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METOJ BOCCTAHOBIEHUA YPABHEHUN C TAPMOHUYECKM
BHEIIHMM BO3AEVCTBUEM I10 BPEMEHHOMY PATY

b.1l. Be3pyuko, [1.A. Cmupnos

IlpepnaraeTcsa oflupit TONXON K HOCTPOSHHIO IMOGANLHLIX MOAEREH rapMOHMYECKH
BO30yXK/lacMbIX CHCTEM N0 BpeMEHHBIM psaaM. On sBnsercs MomuguKangel cTaRIapTHOTO
MeToNa rJIOOANLHON PEKOHCTPYKUHH ImdpepeRIHATLHBIX YpPaBHEHME: B MOHEJIbHBIE
YpaBHEHUS  BXOHAT INOJMHOM, AapryMeHTaMH KOTOPOTO HBIASIOTCH HE  TONBKO
nocenoBaTe/IbHbIE UPOH3BOAHBIE HaOmopaeMol, HO M (PYHKUHN, ABHO 3ABUCSIIHEE OT
BpeMeHH. PaoTocnocoGHOCTh M feTann NpPENIOKEHHOTO NOAXOfa JEMOHCTPHPYIOTCH B
YACNEHHBIX SKCIIEPAMEHTAX.

Brenenune

Meropel pEKOHCTPYKUMH OOBLIKHOBEHHBIX MU(pepEHUUANBHBIX  YpaBHEHUI
(O0Y) mo BpemeHHBIM psiiaM pa3BHBAIOTCA VXe Gojee NeCATH JeT [1-4]. Onu
OCTaTOYHO YCIIEIIHO IPUMEHSIOTCS A TNporHos3a [S5], KauecTBeHHOro onmcaHus
MMHaMEKH [5,6], pacyeTa xapakTepucTHK aTTpakTopa [7], knaccudukamum cucreM [8,9].
Yenex MOfieIMpOBAHuSI IO BDEMEHHOMY PsiIy B pellialollel CTENEeHH 3aBUCHT OT BhIGopa
CMPYKMypPbl MOOEAbHbIX ypaeHeHuli (KOMMYECTBA YpaBHEHHY M BUAA (DYHKUHI B HX
paBbIX 4aCTAX), aeKBATHOH HaGNIONAEMbIM NEPEMEHHLM. JTOT BLIGOpP ABNIAETCH
Haubosee TPYNHOM YaCTbIO NpOUEeaYpbl PEKOHCTPYKUMH, W BpSAA JIM 3[eCh MOXHO
pacCyUTHIBATD Ha YHMBCpCaJbHble pelLENThl. TeM He MeHee HCIONb3yEMBLIE METOMbI
OpHEHTHPOBAHBI, KaK NMpPaBHUNO, Ha peKoHCTpyKumio OIY B yHHBepcambHOM Buie (6e3
y4eTa cneuUKN HCCieyeMoi cucTeMbl). HanpuMep, cornacHo pacnpocTpaHeHHOMY
noxopy [4-7,10], xoropsit Mbl OymeM HasbIBATH CMAHOAPMHBIM, YDABHEHHS
BOCCTaHAB/IMBAIOTCA B BHJIE | |
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OpHako BO MHOTHX Clly4yasix IOJOOHbIE METOIUKM OKa3bIBalOTCH HE paboTOCTIOCOGHBEIMU
- B YaCTHOCTH, CTAHJAPTHbIC MOJIC/IA YacTO OKA3bIBAIOTCS BECbMa I'POMO3[KMMU U AaOT

pacxXofsAlHecs: pelieHus. ITH TPYTHOCTH BO3HHKAIOT, HAlpUMEp, IIPH MOJEIIMPOBAaHHUH
CHCTEM, HaXORSIIMXCS ITOJ BHEIIHWM BO3XEHCTBHEM, KOTOPBIM IIOCBSILEHA NaHHAd

pabora.
[lepcnekTMBHBIM IIyTEM pa3BATUA METOHOB IiiobanbHOU pekKoHcTpyKuud OY

peAcTaBiasercss MoaudpUKalMsad YHUBEPCalbHbIX IIOAXONOB IPUMEHHMTEIBHO K
HEKOTOPBIM [OCTATOYHO Y3KHUM KJlaccaM OOBbeKTOB. [IpMMEHUTEILHO K rapMOHMYECKH

BO30yXMaeMbIM OCHWUISTOpaM, TakKad Mojudukaiys CTaHAapTHOro IIOAXofa
ncrions3osanack B [11-13]. Momuduxkauusa coctosyia B TOM, 9YTO PEKOHCTPYHPOBANINCE
HeasmoHnomHble OJlY, TO e€CThb B ypaBHEHHMS MOJEIH BKJIIOYAIUCh (PYHKIWH, SBHO

3aBHUCSILE OT BpEMEHH (BHemHee Boaneﬁc'mne)

5)1 ﬂ}’g, -
3)
5)2 =f(y15 yz) + acoswt + bsinwt,

rae f - monuHoM (2). DTa CTPYKTYpa MOJIE/IbHBIX YPAaBHEHHI OTpakaeT YaCTHBIN cydaid,
OIMH M3 BO3MOXHbIX CIIOCOB0B BHECEHUS BO3[EHCTBHS - afiUTUBHBIA (CHUIIOBOI).

B manHO#I paGoTe mpemiaraeTcsi oOIMi MOAXOR K ITIOGAMbHOMY HEIMHEHRHOMY
MOJCIIAPOBAHINKD OOBEKTOB, HaXOAIIUXCSA 110 TapMOHHYECKHUM BO3JACUCTBHEM.
CornacHo 2TOMy mOJXONy cTaHaapTHas cTpykTypa (1) MomudumupyeTcss TakuM
00pa3oM, YTO apryMeHTaMu (PYHKIVH f SABJSAIOTCH HE TOJIBKO Yy, ..., ¥, HO H ClIaraeMbl¢
COSMW! MU SINW{¢, OIMHACHIBAIOILUE BHEUIHEE BosfercTBHe. OIHAKO H TaKaH MOJIeJIb MOXET !
OKa3aTbCd BEeCbMa TIPOMO3IKON, TO3TOMY [ MHOTHUX CHUTyalldi uenecooGpaBHo i'
MCIOJIb30BaTh YIPOUICHHYIO CTPYKTYPY MOAEIH. YIIPOLICHHbBIA MOAXOH COCTOUT B TOM, 5
qro Mofiexab uMeeT BrR (1)-(2), Ho Bce K0ahbULMEHTBI MOTYT 3aBHCETh OT BPEMEHH, TO :
€CTb  BEJIMYHMHB! €, 3aMEHSIOTCA  BbIpaXKeHHAMH  (C e, cosor 4 f-‘
b, . sinwt).

