIX JOJNSX TO3WIWHU B CTPYKType. Hammume cummmmoB, OoraThix
JKeJe30M, mpuaaet nonyueHnon MAX-¢a3ze MarauTHbIe cBolcTBa. [locie momyye-
Hust MAX-(ha3bl myTemM u3Menb4eHns 00pa3yrTCs MOPOIIKY POIYKTa.

Taxum 00pa3om, U3 cMeCH TTOPOIIKOB (hepPOCHIIHIINSA, TUTAHA, ATFOMUHUS U
caxu MeTogoM CBC MOXHO MONyYHTh TOPOIIKOBBIN MPOIYKT, B KOTOPOM COAEP-
xaane MAX-dassr mo popmyne (Fe Ti)3(ALSi)C, cocraBmser 90% mo macce, a co-
JIepKaHUe BKJIFOUEHUH, OoraThiX »kene3oM kpuctamioB FesSis FesSi m FeSi, a
take Al4Cs, TisSiz n TiC cocraBmser 10% 1o Macce, 9T0O TIpHUaeT OCHOBHOM Macce
MAarHUTHbIE CBOMCTBA.
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Paboma evinonnena npu ghunancosoii noodepocxke Apmsano-benopyccrkoeo

coemecmro2o eparuma (epaum 16.45-48).

10.
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12.

13.
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9.2. UULSPrNUBUL, ULE. UULUNERULE3UL, L.Q. UUZUU3UL

RUN2rQGMUUUSPEULUSHL PLLLUSUTUOYNN, URLEE2P BN ULUUNY
Bruuend 4 UbLPSPNRUNY, LERhIUD MAX-DULSh @NTNR USUSNRUL

Pupapotipdwunhdwtiughtt hippttwwnwpwéynn uhptqh Equwtwlny ntumdbwuhp-
b k dEpndwgquhuwlu hwnlnipnibubpny odndws unp mbuwlh MAX-$wuqh unugdw
hwpujnpnipjnip, oquugnpstyny FeSi-h, Ti —h Al-h b wspuwsth thnpbkjuwntnipyp’ Yipg-
Jwé nuppkp hupupbpmipiniiibpny: Clunpdws B uhiphqh oupinhuuy wupdwtiubpp, npniip
poyp ki nuphu unwbug MAX-$uq htnbyuy putwdling (Fe,Ti)s (ALSD)Cz, hhltwlub ymph
90% wuipnitwnipjudp b 10% FesSis, FesSi, FeSi, AlsCs, TiC, TisSis wpquuhpltph tkpgpuy-
dwdp: @npdwpynidubph wpyniiptpp hwuwnwnwgpdl) Bu dhjpoekingbiwuyilnpught
Jtpnisnipjut tnuhwlny:

Unwigpuyhls punkp. thnphubp, nhnwb, kpup, $tpnupihghmd, MAX-$wq, fupphsy,
uhihghn, ppnuwqutanhl:

V.H. MARTIROSYAN, ML.E. SASUNTSYAN, N.G. SAHAKYAN

OBTAINING MAX-PHASE POWDERS DOPED WITH IRON AND SILICON BY
THE METHOD OF SELF-PROPAGATING HIGH-TEMPERATURE SYNTHESIS

The possibility of obtaining a new type of MAX- phases, possessing ferromagnetic
properties from a mixture of FeSi, Ti, Al and soot powders at different ratios has been
studied by the method of self-propagating high-temperature synthesis. The optimal
synthesis conditions for obtaining MAX phases were chosen according to the formula: (Fe,
Ti) 3 (Al, Si) C,, with a 90% content of the base material, with inclusions of 10% FesSis,
FesSi, FeSi, Al4Cs, TiC and TisSis. The results of the experiment have been confirmed by
the method of micro-X-ray spectral analysis.

Keywords: powders, titanium, iron, ferrosilicon, MAX- phase, carbide, silicide,
ferromagnet.
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E.Q. QULU3UL

EFBNNRSP LUNUMEU UGULUUUSPY U39 UD UNLPRATEULRSUSPL
hSULSNREPS $ELNUNLPAYEUD USUSUUL @NOCLEUSE 26SULNSNhUL

Lutiupynud k @tnnunh hwpunwgnighy dwpphuynid wpnwnpynn dnjhppkthinw-
1ht mnwiymiphg tpnunihppkth uinwgdwb gnpépupwgp: 8nyg L npyk), np hwipuybnnt-
pintunid gnpédnn kpynt gnpswpwuttpn, npnup Lwewpwuh Udnjhpytthnuwghtt pnwiyniphg
uhhjuetpuduyhtt Jhpuuiqudwi tnubwlng vnwinid i ppndnihpybl, wthpudionw-
pup whwnp E hunpwhwpkt npnowlh nddupnipiniitkp: Hhinhu jnmusdws sk SO2-h Ynpquw
uunhpp, npp ptuywhywiwljub 1mpe ndjupnipmnit £ unbndmu sppwlju vhpwjuyph hwdwn:
U E wuwndwnp, np ykpohtt nupphubpht ks hbwnwppppnipnit £ wnwewgl] Bhnninh
unidhnuyhtt hwbpwiyniptph wpynulhttwetpduyhtt Ykpujuiqudwt tqwbuwlp, nph qni-
quygnuip twptwlut dkjuwbwphdhwuljut winhjugdwi htn juywunh opuhnugdui-
Yhpuuwiqudwi qnpépupwugutph hbnwqu ptnktuhjugdwip b uygqpniupnpti unp, Unnh-
$hjugyws wpquuhplph vnwgdwip vhwdudwiwl spowlghiny ppédwi Juwbquidnp
qnpdplpwigp:

Onpdwpwpuljut hbnwgnunipniiibph wpyniupnid npnodtp wyt jwduplus
wuydwbbpp, npnup pny juuut Ghnnunp twpwybu dijpwbwphdhujut wjnhjugdut
Lupupyws Unihppbbughtt unwigniphg unwbug $tpndnghppbtughtt hwdwanusp
96,5% tipny: Ywunwpywsé thnpdtph wpnynitiputpp hwunwwnwgpyty o phdhujub, nkun-
ghitwdwquyhtt b mbuwsdpnn L Eynpniwght dwipughunwluhtt hbnwgqnunipnibbkpng:

Unpwbagpuypl pwnkp. Unihpnbkiuhwn, hmnwiynip, $Epndnihppbt, dbhwtuwlnhdu-
gnud, hudwdnijwsdp, pupdpobpdwunhdwtiughtt huphwinwpwsdynn uhuptqg:

Lhpwsnipinil: 22 mhnbunipjut qupqugdut mkuwlnithg juptnp nkn
E hunljugynid wyuhwbigynn hwnlnipniutbpny ymptph vnbnsdwup b wnwew-
nup nkjuninghwubkpny npubg unugdw tnuuwlubph dowljdwbp: T hwn-
Juytu JEpupkpnd E inp junnigquspny hwdwdnijusputnh unbnsdwip, npntp
wsph Eu puljumd pupdp wdpnipjudp, dwpuljumniinipyudp b quuuqut wgpbuhy
dhowjuyntph tyundwdp §npnghwljumniinipjudp: Uynuyhuh hwdwdniuspuk-
nhg E dtpnunihpnkup, npp Yhpwnynwd £ hhdtwljutnid npybu {kghpnn hudbjw-
nip ynnuuwh b dh owpp gnitwynp dknwunubph dbnwnipghwnud [1, 2]: dk-
nnunipppkuh vnwugdwt hwdwp npubtu Guiymp Jupnn b Swnuyl) @Enninh
wndwdnihppkiwghtt hwipwiyniplphg uinugws dnjhpptihnughtt pnwbynipp
52...55% Unihppkuh yupnibwnipjudp:
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Ukpuynidu Lugwpuith hwpumnwgnighs upphljuymd wpunwnpynn dnihp-
ntuhnught jpnuiymptph hhuph pu hwbpuybnmpniimd gnpénud B «Uwpnip
Epyup» b «Updkihwt Unjhpnku thpnpupot» gnpswpwutibpn, npnp uhjhljuekp-
duyht Jhpuljubqudwl tnubwulng vnwind &u Epnunihppbt: Uwjuyt Jhpw-
Jubqudwl wyu bnputwlny $Epnunihpntuh wpnunpnipniip hwipuybnnipene-
unud yuwuwsd E npnowljh ndjupnipniuubph htin: thnbu snisdws k dunwd SO2-h
Ynpquwt huipgp, npp ptwywhywiwlu ks nddupnipniu £ unbndnid sppwlju
dhowJuynh hwdwn [1]: Uy E yuwndwnp, np dnjhpplithinughtt pnwiynipbph 4b-
nudpwldwt unp tyuulyp, npp opowignmid k SO2-h wnwewgnudp b wpnwitbinnudp
opgulw Uhounjuyp, fshun wpnhwlwb feinhp k: Upwliting] ny wjwinwljub nkju-
uninghw b opowtigkiny SO2-h wnwewgniup, htwpuwynpnipnit Yunbndyh thnpp
nunbuwlwb swhiubpny Ynpql Unjhppbup b tpjupp $Epndnihpykh duny: Uju
wnbkuwljiinhg Uks hEwnwppppnipnit E ukpluwjuginid unybhnuyhtt hwpwymptph
owlnudp wpnudhttwebpdughtt JEpujubqudwi Enutwlny, wjt qniquljgbing
twhtwluwt dkpwtwphdhwljuwt wnhjugdut htwn, npp juywunh hbnwuqu
opuhnuybpuljuiigudw gnpépupwugutpnh hinkiuhyugdwp b uljqpniipuyhts tinp
Unnhdhljugyus wpquupputiph vnwugdwtp, hudwdwtwly sppwughiny ppésdwi
Juubiquynp gnpéplpugp [3, 4]: Luptwjut dkjpwtwphdhwuljut wjnhjugnidp
Juywuwnp junwiynipenid wwpnibwljynn dnjhppbuhn dhubpuh phthwljui wy-
nhjugdut dkdugdwip b hbnwgu wynidhtwebpduyhtt Jepujutqudwt gnps-
nupwgh withwdbkdwwn gubdp okpdwunhdwtubpnid pupwbwnit, npb k) hp hkp-
pht juywunh vnugus dpnunihpnkuh junnigyusph jwdugdwin [5, 6]:

Ujuyhuny, Gtnninh dnihppbkbughtt pnwiyniptnhg bEpnunihpytuh unwg-
dwt dudwbwuljuljhg nkuninghugh dowlnudp juhun wpnhwljub £ b pund £ hwb-
nuy binnipjut mbnbunipyub wpnh ywhwbeubphg:

Nugph gpjwépp b dkpnghljugh hpdbwdnpoudp: Buking Jpnhhgjuihg®
wojuwnwtiph tyywnulji E Bhinnunh twpuy bu dkwbtwwljunhqugqus dnjhpyb-
thinuyhtt pnwiynipinh wynudhttwebpdwyhtt JEpujuiqudwt Enutwlny $tpn-
Unjhpptuh vnugdw nkjininghwlwi ophtwswihnipmitubph dpwlnidp, npnup
Pyl juwt vnwiw] hwdwubn jupnigquspny b wnwybjugnyu kpny dtpnun-
hpti:

ZEknugnuunipjut hwdwp punpdl) £ @nnunh dnjhppbthnughtt pnwiynigen
htwnlyw) pununpnipyudp (wn.):
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Ungyniuwl

Epniunp dnjpppEipunuyghl fpnwiyniph pununpnipiniin

Lhupwlpul pununpnipiniip, %
MoOs | Mo Cu S FeO SiO2 ALOs | P:Os Zn CaO | MgO
7425 | 495 | 085 | 356 | 17 29 35 | 002 | 0002 20 1,0

NEungbtiwdpuquyhtt hbnwgnunipniuibptt hpujwbwgyt) £ ED 2000 wmhyh
wunbunwynpjus nkinghtwdniptugbitnuyht b “Oxford Instruments Analytical”
(Utd pphunnwitihw) $hpdwih vyyklpnpuywthng [6, 7:

Uwlbpbuubph dnpbninghwljutt ntunidtwuhpnipnibtipp juunwpdl) B
puipdp Lounipinil wmwwhnynn «Mira» bhpdwgh «Tescan» (Qkpununduiljhw) nkuw-
Spnn HEyunpnuught dwbipunhwnwlh b «INCA Energy 350» inhujh dhpnnkungbuw-
uykjunpuwyhtt wtwhquunph thengny [8].

ZEwwqnuinipjwt wpyniupibpp: Lutwplyyty £ @bgnunh dnjhppyithnught
hunuiyniph wynudhttwebpduyht Jkpujutqudwt gnpsppugp” 36,84% Fe b 63,16%
Fe pununpnipjudp $tipnunihppbiughtt hwdwdnydusph unugdwb tyyuwnulyng
[1, 2]: Cunpyby E pnjwuwninipph htnbyw) punqunpnipymip dnjhppihunwghi
hunwiynie - 47,09%, tpwph wwpbnutp - 10,51%, Al-h thnph - 18,99%, NaNOs -
4,71%, Yhp - 15,82%, CaF2- 2,88%: Loqud pununnpnipjniutpny juquws pnduw-
Juwntmpyp, pugh Unihppthnughtt nwiyniphg b bpljuph wwgbnbphg, uw-
pnitwyl] b bwl wy) pununphsubp: Uwutwynpuybu® pnjupiwntnipnh phpdh-
Ynipniup dkdwgubint byuwnwulnyg wykjugyty £ NaNOs, hulj puwpuwdwgnyugdut
hwdwp CaO:

Ul. 1 - md gnyg £ inpdus ppnunjhpnbth vnugdw gnpéplpwugn pnjuipumn-
unipph wypdwb wwhht: $npdtphg htnn vnwugdws dbnwnuljut quuqdusp
Yonydt) b Gupwplyl) k husybu phthwljub, wiybu i pkungbtwduquyht b Bjklun-
nnuuyghtt mkuwdpnn dwbipunhnwlughtt Epnisnipjuie

Ul 1. $hpnudnppnbih vinugnidp pnjuwpnuninipgh uypdwl uyuhhb
Npnodby E dbwnwnh gnudwpuyghtt Eipp, npp tkpuyugpt) & thnpdh wpnnio-
pnid unugdwsd b mbuwuwinpki hwyyyws dpnunihpnkh quuqusubph hwpw-
phEpnipinitp’ wpunwhwjnywsé ninnukpny:
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Unweohti thnpdh plpwgpnid nunidtwuphpyb) b $Epnunihpnkuh Gph jw-
hunudp Bpuph twoknutph pwbwlhg: @npdbpnud Epljuph wwsknubph thnpuw-
pku ykpgyty k wbjh EFdwt Fe203: Cunn inbumljut hwpqunpyh® 10,51g bpljupht hw-
dwipdtp £ 15¢ Fe20s3: T unbuhnswthuyht pwtwlja t (100%): @npdtph hwdwp
Jtpgyt] Eu Fe203-h unbkjuhnswthhg pupdp mwuppkp pumbwljubp: Anjupiwntnipnp
juquny dbmgws pununphsubph pwtwliubpp quhwywidb) Eu pun Jepp aodus
pununpnipyuis

Pusytu kptnud k uly. 2-hg, dbpnunihpytith Ynpqdws wunhgut hp wnw-
JEjugnytt wpdtiphtt hwutinud k (84,5%) 20¢g Fe2O3-h yyupniiwynipjut jund unthhn-
suthuwyhtt pwbwlhg 130% wykignijh ghypnud, tpp hwdwdnyduspp hhduwlw-
und punuguws k Epjuphg b dnjhpykuhg® wynwdhh stusht wupnibwlnipjudp:
FexO0s-h pmtmjh htnwqu dkdwgnidp hwbghgunid t btpnunjphpnkuh Gph tgwqg-
dwt, pwlh np dbnwunuljut $uq E wbginmd twb wpnidhip:

100 -
80 -
60 -
40

20 -

0

dtpnunihpnblh Gpp %

10 15 20 25 30
Gphuph opuhnh putwulyp, ¢/100g pojwpiunim pyoud
Uy. 2. Bkpminppnkip bipp " upunjud Epjuph opupnh pubugblphg (q)

Nuunudiwuhpyty B il $Epndnjhpnkuh Eph jujunudp JEpuljutquhsh pw-
twlhg' Fe203-h20¢/100¢ pnJwpuwntunipynud: Puswytu tpind E wly. 3 - hg, Al-h k-
uwlwt pwtwlhg 130% wybkignihh yuydwutbpnid pnunihppkuh Ynpqlut wu-
nhdwbt wnwybjugnytt kb juqunid £ 92,4%: dEpuljuiuquhsh putwh hknwuqu
wykjugnudp hmiighgunid £ dknwnh Gph dkbwgdwt, vuljuyt wju nhuypnid hw-
dwdniJudph vk wdnid £ wpnidhuh pwtwlp b nkuwljut pubtwljhg 200% wynt-
dhtuh wybkigniyh nhypnid hwubnd £ pp wnwykjugny wpdtphtt® dhtish 50% Al:
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Ul 3. dkpulubqlpsh puinalp® pun nkuwlwbnplkl whhpudbown puinulhp, % (1) o
unugywé UkEnunulwi pugnid wpnidpap puinulp, % (2)
Nuunudbwuhpyk] | twb dbnwnh Eph upunidp CaO-h juduplyus putw-
Uhg Fe203-h20¢/100g pnfwpiwniinipnnid b Jhpulubqithsh 130% witjgniljh wuy-
dwbttpmd (. 4): CaO-u piwpudwgnjugunng hupuiynipe b, npp pnjupiwnunipnh
dbo dingubint hhdtwlwb tyuwwnwlp npnpwljh $hqhjudbpwthjujut pinipw-
gptpny hwpwdughtt hwynyph vnnwugnudu | o dbnunuljui $wugh nt jpwpudh
htwpwynphtiu |phy pwdwtidwt htwpuynpnipjut wywhnynudp: CaO-u Juwnid
E ppyuyhtt opuhnubpp’ hwnjuybu wkigniy SiO2-h b gnjugus Al:Os-h wywupnt-
twlnipnibibpp pwpudh dbe, mknuowpdtnyg Jipuljuwiqudw ntulghwh hw-
Juuwpuljppmipiniup dwpihg we:
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20 -+

dtpnunihpnkup Gipp,%

0

o 2 4 & s 10
CaO-h pwtwlp, q/pun 100q pnjuwjuwjpwntmpnh
Ul 4. Skpnumppnkah Eiph upunidp CaO-h puinulihg

Nuunudbwuhpyl] £ dbpndnihppbth Gph Jujunudp pnjwpuwuntnipnnid
NaNOs-h puwitiuiljhg (nly. 5): NaNOs-p dbidwugunid E pndupnwununipnh phpdhinipniup,
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npp hwighgunid t dknwnh §npquutt wunhgdwth dkbwgdwb: Uhlish 6 % puwn
pnjufuuntmpnh quiqush NaNOs-h widbjugnidhg bEpnunihpntuh Ynpquut wuwnp-
Swtp hwutnud £ hp wnwybjugnyt wpdbphti’ 95,6%: NaNOs-h wdbjh UbS putwly-
utiph nypnud kpnunjhpntiuh Epp Wugqnud £ juygus dbnwnh gupunmuubph htw:
Upnudhtwebpduyghtt yhpujuqudwt gnpépupwugnid pnwpuuntunipnph hb-
nnijuhnuntinipniip ykswgubnt tyuunulng wibjugynud t twb CaF2 pnjw-
huununipnh quuqush 5%-h swihny: Ujuyhuny, pnjuwpwninipnh jwjupldus
pununpnipniut £ dnjhppbithnuwghtt pnwiymph' Fe203-h 20¢, wpnidhth thnont
nbuwluwb putwljhg 130% wykjgnijh b CaO-h 8, NaNOs-h 6 b CaF2-h 5%, puwn
100¢ pndwjuwnunipgh quuqush wupnibwnipmnibbbpp: Uyn guydwutbpnod
unugynid £ dnindbpnunihpnk’ FeMo hudwdniyuspp, wynidhth stshtt hbwnpbpny:

100 1
80 -
60 -
40 -

20 -

dEpndnihpnkuh Gpnp,%
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°o 2 a4 & 8 10 12
NaNOs-h pmtwlyp, g pun 100¢
pnjwjiwntimpnh, %
Ul 5. Shpndnppnbih Eiph uwfunidp NaNOs-p puwinulhg, %

Uwnugdws dtpdnihpybup Eupwuplyl) £ tub nktngbiwdpuquyht (bly. 6w) b
nbkuwdpnn LEjupntughtt dwtpughnwluyght (0. 6p) YEpnisnipjui:
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Uly. 6. Unmpppnkipunughl punwlyniph wpynidpiiupbpduypl JEpulwbqhinidhg wunmgjus
Ubnunpulml puqgh pkinngbinughpp (w) b dhipniuenigyudpp (p)
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busybu Eptinud £ nktwngktiwgpbphg, Uknwnuljuwt $uqp hhdtwjuind pun-
Jugws t htwnbjw) wpnwgniniditbphg' FeMo (2.00x; 1.82x; 1.198 &), FeaMo (2.03x;
1.173; 1.4324): Yw hudwyuwnuupiwbmu t $hpninjhpnbiughtt hwdwdmpfusphi’
FeMo pwtiwdling (w), npu nith pudujut hwdwubn dhipnljunnigusp (p): ‘Ljuwn-
Ynud Eu hwl Al-h witywt yupnibwlnipjut wpnwgnnulubp: Uy yguydwik-
pd unwugdws hwdwdniyJusplt nith htwnlyuwy phthwljut pununpnipmiup’
36,80% Fe, 63,16% Mo U 0,4% Al: Cun Fe-Mo yhdwljh nhugpudh’ unnugywé hw-
dwdnijudpp qnuynmid E Mo+FeMo nhpnijpnid:

Bapuijugmpmnit: IEpndnipjut wpgnitptbpp hwunwwnnmd &y, np thnpd-
twlwunpkt Jupquynpling mbkuunnghwuljut yuydwuubpp' htwpwynp L ©k-
nninh twpwybu dbhutwwlnhjugdus dnjhpnkthinuwhtt pnwiyniph wynudh-
twptpdughtt Jekpujuiqudut tnubwulng uvnwtw) wpdbpwynp $tpnunihpybu’
95,6% dbwnwnh bpny: Thudwdwbwl nsymd i ppuwyuhywbwlwi hwpgtp:
Zhnlwpwyp, 2unphhy dEwbwphdhwlwt winhjugdwb, dnjhpgbihnuhtt punw-
yniph wynudhtwpbpdught Jkpujutqudwt pbwljghwibpt pipwinud o unp,
dhwhquuugb shwpuminbudws pupwgpny, npp hwighgunid £ dwpnip' jpwntnipn-
utphg qniply, Ubnunujut $Epnunihpnkh hwdwdnigubph uvnwgdwtn: Fw juptnp
nkhtinnghuljut ywhwlnmpinit niubkgnn juunhp £ dnjhppbt upnibwlnng unig-
dhnuyhtt jpnwiynipinh wymdhttwpbpdughtt ykpujuiqidwt ninnujh wuduw-
nwpwi gnpdplpwgh hpujubugdw wpnidny:

Ujuyhuny, htwpwynpmipnit £ vnbndynid nbwljgynn Wyniptph ghuwbp-
unipjul Ukbwgdwt hwpghtt opowtigh) Unjhpytthinuyghtt pnwiyniph nddupht b
wouwnuwnwp ppddwi gnpéphpwugitpp b junwnpl) pnwiyniph nugnujh wyne-
Uhtwptpdughtt JEpuljuiqunid: Thuybpuuympyut dbdwgnudp tyuwunnmd E ol
Jhpujuiqudwi gnpspupwgnid nbtinh niibkgnn nbwlghwikph htnkiuhynipjut
Ubkswgdmpn:

ZEnwgnunnipint bl ppwlubugyly b Zuy-Rhjupniuwlwl hwdunkny 16 ZFP-48 gh-

wwlwl hwpnugsh 22 YU ¥NY-p hnnupg npunlugp]ng $htuubumlul wowlgnipyui spow-
ulbhkpnuf:
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Zujuunwtth wqquyhtt ynjhnbuthjuljut hwdwjuwpui: Unipp tbpuyugyt &
hudpwgpnipinit 07.05.2018:

3.I'. 3AKAPAH

HNCCIEJOBAHHME INTPOLECCA NOJYYEHUA ®EPPOMOJINBJIEHA U3
INPEJABAPUTEJIBHO MEXAHOAKTUBUPOBAHHOI'O TEXYTCKOI'O
MOJIMBJAEHUTOBOI'O KOHIIEHTPATA

OO0cyXIaroTcs BOTIPOCH MOIYyYeHUS (heppoMoinbieHa U3 MONUOIEHUTOBOTO KOH-
[IEHTPaTa, TOYYEHHOro U3 o0oraTHTeNbHBIX (adprk Texyra. [lelicTByromme B peciryOike
JIBA 3aBOJIa MTPOU3BOIAT PeppomonnbaeH u3 KamkapaHCKOro KOHIIEHTpATa CHITMKOTEPMH-
YECKMM METOJIOM BOCCTAHOBJICHHS, YTO BBI3BIBACT OMpeENeiICHHbIC 3aTpyaHeHus. [loka He
peteH Bonpoc yruiuzauud SO, 4TO CO3aeT IKOJIOTUUECKHE 3aTPyIHEHUS ISl OKPYKako-
el cpenpl. C 3TOI TOYKHM 3peHHUs MPENCTaBIIeT HHTEpeC pa3paboTKa Cyab(pUIAHBIX KOH-
neHTpaToB TexyTa myTeM COYeTaHHs METOIOB MEXAaHOAKTHBALMN U METAUIOTEPMUIECKOTO
BOCCTAHOBJICHHS, YTO OyIeT CIOCOOCTBOBAaTh WHTCHCH(UKAINM aJbHEWIINX OKHCIIH-
TEJIbHO-BOCCTAHOBUTEIFHBIX TPOIECCOB W TONYYECHUIO MPUHIMITHAIEHO HOBOTO MOAH(pH-
OUPOBAHHOTO MPOAYKTA, MAHYS OTIACHBIN 3Tal 00XKHTa.

[IpoBeneHbI SKCIEpUMEHTATIBHBIE HWCCIECAOBAHHUS W OIPENEICHBl ONTHMAlIbHBIC
YCIIOBHS, TIO3BOJISIONIUE MOMYYUTh (HEpPOMOIUOICH U3 TPEABAPUTEIBHO MEXaHOAKTHBH-
poBanHOTO TeXyTCKOTO MOJMOICHUTOBOTO KOHIIEHTpaTa ¢ 96,5% Bbixomom. [lomydeHHbIC
OTBITHBIC JJAHHBIC MOATBEPIKIAIOTCS XUMUUCCKUM, PEHTTCHO(A3BbIM M CKAHUPYIOIHM JJICKT-
POHHBIM aHAJTU3AMH.

Kniouesvie cnosa: MoauOIEHNUT, KOHIICHTPAT, (heppPOMOIIUO/ICH, CIUIAaB, MECXaHOAKTH-
BaIlUsl, BRICOKOTEMITEPATyPHBII CHHTE3.
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E.G. ZAKARIAN

INVESTIGATING THE PROCESS OF OBTAINING FERROMOLYBDENUM
FROM THE TEGHUT PRELIMINARILY MECHANOACTIVATED
MOLYBDENITE CONCENTRATE

The issues on obtaining ferromolybdenum from molybdenite concentrate obtained
from the Teghut beneficiating plants are discussed. The two factories operating in the
republic produce ferromolybdenum from the Kajaran concentrate with a silicothermic
recovery method, which causes certain difficulties. So far, the issue of utilization of SO,
has not been resolved, creating ecological problems for the environment. From this point of
view, it is of interest to develop the Teghut sulphide concentrates by combining the
mechanoactivation and metal-thermal reduction methods, which will contribute to the
intensification of further oxidation-reduction processes and the production of a
fundamentally new modified product, bypassing the dangerous stage of calcination.

Experimental studies have been carried out and optimal conditions have been
determined that make it possible to obtain ferromolybdenum from a previously
mechanoactivated Teghut molybdenum concentrate with a 96.5% yield. The experimental
data obtained are confirmed by chemical, X-ray and scanning electron analyses.

Keywords: molybdenite, concentrate, ferromolybdenum, alloy, mechanoactivation,
high-temperature synthesis.
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Upwljyty B Fuunbithin-9 wiqudp wnjhdbpuyghtt hhupny wupkunwqbips wpghjulju-
1htu obpdwuynit Yndwynghwnwghtt unp othwiynip b bpw unugdwt nkuuninghwt: fugw-
hwynyt) E junnigluspugnjugdui dkjuwmthqup, hudwdw nph’ phjpkpp, iympht nagng
pupdp wupnupntl, woltunmu kb npybu hapimpnyt guiympbp’ phihwlub juwh Uk
squnitny juyuwlgny wnhdbph htwn, dhwdudwiwl pupdpuguting Yndynghwnh sthuljun
hwwnlmpiniuttpp: 8nyg E wpyk, np Fuunkithn-9 wpgbjuljuyhtt Yndwynghwnwhtt othw-
nipl hp 2thwljut hwnlnipniutitipny gnigupkpnid L wpgbjuljughtt pupdp nt Juynit wpn-
miuwybunnipnit b punipwqgpbpny pudupupnd b Sdpnyuljui ntnkuwljut junphpgh
?hy 13 vnwinupunh ywhwigubpn:

Unwigpuyhl punkp. wiupbunwqbps, wipgbjul, wynihubp, Yndwynghwunught sthwiymp,
lguiynip, phip, wuipnipinil, ghpdwljwyniinipniy, hwjudwpdhb, sthdwt gnpswlhg:

Ubkpwbnmipynit. 20-pn nupwybpoht, wpgbjuuyht sthwiyniptpnid oguw-
gnpédynn wupkunwpbiph Juwuwljup hwnlnipnibttiph puguhwjnytinig htwn,
UUY-htt wepbplp BSv-h npnodwtt hwdwdwyg, 1988p. hnitujwnh 1-hg Yupulu-
twybu wpgldb] b wupbunwpbiph ogunnugnpénidp wpgljujuyht othwiynipbnh
pununpuljuqubpnid: Nirunh wupbunwgtpd b Eyninghwybu dwpnip pthwiyne-
ptnh unbndnudt wydd hpuwwnwy fughp £ b wkuthjuljubt wewepiipugh wuydwi-
ubpnud nupdly) b dudwbwluljhg sthuljut ynipughnnipjut ghinunbuthjuljuw
Juplnp tpwbwlnipnit niukgnn b wpphwlwb hhdtwpunhputphg dkyp [1-4]:

Blutny Ykpnhhojuihg, 22 puquupunugphy hwipwiympkph pugniutphg
unwugqwsd phiptpp b thnphtbpp, nttktwny mpwhwwnniy hwnlnipnibutp, jw-
nnn Eu hwinbu qu npytu EFdwtiwghtt hnidp wupkuwnwqbps b Eyninghwybu dw-
pmup wniputpuyghtt hppny wipgjuljught phwiymptph punugpujuqutph duy-
dwt hwdwp, hhdtwnpuytiu thnthnpubing uljqpiwlui yymph swhwgnpénnu-
Jut punipwuqpbpt nt hwnlnipniabbpp:

ugph npdwdpp b Ubpaghyugh hhdbwynpodp. Giuking Jkpp bogwshg hb-
tnwqnunipjull tyunwlju b Zuyjuunwih Zutpuybnnipeut nupuspnid guninjng
hwipwiyniptph puqiupununphy puthnutph Yhpundwdp wynhdtpughtt hhdpng
wupkunwqbpsd wpgbjwluwht obpdwluwynit Yndwynghunuwght sthwiynipbph uvnnwg-
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dwb nkjuunnghwjh dowlnudp b junnigjuspugnyugdwt gnpépupwugh nt hwn-
Ynmipiniiuitph hkwnwgnunnudp:

Upgbjujughtt yndunghwnwghtt othwyniptph othdwt b dwpdwt dawihqu-
ubkpt nt Yhubnhjut wnwyl) pungpnit pugunpymd tu sthdwt dnjkynyught
dbjpwmthjulwb b dwpdwb hnquwswghtt mbkunipmititpng [5-7], hadwdwju nph
dwonudp pupy gnpdpuipwg b b jujudws £ wpghjuljutph swhwgnpsdwt yuydwi-
utphg: Uju mbuwlnithg nipwnpnipjut £ wpduth skpnundwdp dupdwb nk-
unipjniup [8]: Uthpwdtow k ok, np wpwugnipniuubph dkdwugnidp b pintwnw-
ponniput wykjugnudt wipughwn tnp wuwhwietbp b wnwewnpnid sthwiynt-
phphtt: Cuy npnud, gputp wdpugpynud Eu vhowqquyht b whnwlwb vinwbgupun-
ubtpny: Upgbjwlutnh owhwgnpddwt thnpdp gnyg k wmiwhu, np ukpuynidu hbnw-
uupujhtt bt hwdwljgyué wynihdkpughtt hhupny wupbunwqbpsd othwbynipbpn,
npnup wupnibwnid bu juwwlgnn tymptp, wdpwbwynpnn mwuppkp, tyuwnw-
Juyht ignijukp b pthnidt nt dwpnidp upquynpnn jguiynipbp:

Ljwwnh niubbwngd UMNZ Ephpubpnd «Lugu» dwfihoh dwpgunwp wy-
unndbpltwiitph juyinpbt muwpuwsjusnipyut hwuwnp, npytu hopdwupldwb phw-
Jut opjljin punpydly b thnpdwpyyly Eu «Lwungu dwq 2113» wjunndbpkiugh wnelih
Yudpgwhh ufjwjurwluyhtt wpgkjwubpp b nputg wpgkjuluyghtt tkpghplbkpp:
Uwubwynpuybu thnpdwnpydl) o ghpdwbwlui «Skpunwp», «Bno», «Uwnby,
wig hwut «Lntjuu», hptnuqulub «Mhikiquy, mjpuhtwjut «twddh» b
rmiuwjutt «Shhp» $hpdwubph wpnwnpus sthwljwb ukpphpubkpp:

