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IIpenucioBue

Jhyuwuii cnocob o3HakomMumscs ¢ Kakum-aubo
npeomMemom — Hanucamov KHU2y 0 Hem
benoycamun /Juzparnu

Tepmun «uaeHTU(DUKAIUSA» CTal HIMPOKO NMPUMEHATHCS B KAaYECTBE
OJTHOTO M3 0a30BBIX Pa3JeiOB TEOPUHU YIPABIEHUS OKOJIO MATUIECATHU JIET
Ha3aJl, XOTd NpodJieMa MOJEIMPOBAHUS SIBISIETCS OJHOM M3 OCHOBOIIOJIA-
rarolINX B TEOPETUYECKOU cepe aesTenbHocTH. JIto0as HayyHas Uiu UH-
KEHEPHAsl eATEIbHOCTh B Pa3HOM CTENEHH UCIOJIb3YeT (DOPMAIIbHOE WIIH
COJZEPIKATEIIBHOE OINMCAHUE MPOLIECCOB, SIBJIECHUN WM YCTPOMCTB B TOU
WIM UHOW 00JIACTM HAayKU U TEXHUKU. B pa3iMuHBIX Hay4yHBIX HampaBiie-
HUSX pa3paldaThIBalOTCA CBOU MOAXOAbI, CIOCOOBI U METOJbI IOCTPOEHUS U
UCITOJIb30BAHUS MOJENH. [l €CTECTBEHHBIX HAYK IVIABHBIM HaIlPaBJICHU-
€M SBISIETCS MOCTPOEHUE MATEMAaTHYECKUX MOJIENIEN, COOTBETCTBEHHO, C
UCIIOJIb30BAHMEM MAaTEMATUYECKOTO A3bIKa ONMCAHMUS.

Bo BTopoi1 nosioBuHe XX BeKa TEOPUs yIIPABJIECHUs BBIIUIA HA HOBBIM
ypOBEHb, 0000IIAIONINI OCHOBHBIE CUCTEMHBIE MPUHLHUIIBI, PaCIpOCTpa-
HUJICS KHOEPHETUYECKUM TTOIXO0/ O €IMHCTBE MPOUCTEKAIOIINX MPOIECCOB
B €CTECTBEHHBIX (OOIECTBEHHBIX U MPUPOJHBIX) U UCKYCCTBEHHBIX (TE€X-
HUYECKHUX, OPraHU3alMOHHO-TEXHUYECKHX) CUCTEMAX, B CBA3U C YEM BO3-
HUKJIa TTOTPEOHOCTh B YCTAHOBJICHWU AHAJOTUW ONHUCAHUS 3TUX CHCTEM
JUISl LIEJICHANPABIICHHOTO YIIPAaBJIEHUS PAa3IuYHBIMU cPepamu JIeATeIbHO-
ctu. Bee 3T0, a Takke JOCTAaTOYHBIN YPOBEHb Pa3BUTHUS BBIYUCIUTEIBHON
TEXHUKHU, OOYCIOBUIU HEOOXOIUMOCTh CO3JaHUsl 000OIIEHHOTO MOAX0/a
K MOJICJIMPOBAHMIO U BBIJEICHUIO OTEIBHOIO HANPABICHUS] TEOPUU aBTO-
MAaTUYECKOTO YIPABICHUS, 3aHUMAIOLIErOCsl MOCTPOEHUEM MoJenen -
UJEHTU(UKAIIUH.

B nacrosimiee Bpemsi mpoOiieMa MoCTpOEHUs aJeKBaTHBIX, d(PPEKTUB-
HBIX MOJIETICH, UCTIOIb3YEMBIX B JaJIbHEUIIEM, B YACTHOCTH, JIJIsi CUHTE3a
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CHUCTEMBbI YIIPABJICHUS, HAXOJUT CBOE PEIICHUE BO MHOTHUX O0JIACTSIX Hay-
KU ¥ TEXHUKHU.

[lepBbIM CHCTEMATUUYECKHUM H3JIO)KEHHUEM MHOTOO0OpPa3HbIX aJrOpPUT-
MOB U CIOCOOOB MJACHTU(DUKAIIUU SBJSCTCS KHUTA OJHOTO U3 OCHOBOIIO-
JOKHUKOB Teopuu uaeHTudukanuu npodeccopa I1.9ikxodpda (I'omnan-
nus) [74]. B xHure gaHbl OCHOBHBIE TTOHSATHSI MOJIECIH, TOCTAHOBKH 3aj1a4
UJICHTU(UKALIUM, U3JI0KEHBI 0a30BbIE€ MOJXOJbl K PEIICHUIO 3ajiayd I0-
CTPOCHUS MOJIEEH JIsl Pa3JIMUHBIX KJIACCOB OOBEKTOB, CIOCOOOB UX OMU-
CaHUsI, UCTOJIb3YEMbIX CHUTHAJIOB MPU PaA3HBIX MOJXO0JaX U aJTrOPUTMaAX
uneHTugukanuu. J[aHHas KHUTA COJEPKUT MHOTHE AacIeKThl TEOPHUU
UJICHTU(PUKALIUM U TI0 HACTOSIIEE BpeMs SIBIISIETCS aKTYaJIbHOW MpU U3Y-
YEHUU MPOOJIEM OCTPOCHUS U BCECTOPOHHETO aHAJIM3a MOJIEeH MpoIiec-
COB WJIA CUCTEM.

Takxe cpeau HamboJiee 3HAUMMBIX paOOT, MOCBAIICHHBIX BOIpPOCaM
UJICHTU(UKALIUM JTUHAMUYECKUX CHUCTEM, CIIelyeT OTMETUTbh KHUTH CJie-
nyrommx aBTopoB: [. I'pomma [19], O.I1. Conmxka u [Ix.JI. Mencer [58,
59], JI. JIvronra [39], a cpeau oredecTBEHHBIX aBTOPOB KHUTH f.3. Llpin-
kuHa [71], H.C. Paitomana [55], III.E. IteitnOepra [73] u ap.

Cpenu COBpEMEHHBIX OTE€YECTBEHHBIX YUECOHBIX M3/IaHUMN, pacCMaTpHU-
BAIOIIMX MPAKTUYECKU BCE ACHEKThI Kypca AuCHUIUIMHBI «nenTuduxa-
1YsI U IMATHOCTUKA CUCTEM», MOKHO MOPEKOMEH0BaTh YYEOHUK MO TEO-
pUM aBTOMATHYECKOrO yrpasieHus uznarensctBa MI'TY um. H.O. bay-
MaHa [41], a Takxe pabOThl KOJUIEKTHBAa aBTOpPOoB U3 (CaHKT-
[TeTepOyprckoro rocyJJapCTBEHHOTO JIEKTPOTEXHUYECKOTO YHUBEPCUTETA
«JIDTW»: rnaBy B MoHOTrpaduu [64] u yueOHOe mocodue [24].

AKTHUBHOE Pa3BUTUE BBIYUCIUTEIBHON TEXHUKHU B MOCJICAHUE JACCATU-
JIETUSI, TOSIBICHUE HOBBIX AJITOPUTMHUYECKUX M MPOTPAMMHBIX CPEACTB,
MpeHAa3HAYCHHBIX [IJI1 aBTOMATHU3alMU MPO(ECCUOHATBLHONU e TEIbHO-
CTH, CYIIIECTBEHHO CKAa3aJIOCh U HA METOJIaX PEIICHUS 3a/lady UJEeHTU(HUKA-
nuu. [IpuMeHeHne cnenuanu3upoOBaHHBIX B 00JIACTH HAYyYHBIX, TEXHUYE-
CKMX U MHXEHEPHBIX PAaCUETOB MPOTrPAMMHBIX CPEJCTB, C OJJHOM CTOPOHHI,
MPEOCTABIISIET BO3MOXKHOCTh ISl Oosiee rIyOOKOTrO M3y4YeHUs UCClienye-
MO 00JaCTH, MEPEHOCS OCHOBHYIO TSXKECTh PEHICHUS 3a/7ad C pa3padoT-
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KM, OTJIAJKA aJITOPUTMOB U MPOTPaMM Ha IPaMOTHYIO ITOCTAHOBKY 3aJlauH,
U, 3a4aCTyl0, OCBOOOXKasi UCCIAEI0BATEINSI OT PEIICHUS MHOTMX COITYTCT-
BYIOIIUX BOIPOCOB: IOATBEPXKACHUS aJACKBATHOCTH MOJIEIH, HU3yUCHHS
OMMUOKK HASHTU(PUKAIIMN, CBOWCTB IOJIYYCHHBIX OIEHOK U Jpyrux. C
JIPYTrOil CTOPOHBI, TEMITBI Pa3BUTHS MPOTPAMMHBIX CPEJICTB JOCTATOYHO
BBICOKH, & CTIOCOOHOCTH OCMBICIIMTH TTOJIYYEHHBIE PE3YIbTaThl U TPAMOTHO
UX MPUMEHHUTH 3a4acTy0 OTCTAIOT OT MPEIOCTABISIEMBIX BO3MOXKHOCTEH,
OTKYJla BOBHUKAET OIMpPEJICICHHOE MTPOTUBOPEUNE MEKIY KaXKyIIencs mpo-
CTOTOMU pelIeHus OOJIBIIIOTO KPyTa JOCTaTOYHO CJIOKHBIX 3a/1a4, OBICTPHIM
MOJIy4EHHEeM KOHEUHBIX PEe3YyJbTaTOB M HEIOCTATOYHBIM ITOHUMaHHEM
CMBICJIa PE3YyJIbTATOB M, KaK CJIEACTBUE, HEJOCTATOUYHO 3(PPEKTUBHBIM UX
JNAIbHEUIIIUM HUCHOJIb30BaHUEM.

[TosTOMYy, Ha B3I aBTOpPA, COBPEMEHHBIN MOIX0/T K U3YUCHHUIO JUC-
IIUTLTAH J0JKeH (OPMUPOBATh CUCTEMHOE BOCIIPUSATHE YUCOHOU JUCITUTI-
JIUHBI, O0BEAUHSIONMINN OCHOBBI TEOPHH M MPAKTUYSCKHE TOJIXOIBl K HX
IIPUMEHCHHIO.

B nanHOoe ydeOHOE mocoOue BOIUIM OCHOBHBIE MOHATHUS O MOJICIH,
npoiiecce UACHTU(UKAIIUN, TTOCTAHOBKE 3a/1ad MOCTPOCHUS MOJICIH, TPHU-
BEJICHBI KJacCU(UIIMPOBaHHBIC MO 0a30BBIM MpHU3HAKaM OCHOBHBIC THITBI
MoOJeJIeii 00BbEKTOB, HCOOXOIMMBIC JIJIS 0OJIee MOJTHOTO MOHMMAHHS H3JI0-
KEHHOT0 Marepuaia. B mocoOum paccMOTpPEHBI KJIACCUUYECKUE Pa3ielibl
TEOpUH HACHTU(UKAIIMU: HEeTapamMeTpuiecKas HACHTH(HUKAIUSI BO Bpe-
MEHHOW M YaCTOTHOM 00JIACTH, KOPPEISIMOHHBIC METOJbI UIACHTU(DHKA-
1uu. VI3 Teopuu OlleHUBaHUs MapaMeTPOB OOBEKTOB B KaUYE€CTBE YHUBEP-
CaJIbHOIO0 METOJIa PACCMOTPEH HIMPOKO PACHPOCTPAHEHHBIA METOJ| Hau-
MEHBIIIUX KBAJPaTOB MPUMEHUTEIHHO K Pa3HBIM THUIIaM OOBEKTOB U C HC-
MOJIb30BAaHHEM TPOLEIYP HUIACHTU(PUKAINU PA3TUYHBIX THIOB. Takxke B
MOCOOMU pacCcMaTPUBAECTCA aKTyallbHas 3ajiladya OICHWBAHUSI COCTOSHUS
00BbEKTa, KOTOPOE B JAJIbHEUIIIEM MOXET HMCIIOIb30BaThCS MJI CHHTE3a
YIIPABIISIOIETO BO3ICHCTBUS.

B tekymiee uznanue yueOHOTO 1mMocoOusi HE BOIIUIM BOMPOCHI UACHTH-
dbuKauy HEMMHEHHBIX 0OBEKTOB, SBJSIONIMECS BEChbMa aKTyaJlbHOU U 00-
Jiee CIIOKHOM 3a7jaueil. ITUM BompocaMm, moMumo [61, 74] nocssiieHbl pa-
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0othl [3, 43, 53, 63]. He u310KeHBI U BONPOCH! UJICHTU(UKALIMN OOHEKTOB
B 3aMKHYTOM KOHTYp€, KOTr/ia HaOII0JaeTCs KOPPEIALMS CUTHATIOB. ABTOP
HAJIEETCS PACCMOTPETH JaHHBIE BOIIPOCHI ITPU NEPEU3IAHUH TOCOOUS.

1 OcHoBHBIE CBeleHUS 00 UAeHTH(PUKAIMH

Hocmoesckuii oaem mue 6onvuwe, yem Iaycc
Anvdepm Jiinwimeiin

1.1 OcHOBHBIC MOHATHUS TEOPUM UICHTH(PUKANH

B nacTosiiee BpeMsi OHSATHE MOJIENN UCTOJIb3YEeTCsl BO MHOTUX (€Cu
HE BO BCEX) O0JIACTSIX HAYKM M TEXHUKH, 3aHUMAIOUIUXCS PEIICHUEM
CJIOJKHBIX 3aJ1a4 TEXHOJIOTUU, 3KOHOMHUKH, COLIMOJIOTUH, )KUBOU MPHUPOJIBI
U Opoyux. DT 3a7a4d BO3HUKAIOT MPU M3YUYECHUH CBOWCTB U OCOOEHHO-
CTEell OOBEKTOB C IIEJIbIO MOCJEAYIOIIETO YIpaBiCHUs, MPU CO3JaHHUU
aJlalTUBHBIX CUCTEM, B KOTOPBIX Ha OCHOBE MOCTPOECHHON MOJENN 00bEK-
Ta BBIPa0ATHIBAIOTCS ONITUMAJIbHBIEC YIIPABIIAIONINE BO3ICUCTBUS.

Paznuunble TUIBI MOJIENIE pacCMaTPUBAEMBbIX OOBEKTOB, CUCTEM WJIU
MIPOLIECCOB UCIOJIB3YIOTCS HA CTAJUU CO3/JaHUs CUCTEM YNIPAaBJICHHS ITH-
MU 00BEKTAaMU Y Ha CTAJUU UX AKCIUTyaTalMu. ITO 00YyCIaBIMBAET aKTy-
aMbHOCTb TPOOJIeMbl TOCTPOeHUS 3 (PEKTUBHBIX MOJIeNIe 00BEKTOB TEX-
HUYECKUX, TEXHOJOTUYECKUX, IKOHOMHUYECKHX WM COUHAIBHBIX MPOLEC-
COB.

[TocTpoeHne MaTeMaTUYECKUX MOJEIEH TOrO0 WJIM MHOIO THIIA HA OC-
HOBE PE3yJIbTaTOB HAOJIOJACHUMN 3a MOBEIECHHEM OOBEKTOB M HCCIIEI0BA-
HUE MX CBOWCTB COCTaBJISIET OCHOBHOE COJIepaHWE HAyKU UICHTU(DUKA-
uuu [13, 19, 35, 55, 64, 71, 73, 74].

Ha coaepxarenbHOM ypOBHE MOJ CUCTEMOM MOHUMAETCS HMMEHOIIAs
ONpEACIICHHBIE 3aJauyd WJIW LI B3aUMOJCHCTBYIOIIAs COBOKYIHOCTh



00BEKTOB, MEXKy KOTOPBIMH CYIIECTBYET MIPUUNHHO-CIIC/ICTBEHHAS CBS3b,
OTpaKkarolasicsi B HA0JIF0JJaeMbIX BXOJIHBIX U BBIXOJHBIX CUTHaIaX [64].

B mmpokoM cmbiciie TIOJ MOJACNBI0O MOHUMAETCSl ONMUCAHUE CYILECT-
BEHHBIX CTOPOH peajibHON CHUCTEMBI, B YI0OHOH! (hopMe MpeaCTaBIsAIONICH
uH@opmairo o cucteme [74]. Mojaenu MOryT UMETh CaMble pa3HOOOpa3-
HbIEe (POPMBI, OTpaKaTh Pa3IMUHbIC CBOMCTBA OOBEKTOB, XapaKTEPU30BaTh-
Csl pa3HOM CTENEHbI0 (popMaIM3alMKU U JeTalu3alluM, IIPYU 3TOM UX Ha3Ha-
YEHUEM SIBJISIETCA MOCTPOCHUE HA OCHOBE OTJEIbHBIX HAOMIOJACHUN HEKO-
TOPOM 00I1Ie KapTUHBI NPOTEKAIOIIUX TPOLIECCOB.

B o6miem ciydae, MoeIu MOTYT OBbITh KOHLIENTYalIbHbIE ((PEHOMEHO-
JoTudecKue), puzndeckue (SMOUPUYECKUE) U MaTEeMAaTHYECKUE (aHATUTHU-
YEeCKHUE) B 3aBUCMMOCTH OT TOTO, KaKas 4acTh SBJICHUS HanOoOJiee CYIIeCT-
BeHHa. Mojenb mpeacTaBisieT co0oil ynpoIlleHHOE OTOOpa)KeHUe ACHCT-
BUTEJILHOCTH, MPU 3TOM CJIOKHOCTh MOJIESIM HaXOJUTCS B ONPEICICHHOM
COOTHOIIIEHUHU CO CJI0XKHOCTBIO OMHUCHIBAEMOT0 00BheKkTa. B manHOM moco-
OMM pacCMaTpUBAIOTCS MATEMAaTUUYECKHE MOJICId TEXHUYECKUX CHUCTEM
WU OOBEKTOB.

B 3aBuUCMMOCTH OT THIAa 00BEKTA U 1M MOCTPOCHUS MOAEIH (op-
MaJIbHbIE OMKCAHUSI MOTYT OBITh pa3uuHbIMU. B kauecTBe mojmeneit 00b-
€KTOB MOTYT OBITh HUCIOJB30BaHbl CTPYKTYPHBIE CXEMbI, ONEPATOPHBIC
ypaBHEHUs, anreOpamdeckue, AudPepeHInaTbHbIE, UHTETpaIbHbIC, WH-
Terpo-nudepeHnanbabie  ypaBHEHUs; MapKOBCKUE 1E€NH, MEepeaaTou-
Hble (DYHKIIUM, YACTOTHBIC XAPAKTEPUCTUKU, BECOBbIC (PYHKIINU, Tpadbl U
T.71. Bce 3tu Moaenu pyHKIMOHAIBHO CBSI3bIBAIOT BXOJHBIE U BBIXOJHBIE
CUTHaJIbI 00BeKTOB [7, 32]. B y3koM cMBIC/IE IO MAaTeMaTHYECKON MOJIie-
JbI0 00BEKTA TOHUMAETCSI ONKUCaHUE (PYHKIIMOHATBLHOW 3aBUCUMOCTH MeE-
XKy HaOMIOAAaE€MbIMU CUTHAJIaMHU - OIEpPATOp CBSI3U MEXAY (YHKIUIMU
BXOJIHBIX Y BBIXOJHBIX CUTHAJIOB Mporiecca [19, 55, 64].

[TocTpoeHne MaTeMaTUYECKUX MOJIENIC, B OCHOBHOM, OCYIIIECTBIISET-
Csl IByMsl CIIOCOOAMM: aHAIMTUYECKUM U Ha OCHOBE AKCIEPUMEHTATbHBIX
JIAHHBIX, a TaKXKe MyTeM uX komOuHanuii [41, 50, 61].

AHaIUTUYECKUN METOJ OCHOBBIBAECTCS HAa «PACIICIUICHUU» CUCTEMBI
Ha 0oJiee MPOCTHIC TMOJCUCTEMBI, CBOMCTBA KOTOPHIX M3BECTHBI U3 pAHEE
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HAKOIUICHHOTO ONbITa, HAOMIO/IEHNN 3a TOBEJICHHEM OOBEKTa C TO3UIUU
3aKOHOB (PM3WKH, XMMUU, MEXaHUKH U T.J. Maremaruyeckoe oObeauHe-
HUE OMUCAHUN DTUX TMOJCUCTEM OMPENEIseT MOJIEIh CUCTEMBI, B IEIOM.
Takoif moxoa Ha3bIBACTCA aHAIUTUYECKUM MojieaupoBanueM [74] (B ero
paMKax MpOBEIACHUE HATYpPHBIX SKCIIEPUMEHTOB HEOO0s3aTEeNbHO). IDTOT
MOJIX0JT IPUMEHHM, KOT/Ia paccMaTpUBAaeMblii OOBEKT UMEET JOCTATOYHO
IPOCTYIO CTPYKTYPY UM BCECTOPOHHE M3YUEH.

Ecnu u3-3a OTCYTCTBHSI JOCTAaTOYHBIX JIAHHBIX aHATUTHYECKOE OIHCa-
HUE 00BEKTa BBHITIOJHUTH HEBO3MOXKHO, MIPUMEHSIOT IKCIIEPUMEHTAIbHBIC
METO/IbI, KOT/1a JJIsl TOCTPOCHUS MOJIENIN HEMTOCPEICTBEHHO UCIIONB3YIOTCS
IKCIIEpPUMEHTAIbHBIC JaHHbIE. B 3TOM ciydae BefeTcs U3MEPEHHE BXOJI-
HBIX U BBIXOJHBIX CUTHAJIOB CHUCTEMbI, U MOJIETb (POPMHUPYETCS B PE3YJib-
TaTe OOpabOTKM COOTBETCTBYIOIIMX AaHHBIX. [Ipu 3KcCrepuMEHTAIbHO-
AHATUTUYECKOM METOJIE MOJIEJb, IMOJy4YEHHAs: aHAJTUTUYECKUM IIyTeM,
YTOYHSIETCS B MOCJIEIYIONTUX SKCIIEPUMEHTAX.

1.2 IlocTanoBKa 321244 UACHTUPUKALMU

3anava uAeHTU(PUKALIMK CBOJUTCS, B OOIIEM Clly4ae, K ONpeIECICHUIO
oreparopa MOJEIH, NMPeoOpa3yoUIEro BXOIHbIE BO3JCUCTBUS OOBEKTA B
BBIXOJHBIE BeMUUUHEI [55, 71, 73]. OnepaTtop 00bEKTa SBJISIETCA €ro Ma-
TEMaTHUYECKON (opmanu3annei, T.e. MAaTeMaTUYECKON MOJENbI0 00OBEKTA,
U MOKET OBITh ONpEJIETIEH B COOTBETCTBYIOMIMX MPOCTPAHCTBaX (DYHKIUH.
Ornepatopbl MOTYT XapaKTE€pU30BaTHCS PA3HBIMU CTPYKTYPOM M XapakTe-
PUCTUKAMH, U COOTBETCTBEHHO, 3aJa4ya HUJICHTU(PUKAIMU OOBEKTa MOMKET
UMETh PA3JINYHBIE TOCTAHOBKH.

[IpencraBum Mozellb OOBEKTA B BUJE CIEAYIOIIEH CTPYKTYpHOH cxe-
MblI [22, 73]:
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Pucynok 1. 1
CtpyKTypHasi cxema MOJIeju 00bEeKTa

Ha cxemMe npuHATHI cleayoIme 0003HAYCHHUS:

u M y —HaOJI0JaeMble BXOJHBIE W BBIXOJHBIC CUTHaJbI. OHU MOTYT
ObITb JETEPMUHUPOBAHHBIMU WJIM CIy4YallHBIMH, MOTYT OBITh CMECHIO
(OOBIYHO aAMUTHBHOMN) NETEPMUHUPOBAHHOW U CIy4ailHOM COCTaBIISAIO-
nmx. BxoaHele cUrHanmbl MOTYT CHENUAIBHO TMOJIABAaTHCS B CUCTEMY IS
uaeHTU(DUKAUK (AKTUBHBIN SKCTIEPUMEHT), @ MOTYT CYIIIECTBOBATh B CHC-
TEME KaK YIPAaBJISIIOMINE WM BO3MYIIAIOIIME BO3JCHCTBUS (MACCUBHBIN
HKCIIEPUMEHT);

X —HEHaAOII0/IaeMbIil CHUTHAJI, KOTOPBIA OIEHUBAETCS KOCBEHHO II0
CUTHaJy y, MOJYyYEHHOMY B pe3yJibTaTe MpeoOpa3oBaHusl B 0OBEKTE OIle-
paropom B;

& W &, - HEHAONIOIaeMble TIOMEXH, SBJISIOIIMECS, KaK MIPaBUJIO, CIIy-
YallHBIMU TIpOIeCCaMU THUIIa O€JIoTo IIyMa, B HEKOTOPBIX CIIydasx COJAep-
Kallye IETePMUHUPOBAHHBIE COBITAIAIOIINE;

& U v —4aiie HeHalJrojaeMble, 00BIYHO KOPPEIUPOBAHHBIE BO BPEME-

HU CIIyYalHbIE CUTHAJIbI, B HEKOTOPBIX CIyYasX COJAECPKaIIUE ACTCPMUHU-
POBAHHbBIE COCTABJISIOLINE;

A, B, P, R —oniepaTopsl, B HEKOTOPBIX CIy4Yasix, UX BUJl HEU3BECTEH, B
JIPYTUX U3BECTEH, HO HEU3BECTHBI IAPAMETPHI.

CornacHo NpUBEACHHON CTPYKTYPHOM CXE€M€ MOJIeNIn 00BheKTa (pUcy-
HOK 1.1), OCHOBHBIMHU 3aJlauaMH UACHTU(PUKAIIUU SIBISIOTCS CJICYIOIIHE:
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1. 3agaya HaxOXACHUS XapaKTEepUCTHK (MapameTpoB) obObekTa. Ilo
W3BECTHBIM HAOJIOIAEMBIM TMEPEMEHHBIM U U J TpeOyeTcs OmpeacIuTh
ornepaTopbl (WU mapaMeTpbl onepaTtopoB) 4 U B. HacTo 0JHOBPEMEHHO C
onpeneneHreM napameTpoB A U B TpeOyercs onpeneiauTh MapaMeTpbl
orepaTopoB P u R, npeodOpasyromux HeHa0mo1aeMple Oeble IIyMbl & U

&, B HEHAOJII0JaeMble CUTHAJBI & U V.

2. 3anaya OIeHUBAHUS MEPEMEHHBIX coCTOsiHUA. CocTossHME 00BEKTA
XapaKTEPU3yeTCd MHOTOMEPHON MEPEMEHHOW COCTOSIHUSI, BEKTOPOM, OJI-
HO3HAYHO OINpPEJEISIONINM BCE €r0 XapaKTepUCTUKU. [0 M3BECTHBIM Ha-
OJIF0JJaeMbIM CIIyYallHBIM CUTHAJIAaM ¢ W y TIPU U3BECTHBIX Oleparopax A,
B, P, R ¢ U3BECTHbIMH NapameTpamMu TpeOyeTcs ONpeneyuTh (OLIEHUTD)
HEHaOII0JaeMblii CITy4ailHbIi curHan x. [Ipy 3ToM BO3MOKHBI CIEAYIONIUE
MOCTAaHOBKHM 3a7auu: a) OueHUBaHUE X B TEKYIlIE MOMEHT BPEMEHU — 3a-
naya (uiabTpalvu, Wid, COOCTBEHHO, olleHuBaHue; 6) OIleHUBAaHUE X B
OyIyuiMii MOMEHT BPEMEHHU, CABUHYTHIA HA Af OTHOCUTEIBLHO TEKYIIETO
MOMEHTa — 3ajJjaya MPOTHO3UPOBAHUS WM SKCTpanosauuu; ¢) OleHuBa-
HUE X B IIPOIUIBIA MOMEHT BPEMEHU — 3ajlaua CTJIaKUBAHUS WA UHTEPIIO-
JISILHAM.

3. 3agava reHepalnuy CIy4YalHbIX CUTHAJIOB C 3aIaHHBIMU XapaKTEPH-
CTUKaMU WJIM ONpPEACIICHUS XapaKTEePUCTUK CIIydyalHbIX cUrHajoB. I1o Ha-
0JIF01aeMBbIM TIEPEMEHHBIM & WIIH v TpeOyeTcs ONnpeeanTh onepaTop (Miu
napamMmeTpsl oneparopa) P (wiu R).

B HEKOTOpBIX Cydasx BO3HHMKAET 3a7aya, P KOTOPOW OJHOBPEMEH-
HO MPOBOAUTCS MapameTpudeckas uaeHtudukamnus 4, B, P, R u olieHUBa-
HUE X (OAHOBpEMEHHAas HACHTU(UKAIUSI U OLICHUBAHUE), a TAKXKE BO3MO-
KEH PAJl IPYyTUX YAaCTHBIX MMOCTAHOBOK 3aJ1ay UJICHTU(UKAIIUU U OLICHUBA-
Hus [74].

B GonbmmHCTBE padOT, MOCBAIICHHBIX UACHTU(DUKAIIUY, BBIICISIOTCS
CJIEAYIOIIME OCHOBHBIE COCTABISAIONIME, KOTOPHIE HYHO BBINOJHUTH HA
sTare uaeHTudukaruu [39]:

o CdopmymupoBaTh TpeOOBaHUS K JaHHBIM HAOIIOJCHUMN: KaK BbI-
MOJIHUTH COOp AKCIEPUMEHTAIBHBIX JTAHHBIX, KaK MCIOJIb30BaTh 3TU JIaH-
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HbI€, COOpaHHBIE B pEaJbHBIX YCJIOBUSX MPOBEICHUS dKcnepumenta [40,
70];

e Omnpenenutb KiaacC OOBEKTOB - COBOKYIHOCTb  MOJENEH-
KaHIUJATOB, U3 KOTOPOW BHOCIEACTBHM OyJeT OTOOpaHa HaWjydllas MO-
NETb;

e CdopMupoBaTh Tak Ha3bIBAEMYI0 (DYHKIMIO TOTEPH WJIU PUCKA, Xa-
PaKTEPU3YIOIIYIO aJeKBATHOCTh OOBEKTa U HACTpauBaeMOM MOJIENH, U Ha
ee OCHOBE C(hOpMYJIMPOBATh KPUTEPUN KaueCTBA UJICHTU(DUKAIUY;

e BriOpaTh crioco0 OLEHKH CTENEHU COOTBETCTBUS UCCIEAYEMOM MO-
JIEJIU SKCIIEPUMEHTAIBHBIM JIAHHBIM;

e Omnpenenutb IpoUeaypy BepuUKAUU MOJEIN: TPOBECTH IIPOBEP-
Ky Y NOATBEPKIACHUE aJICKBATHOCTU MOJENH, T.€. BBIACHUTDH, B KAKOW CTE-
NIEHU MOJEJNb JIEUCTBUTEIBHO «OOBSICHSAET» MOBEACHUE U3YyUYaeMOW CUCTE-
MBI.

IIpu nmocTpoeHUHn MaTeEMaTUYECKUX MOJEIEH CYLIECTBEHHYIO POJIb UT-
patoT cieayroiue paktopsl [39].

1. Jlo Hauana npoBeIeHHs FIKCIEPUMEHTA HEOOXOAUMO ONPEIETUTh YC-
JIOBUS, B KOTOPBIX OyAE€T MPOBOJUTHCS COOp AAHHBIX, PEIIMTH BOIMPOCHI
JNAJBbHEUIIETO KOHKPETHOTO HCHOJIb30BAHUS 3THX JNAHHBIX. OJTH 3aJa4u
pelaroTca Ha 3Tarne IJIaHUPOBaHUA HKCIIEPUMEHTa MyTeM BbIOOpa uucia
OTBITOB IKCIIEPUMEHTA U YCIIOBUM €ro MpOBEAEHUsA, HEOOXOAUMBIX U JIOC-
TATOYHBIX JJISl PEIICHUS MMOCTABJICHHOW 3aJauul ¢ TpeOyeMol TOYHOCTBIO.
OTOT 3Tan HEMOCPEICTBEHHO HE OTHOCUTCS K UACHTU(DUKALINM, a TIPe/IBa-
psierT ee.

2. B KOHCTPYKTUBHOM CMBbICII€ UACHTU(UKALUSA — 3TO ONMPEACICHUE 10
BXOJHBIM M BBIXOJHBIM BO3JICUCTBUSIM TAKOW MOJENH W3 OINPEICICHHOTO
KJ1acca MOJIEJIEH, KOTOPOM pealibHAsl UCCIIEAyeMasi CUCTEMA SKBUBAJICHTHA.
B cooTBeTCTBHHM C 3TUM, HYKHO ONPEACIUTDH KJIACC MOJAENEHN, CPEIH KOTO-
pBIX OyAeT BblOpaHa HamOosiee noaxojsmas. Ha atom sTamne HeoOXoauMo
BBIOpaTh OOIIYI0 CTPYKTYpPYy MOJEIM MU KJIacC ypaBHEHUW, KOTOPBIMHU
MPEANOJaraeTcs OMUCHIBATh HAOJIIOAAEMBIN Mpolecc. DTOT 3Tal HUHOTJA
Ha3bIBACTCS HJCHTU(PUKALMEH B IIMPOKOM CMBICIE WIH CTPYKTYPHOUH
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UJeHTU(UKALIUEH W 3a4acTyl0 OKa3bIBaeTCs pemiaronuM (paxkropoM. s
YCIICIIHOTO PEIIeHUs] 3a7a4u CTPYKTYPHOU HACHTUPUKAIMU TpeOyeTcs
UCIIOJIb30BaTh aNpUOPHBIC CBEACHUS O (DU3NUYECKUX, XUMUUYECKUX WU
WHBIX SIBJICHUSX, MPOUCXOJAIINX B Mpollecce, 3HaHue (OopMajbHbIX aHa-
JIATUYECKUX CBOWCTB MOJEJIEH, WHKECHEPHBbIC HABBIKA W MHTYyULUIO. 1o
HACTOSAIIETO BpeMEHHU O0IIMX (hOpMabHBIX MOAXOJ0B K PEIICHUIO 3aauu
CTPYKTYpHON HJCHTU(UKALMK HE CYIIECTBYET, W JTal CTPYKTYpHOUI
UJEHTU(PUKAIIUM YaCTO CBOJUTCS K DBPUCTUUECKOMY 3aJIaHUIO CTPYKTYPhI
MOJIEJIM, Ha OCHOBE allpUOPHBIX CBEJICHHUI 00 00BEKTE.

3. biM30CTh MOJIy4EHHONW MOJEIN PEATbHOM HCCIETYEMON CHCTEME
JIOCTaTOYHO OTHOCUTEJIbHA, T.K. OINEpaTopbl OOBEKTa U MOJEIU MOTYT
OBITh OMMCAHBI HA PA3HBIX S3BIKAX, UMETh PA3HYIO CTPYKTYPY WU KOJIU-
YECTBO BXOJOB, U MTOTOMY IMOHSTHE aJICKBATHOCTU MOXKET ObITH CHOpMY-
JUPOBAHO Pa3HbIMU crioco0amu. T.K. HEMOCPEACTBEHHO OLIEHUTH OJIM30CTh
OmepaToOpoB 0OBEKTA U MOJEIHU CJIOXKHO WM 3a4acTyl0 HEBO3MOXHO, Hau-
0o0Jiee 4acTO OIIEHUBAETCS OJIM30CTh BBHIXOJAHBIX BEJIMYUH OOBEKTA U MOJIE-
JU WM MaTeMaTUYECKOTO OXHUJIaHUSI OIIMOOK OIEHOK mapameTpoB. [[ms
3TOTO BBOAMUTCS MOHATHE (YHKIMU MOTEPh WIM PUCKA, B JaJIbHEUIIEM
nojyiexanie MuHuMu3auu. Jlanee ajist BeIOOpa « HAMITYUIE» MOJIENN U3
ONPEICIICHHOTO KJIacCa Ha OCHOBAHUM 3TOM (DYHKIIMH MTOTEPh POPMUPYET-
Csl HEKOTOPBIN KpPUTEpUM, U B JaJbHEWIlIEM 3ajjaya WACHTU(PUKAIIUU CTa-
HOBUTCS 3a]a4€il ONTUMU3AIMU BHIOPAHHOTO KPUTEPHSI.

4. Tlocne onpenaesneHus CTPYKTYPhl MOJICNIM U KJIacca YpaBHEHUM HEO0O-
XOJUMO OMNPEACIUTh YUCIECHHbIC 3HAYEHUS TapaMeTpoOB - KOIPDUITMEHTHI
nuddepeHInanbHbIX, PA3HOCTHBIX, UHTETPAJIbHBIX YPAaBHEHUU WU APY-
FMX MAaTeMaTUYECKUX KOHCTPYKUHUMU JIMHEMHOW WM HEIMHEMHOW MOJICIIU
00beKTa U (WJIM) COCTOSIHUM, BOMIEAIIMX B YPaBHEHUS MaTEMaTHYECKOU
Mozenu. Takum o0pa3oM, pElICHUIO MOJJICKUT 3a7ada OlLICHUBAHUS Tapa-
METPOB U (WJIM) COCTOSIHUM MO MUMEIOIIUMCS SKCIIEPUMEHTAIbHBIM JIaH-
HBIM, T.€. [10 3HAYEHUSIM U3MEPACMBIX NMEPEMEHHBIX. [[aHHasA 3a1a4ya HA3bI-
BACTCS 3aJja4eii MapamMeTpUIeCcKol uIeHTU(UKAINY WU WIeHTU(UKAIINEH
B Y3KOM cmbIcie. [Ipu onieHMBaHUM MMapamMeTpoB MPUXOJUATCS PEIIaTh 3a-
Jayy MUHUMM3AIUU HEKOTOPHIX (PYHKIIMOHATBHBIX 3aBUCUMOCTEN OT M3-
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MEpSEMbIX BEJIMYUH (OOBIYHO OT PAa3HOCTH BBIXOJHBIX CUTHAJIOB MOJENH U
00BEKTa) U OT HEU3MEPSIEMBIX BEJIUYMH - MapaMETPOB U COCTOSIHUU. Jlis
perieHust 3TOM 3ajlayu He0OXOUMO pa3padoTaTh aIrOPUTM UIAEHTU(]UKA-
MW, KOTOPBIA HAa OCHOBE JOCTYIHBIX NJiI1 HAOIIOJEHUS BXOJHBIX U BbI-
XOJIHBIX BEJIMYUH OMpeAesul Obl MapaMeTpbl HACTPAUBAEMON MOJIEIHN, MHU-
HUMU3UPYIOUIUE MOTPEITHOCTh MOJIEIBHOTO OMUCAHUS B COOTBETCTBUU C
BBIOpPAHHBIM (PYHKIIMOHAJIOM KauecTBa.

5. Ilepexox OT 3Tama IMOCTPOCHUS MOJEIU K IOCIEAYIOIIEMY €€ HC-
MOJIb30BAHUIO TpeOyeT OLIEHKY KauecTBa MOJYYEHHOW MOJENH, T.€. MPO-
BEPKY aJICKBaTHOCTU MOJIEIN 00beKTy. BeaeacTBue Toro, yto abCcomoTHAs
HKBUBAJICHTHOCTh MOJEIH OOBEKTY NPUHIUINAIBHO HEAOCTHXKHMA, TO
OCHOBHBIM YCJIOBUEM TMOJTBEPKIACHUSA aJCKBATHOCTH MOJEIH SIBJISAETCS
BO3MOKHOCTb HCIIOJIB30BaHUs MOJYUYEHHOM MOJIENHN JUIsl pELICHUs TOU 3a-
a4y, paad KOTOpOMl 3Ta Monenb crpownachk. 11o3ToMy aaeKBaTHOCTh
IPEANOJaraeT BOCIPOU3BEAECHUE MOJIEIbI0 C HEOOXOAMMOW TMOJHOTON
BCEX CBOMCTB OOBEKTA, CYIIECTBEHHBIX JIs LI€JIE AAHHOTO HCCIIEeI0Ba-
HusA. CTeneHb aJeKBaTHOCTH MOJEIH M 00BEKTa OOBIYHO OLEHUBAIOT ITy-
TEM CPABHEHHUS UX BBIXOJHBIX CUTHAJIOB MPU MOJAaY€ OJUHAKOBBIX BXOJ-
HBIX BO3JEHUCTBUI HAa OOBEKT M €ro MOJEb. JTO CPaBHEHHE MPEATIOUTHU-
TEJIbHO MPOU3BOJUTh HA OCHOBE HOBOUW MH(OpMaLMH, OTIMYHON OT JIaH-
HBIX, KOTOPBIE UCIOJIb30BAIUCH B MPOLECCE MACHTU(PUKALIMY O0OBEKTA.

B OonbIIMHCTBE peabHbIX CUTyallUd B3aMMOJIEHCTBUE OOBEKTA C OK-
pyXKarler cpesiol COOTBETCTBYET CIEAYIOIIECH CTaHIapTHOM cxeme (pu-
CyHOK 1.2).
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Pucynok 1.2
TuroBas cxema HaOJOACHUS NPU UJICHTU(UKAIIUN 0O0BEKTa

Ha pucynke 1.2 npuHsTHI cieayronme 0003HaYeHUS:
u(t) - BXOJJHOE BO3JICHCTBHUE;
1(t) - HEKOHTPOJIUPYEMOE CIIy4allHOE BO3JICHCTBUE;
y(t) - BBIXOJTHOE BO3/ICHCTBUE O0OBEKTA;
¥, (1)- BBIXOJTHOE BO3JCHCTBUE MOJIEIIN;
e(t) - pa3HOCTh (HEBsI3Ka) MEXIY BBIXOJaMH OOBEKTa U MOJICIIH;

b - BeKTOp mapaMeTpoB OOBEKTA;
S - BEKTOp MapaMeTpOB MOJIEIH;

N neHnTuduKaimoHHbIN SKCIIEPUMEHT B COOTBETCTBUM CO CTPYKTYPHOM
cXxeMoM HaO0AeHUS (PUCYHOK 1.2) COCTOUT B CIICAYIOIIEM.

Ha Bxonapl 00beKTa U MOJICTN MOJAeTCs BHEITHEE BO3AeHCTBUE u(l).

B peanbHBIX yCIOBHSAX B3aUMOJCHUCTBUS 00BEKTA CO CPe/IOM CUTHAJIbI Ha-
OJIFOZIeHUsI 32 OOBEKTOM HMCKaKEHBI CIIyYalHBIMU BO3MYIIEHUSIMU, OIpeE-
nensieMbIMU crielu(puKoi (yHKIIMOHUPOBAHUS CaMOTr0 OOBEKTA, MOTPEII-
HOCTSIMU METOJOB U CPEJICTB U3MEPEHUN U HEKOHTPOJIUPYEMBIMU BO3JIEH-
CTBUSIMU BHelIHEW cpenpl. [Ipu MCnosib30BaHUM TaKol cXeMbl HaOJro/e-
HUW MOJAraercsi, YTO pe3yabTaThl U3BMEPEHUN BXOJIHOTO CUTHAJA SIBJISIOT-
Csl ICMCTBUTEIBHBIM BXOJHBIM CUTHAJIOM, a2 BCE BHYTPEHHUE U BHEIIHHE
BO3MYIIIEHUSI, OTKJIOHCHUSI U3MEPEHHBIX 3HAYEHUM OT UCTUHHBIX BO3JEH-
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CTBU XapaKTepHU3yloTCsi 00001eHHON ToMexo 77(¢). OOBIUHO, B PE3yJIb-

TaTe HKCIEPUMEHTA MOJIy4aloT HAOMIOIEHHUs] BXOJla U BBIX0JIa, T.€. peallu-
3aIuu caydanHbix QyHkuuil u(f) u y(t). [lockoyibKy OOBEKT CBSI3bIBAET

BXOJ u(?) ¢ BBIXOAOM )(f), TO 3Ty CBSI3b BBIXOJHON BEIUYUHBI C BXOAHOMN

(OpMaIbLHO MOYKHO TPEICTAaBUTh HEKOTOPBIM ONIEPATOPOM f,:

y(t) = fo(u(®),1(2),). (1.1)
B cooTtBercTBUU ¢ 3aBUCUMOCTHIO (1.1) BhIXOAHAS BeIM4YMHA OOBEKTA
3aBUCHUT OT BHEIIHETO BO3JACHCTBUS u(1), TOMeXH 77(¢f) U OT HEU3BECTHOTO

BEKTOpa mapamerpoB b =[b,,......,b, |, 3Ha4eHUs] KOTOPBIX HEMOCPEICT-

BEHHOMY HAOJIIOJICHUIO HEJOCTYITHBI.