‘jlanee B II. 1 06CcyXgaroTCsa BOSMOXHOCTH CTaHAAPTHOI'O METOAA ¥ NPUYHHBI €0
HeaddekTuBHOCTH. [IpearaeMble NOAXOMbl ONUCHIBAIOTCS M OGOCHOBBIBAIOTCS B 11 1.
B pasnenre 2 ux 3¢h¢EKTHBHOCTL [NEMOHCTPUPYETCS Ha pa3MUYHbIX YHUCIEHHBIX

[IpUMepax.

A2, lp lisdae oo

1. MeToabI NOCTPOECHUA MOAEIH 10 BpEMEHHOMY PATY

1.1. Cmanoapmmuuiii nodxo0. PaccMOTpHM KPaTKO CTAHaPTHBIA ITOAXOH K II00aILHOI
PECKOHCTPYKUMH U OOCYyAMM BO3MOXHBIE NPHUYMHBI €ro HeaddekTuBHOCTH. IlycTh
MMEETCS CKa/sIpHBIA BpEMEHHOW pAJ - KOHEYHbIA Habop 3HayeHWi HEKOTOpPOl
BE/IMYMHBI v, UBMEPEHHBIX B JUCKPETHRLIE MOMEHTBI BPEMEHH, Pa3[cICHHbIE HHTEPBAJIOM
BbICOpKHM AL {v}_ " , v=v(t), t, = iAt, i=1,...,N . ITycTb BbIGOpKa NpOU3BENEHa HOCTa-
TOYHO 4YacCTO, TO €CTh IIOCJIEOBATE/IbHbIE 3HAYCHUA Vv OTIAMYAIOTCH APYr OT [pyra
JOCTaTOYHO CJIabo0 IO CpaBHEHHIO ¢ OOHMMM pa3maxoM Konebaunit. Tpebyercd
NOCTPOHTE cucteMy OJIY (Monens), KoTopas HOCTATOYHO XOPOIIO BOCIPOH3BOJNT
HaOJIfogacMBbIit psi. . .

CxeMa pelieHuss 3ToU 3ajaud NpH CTAaHAAPTHOM IIOAXOJle BbIMISIHAT CJIEAYHOILHM
oOpa3oM. BriGupaeTcss HEKOTOpOe 3HayeHHe pa3MepHOCTH Mofemu D. BoccraHasiu-
BAaIOTCH BEKTOPbl COCTOSHMSL Yy(f) MeETONOM MOCHENOBAaTENbHbIX IIPOU3BONHbI

(TIpoM3BOHBIE HAXONATCSA IO BpeMEHHOMY psify uncienso [5,10]).

|

28



[IpoBomurcst anmpokcuMaumst 3aBucaMocTH  §,(y) mnommHomMoM (2). 3HaueHus
KO3((IIMEHTOB NOMMHOMA C, b....ip, ONPEAEIAIOTCS METOIOM HaHMEHBIIHX KBaJlpaToB,

TO €CTb TaK, YTOOLI Mmmmnaﬂpona'rb CPEOHHHA KBAApaT NOrPEUIHOCTH AIPOKCHMALIH
e% = 1/N Zf.—.-_l()}ﬂ(tf) "f(y1 (t,')& !yp(r,')))zv (4)

rge N - KOIMYECTBO BEKTOPOB, BOCCTAHOBJIEHHBIX N0 CKATSIPHOMY BPEMEHHOMY DSALY.
[TockonMbKY K03(hHIHMEHTH! THHENHO BXOAAT B BhIPaXKEHHE IUI4 [, 3ajaya CBONUTCSH K
PELICHHIO CHCTEMb! JIMHEWHBIX anrebpavvyeckux ypaBHeHmi. Hakowel, mposepsiercs
3¢ PeKTHBHOCTh MONMYYeHHOH Mopead. Kpureprm 3¢¢heKTHBHOCTH ONpenessaiorcs,
BoOOILlle ToBOpA, ULENAMH MOOENUPOBAHUSA, HO B KaudecTse Haubonee YacTo
HCTIONTb3YEMBIX MOXKHO yKa3aThb ciaefiyroinue. st NpOBEpKH KauwecmeeHH0z20 cxo0cmaa
noeefeHNss oO0bEKTa MW MOJENHM (pa3oBasg TpaeKTOPHA MOJENH CPAaBHUBAETCS C
TPaCKTOPHEN, BOCCTAHOBJIEHHON MO BpPEMEHHOMY psity. TOYHOCTB KoOAUHECMBEHHOZO
ONUCaHuf OLCHMBAETCS, HaNPHUMED, MO JalbHOCTH mporHo3a [14]). Ing ee pacuera
CHayaNa BHIYHCIISIETCA BETHYMHA O(T) - CPeTHEKBalpaTH4Has ! MOrpelHoCcTh IPOrHo3a
HabMmogaeMOA TEpEeMEHHOM Vv C YNpeXAEeHHEM T, HOPMHPOBaHHas Ha CTaHJapTHOE
OTKJIOHEHHE BENMYHHBLI V. 3aTEM OIpPEAeNseTcs TaKoe YIIpeXACHUE T, 7 Korma
BEIMYMHA O(T) CTAHOBUTCS GOMbIIE HEKOTOPOrO IIOPOrOBOro 3HAYEHHS: (T T rea) 20, ITO
BpeMsi YIPEXKMCHMA T, M HasbIBaeTCHd OaAbHOCMbIO npozHo3a. Eciwm MO,IICJIb
HeaddeKTHBHA, TO cnenye'r H3MEHSTh (KaK IPaBWJIO, YBEIUYMBATE ) MOPSHOK MOJIHHOMA
K vnu pasMepHOCTD D ¥ CTPOUTHL HOBYIO MOJIETI.

