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B3AUMHAS CUHXPOHU3ALUSA ABYX CBAA3AHHBIX 'TEHEPATOPOB
C 3ATTA3JIBIBAHUEM

B. B. Emenvsanos, FO. I1. Emenvanosa

HUccnenytoress 3G ¢exTbl CHHXpOHHU3AIUN B CUCTEME IBYX CBS3aHHBIX T'€HEPAaTOpOB C 3a-
nas3asiBaHueM. [IpoBoguTest eTanbHOe UCClIeI0BaHUE KapTHHBI BO3MOXKHBIX PEKHMOB TeHepa-
UM B ciIydae WJICHTHYHBIX U HEHIAEHTUYHBIX TeHepaTopoB. JleMOHCTpUpYETCsl BO3MOXKHOCTD
MIOJTHOM CHHXPOHH3AIMH KaK B PEeXHMME CTAIlMOHAPHON OIHOYACTOTHON TeHEepalu, TaK W B
aBTOMOJYJISIIHOHHBIX M Xa0THYECKHX pexkumax. OOHapyKeH PEeXUM «IIMPOKOMOIOCHOH CHH-
XpPOHM3AIWKM». B oTIHUMe OT CBA3aHHBIX CHCTEM 0e3 3ama3ibIBaHUS TPAHMIBI 00TacTH IIH-
POKOITOIOCHOH CHHXPOHH3AI[MM MMEIOT BOJHHUCTYIO ()OpMY, 4TO OOYCIIOBICHO pe30HAHCAMH
MEXy Pa3sIMYHBIMA MOJAMU CHCTEM C 3ama3/bIBAaHHEM.

Knouesvle cnosa: FeHepaTop C 3ana3fbIBAaHUEM, IMOJIHas CUHXPOHU3alUs, MIHMPOKOMNOJIOCHAas
CUHXPOHU3AIUA.

BBenenune

HccnenoBanne >QeKTOB CHHXPOHMU3ANN CBSI3aHHBIX ABTOT€HEPATOPOB SBIIIETCS
aKTyaJIbHOM mpobieMoli coBpeMeHHoH paanodusuku [1-3]. bonbiioit naTEpeC npencras-
JSeT CHHXPOHM3AIHS CHCTEM C 3ala3IbIBaHuEeM, UMEIOIINX IIHPOKOe pacIpoCTpaHeHHe
HE TOJNBKO B paanodu3uke, HO M B HEIMHEHHOH onTHke, OMo(U3MKe, IKOHOMHUKE, DKO-
JIOTMM U JaXe B COLMalbHBIX Haykax [3-8]. Takue cucreMbl MOTyT JE€MOHCTPHPOBATH
Oorarbrii HA0Op JMHAMHYECKUX PEKMMOB, BKITIOUas Xxaotndeckue. B pabdorax [9,10] Obuta
U3y4YeHa BBIHYKACHHAs CHHXPOHH3AIMsl TeHeparopa ¢ 3aras/bIBaHHEM, MTOKa3aHo, YTO B
MOAOOHBIX CHCTEMax BO3ZHHKAET PsiJl 0COOEHHOCTEW KapTHHBI CHHXPOHU3AINH TI0 CpaBHE-
HUIO CO CIlydaeM CHcTeM 0e3 3ama3ibIBaHus. ITU 0COOCHHOCTH, OUYEBUIHO, OOYCIOBICHEI
pacripeqieieHHOH MTPUPOAOIl CHCTEM C 3ala3bIBAHUEM, TO €CTh HAIMYHEM OOJBIIOTO YHC-
Ja cOOCTBEHHBIX MOA. B To ke Bpems, 3ajada 0 B3aMMHOIN CHHXPOHHU3AI[MH T'€HEPaTOPOB
C 3ama3JpIBaHNEeM, KOTOPOW TIOCBAIIEHA HACTOAMIAs paboTa, SBIAETCS Majo M3Y4EeHHOM.
JlanHas 3ajmaua sBIseTCS aKTyaJbHOM, HalpuMep, ¢ TOUKHU 3pEeHHUs 00ECIeYeHHs CIIOXKe-
HUSI MOIITHOCTEH TeHEepaTopoB, pabOTAIOMIKNX Ha OOIIYIO HATPY3KY.
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1. OcHoBHbIE YPaBHEHUS

[IpuHiunuaneHas cxeMa ABYX CBs-
3aHHBIX TEHEPAaTOpPOB C 3ama3lbIBaroIlei a\
obparnoit cesa3pio (30C) mpuBeneHa Ha 2 Yenquteny
puc. 1. Kaxnelif aBTOreHeparop mpea-
CTaBIsieT COOOH KONBILIEBYIO CHCTEMY TH-
Na «HENMHEHHBIH YCHJIUTENh — II0J0CO- « 3;;::;1" 1k
BOW (QWIIBTP — JMHUS 3allepKKu». BBexem 1
CBSI3b TAKUM 00pa3oM, YTOOBI YacTh MOIII- kg — yk
Hoctu u3 1enu 30C ogHOro reHeparopa > 3a0ePRKKH
OTBETBJIsIach B Lemnb apyroro. CuHXpo- I s
HU3alUs CBA3aHHBIX NOJOOHBIM oOpaszoM | Y
TeHepaTopoB Ha OCHOBE MHOTOPE30HAaTop- e /\
HBIX KJIUCTPOHOB HCCIEI0BANIACH SKCIIEPU- o o
MeHTanbHO B [11]. DuasTp

