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CXEMBI SJIEKTPOHHBIX YCTPOMCTB C THITEPBOJIMYECKUM
XAOCOM 1 MOJEJUPOBAHUME UX TUHAMHUKH
B ITIPOT'PAMMHOM CPEJIE MULTISIM

C.11. Kysneyosg

IpuBoASATCS CXEMBI AEKTPOHHBIX YCTPOUCTB, MPEICTABIIOMNX CO00i HEaBTOHOMHBIE JTH-
HaMHYECKHE CHCTEMBI ¢ rHnepOonnueckuM arrpakropoM tumna CMeiina—BuibsaMmca, U pesyinb-
TaThl KX MOIEIUPOBaHHA B IporpamMMHoii cpene NI Multisim. Pagnorexandeckue ycTpoiicTa
CO CTPYKTYPHO YCTOHYHMBBIM THUIEPOOTMIECKIM Xa0COM, MOIOOHBIE OMMMCAHHBIM B CTAThe, MO-
IyT HATH OPUMEHCHUE B CUCTEMaX CKpBITOI KOMMYHMKAIUH, ITyMOBOH JIOKallMy, AJIs KPHII-
TorpadMuecKuX CHCTEM, JUIs TeHepalyy CIydaiHbIX yucesl. B MeToauyeckoM IniaHe mpemsa-
raeMblii MaTepHa HHTEPECEH Ul CTYACHTOB U aCUPAHTOB, CIICIHAII3HPYIOMUXCS B 00IacTH
pagrodU3HKH U AIEKTPOHUKH, B IUIaHe 00yYeHHMs! IPHHIMIAM MOCTPOSHUS U aHaIN3a CHCTEM
CO CIIOKHOH JAMHAMMKOH.

Knwouesvie cnosa: Xaoc, arrpakrop, coneHonn Cmeina—Bunbsaimca, HEaBTOHOMHAsI CHCTEMA,
OTEPAIOHHBIA YCHIIUTEIb, MOeTupoBaHue, Multisim.

BBenenne

Co BpeMeHH KITacCHYecKHX paboT AHIPOHOBA M €ro IIKOJIbI, TpyOble, WIH CTPYK-
TYpHO YCTOWYUBBIE CHCTEMBI CUHMTAIOTCS TOMJIEKAIMUMHU TIEPBOOYEPETHOMY HCCIEIOBA-
HUIO B TEOPHUU KOJIEOAHWH U pacCMaTpUBAIOTCS Kak HaubOoliee 3HaUMMBIC C TPAKTHYECKON
Touku 3peHus [1-3]. B cBere 3TOro mpuHLUIA, TOBOPS O MPHUKIANHBIX acHeKTax JUHa-
MHYECKOTO Xaoca, CIeN0oBao OBl OTAATh MPEANOYTEHHE KITacCy CHCTEM C OJHOPOTHO TH-
epOOTMIECKUMU Xa0THUECKUMH aTTPAKTOPaMU, KOTOPBHIM MPHUCYINa CTPYKTYpHAs YCTOU-
guBOCTh [4-9]. Korma B cBoe BpeMs Takue aTTPaKTOphbl ObLTH BBEACHBI B PACCMOTPCHHE,
0XHUJIATOCh, YTO OHU OYAYT aJeKBaTHHl MHOTUM (U3NYECKUM CHTyarusM. [loTom BbIsc-
HWJIOCH, OJJHAKO, YTO XaOTUYECKHE aTTPAKTOPBI, C KOTOPBIMU OOBIYHO MPHUXOAUTCS HMETh
JIeNI0 B TIPHJIOKEHUAX, HE TMOMANaloT B 3TOT KJIAcC M HE BIUCHIBAIOTCS B y3KHE PaMKH
paHHE#W TUTIEPOOTMIECKON TeopHH. YCHIINS MAaTEMAaTHKOB OKa3aJIMCh TIEPEHAIIPABIICHBI HA
pa3BHuTHE 0000IIECHUH, BKIIOUAIOMINX PeaTMCTHYHBIC TpUMephl Xaoca [10, 11], Torma kak
OIHOPOTHO THITEPOOTHMYECKUE aTTPAKTOPHI, TMPEICTABICHHbIE HCKYCCTBEHHBIMU MaTreMa-
TUYECKUMHU KOHCTPYKIIHSIME, CTAJTd PacCMaTPHUBATHCS KaK paQUHUPOBAHHBIN 00pa3 Xxaoca,
HE UMEIOIIUN MPSMOTO OTHOIIICHHUS K PEATEHOCTH.
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OpHa U3 TakuxX KOHCTPYKUMH — arTpakTop Cwmeina-BuipsMca, mocTpoeHne KOTo-
poro 4acto oOBSICHAIOT cienyrommmM obpazom [3, 5]. PaccMorpumM obnacte B BHIE TOpa
B TPEXMEPHOM IPOCTPAHCTBE COCTOSHHUI CHCTEMBI C JUCKPETHBIM BpeMeHeM. OauH miar
SBOJIFOIIMHA COCTOHUT B TOM, YTO, MPENCTABISASA TOP KaK IJIACTUYHBIN OOBEKT, pacTATHBaeM
€ro B IJTHHY, C)KMMaeM B TIOTIEPEYHOM HAIIPABICHUH, TaK YTO OOITHiT 00beM yMEHbBINASTCS,
CKJIaJpIBAEM JIBOMHOM IMeTNIel U MmoMeliaeM BHYTPh UCXOAHOM obOiactu. Ha xaxmoii cie-
IyIOIIleH MTeparii yKa3aHHOTo IPpeoOpa3oBaHusl YUCIIO BUTKOB OOBEKTA YIBAUBACTCS U B
TpejieNie CTAHOBUTCS OECKOHEUHBIM — TIOTYYaeTCs TaK Ha3bIBaeMbId coiieHouo. B kadecTBe
€ro MONEePEeYHOr0 CEYEHHs BBHICTYIIAET MHOKECTBO THUIIA KAHTOPOBA. XaoTUYECKasi MPUpPO-
Jla TMHAMHAKHU Ha aTTPAKTOpe OOYCIIOBJIEHA HEYCTOMYMBOCTHIO 10 OTHOIICHHUIO K BapHAIINH
HayaJbHBIX YCIOBUM, MOCKOJIBKY IPOIOIBHOE PACTSKEHHUE BIOJIb BUTKOB Ha KaXKJIOM Iare
WTEpaIyii BIIeUeT ylajeHne ApyTr OT Apyra H3HAa4adbHO ONM3KHX W300paKaromuX TOYEK.

Hpyro#i, ¢popManbHBIA MOAXOA COCTOUT B TOM, YTOOBI yKa3aTh SIBHBIH BHUJ 0TOOpa-
JKEHHS ¢ aTTpakTopoM Tuma coierouga [7,8]. Ilycte X u Y — nexkapToBbl KOOPIUHATHI
TOYKM B MEPHIMOHAIEHOM CEUEHHH TOpa, TOMYMHEHHbIe yenoBrio X2+ Y2 < 1,a ¢ — yr-
JIOBasi KOOPJMHATA ATOro cedeHus. Onpenenum oToOpaKeHre, OTBEYAoIee OMHOMY IIary
JTUCKPETHOTO BPEMEHU, CKaXXEeM, B BHJIC

Pnt+1 = 2Qp, Xpt1 = %Xn + %cos ©On, Ynt1 = l—San + %sin Pn- (1

HarmsagHo ero neiicTBue miumocTpupyeTcst Ha prc.l: MHOXKECTBO TOYEK, 3aIIONHSIO-
LIMX TOp, MEPEBOAUTCS B OOBEKT MEHBIIEro oObeMa B BUAE 3aMKHYTOH ABOMHOW METIH
BHYTPH HCXOTHOH obnmactu. Ha pucyHke Taxke IpeacTaBlIeH pe3yabTaT IBYKpaTHOTO MpH-
MEHEHHS OTOOpaXeHHUS M MOKa3aH COOCTBEHHO aTTPAaKTOp B BHJE COJNICHOMAA, BOSHHUKAIO-
K B mpeaese OECKOHEUHOTO YHCIIa UTepanuil.

TOHKOCTH COCTOHWT B TOM, YTO T€OMETpHUECKasi KOHCTPYKIHA, KaK OHa 3/I€Ch OIHU-
caHa, HE DKBHMBaJIeHTHa OTOOpakeHHUIo (1) B TomosormueckoM cmeiciie. B atom mMoxHO
yOeqUTHCs, OIKCIIEPUMEHTHPOBAB, CKAKEM, C PEaJbHOW 3aMKHYTOH B KOJBLO PE3HHO-
BOM TPyOKOH M COIOCTAaBHB JIBa BaphaHTa ONeparu. BapuaHT, oTBedarommi oToOpaxe-
HUIO (1), COCTOUT B TOM, YTO MBI pazpe3aeM TPyOKy MOIepeK, MPOU3BOAUM €€ IBYKPaTHOE
pacTsKeHHEe U MOIMEPEYHOe CXKAaThe, CKIIabIBAEM JIBOMHOM MeTiel, U CKIEUBaeM KOHLIBI,
OynTo paspesa u He Obuto. J[pyroii ke BapuaHT, HempepbiBHAS AedopManus KOJIbLEBOH
TPYOKH B TBOWHYIO METIII0 O€3 pa3pesa, COMPOBOXKIAETCS, KaK MOJKHO 3aMETUTh, HEM30exK-
HO peau3yIoIUMCs JOTOJHUTENBHBIM IPOROIBHBIM KpydeHHeM TpyOku. UToObl MMeTh
9KBHBAJIEHTHOCTH, HAJ0 OBLIO OBI CKJIEMBATh KOHIIBI HE BIPSIMYIO, & C TIOBOPOTOM OTHOTO
10 OTHOLIEHUIO K Ipyromy Ha 360°.