OnHako ONBIT MCIONb30BaHUsI ITON NpOLENypbl II0Kas3bIBaeT, YTO CTaHAAPTHaL
CTPYKTYpa MOJEe/IM OYEHb 4acTO (0coOeHHO npHM OONBUIMX 3HaYeHWsIX D, TO ecThb
Gonblue 3-4) okaspiBaeTcs He ahgeKTHBHOK. BOCCTaHOBNEHHbIE YpaBHEHHUS BO MHOTHX
ClyyasX IEMOHCTPHPYIOT HOBENEHUE, KAUECTBEHHO OTIHYHOE OT NOBENCHUS 06LEKTa, B
TOM YHCHE JAIOT pacxofsiuuecs: peurenus [5,6]. BUmMMbIX IPUYMH 3TOTO HECKOJBKO.
Bo-nepBbIX, mpH GOMBIIOM 3HAYEHMM pa3MEPHOCTH HYXXHO UYHCJIEHHO ONpENEIsSTh IIpo-
H3BOTHBIC BBICOKOIO IOPSNKA, YTO COMPSIKEHO C CYLIECTBEHHBIMHM MOTPEIIHOCTSIMHU
¥3-32 BIIMAHKS NIYMOB. BO-BTODBIX, Wis aNNpPOKCHMALMN CIOXHON 3aBUCMMOCTH  Y,,(¥)
MOXET NMOTPeOOBATLCA IOJIMHOM BBICOKOIO IOPSANKA, KOTOPBI CONEPXHUT OrPOMHOE
qicno koappuuuentos M=(D+K)!/(D!K!). 3To NpUBOIMT K CHUKEHMIO HANEKHOCTH
OLEHOK HX 3Ha4eHWH. B-TpeThux, TpaekTOpHs B (pa30BOM IIPOCTPAHCTBE MOLETH MOXKET
BBINTH 3a Npefesbl o01acTi, 00ECIICYEHHON 3KCNEPUMEHTANbHBIME JaHHBIMH, a TOrIa
AalbHeulee NOBeleHHe MOJIEH NEPECTAET CKOJIbKO-HUOYAbL COOTBETCTBOBATh OOBLEKTY.
B pesynbTate MOfie/IbHas TPaeKTOpust MOXeT (YTO YacTO M NPOHMCXONMT) yHTH Ha
OECKOHEUHOCTE.

Mitak, npuuypHOM HeyfJad NPUMCHEHHS CTaHNApTHOI'O TIOgXofa SBJISIETCA
rPOMO3JKOCTh NOJYYaIOIUXCAd MOJeel. DTO NpakKTUYEeCKH HEeH30EXKHO, TaK KaK s
CYLIECTBYIOLIEr0 MHOrooOpasusi peanbHbIX cucTeM BapuaHT Mopmenn (1)-(2), kak
MPaBUNO, HE SBIACTCA  €CTECTBEHHBIM, HAWIYYIMM 00pa3oM COOTBETCTBYIOLIUM
00bEKTY, @ HCMOJIb30BAHUE TaKOH CTPYKTYphl ypaBHEHMM TpeOyeT MOCTPOEHHS Mofee
BBICOKOH pasMEPHOCTH. ITO XOPOLIO BUAHO Ha MpUMEpPE PEKOHCTPYKLMU AUHAMUYECKHUX
cucrem”. CornacHo peaynbTaraM pa6ot [16,17] noutu mo6yio cucremy OJY MOXHO
npusecT# K Buy (1) pns mout moGoii Habmopmaemoli v. Ho st Toro 4ToGbl B o6meM

! Yepemmenne nposoawres no pa3IAYHbIM Ha4YaJbHbIM yCioBHAM. IIpudeM, HavajbHbIe YCIOBHSA
obnekTa Oepyrcs B3 TOW YacTH BPEMEHHOTO psijia, KOTOpas HE HCNONb3OBANach IS nocrpoenml MOJIEJIN.

Hpomos pPacCUHThIBACTCS IIPH ORMHAKOBLIX Haya/IbHBIX YCJIOBHIX MOKEeH H o0 bEeKTa.
2 Mbl Ha3bIBaeM TUHAMHYECKON CHCTEMOH TOJNLKO MaTEMATHYECKHA OOBLEKT, B OTIIHMYHE OT

CyweCTBYIOLIEH MPaKTHKM NPUMEHEHNS 3TOrO TEPMUHA K pealbHbIM cucTeMam [15].
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ciydyae rapaHTUpPOBaTh B3aUMHO OJJHO3HAYHOE COOTBETCTBHE BEKTOPOB COCTOSHHSA
HCXOHON muHaMuyeckoi cucteMbl («o6bekTa») m mogenu (1), Bemmuuna D foirkHa
YAOBJIETBOPSATh ycaoBmio D>2d. 3peck d - pa3sMepHOCTb IJIafKOro MHOrooGpaswuy,
BHYTPH KOTOpPOro MpOUCXOAUT HalmiojaeMoe [BHKCHHE MCXOAHOM cucTeMbl (MNH
¢pakTajdbHash pasMEPHOCTb aTTPAKTOPA, €CIU ABHXXKEHUE NMPOUCXONUT Ha XaOTHYECKOM
aTTpaKTOpE).

- Takum oOpa3zoM, MOXHO HAMETUTb HalpaBICHHEC COBEPIHECHCTBOBAHHUA
CTaHJApTHOH MoOJe/id - YMeHbIieHue D U K 3a cyeT U3MEHEHMI €€ CTPYKTYDEI,

YUUTBIBAlOIMX chneiuduky oObekTa (HeHO# oTKa3a OT YacTH IpeTeH3H# Ha
YVHHBEPCAJIBHOCTD ).