Bynem cumrars, 4TO HEINUHEHAs
XapaKTEePUCTUKA YCHUIUTENS OMUCHIBACTCA
MTOJIMHOMOM ¢ KyOMYHOM HeNHHEeIHOCThIO.
PexxuMpl HeNMWHEHHON NWHAMUKHA ONWHOYHOTO TeHepaTopa ObUTH MOApPOOHO H3ydYeHBI
B [12]. B cnydae AByX CBA3aHHBIX I'€HEpPaTOpOB MOXKHO IO aHaloruu ¢ [12] 3amucarh
YKOPOUEHHbIE yPaBHEHHS I MEVIEHHO MEHSIONINXCS aMILTUTY] KojneOaHui Aj o

Y

Y

Puc. 1. [lpuHunnuangbpHas cxema OBYX IUCCHUIIATHBHO
CBSI3aHHBIX T€HEPATOPOB C 3alla3/bIBAHUEM

Al—l-%Al-l-YAl = (Xlﬁie [(1—]€)(1—’141(25—1)‘2)141(25—1)4-/? (1—‘A2(t—1)‘2)A2(t—1)],

Ag—%AQ—H{Ag = age®[(1—k) (1—|Ag(t—1)[*) Ao (t—1)+k (1—| A1 (t—1)|*) A1 (t—1)].

(1
31ech 0,2 — MapaMeTphbl BO30yXKJEHHs IIEPBOr0 U BTOPOIO I'€HEPATOPOB COOTBETCTBEH-
HO, Y — mapameTp auccumanuu, 0 — Haber (as3pl B memu oOpaTHOH cBs3W, k — mapa-
METp CBSI3H, KOTOPBIA XapakTepu3yeT oTHomeHue MomaocTel B memsix 30C (0 < k < 1),
A — gacToTHas paccTpoiika reHeparopos. [IpaBsle dacTu cucteMsl ypaBHeHUH (1) 3aBUCIT
OT 3HAYSHHH aMILTUTY] B 3ala3AbIBAIOIINI MOMEHT BpeMeHH ¢ — 1 (Bcerja MOKHO BEIOpATh
TaKyl0 HOPMHUPOBKY MEPEMEHHBIX, B KOTOPOW BpeMs 3ala3fbIBaHUS PaBHO CAHHUIIE), YTO
CBSI3aHO C KOHEYHBIM BpPEMEHEM MpoxokieHus curHana mo uenu 30C. Hamuume numc-
CHITAllMU TIO3BOJSICT OXKHJATh B CHCTEME JIBYX CBSI3aHHBIX T'€HEPATOPOB HAMYUE TAKUX
PEKUMOB Kak «THOeNb Koebanwit» [1,13] u «mmpoxomnonocHas cuHXpoHu3anus» [14,15].