Puc. 1. ToponnansHast 061aCTh B TPEXMEPHOM IIPOCTPAHCTBE COCTOSHUIL, Pe3yIbTaT ee MpeoOpa3oBaHMs HA
IBYX uTepanusix orodpaxenus (1) n coneHony Cumeitna-BunbsiMca, momydaronuiics Kak mpeieabHbIH 00beKT,
P MHOTOKPAaTHOM IPHUMEHEHUH OTOOpaXKEHHs
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Ecau MBI XOTHUM MONYYHTH CHCTEMY C HETPEPHIBHBIM BPEMEHEM, MMEIOIIYIO TIpH
ONHCaHUM B TEpMUHAX oToOpakeHUs [lyaHkape aTTpakTop THIa COJNEHOWAA, TO OOS3aHbBI
MCXOIUTH M3 HeTpephIBHON nedopmanny 00bekTa B (ha30BOM MPOCTPAHCTBE, YTO COTIIACY-
€TCs C TEOMETPUYECKIM BapHAHTOM KOHCTPYKIIMH, TOTJa KaK BAPHAHT, ACCOLUUPYIOIIUNACS
¢ otoOpaxenneMm (1), B KaueCTBE OTIPABHON TOYKU HE TOTUTCS.

CpaBHUTEIBHO HEABHO OBLIM IMPEIIOKECHBI MPUMEPH (PU3UUECKU Pean3yeMBIX
CHUCTEM C OIHOPOTHO THIEPOOTMUCSCKIMH XaOTHUYCCKIUMH aTTpakTopaMu [12-19]. Tem ca-
MBIM BO3HHUKIIM TPEANIOCHUIKH JJIsi CO3IAHMS Ha 3TOM OCHOBE peajbHO (DYHKIIMOHHPYIO-
IIUX yCTPOMCTB, NIEMOHCTPUPYIOIUX CTPYKTYPHO YCTOHYMBBIA Xa0C, HAIIPUMEp, B JIEK-
TPOHUKE.

Nwmes B BuIy pa3paboTKy 3IEKTPOHHBIX YCTPOWCTB, €CTECTBEHHO 00PaTUTHCS K CO-
BPEMEHHBIM CPEICTBAM CXEMOTEXHUYECKOTO MOACTHUPOBAHUS, CPEIU KOTOPHIX YIOOHEIM U
TIOITYJISIPHBIM SIBIISIETCSI TIPOTPaMMHBINA poaykT Multisim [20, 21]. Ero mepBoHayansHas
Bepcus Obla BeImymieHa B 1995 r. kananckoit komnanueit Interactive Image Technologies
nmon Ha3BanueMm Electronics Workbench («DnexTponnbiii Bepcrak»). Haumnas ¢ 2005 .,
YCOBEPIICHCTBOBAHHBIE BEPCHUH IMPOTPAMMHOTO MPOAYKTa pa3pabaThIBAIOTCS KOMIaHHEH
National Instruments (B KOTOpYIO NepBOHAuYalbHAs KOMIIAaHHUSA-Pa3pa0OTUYMK BOILIA KaK
noapasnenenue) moa HasBanueMm NI Multisim. IIpeacraBieHHble B HACTOSIIEH CTaThe pe-
3yJBTaThl MOJMYYEeHbI C HMCIIONb30BaHMEM IpuobperenHor CapatoBckum Qummanom PO
PAH nunensnonnoit Bepcun nponykra NI Multisim 10.1.1.

B mepBoMm pasnmene crathu 00CY)KHaeTCs CHUCTEMa, Wes KOTOPOW IpEUIoKeHa B
pabore aBropa [12]. Ona cocTaBieHa W3 ABYX OCIHULIATOpOB BaH nep Iloms, koropsie
CTaHOBSTCS aKTUBHBIMHU TMOIMEPEMEHHO Onaromaps MepHOANYECKOW MOAYISAIMH HapameT-
pa, OTBETCTBEHHOTO 32 BO3HUKHOBEHHUE aBTOKoNIeOanmii. O0€ TOACUCTEMBI TTePEIaloT BO3-
OyXKIeHHEe TI0 ouepenr JpYyT APYTY Tak, YTO 3TO COMPOBOXKIACTCS PACTATHUBAIONIMM ITpe-
o0pa3oBaHMEM TEPEMEHHOM, 3aatomield Gpa3y BEICOKOUACTOTHOTO 3aIllOJHEHUS I IMOCIIe-
JIOBaTeIIbHO TEHEPUPYEMBIX I[yroB KonebaHuil. CrcteMa XapakTepu3yeTcsl PUCYTCTBHEM
artpaktopa Cmeitna—BuibsMca B 4eTBIPEXMEPHOM OTOOPaKEHHUHU, OMTUCHIBAIOIIEM H3MEHe-
HUE COCTOSHUS 3a TIEPUO MOIYsIuu. B mporpammuoii cpene Multisim BoCTipon3BOIUT-
csl cxema J1abopaTopHOro yCTPOHCTBA, SKCIIEPUMEHTAIBHO HCCIEJOBAHHOTO B COBMECTHOM
pabote aBTopa ¢ E.I1. CenezneBsim [14].

Bropoii pa3nen mocpsiiieH HEABTOHOMHOW CHCTEME, OCTPOEHHON Ha OCHOBE OJIM-
HOYHOTO OCHWIIATOpa BaH nep [loms, B KOTOpOM B CHIIy TEPUOAMYESCKON MOIYISIIUU
mapamMeTpa 4epemyroTcs CTaJud aKTUBHOCTH W 3aTyXaHHa. Bo3OyxkieHue KaxIaslid pa3
CTUMYJIHUPYETCSl CHUTHAJIOM, WCHYIICHHBIM Ha TPEIBbIAYIIeH CTaAud aKTUBHOCTU U TIpe-
TEpIIEeBIINM HEJTMHEWHOE MpeoOpa3oBaHne C YABOEHHEM (Dasbl MPH MPOXOKIECHUH depe3
JIOTIOTHUTENBHYIO IIeTIb 3ama3/IbIBatoleil oOpaTHol cBs3u. V3-3a Hamuuus 3ana3ibIBaHUs
(hazoBoe MpPOCTPaAHCTBO, B KOTOPOE BIIOXKEH arTpakrop Tumna Cmeina—Bunbsmca, B naH-
HOM ciy4ae, popManbHO ToBOps, ObeckoHeuHoMepHoe. [IpencraBiena cxemMa B IporpaMm-
HoU cpene Multisim, cOOoTBETCTBYOMIIAs Ta0OPATOPHOMY YCTPOUCTBY, SKCIIEPUMEHTAIBHO
HCCIIEIOBAHHOMY B coBMecTHOU padore ¢ B.U. [Tonomapenko [17].

B Tperbem pazmene paccMaTpuBaeTCs aHAJIOTOBOE YCTPOMCTBO, B KOTOPOM HEIO-
CPEACTBEHHO OCYIIECTBISETCS YIMOMSHYTHIN BBINIE TPUHIUI ITOCTPOCHUS TeOMETpUYe-
CKOHM KOHCTPYKIMH coneHonaa CMeina—BubsimMca Ha ocHOBE AeQOopMaIiiyi TOPOUAATEHON
obnactu B ¢azoBoM mpocTpaHcTBe. CTpoOOCKONMUYECKOe ONMUCaHWE AUHAMHUKH COOTBET-
CTByeT TpexMmepHoMy oToOpaxenuto [lyaHkape, KOTOpoe MOIydaeTcsl KaK pe3yibTaT BO-
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JIOIIMH Ha TPEX MOCIENOBaTEeIbHBIX IMEPHOANIECKH TOBTOPSIOMIUXCS CTaIusAX IMpoIecca.
[lepBonayanbHas Bepcus MOIENH ONucaHa B cTaThe [18], HO B HacTosmel paboTe mpen-
MIPUHATA OTIpesieieHHast MOAN(UKAIINS C IeNBI0 YIIPOILIEHNU CXEMOTEXHUYECKON peasin3a-
. OTMETHM, 4TO 3TO CHUCTEMa ¢ MUHUMAJIbHON pa3MEPHOCTHIO (ha30BOTO IPOCTPAHCTBA,
TP KOTOPO BOOOIIIE BO3MOXKHO MPUCYTCTBHE arTpakropa CMeina—Bumbsamca.

1. Cucrema c arTpakTopoM Cmeiia-Buibsamca
HA OCHOBEe HEABTOHOMHBIX OCHUJLIATOPOB BaH aep Iloss

B pa6ote [5] Obl1a BBeZieHa B pacCMOTPEHUE HEABTOHOMHAS CHCTEMA, OITUChIBaeMast

YpaBHEHUSIMHU
& — [Acos(2nt/T) — 22)i + wiz = ey cos wt,
2
i — [~ Acos(2nt/T) — y*y + 4oy = ex?.

[lepemennble * U Yy OTHOCSTCS K OBYM MOACHUCTEMaM — ocuuuisitopaMm BaH aep [loms,
BO30YKAAIONIUMCS IO odepenu Onarofaps NpUHYIUTETFHOMY U3MEHEHHUIO ¢ TepuoaoM 1’
napamerpa, IyOuHa MOTYISAIMK KOTOPOTO 3a/1aeTcsi KOHCTaHTOH A. Paboure 4acToThl oc-
HIIISITOPOB Pa3IMYaloTCs BABOE M COCTABIIOT Wg M 20q. Bo3neiicTBue moacucrem apyr
Ha JpyTa XapaKTepHU3yeTcsl MapaMeTpoM CBSI3U €, IPUUEM JEHCTBHE MEPBOT0 OCLUILIATOPA
Ha BTOPOU OIMHCHIBACTCS WICHOM, ITPOIIOPIIMOHAIBHEIM KBaIpary 0000IeHHON KOOpAHHA-
ThI, 2 BTOPOTO Ha MEPBHIIl — YWIEHOM, COJEepP KAIMM ITPOU3BEACHNE 0000IIEHHON KOOpIuHa-
THI Ha BCIIOMOTATENBHEIN OMOPHBIA CUTHAII 9acTOTHI 0. IIpeamonaraercst BHITOTHEHHBIM
coorHomenune 1 = 2nN/wg, tae N — menoe 4uciio, Tak 4To 9TO CHCTEMa YpaBHEHHU C
MEePUOANYECKUMHU K03 (UITHEeHTaMH.

