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Ilpeaucaosue

YuraTeno mpeyiaraeTca TpeThe HU3TAHWE Aexmmit!, B KOTOpOe, 10 CpaB-
HEHHUIO C MEPBBIM U3JaHUEM, T00aBJE€HBI TPH JEKIUu. JIekius 6 mocBsIeHa
OTMCAHUIO OJHON W3 6a30BBIX MOJIEJIell Xaoca — MOJeJH MOAUMUIIAPOBAHHO-
ro reHepaTopa C WHEPIMOHHON HeunHeiiHOCThI0. BBomuTcss B paccMorpeHue
MaTeMaTHYecKasi MOJIe/Ib TeHepaTopa W aHAJU3UPYIOTCs €ro OCOOEHHOCTH |
cBoiicTBa. B Jleknuu 7 gaercs onucaHue NPUHIMIIE, Pa3pabOTKUA TeHepaTopa
KBa3UIIEPUOJANYECKUX KOJieOaHuil ¢ JIByMsi HE3aBUCUMbBIMU 4aCTOTAMu, (hOpMy-
JApyeTcd ero MareMarudeckas MOJIE/Ib U aHAJU3UPYIOTCAd OCHOBHbBIE PE2KUMbI
dyHKIIMOHUPOBaHus reHeparopa. Hakoner, Jiekius 9 COMEPXKUT U3I0XKEHUE
dyHTaMeHTaJIbHBIX OCHOB TEOPHH CHHXPOHM3AIUN Xa0Ca Ha IPUMeEPe XaoTHde-
CKOT'0 aTITPaKTOpPa CIUPAIbHOIO Tuia. J[obapaeHHbII MaTepuaa OPraHuYecKu
BIIUCBHIBAETCA B COJEp:KaHWe KypCa JIEKIU, WJIIOCTPUPYHd BaXKHBIE DPa3esbl
COBPEMEHHO# HeJnHeiHO# nuHaMUKN. BHeCeHHbIe TOMOTHEeHNs 10 MHEHUIO aB-
TOpa NMPUIAIOT HACTOAIIEMY KYypCy JeKIuil 060Jiee 3aBepIeHHbI XapaKTep.

[Tpu moAroToBKEe HACTOAIIErO U3AaHUS OOJIBINTYIO TOMOIIh OKA3aJIM COTPY/I-
HUKK Kadeapbl paauodu3nKu 1 HeJnHeitHo puHaMukn CapaToBCKOro rocyHu-
Bepcuteta T.E. BaguBacosa, I.I1. Ctpenkosa u C.M. Huko/iaeB, KOTOpbIM aB-
TOP BBIPaXKaeT IJIyOOKYI0 0J1arogapHOCTb.

Hpogeccop B.C. Anuwienko

! B.C. Annmenko, 3uakomemso ¢ nesunetinoti dunamuroti. 3a-so TocYHIT “Komnemx”, Capat.
yu-T, Caparos, 2000.
B.C. Amwmenko, 3naxomcmeo ¢ neaunelnot dunemurod. MuCTHTYT KOMIT. mccl., Mocksa—
Wxesck, 2002.



IIpenucioBue K 1-Mmy u3aaHMIO

Hacrosmasa kuura npejcrapisger co00il BBeJeHNe B KPYT OCHOBHBIX TTOHS-
THiT ¥ TPO0JIeM, COCTABISIOMAX MPEAMET U3y4eHWs HOBOU CHEeIWaJIbHON JTuc-
[MUILIAHBL — HeauHetHot JuHaMuKy. 3HAKOMCTBO C HEJMHEHAHON JUHAMHUKOIM
HPEJINIOJIATAET OIPe/ie/IeHHbIe 3HAHUS O0IIUX KyPCOB (PU3MKY U MATEeMATHKH 110
nporpaMme BbICIIUX y4ueOHbIX 3aBejienuii. [loaroMmy KHHMTa B 11€pBYyIO 04epeinb
OPpUEHTUPDOBaHa Ha CTYJAEHTOB €CTECTBEHHbIX CHeHI/IaJIbHOCTeﬁ YHUBEPCUTETOB,
U3YYaIONINX OCHOBBI T€OpUM KOJeOaHWil, TeOpUN TUHAMUYECKUX CUCTEM, TeO-
PHIO YCTOWIUBOCTH M OMdYypKaIuii, 0OCHOBB HH(OOPMATHKY U MATEMATHIECKOTO
MojeupoBanus. [lepednciieHHble TUCIUILIMHBI BKJIIOYEHBI B Ka4ecTBE pa3jie-
JIOB B 0oJiee OOIIYI0O TEOPHUIO CAMOOPTaHW3aIlMKd WM CHHEPreTHKy. B cBsa3u c
[IPUBJICYEHUEM M HMCIIOJIb30BaHMEM HJeil CHHEPreTUKH B PA3JIUYHBIX 00JIACTAX
KaK €CTeCTBEHHBIX, SKOHOMHYECKHUX, TaK U T'yMaHUTAPHBIX HAyK, KHUTA OyIeT
MOJIE3HA CTYAEHTAM, M3YUYaIOIMUM OUOJIOTHIO, XUMUIO, SKOHOMHUKY, IKOJIOTHUIO,
COIMOJIOTMIO, MEHEPKMEHT U JIPYTUe JUCHUILIMHBI. DTO 00ycaoBIeHO (hyH1a-
MEHTaJIBbHO O6H_[I/IMI/I 3aKOHOMEPHOCTAMU, C KOTOPbIMU IIPUXOJUTCA UMETH JIeJ10
PU MATEMATUIECKOM MOJIEIMPOBAHUN COOTBETCTBYIOIIUX CACTEM W TTPOIECCOB
B YKa3aHHBIX 00/1aCTIX 3HAHUIA.

[lepen cTymeHTaMu BBICIIE ITKOJIBI HA TPEThEM Kypce Hen30€:KHO BO3HU-
KaeT BaKHas MpobJieMa BHIOOpa KOHKPETHO CIlenuaIn3allid B paMKax 001mei
cuenuaabHocTH. OT TOro, KaKoe MMEHHO HAaydHOEe HallpaBJeHHUe CIIenran3a-
UM TPEJIIOYTeT U IOCBATUT €My OCTAaBIIHECS JBa—TPU Toja y4eObl B By3e
CTYJIEHT, 3aBUCUT OYeHb MHOTOe. HepeKo MpUHITOE MOJIOJIBIM YeJIOBEKOM pe-
IMeHNe OnpejiesisgeT BCIO ero NaJbHEHIYI0 CyAb0Y, TeaeT ero CYaCTIUBBIM WTH
HEYIOBJIETBOPEHHBIM B MPOECCHOHAIbHOM Ku3HU. [[09TOMY K TIPUHATHIO pe-
MeHWsT 0 BRIOOpE HAYYHOM CleIruaan3ain He0OX0IMMO TOJIX0AUTH OTBETCTBEH-
Ho. Hacrosimast kaura kak ydebHOoe mocoOue 1Mo HeJWHeHHON auHaMuKe 1moMO-
JKeT CTyJieHTaM 00Jjiee OCO3HAHHO OCTAHOBUTH CBOW BHIOOD HA CIEIWAJIM3aIuN
B 9TO#t 0bJ1acTH.



Heckomnbko ci1oB 06 ucropun cospanus 31oii Kauru. OHa BKIIIOYAET JIECATh
JIEKIIM#, KoTopble Oblin Hanucansl B nepuoa 1995-2000 rr. misa "CopocoBcko-
ro 00pa30BaTEJHLHOIO KYpPHAJIa- B COOTBETCTBUM C TPEOOBAHUSIMU ITPOTPAMMBI
"Copocosckue npodeccopa'. JIeKnum s 4uTaja MKOJbHBIM YUUTEJIIM Ha KOH-
depeHIsIX COPOCOBCKUX yUnuTeei, abuTyprueHTamM u cTyaeHTaM PU3nIecKoro
dakyabrera CI'Y, [Tomyuniocs Tak, 94T0 JIEKIMU BHICTPOEHBI B HEKUH B3aMMO-
CBSI3aHHBIX IUKJI, SBJSIONINCA BBEJIEHNEM B OCHOBHBIE TMPOOJIEMBI HEJMHET-
HOit muHamuku. I g pemma ux omybJmKoBaTh 0€3 KaKWX-JTU0O0 M3MEHEHWH |
JlonoJiHeHn#. Xo4dy 1mo0/1arogapuTh pyKoBoAcTBO nporpammbl "CopocoBekue
npodeccopa-3a pa3peleHue Ha MyOJTUKAIKAIO JIEKIUH, TaK KaK aBTOPCKHE IIpa-
Ba Ha MX UCIOJIb30BaHue npunHajiexkar Mexaynapogaomy Ponay JI:xx. Copo-
ca.

Ouenb KpaTKO O cojep:KaHuu Jekiuit. Henuneiinasg muHaMuKa — 9TO Ha-
yKa, M3ydaloasg CTPYKTYPy U CBOHCTBA IBOJTIOIMOHHBIX ITPOIECCOB B HEJH-
HEHHBIX AUHAMUYECKUX cucremax. OcobeHHOCTHIO, MPUCYINEH UCKIIOYUTETHHO
HEJIMHEHHBIM CUCTEMAM, SIBJISIETCS BO3MOXKHOCTH PEAJIN3aI[ii B HUX MHOYKECTBA
PA3/IMYHBIX PEXKUMOB (DYHKIMOHUPOBaUs, KOTOPHIE 3aBHCAT OT HAYAJIHLHOIO
COCTOsIHUsI, TTApaMETPOB CHCTEMBl M BHENIHUX BO3jeicTBuil. B dacTHOCTH, B
HEJIMHEHHBIX CHCTEMAaX BO3MOXKHBI PEXKMMBI JIETEPMUHUPOBAHHOIO Xa0Ca, B BH-
Jie He3aTyXaloNuX allepUOIUYECKUX KOJeOaHuil, HATIOMUHAIOMNX CIydaiiHbIil
nporiecc. Mlnrepec K u3y4eHuIo CBOMCTB HEJTMHEHHBIX CHCTEM IVIaBHBIM 00pa30M
00yCJIOBJIEH T€M, YTO PeaJIbHbIi MUD, OKPY2KAIOIas HaC IIPUPO/Ia 1 OOIIEeCTBO
B CBOEM CYITIECTBOBAHUM U PA3BUTHUM MOIINHAIOTCA HEJIMHEHHBIM 3aKoHaM. JIu-
HEeHBI 3aKOHOMEPHOCTH TaKKe UMEIOT MECTO, OJTHAKO OHU TPEICTABISIOT CO-
Ooit uMIIb YaCTHBIA Ccaydait (wium npubsiukenue) Gojiee OOIUX HeJIUHEHHBIX
3aKOHOB.

[TepBast JieKIKsT MOCBSAIIEHA IUHAMUYECKUM cucTeMaMm. [loHsaTne auHaMu-
YeCKO# CHUCTEMBI B MATEMATHUYECKOM CMBIC/IE CJIOBA SBJISIETCS OCHOBOI Moje-
JINPOBAHUS, & 3HAYMT, U TIPEJACKA3aHNST SBOJIIOIUU COCTOSTHUS BO BpeMeHu. 3a-
Jlada MpeicKa3aHug OyIyIIero mo W3BECTHOMY HACTOSIIEMY SBOSI€TCS OCHOB-
HO# 3a/adveil HaykKu BOOOIIE W HEJWHEWHOW JAMHAMUKU B dacTHOCTH. OmgHUM
U3 3aMeYaTeIbHbIX CBONCTB HEJMHEHHBIX CUCTEM SIBJISIETCS CMEHA PEKUMOB
GYHKIIMOHUPOBAHUST TIPU U3MEHEHUU YIPaBASIONUX TapaMeTpoB. CucTeMbl
JIEMOHCTPHUPYIOT Oudypkanuu u KatacTpodbl. OIUH peKUM TepseT YCTONdu-
BOCTh, THOHET, eMy Ha CMeHY NMPUXOAUT JApyroi u T.1. Ha ga3bike MaTeMaTuKu
OIlMCaHWe 3TUX CBOWCTB AWMHAMHUYECKUX CUCTEM JaeTcd Teopueil ycroiyusbo-
ctu U O6udpypkanuii, onucbiBaeMoii BO BTOPO# JieKiuKu. B HeuHeiHbIX auHA-
MHYECKHX CHCTeMaX, KaK ObILJIO yCTAHOBJIEHO CPABHUTEIBHO HEJABHO, BO3MOXK-
HBI PEXKUMBI KoJieOaHuUil, OJIM3KHEe 10 XapaKTePUCTUKAM K CJAYYailHBIM IIPO-
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neccam. Onucanuio GpyHIAMEHTATLHOTO SIBJIEHUS] JI€TEPMUHUPOBAHHOTO Xa0-
ca TIOCBAINEHA TPeThs JeKIusa. B 4eTBepToit m maToil JIeKIuax 00Cy:KaaeTcs
BasKHOE IIOHATHE QTTPAKTOPA HEJIWMHEHHON NUCCUNATUBHON NUHAMHUYECKON CH-
CTEeMBI KaK MaTeMaTU4YeCKOro 0Opa3a yCTAHOBUBINETOCS PeXXuMa ee (pyHKITH-
onupoBanusi. Eciu nepuogundyeckuM aBTOKOJI€0aHUSIM B KJIACCUYECKONW TEOPUU
OTBEYAET MaTeMaTWdeckKuii oOpa3 B Bue mpejesbHOro nukia llyankape, To
o0l11iee TOHSATHE ATTPAKTOPA CJLY2KHUT 00pa30M JIF0OOT0 PEXKUMA yCTAaHOBUBIIIMX-
cst kosiebanuit. CTpykTypa u CBOMCTBA aATTPAKTOPA ONPEIEISIOT COOTBETCTBY-
IOIIMe CBOWCTBA aBTOKOJI€0ATE/bHBIX IIPOIECCOB HEJMHEHHON JIMHAMUYECKON
cucteMbl. [IlecTast JieKIusi MOCBSIEHa OIMUCAHUIO OJHOTO U3 (PYHIAMEHTAIb-
HO Ba>KHBIX HeJTHHEeHHBIX 3 dekToB — cuaxpoHu3anuu Koaedbanuii. [lokazano,
YTO IPUHIUIIKAJIbHBIE CBOMCTBA (DeHOMEHA CUHXPOHHU3AIMH B PABHOU CTEIEHU
JIEMOHCTPUPYIOT TpOCTeiimuii (puandeckuit reHepaTop M CJIOXKHeas B Mpu-
POJie CepIeIHO-COCYIUCTasl CUCTEMA OpraHu3Ma 4dejoBeka. OHUM U3 3aMeda-
TeJIbHBIX CBOMCTB HEJIMHEMHBIX CUCTEM SIBJISIETCA MX BO3MOXKHOCTH yaydiaTb
XapaKTEePUCTUKU UJIN JEMOHCTPUPOBATh NIPUHIUIINAJIBbHO HOBbIE Kaue€CTBa IIPpU
BO3IelicTBuY 1ryMa. CeabMast JIEKIUs WILTIOCTPUPYET Psiji HHTEPECHBIX CBOMCTB
HEJTMHEHHBIX CUCTEM, WHIYIIMPOBAHHBIX BHEITHUM TIIYMOBBIM BO3/I€HCTBHEM HA
cucremy. PaccMOTpeHBI SBJIEHUS] CTOXaCTUYECKOTO PE30HAHCA W CTOXACTHYe-
CKO#l cuHXpoHu3anuu. V3ydyenne ClI0KHBIX KOJI€OATETBHBIX IIPOIECCOB B HEJIU-
HeTHBIX CHCTeMaX, BK/II0Yas PeKUMBI IeTePMUPOBAHHOTO Xa0Ca, IOTPebOBaJIO
OT uccJjieioBaTeseil BBeJIeHNsT COBOKYITHOCTY HOBBIX XapPaKTEPUCTHUK KaK JTWHA-
MUYECKUX, TaK U CTATUCTUYECKUX JJId UX OMHCAHUS W KJacCupUKaInuu. Y Iu-
THIBasl, YTO peajbHbIe KoJieOaTe/IbHble TPOIECCHl B YKUBBIX CUCTEMAaX JIAJIeKH
OT PEryJSIpHBIX, €CTECTBEHHO OBLIO MPUMEHUTH HAKOILJIEHHBI OMBIT aHAIU3a
XapaKTePUCTUK XaOTUUECKUX KOJIeOAHU /il JMArHOCTUKUA CUTHAJIOB M€ IMKO-
OMOJIOrTYECKON MPHUPOJbI. DTOMY KPYI'y BOIIPOCOB IIOCBSIEHA BOCbMas JI€K-
nus. VU, HakoHen, B JeBATOMN JIeKIUU 00CYKaaeTcs npobjieMa peKOHCTPYKIUU
JMHAMAYECKUX CUCTEM II0 IKCIIepUMEHTAJbHBIM JaHubIM. [Ipemmararorcsa Ho-
BbI€ COBPEMEHHBbIE METOJIbI peIeHus KJIACCUYECKO# 3a/1a4l BOCCTAHOBJICHUS
MOJIEJIbHOW JIMHAMHUYECKON CHCTEMBI 110 OJHOMEPHOW peaJsn3alyu IpoIecca BO
BPEMEHN.

YuurbiBasi peajibHble CJA0XKHOCTH B OOECIIeYeHMH HAy4HBIX OubJIMOTEK CO-
BPEMEHHOH clenuaJ/bHOR juTeparypoil, B KHUAI'€ IIPUBOAATCH CCbLIKU Ha MU-
HUMAJIbHOE YUCJI0 CTaTe# U KHUT, KOTOPbIe UMeI0TCs B Oub/imorekax. 3anHrepe-
COBAaHHOMY YHMTATEII0 MOXKHO IMOpeKoMeH10BaTh MoHorpaduio B.C. AHumeH-
ko, T.E. Bamgusacosoii, B.B. Acraxoa "Henuneiinas nuHaMuKa Xa0THYECKHAX
u croxacruueckux cucreMm"(M13x-Bo Capar. yu-ta, 1999 ). B ykasaunoit mo-
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HOrpaduu KakI0#W U3 JIEKIMHA HACTOAIIEeH KHUTHU COOTBETCTBYET TOAPOOHAS
IVIaBa C JOCTATOYHO IOJIHON Oubauorpaduei.

B 3akouenne X049y OTMETUTH, YTO MATEPHUAJIBI JIEKIUil, IPe/ICTaBJIeHHBIX B
y4ue0HOM IocoOuu, 6A3UPYIOTCs He TOJIBKO Ha JOCTUXKEHUSIX MHUPOBOIl HAYKH B
9TO#t 00J1aCTH, HO ¥ BKJIIOYAIOT PE3Y/IbTaThl OPUIMHAJIBHBIX MCCJI€/IOBAHUN J1a-
boparopun nesmmueinoit qunamuku CIY 3a mociiennue nsrHaanarh Jjer. Beem
COTPYAHUKAM JIADOPATOPUH s XOTEJ Obl BBIPA3UTh KCKPEHHIOKO 0J1ar0/[apHOCTb.
Oco60o xouy nobaarogapurs A.B. Kimmmimuaa u ['U. CrpesikoBy 3a 60JbImoi
TPY/L 10 MOJAIOTOBKE PYKOIMCH K IT€YaTH.

Ipogeccop B.C. Anuuierxo



Jlekimsa 1

,Z[I/IHaMI/I‘{eCKI/Ie CCTEMbI

B sexuyuu daemces mamemamuneckoe onpedeserue noHaAmus OuHAMUYECKOT
cucmemdi. Ha npumepe dunamuyveckur cucmem, onucwvl8aemus 00bKHOBEH-
HOMU  QUPPHEPEHUUANOHOMY  YPLEHERUAMY, UAAOCTIPUPYIOMCA 6CE HEMBLPe
muna pewenuti: cOCmosHue PasHo8ecus, Ycmolivusoe nepuoduyeckoe peuse-
Hue, Kea3unepuoduveckoe U Taomuyeckoe peuieHus. Beodumcs nowamue
CMPAHHO20 GMMPAKMOPA, 00CYHCOAIOMCEA OCHOBHBIE CEOTUCMEA PELYAAPHBLL U
TAOMUNECKUT PeUeHU.
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BBeneuune

OnHO# M3 BaXKHBIX HAYYHBIX MPOOJIEM €CTeCTBO3HAHUS SABJISIETCS PEIleHHe
33a49d TpeJCKa3aHus TOBEJIEHUS U3Yy9IaeMOro 00beKTa BO BPEMEHH M IIPO-
CTPAHCTBE Ha OCHOBE OIpeJIeJIEHHBIX 3HAHUT O €70 Ha9aJbHOM COCTOSTHUU. IDTa,
3a/1a4a CBOJMTCS K HAXOXKIEHHIO HEKOTOPOTO 3aKOHA, KOTOPHIA MO3BOJISIET 110
umeromieiics nadopmanuu 06 00bekTe B HaYaJ bHBIIT MOMEHT BPEMeHHU tj; B
TOYKE MPOCTPAHCTBA Lo ONPEIEJUTH €ro Oyaylnee B JiFOOO MOMEHT Bpeme-
HE t > ty. B 3aBUCHMOCTH OT CTEIEeHM CJI0KHOCTH CaMOT0 O0bEKTa TOT 3aKOH
MOXKET OBITh JIeTePMUHUPOBAHHBIM HJIM BE€POSITHOCTHBIM, MOXKET ONHCHIBATH
9BOJIIONMIO 00BEKTa TOJBKO BO BPEMEHH, TOJHKO B IIPOCTPAHCTBE, a MOXKET
OIUCHIBATH ITPOCTPAHCTBEHHO-BPEMEHHYIO IBOJIIOIHIO.

[Ipobaema mpeacka3anust SBOTIONANA 00bEKTa B €CTECTBO3ZHAHHUY IPEJICTAB-
JageT coboit 6e3ycJIOBHO MaTeMaTHYECKYI0 3afady. MareMmMaTudeckass JOTHKA
TpebyeT OT HAC YeTKO# (DOPMYJUPOBKHU TpeaMeTa U 3aJadu uccaenoBanus. C
9TO IEeIbI0 HEOOXOIUMO C(HOPMYJIUPOBATE ONpPeAeIeHIe H3YIaeMOT0 00beKTa
1 yKasaTb ero cpoiictBa. IIpeamerom Hamero anaiamsa OyayT HE CHCTEMbI W
00beKTHl BOOOIE, a TaK Ha3biBaeMble "IMHAMWYECKHE CHCTEMbI'B MaTeMaTH-
YeCKOM MOHUMAHWU STOr0 TepMuHa [1-5].

I[I/IHaMI/I‘-IeCKa,SI CuCTreMa 1M €€ MaTeMaTn4deCKad MOAEJIb

[Tox dunamuueckoti cucmemoti MOHUMAIOT JIIOOOH OOBEKT WM IIPOLECC,
JIJIST KOTOPOTO OJHO3HAYHO OIPEJIEJIEHO MMOHSITHE COCTOSTHUSI KAK COBOKYITHOCTH
HEKOTOPBIX BEJIMYWH B JAHHBI MOMEHT BPEMEHHU, W 33aH 3aKOH, KOTOPbIil OIH-
ChIBaeT M3MeHeHUe (9BOJIIOIMIO) HAYAJbHOIO COCTOSIHUSI C T€YEHUEM BPEMEHH.
DTOT 3aKOH MO3BOJISIET 110 HAYAJIbHOMY COCTOSHMIO IPOTHO3UPOBATH Oyiylimee
COCTOsSIHUE JIMHAMHUYECKO#l CHCTEMBI M €ro Ha3bIBAIOT 3aKOHOM 3BoJiOnuu. /lu-
HAMUYECKHEe CUCTEMBI — 9TO MeXaHu4decKue, hu3ndecKne, XUMUIecKue u 61o.io-
rudeckKue O0beKThl, BBIYUC/IUTEIbHBIE IIPOIECCHl U IIPONECChl IPeo0pa30BaHUs
nHQMOPMAIWH, COBEPITAEMble B COOTBETCTBUU ¢ KOHKDETHBIMU AJTOPUTMAMHU.
Onucanue TUHAMUYECKHX CHCTEM B CMBICTIE 33JlaHUs 3aKOHA JBOJIIOIUU TaK-
JKe JI0TyCcKaeT 00JIbIoe pa3Hoo0pa3ue: OHO OCYIIECTBIISETCS ¢ TTOMOIILIO Au-
depeHIaJIbHbIX yPABHEHUH, TUCKPETHBIX OTOOpaKeHUi, ¢ MOMOIIbIO TEOPUH
rpacdoB, TeOpUU MAPKOBCKUX Ieneil u T.;1. BuiOOp 0gHOTO M3 CIIOCOOOB OIH-
CaHUs 33J1aeT KOHKPETHBIH BU MaAMeMamudeckot Moodeau, COOTBETCTBYIONIE
JUHAMUAYECKON CHCTEMBI.
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MaremaTnueckad MOJe/Ib JUHAMUYECKON CUCTeMbl CUNTACTCA 3aaHHOi, ec-
JTM BBEJICHBI IAPAMETPHI (K00pIUHamMbL,) CHCTEMBI, OTIPeJIe/IIONIHE OTHOZHATHO
ee cocmoanue, U yKa3aH 3a4KOH 960A10UUY COCTOSTHAS BO BPEMEHH.

B 3aBHCHMOCTH OT CTeIeHM NPUOJIMKEHHS ONHON M TOH »Ke CHCTEeMEe MO-
ryT 6I)IT]3 IIOCTaBJIEHBI B COOTBETCTBHE PA3/IMYHbIE MaT€MaTUYIE€CKHUE MOJIEJIN.
MCCJIG,ZLOB&HI/IG PeaJIbHBIX CUCTEM MAET 1O IIYTU M3YYeHUd COOTBETCTBYIOIIUX
MaTeMaTUYE€CKUX MO;LeJIeI'Z, COBEPIIEHCTBOBAHUE U PA3BUTUE KOTOPLIX OIIpeae-
JIAeTCA aHaAJIN30M IKCIIEDUMEHTAJIbHBIX U TEOPETUYECKUX PE3YJ/IbTAaTOB IIPU UX
COLOCTaBJICHUN. B ¢BA3M ¢ 3TUM 1101, JUHAMHUYECKON CUCTEMOI MbI Oy1eM IOHHU-
MaTb UMEHHO €€ MaTeMaTU1€CKYIO MO/IEJIb. I/ICC.HeﬂyH OJHYy U TY 2K€ JUuHaMHn4e-
CKyI0 cucreMy (K IpUMeEpY, JIBUKEHHE MASTHUKA), B 3aBUCUMOCTH OT CTEICHH
y4eTa pa3/IuIHbIX (i)aKTOpOB MBI IIOJIY9YUM Pa3/JIMYHbIE MaT€MaTHY€CKHUEe MOJIe-
au. B kadecTse npuMepa paCCMOTPpUM MOJEJIb HeJIMHEHHOT O KOHCEPBATUBHOT'O
OCTIHJLIATODA:

i+sinz =0, ¥=d/dt* (1.1)

Kak u3zBecTHo, pyHKIMS Sin r aHAJIUTHYECKAST U ee pa3jioXKeHue B psi Teii-
JIOPa, BBITJIAIUT TaK:

1'3 1.5 0 4n+1 0 l.n—
smx—x—g—l—g—“' ;4n+1 nz: dn — 1) (1.2)

[Ipu mameix © < 1, sinx ~ z. C yBesmdyeHuem r TpedyeTcs yd4er BTOPOTO,
TPETHEro W T.J. YJIEHOB Psifd, YTOOBI C 33J[AHHOW TOYHOCTHIO AINPOKCHUMUPO-
BaTh sinx. [ToaTromy B ciydae r < 1 MBI TIOJTy4aeM caMyio TPOCTYIO MOMIENh
MaTeMaTHIecKoro MasgTHUKA!

4z =0. (1.3)

Cremyronum npubuzKeHneM Oy1eT MOJeIb HeJMHEHHOTO MasgTHUKA:

23
r+x——=0, (1.4)
6
u Tak jgaJiee. Ha puc. 1.1 mpuBegenbl pe3ysbTaThl alnlPOKCAMAIMU (DYHKIUNA
Sin x KOHEYHBIM YHCJIOM WIeHOB psama aaa n = 0,1, ..., 43. [lag KaX10r0 KOH-
KPETHOTO 3HA4YEHUsI 7. MBI OyJIeM II0JIy4aTh HOBYIO JUHAMHYECKYIO CHCTEMY,
B 3aJIAHHOM ITPHUOJIMKEHUU OMUCHIBAIONILYIO IPOIECC KoJieOaHuit (hU3nIECKOro
MasgTHUKA.
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Puc. 1.1. Annpokcumanms GyHKIUM Sin & KOHEYHBIM 9UCJIOM 4iIeHOB psina (1.2) mman =1,...,43

KunemaTtuydeckass mHTEpOpeTanusa cucrembl auddepeHiium-
aJIbHBIX yPaBHEHUMN

Paccmorpum n1uHAMHYECKHME CHCTEMBI, MOJETHPYeMble KOHEYHBIM YHCJIOM
OOBIKHOBEHHBIX (D depeHiuajibHblX ypaBHeHuii. [[puMeHUTETBHO K TaKUM
CHUCTEMaM COXPAHUJINCh IIPEICTABJICHNST U TEPMUHOJIOT s, IEPBOHAYAIHLHO BO3-
HUKIIIAE B MeXaHuKe. B paccMaTrpuBaeMoM ciydae sl ONpe/ie/IeHusT THHAMU-
YECKOit CHCTEMBI HEOOXOIUMO YKA3aTh O0BEKT, JOMYCKAIONIN OMUCAHUE COCTO-
SHWS 3aJaHWEeM BeJIWYMH T1, T, ..., TNy B HEKOTOPHIII MOMEHT BpeMeHu t = t.
Benwuunbl 2; MOT'YyT IPpUHAMATH POU3BOJIbHBIE 3HAUEHUS, IPUYEM JIBYM pa3-
JIMYHBIM HAOOpPaM BEJIMYWH I; W T, OTBEYAIOT J[BA PA3HBIX COCTOSIHUSI. 3aKOH
9BOJIIONMY TUHAMUYIECKON CHCTEMBI BO BPEMEHHU 3AITMCHIBACTCS CUCTEMO# OOBIK-
HOBEHHBIX JauddepeHnnaaIbHbIX YpaBHEeHHIT

d.ﬁ(}i .
:ZEi:fi([L‘l,ZL'Q,...,l’N), ’621,2,...,N. (15)
dt
Eciu paccMaTpuBaTh BEJIHUYUHBI X1, T2,...,TN KaK KOODAWHATHI TOYKHU T

B N-MEpPHOM TIPOCTPAHCTBE, TO TOJIYYAeTCs HATJISIIHOE TeOMETPUYECKOe TTpe/I-
CTaBJIEHUE COCTOSHUS TWHAMHUYECKOW cuCTeMbl B BHUIe 3Toi Toukm. [locmen-
HIOIO HA3bIBAIOT M300pakawIeil, a game — ¢a3060t moukol, a TPOCTPAHCTBO
COCTOSTHUN — (ha306viM NPOCMPAHCMEOM TUHAMAYECKON cucTeMbl. VI3MeHeHUIO
COCTOdHUA CUCTEMBI BO BpEMEHH OTB€Ya€T ABH2KEHUE (l)aSOBOﬁ TOYKHU BJO0JIb
HEKOTOPOit IMHUH, HA3bIBaeMoi (hazosoti mpaexmopueti. B dpazoBom npocrpan-
crBe cucreMbl ypaHeHusivu (1.5) onpejessiercsi BEKTOPHOe IOJIe CKOPOCTeH,
COTIOCTABJISIONIEE KayK0i TOYKe T BBIXOJSIIMIA W3 Hee BEKTOP cKopocTu F'(x)
, KOMIIOHEHTBI KOTOPOTO JAI0TCsl MPABBIMU YacTsMu ypaBHenuii (1.5):

[fl(llfl,!lfg, P ,ZL’N),fQ([El,ZL'Q, P ,ZL’N), .. .,fN(ZL'l,ZL'Q, P ,IL'N)]- (16)
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Hunamuueckas: cucrema (1.5) MoxkeT ObITH 3amucaHa B BEKTOPHO# (opme:
x = F(x), (1.7)

rie F(x) — Bekrop-dyukius pasmeprocta N.

Heo0x0uMO yTOYHUTH B3aMMOCBA3b IOHATHH YUC/Ia CTemneHeil cBoOOIbI U
pa3MepHOCTH (PA30BOr0O IPOCTPAHCTBA JIUHAMMYECKON cucrembl. Ilon wuciom
cmeneneti c60600b TOHUMAETCsS HAaUMEHbIIee YHUCJI0 He3aBUCUMBIX KOODIMHAT,
HEOOXOIMMBIX JIJIsi OJHO3HAYHOTO OIPeeeHrus COCTOsTHUsI cuctembl. [loa Ko-
OpJiuvHaTaMU II€pBOHa4YaJIbHO INTOHUMaJIMChb HMEHHO IIPOCTPaHCTBEHHBIE IIepe-
MEHHbIe, XapaKTepU3yIollue B3aMMOPACIIOJI0KEHHne TeJ U 00beKToB. B To ke
BpeMsi JijIsi OJJHO3HAYHOI'O PEIIeHUus] COOTBETCTBYIOIMX yPaBHEHUU JIBUKEHUSI
HEOOX0IMMO, TTOMUMO KOOPJMHAT, 33/[aTh COOTBETCTBYIOIINE HAaYaJbHbIE 3Ha-
YeHUS MMITYJIbCOB WM CKOpOCTeil. B CBA3M ¢ 3THM cHCTeMa C N CTeHeHAMHI
cBOGOIBI XapaKTepu3yeTcs (a30BLIM IPOCTPAHCTBOM Pa3MEPHOCTH B JIBa Pa3a
Gosbieii (N = 2n).

Kuaaccudukaimsa nmHAMUYECKUX CUCTEM

Eciau punamuueckasi cucrema 3aaaHa ypasaenwem (1.7), mo mocryaupyer-
cs1, uTo KaxkaoMy &(tg) B (Da30BOM IPOCTPAHCTBE CTABUTCS B COOTBETCTBUE
cocrostane x(t) (t > to), Kyaa 3a Bpemsi t — t; mepemecrurcst (a3oBast TOU-
Ka, JBUXKYIINAsICS B COOTBETCTBUH ¢ ypaBHeHueM (1.7). B oneparopuoit dopme
(1.7) MOXKHO 3amUCATH B BH/IE

z(t) = Tya(to), (1.8)

rine T, — 3akoH (omepaTop) sBoJonuu. Ecjim 9T0T oneparop NpuMEHUTh K Ha-
9aJbHOMY COCTOSIHUIO X (ty), TO MBI moay4duM I (t), T.e. COCTOSIHME B MOMEHT
Bpemenu t > to. Tak kak x(tp) u x(t) mpuHAIERKAT OTHOMY W TOMY IXKe
dbazoBoMy IPOCTPAHCTBY JIUHAMMYECKONW CHCTEMBI, TO MATEMATHKHA FOBODAT B
NaHHO# cuTyanuu: oneparop T; oTobpazkaer (Gha30Boe MPOCTPAHCTBO CUCTEMBbI
Ha ceOs. B cOOTBETCTBUY ¢ 3TUM MOXKHO Ha3biBaTh omneparop T; omeparopom
oTOOparkeHusl WJIM TMPOCTO OoToOparkenueM. Fcjm u3BecTHO oTOOparkeHue Jijist
MOMEHTOB BpeMenu t > (0 u s > (, TO COOTBETCTBYIOIEEe OTOOPaXKEHUE JIJisi
MOMEHTa BpPeMeHU t + S B ONPEJEJeHHBIX CIydasiXx MOXKET ObITh MOJIYYeHO B
COOTBETCTBUY C MPABUIIOM:

T,T, =Ty, t>0, s>0. (1.9)
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JluHaMudeckue CUCTEMbI MOYKHO KJIACCH(DUITMPOBATH B 3ABUCUMOCTH OT BH-
Jla OIepaTopa 0TOOPaYKEeHUs U CTPYKTYPHI (ha30BOr0 MPOCTPAHCTBA. Kcu ome-
pPaTOp TIpelyCMATPUBAET UCKTIOUUTETHLHO JTUHEITHBIe TTPeoOpa30BaHus HAYAJb-
HOTO COCTOSIHHUsI, TO OH Ha3bIBaeTcs JuHeiHHbIM. JIuHeiiHbI# onepaTop 00J1a1a-
er csoifctBom cynepnosumun: T|x(t) + y(t)] = Tx(t) + Ty(t). Ecin onepa-
TOP HEJIUHEIHBIH, TO ¥ COOTBETCTBYIOIIAS UHAMUIECKAsS] CHCTEMa, HA3bIBAETCSI
HesimHelHo#. Pa3imyaior HenpepbiBHBIE U JIMCKPETHBIE OMEPATOPHI U COOTBET-
CTBEHHO CUCMEMbL C HENPEPBIBHBIM U duckpemmvim epemernem. Cucremsr, jiist
KOTOPbIX oTo6paxkenue & (t) ¢ nomoripio oneparopa T Moxer GbiTh Onpe/ie)ie-
HO JIJIs JTIOOBIX ¢ > 1o (HempepsIBHO BO BPEMEHH ), HA3BIBAIOT TAKXKE NOMOKAMU
10 AHAJIOTUHU CO CTAIlMOHAPHBIM TeYeHueM KuIKocTh. Ecyiu oneparop orobpa-
JKEHHUsl OIpeJie/ieH Ha JIUMCKPETHOM MHOXKECTBE 3HAUYeHMI BpeMeHHU, TO COOTBET-
CTBYIOIIUE JTUHAMUYECKWE CUCTEMbl HA3BIBAIOT KaACKAJAMU, WA CUCTEMAMU C
JIACKPETHBIM BPEMEHEM.

Criocobbl 3amanus oneparopa oroopazkenust T TakyKe MOI'YyT Pas3JIndaThCs.
Omneparop T MoxkHO 3a1aTh B Bue AuddHepeHInaIbHON0 WM HHTErPAJIHHOTO
npeoOpa30BaHusi, B BUJ€ MATPUIIBI WU TAaOJIUIbI, B BUje rpaduka uwim QyHK-
IUA U T.JI.

B 3aBucumocTu or TOrO, Kakoii psj 3HAYEHWN MOTYT IPUHUMATH (ha30BBIE
KOODJIUHATHI, OIPEIEJIAIONINe COCTOSHUE CUCTEMBI, PA3/IMIAIOT HENPEPbLEHOE U
duckpemmoe Pasoswvie NPOCMPaHCMBEa.

KoJjsebareqpHbIe cUCTEMBI 1 X CBOMCTBA

Baxkuyo rpynmny AuHAMUYECKUX CUCTEM IIPEACTABISIOT CUCTEMBI, B KO-
TOPBHIX BO3MOXKHBI KoJebaHusi. Kojiebare/ibHbIe CHCTEMBI C TOYKU 3PEHUST WX
MaTeMaTHYeCKUX MoJiesiell pa3iaessiioT Ha onpeje/ieHHble Kiacchl. Pazinaaror
AUHETHble U HeauHeltHbie KOIe0aTeIbHbIe CUCTEMBI, cOCpPedomoueHHbe U Pac-
npedeseHnvle, KOHCEPBAMUBHBIE U QUCCUNAMUBHDIE, ABTNOHOMHBIE U HEAE8MO-
HomHwie. OCcoOBIN KJIACC MPEICTABIISIIOT TaK HA3BIBAEMbBIE G68MOKOALOAMENDHVLE
cucmemdvt. OCHOBHBIE CBOMCTBa yKa3aHHBIX CHCTEM IMOAPOOHO OOCYXKIAIOTCSA B
paboTax 1o Teopuu KoJeOaHUiA.

KonebaTenbHasa cucTeMa Ha3bIBACTCI AUHEUHOT WIN HeAuHetHol B 3aBUCH-
MOCTH OT TOTO, JWHeiiHa WM HeJWHeiiHa ONMHMCHIBAIONIas ee cucTeMa audde-
peHIMAJIbHBIX ypaBHEHUM. JIMHEfiHbIe CHCTEMBI SBJISIOTCS YaCTHBIM CJIyYaeM
HesuHeHbIX. OJIHAKO, B CUJy IPUHIMITHAJIBHON BaXKHOCTHU JIMHEHHBIX CHCTEM
DU UCCJIeJOBAHUH BOIIPOCOB YCTOWYMBOCTHU KOJI€OAHUI, & TaK2Ke B BO3MOXKHO-
CTH MCIIOJIb30BaHUS IPUHITAIIA CYTIEPIIO3UIIUN PEITeHnH Takasd KIacCupUKaIus
OTIpaB/IaHA.
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JlunamMuyeckue CHCTEMBbI, MOJEJMPYEMble KOHEYHBIM YHUCJIOM OOBIKHOBEH-
HBIX 1uddepeHImaibHbIX YPaBHEHN, HA3BIBAIOT COCPEJOMOYeHH MU MU MO~
yeunumy cucremMamu. OHU OMUCHIBAIOTCH € TIOMOIIBI0 KOHEUHOMEPHOTO (ha30-
BOT'O MMPOCTPAHCTBA ¥ XapaKTEPU3YIOTCA KOHEUHBIM YHCJIOM CTeleHel CBOOOIbI.
O,H,Ha " Ta 2Ke CuCreMa B PA3JIMYHBIX YCJIOBUAX MOXKET PaCCMAaTPUBATHCA KaK
cocpeoToYeHHasi ub0 KakK pacrpejeeHHasi. Maremarundeckue MOIeIu pac-
npedesennvir cucreM — 910 auddepeHIuaJIbHble YPaBHEHUsI B 4aCTHBIX IIPO-
U3BO/IHbIX, UHTEI'DAJIbHbI€ YDAaBHEHUA UJIN O6I)IKHOB€HHI)I€ YpaBHEHUd C 3alla3-
JIBIBAIOIIMM apryMeHTOM. YHCJIO crenenei ¢cBOOOAbI PACIPEIeIeHHOW CUCTEMbI
OeckoHe4HO, U TpebyeTcss OECKOHEYHOe YUCJI0 JAHHBIX JJIs OlpeeseHus ee CO-
crosHus. B Teopum 37eKTpHYeCKHX KOJeOaHWII CHCTEMY PACCMATPHBAIOT KaK
COCPEI0TOYEHHYI0 B TeX CIydYasx, KOIJIa JIIMHA BOJHBI KOJeOAHUN CyIIecTBeH-
HO TIPEBBITIAET TEOMETPUUIECKUE Pa3MePhl caMoil cucTeMbl. Eciu pasMmeps! mpu-
0opa COM3MEPHUMBI C JJUHOW BOJIHBI T€HEPUPYEMBIX KOJeOaHUi, TO CHUCTEMY
HEOOXOIMMO PACCMATPUBATH KaK PACIIPE/IETIeHHYTO.

[To sHepreTuyeckoMy NPHU3HAKY JAWHAMUYECKHE CUCTEMbBI HEJSITCA Ha KOH-
CepBATUBHBIE W HEKOHCEPBATUBHBIE. KoHcepsamuehvie CUCTEMBI XapaKTepu-
3yI0TCs HEM3MEHHBIM BO BDEMEHM 3allacoM SHepruu. B MexaHwmke uX Ha3bI-
BAIOT 2GMUADMOHOBVIMUY. [ KOHCEPBATUBHBIX CUCTEM C 7 CTENEHSIMHU CBO-
GO/bl OIpeJIe/IsIeTCsl TaK HA3BIBAEMBbIH 2amusvmonuar cucreMbl H(p, q), rue
@; — 00OOIIeHHbIe KOOPJAMHATHI, p; — OOOOIIEHHBbIE UMIIYJIbCHI CHCTEMBI, § =
1,2,...,n. laMAIBTOHHAH MTOJTHOCTHIO XapaKTepU3yeT TUHAMHYECKYIO IIPHPO-
Iy CHCTeMBbl U ¢ (PU3UIECKOH TOUKHU 3peHUsl B OOJBIMMHCTBE CIYYaEB TIPe-
CTaBJIsgeT cO0OM ee TOJHYIO SHEPTHIO. JBOJTIONUSI BO BpEMEHN KOHCEPBATHBHBIX
CUCTEM OIHUCHIBAETCS YPAaBHEHUSIMH MeXaHUKU [aMUIbTOHA

G = OH(p,q)/dp:, p; = —0H(p,q)/q;. (1.10)

U3 ypasuenwnii (1.10) cremxyer

n

S " (94:/0q; + 9p;/9p:) = 0. (1.11)

1=1

B Tepmunax 06obmeHHbIX (ha30BbIX KoOpauHAT cooTHOmeHue (1.11) MOxKHO
IPEJICTABATH KaK

N
> 0di/0x; =0, (1.12)
=1

9TO O3HA4YaeT PAaBEHCTBO HYJIO JIMBEPIe€HIIMM BEKTOPHOTO TIOJsI CKOPOCTEiA.
JIBu:KeHme HW300pazkKaromx TOYeK B (ha30BOM IPOCTPAHCTBE HWHTEPIPETHUPY-
eTcd B JAHHOM CJIydae KaK CTaIlMOHApHOEe TeUeHWe HeC:KMMaeMOi YKHMIKOCTH,
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MOITYMHSIIONIEECsT yPaBHEHWIO HempepbiBHOCTH. OTCIOa CJIe/IyeT, 9TO JIEMEHT
dazoBoro 0ObeMa B KOHCEPBATUBHBIX CUCTEMAX HE M3MEHSIETCS BO BPEMEHHU.

JlunaMudeckue CHCTEMBI C U3MEHSIONIMMCS BO BPEMEHH 3alacoM 3JHep-
'Y HA3BIBAIOTCS COOTBETCTBEHHO HEKOHCEPBAMUSHbIMU. CUCTEMBI, B KOTOPBIX
9HEPTUsi YMEHBIAETCs] BO BDEMEHU W3-33 TPEHUsI WJIM PACCESTHUS, HA3BIBAIOTCS
duccunamueroimu. B COOTBETCTBUY C STUM CUCTEMBI, SHEPTUSI KOTOPHIX BO BPe-
MEHU HAPACTAET, HA3BIBAIOTCS CUCTEMAMM C OTPUIATETbHBIM TPEHUEM WJIH OT-
punaTe/ibHOM juccunanueir. Takue cuCTeMbl MOXKHO PAaCCMATPUBATH KAK JIUC-
CUIIATUBHBIE IPU CMEHe HAIPABJIEHUS OTCYETA BPEMEHHU HA, IPOTHUBOIIO/IOKHOE.
[IpunnunuaabHO# OCOOEHHOCTBHIO JUCCUIIATUBHBIX CHCTEM SIBJISI€TCS 3aBUCH-
MOCTB 3J1eMeHTa (ha30BOro oObeMa OT BpeMeHH. B cucreMax ¢ IOIJIOIMIEeHHEM
sHepruu ¢Ga30Bblil 00'bEM BO BpEMEHH YMEHbIIAeTCs, B CHCTEMAaX C OTPUIATE b~
HBIM TPEHUEM — YBEeJIMUYHBAETCS.

JlunaMudeckue CUCTeMBI HA3bIBAIOTCS G6MOHOMHbLMU, €CJTM OHU HEe TIOJIBEP-
JKEHBI JIEHCTBUIO BHEITHUX CHJI, TEPEMEHHBIX BO BDEMEHU. Y DABHEHWS aBTO-
HOMHBIX CHCTEM SIBHOW 3aBHUCHMOCTH OT BPEMEHH HE COIEPKAaT.

BoabmuHCTBO peasibHBIX KOJIebaTeIbHBIX CUCTEM B (pU3UKE, PAINOPU3UKE,
Oouosioruu, XUMUKM U APYrux obJjiacTax 3HaHWil HeKoHcepBaTUBHO. Cpeau HUX
BBIJIEISIETCS OCOOBIH KJTACC TAK HA3BIBAEMBIX 48MOK0ACOAMEALHHLL CACTEM, KO-
TOpBI€ TPUHIUINAIBHO HEKOHCEPBATHBHBI U HEJTUHEHHbI. ABTOKO/I€0ATEeIHHOI
HA3bIBAIOT JUHAMUYECKYIO CUCTEMY, ITPEOOPa3yIONLyI0 SHEPTHIO MCTOYHUKA B
SHEPTHUI0 HE3aTyXAIOMMX KojebaHuil, IpuieM OCHOBHBbIE XapaKTEPUCTUKHU KO-
nebannii (aMIIUTy1a, 9acToTa, hopMa KolebaHuil U T.1.) OMpeIeISIOTCS Ma-
paMeTpaMy CHCTEMBI U B ONPEJIeJIEHHBIX TIpejie/iaX He 3aBUCAT OT BBHIOOpA MC-
XOHOTO HAYaJIbHOTO COCTOSHUA [6].

®da30BBIE MOPTPETHI TUMOBBLIX KOJIEOATEJIBHBIX CUCTEM

I'eomerpuyeckoe mpexacrasjieHne koJebanwmii. Meron ananusa Koje-
OaTe/IbHBIX MPOIECCOB € MOMOIILIO UCC/Ie0BaHus (Pa30BbIX TPAEKTOPU JUHA-
MHYECKO#l cucreMbl ObLT BBeJIeH B Teopuio kosiebanuit JI.M. Mangenbimramom
u A.A. AHIDOHOBBIM W C T€X TOP CTAJI MPUBBIYHBIM WHCTPYMEHTOM IIPHU HC-
CJIEJIOBAHUU CAMbIX PA3JIMYHBIX KOJI€OATE/IbHbIX SBJICHUI.

Ob6Cy M HECKOJIBKO MPOCTHIX, HO THIIMYHBIX IPUMEDPOB MIPE/ICTABICHUS [TV~
HAMHWYeCKHUX MIPOIECCOB B BU/IE TPAEKTOPU M300parkaromieil Touku B (ha30BOM
IPOCTPAHCTBE.

KoncepBaTuBHbI# ocrmigaTop. PaccMorpuMm JuHeHHBIH OCHUIISITOD
0e3 moTeph, ypaBHEHHUs KOTOPOTO MOXKHO C(OPMYJMPOBATHL Ha MPUMEpPE KO-
nebarenbuoro LC-kouTypa (puc. 1.2,a), IpeanoioKuB aMIIUTYLy KOJeOaHuii
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JIoCTaTOYHO MaJioil. BriOpaB B KauecTBe iepeMeHHOil 3apsij] ¢ Ha KOHIeHCATOPe,
¢ momotbio ypasHenuit Kupxroda mosmyunm

G+ (LO) g =0. (1.13)
Homuoxkus (1.13) wa L, nosyuaem:

d Lq2 q2

—(—=—+==)=0 1.14
dt( > Tac ) =0, (1.14)
T.€. OJId .)'IIO6OI‘O MOMEHTa BPEMEHH BBINIOJTHAKOTCA DPaBEHCTBaA

E =FE;+ Ec = const, Ep=L§*/2, Ec=q*/2C, (1.15)

OTpazKaloliye MOCTOSHCTBO BO BPEMEHH MOJTHOM SHEPIHU OCIUJIIATOPA (CYyMMBI
MarHuTHOi Fj u smektpudeckoit F¢ suepruit). B Gosee yno6HBIX KOOpANHA-
TaX ypaBHEHWs] KOHCEPBATUBHOTO OCIUJLISITOPA MOXKHO 3aIMCAThH CJIeIYOIUM
oGpasomM, BBes 3ameny Bpemenu T = t//LC"

i+x=0, i*+a*=d’ a=const. (1.16)

Jlnst pa30BBIX KOODJAMHAT X1 = T U To = X, 3AIMINEM YPaBHEHUSI B BUJIE

T =29, To=—x1; 2°+15=0a" (1.17)
X,
L a
YTV TN
@
A —+ 0 %,
<
Il
a 7]

Puc. 1.2. ¢ — xosebaTesbHBIA KOHTYD, MOAemupyemblii ypasaeanavu (1.16); 6 — da3osbrit mopTper
KoJ1ebaHuil Ipy 33[AHHOM yPOBHE SHEPIUH
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Da30BBIl TTOPTPET CHCTEMBI TPEICTABISIET CO0O0I OKPYKHOCTh PAIUYCA @ C
IEHTPOM B HadaJie KoopAauHAT. Touka B ¢a30BOM IPOCTPAHCTBE, B KOTOPOM
BeKTOP (a30BOI CKOPOCTH OOpaINaeTcss B HyJIb, HA3BIBAETCA 0CO0OM, ¥ B JaH-
HOM CJTy4ae HyJIb KOOPJIUHAT €CTh 0c00aA MoYka TUTIA YeHM]P.

Hanvuue unterpasia gBuzKeHusi y KOHCEPBATUBHOM CHCTEMBI 2-T'0 MOPSIIKA,
oTpazkaroliee B JaHHOM npuMepe dakr coxpanenust snepruu (1.15), naer Bo3-
MOXKHOCTb OIIKMCATh €€ C IIOMOIIbI0 YpaBHeHus 1-10 nopsijika. /leficrBuresbHo,
OIIPE/IeJIUB HOBYIO IIEPEMEHHYIO (0 COOTHOIIEHUSIMU

Ty =acosyp, To=asinyp, (1.18)

IIOJIyYUM ypaBHEHUHA

p=1, a=0, (1.19)

KOTOpBI€ U NPEJICTABJISIOT 3aKOH JIBUKeHus (pa3oBoii Touku. Bo Bpemenu 3B0-
JIIOIMOHUPYET OJIHA TlepeMeHHas ¢, W (a30Boe IPOCTPAHCTBO KOHCEPBATHUB-
HOI'O0 OCIUJLISITOpPA, TAKAM 00pa30M, OJHOMEpPHO. ['apMOHHYECKHM KOJIe0aHM-
M OCHHUJIISITOPa OTBeYaeT PaBHOMEDPHOE JBUKEHHE M300paskaroIieit TOUKH 1o
OKPY?KHOCTH PaJuyca a, KaK 9TO MOKa3aHO Ha puc. 1.2,6.

Eciin koHCepBaTHBHASI cHCTEMA HeJIMHeHA, TO ee Ha30BbIil TOPTPET YCI0K-
usiercsi. [IpoustocTpupyem 3T0 Ha nNpuMepe ypaBHEHUIH

Z+sinx = 0. (1.20)

B dasoBbix nepemenubix r; = z,ry = & ypasuenue (1.20) 3ammceiBaroTcst
CJIeIVIOIIUM 00Pa30M:

X1 = @T9, Top= —sinx. (1.21)

Cocrosinus paBHOBeCUS HEJTWHEHHOTO MAITHUKA Ha (PA30BOil MIOCKOCTU pac-
MOJIOXKEHBI BI0Jb och x1 (X2 = 0) B Toukax x; = 0,+m, +27,.... Coorser-
crBytomuit pa3oBbIil TOPTPET CUCTEMBI NpeicTaBjieH Ha puc. 1.3. Buano, 4To
ocobwie Touku v = 0, +27, +47, ... — Tuna mueHTp, a r; = £, 37T, ... —
HEYCTOWYMBbBIE TOUKH THIIA, CEIA0.

Bou3u nenTpoB ha3oBbIit MOPTPET COOTBETCTBYET JIMHEHHOMY OCIIUJLISITO-
pPy: TPaeKTOPHUH NPEJCTABILAIOT 000 3aMKHYThIE KPUBBIE, OJIU3KUE K OKDY K-
HOCTSIM, OTPaKaloIIuM XapaKTep MaJbIX [0 aMILIATY/e KoJebaHuii, OJIM3KuX
K TapMOHUYECKUM. Hepe3 HeyCTONYUBBbIE TOUKH ITPOXOIST 0COOble HHTETPaIb-
HbIe KpUBBIE [ (), Ha3bIBaeMble cenapampucamy ceaia. OHu pa3aensioT (gpa3oBoe
MPOCTPAHCTBO Ha OOJIACTU C Pa3IUYHBIM ToBeaeHueM. C yBeJTUYeHNEeM SHep-
MY MasgTHUKA €ro KojieDaHus OT KBAa3UTaPMOHUYECKUX BOJU3M TOYEK THUIIA
[EHTD IBOIOMUOHUPYIOT K HEJMHEHHBIM TEPUOIUIECKUM KOJIe0aHusIM BOIM3H
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cenaparpuc. /laipHeliliee yBeIndeHue SHEPTUM NMPUBEIET K BPAIIATEIHHOMY
JBYZKEHUIO (JBUKeHUs BHE cenaparpuc). Curyaiysi, Korjaa SHeprus MasTHUKA,
COOTBETCTBYET JIBUKEHHUIO TI0 CemapaTpuce, Ha3bIBaeTcs Herpyooit. MaJeitmme
OTKJIOHEHWs YHEPTUH B Ty WJIW WHYIO CTOPOHY IPUBOJIAT K KadyeCTBEHHO pa3-
JIMYHBIM THUIIaM JIBU2KCHUA: KO.He6aTe.HI)HOMy nJIn BpallaTE€JIbHOMY.

Kak BugHo u3 puc. 1.3, cocrosinve MasiTHUKA OIPeIesieTcss YIJIOM ero OT-
KJIOHEHUS! OT I10JIOZKEHUsI PABHOBECUS T1 U CKOPOCTBIO To, HO Jijisi 3HAYEHUH T,
OTJIMYAIOIIMXCs HA IEJI0e YUCJI0 2N 7, TUHAMWKA, CUCTEMBI HaeHTHYHA. [losTomy
IJIOCKOCTh HEPEMEHHBIX T1, Ty HE SIBJISETCS, CTPOIO IroBOPs, (Pa30BO# IJIOCKO-
CTBIO CUCTEMBI B CHJIy OTCYTCTBHUs OJIHO3HAYHOCTH. [[oKa pedub ujeT o JBUKe-
HUSX, U300pazKaiolme TPACKTOPUU KOTOPBIX JIeXKaT BHYTPHU CelapaTPUCHOIO
KOHTYpa, T.e. O KOJIeOAHUAX B OKPECTHOCTH IEHTpa, HESICHOCTel He BO3HHMKA-
er. Ho B ciydae, ecim 3Heprusi CUCTEMBI TPEBHIMNAET KPUTHYIECKOE 3HAUECHUE
U JIBUXKEHUE CTAHOBHUTCS BpalllaTeIbHBIM, (pa30Basg MI0OCKOCTb HE TOIUTCS JIJId
O/THO3HAYHOTO ONMCAHUS W B PACCMOTPEHUE BBOISAT yusundpueckoe (pa3oBoe
npoctpancTso [6].

JImueiinblii ocnuJIgTOp C 3aryxaHmeM. Jluccumanust sHeprum, o0y-
CJIOBJIEHHAS HAJUYUEM TOTEPb, OKa3bIBaeT NMPWHIHUINAJILHOE BJIUSHUE HA Xa-
paxkTep aBuUKeHus cucteMbl. Hanbosiee mpocTbie 3aKOHOMEPHOCTH HPOSBJISIIOT-
Cd B cUCTeMax C IOJIHOHN auccunanyeil 3Hepruu, KOrja CUJibl TPeHUud JIefCTBY-
IOT 110 BCEM CTEIEeHsSIM CBOOOBI, a MOCTYILJIEHWE SHEPIUU U3BHE OTCYTCTBYET.
PaccmorpuMm mpomecchl B IMHEWHOM JHCCUIATABHOM OCIUJIIATOPE, KOT/IA CH-
JIa TpeHHUs TPOMOPIHMOHAIBHA CKOPOCTH M3MeHeHUs KoOopawHaThl. [IpmMepom
TaKO#l CHCTEMBI CIYXKUT KOJIeOaTebHbIH KOHTYP, COJAEP:KAIMUil aKTUBHOE CO-
npotuBjeHue R. YpaBHeHHe KOHTYPa

Li+Rj+q/C=0 (1.22)

Puc. 1.3. ®a3oBsit moprper ocrpnstopa (1.20)
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3aMeHO¥ TlepeMeHHBIX CBOJIUTCS K Oe3pa3mepHoit popme
F+20t+x=0, 20=R\/L/C, T=t/VLC. (1.23)

[Ipu 0 = 0 umeeM KOHCEPBATHBHBIN JIMHEHHBIA OCIUIISTODP, PACCMOTPEH-
HBIil BBINIE. BBeieHne MaJIOTO TpeHus Ka4yeCTBEHHO MeHsieT (pa30BbIil mopTpeT
cucrembl. s 0 < 0 < 1 pemennem ypapuenus (1.23) saBiasercs

x = Aexp(—07) cos(wr + 1), w = (1 — )2, (1.24)

e A u ¢ — Ipou3BOJIbHBIE HOCTOSTHHBIE, OIpeesseMble HAYaJIbHBIMHU YCJIO-
Bussmu. Ha a3oBoit mockocTu i JTOOBIX HAYaJbHBIX JTAHHBIX UMEIOT Me-
CTO CKPYYHUBAIOIIUECS CHUPAJIA, 110 KOTOPHIM (PA30BbIE TOYKH ACHUMIITOTHYE-
CKM pUOJINKAIOTCS K HaYaJly KOOP/IMHAT, XapaKTepu3ys 3aTyXalonuii kojieba-
TeJabHBII Tporecc. Hyab KoopawHaAT sBsieTcss 0co00it TOUKO# cuCTeMBbl, KOTO-
pas B caydae 6 < 1 ectb yemotuusnd gokyc (puc. 1.4,a). Ecan koaddunuent
TpeHus 0 > 1, IpoIEecc B CUCTEME ATIEPUOIUICCKUA:

r = Ajexp(MT) + Asexp(AeT), Mo=[-0% (52 — 1)1/2]/2, (1.25)

u (pa30BbIe TPACKTOPUY BHITJIAIAT B BUJIe CeMeCTBa XapaKTePHBIX KPUBBIX, IO
KOTOPBIM, KaK U B IIPEJBbIIAYIIEM CJIydae, n300parkaoline TOUKH CTPEMATCS K
HyJ110 KoopauHat (puc. 1.4,6). Ocobasi TOUKA B YKA3AHHBIX YCJIOBUSIX SIBJISIFOTCS
YCMOoUNUBHIM Y3AOM.

Urak, npu J00bIX 3HAYEHUAX (PUNYECKUX TTAPAMETPOB CUCTEMBI, KOTIA
0 > 0, TUCCUTIATUBHBIA MASITHUK XapPAKTEPU3YeTCs €JIWHCTBEHHBIM TJI00AJHHO
YCTOWYUBBIM COCTOSIHMEM PaBHOBecHs B HyJse (ha30BbIX Koopaunat. Hezapucu-
MO OT BBIOOpa HaYaJIbHBIX YCJIOBUil HAOJIIOaeTCs 3aTyXaloliee KojgebareabHoe
WM anepuoanyeckoe apuzkenune. [Ipu ¢ — oo sobas (1) nzobparkaroias ToYKa
CTpEMUTCS K Ha4YaJy KOODAUHAT B yCTOWYUBBIH (DOKyC JIUOO y3elI.

Onucannoe CBOMCTBO ABJIETCA OOIMUM ISl TUHAMUYECKUX CHCTEM C IIOJI-
HOI muccumnarnyeii suepruu. 1loioxkenus paBHOBeCHS TUNIA YCTONINBOTO (HDOKY-
Ca UJIU Y3714 SABJISIOTCS 31€Ch 2400aAbH0 NPUMAZUBAIOULUMY B TOM CMBICTIE, 9TO
daz3oBBIe TpaeKTOpUH U3 JII000H TOYKHU (HaA30BOr0 MPOCTPAHCTBA ACUMIITOTIYE-
CKM K HUM cTpeMsaTcd. CTalmoHapHble He3aTyXallue KOJe0aHus B JUHEITHBIX
JIUCCUTIATUBHBIX CUCTEMaX OKAa3bIBAIOTCHA HeBO3MOXKHBIMU. C (pusmueckoit To4-
KU 3PEHUsi 3TO MOHATHO — HET YCJIOBWi MO/IepKAHUs KOJIeOaHwii. JHepTus,
pacxomyeMasi Ha TIPeOJI0JeHNe CUJI TPEHUS, He BOCITOJIHAETCA.
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ABTOKOJ/IE0aTEIBHBIE CHCTEMbBI

Bo3moxkHOCTB cyIecTBOBaHMS MEPUOIAIECKOTO ACUMITOTHIECKU YCTOININ-
BOT'O JIBUKEHMUS, KOTOPOe N300paxKaeTcs W30 TUPOBAHHOM 3aMKHYTOM TPaeKTO-
pueit B (ha30BOM TPOCTPAHCTBE CUCTEMBI, K KOTOPO# CO BpeMeHeM MpPUTITUBA-
I0TCA TPa€KTOPUHU U3 HeKOTOpOﬁ OKPECTHOCTU HE€3aBUCUMO OT Ha4aJIbHbIX YCJIO-
BUii, 00ECTIEYNBAELTCS TOJHKO B HEJIMHEHHBIX JUCCUMATHBHBIX CHCTEMAaX. DTOT
TUII JUHAMHUYECKUX CUCTEM HaCTOJIBKO BazK€H IIPpU U3y4YE€HUU KO.He6aTeJIbeIX
IPOIECCOB, 9TO I ero BelaeaeHus A.A. AHIPOHOB IpeIJIOXKI CIEIUATLHBIM
TepMHUH — aBTOKOJiebaTebHbIe cucTeMbl. MaremarnieckuM 00pa3oM aBTOKO-
JebaHuil cy:KuUT npedeavunt yukas Ilyankape — 3aMKHyTash W30/ IMPOBAHHAS
TpaeKToOpus B (pa30BOM IIPOCTPAHCTBE, OTBEYAIONIAS MEPUOIUIECKOMY JTBHUKE-
HUIO.

B kadecTBe mpuMepa AMHAMHYECKO# CHUCTEMBI ¢ TIpelebHBIM muKaoMm [ly-
aHKape pacCMOTPUM KJjaccuueckuii HenwHeitHblil ocriuigarop Ban nep [loss,
ypaBHeHHE KoJieO0aHWit KOTOPOTO

i—a(l—ba*)i+z=0. (1.26)

[Tapamerp a, XapaKTepHU3YIOIMMH TMOJKAYUKY SHEPTHH B CHCTEMY OT BHEITHETO
UCTOYHUKA, ABJIAETCA CYINECTBEHHBIM ITapaMe€TPOM OCIHUJIJIATOPA U Ha3bIBa€TCA
napamempom 6036ystcoernus. VI3 cpasrenns ypasuennit (1.26) u (1.23) caenyer,
gto ocimuigTop Ban gep Ilons ommcwiBaer Gosiee CJIOXKHBIM KOJI€0ATEIbHBIM

X2

)

y %, \ o x

a 7]

Puc. 1.4. ®a30Bblit IOPTPET AUCCUNATUBHOTO ocrmiuisitopa (1.23) ¢ mapamerpom 6 < 1 (a)mé > 1

(6)
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KOHTYD, XapaKTep W 3HAYEHWE IUCCHUMAINU B KOTOPOM 3aBUCST OT MEPEMeH-
HOli 2. B ba3oBbIX KOOpAMHATAX ypaBHeHHe KoJsiebauuii ociuiisgropa (1.26)
IPeJICTaBISACTCA KAaK

T =29, Iy =a(l —bx?)ry — 1, (1.27)

npu4deM:

a(l —bx?) # 0. (1.28)

Ananurudecku ypasaenus (1.27) He peInatoTcst M UCCIIEIOBAHUS MPOBOIATCS
C UCIIOJIb30BAHUEM YUCJEHHBIX METOJIOB. B IpakTuyecKu BayKHOM ciaydae (a >
0, b > 0) ypaBuenus (1.27) ©MeOT eTUHCTBEHHOE YCTOWYINBOE PEIIEHNEe B BUIE
npedeavrozo yukaa I, n3obpakeHHoro Ha puc. 1.5,a.

[TonmoxkeHnne paBHOBeCHs B HaUaJje KOOPJAUHAT, B KOTOPOM BOJIU3U HYJISI MOXK-
HO IpeHeOpedYb HEJUHEHHOCTBIO, SABJsieTCs HeycToiuuBbIM (pokycom. Tpaek-
TOPHUM U3 OKPECTHOCTH COCTOsIHUSI PABHOBECHS aCUMIITOTHUYECKH CTPEMATCH K
npeebHOMY THMKJIy. Kak mokasbiBaeT aHaIu3, TPeIebHBIN UK SIBJISETCS
YCTOWYHUBOIT N30 IMPOBAHHOM CTPYKTYPOil, IPUTATUBAIOIIEH K cebe TpaeKTOPUU
u3 J11000i TOUKH Ha (Ha30BOil IIOCKOCTH.

Takum ob6pa3zoM, B IUHAMUYECKUX CUCTEMAX C HEJIMHEHHOW 3aBUCHUMOCTHIO
JIMCCUTIAIMY SHEPIUU OT NIEPEMEHHOM, COBepIIalonieil Kojiebanusi, BIiepBbIe 10~
ABJIAE€TCAd NPUHIUIINAJIBHO HOBBI#I THUII yCTOﬁ‘IHBOI‘O npeae/JibHOTO MHO2KECTBaA

a I

Puc. 1.5. IIpenensasiit muki cucremsr (1.26); pacuer nus 3nadeHuit mapamerpos ¢ = 1, b = 0,3
(@). IIpoekmmst AByMEPHOTO TOPa HA IUIOCKOCTH MEPEMEHHBIX 1, T2; IACIEHHOE WHTETPUPOBAHUE
ypasaenwuit (1.29) s 3Havennit mapamerpos a = 1, b=0,3, B =1,0, ¢o =0 (6)
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da30BbIX TPAaeKTOPUil: MpeIe/bHbIN 1UKJI. PacdeTsl CBUIETE/IHCTBYIOT, YTO HA
IpeleIbHOM TIMKJIE 33 BpeMs MepHo/a KoJebaHWil 0N paccenBaeMOil M BHO-
CUMOI1 3HEPIUU CTPOTO KOMIIEHCUDPYIOTCH.

Haxkomner,, paccMoTpuM e1rie oJuH Caydail THIUYHOW CTPYKTYPHl B (ha30BOM
MIPOCTPAHCTBE JAMHAMUYECKON CHCTEeMbI, BOSHUKAIOIIEN, HAIIPUMED, TP TIepH-
OJIMY€CKOM BO3MYIIEHUM CUCTEMbI C YCTOWYUBBIM IpeJie/IbHbIM IuKJIOM. J[ob6a-
BuM B ypasHenue (1.26) MCTOYHMK IapMOHUYECKOIO JEHCTBHSI CDABHUTEJHLHO
MaJIof aMILIUTY/Ibl B W 9acTOTHI p, KOTOPYIO CUUTaeM PAIMOHAIBHO HE CBS-
3aHHOM € 4aCTOTOW 1ePUOIUYECKUX KOJIeOaHUI aBTOHOMHOI'O OCIIUJLISITOPA:

i —a(l —bx?)i +x = Bsin(pr + ¢o). (1.29)

[lepnognueckass MoaynAnus MPeAeTbHOTO NHUKJIa aBTOHOMHON CUCTEMBI TIPU-
BOJUT K TOMY, 4TO (pa3oBas TPAeKTOPHsS C 3aJlaHHOM YAaCTOTOH p BpallaeTcsd
BOKDYT IPEJIEJIbHOTO IUKJIA U JIEXKUT Ha JBYMEPHO! IOBEPXHOCTH, IIPEICTaB-
JII0Tedt coboit noseprrocms mopa. AHAIOTUYHO CJIYYal0 TPEIeJTHbHOTO MHUKJIA
9Ta TTOBEPXHOCTH OY/AET YCTONYUBBIM TPEAETHbHBIM MHOYKECTBOM, K KOTOPOMY
CTATUBAIOTCS CO BpeMeHeM BCe TPAaeKTOPUH U3 HEKOTOPOI OKPECTHOCTU TOPA
(kax u3HyTpH Hero, Tak u cHapy»ku!). Herpyano npeacraButh cebe, 40 MUHH-
MaJibHasi Pa3MepHOCTh (ha30BOTO TMPOCTPAHCTBA, B KOTOPOE MOYKHO BJIOYKUTH
deymepuniii mop, papHa Tpem. Ha puc. 1.5,6 mokazana mpoekIius Ha MJI0CKOCTh
HEPEMEHHBIX X1, Ty (PAa30BON TPACKTOPUU HA JBYMEDHOM TOpE, MOJIyYeHHAs
YHCJEHHBIM HHTerpupoBanuem cucreMsl (1.29).