2. Pe3yabTarbl YHCIEHHOTO MOJEJIUPOBAHUS

Kak uzBectHo (cM., Hampumep, [12]), AnS OAMHOYHOIO I'eHeparTopa C 3arasbIBa-
HUEM 00JacTh caMOBO30Y)XICHHUS Ha IUIOCKOCTH «IapameTp Bo30yxkIeHus — Haber ¢a-
3bI B LIeNH 0OpaTHON CBSI3M» MMEET BHUJ MEPHOANYECKH PAcTONOAKEHHBIX 30H T€HEepariH.
B mentpax 30 (0 = 2mwm, m € 7Z) mopor caMoBO30YXXICHUS MPUHUMAET MHUHHMAJb-
HOe 3HadeHHe o = Y. [Ipu 3TOM "acToTa TeHepaIy COBIAgaeT C IEHTPATBHOW YacTOTON
HOJIOCHI POITyCKaHust cucteMbl. Ha rpanunax 30u reHepanun (0 = (2m + 1) ;) nopor ca-
MOBO30Y)KJICHUS MaKCHUMaJIeH, IIPU 3TOM YacTOTHl JBYX COCEJHUX MOJ paBHOYIAJEHBI OT
LIEHTpa NoJockl nponyckanus. Janee paccmorpum cinydait 0 = 0.1, To €CTh OIMHOYHBIN
TeHepaTop HaXOAWTCS BOJMM3M IEHTPa 30HBI TeHEPaIlH.
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IIpoBenem uccnenoBanne AMHAMUKH CHCTEMBI ypaBHeHHH (1) Ha MIIOCKOCTH yTIpaB-
JSAIOMIKX TTapaMeTPOB «BEJMYMHA CBSI3W — MapaMmeTp Bo3OyxneHus». Haunem co ciydas,
KOT7Ia TeHepaTopbl ACHTUYHBI IO TTapaMeTpy BO30OYXKIEHHS (0l = O = 0) U MEXAY HH-
MU OTCYTCTBYET 4acTOTHas paccrpoiika (A = (). UucneHHOe MHTETPUPOBAHUE CHUCTEMBI
ypaBHeHHH (1) ocymiecTBIsIOCh MeTomoM PyHre—KyTThI 4-TO Mopsinka, amanTHpOBaHHBIM
JUIsl cCUCTEM c 3amnasnbiBanueM [16]. Ha puc. 2, a npencrabieHa COOTBETCTBYIOINIAS KapTa
TUHAMUYECKUX PeKuMOB. Ha Heil pasHpIMU I1BeTaMU (OTTEHKaMU CEpOro) MOKa3aHbl pas-
JUYHBIE PEXUMEI TeHepauu. B cioydae, korma mapameTp Bo30y>KISHHUS MEHBIIE Mopora
TeHepaluu B OJUHOYHOW cucreMe (00 < Y = 1), KonmebaHUs B CBA3aHHBIX T€HEPATOpax
3aryxatotT (06mactb AG u puc. 2, 6). C yBelInYeHHEM TapaMeTpa Bo30YKICHUS yCTaHaB-
JTUBAECTCS PEKUM CTAIIMOHAPHON OMHOYACTOTHOM IeHEpalliy ¢ OMHAKOBBIMU 3HAUYCHUSIMHU
aMIUTUTY] KosieGaHui reHeparopos (o61acte SR u puc. 2, ). B obrnactu 6onpminx 3Have-
HUI mapaMeTpa CBs3U k MPOUCXOAUT OndypKamws pa3pymeHuss CHMMETPUH, B pe3yJIbTa-
T€ KOTOPOH yCTaHAaBIMBAETCA CTAIMOHAPHBIA PEXHUM C Pa3sHBIMHU 3HAYSHHUSIMH aMILTATYIT
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Puc. 2. Kapra nuHamudeckux pexxumoB cuctemsl (1) mpu vy = 1, 6 = 0.1, A = 0, a1 = 02 = a (a):
AG — obmnacTp 0TCYTCTBHS TeHepanun, SR — 001acTh OMHOYACTOTHOH reHepaliy ¢ ONMHAKOBBIMHU aMILUIUTYHA-
MU Konebanuii, DS — 00:1acTh OMHOYACTOTHOI TeHEpaINy C pa3HBIMU aMILTATYyAaMu Konebanuii, FS — obmacth
nonHo! cuHXpoHu3auy, CS — 061acTh HECHHXPOHHOH XaoTndeckoil renepanuu, UR — obmacTs HeycToH4n-
BOCTH (pa30eranHus pemeHus). BpeMeHHbIe 3aBHCHMOCTH aMILTUTY] KOJIeOaHHi TeHepaTopoB, IMOCTPOSHHEIE
BHyTpu obnacteir AG (6), SR (8), DS (e), FS (0) u CS (e). Ha BcTaBke puc. e IpeacTaBlIeH CIEKTP BHIXOIHOTO
CHT'HaNa MepBOTro TeHeparopa

54



Konebannii rereparopoB (obmacte DS u puc. 2, ). Ilpn mgampHelIeM yBelTHYEeHUHN Ta-
pameTpa BO3OYXICHHS peanm3yeTcs MoiHas CHHXpoHm3arusa (obmacte FS u puc. 2, 0)
B peXXHUME NEepUOANYECKO aBTOMOIYIALMH, a 3aTeM (BBIlIEe ITPUXOBON JMHUU O =~ 3.5
Ha puC. 2, a) B peXUMe XaoTH4ecKkoil aBroMmonynsauuu. [Ipu aTom mepexox k xaocy ocy-
IIECTBISIETCS B Y3KOM WHTEpBaJle 3HAYCHUH IapaMeTpa CBS3W Yepe3 Kackaj Oudypranuit
YIABOEHUS TIEPHOa aBTOMOMYIISIIHH.