IIpenrmonoxxuM, 9TO MEPBEI OCHMWIUIATOP HA CTAJWHM aKTHUBHOCTH UMeEET (azy @:
x ~ cos(wot + ). Ero neiicTBre Ha BTOPOIl OCLHJUIATOP OMPEAEISIETCS BTOPOW rapMo-
HHKOH cos(2wot + 2¢), KOTOpasi COOTBETCTBYET YaCTOTE BTOPOTO OCLIJLIATOPA M CIIOCO0-
CTBYET €ro BO30YXICHUIO IPH MEPEeXoJie B aKTUBHYIO CTAJUIO; MPH 3TOM BO3HHKAIOIIUE
KoJIe0aHMs XapaKTepU3yIOTCs C TOYHOCTHIO IO aJTUTHBHOM KOHCTAHTHI (a3oii 2¢. B cBoro
odepelb, Ipu ASHCTBUHM BTOPOTO OCHUJUIATOPA Ha MEPBHIH, Oarogaps CMemeHHIo Koieba-
HUH Y CO BCIIOMOTATEIbHBIM CUT'HAJIOM, BOZHHUKAET COCTABIIAIONIAs Ha pa3HOCTHOM YacToTe
g, KoTopast obecrieynBaeT 3aTpaBKy JUIs BO3OYKJICHHS ¢ Tiepenadeii ga3pl KoineOaHusM Ha
CIIEAYIOIIEH CTaIuu aKTHUBHOCTH IEPBOTO OoCIuuIATOpa. Takum obpa3oMm, obe mojcucTe-
MBI TI0 OYepel TepeatoT BO30YKACHUE OlHA JIPYrod, M Ha MOCIEIOBATEILHBIX CTAIHSIX
aKTHUBHOCTH (ha3a KoneOaHWH OCIIULIITOpa JaeTcs B PacCMaTPHUBAEMOM IPHOIMKEHUH
orobpaxenunem beprymm ¢,11 = 2@, + const (mod2s).

OTtoOpakeHue, OMUCHIBAIOIIEEe H3MEHEHUE COCTOSHUS CUCTEMBI 33 TIEPHO MOIYJIs-
LIMH, TPOU3BOIUT B YETHIPEXMEPHOM IIPOCTPAHCTBE (X, &, Y, §) PACTSHKEHHE 110 YITIOBOM
(UMKITUYecKol) TIEpEMEHHOM, OTBeuaromied ¢ase ¢, U cxKaThue M0 TPEM OCTaJbHBIM Ha-
MpaBiIeHuAM. MOXXHO yKa3aTh MOIIOIIAIONIYI0 OOJNIaCTh B BHJE TOPOWJA, TaK YTO ONHA
UTepaIys OTOOpaKeHHUs OTBEYaeT MPOMOJIBHOMY PACTHKEHUIO U IONEPEYHOMY CKATHUIO
ATOTO TOPOHIA, BKJIAIBIBAEMOTO 3aTeM B BHUIC IBOWHOHN METIN BHYTPh HMCXOMHOU 00a-
CTH, YTO COOTBETCTBYET PACCMOTPEHHON BO BBEIECHUU TI€OMETPHUUECKON KOHCTPYKLUHUU C
arrpakropom Cmeitna-Bumbsmca [13].1

LOGBIYHO MOCTPOCHHE PACCMATPHBAIOT B TPEXMEPHOM MPOCTPAHCTBE; 346Ch XKE OHO, HALIOMHHM, YCThI-
pexMepHoe.
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Puc. 2. IlpunnunuanbHas cxema yCTPOWCTBa, B KOTOPOM B 0TOOpaskeHUH 3a nepuon mopynauuu (I' = 0.2
MC) peanmsyercsi oTobpaxkeHne ¢ arrpakropoM Cwmeitna — Bunbsimca. YMuoxutens Al nmeer ko3¢ duiment
npeoOpa3oBaHus IPOU3BEICHUS BXOJHBIX HANPSHKEHHUI B BBIXOAHOE, paBHbIH 0.1

OO6paruMcs K IMOKa3aHHOH Ha pHC. 2 cXeMe, COCTABJIEHHOM U3 IBYX MOACUCTEM B BU-
ne ocimuiaTopoB BaH niep ot Ha ocHOBe KoyebaTeNnbHBIX KOHTYpPOB, OAWH U3 KOTOPBIX
o0pa3oBaH KaTymkod uHAyKTHBHOCTH L1 m emxoctpio Cl, a BTOpOH, COOTBETCTBEHHO,
L2 u C2. [lockonbKy WHAYKTHBHOCTH OAMHAKOBBI, @ EMKOCTh BO BTOPOM KOHTYPE B YEThI-
pe pa3a MeHbIlle, COOCTBEHHBIE YaCTOTH HaXoAATCs B oTHOImEeHUH 1:2. [Ipu yka3zaHHBIX Ha
cXeMe HOMHHaJIaX COOCTBEHHBIE YaCTOTHI COCTABISIIOT pubnu3utensHo 50 u 100 kI, co-
oTBeTCTBeHHO. OTpHIIATENFHOE COMPOTHBIECHHE B KaKIBIH KOHTYP BHOCHUTCS 3JI€MEHTOM
Ha OCHOBE OIEPAIMOHHOTO YCHIHTENS (Ha cxeme, cootBercTBeHHO, Ul u U2).2 Henuneii-
Hasi IPOBOANMOCTD, 00ECTIeYNBAIOIIAs YBEITMUYEHUE TIOTePh PHEPTUH B KOHTYpax C POCTOM
aMIUIMTYIB! KOJIeOaHUM, BBOIUTCS 3JIEMEHTAMH M3 IOJYIIPOBOIHHUKOBBIX IHONOB B BUAE
MapAJUIEIIbHO COECAUHEHHBIX BETBEH C IPOTHBOIOJIOKHBIM HANPABICHUEM IPOIYCKAHUS
toka (D1, D2 u D3, D4). [Insg Monyasauuu mapameTpa, OTBETCTBEHHOTO 32 BO3HHUKHOBE-
HUE aBTOKOJeOaHWH, B KaXJbI KOHTYp BKJIIOYEH ITOJIEBOW TPAH3HCTOP, MPOBOJHUMOCTH
KOTOPOT'0 B LIEMH CTOK — UCTOK YNpPaBIIAETCs MOAABaEMbIM Ha 3aTBOP MEPEMEHHBIM HaMps-
>keHueM Ha vactote 5 kI'u. Jns Momayisiuuy napameTrpa B IByX OCUMIUISATOpPaX MCHOJb3Y-
I0TCA UCTOYHUKH NIEPEMEHHOI0 HanpspkeHus: V1 u V2 ¢ IpoTHBONOI0KHON MOJIISIPHOCTBIO
MT'HOBEHHOTO HampspbkeHus. Ha oqHoM nomnynepuoae MORymsLMU MEPBBIH OCHUIIIATOP Ha-
XOIUTCS B PeKUME TeHepanuu KojebaHuii, a BTOpoi — moj oporoM reHepamnuu. Ha cie-
IYIOILIEM TONYTIEpHOE OHU MEHSIOTCS poisiMH. [lepBblii reHepaTop ASHCTBYET Ha BTOPOH
yepe3 MOCPENCTBO YMHOKUTENS Al, BBIIAIOIIETO HA BBIXOAE KBAApaT BXOIHOIO CHUTHAJIA.
[loporxgaemas mpu 3TOM BTOpasi TApMOHHUKA CHUTHANA CIYKHT Ul CTUMYJIALUU BO30YXK-
JIEHUsI BTOPOTO OCLIWIIIATOPA, KOrja MPUXOJUT BPEMS €ro BBIXO/a 3a MOpOr reHepauuu. B
CBOIO OYepelb, BTOPOM reHepaTop AEMCTBYET Ha MEPBBIN Yepe3 MOCPEACTBO dIeMeHTa A2,
OCYULIECTBIISIOIIErO CMELICHNUE MOCTYNAIIEr0 CUrHalla U BCIIOMOIaTENBHOIO CUrHajla Ha
yacrore 50 k['11 oT nctounuka HanpspkeHust V3. Ilpu aToM nosiBisieTcss COCTABIAIOMAs Ha

2 [l OMyHeHHs CBEISHHUI, KACAIOLIMXCS CXEMOTEXHHUECKHX BOIIPOCOB, BKIOUAs (yHKIHOHHPOBAHHE W
THUIIOBOE NMPUMEHEHHE ONEePALMOHHBIX YCHINTEeH, MOXKHO PEeKOMEH/IOBAaTh KHUTHU ¥ mocodust [22-24].

102



A
i

Jill
i

|

| \MN
|

Mn | R
T

m

0 .hmlw

Al Mu
[le !

11—

il |M\‘
M 20 cuc

Puc. 3. Peanm3zanun HanpspkeHns Ha KoHneHcaropax Cl (a) u C2 (6)

Pa3HOCTHOU YacTOTE, KOTopas JACHCTBYET HA MEPBBIA OCIUJUIATOP U CTUMYJIHPYET B HEM
HAYyaJio TeHEepaInH.

Ha puc. 3 noka3zansl rpaduku peaau3annii HanpsokeHus Ha konaeHcaropax Cl u C2,
MOJIydeHHbIE NPH MOJAETHPOBAaHUH B cpeae Multisim ¢ ucrmonb3oBaHHEM MPeTyCMOTPEH-
HOTO MPOTPaMMHBIM MPOAYKTOM JIBYyXJIydeBoro ociwmiorpada (Stimulate — Instruments —
Oscilloscope). Kak MOXHO BHJIETh, B COOTBETCTBHH C IMPUBEIACHHBIM BEIIIE Ka9€CTBEHHBIM
OIMCaHWEM, UMEET MECTO ToodyepenHoe Bo3OyxneHue konebanuit B koHTypax L1, C1 u
L2, C2.