Ha ocHoBaHum cBenieHuit 00 00beKTe POpMUPYETCS MOJIENb, MOJ KO-
TOPOM MOHUMAETCSI HEKOTOPBIM omepaTop f, mpeodpa3yromuii HabJro1ae-
MO€ BXOJHOE BO3IEUCTBUE U(?) B €€ peakuuro y,, (¢):

Y () = f(u(2),0, 5). (1.2)

Mopenb (1.2) onuchIBaeTCs ypaBHEHUAMH, MOJOOHBIMU yPaBHEHUSIM
oowekTa (1.1) u comepxarumu nHbOpPMAIUIO 00 U3MEPIEMBIX BXOIHBIX U
BBIXOJIHBIX BEJIMUMHAX, TPUYEM M0JIaraeTcsi, YTO MOMEXHU HE MEHSIOT BUJA
mozenu. KoapuimeHTsl 3TUX ypaBHEHUHN SBISIOTCS MapamMeTpamMu MoJie-
au.  BeixogHas — BenmMuMHA — MOJENM  3aBUCUT  OT  [AapaMeTpoOB
P =10y, P, ], KOTOpblE PACCUUTBHIBAIOTCSI HA OCHOBE aJroOpUTMa, 00-

pabaThIBaIOIIETO BEKTOpP Bcex HaOmrofeHui. JJis HaxoxXKACHUS BEKTOpa
napameTpoB £ HE0OXOJUMO ONPEACIUTh ONTUMAIIbHBINA, B CMBICIE MOJ0-
Oust 00BEKTY, CI0CO0 KOPPEKTUPOBKHU Mojenu. [Ipu Takom moaxonae 3aaa-
Yya UJICHTUPUKALIMY 3aKJII0YAeTCsl B MOCTPOCHUU MOJICJIBHOIO onepaTopa f
U3 HEKOTOPOTO KJjacca OINepaTropoB (3ajada CTPYKTYpHOU HAEHTU(DUKa-
IIMW) U ONpeNeNICHNUU 1o HaOmoaeHusaM u(t) u y(¢f) BEeKTopa mapaMeTpoB
B =10y, B,] (mapamerpuueckas HACHTU(UKALHA), TAKOrO, YTOOBI
BBIXOJHOW CHUTHAJ MOJIeJu ObLI Obl HauboJee OJIM30K K BBIXOJHOMY CHI-
Hay OOBbEKTA.

Ha ocHOBe cpaBHEHHs HCKa)XKEHHOTO MOMEXOM 77(f) BBIXOJHOIO CHT-

Hasla o0bekTa y(f) = f,(u(¢),n(¢),b) C BBIXOAHBIM CUTHAJIIOM MOJEIH
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Y (&) = f(u(?),0, ) HaxoauTcsa HEBSI3KA - PA3HOCTh BBIXOJHBIX BEIUYHUH
00BEKTa U MOJICIIH:

e(t) = e(y(1), yy (1), ) = y(t) =y, (©). (1.3)

JIJIsT OLICHKH COOTBETCTBUS MOJICTU OOBEKTY BBOJIUTCS (YHKIIHS TI0-

Tepb (pyHkuus HeBsa3ku) Fle(y(t), v,,(¢), )], B 1100011 MOMEHT BpEMEHHU

3aBHCSIIAsl OT BBIXOJIOB OOBEKTA M MOJICIIM U HE 3aBUCAIIASL OT OTIepaTopa,
U Ha €€ OCHOBE (DOPMYyIUPYETCS KPpUTEPU UICHTUDUKAITIN:

rae M — MaTeMaTH4ecKoe OXKUAaHue BeIUUMHbL, F[*] — HekoTopas QpyHK-

WSl HEBSI3KM, KaK TIpaBWJIO, SBIAIONIAACS 4YeTHOM  (PyHKuMeHn
Fle]=F[-¢].

Kputepuii kadectBa WICHTU(UKALMM, XapaKTEPU3YIOUIWNA aJIeKBaT-
HOCTb MOJIEJIU PEATbHOMY OOBEKTY, MPEJCTaBISECT COOO0M CpeHUE TOTe-
pu. Uem MeHbIIIe CpeHUE TTOTEPHU, TEM BBIIIE KAaYE€CTBO UACHTU(PUKAIUY.
Munumuzanus GyHKIIMOHAIa UAESHTU(PUKAIIUM, COOTBETCTBYIOIIAS YIyU-
IICHUIO Ka4yeCTBa UACHTU(PUKAIINHY, OCYILIECTBISETCS IMyTEM HAJIJICKAIIETO
BBIOOpa CTPYKTYpPHl MOJEIN M HW3MCHCHHEM 3HAUYCHUN €€ IMapaMeTpOB.
[Iporeypa n3MEHEHHS peaIn3yeTcs aJrOPUTMOM HISHTH(HUKAIIAH.

CyliecTBYIOT pa3Hble CIIOCOOBI OLICHHMBAHUS MapaMeTpPoOB, pa3jidyaro-
muecs MEXAy CO0O0# MO HCIOJb3yeMOMY KPHUTEPHIO ONTHMAIBHOCTH H
UMeEIOIIeHcs anpuopHoi nHpopManmu. B onpeneneHHON cTeeHn BHIOOD
KPHUTEPHS ONTUMAJIBHOCTH CYOBEKTHUBEH, a IIPOICAypa OICHUBAHMS CYIIC-
CTBEHHO 3aBUCHUT OT MPUHSITOIO KPUTEPHUSI.

B monapnsromem OOJBIIMHCTBE CIy4aeB KPUTEPHUN KaduecTBa UICHTH-
(dbUKanuy BBEIOMpaeTCs KBaApaTUYHBIM, B BHJE HHTCTPAIBHOTO 3HAYCHUS
KBaJipaTa HEBSI3KMU:

T, yu-B) = [ € 0t = [ (1) =y, (1, B) dt (1.5)

0
HJIK CPCAHCTO 3HAYCHUS KBAJApaTa HCBA3KU.

Ty B) = % [ e (t)dr = % [(v@) =y . B)Y dt. (1.6)
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Benuuunsl y(¢),y,,(t),e(t) paccmarpuBaroTcs Kak BpeMEHHbIE (DyHK-
1IUU, OTIpe/IeTICHHbIC Ha MHTepBayie HaOmoaenuit [0,77].

IIpn peamnsannu npoueAypbl OLEHMBAHUS ITAPAMETPOB C UCIIOJIB30-
BaHUEM HW3MEPEHMM, COOpaHHBIX B JIUCKPETHBIE MOMEHTBHI BpPEMEHU
t;, j=L12,..N, MHTerpajbHbIi KBaAPATUYHbIA KPUTCPHIl IPUHUMACT BHIL:

J (s yag s ) = ﬁle"-(rj) - i(y(t,)—yM 00 )

a CpGI[HCKBaI[paTI/I‘-IHOG OTKJIOHCHUC paCC‘-II/ITBIBaeTCSI CJIGI[YIOHII/IM 06pa-
30M.
1y, 1 &
TGy B) =26t =— > (vt)) -y . P (1.8)
N = N j=

B HCKOTOPLIX 3aJgadax I/II[CHTI/I(bI/IKaI_[I/II/I MNPpUMCHAIOTCA MOAYJIbHBIC

byukun Fle] 2‘8 , CIIE peXKe MCIOIL3YIOTCS (DYHKIIMOHAIIBI Ka4yeCTBa,

OTJIMYHBIE OT KBAJAPATUYHBIX U MOAYJIbHBIX [74]. KpoMe paccMOTpEeHHBIX
kpurepues (1.5) — (1.8), ycpenHsomux noTepu Ha HEKOTOPOM WHTEPBAJIE
Habmonennit [0,7] (B HempepbIBHOM ciydae) Wi ¢, j =1,2,...N (B muc-

KPETHOM CJIy4ae), BO3MOXXHBI ()OPMYJIUPOBKH KPUTEPUEB, YCPEIHSIIOMINX
MOTEpPH TI0 MHOXKECTBY peanusaunil [48]. Kpome Toro, mpu pemieHnn 3a-
a4 WIASHTU(PUKAIMK BEKTOpa TMapaMeTpPOB IO MMEIOIIMMCS BBIOOpKaM
U3MEPEHU CUTHAJIOB MOTYT UCIOJIb30BATHCS CTATHCTUYECKUE KPUTEPUU
[58, 59]: MakcuManbHOTO MPaBAONOAOOUS, MaKCUMyMa aroCTEPUOPHOU
MJIOTHOCTHU PaCIpe/IeNICHUs] BEPOATHOCTH.

Mertozbl olleHUBaHUS TTApaMETPOB MOJICNICH 0OBEKTOB, B OOIIIEM CITy-
4yae, MOXKHO Pa3JelIuTh HA JBA KJIACCA MOAXOJOB B 3aBUCUMOCTH OT CIIO-
coba peanu3anu NpoOUEayphl OlleHUBaHUS. K mepBOMy THITy OTHOCATCS
MO/X0/Ibl HA OCHOBE MCIMOJIb30BAHUS SIBHBIX MAaTE€MaTUYECKUX BBIPAKCHUM,
KO BTOPOMY - peaju3alldy Mpoueayp OIEHUBAHUS C UCIIOIBL30BAHUEM Ha-
cTpauBaeMoun mozenu. [Ipowumroctpupyem peanu3anuio 3TUX ABYX IOJ-
X0JIOB COOTBETCTBYIOIIUMU CXEMAMU.
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| n(1)!
|
u(t) | O6bEKT ¢ y(2)
|| napameTtpamn b |
!
Anroputm B
naeHTUUKaumnm
| B
Mogens ¢ Yar )

napameTpamu g

Pucynoxk 1.3
CrpyKkTypHas cxema peaqn3aluy IpoleIypbl OIIEHUBAHUS Pa30MKHYTOTO
TUMAa (Ha OCHOBE SIBHOM MaTEMAaTU4YE€CKOW MOJIEIIN)

[Ipu peanusamum METOJOB OIEHUBAHUS TEPBOrO TUIA (pUCYHOK 1.3)
MaTeMaTH4eCKass MOJICb 3aJaeTCs B BHUJIC SIBHBIX MAaTEMaTHUYECKUX COOT-
HOIIIGHUHN, COJIepXKaIUX HA0Op MOJIekKAIINX OMPEACICHUI0 YHCIOBBIX
napameTpos S =[f,,....... 5, ]. Ha 00bekTe NpOBOIATCA CHELMAIBHBIE

UJIeHTU(UKAITMOHHBIE YKCIIEPUMEHTHI 110 COOPY MacCHBOB BXOJHBIX u(f) U
BBIXOAHBIX )(?) nmaHHbIX. Jlanee mpoBoguTCa 00pabOTKa pe3ysibTAaTOB IO-

JIYYCHHBIX SKCIICPUMCHTAJIBHBIX TAHHBIX C ICJIbX0O MUHHUMHU3AIIUN BBI6paH-

Horo (yHKUMOHANa uaeHtTuukauuu J(y,y,,, ) = min. OnTuMansHbie
B

MPOLIEAYPHI OLICHUBAHUS NApaMETPOB [ B ATOM CIIydae CBOMASTCS K pa3-

PCHIICHHIO CIICAYIOIINX COOTHOIIICHUU:

Y 0. i=0d.m. (1.9)
op;

CoBokynHocTh 3aBucuMocTel (1.9) oTBeuaer cucreme U3 m+1 ypas-
HEHUI ¢ m + 1 uckombiMu oueHkamu f =|[pf,,......, 5, |, KoTopas pa3pemia-
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€TCd OTHOCUTENBHO [ . OUEHHBAaHHUE MApaMETPOB B 3TOM CIIy4yae OCylle-

CTBJISICTCS MPHU MTOMOIIM PETPOCHIEKTUBHBIX aITOPUTMOB UJICHTU(UKAIIUHY,
KOT/Ia pelIeHue MOoJy4aeTcs B pe3yibTaTe 00pabOTKU BCEro MaccuBa JlaH-
HBIX MYTEM BBITIOJIHEHUSI KOHEYHOT'O YHMCJIa JIEMEHTapHBIX OINepaluii U He
MOKET OBITh MOJTYUYEHO KaK Pe3ysbTaT MPOMEKYTOUHBIX BhIYUCIeHUMN. Ta-
Kasi TpoIeaypa OLCHUBAHUS, C MHKEHEPHON TOYKH 3PEHUS, OTHOCUTCS K
MeToAaM HACHTU(UKAIIMA BHE KOHTYpa PETyJIUPOBaHUS W HE TMO3BOJSET
oOpabaTpiBaTh MOCTYHAOIINE HAOIIOICHUS ITOCICA0BATEIIBHO, B PEKHUME
HOPMAJIBHOU SKCILTYaTalllH.

CTpykTypHas cxeMa peajau3aliu Mpoleayphl OLICHUBAHUS Ha OCHOBE
HacTpanBaemout mozaenu [48, 51, 57] npuBenena Ha pucyHke 1.4.

|
u®)) | Obbektc | y{®)
| napameTpamu b I

aJ
yu®) _ é e(?) op
_ Mopens ¢ M F VH
napameTpamu g
} B
Pucynoxk 1.4

CTpykTypHas XeMa peain3aliii OpoLeaypbl OLICHUBAHUS 3aMKHYTOTO THIIA
F — pynxumonanbHbiii ipeoOpa3zoBarens; YH — yCTpOHCTBO HACTPOUKH

[Ipu peanuzanuum METOJI0OB OLICHUBAHUS BTOPOro TUia (pUCYHOK 1.4)
UCIIONIB3YETCA MPUHIUI MOJCTPOUKHA MOJIENTU K OOBEKTY IO MpU3HAKAM
OJIM30CTH TIOBEJEHUs. B 3TOM cilyyae Moaenupyercs CTpyKTypa mMaTema-
TUYECKUX COOTHOILICHHM, MapaMeTpbl [f KOTOPOM MU3MEHSIOTCA TaKUM 00-

Pa3oM, 4TOOBI XapaKTEPUCTUKU MOJCIH ObLIN OJU3KU K XapaKTepUCTUKAM
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uccienyeMou cucreMbl. [Ipu TakoM moaxone IOjarar0T OpraHU3aLUI0
BBIIIOJIHEHNS] COOTHOLLICHUN
oJ

X 50,i=0,.m. (1.10)
08,

1

Hessizka e(y(?),y,,(¢), f) nocrynaer Ha BXoJ (PyHKIIMOHAJIBHOIO MpPeoo-

pazoBatens F, rjie OCyIIECTBISIOTCS U3MEPEHUST TPOU3BOIHBIX YR Yer-

i
POMCTBO HACTPOUKHN Y H U3MEHSET mapaMeTphl HACTPAauBAEMOU Moaenu [
HAa OCHOBE aJrOPUTMOB HACHTU(UKAIMHA, MHUHUMHU3UPYS TEM CaMbIM
(GYHKIMIO OIMMOOK IyTeM BBIMOJHEHUsS cooTHomieHus (1.10). Pemenue
MOJIy4aeTcs, B MIPUHIIUIE, KaK PE3yIbTaT OECKOHEUHOI0 YHC/Ia TAKUX OIle-
panyii, TPU BTOM KaXKAbIM MPOMEKYTOUHBIM PE3yJbTaT NPEIACTABISAET
NPUOJIMKEHHOE PEIICHUE.

OTOT THUIl pealu3allMd OTHOCUTCS K METOoJaM HIACHTU(PHUKAIUU B
3aMKHYTOM KOHTYPE U MO3BOJISICT MIPOBOAUTH ONEPATUBHYIO WICHTU(DUKA-
LUIO0 B PEKUME HOPMAJIBHOTO ()YHKIIMOHUPOBAHUS OOBEKTA.

Cnenyet oTMeTuTh [64], 4TO C MOSIBIEHHEM LUU(PPOBBIX BHIYUCIUTEb-
HBIX YCTPOMCTB CTaji0 yJ0O0HEE peaIn30BbIBATh MCIOIb3YEeMbIe (PYHKIIMHU
(BBIYMCJICHUE KPUTEPUS, aBTOMATUYECKasi HACTPOMKa, Jp.) alropuTMuye-
CKH, YTO MIPUBOJIUT K CTUPAHUIO YETKUX T'PAHUI] MEXKIY PA3TUYHBIMU CIIO-
cobamu wuaeHTUUKauu. OCHOBHBIM TPU3HAKOM, YKa3bIBAIOIIUM Ha
MPUMEHEHHUE METOJI0B UACHTU(PUKAIIMKA C HACTPAMBAEMOl MOJIEIbIO, Clie-
JyET CYUTATh HAJTMYME OOPATHOM CBS3HU.

Cpenu BO3MOXKHBIX aJITOPUTMOB HJICHTHU(UKAIIMU IIHPOKOE pacIpo-
CTpaHEHHE TOIYUYWIM PEKYPPEHTHBIM METOJ] HAMMEHBIIMX KBaJpaToB, a
TaKke MeToj; crtoxactudyecko ammpokcumainuu (MCA). Merony Hau-
MEHBIIIUX KBaJpPaTOB COOTBETCTBYET MHUHUMM3AIIMS KBAJIPATUUYHOIO KPH-
tepus (1.5), (1.6). ITOT MeTOA MPUBOJUT K PEIICHUIO CUCTEMBbI JTUHEUHBIX
AITOPUTMUYECKUX YPABHEHUM - CUCTEMbI HOPMaJbHBIX YpaBHEHUH, U TO-

TOMY ONTHUMAJIBHOE pelieHue £, MUHuMu3upytomiee GyHkiuonan J(f5)

MOXET OBITh BBIPAYKCHO B IBHOM aHaIuTH4YECKON hopme [36, 71].
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MCA xapakrepu3yercst MPOCTOTOM U YHHUBEPCAIBbHOCTBIO, U TIO3BOJIA-
€T HE OIPaHMYMBATHCA KBAJAPATUUYHBIMU KPUTEPUSIMHU UACHTU(PUKALUU, a
dbopMUpoBaTh pa3HOOOpa3HbIE KAaK JUHEUHBIC, TAK U HEJIMHEWHBIC aJIro-
putMbl uaeHTugukanuu [ 19, 47].

1.3 Kiaccupurkauust MeTo10B HACHTUPUKALMA

Bo3MoxHBIE pa3inuyHbIE METOAbl UJICHTHU(PUKAIIMU CYIIECTBEHHO 3a-
BUCAT OT pa3HbIX (OpPM MPEACTABICHHUS MAaTEeMAaTUYECKUX MOJEIEH -
OOBIKHOBEHHBIX IU(P(EePEHIUATBHBIX, PA3HOCTHBIX YpPAaBHEHUH, ypaBHE-
HUW CBepTKU U T.A. [Ipy 3TOM HU OJUH U3 METOIOB UACHTU(DUKALUUA HE
ABJISIETCS. YHUBEPCAIBHBIM ISl UACHTU(UKAIMU BCEX BUJIOB MaTeMaThye-
CKHX MOJEJIEH, a UCIOJIb3YETCs B OTACIIbHBIX 00JIaCTAX IPUMEHEHHUS.

Meroapl uaeHTU(PUKAIMA MOXHO KIACCU(PUIUPOBAThH MO Pa3IUYHbIM
IPU3HAKAM.

[To ciocoOy TecTupoBaHUs pa3anyaloT aKTUBHBIE U TACCUBHBIE METO-
16l UICHTU(UKAIMU. B akTUBHBIX METOAAaX Ha BXOJ OOBEKTa MOJAOTCS
CHEUUAIbHO CPOPMHUPOBAHHBIE BO3JICUCTBUSL - TECTOBBIE CHUTHAJBI - JE-
TEPMUHUPOBAHHOTO WJIM CIy4ailHOro xapakrtepa. JJ0CTOMHCTBAMHM 3TOTO
noaXoja SIBJAIOTCA MUHUMAaJIbHbIE TPEOOBAHUS K alPUOPHBIM CBEJICHUSIM
00 00BEKTE, IeJICHANPABICHHBIN XapakTep UACHTU(DUKAIINY, U, KaK CIe/-
CTBHE, YMEHBIIICHHE BPEMEHHBIX U MaT€pUaIbHBIX 3aTpaT Ha MPOBEICHUE
IKCIIEPUMEHTA.

[Ipu uCnoyiIb30BaHUM MACCUBHBIX METOJ0B OOBEKT HAXOAUTCS B YCIIO-
BUSIX HOPMaJbHOTO ()YHKIIMOHUPOBAHUS, U MApaMETPbl MOJACIH OTHICKHU-
BAIOTCS MO pe3ysibTaTaM CTaTUCTHYECKOW 00paboTku HabmoaeHui. Ilpe-
UMYIIECTBAMM ATOTO MOJX0/Ia SIBISETCS OTCYTCTBUE HEOOXOIUMOCTH IIPO-
BOJUTH CIELUATIbHBIE UCCIEA0BaHUSI O0BEKTA, TOCTATOYHO JIUIIb U3MEpe-
HUE HAOII0JJa€MbIX CUTHAJIIOB B peXUME padoudero (yHKIHMOHHPOBAHUS
00BEKTa C MOCIEAYIOUMM PAacyeTOM mapameTpoB mojaenu. Hegoctatkamu
TaKOTr0 MOJX0/1a SBJIAIOTCSA 3HAUUTENIbHbIE BPEMEHHbBIE 3aTpaThl Ha cOOp U
HEOOXOJUMYIO CTaTUCTUYECKYIO 00pabOTKY JAaHHBIX M KECTKHE TpeOoBa-
HUS K YaCTOTHOMY CIIEKTPY BXOJHOI'O BO3ACHCTBHUS - OH HE JIOJKEH OBbITh
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MEHBIIIE€ TOJOCHl YacTOT JWHAMUYECKON XApaKTEPUCTUKH HICHTU(PHUIIU-
pyeMoro o0ObeKTa.

[Io xapakTepy HMCHOJB3YEMbIX CHUTHAJIOB PA3IMYalOT JETEPMHHUPO-
BAHHBIE U CTATUCTUYECKUE MeTOABL. [Ipy mpoBeneHNN aKTUBHOW WACHTU-
(¢uKanuu Ha OCHOBE I€TEPMHUHUPOBAHHBIX CUTHAJIIOB BO3MOKHO MpPHUMEHE-
HUE JACTEPMUHUPOBAHHBIX METOJ0B MACHTU(DUKAIUU. B peasbHbIX yCio-
BHSIX CUTHAJIBI BCETJA MOJBEPKEHBI IEUCTBHUIO IOMEX U CUJIBHO 3alllyMJIe-
HbI, U JIETEPMUHUPOBAHHBIE AITOPUTMBI HEOOXOJAMMO JIOMOJIHATH CTaTH-
CTUYECKUM YCPEIHEHUEM (CTIaKMBAHUEM ) MOTYyYaeMbIX PE3YIbTATOB.

[To nmpu3Haky BpEMEHHBIX 3aTpaT METOABI AEHATCA HA ONEPATUBHBIE U
perpocnekTuBHbIe. [Ipu onepatuBHON HAEHTHU(PUKAIMU O0ECTIEUUBACTCS
TEKYIllee OTCIIC)KUBAHUE MEHSIOMINXCS XapaKTepUCTUK 00bekTa. Ha ocHO-
B€ PEKYPPEHTHBIX AJITOPUTMOB, PEAIM3YEMBIX B TEMIIE, OJM3KOM K CKOPO-
CTU IPOTEKAHUS MPOLECCA, OLEHKHU MapamMeTPOB MOJAENEN YTOUHSAIOTCS B
pEaJbHOM BPEMEHM Ha KAXKJIOM IIAre MOCTYIUIEHUS HOBBIX H3MEPECHUM.
[Ipu peTpoCneKTUBHOW HACHTHU(UKAIMKM BHAYalle COOMpPAETCs BECh Mac-
CUB JIJaHHBIX, U OLICHKU XAPAKTEPUCTHUK WJIM ITapaMETPOB MOJIyYarOTCs I10-
cie 00pabOTKH ATOTO MacCHBA.

2 MaremaTnueckKue MOJ€JIN CUCTEM

Ecnu cumyayus ne yknaovleaemcs 6 pamku éaule-
20 80CNpUAMUS — PA30SUHbINE IMU PAMKU
Cneocmeue u3 3axona Apmypa Knapka

2.1 Knaccuduxanusa mojaeseil 00beKTOB yIIPpaBJIeHUSA

CymiectByeT 00JbIIOE€ pa3HOOOpa3ve TUIIOB M KjaccoB mojenei. Hu
OJIUH U3 CIOCO0O0B KiIaccU(UKAIIMK HE JaeT MOJIHYI0 KapTUHY M HE OTpa-
JKAET BCEX CBOMCTB HCIIOJIB3YEMBIX MOJICJIEU, T.K. XapaKTEPU3YET TOJILKO
OT/ICJIbHBIE TPU3HAKHU MOJICIIH.

PaccMOTpuM OCHOBHBIE THUIIBI MOJIETEH, Pa3JCSIONIMECS MO OCHOB-
HBIM CUCTEMHBIM MPU3HAKAM:

¢ (usnueckue (HaTypHbIE) U MaTeMaTU4eCKue (CUMBOJILHBIC);

¢ OJHOMCPHBIC U MHOT'OMCPHBIC,
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® CTaTMYECKHUE U IMHAMUYECKUE;

® JICTCPMHUHUPOBAHHBIE U CTOXACTUYECKHUE;

® JIMHCHHBIC U HEJIWHEHUHBIC,

® JINCKPETHBIC U HEMPEPBIBHBIE;

® CTAllMOHAPHBIC U HECTAIMOHAPHBIE;

® COCPEIOTOYECHHBIE U PACIIPEICIICHHBIC;

® XapaKTePUCTUKHU THUIMA «BXOJ - BBIXOI» M ONHMCAHUE B MPOCTPAHCTBE
COCTOSIHM;

® CTPYKTYPHPOBAHHBIEC U arpErMPOBAHHBIC;

® [apaMeTpPUYECKHE U HeapaMeTPUIECKUE.

DU3NYECKUMU SBIISIIOTCA MOJEIU, B KOTOPBIX CBOWMCTBA PEATBLHOTO
O0OBbEKTa MPEACTABISAIOTCA XaPAKTEPUCTUKAMHU BEIIECTBEHHOTO OOBEKTa
TOU K€ WJIA aHAJIOTUYHOU mpupoasl. K MareMatnyeckum MOJIeNIsiM OTHO-
CSITCSI T€, B KOTOPBIX JIJII OMUCAHUS XapaAKTEPUCTUK OOBEKTA HUCIIOJIb3YIOT-
Csl MaTeMaTUUYeCKrue KOHCTPYKIMK. B nanbHelieM OyjieM paccMaTpuBaTh
TOJIBKO MAaTEMAaTUYECKUE MOACIIH.

OnHOMEpHBIMM Ha3bIBAIOT OOBEKTHI, UMEIOIIUE OJWH BXOJ U OJUH
BBIXOJ], MHOTOMEPHBIE (MHOTOCBSI3HBIE) OOBEKThI UMEIOT HECKOJBKO BXO-
JIOB M HECKOJIBKO BBIXOJ0B.

OOBEKT Ha3bIBACTCS NMHAMHYECKHM, €CJIH €TI0 BBIXOJHOE BO3JICHCT-
BHE 3aBUCHUT HE TOJBKO OT BXOJHOIO BO3JICMCTBUS B TEKYIIUA MOMEHT
BPEMEHH, HO U OT NPEAbIIYIIUX 3HAYCHU BX0Jia. ITO 03HAYAET, YTO 00b-
€KT 00J1aJaeT MHEPUUOHHOCTHIO (MaMsAThbi0). MaTeMaTHyecKue MOICIU
JTUHAMUYECKUX OOBEKTOB 33JIal0T €ro MOBEJCHUE BO BPEMEHH.

OOBeKT Ha3bIBACTCS CTATUYECKHUM, €CJIM €ro peakiusi Ha BXOJHOE
BO3/ICICTBUE HE 3aBUCUT OT MPEABICTOPUHU, OT MOBEACHHUS CHUCTEMBI B
MPOIIJIOM, & TAKXK€ OT MPEABIAYIINX 3Ha4eHUW BXoaa. CTaTUYECKUE CHUC-
TeMbl 00J1aJ1at0T MTHOBEHHOM peakiiuei Ha BXOJHOE Bo3jeiicTBue. CTaTu-
YECKHE MOJICIN OINMCHIBAIOT MPOLECCHI, HE U3MEHSIOIMIMNECS BO BPEMEHH,
T.€. IIOBEJICHNE 00BEKTA B YCTAHOBUBIINUXCS PEKUMaX.

OOBEKT Ha3bIBaCTCsS JIETEPMUHHUPOBAHHBIM, €CJIM €TI0 BBIXOJHOE BO3-
JEUCTBUE OJHO3HAYHO OMNPEACIseTCS CTPYKTYpOH OOBEKTa M BXOJHBIMU
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BO3JICUCTBUSAMH U HE 3aBHCUT OT HEKOHTPOJIUPYEMBIX CIy4YalHBIX (PAKTO-
poB. B peanbHBIX yCIOBHSIX HaOII0Ja€Mble BBIXOJHBIE CUTHAJbI W3MEHS-
I0TCSI HE TOJIBKO TMOJ BO3JIEUCTBMEM HAOJIOAEMBIX BXOJOB, HO U H3-32
MHOT'OYMCJIEHHBIX HEHAOI01aeMbIX Clly4alHbIX omex. Eciau atu momexu
MaJibl WM OTCYTCTBYIOT, TO CHCTEMY MOKHO CUHMTATh AETEPMHUHUPOBAH-
HoM. CHucTeMa, B KOTOPOU CIy4arHbIE TOMEXU OKA3bIBAKOT CYLIECTBEHHOE
BJINSIHUE HA BBIXOJHBIE MEPEMEHHBIE, HA3bIBACTCA CTOXacTH4ecKou. CTo-
XacTU4eckast (BEpOsITHOCTHAs) MOJENb OTPAKAaeT BO3JCUCTBUE CIyUYalHbIX
(akTOpOB, MOATOMY MEXAY BXOJHBIMU U BBIXOJHBIMH MEPEMEHHBIMU CY-
HIECTBYET HE OJHO3Ha4yHasi (PyHKIMOHAIbHAs 3aBUCHUMOCTb, 4 BEPOATHO-
cTHass. OOBIYHO MEPEMEHHBIE COCTOSIHHS CTOXAaCTUYECKOrO OOBEKTa Olle-
HUBAIOTCS B TEPMHUHAX MAaTEMaTUYECKOTO OKHMIAHUS, 4 BXOIAHBIE BO3IECH-
CTBHS - BEPOSATHOCTHBIMH 3aKOHAMU PACIIPEAECICHUS.

OOBEKT Ha3bIBACTCS JIMHEUHBIM, €CJIH JJIsl HETO CIPABEJIUB PUHIIMI
CYNEpIo3UlMHU, T.€. peaklus OObEKTa Ha JIMHEMHYI0 KOMOMHaALUIO (Cy-
NEPHO3ULINI0) JBYX BXOAHBIX BO3JCHCTBUI paBHA TOM k€ camMoOill KOMOU-
HaIlUU PeaKIui JaHHOTO 0OBEKTA HA KaK10€ U3 BO3CHCTBUI:

S (o, () + Puy () = & f (w, (1) + B f (u, (2)), (2.1)
rae u,(t) u u,(¢) - BXoAHbIE BO3ACHUCTBUSA; @ U [ - NIPOU3BOJIbHBIE KOA(D-

¢dbunnenTsl. B npoTHBHOM cllydae 0OBEKT CUMTACTCSI HEJTUHEHUHBIM.

OOBEKT HA3bIBACTCS HEMPEPBHIBHBIM, €CJIM COCTOSHUS €r0 BXOIHBIX U
BBIXOJIHBIX BO3JICHMCTBUI U3MEHSETCS WIM U3MEPSETCS HEMPEPBIBHO B TE-
YEHUE OMPEACIICHHOTO MPOMEXyTKa BpeMeHH. OOBEKT Ha3bIBACTCS JIHC-
KPETHBIM , €CJIM COCTOSIHUE €TI0 BBIXOJIOB W BXOJIOB OIPENAEIIEHO JIUIIb B
JACKPETHBIE MOMEHTBI BpEMEHHU. JJIs1 ONMMCaHusl TUCKPETHBIX CUCTEM HC-
MOJIB3YIOTCS pelieTyarbie PyHKIHUH, SBISIONIMECS aHAJIOraMU HEPEpPhIB-
HBIX (YHKIMM, ¥ Pa3HOCTHBIC ypaBHEHUS, SIBISIONMIMECS aHaToramMu aud-
dbepeHIManbHbIX YPaBHEHUH.

OOBEKT HaA3bIBACTCS CTAIIMOHAPHBIM, €CIIM €r0 peakius Ha OJMHAKO-
BbI€ BXOJHBIE BO3JCHCTBUS HE 3aBUCHUT OT BPEMEHM NPUIIOKEHHUS ITUX
BO3JICUCTBUH, T.€. MapaMeTPhbl TAKOTO 00BEKTa HE 3aBUCAT OT BpeMeHH. B
MIPOTUBHOM CJTy4ae rOBOPSAT, UTO OOBEKT HECTAIMOHAPEH .
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OOBeKT Ha3bIBaeTCI OOBEKTOM C COCPEIOTOUYECHHBIMU IMapaMeTpaMH,
€CJIM €r0 BXOJHBIC W BBIXOJIHBIC BEJTUYUHBI 3aBUCIT TOJIBKO OT BPEMEHH
(TOJIBKO OT OJHOM MepeMeHHOoM). Mojienn 00BEKTOB ¢ COCPEIOTOYECHHBIMU
napamMeTpaMu COAEpKaT OJHY WJIM HECKOJIbKO IMPOU3BOJIHBIX O BPEMEHHU
OT MEPEMEHHBIX COCTOSIHUS U MPEACTABISAIOT COO0N OOBIKHOBEHHBIE AU(-
dbepeHIManbaple ypaBHEeHNI. MaTtemMaTu4eckasi MoJIeb TePEXO0IHbBIX MPO-
IIECCOB B 00BEKTE Hapsany ¢ auddepeHinaibHbIM YPABHEHUEM COACPIKUT
TaK)Xe JIOMOJTHUTEIBHBIC YCIIOBUS OJJHO3HAYHOCTH - HAYaJIbHBIC YCIOBHAI.

OOBeKT Ha3bIBaeTCsl OOBEKTOM C PACHPENICICHHBIMU IMapaMeTpaMH,
€CJIM BBIXO/IHAS BEJIMYHMHA 3aBUCHUT OT HECKOJIBKHX MEPEMEHHBIX - OT Bpe-
MEHH U OT MPOCTPAHCTBEHHBIX KOOpJAWHAT. Takas cuTyarus oObIYHO UMe-
€T MECTO, KOTJla UCClieyeMasl XapaKTepUCTHKa 00bEeKTa, HAIpUMEp, TEM-
nepaTypa, KOHIIEHTpaIlMsl BEIIeCTBAa M T.I., paclpenesieHa B HEKOTOPOM
oobeMe. B aTom ciydae maremaTHdeckas MOJACIb OOBEKTa COJINCPKHUT Ya-
CTHBIC TIPOM3BOJHBIC M ONMMCHIBACT KaK JMHAMUKY MPOIIECCa BO BPEMEHH,
TaK U PacHpeIeICHHOCTh XapaKTePUCTHUKHU B MPOCTpPaHCTBE. MaTeMaTuue-
CKasi MOJEIb IIPOIECCOB B pacIpeeieHHOM OOBEKTe BKItOUaeT audde-
pEHIIMAIbHOE YPaBHEHHE B YACTHBIX IIPOU3BOIHBIX, HAUaJbHbBIE YCIOBUS U
rpaHuyHbie ycioBus. [IpuMepoM Takold MOAEIM MOXKET CIYKUTh BOJIHO-
BOE ypaBHEHHUE, MOCTb TU(P(Y3UH I TETUIOMPOBOTHOCTH:

2
000 _ OO 4 ot u(x, 1)), (2.2)
ot ox
rae O(x,t) - GYHKIUS COCTOSHUS OJHOMEPHOTO0 00OBEKTa C pacrpeecH-

HBIMHM IAapaMeTpamu; X €[x,,x,]; a u f — 3amaHHble KOO()OULMEHT U

(GyHKIMS COOTBETCTBEHHO.

XapakTepUCTUKAMH THIA «BXOJ[ - BBIXOM» SBIISIOTCS OMPEICICHHbBIC
OTIEPATOPHI, CBI3LIBAIOIINE MMOBEICHUE BBIXOJAHOW BEIUYHMHBI O0BEKTA CO
BXOJ/IHOM, HalpuUMep, NepeaTouHas, IepexoHas, Becopasi (DyHKITUH.

Mopenu mpoCcTpaHCTBA COCTOSTHUN OMKCHIBAIOT JUHAMUYECKOE TOBE-
JICHUE CHUCTEMBI C 71 CTETIEHAMH CBOOO/IbI, XapaKTePU3YIOLIEHCS 71 KOOPAU-
HaTaMM, Ha3bIBAEMBIMH KOOPAMHATAMU COCTOSHHS. TaKUMU KOOpJWHATA-
MU, HalpuMep, SBIAIOTCSA 3HA4eHUS (DYHKIIMU U €€ n-/ MPOU3BOJIHBIX B

26



MIPOM3BOJIbHBIN MOMEHT BpeMeHH. OHH COCTaBJISIFOT 1-MEPHBIM BEKTOP,
MOJTHOCTBIO OMPEACIISIIOIINN COCTOSIHUE CUCTEMBI B 1000 MOMEHT Bpe-
MEHH B 1-MEPHOM MPOCTPAHCTBE COCTOSIHUM WK (DAa30BOM MPOCTPAHCTRE.
KoopanHatel BEKTOpa COCTOSHUS, B OTJIMYUE OT BEKTOPOB BXOJHBIX U BbI-
XOJIHBIX BEJIMYMH, B OOIIIEM Ciydae, sIBJIAIOTCS aOCTpaKTHBIMU MaTeMaTH-
YECKMMU XapaKTEepUCTUKaMH, (U3NUecKas MPUPOJa KOTOPHIX HECYIIECT-
BeHHA. KOOpanMHATBI BEKTOpa COCTOSIHUS, @ TAKXKE CTPYKTYpa M 3HAYCHUS
KO3(PUIMEHTOB ypaBHEHHI COCTOSIHUI 3aBHUCAT OT BbIOOpa Oasuca B ¢a-
30BOM MPOCTpaHCTBE. KOHKPETHBIA BUJl YPAaBHEHHM B MPOCTPAHCTBE CO-
CTOSIHUM IPUBEIECH HUKE JJISl IMHEUHBIX U HEJIMHEWHBIX CUCTEM.

CTpyKkTypHUpOBaHHasi MOJICJIb SIBJISICTCS MPEACTABICHUEM MaTEeMaTH-
YECKOM MOJIEJIM BCEW CUCTEMBI, B 1IEJIOM, KAK COBOKYITHOCTH OTHOCHUTENb-
HO 0o0Jiee MPOCTHIX MOJEJICH OTACIBHBIX JIEMEHTOB M OJIOKOB OOBEKTA,
COCAMHEHHBIX MEXIYy CO000HM mocpeiCTBOM cBs3el. OHa XapakTepuszyeT
KaK (U3MYECKHE, TaK U TEXHUYECKHE aCMEKThl MOCTPOCHUS CHUCTEMBI
YIIPABJICHUS Y TO3BOJIAET UCCIEN0BATH MPOLECCHI, MPOUCXOAAIINE KAK BO
BCEH cucTtemMe B IIEJI0OM, TaK U B OTACIBHBIX €€ dJIeMeHTaX. Takum oOpa-
30M, CTPYKTYpUPOBAHHAasi MOJEIb CHUCTEMbI YHPABJICHUS MNPEACTABIISET
COBOKYMHOCTb PsiJla B3aMMOCBSI3aHHBIX MATEMAaTHUYECKHUX MOJEIEH OT-
JICJIbHBIX 3BE€HBEB. B Takon MoAeiu, MOCIEI0BATEIBHO UCKII0Yas U3 pac-
CMOTPEHHSI BCE BHYTPEHHHME MEPEMEHHBIC, SIBISIOMIMECS BXOIHBIMU WU
BBIXOJHBIMU CUTHAJaMH BHYTPEHHHX 3BE€HBEB, MOKHO HaWTH AuddepeH-
[IMAJIbHOE YPABHEHUE, OMHUCHIBAOIIECE B3aMMOCBSI3b BXOJHOM U BBIXOJHOU
BEJIMYUH CHUCTEMBI U SIBJISIIOLIECECS, MO CYTH, arperMpOBaHHOM MOJENBIO.
ArperupoBaHHas MOJIeJb ONMHCHIBACT (DYHKIIMOHAIHHBIC B3aUMOCBSI3H Me-
KTy BXOJIHBIMH M BBIXOAHBIMM BeJIMYMHAMHU 0e€3 ydeTa BHYTpPECHHEH
CTPYKTYPHI U B3aUMOCBS3€M B CUCTEME.

[TapameTpudeckue MOICIIH OTIMCHIBAIOTCS 3aJaHHBIMA B IBHOM (hopMe
AHUTUTUYECKHMHU 3aBUCUMOCTSIMH, COJICPKAIIMMH MapaMeTpbl, MOAJIEHKA-
e uACHTA(PUKAIUA. ITH 3aBUCHMOCTH IPEICTABISIOT CO00M mapamer-
pUYECKHE MOJCIM KOHEUYHOM pa3sMepHOCTH, Harpumep auddepeHiuaib-
HbIC YPABHEHMSI OINPEACICHHOrO IOpsAKa, MOJIEJIM B MPOCTPAHCTBE CO-
crostHuil. [lapamerpamMu ABIAIOTCA YMCIICHHBIE 3HAYEHUSI BEJIMYUH, OIpe-
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JENSIOIMX BBIXOJ MOJIENU (HarpuMep, 3Ha4eHUs! KO3(PPUIUEHTOB OOBIK-
HOBEHHBIX IU(PPEepeHIUATbHBIX YPAaBHEHUH, HAUYAbHBIX YCIOBUM, KOA(-
(UUMEHTOB MepeNaTOuYHbIX (QyHKIMM). MeTogamMu mapaMeTpuuecKoi
UJCHTU(DUKALNY ONIPEACIISAIOTCA HEU3BECTHbIE KOA(DPUIMEHTHI YPaBHEHUS
00BbEKTa WIH MEePeIaTOYHON (PYyHKIINH.