Pery.mlprIe n CTpaHHBbIE aTTPAKTOPbI JMHAMHNYECKNX
CuCcremM

Paccmorpennbie BbIllie TPUMEPHI WIIIOCTPUPYIOT TUIMYHBIE TIPEJIe/IbHbIE
MHOXKECTBA, TPAEKTOPUil HA (ha30BO IJIOCKOCTU: COCTOSTHUS PABHOBECHS, TIEPH-
OJTMYECKVe JIBUYKEHUS W OCOObIe TPACKTODUU THIIA CENaPATPUCHBIX KOHTYPOB,
JIBOSIKOACUMIITOTUYECKUX K CEJJIOBBIM COCTOSTHUSIM PABHOBECHUsi. Y Ka3aHHbBIE
Ipe/ieTbHbIE MHOYKECTBA TMOJHOCTHIO MCYEPIBIBAIOT BO3MOXKHBIE CHTYAIlUU HA
dazoBoit miockoctu. VM 0TBEYAIOT TPY Pa3/IMYHBIX THIIA PENIEHU ypaBHEHUI.

JIBMKeHWsT MUCCUTIATHBHBIX CUCTEM IIe1ecO00pa3HO pa3euTh Ha JIBa KJIac-
ca: neperodnvbir, HeCMAYUOHAPHYLT TBUKEHWH, OTBEUAIONINX MPOIECCY PesTak-
caluy OT HAYAJBbHOTO K IIPE/IeTbHOMY MHOYKECTBY COCTOSHHUI, U KJIacC YCmaHo-
BUBWUTCA, CMAYUOHAPHHLT TBUKEeHU, (pa30Bble TPACKTOPUH KOTOPBIX IIEJIH-
KOM IIPUHAJIJIEXKAT IIPeIeIbHBIM MHOXKeCTBaM. BaxkHbIMU ¢ (DPU3UIECKON TOUKH
3pEHUS SABJSIOTCI NPUMALUBAIOULUE NPEJEADHBIE MHONACECTNEA — AMIMPAKMO-
povi. C TedeHMeM BpeMeHU MPOM3BOJIbHOE HAYAJIHHOE COCTOSHHE W3 HEKOTOPOi
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obnactu nputsikenust (G, BKaO4YaooIei B cebs arrpakrop G, pelakcupyer K
Gy. /IBuzkenune, KOTOpoMy oTBeuaeT ha30Basi TPAEKTOPHUs B 00JIaCTH MPUTSIXKE-
HUs, €CTh MEPEXO/IHOM MPOIEeCC. YCTAHOBUBIIIEEC JIBUKEHUE XapaKTepHU3yeTcs
MPUHAJIE’KHOCTBHIO (PA30BBIX TPACKTOPUil MHBAPUAHTHOMY TIPeIeIbHOMY MHO-
JKEeCTBY, T.e. arTpakTopy Gj.

K YeMy MO2KET IIPUBECTU IMOBbINIEHUE PAa3MEPHOCTU CUCTEMbI, HallpUMeEp, J10
N = 3, 1.e. BBIXO/I C IJIOCKOCTH B TpexmepHoe ¢a30Boe npocrpancrso? CoBcem
elle HeJaBHO, 70 Hadaja 60-X T0/I0B, ¢ yBejudeHneM pa3MepHOCTH (Hha30BOrO
IPOCTPAaHCTBA JUCCUIIATUBHBIX CUCTEM CBA3blBaJIU BOSMO2KHOCTD I1OABJICHU A (B
JOTIOJIHEHNEe K YKA3aHHBIM BBIIIE) JIMIIb KBA3UIEPUOJUIECKUX ATTPAKTOPOB,
COOTBETCTBYIOININX JIBUKEHUSM HA P-MEDPHBIX TOPaX.

BazkHbIM pe3yIbTaTOM HCC/IeJI0BaHUIl MOC/TIEeIHAX JIET SIBHJIOCH OOHAPYKe-
HUE MPUHIUITHAATEHO HOBBIX THUIIOB JBUXKEHUIl B TUHAMUYECKUX cucTeMax. Ta-
KUM JIBU2KEHUSM B (pa30BOM MPOCTPAHCTBE pa3MepHOCTH [N > 3 COOTBETCTBY-
10T CJIOKHBIM 00Pa30M YCTPOEHHBIE TPUTATHBAIONINE MHOXKECTBA, TPAEKTOPUN
I/I306pa}KaIOHlI/IX TOYEK KOTOPBIX HE IIPpUHaJAJ/IeKaT HU K OJJHOMY U3 OITMCaHHBIX
BBITIIE TUTIOB aTTPAaKTOPOB. Da30Bbie TPAEKTOPUH TIPEICTABJSIOTCS 3/1€Ch B BU-
Jie OeCKOHEUHOI HUTJIe He nepecekatomeiics juauu. [lpu t — oo TpaekTopus
HEe TOKHIAeT 3aMKHYTO# 00/IaCTH W He MPUTATHBAETCS K U3BECTHBIM THUIIAM
aTTpakTopoB (cM. Jlekmumio 3).

VIMeHHO € CymmecTBOBaHHEM TAKHX TPAEKTOPHH CBA3BIBAIOT BO3MOXKHOCTH
Xa0THUYIECKOTO IOBEJIeHNS JIeTEPMUHIUPOBAHHBIX JTHHAMHUYECKUX CHCTEM C Pas-
MepHOCTHIO (hpazoBoro mpoctpancTa N > 3.

Brieperie momobHbIE CBOWCTBA TUHAMUYECKOI cucTeMbl B 1963 1. 06HAPY KU
9. JlopeHTI| Tpy YUC/IEHHOM UCCIEOBAHUU JUHAMUKY TPEXMEPHOM MOJIETN TeTl-
J0Bo# KouBekiuu. Crycrss BoceMb JieT B Teopermdeckoii pabore 1. Prosng u
®. Takenca npuraruBamomasi 00JacTh B (Ga30BOM MPOCTPAHCTBE IWHAMUYE-
CKOI CHCTEMBI, XapaKTepU3YIOIAsICsd PEXKUMOM YCTAHOBUBIIMXCS HETEPUOIV-
YeCKMX KoJiebaHuil, Oblia Ha3BAHA CMPAHHLIM GMMPAKMOPOM. DTOT TEPMUH
OBLI cpa3y BOCHPUHSIT HCCJIEIO0BATEIIMU U YTBEPAWICS JJis 0003HAYEHUS Ma-
TEeMaTU4ecKoro obpaza pexKuMa HeperyJ/isipHbIX KOJie0aHUil JeTepMUHUPOBAH-
HBIX JUHaAMHWYECKUX CUCTEM.

ATTpakTOphl B BHJIe COCTOSIHWI PaBHOBECHS, TPEAETbHBIX ITUKJIOB WU [-
MEPHBIX TOPOB HA3BIBAIOT NPOCMbLMU U PE2YAAPHOIMU, TIOTIEPKUBAS TEM
CaMbIM, YTO JIBUKEHUS] HA HUX OTBEUYAIOT CAOKUBIIUMCS MPEJCTABJIEHUIM 00
yCTO#YnUBOM 110 JISIIyHOBY J1eTepMUHHPOBAHHOM IIOBEI€HUU JUHAMUIECKON CH-
crembl. Co cmpaHHbLM ATTPAKTOPOM CBSI3BIBAETCSI PeATN3aldsd HEPEryIsPHOTO
(B CMBICJIE OTCYTCTBHUSI MEPHOJMYHOCTH) KOJIEGATENBHOIO PeKMMA, KOTODPbIil
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BO MHOT'OM CXO/J€H C HalllUMU NPEACTaBJICHUAMU O CTAIITMOHAPHBIX C.Hy‘laj;leIX
IPOIECCAX.

Opnnako TepmuH "caydaitubril'' uMeer BHOJIHE OompejeeHHbI cMmbica. Ciry-
yaiiHoe JBUYKEHUE HelpeIcKaszyeMo JUOO IpeIcKa3yeMo C ONpeesieHHOM Be-
posiTHOCTBIO. /Ipyrumu cjioBaMu, TPAEKTOPUU CJIyHYalHOIO JBUXKEHUS HEJIb3si
MHOT'OKPATHO M OJHO3HAYHO BOCHPOU3BECTHU HU B YUCJIEHHOM, HU B d)I/IBI/ILIe-
CKOM 3KcriepuMenTax. [Ipumepom ciiyKuT KjiacCudeckoe JIBUKeHne OPOyHOB-
cKOit yacTuipl. B ciydae cTpaHHOrO arTpakTOpa MMEETCsl CTPOrasi IIPeJICKa3y-
€MOCTb B CMbICJI€ J€TEPMHUHNUPOBAHHOCTU 3aKOHaA 9BOJIIOIUU. PeHIeHI/Ie YpaBHe-
HUil (KAK ¥ JJIs PETYJISIPHBIX aTTPAKTOPOB) HOMYMHSIETCS TEOPEME € [MHCTBEH-
HOCTHU ¥ OJTHO3HAYHO BOCIIPOU3BOIUTCS IPU (DUKCUPOBAHHBIX HAYATBHBIX YCJIO-
Bugx. [loaromy mist 0603HaYeHNs CIOXKHBIX "'IIyMOIIO00HBIX " aBTOKOIE0aHNIA,
MaTeMaTHIeCKUM 00pa30M KOTOPBIX CJIYKUT CTPAHHBIN aTTPaKTOP, UCHOJb-
3YIOTCS TEPMUHBI THNA JUHAMUYECKAA CMOTACMUYHOCTD, 0EMEPMUHUPOBAH-
Mol xaoc n oo0HbIe. Ba)KHO OTJIMYATH 3TU TMPOIECCHl OT CTOXACTUYECKUX B
KJIACCUYECKOM CMBICJIe, KOTOPbIe TIPU ONMUCAHUU TPeOyIoT ydera (IyKTyaruii
B UCXOJHBIX JUHAMWUYECKUX YPaBHEHUAX JII/I6O HEInoCpeACTBEHHO NNOAYUHAIOT-
cs yPaBHEHUSM JIJIs TIJIOTHOCTH PACIIPE/IE/IEHUS BEPOSITHOCTEH CTATHCTUIECKOM
Teopuu [2,5].

[Ipumepom cuCcTeMBI ¢ Xa0THYECKUM aTTPAKTOPOM SIBJISIOTCS YPABHEHUS Ie-
HEpaTOpa ¢ MHEPIMOHHON HeJIMHEHHOCThIO (reHeparopa AHUIEHKO-AcTaxoBa,
1981). Dra cucrema siByisiercst 06obimennem ypasuenuit Ban nep [osis Ha ciry-
Jaii TPeXMEePHOTO MPOCTPAHCTRa [3:

Puc. 1.6. Crpannsiii arTpakTop B Mogesu reaeparopa Armmenko—Acraxosa (1.30)
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t=mx+y—rz, y=-—x 2=—gz+gl(x)2? (1.30)

, x>0
I(‘“):{o 2 <0

Pesynbrarel unciaennoro penrenusi ypasuenus (1.30) mis 3navenuii napa-
MeTpoB m = 1.5, g = 0.2 npuBeaeHsl HA puc. 1.6, KOTOPHIH TaKKe UITIOCTPU-
pyeT XaoTHU4YeCKuil aTTpaKxTop.

3akKJIo4eHmne

B nacrosmieit jekiuu Mbl gasim o0IIee onpejie/ieHne TUHAMIIECKOi cucre-
MBI U JeTAJbHO O3HAKOMUJIUCH ¢ TUHAMUYECKUMH CUCTeMaMU, ONMChIBA€MbIMU
OOBIKHOBEHHBIMU (D hepeHITNATHHBIMA ypaBHEHUAMU. MBI YCTAHOBUIU, YTO
TaKHe JUHAMUYeCKHe CHUCTeMbl MOTYT MMeTh 4YeThIpe THUIla PeIleHuit: cocTod-
HUe PaBHOBECHS, TIEPUOANYIECKOe JIBVIKEHNEe, KBA3UTEPUOANIECKOe JIBUKEHWE
M Xa0TUYECKOe. DTUM THUIAM DPeNeHuil COOTBETCTBYIOT ATTPAKTOPHI CHCTEMBI
B BHJIe YCTOMYUBOIO paBHOBECHS, IIPE/IETLHOTO IUKJIA, KBA3UIEPUOIUIECKOTO
aTTpakTopa (p-MEpHOTO TOPA) M XAOTUIECKOTO WJIM CTPAHHOTO ATTPAKTOPA.
BaxkupiM gBygeTcs TO, YTO MPOCTEUITNE TUIH KBAa3UTIEPUOANIECKUX U Xa0-
TUYECKUX ATTPAKTOPOB MOTYT PeaM30BBIBATHCI B JIMHAMUYECKUX CHCTEMAX C
pa3MepHOCTHIO (Pa30BOrO NMPOCTPAHCTBA HE MEHEe TPeX.



Jlekims 2

YcroitunBocTh, OndypKalun,
KaTacTPOdbl

Hsnaearomes ocnosnvie udeyu u npuryuns, nodxoda K aHasudy Yycmotuuueocmus
u budyprayut pescumos GYHKUUOHUPOBAHUSL OUHAMUNECKUT CUCTLEM.
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BBeneuune

Hammu npejcrabienunss 06 yCTOWYUBOCTH TOTO WJIM MHOIO pexKuMa (PYHK-
IIUOHUPOBAHUS JTUHAMUYECKON CUCTEMBI MHTYUTUBHO (DOPMUPYIOTCS B TPOIIEC-
ce TIO3HAHWS TPUPOABI W Ku3HU. [lepBhle mMarum MajleHbKOTO pebeHKa JTaioT
€My BIIOJIHE PeaJibHbIE MPEeJICTaBIeHNs 00 YCTOWYMBOCTU TIPU XOJb0€, XOTsI OHU
(mpejicraBiienust) eme Heoco3HaHHBI. [Uisiist Ha 3HameHuTyo Kapruny [1. Iln-
kacco "Jlepouka nHa mmape", Mbl Kak Obl Ha cebe ONIIyIIAeM, YTO IOJIOXKEHHE
PaBHOBeCHs JIeBOUYKM HeycTOWdmBO. B3pocies, MbI yxKe MOKeM pacCyXKIaTb
00 ycTOoiuMBOCTH KOPadJ/s B OyIIyIOMEM MOpe, 00 yCTOWYMBOCTH SKOHOMUKH
10 OTHOIIEHUIO K JIEWCTBUSAM YIIPABJIEHIEB, 00 YCTOWINBOCTH Halleil HEpBHOM
CUCTEMBI K CTPECCOPHBIM BO3MYIIEHHUSIM U T.N. B KaxK10M KOHKDETHOM CJIydae
pedb uaeT 06 OTIMYAIOIIUXCS CBOMCTBAX, CIenuMUIECKUX g pacCMaTpUBae-
MBbIX cucteM. OIHAKO, €C/TM BHUMATETBHO BIYMAThCS, TO MOXKHO HAHTH HEUTO
o01tiee, MpUCyIree JiIo0o# cucTeMe. JTO 00IIee 3aKTIOYALTCS B TOM, YTO KOTIA
MBI TOBOPUM 00 yCTOMYMBOCTHU, TO TOHUMAEM TIPU ITOM XapaKTep PeaKIuu JIv-
HAMHUY€ECKOW CHCTEeMbl Ha MaJjioe BO3MYIIeHHUe ee cocTosinus. Ecyii cKo/ib yroaHo
MaJible I3MEeHEeHUd COCTOSHUS CUCTEMBI HAUNHAIOT HAPACTATh BO BPEMEHU — CH-
cTeMa HeyCcToirYmBa. B mpormBHOM ciiyuae, Majble BO3MYIIEHUS 3aTyXalOT CO
BpeMeHeM — CHUCTeMa yCTONYUBA.

AHam3 ycTONYUBOCTH pexkuMa (DYHKITMOHUPOBAHUS JTUHAMUYIECKOI CUCTE-
MBI SIBJISIETCSI YPE3BbIYAITHO BaXKHBIM C NMPAKTHUYECKON TOYKM 3peHus. YCToii-
YUBOCTh TAKMX CHCTEM KaK aBTOMOOWJ/Ib, BO3/LyNIHBI!l M/ MOPCKOU JiaiiHEepbhI
II0 OTHOIIEHNIO K BO3MYIIEHUAM, KOTOPbIE€ BCETrJa COIPOBOXKJIAIOT UX JBUKE-
Hue, 6e3yCJIOBHO YKU3HEHHOBAaXKHbIH (PAKTOP B CAMOM IPSIMOM CMbICJIE ITOIO
CJIOBA.

Eme 60/1ee BaxkHO# 1po0/IeMOii BISIETCS aHAIU3 YCTONYUBOCTH CJIOXKHBIX,
MHOT'OKOMIIOHEHTHBIX cucTreM. Habmiomag 3a sBomonueil »KUBOH M HEXKHBOI
NIPAPOABI, MBI MOXKE€M TOAMETUTH OJHO WHTEPECHOE CBOICTBO: pa3BUTHE TOH
WA WHOH! CJIOXKHOHM CUCTEeMBI BCerlla CONPOBOXKIaeTcd HoTepell yCTONYUBOCTHU
OJTHUMHU PEKUMaMU ee (DYHKITMOHUPOBAHNS U POYKIECHINEM HOBBIX, YCTOWYUBBIX.
Opnu dopmanuu (Miu CTPYKTYPBI) MMOHYT, POKIAIOTCS HOBBIE, KOTOPHIE BH-
JOU3MEHLAIOTCH, COBEPIIEHCTBYIOTCA W 3aT€M BHOBb yCTYHAIOT MECTO HOBBIM.
N3menenuss MoOryT HaKaluBaThCS ILJIABHO, & MOTYT IPOUCXOJMTh CKAYKOM
B Buje karactpod. PopMupoBaHme HOBBIX CTPYKTYD BCEI/Ia COMPOBOXKIAET-
cst moTepeit ycroitunsocTu (axke paspymieruem!) npemmectByonmx. 1 31ech
CKpPBITa BaxKHasg mpoOsema: mpobJieMa Mepexojia CHCTEMbl U3 OJHOTO PEeXKU-
Ma (DYHKIMOHUPOBAHUS B JAPYTO#l, OTJIUYAIONUNACT NMPUHIUNAATHLHO, PEKUM.
[IpemmecTBytomuii pexKuM MOTEPST YCTORYUBOCTH, HO YTO IIPH ITOM MOZKET
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npousoiitu? Cucrema BHIOMPAET HOBBIM yCTONYNBBINA PEKUM, KOTOPBIH MOXKET
HACJIEJIOBATH HEKOTOPBIE CBOWCTBA MPEJIBIAYIIEro, a MOXKET OBITh U PEe3KO OT-
JUYHBIM. B Takux ciaydagax roBopgar o 6udypKanuax JUHAMUYIECKUX CUCTEM.

[IpuBeneHHBIE pACCYXKIEHUS SBJLIOTCI KAYECTBEHHBIMU ¥ TPUOOPETAIOT
BIIOJIHE OIIPE/IEJIEHHBIN CMBICJI JIUIb B TOM CJIy4ae, KOrja HaM YaeTcs Iepene-
ctu uxX Ha (POPMAIBHBIH 3bIK MaTeMaTuKu. OCHOBBI CTPOTON MAaTEMATHIECKON
TEOPUU yCTOWUMBOCTU ObLIM 3aJI02KEHBI B TPY/laX KPYIHOI'O PyCCKOI'O MaTeMa-
tuka A.M. JIamynosa okosio 100 jier Ha3a1; pa3dBuTHe KAYeCTBEHHONW TEOPUU U
Teopun 6udypkanuii JUHAMUYECKUX CHCTEM CBS3aHO C UMEHAMHU POCCHUMCKHMX
yuensix A.A. Auaponosa, B./1. ApHO/bIa U UX yIEHHKOB.

[TonbiTaemcss HA MPOCTBIX W NOHATHBIX IPUMEPAX TPOUJLIIOCTPUPOBATH CO-
Jlep:KaHue WU MeTOJbl PellleHus 3a7a4d 00 yCTOWIUBOCTH U OudypKanusax JTuHa-
MUYeCcKHuX cucreM [3-5,7,8|.

JIuneilinblit aHAJN3 yCTOWYMBOCTHI

Jlrobast muaamuydeckas cucreMa (usnyueckasi, XUMUYECKAsi, MEXAHUYECKAs
U T.JI.) aCCOIMUPYETCs B HAIIEM IPeJICTABIEHUU C SBOJIONMEl BO BPEMEHH.
[IpenBuns Bo3pakeHUs, yKayKeM, YTO W COCTOSIHWE PABHOBECHUs, T.€. CTAIMO-
HApHOE COCTOSTHUE, IPU KOTOPOM CKOPOCTH M3y4aeMOTO MPOIECCa PaBHA HYJIIO,
TaK»Ke MOYKHO TPAKTOBATH KAK IMPEIEIbHBINA C/ydail 9BOJIOINUU CUCTEMBI BO
BpeMenu. B ecrecTBOZHAHWM TUIMUYHONW MOJIE/IBIO JJMHAMUYECKON CHCTEMbI SIB-
Jisiercsi OObIKHOBeHHOE juddepeHnnaabHoe ypaBHEHUE

dx(t)
dt

=i = Flz, ), (2.1)

rae x(t) — mepeMeHHasi COCTOsiHUsI, F' — HeKOTOpast (DYHKIUS COCTOSIHUSI, Xa-
pPaKTepu3yIomas 3aK0H IBOJIONNN, [, — TapaMeTp cucTeMbl. Ecam 3a1aH0 Ha-
JajibHOe cocrostane (), TO CyIIeCTBYeT eIMHCTBEHHOE DEIleHNe yPaBHEHWs!
(2.1), koropoe npejcka3biBaer Oy yiiee cocrosinue x(t) aisi a0bbIX t > to. Ec-
JIV 9HCJIO0 IEPEMEHHBIX COCTOSTHUSI PABHO JABYM (nim 6oJiee), TO MOJEJIbIO Oyaer
cucrema aByX (uu 6ojiee) ypaBHEHMUIL:

1y = Fi(x1, z9, p), (2.2)
:1';2 = F2(x17 T2, lu’)

Yucmo napaMeTrpoB TakzKe MOXKeT OBITh OO0JIbIIe, YeM OIUH.
B c¢Bs131 ¢ TeM, uTO mpobJIeMa YCTORYMBOCTU CBSA3aHA C aHAJIU30M DPEAKITUU
CUCTEMBI HA MaJioe BO3MYINEHNE €€ COCTOSHUS, HA TMEePBOM 3JTAlle OHA MOXKET
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OBITH MCCJIe/IOBaHA B paMKax JuHeilHoro npubinxkenus. [Tosicaum 3to. ITycts
2%(t) ecTb HEKOTOPOE WaCTHOE permenne ypasHenus (2.1). YeToiduBocTh 3T0T0
perenns (COCTOSIHUS) Mbl XOTHM HCCJIEIOBATh. BBeZeM B pacCMOTpEHHE mepe-
MeHHYIO ¥(t), KoTopas 3a7aeT MaJjioe OTKJIOHEHHE OT YaCTHOTO DEITeHUsI:

y(t) = a(t) - 2°(1), (2.3)

(3mech x(t) — BO3MYIIEHHOE PeIleHue).

Hama 3a1a9a COCTOUT B MCC/IEI0BAHMU SBOJIONUA BO BPEMEHH MAJIOr0 BO3-
myienus y(t), koropas mogunnsiercst ypasHenuto (2.1). Pazmoxum dyHKImO
F B cTenenHoii psaj B OKPECTHOCTH 9aCTHOTO permnenus z°(1):

dF d’F
F(y) = %Lﬂ:xo(t)y(t) + @b:xo“)yz(t) +... (2'4)

[IpousBonubie yHKIWMU F I0JKHBI BHIYUCALATHCS B TOYKAX, COOTBETCTBYIO-
IUX YACTHOMY PELIEHHUIO.
[Tepenumenm ypasuenue (2.1) miast Boamymuenust y(t) ¢ yuerom (2.4):

dF

9(t) = Fy, 1) = ——le=eoy(t) + (), (2.5)
rae d2F
P(y) = <5 le=aoy’ (1) + - (2.6)

Cnaraembie @(y) BKIIOYAIOT BCe WIEHB ¢ Y™ (n > 2), T.e. yIATHIBAIOT HEJIH-
Heliubie n06aBku. [1o onpejenennio nepementast y(t) ecTb Majgoe OTKJIOHEHHE
OT 4acTHOrO pemnenus. [loaToMy HeluHeHBIME YleHAME B ypaBHeHuu (2.5) B
IIEPBOM TPUOINKEHHH MOYKHO IPeHeOpeUb.

Takum 06pa3oM, IS SBOJTIONIH MAJIOT0 BO3MYIIEHHsI MBI [IOJIy9aeM JIHHeHHoe
ypaBHEHHe:

. dF
y=A(t)y, At)= %‘x:xo(t) (2.7)

Paccmorpum npumep. IlycTh quHaMuyYecKasi CUCTEMa 3a/IaHa YPABHEHUEM:
t=a—br*, a>0, b>0. (2.8)

Haiinem ctanmmoHapHBIE COCTOSTHUS STOW CHCTEMBI W WCCJEIyeM WX YCTORYIM-
BOCTh. B cTalmoHapHOM COCTOSTHUY M3MEHEHUil BO BpeMeHU HeT, 3HauuT & = ()
¥ MBI TIOJIy9aeM:

Sal RS
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Paccmorpum ypaBHeHue it Bo3MyteHuil (2.7) OPUMEHUTEJIBHO K MEPBOMY
CTAIMOHAPHOMY COCTOSIHHIO 1.

§ = —(2bal)y = (—2Vab)y = Ny, (2.10)
v v
dx 1

Pemennem ypasuenus (2.10) 6yaer y = exp(At). Boamymenne y sxcroneHu-
aJbHO 3aTyXaeT BO BpeMeHW (A eCTh OTPHIATE]hHOE YHCJO). DTO O3HAYAET,
uro cocrosiuue 7 ycroiiuuso! Tak Kak BTOPOE COCTOSIHUE T3 OTJIMYAETCS OT
IIEPBOTO TOJILKO 3HAKOM, TO pemienue ypasHeHust (2.10) B sToMm ciyuae Oy-
JIeT 9KCIOHEHIMAIBLHO HapacTalomuM BO BpeMeHu. CTallmOHADHOE COCTOSTHUE
9 HEeyCTOWINBO!

JlocraTouno mpocras uaes IpeacKa3aHds YCTOWYHMBOCTH IO JIMHEHHOMY
HpUOINKEHUIO 0Ka3a/1ach BECbMa, ILJIOJ0TBOPHOM. Vciomb3ys MaTeMaTudecKuii
dbopmanuam, MoxKHO 0606UTEL pe3yabrar (2.7) Ha caydail [ByX u 6osee me-
peMeHHBIX cocrosiHusi. Hanpumep, B caydae N = 2 ypaBuenue (2.7) npumer

BU;

Y1 = a11y1 + a2y, (2.11)

Yo = A21Y1 + A22Y2,

_ R, o
Tae a;; = %ﬂmzx?n 1, =1,2.

Ecnm ognomeproe ypasrenue (2.1) OmuchIBaeT IBOIONUIO HCKIIOYHTEIHHO
B OKPECTHOCTH CTAIMOHAPHBIX COCTOSIHMIL, TO ypaBHeHHe (2.2) MOXKET HUMeTh B
Ka4eCTBe PellleHNs He TOJIbKO CTAI[MOHAPHBIE, HO U epuoandeckue permenus. C
yBeJIMUeHNEM Da3MEPHOCTH MCXO/AHOM cucreMsbl (2.1) B obmmeM ciaydae yciox-
HSIOTCS] ¥ THITBI BO3MOYKHBIX PEIIeHHH. DTO CO3/1aeT OIPee/IeHHbIe TTPOO/IeMbI
B UCCJIE/IOBAHAY YCTOIYMBOCTH: BeJb JIUIsl DEIICHUs] yDABHEHUIT J/Isi BO3MYIIe-
Huit Tuna (2.7) HeoOxoAMMO 3HATH YacTHOe pemenue Zo(t)! C nmpumeneHmeMm
COBPEMEHHBIX KOMIBIOTEPOB 3TH TPYAHOCTH JIETKO HIPEOOIUMEL.

Budypkanuu guHaMuYeCcKnX CUCTEM

Ecnu BHEMATETBHO IIPHCMOTPETHCS K OKPY2KAIOMeil HaC IPUPOJE, TO MOXK-
HO, B YaCTHOCTH, CIeJATh CJIeAyIollee MHTepecHoe Habmomenue. 2Ku3Hb Ha
mwiaHere 3eMJis BO3MOXKHA JIMIIL OJ1arojaps TeIiioBoMy uaiaydenuto CoJrHIA,
KOTOPOE CJIYXKHUT UCTOYHUKOM SHEpPruu. JIeTom 3Ta S5HEprus B CEBEPHOM IOJIY-
mapuu 0oJibitie, yeM 3uMoii. VI KapTuHa JeTHeil TPUPOAbl IPU STOM 3aMeTHO
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orm4aercs ot 3uMHeil. /[apaiiTe paccMOTpUM B KadecTBe puMepa 00’ eM BOJIbI
B o3epe. KomdecTBeHHO# Mepoii MPUBHOCUMON COTHEYHOU SHEPTUU SABJISCTCS
TeMIepaTypa BOJbl (TOUHEe, SHEPrHsl MPOTIOPIMOHAIBHA TeMIIEpaType). JleTom
BOJIa B O3epe TeIljiasd M MOXKHO KynaTbcsd. C HACTYIJIEHHEM OCEHU TeMIIePaTy-
Pa BOAbI NIOCTEIIEHHO YMEHbIIACTCHA. KyHa,TI)CSI Y2Ke He XO4YeTCd, OJJHaKO BOIa
u npu OoJjiee HU3KOM, HO ILIIOCOBO TeMmmeparype, ocraercs Bosoit! [mybokoii
OCEHbIO BEPXHUU CJI0# BOJbBI B 03€pe OCTHIBAET JI0 HYJIEBOI TeMIeparypbl u
Bapyr npespamaercs B sea! Jamee n npu —20°C nen ocraerca abaom. Yro
ke npousonuio? [Ipu mpoxoXKIeHUN TeMIepaTyphl Yepe3 HyJb BOJa PE3KO U3-
MEHMJIa CBOM CBOMCTBA: OHA U3 »KUJKOTO COCTOSHMS Iepentia B TBepaoe. I He
IJIABHO, & CKAYKOM.

Eciu paccmarpuBaTh TemiepaTypy BOJbI KaK HEKHU MapaMeTp CHCTEMBI,
TO XOPOIIO U3BECTHO, YTO C U3MEHEHWEM TapaMeTpa BOJA PE3KO MEHSEeT CBOU
cpoiicTa npu nepexoje uepes 0°C, gepes 100°C, xorja Boja npeBpamaercs B
nap. Ecte u apyrue ocoObie 3nadenust remneparypbl Boabl. OKa3bIBAETCsI, 9TO
60.HleI/IHCTBO MHTEPECHbIX (I)I/ISI/ILIGCKI/IX 3aJa4 IIpu X MaTeMaTUu41€CKOM OIIN-
CaHWM TPUBOAAT K JuddepeHnnaaIbHbIiM yPABHEHUSIM, 3aBUCSAIINM OT OJIHOT'O
UM HECKOJIBKUX MapaMeTPOB.

PaccmoTrpuMm B KauecTBe mpuMepa ypaBHEHUs KOjeOaHWit OOBIKHOBEHHOTO
MAasITHUKA WK (Y4TO ¢ MATEMATHYECKON TOYKU 3PEHUS TOJHOCTHIO UIEHTUIHO)
napaJsenbaoro RLC-koHTypa:

i+ at+wiz =0 (2.12)

Ypasuenue (2.12) comepKuT [Ba mapaMeTpa: (« — ITapaMeTp 3aTyXaHus, XapaK-
TepU3yIOIIHii TPEeHUe, U Wy — MapaMerp, ONPeIe IO YacTOTy KoJebaHuii.
Ecnu norepu sweprum orcyTcTByoT, napamerp 3aryxanus « = (), TO pereHu-
eM ypasHenusi (2.12) GymyT rapMOHWUYeCcKue He3aryxaroime Kojebanus. [Tpu
MaJjioM Tpernn 0 < o < 1 JBUKEHUE CHUCTeMbI Oy/1eT KO1e0aTeIbHBIM ¢ aMILTH-
TYA0i, KOTOPasi YMEHBIIAETCS BO BpDEMEHH 110 YKCIIOHeHIIUATbHOMY 3aKoHy. Ha-
KOHeIl, IPU J0CTaTOYHO GosibiioM Tpernu (v > 1) JaBukeHne MasiTHUKA Oyjer
AIePUOIMIECKUM, 3ATYXAIOIMM BO BPEMEHH. YK€ B 9TOM IIPOCTOM IIPUMeEpe
BBIJEISIOTCS Ba 0COOBIX 3HAaUeHus mapamerpa o = 0 u o = 1, OTKJIOHEHHS OT
KOTOPBIX KaYeCTBEHHO MEHSIOT CBOHCTBA CHCTEMBI.

N3menenne mapaMerpa B ypaBHEHUH MOYKET BBI3BATH TMOTEPIO YCTONIUBO-
CTH OJHOTO COCTOsIHYS (MM PeKuMa (DYHKIIMOHUPOBAHYSI) CHCTEMBI U TIEPEXO]]
ee B JIpyroe, OTJIMYHOE OT IIEPBOI'O COCTOSHUE. DTO siBJIEHHE HA3bIBAETCS OU-
dyprayueti (0T cI0Ba pa3BOEHNE), 4 3HAYEHNE APAMETDPA, IIPH KOTOPOM OHO
IPOUCXOIUT — Moukol bugpyprayuu. COCTOSTHAE CUCTEMBI HUXKE TOYKU OUdyp-
KAaIlUU ¥ BBINIE €¢ IPU U3MEHEHWH MapaMeTpa BCe-TaKu MeHseTcd. fIcHO, 4To
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soza mpu Temtmeparype +3°C u +22°C 310 pasmwie coctosuusa. Ho npu sTom
BOsa ocTaercs Bomoit! B maremaTnke u usmke cymecTByer monstue rpy6o-
CTU WJIM CTPYKTYpHO#H ycroitumBocTu. CyTh 3TOTO TMOHATHS B TOM, YTO TPH
MaJIOM H3MEHEHWH TapaMeTpa rpybas CHCTeMa XOTb M M3MEHSET B JIeTaJIsX
pexxuM PYHKIMOHUPOBaHKSI, HO He NpuHIUNuaabHo. C 3T0il TOUKM 3peHust
JUUTst TPYOBIX CHUCTEM TEPEXO0JT Yepe3 TOUKY OndypKaium 03HAYaeT CMEHY OHO-
I'o CTPYKTYPHO YCTOH4YMBOIO pexkuma Ha Jjpyroi. [Ipu srom B TOuke OGudyp-
Kalluy CuCreMa HE dABJideTCd pr60ﬁ: MaJiO€ U3MEHEHUE IlapaMeTpa B Ty WJIN
WHYIO CTOPOHY HIPUBO/IMT K PE3KUM U3MEHCHUAM COCTOAHUA.

JlaBaiiTe BepHeMCs K HaIlleMy NPUMEPY € YCTORUUBOCTHIO CTAIMOHAPHBIX
cocrosiamii B cucreme (2.8). Mpr ycioBunuck, 9o B ypasHenuu (2.8) mapamer-
PBL @ ¥ b TOJIOKUTETBHBL. YCTONYHBOCTD OIPEIEISeTCS 3HAKOM IIPOU3BOIHOIN
NpaBoil YacTu ypaBHeHus (2.8) B cTalMOHAPHOH TOYKe, T.€. 3HAKOM BeJUIHHbI
A (2.10). TIpu mOJIOXKUTEIHHBIX 3HAUEHUSAX TMAPAMETPOB @ W b Ta MPOU3BOJI-
Had BCerjJa OTJIMYHa OT HYJId. A gTO €CJIM1 MBI 6y,zLeM YMeHbIIaTh 3HAYEHUE
napamerpa a? Kak Buguo u3 (2.10) upu a = 0 (He3aBUCHMO OT BeJMYMHBL
b > 0) BesmunHa A oOpamaercst B HyJIb, BO3MYIIEHWE Y HE HAPACTAET W He
zaryxaer! MaJio Toro, mpu a = (0 B cucreMe 2 COCTOSIHHSI PAHOBECHUSI KaK OBl
ciuBatorest B ogno (x = 0)! Jasee, ecan, a < 0, TO COCTOSIHUI PABHOBECHS HET

BoBce! /leficTBUTEIbHO, B 3TOM CJIy4ae x?,z = +j \/EZ' , T.€. CTAHOBSITCS YUCTO
MHHUMBIMU.

[IpuBemeM Temepb pe3yabTaThl MAaTEMATUUECKOTO aHAJIN3a 3TOM OmdypKa-
M, KOTOpasi W3BeCTHa Kak Oudypkaius “deykpamuoe pashosecue . BHOBD
paccmorpum ypasnenue (2.8). Ilycts 2°(a) ectb rpy6oe cocrosinue pasHOBe-
cust, T.e. A(a) # 0. Dro o3Ha4aer, YTO NpHU MaJjOW BapHAIMU TapamMerpa a
pasHoBecue 7°(a) MPOjOJIKAET CYIECTBOBATL KaK yCTOWYMBOE UJIM HEYCTOM-
YUBOE.

[Tpu HeKOTOpOM 3HAUYEHWW TapameTpa ¢ = a* cobcTBeHHOE YHCa0 A(a*) B
OJIOYKEHUH PABHOBECHS] MOYKET 0OPaTHThCS B HYJIb:

dF
Aa) = %Lro =0, a=a". (2.13)

Jlns peamuzanuu 6udypranun " AByKpaTHOe paBHOBecHe' HEOOX0IUMO, YTOOHI
BTOpasl MPOM3BOAHAA ObLIA OTJINYIHA OT HYJIS
d’F

st Boimosnenust yeiosuii (2.13) u (2.14) B obmmem cirydae HeOOXOAUMO, ITOObI
MCXOJIHOE YPaBHEHWE B MPABOIl YACTH BKJIIOYAJIO KAK MHHUMYM KBaJIPATHIHOE
HeJIMHeHOe cjlaraeMoe, Kak B HarmeM mpumMepe (2.8).
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0
x?.

Puc. 2.1. Budypkamus "nsykparaoe pasaosecue". Ilpu a > 0 B cucreme (2.8) mBa CTaMOHAPHBIX
COCTOSHMSL T U L5, upu a = (0 OHE CJAMBAIOTCA B OOHO M npu ¢ < ( CTaIMOHAPHBIE COCTOSHUS
UCYE3AI0T

Eciu ycnosus (2.13) u (2.14) sbinosnenst, o 2° ecTh JAByKpaTHbBINA KOPEHb

MCXOMHOTO ypaBHenus (2.8). 3Hauenne mapamerpa a*, Ipu KOTOPOM BBITIOJTHSI-
ercst yesosue (2.13), siBasiercst Toukoit 6udypkanun. /lo Touku 6udyprammmn
a > a* MBI IMeeM 2 COCTOSIHUsI paBHOBecHus. B Touke Obudypkanuu a = a* oHH
CIUBAIOTCS B OJHO, Jlajlee IpU a < a COCTOSIHWII paBHOBECHS B CUCTeMe He
Oymer! B namem ciayuae (2.8) a* = 0.

Pesynbrarel MOXKHO npencTaBuTh rpadudecku (M. puc. 2.1).

"Markue"u "xkectkue'"oudypkamuu. Karacrpodsl

HecMmoTpss Ha MHOTOJIETHIOIO HMCTOPUIO CYITECTBOBAHUS W PA3BUTHUS KJIaC-
CHY€ECKOIl TeOpHH YCTOWIMBOCTH U OmdypKaluii, HACTYIUI MOMEHT (KaK 3TO
9qacTo ObIBAET), KOrja K 3TOH Teopuu ObLIO BAPYT NPUBJIEYEHO BCEOBINee BHU-
mvanue. [[pudanHO# TOMY TOCTYKW/IM TIOMYJISIPHO U3JI0YKEHHBIE BEPCUU PabOT
dpaHny3ckoro Maremaruka Pene Toma mo Tak Ha3bpIBaeMO#l TEOpHUM KaTa-
crpod. Teopus karacTpod B Hadajge ceMUAECATHIX T'OJOB CTAJa MOJHOM, MO-
HATHOM (KaK MM Ka3aJI0Ch!) JIJIs HECHIEIMAIUCTOB ¥ YHUBEPCAJIbHOCTHIO CBOUX
npeTeH3uil crajia HAIOMWHATH TICEBJIOHAYYHBIE TEOPUHU MPOILIBIX BpeMeH. B
yeM ke cyTh gena’ IlosBaenne teopuu karacrpod P. Toma crnenmanmcramum
OBLIO BOCIPUHITO HOPMAaJbHO. P pe3yibTaToB 3TOil Teopuu 3ac/Iy:KHUBAET
camoro riybokoro yBaxkenus. Ho "dumocodcekoro"orkpritTus 3aech nvet. [lo-
SICHUM TIOUEMY.
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a 7] 8

Puc. 2.2. IIpumep markoit Gudypkamuu. Cranmonapuoe cocrosnaue (a) TEPSET yCTORIUBOCTD (6)
7 BO/IM3M HErO MOSIBJISIOTCS B HOBBIX YCTONYMBBIX CTAIMOHAPHBIX COCTOSHUL (6)

CyTb Jles1a 3aK/IH09aeTCs B TOM, 4TO pedb MJIeT BCe O Tex ke oudypkaiu-
sIX, HO IPU ITOM BbIOMPAETCS OJIMH U3 TUIIOB — TAK HA3bIBAEMbIE JHCECMEKUE
bugyprayuu. st mOsICHEHUsSI PACCMOTPHUM JIBa IIPOCTHIX IpuMepa. B mepsom
ciaydae (cM. puc. 2.2) B pesyibrare OudypKaIlMu UCXOJHOE CTAIMOHAPHOE CO-
CTOSIHHE TepdeT YCTOWYMBOCTD U POKIAIOTCS JBa HOBBIX YCTONYMBBIX CTAIMO-
HAPHBIX COCTOAHUSA. IIpu 3TOM BHOBb IOSIBUBIIUECS JBA CTAIMOHAPHBIX COCTO-
sHusi (puc. 2.2,B) PACIOJIOXKEHBI B HEIIOCPEJCTBEHHON BIM30CTH OT MCXOIHOTO
COCTOSIHUSI, KOTOPOE MOTEPSLIIO YCTOHYMBOCTD (IIOMEYEHO 3Be371049K0ii ). Budyp-
Kallu TaKOI'0 THUIla Ha3bIBAIOT MAKUMU, UMed B BUJY TO, 4YTO BHOBb POJ/HUB-
muiics pexkuM (HYHKIIMOHUPOBAHUS CUCTEMbI KaK Obl TOSIBJISIETCS U3 PEXKUMA,
MOTEPSIBIIEr0 YCTONYUBOCTh, U COCYIIECTBYET PsiJIOM C HUM.

Jpyroit npuMmep OudypKanyuyu KaueCTBEHHO IIpeACTaBJeH Ha puc. 2.3. Ilpu
p < p* (puc. 2.3,a) mMAPUK HAXOAUTCS B YCTOWYMBOM CTAI[MOHAPHOM COCTO-
stuuu. [Ipu 9TOM CyIIECTBYeT elne OJHO, HEYCTOHYIMBOE COCTOsiHWE (IIOMEUeHO
3BE3/I0YKOI ).

a 7 6

Puc. 2.3. 2Kecrkas moreps yCTORINBOCTY CTAIMIOHAPHBIM COCTOsTHIEM, KaTacTpoda. KadecrBennas
nimocTparus 6udypkanum " aBykparHOoe paBHoBecue' (puc. 2.1)
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B Ttouke dudypkamnyu @ = p* ycroiuuBoe u HEYCTONYMBOE COCTOSTHUS CJIM-
BaIOTCsA B OHO (puc. 2.3,0). Jlajiee OHM MCYE3AI0T U CUCTEMa, BHIOMPAET HOBBIH
pexXuM (HAIPUMEP, KaK 9TO MOKA3AHO HA PUC. 2.3,6, KOTOPHI CYIECTBEHHO OT-
JITYAETCs OT MPEIbIAYIIEro U He HAXOAUTCA B HENOCPEJICTBEHHOM OJIM30CTH OT
HCXOAHOTO pekuma. Takoi Tun Oudypkaiuil Ha3bIBAIOT HCECMKUM U UMEHHO
JKecTKre OudypKaluu siBUJIUCH IPEJIMETOM aHAJIN3a B TEOPUH KATACTPOd.

PaccmoTpennsiit Boiliie puMep Oudgypkauu " IByKpaTHOe paBHOBecue'B
cucreme (2.8) mpejcTaBisier cob0# TUIMYHBINA MPUMeEp *KeCTKOi 6udypramnum,
KOTOPBI# KQ4eCTBEHHO NPOMJLIIOCTPUPOBAH Ha puc. 2.3.

3aKJII0YeHue

B pesysibraTe 6€3yCI0BHO yIPOIIEHHOTO, KAYECTBEHHOTO OMMCAHUS MPOOJIe-
MBI YCTONYUBOCTH U OMdypKaIUil TMHAMIUIECKUX CHCTEM MOXKHO TeM He MeHee
C/IeJIATh OTNpeJIe/IeHHbIe BBIBOJBI. JBOJIONUS JIIOOBIX CHCTEM COIMPOBOXKIAET-
csl TIoTepeil yCTOWYMBOCTU OJIHUMU PeKMMaMu (PYHKIIMOHUPOBaHUS U Oudyp-
KAIlMOHHBIMY TE€PEX0JaMU WX B HOBbIE. DT "dazoBbie mepexomsl'' MoryT ocy-
IIECTBJSTHCSA TLJIABHO, MST'KO. & MOTYT IIPOMCXOJUTH CKAYKOOOPa3HO, B BUJIE
kaTtacTpod. CTporuit MareMaTudecKuii aHaIu3 yCTOUUYMBOCTU U OudypKaimii
MIO3BOJISIET CErOIHS MPAKTUYECKU PACCMATPUBATDH IIHPOKWI CIEKTp IpodJieM,
CBSI3aHHBIX C UCCAEI0BAHUSIMU ON(YPKAIMOHHBIX IIEPEX0/I0B B PA3IUYHBIX JIH-
HAMU4YecKux cucremax. Ho mpu 3ToM HEOOXOIUMO ONMPATHCS HA CTPOTHE Ma-
TeMaTU4IeCKue pe3yJbTaThl M HCIOJb30BaTh O0OOCHOBAHHBIE METOJ/bl TEODPETH-
YeCKOTO W KaYeCTBEHHOTO aHAJIM3a.



Jlekinga 3

JleTepMUHUPOBAHHBIN Xa0C

Memodom kauecmeennoz0 anasuda 0aemcsa 060CHOBAHUE BO3MONCHOCTIU CY-
UWLECNBOBAHUA HENEPUOOUYUECKUT PEHCUMOB KOAEOAHUT 6 0EMEPMUHUPOBAHHBLL
dunamuyeckux cucmemax. Ilpusodumes onpedeserue demepmuruposarHozo
Taoca u obcystcdaromes e2o ceoticmeaa.
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BBeneuune

XaoTudeckue MpOIECCHl B IeTEPMUHUPOBAHHBIX HEJIMHEWHBIX TUCCHIIATHB-
HBIX CHCTeMaX — OHA U3 (PYHIAMEHTAJIbHBIX MPOOJIeM COBPEMEHHOT'O eCTECTBO-
3HAHUS, ABJISIONIAACI MPEIMETOM IPUCTAJIHHOTO BHUMAHUS MCCJIEI0BATEIeH
[3-5,9-14]. Y6enuTenpHo goKa3aHO, YTO B TAKUX CHCTEMaX MPHYMHA T€HEPHPO-
BaHUS CJIOXKHBIX KOJIe0ATeTbHBIX MPOIECCOB, KOTOPBIE MOTYT HE OTJIMYAThCS O
duznUecKUM XapaKTepUCTUKAM OT UCTUHHO CAyYallHBIX, KpOeTcsd He B 00Jib-
IMOM YHCJIe CTeleHel cBOOOJbI M He B HAJAWYMKM (DJIyKTyaluii, Kak paHee I0-
JIATAJIOCh, & B SKCIOHEHIMAJIbHON HEYCTONYMBOCTH PEXKMMOB, TMOPOXKIAOIIEit
YYBCTBUTEBHYIO 3aBHCAMOCTb OT TOYHOCTH 33/IaHWs HAYAJIHHOTO COCTOSHUS
cucTeMbl. BO3MOXKHOCTD TIOJIOOHBIX SIBJIEHUI TPEKPACHO TIOHUMAJT ¥ TIPEIBUIE]T
A. Ilyankape. B HeycroiiunBeix cucremax "...COBEPIIEHHO HUYTOXKHAS IPUYIH-
HA, YCKOJIb3aIOMiasd OT HAC IO CBOEHl MaJIOCTH, BBI3BIBAET 3HAUUTEIHLHOE Jeii-
CTBHE, KOTOPOTO MBI HE MOXKEM IpeaycMOTpeTh. ... [Ipeackaszanue cranoBuTcs
HEBO3MOYKHBIM, MBI UMeeM Tepe]; coboit aBienue ciaydaitnoe". Tak mucas on
emme B 1908 1. B kuure "Hayka u meron". Pazsutue uneit A. Ilyankape B Ha-
CTOsIee BpeMs TPUBEJIO K CO3JAHUI0 (DYHIAMEHTA XaOTHUEeCKOH TUHAMUKU
JIeTepPMAHAPOBAHHBIX cucTeM. Kak okazajaoch, HEOOXOIUMBIM YCJIOBHEM BO3-
HUKHOBEHMS Xaoca B nuddepeHIajbHblX CUCTEMAX $BJISETCS Pa3MePHOCTDb
dazoBoro npocrpancTea N > 3 ¥ BO30YKIeHHE HE3ATYXAIOIMNX XaOTHIECKUX
My/IbCAIil CTAHOBUTCS MPUHIUAMUAAIBLHO BO3MOXKHBIM B TeHEpATOPax BCETO C
MOJIyTOPa, CTEIEeHIMH CBOOOJIBI.

B cucremax c oiH0Ii cTenenbio ¢BOOOIbI, (PA30BBIM IIPOCTPAHCTBOM KOTOPBIX
CJIY>KUT JBYMepHas IJOCKOCThb, BO3MOXKHBIE JIMHAMUYECKUE DEKUMBbI HCUEP-
IIbIBAOTCA COCTOAHUAMU PaHOBECUA U NEPUOJUYECKUMU KOJIe6aHI/IHMI/I (Hpe-
TEeTBHBIMA IUKJIAMHA). DTO 00CTOSTENHCTBO MHOTHE TOIBI CIIYKUJIO TICUXOJIO-
TUYeCKUM OapbepoM, MPeoI0JIeHUI0 KOTOPOTO He TMOMOTAJH JayKe OUeBUTHBIE
(ceituac!) skcmepuMeHTANbHBIE Pe3yabTaThl. OTpaHUYEHHOCTh "HEJNHEHHOTO
MbleHns " Ha 6a3e $ha30Boil IIOCKOCTH NOHUMAJIA MHOTHE BeyIue yJeHbIe,
OJTHAKO BBHJIY OTCYTCTBHS COOTBETCTBYIOIETO MATEMATUIECKOTO AIIIapaTa 00-
OCHOBAHHBIN BBIXOJ] C IMJIOCKOCTH B TPOCTPAHCTBO TPEX U 00JIee M3MepeHuit ObLI
MPAKTUYECKH HEBO3MOKEH.

JleTepMUHUPOBAHHOCThH

Yro ke mpeacrapiaser coboil siBeHue aerepMupoBaHHOro xaoca? IlTombr-
TaeMCsd OTBETUTh Ha, TOT BOIPOC. BHauanse HEOOXOAMMO BHECTH SICHOCTH B
MOHUMAaHUEe TEPMUHOB “demepmuposarntocms’ U “zraoc’, a 3aTeM ONPEIeUTh
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colepKaHue TepMuHa “demepmunuposarhoili xaoc‘. Bo Bcex ciaydasix, Koria
TOBOPAT O JIETEPMUPOBAHHOCTH, MOAPA3yMEBAIOT OJHO3HAYHYIO B3aMMOCBSI3b
npuuuHbl U cyeacTsus (cM. Jleknuo 1). B mpuMeHeHuH K 9BOJIIOINUOHHBIM 3a-
KOHAM 3TO O3HAYAET, YTO €CJIH 33JaHO HEKOTOPOe HAYAJIbHOE COCTOSTHUE CUCTE-
MBI TIpu t = 1y, TO OHO 00HO3HAYHO ONIPEJIENISIET COCTOSTHUE CUCTEMBI B JIIOOOM
MOMeHT Bpemenu t > to. Hanpumep, eciiu Tesio 1BUXKeTCsl pAaBHOYCKOPEHHO, TO
€r0 CKOPOCTh OIpEIeNIeTCsd JeTePMAHUPOBAHHBIM 3aKOHOM:

v(t) = v(ty) + at. (3.1)

[Tpu 3a1aHUN HAYAJIBHON CKOPOCTH U(ty) MBI OJHO3HAYHO OIpEJeisieM 3Hade-
Hue ckopocty v(t) B 11060it MOMEHT BpemeHu t > 1.

B ob6mem ciyuae, 3aBUCHMOCTb Oyaymiero cocrosinust x(t) OT HaYaIbHOTO
x(to) mMoxkHO 3amucath B Buge: x(t) = Flx(ty)], rne F' — meTepMUHUPOBAHHBII
3aKOH (MJIM 0IepaTop), KOTOPBIH OCYIIECTBISIET CTPOTO OAHO3HATHOE TTpeobpa-
30BaHME HAYAJILHOTO cocTosiuust Z(ty) B Oyayiee cocrosiuue x(t) nist 1060r0
t > typ. DTOT 3aKOH MOYKET TPEJICTABJIIThL co00 ByHKIH, quddepeHna b
HOE WJIM WHTErpajbHOe YPAaBHEHUE, TPOCTO HEKOTOPOE MPABUJIO, 33JAHHOE Ta-
Ouneit wau rpadpukoM u T.1. Baxkno rirapHoe: 3akoH F' 0dnosHauHo Tpancdop-
MUDYyeT HadajibHOe COCTOsiHME (MpUYMHY) B Oyiylee COCTOsSIHUE (CJIEICTBUE).

Xaoc

Temepb BHeceM SICHOCTH B ToHATHE ~xaoc’. JlaBaiiTe MpoBeaeM MbICIEHHBII
SKCIEPUMEHT ¢ OpOyHOBCKO# yacTtuieit. [lomectum vyacTuily B HadaabHBIH MO-
MeHT t = ty B pacTBOP >KHMIKOCTH W C MOMOIIBI0 MHUKPOCKOTA HaYHEM (PUK-
CUPOBATH €€ TOJIOKEHHWE BO BPEMEHHW, OTMeYasd KOOPJAWHATHI YaCTHUIILI 4depe3
paBHble HHTEpBaIBl At. HeTpynno yoeauThes, 4TO MO/ JeACTBUEM CJIyYaifHBIX
TOJTYKOB CO CTOPOHBI OKPY2KAIOIIHUX MOJIEKY/T YaCTUIA OYIeT COBEPIIATh HEpe-
ryJISspHbIe OJIy»KIaHWsI, KOTOPbIe XapaKTepu3ylTCs 3allyTaHHOW TPaeKTOpH-
eit. [loBTOpUM 3KCIIEPUMEHT HECKOJIBKO Pa3 MOAPSI, OCYIIECTBIISAS B IIPeaeaIax
BO3MOKHOCTEl BOCIIPOM3BOJICTBO HAYAJBHBIX YCJIOBUil onbiTa. KakoBbl OyayT
pesyabraThi! WX, rmaBHBIM 00pa3oM, aBa. [lepBwlit — KaxKaplii pa3 TpaeKTo-
pUs IBUXKEHUS] YACTUIIBI OyIeT CJI0XKHO, Hemepuoandeckoit. Bropoit — mobas
IIOIBITKA OAHO3HAYHOI'O IIOBTOPEHUd OIBITA IPUBEJET K OTPULATEIbHOMY pe-
3ysbrary. Kaxkpiii pa3 npu MOBTOPEHHUH OIBITA C OJUHAKOBBIME (B Ipejenax
HAIIMX BO3MOXKHOCTEH) HAYaIbHBIMU YCJIOBHIME MBI Oy/IeM [OJIy9aTh PA3/InY-
Hble TPAEKTOPHUHU JIBUXKEHMST YACTUIBI, KOTOPHIE JarKe OJIM3KO He HAIIOMUHAIOT

JpyT Apyral
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Knaccuueckoe siBienne IBU>KeHHs OPOYHOBCKON YaCTHIBI JTA€T HAM YeT-
kue (hpU3nIecKue MpeCTaBJIeHNus O Xaoce KaK 0 HEelpeICKa3yeMOM, CIyYaitHOM
nporecce. TakuM 00pa3oM, €cjii MBI TOBOPUM O XaOCe, MBI IOJIPa3yMeBaeM,
YTO W3MEHEHHE BO BPEMEHU COCTOSIHWSI CUCTEMbI SIBJISIETCS CJydYaiHbIM (ero
HEJIb3sl OJJHO3HAYHO TIPEJICKA3ATh) ¥ HEBOCIPOM3BOAUMBIM (IIPOLECC HEJIb3sI MO-
BropuThH) [12].

[IpuBeieHHBIE BBIIIE PA3MBIILIEHUS IPUBOAAT HAC K yOEXKIEHWUIO, 9TO I10-
HATHS “demepmunudm’ u “Taoc’ eCcTh UPSIMOIPOTUBOIOIOXKHbBIE 110 CMBICIY.
JlerepMuHu3M acconuupyercs € IMOJHOW OJHO3HAYHON IPEJICKA3YEeMOCTHIO |
BOCITPOU3BOIMMOCTBIO, Xa0C — C IOJTHON HENPEeICKA3yeMOCThI0 U HEBOCIIPOU3-
BOJMMOCTBIO. BO3HMKAeT 3aKOHOMEPHBIH BOIIPOC, YTO IMOHUMAETCS 0] TePMHU-
HOM “demepmunuposanmsili xaoc’, Tae 00beTUHEeHbI ABa IIPOTHBOIOJJIOKHBIX II0
cMBbICTy TTOHATHSA? OTBETUTH HA 3TOT BOIPOC HE MPOCTO, HO BO3MOXKHO. [To1mbI-
TaeMcsl 3TO CJIeJIaTh.

YcToiiumBOCTh 1 HEYCTONYMBOCTH

Hawm nonamobuTcst paccMOTpeTh TNOHSITHE Yycmoltuugocmu (Heycmotiuueo-
cmu) NBUXKEHUs cucTeMbl. HaudHeM ¢ mpocreifiiero, pacCMOTPEB COCTOSIHUE
MOKOSI WJITU PaBHOBecusl cucTeMbl. [lomMecTnM MajileHbKWiT MAapuK B HUXKHIOKO
TOYKY BHYTpH 110J10# cepnl. Cjierka TOJKHEM €ro U IIPOHa0/II0TaeM 3a JIBUZKe-
HueM. llocsie coBepienns HECKOBKUX 3aTYXAIOMUX KOJIe0aHU IapUK BHOBD
3ailiMeT moJioXKeHWe Ha jgHe chepbl. B 3TOM ciiydae mojioyKeHWe PaBHOBECUS
ycmolinueo: MaJTbie BO3MYTIEHUS UCXOTHOTO COCTOSTHUS 3aTYXalOT BO BPeMeHM.
Ecau MbI moMecTHM IMapuK Ha BepiuHy cdepsl (CHAPYKH), TO DeakIus Ha
MaJioe BO3MYIIeHue OyaeT WHOU: Mpu JIIOOOM CKOJIb-YTOTHO MAaJiOM OTKJIOHE-
HUU IIAPUKA OT COCTOSIHUS PABHOBECHUsI OH CKATBIBETCS C BEPIIMHBI. DTO II0JIO-
JKeHNe PABHOBECHS HEYCmoUMu60: MaJible BO3MYIIEHUs MCXOTHOTO COCTOSTHUS
HapacTaloT BO BPEMEHHU.

Pu3nvecKnii CMBICT TOHATHS YCTOWYHBOCTH (HeyCTOﬁqHBOCTb), paccMmoT-
PEHHBII HaMU TPUMEHHTEJTbHO K COCTOSHUIO DPABHOBECHS, COXPAHAETCId W B
OTHOIIIEHUH JIIOOOTO JIPYroro pexkuma. Pexxkum (hyHKIIMOHMUPOBaHUS JIMHAMMU-
YECKOU CHCTEMbI HA3bIBAIOT YCMOUMUBHLM, €CJIA MAJIbie BO3MYIIEHNUS B OKPECT-
HOCTHU 9TOI'0 peKMMa 3aTyXalOT BO BPEMEHH, CTPEMACH K HYJIIO. EC.HI/I 9TOI'0 HE
IIPOUCXO/MT M MaJible OTKJIOHEHUHA OT PeKUMa CbYHKILI/IOHI/IpOBaHI/IH CUCTEMBI
HAPACTAIOT BO BDEMEHH, Takoii pexkuM Oyaer neycmotuusom (cMm. Jlekuuio 2).
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Henuneitnocrn

Tenepb 006cyuM JIpyroe BaKHOE CBONCTBO CJIOKHBIX CHCTEM — HeAUuHel-
Hocmo. IlycTs MBI uMeem J1e10 ¢ HEyCTONYUBBIM pexkumoM. Cjierka HapyIuB
PEXKUM MaJibIM BO3/efiCTBIEM, MbI IIOHA4YaJ Iy OyaeM (pukcupoBaTh HapacTaHue
BO3MyIleHusi. Byjer jin oHO GeckoneunbiM? B peasbHO#R Ku3HM — HUKOIIA!
OrkyioHeHue OyeT HApacTaTh JI0 TEX HOP, MOKA HE BCTYIWUT B JeficTBUE HEKuit
MeXaHU3M HeJIMHEHHOr0 OrpaHndYeHus IIPOIecca HapacTaHus BO3MYIeHus . dTo
310 Takoe? OTBETHM HA 3TOT BOIPOC ¢ (PU3MIECKOI M MaTeMaTUIECKON TOUeK
3pEeHUs.

C ¢dusmyeckoit TOUKH 3peHNs HapacTaHWe aMILIATYIbl He MOXKET MPOUCXO-
JUTH 10 OeckoHeunocTu. Ha mepBoM 3Tame, KOTJa OTKJIOHEHWE OT HCXOTHOTO
COCTOSTHHSI MAJIO, OHO MOYKeT HapacTaTh. A jmanbine? /lanbine, B Uy orpaHu-
YEHHOCTU IHEPIeTUYECKUX PECYPCOB CHUCTEMBbI, 3TO HApPaCTaHUE JOJI2KHO TIpe-
KPATUTHCS UM CMEHUTHCS YMEHBITEHUEM aMILTUTY/Ibl OTKJIOHeHus. J[1000i HO-
BBIIl PEXKUM JIOJI?KEH UMeTh KOHEYHYIO aMILTUTYAY U YIPABIAIOT 3TUMH IPO-
IeccaMy HeJMHeiiHble 3aKOHBI. MBI TOBOPUM O HEJIMHEHHOCTH B TOM CJIydae,
KOTJIa CBOMCTBA, CUCTEMBI HEIOCPEJCTBEHHO 3aBUCAT OT ee cocTosgHud. lIpuBe-
JeM mpumep. IlycTb 3aBUCHMOCTD aMILUIATY bl OTKJIOHeHUs! f(X) OT UCXOMHOTO
COCTOSIHUSI X OIIPEJIE/ISIeTCS CJIeIYIONUM COOTHOIIIEHUEM:

f(x) = ka — ba?®, (3.2)

rae k u b — mocTOosSHHBIE IOJIOXKHUTEIbHBIe Ko3ddunuentel. Eciu x < 1, To
b < kx m

flz) = k. (3.3)
B cayuae (3.3) f(x) suneiino pacrer ¢ pocrom z. Eciu ke & ctaHOBUTCS cpaB-
HUMBIM C eJluHuIel, To usenoM br® npenebperaTh y:ke Hesb3d. B ciydae (3.2)
poct orTkioHeHHUs1 f(r) 3a cueT WieHa kr HAYHET WCIBITHIBATH HEJUHEHHOE
OrpaHHYEHHe B CUJIy BHIYATAHHA BeauduHbI br>. IIpM HEKOTOPHIX 3HAYEHUAX
T BeJMYMHA OTKJIOHeHWs (3.2) BHOBbL Oymer GiuM3Ka K HY/II0 W BCE HAYHET-
Cd CHA4YaJIa: OTKJIOHEHHE HAYHeT HApaCTaTh, JOCTUTHET MAKCHMyMa U 3aTeM,
HCIBITBIBAs OrpaHMYEHMe, onaTh yMmeHbmmTcsa. Cucrema Oymer Kak Obl aBTO-
MaTUYeCKU cebd peryampoBaTh, TaK KaK ee CBOWCTBA 3aBUCAT OT ee TeKYIIero
COCTOSTHHUSI.

HGYCTOI';ItII/IBOCTB 1 HeJMHEIHOoe OorpaHA4Ye€eHHue

Temeps paccMOTpPUM HEYCTOWYUBYIO JIETEPMUHUPOBAHHYIO CHCTEMY C yUe-
TOM JeHCTBUA MEXaHU3Ma HEJNHENHOrO0 OrpaHUYeHUS HapacTaHUil BO3MYIIe-
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Huii. J[71s1 TpOCTOTH PACCMOTPHUM COCTOSTHUE PABHOBECHUs, KOTOPOMY OTBEYaET
TOYKa B TPOCTPAHCTBe (ha30BBIX KOODIWHAT CHCTeMBbI. BwiBenem cucremy u3s
PABHOBECHS MAJIBIM OTKJIOHEHUEM. DTO BO3MYIIEHNE HAYHET HAPACTATh B CHILY
HeycroiuuBocTH. Jlajiee HapaCTaHWe BO3MYIIEHUS] HATHET 3aMe JIAThCs (BCTY-
IUT B CHJIy MEXaHW3M HEJWHEHHOro orpaHuyenus). UTo MOXKHO OXKUJATH B
9Toit curyanuu’! Bo-niepBbiX: B CH/ly HEJMHEHHOTO OrpaHUYEHUS] OTKJIOHEHWE
YMEHBIUTC CTPOTO 10 Hysisd. CucreMa BEpHETCS B MCXOIHOE COCTOSIHUE PaB-
HOBecusi. TeopeTnvyecku 3T0 BO3MOXKHO, OJIHAKO OY€Hb MaJIOBEPOSTHO, TAK KaK
UCXOJ/IHOE COCTOsSTHUE PaBHOBeCUsi HeycToiuuBo. BoJsiee BeposiTHa Bropas CUTY-
aIysl: CHCTEMAa BEPHETCS B MAJIYIO OKPECTHOCTh UCXOJHOTO COCTOsIHUS (LOMOM-
JIeT OYeHb GJIM3KO K COCTOSIHUIO HEYCTOWYMBOIO PABHOBECHsI) ¥ BHOBbB (B CHIIY
HEYCTOWYMBOCTH) HAYHET OT HEro YAAJSThCa. DTOT IPOIECC OyIeT IIUThCs
beckoneuno Bo Bpemenu! Ho peanmmsanus Takoro mpomecca TpeOyeT HEKOTO-
PBIX CHENUaJbHBIX YCTOBUIM.

[IpemnoJioxKuM, 9TO MbI UMEEM JIEJI0 C JBYMePHO# JnddepeHnuaibHol Jiu-
Hamuueckoi cucremoii. [IpocTpancTBo ee cocrosinuit — pa3oBasi MPOCKOCTH C
KOOpAWHATaMK & U Y. F.cim Majioe BO3MyIIeHUEe COCTOSIHUSI PABHOBECHUS B TAKOM
cucrteMe OyJieT HapacTaTb, & B Pe3yJbTaTe HEJUHEHHOTO OTPAHWYEHUS JAJIee
YMEHBIIAThCA, TO BO3MOYKHBI JIBA BApPUAHTA: MOSBJIE€HWE HOBBIX YCTONIMBBIX
COCTOSIHHUN paBHOBeCHUs BOJIM3W HEYCTONYUBOTO, JIUOO BBIXOJ, TPAEKTOPUHU HA
HOBBI#l PeXKHUM, OTBEYAIONIHN NEPUOJUIECKUM KOTeOAHUIM.

Bropoit BapuanT wimoctpupyer puc. 3.1. Ilpm mManpix aMmintygax BO3-
Mmymenus: (puc. 3.1,a) TPAeKTOPHS 1O CHUPAJIH YAAJISETCS OT TOYKH PABHOBE-
cus O. [Tpu Goapmux oTkaoHeHusX (puc. 3.1,6) TpaekTopust Bo3Bpamaercs. B

a 6

Puc. 3.1. Poxnenue ycTOfIMBOro mpenesbHOro IWKJIa ' B OKPECTHOCTH HEYCTOMYMBOIO PAaBHO-
Becus O. IloBenenue TpaekTopuil npwm MaJsbIX OTKJIOHEHHSAX OT paBHOBecus (a) u upm Gosbmumx

(6)
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Puc. 3.2. IloBenenne muHAMHUYIECKON CHCTEMBbI, KOTOPOE HEBO3MOXKHO PEATU30BATh HA ILIOCKOCTU
B Cuiy mepecedeHus (pa30BbIX TPAaeKTOpuil. PeasibHO 3Ta KapTUHA MOJIyIAETCS IIyTEM IIPOEKI[AN
TPEeXMEPHOI TPAeKTOPUU Ha ILJIOCKOCTh JABYX II€PEMEHHBIX

pe3y/bTaTe BMECTO MOTEPSBIIETO YCTOWYMBOCTh COCTOSHUS PABHOBECHS TIOSIB-
JISIETCS HOBBIN PEeXKUM — MEPUOUYECKNe aBTOKOJEOAHUS, KOTOPHIM OTBEYAET
npeebHbiil muKa [ Ha (Ha30BOH TIOCKOCTH.

HeycroitunBocTh cocTosinusi paBHOBECUsI B JIByMEPHO# cUCTeMe TpU HaJIU-
YUNA MeXaHW3Ma HeJWHEHHOro OrpaHWYeHMs HApPaCTaHUd BO3MYIIEHWH TOPO-
JKJTA€T HOBBII PEXKUM — PEXKHUM YCTOWYMBBIX MEPUOANIECKUX Kosebanuii. Ecim
MBI BOOOpa3uM cebe MHYIO CUTYAIMIO, KOTJ[a OTKJIOHEHNE OT COCTOSHAS PaBHO-
BecUs BHaUaJjie HAPACTAET, & 3aTeM B CUJIy HEJIMHEHHOCTH BHOBb CTPEMHTCI K
HYJIIO, MBI TIPUJIEM K TTPOTUBOpeUnIo: (pa3oBasi TpaekTopus odsi3aHa Oyjer ca-
morepecekarhbest! (puc. 3.2). Ho aro Gymer o3HavaTh, 4To0 CyIecTBYIOT Pa3jiny-
Hble HavaJbHbIe YCJIOBUS, MPUBOJSIINE B TPOIECCE IBOIONUU K OJUHAKOBBIM
COCTOSTHUSIM! DTO HEBO3MOXKHO B CHJTy TIOHSITHS JeTePMUHU3MA, KOTOPOE B TaH-
HOM TIpUMepe TPOSIBJISIETCS B COIEP:KAHUU TEOPEMbBI €IMHCTBEHHOCTHU PEIIeHHUs:
IPH 33[AHHBIX HAYAJbHBIX YCJOBUSX PEIIeHUE CYIIeCTBYET W OHO eJUHCMEEH-
HO€, IPYTOro He JAHO.