UroObl yOEAUTHCS, YTO MEpexo] K KaKIOH HOBOW CTaJH aKTUBHOCTH COIPOBOXK-
JTaeTCsl yIBOSHUEM MTEPEMEHHOH, XapaKTepU3yIomieH a3y KoeOaHui, IOCTYIIHM CIIEAYIO-
M obpaszom. [lopkmrognm ocrmumiorpad Tak, 9TOOBI OMUWH Y4 YIPABISUICS HAIIPSIKCHH-
eMm Ha koHjaeHcarope Cl, a Bropo# — HanpsbkeHreM Ha pesucrope R1. B cpeme Multisim
¢ momotrsio mpmitoxkeHus Grapher nmpemycMoTpeHa 3amuch B ¢Gailn JaHHBIX, TTOTYIaeMBbIX
B TIpoIlecce MOJCITMPOBaHUS, C BO3MOXKHOCTBIO JalbHEWIIen udposoii oopadorku. Ilar
BBIOOPKM IO BpPEMEHHM HAJO0 YCTaHOBHUTH paBHBIM nepuoxy moxynsmuu (17 = 0.2 mc).
Uro0bl TIpaBUIIBHO MOJAO0OpaTh MOMEHTHI BBHIOOPKH, OTBEYAIOIIWE CTAJAUSIM aKTHBHOCTH
MIEPBOTO OCHMJUIATOPA, MOKHO HCIIONB30BAaTh (ha30BBIA MapaMeTp UCTOYHHKOB ITEPEMCEH-
Horo Hampsokerus V1 m V2. (Ha cxeme puc. 2 3TOT nmapamerp 3alaH paBHbIM 45°, 4TO
OKa3bpIBaeTcs mpuemiembiM.) Ilpu 3ammcu B (haiim mpeanodYTHTETFHO HCIONB30BaTh OIl-
nuto Spline Interpolation, yTo oGecrieynBaeT JYUIIYIO TOYHOCTD IPEIACTABICHUS TaHHBIX.
3areM (haiin oOpabaThIBacTCS BHEIIHEH MPO-
rpaMMO#, COCTAaBJICHHOW Ha JFOOOM ymoO- 21 i
HOM Ul TIOJB30BaTenNs s3bIKe (aBTOp WC- / i
nonb3oBan Free Basic IDE). Cragana o0a / /
BPEMEHHBIX psfa — IS HaNpsOKSHWH Ha / /
koHzeHcarope u pesucrope Uc u U — HOp- / /
MHpPYIOTCSA Tak, 4ToObl cymma kBaaparoB Py | / ’
3NIEMEHTOB OBLTa JUISI HUX OJMHAKOBA. 3a- /
TeM I Kaxaod mapel Benmuun Ug, Ug, P .
OTHOCAIINXCS K OIHOMY U TOMY JX€ MO-
MeHTy Bpemenu nl, ompenenseMm (azy, Kak / /
¢, = arg(U& + i Uy), npuuem ¢asza mpu- 0

BOIUTCS K MHTepBaily oT 0 1o 2.
Ha puc. 4 mokazan rpaduk, Ha KO-
TOPOM TIPEACTABIECHBI 00Pa0OTAHHBIE TAKIM

0

0

21

Puc. 4. Dmmupudeckass WTeparMoOHHAs AWarpamMma

s das
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0o0pa3oM JaHHBIE B BHJE 3aBUCHMOCTH 3HAYEHUH (n41 OT ¢,. Kak MOXHO BUAETH, Tpa-
(UK COOTBETCTBYET paCTATHBAIOIIEMY OTOOPaKEHUIO OKPYKHOCTH THa bepuymmm. B ca-
MOM JieJie, OJMH TOTHBIA 00X0I OKPYKHOCTH IS MPo0oOpaza OTBEYAET IBYM OOXOmaM IS
o0pasa, To ecTh TpebyeMoe ais arTpakTopa Cmeitna—BuibsiMca yclioBre BBITOTHIECTCS.

To >xe camoe MOAKIIOYEHHE OCIMILIOrpada MOXKHO HCIONB30BaTh IS TONTYyYEHUS
MOpPTpEeTa arTpakTopa B MPOEKUMH Ha (ha30BYIO IIOCKOCTH MEPBOTO OCHMIUIATOPA, €C-
JIU TIEPEKIIOUUTh €r0 B PEXHUM, B KOTOPOM pPa3BEpTKa IO BPEMEHH HE MPOU3BOAUTCS, a
OTKJIOHEHHE JTyya MO TOPU30HTAIM U BEPTHKAIM YIPABISETCS BXOIHBIMH HAIPSKCHUSI-
Mu Uc u Ur. llonydeHnslit TakuM 00pa3oM MOPTPET arTpakTopa MOKa3aH Ha puc. S, d.
s mocTpoeHust arTpakTopa B CTPOOOCKOIHMYECKOM CEUEHHH MOXKHO BOCIIOJIE30BATHCS
3alMCaHHBIMH B (ailyl JaHHBIMH, MCIIOJIB30BAaHHBIMU TPH TOCTPOCHUU AMArpaMMBI JJIS
(a3, mpencraBuB ux rpaduyecku B koopaumHarax Uc, Ur ¢ NOMOIIbIO BHEIIHEH Mpo-
rpamMmel. [lomydennas quarpamma mokasaHa Ha puc. 5, 6. 37eCh MOXKHO BUAECTH OOBEKT,
COOTBETCTBYIOIIMU 1O BHIY coleHonny Cwmeitna—BuibsiMca, ¢ xapakTepHol 00pazyemoit
€ro BUTKAMU MONEPEUYHON KaHTOPOBOU CTPYKTYpOil.

Puc. 6 wmocTpupyeT CHeKTphl CHTHAJIOB, TEHEPUPYEMBIX 00EMMH IOICUCTEMaMHU
B nporecce (PyHKIIMOHUPOBAHUS CXEMBL. DTOT CIIOCOO MPECTABICHHS PeaIn3yeTcs C IMo-
MOIIIBI0 UMetoIerocst B cpene Multisim ananm3aropa cnekrpa (Stimulate — Instruments —
Spectrum Analyzer). [Ipu ero mucmonb30BaHMK HYXXHO NPaBHJIBHO YCTAHOBHUTH paboumit
YaCTOTHBIN JMana3oH ¥ Pa3pellaronyo ClioCOOHOCTh aHamw3a, TMHEHHBIA UK JTorapud-
Mudecknii Macmtad. CekTpsl Ha puc. 6 MPUBOIATCS B JIorapu(pMHUIECKOM MaciTade: 1mo
OCH OpJIMHAT OTJIOXKEHA CIIEKTpalibHas TUIOTHOCTh MOIHOCTH B jaenubenax. [lanems (a)

0.1 0.1
‘.s"/l .
UR’ B UR’ B f,-;n‘ ,'1’
.'\""\\.-. . . ’ e
-0.15 : -0.15
a 06 Us,B 0.6 6 0.6 Us, B 0.6

Puc. 5. TlopTper arTpakropa B HPOESKILMH U3 PACIIMPEHHOTO (ha30BOTO MPOCTPAHCTBA CUCTEMBI (@) H B CTPO-
6ockonuyeckoM cedeHHH (6). I1o rOpU30HTaIBHOR U BEPTHKAIBHOW OCH OTJIOXKEHbI, COOTBETCTBEHHO, HAIps-
’keHue Ha konaeHcarope Cl u Ha pesuctope R1

S, 1b S 1B
40.0 \N 40.0 Mh WM q'
20.(;_ , “NVN | 20.(;_ MWW MM |
-20.0 i . WW W MAWWWW -20.0 H WMWM ‘ , WWWM
a © 40 80 120 fxu 5 0 40 80 120 £ xI'u

Puc. 6. Ciektpbl Konebanuii HanpsbkeHus: Ha konzaeHcaropax Cl (a) u C2 (6)
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OTBEUaeT CIIEKTPY CHUTHAJA OT MEepBOT0 OCIIIUIATOpa (HampspkeHne Ha koHaeHcarope Cl),
a maHenb (6) — CHTHAJIy OT BTOPOTO OCHWILIATOpa (HampspkeHue Ha KoHaeHcarope C2).
CriexTp CIIJIONIHOM, KaKk 3TO W JOIDKHO OBITH AJIs ciiydaiiHoro curHana. [{ms mepsoro
OCLMJIISATOPA OH COCPENOTOYEH, IO OOINBIIEH YacTH, B OKPECTHOCTH €ro COOCTBEHHOM
yactoTbl 50 k1, a A58 BTOpOro — B OKpecTHOCTU ynBoeHHOU uyactoThl 100 x['1. B Hus-
KOYaCTOTHOW YacCTH CHEKTpa 3aMEeTHBI JUCKPETHbIE KOMIIOHEHTHI Ha yactoTe 5 k'l u ee
rapMOHHUKaX, 00yCIIOBIEHHBIE NMPHCYTCTBHEM IEPHOJNYECKON MOIYIALNN MapaMeTpoB C
3TOM 4acTOTOM.