1.2. Mooughukayun cmpykmypoi MOOeabHbix ypaeHnenuy. [ns MoJeIHPOBaHUA
CUCTEM, HaXOHOSIIMXCH IOl TapMOHUYECKUM BO3JEHCTBHEM, MBI NpeiaraéM MCIOMb-

30BaTh CICHHANILHYIO CTPYKTYPY YpaBHCHUN
5’ 1~ Y2
Y2 =V
e ©)
Yp = F(ys Yoy <oy Yp,COS0L,8iN0ME), '

rae y,=v , a OYHKIMS F 3aBUCHUT SIBHO OT BpeMeHH uepes (pyHKimH cosw! u sinwt. Eg
MOXHO BBIOpaT, B BHIOe nonuHoMmMa creneHn K or D+2 nepeMeHHBIX M panee
MCTIONL30BaTh anroputy™ 1. 1. OpHako 3peck BO3HMKaeT npoGiema: npu K22 B Takoi
IOJIMHOM GYAYT BXOJUTH JIMHEHHO 3aBUCHMBIE ClIaraeMble, HAPHMED, COS W H Sin’w?, §
3affaqya pacyeta KoahHIHMEHTOB He OyaeT HMEeTb EOUHCTBEHHOIO PpEIICHUS
HeobxoguMo HCKIIIOYMTL M3 NOJMHOMA JIHMIDHME cjaraemble. s aToro 3am1mem€

(byHKIM¥O F B BUjIE
' )

iy § L . f;[ .y :

F(¥;s Yy ++-y YpoC0802,5IN00) = 2. P10 (coswt, sinwt) ¥y, (6)J

didayn s In=0 - A ,

[ +l+...+{+L =K,

|
o

Ffie IO CpaBHEHHIO C (2) BMECTO KaXHOro Koapduuyenra ¢, , =0 CTOMT QYHKIS
I

P, ... =0 (COS®E, sinwf) - TONMHOM HOpsiKa L, KOTOPbIi HE CONEPXKHUT JTMHENH)
3aBUCHMBIX CllaracMblX. 4T00bI NONYYMTH BbIPaXXEHHWE AN HEro, HYXHO 3alliCaTy

IOJIHBIA CTaHJAPTHBIA TOMHHOM NOpsKa L OT ABYX MepeMEHHBIX (COSW! U Sinw?) H B Hek,
BCIOfly 3aMEHHTDH sin‘w¢ Ha 1 - cos?wr. IIpu 3TOM, OmycKast HEKHUI MHIEKC MOJIMHOM

OJTYYHM

PO =¢

P = ¢ + a,coswt + b, sinowt,

P = ¢ + a,cosnt + b,sinwt + a,cos’nr + b,sinwrcoswy, (7
: T . H

P = ¢ + a,coswt + b sinwt + ... + a,costwr + b sinwrcos“lor. )

W30 eHHbLA NOAXO] MO3BOJISET N0 CKAISPHOMY BPEMEHHOMY PSly PEKOHCTPYHPOBAT
YPaBHCHUS OUHAMMYECCKOM CHCTEMbI IIOJ{ FapMOHMYECKUM BHEIIHMM BO3ACHCTBHEM ,0

obiieM ciydae. OH UMeeT cleyiolue NpeuMyNIeCTBa 110 CPaBHEHUIO CO c'raHnamee

TIOIXOOM:
* B OOJBIIMHCTBE CllydyaeB TpeOyeTcs MEHbIUE YpaBHEHHU [JIA OMMUCAHHSA MBIOKEHA
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CIeNoBaTebHO, MEHBIIE MPOM3BOMHBIX HYXHO pacCUMThIBAaTh IYTEM YHCICHHOIO
mihepeHIUPOBaHKS 1, KaK MPaBWiIO, MEHbIIE KOI(W(DHUIMEHTOB HEOOXOUMO y4€CTDb B
pyHKINH F;

¢ HEMOCPEACTBEHHbIA Yy4YeT BHEILIHErO BO3JNEHCTBUS IIO3BOJIAET B psfie ClIydYacB
“YyXBaTHTh” CYILECTBEHHBIC YEPTh! HUCCIEAYEMOH CHCTEMbI M MOJYYHUTb KauYe€CTBCHHOE

CXOJICTBO IOBENeHUS MOIEIH B OOBEKTa.
OfHako I[pPeIOKEHHbIM MOAXOA HE JIMIIEH TONHOCTBIO HENOCTAaTKOB,

CBOMCTBEHHBIX CTaHgapTHOMY MeTony. OH JHIb NO3BOJNSET B psifie CIy4yacB HECKOJLKO
0CNabKTh MX BiHsAHME. Tak, B oOLIEM cllyyac IoJIy4yarolasicss MOJEh TOXE POMO3JIKaA,
HO Bce-Tak¥ Gojlee KOMIIaKTHasl, yeM craHfapTHas. Ilo Bcelt BUTUMOCTH, TaKOH IOXXON
HanOonee 3)EeKTUBEH NI TEX ClyyaeB, KOIfla JOCTAaTOYHO MCIIOJIb30BaTh MOMECIHb
HEBBICOKOH Pa3MEPHOCTH C [IOJIMHOMOM HEBBICOKOrO NopsfKa (CM. NOCNENHUA IPAMED B
pasjiene 2). _

Bo3MOXHBIM IIIArOM B HApaBJICHUM YIPOIUEHUS CTPYKTYPBl MOMAECTA W
yBemuaeHMss ee  ahEeKTUBHOCTH  siBIgeTcss Tepexog K  Mofemn  (3) ¢
MYJIbTHILVIMKATHBHBIM BO3JeHCTBHEM | '

K D

. g B - lj
F(3;s Yy -or YpicOS@ESiNQ!) =2(c, , | +a, , cosot+b,, sinwf)I 1y,

31,32, ery Ip=0 /=1

(8)
D
21<K

=1

- OyHKUEM cosw! M Sinw? BXOAST B BblpaxKeHue (8) nuHelHo. Takast MOeNb COREPXKHUT
 sHaumTeNbHO MenbIie Koaddumuentos M = 3(D+K)!/(D!K!), uem obmmas Mopens (3)-
(7). B To xe BpeMs BhipaxkeHue (8) cryxnaT Bnomse a¢p¢eKTUBHOM anmpoKcAManen
IS IOCTATOYHO LIMPOKOro Kjaacca cucTeM (cM. mpuMeps! pasfiena 3). Takum obpasom,
Ha NPAaKTHKE MBI PEKOMEHAYEM HCIONb30BaTh Uil MOMNEJMPOBAHUSA [ApPMOHUYECKU
BO30yXKnaeMbIX cucTeM ypaBHenus (5), (8), Tonpko B KpaitHeM ciydae npuberas K
ypaBHeHsM Gonee obmmero Bupa (5)-(7).