JleTepMUHUPOBAHHBINI Xa0C

Kapruna npuHIUINAILHO U3MEHHUTCH, €CJIM Mbl PACCMOTPHM JHHAMHYE-
CKYIO CHUCTEMY, COCTOSHHE KOTOPOl XapaKTepulyeTcss TpPeMs He3aBUCUMBIMU
nepeMeHHbIMU (ha30BBIME KOOpAUHATAMY). JIDYrUMHU cJI0OBaMu, jJaBaiiTe mo-
BTOPDUM HAIIM PACCYKJAEHUd, OCYIIECTBUB BBIXOJ C IJOCKOCTH B TPEXMepHOe
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dazoBoe mpoctpancTBO. HuuTO He 3ampemaer HaM peajn30BaTh CHUTYAIUIO
puc. 3.2 B mpocTpaHCTBe TpeX m3MepeHmil. TpaekTopus pacKpydwBaeTCs B
TPEXMEPHOM MPOCTPAHCTBE, yaajadgdach oT Toukd O mo crnupasu. JlocTurays
HEKOTOPHIX 3HAUEHUI U UCHBITHIBAA AEHCTBHE MEXaHU3Ma HEJIMHEIHOTO OTrpa-
HUYEHUA, TPACKTOPUA BHOBb BE€PDHETCA B OKPECTHOCTH HMCXOJHOI'O COCTOAHUA.
anee, BBujay HeycroifumBocTu, nporecc Oymer moBropsitbest (cMm. puc. 1.6).
BosMoxkHbI jiBa BapuaHTa: TPAEKTOPHS, CIlyCTs KOHEYHOE BpeMsi, 3aMKHEeTCs,
JEMOHCTPUPYs HaJIMYKMe HEKOTOPOI'O CJIO2KHOI'0, HO IIEPUO/IMYECKOI0 IIPOLECCa;
TpaekTopusi OyAeT BOCIIPOU3BOANTDH HEKUil allepuouIeCcuKil IpoIece, ecjiu mpu
t — 00 3aMBIKaHus He Npou3oiiaer. Bropoii ciy4ail u orBedaeT pe:kumy Jierep-
MHUHHpOBaHHOTrO Xaoca! JleiicrBuTebHO, paboTaeT OCHOBHOW IIPHHIIMII JeTep-
MHUHH3MA: Oy/IyIee OJHO3HAYHO OIPeIeIeHO HadabHBIM cocTosinneM. OiHaKoO,
MIPOIIECC IBOJIIOIUU CUCTEMBI CJIOXKHBIN, Helepuoaundeckuii. YucTo BHEITHE OH
HAYEM He OTJInYaeTcd oT caydairoro! OmgHako, mpu OoJiee AeTaJIbHOM aHAJIM3e
BCKPBIBAETCS OJTHO BaKHOE OTJIMYME ITOTO IIPOIECCa OT CJIy49aitHOro: 3TOT PO-
necc BocrpousBoauM! JleficTBUTE/IBHO, IOBTOPUB €Il Pa3 HAYaJIbHOE COCTOSI-
HUEe, B CUJIy AE€TEPMUHHUPOBAHHOCTHU Mbl BHOBbH OJITHO3HAYHO BOCIIPDOU3BEAEM TY
JKe CaMyI0 TPAaeKTOPHUIO HE3ABUCHMO OT CTEMEHU ee CJIOXKHOCTU. JHAYUT ITOT
HEIIePUOINYECKUIl MTPOIECC HE IBJIAETCAd XaOTHYECKUM B CMBICJIE OIPEeIe/IeHUS
Xa0ca, JIAHHOTO HaMu BeImIe? /la, 3TO CJI0XKHBIHM, MOXOXKUH HA CAydaiiHbIi, HO
TeM He MeHee JeTepMUHUPOBAHHBIN mporecc. BakHO 371€Cch TO, 9TO OH Xapak-
TepU3yeTcss HEYCTOWUYMBOCTBIO M 3TO OOCTOATEBCTBO IIO3BOJIAET HAM IOHSTH
elle OJHO NMPUHIUNHNAJBLHO BaKHOE CBOMCTBO CUCTEM C JIETEPMUHUPOBAHHBIM
Xa0COM — MEePeMewUBAHUE.

IlepemermmuBanue

Mpb1 ycTaHOBMJIM, YTO B JUCCUIIATHUBHBIX CUCTEMAaX, Pa3MEPHOCTH (Hha30BO-
ro MPOCTPAHCTBA KOTOPHIX /N > 3, TEOPETUIECKU BO3MOXKEH PEXKUM CJIOYKHBIX
HEIIEPUOIMIECKHUX MYJIbCAIHMIl. DTOT TUI JBUKEHUS JeTEPMUHUPOBAH U XapaK-
Tepu3yeTcs HeycToiduBocThio. K uemy 3to mpuBoaut? /laBaiiTe paccyKaaTh.
Buauasie moroBopum 00 yCTONYMUBBIX PEXKUMaAX JIBUXKEHUSI B JIeTEPMUHUAPOBAH-
HBIX JUCCUTIATUBHBIX JUHAMUYECKUX CUCTEMAX.

PaccmorpuM B KauecTBe HA9aJIHLHOTO COCTOSTHUAS HEe TOUKY C OTIpe/IeJIeHHBIMU
KOOPJIWHATAME B IPOCTpaHCcTBe cocTogumit XU, a Masyio cdepy paauyca € > 0,
OKPY2KAIOMIyI0 3Ty TOUKYy. Jl100asg Touka BHYTpU cephbl XapaKTepu3yeT MaJoe
otkaonenne oT X°. Cdepa BKIIOYAET COBOKYIHOCTH BO3MOMKHBIX OTK/IOHEHHUI
OT MCXOJITHOTO COCTOSIHUSI, HE IPEBBIMIAIONINX 110 MOAY.II0 €. Tenepb mpuMeHUM
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oTIepaTop IBOJIIONUU W TPOCJeuM 3a TpaHcdopMmalmeit 3toii cepol. B cuity
YCTOWYUBOCTU BHIOPDAHHOTO HAMHU PEXKUMa, JTI000e MaJjioe OTKJIOHEHHE BO BpeMe-
HU JOJIZKHO 3aTyXaTh! DTO 03HAYAET, YTO MO/ JefICTBUEM JIETE€PMUHUPOBAHHOTO
3aKOHA, BOJIIONWH IMAPUK PAJIAYCA € BO BPEMEHH Oy/IeT YMEHBIIATLCS U TIPU
t — oo ero pamuyc ymenbinmutcs g0 HyJist! CkazaHHOE BBIIE HIIIOCTPUPYET
puc. 3.3. Ucxoanbiit (pa3oBbiii 00beM B JUCCUIIATUBHBIX CHCTEMAaX BO BPEMEHU
YMeHbIIaeTCAd. 9TO O3Ha4a€T B JJaHHOM CJjly4dae, YTO MaJibl€ BOBMYIIEHUA B UTO-
re OyJlyT 3aTyxarTb ¥ CUCTEMa BHOBb BEPHETCS B UCXO/HbIA PEXKUM, KOTOPbIH
ABJIA€TCA yCTOfI‘{HBbIM.

A ecsim ucxomubIil pexkum HeycToiuus? Uro Oymer B 3TroM caydae? Pa3oBsrii
00'bEM MOXKET YBEJTUYUBATHCS JI0 OECKOHEYHOCTH, €CJIM HEyCTOWYNBasl CUCTEMA,
auneitna. Ho eciin cucrema HetmHeiiHA ¥ JUCCUIIATUBHA, TO IIPOIECC SBOJIONMH
HA4YaJILHOTO MaJoro ¢ha3oBoro o0beMa OyIeT BecbMa HeTpUBHAIBLHBIM. [lombi-
TaeMcs TO MOHATh.

HeycroitunBocts pexkuma Beger K POCTy BO3MYIIEHUI. DTO OJHO 00CTOsI-
TEJIBCTBO. BTopoe — JUCCHUIIaTUBHBIC CUCTEMbI BHE 3aBUCUMOCTHU OT BUIA yCTOfI-
YUBOCTH BBI3BIBAIOT yMEHbINIeHHUE djieMeHTa (Ha30BOro 06bemMa BO BPEMEHH 10
HYyJIsI, 9YTO CBS3aHO ¢ mOTepsMu Hepruu. Kak coBmecTuTh 311 nBa dakTopa?
CymecTByeT €IMHCTBEHHOE peIIeHHe JTOH JUJIeMBbI: 3JeMeHT (a30BOT0 00b-
€Ma 110 HEKOTOPBIM HAIPABJIEHUSIM JIOJI?KEH PACTATUBATHCS, & 110 IPYTUM CXKU-
MaTbed. [lpuyem, cTenenb c:kaHusd B CpeHEM JIOJKHA 003aTETHHO MTPEBAJIU-

Puc. 3.3. Cxkarve nepBoHAYaILHON 00/IaCTH HEOIpPENEJIeHHOCTH 1 BO BpEMEHU B C/Iydae, KOIa
mukJ I’ gBjgeTca yCTONYUBBIM IPENEeIbHBIM PEeXKIMOM
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poBaTh HaJI CTENIEHbIO PACHIUPeHusi, 9TOObI B uTOre (ha30oBhiii 00'beM BO Bpeme-
HU yMeHbInaJics! B HeTMHEWHBIX AMCCUTIATUBHBIX CHCTEMAaX 3TO OKA3bIBAETCS
BO3MOKHBIM. BrImeckazannoe mitiocTpupyer puc. 3.4. B cuny maauausd me-
XaHU3Ma HEJUHEHHOro orpanndenus (a3oBasg TPAEKTOPUS CJOKHOTO PEKUMA
KoJiebaHuil cocpeloTOYeHa B OrpaHuYeHHO# obJiacTu ($Ha30BOTO TPOCTPAHCTBA
(cm. puc. 1.6). IIpu srom sr0basi Masiasi OKPECTHOCTh MCXOIHOTO HAYAJIBHOIO
COCTOSIHHSI IBOJIIOIUOHUPYET TAK, KAK MOKA3aHO HA puc. 3.4 U B UTOTE IIpe-
MEIIUBAETCs 110 BCeil 00/1acTH, 3aHATON TpaeKTopueil. JTOT MPOLECC BeChbMa
TPY/HO 1IPEJCTaBUTh cebe HaIJIsiIHO.

~

Puc. 3.4. Dposonust Magoro nmepBoHa4aIbLHOrO (Ga3oBoro o6beMa 1 BO BpeMeHU B cucTemMe
CO CTPaHHBIM ATTPAKTOPOM, WJLIIOCTPUpYyIoas nepeMemmuBanue. Vicxonusiit oobem 1 cxu-
MAeTCs 10 OJHAM W DPACTATMBAETCS TI0 APYTUM HampasaerwsM (2, 3, 4), marubaercs (5, 6),
"cknanpBaercs" (7, 8) u B urore nepeMemmBaercs 1o arrpakropy (9)
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[TpoBesem MbIcaeHHBIH 3KCIIEpUMeHT. B ctakaH ¢ BOIO# TOMECTUM MaJIeHb-
KyI0 YauHKYy ¥ pa3MellaeM BOAY YaillHON JIOXKKOl, BBI3BaB HEYCTOMYUBOCTD.
YauHKa OyIeT Ipu 3TOM JIBUTATHCS IO CJIOXKHOU CHUpaseoOdpasHoil TpaeKkTo-
puu, KoTopast o0ycJIOBJIeHa JIBHXKEeHHeM BOJIbI B cTakaHe. [Ipu 3Tom B J11000i
3a/IaHHBIIT MOMEHT BPEMEHU MbI TEOPETUUYECKU MOXKeM 3a]puKcupoBaTh €e Ko-
OPAUHATHI X(t) B o0beme Bozbl! Temeph BMECTO YaWHKM MMOMECTHM B CTaKaH
C BOJOW OYeHb MaJIEHbKYIO KalleJIbKY YEepHUJI U BHOBb pa3MellaeM BOIY Yail-
HO# JToKKOoit. UTo mpu 3TOM mpouzoitaer? YepHusia MpakKTUUECKH PaBHOMEP-
HO pa3beryrcs 1o Bcemy oObeMy BOJbI, CJerka okpacup ee! Hacruuku yep-
HIJI, TIEPBOHAYAJIBHO COCPEJIOTOYEHHbIE B MaJIEHBKOM O0beMe KalleJbKH, CIIy-
CTs BpeMs IepeMellnBaHus MOXKHO Oy/ieT OOHApPYKUTh B 410001 4acTH 00beMa
BO/IBI B cTakaHe! B XKM3HM 3TOT IpoOIecc Mbl IPUBBIK/IA HA3BIBATH II€PEMEIIIH-
BaHWEeM. B MaTeMaTwke 3TO TOHATHE TaK:Ke CYIIECTBYET W, C TOYKHU 3PEHUS
bU3NIECKO UHTEPIPEeTANK, OKa3bIBA€TCd BeChbMa OJIU3KUM 110 cMbIcay. Jleii-
CTBUTEJILHO, TIOTOK BOJABI B CTaKaHE, CO3JaHHBIN ABWKEHUEM 4YalHOUN JIOXKKH,
MOYKHO UHTEPIPETUPOBATH KakK JIEUCTBUE JIETEPMUHUPOBAHHOTO SBOJIIOIIUOHHO-
ro orneparopa JWHAMUYECKO# cucremMbl. HawHKa MPU 3TOM OYIET JABUTATHCS 110
CJIO2KHOM, HO JIETePMUHUPOBAHHOUN (XOTSI U O4YeHb CJIO)KHOfI) TpaekTopun. A
KalleJIbKa YepHUJI, KOTOPYIO MOXKHO HHTEPIIPETUPOBATh KAK HEKUIl MaJIeHbKUM
00beM B (pa30BOM IPOCTPAHCTBE BOKPYT YaWMHKH, IOJ JEHCTBHEM OIll€paTopa
9BOJTIOIUH TIEPEMEIIAETCS 110 BCeMy 00beMy BOJIbI!

BeposTHOCTHBIE CBOMCTBA JI€TEPMUHUPOBAHHBIX CUCTEM

Takum 06pa3oM, B HEYCTOMUYMBBIX PEKMMaX B J€TEPMUHUPOBAHHBIX HEJIH-
HEHHBIX CHCTEMaX C InepeMeninBaHeM Mbl MOXKEM IIpeJCKa3aTb 6y,uy1uee CO-
CTOdHHE OJHO3HAYHO TOJIBKO B CJ/Iy4a€ CTPOIroro 3aJaHusd Ha4daJIbHbIX yCJIOBI/Ifl.
OpHako, €cIu y4ecTh CKOJIb-YTOTHO MaJyio, HO KOHEUHYIO OIIHOKY (T.e. pac-
CMOTPETDL KalleJIbKY 4Ye€pHUJI BMECTO ‘-IaI/IHKI/I), TO ACTEPMHUHUPOBAHHOE IIPpEI-
CKa3aHUe CTAHOBUTCS HEBO3MOXKHBIM. MaJias 06/1acTh TepBOHAYATLHOM HEoIpe-
AE€JIEHHOCTU PAa3MbIBa€TCA 3a CYeT IepeMeENnInBaHud Ha KOHEYHYIO O6JIaCTI) B
da3oBomM mpocTpaHcTBe. Ternepb Mbl UMEEM JIEJIO C ITPOIECCOM, KOTOPBIit acco-
IUUPYETCs C HACTOSINEH CIydaifHOCTHIO, ¢ HACTOSIIHUM Xa0ocoM!

OCHOBHBIM CBOMCTBOM JTHHAMHYECKUX CHUCTEM, JIEMOHCTPHUPYIOIUX DPEXKUM
ACTEPMUHHUPOBAHHOI'O Xa0Ca, dBJIA€TCA 9yBCTBUTEC/IbHaAd 3aBUCUMOCTDb PE2KHMa
(I)yHKLLHOHHpOBaHI/IH K CKOJIb-YI'OAHO MaJIbIM HM3MEHEHHAM Ha4daJIbHBIX YCJIO-
Buil. IMeHHO 3TO 00CTOATEILCTBO BEJET 110 CYyTH JiejIa K IoTepe JeTePMUHUPO-
BaHHOMI IpeaCcKa3yeMOCTH U HeO6XO,ILI/IMOCTI/I BBOJMTH BEPOATHOCTHBIE XapPaKTe-
PUCTUKU JIAd OIIUCaHUA JUHAMUKU TaKUX CUCTEM. B 9TOM CMBICJ/IE€ CTAHOBUTCA
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MOHSATHBIM TEPMUH " IeTepMUHUPOBAHHBIN Xaoc", KOTOPHI XapakTepusyer po-
JKJIeHHe CJy4aiHOT0, HEIPeICKa3yeMOT0 OBEJIEeHUsI CUCTEMbI, KOTOPO€e yIIPaB-
JIIeTCS JIeTePMUHUPOBAHHBIMY 3aKOHAMH.

HeomnpeaeeHHOCTh B 33/ JaHUU HAYAJIBHOTO COCTOAHMSI — CHUTYallds BIIOJIHE
peasibHas ¢ TOYKM 3peHusi pu3uku. /leficTBUTEIbHO, B CHJIy KOHEYHOUW TOYHO-
CTH PETMCTPAIMU COCTOSTHUS JIIOOBIMHU MIPUOOPAMU, OHO OIPEIEISIeTCS ¢ KOHEed-
HO¥ (ILyCTh CKOJIb-yrOJHO MaJioif) OmubKoil. DT0 03HAYAET, YTO MbI JIOJIZKHbI
AHAJIM3UPOBATH 3BOJIIOUMIO BO BPEMEHM HE HAYaJIbHOW TOYKM, & HA4YaJIbHOMU
obJiacTd BOKPYT 3TOi TOYku. B cuiy nepemenmBaHusi Mbl CTaJKHEMCS C IIPO-
IIECCOM, TOPOOHO ONMCAHHBIM BBIIIIE.

JleTepMUHUPOBAHHBIN Xa0C — MaTeMaTUYecKada 3K30TUKA
WJIA TUTTAMYHOE CBOMCTBO MaTepUaJIbHOTO MUpPa?

[Tyrem mpocreiimmx paccyzKeHuil Mbl IPUIILJIA K BBIBOLY O BO3MOXKHOCTH
peKuMa JeTePMUHHUPOAHHOTO Xa0Ca B HEJUHEHHBIX CHCTEMaX C JIMCCHUIIAIAei
sHepruu. B coBpeMeHHO# HayKe 3TOT 3(dEKT cTporo 060CHOBAH TEOPETUUECKU
U JIOCTOBEPHO TOATBEPKIEH IKCIEPUMEHTAIbHO. MoXKeT BOBHUKHYTBH BOIPOC,
He SBJISIETCS JI 3TOT (heHOMEH MATEMATHIECKON IK30TUKON B TOM CMBICJIE, UTO
€T0 peau3alus TeOPeTUYeCKH BO3MOXKHA, HO MTPAKTHUYECKU — MAJIOBEPOSATHA?
Her, u eme pa3 nwer! [Tocsie oTKpBITHS [I€TEPMUHEPOBAHHOTO Xa0Ca, SICHOTO TO-
HUMaHUS CBOUCTB 3hdeKkTa u pa3pabOTKU METOJOB €ro JIMArHOCTUKHU Xa0C ObLI
OoOHAPYKEeH MPAKTUYECKH BO BCEX O0JIACTSIX COBPEMEHHOTO €CTECTBO3HAHUS: B
duszmKe, paJuOTEeXHUKE, XUMHAU, OUOJIOTUU, MEXaHUKE, SKOHOMUKe U 1ap. Mo-
JK€T BO3HUKHYTb €CTeCTBEHHBI BOIPOC, MOYEMY JO HEJABHETO BPEMEHH 3TOT
TUIUYHBIA peKUM (PYHKIIMOHUPOBAHUS JTUHAMUYECKUX CHUCTEeM He ObLT OOHa-
PY2KeH U onucan! DTOMY eCTb OObsCHEeHHe.

XO0Ts TEOPETUYECKH II0JIABJIAIOINIEe YUCJIO PEATbHBIX MaTePUAIbHBIX CUCTEM
U TIPOIECCOB HEJIMHEHHBI, CYIMIECTBYeT IMUPOKUN KJIACC MPOIECCOB, JTOCTATOY-
HO KOPPEKTHO OMUCHIBAEMBIX B JTUHEITHOM WJIM KBA3WJIMHEHHOM MPUOTMKEHUN.
JIuHeiitnad Teopus AMHAMUYECKUX CUCTEM U TIPOIECCOB pa3paboTaHa T0oCTa-
TOYHO TIOJTHO ¥ TIO3BOJISIET JIATh WX MCUEPIBIBAIOIIEE OMUCAHNE, XOPOIIO COTJIa-
cyromeecsi ¢ 3kcnepumernToMm. Ho jerepMUHUDOBAHHBIN Xa0C — SIBJIEHUE, TPH-
cylee UCKIIYUTEIbHO HEJIUHEHHBIM cucTeMaMm! A B OTHOIIEHHH HEJIHHEHAHOM
Teopuu Jiesia 00cToaT HaMHOTO Xyxke. [loka He cymecTByeT, Hampumep, obireit
TEOPUH PeleHrst HeJInHeHHbIX nuddepeHnaaIbHbIX ypaBHeHU . AHAIN3 TUHA-
MUKW HEJIMHEIHBIX CUCTEM U ceifuac TpedyeT UCKyCCTBA, TBOPYECKOTO MOIX0IA,
WH/IUBU/IYAJIbHOTO B KaXK/IOM KOHKPETHOM CJIydJae.



52

NmenHo oTcyTCcTBHE CTPOTHX TEOPETHYECKUX PE3Y/IbTaTOB MTPUMEHUTETHHO
K HeJTMHEIHbIM CUCTeMaM CIAEPKUBAJIO OTKPHITHE W MOHNMAaHUE 3TOTO YHUBEP-
CAJILHOTO SIBJIEHUS. DKCIIEPUMEHTATOPHI JABHO CTAJKUBAJIUCH C MPOSBICHAEM
xaoca. OTHAKO, OTPAHMYEHHOCTh TEOPETUYECKUX 3HAHUM, 0OYCIOBI€HHAS BJIU-
AHUEM JIMHEIHON U KBa3UJIUHEHHONU CTPYKTYPhl HAYYHOI'O MBIIIJICHUH, IIPUBO-
Juia K omubKaM B TPaKTOBKe HAOJI0IaeMbIX pe3yabraroB. Jlenascs BBIBOI, O
TOM, 4TO IIIYMOIIOI00HBIE KOJie0aHusi 00yCJIOB/IeHbI JIN0OO JieiicTBueM JiyKTya-
nuit, 1100 OIPOMHBIM YUCJIOM CTeleHel CBOOO/IbI cucTembl, JinbO HEMCIIPABHO-
CTHIO UBMEPUTEJILHON allaparyphl.

Ceituac mojioxkeHue u3MeHu10ch. Hara »ku3Hb Bce 60/1ee HACTOSATETbHO Tpe-
OyeT KOJIMYECTBEHHOI'O yueTa TaKuX (paKTOpOB KaK CBEPXBBICOKAs ILJIOTHOCTD,
CBEPXBBICOKAsl TeMIIEpaTypa, JaBJeHne, CBEPXBBICOKHE CKOPOCTH, IJIOTHOCTH
HaceJeHusd W T.J. A, KaK U3BECTHO, y4eT 3TUX (PaKTOPOB TpedyeT MPUHITU-
NUAJBHO HEJIMHEHHOTO MOIX0Ja K OMUCAHUIO IBOJIIONUOHHBIX MPOIECCOB. DTH
MPOIECCHl MOJIEUPYIOTCS W AHAJM3UPYIOTCS C IMOMOIIBI0O KOMITBIOTEPOB, JIJIsi
KOTOPBIX HEJIMHEHWHOCTh MOJE/N He SIBJISIeTCS TPENsITCTBUEM JIJIsi €€ JieTallb-
HOTO aHa/m3a. V BBISICHMIOCH, YTO B TAKMX CHUCTEMaX XaOTUYECKUN DPEKUM
GYHKIMOHMPOBAaHUST CKOPEE TMPABUJIO, YeM HCKJIoUYeHme!

CTpaHHbIe ATTPAKTOPbI

MaremaTuueckuM 00pa3oM pexkuMa (YHKITMOHUPOBAHUS JTUCCUITIATUBHON
JMHAMUYECKOH CHCTEMBI CITYKUT ammparmop — IpejieJibHas TPAeKTOpUs U300~
pakarorieil TOukKd B pa30BOM MPOCTPAHCTBE, K KOTOPOI CTPEMSTCH BCE UCXOJI-
Hble PeKUMBI. KCI 3TOT peKuM eCTh YCTONYNBOe COCTOsIHNE PABHOBECHS — aT-
TPAKTOpP CHUCTEMBI OyJ/IeT IPOCTO HEIOJBUKHON TOYKOM, €C/IM ITO YCTOHUNBOE
NEPUONYECKOe JIBUKEHUE — aTTPAKTOPOM OyIeT 3aMKHyTas KpHUBasl, Ha3bIBa-
eMas TpeIeTbHBIM IHUKJIOM. PaHbIe cYUTaIoch, 9TO aTTPaKTOpP €CTh 00pa3
UCKTIOYUTETHHO YCTOWYMBOTO pexkuMa (pyHKIMoHupoBanus cucremel. Ceituac
MBI IIOHUMAaeM, YTO PEeXXUM JAEeTEPMUHHPOBAHHOTO Xa0Ca TOXKE aTTPAKTOP B
CMBICJIE OIIpejieieHusl Npe/ie/IbHOM TPaeKTOPUU B OrpaHHYeHHOU obJsiacTtu a-
30BOro mpocrpancTBa (cM. puc. 1.6). OqHako Takoil aTTpaKTOp UMeeT JBa Cy-
IIECTBEHHBIX OTJINYMsI: TPACKTOPHUS TAKOTO ATTPAKTOPA Hemepuoanieckas (oHa
HE 3aMBIKAETCsI) U PEKUM (DYHKIIMOHUPOBAHUS HEYCTONUNB (MaJible OTKJIOHE-
HUsl OT PEXKMMa HApacTaioT). VIMEHHO TH OT/IMYUS ¥ TPUBETH K HEOOXO/IH-
MOCTH BBECTH B paccMoTpeHue HOBbiit TepmuH. C jierkoit pyku ¢hpaHILy3cKOro
uccaenoaresisi @. TakeHnca Takue aTTpaKTOPbl CTAJIU HA3BIBATH CMPAHHLLMU.

KakoB kpurepuii "crpannoctu"? Kak ycranoBjieHo TeoperukaMu, OCHOB-
HBIM KpUTEpHeM CTPaHHOCTH aTTPaKTOpa ABJdeTCd HEyCTONYUBOCTH TPAEKTO-
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pun. [Ipudem HeycToiunBoCTh 00s13aHa OBITH SKCIIOHEHIAIBHOI! DTO 03HAUYA-
eT, 9To0 MaJioe Bo3MyInenue pexxuma D(0) T0IKHO BO BpEMEHU YBETHINBATHCS
0 9KCIIOHEHTE:

_ 1. D(t)
D(t) = D(0)exp(At), A= E?o p In D(0)’

(3.4)

riae A — 1nmokasaresib JIsmyHoBa.

Oka3zaJioch, 4T0 MOJIOKHUTEIbHOCTh BEJIMYUHBI A TOBOPUT HE TOJHKO 00 IKC-
MOHEHITHATHHON HEYCTORUNBOCTH pesKUMa, KOJIebaHnii, HO TOKa3biBaeT HAJIUUNe
B cucTeMe 1epemeninBanus. Ecjiu ycTaHOBJIEHO, YTO UCC/IE/lyeMbIil PEXKUM HMe-
er A > 0, To ciresicTBUEM OYIAyT: HEIIEPUOJUYHOCTh B 3AaBUCUMOCTH OT BPEMEHHU
7000 U3 KOOPMHAT COCTOSIHUSI, CIUIONIHOMN CIIEKTP MOMIHOCTH (B CIIEKTPE KO-
neGaHuii IPUCYTCTBYIOT BCE YACTOTHI M3 HEKOTOPOTO MHTEPBAJIA) U CIIAIA0IIAST
BO BpEMEHH aBTOKOppeadnuonHas (pyuknusg. Jlo HelaBHETO BpeMeHH ¢ TaKUM
MOBEJIEHUEM YKa3aHHBIX XapaKTEPUCTUK OJHO3HAYHO CBA3BIBAJIN IIPEICTABJIE-
HUs O ciiy4aitHoMm mporecce. Tenepb Mbl 3HaeM, 4TO MOJOOHBIMU CBOWCTBAMHU
MOXKeT 00J1aJaTh TPOILECC, MOPOXKIAEMbIH JIeTePMUHUPOBAHHBIMU 3aKOHAMH.
9T0 O6CTO$IT€.HI)CTBO " TTOCJIY2KUJIO OCHOBaHMEM Ha3bIBaTh TaKue IIPOLECCHI e~
TEePMUHUPOBAHHBIM Xa0COM.

3aKJIr0o4eHue

B pesysnbrare npocToro KaueCTBEHHOI'O PACCMOTPEHHsI 0COOEHHOCTeH Hesu-
HENHbIX AUCCUIIQTUBHBIX JJUHAMUYECCKHUX CHCTEM Mbl IIDUIIJIM K PAdAY HOBbIX
IPUHIUIUAIBHBIX BBIBOJIOB, OCHOBHBIE UX KOTODBIX CJIeTyIOIIHeE:

1. B muddepennuanbHblX CHCTEMAX C Pa3MEPHOCTHIO (pa30BOr0 IPOCTPAH-
ctBa N > 3 TeOpeTUYeCKH BO3MOYKHBI YCTAHOBUBIIUECS HEMEPUOINIECKUE
PEXKUMBI KOJIeDaHUIA.

2. Ilpunnunua/ibHOW 0COOEHHOCTHIO TAKMX KOJieOaHUil siBIsieTCs UX HEeyCTOi-
YUBOCTb, YTO HPUBOJMT K UyBCTBUTE/IHHON 3aBUCUMOCTHU JIMHAMUKU CHUCTE-
MBI OT MaJIbIX BO3MYIIEHUII.

3. HeycroitunBoCTh HETWHEHHON CHCTEMBI B COBOKYIMHOCTH C OTPAHUYEHHO-
CTHIO SHEPIUH KOJIe0aHWH MOXKET BBI3BIBATH ME€PEMEINBAHUE.

4. Hanuuue nepeMemuBaHus TPUBOAUT K HEOOXOTUMOCTY BBE/I€HUS CTATUCTHU-
YECKOTO ONUCAHUS JUHAMUKH J€TEPMUHUPOBAHHBIX CHCTEM CO CTPAHHBIMU
aTTPAKTOpaMU KaK HamboJiee yI00HOTO.

[Iepeunciennsle pe3yabTaThl YOEXKTAIOT HAC B TOM, YTO PEKUMBI (DYHKIIMO-
HUPOBAHUS JTETEPMUHUPOBAHHBIX HEJTUHEHHBIX CUCTEM CO CTPAHHBIMU ATTPAK-
TOpaM¥ JeHCTBUTENBHO 00JIAJAI0T PSAIOM CHEIM(PUIECKNX CBOWCTB, COBOKYII-
HOCTHh KOTOPBIX BKJIIOUAETCS B MOHSATHE ' IeTePMUHUPOBAHHBIN xaoc'.



Jlekiuga 4

'mmepbosimieckue (CTpaHHbIE)
ATTPAKTOPBI JIMHAMUYECKIX
CUCTEM

B aexuyuu daemcs onpedeaenue ammpaxmopa ouccunamueHoti JuHaMU%e-
CKOTll CUCMEMDL C KOHEUHDBLM YUCAOM cmenenett c60600v. DPopmysupyromces
yeaosua 2pybotl 2unepbosUNHOCTIU, PACCMAMPUBAIOMCA K6a3Uuunepbosuye-
CKUE AMMPAKMOPvL U UL OCHOBHBIE CEOTCTNEA.
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BBeneuune

OJHEM H3 OCHOBHBIX METOJIOB HCCJIEIOBAHMS ABTOKOJ1e0ATETbHBIX CHCTEM
AaBJsgeTcs pOPMYIUPOBKA W aHAJIN3 PelleHui ypaBHEHUi, OMUCHIBAIOIIAX UX
auHaMuKy. [TosToMy mMaTeMaTudeckuit pas3ien “TUHAMAYECKHE CUCTEMBI  SIB-
JISIETCsl OJTHUM W3 OCHOBHBIX TPU (PYHIAMEHTAJHHOW MOJATOTOBKE 110 TEOpUU
kosiebanuit. ABTOKOIEOATETHHBIE PEKUMBI MOTYT UMETh MECTO UCKJIIOUYUTE b=
HO B HEJIMHENHBIX U AJUCCUIIATUBHLIX JUHAMHWYCECKHUX CHUCTEMaX.

B cuny cxkatus ¢dpazoBoro oobema mpeaesbHoe MHOXKECTBO (DA30BBIX TPAEK-
TOpU B JUCCUIATUBHBIX CHUCTEMaX BCerja OyIeT MMeTh HyJseBo#t oobem. O-
HAKO CTPYKTYpa IpPeeJbHOTO MHOXKECTBA IIPU 3TOM MOXKET OBITh Pa3/MYHOI:
TOYKA, JINHUS, IOBEPXHOCTh MJIM MHOXKECTBO IIOBEPXHOCTEH, MMeEIIee B ce-
yenun [lyankape CTpyKTypy THIIa KAHTOPOBOH. DTH OT/IMYUS B CTPYKType
IpeeTbHOTO MHOYXKeCTBa (ha30BBIX TPAEKTOPUH COCTABJSIOT OCHOBY KJIACCH-
dbukanuy THIOB ATTPAKTOPOB AUHAMHUYECKHX cucreM |15].

Jlosroe Bpems ¢ 00pa3oM JUHAMHYECKOTO XAa0Ca CBS3BIBAJICA TaK HA3BIBA-
eMbIil cmpartbili ammpakmop. Bee HeTpuBHAIbHBIE PEXKUMBI aBTOKOIE0aHMIA,
OOIIMM CBOMCTBOM KOTOPBIX SIBJISLIOCH OTCYTCTBUE IIEPHOIMIHOCTH BO BpPEMEHH,
aCCOIMUPOBAJINCH UMEHHO CO CTPAHHBIM aTTpPakTOpoM. [1o3Hee BBHISICHUIIOCH,
YTO XAOTHYECKHE aBTOKOJeOaHUs 10 CBOMM CBOCTBaM MOTYT CYIIECTBEHHO
Pa3IMYaThCs, YTO OOYCJOBJIMBAET PA3JUYHS B CTPYKTYpPE COOTBETCTBYIOIIHUX
uM arTpakTopoB. OKa3aa0Ch, 9TO CTPAHHBIN aTTPAKTOP €CcTh 00pa3 HEKOTOPO-
ro “mjeasibHOr0” Xaoca, y/IOBJETBOPSIONIEr0 PsIAy MaTeMaTHdecKuX TpedoBa-
Huil. B0 ycTaHOB/IEHO, YTO B PEaIbHBIX CHCTEMAX PEXKUM CTPAHHOTO (B CTPO-
I'OM CMBICJIE) ATTPAKTOPA He peajusyercs. 10, 410 Mbl HABJIIOAAEM B SKCIIEDH-
MEHTAX, Yallle BCEIO OTBEYAET PEKUMAM K6a3U2UNEPOOAULECK020 ATTPAKTOPA
WIn Keasuammparmopa. KBasuarTpakTopsl O0oJ1ee CI0KHO yeTpoeHbl. OTImdu-
TeJIbHON 0COOEHHOCTHIO IUIEePOOINIECKUX, KBA3ZUIUIIEPOOINIECKUX aTTPAKTO-
POB ¥ KBa3HATTPAKTOPOB SIBJISIETCS IKCTOHEHUUAALHAA HEeYcmotuusocms dha-
30BBIX TPAEKTOpHil U JPOOHAA Pa3MEPHOCTh. JKCIOHEHIHATbHAS HEYCTOWYH-
BOCTh SIBJISIETCS KPUTEPUEM XaOTHIECKOTO MOBeJeHUs cucTeMbl. JIpoOHas Met-
pudeckad pa3sMEpHOCTh CBUAETEJIBCTBYET O TOM, YTO aTTPAKTOP — CJIOXKHBIHI
reomerpudeckuii o6bekT [3,4].

B nacrosimei JieKiuu NMPUBOASTCS ONpe/eeHnus W CBOWCTBa rurnepbo/in-
YeCKUX U TOYTH TUIepPOOJMIECKUX aTTPAKTOPOB JuddepeHIua bHbIX | JTUC-
KPETHBIX JIMCCUIIATUBHBIX HEJUHEHHBIX JUHAMHYECKHX CHCTEM C KOHEUHBIM
YHCJIOM CTeIleHe#l CBOOOIbI.
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Yrto Takoe arTpakTOop?

N3menenne Bo BpeMeHH COCTOSHUS ABTOHOMHOIN JIMHAMMYECKON CHCTEMBI
OTIUCBHIBAETCS JIMOO CHCTEMOM OOBIKHOBEHHBIX UM depeHITnaTbHBIX YPaBHEHTH,
b0 cucTeMoil JUCKPETHBIX OTOOparKeHMil:

dx; .
:xi:fi(xlu"'vavﬂ’lv’”uMk> (41)
dt
o j 1,2 N
5’7;+1 = fi(xn’xn’ IR Y LA R ,Mk),
i =12 ..N

Bnech x;(t) (mmm ') — mepeMeHHBIE, OJHO3HAYHO ONMHUCHIBAIONIME COCTOSHHE
cucremsl (ee ¢dazosbie KoopauHaThl); (1 (I = 1,2,... k) — mapamMeTpbl ChCTe-
Mbl; fi(x, ;1) — B 0bieM ciayvae venmHeiinbie Gyukiyn. Pemenne cucremsr (4.1)
CYIIECTBYET, €IVHCTBEHHO ISl JAHHBIX HAYAIbHBIX ycaosuil x;(0) (mm xf) n
IVIAJIKO 3aBHCUT OT W3MEHEHUsI HaYaIbHOrO cocrosiHus (Teopema Kormn).

ByneMm roBopuTh HCKIIOUATEIHHO 00 ABTOKOIE0ATETbHBIX PEXKUMAX JIBHYKE-
Hust cucreMbl (4.1). D10 03HAYAET, YTO B CUCTEME CYIIECTBYIOT YCTAHOBUBIIIHE-
¢ KOoJ1e0aHusl, XapaKTEePUCTHKN KOTOPBIX He 3aBUCAT B OIIPEIEJeHHBIX MpeIe-
JIaX OT BBIOOpa HAYAIHLHOTO COCTOSIHHUSI. B KauecTBe mpeaeibHOrO CIydast Croaa
’K€ MBI OTHECEM U PEeXKUM YCTOWYHMBOIO COCTOSIHUSI PABHOBECHSI.

O6patumcs k daszosomy npocrpanctey RY cucrembr (4.1), sadbukcnpopasn
3HAYEHUs BCEX TAPAMETPOB CUCTEMBI [ig. IIycTh nMeeTcss HEKOTOpash KOHeYHAast
(nm Geckomeunas) obsmacth (i, npuHaIexkamasa RY, KoTopas BKJIIOY9aeT B
cebst momobsacth Gy. Obnactu G; u G yIAOBIAETBOPSIOT CJIEAYIOIIUM yCJIOBU-
AM:

1. Ina mobbix HadanbHbx ycaosuit x;(0) (mmm zf) uz obmacru G mpm
t — 00 (mmu n — 00) Bee (Ha30Bbie TPAEKTOPUN PAHO WJIU MO3/HO JOCTUTAIOT
obsactu Go;

2. O6nacrs Gy npejcrapisieT coO0#f MUHUMAJIBHOE KOMIIAKTHOE TI0AMHOYKE-
CTBO B (pa30BOM IIPOCTPAHCTBE CUCTEMBbI;

3. Eciiu pazoBas rpaekropust npunaiexkut obsactu (Gy B MOMEHT BPeMeHH
t =t (n = ny), To ona Oymer mpuHagexath Gy BCerma, T.e. s JIIOOBIX
t >t (n>mny) daszoBasg TpaekTOpus OyIeT HAXOMUThCs B obmactu Gj.

Ecnu sTi ycmoBust BBIIOHAIOTCS, TO 0071acTh Gy HA3BIBAETCS GMMPAKMO-
pom dunamuveckol cucmemv, (4.1). Ipyrumu ciosamu, arrpakrop Gy — 310
MHBAPHAHTHOE OTHOCUTEJIbHO 3aKOHA (4.1) MUHMMAJIbHOE HPeIeJbHOE MHOMKE-
CTBO TPAEKTOPHIl CHCTEMBI, KyJIa CTPEMSITCS U TaM OCTAIOTCS JII0ObIE TPAEKTO-
pun u3 obsactu (1, oxBaTbiBawoIeir Gy. Odnacth (G; HA3BIBAETCI 004GCMBIO
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(uau baccetinom) npumasostcenus ammpaxmopa Go. B obractn G moryr cy-
MECTBOBATh MCKJIIOUUTE/HHO TIEePEXOIHbIe, HeCTAIlMOHAPHBIE TUIIBI JIBUKEHMUIA.
[Tpenenbaoe MHOXKECTBO (Gp OTBEUAET YCTAHOBUBIIUMCS (TIPEJEIbHBIM) TUIIAM
JIBUKEHUSI.

PerynsapHblie aTTpakKTOpPbI

Jlo OTKpbITUS J€TEPMUHUPOBAHHOTO Xa0Ca OblLJIO U3BECTHO BCErO TPU TH-
12 yCTOWYMBBIX YCTAHOBHUBIIUXCs pPelieHuil JuHaMu4deckoit cucrembl (4.1): co-
CTOIHUE PAaBHOBECHH, KOI'/Ia 110C/e IIePEeXOHOIr0 1IPoLecca CUCTeMa JOCTUraeT
CTAIMOHAPHOTO (He MEHSIIONIErocsl BO BPEMEHH) COCTOsIHUsI, YCTORIMBOE MepH-
OJIMYECKOe DellleHue U yCTONYMBOe KBasuiepuojamdeckoe perrenue. CooTBer-
CTBYIONTUMU aTTpakTopaMu MuddepeHnua bHOl CUCTEMBI B 9TUX CIyYasX SB-
JISIOTCA: TOYKA B (pa30BOM TPOCTPAHCTBE, MPEIEJbHBIN UK U TpeIeTbHBIN
n-MepHbIit Top. CUrHATYpaA CHEKTPA JIAMYHOBCKUX XapPAKTEPUCTUUECKUX MOKA-
sareneit (JIXII) dbazoBoit TpaekTopun B 3THX ciaydasx Oyzxer [3]:

— e, — — COCTOSIHME PaBHOBECHSI

0,—, —,...,— — IpeJIe/IbHBIN ITHKJ
0,0,...,0,—,...,— — n-MepHBI TOp, N > 2.
—_———

Henepuoguuecknm permennsim cucreMb (4.1) MOTYT COOTBETCTBOBATH CTPAH-
Hble XaOTHWYECKNEe aTTPAKTOPHI CJIOXKHOW TeOMeTPUYECKON CTPYKTYPHI, KOTO-
pble UMeroT, 10 KpaiHell Mepe, OAWH IOJIOXKUATEJIbHBII JIAIYHOBCKUN MOKa3a-
TeJIb W, KaK CJIEJICTBUE, JPOOHYIO Pa3MepHOCTDb, OIpee/geMyio 1o (hopmyIe
Kamnana-Iopxa [3]:

5:1 Ai

Aja]
rje j — HamboJIbIIee IIeJI0€ YUCJIO, JII KOTOPOTO A + Ag 4 -+ - + A; > 0. JIa-
IYHOBCKasi pa3MepHOCTh D, paccuntanuas 1o dopmyre (4.2), npeacrapiser
coboit omHy 13 (ppaKTaIbHBIX Pa3MEPHOCTeN MHOYKECTBA W CJIYXKUT OIEHKOU
CHU3Y /I METPUYECKOW pa3MepHOCTH aTTpakTopa. Kciam mpuMeHUTs (hopmy-
ay (4.2) K yKa3aHHBIM TPEM THUIAM ATTPAKTOPOB, TO MbI HOJIyYUM HYJIEBYIO
pasMepHOCTb I TOYKH, D = 1 — 171g npefesbHOro mukina u D = n — aad n-
MepHOro Topa. Bo Bcex ciyuasx dpakTanbHas pa3MepHOCTb CTPOTO COBIAIAET
C METPHUYECKON Pa3MepPHOCTHIO aTTPAaKTOPOB. To 00CTOATETHCTBO, YTO YKA3aH-
Hble TUNBI PellleHuil ABA4I0TCd aCUMITOTUYECKN YCTOMYUBLIMY, & Pa3MEePHOCTD

D=j+ (4.2)
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D naercst neJbIM YUCIOM U CTPOTO COBIAJAET C METPUYECKOH, O3BOISET Ha-
3BaTh yKa3aHHBIE THIBI ATTPAKTOPOB PEryJsapHbIMH. Hapyiienue ogHOro u3
chOPMyYIMPOBAHHBIX YCIOBUil HCK/IIOYAET ATTPAKTOP M3 KJIACCA PeryispHBIX.
Kax crajio siCHbIM, HeperyJsipHbie (XaOTHYeCKHue) aTTPaKTOPhl TPeOyIOT BBe-
JleHWsl  CreluaJbHoil Kiaccudbukanun [4,15].

CrpaHHbIe (Xa0THYECKNE) ATTPAKTOPHI

Hosslit Tun arrpakropa quHamudeckoit cucrems (4.1) 6b11 BepsBbie 0OHA-
pyxkeH Jlopennem B 1963 r. 1pu YUCJIEHHOM UCCJIEI0OBAHUU 3HAMEHUTON Telephb
mozesu Jlopenmna. CTporoe MareMaTn4eckoe T0Ka3aTe/TbCTBO CYIECTBOBAHUS
HeIepUoIMIecKux perrenuii cucremsl (4.1) 6bu10 mano B 1971 roxy Prossiem u
TakencoM, My ke OBIJIO BBEJIEHO MOHATHE CTPAHHOTO aTTPAKTOPa Kak oOpas3a
JIeTePMUHUPOBAHHOIO Xaoca. C Tex Mop siBJIeHue IeTePMUHUPOBAHHOIO Xa0Ca
" IIOHATHUE CTPAHHOT'O aTTPAaKTOPa BO MHOTUX pa60TaX NpaKTU4Y€CKU OJHO3HAY-
HO CBs3bIBAIOT JApyr ¢ apyrom. OaHako npu 6ojiee AeTajbHOM PACCMOTPEHUN
9TO OKA3BIBETCS HE BCETa CIPABEJIMBLIM U TPeOyeT MOsiCHeHUA.

I'pyObie runepbosindyeckne arTpaKTOPhI

JloKa3aTeIbCTBO CYIECTBOBAHNS CTPAHHOTO ATTPAKTOPA OBLIO TaHO B 2KECT-
KOM TIDE/IIIOJIOXKEHUH, 9TO AuHaMudecKas cucreMa (4.1) sBasercs rpy6oit ru-
nepboJsimaeckoit. Yro 31o o3nauaer? Cucrema siBasiercss TurepOOInIecKOi, ec-
Jm Bce (pa3oBbie TpaeKTOpuUM cejjioBbie. Touka Kak oOpa3 TPaeKTOpHUHU B Ce-
yenun [lyankape B runepbo/mueckoii cucremMe Bcerga siBiasiercs ceiaiom. ['py-
60CTh 03HAYAET, YTO NP MAJIOM BO3MYIIEHUH TPABLIX Yacreii (4.1) u Bapuauu
YVIPABJIAIOIINX IapaMeTPOB B KOHEYHOM 00J1aCTU UX 3HAUEHUH BCE TPAEKTOPUU
IPO/IO/IZKAIOT OCTABATHCS CEIOBBIMHU.

['unepbosinueckne aTTPaAKTOPBI JOKHBI YIOBIETBOPATH CJIEIYIOIINM YCI0-
BHSIM:

1) cocTosiTh M3 KOHTHMHYyMa '"HEYCTOWYMBBHIX JIMCTOB'"WJIM KPHWBBIX, BCIOMLY
IJIOTHBIX B QTTPAKTOPE, BIOJb KOTOPBIX OJIM3KUE TPACKTOPUHU IKCIOHEH-

UAJbHO PACXOIITCH;
2) B OKPECTHOCTH JIF0OOH TOYKM MMETh M€OMETPUIO IIPOU3BEICHUsT KAHTOPOBA

MHOKECTBa Ha WHTEPBAJ;
3) UMeTh OKPECTHOCTDH B BHJIE PACIICIUIEHHBIX YCTOWYMBBIX CJIOEB, BJOJIb KO-

TOPBIX OJIM3KUe TPaeKTOPUHU CXOAATCA K aTTPAKTOPY.

Takum 06pa3omM, TpyOOCTH 03HAYAET, UTO CBOMCTBA 1-3 COXPAHSIOTCS TIPU BO3-
MYIOEHUAX.
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Puc. 4.1. CemoBast Touka (; kKak 00pa3 rumepbomaeckoit TpaekTopun B ceuennu Ilyankape

Ha pwuc. 4.1 npeacraBiena cejjioBasi TpaekTopusi [ ¥ COOTBETCTBYIOIINE

TOuKM (); ee mepecedeHus ¢ cekyieii moBepxHocTbio [lyankape S. Jlanubrii
PUCYHOK HMJLTIOCTPUPYET TaKKe JIOKAJbHOE MOBEJEHNE YCTONYNBLIX U HEYCTO-
YUBBIX MHOTOOOpa3uii ceJI0BOit TOUKHU ();.
OHAaKO TOTO, YTO JIOKAJBHO TOYKA (); mepecedenus [ ¢ S aBiasercsa rpyObIM
CeJJIOM, OKa3bIBAeTCsI HEJOCTATOYHBIM 111 IPy0oit runepbonunoctu. Heobxo-
JIMMBI HEKOTODBIE YCJIOBUSI OTHOCUTEHO [JIOOAIBHBIX (HEJOKAIbHBIX) CBOHCTB
YCTORYUBBIX U HEYCTONYUBBIX MHOTOOOpasmit. Obparumca k puc. 4.2. B cu-
JIy HAJIU4YUs aTTPAKTOpPA YCTOWUYMBBIE W HEYCTOWYMBBIE MHOrooOpasus W* u
W obsizambl OBITH cocpeoTovensl B obnactu (. Ilpu arom oHm MoryT nepe-
CeKaThesi ¢ 06pa30BaHNEM MOMOKJIMHUYECKUX TOUYeK (IIOBEpPXHOCTEN), 00pasysi
TaK Ha3blBa€Mbl€ TOMOKJIMHHUYECKHWE CTPYKTYPBI, KOTOPbHIE€ B I'py6bIX rurnep-
0O0JIMYECKUX CHCTEMAX O0A3aHbI OBITH I'PYOBIMH. DTO O3HAYAET, YTO C TOIO-
JIOTUYECKO# TOYKM 3peHUs CTPYKTypa mnepecedenus W?° m W* momkHa cOOT-
BETCTBOBATH PUC. 4.2,a ¥ HE MEHAThC KAa4eCTBEHHO Npu Bo3myIneHusx. Ciy-
yau puc. 4.2,6 ¥ 6 UCKTIOYAIOTCS W3 PACCMOTPEHUsI, TAK KAK XapaKTepU3yIoT
JIBa, HETPYOBIX SIBJIEHWS: siIBJIEHWE 3aMbIKaHUsi MHOT000pas3uii ¢ 0Opa3oBaHHEM
netin (puc. 4.2,6) u sBIeHNe KacaHUs YCTOWYMBOTO M HEYCTOWIMBOTO MHOTO-
obpasmii (puc. 4.2,6). Ecau HeloKaIbHBIE CBOHCTBA MHOrO06pasuii TpH BO3-
MYTIEHUSIX TUHAMWYECKOH CUCTEeMbI MPUBOAAT K HETPYOBIM CUTyaIusM, U300-
pa)keHHBIM Ha puc. 4.2,6 U 6, BO3BMOXKHBI Oudypkanuu pemenuii. B rpyosix
rUnepooJIMIecKUX CHUCTeMaX HUKAKHX OudypKanuii IpOUCXOIUTh HE JOJI2KHO.
[Ipu BO3MyIEHNAX CHUCTEMBI TpaeKTOpusd [’ BCerja OCTaeTCs CeJJIOBOiM, 9TO
COOTBETCTBYeT CJydaio puc. 4.2,a.
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Puc. 4.2. Bo3moxkHBIE CIydam IlepecedeHns yCTOWYMBON M HEyCTOWYMBOI CemapaTpuc CeIyIoBOi
Touku (); B ceuennn Ilyankape

Kak Mbl yBUIUM B majbHeiineM, HerpyObie caydau puc. 4.2,6 1 6 gBIAIIOTCA
HpH‘II/IHOfI TIIOABJIEHU A 60.}166 CJIO2KHO YCTPOE€HHBIX XaOTHUYECKUX IMPUTATUBAIO-
IUX MHOXKECTB — TaK HA3bIBAEMBIX KBa3naTTPakTopoB. CrpaHHbIe (B CMbIC/IE
Prosnsi-Takenca) arTpakTopbl Beeria siBJASIOTCS TPYObIMH THIIEPOOJINIECKIMU
peIeIbHBIMA MHOKECTBAMH.

OcHOBHOM 4YepTOil, OTIMYAOINIEH CTPAHHBIE XaOTHYECKHe aTTPAKTOPhl OT
Pery/IspHBIX, ABJISIETCS SKCIIOHEHIMAIbHAs HEYCTONYUBOCTH (ha30BOil Tpaek-
TOpUM Ha aTTpakTope. CIEKTP JIAMYHOBCKUX SKCIIOHEHT B 9TOM CJIydae BKJIIO-
4aeT, KAK MUHMMYM, OJUH IIOJIOKUTEJbHBINA [TOKa3aTeab. B cooTBercTBHH
¢ (4.2) dpakrampHas pa3MepHOCTb ATTPAKTOpa BCerjga OOJbIe ABYyX H
B 00IeM ciaydae He OyaeT BhIpaxKaThCd MEIbIM YnucJoM. MuHUMaJbHAs pas3-
MEPHOCTh (Pa30BOTO TMPOCTPAHCTBA, B KOTOPOE MOXKHO '"BJIOXKHUTH'"CTpaHHBIN
aTTPaKTOp, OKa3bIBAETCS PaBHOi Tpem. Takum 0OpaszoM, pexKuM JIeTePMUHU-
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POBAHHOTO XaoCa MOYXKHO HaOJI0AATh B AnddepeHnnabHbIX IAHAMUYIECKUX
cucrtemMax pasmepnoctu N > 3.

B maremaTuke u3BecTHBI, IO KpaitHeil Mepe, JABa TpUMepa TPyOBIX TUIEp-
OomyecKkux aTTpakTopoB: arTpakTop Cmeiina-Bunbamca u arrpakrop 11abr-
kuHa. K coxkajieHnio, B PeaJIbHbIX CUCTEMAX ECTECTBO3HAHUS PEXKUM CTPOTrO
runepooJInIecKoro rpyboro xaoca 0 cux mop e oonapy»xkes. Mcrunuo "crpan-
Hble" aTTPAKTOPBI SBJISIOTCS WJI€ATbHOM, HO HEJOCTUKUMOM TTOKA MOJIEJIBIO J1e-
TEPMUHUPOBAHHOT'O XA0CA.

KBasurunepbonngyeckue arTpakTopbl. ATTpakTOophbl THNa Jlopenma

YcoBus TUNEpOOJIMYHOCTH ATTPAKTOPa, CHOPMYIMPOBAHHBIE BHIIIE, IS
peaIbHBIX JUHAMUYECKUX CHCTEM He BBINOJHAITCI. BMecTe ¢ TeM W3BECTHBI
JTUHAMHYECKHE CHCTEMBbI, aTTPAKTOPBl KOTOPBIX SBJSIOTCS OJM3KHUMHU K TH-
nepoosimdeckuM. Takue aTTpakTOpPhl SBJILIOTCS XaOTHYECKUMU, HE BKJIIOYAIOT
YCTOWYUBBIX PETYASIPHBIX aTTPAKTOPOB U COXPAHSIOT 9TH CBOWCTBA MPH BO3-
MyIeHusax. C MaTeMaTHIecKo# yKe TOUYKU 3pEeHUd, I TAKUX CHCTeM HapyIia-
eTcs, Mo KpaitHelt Mepe, OJHO W3 TPeX YCJIOBUI r'UnepOOTMIHOCTH, ChOopMyIu-
POBaHHBIX BHIIIIE.

Mpu1 OysieM Ha3BIBATH MOYTHU THIEPOOINYECKHE ATTPAKTOPHI KBAa3UTUTIEPOO-
JudeckuMu. V3BecTHBI KBazurumepOonieckue arTpakTophl Jlo3u, Benbixa u
arrpakTopsl Tuna Jlopenna [4]. [lisg yka3aHHBIX aTTPaKTOPOB CYIIECTBYIOT
CTPOTHE JIOKA3aTeTHCTBA TOTO, YTO OHU SBJISIOTCS KBAa3UTUIEPOOJTMIECKUMHU B
YKa3aHHOM BbIIe cMbICe. [[es1ecoobpa3Ho BHISIBUTH U CUCTEMATU3UPOBATH OT-
JIMYUTEIbHBIE SKCIEPUMEHTAIbHBIE XapaKTEPUCTUKHA KBA3UTUIIEPOOJIHIECKUX
aTTPAKTOPOB, KOTOPHIE MOXKHO HCIOJIH30BATH JJIs UX JUATHOCTUKHU IIPU KOM-
MbIOTEPHOM MOJIETUPOBAHUM.

KBazurunep6oandeckuit arrpaktop B cucreme Jlo3u. ObocHoBanme
CyIIeCTBOBaHUsI KBa3UTUIIEPOOJTMIECKOIO aTTPAKTOpa B JUHAMUYECKOI cucTe-
Me Tpebyer J0Ka3aTeabCTBa JABYX IMOJIOXKeHuii: 1) B arrpakrope Bce (a30Bbie
TPAEKTOPUY SIBJISIFOTCS HEYCTOWYMBBIMU, 2) IPU BAPHAIUH APAMETPOB CUCTE-
MBI YCTORYUBBIX TPAEKTOPUil HE BO3HUKAET. DTa CYyrydbO MaTeMaTH4ecKas 3a-
Jlada B CHJIy HEJTUHEIHOCTH AWHAMHUYECKON CHCTEMBI He MOYKeT ObITh pelreHa
B o0mmem Buae. OJHAKO TPUMEHUTEIBHO K HEKOTOPHIM KOHKDPETHBIM JIMHAMUY-
YECKMM CHCTEMaM 3Ta 33/1a4d, K CIACTHIO, MMEeT DPelleHue.

Paccmorpum mHanbosiee ipocToit npumep — ammpaxmop Jlo3u B AByMepHOit
JOUCKPETHOU JUHAMUYECKON CHUCTEeME:

Tpp1=1-— a|xn‘ + Yn,
Yni1 = bxp. (4.3)
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Cucrema (4.3) npejcrapiisier co60il HeJIMHEHHOE B3aUMHO OJHO3HAYHOE JIUC-
cunatuBHoe (miasg b < 1!) oro6paxkenue, koropoe B cuiy auddeomopbdusma
SBJISIETCS B CTPOTOM CMBICJIe oToOpaxkenueM Ilyankape Hekotopoit nuddepen-
IUAJIBHON CUCTEMBI C pa3MepHOCThIO (pazoBoro nmpocrpancTea N = 3. [lostomy
CBO¥CTBa, OOHAPY KEHHbIE U J0KAa3aHHbIE JJI 9TOW CUCTEMbI, Oy/IyT J0CTOBEP-
HO IPDUMEHUMbI K IIOTOKY B RS.

Teopernuecku ycraHOBJIeHO, 4TO B cucreMe (4.3) B obsacTu 3HAYEHUH
1.3 < a < 1.8 cymecTByeT eIMHCTBEHHBII XaOTUUECKHiT aTTPAKTOP, KOTOPHIi
HE COUEPKUT yCTOfI‘IHBbIX HEIIOABUXKHbBIX TOYEK. STOT ATTPaKTOP U3BECTEH
B JIUTEpaType KaK KBa3urumepOomdyecKuii arrpakrop Jlo3u, g KOTOpOro
HAPYIIAeTCs 2-€ YCJA0BUEe TUIepPOOTUIHOCTH.

Ha puc. 4.3 npusesen arrpakrop Jlo3u u obsacts (6acceiin) ero npursizke-
Husd. Arrpaktop Jlozu (G — eIMHCTBEHHOE TPUTATHBAIOIIEE MHOXKECTBO B
unTepBaje 1.3 < a < 1.8 mpu b = 0.3 ¢ OTHOPOAHBIM 0ACCEHHOM TPUTSKEHUS
G1. JTrobasi nauasbHast Touka (g, Yo ), TPUHAIEXKAIIAsT GACCEHHY TPUTSIIKEHUST
(G1, CO BpeMeHeM CTPeMHUTCs K aTTpakTopy Jlo3m.

XapakTepHOit sIBJIsIeTCsS 3aBUCUMOCTh CTapIero mnokasaresisi JIsmyHoBa ot
napamerpa a. [Ipu dukcuposarnunom b = 0.3 arrpaxTop J103u BO3HHKAET KECT-
KO pu ¢ = 1.3 W OCTaeTcs XaOTHYEeCKMM BO Bceil 00J1acTH CyIIeCTBOBAHUS
1.3 < a < 1.8. BaBucumocThb A (a) HE MMeET IPOBAJIOB J0 HYJIsl M IIPECTABIISI-

5 ; . <

Puc. 4.3. Arrpakrop Jlosu Gy u Gacceiin ero mpursxkenuss Gi s a = 1.5 mpu b = 0.3
(Tpaexropuu u3 cepoit 06/I1aCTH UMEIOT B KAYECTBE ATTPAKTOPa GECKOHEYHOCTS )
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Puc. 4.4. AsrokoppensiimonHas Gyakuus qus a = 1.75. IlyHKTUDPHOM JIMHUEH TIOKa3aHA AIIPOK-
cUManus IKCIOHeHIMa bHON dynkmmeit (A1 = 0.53 — cTapmmil JAmyHOBCKUIA MOKA3aTe b, COOTBET-
CTBYIOIMI apaMeTpy a)

eT co0oil TVIAJKYIO TOJIOKUTEHHO OIPEIeIeHHYI0 (DYHKIUIO. DTOT Pe3y/IbTaT
orpazxkaer (haKT OTCYTCTBUS YCTOWUMBBIX HEMOJBUMKHBIX TOUYEK (OKOH yCTOii-
YMBOCTH) B 00JIACTU CYIIECTBOBAHUS aTTpakTopa Jlo3u.

CuekTp MomHOCTH S(W), PACCIMTAHHBIN 110 KOOpAUHATE X, B 00JACTH Cy-
IMECTBOBAHUS aTTPAKTOpa Jlo3u, aBisgercsa Tiaakoit QyHkueil u He BKIIO-
4yaeT SIBHBIX BBHIODOCOB HA KaKHWX-TUOO XapaKTepHBIX 4YacToTax. Beieactsue
sTOro aBToKoppensimonnas dyukius (AK®D) npomecca x, cnamaer mo 3ako-
Hy, 6JIM3KOMY K 3KCIOHEeHIHaabHoMYy (puc. 4.4).

Kak yxe ormeuasoch, jijisi TPyObIX TUIEPOOJIMYECKUX ATTPAKTOPOB J0JI-
2KHO BBITIOJIHATBHCA YCJIOBUE TPaHCBEPCAJIBHOCTU II€epeCcedYeHUud YCTOI';ILII/IBI)IX "
HEYCTOWYIMBBIX MHOTrO00Opa3uit cemtoBoit Tpaekropuu. Conocrapyienue puc. 4.3
u 4.5 MOKa3bIBAET, YTO YCTONYUBBIE MHOTOOOPA3Us CEJIOBBIX IMUKJIOB ONPEIe-
JISIOT TPAHUII OacceifHa MPUTIKEHWS aTTPAKTOPa, a CaM XaOTHYeCKUil aT-
TPAKTOP PACIOJIATAeTCS BJIOJb HEYCTOWUUBBIX CETapaTpUC, TOBTOPss UX (hop-
my. VI3 puc. 4.5 BuHO, 4TO TIepecevyeHrne MHOr00Opa3uii BCIOLy TPaHCBEPCAJIb-
HO ¥ TNIOIBJIEHVE TOMOKJMHAYECKNX TPAEeKTOPUH He BeJleT K POXKIEHUIO yCTOM-
YUBBIX MEPUOAMIECKNX opOuT. ['mmepbosmyeckoe XaOTHUeCKOe MHOXKECTBO —
eJIMHCTBEHHOE TIPUTATUBAIOIIEE TIPeIeIbHOe MHOYKECTBO B (ha30BOM TPOCTPAH-
ctBe cucreMsl (4.3).

Cucrema Jlo3u gBiiseTcs o HO# U3 MpPOCTEHINUX, /19 KOTOPBIX YCJIOBUE I'U-
nepOOTMIHOCTH TPAEKTOPUUl HA XAOTUYECKOM ATTPAKTOPEe MOXKHO IPOBEPUTH
B 4yHucJeHHOM 3KcnepuMenTe. C 3Toit 1e1bio Oblia pa3paboTaHa clienuaabHasd
MporpaMMa, MO3BOJISIONAsT PACCUATATH BEPOATHOCTL P(¢) yrma ¢ mexmy
HATIPABJIEHUSIMHU  YCTOWYMBOTO U HEYCTOWYMBOTO MHOTOOOpa3uilt CeII0BOM
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Puc. 4.5. IloBenenue ycToM9IMBOrO ¥ HEYCTOMYUBOIO MHOr000pa3uil CE1JI0BOrO0 COCTOSIHUS PABHO-
Becusi ¢ oToOpaxkenus Jlosu mpu a = 1.7, b = 0.3

TpaeKTopuu (,,y,) npu n — oo (puc. 4.6,a) |4]. PacueTs! yrios 6s11m npo-
Besienbl A1 18000 Touek Ha aTTpakTope. M3 rpaduka BUIHO, UYTO CYIIECTBYET
HEKOTOpOE MUHUMAJbHOE 3HaYeHWe, TPUHUMAEMOe YIJIOM ¢ W OHO OTJIMIHO
or HyJiss. MUHUMAJIbHOE 3HAYEHUE @,;, 3ABUCUT OT TAapPaMeTpoB OTOOparke-
uust (puc. 4.6,6). Bo Bcem mHTepBaje 3HauYeHWI a, TIE CYIIECTBYET XaOTHYe-
CKUil aTTPAKTOP, MUHUMAJIbHBIN yroJ MeXK/ly HalpaBJIeHUSIMHU YCTOWYIUBOTO
I HeyCTOH4MBOro MHOTroobpasuii ¢pa3oBoii TpaekTopun Gosbire 40° u B HyJIb
He oOpamaercsa. MHOroodbpa3us XaoTHIECKUX TPACKTOPHil BeayT cebs Tak Ke,
KaK U MHOro0Opa3usi CeJJIOBOTO IMKJIA: OHU BCETJa TPAHCBEPCAJIbHBI.

ArrpakTop Jlopenna. PaccMoTrpum npumep KBa3urunepobomueckoro ar-
TpakTopa B AuddepeHnunajibHOi cucreme — B cucreme Jlopenna. st arrpak-
Topa JlopeHma, Kak u Ja aTTpakTopa Jlo3m, Hapymaercsa oaHO U3 TpeboBa-
Huil TunepbonmanHocTH (ycaoBue 2). ATTpakTophl THNa JlopeHia obHapY KeHbI
B psdJie CUCTEM W SBJSIOT cO0ONW TUMUYHBIA TPUMep KBa3UTHIEPOOTNIeCKUX
arTpakTopoB. JlokazaHo, 4To arTpakTop JlopeHna BKJIIOYAeT TOJBKO CEeJJIO-
Bble TPAEKTOPHUH, IIPH BapUAIUU ITapaMeTpoB OudypKalud B HEM OTCYTCTBY-
10T, YCTOHYUBBIE TOYKYU WJIM IUKJIBI He BO3HUKAIOT. ATTpakTop Jlopenmna xa-
pakTepu3yeTcsl Ka4eCTBEHHO TEMU Ke CBOHCTBaMU, YTO M aTTpakTop Jlo3wm, u
paccMaTpUBaeTCd KaK KJIACCUUYECKUil MpUMep KBA3UTHIIEPOOJMIECKOTO Xa0Ca.

Ypasuenus Jlopenna Obiin mosyuensl u3 ypapuennit Hasbe-Crokca B 3a-
Jlade O TEeIJIOBON KOHBEKIIMU U MMEIOT BU/I

t=—-o(x—y), y=re—y—xz, Z=uxy—Dbz (4.4)
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Puc. 4.6. PacrpenesieHne BeposSITHOCTEHM yIyia ¢ MeX/Iy HAIPABICHUSIMH YCTOMYMBOIO U HEYCTOU-
YUBOr0 MHOrO00pa3Wil Xa0TUYECKOH TpaeKTopuu Ha arrpakTope Jlosu mist a = 1.7, b = 0.3 (a);
33aBUCAMOCTh MUHMMAJIBHOTO YIJIA (min OT MapaMeTpa cuctembl a upu b = 0.3 (6)

rie o, b u r — ynpasasiomue napamerpbl. K ypasuenusm tuna (4.4) cBoggarcst
HEKOTOPBIE MOJIEJIN JIA3€POB, a TAK¥Ke MOJeIh JUCKOBOro quHamo [3,4,9].
Ormernm, uto B cucreme (4.4) peskuM KBa3UTHIEPOOIUIECKOIO Xa0ca pe-
aIn3yeTcd B KOHEYHOU 00/1acTH 3HAYEHUU ee YIPaBISIONUX mapaMeTpoB. Ha
puc. 4.7 npejicrasiena 6udypKaluoHHas auarpaMMa cucreMbl. CylmecTBoBa-
HHIO aTTpakTopa JIOpeHIa OTBeYaer 3alTPUXOBAHHAS 00/IACTh B HAPAMETPHU-
deckoM npocrpancrse. PazoBbiii noprper arrpakTopa JIopeHia npecTaBien

o
20
KBasuarTpakTop
101
O 1 1 1
10 20 30 40 r

Puc. 4.7. Budypkaruonnas guarpamma cucreMs! JIOpeHa Ha IIJIOCKOCTH IAPAMeTPOB " U 0 JJIst
=8/3
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Ha puc. 4.8,a. Bre ykazanHOIT 06siacTh CBOIICTBA XaOTHYECKOTO aTTPAKTOPA
OyAyT WHBIMH: aTTpakTop JlopeHna TpanchopMUpyeTcs B KBA3UATTPAKTOD.

Hazosem Tunmunbie cBoiicTBa arTpakTopa Jlopenmna: cmexktp JIXII He m3-
MeHsdeTCs NpPU BapHalli¥d HAYaJbHBIX YCJIOBUil, TaK KakK aTTpakTop Jlopenma
SIBJISIETCS €JIMHCTBEHHBIM, 0ACCeHOM NPUTSKEHUsI KOTOPOTO CJIyXKUT Bce da-
30B0€e npocTpaHcTBo; criekTp JIXII nmpakTuyecku He MeHsieTcsi, €CJiu BApbUPO-
BaTh yUPAaBJILOIIME IapAMETPbl CUCTEMbI B 00JIACTU CYIIECTBOBAHUS ATTPAK-
Topa Jlopenna. DTu cBoficTBa HAIVISIJIHO UJLIIOCTPUDYIOT I'PYOOCTh aTTPAKTOPA
JlopeH1ia ¢ TOYKYM 3peHusi IKCIIEPUMEHTA: CTPYKTYPpa aITPAKTOPa COXPaHIeTCs
DU BapHalW¥ [IapaMeTPOB M HAYAJIbHBIX YCJIOBUil, OudypKanum arTpakTopa
OTCYTCTBYIOT.

CrencrBueM Xa0OTUYECKOH TMHAMUKH SIBJISETCS XapaKTePHBIH BUJT AaBTOKOD-
PeISIMOHHOM (YHKIUU. ABTOKOpPpEISIMOHHAs (DYHKIUS aTTpakTopa Jlopen-
1A 9KCMOHEHITUAIBHO CIAAeT ¢ YBeJIUIeHNeM BpeMeHN TPaKTUIeCKA MOHOTOH-
HO, uTO mutoctpupyer Puc. 4.8,6. CpaBHenune rpadukoB aBTOKOPPEISAIMOH-
HbIX yHKIWit arrpakTopos Jlopenna u Jlo3m cBugeresbCcTBYeT 0 KadecTBEeH-
HO¥l YKBUBAJIEHTHOCTU JIMHAMUYECKUX MPOIECCOB B MOYTH TUNEPOOJIUYECKUAX
CUCTEMaX.