ZEnwgnunnipjub wpnynibpubpp. Zknwwgnugkp i puquupununnphy iyne-
pEnh Yhpundwdp wupbunwgbps obpdwljuynit Yndynghwmuyghtt othwiynipbph
dwodwl b othdwl ophttwsuthmipniuitipp pupdp obpdwunhdwuubpnid, nph wpn-
mipnud puguhwpnyly) ko wpgbjuljuyhtt sthwiymptph dwljipinipuyght obpunh puy-
puydwt Uknwtthqut nt Yhubtinhluwi [9, 10]: 8nyg k vipdws, np wpgbjuljuyhtt othw-
wyniplph othdwt gqnpdwlhgubpp, okipdwuwnmhdwh pwpdpugdwip gnigpupug,
wdnd b b 220...280°C wyuydwbitbpnid hwutimd wnwbjugnyth: QEpdughtt nkdhdh
htnnuqu pupdpugnudp’ dhish 330...400°C, byyuwunnud | othdwit gnpsulgh wdjdwip,
uwluyt obkpdwunhdwh hinwqu pupdpugnidp Yplhhtt hwighgunud b othdwt
gnpéugh wipdtph wdht: Uju Wynipbph Yhpundudp wupbunnwugbpd gthwiynipbpp
thnpdwupyuwt wpyniuptbph 4Epnwdmipiniup htwpwynpnipini £ vnwjhu kqpui-
Jugukint, np obpduyhtt nkdhuh wqpkgmpniup sthwiyniptph othdwt gnpéwljhgh
I nuinunbgdwb Jpu wpnwhwpndnd t bpkp sthdwb gnpswlgh wdh (Uhish
280°C), ujuquut (280°C dhuish 400°C) b Ypluwlh wsh (400°C pupép) obpdwunp-
Swtwghtt mhpnyputpnyg (. 1): QLEpdwyhtt nhdhdh w&h hinbwupny sthdwb gnp-
Sdwljgh wpdtph tjugnudp b juywlgny yniptph npnhnidp hwunwnnod Ea Uk-
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huwttuphdhwlwt thnjumEpynidatph b dwodwt dkwthquh thnthnjunipjut wn-
Juynipnibp: 220...280°C pupdp obpdwuwnhdwbbpnid, pun dhpwqquyhlt unwb-
nupuubkph, hbnnwgnugk) b hwdbdwwnwpup Juynit b pupdp othdwt gnpsuljhg-
ubp niukgnn othwiynmiptpp: Upghjuynudubph phyp phnpydt) | wjiybu, np gpub-
gnidubiptt ppwljwbugytu 280°C dwljtpbnipughtt gbpdwunhdwihg, b ykpghtt wip-
ghjuynidhg wnwe wyt sqhipuquiugh 600°C:

—a— 311 FF KBA ATE ——e—— 591 700 B Bosch
—e— /210 Finwhale ——a— FDB 527 FERODO
——— LMS 116 90 LUCAS e @ Chwhwyulh skptwunhdubn

6.6 ‘
6.4

‘ 800

400

200

Qwbpun bgnudp, U2
[&)]
[e9)
QEpuwmunhguip, °C

52 ‘ ‘

0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Upglpuynudutph phyp

Uy 1. Supplp pthwlyniplph pubnunbglwl upnjudniyenap wpgbpuinidbbph pihg
nupugdwl nkdhunid wpgkjulkjpu

8nyg L wpqusd, np sthwiynipbph gduyhlt dwodwt jupunudp obpldwunhdw-
uhg nith wunh&wbwht Yoptph nkup, hsp hwjuwunnud | dwpdwt dkowitthquh
thnthnjunipyniip: Sthwiyniph dwywluyniinipyut b Ukl wpgbjuljdwt pipugpnid
ohpdwunhdwh wgh vhob npuljwlwi juy hwunwnbnt byuwnwulnyg hpuw-
twgyby Lt thnpdwplnidubp othwqnygh hqneobpdwyhtt yuydwbtbpnd: Npuybu wp-
ghjuydwt bwptwlwt obpdwunmhfw punpdt] £ 280°C, pwth np uljuws wyy
obpUwunhgwihg thunnid £ piinpdws pthwlynipbph othuwi gnpswlgh w]uq-
dwt gqnpépupwg: Gpp othugnygh duljbplnipuyght gbpdwunhfwup hwuby k 280°C,
Junwupygl bu dbjuljut wpgbjuynudutp, qputgking obpdwunhgwih wdp: 8ni-
nupwignip wpgbjulnilhg htnn wpdl) L gugup, dhsh othwgnygh dwljbplne-
pughtt sbkpdwunhfwiup tdugh b Juqlh 280°C: Ulqpuwljwt wpghjulnidutph pu-
pugpnid (Uhtsh 4...7 wpghjulnid) tjundl) E obpdwunhfwih wdh wpdbpubph
Ukswugnud: Uptnthtnl wyl nunuipty b, b uuwé 9-pn wpgljuymuhg’ sthwlymptph
ohpdwunhdwh wgh wpdbpubpp npupdk] i hwunwnnmt: Fuguhwjnyt) E np
nipupwisinip othwibynip niith hp okpdwunhdwtughtt wgh hwuwnwwnnit wpdtpp,
b gnynipjnit nituth mnhn hwdbdwnwlut juy sthuiyniph dupujuyniunipjut b
Ukl wpghjuldwi nhypnid wnwewugws gkpdwunhdwth wgh dhol: 280°C pupdp
ohipdwunhfwuibnh wuydwbbpnid wolowwnnn sthwiyniplph niypmid npputt
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uks | obpunitmlnipjmtt gnpdwljhgp (thnpp E obpdwunmhdwh wép), wyipu dw-
owljuynit k othwiynipp: Uju hwiquuwbpp upunp E puqUupununphs Wynipbph
Yhpundwdp wupbutnwuqbps obipdwljuwnit §ndynghwnuyht othwiynipbph punun-
npuliwuqutph dywldwb mbkuwtlynithg, pwith np pupdp ekpUnttwlmpjudp 1gniy-
utph oquugnpénidp htwpwynpnipnit junw dbswugubint sthwiynipbph dwow-
Juyniunipniip:

Onpdwpljuwt wpyniupubkph Jbpnisnipniup gnyg L wnwhu, np obipdwghte
nhdhuh wqntignipmiup sthwiymptph dwljipnipught skpntph ypu puntpugnpynid
E $hqhjudbuwihjuljut hwnlnipniatbph b diuwbwphthwlwb o jupduswnk-
$npdugduts hnpuwlbpynidubph thnthnfunipniuubpny:

Thybpkughwy-obpdwswipusuhwlut b gbpdwswipusuhwlut dkpnnuk-
nny niuntdbwuhpyly Bu ptnpgus othwiynipbph tdnpttph ebpdubhqhjuyu
hwwnnipniuttpp: 8nyg k wipydty, np nhpbpkughuy-okpdwswipuswthwlu Ynpbpt
niukt Eygnotipdwghtt punyp, hul] shpdwswbpuswthwlut Ynpbph wyugnignid
kU, np nmwpwugdu pupwugpnid nbnh k niukgl) othwiyniptph tunputnh quiqdush
Ynpnruwn: Uwljkpbnipughtt obpnbph dEjowbwphdhwlwi  thnthnjunipmniiibph
obpdwunhdwbwyhtt wmhpnypubph uhpbiqh wpyniipnid pugwhwyngtl] Ea mbnh
niukgnn dkpiwtwphdhwljut thhonpowljbpynudutpp b dbluwthqdubpp: 8nyg b wpdty,
nn Ukwbwphdhwlwh thnthnjunipiniiibpts niibt puqluthny punyp b ujudnud
Eu nlinliu gwspobpdmunhdwbuyght sthdwt wuwydwbtbpnud: Uhtsh 325°C wnbnh &
niubkunud dwljiptinipuyght obpinh wdpnipjub tJugnud b pununpuljuqlh gunng
wnwnppbiph gudp Uniniyuyghtt puwouyghtt ywhpnihq (I whpnype): Uhtgh 450°C tljun-
Unud E juuyulgnn Wniph mpnhnid (II wmhpnyp): Uhtsh 725°C wiknh L nibbunid
wdpwtiught mwupph npnhnwd (I whpnype), b 725°C pupdp guydwbtbpnid ajun-
Ynud E dwybplnipught obpunh wshwstmgnid (IV mhpnyp), pun npmud, thnpow-
YEpuymuubpt mnkygynud B obpunipjut wpuinnidny: Ukjowbwphdhwljut gnpépt-
pugubpn nyjuy oipdwyhtt nkdhth wuydwutbpnud gipwljuynn Eu, putth np obipd-
wunhdwih qpuphbiunp hwutnd t ks wpdtpubph (d0/dt>50 °C/pnwyk): dw 1nipg
wqnlgnipnit E gnpénid othdwt gnpduljgh wipdtph thnppugdwt b dwpdwt umun-
Ynipjut wh Jpu: Shwiynipph dwljkptinipuygh okpnkph jupjusuntdnpdug-
dwil Jhdwljh quuhundwb tyunwulng wnwougus dwpdwt hwwnhljutpp b othw-
ynipbph wdnwubph othdwt dwlbpinypubpt numdbwuhpyl] o nkngbyut
nhbpwlghuyh b EEyunpntuwghtt dwipunhunwluyhtt dbpngubtpnyg (4. 2), wpynib-
pnud wupqyby L np dulbkplnipught okpnkpp Ynndunpnogwé Eu pthdwb ninnne-
prudp, b wnlu ki dhpndwptp: Cun npnud, Uppndwpbpp mupwddws Eu hswytu
othdwl Jkljunnph, wjuybu b tput ninpuwhuwyug nupnmpnibtbpny: Udkh own
Swptp wnlju i hwdbdwnwpup gusp dwpwmjuynitinipinit niutignn ATE othw-
wyniph dwibpinmipught okpunkpnid:
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NEungktugpbphg Epind E, np dwljkplinypht puljunn Sunwquypttpp, uju-
Jws othdwl ninnnipinithg, nubkt wwppbp wulnibwghtt nhdibpubp: Tw hwu-
nwwnnid k, np dwljkpbinyph pupuly skpnbpnud gnpénud B diwgnpyuyhtt jupnud-
ubp, ptn npnud, othudwb JEjunnph nipnnipyudp nputp dgnn jupnudubp Bu (o1), huly
ninnuhwjug manmpjudp dqnn jupnidikphg thnpp ubnunng jupndubp (o3): Lw-
noudubiph wyuyhuh wthwdwswh pupjuntdp sthdwt JEjnnph nigpnipyudp dw-
Ytplnipuyht ohipnbph Ynndtunpnodwt wpynitp £ b hwtgbkgunmd E dwlbplne-
puyghtt oipnbpnid othdwl nignnipjudp mwpwsynn dhipndwptph wnwowgdwiip,
husp tplinud | twl wly. 2-nud pipdws vhpnunnigdusputinhg:

textar ) : . ATE

15,6 15,3

15,8 15,5 x1500

Ul 2. Cthwiyniplph pvhilul dwlbphnyphkph dhipnhunnigyudpilpp b widpwbunnpng
vupph whlynbughl nkPplpup (Eiungliyul dwnwquyph wnwphuyhl thiph waldwi
whlynily) wpdbphkpp pyfwl nipgnippubp gniquhkn (—---) I nignuhuyug (—)
dwnmquyplbph whllwl nbwypnid (ujupny wqunnlbpyjws Fohuwl nignnipiniinp)

Unpgbjuugphtt gthubynmiptpnid 250...400°C obpdwiunhgdwmtiughtt vhowljuypnid
wnlw b JEpwbwphdhujut thnjuwljpynidubph b gthwiynipbph sthwughnujut
punipuigntinh dholt ninhn hudbdwnwljub juy. npput gusp okpdwunhgwuink-
nnud B junwpynud dbpwbtwphdhwljut hnpuwjbpynudubpp, wyipwn Jun
uljuynmud pthdw gnpéuljgh wpdtph tjugnud nt dwpdwtt vwunlnipjut wignidp
suthwynphg ghwyh mdghup: Zknmwgnundw wpyniipnid wuipqyty E np woepbunw-
qtips ebpdwluynitt Yndynghwnuwght unp pthwiyniptph dywljdwb gnpspupwugnid
Juwuulgnn wnipbtph, wdpuwbughtt tmupptph b tyunwluyht (gnijutph pnpdwt
Uhongny sthwymiptph swthwynp dwonidhg nidghtt dwodwbt mbgdwb obpdwu-
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nhdwbuwghtt mhpnypl withpudbon E mbnuowndt) nkyh wykh pupdp obpdwu-
nhdwbtkp, ninkthy niukbwny sthwgnygh woupmnmtwynipjub pupdpugnidp:
Pupdp obpdmunhdwubpnd wupbunwqbpsd obpdwljuynin Yndynghwnw-
jht sthwlympbph dwpdwh b sthdwlb gnpsphpugh hknwgnnnudp junwpby £
hwoyh wnubny pupdpobpduunhfwiughtt yuydwtbpnid wnwewgus dwpdwt
hwwnhljubph dwpwinipniup, sthwiyniptnh ebpduyht ptinupdwldwt nhtwdh-
Juwi b dbnwnuljut hwjudwpduh sthdwh dwljtpbnyph Jhdwlh Jpu othwiyne-
ptnh wgnkgnipniup: 8nyg L mpquws, np dwpdwb hwnplubpp phippwdl Bu (ul. 3)
U nupplpynud G hpkig swtpnd” jujojwé sthwiymptph puqunpuljuqutphg:
Udktwdts swhtp niukt ATE sthwiyniph dwonidhg wpwowgus dwutthljubpp,
hul wdbbwthnppp' Textar hudbdwnwpup pupdp dwowluyntinipynt mkgnn
othwymiph dwonidhg mnwowugws hwnhljubpp: Chppwdl dwodwt hwnhlubph
wnwowgnidp hwunmwwnmd t twb wyb Jquplusdp, np pupdpobpdmunhdwmughtu
othdwl b pthwyniplph nidghtt dwpdwt wuwydwtbpmd mbnp £ niubunid dwpdwb

dhqhjulut Unpkih thnthnjumpniu. hnquwswihtt dwodwt dbjpwtthqup thnpow-

Bosch( 500)
Ul. 3. Cthuwiyniplph pupdp okplwumnpdwbbbpnid pihnidhg wnupwgud mhyughl dupdul
hunnpfllph Uphpniunnigyudphkpp

ULoJws thnjuuljipydwt hwjuwunhmpiniup quuwhwnbn b othwiynipkph
obpUwyhtl punupdwldwt nhtwdhjwb nundbwuhplnt tywnwlnyg hpulwbwg-
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b1 &b othwiyniptph punupdwjusuhwljut Epnisnipniutbp: Cthwymptpp dhd-
juighg mupplpynid ku hpkug okpduyht puinupdwljdwi gnpdwljhgubph thnthnju-
dwlt ophtiwswihnipniuibpny: QEpdwunmhfuh pupdpugdut pipugpnid wdnd
E punipwgpnn Ynph juqdws wiulniup obpdwunhfwith wnwigph tjuundwdyp,
husp Jyuynud £ othwiyniptph obpduyhtt punupdwldwt gnpswljhgubph wh b
Eupudwlplinipught sbpunnud Uhpndwpbph wowewgdwt dwuht: Udkih pupdp
(UkS 600°C) obpUwumnhdwhughtt yuydwhubpnd sthwiymptph okipduyht punwp-
Awnulubipp punupnid Gu:

Qtpuuyht nkdhuh weh htnbwbpny, sthdwb gnpswligh wpdtph wsh wjw-
qnidhg htinn, dwpdwt uvmunlnipjut wignidp swhwynnphg ntwyh nidghth b jw-
wulgny Wnipbpnh dhwudwdwbwlju wupnhnudp hwunwnmd Bu dEjpwbwphdhw-
Jut hnjpwlipynidutph b dwpdwt Ukjuwithquh thnthnpuntpjut wnljuynipmniin:

Utunwunuljuwt hujudwupduh sthdwt dujkpinyph Jpdwlh Jpu sthwigne-
ptnh wqpbgnipjut nuuntdbtwuhpnipnitiitbpp hwunuwnnd B, np wbjupe juwwul-
gnn Wympkph whuhg sthwiympbpt mbwy 5o dbnuquljut haudwupdih shdwi
dwbkptuht dbwynptnt sthwthnwigdwi hbnbwipny wnwewmgws stipnkp (ul.
4, w), npnug wnjuynipjut nhypmd sthdwt gnpswjhgn puntnd L wnwdbjugnyup:
Utnunuljut huwjudwpduph Jpuw wynuyhuh sbpntph puguljuynipjut nhypnid
(uly. 4, p) ohwbympt widhpwlubt hydwt dke E qniudnid dknwunuljut hulju-
dwpduh dwlkplnyph htw, npt B othdwb gnpswligh tjuquwi yuwndwnibnhg
ubklu

Ul 4. Uknwpulwi huludwpdih pylwh dulEpkubbph dhipniunnigudphbpp
phnphughl juwwgnng pthwlyniplph i sthnidhg hlnn woubjugnyla (w) b
bjuqugnyl (1) pihdwls gnpéulpghliph plypnid

Nuumudbwuhptng dwonidhg wnwewgus hwwnpljubpnh Epjpuswthnipniup,
Jupnigqudpp b okpduyhtt hwnynipnitubpp, pugwhwyngl) Bu wpgbjuluyght
othwiynipbph dwibplnipuwghtt okpunp puypuypdwt dbjuwthqup b Yhuknhjub,
pwlyly E phqhluluts dnntyp (uy. 5) [11]:
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Ul 5. Upgljwlughl pthwiyniplph pupdpobplummnpdwmbuyhl dwoiml pghliulimi innkyp

Ulgpnid othwiynipp pthynd E hwljudwpduh dwljEplinygphtt sppwyjuinhg
wnunppywd okpnh htw (Y. 5, w), npp pwwn wpuq dwppynid k: Ujunthtinb wnw-
owtinid ki dwpdwt wmnwghtt hwnpljutipp, npntg dh dwup gnipu | akngnud pthdw
wmhnpnyphg, hul] npny dwup wnhkqhuyh hnbwbpny juysnd L dbinunulju hw-
Judwpduht (. 5, p): Ljunynud £ othdwt gnpéuljgh dkswugmu: QEpdwunhfuth
htnnwqu pupdpugnidp tyuunnd E dbnwunujut hwjuwdwpduh sthdwt dw-
Ybpkuhtt wmunhwbwpwp sthwiynipuhnjwigqus Juynit b whun Jhdwulnud
quiynn punuiph dbwynpdwip (uy. 5, ¢), nph wepjuynipjut nhypmd tjunynid
E othdwt gnpswljgh wowdbjmgnyt wpdbpp: Sthudwt htknbwbpny sthwhwyulnid
uuunymd k obpdwunhfwih swupnibwljuwljwt wé, npp hwughgumd £ othwiyn-
puthnwigdus punuiph hwdws Jhdwulhi (uly. 5, p): Ljunynud E othdwt gnp-
Swljgh wjuqugnijn wpdtp: LEpdwunh&with hbtnwqu wép b nknh niukgnn Uk-
howtwphdhwlub thnpwlbpynidubpp pugpuynid Eu othwiyniputhnfumigqus pu-
nuipn, b wnwewinid ki dwpdwtt hwnplubtpp (uy. 5, &): Sthdwt qgnpswuligh Ypljuwyh
Ukdwgdwt yuydwbbpnid dbnunujut hwjuwdwpduh sthdwt dwljkptuht othw-
ynipuhnwigdus punuipn Jepuiund k:

Puquupununphs wupbunwqbps obpdwljuynit Yndynghunuyght othwiynt-
pinh ouljdwt bywwnwlny, npybu wdpwbwynpnny pununphsubp, ntumdiw-
uhpyt) ki Zuywunwth hwipwpuntphg unwugdusd puqupunuphpp b wywltphpp,
hswytu bwlb gpudhinwptpp b wuptunwptpp: Thhtptughw-ekpdwswiipusw-
thwlwt JEpnisnipiniiubpp gniyg ki inwhu, np pnnp phjptph nidghtt tnpnhdwt
hhdtwljut gnpépupwgubtpp Hygnebpdwyht pinyph ki b ujuynid b hhubtwljw-
unwd 550°C-hg pupdpebipdwunpfutughtt yuydwbibpnud: Yw jpugnighs YEpunyg
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pupdpugunid t othwhuyulh oipdwuwnmhgwtp b dkdwuginid gbpdmunhdwmuwght
qpunhbtuwnp, tyyuwunbiny sthwiyniptpnh wbkih wpwg puypuydwtp, hush ninkuhy
E puquupununphy wupbunnuqtind Yndynghwunuwghti unp b obpdwljuyntt pthwiygne-
phph dowluwt b wnwowpluwb hwiwp: Zuowpuynpnipinit L unbndynud pupd-
nugubnt pthwynmipbph obpdujuyniinipniup b sthwdwyywspught punipuqnptpp
pupdp ohpdwunmhfuwuibpnud, nputg punuppujuqldtipnud oquuugnpsting wyu-
whuh bywwnwluhl (gnijubkp, npniig mpnhdwb okpdwunhdwtubpp qunuynud
550°C-hg dhtisk 850°C otipUwumnhdwuyghtt nhpnypentd, b wpnhdwt gnpdpupwug-
ubkpp Eugnotipduyhtt punyph G dEpnusnipnitubpp gnyg Lt viwhu, np tpdus
hwwnynipniuubpny odndws kt, dwubtwynpuwbu, fughnidh, pauphnidh unydhn-
ubkpp b juppnbwnubpp:

Lywinul] niikwny puqlupununnphs yniptph jhpundwdp wupbunw-
qbps obpdwljuynit Yndynghwnwghtt sthwiymiptph pununpujuqubpnid jhpuntnt
Zuyuunwith hwipwyniptphg unugqus thnphubpp, pinpdt) b hopdwghnwulu
htnwgnuinipjut £ Eupwplyl] Juighnidh Juppntiwwnny hwpniun dwpdwph
hwupwpwpbph thnpht: Qbpwswupwswthujui dkpnnny ntunmdbwuhpyl) Eu
Juyghnidh juppntwnh gbpdunhttwdhjujut hwnnipniuubpp (ugy. 6), hwdw-
duyl npnig’ Jugghnudh Juppniwinh mdghtt npnhnudp wumd b dninun]npugbu
750°C 1 wdupuynid 900°C-nid: Sknh L niukunid dnwn 40% ququbh Ynpniuwn,
husp wuydwbwynpyws E inpnhdw pipwugpnid opuhnubph wnwewgdudp:
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Ul 6. Quyghnidh Quppnbunnp phpuwSwbpuwsunpwwi (— ) b phpbkpkaghuy
okplwdwbpusunpulul (-----) Jhpynidnipinibikph Inpkpp

Ujuyhuny, Yughnidh juppntwnny hwpniun Zwjwunwih puqiupw-
nunphs hwpwiymptphg dwpdwph thnpnt ogunwugnpénid wpghjuljughtt othw-
nipipmd wywhnynd t nkjpuhjuljut tnp wpynibwdbnnipni: Cthuigne-
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pEnh pupdpobpdwumplwtiwghtt othdwb yuydwutbpnid wywhndmd Eu gthdwb
qnpsulhgiiiph pupdp b Yuynit wpdbplbp’ pbnphhy wy bplngph, np pthwiyn -
pinh punuppuuqubiph wdpwbughtt muppbiph wpnhdwt qgnpéphpwugttpnud
wuowwnyws jpugnighs obipunipjut putwlp Jutynid E dwpdwph thnonig:

Chutymptph juwywlgnn ymptph, ignijutph b phuiwl gnpdwlgh Jup-
qunphstutiph ntunudbwuhpdwt wpyniipnud dpwljdl) b puqlwpununnhs ynt-
ptph Yhpundudp wupbunwugbps ekpuuluynih inp’ «Puunbihn-9» wi]udp Ynd-
wnghwinughtt othwiynip (1. 7), npp thpunnd k obpduntwljnhy juyulguiynt-
php, phpunjnp dhibpupuyht (guiynipbp wyuljbpbp b puqupnuphp, wiop-
quiwljul jguiynipkp puphnughtt pnwignie, whnwith kplopuhy b pthuwi n
dwpdwtt jupquynphs' qpudhn, b jpugnighy yupnibwlynd L bwlb whopquiiw-
Jwl (guiymp htnml wywlh b dwpdwph tnoh, hul] npybu sthuwi b dwydwh
Jwpquinphs  twnphmdh nknpupnpun: Puquupununphs inipkph Jhpun-
dwudp wupbunnwuqbipns wpghjujuyht ohpdwuyni Yndwynghunughtt fFuunkithn-9
othwynipn twpwnbugws b Uks wmpugnipmmibutbph b mbuwwpup Lupnidubph
wyuyUutubpnid wpjuwnnn wynndnphjuyghtt ujwjurwuluyhtt wpgkjuyubph Yng-
nuijutiph yuupuundwit hwdwp: Thuyt hbgntl] wyulnt, dwpdwph thnont b
twwnphndh mEknpwpnpunh hwdwwntn jhpwenidy E wywhnynid wnwewnpgus
huunph nusnidp:

[tanhtk uwwlgny Udpwiuynpnn Ulwnwnulwub thnphkph
tymiplp wnwppkp 1gnilikp
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Bqpuljugnipinti. fuguhwynyt) b, np puquupunungphs ynipbph Yhpwn-
dwdp wnihubkpuyhtt hhdpny wupkunwqtps wpgbjujuyhtt Ynduynghwnwght othw-
nipbpmd (uyt nwpwdnid qunus wdpwbuuyght (gnijubph wpnhdwt gnpépupwug-
ubkpp Eygnobpduyht B b ujuynd B hhdbwlwiund 550°C-hg pwpdpobpdwunh-
wbuyht wwplwitkpmd: Upympnid htwpunfnpnipynit | unbnsdmd’ pupa-
nugubnt pthwiymptph obpduluynmiimipmniup b sthwdwrywspuyht puntpuqnptpp
pupdn ohpdwunmhfubibpnud, nputg punuppujuqitpnd oquuuqnpsting wyu-
whuh bywwnwlught (gnijubp, npnig mpnhdwt obipdwunhguibpp quuyniud
550°C-hg dhuisk 850°C otipdwunmhgwuyghtt nhpnypentd, b npnhdwt gnpdpupwg-
ubkpp Fugnobipduyhti punyph bu: fPugwhwyngty) , np Jujghnidh juppniwnh nid-
g¢htt mpnhnudp ujuynid £ dninwynpuybu 750°C-hg b wjupwnynid 900°C-nid: Uju
Eunnotpduyhtt ptnyph b Sknh E nibukind dnn 40% qutiqush Ynpniuwn, hlsp
yujdwbwynpjws t wpnhdwt ppwugpnid opupnubpnh wnwewgdwdp: Cthwiyni-
ptph pununpulijuqubpmud Juighnidh juppniwinh oquiugnpsdwl nhupnid’
750°C-hg puipdp okipdwunhdwubpnid othdw yuydwuubpnid, kpp nbnh £ nitk-
unud juwulgnn wyniph b wdpwbwghtt mupph npnhnud, wpwnguws obipunipjut
pwugnighs putwlnipiniup jijuwunwd E jughnudh juppnbiwnp: 8nyg k wipdws, np
dwpdwph thnont oguugnpénidt wpghjuluyhtt sthwiynipipnid wywhnymd k
onlwl gnpswlhgkph pupdp b jugmb wpdbpltp’ ptmphhy dwpdwph thngny p-
yniptph panunpujuquitph wdpwbughtt muppiph wpnhdwb gopépupugubpnud
wigwinwé okpunipjui (pugnighs pubwlh Yubdwi: Uppnibpnd” dowlyly &
Puunkuhwn-9 wududp ynihukpuyght hhupnyd wupbunwqbpnd wpghjwlught obpdw-
Juynit Ynduynghunugh sthuiynie b npu unwugdw inkuininghwt:
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C.I'. ATBAJISH, H.I'. MEJIMKCETSIH, I''H. MEJIUKCETSH

PA3PABOTKA TEXHOJIOTI'MH NOJTYYEHUS BE3ACBECTOBBIX
TOPMO3HBIX TEINIOCTOMKHAX ®PUKIITMOHHBIX KOMIIO3UTOB C
INPUMEHEHHUEM MHOTOKOMIIOHEHTHBIX MATEPUAJIOB

Pa3paboTaH HOBBII TEIUIOCTONKHUIT 0e3acOeCcTOBBIN (DPUKIIMOHHBIA KOMIIO3UT bacTe-
HHUT-9 Ha MOJIMMEPHOH OCHOBE. BBISBIIEH MEXaHU3M CTPYKTYpOOOpa30BaHus, COrIaCHO KO-
TOPOMY BOJIOKHA 00ECIICUNBAIOT BBICOKYIO MPOYHOCTH KOMITO3UIIUH, OTHOBPEMEHHO MOBBIIIIAS
TPUOOJIOTHYECKHUE XaPAKTEPUCTUKU KOMIIO3MTA, PAOOTAIOT KAK CaMOCTOSTENIbHBIE HAIOJI-
HUTEIH, HE HAXOJSCh B XUMHUYCCKOW CBSI3M C MOJUMEPHBIM CBs3yrommM. [lokazaHo, 9To
TOPMO3HOW (HPUKIMOHHEIA KOMITO3UT bacTeHHT-9 00namaet BHICOKOH M cTabmiubHON 3ddek-
TUBHOCTBIO TOPMOXXEHUS U 10 (PPUKIIMOHHBIM XapaKTEPUCTHKAM OTBEYAaeT TPEOOBAHUSIM
cragaapta N13 EBponeiickoro Dxonomudeckoro Komurera.

Kniouesnle cnosa: 6e3acOecTOBbI, TOPMO3, OIUMEDP, (PPUKLIHUOHHBIA KOMIIO3UTHBIH
MaTepHall, HaIlOJHUTENb, BOJIOKHO, MPOYHOCTh, TEIIOCTOWKOCTh, KOHTPTENO, KOI(PQHUIMESHT
TPEHHUSL.
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S.G. AGHBALYAN, N.G. MELIKSETYAN, G.H. MELIKSETYAN

DEVELOPING A TECHNOLOGY FOR OBTAINING ASBESTOS-FREE BRAKE
HEAT-RESISTANT FRICTION COMPOSITES APPLYING MULTICOMPONENT
MATERIALS

A new polymer - based heat-resistant asbestos-free friction composite material
called Bastenite-9 has been developed. A structurization mechanism has been revealed,
according to which, the fibers provide high strength, and simultaneously increasing the
tribological characteristics of the composite, they work as independent fillers, not being in
the chemical bond with the polymer binder. It is shown that the Bastenit-9 braking friction
composite has a high and stable braking efficiency, and by its friction characteristics meets
the requirements of the N13 Standard of the European Economic Committee.

Keywords: asbestos-free, brake, polymer, friction composite material, filler, fiber,
strength, heat resistance, counterbody, coefficient of friction.
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R.R. VARDANYAN, V.K. DALLAKYAN

ANALYSIS OF PARAMETERS OF LINEAR FRESNEL REFLECTOR SOLAR
ENERGY CONCENTRATOR

The optical efficiency and concentration rate of linear Fresnel reflector solar
concentrator are investigated. The mathematical model and a simulation program are
developed. The dependences of optical efficiency and concentration rate on different
parameters are investigated. It is shown that during the design of linear Fresnel reflector
concentrators the focal distance can be increased, and to obtain the required optical efficiency
and concentration rate, the mirror width and the distance between the mirrors must be
optimized.

Keywords: linear Fresnel concentrator, solar, mirror, optical efficiency, concentration
rate, focus, reflector.

Introduction. Concentrating solar power is one of several preferred methods
of solar energy using. Different types of point focus and linear focus concentrators
are developed. Linear Fresnel Reflector Solar Concentrators (LFRSC) have several
advantages in comparison with parabolic trough systems [1, 2]. Linear Fresnel
mirror reflecting concentrators capture the sun's energy with flat mirrors that reflect
and focus the sunlight onto a fixed linear receiver tube. The receiver contains a
fluid that is heated by the sunlight and then used to heat a traditional power cycle
that spins a turbine that drives a generator to produce electricity. Linear Fresnel
mirror reflecting concentrators consist of a large number of mirrors in parallel rows
that are typically aligned in a north-south direction to maximize the annual and
summer energy collection. With a single-axis sun-tracking system, this configuration
enables the mirrors to track the sun from east to west during the day, which ensures
that the sun reflects continuously onto the receiver tubes. These types of
concentrators are used generally in the solar field for electricity generation.

In comparison with parabolic trough mirror reflecting concentrators, the
optical losses in LFRSC are more due to the shading and blocking effects of
neighboring mirrors. Therefore, the optical efficiency of LFRSC or the thermal
energy production generally is analyzed depending on different parameters [1-4].
Fewer investigations are devoted to the analysis of another important parameter -
the concentration rate of LFRSC. The analysis of concentration ratio is significant
not only for thermal energy generating systems, but also for concentrating
photovoltaic systems (CPV) which are predicted to have an important role in future

solar energy systems [5].
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In this paper, a full analysis of a linear Fresnel mirror reflecting concentrator
is conducted and the dependence of both optical efficiency and concentration ratio
on different parameters is investigated.

Modelling of a linear Fresnel reflector solar concentrator. LFRSC consists
of flat mirrors and a linear receiver placed on the focal area. Each mirror is
reflecting the incident solar rays onto the receiver (Fig. 1). The width of the
mirrors, and the distance between the mirrors are constant values. The receiver is
fixed and the mirrors are tracking the sun during the day.
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Fig. 1. Linear Fresnel reflector solar concentrator

In Fig. 2, the half of the LFRSC is presented for simplicity.
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Fig. 2. The structure of linear Fresnel mirror reflectors
The angle between the incident rays and the horizontal axis is acute (a) and obtuse (b)

The position of the first mirror center is (the mirrors are enumerated from
left to right):

by =—-05«[(n—1) *x(w+d)],

where 7 is the total number of mirrors, w is the mirror’s width; d is the distance
between the two neighboring mirrors. The second mirror center position will be:
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In this way, the position of each mirror’s center can be calculated as:
bi = bi—l +W+d, (1)

where i is the mirrors’ number, b;_; - the position of the previous mirror’s center.
Note that if the mirrors’ number is odd the middle mirror center lies on axis y, and
if the mirrors’ number is even, axis y passes between the two central mirrors.

To calculate the inclination angle a of each mirror, let as consider the
following two cases.

1) The angle between the incident rays and the horizontal x axis is acute

(Fig. 2a):
{“i =it o
a; =9; — P
2) The angle between the incident rays and the horizontal x axis is obtuse
(Fig. 2b):

1 b;
= 2 =Y;+eo>a; = E(arctg(;) + 9).

a=pi—0 o 1 bi\ _
{ai =1/Ji—ﬁi:> 20, =Y; —o=>q; —Z(arctg(f) 0).

By combination of the two formulae presented above, for @ we shall have:

@, = larctg () + ol. @
Thus, having the total number of mirrors, the width, the distance between the
mirrors, the focal distance and the incident angle of solar rays, the position and
inclination angle for each mirror can be defined by formulae (1) and (2). Note that
¢ is the transversal angle, and the longitudinal angle is not considered.
The optical efficiency of LFRSC is the ratio of the sum of effective reflected
beams on the receiver and the aperture of the concentrator. It can be presented as
follows:

n .
o = izl
(2b1+W) !

)

where t; is the effective reflected beam width from i — th mirror. Note that, as the
effective reflected beam is assumed the beam which reaches the receiver.

The effective reflected beam width depends on all parameters of LFRSC and
it can be changed due to the shading and blocking effects of the neighboring
mirrors (Fig. 3).
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a)
Fig. 3. Optical losses in the system: a - shading, b - blocking

The effective reflected beam width depends also on the receiver width and
the eflected beam width. To determine the effective reflected beam width let’s consider
the following four possible cases presented in Fig. 4.
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Fig. 4. The reflected beam on the receiver surface. The reflected beam width is: a - greater

than the receiver diameter, b - greater than the receiver diameter and there are shading or

blocking losses, ¢ - smaller than the diameter of the receiver, d - smaller than the diameter
of the receiver and there are shading or blocking losses

Case Fig. 4a). The width of the reflected beam is greater than the receiver
width, part of the reflected beam passes near the receiver, and there is no shading
or blocking effect. In this case the effective reflective beam width is equal to the
width of the receiver:

t;=2x*r.