IIpu OonpIInX 3HAYEHUSX MapaMeTpa BO30YKAECHUS O TOSBIAETCS PEKUM XaoTHde-
CKoll HecuHXpoHHOHU reHepanuu (06macte CS U puc. 2, e), IpUYeM OH NPHUCYTCTBYET Kak
B 00JTacTH MajbIX, TaKk U B o0ONMacT OONBIIMX MapaMeTpoB cBs3H. Ilepexon oT CHHXpOH-
HOW TeHepaluu K HECHHXPOHHOH MPOUCXOAUT Yepe3 IepeMexaeMocThb Tura «bubblingy,
puc. 3. OTOT TUI IepeMekaeMOoCTH ObLI onucal B paborax [17-19]. Buano, uro no mepe
NpUOTIDKEHUS K 007acTH XaOTHYECKON HECHHXPOHHOW TeHepamnuu (Iepexon oT puc. 3, a
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Puc. 3. IIpoekiu ¢a3oBoro nmoprpera cucteMsl (1) Ha MIOCKOCTh aMIUIUTY[ KojeOaHuUil reHepaTopoB (cie-
Ba) ¥ BPEMEHHEIE 3aBHCHMOCTH Pa3HOCTH aMIUIUTYA KoieOaHUH reHepaTopoB (CIIpaBa), AEMOHCTPHPYIOLINE
nepexol 0T CHHXPOHHOH K HECHHXPOHHOM IeHepaliy 4yepe3 HepeMexaeMocTb Tuna «bubbling». 3naueHus
mapametpoB: Y = 1,0 = 0.1n, A=0,01 = a2 =4.1, k=0.2 (a), K = 0.16 (6), £k = 0.1 (8)
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K pHC. 3, 8) MPOUCXOAUT YMEHbBIIIEHHUE JTUTEIFHOCTH JJAMIHHAPHOH (a3bl Ha TpaduKe 3aBH-
CHUMOCTH Pa3HOCTH aMIUTUTY/l KOJIeOaHWH TeHEpaTOpOB OT BPEMEHH, TP 3TOM HaOIIoIaeT-
Cs yuallleHHe BCIUIECKOB M YBEIWYEHHE UX JJIUTEIBHOCTH. YIOOHO TaKXKe aHaJIU3HpOBaTh
nepeMexaeMocTb THa «bubbling» ¢ TOMOIIBIO MpoeKUKi (Pa3oBBIX MOPTPETOB Ha ILIOC-
KOCTB, TI0 OCSIM KOOPAWHAT KOTOPOH OTIOKEHBI aMILTUTYABI KOJIeOaHUH TIEpBOTO M BTOPOTO
reHepatopoB. llpn HaMMYMK CHHXPOHHOW TeHEpaIluy 3Ta MPOEKIHs MPEACTABIIET CO00H
npsimyto TuHEO |A1| = |Asg| (eMm. puc. 3, a). Ilepexon K HECHHXPOHHOI TeHEPALIMH COIPO-
BOXKJIAETCSl «BO3MYILEHUEM» 3TOW MpsAMOH JIMHUK (cM. puC. 3, 0), KOoTopas B pe3yJbTare
«pa3MBIBAETCS» HACTOJBKO, YTO MPOEKIHs (ha30BOT0O MOpTpeTa cucTeMsbl (1) Ha TIOCKOCTh
aMIUTUTY] KOJIeOaHW TeHepaTopOB MPEICTABISIET COOON IMOTHOCTHIO 3aKPAIIeHHBIH KBaJI-
par (cMm. puc. 3, 8).

Tenepsb nepenieM K pacCMOTPEHUIO ClTydasi HEHYJIEBOW 4acTOTHOM pacCTpOMKH re-
HeparopoB, To ecTh A # 0. Kak BumHO U3 puc. 4, @, 6, Ha KOTOPBIX MPHUBEACHBI KaPThI
JTUHAMHUYECKUX PEKUMOB Ha TNIOCKOCTH TapaMeTPOB «4aCTOTHAsl pacCTpOHKa — BEIMYMHA
CBSI3W», TIPU BBEIEHUM YacCTOTHOW pacCTpOWKM T'eHepaTOpoB MOsBIAETCS 00iacTh rube-
mu xonebanuit OD, xorga GomnbIasi cBs3b MPUBOAWT K 3aTYXaHUIO KojeOaHW 00OMX Te-
HepaTopoB. Dddext rudenu konedaHui TUMTUYEH Ui CUCTEM C TUCCHIIATHBHOHN CBSI3BIO
[13-15,20]. OgHako B cioydae CHCTEM C 3ala3[blBaHHEM TpaHUIa 00JacTu rubenu Koje-
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Puc. 4. Kaprel nuHamuueckux pexxumoB cuctemsl (1) mpu vy = 1, 6 = 0.1m, on = a2 = 2.2 (a),

o1 = dz2 = 3.2 (6), a TaxKe BpeMEHHBIE 3aBHCHMOCTH aMIUIUTYZ KOJIeOaHWH IeHepaTopoB, MOCTPOSHHBIE
BHYTpH OOJNAcCTH OJHOYACTOTHOM TEHEpalMy B JBYX TOYKAaX HA KapTe JMHAMMYECKHX PEKUMOB Ha pHC. O
(6-2). OD — obmacts rubenn xonebanuii. BS — obmacts mmpokononocHol cuHxpoHm3armu. Lluppamu Ha
KapTax AMHAMHYECKHX PEKMMOB 00O3HAuCHBI MEpUOIbl aBTOMOAY/ALMH. LIITPUXOBBIMH JIMHUAMH MOKAa3aHbI
AHAJMTUYECKU HAWJICHHBIE TPAHUIIBI YCTOMYMBOCTH HENOABMKHON HYJIEBOM TOYKU
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OaHMil OKa3bIBaeTCAd NEPHOJUUYECKON, TO €CTh Ha INIOCKOCTH HapameTpoB (opmupyercs
cucTeMa 30H rubenu kosebaHuid. IIpoucxoskaeHue 3TOM CTPYKTYphl OOBSCHSAETCA TeMHU
e MPUYMHAMHU, YTO U CHUCTEMa 30H TeHepaluy Ha MJIOCKOCTH 0—0: pe3oHaHCaMU MEXIy
pa3nUYHBIMU COOCTBEHHBIMU MOJIaMH ABYX reHeparopos [12].

