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C.T. MEJIKOHSH, C.A. CAPI'CSIH, M.I'. APYTIOHSIH, K.I'. CTEITAHSH,
10.J1. CAPKHMCSIH

OINITUMAJIBHOE JMHAMUYECKOE TIPOEKTUPOBAHUE
PEABUWJIMTAIIMOHHBIX YCTPOMCTB KOHEUHOCTEM
YEJOBEKA

PaccmaTtpuBaercst  3ajada  ONTHMAIBHOIO  JTMHAMHYECKOTO  IPOEKTHPOBAHHMS
peaOMINTAIIOHHBIX ~ YCTPOMCTB ~ KOHEYHOCTEH  4YejoBeKa C  DIICKTPOMEXaHHYECKUMHU
MpuUBOJAaMHU, MOCTPOCHHBIX Ha 6336 MaHUITYJIAIUOHHBIX MEXaHU3MOB.

Knrwuesvle cnosa: peabUIMTAIIOHHOE YCTPOMCTBO, MAHUITYJISIIHOHHBIA MEXaHU3M,
ONTHMAaJbHOE TMHAMUYECKOE IIPOSKTUPOBaHKEe, ypaBHeH! Jlarpamxa-MakcBeina.

BBenenue.  PeaOwimrtanyoHHble — yCTpOWCTBA ~ OPUEHTHUPOBAaHBI  Ha
BOCCTAaHOBJICHUE JIBUTATENbHBIX  (DYHKIMHA 4YelnoBeka, M WX  ONTHMAaJIbHOES
MIPOEKTUPOBAHUE SIBJISIETCS YPE3BBIUAHHO aKTyallbHOW 33J1aueH.

M3BecTHBI  MpOCTEHINIME  MEXAHWYECKHE  CHUCTEMBI  DK30CKEJIETOHOB,
JTyONMUPYIOIUX KHHEMATHYECKUE (DYHKIIMU KOHEUHOCTEH YeIOBEKa M BOCIIOJIHSIONIUX
WX XECTKOCTh M HECYIIYI0 CIOCOOHOCTH, KOTOpPBIE, OJTHAKO, MOTYT HCIOJIb30BAThCA
TONBKO TMPH (QYHKIMOHHPOBAHMH HEPBHO-MBINICYHON CHCTEMBI. X BO3MOXKHOCTH
HECKOJIBKO PACHIMPSIOTCS UCTIOIh30BAHUEM MEXaHWUECKHUX pasrpyKaTejeid: MpyKuH,
YPaBHOBEIIMBAIOIIAX CHJIBI TSXKECTH CETMEHTOB KOHEYHOCTEH, YTO TI03BOJISIET
MIPHUKJIAJIBIBATh MUHHMAIIbHBIE MBIIIIEUHBIC JABUraTEeNIbHbIC ycrmus [1-3].

Bonee yHHUBepcanbHBI peaOMIIMTAIIMOHHBIE YCTPOWCTBA, CHAa0)XEHHBIE
AJIEKTPOMEXAaHUUECKUMU TPUBOJIAMHU, KOTOPBIE MOTYT OBITh HKCIOJB30BaHbI MPH
HamMuuK 0oJiee Cephe3HBIX MPOOJIEM OMOPHO-ABHTaTEeNILFHOTO almapara, a TaKkKe B
LENAX YBEJIWYCHUS (PU3MUECKHX BO3MOKHOCTEH YeOBeKa B CIECHUAIBHBIX 00JACTAX
€ro JiesITeNbHOCTH [4].

HaubGonee  BBICOKOMY  YpOBHIO  COOTBETCTBYIOT  pEaOMIMTAI[MOHHBIE
YCTPOMCTBA,  pacloyiaraiolliie  BO3MOXKHOCTSMH  pealiu3allid  yIPaBJIsieMbIX
JIBUTATENbHBIX (YHKIUN YeIOBEKa, KOTOPble 00a/lal0T XapaKTEPHBIMHU NpPU3HAKAMH
poOOTOTEXHUYECKHX cucTeM [3-5].

B crathe paccMOTpeHBI 3aJlayd ONTUMAIBHOTO JUHAMUYECKOTO MPOEKTHPO-
BaHUsI peaOMIIMTAIIMOHHBIX YCTPOMCTB KOHEUHOCTEH YelIOBEeKa, MOCTPOCHHBIX Ha 0a3e
Pa30MKHYThIX KHHEMATHYECKUX LEMel, JeKalMX B OCHOBE aHTPONOMOP(HBIX
MaHUMYJIATOPOB. VICIIONB30BaHBI METONOJIOTHS ¥ BBIUMCIHMTEIBHBIE METOIIBI,
pa3paboTaHHBIE aBTOpaMH B [6] ¢ TpHIIOKeHHEM TU(PepeHIHATBHbIX YpPaBHEHUH
Jlarpamxa-MakcBernia Jjist TOJIOHOMHBIX CUCTEM.
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Cy1iecTBeHHbIE OCOOCHHOCTH MOJICIMPYEMBIX CUCTEM IPOSIBIISIIOTCS KaK B MX
CTPYKType, TaK ¥ KHHEMAaTHUKE W JAWHAMHUKE: 3TO MOJBIKHOCTH B KHHEMATHYECKUX
napax, OrpaHHYeHHMs], HaKJIaJplBaeMble Ha MEPEMEILEHUs, CKOPOCTU U YCKOPEHUS, a
TaK)Ke MacChl 3B€HbEB U MPHUBOJIOB.

C nenbio 06ner1eHusl KOHCTPYKLUMHU U YMEHBILIEHUS YHEPro3aTpaT MPHUBOAOB B
peaOUINTAIMOHHBIX YCTPOMCTBaX HCIONB3YETCS NPYKUHHOE YPaBHOBEUIMBAHHE
3BeHbeB [2]. Ilpu sTOM 3amadeil ONTHMABHOTO MUHAMHUYECKOTO MPOEKTHUPOBAHMS
SIBISIETCS OTpe/ieNieHue 3HAYCHUI MOCTOSHHBIX MapaMeTPOB YCTPOUCTBA: HKECTKOCTEH
Y HAYaJbHBIX JJIMH YPaBHOBEUIMBAIOIIMX TNPYXWH M MECTa WX NPHUCOEAMHEHHUS K
3BEHBSIM, JOCTABJISIFOIIUX MUHUMYM (DYHKIIUH KauecTBa.

YrpapineHue ABIKEHUSIMH PEaOMINTAIIMOHHOTO YCTPONUCTBA OCYIIECTBISIETCS
3JIEKTPOJIBUTATEISIMM  [IOCTOSTHHOT'O ~ TOKa,  KOTOpble  pa3MelleHbl B €0
KMHeMaTH4eckux napax. I[Ipu 3TOM mMOBeleHHWE CUCTEMBI OMUCHIBACTCS W3BECTHBIMU
ypaBHeHusIMH Jlarpanxka-MakcBesia B BUAE

Zaij (p,q)q; + Zzagk (p,9)q,9, +2a;(p, DL =Q;(p,q) ey
j=1 j=1 k=1
LI +b,(p,q,q.1)=U, ~LR,, i=1,2,...,n, )

rae q:(qlaqza---,qn)’q:(qlaqza---,qn),qz(‘qlatiza--'a‘qn)' BeKTOp"byHKHHH
00OOIIEHHBIX KOOPMHAT, CKOPOCTEN M YCKOPEHHI MEXaHWUYECKOM YacTH CHCTEMBI;
I=(1,L,,...,1)- Bexrop-QyHKIMs cu1 TOKa, BO3HHKAIOWMX B pOTOpax

snektpoasurareneit; p =(p,,P,»...,Py) - BEKTOP IIOCTOSHHBIX [apaMeTPOB

SIIEKTPOMEXaHMIECKOM cuctemsl; U, - HampskeHus B poropax; R, - comporusienus B

dJeKTpoterX, a a;(p,q),a; (P,q),a;(p,q),Q;(p,q) # b;(p,q,q,I)— ussectunre
(YHKINY YKa3aHHBIX TAPaMETPOB.

OnTumMaibHOe NMPOEKTHPOBAaHHE Pea0lMINTANMOHHBIX ycTpoiicTB. Iloe-
JIEHHE MEXaTPOHHBIX CUCTEM PeadMIMTALMOHHBIX YCTPOMCTB U yCTaHABIMBAEMOE UMU
Ka4eCcTBO WX (DYHKIIMOHHPOBAHHS TPU 33aJaHHBIX IapaMeTpax OJHO3HAYHO OIpe-
JIEJISIeTCS] pelIeHUsIMU cucTeMbl ypaBHeHui (1) — (2) u B o0mieM cirydae oTiM4aercs
oT TpeOyeMbIX kadecTB. OJTHAKO, OCTABAsCh B Mpeienax PU3NIECKUX 3aKOHOB, IyTEM
W3MEHEHUS IapaMeTPOB CUCTEMBI MOYKHO €€ KauecTBO MaKCHUMaJbHO MPUOIM3UTH K
Tpedyemomy. [ljis 3TOro HPUMEHSIOTCS METOAbI ONTHUMAJIbHOIO NPOEKTUPOBAHUS,
3ajja4a KOTOPOTO B JAHHOM cllydae (YOpMyJIHpyeTcs CIEAYIOMNM 00pa3oM.

JonycTuM, MOBEJEHUE MEXaTPOHHON CHUCTEMBl OMNMCBHIBAETCS YPaBHEHUSIMU
(1)-(2) u 3aman Takxke QyHKIIMOHAT

¥,(q,4,1,p) = [£,(q,0,Lp)dt , 3)
0

KOTOPBI XapaKTepHU3yeT Ka4yeCTBO CHCTEMBI.
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TpeOyercsi ompenenuTh TakWe 3HAYEHHUS IIOCTOSHHBIX IapaMeTpoB P U
3aKOHBl M3MEHEHHUS q(t),q(t) 00O0OIIEHHBIX KOOPIWHAT W CKOPOCTEH, KOTOpHIC

YAOBJIETBOPSIOT ypaBHEeHUsM (1) 1 (2) 1 MUHUMU3UPYIOT KpuTepuii kadectsa (3).
B o0mem cirygae HCKOMBIE TIOCTOSIHHBIE U IEPEMEHHBIE TTApaMETPhI HE MOTYT
MIPUHUMATH MPOU3BOJILHBIX 3HAYEHHH, ¥ TO3TOMY BBOJSATCS OTPaHUYCHHS

¥.(9,9.Lp)<0, te[0;7],j=1,2,...,m, (4)

KOTOpBIE JOJKHBI YUUTHIBATHCS MIPU PELLICHUH 3a]1a4M TPOEKTHPOBAHUS.

g pemieHust paccMaTpuBacMO 3aladdl MOXKHO TIPUMEHSITh H3BECTHBIC
YHCIIEHHBIE METO/IbI AKCTPEMANbHBIX 331a4d. OIHAKO B JAHHOM CIy4yae OHH MPUBOISAT
K TPOMO3JIKHAM BBIYMCIICHHUSM, IO3TOMY BO3HHKAeT HEOOXOAUMOCTH pPa3pabOTKH
YIPOLIEHHOI0 UTEPALMOHHOIO METO1a €€ pEeIlIeHHs, KOTOPBII U3araeTcs Aajee.

B nepuon Bpemenu [0,T] HBMXKEHHUS CHCTEMbl BBOIUTCA PaBHOMEPHO

pacnpenenennas cerka 0,t,,t,,..ty =7, t, =r-At, At=1t/N (r=0,12,..,N).

T
Jlanee mo y3JOBBIM TOYKaM CETKH IUCKPETH3HPYIOTCS KpuTepuil kxauectBa (3) u
orpaanyeHwus (4), B pe3yibTaTe 9ero OHN NPECTABISIOTCS B BUAC

N-1
Yo=Y f,(q",4" 1, p)At (5)
r=0
¥.(q.q.I.p) <0, r=0,1,..,N, j=1,2,...m, (6)

rie q,q°,1" - 3HaueHus 06OOUIEHHBIX KOOPAMHAT U CKOPOCTEH B MOMEHT BPEMEHH
t=t,.

Ilocne Ttakoil aAucCKpeTH3alMu 3ajadya IUHAMHYECKOI'O IPOEKTHPOBAHUS
CHUCTEMBl MPHUBOAMUTCS K MHMHUMM3ALUMU KpUTepus KaudectBa (5) € ydyeToMm

orpannueHui (6) U OCYLIECTBIISETCS MO CIEAYIOIEMY alTOPUTMY:
1. B k - MepHOM mNpOCTpPaHCTBE HCKOMBIX MOCTOSHHBIX IapaMeTPOB

P=(P;>Pys-s P ) BHIGHPAEM MPOH3BOIBHYIO HAYATBHYIO TOUKY P’ = (P}, Pys--» Py )
¥ BOKPYT HEe CTPOMM THUIIEPKYD cO CTOPOHOM 23 .
2. C nomomiplo JaTyMKa CIIy4aiHBIX 4YMCEN B THIEPKyOe renepupyeMm NN,

PABHOMEpHO PAacIpe/IEIeHHBIX TOUeK P’ = (pi,plz,..,,p}() (121,2,. . .,N) .
3. Jlma kakaoro suaueHus p' = (P, PhseensPy) (le[l;Nl]) C TOMOIIBIO

ypaBHenuii (1) — (2), pemas oOpaTHyI0 3amady JWHAMHKH, ONPENENsieM 3HAYCHHUS
q",q",I" (1=1,2,...,N;r=0,1,...,N) UCKOMBIX TEPEMEHHBIX IApPaMETPOB B

Y3JI0BBIX TOYKaX f BPEMEHHOTO OTPE3Ka [O;r].
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O T I e
4. Jlna mnonmydeHHBIX 3HaueHud p,q°,q",1° wHCcKOMBIX TapameTpoB
NpOBEpsAeM OrpaHudeHus (6) W IS JOIyCTUMBIX HMHAEKCoB 1 mo ¢opmyne (5)
1
onpenensem 3Hadenus WV, xpurepns xagecta V.

5. Bo MHO€eCTBE J0MyCTUMBIX MHIEKCOB | ompemensieM Takoe 3HaYEHHE lo R

I -l I 0 0
ais koroporo W = n{n}n Y, ., u nmposepsiem ycnopue Wy <, rne ¥ - 3sHauenne
!

KpUTEpUs KauecTBa, COOTBETCTBYIOLIEE HayaJbHONW TOUKe P’. Ecm yCIlIOBHE
BBINOJIHAETCS, TO HAYAJbHYIO TOYKY P’ sameHsieM HOBOH HayanbHOH TOuKOH PY,
Mocjie Yero MepexoguM K 1.1 HacTosmiero ajaropmtMa, B MPOTHBHOM CIydae -
pa3mepsl TuniepkyOa yMeHbIIaeM B 1Ba pa3a, ¥ BHOBb NEPEXOIUM K II.1.

[Iponiecc AMHAMUYECKOTO CUHTE3a 3aBEpLIAeTCs, KOrla UMEeT MECTO YCIIOBHE
20<g, rae € - 3agaHHas TOYHOCTh PACUYETOB.

B cnywae, korma mnpu AMHAMHYECKOM TNPOCKTUPOBAHHUU CUHUTAIOTCA
3aJaHHBIMUA TaKXE 3aKOHBI H3MCHCHUS q(t),c](t) 000OIIEHHBIX KOOPAWHAT U
CKOpOCTe MEeXaHMYECKOM YacTH, TO PEIIEHHE 3aJayd CHOBA OCYLIECTBISETCS IO
[IPUBEICHHOMY BBILIE aJITOPUTMY C TOH JIMIIb Pa3HUIEH, YTO B 11.3 BMECTO OOpaTHOM
3aJjauyl pelaeTcs CMellaHHas 3aaya JUHAMUKH MEXaTPOHHOU CHCTEMBI.

Yuc/jieHHBIHE NpUMep: ONTUMAJbHOE JMHAMHYECKOEe IPOeKTUPOBAHUE
JK30CKeNeToHa. PaccMoTpeHa cucreMa ¢ JByMsl CTENEHAMH CBOOoabl (puc.l),
oOpa3oBaHHas peaOMIUTALMOHHBIM YCTPOMCTBOM M KOHEYHOCTBIO UeJIOBEKa.
KpI/ITepI/ICM Ka4yeCTBa CHCTEMBI Bbl6paHa QJICKTpHUYCCKAasE MOIIHOCTh MPUBOIOOB
yCTpoiicTBa, KOTOpas NOJKHA ObITh MHUHUMH3MPOBAHA W B JaHHOM ClIy4ae HMeEeT

(02014700 110707@:17 01
2 2
o= ((UL) (VL))
3ajaua pelieHa [0 alrOpuTMy, NPUBEJCHHOMY BBbIIIE, IIPU CIEIYFOLIUX
3HAYEHUSIX Macc: m; =8k2, m, =4ke u WMH |, =0,4 m, 1, =0,4m 3BeHBEB 1, 2.

BeiGpansl snextpomoropst Trna I151-50 (m, =0,5xe, m,=0,5 xe) - ans npusoaa
l-ro sgena n I1-20 (m =04 xe, m,=0,4 xe) - nans npusoma 2-ro 3BeHA.

ITepenaTouHble OTHOIICHHS PEIyKTOPOB NpHBOAOB cocTapistor: U, =50, u,=100.

B cooTBeTcTBHM ¢ BO3MOXXHBIMHU JABUKCHUAMU KOHCYHOCTHU BI>I6paHI)I CICOYIOIUE
3aKOHBI U3MCHCHUA 0606H_IGHHI)IX KOOpAHHAT:
T . ty m wf, 1. t
q,=—=sin| t— |-—, q,=—| l-—sin| m— | | oua te[0;2,25].
2 t) 6 3 T

Anroput™m peanu3oBaH JUIi JAByX BapHaHTOB: 1) korjga npyxussl 4 u 5 (cM.
puc.l) OTCYyTICTBYIOT, T.e. CHCTeMa CTaTU4ECKH HE YypaBHOBELIECHA, MPU KOTOPOM

KpUTEpUH KadecTBa paBeH: WV = 10,346-10%; 2) IPY HAJIMYKMK NPYXXKUH W 3aJaHHBIX
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UHTEpBajaX 3HAUCHHH MX IOCTOSHHBIX HapaMeTpoB: l;[0,04-0,4]m - paccrosHUE
TOYKH A KpeIUIeHHs NPYKUH OT KHHemaruueckod mapsl D, c,c,[100-1000] H/Mm -
KECTKOCTH npy*uH, 1,[0,5-0,8] M, 1,,[0,15-0,95] M - HauaNbHBIE JUTMHBI TIPYXKHUH,
IpU KOTOPBIX KpHTEpHUii KauecTBa paBeH: W =4,912-10%, a mocTosHHBIE TapaMeTpsl
MPOEKTUPOBAHUA paBHbL: 1y =0,22m, ¢, =755H/Mm, ¢, =345H/Mm, 1,=0,5 wm,
l,, =0,95 M.

YA

\ X
0, 3
S\
1 \ E2 A
6.1 3 ‘Mg
/
D=2

a) 0)

Puc.1. Cratnvecku ypaBHOBEIICHHBIN 3K30CKEIETOH KOHEUHOCTH: a - HOTH, O - pYKH:
1, 2 u 3 — 3BeHBS DJK30CKENETOHA (BMECT€ C COOTBETCTBYIOLIMMHU CETMEHTaMH
KOHEYHOCTH), 4 M 5 — ypaBHOBEIINBAIOIIHE ITPYXKUHBI, 6 — TPUBOJ 2-T0 3BEHA

Ha puc.2 mpuBenieHbI TpadMKK MU3MEHEHHsS MOIIHOCTEH MPHBOJIOB 3BCHHEB!
MYHKTUPHBIMU JTIMHUAMH — JJIs1 9K30CKeJIeTOHa 0e3 CTaTHYeCKH ypaBHOBEIINMBAIOIINX
IPY>XUH, a CIUVIOIIHBIMM - IIOCJIE€ AWHAMHUYECKOM ONTHUMM3aLuHU (3K30CKEIETOH C
MIPYXKUHAMH).

3axarodenue. Ha ocHoBaHuM o01eil MaTeMaTUYECKOH TEOPUU ONTHMAJIbHBIX
mporeccoB  chOpMyJNHMpoBaHa W pelleHa 3ajada JIMHAMHAYECKOr0  CHHTEe3a
MEXaTPOHHBIX CHCTEM pPEaOMIMTALIMOHHBIX YCTPOHCTB KOHEYHOCTEH uelnoBeKa,
MOCTPOCHHBIX Ha 0a3e aHTPOMOMOP(HBIX MaHHIMYJIATOPOB. [IpemIokeHHbIH
YOPOIIEHHBIA  YHCICHHBIH  METOA  TO3BOJIIET  NIPEOAOJIETH  TPYAHOCTH
BBIUMCIIMTEIBHOTO XapaKTepa, BO3HHKAeMbIE B paccMaTpUBaeMONW MHOTOMEpPHOM
3KCTpEeMaIbHON 3azaye. D¢ dexTuBHOCTD TIPEJIOKEHHOT O anropuTMa
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MNPOWJUIFOCTPUPOBAHA Ha MNPUMEPE AUHAMHUYCCKOIO CHHTE3a ABYXIIOABHXKHOT'O
OK30CKEJIETOHA IO KPUTECPUIO MUHUMYMa SHEPro3arpar.

150.00

100.00

50.00

P1

0.00

25
-50.00

-100.00

10.00
8.00
6.00
4.00
2.00
0.00

-2.00
-4.00
-6.00
-8.00

P2

25

Puc.2. QHGKPH‘IGCKI/IG MONIHOCTH IIPUBOJOB 1-r0 ¥ 2-TO 3BEHBEB IK30CKEIETOHA: CTATHYECKU
HEYPABHOBCIICHHOI'O (HyHKTI/IpHa}I J'II/IHI/I}I) U CTAaTUYECKU YPABHOBCHICHHOI'O IIOCJIC
JUHAMHUYECKOI'0 ONNTUMAJIBHOI'O IIPOCKTUPOBAHUA (CHIIOH.IHaSI HI/IHI/ISI)
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U.S. UBLLNLSUL, U.U. UUreUsUL, U.Q. 2Urnkesnhiusuy,
4.G. USEPUL3UL, 3Nh.I. UUreU3UL

UUMNE dEMNPSEULENE 4EMUEULELNANUYUL UUCLEE ONSPUUL
ThLUURYUYUL LURNUQRONRT

Thunwplyus ki dwpnnt dkpenyputphg b ngputg swpdnqujut $niujghwk-
pht thnpwphiing b mdbnugiunng HEjupudbowihjuwt Jkpujubqunpuljut
uwpplphg juqudws Jhuuwdbwnpniuhtt hwdwupgbph phtwdhjuljut uhb-
ptgh Nughputpp: Nuunmdbtwuhpynn enpnununbthjuwt vwpptpp jurnigynwd
Eu whwnpnynunpd junrnigyuspny dwthynijjughnt dbjuwthquutph hhdw Jpu:

Unwagpuyhl pwpkp. Jtpujuwiqunpulijut vwpp, dwihynijjughnt dkuw-
thqd, owwhdw] nphtwdhulut twhwgsnid, Lwgpuud-Uwpudlbih hwuuw-
nnidubin:

S.T. MELKONYAN, S.A. SARGSYAN, M.G. HARUTYUNYAN,
K.G. STEPANYAN, YU.L. SARKISSYAN

OPTIMAL DYNAMIC SYNTHESIS OF REHABILITATION DEVICES FOR
HUMAN EXTREMETIES

Problems of optimal synthesis of biomechatronic systems of electromechanical
devices for the rehabilitation and reinforcement of human motor functions are considered. The
robotic devices under consideration are based on the manipulation mechanisms with an open
looped anthropomorphic structure.

Keywords: rehabilitation device, manipulation mechanism, optimal dynamic
synthesis, Lagrange-Maxwell equations.
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281 621.181:621.43.031.3 ELEra6Shul

Nn.9. UurNkr3UL, (kUL UDBUL

QUQUSNPAPLUSPL SENUUYUSU LR UNUNLTBUNC LELO0Y N,
O1h QELUUUSRKULE AU2MTUSUTUL ULTESNPE3NPLL
CN3EIUU3PL SENUTU3ULL UCTUSULLP 4 U

TYhunwpydl; t onghququyhtt | mbnuluywiph  Yndypblunp  Ukpsdynn  onh
obpdwuwnmhdwth  pwpdpugdwb  wqpbgnipmiip  hwdwlgyus  ghlny  wppuwwnng
ququunipphiught b ongbwnnipphiughtt wknuljuywpubph wopiwwnwuph Jpu: Spdkp k
ququunnipphtiughtt mbnujuyuuph Yndwpbunp tkpsésdynn onph obpdwuwnmhgwihg Juwhiqusé
npu kpnid updwl ghwhwindwl pubwdl: Spyk) E twlh ququinnipphtiught inknuljuyutiph

Yndypbtunp dwwnmgynn onh ehpdwuwnmhdwuh thnthnjunpemnithg jupgws' hwdwlgusd
ghljnid wphiwnnn gnqlinnipphih hqnpnipjut qiwhwndwb kywbwly:

Unwhgpuypli punkp. ququuinipphiughtt wbnuljuywip, sngbnidwghtt mbnuljuywip,
hwdwlgdus ghlyy, ndwypbunp tkpsdynn onh ghpdmunhgwi:

Udkbwnwpwdjws  onghququyhtt.  mbnuiuwywupp  (TXS)  oquuwhwiihy
Jupuwny wbknuiuyuipt b, npnid ququuinipphtiughtt mbnujujwuuphg (2SS)
htpwgnn Sppwquqtiptt ninnynud ki ogunnuhwihy jupuw, npunbn bpubg okpdnipjut
ks dwup hwnnppynud t ongbunnipphtiughtt bnuljuyuiph (TS) wppuwwnng
dwpduht, b ghubpugynmud £ glipnwp ongh, npp dunnigynid | onglinnippht (uly.1)[1]:

cS q

Uk
= 3
: i

U as |4 o (P

Ul.1. Oqunwhwthy upuwyny mhuuyht TS [1]
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NMupgbint hwdwp, pt hisyhuh wopbgnipmit E ntbkind @SS Yndwyptunp
utipddynn onh otpdwuwnhfwiup TAS-h wppuwwnwbiph Ypw, twp ghuwplbiup wyy
wqplgnipmniup @SS ghlyih ypu:

Ququunipphtiwjhtt mbnuljuwywiph (2SS) hpbwwlwut ghlyjp Juqujus k
ynudwypbunpnid ubnddwt hgnktuwnpny ypngkuhg(1-2s), wypdwb jugnid okpunipjut
hwnnpydwt hgnpup wpngluhg(2s-3s), nnipphinud hgnknpny pugupdwynidhg(3s-
4s) L 4s-1 wuydwbwlwt wypngbup thwynd E ghp (W4.2): Ppulut ASS-nid,
wuydwbwynpdws othdwt b wy wbhwlunupdbih Ynpniunibpny, wpngkub
nupwunid k£ Ebnpnyhwh wdny b nith 1-2-3-4 mbupnp (uly.2) [2]:

TL

L%
r 4

S
VY. 1. Mupq 3SS-h wohiwwnwpuyht ghlyip T-s nhugpudh Jpw

Bnp pupdpuunid E Yndwyplunp tkpssynn onh obpdwumnhdwun, 1 Yhwnp tnyh
hgnpupny wbnuowpdymd Lt nhyh we (1-1, u4.3): Yndwphunph ubkppht
hwpwpbpului OF3-h thnthnpunipnibp, jupidus tkpdsynn onh ehpdwuwnhdwihg,
wblpwb £ b Jupny £ wbnbudb): Undypbunpnud £updwt pupdpugdwt wunhdwih
JupiJwdnipniip tkpééynn onh obpdwuwnhfwihg quwhwwnbint hwdwp nhwubkup
ul.2-nud  wuwwnlipws dhohtt hgnpnipjutt “GE Frame 7F” QSS-h Undwphlunp
dwwnnigynn ogh ohpdwuwmhdwihg Ywpdws npu Gpnd gupdwb wpdtputph
nhwgpuup:
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P. UM

138 3
1314

3 i . . 4
1,24 3 v Tl
- SO ———s
1.1 9
1.03 3 i

15 189 20L7 24.4 27.2 30 328 356 t°C

‘UY.2. GT Frame 7F ququuunipphtth Yndwpbunph Gpnud gupdwt jujugwsdnipiniup npup onh
obipuwunhgdwiihg [3]

Pwh np &SS-ubkpp twhwgsynud L ubpddynn onh 15°C ghpdwuwnhdwih
hwdwp, wyn obpdwunhdwuh pghypnd Yndwypbunph Gpnd onh Lupnudp nith hp
wiwbwlut wpdbpp: UY.2-nid wunlipquws phwgpudhg Ykpgubing gupdwt
wpdtiputpp b wpnwhwjnting ngpuip wnlnuttpny® 15°C ehpdwuwnh&wuh nhupnd
widuwiwlut gupdwt tjundudp §nitbbiwbp wnniuwlnid pipdus ndjuubpp:

Ungyniawly
GT Frame 7F quuquunnipphh Yndypbunph Ejpnud Lupdwt jupuqubnipiniup
Ynuwypkunp ukpssynn onh okpumunhfwiihg

t, °C P, %

15 100
18,9 99,2
21,7 96,5
24,4 95,5
27,2 93,9

30 92,8
32,8 91,7
35,6 90,1

Uy wdjuubph dnnwpldw dhongny unnwtimd Eup thnpduwfjut putiwdl
(1), npp punipugpnid E dhohtt hqnpnipjut ququunipphtth Yndwpbunph Epwjht
Supdwt thnthnpunipnibip tkpdsynn onh ¢hpdwuwnhdwuh thnthnpudwb 15... 35,5 °C
nhpnypnd’ wpnwhwjngus %-nd wjubwlut dupdwt bjundudp:
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P%=0,363t-6056,541/t?+440,075/In(t): (1)

Snipphth Ukppht hwpwpkpuuit 0FA-u wuwydwbwynpjws L ququyht
wunipphth dntnpmid Sjpowquqbiph obpdwunhdwing, npp dwdwbwlulhg ququ-
nnipphttughtt mbnuljwywbputpnid phintdwsph’ widuuwluihtt dnn nhpnypeod
dunud £ hwunwwnnit, wujuu Yndypbunp tkpssynn onh okpdwunhgwuh wpdtphg:

Ujuphtpl® ukpsdynn onh 15°C-hg pupdp nplk obpdwunmhgdwuh nhypnid &SS
woluwnwpuyhtt ghyp niubbw uly.3-nud wunlipqus 1’-2°-3’-4” mbupp:

T%

L%
r 4

S

UY.3. @SS-h wohiwwnwtpuyhtt ghlyih thnthnjpuntipiniup npuh onh ghpdwuwnhdwuh pupdpugdui
htwnbwupny

aSS Undwyphunp dwunnigynn ogh hnjugdwt hwdwlwpkph Yhpwunnudp
bywwnwl niuh onh pupdp oipdwumhgwitinh nhypnid nknuljuywiph wojuwwnw-
pughtt wuydwbubpp dnnkgul)] Guybnuhtt wupdwitbkpht: Qpuyhtt donywyun-
dudp hnjugdwt hwdwlupgbpp @SS dwwnnmigyny onh hnjugdwt wdkuw-
nwpusyws hwdwljupghpb B [4]:

Zwpyh wrubng Jipp tjupugpjusp’ 4SS otipdwyhtt hwydupyh dbkpnngngd
Jupkh bt quwhwwnbk] 9SS hgqnpnipmitp Yndwpbunp ukpéédynn onh pwjupup
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obipdwunhdwtuyhtt nhpnypnwd, hswyku twb opuyhtt donipyuyyundwt hwdwljupgh
Yhpwndwb hknbwpny JEpuljuquynn hgnpnipjut dkdnipniup:

9SS obipuuhtt hwpqupyh wewgwplyynn hwpyuplyught wignphpuh dhengnd,
uh owipp Eubpghwnphlulwt gniguihoutph sowppnid hwpduplymd E bwlb wipdus
wuydwbbph nlypnid onh junnipinitp (p), 14¢ Junkihph wjpdwb hwdwp nmbuw-
Juinpkt wiuhpwdtown onh quuqusp (Lo), 14¢-h hwoyny onh wdbkignijuyhtt Swipuup
(gon_wy), b &SS-h hqnpnipniip Yndwyplkunpnid 14q onh hwoyny (Ni_ey), npntp Yuplnp
ntp b jpunnud® obpdwunhdwh thothnjudwb wqnlgnipniip ongknidwght ghljjh
Jpu quwhwwnbnt hwdwp: Gpp pupdpwind £ ASS Yndyptunp dwwnnmigynn onh
otpdwunhdwp, pupdpuwinud £ twb 9SS-hg htnwgnn Spuwquqbtph gbpdwunh-
Suitip, htnbwpwp b° Fupujyhwt: Uwluyt puwth np §ndypbunpp hwunwnni
Swwjuyhtt Ubkpktw E b onh obpdwuwnmhfwuh dbkdwgnudp hwtghginmd t ppu
hunnipjut thnppugdwi, ntunh @SS Yndypbunpny quuqubwyht Swpuup ukpdsyny
onh obipdywuwnmhdwih w&ht qnigpipug tWwqnud E: Nbuwnh, ogh ehpdwumnh&wih
thnthnjunipjut htin juuws onglinidwyhtt mknujuywiph hqnpnipjut thnhnjunt-
piut ghwhwndwt hwdwp whwnp k hwpdt) @SS-hg htinwgnn sfuwquqbtph okpduyht
Futpghwih thnthnunipyniip:

zhknwgny Sluwquqbtph htiw twpynn ebpunipjut pwbwlnipniap hwjuwuwp
E htinwgnn sfumquqbtph Eupwjyhuyh b Swhuuh wpnwunpuhic'

Q=Gn*hasn, )
npwntn hash-ut Sfumquqtiph Eupuywhwi &, Gm-u htinwgnn Sjowquqbph dwjuut b 4g/4/-
ny, npp jnipupwibgnip wnipphth hwdwp hwoqupyynud £ Euknd tpu wdubw-
Juwt hgnpmipnithg b bulbnwhtt wguydwbibph phypnid hwoqwplyhg, nph
wipniupubphg oquytny’ hwoquplyynid £ &SS-h ndyplunpnid onh quuqusuyht
Suihuup (Gym) b, hwoh wntiking onh funnipinibip wyn wuydwbibpnud, npnoynud k
QSS Ynuwypbtunph dwjuujhtt dwjuup (Gy), npp hwunwwnit £ wpjus ASS-h
hwdwp®

Gym=Nt/Ni on, 3)

npuntin N bpuybunught yuydwtitkpnod 95S-h hqnpoupymit E
Gyv= Gyn/ p, 4
Gm= Gy*p+ Gu*p/( gon_wi+ Lo): 5)

Nbhukuwny Q Ukdnipiniup julkwnuwghtt wwydwbbbpnud b wyn nphypnd® TAS-h

onghwnnipphuth hqnpnipmniup, b hwyduplybng gpup onh gujugus shplwunh&wih
nhypnid Q Ubkdnipjub wpdtpp, b wytt hwdbdwwnting jutwnughtt yuydwuubph hp

wpdtiph htiwn, Jupkh £ quwhwunt) onghnnipphth qupqugytihp hqnpnipniip udjuy
obpdwunhdwuh nhuypnud:
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Eqpulwgnipinii. Unwowplynn btnwbwlp htwpwynpoipmitt £ phdbnnid
quwhwwnty] @SS-h Yndwyptunph Gpnwd Lupnudp ubpssynny onh ebpdwuwnhdwih
gnpstwlut hwpduplutph hwdwp Jhpwekih thnthnjudwt mhpnypnid: Cun wyympd,
Jupkh £ quuwhwnt] @SS hqnpnipniut nt wpymbwdbnnipmiup gpu’ §ndypbunp
dwwnnigynn onh ¢hpdwuwnhdwbh pwpdpugnidhg Jupgws: Unwowplymd E
pwtiwdly, npp juy E hwunwnnid hwdwlgws ghlng wpjuwwnnng TS-h hqnpnipjui
b ASS-hg hbnwgnn Spiwquqbph obpUwjhtt Eukpghuygh dhel, b qhwhwink; TAS
tukpgbnhluljui b wpynitwbnmpjut gniguthputph Jpu Yndypkunp dwnng-
ynn onh hnjugdwt hmdwlupgbph wqnpkgnipniin:
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B.3. MAPYXJIH, P.A. PAO®SH

BO3/JEVICTBUE MOBBIIIEHUS TEMIIEPATYPBHI BO3JIVXA,
MOCTYHAIOUIETO B KOMITPECCOP F'A30TYPBMHHOM YCTAHOBKH, HA
PABOTY INAPOT'A30BOI YCTAHOBKH

HccnenoBaHo BO3/EHCTBHE TOBBILCHUS TeMepaTypbl BO3IyXa, IOCTYIAIOIIETO B
KOMIIPECCOp Ta30TYypOMHHOW YCTaHOBKM, Ha paboTy ra3oTypOMHHOW M NapoTypOMHHOM
YCTaHOBOK, paloraromux B KoMOumHHMpoBaHHOM uukie. IlpeacraBnena  ¢opmya,
OIpeJeNAIoNas AaBJICHUE Ha BBIXOJE W3 KOMIIpECCOpa B 3aBUCHMOCTH OT TeMIIEpaTyphbl
BO3[yXa, IIOCTYIAIOIIEr0 B KOMIPECCOp Ta30TypOMHHOH ycraHoBku. OmucaH MeTox
OIpeJIeNICHUsT MOUIHOCTH IMapoBOH TYpOHHBI, paboTaroimieii B KOMOMHHUPOBAHHOM IIMKJIE B
3aBUCHMOCTH OT W3MCHEHMs TEMIIEpaTypbl BO3[yXa, IIOCTYMAIOIIET0 B KOMIIPECCOP
ra30TypOMHHON YCTaHOBKH.

KaioueBble cjoBa: ra3oTypOMHHAs ~ yCTaHOBKAa, [aporasoBas — YCTaHOBKA,
KOMOWHHMPOBAHHBIN IUKJI, TEMIIEPATypa MOCTYIAIOIIETO B KOMIPECCOp BO3AyXa.

V.Z. MARUKHYAN, R.A. RAFYAN

THE INFLUENCE OF THE GAS TURBINE INTAKE AIR TEMPERATURE ON THE
COMBINED CYCLE OPERATION

The influence of the gas turbine compressor intake air temperature on the gas turbine
and steam turbine operation is observed. A formula determining the pressure at the exit of the
gas turbine compressor depending on the intake air temperature is presented. A method of
working in a combined cycle steam turbine power measurement depending on the variation of
the intake air temperature of the gas turbine compressor is also presented.

Keywords: gas turbine, steam turbine, combined cycle, compressor intake air
temperature.
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287 621.311 ELGraEShauU

L.Q. UReULEBUSUL, L.4. UUDUNUL

ELBUS/UTUL 8ULSNRU UUShY 22N NRE3UL UNNRUSLECD
LU UPEUSP 26SULNSNRT

Mumdbwuhpyl) £ 6...35 49 jupdwb fEjunpuljut guigipmd wjnhy hqnpnipjut
pugupdul] b hwpwpbpwlwi Ynpniunbbph  juwppduwdmpiniup  dntnpuyghtt wljnpy
hgnpnipniihg: Opnoytyp B wyn Ynpniunubph tpunpbunidh Yhnbpp b phpdl) Eoppubg
Eppusuhwljut Ukjhwpwiinipniiin:

Upwbagpughli pwnkp. wlwnhy hgnpmipnit, pugwpdwl] b hwpwpbpuljub
Ynpniunttp, punpbtdnud, pintduspuyhtt b ny pintdwspuyhtt Ynpnruntkp:

Uljwhy hgnpnipjubt Ynpniunttpp LEjunpuguigh wwppipnud (hwupdtp
Unpbjuynpynud ki thnpuuphtidwt ujpbdwgh Epuyiwut b juyiwljut Thugdwi r o
g nuppbkpny:

ElEjuipuguugnid wljinhy hqnpnipjut Ynpniunttpp npnoynid B htwnlyug
puttwdlibpny’

AP, =1I?, (1)
AP, =gU?, @)
npunkn APp -1 wiunhy hgqnpmipjub pErtduspwyhtt Ynpniuntbpt b, r-p gsh Jud
npwudnpdwnnph wlnhy ghdwgpoipmiu b, I-u r ghdwgpnipjuit gduyhtt hn-
uwtipl k, npnpynud b uynitwgyws pkdhuh hwpquplhg, hul AP, -p wljnhy hqn-
poipjul ny phintdwspuyhtt Ynpnrunbkpt B, g-t npubudnpduwnnph dhoniyp Jud
wuuljwdl wwpynudp dnghjudnpnn jujtwui gninh wnhy hwnnppuljuini-
piniut k, U-u gduyhtt jupnudt k, npnoymud | juyniimgus nhdhdh hwpquiplng [1, 2]:
vunph npdwédpp: Zkwmwgnut) 6(10)...35 §9 gwughpnid wlnhy hqnpnipjut
Unpniunubph b pputg wnlnuwsuhbph juwpujusnipniup guugh dninpught
wljunnhy hgnpnipjut Ukdnipiniihg:

“Yhunwnplkup pwohahs 6(10)...35 § gwugkpnid wljnhy hqnpnipjut phntguws-
puwyjhl, ny phintdwdpuyhtt b gnudwpuyht Ynpnrunttph b gpug wnynuwswhtph
Juwjuudnipniup guigh Untinpuyht wjnpy hqnpnipjut dbdnipniuhg:

Zhknmwuqu  puunnnipmpniitiph ot dbjtwpwimipniitiph pupwgpnid,
shubnupniptng Jipohutiphu punhwipnipmitp, nhnwpykup bl I-md phpgus
uhudtwnphl] Enwdwq gumugh dhwughs upubdwl, npunkn P-u b Q- knwdwq guugh uing
hwlignygh wiwnhy b nkwlunpy hqnpoipnibbtpt &, Uj-u uing hwignygh gdwht
jupnudt &, P-p U P,-p uwuwnhsttph wlnpy hgnpmipimbbpt G dhpp pgwsd
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wupwdbnptpng Jhwghs ujubdugh juyniiugqus nkdhuth hwyduplhh wppniupnid
unwinid Lup jupnidutph b hnuwtpubph gqdwyhtt dbdmipjniiitph wpdbpubnp,
htnbwpwp, dhwghs uubduynid Ynpniuntbpp unugymud bu bnwdpwq onpuyh pkp
dwqtph Ynpnrunibphtt hwguuwn:

P.Q

Up

1 2

P4, cose: P2, cosg:
Ul.1. Uhdbkwnphly tnwubwq gugh vhwghs upubdw

Zudwpnud Bup, np huynuh o upjubdwgh Yuweniguspp, bpuw wuwupy
wuwpwdbnpbpp, hiywbu twb  phouwspuwyhtt  hwignygubph (1, 2) wlunpy
hgqnpmipjniip b hqnpnipjut gnpswlyhgp (Y. 1): Utnn hwbgnygh U, jwpnuip
hwdwpnid Bup $hpuus bt wuthnthnju:

Zknmwgnunkp guigh wljnnhy hgqnpnipjut Ynpniunttph thotnjunipmniop’
Jujuwé uunn hwignygh P wljnhy hqnpnipinihg, hwdwpbiny, np pinuuspubtph
wlupy hgnpmipinibttpp hothnpdnud &u Py o P, dbdnipinitiibpht hwdwgswi, huly
npubg hqnpnipjub gnpswlhgutpp b utng hwignygh U, jupnuip dunud G
wtthnthnfu:

Ujthwywn E np qnyuipnit nibth ubnn hwbgnygh P tdwuqugnyt wpdtp,
npp ptypnud P, & P, oquwlwp wpwpnudp pugwluynid k- phebdwspuyght
Ynpniunubpp tuqugnyut b, hull ny phinuduspuyghip’ wnwbjugnyup, hwudw-
duyytt (1) 1 (2) pwbwdlitinh: Lokup, np wiju nhypnid gwigh hwignygubph jupnudubpp
wjuqugnyb swihny kb mwppkpdnud U qupnidhg, b Ynpnuanttpp 100% G:

Pmin = APp min + APnzp max (3)
pwh np punhwinip phypnid®
P=P +P,+AP +AP  : (4)

Utnn hwtignygh wjnpy hqnpnipjut wght gqnigpiipug, hwdwdwyh (1)-h b
(2)-h, pnudubdpuyht Ynpnrunttipt wdnd B, hull ny phinuduspuyhtin’ wdugnid,
pwih np gstkph hnuwtptubpl wgnud L, hull hwigniguyhtt jupmudubpp” tjugnid:
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Qnnipnih nibth twb ubng hwignygh P, wpwytjugnyh wpdtp, npp npnp-
Ynud E juynibmgws nhdhuh wnluwnipyut wuydwihg, b wju phypnid phnudws-
puyhtt ynpnrunbbpp wnwybjugny G, hul ns pintduspughin’ tJuqugnry:

Ul 2-nud pipJud L wljnnhy hqnpnipjui pintdwspuyghly, ny pintduspuyh b
gnidwpuht Ynpnrunttipp’ Ynpniunttiph hwyqupluwb dngbjh hwdwp:

AP

AF

Pﬂ-"—‘-_-_—- j.Pp

e e e T e =t

APmp 2]

—=--

1
Prim P I Pra
VY. 2. Ujnhy hqnpnipyjui pintdwspuyhly, ny phintguspuyhit b gnidwipuyght Ynpniunitkph
JuwpiJwénipiniup utinn hwignigh hqnpnipinithg

buswbu btplnwd L qpuwdbhlhhg (W4 2), gwiugh wlwphy hgnpnipjut
Ynpniunubph AP=f(P) dniuljghuts jupnn L niuktw) tpunpbdnidh §En® P

Thunwuplkup wybt yuydwbbbkpp, npnbg nypmd AP=f(P) $niuljghwt niup
Epunpbunudh Y Zudwduyt vwhdwidwi [3]°

|
I
|
1
[}
A

e
dp '
d(ap,) - dlap,)
Luith np T >0 u T <0 (pntJwspuyhtt Ynpniunbbpp Untin-

wnnb wdnn kb, huly ny phnht{mbpm]bh]i‘ Unlinnnt tjwqnn), ntunh
d APP)Jr d(ap,,)

dp dp
hujuwuwpdwt wpdwnh gnmpjut wihpwdton b pudupup yuydwip wyjiyhuh P’
JEnh wnjunipniut k, nph phwypnd phntquspuyght Ynpuinh wdh wpwugnipniup
hwjwuwp k ns pintdwdpuwyhtt ynpunh tjuquut wpugnipjubp:

zupjuplubpp gnyg Lu wwihu, np 6(10)...35 49 pupjuhy gwbghpnud
pindwépuyhtt Ynpniunutiph wéh wpwgnipmiip unynpupwp ghpuquignid ons
pintJuspuyhtt  Ynpniuntph  wjuquwt  wpwgnipjutp, b gpuip Yupnnp o
hwjwuwpyty dhug P Ytwnh opowluypnid: Ujuyhuny, P’ Yhnnd wlnpy
hqnpnipjut Ynpniunp Wjuqugnyytin B Spudphlnd gnyg npus Ynpbpp Jupkih b
unwbw] hnpdtwjub Swbtwyuphny:

Ulwnhy hqnpnipjutt npunh Ynphg (W4 2) tphpwswhnptt jupbh b
unwtw] wljnhy hgqnpnipju npunh nnlnuwswthh Ynpp, npp gnigunpduws E ul. 3-
nid: A Jhunnud APa wpdbpht hwdwwywnwujuwinng APa% wpdbpp npnobnt hwdwp
wliwnp L hwoyty PA/APAhwpwpbpnipiniup’ AP%-=tga-100%:

=0 (5)
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AP%, AP

100% 4~ Fommmmmm e :
Pn:i:r.‘ - i
i"LP_-ﬂ:*'-—-i- —————— ' i
Y ;
APy M AP I i
I i ] i
T |

N L P

Pain  Pa P P Pea

LY. 3. Uljnhy hqnpnipjut pugupdwl b hwpwpkpuljub Ynpniunbph
Yupududnipiniup Untnpuyht wnhy hqnpnipjut Ukdnipiniihg

Zudwdwyt Epunipbunidh vwhdwidw [3]°
i(AP%):O Yuad (L
dp dp

P
npubnhg hbnbnud |
Pi(AP)—AP
dpP ~0-
p? o
n_ AP
Jhpohtt hwjwuwpnidhg unwinmd tup® P zd—, npun nph AP(P)
—(ap)
dp

dniuljghugh qpudphlyht [P, AP(P'")] fhwnnid mwupjws onputhnnp wugund k (0, 0)
uljgpwjinnny (uy. 4):

Uoklip ttuly, np P’ U P’ Yhwkpp skt Jupnn hwdpulul), wkhtt® wnwugph
Jpw P’ YEkwp dhon quuynud k P’ §Enhg nhyh we' hwdwdwt dtpp phpdws P’
JEwnh nnugdwl Epjpusuhwlut junnigdwi:
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AP%, AP

100% -1 """ TTTTTTTTTTTT T !
Pn::ir:“ - i
| i
i 1
| AP ; |
| . | |
| ] : I

L L P

Pn'_i:r. P P ! P:Il'.!‘l:
Ul. 4. Ujnnhy hgnpnipjut hwpwpkpulut Ynpuinh bpuinplidnudh Epljpusuthwuljui
Ukjuwpwunipiniip

dtpp wudwshg (uly. 3) hbwnbnwd E, np AP% hwpuwpbpnipmiup Yihuh
ujuquqnyl, tpp P/AP hwpuwpbpnipmitp btuqugnyut E, wjuhtpt o wblniup
ujuquqnyut k (. 4):

Zhdudbny Jbpbp phpjws Eqpuhwignidubph dpuw’ Yupnn Gup junwpl
Ukl wy) hbnbinipnit bu: Uyunhy hgnpoipjut jnpunh ninnuwswthh Ynphg wlnpy
hqnpmipjutt Ynpunnh pugupdwly wpdtpp Epjpuswthnpkt npnobnt hwdwp whwp k
npnot]  P-AP% wpuunpup, npp  Gppuswihnptu Yihth A%BC  Enwuljut
dwlbpbuht hwdwpdbp bplupmpjudp hwndws (a. 5): Uw k) hp hbppht
Jupwtwljh, np AP-h wpdtpn Yihth tjuqugnyt wji nhypnid, tpp A%BC tnwtljjut

dwkpbup tjuqugnyi k:
AP%, AP
100% ) "R~ :
1 1
I 5 i
A% i
APagt--rig-=--=
i AP% i
i A i
ARTTTTT : :
! i | !
I-:J + 0 i : JI. P
Cl Pun Pa P’ P’ Prma

UY. 5. Ujnnhy hqnpnipjut pugupdul] Ynpunh Yoph Ephpuswthulut dbjiwpuinudp
Uunpl pipdws Eu Thihowth 6 49 jupdwb LEjunpujut guugniud wljnhy

hgqnpmipjut = Ynpniunbbph  gqpudbhlubpp’ Ynpniunbbph  pugwpdwll U
hwpwpkpwlw wpdtputpny (Y. 6):
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LY. 6. Uljnnhy hqnpnipjut pugupdul b hwpwpbpuljub Ynpniunibph qpubhljutpp
Yhihowh 6 9 jupdwt bEjnpuljut guiugh hwdwp

Geruuausnre3NkL

1. Qnmipjnib nitkb utnng hwbgnygh wlinhy hqnpnipjut wjiyhuh wpdtpubp
(P’, P"”), npnug npbypmd guibgnd wwywhnyynud Gu pwgupdull b
hwpwpkpwlwi §npniunubph tuqugnyb wpdbpukp, pug npnud, P> P':

2. Uljwnhy hgnpmipjut pugwpdul Ynpunh qpudhyp (P, AP(P'')) Yhwnmd
nuwunpyud onowthnnp wiughnid £ uljqpimljtinnny:

A U9ULNRE3UL 8ULY

1. Tocmenos I'.E., Csra H.M. IToTepu MOLIHOCTH U SHEPTUHU B SJIEKTPUIECKUX CETAX.- M.:
T'ocsmeprousgar, 1981. - 216 c.

2. Xenesko IO.C. Bri6op MepompuATHIl IO CHIDKEHHUIO IOTEPh JJIEKTPOIHEPIUU B
9JIeKTpUYecKux ceTsax.- M.: Dueprouszar, 1989. - 176 c.

3. Xemzu A. Taxa. Beegmenue B uccremoBanue onepanii. 2005- M.: M3sgarensckuit mom
"Buneamc", 2005. - 912 c.

«kEubpginplujh ghnwhbnwgnuuljun htunhnnin»s CLL. Unipp ubpuyuglty
hudpuignnipinit 03.04.2011:
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H.I'. ATABEKSIH, JI.B. CA®APSIH

HCCIEJOBAHUE TUHAMUKH IIOTEPH AKTUBHOM MOIIIHOCTH B
IJIEKTPUYECKOU CETH

B oamektpumyeckux cerax 6...35 kB wucciaenoBaHBI 3aBUCHMOCTH a0CONIOTHBIX U
OTHOCHTENBHBIX IOTEPh aKTUBHOW MOIITHOCTH OT BXOJHOW aKTUBHOW MOIIHOCTH. OIpeneieHbl
TOYKH IKCTPEMyMa 3TUX HOTEPh U MIPUBEICHA T€OMETPHUYECKast MHTEPIPETALUS.

Krrogessre croBa: akTUBHAs MOIIHOCTH, aOCOJIIOTHBIE M OTHOCHUTEJIBHBIE IIOTEPH,

9KCTpeMyM, Harpy304Hble X HeHarpy304Hble TOTepPH.

N.G. ATABEKYAN, L.V. SAFARYAN

ANALYSIS OF ACTIVE POWER LOSS DYNAMICS IN
ELECTRICAL NETWORKS

The dependences of active power absolute and percentage losses on input active
power are analyzed for electrical networks of 6...35 kW . The extremum points of the losses
are defined and a geometrical interpretation is given.

Keywords: active power, absolute and percentage losses, extremum, load losses and
non-load losses.
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U.U. UULNRY3UL, U.2. TUUL23UL, U.U. UGLPL3UL, E.L. UULNRUYSUL

UBLELUSUUUL UM UTLNRE3UL ZUULYU SENRT
QhSGLPLLE P FUQULEI D QGYUYNTUUL UY2LNRULRLENT

Unwowpldus b dbpbiuyulut pupguwinipjutt hwdwlwpgbph pununphy dwu
hwunhuwgnn ghnkjhputph puquyh dtwynpdwt $npduy dh dbpnn, npp poyp k tviwhu npnoky
ghwbjhputiph puquyh hhdbwlwb vhwynpubph Juqup, wyn dhwynpitph dhol hwunwwnng
htwunwowpwhniuwljut  hwpwpbpnipniubipt wpnwhwynng Juwbph Juqdp b wyy
Yuubtph swsjugpdwt tnubwlubpp:

Unwigpuyhli punkp. hdwunuwghtt pupguuihy, hupnpdwughnt puqu, ghwbjhputph
puqu, Unughywn, owpwhpiuwlwt  hwpwpbpmipnit, hdwuwnughtt  hwpwpbpnipemnid,
Ynughywnubph vnpnijnnipuynpnid, dnyunhwyy bin, hwpuwpkpuljut upuwyg:

Judwiwlulhg dbpktuyuljwi pupquuinipyut hwdwupgipoud (U62)
wnwyl] wppynitugbn B hwuwdwpynud  gputg wpjpwnwbph  juqdulbpuydwi
htunlbyjw) upubdwb.

1. Ununpuyghtt mbpunp (ntpuinh hwnjuwsutpp) dbwhnpynid b pipynid L npn-
ouljh dwpbdwnhiulut npdwy mbuph, npt wyn nbkpunnmd wnlju opjkljnutpp
b ypnghutkiptt wpnwywnltpnn hwunbkph hdwunuyght tdwbwp;

2. Uunwgwé wdwbwlh hhdwb Jpu ghutipugynud Eu Ejpuyhtt nkpunh twpuwungw-
unipjniiiipp’ Epughtt (kqh pwnwpwtubph b phpujwtwulut juiunuubph
hhuwt ypu:

UoJws hdwuwnught idwbwljubph tkpuyugdwt pigniidws db Bb hwdwpynud

n ywthwih nhjughwubkpp: Cuwn [1]-h b [3]-h * wdbkih hwpdwp b oqunugnpéty phtiup

(kpYswth n = 2) nkjughwtkp®

G(L1,L2)—™ »R(k1,k2), 1)
npuikin L1-p b L2-p Uninpuyhtt twiwnwunipjut (Ejubdutpt by, k1-p W k2-p L1 b L2
1Ejubdutiph hdwuwnwhtt hwdwpdbpubpp (npnig wjunithbnb jubukip Ynughywn-
utp), G(L1,L2)-p (htnnwquynud G12) L1 b L2 (kjubdubph dholt htwpwynp swpw-
hintuwljutt hwpwpbpnipniut k, R(k1,k2)-p (hbnnwgquynud R12) wyny swpuhniuwljut
hwpwpbpmipjutt hdwunuwghtt hwdwpdtpp, hull Ph-p (1) wugdwb Jubntp, npp

Eplswth  (phttwp) hwpwpbkpnipniiubph  pbwypmd  tkpuyugynid  E - dhwpdbp

huwdwywnwupuwiinipjut juinuubpny: (1)-nwd L1-h b L2-h dhol phtiwp hwpupk-

puipniuttph  quwhwndwt dudwbwl bhwpyuydnp Lt URZ-h  swpwhnruwlub
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Jhpmnusnipyutt thnyp thnjuwphtl] pdwunw-swpwhnruwlut hpnwdnipjui thot-
1nY: Untnnpuyht twhwnuunipjut pdwuwnughtt tdwbwlp (1) dhwthnunipyub nhy-
pmid Juinuggh swnwdwt gqpudh nkupny, nph hwgnygubpp twppwnwunipju Li
wlinudubph pdwunwhtt hwdwpdtp hwinhuwgnn ki §nughyunitpt i, hul] npuig
dhoi Juwbpp hwdwwwunwupwind i Li-tph dpol Enwé swpwhnruwlut
hwpwpbpmpnitubpht:. 4bpp wjws gpudp vnwtwnt hwdwp UEZ2-u whwp k
niuktiw hudnpuwughntt puqu, nph hwdwp wnwewplynd E htnljw] tuipwpuqu-
utinhg Juquyws Junnigquspp.

1. owpwhnuulub tjupuqph tupwpuquikp,

2. ghwbjhpubph Eupwpuqu (FR):

Lwhuguunipjutt dkg bEpynt punbtph dhol hwpwpbpnipmoiip nith Gpljme
pununphs’ owpwhnuuui b hpdwuwnught (pun [2]-h): Puquubqnt pupguu-
uhsubipnud unyt hdwuwnmwghtt hwpwpbkpnipjwip jupnp Bt hwdwwywnwuewily
wnbupny mwppbkp owpwhniuwlwt hwpwpkpnipniattp: Uju hwbqudwipp Jupnn k
ndjupugul) pupguuinipjut pupwgpnid dntnpuwjhtt nkipunh puntph dhol wnlw
ownpuwhjniuwljul hwpwpbkpnipmnibibph hudwpdtph npniinudp Bjpuyhtt mkputnnud:
Uju hutinhpp nstnt hwdwp wpwewplynid b jmipwpwiisinip Rij hwpwpbpnipjub
hnttwnhhljunnnpp (ndjur gtwypnud jurmgh Ynngp) kpluyugty Epyne puquphsnyg

Rij = (R()aRl)ij’ )
npntn Ro-u hdwuwnuwhtt pununpphst b (wpunuwhwjnnmd t hwpwpbpnipmitbph
Enipinitip), hul] Ri-p' nhwnwnplynn (kqniikpnud dhbiinygh Ro hdwuwnwghtt hwpupk-
pnipnitt wpnwhwynng dbwpwbwlub nbkupbph htwpwynp Yndphttwghwbph
hwdwpp: 9bpp tpdws pununphsutph tbpdnisdwt whpudbpnnipmniup phuwp-
Ytup puy-gnjuljut hwpwpbpnipniuubph ophtiwlny: Loklp puy-gnjujwn hwpw-
pEpnipnitiubph RO pununphsh wpnnwhwyndwt dukpp: Ujny hwpwpbpnipmiutbpp
pudwiynud tu tpYynt fudph® hwpwpbpmipiniuubp, npnup punpny Eu npnpwlh wnhuh
pugtinhty, b hwpwpbpnipniubp, npnbp Jupnn bBu (hul] guijugws pugh dnwn:
Unwght fudphtt yuwnuwiunn hwpwpbkpnipniubpp pjuntd kb pugh tnipinitihg, huly
tpypnpn fudphtt wwnjwingubpp gnyg &b wwhu wdiug pugny - ikpluywugyng
gnpénnmipjull htin juwydws hwnluwbhoubpp (AL, nbn, dudwbwul b wpyb): Puy-
gnjuljut hwpwpbpnipniuiph hwdwp wnwewpyynd E Ro pununnphsh htwnlyuyg
Juqup' huynuh Eipuluyului (Ro = 1) b ninhn junph (Ro = 2) hwpwpbpnipniaubp;
ninhn pdwuwnny hwbquut (Ro=3), whigwwmndwb (Ro=4) b gnpénnnipjut hpuljubwg-
dwl Uhongh (Ro=5) hwpwpbpmipiniuttp; thnjuwpkpuljut hdwuwnny hwaquu (Ro=6),
whowndw (Ro=7) b gopénnnipjutt hpwljwbwgdwi dhyngh (Re=8) hwpwpbkpni-
piniuubn:

Ophtwy® <<Gu npkgh qhppp uknuuht: - I put the book on the table. >> Juu <<Gu
qnytgh duyphlht: - I embrased the mother.>> twjuwnwunipnibtkph ke puyt nith
nipn hdwuwnny hwiqdwb hwpwpbpmpnia (Re = 3): Uuljuyh tpt qpkup’ <<Gu
nhutgh utpwi: - I applied to him.>>, wyw wju phypmd puyb nmibth wppkb
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thnpjuwpbpujut hdwunnyg hwbgidwb (Re=6) hmpwpbpnipmnit: fipjwé ophtiwljutpnhg

Epinud £ twb Ry-h Ri pununphsh ubpdnddwt wthpwdbtonnipyniip, pwth np

npuig dbe unyt pdwuwnughtt Ro hwpwpkpnipnittt wpnwhwyungnud £ wwpptp

Ytpup: Uju  ophtwfubpmd wluhwywn E  np  hugbpbuhg wbqipkt  Re=3

hwpwpbpmpjut wpnwhwyndw dikpp Epyniub o

¢ Ro =3 Rl =1 - mnphn hdwuwnny hwiquub hwpwpbpmpini, huybpbinwd
wnpwlw hnjnyny wpunwhwyjndws, hulj wagikptund on twjunhpny Yuquynn;

¢ Ro=3, Rl =2 -mphn hdwuwnny hwiquut hwpwpkpnipnil, huybpiunid wpuljub
hnjnyny wpnuwhwynguws, hul whqkpiunud wpwg twpunhph:

Pdwunwywpwhniuujub dEpndnipjutt hwdwp wbwp t, np 3,1) b (3,2)
hwpwpbpmipnibttiph  Abwpwbwljut  Yondt wpnwhwyndws (huth hugbpbi b
wliqikpkt (Eqniubph owpwhpnruujut tWjupugph Eipwpuquubphg jnipupwbynt-
nnud, hsybu twl wyny hwpwpbpnipinitubpp mpus (hukh @R-nud:

Ujdd nhuwupybup Ynbughyumbubph Juqldh ptupdwi hwpgp: Mwpgq E np wyu
hwipgh pusdwt hwdwp fpulin tu hwighuwind pupquuidng 1Eqyh puntpp: Geh
hwjinth tt Ununpwjhtt A (kquh punbpp’ LA;, www npuiighg jnipupwbsniph
ubpuyugdut hwdwup FE-mud whwp Lk huh ki §nughywn, nph winiup A (kqynud
whwp t hudpuluh LAi-h htwn: Gph LAl punh pupguuiunipiniup B (kqynud LBi-u L,
www wyy B (hqynud ki Ynuighyynh wuntip whwp £ (huth LBi: Uwjuyt hwdwju unyu
LAi-ht B-mud Jupny i hwdwywunwuhiwilk] hndwihy shwunhuwgnng wwppbp
punbp (LiBi, L2Bi, ... , LsBi): Uju nhupnid httwpunp sh 1hth junwpk) A-hg B
pupguuunipmiip Jipp wpws upubdwyny pupgwinipjub uhiptqgh thnymd B
1Eqnud wnwowmgwsd wunpnonipjut yuwndwnny: Munhpp nusknt hwdwp whwnp &
puquuguly ki Ynbghwyup, wyuybu np wbnh mbbbwt hpup hbn shwdpuljung
htwnlyu Enjuljubpp(pun [3]-h b [4]-h).