Case Fig. 4b). The width of the reflected beam is greater than the receiver
width, part of the reflected beam passes near the receiver, and there are additional
optical losses due to shading or blocking. In this case, the effective reflective beam
width is calculated by the following equation:

ti = Bi+1C + CD,

where B;,;C is the distance of point B;,; from line 0;0, and CD =r.
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Case Fig. 4c). The width of the reflected beam is smaller than the receiver
diameter, the reflected beam fully reaches the receiver, and there is no shading or
blocking effect. Thus the effective reflective beam width equals the reflected beam
width:

t; =w*cosp,

where £ is the half of the angle between the incident and reflected rays, and the
mirror’s width.

Case Fig. 4d). The width of the reflected beam is smaller than the receiver
diameter, and there are additional optical losses due to shading or blocking. The
effective reflected beam width can be calculated as follows:

tl' = Bi+1C + CD,
where B;,4C is the distance of point B;,; from line 0;0, and CD is calculated as:

CD = %* cosp.

Having the coordinates of points O(0; f) and 0;(b;; 0), we can get the
equation of line 0;0. The coordinates of point B will be

w w .,
(biy1 + 5 C0SQt1;~ Sina;,1),

where b;,; is the mirror center distance from the axis y calculated by equation (1)
and a;,q is the angle between the mirror and axis x calculated by equation (2).
Using the formula of linear geometry for the distance from a point to a line, we can
calculate the distance B;C. In particular, when point B, lies above the line 0;0,
the distance B;,,C will have a negative sign. Generally, the concentration rate is
determined as the ratio of the aperture area of the concentrator to the receiver area.
For LFRSC, the concentration rate is determined as the ratio of overall effective
reflected beam width to the diameter of the receiver:

c= Xitati /(2%7). (4)

Thus, by using equations (3) and (4), the optical efficiency and concentration
rate of LFRSC can be determined.

Analysis of the optical efficiency and concentration rate of LFRSC.
Based on the above presented model, a computer program for the analysis and
optimal design of LFRSC is developed. The dependences of optical efficiency and
the concentration ratio of the LFRSC on the parameters as the focal distance, the
mirror width, the distance between the mirrors and the angle of incident rays are
investigated.
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In Fig. 5, the dependences of optical efficiency and concentration rate on the
focal distance are presented. The parameters used during calculations are: the
radius of the tube — 50 mm, mirror width — 120 mm, distance between the mirrors —
20 mm, the total number of mirrors — 10. The dependences are presented for 0°, 45°
and 60"incident angles.
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Fig. 5. Optical efficiency (a) and concentration ratio (b) versus focal distance

It can be seen from Fig. 6 that both the optical efficiency and concentration
rate increase by increasing the focus distance. Starting from some values of the
focus distance (700...800 mm), the concentration ratio is increasing slowly due to
the reduction of shading and blocking effects. As it could be expected, the optical
efficiency and concentration rate decrease with the increase of the light incident
angle.

In Fig. 6, the dependences of optical efficiency and concentration ratio on
the mirror width for different incident angles are presented. The parameters are as
in the previous case, and the focal distance is 700 mm.
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Fig. 6. The optical efficiency (a) and concentration rate (b) versus the mirrors’ width
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As shown in Fig. 6, the optical efficiency decreases with the increase of the
mirrors’ width. It happens due to the increase in the optical losses due to the
shading and blocking effects and the increase in the aperture of the concentrator.
The concentration rate increases with the increase in the mirrors’ width. With an
increase in the incident angle, the optical efficiency and concentration rate decrease
due to the increase of the influence of the blocking and shadowing effects.
Comparing the dependences of optical efficiency and concentration rate on the
mirror width (Fig. 6), it can be concluded that the mirrors’ width must be optimized
during the design of LRFSC.

In Fig. 7, the dependences of optical efficiency and concentration rate on the
distance between the mirrors are presented. The rest of parameters are the same and
the mirror width is 120 mm.
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Fig. 7. The optical efficiency (a) and concentration rate (b) versus distance between the mirrors

As it is expected, the optical efficiency decreases with the increase in the
distance between the mirrors. Due to the influence of the shading and blocking
effects, the concentration rate increases with the increase of the distance between
the mirrors. It follows that the distance between the mirrors also must be optimized
during the design to obtain the required optical efficiency and concentration rate.
Note that the optical efficiency and concentration ratio are higher when the incident
angle is small, as it could be expected.
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Fig. 8. The optical efficiency (a) and concentration rate (b) versus incident angle versus:
a - optical efficiency, b - concentration ratio

It can be seen from Fig. 8 that the optical efficiency and concentration rate
are nearly constant when the incident angle is between 0 and 40 degrees, and then
after 45 degree, they sharply decrease. Thus, LFRSCs are operating effectively
during the daytime, but in the morning and evening, the efficiency reduces
significantly due to the shading and blocking effects.

Conclusions

1. The developed mathematical model allows to determine the optical
efficiency and concentration ratio of Linear Fresnel Reflector Solar Concentrators
(LFRSC), depending on all parameters. The developed computer program allows to
analyze the optical efficiency and concentration ratio of LFRSC.

2. The shading and blocking effects are the main optical losses in LFRSC.
LFRSC are collecting the solar rays during the daytime more effectively when the
incident angle of rays is small (up to about 45 degrees).

3. To increase the optical efficiency and the concentration rate of LFRSC,
the focus distance can be as high as possible. But the increase in the rate of the
optical efficiency and concentration rate reduces at higher values of the focal
distance. Therefore the focal distance must be optimized during the design.

4. The mirror width and the distance between the mirrors must be optimized
to get the required optical efficiency and concentration rate.
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Urcqushbu ELErehUsh SCEULELUSHL R0USPL UL T TUQULAN,
YNL3ELSMMb NUNUUESECE 4EMT.NRONPE3NRL

Zhnwugnuyby B wplughte Eubpghugh $pkubjuyht gdunght winpunundiing Ynugkun-
rhsh oywmhluljut wpynibwybnnpniup b §nbgkinpugdwt wunhdup: Uswuldl bu
dwpbdwphlijuljui dnnbk) b pnuthynipbpughtt Spughp: Zknmwgnugky i oyynhljuljul wpn-
mibwybnnipjut b §nigkinpugdwt wunhduith jujupjubsnipiniuutpp nwwuppbp yupudbn-
ptphg: 8nyg kE wipdky, np wplwght Eubpghugh $pkubjughtt gduyhtt winpunwpdung Ynb-
ghunphsttinh twhwgsdw pupwgpnid $nlnruuyhtt hbnwnpnipniup Yupnn k dkdwugyty,
b np wwhwieynny owywhljulwh wpynibwybnnipniup b §nugkinpugdut wunhfup
unwbwnt bywwnwlny hwykhukph jujinipniup b npug dhel hknwynpnipnitip ywhwnp L
oy hdwjmugyki:

Unwbgpuyhlr pupkp. qduht plubjuyhtt Ynugknphy, wplught, huybih, oyunhjw-
Jub wpynibwdbunipiniy, Ynughtnpugdui wunhdul, $nlniu, winpunupdhs:

P.P. BAPJIAHSH, B.K. JAJIVTAKAH

AHAJIU3 TAPAMETPOB ®PEHEJIBHOI'O JUHENHO-OTPAXKAIOIIETO
KOHIIEHTPATOPA COJITHEYHOM YHEPT UM

HccnenoBansl ontrdeckas 3pQeKTHBHOCTh M CTEIIeHb KOHIEHTPAU (BPEeHETHHOTO
JINHEHHO-OTPAYKAOIIETO KOHIICHTPATOpa COHEYHOW dHEpruu. Pa3paboTaHbl MaTeMaTHyecKas
MOJIENb U NPOrpaMMHOE CPeCTBO. VccienoBaHbl 3aBUCHMOCTH ONTHYECKOH 3(h(EKTUBHOCTH 1
CTENIEHU KOHLEHTPALUU OT Pa3IM4HbIX napaMmeTpoB. IIokazaHo, 4TO pu NPOEKTUPOBAHUU
(bpeHeNbHBIX JINHEHHO-OTPAKAIOLIMX KOHIEHTPATOPOB COJIHEYHOI 3Hepruu (oKycHoe
paccTosiHIE MOXET OBITh yBenmdeHo. [ momydenust HeoOXoauMon onTHIecKor 3(h(heKTHB-
HOCTH M CTETICHH KOHIICHTPAIH MIMPUHA 3epKall U PACCTOSHUE MEXITy HAMH TOJDKHBI OBITh
ONTUMHU3UPOBAHEI.

Knroueevte cnoea: GHpeHeNbHBI THHEHHBINH KOHIIEHTPATOP, COJTHEYHBIA, 3epKalo,
ontryeckas 3 (HeKTHBHOCTD, CTENIEHb KOHIIEHTpanH, (OKyC, OTPaKaTeb.
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S.U. @uNbkuh, @.L. 4NL3UL

ELErauzuuuyurak SULCECP OUGUSNARESUL ULUSNMYUSHEL
JuuUutSk NCATNPUC UuNrncNkE3UL MUSUULLEMNRU

Upwlyty k Eubpquhwdwlupgh mwppbph thnpjuwphudwy Jepupbpu) npnpdwts ju-
jugdwi dkpnnhlw, npp htwpwynpnipinit £ nmwhu tjuqkgut] hnppowphtdwi Jepupkp-
ju npnonid Jujugbint nhuljp:

Unwbgpuyhl punkp. Bukpquhwdwljupgh wmwppkp, thnjpuphtinid, npnodwt fuyw-
gnid, nhuly, ny uhdkwnphly quniujwb pniiljghw:

Lkpwbmpinitu. Skuhlulwi vwppuynpnidubph jud ppuig hwdwihp-
ubph Stpugdwdp wuydwbwnpws ubkpiguihnjumpmniup  Eukpgbnhjuljut
opitjmubkph puwlwint gnpdppug bk ElEjupwtubpgbnpuluwi hwdwlwupgh
qupquglut tpjupududibin wubwdnpdwt dudwbwl gpuw wwppbph Yutph
nbnnmpjut npnpdwtt hwpgh wpphwliwt b quntinid: Okpugdwi wpnyniipnid
wjugnid E vwppuynpdutt wpjuwnwiph hntuwhnipmiup, nph wpgniupnid
wdnud ki Jpwpubph hwdwpwlwinipniup, gputg Jeipugdut ingnipniiop b
dwpaubipq:

Zwpyh wnubiny, np Lukpquhwdwljupgh wwuppbph skpugdw Jpu wqnng
gnpdnuubph thnthnpunipjut dujuppuljutpp dudwtwlh phpwugpnid winpny k,
nrunh wnwewnplynid £ ipqud pugnh inisdwi uinnpl pipgus dninkgnudp:

unnh npjwspn b dkpnnhluygh hhdttunpoudp. Eikjunputubpgbnhlulut
hwdwljupgh qupqugiut tpupududjin Wubwnpdwbt dudwbwl huplw-
Ynp t hwpgh wntl] npny muppbph stpugdwt hwiquuwipp b httwpwynphtu
&oqnhwnn quwhwwnt] wyn nupph Swpwnipjut dtugnppuyht phkuntpup: Yupgus
vwppunpnidbph Jepupkpju) woljw nbnEjundmpymiuhg jupny o Ghpun-
b quwhwwndwt nuppbp dkpnnubp: Unwydb) dogphn wpyniupubp htwpuwnp &
unwbw] Eubpquhwdwlupgh wwppbph wdpnnowljw mkuthjuljwt ntunidbw-
uhpnipjub wpnyniupnid: Loyws Ukpnnp qquh swhukp L yuwhwienid, wyny huy
yuwndwnny gnpstwluwinid Jhpunynud E Equjh nhupbpnud [1]:

Uwppuynpnudubph stpugdwt $hghuljub qnpdpipugutnh ypu hhdudus
dbwgnpnuyhtt nhunipup wthwwnwljut jubjounbudwt dEpnnubpp inytwbu gnps-
twlub (b Yhpwenipmit sk gk Juudus wohwnwnwpnippul b wunw-
hwlwu gnpépupwgubpnh nbkunipyut pupy dwupbkdwnhuljul wywpunh Yh-
pundwt htwn [2]:
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Uwhdwbwthul] mEntjunynipyut b ghbwhwndwt upuju dkdwpubiuly
wnwnppbph wnunipjut wuydwibbpnud quuwhwndwt wnwdb) yqupqigws nku-
unnghwttph withpudbonnipini £ wnwewgky, npnup httmpwynpnipinit Yphdk-
nkl quwhwnnmudt ppwljubugut] tuqugnyt Untinpuyghtt mbnkjunynipjut wyw-
pugquymd [3]: Loyws wwhwbgttpht pwdupupnid Eu gdughtt jud Epuwnubi-
nujhtt pupudwdp dwpgubnipjut dnpbjubph Jpu hhdudws nkuuninghwikpp
[4]: Zupy E ok, np wynonhtiwl) mkuninghwubph hhdpnid gpdus b dwpdusdnt-
pjutt phntpdhttwgduws Unpbjubpp, b Swpwmput duwgnppuyht nbinnnipniip
huwpduplynid k npybu vwppwynpdwit swnwnipjut inpdwnhduyhtt dudtnh
b wpynitwdbn nwuphph nwppbpnipmnib:

dbEpohtt mwphubpht juyt jhpurnipinit Eu gt vwppudnpnidubph hntuw-
1hnipjut nkumpjub sppwtmjubpnd nkn qnus dkpnnuputnipjut ypu hhdudws
Uninkgnudlikpp, npniig hwdwdwjti' vwppuwynpuiwi Whwgnpyughtt dwdlinp ww-
nwhwljwl dkdmipinit k, npp htwpwynp k tqupuqgpt] dhuyt hwjwiwljwbwht
Unnkjubkpny [5, 6]:

zntuwfhnipjutt hwoqupljubpnid tpdws dninbgdwtt Yhpunnipmniip hw-
puynpnipinil juw vwppuynpdut thnppowphidwt JEpuptpu) npnydwi Juywug-
dwl pipwgpnid hwpdh wntl), np pwhwgnpsdwt thwunwugh dwdbnp Jupng &
qqui hnpkl gipuquigl) tnpdwnhduyghip:

Zujuiwjuwiughtt dkpnnubph hpundudp b tuqugny dnunpught nbnb-
Juwnynipjut yuydwbubpnid vwppuynpiut Swpwmpjut dudljtnh jubhuw-
nbkudwt tyuwwnwlny Yhpunynid | owhwgnpsdwt btwjunpnnn dudwbujuhwn-
Juwsh b dbwgnpnuyhtt thohtt dudjknh jujudwsnipjub Ynpp [7]: Ldwb Ynph opp-
Gl phpdws k@Y. 1-mud, npuntn 7-i swpwympjul dhwugnpughtt dudbnb £ abp-
Juyugdws hwpwpbkpuljut dhwynpbpny, b npnpynud £ hwpgh wntbng duwgnp-
nuhtt dwdjinh puojudwt pnnipniiup, hull v-u° quwhwndwb ywwhh opjijnh
wuphpp tkpuyugws hwpwpbpuljut dhudnplitpnyd, b npnodmd £ pwhwgnps-
dwl hwunwgh 7, b inpdunpduyht’ 7, dudjnbbph hupupkpuljgnpyudp

htwnlyw] wpnwhwpnnippudp v = TL :
a
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0 0.5 1 1.5 2 25 v

Uy 1. Ownuynipyul dhwugnpuyhl dudfEwnp (T) jujuwénipnilp hufunpyng
Swnuynipyul dundlknpg (v)

Ownwynipjul thwugnpnuyhtt dudjinh juttiunbudwt Epuljfunught udjuy-
ukpp mwpph swhwgnpédwt inpdwnhyuyht b quuwhwndwip btwpunpnnn hwu-
nugh dudljtntbpt b Lows dEpnnnid wininnuijhnpbt hwoyh G wnbnud k-
npugdwt vkjuwthquubpp, npnup hwpdh b wntidus swowmipjui dudjinh Ju-
nhwghuyh gnpéwljgnid, npu puws t hwpduplubkph hhdpnid: Loyuép wuuhn-
Ynud k dEpnnh wpymibwdbnnipniip b hwiiphuwinid ygupqbgws dkpnnubph
hwdbdwwn hhdtwlwh wnwdEnipmniiutphg dkp:

Zuny L ok, np dbpnymd Yhpwogws hwoquplutpnid hwodh E wnuyby), np
owhwgnpsdwt unpduwnhyuyhtt dudljbnp, npp wynd E nkjpuhjuljut wtdtuw-
gpbpnud b pwhwgnpédwt hwunmwpnptpnud, thpjuyugunmd b opkljnh owhw-
gnpddwt Wjuqugniyt dudljbwnp, nph pipugpnid vwppwynpnidp sh Jupnn hwu-
k] hp vwhdwbwhtt Ywhwlnipjuip: Uwuyl, pwih np wyguhuh hbwpuwynpne-
pintup pugwnky sh Yupkih, punnitdby k, np ny wdbjh, pub 10% nhypkpnd uwp-
pwynpnidp hwtnud £ owhwignpénidhg dhtish swhwgnpddwt unpduwinhduyghti dwd-
Jtwh jpubtwp: Mwpg E op wynuyhup Gupwugpoipniatiiph wpyniipnid vwppuw-
Unpuwlb Swnwnmipjut dudltnp, npp phunnwpyynud £ hknwqu hwyuplubpnid,
ghipwquignid k inpdwunhduyhip: Uhhunyt dudwbwy, nuppkp B twb Skpug-
dwt UEjuwuhquubpp:

Quuwnnpkl, hwpguplukph wpynitpmd pipdws Ynph uvnugdwy pupug-
pnid nphnwupldus ndjuubpp tnybybu winpnonipnit bt wupnibwlnwd, npnug
puguwuwluwi wqpkgnipniup hojuwphtidwt JEpupbpu) npnpdwt juyugdwb
Jpu dbnuknt hyuwnwlng wnwewnplynid kE phunnwpll] swunwynipjut dbugnpnyw-
jht dwdljinp hwpupydwt htwpuynp ugkttwputp: Uwutwynpuybu, hnnknk-
uwlwt ughiwpmd Ynph unwugdw hwdwp hpwljwbwgynn hwoqupynid nhwnwp-
Uk, np dhish pwhwgnpsdwi inpdunhduyht dudljlnh jpubwgp” puhwgnpsnt -
Uhg hwlnn vwppwynpnidubph pwbwlp sh ghipuqugnud 20%-p, hul jwjunk-
uwwl ugkbwpnid’ 5%-p:
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Zudwdwyt yhpp phnwpl]ws dnghih’ pushudwb junnipynitb nith htunbyug
wbkupp.

1 (—(ln t;rc)z)
= 2
ftr,0) = —=e\ 2% J,

t>0—0<Kk<o,0>0,

(1)

npunbn 7 - & Swowynipul dudltnb k 7, - & tnpluwnhyughtl dudltnp, t-o
Jtpohuubph hwpwpbpulgnipmiin:

t yunwhwluh Uksnpjut dwptdwnhljuljul uvuyuwunidp’ T, ghuugbpuphwl’
D, W Jwphwghuyh gnpsulhgp p, npnoynud ki htnlyu wpunwhwynnpmiaikpn .

T = elc+crz/2’ )

D = eZK+02 (eoz _ 1)’ (3)
VD

p="rr )

T

Utpnnh htnptwjubph Ynnihg Juphughugh gnpswlygh npnpdwt hwdwp
hhup & pugniid b hwdwywnwupwb gpujutinipjuit ntuntdtwuhpntpju wpy-
jniuplkinp (1, 2, 8, 9], npnup gnyg bk mwhu, np dkpktwkph b vwppuwnpnidukph
hwdwp Juphwughuyh gnpswljhgu puyws k 0,3-hg 0,4 dhpwluypnid: Ppuljutiwug-
Jwsd hwoquplubpnid Juphwghuyh gnpdwljhgh punniudty E hwjuwuwp 0,3-h:

Ukpjujugdws hnnbnbuwjut b jujunbuwljut ugbkttmpubph hwdwp ph-
wnwnlkup npnowljh 8, npp punipugpnid £ dhiph swhwgnpddwt inpdwnhyuyghe
dudljtiinh jpubtwp owhwgnpénidhg hwiynn vwppwynpnidubph pwbwlp b hn-
nhnbuwluwb ugkttupnid punnmitind £ 0,2 wpdtpp, hul jujunbtuulut ugktw-
poud’ 0,05 wipdbpp:

Jwphwghuyh gnpéwlgh 0,3 wpdbph b 6 wpdwsd Ubkdnmipiniuttnh nhwpnid
nhunnuplyny ugkbwpubphtt hwdwywnwupwi Swunuynipjut vhohtt dbwgnpnw-
jhtu dudljEnubkpp ubpuyugyus ko wr. 1-nud:

Ugyniuwly 1

Ownugnipyul dpohl dwgnppuyghl dudflnp 'T, b ghuwgbpufuub D

8mgwthop | Znnbwnbuwluwb ugkiup | Lwduunbuwlwub ugkbup
0 0,2 0,05
T 1,349859 1,716007
D 0.16399 0.26502
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Zupyh wnukny ubpjuyugyus tupunpnipniuubpp b oquuytny (2)-(4) wip-
nwhwynmpmubbphg Jupnn kup hwojupyly (nquphpdwljui tnpdw) pugju-
dwt pimipwgpbpp’ k-t b -, npnup punipugpnud Eu opjijnnp owhwgnpédnivhg
nnipu phpknt gnpépupwugh hwyubwjubughtt hwwnynipniutbpp:

Uy tyyuuulny (niskup hbnljuw] hwjwuwpnipmmibuttph hwdwlwupgbpp
huwdwywunwupwbwpwp hnnbnbuwljut b jujunbuulut ugktwpibph hwdwnp,
npnug wpnnibptbpp thpjuyugdus tu wn. 2-nud:

K+02/2 _
e /2 = T]H]I?'
2 2
e?*7 (7 = 1) = Dppy»

5)

nt (6)

ekto?/2 — T
{ez”az (e —1) = D,y

Unniuwly 2

Lnquipppuwlul npduy puspulul pinipugpkpp

Punipwgpbpp | Znnbnbuwlwi ughtwp | Ludunbuwlut ugkiup
K 0,256911 0,496911
o 0,29356 0,29356

Uju nhypnid hnpbnbuwljui b jujunbuwljut ugkuputph hwdwp vuppw-
Ynplwl Swnwnipjut dudjtnh pupjudwt pnnipmitubpp Yntbkbwb tl.2-nud
wuwnlbpyws mbupkpp:

1.0
0.8
0.6

znnhnbkuwljut

Lujunbuului

0.2
0.0

0 1 2t 3 4
Ul. 2. Ownuynipyul dudnp puppnful pnnnient 4l puwn ugbiupibph

Zwpyh wnubny, np swhwgnpsdwt Uhtitinyt wuydwittph nhwpnd opykljinh
owhwgnpéumt dwdljnh pupugpnid tugnid £ npu swnwjnipjut dbwgnpyught
wpdtpp, ghwhwwnyny opjijnh dbwgnpnuyhtt dudjinh puwohjubdnipmiip hwy-
Jupllt £ Euknd hujubwjuim pyut gupdwtuljub pugfuqubnipiniihg: Lnqu-
nhpdwjwt unpdw) puppudwénipjut yuydwbwlut pnnipmniip, wpnwhwyn-
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Jwd hwpupbpulwb dhwynpubpny, npp padupupnid £ wyt wuwydwhb, np op-
jEunp owhwgnpédynid t dhtish npnowlh © tmuphp, npnoynid k htnbjw) wpunw-

hwynnipjudp.
0gl—K 2
— e_(1 2 : t>=
F(6){ Ve T )
0,t<—

Mubktuyny Jbpnijuy wpunwhwjnnipjudp npnoynn sSwnwynipjub tuwgnp-
nuihtt dudljtnh pusjuduénipmiip b hwpdh wntbing wy. 2-nd tkpjuyugus
punipuigntinp, Jupnn Bup npnoby Swnwynipjut dbwgnppuyhtt dwdjinh dhohte
Ukdmpynitp hwpwpbpulwi vhuwdnpiibpny 7 -, wji nhwpmd, kpp opjtlup qliw-
hwundwt yuhhg wrwe npnowljh v dwdwbwly swhwgnpéyk) & T —h owhwgnps-
dwl hwunwgh dudljtnhg fujudusnipyut npnonidt hpuljutiugy ) k updws puohu-
dwt jpnmpjudp ghubpugus yquunwhwljut dkdnipmniuubph Jhdwujugpuljuu
Unpbjwynpuwdp: Zwpdupldw wpyniupubpp tipuyugdus ku aly. 3-nud:

T=1.56 "% T| = 2.0248e3*

Th =1.1112¢"3
0 0.5 1 1.5 2 25 V

Ul 3. Ownuynyeyul dinugnpnuypl dundlbnp (T) jupnjwdnipiniiip ufunpnnng Swinuynieyui
dudkwnpg (v) pun ugklnupiakph ' T — jujunbuwlul ugkinup, Th - hnpbnbuwlul
ugklup b T hupyuipluyhl

Eubpquhwdwlwpgh nwuppbph phwwint thnjpwphtidwt dudljEnh npny-
dwb tyuwwnwlny wrwewplynmid £ Yhpwunk] ny hunnwly puqunipmitibph nkunipe-
jniup [10]:

EEZ vwwppbph thnpwphidwt Jepwpbppu) npnodwt juyugdwd byywnw-
Uny ny hunwl pwqunipnitiubph Yhpwnnipjut vhengny htwpwynpmipini k
untndynid vnwbwy phuljiph pwtwluyhtt hwydupuut dwpkdunhlulut
Unnhy:

Thunwplkup wyihyhuh nkyp, tpp vwppwynplwt Swnwynipjut nplk i-py
nwunpnid junwpynud | swunwynipjut dhugnppuhtt dudjinh quuhwwnnid bplynt
tqubwlyny Jkpnbgyuy knwtwlnd b hnpdughnului ghuhwundwb knpuiwlnd,

295



npp hwoyh E wnind swhwgnpsdwt yuydwbubph wnwudtwhwnlnmipniutbpp
(pEntwnpusnmipjutt dwjupnul, Yihduyujut ygupdwittp, pwhwinofubph
pwbwl b wy): Puswbiu kg, vwppuynpdw wpjuwwnwiph dbwgnpryuhtt dud-
Ytwp Jupnn E hwydupldt) hnpbnbuwwi jud judunbuwjut ugbiwpubpny:
Uju wunpnonipniup Jupkh k ubipjujugut) ny hunwl puqunipjut Uhongny, nph
yuwnjuibnipyut $niughut tpwtwlkup pr(x): Pnpdugbnh quwhuwnwljuip
unybybu Jupnn k1huk] ny hunnwly: Uju winpnonipmniip inybybu tipjuyugubup
ns hunnwl] puqunipjut dhongny, nph yquunjuwibmpjut ntughwutt bywbwlkip
Ue (x): Unwownid k uvwppuynpdwi swnwym pjub dbwgnpnughtt dudjinh upouyg
quwhwwndwt nhulj: Ujuyhuh upow) quuwhuwnnidp Yhutighgth vwppudnpdwt piw-
Jwunt thnjpwphtdwt dudjbntbph vhw) wguwbwynpdwl, husp, hp htpphl, ju-
nwowgith nkjuthjuntnbtuuljut Juuutbp:

dtpohtt mwphubpht rhuljiph ghwhwndwt tyunulng wrwyt) Uks Yhpw-
nnipjntl ki uvnwind ny hunwl] puqunipinibttipng dnnkjubkpp [11-13], npnugnid,
ny hunwly thnhnjuwubbbkpp pinpugpymy ko wunuikmpu $mblghwgh
u(x) Uhongny: Unwownpiws juugph nisdwt tyuunwlny oguuugnpskup ns up-
dbwnnphl quniyyut dnituyghwubpny ubkpjuyugdws ny hunwly Eqpuljugnipnii-
ubtph htn juydws nhuljiph quuhwndwt pwbtwdln [14], npnbkn npybu Ynpunh
Iniuljghw Yhpundnid E Smgmunhp dhohtt Ynpniunbph $niulghwb, husp hw-
puynpnipinit £ wnnwhu guwhwwnb] ny dhwyt Ynpniunubph puwtwjuljut Ukdnip-
i, wyl thnthnjubiny phulh dksmpyniup dngbpudnply npnonid jujuginnh k-
nupkpuniupp nhulh tuwndwdp:

ZEnwgnunipjut wpynibpubpp. Vkpuyugdus dkpoghuygh gnpstwljut
Jhpwpniputt twwwnwling nhunwplbip pwpdp jupdwt npubtubnpduwnnph
thnfuwphtdwt Jepuptpju) npnonid juyugubint nhuljiph quuwhwwnnid:

Zudwduyh nudughll npubu$npiunnpibph wkpbhjulwt widbwgpph’
unplwnhyuyhtt Swnwynipjut dudljnp 25 nwpnig ny yuwlwu b, wyt ghwypnid,
Epp pwhwgnpsdwt pupwugpnid dudwbwlhtt thnjowphtdl] Gut wwppudnpdw
wnwppkpp b YndyEjunwynpngubpp, npnup Swnwynipyut wykh jupd dudljn
niukl [15]: Ukp ophtwlnid ghunnwplynn npuwtubnpduwnnph JEpupbpju) wnljw
El hinlywy wdjuyubkpp.

Swnuympjul inpdwnhfught dudknp 7, 25 naph,

plpwghy niwphpp' 7, 20 wwph:

Oquytny Yytkpnhhojuy dbpnnhluyghg b uly. 3-mud ukpiuyugus ughimpik-
phg hwpduplkip wpwiupnpiwinnph swowgnippul thehtt dwdljtnp: Ukpljw-
jugué opnhttwh hudwp dwnwynipyut dudljtnp, wpnwhwnus hwpwpbpw-

T

jwt Jhuynpubpny, nitthv = o= % = 0.8 wupdtpn:
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Ul 3-mud pEpdwé qpudpljutinh dhongny hwoduplyws dumgnpnught sw-
numpjul dudjtnibpp hwpupbpuluwt dhwynpubpny hknbjuju tu. 7, = 0.4,
T=05T =04 Ujuntinhg Uhohlt dbmgnpnuyht dwdknp hwpquplynid E hw-
pupbkpujut dhudnpubpny Swowmpjut dhohtt dudljinh b Swnwynipjub unp-
dwunhyuyhtt dudljinh wpnwugpyung b ukpluyug]ws b wr. 3-nud:

®npdwugbnp Ynnuhg hpujuwiwgyl) £ wputudnpdunnph swhwgnpsdwt
twjunpy 15 mwphubph hntuwhnipjut pinipugpbph b tkpuyhu mEuthjuywuu
Jhdwljh nunidtwuhpnipinit, b tkpuyugusé thnpdughnwlut Eqpuljugnipe-
jmb dke oyl E, np mpubudpnpdwinnph nbkuhjujuntnbuuybu tyunulw-
hwpdwi pwhwgnpsiwi dudltnp Jupny E juqdty 15...20 wuph’ jujojws pupw-
ghy wwhywidwt wuydwuttphg: @npdwugbnh quuhwnwuluip tnyuybu ubkp-
Juyugywsd k wr. 3-nud [16]:

Unginiuwly 3
Ownuynipyul Uhohl diugnppuyhl dwdjbnp ghuhwnmwubabpl puwn puwiwlbbph o
ughlnupbbpp

. Znnkunk- Lwjwnk-
Ne Guwhwndwb Epuuwlukpp J— Puquyhl -

1 Jhdwjugpuwi vkpngny hwyyupydus 98 136 179

Swnwynipyul Uhohtt dwdtwnp, wwph ’ ’ ’

2 | ®npdwgbkwnp quuhwnwlwbp, nwuph 8 14,5 19

Zwpyh wnbbnyd wy. 3-mud ubpiuyugws ndjuutpp, pun ghwhwndw

Ubpnnubph b ugkttwpubph Swrwmpjubt dbugnppuyhtt dudjbnh gqunljwibnt-

pjut dniughwubpp Yniuktwt hbnlyug

1.1

wbkupp (. 4):

P,
1.0 1
0.9 ur(x) ) \\
/

o L\ k®
. 4 \
0.6 / \
505 I PZ \ A
' Swgnunph l \ N
04 — \

Ynpniuwh 7 \
o 7 -
0.2 2 S
0.1 -
— NG

5.0 7.0 9.0 11.0 13.0

19.0

21.0

Swph

Ul 4. Ownugmppul dinugnppuyhl dunlllnh npnovwl wunnlwbhknpyut $niblghwbkpp’
U (x) — hnpdwghnwlwl ghuhwwnwjulh hhtlwl Jpw, pr(x) — dwnuynippul dhohl
dunlljlnp hupjupluwi dkpngh hhdwi Jpw
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buyytu &plunwd E Y. 4-hg, pr(x),pue(x) Inmuyghwitpp hwngnmd tu
P;(13.9;0.96) i P,(12.1;0.49) Yhwbpnud: P; Ykwp nhuljh whpoyph ykpht vwh-
dwtul k b a = P gwijugws Jupuspnid nhuljp puguljuynid t, hulj € Sx< Py
wnhpnypnid nhuljuyhtt hpughdwly £ wnwowtinid:

‘UpJws nhiyph hwdwp ubpujugws nhuljiph hwyyupydw dnnkh dhon-
gny hpuwlubugyus hwoquplibph wpyniapnid phuljh Uksnipyniuh ' Risk=0.81:

Bqpuljugmpini. Upwiljyl) b Eukpquhwdwlwupgh wwppbph thnpowppt-
dwt dkpnnhlw, npp htwpudnpnipinit £ niwhu tugtgul) thnjpwphudwi 4b-
nupkpu) npnodwt juyugdw nhuljp: Oy vhdtnphl) quniyywut $niulghwttpny
ubpuyugdwsd ns hunwly Eqpujugnipmniiubph htn juydws phuljtph quuwhwn-
Uwl pubwdlih Yhpunnipnibp htwpugnpnipnih £ unbndmy’ winwbugn ohuljkph
pwiwluwhtt hwoyqupuub duptdunhjuljut dnnk) b mwuppbph honpwphtdwb
JEpupbkpu) uyugtbint wpynibugbn npnonid:
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Zuyyuwuinwith Zwbpuuybnnipyut hwipuyhtt sSwnuwynipniaitpp jupguynpnn hwtdbw-
dnnny: Umipn ubpuyugyty k adpugpnipinit 17.09.2018:

T.C.THYHMN, I'.JI. KOJIsSIH

ONPEAEJEHHUE OCTATOYHOI'O CPOKA CJIYKBbI 2JIEMEHTOB
SHEPI'OCHUCTEMBI B YCJIOBUAX HEOIIPEAEJITEHHOCTH

Pa3paborana MeToanKa NPHUHATHS PELIEHHUS O 3aMCHE JIEMEHTOB DHEPrOCHUCTEMBI, KOTOpast
JIaeT BO3MOXKHOCTh CHU3UTh PUCK IPHHSATHUS PEIICHUS O 3aMEHE.

Kniouesnvie cnosa: >1eMEHTBl SHEPTOCHCTEMBI, 3aMEHA, IPUHATHE PEIIEHNUS, PUCK, HECHMMET-
pHUHAs rayccoBa (QYHKIHUS.