HHTepecHas 0COOEHHOCTh COCTOUT B TOM, YTO MPaHULEH MeXIy 00IacThio rudenu
koiebanuit OD u obnacTeio OMeHUil ABIseTCA Mojoca PeXUMOB OAHOYACTOTHOM reHepa-
UM, UMEIONIasl KOHEYHYIO IIUPUHY TI0 apaMeTpy CBS3U M MOBTOpsitomas GopMy U3BUIU-
CTOM TpaHuLbl o0macTy rubenu xonebanuil. Hanudne monocsl CHHXpOHU3AMK KOHEUHON
HIMPHHBI 110 [apaMeTpy CBSI3M IPU CKOJIb YTOAHO OONBIINX 3HAYEHHMSIX YaCTOTHOM pac-
CTPOMKH CBSI3aHHBIX T'€HEPATOPOB NMPHUHATO HA3BIBATh IIMPOKOMOIOCHON CHHXPOHM3AlLH-
eit» [14,15,21,22]. BHyTpu 06sacTy MIKUPOKOIOIOCHON CUHXpOHM3auuu (obnacts BS, cM.
puc. 4) onMH reHepaTop SBISETCA JOMUHHMPYIOIIUM U BO30y)XIaeT KojaeGaHus BO BTOPOM
reHeparope. PeXuM IINPOKONOJIOCHON CHHXPOHU3AIMK ObUI OOHApyX€H B KOHEYHOMEp-
HBIX CBSI3aHHBIX CUCTEMaX C HEMJIEHTHUYHBIMU ITapaMeTpaMHy, OTBETCTBEHHBIMU 3a CTETIEHb
Bo30yxknaenus [14,15,21,22]. B cuctemax ¢ 3ama3fplBaHUEM Jaxe MPU WACHTUYHBIX Mapa-
MeTpax BO30yXICHHS BO3HHKAET CBOETO POAA Pa3sHOBUIHOCTH PEXHMMA HMIMPOKOMOIOCHON
CHUHXPOHH3aLUHU. JTO O0BSICHAETCS TeM, YTO IPU U3MEHEHHH MapameTpa A MEHSIOTCS co0-
CTBEHHBIE YaCTOTHI TE€HEPATOPOB, YTO, B CBOIO OUEPE/b, IPUBOAUT K U3MEHEHUIO aMILTUTY
koje6aHui. B 1ieHTpax 30H reHepaly aMIUIMTYa MPUHUMaeT MaKCUMaJIbHOE 3HAaYeHHE,
Ha Kpasx — MuHUMaigbHOe [12]. Takum obOpa3zom, eciiu, HalpuMep, pacCTpoiika TakoBa,
YTO YacTOTa IEPBOTO TeHEPaTopa COOTBETCTBYET LICHTPY 30HBI TEHEPAIUH, a 9acToTa BTO-
POro HaxoAWTCs BOIM3M IPAaHMLBI 30HBI, TO NEPBBIH reHepaTop OyneT IOMHUHHMPOBATh, U
Ha000pOT.

BrlpaskeHne mid rpaHui obnacTed rubenu KoneOaHMM M IIMPOKONOJIOCHOH CHH-
XPOHHU3ALUHU yJaeTcs MOIY4YHUTh aHAJUTUYECKH KaK YCIOBHE HEYCTOMUMBOCTU HYJIEBOTO
pewrenusi. JIuneapusys ypasHenust (1) u oTsickuBast peruenue B Bunge Aj o ~ exp (iwt) ¢
y4eTOM TOTO, YTO Ha TPaHHUIE YCTOHUMBOCTH YacTOTa KOJIeOaHWH  YHCTO BEIIECTBEHHA,
MOXHO IOJIyYHTh 3aBUCHMOCTH k (A) B mapameTpuueckoM Buie. B cirydae MIEHTHYHBIX
3HAUEHUH NapaMeTpoB BO30YKAECHUS T€HEPATOPOB 3Ta 3aBUCHMMOCTb UMEET BUA

20y — 20 (ysiny + w cos ) + o sin 2y

k —
(@) 202 sin 29 — 20 (ysiny + wcosy) @
A(w) = 2\/a2k‘2 cos 2y + [0 — (1 — k) asin)® — [y — (1 — k) acos y]?,
rae P = 0 — 0. AHAIUTUYECKH HaWICHHBIE TPAaHWUIIBI OOJIACTel CTAIMOHAPHOW TeHe-

paunu (2) mokasaHbl IITPUXOBBIMU JHHUSMH Ha puc. 4, a u puc. 4, 6. IloctpoeHHas B
COOTBETCTBHM C COOTHOIIEHHSAMHM (2) TpaHHIA YCTOHYMBOCTH COCTOMT U3 ABYX MNeperuie-
TAIOIIUXCSI JINHUH, OlHA U3 KOTOPBIX COOTBETCTBYET IOJABJICHUIO COOCTBEHHBIX KoieOa-
HHUH mepBoro reseparopa (it Hee w > 0), apyras — HOAABIECHHUIO KojleOaHUH BTOPOTO
reneparopa (o < 0).