Ins nocrpoenns Mopenei (5)-(7) wm (5), (8) MOXHO BOCIONB30BATHCA
CTaHJapTHOH Mpolenypoi 1. 1, eciu npeBapUTEIbHO PaCCYUTATh IO BPCMEHHOMY Psify
JgayeHue nepuopga BosfelicTBusg 1. Crnoco® BbIMKMCIEHHS IEpUOfa BO3ACHCTBUA
apefioxeH B [13] m MoxeT GbITh MCNONb30BaH 6€3 M3MEHEHUA U B HaleM ciydae. B
Tolf Xe paboTe IOKAa3aHO, YTO NPH DPEKOHCTPYKIMM HEaBTOHOMHBIX YpaBHEHMH
TpeGyeTcs BhICOKAs TOYHOCTb OMNpefeleHusl MNEepHofa BO3NEUCTBHUSA, MHA4YEC Ha
HccneyeMoM BPEMEHHOM MHTEpBalle MOXKET MPOU30HATH 3HAYMTENbHbI «Haber ¢a3sbp»

MeXNY HCTHHHBIM BO3JEUCTBHEM U €T'0 annpoKCHMalieH.

2. Yuciennbie NpuMephbI

[latee MbI NPOMJUTIOCTPHUPYEM IpEUMYIIECTBA IMpeflaracMoro IOAXofa Ha
yUCTIeHHBIX IIpuMepax. VicxofHble CKalsipHble BPEMEHHbIE PAfbI BO BCeX Clydasx OplH
NONMy4YeHsl IyTeM  MHTErpUpOBaHMs  M3BecTHBIX cucteM  OILY (o6 BeKTOB
MopieMpoBaHus) MeTofoM Pynre - Kyrre! 4-ro nopsika ¢ maroM Af = (0.01. [Inuna psipa
B KaXpoM ciydae cocraBnsna 6000 snavenmit (npuMepHO 10 xapakTepHBIX NEPUOJIOB
xoneGanmit). ITo MCXONHOMY psily PEKOHCTPYMPOBAIMCH CTaHAapTHas Mopnenb (1)-(2) u
HeaBToHOMHas - (5), (8). IlpuBeneHb! TakKe pe3yibTaThbl, KOTOPBIX YHAETCH HOCTHYD C
TIOMOILIBLIO MOJEIM ¢ afUTUBHBIM Bo3feicTBueM. Ilocnemuu npuMep WUIOCTPHPYET
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npuMeHeHre Mofienu obiero Bupa (5)-(7). Ins xaxporo u3 MOAXOHNOB NPEACTAaBIICHEL

TOJBKO PE3YJbTaThl, OTHOCAIIMECH K Haubojee IPQPEKTHBHOU MONETH. JInsg olleHKH
3(h)eKTHBHOCTH MCTIONL3YIOTCS KPUTEPHH, H3/I0XKEHHbIC B I 1. [l pacdeTa fambHOCTH
OpOrHo3a T, Mbl NIPHHSIN NOPOTOBOE 3HAYCHHE owubku paBHeIM ¢ =0.05. Bennyuna
T TIpUBOJMTCS B €MHMIAX MepHoma BosmedcTBus T, Tak KaK 9TO XapaKTepHbIH

pred
BpeMeHHOH MaciuTal /it BCeX IPHMEPOB.

Hepevrii npumep WIMocTpApyeT paboOTOCMOCOGHOCTh MPENIOXKEHHON METOIMKH
NpH Hajguyuy miyma. HaOnioflaeMbI BpPEMEHHOM psll - XaoTH4YeCKasi BpEMEHHasd
peanu3anus KOOPMHATHI Y, TAapMOHIYECKH Bo30yxnaemoro ocuumigropa Mygdgunra

- ; (9)
Yo ==YoVs = Y1 - N +Aﬂcosm0t,

rpe y, = 0.1, A, = 35, o, = 1. Cucremy (9) MOXHO NMpUBECTH K BUY (1)cD=4un
NOJMHOMOM 3-ro nopska. g aToro fBaXipl Npomup@EepeHuUpyeM IO BPEMCHH
BTOPOE YpaBHCHHE M B MOJyYeHHOE PaBEHCTBO BMECTO A COSWy! MONCTaBUM €ro
Bhipaxenue U3 (9). [Monyuum '

Yy = Voo f
P27y (10)
V3 = Vg :

EcrecTBenHo, 4yTo Hamwnyudmas Mopenb (1)-(2) monyuena mpu D = 4, K = 3, 2
Haunyumas mofieib (5), (8) - mpu D = 2, K = 3. B oboux ciyyasx KOI(PQUIMECHTH
BOCCTAHOBJICHHBIX YpaBHEHMII OTJIMYAIOTCA OT COOTBETCTBYIOWIMX HCXONHBIX 3HaYCHME
MeHbIIe, 4eM Ha 1%. Bpems nporxosa t,,,, AOCTaTOYHO BEHMKO 1 00eHX Mopenel: 6]
u 7T, COOTBETCTBEHHO. 31ech CTAHNApTHBIA METO[ Tak:Ke JaJl XOPOUIHA pe3ynbTal,

?

OCKONLKY CTPYKTYpa HMCXOJHOM CHCTEMBI NpHUBOgUTCS B ToyHocTH K Bumy (1)-(2)
O[nHAKO 3aMETHM, YTO IS IIOCTPOCHHUS CTAHAApPTHON MOJIEJIH NPHIIUIOCh PAaCCUUTHIBAT
YeThbipe NPOU3BOIHBIX, a Ui HEABTOHOMHOM - TOJBLKO fBe. I1oaTOMY NpH [00aBICHNH I
TOMy e BpPEMEHHOMY psly HopManbHoro Genoro myma (107 or yposms curHang
CTAHHIAPTHBIA METON yXKe He NPHBONWT K YCNEeXy H3-3a OTPOMHBIX MOTPEIHOCTEH }
onpefeNeHNd YeTBEPTON MPOH3BONHON, a HeaBTOHOMHas Mofiehh (3), (8) eule BHOI:
acpPeKTUBHA.