2. CucremMa Ha OCHOBE HEABTOHOMHOI0 ocuuuIATOpa BaH aep Ilouas
¢ IONOJTHUTEJILHOM 1eNblo 3ana3ibiBaionieii 06paTHoii cBA3M

B kauecTBe ajbTepHATUBHOTO MOAX0A, PACTATUBAIOIIEE 0TOOPAKEHNUE OKPYKHOCTH
i (a3 MmociieIoBaTeNbHBIX CTaUN OCHUIUIATOPHON aKTMBHOCTH MOXKHO Peallu30BaTh B
CUCTEMeE C 3ama3IbIBaIoNIeii 00paTHOM CBA3bI0. B 9TOM citydae T0CTaTOYHO HMETH OJMH OC-
MWLIATOP, MOTEPEMEHHO JEMOHCTPUPYIOIIUE cTauu Bo30yxaeHus 1 3aryxaHus. CTuMy-
JIIUA B036Y)KZ[CHI/I$I Ha Ka)I(IIOfI HOBOM CTaluu MPOU3BOAUTCA CHUT'HAJIOM, IMOCTYIIUMBIIUM
0 [IeNU OOpaTHOW CBSA3M OT MPEABINYIIEeH CTaAuUd aKTUBHOCTH, ¢ (a3oii, mpeTepreBIei
HajyIexaiiee mpeodpasosanne. B padore [18] ObuIa mpemiokeHa cucTeMa, OmuchiBacMast
ypaBHEHHEM

i — [Acos(2nt/T) — 22| + wix = ex(t — 1)2(t — T) cos wot. 3)

3necs x — IUHAMUYecKas IepeMeHHas ociuuiiTopa BaH nep llons ¢ pabodeit wactoToit
g, B KOTOPOM ITapaMeTp, OTBETCTBEHHBIH 3a OM(ypKanKio poxKIACHUS MPEAETbHOTO UKIA,
MEJJICHHO MOJYJIUPOBaH BO BPEMEHH C mepuonoM 1’ u aMIUTUTYI0i A, Tak 4To ocumnis-
TOp TIOTIEpEMEHHO BO30YKIAaeTCs U 3aTyXaeT. B mpaBoii yacTu ypaBHeHHS T0OaBIIeH WiEH,
OTBEYAIOLIMH 3a 3ala3AbIBAIOIIYI0 OOpaTHYIO CBA3b. DTO NPOM3BEACHHE AMHAMHUYECKON
IIEPEMEHHOM B 3aa3/bIBAOIIIMI MOMEHT BPEMEHH, €€ MPOU3BOJHON U BCIIOMOIaTEIbHOIO
CHTHaJIla Ha 4acToTe wo. BpeMs 3amas3neiBaHus ompezensercd KoHCTaHToH T. Ilapamerp
€ XapakTepu3yeT UHTCHCUBHOCTH 06paTHOﬁ CBA3HU U yHIPaBJIACTCAd U3MCHCHHUEM aMIIIIUTY-
IBI BCTIOMOTATENbHOTO curHaia. [Ipenmonaraercs, uto N = wy7'/27 uenoe 4mcio, Tak
YTO BHEIIHEE BO3ACUCTBUE HA CHCTEMY B IIeJIoM meproandeckoe. OTMeTnM, 4to (azoBoe
MPOCTPAHCTBO cUCTeMBI (3) OECKOHEUHOMEpHOE: 3aJaHue MTHOBEHHOTO COCTOSIHMSA IO[-
pa3ymeBaeT He TOJIBKO yKa3aHue 0O0OIIEeHHOW KOOPIMHATHI U CKOPOCTH OCHMJUIATOpa B
JaHHBI MOMEHT, HO M 3HaHME MX, Kak (QYHKIUHA BpeMeHH, Ha WHTepBaje 3aiepkku. Ha
pHuc. 7 moka3aHa cxema, B KOTOpo#l ociuuistop BaH nep lloms peamn3oBaH Ha OCHOBE
KOJIeOaTEIEHOTO KOHTYPa, 00pa30BaHHOTO KaTyIkoi nHAykTHBHOCTH L1 1 emrocThio Cl.
[Tpu ykazaHHBIX Ha cxeMe HOMHHAJIaX cOOCTBEHHAsl YacTOTa COCTABIISET MPUOIU3UTEIEHO
50 x['u. OTpunarenbHOE COMPOTUBIEHHE BHOCHUTCS 3JIE€MEHTOM Ha OCHOBE OIEPAIllMOH-
Horo ycunutens Ul. Henunelinas npoBoauMocTs, o0ecrieuuBaonias yBeJIMueHHe I0Tephb
OHEPruun ¢ poCTOM aMIUIUTYAbL KOJIe6aHI/H71, BBOJUTCA 3JIEMCHTOM U3 NOJTYIIPOBOAHUKOBBIX
muonoB D1 n D2. Jlna Momynsuuu nmapaMeTpa B KOHTYp BKIIIOYEH IMOJEBOH TPaH3UCTOD,
IMPOBOAUMOCTE KOTOPOIO B IICIIK CTOK — MCTOK YIIPaBJIACTCA IOJaBa€MbIM Ha 3aTBOpP IIC-
PEMEHHBIM HamlpsKeHHeM oT uctouHuka V1 c gactortoit 10 xI'. Ha omHoM momymnepuo-
A€ MOOYJIAIMU OCHUIIIIATOP HAaXOOUTCA B PEIKUME I'CHEpaAllUuU KOHG63HI/I§I, a Ha Jpyrom —
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Puc. 7. llpuHiiunuanbHas cxeMa yCTPOMCTBA ¢ 3ama3/pIBarolieii ooparHoil cBs3bio. KoaddurimeHtsr mpeoo-
pa30BaHUS IPOU3BEACHUS BXOIHBIX HAIPSHKEHUIN B BBIXOAHOE i yMHOXkuTened Al u A2 passsl 0.1

IO TIOPOTOM TeHepanuu. [ eHepupyemMblii CHTHall BO3BOIUTCS B KBaJpaT YMHOKHTEIIEM
Al, moaBepraeTcsi mpeoOpa3oBaHUIO MOCpencTBOM auddepeHmaropa Ha KOHAEHCATOpe
C2, pesuctope R2 m omepannonHoM ycmmutene U2, M TOCTymaeT B JIMHUIO 3aJCPKKU
W1. Ha ee BbIxoze NpUCYTCTBYET pe3UCTOp R6, COOTBETCTBYIOLINII MO BEIUYUHE BOJIHO-
BOMY COIPOTHBIICHHIO JTMHUH 33JePXKKH, 9TO 00ECIeYyNBaeT COIIACOBAHHYIO HArpy3Ky U
OTCyTCTBHE OTpakeHUl. C MOMOIIBI0 YMHOXKHUTENS A2 CUTHAJ C BBIXONA JIMHHUU 33JIEPK-
KA CMEIUBACTCS CO BCIIOMOTATeNbHBIM CHUTHamoM 4acToThl 50 k[’ oT mctounmka V3.
[Tomy4yeHHBI CUTHAI UCTIONB3YeTCs I PE30HAHCHOW CTUMYIISIIIUU BO30YKICHHS OCIUII-
JSITOpa Ha CIIEAYIOIIeH CTaauu aKTMBHOCTH. BenmmunHa 3ama3apIBaHus B JIMHUHU 3a7€PK-
KU T=75 MKC cocTaBisier 3/4 meprofa MOAYISIIUHA. JTHM 00ECIIeUHBACTCS MOCTYIUICHUE
CHUTHAJa, UCITYIIEHHOTO Ha CTaJiH aKTHBHOCTH, Yepe3 LeNb OOpaTHOM CBSI3M B HYXHBIH
MOMEHT, IMPEIIEeCTBYIONNIA HACTYIUIEHHIO OYEpeqHON CTaguu akTuBHOCTH. Ha puc. 8
MoKa3aH rpaduk peaian3anuy HanpsoKeHus Ha KoHaeHcarope Cl, moimy4eHHBIH pu Moje-
JTHpOBaHUU B cpene Multisim ¢ mcmonp3oBanneM ociuuiorpada. Kak MoxxHO BUAETH, B
koHType L1, C1 B cOOTBETCTBUU C NPUBEICHHBIM BhIII€ KaU€CTBEHHBIM OMKUCAHUEM, UIMEET
MECTO TIoTniepeMeHHoe BO30yXIeHne U 3atyxanue konebanuid. [Ipm sToM (haza BrIcOoKoUa-
CTOTHOTO 3aIOJHEHUSI OT OAHON SMOXU aKTUBHOCTH K APYTro U3MEHSETCS B COOTBETCTBUU
C XaOTHYECKUM OTOOpaKEHHEM — PACTATHUBAIOMIMM OTOOpakeHHEM OKPYXKHOCTH. YTOOBI
B 3TOM YOEIHTHCS, MONKIIOUNM OcUUuIorpad Tak, YToObl OUH JIyd YIPaBISIICS HANps-
keHueM Ha koHmeHcatope Cl, a Bropoil — HampsbkeHHeM Ha pesucrope R1, m 3amumiem
JIaHHbIE B (haiisl ¢ maroM BEIOOPKH 110 BPEMEHH, paBHBIM neproay momyisiauu 1 = (0.1 mc.
3arem (aiin obpabaTpIiBaeTCs BHEIIHEH POTPaMMOi TaK Xke, Kak B MPEbIAYIIEM pasaere.

Puc. 8. Peanuzanuu HanpspbkeHust Ha koHaeHcarope Cl
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Ha puc. 9 mokaszan rpaduk 3aBHCHMOCTH
3HAYEHUH Q41 OT @, KOTOpAsS, KaK MOX-
HO BUJETb, COOTBETCTBYET PACTATHBAIOIIIE-
My OTOOpakeHWIO OKpyKHOCTH THma bep-
HYJUIH.