Hemnmapamerpruueckue MoJieu CBOASTCS K ONMUCAHUIO MPeoOpa30BaHU
CUTHAJIOB MPOCTPAHCTBA BXOJOB B 3JIEMEHTHI MPOCTPAHCTBA BBIXOAOB. B
3TOM Cllydyae MOJENb OOBEKTa ONPENEISAETCS ONEpPaTopoM IpeoOpazoBa-
HUsA (QYHKIIMH BXOJIHBIX CUTHAJIOB B (DYHKIIMU BBIXOJIHBIX BeJM4YMH. Hemna-
paMeTpUYECKUMHU MOJEISIMU SIBJISIFOTCSI BECOBBIE (DYHKIIMH, NTEPEAATOUHbIE
dbyHKkIMU, (€cnu 3apaHee He 3aaHO YKUCIO KO3 UITMEHTOB), KOPPEIISIIu-
OHHbIE (DYHKIMHU, CHEKTpalIbHbIE IIOTHOCTH, pAnbl Bonbreppa. Hampu-
Mep, U1l MOJIENIM B BUJIE BECOBOM ()YHKIIMH, CBSI3b MEXK]Y BXOJHBIMU U
BBIXOJIHBIMU CHUTHAaJaMU JJIsl IMHEUHBIX OOBEKTOB 33Ja€TCA C MOMOIIBIO
MHTErpajia cBepTKu (MHTerpaia Jroamens):

y(t) = Tw(r)u(t —7)dT = Tu(r)w(t —r)dr, (2.3)

0
rae w(t) - UMIyJIbCHas mepexoaHas (BecoBasi) (yHKIUS 00BEKTa, SIBIISIO-

1asics HeMmapaMeTpUIEeCKOM MOJIENbIO JIMHEMHOTO TUHAMUYECKOTO 00BEK-
Ta.

Meroapsl HenmapameTpU4ecKOW HICHTU(PUKALMU HCIOIB3YIOTCS IS
ONpEJIETICHNUS BPEMEHHBIX WJIM YACTOTHBIX XapaKTEPUCTUK 00BEKTOB. [lo
MOJIyYEHHBIM XapaKTepUCTUKAM J1aJie€ MOXKHO ONPEIEIUTh NePeIaTOuHYIO
GyHKIMIO WM ypaBHEHHs o0bekTa. I[lapamerpuyeckre MOJEIN MOTYT
MPUBOJIUTH K OOJIBIIIMM OIIMOKaM, €CJIM TOPSJ0K MOJIEJIM HE COOTBETCTBY-
€T NopsAnKy oObekTa. [IpenMyllecTBO HemapameTpUueCKuX MOJENel Co-
CTOUT B TOM, YTO OHU HE TPEOYIOT SBHOTO 3HAHUS MOpsAaka o0bekTa. Of-
HAKO, B 3TOM CJIy4ae OMKCAHUE SIBJIAETCS, MO CYIIECTBY, OECKOHEUHOMEP-

HBIM.
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2.2 Cratu4yecKkue Mo/IeJIu
CraTtudeckasi XapaKTEpUCTUKA OOBEKTa — 3TO 3aBUCUMOCTb MEXITY
BXOJIHBIMU M BBIXOJHBIMUA CHUTHAJIAMU B YCTAHOBUBIIEMCSI pEKUME. AHa-
JUTUYECKH, B OOIIEM Cilydae, YpaBHEHHE MOJIEIH CTaTHYECKOTro O00BheKTa
UMEET BUJT HEIMHEHHON (PYHKIIMM MHOTHX TTEPEMEHHBIX:
y=flu) (2.4)
Bo MHOrmMX mpakTHYECKHX CiIydasx OOIIyI0 HEIMHEHHYIO (DYHKITHIO
(2.4) ynaercs mapaMeTpU30BaTh HEKOTOPHIM BEKTOPOM a , TOTJia 3Ta 3aBH-
CHMOCTb MPUHUMAET BU]T

y=fl(u,a), 2.5)
U 3a7a4a WICHTU(UKALIMU CBOJUTCS K OMPEACICHUIO HEU3BECTHBIX Tapa-
METPOB a. YacTHBIM cllyyaeM mapaMeTpUUECKUX Mojeneu [S7] aBasroTcs
MOJIEJIH, IMHEWHBIE OTHOCUTEIBHO OLICHUBAEMBIX ITAPAMETPOB:

y=4a,+ Zaifi(”)a (2.6)

rne f,(u) = f;(u,,u,,..u,) - 3aJaHHAs CUCTEMA BEKTOPHBIX JUHEHHO HE3a-

BUCUMBIX (DYHKITHMN.
Mopenplo CTaTUYECKOro JMHEHHOTO MHOTOMEPHOTO O0BEKTa C 7
BXOJaMU M M BBIXOJAMU SIBISETCS CHCTEMa JMHEWHBIX alreOpandecKux

YPaBHEHUM

2.7)

rac aij - HCU3BCCTHLIC ITapaMCTpPbl MOACIIN, IMMOJICKAIIHUC OIIPCIACIICHUIO.

B BekTopHOM dopme cructema (2.7) uMeeT BU
y=a,+Au, (2.8)
IZe ¥ U - BEKTOPa BXOAHBIX U BBIXOJHBIX BO3IEUCTBUN; a, U A - COOT-

BETCTBEHHO BEKTOp W MaTpulla KOd(PPHUIIMEHTOB MOJENH, MOAJIeKaIue

UJIeHTH(HUKAIIAH.
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Jlist Mozienel CTaTUYeCKUX OOBEKTOB YAaCTO MPUMEHSIOT Pa3JI0KEHUS
[0 OPTOTOHAJIBHBIM CeMEWCTBaM (PYHKIMW Ha 33laHHOM HWHTEpBaje Ha-
OJIf0ICHUS, TJI€ B KaueCTBE OPTOTOHAIBHBIX IMOJIMHOMOB, NMPUMEHSIOTCS
nonuHoMbl Dypwe, YebsliieBa, Jlareppa u np. [40, 57].

2.3 JIuHeiiHble TUHAMUYECKHE HellPepbIBHbIC IApAMETPUYECKHE MO-
neJIn

JIuneliHble TMHAMUYECKUE HEMPEPHIBHBIE MOJICTN B TEOPUHU YIIpaBJie-
HUS MOTYT OBITh 33JIaHbI B clieayronux ¢opmax [6, 18]:
a) O6bIkHOBeHHBIE AU PepeHITnaNbHbIC YPABHEHUS 1-TO TIOPSIIKA

d"y(1) d" 1y( 1)
a ————+a,_ +...+ta,y(t) =
d"u(t
_p D e, (2.9)
dt”
rie a;, bj, i=0,1l,.n; j=0,,.m- mapamerpbl MOAEIH, TMOJICKAIIUEC

uaeHTuukauuu. s OONbIIMHCTBA PEabHbIX (PU3UUYECKU PEaTu3yeMbIX
CHUCTEM YIIPaBJICHUA M < 7.

JIist onvcaHusi KOHKPETHOTO MEPEXOJIHOro mpouecca K auddepeHnu-
alTbHOMY ypaBHEHHIO (2.9) n00aBIsAIOTCA YCIOBUSI OJTHO3HAYHOCTU — Ha-
YaJIbHbBIE YCJIOBHUS, - 33JIa0IME 3HAYCHUS BBIXOIHON BETUYUHBI U ee 1 — |

IIPOM3BOJIHBIX B HYJIEBOM MOMEHT BPEMEHU dy ©) ,i=0,1,..n-1.
t'

0) IlepenaTounsie GyHKIUN

Ecnu x nuddepenmansHoMy ypaBHeHHUIO (2.9) 3a1aTh HyJIeBbIe Ha-
JaJlbHBIE YCJIOBHS, TO, NMPUMEHss IpeoOpa3oBanue Jlammaca, momxy4aror
NepeIaToOuHy0 (PYHKIUIO JTUHEHHOTO 00BEKTa B CICAYIONIEM BH/IE:

Zbipi

wipy=2P) =5 (2.10)
u(p) %a’pl

7l p - KOMIUIEKCHas IepeMeHHast — rnapameTtp npeobdpaszoBanus Jlamnaca.
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[Ipu onmcannu 0OBEKTOB, 00JIAIAFOIIMX TPAHCIIOPTHBIM 3aIta3/IbIBa-
HUEM 7, B oOleM ciyyae, nuddepeHiuanbHoe ypaBHeHue (2.9) npuHu-

MacT BU/:
d"y(t—1) d" 'yt -1)
a + a +...+a r—7)=
n dtn n-1 dtn_l Oy( )
d"u(t
=bm#n§)+...+bou(t), 2.11)

a repcaarouHast (I)YHKI_[I/IH, COOTBCTCTBCHHO, OIIPCACIIAACTCS BBIPAKCHUCM

Zbipi

wipy=2P) 0" e (2.12)
u(p) iaipi

B) YpaBHEHHs B IPOCTPAHCTBE COCTOSIHUI

JlunaMuueckue mpoieccsl, Hapsaay ¢ auddepeHImaibHbIM YpaBHEHU-
eM n-ro nopsaka (2.9), Takke MOKHO OMHCAaTh CHCTEMOM 7 OOBIKHOBCH-
HbIX UG PepeHIInATIBHBIX YPABHEHUN EPBOTO MOPSJIKA:

dv. n n )
Qi _ Zaifyj +Zbifuj’ i=12,..n. (2.13)
dt j=1 j=1

BBOI[H B OIIMCAHUC BCKTOP COCTOSIHUH CUCTCMBI, ITPpCACTABUM MOICJIb

B IIPOCTPAHCTBE COCTOSHUH B CIICIYIOMICH MaTpUIHOU (hopme:

% = A@W)x(t)+ BOu(t), x(ty)=xy, 121,

y(#) = C()x(t) + D()u(t),

rae x(¢) =[x1 @ x,@ .. x, (t)]T - BEKTOpP COCTOSIHHI pa3MEpPHOCTBIO

(2.14)

n; u(t):[ul(t) u,(t) .. um(t)] - BEKTOP BXOJOB Pa3MEpPHOCTBHIO 1;
y(t):[yl(t) v, () .. yp(t)]T - BEKTOP BBIXOJOB Pa3MEPHOCTHIO p;
A(t)— marpuiia JUHAMHUKH CUCTEMBI Pa3MEPHOCTBHIO [nxn]; B(t) — pac-
MpeJIeJINTEIbHAS MaTpHUIla Pa3MEPHOCTHIO [nx m]; C(¢) — BbIXO/IHAsI MaT-
putia (MaTpuiia HaOJMIOACHUN) Pa3MEPHOCTHIO [pxn]; D(t)— wmarpuia

«BXOJI-BBIXOJI» PA3MEPHOCTEIO | p X m].
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Haubomnee pacnpoctpaneHHONW (opMOil MaTeMaTUUECKONW MOJIENIH JIM-
HEWHOM IMHAMMUYECKON CHUCTEMBbI B IIPOCTPAHCTBE COCTOSIHUM SIBISAETCS
cUCTEMa ABYX BEKTOPHBIX ypaBHeHUU (2.14). IlepBoe ypaBHeHue - aud-
(depeHIranbHOe - 337a€T MOBEJICHUE CUCTEMBbl BO BPEMEHHU, BTOPOE - all-
reOpanyecKkoe — yCTAHABJIMBAET CBA3b BBIXOJHON BEIMYHMHBI C BEKTOPOM
COCTOSIHHM U CO BXOJIOM.

C y4yeTroM BO3JEUCTBHSI BHEIIHEW CPEJbl, IPU HAJIWYUUA BXOJHOW al-

JTUTUBHON ToMexu V(f) W morpemHocterl uaMmepenus: 77(¢) 6azoBas (op-

MYJIMPOBKa MOJICIIM UMCCT BHU:

% = A()x(0) + BOu@O) +V (Ow(0); - x(tg) = X3 £ 2 by;

y(t) = C()x(t) + D(@)u(t) + (1),
r7ie, IOMUMO PACCMOTPEHHBIX paHee 0003HAYEHUMN, TAK)KE MPUCYTCTBYIOT:

(2.15)

v(¢)— k-MepHBIA BEKTOpP CIy4YallHbIX BO3ACHCTBUU - momex; V(f) -
MaTpulla pa3MEPHOCTBIO [# X k], OMMUCHIBaIOIIAsi KaHAJ MPOXOXKICHUS MO-
Mexu; 77(¢)— p - MEpHBIM BEKTOP IIIYMOB U3MEPEHUS.

BosnelictBusa v(¢) u 7(f), Kak MpaBuiio, MOJArarTCsl TayCCOBCKUMH

CJIy4allHBIMU MPOIIECCAaMU B BUJIE O€JI0TO IIyMa.
PaccmotpenHas monens (2.15) MoxeT ObITh MpeACTaBi€HA CIEAYIO-
1IEW CTPYKTYPHOU CXEMOM B IIPOCTPAHCTBE COCTOSTHUM:
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lv( t)

Vi)
@ 7(t)
HT(E' s |—0%] 1 5N oo )
| |
: :
| |
S -~ D) ———— — — — |
Pucynoxk 2.1

CrpyKTypHas cxema JUHEWHOW TMHAMUYECKON CUCTEMBI B IPOCTPAHCTBE
COCTOSIHUM TPU YyUETE BO3ACHCTBUN BHEIIHEN CPEJIbI

I — MaTPUYHBINA UHTETPATOP

Ecnu matpuusr A(t), B(t),C(t), D(t) He 3aBUCSIT OT BPEMEHU £, TO CHUC-

TEMA HA3BIBACTCA CTaHHOHapHOﬁ.

Ecnu yacte BXOAHOTO BO3AEHCTBUS #(¢) TMPOMOPIUOHAIBHO MOCTYyMa-
€T Ha BBIXOJ| CUCTEeMBI, T.e. D(¢)# (0, To cucTeMa Ha3bIBa€TCS HECOOCT-
BeHHOU. B nuHamMuuecknx cucremax npakrudecku Beerga D(r) = 0. Takas

CHCTEMa Ha3bIBACTCSI COOCTBEHHOM UJIM CTPOT'O peau3yeMOH.

2.4 JInHeliHbIE AUHAMHAYCCKHUEC NTUCKPETHLIC IMMAaPpaMECTPUHICCKHUE MO/1€C-
JIN

JIuHEeHbIE NUHAMHUYECKUE AUCKPETHBIE MOJEIU MOTYT MPHUHUMATh
caenyrommu Buna [3, 11, 13, 26,42, 52, 72]:
a) OOBIKHOBEHHBIE PA3HOCTHBIE YpaBHEHUS
YHUBEpCATbHOU XapaKTEPUCTUKOMN I JUCKPETHBIX MOJIEIICH SIBJISET-
Cs Pa3HOCTHOE YPABHEHUE 1-TO MOPSAKA, TJ€ UCTOJIb3YETCA MOHATHE Pa3-
HOCTHU KaK aHaJ0ra MOHSITUIO TPOU3BOJIHON 1JIsI HEMPEPHIBHBIX MOJEIEH:
a,y(k)+ayk-1)+...+a, y(k—n)=
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=byu(k)+bu(k=1)+...+ b, u(k —m), (2.16)
rae y(k),u(k) - 3HaUCHMS BBIXOAHOW M BXOJHOW BEIUMYUH B k-bIii MOMEHT
BpeMeHu k =1,2...

0) AuckpeTtHble nepeaaTouHble PyHKINUN
[Ipumensiss omepaTop CABUMra BO BPEMEHM z, 3aJlaBa€Mblii COOTHO-
menueM y(k+i)=z'y(k) XK KOHEUHO-Pa3HOCTHOMY ypaBHeHHUIO (2.16),
MOJIY4aloT ONepaToOpHyo GopMy TUCKPETHOM MOJIEIIH:
(ay+a,z” +..a,z")y(k)=(by +bz" +....b, z " u(k), (2.17)
N3 (2.17) npu Hyn€eBbIX HaYaJIbHBIX YCIOBHUSAX MOMXHO MOJYYUTh JIUC-

KPETHYIO MEpeNaToyHyr0 (DYHKIUIO JIMHEHHOW CHUCTEMBI, MPEICTaBIISIO-

H_IYIO OTHOILICHUC Z-H306pa)K€HI/Iﬁ CHUT'HAJIa Ha BXOJAC K CHI‘HaJ'Iy Ha BBIXO-
JcC:
-1 —-m
z) by+bz +..b z
y( ) — 0 1 m , (218)

u(z) ag+az' +..az

W(z)=

r7e, Kak U JUIsl IepeAaTouyHoN (DyHKIIMU HEMPEPHIBHOM CUCTEMBI, OOBIYHO
JIOJI’KHO BBITIOJIHATHCS YCIIOBHE 11 = 1 .
[IpuMensieTcst 3anuck nepeaaTouHor (GyHKIMK B MAaTpUIHOU hopme

W(z)= iﬁ ; ]

(2.19)

e Az)=>az", Bz")=>bz".
i=0 i=0

VYuer 3ama3apiBaHus B 00BEKTE yHpPaBICHUS MIPHUBOJNUT K TOSBICHHIO
3aJICP’KKH B YIIPABISAIONIEM CUTHAJC Ha d TMEPHOJIOB KBAHTOBAHUS B Pa3-
HOCTHBIX YPaBHCHHSIX

a,y(k)+ay(k-1)+..+a,y(k—n)=
=bu(k—d)+bu(k—d-1)...+b u(k—d—m) (2.20)

U B MIepeaTOUYHbBIX (QYHKIUSIX

@) _BE
W(z)= o)~ A 2.21)

B) YpaBHEHHUS B IPOCTPAHCTBE COCTOSTHUI
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Wcnonb3ys 1isi onucaHusl AMHAMUKUA JTUCKPETHOTO 00BEKTa AUCKPET-
HBIE TIEPEMEHHBIE COCTOSHUS, 00PA3YIOIIUE 7 - MEPHBINA BEKTOP COCTOSIHUS

x(k) = [x1 (k) x,(k) ... x, (k)]T, MOJy4aroT ONrcaHue OOBEKTa B IPO-
CTPaHCTBE COCTOSTHUM B CEAYIOIIECH BEKTOPHO-MaTPUIHOM hopMme:
xlk+1]= Alk]x[k]+ Blklulk];, x[ky]1=x,; k=ky;
yIk]= ClkIx[k]+ Dl kJulk]
rne u[k]le R",y[k]e R?, marpuuwmt A[k], B[k],C[k],D[k] umeroT pa3-

mepHocTH [nxn), [nxm], [pxn] n [pxm] coorBercrrenno.

(2.22)

CrpykTypHOE TIpeacTaBieHue MoAenu (2.22) npuBeICHO HA PUCYHKE
2.2.

u(k) x(k+1) x(k) y(k)

—l—- Blk] z™ Clk) —»(%“—»

A

|
|
| Alk]
|
|

- — WDk —— — — — — _J

Pucynok 2.2
JluckpeTtHast MoJielb 00bEKTa B IPOCTPAHCTBE COCTOSTHUN

0) ABTOpPErpeCCUOHHbBIC MOJICNIU CO CKOJIB3SIIUM CPETHUM

[Ipn aHanm3e CTOXaCTUYECKHX CHCTEM HMCXOJHBIC JTaHHBIC SBIISIOTCS
pe3yJibTaToM IU(POBOM 00pabOTKH OTACNIBHBIX peaau3aluii Cay4aitHOTro
nporiecca. B cOOTBETCTBHMU ¢ ATUM, B COBPEMEHHON TEOPUH HHU(PPOBBIX
CUCTEM MOJIYYUJIU IIUPOKOE pacrpocTpaHEeHHE MUPOBBIC MapameTpuye-
CKHE CTOXaCTUYECKUE MOJIEIM aBTOPErPECCHM U CKOJIB3SIIETO CPEIHETO
(APCC-Momenm). DT MOAENH WCIOIB3YIOTCS I U3YUYEHUS BPEMEHHBIX
PAZIOB, ONPEACIICHHUS CTATUCTHYECKHUX XapPaKTEPUCTHK 3THX PSJIOB U IIIH-
POKO MPUMEHSIIOTCS B YIIPABICHUH, YdKOHOMHUKE, TIPH 00pabOTKE 3BYKOBBIX
curHaios [4, 12, 15, 28, 53]. OHu 10CTaTOYHO MPOCTHI, YJIOOHBI B PUME-
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HEHUHU U OOBIYHO COJEpX AT HEOONBIIOE YUCIO MapaMeTpoB, HEOOXOIU-
MBIX JIJIsI IPOLIEAYPhI OLICHUBAHMUS.

IIpu ucnonszoBannu APCC-monened mpeanonararoT, 4TO CUCTEMA
MOJIBEP>KEHA BIIMSIHUIO BHEUIHUX MOMEX Tuma Oenoro myma e(k), IeucT-
BHUE KOTOPBIX MOKHO OTOOPA3UTh aJAUTUBHOMN CIIy4allHON COCTaBIISIONIEH
BeIxoAHOro curHaiga y(k), COOTBETCTBYIOLIEH INPOXOKIAEHHUIO OEI0ro
myma dYepe3 (WIBTp ¢ HEKOTOpOW TMepenaToyHor  (GyHKIueH
D(z™") [

w, (z)= 1 25, 26, 27, 49]. CtpykTypHas cxema TaKOu MOJEIA MO-
Cc(z™)
JKeT OBITh MPEeJICTaBJICHA B CIIeAyIoIIeH popme:
e(k) D(z™)
o =/
C(z™)
u(k) y | BE) (k)
— | 4@
Pucynoxk 2.3

CrpykTypHas cxema MOJIHON MOJIeNIN JUCKPETHOTO 00bEKTa YIPABICHUS

PucyHnok 2.3 oTBe4aeT MOJIHON MOJEINU JUCKPETHOrO OObEKTa yIpaB-
JICHUA C 3ama3JblIBAHUEM C YYETOM ITyMa U3MEPEHUM, KOTOPOH COOTBETCT-
BYET CJIeAYIoIas CHMBOJIbHAs dopma:

Bz _
(—_I)Z () +——"e(2). (2.23)
A(z™) C(z™)

[Ipu pemennu 3a7a4u UICHTU(PUKALIMU B TAKOW OCTAHOBKE HapsAy C

y(2)= o)

-1 -1
napamerpamu o0bekta A(z ), B(z ) omnpeneneHUI0 TaKXe IOJIekKaT
napameTpbl Mojenu ¢uasTpa nomexu C(z™'),D(z”') (ero mepenaTouHoit

GyHKIMM), 4TO 3a4aCTyI0 MPUBOJUT K CJIIOKHOCTSIM BBIYUCIUTEIHHOTO Xa-
paktepa. [loaToMy 4acTo B nmpakTUKe UACHTU(DUKAIIMKM UCTIONB3YIOT OoJiee
MPOCTYIO YCEUCHHYIO MOjJeNb (PuibTpa, B KOTOPOM B KauecTBE KaHala
MPOXOXKACHUSI TMOMEX MCHOJB3YETCsl 3BEHO C MepeNaToyHoOu (yHKIUeH
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. Takoe ympoleHre Mmo3BoisieT YMEHBIIUTh Pa3-

Az Az
MEPHOCTh 33J]a4d, U TEM CaMbIM YIPOCTUTh METOJAMKY €€ pemieHus. B
3TOM CJIy4ae yCeUeHHasi MOJEIb JIJIl OJJHOMEPHOTO CTOXaCTUYECKOTO 00b-
eKkTa 0e3 3ama3aplBaHus C mepeaaToyHor (yHKumen QuiabTpa, paBHOMN
D(z ™)

, IMECT BU:
A(z™)

Az Y y(2) = B(z Hu(z) + D(z He(2) (2.24)
WM B pa3BepHYTOH (popme 3amucu
a,y(k)+ay(k—-1)+....... a,y(k—n)=byu(k)+bu(k—1)+
+..+bu(k —m)+e(k)+delk—1)+...+d ek - p), (2.25)
e p- 4MCJIO OLICHMBAEMBbIX MapaMETPOB IIyMma; e(k)- AUCKPETHBIC 3Ha-

YeHMs Mpolecca TUma OelIoro IyMa ¢ €IUHMYHON Aucriepcued B A-bii
MOMEHT BPEMEHH.

[Ipu ucnonp30BaHUU B KayecTBe (UIbTpa MOMEXHM 3BEHA C Tepesa-

1_1 , nonydaerca APCC-mMoenb clienyromero Buaa:
z

TOYHOU (PYHKITHEH

Az Y9(2) =Bz Hu(z) +e(z2) (2.26)
WJIN
a,y(k)+ayk-1)+..+a, ylk—n)=
= byu(k) +bu(k —1)+...+ b, u(k —m) + e(k). (2.27)
YactaeiMu cnydasimu APCC-mogneneit (2.26), (2.27) aBasitoTcs clie-
TyroITue:
npu m =0 umeem Mojieab apToperpeccuu (AP):
a,y(k)+a,y(k-1)+....... a,y(k—n)=byu(k)+e(k) (2.28)
WIH
Az Y(2) = bu(z) + e(2). (2.29)
[Ipu n =0 nomydaercst Mmoaeib ckonb3diiero cpeanero (CC):
a,y(k) =byu(k)+bu(k —1)........ b, u(k —m)+e(k) (2.30)
WIn
ay(z) = B(z Hu(z) +e(z). (2.31)
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OtmeTuM, 4TO KU(POBBIE MOJIETN aBTOPETPECCHH TAKKE HCIOJIb3Y-
I0TCS JUISI MOJACIIMPOBAHUS TIOMEXHU MPU MTPeoOpa3oBaHUU TOCIE0BATEIb-
HOCTH THUTa 0eJoro mryma B ClydalHbIe MMOCIEeI0BAaTEIbHOCTH C 3aJaHHbBI-
MU XapakTtepucTtukamu. B oOmiem ciyuae, Oepsi 3a OCHOBY ypaBHEHHE
(2.23), nonyuarotr APCC - MozeInb cily4ailHbIX IOMEX B U3MEPEHUSX:

-1
wz)=W, (z De(z) = ﬁ_l)e
C(z)

rae e(z) - Oenblil yM ¢ €IUHUYHON Aucnepcueit; v(z) - KoppelaupoBaH-

(2), (2.32)

HBIN (IIBETHOI) Ty M.
N3 (2.32) no ananorum (2.28) - (2.31) MoryT OBITh MOTYYEHBI YACT-
Hble citydan AP — wnn CC — mozenen momex B U3MEPEHHUSIX.

2.5 HeqivHelHbIe JUHAMUYECKHE MOIEJIH

Knacc HeIMHEWHBIX NMHAMHAYECKUX CHCTEM MO CPABHEHUIO C JIMHEWU-
HBIMH 3HAYUTEIBHO ITUpPE, T.K. B 3TUX CHUCTEMaX MPOTEKAIOT MHOT000pa3-
HbIC SIBJICHUA W TMPOIECCHI, HEXAPAKTECPHBIC JJId JIMHEWHBIX CHUCTEM.
BcenencrBue 3TOro [ist OnrcaHus TaKUX CUCTEM CTAHOBUTCA HENPUMEHUM
MaTEMATUYECKAM amnmapar TEOpUU JIMHEMHbIX cucteM. [loatomy mpu pe-
IICHUM 33J1a4¥ MOJYYCHUS MATEMATUYECKUX MOJEIIEH HEJIUHEUHBIX CHC-
TEM HCIOJB3YIOTCS CIECAYIOIIME JIBA OCHOBHBIX noaxojaa [64]. OauH noa-
X0/ 3aKJII0YACTCS B IMOIYYCHUH MPHUOIMKEHHOTO MAaTEMAaTHYECKOI'O OITH-
CaHUs JIMHEAPU30BAHHOM MOJIEJIM, B OINPEIACICHHOM CMBICIIE SKBHUBAJICHT-
HOM MCXOJAHOW HEJIMHEMHOM MOJEH, C MOMOIIBbI0 METOHOB JIMHEApU3a-
IIUM: TApMOHUYECKOM, CTAaTUCTUYECKOM, MajbIX IpupaimieHuii. Haunbonee
IMPUMEHUM TaKOM MOAXOJ IS O0OBEKTOB, MMEIOIINX TJIAJKHE XapaKTepH-
CTHKH, B TIPOIECCOB, IMIPOTEKAIOMKX IIPH HEOOJBINX OTKIOHCHHUSIX B BO3-
MYIIEHHSIX OTHOCUTEILHO HOMHHAIBHBIX PEXKUMOB (DYHKITMOHUPOBAHHMS.

[Ipu BTOpOM MOJX0J/I€ MaTEMATUYECKAasA MOJICJIb PACCMATPUBACTCA KaK
CYIIECTBEHHO HeJMHEiHas. B 3ToMm ciaydae Hanbojee pacnpocTpaHCHHBI-
MM BUJIAMHU MOJICJIEH SIBJISIFOTCA CJICAYIOIIHUE.

a) Henunerinbie nuddepeHnuanbHbie ypaBHEHUS.
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JIJ1s1 HempephIBHOTO OAHOMEPHOTO OOBEKTA YIPABICHUS CBSI3b MEKIY
BXOJIHBIM M BBIXOJHBIM CHUTHAJaMH 3aIMCHIBAECTCS, B OOIEM BHUJIE, HESIB-
HBIM BBIPAKCHUEM

Fy, 3, ¥y it di,c.o.t™) = 0, (2.33)
rae F' - HEKOTOpBI HEeMUHENHBIN orneparop (n+m+1) apryMeHnTa, KOTo-

phIil Tpedyercs uaeHTuduuupoBatb. Ecam BO3MOXKHO, TO IPOBOJIUTCA Ta-
pameTrpu3anus HenuHeHHoN Mozenu (2.33) Ha OCHOBE CTPYKTYpPUPOBaHUS
F' ¢ BBEIeHUEM HEKOTOPOIO BEKTOpa IMapamMeTpoB f3.:

F(, Ve sttty t™, By, By 3,) =0, (2.34)
rae B.,i=1..] - napaMeTpsl MOJIENH.

B sTom cnyuae 3amavya uaeHTHU(UKAIIMU CBOJIUTCA K OMPEICICHHUIO
orepaTopa F' M K OLICHUBAHUIO €ro BEKTOpa napameTpoB f,,i=1..1.

JIns HEMMHEHHOTO0 AUCKPETHOTO O00BEKTa CTPOSATCS aHAJIOTUYHBIC He-
JMHEWHBIC Pa3HOCTHBIC YPAaBHCHUS.

0)Mopenu ["'ammepiTeiiHa.

Takue mopenn HEMMHEWHBIX HWHEPIHOHHBIX OOBEKTOB CTPOSTCS B
MPEANOI0KEHUN, YTO HEIUHEHHOCTh WU MHEPIIMOHHOCTH OOBEKTa MOIKHO
pa3ACIuTh U MPEICTAaBUTh OOBEKT B BHUJIC TOCIEAOBATSILHON KOMOWHAITUN
JBYX 3BEHBEB: HEIMHEHHOTO OE3BIHEPIIMOHOTO M JTUHAMUYECKOTO JIMHEH-
HOTO. Mosienn «BXOJI-BBIXOI» IS TaKHMX OOBEKTOB B OJHOMEPHOM CTa-
IIMOHAPHOM CJIy4ae MOTYT UMETh JBa BapraHTa OIMUCAHUS:

0

y(1) = [w(@)Flu(t—7)ldz (2.35)

0
nJIn

o0

y()=F| [w(t)u(t —7)dz (2.36)

0
rae w(t) - uMmysbcHas nepexoaHas (yHKIUSl JIMHEHHOTO 3BeHa; F(u) -
CTaTUYECKasA XapAKTEPUCTUKA HEJTMHEMHOTO 3BEHA.

CtpykTypHOE TIpeACTaBiIeHUE MojeNeld 00beKTa sl KaKIOro U3 Ba-
PHUAHTOB ONMCAHUS MPUBEICHO HA PUCYHKE 2.4.
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F W

u HenuHelHoe Fru) | JuHammnyeckoe ¥
— L -
3BEHO 3BEHO
a

W £
u AuHamuyeckoe [w*u | Henumerinoe ¥
—_— - -
3BEHO 3BEHO
0
Pucynok 2.4.

CrpyktypHas cxema Mojienu ['ammepiitelina npu onvcanuu Bujaa (2.35) —(a)
u Buzaa (2.36) —(0).

B) Paznoxenue BonbTeppa.
IIpu nanHHOM crioco0e ONMMCaHMsl 3aBUCHMOCTb MEXIY BXOJIOM u(f) U

BBIXOJIOM (%) mpeacraBigeTcs psiaom [17, 41]
t tt
() = [w(@u(t —2)de + [ [wy(z,, 7))ult — v u(t - 7,)drdr, +..., (2.37)
0 00

rae w,(7),w,(7,,7,),w;(7,,7,,7;) - 0000LIEHHBIE BECOBBIE QYHKIUU (-

pa) i — ro nopsiaka. Taxoit psana (2.37) Hocut Ha3BaHue psga Bombreppa.
Paznosxenue B psii BonbTeppa gBisieTCss HEMOCPEACTBEHHBIM 000011IEHEM
JUHEWHON Mojieu B hopMe MHTErpaia CBEpTKH Ha HEJTMHEHHBIE OOBEKTHI.
3agava uaeHTU(PUKAIIMNA TIPU 3TOM COCTOUT B OMpeeIeHUH 0000IEHHBIX
BECOBBIX QYHKUUHN W, (t,1,,...t;), i =1,2,.... ]I HECTALMOHAPHOI'O OOBEKTA

anpa Oy1yT 3aBUCETH OT .
r) Onucanue B MPOCTPAHCTBE COCTOSTHUM.
B o0miem ciyuae, ypaBHEHUS! COCTOSIHUS ISl KOHEYHOMEPHBIX HEmpe-

PBIBHBIX CUCTCM 3aIIMCBIBAIOTCS B CIICAYIOIICM BHUIC!

dx : =X, ;
= FEOu@.0; (1) = %03 121 (2.38)

y(8) = g(x(0),u(?),1).
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[lepBoe ypaBHEHHE — YPAaBHEHUE COCTOSIHUS - ONKUCHIBAET U3MEHEHUE
COCTOSIHUSI CUCTEMbI BO BPEMEHH B 3aBUCUMOCTH OT HAYaJbHOI'O YCIIOBHS
B MOMEHT BPEMEHU #, ¥ BXOJAHOI'0 BO3IeUCTBUA u(f). Bropoe ypaBHeHue —
ypaBHEHUE BBIXOJIA - YCTAHABIMBAET CBSI3b MEXKY TEKYIIIMMHU 3HAYCHUSIMU
COCTOSIHUS U BX0J1a, C OJTHOM CTOPOHBI — M BBIXoJa V(¢) - ¢ APYTOHu.

B ob6mem cimydae B ypaBHeHMsIX (2.38) ompeaesieHUIO MOAJIekKAT He-
nuHenHble QyHKIuK f 1 g . [Ipyr BO3MOXKHOCTH UX MapaMeTpU3alui HEKO-
TOPBHIM BEKTOPOM MapaMeTpoB [F, ONUCAHUE CUCTEMbI TPUHUMAET BUI:

% = GO0, Bot); X(y) = x5 £ 2 1o;
W(0) = g(x(O).u(t), 1),

Y OTPE/ICTICHUIO TIOIJICKUT BEKTOP HEM3BECTHBIX MapaMeTpoB [ .

(2.39)

VYpaBHEHHS MPOCTPAHCTBA COCTOSIHUM NJI1 AUCKPETHBIX HEITMHEUHBIX
OOBEKTOB MpHU MNapaMeTpu3alUd HEIMHEHHBIX (YHKIUNH BEKTOpOM [3

HMCIOT BHU;
x(k+1) = f(x(k),u(k),B,k); x(ky)=xy; k 2 ky;
(k) = g(x(k),u(k), k).

[IpencraBieHre B MPOCTPAHCTBE COCTOSHUN OCOOEHHO YJIOOHO IS

(2.40)

MHOTOMEPHBIX O00BEKTOB. JIJIsi HECTAllMOHAPHBIX OOBEKTOB HEOOXOIUMO

BBECTH 3aBUCUMOCTb BEKTOpa [ OT BPEMEHHU.

3 MeToabl HenmapaMeTPUYeCKON MICHTU(PUKALNY JUHEHHBIX JeTep-
MHUHHUPOBAHHBIX 00bEKTOB

bespaznuuno, 6ydewn 1u movi Habr00ams yeno-
BEUECKYI0 JHCU3Hb 8 MeueHue COpoKa Jiem Uil
Jrce Oecsamu moicad em. Moo umo yguouutb mol
H08020?

Mapk Aepenuii

3.1 O01mmii moaxo K MeToAaM HelapaMeTPU4ecKOd HaeHTupuKau
Paccmotrpum meToabl HemapameTpuueckod uaeHtudukamuu [9, 10,
19, 60, 61, 64], ocCHOBaHHBIE Ha PKCIECPUMEHTAIIBHOM OMNPEACICHUHN Yac-
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TOTHBIX Y BPEMEHHBIX XapaKTEPUCTUK CTAIIMOHAPHBIX JIMHEHHBIX TUHAMU-
YECKUX CUCTeM. Takue crnocoObl TPEOYIOT 0C000 «UUCTHIX» YCIOBUM KC-
NepuMeHTa (HU3KOTO YPOBHS MOMEX ), JTUOO 3HAUUTEILHOIO BPEMEHHU IKC-
MEPUMEHTHUPOBAHUS C CUCTEMOM, a TaK)Ke CIIeIIMaIbHBIX BXOJHBIX BO3JIEH-
CTBUI. DTHU METOJbI SABJISIOTCS METOJAMHM AaKTUBHON HMACHTU(DUKAIIUU U
no3TOMY Majio3((PEKTUBHBI B PEKUME HOPMAIBHOTO ()YHKIIMOHUPOBAHUS
00BbEKTa WM B 3aMKHYTOM KOHTYype. KpoMe Toro, CBOMCTBOM JTMHEUHOCTH
U CTAIlMOHAPHOCTH 00JaJaloT JIMIIL HEMHOTrHe oOBbeKThl. IlorToMy maH-
HbIE METOJIbl UCIIOJIB3YIOTCS, B OCHOBHOM, ISl UJICHTU(UKALIMU JTUHAMU-
YECKUX OOBEKTOB B OKPECTHOCTSIX HEKOTOPBIX CTAIMOHAPHBIX HEBO3MY-
IIEHHBIX COCTOSIHUM - WACHTU(UKAIUMI B «MajoM». B COOTBETCTBUHU C
ATUM Jiajiee MPEeIoaaracTcs, YTo CBsA3b MEXKy BXOAHBIMU U BBIXOJHBIMHU
MEPEMEHHBIMU OOBEKTA 3aJ1a€TCsl JIMHEHHBIM YpaBHEHUEM, MPU ITOM BbI-
XOJIHasl MEepEeMEHHAass U3MEHSIETCS] TOJIBKO MOJ BO3JCHCTBHEM HaOJIIOJae-
MBIX BXOJIHBIX CUTHAJIOB, a KaKHUe-TUOO HEHAOI01aeMble TTOMEXU OTCYT-
CTBYIOT, WJIM UX BIUSHUEM MOKHO MPEHEOPEUb.

YpaBHEHUS CBSI3U MEXIY BBIXOJHBIMU W BXOJHBIMU TMEPEMEHHBIMU
MOTYT OBbITh 3alKcaHbl B pa3iu4HbIX Gopmax. [Ipu maentudukanumu o0b-
€KTOB BO BPEMEHHOU 00y1acTH HamOoJiee yHUBEPCAIbHBIMU (hOpMaMU SB-
nsitoTes nuddepeHinuanbabie ypaBHeHus (2.9) U nepenatounbie GyHKIUU
(2.10). Taxxke MUPOKO UCTIONIB3YyETCsl UHTErpast cBepTku (2.3). [Tpu uaen-
TAUPUKAIMA B YaCTOTHOM 00JaCTH MCIOIB3YIOTCS YACTOTHBIE XapaKTEpH-
CTUKM B pa3nuyHbIX (opMax: aMIUIUTYJIHO-(Da30BbIe, aMILUIUTYIHO-
4aCTOTHBIE, (Da30-4aCTOTHBIE U JPYTHUE.

JI1st mosiy4eHusi TOCTOBEPHBIX PE3yIbTATOB MPU UCIIOIB30BAHUM MeE-
TOJOB HEMAPAMETPUUYECKON HACHTU(DUKAIIMU HEOOXOIUM PEXKUM aKTUB-
HOW uJeHTU(UKaLUM, T.€. TpeOyeTcs IojJaBaTh Ha BXOJ OOBEKTa CIICI-
aIbHO C(HOPMHUPOBAHHBIC TECTOBBIC BO3/IeHCTBUA. IMeeTcs: 0OIbIION BbI-
OOp TECTOBBIX CUTHANOB. UTOOBI MpaBWIbHO MOAOOpPATH ONTUMAILHBIN
TECTOBBI CHUT'HAJ, OOECIeYMBAIOIIMN IOJydyeHue TpeOyemoil mHdpopMa-
MU C 33IaHHOM TOYHOCTBHIO 32 MUHUMAJIbHOE BpEMsi, HEOOXOIUMO 00JIa-
JaTh JIOCTaTOYHOW anpuopHod uHpopmanueil o cucreme. Beibop Buia
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BXOJIHOTO CHTHajJa HCCIEAYEeTCs B 3aJadyax MO ONTHUMHU3ALMU METOJ0B
IJJAHUPOBAHUS DKCIIEPUMEHTOB [45, 46].

[Ipu onucanun oOBEKTa BO BPEMEHHON 00acTH yJ0OHO HCIOJIB30-
BaTh HEMEPHUOJUYECKUE - UMITYJILCHBIE, CTYIIEHYAThIE U JPYTUE TECTOBbBIE
CUTHaJIbl, & B YaCTOTHOM — COOTBETCTBEHHO, MEPUOANYECKUE - CUHYCOU-
JaibHbIe, KOCUHYCOUIAJIbHBIE CUTHAJIBI.

3.2 UpenTuduKanms ¢ UCIMOJIb30BAHHEM MEPEXOIHbIX XaPAKTEPUCTHK
[IIupokoe pacnpocTpaHEHHE MOJYYHWIN METOJbl UACHTU(PUKALINY Je-
TEPMUHHUPOBAHHBIX OOBEKTOB MYTEM OMNMPEACIICHUS AHAIIUTUYECKOTO BbI-

paKEHHS MEPEXOTHON XapaKTEPUCTUKH /1(f) IO IKCIIEPUMEHTAIBHO I10-

Jy4YEHHON peakIuu OO0bEKTa MPH CTYNEHYATOM M3MEHEHUHU YIPaBIISIOIIC-
0 BO3JICHCTBUS HA BXOJIE

u(t) =cl(t), (3.1)
rae 1(z)- GpyHKIua eTMHUYHOTO CKayKa:

1(t) =0,¢<0;

1(t)=1,t>0, (3.2)

¢ — UHTEHCUBHOCTb CUTHAJIA.

B peanbHBIX YCIOBUSIX 4acTO HAOMIOJAIOTCS CUTHAJBI yIpaBICHUS U
PEaKIMU CUCTEM, SBJISIONIMECS peaTn3alreil HEeKOTOPOTO YaCTHOIO pellie-
HUS TIPU ONIPEICIICHHOM BXOJHOM cUTHaje. B manpHeleM, anmpoKCuMuU-
POBaB aHAJIUTHUYECKUM BBIPAKEHUEM IOJYUCHHBIE peaTu3aliu, MOKHO
nocTpouth AuddepeHInaIbHOE ypaBHEHUE 3aJaHHON CTPYKTYpHI, Mepe-
JTATOYHYIO0 (PYHKIIMIO UM YaCTOTHYIO XapaKTEPUCTUKY OOBEKTa.