Takum 00pa3om, UMeeM cleqyIoIyto KapTiuHy. O0nacTh Tnbenu KonebaHui pacio-
JOXeHa BbllIe oOenx rpanuil. Hike obenx rpaHun Haxomurcs obnacth OumeHuil. Mexny
TpaHUIIAMHU pacliojiaraeTcsl 1Mojioca MHUPOKOMOIOCHOW CHHXPOHU3AIMH, B KOTOPOM MoAaB-
JIEHB! COOCTBEHHBIE KOJIEOAaHUs TOJIBKO OAHOTO M3 T'€HEpaTopoB, B TO BpeMs Kak Ipyroi
reHeparop Bo30ykaaeT KojeOaHMs BO Bcell cucreMe. J[0Ka3aTelabCTBOM 3TOMY CIIy>KHT
pa3HbIi ypOBEHb aMIUIUTY[ KojieOaHMI IeHepaTopoB Ha puc. 4, ¢ U puc. 4, 2, IpU ITOM
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aMIUTUTYJa OMHOTO M3 TeHEepaTopoB JocTaTodHo Mana. [Ipu Bo3pacTaHny 9acTOTHOH pac-
CTPOMKH IMPOUCXONUT TTOOYepenHasi cMeHa JTOMHUHHUPYIOIIET0 TeHepaTopa: BHYTpPH o0ia-
CTU IIMPOKOMOIOCHONH CHHXPOHHU3AIMK ClieBa OT o0nacTu OWEHUi U crpaBa OT OONIACTH
rubenu KonebaHuii JOMUHUPYET MEpBBIA reHepatop (cM. puc. 4, g), cmpaBa oT obmactu
OueHwMIT U ciieBa OT o0JacTH THOeTHN KoseOaHuit — BTopoi (cM. puc. 4, 2). Takum o0pazom,
ypaBHEHHS (2) ONHCHIBAIOT HE TOJNBKO TPAHHIIBI 00JacTH THOEIHM KOJCOAHWH B CHCTEME
CBSI3aHHBIX TCHEPATOPOB, HO M TPAHUIIBI PEKUMA CHHXPOHU3AIUH, 32 HCKIIOUCHUEM 001a-
CTH MaJIbIX PacCTPOEK, TIe CUHXPOHW3AIUs HACTYIMAeT B Pe3y/bTare 3axBara 4acTOThI, a
HE TI0/IaBJICHUSI.

OTMeTHM, 9TO TEOpPETHIECKHE TPAaHHIIBI XOPOIIO CONNIACYIOTCS C pe3ynbTaTaMy qrc-
JIEHHOT'O MOAETUPOBAHUs. 3HAYCHUS YaCTOT, HAalJICHHBIE HA TPaHUIaX 00IaCcTH IIMPOKOIIO-
JIOCHON CHHXPOHU3ALMU B XOAE YUCICHHOTO HCCIIEOBAHUS, TAKXKE XOPOIIO COIIACYIOTCS
¢ Teoperndaeckumu (puc. 5). LITpUXOBBIMU JTHHUSAMHU Ha PUC. 5 TTOKa3aHbI COOCTBEHHBIE
9aCTOTHI KOJICOAaHNT aBTOHOMHBIX TEHEPaTopoB ® = + A /2.

CpaBuuBas puc. 4, a ¥ puc. 4, 6, BUIUM, YTO C POCTOM IapaMeTpa Bo30yKIeHHS 00-
JacTh rudeny KonebaHuil MOJHUMAETCs BBEPX, B CTOPOHY OONBIINX 3HaYeHUH MapamMeTpa
cBsi3u. Pazmep oOmacTu OMeHMA yBENTMYHMBAETCS, TOSBIITIOTCS OOJIACTH YABOSHHUS TEpHO-
nma Ouenuit (obmacts 2 Ha puc. 4, 6) U 00JACTh XAaOTHYCCKOH aBTOMOMYJAINHU (00macTh
CS na puc. 4, 6), KOTOpbIE NMEPUOAUYECKH TOBTOPSAIOTCS C POCTOM 3HAYEHUSI YACTOTHOMU
paccTpoiiku A.

Q) ~

I N
Ol TS

0 5 1o 15 20 25 A

Puc. 5. CnjomHsle JTHHUM COOTBETCTBYIOT TEOPETHYECKON 3aBHCUMOCTH (2) 4acTOTHI TeHepalud OT 4acToT-
HOHM paccTpOUKH IeHepaTopoB Ha TPAaHMIE YCTOWYMBOCTH HYJICBOTO pelleHHs. ToukaMu MOKa3aHBI 3HAYEeHHS
4acTOT, HalileHHble Ha TpaHHUIax OOJAcTH IIMPOKOMOJIIOCHOH CHHXPOHM3AUH B XOZ€ YHCIEHHOTO HCCIENO-
BaHMA. 3HaueHMs mapamerpoB: Y = 1, 0 = 0.1m, oy = o2 = 3.2. llITpuxoBble JUHUU COOTBETCTBYIOT
COOCTBEHHBIM YaCTOTaM aBTOHOMHBIX TEHEpaTopoB o = +A/2
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B ciyuae, xorma mapamMeTpsl BO30YKICHUS T'€HEPATOPOB HEMICHTHYHBI (0] 7 O3),
HaOmomaeMasi KapTUHA CHHXPOHHM3AIMU aHAJIOTMYHA CIyYar0 HUACHTHYHBIX MapamMeTpoB
BO30YKICHHUS, U Ha IUIOCKOCTH MapaMETPOB «YACTOTHAS PACCTPOIKa — BEJTMUMHA CBI3U
MTO-TIPSKHEMY BBISBIIETCS 00TaCTh IMUPOKOIIOIOCHOW CHHXPOHU3AINH B BHJIE BOITHUCTON
MOJIOCKI, OTAEIAIONIEN 00acTy THOeIn KoneOaHui oT oOjacTell OMEHMH M XaOTHYECKOMH
ABTOMOYJISIIINH.