T.S. GNUNI, G.L. KOLYAN

DEFINING THE ENERGY SYSTEM ELEMENT RESIDUAL SERVICE LIFE
UNDER THE CONDITIONS OF UNCERTAINTY

The methodology of decision making on the energy system element replacement has been
developed, which provides on opportunity to reduce the decision making risk.

Keywords: energy system elements, replacement, decision making, risk, asymmetric gaussian
function.
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Uh pwipp nhypbpnud hyybu dkl, wytwytu | Up pwth dupnudubph oqunwhwihy Yup-
uwyny (OY9) snghququyhtt mknuljuyuuputpnid (CS) tyywwnwlwhwpdwp k jhpuntk] Ju-
nhijhph [pugnighs wypmu ququunnipphiughtt mbnuijuywiiphg (3SS) wpunwbnynn quqtph
dhowuypnud: Mumutwuhpyly Eu TAS-h 0.q.¢.-h Jpu OY-nd Junkihph jpugnighs ugpdwi
wqnplgnipiniup b jpuypdwit oyyinhdwy wunmhgwuh npnodwt Ukpnpuljui hhdptpp:

Unubgpuyhll punkp. onghququihtt nknuljuwywtipibp, Junkihph jpugpnid, obpuw-
1ht wpymibwyknntpeinil, ogunnuwhwuhs jupuw:

Junkihph jpugnighs wypnidp @SS-hg wpnwbknynn quqbph vhowduypnid
(ul.1) htwpuwynpmipinit £ mmwjhu pwpdpugul] OY-md wpunwnpynn gninpont
ulqpiwul wwpudbnppp okpdwunh&uip Ty b uonidp’ po, husugbu tub wyb-
Jugll] npu swuup’ Dy, hush stnphhy Ukdwind E €S- Yuqunid onghwnmpph-
tuyhtt mbnuljuyuph (CSS) hqnpnipniin:

Iy b gt

(]_ Epgiubkpunnp
wh
| Eqblpnpulut e Eunnnnn

ghkhkpujunn

E_llio—

Uy 1. Lpugplundp wpupquignyli ©S-p ufulbdwi (w) b obpdughli ghlyp (1)

OY-nud Junkihph wypnudp, wnwig jpugnighs onh dwnnigdwl, juyntt wyp-
dwt wuydwih hwdwduwyb, htwpwynp t @SS-hg htwnn 100...150°C-hg puipdp
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obpdwunhdwbtipny wpnwibwnynn quqtph hnupmd opuhnhsh pwdwpup Ynb-
ghlinpugiwt nhypmu’ 0, >12...14% (onh wfkignijh gnpswlhgp ay.n>2) [1]: Fwu-
dwbwlulhg @SS-ukph Uts dwuh nhuypnid onh wykignijp wpunwubnynn quqt-
pnud juqunud £ ey, = 3...4, huly obpUwuwnhgwip 450...580°C: Ugny wyungwnny
Junbihph jpuypdwt hwdwp jpugnighs onh dwinnignid sh yywhwugynud:

C3S-h dhwintinmp uppbdw: Cunhwinip wodwdp, Junbihph pugnighs
uypnudp vhwlnunnip oguunwhwithy jupuwibpny CAS-h otipdwjhtt upubduwynid
Jupnn E hpuwiwgyt) ongbnnipphiughtt dwuh qninpont uljqpiiujuts wthnthnpe
yupwdbnpbiph guydwbibpnid jud wignid juwnwpbing unp, wdkh pupdp gqu-
pudbwnpbph: Cngnt tnp uljqpuljut wupudbnpbphtt wightnt nhypmd ongk-
unipphttughtt dwund nbinh k niubkumd piyybu ongnt Swipuuh, wjtybu ) ongk-
unnipphunid gbpdwljdwi thnthnpunipintt, hughtt hwdwywnmwupiwt thnthnpynid
kb U’ GSS-h bikyunpuljwb hqnpmipyntip, b wpnyniu]bnntpyndp:

Cngnt withnthnp uyqpiujutt yupudbwnpbph nbwypnid Junbkihph puyp-
dwl Jhpwndwt sunphhy wybkjuminid £ OY-h onqhwpunwunpnnuljuunipiniup b,
htwnlbwpwp, gninpouyhtt Yntnnniph hqnpnipniup: Cun npnud, nputng wuydwbw-
Unpdws TSS-h ghljjh wpnyniw]bnnt pjul pupdpugnid nknh sh niikinud:

Juwnbkihph jpuypnd ongnt withnthnju ujqpiwjut yupudbnpbph nhupnd
(tgq = const) ywuipnn k juwnwpyt), dwutwynpuybu, T&S-h juqunid iy nhwh
ququunipphtiughtt b gnghwnnipphtiwght mknujuyutpttph wpymbwdbn hb-
wnbgpuwt hwdwp: Ophtwly, wyt nhwypnid, Epp @SS-h wpunwbnynng quqtph obp-
dwyhtt wnnbkughwp pudupup sk TSS-h wpuwnwiiphtt hwdwwywnwupwing ww-
pudbnpbtpny ongnt wthpudbon puwbwlnipniit wpnwnplnt hwdwnp:

OU-nid wpuwnnyny ongnt gbpdwunhguip (ree) hwunmwnnmt dwljupnuljh
Jpu wuwhwwiknt bywwnwlng dkdugynid k okipdwunhfutiughtt kopp OY-h dnin-
pnud, npp njuy hypnid $nibilghw b puypdwh wunh§withg Bp:

Ulqrtwjut withnthnj wwpwdbwnpbph nbypmd gnnpont wpunwnpne-
pjut wnwidbwhwwnlnipnitt wyt E np gninpont swipuuh wybkjugnudp nknh k
niuktunid ny vhuy jpuypdwitt wpyniupnid gbpunipjut (pugnighs pubwlnipyut
Qp Ywunnigdwt hwpypt, wyh 4SS-h wpnwbtnynn quqtpnid ywpnibwlyny
otpunipjui jpugnighs ognnuwhwidwt hknbwupny: dkpohtiu wpnwhwjnynid k
OY-h htnwgnn qugbph ehptwunh&wih wfuqludp (04.2): Uy Yhpy wuws og-
wnwhwthy Jupuugh dnunpnid jpuypdwt hbnbwupny quqbtph okpdwuwnhgwip
pupapugnidp hmighgumd E dhwlntinnmip OY-h mwpwugdwt duljtplnyputph dhol
quqtph otpdwjhtt hnuph wjtyhuh YEpwpwohidwiy, npp tyywuwnnd E, wnwbg hw-
Ukdwinkny jpuypuwt vubkdughtt (Q2y), 9SS-h quqtph gkpuwyhtt wninkughwih
wykh junp oqunnuhwbdwtn:
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2y 0.4
QB
ou

Ul.2. Upunwugpyng ongnt withnihnpn qupwdbnpbph pkypnid dhwiniinnip OY9-nid wknh
nilkgnn phplunpnfuuiilnipint i ypngkullph Q-t phwgpudialpn C2XS-h ujubuyh
plypnid.

1. wpwbg jpuypdwl, 2. O9-hg wnwye Junkihph ipwipdwl oquiugnpédwidy, 9,,-p quqlkph

okplwunpdwil Fipuypilul awppun/npnidilph pinlpg hkwnn, f»-i huduyuninuupnabiinid
E jpuypdwdp OY-p hunfwp pubing dwpdpbbbph yqupudknpbphb

Uyp nhypnid OU-md oqunuhwin]ny ebpunipjul pubwlnipynip’ Qg,{,
Jupkih E ubpuwyugut] hbnlju) nkupny.

Q64 ~ Qbu+ BpQuiu + Gy (g — 1), (1)

npukn Ay, hf .- htinugnn quqbph Fupwwhwibpl ki hwdwyuinwuuwiupup
wnwg [puypdub b jpuypdwi jhpundwdp muppkpulubph nhypnud:

0Y-hg wnwy Junkihph jpupdudp TS-h obpduyht upjubduygh (uly.1) hwy-
Juplh dbpnnp punhwinip phypmd tnytwnhy b wnwig jpuypdub vjubdugh
nuppbpulht: Uwluyt wybyhuh mupph wnuynipju hbnbwupny, htisyhuht £
nuypuuwi vwppwynpnudubph pinlp (LUR), wnlju ki npny wpwbdbwhwwnlynipe-
jniuubp:

OY-ny CAS upjuidwubph hwdwp Junkihph jpugnighs wypdwt wnljuynipe-
jniup b wunhfwp punipugpnn jupbnpuqgny gniguhoubphg dbyp jpuypdwi
wunh&wbb B> npp npnpynid £ OU-hg wnwy jpugnighy wypynn Junkihph otp-
Unipjull Qp hwpwpkpnipjudp 4SS-h wypuwt junig wnpynn Juekihph okpuni-
PIulp Quip-

_%n _ Bp,
Bm—a—a- 2)
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LUP-nud jpuypynn uekihph swhwup By, ¢4 npngynud b puypdwl jugh
hwpdtlohnh hwjwuwpnidhg [2].

Guhyn + Bp(Qi + hy)ip = (G + Bp) 3)

npunkn Gy,—p ququyhtt timipphthg hbwnn quqbtph swut £ 4¢/4/, hqm—]}‘ QSS-hg
htunn quqbtph Eapujyhwi (OY-h jpuypdwt jugh dntnpnid), UL/%q, hm-]}‘ quqtph
Eupuyuyhwt LUR-hg htwnn, U97%¢, hq—]}‘ puypuwi ipynn Junkihph Eupuyuhwul,
U4g Qy-n Jwnkihph wpiwh putynpuljwt wnpht gbpunipimbp, U24g nyp
1nuypuul fugh o.q.q.-:

Lpuypdwi Jhpundwt ghwypnid OU-nd TAS-UEYU-h Likjunpukitpghugh
wpuunpnipjul ppninwnn 0.q.q.-u npnoynid £ hknlbjw) pwtiwdlng.

E E
Len _ NasstNzss |

77695 - QLU/U'(1+:8[]1). (4)

Zwnth k, np $ntuljghuyh wddw wuydwp npu gpujut wowehtt wdwbg-
japt E: EjEjuputubpghuh wpnunpmipjut o.q.q.-h wép, npp npnond £ jpuyp-
dwlb ognnugnpddmt swhwybnmpiniup gkpdughtt wpynitwybnnipyub mkuwlk-
g, nknh §niukiw hbnlyu gquydwth nhypnd.

ang&(ﬁm) > 0 5)
9Bp

Uhwlntnnnip OY9-utipnyg ©3S-UEY-tpnd (puypdwt oqgunugnpédwi wipy-
miuwybnnipyut Jepupkpu) punhwipugdws tqpujugmipniuibp junwpbne
b wnwewpynipnittpn Upwljijnt hwdwp pugniukup, np nipupwiynip jpuypdut
wuwnhdwht B, hudwyuwunwupwind £ oqrnuhwithy jupuwh wnwbdtwhw-
wntl] Junnigusp: Ujuhlipl, bpt tpdws sk jupuwjuljut wgpbquunh hwupdw-
puguuldwt hwinnl] Wuydwhtbp, htwpwynp £ nwppbp B,-ukph hwdwp twpow-
g6t puuljuttht inywjwt whpngphtiwdhjuljut ghdwnpnipjudp thwlntunngp
OUu-ukp: Uy nhwypnid pudupup E Ukl wiqud hwpdh wntbk) wyn phdwunpnipyui
wqnlgnipniup wjt SS-h pumipwqptnh Yypw, nph hhdwt Jpu dbwnpyby k nh-
wnwnlynn onghququyhtt nknuljuwywpp: Lpuypdwt vwppuynpnudubph pinyh hw-
Jbpyu wkpnphttwdhjulwb ghdwnpnipyut wqpbgnipniup @SS-h punipwugpbpp
Jpw whbpwl k:

Ujn nhwpnid, hwpgh wetbing (4) Juuénipniup b (5)-nid juwnwpbing
hudwyuwunwuhiw Abwthnpunipniibpp
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a
mNgSS(ﬁlﬂ) _ Ngss"'NgSS(ﬁlﬁ)
Qupr(1+Bp)  Qupi(1+8,)°

> 0,

%Ngss(ﬁm)'(1+ﬁyz)—(N§ss+Néss(ﬁm))

Qw]u'(l‘*'ﬁm)z

0, (6)

0
@Ngss(ﬁm) (148, - (N555+ Ngss(ﬁm)) >0,

unwbinid Lup (puypdwt oqgunugnpsudwt nhypnid TES-UYEYU-h obpduyhtt wpyni-

twbnmpjut wdh wyuydwp.
aNéSS(ﬂzﬁ) aB[ﬂ aNéSS(B[p) aﬂ[ﬁ .

Junf @)

NosstNEss(Byp) ~ 1By Nigd(Bp) ~ 1+B,

Ujuyhuny, (7)-hg htwnltnid t, np Junbkihph jpuypdwt jhpundwb nhypnid
OY-ny TIS-UEY-h LEjunputubpghuyh wpununpnipjub o0.q.q.-h wd wmknh nith
wy phwypnud, Epp jpuypdwt hbnbwipny €3S-h juqunud TSS-h EEjunpuljub
hgnpmipjut hwpwpbpuljut wdt wybh pwpép E pwb pughwinip wndudp
nbnuljuywp npynn Junkihph jpugnighs putwnipjui hwpupbpulut wép:

TQS-ukph ujubdwubph hwyquplh b gninpont owyinhdw) uljqpuwljutt yw-
pudbtnpbph punpnipjut npnowlh pupgmpmniip Wuydwbwdnpgws L htnbjw-
1ny. dhwlynuwnnip C3S-h OU-nid wpwnwnpynn ongnt swifuup Dy, Jupudws £ npu
wuwpwubwnnpbphg, npnup wqnnud kb bwlb ongEnnipphinid wpfjuwnwbpughi obpu-
wlldwl Hzs Ubdnipjut ypu: Uyn yyuwnmdwnny LUR-hg hinn mupunbuwly obpd-
wunh&wbubphi’ Ty, » htyybu twb gninppnt gipnupugnighsmid’ g b Hyntn-
Uuyqbipmud’ ©; ghplwunh&wbughtt wwppbpnipnibibpht hudwywnwuwbnod
t ghipuiwp ongmt ulqpliului £uodwb nipniyh oupnhdwy wpdtpp pg?t, npp wdmd
k B,,-u wlkjugukihu (uly.3w):

I, 0 Pos Gg;h A B, TS5-h
°C o ) - =0l 0%

160 ! 3
oo TN ¢ I 8 423 ©SS-h cash Y 30
hg ! N /| oaa 0%
A a & A
140 7 N, 6 Lo ! -
B ’ 3 -
// ) A : /4:/
120 < 4 ﬁ !
4 of 415 26
i 0 5 10 Bin, %
100 2
0 5 10 BU‘- Yo
w) P

U3, Zundkdunnupuin guidp o.q.q.-ny 28S-h opplnulmy jpugpiful unnnpdwih wqnkgnipiniin
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Cun npnid, po-h wép htwpuynp £ dhtsh npnpwjh wnwykjugny mpdbpp,
npp npnpynid E dbnwunh wdpnipjut punipwugptpny: @npp hqnpnipjudp TSS-
utph nbwypnud po-h pwpdp wpdbpubphtt wignd Juunwpbp ppunpuhwpnyg k
twl wujdwiwynpjus pnghnnipphih wpwghtt wunh&wbibph wpynbwbn
wphumnwupny: Uy nuuh iinipphitbph hwdwp 9 7w, 550°C Yupgh pupd ongnt
uljqpruiujut ywpudbnpbpp Jupnn b quwhwngl] npybu wnwybjugnyu [3):
Ujuyhuny, po-h b ty-h pupdpugdut hin dkjntn junwpynid & 1.55-h hujuuw-
puswith wg phhmuyy Uhiish po-h wpwn]bjugniyh wpdtphtt huwabkp (A), hishg htwnn
Ness T sh thnpuynmud (uly.3p): OU-h 0.q.q.-i1, npp tnyuwbu wgpnid £ wdpnne TAS-h
swhwytwnnipjull Ypuw, py-h w&ht qnigpipug, puinhwlwewlp, tjugqnud £ wpunw-
npynn gninpont dwhiuh’ Dy bt quqkph hnuph thnpuiwbigus gkpunipyui pinhwinip
puwbwlnipjut jpduindwt hinbwtpny: Uppynitipnid wdnid £ T4~ OYU-h Gipnud:

Qnnpont wupwdbnptph wnwykjugnyu wpdtpubtpht (9 U, 550°C) huu-
tknig htnn B,-h Ukdwugnudp hwbgkgunud £ OU-h gninppnt gkpunwpugnighsh
wnup sSuypht ohpdwunhg&wtiughtt mwppipnipjut wdht: Pusybu ybpp todty k(4. 2),
wtthnthnpu ©;-h wuydwbubpnid Dy swhiuh wybjugdwt hknmbwupny tdugnid E
OY-hg hknn hkpwgnn qugkph ehpUwunhgwbp’ Thg b pupdputinid 1o5-n: Zklg
htnwigny quqtph obpunipjut wykjh junp ogrnuwhwudwi nt OY-h 0.q.q.-h pupd-
puguwil ptinphhy £ €AS-h 0.9.q.-h Yupujwsnipyniip swpniiwlnid wgk] gnpstw-
Jwunpkt sthnjubiny hp punypp twb CSS-h ghlyjh wrwybjugniyyt wpynibwdbunne-
pjut hwutikjnig htwn (uly.3p):

OY-h guwbpobpdmunhdwiughtt mupwgdwm dwljbkplinypubph Ynnnghugh
Juupupgljdwt yuydwihg bjuny T,ZT;i" poyunntih tJuqugnyt wpdtpht hwu-
tkjhu (B) wpynitwtnmpjut htinwqu pupdpugnudp punupmd & B,,-h hwgnp-
nnn wény wuydwiwynpyws hudwlgyus ghljh phwpnipjut uqkgnidp GSS-nud
b OU-mud wpynibwybnnipjut pupdpugdut quowptbph pauguljumpjut yuy-
dwbtbpmd hwighgunid £ ©QS-h 0.q.q.-h qqujh Ypdundwt (uly.3p):

Swipplp @SS-utiph yupuqunid OY-md Junkihph jpuypdut wunhduth
dbkdwgdwt htinbwupny vhwlnnnip T&S-h obpduyhtt wpynitwytnnipjut thn-
thnjunipjub punypep dhwidwi sk (u.4): Ljwupnud punhwn gstpny hwenpnwpuip
wJws k wpynitwdbnnipjut pupdpugdut Jipht oidp €AS-h Juquh dke dining
CSS-h b OU-h hwdwnp:

Zudbdwnwpup gusp 0.q.q.-ny ¥SS-ukph nhwpnud, ophiwl] MS5001PA
(General Electric) b I'T2-25Y ([Intuwuwnwi), OY-nd jpwypynn Junkihph pwbw-
Ynipnitt wdkjugubjhu dhtsh T,;_’;i” -t hwutbnt wwhp hwigkgunud £ TQS-p
wpynibwdbnmpjut pupdpugdwt: Hitachi H-25 QSS-h nwypnmid nzq95-h thnthn-
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hunipinit gnpstwjutnpku wnknh sh nmiukund, hull pupdp wpynibwybnnipyudp
ABB GT10-h phypnid B,,-h dkdwgnudp dhwtpwbwlnpkh tjuqkgunid L TS-h
wpynibwy bnnipniun (Wy.4p):

Cgiéxh | MS5001PA CaS-h S
% _Dﬁ’\\( seneral Electric 0a4q,
42 o1 ! % \\ FTY-25119P
M \\ :
I
\ 4 I H—{)———o__,"\
Y
\u‘m_._ GTI10
!
* . o o—o—ol—o/ ABB
I'Te-25v e
! H-25
MJ/A ) Hitachi , \\\
' r
46 ! . Moy

38 0 5 10 15 [

w) )

Ul.4. Swppkp wpnynibudbunipyudp 9SS-akph hpdpny dhwlnbwnip CS-abph o.q.q.-Gkph
thninfunipyul Ypw Junkihph ipuypdul wunpdwlh wqnbgnipnian

CQS-h tplynuwnnip ujubdw: Gphlynuwnnip OU-nd hknwgnn quqbph otp-
Unipjuil junp oginuhwidwt bt 8& Ynunnipnid gninpont wpunwngpnipjui hwpydht
wbnh k niiktunud Tpp-h gudpugnid hgh tuqugnije poyjunpbih hwpqupljw-
jht dwfwppulp phwljui qugh phypnd, npybu ubn, 100..110°C, hul pf<-h
pupdpugnidp sh hwtighginid Ty-h pupdpugdwt b, npyybu hkwnbwtp, OY-h wpy-
nruudbinmpjut luqlui: g gqundwnny tpljyntnnip S&S-h ghypnud AL Ynb-
wnniph gnpnpont uljqptwjut ywpwdbnpbph pupdpugnidp, wyp withnthnh wyuy-
dwtttph ghwypnud, Jhwipwbwlnpku hwighgunid £ €AS-h wpgynibwdbunnipjut
pupdpugdwi’ onghnnipphughlt ghlyh 0.q.q.-h b ongbwnipphth hqnpnipjul
pupdpugdwt oinphhy:

Ujpnithwinkpd, €SS-h hnupuyhtt dwuh wnipgws 7y;-h b Ynunkiuwnnpnid
py~h nEypnid p&*-h pupapugniup hwigkgunid E pipwpdwluwl ypngkuh Jtpy-
twlub Jhinh nbnuowpddwl untun] gnnpont nhpnyp funbudmpjui vy wykih
pupdp wpdtpbpny: Ujuwhuny, pf-h pupdpugnidp Juupmd L Py, yy-u
Noi-tt, huly To-h pupdpugnudp B,-h thnpp wpdtpubph phypnud yuydwbunpjws
E OY-h jpuypdwt jughg htnn quqtph gpdwunhdwuny 7y, b B qninpont qtip-
wnwpugnighsnid okplwunhdwtiught Eoph dkdnipjudp, wykih pupdp B,-h L Ty -h
nhypmd’ dknwunh wdpmpjui pimpwgpbpny: Lpuypmdl hpujubugmd &
nupduwi jughg htwnn quqtph 750...900°C-p sqhipwmquignn obpdwumnh&wtnbnh
wuydwbibpnid Jupuwgh hpwip b wy) wwppbpp sgiwubine hudwp:

dhpnidkup gudp Lupdwl Ynlnniph gninpont updwt pd* wqntgnipinitip
GAS-h wpynitwybinnipjut Jpu: Zhdtwlwt hnuph hbn jpuntdwb npynn 8&
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gninpohtt niith npnowlh wynunkughwyi, b nppwb YEpohtiu pupéan k, wyipwtt wykih
Uk t 8K gninpont okpuwilynidp onglinnipphtimd: Zwdbdwnwpun gusp p§<-h nhw-
pnid AE3-hg htinnn jpwptidwt Y nipynn gninpohtt nith wydkh pupdp obpdwu-
nh&wl, put nnipphuinid Jwuwdp pugupdwljusd hhdbwlwi hnuph nknuljut
otpdwunhgwit k: Uju ghypnid jpuntidwtt wpngntupnid nitinh E ntikunud gnynpone
pughwinip oipdwumhgwh b Bupuwuyhuygh, hywyhu twb putws sngne YEpptiw-
Jwh snpnipjul wunh&with pupdpugnd (4l.5): Zudkdwnwpun pupdp pd4-h nhw-
pnud Junwpymd £ hwlupwlp’ pwnbinudhg htnn hhdbwlwi hnuph obpduunh-
Swip wjuqnud E, huly punupduljdut ypngkuh Jepeujui YEnp nknuowupdynd
E wybih UbS juntwynipyut whpnype: Lwith np 8& qninpont pwbwlnipniup b hgn-
nnipjul wpuugpoipyut fwubtwpwdhup wdbjh gusp b, put AX Yntnniph gn-
Inpontup, GAS-ubkph twhiwgsdwl pupwgpnid npnohy B AKX Yntnniph wupuw-
dbwnptpp, huy 8& Ynunniph yupwdbnpbpt ptnpynud Bo wybybu, np wnipph-
unud Eplynt hnupbph ppountidwt nhypmd npuitg okpdwunhfwtubpp b Eapujuyhw-
ukpp Unun (hukl, b jpwntudbjhu 8& Ynuwnniph gnnpohtt wqpbgnipnit snibtim
hhttwui hnuph wwpwdbnpkph ypu: Ihpnbgjut hpujutugymd Epd<-h o
05%-h hulwyyunwuuwh plnpntpyudp:

BK A BK

P’ > i
8K _ 8K

p"§¢ < p§

X9 <x0<x0

Ll 5. p§%-p wqnkgnipinitip €SS-nmid gnynpont Jkpoluuljul juntunipyul fpuw
Bplyntunnip TAS-nud htinwgnn quqbph okipdwunhfwip OY-hg htnn tjw-

qugnyt dwljwpnulh Jpu E opp jupnjws sk wpununpynn gnnppme gupnudhg:
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Uy yuwndwnny, h nnuppbpnipmit vhwlnbnnip OY-h, wyjunbn httwpwynpni-
pmil sjw pupdpugikim OY-h 0.q.q.-ut Bt wtjugubny, juw dhuyh pnglnnip-
phtughtt dwuh yupwdbnptph b wpynitwybnnipjut pupdpugdwn npnowljh
wuown: Ujut hpugymud t htyybu tmmipphimd wpjuunwipughtt gbpdwitljdwt pupd-
pugdwdp, wjiybu  8& Yntinnipny wpwnwunpynn huwdbdwwnwpwp ns pupdp wn-
nkughwny gninpont dwubwpwduh Ypdundwdp: busytu wpnku gnyg kp vipdky,
B~ pupdpugnudp dvhwinunnip OU-h hwdwp p = const giygpnid tjuqtgunid
ETho-t: Tt tpwtiwmd £, np Ephyntnnip OU-h hwdwp njuy ghypnid inbknh
niibu 8& Yntiinnipnid thnfjuwbigynn obpunipjut putwlnipjut twuqkgnid, uy-
uhtipi' DF*-h ]wqlgnid:

Neas=f (ﬂlp) Iniuljghwutt niuh dkY phijdwt . dhiish ,BZp—h npnpwlh wp-
dtipp qugbiph obpdwunhdwuh w&ht gnigpiipug nknh E niubkunid pupdp Lupdwi
Yntunniph gopnpont swpuh wybkjugnd b TSS-h ghljjh wyqptwjut wuwpwdtnpbph
(&S0 pf®) pupdpugnid, hsp wuydwbwynpnid £ pngbwnnipphtth 0.q.q.-h wkih
wpuq pupdpugdwb mbdynp: Sngm uljqpiwljut wupudbnpbph wnwybjugnyh
wpdbputpht hwutbjhu mbnh £ niubund $ntuyghuygh phljnud, puununnud £ TSS-h
0.q.q.-h w&p npnoynn vhuy DFE-h ifwquwdp, huly TES-h wpmynibu]knntpynip
tjugnid £ wdbih ks hunktuhynmipjudp:

Udthnthlyny  okup, np Junkjhph (puypdwi fhpundwh typunwljuhup-
dwpnipiniip Epyntnnnip OY-ny CAS-ubkiph ujubdwbpnid wnwghtt htppht Yuju-
Jws £ SS-h wpynitwybwnnipnithg b gpu Epnd wopiwwnws quqkph obpdwu-
wnhdwlhg:

Swsp wpynibwybnmpjudp @SS-ubkph hwdwp (Uhsh 30% o.q.q.-n1) Junk-
1hph (puypnudp OU-nud pwhwdbtn £ hpwnk) B,-h nng wnhpnypnid: Uheht dwljwp-
nuih wpynibwdbnmpjudp nknuljuyutputph hwdwp (2SS-h 0.q.q.- 30...33%)
tywnwlwhwpdwp E Juntihph (puyponudp hwugut) dhuygt dhish gninpont pupdnp
wupuwdbnpbpht wbghbint b €SS-h wykjh wpynitwytn ghlhjhtt hwuknt ywhn:
Pupén wpynituybnnipyudp ququhtt nnipphtbph hwdwp (35%-hg wybkih
0.q.q.-nY) Junkjhph guuljugusé jpuypnidp, wjuhtipt TES-h phtwpnipjut tduqt-
gnudp, wmunpununiwnt  nknujujuipnid tiEjunpwtutipghwh wpnunpnipyut
owhwtnmpjut tJuquwi Jpu:

Gqpujugnipiniuttp

1. TAS-mud ASS-hg htwnn wpnwibunn quqbpmd Junbihph jpugnighs ugp-
dwt Jhpundwt bywunwlwhwpdwpnipniup whwnp L npnoyh €3S-h punpyus
upubdugh gninpont yuwpwdbnpbph dwbtpudwut judupluyhtt hwoquplutph htn
Juwulgdws:
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2. Jwnbkjhph (puypdwt ogrnugnpéniup pny) E twjhu pupdpugubky CSS-h
wpnibwybnnipniup b hgnpnipniip, hisybu twb btjugqtgut) hinwgnn qugtph
obpdwunh&wipn Jhwlntnnip OY-h Gpnud, hsp npnowljh wuydwbpnid, Juifu-
Juwsd E ujubdugh hhdtwlwb pununphsubph pumpwqpbphg, jupng £ hwpnigl) plg-
hwunip wodwdp TAS-h 0.q.q.-h npny swthny pupdpugnid:

3. Pwwhu CAS-h hudbdwwnwpwp yupq vhulnunnip ujubdugh thnpjuwpki
wnwyt] juwnwpu Epjyntnmp uubdw punpbihu, wjiybu B 3S-md wdbih wpn-
miuwybn &SS-ukp oquuugnpstijhu OU-nid Junkihph jpuypmd ppujubimgutine
wipniiwy bnnipniip tugnud E:
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P.I'. XAYATPSIH, JI.C. OTAHECSHH, A.I'. XAYATPSH

OCOBEHHOCTHU ONIPEJAEJIEHUS CTEIIEHU JOXKNUT'AHUSA TOIIVIMBA HA
TEIIJIOBBIX 3JIEKTPOCTAHIIUAX KOMBUHUPOBAHHOI'O IUKJIA

B psine cnyuyaeB Ha napora3oBbix ycraHoBkax (III'Y) ¢ kotnom-ytunuzatopom (KVY)
KaK OJIHOTO, TaK U HECKOJIEKHX JTABJICHUH [eIeco00pa3HO MPUMEHEHUE TOTIOHUTEIHHOTO
C)KWTaHWS TOIUIMBA B CPEJE BBIXJIOMHBIX ra30B ra3oTypOMHHOW ycTaHOBKH. McciemoBaHb
BO3JICHCTBUE JOMOJHUTEIILHOTO CXKUTaHus TormBa B KY Ha KO3(QQHIUEHT MOJIE3HOTO
nerctBus [II'Y u MeToauueckre OCHOBHI OIpeIeeH s ONTUMAIbHON CTENEHHU JA0KUTaHusl.

Knroueente cnoea: napora3oBrie YCTAHOBKH, JOKUTAHHUE TOILIMBA, TETIOBAs dPQek-
TUBHOCTB, KOTEN-YTHIIN3ATOP.
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R.G. KHACHATRYAN, L.S. HOVHANNISYAN, A.G. KHACHATRYAN

PECULIARITIES OF DETERMINING THE DEGREE OF SUPPLEMENTARY
FIRING IN COMBINED CYCLE THERMAL POWER PLANTS

In some cases, at combined-cycle (CCGT) power plants with a heat recovery steam
generator (HRSG) of both one and several pressures, it is advisable to use additional fuel
combustion in the environment of exhaust gases of the gas turbine. The effect of burning
additional fuel in the HRSG on the efficiency of the CCGT and the methodological basis
for determining the optimal degree of supplementary firing are investigated.

Keywords: combined-cycle gas turbine, duct firing, thermal efficiency, heat recovery
steam generator.
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YK 621.319.4 IJIEKTPOTEXHUKA

I1.0. XAYATPSH, JI.A. BAPJJAHSH

HNCCIEJOBAHUE KOHAEHCATOPOB C KOMBUHUPOBAHHBIMH
OBKJIAJIKAMH U BOJSTHBIM OXJIA’KAEHUEM

Hcenenytorest CeKIMU KOHCHCATOPOB C TOJUIPONUICHOBBIM JTHAICKTPUKOM M KOM-
OMHHPOBaHHBIMU OOKJIAJIKAMU, OXJIAXKIAEMBIMHU C MTOMOIIBIO IBYX 3MEEBHUKOB, MPHUIASHHBIX
K TOpIly makera cekimii. [loka3zaHo, 4TO B pe3y/ibTare MPUMEHEHHs IOJHIIPOIMICHOBOIO
JIUBJICKTPUKA, 00TAIal0IIero MajibIM TAHTCHCOM YTJIa TUICKTPHICCKHIX MOTEPh, U BOASHOTO
OXJIXK/ICHUSI C TIOMOILBIO IBYX 3MEEBHKOB yIAeTCsl YBEIMUUTh YaCTOTy KOHJEHcATopa 10
100 [y u BbIIIIE.

Knrouesvie cnosa: xoHICHCATOP, KOMOMHUPOBAHHBIC OOKIIAKH, MTOJIAIPOIICHOBBII
JIMAJIEKTPUK, OXJIAXK/AFOIINE 3MECBUKH, YaCTOTA, MAJIbIC JAUIICKTPHUYCCKUE MMOTEPH, BHICO-
Kas AJIEKTPUYECKast IPOYHOCTH, OOJIBIION CPOK CITYKOBI.

Beenenue. Co3nanve OBICTPOJCHCTBYIONINX TUPUCTOPOB C MAIBIMU BpeMe-
HaMU BOCCTAaHOBJICHHSI CBOMCTB IO3BOJIIET B HACTOSAIIEE BPEMS YBEIMUYUTH YaCTOTY
koMmmyTaruit 10 100 x/y 1 BbIIe. ITO CTAI0 BOBMOXHBIM C MOMOIIBIO KOHJEHCA-
TOPOB C KOMOWHHPOBAHHBIMH OOKJIaJKaMH, OXJIAXKJIAEMBIMH C TIOMOIIBIO JBYX
3MEEBHKOB, IpU HaM4uu nosmmponwieHoBoi twieHku (I1I1). [Tpumenenue komOu-
HUPOBAHHBIX OOKJIAJOK M3 (POJBTU U JBYCTOPOHHEH METaNIM3MPOBAHHON Oymaru
MO3BOJISIET COYETATh BCE MOJIOKUTEIBHBIC Ka4eCTBa OYMaKHO-(OJIbIOBBIX KOHJICH-
CaTOpPOB W JBYCTOPOHHEW METa/UNIM3UPOBAHHOW OyMaru, SBISIOLICIHCS OJTHOBpE-
MEHHO (PUTHIIEM JIJIsl KAYeCTBEHHOW TIPOUTKH.

B Hacrosiimee BpeMsi THPUCTOPHBIC Peo0pa30BaTeNH IMPOKO UCTIONB3YIOTCS B
ANEKTPOTPAHCIIOPTE, IMO3TOMY YBEIMYCHHE YJIEIBHBIX XapaKTePUCTHK KOHJEHCa-
TOpa TO3BOJISET YIIYUIIUTh yAeTbHBIE ITapaMeTPhl BCEro Mpeodpa3oBarTesl.