OpnuM u3 Haubosiee MPUMEHSIEMBIX CIIOCOOO0B orpeeneHus Koahdu-
IIUEHTOB AudPepeHINaNbHOTO YpaBHEHUS (WM MapaMeTpoB IMepeaaTou-
HON (DYHKITUY WJIM YACTOTHOM XapaKTEPUCTHUKH OOBEKTA) SBIISIETCS METOI,
OCHOBaHHBIN Ha aNMpOKCUMAIIMH SKCIIEPUMEHTAIBHO MOTYYEeHHON (yHK-
un /1(¢) permennem nmHeiHOrO MrddepeHInanbHOr0 ypaBHEHUS

n n—1
0, 4

a, ——— —+ ...+ a 1) =
n dt n—1 dfn_l Oy()
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d"u(t)
m
dt"
C IIOCTOAHHBIMU KOB(l)(l)I/IHI/IeHTaMI/I )41 HyJIeBBIMI/I HaYaJIbHBIMHU yCJ'IOBI/IﬂMI/I,

=b + ...+ byu(t) (3.3)

r7€ BXOJHOE BO3JCHCTBUE u(?) 3a/laeTCsl B BUJE €IUHUYHON CTyNEeHYATON
GyHKLIMH.

DaKTUYECKH, peAIbHBIE CUCTEMbI XapaKTEPU3YIOTCS MPOCTPAHCTBEH-
HON MNPOTSHKEHHOCTBIO C XapaKTEPUCTUKAMM, PACIPE/ICIEHHBIMU B MPO-
CTPaHCTBE, TO €CTh SIBJSIOTCA OOBEKTaMHU C pacrpeieIEHHbIMU MapaMeT-

pamu. CieoBaTelIbHO, TOUHAS ammpoKkcuManus /(¢) sl Takux 00bEeKTOB
pemieHreM ypaBHeHHs (3.3) BO3MOXKHA JIMIIL OpU #,M —> o0 . B 3TOM

cillydyae TOYHOE pelieHue ypaBHeHus (3.3) ompezensieTcsi CyMMoil 0ecko-

—a;t
HCYHOI'0 YMCJjia S3KCIIOHCHIHAJIBHBIX COCTABJIAIOIIUX THUIIA C;€ B VI (& Ci
- IIPOU3BOJIBHBIC IIOCTOAHHBIC, (- BCIICCTBCHHBLIC HJIN KOMIIJICKCHBIC

yucia. Ou3ndecku, pacupeneEéHHOCTh apaMeTpoB O00BEKTa MPOSBISACT-
Csl, B IIEJIOM, B MEJIJICHHOM M3MEHEHUH (QDYHKUMM /(¢) B HaYaJIbHBIA MO-

-t
MEHT BpeMmeHHU ¢. [ToaTomMy OOJbIIOE YKMCIIO COCTABIAIONIMX THUNA C,€

HEOOXO0IUMO TS alllpPOKCUMAIIMH JIMIIb HadaiabHOTro y4actka /(t). Ilpu

OOJBIINX BPEMEHAX ! C YBEJIMYEHUEM HOMEpPA I COCTABIIAIOUIUX PEIICHUS
MOJIyJIb SKCIIOHEHTEI || CTpPeMHTCS K OECKOHEUHOCTH, M 9TH COCTABIISIO-

IIKe HEe OKa3bIBAIOT 3aMETHOIO AcicTBus Ha /(). B aTOM caydyae Hadajb-

HBIA y4aCTOK MO>HO alIIPOKCUMHUPOBATH BBEACHUEM YMCTOTO 3ara3/ibIBa-
HUSL.

Jlns onrcanus nepexoAHbIX (QYHKIMM 00OBEKTOB Pa3HbIX KJIACCOB pa3-
paboTaHbl COOTBETCTBYIOIINE METO/IBI.

Jlns nepexoaHbix (YHKIUNA, UMEIOMMX TJAJKUKA HEKOJeOaTeIbHbIN
XapakTep, MPUMEHSIETCS MOAXOJ, 3aKIIOYAOMINNCS B ITOCIEI0BATEIIBHOM
NPUOINAKEHUHN SKCIIEPUMEHTAIBHON MEPEXOTHON XapaKTEPUCTUKU pelie-
HUeM TU(dEepeHIIMaTBHOTO YPaBHEHUS TIOPSIAKA 1 C MIPABOM YaCThIO TUMA
«ctynenyaras GyHkius» [8, 50]:

h(t)y=cy—> ce ™, (3.4)
i1
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rae ¢, = h(o) = h(t,,, ). Narepsan [0,¢

% ¥ KOH

] COOTBETCTBYET OTPE3KY BpeMe-

KOH
HU, Ha KOTOPOM 3aJIaHa SKCIIEpUMEHTANIbHAST (PYHKIIMS.
[TapameTpsl pemieHust ¢; U ¢, ABJISIFOTCS BEIIECTBEHHBIMHM YUCIIAMM.

Ha mepBoM sTame XxapakTepucTuka /() ammpoKCUMHUPYETCS pelICHHEM

v -yt
BHCHUS TIEPBOTO TOPSIK HKIHCH JIeI0BAaTEILHO, BbI-
aBHE €pBOI0 II0 ac KIIUEeH C € ', CIIeOBATENbHO,
MOJIHSIETCS] TPUOIMIKEHHOE PABEHCTBO:
~ —a,t
h(t)=c,—ce "". (3.5)

Jlasee BBOJMTCS BCriomMoraTenbHas dynkuus h, (1) = c, — h(t) = c,e ",

npoJsiorapuMUpPOBaB MOJYJb KOTOPOH, MOJIyYarOT JIMHEHHYIO 3aBHCHU-
MOCTb ln‘h1 (l‘)‘ =Inc, —a,t, OTKyaa HaXOIAT HEM3BECTHBIC MapaMeTPhI
nepexoaHON QYHKIMH ¢, U .

Ecnu anmpokcumanus sIBJISIETCS HEYIOBICTBOPUTEIBHON, TO JJIS Ha-

XOXKACHUA TapaMeTpoOB C,,, BBOAUTCA BTOPAA COCTABJIANOIIAs PCHICHUS

—a,t
(3.4) c,e€ “ , nocJje 4ero dbopmupyercs byHKIUA

oyt . —at o
h()=h(t)—ce ™ Zce ™, Ha OCHOBE KOTOPOM BBIYMCIIAIOTCS HCKOMBIE
koaddunmentel. IIporecc ammpokcumaruu /(f) mpekpamaercs TOrja,
korma dyskiwst £, () = 0 ¢ TounocTeio 2-5% OyaeT COBMaaaTh C BEIH-

YuHOU h(t, ). 3HAKM NEPEMEHHBIX UHTETPUPOBAHUS 3aBUCAT OT 3HAKOB

KOH

COOTBETCTBYIOIMX (QYyHKIMHA A (¢) [50]. g nomydeHus ynoBIETBOPH-

TEJbHBIX PE3YJIbTATOB UJAECHTU(UKAIIUU MPHU UCIOIB30BAaHUM METOMAA JIO-
rapu()MUPOBAHHAA HEOOXOAMMO, YTOOBI IOKA3ATEIN JKCIIOHEHT ¢, CyIIe-

CTBEHHO Pa3IMYAINCh MEXAY coOoil. JKematenpbHO, YTOOBI KaXKABIA I10-
CIEAYOINN KOPEHb OTIUYAJICS OT MPEABIAYIIErO B MOJITOPA - BA pa3a |8,
60].

JIJ1st OThICKaHUSI AaHAIUTUYECKUX BBIPAKECHUHN NepeaaTOUHbIX (QYyHKIIUI
Ha OCHOBE JKCIIEPUMEHTAJIBbHO IOJYYEHHBIX MEPEXOAHBIX XAPAKTEPUCTUK
B MHXKEHEPHBIX pacueTax MpUMEHsIoTcs rpaduyeckue metoasl [19, 56].

3HaYeHWE BPEMEHM TPAHCIOPTHOrO 3ama3/blBaHUs 7 OIPEIeNIeTCs
KaK MHTEPBAJl BPEMEHU MEXIY MOMEHTOM M3MEHEHUsI BXOJIHOTO CHTHajia
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1 HayajoM M3MCHEHHS BBIXOAHOW BeIWUMHEL. Jlanee 1as oObekTa, 00Jja-
JAIOIIETO TPAHCIIOPTHBIM 3aIa3bIBaHuEM, MepeaaTouHas GyHKIHUSI Ompe-

JeJseTcsl Kak MPOU3BEIEHUE JIBYX NepeAaTouHbIX GyHKuud W (p) =e ’*,

COOTBETCTBYIOILLEH TPAHCIIOPTHOMY 3amna3ablBaHuio U W,(p), COOTBETCT-
Bytolie nepexogHon ¢ynkumm Y, =Y, (f—17), y KOTOpOH 3a Hadaio
OoTCcUeTa IPUHUMAETCS BpeMst [ = T .

Crarnueckuil Ko3(pPUUUEHT nepenayn o0bEeKTa OMpPENENsaeTCsl COOT-
HOIIICHUEM M3MEHEHUSI YCTAHOBHUBIIIETOCS 3HAYEHUS BBIXOJIHOTO CUTHAJIA K
BEJIMUUHE BXOJHOTO BO3JICHCTBUSA:

kZJ’(OO)_)’o, (3.6)
u, —u
rae y(o0) - YyCTAaHOBUBIIIEECS! 3HAUCHUE BBIXOJIHOW BEJIMUYUHBI MPU MOJAUE

Ha BXO/ 00BEKTa CTYNEHYaTOro BXOJHOI'0 CUTHajla C YPOBHEM U, ; U, U

Vo - YCTaHOBHUBIIMNECS 3HAYCHHA BXOJHOI'O M BBIXOAHOT'O CUTHAJIOB 10 Ha-

qaJia MPOBEJICHUSI SKCIIEPUMEHTA.

[TocTosiTHHBIE BPEMEHU MOTYT OBITh BBIYMCIIEHBI Pa3IUYHBIMHU CIIOCO-
O0amu 1711 00BEKTOB Pa3HOTO THIIA.

JIJ1s1 *HEPUMOHHOTO 00BEKTA MEPBOTO MOPSIKA MOCTOSHHAS BPEMEHU
oObekTa T ompenensercs Kak OTPEe30K BPEMEHH, 32 KOTOPOE MepexoaHas
dbynkuus pocruraet 63% cBoell yCTaHOBUBIIEHCS BEJIMUUHBL. JTO CIEIY-
€T U3 TOr0, YTO MpH =7 3HaUYCHHE NMEePEXOAHOU (DYHKIUU TPUOIU3UTEb-
HO pPaBHO

t
h(t)|_, =kl1-e T |= k(l - é) ~ 0,63k. (3.7)

JIns1 BeIMUMHBI yIiia HAKJIOHA KacaTelIbHOU K EPEXOJHON KPUBOU B HYJIE-
BOW MOMEHT BPEMEHHU CITPABEJIMBO COOTHOLICHUE:

dh(t)
dt

_ k t/T _k
o 1€ (=0= T (3.8)

OTtcrona ciienyer, 4To MOCTOSIHHAs BPEMEHU MOXKET ObITh OMNpe/esieHa Kak
MOMEHT BpPEMEHH, B KOTOPBIM KacaTelbHas K MEPEXOJHOMY IMPOLEecCy B
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HayaJbHOUW TOUYKE TPACKTOPUM IEpeceueT YCTAHOBHUBIIECECS 3HAUYCHHUE BbI-
XOJTHOM BEJIUYUHBI (pUCYHOK 3.1).

it}

h(ec) L e

0,63 1(0) b= = e g e

Pucynoxk 3.1
['paduueckoe onpeneneHre NTOCTOSTHHON BpEMEHU MHEPIIMOHHOTO 00bEKTa
MIEPBOTO MOPSAIKA

Amneproandeckuii 0OOBEKT BTOPOTO MOPSJKAa HWMEET IepeaaTOYHYIO

GyHKIHIO W (p) = A TEPEXOIHYIO XapakKTEPUCTHUKY
(Tip+D)(T,p+1)

t t

h(t)=k| 1- Le_f + Le_i . IIpubnmxeHHy0 UIASHTU(PUKAIIUIO
Tl -T 2 Tl -T 2

napameTpoB 1;,7, MOXHO IPOBECTH Pa3IMYHBIMU CIOCOOAMU B 3aBUCH-
MOCTH OT 00bEMOB HEOOXOAUMBIX BBIUUCICHUH U TIOCTPOCHUM, HAIIPUMED,
UCIIONB3Yys CIenyroumi noaxon. [limd ompeneneHus IMOCTOSAHHOW 7; Ha-

YaJIbHBIA YYaCTOK IMEPEXOJHOM KPUBOM alIpPOKCUMHUPYIOT JIMHEHMHOMU 3a-
BUCHMOCTBIO JI0 MIEPECEYEHUS C OChIO OPAMUHAT, CUYUTAS MPOLECC ANEPUO-
JIUYECKUM MEPBOTO MOpsiAKa. beps 3a Ha4ano OTcYeTa TOUKY NEPECECUCHUS
anMpPOKCUMUPOBAHHON KPUBOW M OCH OPJUHAT, JIIOOBIM U3 M3JI0KEHHBIX
BBIIIIE METOAO0B HaxomAT 7. IlocTossHHYIO BpeMeH: 1), ONpEeneatoT MyTeM

UACHTU(DUKAIUY HAYaJIBbHOTO Yy4YacTKa IMEPEXOJHOW KPHUBOHM, HaIlpuMep,
HaxoJs MOMEHT BPEMEHHU, B KOTOPbIM PAa3rOHHAS XapaKTEPUCTHUKA TOCTHU-
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raet npuonusutesnbHo 37% cBoero ycraHoBuBIIErocs 3HaueHus. Koad-
(GUIMEHT YCUIICHHS OTIPEIeIIIeTCs TaK JKe, Kak U B cllydae 00beKTa MepBo-
ro nopsiaka. Ciaeayer OTMETUTh, UYTO JIaHHBIA TOJXO0J MOXHO HCITOJb30-
BaTh TOJBKO JJIS MPUOIMKEHHOTO OTBICKaHUS MapaMeTpPOB MepeaaTOuHON
GyHKIMH, KOTOPBIE B JadbHEHIIIEM HEOOX0IUMO YTOUHSTh.

nio)t

h(0)

0.63 - 1'(0)
0.37 - h(ec)

Pucynok 3.2

I'pacuueckoe onpenenenue napamerpos 7,7, HHEPLUUOHHOTO 00BEKTA BTOPO-

ro nopsiaka

KonebaTenpHblil 0OBEKT BTOPOTO MOPSAKa HMEET MepeJaTOUYHYIO

GyHKLIHIO W (p)= rae & <1, a KOpHSIMU MOJMHOMA SIBJISI-

T*p* +2&Ip+1°
I0TCA KOMILIEKCHO CONPsDKEHHBIE Yncla A, 4, = a + jw. g onpenenexus

NPUOIMKEHHBIX 3HAUYEHUM TNOCTOSTHHOW BpemeHu T u kosdduumeHta
nemidupoBanuss & Mo NEPEXOJHON XapaKTEPUCTUKE C MOMOIIbIO rpadu-

YECKHUX METOJIOB (PUCYHOK 3.3) MOXKHO BOCIIOJIB30BAThCS CIIECAYIOLIUMU

COOTHOILICHUAMMU.:
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.- 1 , rer £ (3.9)

Pucynoxk 3.3

I'paduueckoe onpenencaue mapamerpos 1, & komedarenbHOro 00bEKTa BTOPO-

ro MmopsaKa

Jns uaeHTuuKauy napaMeTpoB MaTeMaTUYeCKHUX MOJENeH THIO-
BBIX JUHAMHYECKHX OOBEKTOB BO3MOXKHO TaK)KE€ HCIIOJb30BAHHUE APYTUX
METOJIOB MH)KCHEPHOW HJICHTHU(UKAIMU - METOJ Iutomaneid, meroq Cu-
MOI0, OTIPE/ICJICHUE YACTOTHBIX JIOTapU(PMUUECKUX XapaKTEPUCTUK U MHBIX
[16].

IIpu unentudurkanu oOBEKTOB 00J€€ BBHICOKOTO IMOpPSIKa CIIEAyeT
YUYUTBIBATh, UTO AllEPUOJUUYECKUN OOBEKT BBICOKOTO TOPSJIKA C 7 Pa3sIhy-
HBIMU TOCTOSITHHBIMUA BPEMEHHU MOJKET ObITh allpOKCUMHUPOBAH O0BHEKTOM

1 -TO MOPSIAKA C OAHOM MOCTOSTHHOW BpeMmeHu T [19]:

Wi(s)= k ~ k . (3.10)
(s +)(Ths +1)...(T,s+1)  (zs+1)"

[Ipy TakoM MOAXOAE C IMOMOIIBIO MPOCTHIX TPpaUUECKUX IMOCTPOSHUM Ha

Pa3TOHHOM XapaKTEPUCTUKE OMPEICISIOTCS TOYKA Meperuda U KacaTelb-
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Has K Hel. CrenmanbHble Tabmuuel 3Hauenui n, T, /T,, T, /T, nns omnpe-

JeNeHUs opsIKa O0OBEKTA 1 U YCPEIHEHHOW BEJIMUMHBI TTOCTOSIHHOM Bpe-
MEHU 7 TIPUBEJICHBI B IuTeparype [19, 64].

h(t) & T, T,
h()

l’-.']

Fy
¥

Pucynok 3.4
['padmueckre mocTpoCHHUS ISl ONIPEACIICHUS MTapaMeTPOB allePUOANICCKOTO
00BEKTa BRICOKOTO TIOPSIKA

3.3 Unentudukanus ¢ nOMOIbI0 HMILYJIbCHBIX NEPEXOAHbIX XapaK-
TEPUCTUK

VIMITy TbCHBIC TTEPEXOJHBIC XapaKTEPUCTUKA W(?), TPEICTABIISIONTUC

peakiuio 00bEKTa MPH TMOJadYe Ha BXOJ HMITyJIbca OCCKOHEUYHO MaJlon

JUTUTETLHOCTH M O€CKOHEYHO OOJIBIIION aMILIUTY/IbI, B3aUMHO OJTHO3HAYHO
CBSI3aHBbI C INEPEXONHBIMH XAPAKTEPUCTHKAMH w(t) :% =L"'{W(p)} n
TaKXe HMCIOJIB3YIOTCS i1 MAeHTHdUKaUuK oObekTa ynpasieHus. [Ipo-
1ecc WACHTU(PUKAIIMK TIPY 3TOM AHAJIIOTHYEH MpOoIecCY HUIACHTUDUKAIIMU
M0 TEePEeXOTHON XapaKTEPUCTUKE W IPOBOAUTCA IO COOTBETCTBYIOIINM
MaTeMaTUYE€CKUM COOTHOIICHUSIM JIJI1 TUIOBBIX JUHAMHYECKUX OOBEKTOB
pa3HbIX KiiaccoB [19].

50



Ha mpakThke TOYHO pealn30BaTh HMITYJIBCHOE  BO3JIEHCTBHE
u(t) = co(t) na Bxoxq 00beKTa, OJU3KOE IO CBOMCTBAM K HAEAILHOMY O-

HMITYJIBCY
0,t#0

o = ;
(7) o 1= 0

Té(r)dtzl (3.11)

HEBO3MOXHO, 4TO OOBICHSIETCS TEXHUYECKUMH [MpuYnHaMH. N3-3a oTim-
070 IIpHu peain3alilul BXOAHOI'O UMITYJIbCA SKCIICPUMCHTAJIBHO CHATAs UM-
IMyJbCHAsl XapaKTCPUCTHUKA OTIHNYACTCA OT TGOpCTH‘IGCKOﬁ. Ha PHUCYHKE
3.5 MpeACTaBJIICHO COITOCTABJICHHUC BKCHepI/IMeHTaHBHOﬁ HMHYHBCHOﬁ Iie-

pexonHoM XxapakTepucTuku (1) anepumoanueckoro o0bEKTa MEPBOro Mo-
t

pAIKa U TEOPETUUYECKOM (2), MOCTPOEHHOM MO BBIPAKEHUIO W(t) = ?e T,

037 r———" N """~ T T T T T T

Pucynoxk 3.5
['paduueckas naeHTUPUKALNS IO UMITYJILCHON BECOBON (QyHKIIMU

[Ipu uneHTudUKaIMUd MHOTOMEPHOTO OOBEKTa ISl ONPEACIICHUS €To

NEPEXOAHON MATpUIbl W 2 () WIM WMIYJIBCHOM IMEPEXOJHOW MaTPHUIIbI

8blX

@, TPOBOJUTCS DKCIEPUMEHT C 7, IHUKIAMH, TAE M, - KOJHYECTBO

BXOJ0B. Ha Kkax/plil U3 BX0J0B O0OBEKTa MOCIEI0BATEIILHO BO BPEMEHU C
WHTEpBajaMU, MPEBBIIIAIOIIUMU BpEeMs 3aTyXaHUsI COOCTBEHHBIX JIBUKE-
HUU OOBEKTa, MOJAIOTCSA CTYINEHYAThIC BO3JCHCTBUS WJIM KOPOTKHE HM-
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IMyJIbCh JUIS onpeenenus W™ (f) wma @, , COOTBETCTBEHHO. Perucrpa-

6blX

I[Ms PeaklMil Ha BBIXOJaX 00bEKTa 00ECIIEUUBAET OINPE/EICHUE BCEX DJIIe-
MEHTOB UCKOMBIX MATPUYHBIX (PYHKIIH.

3.4 Bausinue aJANTHBHOIO IyMAa
B peayibHBIX YCIIOBUAX MPOBEACHUS SKCIIEPUMEHTA CUTHAJI HA BBIXO/IE
o0bekTa y(¢) HAOIIOMAETCSA B YCIOBUAX HATUYHUS PA3IUIHOIO POJIa TOMEX

n(t), KOTOpbIE paHee YCIOBWINCH CUUTATh aIIUTUBHBIMU
y(t) = x(1) +n(2), (3.12)
rae x(t¢) - MOJIE3HbIM CUTHAIL.

XapakTepUCTUKaMH IIIyMa TOJIaraloTcsl MaTeMAaTHUYEeCKOE OXKHIaHHUE
M[n(t)]=0 u cpennexBagpatudyHoe oTkioHeHne M[n’(t)]=c>. lllym
BHOCUT B pPE3YyJbTaThl HU3MEPEHUU HEONPEEICHHOCTh, OIPEACICHHYIO
CTaHJAPTHBIM OTKJIOHCHHEM ¢. DTy HEONPEEICHHOCTh MOXHO YMEHb-
IIUTh IMyTE€M IMOBTOPEHUS SKCIEPUMEHTOB HECKOJIBbKO pa3 [8, 74]. Pac-
CMOTPHUM TIPOBEACHUE CEPUU U3 k DKCIIEPUMEHTOB, MOCIEAOBATEIHLHO Ha-

YUHAIOIIKUXCSA B MOMEHTBI BPEMEHH {,1,,..., [, . HaliieM 3HaueHHs BBIXOJ-

HBIX CUI'HAJIOB, Ba(l)HKCI/IpOBaHHBIX qepe3 BpEM:A 7 IMOCJIC HadYaJId KaXKIO0I'0

WUCIIBITAHUS
vy, +r)=x(t, +7)+n(t, +7) (3.13)
WIN
v, =x,+n, i=12,.k. (3.14)
CpenHee 3HaUYCHHE BBIXOJHOM BEITMYUHBI 110 kK WCIIBITAHUSIM HAXOJUT-
Cs KaK:
_ 1 & 1 & 1 &
Vi =—Zyi :_Z(xi+77i):x+_z77i- (3.15)
ko ko ki

CuuTasg JeTEpMHUHHUPOBAHHYIO COCTABJISIONIYI0 CHTHAjJa IMOCTOSHHOM BO
BCEX MCIIBITAHUAX, MOJIy4aeM, YTO MaTE€MaTHYECKOE OXXHUJAHHE CPEIHErO
3HAYEHMS 3allyMJICHHOI'O CHUTHajla paBHO €ro MCTMHHOMY 3HA4Y€HHIO, a
CPEIHEKBAIPAaTUYHOE OTKJIOHEHUE YMEHBIIAETCS B k pa3:
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M[y,]=x; M[()_/k—x)z]:%. (3.16)

OTMETHM, YTO ITOT PE3yJIbTAT CIPABEIUB TOJIBKO JJIsI HEKOPPETUPYEMBIX
IITyMOB.

JI71s1 BBIZICJIEHUS TIOJIE3HOTO CUTHAJIA IIIMPOKOE PacpOCTPAHEHUE TI0-
JYYUJIM METOJIbl, OCHOBAaHHbIE Ha IPUMEHEHHWU Pa3JIUYHBIX CIIOCOOOB
CIJIQYKMBAHUSA 110 OJIHOM peau3aly MEPEX0IHOTO mpoliecca [8, 64].

PaccMoTpuM MeTOJT CriIaXKMBaHUSI HA OCHOBE CKOJIB3SIIEr0 YCpeIHe-
Hus. OH 3aKIII0YaeTcsl B MOCJIENOBATEIbHOM YCPEIHEHUU SKCIIEPUMEH-
TaJbHBIX JIAaHHBIX )(f) HA HEKOTOPOM HHTEpBajie I B OKPECTHOCTU TEKY-

Iero 3HauyeHus BpeMeH! ¢. Crila)kKMBaHUE OCYIIECTBIIICTCS 110 (hopMyie:

1 t+T /2
y()y=— [y(r)dz. (3.17)
T t—T /2

JIg TUCKPETHBIX CUTHAJIOB YCPEIHEHHE HAa HEKOTOPOM HHTEpBAJe
BpEeMEHHU mAt BBITIOJTHSIETCS 110 (hopMyie:

- 1 &
: = —0 ks 3.18
y]+m/2 m+1k§)y1+k ( )

rae y;,y;, j=0,1..N - COOTBETCTBEHHO MCTHHHOC 3HAYCHHUE MEPEXOA-

HOT'O Imponecca B j-bIﬁ MOMCHT BPCMCHHU M €T0 OLICHKA, ITOJTYYCHHLIC IIPHU

JTUCKPETU3AIINN ¢ HHTEPBAJIOM
At=t,—t,, =const; j=0]l..N. (3.19)

Hpumep 3.1
Paccmotpum 3amady criakuBaHUsI 3alllyMJICHHOW TIEPEXOHON (PyHKIUN
25
36p> +15p+1

00BEKTA C MepelaTOuHON PyHKIMEH W (p) =

s1=tf([25],[36 15 1])% HenpepwiBHAs niepegaTouHast QyHKIUSI OOBEKTa
T end=60;% uHTEpBaNT U3MEPEHUI

dt=0.2;% mar quckpeTu3anun

t=0:dt:T_end;% maccuB TUCKPETHOTO BPEMEHHU

N=length(t);% pa3mep BbIOOpKHU
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u=ones(N,1);% MoenupoBaHue €TUHUYHOTO BXOJHOTO BO3/ICHCTBHUE
v=randn(N,1); % MoaenupoBaHue MOMEXU
y=Isim(s1,u,t)+v;% MoaenupoBaHKe BBIXOJHOTO BO3JEHCTBUS C YUYETOM ajIH-
TUBHOM BBIXOJHOM ITIOMEXU
m=10; % 3amanue yncia To4eK s yCPEIHECHUS
h(1)=y(1);
for 1=2:m % ycpeaHeHne Ha4aJIbHOTO y4acTKa
del=1-1;
h(i)=sum(y(1:1+del))/( 2*del+1);
end;
for i=m+1:N-m % OCHOBHOW aJTOPUTM YCPEIHEHUS «CKOJIB3SIIUM CPEI-
HUAM»
h(i)=sum(y(i-m:i+m))/(2*m+1);
end;
for i=N-m+1:N % ycpeaHeHre KOHEYHOTO yJacTKa
del=N-1;
h(i)=sum(y(i-del:N))/( 2*del+1);
end;
plot(t,y,":b',t,h,'-b');
grid;

[TosmyueHHBIE PE3YJIBTATHI PEACTABICHBI HA PUCYHKE 3.6.
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Pucynoxk 3.6

3amymnenHas (1) u crinaxxenHas (2) nepexoHble XapaKTepUCTUKU 00bEKTa

I'paduueckoe mpeacTaBiIeHne Pe3yIbTaTOB CIIIAKUBAHMS ITEPEXOTHOM
XapaKTEPUCTUKU B YCIOBUAX JACHCTBUSA aJINTUBHOW TMOMEXHU MPH 3aaH-
HOM uucie Touek ycpennenus m =10 mokaseiBaeT (pUCYHOK 3.6) yI0B-
JIETBOPUTEIILHOE KAYECTBO PACCMOTPEHHOT0 aropuT™Ma yCpeaHECHNUS.

[IpuBeaCHHBIN aArOPUTM YCPEAHEHUS Pealu3yeT CrIIaXKHBaHHE IpPO-
1ecca JIMHEHHBIM (QHIBTPOM C JIHHON maMsatd T = mAt W aMIUTUTYIHO-
($a30BOI 4aCTOTHOM XapaKTEPUCTUKON BUA:

2

Wy (jo)=—" sin( (3.20)

2

B sTom ciydae HE0OX0IMMO MPAaBUIBLHO BHIOpATh BEIMYUHY BHIOOPKHU

a)mAtj

m, T.K. IpU HEOOJIbIIIOM 3HAYEHUU M PACCMOTPEHHBIA ANTOPUTM JAET
OLICHKHU, OJM3KHE K UCTUHHBIM, HO MPOIIECC CTJIAKMBAHUS MUMEET XYyJIIIee
KA4eCTBO, & C YBEIIMUYCHUEM /1 AJITOPUTM JIyUllIE CIJIaKUBAET, HO YBEJU-
YUBAETCA CMENIEHHUE OLICHOK.

Crnenyer 3ameTuth [64], 4TO MOTy4aeMbI€ NPHU TAKUX MPOLEAYpax yc-
peaHeHus orieHkn YV(f) Bcerma SBISIOTCS CMEIIEHHBIMH, T.K. JIF00ast mpo-

aeaypa CriiakKuBaHusi COOTBETCTBYCT ITPOXOKACHHUIO 3alTYMJICHHOI'O CHUT-
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Haja 4yepe3 HEKOTOPBIM (PUIbTp, OTIAEISAIOMIMI HU3KOYACTOTHBIM IMOJE3-
HBII CUTHAJ OT 00JIee BBICOKOYACTOTHOM TOMEXH.

7, ( jm)\‘
S_.(w)

Sy (@)
/ ()

0]

Pucynok 3.7
YacToTHas xapakTepucTuka GUuibTpa ‘ch ( ja))‘ Y YaCTOTHBIE CIIEKTPHI MOJIE3HO-

ro curnana S, (o) unomexu S (o)

Ha pucynke 3.7. npuBeaeHa rpaduueckas MHTEpIpeTaIus Ipoiecca
(UIBTpaLuyu MOJIE3HOTO CUTHAlA CO CHEKTPOM S (@) U BBICOKOYACTOT-

HOW TIOMEXU CO CIIEKTPOM S (@) HU3KOYACTOTHBIM (UIIBTPOM C XapakTe-

PUCTUKOMN ‘qu ( ja))‘- [Ipu Marnoii mosioce mpoIryckaHusl (QuiabTpa momexa

Jayuiie OTGUIBTPOBBIBAETCS, HO MOJIABIIAETCS U YacTh MOJIE3HOI0 CUTHAIA.
[Ipu GosbiION TOJIOCE MPOMYCKaHUs, HAOOOPOT, COXPAHSIETCS CIEKTP MO-
JIE3HOTO CUTHAJIa, HO M BO3JIEUCTBUE MOMEXU CTAHOBUTCS OOJBIIMM. DTO
IPUBOAUT K CMEIIEHUIO OLEHOK OT(UIBTPOBAHHOTO CUTHAJIA OTHOCUTEIb-
HO TOJIE3HOTO.

Takske 4acTo UCHONIB3YIOTCS U IPYTHE METObI CIIIaKUBAHUS — METOJ
CTJIa)KMBaHUSI YETBEPTHIMU PA3HOCTIAMH, METO/ CTIIAXKUBAHUS C UCIIOIb30-
BaHHMEM paslIoxKeHUs B psia Dypbe, pa3nokeHUsl C UCIOIb30BaHUEM TOJIU-
HoMOB YeOrImeBa [8, 64]. [Ilpumenenue psanoB Oypbe U MOIMHOMOB Ye-
ObIIlIEBAa JIA€T JIy4lllee KayeCTBO, HO M TpeOyeT 3HAUYUTEIBbHO OOJIBIINX
00BEMOB BBIUUCIICHUM.
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3.5 UpenTudgukanus 00beKTOB € MOMOUIbI0O YACTOTHBIX XapaKTepHu-
CTHUK

YacToTHBIA METOJ WMACHTHU(UKAIIMU JIMHEHHBIX CHCTEM OCHOBAaH Ha
pabotax HaiikBucta u boje n UCHoyib3yeT B Ka4eCTBE MUCXOJIHOM 4aCTOT-
HBIE WU CIEKTPAJIbHBIE XapaKTEPUCTUKH.

YacToTHas xapakTepuUCTUKa O0OBEKTa MOXKET OBITh MPEACTaBJICHA CO-
BOKYITHOCTBIO aMIUTUTYHO-4aCTOTHON XapakTepucTuku A(w), npeacTan-
JSIOLIEW 3aBUCMMOCTb OTHOLIEHMS AMILUIATYJ TapMOHUYECKUX CUTHAJIOB
Ha BXOJIE U BBIXOJIE OOBEKTa OT YaCTOThI KOJeOaHUN B yCTAaHOBUBILIEMCS
pexuMe U ($a30-4aCTOTHOM XapaKTEPUCTUKU @(@), OTpa)karolie 3aBu-
CUMOCTh cABUra (ha3 MEXay BXOJHBIMU U BBIXOJHBIMU TapMOHUYECKUMHU
CUTHAJIaMH OT 4acTOThl. YaCTOTHBIC XapAKTEPUCTUKU JUHAMUYECKUX 00b-
€KTOB, KaK IMPABUIJIO, OINPEACIAIOTCSA B PEKUME AaKTUBHOI'O dKCIIEPUMEHTA
nojadel Ha BXOJ OOBEKTa rapMOHUYECKOrO0 CHTHAJIa, 4YacTOTa KOTOPOTO
VU3MEHSETCS B ONPEACIICHHOM JUana3oHe, U PErUCTpallii BBIXOJHOW pe-
aKIHHU.

JIJ1st TMHEHOTO CTallMOHAPHOTO OOBEKTa BXOJ-BBIXOJHOE COOTHOIIIE-
HUE OTPEJIENISIETCS YUepe3 YaCTOTHYIO MEPEAATOUHYIO QYHKIIUIO:

y(jo)=W(jo)u(jw), 3.21)

rne u(jw)=F {u (t)} = j u(t)e’™dt - wactorHslil criekTp (peoOpazo-

BaHue Oypbe) BXOJHOTO curHaia oonekra; y(jw) = F {y(t)} - YaCTOTHBIN
CIIEKTP BBIXOJHOrO curHana; W(jw)=F {w(t)} - 4aCTOTHas IepeaaTroy-

Has PyHKIHA 0OBEKTA.
N3 (3.21) crnemyer, 4YTO YacCTOTHYIO XapaKTEPUCTUKY OOBEKTa

- )
W(jw) = )/(L; MOKHO HaWTH DKCIEPUMEHTAJIbHBIM IIyTEM HAa OCHOBE
u(jow

YACTOTHBIX CIEKTPOB M3MEPEHHBIX BXOJHBIX M BBIXOJHBIX CUTHAJIOB 1(f)
1 V(). OCHOBHOM CIIOKHOCTBIO ITPH TAKOM IOAXO/E SIBISIETCS HEBO3MOX-
HOCTh (hOPMHUPOBAHUS BXOIJHOTO BO3JEHUCTBHUS u(f), YaCTOTHBIN CHEKTP

KOTOPOTO ObLI Obl HEMPEPHIBHBIM HAa OECKOHEUHOM HMHTEPBAJIEC M3MEHEHUS
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4acToT . YacTOTHas xXapakTepucCTUKa 00beKTa W (jw) Takxke AOJKHA

OBITh HEMIPEPBHIBHON BO BCEH IOJIOCE YAaCTOT, YTO OOECIICUNTh TEXHUUCCKHU
MpaKTUIECKU HEBO3MOXKHO. [loaTOMYy, BCleACcTBHE HAOMIOAEHUS] CUTHAIOB
u(t) 1 y(¢) TONTPKO HA OTPAHUYECHHOM OTPE3KE BPEMEHH, BOSHUKAIOT 3HA-

YUTEIbHBIE OITHOKU MX HN3MCPCHUA.

B cootBercTBHU C 9THM, B PCAJIbHBIX YCIOBUAX BOSI[GI\/JICTBI/IG I10JIN-
rapMOHHNYCCKUX CHI'HAJIOB B IIMPOKOM AUAITA30HC HU3MCHCHHA YaCTOT 3a-
MCHAIOT ITOCJICIOBATCIIBHBIM IIPUMCHCHHUECM MOHOTAPMOHHUYCCKHUX BOSHeﬁ-

CTBUM u(t) = u, Sin @;f C pa3sHBIMU YaCTOTaMHU @ = @, U UCCIIEAYIOT pPEaK-

nu0 Ha HuX. Ha BbIXxoJe 00ObeKTa B yCTAHOBUBILEMCSI COCTOSIHUM OymyT
HAOJII0JaThCA TAPMOHUYECKHE KOJIEOAHUS TOM K€ YaCTOTHI

y(1) =y, (0)sin] ot + p(@;)]. (3.22)
B sTOoM cnydae wacTtoTHas mepenaTtodHas (QYyHKIUsS, MpeICTaBICHHAs B

KOMIITICKCHOM BHAC, OIIPCACILACTCA 3aBUCUMOCTBIO!
Jje(w;)

W (joy =22 - a0 (oo, (3.23)
u(jow) U

rJe ‘W(ja))‘zmod W(jw), p(w)=argW (jw) - ammuarygHo- u ¢azo-

YaCTOTHBIC XapaKTePUCTUKU 00BbekTa. B coorBercTtBUM C (3.23) Momymb
¢yskuu W (jw,;) Npu 3aaHHON 4acTOTE TECTOBOTO CUTHAJIA (), BBIYMC-

asieTcs o gopmyie:
W(jo,)| =", (3.24)
Uy
a apryMeHT W (jw,) omnpenensieTcss BEIMYMHON (pa30BOr0 CABUTA BBIXOJ-

HBIX KOJIECOaAHUM ucclienyeMoro oObeKTa.

[IpsiMbIe METOBI TTOTYUYCHHUS aMIUIUTYOHON MK (Pa30BOM YaCTOTHBIX
XapaKTEPUCTHUK, OCHOBAaHHBIE HAa HEMOCPEJICTBEHHOM H3MEPEHHUH aMILIH-
Tyabl U (Pa3bl OTKIMKA HA CHHYCOUJAIbHBIA CUTHAJI, MOTYT OBITh HCIIOJIb-
30BaHbl B OTPaHMYEHHOM YHCJIC CIIy4aeB, KOT/a MOMEXH, MCKaXKaoIue
U3MEpPEHUs, OTCYTCTBYIOT. B peanbHBIX YCIOBHUSAX IMPOBEACHUS JKCIICPH-
MEHTOB OOBEKT BCETJIa MOJIBEPraeTCsi BO3ACUCTBUIO IITyMOB. B 3TOM City-
yae, Ui TOJYYCHHS JOCTOBEPHOIO pe3yibTaTa BBITOJHEE HMCIIOIh30BaTh
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JIpYyTHUE alTOPUTMBbI 00paOOTKH JAHHBIX, HAIIPUMEP, METOIbI, OCHOBaHHBIE
HAa TaQPMOHHUYECKOM aHaIu3€ CUTrHaioB [19]. DT MeToapl OCHOBaHBI Ha
U3MEPEHUN OCHOBHOW TapMOHUKHU YCTAHOBUBIIUXCS KOJEOAHUN HAa BBIXO-
JIe UCCIelyeMOro oObeKTa MpU FapMOHUYECKOM BO3JCHCTBUU Ha BXOJIE.
O06paboTKa BBIXOJHOTO MEPUOAMYECKOTO CUTHAJIA MPOU3BOJIUTCS C TTIOMO-
IIbI0 TAPMOHUYECKOT0 AHAIM3ATOPA, IMO3BOJSIONIECTO OINPEACNISTh Mapa-
METPbI OJHOM MJIM HECKOJIBKUX TapMOHUK.
YacToTHas XapaKTEpUCTUKAa OOBEKTa MPEJCTABIISIETCS B CIEAYIOLIEM
BUJIC:
W (jo)=W(jo)e’” =W (jo)cos p(o)+
+ j‘W(ja))‘sin ot =c(w)+ jd(w), (3.25)
rae c(w) =W (jo)|cos p(@), d(w)=|W(jo)sin@p(w) ABIAOTCK MOX-
JeKAIMIMH OTNIPECICHUIO MTapaMeTpaMU YacTOTHBIX XapaKTEPUCTUK OO0b-

exta [ (jo)| = \1¢* (@) + d*(@)] 1 p(@) = arctg {%} [UIsL psiia gac-
cl\w

TOT @); .