LAi _)kij_)LiBiaizla'”an’ (3)

npuitin ki —nJ wpnwwhwynqus i LA; punh pnjnp hdwuwnubpp, LiBi —nyd " Gjpuyht B
1EqUnud wdkl j-p hdwunt wpnwhwynnng puntpp: Ldwt hpwdhdwljh wnwewgnidp
Juynid k, np LAi-t puquhdwiun pun k, b tpu hdwunbbpt wpnwhwjngnd Eu
wnupphp Ynughyunbbpny: Swhgujhtt puqukpnid nugbyunubph hwnynipniuutpt
wpuwhwynynud kb hpkug juybpny: Zkwnbhwpwp, JEpp togws tojuljubpnid kji-tiphg
jnipupwiynipp whwp b niibtw hp' djnutibiphg mwppbpynn juwbtph juqdp: Upg
Juuwbtpp punpnoynid Lt juwh whyny b juwynny Ynughyunny: Gpt judpudnpkip
Juwbpl pun juwh hgknhdhjuinnph nhwh, wyu wn juwbph puqunipnibp
Jupkh | ubpuyuguty npybu’

U:Q]RkSk’ (4)
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nputn t-u ndjuy Ynighynh dnn mpdnn wuppbp juybph whybph putwli k, huly
(So-u pmuquuynid wnlw pnynp Ynughywnikph puqunipeniit £): Unynpwpwp t > 10, huy
Yuwbkph whybpp npnodmud B (Equpwtth Ynnuhg' twpwnuunipjut ke punbkph
oquugnpsuwl ujubdwtiph hhdwt ypw: Upniu Ynnuhg Sk-h hqnpnipiniip jujudus k
puquyph hqnpmipnithg b Jupnn b pugniul] pwwn dbS wpdbpubp: Fuquyh
Alwdnpdwlb plpwugpnid Ynughwyunubph gubjugws {ij} qnuygh hwdwp whwp L,
npujkugh i-pn Ynbgbwunh Ui uubph puqunipniip hwjwuwp yihith j-pr Ynugbygunh
Uj ywybph puqUmpjuup, htyybu twb wn puqunipniubbpp pungpydws sihuku
hpwp Uk, wyuhupti®

U, /Uj!Z 0,U, /U !=0,(1=1,..n,j=1.n,i=)), 5)

npukn n-p puqumd wnlw Ynbghywnibph pwbwlhi b Uju phypmd wppkl
htiwpwynp E nupinid mék] LA punh puquhdwunnipjut juunhpp: dpwu hwdwp
pupquuiynn twpunuumpjut Uke npnoynid ki LA-h swpwhjniuwljut juwbpp
twhiunuwumpjut hwpbwb puntph htiv: Uy juybph Juqdh hwdbdwnnudp LA-h
hwjwlunpy Ynughyunubph hwpwpkpnipnibutph hin htwpwynpnipnia L wwjhu
npnok) LA-h £hon hwuljunpy nugbuynp twpiunuumpyub ke’ B (hqynud puwnpky
LA-h &hpwnn hdwuwp: URZ-bpmd @L-u mubkund E npnphy nlip, uwluyh upw
Atwynpnidp wwhwignd b swdunit pupnpdwughuyh dowlnid: Pugh wyy, FR-u
npybu juyulgws nughupiniibph wdpnnempimiu nhunwpltyng’ jupbih b wybnb,
np ybpohtu hwinhuwinid t wyy Ynughyunibpng ubpjujugdnn wpwplujulju
woluwphh ujubdwwnhly dnpbjp: Ppuwlwt wpojuwphh htn juwydws wbpunbph
Jbpnusnipniip gnyg L wwhu, np wyny wbpunbph  punbtph  dhol  tnwd
swpwhniuwhdwuwnwhtt hwpupbpmipnibtbpp (ke (2) pwtwdlp) mbbkinud B
huhunn wthwjuwuwpuwswth pnmpjudp hwinhydwi hwwhmpniuttp: Ujuyhuny,
wnbpuntph Jipnidnipjut pupdp dounnipnit wywhnybnt hwdwp wuhpwdbon
np @R-h  Unugbywnubph dhol wpynn hwpwpbkpnipmibubpht Yggh bu  dh
wuwpwdbnp' f, npp gnyg juw twpwnuunipmmititiph dbe wyn hwpwpbpnipju
hwunhydwb hwdwpunipiniup: Ujuyhuny (2)-p Ypungnith wppkt hbnbyju tnbupp®
R = (R07R13f)ij: (6)
QA-h unbndnidp wwhwionid k, np npu uljqpiwjun Abwnpnudp juwnwpygh
1Equpwth Ynnuhg, o whwnp £ jnsh punkph puquhdwunnipyut ighpp b npngh
QPL-h Unughyunubtph Juqdp: R-h  uljgpiwlub dbwdnpnudhg htwun  dhuyg
Spwgpuyhtl thwpkpltnh oqunipyudp Jupbkih t Jipwhully 3) b (5) wuydwhukpp b
wnwownll] dogpuinidukp (6)-nud f pununphsh wpdtph ipwpbpuy: Uwljuy (4)-h
Ubko t-h b Sk hqnpnipjut Uks wpdbpubpp Yupnn Bt hwiqhgut) hbinbywy punhputpht.
1. Pwquyh dbwynpnudp Ypuwotw juhun woliwnwwnup' Yubdwbw (Equpwih
Ynnuhg wpnn  Yuubph  pwbwlp, Yndduputu 3) b () wuwydwbbkph
YtEpwhuljdwt gnpdpupugn:
2. Udbdwbwb EZU-h hponnnipjub dby QR-h  Ynughwubbpp tbpluyughng
juquuljtpyswljut wgmniuwljubph Swdwjukpp, nph wwwdwnny Ydkdwhw
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nbkpuntph pupquUuinipjut pupugpnid wn wynuwljutph htin npnunudwght

gnpéphpwgubph mbnnnipniup:

UoJws ypnpibdubph nsdwt hyuwnwulng wju wytwnwipnid wnwewplynud k
pupguuiswlut hwdwlwupgtph @L-ubkph Alwynpdwt dwdwbwl oquugnpsdty
htunlbyjw) Uninkgnidubkpp.

1. Ry hwpwpbkpnipniibph puqunipiniipn pudwil) Eplynt shwwngnn upwpadpbph’
puquyhtt hwpuwpbpnipniutitp b npughg wswugynn hwpwpbpnipnibubp:

2. GQuuwpl) Ynughyunibkph unpnijunipuynpnid b gpu oqunipjudp uwnbnst
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Z fiahg
Q i=1 m (8)

=n R
; fang+ 2, D6

i=1 =l

npuikn fmh9 -1 qugup nknuihnpudws i-pg juyh £ qupudtnph dhohtt wpdtpt E,
huy fji—h‘ Unyunhytnp i-pn vnnpunuuh j-py juwh £ wwpwdbnph wpdbpp:
Puwfui k, np ququp nkquihnpnn juwbph Unn f-tph thojuwphtnudp fahg -ny
Jupnn b hwigkgul] upwubph: Uy wuwwdwnny dnyuhyinh punpnudp (n-h
ouyynhdw] wpdtph b unnpunuuttph juquh ptnpnudp) ynp £ junwunpygh ny dhugt
Q-h oyunnhdw) wpdtphtt hwutbnt Wuydwing, wy bwb htnlyjuw) vwhdwiwhwlnidp
hwogh wnukny.

max

i=l..n

tlth - ti|
fﬂh&z
npuikin o-t hwpwpbpulwb uppwh poyjuwnpth wpdtpt

QL-h dAlwdnpdwl, 3) b (5) wuydwbtbph huljdwt, FL-nd Ynughwywnkph
Jhudwt b unubddwl, Unyunhuyjbnibph pnpdwt b quuhwndwt gnpépupugn
wuwhwiond E dkbwdwduw) hudnpdughuyh dowlnid: ‘Loqwsh hpuljubwgnidp wyu-
hwipnid E dwpn-dbipktwjuljut hwdwljupgh welumpini: Ujuyhuny dniunh-
yinh unbnddwt wypngbumd dwpnpp wbwup L onbktw npnpwlh ghpufunw-
pupinil: Npybugh bw jupnpubw  wwppkp  dwbhwynyjughwibp  junwpbg
Unyynmhyinubph htin, wihpudbown t, np dnyunhyknh ququpibpp tbpljujugung
Jtpugulut Ynughwyunbtpp dwpnnt Ynndhg vnwbwt punwjhtt winibbp, npnbp
whwp L wpdklb (Eqqupwh Ynnuhg' Llubng ppuitg unnpunuutbph Yuqlhg b
ubpuyugubt wyny unnpunuuubph punhwipugnudp: Uy wbduinidubpp syybwnp k
hwunhuwbwb pupquuiyng 1kqyh muppkp: Ujuyhuny tpdws dwpp-dkphiwyuljut
hwdwljupgbpp whwp L pugniitt hwnndy jpdpwgphstbph nbup, npnup pugh @R-h
Juqultpyswlut dhwynputph npoudwl, unbnddwt jud hinwgdwt owylkpughw-
utinhg, pnyp b hwbh quwhwnt] ubdwbnhl, ppqudl hwdwlwpgbph npulp, huy
pw pununppstutph’ dnyuwhyinubph unbnddwt wypngbunid FR-u dpwlnn
dwutwgbnpt junwt hwdwywunwuppw junphppuwnynieniuaubp:

263

<a, ©



ALUYULNRESUL 8ULY

1. Manyksan A., Kazapsu P. JIuarsucruueckre OCHOBBI OpraHu3alllM IpoLecca
cMbIcIoBOro MammuHOro nepesoja / Bectauk TMYA (ITomurexuuk): COOpHUK
HAYYHBIX U MeToqu4eckux crareil. - Epesan, 2010.-T. 1. — C. 270

2. Manyksn J., Manykan C., Manyksan A., Casgan A. OCHOBBl IOCTPOCHHS
MHTEJUIEKTYAlbHON CHUCTEMbl MAIIMHHOTO MepeBoja TekCToB // COOPHUK MaTepUasioB
roau4yHoi HayuHo koH¢peperuun [ MY A. -Epesan, 2001.-T. 1. - C. 306.

3. Manukyan E., Manukyan A., Manukyan S., Manukyan K. Constructive Approach to
the Selection of Metalanguage for Control of the Linguistic Process of Machine
Translation // In Proc. Of CSIT-2003 Conference. -Yerevan, Armenia. - P. 251-253.

4. Arnold D., Balkan L., Meijer S. MACHINE TRANSLATION // An Introductory Guide,
Linguistics, University of Essex, Colchester, CO4 3SQ, UK, doug@essex.ac.uk. -March
6,2001. - P. 1-124.

2N&z(M): Upnipn ubpluyugyt) k udpugpnipnil 29.02.2011:

A.C. MAHYKSH, A.A. IIAPABYAH, A.A. MEJIUKAH, 3.H. MAHVKAH

HPAHIIATIBI OBPA3OBAHMS BA3BI 3HAHUI B CHCTEMAX MAIIIMHHOT'O
INEPEBOJA
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A.S. MANUKYAN, A.H. SHARABCHIAN, A.A. MELIKYAN, E.N. MANUKYAN

THE PRINCIPLES OF KNOWLEDGE BASE FORMATION IN MACHINE
TRANSLATION SYSTEMS

The formal method of forming the knowledge base as one of the components of
machine translation systems, which allows to define the unit structure of the knowledge base,
the structure of connections expressing semantico-syntactical relations between them and
methods of these connections coding is proposed.

Keywords: semantic translator, information base, knowledge base, concept,
syntactical relations, semantic relations, structuring of concepts, multiplet, relative error.
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DESIGN METHOD OF LOW-LEAKAGE HYBRID 9T-SRAM

This paper presents a new method based on hybrak®Tor low-leakage SRAM design. The
proposed method is based on the phenomenon the¢dtieand write delays of a SRAM block’s memory
cell depend on the geometric distance of the oethfthe sense amplifier and the decoder. The key iisl
to use different types of 9T-SRAM cells correspagdio different threshold voltages for each traosis
in the mentioned cell. Unlike other techniques lfmwv-leakage SRAM design, the proposed method
incurs no area or delay overhead. It leads onlyimor change in existing SRAM design flow. The
leakage current reduction achieved by using thepgeed method depends on the value of the high
threshold voltage, as well as the number of roves@tumns in the memory cell array. Simulation hssu
using this method show that the leakage currerdano8Mbit SRAM block realized in 28m process
technology is reduced by more than 30%.

Keywords. static random access memory (SRAM), 9T cell, leakhge design, multiple
threshold voltages.

Introduction. As the process technology continues to scale, tmak@ower has
become a major concern in the design of VLSI systefine leakage power dissipation is
roughly proportional to the active area of the @itrcA significantly large segment of modern
processors and SoC designs are occupied by SRAMsTfkrefore, the leakage power
dissipation of a SRAM is one of the main componeoitspower dissipation in today’s
microprocessors. Many investigations and researtlage been made on SRAM'’s leakage
issue. For example, it has been proposed to usasammetric SRAM cells to reduce the
leakage current [2]. This method takes advantagheofact that in regular programs most of
the bits in data-cache and instruction-cache ax@ #ehas been also presented a forward body-
biasing method for active and standby leakage pomeeluction in cache memories by
including the device-level optimization into cirtlgvel techniques [3]. In [4], a dynamic
threshold voltage technique to reduce the leakameep in SRAMs is proposed. By this
method, the threshold voltage of the transistorsazh cache line is controlled separately using
body biasing. A diode-connected PMOS bias transtst@ontrol the virtual ground [5] is also
proposed to use. Although many techniques have jpegrosed to address the problem of low-
leakage SRAM design, most of them result in haréwarerhead and hence increase chip’s
area and reduce the manufacturing yield.

In this paper nine-transistor SRAM configuratiorused. As demonstrated in [6], 9T
memory cell can be an alternative design to a catimeal 6T cell in future highly-integrated
SRAM for sub-micron technologies because of theiceient tolerance to the process
variations. To be noted, compared with the 8T i@ 40T [8] cells the 9T-SRAM cell offers
significant advantages in terms of power consumiptio

Here it is presented a method for low-power SRAMigle based on using different
types of 9T-SRAM cells with different threshold tagie assignments. The idea is that due to
the non-zero delay of interconnects different cell&s memory array have different read and
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write delays. Therefore, the leakage current caredeced by using a high threshold voltage
for some transistors. This method has the followirgjn advantages over previous techniques:
= no hardware overhead is required,;
= no delay overhead is produced,;
= no drastic changes in design flow are required.
In addition to the listed above advantages the gged method improves the static noise
margin (SNM) under process variation.

SRAM Design

Memory Architecture

The designed 8/bit SRAM block is built up of two Mbit memory blocks along
with decoding sections and control logics (Fig.)L(&he preferred organization for SRAM is
shown in Fig. 1(b). The storage array is made ugiwiple cell circuits arranged to share
connections in horizontal rows and vertical colummbe horizontal lines (wordlines) are
driven only from outside the storage array, wherdang the vertical lines (bitlines) data flow
into and out of cells. A cell which can store 0 loiis accessed for reading or writing by
selecting its row and column. The row and columibdoselected are determined by decoding
binary address information. For example, consideowa decoder that has"2output lines,
moreover, each new output line is given differerdbitinput code . The column decoder takes
n-bit input code and produce8 Bit line access signals, of which any of them barused at
one time. The bit selection using a multiplexer gyto direct the corresponding cell outputs
to data registers is made.

>
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a) b)
Fig. 1. Detailed view of a) Blbit SRAM Structure; b) SRAM architecture

SRAM Cell

As it has been already mentioned, the nine-treorst®nfiguration shown in Fig. 2(a)
was chosen for the cell array. The conventionalS&RIAM cell (Fig. 2(b)) is too unstable for
deep sub-micron technologies, since it fails to thoperational requirements due to a low read
SNM. For 9T structure the SNM is improved by isiigtthe read and write operations. As
seen from the 9T-SRAM structure, the configuratirosn M1 to M6 transistors are the same
for both 9T- and 6T-SRAM cells. Since 9T structwwensumes higher leakage current
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compared with conventional 6T cell due to additiaevices, the M7, M8, and M9 transistors
have been always used with higher threshold voitage

Generally, all SRAM cells used in a SRAM block adentical, i.e. the transistors
with the same name in all SRAM cells have the samaperties, that is - width, length,
threshold voltage, etc. However, as it will be shdwelow, using non-identical cells even with
the same layout footprint can realize more effitigower designs.

a) b)
Fig. 2. SRAM cell's schematic view a) 9T; b) 6T

Sense Amplifier
A sense amplifier circuit which is active only chgithe read operation is used to read
the data from the cell. In addition, it helps reglube delay time and minimizes power
consumption in the overall SRAM chip by sensingral difference in voltage on the bitlines.
Precharge Circuit
The function of the precharge circuit is to chatige bitlines to a high voltage near
supply voltage (VDD). The precharge enables tHebi to be charged high at all times except
during write and read cycles.
Address Decoder
In order to significantly reduce the power constiopin SRAM block for designing
decoders the following techniques have been used:
e dynamic decoder usage. Using this type of decoddr readuce the number of
transistors and will increase the speed of cir@jijt
« multi-stage decoding circuit techniques usage [I0k decoder is implemented in a
tree structure by which only specific paths aldmg decoder will be active.
+  Control Unit
The control unit generates internal signals of $RAM and allows the data to either
be written into the memory cell, or it passes taadrom the bitlines onto the sense amplifier.

Hybrid Cell SRAM

Due to parasitic parameters of the address despdeordlines’, bitlines’, and the
column multiplexer’s interconnects, read/write gefine of SRAM cells in memory core are
different. It is clear that read time of the cldsesll to the address decoder and the column
multiplexer is less than that for the farthest .c@lhis gives an opportunity to reduce the
leakage power consumption of the memory by incngashe threshold voltage of some
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transistors in SRAM cells. It is also clear thakdo the delay of sense amplifiers and output
buffers in read path, the read delay time of SRAM s higher than its write delay time.
Knowing that by increasing the PMOS transistorsesiold voltage of two cross-coupled
inverters in a SRAM cell will increase the writdaewithout much effecting on its read delay,
gives an opportunity to increase the mentionedststors’ threshold voltage until the write
time is below some target value for reducing tlakdge power.

Since for each additional threshold voltage ongemmask layer is needed in the
fabrication process resulting in increasing theitation cost, but the benefit of having more
than two threshold voltages is small [11]. In tipiaper only two threshold voltages are
considered. However, in general, it is possiblextend the consideration for more threshold
voltages.

SRAM Cell Configurations

To reduce the cell's leakage power consumptiorthiheshold voltage of all or some
of the transistors within the cell should be insexh Maximum reduction of leakage current
can be achieved by using only transistors with tighshold voltage, but this situation has the
worst effect on the access time of the cell. Thtus,necessary to consider other configurations
as well which have smaller leakage reduction ameialelay overhead.

Unlike [2], a symmetric cell configuration has beesed, i.e. the symmetric
transistors within a cell have the same thresholthges. Taking into consideration, that the
M7, M8, and M9 transistors in 9T-SRAM cell alwayslivbe used with higher threshold
voltages, there are eight different possibilities dssigning high and low threshold voltages to
the transistors within a cell (Table 1). The coufigions are listed in a leakage current
reduction direction; CO is an original configuratiand C7 represents a case, when the
threshold voltage of all transistors is incread&fith “H” symbol are marked transistors with
high threshold voltage, whereas not marked tramsistre with nominal threshold voltage.

Table 1
Considered configurations of 9T-SRAM cell
Conf Transistors

O ™M1 [ M2 | M3 | M4 | M5 | M6 | M7 | M8 | M9
Co H H H
C1 H H H H H
Cc2 H H H H H
C3 H H H H H
C4 H H H H H H H
C5 H H H H H H H
C6 H H H H H H H
C7 H H H H H H H H H

All simulations have been carried on 281 CMOS technology with 1./ for the
power supply voltage and 0.82nd 0.2¥ for the low threshold voltages for, correspondingl
NMOS and PMOS transistors at?85using Synopsys design environment. Fig. 3 shows th
leakage current saving of mentioned configuratiemsus different threshold voltage values;
threshold voltages of NMOS and PMOS transistorsewecreased until nominal values plus
0.22v.

Each of considered configuration effects read andewdelays of memory cell
differently. Fig.4 shows the change in read andendilays for each configuration for different
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values of the high threshold voltage. It can bengbat the increase in read delay is significant
for C5 and C7 configurations in case of highershodd voltage.

E. ——

5o ~a

§ 70 4 ——C3

=z —a— 4
a4

g e

E a0 4 —9—'5—2

o 20 —a—C7

@

g T

= 104

g

3 0

0.00 0.02 004 008 0.08 0.10 012 014 018 018 0.20 0.22
Vih increment ()

Fig. 3. Leakage current reduction for each confitian

It can also be seen that the write time increasealf configurations except C1 and C4.
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Fig. 4. Change in a) read and b) write delay tioresfaich configuration

Noise Margin

The SNM of a CMOS SRAM cell is defined as the minim DC noise voltage
necessary to flip the state of a cell [12]. Thedation results show that all configurations
provide higher nominal SNM than that of original €nfiguration except C2. Moreover, in
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case of all these mentioned configurations the SiNMmproved with increasing the high
threshold voltage. For C2 configuration, howevhe, 8NM is slightly less than that of CO and
degrades with increasing the high threshold voltage

Due to intrinsic parameter fluctuation the perfone® and yield of the device is
greatly affected. To simulate this effect, theistial analysis of the 9T-SRAM cell with all
considered configurations is carried out. For thispose Monte Carlo simulation with 1000
samples is carried out with 15% deviation in theeshold voltage. The mean and standard
deviation of SNM for different configurations arkosvn in Table 2 for 0,42 (NMOS) and
0,3 (PMOS) high threshold voltage cases. As it candmnsall configurations are better

p-3o than original CO configuration.

Hybrid Cell Assignment

Fig. 5 shows the main part of the algorithm of tigérid cell assignment. At first the
maximum read and write delays of the memory buyiltwith only low threshold transistors are
found. The maximum read and write delay time iselabd as RDmax and WRmax,
correspondingly.

Table 2
Mean and standard deviation of SNM
for different configurations

Conf. YR Y] o (MV) p-3o (mv)
Co 0,261 21,4 196,8
C1 0,284 25,9 206,3
Cc2 0,252 13,9 210,3
C3 0,310 16,1 261,7
C4 0,278 16,7 227,9
C5 0,339 18,2 284.,4
C6 0,302 219 236,3
c7 0,335 23,1 265,7

Since C7 configuration results in the highest lggkareduction among all
configurations, it is replacing as many CO cellpassible with C7 cells in such a way that the
maximum read/write delay time of the memory willt fi@came larger than RDmax/WRmax.
After that the remaining CO cells with C6, C5, ©8, C2, and C1 are replaced.

In the above mentioned algorithm n and m are thebau of rows and columns of the
SRAM, respectively. The used configuration is notéth a label. RD (i, j) {c} and WR (i, j)
{c} subprograms return the read and write delayetiof 9T-SRAM Cell (i, j) {c} cell with ¢
configuration.

If Cell (i, j) {c} cell fails working at least wh the last C1 configuration, then all next
cells in the same i rows fail with the same configion. The same principle is applied for the |
column. The mentioned conditions are checked jigémd ri Boolean parameters.
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> i=1:n #
v
j=1:m <
v
yes g ’* o yes
break M _RD (i, j){c} < yes break
) < RDmax

no

| Cell (i, j) {0} = Cell (i, j) {c} |

ri = true

break

Fig. 5. The algorithm of the hybrid cell assignment

Note that for speeding up the replacement prodestead of checking for possible
replacement on each single 9T-SRAM cell, one céacrs& x k block and do the checking for
the slowest cell in the block. If the slowest qulsses delay test, the whole block is replaced;
otherwise, next configuration or block is examinkds clear that choosing a larger number for
k decreases the design time, but degrades the.resul

Simulation Results

For evaluating the efficiency of the proposed teghe, a 700MHz, 8 Mbit SRAM
block built with two 4Mbit sub-blocks is designed. The design of memoryaized using 28
nm CMOS technology with X for the power supply voltage and O\BZNMOS) and 0.2V
(PMOS) for the low threshold voltages. The simualatis performed with Synopsys XA [13]
simulator. Table 3 shows the leakage power reductiohieved and the usage of each
configuration for different values of the high thheld voltage. As it is seen from the data, the
leakage saving is not very sensitive to the thriestioltage because of 0,95ncrement in the
threshold voltage.
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Table 3
The leakage reduction and the usage of each caafign

Vinc. Leakage Usage of each Configuration (%)
I 0,
(V) | Reduction(%) —=5T¢c1 [ c2 [ 3] ca] c5 6] 7
0,01 16,18 11,3 0 3,9 0 2,1 1.p 3,6 77,9
0,02 28,07 11,4 0 7,1 0 6,7 0 7.4 67,2
0,03 35,79 11,4 0 7,6 0 15,2 q 113 54,5
0,04 40,55 11,3 0 13,1 0 17,2 a 10/0 48,4
0,05 43,13 11,8 0 13,4 0 22,2 a 16{7 35,7
0,06 39,68 11,8 0 19,1 0 24,y a 347 9,7
0,07 37,89 11,8 0 26,5 0 37,1 (073 23|3 1,1
0,08 37,04 11,9 0 27,1 0 53,4 0,3 7,0 0,2
0,09 36,13 11,9 0 314 0 54,0 0,3 2,4 0
0,10 37,25 12,2 0 32,5 0 55,8 a 0 0
0,11 37,11 12,3 0 36,5 0 51,2 a 0 0
0,12 36,02 13,0 0 41,9 0 45,1 a 0 0
0,13 34,94 13,9 0 44,7 0 41,4 a 0 0

From the table above it can be seen, that C5 canafigpn is rarely used in the low-
leakage SRAM. The reason is that the delay of Ciln®st equal to the delay of C7, but its
leakage is higher (Fig. 3 and Fig. 4). Thereforemiost cases, C7 is used instead of C5.
Similarly, C6 and C4 are used instead of C3 andr€dpectively. Since C1, C3, and C5 are
dominated over other configurations, they may betdd from the set of configurations. The
number of iterations will be reduced as a resultt iBa smaller number of configurations are
used, saving in the leakage current will decreBigace, there is a trade-off between memory
design time and leakage saving. It is clear alst the selection of suitable configurations
depends on high threshold voltage value.

Fig. 6 shows the leakage current reduction verstferent values of the high
threshold voltage when only four configurations (€2, C6, and C7) are used along with
original CO. As it is seen, in most cases the lgaksaving is more than 30%.

40

35 -

20 1

Leakage Current Reduction (%}

0.00 0.02 0.04 0.08 0.08 0.10 0.12
Vth increment (V)

Fig. 6. The leakage reduction of SRAM with five figarations usage
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Conclusion. In this paper a new technique for 9T-cell basedosnleakage SRAM
design is presented. The proposed method is bas#dteg@henomenon that the read and write
delays of a SRAM block’s memory cell are not ideatiand depend on the geometric distance
of the cell from the sense amplifier and the decalie to the non-zero delay of interconnects.
Thus, the threshold voltage of some transistorghim 9T-cell can be increased without
degrading the memory performance. By using diffei®@RAM cells’ configurations, it was
achieved a low-leakage SRAM without area or delsgrioead only making a minor change in
existing SRAM design flow. By applying proposedheigjue to an 8bit SRAM block built
with two 4 Mbit sub-blocks more than 30% leakage current reduési@chieved. Moreover,
the proposed technique improves the static noisgimander process variation.

References

1. MolinaC. Non redundant data cache // Int. Symp. on Low Pdlectronics and Design. - 2003. -
P. 274-277.

2. Azzi N. Low-leakage asymmetric-cell SRAM // IEEE Trans. @S| Systems. - 2003. - P. 701-
715.

3. Kim C. A forward body-biased low-leakage SRAM cache: deyvicircuit and architecture
considerations // IEEE Trans. On VLS| Systems.0320 P. 349-357.