Hapsimy ¢ BbIcOKkMMH MapaMeTpaMH K KOMMYTHPYIOIIAM KOHAEHCATOpam
MIPEIBABISIOTCS 0COOBIE TPeOOBaHUS IO HA/ICKHOCTH, ONPE/IeNIeMbIe TaKXKe CIIe-
U(UKON UX TPUMEHEHUS.

Jnist cymiecTByIOMMX KOHCTPYKIIHIA, TPUMEHSIEMBIX B KOHJECHCATOPOCTPOSHUH,
JIOCTUTHYTBI YPOBEHb yCIBHBIX XapaKTEPHCTUK SBHO HE YIOBJIETBOPSET Tpebo-
BaHUSM, TPEABABISAEMBIM K YACIBHBIM MapaMeTpaM KOMMYTHPYIONINX KOHICHCA-
TOpPOB, MPUMEHSIEMBIX B AJeKTpoTpancrnopre. [loaTtoMy HeoOXoauMb! Gosee coBep-
IICHCTBOBaHHBIE KOHCTPYKIIMHA KOHJCHCATOPOB C NMPHMEHEHHEeM HanOojee Kade-
CTBEHHBIX TUAJICKTPHUKOB.

B nacrosmee Bpemst Har0osiee Ka9eCTBCHHBIM TUAJICKTPUKOM, TIPUMCHSICMBIM B
KoHJeHCcaTopocTpoeHuH, sBisiercs III1, oGmamaromiass BBICOKOW AIIEKTPHUYECKOMN
MMPOYHOCTHIO ¥ MAJIBIM TAHTEHCOM YTJIa TUAIEKTPUIECKHUX ToTeps [1].
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Pesynbrarhl MccienoBaHUI CEKIUI KOHIEHCATOPOB ¢ KOMOMHHPOBAHHBIMU
00KJTaTKaMH ¥ TIOJUTIPOITHIICHOBBIM JTHAJICKTPUKOM TPH HATHYNHU JIBYX OXJIaKIac-
MBIX 3MECBUKOB JAIOT BO3MOKHOCTh YBEJIMYUTH YaCTOTY KOHAeHcaTopoB a0 100 x/y
U BhIIIE [2].

IlocTanoBKa 3a1a4u U 00CY K/IeHUE Pe3yJbTATOB UcceN0BaHusl. BaxxHei-
el XapakTepUCTHUKON KOHAEHCATOPA, OMPEICISIIONIe ero KayecTBO, SBISETCS
TIPEKJIe BCETO €ro dJIeKTpHIeckas MpouHoCTh. M3BecTHO [3,4], 4TO KpaTKOBPEMEH-
Has DJICKTPUUYECKAsl TPOYHOCTH CIOMCTON M3OJIAIMHA 3aBUCUT OT TOKOIPOBOISIIIIX
BKITIOYEHHI B KpaeBoro d¢dexra o0kmanok. OqHako HaIHIue CBOHCTBA CAMOBOCCTA-
HOBJICHHS TIO3BOJIACT MPAKTUICCKH UCKIIOYUTE BIMSHUE TOKOIPOBOSAIINX BKITIO-
YEHUN Ha KPAaTKOBPEMEHHYIO 3JIEKTPUUECKYI0 MPOYHOCTH KOHJEHCATOpa U MpHU-
MEHSITh OJHOCIOWHBIN JUANEKTPUK MUHUMAIIBHO BO3MOXHOM TOJIIIMHBI.

B Hacrosiiei pabote UCCIEayeTCs MoJie Y KpaeB IIOCKOT0 KOHIEHCATOPa C
Y4eTOM TOJIMHBI OOKIIAZIOK U 3aKPYTIICHUS YIIIOB Ha Kpasx 0OKIaIoK [S].

Tepmudeckass CTaOMIBHOCTh KOHCTPYKIIMM KOHACHCATOpAa TPH BBICOKOU
YACTHHON MOITHOCTH 00ECIIeYMBACTCS KaK JIOCTHIKEHHUEM Majoro yria MoTeph, Tak
U YIy4llIEHHEM BHYTPEHHEH TEIUIONPOBOTHOCTH TPHU HAJMYWHU JIBYX OXJIAXKIA0-
ITUX 3MECBUKOB.

VYcinoBrue ONTHMAaTbHOTO BBITONHEHHUS BBICOKOBOJIBTHBIX KOHAEHCATOPOB
3aTaHHON MOIITHOCTH B OTHOIIEHWH MHHHMAJIGHOTO TPEBBITIICHIS HAMPSHKCHHOCTH
AIEKTPUYECKOTO TMOJIs HA KpasX OOKJIAJOK MyTeM pa3OMBKH HA IMOCIIEIOBATEIBHO
COCMHEHHBIE CEKIIMU O0ECIeYrBaeTCs B JTAHHOW KOHCTPYKIIMUA CXEMHBIM pellie-
HUEeM Oe3 JOMOJHUTEIbHBIX BHEIIHUX coequHeHui [6]. Ha puc.]l nokaszan Tojabko
CiIyyail [jist ABYX MOCIEI0OBATENIbHO COCTUHEHHBIX EMKOCTEH.

1 2

(98]

v il zsigizzipigsiin

|
| / |

/
7. 7
[

Puc.1. Cxema namomxu cexyuu HO8020 KOMMYMUPYIOUe20 KOHOeHCamopa ¢
KOMOUHUPOBAHHBIMU OOKIAOKAMU.:
1 - gonveoswvie 0OK1AOKY, 2 - 08YCMOPOHHAL MEMANTUZUPOBAHHAS OYyMaza, 3 — NOIUNponu -

JIeHOBbLI OUINEKMPUK
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Kax BugHO U3 IPUBEACHHON CXEMBI, B TAHHOW KOHCTPYKIUU CEKIIUHA pUMe-
HEHBI: KOMOWHUpPOBaHHBIE OOKIAIKH U3 (pombru 1, IBYCTOPOHHSS METAUTH3HPO-
BaHHas Oymara 2 u oxHociuoiHas [1I1 B kadecTBe muanektpuka 3. [IpakTuyecku
MOJKHO TIOJTyYUTh aHAJIOTHYHYIO CXeMy I TpeX (puc.2), 4eThIpeX, MATu U Oolee
MOCJIeI0BATEIILHO COCMHEHHBIX eMKocTel. Ha puc.2 b, - akTuBHas mupuHa, a Ab -
3aKpanHa KOHJIEHCATOpA.

7

Ab ba ba ba Ab

e —>]

Puc.2. Cxema onsa mpex nociedosamenbHo cOeOUHEHHbIX eMKOCHel

O06acTh MIOCKOTO KOHACHCATOpa ¢ HCOAHOPOAHBIM IIOJIEM Y KpPacB o0OKJI1a-
JOK IIPEACTABIACTCA CXEMATUYCCKU B BUAC, ITIOKAa3aHHOM Ha pI/IC.3.

.
NG
U=0; ¢=0 11
jd
73 o B 72
Zi 9=T U=Uo X
Z4 d0/2
1
S e S IR NG
do/2
jd
11 U
f 0 > §
t=(1+p)ti=1 =0 t=t
a) 0)

Puc.3. Cxema x pacuemy noas y Kpaeg 00KIa00K NIOCKO20 KOHOEHCAMOPA.:
a - obracmu noas Ha naockocmu Z, 6 - 06nacmy nois Ha 6epxHell NOIYNIOCKocmu t
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HccnenoBanme dmekTpudeckoro nojis mexnay obkmamkamu (I) u (1) BBUOY
CUMMETPUYHOCTH KAPTHHBI TOJSI OTHOCUTENbHO cmioBod ymuuu 0..0 (puc.3)
pemraercss myTeM KOMGOPMHBIX MpeoOpa3oBaHMii C NPUMCHEHHUEM YpaBHEHUS
Kpucroddens-I1IBapra:

Ez _ |1+ 1 x 14y /148

y (D
Eo [a(d0/2d+1)(1iyJ1+ﬁ(1—y2)/a2(d0/2d+1)2)/1—y2]2—1 B

rae E; - HanpsbKeHHOCTh Ha 3aKPYTJICHHOM Kpato oOknanku; Ey = U/d - pabouas
HaNpsHDKEHHOCTDH IOJIS1 B OJHOPOIHON 00JIacTH MO d - TOJNIIKMHA OOKJIAAoK; d -
TOJIILIMHA AUINEKTPUKA, a 4 U Y ONPENeIIAI0TCS TapaMeTpaMH KOHICHCATOPA.

Kak BumHo u3 ypaBHeHus (1), OTHOIIEHHE HANpPsHKEHHOCTEH 3aBUCHT OT
OTHOILICHHS TOJIIMHBI OOKIAMOK K TOJIIMHE AUdJICKTpHKa n = dy/d u paamyca
3aKpYTJIEHUH KPOMOK 0, MAKCUMAJIbHOE 3HAaY€HHE KOTOPOr0 HE MOKET MPEBHIILATh
Pmax = do/2.

[TonyuenHoe BeIpaskeHue (1) CBA3bIBa€T HANPSHKEHHOCTH MOJIS HAa KpParo
oOknanku E; ¢ HanpssKeHHOCTBIO paBHOMEpHOU oOmactu E, 1y cioydas OgHO-
POIHOH cpensl (Cpeda CUUTaeTCsl OAHOPOJHOM, TaK KaK JUIJIEKTPHUUECKUE IPOHU-
LAEMOCTH HOJIMIIPONUIIEHAa M KpEMHUHOPTraHMUYECKOH KUAKOCTH IIPUMEPHO PaBHBI).

3HavueHUs] OTHOLICHHUS HANpPsDKEHHOCTH 3JIEKTPHUYECKOTrO MOJsl Ha 3aKpyr-
JIEHHOM Kpaio 0OKJIaJKM K HaNpsHKEeHHOCTH paBHOMEPHON 00JacTH B 3aBUCUMOCTH
OT MapaMeTpOB KOHJIEHCATOPA PAaCCUUTHIBAINCH C TIOMOILBIO CIENUANbHON Ipor-
pammbl g n = 0,01; 0,1; 1; 10 u cpaBHUBaIUCH C CYIIECTBYIOIIMMH SMIUPU-
YeCKUMH BBIPRKEHUSAMH, TOTYUYeHHBIMH B [3,7]. Pe3ynbTaThl pacueToB NpuBEIeHBI
B Tabu. 1-4, Tae TakKe MPUBEACHBI 3HAUCHUS, paCCUUTaHHbIE 110 [3,7].

Tabnuya 1

Ommnowenue nanpsicennocmu noas E, k nanpsoicennocmu pagrnomepnoui obnacmu noiis
xonOerncamopa npun = 0,01

F T« [ v | & [ uwig ] & | L
2d B E, - (3]

0,01 | 0,010 | 0965 | 0,00000 20,400 202,60 :
0,10 0,011 0,960 0,00003 6,600 63,25 90,00
0,50 | 0,012 | 0850 | 0,00023 3,390 30,40 33,80
1,00 0,014 0,750 0,00061 2,730 23,12 22,70
5,00 0,0188 0,480 0,00211 2,016 14,80 12,30
10,00 0,020 0,377 0,00280 1,880 13,34 10,60
40,00 0,023 0,213 0,00396 1,750 11,55 8,95
100,00 | 0,024 | 0,142 | 0,00434 1,700 11,00 8,50
400,00 0,025 0,070 0,00482 1,670 10,52 8,10
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Tabauya 2

Ommnowenue nanpsicennocmu noas E, k nanpsisicennocmu pagnomepnou obaacmu nons
rxonodencamopa npun = 0,1

B T y @ 1+y/1+p E s[2 41

2d B E, 1,4 -

0,01 0,103 0,998 0,00001 20,00 65,00 65,00
0,10 0,107 0,960 0,00029 6,59 21,00 21,15
0,50 0,124 0,856 0,00253 3,38 10,00 10,20
1,00 0,139 0,767 0,00554 2,70 7,70 7,90
5,00 0,190 | 0,498 | 0,01970 1,99 4,90 5,20
10,00 | 0,210 | 0390 | 0,02690 1,85 4,40 4,70
40,00 0,248 0,220 0,03800 1,72 3,85 4,20
100,00 0,260 0,149 0,04200 1,67 3,67 4,06
400,00 0,273 0,078 0,04600 1,63 3,53 3,90

Tabauya 3

Ommnowenue nanpsiicennocmu noas E, k nanpsisicennocmu pagnomepnou obaacmu nons
Konoencamopa npun = 1

g 4 v do | 1471+ E sfz+n
2d vE Ey 7]
0,01 1,25 0,994 0,00006 20,00 26,90 25,50
0,10 1,31 0,972 0,00173 6,56 8,67 8,34
0,50 1,52 0,889 0,01517 3,32 4,27 4,05
1,00 1,737 0,817 0,03367 2,63 3,30 3,23
5,00 2,70 | 0,588 | 0,13183 1,85 2,17 1,97
10,00 330 | 0485 | 0,19311 1,70 1,93 1,73
40,00 4,64 | 0,307 | 031403 1,52 1,68 1,47
100,00 5,40 0,217 0,37604 1,46 1,59 1,39
400,00 6,28 0,120 1,43668 1,42 1,52 1,32
Tabauya 4

Omnowenue nanpsicennocmu noas E, k nanpsicennocmu pasnomeproii obracmu nons
Konoencamopa npun = 10

B T y @ 1+y/1+p & sl2 41
2d VB Eo — [7]

0,01 35,10 0,985 0,00010 20,19 20,48 21,54
0,10 36,70 0,980 0,00304 6,54 6,63 6,95
0,50 42,93 0,920 0,02663 3,269 3,30 3,55
1,00 49,70 0,867 0,05950 2,560 2,59 2,60
5,00 88,00 0,694 0,24650 1,73 1,74 1,72
10,00 | 122,00 | 0615 | 038034 1,56 1,56 1,53
40,00 | 257,00 |0,0477 | 0,72350 1,34 1,34 133
100,00 439,00 | 0,404 0,98800 1,25 1,25 1,26
400,00 1029,00 | 0,317 1,417 1,15 1,15 1,19
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Kak BumHO U3 TaOIUIl, pe3ysibTaThl MOJYyUYESHHBIX aHATUTHYSCKUX PACUCTOB
XOpPOIIO COTTIACYIOTCS C Pe3yNbTaTaMH PAacYeTOB CYIIECTBYIOIIUX IMITMPHIECKAX
BBIPAKECHUN.

Jlannble, mpuBeneHHbIC B Ta0M. 1-4, MOKa3bIBAIOT, YTO IPU U3MEHEHUH OTHO-
wenns dy/d Ha tpu nopsiaka (n = 0,01 ... 10) Beipakenue 1 + y+/1 + /y+/B npak-
THYECKH HE H3MEHSETCS, MOATOMY MPH HCCIIEMIOBAHUH ONTHMATIbHOCTH dy/d u3
YCIIOBHUS O0eCTIeueHNs] MaKCUMalIbHOW YAEeTbHONH MOIMHOCTH KOHAEHCATOpa BIIHS-
HHUEM 3TOT0 BBIpakeHHs B popmysie (1) MoxHO mpeHeOpedb.

He nonyckast morpemnoctu 6onee 0,3%, IUTst MPakTUYSCKUX 3HAUYCHUI OTHO-
mrernst dy/d = 1 MOKHO yrpoCTUTh BbipaskeHue (1), IpecTaBuB €ro B CIIEAyOIeM

1+4 3[(n+2
Bz = Bo [y (5) @)

roe n = dO /d - OTHOIICHUEC TOJINIHMHBI 061018.)_'{01( K TOJIIIUHE JUIJICKTPUKA.

BHJC:

Omnpenensas 3Ha4YeHHWE OTHOIIEHHUS BBIPAXECHHUS YIEIbHOW pPEaKTUBHOM
MOIITHOCTH KOHJCHCATOpAa W BBIpaXkas 3HAUCHHE E€MKOCTH M aKTHBHOTO 00beMa
4yepe3 TeOMEeTPUIECKIe MapaMeTphl, TSl HAMOTaHHBIX KOHJIEHCATOPOB TOJTYYHM

_ U?wC _ 885Ewe _ 885Efwe

= : A3)

VvV 1+dy/d 1+n

rae V - 00beM KoHeHcaTopa.
IToacrasmsis 3nauenue £y u3 (2) B (3), moaydum

8,85EZwe AE%

- (1+n) (1+4/n2+4n)3/1+(d/p)Z - (1+n)(1+4/n2+4n)-3[(2+n/n)?

A€ w - YrjioBasd 4acToTa, £ - TUDJICKTPUUICCKasd IMPOHUIAEMOCTD, a A- IIOCTOsIHHAsA,

q (4)

paBHas

A = 8,85we.
Hcxons U3 TEXHOIIOTUYECKUX COOOpaKEHHUI M YUUTHIBasi ONTUMAIILHOE 3HA-
YEeHUE ¢, OTHOUICHUE TOJIIWHBI OOKIJIAJOK K TOJIIMHE TUIJICKTPUKA MPUHUMACTCS
paBubIM 1,5 (puc.4).
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Taxum o6pa3oM, B pe3ysibTaTe NPOBEICHHBIX TCOPETHYECKUX MCCICIOBAHMUMI
3JIEKTPHUYECKOTO OIS MeXIY 00KJIaIKaMi KOHIEHCATOPpa, MMEIOLIET0 OIpeIeNICHHYIO
TOJIIIIMHY OOKJIAIOK M 3aKPYyTJIEHUS KPaeB, MOJIyuYeHO HOBOE BhIpaKEHHUE, TI03BOJISIO-
IIee pacCYUTaTh U ONTUMAJIBHO MPOEKTHPOBATh KOHIEHCATOPHI ¢ MMUHHUMAJbHBIM
IPEBBIICHNEM HAIPSKEHHOCTH MOJIS Y KPaeB OOKIIaI0K.

[lokazaHo, 4TO KaK MpsIMOE CJIEACTBHE 3TOM 3aKOHOMEPHOCTH, P MUHHMAJIb-
HOM 33JJaHHOM IIPEBBIIICHUH HANpPsHKEHHOCTH y KpaeB OOKJIalOK KOHAEHcAaTopa
otHouieHueM dy/d = 1,5 monyudaercs MakCUMasbHas YACIbHAS MOIIHOCTb.

BriBoabI

1. TomydueHHbIe OOIINE aHATTUTHUYECKUE BHIPAKEHUS XOPOIIO COTIIACYIOTCS
C CYIICCTBYIOIIMMH B JUTEPATYPE IMIUPUUCCKAMH BBIPAXKCHUSAMHU IS pacdera
MIPEBBIIICHUS HATIPSKCHHOCTH TOJIS Ha KParo OOKIIaIKH.

2. OOHOCHONHBIN NUAIEKTPUK ¢ MUHUMAIBLHO BO3MOXHOM TONIIMHOW MOKHO
MPUMEHSATH 0JIaroaps CBOMCTBY CaMOBOCCTAHOBJICHHS KOHICHCATOpA.

3. Ilpumenenue I1I1 MUHUMAIBHO BO3MOKHOW TOJILMHBI MO3BOJSIET PE3IKO
YBEITUIUTH YACTBHEIC TTapaMeTphl KOHACHCATOpa ¢ KOMOMHHPOBAHHBIMH OOKJIaIKaMH.

4. IlpumeHeHne KOMOMHHUPOBAaHHBIX O0Okianok u [II1 mpu Hamuumu OBYX
OXJTKIAOIINX 3MEEBUKOB JIa€T BO3MOXKHOCTh YBEIMYHTh YacTOTY KOHAEHCATOpa
1o 100 x/'y v BEIIIIE.
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P.H. KHACHATRYAN, L.A. VARDANYAN

INVESTIGATION OF CAPACITORS WITH COMBINED COATINGS
AND WATER COOLING

The sections of capacitors with a polypropylene dielectric and combined coatings
cooled with two coils soldered to the package section are studied. It is shown that by using
a polypropylene dielectric with a small tangent of the dielectric loss angle and water
cooling by means of two coils, it is possible to increase the frequency of the capacitor to
about 100 kHz and higher.

Keywords: capacitor, combined coatings, polypropylene dielectric, cooling coils,
frequency, low dielectric losses, high electric strength, large service life.
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USING A HYBRID DISCRIMINATIVE-GENERATIVE MODEL FOR
CLASSIFICATION OF REAL-TIME DATA

Discriminative and generative classification algorithms solve the same type of
problems, but different principles lie under them and each type has their advantages and
drawbacks. Considering that fact, one can infer that it would be nice to have a model which
will derive best properties from each type of algorithm. In this paper, a new and a more
generic hybrid discriminative-generative generic model is proposed. Also, a new hybrid
model structure finding and building an effective algorithm is proposed. We present the
theoretical justification of advantages of the hybrid model over its constituent and previous
algorithms, then perform experiments and compare the results.

Keywords: machine learning, classification, real-time data, generative algorithms,
discriminative algorithms, hybrid model.

Introduction. Data classification is a very common task and is used in many
different spheres of research and industry. In the scope of this work we concentrate
on the classification of real-time data, which has some properties [1]. Due to those
properties, the machine learning model should have some additional properties and
the most important one is that the model should be adaptive. In addition, it is very
common to have missing values in real-time data. For instance, some fields in a
bank’s client’s account can be missing, which will lead to additional difficulties for
the classification task. Also, as the classification system should work in real-time,
it must have high performance. We can infer that the model, which carries out the
classification of the real-time data should be adaptive, able to handle the missing
values, have high performance.

In our previous research, we mainly used neural networks (which are a part
of discriminative algorithms) for the classification of real-time data, after which we
compared them with Bayesian networks (which are a part of generative algorithms)
[2, 3]. Although neural networks outperform all the other algorithms, they have
some drawbacks, such as non-adaptivity, disability to deal with the missing values,
training time resource and time consumption. On the other hand, Bayesian
networks successfully handle those problems [4]. Thus, we can infer that it would
be nice to have a method to combine the positive properties of those two
approaches. Moreover, it would be nice to make the model generic, which will be
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possible to be built over not only just neural networks, but other discriminative
algorithms as well. Considering all the facts mentioned above, in this work, we
propose a literature-based, more generic hybrid discriminative-generative model,
which includes the best properties from each of those algorithms. This work
concentrates only on binary classification tasks and if the data set has more than
two classes, one-vs-all method can be applied [5].

Related works and methodology. In the last several years, there have been
some investigations and proposals on hybrid discriminative-generative models [6-
12]. In literature, the proposed models for the discriminative part, a logistic
regression algorithm has been used and for the generative part naive Bayes, tree-
augmented naive Bayes, linear discriminant analysis algorithms have been used in
different works. Also, different methods for feature distribution among the constituent
algorithms, i.e. constructing the hybrid model, are proposed in each paper.

Although in case of classification both discriminative and generative algorithms
solve similar problems and can be presented as graphs, there are principle differences
between them. In case of classification tasks, discriminative algorithms learn
p(y|x) directly, but generative algorithms learn p(x|y) and p(y), after which they
compute p(y|x) with Bayes theorem [4, 13, 14].

Examples of discriminative algorithms are logistic regression (LR), support
vector machines (SVM), decision trees, random forests, neural networks (NN) etc.
Examples of generative algorithms can be Bayesian networks, in particular naive
Bayes and tree-augmented naive Bayes [14].

The hybrid discriminative-generative model combines those two algorithms
with different principles in one model [12]. A graphical structure of an example of
a hybrid discriminative-generative model (with logistic regression and naive Bayes
models) represented as a Bayesian network is shown in Fig. 1 [12].

P(ClFy, By, ) )

P(E4|C)  P(E|C) P(Ep|C)

Fig. 1. A hybrid logistic regression-naive Bayes model as a Bayesian Network
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In the figure above, node C is the class variable, the other nodes present the
features from the data set. {F;, F, ..., F,,} (which are the parents for the node C) are
feature nodes in the discriminative part (in this example logistic regression), and
{E1, E5, ..., Ep}, (which are the children of the node C) are the feature nodes in the
generative part (in this example naive Bayes). {F;, F,, ..., F,,} U {Eq, E5, ..., E;;, } will
usually be the whole set of features, however it is also possible that some features
be excluded according to some criteria.

On top of it, there is a conditional independence assumption of a hybrid
model, which implies that the features in the discriminative part of the model are
conditionally independent of the features in the generative part of the model, given
the class variable C [12]. Moreover, if naive Bayes is considered in the discriminative
part, then the features in the generative part of the model are mutually conditionally
independent, given C [6, 12]. The first conditional independence assumption
implies that for learning the parameters of the conditional distribution of C, given
the features in the discriminative part, i.e. while computing P(C|Fy, F5, ..., E,), the
features in the generative part are irrelevant. Similarly, for learning the parameters
of the generative part of the hybrid model, the features in the discriminative part
are irrelevant. Thus, standard approaches can be used for separate training of the
discriminative algorithm with {F;, F,, ..., F,} features and for learning the
parameters of the generative algorithm with the {E}, E,, ..., E;, } features. For this
purpose, graphical structures of separate models for logistic regression and naive
Bayes represented as Bayesian networks are shown in Fig. 2 [12].

P(C|Fy,Fy, ..., E) P(E1|C) P(E|0) P(En|C)
a) b)

Fig. 2. A logistic regression (a) and naive Bayes (b) models as Bayesian Networks

As it is shown in Fig. 2-a, the output of the logistic regression model is the
posterior probability of the class C, given the features i.e. P(C|Fy, F,, ..., E,). That
is basically the output of the logistic regression algorithm, which is a real number
in the [0, 1] interval and can be presented as a probability. On the other hand, in
Fig. 2-b, P(C) is the prior probability for the naive Bayes and in the hybrid
discriminative-generative model - the output of the discriminative model (in this
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case logistic regression) serves as the prior probability for the generative model (in
this case naive Bayes). As we extend the generative part and there can be different
algorithms, sometimes the output of an algorithm will not be in the [0,1] interval,
but it can easily be converted to a value in that range.

A hybrid model inherits the best features from both discriminative and
generative models [12]. First, the hybrid model retains the simplicity of its
constituent models [12].

Second, it gives a possibility to handle the missing values [12]. Missing data
are common in real-life datasets. Depending on the amount of the missing data,
they may significantly affect the efficiency and accuracy of classifiers. Simple
methods for handling the missing data are either to delete the instances with the
missing data, or in case of Bayesian networks to impute the missing data, using
expectation-maximization algorithms [12]. Thus, if in the hybrid model’s dataset
there are features with missing values, they can be restricted to the generative part,
because it is able to easily handle the missing values.

Third, naive Bayes is also good for adaptiveness [4]. That means that if in
real-time data there are features that can undergo changes over time, they can be
restricted to the generative part and naive Bayes can handle them.

Forth, the accuracy of a hybrid model is guaranteed to be at least not bad as
the accuracy of constituent algorithms. The reason is simple: if a hybrid model
does not perform well, all the features of the dataset can be sent to one of the
constituent algorithms and it will work as a standalone model and the result will be
as if the algorithms have been run separately.

The model structure finding and building algorithm. Next, we discuss
how such a hybrid discriminative-generative model is built i.e. how dataset features
are distributed among discriminative and generative parts of the hybrid model. It is
very important to have an effective algorithm for rapidly finding a hybrid model
structure, which will have the best accuracy, because otherwise there are total 2P
possibilities (where p is the number of features) of constructing the model, which
for relatively big numbers can be an intractable problem [12]. From the
experimental results, it is obvious that the methods that are presented in different
papers are not always effective. We propose a new algorithm for building a hybrid
model. Moreover, our hybrid model is more generic, because the constituent
discriminative algorithm can be logistic regression, support vector machines,
decision trees, neural networks. In the frames of this work, the constituent
generative algorithm is restricted to the naive Bayes.

The basic idea that lies under our proposed algorithm is the conditional
independence of the features of the naive Bayes. All the features from the dataset
are tested for the conditional independence for the given class C. After that,
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conditionally more independent features are chosen for the naive Bayes part and
the remaining - for the discriminative part. For that purpose, a new hyperparameter
is defined in the model, which is marked a. That hyperparameter is a threshold
value for the conditional independence values which should be tested for all the
features i.e. if the conditional independence (x;, Xj| C) > a for the given i and V j €
[1,p],i # j (where p is the features count), then x; will conditionally be
considered an independent variable of other features and will be included in the
generative part. Here is the pseudocode of the hybrid model structure searching and
building algorithm:

Input: dataset, number of features — p, class variable — C
Output: features for discriminative and generative parts
fori=1top
forj=1top
if (i #])
if (CI(xi, x; | C) <)
break;
if (for loop for j ended without break)
add i feature to the generative part;
add remaining features to the discriminative part;

In the pseudocode, CI(x;, x; | C) is a function, which returns the conditional
independence value for x; and x; for the given class C.

Here arises a question concerning the a hyperparameter tuning. That can be
performed in the process for searching the best structure for the hybrid model. The
pseudocode for that is as follows:

Input: dataset
Output: hybrid model’s the best structure
declare vector testResults;
oa=1;
while (discriminative part is not empty)
{
consructHybridModel();
trainAlgorithms();
testResults <- testHybridModel();
oa=o0/10;
H

decide the best model construction from testResults

In the pseudocode, consructHybridModel() is a function, where the algorithm
from the previous pseudocode is implemented, trainAlgorithms() is a function,
where algorithms in discriminative and generative parts are trained separately on
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the train data, testHybridModel() is a function, where the hybrid model is tested on
the test data and returns the test accuracy (or F; score).

As it can be seen from the pseudocode, the idea of choosing « is simple: at
the beginning « is chosen 1, which means that all the dataset features will be in the
discriminative part. After that, on each iteration, its value is decreased 10 times.
The algorithm runs while the discriminative part is not empty. At the end, the
model with the best test accuracy is chosen.

Experiments and results. The implementation of the described algorithms
and models was carried out in the R language by using bnlearn package [15]. In our
experiments, we compare the accuracy of the hybrid model with that of the
separate constituent algorithms. As a comparison, metric accuracy and F,; score are
chosen for the compatibility with our previous research and studies in literature.
Experiments were done for 18 datasets from the UCI repository [16]. Since not all
the datasets have a structure and properties of real-time or financial data, the
datasets have been chosen, considering the following criteria: binary classification
problem, balanced datasets, financial sphere is a plus. Some datasets were
originally imbalanced and some examples from the major class were removed in
order to keep the dataset balanced. Imbalanced datasets are out of scope of this
work. The conditional independence of the features are calculated through p-value
from the return value of the bnlearn’s ci.tes?() function [15]. The experimental
results are shown in the Table.

Table
Experimental results of accuracy and F; score
Accuracy F, score
Dataset Algorithm Discr. Naive . Discr. Naive .
iame algorithm Bayes Hybrid algorithm Bayes Hybrid
1 2 3 4 5 6 7 8
LR 0.775 0.755 0.795 0.8484 0.8361 0.8628
Nl SVM 0.805 0.755 0.81 0.8745 0.8361 0.8782
Decision Trees 0.785 0.755 0.785 0.8634 0.8361 0.8634
NN 0.735 0.755 0.77 0.8203 0.8361 0.8476
LR 0.9437 0.9388 0.9584 0.882 0.8633 0.9109
Ne2 SVM 0.9462| 0.9388 0.9462 0.8791 0.8633 0.8804
Decision Trees 0.9462| 0.9388 0.9462 0.8817 0.8633 0.8817
NN 0.9559| 0.9388 0.9633 0.9052 0.8633 0.923
LR 0.8913 0.8985 0.9202 0.8648 0.8679 0.9009
Ne3 SVM 0.8623| 0.8985 0.8985 0.8347 0.8679 0.875
Decision Trees 0.8695| 0.8985 0.913 0.8421 0.8679 0.8888
NN 0.8913| 0.8985 0.913 0.8623 0.8679 0.8909
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Continuation of the Table

1 2 3 4 5 6 7 8
LR 0.9714| 0.9785 0.9785 0.9565 0.9684 0.9684

SVM 0.9714| 0.9785 0.9785 0.9565 0.9684 0.9684

Ned Decision Trees 0.9571 0.9785 0.9785 0.9333 0.9684 0.9684
NN 0.9571| 0.9785 0.9928 0.9387 0.9684 0.989

LR 0.989 0.92 0.989 0.9883 0.9126 0.9883

SVM 0.9963 0.92 0.9963 0.9961 0.9126 0.9961

he3 Decision Trees 0.96 0.92 0.9636 0.9568 0.9126 0.9615
NN 0.9921 0.92 0.9921 0.9919 0.9126 0.9919

LR 0.9208| 0.9199 0.9271 0.9304 0.9306 0.9362

SVM 0.938| 0.9199 0.9412 0.9464 0.9306 0.9491

Ne6 Decision Trees 0.8946| 0.9199 0.9271 0.9066 0.9306 0.9352
NN 0.9488 | 0.9199 0.952 0.9543 0.9338 0.9581

LR 0.9523| 0.9047 0.9807 0.9583 0.92 0.9883

Ne7 SVM 0.9642 | 0.9047 0.9642 0.9678 0.92 0.9678
Decision Trees 0.9761 0.9047 0.9761 0.9787 0.92 0.9795

NN 0.9805| 0.9047 0.9856 0.9823 0.92 0.9898

LR 0.8173| 0.8325 0.8325 0.8366 0.8519 0.8519

SVM 0.8443 | 0.8325 0.8483 0.8621 0.8519 0.8654

Nes Decision Trees 0.8408 0.8325 0.8495 0.8445 0.8519 0.8611
NN 0.8665| 0.8325 0.8685 0.874 0.8519 0.8755

LR 0.9803 | 0.9372 0.9803 0.9795 0.9333 0.9795

SVM 0.9921| 0.9372 0.9921 0.9919 0.9333 0.9919

69 Decision Trees 0.9803 | 0.9372 0.9803 0.9794 0.9333 0.9794
NN 0.9921| 0.9372 0.9921 0.9919 0.9333 0.9919

LR 0.9776| 0.9925 0.9925 0.923 0.9756 0.9756

Nel0 SVM 0.985| 0.9925 0.9925 0.9696 0.9756 0.9841
Decision Trees 0.9477| 0.9925 0.9998 0.8679 0.9756 0.9996

NN 0.9776 | 0.9925 0.9925 0.923 0.9756 0.9756

LR 0.9745| 0.9745 0.983 0.9577 0.9577 0.9714

SVM 0.9805| 0.9745 0.983 0.9613 0.9577 0.9714

Netd Decision Trees 0.9915| 0.9745 0.9915 0.9818 0.9577 0.9818
NN 0.9745| 0.9745 0.983 0.9577 0.9577 0.9714

LR 0.975| 0.8625 0.9765 0.9765 0.8717 0.978

SVM 0.9421 0.8625 0.9546 0.9461 0.8717 0.9577

Nel2 Decision Trees 0.9671| 0.8625 0.9715 0.9687 0.8717 0.9703
NN 0.9937 | 0.8625 0.9937 0.9942 0.8717 0.9942

LR 0.9602 0.938 0.9716 0.9545 0.9462 0.9669

Nel3 SVM 0.9545 0.938 0.9545 0.9584 0.9462 0.9584
Decision Trees 0.9752 0.938 0.9793 0.9652 0.9462 0.9805

NN 0.9752 0.938 0.9793 0.9797 0.9462 0.9831

LR 0.9014| 0.9154 0.9295 0.923 0.9333 0.945

Nold SVM 0.9154| 0.9154 0.9154 0.9361 0.9333 0.9361
Decision Trees 0.8873| 0.9154 0.9154 0.9148 0.9333 0.9333

NN 0.9295| 0.9154 0.9577 0.9425 0.9333 0.9647
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Continuation of the Table

1 2 3 4 5 6 7 8
LR 0.878 0.878 0.9268 0.8648 0.8717 0.9189

Nel SVM 0.878 0.878 0.878 0.8648 0.8717 0.8717
Decision Trees 0.878 0.878 0.9268 0.8571 0.8717 0.9189

NN 0.8666 0.878 0.9024 0.8888 0.8717 0.8888

LR 0.8333 0.7962 0.9074 0.8941 0.8607 0.9397

Nel6 SVM 0.8703 | 0.7962 0.9074 0.9195 0.8607 0.9411
Decision Trees 0.8518| 0.7962 0.8888 0.909 0.8607 0.9285

NN 0.7777| 0.7962 0.8703 0.8695 0.8607 0.9176

LR 0.8333| 0.7962 0.9074 0.8941 0.8607 0.9397

SVM 0.8703 | 0.7962 0.9074 0.9195 0.8607 0.9411

Nel7 Decision Trees 0.8518| 0.7962 0.8888 0.909 0.8607 0.9285
NN 0.7777| 0.7962 0.8703 0.8695 0.8607 0.9176

LR 0.691| 0.7471 0.7528 0.6994 0.7668 0.7731

Ne 18 SVM 0.7359 | 0.7471 0.7696 0.7486 0.7668 0.7918
Decision Trees 0.6292| 0.7471 0.7584 0.6117 0.7668 0.7794

NN 0.7191 0.7471 0.7584 0.7159 0.7668 0.7794

As we can see from the results, the hybrid model almost always has a higher
accuracy and, in some cases, is equal to its constituent algorithm. Also, there is an
interesting pattern - discriminative algorithm works better if the number of features
is not large.