[TapameTtps! c(w;) n d(w;) MOXKHO HalTH, TOJIaBast HA BXOJ OOBEKTA
TECTOBBIM curHan U(t) = u, sin ®,f u npuMenss puaprparmo ypbe K
BEIXOAHOMY curHaiy y(t). Takas mponenypa puiabTpaliuu pean3yeTcs
YMHOXEHHEM )(t), COOTBETCTBEHHO, Ha SIN @,f U COS W,! U yCPEeTHCHU-

€M I10 IIEJIOMY K YHCITy MEPHUOJIOB:

2 T
c(w;) = —Iy(t) sin w,tdt |
0

u,T
2 T
d(w;) = ——[ y(t)cos wdt , (3.26)
upl
e T =kT,, T=2%
a.

i

ITom0XUTEIBLHBIM CBOMCTBOM TaKMX aJIropuTMOB I/II[CHTI/I(l)I/IKaHI/II/I AB-
JECTCA UCIIOJIb30BAHUC HCOI'PAHNYCHHOI'O 9aCTOTHOI'O AMWalra3oHa, 4To I10-
3BOJIACT IMPUMCHATH HUX TAKIKC B 00JIacTH HHU3KUX 4acCTOT, XapaKTCPHbIX
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U1t pabo4YuX MPOIECCOB MHOTHX IMPOMBIIIJIEHHBIX TEXHUYECKUX OOBEK-
TOB. PaccMOTpuM, Kak MOJy4aeMbleé C TOMOIIBIO JAHHOTO aJropuTMa
OIICHKM MCKXKAIOTCS CIIy4YaHBIMU COCTABJISIOIIMMU CUTHAJIA, TTpaKTHYe-
CKM BCETJla MMEIOIIMMH MECTO B PEAJIbHBIX MPOMBIILUICHHBIX YCIOBUSX.
Korgma Beixom oObekTa V(f) HMCKaKaeTCs aIAUTUBHBIM O€JbIM IITyMOM

n)y, M [77] =0, To B pe3ynbTaTe (UIBTPAIIUU BMECTO JIETEPMUHUPOBAH-

HBIX BEeIWYHH c(®;) U d(w;) OyoyT ONpenensThCs Clly4yalHble BEINYUHBI

(@) nd(w;) [74]:

T
¢(0,,T)=c(w,)+ %ji](t)sin o, tdt;
oo (3.27)
d(w,,T)= d(a)i)+iTjn(r)cos w,tdt .
0

20
OnpeneneHre MaTEMaTHYECKOTO OKUIAHUS 10 BCeMy aHCaMOJII0 Ha-

6J'IIO,Z[CHHI>1 IIOKa3bIBACT, YTO OLICHKHU ABJIAIOTCA HCCMCILICHHBIMMU .
T
M[e]=Mlc(w)]+ iTjM[n(r)]sin wtdt = c(o,);
Ho (3.28)
M|d |= M[d(w)]+ —jM[n(r) cos wtdt = d(,).
u,l’

0

Ouenum AUCIICPCHUIO OLICHOK HA 4aCTOTC ), .

o’(c)=M[(T~c)’]=

—— M[(n(t)sin w;tdt)* ] =
) (3.29)

4 TT
”M 77(t)77(r) sin w;t sin w,tdtd t
00

=~ 22
uy I

B (3.29) M [5(t)n(r)] - xoppensunonHas GpyHKIHS aJUTHBHOTO IyMa, 1

€€ BeJIMYMHAa KOTOPOW paBHA:
2
o’ ,t—7t=0;
K,,(t—7)=Mn®n(r)]= {0 (3.30)

C yuerom cootHomenus (3.30), Bbluncisg ABOMHOW uHTErpan B (3.29),
MO’KHO OIPEIENNTh TUCIIEPCUIO OLEHOK c(w;):
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2 2
4 - : 4o T 20
- Haj sin w;t sin @,7dtd v = . ’72 Rl 277 ,

“l™ " ugT* 2 u,T

(3.31)

o’(c) =

2
rae 0, - AUCHEPCHS IIyMa; U, - aMIUTUTY/1a BXOJHOTO CUrHaua [74].
AHaJIOTNYHO OIIPENEIAETC JUCIIEPCHS OLICHOK d(w;):

2
o*(d) = 22& (3.32)
uy,T

[Tonyuennbie pesynbratsl (3.31) u (3.32) xapaktepus3yloT 3aBUCH-
MOCTbh JUCIIEPCUN OLICHOK MapaMETPOB YACTOTHBIX XAPAKTECPUCTUK HICH-
TUPUIIUPYEMOT0 O0OBEKTa OT BEJIWYMHBI JUCIEPCUU AJIUTHBHOTO ITyMa,
WHTCHCUBHOCTH BXOJHOT'O CUTHajJa M BEJIMYMHBI BHIOOPKH U MOKA3bIBAIOT
MaJIy0 YyBCTBUTEIBHOCTh AITOPUTMOB TaPMOHHUYECKOTO AaHAJINW3a CUTHA-
JIOB K COAEPKAITMMCS B KOHTYpe HACHTU(DHUKAIIUN ITOMEXaM THUIa «OeIoro
IyMay.

JIns TUHEMHOTO MHOTOMEPHOTO JMHAMUYECKOTO OOBEKTa 3KCIIEepH-
MEHT, C MOMOIIBIO KOTOPOrO OMPEEIISIIOTCS YaCTOTHBIE XapaKTEPUCTUKH,
peIN3yeTCsl OTACIBHBIMYU IUKJIAMHU, BO BPEMSI KOTOPBIX CUHYCOHUAATbHBIN
CUTHaJ C 3aJJaHHOM YacCTOTOM M C 3aJaHHOM aMIUIATYAOM IIOJIA€TCs Ha
oauH BxoJ. Ilociie JOCTHKEHUS MPAKTUYECKH YCTAHOBUBIIETOCS PEXAMA
BBIHYKJICHHBIX KOJIeOaHUI 00BEeKTa PETUCTPUPYIOTCS aMILTUTYAbI U (Da3bl
rapMOHHUYECKUX KoJieOaHWI Ha BCEX BBHIXOJaX M aMIUIUTY/Ia U ¢a3a JaHHO-
ro HEHYJIEBOTO BXOJHOTO CUTHajka. Tak Kak BBIXOJHOM CHUTHAJ BCErJa 3a-
ITyMJIEH U OOBIYHO MCKa)X€H HEJIMHEHHOCTSIMHU, UMEIOIIUMUCS B OOBEKTE,
TpeOyeTcs BhIICJICHUE TTIEPBOM TrapMOHMYECKOM COCTABJISIOIICH.

3.6 KoppeasimuoHHbIE METObI

Koppensainonubie METOABI SABIISIFOTCS OCHOBHBIMHU B CIIy4ae MCIIOJIb-
30BaHUS HEMPEPBIBHBIX (HEBBHIOOPOYHBIX) CHUTHAIOB. OHU IIHPOKO HC-
MOJIB3YIOTCS ISl PEIICHUs 3aJa4 HWACHTHU(UKAIMM CUCTEM YyIIpaBIICHHS,
OOHApY’>KEHHUSI CHUTHAJIOB, TEXHUYECKHX H3MEPCHHH, peaau3allid HCCe-
JYEMBIX CJIYYallHBIX CUTHAJIOB M T.1. KoppelsiiuoHHBIE METOAbI OCHOBBI-
BaroTCs Ha auddepeHInanbpHON ammpoOKCUMAaIlid U MPUMEHSIOT OIpeie-
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JIEHHBIN orepatop (B 4aCTHOCTU, YMHOKEHUE Ha (DYHKIIUIO BPEMEHU U WH-
TErpUPOBAHUE TTPOU3BEJICHUS) K BXOJIHBIM M BBIXOJHBIM curHajaMm [19, 20,
53, 54, 64, 65, 74].

PaccMoTpuM JIMHEWHBINA CTAllMOHAPHBIA OJJHOMEPHBIN OOBEKT, Ha KO-
TOPBI BO3JICUCTBYIOT HENPEPBHIBHBIE CTAMOHAPHBIE CHUTHAIBI u(f) W
n(t), ¥ 3ama4a WASHTU(PUKAIIMK COCTOUT B OIIEHKE BECOBOM (DYHKITUU
o0bekTa W(¢) mo HaOmoaeHusM )(¢f) U u(f) Ha HEKOTOPOM HHTEpBaJe

Bpemenu [0,77].

JTnHenHaq |
cuctema -
| HJ!“’U |

Pucynok 3.8
Cxema neHTU(UKAIIMOHHOTO SKCIIEPUMEHTA 110 OLIEHKE UMITYJIbCHOM BECOBOM
byHKIIMN 00BEKTA

Tak kak OOBEKT JIMHEHHBIN, TO IS OTACIBHBIX peaau3aluid ciydai-
HBIX IIPOIIECCOB BBIXOJHOM CUTHAJI OMUCHIBACTCS MHTErPAIOM CBEPTKHU:

y(t) = Tw(r)u(t —)dt+n(t)=w()*u(t)+n(t). (3.33)

Bripaxxenue (3.33) cBSI3bIBaCT €MHUYHBIC PEATU3ALNM CITYUYalHBIX BXO/I-
HOTO ¥ BBIXOJIHOT'O MPOIIECCOB.

Jlst mepexoia K JIETEPMUHHPOBAHHBIM BEJIIMYMHAM MPOBEIEM YMHO-
eHne obeux yvacteit (3.33) Ha u(f —F) ¥ IpUMEHUM OIEepallMI0 MaTeMa-

THYCCKOI'O OKNAAHHUA, B PE3YJIBTATC YCI'O ITOJIYYHUM BbIPAKCHUC!

M@@—@»@ﬂ:Twum4@a—9wa—zﬁw+

+ Mu(t-60)n()] (3.34)
YHHTBIBaH, YTO COOTHOIIICHUA

K, (0—1)=M[u(t—0)u(t-1)}
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K, (0)=M[u(t-0)y()] (3.35)

OTIPEICTISIOT COOTBETCTBEHHO aBTOKOPPEIAIMOHHYIO (PYHKIIUIO BXOJHOTO
CUTHAJIA U B3aMMHYIO KOPPEIALHUOHHYIO (PYHKIIUIO, MeperieM K ypaBHe-
HUIO OTHOCUTEIBHO KOPPEISIITUOHHBIX (PYHKITUN CUTHAJIOB:

K, (0)= TW(T)KW (0 -1)dr+0=w(@)K, (0)+0. (3.36)

Ecnu BBITTOMHAIOTCS YCIOBUS (PU3MYECKON peaTn3yeMOCTU CHUCTEMBI, T.e.
w(t)=0 npu t <0, u curHansl u(¢?) u 7(t) He KoppenupyeMmsl, To (3.36)
TpaHcOpMHUPYETCS B ypaBHEHHE, Ha3blBaeMOE ypaBHECHHEM BuHepa —
Xorda:

K, (0)= TW(T)KW 0 -r1)dr. (3.37)

VYpaBuenue (3.37) cBSI3bIBACT AETEPMUHUPOBAHHBIE BEJIMUUHBI — KOPPEIIsi-
UOHHBbIE (DYHKIIMM CUTHAJIOB, - U €r0 PEIICHUE MO3BOJISIET OLEHUTHh UM-
NMyJIbCHYI0 BECOBYIO (DYHKIMIO JIMHEWHOW CTAllMOHAPHOW CHUCTEMBI IO
KPUTEPUIO MUHUMYMa CPETHEKBAIPATUUECKON OIINOKU:

J = %J[y(t) —y,, (O] dt = %J[y(t) - Tw(r)u(t —7)dr]’dt. (3.38)

Pemenue ypaBHenus Bunepa-Xonda (3.37) aHaIUTHYECKUMHU METO-
JAMH BBI3BIBAET 3HAYMUTEIIBHBIE CIIOKHOCTH, CBS3aHHBIC, BO-IIEPBBIX, C
TPYAHOCTBIO TMOJIYYEHUS] AHAIUTUYECKOTO OMNMUCAHUS KOPPEISLIUOHHBIX
GyHKIMI IO peann3aiusaM BXO0-BbIXOAHBIX CUTHAJIOB, MOJYYEHHBIX IKC-
NEPUMEHTAIIbHO B PEXUME HOPMAJIBHOW HJKCIUTyaTallud oObekTa. Bo-
BTOPBIX, TEOPETUUECKU KOPPEIALMOHHbIE (DYHKIIUU JOJIKHBI ONPEIEIsATh-
csi o OeCKOHEYHbIM BBIOOpKaM. Ha mpakTuke e OHM OLIEHMBAIOTCS Ha
KOHEYHOM HHTepBasie BpemeHu [0,7], 4TO MPUBOAUT K MPUOIMKEHHBIM

OIICHKAaM WCTHHHBIX KOpPEIAIMOHHBIX (GyHKIUH. [losBieHne ciaydailHbIX
OIMOOK B OIEHKaX KOPPEIAIUOHHBIX (PYHKIIMNA BIICYET CYIIECTBEHHBIC
MOTPEITHOCTH TIPU HaXOXJAeHUU w(f), U 3a/Jada perieHus ypaBHeHus Bu-
Hepa-Xorda aHATUTHIECKUMU METOJ[aMU CTAHOBUTCSI HEKOPPEKTHOM [65].
Crpykrypa ypaBHenus (3.37) TakoBa, yTO HEOOJIbIIIME OMIMOKUA B KOppe-
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JSIUMOHHBIX (PYHKIMSAX TPUBOJAT K CYIIECTBEHHBIM OIMOKaM B PEIICHUU
npu ouenke MII®D. [Tosromy i mosrydeHus: aleKBaTHBIX PEIIEHUN ypaB-
HeHus Bunepa-Xonda HeoOX0AMMO UCTIOIB30BaTh CTIIAXKUBAOLIUE PEIlIe-
Husi. Kpome TOro, mockoJibKy Opu S3KCIEPUMEHTE MOJYYAKOTCS TOJIBKO
OLICHKM KOPPEISUMOHHBIX (yHKIUM, 3HaueHne UITD Taxke oka3pIBaeTcs
PUOJIM>KEHHBIM.

Haubonee mnpoctoit crmoco0d wuaeHTUPUKAIUU W(¢), TO3BOJISIOIINAM

oOolTHCh 0€3 pelieHus ypaBHeHUsi cBepTku (3.37), 3akio4aercss B HC-
MOJIb30BAaHUM B Kau€CTBE BXOJHOT'O BO3JEUCTBUS CHUTHaIa, KOPPEISIUOH-
Hasg (PYHKIHS KOTOPOTO OJM3Ka MO CBOMCTBAM K UMITYJIbCHOM (DYHKIIUU
Hupaka K, (7)=cd(r), T.e. curHana tuna 0eysoro nyma, riae ¢ — MHTEeH-

CUBHOCTH ITyMa. B »ToM ciiydae siapo mHTerpana Bunepa-Xonda u maer
MPUOIMKEHHYIO OIIEHKY BECOBOM (hyHKITUU 0OBEKTa

K, (t) ~ cw(t). (3.39)

OTcro/1a 10 3HAYCHHUIO B3aUMHOM KOPPEISIIMOHHOW (DYHKIIUH U OTIPEISs-
eTcsa w(t) oObeKTa:

w(t) ~ %K w (1)- (3.40)

TakuMm oOpa3om, 1mojiaBasi Ha BXOJ1 JUHEWHOTO CTallMOHAPHOTO 00BEK-
Ta CUTHAJI TUIAa OEJI0ro IIyMa M HaXoJsl €r0 B3aUMHYIO C BBIXOJIHBIM CHT-
HAJIOM KOPPEJSIIIMOHHYIO (PYHKIIMIO, MOKHO HEMOCPEACTBEHHO MOJIYyYHUTh
UICHTUDUITUPYEMYIO UMITYJIBCHYIO TTepeXxoiHyt0 XapakTepuctuky (D).

IHpumep 3.2
[IponnmrocTpupyeM onpeaeIieHne HMITYJILCHOM BECOBOM (PyHKITHMH
anepruoMYECKOro OOBbEKTa MEPBOr0 MOPAJIKA C 3ala3bIBAHUEM, MEpea-
10
3p+1

-10p

TouyHasi (PyHKIMS KOTOporo paBHa W(p)= e 7, MO pe3yJibTaTam

IPOBEACHUS SKCIIEPUMEHTA ITPU BXOJHOM CHTHAJIE THIIA OEJI0ro IIyma.

s1=tf([10],[3 1], 'td', 10) % HenpepriBHAs niepeaaTouHast PyHKIUS OOBEKTA
T 1zm=60; % uHTEpBaN U3MepeHU
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T end=30; % uHTEpBaII OIICHUBAHUS
dt=0.05; % 1mar auckpeTuzalnuu
t 1izm=0:dt:T 1zm; % MaccuB AUCKPETHOTO BPEMEHU U3MEPEHUMN
t=0:dt:T_end; % maccuB TUCKPETHOTO BPEMEHU OIICHUBAHUS
N_izm=length(t izm); % pa3mep BEIOOpKH UHTEpBAJIa U3MEPECHUI
N=length(t); % pa3mep BbIOOpKH UHTEPBAJIa OICHUBAHUS
u=randn(N_izm,1); % maccuB 3Ha4€HHI BXOJJHOTO BO3/ICUCTBUS
y=Isim(s1,u,t izm); %maccuB 3Ha4CHU BBIXOJHOTO BO3JICHCTBHS
Ruu=xcorr(u,u,'biased'); % BbramcIeHHEe KOPPEISIIUOHHON (YHKIIMN HA UHTEP-
BaJie U3MEPCHHI 10 OJTHOU peaTn3aluu
Ruy=xcorr(y,u,'biased"); % BbIunciieHre B3aUMHOW KOPPEIALMOHHON (QYHKIINU
10 OJTHOM pealin3aiu
% BBIYHCIICHHE YCPEIHCHHBIX aBTO- W B3aMMHOW KOPPEISAIMOHHBIX (yHKITHIMA
no 10 peanuzanusm
Ruu mid=0; % HavanbHOE 3HaAUEHHE ABTOKOPPEISAIUOHHON (-11uu
Ruy mid=0; % HavanbHOE 3HaUYE€HHE B3aUMHOW KOPPEJSILIMOHHON (P-111H
for k=1:10

u=randn(N_izm,1); % MaccuB 3HaYEHU BXOJTHOT'O BO3/ICHCTBUS

y=Isim(s1,u,t izm); %maccuB 3Ha4€HUIN BHIXOJHOTO BO3CHCTBUS

Ruu mid= Ruu_mid+xcorr(u,u,'biased");

Ruy mid= Ruy mid+xcorr(y,u,'biased’);

end;

Ruu mid= Ruu mid/10; % ycpennenHoe 3HaueHre aBTOKOppen. G-1uu
Ruy mid= Ruy mid/10; % ycpeanenHoe 3HaueHre B3aMMHOM Koppell. (h-1uu
tau=-T end:dt: T end;
figure (1);
plot (tau, Ruu(N_izm-N+1: N _izm +N-1));
figure (2);
plot (tau, Ruu_mid(N_izm-N+1: N_izm +N-1));
w= impulse(s1,t);
figure (3);
plot (t, w, t, 1/dt* Ruy (N_izm: N_izm +N-1));
figure (4);
plot (t, w, t, 1/dt* Ruy mid (N _izm: N_izm +N-1));
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Ha pucynkax 3.9, 3.10 rpadguuecku npeacTaBiieHbl Pe3yIbTaThl pacuera.

12 i i i i i 1.2 ‘ ‘ w w w
I I I I I ! ! ! ! !
| | | | | | | | | |
1----- - - - - e -———- I 1b----- - Bl piatede e e
I I I I ! ! ! !
| | | | | | | |
08 1~ R B (. 0.8f - - . S o
; ; ; ; _ 1 1 1 1
08l R g o6f----- e Eanee] RS ]
i o L E S S
3
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| I I I | ! ! ! ! !
| | | | | | | | | |
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30 20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
Bpewmsi, ¢
a 0
Pucynok 3.9

Koppensuronnast pyHKIIHUS BXOJHOTO CUTHAIA TUTIA OEJIBIA IIyM, TIOJTy4eH-
Has
10 OJTHOM peanu3aiuu () U yCpeaHeHHasl 10 IeCATH peaau3aiusim (0)

3.5 T T T T 3.5
! ) | | I I
! I/IMﬂynpraﬂ Bew#aq XapaKTépMCTMKa ! MmnynbcHas BecoBasi xapakTepuctuka
3k -————4 TR | i T — 3 | t t |
|
|
,,,,,, | —
|
|
,,,,,, [ [ R
= g5
> lor-——=""5-"=-="""97rYY [+ "~ "~~~ "7~ ~-—°— 1S
& 3
= oqb oo )_ . \___DbsauMmHaa | o
H S
H
5 10 15 20 25 30
Bpewms, ¢
a 0
Pucynox 3.10

WctunHas (aHamuTHUYECKast) UMITYJIbCHAs Miepexo/iHast GyHKIUS 00bEKTa U B3a-
UMHas KOppessiuoHHast (yHKIIMS BXOJHOTO U BHIXOJIHOT'O CUTHAJIOB, MOJTY-
YeHHAas M0 OJTHOM pean3aiuu (a) U ycpeaHeHHas Mo AeCITH peanu3aiusaM (0)

CymeCTBOBaHI/Ie OIIPCHACIICHHBIX HOFpGH.IHOCTGﬁ MCKAY HOJIYYCHHBbI-
MU B3aUMHBIMHU KOPPCIEITUOHHBIMHA (I)YHKL[I/ISIMI/I 1 aHAJIMTUYECKOM BECO-
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BOM XapaKTEPUCTUKOU OOBSICHSIETCA, BO-NEPBBIX, HEBO3MOMXKHOCTHIO
chopMupoBaTh Ha BX0Ji€ OOBEKTa HACaTbHBINA OENbIi IIyM, a BO-BTOPBIX,
UCIIOJIb30BAHUEM HE UCTHUHHBIX KOPPESIMOHHBIX (DYHKIMI mpoliecca, a
X OIICHOK, IOJYYEHHBIX HA OrPaHUYEHHBIX BPEMEHHBIX HWHTEpBAJIaX.
Kpome TOro, MoryT uMeTb MECTO HEIOCTATOYHAs TOYHOCTh U3MEPECHUH,
BO3MO’KHAsI HECTAILIMOHAPHOCTD Tpoliecca. Bee 3T GpakTopsl 3HAUUTEITHHO
OTPaHUYMBAIOT BO3MOKHOCThH MCITOIB30BaHUSI KOPPEISIIIUOHHBIX METOOB.
Pe3ynbTarel BBIYMCICHUN TOKAa3bIBAIOT LEIECOO0OPA3HOCTh YBEIUYECHUS
WHTEpBaja W3MEPEHUI KOPPEISLUMOHHBIX (YHKIMNA, YMEHBIICHMS I1ara
JTUCKPETU3alliU, aJIeKBaTHOTO BBIOOpA MHTEpBaJia OIEHUBAHUS U MpPUME-
HEHMS CIVIQKUBAIOIIUX aJITOPUTMOB.

Ecnu B kauecTBe BXOJHOT'O CHUTHAJIA UCIIOJIB3YETCSl CUTHAJ, OTJIMYHBIN
ot Oesioro mryma, To st onpeaeneHus oueHku UITD ucnonwiyercs moj-
X0/, 3aKJIIOYAIOUIMNCA B YHCICHHOM PEIIEHUU IHCKPETHOTO aHajiora
ypaBHeHus: Bunepa-Xonda (3.37) mo orneHkaM KOPPEJSIIUOHHBIX (PYHK-
mmid K, (7) u K, (7). B atom ciydae, B ucxonHoM ypasaenun (3.37)

OECKOHEUHBIN TPEJIe] UHTETPUPOBAHUS 3aMEHSETCS HA KOHEUYHbIN T, KO-
TOPBIN pa3zduBaeTcsa Ha N YacTeil ¢ UHTEPBAJIIOM JTUCKpEeTHU3aluu Af, UH-

TEeTrpajl 3aMEHSECTCAI Ha KOHEYHYIO CYMMY::
N-1

K, (jAt) = Y wiA)K, [(j -D)AAL, j=0L.. N=1.  (3.41)

i=0
Otcrona nonydaercs cucteMa N anreOpanyeckux ypaBHEHHi, KOTOpas B
Pa3BEpPHYTOM BHUE MIPUHUMAET BUI:

K,0 | [ K,©0 K, . K, (N-1)A)]
K@ | _ 1 K, K, (0) K, (N=2)An)|
K, (N-DA) |  [K,(N-1)A) K, (N-2)A) K, (0)
C w(0) ]
w(At)

| W((N =1A?)

NI
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K, =At-K,, -w. (3.42)

Jlist perieHust cuctembl ypaBHeHUM (3.42) mpUXOIUTCS UCIIOIb30BaTh
CHelUaIbHbIE METOJIbl MapaMeTpuueckol uaeHTudukauuu (OyayT pac-
CMOTpEHBI Jlajnee), Hanpumep, l'aycca, KoJloKaluu, Wik Hanbojee pac-

HpOCTpaHeHHBIﬁ — MCTOJ HAMMCHBIINX KBAaAPATOB, B COOTBECTCTBUU C KO-

|
TOppbiIM W=—"-K - K .
p At uu uy

B (3.42) marpuua K, mnpeacraBisieT coOOH KBaJpaTHYH) CHMMET-

PUYHYIO MaTPHILy U3 3HAYCHU aBTOKOPPEISAIIMOHHON (PYHKITUU BXOTHOTO
curHaia. OHa o00JajaeT IMI0XOW OOYCIIOBIEHHOCTBIO, BCIEJACTBHUE YETO
MaJible U3MEHEeHHS KOA(PGIUIIMEHTOB MATPUIILI BEAYT K OOJBIINM MOTPEIII-
HOCTSIM B PEIICHUU, W MOJYYEHHOE perieHue w(t) 4acTo JajieKo OT HC-

TUHHOTO. B 3TOM ciiyyae 1j1si mojiydeHusi 00Jiee TOUHOTO PEIICHUS] PEKO-
MEHIYETCS IMOJb30BaThCsI METOJO0M aIlPOKCUMHUPYIOMIUX (PYHKIUN C HC-
MOJIb30BAHUEM METOJIa KOJUTOKauu [29] wiu cnenuaibHbIMU METOIaMU
peryisipuzanuu [44, 64, 66].

4 MeToabl napaMeTpUuYeCKO MICHTU(PUKATUMT

llepemenvt 6 npoepeccusHoli cmpane Heuzoedic-
nol. I[lepemensvt - 3mo nocmosanuas eeiudula
benoscamun /Juzparnu

4.1 O0muii MoaX0/4 K OLCEHUBAHUIO TApaMeTPOB

Metonbl mapamMeTpruyeckoil MACHTU(DUKAIIMU MIHUPOKO MPUMEHSIOTCS
IPU PEIICHUU MPAKTUYECKUX 3a7ay UACHTU(PUKAIIMA JTUHEHUHBIX U HEJH-
HEWHBIX cucTeM. Bompocy OlleHHWBaHHS MapaMeTPOB IMOCBAIIEHO MHOTO
pabot, HaunHas ¢ pa3padborku K. ['ayccom mMeTona HaMMEHBIINX KBajapa-
TOB B 1795r., 1 Ha NaHHBIA MOMEHT CYIIECTBYET MHOXECTBO PA3JIUYHBIX
MOJX0JI0B, CITOCOOOB M METOJI0OB MapaMeTpuueckon uaeHTudukaruu [13,
19, 62, 71, 74]. BmMecte ¢ TeM, 6a30BBIM IMOJXO0JA0M K OIpe/eICHUIO mapa-
METPOB MOJIEJICH ocTaeTcsa MeToa HauMeHbIux kBagapaTtoB (MHK) [23, 36,

68



38, 67, 71]. JaneHeumee pa3sutue ucnonib3oBanuss MHK npusesno k mo-
SIBJICHUIO PA3JIMYHBIX MoAM(UKAIUK 3TOro MeToaa: 00o0menHsiii MHK
(MapKOBCKHE OIIEHKH), METO]I B3BEIICHHBIX HAMMEHBIIIUX KBaJpaTOB, Me-
toa mTpapHbix GyHkiui u ap. Hapsay ¢ MHK, cymectBytoT npyrue me-
TOJbI UACHTU(PUKAIIMY, HAXOIAIINE CBOE MPUMEHEHHUE, HAITPUMED, METO IbI
Ha OCHOBE BEPOSITHOCTHOI'O IMOJIX0Aa: OIIEHKHM MaKCUMAJIbHOTO IMPaBJIOIO-
n00usl, MAaKCUMyMa arnocTepuopHoOil uHdopMaiu, 0aileCOBCKUE OIICHKH,
aJITOPUTMBI CTOXAaCTUYECKOM ammpokcuMaruu u npouwne [37, 48, 57, 58,
59, 61, 68, 74].

[Tponiemypoit mapameTpudecko HACHTU(GUKALMM WA OICHUBAHUS
MapaMeTpPOB SIBJISECTCS OMpE/ACIICHUE 3HAYCHUU IMapaMeTPOB, XapaKTEpH-
3YIOIIUMX JTUHAMUKY MOBEICHUSI OOBEKTA, C TTOMOIILIO OMPECICHHBIX CIIO-
co0O0B 00pabOTKH SKCIEPUMEHTAIbHBIX JAHHBIX B MPEANOJIOKECHUHU, UYTO
CTPYKTypa MOJEIU HCClielyeMoro oobekTa u3BecTHa. B kadecTBe mapa-
METPOB MOJEJIM paccMaTpPUBAIOTCS KO3PhULMEHTHl TU(depeHInATbHBIX
WJIM PA3HOCTHBIX YPAaBHEHUH, MepeIaTOUYHbIX (DYHKIIMM, Y4aCTOTHBIX XapakK-
TEPUCTUK WJIA HEJIIMHEWHBIX YpaBHEHUH U T.J1. Ha atane napamerpuyeckou
UJECHTU(PUKALUU MOXKET ObITh MOJTBEPKICHA WM ONMPOBEPTrHYTA MPEJIIO-
JaraeMasi CTpyKTypa oObeKTa.

OO6uue TpeboBaHus K METOAaM UACHTU(PUKAIIMN 3aKIIOYAIOTCSA B TOM,
YTO OMpPEJETIEMbIE OLICHKH MapamMeTPOB MOJIEIU JOJKHBI ObITh TOUHBIMU
1 JIOCTUTaThCs I0CTATOYHO ObICTPO [74]. B COOTBETCTBUM C 3TUM, METOIbI
OIICHMBAHUSI TaPaMETPOB JIOJKHBI OBITh:

- popManM3yeMbIMU B IOCTATOYHO OOIIEM BUJE;

- JIETKO peaan3yeMbIMU U 00ECIICUUBAIOIIMMU TPUEMIIEMYIO CKOPOCTh
CXOJIMMOCTH;

- 00ecreynBalOIMMU MOJYYEHUE ONTUMAIBHBIX OI[EHOK MCKOMBIX Tla-
paMeTpOB.

Ha npaktuke 3ajjaya OIEHMBAHMS MAapaMeTPOB MOJEIU OOBEKTA pe-
1IAETCS B YCIOBUAX JACUCTBUS PA3JIMYHBIX IOMEX. BXOAHOW CUTHAT MOXKET
OBITH HAOJIOJaeM TOYHO, Ha0JIFOJIaéM B CMECH C IITyMOM WJIM HEHAOJII0/a-
€M, a BBIXOJIHOM BO BCEX ClIy4asxX MCKaxkeH mryMoM. [Iporeaypsl olieHu-
BaHUSI B 3HAYUTEIHLHOW CTENEHU 3aBUCAT OT HAOJIOJIA€MOCTH CUTHAJIOB U
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HaJIU4MUsS anpuOpHONM MH(OpPMALIMM O BEPOSTHOCTHBIX XapaKTEPUCTHKAX
CUTHAJIOB.

[Ipouemypa onEeHUBAHUS 3aKIIOYACTCS B IOCTPOCHUU AIITOPUTMA, KO-
TOPBIM MO3BOJISIET 1aTh HEU3BECTHOMY BEKTOPY NapamMeTpoB b uaeHTU(DU-
HUPYEMOIo 0OBEKTa HEKOTOPYIO YUCIIOBYIO OLIEHKY A3 Ha OCHOBE PE3YJib-

TAaTOB W3MEPEHUN 3HAYEHUM €r0 BXOJHOTO M BBIXOJHOTO CUTHAJIOB. llpn
TOM HEOOXOIUMO OIIEHUBATh MapaMeTPhl, UCIOJIB3YST KOHEUHOE YUCiIo N
IKCTIEPUMEHTANIBHBIX JaHHBIX. CleqoBaTeIbHO, OIEHKA SBJISICTCS (PyHK-
IIMel ATUX BBIOOPOYHBIX 3HAYECHHH, MPECTABIAIONINX COOO0M HalIr01ae-
MBbIE 3HAYEHHUS peann3aliil CIy4YailHbIX BEJIUYMH, T.€. OLIEHKA TAKXKE SIBJISI-
€TCSl CIyYaliHOW BEJIMYMHOM M MOXKET OBITh OXapaKTEepU30BaHA IUIOTHO-
CTBIO BEpOSITHOCTU P(f, N). DTa BeIMYMHA 3aBUCUT OT pa3Mepa BHIOOPKHU
N, u B 00111eM cilydae, JaeT HanboJjee MoaHyo WHPOPMALIUIO O paccMmar-
pUBacMbIX TapaMeTpax.

[Ipu yucne mapameTpoB Oosiee ABYX JJIsl OMUCAHUSI PE3YJbTATOB DKC-
nepuMeHTa TPeOyIOTCS MHOTOMEpPHBbIE (DYHKIIMM BEpOSATHOCTH. B peanb-
HBIX 3aJladyax OILCHUBAHMS B LEJSAX YHPOILICHUS, KaK MPaBUJIO, TIOTHOCTh
BepostHoctu P(f) npencraBiusercs €€ YMCIOBBIMHM XapaKTEPHUCTUKAMMU:

MaTeMaTUYeCKUM oxkupanueM M|[[F], cMmenieHuem {M [ﬂ]—b}, KOBapua-
uueil cov[B]=M[{f-M[B]}{B-M[F]}']. KoBapuauus mpencrapiser

co0ol MaTpuily, r1aBHas AMaroHajb KOTOPOM COCTOUT U3 OLICHOK JUCIIEp-
CUl OIICHMBAEMBbIX MapaMeTPOB, a HEAUMArOHAIbHBIE 2JIEMEHTHI COOTBETCT-
BYIOT OIIEHKaM B3aMMHBIX AUCIIEPCUI MTapamMeTPOB.

B cratuctuyeckom IiaHe OIEHKU [ BEKTOpa MmapameTpoB b JOJDKHBI
o0ylaaTh onpenenéHHbIMU cBoiicTBaMu [1, 74]: ObITh HECMEIIEHHBIMH,
COCTOSITENIbHBIMU, 3 (PEKTUBHBIMU U JOCTATOUHBIMHU, T.€.:

1. omeHka OyaeT HECMEIIEHHOM, ecliu s Jboro N MareMaTuye-
CKO€ OXKHMJIaHUE OILICHKH KaXXJO0ro MapameTpa paBHO €ro UCTUHHOMY 3Ha-
uenmio M[B]=b;

2. OIICHKA SIBJISIETCS COCTOSITEILHOM, €CIIH JIJIsl CKOJIb YTOJHO Majioro
¢>0 ¢ poctom N mpakTUYECKHM HaBEpHsKa 3HaueHue f Omnusko K b. Ha-

JIEKHOCTh OLICHKH MPU YBEIWYEHUU BHIOOPKU PACTET:
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Ve)0 lim P ~be]=0;

3. omeHka Oynaetr 3pdeKkTUBHOM, ecid [ WMEeT HAaUMEHBIITYIO JHC-
MIEPCUIO TI0 CPABHEHHUIO C JIIOOBIMU JIPYTUMHU OIIEHKAMH ¥ JTaHHOTO Tapa-
MeTpa:

cov[B]=M[{f b} {B—b} 1< M[{y —b}{y —b} 1= cov[y].

4. OIlEHKa SBJISICTCS JOCTATOYHOM, €CIIU JIJIs BCEX OCTabHBIX OLICHOK

¥ YCJHOBHAasl TNIOTHOCTh BEPOATHOCTH P(y/ ) He 3aBUCHUT OT b.

Jl71st Toro, 4ToOBl MOJYYEHHBIE OLIEHKH [ oOJafanu xKejaaTeabHbIMU
CBOMCTBAMH, JICNAIOTCA CIEIYIOIINE JOMYIICHUS O CIy4YalHBIX OIIMOKaxX
g:

1. ommoOky &;, i =1,2...N ABIAIOTCSA CIIy4alHBIMH BEJINYMHAMUY;

2. MaTeMaTH4eCKOe OKHUIaHUEe OMHUOOK &, i =1,2...N paBHO HYIIO:
M [5] =0;

3. mucriepcus ommboK &, i =1,2...N mocrosnna D|g, |= o?;

4. pa3nu4HbIC 3HAYCHUS &; HE3aBUCHUMBI APYT OT ApYyra:

0, npu i#j

cov(e;, ;) =1 o
o, npu i=j.

PaccmotpumM 0011yr0 3a1adyy NMOCTPOEHHUSI MPOLEIypbl MapaMeTpuye-
CKOM HUJIeHTU(DUKAIIMY JIMHEHHOW MOJIENIM B Clly4ae BHIOOPOUYHBIX HU3MEpe-
HUW HEMPEPHIBHON (YHKIIMU BPEMEHHU.

[lycTh BBIXOJHOW CHUTHAJI OOBEKTA ) COCTOUT U3 AJAUTHUBHON CMECH
OTKJIMKA HA BXOJIHOE BO3JACHUCTBUE U U IIyMa 7 :

v(j)=y(u,n,b,j) j=12,...N. 4.1)
3nec b=[b,,b,,.b, " — BekTOp mapaMeTpoB OOBEKTA Pa3MEPHOCTHIO
[(m +1) x 1] ; ] — HOMEep Ha0I0JaeMOr0 U3MEPEHHUS BBIXOJIHON BEJIUYMHBI ;
N — pa3mep BbIOOpKU uzmepenuit (N > m+1).

Byz[eM CUUTaTb, 4YTO CUTHAJIBI # WU )y MOI'YT OBITH N3MCPCHBI TOYHO,

IIOMeXa 7] XapaKTepU3yeTcsl HYJIEBbIM MATEMATUYECKUM OXKUIAHUEM

M[n]=0 u xoBapuanmonroit marpureit H:
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Mln()-n(] ... Mnk)-nO)]
cov[n]:M[nan]: =H.
Mn()-n()] ... Mlnk)-n(k)]
(4.2)
Ilycthb B pesynbTaTe SKCIEPUMEHTa HMMEETCS BBIOOpKA H3MEpPEHUM

BXOJIHOTO U= [u M, u2)......u(N )]T 151 BBIXOJIHOTO CUTHAJIOB

y= [y(l), y(2)....... y(N)]T. JIsi monmy4eHruss Ha OCHOBE 3KCIIEPUMEHTAIIb-

HBIX TAHHBIX YUCIIOBBIX OIICHOK
f = L{u(l),u(2),...,u(N), y(1), y(2),..., y(N)} HUCKOMBIX MapamMeTpPOB HC-

MOJIB3YETCS MOJIEb, aHaioruyHas (4.1):

Yu () =yy @0,5,7)  j=12,..N, (4.3)
rne B=|B,,5,.5,] - BexkTOp TapameTpoB MOETH PAIMEPHOCTHIO
[(m+1)x1].

B nanbHelimeM, Oyaem paccMaTpuBaTh CIOCOOBI MOTYYEHHUS OLCHOK
[apaMeTPOB JIMHEWHBIX MOJEIIEH, ONPEAEIIEMbIX 3aBUCUMOCTBIO:

(D=2 Pu.(j)  j=12,.N, (4.4)
=0
KOTOpas B BEKTOPHOU (popMe MpUHUMAET B/
Yu = UIB > (4-5)

rae Matpuna U npeactaBiisieT COBOKYITHOCTh 3HAYCHUN BXOJHBIX BO3ACH-
CTBUH HAa OOBEKT:
u,(1) ... wu,()
Uu=| .. .

4.2 OueHnBaHue NAPAMETPOB 00bEKTOB M0 METOAY HAMMEHbIIINX
KBa/IPaToB.

Hanbonee pacmpocTpaHeHHBIM METOJIOM OIICHHUBAHHUS IapaMeTpOB,
CITy>KanuM 0a30BBIM MOIX0I0M K MapaMeTpUIeCKOr UACHTU(DUKAIINH, SB-

JCTCA MCTOA HAMMCHBIINX KBAaJPaTOB, KOTOpI)IfI B IIPCAIIOJTOXKCHHUU JIN-
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HEMHOCTU U JIUCKPETHOCTH BO BPEMEHHM OOBEKTa MPUBOAUT K Hanbosee
IPOCTHIM M YHUBEPCAIbHBIM PEHICHUSIM. 3a/laya COCTOUT B CJIECAYIOIIEM:
0 MUMEIOUIMMCS BBIOOPOYHBIM JTAHHBIM HAOJIIOCHUM 32 BXOJIHBIM M BbI-
XOJIHBIM CUTHAQJIAMU C WHTEPBAJIOM JUCKpeTH3aluu Af TpedyeTcs ole-
HUTh 3HAYEHUd MapaMeTpoB, OOECIEUMUBAIOIIMX MHHUMYM BEJIMYMHBI
(yHKIIMOHAJIa HEBSA3KU MEKTy MOJICJIbHBIMUA U (PAKTUUECKUMU TAHHBIMU

N
J==UP) (r=Up) =eTe= 2 (). (4.6)

3/1ech BeJIMYNHA

e(]):y(])_yM(])n ]:192N7 (47)
MPEJICTABIISIET HEBA3KY, ONMPEICIEHHYIO KAK PAa3HOCTh MEXAY BBIXOIAOM
ncenemyeMoro oowekta y =[y(At), y(2A1),..y(NAt)]" u peakimeii, BbI-
YUCJICHHOM IO MaTeMaTHYeCKOM WM (PU3MICCKOM MOJEIH OO0BeKTa
vy =y (A1), y,, (2AD)....,v,,(NAt)]" . HeBsi3ka cKiaapIBaeTcs M3 HETOY-
HOCTEU CTPYKTYPBl MOJEIHU, IOTPEIIHOCTEN M3MEPEHUU U HEYUYTEHHBIX
B3aMMOJIEUCTBUM cpelibl U 00bekTa. OIHAKO, HE3aBUCUMO OT MPOUCXOXK-
JeHUsT BOo3HMKaroNuMx omnbok, MHK MUHMMU3UpYET CyMMy KBaJpaTUy-
HOW HEBA3KU JUJISI JUCKPETHBIX 3HAYEHUM.

B npunuune, MHK He TpeOyeT HHUKaKoOW anmpuopHOil HHpOpMaIUu O
nomMexe. Ho 1y1st Toro, 4ToOBl MOTyUYEHHBIE OLIEHKU 00JIalalid KeaaTelb-
HBIMU CBOMCTBaMHM, OyJ€M MpEAnojaratb, 4YTo oMexa sIBJIACTCS Cllydai-
HBIM IPOIECCOM THUIIA OEJI0To IIyMa.

Onenka no MHK £, MuUHUME3HpYIOIIas KpuTepHii (4.6), HAXOMUTCS

N3 yCJI0BHUA CYHICCTBOBAHUS MUHHUMYMa (I)YHKHI/IOHaHaI

J=minJ =J

i oy (4.8)

BaxnbsiM cBoricTBOM onieHOK o MHK sBisgeTcst cyniecTBOBaHUE TOJBKO
OJIHOTO JIOKAJTbHOT'O MHHUMYMa, COBMAAAIONIETO C rio0ansHbIM. [ToaToMy

* ()
ollcHKa [ sBJISIETCA €IMHCTBEHHOU. Ee 3HaueHue onpenensercs u3 yclo-

BUs SKCTpemyma (pyHkunoHana (4.6):
oJ

@ =20T(y-UB") =0, 4.9
o, , (y-Up) (4.9)
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OTKyZa CJIELyeT COOTHOLICHUE, OIPENeIeMOEe CHUCTEMY HOPMAaIbHBIX
YPaBHEHMIA:

U'up =U"y. (4.10)

B o6mem ciyuae, ecniu U' U sBIseTCS HEBBIPOKICHHOH MaTpHIIEH,

OLEHKHM 3 1O MeTOJy HaMMEHBIINX KBAaJPaTOB IONYYAIOTCSA PELICHHEM
MaTpu4yHOro ypasHenus (4.10):

B =[UTUT'U"y. (4.11)

B HekoTophIX ciyyasx, korga Marpuua U sBisieTcsl KBaIpaTHOM Mart-

pULEH, 4YTO UMEET MECTO, HAaIIPUMEP, €CIIU pa3Mep BHIOOPKU PABEH YHCILY

OLICHUBAEMBIX [1apaMETPOB, WM [PU HCHOJB30BAHUU PETPECCUOHHOIO

MHK, u wumeer o00paTHyr0 Marpuily, TO C YYE€TOM COOTHOILICHUS

[U'UT'U" =U™", BekTop OllEHOK MOKET ObITH OIpeeieH 0ojee mpo-
CTBIM CITOCOOOM

B =U"y. (4.12)

Bo mHOrux cinydasx ¢yHKIIMHA JOCTATOYHO OOIIEro BHAa MOTYT OBITh

Pa3NIOKEHBI B Psifl IO CUCTEME OPTOHOPMANIbHBIX (DYHKIUH:

T 0, ik
I u;(tyu;(t)dt =06, ,rne o; = Lick cuMBou1 Kponekepa.
0 » 1=

B atom ciiyuae U TU=1 , Tne [ — enuHUYHAsA MaTpula, u oueHku nmo MHK
B 6a3Kce OPTOHOPMAIbHBIX (YHKIMIA oTydatotes npowe S =U" y.