4. KimC., Roy K. Dynamic Vt SRAM: a leakage tolerant cache memory#dtage microprocessor //
Proc. ISLPED. - 2002. - P. 251-254.

5. Bhavnagarwala A. A pico-joule class, 1GHz, 32 kB 64b DSP SRAM witif seversed bias // Proc.
Symp. VLSI Circuit. - 2003. -P. 251-252.

6. AtheP., Dasgupta S. A comparative Study of 6T, 8T and 9T Decanano SRl // IEEE Symp.
on Industrial Electronics and Applications. - 20€®. 889-894.

7. Sil A, Ghosh S, Bayoumi M. A novel 8T SRAM cell with improved read-SNM // IEENortheast
workshop on circuit and system. - 2007. -P. 1289212

8. Calhoun B., Chandrakasan A. A 256-kb 65-nm Sub-threshold SRAM Design for Ulti@w-
Voltage Operation // IEEE Solid-State Circuits. 020-P. 680-688.

9. Margala M. Low-Power SRAM Circuit Design // IEEE Int. Workshd@emory Technology,
Design, and Testing. - 1999. - P. 115-122.

10. Hirose T. A 20ns 4Mb CMOS SRAM with Hierarchical Word DecodiAgchitecture // IEEE Int.
Solid-State Circuits Conference. - 1996. - P. 132-133

11. Sirvastava A. Simultaneous Vt selection and assignment for lgalaptimization // Proc. ISLPED.
- 2003. - P. 146-151.

12. Seevinck E. Static-Noise Margin Analysis of MOS SRAM Cells duinal of Solid-State Circuits.
-1987. - P. 748-754.

13. XA - User Guide. Synopsys, Inc., 2009.

SEUA. The material is received on 25.04.2011.

273



4.C. UBLPR3UL, L.U. EUPL3UL, U.Q. 20LULBUL, L.Z2. REALUNr3UL

ONLL YN USUSEL 2NUULLNY, 9S ZPACPTIUSEL YUNNRSIUOLNY, USUShY
ONGrUShY, ZhTtNN, UUMLP LUNUQOUUL UGENY

Lkpuyugynid k thnpp hnuwlnpunny unnwunhly owybkpwwnhy hhonn uwpph
(U02U) twpuwgsdwt' hhpphnuyhtt 9S vmwpph dpuw hhduduws unp dkpan: Unwewpl-
Jqus dbpnnp hhdtdws £ uwytt Eplnyph Jpw, np UOZU wwpph pupbpgdut b
gpundwt hwwywunnudubpp juwpdws bu qquyniunipjut nidbnupwuphg nt ykpsw-
uhshg niubkgws GLpjpuwswthwlwt  hbtpwynpnipmitiubphg: Ubkpnngp hpdudus Lk
nupplp mbuwlh 9S-UOZU wmwuppkph oqgunugnpédwit ypw’ wmmwpph jnipupwisinip
wnpwiqhunnph hwdwp’ wwppbkp obdwghtt jupnudubp: P wwppbpnipinit thnpp
hnuwlnpuinny UOzU-h twhiwgsdwt wy dbpnnubph’ wowowplws dbpnnp sh
hwiglgunid dwljiptup b hwywndwi dedwgdw: Uju dhuyt wuwhwignid £ UOZU-h
wnju  twhwgsdwt phpugulupgh wubowb  thnthnjunipmit: . Unwewpldus
Ubpnnny Ynpunuwghtt hnuwbph wjuqbgdwt swihp Juwppdws L pwpdp obdught
jupdwt wpdbphg, hyybku twb hhonnmipjut quuqush wnnbph nt yniubph
pwtwlhg: Unphjuynpdwb wpmyniupubpp gnyg ko wdbk, np wyu dbkpanng 28 ud
nbkuninghuyny hpwjwimugyués 8 Uphpwing UOZU-h Ynpunuyghtt hnuwtpp
ujuqtgynid £ wbkih putt 30%-n4:

Unwhgpuyhlt punkp. wnunhl owbpuinpy] hhonn uwpp, 9S pohg, thnpp
Ynpunuwyjhtt hnuwtpny twhiwghs, puquulh sbdwght jupnudubn:

B.III. MEJIMKSIH, H.C. DMHUHSH, C.I'. YOBAHSH, H.O. BETJIAPSH

METOJ NPOEKTUPOBAHUA TNBPUIHOI'O CTATUYECKOI'O
OIIEPATHBHOI'O 3AIIOMHUHAIOIIEI'O YCTPOUCTBA C MAJIBIM TOKOM
YTEYKH

[IpencraBneH HOBBIM METOA MPOSKTHPOBAHHUS CTATHYECKOTO  OIEPATHBHOTO
3anomuHaromero ycrpoicrsa (CO3Y) ¢ ManbiM TOKOM yTEUKH, OCHOBAHHBIA Ha THOPHIHOM
siaelike. MeTo1 OCHOBaH Ha TOM, YTO BPEMEHA CUMTHIBaHUSA M 3amucu staeiiku CO3Y 3aBucsT
OT FCOMETPUYCCKOTO PACCTOSIHUS SYCHKU OT YCHJIMTENS CYMTHIBAHUA U Jekonaepa. Kirodesas
uaes O3TOW CTaThU COCTOMT B HCIOJNB30BaHUM pa3nu4HbIX TUNOB stueek 9T-CO3Y,
COOTBETCTBYIOIIUX PA3IMYHBIM [MOPOTOBBIM HANPSOKCHUSAM JUIS KaXIOrO TPAaH3HCTOpA B
VIOMSHYTOW s4elike. B oTiamuue OT IOpyrux, MPeUIOKEHHBIH METON HE YBEIHMYUBACT
3aHUMACMYyI0 IUIOINAJb M BpEMs 3aJCpKKH, a MPHBOJAMUT TOJBKO K HE3HAYUTEIHHOMY
M3MEHEHHUIO B cyllecTBymoleM nporecce npoektupoBanusi CO3Y. CokpallieHue ToKa yTeuKH,
JIOCTHTHYTOE TIPH KCIOJIb30BAHWHU TPEAJIaraeMoro METOJa, 3aBHCUT OT BEJIMYMHBI BBICOKOTO
MIOPOTOBOTO HANPSDKEHHWsS, TaK ke, KaK M OT YHUCJa PSAJOB W KOJOHOK MAacCHBa TIaMSTH.
PesynbTaThl MOIEIHPOBAHHUS C HCIOIB30BAHUEM IIpEIaracMoro meroma it 8 MOHWTHOrO
CO3Y, peaqn30BaHHOIO MO TEXHOJOrHH 28 HM, MOKa3ajld, YTO TOK YTCYKH YMCHBIIACTCS
6oiee yem Ha 30%.

Knroueevte cnoea. crathdeckoe OINEPATUBHOE 3allOMUHAIOIIEE yCTpoiictBo, 9T
siyeiiKa, MPOCKTHUPOBAHUE C MAJIBIM TOKOM YTCUKU, MHOTOKPATHBIC IIOPOTOBBIC HATIPSIKCHHS.
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YUCJIIEHHOE MOJAEJIUPOBAHUE JJIEKTPOOIITUYECKOI'O
MOAYJATOPA HA OCHOBE MUKPOPE3OHATOPA
DOABPU-TIEPO JJA CBY-OIITUYECKOI'O IPUEMHUKA

IIpoBefieHO WCCICIOBAHHE  ONTHYECKUX XAPAKTEPUCTHK  JJIEKTPOONTHIECKOTO
MOJyJIsiTOpa Ha OCHOBE MuKpope3oHatopa Pabpu-Ilepo, cocrosmero u3 cnost LiNbO; u
MHOTOCIOWHBIX 3epkan U3 SiO,/Si. Tpu mnapbl yeTBepTHBOJIHOBBIX  cioeB  Si/SiO,
obecrieunBaroT K03 uuneHt otpakenus 0,998 wHa mmHE BONHBI A¢=1,55 mKrm, dTO
JIOCTATOYHO IS MONYYEHUs] HEOOXOIMMOTO Y3KOIIOJIOCHOTO CIIEKTPa IMPOITYCKAHUS MHKPO-
pe3oHaTopa. MeTaynmm3anus JABYX IONEpPEeYHBIX rpaHeil  ruractuHbl LiNbO; mo3Bosser
HanoxkeHneM CBY Tonst ympaBisiTh CBETOBBIM IOTOKOM, IPOXOJSIIAM Yepe3 IUIaCTHHY.
[pemmaraeMplii 2IEKTPOONTHIECKHH MOIYISATOP HMeeT Oojiee MPOCTYI0 KOHCTPYKIHUIO IO
CPaBHEHHIO C MHKPOAMCKOBBIM H [0 CBOUM MapamMeTpaM HACHTHUYCH MOCIEAHEMY, KOTOPBIH
B HACTOSLIEE BpeMs MpPUMEHsETCS B coBpeMeHHbIX CBY-onTHYecKHX MPUEMHHKAX.

Knwuesvie cnosa: CBU-onThueckuii NpPUEMHHUK, Napa3sUTHOE  HU3JIy4eHHE
reTepoIuHa, SJIEKTPOONTHUECKUH MOIynaTop, MukpopesoHartop Pabpu-Ilepo, crpykrypa
LiNbO5/Si0,/Si, uncineHHOe MOJICITUPOBAHUE, METO]] €IMHOTO BBIPAXKCHUS.

B mnocnennue pecartuneruss cucreMbl cBs3u CBY nuanasonHa momyduiu
O0JIBIIIOE PAacIIPOCTPAaHEHUE KaK B IPaXKIaHCKOM, Tak U B BOEHHOH cdepax. M3BecTHO,
9TO  PaJUONpPUEMHUKHA  CYNEpPreTepOJUHHOTO THMA OO0ECIeUYMBAIOT HAMITYYIIHe
napameTpbl, O6Jarogapss 4YeMy OHM MOJYYHJIM IIHPOKOE NPHUMEHEHHE B CHCTEMax
ces3u  [1]. Opnaxo c pocTtoM pabodeil YacTOTHl CyNepreTepoAMHHBIX
panuMoONpPUEMHHUKOB TPOSABISAETCS UX HENOCTAaTOK B BHJE Mapa3sUTHOTO H3ITyUEHHS
rerepoiuHa. OTO U3JIyuYeHHE CTAaHOBUTCA MCTOYHUKOM IIOMEX I COCEAHUX
pammoyCTpOMCTB, W, YTO KpailHe HEeXeNaTenbHO, 1O HEMY MOXXHO yCTAaHOBHUTH
MECTOHAXOXKJEHUE PAAUONPEMHHUKA, a CIIEOBATEIbHO, W OOBEKTa CIEIHATbHOTO
HazHaueHHsa.  CylIeCcTBYIOT  CHOCOOBI  YMEHBLICHHS Tapa3sHTHOIO H3ITy4EHHS
rerepoauHa. OIHUM W3 HUX SBJIAETCS NMPUMEHEHHE 3aJep KHUBAIOIIEro IMOJIO0COBOrO
¢urbTpa B AHTEHHOM [eNM TpUeMHHMKA. Hanwuwe mnocienHero MPUBOIUT K
YMEHBIICHUIO Mapa3suTHOTO HW3JIY4YEHHs, HO HE K €r0 HCUYE3HOBEHHUIO. YMEHBIICHHUE
[apa3UTHOTO M3IYyYEHHS BO3MOXKHO TaKKe 3a CYET CEPbe3HOI'0 YCIOXKHEHHS
CXEMBI CYIEpreTepoAMHHOTO MpueMHHKa [2]. OmHAKO 3TOT COCOO yBETUYUBACT
rabapuThl NpPUEMHHUKA, I[OTpeOJIEHHE OHHEPrUM M K TOMY JK€ HE I03BOJIIET
MOJTHOCTBIO M30aBUTHCS OT Mapa3uTHOro uznydeHus. C 1enpio  KapAWHAIBHOTO
pemieHuss  3TOM  mpoOIeMBbl LeJIeco00pa3Ho  MPOBOJUTH NpeoOpa3oBaHUE B
ontuyeckuii  nuanazoH [3,4]. B TakoM KOMOWHHMpPOBAaHHOM NpPHUEMHHUKE, KpOME
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n30aBneHUs OT  MApa3sUTHOTO W3JIy4YEeHUs TeTepoluHa B paguoauanasoHe,
yAaeTcs MOJyYUTh HEOOXOJMMbIE YyBCTBUTEIBHOCTh, M30UPATENBHOCTh U IOJIOCY
MIPOITYyCKaHMsI, UMEs TIPU 3TOM MaJible pa3Mepsl, BeC U MoTpedienue sHepruu [3,5]. B
9TUX IPUEMHHUKAX PaJMOCHUTHAN IIOCIE YCHIHUTENS paJuodacToThl IpeoOpa3oBbI-
BaeTCd B ONTHYECKYI) O00JAacTh 4acTOT, IOCJE€ YEro MPHUMEHSIETCS ONTHYSCKHMA
cynepreTepoArHHbIN npueM. POTONETEKTOP BbIENAET Ha BBIXOAE ONTHYECKOH 4acTH
MPUEMHHKA TIOJNIe3HBIH curHan. I[IpeoOpasoBaHue M 00pabdOTKa BBICOKOYACTOTHBIX
paluMOCUTHAJIOB B ONTHYECKOM Juamna3oHe oOjeryaloT 3ajady pealu3aluu
BBICOKOYYBCTBUTENIbHBIX MPHUEMHHUKOB U CKPBITHOCTH NPHEMHOTO yCTpoWcTBa. biok-
cxema koMmOmHupoBanHOro CBY — onThyeckoro mpueMHHKa MpeACTaBlieHa Ha
puc.1.

one > Oy

OnTuueckas 4acTh
MpUEMHUKA

Bxognas dacte CBY
MPUEMHUKA

W

Puc.1. CBY - onTuyeckuil cynepreTepoJuHHbIN NpueMHUK: A-aHteHHa, BII - BxonHas
uens, OO0M - anexkrpoontuueckuit Moxystop, OI'- ontuueckuii rerepoaus, OIID-
onTHYeCKHi 1mostocoBoit GpunbTp, OY- ontuueckuii ycunurens, OJI- poromerexkTop

B peanmzanuu CBY — onTuyeckoro NpueMHUKa Ba)KHOE MECTO 3aHHUMAeT
JIEKTPOONTHYECKMH MOAynaATop. B cucTeMax oONTHYECKOW CBSA3M NPUMEHSIOTCS
Pa3NUYHbIE THIBI JIEKTPOONTHYECKUX MOIYJSTOPOB: IBYXKaHAJIbHbIE BOJTHOBOJIHBIE,
Maxa-Ilennepa, snekrpoadbcopOonHsie U Ap. [6]. OgHaKo 3TH  MOIYJISATOPHI HE
00namaT pe3oHaropHbiME cBoiicTBaMu B CBU juama3one, 9TO SIBJISIETCS BaXKHBIM
JUI  pealM3allid BBICOKOUYBCTBUTENBHOIO M BBICOKOM30MPATEIHHOIO CBY
MpUeMHHKA. B KkadecTBe MOAXOSAIIETO AJICKTPOONTHYECKOTO MOIYJATOpa  OBLI
MPEVIOKEH MUKPOIAMCKOBBIN PE30HATOP Ha OCHOBE DJIEKTPOONTHYECKOTO KpHCTalIa
LiNbO:3 [3,5,7]. MukpomuckoBsle MOAyISATOpH obecrieunBaroT dddexrrnsHoe CBU-
ONTHYECKOE TIpeoOpa3oBaHue, T.K. SBISIFOTCS OJHOBPEMEHHO U onTuueckumu, 1 CBY
pe3oHaTopamu. CTpyKTypHas cXeéMa NpPHEMHHKa Ha OCHOBE 3JIEKTPOONTHUYECKOTO
MHKPOJIUCKOBOT'O MOJyJIsiTOpa TMpuBeneHa Ha puc.2 [3,5,7].
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MuKpOAUCKOBBL
MOJLYJISTOP

HopmanuzoBanHast
ONTHYECKasl MOIIHOCTh

Jlazepusrii [* Curnan 04
Anon % A}» 0.00 0.05 0.10 0.15
- Tpaneuennaimbhas  Onryrmecknii OTHOCHTENbHAS JUIMHA BOJHBI, AL (HM)
npusMa TIPHEMHHK

Puc.2. CBY- ontnueckuit  LiNbO3 Puc.3. OnTudeckuil CrieKTp MHKPOAUCKOBOTO

MHUKpPO- TUCKOBBIA TPUEMHHK pe-30HaTopa (Iuamerp IUcKa
D = 5,85 ym, rommmaa h=0,7 mm, pimna
BOJNHBL 4 = | 55 Mim)[3,5]

MHUKpOANCKOBEIT  MOXYJATOP COCTOMT W3 ToHKoro jucka LiNbOs
(tommuHort  h<l mm) ¢ pammycom R=29 mm. DBOKOBUHBI IHCKAa ONTHYECKH
IIOJIMPOBAHBI C pajliycoM KpUBH3HBI Ry, KOTOPBII 0OBIYHO paBeH panuycy Aucka [5,7].
Hus paboret B CBY nuamaszone pPE30HAaTOp UMEET MEAHBIE JIIEKTPOABL,
pacroyioXXeHHble B BEpXHEW 4acTW IUCKa B BHIE KOJIbIIA C PaguyCoM, PaBHBIM
paauycy JUCKa, W CIUIOIIHOTO CJIOS B HYDKHEN 4acTH AMCKA. PagquodacTOTHBIN CUTHAI
MOJAETCs Ha METaNIMYECKOe KOJBbIO OT MUKPOIOJOCKOBOM JUHHMH, a OINTHYECKHE
MOJbl LIenmdyliell rajeped BHYTPM MHKpPOIUCKa BO30YXKAAIOTCS C IOMOIIBIO
O/THOMOJIOBOTO J1azepa ( Ay = 1,55 mrm). BBOA M BBIBOJ| ONTHYECKOTO HM3IIyYEHUS U3

MHUKPOJNCKA OCYIICCTBISIOTCS C MOMOIIBIO TpamnelenJanbHOl NPHU3MBI, KOTOpas
IIPY 3a30pe MOpsAAKa JUIMHBI BOJHBI 00ECHEYMBAET HEOOXOIUMYIO CTEIEHb CBS3HU C
MHUKPOpPE30HaTOPOM.  MUKpPOJIUCKOBBIE  PE30HATOPHl  OOJIAJAalOT  BBICOKOM
JIOOPOTHOCTBIO, YTO O0YCJIOBJIEHO HE3HAUMTENbHBIMU motepsmMu B CBY obnactu 3a
cYeT ¢1adoro MEKTPOMArHUTHOTO M3JIyYEHHUS! OT KpaeB dJIEKTPOAOB U MabIX MOTEPh
B LiNbOs. B onTuueckoM auama3oHe BBICOKas AOOPOTHOCTH OOYCIIOBJIEHA MalbIM
M3ITyYeHHEeM MO/ HIeuyIel rajepen. DKCIepUMEHTATFHO ITOJTYYSHHBIH ONTHYECKHH
CIIEKTp MHMKpPOJHMCKOBOTO pe30HaTopa mpexacrasieH Ha puc.3 [7]. MUKpOINCKOBBIN
pEe30HATOp HMEeT OSKBUAUCTAHTHbIE IIMKM IPONYCKaHUS M 00JacTH CHUIIBHOTO
OTPaKEHHs. Y30CTh PE30HAHCHBIX ITMKOB IPOMYCKaHHA OOYCIIOBJIEHa BBICOKOM
JIOOPOTHOCTBI0 MHKpPOJIMCKAa, a 00JacTh BBICOKOTO  OTpPaKeHMs, Ha3blBaeMas
CBOOOHBIM cnektpaigbHbeiM  auanazonom (CCJI), ompenensiercs nuamMeTpom
MHKpoAucKa. Jljis NPMBEIEHHOIO MHKPOIMCKAa T00pOTHOCTH coctaBimser 4-10°, a
CCH - 7,67 ITy. PezonancHoe B3ammojeiicteue CBY wu3mydeHus co cBETOBOH
BOJIHOH B MHKPOpPE30HATOpE MPOUCXOIUT MPH YCIOBHH, Koraa yactora CBY BomHBI
kpatHa CCJ[ [5,7]. B oartom ciyuae mpunoxkenHoe CBY mome wmenser
JUBIIEKTPUUECKYl0 mpoHuniaeMocth LiNbO; B oOnacti HanOonplied HHTEHCHB-
HOCTH ONTHYECKOH BOJHEI (0 MEPUMETPY AUCKA), M, KaK CJIEACTBUE, MPOUCXOIHUT
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CMEILEHHE PE30HAHCHOIO MHKa MPOXOXKIEHHS, YTO  IMPUBOAUT K MOAYJISALUH
WHTCHCUBHOCTH ONTHYECKOW BOJIHBI.

Cnenyer OTMETUTb, YTO KOHCTPYKLHMS  MHUKPOAHMCKOBOTO MOZAYJATOpa
SBIISETCA CIOKHOW B peanu3aluu: TpeOyeT BBICOKOKAUECTBEHHOM MOJIMPOBKU
OOKOBBIX TIOBEPXHOCTEH MHUKPOJUCKA M TOYHOH  HACTPOUKM JMCTAHIIUH MEXIY
OPU3MOM M MHUKPOAHUCKOM (3a30p  MOpSAKAa JUIMHBI ONTHYECKOW BOJHBI) JUIS
MOJTy4eHUs] HeOOXOUMOro KO3 (PUIIMESHTA CBSI3H.

C umenpio u30aBlNeHUs OT NPELHU3MOHHON HACTPOWKM W YIPOILEHHS
KOHCTPYKIIUM HAMH TpeIaraeTcs KOHCTPYKITUS Ha OCHOBE MUKpope3oHaTtopa Pabpu-
[epo (®-I1). U3BecTHO, uTO MHKpOAKCcKOBBIe 1 D-I1 onTHYECKHEe MUKPOPE30HATOPHI
UAECHTUYHBI 110 ONTHYECKUM XapaKTepPUCTHKaM M MaTeMaTH4eCcKOMY OIUCAHUIO, U,
KaK CJeICTBHE, BBIOOp THIA pe30HaTopa OOYCIOBJIEH BO3MOXHOCTSMH €ro
peamuzauuu [8]. Ilpeanaraempiii 3NEKTPOONTHUYECKHM MOAYJIATOpP Ha OCHOBE
MukpopeszoHatopa  D-II IpeACTaBIeH Ha puc.4. PabGouas  dacTb
MHUKPOpPE30HATOpa BBIMOJIHEHA Ha OCHOBE IuiacTHHBl LiNbO;, MOKPHITOH CBEpXY H
CHM3Y cioeM Menu. Jng peanu3anuy BBICOKOZOOPOTHOTO ONTHYECKOTO PE30HATOPA
HEOOXOMMMO PacCUMTaTh KOHCTPYKIHIO M BBHIOpPATh MaTepHal 3epKall.

AHTeHHa N Mmuorocnoitnoe SiO,/Si
CBY DIIEKTPOJT , 3epKazo

JlazepHsiit
JTHOJT Bomnokno LiNbO;

| # ’) >

Puc.4. DnaekTpoonTHYecKUi MOyIATOp Ha OCHOBE MHKpopesoHaTropa ®abpu-Ilepo
C MHOTOCJIOMHBIMU 3€pKajlaMu

YHUCICHHOES MOJICTUPOBAHUE TMPOBOJWIOCH C TIOMOIIBIO METOJAa EIHHOTO
BoipakeHus (MEB) [9-11]. B MEB pemienue ypaBHeHHs [enpMroibia B KaXIOM
CJI0€ pacCMaTpUBAEMOM CTPYKTYpbl IPEACTAaBISETCA B BHUIE €IUHOTO BBIPAXKEHUS,
a He B BHJIE BCTPEUHBIX BOJH, KaK B KJIACCHYECKOM TOaX0je. biaromaps stomy
He TpeOyercss mpeABapUTeNbHOE 3agaHue (OPMBI BOJHBI B KaXIOM CIJIOE
CTPYKTYpbl, uTO aeraer MEB ynmoOHBIM WHCTPYMEHTOM B  HCCIICIOBaHHUAX
ONTUYECKUX CTPYKTYp, COCTOSIIMX W3 CJIOE€B C JIOOBIMH  KOMIUICKCHBIMH
3HAYEHUSMH JUDJIEKTPUUYECKUX M MarHUTHBIX IPOHUIAEMOCTEH.

Kak rmokazamo 4YHCICHHOE WCCIENOBAHUE ONTHYECKUX XapaKTEPUCTUK
MHKPOpPE30HaTOpa,  NpUMEHEHHe  MeTaJulndeckux  3epkan (Ag, Au)  He
obecrieunBaeT koadduimeHT orpaxkenus Beime 95%. C menpr  yBeTUUCHHS
koddduimenta oTpakeHMs 3epkadl M u30aBIeHHMS OT TOTeph B  HUX
1[eJIeCOO0Pa3HO MEPEeHTH K MHOTOCIOHHBIM —JIUAJIEKTPUYECKUM 3epKanam. Jlns
ATOrO TpeiJiaraeM HCIOIb30BaTh 4eTBEPThBOMHOBBIE ciou Si/Si0,. Kak cnenyer
n3 Jwureparypbl, Kk LiNbO; MoxHO HamexxHO cBsizatk cioit  SiO; [12], a Si
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comectuM ¢ SiO, u oOecrieunBaer OOJBIIONW KOHTPACT JIIDIIEKTPUUECKUX
nponunaemocteil. Cructema m3 Tpex map Si/SiO, obecneunBaer KodQQUIUEHT
orpaxkenus 0,998, 4YTO HOCTATOYHO /Il TIOJNYYECHHS BBICOKOH JHOOPOTHOCTH, T.€.

HEOOXOAMMOH Y30CTH THKOB MpOMyCKaHWs  MuUKpope3oHartopa. Ha  pwuc.5
MIPUBEJIEHO  paclpeiesicHue  JIUAJIEKTPUUECKUX  IPOHHMIIaeMOCTeN CII0€B
MHUKpPOpE30HaTOpaA.
- 1
ar . T
121 o.sf
10 F
o.6f
8 L
6 0.4}
Ar 0.2}
2t L (Hm)
Z (um) o L L ,
. ! . L 0 500 1000 1500 2000

So00 0 1000 2000 3000
Puc.5. Pacnpenenenue nudnekTpuueckoil  Puc.6 3aBHCHMOCTH KOAQQHIIUEHTA TPOXOK-
MPOHUIIAEMOCTH BJAOJNb MHKpope3oHatopa jaeHust T mukpopesonaropa @-I1 ¢ 3epxamamu
@-I1, onTHYeckue BOIHOBOIBI C 00EUX 13 TPeX Map 4YeTBEPTHBOIHOBBIX cioeB Si/Si0,
CTOPOH MHUKPOPE30HATOpA: ot mmuHE cnos LiNbOs: A=1,55 mxm

£g =121, €40, =2,33, Epppo, =45

CHexTp ONTHYECKOW OJHEpPIuH, MpOXOIsmield dYepe3 MHKPOPE3OHATOp OT
muHbl ciosi LINDO; npu pukcupoBaHHOW UIMHE ONTHUYECKOW BOJIHBI, IPEICTaB-
JmsieT co0oil  MOCIIeNOBaTEeIbHOCTh AKBHAMCTAHTHBIX MHKOB (puc.6). Pacmpenere-
HUSl aMIUTATYIbl O3JEKTPHYECKOH KOMIIOHEHTHI AJIEKTPOMATHUTHOW BOJHBI BIOJb
Mmukpopesonatopa @-I1  oms Touek  MakCHMalbHOTO M MHHUMAIBHOIO
MIPOXOJKICHUS MPEJCTaBICHE Ha puc.7.

20

/

Z (um) . Z (av)
-1000 0 1000 2000 3000 4000

-1000 0 1000 2000 3000 4000
a) 0)
Puc.7. Pacnpenenenuss aMImiuTyIbl SJIEKTPUYECKOM KOMIIOHEHTHI 3J€KTPOMAarHUTHOU
BOJNHBI £ BONs MuKpopesoHatopa ®-II: a- B Touke monHoii mpospaunoctu (T=1,
L=730 um); 6- B Touke momuoro orpaxenus (T=0, L=900 um). TommuHbI

cioeB 3epkana: Ly =111um, Lgo, =253 um, A, = 1,55 mxn
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B Touke mMONHOrO TPOXOXKIEHUS pHC.7a pacIlpenereHue Moy CUMMET-
PUYHO OTHOCHTENBHO CepeauHbl MHKpope3oHaTopa @-II u wmmeer ammuTyxy
CYIIECTBEHHO BBINIE, Ye€M B 3epKaliax W OKpyxaromed cpene (SiO, onTuveckuii
BonHOBON). [lome BHe pe3oHaTtopa WMeEET TMOCTOSHHYIO — aMIUTUTYIy, YTO
XapakTepHO IJsi OJHOPOJHOM Oerymiei IuIockoi BomHbL Kak BuaHO u3 puc.70, B
Touke monHoro orpaxeHus (T=0) pacnpenenenue nonass B Mukpopesonarope O-I1
UMeeT OCUHWUIMPYIOUMKA — xapakTep ¢ yOblBaHHEM orubaronieeii B HalpaBICHUH
BBIX0JIa U3 CTPYKTyphl. Pacmpenenenue moss nepen cTpykrypoir (z<0)
COOTBETCTBYET CTOSYEH BOJIHE, 00pa3oBaHHON HAJIOXKEHUEM TAJAOIICH W
orpakeHHO# BoH. C poctom mnueb cinos L LiNbO; xapakrep pacnpeneneHus
TOJIsSI PE30HATOpa COXPAHSETCS, TOJNBKO B TOYKAX IOJHOTO mpoxoxaeHus (T=1)
MMEET MECTO YBEJIMYCHHE YKCiIa OcHWuIiuid 1mojist B cioe LiNbO;.

Jnst mosrydenust Mukpope3onatopa ®-I1, 3KBUBaNeHTHOTO MHUKPOJUCKOBOMY,
mmHa LiNbO; momkHa OBITh paBHAa IOJIOBUHE JUTHMHE OKPYKHOCTH MHKPOJUCKA
[8]. Ha puc.8 npuBeneHa crnekTpaibHas 3aBUCUMOCTh TaKOTr0 MHKPOpE30HATopa
@-I1. TIpoBeneHHbIe pacyeTsl TI03BOJIMIIH OTIpEICTTUTh JI0OpPOTHOCTH
MuKpopesonaropa ®-I1, koropast okasamach pasHoit 3,9 - 10° (B ciyuae 3epkan
n3 tpex map Si/SiO,)u CCH -7,78 ITy. Ilpu MeHblIeM d4ucie map ciloeB (AByX
map) JOOOpOTHOCTh mamaer g0 2,7 - 10°. IlonydeHHble 3HAa4YeHUSA OJU3KH K
AQHAJIOTMYHBIM 3HAYEHMSIM 3THX I1apaMeTPOB JJIs1 MUKPOIAUCKOBOIO MHKpPOPE30HATOpA
[5,7]. B  paccmatpuBaemMoM 3iekTpoonTuyeckoM — monyinsrope CBY curnan
W3MEHSIET BEIIMYMHY JUIJIeKTpudeckoil mnpoHumaemoctn LiNbO;, a  uMeHHo,
YBEIUYUBAET ee 3HaueHue [5,7].