Moreover, by raising the accuracy of predictions, we do not harm the
training performance. The reason is, each constituent algorithm gets fewer features
and the training time is less. Moreover, trainings of the constituent algorithms can
be performed in parallel, e.g. in different threads.

Conclusion. In this work, we have presented a literature based, more generic
hybrid discriminative-generative model and a new method for finding an effective
model structure. We have introduced the theoretical and practical justification of the
efficiency of our proposed approaches. The proposed hybrid model almost always
has a higher, and in some cases the same accuracy as its constituent algorithms. Also,
the model building-training performance is not worse than its constituent algorithms -
training performance. The drawback of the proposed method is the additional
hyperparameter o, which should be tuned during the training.
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ZbRACPYUSHL ThUUCPURLUSPY-AGLEIUSPY, UNYGLE 02SUSRNONRUL
bPrUuUv dUUULUYE SYSULLECP YU UTUUCRUUL 20U

Twuwupguuwt ghuljphdhtiwnhy b ghubpuinpy wygnphpdubpp nisnud Bu uny
wnbkuwlh punhptbp, vwfuyt tpwig hhupnid twppbp uygpniupubp i puws, b wyn wign-
nhpdutphg jpipupwigniptt nith hp wowybnipniuttn ot phpnipniabbpp: Zwoyh we-
Ul wyy hwbqudwipp Jupkih b kqpujugly, np tywinwwhwupdwp Yhibkp mukig
hus-np Unnk), npp Ydwnwughp wyn wignphpdubph wkuwlubphg mupupwbsniph ppulju
hwnlnipjniuutpp: Unwewplynid t unp phulphdhtiwnpy-qiutpunhy punhwipugdus
hhpphn dnpby: Unwewplynid k twbt hhpphnughtt Unpbh junnigyusph thunpdwb b uw-
pnigdwt tnp wignphpd: Sktuwfwunptt hhdtwynpynwd E hhpphguyhtt Unpbjh wnwybjnt-
piniul hp punugnighs wignphpdutph hwdbdwwn, nphg htnn junwpdnud Bu hnpdbp, b
hudbdwwnynd B wpnyniupubpp:

Unubgpuyhlr prunkp. dbpkiupuljut mumgnd, nuuwlupgmd, hpuljub dudwbuljh
ufjuribip, gkibpunpn] wignphputtp, nhulphuhtwnhy wignphpdttp, hhpphgught unnby:

H.O. ABPOSIH, C.K. MOPAJI

UCNOJb30BAHUE TMBPUTHOM TUCKPUMUHAITMOHHO-
TEHEPATUBHOM MOJIEJIA JIJISI KIACCU®UKAIIMA JAHHBIX
PEAJIBHOI'O BPEMEHH

JIMcKprMUHAIMOHHBIE ¥ T€HEPATUBHBIC aITOPUTMBI KIaCCH(HUKAIINY PEIIaloT OTHU
U T€ ke MPOOIIEMBI, HO B UX OCHOBE JIS)KAT pa3HbIC MPUHIIHITEI, U KaXKIBIH M3 3TUX aITOPHT-
MOB UMEET CBOH MPEUMYIIECTBA M HEJOCTATKH. Y YUTHIBAsA 3TOT (PaKT, MOKHO CIeNaTh BBI-
BOJI, UTO II€I€CO00pa3HO UMETh MOJIENb, KOTOpasi Oy/IeT HAacJe[0BaTh JIydIlIne CBOMCTBA KaX-
JIOTO U3 JITOPUTMOB. B aHHOW cTaThe Ha OCHOBE JMTEPATypHOro 0030pa Mpeasaraercs
HOBasi THOpHUIHAS JUCKPUMHHAIIMOHHO-TEHEpATHBHAS 00mIast Mojienb. Pa3paboTaH HOBBIH
AITOPUTM TOUCKA U TIOCTPOEHUsS] THOpHUIHON Mozenu. JJaHo TeopeTHueckoe 000CHOBaHHE
NPEUMYILECTB I'MOPUIHON MOJENHM HaJ| €€ COCTaBISIOIIMME anroputMamiu. [IpoBeneHs
9KCIIEPUMEHTHI U NIPEACTABIEHBI CPABHUTENIBHBIE PE3YJILTATHL.

Knroueewte cnosa: MammaHOe 00ydeHHe, KIacCH(UKAIW, JaHHBIE PeabHOTO Bpe-
MEHH, TeHEPaTUBHBIE aJITOPUTMBI, TUCKPUMHUHAIMOHHBIE AITOPUTMBL, THOPUIHAS MOICI.
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A.E. YESAYAN
MODELING OF ELECTROSTATICS AND DRAIN CURRENT SOI FinFET

An analytical expression is obtained for 2D electrostatic potential in Tri-Gate SOI
FinFET in weak and moderate inversion regimes. The obtained solution allows to calculate
the threshold voltage with great accuracy. Further, a simple model is proposed to calculate
the drain current. The calculations are performed considering silicon thicknesses from 10 nm
to 60 nm and channel length down to 25 nm. The model is validated with numerical
simulations, and good accuracy is obtained.

Keywords: SOI FInFET, MOSFET, undoped body, Tri-gate FET, threshold voltage,
potential model.

Introduction. Multi-gate devices such as Double Gate (DG) or Tri-Gate
(TG) MOSFETs are attractive alternatives of planar MOSFETs. The multi-gate
control of the channel highly suppressed the short channel effects [1-4]. Another
example of the DG structure is the thin film in-plane gate FETs, where the
electrostatics of two-dimensional system dominate. Such electrostatic problems in
2D systems are well interpreted in [5]. Besides, the Fin-shaped Field Effect
Transistors (FinFET) have excellent compatibility with existing CMOS fabrication
technology [2-4]. The experimental and simulation results show that the TG
FinFET dimensions are more flexible and relaxed compared to single-gate or DG
devices. To avoid the doping challenges and the implied threshold voltage
variations, the undoped body is the proper choice for these structures [6-9].
Analytical models of the electrostatics are extremely important in guiding the
device design and in providing physical insights of the device behaviour. There are
already several published analytical works on TG FETs [10-13]. However, the
accurate analytical modeling of TG FinFETs is rather challenging. A. Kloes et al
have developed an analytical, structure oriented model for the potential barrier in
undoped TG FinFETs, which inherently includes short channel and corner effects
[10]. However they neglect mobile charge term in sub-threshold regime, and this
makes the potential solution less accurate, since the mobile charge will affect the
electrostatic performance in near-threshold regime whereas the corner effects are
not essential for undoped body [7-9]. The mobile charge term in weak inversion
was neglected also in [11]. The mobile charge was accounted in the model
suggested by El Hamid et al [12] but they simply assume the parabolic decay for
the potential along the vertical direction (from top gate to bottom), and by defining
the parameters from boundary conditions expand the solution of DG FET to TG.
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An analytical compact model for the threshold voltage of TG FinFETs is presented
in [13], however the dependence on top oxide thickness is not included in the
model. The generalized threshold analyses is provided in [6] valid only for an ultra-
thin body.

In this paper, we present a potential-based semi-analytical model for TG SOI
FinFET which is valid for large range of structural parameters. The presented
model can be considered also as the generalisation of DG MOSFET model [14].
The 2D Poisson equation is solved in weak inversion including the mobile charge
term. The model is derived for long channel TG SOI FinFET, however it can be
easily be extended to short channel devices based on [15]. The silicon body
thickness and height are considered to be greater than thermal de Broglie wave
length (which is about 8 nm for Si [16]), thus the quantum effects can be neglected.
The extensive validation of analytical model with numerical simulations shows the
accuracy of the proposed model.

The paper is organized as follows. Section I presents the analytical model for
the electrostatic potential in sub-threshold and moderate inversion. The modeling
of TG FET in strong inversion is presented in Section II. Section III presents the
comparisons with numerical simulations and discussions.

Methodology: Analytical model

1. Weak and moderate inversion. Fig. 1 shows the cross section of the
FinFET structure considered. The silicon fin is of height H, width W, the side
oxides are of thickness #,x size, the top oxide is of thickness Zox 1op-

A
,Ijate Vg E y Lox to
..... » X
: Silicon
i Fin
y
b E > t{),\‘i.\'ide

[o,\;side

Buried Oxide

Fig. 1. Cross section of the TG FinFET structure
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For long channel devices, the impact of the drain voltage in the formation of
sub-threshold current is negligible, thus, for simplicity, in this stage of
development we assume that the source and drain are grounded. All energies are
referred to the Fermi energy of the channel. Top and side gates are at the same
voltage (V3).

We can write the Poisson equation in the silicon fin considering only the
mobile electrondensity:

Poxy) _ q K

72 p(x,y)
="n.e Vr 1
0x? + dy? &i v ’ (M

where ¢ is the electron charge, &; -the silicon permittivity, n; - the silicon intrinsic
carrier density, and Vr- the thermal voltage. For symmetry considerations, (1) can
be solved only for x > 0, with the following boundary conditions (BCs),

(6 w(x,y)) 0 )
0x Jx=0 ’
for the top gate, and for - W /2 < x < W /2, we have:
X d9p(x,y)
Cox_Top (Vg - o(x, 0)) = &si ((pa—);y)y_o ) 3)

where as for the side gate, for —H <y < 0,

% dp(x,y)
Cox.sa (Vg = oW /2,y)) = &5 (P22 ©)

)x=W/2’

where Cox s =€ox/tox side aNd Cox Top=€ox/tox 10p are the capacitances per unit area of
the side and top oxides, respectively; V,'= Vg— dns Where ¢, is the work function
difference between the gate electrodes and intrinsic silicon. Thus, when V, =0 the
potential is zero everywhere in the silicon fin. We also assume that the buried oxide
is thick enough:
d¢ (x,
( P x J’)) =0. (5)
ay y:—H
Let us at first consider the one-dimensional Poisson equation along the y
axis, discarding for a moment the side gates and the dependence on x. Then we
have:
Poy) _ q 2

="neVr 6
ayz i l ’ ( )
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5y lv=—1=0, #(0) = ¢.. (7)

While considering sub-threshold conditions, the potential mostly follows V,,
and varies little in the silicon cross section. For our convenience, we can introduce

o(y) as:
o) =V — o' (y), ®)

where @'(y) is the variation of the potential along the cross section. In sub-
threshold ¢’(y) is smaller than the thermal voltage. We substitute (8) in (6) and
approximate the exponential with the first term of Taylor’s expansion:

*

14
Po(y) _q_ *(y)
(;LyzzanieVT(l—(ov—T) . (9)

The solution of (7) and (9) can be presented in a trigonometric form:

¢ () = (¢, = €) Cos () Sec (%) + C. (10)

where C=Vt and

*

o ——d
b= /fe 2vr, (11)
l

One can expect that the 2D potential in the Fin cross section of the TG FET
has the same profile in the vertical direction as (10) with the only difference that
now parameters C and b are functions of x due to side gates. Therefore, we can
write:

o(x,y) = [(otp (x) + C(x)] Cosh (%) Sech (%x)) —C(x), 12

where @q(x)=p(x,0) is the surface potential at the top interface. Equation (12)
determines the potential distribution in TG SOI MOSFET in the sub-threshold
regime.

Substituting (12) in BC (3), and assuming H > b(x) we obtain:

6510y C)+C(0))

Cox_Top [Vék - ¢tp (x)] .

b(x) =

(13)

It is easy to see that b(x) has the meaning of a screening length along the
vertical direction and is proportional to the top oxide thickness. If we substitute
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(12) for y=—H in (1), (2), and (4), we obtain equations similar to the set of
equations for the DG MOSFET [14], since close to the bottom, the first term in
potential (12) is very small and the top gate is distant. We have:

— ¢pc®
005, —H) = ~C0) = 0pe(3) = 000 ~ 2yt cos ([0 (19

where ¢pg (0) is the central potential of DG MOSFET and can be defined from BC
(4) rewritten for the DG structure.

For the top surface potential we can assume the same profile as we have for
the side surface potential (see eq.(10)):

gotp(x) = gotp(O) +a [Cosh (%) — 1], (15)

where ¢, (0)= ¢(0) (the potential, at the point s in Fig.1), a and S are the functions
of V', W, H, Cox sa, Cox 1op. Parameter a can be obtained from BC (4) as:

a= w Eci . wy - (16)
Cosh(ﬁ)—1+ﬁ COS;_SdSth(ﬁ)

Eq. (5) suggests writing ¢s(0) as the surface potential of DG FET for which
the potential in the center is equal to ¢ (0,—H):

1 (/’tp(o) (0,—H)
0, (0) = V' — C—\/ngiani (e 2V — g 2V ) (17)
ox_Top
where
H
90, ~H) = (0, (0) = 0,5 (0)) Sech (5155 + 25 (O). (18)

Substituting (12) and (15) into Poisson eq. (1) and setting y = 0, x=W/2, we
obtain an equation for £:

A A A A3 (A1)
—y/(1+—‘”+ V>+ﬁz" + Vz(ﬂ ) =0, (19)
T Vs Y (i) (agagrap )
Cox_Top B CeTEV SR
where y= %niexp (%:’/2)) , A= gotp(O) = 0pcW/2), Ay =V — (ptp(O) ,
Ag=1+—21—
’B + Bcoxfsd
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Eq. (19) is a cubic equation with respect to £ only one solution of which has
physical meaning. The solution is presented in the Appendix. This procedure to
substitute the approximate solution (12) into the Poisson equation (1) to define the
parameter £ makes the derived potential model more accurate.

Thus according to our TG FinFET model, the 2D potential in sub-threshold
and near-threshold regimes is given by (12), with parameters defined from (13) - (19).

2. Strong inversion regime. At strong inversion regime, the screening of the
mobile charge is so effective that the total mobile charge of TG FinFET can be
computed as the sum of the charge induced on the sides of 2- DG FinFETs: a DG
FET with silicon thickness # and of width A and (i.e., discarding the effect of the
top gate), let’s call it as “DGy”, plus the charge induced under the top gate
computed as the half charge of a DG FET of width W and silicon thickness H(i.e.,
discarding the effect of the side gates), we will call it “DG-".

The “2-DG model” will allow to use any of compact charge - based models
derived for DG devices, e.g. [15], to compute the output characteristics of TG Fin
FET in strong inversion. Due to this “2-DG model” the drain current will be
sensitive not only to side oxide variations but also to the top oxide thickness which,
in general, can be different from the side oxide thickness.

Results and discussion. To validate the derived model we compare
analytical calculations with 2D TCAD simulations [17]. In Fig. 2 we compare the
results derived from our potential model presented in Section 2 (let us call it “TG
model”) with numerical simulations (NS).The potential is plotted as a function of
the gate voltage for four different positions (o,s,b,d) in the Fin (indicated in Fig.1),
for different values of W(16 nm and 60 nm). It is seen that the proposed potential
model well works in sub-shold and in moderate inversion regimes, whereas in the
strong inversion regime, the mismatch is evident since the potential in position “o0”
saturates and therefore (9) is not applicable. The excellent agreement between the
model and NS for the potential at point “s” makes evident the accuracy of DG-
assumption. As it was expected, in moderate inversion the highest potential is at
the corner (point “d”) which mainly defines the threshold voltage and is
responsible for its divergence from DG case.
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Fig. 2. Potential versus gate voltage at different points of silicon body for two structures
with widths: W=16 nm (a) and W=60 nm (b)

From the TG model it is possible to extract the threshold voltage in a very
precise way, for a broad range of H/W ratios and for a different side and top oxide
thicknesses, as shown in Fig. 3. As can be seen, the maximal error with respect to
threshold voltage calculated in the same way from numerical simulations is about 3
mV. In Fig.4 the charge calculated from these models is compared with numerical
simulations for four different structures. As can be seen in Fig. 4, the TG model
well predicts the charge in sub-threshold and near-threshold regimes, and therefore
is good also for extracting the threshold voltage. In the linear region the drain
current is proportional to the charge in the channel, and thus the threshold voltage
is defined here as the gate voltage for which the third derivative of the charge as a
function of the gate voltage is zero.

Up to this point we have been considering a long channel, however the
simple implementation of the 2-DG model allows to use the model developed for
ultra scalled DG FinFET [15] and to calculate the drain current in short TG
FinFET. Due to implementation of the 2-DG model the drain current is sensitive
not only to the side oxides’ thickness but also to the top oxides’ thickness. In Fig. 5
are illustrated the calculations for TG FinFET with 25 nm channel length and 10
nm silicon thickness and height. The analytical calculations are compared with 3D
TCAD simulations performed in Sentaurus platform. As it is seen, the agreement is
quite good.
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Fig. 3. Threshold voltage data calculated from TG model and numerical simulations (NS)
for structures with different top oxide thickness to wp (a) and for different silicon width W (b)
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Fig.4. Mobile charge density calculated  Fig.5. Drain current calculated using 2-DG

from TG model in sub-threshold and
weak inversion regimes

approach for 25 nm Tri-gate FinFET. Lines:

analytical model, symbols: 3D numerical

simulations with Sentaurus Synopsys

Conclusion. In this paper an analytical expression of two-dimensional
potential in undoped TG FinFET is derived applicable in sub-threshold and in

moderate inversion conditions. On the basis of the derived potential model, the
threshold voltage of the device is estimated with high precision. Further, to model
the charge in strong inversion, a model of 2-DG FinFETs is proposed. The

proposed 2-DG model is very sensitive to the device parameters, including the top
oxide thickness, and imply to extend the DG drain current model for short channel
devices to TG FinFET.
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Appendix

Solution of (19)
1 B, 2"«(B’+3B,-B) 4

B 3B

3

BD

+=
3B, 4, 2" .38, , where

1/3
A, = ( A+ \/4(322 +3B,-B) + 4, ) , 4, =-2B -27B’D,-9B,B,B, |

D, :—W(H%ﬂv)(wﬂq)), B = CgS' V/'[A(p'z[l'f‘?/—(pj'i"AV(l'f’Z;—@JJ ,

T r T

ox_Top

2 2
AR C, ) _ &
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U.E. BUUSUL

ELBUSCUUSUShUUSP G4, GLRUSHL 2NUULLE UNTELUANCNRULC SOI
FinFET-NRU

Uunwugyl E wiwhwnhl wpunwhwjnnpenit Epjsut HEjnpuunwnhl ynnkughwih
hwdwp Enwljh thwljwny SOI FinFET-nid: Unwgyws (nisnudp htwpwynpnipinih £ iwhu
&ogqpuinplt hwoquplty sbduyghtt jupnudp: Unwewplyws b Ejpuyhtt hnuwuph hwyqupyh
wupq Udnpbp: Zwpduplubpp junwpgus bu 10-60 Zhwunnipjudp b 25 & pljupnipyudp
uhjhghniduyhtt ninbunwph hwdwp: Ubwihnhl dngbp hwdbdwndt) E pyuyghtt hwpduply-
ubkph htiwn, b gnyg k npyt) Unpbijh pupdp £ogpunnipiniin:

Unwagpuypl punkp. SOI FInFET, UOU 1S, s1highpdwé nintinwp, tnwlh thuljuung
1S, obduyht jupnid, wninkughwjuyht Unpky:
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A.D. ECASIH

MOJAEJNPOBAHMUE JJIEKTPOCTATHUKHA U BBIXOJJHOT'O TOKA
SOI FinFET

[MTonyueHo aHANUTHYECKOE BBIPAKEHHE ISl JBYMEPHOTO 3JIEKTPOCTaTHYECKOTO I10-
ternuana B Tpex3arBopHoM SOI FinFET npu crnaboit u ymepernHo# nasepcuu. [lomydenHoe
PEHICHUC TTO3BOJIACT C BBICOKOH TOUYHOCTBIO BBHIUYHUCIHTH IMOPOTOBOC HAIIPSAKCHUC. Hpezma—
raercst npocTasi MOJENb JUIsl pacyera ToKa. PacueTsl BBINOJIHEHBI U1l KAHAJIOB TOMIMHOM OT 10
710 60 nyv 1 [UIMHON 10 25 Hm. AHamUTHYECKast MOJIENb IPOBEpEHa C IIOMOIIBIO YUCIIEHHOTO
MOJIETTMPOBAHMS, U TIOJTyYEHA XOPOIIasi TOYHOCTb.

Knrouesvte cnosa: SOI FinFET, MOSFET, HenerupoBaHHBIN KaHaJ, TPEX3aTBOP-
sbiil FET, noporoBoe HanpsbkeHUe, MOJEIb MOTEHLIAaa.
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H.V. ABRAHAMYAN

A HYBRID PLANAR INVERTED-F SPIRAL ANTENNA FOR IN-BODY
WIRELESS AREA NETWORKS

Nowadays, in hyperthermia and biotelemetry, antennas implanted in a human are
widely used. A number of numerical analyses and measurement setups should be evaluated
in order to make practical use of antennas inside a human body, the resonance
characteristics of the implanted antennas and their radiation signature outside the body.
What most important is: antennas should be designed with an in-depth consideration given
to its surrounding environment. A wireless body area network (WBAN) consists of nodes
that communicate wirelessly and are located on or in the body of a person. One should have
a good command of propagation loss within a human body for the development of WBAN
for implants within a human body. The human body is a lossy medium hence a considerable
attenuation of the waves, traveling from the transmitter to the receiver takes place.

In this paper, a hybrid planar inverted-F spiral antenna of 8 x 8 x 3 mm? is presented
for the in-body operation in the 402...405 MHz Medical Implant Communication Service
band. The antenna has a two-layer structure, involving a substrate and a superstrate. For
reasons of compatibility with the human body, it is covered with a biocompatible silicon
layer. When operating in-body, the proposed antenna has about 50 MHz bandwidth when
the return loss (parametr S;;) is -10 dB. The simulated return loss is about -42 dB at 403
MH:z. The calculations are employed in a three-layer model for the human tissues involved.
A prototype was fabricated and measured.

Keywords: Wireless Body Area Network, telemetry system, implantable antenna,
Archimedean spiral antenna, planar-inverted F antenna (PIFA), CST Microwave Studio.

Introduction. The concept of Wireless Body Area Networks (WBAN)
involves modern technology that is promising in bringing health care into quite a
new level of personalization. WBAN systems can easily be installed in medical
environments. A WBAN consists of nodes that communicate wirelessly and can be
located on or in the body of a person [1]. It helps doctors to get data on a patient’s
physiological state, such as temperature, blood pressure, and cardiac rate [2,3].
These physiological data are transferred to remote stations through medical gateway
wireless boards. The gateway nodes are usually connected to the sensor nodes in
the local area network.

It is crucial to understand that this high data rate technology has to be low
power, on the one hand because of the possible close proximity to the body, which yields
exposure issues, on the other hand, because of the limited battery power available.

There are two possible antenna environments in WBANS: in-body and on-
body [4,5]. The in-body systems are especially challenging for several reasons.
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First, the antenna should be designed, taking into consideration the
properties of the body tissue. Factors such as high tissue conductivity, impedance
matching, low power requirements, and biocompatibility play an important role in
the design [6]. Second, the implanted sensor must be able to communicate with
equipment external to the body. This means that the loss in the “body” channel
becomes really crucial. Third, the implanted device should be small, thus the
device must have an integrated antenna.

Some in-body antennas for the MICS band (402...405 MHz) have been
investigated in [7-10]. In these studies, the characteristics of the antennas, such as
input impedance, radiation pattern, and Septic Absorption Rate (SAR) around the
antenna are presented. However, the antennas in these papers are still rather large,
creating problems when they have to be implanted into the human body. For
example, [7] proposes a rather large PIFA to be combined with a cardiac
pacemaker for use in a MITS (Medical Implant Telemetry System). In [8], spiral
and planar inverted-F (PIFA) antennas are presented. A six-layer model has been
used (brain, CSF, Dura, bone, fat, and skin) in the simulations. The size of the
spiral is 40 mm *x 32 mm x 8 mm, and the size of the PIFA is 32 mm %X 24 mm x 8
mm. This is still quite large. In [9], a dual band serpentine antenna, operating both
in the MICS and ISM frequency bands is presented. The antenna is to be implanted
under the skin. Its size is 22.5 mm x 22.5 mm x 2.5 mm. The realized gain of the
antenna is -30 dB for a human skin thickness of 4 mm. In [10], two types of
antennae, a spiral and a serpentine, are presented. Both antennae are of the size
26.6 mm x 16.8 mm x 6 mm. For a depth of 14 mm below the skin surface, the
realized gains are -35 dB and -43 dB, respectively. Although there are also
proposals for smaller implantable antennas, they are designed for the higher
frequency bands [11-21]. An overview of the state-of-the-art on implantable
antennae, together with their main characteristics, is given in Table 1.

Antenna design. The new type of Hybrid Planar Inverted-F Spiral Antenna
for the MICS frequency band is presented in Fig. 1. It is based on a 2-arm
Archimedean spiral antenna. This antenna type is widely used for its low profile,
high efficiency, circular polarization, stable impedance characteristics, and very
broad band [22,23]. One of the arms is an active element, fed by a probe, and the
other arm is passive. The passive element is connected to the ground with a
shorting pin. This feature is the same as in a Planar Inverted-F Antenna (PIFA). In
order to guarantee biocompatibility, the Rogers RO3210 (¢, = 10.2) material with
1.5 mm thickness has been used. The width of the microstrip line is 0.2 mm. The
maximum radius of the active element 7.y, 4, = 3.45 mm and minimum radius is
Facmin = 1.73 mm. The maximum radius of the passive element is Ipgmax =

= 2.2 mm, and the minimum radius is rpgmin = 0.85 mm. The overall size of the

antenna is 8 mm X 8 mm X 3 mm.
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Overview of the state-of-the-art on impantable antennas

Table 1

Antenna Scope of Substrate and Realized | Depth (mm) | Bandwidth | Min. | Pol Size (mm?) | Size/ky
3 type action (S- Superstrate materials Gain Tissue (GHz) Refl.
g simulation, | name and pemmittivity | (dB) (dB)
3 M-
(4
measurement)
1 2 3 4 5 6 7 8 9 10 11
n Planar S g, =10.0 -30.5 15mm/muscle | 0.402...0.405 [ -40.1 | Linear 39x30x9 0.053
Inverted F
[8] Planar Sand M £, =102 - 0.402..0.405 | -18 | Linear 32x24x8 0.043
Inverted F
Spiral S e, =102 —— 0.402...0405 | -16 | Ellipt. 40x32x8 0.054
[9] | Serpentine Sand M Rogers RO3210, -30 4mm/skin 0.402...0405 | -20 | Linear | 22.5x22.5x25| 0.03
patch g, =10.2
[10] | Microstrip Sand M Macor, &, =3.1 -35 14mm/muscle | 0.402..0405 | -24 | Ellipt. | 26.6x16.8x6 0.036
Spiral
Microstrip Sand M Macor, &, =3.1 43 14mm/muscle | 0.402..0405 | -13 | Linear | 26.6x16.8x6 0.036
Serpentine
[11] Planar S e, =102 15 | - 5...10 -15 | Linear 9x6x2.7 0.225
Antenna
[12] Folded Sand M Glass coating, =235 2mm/ skin 0.951..0956 | -18 | Linear | 20.3x0.8x0.8 | 0.064
Dipole £, =5.0
Wire
[13] | Rectangular S FR4 -35 10mm/ breast 4.11..12 -10 | Linear 20x10x1.5 0.67
patch (Glass Epoxy
Laminates)
[14] Planar SandM | = - — | 3.1..106 -11 | Linear | 31x21.6x1.27 | 1.03
dipole
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Continue of Table 1

1 2 3 4 5 6 7 8 9 10 11
[15] | Slot Dipole Sand M Copper, Nickel, -24 —— 24.24835 | -18 | Linear | 259x85x2.5 | 0.216
Conformal Polyimide,
PDMS
(Polydimethylisiloxan)
[16] Spiral S Quartz - - 2.45+0.05 -16 | Ellipt. 4x2.5x1.1 0.03
[17] | Cavity Slot Sand M g, =217 -26.5 4mm/ skin 2.45+0.05 - Linear 4x2.8x1.6 0.03
52.77
[18] Patch Rogers RT6002 -46.5 S8mm/skin 31.5£0.315 -30 | Linear | 6x5.68x0254 [ 0.63
and fat
[19] | Cavity Slot s | -24 4mm/ skin 2.45=0.05 - Linear | 84x3.2x28 0.07
53.25

[20] Loop S Rogers 6010 -20 -

Antenna 3.1..10.6 -10 | Linear | 10x7.5x1.091 [ 0.23
[21] | Teardrop s | -40 8mm/muscle 3.1..10.6 -10 —— 75x24x24 | 0172

Antenna

Hybrid Sand M Rogers RO3210, -42 26 mm/ 0.402..0.405 | -40 | Linear 8x8x3 0.011

Planar g, =102 muscle, fat
Inverted-F and skin
Spiral

Antenna




Active el Grounding pin

Pasive el

Feed Grounding pin Grounding panel

Fig. 1. Topology of Hybrid Planar Inverted-F Spiral Antenna

Characteristics of the antenna in the body. It is clear that the antenna
parameters have to be evaluated in the presence of the human tissue. Therefore,
during the design, a three layer human model was used [7]. In this model, the
antenna is inserted into a layer of muscle covered with fat and skin, like in the
human body, see Fig. 2.

Table 2

The dielectric permittivities and conductivities of tissues

Material & o
Skin 46.68 0.64 S/m
Fat 5.028 0.045 S/m

Muscle 42.8 0.65 S/m

The thicknesses of the tissues are: skin 2 mm, fat 2 mm, and muscle 30 mm.
The S11 results of the antenna embedded within the three-layer model are
presented in Fig. 3. The dielectric permittivities and conductivities of tissues are
shown in Table 2 for 433 MHz [24].

Simulations have been done with CST Microwave Studio. As seen from Fig.
3, the -10 dB bandwidth is about 50 MHz (400..450 MHz). Fig. 4 shows the
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simulated gain (a) and radiation pattern (b) at 403 MHz. The simulated realized
gain at a depth of 26 mm is -41.4 dB at 403 MHz.

A
SKIN 2 mm
\ 4
A
FAT 12
MUSCLE 1
29)
v
A
hw 4
A
4
\ 4

Fig. 2. Three-layer model for human tissue

0 S-Parameter [Magnitude in dB]
s IS— S— st

W N
20 \\ // |
30 —f
-40 “ ; ; ;

0.3 0.35 0.4 0.45 0.5 0.55 0.6

Frequency / GHz

Fig. 3. Simulated S11 with three-layer model for the human tissue

Analyzing the results in Table 1 with the parameters of implantable antennae,
it becomes evidently clear that there are a number of advantages. As a main
requirement and advantage can be mentioned its small size: the antennae designed
for 402...405 MHz frequency band have relatively big sizes, in the case when our
antenna size is 8x8x3 mm. The simulation was made in a human tissue with 26 mm
depth (muscle fat skin), in this case the antenna’s S;; parameter is 40 dB
(Voltage Standing Wave Ratio- VSWR =1.02).
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Farfield Gain Abs (Phi=90)
farfield (f=0.403) [1]

Phi= 90 Phi=270

30 30

60,/ g\ 60

90— —==—F g0
40

120 - / 120 Frequency = 0.403
- : Main lobe magnitude = -41.4 dB
150 150 . -
180 Main lobe direction = 87.0 deg.
Angular width (3 dB) = 109.9 deg.
Theta / Degree vs. dB Side lobe level = -5.8 dB
a)
Farfield Directivity Abs (Phi=90)
farfield (f=0.403) [1]
0
Phi= 90 30 30 Phi=270

60,/ s N 60

90 : Lz

120 - / 120 Frequency = 0.403
450 g > 150 Main lobe magnitude = -2 dBi
180 Main lobe direction = 87.0 deg.
Angular width (3 dB) = 109.9 deg.
Theta / Degree vs. dBi Side lobe level = -5.8 dB
b)

Fig. 4. Realized gain (a) and radiation pattern (b)

Experimental results. The proposed antenna has been manufactured (see
Fig. 5), and was measured in different environments in order to inspect its
performance. As the antenna is not envisaged to work in an unechoic envirnment,
no measerments were implemented in an unechoic environment.
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Fig. 5. Top side view of the Hybrid Planar Inverted-F Spiral Antenna

The return loss (parametr Si;) simulated and measured in free space is
revealed in Fig. 6 (a). The agreement of the results validates the correctness of
fabrication. Since the body tissue is removed from the model, a strong resonance
appears at 1.895 GHz and 1.956 GHz in simulation and measurement, respectively.
This small difference is due to a) the small tolerances during fabrication, b) the
small inaccuracy of the measurement equipment (an HP 8510C), but mainly ¢) the
influence of the testing cables since the antenna is extremely small compared with
the wavelength.

Oz
-5
%/_ -10
“ —sim. in Fig.2
sk T sim. in muscle
—sim. 25 - mea. in sugar water
_____ mee; ~=--mea. in pork
2005 1 15 2 25 3 %02 04 06 08 1
Fre. (GHz) Fre. (GHz)
a) b)

Fig. 6. Simulated and measured reflection coefficient, (a) in free space, (b) in several
environments mimicking the body

After the free space measurements, the antenna was measured in two
environments that aim at mimicking human tissue (see Fig. 6b). The first one
consists of sugar water with the antenna encapsulated in a small plastic bag. A
disposable cup with about 150 mL sugar water was used and the antenna was
placed 3 cm below the surface of the water. A strong resonance appears at 730
MHz in the measurement. The second environment is a piece of pork with size ca.
5 x 5 x 5 ¢m® with the antenna located in the center. In this situation, the antenna
shows a resonance at about 820 MHz.