Bo MHOTrMX peallbHBIX CHUTyallusax Mpoleaypa IapaMeTpUIecKOon
UJICHTU(UKALIUM TPOU3BOJMUTCS HAa OCHOBE HCIOJb30BAaHUS KOHEYHOTO
YUCJIa SKCIEPUMEHTAIbHBIX JaHHBIX O 3HAYCHUSX BXOJIHOTO U BBIXOJHOTO
CUTHAJIOB. B 3TOM ciydae 1j1si OlLICHMBaHMS MapaMeTPOB OOBEKTA LIEJIECO-
0o0pa3HO HCIOJIb30BaTh JUCKPETHBIE (POPMBI €ro ONHUCAHUs, HaIpUMEP
APCC-mogzenb (2.16), (2.20) win JUCKpPETHYIO NEepeaTOuHy0 (DYHKIIUIO
(2.18), (2.21). ITpu HEOOXOAUMOCTH, OT 3HAUCHUN MapaMeTpPOB JUCKPET-
HBIX MOJIEJIEH HECIO0XXHO TMEpPEeUTH K MapaMeTpaMm HENpPEepPbIBHBIX OMHUCa-
HUU.

Bynem cuurtath, 4TO mpoueaypa CTPYKTypHOU HUJIEHTU(UKAIIMU BbI-
MOJTHEHA Ha MPEAIIECTBYIONIEM 3Tare W MOPSIKU YHUCIUTENSI U 3HaMEHa-
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TeJs NMepeIaTouHoOn (PYyHKIIMU MOJEIU # U m OJHO3HA4YHO 3aAaHbl. [IycTh
U3MEPEHUs BBINOJHEHBl Ha WMHTEpBajie W3 (n+N) MOMEHTOB BPEMEHH W,
CJI€0OBATENIbHO, UMEIOTCSI BLIOOPKHU U3 N U3MEpPEHU [T BXOJHOTO U BbI-

XOIHOT'O CUTHAJIOB: u(k) =[u(0),u(),..., (N -1)]" u
y(k) =[y(n), y(n+1),..., y(n+ N)]". Ha ux ocHOBE IO KaXIbIM k 3KCIIC-

PUMEHTAJIBLHO CACIAHHBIM M3MEPEHHUSIM BXOJHOIO U BBIXOJHOTO CHUTHAJIOB
MOYHO TIPUOIMKEHHO paccuuTaTh (MpeacKa3arh) cieayroniee k+/ 3Hade-
HUE BBIXOAHOM BeIWYWHBL. Takoe mpejcka3zaHHOE 3HAYCHHE MOXKHO CUH-
TaTh €r0 HEKOTOPOU OIIEHKOM, CACIaHHON Ha OCHOBE k MPEIIeCTBYIOIINX
U3MEPEHUN I MOCIEeAYIOIIEro k+/ MOMEHTa BpEMEHH.

Brenewm cnenyroniye 0003HaAYCHUSA
u(k), y(k)- skcriepuMeHTaJdbHbIE JAHHBIC IS BXOJHOIO M BBIXOJHOTO

BO3/ICHCTBUI COOTBETCTBEHHO, MOJYYEHHBIE B k-bIii MOMEHT BPEMEHH;
y(k) - npenckazaHHOE 3HAYEHHE BBIXOJHOI'O CUTHAJIA B kK MOMEHT BpeMme-

HU, PACCUMTAHHOE MO0 COBOKYIMHOCTH K-/ TIPEAIIECTBYIONTUX U3MEPECHHUI.

3anumem APCC-mozaens uaeHTUDUIIMPYEMOro oObeKTa MpU 3ajaH-
HBIX MopsAnKax n U m. bynem paccmaTpuBath 0OBEKT 0€3 3ama3ablBaHus,
T.K. y4eT 3ama3[bIBaHUsI HE BHOCHUT MPUHUUIHAIBHBIX OCOOEHHOCTEH B
pelIeHre 3a/ladyd U HE MEHSIET Pa3MEPHOCTH PACIIMPEHHOTO BEKTOpa JaH-
HBIX U BEKTOpa MapaMeTpoB MOJIEIIH, a JIUIIb MPUBOJUT K MOSBICHUIO 3a-
JIEP>KKU B YIIPABIISAIOIIEM CUTHAJIC HA LIEJI0€ YUCIIO d TIEPUO0B KBAHTOBA-
Hud. {15 Kakaoro MOMEHTa k MpeicCKa3aHHOE 3HAYEHUE BBIXOJIHOTO CHT-
Hana y(k) onpenensiercsi 3aBUCUMOCTBIO:

yK)y=aylk-D+..+a,y(k—n)+bu(k-1)+...+b u(k—m). (4.13)
Ha ocnoge (4.13) cucrema COOTHOIIIEHUM JJ1s TIPEJICKa3aHUM I BCE
BPEMEHHOW BBIOOPKHU U3 N U3MEpPEHUN UMEET BUJL:
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pn)y 1T [ ym-=-1) ... p0) ulm) .. u) | [a]
y(n+1) y(n) vy u(m+1) . u(2)

| J(n+N)| |ymn+N-1) .. y(N) u(m+N) .. u(N+1)]| |b, |
(4.14)

3mece  croaben YU (k) =[p(n) P(n+1) ... P(n+ N)] npeacrasiser
BEKTOP IPEICKA3aHHBIX 3HAYCHUN BBIXOIHOTO CUTHAJIA; MATPULIA
[ y(n-1) y(n—12) .. 1(0) u(m) u(m — 1) u(l)
y(n) y(n-1) vy u(m+1) u(m) e u(2)

y(n+N-1) y(n+N-=-2) .. y(N) u(m+N) u(m+N-1) ... u(N+1)]
(4.15)

IIPEJICTABIIACT OMPE/ICICHHBIM 00pa3oM c(HOPMUPOBAHHBI MACCUB IKCIIC-

PUMCHTAJIbHbLIX JAHHBIX Ha6HIOHeHHﬁ 3a BXOJHBIM M BBIXOJIHBIM CHUI'HAJIA-

- B = b b 1"
mu; f=[a, .. a , ... b, ] - BEexTOp nmapameTpoB MOJEIIH.

n

B matpuunoit popme cootHoienue (4.14) umeet BUI;
Y(k)="¥(k)B. (4.16)
Pa3zHoCTh MEXy BEKTOpAaMHU M3MEPEHHBIX 3HAYEHUU BBIXOJHOTO CHT-
nana Y (k) u npexckasaHHeix mo moxenu (4.13) Y(k) obpasyer ommbKy
anIpOKCUMAIIMH, COCTOSIIYIO U3 MOTPEHIHOCTEN M3MEPEHUN BBIXOAHOTO

CHUTHaJa U HETOYHOCTEN 3HAYECHUM ITApaMETPOB MOJECIIN:

e(k, ) =Y (k, B) =Y (k, ). (4.17)
Ha ocnoBe (4.17) dopmupyetcssi (pyHKIHMOHAN CpPeIHEKBaIPaTUIHOM

OIIINOKMH:
n+N

J(PB)=e"(B)-e(f)= 7 e (k,p). (4.18)

k=n
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Tak ke, Kak W paHee, U3 YCJIOBUA CYIIECTBOBAaHWA MHUHUMYyMa

oJ(p)

=0 omnpenensieTcs BBIPAXEHHUE ISl OLUEHKH, MUHHUMU3UPYIO-

B s
mee QYHKIHUIO OITHOKM:
| a | - P(n)
y(n+1)
a
=[P T , (4.19)
b,
b, | | Y(n+N) |
KOTOPOE B MATPUYHOU (hOpME UMEET BUI:
L=[P"P]"*¥'Y. (4.20)

[Tonyuennsie BoipakeHus (4.19) unu (4.20) npenctaBisiOT B SIBHOU
dbopMe OIeHKY MapaMeTPOB MOJIEJId METOJIOM HAaMMEHBIINX KBaJApaTOB Ha
OCHOBE 00pabOTKH PE3yJbTaTOB M3MEPEHUMN IO MOJHOW BBIOOpKE, KOrAa
CHauaja cooupaercsi BeCh 00beM MCXOIHBIX SKCIIEPUMEHTAIBHBIX JAHHBIX,
MOCJI€ YETo MPOU3BOJIUTCS PETPOCTICKTUBHAS IPOLIEAYpa UACHTUDUKAIINH.

Cnenyer OTMETUTh, UTO M3JIOKEHHBIM MOJX0J] 00JadacT CYIIECTBEH-
HBIMU HeJlocTaTkaMHu. Bo-miepBbIX, HEOOXOIUMO MPOBEICHHUE CIIOKHBIX
BBIYMCIIUTENIBHBIX OMNEpaluii (HampuMep, BBITIOJHEHHE MPOIeaypbl oOpa-
IICHUSI MHOTOMEPHBIX MAaTpHIl), TPEOYIOIIMX OOJIBIIOr0 0ObemMa orepa-
TUBHOW mamMatu DBM. Bo-BTOpbIX, HEBO3MOXKHO ONEPATUBHO 00padaThi-
BaTh UCXOJ/HBIC JaHHBIE IO MEPE UX MOCTYILJICHHUS.

BceneacTBue 3Toro, mojgy4uiau IMIMPOKOE MPUMEHEHUE PEKYPPEHTHbIC
BBIUMCIUTENbHBIE cxeMbl [19, 39, 57, 58, 71], cBOOOHBIE OT yYKa3aHHBIX
HeocTaTkoB. CyIIHOCTh PEKYPPEHTHBIX MPOLEAYP COCTOUT B MOJTYUYCHUU

OIICHKM BEKTOpa MapameTpoOB ﬁ(k+1) Ha KaXJOM k+I[-M IlIare myTem

KOPPEKTUPOBKH OIIEHKHU Ha MpeabIayIieM k-M 1are. [loctpoeHue Texkyiei
OIICHKHM TPOW3BOJUTCS HAa OCHOBAHWHU k+/ HAONIOJCHWI U PE3yJbTATOB

BBIYHUCIIEHUSA OLIEHKUA B(k) Ha npeapAyIieM mare cxemsl [ 19, 35, 39]:
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Bk +1) = B(k) + y () y(k + 1) = Uk + D B(k)], (4.21)
rne U(k+1), y(k+1)- BHOBb IOCTyIaIOIIKUE JAaHHBIC, COOTBETCTBYIOIINE

k+I1-my HaOJIOJEHUIO BXOJIHOTO M BBIXOJHOTO CUTHAJOB; ¥(k) - BEKTOp

KOPPEKIIMN MPEABIAyIeH OIICHKH Ha OCHOBAHWUU TEKYIUX TAHHBIX, BBI-
YUCIIIEMBIN CJIEAYIOIMM 00pa3oMm:

) = P(k)-U (k+;) |
[+U(k +D)Pk)-UT (k +1)

rae [ - equHuYHAas MaTpuUIla COOTBETCTBYIOIIEW pa3MEPHOCTH.

(4.22)

Bcnomorarensubiid BekTop P(k), conmepkamuil TEKyIllHe 3HAYEHUS

BXOJIHOTO CHTHAaJIa, JOJKEH OBITh pAacCUMTaH 3apaHee IS MOJATOTOBKHU K
KaXJIOMYy OYEPEIHOMY IIary B COOTBETCTBHUH C COOTHOUICHUEM:

P(k+1)=[1-y(k)U(k+1)]P(k). (4.23)
PasmepHocth P(k) He 3aBUCHUT OT pa3Mepa BHIOOPKU M HOMEpa HaOJIr0/1e-
HUS U paBHA [nxn] unu [(n+m)x(n+m)] NpU UCHOJIB30BAHUN MOJIECIU

(4.5) unu (4.16) COOTBETCTBEHHO.

[Ipn ncnons3zoBanun APCC-mozaenu BEKTOP WM MaTpUIla UCXOAHBIX
naHHbIX U 3aMEHSIETCS HAa MaTpUIly BXOJO-BBIXOJHBIX NaHHbIX (4.15), u
cooTBEeTCTBYIOMIKE hopmyIibl pekyppenTHoro MHK npuoOperarot Bu:

Bk +1) = B+ y(yk+ ) =¥k +DAK)],  (4.24)

) = P(k)- ¥ (k+1T) |
[+W(k+D)Pk)- P (k+1)

Pk +1)=[I — y (k)P (k + 1)]P(k). (4.26)

KoHCTpyKkTHBHaAsA peann3anusi PEKYppPEHTHOIO ajJrOpUTMa BBIYHCIIC-

(4.25)

HUS BeKTOpa napameTpoB Ha ocHoBe MHK cBoputcs k cieayrommm 3Ta-
[aM.

3amaroTcs HavyajdbHble NpuUOIMKeHus: Bektopa oueHok A(0) u Bcmo-
MorartenbHoro Bekropa P(0). HavanbHble 3HaY€HUS MOTYT OBITH pacCUu-

TaHbl JUIsi HEKOTOpOro / HoMepa HaOJIOACHUWM HAa OCHOBE CTaHIApPTHOMN
npouenypst MHK:

P()=[U/UT"  BUO)=POU, v,
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rae U, , y, - BBIOOpKaA U3 / SKCIEPUMEHTAJIBHBIX JAHHBIX BXOJHOIO U BbI-
XOJIHOTO cUrHangoB. MoxHo BbiOpath ((0) NpOU3BOJBHO, WU UCHOIB3YS

MMEIOIIYIOCSl anpuopHyto uHdopMmaruio. Hampumep, MOXKHO HCIOJIB30-
BATh CICIYIOIIAE 3HAYCHUS:
B0)=0; P(0)=a,
rae a >>1- 1octaTto4Ho OO0JIBIIOE YUCTIO.
1. Ha ouepemHOM 1UKIE U3MEPEHUU MPOU3BOAUTCS PETUCTPALIUS
BXOJIHOTO Y BBIXOJHOTO CUTHAJIOB U (DOPMHUPYETCS HOBBIA BEKTOP JTAHHBIX

U'(k+1), y(k+1) nm W(k+1).
2. Bpiuncngercss BEeKTOp KOppeKuu y(k) Tpeablayniell OLEHKU C

y4€TOM BHOBB MOCTYITUBIIUX AaHHBIX 110 dopmyie (4.22) wim (4.25).

3. OmnpexaensieTcs BEKTOP HOBBIX OLEHOK MapaMeTpOB ,g(lﬁ-l) o
dbopmyiie (4.21) unu (4.24).

4. IIpou3BoAMTCS MOJATOTOBKA K CIEAYIOLIEMY IIUKIY, BBIUUCIISIETCS
BekTOp P(k +1) mo dpopmyine (4.23) wiu (4.26).
Otanbl | — 4 MOBTOPSAIOTCS HA KaXKJOM TakTe MPOUEAYpbl UACHTU(UKA-
WM.

PaccMoTpuM mnpuMEHEHHE TMOJYYEHHBIX aJITOPUTMOB pealn3aliu
MHK nj1s1 penieHnsi HEKOTOPBIX THITMYHBIX 3a71ad UACHTU(PUKAIIUNA 00bEK-
TOB YIIPaBJICHUS.

4.3 Ucnoab30BaHMe MeTO/Ia HAMMEHBIIIMX KBAJIPATOB B 3aJa4ax
UICeHTU(PUKALMHA

4.3.1 Unentudukanus cratuueckoro oobexkra perpeccuonusiMm MHK.
HcxoaubiMu JaHHBIMU JUIS 33]1a4d UICHTU(PUKAIIUY SIBIISIOTCS KOHEY-
HBIA Psii DKCIIEPUMEHTAIbHBIX 3HAUEHUI BXOJHBIX BEJIMYMH O0BEKTA X, U

COOTBCTCTBYHOIIMUC 3HAYCHHA BBIXOIAHBIX IICPCMCHHBLIX Y i MaremaTuue-

CKasi MOJieNib (DYHKIIMOHAJIBLHOM CBSI3U MEXK]y BXOJHBIMH M BBIXOJHBIMHU
NIEPEMEHHBIMU 33J1a€TCS B BUJIE YpaBHEHHS perpeccuu [21, 23]:

yu =S (), (4.27)
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rae f(x) - HeKOTopasi aHATUTHYECKas: 3aBUCHMOCTh, B Ka4eCTBE KOTOPOU
HanOoJIee 4acTO MPUMEHSIOTCS CTETICHHBIE TIOJIMHOMBI:

Yy =@y +ax+a,x +..+a, x". (4.28)

3ajaya WIACHTU(DHUKAIMK CTaBUTCS KaK HaXOXKICHHE TaKHX OICHOK

HEU3BECTHBIX IIApaMeTpoB a,, i = 0,l,...m, IpuU KOTOPBIX 3aJaHHAs ypaB-

HeHueM (4.28) aHanuTUYECKasl 3aBUCUMOCTb OyJIeT HAWIy4IIuM oOpa3om
anmpOKCUMUPOBATH IKCIIEPUMEHTAJIbHBIE JJAHHBIC.
B xauectBe kputepusi 0JIM30CTH UCIOIB3YETCS MUHUMYM KBaJpaTvy-

HOW HEBs3KM J 3HAYCHUN (AKTHYECKUX TEPEMEHHBIX ), U MOJCIBbHBIX,

pacCUUTaHHBIX MO0 YpaBHEHUIO perpeccuu (4.28):

NN
J(a,-)ZZej :Z(yj_yMj)z:
J=1 Jj=1
S 2 My 2 .
:Z(yj—(a0+a1xj+a2xj +..t+a,x; ))” — min, (4.29)
j=1

rac yj — OKCIICPUMCHTAJIBHOC 3HAYCHHC BBIXOI[HOP'I nepeMeHHoﬁ, ImoJy-

YEHHOE B j-bIil MOMEHT BPEMEHH; V,, — MOJEIbHOE (pacy€THOE) 3HAUYECHUE
J

B TOT K€ MOMEHT BPEMEHH.
Jlist HaxoxieHust KOA(PHUITMEHTOB PETPECCUU COCTABIISIOT YPaBHECHMUS
HaJIM4Us SKCTPEMYMa [0 KaXX10My IapaMeTpy a,:
o =0, 1=0,1,..m. (4.30)
oa,
CoBokynHocTh cooTHomieHui (4.30) oOpasyer cucremy ypaBHEHHI
OTHOCUTEIBHO OILICHOK m~+/ KOd(POUIIMEHTOB YypaBHEHHUS PETPECCUU
(4.28), pelieHue KOTOpo# ompeaesieT UCKOMbIe KO3 (DUITHEHTHI.
Jl1s1 BBIOOpa TOTMHOMA HUCTOJIB3YIOTCS 00IHe rpaduuecKrue mpeacTaBiie-
HUSI O XapakKTepe AKCIEPUMEHTaIbHON 3aBUCUMOCTH (4.27), a Takxke J10-
MOJIHUTENIbHBIE KOCBEHHBbIE cooOpaxkeHus. O HAKO, YHHBEpCAIbHBIE Me-
TOAUKHA 000CHOBaHUS BHIOOpA BUA U TIOPSIKA TOJIMHOMA 71 OTCYTCTBYIOT.

Ipumep 4.1 [IpousmrocTpupyeM NPUMEHEHUE METOAA ISl PEIICHUS
3a/layd MACHTU(PUKALMK B ClIy4yae AamnmpOKCHMAIIMU OMbBITHBIX JIaHHBIX
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2
KBaJIpaTU4YHBIM IOJIMHOMOM V,, =d, +a, X+ a,x" TpHU 3aJaHHBIX KO3(-
¢unuenrax perpeccuu a, = 2.5; a, =-1.75; a, = 5.06.
Kputepuit MuHMMyMa CpeHEKBaJIPAaTUUYHOM OMIMOKK B 3TOM cCiIydyae

onpeaensieTcs GyHKIIMOHATIOM:

man(a)—mm Z[y] (a0+ax +a,x )]2

Cucrema ypaBHEHHH I HaXOXKIEHUS KOA((ULINUEHTOB a;, B COOTBETCT-

BUM C (4.30) npuHUMAET BUI:

f@ N 2
0o — A x; —a,x;|=0;
aao ]ZZI( 1) 2 ])
N
<§ 23y, —ay—ax, —a,x’ Jx, =0 4.31)
al j=1
a N
8 Z( ‘alxj_azsz')"f:o
Clz j=1

[IpeoOpazoBsiBas (4.31), MOIy4YUM CIETYIONINE COOTHOIICHUS:

( N
a0N+a12x +a22x Zyj;
=

j=1

N
2 3
<a02xj +a12xj+azzxj =D VX (4.32)
j=1 j=1 j=1 =l

NN N, N
Ay D X, +a, ) X, +a, ) X =) ¥ X5.
A J=1 J=1 J=1

[IpencraBum cucteMy (4.32) B MAaTpUIHOM BHJIC:

N N N ]
N ij ij Zyj
DX, ijz in a, |= Zijj . (4.33)
J;l 2 J;l 3 J;l 4 a, J;l :
ij ij ij Zijj
L /=1 Jj=1 Jj=r | /=1 |

Pemenuem cuctemsl (4.33) sSBASIOTCS UCKOMBIE BBIpaXXEHUS A KO3Phu-

LIUEHTOB YPaBHEHHUS PETPECCUU 4,
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i N N 2__1 [N ]
N ij Zx] Zy]
= = =
%o N NN N
a |=1 2%, X7 x| | 2yx; | (4.34)
= = = =
% L S LA y 2
2x 22X X YiX;
= = = s ]

B nanpHeitmeMm, a1t yao0CTBa MCIIOJIb30BAHUS IIPUMEM CIIEIYIOIIE 000-

3HAYCHUA:
( N N N N
SFZX,, Szzzsza Sszzxj» S4=ij,
4 Jj=1 Jj=1 Jj=1 j=1
N N N
SSZZly]’ S6:.Zly]xj’ S7:Z:1y]sz
L Jj= Jj= Jj=

B cooTBercTBUHM ¢ MPUHATBIMH O0O3HAYCHUSIMHU, BEKTOP OIICHOK KO-
3(pUIUEHTOB PETPECCUU @; OIPEAEIAETCS KaK PpEUIEHHE CleIyroIIeH

CUCTCMBI.
a] [n S S7T'TS,
a |=S S, S| |S,| (4.35)
a,| |S, S S,| |8,

[IpuBeneM nMporpaMMHyIO peaan3alio pacCMOTPEHHOTO METOA.

a0=2.5; % To4HbIe KOADPUIIUEHTHI pETPECCUU

al=-1.75;

a2=5.06;

N=40;% pa3mep BbIOOpKHU

x=10*normrnd(8, 2, [N 1]); % mMomenmnpoBaHue BXOAHOTO BO3ACHCTBHS
v=0.1*randn(N, 1);% MoaenupoBaHre NOMeXu B BUE OEJIOro Inryma
y=[a0+al*x(1:N)+a2*x(1:N)."2+v(1:N)]; % moaenupoBaHue BBIXOAHOTO CHI-
Haja C y4eTOM MOMEXHU

% (hopmupoBaHUE IO HCXOAHBIM TaHHBIM CYMMHUPYIOMTUX KO3 OUITEHTOB
sl=sum(x(1:N));

s2=sum(x(1:N)."2);

s3=sum(x(1:N).”3);
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s4=sum(x(1:N)."4);

sS=sum(y(1:N));

s6=sum(y(1:N).*x(1:N));

s7=sum(y(1:N).*x(1:N)."2);

R=[N s1 s2; sl s2 s3; s2 s3 s4]; Y%dopmupoBanre KBaJpaTHOW MATPHIILI JIaH-
HBIX

Y=[s5; s6; s7]; YobopmupoBaHue BeKTOpa JaHHBIX

betta=inv(R)*Y; % pacuet onienok mo MHK

betta =% paccunTaHHBIE OLIEHKU TAPAMETPOB
2.5237

-1.7510

5.0600.

ITo pe3ynbraTaMm pacdueToB BUJIHO, YTO OLIEHKH MMAPAMETPOB, MOJIYyUYECH-
HbIE€ B YCJIOBHSIX 3alIyMJICHHOCTH HCXOJIHBIX JAaHHBIX, 00JIaal0T J0CTa-
TOYHO YJOBJIETBOPUTENBHOW TOYHOCTBIO. [lOTpEmIHOCTh IOTYy4YEHHBIX
OLICHOK MOJKET OBITh YMEHBIIICHA IyTEeM YBEIWYEHHUS pa3Mepa BbIOOPKH,
paclIupeHus Juarna3oHa BXOJHOT'0 CUT'Hajla U IPUMCEHEHUEM CIJIa’KUBalo-

HIUX POLETYP.

4.3.2 IlocTaHOBKA 32/1a4¥ HACHTU(PUKALMHA JTHHAMHUYECKOr0 00beKTa

Hawubomnee pacnpocTtpaHeHHas 3ajada UASHTU(HUKAIIUA OOBEKTOB aB-
TOMATUYECKOr0 PEryJMPOBAHUS — 3TO OINpEEICHUE IEPeaaTOUHON (yHK-
M1 00BEKTa YMPABIICHUS MO €ro MEePeXoIHON XapaKTEPUCTUKE, MOTyyae-
MOM KaK peaklusi Ha BXOJHOE CTYIIEHYaTOE BO3JACUCTBUE. [ [pUMEHUTENBHO
K TUHAMUYECKUM CHCTEMAaM YIIPABJIEHUSA B KAYECTBE BXOJHOTO CTyIIEHYA-
TOr0 BO3JICWCTBHUSI MOXHO paccMaTpuBaTh YNPAaBISIONIMNA CUTHANI Ha
BKJIIOUCHHE (BBIKJIIOUCHHE) ABUTATEIISI, HACOCA, U T.I., OTKPHITHE (3aKPbI-
THE€) BXOJHBIX KJamaHOB, U T.J. PaccMoTpuM oOUIMi MOAXO0J K MapaMer-
pUYECKOM HJICHTU(PUKAIIMU JUHAMUYECKUX XapaKTEePUCTHUK OOBEKTa
yIIPABIICHUSL.

ITosokuM, 4TO cCHCTEMa CTAllMOHAPHA W JIMHEHHA B JUara3oHe U3Me-
HEHUS aMIUIUTY]Ibl BXOJHOTO CHUTHAJa U B OKPECTHOCTSIX PabOyvero peku-
Ma. VcXOIHBIMU JaHHBIMU JJI1 UACHTU(DUKALMK SBISIOTCS SKCIEPUMEH-
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TaJbHBIC 3HAYCHUSI KPUBOU pa3roHa OOBEKTa ) ;» TIOJlyICHHBIC B IUCKPLT-
HBIC MOMCHTBI BPEMCHU [, j = 1,2..N.

ITpumenum MHK ni1s1 onpenenenus 3HaueHU Ko3QGUITMEHTOB TIepe-
JAaTOYHOW (DYHKIIMK M3 YCIIOBUS HAWJIYUIlIETO COOTBETCTBUS MOJICNIM U
00bEKTa MPHU YCTAaHOBJICHHOM 3apaHee Ha OCHOBAHUHU (DOPMBI MEPEXOAHOM
(GYHKIMH ¥ JUHAMUYECKUX CBOMCTB OOBEKTa THUIIE IepeaaTOYHON (yHK-
ITHH.

IIpennonoxxuM, HampuMep, 4YTO MOJYUYECHHBIE B pe3yJIbTaTe aKTUBHOTO
SKCIICPUMCHTA JIAHHBIC ) ; MOTYT OBITH arpOKCHMHUPOBAHBI AWHAMHYC-

CKMMHU XapaKTepUCTUKAMU allepuoJUYECKOTO 3BEHA BTOPOIO MOPSJKA C
nepeaaToyHon QyHKIHUEH:

k
W,(p)= >

(Lp+)(Tp+1)
ITocraBuM 3agady ompelencHHs IapaMeTrpoB moxenu oowvekra k,,7,,T,,

(4.36)

00eCleUnBalOIIUX HaWIydlllee COOTBETCTBHE MOJEIBHOIO OINUCAHUS U
IKCTIEPUMEHTATBHBIX JTAHHBIX.

Jlist perienus 3aaun uACHTUGUKAIIMN TIEpeiiieM OT MoJIeNd 0O0BEeKTa
B Qopme mepenarounoil pyHkiuu (4.36) K BpeMEHHON XapaKTEPUCTUKE
KpUBOU pa3roHa /(t), BeIUUCISISE oOpaTHOE npeoOpa3zoBanue Jlannaca wiu

C TTIOMOIITBIO TAOIHI] TPE0Opa3OBaHU
_ _ 1
h(t)=L"{h(p)j=L" W, (p) T (4.37)

st paccmaTpuBaeMoro oObEKTa BTOPOTO MOPSAKAa AHAIUTHYECKOE
IpeACTaBICHUE NEPEXOTHON XapaKTEPUCTUKN UMEET BUI:

—t —t

h(t)=L" ko =k, - 1_L,ef+ 1, ol
(Tl_Tz) (Tl_Tz)

p(Lip+1D)(Thp +1)
(4.38)
[lepexonnyro pynkumio A(¢) Oymem paccmaTpuBaTh Kak (DyHKITHIO,
apaMeTPUYECKH 3aBUCALIYIO OT KO3(PPUIUEHTOB k,,71|,T, U OT BpeMEHH

L.
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Jns HaxoXJeHus IMapaMeTpoB NEPEXOAHOU XapaKTEPUCTUKU COCTa-
BUM (DYHKIIMOHAJI KBAJAPAaTUYHOW HEBSA3KU IKCIEPUMEHTAIBHBIX JTAHHBIX

Yy, W pacueTHbIX 3HaueHUN no (4.38) g Tex Ke MOMEHTOB BPEMEHHM

! =1, ®n MUHUIMHU3UPYEM €TO!

N
min J(k,7;,7,)= min ) |k,:|1-——e" +———¢
kT, T, (k10,12 k,n,szzzl 0 (I,-T,) (1, -T,)

(4.39)

IIpumeuanue 1 Ecim HE0OXOAWMO JIHIB OMPEACIUTh HWHTEPECYIOIINE
napameTpsl k,,T,,T, OObEKTa yIpaBJIeHHs, HE CTaBd KOHKPETHO 3aJjady BbIOO-

pa 1 000CHOBaHMS METOJA PEUICHUs, CKOPOCTU CXOAUMOCTH METO/a, TOIMyCTH-
MO TOYHOCTH M T.I., TO COBPEMEHHBIE CIELUATU3UPOBAHHBIE NTPOrPAMMHBIE
CpEICTBA NJisl BBINOJIHEHMS WHXXEHEPHbIX M HayyHbIX pacyetoB (MathCad,
MatLab u nmomgo6HbI€) MO3BOJSAIOT PEUINTh JAHHYIO 3a/auy, HE paccMaTpuBast
NOJAPOOHO OCOOEHHOCTH TOTO WJIM MHOTO METOJA PEUICHUs, a JIMIIb IPaBUIBHO
chopmynupoBaB (pyHKIHOHAN UAeHTU(dUKAMK obuiero Buaa (4.6) wiu, B ya-
CTHOM ciyyae (4.39), u 3anucaB €ro ¢ y4eToM CHUHTAKCHCa Cpelbl pa3paboTKu
BbIOPAHHOTO MPOTPAMMHOTO CPEZCTBA.

JUisl moslyd4eHHs OLEHOK HMCKOMBIX MapaMeTpoB k,,7T,,7, MeTomom

HAaMMEHBIIMX KBaJpaToB 3anuiieM s (4.39) ycinoBus MUHUMyMa (pyHK-

IIMOHAaJIa

-

o)
T
o _
oT,
A _
or,

U pazpeniuM nosnyueHHyro cuctemy (4.40). KoHkpeTHbIi criocod perieHus

>

0, (4.40)

9

IIOCTPOCHHOM CUCTEMBI NPUBOJIUT K PA3JIMYHBIM BAPUAHTAM MPUMEHEHHUS
MHK.

85



Pemenue cucrtemsl ypaBHeHuil (4.40), cocTaBiIeHHON AJIsI HETIPEPHIB-
HOM Mojienu oObekTa (4.38) BBI3BIBACT OMPEACIICHHBIE CIIOXKHOCTHU, CBSI-
3aHHBIC C AaHAJUTUYECKUMHU BBIUKCIEHUSIMHU. KpoMe TOro, y4uThIBasi, 4TO
HCXOJIHBIMU JTAaHHBIMH SIBJISIFOTCS MaCCHBBI 3HAYCHHH BXOIHBIX M BBIXO/I-
HBIX CHUTHAJIOB, MOJYYCHHBIC B TUCKPETHBIC MOMEHTHI BPEMEHHU C OTIpE]ie-
JICHHBIM TIEPUOJIOM KBaHTOBaHHUS Af, 4acTO OKa3bIBaeTCs yA0OHEE MpH-
MEHSTh JTUCKPETHBIE MOJIeTn 00bekTa Bua (4.13).

Paccmorpum mpumMeHeHne MeToaa HauMEHBIINX KBaApPaTOB JJIs UJCH-
TuuKanuu TUPPOBOM MOJCITH BTOPOTO TOPSJKA, aAMMPOKCUMHUPYIOIIEH
PacCMOTPEHHBIN BBIIIEC aNEPUOINUECCKUN OOBEKT BTOPOTO TOPSIKA, OIH-
ChIBA€MbII HEMPEPHIBHOW MOJIENBIO OOBEKTA:

d’y . dy
T —+T, =+ y(t) = kyu(?). 4.41
e 2 s (t) = kyu(?) ( )
[Iponienypa auckperusanuu moaenu (4.41) NpUBOAUT K ypaBHEHHIO
JMHEWHON perpeccuu, YacCTHOMY Ciiydaro oOmiero ypaBHeHus (4.13), ms

KOTOPOTO OIPEIEIICHBI NOPSAKU 11 =2, m =1

yk)y=a,y(k-1)+a,y(k—-2)+bu(k -1), k=12,..N, (4.42)
e
2T, - T,A T, - - ?
g =200 t; 02:(2 At)At Tl; b:kOAt (4.43)
I, I, I,

- TIapaMeTpbl JUCKPETHOM MOJENH, MOJJICkKAIIUE OLUCHUBAHUIO, Af -
NEepUOJ] KBAHTOBAHUSL.

4.3.3 Unentudukanuss JTMHAMUAYECKOT0 00bEKTa perpecCHOHHbIM
MHK

[IprumeHuM 17151 OLIEHUBAHUS napamMeTpoB Mojenu (4.42) perpeccuoH-
HYIO MPOLIEAYPY METOJIa HANMEHBIIINX KBAJPATOB.

[Tycth HakomeHO N TOYEK U3MEPEHUS BXOJHOIO W BBIXOJHOTO CHT-
HaJo0B 00bekTa. C yueToM mopsjka JUCKpEeTHOU Mojaenu (n=2), GyHKIIHO-
HaJl, MUHUMU3UPYIOIIUN KBAJPATUUYHYIO OIMIUOKY UIeHTU(PUKAIIHU, OyIeT
UMETh BUI:
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2

J= ﬁ [y(k) = (a,y(k 1)+ a,y(k —2) + bu(k —1))] — min. (4.44)

k=3
Cucrema ypaBHCHI/II\/'I L HAXOXKIACHUSA HCU3BCCTHBIX IIApaMCTpPOB

a,,a,,b, oTBeyaroas paBeHCTBY HYJIO COOTBETCTBYIOIIMX YACTHBIX MPO-

HN3BOJHbBIX, UMECT BU/:

% = —2;: y(k) - aly(k - 1) - azy(k — 2) — bu(k — 1)]y(k _ 1) =0;
J oS _2§ y(k)—a,y(k —1) = a,y(k = 2) — bu(k —1)|y(k —2) = 0; (4.45)

Ob é y(k) = a,y(k =1)— a,y(k - 2) = bu(k — ) ]Ju(k —1) = 0.

[TpoBenem psia nmpeoOpa3zoBaHuil 1 0003HAUYUM CYMMBI TTPOU3BECHUM

COOTBCTCTBYIOIIUX OTACIbHBIX I/ISMepeHI/Iﬁ B JUCKPCTHBIC MOMCHTBI BpPC-

MEHHU ¢ = kAt cieayronmm o0pa3om:

S, = kz_lyz(k); S =k§y(k)y(k =D; S5 =k§y2(k =D S, = ];y(k)y(k —2);

y(k=1)y(k-2),

S5 = kzzlzy(k)u(k —1); y(k=Du(k —1);

:

=
= Sy -2uh=Di 8= Y

Sy = éyz(k -2); (k —1).

Cucrema ypaBHeHui (4.45) ¢ yd4eToM NPUHSTHIX 0603HaquHH MIPUMET

BHU:

oJ

—=-25,+2a,S; +2a,S, +2bS, =0;

oa,

oJ

.= 7284+ 2,5+ 24,5, + 2, = 0; (4.46)
a,

oJ

X =28, +2a,S, +2a,S, +2bS, = 0.

[IpencraBum (4.46) B hhopMe MATPUYHOTO YPABHECHMUSL:
S; S¢S, | a S,
Se Sy S |a, |=]8, | (4.47)
S; So Sl b Ss
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Pazpemas (4.47) ¢ nomoipio perpeccuonHoit mponeaypst MHK (4.12),
HaiiJIeM BEKTOP OLICHUBAEMBbIX TapaMETPOB JUCKPETHON MOJICIIH:
al [S S S TS,
a, |=|S¢ Sg S Sy |- (4.48)
b S, S, S S
Ha ocHoBe pemienust cucteMsl (4.48) yuntbiBas cooTHomeHus (4.43)
Jajiee Hy>KHO OIPENENINTh NapaMeTpbl HempepslBHOM moxemu k,,T,,T,,

OJTHO3HAYHBIM 00pa30M CBSI3aHHBIC C HICHTU(OHUITUPYEMBIMU MapaMeTpaMHu
ITUCKPETHOU MOJENH da,,d,,b:

2 2
+ DT, + At bT,
]}:L, Tzz(az ) 1 , koz—é

IIpumep 4.2 IlpuBenemM NporpaMMHYyIO peaanu3aivio PErpecCUOHHON
IpOLIEAYPHl OLICHUBAHHUS MapaMETPOB JUCKPETHON M HEIPEPHLIBHOM MOJe-
Jel MO BXOAHBIM U BBIXOJHBIM (HE3aIlyMJICHHBIM U 3alllyMJICHHBIM) JIaH-
HBIM  JJI1  00BbEKTa  BTOPOro  mopsaka ¢  KoddduuueHtamu
ky=25T, =36;T,=15.

s1=tf([25],[36 15 1])% nepenaTouHas QyHKIMS HENPEPHIBHON MOJIETN 00OBEKTA
T end=60; % uHTEpBaI U3MEPEHUI

dt=0.2; % mar AucKpeTH3aIuu

t=0:dt:T_end; % maccuB TUCKPETHOTO BPEMEHU

N=length(t); % pa3mep BrIOOpKH

u=ones(N,1); % ennHUYHOE BXOJIHOE BO3JICHCTBIE

v=0.1*randn(N,1); %monenupoBanue nomexu (Ipu yuere) B BUAEC OEIOro mIy-
Ma

y=Isim(s1,u,t) %+v; % BeIXOgHAS BeTUINHA

% (opmupoBaHuE O UCXOAHBIM TaHHBIM CYMMHUPYIOLIUX KO3(D(OUIIEHTOB
ST1=sum(y(1:N).*2);

S2=sum(y(2:N).*y(1:N-1));

S3=sum(y(1:N-1).72);

S4=sum(y(3:N).*y(1:N-2));

S5=sum(y(2:N).*u(1:N-1));
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S6=sum(y(2:N-1).*y(1:N-2));

S7=sum(y(1:N-1).*u(1:N-1));

S8=sum(y(1:N-2).%2);

S9=sum(y(1:N-2).*u(2:N-1));

S10=sum(u(1:N-1)."2);

A=[S3 S6 S7; S6 S8 S9; S7 S9 S10]; Y%dpopmupoBaHue KBaJIpaTHOU MATPUIIBI
JTAHHBIX

B=[S2 S4 S5]'; %dopmupoBanne BeKTOpa TaHHBIX

betta=inv(A)*B;% oleHKu mapamMeTpOB TUCKPETHOU MOJIEIH

al= betta(1);

a2= betta(2);

b= betta(3);

T1=dt"2/(1-betta(1)-betta(2)); % pacuer mapameTpoB HEMPEPHIBHON MOICITH
T2=(betta(2)*T1+T1+dt"2)/dt;

K=betta(3)*T1/dt"2;

s2=tf([K],[T1 T2 1]);

y2=Isim(s2,u,t);

plot(t,y,t,y2,":"); % cpaBHeHUE NEPEXOAHBIX XapAKTEPUCTUK OOBEKTA U MOJIEITU
grid;

PaccunTanHble OLICHKU MTapaMeTPOB JUCKPETHOU Mojenu 0e3 ydyeTa rnmome-
XU

al =1.9250; a2 =-0.9260; b = 0.0247;

PaccunTanHbIe OIEHKH MapaMeTpPOB HEMPEPHIBHOW MOJIeu 0€3 ydeTa Mmo-

MeXHU
T1=40.3510; T2 =15.1222; K =24.9271;
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Pucynoxk 4.1

CpaBHEHHE NEPEXOAHBIX XapaKTEPUCTUK 00BEKTa U MOJIETH B CIy4ae OTCYTCT-
BUS TIOMEXH () U TIPU y4eTe aJIUTUBHON MTOMEXH Ha BBIXOJE THUMA OEIbIil IIyM

1=0.1. (6)

CpaBHEHUE MOJYYEHHBIX OLICHOK IMApaMeTPOB MOJAEIH C UX UCTUHHBI-
MU 3HAYEHUSIMU TPU OTCYTCTBUM CIyHYalHBIX BO3MYLIECHHUW MOKAa3bIBAET
BBICOKYIO TOYHOCTh OLICHMBaHHUs. ['padrueckoe conocTaBiieHUe (PUCYHOK
4.1) uaeHTUu(UIMPOBAaHHBIX U UCTHUHHBIX XapaKTEPUCTUK OOBEKTa IMOKa-
3bIBACT MPAKTUYECKU TOYHOE COBMNAJEHUE PE3YJbTATOB MPHU OTCYTCTBUU
NIOMEX U YJOBJIETBOPUTEIBHOE COOTBETCTBUE BBIXOJIHBIX CUTHAJIOB OOBEK-
Ta U MOJIEJIM TIPU 3alIyMJICHHBIX BXOJHBIX JaHHBIX. Bo3meicTBytolue Ha
OOBEKT MOMEXU CYIIECTBEHHO BJIMSIOT HA TOUHOCTh OLICHUBAHUS, U UX 1Ie-
J€C000pa3HO MPEaBAPUTENHHO OTHUIBLTPOBBIBaTE. KpoMe TOro, TOUHOCTH
MOJIYYEHHBIX OLICHOK 3aBUCHUT OT Illara AUCKPETU3alluu U BEIOPAaHHOT'O WH-
TepBaja U3MEPEHUN.