T

06

04 | /

02 2

1

Ao (HM)
1550.04 1550.06 1550.08 1550.1 1550.12

Puc. 8. CnekrpanpHasi 3aBUCUMOCTh KO3 dunmenTa npoxoxaeHuss T OT JUTMHBI BOJHEI
nasaromero u3nyuyenus. Kpusas 1 - qns ciyyast ayx map Si/SiO, B 3epkanax
CTPYKTYpBI, KpuBas 2 - aist ciydast Tpex map Si/SiO, B 3epkanax cTpykrypbl. L=9,106 ym

YBenuyeHue — OUIEKTPUYECKON MPOHMIIAEMOCTH  paboueil obiacTu

pe30HaTOpa MPUBOAMT K CMEIICHUIO MTUKa Mpo3payHocTH uHTepdepomerpa D-I1 B
cTopoHy Oonee miMHHBIX BonH [13]. JIns OLIEHKW BIMSHUS W3MEHEHUS ELinbo,
Ha TPOIMYCKATENbHYI0 XapaKTEepPUCTHUKY MHUKPOpPE30HaTOopa ObUIM  MPOBEIEHBI
pacdeTsl, pe3yibTaThl KOTOPHIX TOKa3aHsl Ha puc. 9 m 10.
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Puc. 9. 3aBucumocts ko3¢ dunneHTa Puc. 10. 3aBucumocts ko3 durrenta npo-
npoxoxxaeHus T OT U3MEHEHUs JUdJIeK- xoxaeHuss T OT CMeleHus] NMHKa MaKCH-
TPHUYEC KOI POHULAEMOCTH &pyp0, TPH MaJILHOTO TPOXOXJIEHHS BIIPABO MPH

(UKCUPOBAaHHON JIMHE BOJIHBI HSMCHCHHHI £ o, - T=1npu

A=1550,0515 um A=1550,0515 um

[TomydeHnHble 3aBUCUMOCTH  TO3BOJISIOT ~ OLIGHUTh YYBCTBHTEIBHOCTH
AJIEKTPOONTHUECKOTO  Moxayistopa. s mepemaunt  mmdpoBbIX CHTHAJIOB,
MPENOJIOKUB  YOBIBAHUE TMPOXOXKJCHHSI ONTHUYECKOTO H3Iy4eHus 10 ypoBHs 0,2,
4ro gocTHraercs mpu u3MeHeHMH Ag ~ 3,810, uyBCTBMTENBHOCTH MOJYJISATOPA
MOXXHO ONpPENETUTh C TMOMOIIBIO BBIDAKEHHSA E ., = 2AAn, /ﬁ,njr(33)[3], rae

ne =2,14 - wnpekc mpenomwseHns LiNbO; mo opmuHapHOil och, a n,=2,21 —
nokasatenb  npenomisieHuss LiNbO;  mo skcrtpaopaunapHoit  ocu,  r(33) -
snektpoonTHieckuii  dbdexr, paueii 30,8107 /B mms  LiNbO;. Casury
MakcuMyMa rnpoxoxieHust AA=0,0005 uwm coorBerctByer T=0,2. OT0 maer i
HanpspbkeHHocTH  nipuwiiokeHHoro CBU mnonst Ecpy =4,7 B/mm, 4ro coriacyercs ¢
YyBCTBUTEIBHOCTHI0 MHKPOAUCKOBOTO MosmyJsitopa [3,5].

3akaouenue. C momompio MEB mpoBeacHO YMCICHHOE MOJICITHUPOBAHUC
3JIEKTPOONITHYECKOTO MOJYJISITOpa Ha OCHOBE MuKpope3oHartopa @D-IT ams paboTsl B
CBY-onTtrueckoMm npueMHUKE. MHKpOpe30HaTOpHAs CTPYKTypa, COCTOSIIAS U3 CIIOS
LiNbO; ¢ HaHeceHWeM Ha TOpIAX TPEX Iap YETBEPTHBONHOBHIX cioeB Si/SiO,,
MO3BOJISICT TONYYHUTh ONTHYESCKHE CIEKTPAIbHBIC XapaKTePUCTUKU, HICHTUYHBIC
XapaKTePUCTUKaM MHUKPOAMCKOBBIX OINITHYECKUX pesonaropoB. I[locnennue
MpUMEHSIFOTCS B coBpeMeHHbIXx CBY-onTHYecknx MpUEMHHUKAX, HO TPYJOEMKH B
WCTIOJIHEHHH W HCHOJb30BaHMH. (OCHOBBIBasACh Ha TOJNYYEHHBIX  pe3yJbTarax
MOJICTUPOBAHUA, MOXHO YTBEpXKIaTh, YTO  OJIEKTPOONTHYCCKHH MOIYJATOP Ha
ocHOBe MUKpope3oHartopa @-I1 MokeT OBITh MPEUIOKEH B KAYSCTBE AbTCPHATHBBI
MHUKPOAUCKOBOMY MHKPOPE30HATOPY. DIEKTPOONTHYECKHA MOIYJIATOP HAa OCHOBE
MHKPOpPE30HATOpa MMeeT Oojiee MPOCTYH0 IJIAHAPHYIO KOHCTPYKIHIO, JHIICH
MPU3MEHHOTO JJIEMEHTA CBS3H M HE TPpeOyeT NPEIM3HOHHOW HACTPOWKH.
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U.4. U200/Nu8ul, 2.9, AUNUUUNSUL, 6.U. WL8UL3UL

SULCP-1EMN UPULNNEANVUSACE ZPUUL YU ELEUSCUONShuUUUL
UNINkRLULUCE EYUSEL UNTELUMNCNRUC @L2Z-ONSPYUYUL CUINRULP2P
zuuur

Guunuwpyws E LiNbOs oipinhg b Si/SiO2 puquuptpin huybjhbphg uquduws
bdwpph-Ntpn Jpypnnkgqnuwwnnph hhdwt Jpu fEjnpuwoyunpjuljut dnngnijupuph
oyuhljulub punipwugpbph htnmwgnunnudp: Gptip qnyq Si/SiO2 skpunbkpp wyuthnynid
Eu 0,998 wupwnupddwt gnpswlhg’ A=1,55 Ujd wihph Epupnipjub phuypnid,
nnp puwqupup b Upipoekqnuunnph wthpwdbion pnpupldwi ukn okpn uyklup
utnwbwnt hwdwp: LiNbOz phplnh Epynt jujuufut Ynndbph dbnwunugnudp payg
E wwjhu Yhpwednn L2 nwowunny nhjwdupt) phptnng wiguny niuwghtt hnupp:
Unwowplyny LiEjnpwowyumphlulwb Unynijupupt nitth wjth wwpq junnigdusp,
pwlt dhypnujuurwljuyhin b hp punipugpbpny unybwlwb £ Jbpohthl, npp
uhipuynidu Yhpunynd b dudwbwulhg @RZ-oyynhjuljwt punnithsutpnid:

Unwigpuyhli pwnkp. QRZ-owunhlulwb punnibhs, htwnbpnnhth dwlw-
powduyhlt Swnwquypenid, LEjunpwowyuhlulwt dngnywpup, dhipn-nkqniwnnp
bdwpph-Ntpn, LiNbO3/SiO2/Si funnigywsp, pyuyhtt dnpbjwdnpnud, dhwubwlub
wpunwhwjnnipjub dbpny:

A.K.AHARONYAN, H.V.BAGHDASARYAN, T.M.KNYAZYAN

NUMERICAL MODELLING OF FABRY-PEROT MICRORESONATOR BASED
ELECTRO-OPTICAL MODULATOR OF MICROWAVE - OPTICAL RECEIVER

An analysis of optical characteristics of an electro-optical modulator based on Fabry-
Perot microresonator consisting of LiNbO; layer and multilayer Si/SiO, mirrors is
performed. The three pairs of Si/SiO, provide the reflection coefficient of 0.998 at the
wavelength of A= 1.55 pm, which is sufficient to obtain a narrowband transmission spectrum
of the electro-optical modulator. The metallization of the two transverse facets of the
LiNbO; plate allows to control the transmission of light flow through the plate by
applying a microwave field. The parameters of the suggested electro-optical modulator are
identical to that of the microdisk modulator currently used in VHF-optical receiver. The
electro-optical modulator has a simpler structure than the microdisk one.

Keywords. microwave-optical receiver, heterodyne parasitic radiation, electro-
optical modulator, Fabry-Perot microresonator, LiNbO;/SiO,/Si structure, numerical
modelling, method of single expression.
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STATISTICAL STATIC TIMING ANALYSIS METHODOLOGY FOR
COMPONENTS OF MICROPROCESSORS

With process technologies scaling down the process variation is becoming more important.
Therefore delay variations that impact the circuit performance are also increased and affect the design
timing yield. In today’s microprocessors the lowest level circuit blocks contain hundred thousands of
transistors, and perform statistical static timing analysis (SSTA) for them is non-trivial due to the
difficulty in generating appropriate timing models. That is why statistical Monte-Carlo (MC) simulations
should be run for the timing analysis of those blocks which are time consuming and almost impossible to
run them on all paths in a macro or even on a few top critical paths. The proposed fast and precise
methodology can be used to run SSTA on the lowest level circuits of microprocessors. It provides about
90% accuracy and 5-10 times runtime saving compared to MC results.

Keywords: statistical static timing analysis, microprocessors, lowest level circuits, Monte-
Carlo simulations.

Introduction. Technology scaling has brought the rapid increase in process variability
[1]. Its effects on device performance have compelled the industry to transition to statistical
techniques for timing sign-off. Traditional corner case analysis (CCA) [1,2] constrains the
design and often sets stringent, unrealistic timing specifications. Moreover, for technology
nodes smaller than 65 nm, these overestimated timing bounds compensate the performance
improvement due to device scaling. SSTA [2] is used in practice to analyze the impact of
process variations on timing. It handles the random parts of the process variations as
probability distributions to calculate the delay statistically. SSTA has gained widespread
acceptance for standard cell based designs, as it removes a significant portion of pessimism
introduced by conventional approaches like CCA while accounting for global (inter-chip) and
local (intra-chip) process variations [3]. The application of both path based and block based
SSTA have been shown to be advantageous [2] for cell based ASICs for which reusable timing
models could be easily characterized. The method of SSTA for microprocessors is proposed in
[4] which is applicable only for standard cell based blocks. But, for example, cache blocks in
microprocessors are not made of standard cells. More than 50% of a multi-core processor and
more than 30% of each core are occupied by cache arrays and custom, transistor level blocks
both of which are not standard-cell based. For custom macros, there are significantly more
transistor level options to improve performance with less overhead than in case of gate level
circuits. Moreover, such macros occur in portions of the processor which are extremely timing
critical where variations could adversely affect the final performance.

The methodology proposed in [5] for generating statistical models for the large IP
macros can be used in SSTA flows allowing fast analysis. While this method is shown to be
accurate, it works only for macros with gates as basic units and cannot be easily adapted for
transistor level macros. A method of variation aware transistor level timing analysis for macros
is described in [6]. Statistical models are built for macros at a chip level of hierarchy. These
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approaches introduce some inaccuracy in predicting chip level performance degradation due to
variations. To overcome these problems and to perform accurate variation analysis of transistor
level macros, rigorous, but time consuming MC SPICE simulations of selected paths are currently
used. The simulation run time is of the order of hours/path. It is impractical to perform such MC
simulations on all paths in the macros and is therefore required to have a prior knowledge of the top
paths that could potentially become critical. Hence it becomes necessary to have a fast statistical
timing analysis flow for transistor level macros that can compute the delay distributions due to
process variations of all paths in the macros with accuracy close to MC simulations.

The proposed methodology finds a solution to this problem. It first groups the macro
transistors into logic gates called xcells by applying special grouping technique which does not
approximate any transistor or wire information. It is vital in preventing any accuracy loss. For all
extracted xcells timing library considering both inter-chip and intra-chip process variations using a
SPICE circuit simulator is built. The library is later used by an industrial-standard timing engine to
perform block based SSTA of the macro.

Global and local process variations. Threshold-voltage (Vy, ), effective channel length
(L), oxide thickness ( T, ), mobility (), and dopant concentration (C) are the main variation

parameters that significantly affect performance. Their variations result in designs with a wide
spread of critical path delay distributions that may degrade the timing yield, i.e. decrease the
fraction of manufactured chips that meet the timing constraints. For analysis purposes, parameter
variations are usually classified into two categories: the inter-chip or global and the intra-chip or
local variations. In case of globally varying parameters, their values are the same for all devices on
the chip.

Variation parameters may depend on each other. For instance, an increase in T, also

increases Vy, . Principal component analysis is used to convert the dependent variation parameters

into independent principal components (PCs). In general, the delay of a path D due to variation is

given by [7]:
n n__j
D=Dy+» 0, Z(Y)+ DY on ZLy), (1)
i=1

i=l k=1
where D is the path delay; D, is the nominal delay (without variation); 6, is the standard

deviation of the delay distribution due to the global random variable Z(Y;); i varies from 1 to n -

number of principal components; G, . is the standard deviation of the delay distribution due to the

local random variable Z(L; ) ;k varies from 1 to  j - number of transistors.

In equation (1) the local delay component is dependent on the number of transistors. The fact
that for global variations all transistors within a macro are completely correlated and for local
variations they are completely uncorrelated (statistically independent) helps re-write equation (1) as
follows [7]:

D=D, +Zn:c5pi -Z(Yi)+Zn:csmi -Z(L,). 2)

i=1 i=1
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In equation (2) the number of local random variables Z(L) is reduced from nj to just n
showing that Z(L) does not depend on the number of transistors in the macro. This is a useful

result because in a macro, the number of transistors jcould be in millions.

Proposed approach. The proposed SSTA flow developed for transistor macros is
shown in Figure 1. It consists of three major steps.
e Transistor level macro is converted to gate level blocks called xcells using special
grouping procedure.
e  Variation aware library is characterized for these xcells using the variation aware
SPICE models.
e Block-Based SSTA analysis are executed [4].

Transistor
schematic

Process o
dependent “ariation Aware
variations Timing Library
i Letr Tos) Characterization

“fariation “ariation library

containing xcell
lookup tables

Block-Based
SSTA Engine

SPICE model

Selective paths
(xcells and RCs)

______ N _ T

. Monte- Carlo H CDF of
I 1

i _SPICE (MC) I\geg_n critical

path

Error % Required slack
Fig. 1. Proposed SSTA flow

The method used by block-based SSTA engine in Figure 1 is described in [4]. It is
based on simultaneous application of the usual static as well as statistical static timing analysis.
At the first stage usual static timing analysis (STA) is applied and at the second stage - SSTA.
The offered method of the analysis allows to reach acceptable analysis results from the
practical point of view of accuracy at rather small expenses of machine runtime. SSTA engine
determines delay distributions for all paths in the macro using the variation libraries
considering equation (2). The validation step compares the SSTA results with MC results. The
timing yield step estimates the required arrival time based on the most critical path due to
variation.

Convert a macro to the xcells. The conversion of the transistor level netlist into a
netlist of xcells is performed by using special grouping technique which is developed to
facilitate hierarchical, transistor level static timing analysis using industrial block-based timing
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analyzers. It takes as input a transistor level GDSII layout of a macro and obtains a logic
(verilog format) and parasitic netlists (spef format) as outputs that can be used by a static
timing engine. The logic netlist consists of xcells each of which contains transistors that are
source/drain connected to its output node.

The xcells are inferred by a rule-based recognition process that can recognize static
CMOS, transmission gates, cross-coupled domino gates, latches, and flops. Using the inherent
hierarchy in memory blocks like cache, specialized xcells are formed by grouping a number of
SRAM bit cells (~5000 bit-cells per xcell) that are referred to bit-columns. The parasitic netlist
contains the interconnect and device internal parasitics. The latter include the transistor
parasitics that are pushed to the output node of each xcell. In order to reduce the number of
inferred xcells that must be characterized, the xcells that have the same topology and whose
internal parasitics are within a small range are folded to form a single xcell. An average xcell
other than the bit-column typically consists of 10...15 transistors.

Variation library characterization. After converting a macro to gate level xcell netlist,
a timing library is generated. It contains delay/output slew look-up tables for each pin in the
xcell and for all PCs. This is accomplished using an automated characterization engine [8] that
performs SPICE simulations to obtain delays for a wide range of input and output conditions
(slew/load).

Each xcell in the library is characterized at 2N + 1 different values of the PCs stored as
2N +11ook-up tables; N is the number of PCs. The characterization process is performed for
10 PCs where each xcell has 21 tables in the library. One table corresponds to the nominal
case, with all 10 PCs set to their mean (nominal) values. The other 20 tables are generated for
xcells characterized at the +3c and —3c values for the 10 PCs.

Results. A 45 nmdesign macro for experiments is used. It contains 60 unique xcells.
The total number of transistors in the macro is of the order of a few hundred thousands. The
delay values shown in the figures are normalized to 500 MHz

It is important to mention that simulation results depend on technology and number of
used xcells. Increased number of xcells will increase simulation time almost linearly for the
same technology.

Monte-Carlo Vs SSTA. The studied macro has the critical path that requires at least 3
hours to complete MC. This makes it impractical to perform MC using variation device models
for all top paths in the design. SSTA allows to see these distributions [9] and hence analyze the
effects of variation on all paths of the design which is the most important goal achieved. Figure
2 shows slack values of the top critical paths in the design.
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In order to run MC to validate SSTA, 50 paths of different lengths in terms of xcell
number are pruned out from the macro netlist. A few representative paths are listed in Table 1.
The extracted layout parasitics are also included during MC simulations. Table 1 compares the
mean and the standard deviation (10 ) of the endpoint delays (arrival time) between SSTA
distributions and distributions obtained after 1000 runs of MC simulations. Figure 3 compares
the delay distributions of the most critical path in the macro obtained by MC simulations and
proposed SSTA flow.

The maximum error percentage of the total variation of SSTA reported delay is ~6%.
The table also shows the runtime for MC simulations. The runtime for the entire SSTA, which
computes the distributions for all paths in the macro, is almost negligible, less than 3 minutes
for a macro of ~100,000 transistors.

It is very important to mention that Table 1 does not include library characterization
runtime. The library characterization time varies within 2 ~ 8 hours. As it is shown in Table 2,
for a 5% compromise in accuracy the library characterization time can be significantly reduced.

Table1
Comparison of MC and SSTA path delays
Monte-Carlo SPICE (MCS) Simulation SSTA Error
Xcells

/path Runtime Mean (p1) Total (T)) Mean (u2) Total (T,) m+oTy
Delay (ps) |(1o Delay) (ps)| Delay (ps) (1o Delay) (ps) (s +0T,

15 2 hrs 213 9.24 205 8.2 4.2%
4 25 min 70.5 2.65 77.2 0.4 5.7%
50 min 16.3 1 17 1.4 6.0%

13 1.5 hrs 291 12 299 10 1.9%
5 35 min 455 43 443 3.7 3.7%
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Timing Yield. Without SSTA it is necessary to fix the critical paths to meet a frequency
that is much greater than the target frequency needed for a particular yield.

Figure 4 shows the CDF of the most critical path the period of which is define by the
frequency of the entire macro. 50% yield point corresponds to the nominal time period of
2000ps at which the SSTA is performed for this macro. For instance, if needed to achieve a
68% yield at 2000ps, SSTA results suggest a minimum required arrival time (RAT) of 2011ps
to be set on the critical path based on the slack difference. This design has a large positive
slack of 53ps even for a 98,5 % yield, suggesting that the design has been over-optimized.
Figure 5 compares the slack values obtained for all paths by setting the minimum RAT from
SSTA at 60% and 90% yield points and a conservative RAT used to fix the design before using
SSTA flow. Figure 5 shows a clearly large margin that is pessimistic even to achieve a 90%
yield.

70

100% " A 60% yield from SSTA
N Yiado98sy ] A co 1 90% yield from SSTA
! ’ \ & TT corner
LN v S0
| Required Yield (68%) \
RAT ! \ 40 -
2037pst 1\ Y ield (50¢ o) | 20003
ps Yield (50%) / 30
I /
1
: / 20
v o 10
70 50 30 10 0 ' ' ' !
Slack (ps) 10 20 tack (9 40 30
Fig. 4. Timing yield plot — CDF of the most Fig. 5. Slack values of all paths of the design
critical path of the design obtained using obtained by performing SSTA with RAT chosen
SSTA with RAT = 2000ps from 60%, 90% yield points and conventional

corner case TT

Characterization runtime. Characterization of a variation library at 2N + 1 points as
described above for each xcell even though is a one-time effort, is still time consuming.
However, libraries generated this way for different PC corners are more accurate, since the
sensitivities are determined from look-up table delay values obtained by actual circuit
simulation rather than analytical formulations. The library generation time linearly increases
with the number of points at which each xcell in the library is characterized. For each point of
characterization, a look-up table is generated for every xcell in the library

Table2
Characterization runtime reduction
Number of tables/xcell Accuracy Runtime
0,
Characterization 1: 21 tables 1004) ~8hrs
(normalized)
Characterization 2: 11 tables 97% ~4hrs
Characterization 3: 5 tables 95% ~2hrs
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Characterization 1. Considered all 10 PCs.

Characterization 2. Only considered 5 global PCs and set a correlation of 1 between transistors
to represent global variations. The same PCs are used setting a correlation of 0 between
transistors to represent local variations.

Characterization 3. Assuming the delay variance obtained for each PC variation is symmetrical
about the mean delay value, only N+1 tables instead of 2N +1 for the 5 global PCs are
characterized. The xcells are characterized only at the mean -3 6 points of the PCs.

Conclusion. New SSTA methodology for microprocessors which execute timing
analysis for transistor level and provides distributions for all paths in the macro that are close to
MC results (~90% accuracy) is proposed. The methodology also helps pin-point the paths and
their components that are more sensitive to a particular source of process variation
(Vin > Tox s i, Lt ) which can be used for design optimization.

While this flow is developed mainly for transistor macros, it can easily be modified to
be used for any cell based macro.
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U.Q. URNY3UYL, 4.U. 1ESrNUsuy, U.U. 1N1NU3UY, L.9. UGLPL3UL

UbhurNIrNssunNruerb 2Z0uanNh8sutrh 4hXuuua vy USUShu
duuUuLUYUSPL 46MT.NRONRE3UL UTRNY

Stjuuninghwljwt gnpépupwugutph duupnuwpwynpdut hbnbwipny] wupw-
dbwnpbph obnnudubpp nuntumd o wpwyl] Yuplnp: ZEknbwpwp  upobdugh
wpununpnnuljuimipiui Ypu wqnnn huwyundub oknnudubpp inyhybu puptinud B
wowtwluh b wgnmud ywhunwh Lph nnlnuh Jpu: Fudwbwljuljhg dhjpnypn-
ghunpubpnid unnpht dwwppuyh vjubdwiubpng hwbgnygubpp wupnibwynmd Eu
hwpnip hwqupuynp wpwbghunnpubp, b hwdwywunwupwb  dudwbwluyht
Unnpbjubph vnbnsdwt pupymipjult yundwrny Jhdujuqpuljut ununhl dudw-
twluyht JEpnusnipnit (AUSY) Juwnwpbp ppuig hwdwp qgununid £ gnpsuw-
Juwiund wbhtwpht: Uy wuwndwon] wjuyhuh hwignygubph  dudwbwluygh
Jtpnisnipyutt hwdwp hpujubugymd E Jhdwljugpuljuit Untnb-Yurn dnnbjw-
Ynpnud: Uy Udnphjudnpnudubpp dudwbwluunwp b, b gphpt wihtwp b gpup
Yhpwnk) pojnp Jud unyuhul vh putth Yphnhjuljui nighubph ypu: Unwewpldus £
wpwgq b &oqphwn dkpnn, npp Jupnn  oquuugnpsyty Uhjpnypngtunpbpnud uinnpht
dwjuppuyh ujpkdwbpny hwgnygubph ypu 14U hpujuwbwgubint huwdwp: Ujh
Ununb-Yunn dnphjuynpdut htn hwdbdwnwé wyuwhnnid E dnnudnpuybu
90% &ounipinit’ Swjuubny 5...10 whqud wybih phy dudwtiwly:

Unwiigpuwjhtt punbkp. dhdwjugpujuit vnwnhl] dudwbwljuyhtt JEpnwdnipintl,
Uhypnypngtunp, unnphtt dwjuppuljh ujubdwitp, Untnbk-Ywunn dnpbjudnpnid:

C.I'. ABOBAIH, I''A. IETPOCSH, A.M. I1IOI'OCAH, H.B. MEJIUKSH

METO/J CTATUCTUYECKOI'O CTATHYECKOI'O BPEMEHHOI'O AHAJIU3A
MUKPOITPOHECCOPHBIX Y3J10B

C yMeHBIIEHHEM pa3MEpOB TEXHOJIOTHI BapHalWU IapaMeTPOB CTAaHOBATCS Ooiee
3HauuTeNbHBIMU. ClleI0BaTENbHO, BapUalluy 3aepXKeK, BO3AeHCTBYIoNe Ha paboTocnocoo-
HOCTB CXEMBI, TAKKe BO3PACTAlOT M BIMAIOT Ha IIPOU3BOACTBEHHBIH BBIXOJ. B COBpeMeHHBIX
MUKpOIpOIieccopax OJOKH CXeM HIDKHEr0 YpPOBHS HMEIOT COTHH THICSY TPAH3UCTOPOB, U
BBINOJTHEHUE CTAaTHCTHYECKOrO cTaTtuueckoro BpemeHHoro anamuza (CCBA) craHoBuTCS
MPAKTHYECKH HEBO3MOXKHBIM H3-32 CIIOKHOCTH CO3IaHHs COOTBETCTBYIOIIMX BPEMEHHBIX
Mmozeneil. IlosToMy nns BpEMEHHOIO aHalu3a O3TUX OJIOKOB JO/DKHBI  BBIIOJIHATHCS
cTaTHcTHYecKHe cuMyisiiuid MoHTte-Kapino. OTMedeHHbIe CUMYIISIAN TIPOBOASATCS JTOBOJIBHO
JIOJITO, U UX IOYTU HEBO3MOXKHO BBIINOJIHATH AJISL BCEX UM AaXKe JUIA HECKOIBKUX KPUTHIECKHX
nyteil. B nanHOll pabote mpemmaraercst ObICTPBIH M TOYHBIM METOMA, KOTOPBIH MOXKET OBITH
ucnonb3oBad 111 CCBA cxeM HIXHEro ypoBHS B MHKpoIpoleccopax. Ilo cpaBHeHHIo ¢
aHanu3oM Monre-Kapio, npemnaraemblii Meton obecrmeuuBaeT npubauzutensHo 90%
TOYHOCTHU M COKpaIl[eHHE MAIIMHHOTO BpeMeHH B 5...10 pas.

Knwueevle  cnoea:  CTaTUCTUUECKUM  CTaTUYECKUM  BpEMEHHOH  aHanus,
MHKPOIPOIIECCOPHI, CXEMBI HIKHETO YPOBHS, CUMyJsaun MoHTe-Kapito.
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NU3MEPUTEJIb BHYTPEHHEI'O COITPOTUBJIEHUSA
XUMHUYECKHUX HCTOYHUKOB TOKA

OnmcaHo yCTpOMCTBO /Ul M3MEPEHUs] BHYTPEHHETO CONPOTHBIICHHUS XUMHYECKHX HCTOYHHUKOB
toka (XUT). VYcTpoiicTBO OTIMYAETCs BBICOKOW TOYHOCTHIO, MAJIOra0apUTHOCTBIO W MalbIM
oTpebICHNEM SHEPriy. DTH KauecTBa HOIyUYeHBI Oraroapsi MIPUMEHEHUIO CTOIPOLIEHTHOW MOIYJIALINH
TOKa 4Yepe3 Harpy3Ky M M3MEPEHHI0 aMIUTHTYAbI mynbcanun Ha kiemmax XUT. [Ipubop mMoxer HaiTH
IIPUMEHECHHE KaK y pa3pabOT4MKOB, Tak M y 3KciuryaraunoHmukoB XWUT npu ycTaHOBIGHHH KadecTBa
iy creneny npurogHoctyd XWUT muis nansHelen sKcITyaTaluy.

Knrwoueevie cnosea: BHYTpPEHHEE COIPOTHBIICHUE, JJICKTPOJIUT, 3apsil, paspsi, CHHXPOHHBIH
(ueTp—HerexTop.

Brytpennee conportusiieane XWT H3MepsAOT B OCHOBHOM Ha IOCTOSHHOM U
nepemMeHHoM Tokax [1]. Buyrpennee comportuBnenue XWUT, paspspkaromuxcs c
HE3HAUUTEIbHOM Monsgpu3anyeil, Majao 3aBUCUT OT BEJIMYMHBI TOKAa M 4acTOTHL. s
mo6oro XWUT BennurHa BHYTPEHHETO COMPOTHUBIICHHUS, U3MEPEHHOI0 Ha IEPEMEHHOM
TOKE, OOBIYHO OTIMYAETCA OT CONPOTHUBIIEHUS, U3MEPEHHOI'O METOAOM IOCTOSHHOT'O
TOKa. DTO OOYCIIOBIICHO TEM, YTO MpPU NPOTEKAaHHU MEepeMeHHOro Toka uepe3 XUT
MOSABISIIOTCA €MKOCTHAass M WHIYKTHBHAS COCTABIIIOIIME IIOJIHOTO BHYTPEHHETO
conporusnenne XUT [1].

B cBa3m ¢ »TUM cxeMa M3MEpPEHUS BHYTPEHHEIO CONPOTHBIEHHA Ha
[IEPEMEHHOM TOKE YCIIOXKHSETCs, KpOME TOIr0, U3MEPEHHUE CBA3aHO CO 3HAYUTEIbHOM
TpaToil BpeMeHH.

B [2] npennoxeno yctpoilcTBo s u3MepeHus nmapamerpoB XUWUT, B Tom
yuciae U BHYTPEHHEIO CONPOTHUBIEHHSA, B KOTOPOM IPHUMEHEHA CTOIpPOLEHTHAs
MOJYJISIMA TOKa uepe3 Harpysky. OJHaKo JaHHas cXeMa HeJOCTaTOYHO yAoOHa Ui
9KCILTyaTalny, TaK Kak TpeOyeTcs JOIOIHUTENbHAS 00pa00TKa BEIXOIHOTO CHTHAIA.