348



The differences between the measured results and the simulated results in
Fig. 6b are mainly caused by the fact that it is very difficult to construct a meat
muscle that will have exactly the same material parameters as the human body. It is
known that it is often not possible to realize a measurement in a real human tissue.
That is why, during the measurement period, the used phantom models consider
organic materials equivalent to the human tissue, also using a liquid of water sugar,
water salt, etc. [9-12,17].

The last measurement was the transmission between the proposed spiral
antenna and a reference dipole antenna. The measurement setup is shown in Fig.
7(a), and the results are shown in Fig. 7(b). The environments were the same as
before: sugar water and a piece of pork. The reference dipole antenna was placed
about 40 cm away in the horizontal polarization.

Sprial
]
antenna

Muscle or
sugar water

a)
-20
—pork

-25 o T sugar water
=30 i
g |
< 35 al

] i

n

b
M
fow

200 400 600 800
Fre. (MHz)

b)

Fig. 7. Transmission measurement, (a) measurement setup, (b) the measured result

The maximum transmission coefficient (Sz1) is -25 dB for the sugar water
and -29 dB for the pork around the operating frequency. Although the path loss is
highly due to the loss in the environment, it is clear that the proposed antenna can
still communicate with the dipole antenna.
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Conclusion. In this paper, we have presented a hybrid planar inverted-F
spiral antenna. The proposed antenna can be easily used in-body within the
framework of a WBAN medical telemetry system, because of its small size (8 mm
x 8 mm x 3 mm). The characteristics of the proposed antenna have been
investigated in a three-layer human tissue model (muscle, fat and skin). The
bandwidth is 50 MHz (400...450 MHz).
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2.4, URCUZUUSUL

F Shb PudGrUUU UL UPUCNTESUY N ZPLCPYIUSPL NMUCNRLULEY
ULSELU 26UAFTCUUUUL ULLULC 8ULSEE 2UUUL

Uhkpjunudu htinwpdoujumt hwdwlwupgbpnud juyunpbt jhpunynud Eu dwpngm
opquithqunid nknunpynn hdyjwbnwhtt vwppwynpnidubpp: SYjwukph hunnpydwt hw-
dwp wyn vwppwynpnidubph punugnighs dwu L juqunmd hpdyjutnnughtt wbnktwtbpn:
Yuunwpyl] ko dwpnnt dwpduh tkpunud hdyjuiinughtt wbnbkuwbbph gnpstwljut Yhpw-
mipjul hwdwp dh owpp pYyuyhtt YEpnidnipiniuutp b swhndubp, husyhupt k, opptwy,
wquun nmwpwsnipniinid hpdyjutnnughtt wanbktwbbph phqnuwbuughtt punipwuqptph b
Swnwquypdwl hwdwpuwinipyut Logpunudp: 8nyg k wpyk], np hdwyjuwtnughtt wtnt-
twlbpp whwp k twjuwgst)]’ hwodh wntbng spowlw vhowduyph punipwqpbpp: Zknw-
pdojujutt whyup guiugnid (WBAN) huwjwiwnwghtt vwppunpnidubpp, npnip qgungnid G
dwpnnt dwpduh dpu jud dwpduh tkpunwd, hinpwhwp ndyutp o hinfjuwignod: Twpgne
dwpduh tlkipunid pdyuinuyhtt whnbtwbph twhwgsdwt hwdwp wihpudbown b nik-
ttw) hhdtunp ghwbihpubp dwpnnt opquithqunud fwnwquyph nnwpwusdwt Ynpunh Yhpw-
phpyug: Uwpnne dwpdhip §npunughtn dhoun]uyp b, hbnbwpwp' nknh ko niibmd hunnpr-
shg ntyh pugnihy whghnn wqpuipwih qquh dwpnidubp:

Uhphuwyugyl) t dwpnnt dwupdinud winunpynn pdoiujut puuyjubntph juwh
Swnwynipjui (MICS) hwdwjuwwbwghtt nhpnyph (402...405 UZg), 8 x 8 x 3 «//% swuthubipny
F mhyh huykpudwdp dhpnpbpinugnp hhpphnuyhtt wupnipwdlb whnkbw: Piwjwnugh
winkiwb bplpbpn £ punugus kipuskpinhg b hhdtwlub skpunpg: Uwpgne opquith
htn Jhuuwljwt hwdwnbnbjhnipjut wywhnddwt tywnwlng wt qunguws t jEiuw-
hwdwwnbntih upjhyntuyght skpuny: Uwpduh tbpunid mbnunplnt nypnid wowewny-
Unn pdwjwbnwhtt whnbkiwb, dhtsh -10 22 winpunupddwb gnpswljgh (wnkuwgh Sn
punipwghpp) nhwpnud, nitth Unwn 50 UZg hwmdwhwuljuiughtt pnpupyuwb gbpn: Uinkiugh
winpunupddwb gnpswlhgp -42 AL 403 UZg hwdwhiwwinipjub ghypnud: Zupduply-
ubpp Juunwpdl) o dwpgne hniuguspubph hwdwp twpwntuduws towtpn dnpbng:
buyjuunuyhtt whnkuwb dnpbjuynpyty £ CST Microwave Studio Unphjwynpuwt dpwgpni,
wuwnpwuwnyby £ b junwpyl) Bu swhnudubin:

Unwigpuyhll punkp. htnwpdojuljut wiyup guig (WBAN), htinwpdojuljut hudw-
Jupg, hdyjutnwhtt wtnktw, wpphdbnut ywwupnipwdlh wtnbtuw, F whyh hudbpudwdp
dhypnobpinuynp whnbktw (PIFA), CST Microwave Studio:
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I'.B. ABPAAMSIH

MHUKPOIIOJIOCKOBAS THBPUIHAS CIIUPAJIBHAS AHTEHHA
HWHBEPTUPOBAHHOI'O THIIA F JIJISI BECIIPOBOJIHBIX CETEN
TEJEMEJINLNHBI

B HaCTOAICC BPpEM UMINIAHTBI IIUPOKO UCTIOJB3YIOTCA B T'HIICPTEPMUHN U 6I/IOT6J'IG-
MeTpuH. MMmmaHnTHpoBaHHAs aHTEHHA SBISETCS HEOTHEMJIEMOW YacThIO THX YCTPOWCTB
JUIA Tiepenadn AaHHbIX. C [enblo MPaKTHYECKOTO MCIIOIBb30BAaHMS aHTEHH BHYTPH YEJIOBE-
YEeCKOTro Tejla MPOBEACHA OIEHKA Psi/ia YMCICHHBIX aHAIN30B U M3MEPHUTEIBHBIX YCTPOICTB,
HalpuMep, PE30HAHCHBIX XapaKTePHUCTUK HMMIUIAHTUPOBAHHBIX AaHTEHH W CHelu(UKauu
YacTOTHI M3ITy4eHHs BHE Tena. [lokazaHo, 9TO aHTEHHBI B MEPBYIO O4Yepeab AOJDKHBI OBITH
CIPOCKTHPOBAHBI C y4eTOM OKpyxkaromed cpexbl. Cers OecripoBonmuod cetn (WBAN)
COCTOHT U3 Y3JIOB, KOTOPbIE NepeNaroT HH(popManuio 1Mo OecrpoBOAHON CETH M PACIOJIO-
JKCHBI Ha TeJie 4YelloBeKa Wi B HeM. UTOOBI CIPOSKTHPOBATh MMIUIAHTHPOBAHYIO aHTCHHY
WBAN BHyTpH 4€I0BEYECKOro Telia, HEOOX0UMO UMETh MPECTABICHUE O MTOTEPE pajaua-
LIMM B OpraHU3Me uesoBeKa. YenoBedeckoe TesI0 MPEACTaBIsAeT co0OH cpeay ¢ MOTepsMH,
MO3TOMY TPOUCXOIUT 3HAYUTEIBHOE OCIA0JICHHE BOJH, MPOXOMAMIMX OT MepeaaTdyhka K
MPUEMHHUKY.

[IpencraBnera MUKPOMOJIOCKOBasl THOPUIHAS MHBEPTHPOBaHHAs aHTeHHa F Tuma
muamazoHa vactor 402..405 MIy ¢ memumuackuM mMmiutantatoM (MICS) pasmepamu
8 x 8 x 3 mm> AHTeHHa MMeeT IBYXCIOHHYIO CTPYKTYpPY, COCTOSIIYIO H3 HOIJIOKKH U
riiaBHOTO cinost. J{yst obecrieueHust )KU3HEHHO BaKHOW COBMECTHMOCTHU C YEJIOBEUECKHM Te-
JIOM aHTEHHA MOKPHITa OMOCOBMECTUMEIM CIJTMKOHOBBIM clioeM. [Ipeanaraemasi IMILUIAHTH-
pOBaHHAs aHTEHHA NP BCTABKE BHYTPH Tella UMEET MOJIOCY 4acToT okoio 50 M1y B cinydae
notepu kKoddumenta orpaxenus 1o -10 05 (mapamerp Si1). Koadduunenr orpaxenus
aHTeHHBI -42 0b Ha yactote 403 MIy. B pacuerax ucnosb30BaHa TPEXCIIOMNHAS MOJCITD JIJIS
3a/ICICTBOBAHHBIX TKaHEH yeroBeka. M3roToBiieH U U3MepeH MPOTOTUIl MUKPOIIOJIOCKOBOU
rUOpUIHON MHBEPTUPOBAHHOM aHTEeHHHI F THIIa.

Kniouesvie cnosa: 6ecnipoBonnas tenemeaunuackas cetb (WBAN), TenemenunnH-
CKas CHCTeMa, MMIUTAHTHPOBAHHAS aHTEHHA, apXUMHUUYECKas CTIMpalibHast aHTCHHA, HHBEPTH-
pyemast MukporoiockoBast anteHHa F trma (PIFA), CST Microwave Studio.
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YIK 621.52+511.52 ABTOMATHU3ALUA U
CUCTEMBI YIIPABJIEHUS

C.0. CUMOHSH, M.A. AIAMSIH

CONIPAKEHHBIE AHAJIOI'N METOJA HAUMEHBIINX KBA/IPATOB
PEIEHUS JINHEMHBIX OJTHOITAPAMETPUUYECKHX CUCTEM
KOHEYHBIX YPABHEHUM

TIpemioxenbl aHATMTUYECKUH, a TaK)Ke YUCIEHHO-aHAIUTUYECKUE MPAMON U JI€KOM-
MTO3UINOHHBIN COTPSDKECHHBIC aHAIOTH METO/Ia HAMMEHBINX KBAaJIPATOB JIIA PEIICHUS JIMHEH-
HBIX OJHONIApAMETPHUECKUX CHCTEM KOHEYHBIX YpaBHEHHUH. PaccMoTpeHo penienne 0JHOro
MOJEIBHOTO NPUMEpa — HEKOPPEKTHOW 33/1aui NPEAIoKEHHBIMU YHCIIEHHO-aHATUTHYECKUMU
METOJIaMH.

Kntoueswvie cnoga: nmuHelHble 0JHONAPAMETPHUYECKUE CUCTEMbI KOHEUHBIX YpaBHEHHM
(JIOCKY), MeTon HauMEHbBIINX KBaJIpaTOB, COMPSIKEHHBIE aHAIOTH METOJa HAaUMEHbBIINX
KBaJIpaTOB, MOJICIBHBIN TIPUMED.

Beenenune. Ha ocrHoBe muddepeHmanbHO-TEHIOPOBCKUX MpeoOpa3oBaHui
[1] 1 MaTpUYHO-BEKTOPHBIX MPEACTABICHHI B padoTe [2] mpeanokeH MEeTO perie-
uHus JIOCKY. IlonydyenHsie B [2] Hay9HO-TIPAKTHYECKHE Pe3yJIbTaThl ObLIN Tiepe-
nevaransl B [3]. B padote [4] mpoBeneH CpaBHUTEIBHEBIN aHAIHU3 Psiia METOIOB pe-
menns JIOCKY — metonoB 3amopoxxeHHBIX Koaddummentos (M3K), meTona npu-
paBauBanus koddhdumento (MIIK), muddepermansHO-TeHIOpOBCKON MaTPHIHO-
BekTopHOH Mozenu (JT-MBM) u mpemnoxxkenHoit B Heit auddepennmanbHo-ma-
JIEeBCKO MaTpuaHO-BekTOpHOH Monenu (JIII-MBM). B [5] npemnoskeHbl KOHCTPYK-
TUBHBIE J€KOMITO3UITMOHHBIE aHATUTUYECKIE MAaTPUYHO-OJI0YHBIE METOBI OIIpeie-
nenus pemeHuil HekoppekTHbIX JIOCKY ¢ xoMmiuekcHeIMH MaTpuuamu, B [6] -
YHCJICHHO-aHAJIUTUYECKUE JEKOMIIO3UIIOHHBIE METOMBI PELICHUS] HEKOPPEKTHBIX
JIOCKY c xoMIIeKCHBIMU MaTpunamMu. Pa3paboTke KOHCTPYKTUBHBIX JEKOMIIO3HU-
LUOHHBIX AHATUTUYECKUX U YHCICHHO-aHAIUTHYECKUX MAaTPHUYHO-BEKTOPHBIX Me-
tonoB pemerns JIOCKY ¢ KoMmiieKCHBIMA MaTpUIlaMHU TOCBSIIeHa pabota [7].
Pabota [8] mocBsieHa pa3paboTKe CIIEKTPaIbHOTO, JEKOMIIO3UIMOHHBIX aHAJUTHU-
YECKOTO W YUCIICHHO-aHAMTH4YecKoro MeronoB pemenus JIOCKY. B macrosimeit
paboTe MpearaloTcsl COMPSIKEHHBIE aHAJIOTH METOJa HAaUMEHbBIIUX KBaApaToB
st peienust JIOCKY.

AHanutu4veckoe peumienue. Ilycth 3a1aHa JTuHelHas oAgHONapaMeTpUuecKas
CUCTEeMa KOHEUHBIX YpaBHEHUN
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A(r)- X (1) = a(?) (1)

mxn nx1 mx1

C IOCTaTOYHO TJaJKUMH 3JIEMEHTaMH MaTpPHULbI CUCTEMBI A(f), CBOOOAHOTO WieHa
a(t) ¥ HEeU3BECTHOTO BEKTOpa X(f), OJIEKAIIET0 OPEICIICHHIO.
[IpumeneHue MeToa HaUMEHbBIINX KBaapaToB [1]

(&' (1), &(1)) = (A1) X () = a(0))" - (A(1)- X (¢) - a(t)) > min ()

IUISL perrieHust cucTeMsl (1) TpUBOINT K SKBUBAJICHTHON €if 3amade
AN(0)- A(t)- X (6) = A" (1) a(t) 3)
(uto, oueBUAHO, cnenyet U U3 (1)) ¢ HaTbHEHITUMU MIPEICTABICHUIMU
X(1)=A"(1)-a(t) (4)
TIpH HEKOPPEKTHHIX 3amavax (1) (m #n)u

X(t)=A"(1)-a(?) )

npu KoppeKTHBIX 3anauax (1) (m=n), rne A" (t) - 0606mennas odparHas k A(t)

marpuia, a A~ (1) - oGbIaHas 0GpaTHAS MATPHIIA.

Teneps, kak HanOoJee OOIMNI CITyJaid, 10 aHaJIOTHH ¢ (3), pacCMOTPUM TIpe-
CTaBJICHUE

A0 A (1) X(6) = 4'(t) a(t) < B(t)y X(1) = b(t), (6)

nxm mxn nxl nxm mx1 nxn nx 1 nx1

rae A (t) - conpsoxennas k A(f) marpuua. OTCI01a, €CTECTBEHHO, ClIeAyeT (Ipsi-
MOM TMOJXO0JT), 9TO
X()=B"'(t)-b(2). (7)

Teneps (1eKOMITO3HIMOHHKI T01X0x), Homyctus, uto A(t), A (), a(t) u

X (1) 061manaroT KOMILUIEKCHBIMH 3JIEMEHTAMH, T.C.

A1) = A () + j - 4,(0), ®)
A =4O+ LOF =4 O)~j 4 ), )
a(t) = a, () + j - a, (), (10)
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X(t) =X, () + ) X, (), (11)
u3 (6) moxyunum

AL (O A0 X () + A5 (1) - A, (0) - X, (1) = A (1) - 4y (1) - X, (6) +

+ A, (1) A(0)- Xy () + - (A (1) A(0)- X, (1) + 4y (1) - Ay (1) - X, (1) +

+ A4 (1) A, (1) - X, () = 4, (1) - A () - X, () = 4 (1) - a, (1) +

+ A4, (1) -ay () + j - (A (1) - ay (1) = 4y (1) a,(1)).

ComnocraBieHue NEHCTBUTEILHOM 1 MHUMOM 4aCcTEH MOCJIEIHETO COOTHOIIIE-

(12)

HUSA IIPUBOAUT K CHGﬂYIOHJEﬁ CHUCTCMC BTOPOI'O NopsAAKa ¢ HCU3BCCTHBIMU BCKTO-

pamu—cronduamu X, (¢) u X,(t) c pasmepamu nx1:

AT (1) A,(0)- X,(0)+ AL (1) - 4, (1) - X, () — AT (1) - 4, (1) - X, (1) +
+ 4 () A1) X,(0) = 41 (1) - a,(0) + 4, (1) - a, (1),

AT(0)- A1) - X, (1) + AL (1) - 4, (1) - X, () + AT (1) - 4,(0)- X, ()= (14)
— A4 () A1) X,(0) = 4" (1) a,() = 4, (1) - 4, (D).

(13)

OTy cucTeMy MOYKHO MPEJCTaBUTh B CIIEYIOIIEM MaTPHYHO-BEKTOPHOM BHJIE:

Ff O A+ 4,() 4,0 | =4 ©) ;4z_<z>_f_45_<z>_~_4gr_>} | (39@.] _

A O 40O~ A D40 | 4O 4O+ A0 4,0) | \X,0)

{ 40 4 (t)} _ {ga_(_r)_}
S HORVHGIRCAGY
NJIN B 60]’[66 KOMITAaKTHOM 3aIlUCH:

A0 40| [40 -40](XO)_[ 40 40](a0)
~4@0 A0] 40 40 [\Lo) [-40 40/lan)

2nx2m 2mx2n 2nx am 2mxl1

Takum oOpa3zom, B o0IIeM citydae HeKoppekTHas cucrema (1) (m # n), 00-
Jajaomas HawiIydIluM, OJJHAKO MPHOIMKCHHBIM pereHueM (4), 00yciaoBieHHAs
HCTIONb30BaHUEM 00001IeHHO0i 00paTHoit Matpuubsl A' (f), B pe3ynbTaTe HENOYKH

SKBUBAJICHTHBIX TIpeoOpazoBanuii (6), (12)-(15) ¢ yuetom coornomenuit (8)-(11)
CBEJICHa K KOppeKTHoU cucteme (16) ¢ kBaapaTHOW MaTpulleit mopsaka 2n, ooia-
JIAIOIIIeH pelleHrneM
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[_){lgr)} {Af(z) 4 (z)HAI () —Am)} 1,[Af(z> 4 (r)HgI_(_r)_J an
X,0) [[-40 4 0)[40) 4@ S ACRVHGIACAGY)

Hanee 0603HaUNM

x;, (1) a, (1)

Al(t) _Az(t)} : :
=A®), (X O] _x,(0) | ) | am® | _ e (18)
Lz ® A4O] - ( J— xu(0) |~ X (az(t)j— ***** =4,

an(t) amZ(t)
NpY KOTOPBIX ypaBHeHue (16) mpuobpeTaeT BUI

A(0)- A1) X(0)= A" (1) a(t) & B(1)- X (1) =b(2),

(19)
2nx2m 2mx2n 2nx1 2n x2m  2m x1 2nx2n 2nx1 2nx1
a ypaBuenue (17):
X =[4"(0)- AN 4" (0)-a(t) = 4" (1)- a(?), (20)

rne A'(t) — oGobmenHas obparnas k A(f) marpua.
3ameuanme 1. Marpuust A(¢), A (1), [A"(t)- A()] u [A"(1)- A@)]
0JI0YHO-KOCOCHMMETPHYHBl OTHOCHTEBHO IIEPBBIX TIJIABHBIX [AUATOHANEH U

6JIO‘IHO—CI/IMMETPI/I‘1HBI OTHOCHUTEJ/IIBHO BTOPBIX I'/IABHBIX ,D;HaFOHaJIEfI.

YucieHHO-aHAJIMTHYECKOe pelleHue (nMpsiMoi moaxox). Temneps, nomy-
CTHB, 4TO UMEIOT MecTo AuddepeHuansapie mpeodpa3oBaHus

B = B K 20,00 = BW)= (60, H,BK), K =0,%) , 1)
bk = L0 | K =000 b0 (0t H LK), K =0,0).22)

K K _ [
x() = EE K =000 X0 108, H, X (K), K =0,0),23)

cucteMy (6) U3 00JIaCTH OPUTHMHAIOB TepeBeneM B 00yacTh muddepeHnnaIbHbIX
npeoOpazoBanuit. [Ipu sTom Oynem UMETh MIpeicTaBlICHNE
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fB(k —0)-X(0)=b(K),

OTKyia
npu K=0:
B(0)- X(0) =5(0),
CJeA0BATEILHO,
X (0)=B7'(0)-6(0);
npu K=1:
B(1)-X(0)+B(0)- X(1)=5(1),
CIIeIOBaTEILHO,
X(1)=B7(0)-(b(1) - B(1)- X(0));
npu K=2:
B2)- X0)+B(1)- X(1)+ B(0)- X(2)=5b(2),
CJICAOBATEIBHO,
X(2)=B7(0)-(b(2)- B(2)- X(0) - B(1)- X(1));
;;QI/I K=K:
EB(/{ —-0)- X(¢)+ B(0)- X(K)=b(K),
CIIeIOBaTEILHO,
X(Xllf) = B*i(O)'(b(f)— Z_ZB(kX— ) X(X{))-

Taxkum o00OpazoM, mMes BEKTOpHBIE AHUCKpeTH (26), (28), (30)

COOTBETCTBHU C (23) MOKHO BOCCTaHOBUTH peuieHue X(f).

24)

(25)

(26)

27)

(28)

(29)

(30)

(31)

(32)

(31), B

3ameuanue 2. CootHomenue (24) moBTopseT cooTHooteHue (9) padotsr [§]

C TOYHOCTBIO JI0 Z?(K) , BNT (K), lz(K) BMecto A(K), A'(K), a (K).
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YucaeHHO-aHATUTHYECKOE pelieHne (IeKOMIO3NIMOHHBIN nmoaxon). Te-
Meph, TOMYCTHUB, YTO UMEIOT MeCTO Au(depeHINATEHEIE TPeoOpa30OBaHUS

ak A — S
A(K):Ij;'{ dNK() ‘ > KZO’OOIA(t):Zl(Z"tV’H’A(K)’K:()ﬂw )7(33)
~ | t t=t, ~ -

K dK -
a(K) 7 (}(t) ‘ K=0,OOZa(l‘):ZZ(t,th,a(K)’K:O,oo ),(34)
~ K afc = ~ ~

K d¥ X — —
X(K):];[(' ' d}((t) ‘ H KZO,OO'—X(t)=}[3(t,tv,H,X(K),K:O,OO)’(SS)
~ ! t t=t, ~ -

cucremy (19) u3 obnactu opurnHagOB mepeBeeM B 00JacTh JuQQepeHInaNIbHbIX
n3o0paxkeHuid. [1pu a3Trom OyzeM UMETh PECTaBICHIE

SAK-0)-D Ap) X(U-p)=D 4" ()-aK -0,  (36)

oTkya
npu K=0:

A7(0)- 4(0)- X(0) = 4'(0) - a(0), (37)

X(0)=[47(0)- A(0)]"- 47(0)- a(0) = 4" (0)- a(0), (38)

rae A (0) - nceBnoobparnas k A(0) marpunua;

npu K=1:
AT (1) 4(0)- X (0)+ 4" (0)- A(1)- X (0))+ 4" (0)- 4(0)- X (1) =
= 4" ()-a(0)+ 4"(0)-a(l), .
X(1)=[4"(0)- 40)]" - (4" (1)- a(0) + 4" (0)-a(1) -
(40)

— A" (1)- 4(0)- X(0)— 4" (0)- A(1) - X (0));
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npu K=2:
A"(2)- A(0)- X (0)+ 4" (1)- A(1)- X (0) + A" (1) 4(0)- X (1) +
+47(0)- A2)- X (0) + 47(0)- A1) - X (1) + 47(0)- 4(0)- X(2) = 41
=A4'(2)-a(0)+ 4" (1)- a(l) + 4" (0)- a(2),
X(2)=[4'(0)- 4] " (4"(2)-a(0) + 4" (1) a() + 4'(0)-a(2) -
~4'(2)- A0)- X(©) = 4" ) AD- X0 - 4'W)- 40)- X~ @
—A7(0)- A(2)- X(0)— 4" (0)- A(1)- X (1));

npu K=K:

4

szlT(K—f)2{1(p)'{((f—l7))+{f(0)'4(0)'X(K) =

p=0

(-p=0, K-1 (43)

YA alk -0,

CIICZIOBATEIBHO,
T & T
X(K)=[4"(0)- AO)]"- (D 4" (£)-a(K — 1)~
- . - i Z
2nx1 2nx2n 2n x2m 2m x 1
Ko ‘ (44)
~S KDY A(p)- X (L~ p)).
=0 ZnxZm p=0 2mx2n 2nx1
(-p=0, K-1
Takum obOpa3om, uMesi BeKTOpHBIE auckpeTsl (38), (40), (42), ..., (44), B
COOTBETCTBHH C (35) MOXKHO BOCCTaHOBHTH peteHue X (7).
3ameuanue 3. CootHomenus (36), (38), (40), (42), ..., (44) TOBTOPSIOT COOT-

svomeHus (9) - (13) pabotsr [8] ¢ TOYHOCTBIO 1O A"(K), A(K), X (K),a(K), K = 0,00
Bmecto A" (K), A(K), X(K), a(K), K=0,0.
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ameuanue 4. Matpuust A(K), 4'(0), [4"(0)- A(p)).  [4"(0)- A(p)]",

{+p=K,VI=0,K,Vp=0,K, VK =0,00 06109HO-KOCOCHMMETPUIHBI OT-
HOCHUTEJIBHO HepBBIX TJIaBHBIX ,ZLI/IaI'OHaJIeI';I nu 6JIOqH0-CI/IMMeTpI/I‘-IHBI OTHOCHU-
TE€JIbHO BTOPBIX TJIaBHBIX ,I[HaFOHaJIeﬁ.

Moneabnblii mpumep. [lycts 3agana HeKOppeKTHaAs (TIEpEOTIpeCIICHHAS)
JIOCKY

(t=1-)) 0 (t* -2))
2 . x,(t) 3. .
t (t+1+jt) |- = (£ —jt—}))
. x, (%) > .
(—=t+])) 0 (=t"=t-1+))

¢ HemsBecTHBIM BekTopoM X (7) = (X, (), x,(1))".

1. PaccmoTpuM permieHHne 5TOHM 3amadyd COMPSHKCHHBIM aHAJIOTOM METOojIa
HAaUMEHBIITUX KBAIPATOB (TPSMBIM TIOIXOA0M).

YMHOXHUB 00¢ 4YacTH 3aJaHHOW HEKOPPEKTHOW CHUCTEMBI ypaBHCHHMA Ha
COTPSHKCHHYI0 MAaTPUILY

£ :{(z—u 7 £ (—t— j)}’
0 (t+1-jt) 0

B COOTBETCTBUH C (6) MOMyYMM CIEIYIONIYI0 SKBUBAJICHTHYIO KOPPEKTHYIO CHCTEMY
YpaBHEHMI:

(" +20 =2t +3) (407 +0) | (%)
E+—j) QC+2t+1) | \x,(0)

(@ +28 43— jE + jiP =2jt+3))
'+~ —t—jt* —ji* = 2jt—j) |

Tormanpu ¢, =0, H =1 Gynem uMeTs crienyromue MaTpUIHbIE 1 BEKTOPHBIC

JAUCKPCTHI:

30 -2 0 2 1 0 (1+))
ol o[ o]z s 8-

(G+3)) (1-2/) J 2=
b(0) = , b(l)= ,b(2) = ,b(3) =
@ ( —J ] 0 ((—1—21')] ? ((—l—j)] © ( 1 J

361



a TaKKe

Hanee umeeM:
npu K=0 cormnacHo (26):

X(0) = {1/3 0}'((3 +3.j)J :[(1+.j)}
0 1 —J —J
npu K=1 cormacHo (28):
X(D{m OM (1—2j?j_{—2 0]((1+'j)j]:( 1}
0 1]|ll(-1-2)) 0 2|\ —j -1
npu K=2 cormnacHo (30):
= WlolpHo HH T S
o 1|\a+pn) |1 2] = 0 2/\-1)) Lo
npu K=3 cormnacHo (32):
x> (5 H S HCH TR
0 1 1 a-; ol =y 1 2((-1 2|lo
(13 0] (2—-j+j-1-1) (0
{0 1}(1—2“ ]‘(o}
U T.O. Takum O6p330M, MAaxJIOPCHOBCKOC PCIICHUC 3aJau UMCCT BUJ

X(t):(xl(t)}:{(l+jj+(IJ.H_[O]'tu :[(t+1+j)j
x®) \-j) (-1 0 SN t=n )

2. Teneppb paccMOTPUM peIICHHE 3TOH 3aJa4ll TEKOMIO3UIIMOHHBIM COIPS-
JKCHHBIM aHaJIOTOM METOjla HAMMEHBIIINX KBaApaToB. Mimeem

362



-1 0 1 0] 00 00
A40)=| 0 1], 4M)=| 0 1|, 4(2)=|1 0], 4(K)=|0 0[VK=>3,
0 0 -1 0 00 0 0
-1 0 0 0 0 0
4,0)=| 0 0f, 4,0 =|0 1|, 4,(K)=|0 0|, VK >2;
1 0 00 0 0
0 0 1 0 0
a,0)=| 0|, q()=| 0|, q,(2)=| 0|, q(3)=| 1 |[,a/(K)=| 0| VK >4,
-1 -1 -1 0 0
-2 0 0
a,0)=| -1, a,()=| -1}, a,(K)=| 0|, VK 22,
1 0 0
a TaKXKE
-1 0i1 0
|
0100 ~10 0}-101
P 0i-10 o] 0101000
S St oi-to] 2T 1 0-1-100(
00101 00 01010
| 1010 0]
3000 1/30/ 0 0
| |
T 40)=| o] L7 0 AT = |-
A O A= 0030 4 "o ol/30f
0010 1 000 1
3

0
A(0)-a0)=| |

-1
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[anee nomyunm:
npu K=0 cormacuo (38):

X,00) [1/3000 0]( 3

|
X0 |0 110 0[]0
3

X,,0)) | 0 010 1](-1

X, (0)) (1) (X000 [ 1)
X,0) 0/ X,0) \-1)

npu K=1 cormacuo (40):

CJI€10BaTCIbBHO,

XM [1/3 010 0 1\ (0 1
|
X,M| o 110 off[-1] 0] |-1
=] o et IR el e
X, o o113 off|-3]|1|]-3
X,m) o oo 1](l-1) (-1 1
CJIea0BaTe/IbHO,

X, (D) B 1 X, (D) B 0 _
X, ) 1) (x,m) o)

npu K=2 cornacuo (42):

1
|-
0
0
0
21
0

X,@) [13 010 0 0) (1
2) = Xn@ (0 110 0pp | 0 b | 0 p 0y

X, | [0 o11/3 off |[-1] |0
X,2) |0 010 1 0) (-1

2 -1\ (0} ( -1

of | —t| | 1| -1] |

L2 =2l Lol | 2] ] o
—2 1 1) | -1 0

CJI€10BaTCIbHO,
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X)) (0) (X, (0
X,2) (0] (x,2) (0)

u 1.71. Takum 00pa3zoM, NMeeM CIIEAYIoNIee MaKIIOPEHOBCKOE PEIICHHE:

X,,(0)+j-X,,(0) X, () +j- X, (D) P _
X,,(0)+j- X5, (0) " Xy (D+j-Xpn(1) s

:(@” (—U H (_11} J+j-[ m.,: ((tf:;)]’

4TO TOYHO COBIAAACT C MOJYYCHHBIM BBIIIC PCIICHUCM IIPHU IIPUMEHECHUU NIPAMOI0

X(6) = X(0)+ X(1)-t+...= (

MOIX0/1a.
3akarouenue. Pemenne 3agaun B Buae (4) win (5), CBSI3aHHOE C IOCTATOTHO
TPYAHOPEATIU3YEMON BBIUYMUCIUTEILHON MPOUEAYpPOH MO OMNPENEICHUI0 MaTpHIl

-1
A" (t) umu A (¢), npy NpeIokKEHHBIX YMCIEHHO-aHATUTHYECKUX METOAaX I10JI-

HOCTBIO HCKIIIOYAETCS U (PAKTUYECKU CBOAUTCS K PEKYPPEHTHBIM UHCIICHHBIM
BBIYMCIMTENBHBIM TIPOLIEAYPaM IO OINPENENICHUI0O MAaTPHYHBIX IUCKpeToB X(K),

K = 0,00 neussecrHoro Bexropa X(Z) ¥ BOCCTaHOBIEHUIO €r0 0OpaTHbIME Iridde-

peHIaTbHBIMU peoOpazoBanusiMu. [Ipu peanusauu 3TUX IPOLEeayp, OYEBUIHO,
JOJDKHBI OBITH HCIIOJb30BaHbI MIMPOKHE BO3MOKHOCTH COBPEMEHHBIX HH(OpMa-
LIHUOHHBIX TEXHOJIOTHH [9].
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HanuonaneHbIi MONMUTEXHUUECKUI yHUBEpCUTET ApMeHHU. MaTepual MOCTyIHI B
penaxmuio 12.09.2018.

U.Z. UbUNL8UL, U.U. UUUSUL

Q0UShL URUNULTUUTGSMUYUL dBrudNr ZUGUUUCNRULErP
ZUUUYULesrh LNPOUUL LIULQUSNREL LUNUUNRUPULEND UGN YD
ZUUULNRO LUULUUC

Unwownlyt ku gduyhtt dhwwywpwdbnpulwt yipowynp hwjuwuwpnidubph hw-
dwlwupgbph nisdwt hwdwp tuqugnyt punwlniuhubph dbpnnh wbwihwnhl, husybu
twl nhndwynghghnt plw-whwihnhl hwdwnis tdwbwlubpp: Yhunwpydb b dky dogbjw-
Jhtt ophiulyh’ ns Ynokljn fubinph pmsnidp® wnwewplyus pw-wiwghwnhl dkpnnibkpny:

Unwigpuyhll punkp. qduhtt dhuwwywpuwdbnpulwut Jippuwdnp hwjwuwpnidubph
hwdwlupgbp, Wuqugnyt punwlniuhibph dbkpnn, ijuqugnyi punwlniuhubph dkpnnh
hwdwniés tdwbwlukp, Unnbjwiht ophtiul:

S.H. SIMONYAN, M.A. ADAMYAN

SUBJECTIVE ANALOGUES OF THE METHOD OF THE MINIMAL
QUADRATIC SOLUTION OF LINEAR ONE-PARAMETRIC SYSTEMS OF
FINITE EQUATIONS

Analytical, as well as numerical-analytical direct and decompositional equivalents of
the method for the solution of linear quadratic systems of single-parameter systems of finite
eqations are proposed. The solution of one model — the incorrect task proposed by the
numerical-analytical methods is considered.