[Ipn ncnonp3zoBanun MHK nosryyaembie OLIEHKH BBIYUCISIOTCS C He-
KOTOPBIMH OIIMOKaMHU, KOTOPHIE HA3bIBAIOTCS CMEIIEHUEM OLeHOK. [[ns
MOJIyYEHHUs JOCTAaTOYHO NPEACTABUTEIBHBIX PE3YJIbTaTOB HEOOXOIUMO
BBITIOJIHUTH Psif YCIIOBHM [ 74]:

e[logaBarh Ha BX0/ OOBEKTA YNPABICHUS TECTUPYIOLIUNA CUTHAI, JOC-
TaTOYHO OOraThlii B CIEKTPAJIbHOM OTHOLICHHH (HAIpPHUMEP, MCEBIOCIY-
YallHYI0 JIBOMYHYIO MOCIEI0BATEIbHOCTh). TaKkolW CUTHal 3KBUBAJICHTEH
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1oJj1a4e Ha BX0J 00BbEKTa MHOYKECTBA TAPMOHUYECKHUX COCTABIISIOININX, YTO
MO3BOJISIET OLEHUTH 00JIbIIYI0 TI0JIocy YacToT ADX oObekra.

e O0beM uccneayeMoi BeIOOpKH N JOJDKEH ObITh JIOCTAaTOYHBIM JIJIsI
MOJIYYEHUS TPEJACTAaBUTEIBHBIX OICHOK, MPUYEM, Y€M MEHBIIEC YPOBEHBb
TECTOBOI'0 CHUTHaJIa, TEM OOJIbIIE JOIKHO OBbITH unciio N. I{enecooOpa3Ho
IIPUMEHATh PEKYPPEHTHBIA METO]I HAUMEHBIIINX KBaJIPaTOB, KOTOPBIA MO-
3BOJIAET B pPEajIbHOM BPEMEHU MOJIy4aTh TEKYIIHME OIICHKU TMapaMeTpOB
00BEKTa U 10 WX CXOJUMOCTH OMNpPESATh BEMUUMHY N U MOMEHT OKOH-
YaHUs SKCIICPUMEHTA.

e CiielyeT yYUTHIBATh, UTO C YBEJIMUCHUEM YPOBHS IIIyMOB Ha BBIXOJIC
00BEKTa TOYHOCTh OIIEHOK CHIKaeTcs. CMelleHue OIEHOK BO3HUKAET U
IIPU OXBaT€ HCCIEAYEeMOro OOBheKTa OOpaTHOM CBS3bIO HEpPE3 PEryJIsITop,
TaK Kak B 3TOM CJIy4ae BO3HHKAET KOPPEJSAIIMOHHAS CBS3h MEXIY BXOJIOM
U BBIXOJIOM 00BEKTa, MPUBOAAIIAS K CMEIICHHUIO OI[EHOK.

4.3.4 Unentuukanuss TMuHAMUYECKOro 00bexkTa sBHbIM MHK
Ipumep 4.3 Paccmotpum npumenenue sisHou ¢popmel MHK s ma-

pamerpuyeckoi uaeHtupukanuu tou xxe APCC - moaenun o0bekTa BTOpO-

ro nopsiika (4.42), ¢ ydeTom 3aiaHHBIX TOPSIAKOB 1 =2,m = 1.
Hcnonb3oBanue monenu (4.42) nnst oleHOK Ko3(pPUUUeHToB a,,a,,b

Ha ocHOBE BHIOOpPKHU U3 N (0T 1 10 N) 3KCNIEpUMEHTAIBHBIX JTAHHBIX MPHU-
BOJIUT K CJIEAYIOIIEH cucTeMe ypaBHeHuM Buaa (4.4):
(a,y(D) + a, - p(0) +bu(1) = y(2);

J @)+ a -y +bu(2) = y(3); (4.49)

(@, y(N -1)+a, - y(N =2)+bu(N —1) = y(N).
Martpuynast popma 3anvcu JaHHOW MOJIENTM UMEET CTaHAapTHBIN BU (4.5)

JIMHEMHOU MOJEJIN:
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yO 2O T O]
O I O | P ELC N B,
. 2 -

Y(N=1) y(N=-2) u(N-1). ().

C yueToM 0003HAUYE€HUSI MATPUIILI UICXOIHBIX BXOJI0-BBIXOIHBIX JTAHHBIX
y() ¥(0) u(l)

w y(2) (D) u(2) | (4.51)

Y(N-1) y(N-2) u(N-1)]
napaMeTpbl AMCKPETHOM MOAENN a,,d,,b OIpenenstoTcs Ha OCHOBE 00-
niero cootHouenuss MHK (4.11) cnenyrommm oopa3zom:

[ 1(2) ]

a,
a |=[wre]twr| YO (4.52)

b

V(N
[TpuBenem nporpammuyro peanuszanuto ssHoro MHK oO0bekTa BTOpo-
ky
Lp* +T,p+1

ro mopsiaka ¢ nepeaaroyHo ¢pynkuumen W, (p) = U KO3 (-

¢unuenramu k, =25; T, =36; T, =15.

s1=tf([25],[36 15 1])% nHenpepsiBHas niepeaaTouHas PyHKIU 00bEKTa
T end=60;% uHTEpBan U3MEpPEHUM

dt=0.2;% 1mar quckpeTu3anuu

t=0:dt:T_end;% maccuB TUCKpPETHOTO BpEMEHU

N=length(t);% pa3mep BeIOOpKHU

u=ones(N,1);% MoenupoBaHue €IMHUIHOTO BXOJHOTO BO3/ICHUCTBUS
y=Isim(s1,u,t);% moaenrpoBaHue BHIXOAHOTO BO3ACHCTBUS

n=2;% nopsaok o0beKTa

R=[y(n:N-1) y(n-1:N-2) u(n:N-1)]; % dpopmMupoBanue paciimpeHHOW MATPHUIIbI
JTAHHBIX

Y=y(n+1:N); % ¢opmMupoBanre BEKTOpa BHIXOHBIX JTAHHBIX
betta=inv(R'"*R)*R'*Y;
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% pacyer mapaMeTpPOB HEMPEPHIBHON MOJEIN
T1=dt"2/(1-betta(1)-betta(2))
T2=(betta(2)*T1+T1+dt"2)/dt
K=betta(3)*T1/dt"2

PaccunTaHHbIe OLIEHKH TapaMeTPOB TUCKPETHOM MOJICIIN:
al =1.9190; a2 =-0.9200; b = 0.0266;
PaccuuTanHble OLIEHKH [TapaMETPOB HENPEPHIBHON MOJIEIU
T1=37.5243; T2 =15.2014; K = 25.0000;

N3 nosydeHHBIX PE3yJbTATOB BUJIHA YIOBICTBOPUTENIbHAS TOYHOCTH
olieHMBaHWs mnapaMeTpoB. [Ipu 3TOM pacueTHas NPAKTHUKA IMOKa3bIBAET,
4YTO METOJ YYBCTBHUTEIIEH K MOMEXaM, MX IeJ1ecCO00pa3Ho OT(PUIbTPOBHI-

BaThb.

4.3.5 Unentuuxkanus THHAMUYIECKOT0 00bEKTA PEKYPPEHTHBIM
MHK

IIpumep 4.4 IlpuBeneM NPOrpaMMHYIO PEATU3ANUIO OLICHUBAHUS
napaMeTpoB k,,7,,T, 00beKTa W3 NPEABIAYIIErO MPUMEPA C IOMOIIBIO

pexyppentHoro MHK (4.24) npu ucnonb3zoBanun APCC - moaenn o0bek-
Ta BTOpOTro nopsiaka (4.42).

s1=tf([25],[36 15 1]) % uenpepsiBHas niepeaaToyHas QyHKIUs 00beKTa
T end=60; % uHTEepBaN U3MEPEHUI

dt=0.2; % mar auckpeTu3anumn

t=0:dt:T_end; % MaccuB TUCKPETHOTO BPEMEHU

N=length(t); % pa3mep BrIOOpKHU

u=ones(N,1); % MaccuB 3HaYECHUN €TUHUYHOTO BXOTHOTO BO3/ICUCTBUS
y=Isim(s1,u,t); %maccuB 3HaUeHUN BHIXOJHOTO BO3/ICHCTBUS

n=2; % mopsiIok 0ObeKTa

I=diag([1 1 1]);

1=1; % HavanBHBIN IIar

P=1000*I; % HavanbHOE NMPUOIMKEHUE

betta=[0;0;0];
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bet(i,:)=betta; % mMaccHuB OIICHOK ITapaMeTPOB
% ouepenHoM mar BHIYUCICHUN
for i=n:N-1
R=[y(i+n-2:-1:1-1);u(i+n-2:-1:1)]'; % QopmupoBanue pacHIMPEHHOM
MaTpPHIIBI JTAHHBIX
gamma=P*R'/(R*P*R'+1);
betta=bettatgamma®*(y(i+1)-R*betta);
P=(I-gamma*R)*P;
bet(i,:)=betta;
end;
plot(bet,'+");
T1=dt"2/(1-betta(1)-betta(2)) % pacuer napameTpoB HEMPEPLIBHON MOAEIIN
T2=(betta(2)*T1+T1+dt"2)/dt
K=betta(3)*T1/dt"2

OueHkH mapamMeTpoB HENPEPHIBHON MOJENU:
T1 =35.6366; T2 =15.4333; K =25.0975.

W3 monmydeHHBIX pacueTHBIX PE3yIbTaTOB BUIHA BHICOKAS TOYHOCTH
OLICHUBAHMS BCEX MapaMeTPOB MOJENIN. PacueTHast mpakTHUKa TOKa3bIBaET,
yto pexyppenTHbii MHK 110 cpaBHeHMIO ¢ ero siBHOM dhopmoit oOnagaeT
JyUIIeH CXOIUMOCTBIO, U TPEOYeT JJIsl TOCTHXKEHUS TOU K€ TOYHOCTH BBI-
MOJIHEHUSI MEHBINEr0 KOJIMYECTBAa IIAaroB, U COOTBETCTBEHHO, BBIYHMCIIC-
Huii. Ha pucynke 4.2 rpaduvecku mpeacTaBiIeHbl MPOIECChl CXOAUMOCTH
OILICHOK MapaMeTPOB JIJIsl pacCMaTPUBAaeMON MOJIEIIH.
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Pucynok 4.2

CXoauMOCTh OLIEHOK NTapaMeTPOB IUCKPETHON MOJIETU

4.3.6 OnpenesieHne UMILYJIbCHOM nepexoAHoN GyHKIUU 00beKTa ¢
MOMOIIbI0 METO/Ia HAMMEHbIIIMX KBA/IPATOB

Paccmotpum ucnonb3zoBanre MHK uist uaentudukanuu uMiyibCHON
nepexoaHot gynkiuu (MIID) nuHEHHOro CTAMOHAPHOTO OOBEKTA C
OIHUM BXOJOM U OJIHUM BBIXOJOM. B COOTBETCTBHMH C PaccCMOTPEHHOMN
paHee CXeMoOll TpPOBEJCHUS HIKcHepuMeHTa (pUcCyHOK 3.7), TpeOyercs
onpenenute WII® no pesynapraram H3MEpPEHUW BXOAHOTO u(f) U
BBIXOJIHOTO CUTHaJIOB )(f) Ha KOHEYHOM NIPOMEXKYTKE BpPEMEHU
JUTUTENBHOCTBIO T B YCIIOBUAX JIEUCTBUS MOMEXH 77(¢) TUIa OEJIoro 1ryma,
IIPUBEJICHHOMN K BBIXOAY.

BpIxomHOM CUTHAJ JIMHEWHOM CTAMOHAPHOW CHUCTEMBI IIPU HYJIEBBIX

HAYaJIbHBIX YCIOBHUSAX BBIPAXKACTCS CTAHIAPTHBIM MHTEIPAJIOM CBEPTKHU:
T
y(t) = [wtyu(t —7)dr + (1), (4.53)
0
rae w(t) — UMIyJibCHas nepexoHas QyHKIHUS.
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[IpoBeneM BpeMEHHYIO AUCKpeTH3anuio ypaBHeHus (4.53), ¢ paBHO-
MEPHBIM MHTEPBAJIOM KBAaHTOBaHUS Atf. BbIXOAHOW CHUTHAJl B MPOU3BOJIb-

HbII MOMEHT BPEMEHM ¢ = jA! Onpenensercs CIEAYIOIUM COOTHOLIECHU-

EM:
N, -1

Y(GA) = D wiAu[(j —i)At]At + n;s j=0L.. N -1, (4.54)
i=0

rae I, = N, A — BpeMs u3MepeHus BbIXOAHOro curnana; I, = N A - Bpe-

Ms OlLICHUBaHMs, T.€. ycTaHoBjeHus peakiuu WUIID (we 6onee 5% ot cBo-
€ro MUKOBOTO 3HAYCHUSA).

3anumiem BoipaxkeHue (4.54) B KOMIIAKTHOM BU/IE:
N, -1

y;= 2 wu, At+n,, j=01.. N -1, (4.55)
i=0

m

rae w, = w(id); u, = ul(j —DAL]; Yi= y(JjA).

BenuanHa 77; COMCPXKUT KaK HEBA3KY B IMCKPETHBIE MOMEHTBI BpEMe-
HU 77(jA), Tak U OIIMOKM, BO3HUKAIOIIUE 32 CUET AlMPOKCUMAIIMU HETpe-
PBIBHOM  3aBUCUMOCTH  u(f—7)  KYCOUYHO-TIOCTOSHHOM  (yHKIUEH
ul(j —1)A].

[IpoBeneHHas mporeaypa AUCKpeTu3anuu Bo BpemeHu (4.54) npuBo-
TUT K TOMY, YTO OIICHUBAaHHE HENMpPEepbIBHOW (PYHKIMU W(f) 3aMEHsIETCS

ONCHUBAHUCM KOHCYHOI'O MHOKCCTBA IIAPAMCTPOB W;,... Wy ;.

Beipaxxenust (4.55) B pa3BepHyTOM BHJI€ TMPEICTABISIOTCA CIEIYIO-
UM 00pa3om:

Yo u, Uy e Uy WAt o
Y| o o v U(n-2) | LAY N h
N, 1| | Un,1 Uy, 2 Uy, -N, | _WNS—IAt_ R
(4.56)
WM B MaTpu4HO# popme:
y=Upf+n, (4.57)
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rie f=w-At - BeKTOp-cTOJOCl HWACHTU(GUIIMPYEMBIX IMapaMeTPOB,
v, n 1 U —BEKTOP-CTOJIOIBI M MaTpHIla COOTBETCTBYIOIINX BHIOOPOUHBIX

3HAYEeHUH.
Takum oOpazom, onenuBanue NI cBoauTCs K OIEHUBAHUIO BEKTOPA
napameTpoB S mpu 3amaHHo Marpuiie U U BekTope u3MepeHuit y. Pe-

3yJbTaTOM OLICHUBAHUS SIBJISIETCA HAXOXICHUE BEKTOpa [, MUHUMMU3U-
PYIOLIETO0 CYMMY KBaJpaTOB HEBS30K HA UHTEPBAJIC U3MEPEHUS:
T .
J(f)=(y-Up) (y—-Up) - min. (4.58)

Ouenka no MHK S ynosnerBopsieT Tpe6oBanmsM J = mﬁinJ =J v

Y HaXOJUTCS U3 YCI0BUSI dKcTpemyMa (yHKInoHana (4.58):

L2 - 2UT (y-UB")=0. (4.59)
OPlsp
Cucrema ypapHenuit (4.59) B MaTpu4dHOM (popMe UMEET BU/I;
v'ug =u"y, (4.60)

U €C PCIICHHE OTHOCUTEIHLHO BEKTOpa IapaMETPOB HAXOIUTCS CIICIYIO-
MM 00pa3oM:
* Trr .7
g =lv'ul'u’y. 4.61)
COOTBETCTBEHHO, BEIPOKCHHE SBHON (DOPMBI METOJa HAMMEHBIINX KBaJI-

patoB (4.11) nns olleHWBaHUS KOHEYHOI'O MHOXECTBA MapamMeTpOB HM-

IIyJIbCHOM MEPEXOTHON XapaAKTEPUCTUKHU ITPUHUMAET CICTYIOIIMNA BUI:
1 1
W= wrul'u’y. (4.62)
4

[Tepermmmem ypaBHeHue (4.60) OTHOCUTEIIHPHO CYMM BBIOOPOUYHBIX 3HAUE-
HHUM CUTHAJIOB:

Ne=l 1 (N, . 1 Nuo!

i=0l.. N, -1, k=0]l,.. N, -1 (4.63)
VYpaBuenue (4.63) B HempepbIBHOM (hopMe MpEACTaBISET U3BECTHOE ypaB-
HeHue Bunepa-Xorda
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T, T, T,
| i{ Ju(t—7yu(r- H)dt}w*(é?)dé? L [u(t—7)y(t)dt, (4.64)
0 Tm 0 Tm 0
Tm
HITH [K,,(t-0w (0)do=K,(7), (4.65)
0
1 "
rne K, ()= T j u(t —7)u(t)dt - aBTOKOppEISIMOHHAS (QYHKIUS BXOJ-
m 0

1T
Horo curHana; K, (7)=—- ju(t —7)y(¢)dt - B3auMHas KOPPEISIUOHHAS
m 0

(YHKIMS BXOJHOTO Y BBIXOJHOTO CUTHAA.

IIpumep 4.5 IlpuBenem nOPOrpaMMHYIO pPEaTU3ALUI0 MPOLEAYPHI
UJIECHTU(UKALIUY UMITYJIbCHOW MEPEXOHON XapaKTEPUCTUKU JJISI TOTO Ke

k
0a30BOro 00bBeKTa C TepefaTtouHon QyHkimen W, (p)=—— 0 U
Iip"+T,p+1

koapduumenramu k, =25; 7, =36; T, =15.

s1=tf([25],[36 15 1])% nHenpepriBHas niepegaTouHas PyHKIM 00bEKTa
T end=45;% unTepBan uamMepeHui
dt=1.5;% 1mar quckperuzanuu
t=0:dt:T_end;% MaccuB TUCKPETHOTO BpEMEHU
N=length(t);% pa3mep BeIOOpKHU
u=sign(normrnd(0, 2, [N 1]));%MoenupoBanrie BXOAHOTO BO3AECHCTBUS
y=Isim(s1,u,t) ;% BbIXOJHOE BO3/ICIICTBHE
% 3anonHeHre MaTpuilbl U BXOJIHBIX 3HAYCHU N
for i=1:N
for j=1:N
if(i>=j) U(ij)=u(i+1-);
else U(1,))=0;
end;
end
end
w=1/dt*(inv(U"*U))*(U'*y);
w0= impulse(s1,t);
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plot (t, w0, t, w,":");
grid;

Pesynbratel unentudukamuu HNIID paccmatpuBaeMoro oOBeKTa

IIPEJICTABIICHBI HA PUCYHKE 4.3.

1.4

1.2

0.8

w(t), wo(t)

06
0.4}

0.2}

Pucynoxk 4.3

Ananutnyeckas (1) u sxcriepuMeHTanbHas (2) UMIYJIbCHBIE XapaKTEPUCTUKU
oOBbeKTa

N neHTr(PUKalMOHHBIA SKCIEPUMEHT MPOBOAWICS MpPHU MOJA4Ye Ha
OOBEKT CIIy4alHOW IOCIEN0BAaTEIbHOCTH CHTHANOB 1. CpaBHeHHE aHa-
JUTUYECKON M DKCIEPUMEHTAIBHO IIOJYYEHHOM WMIIYJIbCHBIX BECOBBIX
XapaKTEepUCTUK (pUCYHOK 4.3) MOKa3bIBAET BBICOKYIO TOYHOCTH JAHHOTO
METO/1a, CYILIECTBEHHO 3aBUCAIIYIO OT UHTEPBAJIA U3MEPEHUN U 11ara Juc-
KpeTu3auuu. PacueTsl MOKa3bIBAOT, YTO HY’KHO BHUMATEIBHO BBIOMPATh
UHTEpBall U3MepeHul 7, 1 BpeMs YCTaHOBJICHUS peakiuu 7, = N Af, T.X.

IIPU TNPOBEICHUU MPOLEAYpPbl OLlCHMBaHUSA Ha ydactke, rae UIID crpe-

-1
T o o
MHUTCS K HYJIO, MaTpUILa [U U ] CTAHOBUTCS OJIU3KOW K BBIPOKJICHHOM,

4TO BJICUCT PACXOAUMOCTDb PCIICHUA.
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4.4 I'paarieHTHbIEC METOAbI
PaccMoTpuM 001Iy10 3a7adyy MUHUMHU3AIMKA KBaJIpaTUYHOW HEBSI3KU
BBIXOJHBIX CUTHAJIOB MOJIEIU U 00bEeKTa I (PyHKITMOHATIA

J= [,y @ dt. (4.66)

Hactpoiika Moaenn MOXKET paccMaTpUBAThCSA KaK JBM)KCHHE MO TH-
neprioBepxHoctn J = J(f) B mpocTpaHCTBE mapameTrpoB [ K 3KCTpe-
MaJbHOU TOYKE. B COOTBETCTBUUM C 3THUM, 3a7a4a ONPEICIICHUS MapameT-
POB MOJICJIM MHTEPIPETUPYETCS KaK 3aj1a4a ONTUMM3AIMU 11eJIeBOMH (PyHK-
uuu J(f). s peleHus: Takon 3ajja4yi MOTYT UCIIOJIb30BaThCS TPaUEHT-

HbIE METO/Ibl, OCHOBAHHbIC HA UTEPAIMOHHON MpouEeaype MPUOIKEHUS K
IKCTPEMYMY 1eJeBOM (DYHKIIUHU, XapaKTEPUIYIOIIECUCS] COOTHOIIICHUEM

Pk +1)= (k) +y(k)gradJ [ f(k)} (4.67)
rae (k) - Tekyiiee NMpUOIMIKEHHE K MCTUHHOMY BEKTOPY IMapamMeTpoB
B y(k) - cayxeOHBIH TapaMeTp, XapaKTepU3yIOMKil JIHHY A-TO Iiara
UTEPALMOHHOTO MpoIiecca; kK - HOMEp UTEpaluu.

Jljis ompeneneHusl HalpaBiICHUS! JBUKEHUSI K SKCTPEMYMY HUCIOJIb3Y-
€TCSl TPAJAUEHT — 7- MEPHBIN BEKTOP, COCTABJISIOIINE KOTOPOTO SIBISIOTCS
YaCTHBIMHU ITPOU3BOJHBIMU (DYHKIIUU [ (X), BBIYUCICHHBIMU B TOUKE X:
oJ oJ oJ
op, 9B, P, ]

['pagueHT yka3plBaeT HaIpaBJCHHE HaucKopeiiero pocra GyHKIuU (00-

VJ(B) = (4.68)

paTHOE HampaBjeHue OyAeT HalpaBICHUEM HANCKOPEHIIEro CITyCKa).
['panvieHT PyHKIIMU MOXKET OBITh ONPEJIEICH AHATUTUYECKH, a €CIU (PYHK-
uus J(f) He 3aj1aHa, TO C OMOIIbIO SKCIIEPUMEHTOB.

CymiecTByeT MHOTO MOAM(UKAIMN TPaJUEHTHBIX METOJOB, OTJIU-
YalolUXCcsa CrocoOOM BBIOOpA ABYX OCHOBHBIX MapaMETPOB — HalpaBlie-
HUS CIIyCKA U BEJIMYMHBI 1Iara BAOJIb 3TOr0 HampasiieHus. tepailnoHHbIE
METObI CITyCKa, B MPUHITUIIE, MOJYyYAIOT PEIICHUE 32 OECKOHEUHOE YHCIIO
mwaroB. Ha npakTuke BBIYMCIIEHUS MPEKPALIAIOTCSA IIPU BBINOJIHEHUN HE-

100



KOTOPBIX YCIIOBUH OCTaHOBA MTEPAIIMOHHON Mpolenypsl (yCIOBHE Majo-
CTH TIPUPAIICHHS apTyMEHTa WM KPUTEPUS KauecTBa UICHTU(PUKAIIIN).

PaccmoTpuMm Oosiee mogpoOHO METOJ HAUCKOPEWINEro CIycKa ¢ MH-
HUMM3AIMEH BIOJIb HAIIPABJICHUS IBHKCHUS.

MeTo HauCKOPEHUILEro CIyCKa JOJDKEH pPEaan30BaTh JIBMIKEHUE K
MUHUMYMY W3 HEKOTOPOH MPOW3BOJIHFHOM TOYKH HAYaIBHOTO IPHOIIMKE-
HUS IO TPACKTOPHUH, 0OECTIEUMBAIONIC HanboJee OBICTPOE YMEHBIIECHUE
OMMOKK - B HAINPABICHHH AHTUTPAAUCHTA MHUHUMU3UPYEMOU (HYHKITUH.
TpaekTopus IBUKEHUS B KaXKJIOW TOYKE OPTOTOHAIbHA K JIMHUSAM yPOBHS

J(f) = const. UTepaniioHHas mpolieaypa onpeaeeHus 3HaUYeHUsI BEKTOpa
rapaMeTPOB Ha OYEPETHOM IIare MMeeT BU/I;

Pk +1) = p(k)+ y(k)s(k), (4.69)
rae s(k) - BEKTOp, ONpe eI HalpaBJICHUE CITyCKa, HaXOIUTCS ClIe-
JTYIOITUM 00pa3oM:

o) — - VIBE)
[VI(BR)

Hopmupyromnuii ko3¢gduieHT BeKTopa rpajrueHTa 1neieBoi GyHKIuu

(4.70)

onpeacisiCTCsa COOTHOMCHUCM !

[vIlp@)] =+ (MJZ+[MT+...+(%@T. (4.71)

ox, ox,

Benuuuna miara y(k) BbiOuMpaeTcs TakuM 0Opa3oM, 4TOOBI liejieBas

(GyHKIMS B BRIOpAaHHOM HAIlpaBJICHHHM HE TepecTaia yObIBaTh. 3HAUCHUE

y(k), B COOTBETCTBUM C ITUM, HAXOJUTCS U3 YCIOBUS MUHUMYyMa KBajpa-
TAYECKON ammpokcumaiuu 1eneBod ¢ynkiuu J(F) no y(k) B Touke
p(k):

[VJ(BUDT - s(k) 4.72)
(s V2I(BK))-5(k)

rane V2J(S(k)) - MaTpHIa BTOPBIX IPOU3BOIHBIX

y(k)=-
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0°J 0°J 0°J
op°  0pop, op,0p,

X 0°J 0*J 0°J
ViJ(p(k)) = 03,0p, 8ﬂ22 T 0B0B, | (4.73)
dr o T &

op.op. opop T ap,

B Touke [(k+1) ompenensieTcs HOBOE HaNpaBjCHUE IABWKCHUS K
MUHHUMYMY, KOTOpOo€ OyJIeT OPTOTOHAJIBLHO MPEIbIAYIIEMY U Jajee MOBTO-
psieTCs MPOIEeCC MPUOIMKEHUS K SKCTPEMYMY.

JIist peanuzanuu anropuTMa JaHHOTO METOJA HYKHO 3a/1aTh TOYKY
HavajgpHOro npubmmwxkenuss F(0) W mocnegoBaTENbHO Ha KaXKJIOM IIare
anroput™ma k = 0,1,... BBIYUCIATH CICAYIONINE KOMITIOHCHTHI:

1) Bekrop rpaaueHTa 1eneBod ¢GyHkuuMU VJ(B(k)) B TOYKE
f = [(k) coorBeTcTBeHHO (4.68);

2) HOpMUpYIOMHK KOA()PUIIMEHT BEKTOpa TpaJueHTa HVJ [,B(k)]”

COOTBETCTBEHHO (4.71);
3) Bektop s(k) coorBercTBeHHO (4.70);

4)  MaTpuna BTOPHIX Npom3BoHBIX V>J(S(k)) COOTBETCTBEHHO

(4.73);
5) 3Hadenue mara y(k) cooTBETCTBEHHO (4.72);

6) HoBoe 3HaueHue mnpuOmmkeHus LS(k+1) COOTBETCTBEHHO
(4.69).
['pamvieHTHBIC METOMBI SBJISIFOTCS OCHOBOW /I MACHTHU(UKAIIUN JIOC-
TATOYHO CJIOKHBIX OOBEKTOB, JIJII ONTUMH3AIUA HEIMHEHHBIX KPUTEPHUCB
KauecTBa UACHTU(UKAIINH.

IIpumep 4.6 PaccMoTpuM 3aiady UAECHTU(PUKAIUM WHEPIIMOHHOTO

O0OBbEKTa BTOPOTO MOPSI/IKA, OMMUCHLIBAEMOr0o MEepeAaTOYHON (yHKIMEH

k
W (p)= 2 TpeOyercsi HaWTH mMapamMeTpbl MOJEIH

(T,p+1)-(T,p+1)

102



m

T p+1

m

NOHM)KEHHOI'O TMopsiika, umeromed sug W (p) = , Takue, 4ToObl

KBAJAPaTUYHBIA KPUTEPUU
- T - T - -\Y
SO L S D ) Y )
0

IPUHUMAJl CBO€ MHHUMAJIBHOE 3HA4CHHWE IIPU M3BECTHBIX IapaMeTpax
oobekTa k, =27.5;7, =11.8;T, =3.2. IIlpumem nepuoj BpeMEeHH, HA KOTO-

pOM IpoBoAUTCA nAeHTHPUKaus napamerpos ¢, =100c.

B Takoil mocTaHOBKe 3a/laud BEKTOpP HMCKOMBIX MapaMeTpoB OOBEKTa

m

COJICPKHT JIBa MapameTrpa [ = {T } [Tocne nHTErpUpPOBaHUS M BBITIOTHE-
HUSA HEOOXOAMMBIX TpeoOpazoBaHuil B (4.74) moiiy4aroT SIBHYIO (Qopmy
GbyHKIIMOHAIa Ka4eCTBa:
Flhy T =k k) iy =ty Fo
2 AL-T) (h+T)
2kok, y
(T, +T,)(T, + T, (T, = T)
(LTI = T3) + (RTy(T; = T) + 7 =TT, + (1 = THT2 + (T, =TT
(4.75)
O603HauuM KO3 (PUITUEHT, HE 3aBUCSIIUNA OT UCKOMBIX MapameTpoB,
_ ko
2(Tl _Tz)z(Tl + Tz)

KoappuuueHTs! npu pa3ianyHbIX CTENEHAX UCKOMOro napamerpa 7, 00o0-

x (3T =3T3 +ATPTY + TTy (T + T2)) +

KaK ¢ (3T -3} + AT T} + TT, (T + T))).

3HAYUM CJIETYIOIUM 00pa3oM:

dy =TT,(T7 -T));

d, =TT,(T, -T)+T; - T5;

d,=T"-T;;

dy, =T -T,.
C ydyeToM mpUHATHIX 0003HAaYECHUM BhIpakeHue (4.75) 3amuiiem cieayro-
UM 00pa3oMm:
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3k2T 2k k
F(k , k, —k mom 0% m
(s ) = ) 2 (T, +T,41)(T2+T,,1)(T1—T2)>< (4.76)

x(dy +d,T, +d, T} +d.T.)+c.

Ha ocnoBe (4.76) B Toukax f(k), k =1,2,... BBIYUCIAIOTCS KOMIOHEHTHI
BEKTOpA IpaJMeHTa - IMePBbIC MPOU3BOAHBIC KPUTEPHUS HIACHTH(MUKAIIUN 10
HMCKOMBIM ITapaMeTpaM:

8F 2-t, (k,—k,)=3k,T, + 2k, (d0+d1Tm+d2T,f+d3T,3);
ok,, (T, +T,)(T, + T, (T, ~T)

2
oF _ 3k, 2ok, (T +T,)(T, +T,) %

o7, 2 (L+T)(L+T,) (T -T))
x(d, +2d,T, +3d,T})— (T, +T, + 2T, )d, +d,T, +d,T’ + dJ,j));

T
oF oF
U COCTaBlIAeTCs BEKTOp rpanuenta VF (k, , — .
prp (k> T,) = { ok GTJ
Janee ONpeeIIeTCS HOPMHUPYIOIIHI K03 uIueHT

2
HVF (k,, m)H \/ [ oF ] [8_Fj . 3aTeM COCTaBISIETCS MAaTpHUIla BTOPBIX

oT,
| O’F O°F |
> Ok,oT,
nponsBomEbx V> F(k, T )= 8k2m ", ™|, KOMIIOHEHTBI KOTO-
0°F 0°F
| 07,0k, orT,’ |

PO OIIPENIETIAIOTCS CIICTYIOIINM 00pa3oMm:
O*F
ok’

=2-t_—3T ;

m

2
a sz = 4 ZkOkm 4 ((Ti+Tm)2(T2+Tm)2((Ti+Tm)(T2+Tm)x
T (L +T,) (T, +T,)"(T, - T,)

x(2d, +6d5T,) = 2(dy + d,T, +d, T +d,T2)) = 2T, + T, )T, + T, ) %
(T, + T, + 2T, )(T, + T, )T, + T,)(d, + 2d,T,, +3d,T,”) -
(T, + T, +2T,)(d, +d,T, +d,T> +d,T?)))
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2
oF _ Kok (@ + T, AT, 4+ T,) (T, + T, )T, + T, x
T (T 4T (T, +T ) (T -T))

% (2d, +6d,T,) = 2dy +d,T,, +d, T +d,T>)) - 2(T, + T, )T, + T, ) %
x (T, + T, + 2T, Y(T, + T, (T, + T, )(d, + 2d,T, +3d,T,*) -
—(T, +T, + 2T, )(d, + d,T, + d,T> +d,T?)))

O°F _ OF _ 4 . 2k,
oT ok, ok, oT, " (T +T )T, +T,) (T, ~-T,)
x(d, +2d,T, +3d,T>) — (T, + T, + 2T, (d, +d,T,, + d,T> + d;T>))

BrruucnurensHas npoueaypa 3aKaH4YMBaeTCs MO JTOCTUKEHUU HOPMU-

(L + T, )T, +T,) %

POBAHHOM Pa3HOCTU JIBYX COCEAHUX MPUOIUKEHUNA HEKOTOPOTO 3aJaHHO-
ro uncna eps=0.5>0.

Blk+1) - k)| _
< eps
B
PaccMoTpuM mpuMep mporpaMMHON peAU3alMA UTEPAUUOHHOM IIPOLE-
h13%0) 58

k0=27.5; % 3ananue napameTpoB 00ObEKTa
T1=11.8;
T2=3.2;
km=1; % 3amanue HayaaIbHBIX TPUOIMKEHUN HCKOMBIX MapaMeTPOB
Tm=1;
z(:,1)=[ 1; 1];
z(:,2)=[ 15 1];
1=2;
while (abs(z(1)-z(i-1))/abs(z(1))>0.5) || (i<5)
=i+1;
x=[km; Tm]; % BexTOp mapameTpoB
c0=k0"2*(-3*T1"4-
3*T2MA4*T1M2*¥ T2/ 2+T1*T2*(T172+T272))/(2*(T1-
T2)"2*(T1+T2));
c1=(k0-km)*2*100;
c2=-3*km”™2*Tm/2;
b1=2*k0 /((T1+Tm)*(T2+Tm)*(T1-T2));
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b2=(Tm*(T1-T2)+T1"2-
T2"2)*(T1+Tm)*(T2+Tm)+Tm*(T2"2*(T1+Tm)-T172*(T2+Tm));
c3=b1*b2;
dO= T1*T2*(T1"2-T2"2);
d1= (T1*T2*(T1-T2)+ T1"3-T2"3);
d2=(T1"2-T2"2) ;
d3=(T1-T2) ;
D0= d0+d1*Tm+d2*Tm"2+d3*Tm"3
F=cl+c2+b1*km *D0+c0; % ¢yHKIIMOHAT KayecTBa
D1=d1+2*d2*Tm+3*d3*Tm"2
% mepBbIe IPOU3BOAHBIC (PYHKIIMOHAIA
f1=-2*(k0-km)*100-3*km*Tm+b1*DO0;
2=-3*km"2/2+b1*km/((T1+Tm)*(T2+Tm))*(D1*(T1+Tm)*
(T2+Tm)-D0* (T1+T2+2*Tm));
gr=[f1; £2]; % BekTop rpagueHTa
nor gr=(f1"2+1272)"(1/2); % nopmupyromiuit KoahHuimeHT
s=-gr/nor_gr; % BEKTOp S
% BTOpBIEC MPON3BOJIHbIE (PYHKIIMOHATA
df km 2=2*100-3*Tm;
R=(T1+Tm)"2*(T2+Tm)"2*((T1+Tm)*(T2+Tm)*(2*d2+6*d3*Tm)-
2*D0)-2*(T1+Tm)*(T2+Tm)*(T1+T2+2*Tm)*
((T1+Tm)*(T2+Tm)*D1-(T1+T2+2*Tm)* DO);
df Tm 2=Dbl1*km /((T1+Tm)"3*(T2+Tm)"3)*R;
df2 km Tm=-3*km+bl/((T1+Tm)*(T2+Tm))*(D1*(T1+Tm)*
(T2+Tm)- DO*(T1+T2+2*Tm));
gr2=[df km 2 df2 km Tm; df2 km Tm df Tm_2]; % marpuna BTO-
PBIX TTPOU3BOTHBIX
|=-gr'*s/(s"*gr2*s); % BenuuuHa mara
x=x+1*s; % HOBOE 3HaUCHHE BEKTOPa apaMeTpPOB
km=x(1);
Tm=x(2);
7(:,1)=X;
end;
figure(1);
plot(z(1,3:1), z(2,3:1));
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grid;
s1=tf([kO],[T1*T2 (T1+T2) 1]) % nepenaTtounast pyHKusi oObEKTa
s2=tf([km],[Tm 1]) % nepenarounas ¢hpyHKIMS MOIETU
t=0:0.1:100;
N=length(t);
u=ones(N,1);
yl=Isim(s1,u,t); % nepexoanas QyHkus 00ObeKTa
y2=Isim(s2,u,t); % nepexoaHas QyHKIUS MOACIN
figure(2);
plot (t, y1,t, y2,"b");
grid;
Peanmuzanuss uTepallMOHHOW NOPOUEAYpPbl 10 JOCTHXKEHUS 3aJaHHOU
TOYHOCTHU JaeT (1% {01104 rapaMeTpbl MOJIEIIN:
k. =27.8805;T, =155663. 3nauenue (QyHKUMOHANa KadecTtBa: F =

64.8810.
Ha pucynkax 4.4, 4.5 npuBeneHnsl rpadudeckue pe3yiabTaThl pacyeTa.

16

14

12

10

Pucynok 4.4

CxomuMocTh mapameTpoB MOJENH B IBYXITAPAMETPHUIECKOM IPOCTPAHCTBE
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Pucynok 4.5

[lepexoiHbIE XapaKTEPUCTUKN OOBEKTA U MOJIENIN

Ha pucynkax 4.4 u 4.5 npuBeieHbl TPACKTOPUS CXOAUMOCTH UTEpa-
LMOHHOW IIpOLeypbl NIOMCKA NapameTpoB k,, T W pe3yiabTaThl COIOC-

TaBJICHUS MCTUHHOM W HJCHTU(UIIMPOBAHHOM MEPEXOJHBIX XapaKTepH-
CTHK, IOKa3bIBAIOIINE YJOBJICTBOPUTEILHOE KaueCTBO HJICHTHU(UKAIIMH.
JlocTaToYHO CyIIeCTBEHHAsI BEIMYMHA 1EIeBOM (yHKIUU F 00bsICHICTCS
XapaKTePHBIMU OCOOCHHOCTSIMH MHEPIIMOHHOTO OOBEKTa BTOPOTO IMOPS/I-
Ka, KOTOPBIE HE BCET/1a MOTYT OBITh CKOMIICHCHPOBAHBI MOJIEIBIO TIEPBOTO
MOopsJIKa.

[Ipu peanuzanuu rpaJue€HTHBIX aJITOPUTMOB BO3HUKAIOT BOIPOCHI,
CBSI3aHHBIE CO CXOJIUMOCTBIO METO/1a, C MOJA00POM BHUA KpUTepus, ¢ Ghop-
MHUPOBAHUEM KPUTEPHUS OCTAHOBA, CMEHOW TAKTHUKH MOMCKA, KOTOPHIE Ka-
XKIBIA pa3 MPUXOJIUTCS PElIaTh WHIANBUIYAIBHO IS KOHKPETHOM 3aJauH.
Kpome Toro, peanuzaius rpaJueHTHBIX aJlTOPUTMOB TpeOyeT ompesieieH-
HOT0 00beMa aHAIMTUYECKHUX BBIUMCIICHUM, YTO MOJKET BBLI3LIBATL 3HAYU-
TEJIbHBIE CJIO0XHOCTH. PEKOMEHIyeTCsl COBMENIATh MPUMEHEHHE pa3yiny-
HBIX UTEPAIMOHHBIX METOJIOB C YYETOM CBOMCTB KaXKJ0T0 U3 HUX [74].
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5 OuenuBanue COCTOAHUA 00LEKTA

3nas npouinoe, necko npedckazams 0Oyoyuiee, Ho
UBMEHUMb €20 HeB03MONCHO
U3 konuenyuu oemepmunusma

5.1 O0mmii moaxoa K 3ajjavye OLEHUBAHNS MePEMEHHBIX COCTOSHUS

B Hacrositiiee Bpemsi MIMPOKOE PACTIPOCTPAHCHUE MOTYUMIM METObI
ollecHHWBaHUs (MAECHTU(HUKAIIUK) B MPOCTPAHCTBE COCTOSTHUM, OCHOBAHHBIC
Ha pabotax P. Kanmana u JI. 3age. OTu MeTOMbl MO3BOJISIIOT B PEATbHOM
BPEMEHHU TMOJy4aTh aJIrOPUTMbI OOpPaOOTKH MAHHBIX C HMCIIOJIb30BAaHUEM
COBPEMEHHOTO YPOBHS Pa3BUTHS CPEJICTB BBIUUCIUTEIHHON TEXHUKH. Pa3-
JIMYHBIE BApUAHTHI AJITOPUTMOB OOPaA0OTKH PE3yIbTaTOB U3MEPECHUHN TPH-
MEHSIOTCSl TIPU PEIICHUW 3ajlad OIEHUBAHUSI COCTOSIHUM B CHCTEMax
yIPaBJICHUS, ONTUMAIbHBIX, CAMOHACTPAUBAIOIINXCS U aJalTUBHBIX CHUC-
TeMaX, U3MEPUTEIbHBIX KOMILUIEKCAX W CPEJICTBaX, TEOPUU CIIyYalHBIX
CUTHAJIOB, HABUTAIIMOHHOW anmaparype, MEIUIMHE U MHOTUX APYTUX OT-
pacisx.