500 - | |‘P T T T T
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00 ‘ ‘ ;0.0 : : ]
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Puc. 4.8. ®a3ossiii noprper (@) u aBTOKOppessiMonHas dbyHkuus (6) arrpakTopa JIopeHuna npu
c=10,r=28mb=28/3
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3aKJ/II0YeHue

B nexiuu Mbl paccMoTpesiu CBOHCTBA IPYOBIX TUIIepOOTUYECKUX TUCCUTIATUB-
HBIX JWHAMHWYECKUX CHCTeM W TPUBEIU ONpejesieHne arrpakTopa. C Ieabio
MOHNMAHUS OCHOBHBIX OTJIMYWN XAOTUUECKUX PeIleHUi OT peryJspHBbIX, MPO-
aHAJIM3UPOBAHBI MOHSTHS PETyJISIPHOTO ¥ XaOTHYECKOIo aTTpakTopoB. B Ka-
YeCTBE MaTEMaTUYeCKOT0 00pa3a XaOTUUEeCKHUX aBTOKOJIeOaHUiT pacCMOTDPEHbI
HOHSATHS TPYOOr0 TUIIEPOOIUIECKOT0 ¥ KBA3UTUIIEPOOINYEeCKOTO aTTPAKTOPOB
U TIPOAHAJU3NPOBAHBI X OCHOBHBIE CBOiicTBa. ['mmepbosmyeckue M KBa3UTHU-
nepboIMYecKrue aTTPAKTOPhl OTPAaYKAIOT KJIACCHYECKWe CBONCTBA JIETEpMUHU-
POBAHHOTO Xa0Ca, HO SIBJISIOTCS B OIIPE/IeJIEHHON CTEIIeHU HAeaJbHOM MOJIEIbIO
Xa0ca. DTO OTPAXKAETCd B OCHOBHBIX CBOUCTBAX IUNEPOOMYECKHX ATTPAKTO-
POB: THIIEPOOIUYECKUI XapaKTep BCETJa €IWHCTBEHHBIN, UMEET OTHOPOIHBIH
bacceilHn TPUTSKEHUs, He MeHSeT CBOeil CTPYKTYpHl NpHW BapWalluy Tapa-
MEeTPOB CUCTEMBI U HAYAJbHOTO COCTOSHUSA. B TO ke Bpemsa runepboanydeckuii
aTTPAKTOpP XapaKTepU3yeTCs IKCIOHEHIUATbHON HEYCTOWYMBOCTHIO (Pa30BBIX
TpaekToOpuil Ha HeM U (ppaKTaJIbLHOU reoMeTpueil, T.e. ABILeTCd CTPAHHBIM B
CPaBHEHHUHU C PErYJISIPHBIM aTTPAKTOPOM.

Kak Oyner mokazaHO B CAeAYIONIEHl JeKIWu, 00Jiee peaJMCTHIeCKO MO-
JIEJIBIO Xa0Ca SABJISIOTCA TaK HA3bIBaE€Mble HETUIIEPOOTUYECKHE TMHAMUYECKUE
CUCTEMBI U COOTBETCTBYIOIINE MM XaOTHUECKUE ATTPAKTOPHI, UMeronme 60see
CJI02KHYIO CTPYKTYPYy U UHBIE CBOICTBA.



Jlekmia 5

ATTpaKTOpbl HETUIIEPOOJINIECKIIX
ANHAMWYECKNX CUCTEM

B sexuuu daemca onpedeserue K8A3UGMMPAKMOPA KAK MAMEMAMUYECK020 00-
pa3a JUHAMUNECKO20 TAOCA 8 Pa3080M NPOCPAHCMEE HE2UNEPOOAUMECKUT OU-
HaMUYECKUT cucmemvt. Ha npumepe duckpemnoti u duddepenyuarvroti dura-
MUYECKUT CUCTNEM UNAMOCTPUPYIOMCSA OCHOBHBIE CEOTICMBA KEA3UAMMPAKMO-
pos. Ilpusodsamesa onpedesenus u ONUCHLBAIOMCEA CEOTCMEA HECMPAHHBLL TA0-
MUNECKUT U CMPAHHOIT HELAOMUYECKUT GMMPAKMOPOS.
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BBeneuune

PaccmorpenHbie B IpeblayIeii JeKIuyu ruinepboIndeckue aTrTpakToOPhl JIn-
HAMUYECKUX CUCTEM SIBJSIOTCSI MaTeMaTHU4YeCKOll ujean3anueil u Kak IpaBu-
JIO He COOTBETCTBYIOT peayibHOCcTH. Ha mpaxTuke HamboJsiee paciupoCTpaHEHbBI
JUHAMUYECKNE CUCTEMBI, B KOTOPBIX PeaTU3YITCS HErpyoble TOMOKJIMHUYE-
CKHe TPAaeKTOPHM THUNa H300parkeHHBbIX Ha puc. 4.2,6 u 6). B coorBercTBUH
¢ Teopueit Hpioxayca cienctBueMm Herpy06o0it TOMOKJIMHUKU SIBJISETCS POXKIE-
He MHOXKeCTBA YCTOWYMBBIX MEPUOJAMIECKAX ATTPAKTOPOB C MCUYE3AIONIE Ma-
JIbIMU OacceiinaMu nipuTsikenus. [lepuoguyeckue aTTpakTOpPbl COCYIIECTBYIOT
B (hba30BOM IIPOCTPAHCTBE CUCTEMBI HAPSIY C XaOTUYECKUMU U PE3KO YCJIOXK-
HSIOT CTPYKTYPY aTTPAaKTOpa peaJibHOM JuHAMUYecKoit cucteMbl. /g omuca-
HUS CTPYKTYDPHI U CBOMCTB Xa0Ca BBOJUTCS OIpe/ieieHue KBa3UaTTPAKTOPa KakK
MaTeMaTHIeCKOro obpa3a Xaoca B HErUnepOOIMIeCKAX JUHAMUYECKUX CHCTEM
[3,4,15].

Kak mokaszanu uccienoBanus, KBA3UaTTAKTOPHI ABJISIOTCI TATUYHBIMY TTPU-
TATUBAIONINMU MHOYKECTBaAMH H 0oJiee aJIeKBATHO WJLTIOCTPUPYIOT CBOWCTBA
9KCIIEPUMEHTAJIBHO HAOIIOMAaeMbIX Xa0TUUECKUX PEKMMOB Kojebanuii. B na-
CTOdMIell JIEKIIMU MBI I3 UM OIIpeJieJIeHNe U IPOUJIIOCTPUPYEM HA Psijie IPU-
MEepOB CBOUCTBA HETHIIEPOOTMYECKUX ATTPAKTOPOB.

KBa3zuaTTpakKTOphl U X CBOICTBA

B cucremax ¢ KBasmaTTpaKTOpaM¥u peaTU3YIOTCS PEKUMBI TETEPMUHUPO-
BaHHOTO Xa0Ca, XapaKTepu3yeMble 3KCIOHEHINAJIbHON HEYyCTONYNBOCTHIO Tpa-
ekTOpuil 1 ppakTaIbHON CTPYKTYypoil arrpakTopa. C 3TOif TOYKM 3peHus Xa-
PAKTEPUCTUKU YKA3AHHBIX PEXKMMOB aBTOKOJIEOAHWI WMJIEHTUYHBI OCHOBHBIM
XapaKTepPUCTUKAM TPYOBIX TUnepOOIMYecKUX ATTPAKTOPOB M KBAa3UTUIEPOO-
JINYECKUX ATTPAKTOpPOB. OIHAKO €CTh BECHMa, CYIIECTBEHHOE Pa3JIMdue, KO-
Topoe Tpebyer NOHMMaHUs BO U30eKaHWE HEBEPHOUW TPAKTOBKU IKCIIEPUMEH-
TAJBHBIX Pe3yabTaroB. OTIHYUTE/HFHON YepTOl KBA3WATTPAKTOPOB SIBJISIETCS
OJHOBPEMEHHOE COCYIIeCTBOBAHUE CYETHOTO MHOXKECTBA PA3JIMYHBIX XaO0THYe-
CKUX U PEryjidpHbIX IIPDUTATMBaAOIUX IIOAMHO2KECTB B OI'DaAHUY€HHOM 3JIEMEH-
Te 00'beMa (Ha30BOTO NIPOCTPAHCTBA CUCTEMbI 1IPU (PUKCUPOBAHHBIX 3HAYEHUSX
ee IapaMeTpoB. DTa COBOKYIIHOCTH BCEX COCYIIECTBYIOIIUX IPEIeIbHBIX MHO-
»K€CTB TPAEKTOPHUii B orpaHnveHHoii obstactu GGg pa30BOro MpoCTPaHCTBA, Ky1a
CTPEeMSTCs BCEe WU IOYTH BCe TpaeKTopuu u3 obsnactu (1, BKadaomei G,
U HA3BIBAETCS KBA3UAMMPAKMOPOM TUHAMUYECKOH cucTeMbl. OTCIONA CIeIyeT
YPE3BBIYANHO CJIOXKHAS CTPYKTYPA BJIOYKEHHBIX OacceitHOB ux mputsxkenus. Ho



70

3TUM CJIOXKHOCTh He orpaHuuuBaercs. [Ipu kKoHeyHOI Bapuwaluu mnapameTpoB
CUCTEMBI PeATU3YIOTCd KACKAIbl PA3INYHBIX OMdypKanuii Kak peryaspHbIX,
TaK U Xa0TUUYECKUX aTTPaKTOpoB. COOTBETCTBEHHO OCYIIECTBJIsAeTCa Ouyp-
KaIllMOHHAs TepecTpoiika ux OacceitHoB mpuTsKenus. [Ipuwawnoit cioxkuocTH
KBa3UATTPAKTOPOB sBJSIOTCS 3P@HEKTh IOMOKJIMHUYECKOTO KAaCaHUs yCTOM-
YUBBIX U HEYCTONYMBBIX MHOTOOOpa3uil CeJIOBBIX TPAEKTOPUIl UM BOZHUKHO-
BEHME HET/IU CelapaTPUChl Cejljio-hpOKyCca, KOTOPble UMEIOT MECTO Ha, MHOXKe-
CTBE 3HAYEHUH IIapaMeTpoB HEHYJIeBOH Mepbl. [Ipyrumu cjioBaMu, HapyIaeTcs
YCJIOBUE TPAHCBEPCAJBbHOCTH MHOT000pa3uil.

Ecnu npu 310M ydecTh, 4TO OacceiiHbl TPUTIKEHUS COCYIIECTBYIONINX IIpe-
JIeJIbHBIX MHOXKECTB MOTYT HMeThb (DPAKTAJIbHYIO CTPYKTYPY U COCTaBISTH
YpEe3BbIYAUHO y3KHe 00/1acTé B (pa30BOM MPOCTPAHCTBE, TO CTAHOBUTCS IIO-
HSATHO, HACKOJIbKO BaXKHBI TPOOJIEMBI TOYHOCTH pacueToB Ha DBM u Biusgnusg
dykTyanmii.

KBasmarTpakTop B oTOOpakeHnm XeHoHa. PaccMOTpuM CTPYyKTypy U
CBOMCTBa KBAa3WATTPAKTOPA U3BECTHON Moje/iM XeHOHA:

Tpy1 =1 — aa:i + Yn,
Yn+1 = bxn (51)

[Tpu 0 < b < 1 orobpazkenue (5.1) sBIsIETCS TUCCUNIATHBHBIM U XapaKTEPH-
3yercs HaauuueM KpasuarTpakTopa. Orobpakenue (5.1) B3aMMHO OJHO3HAY-
HO, T.e. aBjgerca quddeomopduzmom. OTobparkenne XeHOHA OTIUIAETCS OT
otobpazkenus Jlo3m Tem, 4TO B KadecTBe HEJIMHEHHOCTH BKJIIOYAET TJIAJKYIO
KBaJIPATHIHYIO (DYHKIIHIO.

Paccmorpum dhazoBbie HOpTPeThl IPUTSTHBAIONMX MHOKeCTB cucremb (5.1)
BMecTe ¢ OacceiiHaMM TIPUTSIXKEHUSI U WX IBOJIIOIUIO TTPU BapHalluy HapaMer-
pa a ans b = 0.3. Pucynok 5.1,6 WLIIOCTPpUDPYET PEXKUM COCYIIECTBOBAHUS
JIBYX MPUTATUBAIONIAX MOIMHOXKECTB Ha (ha30BOi MmIocKoCTH. BumaHa ciox-
Hasg CTPYKTYpa BJIOKEHHBIX OACCeHOB WX NpUTKeHUsd. Ecaum MeHdTh Ha-
4JaJIbHBIE YCJIOBHUsI, TO HAOJIIOJAeTCs Pe3KOe depeOBaHue JIByX pexkumoB. Ha
puc. 5.2,a pejcTaBjeHbl pe3yJIbTaThl PACYeTa CTAPIIero nmokasaress JIsmyHo-
Ba g @ = 1.078 B 3aBUCUMOCTU OT U3MEHEHWs] HAYaJJbHOTO 3HAYEHUS KOOp-
JMIMHATHI © TpU (DUKCUPOBAHHOM Y. MaKcUMaIbHBIN MTOKA3aTeNlb A\ CJIYYAHBIM
obpaszom "ckauer'mexay suadenuavu A; = 0.126 u A = 0.062, cBugeTe H-
CTBYs O IEPeXOJaX CHCTEMBI C OJHOI'0 XaOTUYECKOTO aTTPAKTOPa Ha IPYTOil.
Ecnu cpaBHUTB 3T pe3yabTaThl C BUJAOM CTPYKTYPBhI OACCeHOB MPUTIKEHUS
(puc. 5.1,a), TO CTAHOBUTCS MOHSATHBIM, IIOYEMy 3TO Tpoucxoaut. V3menenue
HAYAIBHBIX YCJIOBUI PUBOJIUT K MEPECEUCHUIO TPAHUIL COOTBETCTBYIOIUX Oac-
CEIIHOB NPUTAXKCHUAI.
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" XaOTHYECKUX ATTPAKTOPOB. Pe3ysibTraThl pacyeToB CTapINero JisyHOBCKOTO
moKa3aTess A; B 3aBHCUMOCTH OT @ TIPEJICTaBJIeHbl HA pUC. 5.2,6: 3aBUCUMOCTD
A1(a) xapakTepu3yercss HAJTMYUEM KaK IMOJOXKUTENbHBIX, TAK U OTPUIATE]b-
HBIX 3HAYEHUI A1, YTO CBUIETEILCTBYET O HEPETYJISIPHOM YepeI0BaHUU Xa0TH-
YEeCKUX U NEePpUuOJNYICCKUX aTTPaKTOPOB B CUCTEME IIPDU BapHUallUU ITapaMeTpa.

B xaornyeckux arTpakTopax MOJe/ M XeHOHA OTMEYaI0TCs W JIPYyTUe XapaK-
TE€PpHbIE OCO6€HHOCTI/IZ CIIEKTPpbl MOIIHOCTU B 3aBUCUMOCTH OT TaKTHOCTH JIEHT
XA0TUYECKHUX ATTPAKTOPOB MMEIOT )-BBHIOPOCHI HAa KpaTHHIX dacToTax, a AKD
MO2KeT BOODOIIe He CIIaJaTh JI0 HYJis B C/lydae, €CJId TAKTHOCTb JIEHThl paBHa 2
u GoJibIe.

B arTpakTope XeHOHa HapylIaeTcs yCI0BUE TPAHCBEPCAJIBHOCTH Iepecede-
HUs YCTOINYUBBIX U HEYCTOWYMBBIX MHOTOOODA3uil CelJIOBBIX IIMKJIOB HA CYeT-
HOM MHOXKeCTBe 3HAaUeHWH MapaMeTpOB, MPH KOTOPHIX UMeeT MeCTO KacaHue
MHOTOO0Opa3muit. Ha puc. 5.3 mpeacTaB/ieHbl pacdeThl YCTORYUBBIX M HEYCTOM-
YUBBIX CelapaTpuC CeJjIOBOM TOYKU. B HekoTOphIX TOYkKax ycroituuBas W*°
u HeycToiuyuBas W' cemapaTpuchl KacalOTcs JPYyT JApyra, yroj MexKjIy HUMHU
paBen Hys10. Ecm npociieiuTh 3a 3BOJIONKEH yTijla MeXKy MHOTO0Opa3usiMu
B/I0JIb XaOTUIECKOM TPAaeKTOPHUH, TO MOYKHO PACCUNTATh paclpejesieHne Bepo-
ATHOCTEl yryia ¢ Mexay MHOroobpasusmu P(¢). Pe3ynbraTsl mpencTaBieHbt
Ha puc. 5.4,a ¥ CBUAETENIHCTBYIOT O TOM, YTO BEPOSATHOCTH OOpAIleHus 3HAYe-
HU YIJ1a ¢ B HYJIb JOCTOBEPHO OTJIUYHA OT HYJd, T.e. KACAHNe UMeeT OTIHIHYIO
OT HYJII BEPOSTHOCTb.

Puc. 5.3. IloBenenne ycTONYNBOrO u HEYCTONYMBOrO MHOr000pA3Wii CeI0BOM TOYKHU ¢ 0TOOpaKe-
Hug XeHoHa npu a = 1.3, b =0.3
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Puc. 5.4. Pacnpenenenme BepoATHOCTEH yriia ¢ MeXOy HAIPABICHUSMH YCTOUYHBOTO M
HEeyCTOMYMBOr0 MHOroo6pa3uii XxaoTH4ecKOi Tépa,eKTOpI/II/I arTpakTopa XeHoHa g a = 1.179
npu b = 0.3 (a); 3aBECUMOCTH BepOsITHOCTH P ¢ momamaHMs yIJIa ¢ MeXIy MHOroo6pasusiMu B
MaJIyI0 OKpecTHOCTH Hy/Is (6¢ < 1°) or ympapmsiomero mapamerpa cucremsl o mpu b = 0.3 (6)

0.00
0

Ecii u3MeHATh HapaMeTp ¢ CHCTeMBI U BBHIYHCIATH BeposSTHOCTL P2 mpn-
HATHA YIJIOM MeXKJy MHOTroobpasusMH 3HaueHusa BOusu Hynd (6¢ < 19),
TO TOJyYUM Pe3yJIbTaThl, IpPeJCTaBJIeHHbIE Ha pUC. 5.4,0.

Kaxk Bumno u3 rpaduka, CymecTByeT CUeTHOE MHOXKECTBO 3HAUYeHW mapa-
MeTpa, TP KOTOPHIX BEPOATHOCTL P’? obpammaercda B HyJb. DTN 3HAUCHHS
napaMeTrpa ¢ 4YeTKO COOTBETCTBYIOT HAJIMYUIO TIEPUOJMYECKUX ATTPAKTOPOB
orobpaxenus (cp. ¢ maHEbIME puc. 5.2,6). Obpamenne P°° B Hymh, BoOOIIE
TOBOPsi, MOYKET CBUJIETE/ILCTBOBATh O PeaU3allii PEXKUMa, TUIIePOOJTMIECKOTO
Xa0ca, OJHAKO B MPOBEJIEHHBIX KCIEPUMEHTAaX 3TO YCJOBHE COOTBETCTBOBAJIO
peasIn3allui Pe:KUMOB PeryaapHbIX IHUKJIOB 0TOOparkeHus XeHoHa?.

Hakonern, obcyaum cBONCTBO KBa3uaTTpaKTOpa, BECbMa BaXXHOE B ILJIaHE
aHAJIN3a ¥ TPAKTOBKHU IKCIIEPUMEHTAIbHBIX Pe3yibTaroB. Ob0parumcs K puc. 5.1.
Crpykrypa 6acceitHOB IPUTSIZKEHUSI CBUIETETHCTBYET O BHICOKOH YyBCTBUTETh-
HOCTHU CHCTEMBbI K TOYHOCTHU 3aJlaHus HadaJIbHBIX ycaoBuit. [Iposemem ciemyro-
muii KcnepuMeHT. Boibepem 3nHauenue mapamerpa a = 1.078, mpu KoTopom B
(5.1) cocymecTByIOT 2 XaoTHYecKux arrpakropa. Ha puc. 5.5,a u 6 mpeacras-
JIEHBI TJIOTHOCTH DPACHPEJIeIeHUs BEPOSTHOCTEH P(Xy,,Y,) JJIS ATTPAKTOPOB.
Job6asum B ypasuenus (5.1) aaauTuBHbiii, 6u3Kuil K 6€710My, IIIyM WHTEHCUB-
noctu D = 5 - 1075, BozgeiicTBue cnaboro myma HHIYIEPYeT O0beIUHEHHE
aTTPAKTOPOB B OuH (puc. 5.5,6). Pe3yJbTupyomuii pexkuM He 3aBUCUT OT

2 B cuny cenuduKy aJrOPATMA, BENHACICHHH BEPOSTHOCTE IPHPABHIBAJIACE HYIIO, €CIn (ha30Basd
TPaeKTOpHUd He UMeJa HeyCTOMYNBOrO HAIIPABJIEHUS.
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Puc. 5.5. [LnorHOCTH pacupeneieHns BEPOATHOCTEH p (T, Y) Ha XA0THIECKUX aTTPAKTOPaX, COCY-
IIECTBYIOIUX B cucTeMe XeHOHa mpu ¢ = 1.08, B orcyTcTBHe myma (a, 6); 3dbdexrT Bo3melicTBus
mryma maTeHcHBHEOCTE D = 5 - 10™° Ha npuBenennbIe pacmpemeeHns BepoSTHOCTEH (s)

TOr0, KAKOH M3 aTTPAKTOPOB ObLT BEIOpAH MEPBOHAYAJIBHO IyTEM 3aJaHHud CO-
OTBETCTBYIOIUX HAYAILHBIX JAHHBIX.

OrmeruM, uro mpu b — 0 momesnp Xenona (5.1) mepexoquT B W3BECTHYIO
OJIHOMEPHYIO MOJIeJIb JIOTUCTHYECKOTO OTOOpasKeHHs:

Tpi1 = 1 —az?. (5.2)

Orobpakenne (5.2) neobparumo u auddeomopdusmom He sipyisiercsi. Tem He
MeHee CBOHCTBA aTTPAKTOPOB Moje u (5.2) Ka4eCTBEHHO Oy/yT MOBTOPSITH BCE
BBINIENIEPEUNCJICHHBIE CBOMCTBA 0TOOpasKeHUs XEeHOHA.

KBasuarTpakTop B MOAudUIMPOBAHHOM Tre€HEPaTope C WHEPIu-
OoHHOII HeJmmHeHOCTHIO. PaccMoTpum nuddepeHnua bHy0 JTHHAMAYECKY IO
cucremy (remeparop AHMIIEHKO — ACTaxoBa [3|, MWILTIOCTPUPYIOILYI0 MEXaAHU3M
POXK/I€HHS W TUIMYHBLIE CBOWCTBA KBA3MATTPAKTOPA B CHCTEMaX C IeTIel ce-
mapaTpUCHl CeII0-(POKyca COCTOSHUS PABHOBECHs. DTa MOJAEb MPEICTABJIsI-
er coboil TpeXMepHYI0 IBylapaMeTpudecKyio auddepeHIualbHyi0 CHCTeMY
YPaBHEHWIA:
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T=mr+y— T%,

. 1, >0,
i =—gz+ gl(z)2?, I(x):{o <0

Badukcupyem 3HaueHus napamerpo m = 2.412;, g = 0.097 u BBIYKCTIUM 3a-
BUCHMOCTB CTapIero nokasarensa cruekrpa JIXII or HadaspHBIX ycioBmii. Pe-
3yJIBTATHI ITPEJICTABIEHBI HA PUC. 5.6,0 1 CBUIETEILCTBYIOT O COCYIIECTBOBAHUU
JIByX XaOTHYECKHX U MEPUOIUIECKOTO PEKUMOB KOJIeOAHUIA.

[Ipu u3MeHeHWN TTApAMETPOB CHCTEMBI COBOKYIHOCTD €€ TPeIeTbHBIX MHO-
JKeCTB TipeTepreBaeT Oudypkanuu. Vimoctpanueit 3Toro ¢gpakTa MOXKeT CIIy-
JKUTH IpapuK 3aBUCUMOCTH cTapinero nokasaress crnekrpa JIXII or mapamer-
pa m, npejcTaBaeHHbI! Ha puc. 5.6,6. ObpaleHue B HOJIb ITOKa3aTesi | CBH-
JIETEJIbCTBYET O POXKJIEHUU OTHOTO U3 MHOXKECTB IIPeJIeIbHBIX ITUKJIOB, IIPeTep-
[EBAIOIUX KacKaJjbpl OudypKainuii yaBoeHus mepuoja. budypkanuu arrpax-
TOPOB CONMPOBOXKIAIOTCSA U3MEHEHUEM CTPYKTYPBI OACCEHHOB WX MPUTIKEHUS,
KOTOpBIe TpHOOPETA0T (ppaKkTaabHbIe CBOWCTBA.

[IpucyrcTBre B KBa3uaTTPaKTOPE YCTOWUMBBIX U CEJIJIOBBIX IUKJIOB HAPSILY
C XaOTUYE€CKUMU TIPpEACJIbHBIMU MHOXKECTBaMU IPOABJIAETCA B CTPYKTYP€E aBTO-
KOPPEJISIIIUOHHOM (DYHKINU, KOTOPAs B CPEIHEM SKCIIOHEHINAJIHHO CIA AeT BO
BPEMEHHU U B CTPYKTYPE CHEKTPA MOIIHOCTH, SIBJISIONMErocs CIutonrabiM. OmHa-
kK0 B cTpyKType AK® mpucyTCTBYIOT MEepUOAMNYECKHe KOMIIOHEHTHI M B CIIEK-
Tpe 3aMEeTHBI pPe3KWe BBHIOPOCHl Ha HEKOTOPHIX XapaKTE€PHBIX YaCTOTaX. IJTH
ocobennocT AK® u crmekTpa XaoTHYeCKOrO PerKUMa SBISIOTCS THIHYHBIMA
U CYIIECTBEHHO OTJIMYAIOT KBa3UATTPAKTOP OT arTpakrTopa JlopeHia, Tak ke,
KaK KBa3MATTPAKTOP XEeHOHA OT KBAa3UTUNEPOOTMYECKOro aTTpakTopa Jlo3u.

M A [ ]
0.05 [ ]

0.03 E ]
0.04 [ ]

0.02 0.03 [ .
0.02 [ ]

0.01 F ]
0.01 F E

0.00 N L L A 0_00 L. | P | D TR W / Ll 1 Lol sorsbosssbonsatosnl
-4.0 -35 -3.0 -25 X 1.08 110 112 114 116 118 M

a 6

Puc. 5.6. 3aBuCUMOCTE CTAapUIETro TIOKa3aTe/ s JIAIyHOBA OT HAYATHHBIX 3HAYEHU KOODIUHATHI
x mpu m = 2.412, g = 0.097 (a) u or nmapamerpa m upu g = 0.3 (6)
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@pakTaJbHOCTh T'PAHUI] OACCEHOB MTPUTSI)KEHUsI U CBOMICTBO CUCTEMBI, 00y~
CJIOBJIEHHOE MHOXKECTBOM OMpypKaIuii pe;KuMOB IIPU MaJIOM IeBEJTeHUN Ta-
pPaMeTpOB, IPUBOAAT K BBICOKOI IyBCTBUTEJIHHOCTU CUCTEMBI K BHEIITHUM IITy-
MOBBIM BO3MYIIIEHHUSAM IIOJ00HO aTTpPakTOpy XeHoHa. besycimoBHo, dyHIa-
MEHTAJIbHON NPUYMHON COBOKYIIHOCTM YKa3aHHBIX CBOMCTB KBa3uaTTPaKTO-
pa sBJISIETCS CYETHOE MHOYXKECTBO T'OMOKJIMHUYECKUX KACaHWH YCTOWYUBBIX U
HEYCTOWYMBBIX MHOroo6pa3uii, B Cuily KOTOpOro cucrembl tuna (5.3) siBiisi-
1orcs HerpyObiMu. B cucreme Xenona 3¢h@eKTbl rOMOKJIMHUYECKOTO KACaHUS
MOKHO HaOJIIO/IATh B YMCJIEHHOM JKCIEPUMEHTE, B TPEXMEPHBIX CHCTEMAaX 3TO
OKa HepaspemuMas 3a1a4a. OHAKO JaHHbIE pUC. 5.6 ABAI0TCH, 6€3yCI0BHO,
caencTBueM 3pdeKkTa TOMOKIMHIIECKOTO KACaHUsS U MOTYT PaCcCMAaTPUBATHCS
B KaueCTBe TUNHUYHBIX XapPaKTePUCTUK KBA3UATTPAKTOPA.

CTpaHHbIe HEXa0TN4YIECKHNUE N Xa0TU4IEeCKUue
HeCTpaHHBbIE ATTPAaKTOPbI

XaoTuueckne aTTpPaKTOPHI OMMCAHHBIX BBINIE TPeX THIOB OObEINHSIIOT JIBA
IPUHIUIHAIBLHBIX CBOWCTBA: CJIOXKHAS FeOMeTpHYEecKasi CTPYKTypa (Kak Cie-
crBue — JPOOHAs METPHYECKasi PA3MEPHOCTh) U IKCIIOHEHIMAJIbHAS HEeyCTOl-
YUBOCTb WHIUBHIYAJbHBIX TpaeKTopuii. VIMeHHO 3TH CBOICTBA HCIIOIL3YIOTCS
SKCIIEpPUMEHTaTOpPaMU B KadyeCTBe KPUTEPUeB IIPU JUArHOCTUKE PEKUMOB Jie-
TEePMUHUPOBAHHOI'O Xa0Ca.

OpHaKO HeperyJispHble aTTPAKTOPHI KaK MaTeMaTHYecKue 00pa3bl CJI0XK-
HOIl NUHAMUKHW BBINICONUCAHHBIMUA TUIAMU Xa0TUYECKUX ATTPAKTOPOB HE HUC-
4epIbIBAIOTCSA. BBISICHUIOCH, YTO XaOTUYECKOe TOBEJIEHUE B CMbIC/IE HAJIUYUS
HepeMeIuBaHusl ¥ TeoOMeTprudeckasi ""crpanHoCTh"arTpakTopa MOryT HE COOT-
BeTCTBOBATH JApyr Apyry. CTpaHHbIE B T€OMETPUYECKOM IIOHUMAHUU ATTPAK-
TOPbl MOI'YT HE ObIThb Xa0TUYECKUMM BBHJY OTCYTCTBUSI IKCIIOHEHIUAJIbHON
HeycroitunBocTr (ha3oBbix TpaekTopuit. C JApyroit CropoHbl, €CTh IPUMEPHI
[IepeMelIuBaloOUX AUCCUIIATUBHBIX CUCTEM, aTTPAKTOPbl KOTODBLIX He dABJId-
I0TCA B CTPOTOM CMBICTIE CTPAHHBIMU, T.e. HE XapaKTepu3yloTcsd (hpaKTaJIbHON
CTPYKTYPO#l M JAPOOHONU METPUUIECKON pa3sMEPHOCTHIO [4]

Jlpyrumu cjioBaM#, CYIIECTBYIOT KOHKDPETHBIE TPUMEPHI TUCCUTIATHBHBIX
JUHAMUAYECKUX CUCTEM, aTTPAKTOPHI KOTOPBIX XapaKTePU3YIOTCH CJIeLyOIUMA
CBOMCTBaMU:

1) npu peryssipHOi TeOMETPUYECKOI CTPYKTYPE ¢ TOYKU 3PEHUsI [EeJTOUUCIeH-
HO# METpMYECKON pa3sMepHOCTH WHAWBHUIYaJbHBIE (a30Bble TPAEKTOPUU B
cpeqaHeM SKCIOHEHIINAJIbHO HEYCTOMYINBHL;
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2) IpHU CJIOXKHOI TEOMETPUIECKOH CTPYKTYPE TPAEKTOPHU ACCUMITOTUYECKH
YCTONUYMBHI; IIepeMelInBaHue OTCYTCTBYET.

[TepBbili TUI HA3BIBAIOT — TAOMUYECKUM  HECMPAHHLIM  GMIMPAKIMOPOM
(XHA), Bropoit — cmparmvim nexaomuseckum ammparmopom (CHA).

XaoTnueckue HEeCTPpaHHbIE€ aTTPAKTOPBbI

XaoTuueckue aTTPaKTOPHI, He ABJISIONIAECS ¢ TOYKU 3PEHHST UX TeOMeTPUU
CTPpaHHBIMM, U3BECTHBI OTHOCHTEIHLHO JAaBHO, OJHAKO M3y4Y€HbI HEIOCTATOYHO.
B kauectBe mpumepa puaamuueckoit cucrembs ¢ XHA moxkHO mpuBectu Mo-
nuUIEPOBAHHOE 0TOOparKeHne APHOJIbIA. DTO OTOOpaKeHHe IpPeICTaBJIseT
coboit m3BectHoe "cat map'c mobaBiieHEeM HEJIMHEHHOIO IePHOIAIECKOrO CJIa-
raeMoro:

Tnil = Ty + Yp + 0 cos2my,, mod 1,
Ynil = Tn + 2Yn, mod 1. (5.4)

[Tpu ycaosuu, uro § < 1/27, orobpaxkenue (5.4) ectb auddeomopduszm Ha To-
pe. JIpyrumu cioBamu, orobpazkenue (5.4) B3auMHO OfiHO3HAYHO (06paTUMO) U
IIEPEBOJIUT JMHUYHBIH KBAJIpaT HA ILIOCKOCTH (X, Y,) B cebs. Orobparkenue
(5.4) sIB/ISIETCS AUCCUTIATHBHBIM, T.€. DU KayKI0i UTEPAIMH JIEMEHT TLIONIA, I’
CKUMAETCd. DTO CBOMCTBO JIETKO J0KA3aTh, €CIM BHIUHCIUTL AKOOHAH Mpeod-
pazoBanus (5.4):

11— 27 sin 27y, 1
= o< —. .
J=1 5 #0, 0< o (5.5)
Cpeanee 10 Bpemenu 3uavenue |J| < 1. Ilpm 310M curmarypa crnekrpa Jsi-
IIYHOBCKUX SKCIIOHEHT MpPeJCTaBasgeT coboi +, —, T.e. (DUKCUPYETC HAJIMYNe
nepeMeIInBaHus.

Kazasioch Ob1, Mbl UMeeM J1eJ10 ¢ OOBIYHBIM Xa0TUYECKUM CTPAHHBIM aTTPaK-
TopoMm. Ho 310 He Tak. [1aBHOM OT/iMYuTE/IbHONR 0COOEHHOCTHIO PacCMaTpPHBa-
€MOT0 CJIydad 4dBJIAeTCd TO, YTO, HECMOTPA HA CXKATHE ILJIOIIAJM, JIBUKEHUE
n300paskaionieit Touku orobpaykenus (5.4) aBisercs sprogudeckuM. Touka
opu n — 00 TocemaeT J0OOH 3JeMeHT eIMHUYHOTO KBaJpaTa, IpeICcTaBIs-
IOIEro IOJHYIO Pa3BepTKy JAByMepHoro Topa! CmieresbcTBOM 3TOro (hakra
SIBJISIETCS TO, ITO METPHYeCKast Pa3MePHOCTh arTpakTopa (emkrocTs mo Kosmo-
roposy) pasHa 2. [LioTHOCTD TOYeK aTTPAKTOPA, XOTS U HEPABHOMEPHA B €/1H-
HUYHOM KBaJpaTe, HUTJe He oOpamaeTrcd B HyJab. Takum oOpa3oM, HECMOTpPS
Ha CXKaTHe, AaTTPAKTOPOM CHCTeMBI (5.4) sIB/ISeTCS BeCh eIMHUYHBIN KBAIPaT.
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B sTrom cmpicie arrpakTop ApPHOJIBIA HE SIBIASETCS CTPAHHBIM, TaK KaK eMy
HeJTb3s MPUNKNCATHh (DPAKTATBLHYIO T€OMETPHIO.

HecMmoTps Ha TO, 9TO TOUKM MTPAKTHYECKHU MOJTHOCTHIO TOKPHIBAIOT KBAAPAT
(kax BUIHO M3 (HA30BOrO MOPTPETA ATTPAKTOPA HA PUC. 5.7), MJIOTHOCTH WX
pacupenenerus ssBHO HeogHopoaHa! KosmmyecTBenHo# Mepoit 310 HEOTHOPO/I-
HOCTHM sIBJISI€TCS BeJIMYMHA WHEAOPMAIMOHHONW pa3smepHoctu 1 < D < 2.
Hanpuwmep, ana suavenuit 6 = 0.05 Dy ~ 1.96, misz 6 = 0.10 D; ~ 1.84.
[Tpu sroMm, Kak yzKe roBopusiock, emkocrb Do = 2.0 (310 cTporuii pe3ynbrar
Cunasi). B pesysibrare HEOAHOPOHOCTH IIJIOTHOCTH PACIPEJIEJICHUs] BEPOSITHO-
cTeil TOYEK HA aTTPAKTOpe 3HAYEHHUs] BCEX BEPOSTHOCTHO-METPUYECKUX pa3-
MepHOCTell aTTpakTopa ApHOIbIa OyAyT JexaTh B mHTepBate 1 < D < 2.
OTH pa3MEpPHOCTU YUYUTBHIBAIOT HE TOJIbKO M€OMETpHUYeCKHe, HO W JUHAMHYEe-
CKUe CBOWCTBa aTTpakTopa.

XHA obnapy:keHbI B psijie ApYyTrux oToOparkeHuit Ha Tope. MOXKHO mpearo-
JIOXKWUTH, YTO IPrOJUYECKHNE XAOTUIECKUE JBUKEHUsS] TUNUYHBI Jiist aucdeo-
Mopdu3zmon Ha Tope. PakT cymecTBoBanuss XHA B Takux 0TOOpPaKEeHUSIX 1103~
BOJISIET TIPEJII0JIaraTh, YTO €CTh MOTOKOBbBIE (auddepeHnuaibHbe) CHCTEMbI B
RY (N > 4), umeromue pexkumbl XHA. Onaxo 10 HacTosiero speMenn XHA
B muddepeHnuaabHbIX IUHAMUYECKUX CHUCTeMaX He OOHapy:KeHbl. B cBa3u ¢
9TUM, B YACTHOCTH, JI0 CHX IIOP SIBJISETCS OTKPBITHIM BOIPOC O BO3MOXKHOCTH
CYIIIECTBOBAHMS XaOTHYECKOTO QTTPAKTOpPA HA IMOBEPXHOCTU TPEXMEDPHOTO TO-
pa, BJIOXKEHHOTO B (pa30BOe MPOCTPAHCTBO pa3dMepHocTH N > 4.

Puc. 5.7. XaoTuuecknii HECTPAHHBIA aTTpakTop B 0To6paxkenun ApHosbaa npu 6 = 0.15
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CTpaHHLIe HexXxaoTn4veCKue aTTpakKTOPbI

Kaxk MBI yke roBOpw/in, XaOTHYECKHNE ATTPAKTOPHI 00J1aJal0T reoOMeTprde-
ckoii "crpanHoCcThIO"M MepememuBaHueM. JIpyruMu ciioBaMu, CI0KHAST TMHA-
MUKa TEePEMEITUBAIONIEH CUCTEMBI MOPOXKIAET U TeOMETPUYECKYIO CI0KHOCTD
COOTBETCTBYIOIIErO aTTpakTopa. Tem He MeHee B ciyuae XHA MbI BBIHY K I€HBI
Pa3/1e/IUTh TH CBONCTBA: TIEPEMENTUBAHNE MOYXKET He TPUBOJIUTH K T€OMeTprIe-
ckoit "crpannocTu"arTpakropa. 374eCh Mbl PACCMOTPHM BO3MOXKHOCTH PEaJIu-
3aIUK POTUBOIMOIOKHON CATYAIMH, KOT/IA CHCTEMa, JIEMOHCTPUPYET CJIOYKHBII
HEIIEPUOAMYECKUiT PeKUM KoJieOaHuil, acuMIITOTHYeCKH ycroitunBblii (6e3 me-
pEMeIIUBaHUsl), & ATTPAKTOD IIPU ITOM SIBHO HE SIBJISIETCSI PEIYJISIPHBIM C TOYKH
3peHHsI €r0 reOMeTPUYIECKON CTPYKTYPHI.

[Tpumeps! HerpyObIX CTpaHHBIX Hexaormueckux arrpakropoB (CHA) mpu-
BecTu HeTpyaHO. Ilo cyTu nena Jio0oit cTpaHHBIM Xa0TUYECKUN aTTPAKTOD B
KPUTHYECKON TOUKe Tepexoia K xaocy saBjsger coboit mpumep CHA. B kputu-
JeCcKOil TOUKe JISIMYHOBCKHI MOKa3aTedh paBeH HyT0 (xaoca Her!). ITo ompe-
nmenenuio Takoit arrpaktTop aBiasercda CHA. Omxnako on merpyOsniit. C Toukm
3peHust (DU3NKYN WHTEPEC MPEICTABIISIOT TPyOble aTTPAKTOPbI, KOTOPHIE CyIIe-
CTBYIOT Ha MHOYXKECTBE 3HAYEHWI TapaMeTpPOB HEHYJIEBOI MePBhl U COXPAHSIOT
CBOIO CTPYKTYDPY TIPY BO3MyIneHusax. Kak oKa3ajaoch, TMHAMUYIECKUE CHCTEMBI
¢ rpyosimu CHA cymecTByioT Kak B audpepeHIuajbHbIX, TAK U B JUCKPeT-
HBIX JIUHAMUYECKUX cucreMax [4,15].

CHA Tunw4ebl /i {UHAMAYECKUX CHCTEM C KBA3UIIEPUOIUIECKUM BO30Y-
JKJIeHUeM. Y MECTHO YTOYHUTH, YTO MBI IOHUMAEM IO aTTPAKTOPOM HEaBTO-
HOMHO# cucteMbl. [IpeanosokuM, 9T0 aBTOHOMHAs AWHAMHUYECKas CHCTeMa B
R” maxoauTcsa 1o JeficTBEEM TIepHOIAIecKoi CUIbl ¢ mepuogoMm Ty = 27 /w.
Bynem amanuzupoBarh cedenme llyankape uepes mepuon BHemmHedt cusbl. B
cexkyteit mopepxuocTr t = nTy Mbl KaxK bl pa3 (npu j060M n) Gyaem HabJIo-
JIaTh HEKOTOPOE MHOYXKECTBO TOYEK. ATTPAKTOPOM B 3TOM CJIy4Yae HA3BIBAIOT
MPOEKIIAI0 ITOTO MHOXKECTBA, TOUYEK B CEKYIUX, TMOJYyYEHHOE JIJIsi TTOC/Ie/10Ba-
TEJIBHOCTH 1 — 00, Ha MUCXOJHYIO CEKYIIYI0 TOBEPXHOCTh TP N = 1.

Bnepeoie CHA 0Obly1 00HApY?KEeH W UCCJIEIOBAH B OTOOPAYKEHUU

Tpr1 = Atan(z,) cos 2w,
Oni1 =w~+ ¢p, mod 1. (5-6)

VppanuonanbHoe 3HaYeHHE IapaMeTpa w 4Yalle BCero BHIOMPAeTcs PABHBIM
TAK HA3BIBAGMOMY 30a0momy cevenuro: w = 0.5(v/5 — 1). Ina snavenmit A > 1
B orobpazkenun (5.6) crporo mokazano cymecrsosanue CHA (puc. 5.8). Ho
CHA obGHapy»KeHbl TaKxKe NMPH BBEJIEHUU KBA3UIIEPHOIUUECKOTO BO3IEHCTBUS
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Puc. 5.8. CTpanHbIii HEXAOTUIECKUN ATTPAKTOD B 0T0Opaxkenuun (5.6) mra A = 1.5

B 0TOOpaYKeHUe OKPYZKHOCTH, JIOTUCTHYECKOe 0TOOpaKeHne, 0TobpaxKenue Xe-
HOHA | JIp.

Psan ocobennocreit CHA gpiisiercst ocHOBaHUEM JJIsd BBIJICJICHUS STUX 00b-
€KTOB B OT,ZLe.TIbeIi/JI KJIacCcC.

Teomerpuueckue xapakrepuctuku CHA. Arrpakrop (Hanpumep, Ha
dazoBoii mwI0cKOCTH) O6pasyercss KpuBoit GeCKOHEUHOM JiuHbl, HexubbepeH-
APYEMOi Ha IJI0OTHOM MHOXKECTBE TOYEK. JTa KpuBas, 1010000 KpuBoii [Tea-
HO, IJIOTHO TIOKPBIBAET 4acTh (Pa30BO#l IJIOCKOCTH TaK, YTO METPUYECKas pa3-
mepHocts (emkocrs) CHA oxkaseiBaercst crporo pasuoit 2. Ho, B ominune or
orobpaxkenus (5.4), B 3TOM caydae Bce ¥Ke HeIb3sl CIATATH, YTO YACTh ILIOC-
KOCTH SIBJIIETCSI aTTPAKTOPOM, TaK KaK COBOKYIHAs Mepa TOYeK, MpHHaIe-
JKAIMUX aTTPAKTOPY, PaBHA HYJI0. DTOT (DAKT OTPAXKAETCId B PABEHCTBE HH-
dbopmanmonnoii pazmeprnocru D; eauHuie (4TO COOTBETCTBYET JIMHUH, HO HE
IJIOCKOCTH). B CBSI3M ¢ OTCYTCTBHEM MOJIOKUTEIBHOIO HOKA3ATENs B CIHEKTPE
JIXII nanynoBckasi pasmepnocts CHA pasua emumnune. HecmoTps nHa 1esio-
YUCJIEHHYI0 MeTprieckyio pa3dmeprocts CHA, kak mpaBu/io, 1eMOHCTpUDYET
camMomnomobue CTPYKTYpPhl W BCJIEICTBHE 9TOTO — cBoiicTBa ckeiimara. CoBo-

KYITHOCTh YKA3aHHBIX CBOWCTB T0O3BOJISIET TOBOPUTH O 'cTpaHHOI'"TeomeTpun

CHA.

Cuektp JIXII cTpaHHOr0O HEXAaOTUYECKOTO aTTpakTopa. JluHamMuka
cucremsl B pexkume CHA He sB/IsIeTcs XaOTHYeCKO# BBHJY OTCYTCTBHS I€pe-
MeITUBaHUs. DKCIIOHEHIIMAIbHOW HEYCTORYMBOCTU TPACKTOPHUI Ha aTTPaKTOpe
B cpeaneMm HeT. B cmektpe JIXII orcyTrcTByeT mOJIO:KUTETHHBIN MOKA3aTENb.
Curnarypa cuekrpa JIXII ¢pazoBbix Tpaekropuit Ha CHA He orimuaercs ot co-
OTBETCTBYMOINEH curHaTyphl crekTpa JIXII KBa3umepunoanIeckKoro ABUXKEHU.
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Oxnako CHA Heb3s cauTaTh KBa3UIIEPHOIMIECKAM ATTPAKTOPOM, B 4aCTHO-
CTH, TOTOMY, YTO JIOKAJIbHBIH (PACCYMTAHHBIA HA KOHEYHOM BPEMEHH) CTap-
muit nokazarenb cinekrpa JIXII TpaekTopun vHa CHA 6Gymer mosoKuTeIbHBIM
(10Ka3aHO, YTO BEPOSITHOCTD TOTO, YTO CTAPIIM JIOKAJbHBIH JISITyHOBCKHUIT MO~
Kazareb OyJer I0JOKUTEIbHbIM, OTJIHYHA OT HYJIs).

CrnekTp n aBTOKOppeaamuonHas pyuknusd. OTcyTcTBre nepemMermBa-
nus B pexkume CHA o0OyciioB/imBaer oTcyTCTBUE B CTPOIOM CMBIC/IE HEIIPEPHIB-
HO¥ (CIIOIIHOM) KOMIIOHEHTBI B CIIEKTPe MOIIHOCTU. B TO ke Bpemsi CrekTp
rpaektopun Ha CHA e aBisiercst quckperabim! Crnekrp CHA 3aHuMaer Kak
OBl IPOMEXKYTOUYHOE II0JIOKEHHE MEXK/y JUCKPETHBIM M HEIPEePBbIBHBIM CJIy4a-
MU U UMeeT CIeIuaIbHOe Ha3BaHUe: CUHTYJIIPHO-HEIIPePbIBHBIH criekTp. Oco-
OEHHOCTH CHUHTYJIsIPHO-HEIIPEPBIBHOI'O CIIEKTPa B TOM, YTO OH BKJIFOYAET ILJIOT-
HOE€ MHOXKECTBO O-TIMKOB CAMOMOJO0HON CTPYKTYPHI U 00/1a71aeT CBOHCTBAMHU
dpakTaos.

Tax kak cnekrp CHA He siBjisieTcsi HENpPepPBIBHBIM, aBTOKOPPEJISIITUOHHAST
dbyukust ¥(7) He cTpeMuTCs K HYJI€BOMY Tpejeay npu 7 — oo. Jlus Tpa-
exropuit Ha CHA, kak npasuiio, Haburogaercst cniaganue W(7) 10 HEKOTOPOro
IpeJIeIHHOTO HeHy/1eBOro ypoBHs. [Ipu sTom ¥(7) Tak ke, KaK U CIEKTp, OymeT
JIEMOHCTPUPOBATH MACIITAOHO-UHBAPDUAHTHBIE CBONCTBA.

Heobxomumo ormeruts, uTo nuarsoctuka pexkuma CHA B 4ncieHHBIX 3KC-
HEePUMEHTaX IPEeJICTaB/IsgeT cO00i BeCbMa TPYAHYIO, HECTAHIAPTHYIO 33J1a4y U
TpebyeT MpPOBEIeHUsI TOHKUX BBIUMCJIEHHWH C UCIO/Ib30BAHUEM XOPOIIel coBpe-
MeHHOI TexHUKU. B mporuBHOM ciydae pexkum CHA wu kBazumnepuommdeckuit
PEXKUM ¢ OOJTBITUM YHUCJIOM KOMOWHAIMOHHBIX YACTOT B CIIEKTPE PA3JIUYUTD He
yIaeTcs.

3aKJIro4eHue

AHamu3 CTPYKTYyphl U CBOHCTB aTTPAKTOPOB HEJMHEHHBIX JUCCHTIATHBHBIX
CUCTEM KaK OOpa30B CJIOXKHBIX HEIEePUOINYECKUX aBTOKOJIeOaHUil, ITPOBeIeH-
HBIT B jIeKIUsgaxX 4 u 5, NO3BOJISIET CIEJIaTh CJEAyIOIue BhIBOIbI:

1. Kitaccuueckue cBOMCTBaA JeTEPMUHUPOBAHHOTO Xa0Ca KaK HEIepUoude-
CKUX KCIMIOHEHINAJTBHO HEYCTOUYUBBIX PENIeHWi COOTBETCTBYIOIINX TIMHAMU-
YeCKUX CHCTEM JIEMOHCTPHUPYIOT TpyOble TUMEPOOJIUIeCKre CUCTEMBI U CHCTe-
Mbl Tuna Jlopenmna. IM cooTBeTCTBYIOT B KauecTBe MaTeMaTHYECKHX 00Pa30B
CTpaHHbIe (MM MPAKTUIECKH CTPAHHBIE) ATTPAKTOPHI. VX oTim4auresibHOil 0cO-
OEHHOCTBIO sBJsIeTCsS (PPaKTATbHOCTh F€OMETPUYECKON CTPYKTYPBI aTTPaKTO-
pa, IpobHAas MeTpuYecKas Pa3MePHOCTb U HAJWYHUE XOTS ObI OJHOTO MOJIOYKY-
TesibHOTO ToKazaTessd cuektpa JIXII kak ciencrBue nepemermnmuBanus. ['pyonie
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runepooJInYecKre aTTPaKTOPhl ¥ aTTPAKTOPhl TUNa JIOpeHIa Maj04yBCTBU-
TeJIbHBI K IIIyMOBOMY BO3/IeicTBHIO. BacceitHbl mpuTs:KeHUusl TAaKUX aTTPaKTO-
POB SIBJIAIOTCSI TJIAJKUMHU, OJHOPOJHBIMU; CBOMCTBA aTTPAKTOpa HE YYBCTBH-
TeJIbHBI K U3MEHEHUI0 HAYAJIbHBIX YCIOBUIA.

2. Bojee ciaoKHBIME OOBEKTAMU SIBJISIOTCS KBa3WATTPAKTOPHI, KOTOPbIE
BKJIIOYAIOT KOHEYHYIO MJIM OECKOHEYHYIO COBOKYITHOCTH PEryJIsSIPHBIX ¥ XaOTH-
YECKUX MPUTATUBAIONIUX IOJMHOXKECTB, COCYIIECTBYOIINUX OJHOBPEMEHHO DU
GUKCHUPOBAHHBIX IIapaMerpax CUCTeMbl. Bapuaiys napamMerpoB CUCTEMBI IIPH-
BOJUT K PA3JIUIHBIM OM(YPKAIMIM ITUX OJMHOXKECTB, KOTOPHIX MOXKET ObIThH
OeCKOHEYHOE YHCI0 NMPH KOHEYHOM H3MEHEHHH IapaMeTpoB. BacceiiHbl mpu-
TS2KEHHsI COCYIIECTBYIONINX ATTPAKTOPOB IPEACTABIAI0T COD0il Ype3BhIIaitHO
CJIOXKHYIO CTPYKTYPY BJIOXKEHHBIX ObJiacTeil, o0samaomux GpaKTaJabHO! reo-
MeTpueil. B pe3yibTare KBa3MaTTPAKTOPBI JEMOHCTPUPYIOT BHICOKYIO UYBCTBH-
TeJIbHOCTh K M3MEHEHUI0 HAYaJbHBIX YCJIOBUH U JAEHCTBUIO IIyMa.

3. DKCIOHEHIMAIbHAS HEYCTOWYMBOCTH WHIWBUAYAJbHBIX TPAEKTOPHIA U
"crpanHas ' reoMeTpust aTTpakTOpa OIHO3HAYHO He ¢Bst3aHbl. CyIlnecTByIOT pe-
JKUMBI Xa0THYECKUX (HEYCTONYMBHIX) aBTOKOJI€6aHW, KOTOPBIM COOTBETCTBY-
10T PeryjisipHble B TEOMETPHUIECKOM CMbBIC/IE ATTPAKTOPBI. ITO TaK HAa3bIBa€MbIe
Xa0THYeCKHEe HeCTpaHHbIe aTTPpaKTOPbl. C Ipyroit CTOpOHBI, MOXKHO HAOJII0IATh
HEIIePUOINYECKHe yCTOiuuBble 10 JIAMyHOBY KoJie€0aHMS, COOTBETCTBYIONIU
aTTPAKTOP KOTOPBIX SIBJISETCS CTPAHHBIM I'eoMeTpudecKuM 00bekToM. B aTom
CJaydae Mbl HUMEeM JIeJI0 CO CTPAHHBIMH HEXaOTHYECKHMMHU ATTPAKTOPAMH.



Jlekminga 6

MoanduiiupoBaHHblii reHepaTop
C MHEPIIMOHHON HEJMHEINHOCThIO

Beodumca 6 pacemomperue mMamemamuueckas Modeasb a8moHoMHOT a8MmoKo-
aebamenvroti cucmemo, ¢ 1,5 cmenenamu c6ob0dvl, PEAUSYIOULAAL PEHCUMDL
0eEMEPMUHUPOBAHHO20 TAOCA CnupasbHozo muna. Obcyorcdaemces cea3b modesu
€ KAACCUMECKUMU 2EHEPATOPAMU K8a3U2apmonudeckux xorebanut Teodopuura
u Ban dep Iloas
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BBeneuune

N3zyuenue pe:KMMOB JUHAMUYECKOTO Xa0Ca OCYIIECTBJISETCS 110 TPEM OCHOB-
HBIM HampaBjieHusM. llepBoe BKIIOUaeT CTpOrue MaTeMaTUYecKue MCCJIen0Ba-
HUS CBOHCTB runepbondeckux cucreMm. Creayer OTMETUTh MCKIIOUUTETbHYIO
Ba>KHOCTb (I)yHﬂaMeHTaﬂbeIX AHAJIUTUYIECKUX PEIYJIbTATOB JJiAd IIPABUJIBHOT'O
IMOHUMaHUA U TPAKTOBKU IKCIIEPUMEHTAJIbHBIX JTaHHBIX. BTOpOG HallpaBJIEHUE,
TUIIUYHOE JJId €CTeCTBEHHOHAYUYHBbIX HUCCJIEJIOBAHUI, CBA3aHO C aHAJIU30M JIU-
HAMUKHA KOHKPETHBIX CHCTEM, HPEeJICTABILAIIIMX CO00i MaTeMaTHYecKue Mo-
JIeJIA TTPOTIECCOB, BO3HUKAIONIUX B PeaIbHBIX KoJie0aTeIbHBIX cucTeMax. Ham-
OOJIbIIKIT MHTEpeC i HeJIMHEHOM JUHAMUKHU IIPEICTaBJIsSIeT TPeThe HallpaB-
sieare. OHO BKJIIOYAET pa3pabOTKy M UCCIEJOBAHUE IMPOCTEUITNX OA30BBIX MO-
JieJieli, peaJTu3yoIuX Te WU WHble (pyHIaMeHTaIbHbIe CBONCTBA Xa0THIECKUX
cucteMm. [losgcHuM, 0 yeM HAET pedb. XOPOIIO W3BECTHO, HANPUMED, UTO JIJIS
U3yUYeHWs] OCHOBHBIX CBONCTB aBTOKOJIeOAHWiI JTOCTATOYHO PACCMOTPETH YPaB-
HeHud reHepatopa Ban nep Ilons. D1a quHamMudeckasd CHCTEMa HCUYEPITBIBAIO-
M 06pa30M OIUCHIBAET MEXaHU3Mbl POXKIEHUSI M CBOMCTBA IIPE/I€/IbHOTO IHK-
Jla KaK MaTeMaTHYecKoro obpasa IepHoAndecKux aBrokojebanuii. IIpu sTrom
ypPaBHEHHS MOJIeJIM TeHepaTopa SBJSIOTCI HauboJiee MPOCTHIMU U3 JTHHAMHU-
YEeCKUX CHCTEM C NpeJeJbHBIM ITUKJIOM B KaUeCTBE €JIWHCTBEHHOTO PEITCHUd.
PasmepHocTh (ha30BOro mpocTpaHCTBa CHCTEMBI PaBHA JIBYM, TO €CTh SIBJISET-
csl MUHUMAJIbHOM JIjIsi CUCTEM C YCTONYUBBIMU, OJIM3KUMU K CUHYCOUIAJIbHBIM,
KoJieOaHUSIMU. Y paBHEHUSI COJIEPKAT KBAJIPATUUYHYIO HEJIMHEHHOCTh U TOJIBKO
OJIVH Y PABJISIOMNI TapaMeTp, 3aal0Iuil peXKUMbl KOJIe0aHUiA.

HazBanHubie HalpaB/ieHHsI COCTABJISIIOT OCHOBHYIO 3314y TEOpHHU KOJieha-
HUW KaK HayKu, u3ydaolleil (pyHjaMeHTa/IbHble SIBJIEHUS HA IPUMepax aHa-
JIN3a, JIMHAMUKHU 6a30BBIX MOjeseil cooTBeTCTBYOIMUX saBjeHuit. C 3Toi TOUKH
3peHUs TeOpHusi HeJUHEHHBIX KOoJiebaHuil — 3TO HayKa, B KOTOPO# BBOISTCS B
paccMOTpeHne W aHAJU3UPYIOTCs HamboJiee MPOCThbie U3 BO3MOXKHBIX MaTeMa-
THYECKHE MOJEU PYHIAMEHTAJbHBIX SBJIEHUH, MPOUCXOIANIAX B MUPE KOJe-
OaTeJbHBIX CUCTEM.

OtrkpoiTre 3ddekTa IeTepMUHEPOBAHHOIO Xa0Ca MPHUBEJIO K HEOOXOIMMO-
cti pOPMUPOBaHUSI HOBOT'O pa3jiesia HeJIMHEHHOW Teopun KoJieDaHuil, CBsi3aH-
HOTO C pa3pabOoTKOW W aHAJM30M JUHAMHUKHM 0a30BBIX MoOjesei xaoca. HeoO-
XOIUMO UMETH B PACIOPAKEHUN COBOKYIHOCTh MOJE el TeTepMUHUPOBAHHOTO
Xaoca, KOTOpble HamboJiee MPOCTO HJLIIOCTPUPYIOT TUIIWYHBbIE OndypKaIruoH-
Hble MEXaHU3Mbl ePeXOI0B K XaOCy, TOIOJOTUYECKYI0 CTPYKTYPY OCHOBHBIX
TUIIOB CTPAHHBIX aTTPAKTOPOB, OMMypKalWi Xa0TUUECKUX ATTPAKTOPOB, UX
¢dpaKTaJbHOCTh U T.J. B 3TOil JileKiuu Mbl BBEJIEM B PACCMOTDEHHE OJHY W3
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TakuX 6a30BLIX MOJesell Xaoca — reHepaTop C MHePIMOHHON HeJIMHEeHHOCTHIO
(renepaTop AHUIEHKO—ACTAXOBA).

OO01ne ypaBHEeHNS reHEPATOPOB ¢ 1,5 cTenneHsaMu CBOOOIBI

ABTOHOMHI)IQ CHUCTEMBI C TPEXMEPHBIM d)aBOBbIM IPpOCTPAHCTBOM JE€MOH-
CTPUPYIOT JOBOJIBHO SICHYKO KapTUHY XaOTUYECKON AWHAMWUKHU MaJIOMEPHBIX
cucteM. BBenem Hambosiee obOmue ypaBHEHHS] TaKUX CHCTEM, HCXOJs W3 pe-
3yJIbTATOB, MOJIYUeHHBIX IPUMEHUTEIBHO K reHepaTopaM ¢ 1 cTemeHbio ¢BOOO-
Iibl, (pa30BOE MPOCTPAHCTBO KOTOPHIX — IJIOCKOCTh. B 00IeM BH/ie aBTOKOJIE-
6aTeﬂbeIe CUCTEMBI Ha IIJIOCKOCTHU OIIMCHIBAIOTCA YPaBHEHUEM

T+ o(x, p) +¥(x,p) =0, (6.1)

rie r — JAUHAMHYecKas TepeMeHHast; p = (fi1, {2, ..., [l) — COBOKYIHOCTh
yIpaBjsiomux napamerpos; ¢(z, pu) u ¥(x, p) — HenuHeiinbie GyHKIUHU, Xa-
pakTepusylomue Jeiicreue cui, 06ecIeYnBaomuX BO3MOXKHOCTb aBTOKOIe0a-
HU.

VYpauenue (6.1) MOKHO 0000UTUTH HA OMPEIEJEHHBIH KIacc cucreM ¢ 1,5
creneHsMu cBo6oabl. PaccMOTpUM pagnoTeXHUYeCKoe yCTPOHCTBO, OJI0KCXeMa,
KOTOpOro m3o0paxkeHa Ha puc. 6.1. [lyHKTUpHO# JMHKelH BbIIeIeHa OCHOBHAS
9aCTh TEHEPATOPA, COCTOSMIAs W3 YCUJIUTENsl 1, CEJIEKTUBHOIO djieMenTa (Ha-
npuMep, KoJiebaTebHONO KOHTYPA WM MOCTa BuHA) M 1enu moJioxKuTe hHON

VYeunuress |

OJICMCHT

1
1
1
1
1
1
X CeneKTUBHBIN X
1
1
1
1
1

Z/ VYceunurens 2 AZ

A\

HMueprnuonHsbIit

npeodpa3opaTeiib

Puc. 6.1. Biok-cxema HMHEPIUOHHOI'0 CaMOCOIVIaCOBaAHHOI'O BOB,HGI‘/‘ICTBI/IH Ha OCHOBHBIE€ 3JIEMEHTBI
KJ/JIaCCUYIE€CKOI'0 reHeparopa
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obpaTHoit cBs3u. [Ipu BHITIOJITHEHUU COOTBETCTBYIONIMX AMILIUTYIHBIX U (ha30-
BBIX YCJIOBUil B TAKOM I€HEPATOpPe BO3HUKAIOT aBTOKOJIEOAHWS, OMUACHIBAEMbBIE
ypasuenuem (6.1).

JlonmotHUTETbHAS TI€TTb 0OPATHOM CBS3U OCYIIECTB/ISIET WHEPIMOHHOE TIpe-
obpa3oBanue BO3EHCTBYOMIElH nepeMenHoi (1) B OTKIMK 2 (1), yIpaBisirormuii
napaMeTpamMyu YCUJINTENsS W CEeJeKTUBHOTO 3JIEMEeHTa OCHOBHOI'O OJIOKA reHepa-
topa. C y4erom JOMOJTHUATEbHON 00paTHOM CBA3KM yPaBHEHUE CUCTEMBI, TPE/I-
craBjieHHO# Ha puc. 6.1, MOXKHO 3aIuCaTh KaK

T+ Fi(z, 2z, p)t + Fy(z, z,p) =0,
zZ=Fy(x, z, p). (6.2)

Bnecw F; — B 00mieMm ciiyuae nenuHeitubie pynknun. PazoBas nepevennast z(t)
B (6.2) cBa3ana ¢ nepeMenHoi z(t) mocpeacTBoM audbepeHIuaIbHOTO Oepa-
TOpa MepBOro nopsiaka. Ecim B3anMocss3s orkianka z(t) Ha Bosueiicrsue x(t)
663bIHepL[I/IOHHa, T.€. OIINChIBAETCHA aﬂFe6paI/IquKHM IIOJIMHOMOM THIIA

z = Z Crx"™ = p(x), (6.3)

To ypaBuenus (6.2) cBoxsrces K ypasaenuio (6.1). Ecoin xxe mepemenuasi z 3a-
BHCHT OT I WHEPIMOHHBIM 00pa3oM, T.e. 3ajiaercs quddepeHnuaaibHbIM ypaB-
HeHueM 1-ro mopsifika, TO ypaBHeHHs (6.2) OMHCBIBAIOT HPOIECCHl KOJIeGaHuil
B TpexMepHOM (ha30BOM TPOCTPAHCTBE U SABJSIOTCS 000OIIEHNEeM ypaBHEHUS
(6.1) Ha 3TOT CIAyUAL.

N3BecTHBIE TUHAMWYECKHE CHCTEMBI, MOAEJUPYIONUe KojaeOaHus B reHepa-
Topax ¢ 1,5 crenensimu cBo6ObI, gomyckatoT ¢dbopmy 3amucu Buga (6.2) ¢ uc-
KJIIDUEHHEM TPeTheil mepeMeHHO# U, pu HeoOXOJMMOCTHU, C BBEJIECHUEM TJIa]l-
KX 3aMEH MaC].HTa6OB KOOpAWuHaAT U BPpEMEHU.

O6mas dbopMa 3amuch TPEXMEPHBIX JUHAMUYECKUX cucTeM B Buje (6.2) He
BCKPBIBAET B JETAJAX NMPUHIUINAJIbHBIE C (DU3UUECKOW TOUYKHU 3PEHUs PA3JIH-
Yhsi KOHKPETHBIX CHCTEM, TaKue KakK CIoco0 BO30Oy:KJieHHsI KOJieDaHwuii, BO3-
MOKHOCTh I'€HEPUPOBAHUS JBYXYACTOTHBIX KOJIeOaHMIl, Xa0TUUECKUX KoJjeba-
Huit u np. [Ipu HEOOXOAMMOCTH MOXKHO BBOJAUTH B PACCMOTPEHUE HEKOTOPHIE
TIOJIKJIACCHI CHCTEM, YAOBIeTBOPSIONHX (6.2), HO OTIMYAIOMAXCS MO HEKOTO-
PBIM pU3HAKAM B CBSI3M ¢ KOHKPETHBIMU OTPAHUYEHUSIMY Ha, SBHBIN BU (DYHK-
muit Fj(x,z,u) B (6.2). B yacrHOCTH, BBIIEJSIOT JBa TOJKJIACCA T€HEPUDPYIO-
IUX CHCTEM, YIOBJETBOPSIOIUX B 00IIeM Buje ypaBHenusM (6.2), HO oTauda-
IONUXCS MeXaHu3MaMu BO30y2K ieHusT Kosiebanuii. B nepBom nojkiacce Bo30y-
JKJIeHNe aBTOKOJIe0aHUT OCYIIeCTBseTCs OJiaroapss KOMIIEHCAIUA COOCTBEH-
HBIX TOTEpPb TP TOJIOXKUTETHHOM 00paTHO#l cBa3u. Ko BTOpoMy moakiaccy
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CUCTEM OTHOCSIT TE€HEPATOPhI, MPEJACTABJIAIONE cO00i HEKOTOPHBIH Juccuma-
TUBHBI KOHTYD, MapaMeTpU4ecKu BO30YKTAEMBbIil 38 CYET WHEPIIMOHHOTO BO3-
JefiCTBUS YCUJIEHHOTO CUTHAJIa C KOHTYPaA Ha 3J€MEHTHI CaMOTO KOHTYpa.

OpHakoO yKa3aHHOe pa3jie/ieHue aBTOKOJe0ATeTbHBIX CHCTEM MO THILY Ca-
MOBO30Y>K/IeH!si KOJIeOAHUN C TOYKHU 3PEeHusi OOIUX MEXaHU3MOB IEpPexo/a K
Xaocy He siBJisieTcsl MpuHIMnuaabHbiM. VMes: pa3nyio ¢puznyeckyio OCHOBY, aB-
TOKOJIeO0aHMsl ¢ POCTOM YIIPABJISIONIEIO IIapaMeTpa MOI'YT IIpeTepleBaThb 1eH-
TUYHbIE KacKa bl Oudypkaiuii.

MoandbunnpoBaHHbIli TeHEPATOP C WHEPITMOHHOMN
HEJIMHEMNHOCTBIO

MonudunupoBanusiii rerepaTop ¢ unepiuonHoii vesmueitnocrso (I'MH) mo
CBOMM CBOMCTBaM TaKxKe SIBJIIETCS OJIHON M3 0a30BBIX MoJe/eil 1eTepMUHUPO-
BaHHOIO Xaoca. JlocTaTouHo mpocTas U MOHATHAS ¢ PaarnoMU3NIECKON TOUKH
3penusi mojiesib ['TH jiemMoncTpupyer Bce XxapakTepHbie I KBa3UaTTPAKTOPOB
3aKOHOMEPHOCTH, HpH‘II/IHOfI BO3BHUKHOBEHHNA KOTOPBIX ABJIACTCA HaJIMYUE B CU-
cTeMe COCTOsIHUS paBHOBecusi Tuna “cejio-doxkyc”. Mougens 'H 6a3zupyercs
Ha KJACCUYECKUX CXeMaX reHepaTopa Teolopuuka W B TpPeIe/IbHBIX CIydasX
MepeXoIuT B MoJiesib TeHepaTopa Ban mep Ilond.

B xmaccuueckoM TreHepaTope ¢ WHEPIMOHHON HelwHeiHocThio Teomopunka
aBTOKOJIeOaHMsI 06eCIeuYnBaIOTCs BBEIEHUEM B KOJieOATeIbHBIM KOHTYP TE€PMO-
conporuyenuss R(T'), cBoiicTBa KOTOPOro HeJIMHEHHBIM 06GPA30M 3aBHUCIT OT
IIPOTEKAIOIIEro Yepe3 Hero Toka (puc. 6.2).

YpaBHeHue 7151 TOKa i(t) B KOHTYpe MMeeT BHJ,

d%i R(T) MSy] di 1 LOR(T)dT| . 0 (6.4
e [L LC] [LC+L or ]l 4
re Sy — KPYTU3HA XapaKTEePUCTUKY YCUJIATEJIS, KOTOPBIA TIPE/ITOIaraeTCs JTu-
HeitubiM; )M — B3amMHasi WHIYKTUBHOCTH Iiemu oOparHoit cBssm; R(T) —
COIPOTUBJIEHHE TEPMHUCTOpa, 3aBucdamee ot Temmeparypsl 1; L u C —
HUHIYKTUBHOCTh U €MKOCTh B K0JIeOATETbHOM KOHTYPE.