Bmopoii npumep. HabmofaeMplil psii - XaOTHYeCKast BPEMEHHas peanu3ali

KOOpAMHAThl TapMOHMYECKH BO30YXAaaeMoro ocrpuuistopa Tonpl (dasoBast TpaeKTOpH
1oKa3aHa puc. 1, a) .
% =Y - Bt
y, = -0.45y, + (5 + 4cost)(exp(-y,) - 1) + Tsin. . |

AHAJIOTHYHO IIEPBOMY IIPUMEPY MOXKHO MOKa3aTh, 4TO ypaBHeHMs (11) mpusopsitcs i
uny (1) ¢ D = 4 u cnoxHoli pysKIed B NpaBod YacTH

);1 = Yy
727 (12
Y3 = Yy

);4 =-0.45y,+ (y, + 0.45y,)[8/7y,exp(y,) -1]+ exp(-y,) [y22 - Ya- 8/7y,(exp(-y,) - 1] x.

16/7(exp(-y,) - 1)(y, + 0.45y,) + 4{y, + 0.45y, - 10y.exp(-y,)] + 35
7 - 4y exp(-y,) + 16/7[exp(-y,) - 1}

X
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Puc. 1. a - ATrpakrop ocummistopa Topa (11); 6, 8, 2 - dasosbie TpaekTopud MoaeH (5), (8) (D = 2,
K =9), vogemn (3) (D = 2, K = 10) u cragpapTHoit Mogemu (D = 4, K = 6), COOTBETCTBEHHO; O -
omMOKY MporHo3a /s cragpapTHoit Monend (wrrpuxosas JuHus), Mogenn (3) (kpyxxu) ¥ Mogemu (5),
(8) (crumommas NUHKA); e, X, 3 - ACXORHLI BpeMeHHO! psj (CIUIOIIHAS JIMHUSA) H IPOrHo3 (IITpHXOBasd
nuHRs) ¢ noMoinpio Mopened (5), (8), (3) m (1)-(2), coorBeTcTBEHHO

Haunyymas Mogeis (5), (8) ¢ D = 2 u K = 9 BecbMa addektuBHa (puc. 1, 6, e).
3HaueHns ee K0ahduIMeHTOB ONIM3KUA K 3HAYEHUSAM COOTBETCTBYIOIUX KO3 (PHIMEH-
TOB MCXOMHON cHCTEMbI (/I TAKOrO CPaBHEHUS B MCXOJHOM CHCTEME HYXKHO 3aMEHHTD
IKCIIOHEHTY pasioxkeHueM B paAn Teinopa). Mofiens ¢ agquTHBHBIM Bo3gedcTBueM (D =
=2 u K = 10) maeT cymecTBeHHO XymuIe pe3ynbTaThl (puc. 1, 6, ¥), Tak KaK yd4eT
TOJBLKO AIUTHBHOrO BO3JEHCTBHSI HepocTaToueH. CraHIapTHBIA nomxop (faxe B
OTCYTCTBHE IIlyMa) HE NIPUBOJUT K YCIIEXY M3-3a TOTO, YTO 3aBHCUMOCTD B IIPaBOM YacCTH
cucteMbl (1) CAMINKOM CIOXKHA IS aNMPOKCHMALMK IIOJIMHOMOM: ONTHMAaJbHas I
NporHo3a crangapTHas Moniedb (D = 4 u K = 6) uMeeT 7100aJbHO HEYCTONYMBBIC
TpaekTopuu (puc. 1, 2, 3). JansHOCTH MPOrHO3a IS ONTHMANBHBIX Mopieneit (5), (8), (3)
¥ (1)-(2) paBab coorsercTBenno 77, 1.57 u 0.157. Ha puc. 1, 0 npusepieHbl rpaguku
(1), I0 KOTOpHIM ONpelensyiach NANbHOCTh MPOrHO3a, Ha puc. 1, € - 3 NOKa3aHbI
HCXOJ{HbIE BpEMEHHbIE peali3allii H IIPOTrHO3.

Tpemuii npumep. HaGmiogaeMblil BpeMEHHOM pAJ - XaoTHYECKash BpEeMEHHas

- peanu3alnys KOOpAHHATBI X cucTeMbl PEccaiepa 1py BO3CHCTBUN HA KOOPIUHATY Z

i=oy-z _
y = x+ay, _ (13)
z=>b-cz +xz+ Acost,

me a=0398,b=2.0,c=4.0,A4 =1.0. Cucrema (13) MokeT ObITh NNpUBEICHA K BURY
5’1 = Vg |

25r ' (14)
y;=ab-cy, +(ac-1)y,+ (a-c)y, + Yf - ayy, + Y3~

Y,y +b-ay, +y,) N -(1-a*)Acost +(1-c?-2cy,-y,-y? )Asint

: J
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Puc. 2. a - ATTpakTop CHCTEME! Péccnepa (14); 6, 8, 2 - da3oesle TpaekTopmu Mofienn (5), (8) (D = 3,
K = 5), mogema (3) (D = 3, K = 5) u craugaprHoit Monesa (D = 5, K = 3), coorBeTcTBEeHHO; O -
OLMOKH NPOrHo3a VI CTaHjapTHOM Mojein (ITpuxoBas JuHES ), Moenn (3) (kpyxku) u MonemH (3),
(8) (cnolunas muHAA); €, ¥, 3 - MCXONHBLA BpeMeHHOH pax (CIUTONIHAA JMHMSA) ¥ IIPOTHO3 (IITPHXOBas
muHEs) ¢ noMolnko Moxeneit (5), (8), (3) 1 (1)-(2), cooTBETCTBEHHO

rae y, = x (mpoexuust ¢ha3oBoil TpaeKTOpHM NMOKa3aHa Ha pHC. 2, a). PesymbTam
cpaBHEHHS (Da30BbIX TPACKTOPHI pa3iHYHbIX MOJEJCH, CBUIETEILCTBYIOUME B MOJMb3
monenu (5), (8), npuBenens! Ha puc. 2, 6 - 2. JanbHOCTH NMPOrHO3a s OIITUMAJILHLI
mogenei (5), (8), (3) n (1)-(2) pasusi coorBetcTBeHHO 4T 0.25T u 0.35T (puc. 3,0 -3
3aMeTHM, YTO XOTS B HMcXojiHble ypaBHeHHs (13) Bo3melicTBHE BXOOUT AIUTHBHC
monenb (3) He pabortaeT, a Mosielts (5), (8) adbdexTuBHA.