Ha puc. 10 nmokaszaHbl OPTPETHI aT-
TpPaKkToOpa B NMPOEKIUH U3 OECKOHEYHOMEp-
HOTO TPOCTPAHCTBA COCTOSIHUM CHCTEMEI C
3amasIbIBaHUEM Ha MJIOCKOCTh MEPEMEHHBIX
Ur, Uc. lloptper Ha muarpamme (a) mo-
Jy4aeTcs MepeKIioYeHneM ocuuiorpada B
PEXHM, B KOTOPOM 3TH HAIPSHKCHUS YIIPaB-
JISIIOT OTKJIOHEHHEM Jyya MO TOPU30HTAIH
1 BepTuKaid. [y MOCTpOeHUs aTTpakTopa
B CTPOOOCKOIMYECKOM CEUEHHUH IpHBIIEKa-
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Puc. 9. Dmnupuueckas uTepalMOHHAs IUarpamMa
s dasz

eTcst ¢aill JaHHBIX, MCIIONB30BAHHBIM TPH MOCTPOSHHM AWArpaMMbl Jis (a3: TaHHBIE
IpeAcTaBIsIoTCs rpagudecku B kKoopauHarax Ug, Ur ¢ TOMOIIBIO BHEIIHEH MPOTrPaMMBI.
[Tomy4ennsIif 00BEKT, MOKa3aHHBIN Ha TuarpaMme (6), COOTBETCTBYET I10 BHILY COJICHOUIY
Cwmeiina-Bunbsmca. Ha puc. 11 mokasaH crieKTp cUraajia, HOCTPOSHHBIH ¢ TOMOIIBIO aHa-
JM3aTOpa CIEKTpa B JIorapu(MUIEecKoM MacITade AJisl CUTHAIIA, TPEACTABISIOIETro CO00M

UC,B

a

0.1}
-fw
Ug-B 4
\
AN
AN
.
0.1} S
6 0.4 UC7 B 0.4

Puc. 10. Tloptper arrpakropa B MPOEKIHH W3 PACIIMPEHHOTO (Ha30BOTO MPOCTPAHCTBA CHUCTEMBI (d) U B
crpobockonuueckoM cedeHuu (6). 1o ropuzoHTaNLHONW M BEPTHKAIBLHOW OCH OTIOKEHBI, COOTBETCTBEHHO,

HampspkeHne Ha xkoHgeHcarope Cl u Ha pesuctope R1

S, nb

40.0 -

20.0 +

-20.0 1
0

120 £ KT

Puc. 11. Cnextp xonebanuii HanpsbkeHus: Ha koHaeHcarope Cl
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HanpspkeHne Ha koHjeHcarope Cl. CeKTp CIUIOIHON, M COCPENOoTOYeH Mo OombIIel ya-
CTH B OKPECTHOCTH COOCTBEHHOM 4acToThl ocumuratopa 50 k['1. B HU3K09acTOTHOH YacTi
CIeKTpa 3aMETHBI JUCKPETHBIE KOMIIOHEHTHI Ha yacTtore 5 Kl 11 1 ee rapMoHHKax, 00yciIoB-
JICHHBIE MIPUCYTCTBUEM MEPUOTHMYECKON MOTYISILUK ITapaMeTPOB C ITOW 4aCTOTOM.

3. AmHajorosoe ycrpoiicTBo ¢ arTrpakropoM CMmeiina-Bunbsimca

CKOHCTpyHpYeM HEaBTOHOMHYIO CHCTEMY, B KOTOPOH MIHOBEHHOE COCTOSHUE JaeT-
sl BEKTOPOM (Z,Y,2), @ paclIupeHHoe (pa30Boe MPOCTPAHCTBO — YETHIPEXMEPHOE.

JuHaMyka Ha KaXIOM TepHO/E BHEIIHETO BO3IEHCTBHS OYIET COCTOSATh M3 TPEX
stanoB. Ha nepBoM 3Tamne oGecrieunBaeTcs 3aTyXxaHHe EPEMEHHOHN 2 K HYJIO U 3BOJIIOIHUS
MIEPEMEHHBIX T, Y K AMHUYHON OKPYXHOCTH Ha IUIOCKOCTH ATHX NEepeMEeHHBIX. Topowu-
JanbHas o0macTh, Gurypupyromas B KOHCTpyHpOBaHHMHU aTTpakropa Cwmeiina-Bumibsmca,
OTBEYAET OKPECTHOCTU ATOM €IMHUYHON OKpYX)HOCTH. Ha BTOpoM 3Tane B MpOCTPaHCTBE
Tpex MepeMeHHbIX (%, Y, 2) MPOU3BOAUTCA IuddepeHInaIbHOe BpalleHue BOKPYT OCH & C
VIJIOBOM CKOPOCTHIO, TMHEHHO 3aBUCSIICH OT x M oOpamarorieiicst B Hoib ipu = 0. [lpu
3TOM Ha Kpasx OHAa JOJKHA OBITh Takod, 4TOOBI 00J1acTh, pacronaraBiiasics BHa4YalIe OKO-
JI0 eMHUYHON OKPYXXHOCTH, IPHHSIIA B IPOSKIUH HA IUIOCKOCTH (2,Y) HOpMy BOCBMEPKH.
Ha nocnennel, TpeTbell CTaiuy IUNIOCKOCTh, B KOTOPOM pacrosiarajack 3Ta «BOCBMEPKAY,
nperepreBaeT neperud u, Omaromaps MONEPEeYHOMY CIUIIOLIMBAHHIO MO 2 M CMELICHHUIO
mo x, o0e MOJIOBHHKH «BOCBMEPKH» 3aHHMMAIOT ITOJIOXKEHHE, KOTOpoe obecreduBaeT Ha
CJIeyIOIIEM MEPUOJIE BIOXKEHUE IeOPMUPOBAHHOM (PUTYPhI B HCXOAHYIO 00J1acTh B BUAE
JIBOMHOM METIIH.

YpaBHEHUs, ONUCHIBAIOLINE TUHAMHUKY CUCTEMBI, UIMEIOT CIEAYIOLINH BUA:

i = wr(l—a? —y?) - T80z

j=wy(l-a? =) - DAk ez~ 8Py -3+ A+, @

i = —yz+ SEit)ay + T (0,
rae &1 (t) u Ex(t) — mepropnueckue HYHKIMH BPEMEHH, 00CCIICUHBAOIINE BKIIOUCHHE U
BBIKJTIOUEHUE TIPOIIECCOB, OTBEUAIONINX 33 JTUHAMHKY, COOTBETCTBEHHO, Ha BTOPOU U Tpe-
theit craausax. [lepuox T npumem paBHbiM 10, momaras, uto ¢yHkuus Eo(t) paBHa 1 B
KOHIIE KaXXJI0TO Ieprojia Ha WHTEPBaJie BPEMEHN €NMHUIHONW TPOTSDKEHHOCTH U HYIIIO Ha
ocranpHOW yacTu mepuopa. Oyukuus £;(t) paBHa | Ha NPEANISCTBYIOLIEM EIHHHYHOM
BPEMEHHOM WHTEpBAJIC U HYIIO HA OCTaJbHOM YacTH meprosa. TecToBble BBIYUCICHUS 10-
Ka3bIBAIOT, UTO 3aJ[aHKe OCTAIBHBIX mapameTpoB u=0.3, a=1.5, b=0.9, y=0.2 oGecneunBaet
JKENAeMbIH TUT THHAMUKH.

Cxema ycTpoicTBa moka3aHa Ha puc.l12. JlnHamMmudeckue rnepeMeHHsle T, Y, z OT-
BEYAIOT BBIXOJAHBIM CHUTHAJIaM MHTErPaToOpoOB Ha onepannoHHbIX ycumutensx Ul, U2, U3.
Oto HanpspkeHus Ha koHneHcaropax Cl, C2, C3, m3amepeHHbIE B BOJbTaX. 3a €IUHUILY
BpeMeHH TpHHAT uHTepBad At=RC=0.1 mc, rne C' — 3nauenune emrocteit Cl1, C2, C3, a
R = 100 xOwm. Ilepuon T' coctaBnsier 10 equam, To ecth 1 Mc. CxeMa COMEPKUT KIIOUN
J1,J2, J3, J4, koTOpBIE OTKPBIBAIOTCS U 3aKPBIBAIOTCS C TIeproaoM 1’ Onaromapst HMITYJIbC-
HBIM CHUTHaJIaM OT UCTOYHHMKOB V1 m V2. Ha mepBom atame, 3annMatomieM 80% moiIHOTO
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Puc. 12. Cxema aHaJIOrOBOTO YCTPOMCTBA, B KOTOpOM obecniednBaeTcs artpakrop Cmeitna—Bunbsimca B 0T06-
paxxeHuu 3a iepuox 1'=1 mc. [lnHaMIdeckue NepeMeHHbIe T, Y, 2 OTBEYAlOT HAIPSHKEHUSIM Ha KOHICHCATopax
C1, C2, C3, coOTBETCTBEHHO. 3aMeTHM, 4TO YMHOXHTENMH Al, A2, A3 1 A7 UMEIOT MONOKUTEIBHBINA K03(-
¢uireHT npeoOpa3oBaHys NPOU3BEICHHS BXOIHBIX HANPSDKEHUH B BBIXOAHOE, a yMHOXKHUTenn A4, A5 u A6
OTpPUIIATENBHBIN, TIPH STOM abCOMIOTHAS BEIMYHHA KOG (UIMEHTOB ognHaKoBa U cocTaBser 0.1

meproja, Bce KII0oYM pa3oMKHYTH. Ha BTOpoMm stame, cocrasmstomem 10% mepuona, oT-
KpBIT KiIto4 J1, a Ha TpeTbeM 3Tarne, Toxe 3aHuMaomeM 10 % nepuona, OTKPHITHL KIIOYN
J2,]3, J4.

Uepes mocpencTBo ymHOXUTENeH Al, A2, MHBEPTUPYIOMIETO CyMMaropa Ha oIe-
paumonHoMm ycunurtenae U4, u ymHOKuTeneir A4, AS BoipabareiBaeTCsl cUTHAN, obectie-
YMBAIOIIMI JBOIONMIO TIEPEMEHHBIX X M Yy K cuTyauunm x° + y? = 1, Torga Kak Ha-
muaue pesuctopa R3 obecrneunBaer 3aTyxaHHe NepeMeHHOH z K Hynro. Korma 3aMKkHYT
K04 J1, curHaNBI, PONOPIMOHATBLHBIE, COOTBETCTBEHHO, 2 U —xy (s UX (HOPMHPO-
BaHUS UCTIONB3YIOTCS YMHOKHTETH A6 U A7), TOCTYNAIOT Ha MHTETPATOPhI, OTBEYAIOIIIHE
MepeMeHHbIM ¢y U 2. OTUM obecrneunBaercs auddepeHmanisHoe BpaieHne B (Hha3oBoM
MpoCTpaHCTBE BOKPYr ocu x. Korma 3amkHyTHI Kiatoun J2, J3, J4, Ha WHTETpaTopel T H
Z TIOAAIOTCSl CHTHAIIBI, TIPOTIOPIIUOHATBHEIE, COOTBETCTBEHHO, Z U —X, YTO O00ECIIeYnBaeT
TpeOyeMbIii TOBOPOT MOJIOBUHOK «BOCBMEPKI» BOKPYT OCH Y/, a HA HHTErPaTop i — CUTHAJ,
cofiepKaIllMii CyMMY KBaJIpaToB MEPEMEHHBIX T WM Z, TIOCTOSHHOE cjaraeMoe U J00aBKY,
MPONOPIHOHATBHYIO Y.