[Monarag 3asucumoctb R(T') muneitnoit (R(T) = Ro + LbT) u cuuras, 9to
MPOIeCC TeI000MeHa MoaunHgeTcsd 3aKoHy HbioToHa:

dT
pqg— + kT = R(T)i?,
dt
rge q — yaejJdbHad TEIJIOEMKOCTh HUTH T€PMHUCTOPA, & p — €€ Macca, I0JIyJaeM

3aMKHYTYIO CUCTeMY ypaBHEHUi BUJA

dt
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R(T)
L, = Yceuaureab
L i(t c
M

Puc. 6.2. Knaccuueckas cxeMa reHEPATOPa C HHEPITMOHHOM HEJIMHEH-
HOCTBIO

d*i 9 di dr

— = (1 — bT)— — bi—

gz et = (= D) g = bisgr

dr

— + 9T = o(T)i?, (6.5)

dt
e p=wiSoM — Ry/L; wi=1/LC; ~=k/pg; o(T)=ay+bLT/pg;
ap = Ry/pq. B Ge3pasMepHBIX MepeMeHHbIX T = ai, Y= —x, z = bT Jwy,
T =wot, a=/abpq/wok ypaBuenus (6.5) IPHHAMAIOT BU

T=mr+y— a2,

3= —gz+ 22’

Baecb m = pfwy = woSoM — Ro/wol, g =/wy, & =dx/dr.

B TpexmepHoii iBynapamerpudeckoii cucreme (6.6) mapamerp m IponopIy-
OHAJIeH PAa3HOCTU BHOCUMOW M pacCenBaeMoOi 3Hepruii, g — mnapamerp, Xxapak-
TEPU3YIOIIKIl OTHOCUTEILHOE BPEMSsI peJIaKCallud TepMUCTOpa. B jaabHelinem
m OyjieM Ha3bIBATH MapaMeTpPoM BO30YKIEHWS, & § — NAPAMETPOM WHEPIMOH-
HOCTH T€HEPATOPA.

Paccmorpum cxemy, n3obpakeHHyo Ha puc. 6.3. 31ech KoaebaTe bHbIi KOH-
TYp B OTJIMYME OT KJACCHYECKOTO CJIydas He COAEP:KUT HEIUHEHHBIX 3JIeMeH-
TOB. YCHJIUTE/b | yIpaB/sercs JOMOJHATEIbHOR Ielbio 00PAaTHON CBA3H, CO-
JepzKalieil TUuHeRHbIH yCUIUTE b 2 U WHEPIUOHHBINA mpeobpa3oBarenb. ud-
depeHIuaIbHbIe YPABHEHNS T€HEPATOPA MOXKHO 3aIMCATh B SIBHOM BH/IE, KOH-
KpeTu3npoBaB 3aBucuMocThb S(x, V') ycunuress 1 u 3a71aB ypaBHEHUS WHEPIU-
OHHOTO TIpeobpa3oBanus V ().
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y(t)

N t 4
R0 | J

L L Ycunurenb Ycunutenn W nepunonnblii A1)
1 — npeoGpazosa-
i C__ 1 2 TERE

Puc. 6.3. MomudunupoBanHas cxeMa reHepaTopa ¢ UHEPIUOHHON HEJIMHEAHOCTHIO

AnmpokcumupyeM nosuHOMOM byHKIMIO S1(7), T.e. KPyTH3HY YCHJIATENA
1, 6e3 ydeTa BO3JEHCTBUS TOTMOJTHUTEIBHON 00pATHON CBA3M:

Sl(l’) = S() - Sll’2, (67)

re © — HalpsyKeHue Ha BXoJe yCuauTenad 1; Sy u S; — MOCTOSHHBIE MOJOXKU-
TeabHble KO3ddumuentol. [Ipeanono:kum, 4r0 MeXaHH3M BO3I€HCTBHUS IEIH
HHEPIMOHHO 00paTHOH CBA3M IOIYMHSIETCI 3aKOHOMEPHOCTH

S = S'(x) — bV = Sy — Sya? — bV, (6.8)

rae V = V(x) — HanpsikeHue Ha BBIXOJIe MHEPIMOHHOTO TIpeobpaszoBarelis; b —
napamerp. IlycTh MHepHHOHHOE MPeoOpa3oBaHue OCYIIECTBIAETCS B COOTBET-
CTBUY C ypaBHEHHEM

V =V 4 p(x). (6.9)

YpaBHeHHUe JJIsi TOKa B KOHType reneparopa (puc. 6.3)
Ldi/dt + Ri +C™* /(i — MSdi/dt)dt =0
COBMECTHO ¢ ypaBHeHusiMu (6.8) u (6.9) maeT 3aMKHYTYIO CUCTEMY, CBOJISAIILY-
10csd B 6e3pa3MepHbIX NEPEMEHHBIX K BUJLY
T=mxt+y—xz—did, §y=-x =—gz+gP(1), (6.10)

rie d = d(S7) — napamerp, OTBEYAIONMiA CTENeH! BIUSHIS HEJIMHEHHOCTH KPY-
TU3HBI XapakTepucTuku; P(x) — GyHKIWs, ONUCHIBAIOIIAs CBONCTBA MHEPIMOH-
HOTO TIpeoOpa3oBaresis. B remepaTope JAeiiCTBYIOT JIBa MEXaHU3Ma HEJTMHEHHO-
T'O OTPAHUYEHUS AMILTATYbI KostieOanuii. [lepBolii — 6€3bIHEPIIMOHHBIH U CBA3aH



90

C HEJIMHEHHOCTHIO XapAKTEPUCTUKHU YCUJUTEJIsI, BTOPOl — MHEPIMOHHbBIH, 00y-
CJIOBJICHHBIN 3aBUCUMOCTBIO KPYTU3HEI S oT Hanpszkenus V. [lycTs ycuaureanb
paboraeT Ha JWHEHHOM ydvacTke Xapakrtepuctuku (S; = (), a WHEpPIMOHHBIN
npeoOpa30BaTe/ib COOPAH MO CXeMe JABYXIOJYIEPUOIHOTO KBAJIPATUIHOTO JIe-
tekTopa ¢ RC-UIbTPOM U ONKUCHIBAETCS yPABHEHHEM

i=—gz + g1’ (6.11)

[TapamMeTp MHEPIMOHHOCTH ¢ PaBEH OTHOIIEHUIO IEePHOjia KoaebaHuil KOHTypa
T x nocrogrHOi#l BpeMenu dbunabrpa 7y = RyCy.

[Tpu cpenanubix npeanosioxkenusx ypapaenus (6.10) nepexogst B ypaBHe-
HUsl KJIACCHYECKOro Treneparopa (6.6). 3Ha4YuT, ecau ycuauTeab 1 JTUHEHHBIH,
a MHEPIUOHHBIN mpeobpa3oBaTesb yaoBaeTBopsier (6.11), To MaTeMaTHUecKue
MOJIeJTU T€HePATOPOB, CXeMbl KOTOPBIX N300paskeHbl Ha puc. 6.2 u 6.3, Hepa3/u-
quMbl. CXeMa ¢ JeTeKTOPOM B KCIIEPUMEHTAJILHOM OTHOIIEHUH 0oJiee yao0Ha,
TaK KakK MO3BOJISET BaPbUPOBATh WHEPIMOHHBIE CBONCTBA IT'€HEPATOPA PeryJiu-
POBKO# TIOCTOSTHHO# BpeMeHU (DUIbTpa, YTO MPAKTUIECKU HEOCYIIECTBUMO TIPH
UCIOTb30BAHUU T€PMUICTOPA.

Bu ypaBuenuit (6.10) He H3MEHHUTCS, €C/IM B KA4eCTBE CEJIEKTHBHOTO dJIe-
MEHTa, UCI0J1b30BaTh RC-1enouky B Bujae Mocta Buna. [list obecneuenust ycio-
BUil reHepaIly B 3TOM CJIy4ae HY»KHO IIPUMEHUTh JBA KacKaJjia YCUJIEHUs, KaK
9TO TOKa3aHOo Ha puc. 6.4. J[nga cummerpuanoro Mocta Buna ympasisionue na-
paMeTpbl m U g B ypaBHeHusX (6.10) IpOCTO U ¢ TOUKH 3peHUsI IKCIEPHMEHTA
YIOOHBIM 00Pa30M BBIPAYKAIOTCI Yepe3 MapaMeTPhl CXeMBbI:

m:KO—S, g:R(]C()/Tf, (612)

rae Ky — xoadbduiuenT ycunennd AByXKacKajHoro ycunurend; RoCo u 74 —
IIOCTOSIHHBIE BpeMeHH MocTa Buna u duibrpa gerekropa. B dusnueckom sKc-
HEPUMEHTE TTapaAMeTPhI M U ¢ JIETKO MEHSTh ¥ U3MePsiTh, BApbUPYs KO3 duiiu-
eHT yCHUJIeHUsl U IIOCTOSIHHYIO Bpemenn usibTpa. Kak nokasaJju uccie oBaHus,

y(t)

N N4
R o CO X(t) L J

| (1)
Yeunurenn VYeunnurens JInneiinblii HnepunoHHBIH
- 1 2 YCHIIUTE b npeoGpazoBa-

TeJb

Puc. 6.4. Cxema RC-reneparopa ¢ MHEPIIMOHHON HEJIMHEHHOCTHIO
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JIMHAMWKa TeHepaTopa, Mojenupyemoro ypasHerusivu (6.10), npuHImIua b
HBIM 00pa30M 3aBUCAT OT Buaa MpyHKnuu P(r), T.e. OT CBONCTB MHEPIUOHHOTO
npeobpasosarens. Ecim @(x) npeacrasiser coboit cMMMETPHUYHYIO (DYHKITHIO,
10 ypaBHenus (6.10) UMEIOT B Ka4eCTBe PEIIEHUs] TOJbKO MPEIEIbHBIN UKL
Opnnaxko ecsin @ () He siBisiercst cummerpudHoii (Hanpumep, () = exp(x—1)),
10 Mozesh (6.10) meMOHCTPUpPYeT KaK epUOJANYECKHe, TaK ¥ Xa0THYeCKUe Pe-
KUMbI KoJiebanuii. BoJiee jierajibHble MCCJ/IeI0BaHUs 1I0KA3aJIM, 9TO aCUMMeT-
pust ¢(x) aBasieTcst HEOOXOMUMBIM YCIOBHEM ISl peann3anuu B Mozgesn (6.10)
0co00#1 TpaeKTOpHUHU THIIA NETJIM CerapaTpuchl ceio-dpokyca. VImenno Ham-
ype 0co00il TpaeKTOpuM ABJseTCsS (DYyHIAMEHTAJTbHON IPUYUHON DPOXKIEHUS
PEKHUMOB JIETEPMUHUPOBAHHOI'O XaO0CA.

B kauecrBe npumepa toro Buja dbyukuun (), korga monaens (6.10) npu-
obOpeTaeT CBOIICTBA reHEPATOPa Xa0Ca, MBI BHIOEpEM

O(x) = [(2)2?, I(z) = {(1) 2 > (6.13)

C ¢dusudeckoil TOYKM 3peHHST ITO COOTBETCTBYET HCIOJB30BAHHUIO OIHOMIOJY-
IIEPHOJIHOTO JIETEKTOPA B CXEMe HHEPIMOHHOIO IPeobpa3oBaTelis.

Oupenesus dyukiuio ¢(z) B coorBercrBuu ¢ (6.13), u3 (6.10) nomayua-
eM ypaBHeHHs] MOu(HUIMPOBAHHOTO T€HEPATOPA ¢ MHEPIUOHHON HeJIHHEHHO-
CTBIO, IPE/ICTABIAIONINE CO00 TPEXMEPHYIO TpeXIapaMeTPHIeCKyI0 HeJInHel-
HYIO JIUCCUNIATHBHYIO CHCTEMY:

t=maxty—rz—dr}, §y=-—x, i=—gz+gl(v)z’. (6.14)

UckiiouenneM mepeMeHHOIT y ypaBHEHUS [eHePATOpa C HHEPIMOHHO HeJlH-
ueitnocreio (6.14) npusoxsitest k Buny (6.2):
i—(m—2z—3da*)i + [l — gz + g®(x)]x =0,
Z=—gz+ gP(x). (6.15)
ABromarmyecku peryiaupyeMslii HesuHeiinbii ocumisTop (6.15) xapakrepu-
3yeTCsl MHEPIHOHHON 3aBUCUMOCTBIO JUCCUIAIMU U YACTOTHI OT IepPeMeHHOIl

z. B ciyuae cuipHo#t nnepnmonnocru cucreMst (7 > 1), korma g — 0, cu-
cTeMa BBIPOXKAETCS B JIBYMEPHYIO:

i—a(l—br*)i+z =0, (6.16)

a=m-—zy, b=3d/(m—z), 2z =2(0),
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¥ He3aBHCHMO OT Bua GyHKImn P(x) coBnagaer 1no dhopMme 3anucy ¢ ypaBHe-
HusiMu redeparopa Bau mep Iloss. ITapamerpsl a u b, kKak Bujgno u3 (6.16),
3aBHCAT OT Ha4Ya bHBIX ycaouit z(0).

Jpyroit acumnToTHYECKMiT CayUail — Oe3bIHEPIIMOHHBII TeHepaTOP, COOTBET-
CTBYIOIIUI CTPEMJIEHUIO 1apamMeTpa ¢ B 6eckoHeuHOCTh. VI3 TpeTbero ypasHe-
HUsI CUCTEMBbI IIPH ITOM YCJIOBUU CJeJyeT ajiredpanydeckasi B3auMOCBSI3b Hepe-
MEHHBIX T U 2, CBOAAIIAd UCXOJHYIO CUCTEMY K BHJY

i —[m—&(x) — 3da*)i +2 = 0. (6.17)

[Tostnast anasnorust ¢ ypasuennem Ban gep Ilosist B 3TOM npefenbHOM ciiydae
JOCTUTAETCs IPH yCaoBuu D) = 22. B peaJIbHOM TeHEpaTOpe C NHEPIHOHHOI
HEJIMHEHHOCTHIO 00JIaCTh 3HAUEHUH IapaMeTpa WHEPIMOHHOCTH ¢, B KOTOPOi
cucTeMa BeJeT ceds HPHUHIMIMAJILHO KaK TpeXMepHas, OrpaHHYeHa HEKOTO-
PBIM HHTEpBAJIOM ¢1 < g < ¢o. 3a ero mpejeamMu IPUOTMKEHHBIM OINUCAHU-
€M MOTYT CJIY>KUTh PAaCCMOTPEHHbIE aCUMIITOTUYECKUE YpaBHEeHHsT HA (a30BoOii
ILJTOCKOCTH.

MatemaTndeckas MoJeIb MOIUMUITPOBAHHOTO TeHEPATOPa C MHEPIIMOHHO
HeJMHeHHOCTHIO (6.14) ecTh HeMHeRHAS TpeXMepHasl TUCCHTIATHBHAS CHCTEMa
C TpeMsl HE3aBUCUMBIMHU IapaMeTpaMu, 3aJaloliad IIOTOK B R?:

—o<r<oo, —oo<y<oo, 0<z<o0,

e TepeMeHHad 2 Olpe/ieJieHa Ha, MOJOKUTeJIbHON TOJIy0oCH, TaK KakK ¢ (pu3n-
9eCKO# TOUKH 3PEeHHs IpeJcTaBigeT coboil IIPOIeTeKTHPOBAHHOE HAIIPSAKCHHIEe
x(t) Ha BHIXOZE UAbTPA. J/lMBEpPreHIys BEKTOPHOIO MOJsk CKOPOCTE MOTOKA
(6.14) 3aBucuT or mapamerpoB u Ga30BbIX KOOPIUHAT:

divF =m — g — 3dx* — z. (6.18)

Uccnenopanusa B KkBazuauHeitHoM mpubukennn m < g << 1 CBUIETETbCTBYIOT
0 TOM, YTO CHCTeMa IJI00AJbHO JUCCUIATHBHA W YTO JJIs JTIOOBIX HAYAJIbHBIX
JIAHHBIX U3 00J1aCTH OTpeie/ieHus (Ha30BbIX MEPEMEHHBIX BCET/Ia CIPABEITUBO
divF < 0. B xBazuiuHeitHOM TPUOIUKEHUN 2 R 1M W HE3ABUCUMO OT KOOPIU-
HATHI T JMBEpreHIysi oTpunareibHa. [lpu m > g, rae g — koHeuHo (HawboJee
WHTEepecHasi 00/1acTh TeHEPUPOBAHUS HEJIMHEHHBIX KOJIe6aHI/H'7I), 3HaK IUBEP-
T€HIIUU 3aBUCUT OT KOOpAWHAT. yCJIOBI/IeM JAUCCUIIATUBHOCTHU dBJIAETCA

m—g < z+ 3dz’. (6.19)

s aBrokosiebanuit npu d # () 970 yci0BUe BCerjia BINOIHsSETCS. B aToM
cMbICTIe TTapaMeTp d onpejesisieT 6€3bIHEPIUOHHYIO JTUCCUTIATHBHYIO HEJTHHeH-
HOCTh CHUCTeMbl. Ecau Ke ycuauTesnb paboTaeT Ha JUHEHHOM ydacTKe Xa-
PAKTEPUCTUKY ¥ HEJIMHEHHOe OTpAHUYEHNE AMILTUTY/IBI 38 CYeT WHEPIIMOHHOM
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1enu oOpPaTHOM CBsI3M HACTYIAET paHbIlle, YeM 3HAUYEHWSI TIePEeMEHHOW T BhI-
XOZSAT B 00JIACTD HEJIMHEHHOCTH XapakTepucTuku S(z), To Beipaxkenue (6.19)
IpPUHUMAET BU/L

m—g < z(T). (6.20)

[Tocnennee HepaBeHCTBO paszessgeT (ha30BO€ MPOCTPAHCTBO CHUCTEMBI HA JIBE
obmacTr mIockocTeio 2z = 20 = m — g. Jag z > 2° cucrema nuccmmaruBHA,
g z < 2° Ga30BbIi 00bEM B JOKAJbHON OKPECTHOCTH JI060il TpaeKTOpUH
cucteMbl paciupsiercd. CTalmoHapHBIE PEsKUMBI aBTOKOIe0aHU! pean3yoTcs
B TOM CJy4Yae, KOTJa MOJKAYKa SHEPTUM U ee PACX0J B CPEJHEM I0 BPpEeMeHU

KOMIICHCHUDPYIOTCA, YTO BO3MO2KHO IIpU YCJIOBHUHU

rJie Z — CpejiHee [0 BpeMeHH 3HaveHue nepeMentoi z(7). s mocrarodno 6051b-
mux m (m > 1) HepaBeHcTBO (6.21) MOXKET He BBINOJHSATHCS U TPAEKTOPUH
CHUCTEMBI OYIyT yXOAUTH B OECKOHEUHOCTH, €CJIH JUCCUTIATHBHAS HEJTMHEHHOCTH
orcyrcryer (d = 0).

Cucrema (6.10) xapakrepusyercsi eJMHCTBEHHOH 0CODOH TOYKON B Hadyase
koopauuar. Eciu dyukius @(x) He comepKuT JIMHEHHBIX 110 T YJIEHOB, JIMHE-
apu3alys CUCTEMbI B 0CO0OI TOUYKE MPUBOJUT K XAPAKTEPUCTUIECKOMY I10JIH-
HOMY

(g+s)(s* —ms+1)=0, (6.22)

COOCTBEHHBIE 3HAYEHUST KOTOPOTO €CTh
s10=m/2 % (i/2)V4d—m?, s3=—g. (6.23)

B obusractu napamerpon g > 0, —2 < m < 0 gelicTBUTEIbHBIE YACTU BCEX COO-
CTBEHHBIX 3HAYEHUH OTPUIIATE]HHBI U 0cODast TouKa ycroiunsa. C pusnueckoii
TOYKY 3PEHUS MapaMeTp ¢ BCErJa MOJOKUTEIeH KaK OTHOIIEHNE XapaKTePHBIX
BPEMEH CHCTEMBI: MepUo/ia KoJiebaHuit KO BpeMeHu pejakcanuu ¢dpuabrpa. [la-
pameTp m MOXKeT ObITh Kak MeHbIe Hy/Isi (reHepaTop HeJ0BO30YXKIeH), TaK U
Gosbine Hysst (B pexxumax reneparuu). B obiactu 0 < m < 2 ocobasi To4Ka
ecTh ce10-(POKYC C JABYMEDPHBIM HEYCTOWYMBBIM W OJITHOMEPHBIM yCTONYUBBIM
muoroobpazusmu (6.23). Jluaus m = 2 6udypkannoHHasl, © OHA OTBEYAET
cMeHe cef10-oKyca Ha celIo-y3ell.

Kaxk crenyer u3 (6.23), B cucreme (6.10) mmeercs: yHUKaIbHAS BOSMOXKHOCTD
HE3aBUCUMOTI'0 YIIPaBJIeHUd CBOMCTBAMU yCTOMYUBOIO U HEYCTONYUBOIO MHOI'O-
obpasuii. B pexxume renepanuu (m > ) cocrosiHre paBHOBECHs XapaKTepu3y-
€TCd JBYMEPHBIM HEYCTOWYMBBLIM MHOTOOOpa3WeM W OJHOMEDPHBIM  YCTOIJu-
BBIM, UTO OIpEJeIIeTcsd He3aBUCUMBIMU TapaMeTpamMu m u ¢.
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Kaxk Buznno u3 (6.23), B 6udypranuonnoii Touke m = 0 cobCTBeHHBIE 3HA-
YeHUS S1 2 [EPECceKaloT MHUMYIO OCh C HEHYJIEBOH CKOPOCTHIO:

OResy 2(m)/0m|m—o = 1/2.

[Ipu 3TOM TpeThe COOCTBEHHOE 3HAUEHUE S3 = —¢g OTJ/EJIEHO OT MHHUMOM OCH.
Peanuzyerca knaccuueckas oudypkamus Auaponosa — Xonda: budypramnus
POXKJIeHUs TMKJIa U3 ceI0-(oKyca.

I'omokanunyeckue TPAEKTOPUHN U XaO0THUYIECKHue
ATTPAaKTOPbI B Ir'eHepaTope

FomokIMHIYeCKHe TpaeKTOpUHU (TOYKH) KaK pe3yJbTarT rpyboro mepecede-
HUsl YCTOHYUBBIX U HEYCTONYUBBIX MHOTO0OPA3Hil Ce/[TIOBBIX IUKJIOB (yCTOWYH-
BbIX U HeyCTOﬁ‘{HBbIX cenmapaTpucC CeJIOBbIX HEITOABHU2KHBIX TO‘IQK) CO BpeMeHu
orkpeiTus u usyuenus ux A. Ilyankape, I'. Bupkrogom u C. Cmeitiom ciayxar
CBOET0 POJia CHTHAJIOM O€JCTBUS, MPEIBEMAIONIAM BO3MOKHOCTH CJIOYKHOTO
aIepuoIMIeCKOrO JIBUKEHUs CUCTeMbI. V3 cymecTBOBaHUS TOMOKJIUHUYECKHUX
TPAEKTOPUil TTPU HEKOTOPHIX JOMOJHUTETbHBIX TMPEIIOJOKEHUIX CJIeyeT Ha-
JINYUE B UX OKPECTHOCTH CUYETHOT'O MHOYKECTBA YCTOWYMBBIX M HEYCTOWUMBBIX
NEPUONYECKUX TPACKTOPU PA3IUYHBIX IIEPUOIOB, BKIOYAsT KOHTUHYYM Tpa-
ekTopuii, ycroituuBsix 1o Ilyaccony.

OpauM uxX HyHIaAMEHTAJBHBIX PEe3yJIbTATOB B TEOPUM JUHAMUYECKOTO Xa-
oca sBisercsa Teopema llluabHuUKOBa 0 cemyio-dokyce. Eciu B quHamMudeckoii
CUCTEME CYIIECTBYET JBOSKO-aCUMITOTUYECKAS TPACKTOPHUS B BUJE TETJIU Ce-
apaTPHUCH CeI0-(POKyca, TO B €e OKPECTHOCTH BO3HUKAET HETPUBUAJIHHOE I'i-
11epOOTMIeCKOe IMOAMHOKECTBO TPAEKTOPHil. DTO IIOJIMHOXKECTBO MOXKET OKa-
3aThCs IPUTATHBAIOIMKM, U TOIJIAa B SKCIIepUMeHTe OymeT Habr01aThCs Xa0TH-
YeCKWil aTTPAKTOP KaK 00pa3 JeTePpMUHUPOBAHHOTO Xa0CA.

MHuoOrocTopoHHMIT IKCIEPUMEHTAJIBHBIN AHAJIU3 MEXaHU3MOB BO3HUKHOBE-
HUSI U TOIIOJIOTUYECKOMN CTPYKTYPbI XaOTUYE€CKHUX IIPUTATUBAIOIINX MHO2KECTB B
MOIuPUIMPOBAHHOM T€HEPATOPE ¢ WHEPIIMOHHOW HeJIMHEHHOCTHI0O 0OOCHOBAH-
HO IIpUBEJI K MbICJIM O CyIIECTBOBAaHUU B aBTOHOMHOM ﬂHHaMH‘{eCKOﬁ cucremMe
POMOKJIMHUYECKOM TPAEKTOPUU THIIA, NEMAU CENAPAMPUCH, COCMOAHUA PLEHO-
gecus Muna ceoro-@oxyc.

[IepBble MOMBITKY HAWTH HET/II0 CEIAPATPUCH B YPABHEHHSAX Te€HEPATOPa
(6.10) x ycmexy He npuBeau. BbISICHHIOCH, YTO TAKOIO DEIIeHUs] ITH ypPaBHe-
Husg He uMmeloT. [Tokaxkem, 4To 310 Tak. Ocobasi TOUKA CUCTEMbl XapaKTepHu3y-
€TCd JIBYMEPHBIM HEYCTOWYMBBLIM U OJHOMEDHBIM YCTOWYMBBIM MHOTOOOpPa3U-
svu. 3amennM Bpems B (6.10) Ha oOpaTHOe M 3a7aJUM HAYaJIbHBIE YCJIOBUS
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Puc. 6.5. Ilerna cemaparpuce cequo-pokyca B BO3MymeHHOH cucreme (6.24)

z(0) = y(0) = 0, 2(0) > 0 HAa OTHOMEPHOM HEYCTOWYMBOM MHOTOOODA3WH.
NuTerpupoBanme cucTeMbl TOATBEPIUT YXOJ TPACKTOPUU HA OECKOHEUHOCTH
B10Jb ocu z. VI3 ypasuennii (6.10) ciaeayer, uro z(7) = z(0) exp(g7). Tpaex-
TOPHS TIPU T — OO B OCOOYIO TOYKY HE BO3BPAIIAETCS!

Boznukia runoresa, koropasi oka3aJjachk BecbMa ycnerrHoit. [leris cemapa-
TPUCHI Ce/JT0-(DOKYCa CYIIEeCTBYeT B HEKOTOPOI BO3MYIIEeHHO# cucteme. CHATHE
BO3MYIIEHUS TPUBOJIUT K UCUYE3HOBEHUIO CAMOU TET/IH, HO CTPYKTypa pa3du-
eHusi paz0BOro0 MPOCTPAHCTBA, HA TPAEKTOPHUHM OCTAeTCsI. UTOOBI MOJATBEPINTH
9T COOOpaKEHUsi, HY»KHO OIIPEJIe/IUTh BUJ CJIa00 BO3MYIIEHHON CUCTEMBI, J10-
Ka3aTh HAJIMYUE B Hell TeT/IN CenapaTpuchl cejii0-(pOKyca, BBISICHUTh CTPYKTY-
Py aTTPaKTOPOB W U3YYUTh WX IBOJIONUIO TPU CHATUU BO3MYIIeHus. Perrenne
YKa3aHHOW 33J]aui HeOTHO3HAYHO, HO B CHJIY CBONCTBa IPyOOCTH KOHKPETHBIN
BHJ| MAJIOT'0 BO3MYIIEHUs] HE JOJI2KEH UMeTb IPUHIUIINAAJILHOTO 3HAYCHHUSI.

Jo6aBum BO BTOpOe ypaBHeHHe UCXOHON cucreMbl (6.10) mocrossHHBIH MO~
JIO?KUTEJIbHBII YJIeH Y ¥ PACCMOTPHM BO3MYIIEHHYIO TAKUM CIIOCOOOM CHCTEMY,
MOJIOXKUB M1 TPOCTOTHI d = (:

t=mrty—mxz, y=-x+7v =—gz+gl(x)2’. (6.24)

Ocobasi Touka moroka (6.24) mo-npexkHeMy eJIMHCTBEHHAs, CJIErKa CMelle-
HA OTHOCUTEJIbHO HavyaJja KOOPJUHAT U IIpeJicTaBisger coboii ceano-dokyc. Ee
koopauHaTh: 10 = 7, y° = y(+* — m), 2° = +% Cocrosuue paBHOBeCHS B
BO3MYIIIEHHO# cucteMe 1 m > () XapaKTepu3yeTcs JIBYMEDPHBIM HEYCTOHYM-
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BBIM ¥ OJHOMEDHBIM YCTOWYMBBIM MHOrooOpasusivu. J[71s1 HAXOXKIeHWsT TeT-
nu [j B ypaBHEHHSIX CHCTEMBI NMPOM3BEJEM 3aMeHy BPEMEHH Ha OOpATHOE W
C HAYAJIbHBIMU YCJTOBUSIMHU HA OJHOMEDHOM HEYCTONYMBOM MHOTOOOPa3uu pe-
UM MHOTOKpaTHO 33mady Komm nisa dukcuposannoro g = 0.3 u pa3mudHbIX
m u . Beibpas masioe 3navenue v = (.1, nHaiijgem 6udypkanuoHHYIO TOUYKY
m* = 1.176..., B KOTOpO# peajim3yercss OJHOOOXO/HAasi MeT/sl CeaI0-POoKyca
I}. Tpexmepnoe nzobpaskenue JBOSKO-aCUMITOTHYECKO#H TpaexTopuu [ 1pu-
BEJIEHO HA pUC. 6.5, U NPHU OTKJIOHEHWH JIIOOOT0 U3 YIPABJISIONUX MAPAMETPOB
CHUCTEMBI OHAa, ECTeCTBEHHO, pa3pyiaercsd. JlerajibHble pacderbl OudypKaliy-
OHHBIX amarpamMm Jist cucreM (6.10) u (6.24) moaTBEpIMIM WX HOJHYIO Ka-
YeCTBEHHYIO 3KBUBAJIEHTHOCTh. Ha OCHOBaHUU 3TOr0 MOXKHO YTBEDXKIATH, YTO
CTPYKTYpa 1 cBoiicTBa xaoca B cucreMe (6.10) moJHOCTBIO onpeensoTcs hak-
TOM CYIIECTBOBAHUS TETJIH CEMaPATPUCHI CeI0-POKYCA.

OKCIEepUMEHTAJIbHbIE W YUCJIEHHBIE WCCIeTOBaHUS YOeIUTETbHO JTOKA3AIN
BO3MOYKHOCTH T€HEPAIIU Xa0THIECKUX ABTOKOIe0AHNT PA3INIHON CTPYKTYPhI
" B3aMMOCBsI3b 3 deKTa JIeTePMUHUPOBAHHOTO Xa0Ca C MeTJell cenapaTpuchl
cemo-okyca. B kadecrBe nmpumepa Ha puc. 6.6,6 mpuBeIeHbl IPOEKIUU Xa-
OTHYECKUX TPAEKTOPHi HA IJIOCKOCTH (,y), OTBEUYAIOIINE TaK HA3BIBAEMOMY
CNUPaNvHOMY muny aTTpakTopa. lIpumep sunmoesozo ammpakxmopa TpuBeieH
Ha puc. 6.6,6. Ha 3ToM ke pucyHKe IpejicTaB/IeHA TeTJIs CeNapaTPUChl CelJI0-
dokyca I}. Buano, 9To XaoTHYeCKHE TPAEKTOPUH CIUPATBHOIO ATTPAKTODA
IPEJICTABJISIOT CO0OM Kak Obl “pasmbIThil” ABYyXTakTHBIH 1muka (puc. 6.6,a),
a BUHTOBOTO aTTPAKTOpa — “pasMBITy0” METIIO cemapaTpuchl I . YKa3aHHBIE
Pe3yAbTATHl OBLIN MOJTyYeHbl uncieHHo. OTHAKO BCe OHM BOCIPOU3BOIATCS B
duznueckom skcrnepuMenTe. [1pu 3ToM nMeeT MeCTo yAMBUTETHHO XOPOIIIee Co-
OTBETCTBHUE SKCIIEPUMEHTAJIBHBIX U YUCIEHHBIX Pe3y/abTaToB. B kadecTBe npu-
Mepa Ha puc. 6.7 npuBegeHbl pororpadun aTTpakTOpa, MOJTyYEeHHOTO B SKCIIe-
pUMEHTE.

B zakmiouenmne orMeTuM cieayoomuit BaKHbIN (haKT. BoJbIIMHCTBO pe3yib-
TATOB, OJIyY€HHBIX C UCIIOJb30BAHUEM reHepaTopa, OTHOCUTCS K Mozesu (6.14)
¢ BuioM HeqmHelHo# dynkuuu (6.13) npu d = 0. C Toukn 3penus: pusnyecko-
IO M YUCJIEHHOTO YKCIEPUMEHTOB 3TO onpanaano. OIHAKO B MAaTEeMaTHIECKOM
IJIaHe ecTh HeKoTopasi ocobenHocTh. Oyukiws (6.13) B Hysme TepnuT pa3phiB
MPOU3BOHOM, T.e. SIBJISETCS HEIJIAIKONR. DTO 0OCTOATESIHCTBO TPUBOIUT K PsI-
JIy MaTeMaTUYeCKUX OCJTOKHEeHUil. BBII0 ycTaHOBIEHO, UTO OCHOBHBIE CBOIICTBA
reHepaTopa cjab0 3aBUCAT OT TAKHX MaTeMaTUYecKuX TOHKocTeil. B wactHo-
CTHU, TEHEPATOP JIEMOHCTPUPYET BeCh CIIEKTP CBOWCTB, €CJIU IPeJICTaBATH (DyHK-
uio ¢(r) B BUJIE SKCIOHEHTHI

&(z) = exp(x) — 1. (6.25)
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Puc. 6.6. IIpoexius Xa0TUIECKOrO aTTPAKTOPa CIUPAIbHOIO THIA Ha ILUIOCKOCTH (z,Yy) (a),
XA0TUIECKUH ATTPAKTOP BUHTOBOIO THIIA W IETJIS CEnapaTpuchl cemio-bokyca (6)

Ora GYHKIUA ABJISeTCA IVIQJKOH, aHAJIUTHYECKOHl U MOXKET C ycleXoM ObITb
HCIIOJIb30BAHA TIPH TEOPETHYECKOM aHAJIM3€e CBOMCTB cucreMsbl (6.14).

VccnenoBanusi mokas3ajm, 94TO B BO3MyIIeHHO# cucreme (6.24) ¢ &(z) =
exp(x) — 1 rakxke peanu3yercsi 0coboe pelieHne B BHJE HETJIH CeNapaTPHCHI.
Pesynbrarsl pacueroB mpeacraBiaenbl Ha puc. 6.8. Takum obpas3om, rexepa-
TOp AHumeHko-AcraxoBa peajiM3yer PeKUM JeTePMUHUPOBAHHOIO Xa0Ca M B
clIydae 3a/aHUs HEJIMHEHHOTO JeTeKTOpa B cOOTBeTCTBHH C (6.25).

Puc. 6.7. Ilpoexuu ¢a30Boit TPaEKTOPHH CIIUPAIHLHOTO ATTPAKTOPA Ha TLIOCKOCTH TTE€PEMEHHBIX
(z,2) (a) u (z,y) (6) (usuuecknit sxcepument, m = 1.5, g = 0.2)
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Puc. 6.8. Ilersa cemaparpucsl cenno-okyca, peamsyomascs B BoO3MyeHHoN cucreMe (6.24) ¢
P(z) = exp(z) — 1

3aKJII0YeHue

Mogenb reneparopa AHMIIEHKO—ACTaxXOBa ABJSETCS NPOCTEHINEH JTUWHAMMU-
geckoit cucremoit ¢ 1,5 cremensiMu CBOOOIBI, TMPEKPACHO MJLIIOCTPHUPYIOIIEit
CTPYKTYPY W CBOICTBA TaK HA3BIBAEMOTO CIUPAJBHOrO Xaoca. CrupasibHbIH
Xa0C BO3HUKAET B muddepeHernajbHbIX CUCTEMAX, PEAJUIYIONUX 0c000€e pe-
IeHNe B BU/JIE TETJIA CeNapaTPUChl ceio-poKyca WiIn cemio-y3ia. g Takux
CUCTEM BO3MOXKHOCTH XaOTHYECKON JUHAMUKU CJIE/IyeT U3 U3BECTHOI TeopeMbl
[MMunsuukosa. ['MH peanusyer Bce u3BecTHbIe MEXaHU3Mbl BO3HUKHOBEHUS Jie-
TEPMUHHUPOBAHHOTO Xaoca: Kacka Peiirenbayma, nmepemMerkaeMoCTh pa3IudHO-
ro THWNa, BKJIIOYas TepeMekaeMOCTh “Xaoc-xaoc’, mopgaok Illapkosckoro. B
HeaBTOHOMHOM pexkuMe ['MIH nemomctpupyer Bce Tunmmunble 3¢deKTh, 00y-
CJIOBJIEHHBIE MIEPEXOJIOM K Xa0Cy Yepe3 KBa3WIePHOuYecKue Kouebanus (pas-
pyIleHHe JByMEPHOTO TOPA, YIBOEHHE TOPOB W JIp.). BaxKHOil 0cOGEHHOCTHIO
I'IH saBasiercsa To, 4TO BCe mapaMeTPbl CHCTEMbI MMEIOT SCHBIN (busmdecKuit
CMBICTT ¥ JIOTIYCKAIOT M3MePEeHUs B peaJbHOM 3KcmepuMenTe. VccmemoBanusam
guHamuku ['VIH kak B 4ncjaeHHOM, TaK W B HATYPHOM KCIEPUMEHTE TTOCBATIIE-
Ha MPAKTUYECKHU TIOJTHOCTHIO MOHOTpadus 3], KOTOPYI0 MOXKHO PEKOMEHIOBATh
B KadyecTBe y4eOHUKa st nu3ydenust 3pdexra JMHAMUYECKOTO Xa0ca.



Jlekmima 7

I'eepaTop KBa3UNEPUOIMIECKIIX
KoJIeDaHUil ¢ AByMs
He3aBUCUMBIMU YaCTOTaAMU

Bsodumceasa 6 paccmomperue a8mMoHOMHAA QUCCUNGMUSHAA QUHAMUMECKAA CU-
cmema 6 8ude HeAUHETHBT 00bKHOBEHHHT Juddepenyuarviolx ypasHeHu
wemeepmoz0 nopadka. Iloxasvieaemces, 4Wmo CUCMeMa MONCEM UMEMD PEULE-
Hue 6 sude YCmMoUNUBHT 08YTHACTNOMHBIET KoAeOaAHUT, KOMOPbIM Omeeuaem
dsymepnuniti mop. Ilpusodumecesa budyprayuornas Juazpamma CucCmemsv, U Ul-
AOCMPUPYEMCA BO3MONCHOCTND PEAIU3AUUY Kackada Oudyprayut ydeoeHnus
mopa.
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BBeneuune

KBasunepuojuueckue KojiebaHusi MHUPOKO PACIPOCTPAHEHBI B NPUPOJIE U
SIBJITIOTCSI BaXKHBIM TPEIMETOM HCCJe0BaHuil B ecrecTBo3Hannu. OcobeHHO-
CTHIO KBa3WUIIEPUOMYECKUX KOJIDAHUN SIBJISETCS TO, YTO OHU BKJIIOYAIOT J[BE
u 60J1ee HE3aBUCUMBIX YaCTOThl B CIIEKTPE KOJIeOaHUIA:

z(t) = 2[p1(t), (1), - ., Sp(1)], (7.1)

rie ¢;(t) = wit, i =1,2,...,p. B pesyaprare x(t) (7.1) umeer nepuos 27 1o
KaXKJIOMy M3 apryMeHTOB ¢;(t), a caM KBA3UIIEPUOAUIECKUI IIPOIEcC B 00IIeM
cllydae He sIBJIIeTCs IepuoanvdeckuM. 1.e. x(t) # x(t + Tp). Cuexkrp MomHocTH
kosiebanmii x(t) B 00IIEM C/Iydae BKIIOYAET BCe HE3ABHCUMBIE YACTOTHI W;, UX
rapMOHMKHY nw; (n = 2,3,...) 1 KOMOUHAI[MOHHBIE YaCTOTH THIA Nw; £ Mwy,
rjie 1 ¥ m — LeJible TOJIOKUTE/IbHbIe Yucia, a i,k =1,2,....p.

[Ipumepom TPOCTOTO KBA3WMIEPUOIUUECKOTO KOJeOAHUST MOXKET CJIyXKUTh
JIBUKeHWe J1000# (PUKCUPOBAHHONW TOYKM HA MOBEPXHOCTH 3eMJiM. JTa TOU-
Ka COBEPIAeT MePUOINIECKOe JBUKEeHNe, CBI3aHHOE C CYTOYHBIM BpallleHueM
SeMsin BOKPYT C€Boeit ocu. B TO ke BpeMs 3Ta TOYKA y4aCTBYeT B IEPHUOJIH-
yeckoM aBukeHuu 3emuin BOKpyT Cosraira ¢ mepuonom 1 roa. Keazunepuoau-
dyeckre (MHOTOYACTOTHBIE) KOJIEOAHUS BOZHUKAIOT [PU MOJYJISIUA HECYIIero
9JIEKTPOMATHUTHOTO KOJiebaHust WHGMOPMAIMOHHBIM CUTHAJIOM (paJIHOTEXHUKA,
TEXHUKA CBSI3M), COMPOBOXKIAIOT MEePeXo] K TypOYJIeHTHOMY TEUeHUIO YKUKO-
CTU B THJIPOJIMHAMUKE, B TAK¥Ke OMUCHIBAIOT CJOXKHBIE KOJIebaTeTbHbIe TTPOIec-
CHI B XKUBBIX Opranu3mMax (6uodusuka, 31eKTpoOU3HOIOTHS) U T.1.

B ¢dazoBom npocTpaHcTBe JMHAMUYECKOW CUCTEMBI KBA3UTEPUOIMIECKOMY
KOJIEOAHWIO C 71 HE3aBUCUMBIMHM YaCTOTAMHU Oy/eT OTBEYaTh N-MEPHBIH TOp.
Ananmms npobsem ycroitunBocTH, GudypKanuii ¥ mepexo 0B K XaoCy TPUMEHH-
TEJIbHO K KBA3UMIEPUOINIECKUM KOJIeOaHUSIM CBSI3aH ¢ M3y4ueHueM oudypkarmii
N-MEPHBIX TOPOB. DTH 33J]a4U HA MPOTSIKEHUH MHOTHX JIET OCTAIOTCS TpeIMe-
TOM HUCCJIEJIOBAHUI CIIENMAJIUCTOB 110 HEJIMHEHHOU JUHAMUKE U TypOyJIeHTHO-
cru. [Tocne nmybsmmkanuu pabor Prossst u Takenca mHTEpec K MCC/IeI0BAHUSIM
KBa3WIEPUOANYECKUX KOJIe0aHuil ¢ Yncjiom w;, 1 —1,2,3,...,n, n > 4, B onpe-
JTeJIEHHOU CTeTleHN YMEHBITUJICSI. DTO CBI3aHO € JOKA3aTeIbCTBOM HEYCTONYIN-
BOCTH JBUKEHWI Ha TPeX W YeTHIPEXMEPHBIX TOpaxX. B To e BpeMs psa paboT
CBHU/IETEJbCTBYET O CYIECTBOBAHUY YCTOWYMBLIX KOIeOanHuii ¢ 4-md u 6-10 He3a-
BHCHMBIMH YaCTOTaMHU. DTOT (DAKT He MMO3BOJIIET UCKITIOYATD U3 PACCMOTPEHUS
runore3y Jlanmay o mepexose K Xaocy depe3 PeKUM TOPOB BBICOKOI pa3mep-
HocTu. BoJiee TOro, ps HEpEmeHHBIX 0 KOHIA TPOOJIeM OCTaeTCs JI0 CUX HOp
U TPUMEHUTETbHO K JByMepHOMY TOpy. OTMeTHM, Hampumep, OudypKauio
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VIBOEHUSI JBYMEPHOIO TOpA, BIEPBHIE HAOIIONABIIYIOCS aBTOPOM W IMO3IHEE
MHOTHUMH HCCeioBaTe ssMu. J[o cux mop Bompoc o 0udypKaImOHHOM MeXaHU3-
M€ YIBOEHHUsI OTHOTO W3 TEePHOJ0B IBYMEPHOI'O TOPA OCTAETCS HE IOJHOCTHIO
sgcHBbIM. MOKHO TIpUBECTH ¥ JApyro# mpumep. Jlo cux mop octaercs OTKpPHI-
TBIM PsiJi IPOOJIEM, CBI3aHHBIX C 3(PPHEKTOM CUHXPOHUBAIMHU JIBYXIACTOTHBIX
KoJIeOaHmii.

Jlutst perieHusi yKa3aHHBIX M Psijia, JAPYIUX BO3MOXKHBIX 334 HEOOX0IUMO
UMETh B PACIOPSI)KEHUM ITPOCTYI0 0A30BYI0 MOJIE/b I'€HEPaTOpPa aBTOHOMHBIX
JIByX4acTOTHBIX KoJiebanuii. Kak 1o npuasiTo B Teopuu KoJiebaHuii, HeoOX0-
JIIMO BBECTH B PACCMOTPEHHE JTUHAMUYECKYIO CHCTEMY, UMEIOIIYI0 PeIleHre B
BHUJE YCTOWYMBBLIX JIByXUYaCTOTHBIX KoJieOaHmit. OHa dABJsieTCs TaKKe Heo0Xo-
JIMMOii, KaK, HAllpuMep, ypaBHeHus reneparopa Ban mep Ilons mis uzyduenus
npeebHBIX IUKJI0B. B HacTogmei teknun gaercs pusndeckoe 000CHOBAHUE U
BBOJIUTCS B PACCMOTpeHne 0a30Basi MOJIEJIb TeHEPATOPa KBA3UIIEPHOINIECKUAX
KO.He6aHI/II71 C ABYM<A HEe3aBUCUMBIMU YaCTOTAaMMHU.

DopmMyIMpPOBKa ypaBHEHUII reHepaTopa

PaccmoTpum B KauecTBe HCXOIHOM N3BECTHYIO MOJEb TeéHePATOpa AHUIIEHKO—
AcraxoBa, cxeMa KOTOPOTO TIPEJICTaB/IeHa Ha pucyHkKe 6.2 (cm. Jlekrmio 6). Te-
HepaTop BKJIOYaET KJaccudeckKuii remeparop Bam nmep [losis, B KoTopoM BBe-
JIeHa JOIOJHUTEIbHAS WHEPINOHHAS 00paTHas CBA3b. Y pABHEHUS I'€HepaTopa,
HPEJICTABJIAIOT COOOM TPEXMEPHYIO JUHAMUYECKYIO CHCTEMY C TPeMs IapaMeT-
pamu:

t=mzx+y—rz—dx®, §=—x, i=—gz+ gP(x). (7.2)

[Tepsoie aBa ypaBHeHust cucremsl (7.2) onuchiBaioT reneparop Ban mep Ioss.
B stom sierko y6eautnbes, nonoxkus z = 0, u ucnoansya (z) = x?. Kak 6110
nokasaHo, cucrema (7.2) peanmsyer Hmepexoj K Xaocy B COOTBETCTBHH C T€O-
pemoit [IInnpHUKOBA TP YCJIOBUH, YTO HeauHelHas dbyukmus P(x) aBisercs
aCIMMeTDPUYHOH OTHOCHTEIHHO II€PEMEHHOH T W 33JaeTcs B BUJE:

o(a) = 10}, 1) ={ 72 2} (73)
&(x) =expz — 1.

Yeaosusi acummerpun (7.3) obecrnieunBatoT cyiecrBoBanue B cucreme (7.2)
0coBOro pereHust B BUJIE ETIIN CellapaTPUChl ce10-pOKyca 1, KaK CJIe/CTBHE,
peaIn3aniio pekuMa CnupanbHoro xaoca. C (u3nveckoil TOYKH 3peHHs ITO
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JIOCTUTAETCsT 33 CYET CAMOCOTJIACOBAHHOTO BO3JEiCTBUsSI HA OCHOBHOW yCHJIH-
TeJIb CO CTOPOHBI 0OPATHOI CBsI3H, 33/ 1aHHOI TPETHhUM YpaBHEHHEM B CHUCTEME
(7.2). IIpu MaJIBIX AMILTATYAAX CUTHATA Z(t) 9TO BO3IEHCTBIE HE3HAYUTEIBHO,
u cucrema (7.2) renepupyer npejesbHblil mukia. C pocToM mapaMerpa BO3-
Oy2KJeHusl M MHTEHCUBHOCTH Kosiebanuit x(t) pacrer, curHas oOpaTHOI CBsi-
3u z(t) Hapacraer Toxke u 6oJiee AKTMBHO HAYMHAET BJIUSATH HA KO3(bDMUIMEHT
YCUJIEHUsI OCHOBHOTO ycuuTess. CucreMa peajusyer MOCIeI0BATETbHOCTD OU-
dypkanuit yIBoeHus Mepuoia MUKJIOB U TePeXo], K Xaocy.

C nesbio obecriedeHus HE3ATYXAIOMIMX JABYXYaCTOTHBIX KOJIe0aHUit B cucTe-
My (7.2) HEOOXOMMO BBECTH JIEMEHT, XapaKTepU3yeMblil cOBCTBEHHON 4acTo-
TOM, OoTJIMYaloIieiics OT pe30HAHCHON 4YacTOTHI KOHTypa reHeparopa. OaHuM
13 BO3MOXKHBIX CIOCOOOB SIBJISIETCS MCIIO/IH30BAHHE KO0JI€0ATETHHOIO0 KOHTYPA
B IIeNU JOMOJTHUTETbHOM 0OpaTHO# cBsa3u. Heobxomumo cuenats Tak, 9TOOBI
curHas obpaTHOll cBsi3u z(t) MpeacTaBsa co60i KOeOaHusT HE3aBUCUMOl da-
CTOTHI, KOTOPbIE OyAyT MOIY/JIUPOBATH KO3 UIMEHT ycuaeHuss u obecredmn-
BaTh KBa3UIIEPUOJIUYIECKUE aBTOKO.He6aHI/Iﬂ.

Paccmorpum cxembl, nipejcraBiennbie Ha puc. 7.1. Ha puc. 7.1,a0 nokazana
CXeMa WHEPIMOHHOTO KACKaJa JOMOJHUTEIbHOW OOpATHOU CBIA3W TeHepaTopa
Anunmenko—AcraxoBa. Kackan mpeacrapisier coboit RC-1enodKky, OnmMChiBa-
eMyI0 OIHOMEpPHBIM jud depeHnuanbHbM ypaBHeHHeM (TpeThe ypaBHEHUe B
cucreme (7.2)). Ha puc. 7.1,6 npejcraBieHa cxemMa HOBOTO HHEPIHOHHOIO KaC-
KaJ1a, KOTOPBI# BK/II0YAET KOJ1e0aTe/IbHbI KOHTYP HEKOTOPO#l pe30HAHCHON 4Ya-
CTOTHI. Y paBHEHHUS, OMUCHLIBAIOIINE CXeMy Ha, puc. 7.1,6, UMET BUI:

i=0¢, ¢=—70+9(z) - gz, (7.4)

rje y — ImapaMerp 3aTyXaHus, a ¢ — IMapaMeTp, MPeJCTAB/SIONIAN HOPMHUPO-
BAaHHYIO PE30HAHCHYIO 4YacTOTy HOBOro duiabrpa. Herpyano ybeaurbes, 9To

O— . O
Nonlinear L
x(t) Converter RO COT z(t)
o—— . . O
Ll Cl
07 4/\/\/\_{
Nonlinear
x(t) Converter R; d(t)
O—— O ¢

Puc. 7.1. Cxema WMHEPIMOHHOTO KACKA3(a IOMOTHATEIHHON 0OpaTHON cBa3u: (@) B reHepaTope
Anmmenko-AcraxoBa, (6) B reHepaTOpe KBA3UIEPUOAMIECKUX KOJIe0aHMi
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ypaBHeHusi (7.4) ONMCHIBAIOT IMCCHNIATHBHBIN KOJI€6ATENbHBI KOHTYD B pe-
JKHMe BBIHYKJIEHHBIX KOJIeOaHmii:

4924 gz = yP(x). (7.5)

Beenmem HOBY10 00paTHYyIO CBsi3b B reHeparop (puc. 6.2) Tak, 9To0bl yrmpas-
JISTONHUH CUTHAJ OOPATHO CBS3M MpPeCTABIAN co00it 2(t) = ¢(t). YpaBHeHus
HOBOTO TeHepaTopa Oy/IyT UMeTh BHI:

& =mz+y—rz—da’,

y = —ux,

Z = . (7.6)
¢ = =76 +9(z) — g

Cucrema (7.6) sBisieTcsl HeNUHEHHON NUCCHIATUBHON AMHAMUYECKON CH-
creMoii pasmepHoctn N = 4 u XapakTepusyercsi 4eTbIPbMsl yIIPABJISIONMMA
napaMeTpamu: m — napaMerp Bo30y:KjeHus, d — napamMeTp HeJIMHeHOH auc-
CHIIAIINY, 7y — IapaMeTp 3aTyXaHusd U ¢ — HapaMeTp HHEePIHOHHOCTU (BHUIIBTPA.
CymecTBeHHBIME TIApaMeTpaMu cucTeMsbl (7.6) SIBJISIOTCS JBa: MapaMerp BO3-
Oy2K/leHUs TeHepaTopa 1 U IapaMeTp HWHEPIUOHHOCTH ¢, XapaKTepHU3yOMmuit
PEe30HAHCHYIO 9acTOTy (PUIBTPA.

[Tpu 3amanuu ¢(z) B coorBercrBun ¢ (7.3) cucrema (7.6) umeer pemreHus B
BUJe YCTOIYMBBIX JBYX4YaCTOTHBIX KosebOanwuil. IIpuMep ykasaHHOroO pexxnma
WLTIOCTPUPYeET puc. 7.2.

Budypkanmnonnas auarpamMmma cucteMsl (7.6)

Ha puc. 7.3 npejacrabiena 6udypkannonHas auarpamma cucremsl (7.6) Ha
IJIOCKOCTH OCHOBHBIX YITPABJISIONIUX MApPaMeTPOB m U ¢ JiJist (PUKCHPOBAHHBIX
snavennit v = 0.2 u d = 0.001. @yukuusa &(z) B (7.6) 3amaBasach B Buje
I(z)2?* (7.3).

Ha jimaum m = 0 B coorBercTBUM C MArKo# Oudypkanmeir AHapoHoBa—
Xomnda poxkIAETCT YCTOWUUBBINA MpeaebHbINH UK T, KOTOPHIH TP Tepece-
yeHun OudypKanuoHHOM JuHUM [; TpeTepreBaeT OUdYPKAIMIO YIBOCHUS TIe-
puojia, Ha JIMHUH [o OM(YPKAIUIO YABOEHHUS II€PUO/Ia ITPeTePIIeBaeT IUKJI, BO3-
HUKIMA Ha uaud [ (puc. 7.3). Budypkanuontas unust [; 0TBEYAET YCIOBHIO
BBIXO/a HA €IUHUYHYIO OKPYKHOCTh Mapbl KOMILIEKCHO-COIPAZKEHHBIX MYJIb-
THIUINKATOPOB IWKJIa T ¥ MSTKOMY DOXKIEHHIO JABYMEDPHOTO TOpa (i1o =
exp(+760), budypkamus Heitmapka). EcrecTBenHo, aBurasich BIOJIb JUHUY [y,
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Puc. 7.2. PexuM KBa3UNEPUOIUIECKAX JBYXIACTOTHBIX KOJe0aHmi: (a) BpEMEHHAS Pean3anus,
(6) mpoekmms hazosoro moprpera, (6) crekTp MomHoOCTH. 3HaueHus napamerpos: m = 0.06, g = 0.5,
v =0.2, d=0.001

yros 6 OymeT mpoberaTh MHOXKECTBO PAllMOHAJbBHBIX 3HAUYEHUH, OTBEYAIOIINX
pe3oHaHcaMm Ha Tope. B kadecTBe mpumepa Ha puc. 7.3 HaHeceHa 00/1acTh pe-
3oHaHCca = 1 : 4, orpaHWYeHHAs] TUHUSIMU CEJJIO-y3JI0BBIX Oudypkammii pe-
30HAHCHOTO IWKJIa Ha TOpe [., onmuparomasics Ha To4Yky A kKopasmeprHocTu 2.
Brimme muaum poxaenus Topa l; moka3aHa JUHUS [, TP TEePeceuYeHud KOTOPOi
CHU3Y BBEPX HAOJIIOAeTCA TePexXo] K XaoCy 4epe3 pa3pyIlieHne KBa3uIepuoIu-
yeckux Kojiebanuii. Ha juuun [, uMeer MecTo Kpusuc (pas3pylieHue) BO3HUK-
IIero Ha JIMHUY [, Xa0TUYECKOro aTTpakTopa. Jlunus ;. orBedaer budypkanuu
CJINAdHUA U TIOCJ/ICAYIOIIETO MCYE3HOBEHUA ITapPbl CEAJIOBBIX ITUKJIOB.
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Puc. 7.3. Budbypkanmonnas mmarpamma pexumos reaeparopa (v = 0.2, d = 0.001). 11,2 — nuanm
6udypkanmii yIBOEHUS MEPUOAA IUKJIOB, [; — JIMHASA DOXKJEHUS TODA, l, — JWHUSA Pa3PyIIEHUS
TOpa, . — JIMHUS PA3PYUIEHUS XAOTHYECKOTO ATTPAKTOPA, |, — JIMHUM, OrPAHUYIMBAIOMAE 00/1aCTh
pe3oHaHca Ha Tope 1 : 4, l4. — JIMHUM KPATHBIX IUKJIOB, A — TOYKAa KOPA3MEPHOCTH 2, OTBEYAIOIAS
ycaoBuio ¢ =1 :4

Budypkarusa yaBoeHus AByMEPHOTO TOPa

Sadurcupyem 3nauenus napamerpoB g = 0.5, d = 0.001 u v = 0.2 u pac-
CMOTPUM 3BOJIIONKI0 PEXKUMA TOPa B 00JIACTH 3HAYEHUI MapaMerpa 1 MexK-
JIy ykaszaHubiMu Junusivu [; u [,. Ha puc. 7.4,a-2 npejcraBjieHbl TTPOEKINH
aTTPAKTOPOB HA IJIOCKOCTH MPHU MPOXOXKJIECHUU TOYeK OubypKanuii yaBOeHUS
nByMepHOTO TOpa. OO y/IBOEHUU YETKO CBUJETE/TbCTBYET CTPYKTYpa CEYEHUS
[Iyankape, a Tak»ke aHaJ M3 BPEMEHHBIX DPEAJTU3AIVI U MX CIIEKTPOB MOIIHO-
cru. Budypkamnuu yaBoeHus mepuoia Topa 37eCh COOTBETCTBYeT OudypKalmst
y/BOeHUsI rieproja Moysisinuy (uiin 6udypKanust yIBoeHUs IEPUOJIa UK/ B
orobpaxxenun [lyankape).

C Touku 3peHus Teopuu OMMypKaIUil BaKHBIM SIBJISIETCS OTBET Ha, BOIPOC,
VIBAUBAETCS JIU SPTOAMUECKUN TODP WM BOJU3U TOYKU OUDYpPKAIMU CHAYATIA
UMeeT MeCTO Pe30HAHC HA TOPe, YABOEHHE PEe30HAHCHOIO MUK/, U3 KOTOPOTO
3aTeM oOpa3yercs yJaBoeHHbIN Top? [I1g oTBeTa Ha 3TOT BOIIPOC MPOU3BOIUIICS
pacueT TOJIHOTO CIIeKTpa IMokKa3aTeseil JIamyHoBa mpu IPOXOXKIEHUU TOUEK
oudypkaluit yIBoeHus TOPA.

Kax BumHo u3 puc. 7.5, B Toukax Gudypkauuii (touku B, C, D) B HOMB
obpam@aTes cpa3y TpU CTapimx mnokasaress Jlsmynosa (A = Ay = Az = 0).
Budypkanuonnstit mepexo xapakTepu3yeTcs: CIeIy0neM n3MeHeHNeM CUTIHa-
TYPBI CIIEKTPa JIAMyHOBCKUX XapaKTePUCTUYECKUX TIOKA3ATeel:
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Puc. 7.4. IIpoekuuu aTTpakTopos cucteMsl (7.6) 1 cooTBercTBYOIMX cedeHuit IlyaHkape Ha mI0C-
KOCTb, & TaK»Ke WX CIIEKTPHI MOIIHOCTH, IIPW M3MEHEHWH mapamerpa m mis 3Hadenwit d = 0.001,
v=02,¢9g=0.5
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Puc. 7.5. I'padux 3aBucumocTu cuekTpa nokasaresneidl Jlamynosa or mapamerpa m (d = 0.001,
v = 0.2, g = 0.5) B 00sIaCTH 3HAYEHUI MApaMeTPOB Mexay JmHuaMu [y u [,. (B, C, D — Toukn
Ooudypxanmii y1BoeHAs TOPA)

0707_7_ :>070707_:>O707_7_
torusy toruss torusy

PacueTs! mpoBOIMIINCE C OYEHb MAJIBIM ITAroM o mapamerpy m (Am = 3 x
1075) u cBUETEILCTBYIOT O TOM, YTO TIPU HPOXOXKJIEHUUM TOUYKH OudypKaluu
POKJIEHHE TIPEJIEJILHOTO IUKJIa (CIeKTp noka3areseit JIsmynosa: 0, —, —, —) He
nabsogaercs! Budypkannio yaBoeHusT IEPUOIa MPETEPIEBAET SPTOAUIECKUA
TOP; PE30HAHCHBIX IUKJIOB B YHC/JIEHHOM KCIEpPUMEHTe He HabJIio1aercs.

[IpuBeneHHbIE BBINIE TAHHBIE BHIYUCIEHUI yOEIUTETBHO JTOKA3BIBAIOT, YTO
BBeJIeHHAsI B paccMoTpenue cucrema (7.6) B 3aBUCHMOCTH OT 3HAYEHUH yIpaB-
JIIONUX TTapaMeTPOB CIIOCOOHA B ABTOHOMHOM PeXKMMe PeaTn30BaTh yCTONIN-
BbI€ IBYXYaCTOTHbIE KOJIEDAHNUS C PA3TNIHBIMYU 3HAYEHUSIMY YUCJIa BPAIEHUS,
JIEMOHCTPUPOBAThH KacKaJ OudypKaluii yIBOeHNs IBYMEDPHBIX TOPOB U Iepe-
XOJ, K Xa0Cy NMpPU Pa3pyIIeHU: TOPA.

3aKJII0YeHue

B sexkmuu BBemeHa B paccMOTPeHHE MOJIEIb TeHepaTopa ABYXYaCTOTHBIX
KBa3UMIEPUOIUIECKUX ABTOKOJEOAHUN, KOTOPYI0 MOXKHO PacCMaTpPUBATh KaK
O/IHy U3 0a30BBIX MOJeJiell TeOpUU HeJUHEHHBIX Kojebauwmit. Momenb mpe-
CTaBJIsI€T AaBTOHOMHYIO CHCTEMY YeThIPeX OOBIKHOBEHHBIX JTH(pHepeHITnaTbHBIX
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ypaBHEHWI ¢ YeThIpbMs napaMerpamu. CucreMa peaansyer yCTORYHWBBHIE KBa-
3UNIEPUOIUIECKUE KOJIe0aHUs, KOTOPhIE C U3MEHEeHHeM IapaMeTpa JIeMOHCTPH-
pyioT OudypKanuu YIBOEHUs TOpA M TEPeXoJbl K XaoCy IPHU Pas3pylIeHUU
IByMepHOTO Topa. Ilpenjo:keHHAsT MOJEIb MOXKeT OBITh MCIIOJIb30BaHa, JIJIsI
JIeTAJIbHOT'O M3YyYeHUs] HEJTMHEWHBIX CBOMCTB JIByX4YaCTOTHBIX aBTOKOJIEOAHUIA,
TaKWX, HAIIPUMeED, KAK CUHXPOHU3AIAL.



Jlekmimga 8

CunxpoHusamnmusi Kojaedoanmii

Ha npumepe zenepamopa Bawn dep Iloas obcyosrcdaemces sggexm eviryorcoen-
HOU CUHIPOHU3AUUY Nepuoduseckus korebanul. Paccmampusaemes eausrue
paryxmyayutl u spdexmusnas eneuwnans curnrporudayus. Obumocms u dynoa-
MEHMANDHOCND PEZYALMAMOE UAMOCTPUPYEMCS CAOHCHULM NPUMEPOM CUH-
TPOHUSAUUY PUMMG CEPOUA HEAOBEKA.



110

BBeneuune

CunxpoHU3aIus aBTOKOJeOaHWI — OJHO U3 (PYHIAMEHTAJIbHBIX HEJTUHEil-
HBIX siBJIeHU# pupo/ibl. Ero MOXKHO paccMaTpuBaTh KakK MPOCTEHIUil TpumMep
caMOOpPTaHU3alNK B3auMoieicTBytomux cucreM. [loja cuaxponu3amueit 00bId-
HO TIOHUMAIOT YCTAHOBJIEHHE HEKOTOPBIX COOTHOIIEHUN MEXK/Iy XapaKTepPHbIMU
BpeMeHaMu, yacroramu wiu ¢azamu KojiebaHuil napiuajibHbIX CUCTEM B pe-
3yJibrare ux B3aummoeiicrBus. JGhdeKT CHHXPOHU3ANUU, OTKPHIThIH [folireH-
coMm emé B XVII Beke, npuB/iék K cebe 0coObIl MHTEpPEC YUEHBIX B JBAIIATOM
CTOJIETVH B CBSI3W C PA3BUTHEM HAYKU U TeXHUKHU. B HacTosIEe BpeMs /1eTaIb-
HO pa3paboTaHa CTABIIAs KIACCUYECKOIN TeOpus CUHXPOHUBAIMH MEPUOIUuYe-
CKUX aBTOKOJIEOAHU, PACCMOTPEHBI CIydYal CUHXPOHU3AIUN KBA3UTIEPUOTAYE-
CKUX KosleOaHuit ¥ KoebaHWit B MPUCYTCTBUU CJAyYaiiHBIX (uykryanuii [16].
B pamkax kJiaccuyeckoil Teopuu pas/imdyaioT BBIHYKJIEHHYIO CUHXPOHU3AINIO,
T.e. CHHXPOHHM3AIMIO aBTOKOJIeOaHWIT BHEITHUM CUTHAJIOM, U B3aUMHYIO CHH-
XPOHU3AIMIO, HAOJIOJAIONIYIOCS TPU B3aUMOJIEHCTBUM JIByX aBTOKOJeHaTe /b
HBIX cucTeM. B 00oux ciiydasx MposiBJISIOTCS OJHU U Te Ke 3 @eKTh CHHXPO-
HU3AIWU, CBI3aHHBIE C JABYMS KJIACCHUYECKVUMHU MEXaHU3MaMU: 3aXBATOM COO-
CTBEHHBIX 4acTOT (M, COOTBETCTBEHHO, ha3) KojiebaHuil Uin Ke MOojaBIeHueM
COOCTBEHHOM YaCTOTHI OJHON U3 B3aUMO/IEHCTBYIOIIHUX CHUCTEM.

CunaxpoHM3anusa NMEPUOANYIECKNX KOJe0aHmil.
Knaccuueckasa Teopud

Cpeman Hanbosiee THMHYHBIX (DU3NYECKUX SIBJICHUI, HAOIIOJAIOIINXCS B M-
HAMMYECKUX CUCTeMaX IIPU BHEITHEM I'apPMOHUYECKOM BO30YKIEHWH, OTMETUM
PE30HAHC, CUHXPOHU3ALUIO M BO30YXKJEHUE DPEXKUMA, JMHAMUYECKOI'O XaAOCa.
DddekT pe3oHaHca XOTs ¥ OYeHb BAaXKHbI B €CTECTBO3HAHWM, OIHAKO SIBJIsI-
eTcs HauboJiee MIPOCTHIM Cpe/IM Ha3BAHHBIX BHIIIIE.

PaccmorpuM JiuHeHBIH IUCCUTIATUBHBINA OCIUJIISTOD IIPU BHEITHEM BO30Y-
KJIEHUW TAPMOHHAYECKON CHJION:

i+ i+ wir = asinwt (8.1)

Eciu 3acdukcupoBaTh aMIinTyly Bo3aeiicTBust a = const u npoHabJi01aTh
OTKJIMK CHCTEMBI IIPH BapHAIMH YACTOTHI w1 U KO(DDUIUEHTa IUCCUIAINN
7, TO MBI IOJIyYMM Pe3yJIbTaT, Ipe/ICTaB/JIeHHbI Ha puc. 8.1. fBieHue peso-
HAHCA 3aKJ/JI0YAETCI B PE3KOM BO3PACTAHUU AMILIATYIbI BHIHYXKJIEHHBIX KOJIe-
OaHWl TIPU COBIAIEHUM YACTOTHI BHEITHEH CHUJIBI Wi C COOCTBEHHOU YaCTOTOM
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Puc. 8.1. 3aBUCHMMOCTb aMILIMTYIbI BHIHY K I€HHBIX KOseGanuii B cucreme (8.1) oT 9acToTh BHENI-
HEro BO3ENCTBUS, ISl PA3/IMYIHBIX 3HaYeHnH KoaddurmenTa muccumarpu. OcTaabHbIE TapaMeTpHhL:
wo =1.0,a=0.2,v=0.3.

ABTOHOMHOI'O OCIMJLIATOPA w = /Wy — 72/2 & wy. Pe3onanc xapakrepusyer-
Csl THOWYHBIMHA 3aBUCHMOCTSIMU A(w; ), KOTOPBIE HOCSIT Ha3BAHWE PE30HAHCHBIX
KpuBbIX. Pe3oHaHCHBIE CBOCTBA CHCTEM MTUPOKO PACIIPOCTPAHEHBI B IIPUPOJIE U
UCIIOJIB3YIOTCA B TexHuKe. B acTHoCcTH, 3bheKT pe3oHanca CayKUT OJHUM U3
OCHOBHBIX NIPU CO3JAHUU JMHAMUYECKUX CHUCTEM, CIIOCOOHBIX COBEPIIATDH HEe3a-
TyXallue nNepuojniecKue KOﬂe6aHH5{ B aBTOHOMHOM De€2KHME.

[IpumepomM MOTYT CJIy2KHTh TaK Ha3bIBAEMbI€ N€HEPATOPHI TOMCOHOBCKOTO
TUIla, 6.HI/I3KI/Ie K JUHEHHBIM KOHCEPBATUBHBIM OCHUJLJIIATOPAM. EC.HI/I K pe30-
HAHCHOI cucTeMe ¢ MaJoi JUCCUTaIueil TOIKIIYUTh YCUJIUTETh U BBECTH
00paTHYI0 CBSI3b, YIAOBJIETBOPSIONIYI0 HEKWM CIIENHUATHLHBIM AMITATYIHBIM U
¢a30BBIM YCJIOBUSAM, TO MBI MOJYUYUM TE€HEPATOP HE3ATYXAIOIINX OJU3KUX K
rapMOHHYECKHM KOJIeOaHMIA.

I'enepaTop Ban gep Iloas. Haubosiee mpocTbiM U KIaCCUYECKUM IIPUME-
POM Te€HepaTOpa TOMCOHOBCKOTO THIIA CJIYXKHUT U3BecTHas Mozaens Ban mep [lo-
ns [6,16]:

i —e(l —2?)d +wir =0, (8.2)

IJIe € — MaJIbI TIOJIOYKUTEJILHBII TTapaMeTp, XapaKTepU3yIoNuii CTeneHb 0opaT-
HO#l CBSI3M, Wy — YaCTOTa MEPUOANYECKUX KoJiebanumit. Maremarnyeckum obpa-
30M TepHOMYecKuX Kosiebauuii Ha (Ha30BOil MIOCKOCTH (T, 7)) sIBJISIETCs 3a-
MKHYyTas ¢a30Bas TPAEKTOPYs, HA3BAHHAS TIPEIETbHBIM ITUKJIOM.