- Yemeepmuiii npumep. HabnmonaeMelit BpeMEHHOM psfl - XaOTHYECKas BPEMEHHA
peaju3alis KOOPIMHATEI y HeaBTOHOMHOM cHCTeMBI Péccnepa, oTimyaromeiics ot (13
T€EM, YTO BO3JENCTBHE OCVYILECTBIACTCS Ha KOOpPHMHATY y. B 3TOM Ciy4yae CHCTEM

Péccrnepa npuBouTCS K BULY
}; 1= Yo

):2 = Ya (15
Y3 =-b-aA%2-cy +(ac-1)y,+(a-c)y;-ay? +(a®+ Dy, - ax)? - axx;+

+x,%, + A[(1 - 2@® + ac)cost + (1 + a - ¢ - a¥)sint] + y,A[(1 - a*)cost + asint] -
- y,Asint + y,Acost + [(a+1)/2]A%sin2t, .

rae y, = y (mpoexkuus ¢a3oBoi TPacKTOPHH IIOKa3aHa Ha puc.3a). 31ech (PyHKUMs
MpaBO# YacTW IIOCIENHEr0 YpaBHECHHS CONEPXKUT HE TOJBKO TEpBbIE CTETeH
BO3ICHCTBUSI, HO H BTOpYyI0 rapMmoHMKy. OJHaKO 3TO cJlaraeMoe He BHOCH
CYLLIECTBEHHOI'O BKJIaJa B KaYeCTBEHHOE IOBEIEHUE CHCTEMBI, fla ¥ KOJIMYECTBEHHE!
ero BKJIaJ He oO4YeHb BeaMK. IlosTOoMy B JaHHOM ciay4dae IpeIOXKeHHAas METOJHK
pa6orocrioco6Ha. Haunyumas wmomenbr (5), (8) mMmeer arTpakTop, aHaJIOTHYHE
ucxogaomy (puc. 3, 6). Tpaekropuu mopeneh (1), (2) u (3) rmobaabHO HeycTONUNB
(puc. 3, 6, 2). JJampHOCTH NpOryo3a A onTUMalbHBIX Moaenel (5), (8), (3) u (1)-(]
paBHEI cooTBeTCTBeHHO 17, 0.25T 1 0.3T (cMm. puc. 3, 0 - 3). DTOT IpAMep NOKa3bIBae!
yro crpykrypa (5), (8) mpuromHa pansi omucaHMs [OCTaTOYHO IUMPOKOro Kilace
rapMOHMYeCKH BO30YXIaeMbIX chCTeM (KOMha 3a BKJIA[ BHEIIHErO TapMOHHYECKO!
BO3[eCTBHSA B PEIIEHHE OTBEYAKOT B OCHOBHOM €r'O TIEPBLIE CTETCHN).
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Puc. 3. a - ArrpakTop cucreMnl Péccnepa (15); 6, 6, 2 - asoBsie TpaekTopuu Mopiesx (5), (8) (D =3,
K = 5), vogemn (3) (D = 3, K = 2) u crasgaprao#t Moiesa (D = 4, K = 3), coOTBETCTBEHHO; O -
OLMOKH IPOrHO3a JT CTAaHJApTHO# Mofie (luTpuxoBas aunnd), Mojema (3) (xpyxku) u Mopenm (5),
(8) (cruTourHas MHHMA); e, ¥, 3 - HCXOJHBLL BpeMeHHOM PR (CILIOMIHAS JIMHUS) ¥ POrHO3 (INTPHXOBas
maus) ¢ noMomneio mogiedied (5), (8), (3) r (1)-(2), coOTBETCTBEHHO

MOXHO, KOHEYHO, IIPUBECTH NPHUMEPBI CUCTEM, I MOJIEJIMPOBAHMS KOTODLIX
npejyiaraeMas METORMKa HeapdeKTHBHA. ITO CHCTEMBI (5) CO CIOXHON 3aBUCHMOCTBIO
yHKIMA f OT BO3NEHCTBHUSI, KOIfia IpH allPOKCHMAIMK HEJOCTaTOYHO OrpPaHU4UThLCH
nepebiMi e€ro creneHsMu (8). B Takux ciydasx HHOI[a YHaeTCs € YCIEXOM
ucnons3oBaTh Mofenu Buma (5)-(7). B kauecTBe mpuMepa pacCMOTPHM pealn3alyio
KOOpHHHaThI y, ocipuuisropa dydduHra, Bo3OyxXKnacMoro BHEIIIHEH# TrapMOHUYECKOH
CHJION, TIpolLe/el HeJIMHERHOE 1TpeoOpa3oBaHue

Y1 = Yo
(16)

Y, = YoV Yy - ¥i® + A£08’ 0,

22.6

Puc. 4. a - Arrpaktop ocimmisropa [Tyddunra (16); 6 - arrpakrop Monemn (5)-(7) ( D =2,K = 3)
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rae v, = 0.1, A, = 150, o, = 1 (pnc. 4, a). 3nech Tonsko Mogens obmero supa (5)-(7) c
D = 2 uK= 3 II03BOJISIET MOJYYUTD YHAOBICTBOPUTENLHBIA PE3yILTAT: OHA JJ,eMOHCTpH- -
pyeT KaEeCTBEHHO cxoxu#l arrpakTop (puc. 4, 6) u obecneumBaeT nporsos Ha 37

Buepenr’. Mofenms ¢ Ipyro#f CTpyKTypo#l (HCHONb30OBaHHbBIE B MPENbIYIIHX MNPAME pax)
NaloT MporHo3 He Gonee 4yeM Ha 0.257 m He BOCHIPOM3BOEAT HCXOIHBIN aTTPaKTOp.
OnHako ciefyeT oXxuuarh, 4o B obimeM ciaydae mopenn (5)-(7) Gyayr sdpdekTHBHE!
TOJIbKO MPH HEBBICOKON pa3sMepHOCTH D (M, 0COGEHHO, ECIIN H3 HUX YAACTCS UCKIIOUHTE -
MHOTHE «JIMIIHUE» CJIaraeMale).