3akjroueHne

B cucrteme AByX CBsI3aHHBIX aBTOT€HEPATOPOB C 3ama3[bIBaHHEM OOHapyKeHa 0o-
rarasi KapTUHA Pa3JIYHBIX aBTOKOJIE0ATEILHBIX PEKUMOB. [IpU MOIHOCTBIO UICHTUYHBIX
napameTpax reHepaTopoB, Ha INIOCKOCTH «BETHYHHA CBS3U — ITapaMeTp BO30YKIEHUS» BBI-
SIBIISTIOTCSL 00JTaCTH TOJTHOW CHHXPOHM3AIHMH B PEXHMMaX CTAIlMOHAPHON OIHOYACTOTHOU
reHepanuy, MepuoAUYecKOd W XaOTHYECKOW aBTOMOIYJALMH, a TakkKe 0OJacTH HeCHH-
XPOHHOW XaOoTHYeCKoi reHeparuu. [lepexon oT CHHXPOHHBIX PEXUMOB K HECHHXPOHHBIM
MIPOUCXOMUT Yepe3 IMepeMekaeMOCTh TUTIa «bubbling.

BBeznenne paccTpoiiku cOOCTBEHHBIX YacTOT TEHEPAaTOPOB MPUBOAUT K TOMY, UTO
B 00JacTH OONBINMUX 3HAYCHHUU IMapaMmeTpa CBsI3W BO3HUKAeT d(h(eKT rudenn KojleOaHui,
TUTIUYHBIA U1 IUCCUIIATUBHO CBSI3aHHBIX aBTOKOIEOATeNbHBIX crcTeM. OJHAKO TpaHHUIla
obnactu rubenu konebaHui uMeeT 6osee CIOKHYIO CTPYKTYpPY, YeEM B CUCTEMax C KOHEd-
HBIM YHCIIOM cTemneHeld cBoOonpl. Ha mirockocTi mapaMeTpoB «4acTOTHAsl paccTpoiika —
BEIMYMHA CBSI3M» BO3HUKAIOT MEPUOIMYECKH PACIIONIOKEHHBIE 30HBI THOETH KOJIeOaHHH.
Ux nosiBneHre 00yCIOBIEHO pe30HAHCAMH MEXIY Pa3IMYHBIMH COOCTBEHHBIMH MOIAMH
TeHEepaToOpOB, TO €CTh (PAaKTUUECKH — pacIpeleNIeHHON MPUPOAON CHCTEM C 3ala3/IbIBaHH-
eM. OOmacte THOeNMH KojeOaHUl OTIeNIeHa OT 00JIacTH OMEHUH Y3KOH TMOJ0CON CHHXPOH-
HBIX PeXUMOB. TakuM 00pa3oM, uMeeT MecTo 3P(EKT IUPOKOIIOTOCHOH CHHXPOHH3aLUH,
OOHapyXEHHBII paHee B CBI3aHHBIX KOHEYHOMEPHBIX CHCTEMAax C HEWJICHTHYHBIMU Tapa-
MeTpaMu Bo30yknenus [14,15,21,22].

ABTOpBI BbIpakaroT N1yOokyto OnarogapHocts H.M. PrickuHy 3a mosie3Hble COBETHI
1 TIPOIYKTHBHOE O0CYX/IE€HHE MOTYIECHHBIX PE3YJIbTaTOB.

Paboma evinonnena npu unancosoii nooodepocke PODU, npoexm 12-02-31493-
Mon_a.

bubnuorpaduyecknii cnucoxk

1. Iuxosckuii A., Pozenoniom M., Kypmce FO. Cuaxponu3anus: GyHIaMeHTaTbHOS HEellN-
HeliHoe siBnenue. M.: Texnocdepa, 2003. 508 c.

2. Jlanoa I1.C. ABTokoneOaHus B CHCTEMAX C KOHEYHBIM YHCIIOM CTEIEHENW CBOOOIBI.
M.: JIubpoxom, 2010. 360 c.

3. Jlanoa I1.C. Hemuueitasie koebanus 1 BomHBL. M.: Hayka, 1997. 496 c.

4. JImumpuee A.C., Kucnos B.A. CtoxacTuueckue KojaeOaHus B paguopH3UKe U dIIeK-
Tponuke. M.: Hayka, 1989. 280 c.

5. Glass L., MacKey M.C. From Clocks to Chaos. The Rhythms of Life. Princeton
University Press, 1988. 248 p.

59



10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Bocharov G.A., Rihan F.A. Numerical modelling in biosciences using delay diffe-

rential equations // J. Comp. Appl. Math. 2000. Vol. 125. P. 183.