Jsl CyIIeCTBEHHOTO MOBBIIICHUS TOYHOCTH M OOJICTUCHHUS SKCILIyaTallud B
HacTosle paboTe MpUMEHEHa HEe TOJNBKO CTONPOLIEHTHAs MOIYJIALMSA TOKa 4depes
HArpy304HOH pE3UCTOp, HO Takke CTaOMIM3alUs €€ BEeIUYUHBL YIIPOIICHHAS
(yHKLMOHAJIBHAs cXeMa yCTpOHCTBa ITOKa3aHa Ha puc.l.
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Puc. 1. ®ynkunonanpHast cxema u3mepuTenst BHyTpeHHero conporusienns XUT: KJI1, KJI2-
kiaemMbl XWUT, C- emkocTs, R - pe3suctop Harpysku, 1 - MOZyIHPYyeMBIil CTaOMIN3aTOP TOKA,
2 - nuddepeHINATBHBIA YCUINTENb, 3 - TEHepaTop MeaHzapa, 4 - CHUHXPOHHBIA (UIBTP-
JIETEKTOP, 5 - GUIBTP HU3KUX YACTOT, 6 - TUPPOBOH BOIBTMETP IIOCTOSHHOTO TOKA

Cxema pabotaer cienyronmM obOpazom. llocie BKiIrOYeHHs npudopa
nonkmouenust XUT k knemmam KJI1 u KJI2 gepe3 R nporekaer cTabunn3npoBaHHbIH
TOK [y, BeIMUMHA KOTOPOrO B OJIHOM IHOJYyNEpUOAE HyJieBas, a B JpPyroMm
MONYTIEpUOJie - CTa0HIM3MpoBaHHas. /3-3a HAWM4YMS BHYTPSHHETO CONPOTHBIICHUS
R,y Ha winemmax XUT npu mporekanuu Toka I, HampspkeHue OT BenudyuHbBl Uy
ymenbmaercss Ha AU, mpu 3tom AU=Uy-U =R, Iy, rne U, - HampsoxkeHue mnpu
oTcyTcTBUM ToKa uepe3 R, a Uj- HampspkeHue mpu NpoxoxIeHuu Toka Iy gepes
Harpy3ky. Benuuuna Hanpsokenus AU yBennumBaercs AuddepeHIHaIbHbIM
YCHIIUTENEM 2, BBIIPAMIISIETCS U (PUIBTPYETCS CHHXPOHHBIM (DHIIBTPOM—IETEKTOPOM
4 ¥ nocie ycTpaHeHHs OCTPHIX MUKOB HANPSDKEHUsS (GUIBTPOM HU3KUX 4acTOT OJIOKOM
5 (MUKW HanpsDKEHHs 0OpasyroTcsl B pe3ynbTaTre padoTHl Kirodel BHYTpH Oiioka 4)
U3MepseTCs HUPPOBBIM BOIBTMETPOM MOCTOSIHHOTO TOKa 6.

Hampspxenue, n3mepsieMmoe BOIETMETPOM 6, OTIPEIEIISIETCS B BHJIE

U. = UO_Ul

Ry 1,
KKy Ky = —— KiKyKs, (1)
2
rae K, - koadpdumment ycunenus 6moka 2; K, - kospdunuent nepemaun 6yoka 4;
K; - koo dpunment nepegaun GuiIbTpa HUBKUX YaCTOT.

Bce ykazannbie 6moku (3,4,5) UMEIOT TMHEHHYIO XapaKTePUCTHKY, CTAOMIIbHBIC
ko3 uIMeHTsl Tiepenaun, ¥ MpH CTaOMIU3AlMU TOKa 4Yepe3 pe3ucTtop R MoxxHO
Hammcath U, =K'Ry,, Tme K=(Iy/2)-K;'K,'K;. CrnemoBatenpHo, Ha BeIXome Oj0Ka 5
IOJTy4aeTCsl HalPsKEHUE, IPOITOPIHNOHAIIBHOE BHYTPEHHEMY conpoTuBiieHHt0 XUT.

[IpumeHeHne 4eThIpeXpOBOAHON IPOBOJAHON CUCTEMbI U3MEPEHUS HCKIIOYAeT
BIIMSIHUE COIPOTUBIIEHUS IPOBOAOB, coenunsromux kaemMsl KJI1 u KJI2 co Bxonamu
u3MepuTens a npuMeHeHHe (a30yacTOTHOro (UIBTpyOILIero jaerekTopa 4
oOecrieynBaeT TOYHOCTh HM3MEPEHHs MPU HAJIUYUMM IIYMOB, HABOJOK M JaeT
BO3MOXHOCTb IIPOBECTH U3MEPEHUE MPU CYIISCTBEHHO MAJIBIX 3HAYCHUSX TOKOB Yepe3
R.y. Kpome Toro, nmpubop Taxke uzMepseT aOCONIOTHYIO BETUYUHY HaNpsDKEHHs Ha
knemmax XUT, Tem cambiM oOierdas MCCl€OBaHHME 3aBHCHMOCTH BHYTPEHHETO
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COMPOTHUBIIEHUSI OT CTETICHH 3aPsHKEHHOCTH (CBsI3b Mexy kiemmamu KJI1, KJI2 XUT
1 nu(POBEIM BOJIETMETPOM Ha pHC.] He rmoka3aHa).
Texuuyeckue napaMeTpsl pa3paboTaHHOTO U3MEPUTEIN ClIeAYIOIIHUE:

- JMama3oH M3MEpSEeMBbIX 3HAU€HUH BHYTPEHHEIO  CONPOTHUBJICHHS -
(0,1...20)-10° Om;

- paspemaroas cnocodHocTh mpudopa - 1,0-107 Ow;

- Bpems uamepenus - < 10 ¢,

- TOK uepe3 Harpy304Hoe conpoTtusieHue - 1 £ 0,05 4;

- TIOTPEIIHOCTh U3MEPEHHSI BHYTPEHHETO CONPOTHBIICHUS - <1 %,

- HaripspkeHue uzmepsaeMbix XUT - 10...15 By

- yacToTa MOAYJIALMY TOKA Yepe3 Harpysky - 72 1y;

- Bec npubopa =~ 0,8 ke.

[ BBIABIEHUS BO3MOXHOCTEH pa3paboTaHHOro npubopa OBUIM NPOBEICHBI
VM3MEpEeHHsI BHYTPEHHETO CONPOTHBIICHHS Ha KUCIIOTHBIX aKKyMYJISITOPax, MMEIOIINX
pa3Hble EMKOCTH M pa3HbIe CTENEHHU 3apskeHHocTH. Ha puc.2 moka3aHa 3aBUCHMOCTD
Rpn akKyMyJATOpOB OT €MKOCTH (M3MEpEHHE IIPOBEPEHO HEIOCPEACTBEHHO II0Cie

TIOJTHOTO 3apsifa).
(OM -10%)
RBH F 3

10 —

0 ! | I ! 1 I | | ! v
10 20 30 40 50 60 70 80 90 AY

Puc. 2. 3aBucumocts R, oT Benmnunnbl emkoctu XUT
U3 rpaduka puc.2 cnemyer 4eTkasl 3aBUCUMOCTh BHYTPEHHETO COMPOTHBIICHUS

OT €MKOCTH, IpHU 3TOM 4eM Oonbuie BenuuuHa eMmkoctH XUT, TemM MeHblie
BHYTPEHHEE COIIPOTUBIICHHUE.
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Puc. 3. 3aBucumocts Ry, oT Hanpspkenus va knemmax XUT

Ha puc.3 noka3aHo u3MeHeHNe BHYTPEHHETO COIIPOTUBIIEHUS aKKYMYJIATOPOB B
3aBUCHUMOCTH OT HANPSOKCHUS Ha KieMMaX ((paKTHYeCKH OT CTEIEHH 3apsDKCHHOCTH).
udpamu ykazansl: 1 - HOBBIM aKKyMyJSITOp eMKOCTBIO 90 A uac, 2 — HaXOIAIIHIACS B
9KCIUTyaTallid aKKyMYJISITOp €MKOCThI0 92 A-uac, 3 — W3HOIIEHHUH aKKyMYyJATOP
eMKocThi0 90 A-yac. U3 rpaduka BHAHA OUIyTHMash Pa3HOCTb B 3aBUCHMOCTHU
BBIXOJIHOTO COIPOTHBIICHUS OT CTEIEHU 3apsKEHHOCTH M HW3HOMIEHHOCTH. UeMm
6ompme otnaya XWT, TeM MeHbIE BHYTPEHHEE CONPOTHBIICHUE (HATIPHMEp, Ipaduk
1 Ha puc. 3).

Takum o0Opa3oM, Omaromaps BBICOKOH TOYHOCTH, IIOMEXOYCTOHYHUBOCTH
cucTteMbl 00pabOTKU CUTHANA, MaJIbIM rabapuraM ¥ Majiol MoTpediseMoil MOITHOCTH
pa3paboTaHHBI HM3MEpUTENb BHYTpPEHHEro comnpotuBieHuss XWT wmoxker Haiith
MIPUMEHEHHUE JUIsI KOHTPOJIA KauecTBa BHOBb M3TOTOBJIEHHBIX aKKyMYJIITOPOB MIIM K€
IIPOBEPKU H3HOLIEHHOCTH paboTalolMX, a TakXke Uil OBICTPOro OINpelesieHHs
CTETNIeHN 3apsSKEHHOCTH aKKyMYJISITOPOB, HAXOJSIIMXCS B OKCIUTyaTallud, TaKk Kak Ha
BHyTpeHHee conpoTuBiieHne XUT BIUSAIOT Ka4eCTBO BJEKTPOINTA U METAIUINYECKUX
IUIACTUH, COCTOSHHUE TIOBEPXHOCTHM OTUX IUIACTUH M BEIWYUHBI aKTUBHOU
IIOBEPXHOCTH.
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2.r. UPUNLEUL, U.Q. N\NPRL3UL, r.2. UPUNLEUL
Z2NUULLP LPUPUUUL UNASNRLULELE LELRPL TP U U LNREBUL 2UOHY

Ljwpwgpws E hnuwiph phuhwlwt wnpmiputph (Z28U) ubpphtt ghdw-
npoipnibip swihnn uwpp: Uwppp wpwbdtwunid bt pwupdp &unipjudp, thnpp
swthutpny b LEjunpuptunnmpjudp: Uju hwnlwihoubpp unnugdty b pinh dke
hnuwlph 100% Unnnijjughugh b ZRU-h Ynuwnwlunutph Jpw pupwhidwb wduh-
uninh swthdwb ounphhy: Uwppp Yupnn b Jhpwenipnit quil) ptywybu twjuw-
gonnubiph, wyiwybu bk ZRU-h swhwqgnpdnnubtph opowbwlnid” ZRU-h npwlh b
whwnwihnipjut npnodwt b hbnnwgqu swhwgnpsdwi hwdwp:

Unwigpuyhli pwpkp. ubppht phdwnpnipniy, LEjupnihw, (hgpudnpnid,
1hgpwpwthnid, uhtijupnt qups-ntwnklnnn:

H.R. SIMONYAN, A.G. GHULYAN, R.H. SIMONYAN
INTERNAL RESISTANCE MEASURER OF CHEMICAL CURRENT SOURCES

A device for measuring internal resistance of chemical current sources (CCS) is
described. The device has high accuracy and low current demand. Owing to applying current
unity modulation through loading and measuring ripple amplitude on CCS terminals, these
properties are obtained. The device can be applied both by the developers and operators of
chemical current sources to establish CCS availability quality and degree for further operation.

Keywords: internal resistance, electrolyte, charge, discharge, synchronous filter-
detector.
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ULUUUSULUUUL UOIvUOLUSPL ONShYUYUL PUAULELE D
26SuLNsSNkESNkRLE B9 YbUANRESNRULLESC GWUND
20uuyureceNpU

Ejhwundbnphl  tqwbwlng  suthylp o Zhkjhnnkjbhlu  jwpnpuinnphugnd
wuquuphdhwlijwt  bEnwtwlyny wdkgws pwnuiptbph phijdwb gnighsubpp b
hwunnipniiitipp mwppbp nkjpunnghwljuwt wwpwdbnpbph nhwpnid: 8nyg E wpdty, np
w&tgynn UUE-ukph phjdwb gnighsubpp (intinjuynd o 1,4...2,8 juyt whpnypenud:
Ouyunhljuljut juwyh $nnnpunnithsutiph hwdwp uhihghnudh dwlpbnypht wdkgyt) u 1,96
pijuwtt gnighy niiignn b wwpphp hwunmpmnibibpn]  (nuuwyuidwnwgung  dhwpbpn
punuupubp’ mwppkp wihph Gpupnipmnitutph hwdwp, b pruuyuydbunwgunn nwpkpn
punuuputp’ uwyblwunph juy whpnyph hwdwp: Owuhjuwlwt juwynd Yhpwnnipjut
tyuwwnwln wwwpwungl] ki 40/60 hwpwpbpmpjudp fwpwquypibph pudwihsubp b
wnwpplp puthwigkhnipnit niukgnn skqnp qunhsukp:

Upwbgpuyhli pwpkp. owwnhlulwi Jww, phijdwb gnighs, (nuuwwyuydwpwgnud,
winpunupdnid, wpdwunwidwt wshwstiwghtt punuptbp:

Pupul] oyunphluljut punuiupubpt wipighwn dywlynd b juwnwpbjw-
gnpéynud Lt puquuphy Yhpwnnipnibbph tyuunwlny: Oyunhjulut punuipe-
ubkpl niukb hpkbg nipnyt b npnohy wqpbgnipniut oynplulwb juwh hwudwlunp-
ghph (O4Z) wwppbph wwupuwuudwi b qupqugdut by [1]: Ywjudws
oquiugnpsudwt tyyuwnwljubphg” juyh hwdwlwupgipnid ogunugnpséynid L qquuhn-
pht nuppbp hwnlnipniiubpny punuiptbp, npnup Jupnn Eu hul) ghkEnphly
Yuu hwnnpnhs, 1phy puthwighl jud Yhuwpuwighl, dwubwljhnpbkt wigpuw-
nupdinng juwd phy winpunupdinng jud b ywhwnp £ Juynit (hukb jwqbkpuyght
Swnuquypdul  tpjupunb wgpbgnpnitubph wquundwdp [2,3]: Uhwokpn b
puquuotpn oyunpuljut Swslynyputpt, ophtiml, jupny tu hwintu qu npuybu
nuuyubwnugunn punuipubpn nuppip nbuwlh jhuwhwnnppsughy, wyulju
Jud opqutwljut swgmd niukgnn dwbpwpbjuwoynhiuljut wwpptph b pudwt-
dwl vwhdwbtbph hwdwp: Yhuwpwhwighl jud dwubwuhnpbt wunpunupdiung
punuiplbph hwdwlupgbptt oqgunugnpdymd L owwmhljuwlwb Lwnwquypubph
puwdwihsubip ud skqnp quupsubp yuwwnpwuwbnt hwdwp: Puthwighy b hwunnpnhy
punuuplbpt ogqunugnpéynid bt oynphjujub Unyniyupupubpnid [4]:

Guuyh hwdwlupgiph hwdwp phhijnphy oyunhjulut Swslnyputpp
hhdtwjuinid wuwwuwpwunygl] ot wppbt puqudhgu ntunidbwuhpdws Wnipbphg,
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huswhuhp Eu' SiO,, TiO,,  SiOy/ TiO,, SisNg, Ta0s, SiO [5], hull hwnnpnhy
punuuptbpp wyuwwnpuwunyt] Eu huighnwdh b whwgh opuhnutphg m  pwdwighl,
hunnpnhy wy) opuhnubphg, huswhuht ghuhh opuhnu k:

Pninp dbpp wpdws Wniphpt niubbt Jud npnpwljh phljdwi gnighs, jud b
npuig Uhongny mwppbp pwrtnippubph yuwpuundwdp b (kghpdwdp hwgnnynid
E unwbuy) piljdwt gmighsubph thntnjunipmoitibp thn whpnypiubpnud: Quwh
hwdwlupgtph owwhlwluwb Swdynyputph hwdwp dowldws sk dh wybwhuh
Jupnigwspuyhtt ynip, npb niukbw wwhweynn oyyunhjuljut puthwighihnipnia
b iEyunpuhwunnppuljuinipinil, nph phljdw gnighsubpp htwpwynp 1hth thothnpuby
luyt hpnyputpnud:

Uju wphiwwnwipnid 4Epp tpqus jughpubph dh dwup nisdly Gu 2182 (1)-h
Zihninbjuuhjut  puquyhtt  jupnpuwunnphwnid - wiwquuphdhwjwt  Enuwbwlng
wdkgyws b (kghpdws wjdwunwidut wsjpwstuyhtt punuuputph (UWUE) dhengny
[6], npnug hwdwp, wkpunnghwluit wwpwdbnpbphg juudws, swhdkp b
nunidiwuhpyby) Bu ngputg phljdwb gnighstbpp, wunpunupddwi gnpswlhgutpp b
pwthwigk hmpiniuttpp’ gnyg wwny wkunnghwljut wwpwdbwnpkp, npntg
hwdwp Yuwpbh £ vnwbw) UUE-ukp" juwh hwdwupgbph Yhpunnipniuaibph
hwdwnp:

Nputu hpdtwlwh kghpny HEdkun yyuquuygh dbe tkpdnisyty E wqnup, npp
pbntp E Unupbuwgws punuupttph hwnynipmibtubph qquih thnthnunipni-
utiph: Unwgyt) B mwppbp hwunnipyudp, pijdwt gnighstbpnyg b hwnnppuljutnt-
prudp punuuptbn’ inthnjubing wkutnnghwljut yupwdbupbpp [7]:

Uspuwstuh  Jupnigjuspuyht  puquuquinipmniip . guydwbwynpjus Lk
hhdtwuinid  wshiwsth  wwundutph  Juyktunuwghtt  LEjupnuubph  wwppkp
hhpphnugwé Jh&wlutiph wnwewgdudp (sp’, sp’): UUL-h Junniguspnid sp°
Yuwbkph ghpwlonnipjut nypnid h huyn i quhu wpdwuwnht punpny Yud
wdwunnwidwt hwnlnipniuukp, hul sp’ Juwbph qhpulpopnipjut nhuypnd
Alwynpynid &t 0-C-h jurnigywspuyhtt muppuntuwutpp” wdnpd, wyulkudut
wsfuwdhp, wénijup b wyju [8]: Uhtpkqus UUL-ukpht punpny L Juunmbpuyht
Junnigduépp: Quuwnbpubph wpwowgdwt hhdtwljut wuwwdwnp wjuquqnyu
wquun tukpghwnyg hwdwlwupg dbwdnpbnt dhnnwdu B Uokltp, np wshumstuyghu
Juunbpughtt  juemigwspubpp ghobu (hwpdlp  nuumdbwuppus b
nuuwljupqué sk

UUE-ukph phlijdwb gmghsukph thopdwpuwpuljwi nmunidbwuppmpmniip’
jupjws wbkjpunnghwljwt  wwpwdbkwnptphg:  Udbkgdwut  wnbkjuunnghwljwub
wuwpuwdbnpbpt bujut wqpbgmipnit niukt UUE-ubph hwnlmpniuutph 4pu
[6-9]: Owuwhjuwlwi Ywwh hwdwlupgiph hwdwp wnwgynn punuuputph
Juplnpugnylt hwnlnmpmniuubphg wny punubpbbph phljdwb gnighsukpt &b, wyy
wnnidny, nmbkuunnghwljut ywpudbnpbphg Juwpdws, juwnwpdt; o GUE-ukph
pidwt gnigshsutiph hbunwgqnunipnibbp:  Punuuptbph  phjdwt gmigsh U
hwunn pjut swihnudubpp juwnwpgt) Eu jupnpunnphuynid wnlju inpugnyyi LEF-
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752 dwljupoh jugbpuyhtt Ljhyundtnph dhongny 632,8 &/ hhjhnud-ukntuyght
lwuqtph wihph tpupnipjut hwdwp: fEjdwb gnigsh swhdwb &onnipyniup Juqub)
£ 0,008, hull hwuwnnipjut swihdwb &unipniup’ 0,5 & Lokup, np Ehuyundbwnpp
swhnid £ ¥ b A Hhyundbwnphl wulnibubpp, npntp juwyyws Eu tdnigh
duljiplnyphg winpunupdws juqtph fwnwquiph pbtinwgdwb thnthnjunipjudp,

350
300/
2501F/,

200{-

AO

150 4%
100 4 PN

50,

104

15 30 45 60 °
o

Uly. 1. Swipphkp pkljdwt gnighsutpny Ejhwundbwnphly §npkph (hnsd skpnd) b

thnpdtwlwb wpyniupubph (Ynkp) hwdbdwwnnipniup

wgunthtnl wyn wpdbputpp hwdbdwwnynd & ¥ U A hwpdupluyhtt Ynpkph
wpdtputiph hkw, nphg htunn E hwyquplynid i punuiph phjdwb gnighsp b
hwuwnnipyniup:

VY. 1-nud hné gdtpny wwwnlbpjws Eu wwppbp pijdwt gnighsubpny
punuupttph Ynptpp, npnbg Jpw Yhnbpnd tpduws Eu dhliunyb phljdwt gnighs-
utipny punuipttph hwdwp hwdwywnwuppwt swhyws Yhnbkpp, npnup hpuphg
wnwppbpynud o Jhuyt hwuwnnipgniaubpny: Upkp, np pipdwd 6 hné Ynphphg
nipupwiynipp hwdwywwnwupwinud b punuiph npnpwlh pEjdw gnighsh, huly
Uhliiny Ynph wwppbp YEnbkp punpnonud o tmwuppbp hwunmpinitkp: LY. 1-nud
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pEipwé  dhbunyu  phjdwtt  gmigsnd  Yhwbkph  wwppkp hwunnipmittbpp
hudwywwnwupwinwd tu Jplhunyt nkjuinnghwluwt wwpwdbnpbpny unug]ws
punuiptbpht’ wkgdwh nwupplp dudwtwudhongutph hwdwn:

200F7 +

CH-

Zwuwnnipnil, b
&

0 10 20 30 10
dudwbwly, pnyk
VY. 2. Punubph hwunmpjut Juju]wsnipmniip
wlbgdwl dudwbwlhg' wwppkp pEidwt gnighsubtph
hwdwp

VY. 2-nud phipwé Eu dhltibngt wbkjinnghwwt wwpwdbnpbkpny, puyg
hntuwyhtt  wnpmiph ny  JUkS  hqnpmippnitbbph  phypmd  (Uptgh 120 dw)
wuwnpuunyws punuupubph hwunnipmnibubph dudwbwluhtt juju]wdnipniu-
ubkpp: Ljwunklp, np wju ghypnid punuuptbph hwunnipyub dudwbwuluyht juyt
niuh gduyhthtt Unwn punyp: Loktp twl, np wdkgdwt wykjh Uké wpwugnipmitubph
hwdwp vnwugynud tu wybkh ks pEjdwt gnighsubp, npp yuydwbwynpyws £ UUE-
ubph Juunbpujht jurniguspny b gpubhnnugduts wunhdwith wény:

Ptjdwt gnighsutph thnihnjumpjut  htnwwgnunipmniaubpt UUE-ukph
hwdwp pipdwsé tu ly. 3 w, p, g-nwd, npnkn hwppwlhtt jhpurdl i thnthnowlut
otinUwl jupnudutp 150...450 Zg hwdwhunipinitukph whpnypnd:

busytiu gnyg E wipdws Y. 3 w-nd UUL-ukph phjdwt gnighsubpp jujudws
stnUul jupdwt hwdwpwwinipnithg thnthnpudl) o 2,1...2,8 whpoypnud: VY. 3
poud phpws L ophjdwi gnighsh Yuwp wjuqduyh 50...140 9wz hqnpnipiniubtph
hwdwp wgnunh wwppip pwbwlnipnibibph ghypnud: Uju ghypnd  phljdwt
gnighsubph thnthnjudw whpnypp Yuqdl) & 1,46...2,7:

Puigh nppwutphg, phydwt gnmghsh w&h dhunudp  hntughtt  wnpniph
hgnpnipjutt dkdwgnithg thnpuymd E wjwuquwb, pwith np 120 4w-hg wykh UkSs
hgnpnipnibibpnmd pwponynid E awb o). 3-nud pipdwsd gduyunipniup hwnljuutu
wqnuj thnppupwbul bkpppdwt nhwpnud:

Y. 3 ¢)-u uquyly k uy. 3 p)-nud phipdus ndyuyiukph hhdwi Jpu’ phljdwt
gnigsh Jujujwdnipniup wgnunh putwlnipiniihg gnyg nwnt byywwnwlny: Lokup,
np phljdwb gnmighsh wpdbputpp, hwppwlihtt Jhpundws hwdwpwlui otnuwb
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ghypnid  hwdbdwwnwpup  pnyp  jupjwbnipmit ki gpubnpl] wgqnunh
pwbwlmpinithg, husp sh Yupbih wugk) stnuuwit hwunwwunnit pupdwi hwdwp
unugyws phljdwt gnigsh wpdtpubph YEpwpkpuy (wy. 3 g)):

29
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N | 26 s —¢N->30%
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g |24 A/N / gl 2
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S |23 3 /
3 57 ESRE
% 22 ./%\./ / Z|
& 21 « “
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Zwdwuwuinipnil, §2g Zqnpoipynil, Y
21 %) > n
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-~ 22 >\ A —a ! / \
% X G| 24 \
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L N 5| =2
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E 16 5
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UYy. 3. UUE-ukph phljdwt gnighsubiph upuynidubpp w) hwppwlht jhpundus
hwdwhuwbwght gbnniudhg, p) yuquwih hqnpnipiniihg b ququjhtt puntunipgnid wqnnh
nugktnpughuyhg hwppwyht jhpunjws q) hwdwpuwbuwghtt jupdwi b i) hwunwnnta

Jupdwt hwdwp

VY. 3 p-nud phpjws E hwunwunmt shnduwt jupdwt ghypmid phljdwi
gnigsh Juwjunidp, unyuybu unwgus wgnunp pwbwlnipnithg dhtsh 120 4w
hgnpnipniuubph hwdwp: Uju ghypnd piljdwt gnigsh thnthnpudwt vwhdwbbkpp
gquotnd ko 1,6..2,8, hul Jwpnudp vnwind E hwdbdwunwpwup pupg nbup:
Ququhtt fpwntunipy bpdniddws wqnunh Ynughuinpughuygh 30%-hg ujuws phljdwt
gnighst wybu sh wémd: Zwjnuh k np UUE-ukphs Jupnigyuépnid wqnunh
pwlwlmpjut wdp hwbqhgind E sp’ hhpphnugyué Jhdwl niubkgnn wshiwsuh
dwinphgnid sp’ hhpphnugws Juunbpubph swihbph dedwgdwup, npu E hp
htpphtt hwbghgumd b swhdwb dwdwbwl nyup phbinugdwt thnthnjunipjut b
pEjdwutt  gmigsh wdh: U it Jumd  twb  jwpnpuunnphuynid  bwjunpn
wphuiwnwupubpnmd junwpus nudwiyut uyklupubph swhnudubpp, pun npntg
wqnunh puwbwlnipjub wgh htinn dkjnbn punubpnid Jiswinud t qpudphuinh thnyh b
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wjdwunh  tnybph  Ig/lp  hwpwpbpmpiniup, nphtt  qnigpiipug  wénud  Eu
Jluunbpubtph swhbtpp quuwhunyws nwdwiyut uybkluputphg [10]: Ujuyhuny,
Jtipp phipqws phljdwb gnighsutiph wbuninghwljut wwpwdbuptphg niutgus
Jupjuébnipmiitiphg Juwpbkh E wbutl, np unwgus UUE-ubkph phlijdwb
gnighsutipt huuwbu Jupbkh b thntnjuk 1,6...2,8 wihpnyputpnud’ thothnpubng
dhuwytt mkuuninghwuljut yupwdbnptpp: Loqus hwiqudwipp UUL-ukpht tuhu
E dbs  wnwybnipnitubp oyunpluljut  juwh hwdwlwpgbipnid  wwppbp
bywwnwlubkpny Yhpuntnt mbuwblniihg:

Mathematica 8 hwdwlwpqsuyhtt dpwgph oqunipjudp puquupbpun pupul
punuupuyhtt hwdwlwupgbph hwdwp wnbnddt) b Spwgpuyhtt thwpkp, npp
htwpuwynpnipnit k ptdbenud dwnphguyhtt Enutwynyg [2] hwyquplt) guijugus
otkpintphg punugws hudwlupgbiph winpunupdnidutppn b puthwubghjhnipniu-
utipp: Uy dpwgph dhengny twju quuidl) Eu nruuwudbwunugdwut wuydwbubpht
pujupupnny punuipbtph hwunmpnitubpp b phjdwt gnighsubpp, nphg hkwnn
dhuyt hpwwbwgyl] tu thnpdbp wyn hwdwlupgbpp unwbwnt nnoipjudp:
Lotuwyuybwnwgunng  punuipubp wdkgyl) Gt Jhuwhwnnpnsuyhtt Wmpkph (S,
GaAs) dwjipunyputphu [11]:

0.6
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R

2Y1{=12704U, R
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VY. 4. Uhwpbkpwn (niuwuwyuyswnwugung ul. 5. Unugus oynphljuljut
punuipitph  winpupupddwub  wybl- fwpwquypltph pwdwihsh uwyblupuyght
npuhtt jupjusnmipiniuubpp UUOE-ukph punipwpbpp
wnwupplp hwunnipnitubph nhypnid

Uhuptpn nuuuyujswnugunng punubptbpn jujugnyy nuuuyuydswunug-
dwb muppbpult b, Epp wuhpwdbon b winpunupddwt qpnjhtt Unn wipdbputp
ntubitwy Jhuytt dkY wihph Gpupnipjui hwdwp:  Updws tyyuunwlng dhwobpn
UUE-h phljdwit gnighsp pnpyly £ 1,96, hull hwuwnnmipniup thnthnpayky k 50...150
o whpnypnud npuybuqh WJuqugnyt winpunupdnidiubp wpwewbwb  whph
wnwpplp tpupnipnititnh hwdwp: Zwuinmpniop iodws whpnypnid thnthnpabng
nhypniud winpunupddwt tuqugny wpdbpp wknuowpdyt) £ 400...980 &/ wihph
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Epyupnipniuubph whpnypeowd, phn npnd hwunnipniip dbdwgubjhu winpw-
nupddwd tuqugnyt wpdtpp wknuowpdynud £ dwjuhg we: LY. 4-mud wuwnlkp-
Jus k wpud punupttnh uybljnpuyhtt winpunupddwt gnpswljhgubph hwoqup-
Yuyht b thnpdwpwpulwb Ynpkpp:

Zujnuh k, np wshwstughtt twbnjunniguspubtph oqunipjudp Yuphkih
unwbw] uykluph hudbdwnwpwup (uwyt nhpnypubipnd tJuqugnyn jud hwppe
winpunupdughtt punipwuqpbpny punuiptbp: Ldwbophtiml wwppkp wunpw-
nupdnidubpny punuipibp uvnwgyl) o twb dbp jupnpuunnphuynud: Ywpdws
unbjuninghwwt nkdhdubphg htwpwydnp t tnk) thopnjul] wy punuiptbtph
pwthwighkhmpniuttpp b winpunupdnulubpp:

Unuydd wynjhdbnpjdbnwlphjunh duljbplnyphtt wdkgyt) i dhuy 40%-
ht Unn winpunupdnid b 60% -ht dnwnn puwhwbgbihnipnit nibbkgnn Lwnw-
quyputph pudwihsubpn: &wnwquyplbtph pudwhsubph wunpuundwt hhdbwljut
hninhptt E, np nddup b jhind wnwbw] wyithyhuh  winpunupdnwdutp b
pwthwigkhmpiniuttp, npniug gnudwpp Yihth by, wjuhtptt’ hwdwju nphuynud &
npnowlh  Juunwd: VY. S-nud  phpdws i wwunpuwundws  fwnwquyplbph
pudwtihsubinh uybklnpuyht punipwugpbpp: Unwugué wpyniupubpp pugunpynid
bt wdhuwstwghtt jurnigywspnid dhwynpdws YJjuunbpubph fjunnipjudp, dung b
swthukpny, npniig hknnwgnunipniit wpwydd juwnwpqus sk:
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A.C.TAPUBAH

HUCCIEJOBAHUE AJIMA3OIIOJOBHBIX YIVIEPOJAHBIX IIJIEHOK
N UX IPUMEHEHHUE B CUCTEMAX CBA3U

[T1a3MOXMMHYIECKHM METOIOM BBIPAIIECHBI AMA30IOJ00HBIE YIIEPOIHBIE ILICHKH
(AYII) mpm pa3HBIX TEXHOJNOTHYECKHX MapaMeTpax. OIUIHICOMETPHYECKHM METOI0M
U3MepeHB! KO3(G(QUINEHTH! TIPETOMIICHHS M TOJIIMHEI IUICHOK, BBIPAIIEHHBIX B 1aO0paTOpHU
“T'enmunorexuuka” TUYA. Tloka3aHo, 4To KO3(pPHUIUCHTHI MPETOMICHUs BhIpamieHHbIX AYII
MOXKHO M3MEHSTh B IMMPOKUX npenenax 1,4..2,8. g porogaTyukoB ONTHYECKOH CBA3U Ha
HOBEPXHOCTU  KPEMHHUs  aHTUOTPAKAIOLIME  OIHOCIOWHBIE IUIEHKM  BBIPAIIEHBI  C
ko3¢ duieHToM npenomiaeHus 1,96 1 pasHbIMU TONIIMHAMY B IIMPOKOM JUAINa30HE CIEKTpa.
JIns IpUMeHEeHUsl B ONTUYECKON CBSI3M M3TOTOBJIEHBI TAKOKE ASMUTENH oTHoieHueM 40/60 u
HeWTpanbHble (GUIBTPHI INIOTHOCTH, UMEIOLINE PA3HBIC IPOIYCKAHUS.