Keywords: linear single-parameter systems of finite equations, method of minimal
squares, similar methods of minimal squares, model.
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YK 62-5017 ABTOMATHU3AIUA U CUCTEMBbI
YIIPABJIEHUA

@.1I1. TPUT'OPSH

HEPEJATOYHBIE ®YHKIIMN MHOI'UX KOMIIVIEKCHBIX
HEPEMEHHBIX. I

PaccmarpuBatoTcst mepenaroynble (pyHKIMM MHOTHX KOMILIEKCHBIX IT€PEMEHHBIX.
IToxa3aHo, 4yTO B 3a/jadyax CHHTE3a YIPABJICHUS C HamNepena 3aJaHHBIM CIEKTPOM HHOIJA
nepenaTouHyo (pyHKLIMIO PErynsTopa HeOOXOIMMO NPEACTaBUTh B BHIE aHAIUTHYECKOU
(YHKIMHM MHOTHX KOMILIEKCHBIX IEPEMEHHBIX.

Kniouesvie cnoea: 3anauu CUHTE3a YINPABICHMS, NEPEAATOUYHbIE AHAIUTUYECKUE
(YHKINY MHOTHUX KOMIUIEKCHBIX ITE€PEMEHHBIX, CTAIlMOHAPHBIE YIIPABIISIEMbIE CHCTEMBI.

PaccmaTpuBaeTcst HOBOE MOHSATHE: NIEPEJaTOYHbIe aHATNTHIECKHE (PYHKIHH
MHOTUX KOMIUIEKCHBIX MepeMeHHBIX. OTHOBpEMEHHO MOKa3bIBAETCS UX MPHMEHe-
HUE B 3a7]a4yax CUHTE3a OJHOMEPHOI'O YIPABJIEHUS C HANlEpe 3aaHHBIMU CIIEKTpaMu
B CTAllMOHAPHBIX YIPABJISIEMBIX CUCTEMAX.

Wuorma ObIBArOT Cilydyau, KOraa repenarodnast pyHkuus perymstopa W (p),
p = x + jy,j = V—1 He UMeeT TaKMX aHAIUTHYECKHX CBOICTB, KAKHE HMEIOT OT-

nenbHble 610KH Wy (p), k = 1,n. Y Ha0G0pOT, aHATHTHYECKHE CBOICTBA Iepe/a-
TOYHBIX (PyHKIMIA OTHeTbHBIX O110KOB Wy (p) He mepenatoTcs mepeaTouHbiM QyHK-
s o61eit cxemsl W (p) (mapanensHoe CoeTMHEHNE).

ITosTOMYy BO3HHKAae€T €CTECTBEHHBIH BOIIPOC: KAaK COXPAaHUTb B3aMMOCBA3b
MEXIY CBOMCTBaMH IepeaaTodHoi GpyHKIMK napamiensHoro coequnenust W(p) u
otaenbHbIX 610K0B Wy, (p), k = 1, 7.

OTOT BOMPOC MOXKHO PEIIUTh, €CJIM HPUHSITH, YTO HHOT/A TepeAaTOYHbIC
(YHKUMHM TPEACTABIIIOTCS B BHIAC aHATUTUYECKUX (YHKIMH MHOTHX KOMILIEKC-
HBIX IEPEMEHHBIX, B OTIMYHE OT CiIydas ¢ OJHON KOMILJIEKCHOW MepeMeHHOM.

[TosTOMy cunTaeM HEOOXOAMMBIM IPOIMTUPOBATH Cienytoume (GakTel H3
TEOPUH aHATUTHYECKUX (HDYHKIIUI MHOTUX KOMIUIEKCHBIX MTEPeMEHHBIX [1-3].

IMTpoctpanctBo C™ = C X -+ X C — A€KapTOBO MPOU3BEICHHUE M3 N SK3EMILISI-
poB komIuiekcHO# miaockoctd C. J{ns Touku u3 C" OymeM HCIOIB30BaTh 0003HA-
yenue Z = (zq,*+,2Z,), THe Z; = X; + jy; € C W X;,; — BEIIECTBEHHBIE YHCIIA,

j=V-1.
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BosBpamaemcs k cnenyronieit 3agaue [4]:
1. IocranoBka 3amaum. [lycTe 3amaHa ciemyromas ympaBisieMasl CTaIlHo-

HapHas cucTtema:

x(t) = Ax(t) + hu(t),
u(®) = [* gt —tHv(t)dt',= x(t) = Ax(®) + h [* g(t — t)bx(t") dt’, (1.1)
v(t) = bx(t),

roe x(t) = (xl(t), x,(t), ---,xn(t))T — cToNIOIIOBast Marpuia pasmepom n X 1
coctosiHust nporecca (T — o3HavaeT TpaHcoOHUpOBaHKE); V(t) — cKassip, BXOAHOM
curHAJ perynsropa; g(t — t') — ckansp, UMITyJIbCHAsE TIepeX0IHast QYHKIMS peryJisi-
Topa; u(t) — CKaJsIpHOE YIpaBISIOIIee BO3ICHCTBIE, PACCMATPHBAEMOE KaK BBIXOJI-
HOM curHanm perynstopa; A = (aij), (i,j=12,--,n) ; h=(hy, hy, -, h)" ;
b = (by, by, -+, by) ; t' — MOMEHT mOJAU¥ BXOJHOIO CHIHAlA;, t — MOMEHT
MOSIBJICHUST BBIXOIHOTO CHTHAJIA.
Hanepen 3a1aHHBIMY KeTaTEIbHBIMU YUCIAMH SBIISFOTCS

11,12,'“,/1,11;[,{,;1,'",,[1;0,111+’rl2+1=Tl (12)
n2
npu
/11' :/:Aj,l.,j: 1,2,---,n1,uili,,ui0. (121)

Tpebyercs moctpouts b = (by, by, ++, b,) Tak, uro0bl cuctema (1.1) mpu
T
HoBbIx HemssecTHBIX Y(£) = (y1(t), ¥2(£) ,++, ¥, ()" Obuna npusesnena k BTy

y(1) — ej1tc(n1)’

yi(®) =4y (1 =12,,1n), yi = elitc, T
yi®) =py;=m+1-,n+n,) = y; =etC, = {h = diag(h, 'Anl)’ (1.3)
() =0y, y@ =ertctna),

=C,,
Y " k Yn = Cp,

T T

rme €M) = (Cl,---,Cnl) ,C(n2) = (Cn1+1,---,Cn1+n2) — CTONOIBI U3 MPOM3-
N T

BOIBHBIX IOCTOSIHHBIX; C, — mocTosiHHbI ckamap; y) = (yl,---,ynl) ,

T T
Y® = (npsr Vngan) sy = (D@, 3)

IMpeamnonaratTcs TakKe CICAYIONINE YCIOBHS: sl IEPeIaTOuHON (yHKIHH
perynsitopa W (p) yIoBIETBOPSIOTCS

dt

W) # 0w = 0w #0,(i=Tn), 08 =0(=Tn,-1), (14
p=p

r7e p — KOMIUIEKCHBIH apametp [5].
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Bonee monpobHbie mpeoOpazoBaHusl pELICHUH 3ajad, NMPUBEJCHHBIX B [4],
3]1eCh ITOBTOPATH HE OyIEM.

31ech B OCHOBHOM HAC MHTEPECYIOT APYTHE BOIPOCHI, CBA3aHHBIE C YCIOBUAMU
(1.4), Ha KOTOPBIX MBI K OCTaHOBUMCS. B ycnosusx (1.4) yrBepiknaeTcs, 4To CBOK-
CTBa IEPEAaTOYHON (YHKIMH PETyJsITopa 3aBHCAT OT BHJA HAIepeld 3aJaHHOTO
cnekrpa (1.2). IloaToMy MOXKHO TIPEICTaBHUTh, YTO PETYIATOp oOpasyeTcs U3 Tpex
3BEHBEB (OJIOKN), M KQKIBIH OJIOK MMEET CBOIO TIepeIaTOUHYI0 (hyHKITHIO
_t
Bz+(p—pw)"2

A3
Bs+p’

Wi (p) = —=a—— , W,(p) =

n ] ) W =
B T, (-2 2()

(1.5)

KaKIas W3 KOTOPBIX YIOBJIETBOpseT ycioBusM (1.4) COOTBETCTBEHHO, TIIe
a; #0,6; #0,i = 1,2,3 - npou3BOJIbHBIC MOCTOSHHBIC, 3HAMEHATEIN IPOoOei B
(1.5), oT4HBIE OT HYJIL.

Ecnmu mpesicraBuM, 4TO PEryisTop SIBISIETCS MapauieIbHbIM COSUHEHUEM
Tpex OJIOKOB, TO MEPEATOYHOMN QYHKIMEH ero sBiseTcs [6]

_ _ aq a2 a3
Wp) = Wi (@) +Wop) + Ws(P) = om0+ gigpm T ep s (19

Brino 051 sxenatensHO, uTo0b! QyHKIMS W (p) U3 (1.6) obnagana ycaoBUsIMH
(1.4). Ho, xakx MOXHO 3aMETHTh, OHA HE yJIOBJICTBOPSET HAJATaeMBIM YCIIOBHUSIM.
Ha camom nene nmeem

nz—1

() — _al(Am), —an,(p— W)™t —agngp
e = [B: + Anl(p)]z [B, + (p — )"]? " (B3 +pn3)?’

SOR | [CEEN!
i=1

B ciygae, korma p = p, Bropas npobs B W'(p) paBHsieTcs HyIII0, a IepBasi u
TPEThsl APOOU HE PABHBI HYJIIO, IOTOMY IO TPEThEMY YCIOBHIO UMeeM A; # i, i # 0,
B NIPOTHBHOM CIIy4ae - KpaTHOCTh 4nciiaMu A; u O OyJeT yBeIn4uBaThCs, YTO OISAThH
JKe MTPOTUBOPEUUT TPETHEMY YCIOBHIO 3aJauH.

Bo3aukaer BOmpoc: Kak BBEIUTH W3 MOAOOHOTO “TYIMHUKOBOTO™ TIOJOKECHUS?
Jist 3TOTO BBEIEM TOHATHE NIepeIaTOYHBIX (DYHKIIMH MHOTUX KOMIUIEKCHBIX Iepe-
MeHHBIX [1-3].

[Tpumewm, gto: 1) nepenarounas GyHkmms perynstopa W (p) 3aBUCHT OT Tpex
KOMIUIEKCHBIX TiepeMeHHbIX W (p) = W (p1,p2,P3), P = (P1,P2,P3), Pi =X +
+jy; € C,i = 1,2,3; 2) nepeaarounbie PyHKIUN KKIOTO 0JIOKA UMEIOT BUI COOT-
BETCTBEHHO
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Wy(p) = ——2—— , Ws(ps) = — (1.7)

Wi(py) = Ba+(py—p)2 Bs+ps

a
B+l (1 =20

Torma ycnoBust (1.4) B BBIIENOCTaBICHHOW 3a/Jade MOXKHO 3aMEHUTH Ha
cnemyromrue [1,2]:

a) B KOMIUIGKCHOW IIOCKOCTH Py (p; - 7M000OE KOMIUIEKCHOE YHCIIO, a
pz =p3 = 0):

W (p1, 02, 03) lp,=0 = W(py,0,0) = W1(P1)|p1:/1i #0,i=1n, (1.8)
p3=0

0) B KOMIUIEKCHOW IIJIOCKOCTH P, (P, - J1000€ KOMIUIEKCHOE YHCIIO, a

p1 =p3 =0)
W (p1, P2, P3)lpi=0 = W(0,pz, 0) = Wr(p2)lp, # O,

p3=0
. (1.9)
d'w. -
=ﬂ =0i=1n,—1;

dps p2=u

0'W (p1, P2, P3)
ap,i

P2=H
B) B KOMIUIGKCHOH IDIOCKOCTH P3 (pP3 - M00OE KOMILIEKCHOE YHCIO, a
p1 =p2 =0):

W (1,02, P3)lpi=0 = W(0,0,p3) = Ws(p3)lp,=0 # O, (1.10)
p2=0
[pu (1.7) B ciydae mapajuieNbHOTO COCOUHEHUs MepefaTodyHol (QyHKIuei
peryJsitopa sBiserca [6]

W) = W(py1,p2,p3) = Wi(py) + Wa(pz) + W3(p3) =

ay az as
= D . 1.11
B1+IT;2,(p1—2) + B2+ (p2—pu)"2 + B3+p3 ( )

MoxHo 3ameTuTh, uto GyHkuus u3 (1.11) ymoBieTBOpSET YCIOBHIM
(1.8) — (1.10) cooTBETCTBEHHO.

2. Ilpumep. Paccmorpum 3azady mporpamMMbl yHPaBIE€HHS KOCMHUYECKHM
anmapaToMm Ipu nocazake Ha Jlyny [4,7]. [IBmkeHrne KOCMUYECKOro armapaTa B KOHIIE
nocaaxku OyJeM paccMaTpuBaTh B OTHOCUTEIBHOM cucTeMe KoopAauHaT oxyz. Ha-
4ajo OTHOCHTENHHOW CUCTEMbI KOOPIMHAT MIOMECTUM B pacyeTHYIO TOUKY MPHITyHe-
HUSL.

J1s mpoCTOTHI pAaCCMOTPUM OJTHOPOAHYIO YacTh CUCTEMbI ypaBHEHUI

X1 = Xg,

Xy = —wlx, + uay,
X3 = x4,0a% +ai = 1.
X4 = 20°%x3 + uay,
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O0603HaYNM

0100 0 X . N
—w2000 a x; u= [, g(t—tHv)Hdt’,
,h: 02 , X =

A4=1 0001 ) v(t) = bx(t), (2.2)

002w20 X4 b = (by, by, b3, by).

=
w

Toraa cucrema (2.1) mpumet BUA
2(t) = Ax(t) + h [*_ g(t — t)bx(t)dt'. 2.3)
[Ipenmnonoxxum, 4To HaNepe T 3aAaHHBIMU JKEJIATSIbHBIMUA YHUCIIAMH SIBJISTFOTCS
1,1,2,0. (2.4)

TpeOyercst mocTpouTh MepenaTouHyro GYHKIHIO peryisropa W (p) tak, 4ToOsr
OHa YJIOBJIETBOPSUIA CIEIYIOIIM yCIOBHUSIM:

dW(p)

W(p)lp 1#0, =0; W(p)|p=2 * O'W(p)|p=0 # 0. (2.5)

Pemenue. [IpeacraBum, 4ro perynsarop oOpa3yercs u3 TpeX 3BEHBEB, COOT-
BETCTBYIOIIMX BUAaM (2.4), ¥ KaKI0e U3 HUX UMEET CBOIO NepeIaTOUHy 0 (DYHKITUIO

Wi(p) = W,(p) = Ws(p) =

(2.6)

_ % %
Bi+(p-1)2"° B> +(p 2)’ B +p

MoxHo 3ameTutb, uto W (p) yaoBneTBopseT mepBoi yactu ycioBus (2.5),
W, (p) — Bropoii yactu, a W3(p) — TpeTbeil 4acTu.
Ecnm npenctaBum, 9T0 3TH OJIOKH COEAMHEHBI MOCJIEIOBATENBHO, TO UIS
nepeaaToyHoi GpyHkuuu peryastopa W (p) nmomydum

. ar . as
W) = Wi(p) - Wz (p) - Ws(p) = 5- +(p 5 Boro2) Faip 2.7)
a B CjIydac napajjieJIbHOro COCAMHCHHUA:
a az as
W) =W+ W)+ Ws) = =t o a5t 5, @9

Bunno, uto mepenatouHas (yHKuus peryinstopa W (p) yaomeTBopser
ycnoBusM (2.5), a W (p) He yoOBIeTBOpSIET.

[IpuumHON 3TOTO TPOTHUBOPEUUS SBISETCA (HaKT MEepeaaTouHON (GyHKIIUN
W (p), 3aBucsiiiiel 0T 0JIHOM KOMIUICKCHOM MEPEMEHHOM p = X + j.

A Teneppb npennonoxum obpatHoe: W (p) 3aBUCHT OT TPeX KOMILICKCHBIX
MepeMeHHBIX P = (P1,P2,P3), Pi = Xi +jyi, 1 = 1,2, T.e. W(p) = W (p1, 2, P3):

a, a; as
B1 + (py — 1? Walpz) = B2+ (p2 —2) Wslps) = B3 +p3’
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Torma ycnoBus (2.5) MOXXHO 3aMeHUTH Ha cienyromue [1,2] (B KoMIuieKc-
HOH TUTOCKOCTH):
a) py (p1 - MOOOE KOMILJICKCHOE YHCIIO0, a P, = 0,p3 = 0):

OW (p1.p2,
W (p1,p2ip3)lp,=1 # 0,77 5E282| =0 (2.9)
1 p1=1

0) p, (p, - mMoboe KOMIUTEKCHOE YHcio, a p; = 0,p; = 0):

W (®1, 02, P3)lp,=2 # 0, (2.10)
B) p3 (p3 - m000€ KOMIUIEKCHOE YncIo, a p; = 0,p, = 0):
W (p1,02,03)lps=0 # 0. (2.11)

3HaYuT, B Cllydae MapajuIeIbHOTO COENWHEHHS IepenaToOuyHON (yHKIHen
perymsTopa SBIsSeTCS

W(p) = Wi(p1,02,p3) = Wi(p1) + Wy (p2) + Wa(ps) =
_ ay az as (2.12)
B1+(@1—1?  Bo+(p2—2)  B3+ps’

MoxHo 3aMeTHThb, uTo QyHKIMs W (p) u3 (2.12) yxe yIoBICTBOPSET ycio-
BrsIM (2.9), (2.10) m (2.11) COOTBETCTBEHHO.
3ameuanwue. [Ipu Hanu4Yuu 0gHOTO HyJIEBOro KOpHs B crekTpe (1.2) u xoraa

Reu < 0,Rel; <0 (i =1, nl), to cucrema (1.3) ycroitunBa, HO aCUMIITOTUYECKOM
YCTOHYHUBOCTH HET.
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3.1 &rraENr3uL
CUS UNUNLEGLU 0NeNUTULULEE PNLULSUUL SNPLUSPULEL: 1

‘Lwjuopnp npdws uybkljnputpny jurwjupdwi uhiptgh uughpubpnud Gppldi wb-
hpwdton £ (hunud jupqunphsh thnjumugdwt niujghutt wunlbpugutk] npuybu swn
ynuytpu thnthnpuwljwubph whwihwnhly $niulghw:

Unwbgpuyplr punkp. junujupdwb uhtiphqh futinhpubp, Yndupbpu swn thnthnpuw-
Juutkph thnjuwgdwt wwhwnhl $niuljghwitp, junwdupbih uinughntup hadwlupgtp:

F.P. GRIGORYAN
TRANSMITTING FUNCTIONS OF MANY COMPLEX VARIABLES. 1

The transmitting functions of many complex variables are studied. It is shown that in
the control synthesis problems with a prescribed range of times, the transfer function of the
regulator should be submitted as an analytic function of several complex variables.

Keywords: transmission analitical functions of many complex variables, stationary
controlled systems.
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UDC 621.382.13 AUTOMATION AND CONTROL
SYSTEMS

Z.M. AVETISYAN

MEASUREMENT, CALCULATION AND ANALYSIS OF MTBF FOR
SINGLE-STAGE SYNCHRONIZERS USING AN AUTOMATED SYSTEM

Nowadays, in the systems with very large scale of integration (VLSI), multi-clock
domains are widely used to provide high correspondence of cooperation for different blocks
in the systems on chip (SoC). Synchronization of the data relationship of the mentioned
blocks is necessary while using multi-clock domains. To solve this synchronization
problem, special circuits, called synchronizers, are used. As the data arrival time cannot be
predictable between different clock domains, there is a probability of having metastable
states in synchronizers. Metastability can bring a failure of consequent circuits which can
bring to a failure of the whole system. Therefore, during the design and verification of an
integrated circuit (IC), it is very important to estimate the probability of failures ( the mean
time between the failures).

In the scope of this paper, measurement of the metastability parameters and
calculation systems of MTBF are researched. To reduce the design verification resources,
an automated system is proposed which measures and calculates the mentioned parameters
and gives a chance to analyze the circuit.

Keywords: mean time between the failures, multi-clock SoC, synchronizer, timing
parameters, measurement, automated system.

Introduction. The necessity of synchronizers arises in multi-clock domain
systems on chip (SoC). A simple example of a synchronizer is two series connected
D flip-flops [1]. Since separate blocks in SoC work independently of each other, it
is impossible to predict the arrival time of the data coming from another clock
domain block. Therefore, data can be changed parallel to the synchronization clock
in the synchronizer (placed in the data receiving block), which can bring a
metastability in synchronizers (Fig.1).

Data arrival : Clock

‘C]’D

e

an’

Fig.1. Metastability in a D flip-flop
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If the data and the clock rising edges are close enough, it may bring to a
metastability issue (Fig.1). During the metastable state output, signal Q stays
between the logical levels “0” and “1”.

The process of metastability is a probable phenomenon. The mean time
between failures (MTBF) is defined to highlight the synchronizer’s performance. It
is based on mathematical equations, using some technology and semitechnical
parameters, which are described in the next the sections.

Measurement of Setup and Hold timing parameters. To ensure the
normal operation of a flip-flop without failures it is necessary to meet the
setup/hold timing constraints. If that constraints are not met, the flip-flop can enter
the metastable state or transfer wrong data.

To write data into the D flip-flop, the circuit needs some time before the
active edge of the synchronization clock for settling (setup). This timing constraint
is called setup time [2] (Fig.2). To measure the setup time, the data signal should
be swept towards the clock signal up to the output distortion.

Another important question should be considered as well: how long does the
input data signal need to be held unchanged after the active edge of the clock signal
to ensure the data transmission without failures. That timing constraint is called
hold time [2] and is defined as a minimum time which must be held after the clock
active edge until the data input signal changes (Fig.2).

in this region

Setup hold
Data < window.

Fig.2. Setup/hold time

in this region

1 Setup .
' time |
Clock : Hold |
! \ time E
\
Dat toggle | : i Dat toggl
ata can toggle Active edge  Data can toggle
: \
1 1

-

Measurement of the timing the constant (tau) parameter. One of the
important parameters of metastability is the timing constant (tau, t) of the
metastability curve. T depends on the physical parameters of the device, which
describes how fast a device exits from the metastable state. T is determined by
equation (1) [3] (Fig.3):

= (tp-t;)/In (i—zj) : (1)
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Fig.3. Modeling of the t calculation

Calculation of the mean time between the failures. Several methods of
failure probability calculation for synchronizers are presented in literature [4-6].
The mentioned probability can be calculated as [6]:

_ Twe_Ts/T
PF_ T )
C

2

where Ty, is the time window constant, Ts is the settling time, Tc is the clock period
of the synchronizer. The settling time and timing window constant can be
calculated as (equations (3) and (4) respectively):

Ts=Terx-Tc2q-Tsu » (3)
TW=T5U+THO . (4)

If the input data of the synchronizer toggles by a Tp period, the probability
of the synchronizer failure can be calculated as

Twe—Ts/‘[
PF/SEC— W (5)
The MTBF can be calculated from (5):
T/t
MTBF= % : (6)

Equation (6) represents the mean time between the failures for a single latch.
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An automated system for MTBF calculation in single-stage synchronizers.
All the investigations presented in this work are implemented for a single latch [7]
(Fig.4), as a single-stage synchronizer. Modeling and simulations are done using
the HSPICE simulation tool for saed32/28 nm technology libraries.

D ﬁgPl DI mef[& 02 T P2 03
Lim NOIIT Lim

d:'rpoz

FB1

P3
PGt PC2 CLKP b :}7
CLK '—E *E N
NC1 NC2 FBz

L« NO2

Fig.4. D-latch circuit

Considering that the measurement and calculation of parameters, mentioned
in the previous sections require additional resources, a new automated system is
proposed, which requires only some parameters as input data. These initial
parameters are used for future measurements and calculations. The operation of the
automated system is based on the block-diagram, shown in Fig.5.

In the first step, the designer sets the synchronizer, technology library,
simulation conditions and other options, for which the detailed description is given
in the next section. After collecting all the required and optional information, the
automated system starts to create an appropriate environment for simulations and
analyses regarding Fig.5. The created environment includes spice decks, which will
automatically measure the setup/hold and tau parameters.

When all the simulation conditions are set, the system starts to simulate the
synchronizer and measure the necessary parameters. When all the simulations are
complete, the system starts parsing the measurement results (such as .mt files), and
collects them to be used in future.

When all the measurements are collected, the proposed system starts to
calculate all the necessary parameters for the MTBF calculation, using (3) and (4).
After that, MTBEF is calculated, regarding (6).
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Simulation
Technology conditions Analysis

library (.lib) conditions
I 7
A\ 4
Synchronizer’s | Setup Other
netlist (.sp) i N options
7 7 corner

DFF_params
netlist
results

Simulation environment
creation

I

Metastability parameters Tau

measurement (hspice)
T Tsu

tau

Parsing measurements results
(from .mt files)

|
MTBF calculation

Analyze (based on selected
options) Temperature dependent

|
Data output

|

Excel report creation

Voltage dependent

Fig.5. The block-diagram of the proposed automation system

As the minimum MTBF value is often mentioned in the design specification,
which must be met during the IC design. The proposed system calculates the
minimum count of latches, which are required to meet the design specification.
MTRBEF for cascaded latches can be calculated as [6]:

_ ‘[-eZ{l=1TiS/Ti e2?=1Tis/Ti
MTBF = TCTD < ]p=11 ] ™ ™ > (7)
j n

where N is the number of latches.
N, calculated from equation (7), is the desirable count of latches. As the
system suggests the number of latches based on a single latch character, all the
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latches in the proposed circuit will have the same parameters (t, Ts, Ty). Therefore
(7) can be modified as follows:

eNTs/t N-1 oNTs/T
MTBF ~ TcTp

T Ty
N [T/t N=-1 Nrg/c TcTp  (eVS/T N TeTp (1eNTs/x N
=TcTpt = T = —=—|—] , ®)
Tw Tw T Tw T Tw
(reNTs/T)N __ MTBF1 )
Tw TcTp
To determine N, equation (9) needs a series of modifications:
NTs/T .
N_ln(‘re ):l MTBFT'
w TcTp
. Ts/t (L) _ MTBF-t
N <N ln(e ) + In . In TeTy
Ts 2 (L) _1.. MTBF-t _
" N“ +1n Tw N ln—TCTD 0. (10)

It can be seen, that to determinate the number N, equation (9) was modified
to quadratic equation (10), where N is an unknown variable. (11) presents the roots
of the quadratic equation (10).

~In(7)+ [In? () +4 St

N =

(In

ZTs/T

It can be easily shown that one of the roots always has a negative value (by
putting approximate powers of parameters into (11)). The final equation for the
proposed latches will be:

—ln(ﬁ) +\/ln2 (ﬁ) +4$lnh/;z]?rﬁt

N =

2Ts/T (12)

A graphical environment for the proposed automated system. A graphical
environment is developed for the proposed automated system (Fig.6).

This environment helps to measure, calculate and analyze the synchronizer’s
parameters more easily.
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Technology library

Calculation and analyzes of Synchronizer MTBF

|| Browse

Synchronizer netlist

(i

| Browse
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Clock freq.

Data freq.

Simulation parameters

[J TypCase

\
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[ WorstCase

%
| (H2)

| (H2)

Environment Name
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\ | (vears)

Analysis
[J Voltage dependent analisis

Min Max

[J Temperature dependent analisis

Min Max

[[J Frequency dependent analisis

Min Max

Run Close

Step

Step

Step

Fig.6. The main window of the graphical environment

In “Simulation parameters” the field designer sets up the simulation nominal
voltage, data and clock frequencies, process/voltage/temperature (PVT) corners:
“BestCase” (ff/+10%V/125°C), “TypCase” (tt/nom.voltage/25°C), “WorstCase”

(ss/-10%V/-4

0°C).

The number of latches is proposed by the system, corresponding to the value
of MTBF defined in the field “Minimum years for MTBF”.

Some parameters can be chosen and analyzed, using the “Analysis” field.

When the analysis is complete and all the measurements are carried out, the
automated system displays the results in a new window (Fig.7). All the results are
saved in an Excel spreadsheet, which may have different sheets based on the setup.

m Results of Calculation

Tsu

Th

tau

Ts

Tw

MTBF

N of latches

-0 X

BestCase|| TypicalCase = WorstCase

1.14E-11
6.20E-12
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4.8865E-10
1.755E-11
1.17€-03

2

Close

m Results of Calculation

BestCase ||TypicalCase

Tsu

Th

tau

Ts

Tw

MTBF

N of latches

WorstCase

1.855E-11
8.47E-12
2.184E-11
4.8145E-10
2.702E-11
4.3982E-06
3

Close

= 1 2] K

Fig.7. The output window of the graphical environment

In “BestCase”, “TypCase” and “WorstCase” sheets’ measurement and
calculation, the results are presented in Fig.8.



The results of the selected analysis are reported in the “Analysis_Charts” and
“Analysis_Results” sheets. Based on the values of the “Analysis_Results” (Fig.9),
some diagrams are generated (Fig.10) which are saved in the “Analysis_Charts”

sheet.

Voltage
Td

Te
Tsu
Th
tau
Ts
Tw

MTBFn

Temperature
Td

Tc
Tsu
Th
tau
Ts
Tw

MTBFn

Frequency
Td

Te
Tsu
Th
tau

istCase | TypCase | WorstCase | Analysis_Charts

Fig.8. The view of a single sheet of an Excel spreadsheet
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Fig.10. The view of the “Analysis_Charts” sheet

The overall working time of the proposed automated system for all selected
options is 1 min. 12 sec.

The results of the proposed method are compared with the manual
measurements for the typical corner (Table).

Table

Comparison of the manual and proposed methods

Type of measurement Tsu(ps)| Tu(ps) | T(ps) | Ts(ps) | Tw (ps) MTBEF (years)
Manual 17.9 9.3 21.3 481 272 7.8%10°
Proposed automated system 18.6 8.4 21.8 481.5 27 4.4%10°¢

Conclusion. Metastability parameter measurements, and MTBF calculation
methods are researched. A new automated system is developed for measuring the
mentioned parameters and MTBF calculation. The system proposes the minimum
number of latches to meet the design specification. The proposed automated system
analyzes the synchronizer and generates appropriate reports and graphics.
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Q9.U. U4ESPrU3UL

UbPU4YUUYU} UbLLLOLUSLNN, UULSLEBMNPU MUOULNRULELh UPREY,
CLYUO0 dUUULUYUZUSIUOP 2QUONERU, 2UCIU Y BY,
JELLNPONRESARL UdSNUTUSUSYUO 20U UYL e UhMUNUUUR

Bmiptinh Ypuyh hwdwupgbpoud nuppkp uhtippnuqnuitywiught nhpnyputpnod
wpluwwnnn hwbignygubptt wthpwdbown b uhippnbiwgut): dpw hwdwp gnnipmit niiku
hunnnily ujubdwibp uhippniwging ukdwbbp: Lwbh np htwpunp sk jubjuunbuly by
wy] uhuppnwqruitpwtiughtt mhpnypenud ghtkpugdus wqnuipwith dwdwidwt wuihp, uhtp-
pnbwgunn uppkdwibpnid jupnn Bo wpwewbw) dknwluynit Jhdwlubp: Uknwluyniunt-
pintbp Jupnn t hwbghgul) hwenpn ujubdwibph puhwibdwip, npt hp hipehtt Yupnn &
hwigkgtt] wipnne hwdwlwupgh ny &hpn wpuwwnwpht: Zkmbwpwp, suwn juplnp k hu-
nbgpuy upubduygh twhwgsdwt b uinniguut thoynud quuwhwnt] puwhwinidutph hwuju-
tuluin pyniip (puwinidibph dhel pilus dudwbiwljwhundusp VUCH):

Munidtwuhpdty Bu dbnwluynit Jhdwlh wuwpudbnptph swhdwt b VUCS-h
hwoqupyh dbkpngubpp: Lupuwgsh unniquut pbumpuubpp pbwgtnt hudwp wowewny-
b1 E wdundwinugyus hwdwlwng, npp swthnid b hwpynud E Jbpnbigjuy wwpwdbtnpbpp,
Juwwpnd £ uptippnimging upubdwgh wupwdbnpkph tpnidnipeniu:

Unwhgpuyplr pwnkp. nuhwinidubph dhol pijws dudwiwlwhwndws, puqdw-
uhuppnuqnupwiiught poiptnh ypuyh hwdwlwpg, uptippntugung vpubdw, dudwbwlw-
1ht wuwpwdbtnptp, swhnud, wjunndunwugdus hwdwljupg:
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3.M. ABETUCSH

MN3MEPEHUE, PACUET U AHAJIN3 BEJIMUNHbI HAPABOTKH HA OTKA3 B
OJHOKACKAJIHBIX CHHXPOHHM3ATOPAX C UCIIOJIb3OBAHUEM
ABTOMATHU3UPOBAHHOM CUCTEMBI

B cucremax Ha kpucramie y3ibl, padOTalole B Pa3IMYHBIX CHHXPOCHUTHAIIBHBIX
00J1acTsIX, HYXKNAIOTCS B CHHXpOHM3aUMHU. J[JIsl 3TOro CyIIeCTBYIOT CIIELHAIbHBIE CXEMBI,
Ha3bIBaEMble CUHXPOHM3aTOpaMH. Tak Kak BpeMs MPHOBITHS CUTHANA JaThl, TEHEPUPOBAH-
HOTO B JIPYrOf CHHXPOCHTHAJIBHOW 00J1aCTH, HEBO3MOXKHO NPEABUIETh, B CHHXPOHNU3ATOPAX
MOTYT BO3HMKHYTh METACTaOMIIbHBIE COCTOSHUS. MeTacTaOMIBHOCTE MOMKET HNPUBECTH K
c00sIM B TOCIEIYIOMNX CXeMaX M, KaK CIIeACTBHE, K cOoro obmeil cuctemsl. CremoBa-
TENIBHO, Ha 3Tare MPOSKTUPOBAHKS U BEPU(PHUKAIINN HHTETPAIBHONW CXEMBI OYEHb BayKHO OIle-
HUTb BeposATHOCTH cOoeB (HapaboTok Ha oTkas - HHO).

B pamkax craTteu MccIeOBAaHBI METOJbI M3MEPEHHS ITapaMeTPOB METACTAOMIHLHOTO
cocrosinus u pacuera HHO. [lnst cOepexxenust pecypcoB Bepr(UKAIMU MPOEKTa MpeaIoKeHa
ABTOMATU3UPOBAHHAA CUCTEMA, KOTOpAasA USMCPACT U BBIYHUCIIACT BBIILICYIIOMAHYTBIC Iapa-
METpBbI, aHATU3UPYET IapaMeTpbl CHHXPOHHU3ATOpa.

Knrouegvle cnoga: napabOTKa Ha OTKa3, MHOTOCHHXPOCHUTHaJIbHAas CHCTEMa Ha
KpHCTa/ule, CHHXPOHU3aTOpP, BPEMEHHbIC MapaMeTphl, U3MEPEHHE, aBTOMAaTU3MPOBAHHAA
cucTeMa.
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