Kak MoxHO moKa3arh, AWHAMUKA CXeMbI ONUCHIBaeTCs ypaBHeHUs MU (4). Homuna-
JIBI DJIEMEHTOB CXEMBbI, 0003Haue€HHBIE Ha pHC. 12, COOTBETCTBYIOT NMPHUBEACHHBIM BBIIIE
napameTrpam.

Ha puc. 13 nokazansl rpaduku peanusanuii HanpspkeHUH Ha koHAeHcatopax Cl,
C2, C3, moiy4eHHbIe TIPH MOJCITMPOBAHUN C UCTIOIH30BAHIEM MHOTOKAHAIEHOTO OCIIHII-

109



Loh 5B morpada, mAocTymHOro B cpeae Multisim
oﬂuﬂuﬂf‘ AAa 1A (Stimulate — Instruments — Four Channel
210 UNT U U Y20 0w Osci
[ ot»B scilloscope). OTMeTuM, 4TO BpEeMEHHBIE
0 M\‘Mur'\’\f/\ f\u L 3aBHCUMOCTH BBIIVIIIAT, KaK HETepHOIH-
-Lor o 20 4Me yecknit poece.
1'8 1\_\ A NN 1 NN N UToOBl BBISIBUTH JTUHAMHYECKYIO
1.0 20 tMc ppupomy HaGIIONAEMOrO MOBEICHMS, KakK
ACCOIMUPYIOMIETOCS ¢ arTpakTopoM Cmeii-
Puc. 13. I'padukn peanusanmii HanpsokeHuid Ha KOH- JJa—-BuibsMca, IONXY4YEHHbIE NIPU MOZE-
aencaropax Cl, C2, C3, nonyuenHbIe npu QYHKUHO-  jynopapyy pealn3alMi 3aHCHIBAIOTCS B
HUPOBAHUA CXEMBbI aHAJIOTOBOI'0 YCTPOUCTBA HA PHUC. 12 o
¢daitl B BUJE BpPEMEHHBIX PSIOB C Ia-
TOM BBIOOPKH, PaBHBIM IIEPHOAY MOIYIISI-
2n ] {/7’ uun T = 1 mc. 3areM BpeMEHHbIE PSAIbI
4 T, U Y, 00pabaTHIBAIOTCS BHEIIHEH Mpo-
IrpaMMOM, U JJIs KaXJI0To 11ara 1 omnpeze-
JISIeTCS YIIIOBasi KOOPAMHATA Ha TIOCKOCTH
/i ﬁj (x, y): 0, = arg(z, + iy,). Kak BugHO
), u3 rpaduka Ha puc. 14, TOKa3BIBAIOIIETO
3Ha4eHUs 0,1 B 3aBUCUMOCTH OT TPEIbI-
IOYIIUX BEIHYUH 0,, Ha KKIOM MEpUOIe
MOIYJISIITIN TUHAMHUKA TPUOIIKEHHO CO-
/ OTBETCTBYET PaCTATHBAIOIIEMY OTOOpaXKe-
0 ) i HUIO OKpYXHOCTH Tuna beprymmu. Ilpu
0 0 21 HAJIMYUK CKATHUS 10 OCTAIGHBIM HaIpaB-
n JIeHUsSIM B (Da30BOM ITPOCTPAHCTBE, 3TO CO-

Puc. 14. Dmnupuyeckas WTepalMoOHHas auarpaMma OTBETCTBYET HMPUCYTCTBHIO aTTPaKTOpa TH-
IUTSL YIIIOBO# mepeMeHHoit 0, = arg(z + iy) na Cumeiina—Brbamca. 3

9n+1

Ha puc. 15 B BepxHeM pslly IOKa3aHbl MOPTPETHI ATTPAKTOPA B TPEX MPOEKIMIX
U3 YEeTBIPEXMEPHOTO pacIIUpeHHOro (ha30BOTO MPOCTPAHCTBA CHUCTEMBI, HAOMIOMABIINECS
HETIOCPEICTBEHHO MPY MOJENMPOBAaHUH AMHAMUKHU B cpeae Multisim ¢ moMompio ociu-
norpada. Ero mogxmodeHrne K cxeme MPOW3BOIUTCS TaK, YTO OTKJIOHEHHE Jyda IO To-
PU30HTANIM U BEPTUKAIN YIpaBIsieTcs HampsbkeHusMU Ha konaeHcatopax Cl u C2, C3 u
C2, C1 u C3, cOOTBETCTBEHHO, ISl TIOIYUCHHSI TIEPBOTO, BTOPOTO U TPETHEro M300pake-
HUH. J{751 DoCTpoeHUs MOPTPETOB B CTPOOOCKOITMYECKOM CEUEHUH, TOKa3aHHBIX B HIDKHEM
psimy, mpuBJeKaeTcss ¢aiyl TaHHBIX, 3alFCAHHBIX MIPH MOICTUPOBAHUN IWHAMHKH C HIC-
MOJIH30BaHUEM MHOTONyYEBOTO OCIIHIUIOrpada ¢ BpEMEHHBIM IaroM B OfWH nepuoxa 1', u
00paboTaHHBIX IS MOCTPOEHUS AWAarpaMM C MTOMOIIBIO BHEIIHEH mporpamMmsl. X MOXHO
WHTEPIPETHPOBATh KaK M300paKeHUE B TpeX MpoeKIusax coneHounna Cmeitna—Bunbiamca,
BJIO’KEHHOTO B TPEXMEPHOE MPOCTPAHCTBO COCTOSHUI CTPOOOCKOITUIECKOTO OTOOPaKEHHSI.
Ha puc. 16 noka3aHbl CIEKTPbI MOLIHOCTH, IIOCTPOECHHBIE C MOMOIIbIO aHAIU3ATOPa CIIEK-
Tpa B JIOTapH(PMHUIECKOM MacCIITa0e I CUTHAIOB, MPEACTABISIONINX COO0H HAIIPSHKCHHE
Ha xoHgeHcaropax C1, C2, C3. CrnekTpsl CIUIONTIHBIC W 3aHUMAIOT JOCTATOYHO MIUPOKUH

3 BBIIONHKTE APyTHE TECTOBBIE POLEAYPHI (PACUET CIIeKTpa IoKasaTeneii JIAIYHOBa, IPOBepKa TPAHCBEp-
CaIbHOCTH IepecedeHe MHOT000pa3nii, MpoBepKa KpUTEpHs KOHYCOB U 1p.) B cpeae Multisim 3aTpyrHuTeNs-
HO. COOTBETCTBYIOIINE pacyeThl OBUTH CAENaHbl HA OCHOBE PEIICHUs YpaBHEHHH (4) KOHEYHO-pa3HOCTHBIM
METOZIOM, U HOATBEPKICHHE IMIepOOIMYEeCKOil IPUPOIBI aTTPAKTOpa OBLIO MOTYUYEHO.
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Puc. 16. Cnekrpsl konebanuii HanpspkeHus Ha konaeHcaropax Cl(z), C2(y) u C3(z)

WHTEpBaI 9acTOT. MOXXKHO OTMETHTh M3PE3aHHOCTb C XapaKTEPHBIM HHTEPBAJOM IO Ya-
crore 1 xI', 4TO, OYEBUAHO, CBS3aHO C NPUCYTCTBUEM BHEIIHEH MOIYISIMN [1apaMETPOB
cucTeMsl ¢ iepuoaom 1" = 1 Mmc.

3akirouenmne

B crarbe mpuBEnEHBI CXEMBI JEKTPOHHBIX YCTPONCTB, MPENCTABISAIONINX COOOH
HEaBTOHOMHBIE CHCTEMBI C MEPUOANYECKON MOIYIALMENH mapaMeTpoB, B KOTOPHIX HUMEET
MECTO Xa0THYECKas THHAMHUKA, aCCOITMUPYIONIAsics ¢ arTpakTopoM Tuma Cmeitna—Bubsmca
B CTPOOOCKOITUYECKOM OTOOpaKEHUH, OMMCHIBAIOIIEM W3MEHEHHE COCTOSHHUS 32 TEPHOI.
OcHoBaHmMeM Ui TPAKTOBKH arTpakTopa Kak coieHomma Cmelina—-BuimbsiMca B Kaxmaom
Clydae CIIY>)KUT TO 00CTOSATENBCTBO, YTO MOXKHO BBECTH YIIOBYIO WiH (Pa30BYIO IEpeMEH-
HyI0, KOTOpasi 3a Mepuoj, MOAYJSINH MPeTepreBaeT ABYKPaTHO pacTsAruBaiomiee otodpa-
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JKEHUE OKPYKHOCTH (0ToOpaxkenwne bepHymim), Torga Kak MO OCTaTbHBIM HAMPABICHUSIM
B MPOCTPAHCTBE COCTOSHUN MMEET MECTO CKaTHhe (a3oBOro oobema.