C dusnyeckoit TOUKH 3peHUs TOHATHIO TPEIEJTHHOTO MUKJIA OTBEYALT pe-
JKUM TaK Ha3bIBAEMbIX “aBTOKOJIeOAHMI’, KOrIa XapaKTePUCTUKH YCTOWIHUBOTO
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MEPUOINIECKOTO PEXKMMA, He 3aBUCAT OT HAYAJbHBIX YCJIOBUH, a OTPeIeISTIOTCS
HCKJIIOUYATETLHO CBoicTBaMu camoii cucrembl. Cucrema (8.2) XapakTepusyercst
€JIMHCTBEHHBIM COCTOSIHHEM paBHOBecHs TUna (oKyc Ha (Ha30BOil MIOCKOCTH
(z, &) B HyIe KoopauHAT. COOCTBEHHBIE 3HAYEHUST COCTOSIHUSI PABHOBECHSI JIETKO

BBIYUCJIUTH [3] :

€ g2
=— 4+ i4/1 — —. 8.3
sip =5 +1i 1 (8.3)

Kaxk crenyer u3 (8.3), upu mepexose B 00J1aCTh MOJOKUTETHHBIX 3HAUEHUI €
COCTOSHUE paBHOBecHd TepseT ycToiiuuBocTh. IIpu ¢ = 0 umeem s; o = £1i. Co-
CTOSTHVE paBHOBeCcHS THNa (HOKYC MpeTepreBaeT OudypKanuo poKIeHU Tpe-
JIeJTBHOTO THKJIa AHAPOHOBa-Xomda. AMILITUTYIA IUKIa PACTET TPOIIOPIHO-
HaJIbHO KOPHIO KBaJIPaTHOMY U3 HajKpuTHdaHOCTH (/€)% a nepuon nukia npu
0 < e < 1 onpenessiercss COOTHOLIEHUSAMHA

%, o) = o1 - (8.4)

TO ecTh dacrora reHeparmuu npu 0 < ¢ < 1 Gimu3Ka K COOCTBEHHON dacToTe
PE30HAHCHOTO KOHTYDPA Wy.

PaccmorpuM nuHamMuky renepaTopa (8.2) mpu BO3IEHCTBHH HA HETO aJIH-
TUBHOI TapMOHHYECKO# cubl [16]:

I

T

i —e(1 — 2°)& + wir = a cos(wit + ¢y). (8.5)

[TonyunTs perenne ypaHeHus (8.5) ¢ MOMOIIBIO KOMIBIOTEPA HE IMPEICTAB-
ssiet Tpyaa. OMHAKO, i MOHUMAHKS CYyTH JUHAMUYECKUX SIBJICHUN [IPOBEIEM
NPUOJIMKEHHOE AHATUTHIECKOe UCCIe0BaHNe, KOTOPOE MO3BOIUT HAM TUIy0xKe
NoHSATH puzndeckuit cmbica 3¢ dekra cuHxponusanuu. s 3Toro odbcyaum
BHauaJjie moHgTHe (pa3sl Komebanuii. Tepmun “daza kosebannit” nepBoHAYAIb-
HO OBLT BBEJEH Jisi TAPMOHHYECKUX mporeccoB tuna x(t) = A exp (iwt) =
A (coswt + i sinwt). B mosspHoit cucreme KOOpIUHAT 3TO KoJebanue u300pa-
JKaeTcsl Kak BpalleHne BeKTopa A ¢ mocTossHHOM yryioBoi cKopocThio w. Pase
KoJiebaHuil oTBeYaeT yroJ noBopora Bekropa A Bo BpeMenu ¢ = wt. 3HaUEHUIO
yIJa B HaYaJbHBII MOMEHT BDEMEHU ¢y = wiy OTBedaeT Hadaj bHasd da3za, ¢
KOTOPOil perucTpupyercss KosebaTeJbHBIH MpoIece BO BpeMeHu ¢ > t.

B nuccunaTuBHBIX HeJTWHEIHBIX CUCTEMaxX TaKoe ompejesenue ¢a3bl UC-
[I0JIb30BaTh HEJIb3s, TaK KaK KOJeOaHWd B HUX He MOTYT ObITH CTPOrO rapMo-
Huuyeckumu. Kak ke moctynurh B Takoit curyaruu’! OTBeT 3aBUCUT OT TOTO,
KaKyI0 JUHAMHUYECKYIO CUCTEMY W KAaKOil TUI aBTOKOJICOAHUN MBI UCCTIETYEM.

3 B ypapuernuu (8.2) 6e3pa3sMepHas epeMeHHAs HOPMUPOBAHA HA, \/Z, TTOSTOMY SBJISETCS TIOCTO-
STHHOI M PaBHOH 2.
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Bepuemcst k cucreme (8.5). IIpu manbix 0 < ¢ < 1 u a = 0 ypabuenue (8.5)
ONUCHIBAET aBTOKOJIEOAHNS B TeHEepATOPe TOMCOHOBCKOTO THIA. B 3TOM cirydae
pemenue () MOXKHO UCKATh B BUIE

x(t) = A(t) cos [wit + ¢(t)], @(t) = —wi A(t) sin [wit + ¢(1)], (8.6)

rae A(t) — MeJyIeHHO MEHSIIOIAsiCsl BO BPDEMEHH aMILIuTyla Kosebauuii, ¢(t)
— MeJJIEHHO MeH4IOImAscsa BO BpeMeHu da3a KojaebaHuil, wy — 4acToTa BHEMI-
Hero curtana B (8.5). VlHade roBopsi, MBI BBOIMM B PACCMOTPEHHE MOHSITHE
MIHOBeHHO¥W ammntyapl A(t) u MraoBeHHO# ba3bl KosebaHmii:

D(t) = wit + o(t). (8.7)
Pemtenne ypasnenwuit (8.5) Oymem uckarb B BUJE:
x(t) = A(t) cos D(t). (8.8)

B stoMm ciyuae 3aBucsmas oT BpeMeHH KOMIOHeHTa bassl ¢(t) = P(t) — wit
IPeCTaBJsIeT cOOO MIHOBEHHYIO Pa3HOCTH (a3 MeXK/Iy DPe3yIbTUPYIOIUM
6IM3KUM K TADMOHUYECKOMY TIPOIECCOM Z(t) U BHEITHUM TaPMOHMYECKUM CHT-
HAJIOM. YC/IOBUE MeJIJIeHHOTO u3Menennst (aswl ¢(t) BO BpeMeH! 03HAUAET, U4TO
¢(t) < wy. Omyckast mporeIypy HECJIOKHBIX, HO TPOMO3/IKUX Tpeobpa30BaHui,
OIMCAHHYIO BO MHOTUX y4eOHUKAX, 3alUIIeM sIBHBIH BUJ ypaBHEHHUH II€PBOTO

IpuOINZKEHUST J11sl MCHOBEHHO# aMriuTyapl A(t) u MraoBeHHO# (assl ¢(t)

, 2
A:% (1—%) — psing,
(é:A—ﬁ cos ¢, (8.9)

A

rie 4 = a/2w; — mapamerp HenuHeitHOCTH cuctembl (8.9), A = (wi—w?) /2w, =
Wp — W) — PACCTPOKA II0 YACTOTE MeK Ly COOCTBEHHOI 4aCTOTONH aBTOHOMHOTO
reHepaTopa ¥ 4acTOTON BHENTHero curHasa B (8.5), € — napamerp BO30Y XK IeHHsI
reHepaTopa.

YpasHenusi (8.9) 10 CMbIC/IY TIpeJCTaB/IsIeT COOON yCPeHEHHBIE 110 BPDEMEHH
yDaBHEHHSsI, KOTOPBIE YaCTO HA3BIBAIOTCS CHCTEMOH “YKOPOUEHHBIX yPABHEHUIT .
Henompuxkuoit Touke cicremsr (8.9) (A =0, ¢ = 0) Gyzer oTBedars mepnomu-
YeCcKOe pelleHne MCXOAHOM cucreMbl (8.5), a mepuomudeckomy perrenuio (8.9)
— JIByXYaCTOTHOE KBA3UIIEPUOIMYECKOe pellenne ypaBHeHus (8.5).

Ormerum, 9TO yKOPOYEHHBIE YDABHEHHsI IIOJYY€Hbl B HPUOIMKEHHN MeJl-
JIEHHO MEHSIIONIUXCST aMIUIATY/IBI U (Das3bl U, KAK MOKA3BIBAIOT PACYETHI, MOTYT
onuckiBaTh mpomnecc z(t) B (8.5) npu yeaosuu, uro pu < 0.05.
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Puc. 8.2. O61acTh CHHXPOHM3AINN, OTBEYAONMAs YCTONIUBOCTY HEIIOIBUKHOM TOUKHU CHUCTEMBL
(8.9)

[TpeanosiokuM, 4ro cucTeMa ypasHeHuil (8.9) uMeer B KauecTBe pPeIIeHUs
HeIIO[BHYKHYIO TOUKY (MM cocrosiame paHoBecust) A = 0, ¢ = 0 i oHa ycToii-
YunBa. yCJIOBI/Ie A == O O3Ha4Ya€T IMOCTOAHCTBO BO BPEMEHHU aMILJIMTYJ/Ibl KOJIEe-
Gauuii, a ycaosue ¢ = ( o3Hauaer, 4o ¢ = w; (cm. (8.7)), To ecth wacrora
BBIHYKIEHHBIX Kostebanuii B cucteMme (8.5) OymeT coBIaaaTh ¢ 9aCTOTOI BHeIII-
Heit cuibl. Eciin 3T0T pexkum KojebaHuit BO3MOXKEH U SIBJISETCS YCTONINBBIM,
TO YacTOTa KojebaHWii B HEABTOHOMHOM reHepaTope (8.5) M3MEHHTCS W OKa-
JKeTcsl paBHOM 4yacToTe BHemrHeil cuyibl wi. [Ipu 3ToM amiuryna KoJsiebaHmit
BO BpeMeHHU MeHAThes He Oyqer. ['eneparop “mojcrpoutcs” 10 dacToTe U pea-
sm3yercs 3PEPeKT BbIHY K IEHHOW CUHXPOHUBAIIH.

Haiitu xoopaunaTsl Henoasuxkuoi Toukn A°(u, A) u ¢°(u, A) moxxno ana-
JIUTUIECKH, perias (8.9) mpu ycJOBUM PaBEHCTBA HYJIIO TPABBIX YacTell ypas-
Hennit. MOYKHO TakyKe aHAJNTHYECKN uccaenoBaTh yeroitansoeth A° n ¢V, Pac-
9eThl IOKA3bIBAIOT, YTO HA IJIOCKOCTH mapamerpos (u, A) cyiecrByer 061acTh
WX 3HAYEHUH, B KOTOPOW COCTOSTHWE PABHOBECHS] YCTONINBO. DTa 00J1aCTh TPeJI-
craBjeHa Ha puc. 8.2. Ha rpanunax obsactu (iuHuu [,) paBHOBECHE TepsieT
YCTOWYMBOCTD, U3 PABHOBECHSI POXKIAETCS MPEIEIbHBIN MUK/ (mepexos u3 06-
nacru I B o6nacru II).

Kaxk y»xke orMeuasnoch, B mOJIHOI cucreme (8.5) COCTOSIHUIO PABHOBECHS OT-
BeUYaeT MpEeJIeTbHBIA MUK, a IUKIYy — JABYMEPHBIH TOP. DTO O3HAYAET, YTO
B obylactu I MBI MMeeM yCTOTYMBHIE KOJIEOAHUS € YACTOTON wi, a BHE ee —
KBa3UIEPUOINIecKue KOJeOaHus ¢ IByMs HE3aBUCUMBIMU YACTOTAMU Wi U Wy.
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Puc. 8.3. 3aBucuMoCcTb pa3HOCTU CPeAHER 4acToThl Kojebanuii B cucreme (8.5) 1 4acTOTHL BHEII-
HET0 BO3IEMCTBUA OT BEJIMYMHEI TAPAMETPa PACCTPONKM [T PA3JIMIHBIX 3HAYEHN NHTEHCUBHOCTHI
yMa,

Obnacts I, B KOoTOpO# YacToTa KoJebaHWit TeHepaTopa Wy = Wi, HA3bIBAETCS
00J1aCThI0 CHHXPOHU3AINY Ha OCHOBHOM TOHE.

OddeKT CHHXPOHU3AIUN HILTIOCTPUPYET TaKKe 3aBUCUMOCTb PA3HOCTH Ya-
crorbl Kosiebanuii cucrembl (8.5) M 4ACTOTHI BHEIIHErO BO3JEHCTBHUS OT Pac-
crpoiikn A (kpuBas 1 ua puc. 8.3). Kak BuaHO U3 pUCYyHKA, B KOHEYHOH 0612~
CTHU 3HAYEHUI TapaMeTpa pacCTPORKHU YaCTOTa COOCTBEHHBIX KOJIeOaHUit COBIA~
JIAeT C YaCTOTO! BHEITHEro BO3/elcTBUS. BHe 001acTH CHMHXPOHU3AINY YaCTO-
Ta, KOoJIebaHuil reHepaTopa OTJIUYAETCS OT YaCTOThl BHEITHEH CUJIBI M B CHCTEME
peau3yercs PeXKUM JIBYXYaCTOTHBIX KBa3WIEPUOIUIECKUX KOJIeOAHMUH.

VHTEepecHbIM MpeCTaBIIeTCs CJIeAYIONi BOIPOC: YTO OYJEeT MPOUCXOIUTh
IpU JAJIbHEHIIEM YBEJIUUEeHUN PACCTPOUKH, T.e. IPU JAJbHEHIIEeM YBeJIUuIeHuN
YaCTOTHI BHEITHEH CuJIbl B 00J1aCTH KBA3UIIEPUOINIeCKUX Kostebanuii? [lisa o1-
BeTa Ha JIAHHBII BOIPOC BBEJEM B PACCMOTPEHME TaK HA3BIBAEMOE UHCJIO Bpa-
menus [Tyankape, Kak oTHOIIEeHHE 9acTOT § = w1 /w. 371€Ch Wi — YaCTOTA BHEII-
Heil CHJTBI, & W — 9acToTa KosiebaHuii regeparopa. B paccMOTpeHHOM BHIIIE CITy-
Yae CUHXPOHU3AIUU HAa OCHOBHOM TOHE MBI UMEEM W = w; W YUCJIO BpaIleHus
PaBHO eJWHUIE. JTOT CAydail OTBeYaeT pe3oHAHCY 1:1 Ha JBYMEPHOM TOpE.
Kaxk Bugno u3 puc. 8.3 (kpusast 1), npu BbIXOjie U3 06J1aCTH CHHXPOHHU3AIMH
W # Wi, a UX PA3HOCTh MOHOTOHHO PACTET C YBEJMYEHWEM Wi. DTO O3HAYA-
€T, 4TO YHMCJIO BPalll€HUsA TaK2Ke 6y,neT USMEHATHCA 10 BEJIMYUHE, TPDUHUMAA
TOCJIEIOBATEIHHO TO UPPAIMOHAIBHBIE, TO PAIMOHAJIbHBIE 3HAYEHUS.

PanumonabHBIM 3HaUEHUSIM YMCJa BpalleHus 6 = m : n oTBeYaioT 0oJiee
c/IoXKHBIE (B CDABHEHMH C pe30HAHCOM 1 : 1) pe30HAHCHBIE NUKJIBI HA TOPE.
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Ob6s1acTu yCcTORYUBOCTH 3TUX MUKJIOB OIPEIESIOT COOTBETCTBYIONKE 00/1acTh
CUHXPOHU3ANUK WM 00JACTU 3aXBaTa 4acTOTHl U (da3bl. C yBeIuueHueM Io-
psijiKa PE30HAHCOB (C POCTOM M U n) O0JACTH CHHXPOHU3AIUYN CTAHOBATCS 3a-
METHO y:Ke, HO COXPAHSIOT KaueCTBEHHO (pOpPMY 00JIaCTH CHHXPOHUBAIUHU TPU
pesonance 1 : 1 (cm. puc. 8.2). Ecsin mpoussecty pacdersl 3aBUCUMOCTH W — Wy
or paccrpoiiku A B guanaszone 0 > |A| > 1, ucnosb3ysi UCXOAHBIE ypaBHe-
Hust (8.5), ToO MBI TOJyduM rpaduK ¢ GECKOHEUHBIM YHCIOM “TOJ0YeK”’ THIA
puc. 8.3, MUPHUHA KOTOPHIX YMEHBIIAETCI ¢ POCTOM M U 1. DTOT TpaduK UMeeT
dpakTaabHyIO CTPYKTYPY ¥ HOCUT HA3BaHUE “IbSBOJIbCKOW JIECTHUIIHI .
Paccmorpennsiit Boilie ciaydait quHamuku reaeparopa Ban aep [loss mpu
BHEITHEM T'apMOHHUYECKOM BO3JIEHCTBUU OTBEYAET CJAy4Yar0 TaK Ha3blBaeMO
BHEIITHel WM BBIHY2KJICHHON CMHXpOHu3aruu. [Ipu BHeIIHe#l CHHXPOHM3AIUU
BO3JIEHCTBUE Ha TeHEPATOp ABJSIETCS OJHOHANPABJIEHHBIM, OOpaTHas peakIus
reHepatopa Ban nep [losig Ha MCTOYHMK BHeITHE#H cUIbl oTCyTCTBYeT. Ha mpax-
TUKE YaCcTO peasudyercs 0oJsiee oOIuil ciiydail B3auMOIAEHCTBHAST IBYX aBTOKO-
ﬂe6aTeﬂbeIX CUCTEM C Pa3JIMYHBIMU CO6CTB€HHBIMI/I YacTOTaMu w? nu wg ﬂaH—
HOE B3aMMOjIeficTBIe XapaKTepu3yeTcsi TeM, 4TO KoJie0aHus IBYX I'eHEPATOPOB
OKa3bIBAIOT BJIMSIHUE JIPYTI Ha JpPYyra, a CBsI3b MEXKJIy HUMH OCYIIECTBJISI€TCS
B 00OMX HAaIlpaBJIEHHSIX, KaK OT IEpPBOr0 KO BTOpPOMY, TakK u Haobopot. Vc-
CJIeIOBAHUS MTOKA3AJIH, YTO KAYeCTBEHHOI'O PA3/IMUMs MEXK/Iy STUMHU CJIydasIMU
HeT: 3hdeKT CHHXpOHU3AIUN HAOIIONAETCI U IIPU B3AUMHOM CBS3M MEXKIY
nByMs reHeparopaMu. OTimdyue MOXKeT COCTOSTh JIUIIb B TOM, YTO YaCTOTA
CHHXPOHHBIX KoJIebaHmii MOXkKeT OBITh w!, w) WIn He COBNAJATh ¢ HAMH, 3aHH-
Masl MPOMEKYTOTHOE 3HaueHne w) < w, < wy. bdeKT CMHXPOHU3AINA JABYX
B3aUMO/IEHCTBYIOIMKUX TeHePATOPOB HA3BIBAIOT B3aUMHON CUHXPOHU3AIIAEH.
COBOKYITHOCTh PACCMOTPEHHBIX JHHAMWYECKHUX SIBJIEHUH B HEABTOHOMHOM U
CBSI3aHHBIX T€HEPATOPaX TMO3BOJIsIET COPMYJIUPOBATH KPUTEPUHM U OCHOBHBIE
CBOIiCTBA HEJIMHEHHOTO SIBJI€HUs, HA3bIBaeMOro cuHXpoHu3amueit. Tor daxr,
YTO MEePBOHAYAJILHO OBLIT MTPOBE/IEH JETATbHBINA aHAIU3 CAydasl BHEITHETO BO3-
Oy2KIeHUs TeHepaToOpa CTPOr0 TapMOHMYECKON CHJION He SIBJIS€TCS MPUHIIUIIH-
AJIbHBIM. Ba)KHO JIMIIb TO, YTO BHEIIHAA CHJIQ ABJIACTCA HepI/IO,ZLI/I‘{eCKOﬁ. B
YACTHOCTH, 3TO CJIEJAYeT W U3 PACCMOTPEHUsl KA4YeCTBEHHON IMHAMUKHU JIBYX
CBS3aHHBIX TeHepaTopoB. M3BecTHO, 4TO KOJIeOaHUS B TeHepaTopaxX SABJSIOT-
csl TIEPUOINYECKUMU, OJMU3KUMU K TaApMOHUYECKUM, HO HE TapMOHMYECKUMHU.
OCHOBHBIM TpPU3HAKOM KaK BHEITHeH, TaK U B3aUMHON CHHXPOHUBAINHU SIBJISI-
eTCsl YyCTaHOBJIEHUE PeXKUMa KOJIeOAaHWH C IMOCTOSIHHBIM M PaIllMOHAJJIbHBIM 3Ha-
JeHneM 4Jucia Bpamenus [lyankape @ = m : n, KOTOpoe COXPaHSIETCS B HEKO-
TOPOI KOHEYHOU 00/1aCTH 3HAYEHUH IMapaMeTpPOB CHCTEMbI, HA3BIBA€MO# 00J1a-
CThIO cuHXpoHU3amuu. O01aCTh CUHXPOHU3AINHU XapakTepusyercsa 3hdekTom
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3axBaTa 4acToThl U (pa3bl Kosebanuii. 3aXBaT YaCTOTHl O3HAYAET PAIMOHAJb-
HO€ OTHOIIEHWE JBYX WCXOJHO HE3ABUCUMBIX YACTOT Wi : Wy = M : N BCIO-
JIy B 00J1aCTH CUMHXPOHU3ANMU. 3aXBaTy (a3 OTBEYAET MOCTOSHCTBO PA3HOCTH
a3 xoebanuii B3anMOo/IeHCTBYIONUX IeHePATOPOB B 00/IACTH CHHXPOHU3AIIH
(¢ =0, ¢st = const).

C ¢usuueckoit Touku 3peHus 3 GHEKT CHHXPOHU3ANUU COCTOUT B TOM, 4TO
JIBa XapaKTePHBbIX COOCTBEHHBIX BPEMEHHBIX MAacIITada B3aMMOIAEHCTBYIOIMMX
KOJIe6aTeJH)HbIX CUCTEM, KOTOPbIE€ B OTCYTCTBUE CBA3U ABJIAJINCH HE3aBUCUMDbI-
MU, IIpH BSaHMOﬂeﬁCTBHH OKa3bIBaIOTCA IEJIOYUC/JIEHHO KPAaTHbBIMU WUJIN PAILUO-
HAJIbHO CBA3aHHBIMU. [1pu 3TOM BarKHO, 9TO 3Ta KPATHOCTH OKA3BIBAETCs (DUK-
CHPOBAHHOI B HEKOTOPOIl KOHEYHOI 00JIacTH 3HAYEHHUI I1apaMeTPOB CHCTEMBI,
HA3BIBAEMOM 00J1aCTHI0 CHHXPOHU3AIIHH.

Cunxpoamn3anusa reaeparopa Ban aep lloas
B MPUCYTCTBUU TITyMa. DPPEKTUBHAA CUHXPOHU3AIAA

Brime MBI paccMoTpenu 3ajady CHHXPOHH3AIUU TeHepaTOpa TrapMOHUYe-
CKOIl BHemIHe! CWJION B JMHAMUYECKOM OIIMCAHWUU, HE YYUTHIBAIOIIUM BO3Iei-
CTBUE CJIYYAHBIX BO3MYIIEHUH. B peaJbHBIX cucTeMaX BCET/ia MPUCYTCTBYET
IIIyM B BUJIE €CTECTBEHHBIX (DJIYKTYaluii, 00yC/TOBIEHHBIX HAJTUYUEM JTUCCUTIA-
MU, & TaKXKe B BUJIEe CAyYalHBIX BO3JelcTBUil BHemHeil cpeasl. Heobxomumo
BBISICHUTDb, KaK#e NPUHIMINAJIbHbIE OTJINYHUS B JIMHAMHKE I'€HepaTopa MOTYT
OBITHb BBI3BAHBI CJYYaHBIMH BO3MYIIEHHSMH, B YACTHOCTHU, KAKOBO BJIUSIHHE
IIyMOB Ha 3 EKT CUHXPOHU3AIUN.

Bamaua 0 cuHxpoHu3anuu reseparopa tumna Ban gep [lona B mpucyrcrBun
IITyMOB BIIEpBbIe ObLIA TOCTaB/ieHa U pemeHa B paborax P. JI. CtpaTonosuua
[17]. Im paccmarpuBasiach 3aa4a 0 BO3AEHCTBUY IIyMOB HA T€HEPATOD B e/
MOJIOYKEHUHU, 9TO WHTEHCUBHOCTH IIyMa MHOI'O MEHbIIIe KBaJIPATa AMILIATY/IbI
rapMOHMYeCKOro Bo3eiicTusi. Kpome Toro, mpeimnosaraaoch, 9T0 CTATUCTHIE-
CKHe XapakKTepucTuku QUyKTyalnuii 6Jin3Ku K XapaKTepUCTUKaM 0eJ1oro myma.
B wacTHOCTH, HCTOYHUKY TIyMa CYUTAIUCH JOCTATOYHO IMHAPOKOIOJIOCHBIMY U
BpeMsi KOppeJIAIWH IIIyMa MHOTO MeHbIIIe BPEMEHU YCTAHOBJIEHHSI CTallMOHAD-
HBIX 3HAYEHUl aMILTUTYIbl U (pa3bl KoebaHui.

Cunxponusanus remeparopa Ban nep Ilonsg ¢ yueroMm mryma onuchbiBaeTCs
CTOXACTUYECKUM yPaBHEHUEM

i —e(l —2®)i + wir = a cos(wit + ¢o) + V2D £(1), (8.10)

B KOTOPOM B cpaBHeHuH ¢ (8.5) mobaBieHa ciydaiiHast CHIa — HCTOYHUK Ge1oro
mywma £(t) uarencusnoctn D. 13 (8.10) P.JI. CrpaTonoBuueM Gblau mOJIyUe-
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HbI croxacTuueckne auddepenipanbabie ypasaenus (CY) mjist MrHOBeHHOMN
aMILTATYIAbI U (ba3sl KoebaHumit

A= % (1 — %2) — psin ¢ + V2D& (t),
b =A— % cos ¢ + \/i_Dﬁg(t), (8.11)

rae &1 2(t) — HeKOppeaupOBaHHbIE HCTOYHHUKH IIyMa, [) — MHT€HCHBHOCTD IIIy-
ma. HauGosibinuii uHTEpEC TpeICcTaB/seT BTOpoe ypaBHeHue cucTeMbl (8.11).
Eciu acdpdexT cuaxpoHusanuu uccjeyercss TOJIbKO ¢ TOUYKH 3PEHUsl PexKrMa
3axBara da3bl (1 4acTOTHI), 6€3 ydera JAUHAMUKH AMIUIMTY/bI, B 3TOM CJIy-
4yae TMPUHSTO TOBOPUTH O pexkuMme (a30Boit cuaxpoHu3zanuu. Bropoe ypas-
nenue (8.11) xapakrepusyer nepeneMiipupoBaHHOe GPOYHOBCKOE JIBUXKEHHE
pasnoctu (a3 ¢ B OJHOMEPHOM HAKJOHEHHOM TEePHOINYECKOM TOTEHITHAJIe
U(¢) = —A - ¢ — 4 sin¢. Bemmuuna paccrpoiiku A onpejesnger HAKJIOH HO-
TEHIMAJIa, a OTHOIIeHWe [i/A - BBICOTY MOTEHIMAJbHBIX O0apbepoB.B ciayuae
A < /A murnMyMbL oTeHnmana ¢ = arccos (A - A/u) + 2wk coorsercTBy-
0T CHHXPOHUM3AIWH, T.K. MTHOBEHHAs PA3HOCTH (ha3 OCTAETCs TOCTOSTHHON BO
BpeMenu. Hanmmumue myma npuBoaut K auddy3un paznoctu a3 B HOTEHIUA-
ne U(¢): ¢(t) daykryupyer BOSIM3M MUHUMYMOB TIOTEHIMANA ¢ U OOJI€E WUITH
MEHee 4aCTO COBEPIIAET IEePEeXOJbl U3 OJHOW NMOTEHIMAJIBHONW AMBI B APYTYIO,
MeHSSICh Ha 27.

C dwusmyeckoit Touku 3peHus 3hGeKTUBHAS CUHXPOHU3AINS, T.€. CHHXPO-
HU3AIU 3aITYMJIEHHOTO aBTOT€HEePAaTOPa, MPOSBJIIETCS B TOM, YTO PEKUM 3a-
XBaTa 4acToThl (um (as3bl) HAOMIONAETCs He Ha OECKOHEYHBIX BPEMEHaX, a Ha
OTpAHWYEHHBIX OTpe3Kax BpeMmeHu t > Ti, rae T{ — mepuo BHEIIHETO TePHO-
JIMYecKOoro curuasia. BosaeilicTBue mymMa IpUBOAUT K CIYYAHHOMY BO BDEMEHU
cbot0 pexkuma cuaxponuzanuu. Kpome Toro, oudypkamnyus paspylieHus CUH-
XPOHM3AINK, KOTOpas XOpOIIO BHUJHA Ha rpaduke puc. 8.3 B BUAE PeE3KOTO
u370Ma KpuBoit 1 Ha rpaHunax 00/]aCTH CUHXPOHW3AIWY, B TPUCYTCTBUHU TITY-
Ma Kak Obl “pa3zmazbiBaeTcst”. Kpusbie 2 u 3 Ha puc. 8.3 1eMOHCTPUPYIOT HEKUA
IJIABHBI Tepexo oT pexkuMa 3(hHeKTUBHON CHHXPOHU3ANNN K €€ pa3pyIie-
HUIO C YBEJUYEHUEM TIapaMeTpa PacCTPOKH.

CuHXpOoHMU3ausa CEPAECYHOr0 PUTMA

[IpencraBieHHble BbINIe KJIACCUYECKUE Pe3YJIbTATHI MOJYYEHBI HA CaMOit
MPOCTON MOJIEJIM ABTOKOJIE0ATETBHON CUCTEMBI C TIOYTH TAPMOHUYECKUMH KO-
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JIebaHusIMU, KOTOPOi siBsteTcss reneparop Ban gep Ioas. OneiT meciaemosa-
Ui ocseaaux H0 JeT yoeauTe bHO MOKa3aJjl, YTO TEOPUS CHHXPOHU3AIUN Te-
Heparopa Ban nmep [lona orparkaer Bce mMpuHIUMUATBLHBIE CTOPOHBI 3 dek-
Ta CHHXPOHHM3AIIMU TeHEePATOPOB MEPUOANIecKuX Kojebanuii. bosee Toro, BbI-
SICHIJIOCh, YTO OCHOBHBIE, YCTAHOBJIEHHBIE B KJIACCHYECKOW Teopun 3P eKThl
Ka4eCTBEHHO COXPAHSAIOTCS W JIJII PeHEPATOPOB XAOTHYECKHMX M IarKe CTOXa-
CTHYECKHMX KOJIeO0AHUi, TO €CTh BOCIPOM3BOAATCA B ropas3zno 0oJjee CJI0XKHBIX
cucremax [4].

C nenpo nuocrpanyi QyHIaMeHTaJIbHbIX CBORCTB 3 deKTa CHHXPOHU3A-
KA PACCMOTPUM HKCIIEPUMEHTAJIbHBIE PEe3YJIbTATHI 110 CHHXPOHU3AIUHU CepIed-
HOTO PUTMa Y€J0BEKA BHEITHUM CJIA0BIM IIEPHOIUYECKUM CHTHAJIOM. B Ku3nu
YaCTO MPUXOIUTCH CJBIIIATH, YTO CEep/Ile 3J0POBOI0 YesIOBeKa ‘paboTaer, Kak
qachl’. 3a THUM HESIBHO HOJPa3yMEBAETCs, UYTO CEPAEUHO-COCYAUCTAasd CACTEMA,
JeJI0BEeKa €CTh aBTOKOJeOaTelbHasl CHCTeMa, (PYHKIHMOHUPYIOMAs B pPeKuMe
nepuoaudeckux kKosaebanuit. C HayIHOM TOUKM 3PEHUs 31eCh TOKa, eIle HeT M0JI-
Hoit sicioctu. To, 4TO cep/le JeMOHCTPUPYET ABTOKOJIeOATEIbHBIN IPOIECe,
ceifyac HU y KOro He BBI3bIBAET COMHEHUi. JI0Ka3aTeIbcTBOM MOYKET CJIyKHTh
GdaKT, 94TO U3OJUPOBAHHOE CEPJIE YeJOBEKa MJIM »KUBOTHBIX BHE OpPTraHU3Ma
POIOJIKAET COKpAIAThCs! DTO O3HAYAET, IYTO KOJTeOaHUsT Cep/IIa He eCTh pe-
3yJIbTAT HEABTOHOMHOT'O (BHEIIHEr0) BO3/EHCTBUs HA HEr0 CO CTOPOHBI KAKOM-
Jin0O0 MOACUCTEMBI Opranu3Ma. boJiee CJI0XKHBIN BOIIPOC O MEPUOIUITHOCTH KOJIe-
OaHuii. DKCIEPUMEHTHI CBHJIETEJIbCTBYIOT, UTO KOJIEOAHUS Cep/ila He ABJISIOT-
¢S CTPOTO TEPUOAUYECKUMHU W XapaKTepHU3YITcd “BapuabelbHOCTHIO pUTMA’.
[IpuunHa HEperyaspHOCTH TMPOIECCa CEPALYHBIX COKPAIIEHUH MOMXKET 00bsc-
HSTHCSI BO3JEHCTBHEM TTyMa (MJIM CHTHAJIOB APYTHX IOJCHCTEM OPTaHU3Ma), a
MOXKeT O0'bSICHATHCH NMPUHIUINAIBHO XaOTUYECKUM PEXKUMOM (DYHKIIHOHUPO-
BaHHUs. DTO eIlle IIPEJICTOUT BHISICHUTD.

Tak kax kosiebaHus cepina OJU3KU K MEPUOTUIECKHUM, SIBJISIOTCS CaMO-
OJIJIEP>KUBAIOIIIUMHUCS ¥ HE3ATYXAIOIMIUMU, Mbl MOXKEM PACCMATPUBATh MX KaK
pe3yabTaT paboThl aBTOKOJIe0ATE/IbHON cUCTeMbl. Kcii 310 Tak, TO cepaedHo-
COCY/IMCTasi CUCTEMa JIOJIZKHA JIEMOHCTPUPOBATh 3 deKT cunxpouusanuu. U
MBI [TOCTAPAEMCST 3TO JOKA3ATH.

Paccmorpum pesysibrarhl, HOJIyY€HHBIE COBMECTHO COTPYIHUKAMK J1abopa-
TOpUM HEJIMHEHHOW JMHAMUKU U J1abOpaTOpUu IKCIIEPUMEHTAILHOMN (HDU310JI0-
run CI'Y. Cxema npoBejeHusi SKCIIEPUMEHTOB Oblia cJeayomeit. Vcciemosa-
JIach T'PyIIa CTYJAEHTOB B KoudecTBe 40 4esoBeK, Y KOTOPBIX OTCYyTCTBOBA-
JIM TIPU3HAKH CEPIEYHO-COCYIUCTHIX 3aboseBaHuil. ¥y KaxKJI0r0 BHa4YaJje CHU-
maJsiachk nekrpokapauorpamma (DKI') B pexkume cnokoitoro cocrosinus. Ilo
OKI' onpenensiach cpeaHss 9acTOTa cepAedHoro purMa. Jlasee ucnbITyeMsbrit
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CaJINJICS B KPECJIO MepeJi SKPAHOM KOMITBIOTEPHOr0 MOHUTOPA. C MOMOIIKIO CIie-
MAAJTBHBIX IPOIPAMM KOMITBIOTEDP MOT M€HEPHUPOBATH IEPUOINYECKHAE UMITY/Ib-
CBI C 33J]AHHOI 9aCcTOTO, KOTOPO# MOYXKHO ObLIO ynpasaaTh. llepuogndyeckoe
BO3JIEHCTBUE TIPEJICTAB/IAIO CO00I MOC/IeOBATEIFHOCTh BCIBIIEK HA SKpaHe
(meproMUecKN BBHICBEUYMBAJICS KPACHBI KBaJpAT Ha SKPaHe), COMPOBOXKIae-
Mad CHMHXPOHHBIMU 3BYKOBbBIMHU UMITYJIbCaMU. I/IHTeHCI/IBHOCTI) BOSﬂeﬁCTBHﬂ
ObLia  O4eHb €j1ab0i, YTO CHEIUAJbHO KOHTPOJHMPOBAJIOCH U3MEPEHUEM psi-
Jia bU3MOJIOINIECKUX XapaKTEePUCTUK (JaBieHre KpoBH, aMiuryia R 3y6ma
OKTI u ap.). Cuycrsi HEKOTOpOE BPEMsi LEPEXOHOIO HPOIECCa BHOBb CHUMA-
snack DKI, Teneps yKe B pexkumMe BHelHero Bo3jeiictpus. /lannbie yepes mpe-
oOpa3oBaTe/ b BBOAWINCH B IAMITh KOMIIbIOTEPA, a 3aTeM 00pabaThIBAJIUCD.
Paccmorpum pesyabratel. Ha puc. 8.4 mpejcraBieHbl TUnu4dHble rpadu-
ku DKI' u curnamna BozmeiicTBus. J[MUTeTbHOCTS UMIYTHCOB BO3AEHCTBUS T
cocraByisiia ~ 10% OT JAIMTEIHLHOCTH CPeIHEro 3HAYeHUs KapJAUOMHTEPBAJIA
7 ~ 0.1(T};). CHauana ncciieoBagach peakiysi CepIeUHO-COCYAUCTON CHCTEMbI
HA BHEITHUI CUTHAJI, 9aCTOTa KOTOPOro fr BHIOMpAJIach PaBHOM CpeiHelt YacTo-
Te cepaeunoro purma fy = 1/(T;). Bbuio ycranoBieno, 4To BHelIHee BO3/eii-
CTBHUE TIPUBOJUT K 3aXBATy YACTOTHI CepedHoro purMa (fr = fi) Ha KOHEYHBIX
BpemeHax t, = 20 + 50 cex. DKI' meMOHCTpUPOBAIH CIyYaiiHO Yepe Ly IOITHecs
HHTEPBAJIbl BpDEMEHHU, Ha KOTOPHIX fy = fp, U y9aCTKH BpeMeHH, Ha KOTOPBIX

t,c

Puc. 8.4. Tunuunasie peamsarmn KT 1 curHa/Ia BHEIIHErO BO3AEACTBHAS
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910 ycjosue Hapymanoch (fy # fr). Perncrpuposancs sabdexr addexrus-
HOIl CHHXPOHHU3AIIMd HA OCHOBHOM TOHEe. Ecim 3T0 Tak, To 3hpdeKT mo/KeH
COXPAHSTHCs MPU BBEIEHUW MaJioii paccrpoiiku wactorel A = (fg — fr)/fu-
DKCIepUMEHTHI 3TO moaTBepauIn. Ha puc. 8.5 mpuBemeHa 3aBUCUMOCTb OTHO-
CHTEJIbHOI 9acTOThl cepiednoro purma fr/ fy or paccrpoitku A. Pesynbrars
CBUJIETEJILCTBYIOT O TOM, 4TO NPU (PUKCHPOBAHHON AMILIUTY/E BO3eHCTBUS
peasusyercss pexxkuM 3(pHEKTUBHOW CUHXPOHU3AIMK B KOHEYHOM WHTEDPBAJIE
paccrpoiiku wyacrorel A = +5%. CpaBuuBas rpacduku puc. 8.5 u puc. 8.3
(kpuBbIe 2 U 3), MOXKHO YyTBEDPXK/IaTh, YTO CJaOblil BHENIHUH CUIHAJ IPUBOMAT
K 3 HeKTUBHON CHHXPOHHU3ANMHE CEPAeYHOI0 pUTMa 4esioBeka. VcciaemoBanus
HOKa3aJH, 4T0 3(P@PeKT CHHXPOHU3AIMA JeMOHCTpupoBaau 6onee 90% mcnbl-
TyeMmbiX. OTInans sl KaxKI0T0 U3 KOHKPETHBIX yYACTHHUKOB YKCIIEPUMEHTOB
HAOJIIOJAJIACH JININb B 3HAYEHUSIX HWHTEPBAJIOB PACCTPOiiku A U CpeTHuX JIJu-
TEJIbHOCTSIX BpeMeH 3axBaTa. CaMm ke 3(h(eKT CUHXPOHU3AINUU HE BBI3BIBAJ
HUKAKWX COMHEHWI.

14

11 - ]
fe

fu

09 r .

08 r i

06 L 1 n 1 1 n 1 n
-25 -15 -5 5 15 25

A, %

Puc. 8.5. DkcnepumeHTa bHas 3aBUCAMOCTh OTHOCUTEIHHON YaCTOTHl KaPIUOPATMA OT HOPMUPO-
BaHHOM PacCTPOUKH JaCTOT
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3aKJ/II0YeHue

Ha npumepe mauboJsiee mpocToii aBTOK0J1e0aTe/IbHOM CHCTEMBI, KOTOPOii sIB-
nsercs reneparop Bam nep [lonsg, Mbl paccMoTpenu OCHOBHBIE (pu3UUECKUE
cBoiicTBa 3 deKTa BHIHYKIEHHON CHHXPOHU3ANY TEPUOINIECKUX KOJIeOaHU M
BHEITHeH rapMoHuYeckoit cuiioit. CMHXDOHM3AIMN OTBEYAET PEKUM 3aXBaTa
gacrorel (1 a3br) Kosebauuii reneparopa BHeIIHeil cuiioii. 3axBar 4acTOTHI
XapaKTePHU3yeTCsl TeM, YTO 4aCTOTa reHepaTopa “moACTpanBaeTcss” U CTAHOBUT-
csl paBHO# YacTOTe BHEIIHEro CurHaja. DMdeKT 3axBaTa YacCTOTHI SBJIAETCS
rpyOBIM, T.€. peaau3yercs B KOHEYHOU 00JIACTH 3HAYEHUN AMILIUTYILI W Ya-
CTOTHI CHHXPOHU3UPYIOMIET0 BO3AEHCTBHS. DTa 00/1aCTh HA3BIBAETCSA 00JIACTHIO
cuHXpoHU3anuu. Bo3neiicTBue 1mryMa IpUBOINT K CJIy4YaifHBIM BO BpeMeHu c6o-
M PEeXXUMa, CUHXPOHU3AIMK U B 9TOM CJIy4ae MbI TOBOpUM 00 3 deKTuBHOM
CUHXPOHU3AIUH.

Jlng wumoctpanuu GpyHIaMeHTaIbHOTO 3 deKTa CHHXPOHU3AINH MBI Pac-
CMOTPEJIM PeAKIWI0 HAa BHENTHU TepUOAMYecKuil CUTHAJ Haubojee CJIOXKHON
U3 BCEX U3BECTHHIX aBTOKO/I€0ATE/IbHBIX CUCTEM — CepJiedHO-cocyiucToii. [Tomy-
YeHHbIE Pe3yJIbTaThl yOeIUTEbHO MOATBEPAn/IH, 9YTO 3pdeKT 3axBaTa 4acTo-
THl YBEPEHHO PErUCTPUPYETCS W JJId KapAMOPUTMA YeJIOBEKA, JeMOHCTPUDYS
peXuM BHeNTHeH 3¢hHEKTUBHON CHHXPOHU3AINY.



Jlekmima 9

CuHxpoHU3aIns XaoTH4YeCKIX
aBTOKOJICOaHUI

Ha npumepe ammpaxmopa cucmemw. Péccaepa paccmampusaemea apgpexm evi-
HYHCOEHHOT CUHTPOHUZAUUY CNUPAALHO20 Taoca. Ilokasarvr 603ModHCHOCMY U
0COOEHHOCTNU NPUMEHEHUA KAACCUNECKOT MEOPUU CUHTPOHUIAUUY NPpedesbHO-
20 yukaa 8 amom cayvae. OQbcyscdaemes npumep noanoti CUHTPOHU3AUUY Ta-
0ca 8 cucmeme J8YT C8A3AHHBLL UICHMUNHLT ocyusramopos Péccaepa.
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BBeneuune

XaoTuueckue aBTOKOJIEOAHMSI OTJIMYAIOTCS OT HEPUOJAMYECKHX M KBa3WIIe-
PUOIMYECKUX TPEKJIe BCETO TEM, UYTO HUMEIOT CILIOIIHO# CIIEKTP MOIITHOCTH,
HATIOMUHAIOIMHH 10 (hopMe CHeKTp IBETHOro myMa. B ciaydae xaoca MBI He
MOXKEM BBECTH B PACCMOTPEHUE Tepuoj Koebanuil, vactory koebanuit u, co-
OTBETCTBEHHO, (pa3y B KJIACCHYECKOM MOHMMAHWU. BO3HMKAeT NmpaBOMEDHBIH
BOIIPOC: YTO TPeJCTaBJsieT co0O siBeHne cuHXpoHm3anuu xaoca? OTBer HA
9TOT BOIIPOC HE CTOJIb MIPOCT, KAK B CJIy4Yae PEryasipHBIX KBa3UTaPMOHUYECKUX
KOJIeOaHUil.

W3BecTHO HECKOBKO onpenesiennil 3 dekTa cuaxponusanyuu xaoca. OaHoi
U3 MEPBBIX Oblj1a KOHIEMNIKS, COIVJIACHO KOTOPOH CHMHXPOHU3AIMS Xa0Ca IOHH-
MaJlach KaK SBJIEHUE YCTAHOBJIEHUS IEPUOIUYECKOTO PEXKUMA I0J BJIUSHUEM
BHEIITHETO TapPMOHMYECKOTO BO3/IEHCTBUS HA CHCTEMY B PEXKHME Xa0THUECKUX
aBTOKOJIeOaHuit. [lepexon OT XaoTHYeCKUX K PeryJadpHBIM KOJeOaHUIM IpH
9TOM HAOJIIOIAETCA TIPU TOCTATOUYHO BBICOKON MHTEHCUBHOCTH BO3JEHCTBUS, TO
€CTh UMeeTCsl HeKHil IOpor cuHXpoHu3anuu. MexaHu3M CHMHXPOHU3AIUHU B JaH-
HOM CJiy4dae o0yCJIOBJIEH II0/IaBJIEHHEM PE:KMMa Xaoca ¥ BO3BHUKHOBEHHEM B CH-
cTeMe BBIHYKJI€HHBIX TEPUOIMIEeCKUX KOJIeOaHuil.

JIpyroit TUII CHHXPOHU3AIMK Xa0Ca UMeeT MECTO IIPU B3aUMOIEHCTBUHN JIBYX
OJIMHAKOBBIX XaoTU4yeckKux cucteM. C yBeaudeHneM KodhuimenTa cBa3u Ko-
JiebaHus B JIBYX B3aMMOIEHCTBYIOIMMX CUCTEMAX CTAHOBSITCS TOJTHOCTHIO M IEH-
TUYIHBIMU: BPEMEHHBbI€ De€aJJIn3alluv COOTBETCTBYIOHIUX JUHAMUYECKUX IIepe-
MEHHBIX 000X MOACUCTEM IOJHOCTHIO IOBTOPSIOT JAPYT ApYyra 6e3 KaKoro-ambo
C/IBUTA BO BPEMEHH. DTOT THUIl CHHXPOHU3AIMKU HA3BIBAIOT NOAHOT CUHTPOHU-
3ayuet.

C ToYKU 3peHus: TeOpUH KOJIeDaHUI 1TPeICTaB/ISIeTCs HHTEePECHBIM OTBETUTh
HA psiJl CJIEAYIOIMUX BOIPOCOB. MOXKHO Jii 0000IIHUTD KJIACCHYECKHE IIPEICTaB-
JIEHHS O CHHXPOHHU3AIuK Kak 00 3¢ddekTax 3axBara WU I0JABICHAS YaCTOTI
Ha CJydail XaOTHYeCcKHX Kojebauuii? Ecam ma, To K KaKOMYy THILY XaOTHYe-
CKUX aBTOKOJeOaHUH 9TO MOXKHO NPUMEHUThH! KakuMm 00pa3oM MOXKHO BBe-
CTH aJIeKBaTHOE IIOHATHE d)aSI)I JJ1d XaOTUYECKUX aBTOKO.He6aHI/H71 U MOZKHO JIn
910 caenarh! VccaemoBaHus MOKa3aJiM, 9TO HA BCE 3TU BOMPOCHI CYIIECTBY-
eT YeTKUil OTBET, eC/Ii PACCMATPUBATH PEXKUM TaK HA3BIBAEMOTO CNUPAALHO20
unu gaso-kozepernmrozo xaoca. ClupaJbHBIN Xa0C XapaKTepu3yeTrcs HAJIUYIU-
eM SIPKO BBIpaKeHHOM CIIeKTPaJIbHOM JIMHUU 0a30BOil YaCTOTHI, peau3yeTcs B
ITUPOKOM KJIaCCe JUHAMUYECKUX CUCTEM C METJIel cenmapaTpuchl ceao-hoKyca
U MO3BOJIIET yOe UTe/IbHO OTBETHTh Ha BCE BBHIIIE IIOCTaBJIEHHBIE BOIPOCHL. B
HACTOSAIIEH JIEKIIUKM MbI O0CYJIUM KOHIIEIIUIO JaCTOTHO-PA30BOM CHHXPOHU3A-
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UM TTPUMEHUTETHHO K Xa0TUUYECKUM aBTOKOJIEOAHUSIM, 00pPa3oM KOTOPHIX B
$da30BOM TPOCTPAHCTBE SBJISETCS CNUPAJBHBIN aTTPAKTOP.

Knaccudecknii moaxoa K aHAJIN3y CUHXPOHU3AIINM Xaoca.
YacToTHO-(pa30Basg CHHXPOHU3AINA XaO0TUIECKUX
aBTOKOJIeOaHU

PaccMmoTpuM pexkuM CIIMPaJIbHOIO Xa0Ca B XOPOIIO M3BECTHON AMHAMMYECKON
cucteme Pécciepa:

t=—y—2z Y=x+ay, Z=0+z(x—pn). (9.1)

Jlng 3nadenunit mapamerpoB @ = [ = 0.2 u p = 6.5 TPOUHTETPUPYEM CUCTEMY
(9.1) ¢ HAYANBHBIME YCJOBUSIME B OKDECTHOCTH HYJisl KOODJUHAT, MOCTPOUM
npoexIyio (Ha30Boi TPAEKTOPUH HA IJIOCKOCTh II€PEMEHHBIX (I, Yy) U paccyu-
TaeM CIEKTp MOIIHOCTH S, (w) Jyisi IepeMeHHo# x. Pe3yibrarsl npecraBieHbl
na puc. 9.1. Kak Bunno u3 pucyska, B npoekuuu (puc. 9.1,a) rpaekropust co-
BepIliaeT BpallaTeTbHble JBUYKEHUsI BOKPYT HYJIsI KOODIUHAT, a CIeKTp S, (w)
Ha (pOHE CILIONTHOTO MheJIecTalla UMeeT JTOCTATOYHO Y3KOTOJIOCHBIH BHIOPOC Ha
HEKOTOpOit yacrore w = wy (puc. 9.1,6).

CnupasbHble aTTPAKTOPHI THHA PUC. 9.1,a BOSHUKAIOT B PE3YJILTATE KACKAIA
6udypkanuii ynBoenus nepuona. VIcXoaublii mepuogndeckuii aTTpakTop (mpe-
JIeJIbHBII IIUKJT) B UTOTE CTAHOBUTCS HEYCTONYUBBIM (CEJJIOBBIM), HO TPAEKTO-
pUM Ha CIMPAJbHOM aTTPAKTOPE BPAINaiOTCs BOJIM3M STOTO CEIJIOBOTO IUKJIA
C BBICOKOH CTENeHbIO peryadpHocTu. Urto 3710 o3Hauaer? Ecim B nmpoeknuu

10

®q

2

0.0 05 1.0 1.5 2.0
®

a 6

Puc. 9.1. IIpoeknus CIUPAILHOIO ATTPAKTOPA Ha IJIOCKOCTH IepeMeHHBIX (z,y) (a) u
cnekTp MomHOCTH Sy (w) Konebanuit x(t) (6)
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30
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p(T)
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Puc. 9.2. Pacnpenesnenue BpeMeH mepecedenus (ha3oBoit Tpaekropueit cexkymeit y = 0 p(71;) ar-
tpakTopa Péccnepa (puc. 9.1,a)

aTTPaKTOpa BBECTH CEKYyMIylIo JUHUI y = () W paccYuTaTh MOCIeI0BATEb-
HOCTbH BpeMeH T} iepecedennst TpaeKTopuei 3Toi ceKyIeil B HaIpaBJIeHUY CHU-
3y BBEpX, TO MOXKHO ybemurhbcst B cieyiomeM. Pacupeesenne speven p(T;)
(cm. puc. 9.2) umeer sipko BbIpaxkeHHbIH MakcumyMm npu 1T = Tj, 4ro cBu-
JIETEJIbCTBYET O IIPAKTUYECKU PEryJsiPHOM BPAIEHUHM C IOYTH I[OCTOSHHBIM
nepuogom. CJieICTBUEM 3TO# PEryJIpHOCTH BJIIeTCS YeTKUil MUK B CIIEKTPe
Ha dacTore wy = 27 /Ty, UMEoIuii KOHEYHYIO, HO JIOCTATOYHO MAJIYI0 [UPUHY
muann Aw /wy < 1. Bee atu cBoiicrBa 00yc1aBIuBaIOT OCOOEHHOCTH CIIHPAJIb-
HOTO aTTPAKTOPa, KOTOPBIHl HA3BIBAIOT TaKxKe (Pa30-KOI'ePEHTHBIM.

DddekT 3axBaTa 6a30BOI YACTOTHI XaOTUUYECKUX aBTOKOJeOaHmii

PaccmorpuM pesysbraThl paboTsl [19], mosoxkusIieit Hauaao HGOpMUPOBAHUIO
COBPEMEHHBIX IPEJICTABICHUI O CHHXPOHU3AIUU Xa0Ca Ha OCHOBE KJacCHue-
CKO#t Teopuu KoJeOaHUIT. DTU Pe3yIbTaThl OBLIN TOJIYYEHBI JIJIsT PEKUMA CIIH-
pasbHOrO xaoca B reeparope Anumenko-Acraxosa (cMm. Jlekuuio 6), HO MbI
NMPOMJLIIOCTPUPYEM WX Ha NpuMepe arrpakTopa Pécciiepa. Beergem BHemrnee
rapMOHHYeCKoe Bo3zeiicrBue B cucremy (9.1)

T=—-y—z+Csin(wt), y=x+ay, 2z=pF+z(x—pn). (9.2)

Baech C, Wex — aMIUIMTY/Ia U KPYroBasg 4acTOTa BHEIIHETO BO3JeHCTBHUSA. 3a-
dukcupyem 3HaueHus mapamerpoB a = = 0.2, u = 6.5. [Ipu 3ToM 3HaYeHHE
6a30BO# YACTOTHI CIMPAILHOrO ATTPAKTOPA B OTCYTCTBUU BHEIIHEH CHUJILI OY-
ner wo = 1.068 (cm. puc. 9.1,6). Buibepem 3nauenue ammmuryasl C' = 0.05 u
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~10 -

S(w),dB
-20 —

Puc. 9.3. Dddexr 3axsara 6a30B0i 9acTOTH wy B cucreMe (9.2). wex = 1.06 (kpuBas 1), wex =
1.064 (xpuBast 2) 1 wex = 1.065 (xpuBas 3)

OyieM aHATM3UPOBATH CIIEKTD MOIHOCTH S, (w) mepeMenHoi (1), H3MEHSIST Wey
B uHTepBase 1.060 < we < 1.065, B KOTOPOM Wy OJiM3KA K wy. Pe3yabrarhb
pacdeTa CIEeKTPOB JIJIsd TPeX 3HAUEHUH Wey, MPEJACTaBJIECHB Ha puc. 9.3.

Kak BumHO M3 pUCYHKA, JJisi OTHOCUTEIBHO OOJIBIION pacCTPORKU YaCTOT
(kpuBast 1) B ClIeKTpe NPUCYTCTBYIOT JIMHUSI CUTHAJIA, BO3IEHCTBUS Wy U JINHUS
6a30Boit YacTOTHI Wy. C yMeHbITEHHEM PACCTPONKHN YACTOT ITH JIMHUK COTMKA-
1orcst (KpuBasi 2) W HakoHer| peasm3yercst 3ddekT 3axBara 6a30BOil 4aCTOTHI
Xa0TUIECKOTO aTPAKTOPa BHEIIHUM CHTHAJOM (Wex = Wo, KpuBas 3). 3axBa-
Ty YaCTOTHI OTBeYaeT 3HAYeHWe YaCTOTHl We, = 1.065, He paBHOE MCXOHO
BeanunHe wy = 1.068.

B pesysibrate 3axBaTa crnekTpaJibHas JUHHS 0a30BOil YaCTOTHI ATTPAKTOPA
CMEeCTHJIACh U CTaJa PaBHOM YacTOTe BHEIIHEr0 BO3JeHCTBUs. 3/1eCh UMEET Me-
CTO TOJTHAS aHAJIOrus ¢ 3H@PEKTOM 3aXBaTa YaCTOTHI B KJIACCUYIECKON Teopuu
CUHXPOHU3AIUU MPEeJeTbHOTO IUKIa. /laabHeiine uccaenoBaHus TOKa3aJIH,
YTO 9Ta aHAJOTUS He ciaydaitHa. /[1g cnupajbHOTO Xaoca, Kak W JJisd Tpe-
JIEJIBHOTO IIUKJIA, MOXKHO TOBOPHTH 00 3ddekrax 3axBarta 4acTOTHl U (pa3bi.
OHako 3TO TpedyeT KOPPEKTHOTO BREJIEHUs ONpeie/ieHnst (DAa3bl Xa0THIECKUX
aBTOKOJIEOAHMIA.

MruoBenHbIe amMIINTYAa 1 (pa3a KoebaHmit

Bricokas crenennb perysisipHOCTH BparieHus (pa3oBoit TPAEKTOPUU aTTPAKTOPA
Péccnepa, obycsiapiuBaloniasi HaJiM4Iue sipKO BBIPAYKEHHOTO IMHKA B CHEKTPE
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moraocTH (puc. 9.1), mo3Bossier npejacraBuTh Kosebauus x(t) u y(t) B BUE,
KOTODBIl HCIIOIH30BAJICS HAMHU IIPH aHAJIM3e CHHXPOHHU3AIMU reHepaTopa Ban
nep onst (em. Jlekmuio 7):

2(t) = A(t) cos B(t), y(t) = A(t)sind(t). (9.3)

Bamena nepemennbix (9.3) o3navaer ciuexpyromiee. Ha aBymepHoii moBepxHO-
cru (IpOeKIMs ATTPAKTOPA Ha IJIOCKOCTH IepeMeHHBbIX (z,y), puc. 9.1,a) Mbl
BBOJIVIM OTIpeJieJIeHNsT MTHOBeHHO# ammiuTyabl A(t) u dassr &(t). AMmuryna
KoJiebaHWii B MOMEHT BPEMEHHU ¢ OIIpeesIfAeTCs KaK JJIMHA BEKTOPA, COCIUHS-
IOIIEro TOYKY Ha (Pa30BOil TPAEKTOPUH C HyJIeM KOOpAMHAT. MrHOBeHHO# (ase
&(t) orBevaer yros, Koropbiii obpadyer Bektop A(t) ¢ ockio koopaunar y = 0.
Hpyrumu ciosamu, 3amena nepemeHHbX (9.3) o3HaYaeT 1mepexoi Ha IJIOCKO-
cru (azoBbix KOOpAMHAT (T,y) K MOJAPHOI cucTeMe oTcuera. B aTom ciydae
MBI MOYKEM BBECTH OIpeJejIeHus] MIHOBeHHOH ammuTyasl A(t) u dassr O(t)
CJIEIYIONUM 06Pa30M:

A(t) = Va2 (t) + y2(t),
_ y(t) _
O(t) = arctg —= 7k, k=0,1,2,... (9.4)
x(t)
U3 ompenenennst MrHOBeHHO# (a3wl P(t) ciaemyer onpeesieHne MTHOBEHHON 1
cpeqHeit 9acToOT KoJieDaHwmit:

W(t) = ——, Wmean = (—5—) = (w(?)). (9.5)

YacroTrHO-pa30Basg CUHXPOHU3ANNS CIUPATIBHOrO Xaoca

[Tpoussens 3ameny nepemenubix (9.3) B ypaBHenusix (9.2), nosyumm ypasHe-
Hud cucTeMbl Pécciepa B Bue:

S| 1
A= §aA — §aA cos2® — z cos P + C'sin(wext),

. 1
¢ =1+ Sasin2d + %sin@, (9.6)

2 =0+ z2(Acos® — p).

BadukcupoBap 3HaveHus mapamerpoB o = G = 0.2, p = 6.5 u C = 0.05,
npounrerpupyem cucremy (9.6) YMCI€HHO, U3MEHsIsl 4ACTOTY BHEIIHEro BO31eii-
CTBHUS Wey. VICTIOTB3YsT TIONTyUeHHbIe JaHHbIe 17151 P(t), BBIYUCIUM COOTBETCTBY-
IOIIHe 3HAYCHUSI CPeIHEH YACTOTHl Wiean (9.5). Pe3ysbTaThl mpeCcTaBIeHbl HA
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Puc. 9.4. 3aBUCHUMOCTE OTHOIIEHUH FaCTOT O = Wmean/Wex (KpuBasi 1) 1 © = wp/wex (kpusas 2)
OT 9aCTOTHI BO3IEUCTBUS Wex, PACCINTAHHBIX i cuCTeMBI (9.6)

puc. 9.4, KOTOPHIN WIITIOCTPUPYET 3aBUCHMOCTH OTHOIIEHUS YACTOT Wnean,/Wex
(kpuBast 1) ¥ wWpean/wo (KpuUBast 2) OT BEJIMYMHBI YACTOTHI CUTHAJA BO3JEH-
CTBUS Wey-

Kak BugHo u3 rpadwukoB, mMeeT MeCTO 3aXBaT CpPeIHEHl YacTOTHhI Whean
BHEITHUM CUTHAJIOM B KOHeYHOW obOsactu dactor 1.065 < wex < 1.078. Ilpm
9TOM PACCUYUTAHHBIE 3HAYEHUS CPEIHEH JACTOTHI Wipean W 0A30BOM YACTOTHI aT-
TPAKTOPa Wy COBIAIAIOT B IMPEJIEIaX OINIMOKM BBIYUCIEHUI.

Ucnonb3yst mannble pacyeToB MrHOBeHHO# (dasbl D(t), mocrpoum rpadbuku
3aBUCHMOCTH MTHOBeHHO¥ pasHoctu da3z AP(t) = P(t) — wet (remeparopa
Péccnepa u BHerHero curuasia) B 3aBuCUMOCTH OT Bpemenu. Ha puc. 9.5 mpej-
CTaBJIEHBI 5TH 3aBUCUMOCTH JIJIsI TPeX 3HaUeHUil YACTOTHI BHENTHETO CUTHAJA.

Kaxk BuHO U3 rpaduka, B 00J1aCTH CHHXPOHU3AINY (KpUBast 3) HMeeT MeCTO
addexT 3axBaTa (aswl reneparopa Pecciiepa BaenrHuM curnasoMm. [Ipu srom
pasaocth dpa3z AP ~ 0 u He 3aBUCUT OT BPEMEHHU.

ObuiacTh CHMHXPOHU3AINY CIIUPAJIBLHOTO Xaoca

Beenem B cucremy Peccnepa (9.1) mapamerp (2, ynpasisomuii 6a30B0il 4a-
CTOTOH CHEKTPa MOUTHOCTH wo({2) ¥ PACCMOTPUM HEABTOHOMHYIO CUCTEMY:

t=—2z—Qu+Csin(wt), §=0Rx+ay, 2z=0+z(x—p). (9.7)

Badukcupyem mapamerpsl o = [ = 0.2, p = 4.0 u we, = 1. IIpousBemem
3aMeHy TepeMeHHbIX (9.3) ¥ BBIMOJHUM HEOOXOJMMBIE PACUYETHl TUIIA TIPEI-
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Puc. 9.5. MruoserHas: pa3Hocts (a3 AP(t) = P(t) — wext B 3aBUCHUMOCTU OT BPEMEHU B CHCTEME
(9.6) st Tpex 3HaYEHMIt YACTOTHI BHEIIHETO CUTHAJA: wex = 1.06 (kpuBas 1), wex = 1.064 (xpusas
2) 1 wex = 1.065 (kpuBas 3)

CTaBJE€HHBIX Ha puc. 9.4 u 9.5 jy1g MUPOKOH 06JIaCTH 3HAYEHUH aAMILIUTY/IbI
BHemHero curaasa C' u 6a30Boit 4acTOTH aTTpakTophl {2. Pe3ynbrarsl pacue-
TOB TIPUBEJICHBI Ha OudypKaIMOHHON auarpamme (puc. 9.6).

Ob6sacTh, TOMeUeHHas HA AuarpaMve mudpoii 1, oTBeYaeT peKUMY CUH-
XPOHHOTO0 Xaoca. B 3Toit ob1actu peanusyercs 3 deKT 3axBaTa 6a30B0it 4acTo-
Thl ATTPAKTOPa Wy BHEIMTHUM CUTI'HaJIOM Ha OCHOBHOM TOHE, Wy == Wex- O‘ILHOBpe—
MEHHO B 3T0ii 0bs1acTi nmeer Mecto 3axBar das ¢ ycjaoueM AP = G(t) —wext =
0. ITepexomam u3 obJsiactu 1 B 00/1aCTh 2 OTBEYAET MEPEXOJ] OT PE:KUMa CHH-
XPOHHOTO Xa0Ca K HECUHXPOHHOMY. DTUM IEPEX0JaM COOTBETCTBYIOT TOYKH
nepern0a KpuBBIX Ha rpaduke puc. 9.4, To ecTh HAPYIIEHUE PEKUMA 3aXBaTA
4acTOThI U (Pa3Hbl.

B obsactu 3 peanu3yrorcsl pexKUMbl EPHOIUYECKUX Kosebanuii (mpeiesb-
HbIe TUKJIBI Iepuoga 1’ = 5% ¥ IUKJIbl YJBOEHHBIX 11epuojioB). B obmactu 1/
BHOBb BO3HHMKAET PEYKUM CHHXPOHHOTO Xa0Ca, YIOBIETBOPSIONINI BCEM YCJIO-
BUSIM 00JacTH 1.

Eciv orpanuumnThCs MaJIbIMM 3HAYEHUSIMHA aMILIATYIbl Bo3aeiicTeus C <
0.35, TO MBI TIOJIy4aeM CJIeAYIONLYI0 KapTHHY: UMeeT MeCTO XapakKTepHas 00-
JIACTh CMHXPOHU3AIMKM Xa0Ca B BHUJE “KJ/IOBA’, KaK W JJIsi CJIydas Mepuonde-
CKUX aBTOKoJsieOanuiti. OTim4ume B TOM, YTO 3J€Ch W BHYTpH, W BHe 00JIacTH
CUHXPOHU3AIUU KOJeOaHUS SBJISIOTCS XaOTHYECKUMHU, HO CTPYKTYpa HX pa3-
JIMYHA.
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Puc. 9.6. Budypkarmmonnasa quarpamma cucremsl (9.7) Ha miockoctu napamerpos (C, 2)

Ilonnas cuHXpOHM3aIUsA B3aNMOJIeCTBYIOMINX
Xa0TUYECKUX CUCTEM

[Ipn B3ammomeiicTBUM ABYX COBEPIIEHHO HICHTUYHBIX XAOTHYECKUX CHCTEM
MOXKHO HaOJII0JIaTh sIBJIEHHE IOJTHOW CHHXPOHMU3AIUU Xa0Ca: HAYMHAsI C HEKO-
TOpPOTO 3HAYEHUs MapaMeTpa CBsI3M, KOJeOaHUs IMapuuaJIbHBIX CHCTEM CTaHO-
BATCS TIOJTHOCTHIO UJAEHTUIHBIMU.

PaccMoTpuM cucteMy OTHOTHITHBIX B3aMMOJIEHCTBYIONIAX OCIUIISTOPOB:

Xp = F(x1, A1) +79(x1,%2),
Xy = F(X2, A2) + 79(x1,X2), (9.8)

e A1 U Ao — BEKTOPHBIE IIapaMeTPhl OCHULIITOPoB. Ecim Ay = Ay, TO map-
IIUAJIbHBIE CHCTEMBI TMOJHOCTHIO UAeHTHYHB. DyHKIUSA ¢(...) ONpemessier xa-
pakTep CBsi3W, mpuueM ¢(x1,X1) = g(Xg,Xy) = 0. B ciyuae mosnnoit uaentny-
HOCTH TIAPIMATBHBIX OCHUIATOPOB B (a30BOM MPOCTpAaHCTBE cucTeMbl (9.8)
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CyIIecTByeT WHBapHaHTHOE MHOroo6pasmne U (X; = Xg), HA3BIBAEMOE CUMMEM-
puuHvLM nodnpocmparcmeom. Pa3oBbie TpaeKTopuu, Jexamme B U, cooTBeT-
CTBYIOT IIOJTHOCTBIO CHUHXPOHHBIM KOJICOAHUSIM.

Eciu npenenbnoe MuHOxkecTBO U (BJISETCd IPUTATHMBAIONMM B (Ha3oBOM
npocrpaHcTBe cucreMbl (9.8), TO eCThb SIBJISIETCST ATTPAKTOPOM, TO PEATH3yeTcs
appexm noanoti CUHTPOHU3AUUL.

Paccmorpum adhdekT 10o/1HON CUHXPOHU3ALKUKY B CUCTEME JBYX CUMMETPHUY-
HO CBSI3aHHBIX MJIEHTUYHBIX OCHU/LIsiTOpOoB Pécciiepa. Y paBHeHUsI CUCTEMBI 3a-
nuyimeM B BUJE:

T =—2z —y1 +y(r2 — 21),

Y1 = x1 + ays,

Z1 = B+ z1(xr — ), (9.9)
Ty = —2p — Yo + ¥(21 — T2),

Yo = T2 + Yo,

Zy = B+ z(x2 — ).

PaccMoTpuM pekuM COUPAJBbHOTO Xa0ca B KaXKJIO# UX B3aUMOIEHCTBYIO-
mux moacucteM, mojoxkus o = [ = 0.2 u pu = 6.5. [Ipocaeaum 3BoTIONUIO
IPeJIeIbHOr0 MHOXKecTBa (ba30BbIX TpekTopuil cucrembl (9.9) ¢ yBeaudennem
napamerpa cBs3u. C 3Toil menbio OyIeM CTPOUTH IMPOEKIHI0 aTTPAKTOPa Ha
ILIOCKOCTb TIEPEMEHHBIX (1, To) win (Y1, Yo ). PeskuMy MOTHON CHHXPOHU3AIUH
IpU 3TOM OyJeT OTBedYaTh CUMMETPUYHOE MOoANpocTpaHcTBO U, Jexalnee Ha
TUATOHANN 1 = Ty (WIH Y1 = Ya).

Ha pwuc. 9.7 npexacraBieHbl COOTBETCTBYIOIIWE PE3YAbTATHI PACUYETOB JIJIst
3navenust kKoddpdunuenta cesa3u v = 0.2. I3 pucynka BujHO, uTo hasoBas

15 15

10 9 10 v b

5 10 15 15 10 5 0

Yl

a 6

Puc. 9.7. IIpoeknuu ¢a3oBoil TpaeKTOPUHU ATTPAKTOpa cucTeMsl (9.9) Ha MIOCKOCTH
nepevenHsix (21, 22) (a) (y1,y2) (6)
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TPaeKTOPHSI, CTAPTYIOIIAsT U3 HaYaJIbHOW TOYKM, He puHaaexKaieit U, ciy-
CT HEKOTOPOE BpeMs MEPeXOIHOr0 IpOIeCca TOCTUraeT MHBAPHAHTHOTO IIOJI-
npocrpancTBa U U TaM OCTaeTcd. Peanm3yercd pe:KuM IOJTHON XaOTHIECKO
CUHXPOHU3AIMH, KOTJIa JIJIs JIIOOBIX t > tg (tg — BpeMsl MEePeXOIHOTO TIPOIECCa)
x1(t) = xo(t), y1(t) = yo(t) m 21 () = 22(2).