Kntouesvle cnoea: ontudeckas cBsi3b, KOX(QGHUIUESHT IPETOMICHNS, aHTUOTPaXKECHHE,
OTpakKeHHE, aIMa30MOA00HBIE YTIEPOIHBIE TIICHKH.

A.S. GHARIBYAN

INVESTIGATION OF DIAMOND-LIKE CARBON OPTICAL
FILMS AND THEIR APPLICATION IN COMMUNICATION
SYSTEMS

Refractive indices and thicknesses of the films deposited by means of plasmachemical
deposition technology in “Heliotechnic” laboratory under different technological parameters
are measured by means of the ellipsometric method. It is demonstrated that refractive indices
of diamond-like carbon (DLC) films are varied within the wide region of 1.4...2.8. For the
sensors of optical communication devices single layer antireflective DLC thin films are
deposited. Refractive indices are kept 1.96 and with different thicknesses wide range of the
spectrum. Triple layer antireflective coatings are obtained for wider spectral region. 40/60
beam splitters and natural density filters of different transparencies are prepared for the
applications in optical communication.

Keywords: optical telecommunication, refractive index, antireflectance, reflectance,
diamond-like carbon.
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YK 621.3 ABTOMATHU3ALIUA 1
CHUCTEMbBI VIIPABJIEHUA

A.A. TEP35IH, A.A. TEBOPI'SIH, A.9. AKOIISAH, JI.T. OCTAHHUCSAH

K PEHIEHUIO KPAEBBIX 3AJJAY HA MHOTI'OITPOLECCOPHBIX
BbIYUCJ/IUTEJBHBIX CUCTEMAX

PaCCMOTpeHLI napaJiyieJIbHbIC AJITOPUTMbI peuIcHuA HEJIMHEHHOMN 3a1a4n
OJICKTPOMArHuTHOIO I1OJid METOAOM KOHCYHBIX DJJIEMEHTOB. Hoxa3aH0, YTO JUIS KaXJI0H
CETOYHOH 3ajauu CYHMECTBYET MNMPEANOYTUTCIBHOC KOJMYCCTBO MapauICIIbHBIX IPOLECCOPOB,
IIpU OPEBBINICHUH KOTOPOT'O MPOHECC YCKOPCHU PCUICHU 3a/Ja41 PE3KO 3aMCIIISACTCA.

Knroueevie cnosa: QJICKTPOMAarHuTHOC TII0JIE, CETOYHBIC 3ajda4dd, IapalyICJIbHBIC
AJITOPUTMBI.

Beenenne. Pazsutie GRID 1 MHOTONpOLECCOPHBIX BBHIUUCIUTEIBHBIX CHCTEM
(MBC) oTKpBUIO HOBBIE BO3MOXKHOCTH IOBBINICHUS 3()(HEKTUBHOCTH BBIYUCIUTEIb-
Horo mpouecca. Eciu GRID cerogHs MOXHO paccMaTpuBaTh Kak Cpeny,
00BETUHSIONIYI0 PA3HOPOJHBIE BBIYHACIUTEIBHBIE PECYpChl U HUCIOJB3yeMYIO, B
OCHOBHOM, JJs TOHWCKAa CBOOOJHBIX MHOTOINPOLECCOPHBIX  (MHOTOSIEPHBIX)
BBIYUCIUTEIBHBIX CTPYKTYp, To MBC KJIacTepHOM apXUTEKTYphl IPEICTaBISIOT
coboii 3ddexkTuBHOE CpPENcTBO S pealNu3aldd  [MapajuIebHBIX  alTOPUTMOB.
[MonoGHble pacmpenesieHHbIE BBIYUCIUTENBHBIE CPeAbl OCOOCHHO IPHUBIIEKATEIbHBI
JUI PElIeHUs CEeTOYHBIX 3ajad. B aTol cBs3u mpoliieMa pacmapauieuBaHUs
CETOYHBIX ANTOPUTMOB CETOJHs SBISETCI OOBEKTOM HHTEHCHBHBIX HCCIIEIOBAaHHMA
[1,2].

B pabore paccmaTtprBaroTcs napayieabHbIE aITOPUTMBI PEIIEHHUs] HETMHEHHON
3a7]a4yl AIEKTPOMArHUTHOTO OIS METOA0M KOHEYHBIX 3JIEMEHTOB.

W3BecTHO, 9TO C pacmapauIeIMBaHUEM CETOUHBIX 33]1ad, yTeM IEKOMIIO3HUIINN
HUCXOITHOH HCClenyeMoil o0nacTu, Hapsay ¢ apu(METHYECKHMH ONepalusMH
BO3HHMKAIOT OOMEHHble omnepauuu. Kpome TOro, mpu HEpaBHOMEPHOM pa30HEeHUH
obylacTH Ha TapayuleNbHbIe OJIOKH (TT0100JacTH) MMEET MECTO HEpaBHOMEPHOCTD
BpeMeHH apU(PMETHUECKUX OIepaluil OTAEIbHBIX MPOLIECCOPOB, YTO NPHUBOAUT K
IIPOCTO0 YacTH MPOLECCOPOB.

UucIeHHBIME 3KCIEpUMEHTaMH Ha MOJENBHOM 3ajaue IO0Ka3aHOo, YTO IS
K10 CeTOYHOM 3a/1aun CyLIECTBYET MPEANOYTUTEIBHOE KOJIUMYECTBO IPOLECCOPOB,
IpY TOPEBBIIIEHUHM KOTOPOTO TMPOIECC YCKOPEHMsI PELICHUs 3aJadyd  Pe3Ko
3aMeassieTcs.

OcHoBHbIe pe3yiabTaTbl. Ha puc. 1 mpencraBieHa wucciemyemas o0ONacTb
MOJeNbHON 3amaud. Ha 3TOM pHUCyHKe MOKa3aHO 3JEKTPOMAarHUTHOE YCTPOMCTBO ¢
(deppoMarHuTHBIMU ydYacTKaMd A u B, pa3zneneHHbIME BO3ayIIHBIM 3a3opom C.
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YcrpoiicTBo comepskuT oOMOTKy D, o0TexkaeMyl0 TOKOM C CHHYCOUAAJIbHBIM
pacmipezneneHrueM BAOJb 3a3opa. s ompeneneHust SJIeKTPOMArHUTHOTO TOJIS B
yCTpOIiCTBE KpaeByl0 3agadyy HEOOXOAWMO pEIIUTh C HYJEBBIMU T'pPaHUYHBIMU
ycloBUAMH Ha OeckoHeyHocTH. OJHAKO, y4YUTHIBas, 4YTO II0J€ BHE YCTpOWCTBa
JIOCTAaTOYHO OBICTPO 3aTyXaeT, OTPaHMYUMCS PACCMOTPEHHEM KOHEYHOU obnactu [3,4]
BO3AYIIHOT'O IIPOCTPAHCTBA, OKPYIKAIOLIETO YCTPOMCTBO, MPUHSAB HA TPaHULIE HyJIEBbIE
3HAYCHUSI MOTCHIIUAIOB (puC. 2).

[TocTossHHOE MarHUTHOE TOJIE, CO3AAHHOE IEKTPUUECKUM TOKOM, OIIMCHIBACTCS

ypaBHeHueM MakcBea:
0 [ 8Aj 0 OA
—|v—|+—| v—|=9,
ox\ ox ) oy\ oy

rie A- BEKTOPHBIM MarHWTHBIM IOTEHIMAN; O - IUIOTHOCTh TOKA; V- BEJIMYMHA,
oOpaTHast MAarHUTHOH TPOHUIIAEMOCTH.
YucneHHbli pacder ABYMEPHOIO MArHUTHOTO IO METOJOM KOHEUHBIX
JJIEMEHTOB CBOJUTCS K PELICHUIO CUCTEMBI yPaBHEHUH
3.A

Ze[veZ:‘IAiij— e 6J=0, i=1,2,..,N, (1)

rac Ai' 3HAYCHUE MOTEHIHAIa A B y3Je i; V.- 3HAaYCHUC Vv BHYTPHU DJIEMCEHTA €]

e

6, - 3Ha4UeHHEe S BHYTPH e¢; A_- IUIONIAIb TPEYTOMbHUKA ¢ ; f; - K0d((HUIHCHT

e €

B3aMMOJICUCTBHS BEPIIUH i U j B 3JIEMEHTE ¢; N - YUCIIO HEKPAeBhIX y3JIOB.

B (1) BHemHee CyMMHpOBaHHE OCYLICCTBIISIETCA IO BCEM DJJIEMEHTaM e,
colepKallMM y3el, a BHYTpeHHee CYMMHpPOBaHME - TIO BCeM y3laM i,
coJiepKaBIIMMCS B eMeHTe e (k - YHCIIO0 TaKuX y3JI0B).

B crmydae ceTkM M3 TPEYrONBHBIX 3JeMeHTOB Kodhdurment g (f;) mo

BEpIIMHAM i, ,m TPEyroJbHUKa ¢ uMmeeT cienytoumid Bun (k=3):

B; =4LAE[(YJ- ~y.) +(x; —xm)z],

. 1
;= [0 3) (=) (x5 )],

rae (x,,y, )(x j,yj),(xm,ym) - IeKapTOBBI KOOPAUHATHI Y3JIOB 1, j, M COOTBETCTBEHHO.

2

YuuThIBas, YTO A KaXaoro ysna j B (1) IpMHUMAIOT yd4acTHE TOJBKO
HETIOCPEICTBEHHbIE COCEAN y3Ja j, MOJy4aeM CHUCTEMY ypaBHEHHUH ¢ HEH3BECTHBIMU

A, TpUYEM KOIMYECTBO YPABHEHUH pPAaBHO KOIMYECTBY HeusBecTHbIX. T.e.

BapHalllOHHAsA MOCTaHOBKA KPaeBOM 3ajaud IOC/E €€ amMpOKCUMAlUU CETOYHBIM
METOJ/IOM KOHEUHBIX DJIEMEHTOB MTPUBOJIUT K alreOpanvecKkoi CUCTEME C pa3peKeHHOM
MaTpHULEeH BBICOKOTO MOPsIKa.
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Puc. 8

Upness mnoBeiieHuss 3(QGEKTUBHOCTH PEIICHHUS PECYPCOEMKOH  CHUCTEMBI
JMUHEHHBIX aNreOpanvyeckux YpaBHEHH B IOJICBBIX 3a/adyaxX IyTeM JCKOMIIO3UIHH
UCXOIHOH uccienyeMoid oOinacti He HoBa (cM. Hamp. [5]), ogHako OHa crana
peaNbHOMN JIMIIL B ITOCTEIHEE BPEMs B CBS3H IOSBICHHEM M CHIIBHBIM Pa3BHTHEM
MBC.

B BBIMHCIUTENBHON NPAKTUKE HCHONB3YIOTCS [BA BHIA ICKOMIIO3UIMUA —
JIEKOMIIO3HIUST  0€3 TEepeKpBITHA W JIEKOMIIO3HMIUS C TCHEBBIMH TPaHAMH
(IepeKpbITHEM).

B HacTosmei pabote mpuHsTa JEKOMITO3HIHS C TEPEKPHITHEM.

Ucnonb3oBanne  NpUHOUNA  JEKOMIIO3MLIMH HEOOXOAWMO COMPOBOXKIATH
BO3MOKHOM MHHHUMH3AIHEl KOMMYHHKAMOHHEIX ITOTeph. M3 npruBeieHHBIX Ha pHC. 3
U 4 IByX BUJIOB JCKOMIIO3UIIUHM OYEBHJIHO, YTO IMPU PABHOM KOJINYECTBE TPEOYEMbIX
mapauieNIbHBIX TpoLeccopoB (3) IEeKOMIO3MLUS, MPEACTaBICHHAs Ha puc. 4, MCHee
yJadHas, 4eM JCKOMIIO3UIHMS Ha pHC. 3, TaK KaK BO BTOPOM CIIydae BO3HHKAIOT
3HAUYMUTENbHbIE OOMEHHBIE TMpPOIEcChl. TaK, YWCIEHHBIMH OSKCIEPUMEHTaMH
YCTaHOBJICHO, YTO TIPH JEKOMIIO3UIIMHU 10 puc. 3 3amada Oblia pemreHa 3a 186 c, a B
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ciydae JEeKOMIIO3UIUU Mo puc. 4 Bpems peureHus coctaBuio 339 c. Pazuuma B 1,86
pa3a 3HaYHTeNIbHA.

Ha puc. 5 - 8 mpencraBieHsl pa3inuHble JEKOMIIO3MLIUH MCXOAHOM 3anauw,
TpeOyIomme, COOTBETCTBEHHO, 6, 12, 36 n 48 mapauienbHBIX MPOLECCOPOB (saep).
Pe3ynbTaThl YMCIEHHBIX HSKCIEPHUMEHTOB B BHJE 3aBUCHMOCTH BPEMEHH PpEIICHHS
3agadu T (C) OT KOJMYECTBAa MapajuieNbHBIX MpOoueccopoB (N ) B CONOCTABICHHUHU C
MocJeoBaTeNbHBIM — cueToM (Mo  puc. 2) mpeacraBieHsl Ha puc. 9. U3
COITOCTAaBUTEIBHOTO aHallu3a SIBCTBYET, YTO pPEIICHHE CETOYHBIX 3amad Ha MBC ¢
WCIIOJIb30BaHKEM MPHUHIUIA JEKOMIIO3UINK BecbMa 3P PeKTUBHO.

Tak, IO CpaBHEHHUIO C IOCJIENOBATENBHBIM CUYETOM Ha MOJEIBHOW CETOYHOM
3ajjade C HCIONb30BaHUEM 48 - TPOLECCOPHOro (SIEPHOTO) KiacTepa, MOIYYEeHO
yckopenue pemrenus B 160 pas.

BMmecTe ¢ Tem aHanM3 MOMYYSHHBIX PE3YJIBTATOB IMOKA3bIBAET, YTO CYIICCTBYET
IIPEANOYTUTEIBHOE KOJIMYECTBO MPOLECCOPOB, NMPU MPEBBILIEHUH KOTOPOTO IPOLECC
YCKOPEHHUS pEIIeHHs] CETOYHOW 3a7aun pe3ko 3amemisiercs. [jis paccMOTpEeHHOTro
HaMH CITy4asi PeaIOYTUTEIbHBIM YHCIOM MapajlleNIbHBIX MIPOLIECCOPOB sBseTcs 36.

Ha puc. 10 npeacraBieHO MOJIyuye€HHOE paclpeieleHMe MarHUTHOTO IOJs B
HCCIEAYEMOH Cpefie.
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3akarouenue. PesynbraTel HMCClEOBaHMS IOKa3alld, YTO B PAacCMOTPEHHOMU
CETOYHOH MOI[GJ'H)HOﬁ 3a4a4€¢ IMpHU HUCHOJIb30BAHWUU TMPUHIUIIA JCKOMIIO3UIINU U
pPEUICHUU 3aJlayl Ha MHOTOIPOIIECCOPHOM BBIYUCIUTEIBHON CHCTEME KIIACTEPHOU
APXUTEKTYPBI OJTYUYEHO 3HAUUTEIHHOE YCKOPEHUE PEIICHNUS 3aJa4H.

ITokazano TaKXe, qTO CYHECTBYET MMPEANIOYTUTEIIBHOC KOJIMYECTBO
MPOIECCOPOB, TMPHU MPEBBIINIEHUH KOTOPOTO MPOIECC YCKOPEHUsSl PEIICHUs 3allauu
PE3KO 3aMeIIsAeTCs.

3HAYUTENBHBI WHTEPEC NPEJCTABISET pa3paboTka (popMaabHBIX pEKOMEH]a-
LOUH [0 IPEABapPUTENBHOMY OIPEIEICHUIO MPEATIOYTUTENIBHOTO YHCIIa TapaJuIeIbHBIX
MIPOIIECCOPOB MIJISl PEIICHUS 3aIaHHON CETOYHOM 3aa4uu.
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2.U. @6resuy, U.U. 2t4Nrasuy, U.E 20uNe3uy, LS. 20920ULhUSUL

FULUUMLrNSEUNNTUSEL 2UCYNNUUUL ZUUURUNSEND URRNSNY BACUSEL
nUYPCLECP LOROUUL UUURL

Thuwplyl) ko JEpowynp mwuppbph dkpangny ny qduyhtt LiEjunpudwgqiuhuw-
Jwul guownp nisdwt gniquhtn wgnphpdubtp: 8nyg k wpydt), np wdkt vh guuguyht
hwunph  hwdwp goynipmitt nith bwjpbwnpbh  wpngbunputph pwtwl, npntg
Ukbwgdwt niypnid juinph (nusdwb wpugmipniup Jupniy nutnunnud t:

Upwigpughli punkp. htjunpudwqihuwwt guown, guuguyhtt futnhpubp,
qniquhbn wignphpdutp:

H.A. TERZYAN, A.A. GEVORGYAN, A.E. HAKOBYAN, L.T. HOVHANNISYAN

ON SOLUTION OF BOUNDARY-VALUE PROBLEMS BY MULTIPROCESSOR
COMPUTING SYSTEMS

The parallel algorithms for solution of non-linear electromagnetic field problems by
finite-element method are considered. It is shown that for every mesh problem a preferable
number of parallel processors, the excess of which reduces to decrease of the speed of solution
process exists.

Keywords: electromagnetic field, mesh problems, parallel algorithms.
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2587 004:504.5:681.51 UdsSNuUusSusnNkhU &9 GWUNUIUrTUL
zuuvuuurasr

U.z2. UPUNL3UL, U.U. #NNBUL

QULU3BPL UrSULESNhULENNY, URULNLNCSH
UuSNSYUOoNkE3UL ULYULYTHUUD YEMT.NRONREBUL BY,
ALUZUSUUL SLUSPEUYUL UYSNUUSUSIUD zuUUYUMfab
ucuunru

Usujquws b wnwowpydws b qpudhluluit wjundwnwugjus hwdwlwpg, npp
oqunipjudp htwpwynp k juwnwpk) ququyhtt wpnwibnnidutpnyg dpunnpnh wnunnndusnt-
pjut twjuppulh wpynibuybn bpnwsnipinit b ghwhwwnnid:

Unwhgpuyhli punkp. ququjhltt wpnwibnnud, dptninpn, wnnnundusnipniy, tynn-
ghw, qniquhtnwugnid, fjuunkp, wjnndwnwugus hudwlwupg:

Ukpwbmpnii: Ujuop hudnpdwghntt wbjuninghwubpt (BS) wukuniptp
Jhpwnynid ki gnpstwfut uupnid b Yhugunnid [1]: Fpwtp poyp B tmwhu wpug
b npulny hwyjuwpl] b thnjuwbgh] nbnbjuunynipnit, wn pdnud bwb oppwlw
dvhowJuyph Ykpwpbpyu: Pudnpdughntt mbkjuuninghwubph Jtpupbpu wydd jut
puquuphy htnwgnunipnibuutp b hpuwywpuwlnudutp [2,3], vwuyb gnpstwunud
squi widpnpowlut  wohiwnmpitiikp Wwlhpyws hkug opowljw  Uhgwuyph
yuonyuinipjul ptuquyunnid PS-h Jhpurnipjuip: Cpowljw dhowduyph qnps-
plpwgibph b uwonywinipyub phuqujuenid PS-h Jhpundwt hwdwnbpunnid’
pughwinip wndwdp, Jupkh b wpwbdbwgul] htnljuw) hhdbwjwt hwuljugnt-
piniuttpnp [4,5]:

Yuowjupdwh wbtbnnghw, hiyh wwywhnynd b opjnh  hpwyhdwlp
punipuignnn  bhqhiuubt jud wy dbdnipjubt hwuwnwwnit (hubp jud wyn
Ukdmput’ pun hwdwwywnwuhiwb opkiph thnthnjumpniip hhdugkng spewlw
dhowJuynh b opjljinh hpwdh&wlh JEpupbpu) hunwl nnkjunynipjub pus:

Gupwywpuiwb  hwdwlwupgh pudnplwghn  Udngkp, npp jupkh Lk
Ubpyuyugut] npybu pynt hhdtwlw puqunphsiiph jupw]wpdwh opjkljnh b
juwrwyuwpnn dwuh hwdwnpoipniic Ywnwdupdwt opljnn Jwpnn b (hubg
nwpwdwopowlp, punupp, gnpswpwip, wpnwibndwl wnpmipp, wpnwikngng
nipp, nknuhjujwt vwppuwynpoudp, wkuninghwuljut gnpédplipugn: Ywnwyw-
nnn dwup ghnulgdws, tyyunujuninnjus nbnkjunguljut wqpkgnipniu k, nph
wpniupnid opjjnp Uh Jhdwljhg wugunmd bt dby wy] Jpdwljh: Ywnwdwpng
opjtjunnh b yurwdupnn dwuh thnjuwgpbgnipiniup bplynndwih £ b hpugopsynud k
ninhn b hbnwnwupd juwbtph dvhengny:
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Cunphwimp gphwpnwd hupnpdwghnt  wnkjubnnghwibph  wpjuunuph
hhdtwluwh puqunphsibpt ki Uninpwjhtt whnjunynipjui  hwjupwugpnidp,
hujuwpwgpué wnbntjunniputt hwdwljupgnudp, dwpbdunhjujut  dogkh
Uowilnidp, wignphpuh dowlnudp, spugpuyhtt wmywhnydwt untnénidp b phunw-
Ynpnudp, Spugph hwpdwpbgnidp YJiuunbph dpu b Ejpuyhl ndjuukph dowlnudp b
hwdwljupgnudp:

Uninpught  wnbptjundmpjutt  hwjwpuqpnudp  ghunwpydnn  phypnud
ophpinipuwpwmut Juyuwbtbkph b Jhdwljugqpujub Swowjnipjut puquudjm
nhunwpynudubph wpyniupubph Gu:

Swujugus nbkntjunuljut nkjuuninghuwyh hhdpnid pujws b hudwww-
nwupuwt jpunph dwptdwnpuywt dnpbkip, npt ninndws t hpulub paunhpp
(ophttw]  dhqhmbmt  gnpépupwgp) hwdwywunwupwt Jdwpbdunhjuljut
wnlynipniibph mbupny tkpjuyugubinit [6,7]:

Thuwplynn hwdwlupgp nfju duptdunhljuljut doglh oppwtwjubpnid
niunidwuhpbint hwdwp dpwlynid £ huwdwyuwnwuwb wignphpu:

Ujgnphpup épugpughtt hppugnpsudwb wppniipnud unbndynid E hwilwww-
nwupuwb spugpuht thew]uyp juhu]ws npnowlih jeinph wewbadbwhwnlnipym -
utinhg: Opwgph dpwldwt hwdwp punpynid Eu Spwugpudnpdut hwdwywwnwuuwb
1Eqnitu b mkjuuninghwttpp. dbp nhwypnud dpwgph dhoniyp dpwljdws k C++ spugpu-
Ynpuut {kqgh b puquuypngbunpujhtt juunbpubph swhwgnpsdwt hwdwp tw-
hwinbuywé MPI thwphph oginipyudp hhut]ws HTTP wpdwugpnipyub Jpw [8,9]:
Zwpupluyhtt puquih pun dks sunhbph wundwnn wignphpdt hpuljubwugt)
puqUuuypngbunpuyht jjuunbph pu:

Onpwqnph wjumwnwph wpyniipnid uvnwugus Gjpuyhtt ndjugtph pwlnulp
b nppuig hwdwljwupquu bEpwbwlng tbpjuywbuh b pbuylh  wpgniuph
unnugniup tnybybu ninkjunduljut nkjuuninghwubph hkupwyhtt mwppt k:

Cpowlju vhowjuyph wuownwwinipjub npnpunid hhdtwnpjws nisnidubp
unwbwnt hwdwp dbs ywbwlnipmit nith wpymbwdbn wjundunug]us
hwdwlwupgtph uwnbnénudp, npnp whwnp L hpktg mpudwnpnipjut mul nibbtub
Eyninghwnbnbuwut ndjujitbph hwpniun puque:

Eyninghwljwt nbknkjuwnynipmniup, npp fninuldnud E upgmbwpkpmipjut
ninpunnid, pinhwinip wpdundp inpnhynud k3 hadph [10].