Hcnonb3oBanbl 1Ba METOAMYECKH PA3HBIX IOAXONA, XOTSA TpaHb MEXAYy HUMH
HECKOJIBKO YCIIOBHas. A WMEHHO, TIEpBBIE JBE CXEMbI OTBEYAIOT HCOJIOTUH KOHCTPYH-
poBaHUsS (PU3MYECKOI CUCTEMBI, 00JaIatoIeld THIIOM JHHAMUYECKOTO MTOBEIEHHs, aHaJO0-
TUYHBIM TaKOBOMY JUISI B3SITHIX 32 OCHOBY MOJEIBHBIX ypaBHeHUU. OCHOBOM CIYKHUT OIWH
WA JIBa KOJIeOaTebHBIX KOHTYPa, K KOTOPBIM TOOABIISIOTCS AIIEMEHTHI, 00eCIIeYnBaIOIINe
HY>KHBIH T TUHAMHUKHA (DJIIEMEHTHI OTPHUIATEIFHOTO COMPOTUBIICHUS, UCTOYHHUKH TIEpe-
MEHHOTO HAaIPsDKEHHS, HIEMEHTHI 00paTHOW CBS3M U T.I.). IIpm 3TOM Ienb COCTOHT CKO-
pee B pealn3allyd WHTEPECYIOUIero TUIAa JUHAMUKUA Ha Kau€CTBEHHOM YpPOBHE, HEXKEIU
B TOYHOM BOCITPOM3BEIICHUU UCXOIAHBIX ypaBHEHUH. HampoTus, Mpu KOHCTPYHpPOBAaHUH B
paszgene 3 mpuHATA WACOIOTHs MO BO3MOXHOCTH TOYHOTO BOCHPOHU3BEICHHUS YpaBHEHUI
WCXOIHOW MOJENM C ONOPOH Ha 3JIEMEHTHI, TPaJUIIOHHO MPUMEHSIeMbIE B TEXHUKE aHa-
JIOTOBOTO MOJAETUPOBAHUS, TAKHE KaK MHTETPaTopbl, yMHOKUTEIH, CYMMAaTOPHI U 1p. Tem
HE MeHee, 00a MMoaX0/a YKa3bIBalOT KOHKPETHBIE IMyTH K ITOCTPOEHHUIO PeasibHO (DyHKIH-
OHHUPYIOMIUX PAAUOTEXHUUYECKUX YCTPOMCTB, BHICTYHAIOIINX KaK T€HEPATOPbl CTPYKTYPHO
YCTOHYMBOIO Xaoca.

PagmoTrexHuueckne ycTpoicTBa co CTPYKTYPHO YCTOWYIHBBIM THIIEPOOTNIECKIM Xa-
0COM, TIOIOOHBIE OMHCAHHBIM B CTaThe, MOTYT HAaWTH MPUJIOKEHHE B CHUCTEMaX CKPBI-
TOW KOMMYHUKaIuu [25,26], urymoBoii nokanuu [27], a Takxke Uil KPUNTOTPahUIECKIX
cxem [28,29].

OnHO M3 BO3MOXHBIX IPUMEHEHUH COCTOHUT B UCIIOJIIB30BAaHUN 3THUX YCTPOMCTB IS
reHepaluy CIy4dailHBIX YHCell, YTO CUMTAaeTci BaKHOM NpukiIanHoi 3amaueit [30, 31].
st cucrem ¢ arrpakropom Ttumna Cwelina-BuissiMca OwHapHas cilydaiiHasi ITOCIEIO-
BaTeJIbHOCTh TONTYYaeTCs €CTECTBEHHBIM 00pa30M KaK CHMBOJHMYECKAas MOCIIENOBATEINb-
HOCTb, KOTUPYIOMIas TpaeKTopuio Ha arrpakrope. (Homp mim equanma oTBeyaer momaaa-
HUIO YIJIOBOU MEPEeMEHHON Ha KaXKJIOM MEPHOAE B ONHY WU APYTYIO MOJIOBHUHY MOJIHOIO
UHTEepBaja.)*

IIpencraBneHHbI B cTaThbe MaTepuan MOXKET OBITh MOJNe3eH A OOy4deHHs CTy-
JICHTOB M aCIUPaHTOB, CHEIHMATU3UPYIOIIUXCS B OONACTH PaUOPHU3UKU U IICKTPOHUKH,
MPUHLIUAIIAM TTOCTPOCHMS U aHAJIM3a CUCTEM CO CIOXHOW JUHAMUKON. B yacTHOCTH, MOX-
HO PEKOMEHJ0BATh HCIOIb30BAHUE PACCMOTPEHHBIX CXEM B KOMITBIOTEPHBIX MPAKTUKyMaX,
a TakXe MPHU MOCTAaHOBKE IKCIIEPUMEHTAIBHBIX JTA00PATOPHBIX padoT.

Agrop 6narogapen B.U. [Tonomapenko u E.I1. Cene3HeBy 3a mosie3Hoe 00CyKaeHNUE.

Paboma noocomosnena npu gpunarncosoii noodepcxe PODPHU (epanm 09-02-00426).

4MaremarnuecKie MOIETH PACCMOTPEHHEIX YCTPOHCTB, JEMOHCTPHPYIOIIHE JHHAMUYECKHH Xa0C, B 3TOM
KOHTEKCTE CJISJOBAJIO ObI OTHECTH K «T€HepaTopaM IICeBIOCIYYaiiHBIX 4duceN» (B aHIVIOSA3BIYHOW JUTEpaTy-
pe ymorpebnsercs TepMuH Pseudo-Random Number Generator). OnHako, peann3oBaHHBIE, KaKk (QH3HIECCKHE
YCTPOWCTBA, OHU JIOJDKHBI OBITh OTHECEHBI K KIIACCy «MCTHHHBIX TEHEPAaTOPOB CIyYailHBIX yucen» (B JIMTepa-
Type ucnoib3ytoT TepMuH True Random Number Generator), mockonbKy uX (yHKIHOHUPOBaHUE MPOTEKAET
B IPUCYTCTBUH HEM30EKHBIX B DM3MUECKUX YCTPOICTBaX IIYMOB U (uiykTyauuii. B camom zene, B mporecce
JMHAMHYECKOI SBOJIIOIMY HA aTTPAKTOPE OHM YCHJIMBAIOTCS OT MUKPOCKOIIMYECKOTO YPOBHS IO MaKpOCKO-
MUYECKUX BEIWYMH B CHITy IPHUCYIIEH XaoCy YyBCTBHTEIBHOCTH K BO3MYLICHHIO (ha30BBIX TPACKTOPHUIL, 4TO
MPOSIBIISICTCS B MPUCYTCTBUM IMOJIOKHUTENBHOTO mokaszaresst JlsmyHoBa. TeM caMbIM CHCTEMa, HaxOmsLascs
HOJT HEIPEPHIBHBIM JISHCTBHEM CJIa00ro IIymMa, BHIOMpAET TPAeKTOPHIO Ha aTTPAKTOpEe PeajbHO CIyYaifHBIM
obpazom.
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ELECTRONIC CIRCUITS MANIFESTING HYPERBOLIC CHAOS
AND SIMULATION OF THEIR DYNAMICS
USING SOFTWARE PACKAGE MULTISIM

S.P. Kuznetsov
We consider several electronic circuits, which are represented dynamical systems

with hyperbolic chaotic attractors, such as Smale-Williams and Plykin attractors, and
present results of their simulation using the software package NI Multisim 10. The approach
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developed is useful as an intermediate step of constructing real electronic devices with
structurally stable hyperbolic chaos, which may be applicable in systems of secure commu-
nication, noise radar, for cryptographic systems, for random number generators. The
developed approach is also of methodological interest for training students specializing in
radiophysics and nonlinear dynamics in the design and analysis of systems with complex
dynamics on a base of examples close to practical applications.

Keywords: Chaos, attractor, Smale—Williams solenoid, non-autonomous system, operational
amplifier, simulation, Multisim.

Kysueyos Cepeeii Ilemposuu — popuics B Mockse (1951). Oxonunn CaparoBckuii
rocyaapctBennsiii yauepcutet (1973). C 1988 — corpyanuk CapaToBCKOro (uim-
ana HcTUTYyTa pagoTeXHUKH U 3MeKTpoHUkH uM. B.A. KorenpuukoBa PAH, B Ha-
CTOsIIIee BpeMs — 3aBEAYIOMIHiA abopaTopuell TeOpeTUIeCKOi HETHHEHHOH auHa-
MHKH. 3alIUTHII AUCCEPTAINIO HA COMCKAHHE YUCHOW CTENCHM KaHgumara (U3HKO-
Maremarndeckux Hayk B CI'Y (1977) m moxropa Hayk (1987) mo cmemuambHOCTH
pamunodmsuka. [Ipodeccop kadenpbl TMHAMHYECKUX CHCTEM. ABTOpP MOHOTpadHH
«Hyperbolic Chaos. A Physicist’s View», omyonukoBanHoit B 2011 T. B paMKkax coB-
MeCTHOU cepun m3narenscTsa Llnpunrepa u MunucteperBa oopasosanus KHP, mo-
Horpaduu Strange Nonchaotic Attractors (coBmectHO ¢ A. ITukoBckum u Y. Doii-
nenb, u3narensctBo World Scientific), a Taioke ydyeOHO-HayuHbIX MoHOTrpaduii «{u-
Hamudeckuil xaocy u «Hemuneitnbie konebanus» (B coaBTopctBe ¢ A.Il. Kysnemo-
BoIM U H.M. PoickunbiM). Omy0nukoBan okono 200 Hay4HBIX cTaTed IO HEIMHEH-
HOHM IuHamuke, pagnodusuke u snexrponuke. [lox pykosoncteom C.I1. Ky3snenmosa
3alIMIICHBI IEBATh KaHAWAATCKUX OuccepTanuii. Jlaypear rocymapcTBeHHOW Hayd-
HOU crumeHamu it yaeHsIX Poccmm (1994-1996), CopocoBckuii mouent (1998),
Copocosckuit podeccop (2000, 2001). YneH penakIMOHHON KOJUIETHH JXypHAla
«M3Bectus By30B. [Ipukinaanas HeaMHENHasT TUHAMUKA.
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