DKCIEPUMEHTHI TI0KA3aJIH, YTO PEXKUM TIOJHOW CHHXPOHU3AIUK (B OTIMYNe
or $Haz30-9aCTOTHON) MOXKET PEaJM30BBIBATLCS HE TOJBKO i CIUPAJIBHOIO
Xaoca, HO U B cjydae 0oJiee CJIOKHBIX XaOTHYeCKuX aBrTokoJieOanuii. Hampu-
Mep, pe3yJibTarbl TUIa puc. 9.7 M0JydeHbl U Jijisd B3aUMOAEHCTBYIOIMX CUCTEM
Jlopenma.

3aKJIIo4eHue

Ha koHKpeTHBIX TpuMepax MBI paccMOTpesu HauboJiee mpocThie 3¢ dek-
THI CHHXPOHU3AINY XaOTHIECKUX KOJIeOaHUii: BHIHYKIEHHYI0 CHHXPOHU3AIIIO
CIMPAJIBHOTO Xa0Ca W MOJIHYI0 CHHXPOHU3ANMIO JABYX B3aWMOJIEHCTBYIOIIMAX
CHUPAJbHBIX ATTPAKTOPOB. PeXuM BBIHYKJIEHHON CUHXPOHW3AIUU CIIHUPAJIb-
HOTO Xa0Ca JIOMyCKAeT MCIOTh30BaHNE KJIIOUYEBbIX el KJIaCCHIeCKOil Teopun
CUHXPOHU3AIUHU MPEJETHLHOTO KA. OMHAKO HEOOXOAMMO YIUTHIBATH OCHOB-
HOE OTJIMYHe: IPU CHHXPOHH3AINHU Xaoca 3(pdeKT 3axBara 4acTOTHI 03HAYAELT
PaBEHCTBO CPEHENH 4acTOTHI Xa0THUYECKUX aBTOKOJIEOAHUN 4aCTOTE BO3/IEii-
cTBusi. DHDHEKT CHHXPOHUBANUU MPOSIB/ISIETCS B COBIAJIEHUN JIBYX XapaKTep-
HBIX BPEMeH: IEePHOJa CUTHAJIA BO3EHCTBHS W CPEJIHEro BPEMEHH OIHOIO
obopoTa (a30BOit TpaeKTOPUN Ha CIUPAJIHHOM aTTPAKTOpE.

PaccmoTpennblie MpuMephl XOTS U SIBJISIOTCS BaXKHBIME, HO HE HCUEPITBIBAIOT
BCEX BO3MOXKHBIX MEXaHWU3MOB WM ONpPeJIe/IeHU#l CUHXPOHUBAIUUA XAaO0TUIECKUX
koJsiebanuit. [IpejcrapieHHbiit B JEKIUN MaTepuaJ MOXKET CIYyXKHUTh HEKOTO-
PHIM BBEJIEHHEM B TPOOJIEMY M JACT BO3MOYKHOCTH CAMOCTOSITETHHOTO H3yde-
HUS CIIENUATBHON JINTEPATYPhI 0 CHHXPOHW3AIWY CJIOXKHBIX KOJIeOaHMii.



Jlekima 10

CroxacTu4eckunii pe3oHaHC
I CTOXacTI4YecKasli CUHXPOHU3AIIs

Pacemampusaromea ABAEHUA CMOTACTIUYECKO20 PE3OHAHCA U CMOTACTNUYE-
CKOT CUHTPOHUZAUUY 8 KAYECTNBE UAMOCMPAUUY HOB020 KAACCA ABACHUL, 00Y-
CAOBNEHHVLT 6030€liCMBUEM WYMA Ha Heaunetnve cucmemot. Tlokaszaro, umo
BHEWHUT UWYM MOACEM NOBHLULAMD CMENEHD YNOPAIOUEHHOCU NPOUELCCO8 KO-
Aebaruli, 8LICMYNGA 8 POAYU KOHCMPYKMUBHO20 PaKMOpa.
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BBeneuune

CnoBo "mrym"B 00BIIEHHOM CO3ZHAHUU ACCOMUUPYETCS C Y€M-TO, 9YTO MEIIAET,
BHOCUT Oecriopsiok. Co BpeMeH M300peTeHus pajuo W Hadaja ero OBICTPOro
OpPUMeHEHUs T mepenadd uHGOPMAIH OJHON W3 OCHOBHBIX WHYKEHEPHBIX
npobJiem Obuta (M ocraercst) pobJiemMa MOJABJIEHNUS ITYMOB, CHUXKEHUS CTere-
HU UX BjusiHus HA cuctemy. OQIHAKO TyM MPUHIUITHAIBHO HEYCTPAHUM: TITyM
TOW WMJIM WHOMW NMPUPOJIBI BCEIIa PUCYTCTBYET B cucTeMe, Oyab TO paanodu3u-
4eCKUil TeHepaTop, XUMHUYeCKas Peakius, OMOJOruYecKas TOIYJISANns, I€JI0-
BEYECKHUil OpraHu3M WJid Jobast Apyras cucTeMa. B CBSI3W € 3TUM BO3HMKAIOT
BOIPOCHL: Beeraa jiu miyMm BbI3bIBaeT ''HEraTHBHBIE- TIOC/IEACTBUsI! BO3MOXKHBI
JIX CJIydad, KOTJa IIYM MOXKET YBEJUYUBATH CTEIEeHb MOPSIKA B CHCTEME, TO
ecTb OpaTh Ha cels poJib CO3UIAIONIETO daKTOpa’

[TostoKUTENBHBI OTBET Ha MOCTEIHWN BOMPOC, Ha TMEPBBI B3/, TPOTH-
BOPEUYNT Hallleit MHTYyuIwn. JlelficTBUTENIbHO, TPYIHO cebe MpeIcTaBUTh, UTO C
yBeJTMYEHHEM YPOBHS TITyMa, MOTYT ObITH YJIyYIIEHbI, CKayKeM, YCIOBUS MTpHEMa
CUI'HAJIA, T.€. IOBBIIIIEHA YyBCTBUTEJbHOCTh NMPHEMHHKA. B 3TOi CBs3u OTMe-
THM, 9TO HAIIA HHTYHUIUs, JaIe Bcero, bazupyercs Ha "muHeiiHOM " MbIIILIeHUH,
KOTOPO€ MOXKEeT OBITh MPOWLTIOCTPUPOBAHO Ha IpocToM npumepe. I1peanosio-
JKUM, 9TO MBI TIO[aéM Ha BXOJ, KAKOTO-TO YCTPOWCTBA CHUTHAJ, COCTOSIIUN W3
JIByX KOMIIOHEHT: TepUOANYECKON M CaydailHO#, mymoBoil. Ecau 310 yeTpoit-
CTBO JIMHEITHOE, TO HA, €r0 BhIXOJIe Oy/IeT OlSATh CyMMa, IEPUOIMIECKON U 1y MO-
BOi KOMIIOHEHT CUT'HAJIA, KaXK/1asl U3 KOTOPBIX peodpasyercs ogauHakoBo. Jleii-
CTByeT MPWHIIUII CYNEPTO3UIIAN: OTKJINK CUCTEMBI Ha, BO3/IEICTBUE CYyMMBI CHT-
HAJIOB PABEH CyMMe OTKJIMKOB Ha KaXK/Iblif CUI'HAJI B OT/e/ibHOCTH. [lonaBiisito-
1ee YUCJI0 TPOIECCOB, B OKPY2KAOIIEi HAC IPUPO/IE TIOIUHSIETCs] HeJTMHEHHBIM
3aKOHAM, JI/is KOTOPBIX MPUHIAI CYIIEepIO3uIu He paboraer. HenmueiHOCTD,
KaK M HaJu4he IIyMa, sBJIFeTCS HEeOThEeMJIEMOIl 4epToil OKpY2Kalomero Hac
MHpa, HAYAHAS C IIPOCTOTO MASTHUKA U KOHYAsS CJIOKHBIMH >KHBBIMH OPTaHU3-
MaM¥ U [JIAHETAPHBIMU cucTeMaMu. HenHeliHbIe CBOWCTBA CHCTEM SIBJISIOTCS
OCHOBHOI TPHYMHOW MHOT000pa3us HeTPUBHAJIHHBIX 3(DMEKTOB U OTHON U3
TJIaBHBIX ITPUYMUH TaKHUX d)yH,Ha‘MeHTa‘JH)HbIX HB.HeHHfI, KaK CaMOOpIraHu3alyusd
MaTepuu, TUHAMUYECKHi Xa0C U ApyTue.

Vccie joBanust mocjieHuX JIeT TOKA3a/M, YTO B HEJIMHEHHBIX CUCTEMAX TIIyM
MOKeT UI'PaTh KOHCTPYKTHUBHYIO DOJib, HHIAYIUPYsI HOBbIE PEXKUMBI, 00pa3ys
CTPYKTYPBI U TaKUM 00Pa30oM yIOpsI04YuBas cucreMmy. Jd@eKThl 3TOTO THIIA
TOJIYYUIA HA3BAHUE UHOYUUPOBAHHBLL WYMOM neperodos. fpkuii mpumep —
sBjieHne cmozracmuyeckozo pesonanca (CP), koropoe HabJIOIaeTCS IS TIH-
POKOTO KJIACCa CHCTEM, IMO/IBEP:KEHHBIX OJHOBPEMEHHOMY BO3/IEUCTBUIO JBYX
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CUJI: MaJIO¥, TIepUONYECKON BO BpeMeHH, u ciayuaitnoii. [Ipu yBesmuennu ypos-
Hs TIyMa HA BXOJI€ OTKJ/IMK CUCTEMbI Ha BO3JEHTCBUE MAJIOTO IEPUOAMIECKOTO
CUTHAJIa PACTeT JO ONPEIEJeHHOTO 3HAYEHUsS WHTEHCUBHOCTHU IIyMa, & 3aTeM
HAYMHAET YOBIBATH. EC/TH 110 OTHO# OCU KOOPAWHAT OTJIOKUTH 3HAUYECHUST WHTEH-
CUBHOCTH TITyMa, & IO JIPYTOil - BEJINUNHY, XaPAKTEPUIYIONLYI0 OTKJIUK CHCTEMBI
Ha NePUOJMYeCcKoe Bo3jeiicTBre, (Takoil BeJMYMHON MOXKeT ObITh, HAIPHMED,
OTHOIIIEHME CHUI'HAJI/IIYM), TO II0Jy4aeTcsi KPUBasi, UMEONas MAKCUMYM DU
HEKOTOPOM 3HAYeHWH YPOBHs mryma. KpuBasi TakOro Buja HAIIOMUHAET PE30-
HAHCHYIO KPUBYIO Jijisi KOjiebareibHbIX cucTteM. DMdEKT siBHO HETPUBUAJIEH,
[IOCKOJIbKY IPOTHBOPEYHUT Halllel WHTyuIuu. /leficTBUTEIbHO, Mbl yBEJIMYHBa-
€M YPOBEHb IIIyMa Ha BXOJE CHCTEMbI, BHOCHM JIONOJHUTE/IbHBINA OeCcrops 0K
B CHCTEMY, a Ha BBIXOJE IO0JyYaeM YCUJIEHHYIO IHePHOIMIECKYI0 KOMIIOHEHTY!
JInst TMHEHHBIX CHCTEM 9TO B IPUHIHIIE HEBO3MOYKHO: OTHOIIIEHHE CUTHAJ /TITyM
OyeT MOHOTOHHO TAJaTh C yBeJIWYeHHEM YDOBHs miyMa Ha Bxoze [4,18|.

CP nabsromaercst Jjisi IMAPOKOTO Kjiacca (pu3ndecKkux, OMOJIOTHIeCKUX, Xu-
Mudeckux cucreMm. Omrako nepsoHadaabao CP ObLI mpeioykeH nTaabsHCKY-
mu puszukamu 15 jger Haza A/t 00bsICHEHUs] HACTYILIEHUS] JIEJJHUKOBBIX TTE€PH-
on0B 3emun. ccmemoBanus MOKa3aJi, 9TO IVIOOAIbHBIE U3MEHEHUST KJIMMAaTa
SeMiin SBJISIOTCA MOYTH HEPHOINUECKUM IIPOIECCOM ¢ mepuoaoMm ~ 100000 Jret.
YacToTHBIN CHEKTp KJIUMATHYECKHX BPEMEHHBIX PAJIOB UMEeT 3aMeTHBII MUK
HA COOTBETCTBYIOIIEH YacTOTe. DTOT MEePUOJ, ObLT OTHECEH K MAaJIbIM ITEePUO/IH-
YeCKU BO3MYIIEHUSM OpPOUTAJIbHBIX IapaMeTpoB 3em/u. Bo3Humkaer Bompoc:
KaK MaJible MeJIIeHHbIe BUODAIINY OPOUTATBHBIX MAPAMETPOB MOTYT BBHI3bIBATH
KaTacTpouIecKue COOBITUS TIaHETAPHOTO MACIITaba, MPUBOALAIINAE K HACTYTI-
JIEHUIO JIeTHUKOBBIX MepuooB? B KadecTBe OTBeTa Ha 9TOT BOMPOC OBLT TpeI-
snoxen apdexr CP. B npencrapiaentoit Mogen poJib ¢1aboro mepuogudeckoro
CUTHAJIA UT'PAJIU TIePUOIMYECKUe BUOPAINN OPOUTATBHBIX MaPaMeTPOB 3eMJIn,
a IIyM TPeJCTaBJIsAI co00 OBICTpBIe (DIYKTYaluu, 0OYCJIOBICHHBIE KIUMATH-
yeckoil muHamMmukoi. 3a cuer 3ddekra CP ciabbie BuOparuu OpOUTAIBLHBIX
mapaMeTPOB MOTYT BBI3BATh YCHUJIEHHBI! OTKJIUK, YTO MOXKET IIPUBECTU K Ka-
TacTpOPUIECKUM HM3MEHEHUsIM KjauMara. B Hacrosimee Bpemst uzydenune CP
CTaJI0 MHTEHCUBHO Pa3BUBaIOIIEiicss 00JIaCThIO MCCJIEI0BAHUIT B COBPEMEHHON
duzuke. OOITHOCTH ITOTO SABJEHUS JJIsT CUCTEM DPa3JUYHON TPUDPOABI TPH-
BJIEKJIa K HEMY BHUMaHUe OMOJIOTOB, XUMUKOB, nHKeHepoB. [Ipobieme CP mo-
CBAIISIOTCS KPYITHBIE MeXKIYHAPOIHbIE KOH(MDEPEHINN U PeryaspHble 0030PhI
B BEJlyIIUX MeXKyHapoJAHbIX u3ganusx [18]. ¥V addekra CP cymecrByer MHO-
ro acleKTOB IPUKJ/IAJIHOIO U TEOPETHYECKOro XapakTepa. B 3Toil JieKimuu Mbl
OCTAHOBHMMCs Ha OJIHOM M3 (yHIaMeHTaJbHbIX acnekToB CP, a mMeHHO: MBI
nokaxkeM, 4To CP MoxKeT paccMaTpuBaThCsd KakK OOOIIEHUE SIBJEHUH KJIACCHU-
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YeCKOTO PE30HAHCA W CHHXPOHU3AIMHM Ha CJaydail, Korja Nepuoj KoJebaHuii
CHUCTEMBI TIpeJICTaBsieTcss He (PUKCUPOBAHHON MOCTOSTHHON BEJIUYMHON, a SB-
JngeTcd caydaiinoit dyuknueit Bpemenu. Ha ocHOBaHMU pe3y/bTAaTOB HAIUX
UCCJIeIOBAHNI MBI Ja UM ONMCAHUE HOBOTO (PU3UUECKOTO SIBJICHUS, KOTOPOE
Ha3BaHO (PPHEKTOM CTOXACTUUECKON CHHXPOHU3ANUU. DTOT dDDEKT sBIsIeT-
csi 0000IIeHNeM KJIACCMYECKHMX IIPEJICTABJIEHUNl O CUMHXPOHM3AIUU HA CJIydail
CTOXaCTAYECKUX CHCTEM.

Mexanuzm CP

C saBjieHHEM pe30HaHCAa Mbl 3HAKOMUMCS B pPaHHEM JIETCTBE, pacKaduBas
Kademn. Eciam dacTora BHeImHe# cuibl fi, JeidcTByOmeil HAa KoJebaTelIbHYIO
CUCTEMY, COBIQIAET C ee COOCTBEHHON YaCTOTOU fj, TO OTKJIUK CUCTEMBI HA TIe-
PUOIUYECKOE BO3/EHCTBUE BO3PACTAET: KA4e W 3aMeYaTe/IbHO PACKAUYMBAIOT-
cd. 3aBUCUMOCTDb aMILIATYIAbI KOJIEOAHWT OT YaCTOTHI BHEITHEH CUJIBI f| uMeeT
MakcuMmyMm upu fi; = fo.

CBOﬁCTBO pe30HaHCa B JUCCUIIATUBHbBIX KOﬂe6aTeﬂbeIX CucTeéMax HCIIOJIb-
3yeTrcsl Jjisl CO3/IaHusT YCTPOUCTB M CUCTEM, COBEPIIAIIINX HEe3aTyXAIoIIne Ie-
puoamyeckue Kojebanus (aBTokojebanus). B ominune or mpocTo KoJebanuii,
aMILTUTY/a ¥ 9aCTOTa aBTOKOJICOAHUN B HEKOTOPBIX NpeIesax He 3aBUCIT OT
HAYaJbHBIX YCJOBHUH M INEJUKOM OIIPEJIe/ISIOTCsS CBOicTBaMu cucteMmbl. [lpm
BO3JIEIICTBUU BHEIIHEH IEePUOMYeCKOi CUJIbI HA aBTOKOJeHATE/NbHYIO CHCTE-
My HaOJIIOAIOTCS SIBJICHUS CUHIPOHU3AUUY. DPDEDEKT 3aKII09aeTCs B TOM, 9TO
YacTOTa aBTOKOJI€OATETbHON CUCTEMBI MOACTPANBAETCS TOJT YACTOTY BHETITHEH
NEePUOINYIECKO CUJIBI, TPOUCXOJUT 3AL6AM 4aACMOMbl, TPUIEM COBIAJIEHNE Ya-
CTOT MOXKET HabJII0JAThCS B KOHEYHOI 00/IaCTH U3MEHEHU i TapaMeTpPOB CUCTe-
MBI, 4€MY COOTBETCTBYET 004GCMb CUHTPOHU3AUUY HA TLIOCKOCTH MaPaMeTPOB.
¢fIByieHne CMHXPOHW3AMMU HAOJIOIAETCS W MPU B3aWMOIEHCTBUU aBTOKOJe0a-
TEJIbHBIX CHCTeM. B 3TOM ciiyuae 3aXBaTBHIBAIOTCS YACTOTHI MAPIUAJIbHBIX CHU-
CTEM.

OcnoBraag kaptuHa CP MoxKeT OBITH OnmMcaHa HA MPUMEpPE JIBUXKEHUS da-
CTHUIIbI B JBYX4MHOM CHUMMETPUYHOM IIOTE€HIUAJIE U(I) C 60ﬂb]l[I/IM TpeHu-
eM HOoJ JefiCTBHEM JBYX CHJI: cTOXacTudeckoil [F(t) (mym) m mepmoimdeckoit
Acos(2mfot) (curmam). B oTcyTcTBHe cHrHasa W IIyMa CHCTeMa WMeeT JBa
YCTORYUBBIX COCTOSTHUSI PDABHOBECHUS X1 W Xy, COOTBETCTBYIOIIUX MUHUMYMAaM
MOTEHINAIa B IMaX, U HEYCTOWYNBOE, COOTBETCTBYIOIEE MAKCUMYMY MOTEH-
UATBHON SHepruu xo (cM. puc. 10.1). B Momesn kiumMaTuyeckux n3MeHeHUi,
¢ KoTopoit HavaJsiack ucropuss CP, oiHO ycToiiunBoe cOCTOsIHME COOTBETCTBYET
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Puc. 10.1. IIpodunb 6ucTabUIBHOrO ITOTEHINAIA,

HOPMAJILHOMY KJIUMATY, & BTOPOe — JIETHUKOBOMY Tepuoy. B 3aBucumocTu ot
HAYAIbHBIX YCJIOBU YaCTUIA TOMAIET B OTHO U3 JBYX YCTONYIUBBIX COCTOSTHUIM
paBHOBecus. I13-3a 60JBIIOTO TpeHUs KojebaTelbHbIe IBUXKEHUS B CHCTEME
HEBO3MOXKHBI. Hajimuue cirydaiiHoOit CHJIBI TPUBOJUT K OBICTPHIM CJIyIalHBIM
BUOpanusiM BHYTpH TOTeHIMAIbHON simbl. Korma ciaydaitasi cuia nmpuHuMaer
OosIbINIME 3HAUEHWS, YACTUIA MOYKET MPEOI0JIEeTh TOTEeHIHAIbHbI 6apbep AU
U TIePeCKOYUTH B APYTYyIO amy. [Ipu Masioit uHTeHCHBHOCTH TITyMa OOJIbIITNE 3HA-
YeHUd CJIYyYailHOIl CUJIBbl OefiCTBYIOT KpaliHe peJKO U IePEeCKOKW YaCTUIlbl U3
SIMy B sIMy Tak»Ke OyayT pejaku. Takum 00pa30oM, Py MAJIBIX HHTEHCUBHOCTSIX
myma D < AU nuHaMUKa 9aCTHUIB BKJIIOYAET JIBUKEHUSI J[BYX THIIOB: OBICTPOE
(dbaykryanuu BHYTpH IIOTEHIMAJIBHBIX M) M MeJ[JIeHHOE (TIpeJICTaBIeHHOe Tie-
PECKOKaMU M3 OJHON SIMBI B JPYTYIO). BpeMeHa HaXOXKIeHUS] JaCTUIBI B TOH
WU JIPYTOil TTOTEHIMAIbHON sMe SBJIFIOTCI CAYJYaifHBIMHU, a Cpe/lHee BpeMs
JKU3HU 9aCTHUII B IOTEHIUAIBHON siMe < T’ > momuuHseTcs 3aKoHy AppeHny-
Ca, BBIPAXKAIOIIEMYCs B 9KCIIOHEHINAJIbHON 3aBUCHMOCTH OT BEJIUYUHBI IOTEH-
nmasHoro 6aprepa AU u uaTencusrocrd myma D: < T >oc exp(AU/D). Yem
BBIIIE MOTEHIUATLHbIN 6apbep W HUXKE YDPOBEHb IIyMa, TeM JOJblie (IKCIOo-
HEHIUAJIbHO J0J1bie!) yacTuna 6yner (yKTyupoBaTh B MOTEHIMAIBHOMN sMe.
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Jlannas cucreMa He UMeeT COOCTBEHHOW JeTePMUHUPOBAHHON YACTOTHI, OTHA-
KO CYIIIECTBYET XapaKTePHBI BpeMEHHO# MACIITAa0, CTATUCTHYECKAS BETUNYNHA
< T > m cBg3aHHAad ¢ Hell cpednas wacmoma nepexatovenut fs = ﬁ, urpa-
I0IT[as POJIb COOCTBEHHON YaCTOTHI. DTA BEJIUYNHA FKCIOHEHIIUATHLHO YyBCTBU-
TeJIbHA K U3MEHEHUIO YPOBHS IITyMa, TO €CTh KOTPOJUPYyeTcs yMoM. BKiiounm
B paccMOTpeHue caabblit mepuogudeckuit curuas. “Ciabplii” 03HaYaeT, 9T0 aM-
IJINTY/1a TEPUOJMYECKON CHJIBI MaJia HACTOJIbKO, YTO CUTHAJI caM 110 cebe He
MOXKET 11€peOPOCUTh YaCTUILY U3 OJIHOM IHOTEHIIUAJIbHON SIMbI B JIPYTYIO, & IIPU-
BOJMT JIMIIb K HepI/IOrZLI/I“IeCKOﬁ MO/LYJIAIIMX IIOTEHI1aJIA. CI/II‘Ha.H BHOCHUT II€-
PUOINYECKYI0O KOMIIOHEHTY B CJYYaiHBIN MPOIECC MepecKOKOB YacTuInl. Ecim
CpelHss 9acTOTa NEePECKOKOB COBIAJAET C YACTOTOH IMEePUOIUYECKOrO CUTHA-
na, fs = fo, TO mpoIecc NepeckoKOB B cpefHeM Oy/eT cjenoBarh (aze nepu-
onuveckoit cusibl. Habmomaercs cymecTBeHHBI POCT OTKJIMKA OMCTAOUIbHOM
CUCTEMBI Ha TEPUOIUYECKOE BO3MYIIEHUE, TO €CTh HAOIONAETCS PE30HAHCHOE
sapiaenne. OyHgameHTaJIbHOE OTINYHE 3TOr0 3 deKTa 0T KJIACCUIECKOr0 Pe3o-
HAHCA B TOM, YTO B HAIIIEM CJIy4ae CUCTEMa cama 1o cebe He uMeeT COOCTBEHHOM
0eEMePMUHUPOBAHHOT 4acmomol, a 00JATALT JIUITh KOHTPOJIUPYEMOH IITyMOM
cpemHell 4acToToi mepeckokoB. [loaTomy 3TO gB/IeHUE OBLIO HA3BAHO CMOLA-
cmuyeckum pesorancoMm. CP, Takum obpa3om, saBisgeTcs 0000ImeHneM Kaccu-
YECKOTO SIBJIEHUS PE30HAHCA Ha CJIy4ail cucreM, O0JaJAIONINX XapaKTepHBIM
BPEMEHHBIM MacIITaboM, yIpaBjiseMblM IIyMoM. TeopeTwueckue M IKCIEPU-
MEeHTaJIbHbIE UCCJIe0OBAHUS MOKA3AJIU, YTO IIPU MAJIBIX aMILTUTYAAX U HU3KHUX
JaCcTOTaX CUTHAJA OTHOINEHWe curHas/myM (signal-to-noise ratio, SNR), wa-
Ie BCEro MCIOJIb3yeMoe i KosmdecTBeHHo#t onenku CP, omuchiBaeTcsa ¢dhop-
mysoit SNR o (%)2exp(—AU/D). Kauectsennasi 3aBucumocts SNR ot
UHTEHCUBHOCTH IIIyMa CXeMaTH4YecKW MmokaszaHa Ha puc. 10.2. C ypesmmdenueM
ypOBHS 1yMa D OTHOIIEHWe CUTHAJ/IIYM PacTeT, TOCTHIaeT MaKCHMAJIbHOTO
3HAYEHUs MPU ONTUMAJTHLHOM YPOBHE IIyMa, COOTBETCBYIOIIUM PE30HAHCHOMY
YCJIOBUIO, U 3aTeM yObIBaeT.

Ceituac uzBecrro, yro CP naburomaercs He TOJIBKO B OMCTAOMIBHBIX CHCTE-
MaX, HO 1 B 60ﬂee CJIOKHBIX CUCTE€MaX, HallpuMep B cucreMax ¢ JUHaMUYE€CKUM
xaocoM [4], u B 6osiee mpocThix cucTeMax. OCOOEHHO UHTEPECHBI U MEePCIEKTHB-
ubl npuinoxkenuss CP B 6uosiorun. B psane pa6or [18| 6b110 okazano, uro CP
MOKEeT OBITH HCIOJb30BAH JJIs 00 siCHeHHs (heHOMEeHa pPacIOo3HABAHUS OMOJIO-
IUYECKUMH 00’ eKTaMy Ype3BbIYaiiHO CJIa0bIX CUTHAJIOB, ITPAKTUYECKU CKPBITHIX
B IIyMOBOM OKpyKkenuwu. IIpocreiimast Mojenb HelipoHa, KOTOPbBIH SBJISIETCS
“mpoBomHUKOM” WH(MOPMAIUK B KUBBIX 00’e€KTaxX, mMpeacTaBiasgeT coboit bucra-
OWJILHYIO CUCTEMY C JBYMS YCTOWYMBBIMU COCTOSTHUSIMHU, COOTBETCTBYIOIIUMU
HeBO30YKIeHHOMY 1 BO30yKIeHHOMY (“ropsimemy”) Heiipony. 3a cuer a¢ddexk-
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Puc. 10.2. 3asucumocts SNR (IpOM3BOIbHBIE €IMHUIBI) OT HHTEeHCHBHOCTH myma D. AU = 1/4

ta, CP YYBCTBUTEJIBHOCTH TAKOH CHCTE€MBI K MaJbIM 3alllyMJIEHHbBIM CUT'HaJIaM
MOXKeT OBITH IIOBBIIIEHA, B JeCATKHN U COTHU pa3!

CP njg CJ0XKHBIX CUTHAJIOB

Jlng mpaKTU4ecKUX MPUIOXKEHUN WHTEPEeCHbI CUTHAJIBI, HecyIe nHpopMa-
IIUIO ¥ UMEIOIUe CJOXKHBINA CIeKTPaJIbHBIN cocTaB. B cBA3U ¢ 3TUM MBI HCCTIe-
goasn CP nyia caydaeB aMmiuTymHoit u ¢as3oBoit Moayasiuu. Belio ycra-
HOBJIEHO 4TO, JiJid Takux curaajaoB, CP Tak:ke Hab/I01aeTCs, T.€. CYIIECTBYET
NPUHITUITUATBHAS BO3MOYKHOCTH ucnoJib3oBanus CP naig 06paboTKu CJI0KHBIX
curnasos. B pa6ore [18] mbr mokazasnu, uro CP Bo3MOXKeH Jyjisi CHIHAJIOB C
KOHEYHOU MUPUHON crieKTpayibHoil juaun. Bojiee Toro, Ob110 TeopeTuyecku
npeacKa3aHo, uro 3a cyer CP mupuHa cnekTpaJjbHOl JIMHUY HA BBIXO/E OucTa-
OUJIbHOI CUCTEMBI MOXKET ObITh yMeHbIeHa! VIHBIMU C/IOBaMU, CUTHAJT MOXKET
OBITh HE TOJIBKO YCHUJIEH, HO U €r0 Ka4eCTBO MOXKET OBIThH YJIYUIIEHO 33 CYeT

CP.

dBIeHMe cToXacTU4ecKoii CUHXPOHMN3aIlIun

Hanuune B OMcTaOMIBHBIX CHCTEMAX XapaKTEPHOTO BPEMEHHOTO MACIITaba,
U COOTBETCTBYIOIIETO €My CpejHell 4acTOThl MEePECKOKOB JeJIaeT CTOXAaCTHYe-
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CKYIO JUHAMHUKY I3TUX CUCTEM moxoxkeit Ha A€TEPMUHUPDOBAHHYIO JUHAMUKY aB-
TOKOJIeOATETLHBIX cUCTeM. JlefiCTBUTETbHO, CpeIHSs YaCTOTa MEePeK/JTI0YeHnH
OTIpeIeIIeTCS UCKIIOYUTETHHO WHTEHCUBHOCTBIO TITyMa M KOH(UTYpaImeii mo-
TEHIUAJIa U HE 3aBUCUT OT HAYAJIHHBIX YCJIOBUI. BO3HUKAaeT BONMPOC: BO3MOXKHO
JIN B 9TUX CHUCTEMaX sBJIEHHUE, HO;LO6HO€ CI/IHXPOHI/IS&I_[I/H/I?

C mesibio TOJIyYeHHsI OTBETa MbI SKCHEPUMEHTAJTbHO HCCJIeI0BAIN TPUT-
rep IlImurra, HA BXO/M KOTOPOTO OJHOBPEMEHHO IMO/ABAJIUCH HMEPUOIUIECKOE
u nrymoBoe HatipsizkeHusi. Tpurrep [lImurra — 910 npocreiiiiee 3/ieKTPOHHOE
YCTPOUCTBO C JIByMs COCTOsTHUSIMU. FCJin BXO{HOE HAIIPSI2KEHUE IIPEBbINIAELT 110~
pPOTOBOE 3HAUEHUE, TPUITEP MEPEKJII0YAeTCsd U3 OJIHOI0 COCTOsIHUS B Jipyroe. Ha
BBIXO/I€ TPHUITEpPA Mbl MMEEM TaK Ha3bIBaeMbIil TejerpadHblii CUTHAJ, COCTO-
AU U3 MOCe0BATEIbHOCTH UMITYJIbCOB IIepeK/Iouenust. Pe3yabraTsel u3me-
peHuil oKa3aJ/Ii, 9TO JeHCTBUTETHLHO HAOJIIOIAeTCs sBJIeHUe CUHXpOHU3aIuu!
BrwLto ycranoBeHo, 4TO CpeiHAS 9AaCTOTa MEePEeKJTI0UeHn MOXKET OBITh 3aXBa-
4yeHa BHEITHUM nepuoandeckuM curtajgom! Ha mirockoctu nmapamerpos “rirymo-
BO€ HANPsI>KEHWe — aMILINTY/Ia CUTHAJIA” yIAJI0Ch TOCTPOUTH 00J1aCTh CHHXPO-
HU3AIWA, B KOTOPOl YacTOTa CUTHAJNA fj M CPEJHSsT 4aCTOTa TEePeKJIOUeHnH
fs coBnamarot. Pe3ynbrarsl u3mepenuit npusejensl Ha puc. 10.3. [loxydennas
00J1aCTh 3aXBaTa YAaCTOT KAYeCTBEHHO SKBUBAJEHTHA 30HAM CUHXPOHU3AIUU
KJIACCHYECKHX CUCTEM, KOTOpPbIe MOT'YT OBITh HaiiJeHbl B JIIOOOM yueOHUKE II0
TEOpUH KOJieOaHWH. DTO MPUHIUIINATIHLHO HOBOE SIBJIEHHE OTParKaeT HeTPUBH-
abHbIH 3 dekT. CucTteMa He UMeeT cOOCTBEHHOI /IeTepMUHUPOBAHHOI YacTo-
THI, & CPeJHSS YaCTOTa TEPEKTIYEHUN SBIIETCS CTATUCTUYECKUM CPEIHUM.
Tem He MeHee, U3MeHsIsI YPOBEHD IMyMa, (CIeI0BATEIHHO U CPEIHION YaCTOTY
MEePEKTI0UeHNT ), MOKHO HAOIIOATh SBICHAEe CHHXPOHU3AINN: 3aXBaT JaCTOT,
OJIHA W3 KOTOPHIX daJideTcd JTeTePMUHUPOBAHHON, a ApyTrad — CTATUCTUYECKON
BeMIrHOM [18,4].

OddekTh CHHXPOHM3AIUN HAOIOJATUCH HAMH U B CUCTEME JBYX CBSI3aH-
HBIX OMCTAaOMJIBHBIX 3JIEMEHTOB. B 3Toi cuTyanun BooOIIe OTCYTCTBYET KaKasi-
b0 merepMuHUpOoBaHHas dactota!l B cuty passmuns moTeHIHAIbHBIX 6aphe-
POB, Cpe/iHUe YAaCTOThl IIePEeKJIIOYEHU B apUUAJIbHBIX CUCTEMAX B OTYTCTBUE
cBsi3u pasubie. OHAKO MpU yBeJndeHUU KOI(DMUIMEHTa CBsI3U HADJIIOIAeTCs
3¢ dexT 3axBaTa CpeHUX YACTOT MePeKTI0YeH TapIuaIbHbIX cucteM [18].

Taxum obpazom, B cucTteMax, 00JIaTAIONINX XapPAKTEPHBIMU BPEMEHHBIMU
MacmTabaMu, KOHTPOJUPYEMBIMY TITYMOM, HAOT0Aa0TCs 3 hEKTHI, POICTBEH-
HbI€ SIBJIEHWIO CHHXPOHHM3AIMKM B aBTOKOJIE0ATEIbHBIX cucTeMaX. Mbl Ha3Ba/Iu
9Ty Ipyniy siBjenuii “croxacrudeckoil cuaxponuzanueii” (CC) no amamoruu
c CP. dsnenne CC o0606maer kaaccudeckuit 3pdekT CHHXPOHU3ANUKM ABTO-
K0J1e6aTeTbHBIX CUCTEM Ha CJIy4Yail, KO/ CHCTeMbl BMECTO JeTePMUHUPOBAH-
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Puc. 10.3. (a) 3aBUCUMOCTB [ OT IIyMOBOIO HAIIPSIKEHUS JIJIsT PA3/INYHBIX 3HAUEHUH AMILIUTY-
bl curaasa. Yacrora curaana fo = 100H z. (6) O6macts cuaxporm3anuy ayis rpurrepa Llvmrra

HBIX COOCTBEHHBIX YaCTOT O6JIa,HaIOT XapaKT€pHbBIMU BPEMEHHBIMU MacIirabda-
MU, yIIpaBJ/Jd€MbIMHA IIYMaMH.

CP u CC kak gBJIeHUS CaMOOPTAaHU3AIUN

CuHXpOHU3AIUs aBTOKOJI€0ATETLHBIX CUCTEM SIBJISIETCS OTHUM U3 MEXaHU3-
MOB caMoopranusanuu. MoryT Jiu siBieHus, 00Cy2K/1aeMble B TPEIbIIYITUX Pa3-
JleJiaX, PACCMaTPUBATHCS KaK MPOIECC CAMOOPTAHU3AINH ! DTOT BOIIPOC MOXKHO
chOopMyIUPOBATH U TTO-APYTOMY: MOYKHO JIM J00aBJIsIsi IMIyM B CHCTEMY J00UTh-
cs ee ynopsiiounBanus? JIis oTBeTa Ha 3TOT BOMPOC B paboTe [18] Mbl ucmob-
30BaJIM Ueu Teopuu nHdopmaruu i onucanus 3¢ dekra CP. B camom nese,
MPOIIECC TIePEK/IIOUeHni B OMCTaOUIBHON CUCTEME MOYKET OBITh aCCOIMUPOBAH
¢ TMOTOKOM WHpoOpManuu 0 (ase U aAMIUIATYAE BXOJHOTO CUTHAJIA Y€pe3 3Ty
cucremy. Ha BbIXOJe cucTeMa reHepupyer CJIOBA Pa3/JUYHON JJIUHBI, COCTO-
dIie W3 JBYX CHMBOJIOB. B 3KcnepuMeHTe MbI U3MEPSId TaK HA3bIBAEMYIO
SHTPONUI0 WHMOPMAIMOHHOTO UcTOUHUKa [IleHHOHa. DTa BeJIUYNHA SIBJIAETCS
Mepoii cTenieHun Gecnopsaka cucTeMbl. J[7g abCOMIOTHO CIy4aifHOTO MPOIIecca
OHA MaKCHUMaJIbHa ¥ PaBHA €JIUHUIIE, JIJIsI IEPUOJIMIECKOTO ITPOIecca SHTPOIUS
HCTOYHHKA MWHUMAJbHA M PaBHA HYJO. DKCIEPUMEHT II0Ka3aJ, YTO 3aBUCH-
MOCTb YHTPOIIUU UCTOYHHUKA OT IIIYMOBOI'O HAINIPsI?KEHUsI UMeeT MUHUMYM. DTOT
MHUHHMYM COOTBETCTBYET IIYMOBOMY HAIPS>KEHUIO, IPA KOTOPOM HMeEeT MECTO
CP. Takum oOpa30M, BeTMUNHA, XapAKTepU3YIOIIas CTENeHb OeCIopsaKa, Mpu
YBeJIMYEHNU WHTEHCUBHOCTH TIIyMa MOYKET YMEHbBIIATHCsA! DTO JTOKA3BIBAET, YTO
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BBIXOMHO# curHas B pexkume CP npuobperaer 6osbiyto ymopsigodennocts, CP
IPUBOJIUT K CAMOOPTaHU3AINN.

3akKJIo4eHmne

CroxacTuyeckuit pe30HAHC W CTOXACTUYECKAsS] CHUHXPOHW3AIMS, KAK yCTa-
HOBJIEHO HAMU B IIPOIECCE UCCJIEI0BAHUM, SIBJISIOTCS OJ{THUM U3 YHUBEPCAJIbHBIX
MeXaHU3MOB CAaMOOPTaHW3AIlNHU CJOKHBIX cucTeM. [IpakTrdeckne mpuMeHeHUsT
pe3yIbTaTOB UCCAEOBAHMI JiexKaT B 00/1acTH 0OHAPYXKEeHN U 00pabOTKH cia-
OBIX 3aITyMJIEHHBIX CUTHaJI0B. OCOOEHHO MEePCHEeKTUBHBI MPUJIOXKEHU B 00.J1a-
CTH HeHpPOOMOJIOrUH, I/l ABI€HNE CTOXaCTUIECKON CUMHXPOHU3AINH, BO3MOXKHO,
UI'PAaeT OCHOBHYIO POJIb B PACIIO3HABAHUN XKUBBIMH 00'bEKTaMH CJIA0BIX 3aIILyM-
JIEHHBIX CUTHAJIOB.



Jlekima 11

JImHaMIYecKnii Xxaoc n
JINarHOCTUKAa B OMOJIOruu

Obcyotcdaromes NPUHYUUNUAALHBIE OMAUYUSL 6 TAPAKMEPUCNUKAT TAOMUYE-
CKUT CUZHAA08, 2EHEPUPYEMBLT OUHAMUNECKUMY CUCTNEMAMY 8 PEHCUMAT Oe-
MEPMUHUPOBAHHO20 TAOCG, OM PERYAAPHHLT NEPUOIUMECKUT U KBA3UNEPUOIU-
weckux. Ha pade KOHKPEMHBT NPUMEPOS UAAOCMPUPYEMCA BO3ZMOHCHOCTIL
UCNONDI0BAHUS CNEUUPUIECKUT KONUMECTNBEHHBLT TAPAKMEPUCTIUK TAOMUYE-
CKUT CUZHAA08 OAA PEUEHUA JUuaZHOCMUNECKUT 3aday 8 6uoro2uy u Medu-
yuHe.
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BBeneuune

OtkpoiTre 3¢ deKTa TMHAMAIECKOI'O Xa0Ca, KOTOPHI XapaKTepU3yeTcs BO3-
MOXKHOCTBIO JTIeTEPMUHUPOBAHHBIX CUCTEM UMETh B KAUeCTBE PelleHus Hellepu-
ofMYecKuil (M He KBA3WIIEPHOIMYECKHil) BO BPEMEHH MPOIECC HE3ATYXAIOIHX
KoJ1e0aHuil, OTHOCUTCS K pa3psiay Haubosiee pyHIAMEHTATBLHBIX PE3yJIBTaTOB,
OKAa3bIBAIOIIUX BCE OOJIbIIee BIMSTHUE HA OCO3HAHME KAPTUHBI MUPA MPUPOJIBI U
3aKOHOB, YIIPABJISIONNX ee 3BoJionueit. Eciu coBcem HeIaBHO OTBET HA BOIIPOC
0 BO3MOXKHBIX DEIeHUSX OOBIKHOBEHHBIX NU(M@EPEHIUIBHBIX YPABHEHW UC-
YEPIBIBAJICA YKA3aHWEM TPeX TUIOB: COCTOSHYUE DABHOBECHS, MEPUOIUIECKOE
WJIM KBa3uIlepuoandeckoe, To ¢ 1971 roma Mbl MOXKeM I'OBOPHUTH O HOBOM, YeT-
BEPTOM THUIIE DEIIeHUs: 00 YCTAHOBUBIIMXCS HEIMEPUOAUIECKUX (IIyMOMOI00-
HbBIX) KOJIEOAHUSX B TUHAMUYECKUX CHCTEMAX B OTCYTCTBUE KAKUX-TM0O0 BHEIII-
HUX WU BHYTpeHHUX (uykryanuit. [lomuepkuem, 9To pedb ugeT o fUHAMUYE-
CKOM OTHMCAHUU BPEMEHHBIX MPOIECCOB, DA3UPYIONEMCS Ha JTeTEPMUHUPOBAH-
HOCTH OTIE€PATOPA IBOJIIOIUY TPUMEHUTETHHO K MaKPOCKOTTUYECKUM KOODIMHA~
TaM COCTOSIHUS JIMHAMHUYECKOi cucreMmbl. V3 paccMOTpeHUs: MCK/TIOYAIOTCS CTO-
XaCTHYECKHE ITPOIECCHl, aHAJIU3 KOTOPBIX U3HAYAJIbHO IPEJIoIaraeT HaJludaue
CIyYafiHBIX 3aKOHOMEPHOCTEH, 00YCJIOBICHHBIX (DIYKTyAIuIMu, U 6a3upyeTcs
HA yPaBHEHWsIX CTATHCTHYECKOi Teopuu [2,11].

B uem ke coCTOMT MpUHIUIUATBHAS BaXKHOCTH 3P deKTa TUHAMUIECKOTO
xaoca Jiisi pa3BuTus ecrecrBo3nanus! [loxkasyit Hanbosiee BaXKHBIM MUPOBO3-
3peHYecKuM (haKTOPOM SIBJISIETCS OCO3HAHUE TOT'O, YTO peasibHble IWHAMUYE-
CKHE€ CUCTEMBI B YCJIOBUAX, KOTI'Jla UX HeJuHelHbIe CBOMCTBA UIrparxOT IPpUHIUIIN-
aJIbHYI0 POJib, MOTI'YT (DYHKIIMOHUPOBATH B PEXKUMAX HEIEPUOIUIECKUX XAOTH-
YECKUX IYJIbCAIUN B OTCYTCTBUE CJIy4YalHbIX CUJI. Xa0TUUYeCKUue KoJiebaHus 110
CBOEMY BHJIy U XapaKTEPUCTHKAM IIPAKTHIECKH HEe OTJIUYAIOTCS OT PeaTH3alinii
CIyYafiHBIX IIPOIECCOB, HO ABJISIOTCS IeTePMUHIPOBAHHO ompeaeseHHbiMu! 1o
OTKPBITHS JJUHAMUAYECKOTO Xa0Ca, SKCIIEPUMEHTATOPBI JIOBOJIBHO YaCcTO I0JIyYa-
JIX TIOTIOOHBIE PE3YIBTATHI, OJHAKO, C VAUBATEIbHBIM TOCTOSHCTBOM WHTEPIpE-
THPOBAJIU WX KaK CJIeJICTBUE BO3JEHCTBUS TIyMa, HEMCIIPABHOCTU allapaTypPhl
u T.;1. CeromHst uccaeoBaTe/ M 3HAIOT O BO3MOXKHOM BO3HUKHOBEHUU PEKUMA
JIMHAMUYECKOTO Xa0Ca W OTHOCATCS K aHAIU3Y MOJIYYEHHBIX JAHHBIX C OoJiee
IMIAPOKUX ITO3ULUL.

Her comuenus B TOM, 4TO MOAE/JIMPOBAaHNE JTIOOBIX PEATbHBIX MPOIECCOB B
IPUPOJIE C TIOMOINIBIO TUHAMUYECKUX CUCTEM SIBJISETCS MOIIHBIM WHCTPYMEH-
TOM IO3HAHUS 3aKOHOMEPHOCTEH IBOJIIONUOHHBIX MPOIECCOB B MPUPOJE, TPHU-
MEeHeHHe KOTOPOTO Bce Oosiee u 6ojiee pacuiupsieTcs. TUIMHIHBIM aJrOPUTMOM
HAYYHOI'O MCCJIeIOBaHUs CBOMCTB JII000H cUCTeMBI siBjisgeTcs cieayoomuii. Cu-
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CTeMa BCECTOPOHHE AHATU3UPYETCS; BBIJIEISIOTCS OCHOBHBIE (DU3NUECKUE BEJIH-
YUHBI, XaPAKTEePUIYIOIIHEe ee COCTOSHNE; Ha, OCHOBE M3BECTHBIX 3aKOHOB IIPUPO-
JIbl YCTAHABJIUBAIOTCA (DYHKIIMOHAJIbHBIE B3AUMOCBSA3U MEXKIY STUMHU BEJIUYHU-
HAMU U B UTOre (DOPMYJHUPYIOTCS SBOJIONMOHHBIE YPABHEHUS JJisi KOODIUHAT
cocrosinust [2|. Janee nmpoBogurcsi aHAIM3 BO3MOXKHBIX DEIeHUH MOJeTbHON
JuHAMUYECKOit cucreMbl. C 9TO# eIbi0 JUHAMHUKA CHCTEMbI MOIEIUPYETCS Ha
KOMIIBIOTEPAX, MO3BOJISIONIUX JOCTATOYHO TOYHO U OBICTPO BBIIBUTH TUIIHYHbBIE
pekuMbI €e (PYHKIIMOHUPOBAHKS DM BAPbUPOBAHUHU YIIPABJISIONINX HapaMer-
POB ¥ HadYaJIbHBIX ycJoBHil. Moje/bHble pelleHusl CPAaBHUBAIOTCS C JAHHBI-
MM HATyPHBIX dKCIIEPUMEHTOB C HccieayemMoil cucremoit. Eciu ormaus cyie-
CTBEHHBI, UJIeT YTOUYHEHHUE MOJIEJI, BHOBb YUC/IE€HHBIN KCIEPUMEHT, CDaBHEHUE
u T.71. B utore dpopMmynupyiorcs quHaMuuecKue ypaBHEHUs, IPEICTaBIIIONINe
co00#t MaTeMaTHYeCKyI0 MOJIETb UCCIEAYEMON CUCTEMBI.

3aBUCHMOCTb BO BpeMEeHU KOOPJIUHAT COCTOSHUS CUCTEMBI B PEXKUME JeTep-
MWHMPOBAHHOTO (JMHAMMYECKOI0) Xa0ca ONMUCHIBAETCS CJOXKHOM (DyHKImei,
CBOMCTBA KOTOPOi TPEOYIOT BBEEHNSI HOBBIX KOJMYECTBEHHBIX XapPaKTEPUCTUK
JIJISE €€ JUArHOCTHKM, OTJMYHBIX OT XapPaKTEPUCTUK MEPUOIUIECKOIO MJIM KBa-
3UNEPUONIECKOTO pekuMOB. [IpencraBum cebe rapMOHMYECKUil TEepUOIUYe-
ckuii curnana x(t) = Asin(wot + ¢). lapmonndeckoe KoebaHuil ncaeprbIBaAIO-
UM 00pa30M ONHUCHIBAETCSI, €CJIM 3aJaHbl aMILTATYAa A, dacTtoTa wy = 27 fj
1 HavaJbHag ¢as3a KosebaHus ¢. B crekTpaabHOM IpeaCTaBICHHH Mbl HMeeM
eJIMHCTBEHHYIO JINHUIO B CIIEKTPe KOJIe0aHU Ha 9acTOTe Wy, THTEHCUBHOCTD KO-
TOPO# OJHO3HAYHO OTpeJieieHa aMILTUTYy10#. B ciydae mepuognveckux Herap-
MOHUYECKUX KOJIeOaHW KapTUHA U3MEHUTCS HECYIIECTBEHHO: TMePUOINIECKUM
curtaj mno teopeme Pypbe NpeCTaBIIETCS B BUIE CYMMbI TapMOHUYECKHUX
KOMIIOHEHT ¢ Pa3JIWYHBIMU aMILIATYIaMu, (pa3aMu U 4acTOTAMU 1wy, KPATHBI-
MW OCHOBHOIA.

KBazunepuoandeckoe peienue, B OTIUYUE OT MEPUOIUIECKOTO, MPEICTAB-
JisgeT coboil CyNmeprno3unuio TeX yKe TAPMOHUYECKUX KOMIIOHEHT C 3aJaHHBIMU
aMILTATYIaMu ¥ (a3aMu, HO ¢ OoJiee OOraThIM CIIEKTPOM 4YacTOT. B mpocreii-
eM CJIy4ae KBA3WIEPUOJANIECKUX KOJIe0aHuil C IByMsl HE3aBUCUMBIMU YACTO-
TaMu, KOTOPOE MOXKHO ITIPEJICTABUTH cebe B BUJE MEPUOINIECKOTO CUTHAJIA Ya-
CTOTHI W(, TPOMOIYTUPOBAHHOTO TIEPUOMYECKUM CUTHAJIOM OoJiee HU3KOI 4a-
CTOTHI {2, CTIEKTP TeOpeTHYecKu Oy/IeT BKIYATH BCe KOMOMHAIMOHHbBIE YaCTO-
THl Wy, = MW + mi2, nym = +1,£2, ... (m u n He MOTYT GHITH PABHBI HYJTIO
OJIHOBPEMEHHO).

CurnaJisl 11000 IPUPOJIBI IPEJICTABILIOT HHTEPEC C TOYKHU 3peHusT HHEOP-
Mallid, KOTOPYIO CIIOCOOHBI mepeHocuThb. [losiesnas nadopMmalus MoxkeT ObITH
3aJI02KEHA TYyTeM MOAYJIANMA KOHKPETHOrO mapamMeTpa cucreMmbl. Tak B ciaydae
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rapMOHUYECKOTO CUTHAJIA WH(MOPMAIUIO MOYKET COLEPKATH aMILIUTY1a, 4aCTO-
Ta uan ¢as3a. XOPOIIo HU3BECTHHI KJIACCUUECKHE CIOCOOBI Tepenadu HHMOP-
MAaIMOHHBIX COOOIIEHHUH C MOMOIIBIO aMILIUTYIHOM, YacTOTHON uau ¢a30Boi
MOJIYJISIIANA TAPMOHUYECKUX CUTHAJIOB. XAOTUYECKUH CUTHAJ OJ1arojaps CBO-
eil CJIOKHOCTH C 9TOH TOYKH 3PEHUsl MPUHIMIHAJIBHO oTaudaercs. CloxKHas
CTPYKTYPa XaOTHYECKMX CHTHAJIOB IMOTPEOOBAJIA CYIIECTBEHHOTO PACIITUPEHUS
COBOKYITHOCTH LIAPAMETPOB (MJIM XaPAKTEPHUCTHK ), C IIOMOIIBIO KOTOPBIX MOXK-
HO OIIUCATh OTJIMYUTEJIbHBIE OCO6€HHOCTI/I TAKNUX CHUT'HAJIOB. XaOTI/ILIeCKI/Ie CUr-
HaJibl 0€3yCJIOBHO CIIOCOOHBI 1I€PEHOCUTH 0O0Jiblilee KOJIMYeCTBO MHGpOPMAaIUH,
TaK Kak 00J1a1a10T 3aMeTHO "GOIbIINM YHCIOM cTeneHeil cBoboabl", onuchBa-
IONMUX CJO0XKHOCTh WX CTPYKTYPBI. DTO OOCTOSTEILCTBO CJIY:KHT OCHOBAHUEM
JIJIS. MCIIOJIb30BAHMS CIIENM(PUUECKUX XapaKTEPUCTUK XAOTHYECKHX CHTHAJIOB
JIJIS TAATHOCTUKU TUHAMUYECKUX CHCTEM, KOTOPBIe TeHEPUPYIOT 3TU CUTHAJIBI.

KoanyecTBeHHbie XapaKTEPUCTUKN XaO0TUIECCKUX CUTHAJIOB

KaKOBbI Ke HaI/I6OJIee BaXHbl€ KOJIMYECTBEHHbBIE XaPaKTEPUCTUKU XaO0TU4e-

CKUX CHUTHaJIOB, OTJVIMYalOIIe UX OT PEryjasdpHbIX U IMO3BOJIAIOININE PAaCHIUPDUTH
CHEKTD JMArHOCTUYECKUX KPHUTEPUEB COCTOAHMS JuHaMuieckux cucrem?! Ile-
peduncimM HauboJjiee BayKHbIE U3 HUX.
CreneHp XaOTMYHOCTU CHUTHAJIA. Tak KaK XaOTHYECKUil CUTHAJ SBJISETCS
OYeHb IIOXOXKUM II0 CBOEH CTPYKType Ha CAy4YailHbIi, eCTeCTBEHHO JOJIZKHBI
CYIIECTBOBATh KOJUYECTBEHHBIE Mephl "CTeleHH CJIydYaiiHOCTH'Xa0THIeCKOro
curtaja. OyHIaMeHTAJbHONR XapaKTEePUCTUKON CTENeHH CIyYaiiHOCTH SBJIS-
ercst awmponus. VIMest JOCTATOYHO JJIMHHYIO XaOTHYECKYIO peaau3anuio r(t),
HY?KHO PACCYUTATh IJIOTHOCTH PACIpeJIe/IeHns] BEPOSITHOCTEH p(r), KOTOpast
JJId CTallMOHaPHBIX IPOIECCOB HE 3aBUCUT OT BPEMEHU. I[aﬂee BBIYUCJIAETCA
surpomnst H, = — [ p(z)logp(x)dx. B cuty auckpeTHOCTH IPOLEAYPH CUeTa
ma DBM, unTerpas 3aMenserca cyMmMmoil n saTpormsg H* Bcerma 6ymer orpa-
HUYEHHOU MOJIO2KUTEJIbHOU BEJINUNHOM.

Wcnosp30Banue SHTPONUU I XapPAaKTEPUCTUKH XAOTHYECKUX ITPOIECCOB
umeer OoJsiee riybokoe dyHIaMeHTaIbHOe 000CHOBaHUWE. XAOTUYECKHe TPaeK-
TOPUU BCErjia HEYCTOWYWBBI B cMmbicie JIsmynoBa. CremeHb HEyCTOWYMBOCTH
UMeeT B KavecTBe KOJIMYECTBEHHON Mephl TaK HA3bIBaeMble TMOJIOKUTE/TbHBIE

4 Kiaccudeckoe moHsTHE SHTPOMY ObIIO0 BBEIEHO /IS OIACAHUS COCTOSHHUS KOHCEPBATHBHBIX CH-
cTeM, B KOTODBIX HET JUCCUIAIWHA dHeprud. ABTokosebaresbHble (Wi B 00LIEeM C1ydae OTKDbI-
ThIE) CHCTEMBI BCErAa HEKOHCEPBATWBHBI W SHTPONWs Oy[eT 3aBUCETh OT YHEPrum CUCTEMbL. B
3TOM CJIydae JJis AArHOCTUKH HEOOXOAUMO UCIOIH30BATh HEKYIO MEPEHOPMUPOBAHHY IO BEJIUYH-
Hy 3HTpOIMHK (3HTponmio KimMonToBMYa [12]), KOTOpast HE 3aBUCAT OT SHEPIUU CUCTEMBL.
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nokasarenu JIanynosa. VIMeHHO Hajau4ue MOJIOKUTEIbLHBIX MoKasareseit JIs-
IyHOBa, BeJeT K IepPeMeIIMBAaHHI0 U '"MpOW3BOAUT'"SHTPONMIO JUHAMUIECKOM
cucrembl. TakuM 00pa30M, SHTPOIHUS M JISIYHOBCKHI ITOKA3aTeIb SIBJISIOTCS
B3aMMOCBSI3AHHBIMHE KOJIMYECTBEHHBIMU XapPAKTEPUCTUKAMHU CTEINEeHH XaOTHY-
HOCTH WCCJIeyeMOoro nporecca z(t), 9To MOXKHO WCIHOJIb30BaTh B JHArHOCTH-
YECKHUuX IeJidXx.

Pa3zMmepHOCTh XaoTHY€CKOTO aTTpakKTopa. Kak n3BecTHO, XaOTHYECKHE AT-
TPAKTOPBI KaK 00Pa3bl JUHAMUYIECKOTO Xa0ca B (pa30BOM IIPOCTPAHCTBE CUCTe-
MBI UMEIOT B 00IIeM Ciiyuae JpOoOHYIO (HEle yi0) MEeTPHUECKYI0 Pa3MepHOCTb.
OTuM crenuduIecKuM CBONCTBOM 00/1aTAI0T TOJTHKO XaOTUYECKHUE ABTOKOJIE-
OaHud ¥ Pa3MEPHOCTb ATTPAKTOpPa 0e3yCJIOBHO SBJISETCS XapPaKTEPHBIM CIie-
UPUIECKUM KOJMYECTBEHHBIM KPUTEPUEM, MO3BOJISIONIUM Pa3/ndaTh CTPYK-
TYpPY XaoTuudeckux kojiebanuii. Pazmepuocts popMabHO BBOJAUTCS KaK YHCTO
reoMeTpuYecKasi XapakTepucTuka arrpakropa. OJHAKO W 3/1eCh UMeeT MeCTO
dyHIaMeHTa/IbHAs B3AUMOCBI3b Pa3MEPHOCTH, BBEJIEHHON U3 I€OMEeTPUUECKUX
coobpazKeHuil, ¢ JJMHAMUYECKUMU CBONCTBAMU aTTPAKTOPA, XapaKTePU3yeMbl-
MH CIIEKTPOM JIAIMYHOBCKHUX SKCIOHEHT, OIPE/IESIONMX TaK HA3BIBAEMYIO ' JIs-
IyHOBCKYI0 " pazmepHocTh. CleAcTBHEM SIBISETCS MCIOIb30BaHUE /Il THATHO-
CTUKM KaK MeTpu4eckuX ((ppakrTajbHBIX) pa3MEpHOCTeil, TaK W JISIyHOBCKO
(TMHAMHIYECKOH) pa3sMepHOCTH aTTPAKTOPOB.

ABTokoppeasnnonHad (pYHKIUS M CIEKTp MomiHOCTu. B cuny anepu-
oar4eckoit "1rymMonogo0Ho# " CTPYKTYPhl Xa0THYECKON peasin3aluu JJuHAMUIYe-
ckoro nporecca z(t) ee cHeKTpajbHash MIOTHOCTH MOIIHOCTH, BBIYHC/ISIEMAsT
KakK npeoopazoBanue Oypbe 0T HHTEHCUBHOCTH IIPOIIECCa, IIPEJICTABIIAET CODOM
HeNpepbiBHYI0 GyHKIUIO 4acTorsl S(w). Bum 910it dbyHkmu, Hagiudue sipko
BBIPAKEHHBIX MAKCHMYMOB Ha XapaKTEPHBIX YaCTOTaX, YaCTOTHBIN IHAIIA30H,
BKJIIOYAIOIIUiI OCHOBHYIO SHEDPIUIO KOJEeOAHWil, M Jpyrue CBOWCTBA (DYHKIUH
S(w) MOryT GBITH HCIOJB30BAHBI B KAYECTBE JTUATHOCTUIECKUX KpuTepuen. B
YACTHOCTH, €CJTM YUCTO (GOPMATHHO paccMaTpuBaTh S(w) KaK MJIOTHOCTH PAC-
IpeJieJIeHNsT MOIIHOCTH CUrHAa Z(1) 110 4acTOTaM, TO MOYKHO BBECTH HOHSITHE
SHTpONUHU criekrpa H, u T.1.

[To Teopeme Bunepa—Xwunumna cmextp momHocTH S(w) dYepe3 mpeobpa-
3oBanne Dypbe CBsi3aH € ABTOKOPPEIANUOHHON (yHKIMeH mnpomecca x(t):
U(r) = (x(t)x(t + 7)) (yrioBble CKOOKH O3HAYAIOT TPOIEIYPY YCPEIHEHW).
Tak kak cnekrpajgbHas dbyHkius S(w) HempepbiBHA B KOHEYHOM HHTEPBAJIE
9aCTOT, ABTOKOppesiuonHas dbyukuus ¥ (1) Gymer uMerb B CHaAaoIel Bo
BpeMenu 7 byHKIUU. Bpems 7y camanus V(7) B 33laHHOE YUCIO Pa3 Ha3bl-
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BAIOT BpeMeHEeM KOPPEeJSIuU, KOTOPOe TaKKe XapaKTepU3yeT CTeNeHb Cay4aii-
HOCTH TMPOIECCA U MOXKET OBITh MCIOJIB30BAHO /IS TUATHOCTHKH.

[ToMuMO BBITIIEIEPEYUCTEHHBIX XaPAKTEPUCTUK XAOTUYECKUX KOJIeOaHMIA,
JUUTSl TAATHOCTUKU COCTOSIHUSI CUCTEMBI MOTYT OBITH MCIIOJIb30BAHBI U PSJ, JIPY-
rux crenuuyueckux XapakKTepUCTUK PEKMMOB JIMHAMHYECKOTO Xaoca. Harpu-
Mep, 110 MMEKIIENCd 9KCIEePUMEHTAJIbHON 3aBUCUMOCTU OJHOW W3 KOOPJAWHAT
upouecca x(t), Koropasi BBOAUTCS B HAMATb KOMIIbIOTEPA B BHJE JIUCKPET-
HOro BpemenHoro psipa (v(iAt), ¢ = 1,2,..., At — BpeMs JUCKpPETH3AINH),
MOXKHO C IIOMOIIBIO CIIEIHAAJIbHBIX METOJ0B BOCCTAHOBUTH ATTPAKTOP, TOIIOJIO-
FUYeCKH SKBUBAJEHTHBI aTTPAKTOPY HMCXOIHOU JWHAMUYECKOI CHCTEMBI, IO-
pozK Iatoreii Habio1aeMblii SKcnepuMenTaabao mponece z(t). CTpykrypa Boc-
CTAaHOBJIEHHOTO AaTTPAKTOpa, 3aKOHOMEPHOCTH €TI0 3BOJIONHUY ITPU U3MEeHeHU!
YCJIOBU# IKCIIEPUMEHTA WU PeKUMa (DYHKIIMOHUPOBAHUS UCXOTHOM CHCTEMBI
TaKKe MOTYT HCIOTb30BATHCS IS U3BIeUeHNST WH(OPMAIIUHU O CUCTEME U, CJIe-
JIOBATEJILHO, JIJIsI JIMATHOCTUKH.

JLnst anam3a CrernuaJibHOTO THTIA, CUTHAJIOB, TPEJICTABJISIONINX CO0O0M HEKYIO
HEIEPUONYECKYIO (Xa0THUYECKYI0) TOCIeI0BATETLHOCTh BDEMEHHBIX HHTEPBa-
JOB t,, n = 1,2, ..., HCIOJIL3YETCS METOJ, TIOCTPOEHUS TUCKPETHBIX OTOOpaXKe-
Huit mocienoBanus. Takue OTOOpazKeHUs MPEJCTABISIOT CO0OW JTUCKPETHBIE
JMHAMUYECKHE CUCTEMBI BUJA Ty = f(Tn, it), TAe N — JUCKPETHOE BpeMms,
p — mapamerp cucrembl. Oyukuusi f(z,, (1) MO3BOJISET 10 3HAYEHWIO MEpe-
MEHHO#I B MOMEHT BpeMeHHU 7. MOJYYHUTh ee 3HadeHue Ha CAeAYIONEeM Imare
(n + 1) urepanuonnoit nporeaypsi. [Ipemenbroe MHOXKeCTBO (ha30BBIX TpPaek-
TOpHUIi TP N — OO XapaKTepu3yeT aTTPAKTOP AUCKPETHON TMHAMUYIECKON CH-
creMbl. CBOCTBa 3TOTO ATTPAKTOPA MOXKHO OTHUCHIBATH BCEMU BBHITIENIEPETNC-
JIEHHBIMY KOJIMYECTBEHHBIMH XapPaKTEPUCTUKAMU, MCIIOJIb3Ysl TOCJIe/IHIE B Ka-
YeCTBe JUATHOCTHYECKUX Kputepuen. [I[pumepom Takoro poja curHaJjoB B Ouo-
JIOTUU U MeJUIINHE SIBISIOTCS TOC/Ie/I0BATeIbHOCTH R R-UHTEpBAIOB 3JIEKTPO-
kapauorpammbl (DKI') uu mocsie0BaTeIbHOCTH MHTEPBAJIOB BDEMEHU MEeYK Ly
BCILJIECKAMHY JIEKTPHYECKOi aKTUBHOCTH HeipoHOB (interspike intervals).

JImaaMudeckue 60Jie3HU

B opranmsme 310poBoro nHauBHIyyMa (Oyab TO 9YeIOBEK, KUBOTHOE, OT-
JeJIbHBIA OpraH WM JayKe KJIeTKA) OOHADYXKEH IMUPOKHUH HAGOD pasTuYHBIX
BPEMEHHBIX PUTMOB. DTU PUTMBI IIPAKTUYECKU BCErJa HE OTPAXKAIOT CTPOTYIO
EePUOIUYIHOCTD MIPOIECCOB. AHAIM3 PUTMOB CepANeONeHns, IbIXaHus, JaBe-
HUs KPOBH, JieKTposuIedasorpaMm (DIT') u Apyrux mpoIeccoB CBUIETEIb-
CTBYeT O CYIIECTBEHHBIX OTIUUYUAX YKA3aHHBIX MPOIECCOB OT MePHOIUIECKUX.
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Ortu omimuns (Hampumep, st 9II') HACTONBKO SIBHBI, YTO BBHICKA3BIBAIOTCSI
MPEJITOIOXKEHUS O COOTBETCTBUYM HOPMAJIbHOM IMHAMUKY 37I0POBBIX UHIUBUITY-
YMOB Xa0THYECKOMY pe:KuMy bYyHKIIMOHUPOBaHus. VcciemoBaHUST TAKUX TIPO-
IIECCOB CBHUJETEJBCTBYIOT O TOM, YTO HaOJ0aeMbiit "xaoc''MoxKeT He OBITH
cJIeJICTBHEM BO3JieicTBust DJIyKTyalnii, a CKOpee BCero MpUCyI CaMoi mpupo-
Jie IMHAMUYECKOTO TPOIECcca B Opranu3Me. 1a ujim uHast CTeneHb XaOTUYHOCTH,
XapaKTepu3ylollas pexkuM (QyHKIMOHUPOBAHUS 3/[0POBOI'O UHIUBULYyMa, MO-
2KeT U3MEHSIThCsl BCJIEJICTBUU [ATOJIOTUM B TY WJIM MHYIO cTopoHy. Hamnpuwmep,
93T 3/10pOBOro 4eJI0BEKA UMEET JOCTATOYHO BBICOKYIO CTEIeHb XaOTHYHOCTH,
HO P BO3HHKHOBEHHUH MPUCTYIA SIAIEICHH JTeMOHCTPUPYET IIE€PeXoj K IO-
YTH IEePHOJMIECKOMY IIpomeccy. B To ke BpeMms cepjiie 3J0pOBOr0 4eI0BeKa
reHepupyer 1noutu nepuoaudeckyio DKI', HO pu HEKOTOPHIX THIIaX 3a00/eBa-
HUil (ApATMUS, TAXUKOD/AUS) YBEJUIUBACTCI YUCJIO CIyYallHBIX cO0EB PHTMA
U COOTBETCTBEHHO BO3pacTaeT cTeneHb xaoruaHoctu KT

XapakTepHble U3MEHEHNSI B JIMHAMUKE KaKOW-11M00 1epeMeHHOit cOCTOsTHU ST
OpraHu3Ma MOTYT SIBJISIThCsI Mpu3Hakom matojoruu. JI. [tacc u M. Maku BBe-
JId B HayKy TepMmuH "quHaMudeckasi 00J1e3Hb", XxapakTepu3ysi UM UMEHHO BO3-
HUKHOBEHHME aHOMAJIMM BO BPEMEHHBIX 3aBUCUMOCTSIX MMEPEMEHHBIX COCTOSIHUS,
OTMCHIBAIONIUX PEKUMbI (DYHKIIMOHUPOBaHUS KUBbIX cucreM [21]. BorarcTso
JUHAMHUYECKOrO IIOBEAeHUs OT IMePUOJAMYHOCTH 0 Xaoca, Habaogaemoe B (hu-
3UOJIOTHYECKHAX CUCTEMaX ¥ ODHAPYKEHHOE B OTHOCHTE/JHbHO MPOCTHIX HEJIHU-
HEeHBIX CUCTEMaX MaJIOil pa3MepHOCTH, JaeT HaJIeXK/I1y Ha CaMy BO3MOXKHOCTH
MOJIEJTMPOBAHUS TUHAMUYIECKUX 0OJIe3HEelH, UX JUATHOCTUKY U B UTOTE JIeUeHHUE.
Muorue uccie1oBaTe I CIUTAIOT, YTO OUOTOTHUS, (PUNOJIOTUS ¥ MeTUIHA Ha-
CTOJIBKO OTJIMYAIOTCA OT (PU3UKU, UTO HUKOTJIA HE CMOTYT CTaTh IPEIMETOM
CTPOrOro TEOPETHYECKOro aHaau3a. Bmecre ¢ aBropamu kuuru [21| ectb ocHO-
BaHHUsI II0JIATaTh W HAJEATHCS, YTO Psj OOHAPYKEHHBIX M PErHCTPHPYEMBIX
ceifyac TUHAMWYECKUX SIBJICHU B YKUBBIX OPTaHU3MaX MOYKET OBIThH 0oJiee TIy-
OOKO OCO3HAH U B MEPCHEKTUBE MATEeMATHYECKHU ONMMCAH HA OCHOBE TOCTUKEHUIA
COBPEMEHHO# TeOpUU JTUHAMUIECKUX CHCTEM.