. Mensour B., Longtin A. Synchronization of delay-differential equations with appli-

cation to private communication // Phys. Lett. A. 1998. Vol. 244. P. 590.

. Kolmanovskii V.B., Nosov V.R. Stability of functional differential equations. London:

Academic Press, 1986.

. Poickun HM., Ycauesa C.A. CHHXpOHH3AITUS TIEPHOTUICCKUX KOJICOAHU aBTOTCHE-

paropa c 3ama3abplBaHUeM BHEITHHM TapMOHUYECKUM curHainoM // 13B. By3oB. [TH/.
2009. T. 17, Ne 1. C. 3.

Usacheva S.A., Ryskin N.M. Forced synchronization of a delayed-feedback oscillator//
Physica D. 2012. Vol. 241, Ne 4. P. 372.

JImumpues B.C., JKapros 10./]., Cxopoxooos B.H., ['enuagpm A.M. CHEXpOHH3AITISL
JIBYX CBSI3aHHBIX KIIUCTPOHHBIX aBTOT€HEPATOPOB C 3amasjpiBaHueM // V3B, By30B.

IMTHA. 2008. T. 16, Ne 2. C. 131.

Poickun H.M., [llueaes A.M. CnoxHasi TMHAMUKA IPOCTON MOZIETH paclpeeIeHHOI
aBTOKOJIEOATENIbHOM cucTeMBI ¢ 3ama3asiBanuemM // XKTD. 2002. T. 72, Ne 7. C. 1.

Aronson D.G., Ermentrout G.B., Kopell N. Amplitude response of coupled oscillators//
Physica D. 1990. Vol. 41. P. 403.

Kuznetsov A.P, Roman Ju.P. Properties of synchronization in the systems of non-
identical coupled van der Pol and van der Pol-Duffing oscillators. Broadband syn-
chronization // Physica D. 2009. Vol. 238, Ne 16. P. 1499.

Emenvanoea FO.I1., Kysneyos A.Il. CUHXpOHM3allUsg CBA3aHHBIX aBTOI'€HEPATOPOB
BaH nep [loms u KucnoBa—/Imutpuera // XKT®. 2011. T. 81, Bem. 4. C. 7.

Xaiipep 3., Hepcemm C., Bannep I PemieHre 0ObIKHOBEHHBIX (D (EpEeHIIUATEHBIX
ypaBHeHuil. Hexectkue 3amaun. M.: Mup, 1990. 512 c.

Ashwin P, Buescu J., Stewart 1. Bubbling of attractors and synchronization of
chaotic oscillators // Phys. Lett. A. 1994. Vol. 193. P. 126.

Venkataramani S.C., Hunt B.R., Ott E., Gauthier D.J., Bienfang J.C. Transitions to
bubbling of chaotic systems // Phys. Rev. Lett. 1996. Vol. 77, Ne 27. P. 5361.

Astakhov V., Hasler M., Kapitaniak T, Shabunin A., Anishchenko V. Effect of
parameter mismatch on the mechanism of chaos synchronization loss in coupled
systems // Phys. Rev. E. 1998. Vol. 58, Ne 5. P. 5620.

Astakhov V., Koblyanskii S., Shabunin A., Kapitaniak T. Peculiarities of the transi-
tions to synchronization in coupled systems with amplitude death // Chaos. 2011.
Vol. 21, Ne 2. P. 023127.

Kysueyos A.I1, Ilaxciomos B.H., Poman FO.I1. OCOOEHHOCTH CHHXPOHH3AITUU B CH-
CTeMe HEUACHTUYHBIX CBA3AHHBIX OCHMIUIITOpPOB BaH Aep [loms u Ban mep Ilomsa—
Hyddunra. HupoxononocHas cuaxponuzaunus / U3s. Byzos. I[TH/. 2007. T. 15,
Ne 4. C. 3.

Emenvanosa FO.I1., Kysneyos A.I1., Tiopiokuna JI.B. luHaMuKa Tpex HEUJCHTUIHBIX

M0 YIPaBISIONINM ITapaMeTpaM CBSA3aHHBIX OCIMLIATOpoB BaH aep lloms // U3B.
By3oB. [TH/I. 2011. T. 19, Ne 5. C. 76.

Capamoeckuii 2ocynugepcumem Ilocmynuna 6 peoaxyuro ~ 22.02.2013
um. H.I' Yepuviuesckozo

60



MUTUAL SYNCHRONIZATION
OF TWO COUPLED GENERATORS WITH DELAY

V. V. Emelyanov, Yu. P. Emelianova

The effects of synchronization in the system of two coupled oscillators with delay
are investigated. The picture of possible modes of generation in the case of identical and
non-identical excitation parameters is studied in detail. The possibility of full synchro-
nization in the stationary single-frequency, self-modulation and chaotic generation regime
is demonstrated. The regime of «broadband synchronization» is found. In contrast with
coupled finite dimensional systems, the boundaries of broadband synchronization area
have wavy form. This takes place due to the resonances between different modes of the
distributed systems with delay.

Keyword: Oscillator with delay, full synchronization, broadband synchronization.
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