Ha npakTrike 10CTaTOYHO paclpOCTPAHEHHOM SIBISIETCS CUTYaIUsl, KO-
r7a He BCE KOMIIOHEHTHI BEKTOpPa COCTOSHUM TOCTYIIHBI JIJIs1 U3MepeHus. B
ATOM Clly4yae, 4ToObl B CUCTEME yIpPaBJICHHS BO3MOKHO OBLIO HCIOJIB30-
BaTh OOPATHYIO CBSI3b MO COCTOSIHUIO, HEOOXOJIUMO BOCCTAHOBUTH BEKTOP
COCTOSIHUSI CHUCTEMBI, HEJOCTYMHBIM [JIsi u3MepeHus. BoccTaHoBieHue
BEKTOpa COCTOSIHUSI HA3bIBAETCSI €r0 OLIEHKOM, a yCTPOMCTBa, POpMUpPYIO-
I[ME HA BBIXOJI€ BEKTOP OLICHKH COCTOSIHUM, a TaK¥KE MO3BOJISIIOIINE OT/IC-
JIUThH TOJIE3HBIA CUTHAJT OT MOMEX, — HaOmoaarensmMu (UaeHTuduKaropa-
Mu, punstpamu) [5, 6, 19, 31, 35, 39, 51, 57]. Anroput™msl pabOTHl Ha-
OyrofaTeneid OOBIYHO CTPOSITCS TaKUM 00pa3oM, 4TOObI MpU 0OpabOTKe
CUTHAJIOB MOJIy4Yajach ONTUMAJIbHAS B OMPEICIICHHOM CMBICJIE OIICHKA He-
KOTOPOM TNepeEMEHHON. PUIIBTPBI IPUMEHSIOTCS I CIEAYIOLINUX MPOLE-
Ayp:

®  HHTEPHOJISIIUHU, CTIAXKUBAHUS WM SKCTPATIOJIALMU CUTHAJIOB;

®  OIICHUBAHMS COCTOSIHUSI OOBEKTOB;

®  OIICHMBAHMS MapaMeTPOB OOBEKTOB M T./I.
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PaccMoTpuM CcTaHIapTHYIO CUTYAIMIO, TPU KOTOPOM BO3HUKAET 3a]1a-
4ya OLICHUBAHUS COCTOSIHWN. [10710KKMM, YTO UMEETCSI HEKOTOpas CUCTEMA,
COCTOSTHHE KOTOPOU B JIFDOOM MOMEHT BpEMEHHU OJTHO3HAYHO XapaKTepU3y-
€TCs ONpe/eIEHHBIM HA0OpPOM KOOPJMHAT COCTOSIHUM (HAmpumep, Mpo-
CTPAHCTBEHHBIMH KOOPJIMHATAMH, CKOPOCTHIO, YPOBHSIMU HAMNPSKCHUS U
T.J.), T.€. 9TU BEJIUYUHBI SIBJSIOTCS JIEMEHTAMHU BEKTOPa COCTOSHUSI CHC-

TeMmbl X(¢) B KaXJbIi MOMEHT BpeMeHH f{. YacTh ATHUX KOOpJWHAT, KaK

MPABWIO, HEJIOCTYITHA JJI1 HEMOCPEACTBEHHOrO omnpeaeieHus. [1onoxum
najaee, YTo UMEeeTCs psif IEPEMEHHBIX, HEKOTOPBHIM 00pa3oM CBS3aHHBIX C
COCTOSIHUEM CHCTEMBI, U UX MOXKHO U3MEPUTH C 3aITaHHOM TOYHOCTHIO, T.€.
ATU BEJIWYMUHBI COCTABIISIOT BEKTOP M3MEpPEHHUI )(f), OTHOCSIIUMCS K OIl-

peaeaéHHOMY MOMEHTY BpeMeHH ¢. HeoOXoIuMo OlleHUTh 3HAYCHUSI BEK-

TOpa COCTOSIHUM X(?), HEIOCTYIHOTO JJIsl HEOCPEICTBEHHOTO U3MEPEHMUSI.

5.2 OnTuMasbHbIN HA00AATEIb MOJHOT0 nopsaka (puasTp Kanama-
Ha)

OnHolt 3 HanboJiee yoTPeOUTEIbHBIX CXeM HalJtoAaTee B KOHTY-
pax aBTOMATHYECKOTO YIPABJICHHS U PETYIUPOBAHUS SIBISETCA adalTHB-
HBII PUIBTP PEKypCUBHOTO THIA, U3BECTHBIN Kak PuibTp Kanmana (Kai-
maHa-briocn) [5, 14, 19, 30, 35, 39, 48, 51, 57, 58, 59, 61, 68, 69, 75].

AnroputMm ¢uibTpa KamMana mo3BoJiI€T B peailbHOM BPEMEHH I0-

A

CTPOUTHh ONTUMAIBHYIO OIIEHKY COCTOSIHMSI CHUCTEMBbI X(f), OCHOBBIBASCH
Ha M3MEPEeHUAX V(¢), HEU30EKHO COJIep)KaIUX MOTPEIIHOCTH. BekTop
u3MepeHul y(¢) paccMaTpuBaeTCs B KA4€CTBE MHOTOMEPHOTO BBIXOJHOTO
CUTHAJIa CUCTEMBI, TIPU 3TOM 3alllyMJIEHHOTO, a BEKTOp cocTosiHus X(f) -
HEU3BECTHBI MHOIOMEPHBIA CUTHAJ, MMOJJIEKAIIUNA ONPEICIIEHUIO. Y CIIO-
BUEM ONTHUMAJIbHOCTH MOCTPOCHHOW OIICHKHU SIBIISIETCSI MUHUMYM CpPEIHE-
KBaJIPATUYHOT'O OTKJIOHEHUS OLIEHEHHOI'O 3HAYEHUSI OT UCTUHHOTO.

B ob6mem caydae, 3agada ¢uiabTpauuu no Kaimany dbopMyiupyercs
JUTSI HEJIMHEMHOW HECTAIIMOHAPHOW CUCTEMBI B YCIIOBUSX JNEUCTBUS KOpPpE-
JUPOBAHHOTO CIIyYalHOTO MpoIlecca, OTIMYHOro oT Oenoro mryma. Ilpu-
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MEM JOMYIIEHUs U Jajiee OyJieM paccMaTpuBaTh 3a7ady OLICHUBAHMS I10
Kanmany-bsiocu, chopMyIupoBaHHYI0 B NMPOCTPAHCTBE COCTOSHUMN IS
JUHEWHOTO CTAIlMOHAPHOTO0 O0OBEKTA MPHU JEHCTBYIOIIEM OEJIOM IIyMe, MO-
CTaHOBKa KOTOPOU 3aKJIIOYAETCs B clieayomem [2, 5, 74].

1) Omnpenensiercss n- MepHOE MNPOCTPaHCTBO (GYHKIUNA (B 0O0IIEeM
cilyyae — riJibOEpTOBO) U Jlajiee MOJIaraeTcs, YTO BCE BPEMEHHBIE MPOIIEC-
Chbl PUHAJIEAKAT FTOMY IPOCTPAHCTBY.

2) HWmeetcs nuHelHas TUHAMUYeECKas cTalmoHapHas cuctema (¢op-
MUPYIOIUN (PUIIBTP), ONUCHIBAEMasl YPABHECHUEM:

% = Ax(t) + Bu(t) + v(?), (5.1)

r7e, KpoMe paHee pacCMOTPEHHBIX 0003HAUYEHUH, MPUHATHIX MPH TI0-
CTAaHOBKE 3a/laud B MpocTpaHcTBe coctosnuil (1.20), ucnons3yrorcs cie-

TyIOLIe:
x(¢) — ciay4yalHBI MapKOBCKHM #- MEPHBIN IPOIECC, 3aJaBacMbId

HEO0OXO0MMOM anpruopHON HH(POpMAITHEH:
Mi{x}=x,; covix}=P,; (5.2)
u(t) — u3MepsieMoe BEKTOPHOE BXOAHOE BO3ACHCTBUE, KOTOPOE MOKET

OBITh KaK JETEPMUHUPOBAHHOM, TaK U CITy4allHON BEJIMYUHOM;
v(¢)— k -MepHBII BEKTOp CIy4ailHbIX BO3IEUCTBUMI, M0JIAra€MbIX MPO-

1eccamu Tuia 0eyoro mnryma:
M {v} =0;

covivt = MW(Ow(z) |=V5(t—1), (5.3)
rae O(t) - nenpra-QyHKIMSA;, V' - cUMMETpUYHasi HEOTPUIIATEIIBHO OIpe-
JieJieHHass MaTpulla MHTEHCUBHOCTH Oesnoro myma Vv(¢) pa3MEepHOCTHIO
[k xk];

3) Ilpouecc x(¢) HaOMIOMAETCS C MOMOIIBIO W3MEPHUTEIISI, U BEKTOP

U3MEPSIEMBIX KOOPJUHAT OMPEACIISICTCS COOTHOIIEHUEM

y(t) = Cx() +1(2), (5.4)
rae 17(t) — p- MEpHBIA BEKTOP IIYMOB M3MEPEHUS, MOJaracMblil Ciydan-

HBIM IIPOLCCCOM B BHJC oeroro ryma:
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Min}=0;
cov{n} = M{I](t)?](T)T }= RO(t—1), (5.5)
riae R - ciMMeTpUYHash HeOTPHUIATEILHO OMpee/ieHHass MaTpHUIla WHTEH-
CHUBHOCTH OeJioro myma 77(¢) pasMepHOCTBIO [ p X p];

4) TIlpoueccol v(¢) u n(t), a Takxke x(¢) u v(¢), x(¢) u n(¢t) nonara-
I0TCSI HEKOPPEJIUPOBAHHBIMH

Mm@ j=0; Mm@ =0, Mix(tnE) (=0,
dbopMmupyromuii GUILTP yAOBIETBOPSET YCIOBHSAM (DHU3UYECKON peau-
syemoct w(t) =0,¢<0, a AUMHaMuU4yecKass CHCTEMa, COOTBETCTBYIOIIAs
(5.1), (5.4), sBRAETCS MOJTHOCTHIO YIPABISIEMON U MOJHOCTHIO HaOJO1a€e-
MOJ.

5) TpeOyercs MOCTPOUTH TUHEHHYIO JUMHAMUYECKYIO CUCTEMY, 0Oec-
MIEYMBAIOIIYIO TTOJTYUYeHHE ONTUMAJIBHOM OIICHKH X(f) BekTopa x(f), eciau
omrnOKa OllEeHUBAHUS 3a1aHa;

e(t) =x(t)—x(t), (5.6)

U KpUTEpPHUEM OINTHMAJIBHOCTH SIBJISETCS YCIOBHE MHUHMMyMa €€ KBajapa-
TUYHOU HOPMBIL:

J =[e*(0dt = |e(t)]” — min. (5.7)

3anaua ¢unpTpanuu 1mo Kammany-berocu COOTBETCTBYET CleayIOIIEH
CTPYKTYPHOM CXeMeE:

__________________ .
| v(t) | 7 |
| dx |
| [ ] _ ]
[ x(f [
uo! |, JECINE |1(>
| |
| | |
| 4l :
| DD | Himepumenn |
Lo o o e
Pucynok 5.1

CrpykTypHas cxema (popMupyrOmero GribTpa ¥ U3MEPUTENS TIPU ACHCTBUN
CIIy4YalHbIX BO3MYILCHUN U HATUYUU IOMEX
OD — Gopmupyrouuii GuIbTP
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[Ipu mocTpoennn ¢uiabTpa KamMana ucmonb3yercs uies n-MepHOTO
HaOmromarens (HabIroaTesNs MOJTHOTO MOpPsJKa), KOoraa B Ka4yeCTBE UJICH-
TU(HUKAaTOpa COCTOSHHS IPUHUMACTCS MaTeMaTHYeCKask MOJCIb CHCTEMBI.

dunpTp Kanmmana ocyrecTsiser mponeaypy peKypCHBHOTO OICHHUBA-
HHS Ha OCHOBE HAOJIIONEHUH 32 BXOAHBIM U BBIXOAHBIM CUTHAJIaMUA O0BEK-
Ta, TJIe )11 YMEHBIIICHUS TUCIICPCHH OIICHOK B aJlTOPUTM HUJICHTU(PUKATO-

pa BBOAUTCS KOPPEKTUPYIOIIasi oOpaTHas CBSA3b MO BBIXOY CHCTEMBI V(1).
HUcxonss u3 TpeOOBaHUSI TMOJMYYEHUS HECMEIICHHOM OILEHKUA X(7),

ypaBHEHUE PUiIbTpa UMeeT BUL [5, 74]:

% = AR(¢) + Bu(t) + L[ y(t)-C ;c(t)}; (5.8)

x(ty) = x,,
rae L - marpuna KodQPUIMEHTOB yCUJIEHUS (PUIbTpa pa3zMepoM [nxl],
oOecreunBaroiias ONTHUMaJIbHYI0 B CMBICIIE MHUHUMAJIBHOW JUCTIEPCUU
OILICHKY COCTOSIHUSI, KOTOPAasi ONPEIEAETCS BhIPaXKEHUEM
L=PC'R™". (5.9)

B (5.9) P - xoBapuanMoHHasi MaTpulla OlIMOOK OLICHUBaHUSI, KOTOpast
B ClIy4ae CTallMOHAPHOCTH TPOIIECCOB OINpPECNIeTCs] PEIIeHHEeM anre0-
pandecKoro MaTPUYHOTO YpaBHEHUS PUkkaTh:

AP+ PA" —PC"R™'CP+GVG" =0. (5.10)

B o01iem ciyuyae, mocTpoeHre ONTUMATBHOTO HAOMIOAATENS SBIISCTCS
pelIeHuEeM 3aJladyi ONTUMAIBHOTO CTOXaCTUYECKOTO yIpaBJICHUSI B YCJIO-
BUSIX HEMOJHOTHI MH(POpPMAIIUKU O BEKTOpE MEPEMEHHBIX cOocTosiHusA. Ha-
XOXKJIeHHE MaTpHIlbl KOAd(DPUIIMEHTOB ycuieHUs (UIbTpa MOXKET OBbITh
peaInu30BaHO METOJOM AHAJUTHYECKOTO KOHCTPYHUPOBAHUS PETYISTOPOB
[33, 34, 76].

[IpeumymiectBoM ¢unbtpa Kanmana sBaseTcs TO, YTO ypaBHEHHUS
buIpTpa UMEIOT PEKYPPEHTHYIO (POPMY U MOTYT OBITh JIETKO PEaIi30BaHBI
C TIOMOIIBIO ITU(POBBIX BHIUUCIUTEIBHBIX YCTPONCTB.

PaccmoTpum anroputM QuibTpali B ciydae BHIOOPOUHBIX HU3MEpe-
HUU QyHKIMKM BpeMenu k =1,2,.... IIpu TakoM noaxonae matpuiia ko3 du-

MEHTOB ycwieHus puibTpa L(k+1) He 3aBUCUT OT HaOJIIOJEHUN U MO-
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’KET OBITh BBIYUCIICHA 3apaHee JJIsl BCEl MpoIeAyphl OIIEHUBAHUSI IO Clie-
JTYIOIIUM COOTHOIIEHUSM [ 74].

1) TIlo anpuoOpHBIM 3HAYECHUSIM XaPAKTEPUCTUK CUTHAIIOB HAXOAUTCS
arpuoOpPHOE 3HAYCHUE KOBAPUAIIMOHHON MaTpUIlbl CUTHaJIa, OCHOBAHHOE Ha
k HaOIrONEeHUAX

O(k+1)= AP(k)A" +V. (5.11)

2) PaccuuthiBaeTCs amnoCTEPUOPHOE 3HAUCHHE KOBapHAIIMOHHOM

MaTpullbl CUTHaJIa, OCHOBAHHOE Ha k+/ HAOJIIOACHUSIX:

Pk+1)=0(k+1)-0(k+1)C" [CQ(k +DCT + RF CO(k +1). (5.12)
3) Omnpenensiercs Marpunia koddduuueHtoB ycwinenus L(k+1),

3aJ1aK0IAsT BEC MOIPABOK K HAYAJIBHBIM YCIIOBUSIM Ha OCHOBE KOBapHallU-
OHHBIX MaTPUIL OLICHKHA COCTOSTHUMN

Lk+) =0k +DC'[CO(k+1D)C" +R] ' =P(k+1)C'R™". (5.13)
B cooTrBercTBUM ¢ wu3n0kKeHHbIM, BenuuuHbl P(k+1),0(k+1) u
L(k +1) mOJHOCTBIO ONpEAEsAtOTCa anpuopHoi wHbOopManuei. Boruauc-

JICHUS TPOJOJKAIOTCS 10 YCTAHOBJIEHUS CTAIlMOHAPHOCTH (DUIIBTPA, YCIIO-
BHEM KOTOpOM sBisiercst paBeHCTBO P(k +1) = P(k) = P unu, COOTBETCT-
BeHHO, L(k+1)=L(k)=1L.

[Tocne omnpenenenuss matpuubl L(k), anroput™m padboThl GUIbTpa
Kanmana cBouTcs K mociaeaoBaTeIbHON 00paboTKe MOCTYNAIOIMIMUX BXO/I-
HBIX W BBIXOJIHBIX JTAHHBIX, PU KOTOPOM TEKyIllasi OlEHKAa CUTHAJIAa MOJTy-
YaeTcsl Ha OCHOBE KOPPEKTUPOBKH paHEE CHEJIAHHOW OLICHKH C YUYETOM
uH(popmaIu, IoCcTynarIieii Ha Bxo 1 QuibTpa B Iporecce HAOIIOICHUS
Ha KaKJIOM TaKTe

sk +1) = Ax(k) + Bu(k)+ L(k + 1){ Pk +1)— CAx(k) — CBu(k)} (5.14)

OO6mas cxema CUCTEMbI JJI Claydas BBIOOPOYHBIX M3MEPEHUI (PyHK-
MM BPEMEHHM, BKJIIOUaroIIas OObEKT U HaOJI01aTelNb, N300pakeHa Ha pu-
CyHKe 5.2.
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______________________ 1
: lv(fc) nw)
u(k : : Ak
: (k) 5 ko (2R . y(k) :
| |
| |
| A - |
| Obvexm |
S - T T T
| e(k) —) |
| L J’I(k) |
| L(k+1) C :
I * |

(c+ x(k
L gy ® |
| |
| |
| |
| 4 = Hatmodamens |
L - - = |
Pucynok 5.2

CrpykTypHas cxema o0bekTa u ¢punbTpa Kanmana

z”' - omeparop eAMHUYHOTO CIIBUTA BO BPEMEHH

JlanHas CTpyKTypa MOKET OBITh peaju3oBaHa MPOTrPaAaMMHBIMU HWJIU
TEXHUYECKUMU CPEJICTBAMM.

Hpumep 5.1
Jlana  HempepblBHasi CcuUcTeMa C  TepeaaTodyHod  GyHKIUeH

W(p) = y(p) _ Sp+30
u(p) 3p*+32p+1

Y 3aJJaHHBIMU XaPAKTEPUCTUKAMU CIIy4au-

HBIX MpOIleCCOB TUMa Oemoro myma ¥V =1 (m1s BXogHON mNoOMEXu) U
R =0.01 (nnsa BeixogHo#). M3BecTHa anpuopHas nHOpMAIUs O CUTHAJIE:
x, =0; P, =10000. Tpebyercs nmocTpouTh HAOMIOAATENL COCTOSHHS IJIs

OLICHKUW HCHU3BCCTHOI'O BCKTOpA COCTOAHUA X, KOraa KPpUTCPUCM OIITH-
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MAJIbHOCTHU ABJISICTCS MHHUMYM CPCAHCKBAJAPATUYHOI'O OTKIIOHCHUS I10-

CTpOCHHOﬁ OLICHKH OT CaMOI'0 CHUI'HAaJIa.

sys1=tf([5 50],[3 3.2 1])% 3amanue nepenaToqHoON (PYHKIIUN CUCTEMBI
sys=ss(sys1)% 3agaHue cucteMbl B IPOCTPAHCTBE COCTOSTHUI
[A,B,C,D]=ssdata(sys); % ¢opMupoBanre MaTpuil CUCTEMbI
n=length(A); % onpeneneHue nopsaKa CUCTEMBI
t=0:0.001:2; % 3amanue MaccruBa 3HAYECHHUI BPEMEHHU
x=zeros(n,1); % HavyaJibHOE 3HaUYEHUE MATEMATUYECKOr0 OKHUIAHUSI CUTHAJIA
p=10000*diag(ones(n,1)); % HayanbHOE 3HAYEHHWE KOBAPUAIMOHHOW MaTPUIIbI
CUTHAJIa
V=1000*diag(ones(n,1)); % koBapuamioHHass MaTPHIlAa BXOIHON TOMEXH
R=10; % xoBapuanmoHHass MaTpuIla BEIXOJHOU TOMEXH
eps=.001;% 3amannas morpemHocTh cxoaumoctu KaamanoBckoro kosdduiu-
€HTa
Lk (:,1)=eye(n,1); % HavambHBIC TPUOIMKESHHUSI
Lk (:,2)= ones(n,1);
1=2;

pk(1,1))=p(1,1); pk(2,1)=p(2,2);
while not (abs(Lk(1,1)-Lk(1,i-1))<eps & abs(Lk(2,1)-Lk(2,i-1))<eps)
1=1+1;

q=A*p*AHV;
p=q-q*C*inv(C*q*C'+R)*C*q;
L=p*C'*R"-1;
pk(1,i)=p(1,1); pk(2,)=p(2,2);
Lk(:,1)=L;
end
k=3:1;
figure(1);
plot(k, pk(1, 3:1),'--0', k, pk(2, 3:1),"s");
figure(2);

plot(k, Lk(1,3:i), -0, k, Lk(2,3:0), "s");
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Pucynok 5.3

ArmnoctepropHasi KoBapHalus OlEHOK (a) U MaTPUYHBIN KOADPUIIUEHT yCUIICHUS

dbunbTpa (0)

Ha pucynke 5.3(a) moka3ana momiaroBasi ariloCTepuoOpHasi KoBapHuarus

(HeoIpeneNeHHOCTh) OLEHOK X, (kpuBast 1) u X, (kpuBas 2). BuaHo, uro

Ha4yWHas C 3aJaHHOTO anpuopHoro 3HaueHus P(0) BeluuMHa KOBapUalluu

OLICHKU KaXJ0W KOMIIOHEHThI BEKTOpPa X OBICTPO MPUOIUKAETCS K CBOEMY

aCUMNTOTHYECKOMY 3HaueHHI0. COOTBETCTBEHHO, Ha pucyHke 5.3 (0) mo-

Ka3aHa aCUMIITOTUYECKAs CXOAMMOCTb MATpUIlbl KOIPHUIIMEHTOB yCHUJIe-

T
ans punstpa L =|[,1,]", rne m3amenenmo xosddumuentos /, u I, coor-

BETCTBYIOT KpuBbIE | 1 2 .

CrpykTypa paccMarpuBaeMoro oorekra u punbtpa Kanmana, peann-

30BaHHas B cpeae Simulink cuctembr MatlLab, mpeacTaBieHa Ha PUCYHKE
5.4.

117



W P X Y P Y.h
To Workspace To Workspace 1 To Workspace 2

+ 1

Wﬂ - S %C* uvec — (-,
+
Add Integrator

YK

* 1
B* uvec + p -
N s

Add1 Integrator 1 To Workspace 3
%—b XK
To Workspace4
Pucynok 5.4

Nmuranmonnas mozaens ¢punbrpa Kanmana

Ha manHO¥M Moaenu mpuHATH 0003HAYCHUS

u,v,h - Mozienupyembie CUTHAIBI BXOJIHOTO BO3JICUCTBUSA, TOMEXH 00BEKTA
Y [IyMa U3MEPECHUM;

X, Y, Y h — BekTop cocTosiHug OOBEKTa, BEKTOp M3MEpeHus O0e3 yuera
BBIXOJTHOW TIOMEXH U C €€ YUYETOM COOTBETCTBEHHO;

XK, YK - BekTop cocTosiHUS U BEKTOp u3MepeHus: gpuibtpa Kanmana (T.e.
OILICHKU BEKTOPa COCTOSIHUS U BEKTOpA U3MEPEHUSI 0OBEKTA).

3anuce A*uvec, B*uvec, C*uvec m L*uvec o003Ha9aeT BEKTOPHOE YMHO-
xenne matpull A, B, C unu L Ha cOOTBETCTBYIOIIMI BXOJHON CUTHAIL.

% mocTpoeHne rpauKoB BEKTOPA COCTOSIHUS U HAOJIOICHUS
figure(3);

plot(t, Y,":b"t,YK,'-b")

grid;

figure(4);

plot(t, Y h,'g"t,YK,'d")
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grid;

figure(5);

plot(t, X(:,1),":b",t, XK(:,1),"-b")

grid;

figure(6);

plot(t, X(:,2),":b",t, XK(:,2),"-b")

grid;

PCBYJH)T&TLI KOMIIBIOTCPHOI'O MOACIHUPOBAHHA IIPCACTABJICHBI HAa PHU-

CyHKax 5.5-5.8.

Bpewms, c

Pucynok 5.5

=Cx

CpaBHeHHE TOYHOTO, Oe3 yueTa moMexu (KpuBas 1) v OIIEHEHHOTO

(kpuBas 2) 3HaYEHUHN BBIXOJHBIX CUTHAJIOB
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M'A DA

Bpewms, c

Pucynok 5.6

=Cx

CpaBHEHHE U3MEPEHHOTO 3alllyMJICHHOTO ) (KpuBas 1) v OLIEHEHHOTO )

(kpuBas 2) 3HaYEHUHN BBIXOJHBIX CUTHAJIOB

[

25

0.4 06 0.8 1.2 1.4 1.6 1.8

0.2

Bpewms, ¢

Pucynok 5.7

CpaBHeHHE UCTUHHOTO (KpuBas 1) 3HaYEHHA KOMIIOHEHTBI X; BEKTOpPa COCTOS-

HHS CHCTEMBI U €TO OLICHKHU X, (KpuBas 2)
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Pucynok 5.8

CpaBHEHHE UCTUHHOTO (KpuBas 1) 3Ha4eHHUs KOMIIOHEHTBI X, BEKTOpa COCTOS-
HHSI CUCTEMBI U €T0 OLICHKH X, (KpuBas 2).

Pe3ynbpTarhl KOMIIBIOTEPHOTO MOJEIIMPOBAHUS IMOKA3bIBAKOT BIIOJHE
yJOBJIETBOPUTENILHOE KauecTBO paboThl PpuibTpa Kanmana kak mpu cria-
KMBAHUU IIYMOB (puc. 5.6), TaKk U NIPU OTCICKUBAHUU TPACKTOPUI HEHA-
OmrotaeMbIX curHasioB x (puc. 5.7, 5.8). OueHka X; NpakTUYECKHU MOJTHO-

CTBIO COBIIaa€T CO CBOUMM HMCTHMHHBIM 3HAYCHUEM. I[J'ISI Curhajla x, OLEC-

HUBaeMmasi TPACKTOPUSA OTCTAET OT PEAJIbHOW, HO MPU ITOM YIYUIIAIOTCS
CTJIa)KMBaloIe CBOMCTBA (QUIbTpa.

5.3 Habaoaareab COCTOAHUSA MOHUKEHHOT0 MOPAIKA

B ciyuae oTCyTCTBUSI IIIyMOB B M3MEPEHUSIX IJI MOJY4YEHHUS! OLECHKHU
KOOPJAMHAT BEKTOpPA COCTOSIHUSI BO3MOKHO YMEHBILIUTH MOPSAIOK HAOIIO-
JaTens, HeMOCPEICTBEHHO UCTIOJB3YsI COJAEPKAIIYIOCS B BBIXOJIHBIX Tepe-
MEHHBIX MH(POPMAIIUIO O COCTOSHUU 00beKTa. Takue HaOIr0aaTeIN Ha3bI-
BAIOTCS HAOMIOJATENSIMU TIOHM)KEHHOTO TOpAJIKa WIM HaOII0AaTeNIsIMU
JIroenOeprepa [2, 5, 77]. B HUX pa3MepHOCTh BEKTOpa COCTOSIHUS YMEHbB-
[IA€TCSl HA YUCJIO0 KOMIIOHEHT U3MEPSIEMOr0 BEKTOpa.
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PaccmoTrpuM aeTepMUHHUPOBAHHYIO, CTAIlMOHAPHYIO, MOJHOCTBHIO Ha-
0JIF0JITAEMYIO CUCTEMY:

dx
— = Ax(t) + Bu(t);
7 x(t) + Bu(t)

y(0) = Cx(),
rae x(t) - n-MepHbI BEKTOp COCTOSIHUS; )(f) - p- MEPHBIA BEKTOP BbI-

(5.15)

XOJHBIX KOOpJUHAT, IpudeM p <n u rangC = p.

B cootBercTBUU C 3TUM, UMEEM p JIMHEMHO HE3aBUCUMBIX YPABHEHUM
JUJIsL ONIPENICJICHUSI p TIEPEMEHHBIX BEKTOpa COCTOSHUM MO BEKTOPY BBIXO-
na y(t). CnenoBaresbHO, U1l HAXOXKJICHUS (7 — p) HEHAOJI0IaeMbIX KOM-
IIOHEHT BEKTOpa X(f) BO3MOKHO MOCTPOUTH AJTOPUTM OICHUBAHUS I10-
psanka (n— p).

Bribepem B KadecTBE HOBBIX TEPEMEHHBIX COCTOSHHS JIMHEHHYIO
KOMOHMHAIIMIO U3 p KOMIIOHEHT BeKTopa x(f), 3ajJlaBacMbIX ypaBHEHHEM

HaOJIFOJICHUS CUCTEMBL, U (7 — p) KOMOMHAIIMI OCTaBIIMXCS HeHaOIr0Hae-

MbIX KOMIIOHCHT. HpCI[CTaBI/IM HOBBIM BCKTOP NCPEMCHHBIX B CIICAYIHOIICM
BHJIC:

....... =|..... |x(¢) = Px(), (5.16)

v | | C
rae 7 - HEBBIPOXKIEHHAS MaTpulla pa3MEepHOCThIO [(n— p)xn]; z(t) -
(n— p)— MepHBI BEKTOp HEHAOJII0/IaeMbIX IlepeMeHHbIX. Eciin HaliTh Ta-
KO€ HEBBIPOXKJECHHOE IpeoOpa3oBaHue P:[T : C]T, KOTOpoe OyJaer
oOecrnieunBaTh JKEJIaeMbIii HAOOp XapaKTEPUCTHUUYECKUX YHUCET MaTPHIIbI
TUHAMUKH UACHTU(PUKATOPA pa3MEpHOCTRIO [(n— p)x (n— p)], TO MOKHO
MOJIYYUTh YpaBHEHUS (7 — p)—MEPHOTO ACUMITOTHYECKOTO MICHTU(UKA-
TOpa, NTMHAMHYECKHE CBOMCTBAa KOTOPOTO MOXXKHO BBIOMpPATh IO CBOEMY

ycMoTpeHuto. COOTBETCTBEHHO, MEPEX0J K BEKTOPY COCTOSHHUS B HOBOM
0aznce OyIeT OCYIIECTBIATHCS IO COOTHOIIICHHUIO

2(t) = Tx(?). (5.17)
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C yderoMm TOrO0, 4YTO MaTpuila P uMeer oOpaTHYIO, U, B COOTBETCTBHH
c (5.16), MoxHO 3amucaTh

z(t)
x(t)=P7"|....... . (5.18)
y(0)
IToncrapnsis HOBbIE TTepeMeHHbIe (5.18) B mepBoe ypaBHEHHUE CHCTEMBI
(5.15), monyuum

dz

dr z(?)

....... = PAP7| ....... |+ PBu(t). (5.19)
& ()

L dt -

Pa36uBas Matpuusl PAP~' u PB Ha COOTBETCTBYIOIIUE OJIOKH, 3a-
nuiieM cuctemy (5.19) B cienyroiiemM BUE:

dz
E A, Azy z(t) B.
....... = e b e L [ e u(2), (5.20)
dy
E Ayz Ayy y(0) By
e A,,4,,4, u A, - Martpuipl pasMepHOCTBIO [(n— p)X(n—p)],

[(n—=p)x pl, [px(n—p)] u[px p] coorBercTBeHHO; B, U B - MaTpuiibt
pa3MepHOCTHIO [(n— p)xm] u [ pxm].

3anumem u3 (5.20) ypaBHEHHs] TOJBKO Uil HEHAOJIOAaeMBbIX Tepe-
MEHHBIX COCTOSIHUSL:

% =A,z(t)+ A, y() + Bu(?). (5.21)
BBeneMm HaOMt01aTEIb TOM K€ CTPYKTYPBI
% =A,2(t)+ A4, y(t)+ B,u(?). (5.22)

OmuOKy OlLIEHUBaHUSL ONpeAeauM HeBsi3Kou Zz(f)—z(f), Koropas

JOJIKHA CTPEMUTHCS K HyJt0. B [5] moka3aHo, 4TO eciii cCucTeMa WUJECHTHU-
dbunpyema, To IMHAMUYECKHUE CBONCTBA UIACHTU(PUKATOPA MOKXHO BHIOH-
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paTh NpPOU3BOJIbHO. J[MHAMHKA CTpEMJICHHUS OIIMOOK OIEHOK BEKTOpa CO-
CTOSIHUSA K HYJIIO ompeznensercsa marpuuend A_ . HyxHo omnpenenuts ycio-

A, B..

zz zy 2

BHA, KOTOPBIM JOJIZKHBI COOTBCTCTBOBATb MATPHUIIbI A

[Tpumensis mpeodpazoBanue (5.17) k 00bekTy (5.21), moIyduM COOT-

HOIIICHWE
T % = A, Tx(t) + A,,Cx(¢) + B,u(?). (5.23)

YMHOX)UM 00€ yacTu ypaBHeHus (5.15) na matpuity 7'
T% =TAx(t) + TBu(t). (5.24)

[IpupaBuuBas (5.23) u (5.24), moay4uM yCIOBHUS JJIsI BBIYHUCIICHHUS HEOO-
XOJIMMBIX MaTPHIL;:
TA-A.T=4,C; B, =TB. (5.25)

ITomyuuB o1eHKY Z(f) COOTBETCTBEHHO (5.22), MOXHO HAMTH OLICHKY
BCETO BEKTOpa COCTOSIHUS X(7), KoTopas OyJeT UMETh BU]I
xX(t) = Hz(t) + Gy(¢), (5.26)
rae - H u G - Matpuilsl pa3MepHOCTH [n X (n— p)] U [nXx p] COOTBETCT-
BEHHO.
YuuteiBas npeobOpazoBanue (5.17) U ypaBHEHUE HAOMIOJICHUS U3
(5.15), cooTHomIeHUE (5.26) IpeICTAaBUM B CIIEAYIOIIEM BUJE:
x(t) = HTx(t) + GCx(t) = (HT + GC)x(¢). (5.27)
N3 TpeboBanus a1 omMOKK orieHuBaHus Xx(¢) — x(¢) — 0 momydaeTcst co-

OTHOIIICHHUE JJIs1 ONIPEACICHUS MaTPHII
HT +GC=1. (5.28)
Hanee, o0benunus (5.26) u (5.22), HalijieM onucaHue MCKOMOIro HaOIIro-
TaTens:
X(1) = Hz(1) + Gy(1);
E 420+ 4,00+ Bt (529

riae uckombele marpunbl H,G, A Azy U B_, CBA3aHHBIC BBIPAKECHUAMU

zz 9

(5.28) m (5.25), moryT BBIOMPATHCS 10 HEKOTOPOH CTETICHU MTPOU3BOIBHO.
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3agaya KOHCTPYMPOBAHUS HICHTU(GUKATOpPA CBOAMUTCS K PEILICHUIO
MaTpUYHOrO ypaBHEHHS (5.25) oTHOCUTENbHO MaTpullbl 7. Anredpanue-

CKasl 33j1a4a COCTOUT B TOM, 4TOObI BHIOpATh MaTpuIlbl A u A, Tak, 4To-

Obl perieHue 7' UMeNo 3afaHHbIN paHr (n— p). s obecnieueHus ycTou-
YUBOCTH YCTPOMCTBA BOCCTAHOBJICHUSI HEOOXOMMO U JIOCTaTO4YHO [5, 60],
4TOOBI IPOU3BOJIbHAS MaTpULA A_ MMENa OTPULIATENIbHBIE BEIIECTBEHHBIE
coOCTBeHHBbIC yncia. Pemenre 7 mepBoro areOpandeckoro ypaBHEHUsS U3

(5.25) Oyner enMHCTBEHHBIM, €Ciik MaTpullbl 4 U A_ He OyayT UMETh 00-

IMX COOCTBEHHBIX 4Hcen. Marpuiia A, 1pu 5TOM BBIOMPAETCs MPOM3-

BOJIBHO.

B COOTBETCTBUM C W3JIOKEHHBIM, aJTOPUTM CHHTE3a HAOJIOJATENs
MOHUKEHHOTO MOPSAKA CBOJIUTCS K CICAYIOIIUM IIPOIIEaypaM.

1) TIIpoBepsiercst HAOII01AEMOCTh MCXOJIHOW CUCTEMbI M HAXOJUTCS
WHJICKC HAaOJII01aEMOCTHU P .

2) OmnpenensitoTcsi KOPHU XAPAKTEPUCTUYECKOTO YPABHEHUS MATpPH-
bl 4.
3) BeiOupaercs mMatpuna A_ U3 yCIOBHUsS (PU3NYECKON pean3yeMo-

CTH TaKUM 0Opa3oMm, 4TOOBI OOECIICUUTH KETAeMOE BPEMs MEPEXOIHOTO
nporiecca B Habmogatene. [Ipu 3ToM KOpHH XapaKTepUCTHUYECKOTO ypaB-
HEHUsSI MaTpULbl A_ HE JOJKHBI COBMNAJNATh C KOPHAMHU XapaKTepHCTHYe-

CKOT'O YPaBHEHHUSI MaTPHUILIbI 4.
4) 3amaercst NPOM3BONBHO MaTpuua A, yIOBICTBOPSIOIIAs YCIIO-

BUIO YIIPABIIIEMOCTH (PHIIBTPA
rang[Azy 4. -4, .. At -Azyjz n—p
5) Pemaercs marpuunoe ypasuenne 74— A, T = A,,C oTHOCHTEIb-

HO 7.
6) Beruucnserca matpuna B, =T1B.

7) Haxonstcs matpuusl H u G u3 ypaBHenus (5.28).
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IHpumep 5.2
Jlana  HempepblBHass CcuUCT€Ma C  NEepeAaTodyHod  QyHKIUEH
y(p) 100
W(p)= =—
u(p) p°~+p+100
BTOpasi KOMIIOHEHTA BEKTOpPa COCTOSIHUSI CUCTEMBL. TpedyeTrcsi MOCTPOUTh

. JlocTynHol HaOIIOACHUIO CUMTACTCS JIMIIh

Ha6HIOI[aTeJ'H) IMOHM>KCHHOT'O MOpsAAKa IJIs1 BOCCTAHOBJICHUA HCpBOfI KOM-
IMOHCHTHI ITPpHU ITOAAYC HAa BXOJ CAMHUYIHOI'O BXOJHOTI'O BOBI[GﬁCTBHH.

PaccmoTpum pelieHrne JaHHOW 3a/1a4u ¢ UCIOJIb30BaHMEM MatLab.

sys=ss(tf([100],[1 1 100]))% 3aganue cucTemMbl B IPOCTPAHCTBE COCTOSIHUM
[A,B,C,D]=ssdata(sys) % (popmMupoBanue MaTpuil CUCTEMbI
3aganue 00bEKTa MaTpUIlaMU B IPOCTPAHCTBE COCTOSIHUM.

~1.00 —12.50, |4
=l c=l0 3.123.
8.00 0 0

Ornpenenenue nopsigka 00bEeKTa U UHACKCA HA0JII0JaeMOCTH.
n=%xp=kn-p=1

9

VYpaBHeHUs onuMcaHusa UCKOMOTO HaOmromaTens (5.29) s 3alaHHBIX 3HA-
YEHUU 1 U p TIPUMYT BUJ:

e

h
#(0= "0+ )
| 2 &> (5.30)
zfzaﬁﬁyubﬂﬂ+@M0.
HaxoxneHnue napameTpoB a, ,d,,b; 1o cooTHomeHusM (5.25)
t, tlA-alt, t,|=a,C, (5.31)
C YUCTOM YHCJICHHBIX 3HAYCHUU 6YI[YT HUMECTH BU.
-1 —125
[ " 0 I alt, t,|=a,)0 3.125 (5.32)

N3 ycnoBus (u3MUecKoil peanuzyeMoCcTH mnojaratoT a, <0 Takum,

4TOOBI 00ECIICUUTH JKeJIaeMOe BpeMsl IIePEXOIHOrO Ipoliecca B HaOJr01a-

tene. Beibepem a, = —10, 3HaueHue napamerpa a, MOJOKUM MPOU3BOJIb-

126



HBIM - a, =1. C ydyerom 3TuX 3HaueHHH npeoOpasyem (5.32) k cienyro-
IIEMY BHIY
tl

9 8
I

-12.5 10

0
= . 5.33
‘3.125‘ -33)

N3 (5.33) naxoasarcsa ko3 PuIiueHTsl MaTpUIlbl 1
T =[-0.1316 0.148].

Hanee onpenensiercs napameTp b, U3 BTOporo cooTHowmeHus (5.25)

4
b =lt, t,|B=-0.1316 0.148\0 =—0.5264.

3aTem HaxoaaTcst MaTpulibl H u G u3 ycioBus (5.28)

h, g 1 0

‘—0.1316 0.1480‘+ ‘0 3.125‘: : (5.34)

h, 2, 0 1
Pemienusimu (5.34) sIBASIOTCS CIEAYIONINE 3HAUYCHUS
_|-7.5988 ~10.3599
- 032

B cooTBeTCcTBHM C MNPOBCACHHBIMH BBIYHUCIICHUSAMHU YPAaBHCHU Ha6moz{a-
TCIIA IIPUHUMAIOT BUJ

"A(t) ‘—0,7599‘ (t)+0,3599 )

x(1) = z Y

e 0 0,3019] "~ (5.35)
i =—102(t) + y(t) - 5,2632u(?)

% 3ananue ko3¢ ¢unrento B MatLab
al=-10; a2=1;

T=[-0.1316 0.148]

b1=-0.5264

H=[-7.5988; 0]

G=[0.3599; 0.32]

CrpykTypHas cxeMa 00beKTa U HaOJIIoAaTeNsl, peajin30BaHHasl B CpEe
Simulink cuctemsr MatLab, mpeacTaBiieHa Ha pucyHke 5.9.
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1

—

Constant

>

X

To Workspace

%B* uvec

==

Y

a2* uvec |

1
.
e

Integrator 2

al* uvec

Pucynok 5.9

1
[l
Integrator To Workspace1

+
+

XL

To Workspace?2

KommnbrorepHoe MoienupoBaHue 00beKTa B IPOCTPAHCTBE COCTOSTHUM U Ha-

omronarens Jlroenoeprepa

Ha nanHoil Mmoaenu npuHATH 0003HAUYCHUS:

X, Y— BEKTOp COCTOSIHUSI U BEKTOP U3MEPEHUS 00BEKTA;
XL - BekTop cocTtosgHMs HaOmrogaTens (T.€. OLEHKAa BEKTOpa COCTOSIHUS

00BEKTA).

3amuce A*uvec, B*uvec, C*uvec, G*uvec, H*uvec, al *uvec, a2*uvec u
bl*uvec o603Ha"aeT BekTopHOEe yMHOXKeHHEe MaTpull A, B, C, G mim H u

CKaJIApHBIX Bedu4MH al, a2, bl Ha COOTBETCTBYIOMIMI BXOTHON CUTHAI.

% mocTpoeHue rpadKOB BEKTOPA COCTOSHHS

t=0:0.05:5; % 3amaHue MaccuBa 3HaYCHUN BPEMEHHU

figure(1);
plot(t, X(:,1),":b',t, XL(:,1),"-b");

grid;

figure(2);
plot(t, X(:,2),":b",t, XL(:,2),"-b");

128



grid;

Pe3ynbraThl KOMIBIOTEPHOTO MOJEIUPOBAHUSA MPEACTABIEHBI HA PHU-

cyHke 5.10.
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CKTa U I/IBMepeHHfI HMECT MCCTO IMPAKTHYCCKHU TOYHOC BOCCTAHOBJICHHC

HEHa0II0/JaeMOM U TOYHYIO OIICHKY Ha0II01aeMO
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