MopenunpoBaHue AUHAMUKN CEPAEYHOTO PUTMA

PaccMmorpum psiji KOHKPETHBIX NPUMEPOB, WJLJIIOCTPUPYIOIIMX YaCTh 110JIO-
JKeHuit, chopMyIMpOBaHHBIX BhIIIE. B KauecTBe MepBOro MpuMepa ONUIIEM pe-
3yJIbTAThl SKCIIEPUMEHTOB, IIPOBE/IEHHBIX B JIabopaTopuu HeJTMHEHHO THHAME-
ku CI'V 1o momempoBaHuIoO THHAMUAKH CEPAEYHOr0 puTMa. B KauecTBe mcxo-
HOTO 3KCIEPUMEHTATBHOTO MaTepHuaJa UCIoIb30Baauch IKI' 3mopoBoro geso-
Beka (y KOTOPOr0 OTCYTCTBYIOT NPU3HAKU KAKOTO-JTHO0 CEepedHO-COCYIUCTOTO
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zabosieBanust). DKI' mmurenbrocTn 60 ceKyH ¢ MOMOIIBIO aHATIOTOIHGMPOBO-
ro npeoOpa3oBaTesis BBOAUIACH B MAMATh KOMObIOTepa. Jlamee mpuMeHsIach
COBpPEMEeHHAas TeXHUKA BBIYHCJIEHWH, TTO3BOJISIONAd 10 OJJHOMEPHOMY BpeMeH-
HOMY PSJy YHCJIEHHO PEIIUTh 33249y PEKOHCTPYKIIUU MOJEIH JTUHAMUIECKOM
CUCTEMBI, pelleHne KOTOPoil ¢ 33JaHHOA TOYHOCTHIO BOCIIPOU3BOJAUT MCXOAHBII
curnas DKI. Bamaua peKOHCTPYKIMU HEOJHO3HAYHA, U, €CTECTBEHHO, MOXKET
UMeTb MHOI'O perieHuii. Mbl ocTaHOBU/IUCH HA HauboJiee HPOCTOM MOJe/H, KO-
Topas umejia pasmepHocrb N = 3 W JOCTATOYHO XOPOIIO BOCIPOU3BOIUIA
TunuaHbli Kap ok DK [22].

UcciieioBanusi BOSMOXKHBIX JUHAMUYECKUX PEKMMOB KOJI€OAHUM B BOCCTa-
HOBJIEHHON JTMHAMHUYECKOH CHCTeMe IIPU BapHallui €e MapaMeTpOB II0Ka3aJiH,
YTO 3TA MOJIE/Ib ONKUCHIBAET KAK PEeXKUMBbI IIEPUOIMYECKUX, TAK M Xa0TUIECKUX
KoJsieOanuii. [lpuueM, uaMeHsss HeKUil YIPaBISIONIANA TapaMeTp MOIEIN, MOXK-
HO OBLJIO YNIPABJATH CTENEHBIO XaOTHYHOCTU pedyabrupyomeit IKI, uro ot-
parkaJio pa3/iM4YHble YPOBHHM Bapuabe/ibHOCTH cepiedHoro putma. Vcxomnast
OKT' npexcrapisiia coboit Henepuogumdeckuii curnai. [logbopom mapamerpos
PEKOHCTPYMPOBAHHOW MOJE/N yIaJI0Ch HANTH PeKuM ee (DyHKIMOHUDOBAHWS,
IpU KOTOPOM XapaKTEePUCTUKU MCXOAHOM u MojenbHoi DKI' okazaaucy 0J1u3-
kumu. Ha puc. 11.1 npejcrapiensl ha30Bblii TOPTPET CIEKTP MOITHOCTH U aB-
TOKOPPeJISIuOHHas DYHKIMUS dKcIepuMenTa bHo caaroit DKI', a Ha puc. 11.2
— Te YKe XapaKTePUCTUKH, MOJyIeHHbIe 3 BOCCTAHOBJIEHHON MaTeMaTHIeCKOi
Mozen. HeTpynHo BuieTh 1OCTATOYHO XOPOIIee COOTBETCTBHE MPSIMBIX KCIIe-
PUMEHTAJIBHBIX PE3YIbTATOB ¢ Pe3y/IbTaTaMU, MOJTYUYeHHBIMU C UCTOJIb30BaAHY-
eM MOJIeJIbHOI TUHAMUYECKON CUCTEMBI.

XoTd TIpe/icTaBJIeHHBIE Pe3YJIbTATHl YK€ yAUBUTEJIHHBI B CHIY 0€3yC/IOBHO
CJIUIIIKOM IIPOCTO ITPOIe/lypbl MOJIE/IMPOBaHKsI, TEM HEe MEHee MOXKHO ere 00-
Jiee yIUBJLATHCS CJAEIYIONUM JaHHBIM. VI3BECTHO, 4TO CTPYKTypa CIEKTpPa/ib-
HO# TtoTHOCTH MotHOocTH (rpaduku (6) Ha puc. 11.1 u 11.2) no3Bosser aua-
THOCTHPOBATDH PsJ, MATOJOIMYECKUX OTKJIOHEHWI B paboTe cepila 4eOBeKa.
B uacTHOCTH, BBIIEISIOT PEXKUMBI, TP KOTOPBIX YACTOTA, CEPIEYHBIX COKpa-
meHuii npakTUdecku nocrosinHa (cepaue "paboraer kak 4dachl") M PeKUMBI
¢ GOJIBIION CTENMEeHbI0 APUTMUH, KOIJIa CHEKTD CTAHOBUTCS MPAKTUYECKH PaB-
HOMEPHBIM B HU3KOYaCTOTHOM 00/1acTH, HAIIOMUHAsI YMCTO IIIYMOBOH IIPOIECC
(cepuuebuenusi ¢ noBbIeHHO apurmueii). B MonesnbHOl cucreme npu Bapua-
U TTapaMeTPOB YIAJ0Ch OOHAPYKUTh KaK MOYTH MEePUOIUYecKrue, TaK 1 00-
Jiee pa3BUTHIE XaoTH4yecKue Kojaebanus. [pyrumu cioBaMu, B 3aBUCUMOCTHU OT
mapaMeTpoB, MOJie/IbHas cucTeMa ciucoOHa Bocupou3BoauTb IKI' He TosIBKO
3/I0POBOTO YeJI0BEKa, HO U HEKOTOPbI€ THIIBI ITIATOJIOTUH.
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Puc. 11.1. Ilpoekmusa aTTpakTopa Ha ILIOC-
koctb (@), cuekrp MomHocTH (0) M aBTOKOP-
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Puc. 11.2. Ilpoekmusa arTpakKTopa Ha ILIOC-
KoCTb (@), ciekTp MomuocTu (6) m aBTOKOppe-
nanponHas ¢yskims (6) curaana KT, momy-
YEHHOTO B PE3yJ/IbTATE PEIIEHUs PEKOHCTPYH-
POBaHHOI AUHAMWYECKON CHCTEeMBL

CrTeneHp XaOTUYHOCTH KaK KpI/ITepI/Iﬁ ANaTrHOCTUKN

B kadecTBe uimocTpanuu paacMOTPUM JIBa TTPUMepPa UCIOIb30BaHUS B Ka-
YEeCTBE TUATHOCTUYECKOTO KPUTEPHS KOJMUECTBEHHBIX XapaKTEPUCTUK CTEMEHH
XaO0TUIHOCTH IIporecca. B KadecTBe MCCIeIyeMbIX CHUTHAJIOB OyaeM aHan3H-
poBath DKI' 4esioBeka, a B KauecTBe Mepbl CTEIEHU XAOTHYHOCTH BbIOEpeM
HOPMHPOBAHHYIO SHTPOIINIO U CTAPIIHii MOKa3areb JIsamyHosa.

a) O6cyaum BHaYAsIe B OONIUX YepTaX METOIUKY SKCIEPHUMEHTOB, MEIbI0 KOTO-
PBIX SBJISJIOCH MCCJIEOBAHUE OCOOEHHOCTEH pPEaKIuu 3I0POBOTO YeTOBEKA HA
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ciabbie BHenHue pasapaxkureau (crpecc). B kavecrBe cabbix cTPeccoB wuc-
M0JIb30BAJIUCh: (pu3nueckast Harpy3ka (30 npucenanuii B TeueHue 1 MUHYTHI),
MeHTaJIbHas HArpy3ka (YTeHHe HEe3HAKOMOTO TEKCTa B TE€UeHHe 2 MUHYT C Iie-
JIBIO €r0 TepecKas3a) u IyMOBOe BO3MYyIeHue (0eBaJIUCh HAYITHUKY U Ha 4 Mu-
HYTHI BKJIIOUYAJICs TeHeparop yma). 3amuchk curnanos DKI ocymecrsisiach
¢ vacroroit guckperusamuu 200 I'm m Britogasa 60-70 kapauowmHTEPBAJIOB.
Bamucu DKI' n1ponsBoannch B MCXOJHOM CIOKOWHOM COCTOSIHHU (10 CTpec-
COPHOT'O BO3JEHCTBYs) ¥ 110 HECKOJIbKY Pa3 BO BPEMsi BO3JEHCTBUsI U HOCJIE ero
OKOHYaHU4. B 3aBUCUMOCTH OT BH/la CTPECCa BPEMEHHBbIE€ MHTEPBAJIbl MEXKJ/Y
zanucamu curtasioB DKI' mornu ormmuarbes. B skcnepuMmenTax ydacTBOBaJIH
IPAKTUYECKH 3/[0pOBble MyK4uHbl (16 4es.) u xenmuust (14 wesr.) B Bo3pacre
ot 20 1o 35 Jer [23].

OtmeTnM BaxkHOe 00cTOSATENbCTBO. VexonubiMu (KOHTPOJBHBIME) JTAHHDI-
MU B 3TUX 3KcnepuMeHTax spjsynch DKI, 3anmucannble ¢ mamueHTOB JI0 OCY-
IIEeCTBJIEHUsI CTPECCOPHOTO Bo3eiicTBusi. Heobxoaumo ObLIO BBISICHUTH, KaKUe
xapaktepuctukun JKI' memoucTpupyoT HambOIBINYI0 CTaOUIBHOCTH BO Bpe-
MeHH y Bcex nanueHToB. C 9TO# Iebio I BCeX HCIBITYEMBIX 3aIMChIBAJICS
curiayg DKI' B teyenune 20 munyT. Jlajee BBHIYUCISINCH KAaK TPaJIUIIHOHHBIE
(4acToTa CEpPIEUHBIX COYPAIEHUil, €e TUCIePCUs, HHTEHCUBHOCTH OCHOBHOM 4a-
CTOTHI CEePJIEYHBIX COKPAINEHU U Jp.), TAK U HETPAJUIMOHHbIE (CHEKTDP MOII-
HOCTH, UHTErpaJibHasl MOITHOCTh, HODMHUPOBAHHAS SHTPONUS, BpeMs KOppeJis-
MU U JIp.). BBLIO yCTaHOB/IEHO, YTO HAUOOJIBIIYIO CTAOUIBHOCTH BO BPEMEHH
JIJISE BCEX YUYACTHUKOB SKCIIEPUMEHTOB J€MOHCTPUPOBAJIa UMEHHO HOPMUPOBAH-
Hag sHTponus! V3MeHeHrs HOPMUPOBAHHOM SHTPONUY He npeBbimaan +£4%, B
TO BpeMs KaK U3MeHeHHs BCeX JPYTUX XapaKTePUCTHUK OBLIM B IpejeaxX OT
+5 + 6% (UCC) no £30 + 40% wu Gosee! Dror muTepecHbiit dakT AOCTOMH
CTEIMAILHOTO UCCJIe0OBAHUSI, OJHAKO B PAMKAX ITON CTATHU OH CJIYKUT IKC-
MEePUMEHTATBHBIM 00OCHOBAHUEM TOTO, YTO HOPMHUPOBAHHAS YHTPONUST MOXKET
HCII0/Ib30BATHCS KAK KOJIMYECTBEHHAS XaPAaKTEPUCTHKA MCXOTHOTO (10 CTpec-
ca) COCTOSTHUSI CEePJEYHO-COCYAUCTON CUCTEMbI YUYACTHUKOB IKCIIEPUMEHTOB.

UccnenoBanusi peakiiny Ha BCE yKa3aHHbBIE BBIIIE BUJIbI CTPECCOPHBIX BO3-
JIeCTBU TO3BOJIUJIN TIOJIYYHUTh ele 6oJiee yIuBUTE/IbHbIE PE3YJIbTAThI: U3 BCeit
cOBOKyTHOCTH XapakTepucTuk JKI', 3amucanubix Bo BpeMs BO3eiCTBUN U MO-
cJie, YCTOWYUBO MAaKCUMAJIbHBIE W JOCTOBEPHBIE U3MEHEHUs JeMOHCTPUPOBAJIA
TOJILKO OJTHA — HOPMUpPOBaHHas 3HTponus! B To BpeMms Kak apTepuajibHOe 1aB-
JIEHHE IIPH CTPeccax yBeJuduBasoch He Gosee yem Ha 10%, YCC — ma 8%,
HOPMHPOBaHHad SHTPONHA M3MeHanach Ha 40 +— 70% u Gomee!

O6cy M KOHKPETHBIE Pe3y/IbTaThl PEAKIIUU AIMEHTOB HA BO3/IeHCTBUE IIIy-
Ma, mpeacTaBaeHnbie Ha puc. 11.3. ['paduku oTpaxKamT n3MeHeHne HOPMUPO-
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Puc. 11.3. 3aBucuMoCcTh BO BPEMEHU CPEIHEIO U3MEHEHUs! BEJIMYMHBI HOPMUPOBAHHOM SHTPOIIUU
curaana KT, 06ycIoBIeHHOTO BO3eicTBYEM IIyMa. A — pe3yabTaThl IIs XKeHmuH, B — pe3yibra-
ThI AJId MY2KYUH. HOpMI/IpOBKa OCyIIeCTB/IAJIACh Ha CpeJHee II0 BpEMEHU 3HAY€HUE NHTCHCUBHOCTHU
konebanuii curaana DKI. Cpennas ommbka m3mepenuii coctasmna +4%

BauHo#l surponuun AH/FE B cpasrenun ¢ surpornueii ucxomubix YKI' Bo Bpe-
Menu B Tedenue 10 muH. [lepBble 4 MUHYTHI MaIlUEHTHl HCIIBITHIBAJIUA IIyMO-
BOE BO3/IeHCTBUE MaJIO#l MHTEHCUBHOCTH. Pe3ybTaTsl TPOCTO yAUBUTEIbHBIE U
BOT mouemy. Kak BuIHO u3 rpaduKoB, HOPMUPOBAHHAS YHTPONHUS JOCTOBEPHO
dbukcupyer Hamuume crpecca (OTKJIOHEHUS OT MCXOIHON HOPMBI Jjis Ipaduka
A 13% w nst rpaduka b 6osee 30%). Bo-Bropbix, rpaduku 1no3BossoT Cy-
AUTh O BPEMEHU DPeJlaKCalluu, IIPU KOTOPOM U3MEHEHUA IHTPOIINU CTPEMATCA
K HY/110. Ul B-TpeTbux, Jijis MAIMEHTOB My2KCKOro nosa (rpaduk b) sHTpoIus
DU CTPECcce YMEHbIIaeTcsl, a JJis KeHCKoro mnoJa (rpaduk A) — Bo3pacraer.
Nzmenenns HOpMUPOBAHHOM HTPONUU B PEAKIMH YeJIOBEKA HA, CJAA0BINH IIyM
IMPUBOJAT K POCTY CTEIIeHHM Xa0TUYHOCTH curHasta DKI' y KeHIWH 1 K yMeHb-
mennio y Myzk4dua! OTMeTuM, 9TO IIpejCcTaB/eHHbIe Pe3yJbTaThl IOJHOCTHIO
KOPPEJTUPYIOT C U3BECTHBIMU B OMOJIOTMM JAHHBIMU O TIOJIOBBIX Pa3UYUSX B
pPeakIugax Ha CTPece, MOJYYeHHBIMU JIPYTUMU METOJTAMHU.

6) Paccmorpum apyroit mpuMep, Tae B Ka4ecTBe JTHATHOCTHIECKOTO KPHTE-
pud TaKzKe HMCIHOJIB3YETCAd KOJIUYECTBEHHad XapaKTEePUCTUKa CTEIIEHHU XaOTHu4-
noctu currasia, DKI' — crapmmii mokazarens JIsnywosa. [Ins ananmwusa Oblin
BrIOpanbl 40 manuerToB CapaToOBCKOrO KapAHOIEHTPA, CTPATAIONAX HUITEMU-
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veckoii 6ostesnnio cepana (MBC) paznmnunoit crenenn tsixkectn. C 1oMomipo
CHIeNUA/IbHBIX MEIUIUHCKAX MeTO0B (KopoHaporpadusi, crenenb mnorped.ie-
HUS MHUOKAPJOM KHCJIOPOA, XOJITEPOBCKWII MOHHUTOPUHT, (DU3MOJIOTHIECKAs
npo6a Ha VIBC u ap.) 40 manueHTOB KapIuOlEHTpa Bpadamu ObLIN pasjie-
JIEHBI CIEIMAJIUCTaMu Ha 2 TPYIIbl C pa3audHOil cremenbio Tsxkecru NBC:
1 rpynma — 24 namwenTta, 2 rpynmna — 16 mamuerToB. OTMeTHM BaxKHOE 00-
CTOATEIbCTBO: IPUMEHEHHE CTaHIaPTHBIX MeTo0B 00paborku curaajioB DKI'
u RR-VHTepBAJIOB He MO3BOJIMJIO JOCTOBEPHO YCTAHOBUTHL PA3TUIUST MEIKITY
6oJsibHbIMU 1-#1 1 2-it rpynn! Hameit 3aga4eit 06110 10Ka3aTE/IbCTBO BO3MOXKHO-
CTH JIOCTOBEPHOIO pa3jie/ieHusl OOJbHBIX 110 CTEIEHU MATOJOTHH Ha JiBe I'PYII-
IIbI, KMCIIOJIb3Yysl B Ka4veCTBE MCTOYHUKA HHEMOPMAIMU O COCTOSHUHU 3/I0POBbS
T0J1bKO 3anucu curaajgoB DKI'. [Ipuuem, nHam O6b11u npeacrasiensl DK Becex
40 mamueHToB 6€3 yKa3aHUs HA TO, K KAKOW I'PYIINe OHU OTHOCSTCS.

B pesynbrare quTeNbHBIX AETAJIBHBIX MCCAEIOBAHUN, BKIIOUYAIOIIUX PaC-
gerhl Ha 9BM paznnunbix xapakrepuctuk JKI', 66110 yeraHoBI€HO, 9TO pas-
JieJIeHUe TAIMeHTOB BO3MOXKHO. Hanbostee 10CTOBEPHO 3TO pa3/ieieHne ocyIie-
CTBJISIETCs TI0 CTapIleMy JisyHoBCKoMy nokazarenio KT [24]5.

Metoauka mpoBeeHNsT IKCIIEPUMEHTOB M Pe3YJIbTAThl ObLIN CJIeIYIONUMU.
Jnga kaxkmoro n3 40 mammeHTOB UMEJUCh 3allUCU ABYX TOCIeI0BATETbHOCTEN
R R-wnreppaJsioB mo 350-500 Touek: mepBasi orBedasia JKI' mamuwenta B cro-
KOWHOM COCTOSTHUH, BTOpasi — BO BpeMsl YCTAHOBUBIIIETOCS TIPOIECca Harpy3KH,
IpeJICTaBIAIOIIeH coboit paboTy Ha Besnospromerpe. IlamueHTH KpyTHIU IIe-
JIATM BEJIOIPTOMETpa ¢ 4acTOTOR mpuMepHO 60 060poTOB B MUHYTY (HArpy3Ka
cocTaBisiia 25 BT) M MOCJE 3aBEPINEHNsT EPEXOIHOTO MPONECca OCYIIeCTBIsI-
JIaCh 3aMUCh mocienoBaTeibHocTH R R-untepBaioB DKI' B Teuenne 5-7 MUHYT.

O6paboTka JaHHBIX SKCIHEPUMEHTOB TOKA3a/1a, 9TO y OJHONW YACTH TalMeH-
TOB IO/, ,ZLei/JICTBI/IeM Harpy3kKu JISIHYHOBCKI/Iﬁ IMOKa3aTeJIb YBEJINIUBACTCA (CTe-
nedb xaoruuHoctu curiana YK Bospacraer), y Apyroit — ymenbInaercs (cre-
IIeHb XAaOTHYHOCTH majaer). Bosee koHkperHo: y 12 mamumentoB u3 16 (2-a
rpyIIa) mokasaresb JIsSmyHOBa Mpu HATpy3Ke Bo3pacraer, y 17 manueHTOB
u3 24 — ymenbmaercs. Takum o0pa3oM, U3MeHEHUe BeJIMYUHBI JISIyHOBCKOTO
OKA3aTe sl CUTHAJA, TPEJICTABJSIONEr0 CO0OH 3aluch MOCIEI0BATETHHOCTH
KapIMOUHTEPBAJIOB BO BpeMeHHU, 00YCIOBIEHHOTO peaKIfeil OpraHu3Ma maly-
€HTa Ha HArPy3KY, MO3BOJIUJIO YCTAHOBUTDH MPUHAIEXKHOCTh 29 MAIMeHTOB U3
40 (t.e. 72.5%) x 1-it mam 2-it rpynme. MoKHO TOBOPUTH O JOCTOBEPHOIl THa-
raoctuke crenenn IBC mo 9KI'!

5 OTMmeTnM, YTO B MeIUIMHE JOCTOBEPHBIMI CINTAIOTCS JAHHEIE OMBITOB, IIOATBEPIKIAIONIIECS He
Meree 9eM g 66% or 06mero umcia manuenTos, YI9aCTBYIOIUX B 9KCIIEPUMEHTE.
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OtMmerum BaxkHbIN pakT. Kak y2Ke roBOpUIOCh, CTeleHb Xa0TUIHOCTHU IIPO-
I1eCCa XapaKTepu3yercd HOPMHUPOBAHHON SHTPONNEN W NMOJOXKUTEJbLHBIMU II0-
KazarensaMu JIgmnyHoBa. B skcrepuMeHTaxX, OMUCAHHBIX BHIIIE, 3TOT (PAKT MOJI-
TBepaucd. Pa3nenenne maiueHToB Ha Ipynnsl mo crenenn taxectu MBC mo-
CTOBEPHO MOXKHO ITPOBECTH, UCIOJIb3ysl HOPMUPOBAHHYO SHTpOIHIO. O 1HAKO, C
YHUCTO TeXHUYECKOi ToOuKM 3penust (amresbHoctsb 3anuceiit KT, rounocTs BbI-
YHUCJIEHUTT ¥ JIP.) B PACCMOTDEHHBIX BBIIIE SKCIHEPUMEHTAX JIsiIly HOBCKHUIT 110Ka-
3aTe/ib KaK JIMarHOCTUYeCKUl Kpurepuil okazaJics 60Jjiee 1pe/iiouTuTe/ IbHbIM.

3akKJII0o4YeHmne

[IpumeneHne COBpEMEHHBIX JOCTHKEHHN TEOPHM JUHAMUYECKHX CHCTEM WU
HEJTMHEeWHON MTUHAMUKHU 7S MaTeMaTHYeCKOTO MOJIETUPOBaHUS (DYHKIIMOHU-
pOBaHUS W JIUATHOCTUKU COCTOSTHUS >KMBBIX CHCTEM SIBJISE€TCS HOBBIM U IIEp-
CIIEKTUBHBIM HAIPaBJIEHUEM MCCIEIOBAHUN, TPeOYIOIUM 00be IMHEHUS YCUTHi
bU3MKOB, MATEMATUKOB, OMOJIOTOB 1 MeuKOB. Kak Jitoboe HOBOe HalpaBJieHne
B HayKe, OHO TIOJIBEPraeTcsl YCUJIEHHON KPUTHKE W ITO €CTECTBEHHO. TPyIaHO
NpeICTaBUThH cebe u TeM DoJiee I0Ka3aTh, 9TO B HEIAJIEKOM OYIyIeM CepIevdHo-
COCYTUCTasl CUCTEMA YeJIOBEKA OYIeT a/IeKBATHO OMUCAHA MATEeMAaTHIeCKON MO-
JIeJTbI0, TAPAMETPHI KOTOPOH COOTBETCTBYIOT (DU3UOJIOTUIECKOMY COCTOSHUIO U
BO3/IeliCTBUE HA KOTOpPBIe Oy/eT MPUBOIUTH K JIEYEHUIO TOU WM WHOU 0oJie3-
Hu. TeMm He MeHee MHOTHE Cepbe3HBbIE HCCIEI0BATE/H BEPAT B Takoe Oymyriee
U MHTEHCHBHO PA0OTAIOT Jjis TOTO, YTOOBI €ro MpUOJIU3UTh.



Jlekims 12

PekoncTpykiing aumHaMmuniecKnx
CUCTEM

Onucwvieatomes coOBpeMeHHBLE MEMODDL U AA20PUMMDL, UCTLOADIYEMDBLE NPU PE-
wenuy 3adad 80CCMAHOBACHUA MOJeAbHOT JuHamuMecKol cucmemb. AUbO
€e Tapakmepucmur no 00HOMEPHBILM epemernvim padam. [Ipusodumes npu-
MeP KOHKDEMHO20 NPUMEHEHUA ONUCIHHBLET AA20PUMMOE 0AA PEKOHCTPYKUUL
mpexmeproti duppepenyuarvhoti cucmemo. Peccaepa.
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BBeneuune

Baxkneiimmuit MeTon mcciie[oBaHUs BOJIIOIMOHHBIX ITPOIECCOB B €CTECTBO-
3HaQHWM COCTOWT B TIOCTPOEHUH MaTeMaTUIECKUX MOJesIeil U3ydaeMbIX CHCTEM 1
ux aHaju3e. Kak ckazaJ ofH U3 BEJIMKUX MBIC/IATE el TPOIILIOTO BeKa, JII00oe
yTBEPKIeHNe UCTUHHO HACTOJILKO, HACKOJILKO OHO Oa3upyeTcst Ha MaTeMaTHKe.
Hannume maTemaTndeckoit Mojesu MccaeayeMoil CHCTEMBI CYIIECTBEHHO pac-
MUPSET BO3MOXKHOCTH €€ M3y4YeHUs, T03BOJIAS PellaTh 33/Ia4d TPeICKa3aHus
MOBEJIEHUS CUCTEMBI BO BpEMEHH U 3aBUCHMOCTHU PEXKMMOB ee (DyHKIIMOHUPOBA-
HHUs OT apaMeTpoB. Takum 00pa30M, OJIHO U3 EHTPAJIbHBIX SIBJISETCH 33/1a9a
MaTeMaTHIeCKOr0 MOJIeIMPOBaHNs, PellleHre KOTOPOil JaeT BO3MOXKHOCTD OCY-
MECTBJIEHUs] HAYyYHOT'O IPOTHO3a (PYHKIMOHUPOBAHUS CHCTEMBI BO BPEMEHH,
SABJIAIOIIETOCS OTHOM W3 TJIaBHBIX POOJIEM B €CTECTBO3HAHUM.

Pemenne 3a1aun MoieTMpOBaHUS TEOPETUIECKHN HE COJEPKUT TPOOJIeM, ec-
JIM peaJibHasl CUCTeMa 3aJ/iaHa. XOPOIIO U3BECTHBIN IpUMepP — KoJiebaTe IbHbI’
LC'—xonTyp. Ha ocHOBe 3HaHUS CX€MBbl KOHTYPa ¥ 9JIEKTPUIECKUX 3aKOHOB HE
MpeJICTABIIAET TPY/a 3alMCaTh OCHOBOIIOJIATAIONINE COOTHOIEHNS U MOy YUTh
YPaBHEHUS KJIACCUYECKOTO OCHUJIIATOPA:

i+wir =0, w2=1/LC. (12.1)

Pemennem ypasnenusi (12.1) siBisiercss rapMOHMYECKHil KosiebaTebHbBIH BO
BPEMEHH IIPOIECC, YACTOTa KOTOPOI'O OIpEJIesieTCs mapaMeTrpaMu KOHTypa L
u C. [Ipu 3a7aHHBIX HAYAIBHBIX yCIOBUSAX Z(tog) U @(t)) COCTOSHME CHCTEMBI
(12.1) 6ymeT omHO3HAYHO U3BECTHO IS JIIOOOTO BpeMeHH t > 1.

O1HaKO OYeHb YaCTO MPUXOIUTCS CTAJKUBATHCS ¢ 0OJIee CIOXKHOM CUTyaIy-
eil, Korya JieTaJbHble CBEJICHHSI O PeaJIbHO#l cucreme JinbO OTCYTCTBYIOT BOBCE,
b0 FBHO HEJOCTATOYHBLI. EuHCTBeHHas umHAOpPMAIMg O CBOMCTBAX CHCTe-
MBI COJIEP’KUTCSI JIMIIHh B IKCIIEPUMEHTATBHON 3aBUCUMOCTH OJHOW M3 KOOPIH-
HAT COCTOSTHWSI CHCTEMBI BO BpeMeHH. Takasi 3aBUCHMOCTD a(t), W3MepeHHasl B
TeueHne KOHEYHOTO BPEMEHW (y, Ha3bIBaeTCs Habarodaemol (MIu peaju3anu-
eit) cucrembl, a npu Juckpernzanuu ¢ marom At: a(iAt) = a;, i = 1,..., N;
N = [to/At], ona HOCUT Ha3BaHUE 00HOMEPHO20 6pemeHH020 pada. Jlenaercs
IPEJIIIOJIOKEHNE O TOM, 4To Habsonaemas a(t) siBJAseTCsl JeTepMUHUPOBAHHO
OTIpeJIeJIEHHOH, T.e. IPeJICTaBIsIeT cO00 OHOMEPHYIO TPOEKITNIO (Da30Boii Tpa-
eKTOPWH, TIOPOXKIaeMoil HeKoTopoit nurammdeckoii cucremoit (1C). Bamaqeit
PEKOHCTPYKIUU JUHAMUYECKOU CHCTEMBI SIBJII€TCS BOCCTAHOBJIEHHE MO/IE/Ib-
noit JIC, pemienue KOTOpOil ¢ M3BECTHON CTENEHbIO TOYHOCTH BOCIPOU3BOIUT
OIHOMepHY0 Hab/0aeMy o a(t) Ha 33J[AaHHOM HHTepBaJie BPEMeHH to W st
t > tg. Ilpobsmema pexonctpyknuu JIC, TakuMm 0Opa3oM, OTHOCUTCS K KJACCY
00paATHBIX 33/1a4, PEIleHue KOTOPBIX HE MOYKET OBITh OTHO3HATHBIM.
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B pamkax Hacrosiei JeKIud Mbl OIPAHUYIUMCS PACCMOTPEHHEM pobJie-
MbI BoccTanoBienus: (pekoncrpykuuu) JIC B BuJe CHCTEMBI OOBIKHOBEHHBIX
muddepenrusiibubix ypapuenuit (O1Y) win JUCKPETHBIX OTOOPaXKEHWH I10
O/ITHOMEPHOMY BpEeMEeHHOMY psiy. BakHo mpu 3TOM He 3a0BIBaTh, YTO BpEMeH-
HO¥ psizt a(tAt) npejmonaraercsi 1eTepPMHUHUPOBAHHO ONPE/IEJEHHBIM, TO €CTh
OTpakaeT IBOJIIOIUOHHBIN mporece peasbnoit JIC, ynpasiasemoii nerepMuHu-
POBaHHBIMU AUHAMHWYECKUMU 3aKOHAMM. ECTeCTBeHHO, 4YTO TaKO€ IIPeAIloJIo-
JKeHWe CyKaeT KJIaCC PAcCMaTpPUBAeMbIX CUTHAJIOB. B 4YacTHOCTH, ecju Bpe-
MEHHOH DsiJi €CTh CJIeJICTBHE abCOIOTHO CJy4aifHOro (IIyMOBOIO) HPOLECCa, TO
rOBOPUTH O PEKOHCTPYKIUK He uMeeT cMbicia [4,25].

[TonbITaemMcss HMOHSATH OCHOBHBIE IIPOOJEMBI, C KOTOPBIMHU CBSI3aHO pellle-
HUeE 33J71a91 PeKOHCTpYyKIuu. [TepBasi obycioBieHa HeOOXOIMMOCTBIO BBE/ICHUS
KaKIM-JTI00 00pa30M KOOPAMHAT COCTOSIHUS CHCTeMbl. Beh HaM u3BecTHa 3a-
BHCHMOCTH BO BpeMeHH (Ha KoxewHoM MHTepBaje!) JUIb OTHON U3 KOODIUHAT
peasnbHO# cucrembl a(t). Kak BBeCTH HOBBIE KOODAMHATHI U CKOJIBKO UX JOJIKHO
orirh? Kakosa pasmepuaocts JIC, KOTOPYIO MBI XOTHM BOCCTAHOBUTH?

[Tpeamomokum, 9T0 HAM y/IAJIOCh KAK-TO PEITUTH 3Ty MPOOIEMY U Mbl 3HAEM
pasmepHocTb n Mojaeabnoit /JIC. Cpa3y Bo3HUKaeT BTOpOil, He MeHee BaKHBIM
BOIIPOC: KaK 3alucaTh caMu ypaBHeHus! KakoB BHJ MOJEJbHOTO OIE€paTOpa
9BOJIIONMH, KOTOpBIH B ciaydae OJLY ompesensercs nNpaBbIMU YaCTSIMU CHCTeE-
MBI 1 TuddepeHnuaIbHbIX YpaBHeHui epBoro mopsika? Jlate 0bocHOBaHHBIE
OTBETHI Ha TH J[Ba BOIIPOCA II0 CYTH JieJIa U CTh COJepXKaHue pPa3jiesia TeOPUU
JUHAMUYIECKUX CUCTEM, PACCMATPHUBAIOINIEro mpobaeMy pekoncrpyknuu JIC mo
OJTHOMEDHBIM BPEMEHHBIM DPSTAM.

B 1980 r. onl1a omyosmkoBana pabora H. Ilakapma, B KoTopoit moKa3aHo,
4TO (Da30BBI TOPTPET JUHAMUYECKON CHUCTEMbI MOYXKET ObITh BOCCTAHOBJIEH TI0
CKaJIIPHOMY BPEMEHHOMY DAY G;, €CJIU B Ka4eCTBE HEeJOCTAIIINX KOOPJIUHAT
BEKTOPA COCTOSTHUS UCIOJIB3YeTCs TOT YK€ CAMBIil PsiJl a;, B3ITHI C HEKOTOPHIM
3ana3apiBanneM. B 1981 1. Oblyia J0Ka3aHa TeopeMa, YTBep:KIalolasl, YTO 10
omromepHoit peanusanuu a(t) JIC, obnagarommeii arTpakTopoM A, mpuHaie-
JKAIUM TJIaJIKOMY d-MepHOMY MHOT000pa3uio, METOA0M 33IePXKKU MOXKHO I10-
JIVUYATH N-MEPHYIO PEKOHCTPYKIUIO A HCXOIHOTO aTrTpakTOpPa KaK MHOXKECTBO
BekTOpoB (1) B R mpu n > 2d + 1 (Teopema Taxenca):

x(t) = Ay (a(t)) = (a(t),a(t+7),...,a(t+(n=1)1)) = (21,22, ..., z,). (12.2)

Cormacao Teopeme, orobpazkenue A, : A — Ag aBisgercsa riaaakuM u oOpaTu-
MbIM Ha Ap nouru npu Jir06oit 3aaepxke 7 (ecu N — 00).

[TonwbiTaemcss pazobparhesa B cojepkanuu Teopembl Takenca. Oua 060CHO-
BBIBAeT BBEJIEHNE B KAUECTBE HOBBIX KOOPAUHAT COCTOSTHUSI CHCTEMBI 3HAUEHUIT
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OJIHOMEPHOTO BpeMeHHOro psina a(iAt), B3ATHIX uepe3 HeKOTODPbIi MHTEPBaJI
BpEMEHH T:

21(8) = a(t), wa(t) = alt +7), 23(t) = a(t + 27), ... (12.3)

Yuc10 KOOPAWHAT COCTOSTHUSI KOHEYHO U JIOJI?KHO TPEBHIINATh PAMEPHOCTD AT-
TpakTopa d. BHOBb BOZHUKaET BONPOC: KaK peasibHO BHIOPATh BPeMsi 3aIePKKH
77 KakuMm crmocobom ompeie/inTh 9ucaio n, KOTOPoe 33/@eT Pa3MepHOCTh MO-
JIeJIBHON CHCTEMbl ypPaBHEHUIT!

K coxkasienunio, 0TBETOB Ha IIOCTaBJIEHHBIE BOIIPOCH HA OCHOBE TOJIBKO TE€O-
PETHYeCKUX Pe3yIbTATOB MOJIYYUTh HEIb3sl, TPeOyeTcs MpUBJIeYeHUe TaHHBIX
9KCIEePUMEHTAJIbHBIX uccienopanuii. [lonbiTaemcss 7aTh OTBETHI HA 9TU BOIPO-
CBI.

1. C ToYKHM 3peHus NOJIOKEHU TEOPUH 3aePXKKA T MOYKET OBITh TPOU3BOJIb-
HOMt. OIHAKO COBEPINIEHHO SICHO, YTO €CJU T CJIUIIKOM MAaJo, TO - U 1 + 1-s
KOOPIMHATHI TOYEK (DA30BOH TPAEKTOPUM NMPAKTUYECKU HEOTJUUUMBI JIPYT OT
npyra. PekoHCTpyupyembiii aTTpakTOp B TOM CjIydae pacroJiaraercss BOJIu-
3W IVIABHO# JMArOHAJU IPOCTPAHCTBA BioxkeHus ("munHun upentuanocru"). A
9TOTO JOMYCKATh HEJTb3s B CHJIy OINpEIeeHNs: KOODAMHATHI COCTOSHUS €CTh
HE3aBUCHUMBbIE TIePEMEHHbIe, OTHOZHAYHO OIPEEISIONINe COCTOSTHUE CHCTEMBI.
C apyroit cTOpoHBI, ecid BpeMsl 3aJepKKH OY€Hb BEJMKO, KOOPJAUHATHI OKa-
3BIBAIOTCST HEKOPPEJTUPOBAHHBIMU, U PEKOHCTPYUPOBAHHBIN aTTPAKTOP HE OT-
paxKaeT UCTUHHOW AuHaMuKu. Ha OCHOBe 3KCIEpUMEHTOB YCTAHOBJIEHO, YTO
OTIEHKa OTITUMATLHOTO BPEMEHU 33IEPXKKY MOYKET ObITh MMOJTy4YeHa U3 PACUEeTOB
aBTOKOppeAnonnoit dyukmun 1 (1y) =< a(t)a(t + 79) >, KoTOpast JJIsI CIOK-
HBIX HEMEPUOAMIECKHUX MPOIECCOB OyIeT crnaaaoleil BO BDEMEHH Ty. JHAUEHNE
To, COOTBETCTBYIOIIEE BPEMEHHU JIOCTHKEHHUsI IEPBOro HyJist GyHKImU (1), uc-
MOJIB3YETCS B SKCIIEPUMEHTAJBHBIX UCC/IETOBAHUSIX JIJIsI OIIEHKH 3aJePXKKW T B
(12.2) mpu BBEJEHWM HOBBIX KOODJMHAT COCTOSIHUSI MOJIEJTHHOU CHCTEMBI.

2. Tenepb HYKHO KAKMM-TO CIIOCOOOM HAMTH 71, YTOOBI OMPEJETUTh Pa3Mep-
HOCTh PEKOHCTPyupyemoii cucrembl. VI3 Teopuwm cjemyer, 9To jjisi Ompeiese-
HUs 1 HeOOXOMMO 3HATH PA3MEPHOCTH ATTPAKTOPA PeabHON JUHAMUIECKOM
CHUCTEMBI, KOTOPasi MOXKeT ObITh OlpejiejieHa cjeayomuM obpa3om. Bribpas
IPOM3BOJIbHOE (HEBOIIBINOE) 3HAUEHHE PAa3MEPHOCTH TPOCTPAHCTBA BJIOYKEHHST
Ng, PEKOHCTPYUPYEM ATTPAKTOP U OTPEIEUM €ro Pa3MepHOCTD dp ¢ TOMOIIHIO
CIIEIUAJIBHBIX AJITOPUTMOB. 3aTeM ITOBTOPUM JAHHYIO [IPOIEIYDY, YBETHIABASI
N /10 T€X MOP, MOKA BEJMYMHA PA3MEPHOCTU dp HE IepPecTaHeT IPeTepIeBaTh
m3menenuit. CoorBercTBylolee 3HaUYeHUE dp JIJIsi XAOTUYECKUX ATTPAKTOPOB
oyner HenensiM. Jlanee onpenenserca OynKaiiee cBepxy Ie0oe 4UCjo, U Ha-
XOmIuTCH d — Pa3MepHOCTh MPOCTPAHCTBA, B KOTOpoe '"yK/aapiBaeTcs ' HAIT aT-



161

tpakTop. C nomoriso dpopmysisr Mans
n>2d+1 (12.4)

olpeiesisieTcss Pa3MepHOCTh MPOCTPAHCTBA BJIOXKEHUS, HeoOXoauMasl Jjisi pe-
KOHCTDPYKIIMM ATTPAKTOPa (& 3HAYAT, U PA3MEPHOCTb MOJIETHHOU JTUHAMMIYE-
CKOli CHCTeMBI), ¥ TAKUM 00pa30M OTBET HA BTOPOH BOMPOC MOJIYUEH.

N3 ckazaHHOTO CJIeayeT, 9To /I8 TMOJyYeHusd TUHAMWYIECKOTO ONMUCAHUS Ha
OCHOBE OJIHOMEPHOI'0 BPEMEHHOI'0 PdAJa HY2KHO PElIUTh CJeAyIoliue 33/1a4u:
ONPEJIEJIATh PAa3MEPHOCTh HPOCTPAHCTBA BJIOXKEHWsA, PEKOHCTPYUPOBATH aT-
TPAKTOP B HOBOM MO/I€JIbHOM (Da30BOM IIPOCTPAHCTBE U, HAKOHEI], 3allUCaTh
SIBHBIM BHJ MOJEJbHON cucrembl. PaccMoTpuMm Terepb 3TU 3Talibl 0oJiee 1o-
JIPOOHO.

OnpeneneHne pa3MepHOCTU BJIO2KEHUHA UM PEKOHCTPYKITUS
aTTpakKTOpa

[TpennooKuM, 94TO B pe3yIbTaTe SKCIePUMEHTA, [0y YeHbl 3HAYCHH HEKO-
TOpoil (hu3MUecKoil BeIMUYMHBL a, TO ecTh Habop a; = a(iAt), i = 1,...,N.
Byzmem cumrarh, 4T0 BpeMeHHOI psif a; MOpoxkKaaercs HekoTopoit JIC ¢ Hempe-
PBIBHBIM WJIM JIUCKPETHBIM BPEMEHEM, IIPeJICTaBIsisA co00il TUCKPETH30BAHHYIO
¢ maroM At OJHOMEPHYIO MPOEKIHUIo (a30Boil TPaeKTOPUU. DTa TPAEKTOPHS
NPUHAJIEKUT ATTPAKTOPY CHUCTEMBI, pa3MepHOCTh Kotoporo pasua d. Co-
rinacHo TakeHcy, 3a7aTh BEKTOD COCTOsiHHsI MOXKHO 1o Meroay (12.2). Pas-
MEPHOCTb MPOCTPAHCTBA BJIOYKEHUS N ONPEIE/IsIeTCss Ha OCHOBAHUU (POPMYJIBI
Mamns (12.4), T0 ecTb TpeOyeT IpeIBAPUTEIBHOTO BHIUUC/IeHNs Beiudaubl d. Ha
IIPAKTHKe 3HAUEHHE N, onpeeisemoe ¢hopmyioit (12.4), acTo oka3biBaeTCs 3a-
BBIIIEHHBIM, H MOXKHO OIPAHMYUTHCS IIPOCTPAHCTBOM MEHbINeH pa3sMepHOCTH
(n < d).

Bravajie HeoOXOIMMO ONpeneuTh pa3MepHOCTh aTTpakTopa d. s ee
OIEHKU OOBITHO BBIYHUC/ISIIOT TaK HA3BIBAEMYIO KOPPEJISIMOHHYI0 PA3MEPHOCTD,

UCTIOIB3YsT (POPMYJTY
. . lgC(e, N
D, = lim lim M, (12.5)
g—00 N—oo 1g £
rie C(e, N) = N2 v(e— | @; — x; |) — xoppensmuonmpiii unrerpar, & -
pa3Mep gueiiku pa3dueHus ¢pa3z0BOro NpoCTpaHcTBa, N — YUCI0 TOYEK, UCIIO b
3yEeMBIX JIJTsl OIIEHKH Pa3MepHOCTH, v — (byHKIms XeBucaiia, €; = x(iAt). dasa
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onpenenennsi D, crposit 3asucumocth 1g C'(e, N) or Ig e n wniyT Ha Heil JnHeii-
HBIl yYaCTOK, HAKJIOH KOTOPOTO W ONPEJIENsseT UCKOMOe 3HAUYeHNe Pa3MepHO-
cru. Kpome Toro, nHOTIa aHATM3UPYIOT 3aBUCUMOCTE D, (1) U YBETHUUBAIOT N
JIO TeX TOp, MOoKa ). HE JTOCTUTHET HACHIIEHUS.

MSBeCTHO, YTO IIPpU BbIYUCJIEHUU Dc CyHIieCTBYIOT OI'paHUY€HHd Ha BeEJIU-
gynHy €. Ecim & npubsmkaercs K pa3MepaM aTTPAKTOPA Emax, TO JUHEHHAS
zasucumocth 1g C'(e, N) or lge nponajaer, 4ro 0ObsICHSIETCS BJIUSIHUEM I'Da-
HUI[ aTTPAKTOPa, IJIe YUCJI0 COCeJedl Yy KaxKJIOW TOYKU OOBIYHO MEHbIIe, YeM
B “cepesune”’. B npejese, eciim € = £y, 10 1gC(e, N) = 1. C apyroii cropo-
HBI, IIPDY YMEHBIIIEHUH 3HAYEHUS € CYIIECTBYEeT HEKOTOPOE £ ,in; TAKOE, YTO s
£ < Emin CTPYKTYPa aTTPAKTOPa OCTAETCA HepaspellenHoi. Kak ciencrsue,
BHOBb Hapyliaercs JuHeliHas 3apucumoctsb 1g C(e, N) or lge.

Onnoit m3 pobJieM TIpU pacyeTe Pa3sMepPHOCTH sIBJISETCS BHIOOD BeauunH [N
u At. llenecoobpa3Hee ux moaOMpPaTh HE IO OTAEIBHOCTH, 8 YIUTHIBAS Pa3Mep
Bpemennoro okaa NAt. [Ipu srom ciepyer npuHUMATh BO BHUMAaHUE CYIIE-
cTBOBaHMe (PyHIAMEHTAJIHHBIX OIPDAHUYEHUN HA BeJIUYUHY [, ONpeIe/sieMbIX

dopmy.toit
2lg N €

" Ig(1r) -
KOTOpas O3HAYAET, YTO AJTOPUTM PacyeTa Pa3MEePHOCTH HE MOXKET JaTh 3Ha-
yeHue Oosibie, yeM [, Ipu 3a7aHHOM 4ucjie Touek N. VHbIMEH ciioBamu,
ectu r = 0.1 mw N = 1000, 70 Dy < 6; ecmtu N = 100000, To Dy < 10. B
pe3yabTaTe BO3HMKAIOT OIpe/IeJeHHbIE CJI0KHOCTH B CJIydae, KOrja Tpedyer-
cs1 OTJIMYUTDH JIeTEPMUHUPOBAHHBIN MPOIECC B CUCTEME C JOCTATOYHO OOJIBITUM
YUCJIOM CTeleHeil ¢BOOOAbI OT MCTUHHO CJIy4YaifHOTO IpoIecca.

3HaHWe pa3MepPHOCTH MO3BOJIUT HAM PEKOHCTPYHMPOBATH ATTPAKTOD METO-
JoM (12.2), kak OBLIO ONUCAHO BHIIIE.

Meron 3amepxkku TakeHca sBjseTcs HaumbOJiee M3BECTHLIM, HO HE €IUH-
CTBEHHBIM CIOCOOOM 3a/IaHUs BEKTOPA COCTOSHHS. AJIbTePHATHBONW €My CJIy-
JKHAT TaK HA3BbIBAEMBIl METOJI IIOCJIeI0BaTeIbHOr0 AuddepeHInpOBaHN, HMe-
IOIUil OIpejie/IeHHbIe MPEeUMYIINEeCTBa MPHU PEIIeHUH 33/1a9i PEKOHCTPYKIIHH.
Unest nannoro merona caenyiwomas. [Tycrs umeercs: Bpemennoit psajy a(iAt) =
a;, 1 =1,..., N. 3amanue BeKTOpa COCTOIHNUA B (Ppa30BOM MPOCTPAHCTBE TPO-
U3BOIUTCS CJAEIYIONIUM 00pa30M:

(12.6)

x(t) = (a(t),da(t)/dt,...,d" " a(t)/dt"™") = (21,29, ..., 7). (12.7)

[TockobKy W3BECTHBI 3HAYEHUS ; TOJTBKO B IUCKPETHbIE MOMEHTHI BDEMEeHH
1At, KOODAMHATHI Z; BEKTOPA T OIPEIEeNII0TC IIyTeM YUCIeHHOTo nuddepen-
IIUPOBAHUS UCXOTHOTO BPEMEHHOTO PSIIa MO MPUOTUKEHHBIM MAaTEeMATHIeCKUM
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dopmynam. OUeBUIHO, YTO TOYHOCTH BBIYUCIEHUSI TPOU3BOAHBIX OyIeT orpe-
JeJIIThCS MaJIOCThIO BEIWYMHBI Imara guckperusanuun At. Hemoctarkom me-
TONA FABJALIETCd TMOBBINMIEHHAS YyBCTBUTEJIBLHOCTH K IIyMy, YTO OTDAHUYUBAELT
ero TMPUMEHUMOCTD sl TPOCTPAHCTB BJIOKEHUsI GOJIBINON pa3MepHOCTH (110
Kpaifueii Mepe, 6€3 POBE/IEHNSI TIPEIBAPUTEILHOIN TPOLE Ly DBl (DUIBTPAIMN ).

PeKOHCprKI_II/Iﬂ I[I/IHa,MI/I‘-IeCKOI'?'I CCTEMBI

[Tocsie Boccranosienust pazosoro noprpera arrpakropa C jiiobbimM u3 Bbi-
nienepevurc/JIeHHbIX ME€TOJ0B MOXKeT 6I)ITI) pelleHa 3ada4a PEKOHCTPYKIUU Olle-
paropa 3Boaoruu. Hanbosiee npocToit crocob 1jisgt 9TOro — CO31aTh N~ MEPHOe
JIUCKPETHOe 0TOOparKeHue

141 = Fi(z14,294, ..., Tni),
............... (12.8)

Tnit+1 = Fn($17i7 L4y - - 7$n7i)7

rje T;; — KOODAUHATHI BEKTOPA COCTOSIHUA, PACCMOTPEHHOIO B MOMEHTBHI Bpe-
Menn iAt, F; — HesmHe#iHBIE QDYHKINH.

B pamkax anropurma r100aJbHON PEKOHCTPYKIMH s TOJYyYeHUs] KOH-
KDETHOTO BHUJa 3BOJIIOIMOHHOTrO oneparopa (ynkuuu [}, j = 1,...,n npej-
CTaBJISIIOT B BHUJIE PA3JI0XKEHWsI 110 HEKOTOPOMY 0a3uCy, OrpaHWYMBasICh TPH
9TOM KOHEYHBIM YHUCJIOM YJIEHOB pa3JjioxkeHus. B mpocreitem cirydae 3a/1aHue
F; MOKeT OCyIIeCTBIATbCA IIOJIMHOMAaMU HEKOTOPOil CTENEeHHU V:

Fi@)= Y. Cinss. |2 <y, (129)
k=1 P

11,02, ln=0

rae Cji, io,...1, — HEU3BECTHBIE KO3 PUIMEHTHI, KOTOPBIe TpebyeTcs HafiTu. s
ANMPOKCUMAIIUN MOTYT NMPUMEHSAThCA TMOJUHOMBI JlexKaHapa MO0 MOXKeT uc-
0J1b30BaThCd OoJjiee cloxKHasg MeTonuKa. Jna 3amanusd [ Mbl orpaHHIMMCH
dbopmyaoii (12.9).

Cucrema ypasaenwuii (12.8) momyckaer 3amuch jist Jiro6oro Homepa i. s
HaxoXKIeHust kKo3ddunuentos (12.9) nHeobxomumo pemmth cucremy N JIHHEH-
HBIX aJreOpanvdecKuX ypaBHEHUI

Ljit+l = Z Cj,ll,lg,...,ln H SL’%’Z, 1= 1, cey N (1210)
k=1

l1,l2,...,ln=0
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¢ memsBecTHbBIME (), ;. , B KOTOpOit N — UMCJIO TOYEK CKAJIAPHOTO BPEMEH-
HOTO pSJa, UCIOJIb3yeMbIX JJId allIPOKCUMAIIUN TTPABBIX YacTeil,  — CTeleHb
MOJTMTHOMA.

[Tpu 3amaHubIX n U v 9ucao Koddduiuenrop K mnoaunomos (12.9) B 06-
eM CJIy4ae MoxkeT ObiTh onpeseneHo no gopmyre K = (n+ v)!/(nlv!). Kak
npasuio, N > K, no3roMy Jiisi KOHKPETH3AIM¥ SBOJIOIMOHHOIO OIEPaTopa
cucrema ypasHenuit (12.10) pemraercs MeTOI0M HAMMEHBIINX KBaIpaToB. [1o-
JIy4YalIoascd MaTeMaTudecKas MOJIe/Ib SIBISeTCS TPOMO3IKOM, HO TIPU YCIOBUA
y/IA4HOTO BbIOOpA 0011Iero BUJAa HeJIMHEHHbIX (DYHKIU ee pellleHre BOCIPOU3-
BOJIUT CUTHAJ C BBICOKOW CTENEHBbIO TOYHOCTH.

AnaslorugapiM 00pa30M MOXKHO PEKOHCTPYHUPOBATH HE TOJHKO JTHUCKPETHDHIE
oToOparkeHusl, HO ¥ MaTeMaTu4ecKue Mojenu B Buje cucrembl OJIY 1-ro mo-
psaaKa:

dx

d—tl _Fl(xlvx% 7xn)7

............... (12.11)
dz,

% :Fn(xl,flfg,...,l’n).

Cwmpbica GyHKIMI B MPABBIX YaCTAX TOT Ke, 4TO U paHee. Tak Kak Ha I€PBOM
dTale aJropuTMa ObLIa OCYIIeCTBIEHa PEKOHCTPYKIUs (ha30BOil TPAeKTOpUH,
3TO 3HAYUT, YTO BCe T; W3BECTHBI; CJeJ0BaTeJbHO, MOXKHO OIpPEIeJUTh IIpPO-
u3BogHble OT HEUX. [Tosromy (12.11) cHOBa ecTh HM YTO WHOE, KaK CHCTEMA
JIMHEWHBIX aJire0panvecKuX ypaBHEHUI OTHOCHTEIbHO HEM3BECTHHIX KO3 dhu-
[UEHTOB .

Ecim B kadecrBe crocoba 3ajlaHusi BEKTOPA COCTOsiHWSI B (pa30BOM IPO-
CTPAHCTBE UCIOJIb3yeTCs MeTOJ, TTocje10BaTeIbHOTO MuddepeHIpoBaHus, TO
MaTeMaTHIecKy0 MoJieJb MOXKHO BOCCTAaHOBUTH B O0Jiee TPOCTOM BHJE

d.ﬁl,’l dZL’Q dl’n
E:x% E:l’g,..., E:f(l’l,l’g,...,xn) (1212)
B CHJIy TOTO, YTO B3aWMOCBSI3b M€Ky KOOPJAWMHATAMH OTHO3HAYHO 33aeTCs
pasencTBoM (12.7).

ITpumep peKOHCTPYKINUN JUHAMUYIECKON CHUCTEMBI

PaccmoTrpuM KOHKpeTHBIN TpUMep IpPUMeEHeHHsI OIMCAaHHOrO ajaroputMa. C
9TO TIEJIBIO WCIOJIb3yeM M3BECTHYIO NWHAMHWYECKYI0 cuctemy Peccriepa, omm-
CBHIBAIOTILYIO PEXKWM HETEPUOIUIECKUX KOJIeOaHUii:
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t=—(y+z2), yg=v+ay, Z=b+z2x—c). (12.13)

ITpu snauvenusx mapamerpo a = 0.15, b = 0.2, ¢ = 10.0 cucrema (12.13)
XapaKTepu3yeTcs PeKUMOM CTPAHHOTO aTTPaKTOPa.

Hcnonb3yeMm B KadecTBe OJHOMEPHOTO BPEMEHHOTO PAIA 4; 3aBUCUMOCTD BO
BpeMeHu OfHON u3 KoopauHar y(iAt), MOJyYeHHYIO YMCIEHHBIM MHTErPUpPO-
BanueM ypasaenuii (12.13). Bygem cuurars, uro Bux cucremsr (12.13) u ee
pasmepHOCTh HaMm HemsBecTHbl. Habiromaemas a(t) = y(t), 3ajanHas Ha Ko-
HegnoM mHTepBaJe Bpemenu 0 < ¢ < 100, nmpeacraBiiena Ha puc. 12.1,q.

Jlna 3a7aHnd BEKTOpPA COCTOSTHUSI PEKOHCTPYUPOBAHHOM CHCTEMBI BOCIIOJIb-
3yemcst Teopemoit Takenca (12.2). PaccunrsiBast o mabuogaemoit a(t) aBro-
KOPPEJISIIMOHHYI0 (DYHKIIUIO, HAXOJIMM BPEMsl CIIaJlaHus ee J0 HyJsd Tp ~ 1.6
¥ WCIOJIb3YeM 35Ty BeJMUYMHY B KadecTBe BpemeHu 3ajepxku B (12.2). Ha
puc. 12.1,6 nupejcrasjieHa IPOEKIUS PEKOHCTPYMPOBAHHOI'O ATTPAKTOPa Ha
IJIOCKOCTh ABYX mepeMeHHbx: X1 (t) = y(t) u xo(t) = y(t + 7).

Jlna ompeneneHns pa3sMEpPHOCTH MOJEIbHOU CHCTEMBI HYXKHO PacCUUTATh
Pa3MepHOCTDb ATTPAKTOPA U PA3MEPHOCTH TPOCTPAHCTBA BIoxKeHud. [l onen-
KJA Pa3MEPHOCTU ATTPAKTOPA BBIYHUCIUM €ro KOPPeJISaIUOHHYI0 Pa3MepPHOCThb
D. (12.5), ucnonb3ys cuenuajbubie aaroputmbl. Ha puc. 12.2 npuBeeHs pe-
3yJIbTATHl pacdera 3aBucuMoctu D, oT lge, re € — pa3mep dueilku pa3oueHus
dazoBoro mpocrpanctsa. Kak BugHO 3 rpadukoB, BHE 3aBUCUMOCTH OT pa3-
MEPHOCTH TPOCTPAHCTBA BJIOYKEHUs N, uMmeercs ''mojiouka' va yposue D, ~ 1.9,
KOTOPBIA ¥ IpUHUMAaEM 33 3HaUYeHUEe UCKOMON pa3MepHOCTH.

Taxum 06pa30M, pEKOHCTPYHUPYEMBIil ATTPAKTOD UMEET Pa3MepHOCTh D ~ 2
1 MOKeT ObITh "BiiozkeH"B TpexMepHoe (pa30BO€ IMPOCTPAHCTBO. DTO O3HAYA-

20.0
20.0
10.0 ¢
10.0 |
X, 0.0t
Y 00} 2
-10.0 +
-10.0 |
200 | | | -20.0 : : :
900 250 500 750 100.0 -20.0 -10.0 0.0 10.0 20.0
t X1
a 6

Puc. 12.1. Bpemennas 3aBUCEMOCTH KOOpamHATHL ¥ (¢) cucrembr Peccnepa (12.13) (a), pekorcTpyn-
POBAHHBIN aTTPAKTOP B IIPOEKIUK Ha IUIOCKOCTD (21, T2), tae x1(t) = y(t), z2(t) = y(t + 7). Bpems
3a/IEPIKKHA OTPEIENISAIOCh KAK BPEMsl NTOCTUIKEHUsS TIePBOTO HyJIS ABTOKOPPEIAMOHHON (ByHKIN
(aro coorBercrByer npubsiusuresnsHo 1/4 Gazosoro nepuona xosebauuit) (6)
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=2.7 -1.8 -0.9 0.0
Ig €
Puc. 12.2. Pe3ysbTaThl pacueTa KOPPEIAIUOHHON Pa3MepHOCTH (IIPU BAPbUPOBAHUY PA3MEPHOCTH
IIPOCTPAHCTBA BiIOXKeHust n). Ilosryueno 3nagenue D. &~ 1.9 (coorsercrByiomee "monouke"). Tarnnoe

3HaYEHHUE [TO3BOJISIET B IIPUHITUIIE OTPAHUYUTEHCS 3-MEPHBIM IIPOCTPAHCTBOM [JIsi BJIOKEHUS aTTPAK-
TOpa M, COOTBETCTBEHHO, OrPAHUYUTELC cucTeMoi 3-x Q1Y 1-ro mopsiaka mpy MOIEIUPOBaHUN

eT, 9TO MbI MOXKeM uckarh mozenabHyio JIC B Buge cucremsr OJIY Tperbero
nopsigka (n = 3). Uckomyio cucremy 3anumem B Buje (12.11), ucnosn3yst no-
JMHOMHUAJIBHYIO ANNIpOKcHMaIuio (12.9) u orpaHMuuBIINCh 3HAUEHHEM U = 2.
PesynbpraTsl pacueToB K03 dUIMEHTOB, ONPeNeasdonuX BUJ MIPaBbIX vdacTel
ypasuenwuit (12.11) mag n = 3 u v = 2, UpuBeIeHBl B TabiHIIE.

BHa“IeHI/Ie KOSd)(bI/IHI/IeHTa AIllIIPOKCUMAIIUU
1 ‘ Iy ‘ I3 ‘ 1-e ypaBHeHue ‘ 2-e ypaBHEHUE ‘ 3-e ypaBHEHUE
0010100 0.0 -0.189
0011100 1.0 -9.91
0012100 0.0 0.0
0[1]01|10 0.0 0.507
0111100 0.0 1.003
0210100 0.0 -0.150
1 (0000 0.0 -10.07
1101100 0.0 -0.145
171000 0.0 1.026
21010100 0.0 -0.145

Tabauma 1. KoaddunuenTsl annpocuMalui HeJTMHEHHOCTeH B CIydae
IOJIMHOMHAJIBHOTO npejcrasienns bynkmuit F; (12.9). ITapamerpsr
PeKOHCTPYKIuu n = 3, v = 2. JIJ19 pEeKOHCTPYKIMK aTTPaKTOPa
MCIIOJIb3YeTCsi METO/I, 1ocJie1oBaresibHoro auddepennuposanust (12.7).
Benuuunsl [; 0603Ha4aIOT CTeNeHN TIeEPEMEeHHBIX COCTOSHHUSA T; B MIPABBIX
qacTax cucreMsl (12.11)
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Puc. 12.3. 3aBucumocTs x1(t), MOJy9eHHAsS IUCIEHHBIM WHTETPUPOBAHAEM PEKOHCTPYWPOBAHHOMN
CHCTEMBI

B pesynbrare nponeaypsl pekonctpyknuu JIC mo ogHOMEpHOMY BpeMeHHO-
My psaxy mbl noxyumau tpexmepuyo JIC Buga (12.11) ¢ xoadbdunuenramu,
IpUBE/IEHHBIMU B Tabsmie. Teneph IpoBeeM CpPaBHEHHE Pe3yJIbTaTOB, KOTO-
pBle MOYKHO TOJIyYUTh, HHTEIPUPYSl KaK TE€CTOBYIO Mojenb (12.13), Tak u Mo-
neapayio JIC (12.11). Pesynbrarsl unrerpupoBanust Mmozaeabuoit JIC (12.11)
npejcTaBjienbl Ha puc. 12.3 B Buje 3aBucumoctn xq(t).

CpaBuenue jgaHabix puc. 12.3 ¢ mamabivu puc. 12.1,a4 moka3piBaeT Kade-
CTBEHHOE CXOJICTBO PeaJbHOTO U MOJIEJTLHOTO KoJebaresbHbIX mporeccoB. O1-
HAKO Ba’KHBIM, KOHEYHO, SBJISIOTCS KOJTUYECTBEHHBIE COOTBETCTBUS. B0O3MOXK-
HO JIA C TIOMOIIBIO0 PEKOHCTPYUPOBAHHOW CUCTEMBI OCYIIECTBUTH IPOTHO3 IBO-
JIIOIIUY CHCTEMBl BO BPEMEHU 33 ITIpeJ/ie/IaMU WHTEpPBaJia, Ha KOTOPOM HAaM W3-
BecTHa HabomaeMas? C 3TOH 1eJbI0 HMPOBEIEM CJAEAYIONUNA SKCIEPUMEHT.
Bosbmem B KauecTBe HAYAIBHOTO 3HAYEHUST KOOPAUHATY TOCTETHEHl TOYKU Ha-

20.0

10.0 1

X1
-100 |

Yo 00| |

-20.0
t560.0

Puc. 12.4. Bo3MOXHOCTh IpeJCcKa3aHus HoBefeHust cucTeMsl (12.13) mocie oKoHYaHUS HAOIIIO-
JICHWs 33 TEHEPUPYEMbIM JAHHOM cucremoit curHanom (pumc.l), T.e. mua Bpemen to < t < to + T,
rae 1" — BpeMd IPEJCKA3aHUSA € YCTPAUBAIONIE SKCIEPUMEHTATOPa CTEeHbI0 TOYHOCTH. [IyHKTHD
— Pe3yJIbTaT MHTErPUPOBaHUs cucTeMsl (12.13), crombas IUHAS - pelleHre PEKOHCTPYHAPOBAHHOM
MOJEJIbHOM CHUCTEMBI
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6romaemoii (puc. 12.1,a) B moment Bpemenu ty = 100. [danee npouHTerpu-
pyeM KakK HMCXOJIHYIO, TaK M MOJIeJbHYIO CHCTEMbI ¢ HAYAJIbHBIMH YCJIOBUSIMHA
npu t = ty ¥ CpaBHUM pe3yAbTaThl I t > tg. Ha puc. 12.4 mpuBemseHbl cOOT-
BercTByMOIHe rpaduku 3aBucumocreil y(t) myist TecroBoit cucremsr (12.13) u
x1(t) mist pekoncrpyuposannoit JIC. Kak cienyer uz puc. 12.4, npornos sso-
JIIOIIMU CUCTEMbI BO BPEMEHH OCYIIECTBJISIETCS ¢ HEKOTOPO# OImMuOKO, KOTOpast
co BpemeHeM HapacTtaeT. KoHkpeTHoe BpeMs 1IPOrHO3a MOXKHO YKa3aTh, 33/1aB
TOYHOCTD Iipejicka3anus. 113 pesyibraros puc. 12.4 ciejyer, 4o ecjiu OrpaHu-
yuThea omubkoit £5%, To Bpems npejcka3aHus B HODMHPOBAHHBIX €IMHUIAX
oyzaer cocraByiaTh npuMmepHo 1T = 12.0, To ecTh 0K0JIO ABYX 0a30BBIX KBa3HIIe-
pUOJIOB KOJIeOAHUN CHCTEMBI.

3aKJIro4eHue

Onucanue aJropuTMa PEKOHCTPYKIIMHM MOJEIbHBIX JUHAMHYECKUX CHCTEM
110 OJHOMEPHBIM BPEMEHHBIM PA/aM U KOHKPETHBIN puMep UX IPaKTUIECKOro
NpUMEHEeHUsI, TPUBEIEHHBIE B HACTOsAIIIEH paboTe, HILIIOCTPUPYIOT KAK BO3MOXK-
HOCTU COBPEMEHHbIX METOJ0B MOAEJINPOBaHUA, TaK U UX HEJOCTATKH. Hy)KHO
COLJIACUTHCH C T€M, 4TO TEXHUKA PEKOHCTPYKIMU IOKQ ellle OCTaeTCd J0CTaTOU-
HO CJIOXKHO# U Tpebyer (moMUMO TyGOKUX 3HAHWN COBPEMEHHOW HeJIMHEHHOH
JMMHAMUKY) (DU3UYECKON UHTYUIUH ¥ SKCIEPUMEHTAJIBHOIO UCCKYCTBA.

BuiOpaHHbIil /1T WITIOCTpAlMM TPUMED SIBJISETCS JaJieKO He IIPOCTBIM,
TaK KaK PEKOHCTPYHMPYIOTCS XaoTHdeckue apBToKojedaHus. C 3TUM CBI3aHbBI
7 OMUOKN PEKOHCTPYKIWH, OTPAaHUYUBAIONINE BpeMs Tpejckaszanud. Eciam B
KavyecTBe Hab/II0aeMoil Mbl MeeM (oJiee TPOCTOl THIT [BUKeHHs (HaIpuMep,
nepuoAnYecKue Komebanus), npobjeMa PeKOHCTPYKIMH TPHBOIUT K YMeHbIITe-
HUIO OH_II/I6OK " yBE€JIMYEHUIO BpEMEHU IIPOT'HO3a.



SaKJII0YeHe

B xuure mpejicraBiieHbl JBEHAIATh JIEKIUHA 110 TEOPETHYECKHUM OCHOBAM
HeJHHEeHHOM IMHAMMKY CHCTE€M C KOHEYHBIM YHCJIOM CTeleHel cBoboabl. bes-
YCJIOBHO, 00CYy»K/1aeéMbl€ BOIIPOCHI HE MOI'YT HCUYEPIBIBAIONIUM 00pa30M OTpa-
3UTH BCErO OOTATCTBA sIBJEHU, COCTABILIONNX MPEJIMET U3yUeHHsI COBPEMeH-
HOI HeJIMHEHHOW JWHAMHUKU. DTOT0 TPYAHO JOCTHYH B CUJIY IMMPOKOTO MHO-
roo0Opa3usi KOHKPETHBIX HAy4YHBIX IPODOJIeM 3TOi WHTepecHOH 00/1acT 3HAHUA.
JlocTaTouHO yKa3aTh TEOPUIO YHUBEPCAJIHLHOCTH KPUTUYECKUX SIBJIEHUI B JIAC-
KPEeTHBIX JUHAMUYECKMX CHUCTEMaX, Teopuu (PpakTajoB U Pa3MEPHOCTH, Te-
OpHUI0 MEXaHU3MOB IIEPEX0J0B K xaocy u T.J. Jla Takoil meju aBTOpOM U He
cTtaBUI0Ch. KpoMe Toro, M3/10KeHne HayIHBIX TMPO0JIeM, B U3yIeHUN KOTOPBIX
aBTOP HE HUMeeT JOCTATOYHOI'O OIBITa, MOXKET NPUBECTA K HEKOMIIETEHTHBIM
BBIBOJIAM M CBHITPATh HETaTUBHYIO POJib B (DOPMHUPOBAHUM HAy4IHBIX HHTEpPe-
cOB MOJIOABIX Jiofeii. [[o 3TuM mpwynHaAM aBTOP OTPAHUYUIICS OIPEIeTeHHBIM
KPYTOM BOTIPOCOB, U3YUYEHUEM KOTOPHIX 3aHUMAJICA BMECTE C yUeHUKAMHU TO-
cJeTHUE TBAIATH JIET.

st 06cy»KjieHusI B KHUTe BBIOPAHBI PsiJl KJIIOYEBBIX TTPO0JIeM, KOTOpbIE OT-
HOCSITCS K (DyHIAMEHTAJbHBIM OCHOBAM HEJWHEHHON JWHAMUKW U OymayT Io-
JIE3HBI JIOCTATOYHO IMUPOKOMY KPYTY CTYJAEHTOB W aCIUPAHTOB, CTPYMIIIUXCI
HAWTU CBOU MyTh B OOJIBITYIO HAYKY.

ABTOp OBLI OBI 0JIArONAPEH YUTATEJAM 3a 3aMEUYaHUs U IPEeJIOKEHUS, KO-
TOpBIe MOXKHO HAIIPABJISATH B aJpec U3/1aTe/IbcTBa. MHeHUe 3aMHTEePECOBAHHBIX
yuTaTeseir OyIyT UCIOJIb30BaHbI IPHU JajIbHeineil paboTe aBTopa.
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