1-ht jumupp tkpwemd t pimpugpny dknbwpynipjui npybu wynnndwh
wnpniph dwuht nkpkmpmnibbkpp: Uyg mbnkjunynipeniip, npytu juint, jpowd
E pugphwipugdus punyp, hiyh wihpwdion b wpnunpnipjut wfju) phwguyunh
huwdwp' wpwdl] hunwl wpunwugnibnt  tpw  wnwbdtwhwnlnipmittbpp
wnunundwl mbuwtlnihg:

2-py hnudpp dhudnpmd £ Juwuwlup ympbph  Ynbghtinpughwiubtph
hwoyuplh hwdwp whnkynipmibutpp: Uu wdjuitnh hwjwpwugpoudp b dowlnudp
wpwl] wwunwupwbwnn  wppwnwip k. pwbh np wfjuwjikph  hwujupdwb
Sounipniithg b junnigus juinnmipiniiibph vwhdwiitphg b jujuwé hbnwgu
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hwoquiplubph donmipiniup: 2-py judph dby Ll dntnud hblnljw] wnwetuygh
wnyjuukpp’

e wnunuwi wypmph pumpuwuqpkpp’ Swydwip,  pununpnipnibp,
obipdwunhdwtp, wpuwbbnynny quqh  wpwgnipniip, wpunwtbndwb
wnpniph wpwdwghdp b pupdpnipiniip,

e ophtpunipwpwbwlut wyjujukpp’ pudhttnh Jupnp, pudnt wpwgnipnibp,
dhohtt wduwlwt ebpdwuwnhdwp, onh junbwynipnibp, wbnnudubph
pwtilyp,

e wnwpwdpught puimpwqpbpp’ wbknuiuph pupunbkqp, nputn nbknunpdus tu
nunidtwuhpynn  opjkunutpp, wknuuph pbhtdh dwuhtt wdjuubpp b
$ntuyht wmnunundubipn:

3-np Junudpp wwpnmbwlmd t htwpwynp Juwutbph hwoyuplh hwdwp
nbnkmpnibtbpp:

«EynQuq V1.0» pondhmiptpught qpuphjuljut wJundwunwugdus
hudwlupgh pighwinip Jueniggudpp: Unytuhull dnnwynp quuwhwwnwluittpp
[6.7] dwmwntwbponid &, np qhphqnp dby hwdwlupgsuyhtt Jhwnph hwdwp
nhunwplynn pugph' wrwig gniquhbnugdut Fujunughtt nusnudp jupnn k nbbg
owpwpltp gnighk b wdhutbp: Zwwnljuybu oguugnpslwlt  bywwnwluwhwp-
dwpmpjut nkuwblymihg spugph wolunwbpwihl phdhup whnp E kpwungph
Jtpohtihu uwhnit wyuwwnwipp wwpuwdbnpbph thnthnppujdwt ghypmd  bu:
Ujuyhuny, htyybu juduwjuljut puquuyupudbnpulut (upudknpbph pubwlp
>10% punph bhwdwp, wiwbu E  ququyhtt wpunwibunufubph  Ennighnt
gnpépupwgutph Unpijuynpdwt junph ghypnid, judw pt wudw, wetsynd Eup
gqniquhbnugdwt hpdtwpinph htwn: Q@niquhbtnwgynn gqnpdpupwugubph nhuwdhy
huwjuwuwpuwlsrnidp juwnwpynud E h hwohy wj putth, np jmupupwisinip ypngbunp
wpjuwtnwtiph pupwugpnid dudwbwluwihtt npnpwljh hwndusmd npnonid t pwugph
npnowlh hwnydwsh junmwpdw hp wptwnwipuhtt wpugnipiniup b quwhwwnnid
t wohwnwiph dhwgws sufuyp npnokny wyb dwdwlwlp, nph phpugpnid tw
Jhwutth uhippnbwgdwt hippwlw Jhnht: Gpt wyy dudwbwlp swhwquig Uks Ll
Jupny k phpl] wohiwwnwiiph qpubhlh Yppnpjulub puwppndwl, wji untnsnud
hwnml wqquipwbuhtt $uy; b Ghpdmsmd b wjinbny hp wupudbnpbpp
wpluwnwtiph Swyup b junwpdwb wpugnipniip, npnig hhdwt ypw htwpwynp k
guwhwwnt] withpwdbon oqumpjult swjwp wnwyk] wpuqugnps wpngkunpiibph
Ynnuhg: Upuwhuh dugjtiph hwyintn]ip htig whinnpnohy wqnuitpwi Ehwpgupluyh
qnpépupwgtph wihwenn ppwyhdwyh Jhpwpbppuy: Upm ppudhdwyh pnljdwl
hwdwp jnipwputiynip ywpngkunp vhippniwgdwt Ynht JEpunupddwt dudwtiuly
sh piphwnmu hp wolrunwipught pkdhup” djniu wpngbunpbpht phpkng wwuhy
uyuubint Jhdwlh, wy] wpwehtt htpphtt vnnigmd b wynuhuh wqnpubpwbughe
$uytiph wnljuympniup: Uynuhuhp hwynbupbplne phypmd pugnid b wyy $uyp’
hwdbdwnbng ppuinid qpus wuwpwdbnptptt pp wwpwdbnpbph htn jud hp
Jpu L JEpgunid quitinun wpjuwwnnn wypnghunph dbhwgué wphiwnwph dh dwup b
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ougnid wyn duyp Yud, h Jpdwlh sthubny hupunipnyt juwnwpl] wohiwwnwpp,
nunubh hwlimd t wyy $ugp hwbpju) wouunwipp ponubny weun]l] hgnp
wpnglunpibipht: Uwinpl phpdnud b gqniquhbnwgynn qopédpupugh nhuwdhly
huwjuwuwpwlondwt pinl-ujubdwt (uy. 1):

| Zwpquiplwyht piny |

Udupunh dudwbwlh
uwhdwh unnignid

®npp uwhuwliikp Ubé uwhuwltp

‘Lwijunpn puynid wpununpnuljuimipiub SOS $uygih pugnid b ywpwdbnpkph
onuwl ywgwnm] wnwgwgnn SOS uyh kpunisnud
ngliymgnid

AID dujih
wnlunipjui
unnignid

AID duyp

AID duyip
wnlju 2]1/ wnfu £
Vbl Tvlnph
wupudbnpbpny thnthnunid* AID$wy h
wgnud hupyundunlp

Munph
Junwpdwb
unnignid 0y
Nipwugnn
wpngkutiiph SOS
duyg tiph thunpmd
y
dhpunupd SOS.I duy h pugnid, wpnghunph

q(fuwynp dpwghp Swupwpkniwsnipjut qguwhwwnnud, AID.I
$uygh pugmd b ngputimd Jkpghthu hwdwp

thnppugyws finhp tbpunisnud

UY. 1. Q@niquhbnwgynn gnpépupwugh nhttwdhy hwjuuwpulyondwi pinlj-upubdw

315



Zudwlupgp punugws L hwydupluyhtt b ogunuugnpsdwt gpudhljuljuie
huntpdbjuuyhtt Unnnyubphg:

Zuwpqupluyht  dnpnyp  twpwnbtujws b opuqUuunwupp juunbkpught
hwdwlwunpgtph ypw hwwnnty putnph hwdwp dpuldus wignphpuny hwpquplutph
wpyniupnid pduyht, hyybu twl gpubhjujutt wpyniupubph vnugdwt hwdwp:
dhpohtihu hhupnid plljws E MPI (massage passing interface) wkutininghwl' G++ 1kqih
huwdwywunuwupuwt gpunupwibph hhdw dpu: LEqdh b nkjuuninghwh puwnpnt-
pyntp wuydwbwynpyly b ptgph wwhwbgubphg plunn Jhpunniwg hhpngnipjut b
wpnghunpuyhtt nbunipuh jujupuyht ogquuugnpsdwt tjuwnwnnudubphg: npdwpl-
Ynn Jluunbpp punjugws k32 huignyg yupnitbwlng b ubuntu 11.04 oybkpwghnt
hwdwlunpgny hwdwlwpgswyhtt dhwynpubphg:

Oquugnpddwt gpudpljuljus hiinbpdpbjuuyghs Ungnijh unbnddwb pupwgpnid
wnlu tp wypbnpubp Jhpghthu widhowlwi hpulwiwugndi hpugnpst Gud
hpwdwbwyhtt wnntph wbkupny, jud nhdty WEB wbkjuuninghwutph oqunipjwup:
Cunpnipy i juiq wowy] WEB wikutininghwitkph Jpw’ hwpyh wntikyng hwpdwpw-
Jtunnipjut gopénup: Oquiwgnpdnnh hunbpdbjup dowlyt; & PHP (kqyh HTML
wulinnitquh b javascript 1kqUh hpuwlb Jpw’ AJAX nbkubininghuwjh ogunugnpsuwdp:
Stnkjuwnynipjut ntnuihnbjhnipyut tyuwnulng dowlqus duyuyhtt dnpdwnp
hhduJws L XML-h Jpu: Oquugnpdqus b twb Ynnduwhh ZIP wpphdubph
qhubkpugdwl gqpunupwt [11]:

Opwgph hwdwp phnpdl) b «En%ug gquyduibujut widwinuwdp: Opughpp
punugws t ogquugnpsdwmt htnbpdbjuh, twpwgsh wykjugdwl, twpiwgsh
Yupquynpnwdutph, Epuwnpwh, pdwnpnh, MPI phljujwpnn htunbpdbjuh b
wpniupubph phntdwt hunbkpdbjuh totiphg:

Oquugnpddwt punbpdbup punuguws bt bpkp Juhwbwlubphg, npnup
hhdbwlwinid Ypnid & hupnpdughnt phnyp U twhwnbujws &' pupughly
twhiwmgstph nEjudupdw b pupwughl twpiwgsh hkn wyhiwntint hwdwnp:

Zudwlupgp htwpwynpnipinit £ niwhu hpuuwt dudwtwlh nhdhunid ju-
nupk] bwhwgdh wkugnid b junwdwpk) wyl:

Lwhiwgsh jupgquynpnidiukp top (1lh.2) twhwnbudws k pupwughl bwhwgsh
hwoqupluyhtt wignphpunid oquuugnpéynn wwpwdbnpbph nEjudupdwt hwdwp:
Nwpudbinptpp h Uh &b phpywd bpbp funonp fudpbph ke onkplim pupwbuljwi
nljuukp, wpunwbbtngng quqh $hghjudbjwthjuljut yupudbnptip b npybu
qquijh tkpypnud nitkgnn wupudbnp pudhi, nph whownnyws k onkphinm pupwiw-
Jut ndjujutph pinlhg b tkpjuyugus L wunwudhi:

Zudwlupgp htwpuynpnipnit ' wiwjhu wwhwwil) jupquynpoudubpp,
wlhpwdbynnipjut phypnid hbnwquynud juunwplne snlnwdubp @ junwupdus
ouljnidubiph YJuwd thnthnfunipnitutph hwdwp JEpwhwoqupl juwnwpting, htsytu
twl tkpphntbnt jupquynpoidubpp XML $npdwnny ERUNNLCS toh vhongny:
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EYynGwq v.1.0

sl
™

Fag o jumghbp Wyunkpnh

=

Ol plem pruspulluh sduibly

Uhghh mlubljuh ghpdumnpdun 1 e Shrglitpp pabel

G Pl

Unpyupp wpudmgpa 4 Pk bl wnbul st b bl sspogn: g (pl)
Uapymspl prapApapynch [ d BEEEID & s o [winfz|s
P —re | T e R T R T O N (S (R O

[T ST basq, o
P e

UY. 2. Uignphpunid oginuugnpdynny wuwpudbwnpkph
nEjwjupdui b bkpunwsdwt kop

Epuyinpu pudhp twjuwntuws £ pupwghl bwhiwgsh jupquynpnudubpp
oquiugnpénnh  huwdwlupgsnid  wwhywibnt hwdwp: Zwpdh webkng WEB-h
wnwbdtwhwwnlnipmiip U hunbkptbkn btwdupyhsubph wtduubgnipjut hwdw-
Ywpgh Ynnuhg npynn vwhdwiwhwlnidibpp wyu ubghpp msyws E akpphobdwl
htiwpwnpnipjutt unbnddwdp: Npyhu jupquynpnudubph Wuhywidwi dbwswth
Uowljdws t XML unwipupunp npdwn, htgh tygunujuhupdwupnipniip guyydw-
twynpusé k hbnwquynid wwhywiqwé XML $ujhg hwdwlwupg htwn Jepupkniyng
Jupquynpnidubph spuqpuyht dpuljdwt yyniphtimpjudp b Jhwpdbpnipjudp: XML
dnpuwnny yuwhywidws Jupquynpmudiubpp hwdwlupg tun JEpupknutint hwdwp
bwhwnbudws £ PUNNCS top: Uju htwpwynpmipinit £ mmwhu hsybu JEpuwhuyg-
wnwpupl] wnhy twpwgsh Jupquynpnudubph nbnkjunduijut npuownbkpp, wji-
whu Ly, synpgubny pupwughy jupgquynpnidubpp, hwdwlwupg Jepupknul] mbinuyht
$uynud yupmbwlynn Jupgqunpoudibpp’ widhowuybu tnp twhiughs yunpuu-
nknt b npu jupquynpnidubpp mknunpbint tpuwbwlng:

MPI ptjwdupnn htnbkpdbjup yuunwuppwwnnt b dpuqpph hwpdupluyhte
Unnpnih widhpww nEjujupdwi b htnnkpuljnhy Yndniuhjughnt okpnh tkplw-
jugdwt hwdwp: AJAX wbjuuninghuyh hhdwt Jpw Yhtunh Ynnunid wppuwnnn
JAVASCRIPT qpunupwip puydbph nuljnptt hwdwyuwnwupiwt JSON thuptpubp L
nuupynud putnbpdbjup ubpdbpuyghtt dngnihty, npp, Yupjws Ypuunbtph hwpdup-
Yuyhtt wpyniuputphg, hwoybkwnynipmit L ghubpugunid b wyt niqupynud Yihkunht
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wppkt junupyus  wounwbiph wnlnuughtt sunhh dwupt' pighwing wopiw-
wnwtiph swjuh tundudp:

Upmyniupubph phintidwtb hinbpdjup hwoquplughtt Unnnyh  wpynip-
utph hhdwb Jpw htnbpdbjuughtt Unpnijh ubpybpuyht dwup giubpugund £ npuytu
dhwutwlwt wpphyuyhtt dwy) (ZIP), nph phnunudp htwpuwnp b hpuljubwgil
wpyniupubiph phintdwt huinkpdbjuhg:

Zudwlupgnid twppwnbuduws £ ooub mbnbjunynipjut gpudhljului b
nhugpuitubpny wpnwsdwt htwpwynpmipinii:

Ushumnnwipughtt ntidhth hwpdupuyhtt hwdwljupgswihtt spughpp b hwp-
Jupluyht wwpwdbnpkpp pug ki hbnwgqu hnhnfunipyniabbp b pugndibp fu-
wnwpknt hwdwn:

O&uph tplopuhnh wpunwbbnmdibpnm] Ujudtpph pwnuph  Jpunnpup
wnqununjuédnipjuil dwljwpnuljh qwhwwnnudp «EjnQwq V 1.0» qpudhljuljui
wjunndunugdus hwdwlhwpgh dhengny: Ushiunwbiph opowbiuljnbpnud, «EljnQwq
V1.0> wjuniwunwuguws hwdwlwupgh htwpwynpnipmnibubph b wpwewplynn
Ubpnpupwimipjutt  thnpdwpiuutt  tywwnwlny, npwbku &SUph  tplopuhgh
wpunuibnnudubpny dpunnpnh wununnujubnipjut dwjuppuyh JEpnsnipjut b
quwhuwwndwl ophtiwl, nhunwplydws t 22 Upudbpnh punupp: Swpwswppgwih
wnunujubdnipjul dujuppulh dipnsnipmniip b gowhwnnudt hpuljutugdus L
«Updkuhwt  Pwthpp  P@pngpud» ORC dbntwplnmipywb  86Uph  tplopuhnh
wpunubbnmydubph JEpupbpu) hwpdtnymipiniuttnh hhdwt Jpu:

Yunupyus k pdughtt dnpbjunpomd b Jkpohlthu wpryniipubph hhuwb Jpu’
gpudbhljuljut b wnnruwluht wpnuwywunlipnd, oquwqnpsting Ujwdbtpnh
punupmd nbknujuyduws wynudwdnyyulwt gnpswpwith Ynndhg $6Uph tplopuphnh
wpuwibnnudiubph b wyy nwwpwbwopowth hwdwp punpny pwdhubph Jupph
Uhohtugué nyjuukipn:

Onpwgqnph Epughtt ndjuutph dowldwb wpnyniupnid gnipu b phpgty 2009pe.
uljgphg dhty 2011p. htnpdup wdudw hwdwp ssUph Gpljopuhnh dhohtt wduwlui
nugkunpughwitpt Upuykpgnt mwpwswopowth hwdwp: Fhipynud E unyt dudw-
twluopowh hudwp «2uwykEynUntuhuinphigr Yhuwnpnuh Ynnlhg hpuwwpuljws
wnjuutiph [12] b «EYnQwuq V1.0»-h Gpuyghtt ndjujubph hudbdwnwljut wnniuulp
(wn.1): Whuhuywn £, np wjuwjubph wpwykjugnyt oknnudp sh ghipuquignud 3 %-n:

Pugh dhohtimgdwd wpynibupubphg, «EynQFwq V1.0»-u htwpwnpnipni
nuwhu uvnnwbw] npnywljhugus nyjujtbkp’ mwpwsnipyut judwjwlwut mhpnyph
hwdwp: ®npp pghupnugus judwjwlut sSwywh hwdwp juunipyui wpdbph
hwoyupyp tnybwbu thpunjws b dpugph wotwwnwlpuyht Unplymd npujbu
wpluwnwipuyhl nhdhu:
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Unniuwly 1
«ZuyEynUnuhunnnphug»-h b «EhnGuqV1.0»-h Gipughtt indjujubiph hudbdwnwlwb wnnuuwlp

«2uykYn «EYynQuq «uyEln «EynQuq «uykYn «EynQuq
Unuhpnphug»-h V1.0»-h Unthpnphug»-h V1.0»-h Unuhpnphug»-h V1.0»-h
UUbPU uubtpp, | wyuyutpp, wnjuukpp, wnjuukpp, wnjubitipp, wyjuubpp,
ug/iP ug/ P ug/iP ug/ 1P ug/iP ug/iP
2009 . 2010 p. 2011 .
Znih. 0,076 0,0783 0,177 0,1717 0,209 0,2027
Ohn. 0,120 0,1164 0,134 0,1380 0,231 0,2379
Uwpun 0,112 0,1086 0,109 0,1057
Uwnpy 0,089 0,0811 0,083 0,0805
Uwjhu 0,032 0,0310 0,156 0,1513
Zniuhu 0,020 0,0206 0,154 0,1586
Znihu 0,060 0,0582 0,155 0,1504
Ognu. 0,180 0,1732 0,170 0,1751
Uty. 0,110 0,1133 0,121 0,1174
Znly. 0,100 0,1030 0,134 0,1300
Lyt 0,140 0,1442 0,316 0,3065
Y. 0,270 0,2781 0,453 0,4394

Uwnwugdws wnjjujiutph hhdwb Jpu junnigdl) b ppnundbnpuljut qpubhyp
(uy. 3):

A [

. I\ [ W
A [\ o/ :
N/

N

2009 2008 2009 2009 2009 2009 2005 2009 2009 2009 2009 2009 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2010 2011 2011
L T T T T [ S S T < T (T 2 A A R S S (N | 1

Ul 3. «<EynGwgq V 1.0»-h Gjpuyhtt mjuukpp hhdwt Jpu Ujudbpgnt mupwuswopewth hwdwp
&&uph plopuhnh vhohtt wmduwfwl Ynugkiinpughwbph ppnundbnpulut gpubhyn
1-88uph Epyopuhnh vwhdwbwght poyjunpbih pnnpyut wpdbp, 2-«ZuyEYnUnuhpnphugr-h
wnyjuutip, 3-«EjnQuqV1.0» mjunndunugyus hudwlupgh wfjugubkp

Uhpuyugnud £ bwb  Upudbpgnt nmwpuswpowind - mbnuljuyus
«uwyEynUnuhwuinphuigr-h 18 wwuhy wdnupwenipjut juywtibph widhowlul
hwplwinipjudp $6Uph tplopuhnh uwnnipyut YEpupkpuy «ZuyEYnUnthnnpphugrh
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Ynnuhg hpuwwwpuljus wduyikph b «E4nQwq V1.0» thwpbph wdjujubph
hwdbdwnwljub wnmniuwlp (wr. 2):

Unniuwly 2
«wyEynUntihninphugr-h b «EYnQwuq V 1.0»-h wjuukipp
hudbdwnwlut wnjniuuly
Yuyutth
Quywbibtph | hipwdnpmipmitp | «2wyEynUntuhnnphug»- «Hi?iuull?él Or-h
hwdwpltpp | wpnwbbmbot | hoduyibpp, dg/8 l[qL/ o
wnpniphg, §u
1. 1,14 0,0146 0,0151
2. 1,50 0,0307 0,0318
3. 0,80 0,0183 0,0176
4. 1,12 0,0466 0,0449
5. 1,28 0,0242 0,0251
6. 0,82 0,0881 0,0849
7. 1,80 0,0157 0,0151
8. 0,94 0,0400 0,0414
9. 0 0,2204 0,2125
10. 0,70 0,0512 0,0530
11. 0,76 0,0802 0,0831
12. 1,76 0,0203 0,0196
13. 2,48 0,0589 0,0568
14. 2,20 0,0557 0,0577
15. 0,42 0,0371 0,0384
16. 2,34 0,0600 0,0578
17. 1,18 0,0803 0,0832
18. 1,04 0,0396 0,0382

zupl k k), np hwodwpluyhtt dnpbjh Gpuyht wjuyiutph wowdbjugnyt
otnnudp ZuyEynUnthwinphugh gpuugws wnydyuutphg juqunud  pugudtup 3,6 %:

Zupquplubph  wpyniipnid  wwpwswopowh  dpunnpuughtt  wnunnundu-
snipjutt dwjupnuljh vnwugqus ubkunpubptl wowdbl] wnbunpujub pujudu
bywunwlny pwdwidl] it wnunudwt snpu wuydwbwlwb gnnhubph (ul.4)°
wnunujudntpjub kqpuyhl pugupdwy (0,6, 0,22, 0,15, 1 0,1 #/g/1f) wmpdtputipny:
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‘UY. 4. Oduph Epljopupnh wpnwtbnnudubpny Upudbpnnt mupuwswopowih
wnununyjusnipjul fwljupnulh wuyjdwbwlwb gninhwynpnid

Bqpuljugnpymibbp U wowewplmpmbibp: Quqh’ npybu puquudwuthy
hudwljupgh dhpwjuypnid wnwpwsdwt tninighntt puunhpp hwdwyuwunwupw
wgnphpdwliut dnntgdwt ghuypmd thpwlw b qniquhtnugdwi: Npybtu fuunph
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C.0. CUMOHJH, K.A. TOPYAH

PA3PABOTKA I'PA®UYECKO ABTOMATHU3UPOBAHHOW CUCTEMBI JIJISI
AHAJIM3A U OIIEHKH YPOBHSA 3AT'PA3BHEHUSA ATMOC®EPBI 'A30OBbIMH
BbBIBPOCAMMU

Paspaborana rpaguueckas aBTOMAaTU3HPOBAHHAs KOMIIBIOTEpHAs CHCTEMa, [aroIas
BO3MOXHOCTb 3(Q(EKTUBHO aHAIM3UPOBATh U OLEHUBATH YPOBCHb 3arpsi3HEHHS aTMOCHEpHI
ra30BbIMHU BEIOPOCAMH.

Knrouesvie cnosea: Ta3oBele BBHIOPOCH, aTMocdepa, 3arpAa3HEHHE, OIKOJOTHS,
Hapaenn3anys, KIacTep, aBTOMaTH3HPOBAHHAS CUCTEMA.

S.H. SIMONYAN, K.A. TORCHYAN

DESIGN OF GRAPHICAL AUTOMATED SYSTEM FOR ANALYSIS AND
ESTIMATION OF ATMOSPHERE POLLUTION LEVEL BY GAS EMISSION

A graphical automated system, which gives the advantage to effectively analyze and
estimate the atmosphere pollution level by gas emission is designed and presented.

Keywords: gas emission, atmosphere, pollution, ecology, parallelization, claster,
automated system.
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R. R. VARDANYAN, V.K. DALLAKYAN, U. KERST, C. BOIT
ANALYSIS OF LASER BEAM TRANSMISSION INSIDE MEDIA

The experimental investigation of laser beam transmission and focusing inside media is
conducted. The Gaussian distributions for laser beam inside clean water as well as in air are
measured and analyzed. The experiments are performed in two different ways: measurements
are realized by photosensitive receiver and by CCD web camera. It is shown that along the
transmittance axis the Gaussian beam width can be increased or decreased depending on
positioning of interface in comparison with laser beam waist location. All these cases are
specified.

Keywords: laser, transmittance, focusing, intensity, profile.

Introduction. Testing and failure analysis of integrated circuits with the use of laser
beam is an important issue. Laser testing technology is non-invasive and relatively fast [1-3].
The laser beam testing has advantages over other methods [4, 5].

Laser testing is widely applicable in the fields of medicine and biology as well. The
laser beam distribution and focusing in different turbid biological mediums with the use of
different approaches are investigated in publications [6, 7]. For better localization of laser
beam inside materials and increasing of testing resolution, it is highly important to investigate
the laser beam transmittance and focusing processes inside materials. In this paper an approach
for laser beam parameters investigation inside mediums is presented.

Experimental setups and measurement method. To analyze the laser beam intensity
profiles through mediums along the transmission direction, the beam profiles in water and air
are measured. The laser beam with wavelength of 650 nmis focused by the lens with diameter
of 4 cm and focus distance 6 cm (Fig. 1). The water tank with 25 cm length is placed after the
focusing lens in the following three specific positions: the interface between two media with
different refractive indices is placed a) between focusing lens and waist of Gaussian beam (area
1), b) at the waist of Gaussian beam (area 2), ¢) after the waist of Gaussian beam (area 3).

The measurements are performed in the following two ways. At first the beam
intensity is measured using the photodiode. Inside water tank a photodiode (receiver) with
aperture diameter of 0.5 mm is placed. The photodiode can be moved both in direction along
the transmission of light and in perpendicular direction. It gives the possibility to measure and
plot the Gaussian beam intensity profiles at any point along the light transmission axis. The
photo signal from the photodiode is applied to the Data Acquisition (DAQ) system (National
Instruments, Automatic Data Processing Plug-in USB Module USB-6008), and the DAQ is
connected to computer, operating with LabView program. The second way is the measurement
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of laser beam intensity profile using CCD camera. The camera is placed in waterproof box,
which has a transparent screen in the front of camera. The distance between screen and camera
is remaining constant during the whole experiment (3 ¢m) and the laser beam incidents on
screen. The web camera is taking image from the screen and save it in computer. The
waterproof box can be moved along laser beam transmission direction. Moving the box and
taking the image from the screen we will have a set of laser beam intensity profiles in different
positions. Filling the tank with liquid we can measure the beam transverse intensity profile
images in appropriate liquid as well.

Lens Interface ‘Water é légi;iver Holder
i camera
LASER beam \ <P =2 \ \ h
<~ ] =>

Holders

Fig. 1. The laser beam and mechanicals of experimental installation

For analyzing the recorded images and the laser beam intensity distribution a special
computer program “LBProfiler” is developed (Fig. 2).

[Ty

./\I H 3L L e R
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Fig. 2. The softer “LBProfiler”
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The software consists of four parts: the image presentation frame, two diagram frames
located in the right and bottom sides of image part, where intensity distributions in
perpendicular direction are presented, and the available images list frame, which is presented in
the right-bottom part of window. The intensity distributions are calculated and presented in the
diagram frames, where with dash line the width of laser beam (Fig. 3a) is presented.

The simulated intensity of beam is calculated with the RGB components of pixels.
During image processing the smoothing algorithm is used to separate the important values
from noise and to get more accurate results (Fig. 3b). Each point’s intensity is calculated using
also neighbors’ intensity value as follows:

I = i Ik+i
‘ 2n+1

i=—n

where 2n+1 is referred as the length of filter [8]. The longer is length of the filter, higher is the
smooth effect.

112.8 mm ; 111.9mm

Fig. 3. Intensity distribution before (a) and after (b) smoothing

Thus using cheap web camera and developed software the laser beam can be
investigated.

Results and discussions. Using presented experimental setup and software the intensity
profiles of laser beam inside water at different definite positions along the transmittance axis
are measured. For better understanding of light transmittance and focusing inside medium the
intensity profiles without water (in air) at the same positions are measured as well.

Let us consider the case when the interface is placed between focusing lens and
Gaussian beam waist (area 1). In Fig. 4 the laser beam intensity transverse distributions in air
and water are presented. From Fig. 4a one can see that in water, in distance of 4 cm from the
interface, due to the refraction in the medium with higher refraction index in comparison with
air, the Gaussian beam distribution is widened. This increasing of Gaussian beam width occurs
until the waist position of beam. After the waist, when the distance between interface and
receiver is 10 cm (Fig. 4b), the light distribution in water is narrowed. These changes of beam
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size are presented also in Fig. 7a. Note that the same changes of beam size are measured by
CCD camera as well (Fig. 4c, 4d).
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c¢) Distance between interface and camera is 4 cm d) Distance between interface and camera is 10 cm

Fig. 4. Interface is placed between focusing lens and waist of Gaussian beam (area 1). Results are
obtaineda), b) using photodiode measurement, c), d) using CCD camera and software

When the interface is placed just at waist position (area 2) the laser beam wave front
in the waist is flat and the Gaussian beam is collinear. In this case the beam propagates into the
water perpendicularly and no refraction is occurred. It can be seen from the Fig. 5a and Fig. 5b
that the Gaussian beam width is decreased in water (see also in Fig. 7b). This focusing in
media with higher refractive index can be described by the change of light wavelength. Note
that similar results are obtained by CCD camera measurements (Fig Sc, 5d).
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Fig. 5. Interface is placed at the waist of Gaussian beam (area 2). Results are obtained
a), b) using photodiode measurement, c¢), d) using CCD camera and software

When the interface is located in area after the waist of laser beam (area 3), the
Gaussian beam width is decreased in water (Fig. 6a, 6b). This narrowing of laser beam can be
described by refraction of light during propagation into the medium with higher refractive
index (see also Fig. 7¢). In this case the same results are also obtained with the use of CCD

camera (Fig. 6¢, 6d).
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Fig. 6. Interface is placed after waist of Gaussian beam (area 3). Results are obtained
a), b) using photodiode measurement, c), d) using CCD camera and software

Thus the focusing effect of laser beam in medium strongly depends on positioning of
interface with different refractive indices in comparison with location of beam waist. The beam
width can be increased or decreased depending on positioning of interface.

Note that above presented measurements are realized when laser beam propagates from
the medium with smaller refractive index (air) into the medium with higher refractive index
(water). If the laser beam propagates from the medium with higher refractive index to medium
with smaller refractive index the results are opposite.

Thus, when laser beam changes propagation medium the beam width is altered during
propagation. The results obtained by photodiode and CCD camera measurements are
representing the same result. For better understanding how the beam trajectory changes
according interface between media and the waist position, let us take a look at Fig. 7.
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Fig. 7. Laser beam trajectory in air (solid line) and water (dash line)
a) area 1, b) area 2 and c) area 3

When the interface between two media with different refractive indices is placed
between focusing lens and the waist (area 1) the rays are entering into water under different
incident angles and the effect of refraction occurs. Besides this the wavelength of the light is
changed due to the change of velocity of light inside water. Taking into consideration the two
mentioned effects, the trajectory of laser beam inside water is obtained (Fig. 7a). It can be seen
from Fig. 7a that inside the second medium with higher refractive index, due to the light
refraction, the laser beam transmission angle is changed (the beam is widened) and the focal
distance is increased. Note that, as it was expected, if the refractive index of the second
medium is smaller than the index of the first medium, the focal distance decreases.

When the interface between two media with different refractive indices is placed just
on the waist of Gaussian beam (area 2), inside the second medium (semiconductor) with higher
refractive index the laser beam trajectory becomes narrowed (Fig. 7b). This phenomenon takes
place due to the decreasing of light wavelength by entering into the medium with higher
refractive index. Note that in this case the laser beam is perpendicular to the interface between
two mediums and therefore no refraction occurs.

When the interface between two mediums with different refractive indices is placed
after the beam waist (area 3), inside the second medium with higher refractive index the
trajectory of laser beam is narrowed (Fig. 7c). This phenomenon can be explained by refraction
of light in the interface between two mediums and by changing of the light wavelength.
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Conclusions

1. Focusing effect of laser beam in medium strongly depends on positioning of
interface with different refractive indices in comparison with location of beam
waist. The beam width can be increased or decreased depending on positioning of
interface.

2. When the interface between two mediums with different refractive indices is placed
between focusing lens and the waist of Gaussian beam the beam width increases
(the distribution is widened) until the waist position along the transmittance axis,
and after the waist of the Gaussian beam the width decreases (the distribution is
narrowed). In the medium with higher refractive index the waist location (distance
from interface) is increased.

3. When the interface between two mediums with different refractive indices is placed
just on the waist, the beam width decreases in the medium with higher refractive
index.

4. When the interface between two media with different refractive indices is placed in
the area after the waist the beam width also decreases in the medium with higher
refractive index.

5. The experimental results obtained by photodiode and CCD camera measurements
are in a good agreement.
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Yuprwé  dhgwuyph  dwytptuh nhpphg jwqbpughtt dwpwquiph  gnnjuntnh
uuundudp:

Unwagpughl pupkp. (uqtp, ubpputhwignd, Jhquljtnnud, htnbuuhynt-
pmil, puphawdnipinih:

P.P. BAPJAHSIH, B.K. IAJUIAKSH, Y. KEPCT, K. BOUT

HCCJIIEJOBAHUE IMPOXOXKAEHUSA JIASBEPHOI'O JIYUA BHYTPU
MATEPHAJIOB

DKCIepUMEHTAIBHO UCCIIE0BAHO MPOXOKACHHE U (DOKYCHPOBaHHE Ja3epHBIX Jy4eit
BHYTPH MaTepHaioB. MI3MepeHbl W aHAM3UPOBAHBI TayCCOBCKUE PACIpPENENICHUs JTa3epHOTo
Jy4a B YHCTOH BOJE W B BO3AyXe. OJKCIEPUMEHTHI IPOBOIWINCH JABYMS pa3lUIHBIMU
criocobaMu: ¢ MOMOIIBI0 (HOTOTYBCTBUTEIBHOTO MpHEMHHKA U (poTokamepsl. I[lokazaHo, 4TO
HIMpHUHA rayCCOBCKOTO ITyUKa MOXKET KaK YBCIIMUMNBATLCH, TaK U YMCHBIIATHCSA B HAIIPpaBJICHUH
OCH TIPOXO’KICHUS B 3aBUCHMOCTH OT PACIIONIOKEHHS MOBEPXHOCTH MaTepraia OTHOCHTEIHHO
(okyca nazepHoro Jyua.

Knroueswvie cnosa. nasep, mpoxoxacHue, poKyCHpOBaHHE, HHTCHCHBHOCTb, IPOGHIIB.
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