3aKo9eHue

Ycnex MOMNENUMpOBaHMS IO BPEMEHHBIM psiaM  OIpefiesgeTcs BhIGOPOM:
aeKBaTHOIrO  MaTeMaTHYeCKOro  ammapara, MHQPOPMATHUBHBIX  JUHAMHYECKHX'
[IEPEMEHHBIX U COOTBETCTBYIOWIEH UM CMPYKMypbi MOOEAbHbIX YDABHEHUU, a TaKkKe
METOMIMKON BBIYUCICHHA 3HAYECHMH BXONAUIMX B HUX mapameTpos. Ilo-BHaMMOMy, MpH
3TOM MOXHO PaCCYMTRIBaTh Ha IOJI€3Hble PEKOMEHHAIMK 10 BLIGOPY MOAXOa JIUMIb B
OTHOIICHUW JOCTATOYHO Y3KHX KJIaCCOB MOJIENTUPYEMBIX OO BEKTOB.,

B nanHoii paGore nmpeyoxeHa CTPYKTypa MOAENLHBIX YPABHEHUH I Oﬁ’beKTOB _
HaxOMAIUXCsl IO BHEUIHHM TapMOHHYECKHM BO3JCHCTBHEM. 32Ta CTPYKTYp

BBIOGHPAETCS C YYETOM alpUOpPHOM (MM NOTyYeHHON 3KCTIEPHMEHTANBLHO) MH(OPMALIHE
O HaJIW4YM¥M BO3MEHUCTBHSA ¥ BKIIOYaeT B cebf MOMUMHOM, KO3 (PHUIHEHTDI KOTOpOro

3aBUCAT OT BPEMEHH MO [apMOHMYECKOMY 3aKOHy. IlpemMyuiecTBo Takoro mopxofid
3aKJIIOY4€TCA B TOM, YTO OH IO3BONSEET OGOMTHCH MOMENBIO ¢ MEHBIIMM (4eM Ipi

CTaHapPTHOM METONIE) KOJNMUECTBOM YPaBHEHHN H B KOTOPOH, B TO XK€ BpeMs, YUTEHH
CYLIECTBEHHbIC cHenuMgAIecKde 4YepThl HCXogHOro o0bekTa. Ha psge npumepor
NPOMIMOCTPUPOBaHA 3P PEKTUBHOCTE UCIONb3yEMON CTPYKTYPh! YpaBHEHU (KaK Ipi

CHIIOBOM, TaK M MPH MapaMeTPHIECKOM XapaKkTepe BO3ACHCTBHA).
IlpepioxkeHHass CTPYKTypa MOAEMH MOXET OKa3aThCsd HEIPUTORHOH nm

MOJJE/IMPOBAHNS HEKOTOPBIX CHCTEM (korga HeoGXOHMMO YYECTh HE TOJBLKO TICPBbL:
CTENCHH BO3/IEHCTBHSA, HO U Gonee BbicOKHe). [l Takux caydyaes NpemIokeHa 6ome:
o0Lasi CTPYKTYpa YpaBHEHMH, NPAMEHEHHE KOTOPOM, OMHAKO, 3aTPyAHSIETCS TeM, Ul
OHa CJIMIIKOM rpoMo3fika. TeM He MeHee OHa MOXET OKa3aTbCA [IOJIE3HON Ipi
HEBBICOKOW pa3sMEPHOCTH H MCKJIIOYEHWH HEKOTOPBIX («IHIIHMX» [T MOJE/IMPOBAHM
NAaHHOI'O OOBEKTa) claraeMbIX. TakuM o6pa3oM, HpeACTaBISETCS, YTO MPeIoKeHHb
MOAXO MMEET [OCTAaTOYHO IIMPOKYIO 00JIaCTh NMPUMCHHMOCTH H MOXET, BO MHOTH
CllyqasiX, CyILIeCTBEHHO OONIErYMTh NOCTPOCHUE MOJENE TapMOHHYECKH BO36YXIaEMED

CHCTCM.

Paboma evinosnena npu noddepwke Amepuxarckozo dbonda apaxcoarcku
uccaeoosanuit i pazsumun (epaum REC-006) u PODPH (eparnmuvt 99-02-17735 u 01-

02-06039).
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METHOD FOR RECONSTRUCTION OF EQUATIONS WITH HARMONIC
- DRIVING FROM TIME SERIES

B.P. Bezruchko, D.A. Smirnov

We propose a general approaCh to constructing global models of harmonically
driven systems from time series. It is a modification of the standard method of global

reconstruction of differential equations - a polynomial, which arguments are sequentlal
derivatives of an observable along with explicit functions of time, enters in model

equations. Efficiency and details of the approach are demonstrated by various numerical
examples.

bespyuxo bopuc Ilemposuw - pommncs B 1946 ropy, okowumn
dmamueckuit daxkynpTer CapartoBckoro rocyrueepeurera (1969). Ilpodeccop
Kacenprl 3MEKTPOHHKA M BOJHOBBIX mpomeccoB CI'Y; pepymuil Hayunbi
COTPYMHHK (1o coBMecTHTeNLCTBY) CapaToBckoro ¢unmasa HHCTHTYT
paMOTEXHUKY U neKTpoHuKH PAH; ROKTOp (hHM3MKO-MaTeMaTHUECKHX HayK.
O6nacTp HayYHbIX HHTEPECOB - IKCHEPHMEHTAIBHOE UCCIEHOBAaHAE HEJIMHEHHRN
SIBJICHHH B pajuO(PH3MYECKHX U IJICKTPOHHBIX CHCTEMaX, MaTeMaTHYeCKo:
MOJI€THPDOBAaHHE II0 3IKCHEepUMEHTAIbHOW HabmomaemMon. HMwmeer 6Gonee 10/
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rocygapcrseRHoro ymmsepcareTta (1999). Acmupant xadelpbl SIeKTpPOHHUKE
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